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The kinetic form of the suppression of the perchlorate catalysis of the methanolysis of triphenylmethyl 
chloride in benzene solvent by tetra-n-butylammonium chloride has been investigated. This is consistent 
with a catalysis brought about by a simple perchlorate ion, suppressed by a competition between such 
ions and alkylammonium chloride ion-pairs for the alkyl halide ion-pair. 

The results are discussed in relation to the qualitatively similar special salt effects observed in acetolysis 
reactions by Winstein and co-workers, with particular reference to the necessity of the concept of intimate 
and solvent-separated ion-pairs in the interpretation of these effects. 
Canadian Journal of Chemistry, 48, 1 (1970) 

Introduction 
The study of the nucleophilic substitution 

reactions of triphenylmethyl chloride in benzene 
solvent by Swain and co-workers and by the 
Hughes-Ingold school led to controversy over 
the mechanism of the reaction (1-8). After the 
correction of experimental errors on the part of 
both groups, the mechanisms presented by them 
were essentially the same, even though the state- 
ments differed in detail (3, 8). 

The alkyl chloride ionizes to a very slight 
extent to yield an ion-pair which is subsequently 
attacked by the reagent. In the alcoholysis 
reactions, the attack on the ion-pair by the 
alcohol molecule is the slowest step in the reac- 
tion, whereas in the radiochloride exchange, the 
initial ionization is rate determining. When the 
alcohol concentration is greater ihan 0.01 M the 
reagent also acts as a co-solvent giving an 
indeterminant order in alcohol greater than 
unity. In the presence of a tertiary base, such as 
pyridine, significant changes in the kinetics are 
observed, which have been studied by Leffek and 
Waterfield (9). 

Part of the investigation made by Hughes et al. 
on the methanolysis of triphenylmethyl chloride 
concerned the catalysis of the reaction by saline 
perchlorate and the suppression of this catalysis 
by the common-ion chloride salt (6). The 

catalyzed reaction was found to have a kinetic 
order of one half with respect to the tetra-n- 
butylammonium perchlorate catalyst, which was 
interpreted to mean that the catalysis was 
brought about by single perchlorate ions. On the 
basis of this result the authors re-interpreted the 
perchlorate catalysis observed by Winstein and 
co-workers (10-14) on the solvolyses of several 
alkyl sulfonates in acetic acid solvent, as being 
due to simple perchlorate ions at low concen- 
tration and ion-pairs at higher concentration. 
Winstein prefers to explain this catalysis as an 
interaction involving the perchlorate ion-pair 
alone and has carried out a kinetic analysis to 
prove this (15). This paper included a criticism 
of Ingold's interpretation of the behavior of 
triphenylmethyl chloride in benzene, particularly 
with respect to the application of the steady 
state approximation to the mechanistic schemes 
proposed by Ingold et al. It is stated that a 
common-ion retardation of the methanolysis 
rate as observed by Hughes et al. (6) is not to be 
expected on the basis of the steady state approxi- 
mation. However, the common-ion retardation 
was confirmed by Leffek and Waterfield (9) and 
the experimental behavior was fitted to an 
equation derived by use of the steady state 
approximation, from a mechanism which is 
essentially the same as that of Hughes and 
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TABLE 1 
Suppression of the perchlorate catalysis of the methanolysis of triphenylmethyl chloride by saline chloride in 

benzene solvent* 
--- 

[(n-C4H,)4NC104] = 5 x M [(n-C4H9),NC1O4] = 1 x lo-, M [(n-C4H9),NC104] = 2 x lo-, M 

~o~[(~-C,H,) ,NC~] 105k1(s-') 106[(n-C,H,),NCl] 1O5k1(s-l) lo6 [(n-C4H9),NC1] 1O5k1(s-') 

Ingold except that the quadrupoles postulated by 
these authors were omitted for simplicity as 
these do not affect the derivation of the rate 
equation. 

Winstein et al. have stated (15) that the work 
of Ingold et al. needs clarification and Bethel1 
and Gold in a review (16) have called for a 
detailed consideration of Winstein's results from 
the viewpoint of the Ingold model. The present 
paper seeks to provide such clarification in the 
area of the perchlorate catalysis of the methanol- 
ysis, and examines again the compatibility or 
otherwise of the catalysis with the corresponding 
phenomenon observed by Winstein for solvolysis 
of sulfonates in acetic acid. 

Results and Discussion 

The results of Hughes e t  al. (6) have been 
extended in a detailed kinetic study of the 
suppression of the perchlorate catalysis by 
common-ion salt. These workers fitted this 
effect to the equation 

where the superscripts refer to the rate constants 
in the presence of a concentration of perchlorate 
(p) and chloride (c), and p is a competition factor 
between the chloride and other competitors for 
the carbonium ion-pair. 

Six series of runs were carried out using 
constant concentrations of alkyl chloride and 
methanol, and within each series, the per- 
chlorate concentration was held constant while 
the catalysis was suppressed by gradually 
increasing the concentration of added alkyl- 
ammonium chloride (17). The results are collated 
in Table 1 and three of the series are plotted, in 
the form (kIPc - kloO)-I VS. C, in Fig. 1. (The 
value of kIo0 is 5.6 x s-I.) Each plot 
shows a linear dependence, as observed by 
Hughes e t  al. (61, after an initial curvature which 
the; did not rebort. The slope of each straight 
line provides a value for p, the competition 
factor, and these p values are shown in Table 2. 
The p values vary with the tetra-n-butylammo- 
nium perchlorate concentration and a plot of 
log,, p against log,, [(n-C,H,),NCIO,], shown 
in Fig. 2, has a slope of - 3. 

If eq. [1] is rewritten, substituting A / ~ +  for p, 
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LEFFEK: METHANOLYSIS OF TRIPHENYLMETHYL CHLORIDE 

FIG. 1. The reciprocal of the catalyzed initial specific 
rate (kl' - 105(k,Pc - kIo0)) plotted against the concen- 
tration of tetra-n-butylammonium chloride. Initial con- 
centrations: triphenylmethyl chloride, 0.05 M ;  methanol, 
0.1 M; tetra-n-butylammonium perchlorate; line 1, 
0.5 x M, line 2, 1 x 10-3 M, and line 3, 2 x 
M. 

FIG. 2. The logarithm of the competition factor p 
plotted against the logarithm of the tetra-n-butyl- 
ammonium perchlorate concentration. Initial concentra- 
tions: triphenylmethyl chloride, 0.05 M; methanol 0.1 M. 

TABLE 2 
Variation of competition factor p 

with tetra-n-butylammonium 
perchlorate concentration* 

104[(n-C4H9)4NC1] l ~ - ~ p  

stantiates this in that it proves that the competi- 
tion for the triphenylmethyl chloride ion-pair is 
between the tetra-n-butylammonium chloride 
ion-pair and the simple perchlorate ion. 

In eq. [ 2 ] ,  (ktp0 - kto0) may be replaced by a 
factor Bp* as noted above, where B is another 
constant. Thus 

Thus if 

and if 
Ac < p*, (klPC - kto0) cc pt 

Therefore, at extremely low concentrations of 
tetra-n-butylammonium chloride, the catalyzed 
rate will not be suppressed by this added 
chloride, but as soon as the factor Ac becomes 
significantly greater than p9, the inverse propor- 
tionality between the catalyzed rate constant and 
c will be observed. From the graphs in Fig. I ,  it 
is clear that the non-linear portion extends over 

where A is a constant andp  the concentration of a greater range alkylammOnium 

tetra-n-butylammonium perchlorate, then concentration as the perchlorate concentration 
is increased. It can also be seen that if the 

[2] ( k t p c - k o O  
(ktp0 - kto0) dependence of (ktPc - kto0) on the perchlorate 

1 ) =  Ar concentration is determined at extremely low 
I + ,  alkylammonium chloride concentration; say 

P' 2 x M, it will be identical to that found by 
Hughes et al. (6) showed that the catalyzed Hughes et al. (6), since the plots are essentially 

rate constant (klpO - kloO) is proportional topi, horizontal at this point. However, at 10 x 
indicating that the catalysis was brought about M chloride, log,, (ktPc - kloO) plotted against 
by e simple perchlorate ion. Equation [2] sub- loglo [(a-C,H,),NClO,] gives a straight line with 
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FIG. 3.  The logarithm of the catalyzed initial specific 
rate (klJ = 105(k1pc - kIo0)) plotted against the loga- 
rithm of the tetra-n-butylammonium perchlorate concen- 
tration. The line shown has a slope of unity. Initial 
concentrations: triphenylmethyl chloride, 0.05 M; meth- 
anol, 0.1 M; tetra-n-butylammonium perchlorate, 1 x 
1 0 4  M. 

a slope of unity, as predicted by the above 
analysis. This graph is shown in Fig. 3. 

Thus, there can be little doubt that the 
catalysis and its suppression by common-ion salt 
behave as if the simple perchlorate ion is respon- 
sible for the rate increase at the concentrations 
studied. Since the mass-law equation [I] which 
these results fit so satisfactorily is of the standard 
form, well-known in physical-organic chemistry 
for many years, it would seem unnecessary to 
introduce the ideas of Winstein concerning 
intimate and solvent-separated ion-pairs. Never- 
theless, these digerent types of ion-pairs are 
considered essential by Winstein et al. (15) in 
explaining the perchlorate catalysis in other 
systems, and this school has had considerable 
success in rationalizing a large amount of data 
concerning rates of solvolysis in terms of ion- 
pairs generally (18). 

Notwithstanding this general success of ion- 
pairs, the kinetic distinction between intimate 
ion-pairs and solvent separate ion-pairs is not as 
firmly established as it appears to be. Winstein 
et al. (15) have offered a kinetic analysis of their 
special salt effect of lithium perchlorate in the 
acetolysis of 1-p-anisyl-Zpropyl p-toluenesulfo- 
nate to prove that the effect is due to LiC10, ion- 
pairs and not to simple C104- ions. They plot 
(in Fig. 2 of reference (15)) a factor Z, a com- 

pound of two rate constants, against LiClO, 
concentration and also against the square root 
of this concentration. A steady state derivation 
of the rate law from Winstein's scheme, involving 
intimate and solvent-separated ion-pairs, re- 
quires that the former should be a straight line 
and the latter a curve. The authors state that this 
is so, whereas in fact both plots are curves, but 
the plot of Z vs. [LiClO,] is fairly close to a 
straight line. If these quantities are replotted 
in the form of log,,Z vs. log,,[LiC1Q4], the 
relation between them could be found exactly, if 
such a plot is linear. Figure 4 (line 2) shows that 
no simple relation of the form Z K [LiCIO4IX 
exists between these two quantities. Thus the 
claim that the special salt effect is a result of 
scavenging by perchlorate ion-pairs of the 
solvent-separated R'X- ion-pairs (19) has not 
been quantitatively proved. 

The same results from which Z was calculated 
(Table IV of reference (15)) may be used in an 
analysis in Ingold's terms. Line 1 of Fig. 4 shows 

log P 

FIG. 4. Line 1. The logarithm of the catalyzed specific 
rate (k,' = (klP - klO)) plotted against the logarithm of 
the tetra-n-butylammonium perchlorate concentration. 
Line 2. The logarithm of Winstein's Z factor plotted 
against the logarithm of the tetra-n-butylammonium 
perchlorate concentration. The rate constants refer to the 
acetolysis of 1-p-anisyl-2-propyl p-toluenesulfonate. 
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LEFFEK: METHANOLYSIS OF 'I rRIPHENYLMETHYL CHLORIDE 5 

FIG. 5. The logarithm of the catalyzed specific rate 
(kl' = (klP - k I0 ) )  plotted against the logarithm of the 
tetra-n-butylammonium perchlorate concentration for; 
line 1, the acetolysis of cholesteryl p-toluenesulfonate; 
line 2, the acetolysis 2-(2,4-dimethoxypheny1)ethyl 
bromobenzenesulfonate. 

a plot of the logarithm of the catalyzed rate 
(kip - klO) vs. loglo p, where p is the LiC104 
concentration. This, too, is seen to be a curve, 
but closer to  a straight line than Winstein's Z 
factor. Over the same range, line 1 has an 
average slope of about 0.8. 

Winstein and co-workers have observed 
several examples of special salt effects and it is of 
interest now to analyze them on Ingold's model 
to  see if any substantiate his claim (footnote at 
end of ref. (8)) that they are close to a square root 
dependence of the catalyzed rate on LiClO, 
concentration. None of these other examples 
was studied in as great detail as l-p-anisyl-2- 
propyl p-toluenesulfonate but they all include a 
sufficient number of measurements to make 
plots of log,, (kip - kt0) vs. log,, [LiClO,]. 
Seven plots have been made with the aid of 
which three types of catalysis can be distin- 
guished. The graphs for cholesteryl p-toluene- 
sulfonate and 2-(2,4-dimethoxypheny1)ethyl 
bromobenzenesulfonate (14) are shown in Fig. 5. 
These are curves indicating no relationship of 

the type (klP - klO) cc [LiClO4Ix. In contrast to 
these, the plots in Fig. 6 are straight lines for 
substrates trans-2-p-anisylcyclopentyl p-bromo- 
benzenesulfonate, trans-2-p-anisylcyclohexyl p- 
bromobenzenesulfonate, and erythro-3-p-anisyl- 
2-butyl p-bromobenzenesulfonate (13). The 
slopes of the log-log plots are 0.74,0.82, and 0.56 
respectively. Two more curved plots are found in 
Fig. 7 for o- and p-anisylethyl p-toluenesulfo- 
nate. Thus only one compound shows the square 
root dependence expected by Ingold. 

The three types of perchlorate catalysis, there 
fore, are the normal catalysis observed by 
Winstein for which the catalyzed rate is propor- 
tional to [LiClO,], the special catalysis for 
which (klP - klO) cc [LiC1O4lx where x may be 
any value between % and unity, and an "extra- 
special" catalysis where x is not constant. 
Neither the theory of Winstein involving solvent- 
separated ion-pairs, nor that of Ingold involving 
catalysis by simple perchlorate ions can accom- 
modate all of these results quantitatively. The 

log 

FIG. 6. The logarithm of the catalyzed specific rate 
( k  = (klP - k I0 ) )  plotted against the logarithm of the 
tetra-n-butylammonium perchlorate concentration for; 
line 1, the acetolysis of trans-2-p-anisylcyclopentyl 
p-bromobenzenesulfonate; line 2, the acetolysis of 
erythro-3-p-anisyl-2-butyl p-bromobenzenesulfonate; line 
3, the acetolysis of trans-2-p-anisylcyclohexyl p-bron~o- 
benzenesulfonate. 
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kinetic significance of the solvent-separated ion- 
pair in solvolysis reactions has not been quanti- 
tatively proved, and that special salt effects are 

-6 - by no means completely explained either in these 
terms or by simple ion catalysis. 

FIG. 7. The logarithm of the catalyzed specific rate 
(k,' = (k,P - k I 0 ) )  dotted against the logarithm of the . ,. , 
ieim-ir-b~;t) ~nrnmonium percihorate concentration for: 
line 1, rhe acetolysis of p-snis>~lcth!.l p-rolucncs~~lfonate; 
line 2, the acctol\.sis ol' o-nnis).leth>.l p-toluenes~rll'onate. 

Ingold theory has the advantage that it makes 
use of simpler concepts of single ions and ion- 
pairs, and the success of this approach with the 
reactions of triphenylmethyl chloride in benzene 
is striking, suggesting that this may represent a 
limiting case. Obviously, the effects observed in 
acetolysis are more complicated, but may be 
interpreted in terms of simultaneous catalysis by 
single ions and ion-pairs, to give relationships 
involving the perchlorate concentration between 
a square root and a linear dependence. The non- 
linear dependences show an initial catalysis 
similar to the linear plots but this falls off as the 
perchlorate concentration is increased, with the 
graph passing through an inflexion point when 
the concentration is such that the normal 
catalysis begins to take over. This behavior is not 
readily rationalized in specific terms but may be 
taken to indicate that the special salt effects are 
quite distinct from the normal ones. 

Thus, although neither of the theories which 
have been offered is clearly more satisfactory 
than the other, it can be concluded that the 

Experimental 
The preparation and purification of materials have been 

described (9). 
The kinetic method was the simple titration of the 

product hydrogen chloride against standard triethylamine 
solution in acetone solvent, as used before (6, 9). All the 
first order rate constants quoted are extrapolated initial 
values, obtained from a plot of the instantaneous rate 
constants, calculated from the integrated first order 
equation, against the percent reaction completed. All the 
runs were carried out at 25'. 
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Infrared spectra of acetonitrile sorbed on porous glass 

M. J. D. Low AND P. L. BARTNER 
Departn~ent of Cl~en?istry, New Yovk Urzi~.ersity, New Yovk, New York 10453 

Received July 18, 1969 

Infrared spectra were recorded of acetonitrile sorbed on highly degassed porous glass as well as on 
silica and B-, Al-, and Zr-impregnated porous glass and silica. Most of the acetonitrile was weakly and 
reversibly adsorbed, becoming hydrogen-bonded to surface hydroxyls. A small amount of the adsorbate 
for~ned qeakly bound surface con~plexes with Al- and Zr-, but not with B-impurities. 

Canadian Journal of Chemistry, 48, 7 (1970) 

Introduction 
Roev, Filimonov, and Terenin (1) recorded 

infrared spectra of acetonitrile adsorbed on 
silica, porous glass, and on a silica-alumina 
catalyst and concluded that hydrogen bonds 
were formed between the acetonitrile molecules 
and the surface hydroxyls of the three solids. 
The weakly held acetonitrile could be desorbed 
easily. However, the spectrum of the silica- 
alumina catalyst, recorded after the hydrogen- 
bonded acetonitrile had been removed, showed 
bands indicating the presence of an additional, 
more tightly bound surface species. The sym- 
metrical C=N stretching absorption of these 
was shifted in a manner analogous to the C s N  
shifts found with acetonitrile - metal chloride 
complexes, leading Roev et al. to assume that 
specific adsorption centers possessing an elec- 
tron-acceptor nature existed on the silica-alu- 
mina catalyst. Similar effects were not reported 
for acetonitrile on silica or on porous glass. 

The absence of the more tightly bound aceto- 
nitrile species on pure silica is not surprising. 
However, porous glass contains oxide impurities 
which markedly affect the reactivity of its surface. 
For example, Little, Klauser, and Amberg found 
isomerization, cracking, and polymerization 
reactions occurring on porous glass to be very 
dependent on the concentrations of alumina and 
zirconia impurities (2), and Cant and Little found 
evidence pointing to the binding of ammonia to 
electron-deficient surface boron atoms (3). More 
recently, the oxide impurities were found to affect 
the adsorption of NH, (4), HCN (5 ) ,  pyridine (6) ,  
aniline (7), and trimethylamine (8). The apparent 
lack of reactivity of porous glass to acetonitrile 
was consequently not in keeping with a general 
trend. We have, therefore, recorded infrared 
spectra of acetonitrile adsorbed on porous 
glasses and silicas with the dual purpose of estab- 

lishing whether acetonitrile-surface species could 
form, and extending our studies of the sorption 
of nitrogenous materials on siliceous surfaces. 

Experimental 
The glass adsorbents were 10 x 25 x 1 mm pieces of 

Code 7930 porous glass purchased fro111 Corning Glass 
Works. Cab-0-Sil (G. Cabot Co., Boston, Mass.) and 
Aerosil (Degussa, Inc., Kearny, N.J.) were impregnated 
with B, Al, or Zr, using aqueous H3B03, AI(NO,),, or 
Z T ( S O ~ ) ~  soIutions, by the incipient wetness method. 
Porous glass samples were impregnated by similar pro- 
cedures. Most experimental procedures have been de- 
scribed elsewhere (4-11). The porous glass samples were 
degassed at  600 'C ,  heated in 30 Torr O2 for 1 h at  600 "C, 
and then degassed at  750 ' C  for 40 h. Spectral-grade 
acetonitrile was degassed by alternate freezing and 
thawing in vacuum. Spectra were recorded with Perkin- 
Elmer Models 521 and 621 spectrophotometers. 

Results and Discussion 

Spectra were recorded of acetonitrile adsorbed 
on highly degassed porous glass and pure silica, 
as well as on B-, Al-, or Zr-impregnated porous 
glass and silica samples. The data indicate that 
some surface complexes were formed in addition 
to the hydrogen-bonded, weakly adsorbed aceto- 
nitrile. Consequently, it is convenient to consider 
the two types of adsorption separately. 

Weak Adsorption 
The general characteristics of the weak adsorp- 

tion were like those described earlier ( I ) .  How- 
ever, some aspects of the weak adsorption will 
be considered, because the earlier study was very 
brief. 

The prominent features of highly degassed 
porous glass (spectrum A,  Fig. 1) were the 3748- 
cm-' absorptioil of free silanols and the 3703- 
cm-I absorption of free B-OH groups (9-1 1). 
When such a sample was exposed to successively 
increasing pressures of acetonitrile vapor at 
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LOW AND BARTNER: I.R. SPECTRA OF ACETONITRILE 9 

The band positions are given in column 3 of Table 
1. All such bands could be completely eliminated 
by pumping at 25 "C for 30 min. 

The weak, reversible adsorption on porous 
glass at low coverage and on Cab-0-Sil is mainly 
ascribed to hydrogen bonding of acetonitrile 
molecules to surface hydroxyls, as pointed out 
by Roev, Filimonov, and Terenin (I), the 3460- 
cm-l band being caused by that interaction. 
Only the vz C=N vibration (columns 1 and 3, 
Table 1) was slightly perturbed, other modes of 
adsorbed acetonitrile being largely unaffected, 
as would be expected for structures such as 

L 7 ' 2  Frequency, crn" 
0-B 0-ir 

FIG. 1 .  Sorption of acetonitrile on porous glass. A, 1 
Sl 

I 
background spectrum of porous glass after degassing for B 

40 h at 750 "C. The degassed glass was exposed to aceto- 
nitrile vapor at 25 "C at the following pressures in Torr: ~t is interesting to note that the band frequen- 
B, 1.5;  C, 4.5; D, 15; E, 38; F, 80. The ordinates are dis- 
placed to avoid overlapping. cies for acetonitrile adsorbed on porous glass 

became more like those of liquid acetonitrile (12) 

25 "C, e.g., Fig. 1 : (a) Both the free Si-OH and 
B-OH groups declined in intensity but did not 
change in frequency. (b) A band appeared near 
3460 cm-l;  broadened, and shifted its center to 
near 3430 cm-l ; additional bands were observed 
in the 3200-2200 cm-l range. These are listed in 
Table 1. (c) The four bands of adsorbed acetoni- 
trile (column 1, Table 1) increased in intensity 
and shifted slightly in frequency when the aceto- 
nitrile pressure was increased (column 2, Table 1). 
Some bands were quite weak and were observed 
only when the amount of adsorbed acetonitrile 
had become appreciable (column 2, Table 1; 
spectra E and F, Fig. 1). Also, (d) there were 
changes in intensities and frequencies of absorp- 
tions below 2400 cm-l ;  some apparent shifts 
were caused by the overlapping of bands and will 
be considered later. 

The broad 3460-cm-I band and other bands 
below 3200 cm-' given in columns 1 and 2 of 
Table 1 were entirely eliminated by pumping at 
25 "C for approximately 2 h, with the exception 
of the 3004- and 2945-cm-I bands; quite weak 
bands remained near those positions (and also 
below 2400 cm-') after the other bands had been 
eliminated. Similar effects were observed when 
acetonitrile was adsorbed on Cab-0-Sil silica. 

\ ,  

when the surface coverage was increased, as sug- 
gested by the shift of the v, + v, and v, modes. 
Possibly some capillary condensation occurred 
within the highly porous glass samples at the 
highest acetonitrile pressures. Such an effect 
would not be expected with non-porous Cab- 
0-Sil. 

Surface Complexes 
After the weakly bound acetonitrile had been 

removed from porous glass, two weak bands 
were observed near 3000 and 2950 cm-l, as well 
as a group of three bands near 2300 cm-l, e.g., 
Fig. 2. All five bands decreased in intensity on 
degassing and, although some remnants of the 
bands were detectable after pumping at 200 OC 
for 1 h, all bands were eliminated at 300 "C. The 
three bands near 2300 cm-I (Table 2) shifted in 
frequency by several wavenumbers and changed 
in relative intensity, although the precise fre- 
quency-intensity relations could not be estab- 
lished because the bands were weak. The five 
bands were not observed with Cab-0-Sil. 

In general, the results with porous glass pointed 
to the existence of surface groupings which gave 
rise to distinct absorptions near 2300 cm-l and 
which were somewhat more difficult to desorb 
(and consequently somewhat more tightly bound 
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TABLE 2 
Infrared spectra of surface complexes of acetonitrile 

Frequency, cm-' 

Al-impregnated Zr-impregnated 

Porous glass Porous glass Cab-0-Sil Porous glass Cab-0-Sil Assignment 
-- - 

-2345 2348 2348 C-N stretch of Al-complex 
-2318 2318 2318 2319 2317 Combination band 
-2292 2293 2292 C=N stretch of Zr-complex 

Frequency, cm-' 

FIG. 2. Acetonitrile on porous glass: A,  background 
spectrum of degassed porous glass; B, after exposure to 
80 Torr acetonitrile at 25 C, followed by degassing for 
100 min at 25 'C. Both spectra were recorded at 10 x 
ordinate scale expansion. 

to the surface) than the hydrogen-bonded aceto- 
nitrile. The observation of a more tightly bound 
species on silica-alumina (1) and the existence 
of acetonitrile complexes (1, 13-15, and refer- 
ences therein) would suggest the occurrence of 

surface species such as 

where M is an atom of one of the minor constitu- 
ents or impurities on the glass surface. The forma- 
tion of the surface complex, as in the case of 
acetonitrile complexes, would perturb the C r N  
stretching mode and would shift the CEN band 
to higher wavenumbers (14, 15). However, the 
porous glass spectra (Fig. 2, and Fig. 3, spectrum 
A) exhibited three absorptions, suggesting that 
more than one surface species was formed. A 
series of experiments involving the adsorption of 
acetonitrile on B-, Al-, or Zr-impregnated porous 
glass and Cab-0-Sil was consequently carried 
out in order to obtain information about the 
nature of the surface complexes. 

The results obtained with impregnated adsor- 
bents can be summarized as follows (band 
positions are given in Table 2). (a) The Al-im- 
pregnation of porous glass led to the enhancement 
of two of the three bands in the 2300-cm-I region 
(Fig. 3, spectrum B); a third band observed near 
2292 cm-I with porous glass (e.g. Fig. 3, spec- 
trum A) was eliminated. (6) Another pair of bands 
at 2319 and 2293 cm-I was enhanced with Zr- 
impregnated porous glass (Fig. 3, spectrum C), 
while the weaker band near 2345 cm-I of porous 
glass (Fig. 3, spectrum A) was eliminated. (c) 
Bands were not accentuated with B-impregnated 
porous glass. (d) Bands analogous to those found 
with the impregnated porous glasses were found 
with Al- or Zr-impregnated Cab-0-Sil. Spectrum 
D of Fig. 3 is an example, showing the weak but 
sharp 2317- and 2292-cm-I bands observed with 
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LOW AND BARTNER: I.R. SPECTRA OF ACETONITRILE 11 

FIG. 3. Acetonitrile on impregnated adsorbents: A, 
porous glass; B, Al-impregnated porous glass (3 wt. % 
Al2O3), after exposure to 80 Torr acetonitrile at 25 "C, 
followed by degassing at 25 "C for 3 h;  C, Zr-impreg- 
nated porous glass ( 2  wt. % ZrO,), after exposure to 80 
Torr acetonitrile at 25 "C,  followed by degassing at 25 "C 
for 3 h;  D, Zr-impregnated Cab-0-Sil (2  wt. % ZrO,), 
after exposure to 80 Torr acetonitrile at 25 "C, followed 
by degassing at 25 "C for 2.5 h. The dashed lines are 
backgrounds. The ordinates were displaced to avoid 
overlapping. Trace D was recorded at 5 x ordinate 
expansion. 

Zr-impregnated Cab-0-Sil. No bands attributable 
to a species more tightly bound than hydrogen- 
bonded acetonitrile were observed with B-im- 
pregnated Cab-0-Sil. (e) The bands of surface 
complexes formed on Al- or Zr-impregnated 

Cab-0-Sil could be removed or greatly decreased 
by pumping for about 1 h at room temperature. 
(f) No bands of surface complexes were observed 
with porous glass which had been leached (2) to 
remove Al- and Zr-oxide impurities. 

The various results suggest that the three 
absorptions observed with porous glass (Fig. 2) 
were caused by two pairs of bands, overlapping 
occurring near 2318 cm-I. For porous glass, the 
2345, 2318 cm-' pair is attributed to a small 
number of surface Al-acetonitrile complexes, 
and the 23 18, 2292 cm- pair to a larger number 
of corresponding surface Zr-acetonitrile com- 
plexes. The band near 2318 cm-' found in all 
cases (Table 2) is assigned to a combination ana- 
logous to the v, + v, mode of acetonitrile which 
would not be significantly affected by the forma- 
tion of the surface complex. The two bands near 
3000 and 2950 cm-' are attributed to the C-H 
modes of the surface complexes. The 2348- and 
2292-cm-I bands are assigned to the perturbed 
CEN stretching modes of the respective surface 
Al- and Zr-complexes. 

The shifts of the C r N  bands of the surface 
complexes (94 cm-' for the surface Al-complex 
and 38 cm-I for the surface Zr-complex, with 
respect to the C=N band of liquid acetonitrile) 
are quite close to the shifts of 90 cm-' for the 
2CH3CN.A1C13 complex and 36 cm-I for the 
2CH3CN.ZrCI, complex (15). A shift of 96 cm-I 
was reported (15) for CH,CN.BCI,, so that the 
C z N  group of a hypothetical surface B-complex 
might be expected to absorb near 2350 cm-l. 
Such a band was not observed with B-impreg- 
nated silicas, indicating that no detectable amount 
of a surface B-complex was formed (similarly, a 
surface B-NCH complex was not found in an 
earlier study (5) on the interaction of HCN with 
porous glass). The lack of coordination of the 
nitrile to the surface boron cannot be adequately 
explained in view of the existence of bulk aceto- 
nitrile - boron halide complexes. Perhaps the 
acceptor strength of the boron impurity was 
decreased with respect to that of BC1, because 
the boron atoms were in close proximity to sur- 
face oxygen atoms. Such an effect was found with 
the series (in decreasing acceptor strength) 
BCl, > RO.BCI, > (RO),BCl > (RO),B, where 
only the first formed adducts with nitriles (13). 

Support by a grant from the National Center for Air 
Pollution Control is gratefully acknowledged. 
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Sorption of dimethyl ether on silica gel 

E. ROBINSON' 
Departnzent of Chemistry, College of Technology, Belfast, Northern Ireland 
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R. A. Ross 
Department of Chemistry, Lakehead University, Port Arthur, Ontario 

Received September 3, 1969 

The adsorption of dimethyl ether has been studied at its boiling point on a range of silica gels by mea- 
surement of adsorption/desorption isotherms and isothermal calorimetric heats of adsorption. Data 
were determined on gels heat treated at 240, 500, 700, and 900 "C and also on gels impregnated with 
0.274 % w/w aluminum. On 240 "C gels, heats of adsorption varied from around 20 through 12 to 7 kcal/ 
mole at 0 = 0.01, 0.50, and 0.90, respectively. Hysteresis loops are analyzed and the initial adsorption 
trends explained by hydrogen bond formation between the ether oxygen and surface hydroxy groups. 
The enhanced amounts of ether adsorbed after aluminum impregnation are explained by the creation of 
either Br+nsted acid sites on gels treated at 240 "C or Lewis acid sites on gels treated at the highest tem- 
peratures. 
Canadian Journal of Chemistry, 48, 13 (1970) 

Introduction 
Recently, studies of the adsorption of ring 

ethers on silica gel surfaces have been reported 
(1,2). For these systems, heats of adsorption were 
determined from calorimetric and adsorption 
isotherm measurements made in the region of 
the boiling points of the gases. These data, when 
supplemented by measurements of gel properties 
such as surface areas and hydroxyl group con- 
centrations, were used to interpret the nature of 
the adsorbate/adsorbent interactions. This work 
has now been extended to include data on the 
adsorption of dimethyl ether. 

While comprehensive studies of the adsorption 
of diethyl ether on silica gel have been made (3), 
little or no heat measurements are available for 
dimethyl ether. McDonald (4) used dimethyl 
ether in an infrared study of surface hydroxyl 
groups of amorphous silica and found that 
"moderately strong" hydrogen bonds were 
formed between the ether oxygen atom and the 
surface hydroxyls. The rapid desorption of ether, 
which left a surface spectrum identical to that 
prior to adsorption, indicated that chemisorption 
probably did not occur. 

Experi~nental 
Materials 

Davison 923 chromatographic-grade silica gel with a 
particle size range of 75-150 p was used. This had a sur- 

IPresent Address: Lambeg Research Institute, Lisburn, 
County Antrim, N. Ireland. 

face area of 660 m2/g (Brunauer, Emmett, and Teller 
(B.E.T.); N2;-196") and a lump density of 1.20 g/cm3 
after activation at 240 "C for 15 h. Aluminum impregna- 
tion (5) was carried out by immersion of the gel in a solu- 
tion of aluminum nitrate. This treatment gave an 
aluminum content of 0.274% w/w and reduced the sur- 
face area to 590 m2/g. Methyl ether (Matheson) had an 
average purity of 99.8% w/w; methyl alcohol was the 
principal impurity. The ether was further purified by 
vacuum distillation in the adsorption apparatus, with 
the first and last fractions discarded. 

Apparatus and Procedure 
Adsorption isotherms were determined in an all-glass, 

quartz-spring vacuum balance (6) and heats of adsorp- 
tion by calorimetry (1). 

Results 
Complete adsorption/desorption isotherms 

were determined at the boiling point (7), 248.2 OK, 
on gel pretreated (8) at 240, 500, 700, and 900 "C 
(Fig. 1). The isotherms obtained exhibit hyster- 
esis loops which in each case extend over the 
same limits of pressure, but diminish in area as 
the activation temperature is increased. 

Hysteresis loops changing in this manner may 
be analyzed graphically (9). The variation in loop 
height is assessed by plotting the vertical separa- 
tion of the boundary curves (A W) against log p 
and the loop width is evaluated by plotting the 
horizontal separation of the boundary curves, 
expressed in terms of logp, as a function of the 
amount of gas adsorbed ( W). The plots are shown 
in Fig. 2. The width of the loop, at its maximum, 
declines almost linearly with the temperature of 
activation between 240 and 700 "C, while the 
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TABLE 1 

FIG. 1. Adsorption/desorption isotherms for dimethyl 
ether a t  248.2 "K on A,  240; B, 500; C, 700; and D, 900 
"C gels. 

loop height shows a greater drop between 240 and 
500 "C than between 500 and 700 "C. The width 
is a measure of the difference between the chemical 
potential of the adsorbate, when the same amount 
is present in the adsorbent, in the two extreme 
states represented by the boundary curves of the 
loop (9). 

The amounts of gas adsorbed at monolayer 
completion obtained from B.E.T. plots (6) and 
the amounts adsorbed at p = po are given in 
Table 1. 

The isotherm obtained with the 240 "C alu- 
minum-impregnated material was similar to that 
of the 240 "C gel. Only a very slight increase in the 
monolayer adsorbed amount was observed, 0.154 
g/g, along with a diminution in area of the hys- 
teresis loop, vertical separation = 0.010 g/g, at 
p/po = 0.53 (cf. 240 "C gel, 0.013 g/g). However, 
thermal treatment at 900 "C of the aluminum- 
impregnated material had a marked effect on the 
adsorption isotherm when compared with that 
obtained on normal 900 "C gel. The amount of 
gas adsorbed below p/p, = 0.05 was more than 
doubled (0.060 g/g, cf. 0.027 g/g) while the amount 

Methyl ether adsorption data at 248.2 "K 

Monolayer Amount 
Activation adsorbed Monolayer adsorbed 

temperature amount value of at p = po 
(" C )  Wg) PIPO (g/g) 

adsorbed at p = po increased by 0.077 g/g. The 
hysteresis loop extended over the same limits as 
the other dimethyl ether isotherms but it had a 
greater area than that for the 900 "C normal gel. 

Isothermal heats of adsorption were deter- 
mined calorimetrically for dimethyl ether at 
248.2 "K on both 240 and 500 "C gels. Figure 3 
shows the variation in the heat of adsorption 
with surface coverage. Unlike the ring ethers 
previously studied (1, 2), the heat of adsorption 
of dimethyl ether barely exceeds 20 kcal/mole 
below 8 = 0.01. At 8 = 0.5, the heats are 12.4 
and 11.2 kcal/mole for 240 and 500 "C gels, 
respectively. 

FIG. 2. Hysteresis loop analysis of dimethyl ether 
isotherms on A, 240; B, 500; and C, 700 "C gels. 
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ROBINSON AND ROSS: SORPTION OF DIMETHYL ETHER ON SILICA GEL 15 

FIG. 3. Variation of heat of adsorption with surface 
coverage on A, 240; and B, 500 "C gels. 

Discussion 
The heats of adsorption of dimethyl ether in 

the region 8 = 0.01 to 0.10 lie between 20 and 
16 kcal/mole. Such moderately high values are 
usually explained by surface heterogeneity where 
the most labile silanol groups interact first with 
the adsorbed molecules. In the case of ethylamine 
adsorption (8), probably surface complexes of an 
ionic nature are formed at these coverages when 
heats of adsorption are > 30 kcal/mole. The 
values for dimethyl ether are comparable with 
those obtained for dimethyl sulfide (lo), and a 
similar model of adsorption is probably appli- 
cable, with strong hydrogen bonds formed be- 
tween adsorbate and adsorbent at this low 
coverage. 

The angle of the C-0-C bond in dimethyl 
ether (I 1) is 11 1 + 4" which indicates (12) that the 
oxygen atom uses sp3 hybrid orbitals, two half- 
filled sp3 orbitals overlapping with those of car- 
bon atoms, and two occupied by electron pairs. 
These electron pairs are available for hydrogen 
bond formation with silanol groups. 

The heat of adsorption at 8 = 0.5 on 240" gel 
is 12.4 kcal/mole, comparable with 14.2 kcal/mole 
for diethyl ether (13) and about 12 kcal/mole for 
dimethyl sulfide (10). The comparisons are 
particularly useful when considered along with 
the values of the heats of liquefaction of the three 
gases (5.1 (14), 6.5 (13), and 6.4 (1 5) kcal/mole 
for dimethyl ether, diethyl ether, and dimethyl 
sulfide, respectively). The heat of adsorption of 
diethyl ether (3, 16) has been attributed to double 
hydrogen bond formation between the oxygen 
atom of the ether and pairs of suitably arranged 
hydroxyl groups. 

The monolayer coverage with dimethyl ether 
at 248.2 OK was equivalent to 5 pmole/m2 on 240" 
gel with the surface hydroxyl group concentra- 
tion (5) 7.9 pmole/m2. This would suggest mainly 
dual-site adsorption with some single-site adsorp- 
tion occurring also. The latter mode ofattachment 
may become more predominant as the surface 
coverage increases, in agreement with the decline 
in the heat of adsorption beyond 8 = 0.5. 

After impregnation of gels with aluminum, 
the monolayer and total amounts of dimethyl 
ether adsorbed increased, particularly with the 
900 "C sample. The impregnated material showed 
acidity to p-dimethylamino azobenzene, pK = 
+ 3.3 (17), which was not shown by the pure gel. 
Such acidity can be explained by the creation of 
surface Br+nsted acid sites through the incorpora- 
tion of aluminum into the surface. Several 
workers (18, 19) have suggested that treatment 
of silica gel with aluminum nitrate results in the 
absorption or condensation of a basic form of 
aluminum on a surface hydroxy group, and that 
the aluminum complex formed can interact sub- 
sequently with an adjacent hydroxy group causing 
it to dissociate a proton and thus yield a Br+nsted 
site (20). Molecules of dimethyl ether initially 
adsorbed on these sites could accept the labile 
proton and form a charged surface species around 
and above which subsequent adsorbing molecules 
would cluster, thereby increasing the amount 
of dimethyl ether adsorbed. 

Dehydration of the Br+nsted centers is con- 
sidered (20) to lead to the formation of Lewis acid 
sites where the aluminum atom is bonded to three 
oxygen atoms, leaving an electron-pair vacancy 
in its valence shell. Hence the increased adsorp- 
tion of dimethyl ether on 900" impregnated gel 
may be explained by the interaction of the ether 
oxygen atom with these Lewis sites. 

The adsorption branch of the hysteresis loop 
obtained with 240 "C gel, Fig. 1, rises gradually 
between p/p, = 0.045 and 0.70 (range 0.25). The 
desorption curve closes steeply between p/p, = 
0.52 and 0.45 (range 0.07). This shape of loop 
corresponds to that designated by de Boer (22) as 
Type E. It  indicates the presence of cylindrical 
pores, radius r,, which contain large cavities with 
variable radius, r,, while r, > 2rn. Thermal treat- 
ment reduces the height of the loops, Fig. 2, which 
may be related to the disappearance of some pore 
constrictions (8, 21). The greatest diminution 
generally occurs above 500 "C, in harmony with 
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the rapid loss of surface area and pore volume (8) 
above this temperature. 

We thank the British Petroleum Company for the 
award of a research scholarship (E.R.). 
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Radiolysis in the adsorbed state. III. Methyl iodide adsorbed on silica gel1 

N. H. SAGERT,' J. A. RE ID,^ AND R. W. ROBINSON 
Physical Chemistry Branch, Chalk Rioer Nuclear Laboratories, 

Atomic Energy of Canada Limited, Chalk Riuer, Ontario 
Received July 31, 1969 

The 60Co y-radiolysis of methyl iodide adsorbed on silica gel has been studied by examining the 
hydrocarbon products, which are mainly methane and ethane. These products are formed in large yields, 
indicating that a large fraction of the energy absorbed in the silica gel is able to cause decomposition of 
the methyl iodide. The "energy transfer" is thought to occur by electron or excitation transfer to the 
methyl iodide, leading to the production,of methyl radicals. 

Evidence has been obtalned that the silica gel takes part in the system as a chemical reactant as well as 
being an energy transfer medium, and that changing the nature of the surface changes the course of the 
reaction. This is most clearly shown in two ways. The ratio of methane to ethane decreases as the 
surface hydroxyl concentration decreases, and it is concluded that excited methyl radicals form methane 
by abstraction of hydrogen from surface hydroxyls. Experiments using methyl iodide-& adsorbed on 
protiated silica gel confirm the participation of hydrogen from the silica gel, as the methane is over 
85 % CD,H, while the ethane is over 95 % C2D6. 

The effect of additives such as N20 and SF,, which are known to be electron scavengers, was also 
studied. It was shown that methyl Iodide is a much better electron scavenger than NzO and is as good 
an electron scavenger as SF, in this system. 

Canadian Journal of Chemistry, 48, 17 (1970) 

Introduction gel, since reaction [ I ]  

Allen and co-workers (1-3) have shown that a 
form of energy transfer is observed when certain 
materials are irradiated while adsorbed on high 
surface area solids. Larger yields of products are 
obtained than would be expected if only the 
energy absorbed in the adsorbate were causing the 
decomposition, and the conclusion they reached 
is that energy originally absorbed in the solid is 
causing decomposition of the adsorbate. 

We previously studied radiolysis of N 2 0  on 
silica gel to examine the role of electrons in the 
radiolysis of substances adsorbed on silica gel (4), 
and found that up to 4.1 molecules of nitrogen 
were produced for each 100 eV absorbed in the 
silica gel plus the N 2 0  (G(N,) = 4.1). At least 
3.0 of these molecules (3.0 G units) came from 
electrons, as determined by competition with SF, 
and CC1,. However, this system is somewhat 
ambiguous as the stoichiometry, that is, the 
number of nitrogen molecules produced per 
electron scavenged, is uncertain because of pos- 
sible secondary reactions. 

In the study reported here we have examined 
the radiolysis of methyl iodide adsorbed on silica 

is quite well known (5). Wong and Willard (6), 
using electron spin resonance (e.s.r.) techniques, 
have determined G(CH3) = 1.4 1. 0.2 for the 
radiolysis of CH3Br on silica gel at - 196 "C. In 
other adsorbate - silica gel systems investigated 
by Wong and Willard (6), the yield of electrons 
was higher, and we hoped that a study of the 
products of the system would heIp resoIve this 
discrepancy. Work by Fujimoto et al. (7) on the 
photolysis of methyl iodide adsorbed on porous 
vycor has shown that methane and ethane are the 
chief hydrocarbon products of that system. 

Isotopic labelling techniques were used to 
determine the origin of the products, since pre- 
vious work with the cyclohexane-dl, - silica gel 
system has shown that the silica gel can act as a 
chemical reactant as well as an energy transfer 
medium (8). Competitive electron scavenging 
with other electron scavengers ( N 2 0  and SF,) 
was also used in an attempt to see if electrons 
actually were precursors of the observed yields. 

Experimental 

'A.E.C.L. No. 3484. 
2Present Address: Materials Science Branch, White- 

shell Nuclear Research Establishment, Pinawa, Manitoba. 
3A.E.C.L. Summer Student 1968. Present address: 

Department of Chemistry, University of Waterloo, 
Waterloo, Ontario. 

The silica gel was the same as that used previously, and 
for which the surface area, total water content, surface 
hydroxyl concentration, and adsorption isotherms of 
N 2 0  and SF6 have been measured (4, 8). Methyl iodide 
(Fisher certified reagent) and methyl iodide-d3 (Merck, 
Sharp, and Dohme) were used as received. The CDJI 
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contained 1.9% CD,HI, as determined by mass spec- 
trometry. The N 2 0  (Canadian Liquid Air Co.) and SF6 
(Matheson) were used as received. 

The silica gel was dried at 120 "C in air, and samples 
of 0.5 to 2.0g were weighed into cylindrical vessels fitted 
with break seals. The san~ples were evacuated, raised to 
the desired temperature, and kept overnight at that 
temperature while being evacuated to lo-= Torr. The 
methyl iodide was measured out as a liquid, degassed, 
passed through a 6 in. column of P,05, and transferred 
to the silica gel. The transfers were done on a grease-free, 
mercury-free vacuum line. The samples were then warmed 
to 60 "C to facilitate uniform mixing and were cooled. 
They were irradiated at 0 "C in a =OCo y-source at a mean 
dose rate of 6.1 x 1017 eV/g min in silica gel, as deter- 
mined by Fricke dosimetry using G(Fe3+) = 15.6. 

The products were pumped off the gel, which was 
warmed to 50 "C to promote desorption. Methyl iodide 
was separated from the more volatile products using a 
short column of Porapak Q (Waters Associates), and the 
products were analyzed on a 5 ft column of Porapak Q 
at 50 "C. For analyses of hydrogen and nitrogen, prod- 
ucts volatile at - 196 "C were measured volumetricaily 
and analyzed mass spectrometrically. Isotopic analyses 
of products were done on a Consolidated 21-130 mass 
spectrometer at 68 V. Cracking patterns for C2D6 and 
all the s~lbstituted methanes were determined using 
samples obtained from Merck, Sharp, and Dohme. All 
mass spectra were corrected for 13C content. S~lbstituted 
methyl iodides were determined on the same mass 
spectrometer at 9.9 V uncorrected ionizing voltage. 

Results 

The major hydrocarbon products from the 
radiolysis of methyl iodide adsorbed on silica gel 
are methane and ethane. They are produced with 
yields of several tenths of a G unit, based on 
energy absorbed in the entire system. Other minor 
products are hydrogen, ethylene, propane, and 
n-butane, all produced with yields less than 
0.02 G units. It should be emphasized that all 
G values reported in this work are based on energy 
absorbed in the entire system of silica gel plus 
adsorbate. 

Figure 1 gives the dose dependence of the yields 
of methane and ethane from 1 x 1019 to 4 x 1019 
eV/g, for a gel degassed at about 300 "C and con- 
taining 15.5% of a monolayer of methyl iodide. 
For convenience, the methyl radical yield is de- 
fined as G(CH,) + 2(C,H,) and is shown in Fig. 
1. With gels degassed at 700 "C,  yields of methane 
and ethane were strictly linear over this range of 
absorbed dose. Extremely small yields of methane 
and ethane were produced when methyl iodide 
was distilled at - 196 "C onto either unirradiated 
silica gel or silica gel irradiated to a dose of 
4 x 1019 eV/g at - 196 ' C  and the system allowed 

FIG. 1. Dose dependence of products formed from 
the methyl iodide-silica gel system. 0CH31= 0.1s5. 
Evacuation temperature = 298 "C. 

to warm to room temperature, although in the 
latter case the blue color of the irradiated gel was 
bleached. The irradiations were done at -396 "C 
in an attempt to trap any long-lived species 
capable of causing decomposition. Thus, the 
phenomena we are observing are the results of 
radiation effects which occur during the irradia- 
tion. When the gel was irradiated without methyl 
iodide a small yield of hydrogen was observed 

G units), whlch could account for some of 
the small hydrogen yield from the methyl iodide - 
silica gel system. 

In Figs. 2 and 3, yields of the major products 
are shown as a function of the surface coverage 
of methyl iodide at a constant dose of 1.8 x lOI9 
eV/g. Results with a gel degassed at about 300 "C 
are shown in Fig. 2, and with one degassed at 
about 700 "C in Fig. 3. Coverages of methyl 
iodide were calculated using 24.2 A2 for the area 

1.5 
I 1 I 1 I 
O CH, 

0 CH, 

FIG. 2. Dependence of product yields on the fraction 
of a monolayer (8) of methyl iodide on the gel. Dose = 
1.8, x 1019 eV/g. Evacuation temperature = 298 "C. 
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I I I I I r 
0 CH, 

O,O 200 400 600 800 

EVACUATION TEMPERATURE PC) 

FIG. 3. Dependence of product yields on the fraction FIG. 4. Dependence of product yields on the degas- 
of a monolayer (9) of methyl iodide on the gel. Dose = sing temperature of the gel. Dose = IX2 x IOl9 eV/g. 
1.8, x lo1' eV/g. Evacuation temperature = 695 "C. O C H ~ I  = G(CH3) is defined as G(CH,) + 

2 G(CzH6). 

of a methyl iodide molecule. This value was 
calculated from the liquid density of methyl 
iodide (9). 

Yields of methane and ethane remained large 
at the smallest coverages to which we could con- 
veniently work. Although, of course, no products 
were obtained at zero coverage, our yields did 
not extrapolate smoothly to zero, indicating that 
"energy transfer" occurs over a considerable 
distance. This is in agreement with the results 
obtained by Wong and Willard at - 196 "C using 
e.s.r. techniques (6). 

Gels degassed at 300 "C and at 700 "C give very 
different results. The methyl yield is much higher 
on the low temperature gel. The ratio of methane 
to ethane is much larger than unity over gels 

yields from the radiolysis of N,O over this gel (4). 
In an attempt to discover the source of the 

methane and ethane, deuterated methyl iodide 
was irradiated on protiated silica gel and the 
methane and ethane yields were studied as a 
function of dose, coverage, and evacuation tem- 
perature. In all cases the ethane yield was virtually 
all C2D6, although over gels degassed at the 
highest temperatures up to 5% C2D,H was 
obtained. The methane, on the other hand, was 
largely CD,H with a small amount of CD,. Yields 
of CD,H and CD, are shown as a function of 
degassing temperature in Fig. 5 for a constant 
coverage of 15.6% of a monolayer of CD,I and a 
dose of 1.9 x 1019 eV/g. At the highest degassing 

degassed at 300 'C, particularly at lower cover- 
ages, whereas it is considerably less than unity on 
gels degassed at 700 "C. This is shown more O5 

clearly in Fig. 4, which shows yields obtained at  
15.6% of a monolayer of methyl iodide at a dose 2 O4 

of 1.8 x lo1' eV/g for a number of gels degassed 
at various temperatures. The methyl radical yield 6 03 

is defined as the methane yield plus twice the 2 
ethane yield. Here it is shown that methane is 2 0 2  

produced in larger yield over gels degassed below 5 
450 "C, whereas ethane is in larger yield over gels 0.1 

degassed above this temperature. Ethane yields 
are relatively independent of degassing tempera- 
ture above a degassing temperature of 300 "C, zoo 400 600 a30 

EVACUATION TEMFEPATURE (OC) 

whereas the methane yields tend to correlate with 
FIG. 5. Methane yields from the radlolysls of CD,I the surface water 'Ontent of these gels given on s~llca gel as a functlon of degassing temperature of 

previously in Fig. 4 of ref. 8, and with nitrogen the gel. Dose = 1.9, x 1019 eV/g. OcD,l = 0.15~.  
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temperatures, up to 0.05 G units of CD2W2 were 
obtained. More CD2H2 was also produced at 
doses greater than 2 x 1019 eV/g. With gels 
degassed at 700 "C, the proportion of CD, re- 
mains constant above a coverage of 15% of a 
monolayer, whereas with gels degassed at 300 "C, 
the proportion of CD, increases with coverage. 

The recovered deuterated methyl iodide was 
examined using low voltage mass spectrometry 
to see if there was any exchange of H into the 
methyl iodide, as had been noted previously for 
the radiolysis of c-C,D12 on light silica gel (8). 
No evidence was found for the formation of 
CD2HI to within our limits of detection, which 
would correspond to 0.2 G units. 

Nitrous oxide (10) and sulfur hexafluoride (1 1) 
are known to react with electrons by 

In an attempt to assess the role of electrons in the 
radiolysis of this system, we added both N 2 0  and 
SF,. Nitrous oxide had little effect on the methane 
yields on gels degassed at 200 or 700 "C as shown 
in Fig. 6 for 7.8% of a monolayer of methyl iodide 
at a dose of 2.0 x 10'' eV/g. The surface area of 
the nitrous oxide molecule was taken as 16.8 A2 
(9). Ethane yields increased, however, although 
the results were extremely irreproducible. Nitro- 
gen was produced with a yield of about 1 G unit, 
similar to yields obtained from the radiolysis of 
N 2 0  on silica gel in the presence of other electron 
scavengers, compared with up to 4 G units for 
the radiolysis of N 2 0  alone on silica gel. Adding 
up to 5% of a monolayer of SF, decreased the 
methane yields somewhat and increased ethane 
yields, but the results were extremely irrepro- 

FIG. 6. Methane yields in the presence of added N,O 
for gels degassed at 200 and 700 "C. Dose = 1.g8 x 
lo1%V/g. @ C H 3 1  = 0.078. 

ducible. Both N 2 0  and SF, coverages were 
corrected for unadsorbed gas, using isotherms 
measured previously (4). 

Discussion 
The discussion of the results will be based on 

the premise that we are dealing with the radiolysis 
of methyl iodide which is physically adsorbed on 
the surface of the silica gel. This is a reasonable 
postulate, since Hertl and Hair (12) have mea- 
sured an isosteric heat of adsorption of 6.0 f l .0 
kcal/mole for methyl iodide adsorbed on an 
aerosil. This is of the same order as that measured 
for cyclohexane and benzene which are known to 
be physically adsorbed (13). In agreement with 
this low heat of adsorption, we were able to 
recover our unreacted methyl iodide quantita- 
tively by pumping at 50 "C, even for the smallest 
coverages used. 

The yields of methane and ethane are much 
larger than would be expected if the silica gel were 
acting as an inert support for the methyl iodide. 
A surface coverage of methyl iodide of 15.6% of 
a monolayer corresponds to a mole fraction of 
methyl iodide of 2.2 x and an electron 
fraction of 3.9 x Since 2G(C2 products) + 
G(CH,) from the radiolysis of liquid methyl 
iodide is 3.1 (14), then G(CH,) from the direct 
radiolysis of the methyl iodide would be 0.12 G 
units at this coverage, compared with the ob- 
served yield of 1.1, G units from a gel evacuated 
at 300 "C, and 0.83 for one degassed at 700 "C. 
At lower coverages the relative increases in yields 
are even larger, even though the actual yields are 
decreased slightly at the lower coverages. It is 
also apparent that energy absorbed in the silica 
gel is able to cause decomposition of the methyl 
iodide with only about 113 of the efficiency of 
energy absorbed directly by the methyl iodide. 
As our yields do not extrapolate smoothly to zero 
at zero coverage, this "energy transfer" acts over 
large distances in the gel. This agrees with the 
results obtained by Wong and Willard (6), who 
found yields independent of coverage at much 
lower coverages than we could use. 

A mechanism for methyl radical formation 
involving electrons and positive holes formed 
initially in the gel as well as, possibly, direct 
excitation would explain our results 

Pal Solid - @ + 
[4bl -VVV Solid* 
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15bl 4 Deactivation 

181 CH3I- Or [CH,. f I-]caged + @ 
CHsI or [CH,. + I.],,,,, 

[gal [CH3. + I.],,,,, -+ CH3. + 1. 
[gbl -+ CH31 

[lo] Solid* + CH31 -, CH3. + I. + solid 

where Solid* and Solid* * are unspecified excited 
states of the solid which may or may not be 
distinguishable from each other. The participa- 
tion of CH31+ may be ruled out since the 
ionization potential of CH31 is about 9.5 eV (15), 
whereas it is now considered that the band gap 
of silica is at most 8.1 eV (1 6). 

The total methyl radical yield is about 1.2 G 
units, whereas the electron yield from silica gel 
has been reported to be from 2.1 to 4.7 G units 
(4,6). Evidence from experiments using N,O and 
SF, as competitive scavengers, to be discussed 
below, indicates that CH31 is an eficient electron 
scavenger in this system. Hence the methyl iodide 
scavenges up to 4.7 G units of electrons but only 
gives 1.2 G units of methyl radicals. It is postu- 
lated that the CH31- formed in reaction [6] has 
a relatively long lifetime compared with anion - 
positive hole combination (reaction [8]). This 
long lifetime could be caused by a back reaction 
favored by caging effects in the narrow pores of 
the gel (reaction [7]). Such a reaction has been 
used by Willard and his co-workers (17, 18) to 
explain first order decay of methyl radicals in 
organic glasses. 

Anion - positive hole recombination (reaction 
[8]) will give methyl radicals, some of which will 
be highly excited since up to 8 eV is available, 
but may also give back a methyl iodide molecule, 
particularly when combination occurs in narrow 
pores of the gel where caging effects may be 
appreciable (17, 19). I t  is also possible that caging 
keeps the methyl radicals formed in reaction [7] 
close to the iodide ion. When this iodide ion is 
neutralized to give an iodine atom, methyl iodide 
could be reformed. The extent of the participation 
of reactions [4b] and [5a], followed by reaction 
[lo], has not been determined in this work, as we 
shall see when we consider the effects of electron 
scavengers on the system. 

Some methyl radicals produced in reaction [9] 
may contain excess energy. Since they are initially 
formed in a tetrahedral configuration, they may 
contain as much as 10 kcal/mole of vibrational 
energy (5, 20), although more recent estimates 
suggest that they contain from 4 to 5 kcal/mole 
in the v, mode (21, 22). Thus they may abstract 
from methyl iodide (20) or from the surface 
hydroxyl groups by reaction [ I l l ,  written for 
deuterated methyl iodide 

[ l lb ]  C D 3  + -SiOH -+ CD3H + =SiO 

Both reactions [I l a ]  and [I lb] are expected to 
have activation energies of at least 9 kcal/mole 
(23,24), but may occur, particularly if the methyl 
radicals have excess energy. The correlation of 
the methane yield with the known (8) surface 
hydroxyl content of the gel indicates that reaction 
[I lb] is more important in our system. This view 
is strongly supported by the observation that the 
major portion of the methane yield from the 
radiolysis of CD31 on protiated silica gel is CD3H. 
Apparently at - 196 "C, methyl radicals from the 
radiolysis of CH3Br on silica gel are not capable 
of abstracting from surface hydroxyl groups, 
since Wong and Willard see 1.4 G units of trapped 
methyl radicals from that system (6). 

The ethane produced is considered to come 
mainly from combination of methyl radicals 
(reaction [12]) 

solid 
[I21 CH3. + CH3. C2Hs 

The absence of propane and n-butane in the major 
products is taken as evidence that methylene 
radicals play no important part in this system. 
This is supported by the observation that the 
methane yield from the deuterated methyl iodide 
is CD3H, whereas the ethane yield is C2D6. Any 
methylene addition to methane would be expected 
to give mainly C,D,H. 

On gels degassed at low temperatures, the 
surface hydroxyl concentration is high and a 
large portion of the methyls abstract from the 
surface hydroxyls, giving methane. On gels de- 
gassed at higher temperatures, the surface hy- 
droxyl concentration is lower so that a larger 
fraction of the radicals combine with each other 
to give ethane. 

The variations in the relative yields of methane 
to ethane with coverage also require explanation. 
On a gel degassed at 300 "C, the results in Fig. 2 
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show that at high coverage (Q,,,, = 0.3) the ratio 
of ethane to methane increases. Now the results 
using CD,I show that the methane is formed 
largely by reaction [I lb] even at high coverage. 
Hence an increase in the surface coverage must 
favor reaction [12] over [I  lb]. This could arise 
if vibrationally excited radicals produced in 
reaction [7] are moderated by interaction with 
methyl iodide molecules. Methyl radicals are 
thought to form long-lived collision complexes 
with methyl iodide which would facilitate ex- 
change of vibrational energy (23). Thermal 
radicals would then combine to give ethane. It is 
also possible that excited methyl radicals could 
give ethane by reaction [13] at high coverages 
(25). 

A third possibility is that the methyl iodide is 
adsorbed in such a way as to cover some of the 
surface OH groups and prevent their participa- 
tion in reaction [l 161. On gels degassed at 700 "C, 
ethane is always the major product and the ratio 
of methane to ethane varies little with coverage. 

No hydrogen was exchanged into the CD,I 
when irradiated with gels degassed at any tem- 
perature. Thus, a carbonium ion induced ex- 
change of the type envisaged for c-C,D,, (8) does 
not operate here. On gels degassed at the higher 
temperatures, small yields of C,D,H and CD2H, 
were noted, and these yields are probably the 
result of a carbonium ion induced exchange. 
These products were particularly noticeable at 
the highest doses, in agreement with the results of 
Kohn (26) on radiation-induced exchange be- 
tween methane and silica gel. 

Both N,O and SF, are known to be good 
electron scavengers (10, 11) and hence were used 
in competition with the methyl iodide. The 
methane yields were not affected by N 2 0  for gels 
degassed at 200 or 700 "C. Thus, either electrons 
are not participating in the energy transfer or, 
more likely, N,O is not competing effectively with 
the methyl iodide for the free electrons or negative 
holes. The nitrogen yields obtained resemble 
those for the y-radiolysis of N 2 0  on silica gel in 
the presence of SF, and CCl,. Thus methyl 
iodide, behaving like SF, and CCl,, apparently 
suppresses the nitrogen yield, giving a smaller 
nitrogen yield than from the N 2 0  - silica gel 
system. The postulate that N 2 0  is an inefficient 

competitor with methyl iodide for the electrons 
is therefore reasonable. 

With SF,, some decrease in methane yields was 
noted, indicating that SF, may be capturing elec- 
trons, but not to the extent expected. However, 
the scatter was very large and no real conclusions 
can be drawn. The relative efficiencies of some 
electron scavengers in the vapor phase have been 
calculated by Holtslander and Freeman (27), who 
gave a value of 10 as the ratio between SF, and 
N,O. Because the influence of N 2 0  and SF, on 
the methyl iodide system was not substantial, 
methyl iodide appears to be an extremely efficient 
electron scavenger, at least comparable to SF,. 

The irreproducible yields of ethane in the 
presence of N,O or SF, probably result from 
chain reactions induced by O', 0 - ,  or F- (28,29). 
In aqueous media, SF,- is known to produce 
6 F -  ions and a SO,'- ion (30). Similar reactions 
may well occur in the presence of surface hydroxyl 
groups. Hence any quantitative treatment of the 
effect of N 2 0  and SF, on this system is of little 
value at present. 

We would like to thank Dr. A. 0. Allen and Prof. J. E. 
Willard for useful discussions, and Drs. D. A. Armstrong, 
A. W. Boyd, and D. R. Smith for comments on this 
manuscript. 
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Hg(3P,) photosensitized decomposition of 2,5-dihydrofuran 

B. FRANCIS AND A. G. SHERWOOD 
Department of Chemistry, Simon Fraser University, Burnaby 2, British Columbia 

Received1 October 2, 1968 

The mercury photosensitized decomposition of 2,5-dihydrofuran was studied in the vapor phase at 
25 + 2 "C. Major products are carbon monoxide, propene, and hydrogen, while biallyl, allene, methyl- 
acetylene, furan, 2,3-dihydrofuran, tetrahydrofuran, and small amounts of three unidentified products 
are also produced. The quantum yields of all products are decreased by increasing substrate pressure, 
indicating collisional deactivation of an excited state precursor which, at low pressures, decomposes 
according to the scheme 

[ ~ j '  + .. C3H6 113% 

+ HCO' T C3H5. \ 

+ g. + H' 34". 

The product P is not furan and its possible identity is discussed. The free radical component of the 
reaction was further studied by carrying out the reaction in the presence of nitric oxide. The results are 
consistent with the above processes. 
Canadian Journal of Chemistry, 48, 25 (1970) 

Introduction 
The mercury photosensitized reactions of 

cyclic compounds are of interest because of the 
possibility of ring cleavage in the primary process 
to yield a triplet biradical. In  the case of cyclo- 
parafins larger than cyclopropane, the most 
important primary process is the cleavage of a 
C-H bond to give a hydrogen atom and a cyclo- 
alkyl radical whose chemical behavior is not 
significantly different from that of straight chain 
analogues (1). The reaction of cycloolefins pro- 
duces compounds originating from free radical 
reactions, as well as ring contracted compounds, 
which suggest that a part of the primary process 
produces a biradical with free electrons separated 
by several carbon atoms (2, 3). Isomerization of 

these biradicals results in the observed products, 
vinyl cyclopropane from cyclopentene (2) ,  and 
vinyl cyclobutane from cyclohexene (3). 

The presence of a hetero atom in the ring 
would also be expected to change the nature of 
the primary process from that observed in the 
case of the cycloparafins. The reactions of the 
epoxides of ethylene (4, 5) and of butene-2 (6) 
produce excited molecules which, at low pressure, 
can decompose with cleavage of the ring. Little 
work has been done on heterocyclic compounds 
with larger rings. Srinivasan has studied the 
mercury photosensitized reaction of furan (7,s). 
The main reaction products, cyclopropene and 
carbon monoxide, were suggested to arise from 
the decomposition of a biradical intermediate 

The formation of 3-methylcyclopropene from suggesting another biradical intermediate which 
2-methyl furan suggests that the double bond in may be represented as 
the cyclopropene product was formed between 
carbon atoms 3 and 4 of the substrate molecule. 
It also appears that the substrate molecule under- 

.Q. 
went Diels-Alder additions to monoolefins, We have undertaken a study of the mercury 

photosensitized decomposition of 2,5-dihydro- 
'Revision received October 6, 1969. furan (2,5-DHF). The C-0  bond, in a position 
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ally1 to the double bond, represents a likely site 
for bond cleavage, i.e. 

The resulting biradical should be compared to 
that suggested by Cvetanovid and Doyle (9) as the 
intermediate formed by the addition of ground 
state oxygen atoms to butadiene 
[3] 0(3P) + CH2=CH-CH=CHZ 

+ O-CH~-CH-CH=CH~ 

This biradical differs from that produced in 
reaction [2] only in the positions of the double 
bond and the free electrons. These structures may 
be regarded, in valence bond terminology, as 
representing contributions to a resonance hybrid 
structure which may be written 0-CH,- 
- -  - - - - -  - - - -  
CH-CH-CH,. 

The products of the 0-atom - butadiene reac- 
tion were butadiene monoxide, formed by pairing 
of the unpaired electrons of the biradical repre- 
sented in reaction [3]; 3-butenal, formed by a 
hydrogen shift in this biradical; and carbon 
monoxide, formed by its decomposition. Because 
the major emphasis of these authors was on the 
higher molecular weight products, some of their 
work was repeated. Propylene and CO, in 
roughly equimolar amounts, were found to be the 
major products. 

In relation to the present work, the most 
interesting observation of CvetanoviC and Doyle 
was that no 2,5-DHF was produced. The inter- 
mediate formed in reaction [3] does not cyclize 
to any extent to give a 5-membered ring. It is 
tempting to interpret .this observation as indica- 
ting that the structure 0-CH,-CH=CH-CH, 
does not contribute significantly to the structure 
of the biradical intermediate. On the other hand, 
the exclusive formation of the 3-membered ring 
may be the result of an interaction between the 
unpaired electrons which controls the direction 
of the reaction from the moment of addition of 
the oxygen atom. 

I t  was considered likely that a study of the 
2,5-dihydrofuran photosensitization would con- 
tribute to the understanding of this question. 

Experimental 
The substrate (Aldrich Chemical Co. Inc.) was purified 

by gas chromatography on a 6 ft Carbowax 600-on-celite 

column. The main impurities were furan and tetra- 
hydrofuran which, as well as being difficu!t to remove, 
were formed in a slow but perceptible dark reaction. 
Reactions were carried out in a cyclindrical quartz cell, 
5 cm diameter x 10 c n ~  long, irradiated through a 
Vycor 7910 filter with a low pressure mercury arc. 
Mercury vapor was present in the cell at equilibrium 
vapor pressure at ambient temperature (25 f 2 "C). 
After reaction, the cell contents were separated into three 
fractions by trap-to-trap distillation. Each fraction was 
analyzed by gas-liquid chromatography (g.1.c.). The 
fraction which condensed at - 1 2  "C was analyzed on a 
Carbowax 600-on-celite column, the fraction which con- 
densed at - 196 'C  was analyzed on a Porapak P column, 
and the non-condensables on a molecular sieve column. 
Hydrogen was measured by two methods. The yields of 
CO, analyzed by g.l.c., were subtracted from the total 
yields of non-condensables. This gave values which were 
consistent with those obtained directly by g.1.c. using 
argon as a carrier gas. 

Actinometry was done by extrapolation of nitrogen 
yields from the mercury photosensitized decomposition 
of n-butane - nitrous oxide mixtures, assuming that the 
quantum yield of N,, extrapolated to zero butane 
pressure, was equal to unity (10). The absorbed light 
intensity measured in this way was 0.81 + 0.02 fieinsteins 
m i x 1 .  

The quenching cross section of 2,5-DHF was also 
measured by the N 2 0  method (10) using the values 
G,,.~,~,,,~ = 3.6 A2, GDHF' = 28.4 + 1.4 A'. 

Results and Discussion 
The main products of the reaction are hydro- 

gen, carbon monoxide, and propylene. Smaller 
quantities of allene, biallyl, furan, 2,3-dihydro- 
furan (2,3-DHF), and tetrahydrofuran were also 
formed. Identification of these components was 
verified by mass spectrometry, infrared (i.r.) and 
nuclear magneticresonance (n.m.r.) spectroscopy. 
An authentic sample of 2,3-DHF was prepared 
by the method of Paul, Fluchaire, and Collardeau 
(1 1). The n.m.r. spectrum of this sample agreed 
with that reported by Korver et al. (12). The i.r. 
spectrum of this sample agreed with that of the 
product identified as 2,3-DHF. 

Small amounts of three less volatile products 
were also obtained. These will be referred to as 
A, B, and C. Their identification was attempted 
but their quantum yields were so low as to yield 
only poor i.r. and mass spectra. Tentative 
identification will be discussed later. The yields of 
these products are indicated in Table 1 in terms 
of g.1.c. peak areas since calibrations were 
impossible. 

The quantum yields of products as a function 
of reaction time are given in Table 1. Taking into 
account the large experimental uncertainty in the 
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FRANCIS AND SHERWOOD: DECOMPOSITION OF 2,j-DIHYDROFURAN 

TABLE 1 

Mercury photosensitized decomposition of 2,5-dihydrofuran* 

Quantum yield 

Time 
(min) 

Methyl 
acetylene 
-- 

0.010 
0.014 
0.014 
0.016 
0.015 
0.017 
0.014 
0.015 

Propene 

0.28 
0.29 
0.30 
0 .29  
0.26 
0 .26 
0.27 
0.28 

Allene 
-- 

0.013 
0.012 
0.021 
0.018 
0.017 
0.019 
0.020 
0.022 
0.018 
0.019 
0.021 
0.023 
0.022 
0.020 

Biallyl 

0.067 
0.046 
0.045 
0.047 
0.046 
0.046 
0.041 
0.046 

Furan 2,3-DHF 

0.067 0.048 
0.046 0.014 
0.045 0.023 
0.047 0.029 
0.046 0.026 
0.046 0.016 
0.041 0.025 
0.046 0.021 

THF 

*Substrate pressure = 10 Torr. 

analysis of very short runs, the quantum yields 5 o 
of all products except A, B, and C are essentially 
independent of time, indicating that none of these 
products are the result of secondary reactions. 
A small amount of nonvolatile material was ob- 4 0 

served in very long runs but this does not appear 
to be an important product. 

The variation of quantum yields of products a 

Subs t ra te  pressure (Tc r r  ) 

FIG. 2. Quantum yield of products as a function of 
pressure, reaction time = 20 min. 

with substrate pressure is indicated in Figs. 1 
and 2. 2,3-DHF analysis was impossible a t  
higher pressures due to inadequate resolution of 

I , , I I thL' g.l:c. peaks. A11 produc;s show behavior 
50 100 150 characteristic of the decom~osition of an excited 

S u b s t r a t e  p r e s s u r e  (Torr ) molecule subject to collisional deactivation. In 

FIG. yield of products as a function of order to test this idea runs were done in which 
pressure, reaction time = 20 min. CF, was present. The results, shown in Figs. 3 
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and 4, have been corrected for the small amount 
of quenching of triplet mercury by the CF,. It 
can be seen that the quantum yields of all products 
(except allene) are decreased by the presence of 

30 
the added inert gas. 

The following mechanism is suggested 

[4] ~ ~ ( 6 ' s ~ )  + hv --+ H ~ ( ~ ' P I )  

['I H ~ ( ~ ' P , )  4- Q -+ ~ p ( 6 ' ~ o )  f o* 0 0 25 

H 

[61 g+Q 
0.20 

[71 + O + H 2  0 

181 -+ CH3-CH=CH2 + CO 

0.15 

[91 - O. + H. 
0 

The free radical formed in reaction [9] may also 
be written as 

0.10 
100 200 300 

CF4 pressure (Torr) 

FIG. 4. Quantum yield of products as a function of 
pressure of added CF4, reaction time = 20 min. 

To represent the delocalization of the free 
electron, we may represent the structure as 

0s 0 
Disproportionation of this radical would be 

expected to give either 2,3-DHF or 2,5-DHF or 
both. The H atom probably adds to a substrate 
molecule to give a tetrahydrofuranyl radical 

[I 01 .+g-+g 
The cyclic products of the reaction are accounted 
for in terms of disproportionation reactions of 
these radicals 

CF4 pressure CTorr) 

FIG. 3. Quantum yield of products as a function of 
pressure of added CF4, reaction time = 20 min. 
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FRANCIS AND SHERWOOD: DECOMPOSITION OF 2,s-DIHYDROFURAN 29 

1131 ' + (Dihydrofurans) 

NO Itzhibitiorz 
This mechanism was tested by introducing NO 

into the system. The results, again corrected for 
competitive quenching, are shown in Table 2. 
Acrylonitrile and H,O, although identified, were 
not determined quantitatively because of bad 

overlap of their g.1.c. peaks with that of the 
substrate. The CO yield is slightly increased 
while the propylene yield is decreased by a factor 
of some 33 % in the case of the shorter runs. The 
further decrease observed in the longer runs 
suggests consumption in secondary reactions. 
To the extent of this 33 %, then, propylene must 
have a free radical precursor. It may be formed 
by the decomposition of excited 2,5-DHF mole- 
cules by way of the ring opened biradical sug- 
gested in the Introduction. 

------------.-- - CH~-CH=CH-6=0 C3H6 t CO CH2-CH-CH2 -k HCO 

If the biradical intermediate is too short-lived to 
react with NO, the above scheme is consistent 
with the experimental observations. 

The 3-butenal formed in reaction [15a] would 
be excited to  the extent of approximately 112 
kcal/mole and could react in three ways. Reaction 
[15c] would yield directly carbon monoxide and 
propylene whose formation would not be in- 
hibited by NO. Reaction [15d] would produce 
formyl and allyl radicals. Ally1 may yield addi- 
tional propylene by disproportionation with 
formyl radicals 

- - - - - - - - , . - - -  

[I61 CHz-CH-CHz + HCO 
-t CH3-CH=CH2 + CO 

Such disproportionations of formyl with other 

radicals have been reported (13). Formation of 
propylene by this route would be inhibited by 
NO. The presence of allyl radicals in this system 
is indicated (14) by the formation of acrylonitrile 
by the reaction 

The decrease in yield of crotonaldehyde caused 
by the presence of NO indicates a free radical 
origin of some of this product, probably the 
combination of allyl and formyl radicals. 

Combination and disproportionation of allyl 
radicals are probably the source of the allene and 
biallyl formed when NO is absent 

The ratio of allene to biallyl suggests a dispropor- The maximum in the curve for allene in Fig. 4 
tionation-to-combination ratio of approximately may be the result of a changing disproportiona- 
0.5. This value constitutes an upper limit because tion-to-combination ratio as "hot" allyl radicals 
of the possibility of allyl disproportionating with are collisionally deactivated. 
other radicals present to yield allene. The small yield of methylacetylene is not 
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P 

TABLE 2 
6 

Effect of NO on mercury sensitized decomposition of 2,5-dihydrofuran* 
5 
3 

.- C 
P 

Reaction Quantum yield? Gas chromatograph peak areas 2 
[NO] time 

B C 
F 

(%) (min) Hz CO CII,-CH=CH2 N 2 0  C H , - E C H  CH2=C=CHZ Biallyl 2,3-DIIF Furan THE Crotonaldehyde A 8 
0 10 0.17 0.32 0.27 0 0.014 0.02 0.041 0.025 0.041 0.025 0.048 838 980 511 0 
3.7 5 0.17 0.42 0.19 0.17 0.010 0 0 0 0.27 0 t 0 0 

10.2 5 0.17 0.42 0.20 0.18 0.014 0 0 0 0.25 0 0.025 0 0 
0 

:e: I 
11.4 30 0.165 0.38 0. I S  0.12 0.012 0 0 0 0.24 0 0.024 0 1178 ' 
15.5 30 0.17 0.42 0.17 0.12 0.011 0 0 0 0.25 0 0.023 0 0 1201 4 

-. 

*Substrate pressure = 10 Torr. 
?Corrected for competitive quenching by NO. 

c 
SNot determined. g 

e m 
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FRANCIS AND SHERWOOD: DECOMPOSITION OF 2,5-DIHYDROFURAN 3 1 

effected by NO and so may be the product of a 
molecular decomposition. 

With reference to reaction [I 5a], McDowell 
and Sifniades (1 5) have studied the photolysis of 
crotonaldehyde and have suggested the decompo- 
sition of an excited state to give either propylene 
and CO or allyl and formyl. Allen and Pitts, in a 
more recent paper (16), have suggested the inter- 
mediacy of propenyl radicals in the croton- 
aldehyde photolysis. The participation of l-pro- 
penyl radicals in the present reaction would have 
been indicated by the formation, in the NO- 
inhibited runs, of HCN and formaldehyde (17). 

[20] CH3-CH=CH + NO -t CH-CH-CH 
I I 
I I ,  

0-N 
+- CH3-CH + HCN 

The absence of these products supports reactions 
[I 5a] to [15d] as the sources of propylene. 

The formyl radicals in the presence of NO give 
HNO and CO (18, 19). 

[21] HCO + NO + HCO -t HNO $ CO 

Compounds A and B are not produced when 
NO is present, a fact which suggests that they 
have free radical precursors. The mass spectrum 
of A indicates a molecular weight of 110. The i.r. 
spectrum indicates absorption at 1640, 990, and 
935 cm-l,  suggesting an allyl group, while the 
peak at 1090 cm-I suggests a dihydrofuranyl 
ring. These observations suggest that A is the 
co~nbination product of an allyl and a 2,5-DHF 
radical, i.e. 

CH2=CH-CH2- c3 
0 

Although the relative nonvolatility of com- 
pound B suggests a molecule considerably larger 
than the substrate, the mass spectrum taken with 
an electron energy of 10 eV contains only an ion 
mass of 69. The i.r. spectrum of this conlpound 
has a peak characteristic of the 2,3-DHF ring at 
1090 cm-l.  These observations suggest in a 
very tentative way that compound B may be 
the combination product of two dihydrofur- 
any1 radicals, i.e. 

Product C, whose formation was not inhibited 
This is consistent with the small effect of NO on by the presence of NO, was in such 
the Co yield and with the formation of N2° and small amounts that no usefill spectra co~lld be 
H,O by the process obtained. 

Table 1 indicates that the yield of furan under- 
goes almost an 8-fold increase when NO is added. 
This additional furan is probably formed by 
reaction of dihydrofuranyl radicals with NO. 

Such disproportionations of free radicals with 
NO occur to some extent in the case of ethyl 
radicals (20) to give ethylene and HNO, in the 
case of vinyl radicals (21) to give acetylene and 
HNO, and in the case of isopropoxy (22), to give 
acetone and HNO. No addition product of the 
reaction of dihydrofuranyl radicals with NO 
could be found. Assuming that the yield of furan 
in the presence of NO represents the quantuill 
yield of the processes [7] and [9], the small yield 
of cyclic products in the uninhibited reaction 
indicates that disproportionation reactions [l 1 ] 
and [I41 favor the re-formation of substrate. 

summation of the carbon content of products 
of the reaction in the presence of NO is, within 
experimental error, equal to the value in the 
absence of NO. This suggests that a radical chain 
mechanism which consumes substrate is not 
important. 

Reaction [7] is written as if the products were 
H, and furan. The quantum yield of H2  at 100 
Torr pressure is 0.14 while that of furan is only 
0.036. Since no other isomer with mass 68 was 
found, we must conclude that the product of 
reaction [7] is reactive. Srinivasan (6, 7) has 
identified an excited state of furan which reacts 
with olefins to give Diels-Alder addition prod- 
ucts. If the same species is formed in reaction [7], 
its addition to the substrate would be expected. 
We are at present investigating that possibility. 

Conclusion 
It  appears, in summary, that a quenching 

collision between triplet mercury and 2,3-DHF 
yields an excited molecule which may decompose 
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in the following ways. (1) Cleavage of a C-N 
bond to give a dihydrofuranyl radical and an N 
atom (34 %). (2) Ring cleavage to give a biradical 
which may decompose to give propylene and CO 
or to give formyl and a free radical precursor of 
propylene (43 %). (3) Molecular decomposition 
to give hydrogen and the unknown reactive 
species (23 %). 

The difference between the products of this 
reaction and those of oxygen atom - butadiene 
reaction indicates that the same biradical inter- 
mediate is not involved. Electron delocalization 
in the intermediate species, 0-CH,-CH- 
CH=CW, and 0-CH,-CH=CH-CH,', 
may not be complete enough to make the two 
identical. An alternative explanation is that in 
either or both reactions, the formation and isom- 
erization of the initially formed intermediate 
represents a single concerted process without 
involving an identifiable biradical intermediate. 
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Theory of molecular size distribution in mlnltiehain polymers1 
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Expressions are derived for the most probable distribution of molecular sizes in multi-chain polymers 
formed by the self-condensation of the monomer A-R-Xf - where A and X are functional groups 
and X may be either A or B. It is assumed that all functional groups of the same kind are chemically 
equivalent and that intramolecular condensation may be neglected. For the case A-R-Bf - the results 
are identical with those of Flory, although it is shown that this is fortuitous and due to a cancellation 
of two errors in Flory's method. For the case R-Af the results differ significantly from expressions 
derived by Flory and sources of error in previous work are discussed. In theory, the mole and weight 
fractions of individual x-mers vary continuously with the extent of reaction a over the entire range up 
to a,,,, = 2/f .  The ratio of the weight average to the number average degree of polymerization is finite 
for all values of a below c*,,,,. The critical point for the formation of infinitely large (wall-to-wall) 
molecules occurs, not at a = l / ( f  - 1 )  as predicted by Flory, but at a = 2/J The prediction of actual 
gel points is discussed in terms of the largest molecule which can have a physically meaningful existence 
at any fixed value of c*. 
Canadian Journal of Chemistry, 48, 33 (1970) 

Introduction 
Expressions have been derived by Flory (1, 2) 

for the most probable distribution of molecular 
sizes in multi-chain polymers formed by the self- 
condensation of monomers of the types 
A-R-B - , and R-A f ,  where A and B are 
functional groups. In the former case it is con- 
sidered that A can condense with B, but self- 
condensation of like functional groups is for- 
bidden. In the latter case it is assumed for 
simplicity that self-condensation of A groups on 
the same molecule is forbidden. 

Both types of polymer may be regarded as 
derived from the monomer A-R-Xf - ,, where 
X may be either A or B. The simplest case of such 
a polyfunctional condensation is represented in 
Fig. 1, which illustrates the structure of the 
polymers fornled for f = 3. Numerous isomeric 
structures are obviously possible and the com- 
plexity increases with increasing chain length and 
increasing functionality, f. 

Although, as pointed out by Flory (2), ex- 
amples of polymers of the former type are scarce, 
the correct evaluation of molecular size distribu- 
tions in this case is important because such 
polymers form a natural link between relatively 
simple unbranched polymers on the one hand and 
the more complex polymers formed in ordinary 
polyfunctional condensations, on the other. 

In our laboratory we have been interested in 
the average size and distribution of polymeric 

INRCC No. 11 013. 
ZRevision received September 24, 1969. 

FIG. 1 .  Polymer formed by self-condensation of the 
monomer A-R-X7- 1, for f  = 3. 

species in silicate and phosphate melts. The 
former may be regarded as derived from the 
tetrafunctional monomer and the latter 
from the trifunctional monomer Our 
work has led to a re-examination of the expres- 
sions derived by Flory for the molecular size 
distribution in such systems. 

Molecular Distributions 
Consider the self-condensation of the monomer 

A-R-Xf -, to yield polymers of the type illus- 
trated in Fig. 1. We assume that all functional 
groups of the same kind are chemically equivalent 
(principle of equal reactivity) and that intra- 
molecular condensation does not occur. 

As illustrated in Fig. 1, the polymers may be 
regarded as derived from A, X, and XA groups; 
these groups may, therefore, be considered as the 
"building units" of the system. The problem of 
calculating the molecular distribution is that of 
deciding how these groups are distributed among 
all molecules in the system at equilibrium. 
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~ l l - ~ ~ ~ l ~  

M O N O M E R  

T R M E R  

FIG. 2. Derivation of molecular size distribution for polymers derived from the monomer R-A,. N is the total 
number of ~nolecules in the system. Each circle denotes either an A group or an AA pair. Bold circles indicate groups 
for which a decision is about to be made as to whether it is A or AA, as indicated by the arrows. The number in 
each box indicates the number of molecules of that structure. 
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This problem has two aspects (see also Appen- 
dix IV). First, if N is the number of molecules in 
the system, the location of N groups, A or X, is 
automatically determined: each is committed to 
start one molecule, and may not be considered 
for any other location. Second, we have no such 
definite information regarding the location of the 
remaining groups, and may assume only that they 
are distributed randomly among all molecules. 

It must be emphasized that our recognition of 
the presence of committed and uncommitted 
groups in the system in no way violates the prin- 
ciple that all functional groups of the same kind 
are chemically equivalent. In particular it must be 
stressed that we do not in any way specify which 
A or X groups belong to particular locations. To 
do so would, indeed, violate the above principle. 
That there are N A or X groups committed to 
certain locations is a property of the system and 
involves no act of choice or artificial specializa- 
tion on our part. This point is fundamentally 
important towards a correct evaluation of the 
molecular size distribution. 

In the following discussion it is assumed for 
convenience that each molecule is started by an 
A group. This is not a necessary condition, 
however. and identical results are obtained if the 
molecu!es are considered started by X groups or a 
mixture of A and X groups. It may be noted that 
XA groups cannot be used as starting points for 
the molecules. Such a procedure would imme- 
diately exclude the monomersfrom consideration. 

In any x-mer there are fx - 2x + 1 X groups 
and x - 1 XA groups. The total, x(f - l), when 
summed over all molecules yields N,(f - 1) as 
the number of uncommitted groups which have 
randomly assigned positions, where No is the 
number of structural units3 in the system. We 
define a probability p,, to be 

[l ] p,, = number of XA groups/N,( f - 1) 

This is the probability that any group selected at 
random from the uncommitted groups will be an 
XA group. 

The System R-A 
If a, the extent of reaction, is the fraction of A 

groups initially present which have reacted, the 

31n general, the same terminology as used by Flory is 
employed. In the case under consideration, a structural 
unit identical with a repeating unit in the polymeric 
struclirre. 

number of AA groups is afN,/2. Therefore, 
from eq. [ I ]  

[2 1 PAA = ~lf /2( f  - 1) 

Figure 2 illustrates the use of pAA for deter- 
mining the size distribution for the system RA,. 
Each box represents molecules of a certain struc- 
ture. Groups which are known to be either A or 
AA are so indicated; groups for which a decision 
has not been reached are drawn as circles. In 
addition, the expression under each box gives the 
number of molecules of that structure. Thus the 
single box in the first row indicates that there are 
N molecules for which the only information yet 
available is that each consists of one terminal A 
group that is attached to two groups, either of 
which may be A or AA. 

The second row shows the two possible struc- 
tures of the molecules obtained by deciding how 
many of the N groups indicated by the bold circle 
in row 1 are AA (and at the same time, how 
many are A). The only possible decision is that 
based on the odds for randomly selecting an AA 
group from the uncommitted groups. Therefore, 
N(pAA) molecules have an AA group at the loca- 
tion in question, while N(l - p,,) moIecuIes 
are terminated at that site by an A group. 

In row 3, similar decisions are made concerning 
the bold circles of row 2. One result is that the 
number of molecules of monomer is N(l - pAA)' 
and the mole fraction of monomer, N,, is 
(1 - p,,)'. The manner in which the mole 
fractions of larger molecules are obtained is ob- 
vious from Fig. 2. Molecules for which the power 
of pAA is the same may be combined in number. 
This simplifies the scheme considerably but makes 
it impossible to obtain directly the distribution of 
isomers within a particular x-mer fraction. 

After the scheme has been carried to the stage of 
tetramer the mole fractions are 

Nl = (1 - PAA)~  

N2 = 2(1 - pAAl3(pAA> 

N3 = 5(1 - PAA)~(PAA)~ 

N4 = 14(1 - PAA)~(PAA)~ 

where pAA = 3~14.  
The scheme which leads to these specific results 

may be regarded as a diagrammatic solution of 
the Bernoulli binomial probability function (3), 
and has been introduced for illustrative purposes. 
The probability function itself will now be used to  
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derive the general expression for the mole fraction 
of x-mer. 

I fp  is the probability of a favorable outcome at 
each trial, then the probability P that in rz trials an 
event will be favorsble exactly n - r times and 
unfavorable r times, is 

[31 
n!  p = ---- p"-r(l - p y  

~ ! ( n  - r)! 

We define a favorable outcome to be, for our case, 
that of selecting an AA group i i ~  a choice between 
AA and A groups, so that p = p,,. The number 
of trials equals tlle number of sites in an x-mer 
where such a choice is made, and is fx - x, while 
the number of favorable events necessary to 
obtain an x-mer is x - 1. The factorial part of 
eq. [3] gives the number of sequences of x - 1 
favorable and j x  - 2x -t 1 unfavorable choices, 
regardless of order. However, when considering 
polymerization, the order in which favorable and 
unfavorable choices occur is important. For ex- 
ample, a dimer ( f  = 3) is selected by choosing 
three A groups (apart from the starting A) and 
one AA group. Equation [3] predictsfour possible 
sequences of the four choices, and they are: 
AA,A,A,A; A,AA,A,A; A,A,AA,A; A,A,A,AA. 
Only the first two sequences are specific for 
dimer; the last two are unsuccessful as they imply 
prior selection of monomer. In general, the 
probability function must be divided by x to 
allow for unsuccessful sequences, and the modi- 
fied probability gives directly the mole fraction of 
x-mer 

where p,, = uf/2(f - 1). In the following dis- 
cussion we denote by ox the factorial term in 
eq. PI 

I 5 1  
(fx - x)! 

cox = 
(fx - 2x + l)!x! 

It  is identical a i th  the combinatorial term 
derived in a diRerent way by Flory (1) (ref. 2, 
p. 365). 

Mole fraction distributions as given by eq. [4] 
are illustrated in Fig. 3 for trifunctional con- 
densations for various values of a. Figure 4 

Number of u n i t s ,  x 

FIG. 3. Distribution of mole fractions for a polymer 
formed by the self-condensation of a trifunctional 
monomer, for various extents of reaction a. 

" 0 0.1 0.2 0.3 0.4 0.5 0.6 2/, 

E x t e n t  o f  r eac t i on ,  a 

- 
FIG 4. Mole fractions of various species plotted shows the mole fract i~ns of various s~ecies  UP '0 against the extent of reaction, a, for a trifunctional 

the tetramer as functions of a. condensation. 
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Tlze System A-R-Bf - 
If a, is the fraction of B groups which have 

reacted, then the number of BA groups is 
(f - l)NoaB. Therefore, from eq. [I] 

Figure 5 illustrates the use of pBA for deter- 
mining the size distribution for the system 
A-R-B,. Figures 2 and 5 arc constructed 
somewhat differently in that, in the latter, 
separate boxes are retained for isomers of mole- 
cules having the same powers of p,,. After the 
scheme has been carried to the stage of tetramer 
the results for the mole fractions are 

N, = (1 - a,)' 

N, = 2(1 - ~ i , )~a ,  

N3 = 5(1 - a,)4a,2 (2 isomers, in ratio 4 : 1) 

N, = 14(1 - ~ , ) ~ a , ~  (3 isomers, in ratio 8 :4:2) 

The general expression may be derived in a 
manner analogous to the R-A, case, and is 

[7] N, = 0 ~ ( J 7 ~ ~ ) ~ - ~ ( 1  - pBA)fX-2X'1 

where p,, = a,. 

Comparison with Flory's Expression 

In Fig. 6 are plotted (line 2) the results of 
eq. [4] for the system RA, with f = 3 and x = 1, 
as well as (line 1) the results of Flory's corre- 
sponding expression (ref. 1 and ref. 2, p. 372, 
eq. [35]), which is 

The discrepancy between these two results is 
large. In the method used by Flory, an A group is 
chosen at random in the system and the proba- 
bility of its being part of an x-mer of a particular 
configuration calculated. The overall probability 
that this A group is attached to an x-mer of any 
configuration is next calculated by multiplying 
by the number of configurations, ox.  Finally this 
is equated to a probability, calculated inde- 
pendently as a function of N,, that an A group 
chosen at random belongs to an x-mer. There are 
two errors in this method (see also Appendix 11). 

The first error arises because the expression 
used for ox requires the singling out of one 

particular A on each configuration. This implies 
that the original A was chosen at random from a 
set of N A's comprised of only one A from each 
molecule, rather than from all A's (3N,(1 - a)) 
in the system. Thus Flory's expression 

should have been equated by hiin to N,, because 
the probability of selecting an x-mer by choosing 
one of this set of pre-identified A's is equal to the 
mole fraction of the x-mer. 

The second error arises from using a rather 
thanp,,, thus treating AA groups as if they were 
only A groups. The situation that arises from this 
error can be regarded in several ways. From one 
point of view, Flory calculates the probability of 
forming molecules of the type indicated in Fig. 1 
with XA groups replaced by A groups. Regarded 
in another way, Flory's method implicitly assigns 
a probability of unity to the chance of finding the 
second A of an AA group, as a refers only to the 
chance of finding "singly-reacted" A groups. 
Thus the basic premise that the probability of 
reaction is constant and is an apriori probability 
equal to a is violated. In any case it should be 
clear that the correct procedure is to calculate the 
probability of finding, at random, the building 
units of the system, in this case A and AA groups. 
This correct procedure should include, in Flory's 
method as in ours, the taking into account of the 
A groups that were arbitrarily assigned starting 
positions in the molec~iles. As noted in the dis- 
cussion of error 1, Flory's method implies selec- 
ting every molec~lle by one A group before 
examining the remainder of the n~olecule. 

On the other hand, the 2 methods give identical 
results for the A-R-B, -, case. This is a result 
of the stoichiometry of this system. As there is 
only one A group per molecule, error 1 cannot be 
made. Similarly, error 2 is not made, as eq. [6] 
shows that a, fortuitously equals p,,. The same 
is true for the R-Af system when f = 2, and for 
this case also, the Flory expression for mole 
fractions becomes identical to that derived here. 

Significance of Mole Fractions when a -t a,,, 

The requirement of no intramolecular con- 
densation places a limit, a,,,,,, on the fraction of 
A groups that have reacted. For R-Af struc- 
tural units, a,,, = 2/f. When f > 2, eq. [8] in- 
dicates that mole fractions approach infinity at 
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E x t e n t  o f  r e a c t i o n ,  a 

FIG. 6. Mole fraction of monomer plotted against 
extent of reaction sl for the self-condensation of a tri- 
functional monomer. (1) Work of Flory, (2) this work. 

a,,,, an anomalous result explained by Flory as 
part of the gelation phenomenon. The present 
expressions predict no such anomaly: in theory, 
finite mole fractions occur in the range 
0 < a < a,,,. 

For example (Fig. 6) when f = 3, N,  -, 0.25 as 
a + 213. It is interesting to examine the signifi- 
cance of this particular result. At the limit, when 
a = 213, the expression N = N,(l - 3x12) in- 
dicates that the existence of only one molecule 
requires an infinite number of structural units: 
the system is composed of one molecule of 
infinite size. As a is only 213, pAA is 112 and this 
molecule must be branched, although not com- 
pletely so. Obviously at this limit the mole fraction 
of monomer cannot be 0.25, but one may ask 
what the mole fraction would be if this one 
infinitely large molecule were depolymerized the 
least amount possible. This least amount corre- 
sponds to breaking any single bond in the mole- 
cule; consequent on which bond is broken, 
monomer, dimer, trimer, etc. is formed. There- 
fore, we may ask instead, "of all bonds in an 

infinitely large molecule, how many yield a 
monomer when broken?" 

It is clear that for a linear molecule no monomer 
will, in the limit, be formed. A linear x-mer has 
(x - 1) bonds, of which only the two terminal 
ones yield monomer when broken. The mole 
fraction of monomer, therefore, is 2/(x  - I), 
which approaches 0 as x approaches infinity. 

For the other extreme we may consider the very 
large, radially symmetrical, fully branched x-mer 
shown in Fig. 7. Bonds are depicted as lying in 
shells characterized by numbers 0,  1, 2,. . ., m. 
The outermost shell contains 3(2") bonds, any of 
which yield monomer when broken. The total 
number of bonds, B, in such a molecule is given by 

The approximation becomes increasingly valid as 
m increases, and is already good to 1% when 771 

is 5. For a reasonable amount of material, say 
1 mole of monomer, 172 is about 77, and the error 
in the approximation is vanishingly small. There- 
fore, the probability of finding a bond which, 
when broken, yields monomer is 

The values of 0 and 0.5 represent the liillits of 
N, as a + 213 for all possible i~~olecules of the 
type R-A, that are infinitely large. The inter- 
mediate value of 0.25 predicted by eq. [4] is 

FIG. 7. Radially symmetric, fully branched x-mcr, 
f = 3. The number of bonds lying in any shell is 
3(2ihell number 1. 
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acceptable considering that the infinitely large 
molecule envisaged is not completely branched. 
Further, on this basis, Flory's expression does not 
yield an acceptable value. It is interesting to note 
that when f = 2, only linear molecules are pos- 
sible, and both eqs. [4] and [8] predict N,  -+ 0 as 
a -t a,,,, as expected. In addition, both methods 
yield the above result, N ,  -+ 0.25, as a -+ a,,, for 
the A-R-B, system. 

Incompletely branched molecules may be simu- 
lated for the R-A, case, at a = a,,,, by 
beginning with an 

10 

configuration (cf. Fig. 2) and flipping a coin 
(pAA = 112) to determine whether A or AA 
groups should occupy particular positions in the 
structure. One large "molecule" constructed in 
this way contained 497 bonds, of which 118 
would have yielded monomer if broken. The 
mole fraction of monomer could then be calcu- 
lated to be 118/497 = 0.24, in good agreement 
with the value 0.25 predicted for an infinitely 
large molecule. A similar game was played to 
construct molecules of the type RA,. At a,,,, 
pAA = 113, and a die was rolled with two faces 
marked "AA" and 4 faces marked "A". Large 
"molecules" constructed in this way had ratios 
of terminal bonds to total bonds in good agree- 
ment with the predicted limiting value of 0.296. 

Gelation Phenomena 
Flory (2) has noted that the extent of reaction 

at which the probability of chain branching 
equals l/(f - 1) is a critical point for a polymer- 
izing system and has identified it with the experi- 
mental gel point. The behavior of various 
mathematical expressions at this point, discussed 
by Flory, is demonstrated in Fig. 2 for f = 3. 
When pAA = 0.5, the number of circles at any 
stage equals the number of circles in the preceding 
stage. Consequently at the critical point the 
scheme requires an unlimited supply of groups. 

We have shown for the system R-Af thatp,, 
and a are related by the expression 

From the definition of a critical point given above 
we have 

From eqs. [2] and [9] 

However, we also have 

The conclusion is that when pAA is correctly 
expressed in terms of a, the critical point occurs 
at a,,,, and therefore not within the physically 
realizable range of a .  It is no longer possible to 
identify with the critical point experimental gel 
points which occur at some value of a less 
than a,,,. 

It is important to determine whether there is 
any other feature of the mathematical expressions 
which might predict the existence of gel points. 
Some insight into this problem may be gained by 
examining the expression for N,. This expression 
may be used, along with the appropriate equation 
for N, to find N,, the number of molecules of a 
particular x-mer. At a sufficiently large value of 
x it is possible for N, to be considerably less than 
unity, even when No is of the order of Avogadro's 
number. One interpretation of this result is that 
the probability of finding a molecule of this size 
is so small that for practical purposes such 
molecules may be considered to have no meaning- 
ful existence. On the other hand, molecules with 
values of N, considerably larger than unity may 
be considered always present in the system. It is 
of interest to calculate, as a function of a, the 
largest molecule which, according to this arbitrary 
criterion, can have a meaningful existence. We 
need to determine x,,, (i.e. the value of x when 
N, 1. 1) and this calculation reduces to solving 
the equation N N, = 1 for x. 

The results of such calculations for f = 2, 3, 
and 4, taking No to be 4 x lo2,, are shown in 
Fig. 8, where x,,, is plotted against ala,,,. 
Stirling's approximation was used to evaluate the 
factorials occurring in N, when f > 2. The figure 
shows that relatively large molecules exist at 
values of a appreciably below a,,,. This is par- 
ticularly true for f > 2; for such cases x,,, in- 
creases rapidly in the range 0.7 < ala,,, < 0.85. 
If gelation is due to the presence of such large 
molecules there is some reason to anticipate gel 
points in the above range. The prediction of actual 
gel points would require additional information 
and is not within the scope of this paper. The role 
of intramolecular condensation, considered in 
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FIG. 8. Chain length, x,,,, of largest physically 
meaningful molecule plotted against ala,,, for various 
values off. 

this discussion not to occur, is not well estab- 
lished. It may be pointed out that one effect of 
intramolecular condensation is, for a given a, to 
yield smaller molecules. 

The above conclusions are in line with many 
experimental observations. For example, Solo- 
mon, Loft, and Swift (4) showed that for numer- 
ous alkyd resins, calculations of the gel point 
based on the theory of Flory did not agree with 
the experimental values. For the systems studied, 
gelation always occurred at much lower extents 
of reaction than predicted by expressions based 
on Flory's assumptions. Failure of the principle 
of equal reactivity of functional groups with in- 
crease in molecular size was suggested as a 
possible cause; although such effects may be 
important, it is now clear that expressions based 
on Flory's critical value of cx cannot be expected 
to apply. Bobalek et al. (5) have pointed out that 
in most industrial practice, theoretical prediction 
of the gel point in alkyd resins is ignored and 
empirical procedures are used instead. They have 
also presented data which show that side reactions 
such as intramolecular condensation, not allowed 
for in the theory, can account for only a small 
part of the observed deviations. 

The results obtained in this study will allow 
more exact expressions to be derived for the ionic 
distributions in silicate melts. The revised distri- 

butions will not differ markedly from those 
already reported (6, 7), as the Flory expressions 
were not used in the derivations. Application of 
the above concepts to silicate and phosphate 
melts will be discussed in a subsequent com- 
munication. 

The authors are grateful to A. G. McInnes for many 
helpful comments and discussions. 
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Appendix 

I. Evaluation of Other Relationships 
We first evaluate summations required for 

calculating the weight fraction of x-mer, w,, and 
the weight average degree of polymerization, x,, 
in ordinary polyfunctional condensations. These 
summations are of the type 

[12] S, = C,"=, (fx - x)!xmsx/(fx - 2x -I- l)!x! 

where 

or, in general 

Proceeding in a manner analogous to that de- 
scribed by Flory (ref. 2, pp. 366 and 367) we have 

With the aid of these results, the following are 
obtained. The weight fraction distribution, w,, is 
given by 

[18] w, = xN,/C xN, 

= xNx[l - p**(f - 111 

= - PAA)/PAAI - P A A ( ~  - l)IxwxsX 
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FIG. 9. Distribution of weight fractions for a polymer 
formed by the self-condensation of a trifunctional a / a  m a x  
monomer, for various extents of reaction, E .  o 0.25 0.50 0.75 1.0 

1.0 I I I I 

o 5 - , I I I I I I distribution, i.e. 2, = C xN,. Evaluation of this 

Figure 9 illustrates the weight fraction distribu- 
tions, for various values of a,  for f = 3. The 
weight fractions of various species are plotted in 
Fig. 10 as functions of the extent of reaction a. 

The weight average degree of polymerization 

- 

Substitutingfor S ,  and S, from eqs. [16] and [17] 
gives 

summation by the use of eq. [14] also gives 

and, on substituting forpAA from eq. [ 2 ] ,  we have 

I n  = 1 / [ 1  - (af /2)] .  That our distribution gives 
the required result is a necessary, but not - sufficient, test of the distribution, and implies 
only that the summation is convergent in the 

f =3 - range 0 < a < a,,,. It  should be noted that 
Flory's distribution satisfies this test also. 

Finally, by combining eqs. [21] and 1221 we 
have - 
[23] 2 = ( 1  - =)/(I - :) 

X n 4( f  - 1) 

The ratio I ,v/In is plotted against the extent of - reaction a in Fig. 1 I for f = 2 ,3 ,  and 4. The ratio 
is finite for all values of a below a,,,,, = 2/f. For - functionalities greater than 2, x,v/In asymptot- 
ically approaches infinity as a -+ 2/f .  These 
results are in marked contrast to the results 
obtained by Flory (ref. 2, p. 373), who concluded 

0 ,  1 8: that both I ,  and Z,/i,, tend to infinity as 
Number o f  u n l t s ,  x a -+ l / ( f  - 1). 

The number average chain length F, may be 
written directly without recourse to the distribu- 
tion, as 3, = number of structural unitslnumber 
of molecules 

[221 I n  = l / ( l  - ;) E x t e n t  o f  r e a c t i o n ,  a 

FIG. 10. Weight fractions of various species plotted 
against the extent of reaction, a, for a trifunctional 

However, 2, may be defined also in terms of the condensation. 
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E x t e n t  o f  r e a c t i o n ,  a 

FIG. 11. Ratio of weight average to number average 
degree of polymerization plotted against extent of reac- 
tion a for various values of the functionality, f. 

11. Modification of Flory's Treatment 
It can be shown by the following argument that 

Flory's treatment cannot be correct. Flory says, 
in effect, "Let us postulate that intramolecular 
condensation does not occur." He then derives 
theoretical expressions for the mole fractions of 
various species. Anomalous results are obtained 
at a = l/(f - 1). He identifies this with the gel 
point and claims it is associated with the onset of 
intramolecular condensation, previously postu- 
lated not to occur. 

There is a fundamental error in logic here. This 
cannot be resolved by arguing that the anomaly 
at a = I/( f - 1) is due to the "neglect" of intra- 
molecular condensation. Such an argument 
would only be valid if theory and experiment 
were compared. The theory, by itself, can ob- 
viously yield no information about intramolecular 
condensation if, in setting up the theory, this is 
postulated not to occur. Nor can it be resolved by 
claiming that the assumption of no intramolecular 
condensation "applies only to the sol fraction." 
The initial postulates cannot be altered to 
rationalize anomalous results. It is clear that the 
expressions derived by Flory cannot be correct 
because they are at variance with his initial 
assumptions. 

Molecular distributions in the R-A, case may 
be correctly evaluated by Flory's procedure if it 

is modified. Flory's method (ref. 2, p. 371) for 
this case is based on a certain similarity to the 
A-R-B,-, case. For example, whereas the 
structures 

are not different, "marking" an A group creates 
the 2 different configurations 

and 

which correspond to two configurations in the 
A-R-B, - , system 

The "marking" of one of the A groups is an 
artifice which allows using for w, a value 
originally derived by Flory for the A-R-Bf-, 
case. However it must be recognized that implicit 
in this method is the assumption that every 
molecule carries one such "marked" A. The 
following derivation follows Flory's method, but 
takes account of this and other points. 

Select at  random any A from among the 
fNo(l - a) unreacted A's. The probability that 
this is one of the N,(l - af/2) "marked" A's is 
(1 - af/2)lf(l - a). Now consider the further 
probability that this marked A is part of an x-mer. 
When the marked A occupies one particular 
position in the x-mer this probability is 

(The necessity of using p,, rather than a already 
has been discussed.) However, as the marked A 
can occupy any one of fx - 2x + 2 positions, 
the overall probability that any unreacted A 
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selected at random is part of an x-mer of any 
configuration whatever is 

(fx - 2x + 2)(1 - af /2)wx 
[24] P ,  = - 

f (1 - a )  

The remainder of the argument is identical 
with that of Flory. P,  is also equal to the number 
of A's on x-mers divided by the total number of 
A's in the system 

11251 
( f x  - 2x + 2)Nx  p  = -- 

" NOf(1 - a) 
where N ,  is the number of x-mers. From eqs. [24] 
and [25]  

-s, we Dividing by the total number of moleculw 
obtain for the mole fraction of x-mer 

which is identical with eq. [ 4 ] .  

111. Effect of Solvent and of Product 
of Condensation 

In the derivation of eq. [ 4 ]  for the mole fraction 
of x-mer, it was tacitly assumed that the poly- 
merization occurs in bulk. It is of interest to 
examine the more general situation when 
polymerization is allowed to occur in solution. 

In this case, the total number of molecules is 

where N ,  is the number of molecules of solvent 
The mole fraction of x-mer thus becomes 

~ 2 9 1  N, = N,I v 0 ( 1  - ~ f 1 2 )  + N,I 

Substituting for N, from eq. [26]  

(1 - ~ f / 2 ) O , ~ ~ ~ " - ' ( l  - p A A ) f x - 2 x + 1  

(1 - a f / 2 )  + (NSINO) 
From eq. [26]  

Substituting for NJN0 in eq. [30] and simpli- 
fying, one gets 

where, as before 

and 

Equation [31] is the desired expression for the 
mole fraction of x-mer in the presence of an inert 
solvent. Comparison with eq. [ 4 ]  shows that, for 
the same extent of reaction a ,  the mole fractions 
of individual species in the presence of solvent 
are each decreased by the fraction Ns of the 
corresponding bulk values. 

Equation [3 1 ] also applies if the polymerization 
is performed in bulk and the product of con- 
densation (e.g. H20) is allowed to accumulate in 
the system. In this case N, is the mole fraction of 
the product at equilibrium. Equation [3 1 ] will be 
used later for the derivation of activities in binary 
silicate melts. 

The number average chain length in the 
presence of solvent (or product of condensation) 
may be obtained by substituting for N, from 
eq. [31] in the expression 

The result is 

which is the same as for the bulk polymerization 
if a  is unchanged. The expression for the weight 
average degree of polymerization is similarly 
unchanged if polymerization proceeds to the 
same extent as in bulk. 

IV. Some General Comments on Statistical 
Distribution of Groups 

In deriving molecular distributions in the 
system A-R-Xf - ,  it is necessary, as discussed 
above, to distinguish clearly between two cate- 
gories of functional groups in the system at 
equilibrium. If a ,  is the fraction of X groups that 
have reacted, the system contains N = N o [ l  - 
( f  - l )a , ]  molecules. We then have: (a) 
No [l - (f - l )a , ]  A groups which have become 
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committed to specific locations in the system. In 
the general case this is the number of A or X 
groups which have to be assigned starting posi- 
tions in the N molecules ; in the A-R-Bf - , case 
this also happens to be the total number of A 
groups in the N molecules; (b) X and XA groups 
that are uncommitted to specific locations. These 
are the groups we must assume to be distributed 
statistically among the N molecules. There are 
( f  - I)N,,(l - a,) X groups and ( f  - l)Noa, 
XA groups. 

The total number of groups in the system is thus 

N, = N + ( f  - l)No 

It is interesting to note that, of this total, the 
committed groups vary in number with the extent 
of reaction, a,, whereas the number of uncom- 
mitted groups is constant for all values of a,. 
Although the number of groups in the uncom- 
mitted category is independent of a,, the com- 
position of this category (i.e. the relative numbers 
of XA and X) does depend, of course, on a,. 
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Methods of numerical differentiation in the analysis of thermodynamic data 
for the mercury-solution interface 

W. R. FAWCETT AND J. E. KENT 
Department of Chemistry, University of Guelph, Guelplz, Ontario 

Received July 29, 1969 

Methods of numerical differentiation for the calculation of surface charge densities and relative 
surface excesses from electrocapillary data are considered. Estimates of the random error in calculated 
derivatives are made by testing eight different differentiation methods with artificial data containing 
known levels of random error. The relative merits of these techniques and the number and spacing of 
data points needed to perform numerical differentiation precisely are discusded. 

Canadian Journal of Chemistry, 48, 47 (1970) 

Introduction 
Several papers describing the use of digital 

computers in the analysis of thermodynamic data 
for the mercury-solution interface have appeared 
in the literature recently (1-3). As might be 
expected, these calculations make use of both 
numerical integration and numerical differen- 
tiation techniques. Methods of numerically inte- 
grating real data are well known (ref. 4, chap. VI). 
The precision of the calculated integrals is usually 
greater than that of the original data since 
random errors in the latter tend to cancel one 
another on addition. Numerical differentiation is 
a more difficult operation (ref. 4, chap. V and 
ref. 5). The important step in this calculation is 
the fitting of an analytical expression y = f ( x )  
to a finite array xi,yi where both the independent 
and dependent variables have associated random 
error. The best curve fitting technique for a given 
data set depends on the values of the true 
derivatives in the given range, the spacing of the 
data points, and the errors in the data. The 
differentiation calculation is unavoidably 
"noisy" since random errors are magnified in the 
associated division calculation. 

Various methods of numerical differentiation 
have been described for the analysis of electro- 
capillary data. Barradas, Kimmerle, and Valeriote 
(1) calculated surface charge densities from ex- 
perimental surface tension - potential data by 
fitting the results to a seventh order ordinary 
polynomial over the whole potential range (at 
least 25 data points). Mohilner and Mohilner (2) 
proposed a variety of segmental techniques for 
performing the same calculation. According to 
one of these, a segment of the electrocapillary 
curve containing 4 data points was fitted with a 

cubic equation, and the derivative was calculated 
at one central point. This operation was repeated 
adding one point at one end of the segment and 
dropping one at the other until all the data points 
had been considered. These authors noted that 
smoothing is often necessary and suggested 
several methods based on the moving segment 
technique, for instance, fitting 4 points to a 
quadratic equation using the least-squares 
method. Lawrence, Parsons, and Payne (3) cal- 
culated relative surface excesses from surface 
tension - activity data by fitting the data points 
over the whole range to a cubic equation. They 
pointed out that this particular calculation is 
especially difficult since the number of data points 
obtained by most workers is usually less than 10. 
The order of the "best" polynomial was deter- 
mined by comparing the results of an nth order 
fit with that of an (n + 1)th order fit. Another 
method used to determine optimum smoothing 
has been to compare the results of numerical 
differentiation with those of graphical differen- 
tiation (6). Both of the above criteria are neces- 
sarily subjective since the true value of the 
derivative is unknown. Both Mohilner and 
Mohilner, and Lawrence et al. have stressed the 
necessity of determining thermodynamic data at 
more concentrations than has been customary, 
in order to improve the precision with which 
surface excesses may be calculated. 

In the present paper, objective criteria for de- 
termining the optimum differentiation technique 
for given data characteristics are established 
by testing a variety of empirical and statistical 
curve fitting methods with artificial electro- 
capillary data containing known amounts of 
random error. In addition, these calculations are 
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used to show how many experimental points 
should be determined in a given concentration 
range in order to obtain the maximum precision 
in calculated relative surface excesses. 

Generation of Artificial Electrocapillary Data 
In the present case, the artificial data were 

precise values of surface tension, relative surface 
excess, and electrode potential determined as 
functions of both electrode charge density and 
bulk activity of the adsorbing species. In order 
that these data would accurately reflect reality 
they were based on two examples of anionic 
adsorption - one of weak adsorption, the other 
of strong adsorption - studied by Payne (7, 8). 
In  both cases Payne found that the amount of 
specifically adsorbed anion, q,,, was given by the 
Frumkin isotherm 

where qm is the limiting amount of specifically 
adsorbed anion in pC ~ m - ~ ,  g, a lateral inter- 
action parameter, a+,  the mean activity of the 
salt whose anion is adsorbed, and j3, the adsorp- 
tion coefficient. It was observed for the above 
cases that In p is a linear function of the electrode 
charge density, q. The contribution to the anionic 
surface excess from the diffuse double layer, q-d, 
was calculated from the Gouy-Chapman theory. 

A is equal to ( R T E c / ~ ~ ) +  where E is the solvent's 
dielectric constant and c, the bulk concentration 
of the salt. For the present case where only 1-1 
electrolytes are considered, c is assumed to be 
equal to a,. Thus the total surface excess of 
anions, q-, is q,, + q-d. 

The relationships between surface tension, 
electrode potential, and the anionic surface excess 
are given by interfacial thermodynamics (9). 
When the electrode charge density is chosen as 
independent variable, and if the solution contains 
a simple 1-1 electrolyte, Gibbs adsorption iso- 
therm may be written 

where E+ is the electrode potential with respect 
to a reference electrode reversible to the cation 
and c+ = y + qE+,  y being the surface tension. 
On integrating the above expression at constant 
charge, the function c+ may be calculated. 

The subscript "0" refers to the value of the 
particular quantity at the lowest or reference 
activity. In order to calculate the surface tension 
from c+, E+ must first be determined. From 
es. PI 

and from eqs. [l ] and [2] 

and 

Having determined (aq-/aq),t, E+ was calcu- 
lated at constant charge by integrating eq. [5] 

In order to evaluate E+ and E,+ according to 
eqs. [4] and [8], thevalues of these variables must 
be known at the lowest concentration. (E,), was 
calculated from eq. [9] (7, 8) 

+, is the potential at the outer Helmholtz plane 
as calculated by the Gouy-Chapman theory 

C,, K,', and Kqsai are constants related to the 
capacity of the inner layer. Having calculated 
(E,), as a function of q, (c+)O was found by 
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FAWCETT AND KENT: NUMERICAL DIFFERENTIATION OF THERMODYNAMIC DATA 

TABLE 1 

Representative values of artificial electrocapillary data 

Electrode Electrode Anionic surface 
Activity charge density potential excess Surface tension 

a 4 E+ 4 - Y 
(moles 1-l) (PC ~ r n - ~ )  (v) (PC cm-') (yJ ~ m - ~ )  

Weak adsorption 
0.01 15.0 1.0521 - 14.6535 36.1333 

0 0.1229 - 0.5525 42.5000 
-15.0 - 0.7002 - 0.5624 36.6833 

0 .1  15.0 0.9301 - 17.8307 36.0668 
0 0.0478 - 2.4915 42.3357 

- 15.0 -0.7011 1.6189 36.7890 
1 . O  15.0 0.8278 -20.2551 35.3262 

0 - 0.0641 - 5.3289 41.8738 
-15.0 - 0.7086 3.7633 36.9858 

Strona adsorution 

integrating eq. [3] at constant activity In order to test the effectiveness of the various 
differentiation techniques, the precise values of 

[Ill (5+)0 = Yo Joq(E+), dg surface tension were modified using a standard 
technique (10) so that they contained a normally 
distributed random error with a known standard 

where YO is the smface tension at the point of zero deviation. Six levels of random error correspond- 
charge for the lowest concentration. ing to standard deviations of 0.001, 0.002, 0.005, 

Calculation of the artificial data was carried 0.01,0.02, and 0.05 p~ cm- 2 were used. 
out on a digital computer. Initially q,, was 
evaluated for-values of charge density^in the Methods of Differentiation 
range - 15 to 15 pC cm-2 at 1 pC cm-'intervals 
(3 1 values), and for values of activity in the range types of differentiation methods were con- 
0.01 to 2.51 for increments of 0.02 in log a sidered: ( I )  those in which a curve was fitted to 

(121 values)u The parameters q,, g, P, Co, Kqi, the data Over the whole range of the independent 

q S a i ,  and were taken from Payne9s variable x, and (2) those in which a curve was 

(7,8). Newton's method was used to calculate q,, fitted to a segment which contained a fixed 
for given values of and a+ in eq. The number of data points and which was moved over 

integrals in eqs. [4], [8], and [11] were evaluated the range of x, One point being gained and One 

by Simpson's method. Finally, the surface tension lost per 

was calculated from c+, q, and E+ according to In the first (*OV)> an poly- 
the relation = 5, - qE+. The precision of the nomial in x was fitted to the data by least-squares, 

resulting surface tension data was f 0.0001 pJ the 'ptimum order Ihe polynomial being 

cm-2; this is at least times greater than that determined by a statistical test (1 1). In order to 

achieved experimentally to date. Values of surface the significance the (m + 'Ith term in an 
tension at the electrocapillary maximum agreed mth polynomial, the ratio was 

well with those tabulated by Payne. Calculated 
values of y, q-,  and E+ for representative values ' - SSm2)(n - nz) 

of activity and charge density are given in Table 1. sSm2 
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where 

Sk2 is the estimated variance when a kth order 
polynomial is fitted to n data points. If the 
experimental F was greater than that tabulated 
for I, n - m degrees of freedom at a 5% signifi- 
cance level (12), the (nz + 1)th coefficient was 
regarded as significant. Consequently, the calcu- 
lation procedure involved fitting first a quadratic 
and then a cubic equation to the data. If the 3rd 
order term was found to be significant by the 
F-test, a 4th order polynomial was fitted to the 
data. This procedure was repeated until the F-test 
indicated that the (m + 1)th term was not sig- 
nificant. An assum~tion inherent in the use of the 
above test is that the estimated variance is equal 
to the true variance. Of course, the accuracy of 
this estimation and therefore the usefulness of the 
procedure increases with the total number of data 
points. 

An additional condition imposed in determin- 
ing the order of the fitted polynomial was that 
the estimated variance for the chosen fit be less 
than 1.25 times the variance for the error level 
in the independent variable, Sy2. This precaution 
was necessary when higher order polynomials 
were involved. For example, when the best fit is 
obtained with an 8th order polynomial, the 5th 
order term may not be significant whereas the 
6th, 7th, and 8th order terms are. The estimated 
variance for a 5th order polynomial, S,' would 
be considerably greater than Sy2, whereas SB2 
would approximately equal Sy2. 

The above calculation was time consuming 
since the coefficients of the ~olvnomial had to be 
recalculated each time that the order was in- 
creased. When the independent variable is 
equally spaced, curve fitting can be carried out 
much more effectively with orthogonal poly- 
nomials; for example, Chebyshev polynomials 
(ref. 4, chap. V and ref. 13, chap. 1 I). In this case, 
when the polynomial order is increased, the 
coefficients of the lower order terms remain the 
same. Normally, real electrocapillary data are 
equally spaced with respect to electrode potential 
but not with respect to the logarithm of activity. 
The artificial data calculated here were unequally 
spaced with respect to both the above variables. 

As pointed out by Lanczos (4), polynomial 

approximation to a data set over its whole range 
is not always a good curve fitting technique. For 
instance, as may be the case with electrocapillary 
data, the random error associated with the 
dependent variable may change over the range of 
the independent variable. However, polynomial 
approximation over a sufficiently small range is 
always safe. For this reason the moving segment 
technique would seem preferable. 

Several types of moving segment methods with 
varying amounts of smoothing were tested. The 
amount of smoothing increases with the degrees 
of freedom, f, associated with the curve fitting 
technique. If ns is the number of data points in 
the segment and m, the order of the polynomial, 
then f = ns - m - 1. In total, five empirical 
moving segment methods with f = 0, 1,2,3, and 
4 were tested. 

The first method (CBFT4) involved fitting a 
cubic equation to a moving segment of 4 points. 
The fitted curve was used to calculate the deriva- 
tive at  the second point of the segment, so that 
for rz data points, n - 3 derivatives were calcu- 
lated, none being determined at the Ist, (n - l)th, 
and nth points. This technique involved no 
smoothing. In the second (CBFTS) and third 
(QDFT5) methods, cubic and quadratic equa- 
tions, respectively, were fitted to a 5-point 
segment. The derivative was calculated from the - 
fitted curve at the central point in the given seg- 
ment, so that derivatives were not obtained for 
the two ~ o i n t s  at each end of the data range. The " 
last twokrnpirical methods involved fitting cubic 
and quadratic equations in a 7-point segment 
(GBFT7 and QDFT7). Again the derivative was 
only calculated at the central point of the segment. 
This rule was broken for the first and last seg- 
ments where derivatives were calculated from the 
fitted curves for the third and (n - 2)th points 
so that a total of n - 4 derivatives were obtained. 
These procedures involved the most smoothing, 
having 3 and 4 degrees of freedom, respectively. 

The last two moving-segment methods tested 
(AOV5 and AOV7) made use of the Ptest .  The 
size of the segments was 5 points and 7 points, 
respectively; the movement of the segment, the 
calculation procedure, and the total number of 
derivatives calculated were the same as described 
above for the em~irical methods. The order of 
the polynomial was in the range 2 to ns - 1 and 
was determined by the F-test. I t  was not antici- 
pated that these methods would be very successful 
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TABLE 2 
Differentiation methods and their characteristics 

Differentiation 
method 

AOV 

Range 
of 

curve fitting 

Whole range 
of data 
5 points 

7 points 

4 points 
5 points 
7 ~ o i n t s  

Order 
of 

polynomial 

(Determined 
by F-test) 

(Determined 
by F-test) 

(Determined 
by F-test) 

Cubic 
Cubic 
Cubic 

Degrees 
of 

freedom 

QDFT5 5 points Quadratic 2 
QDFT7 7 points Quadratic 4 

since the small number of data points would not 
permit a good estimate of the variance. 

A summary of the various methods together 
with their important characteristics is given in 
Table 2. The least-squares calculation involved, 
namely solution of the normal equations, was 
carried out on a digital computer in double 
precision (1 6 significant figures). The augmented 
matrix for these equations was reduced by the 
Gauss-Jordan elimination method with normal- 
ization (ref. 14, chap. 8). 

Results and Discussion 

The artificial data for the cases of weak and 
strong anionic adsorption with various known 
levels of random error were subjected to the eight 
differentiation techniques described above. The 
surface tension, y(~,a), was differentiated with 
respect to potential, at constant activity, and the 
function E,(q,a), with respect to the logarithm of 
activity at coilstant electrode charge density. In 
general, for the function f(x,y) tabulated for 
k values of x and n values of y, n(k - o) values of 
a f l a x  or k(n - 0) values of a f lay were calcu- 
lated, where o is the number of points at the ends 
of the data array which are omitted in the 
differentiation technique. For the described tech- 
niques o was equal to 4 (2 points at each end), 
except in the case of CBFT4 where it was 3. The 
level of random error in the calculated derivative 
was estimated by summing the squares of the 
differences between the known true derivatives 
and those calculated. The observed error is 
reported as its root-mean-square value, o. For 
example, when values of surface charge density 

were calculated using AOV, o, was calculated as 
follows 

The higher levels of random error introduced 
in the artificial data were chosen to cover the 
range of errors reported for real data (3, 6, 8). 
Typically, surface tension, electrode potential, 
and the logarithm of activity have been measured 
with precisions of 0.02 pJ ~ m - ~ ,  0.0002 V, and 
0.001, respectively. Most workers have made 
observations for increments of 50 mV in E+ and 
0.3 in log a,. The maximum change in E,, for 
both increments is the order of 1 pJ ~ r n - ~ ,  so that 
the minimum relative error in 6 ,  is about 0.03 
as compared with relative errors of 0.006 in E+ 
and 0.005 in log a,. Thus, errors in the indepen- 
dent variables may be considered negligible as 
far as differentiation is concerned. 

The results of the test of the differentiation 
methods for the case of surface charge deter- 
mination are given in Table 3. The level of error 
in q, o,. was not sigilificantly different for the cases 
of weak and strong anionic adsorption, so that 
average values are reported. As expected, o, 
depended on the error level in the surface tension, 
o,. The best methods for the range of o, con- 
sidered were AOV and AOVI. The orders of the 
polynomials chosen by the F-test in AOV were in 
the range 3 to 12 and depended on the type of data, 
the activity, and 0,. I11 AOVI, the chosen poly- 
nomials were usually either 2nd or 3rd order. The 
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TABLE 3 

Level of error in calculated surface charge density, o, (PC cm-') 

Level of error in surface tension data, o, (pJ cm-')* 

Method 0.001 0.002 0.005 0.01 0.02 0.05 

CBFT4 0.02 0.04 0.11 0.20 0.43 1.23 
CBFTS 0.02 0.03 0.08 0.16 0.35 0.94 
CBFT7 0.02 0.02 0.04 0.09 0.16 0.45 
QDFT5 0.03 0.03 0.04 0.07 0.11 0.29 
QDFT7 0.06 0.06 0.06 0.07 0.09 0.18 
AOV 0.02 0.03 0.05 0.08 0.10 0.19 
AOV7 0.02 0.03 0.05 0.09 0.11 0.20 

*Size of array: k = 31, n = 6. 

results for AOV5 are not reported, since, in this 
case, the order chosen was always 3. 

According to the results obtained, the method 
used by Barradas et al. (1) for this calculation, 
namely fitting a 7th order polynomial over the 
whole data range, cannot be used for all types of 
data. At the same error level reported by these 
authors, 0.01 ~ J c m - ~ ,  the order of the best 
polynomial for weak adsorption was either 5 or 6, 
whereas for strong adsorption it varied between 
4 for the lowest activity to 8 for the highest. The 
second method reported in the literature (2), 
CBFT4, was found not to be as precise as the 
other methods for the higher error levels. 

As pointed out earlier, in testing methods of 
determining surface excesses, the effects of both 
total number of data points and error level in the 
dependent variable k were considered. Usually, 
electrocapillary curves have been measured at 3 
activities per activity decade. For the present 
artificial data this corresponded to activities of 
0.01, 0.02, 0.05, and so on, up to 2.00 M for a 
total of 8 activities. The testing was also carried 
out for 5 activities per decade (0.01,0.016,0.025, 
0.040, and 0.063 M in the lowest decade with a 
total of 13 activities) and 10 activities per decade 
(0.01, 0.013, 0.016, 0.02, 0.025, 0.032, 0.040, 
0.05,0.063, and 0.079 Mi11 the lowest decade with 
a total of 25 activities). 

The results of the test are summarized in 
Table 4. Separate values of or for weak and 
strong adsorption and results for AOV5 are not 
reported for the reasons stated previously. A 
striking aspect of the results was the marked 
dependence of or on the spacing of the data 
points for the segmental methods. This effect was 
undoubtedly due to the small variation in the 
dependent variable in the given range of the 

independent variable. From Table 1, the maxi- 
mum total change in 5, over the activity range 
varied from the order of 10 pJ cm-2 at high 
positive surface charge densities to the order of 
1 pJ cm-2 at high negative surface charge den- 
sities. This is to be compared with a total change 
in y of the order of 10 yJ cm-2 in either direction 
from the electrocapillary maximum at constant 
activity. When the total change in y, Ay, is small 
and o, is large, methods with no smoothing 
(CBFT4) are very noisy whereas those with large 
amounts of smoothing (QDFT7) are not. Further- 
more, as Ax becomes smaller, the total Ay 
associated with the interval in the segmental 
method becomes smaller and the noise level 
increases. 

Another interesting result of the test was that 
the precision of the calculated surface excesses 
by the best method for a given o5 at 3 activities 
per decade was not increased significantly by 
increasing the number of observations in the 
given activity range. This is also attributable to 
the small change in the dependent variable over 
the range. AOV was the best method at spacings 
of 5 and 10 activities per decade but not at the 
widest spacing because of the small number of 
observations. In the latter case the method with 
the lowest or varied with ok. The order of the 
polynomial fit in AOV varied between 2 and 6 
and depended on 05, q, data spacing, and data 
type. At the widest spacing and for ok = 0.01 yJ 
cmn2,  the order was usually 2 or 3. This result 
compares favorably with that of Lawrence et al. 
(3) who used non-statistical criteria in choosing a 
third order polynomial fit for the same conditions. 

In general, it is concluded that the best differ- 
entiation technique for this type of data with a 
constant error level is AOV. An important con- 
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TABLE 4 

Level of error in calculated anionic surface excess, or (PC ~ m - ~ )  

Level of error in 5, ok (yJ ~ m - ~ )  

Method 0.001 0.002 0.005 0.01 0.02 0.05 

3 activities per decade* 
CBFT4 0.03 0.06 0.15 0.31 0.61 1.53 
CBFTS 0.03 0.04 0.12 0.22 0.48 1.07 
CBFT7 0.03 0.03 0.06 0.12 0.24 0.59 

5 activities per decade? 
CBFT4 0.04 0.09 0.25 0.45 0.96 2.61 
CBFTS 0.04 0.08 0.19 0.37 0.78 2.11 
CBFT7 0.02 0.04 0.11 0.21 0.41 1.08 

6 6 ~ ~ 7  0.05 0.05 0.07 0.11 0.19 0.46 
AOV 0.02 0.03 0.06 0.11 0.17 0.36 
AOV7 0.03 0.05 0.08 0.14 0.27 0.66 

I0  activities per decade$ 
CBFT4 0.09 0.18 0.48 0.93 2.05 4.93 
CBFTS 0.07 0.15 0.39 0.76 1.65 3.97 

- 

QDFT5 0.03 0.05 0.13 0.27 0.57 1.35 
QDFT7 0.02 0.04 0.09 0.20 0.37 0.89 
AOV 0.02 0.03 0.06 0.10 0.18 0.33 
AOV7 0.03 0.06 0.12 0.28 0.53 1.27 

*Size of array. k = 31, n = 8. 
?Size of array: k = 31, n = 13. 
$Size of array: k = 31, n = 25. 
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Spectroscopy of chromium compounds in molten salts 

H. C. BROOKES' AND S. N. FLENGAS 
Department of Metallurgy and Materials Science, Uniuersity of Toronto, Toror~to 181, Ontario 

Received February 24, 1969 

Modifications to the Hitachi Perkin-Elmer 139 ultraviolet-visible spectrophotometer are described 
which enable absorption spectra of molten salts to be measured to 865 "C. The instrument can be readily 
reconverted for ambient temperature measurements. The solubilities and the limiting heats of solution 
of Ag,CrO, and PbCrO, in equimolar NaN03-KN03 have been measured spectrophotometrically 
from 250 to 350 "C. The absorption spectrum of dilute solutions of Cr(II1) in CsCl has been measured, 
the octahedral CrC163- being present in solution at 700 "C. 
Canadian Journal of Chemistry, 48, 55 (1970) 

Introduction 

Visible and ultraviolet absorption spectroscopy 
in molten salts provides valuable information 
about the concentrations of species present in 
solution, about the interactions between species, 
and enables investigations of physicochemical 
properties of fused salts to be made. 

Several modifications of existing spectro- 
photometers for measurements at high tempera- 
tures have been described (1-3). The desirability 
of being able to continue using the instruments 
for room temperature measurements has been 
emphasized (4) and the value of having both 
sample and reference solution at the same tem- 
perature has been indicated (5). This paper 
describes spectrophotometric measurements 
using a modification of the Hitachi Perkin-Elmer 
139 ultraviolet-visible spectrophotometer. This 
appears to be the first single-beam grating 
instrument for which modifications for high 
temperature spectroscopy have been described. 
The instrument has an accuracy of at least 
0.5 m p  over its entire wavelength range and, 
unlike a prism instrument, a constant bandwidth 
can be used over this range. The modified 
instrument has both sample and reference cells 
at the same temperature and it can be operated 
at ambient temperatures immediately after com- 
pleting high temperature measurements. 

The solubilities of PbCrO, and Ag,CrO, in 
equimolar NaN0,-KNO, have been determined 
over the temperature range 250-350 "C by mea- 
suring the absorptivity of saturated solutions at 
371 mp, and the heats of solution have been 
calculated. Work in this laboratory necessitated 

'Present address: Department of Chcniistry, Univcrsity 
of Natal, Durham, Natal, South Africa. 

determination of the coordination of Cr3+ in 
molten CsCl solutions and spectra of dilute 
solutions of CrCI, in CsCl have been obtained 
from 650 to 750 "C for this purpose. 

Experimental 
Spectrophotometer and Furnace 

The regular light sources compartment of the Hitachi 
Perkin-Elmer 139 is easily removed from the mono- 
chronlator to which it is attached by one clamp, and can 
be replaced by a furnace containing both sample and 
reference cells which are simultaneously heated. For 
regular low-temperature operation the instrument is 
assembled according to the sequence 

light source - monochromator - samples - detector 

For operation up to 865 "C, the sequence (5) 

light source -hot  sanlples - monochromator - detector 

is used, the original empty sample compartment is left 
in place ready for normal operation when required. Since, 
in the regular sequence, the light beam is focussed on the 
entrance slit of the monochromator, the high temperature 
sequence resulted in a decreased light intensity at the 
detector. However, the photomultiplier detector provided 
with the instrument enabled measurements described in 
this report to be obtained with slit widths never greater 
than 0.3 mm. 

The furnace assembly, geometrically similar to the 
designs of Sundheim and Greenberg (3) and others (6-8), 
consisted of a rectangular machined lava-stone block 
5 cm x 5 cm x 13 cm in the center of which 1.4 cm 
square cross-section reference and sample conipartments 
were cut, 11 cm deep and 0.6 cm apart. Six 3.2 mm 
holes surrounding the sample compartments contained 
No. 20 chrome1 wire heating elements connected in series 
of 12 .Q total resistance. Two Pt - Pt 13 % Rh measuring 
therniocouples and one chromel-alumel controlling 
thermocouple were inserted in horizontal wells, the 
co~~ples  being placed adjacent to the optical cells. For 
reproducible and precise positioning of the 1 cm square 
optical cells, 0.5 cm diameter threaded boronitride 
positioning rods fitted through horizontal side holes were 
used. The furnace block was centrally placed inside a. 
water-cooled cylindrical steel shell 20 cm x 15.7 cni o.d., 
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closed on both ends. The block was held in place with 
hard-setting fibrefrax insulation. Rectangular light beam 
channels cut through the fibrefrax were only slightly 
larger than the light beams so as to minimize heat losses. 

Lava stone is well suited for the purpose used here as 
it is easily machined but hardens once heated above 
800 "C, and it has suitable thermal properties which 
enable an even temperature distribution ( + 2  "C) to be 
maintained. The furnace assembly and light-source com- 
partment were mounted on separate carriages which rode 
on an optical bench enabling precise alignnlent of the 
monochromator, sample cells, and light source. The 
monochromator and detector were also mounted on a 
platform fastened to the optical bench. A water-cooled 
plate covered the area surrounding the monochroinator 
entrance slit and this light entrance was covered with an 
optical grade 1.6 mm quartz window. These precautions 
prevented furnace radiation froin heating the mono- 
chromator above room temperature. 

The furnace could be rapidly heated to the desired 
temperature and then automatic control switched in 
which resulted in a temperature control of + 2  "C at  
800 "C. The light source and  non no chroma tor fitted flush 
against the furnace assembly light ports, which were 
copper tubes 2.5 cm long, projecting 6 Inn1 from the 
furnace shell. 

Optical CeUs 
These were of fused silica with 49 mm x 10 inm 

windows as supplied by Fisher Porter Manufacturing 
Go., New York. Path lengths of 1 mm were obtained 
using Beckmann 9 Inn1 precision quartz inserts, lengths 
being checked by micrometer measurements on cells and 
inserts. The cells were extended a t  their open ends by 
7 cnl lengths of 8 mm quartz tubing, and were sealed 
under vacuum once filled with salts. 

Matevials 
All starting materials were Fischer certified reagents. 

Twice recrystallized sodium and potassium nitrates were 
dried at 250 'C in vacuo for 1 week. Thcn equimolar 
mixtures were prepared, intimately mixed, and the mix- 
tures further dried as before. Silver chromate was 
precipitated from aqueous solutions of recrystallized 
AgWO, and K2Cr04, washed, and dried. Lead chroinate 
was similarly prepared using lead nitrate. Anhydrous 
chromium trichloride was prepared from the hydrate 
CrC1,.6F120 (9); GsCl and CrC1, were dried in vacuo 
a t  500 "C for I week. 

Procedure 
Optical cells were filled in a drybox under dry argon 

and sealed under vacuum. Calibration spectra of K2Cr0, 
in 1 :1 Na/K(N03)2 were measured over the concentration 
range 5 x to 3.4 x lo-, molal and from 250 to 
350 "C. Beer's law was verified over this concentration 
range a t  253, 293, and 347 'C a t  371 mp (10). These 
solutions were used as calibration standards, and the 
molal absorptivity of the chromate ion, E, at 371 mp was 
found to vary linearly with temperature from 247 to 
358 "C according to the equation 

Different initial concentrations, from 0.02 to 0.3 molal, 

for silver chromate or lead chromate in the nitrate 
mixture, were used for each set of measurements. 
Mixtures were prepared by weight and intimately mixed 
on a ball mill in certain cases. In other cases, pellets of 
solute were weighed directly into the cells containing the 
solvent. For the CrC13 in CsC1, four mixtures from 0.007 
to 0.1 18 molal were prepared. 

The solutions were equilibrated in vacuum sealed cells 
at a constant temperature for 2 to 4 days before readings 
were commenced, care being taken to ensure the quartz 
inserts were accurately aligned in the cells. The sample 
and reference cells were compared with each other when 
filled with pure solvent and all absorbances were corrected 
for any small differences found. Sample and reference 
cells were interchanged periodically and no significant 
variation in absorbance was detected. The absorbance 
of K,CrO, in KNO, at 362 "C was measured and the 
results agreed with those of Smith and Boston (10) within 
the limits of experimental error, indicating that the 
equipment was functioning satisfactorily. 

Attempts to prepare Ag2Cr04 in situ from AgNO, 
and K,CrO, in Na/K(N03), were unsatisfactory in that 
the undissolved precipitate did not settle to the bottom 
of the cell, but adhered to the walls. With the procedure 
described above, a small amount of chroinate precipitate 
still remained in the light path and the resulting light loss 
was corrected for as follows. Neither nitrate solvent nor 
dissoIved chromate absorb at 550 or 590 mH. Absorb- 
ances were measured relative to the pure blank at these 
waveiengths and subtracted from total apparent absorb- 
ance at 371 mp. The correction was never more than 0.02 
absorbance units. At the completion of a series of mea- 
surements the cells were inverted and the moIten salt 
cooled in the quartz tube attached to the cell in order to 
prevent cracking of the cell windov.rs (11). Since the 
saturated solutions of Ag,Cr04 are sufficiently strongly 
absorbing to give absorbances near the upper limit of 
the instrument, viz. 2 absorbance units, a differential 
spectrophotometric procedure was adopted to increase 
the precision of these resuIts. A Na/K(NQ3), blank of 
1.0 cm path length was used, the absorbance of which 
was measured against the 1 mm path length solvent cell. 
The absorbance of the 1.0 cm reference was measured 
periodically against several I mm blanks and no variation 
was found within the limits of experimental error. At high 
absorbances the slit width was varied at fixed wavelengths 
and no significant variation in absorption was detected, 
indicating that measurements were being made within 
the stray light limits of the instrument. Measurements 
were made when the equilibrium temperature had been 
approached from above and below. 

That the salts were thoroughIy dry was indicated by the 
fact that, with CrCI, and CsCl at 760 "C for several days, 
no  etching of the quartz cells was detected. 

Results and Discussion 

The absorption spectrum of CrC1, in CsCl at 
656 and 757 "C is shown in Fig. 1. It is seen to 
consist of a very strong absorption edge below 
500 my with two broad, weaker bands centered 
at 580 and 830 my with mold absorptivities of 
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Wavelength  , my 

FIG. 1 .  Absorption spectra of Cr(II1) in CsC1. 

about 200. A slight bathochromic shift, from 575 
to 585 mp, was found over the temperature range 
655 to 765 "6 .  The bands have shifted some 
30 mp to longer wavelengths in the CsCl solvent 
compared to the LiC1-KC1 eutectic (12, 13), but 
the essential similarity with the spectrum in the 
latter solvent suggests the presence of the octa- 
hedrally coordinated CrC163- in CsC1, the 
580 my band corresponding to the 4A2 + 4T2 
(4F) transition and the 830 m y  band to the 
,A2 -+ 4 ~ 1  (4F) transition, as indicated by others 
(12, 13). The bathochromic shift of these bands 
in CsCl relative to LiC1-KC1 might be associated 
with the decrease in polarizing power of the 
large Csf cation relative to K t ,  Li'. The Csf 
ions surrounding the CI-C~,~-  will not attract the 
electron cloud away from the chromium as much 
as the K t ,  Lit cations. The resulting electron 
repulsions in the 36 shell will be smaller and the 
shielding of the chloride nuclei will increase. This 
polarization of the chromium and its coordina- 
tion shell will affect the electron states and thus 
the coordination geometry and absorption spec- 
trum. 

Measurements of the absorptivity of dilute 
solutions of Ag,CrB4 and PbCrO, in the nitrate 
solvent, using known concentrations well below 
the saturation limit, showed that the absorp- 
tiwities, E ,  of Ag,CrO,, PbCrO,, and K2Cr04 at 
331 m y  were identical at the same temperatures 
within experimental error. 

The solubility of Ag,CrO, in 1 :I Na/K(NO,), 
increased from 3.10 x LO-3 molal at 250 "C to 
3.51 x molal at 350 "C, and the solubility 
of PbCrO, in this solvent increased from 
1.79 x molal at 250 "C to 2.55 x 
molal at 350 "C. 

The solubility of PbCrO, in equimolar 
Na/K(NO,), has been measured by a colorimetric 
method from 250 to 300 "C (Duke and lverson 
(14)). Their equilibration times were much smaller 
than those of this work, viz. several hours as 
opposed to several days, and their solubility of 
7 x lo-, molal at  300 "C was smaller than our 
value of 2 x molal at  300 "C. However, 
their precision was -t- 15%, while that of the 
present spectrophotometric work is & 3%. 

For the reaction 

(MxCr04)ralid $ (xMf + CrOa2-) in solution 

where L?R is the limiting heat of solution of pure 

FIG. 2. Plot of -log X,,, against 1/T for Ag2CrO4 
in an equimolar NaN03-KN03 mixture. 
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3'86 1 PbCrOL System 
mole/1000g3 for Ag2Cr04 and K, = 6.5 x lov6  
mole/1000g2 for PbCrO,. 

The authors wish to acknowledge the award of a Nation- 
al Research Council of Canada Postdoctoral Fellowship 
to H.C.B. 
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Versatile heteronuclear-decoupler for use with a Varian HA-100 spectrometer1 

R. BURTON AKD L. D. HALL' 
Department of Chenzistuy, Unicevsity of British Columbia, Vancouver 8, British Columbia 

Received June 30, 1969 

Specific details are given for double-tuning the Varian V-4333 probe for use in the following hetero- 
nuclear magnetic double resonance experiments: observe 'H at  100 MHz; irradiate 2H, 19F, or 31P; 
observe 19F at 94 MHz; irradiate 'H, 'H, or 31P. An inexpensive source of audiofrequency-noise is 
described which, in conjunction with the double-tuned probe and several commercially available com- 
ponents, constitutes the basis of a versatile heteronuclear-decoupler. Examples are given which illustrate 
the effectiveness of this decoupler. Double-tuning of the Varian V-4333 probe by introducing a second 
transmitter coil is also described. 

Canadian Journal of Chemistry, 48, 59 (1970) 

Introduction 

Proton-proton nuclear magnetic double res- 
onance (n.m.d.r.) experiments are now used (1) 
routinely in the course of many structural studies. 
With a few notable exceptions, routine applica- 
tions (2, 3) of heteronuclear n.m.d.r. experiments 
have been less widespread even though some 
suitable equipment is commercially a ~ a i l a b l e . ~  
Prompted initially by an interest in the n.m.r. 
spectra of organo-fluorine and  organo- 
phosphorus derivatives, we have developed a 
versatile heteronuclear-decoupler for use with a 
Varian HA-100 spectrometer. The key features of 
this decoupler are as follows. (a) It does not 
interfere with the routine operation of the instru- 
ment, and can itself be used "routinely". 
(b) Rapid changeover between the nuclei to be 
irradiated can be effected merely by changing a 
"double-tuned" probe adaptor. (c) It can be used 
(in principle) to irradiate any chosen nuclear 
species. (d) The modification of the Varian V-4333 
probe4 can be performed by "semi-skilled" 
personnel and is readily "reversible". 

'This paper also constitutes Part IV of a series entitled 
"Studies of carbohydrates by nuclear magnetic double 
resonance". 

'To whom all correspondence should be addressed. 
3Nuclear Magnetic Resonance Specialities Inc., New 

Kensington, Pennsylvania, market a modulized unit. 
Varian Associates, Palo Alto, California have recently 
marketed a "proton-decoupler", which can be used to 
irradiate proton resonances while observing the resonance 
of other nuclear species. 

4Prior to starting our work, we had a most helpful 
correspondence with Professor D. H. Whiffen who was 
then a t  the National Physical Laboratory, U.K. He 
informed us of his groups' work with the Varian V-4332 
probe. The space available in the V-4333 probe is not 
sufficient for that particular modification to be made 
conveniently. 

Although our initial aim was the development 
of heteronuclear-decoupling using a single, "co- 
herent", radiofrequency (hereafter referred to as 
continuous-wave (c.w.) decoupling), we were 
intrigued by the possible uses of the "incoherent7' 
heteronuclear-decoupling technique (more com- 
monly known as the "noise-decoupling" tech- 
nique) developed by Ernst (4). Ernst demon- 
strated that a radiofrequency field used for a 
heteronuclear-decoupling experiment could be 
made to cover a wide spectral region if the 
radiofrequency unit used as the source of the 
decoupling frequency was modulated with a suit- 
ably broadband source of audiofrequency 
("white-noise"). The audiofrequency noise- 
source used by Ernst was a pseudo-random 
sequence g e n e r a t ~ r , ~  which is a reasonably expen- 
sive item if purchased c~mmercial ly .~ We shall 
describe here an alternative inexpensive method 
for effecting noise-modulation, which appears to 
be sufficiently versatile for many experiments. 

Experimental 
A block-diagram of our decouoler as used for c.w. 

experiments i s  given in Fig. l k .  The "decoupling" 
frequency is derived from a Hewlett-Packard synthesizer- 
driver (model 5110 B) and a Hewlett-Packard frequency 
synthesizer (model 5105 B), which has a maximum output 
frequency of 500 MHz. The output of the synthesizer 
(4 mW maximum) is amplified to a maximum of 5 W 
with a Hewlett-Packard power amplifier (model 230 A). 

Double Tunin,? of the Varian V-4333 Probe 
The versatility of this decoupler is dependent on the 

double-tuning of the Varian V-4333 probe by means of 

'This now forms the basis of a 100 MHz "proton- 
decoupler" marketed by Varian Associates. 

6For example, Hewlett-Packard model 3722A. 
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a selection of double-tuned probe-adaptom7 Figure 2A 
shows the Varian V-4333 probe after modification. The 
transmitter cable has been disconnected from "x" and 
replaced with the B.W.C. jack (UG-657/U) shown. The 
transmitter coil connection was removed from its tuning 
network and connected directly to the jack. 

Each of the double-tuned modules is conveniently 
housed in a cut-down, Hammond chassis, as indicated 
typically in Fig. 2B. The B.N.C. (UG-88/U) plug (C) 
provides the sole support for the module. If desired, one 
side of the box may be lined with a perspex sheet, to which 
the individual components may be glued once the tuning 
is completed. 

The circuit diagrams for the modules constructed so 
far are given in Fig. 3. The valucs of the components 
used for these modules are as follows: 

l H -  {l9E7) and 19F- {'H) 
C, and C, : each 3-15 pF variable ceramic. 
c6 and C7: each 60 pF parallel with 9-35 pF variable 

ceramic. 
L2 and L,: each 2$ turns of 16 gauge wire, 3/16 in. 

diameter. 
L4 and L,: each slug-tuned, 13 turns of 26 gauge wire 

on 3/16 in. diameter form. 

'H- i2H)  or 19F- {'H) 
C1 and C2: each 3-15 pF  variable ceramic. 
c3 : 9-35 pF variable ceramic. 
Cs : approximately 220 pF. 
L1 : 8 turns of 26 gauge wire, 5/32 in. diameter. 

'H- {31P) or 19F - {31P) 
C1 and C2: 3-15 pF variable ceramic. 
C3 and C4: 9-35 pF variable ceramic. 

Because of the fairly high frequencies involved, wiring 
capacitance contributes significantly to the circuit per- 
formance. Consequently, each module must be individu- 
ally tuned after it has been assembled; both transmitters 
must be connected to the module during the tuning 
process. In building and tuning these modules, we found 
that a standing-wave-ratio (s.w.r.1 meter was indispen- 
sible; two s.w.r. meters, one on each transmitter cable, 
proved to be even better.' 

The tuning procedures for each of the two classes of 
modules is detailed below; the 'H - {I9F) module is the 
more difficult to tune. 

'H- {'H), lgF-. {'HI, lH- {31P) or 19F- { 3 1 P )  
The s.w.r. meter is connected between the module and 

the output of the decoupler (az). Capacitors C1 and C2 
are tuned for a maximum received signal from the wl  
source as indicated by the detector-level meter of the 
V-4311 r.f. unit. Capacitors C3 and C8 are tuned to a 
minimum s.w.r. on the oz line (as indicated by the 
s.w.r. meter). One repeat of the above cycle usually 
suffices for optimal tuning. 

7This is the method used by Nuclear Magnetic Res- 
onance Specialities Inc. 

*It is a pleasure to thank Mr. Eric Fisher of this 
Department for this suggestion. 

/ SYNTliESISEC? TAPE 
DR'VER / I REC07DER 1 

t 

P O W E '  PRCBE 
An4nPLIFIER AOAPTCR 

I 

FIG. 1. Block diagram of the components used for 
heteronuclear-double-resonance experiments: ( A )  con- 
tinuous-wave decoupling, (B) "noise-modulated" de- 
coupling. 

'H- {I9F) and 19F- {'H) 
Initially, this module should be tuned with low power 

on the o2 line to avoid damage to the V-4311 r.f. unit 
( ~ 1 ) .  

(I) Connect s.w.r. meter between the wl source 
(V-4311 r.f. unit) and the probe and adjust C6 for 
minimum leakage of w, power back into the V-4311 unit. 
(2) Adjust C7, C,, and L, for maximum reading on 
detector level meter on the V-4311 unit. (3) Connect 
s.w.r. meter in the o2 line and adjust C5 and L, for a low 
s.w.r. (4) Since the individual circuit components interact 
strongly, it is necessary to repeat each of the above steps. 
Perfect adjustment would have the s.w.r. on both lines 
unity, and no power from either transmitter leaking into 
the other one. In practice a s.w.r. of 1.5 and less than 
0.5 W leakage performs adeq~ately.~ 

We have also investigated the possibility of using a 
second transmitter coil for the decoupling frequency. 
Figure 4 shows the modification of a 40.5 MHz Varian 
V-4333 probe. The new transmitter coil was made as 
similar as possible to a Varian 100 MHz transmitter coil 
and was attached to the outside of the insert by "Scotch- 
tape". This coil was matched to the 100 MHz source by 

91n the case of the 'H - {19F) and "F - {'H) module, 
we were perturbed that any failure of the adaptor might 
result in the full power-output of the decoupler damaging 
the attenuator of the V-4311 r.f. unit. To preclude this 
possibility, separate trap-circuits were connected between 
the attenuator and the transmitter output jack (J 307) of 
the V-4311 unit. 
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TRANSMITTER TO PROBE 
TRANSMITTER 

c, 
c- 

T O  q TRAYSMITTER 

RANSMITTER 

FIG. 3. ( A )  Circuit diagram of module used for 
l H  - {19F) and l9F  - {'HI experiments. (B) Circuit 
diagram of modules used for 'H - {'H) 19F - {'HI, 
lH - {31P), and 19F - j31P) experiments. 

the circuit shown in Fig. 5;  the circuit was tuned for a 
minimum s.w.r. at 100 MHz. 

This second transmitter coil did not appear to degrade 
the resolution of the spectrometer; neither did it affect 
the probe balance to any appreciable degree. One minor 
disadvantage of this method is that it is less easily 
"reversed" and we consider this method to be the less 
versatile. 

The same basic modification suffices for 31P - {"F) 
studies. For these experiments the second coil should be 
matched to 94 MHz as described above for 100 MHz. 

Noise-Modulated Experiments 
A block diagram of the components used for these 

experiments is given in Fig. 1 B. This sequence is similar 
to that used by LeRoy F. Johnson ( 9 ,  for 13C- {'H) 
experiments, and developed independently of us. A 
wide-band of audio-noise, provided by either a Bucta 
(model 160) or a Mooge (model 903s) white-noise 
generator, was filtered to the required bandwidth by a 
cascaded pair of Krohn-Hite filters (model 3100R). A 
wide selection of bandwidths was separately recorded 
with a Sony (model 250) tape-deck. In each case the above 
filters were used to define the high-frequency limit, while 
the low-frequency limit was that of the recording circuitry 
of the tape-deck. Closed loops of this tape were then used, 
with the tape-deck and a Heathkit high fidelity audio 
amplifier (model AA-161), as a noise-source. The output 

of the audio-amplifier, suitably attenuated by a series 
resistor, was connected to the input "X" of a Hewlett- 
Packard mixer (model 10514A). Connection of the 
frequency-synthesizer to input "L" resulted in a noise 
(amplitude) modulated radio-frequency source; the basic 
synthesizer frequency is not transmitted, only the "sum" 
and "difference" of the noise- and radio-frequencies. 
Care must be taken that the mixer is not overloaded. 

We were concerned that a possible disadvantage of 
using the conventional high fidelity audio components as 
the basis for a noise-modulated decoupler might be their 
low-frequency cut-off (ca. 50 Hz). Prompted by this 
concern, we constructed a pseudo-random sequence 
generator similar to that used by Ernst in his original 
study.1° Later in this paper, the performance of this unit 
is compared with that of the taped-noise approach. 

Results and Discussions 

Since the many possible applications of the 
equipment described in Experimental are best 
discussed in relation to particular chemical 
problems, we shall only give here a minimum of 
illustrative examples. We shall not illustrate 
deuterium decoupling, which is very readily 
effected and has already been widely used, most 
notably by Anet and his co-workers (6). It should 
be noted that all the spectra shown in the figures 
were obtained on a "first-run" basis and no 
attempt was made to select the best spectra which 
were actually obtainable; on this basis these can 
be taken as genuinely "typical7' results, and are 
in some respects below the calibre which we 
normally anticipate for specific research prob- 
lems. 

The spectra shown in Fig. 6 illustrate simple 
applications of continuous-wave heteronuclear 
spin-decoupling, using a deuterochloroform solu- 
tion of the diphenyl phosphate ester of 1,1,1- 
trifluoroethanol.' ' The "normal" 100 MHz 
p.m.r. spectrum is shown in Fig. 6A. Continuous- 
wave irradiation at the fluorine resonance 
frequency (94.087,140.0 MHz), shown in Fig. 6B, 
leaves only the coupling (8.4 Hz) with the 
phosphorus. Similarly, irradiation at the phos- 
phorus resonance frequency (40.480,340.0 MHz), 
Fig. 6C, leaves only the 19F coupling (8.2 Hz). 
It is worthwhile commenting that the interval 
between the experiments shown in Figs. 6B and 
6G was ca. 10 min, which is a typical changeover 
time and includes the readjustment of field 

l0We are indebted to Mr. Berry of the Electrical 
Engineering Department, University of British Columbia, 
who helped us greatly with this phase of the study. 

"We thank Mr. Bruce Donaldson for this sample. 
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_L 
ca. 6 Pf 7 

RG 1 7 4 - U  
CABLE 

FIG. 5. Tuning network for the second transmitter- 
coil attached to the Varian V-4333 probe for 31P - {lH} 
experiments. 

homogeneity after removal of the probe. The 
set-up-time interval between Figs. 6A and 6B was 
ca. 1 min. 

The spectra shown in Fig. 7 are of a solution 
of trimethyl phosphite in deuterochloroform 
solution, and serve to  compare the effectiveness 
of C.W. decoupling with that of noise-modulated 
decoupling. In Fig. 7A the "normal" spectrum 
shows the 31P - 'H coupling of ca. 10.6 Hz. The 
series of spectra shown in Fig. 7B demonstrates 
the effect of C.W. irradiation on the phosphorus 
resonance, initially with the frequency centered 
on the 31P resonance (40.486,570.0 MHz) and 
subsequently set "off-resonance". It is apparent 
that the effective bandwidth of the decoupling 
field is small. Figure 7C shows the increase in 
effective bandwidth following noise-modulation 
using the SONY tape recorder system and a tape 
with noise having a nominal high-frequency limit 
of 500 Hz; the power output of the frequency 
synthesizer was unaltered from that used for the 
C.W. experiments. Further increases in decoupling 
bandwidth are observed when "noise" up to 
1000 Hz (Fig. 70)  and up to 2000 Hz (Fig. 7E) is 
used. The final spectra (Fig. 7F) were obtained 
using our version of a pseudo-random sequence 
generator; its specifications were as close to those 
used by Ernst (4) as we could achieve. l 2  

It is noteworthy that under the (less than 
optimum) conditions used to measure these 
spectra, the tape-recorder system introduces 
slightly more random noise than does the pseudo- 
random sequence generator. However, this noise 
does not in normal practice hinder the measure- 

lZErnst gave no experimental details of his unit, beyond 
the number of "bits" used and the clock frequency. 

I ! .  I I , , , ,  
I  . . . . . . .  I . . . . ,  I . I  

5.30 5.50 5.70 r 

. . . .  . . .  L . 8  . . I . . .  ' . I . . )  I . . .  I i J 

FIG. 6. Partial p.m.r. spectra (100 MHz) of a deu- 
terochloroform solution of diphenyl(l,I,l-trifluoroethyl) 
phosphate. @, normal spectrum; m, spectrum obtained 
with continuous-wave irradiation of the fluorine sub- 
stituent (94.087, 140.0 MHz); @, spectrum obtained 
with C.W. irradiation of phosphorus (40.480, 340.0 MHz). 
All spectra were recorded with the same spectrometer 
settings; the sweep-rate was 0.2 Hzis. 
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BURTON AND HALL: HETERONUCLEAR-DECOUPLER 

FIG. 7. Proton magnetic resonance spectra (100 MHz) of a deuterochloroform solution of trimethylphosphite. 
( A )  Normal spectrum. (B) Spectra obtained with C.W. irradiation at 40,486,570.0 MHz and with subsequent offsets 
from that frequency. ( C )  Spectra obtained using the tape-recorder system for noise-modulation with a nominal high- 
frequency cut-off of 500 Hz. ( D )  As for ( C )  but using a 1000 Hz tape. (E) As for (C) but using a 2000 Hz tape. 
(F) Spectra obtained with noise-modulation derived from a pseudo-random sequence generator. The lower set of 
spectra in columns (C) ,  (D) ,  and ( E )  were run with increased filtering. 

ment of adequately resolved n.m.r. spectra. The 
level of noise introduced is critically dependent 
upon the balance of the probe and is normally 
much less than that shown in Fig. 7 ;  as we have 
already mentioned, no special attempts were 
made to optimize the conditions used for these 
particular measurements. Furthermore, the rela- 
tively high frequency of this noise means that it 
can be removed by application of a very moderate 
amount of filtering. The lower set of spectra in 

Fig. 7 illustrate this point; they were run with 
the "filter-bandwidth" control decreased to 
0.5 Hz. In other applications which we shall 
discuss elsewhere, we have commonly achieved 
"natural" resolution using a 1 KHz noise-tape. 

It is apparent from the spectra shown in Fig. 7 
that a tape-recorder system can provide a 
convenient source of noise-modulation which is 
suitable for many heteronuclear-decoupling ex- 
periments. It  is an inexpensive system available 
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to any n.m.r. laboratory having temporary access 
to a well-equipped audio-visual laboratory. We 
have already used this approach in several 
applications and have not, to date, detected any 
noteworthy limitations; for example, using a 
1 KHz tape we (7) have successf~llly irradiated a 
series of 19F resonances spread over ca. 2 KHz 
and removed all their couplings from a proton 
spectrum. 

It should be stressed that the concepts which 
we have used as the basis of our decou~ler have 
been available in the literature for some time. 
Nevertheless, we believe this account to be a 
useful addition to the literature because it should 
make heteronuclear-decoupling more widely 
available at the "application", rather than 
"research", level. 

Clearly a number of variations and improve- 
ments are possible.'3 For example, a "cassette" 
tape-recorder might be more convenient than the 
more bulky tape-deck we use. Furthermore, a 
less expensive frequency generator would suffice 
for many applications of noise-modulated de- 
couplings. For many such experiments it is 
unnecessary to use a unit having either an 
inherently high-frequency stability or a high 
"resetability"; for example, we have used a 
Hewlett-Packard v.h.f. signal generator (model 
608D). It should also be noted that some labora- 
tories may be able to use an additional Varian 
V-4311 radiofrequency unit to provide the basic 
decoupling-frequency. 

13A referee suggested that . . . "At moderately high 
powers, ground loops and/or drifts of the probe balance 
can arise because of slight swaying of the double-tuned 
box." It was suggested that the adaptor be firmly bolted 
to the probe body. 

We prefer to retain the flexibility of our approach and 
have never in the past 2 years encountered any instability 
of probe balance. 

Laboratories interested in a rather limited 
range of heteronuclear-decoupling experiments 
may find attractive the simplicity of adding a 
second transmitter coil to the Varian probe rather 
than effecting the more complex double-tuning. 
The modification we have made to our 31P 
(40.5 MHz) probe, described in Experimental, 
has performed well for some time now. 

Since we completed this work, details of the 
N.P.L. modification of the Varian probe have 
been published (8), as also has another modifi- 
cation (9). 

We are indebted to the National Research Council of 
Canada for their generous financial support of this work; 
separate major equipment grants covered the initial cost 
of the Varian spectrometer and subsequently of the 
equipment purchased from Hewlett-Packard (Grant No. 
E 1338). It is also a pleasure to thank Professor C. A. 
McDowell for his interest in this study, and Mr. W. Griba 
of the Audio-Visual Department, Simon Fraser Univer- 
sity, for providing the "white-noise" tape-recording. 
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Chemical examination of the wax from needles of black spruce (Picea mariana) 
and balsam fir (Abies balsamea) 

R. M. BERI AND H. W. LEMON 
Ontario Research Foundation, Sheridan Park, Ontario 

Received July 18,  1969 

A waxlike substance extracted from the needles of black spruce by means of petroleum ether gives, 
upon saponification, capric, lauric, myristic, pentadecanoic, palmitic, stearic, oleic, linoleic, linolenic, 
arachidic, behenic, lignoceric acids, and one acid not identified. Acids of the C-20 to C-24 series constitute 
approximately 38 % of the total acids. The unsaturated acids present are mostly of the C-18 series. The 
acids were identified by the gas-liquid chromatography (g.1.c.) of their methyl esters. 

The constituent acids of the waxlike substance from balsam fir needles are capric, lauric, myristic, 
pentadecanoic, palmitic, palmitoleic, heptadecanoic, stearic, oleic, linoleic, linolenic, arachidic, behenic, 
lignoceric, and about 7 more, not identified. The acids of the C-20 to C-24 series are presenl to the 
extent of ca. 20%. About 55 % of the acids are of the C-18 series, which is mostly unsaturated. There 
are present certain unsaturated acids, ca. 5 %, of the C-20 to C-22 series. 

10-Nonacosanol has been isolated from the unsaponifiable matter remaining after saponification of 
the waxlike substances from black spruce and balsam fir foliage. Its identity has been established by 
infrared, nuclear magnetic resonance, and mass spectrometry. 
Canadian Journal of Chemistry, 48, 67 (1970) 

Introduction 
Black spruce (Picea mariana (Mill.) B.S.P.) and 

balsam fir (Abies balsamea (L.) Mill.) are widely 
distributed throughout Eastern Canada. Shaw 
(1, 2) has studied the chemical nature of the 
essential oil from foliage and twigs of these two 
trees. A number of references are in the literature 
referring to the utilization of conifer foliage as 
animal feed, as a source of vitamin C, for produc- 
tion of chlorophyll and water soluble chlorophyll 
derivatives, etc. Gagnon (3) has studied the free 
amino acid content in needles of A,  balsamea 
and P .  mariana growing on different sites. 
Bougault and Bourdier (4) investigated the wax 
constituents of several conifers and found that 
these waxes were largely mixtures of compounds 
belonging to a class of natural products having 
the properties of acids, alcohols, and esters, but 
more or less in the combined form. Watanabe (5) 
examined the leaf wax of 38 species of conifers 
and showed that many of these waxes are 
estolides of juniperic and sabinic acids. In his 
study the non-saponifiable matter, 1,12-dodecan- 
ediol, was found in many species including 
Chinese juniper, 'arbor vitae' (Tlzuja standishii ?), 
Abies veitchii, Abies sachalinensis, and Picea 
jezoensis; 1,16-hexadecanediol was found in 
Chinese juniper; melissyl alcohol in Juniperus 
rigida, Cunninglzamia lanceolata, arbor-vitae, 
and a Japanese species of hemlock; 10-non- 
acosanol, found in Chinese juniper, Abies 
sach!ilinensis, and a Japanese species of hemlock, 

was believed to be more common in coniferal 
waxes than previously thought. Eglinton and 
Hamilton (6) reviewed the physiology, physical 
appearance, chemical constituents, chemotax- 
onomy, and biosynthesis of the surface waxes 
of plants, emphasizing leaf wax. 

The present paper deals with a study of the 
chemical nature of the waxlike substance 
extracted from the needles of black spruce 
(P. mariana) and balsam fir (A. balsamea). 

Experimental 
Black Spruce Needle Extract 

The source of needles was the branches of the top 10 ft of 
a 37 ft high tree. The tree was cut in May while still frozen. 
Needles were hand-picked on arrival and placed in cold 
storage (- 5°C) until used. 

The needles were first air-dried for 5-6 days and 
extracted with petroleum ether (30-60°C). On extraction 
a green product of a semi-solid consistency, acid no. 
50.0, ester no. 131.7, was obtained in a yield of 1.60%. 
It was saponifiable with difficulty and was saponified by 
the method of Odham (7). After saponification, the 
saponifiable and the unsaponifiable matter were worked- 
up in the usual manner. 

Saponifable Matter 
The saponifiable matter was methylated with boron 

trifluoride-methanol reagent according to the method 
of Metcalfe et al. (8). The methyl esters after isolation 
were submitted to g.1.c. on a column of 12% DEGS 
(diethylene glycol succinate) on Chromosorb W at 
187°C. The relative position of the esters eluting from 
the column was determined by comparison with the 
elution times of known standards, which were passed 
through the gas-liquid chromatography (g.1.c.) column 
under identical experimental conditions. From the 
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TABLE 1 

Component fatty acids of black spruce needle extract, before and after 
hydrogenation 

- 

Common Percentage* 
name of 
parent Before After 

No. comuound Codei hydrogenation hydrogenation 
- 

. - 

1 Capric 10:0 1.60 1.64 
2 Lauric 12:O 8.15 9.16 
3 Myristic 14:O 3.91 4.48 
4 Pentadecanoic 15:O 0.78 1.09 
5 Palmitic 16:O 10.19 11 .OO 
6 Stearic 18:O 2.29 39.09 
7 Oleic 18:l 9.44 
8 Linoleic 18:2 14.28 
9 Unknown 5.23 

10 Linolenic 18:3 5.73 
11 Arachidic 20:O 4.05 3.21 
12 Behenic 22 :O 13.45 13.08 
13 Lignoceric 24:O 20.88 17.31 

-- 
*Reported as area % of methyl ester of the total mixed esters. 
i.e.g. Saturated (2-12 = 12:O; mono-unsaturated (2-12 = 12: l .  

chromatograms, the percentages of the esters were cal- 
culated. The percentages given in Table l are for the 
methyl esters and are reported as area percentage of the 
total area for the mixed esters, as determined from the 
g.1.c. curves of the chromatogram. 

Methyl esters were hydrogenated in absolute ethanol 
by passing a slow current of hydrogen with platinum 
oxide as a catalyst. The hydrogenated methyl esters were 
chromatographed on a colu~un of 12% DEGS at 187'C. 
From the chromatogram the approximate percentage of 
the hydrogenated methyl esters was calculated and is 

From i.r. and n.m.r. observations, the compound 
appeared to be a secondary aliphatic alcohol. 

Mass spectra of the compound by direct insertion to the 
ion source gave the base peaks at mle 297 with mle 406 
(23 %) next in abundance. A very weak molecular ion 
peak appeared at m/e 424 (< 1 %), and other peaks at 
m / e  378, (2.3 %), 278 (8.7 %), 157 (15.5 %), etc. Molecular 
weight of the compound is 424 and hence the molecular 
formula is C,,H,,O. The key fragmentation with 
respect to elucidating the position of hydroxyl is as 
follows 

reported in Table 1. 
From Table 1 it will be noticed that the black spruce 424' + 406' + H z 0  (Typical of an alcohol) 

needle extract contains ca. 38 % acids of the C-20 to-C-24 
series and, of the unsaturated acids found, most are of 
the C-18 series. 

Unsaponifiable Matter 
The unsaponifiable matter was chromatographed over 

Brockman grade I1 alumina and eluted with petroleum 
ether, petroleum ether and chloroform in varying pro- 
portions, chloroform, and methanol. Eluates were 
chromatographed in a column of 2 % SE-30 on Chrorno- 
sorb W at 227°C. All the eluates, excepting those of 
petroleum ether:chloroform (1:l by volume), gave a 
number of peaks. From the petroleum ether: chloroform 
(1 :I by volume) eluate, a substance, n1.p. 83.5'C 
(Watanabe reports 78-8I2C), was crystallized out. Its 
infrared (i.r.) spectrum showed strong absorption at 8.90 p 
(1124 cm-I) (an absorption at 1120 cm-I is reported for 
an impure sample (9)), indicating it to be a saturated 
secondary or a highly symmetrical secondary alcohol. 
The nuclear magnetic resonance (n.111.r.) spectrum of the 
compound in CDCI, at 100 MHz showed an asymmetric 
triplet at 0.88 p.p.m. (terminal methyl groups), a singlet 
a t  1.25 p.p.m., having Wl12 = 3.2 Hz (CH2 groups), and 
a broad peak at 3.5 p.p.m. (OH groups). Integrals gave 
the 0.88:3.5 p.p.111. peak ratio 6:l  and the 3.5:1.25 p.p.111. 
ratio 1 : > 45. All peak positions are reported with respect 
to internal TMS. 

Thus the hydroxyl is at position 10 and the structure of 
the compound is C1gH,9CH(OH)C9HIy, i.e. 10-non- 
acosanol. 

The compound was acetylated and the acetylated 
product melted at 44.5" (lit. 44.5-45.5"C(10)). The i.r. 
spectra of the acetate showed a strong absorption at 
5.75 p (1736 cm-I). 

Balsam Fir Needle Extract 
The source of needles was the branches of the top 10 ft 

of a 24 ft high tree. The tree was cut in May while still 
frozen. Needles were hand-picked on arrival and placed 
in cold storage (- 5'C) until used. 

The needles were first air-dried for 5-6 days and 
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BERI AND LEMON: CHEMICAL EXAMINATION OF NEEDLE WAX 

TABLE 2 

Component fatty acids of balsam fir needle extract, before and after 
hydrogenation 

Common Percentage* 
name of 
parent Before After 

No. compound Code hydrogenation hydrogenation 

1 Capric 1O:O 0.55 0.30 
2 Unknown 0.71 
3 Lauric 12:O 1.41 0.81 
4 Unknown 0.86 
5 Myristic 14:O 3.46 3.36 
6 Pentadecanoic 15:O 1.22 1.09 
7 Palmitic 16:O 14.99 13.86 
8 Palmitoleic 16:l 0.61 
9 Heptadecanoic 17:O 5.77 5.09 

10 Stearic 18:O 2.14 55.15 
11 Oleic 18:l 20.86 
12 Linoleic 18:2 12.63 

unknown 
Linolenic 
Arachidic 
Unknown 
Unknown 
Unknown 
Behenic 
Unknown 
Lignoceric 

*Reported as area % of methyl ester of the total mixed esters. 

extracted with petroleum ether (30-60"). A waxlike 
substance of semi-solid consistency, acid no. 43.6, 
ester no. 148.3, was obtained by petroleun~ ether extrac- 
tion of the air-dried needles in 1.55% yield. It was 
separated into the saponifiable and the unsaponifiable 
matter. 

Saponifiable Matter 
The saponifiable matter was methylated and the 

methyl esters were chromatographed in a colun~n of 12% 
DEGS on Chroniosorb W at 187'C, before and after 
hydrogenation. The % of the component fatty acids 
before and after hydrogenation was calculated from the 
chromatograms and is reported in Table 2. 

A review of Table 2 will show that balsam fir needle 
extract contains ca. 55 % acids of C-18 series which are 
mostly unsaturated in nature. There are present certain 
unsaturated acids, ca. 5%, of C-20 to C-22 series. The 
acids of C-20 to C-24 series are present to the extent of 
ca. 20 %. 

Unsaponijiable Matter 
From the unsaponifiable fraction by colun~n chroma- 

tography over Brockman grade I1 alumina, 10-nonacos- 
anol, m.p. 83.j°C, was isolated. This substance when 
admixed with a sample of 10-nonacosanol isolated earlier 
from black spruce needle extract, showed no difference 
when examined by g.1.c. and i.r. spectroscopy. 

Nuclear magnetic resonance spectra were recorded by 
F. J. Hopton of Ontario Research Foundation, and 
mass spectra by Robert Schaffer of Morgan Schaffer 
Corporation, Montreal. 

The authors are gratef~11 to The Canadian International 
Development Agency for the provision of funds allowing 
R. M. Beri to carry out this work and to the Ontario 
Research Foundation for providing the necessary 
facilities and guidance. 

The material was obtained through the courtesy of 
Mr. A. J. Carn~ichael of the Research Branch of the 
Ontario Department of Lands and Forests. 
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A Mijssbauer study of adducts of triphenyltin chloride with 
oxygen-donor substances 

R. W. J. WEDD AND J. R. SAMS 
Department of Chemistry, Uniaersity of British Columbia, Vancouuer 8,  British Columbia 

Received June 12, 1969 

Mossbauer parameters for triphenyltin chloride and a number of its adducts with oxygen-donating 
Lewis bases are reported. The isomer shifts for all the compounds reported are constant within experi- 
mental error (1.29 + 0.03 mm s-', relative to SnOZ). An approximate correlation between quadrupole 
splitting and the shift in element-oxygen stretching frequency between neat and co~nplexed base is noted. 
This suggests that in general for these adducts, larger quadrupole splittings are associated with stronger 
complexes. 

Canadian Journal of Chemistry, 48, 71 (1970) 

Introduction 

A considerable body of evidence has been 
presented recently showing that quadrupole 
splittings in the Mossbauer spectra of Sn(1V) 
compounds can be strongly influenced by asym- 
metry in the o-bonding, contrary to earlier sug- 
gestions (1-4). 

It  was thought for some time that in compounds 
of the type R,SnX, quadrupole splitting would 
be observed only if the group X possessed a 
nonbonding electron pair capable of n-bonding 
to the empty 5d or 6p orbitals on the tin atom, 
whereas no splitting would be observed for sub- 
stituents with no available lone pairs (1). Indeed, 
Stockler and Sano (4) have suggested recently 
that the splittings observed for a number of 
pentafluorophenyltin compounds were due pri- 
marily to polarization effects via p,-p, and p,-d, 
interactions, although 19F nuclear magnetic 
resonance (n.m.r.) data (5) show that there is 
very little n-electron transfer from pentafluoro- 
phenyl to tin in (CH,),SnC,F,. On the other 
hand, Parish and Platt (6) and Chivers and Sans  
(7, 8) have presented evidence showing that 
quadrupole splittings in a wide variety of tetra- 
organotin compounds can be induced by 
o-bonding (electronegativity) effects only. More 
recent data to be published shortly further sub- 
stantiate this view (9). 

Greenwood and Ruddick (3) proposed a 
""rule" for quadrupole splittings in hexacoordi- 
nate tin compounds similar to that of Gibb and 
Greenwood (1) for tetracoordinate tin com- 
pounds, i.e., that splitting would be observed 
only if some (but not all) of the ligands attached 
to tin had a nonbonding p,-electron pair. How- 
ever, a study of hexacoordinate adducts of SnX, 

(X = C1, Br) with various oxygen, nitrogen, and 
sulfur donor inolecules (10) showed that splittings 
were observed in some cases. It  appears that 
several diKerent effects may be operative in these 
compounds (1 l), none have to do with n-bonding 
asymmetry. 

This situation is somewhat different in the case 
of pentacoordinate tin compounds, since these 
will always show fairly large quadrupole split- 
t ing~ .  Eve11 here, however, differences in o- 
bonding amongst the substituents on the tin 
atom can play an i~nportant role in determining 
the actual nlagnitude of the splitting observed. 
For example, a study of a number of trimethyltin 
haloacetates (which are linear polynlers in the 
solid state with pentacoordinate tin atoms and 
bridging OCO groups) has yielded a linear cor- 
relation between the quadrupole splitting and 
the pKof the acid from which the compound was 
derived (12). It was these results which led to our 
interest in studying adducts of triphenyltin chlo- 
ride with various 0-donor substances. In partic- 
ular, we hoped to determine if a relation existed 
between the quadrupole splitting and the nature 
of the Lewis base. Ligands having oxygen donor 
atoms were particularly chosen for the following 
reason. Philip et al. (10) found that adducts of 
SnCl, and SnBr, with nitrogen- and sulfur-donor 
ligands did not exhibit quadrupole splitting, 
whereas with oxygen-donor ligands splittings 
were somctiines, but not always, observed. It, 
therefore, appeared that larger variations in 
bonding were to be expected for the 0-donor 
complexes. 

Experimental 
Triphenyltin chloride from M & T Chemicals uas  

recrystallized from methanol and thoroughly dried prior 
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TABLE 1 
Mossbauer parameters and element-oxygen stretching frequencies for (C6H,)3SnCl.L complexes 

- -- 

Base p.1 A* ve-o,88 VE-O-f AVE-o 

Neat 

"In mm s - I ,  + 0.03 mm s-I. 
?Relative to SnOz at 80 "K. 
$In cm-I, i- -3 cm-l. 
§Uncomplexed base. 

to  use. The Lewis bases employed were obtained either 
from Aldrich Chemical Company or from Eastman 
Organic Chemicals and were used without further puri- 
fication. 

Two preparative procedures were employed. Where 
the donor substance was a solid at room temperature, 
stoichiometric quantities o f  triphenyltin chloride and 
base were separately dissolved in chloroform. The two 
solutions were mixed and the solvent subsequently 
removed under vacuum. In those cases where the donor 
substance was a liquid at roo111 temperature, the com- 
plexes were prepared by adding an excess o f  base to a 
solution o f  triphenyltin chloride in chloroform and re- 
moving the solvent and unreacted base under vacuum. 
All the cornplexcs appear to be air stable and offer  no^ 

survival problems. 
The Mossbauer spectrometer was o f  the constant 

acceleration type. All Mossbauer measurements were made 
with the absorbers at 80 + 1 "K, and isomer shifts are 
reported relative to SnO, at this temperature. The velocity 
scale was calibrated against an NBS standard sodium 
nitroprusside absorber, using a value o f  1.726 1 0.002 
m m  s - I  for the quadrupole splitting o f  this compound. 
Frequent checks using metallic iron as calibrant have 
shown our drive system to be linear to within + 0.01 inm 
s-I over the velocity range reported here. W e  estimate 
the precision o f  the Mossbauer measurements as k 0.03 
m m  s-l.  Infrared spectra were recorded on a Perkin- 
Elmer 457 instrument. The solids were dispersed in  Nujol 
between CsI plates. 

Results and Discussion 

Mossbauer isomer shifts and quadrupole 
splittings of the complexes prepared and element- 
oxygen stretching frequencies of both neat and 
complexed bases are given in Table I. Also 
included are the Mossbauer parameters for neat 
triphenyltin chloride. The isomer shift is related 
to changes in s-electron density at the tin nucleus, 

while the quadrupole splitting gives a measure of 
the deviation from cubic symmetry of the electron 
distribution about the tin atom. Since pure s 
electrons will not contribute to the field gradient, 
the quadrupole splittings will be mainly affected 
by the distribution of p and d electron density in 
the various bonds to the tin atom. 

As seen from Table I, the isomer shifts for all 
the adducts are constant within experimental 
error and furthermore, are essentially the same 
as that for neat triphenyltin chloride. This is 
perhaps not too surprisiilg in view of other recent 
findings. Thus, it has been observed (7, 8) that in 
compounds of the general types (CH,),SnX, 
[(CH,),Sn],X, and (CH,),SnX, (where X is an 
aryl group with other substituents), the isomer 
shifts are essentially constant (1.25 f 0.07 mm 
s-l), although the quadrupole splitting and 
119Sn-C-H coupling constants show marked 
variations. Moreover, the compounds (CH,),- 
SnOCOCH, - ,,X, (X = halogen) also show 
effectively constant isomer shifts (12) which are, 
however, slightly higher than those for the tetra- 
organotin compounds mentioned above (1.39 f 
0.05 mm s-l). On the other hand, it would clearly 
be erroneous to expect any series of compounds 
of a given general formula to exhibit constant 
isomer shifts, and it is fairly easy to find examples 
where this is not the case (see, for example, ref. 
13). It is interesting that complexation has no 
effect upon the s-electron density at the tin 
nucleus. This may be due in part to the fact that 
R,SnCI compounds are relatively weak Lewis 
acids, so that strong donor-acceptor interactions 
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are not likely. In this connection, it should be 
mentioned that attempts to prepare stable com- 
plexes of (C6H ,),SnCl with Cl(C,H ,O),PO, 
Cl,(C,H ,O)PO, and C1,PO were not successful. 
Presumably, the replacement of one or more 
cthoxy groups by chlorine in(C,H,O),PO reduces 
the basicity sufficiently to prevent complexation. 

In a very recent paper which appeared during 
the course of the present study, Hill, Drago, and 
Herber (14) have reported Mossbauer results for 
5 adducts of (CH,),SnCl with Lewis bases, and 
also find essentially constant isomer shifts. There 
was some uncertainty as to whether the slightly 
larger values observed by them for the pyridine 
and N,N-dimethylacetamide complexes were 
real or due to experimental errors (14). 

The quadrupole splittings for the adducts 
reported in Table 1 are all larger than that for 
triphenyltin chloride itself, but only fairly small 
variations are shown amongst the complexes. The 
increase in quadrupole splitting on complexation 
can be interpreted as follows. 

In triphenyltin chloride the tin atom is probably 
tetracoordinate, although the possibility of 
bridge bonding through chlorine cannot rigor- 
ously be excluded. Both the symmetric and 
asymmetric Sn-C stretching frequencies are 
observed (15) in the infrared, but details of the 
relative intensities are lacking. Chlorine bridging 
in (CH,),SnCl has been suggested (16), but Hill 
et al. (14) have argued that such association is 
very weak, if indeed present. The question is not 
really crucial, since in either case the microsym- 
metry about the tin atom will be C,,, and the 
quadrupole splitting will depend only upon the 
z-component of the electric field gradient tensor, 
v z z *  

Upon adduct formation the tin atom is now 
pentacoordinate. In similar adducts of (CH3),- 
SnBr (17), the absence of the Sn-C, symmetric 
stretch in the infrared points to a planar (CH,),Sn 
group, so that the geometry is presumably very 
close to a trigonal bipyramid. Hulme (18) has 
determined the X-ray structure of (CH3),- 
SnCl.C,H,N and reported "three methyl groups 
in the equitorial plane and an almost linear 
CI-Sn-N arrangement perpendicular to it". 
It does not seem unreasonable to suppose that 
the (C,H,),SnCl adducts reported here have 
closely similar structures, especially in view of 
the similarities between the structures of tri- 
rnethyltin acetate and tribenzyltin acetate (19). If 

we assume, then, that local C3, symmetry is 
maintained upon adduct formation, with the 
C1-Sn-0 bond angle close to 180°, the change 
in quadrupole splitting must be due almost en- 
tirely to a change in V,,. This probably arises 
mainly from an increasing asymmetry in the 
electron distribution amongst the 5p-orbitals on 
the tin atom. Drago and co-workers (14, 20, 21) 
have offered a similar dcscription of the bonding 
in adducts of (CH,),SnCl in ternls of an increased 
imbalance in p, and (p,,p,) orbital charge den- 
sities over that present in the ncat parent com- 
pound. 

Although the differences in quadrupole split- 
tings amongst the adducts of (C6H,),SnC1 are 
not large, there appears to be an approximate 
correlation between A and the shift in element- 
oxygen stretching frequency for a given donor 
type. In all the ligands we have employed (of the 
general type R,EO), the degree of E-0 multiple 
bonding and hence the basicity of the ligand will 
be affected by the nature of R. This will then be 
reflected in observed E-0 bond distances and 
stretching frequencies (22, 23). Since the interac- 
tion strength of (C6H,),SnC1 with the ligands 
will depend upon the basicity of the latter, one 
can use the negative shift of the element-oxygen 
stretching frequency upon complex formation as 
an indication of the strength of the donor-ac- 
ceptor interaction (24, 25). With these ideas in 
mind, it appears in general from the results pre- 
sented in Table 1 that the stronger the complexa- 
tion, the larger the quadrupole splitting. Hill, 
Drago, and Herber (14) were unable to observe 
any trends in quadrupole splitting for the adducts 
of (CH,),SnCl which they studied. However, 
this may be due (26) to the fact that results for 
only 5 compounds, all of different donor types, 
were reported. It may well be that results similar 
to  those observed here will be found if a broader 
spectrum of compounds is investigated. Work 
along these lines is currently underway in another 
laboratory (27). 
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Preparation and characterization of some methyl cyanide complexes of 
Cu(I), Cu(II), and Zn(I1) fluorosulfates 

J .  B. MILNE 
Department of Chemistry, Unit'ersity of Ottawa, Ottawa 2, Canada 

Received July 4, 1969 

Tetrakis(methy1 cyanide) complexes of Cu(I), Cu(II), and Zn(I1) fluorosulfates have been prepared 
by reactions of anhydrous Cu(I1) and Zn(I1) fluorosulfates in methyl cyanide. The infrared spectra 
indicate a strong interaction between the fluorosulfate anion and the complex Cu(I1) and Zn(I1) cations. 
Conductivity measurements in methyl cyanide show strong association between the fluorosulfate anion 
and the dipositive cations. The Cu(1) compound is completely dissociated in methyl cyanide and, 
according to the infrared spectrum, shows no strong interaction with fluorosulfate anion. 
Canadian Journal of Chemistry, 48, 75 (1970) 

The behavior in methyl cyanide of several 
cupric, zinc(II), and cuprous salts of strong acids 
and the properties of the complexes derived from 
such solutions has been the subject of several 
studies (1-5). Infrared spectra, conductivity 
studies, and ultraviolet and visible region 
spectrophotometry have shown that nitrate ion 
has the greatest tendency to bond to the cation 
but that tetrafluoroborate and perchlorate are 
distorted by dipositive cations, indicating bond 
formation also. 

The fluorosulfate anion has been shown to be 
distorted by strongly polarizing cations (6, 7), 
suggesting that it forms bonds with some 
covalent character. The study of this interaction 
is now extended to the behavior of fluorosulfates 
in methyl cyanide. 

Results and Discussion 
Infrared Spectra 

The infrared (i.r.) spectra of the complexes 
and, for comparison, that of methyl cyanide and 
the fluorosulfate anion are given in Table 1. 

The absorptions of the fluorosulfate group can 
be clearly distinguished in the spectra. In the 
Cu(1) compound, the anion retains C,, symmetry 
with the doubly degenerate asymmetric SO, 
stretching vibration and deformation, v, and v,, 
respectively, remaining as single lines. No special 
attempt was made to observe the torsion, V6, 
which is infrared-active but which is normally 
very weak when the fluorosulfate anion retains 
C,, symmetry (6). The fluorosulfate anion is 
distorted in the Cu(I1) and Zn(I1) complexes; 
the torsion, v,, appears strongly and the degen- 
eracy of the asymmetric vibrations, v, and v,, 
is lost, indicating anion symmetry lower than 

that of C,,. In the Zn(I1) complex the asymmetric 
SO, deformation, v,, is split into 3 absorptions, 
one more than expected for the C, symmetry 
fluorosulfate anion. The additional absorption 
may arise from coupling with a lattice vibration. 
Such coupling has been observed for v, in the 
spectrum of cesium fluorosulfate (7). 

Interaction of the fluorosulfate anion with 
strongly polarizing cations results in an increase 
in the S-F stretching frequency, v, (6,8,9). The 
formation of bonds through the oxygen atoms 
withdraws charge from the sulfur atom and 
causes an increase in the strength of the S-F 
bond. This effect is particularly striking where 
hydrogen bonding occurs. The S-F stretching 
vibration is 23 cm-I higher in liquid fluoro- 
sulfuric acid than in the vapor (lo), and v, for 
aqueous solutions of fluorosulfate is more than 
50 cm-' higher than in ionic solids (v,: in solid 
CsSO,F, 715 cm-I; in solution, 786 cm-I). No 
comparable shift in frequency is observed for the 
symmetric and asymmetric stretching vibrations 
in perchlorate and tetrafluoroborate (5, 11). In 
the methyl cyanide complexes, v, increases in 
the order Cu(1) < Cu(I1) < Zn(II), suggesting 
increased cation-anion interaction in that order. 
Cu(I1) and Zn(I1) methyl cyanide complex 
cations show a similar effect on the perchlorate 
and tetrafluoroborate anions (2, 3), while nitrate 
anion is coordinated to these cations (1, 4). The 
Cu(1)-complex perchlorates and tetrafluoro- 
borates are ionic, but the nitrate shows evidence 
of some interaction (5). 

The i.r. spectra of the complex cations have 
been assigned by comparison with the spectrum 
of methyl cyanide. No coupling of the vibrations 
of the ligands with each other is apparent in the 
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TABLE 1 

lnfrarcd spectral data of methyl cyanide complexes of Cu(I), Cu(II), and Zn(1l) fluoros~~lfates~~ 

(a) Anion part 
- -~ -- - -- - - - . -- - - - - 

-- - -- - - -- - - - -- 

Frequency, cm-' 

(aqueous 
C3,  assignment solut~on) Zn(CH,CN),(SO,F), Cu(CH,CW),(SO,F), Cu(CH,CN),SO,F 

- - -- - - - . - - - - - - --- 

v, (e) SF  dcforniat~on 409 394 m 415 m - 
v3 (a) SO, symmetric deformation 566 557 m 555 m 552 wsh 
v, (e)  SO, asymnictr~c deformation 592 575 m 585 s 570 s 

588 m 593 m 
600 m 

v2 (a) SF  stretch 786 778 s 725 vs 719 s 
v, (a) SO, asyrnmctrlc stretch 1082 1080 s 1070 s 1068 s 
v, (e) SO3 sym~netric stretch 1287 1240 vsb 1255 vsb 1280 sb 

1315 vsb 
- - - - - - - - - - - - - 

1302 vsb 
- - -- 

(b) Cation part 
- - - -- - - - - - - - - . - - - - - - - - - - - - - - 

Frequency, c ~ n - I  

C,, assignment CH3CNI Zn(CH3CN)4(S03F)2 CU(CH,CN)~(SO~F), CU(CH,CN)~SO~F 

v, le)  CCN deformation 
2;;; ( A , )  
v, (a,) CC stretch 
v7 (e) CH3 rocking 
v3 (a,) CH3 symmetric deformation 
v, (e)  CH, asvrnmetric deformation 

~3 + VJ ( A l l  
vl (a,) CH3 symmetric stretch 
v, (e) CH, asymmetric stretch 

440 vwb 
865 vw 
941 ni 

1033 m 
1366 w 
1400 wsh 
2286 In 

386 w 
770 wsh 
930 m 

1035 m 
1360 w 
1405 w 
2263 m 
2295 w 
2940 n~ 
3000 w 

(c) Lattice and metal-ligand vibrations 
- - - - - - - - - -- - - - - - - -- - -- -- -- - - - - - -- - - -- -- 

Frequency, cm- ' 

215 inb 
230 m b 
325 n ~ b  

*m - medium, s - strong, w = weak, b = broad, v = very, sh = shoulder. 
?Reference 10. 
iReferencc 5. 
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MILNE: METHYL CYANIDE COMPLEXES OF Cu(I), Cu(II), AND Zn(l1) FLUOROSULFATES 

spectra. Where comparison can be made, the 
spectra are the same as those of the perchlorates 
and tetrafluoroborates. The CN stretching 
frequency lies 12 to  84 cmW1 higher in the 
complexes than in methyl cyanide itself. This 
increase in the frequency of v,, upon coordina- 
tion has been the subject of considerable discus- 
sion (12, 13). Unlike other ligands where electron 
donation to  an electron deficient center causes 
a weakening of the adjacent bond in the ligand, 
there is an increase in the CN bond strength 
upon coordination. A similar effect is observed 
when hydrogen cyanide and the halogen cyanides 
coordinate to antimony pentachloride (14). 

In  the spectrum of pure methyl cyanide and its 
complexes a second weaker absorption is 
observed 20-40 cm-I higher than v,,. Venkates- 
warlu assigned this peak to the combination 
of the carbon-carbon stretching vibration, v,, 
and the symmetric CH, deformation, v, (15). 
Since the combination is of the same symmetry 
type as v,,, it can steal intensity from this 
fundamental, thus accounting for the strength 
of this combination. For the same reason, Fermi 
resonance can take place between v, and v, + v, 
if the 2 absorptions come close enough to- 
gether. In this case the 2 absorptions will interact 
and the peaks will be shifted away from each 
other and their expected positions. In the spectra 
of the Zn(I1) and Cu(I1) complexes, the higher 
peak of the two is weaker and agrees well with 
the calculated position of v, + v,. However, in 
the spectrum of the Cu(I1) complex the weaker 
peak lies lower and is shifted some 18 cm-l to  
lower frequency than that calculated from the 
fundamentals. In addition, the stronger peak 
lies some 80 cm-' higher than v,, in methyl 
cyanide, which is exceptional compared to the 
other 2 complexes. The assignment of the 2 peaks 
which allows for Fermi resonance accounts for 
the observations very well. 

Electrical Conductivity 
The results of conductivity measurements in 

methyl cyanide are plotted as molar conductivity, 
A, vs. C1" in Fig. 1. The conductivity of tetra- 
ethyl ammonium fluorosulfate is given for 
comparison. All of the plots are curved, but the 
slight curvature and high values for the 1 :1 
electrolytes suggest that a Kohlrausch extra- 
polation would give a fair approximation to A'. 
For the 1:l electrolytes, the conductivities are 

FIG. 1. Conductivity in methyl cyanide: 0, Et4- 
NS03F; 0, Cu(CH3CN)4S03F; V, Cu(CH3CN),- 
(S03F)z ; A, zn(CH3CN),(sO3F), ; 0, Cu(CH,CN),- 
(BF,), (3). 

approximately the same as those of the perchlor- 
ates and tetrafluoroborates (2, 5). The anions 
have apparently similar mobilities in methyl 
cyanide. The 2 : 1 electrolyte fluorosulfates, unlike 
the perchlorates and tetrafluoroborates, have 
molar conductivities much lower than those of 
the 1 :I electrolytes in the concentration range 
studied. Inasmuch as the molar conductivity of 
a 2 : 1 electrolyte, capable of producing a dipositive 
cation and 2 fluorosulfate anions, is less than that 
of a 1 :1 electrolyte, producing a unipositive 
cation and 1 fluorosulfate anion, the 2:l com- 
plexes are strongly associated by comparison. 
This is not surprising when it is considered that 
triple ion formation probably becomes important 
in methyl cyanide at C - 0.015 (C1I2 0.12) 
(16) and such triple ions consist of a combination 
of a simple dipole and an ion, while in the present 
case a charged dipole and an anion are involved. 
The low conductivity of the 2:l  electrolyte 
fluorosulfates compared to the perchlorates and 
tetrafluoroborates must be due to the dipolar 
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nature of the fluorosulfate anion which would 
faker pair formation. The lower molar con- 
ductivity of the Zn(I1) complex compared to the 
Cu(I1) complex probably results from 2 factors. 
First, A0 for the Zn(I1) complex cation may be 
lower than that of the Cu(I1) case, as it is in water. 
This probably reflects the greater effective size of 
the solvation shell around the zinc cation as a 
result of the greater polarizing power of Zn2+ 
compared to Cu2 +. Second, ion pair formation 
is probably more extensive for the zinc complex 
for reason of greater polarizing power also. 

Both the infrared spectra and conductivity give 
the same order of cation-anion interaction; 
Zn(I1) > Cu(l1) > Cu(1). Inasmuch as methyl 
cyanide is a stronger donor than the fluorosulfate 
anion, the ion pair formation in solution and the 
perturbation of the C,, symmetry of the anion 
probably do not arise from direct metal-anion 
bonding but arise from interactions via hydrogen 
bonds. (In the solid cupric complex there is, 
however, the possibility of direct bonding as in 
the case of the ethylene diamine complex of 
cupric perchlorate (17) and tetrafluoroborate 
(18). Such direct bonding has been termed 
"semi-coordination".) The more acidic nature 
of the ligand protons in the Zn(I1) cation, arising 
from greater polarization by Zn2+,  would give 
rise to strong hydrogen bonds which would 
account for the above order of cation-anion 
interaction. 

Other Properties 
The d-spacings for the X-ray powder photo- 

graphs of the complexes are given in the Experi- 
mental section. Comparison of the photos of the 
Zn(I1) and Cu(I1) complexes with those of the 
corresponding tetrafluoroborates (3) shows that 
they are not iso-structural. 

The ultraviolet (u.v.) and visible spectrum of 
the Cu(I1) complex dissolved in methyl cyanide 
consists of a very strong absorption below 
375 m p  and a broad peak at 758 mp. The strong 
absorption at shorter wavelengths is probably 
due to the anion and the peak at 758 m p  is 
characteristic of Cu2+.  The A,,, and E,,, for 
several Cu(I1) methyl cyanide complexes are 
given in Table 2. Both the position and the 
extiilction coefficient of the Cu2' absorption are 
similar to those of the corresponding perchlorate 
and tetrafluoroborate and different from that of 
the nitrate where there is covalent bonding. In 

TABLE 2 

?,,,, and E,,, for some Cu(I1) 
compounds in methyl cyanide 

Compound L a x  n E,,, 

Cu(N03)2 8 50 47.0 
Cu(ClOd)-, 750 22.4 

the case of the fluorosulfate. the coordination of 
the cupric cation is appareiltly not affected by ion 
pair formation, suggesting that such pairing is 
electrostatic in nature in solution. 

Experimental 
The Cu(I1) and Zn(I1) complexes were prepared by 

crystallization from a mixture of the anhydrous fluoro- 
sulfate (6) and methyl cyanide. For the Cu(1) complex, 
excess copper metal powder was added to a solution of 
cupric fluorosulfate. The copper metal was removed and 
the colorless solution evaporated to dryness. The tetra- 
ethyl ammonium fluorosulfate was prepared from a 
solution of the hydroxide and fluorosulfuric acid. The 
product was recrystallized from ethanol. Analysis of the 
4 compounds appears in Table 3. All of the compounds 
had to be protected from moisture and all manipulations 
were carried out in a dry atmosphere. No hydrolysis of 
the complexes was evident as judged by the absence of 
any OH stretching vibrations in the infrared spectrum. 
Methyl cyanide was purified by refluxing over P,O, 
followed by distillation. 

The infrared spectra were taken in Nujol and Kel-F 
oil mulls with polyethylene, CsBr, KBr, and NaCl 
windows. Beckman 10 and 11 spectrometers were used. 

X-Ray powder photographs were taken in Lindemann 
Tubes with Ni-filtered Cu K, irradiation. 

CLI(NCCH~),(SO~F),: 8.838(35), 8.036(65), 7.019(30), 
6.366(20), 6.021(30), 5.535(65), 5.211(100), 4.844(10), 
4.667(5), 4.149(45), 4.019(45), 3.798(80), 3.645(5), 
3.545(80), 3.424(20), 3.336(45), 3.066(5), 2.794(5), 
2.680(10), 2.635(5), 2.569(5). 

Cu(NCCH3),S03F: 7.929(5), 7.400(5), 6.41 1(5), 
6.000(40), 5.417(5), 4.908(80), 4.227(30), 4.082(30), 
3.864(10), 3.690(10), 3.587(5), 3.477(100), 3.235(5), 
3.173(5), 3.000(10), 2.700(20), 2.540(20), 2.450(20), 
2.199(20), 2.118(5), 2.056(5), 2.006(10), 1.812(10), 
1.738(5). 

Zn(NCCH3)4(S03F)2: 9.063(10), 8.185(100), 7.431(10), 
6.857(40), 6.276(5), 5.941(20), 5.690(80), 5.368(80), 
4.207(10), 3.847(80), 3.645(80), 3.5517(50), 3.457(40), 
3.324(65), 3.241(65), 3.085(20), 2.976(20), 2.919(50), 
2.838(80), 2.769(30), 2.657(30), 2.590(5), 2.493(30), 
2.366(40), 2.319(20), 2.247(40), 2.194(20), 2.120(30), 
2.056(30), 2.039(5), 1.963(20), 1.922(50), 1.826(30), 
1.796(40), 1.773(5), 1.754(5), 1.729(5). 1.685(20). 1.670(5). 

, , , , 

The u.v. and visible spectra were taken on a Beckman 
Model DK-2 spectrophotometer. 
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MILNE: METHYL CYANIDE COMPLEXES OF Cu(I), Cu(II), AND Zn(I1) FLUOROSULFATES 

TABLE 3 
Analysis of Cu(I), Cu(II), and Zn(I1) complexes 

% S % metal 

Compound Found Calcd. Found Calcd. 

* % F: Found, 8.46; Calcd., 8.98. 
? % C: Found, 41.59; Calcd., 41.90. % H :  Found, 8.55; Calcd., 8.79. 
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Rearrangement of the Diels-Alder adduct of azodibenzoyl and cyclopentadiene 

DONALD MACKAY, J. A. CAMPBELL, AND C. P. R. JENNISON~ 
Departnleizt of C/zenzistry, Unicersity of Waterloo, Wateuloo, O~ztuvio 

Rcccivcd June 20, 1969 

The product of the thermal isomerization of the Diels-Alder adduct 1 of azodibenzoyl and cyclo- 
pentadiene has been identified by degradation and nuclear magnetic resonance analysis as the cis-bicyclic 
oxadiazine 2a, the dihydro derivative of which has been synthesized. 'The isomerization is quantitative 
and is first order throughout in solution in a range of solvents; kinetic and other evidence point to it 
being a sigmatropic rearrangement. 

Canadian Journal of Chemistry, 48, 81 (1970) 

In  earlier work by one of us and co-workers (I) 
it was found that the Diels-Alder adduct 1 of 
azodibenzoyl and cyclopentadiene mas labile, 
isomerizing irreversibly on heating either near its 
melting point (m.p.) or in solution to a substance 
C,,H,,O,N,, m.p. 130-131.5". The latter had a 
carbon-carbon double bond (dibromide, m.p. 
144.5-147') and its infrared (i.r.) spectrum had 
absorptions at 1652 and 1630cm-I in the 
carbonyl region, but no NI-I absorption, while its 
60 Mc.p.s, nuclear magnetic resonance (n.m.r.) 
spectrum showed two non-equivalent phenyl 
groups and tmo vinyl, two tertiary, and t\\o 
methylene hydrogens, each pair being non- 
equivalent. This stable isomer, like 1, was thus 
evidently a bicyclic compound. 

Carpino and Rundberg (2) have recently con- 
cluded that this isomer is 2a or 26, tentatively the 
former, by reducing it to 3, the structure of which 
was inferred by Raney nickel cleavage to cis-2- 
benzoylaminocyclopenta~~ol. We wish to show 
that the stable isomer is indeed 2a, to describe the 
rational synthesis of 3, and to present evidence 

regarding the mechanism of the rearrangement. 
Catalytic reduction of the stable isomer with 

Pd-HI, in benzene or by catalytic hydrogen 
transfer with Pd 111 refluxing cyclohexene (3) gave 
a mixture of ma~nly a dihydro-derivative, m.p. 
143-143.5", and small amounts (5-10%) of a 
tetrahydro-derivative, m.p. 197-198". The latter 
had amide NH and CO absorption 111 the i.r. and 
was shown to be 1,2-dibenzoyl- I-cyclopentyl- 
hydrazine ( 4 ,  synthes~zed by reduct~on of cyclo- 
pelitanone benzoylhydsazone with sodium boro- 
hydride follomed by benzoylat~on of the resulting 
hydrazine. The format~on of 4 showed that the 
integrity of the original azodibenzoyl skeleton 
and of the C-5 ring had been preserved in the 
isomerization, and that the stable isomer con- 
tained at least one C-N bond at a nng junction. 

The dihydro-derivative, which could be more 
conveniently made, in nearly quantitat~ve yield, 
by reaction with di-imide (hydrazine-oxygen in 
methanol or y-toluenes~~lfonylhydrazine in re- 
fluxing dioxane), arose from reduct~on of the 
carbon-carbon double bond (2); its n.m.r. 

hCoph a y p h  N 

NCOPh N' 
COPh COPh 

C p P h  N Q 
N' NNHCOPh 
COPh I 

COPh 

Ca::::: 

'Present address: Dcpartment of Chemistry, Ryerson 
Institute of Technology, Toronto, Ontario. 
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,OCOPh 

3 - aoH 
NNHcoPh + Q N H m c o p ,  

+ aO" 
NHNHCOPh 

I 
COPh 

6 7 8 

+ a\0H/ OCOPh 

NHNH2 NNHCOPh NNHCOPh 
I 

COPh 
I 

COPh 

9 10 
SCHEME 1 

spectrum showed the phenyl groups and the 
tertiary hydrogens to be still ?on-equivalent. This 
ruled out the diazetidine 5 as a possible structure 
for the stable isomer and implied, therefore, a 
C-0 link at the other ring junction which must 
have been the site of hydrogenolysis to 4. The 
most plausible structures for the isomer and its 
dihydro-derivative were thus the bicyclic oxa- 
diazines 2 and 3 or their epimers. 

Confirmation of the structure and stereo- 
chemistry of 3 was obtained by hydrolyzing it 
with 0.8 N aqueous ethanolic hydrochloric acid 
(Scheme 1). Work-up gave the bases 7, m.p. 
88.5589" (isolated directly as its hydrochloride in 
37 %yield), and 8, m.p. 128-129" (1 1 %), together 
with benzoic acid. The product expected from 3 
was the cis-alcohol 6, by analogy with the 
behavior of monocyclic 2-aryl-l,3,4-oxadiazines 
on hydrolysis (4). A control experiment, however, 
showed that 6 was efficiently converted into 7 
under the conditions of the experiment, and its 
presence during the hydrolysis was indeed proven 
by thin-layer chromatography (t.1.c.). 

The alternative traizs-stereochemistry for 3 can 
be excluded since the hydrolysis would have given 
the trans-alcohol 9; however, no 9 was detected, 
though it was independently shown to be stable 
to these conditions. 

The synthesis of the hydrazine derivatives 
6-10 was achieved as shown in Scheme 1. Cyclo- 
pentene oxide was cleaved with hydrazine to 
trans-2-hydrazinocyc1opentanol, a dilute alkaline 
solution of which was shaken with two equiva- 
lents of benzoyl chloride, causing benzoylation at  
the nitsogens only to give the trans-N,iV'-diben- 

zoyl alcohol 9, m.p. 177.5-178", in a good yield. 
Brief treatment of 9 with cold concentrated 
sulfuric acid, followed by neutralization, caused 
quantitative isomerization with inversion to the 
basic ester 7, which was then hydrolyzed to 8 
(80%) by 2 N aqueous methanolic sodium 
hydroxide. Benzoylation of 8 with an excess of 
benzoyl chloride in cold dilute alkali again 
occurred only at the nitrogen to give the cis- 
alcohol 6, m.p. 170.5-171.5' in an excellent yield. 
The isomerization 9+7 is paralleled in cyclo- 
hexane chemistry (4). 

The identity of the stereochemistries in 6,7, and 
8 followed from the fact that when treated with 
benzoyl chloride in pyridine they all gave the 
same tribenzoyl derivative 10, m.p. 177.5-178.5", 
which must have been cis, since it was different 
from the product, m.p. 139-140°, of benzoylation 
of the trans-compound 9. Hydrolysis of 18 with 
alkali was hard to control to the dibenzoyl stage 
6, but proceeded smoothly, if allowed, to the 
monobenzoyl compound 8 in 90 % yield; 8 could 
also be obtained from 7 under the conditions of 
hydrolysis of 3, which probably accounted for its 
formation in that reaction. 

The acid catalyzed intramolecular esterifica- 
tions, under different conditions, of both epimeric 
alcohols 6 and 9 to the same benzoate 7 are part of 
a series of acyl transfer reactions of cis- and 
tra~zs-2-hydrazinocyclopentanol derivatives pres- 
ently being investigated. 

In  contrast to the degradation of the hetero- 
cyclic ring observed when 3 was heated with 
aqueous acid, reaction of 3 with hot concentrated 
sulfuric acid occurred only at the benzoyl substit- 
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uent, which was quantitatively removed to give, 
on neutralization, the oxadiazine 11 (Scheme 2), 
an oily base [h,,,(EtOH) 282 mp; hydrochloride, 
m.p. 171-174" (decomposition)], from which 3 
could be regenerated (> 90 %) by treating it with 
benzoyl chloride in pyridine. 

Conditions for the cyclodehydration of 2-acyl- 
1-(2-hydroxyalkyl)hydrazines to 1,3,4-oxadiaz- 
ines have been worked out in some detail by 
Trepanier et al. (5-9). Application of these to the 
cis-alcohol 6 gave the best results with poly- 
phosphoric acid (PPA) at 60" for 24 h ;  gas-liquid 
chromatography (g.1.c.) indicated a modest yield 
of 3 (40-60 %), which was separated from acidic 
and basic products, and then gave a single peak in 
the gas-liquid chromatogram. The stereochemical 
purity was high since two crystallizations gave 3 
of satisfactory m.p. Similarly PPA, or alterna- 
tively concentrated sulfuric acid, converted the 
monobenzoyl compound 8 into the base 11. 

The ring closures to 3 and to 11 constitute a 
rational proof of the structure of 3 though not of 
its stereochemistry, since illversion of configura- 
tion may accompany cyclization (7, 8). However, 
in the only recorded examples of oxadiazine 
formation from cyclic hydroxy-hydrazides, both 
cis- and tmns- l,2-dibenzoyl-1-(2-hydroxycyclo- 
hexy1)hydrazines cyclized with retention of con- 
figuration (4). Attempts were made to cyclize the 
trans-alcohol 9 to the trans-isomer of 3, or, if 
inversion occurred to 3 itself, using a variety of 
reagents; with acids (H2S0,, P20,) the re- 
arrangement to 7, already noted, was observed, 
and with bases (NaOEt, KOt-Bu) the starting 
material was recovered. 

The position ofthe carbon-carbon double bond 
in 2 could be inferred from the fact that while 2 
could be converted into 4, 3 could not, being 
indefinitely stable to the hydrogenation condi- 
tions. Thus in the path from 2 to 4, hydrogenol- 
ysis must have preceded hydrogenation, suggest- 
ing the presence of an allylic oxygen, i.e. that the 
stable isomer was 2a. 

A rigid proof was provided by the 60 Mc.p.s. 
n.m.r. analysis of the tertiary hydrogens in the 
base 11 and its dideuterio analogue. In 11 these 
were found centered at 5.5 and 6.8 z (CCl,), both 
essentially quartets, and must have been adjacent 
to oxygen and to basic nitrogen respectively since 
protonation by trifluoroacetic acid made the high- 
field absorption more complex (due to splitting 
by the extra proton on the adjacent nitrogen) and 
moved it down by 0.9 p.p.m., while it moved the 
other absorption correspondingly less (0.6 p.p.m.) 
(10). When 2 was reduced by p-toluenesulfonyl- 
hydrazine-d, in refluxing dioxane and the product 
was de-benzoylated with concentrated sulfuric 
acid to the base, only the absorption for the 
tertiary hydrogen next to the oxygen was affected, 
being simplified to a triplet. This located a deute- 
rium in the methylene nearest the oxygen and so 
the stable isomer is (-lr)-cis-4-benzoyl-4,4a,5,7a- 
tetrahydro-2-phenylcyclopenta-l,3,4-oxadiazine 
(2a) 

The adduct 1 in the solid phase was stable for at 
least 15 ha t  80°, but was completely isomerized in 
10 h at 120°, and, in the molten state, in 10 mill at 
140°, the i.r. spectrum of the product being super- 
imposable on that of purified 2a. The most 
striking demonstration of the completeness of the 
rearrangement was provided by the mass spectra 
of 1 and 2a, which were identical in every detail 
when run under the same conditions at an inlet 
temperature of 205". 

On heating in solution the rearrangement was 
again quantitative and could be collveniently 
followed by ultraviolet (u.v.) spectrometric 
analysis which showed first order kinetics 
throughout and one or more isosbestic points in a 
variety of solvents (Table I). The log plot of the 
rate constants in 71 % aqueous ethanol at various 
temperatures between 65" and 80" against 1/T 
gave a good straight line fit from which an energy 
of activation of 23.2 kcal mole-' and an entropy 
of activation of about -9 e.u. (350 "K) here 
obtained (1 1). These values and the rather small 
solvent effect (12), together with the failure of 
added dienophiles to divert the reaction path 
(thus when 1 was refluxed with a 5-fold excess of 
maleic anhydride in iso-octane 2a was obtained 
quantitatively) strongly point to a concerted 
cyclic mechanism which can formally be inter- 
preted as a [3,3]-sigmatropic shift 1 2 1 2 ~ .  

The rearrangement of the heterocycle 1 thus 
provides an exact parallel to the recently reported 
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TABLE 1 
First order rate constants for the thermal isomerization of 1 

Temperature Isobestic points k x lo4 
Solvent ("C) (mw) (S - 

iso-Octane 
Dioxane 
Acetonitrile 77.0 230,259 0 .60 
29 % Aaueous ethanol 77.5 228.259 4.50 
48 ~ q u e o u s  ethanol 77.5 228:258 3.67 
71 % Aqueous ethanol 77.5 227,258 2.54 

75.2 - 2.04 
73.5 - 1.77 
69.3 - 1.15 

(13) rearrangement of the carbocyclic Diels- 
Alder adducts of fulvenes and cis-hex-3-ene-2,5- 
dione. 

A detailed study is now being made using a 
range of Diels-Alder adducts with structural vari- 
ation both in the diene and in the azo components. 
A complete understanding of the mechanism 
must accommodate our observations to this point 
that 13 is stable indefinitely on heating, while 14 
rearranges more slowly than 1 to give 15 only, and 
16 rearranges rather faster than 1 to give both 17 
and 18. Steric factors may also play a role since 
the adduct 19 is extremely labile, having a tran- 
sient existence at room temperature, detectable by 
n.m.r, analysis, when 1,4-dimethyl-2,3-diphenyl- 
cyclopentadiene (14) and azodibenzoyl are 
allowed to react: the product isolated is an 
oxadiazine, presumably 20, whose structure has 
yet to be confirmed. 

Experimental 
Infrared spectra were taken on a Becklnan IR9 or IRlO 

spectrophotometer. A Bausch and Lomb Spectronic 505 
or  a Coleman EPS-3T Hitachi spectrophotometer were 
used for measuring U.V. spectra. The n.m.r. analyses were 
done on a JEOL C60 or a Varian H A  100 spectrometer 
and absorptions are quoted in T values against tetra- 
methylsilane as standard; ail values are from 60 Mc.p.s. 
spectra unless otherwise stated. The mass spectra were 
taken on a CEC 110 spectrometer.' 

2We thank from this department, Dr.  A. J. Carty for 
obtaining the 100 Mc.p.s. n.m.r. spectra and Dr. F. 
W. Karasek for obtaining the mass spectra. 

Anhydrous magnesium sulfate was used as drying 
agent for solutions in organic solvents. Melting points are 
uncorrected. 

1,2-Dibenzoyl-I-cyclopentylhydrazine(4) 
Benzoylhydrazine and cyclopentanone (0.2 mole each) 

were refluxed in 70% aqueous acetic acid (100 ml) for 4 h 
and the solution was concentrated. The hydrazone 
separated out on cooling and was recrystallized from 
aqueous ethanol, m.p. 144-145". 

Cyclopentanone benzoylhydrazone (10 g, 50 mmole) 
and sodium borohydride (5 g, 130 mmole) were allowed 
to react in ethanol solution (100 ml) at room temperature 
for 3 days. The solvent was removed, the residue was 
deconlposed with very dilute acetic acid, and the product 
was crystallized from aqueous ethanol giving an excellent 
yield of 2-benzoyl-1-cyclopentylhydrazine as needles, 
m.p. 101-101.5°. 

The hydrazine (0.5 g, 2.5 mmole) was refluxed for 16 h 
with benzoyl chloride (0.35 ml, 3.0 mmole) in pyridine 
(5 ml). The addition of water precipitated a solid which 
after two crystallizations from benzene-petroleum ether 
(b.p. 60-80") afforded 4 as fine needles, m.p. 197-198"; 
~(Fluorolube) 3230 (NH), 1685, 1630 cm-' (see, tert- 
amide C=O); r(CDC1,) 1.5(NH), 2.3-2.9(10 phenyl H), 
5.4(tert H), 7.9-8.8 p.p.m. (8 methylene H). 

Anal. Calcd. for C1gH20N~02:  C, 74.00; H, 6.54; N, 
9.09. Found: C, 74.42; H, 6.54; N, 9.08. 

trans-2-Hydrazinocyclopentanol 
Cyclopentene oxide (15) (80 g, 0.95 mole) was heated 

at 100" with an  excess of 95 % hydrazine for 20 h. Water 
and unreacted hydrazine were then removed at reduced 
pressure and the oily residue was distilled giving the 
hydroxyhydrazine as a colorless, viscous, hygroscopic 
liquid (96%), b.p. 105"/0.4 mm; r(CDC1,) 5.7 sharp (OH, 
3NH), 5.9(OC-H), 7.0(NC-H, J1,2 = 3.5 c.P.s., 
determined by spin decoupling), 7.7-9.0 p.p.m. (6 meth- 
ylene H). 

Anal. Calcd. for C,H12N20: C, 51.69; H, 10.41. 
Found: C, 52.49; H, 10.68. 

trans-1,2- Dibenzoyl-I- (2-hydvoxycyclopentyl) - 
hydvazine (9) 

A solution of benzoyl chloride (230 ml, 2.0 mole) in 
benzene (1.7 1) was added portionwise and with vigorous 
shaking to a solution of trans-2-hydrazinocyclopentanol 
(111 g, 0.96 mole) in 2 N sodium hydroxide (2.5 I).  The 
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&NcoRl ----+ a0yR2 h + aOyR1 n 
hCORz \ ' Y' 

CORI CORz 

13 R1 = R 2  = OEt 15 Ri = OEt; R2  = Ph 18 Ri = Ph; R2 = p-BrC6H4 
14 Ri = OEt; R2 = Ph 17 Ri = Ph; R2 = p-BrCsH4 
16 R1 = Ph; R2 = p-BrC6H4 

mixture was then stirred for 3 h and filtered to remove the 
product. The benzene layer was evaporated and the 
residue was combined with the filtered material. The 
whole was washed thoroughly with water and re- 
crystallized from aqueous methanol to give 9 (80%) as 
prisms, m.p. 173-174", raised to 177.5-178" on further 
recrystallization; v(CHC1,) 3600-3200 (H-bonded OH, 
NH), 1685, 1655 cm-I (see, tert-amide C=O); 7(CDC13) 
1.2 (NH), 2.2-2.8 (10 phenyl H), 5.4-6.2 (2 tert H),3 6.4 
(OH), 7.9-8.6 p.p.m. (6 methylene H). 

Anal. Calcd. for C19H20N203: C, 70.35; H, 6.22; N, 
8.64. Found: C, 70.40; H, 6.26; N, 8.71. 

The berzzoate was obtained zs a gum, which slowly 
crystallized, by treating 9 (0.50 g, 1.5 mmole) in pyridine 
(5 1111) with benzoyl chloride (0.5 ml, 4 mmole) for 2 days 
at 5", and then pouring the reaction mixture on ice. The 
solid (93 %) was recrystallized from benzene - petroleum 
ether (b.p. 60-80") as fine prisms, m.p. 139-140"; 
v(CC1,) 3365 (NH), 1702, 1672 cnl-I (ester, amide 
C=O); 7(CDCl3) 0.8 (NH), 1.8-3.0 (15 phenyl H), 4.6, 
5.1 (2 tert H), 7.4-8.5 p.p.m. (6 methylene H). 

Anal. Calcd. for C)(26H24N204: C, 72.88; H. 5.65; N, 
6.54. Found: C, 73.15; H, 5.83; N, 6.71. 

Compound 9 was unaffected when refluxed for 16 h 
with sodium ethoxide in ethanol or with potassium 
I-butoxide in t-butanol or benzene: the recovery was 
quantitative. 

It was also stable when refluxed (0.50 g) for 17 h in a 
mixture of ethanol (7 nil), water (3 ml), and 12 Nhydro- 
chloric acid (0.6 ml), the conditions for hydrolysis of the 
oxadlazine 3. Addition of an excess of potassium 
hydrogen carbonate, evaporation to dryness, and several 
extractions with ether led to a recovery of 9 (80%) in a 
pure state. 

Anhydrous acidic conditions however, caused iso- 
merization (see below). 

Isonievization of 9 to cis-2-Benzoyl-I-(2-benzoyloxy- 
cyclopent~~l) hydraziize (7) 

Finely powdered 9 (1.00 g, 3.1 mmole) was dissolved in 

concentrated sulfuric acid (5 ml) at room temperature and 
after 5 min the solution was poured into an excess of 
ice-cold aqueous ammonia. The liberated oil readily 
crystallized and was extracted with methylene chloride; 
the extracts were dried and evaporated to give a quanti- 
tative yield of 7 which was twice crystallized from 
aqueous ethanol as prisms, m.p. 88.5-89"; v(CC1,) 3400, 
3300 (NH), 1707, 1661 cm-' (ester, amide C=O); 
z(CC1,) 1.5 (amide NH), 2.0-2.9 (10 phenyl H), 4.7 
(C2-H), 5.1 (amine NH), 6.7 (CI-H), 7.8-8.7 p.p.m. 
(6 methylene H). 

Anal. Calcd. for CI9HzON2O3: C, 70.35; H, 6.22; N, 
8.64. Found: C, 70.23; H, 6.24; N, 8.69. 

The hydrochloride separated out in methanolic hydro- 
chloric acid and was recrystallized from the same solvent 
niedium; it had n1.p. 162-164", with previous decompo- 
sition and loss of water. 

Anal. Calcd. for Ci9HzlCIN2O3: C, 63.24; H, 5.87; 
C1, 9.83; N, 7.76. Found: C, 63.71; H, 5.99; C1,9.91; N, 
7.83. 

The cis-ester 7 could also be obtained by isomerization 
of 9 at room temperature either with thionyl chloride 
(5 h) or phosphoric oxide in methylene chloride (12 h). In 
each case the work-up entailed addition to aqueous alkali 
and extraction with methylene chloride. 

cis-2-Benzoyl-I-(2-hydroxycyclopentyl) hydrazine ( 8 )  
A solution of the ester 7 (0.50 g, 1.55 mmole) in 2 N 

50% aqueous methanolic sodium hydroxide (15 ml) was 
refluxed for + h and evaporated. Addition of an excess of 
dilute aqueous acetic acid and then of sodium hydrogen 
carbonate, followed by extraction with methylene 
chloride, gave the alcohol 8 (82%), the i.r. spectrum of 
which was identical with that of material recrystallized 
from aqueous methanol, m.p. 128-129"; v(CC1,) 3435, 
3305, 3360 (OH, NH), 1662 cm-I (amide C=O); 
7(CDC13) 1.2 (amide NH), 1.7-2.7(5 phenyl H), 5.3 one 
peak (OH, amine NH), 5.9 (C2-H), 6.8 (C,-H), 
7.9-8.8 p.p.m. (6 methylene H). 

Anal. Calcd. for C,2HI,N202: C, 65.43; H, 7.32; N, 
12.72. Found: C, 65.34; H, 7.46; N, 12.47. 

3The tertiary hydrogens in all the cis- and trans- 
h y d r ~ ~ y ~ ~ ~ l ~ ~ ~ ~ t ~ l h ~ d ~ ~ z i ~ ~  derivatives studied, whether ci~-I,2-Dibenzo~l-I-(2-hydroxycyclo~ent~l) hydrazine ( 6 )  
overlapping or distinguishable, showed little fine struc- The alcohol 8 (0.20 g, 0.91 mmole) was dissolved with 
ture. The quoted 7 values are the centers of the absorp- warming in 2 N sodium hydroxide (10 ml), ice was added 
tions. followed by benzoyl chloride (0.21 ml, 1.82 mmole), and 
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the whole was shaken vigorously until odorless. A small 
amount of precipitate was filtered off and the solution 
was treated in turn with an excess of dilute aqueous 
acetic acid and sodium hydrogen carbonate which 
brought down the crystalline dibenzoyl-derivative. 
Isolation with methylene chloride gave material (83 %) of 
high purity (i.r.), which was twice recrystallized from aque- 
ous methanol and afforded 6 as small prisms, m.p. 170.5- 
171.5"; v(CHC1,) 3395 broad (OH, NH), 1688, 1655 
cm-' (sec, terf-amide C=O); .r(CD,SOCD,) 2.0-2.7 (10 
phenyl H), 5.3 overlapping (NH and tert H), 5.6 (tert H), 
6.7 (OH), 7.8-8.6 p.p.m. (6 methylene H). 

Anal. Calcd. for C19H20N202:  C, 70.35; H, 6.22; N, 
8.64. Found: C, 70.41; H, 6.24; N, 8.62. 

cis-1,2-Dibenzoyl-1-(2-benzoyloxycyclopenty1)- 
hydrazine (10) 

The cis-ester 7 (0.324 g, 1 mmole) was set aside in 
pyridine (3 ml) with benzoyl chloride (0.17 ml, 1.5 
mmole) for 12 h at 5". The solution was evaporated to 
remove most of the pyridine and was then made slightly 
acidic with dilute hydrochloric acid. Extraction of the 
precipitate with methylene chloride, removal of the sol- 
vent, and trituration of the residue with methanol gave the 
tribenzoyl derivative 18 (94%) directly pure (i.r.), 
recrystallized from aqueous methanol as fine needles, 
m.p. 178-179"; v(CC1,) 3420, 3310 (free, bonded NH), 
1730, 1404, 1680cm-' (ester, see-amide, fert-amide 
C=O); .c(CDCl,) 1.7-2.9 (15 phenyl H, NH), 4.3, 5.0 (2 
tert H), 7.4-8.5 p.p.m. (6 methylene H). 

Anal. Calcd. for C26H24N204: c ,  72.88; H, 5.65; N, 
6.54. Found: C, 72.94; R ,  5.70; N, 6.60. 

Similar treatment of the monobenzoyl derivative 8 or 
the dibenzoyl derivative 6 with the appropriate amount 
of benzoyl chloride also gave 10 in excellent yields. 

Alkaline Hydrolysis of 10 
Attempts to hydrolyze only the ester group in PO met 

with little success, even when cold vely dilute alkali was 
used; the reaction usually proceeded further to give 
mixtures of 6 and 8. Hydrolysis to 8 could be achieved in 
a high yield using hot alkali. 

A solution of the ester 10 (1.00 g, 2.3 mmole) in 2 N 
50 % aqueous methanolic sodium hydroxide (30 ml) was 
refluxed for 4 h and then evaporated. The residue was 
dissolved in dilute aqueous acetic acid and an excess of 
sodium hydrogen carbonate was added to liberate the 
basic alcohol 8, which was isolated with methylene 
chloride and obtained directly (90 %) in a pure state. 

Labile Adduct B 
A final crystallization of l(1) from aqueous acetone 

raised the m.p., which should be taken fairly rapidly, to 
138-1 39"; v(CC1,) 1698, 1675 cmml (C=O doublet); 
?~,,,(EtOH) 224 (E 21 600), 255 mg ( E  12 800); n.m.r. 
described previously (1); the mass spectrum was identical 
with that of 2a. 

Rearrangement to Stable Isomer 2a 
(a) Preparati~3e Scale 
A solution of 1 (3.0 g, 9.9 mmole) was refluxed in 80 % 

aqueous methanol (50 ml) for 2 h and evaporated. The 
residue (quantitative) had an i.r. spectrum superimposable 
on that of purified 2a. Recrystallization from aqueous 
methanol gave prisms, m.p. 130-130.5"; v(CC1,) 1652 
(C=O), 1635 cm- ' (C=N) ; ?b,,,!EtOR) 220 (E 21 9001, 

290 mp (E 19 800); .r(CDCI3, 100 M ~ . p . s . ) ~  2.1-2.9 (10 
phenyl H), 3.71, 3.93 (C7-H and C6-H, AB quartet 
with further small splittings, J 6 , 7  = 7 c.P.s.), 5.05 (C4,-H 
and C7,-H overlapping, total width 33 c.p.s., J4n,7a at 
least 6 c.p.s.), 6.91, 7.64 p.p.m. (C-5 methylene H, AB 
quartet of doublets, further splittings, J 5 ~ , 5 ~  = 17.5, 
J 5 ~ , 4 ~  = J5B,4n = 6 c.p.s.1; mass spectrum 304(M+, 30), 
105 (PhCO+, loo), 77 (Ph+, 34). 

(b) Direct Heating of Solid 
The effect of temperature is qualitatively illustrated by 

the following: 8O0, 15 h :  no change; 120°, 5 h :  mixture; 
120°, 10 h :  complete isomerization; 140" (melt), 10 min: 
con~plete isomerization. 

(c) Kinetic Determinations 
A Bausch and Lomb Spectronic 505 with a cell 

compartment heated by a constant temperature circu- 
lating pump was used. The spectra of dilute (ca. 5 x 
M) solutions of 1 were run directly in 1 cm stoppered 
cells at suitable times (t) until there was no further change 
in absorbance (A,). Isosbestic points were observed 
throughout (Table 1). A plot of In (A, - A,) against t 
gave a good straight line fit of slope - k, the first order 
rate constant; a Guggenheim first order plot (15) also 
gave the same value of k. The effect of temperature (T) on 
k was examined in 71 % aqueous ethanol. Determinations 
were made at 6 temperatures between 65 and 80" and from 
the plot of log k against 1/T the energy of activation, 
AE", and entropy of activations, AS*, were obtained as 
described by Foster et al. (11). 

(d) Effect of Maleic Anhydride 
The adduct 1 (100 mg, 0.33 mmole) and maleic 

anhydride (200 mg, 2.1 mmole) were refluxed together in 
a mixture of iso-octane (8 ml) and benzene (2 ml) for 1 
day. The solvent was evaporated and the maleic anhydride 
allowed to sublime off at room temperature. The i.r. 
spectrum of the remaining crystalline material was that of 
analytically pure 2a. 

(a) Hydrogenation 
A solution of the stable isomer (2a) (0.50 g,  1.7 mmole) 

in benzene (20 ml) in the presence of palladium black 
(25 mg) consumed slightly more than one equivalent of 
hydrogen at room temperature and atmospheric pressure. 
The mixture was heated and filtered, the cooled solution 
depositing crystalline 1,2-dibenzoyl-1-cyclopentylhydra- 
zine (4) (< lo%) ,  m.p. and mixed m.p. 197-198". The 
benzene soluble fraction, obtained by evaporation, was 
the dihydro-derivative (90%) which was crystallized 3 
times from aqueous methanol to give an  analytical 
sample as large prisms, m.p. 143-143.5" (lit. m.p. 143.5- 
145" (2)); v(CC1,) 1650 (C=O), 1646 cm-' (C=N); 
h,,,(EtOH) 220 (E 14 000), 290 mp (E 13 300); .r(CDC13, 
100 Mc.p.s.) 2.1-2.8 (10 phenyl H), 5.05 (C4,--H, octet5 

,For numbering of 2a see text. The splitting constants 
were determined by spin decoupling. 

5A 4-line X portion of an ABX system split into 4 
doublets. The determination of the J40,7a and J7,,, values 
is possible in conjunction with the spectrum of the 
dideuteriated derivative (see (d)). The assignment of the 
correct values to the tertiary hydrogens follows from the 
spectrum of the de-benzoylated oxadiazine 11. 
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J4a,7a = 3.6,1J40,5A + J 4 a , 5 B l  = 18 c.P.s.), 5.55 (C7,-H, Anal. Calcd. for C,,HI5CIN,O: I?, 11.70. Found: N, 
tripletJ7a,7A=3,J717a,7B<0.5~.p.~.),7.3-8.7p.p.m.C-5, 11.88. 
C-6, C-7 methylene H); mass spectrum 306 (M+, 23), The 6,7-dideuterio analogue of 11 was prepared sim- 
105 (PhCO', loo), 77 (Ph+, 29). ilarly from the deuteriated analogue of 3; its n.m.r. 

(b)  Catalj~tic Hydrogen Transfer spec t r~~m (CCl,) differed from that of the unlabelled 
za (1.5 g, 5 mmole) was refluxed for 2 days in cycle- isomer as expected in the methylene region and in the 

hexene (15 ml) containing palladium black (50 mg), assignment: T 5.5 p.p.m. (C7,-H, triplet J ~ ~ , ~ ~  = J ~ ~ , ~  
Work-up as described in (a) again gave 3 (90%) and a = 4.5 ".Ps.). 
small amount of 4. 

Benzoylation of d l  
( c )  Di-inzide The base BB (44 mg, 0.22 mmole) and benzoyl chloride 
2a (1.0 g, 3.3 mmole) was dissolved in a mixture of (0.1 ml) were allowed to react in pyridine (2 ml) at room 

methanol (3.60 ml), water (120 nil), and 95 % hydrazine temperature for 18 h. The product was worked up by 
(2.5 ml?, and the p H  was adjusted to 9 Using acetic acid. quenching with dilute hydrochloric acid and washing the 
~ i r  was bubbled through the solution for 2 days, evapor- precipitate (71 %, 1 peak in g,!..c.) with aqueous ammonia. 
ation losses being made LIP by the addition of methanol. T~~ crystallizations from methanol gave 3, m,p. 142-1430 
Ren~oval of the solvent gave a residue which after in admixture with material obtained by reduction of 2a. 
crystallization from aqueous methanol or benzene - 
petroleunl ether (b.p. 60-80") gave 3 (> 90%), n1.p. 143- ~ ~ i d ~ ~ d ~ l ~ ~ i ~  o f 3  
143.5". A solution of 3 (1.45 g, 4.73 mmole) in a mixture of 

The use of hydrogen peroxide in place of the air stream ethanol (20 ml), water (10 ml), and 12 N hydrochloric 
also proved s~~ccessfi~l.  acid (2 ml) was refluxed for 17 h. The course of the reac- 

( d )  Dideuterio-di-imide tion was monitored by removing and neutralizing small 
p-Toluenesulfonylhydrazine (5 g) was dissolved in portions and subjecting them to t.1.c. In  the early stages 

tetrahydrofiran (10 ml) and D20 (5 ml) was added. The the starting material 3 and all three products 6, 7, and 8 
sol~ltion was evaporated, the whole operation was were observed. As the reaction progreqsed 7 and 8 
repeated twice more, and the r e s i d ~ ~ e  finally dried in cacuo. increased at the expense of 3. The spot due to 6 was a t  all 

The hydrazine-d, (0.19 g, 1.0 mmole) and 2a (0.18 g, stages faint, indicating a low concentration of it (see 
0.6 mmole) were refluxed in dry dioxane for 16 h. The control experiment below on isomerization of 6 to 7). 
solvent was removed and the resulting solid treated with When hydrolysis was complete the solution was cooled 
ether and water. The ether layer was shaken out in t~rrn  and a little 3 N hydrochloric acid added, causing the 
with dilute sodium hydrogen carbonate and dilute precipitation of the crystalline hydrochloride of 7 (0.64 g, 
hydrochloric acid and was then dried and evaporated. 37 %), directly pure. The mother liquor was basified with 
The residue showed an i.r. absorption at 1150 cnl-', sodium carbonate, the solution was evaporated, and the 
probably due to a sulfone by-product, which disappeared residue extracted several times with ether. The combined 
after one crystallization froni aqueous methanol. .A extracts afforded a solid which was crystallized from 
second crystal!ization gave the 6,7-dideuterio-derivative aqueous ethanol to give the monobenzoyl derivative 8 
containing 1.5 atom I9 per molecule (determined by mass (0.118 g, 11 %). The ether insoluble fraction was acidified 
spectrometric analysis); the n.1n.r. showed the expected with dilute hydrochloric acid, taken to dryness, and again 
differences in the lxethylene region and the G7,-H at extracted with ether, from which benzoic acid (0.32 g, 
5.5 T as a doublet, J,,,,, = 3.6 c.p.s. representing a total recovery of 71 %) was obtained. 

c i s - 4 , 4 a , 5 , 6 , 7 , 7 a - ~ ~ e x a h ~ d r o - 2 - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  Contra[ Expevimeizts Pertaining to h'ydrolysis of 3 
oxadiazine (12)  

The oxadia.rine 3 (0.49 g, 1.6 mmole) was heated in ( a )  I~""e'izatiof2 of cis-Alcohol lo Ester 

concentrated sulfu.ric acid (10 ml) at 100" for 1 min, and The (20 mg$ mnlole) was disssived and 
set aside at rooln temperature for 3 h. The clear almost refluxed in a mixture of ethanoi (2 lnl), water (1 ml), and 
colorless solution was then poured into an ice-cold 12 hydrochloric acid (0.2 lnl), the lnedium for the 
lnixtnre of carbon tetrachloride and an excess of dilute hydrolysis of the oxadiazine 3. After 1 h (oxadiazine 
sodiuln hydroxide, The organic layer and two carbon hydrolysis for 17 h) the solution was concentrated, made 
tetrachloride washings were combined, dried, and basic with aqueous sod i~~rn  hydrogen carbonate, and 
evaporated to give oily base 1% (go%), which was extracted with methylene chloride. The dried extracts on 
directly pure (g.1.c.). An analytical sample was distilled evaporation gave a guln (95 %) of i.r. spectrllm 
at a bath temperature <200"/0,4 mm, pressure; V ( , - ~ ~ B )  with that of the ester 7. Crystallization froni aqueous 
3370 (NH weak, but very strong in NLljol), 1631 cnl-l methanol gave a pure product which did not depress the 
(C=N); h,,,(EtOH) 282 mp; .r(CC14) 2.0-2.9 (5 phenyl m.p. authentic ester. 
H), 4.7 (NH, sharp), 5.53 (C,,-H, quartet), 6.80 (b)  Hydrolj~ssis of Ester 7 to Alcohol 8 
(C4,-H, quartet), 7.9-8.8 p.p.m. (C-5, C-6, C-7 meth- A solution of 7 (40 nig, 0.12 mmole) in ethanol (4ml), 
ylene H); T(CF,CO,R-CCI,) 4.9 (C7,-H), 5.9 p.p.m. water (2 ml), and 12 N hydrochloric acid (0.4 ml) was 
(c4a-HI. refluxed for 17 h (the conditions for the hydrolysis of the 

Anal. Calcd. for C12H14N20: C, 71.26; H, 6.98; N, oxadiazine 3). Addition of an excess of potassium 
13.85. Found: C, 71.11; A, 6.95; N, 13.73. carbonate, evaporation to dryness, and extraction with 

The hydrochloride, prepared in ether by passage of inethylene chloride yielded a gum (33 mg), the i.r. 
hydrogen chloride, and crystallized from ether-methanol spectrum of which showed it to be mainly starting material 
had m.p. 171-174" (decomposition). with a small amount of the product 8. This mixture was 
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dissolved in inethanol (5 ml) and a few drops of 12 N 
hydrocl~loric acid were added causing the hydrochloride 
of 7 to precipitate. The alcohol soluble fraction was 
basified with ammonia, evaporated, and extracted with 
methylene chloride giving a gum in which the i.r. absorp- 
tion bands of the alcohol 8 were now predominant. 

Synthesis of Oxadiazines by Ring Closure 

(a) Oxadiazine 3 
The cis-alcohol 6 (37 mg, 0.12 mmole) was mixed 

intimately with polyphosphoric acid (1 ml, K. and K. 
Laboratories) and heated for 24 h at 60°, and the clear 
mass was dissolved into a slight excess of ice-cold aqueous 
an~monia. Extraction with methylene chloride gave a gum 
(34 mg, two peaks of about equal area in g.1.c.) which was 
taken up in ether and then shaken in turn with dilute 
hydrochloric acid and dilute sodium hydroxide. The ether 
solution was then dried and evaporated to give a residuc 
which crystallized and showed a single peak in its g.1.c. 
Two recrystallizations from aqueous methanol gave the 
oxadiazine 3, m.p. 140.5-141.5", alone or in admixture 
with material obtained by hydrogenation of 2a. 

(b) Oxadiazine ll 
The cis-alcohol 8 (245 mg, 1.1 mmole) was similarly 

heated in PPA (3 ml), and the reaction products worked 
up with aqueous sodium hydroxide and carbon tetra- 
chloride. The n.m.r. spectrum of the carbon tetrachloride 
solution indicated the presence of 11 of at least 70% 
purity. Evaporation gave the oily oxadiazine (125 mg, 
corresponding to a 40% yield of 11) which on benzoyl- 
ation as described before gave the oxadiazine 3, m.p. and 
mixed m.p. 142.5-143.5", after crystallization from 
methanol. 

The use of concentrated sulfuric acid in place of PPA 
also caused cyclodehydration of 8 to 11. Heating at 100" 
for 5 min followed by treatment with ice and then aqueous 

sodium hydroxide gave an oil, isolated as before. Gas- 
liquid chromatography indicated a yield of about 50%. 

We wish to thank the Province of Ontario for a 
Graduate Fellowship (to J.A.C.), and the National 
Research Council of Canada for support of this work and 
for a Scholarship (to J.A.C.). 
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Reaction of 3-aroylaziridines with diphenyleyclop~openone~ Synthesis and 
properties of novel 4-aroyl-4-oxazolines 

5. W. LOWN, R. K. SMALLEY,' G. DALLAS,~ AND T. W. MALONEY 
Department of Chemistry, University of  Alberta, Edmonton, Alberta 

Received July 16, 1969 

3-Aroylaziridines and 3-acylaziridines react with diphenylcyclopropenone with the formation of 
novel 4-aroyl-4-oxazolines and 4-acyl-4-oxazolines respectively. The unusual physical and chemical 
properties of these reactive heterocycles are discussed. 
Canadian Journal of Chemistry, 48, 89 (1970) 

4-Oxazolines represent an almost completely 
unexamined heterocyclic system, although they 
have been postulated as intermediates in several 
reactions, e.g. in the Lewis acid catalyzed 
rearrangement of 3-aroylaziridines leading to 
the formation of oxazoles (1) and in the synthesis 
of oxazoles by the addition of iminoethers to 
a-aminocarbonyl compounds (2). A 4-oxazoline 
structure P was suggested many years ago for a 
pyridinium ylid (3) but has since been rejected in 
favor of the en01 betaine structure 2 (4). 

We recently described the preparation of 
4-aroyl-4-oxazolines by the addition of azo- 
methine ylids to diphenylcyclopropenone (5, 6). 
Very recently Baldwin et al. reported the prepara- 
tion of 4-oxazolines of a different type by the 
valence rearrangement of isoxazolines via an 
acylaziridine intermediate (7), eq. [ I ] .  The 
aziridine probably opens to an azomethine ylid 
which subsequently ring closes on the adjacent 

carbonyl group to give the 4-oxazoline. The 
4-aroyl-4-oxazolines described in the present 
work show unusual physical and chemical 
properties and undergo a variety of [2 + 31 
cycloadditions with activated multiple bonds. 

Azomethine ylids may be conveniently pre- 
pared in situ by heating solutions of 3-aroyl- 
aziridines in inert solvents, eq. [2], and 1,3- 
dipolar addition products have been reported 
with dipolarophiles such as acetylenic esters, 
olefins, and aryl isothiocyanates (8-22). Their 
addition to carbonyl bonds has been reported 
only once (23). The carbonyl bond in diphenyl- 
cyclopropenone (DPP) (24) is highly polarizable 
owing to resonance of the type shown: 

Consequently, DPP reacts readily with azo- 
methine ylids derived from 3-aroylaziridines; 
however, the reaction takes a different course 
after the initial 1,3 dipolar addition. 

Treatment of either cis- or trans-3-benzoyl-l- 
cyclohexyl-2-phenylariridine (25) with one molar 

'N.R.G.C. Postdoctoral fellow 1967-1968. 
2N.R.C.C. Studentship holder 1967-1969. 
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Ph Ph H wPh u 
P h ~ p  

H COPh H H N COPh I 
H 

I 
I COPh 

C6Hll C6Hll 
Ph CijH11 c 6 H ~ 1  

equivalent of DPP in refluxing benzene gives a 
deep-red solution and followed by chromat- 
ographic separation, affords a photochromic 
crystalline product m.p. 163" in 46.5% yield, 
which is assigned the 6oxazoline structure 3. 
The structural assignment rests on spectral 
evidence and the unusual chemical properties 
described below. The product exhibits an infra- 
red (i.r.) band at 1695 cm-' characteristic of an 
aromatic ketone (26a), consistent with 3 since 
space filling models indicate steric hindrance 
will prevent conjugation with the ring double 
bond. 

The carbonyl frequency of 4 would represent 
an a,p unsaturated ketone and would absorb at 
1665-1685cm-~ (266). In addition, in un- 
saturated ketones of this type the C=C stretch 

absorption at 1650-1600 (27) is of comparable 
intensity and no such band is visible in the 
spectrum of the product. Mass spectral evidence 
also supports 3 (see the following paper). For 
these reasons we reject 4. Structure 5 is rejected on 
the basis of the known chemistry of DPP since 
nucleophile catalyzed ring opening proceeds in a 
cis fashion (24). Similarly 6 is rejected since there 
is no proton in the nuclear magnetic resonance 
(n.m.r.) spectrum corresponding to the 4 proton 
of the oxazolidine structure. Also, heating the 
product with deuterium oxide under base cata- 
lyzed conditions did not result in any deuterium 
incorporation. These facts together with the 
observed lack of dependence on the stereo- 
chemistry of the 3-aroylaziridine lend support 
to the rationalization shown in Scheme 1. 

0 0 
PhCH-CHCOPh PhCH CHCOPh 

'N' _3 'N' _______t 

I t 
C6H11 C6H11 

H 
I 

C6Hl1 
(A) 

47 PhxN - 
H , COPh C
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LOWN ET AL.: 3-AROYLAZIRIDINES AND 4-AROYL-4-OXAZOLINES 

Experiments are currently underway with spe- 
cifically 3-deuterated aziridines to  examine the 
possibility of a concerted step for the ring 
opening a .  The isolation of 7 in the analogous 
additions of iminocyclopropenes to  azomethine 
ylids supports the intermediacy of the spiro- 
oxazolidine (A). This work will be reported in 
a subsequent publication. 

The observed reaction of DPP with azomethine 
ylids to produce 4-oxazolines is in marked 
contrast to that with other 1,3 dipoles e.g. 
diazomethane where primary addition occurs at 
the carbon-carbon double bond with the forma- 
tion of a pyridazone 8 (28), eq. [3]. In view of the 
successful [2 + 31 cycloaddition of azomethine 
ylids to the carbonyl group in DPP described 
above, and to p-nitrobenzaldehyde (23), the 
obvious approach was made to confirm structure 
3 i.e. via the reaction shown in eq. [4], so that the 
tetrahydro reduction product of 3 could be 
compared with the expected product 9. There 
was no addition since the aliphatic aldehyde is 
not sufficiently reactive for 1,3 dipoiar addition 
to the azomethine ylid. 

A series of substituted 4-oxazolines was synthe- 

sized from DPP by this procedure. Best results 
were obtained by using highly purified aziridines 
in a molar ratio of 4:3, aziridine:DPP, at a 
temperature of about 80". Contamination of the 
aziridine with a trace of amine hydrobromide 
and/or the presence of a greater proportion of 
DPP results in another reaction in which a furan 
predominates (see below). The choice of solvent 
is critical and we have examined (a) benzene, 
(b) acetonitrile, (c) methylene chloride, and (d) 
toluene. Solvents (a) and (b) give 4-oxazolines in 
good yield, (d) gives only furan, whilst (c) at the 
boiling point yields unreacted starting material in 
reduced yield. Having demonstrated that both cis 
and trans 3-aroylaziridines upon reaction with 
DPP give rise to 4-oxazolines, cis-trans mixtures 
of the aziridines were used for the general pro- 
cedure. The analytical and spectral data on the 
4-oxazolines are summarized in Tables I and 2. 
The scope of the synthesis is seen to extend to 
aroyl or acyl groups at position 4; biphenylyl or 
aryl (with either electron withdrawing or electron 
donating groups) at position 2, and with N- 
substituent of cyclohexyl, isopropyl, or methyl. 

The numbering of substituents in Tables I and 
2 refer to structure PO. 
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TABLE 1 w 
w 

4-Oxazolines 
- .  -- -- 

Calculated Found 

% 
Melting Yield 

% 
Molec~~lar Molecular 

10 R i  Rz R3 po~nt % C H N ion C H N ion 
-- 

CsHs CH3 CsHs 145" 20* 83.92 5.69 3.16 443.1885 83.80 5.60 3.25 443.1879 
a CsHs (CF-13)zCH C6Hs 175" 23.5* 84.05 6.20 2.97 471.2198 84.15 6.35 3.45 471.2192 
b C ~ H S  (CH3)zCH pCH3CsH4 165-166' 31* 84.10 6.44 2.89 485.2355 84.00 6.85 3.10 485.2358 
e G H s  C6Hll CsH5 163" 65 84.50 6.51 2.74 511.2511 84.20 6.40 2 65 511.2510 
d P C H ~ O C ~ &  CsHii C6H5 158-160" 23* 82 07 6.47 2.59 No molecular ion 82.02 6.45 2.62 - 
e mN0,C6H4 C6Hl, C6Hs 165-166" 27* 77.70 5.76 5.04 556.2368 77.65 6.03 4.97 556.2362 
f pNOnCsH4 c6H1t CsHs 180-182" 64 77.70 5.76 5 0 4  Nomolecularion 77.46 5.75 5.19 - 

pCsHsCsH4 C6Hii csH5 122-123" 100 85.82 6.35 2.38 No molecular ion 85.64 6.28 2.32 - 
h CsHs c6Hll pCH30CsH4 175.5-176.5O 79 82.07 6.47 2.59 541.2616 82.27 6 49 2.50 541.2614 
i C6Hs 

8 
C6H3 I P C H ~ C ~ H ~  176-176' 20* 84.53 6.72 2.67 525.2668 84.50 6 6 0  2.40 525.2665 

j csHs  CsHii PNOZC~H, 191-192.5" 23 77.70 5.76 5.04 556.2362 77.56 6.03 4.76 556.2373 
k C6Hs CsHli CH3 80-82" 84 82.85 6.90 3.12 499.2355 82.65 7.04 3.03 449.2353 3 

P C ~ H S C ~ H ~  C6Hli 
- -- 

CH3 144-142" 59 84.53 6.72 2.67 525.2668 84.32 6.68 2.58 525.2675 
*Ind~cates made by 1 : 1  azlnd~ne. DPP; otherw~se by 4:3 azlridlne DPP. 

TABLE 2 

Nuclear magnctic resonancc* (6)  (CDCI,) $ 
j 

Infrared Cyclohexyl Cyclohexyl AryI substitucnt 
cm- CH, or (CH,),CH- C H  or Aryl + vinyl and acetyl o 

110 RI  Rz R3 (CHCI,) 2 Proton or CH3 ( C H ~ ) Z C ~ -  protons protons 
- -- - -- - - . - --. P 

Cr 

b CsHs (CH3)ZCN pCH3C6H4 1695 4.91 (1)s 0.72(3) d J =  6.5Hz 3.39 (1)m 6.80-8.10(20)m 2 .42(3)sCH3 
0.8 (3) d J = 6.5 Hz 

C6Hs CsHil C6Hs 1698 4.95 (1) s 0.35-1 .75 (1 0) m 2.72-3.05(1)n1 6.8 -8.0 (21)m 
d P C H ~ O C ~ H ~  C6Hll CsHs 1695 4.90 (1) s 0.50-1.66 (10) m 2.70-3.17(l)m 6.75-8.08(20)in 3.78(3)s OCH, 
e mN02C6H4 C6Hll C 6 H ~  1696 4.96 (I) s 0.50-1.78 (10) m 2.67-3.24(1)in 6.82-8.12(20)m 
f pNOzCsH4 C6Hli CeH 5 1696 5.03 (1) s 0.42-1.73 (10) m 2.70-3.15(1)m 6.84-8.25(20)m 
g P C ~ H ~ C ~ H ~  C6Hli G H 5  1700 5.10 (1) s 0.40-2.0 (10) m 2.30-3 30 (1) m 6.70-8.30 (25) m 
h CsHs C6Hll pCH30C6H, 1700 4.95 (1) s 0.38-1.95 (10) in 2.55-3.15 (I) m 6.78-8.10 (20) m 3.85 (3) s OCf& 
i c6Hs  CGHll pCH3C6H4 1695 4.96 (1) s 0.50-1.75 (10) in 2.65-3.0 (1) m 6.70-8.05 (20) m 2.42 (3) s CH3 
j CsHs CsHi i pN02C6H4 1699 5.05 (1) s 0.65-1 .80 (10) m 2.54-2.94 (1) m 6.75-8.06 (19) m 

*s = singlet; m = multiplet; d = doublet. 
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LOWN ET AL.: 3-AROYLAZIRIDINES AND 4-AROYL-4-OXAZOLINES 

Properties of 4-Aroyl-4-oxazolines 
In view of their novelty and their marked 

reactivity in [2 + 31 cycloadditions (in this 
respect they resemble sydnones) the properties 
of these heterocycles have been examined in 
some detail. 

The n.m.r. spectra summarized in Table 2 are 
consistent with the proposed structures. Those 
with an isopropyl group bonded to the nitrogen 
show non-equivalent methyl groups, indicating 
proximity to an asymmetric center in accordance 
with structure 10a for example. 

F'hLp' .H COPh 

The ultraviolet (u.v.) spectra are dominated 
by two intense absorption bands in the region 
(227.5-232) and (265-275.5) mp (Table 3). The 
i.r. spectra show the characteristic aryl ketone 
absorption at 1695-1700~m-~. In the high 
resolution mass spectrum a common major 
mode of scission involves cleavage to the anil, a 
direct counterpart of the thermal cleavage 
involved in the [2 + 31 cycloaddition described 
below (see Table 4). 

TABLE 3 
Ultraviolet absorption spectra of 4-aroyl-4-oxazolines 
and their visible absorption on addition of p-toluene 

sulfonic acid 

Absorption spectrum Acid added* 

Struc- h--. 
t i re  ( c H ~ ~ N )  
10 

??ax 
( m ~ )  log E h,,, (visible) 

*Trace quantity of p-toluenesulfonic acid added, log E was not 
determined since concentration of colored species is unknown. 

TABLE 4 
Principal fragmentations in the high resolution mass spectra of 

4-aroyl-4-oxazolines* 

Molecular Relative Relative M +- Relative 
Structure ion abundance Anil abydance Anil abundance 

10 mle % mle A mle "/, 

The dotted line shows the principal fragmentation mode. 
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- I I 
P h x p  - P h x - p  i-+ ph 

H COPh H COPh H?'N O=~nH COPh 

PePh Ph uPh 

Ph U etc. 

3d 3e 

Another characteristic property of the 4-aroyl- 
4-oxazolines is their marked photochromism in 
the solid state where the white crystalline solids 
turn pinkish-red on exposure to light and revert 
to white in the dark. The phenomellon is revers- 
ible and no detectable decomposition occurs. 
In addition, all the oxazolines give bright red 
melts, and solutions in hot benzene, toluene, or 
xylene adopt a wine-red coloration. These 
phenomena may plausibly be associated with 
contributions from dipolar species. In the limit, 
substantial contributions from the canonical 
forms 36, 3c, 3d, and 3e are equivalent to photo- 
chemical or thermal ring-chain valence isomerism 
to a new azomethine ylid. This situation exists in 
the case of 11 synthesized from the correspond- 
ing tricyclic aziridine 12 (21) and DPP. Com- 
pound 11 gives blood red crystals and behaves 
like a typically highly polar substance and has 
accordingly been assigned the zwitter ionic ylid 
structure. 

Supporting evidence for these proposals is 
provided by the observed facile ring opening and 

[2 + 31 cycloaddition reactions described in 
this and in the accompanying paper. 

The photochromism and thermochromism 
displayed by 4-aroyl-4-oxazolines is reminiscent 
of that shown by some 1,3 dipolar addition 
products of azomethine imines (29) and of the 
ring-chain isomerism exhibited by 2(biphenylyl)- 
3-acyl-(or 3-carbalkoxy)2,3-dihydro-1,3,4-oxadi- 
azoles (30) e.g. eq. 151. 

The appearance of the vivid red color of 
solutions of 4-oxazolines is enhanced by the 
addition of acids. Treatment with p-toluene- 
sulfonic acid under mild conditions produces a 
strong visible absorption band at 530 mp (see 
Table 3) and proved useful in substantially 
reducing the reaction time for various [2 + 31 
cycloadditions of 4-oxazolines and evidently 
assists in the separation of the anil moiety (see 
accompanying paper). At room temperature the 
4-oxazoline can be recovered in excellent yield 
from this acid treatment. The position of 
protonation on the 4-oxazolines (C, 0, or N) 
unfortunately cannot be assigned with confidence 
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LOWN ET AL.: 3-AROYLAZIRIDINES AND 4-AROYL-4-OXAZOLINES 

since addition of sufficient acid to affect the Chemical Reactions of 4-Aroyl-4-oxazolines 
n.m.r. spectrum results in decomposition. I t  was noted earlier that under certain con- 

Benzaldehyde and benzoic acid were isolated ditions of the preparation of 4-aroyl-4-oxazolines 
from the controlled hydrolysis of 3 with hydro- that a colnmon side reaction was formation of 
chloric acid, eq. [6]. A similar hydrolysis of 14 yellow crystalline furans of structure 15. If the 

A 
'61 p h ~ ~ k  + PhCHO + PhC02H 

COPh 
HC1 

H 
I 

Ph Ph 

Ph COAr 

afforded p-nitrobenzaldehyde and benzoic acid, 
es. [TI. 

The 4-aroyl-4-oxazolines are stable to alkali 
and to nucleophiles e.g. 3 was recovered un- 
changed after refluxing with (a) potassium car- 
bonate in aqueous tetrahydrofuran, (6) potassium 
thiocyanate in acetone, and (c) sodium iodide in 
acetone. The solution turns red in the case of (b) 
and (c). A systematic study of the necessary 
structural features in the 4-oxazolines required 
for the photochromism and facile ring cleavage 
has been undertaken but is not yet complete. 
However a 2-aryl group and a 4-aroyl or acyl 
group seem to be essential. Baldwin et al. 
described the preparation of a 4-oxazoline via 
the valence rearrangement of an isoxazoline. 
The product lacked a 2-aryl group and has 
carbomethoxy groups at the 4 and 5 positions. 
No mention was made of any photochromism or 
tendency for [2 + 31 cycloadditions although 
it was remarked that the compound was un- 
stable (7). 

3-aroylaziridine is contaminated with some 
cyclohexylamine hydrobromide, or in the pr. s- 
ence of excess DPP, furans like 15 are the only 
product of the reaction. Whilp this type cf 
reaction was found to have wider i nj-lications 
and its mechanism will be discussed more fully 
in the accompanying paper, we may represent 
the formation of furans under these conditions 
as shown schematically in Scheme 2. 

Scheme 2 is supported by the following 
experiments. Treatment of 3 with one equivalent 
of DPP in refluxing toluene for 18 h, then 
chromatography on alumina gave furan 15 
(Ar = Ph). The anil moiety is normally hydrolyzed 
to benzaldehyde in the work-up prozedure and 
in this instance was characterized as the 2,4- 
dinitrophenylhydrazone. Occasionally however 
the anil is isolated intact. In a separate experi- 
ment 3 was allowed to react with diphenyl- 
acetylene (eq. [8]) and gave the same furan 15 
in good yield, although the reaction was slower. 
However the possibility of thermal decarbonyla- 
tion of DPP to diphenylacetylene under the 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Ph Ph w Ph Ph w 

I Ph 
Ph 

C6Hll 
COPh 

- c y  
Ph Ph 'WH 

Ph COPh 
SCHEME 2 

PhCHO + C6HllNH2 

reaction conditions obtaining in the preparation 
of the 4-aroyl-4-oxazolines was discounted by a 
separate control reaction. 

Another example in support of the reaction 
path in Scheme 2 is provided by the reaction of 3 
with cycloheptenocyclopropenone (24) which 
gives the bicyclic furan 16, eq. [9]. In this case, 
prior decarbonylation is even less likely. 

Addition of DPP to 3-aroylaziridines via the 
azomethine ylid therefore involves competing 
1 :I and 2:I reactions to form 3 and 15 respec- 
tively. Other things being equal, higher reaction 

temperatures (e.g. refluxing toluene rather than 
benzene) and the presence of the amine hydro- 
bromide favor the formation of the furans 15. 
The amine hydrobromide is a by-product of the 
Gabriel synthesis of aziridines. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. Nuclear magnetic resonance spectra were 

Ph Ph 
LJ Ph PI1 

P q N Q  Ph-CEC-Ph 
H COPh - 

I P h COPh 
C6H11 

3 
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LOWN ET AL.: 3-AROYLAZIRIDINES A N D  4-AROYL-4-OXAZOLINES 97 

recorded on Varian A-60 and A-100 analytical spectrom- Anal. Calcd. for C36H33N02:  C, 84.50; H, 6.51 ; 
eters. The spectra were measured on approximately 10- N, 2.74. Found: C, 84.2; H, 6.4; N, 2.65. 
15% (w/v) solutions in CDCl,, with tetramethylsilane Mol. Wt. Calcd.: 511.2511. Found (mass spectrum): 
as a standard. Line positions are reported in parts per 511.2510. 
million (p.p.m.) from the reference. Absorption spectra The i.r. spectrum showed v,,, (CHCI3), 1695 cm-l 
were recorded in 'spectra'-grade solvents on a Beckman (C=O); n.m.r., ~ Y M S  (CDCl,), 2.7-3.05 (multiplet, lH ,  
DB recording spectrophotometer. Mass spectra were cyclohexyl CH), 0.35-1.75 (multiplet 10H, cyclohexyl 
determined on an Associated Electrical Industries MS-9 CH,), 4.95 (singlet 1H, oxazoline 2 proton), 6.8-8.0 
double focusing high resolution mass spectrometer. The (multiplet, 21H, aromatic protons and vinyl proton). 
ionization energy, in general, was 70 eV. Peak measure- Further elution of the column with benzene (200 ml) 
ments were made by comparison with perfluorotri- gave 0.25 g of unreacted 3-aroylaziridine, then elution 
butylamine at a resolving power of 15 000. Kieselgel with chloroform gave 0.6 g of a yellow oil consisting 
DF-5 (Camag, Switzerland) and Eastman Kodak largely of benzaldehyde (identified as the 2,4-dinitro- 
precoated sheets were used for thin-layer chromatog- phenylhydrazone m.p. 238"; mixed m.p. undepressed 
raphy (t.1.c.). Microanalyses were carried out by Dr. C. on admixture with an authentic sample, and by the 
Daessle, Organic Microanalysis Ltd., Montreal, Quebec characteristic aldehyde absorption at 9.78 in the n.m.r. 
and by Mrs. D. Mahlow of this department. spectrum). Finally elution with ethanol yielded 0.5 g of 

unreacted diphenylcyclopropenone; m.p. 119". 
General Preparation of 3-Aroylaziridir2es (6) A similar reaction was carried out between 2.44 g 

The compounds required in this study were prepared (0.008 mole) of t~ans-3-ben~oyl-l-c~clohex~l-2-~hen~l- 
by established methods involving Claisen-Schmidt aziridine (25) and 1.65 g (0.008 mole) of diphen~l- 
condensations to form chalcones, then addition of cyclopropenone in benzene and worked up as described 
bromine to form the dibromochalcones, and treatment above to yield 4-ben~0yl-3-~y~l0hexyl-5-(cis-l ,2-diphenyl- 

of the latter with primary amines to provide 3-aroyl- vin~l)-2-~henyl-4-oxazoline, 1.5 g (37% ~ ie ld ) ;  m.p. 
aziridines (22 and references therein). ~h~ analytical 162-163" (EtOH) identical in all respects to that obtained 
and spectroscopic data on new aziridines prepared by with the cis stereomer of the 3-aroylaziridine described in 
this procedure are summarized in Tables 5 and 6. (a) above. 

Addition Reactions Employing Other Solvents with 
Preparation of 4-Aroyl-4-oxazolines I : I  Molar Ratio of3-Aroylaziridine to 

General Diphenylcyclopropenone 
The control experiments between diphenylcyclo- (c) A similar reaction between 1.5 g (0.005 mole) of 

propenone and isomerically pure samples of cis and cis-3-ben~0yl-l-~y~l0hexyl-2-phenylaziridine and 1.03 g 
trans-3-aroylaziridines employing a molar ratio of 1 :1 (0.005 mole) of diphenylcyclopropenone was carried out 
are described in detail. in refluxing acetonitrile. The reaction was worked up by 

Thereafter 4-oxazolines and substituted furans were a similar procedure to give 4-benzoyl-3-cyclohexyl-5- 
prepared using cis-trans mixtures of various aroyl- (ci~-1,2-dlhhen~l~inyl)-2-phenyl-4-oxazoline, 1.2 g(46.5 % 
aziridines and in the case of the former, the improved yield); m.p. 162-163' (EtOH). 
technique using a 4:3 molar ratio of aziridine:DPp was (d l .  A similar reaction between 1.96 g (0.06 mole) of 
used. Representative preparations are described in full l-benz~l-2-~hen~l-3-toluoylaziridine and 1.24 g (0.06 
and the analytical and spectroscopic data on the other diphenylcyclOprO~enone was performed in 
4-oxazolines prepared by similar procedures are sum- 60 ml of refluxing Inethylene chloride for 5 days followed 
marized in Tables 1 and 2. by chromatography afforded unreacted starting materials 

in reduced yields. 
Control Experirrzents between Stereoisomerically Pure (e) A solution of 3.05 (0.01 mole) of a mixture of cis 

3-Aroylaziridines and Diphenylcyclopropenorze and trans-3-benzoyl-1-cyclohexyl-2-phenylaziridine (25) 
(1:l Molar) and 2.06 g (0.01 mole) of diphenylcyclopropenone in 

4-Benzoyl-3-cyclohe.uyl-5- (cis- I  ,2-d~phenylvinyl) -2- 60 ml dry toluene was heated under reflux for 24 h. 
phenyl-Coxazoline Removal of the solvent and chromatographic separation 

(a) A solution of 3.05 (0.01 mole) of cis-3-benzoyl-1- of the resulting oil on 300 g of alumina (B.D.H.) using 
cyclohexyl-2-phenylaziridine (25) and 2.06 g (0.01 mole) benzene as eluent caused the rapid separation of a yellow 
of diphenylcyclopropenone (24) in 60 ml of dry benzene band which was collected as 3 x 50 ml fractions. 
was heated under reflux for 24 h. Removal of the solvent Removal of the solvent yielded a yellow oil which on 
in cacuo from the resulting deep red solution yielded an trituration with heptane gave 3-benzoyl-4,5-diphenyl-2- 
oily residue which was chromatographed on 200 g of (cis-1,2-diphenylviny1)-furan as a pale yellow solid 1.45 g 
alumina (B.D.H.). Elution with benzene caused the rapid (28.9% yield). The product crystallized from ethanol as 
separation of a pale orange band which was collected in yellow crystals; m.p. 195-196". 
3 x 50 ml fractions. Removal of the solvent yielded an  Anal. Calcd. for C37H2602: C, 88.41 ; H, 5.21 ; Found: 
orange syrup which crystallized on trituration with C, 88.31; H, 5.18. 
heptane to give 4-benzoyl-3-cyclohexyl-5-(cis-1,2-di- Mol. Wt. Calcd.: 502.1933. Found (mass spectrum): 
phenylviny1)-2-phenyl-4-oxazoline as a pale pink solid 502.1935. 
2.4 g, (46.5 % yield); n1.p. 162-163" (EtOH). The solid is The i.r. spectrum showed v,,, (CHCI,), 1695 cm-' 
strongly photochromic and the initially pink crystals (aryl C=O); n.m.r., 8TMS (CDCl,), 8.0-6.7 (multiplet, 
become colorless when set aside in the dark. 25H, aromatic protons); 7.99 (singlet, lH ,  vinyl proton). 
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TABLE 5 

3-Acyl and 3-aroyl aziridines 
- 

Calculated Found 

% 
Melting Yield 

% 
Molecular Molecular 

R i  R2 R3 point % C H N ion C H N ion 

PC6HsC6H4 CoHli CoHs 127" 100 8500  7.14 3.67 381.2093 84.90 7.23 3.64 381.1974 
mNOZC6H4 C6tl,, Co Hs 95" 88 72.00 6.29 8.00 350.1630 71.70 6.17 8.02 350.1634 
c6Hs CoHli P C H ~ O C ~ ~ %  126-127" 75 78.81 7.46 4.18 335.1885 78.76 7.36 4.10 335.1888 5 
CoHs C6H11 CH 3 oil 85* 79.01 8.71 5.72 243.1623 78.90 8.83 5.75 243.1623 
-- 

*For d~brornoclialcone sce reference 33. !5 
L( 

0 s 
jf: 
i-' 

8 
TABLE 6 0 

Spectroscopic data on aziridines !3 i5 
Nuclear magnetic resonance (6)  (CDCI,)* $ 

j 

Aryl c 
0 substituent 

Infrared I I Cyclohexyl CH2 Cyclohexyl C H  f e 
cm-I C or or Aryl acetyl m 

Ri R2 R3 (CHCI,) /\ Ring protons (CH3)zCH (CH3)zCH protons protons - w 
-4 - - 

P C ~ H ~ C ~ H Q  ~ ~ H I I  C6H5 1680 (cis) 3.23 (2) s 1.0-2.1(10)m 2.2-3.0(1)111 7.2-8.3(14)m 
1665 (trans) 3.53 (2) s 

mN02C6H4 G H l 1  c6H5 1681 (cis) 3.24 (1) 0.83-2.06 (10) m 2.35-2.85 (1) m 7.30-8.30 (9) m 
1667(trans) 3.44(1) J = 7 H z  

3.22 (2) s 
C6H5 C6Hll pCH30COH4 1658 (trans) 3.53 (2) s 0.85-2.00 (10) ~n 2.36-2.77 (1) m 6.83-8.14 (9) m 2.83 (3) s OCH, 
C ~ H S  G H I I  CH3 1699 2.83 (1) s 1.00-2.00(10)m 2.15-2.75(1)m 7.26-7.46(5)d 2 .27(3)sCH3 

2.88 (1)  s 

-- 

3.24-j .'36 (2) d 
- 

*s = singlet; d = doublet; ~n = multiplet. 
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Further elution with benzene yielded an oil containing 
benzaldehyde and unreacted 3-aroylaziridine. Continued 
elution with chloroforn~ and then ethanol gave un- 
reacted diphenylcyclopropenone. 

Control Attempted Deuteriurn Exchange of the 
2-Proton of 4-Benzoyl-3-cyclohexyl-5-(cis-1,2- 
diphenylainyl) -2-pkenyl-4-oxazoline 

A solution of 0.10g of 4-benzoyl-3-cyclohexyI-5- 
(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline in 25 ml of 
dry tetrahydrofuran was heated under reflux for 4 h 
with 2 ml of deuterium oxide and 0.05 g of anhydrous 
potassium carbonate. The solution was evaporated to 
dryness, and the process repeated with 25 in1 of dry 
tetrahydrofuran, 0.05 g of potassiun~ carbonate, and 
I mi of deuterium oxide. Examination of the n.m.r. 
spectrum of the product indicated that no exchange of 
the 2-proton had occurred. Accurate Inass measurement 
(mass spectrum) also indicated no incorporation of 
deuterium had taken place. 

Attempted Addition of 2,3-Diphenylpvopanal to 
3-Benzoyl-I-cyclohexyl-2-pherzylaziridine 

A solution of 0.05 g (0.005 mole) of 2,3-diphenyl- 
propanal (31) and 1.05 g (0.005 mole) of 3-benzoyl-l- 
cyclohexyl-2-phenylaziridine in 60 ml of benzene was 
heated under reflux for 25 h, allowed to cool, and the 
solvent removed iiz cacuo. Chromatographic separation 
of the residual oil (2.05 g) afforded only unreacted 
starting materials and uncharacterized deconlposition 
products. 

Representatice Zmproced Procedure for the Sjwthesis of 
4-Aroyl-4-oxuzolines Employing 4:3 Molar Ratio 
of 3-Aroylaziriditze. to Diphenylcyclopuopenone 

4-Aniso~~l-3-cyclo/~ex~-5-(cis-I,2-diphenyluinyl) -2- 
pheny1-4-oxazoline 

A solution of 0.62 g (0.00185 mole) of isomeric 3- 
anisoyl-1-cyclohexyI-2-phenylaziridine and 0.29 g (0.0014 
mole) of dipheny!cyclo~ro~enone in 30 n11 of benzene 

- . .  

was heated under reflux fo; 24 h. The deep red solution 
was then cooled and the solvent removed iiz uacao, 
yielding a red oil which was chromatographed on 40 g of 
alumina (B.D.H.). Elution with a 4:l benzene:hexane 
mixture afforded a red oil which crystallized on tritura- 
tion with ethanol to give 4-anisoy~-3-cyclohexyl-5-(cis- 
1,2- diphenylvinyl) -2  - phenyl-4 - oxazoline, 0.60 g (79 % 
yield); m.p. 175-176.5" (from absolute ethanol). 

Anal. Calcd. for C,,H,,NO,: C ,  82.07; H, 6.47; 
N, 2.59. F o ~ ~ n d :  C, 82.27; H, 6.49; N, 2.50. 

Mol. Wt. (mass spectrum) Galcd.: 541.2616. Found: 
541.2614. 

The i.r. spectrum showed v,,, (CHCI,), 2850 (OCH,), 
1700 (C=O), 832 (1,4 disubst. ring) cm-'; u.v., a,,, 
(CH,CN), 233.5 my log e 4.16, 274 mp log s 3.87; 
n.m.r. (CDCI,), 0.38-1.95 (lOH, multiplet cyclohexyl 
CH2), 2.55-3.15 (multiplet, l R ,  cyciohexyl CN), 3.85 
(3H, singlet, methoxy protons), 4.95 (1I-I, singlet, 2 
proton), 6.78-8.10 (multiplet, 20H, aryl protons plus 
vinyl proton). 

Acid Hydrolysis of 4-Benzoyl-3-cyclohexyl-5-(cis-1,2- 
diphenvluiizyl) -2- (p-nitrophenyl) -4-oxazolirze 

4-Benzoyi-3-cyclohexyl-5-(cis- 1,2-diphenylviny1)-Np- 
nitropheny1)-4-oxazoline (0.30 g, 0.00054 mole) was 
heattJ under reflux in 25 ml of 2 N hydrochloric acid 

for a period of 34 h. On cooling the orange mixture, a 
yellow residue appeared in the flask while a white subli- 
mate was observed in the condenser and was isolated. 
The mixture was then extracted with ether (3 x 20 ml) 
to give an organic layer, an aqueous layer, and as1 
insoluble yellow residue. (i) White sublimate: this was 
found to be benzoic acid 0.007 g, m.p. 116-118", and was 
identified by spectral cosuparison with authentic material. 
(ii) Ether extract: this was dried (MgSO,) and the ether 
removed in cacno to yield a yellow oil 0.035 g which 
partly crystallized on standing. It was f o ~ ~ n d  to be 
p-nitrobenzaldehyde on the basis of its compatibility in 
i.r. and n.m.r. spectra with authentic material, and by its 
2,4-dinitrophenylhydrazone derivative t11.p. 317-318' 
(lit. 320" (32)) having an identical i.r. spectrum and 
undepressed mixed melring point uith the same derivative 
of authentic p-nitrobenzaidehyde. (iii) Yellow residue: 
no s t r~~cture  could be assigned to this semi solid (0.02 g) 
which possessed a carbonyl stretching frequency in the 
i.r, spectrum (Nujol) of 1754 cm-' and from the mass 
spectrum was seen to correspond to m/e 324 (i.e. parent 
oxazoline-anil snoiety). (ic) Aq~leous solution: this 
contained only cyclol~exylan~ine hydrochloride. 

Acid Hy&olysis of 3-Cyclohexyl-5- (cis. 1,2- 
d@henj~Icinyl) -4- (p-nitroppher2y!) -2-phenyl-4- 
oxazolirze 

0.40 g (0.00072 mole) of 3-cyclohexyl-5-(cis-1,2-di- 
phenylvinyl)-4-(p-nitrophenyl)-2-phenyl-4-oxazoline was 
heated under reflux in 25 nil of 2 N hydrochloric acid for 
a period of 35 h. From this reaction 4 products were 
isolated in the manner described above. The white 
sublimate (0.008 g)  and the ether extract (0.050 g) were 
found to consist of benzoic acid (m.p. 119-120.5"), 
while the aqLleous layer contained cyclohexylan~ine 
hydrocl~loride. As before, no structural assignment 
could be .given to the brown residuc (0.12 g, n1.p. 85') 
whose physical data a a s  as follows. Mo!. Wt. (mass 
spectrum): 369 (which corresponds to oxazoline-anil); 
the i.r. spectrurn showed vCE,C13m"X 1766 (C=O) 1695 
cm-' (C=O); n.m.r. (CDCI,), 6.7-8.5 (multiplet, aryl 
protons). 

Acid Hydrolysis of 4-Benzoyl-3-cyclol~exl,l-5-(cis-1,2- 
diphenj>ll;inyl) -2-phenjll-4-osazoline 

0.20 g (0.00039 mole) of 4-benzoyl-3-cyclohcxyl-5- 
(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline was heated 
under r e f l~~x  in 25 ml of 50% (w,'w) sulfuric acid for a 
period of 3 h. As in the proced~~re described above, 
benzoic acid was sublimed 0u.t in the condenser and 
benzaldehyde was obtained from the ether extract. 

Reaction of4-Benzoyl-3-cyclohexyl--(cis-1,2- 
diphe~zyll;inyl)-Z-phenyl-4-oxcrzoline ~vith 
Nucleophiles arid Bases. 

( a )  Potassium Tlziocy~izute 
A solution of 0.064 g (0.125 1nmoIe) of the title 

4-oxazoline and 0.0032 g (0.025 mn~ole) of potassium 
thiocyanate in 10 ml of acetone was heated under reflux 
for 26 h;  during which time it adopted a pink color. The 
solution was cooled, the solvent removed in cncrro, and 
the residue extracted with benzene affording 0.056 g 
(87.5 % recovery) of unchanged 4-oxazoline; 111.1). 158' 
(heptane), mixed n1.p. 158" with authentic material. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



100 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

(b )  Sodium Iodide 
Similarly, a solution of 0.064 g (0.125 mmoles) of the 

title 4-oxazoline. and 0.005 g (0.025 mmoles) of sodium 
iodide in 10 ml of acetone was heated under reflux for 
3 h, during which time it adopted a deep red color. The 
solution was allowed to cool when it reverted to the 
original straw color, the solvent removed in aacuo, and 
the organic material recovered by extraction with benzene 
affording 0.054 g (84.1 % recovery) of unchanged 4- 
oxazoline; m.p. 156" (heptane) identical with authentic 
material. 

( c )  Dimethyl Sulfoxide 
A solution of 0.511 g (0.001 mole) of the 4-oxazoline 

and 0.234 g (0.003 mole) of dimethyl sulfoxide in 30 ml 
of benzene was heated under reflux for 24 h. The solvent 
was removed iri aacuo and the resulting red oil chromato- 
graphed on 30 g of Fisher alumina with a 1 :1 mixture 
of heptane and benzene as eluant. The main fraction was 
a pink solid of the unchanged 4-oxazoline 0.408 g 
(80% recovery) m.p. 160". 

( d )  Potassium Carbonate in Aqueous Tetrahydroflran 
As described above in the attempted deuterium ex- 

change, the 4-oxazoline was con~pletely inert to prolonged 
refluxing with potassiun~ carbonate in tetrahydrofuran- 
deuterium oxide mixtures. 

( e )  Sodium Hydroxide 
A suspension of 0.51 g of the 4-oxazoline in 25 ml of 

10% aqueous sodium hydroxide was heated under 
reflux for 3 h. The mixture was then cooled and the 
soiid material collected, washed with water, and dried, 
affording 0.47 g of the unchanged 4-oxazoline m.p. 161°, 
undepressed by admixture with the starting material. 

3-Cyclohexyl-5- (cis-1,2-dipkenj~lciny~) -3-phenyl-4- 
(p-tolr~oy1)-4-oxazoline and 4,5-Diphenyl-2- 
(cis-I,2-diphenylvinylj-3-(p-toluoyl) furan 

A solution of 1.6 g (0.005 mole) l-cyclohexyl-2- 
phenyl-3-(p-toluoy1)aziiidine (25) and 1.03 g (0.005 
mole) of d~phenylcyclopropenone in 60ml of dry 
benzene, was heated under reflux for 12 h. The res~dual 
oil obtained after removal of the solvent was chromato- 
graphed on 120 g alumina as in the previous experi- 
ments. The benzene eluants gave on evaporation, an 
orange oil wh~ch when dissolved in 20 ml heptane and 
cooled yielded, 4,5-diphenyl-2-(cis-1,2-diphenylvinyl)-3- 
(p-toluoyl) furan, m.p. 180 "C (0.3 g) which recrystallized 
from ethanol as pale yellow crystals, m.p. 186-187 "6, 
and which was identical (mixed m.p. undepressed, 
superimposable i.r. spectrum) with the product obtained 
from the reaction of 3-cyclohexyl-5-(cis-1,2-diphenyl)-3- 
phenyl-4-(p-toluoy1)-4-oxazoline with diphenylacetylene 
described below. 

Anal. Calcd. for C3,H2,02: C, 88.34; H, 5.46. Found: 
C, 88.5; H, 5.4. 

Mol. Wt. Calcd.: 516.2089. Found (mass spectrum): 
516.2089. 

The i.r. spectrum showed v,,, (CHCI,), 1693 cm-I 
(aryl C=O); n.m.r. spectrum ZiTMS (CDCI,), 7.8-6.7 
(multiplet, 24H, aromatic protons) 8.05 (singlet, IH, 
vinyl proton) 2.35 (singlet, 3H, methyl protons). 

Concentration and further cooling of the heptane 
solution yielded 3-cyclohexyl-4-(cis-1,2-diphenylvinyl)-2- 
phenyl-4-(p-toluoy1)-4-oxazoline, m.p. 168-170 "C, 0.65 g, 

(20% yield) pink crystals, m.p. 175-176 "C (EtOH) 
which slowly became colorless on standing in the dark. 

Anal. Calcd. for C37H35N02; C, 84.53; H, 6.72; N, 
2.67. Found: C, 84.5; H, 6.7; N, 2.6. 

Mol. Wt. Calcd.: 525.2668. Found (mass spectrum): 
525.2665. 

The i.r. spectrum showed v,,, (CHCI,), 1695 cm-' 
(aryl C=O); 6 T M S  (CDCI3), 8.0-6.7 (multiplet, 20H, 
aromatic protons and vinyl proton); 4.96 (singlet, lH, 
'2' proton); 2.42 (singlet, 3H, CH3 protons); 2.65-3.0 
(multiplet, 1H) and 1.8-0.4 (multiplet 10H, cyclohexyl 
protons). 

4,5- Dipkenyl-2- (cis-1,2-diphenylvinyl) -3- (p-toluoyl) - 
furan from Reaction of 4-Aroyl-4-oxazoline and 
Diphenylacetylene 

A solution of 0.1 g (0.0002 mole) of 5-(cis-l,2-diphenyl- 
vinyl-3-isopropyl-2-phenyl-4-(p-toluoyl)-4-oxazoline and 
0.05 g (0.00028 mole) of diphenylacetylene in 20 ml dry 
toluene was heated under reflux for 48 h. Treatment of 
the reaction mixture as in the previous experiments gave 
4,5-diphenyl-2-(cis-1,2-diphenylvinyl)-3-(p-toluoyl)furan 
0.075 g (70.5% yield) which crystallized from ethanol, 
m.p. 185-186 "C. The product was identical in all 
respects with the sample obtained from the reaction of 
1 -cyclohexyl-2-phenyl- 3 - (p- toluoy1)aziridine with di- 
phenylcyclopropenone. 

3-Benzoyl-4,5-diphenyl-2-(cis-l,2-diphenylvinyl) -furan 
from Reaction of  4-Aroyl-4-oxazoline with ( a )  
Diphenylcyclopropenone and with ( b )  
Diphenylacetylene 

(a) A solution of 0.2 g (0.00039 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline 
and 0.08 g (0.00039 mole) of diphenylcyclopropenone in 
25 ml dry toluene was heated under reflux for 18 h. The 
resulting pale yellow solution was evaporated to a small 
volume and the residual oil chromatographed on 30 g 
alumina using benzene as eluent. A yellow band which 
rapidly separated, was evaporated to dryness and the 
residual semi-solid on trituration with cold heptane gave 
3-benzoyl-4,5-diphenyl-2-(cis-1,2-diphenylvinyl)-furan as 
a yellow solid, which crystallized from ethanol m.p. 
196 "C (0.04 g (20.5 % yield)). The product obtained was 
identical in all respects to the furan previously isolated 
from the reaction of 3-benzoyl-1-cyclohexyl-2-phenyl- 
aziridine with diphenylcyclopropenone in toluene 
described above. 

(b) A solution of 0.2 g (0.00039 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline 
and 0.1 g (0.0056 mole) of diphenylacetylene in 25 ml dry 
toluene was heated under reflux for 18 h. Treatment of 
the reaction mixture as in the previous experiment gave 
3-benzoyl-4,5-diphenyl-2-(cis-1,2-diphenylvinyl)-furan, 
0.145 g (75.5 % yield) n1.p. 196 'C. 

Control Attempted Thermal Decarbonylation of 
Diphenylcyclopropenone under the Reaction 
Conditions of Formation of  4-Aroyl-4-oxazolines 
and 3-Aroylfurans 

A solution of 1 g of diphenylcyclopropenone and 50 
mg of isopropylamine in 20 ml of dry benzene was heated 
under reflux for 24 h. Evaporation of the solvent gave 
unreacted diphenylcyclopropenone 0.95 g m.p. 118" (24). 
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Reactions of 4-aroyl-4-oxazslines and 3-aroyl-4,5-dihydrofurans 

J. W. LOWN, R. K. SMALLEY,' G. DALLAS,' AND T. W. MALONEY 
Department of Clzernistry, Uni~ersity of Alberta, Edmonton, Alberta 

Received July 16, 1969 

4-Aroyl-4-oxazolines undergo stereospecific [2 + 31 cycloaddition to olefinic dipolarophiles with the 
formation of 3-aroyl-4,s-dihydrofurans. The latter are also found to be reactive towards further [2 + 31 
cycloaddition reactions. Possible mechanisms for these reactions are discussed and the synthesis of 
several new furans and dihydrofurans reported. 
Canadian Journal of Chemistry, 48, 103 (1970) 

In  the preceding paper (1) we described the 
preparation and properties of 4-aroyl-4-oxazo- 
lines and their characteristic cycloaddition reac- 
tions with acetylenes and cyclopropenones to 
form furans. In this paper we consider possible 
mechanisms of these reactions and describe the 
remarkable stereospecific [2 i- 31 cycloaddition 
of olefinic dipolarophiles to 4-aroyl-4-oxazolines 
with the formation of 3-aroyl-4,5-dihydrofurans. 
The latter are themselves found to be reactive 
towards [2 + 31 cycloaddition reactions. 

The 4-aroyl-4-oxazolines are structurally simi- 
lar to the 4-aroyloxazoles which Cornforth has 
shown undergo thermal isomerization (2). Dewar 
has interpreted this rearrangement in terms of an 
"open-chain zwitterion" i.e. a nitrogen ylid 2 (3) 
(see Scheme 1). 

By analogy, our 4-aroyl-4-oxazolines could 
plausibly open to an ylid structure upon heating, 
eq. [I]. The isolation of a stable red crystalline 
4-oxazoline in the quinoxaline series in the open 
chain form (structure 11 in the preceding paper 
(1)) supports this contention. 

The very recent report by Takaku and co- 
workers of the synthesis of furans by the reaction 
of dimethyl sulfonium dibenzoyl methylide with 
acetylenes provides a direct analogy for our 
reaction of 4-aroyl-4-oxazolines with diphenyl- 
acetylene to give furans (4), eq. [2]. A similar 

earlier example by Winterfeldt is shown in eq. 
[3] (5). A survey of the literature shows that 
information on the properties of diaroylammon- 
ium ylids and similar structures is virtually non- 
existent, probably because of their poor nucleo- 
philicity (4,6). However, species such as 4 are 
intrinsically interesting since they could con- 
ceivably react as C-nucleophiles, 0-nucleophiles 
like the sulfur ylids described above, or could 
represent examples of 1,3-dipoles without internal 
octet stabilization (7) but with external octet 
stabilization provided by the anil moiety as 
shown in eq. [4]. If the latter interpretation were 
correct then the open-chain forms of the 4-aroyl- 
4-oxazolines such as 4 could be regarded as 
masked ketocarbenes and would be expected to 
undergo concerted [2 -I- 31 cycloadditions with 
reactive multiple bonds followed by expulsion of 
the anil. The observed reactions of 3 with 
acetylenes to form furans (8) does not distinguish 
between (a) behavior of 4 as an 0-nucleophile and 

0' 

31 2 
SCHEME 1 

'N.R.C.C. Postdoctoral fellow 1967-1968. 
2N.R.C.G. Studentship holder 1967-1969. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

00, ,R' COAr 
C 
I /  I 

Ph-C 3 C f-t O=C-C-NzCHPh 
1 *&' \ C O A ~  0 o 

H I 
C6Hll 

COAr COAr 1 

(b) behavior of 4 as a 1,3-dipole, but reaction with 
alkenes allows a distinction as will be shown. 

Stereospeci$c [2 -I- 31 Cycloadditions of 
4-Aroyl-4-oxazolines to OleJinic 
Dipolarophiles 

Treatment of the 4-benzoyl-4-oxazoline 10 
(R, = Ph) with one equivalent of diethyl maleate 
in refluxing toluene for 24 h, followed by 
chromatographic separation on alumina afforded 
the cis-3-aroyl-4,5-dihydrofuran ( l lb)  in 51 % 
yield, as a white solid, m.p. 141-142'. The 
compound was assigned the cis geometry for the 
4,5 protons because of the observation of an AB 
quartet in the nuclear magnetic resonance 
(n.m.r.) spectrum centered at 3.74 and 4.14 with a 
coupling constant of 11.5 Hz (9) (see Scheme 2). 

Similarly, reaction of 10 (R, = Ph) with one 
equivalent of diethyl fumarate in refluxing toluene 
for 24 h, gave trans-llb in 39 "/,yield, m.p. 112- 
114", which showed an AB quartet in the n.m.r. 

centered at 3.97 and 4.12 with a coupling constant 
of 3.7 Hz (9). 

Similar stereospecific addition of 10 is observed 
with dimethyl maleate and dimethyl fumarate to 
form cis-lla and trans-lla respectively in yields 
of 66 and 73 %. The addition of 10 to dimethyl 
maleate is particularly slow so that partial 
isomerization of the maleate occurs as had been 
observed previously by Huisgen et al. (10) in an 
attempt to observe stereospecific addition of a 
ketocarbene to maleate and fumarate. In the 
reaction described by Huisgen et al. complete 
isomerization of the maleate occurred, whereas in 
the present reaction partial isomerization resulted 
in an 80:20 cis-trans mixture. 

The times required for completed addition of 
diethyl fumarate and diethyl maleate are cut 
dramatically to 75 min and 6 h, respectively, with 
no loss of stereospecificity, by the addition of 
p-toluenesulfonic acid in catalytic quantities 
(2-3 mg.). I t  was mentioned in the preceding 
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LOWN ET AL.: OXAZOLINES AND DIHYDROFURANS 

cis-11 

l l a  R1 = Ph; R2 = R3 = Me 
I l b  R1 = Ph; Rz = R3 = Et 
l l c  R1 = Me; R, = R3 = Me 
l l d  R1 = Ph; R2 = Et; R3 = Me 

trans-11 

+ [PhCH = N-CsH111 

SCHEME 2 

paper that the acid appears to assist in ring 
opening of the 4-oxazoline and the separation of 
the anil moiety. 

The cis dihydrofurans may be epimerized with 
base to the thermodynamically more stable trans 
forms, eq. [5]. For example, treatment of cis-llb 
with three equivalents of sodium methoxide in 
methanol for 3 h, afforded trans-lla, m.p. 190°, 
in 40 % yield. Reaction of cis-l1b with a catalytic 
quantity of sodium methoxide in methanol 
afforded the epimerized trans mixed methyl ethyl 
ester l l d ,  m.p. 164". The structural assignment of 
trans-lld was made on considerations of n.m.r. 
comparisons with trans-lla and trans-llc. 

Further examples illustrating the generality of 
the observed stereospecific addition are provided 
by reactions with different types of 4-oxazolines 
82 (R = GH3 and C6H,) both of which react 
readily with dimethylfumarate to give 13a and 
13b, exciusively possessing the trans configura- 

tion, eq. [6]. Compound 13b was identical to 
trans l l a .  N-Phenylmaleimide is particularly 
reactive in [2 + 31 cycloaddirions with 4-aroyl- 
4-oxazolines and 3-aroyl-4,5-dihydrofurans (see 
below) and reacts with 10 (R, = Ph) or 13b to 
give 15a, with 10 (R, = pCH3C6H,) to give 156, 
and with 13a to give 15c in which the bridgehead 
protons necessarily have a cis relationship. 

Reaction of PO (R, = Ph) with vinyl cyanide 
gave 16 and in this reaction the anil 17 was 

cis-llb trans-lla 

H C02CH3 
'c' 

I /  
RCO Ha:&~4c6~5p C ~ H I I  C H ~ C O ; / ~ \ H  p h 4 y 2 c H 3  

t H 

m C02CH3 

Ph Ph 

92a R = CH3 13a R = CH3 
92b R = C6H5 13b R = C6H5 
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TABLE I 

- -  - - -- - - - - - - - -- --- . -- - .- - - -- - 

Calculated Found 

x 23 
Melting Yield Molcc~rlar Molecular 

No. RI Rz 11 3 R4 Rs polnt % C H N ]on ion 
- -- -- - - 

C H N  
- -- 

trans-lla C6H5 H CO2CHl H C02CH3 188-190" 73 74 36 5 13 - 468 1572 74 24 5 43 - 468 1570 
czc-lla C,Hs H C02CH? CO2CH? H 159-177 66 74 36 5 13 - 468 1572 74 32 5 13 - 468 1575 
trails-llb CsH5 H C02CzHs H COZCZHs 114-115° 39 75 0 5 65 - 496 1886 74 86 5 68 - 496 1882 jf: 
~ 1 ~ - 1 l b  CAHS H CO,C?H, COzCZH, H 141-142' 60 75 0 5 65 - 496 1886 74 70 5 70 - 496 1883 U - - .  

trans-llc Cli, H CO~CH,  H CO,CH, 144-145" 40 70.92 5.46 - 406.1416 70.80 5.38 - 406.1416 
trans-lld C , H ~  H C O ; C ~ H ~  H CO~CI-1; 163-164" 46 74 69 5.39 - 482.1729 7447  5.41 - 482.1724 
16 CsHs H CN H H 184-186" 28 82.76 5 04 3.71 377.1416 82 61 5.05 4.0 377.1417 8 
19 C,Hs H COC<,H5 H COC6Fls 189-191' 16 83.57 5.00 - 324.1150 83.46 5.05 - 324.1151 $ 

236.0837 236.0839 ;?, 

18 CsH, H COC,Hq COChHq H 125-128" 31 83.57 5.00 - 324.1150t 83.78 5.16 - 324.11541 ?: 

*The compounds have the following general structure: 

-/-Principal fragments measured; molecular ion too small to measure. 
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LOWN ET AL.: OXAZOLINES AND DIHYDROFURANS 

9 PhCO 

isolated as such. Dibenzoylethylene reacted with 
10 (R, = Ph) to give an approximately 2:l 
mixture of the dihydrofurans 18 and 19; however 
dibenzoylethylene is known to be susceptible to 
base addition (16) and in fact was shown to 
undergo a reaction with cyclohexylamine in a 
separate experiment. The analytical and spectral 
data on a series of cis and trans 3-aroyl-4,5- 
dihydrofurans prepared by this method are 
summarized in Tables 1 and 2. 

H PhCO 

H PhCO H PhCO phqs H 

COPh COPh 

[2 + 31 Cycloadditions of 3-Aroyl-4,5- 
dihydrofurans 

Significantly, the 3-aroyl-4,5-dihydrofurans 
described above give deep red melts and red 
solutions in hydrocarbon solvents at tempera- 
tures close to  175", indicative of ring opening to 
charged species exactly like the 4-oxazolines (1). 

Accordingly, treatment of trans-lla with one 
equivalent of N-phenylmaleimide in refluxing 
n-butylbenzene for 25 h gave the adduct cis-15a 
(R, = Ph), m.p. 222", in 27% yield identical in 
all respects to that obtained by direct reaction of 
N-phenylmaleimide with the 4-oxazoline as 
described above (see Scheme 3). 

reactions of the 3-aroyl-4,5-dihydrofurans, as in 
Scheme 3, in which a new 4,5-dihydrofuran is 
produced requires that the product have greater 
stability under the reaction conditions than the 
original dihydrofuran, otherwise the product will 
of course ring open in the same fashion. This 
limits the choice of reactive addends. While the 
reaction in Scheme 3 is stereoselective in that only 
cis dihydrofuran is formed from a cis olefin, a 
comparable reaction to confirm the complete 
stereospecificity of the reaction with a trans 
olefin has not so far been possible, because of the 
above thermodynamic limitations. 

The Nature of the Reaction of 4-Aroyl-4- 
oxazolines with Alkenes and Cyclopropenones 

We conclude from the evidence discussed above 
that 4-aroyl-4-oxazolines open thermally to give 
dipolar species which do not behave merely as 
oxygen nucleophiles. The observed stereo- 
specificity of the reaction with alkenes demands 
that the dipolar species behave as externally 
stabilized ketocarbenes and consequently under- 
go concerted and stereospecific [2 $ 31 cyclo- 
addition to alkenes and is represented as shown 
in Scheme 4. Reactions of the product dihydro- 
furans are similarly envisaged as proceeding in a 
stepwise fashion via another ketocarbene 1,3 
dipole with external octet stabilization (Scheme 
5). Qualitatively, reaction of the 4-aroyl-4- 
oxazolines with fumarate to form the thermo- 
dynamically more stable trans-lla or trans-llb is 
faster than the comparable addition to maleate 
esters. Reaction rate studies will be undertaken 
to determine if this difference reflects activation 
energy or entropy differences and also to examine 
the marked rate enhancement by acid catalysis 
mentioned above. 

This represents a novel extension of the Alternative Mechanisms for Reaction of 4-Aroyl- 
[2 + 31 cycloaddition reaction to the dihydro- 4-oxazolines with Alkenes and Alkynes 
furan series. Similarly, reaction of trans-llb with 4-Oxazolines have been postulated as inter- 
one equivalent of N-phenylmaleimide in refluxing mediates in the Lewis acid catalyzed rearrange- 
tetralin for 15 h gave cis-15a (1 5 %). Successful ment of 3-aroyl-aziridines leading to oxazoles (1 1) 
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LOWN ET AL.: OXAZOLINES AND DIHYDROFURANS 

(red species) 

R-C, ,R 
I 

'C 
A Y 

Ph H 
Ph 

COAr 
+ [P~CH=N-RI 

COAr H  1 
R  R' COAr 

(see Scheme 6). The possibility existed therefore 
that the 4-oxazolines described in this paper in the 
thermally induced reactions with, for example, 
diphenylacetylene were decomposing to 4-aroyl- 
oxazoles prior to addition. The 4-aroyloxazoles 
could still give rise to zwitterionic intermediates 
by analogy with Dewar's mechanism for Corn- 
forth's rearrangement in Scheme 1 discussed 
above. Such a reaction pathway (Scheme 7) may 
be discounted since (a) anils, or more often their 
hydrolysis products aromatic aldehydes, are 
detected in the products and not benzonitrile and 
(b) a deliberate thermal decomposition of 4- 
oxazoline 10 (R, = Ph) produced no evidence 
of cyclohexane formation. The elimination of 

cyclohexane in step ( i )  of Scheme 7 is also 
unlikely in view of Padwa's and Hamilton's 
results (11). Thermal decomposition of the 4- 
oxazoline 10 (R, = Ph) in refluxing toluene gave 
a mixture of products from which was isolated 
a yellow crystalline solid which is isomeric with 
and closely resembles the known a-pyrone 21 
(12) and has tentatively been assigned structure 
20, eq. [7]. Compound 20 is also obtained 
in smaller yield by the photolysis of solutions 
of 10 in benzene. Other products are formed 
in minor amounts in these decompositions, but 
as yet no structures can be assigned with confi- 
dence. A parallel thermal decomposition of 10 
(R, = Ph) in refluxing n-butanol also afforded 

R 

d (red species) 

H~ COAr 'R COAr 

;/Si 
R COAr 

, A  L"fil 
H R  

/ \ 
R' COAr 
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TABLE 3 

- - --- -- -- 0 

Calculated Found 

0 / 0 ,  
/o /o  

Melting Yield Molecular Molecular 
No. RI R2 R3 point % C I3 ion C H ion 

*The compounds have the following general structure: 
ITentat~ve asslgnmcnts. " W H  

R2 COR, 

TABLE 4 n 
E 

Spectroscopic data on 3-aroylfurans g 
- - pp -- - - - - 

- -- - -- - - - -- - - - - - - 
- - - - - -- -- -- 

Nuclear magnetic resonance & M ~ ( C D @ ~ ~ )  3 
Infrared 

5 
No. RI R2 R3 cm-"CHC13) Aryl protons Vinyl proton C 

- - - 
Tolyl CH, and ester 

- - - -- - .- -- .- 8 
- CsHs CsHs CoHs 1695 6.8-8.0(25I<)m 7.99(1H)s .a m 
- C ~ H S C H ~ P  C6Hs 1693 8.05(1 H)s CsH5 6.8-7.8(24H)m 2.35(3H)s - 
23a C6Hs COzC2Hs CO2CzH5 1735 7.2-7.9(15H)m 7.96(IH)s I .  11-l.l6(6H)t w -i 

1700 4.17 (4N)q 0 

23h C ~ H ~ C H ~ P  COzC,Hs COzC,H, 1730-1695 7 .O-7. 8(14H)m 7.90(1 H)s 2.37(3H)s 
1 .13-1.16(6H)t 
4.16 (4H)q 

28 CsH5 C02CH3 CO,CH, 1744-1710 7.18-7.78(15H)m ?.86(1H)s 3.56(3H)s ester CH3 
3.61 (3H)s ester CH3 

27 CeHs C02CH3 CH3* 1730-1690 6.9-7.95(15H)m 8.05(1H)s 3.62(3H)s ester CH3 
2.70(3H)s ring CH3 

26 C ~ H S  C02CH3 CoHs' 1730 7.0-7.9(20H)m 8.15(1H)s 3.47(3H)s ester CH, 
1690 

6.6-7.9(21 H)m - 1 .72(3H)s CH3 
6.93-7.82(20H)m 8.17(1H)s 6.80(1H)s ring proton (5) 
7 .O-7.75(19H)n1 7.84(1H)s - 

*Tentative assignments. 
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LOWN ET AL.: OXAZOLINES AND DIHYDROFURANS 

20 but no esters were detected which would have 
been expected if decomposition gave rise to a free 
ketocarbene followed by rearrangement to a 
ketene and subsequent reaction with the solvent. 

[2  + 31 Cycloaddition of 4-Avoyl-4-oxazolines 
to Acetylenic Esters and to Benzyne 

T h e  4-oxazol ines (10) (R ,  = P h  a n d  
pC,H4CH3) reacted readily with diethyl acety- 
lenedicarboxylate in refluxing toluene to give 
furans 23a and b in 54 and 57% yields res- 

pectively. The orientation of the 2 and 3 groups in 
the furans is established by the observation of a 
characteristic aroyl ion R,CO+ in the mass spec- 
trum which therefore excludes the alternative 
structure 24. The orientation of these groups is 

therefore the same as in the parent 4-oxazolines 
and this applies to all [2 + 31 cycloaddition 
products described in this and in the preceding 
paper. This suggests that the dipolar species in 
Schemes 3 and 5 retain their configuration during 
the cycloaddition reactions or that structures 
such as 23 are intrinsically more stable than 24. 

Similarly, substituted furans 26 - 29 are ob- 
tained in good yield by reaction of 10 (R, = Ph; 
pC,H4CH3) with methyl phenylpropiolate, 
methyl methylpropiolate, dimethyl acetylene- 
dicarboxylate, and phenyl acetylene. 

Benzyne, generated in situ from diphenyliodon- 
ium carboxylate (15), reacts with 10 (R, = Ph) to 
give the benzofuran 25, eq. [%I. The analytical 
and spectral data on these new furans are sum- 
marized in Tables 3 and 4. 

Increasing interest is being shown in the 1,3- 
dipolar or [2 + 31 cycloaddition reaction (7). 
1,3-Dipoles without octet stabilization (such 
as ketocarbenes, iminocarbenes, vinylcarbenes, 
iminoazenes, and ketoazenes) are particularly 
difficult to study owing to their short lifetime and 
high reactivity. Accordingly, further studies of 

Ph Ph Ph Ph w w 
'TH -% prH + CaHII 

COPh ( j )  Ph '?I COPh 

C6H11 It  
Ph Ph w 

O\ n c H 
0 ,/ (ii) 

Ph-C-N-C 
Ph-C-C-Ph PI, 

"C-P h COPh .O 
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0 

- A [oil + COi + Phl 
co2 

4-aroyl-4-oxazolines, 3-aroyl-4,5-dihydrofurans, 
4-aroyl-4-thiazolines, and 4-aroyl-4-imidazolines 
are in progress with a view to providing new 
routes to "stabilized" or masked ketocarbenes, 
iminocarbenes, and related species. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Infrared (i.r.) spectra were 
recorded on a Perkin-Elmer model 421 spectrophoto- 
meter, and only the principal, sharply defined peaks are 
reported. Nuclear magnetic resonance (n.m.r.) spectra 
were recorded on Varian A-60 and A-100 analytical 
spectrometers. The spectra were measured on approxi- 
mately 10-15% (w!v) solutions in CDCI,, with tetra- 
methylsilane as a standard. Line positions are reported 
in parts per million (p.p.m.) from the reference. Absorp- 
tion spectra were recorded in ‘spectra'-grade solvents on 
a Beckman DB recording spectrophoton~eter. Mass 
spectra were determined on an Associated Electrical 
Industries MS-9 double focusing, high resolution mass 
spectrometer. The ionization energy, in general, was 
70 elf .  Peak measurements were made by comparison 
with perfluorotributylainine at a resolving power o f  
15 000. Kieselgel DF-5 (Camag, Switzerland) and 
Eastman Kodalc precoated sheets were used for thin layer 
chromatography (t.1.c.). Microanalyses were carried out 
by Dr. C. Daesslk, Organic Microanalysis Ltd., Montreal, 
Quebec and by Mrs. D. Mahlow o f  this department. 

General Preparation of 3-Avoyl and 3-Acyl-4,5- 
d~hydvojilrans 

These compounds were prepared by one o f  two 
methods; (a)  under thermal conditions in high boiling 
solvents or (b) under acid catalysis in low boiling 
solvents. An example o f  each nlethod is reported in detail 

after which the title, physical properties, and spectro- 
scopic data are reported. 

Reaction of 4-Benzoyl-3-cyclohexyl-5-(cis-1,2- 
diphenyluiny1)-2-phenyl-4-oxazoline with Dimet/zyl 
Fumarate 

A solution o f  0.511 g (0.001 mole) o f  4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazo1ine 
( 1 )  and 0.144 g (0.001 mole) o f  dimethyl fumarate in 
50 ml o f  toluene was heated under reflux for 18 h The 
resulting yellow translucent solution was cooled, and the 
solvent removed in cacuo, giving a yellow oil which was 
subjected to chromatography on aluini~la (B.D.H.) with 
benzene as eluant. Ren~oval o f  the solvent and trituration 
o f  the yellow syrup produced with heptane gave 3-ben- 
zoyl-4,5-trans-dicarbomethoxy -2-(cis - 1,2 - diphenylviny1)- 
4,5-dihydrofuran as a white solid, 0.34 g (73 % yield), 
111.p. 188-190" (absolute ethanol). 

Anal. Calcd. for CZ9HZ406: C, 74.36; H, 5.13. Found: 
C, 74.42; H, 5.16. 

Mol. W t .  Calcd.: 468.1573. Found (mass spectrum): 
468.1575. 

The i.r. spectruin showed v,,,(CHCl,), 1736 (C=O) o f  
ester, 1701 (C=0 benzoyl) cnl-I, n.m.r. 6 (CDCI,), 3.02 
(singlet, 3H, ester CH3), 3.64 (singlet, 3H, ester CH3), 
AB quartet centered at 4.07 and 4.25 ( J  = 3.7 Hz, 2H, 4,5 
ring protons, trans coupled), 7.18-7.90 (multiplet, 16H, 
aryl protons and vinyl proton). 

This same dihydrofuran was prepared in 75 % yield by 
heating under reflux for 12 h,  a solution o f  0.587 p (0.001 
mole) o f  4-benzoyl-2-(p-biphenylyl)-3-cyclohexy~- 
1,2-diphenylviny1)-4-oxazoline and 0.144 g (0.001 mole) 
o f  dimethyl fumarate in 40 ml o f  toluene. The product 
was isolated as described above and was identical to the 
dihydrofuran obtained from 4-benzoyl-3-cycIohcxyl-5- 
(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline and dimethyl 
fumarate. 
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Reaction of 4-Benzoyl-3-cj~clohexyl-5-(cis-I ,2-diphenyl- 
vinyl)-2-phenyl-4-oxazoline with Dirnethyl Furnarate 
Under Conditions of Acid Catalysis 

A solution of 0.08 g (0.00016 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline 
in 20 ml of benzene containing 1 crystal of p-toluene- 
sulfonic acid was prepared and shaken for a few moments 
till the characteristic wine red color was imparted to the 
solution. Dimethyl fumarate (0.023 g, 0.00016 mole) was 
added and the solution heated under reflux for 45 min. 
The yellow translucent solution obtained was concen- 
trated in oacuo and the yellow oil produced was subjected 
to chromatography on alumina (B.D.H.) with benzene as 
eluant. Removal of the solvent and trituration of the 
product yellow syrup with heptane gave 3-benzoyl-4,5- 
trans-dicarbomethoxy-2-(cis-1,2-diphenylvinyl)-4-5-dihy- 
drofuran as a white solid, 0.05 g (69 % yield), m.p. 188- 
190" (absolute ethanol). 

Anal. Calcd. for CzsHZ406: C, 74.36; H, 5.13. Found: 
C, 74.24; H, 5.43. 

Mol. Wt. Calcd.: 468.1573. Found (mass spectrum): 
468.1570. 

The i.r. spectrum showed v,,,(CHCI3), 1736 (broad 
C=O of ester), 1702 cm-I (C=O benzoyl); n.m.r. 
6 (CDCI,), 3.11 (singlet, 3H, ester CH,), 3.72 (singlet, 
3H, ester CH,), AB quartet centered at 4.06 and 4.24 
( J  = 3.8 Hz; 2H, 4,5 ring protons trans coupled), 7.18- 
7.98 (multiplet, 16H, aryl protons and vinyl proton). This 
same dihydrofuran was prepared in 69 % yield by heating 
under reflux for 50 min, a solution of 0.556 g (0.001 mole) 
of 4-benzoyl-3-cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-(p- 
nitropheny1)-4-oxazoline and 0.160 g (0.001 1 mole) of 
dimethyl fumarate in 50~ml of toluene containing 2-3 mg 
of p-toluenesulfonic acid. The product was isolated as 
described above and was identical in all respects with that 
compound. 

In  a further experiment the above dihydrofuran was 
again prepared in 65 %yield, by heating under reflux for 
100min; a solution of 0.556 (0.001 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-(rn-nitrophenyl)-4- 
oxazoline and 0.160 g (0.001 1 mole) of dimethyl fumarate 
in 50 ml of toluene containing 2-3 mg of p-toluenesulfonic 
acid and isolating the product as described above. 

Reactiolz of 4-Benzoyl-3-cyclohexyl-5-(cis-1,2- 
diphenylciny1)-2-phenyl-4-oxazoline with Dimethyl 
Malente 

A solution of 0.511 g (0.001 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline 
and 0.144 g (0.001 mole) of dimethyl maleate in 50 ml of 
toluene was heated under reflux for 22 h. The product was 
then isolated as previously described, to give a cis-trans 
mixture of 3-benzoyl-4,5-dicarbomethoxy-2-(cis-1,2-di- 
phenylviny1)-4,5-dihydrofuran as a white solid, 0.31 g 
(66% yield), m.p. 159-177" (absolute ethanol). This 
mixture was shown by n.m.r. to consist of a 78:22 cis to 
trans ratio but no separation could be performed. 

Anal. Calcd. for CzgHz406: C, 74.36; H, 5.13. Found: 
C, 74.32; H, 5.13. 

Mol. Wt. Calcd.: 468.1572. Found (mass spectrum): 
468.1575. 

The i.r. spectrum showed v,,,(CHCI3), 1742 (C=O of 
diester), 1699 cm-' (C=O of benzoyl); n.m.r. 6 (CDCI,), 
3.57 (singlet, 6H, ester CH,), AB quartet centered at 3.69 
and 4.10 (J = 11.5 Hz; 2H, 4,5 ring protons, crs coupled), 

7.17-7.83 (multiplet, 16H, aryl protons and vinyl proton). 
This reaction was also performed under conditions of 
acid catalysis as follows. 

A solution of 0.10 g (0.00017 mole) of 4-benzoyl-2-(p- 
biphenyl)-3-cyclohexyl-5-(cis-1,2-diphenylvinyl)-4-oxazo- 
line and 0.03 g (0.0002 mole) of dimethyl maleate in 20 ml 
of toluene containing 0.008 g of p-toluenesulfonic acid 
was heated under reflux for 24 h, by which time the red 
solution had faded to a pale yellow color. The product 
was isolated as described above to give 3-bcnzoyl-4,s-di- 
carbomethoxy-2-(cis-1,2-diphenylvinyl)-4,5-dihydrofuran 
as a white solid, 0.037 g (47% yield), n1.p. 169-178" (etha- 
nol). Examination of this product by n.m.r. showed it to 
consist of a cis-trans mixture of which > 90 % was the 
cis isomer. 

This reaction when repeated with the same molar 
quantities using 4-benzoyl-3-cyclohexyl-5-(cis-1,2- 
dipheny1vinyl)-2-phenyl-4-oxazoline in benzene solution 
and under conditions of acid catalysis for a period of 20 h, 
gave the above isomeric dihydrofuran in 58 % yield as an 
82:18 cis-trans mixture as estimated by n.1n.r. 

3-Benzoyl-4,s-cis-dicarboethoxy-2- (cis-l,2- 
diphenylcinj~l) -4,s-dilgvdrofilran 

This compound was prepared in 51 % yield as a white 
solid, m.p. 141-142" (absolute ethanol) by heating under 
reflux for 24 h a solution of 0.511 g (0.001 mole) of 
4-benzoyl-3-cyclohexyl-5-(cis-1,2-diphenyIvinyl)-2- 
phenyl-4-oxazoline and 0.172 g (0.001 mole) of diethyl 
maleate in 50 ml of toluene and employing the isolation 
procedure previously described. 

Anal. Calcd. for c31Hzs06: C, 75.00; H, 5.65. Found: 
C, 74.70; H, 5.70. 

Mol. Wt. Calcd. : 496.1886. Found (mass spectrum): 
496.1883. 

The i.r. spectrum showed v,,,(CHCI3), 1735 (broad 
C = O  of diester), 1698 cm-' (C=O of benzoyl); n.m.r. 
6 (CDCI,), 1.06-1.30 (two groups of overlapping triplets, 
6H, ester CH,), 3.90-4.24 (overlapping quartets, 4H, 
ester CH,), AB quartet centered at 3.74and4.14(J = 11.5 
Hz; 2H, 4,5 ring protons, cis coupled), 7.12-7.97 (multi- 
plet, 16H, aryl protons and vinyl proton). 

This same dihydrofuran was prepared in 60% yield by 
heating under reflux for 25 h, a solution of 1.1 12 g (0.002 
mole) of 4-benzoyl-3-cyclohexyl-5-(cis-1,2-diphenylvinyl)- 
2-(p-nitropheny1)-4-oxazoline and 0.350 g (0.00203 mole) 
of diethyl maleate in 100 ml of toluene. The product was 
isolated as previously described. 

A 39% yield of this same dihydrofuran was also ob- 
tained by the acid catalyzed procedure. A solution of 
0.250 g (0.0005 mole) of 4-benzoyl-3-cyclohexyl-5-(cis-1,2- 
diphenylviny1)-2-phenyl-4-oxazoline and 0.086 g (0.0005 
mole) of diethyl maleate in 25 ml of benzene containing 
1 crystal of p-toluene sulfonic acid was heated under 
reflux for 6 h. The product was isolated as described 
before. 

3-Beizzoyl-4,5-trans-dicnrboethoxy-2- (cis-1,2- 
diplzen.v/vitzyl) -4,5-dihydro furan 

This compound was prepared in 39% yield as a white 
solid, m.p. 114-1 15" (absolute ethanol) by heating under 
reflux for 75 min, a solution of 0.511 g (0.001 mole) 
of 4-benzoyl-3-cyclohexyl-5-(~is-1,2-diphenylvinyl)- 
2-phenyl-4-oxazoline and 0.172 g (0.001 mole) of diethyl 
fumarate in 50 ml of benzene containing 1 crystal of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



114 CANADIAN JOURNAL OF 

p-toluene sulfonic acid with subsequent work up as 
previously described. 

Anal. Galcd. for C31H2806: C, 75.00; H, 5.65. Foznd: 
C ,  74.86; H,  5.68. 

Mol. Wt. Calcd.: 496.1886. Found (mass spectrum): 
496.1882. 

The i.r. soectruni showed v,,,(CHCII), 1735 (C=O of 
ester), 1699cm-' (C=O of b&&oyl); n.m.r. 6 (CDCI~), 
0.64 (3H, triplet, ester CH,), 1.09 (triplet, 3H, ester CH3) 
3.48 (quartet, 2H, ester CH2), 4.07 (quartet, 2H, ester 
CH2), AB quartet centred at 3.97 and 4.12 (J = 3.7 Hz); 
2H, 4,5 ring protons, trans coupled), 7.18-7.94 (multiplet, 
16H, aryl protons and vinyl proton). 

3-Benzoyl-2- (cis-I $2-clipherzyloinyl) -4,5-dihydrofuratzo- 
[4,5-c]-2',5'-dioxo-N-phenylpyrrolidine 

A solution of 0.25 g (0.0005 mole) of 4-benzoyl-3-cy- 
clohexyl-5-(cis-1,2-diphenylvinyl)-2-phen~~l-4-oxazoline 
and 0.10 g (0.00058 mole) of N-phenylmalei~nide in 25 ml 
of toluene was heated under reflux for 48 h. The resulting 
pale yellow solution was evaporated to low bulk and the 
residual oil subjected to chromatography on 120 g of 
alumina (B.D.H.) with benzene as eluant. The first 
3 x 50 ml fractions gave on evaporation a colorless oil 
which crystallized on trituration with heptane to give 
3-benzoyl-2-(cis-] ,2-dipheny1vinyl)-4,5-dihydrofurano-[4, 
5-c]-2',5'-dioxo-N-phenylpyrroiidine as a white solid, 
0.16 g (65.8% yield), n1.p. 222-224" (heptane-diglyme). 

Anal. Calcd. for C3,H2,N04: C, 79.64; H, 4.85; N, 
2.87. Found: C, 79.25; H, 4.60; N,  3.0. 

Mol. Wt. Calcd.: 497.1624. .Found (mass spectrum): 
497.1621. 

The i.r. spectrum showed v,,,(CHC13), 1780 (cyclic 
imide) (14), 1725-1695 cn1-' (broad band); n.m.r. 6 
(CDCI,), AB quartet centered at 4.05 and 4.16 ( J  = 9.2 
Hz; ZH, ring junction protons, cis coupled), 6.80-8.10 
(multiplet, 21H, aryl protons and vinyl proton). 

2-(cis-1,2-Dip~zeny~vinj~~j-3-p-to~uoy/-4,5-dihydrofiiraf20- 
[4,5-(1-2',5'-dioxo-N-phe~zylpyrrolidine 

This compound was prepared in 64.5 % yield as a white 
solid, 1n.p. 155-158' (heptane), by heating under reflux 
for 48 h, a solution of 0.25 g (0.0005 mole) of 5-(cis-1,2- 
diphenylviny1)-3-isopropyl .2-phenyl-4-p-toluoyl-4-oxazo- 
line and 0.10 g (0.00058 mole) of N-phenylmaleimide in 
30 ml of toluene. The product was obtained by the work- 
up method previously described. 

Anal. Calcd. for C34H25N04: C, 79.84; M, 4.89; N, 
2.74. Found: C, 79.63; H, 4.93; W, 2.60. 

Mol. Wt. Calcd. : 511.1784. Found (mass spectrum): 
511.1783. 

The i.r. spectrum showed V,,,,(CHCI~), 1780 and 1725 
(cyclic imide), 1705 cm-' (C=O of toluoyl group); n.m.r. 
6 (CDCI,), 2.38 (singlet, 3H, toluoyl CN,), AB quartet 
centred at 4.05 and 4.09 ( J  = 9.25 Hz; 2H, ring junction 
protons, cis coupled), 6.80-8.00 (multiplet, 20H, aryl 
protons and vinyl proton). 

3-Acetyl-2-(cis-I,2-d@henylvinyl) -4,5-dihyd~ofurano- 
[4,5-c~-2',5'-dioxo-N-phenylp.vrrolicline 

This compound was prepared in 34% yield as a white 
solid, m.p. 215.5-216.5" (absolute ethanol) by heating 
under reflux for 3 h a solution of 0.263 g (0.0005 mole) of 
4-acetyI-2-(p-biphenylyl)-3-cy610hexyl~-i~2-diphe- 
nylvinyl)-4-oxazoline and 0.087 g (0.0005 mole) of N- 
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phenylmaleimide in 20 ml of o-xylene. The product was 
isolated as previously described. 

Anal. Calcd. for C2,H2,N04: C, 77.23; H, 4.87; N, 
3.22. Found: C, 77.51; H, 5.03; N, 3.00. 

Mol. Wt. Calcd.: 435.1471. Found (mass spectrum): 
435.1473. 

The i.r. spectrum showed v,,,(CHCI,), 1715 (imide 
C=O), 1690cm-' (C=O of acyl group); n.m.r. 6 
(CDCI,), 1.92 (singlet, 3H, acyl CN,), AB quartet 
centred at 3.62 and 4.05 ( J  = 9 Hz; 2H, 4,5 ring protons, 
cis coupled), 6.70-8.00 (multiplet, 16H, aryl protons and 
vinyl proton). 

3-Acetyl-4,5-trans-dicarbomethoxy-2- (cis-1,2- 
diplzenylvinyl) -4,5-dihydrofLlran 

This compound was prepared in 40% yield as a white 
solid, 1n.p. 144-145" (absolute ethanol) by heating under 
reflux for 4 h, a solution of 0.263 g (0.0005 mole) of 
4-acetyl-2-(p-biphenylyl)-3-cyclohexyl-5-(ci~~-1,2- 
diphenylviny1)-4-oxazoline and 0.072 g (0.0005 mole) of 
dimethyl fumarate in 20 ml of o-xylene. The product was 
isolated as described in the general method. 

Anal. Calcd. for C24H22Q5: C, 70.92; H, 5.46. Found: 
C, 70.80; H, 5.38. 

Mol. Wt. Calcd.: 406.1416. Found (mass spectrum): 
406.1416. 

The i.r. spectrum showed v,,,(GHCI,), 1730 (C=O of 
ester) 1695 cm-' (C-0 of acyl); n.m.r. 6 (CDGI,), 1.60 
(singlet 3H, acyl CH3), 3.64 (singlet 3H, ester CH,), 3.72 
(singlet, 3H, ester CH,), AB quartet centred at 3.72 and 
4.21 ( J  = 3.8 Hz; 2H, 4.5 ring protons, trans coupled), 
7.26-7.82 (multiplet, 1 IH, aryl protons and vinyl proton). 

This same dihydrofuran was also prepared in 25% 
yield by heating under refax for 25 min, a solution of 
0.449 g (0.001 mole) of 4-acetyl-3-cyclohexyl-5-(cis-l,2- 
diphenylviny1)-2-phenyl-4-oxazoline and 0.144 g (0.001 
mole) of dirnethyl funiarate in 50 ml of o-xylene contain- 
ing 1 crystal of p-toluenesulfonic acid. The product was 
isolated as before and was identical in all respects with 
the dihydrofuran prepared above. 

Reaction of4-Benzoyl-3-cyclohexyl-2-(cis-1,2- 
diphenylcifzy1)-2-(p-nifrophenyl-4-oxazoline with 
Acr~~lonitrile 

A solution of 0.556 g (0.001 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-~p-nitrophenyl)-4- 
oxazoline and 0.060 g (0.00114 mole) of acrylonitrile in 
50 ml of toluene was heated under reflux for 15 h. The 
cooled yellow solution was concentrated to low bulk and 
then subjected to chromatography on 30g of basic 
alumina (B.D.H.). Elution with benzene afforded 2 
fractions which on solvent removal in vacuo gave (i) a 
yellow oil (ii) a colorless oil. 

Fraction (i): This yellow oil, 0.30 g, which could not be 
crystallized, was found by t.1.c. to consist of one major 
component contaiiiinated by two minor ones from which 
it could not be separated. The main component was 
found to be C-(p-nitrophenyll-N-cyclohexyhethylimine 
by compatibility of its spectral data with that of authentic 
material synthesized for coinparison purposes. One of the 
minor coniponents was p-nitrobenzaldehyde as deduced 
from the i.r., n.m.r., and mass spectra. 

Mol. Wt. Calcd. for C1,HI6N2O2: 232.1211. Found 
(mass spectrum) : 232.1209. 
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The i.r. spectrum showed v,,,(CHCI,), 1708 (C=O of 
aldehyde). 1640 (G=N), 1523 (NO,), 850 cm-' (1,4-di- 
substituted benzene ring); n.m.r. 6 (CDCI,), 1.05-2.20 
(multiplet, 10H, cyclohexyl CH,), 2.88-3.96 (multiplet, 
1H, cyclohexyl CH), 7.44-8.30 (multiplet, 5H, aryl 
protons and imine CH). 9.97 (broad based singlet, IH, 
aldehyde proton). 

Fraction (ii): This consisted of a colorless oil which was 
induced to crystallize by trituration with heptane contain- 
ing a little 95 % ethanol to give 3-benzoyl-4-cyano-2-(cis- 
1,2-diphenylviny1)-4,Sdihydrofuran as a white solid, 
0.105 g (28% yield), m.p. 184-186" (pink melt) from 
absolute ethanol. 

Anal. Calcd. for C26H19N02: C, 82.76; H, 5.04; N, 
3.71. Found: C, 82.61; H, 5.05; N, 4.00. 

Mol. Wt. Calcd. : 377.1416. Found (mass spectrum): 
377.1417. 

The i.r. spectrum showed v,,,(CHCI,), 2225 ( C d ) ,  
1704cm-I (C=O); n.m.r. 6 (CDCI,), ABX spectrum 
centered at 3.68 (H,), 3.10 (H,), and2.89 (H,) respectively 
(JAB = 9.0 HZ, Jac = 4.5 HZ, J B C  = 12.5 Hz, 4 and 5 
ring protons from first order treatment), 7.23-7.80 
(multiplet, 16H, aryl protons and vinyl proton). 

Reaction of 4-Be~zzoyl-3-cyclohexyl-5-(cis-1,2- 
diplzenyleiny1)-2-yhenyl-4-oxazoline with trans-1,2- 
Dibenzoyletlzylene 

A solution of 1.022 g (0.002 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline 
in 100 ml of toluene containing 0.009 g (0.00005 mole) of 
p-tol~~enesulfonic acid was prepared, and shaken for a 
few moments to allow the characteristic wine red color to 
develop. trans-1,2-Dibenzoylethylene (0.480 g, 0.00204 
mole) was then added and the solution heated under 
reflux for 7 h. The resulting light orange solution was 
concentrated to low volume and the orange oil produced 
was subjected to chromatography on 75 g of alumina 
(B.D.H.). The main fraction, a pale yellow band, was 
obtained by elution with a 2:3 mixture of hexane and 
benzene. Removal of the solvent produced a pale yellow 
oil which was induced to crystallize by trituration with 
hexane containing a few drops of ethanol to give a cis- 
trans mixture of 3-benzoyl-4,5-dibenzoyl-2-(cis-1,2-di- 
phenylviny1)-4,Sdihydrofuran as a white solid, 0.527 g 
(47% yield), n1.p. 188-189" (absolute ethanol). Examin- 
ation by n.m.r. revealed a &:trans ratio of 2 : l .  The 
isomers were separated (upper and lower bands) by 
preparative t.1.c. on silica plates with benzene as eluant. 
A total of 0.213 g of the isomeric mixture was separated 
in this way. 

Upper band: A colorless oil obtained was induced to 
crystallize by trituration with hexane to give 3-benzoyl- 
cis-4,5-dibenzoyl-2-(cis- 1,2-diphenylviny1)-4,5-dihydro- 
furan as a white solid, m.p. 189.5-191.5" (red melt) from 
absolute ethanol. 

Anal. Calcd. for C39H2804: C, 83.57; H ,  5.00. Found: 
C, 83.78; H, 5.16. 

Mol. Wt. Calcd. : 324.1 150 and 236.0837. Found (mass 
spectrum; main fragments measured for molecular ion 
peak too small): 324.1151 and 236.0839. 

The i.r. spectrum showed v,,,(CHCI,), 1706 (C=O of 
benzoyl group unconjugated), 1685 cm-I (C=O of 
conjugated benzoyl group), n.m.r. 6 (CDCI,), AB 
quartet centered at4.87 and 5.23 (i = 7.1 Hz; 2H, 4,5 ring 

protons, cis coupled), 6.90-7.88 (multiplet, 26H, aryl 
protons and vinyl proton). 

Lower band: This consisted of a pale yellow oil which 
was crystallized in the manner described above to give 
3-benzoyl-trans-4,5-dibenzoyl-2-(cis-1,2-diphe~1ylvinyl)- 
4,Sdihydrofuran as a white solid, m.p. 125-128" (red 
melt) from absolute ethanol. 

Anal. Calcd. for C3,H,,O4: C, 83.57; H, 5.00. Found: 
C, 83.46; H, 5.05. 

Mol. Wt. Calcd.: 324.1150 and 236.0837. Found (mass 
spectrum; main fragments measured for parent peaks too 
small). 324.1 154 and 236.0839. 

The i.r. spectrum showed v,,,(CHCl,), 1705 (C=O of 
dibenzoyl groups), 1676 cm- ' (C-O of conjugated 
benzoyl group); n.m.r. 6 (CDCI,), AB quartet centered a t  
4.89 and 5.42 (J = 4.75 Hz; 2H, 4,5 ring protons, trans 
coupled), 6.92-7.84 (multiplet, 26H, aryl protons and 
vinyl proton). 

Reactions of 3-Aroyl-4,5-dihydrofurans 
3-Benzoyl-4-carboethoxy-5-carbornethosy-2- (cis-1,2- 
diphenyloinjd) -trans-4,5-dihydrofiran 

3-Benzoyl-cis-4,5-dicarboethoxy-2-(cis-l,2-diphenyI- 
vinyl)-4,5-dihydrofuran (0.10 g, 0.0002 mole) was heated 
under reflux for 30 min in 10 ml of dry methanol contain- 
ing ca 0.005 g of sodium methoxide. The cooled yellow 
solution was concentrated in cacuo and the yellow oil 
obtained was dissolved in benzene and washed with water 
and finally dried (MgSO,). Following filtration and 
removal of the solvent in cacuo a yellow oil was obtained 
which crystallized on trituration with heptane to give 
3-benzoyl-4-carboethoxy-5-carbomethoxy-2-(cis-1,2- 
diphenylviny1)-trans-4,5-dihydrofuran as a white solid, 
0.045 g (46% yield), m.p. 163-164" (red melt) from 
absolute ethanol. 

Anal. Calcd. for C30H2606: C, 74.69; H, 5.39. Found: 
C, 74.47; H, 5.41. 

Mol. Wt. Calcd.: 482.1729. Found (mass spectrum): 
482.1724. 

The i.r. spectrum showed v,,,,(CHCI,), 1732 (C=O of 
ester), 1701 cm-' (C=O of benzoyl group); n.m.r. 6 
(CDCI,), 0.75 (triplet, 3H, ethyl ester CH,), 3.52 (quartet, 
2H, ethyl ester CH2), 3.71 (singlet, 3H, methyl ester CI-I,), 
AB quartet centered at 4.03 and 4.22 (J = 3.5 Hz; 2H, 4,5 
ring protons, trans coupled), 7.20-7.93 (multiplet, 16H, 
aryI protons and vinyl proton). 

3-Benzoyl-trans-4,5-dicarbometkoxy-2-(cis-I $2- 
diphenylcinylj-4,5-dihydrofurarz from 3-Benzoyl-cis- 
4,5-dicarboethoxy-2-(cis-1,2-diphenylvinyl) -4,5- 
dihydro furan 

3-Benzoyl-cis-4,5-dicarboethoxy-2-(cis-l,2-diphenyl- 
vinyl)-4,5-dihydrofuran (0.08 g, 0.00016 mole) was heated 
under reflux for 3 h in 15 n-11 of dry methanol containing 
0.026 g (0.00048 mole) of sodium methoxide. The yellow 
solution obtained was cooled and the solvent removed in 
caczro to yield an orange gum. The organic portion of this 
was taken up in benzene and washed with water and then 
dried over anhydrous sodium sulfate. Removal of the 
solvent in cacuo gave a pale yellow oil which crystallized 
on trituration with 95 % ethanol to give 3-benzoyl-trans- 
4,5-dicarbon1ethoxy-2-(cis-l,2-diphenylvinyl)-4,5- 
dihydrofuran as a white solid 0.03 g (40% yield). This 
compound was identical in all respects with the dihydro- 
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furan obtained from the [2 + 31 cycloaddition reaction 
of a 4-oxazoline and dimethyl fumarate. 

Reaction of 3-Benzoyl-4,5-trans-dicarbomethoxy-2-(cis- 
1,2-diphenylvinyl) -4,5-dihydrofuvan with 
N-Phenylmaleimide 

A solution of 0.161 g (0.00034 mole) of 3-benzoyl-4,5- 
trans-dicarbomethoxy-2-(cis-l,2-diphenylvinyl)-4,5- 
dihydrofuran and 0.060 g (0.00034 mole) of N-phenyl- 
maleimide in 25 ml of n-butylbenzene was heated under 
reflux for 24 h, by which time the red solution had faded 
to a straw color. The solution was cooled and the solvent 
removed in vacuo yielding a yellow syrup which was 
subjected to chromatography on 50g of alumina 
(B.D.H.). The main fraction, a yellow band, was obtained 
by elution with benzene, the removal of which in vacuo, 
produced a yellow oil, which was induced to crystallize by 
trituration with 95 % ethanol to give 3-benzoyl-2-(cis-1,2- 
diphenylvinyl)-4,5-cis-dihydrofurano-[4,5-c]-2',5'-dioxo- 
N-phenylpyrrolidine, 0.046 g (27 % yield), m.p. 218-220" 
(absolute ethanol). From its spectra data this compound 
was shown to be identical with that prepared from a 
4-oxazoline and N-phenylmaleimide as reported in this 
paper. 

Reaction of 3-Benzoyl-4,5-trans-dicarboethoxy-2-(cis- 
1,2-diphenylvinylj-4,5-dihydrofuran with 
N-Phenylmaleimide 

A solution of 0.10 g (0.0002 mole) of 3-benzoyl-4,5- 
trans-dicarboethoxy-2-(cis-1,2-diphenylvinyl)-4,5- 
dihydrofuran and 0.038 g (0.00022 mole) of N-phenyl- 
maleimide in 25 ml of tetrahydronaphthalene was heated 
under reflux for 19 h, by which time the red solution had 
faded to a straw color. The product was isolated in the 
manner described above as a pale yellow oil which 
crystallized on trituration with heptane containing a few 
drops of 95% ethanol to give 3-benzoyl-2-(cis-1,2- 
diphenylvinyl)-4,5-cis-dihydrofurano-[4,5-c]-2',5'-dioxo- 
N-phenylpyrrolidine as a white solid, 0.015 g (15 % yield). 
As above, this compound was shown to be identical with 
authentic material synthesized from a 4-oxazoline and 
N-phenylmaleimide. 

Thermal Decomposition of 4-Benzoyl-3-cyclohexyl-5- 
(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline in 
Toluene 

A solution of 0.767 g (0.0015 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxa- 
zoline in 60 ml of toluene was heated under reflux for 
48 h. The deep red solution was allowed to cool overnight 
by which time the color had faded to yellow. The solution 
was concentrated in vacuo and the residue taken up in a 
small volume of benzene from which 0.02 g of a white 
solid (i) precipitated out, and was filtered off. The benzene 
solution was once again concentrated and subjected to 
chromatography on 50 g of basic alumina (B.D.H.) with 
benzene as eluant. Removal of the solvent in vacuo gave a 
yellow oil which solidified on standing. Recrystallization 
from ethanol gave a white solid (ii) 0.065 g, and a yellow 
filtrate which on concentration and cooling afforded a 
bright yellow solid (iii) 0.07 g, m.p. 144-146" (ethanol). 

These compounds were: 
(i) White insoluble compound. No structure could be 

assigned to this highly insoluble compound whose 

physical and spectral data are tabulated below. The m.p. 
was 278-280". Anal. Found: C, 80.96; H, 5.14; N, 0.00. 
This gives an empirical formula of C8H60 or Cl,H1202. 
The principal fragments in the mass spectrum: mle 235 
and m/e 105 (C6H,CO). The i.r. spectrum showed 
v,,,(Nujol), 3083 (sharp C=CH), 1752, 1748 (C=O) 
cm-l. No suitable solvent for n.m.r. could be found. 

(ii) White compouizd from column. As above no 
structure could be assigned to this compound whose 
physical and spectral data are as follows. The m.p. was 
180-181". Anal. Found: C, 80.30; H, 4.76; N, 0.00 
(empirical formula C,H,O). The principal peaks in the 
mass spectrum were the same as for the compound above 
i.e. m/e 235, 178, 105. Osmometric molecular wt.: 329. 
The i.r. spectrum showed v,,,(CHCl,), 1819, 1817, 1795 
(C=O), 1680 cm-'; n.m.r. 6 (CDCI,), 6.34 (broad based 
singlet), 7.10-7.94 (n~ultiplet aryl protons), ratio ,- 1 :19. 

(iii) Yellow compound. This compound was assigned 
as an a-pyrone 20 on the basis of the compatibility of its 
physical and spectral properties with those of known 
a-pyrones. The m.p. was 144-146". Anal. Calcd. for 
C23H1602: C, 85.19; H, 4.94. Found: C, 84.1; H, 5.01. 
Mol. Wt. Calcd.: 324.1150. Found (mass spectrum): 
324.1157. The i.r. spectrum showed v,,,(CHCl,), 1719 
(C=O of a-pyrone), 1701 cm-I (shoulder C=O); U.V. 

v,,,(CHC13), 243 mp (log E 4.07), 265 mp (sh) (log E 
3.99), 361 my (log E 4.09); n.m.r. 6 (CDCI,), 7.08-7.92 
(multiplet, aryl protons and ring proton). 

Thermal Decomposition of 4-Benzoyl-3-cyclohexyl-5- 
(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline in 
n-Butanol 

A solution of 0.255 g (0.0005 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-1,2-diphenylvinyl)-2-phenyl-4-oxazoline 
in 20 ml of n-butanol was heated under reflux for 48 h. 
The cooled red solution was evaporated in vacuo and the 
residual red oil subjected to chromatography on 25 g of 
basic alumina (B.D.H.). The main fraction was a yellow 
band which on removal of the solvent and trituration of 
the resulting yellow oil with heptane gave a yellow solid, 
0.029 g, m.p. 143-145" from ethanol. This product was 
found to be identical in all respects (superimposable i.r. 
spectrum, mass spectrum, and undepressed mixed 
melting point) with the a-pyrone obtained from the 
decomposition of the same 4-oxazoline in toluene. No 
other products were obtained from this reaction. 

Photochemical Decomposition of 4-Benzoyl-3-cyclohexyl- 
5-(cis-l,2-diphenylvinyl) -2-phenyl-4-oxazoline in 
Presence of Dimethyl Fumavate 

A solution of 0.102 g (0.0002 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline 
and 0.029 g (0.0002 mole) of dimethyl fumarate in 10 ml 
of chloroform was subjected to photolysis for 1 h at 
room temperature using a Hanovia medium pressure 
mercury lamp (450 W) with a Vicor 7910 filter (> 2150 A) 
and a quartz tube. At no time during the reaction did any 
red coloration appear in the solution. The reaction was 
monitored by following the disappearance of the 4- 
oxazoline carbonyl stretching frequency. The solvent was 
removed in vacuo and the yellow oil produced subjected 
to chromatography on 25 g of basic alumina (B.D.H.) 
with benzene as eluant. Removal of the solvent gave a 
yellow oil which crystallized on standing. This was a two 
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component mixture (t.1.c.) which was separated by 
crystallization from ethanol to give 0.005 g of a yellow 
solid, m.p. 141-142", and a white solid which was found 
to be dimethyl funiarate. The yellow compound possessed 
identical spectral properties to the a-pyrone obtained 
from the thermal decomposition of the 4-oxazoline and it 
was concluded that both compounds were identical. 

Thermal Decomposition of 4-Benzoyl-3-cyclohexyl-5- 
(cis-1,2-diphe1zylvinyl) -2-phenyl-4-oxazoline 

A solution of 0.5 g of the title oxazoline in 20 ml of 
diphenylmethane (b.p. 261") was added to 30ml of 
boiling diphenylmethane and the deep red solution 
heated for 2 h at which time the color had faded. The 
solvent was distilled in vac2to and the distillate examined 
by gas-liquid chromatography (g.1.c.) and no evidence of 
cyclohexane was obtained. 

Synthesis of Substituted Furans by Reaction of 4-Aroyl-4- 
oxazolines with Acetylenic Compounds and 
Diphenylcyclopropenone 

3-Acetyl-2-(cis-l,2-diphenylvinyl)-4,5-diphenylfuuan 
A solution of 0.103 g (0.0005 mole) of diphenylcyclo- 

propenone and 0.263 g (0.0005 mole) of 4-acetyl-2-(p- 
biphenylyl)-3-cyclohexyl-5-(cis-1,2-diphenylvinyl)-4-oxa- 
zoline in 20 ml of o-xylene was heated under reflux for 
18 h. The solvent was evaporated in cacuo and the residual 
dark red gum was purified by chromatography on basic 
alumina (B.D.H.) using benzene as eluant. A yellow band 
was eluted, which on solvent removal in vacuo gave a yellow 
oil. Trituration of this residual oil with a small volume of 
hexane afforded 3-acetyl-2-(cis-1,2-diphei-1ylvinyl)-4,5- 
diphenylfuran as a yellow solid, 0.098 g (44.5% yield), 
m.p. 169-170" (ethanol). 

Anal. Calcd. for C3ZH2402: C, 87.22; H, 5.49. Found: 
C, 87.18; H, 5.54. 

Mol. Wt. Calcd. : 440.1776. Found (mass spectrum) : 
440.1774. 

The i.r. spectrum showed v,,,(CHCl,), 1690 cm-' 
(conjugated a,B unsaturated C = 0 )  (13); n.m.r. 6 (CDCI,), 
1.72 (singlet, 3H, acetyl CH,), 6.6-7.9 (multiplet, 21H, 
aryl protons and vinyl proton). 

3-Benzoyl-2- (cis- I ,2-diphenylvinyl) -4,5-diphenylfuran 
A solution of 0.587 g (0.001 mole) of 4-benzoyl-2-(p- 

biphenylyl)-3-cyclohexyl-5-(cis-1,2-diphenylvinyl)-4- 
oxazoline and 0.206 g (0.001 mole) of diphenylcyclo- 
propenone in 40 ml of toluene was heated under reflux for 
12 h during which time the deep red color at first pro- 
duced faded to a yellow color. The solvent was removed 
in uacuo and the residual gum was purified by chromatog- 
raphy on basic alumina(B.D.H.)usingbenzeneaseluant. A 
yellow band was eluted first, which after evaporation of 
the benzene and trituration of the residue with heptane, 
gave 3-benzoyl-2-(cis-1,2-diphenylvinyl)-4,5-diphenyl- 
furan as a yellow solid, 0.448 g (89.2% yield). This ma- 
terial was identical in all respects to that reported by 
Lown and Smalley (lit. m.p. 195-196" (8)). 

The resulting pale yellow solution was evaporated to low 
bulk and subjected to chromatography on basic alumina 
(B.D.H.) with benzene as eluant. Evaporation of the 
benzene fractions gave 3-benzoyl-4,5-dicarboethoxy-2- 
(cis-1,2-dipheny1vinyl)furan (0.13 g 54% yield) as a 
yellow oil which solidified on trituration with heptane, 
m.p. 114-115" (heptane). 

Anal. Calcd. for CglHZ6O6: C, 75.30; H, 5.30. Found: 
C, 75.25; H, 4.97. 

Mol. Wt. Calcd.: 494.1729. Found (mass spectrum): 
494.1716. 

The i.r. spectrum showed v,,,,(CHCI,), 1735-1706 
(ester C=O), 1700cm-I (C=O of benzoyl); n.m.r. 
6 (CDCI,), 1.1 3-1.16 (overlapping triplets, 6H, ester 
CH,), 4.17 (overlapping quartets, 4H, ester CH2), 7.2-7.9 
(multiplet, 15H, aryl protons) 7.96 (singlet, 1H, vinyl 
proton). 

This same furan was also prepared in 47 % yield, m.p. 
112" (heptane) by heating under reflux for 10 min, a 
solution of 0.128 g (0.00025 mole) of 4-benzoyl-3-cyclo- 
hexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline and 
0.050 g (0.00029 mole) of diethyl acetylenedicarboxylate 
in 6 ml of benzene containing a trace of p-toluenesulfonic 
acid. The product was isolated as previously described 
and proved identical in all respects to the compound 
prepared by the above method. 

3-Benzoyl-4,5-dicarbomethaxy-2-(cis-I,2-diphenylt.inyl)- 
furan 

This compound was prepared in 43 % yield as a yellow 
solid, m.p. 134-136" (ethanol), by heating under reflux for 
15 h, a solution of 0.256 g (0.0005 mole) of 4-benzoyl-3- 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline 
and 0.072 g (0.0005 mole) of dimethyl acetylenedicarboxy- 
late in 30 ml of toluene. The product was isolated, as 
previously described, as a yellow oil which slowly 
crystallized on trituration with heptane. 

Anal. Calcd. for C2qH220h:  C. 74.68; H. 4.72. Found: - - -  - . . 
C, 74.55; H, 4.59. 

Mol. Wt. Calcd.: 466.1416. Found (mass svectrum): 
466.1415. 

The i.r. spectrum showed v,,,(CHCI,), 1744-1710 
cm-I (C=O of diester); n.m.r. 6 (CDCI,), 3.56 (singlet, 
3H, ester CH,), 3.61 (singlet, 3H, ester CH,), 7.18-7.78 
(multiplet, 15H, aryl protons), 7.86 (singlet, lH,  vinyl 
proton). 

4,5- Dicarboethoxy-2- (cis-1,2-diphenylvinyl) -3- 
(p-toluoyl) furan 

This compound was prepared in 57% yield as a pale 
yellow solid, m.p. 112-113", (heptane), by heating under 
reflux for 48 h a solution of 0.25 g (0.00051 mole) of 
5-(cis-diphenylvinyl)-3-isopropyl-2-phenyl-4-(p-toluoyl)- 
4-oxazoline and 0.1 g (0.00058 mole) of diethyl acetylene- 
dicarboxylate in 25 ml of toluene. The product was 
isolated as previously described. 

Anal. Calcd. for C3ZHZ806: C, 75.58; H, 5.55. Found: 
75.40: H, 5.60. 

3-Benzoyl-4,5-dicarboethoxy-2-(cis-1 ,2-diphenyluinyl) - M ~ I .  ~ t .  Calcd.: 508.1886. Found (mass spectrum): 
furan 508.1875. 

A soiution of 0.25 g (0.0005 mole) of 4-benzoyl-3- The i.r.spectrumshowedv,,,,,(CHCI,), 1730-1695cm-1 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline (broad band, ester and ketone C=O); n.m.r. 6 (CDCI,), 
and 0.19 g (0.00058 mole) of diethyl acetylenedicarboxy- 1.13 and 1.16 (overlapping triplets, 6H, ester CH,), 2.37 
late in 25 ml of toluene was heated under reflux for 24 h. (singlet, 3H, methyl group), 4.16 (overlapping quartets, 
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4H, ester CH2), 7.0-7.8 (multiplet, 14H, aryl protons), and 0.324 g (0.001 mole) of diphenyliodonium-2-carboxy- 
7.9 (singlet, lH ,  vinyl proton). late (15) in 50 ml of 1,3,5-trimethylbenzene (b.p. 165") 

was heated under reflux for a period of 20min. The 
3-~enzo~l-4-carbornetlzoxy-2-(cis-I,2-dip~ze~~~lci~z~~)-5- yellow was cooled and the solvent removed in 

phelzyv~~ran cacuo giving a yellow oil which was subjected to chroma- 
t his compound was prepared as described above in tography on basic alumina (B.D.H.). Elution with 

59 % yield as a pale yellow solid, 1n.p. 178-180" (ethanol), n-pentane removed aromatic byproducts from the inter- 
by heating under reflux for 48 h a sol~ltion of 0.25 g mediate benzyne while the main fraction, a yellow band 
(0.0005 mole) of 4-benzoyI-3-cyclohexyl-5-(cis-1,2-di- was obtained by elutioll with benzene. Removal of the 
phenylvinyl)-2-pheny1-4-oxazoline and 0.1 g (0.00062 solvent irt vacllo and trituration of the resulting yellow oil 
mole) of methyl phenylpropiolate in 25 ml of toluene. with 95% ethanol gave 3-benzoyl-2-(cis-1.2-diphenyl- 
The product was isolated as before. viny1)benzofuran as a pale yellow solid 0.060 g (30% 

Anal. Calcd. for C33H2404: C, 81.79; H, 4.99. Found: yield). The t.1.c. showed a minor contaminant which was 
C, 81.84; H, 4.89. removed on recrystallization from ethanol, m.p. 83-85". 

Mol. Wt. Calcd.: 484.1675. Found (mass spectrum): Anal. Calcd. for C2,H,,0,: C, 87.00; H,  5.00. Found: 
484.1678. C, 86.51; H, 5.12. 

  he i.r. spectrurn showed v,,,,(CHCI,). 1730 (C=O of Mol. Wt. Calcd.: 400.1463. Found (mass spectrum): 
ester), 1690 cm-' (aryl ketone); n.m.r. 6 (CDCI,), 3.47 400,1470. 
(singlet 3 ~ ,  ester CH,), 7.0-7.9 (multiplet, 20H, aryl The i.r. spectrum showed v,,,,(CHCI,), 1705 (C=O of 
protons), 8.15 (singlet, IH, vinyl proton). benzoyl group); n.m.r. 6 (CDCI,): 7.0-7.75 (multiplet, 
3-Benzoyl-4-caubome~hoX3,-2-(c~s-l,2-~@jie~?vloinJ~~)-5- 19H, a r ~ l  protons), 7'84 (sing1et, lH9 proton)' 

methylfuran 
This compound was prepared as described above in This research was supported by a National Research 

48.5 % yield as a pale yellow solid, m.P. 73-74" (ethanol), Council of Canada grant to J. W. Lown. We thank 
by heating under reflux for 48 h a solution of 0.25 g Mr. J. p. Moser for technical assistance and Mr. R. 
(0.0005 mole) of 4-benzoyl-3-c~clohexyl-5-(cis-1,2-di- Swindlehurst and Dr. A. Hogg for the n.m.r. and mass 
phenyluiny1)-2-phenyI-4-oxazoline and 0.1 g (0.001 mole) spectra, respectively, 
of methyl methylpropiolate in 25 ml of toluene. The 
product was isolated by chron~atograpliy as previously 
described. 1. J. W. LOWN, R .  K. SMALLEY, 6. DALLAS, and T. W. 

Anal. Calcd. for Cz8H2,O4: C, 79.64; H, 5.25. Found: MALONEY. Can. J. Chem. Preceding paper. 
C, 79.35; H, 4.90. 2. 5. W. CORNFORTH. In Heterocyclic compounds. 

Mol. Wt. Calcd. : 422.151 8. Found (mass spectrum): Fh$j:; ~ A ~ ~ ~ ~ ~ e 1 ~ . 7 E ~ $ , ~  
422.1528. 3. M. J. S. DEWAR. Electronic theory of organic 

The i.r. spectrum showed vm,,(CHC13), 1730-1690 chemistry. Oxford University Press, 1949. p. 87. 
cm-I (ester carbonyl and aryl ketone carbonyl); n.m.r. 4. M. TAKAKU, Y .  HAYASI, and H. NOZAKI. Tetra- 
6 (CDCI,), 2.7 (singlet, 3H, ring methyl group), 3.52 hedron Letters, 2053 (1969). 
(singlet, 3H, ester CH,), 6.9-7.95 (multiplet, 15H, aryl 5. E. WINTERFELDT. Ber. 98, 1581 (1965). 
protons), 8.05 (singlet, lW, vinyl proton). 6. A. W. JOHNSON. Ylid chemistry. In Organic 

chemistry, Series of monographs. Vol. 7. Chapts. 7 and 
3-Benzoyl-2-(cis-l,2-diphenylcinyl) -5-phenylfurarz 9. Academic Press, Inc., New York, 1966. 

This compound was prepared in 56% yield, m.p. 7. R. HUISGEN. Angew. Chem. Int. Ed. 2 [lo], 565, 
163-165" (ethanol), by heating under reflux for 80 min a 633 
solution of 0.556 g (0.001 mole) of 4-benzoyl-3-cyclo- 8. : e t ~ i s , \ ~ ~ l ~ ~ ,  R. K' S"ALLEY Tetrahedron 

hexyl-5-(cis-l,2-diphenylvinyl)-2-(m-nitrophenyl)-4-oxa- 9. H. W. H E I ~ ~ ,  R. E. PEAVY, and A. J. DURBETAKI. 
zoline and 0.110 g (0.00108 mole) of phenylacetylene in J, erg, chern, 31, 3924 (1966). 
60 ml of xylene. The furan was isolated as previously 10. R. HUISGEN, H.  KONIG, G. BINSCH, and H. J. 
described. STVRM. Angew. Chem. 73, 368 (1961). 

Anal. Calcd. for C31H2202: C, 87.32; A, 5.16. Found: 11. A. PADWA and L. HAMILTON. Tetrahedron Letters, 
C, 87.06; H, 5.41. 1861 (1967). 

~ ~ 1 .  wt. calcd,: 426. ~~~~d (mass spectrum): 426. 12. T. EICHER and A. HANSEN. Tetrahedron Letters, 
1169 (1967) The i,r. spectrum showed vmax(CHC13), 1698 cm-' 13. L. J. BELLbMY, The infrared spectra of complex ( c z o  of benzoyl group); n.m.r. 6 (CDCI3), 6.80 molecules, Methuen, New York, 1958. p. 132, 

(singlet, lH, ring proton), 6.93-7.82 (multiplet, 20H, aryl 14. L. J. BELLAMY. The infrared spectra of complex 
protons), 8.17 (singlet, l l i ,  vinyl proton). molecules. Methuen, New York, 1958. p. 221. 

15. F .  M. BERINGER and S. J. HUANG. J. Org. Chen~.  
3-Benzoyl-2- (cis-1,2-diphenylci~z,~l) benzofiivan 29, 445 (1964). 

A solution of O 256 g (0.0005 mole) of 4-benzoyl-3- 16. I. KUWAJIMA and T. MUKAIYAMA. J. Org. Chem. 
cyclohexyl-5-(cis-l,2-diphenylvinyl)-2-phenyl-4-oxazoline 29, 1385 (1964). 
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Chemistry of metal hydrides. VII. An iridinm(II1) carbonyl cation and the 
formation of iridium(IP1) hydridocarbonyls 

H. C. CLARK AND R. K. MITTAL 
Department of Chemistry, Unit'ersity of Western Ontario, London, Ontario 

Received July 25, 1969 

IrC13(PEt3), is readily converted to IrHC12(CO)(PEt3)2 by treatment with carbon monoxide in hot 
acetone, ethanol, or 2-methoxyethanol. Perchlorate, tetrafluoroborate, and tetraphenylborate salts 
containing the [IrC12(CO)(PEt3)3]+ cation have been prepared, but attempts to obtain salts containing 
the [IrHCI(CO)(PEt,),]+ cation give only the neutral hydride, IrHC12(CO)(PEt3),. The reactions of 
[IrC12(CO)(PEt3)3]+ with ethanol, water, lithium aluminum hydride, aqueous potassium chloride 
solution, and sodium alkoxides are described. 
Canadian Journal of Chemistry, 48, 119 (1970) 

In previous papers (1-3), reactions leading to 
the insertion of unsaturated reactants in the 
Pt-H bond of Pt(I1) 4-coordinate hydrides were 
described, as well as interconversion reactions (4) 
between such hydrides and cationic platinum(I1) 
carbonyl salts. While the effects of different 
ligands on such reactions require further study 
( 5 ) ,  it is also clear that the square planar geometry 
of these hydrides may be a significant factor. A 
related study of the chemical behavior of some 
octahedral transition metal hydrides was there- 
fore thought to be desirable, and for this purpose 
those of iridium(II1) were chosen because of 
their stability and detailed characterization (6, 7 
and refs. therein). The preparation of some 
cationic carbonyl iridium(1II) derivatives, for 
comparison with their platinum(I1) analogues, 
was also undertaken, and by using the neutral 
hydrido complexes of iridium(II1) as starting 
materials, the possibility of obtaining hydrido- 
carbonyl bridium(II1) cations has also been 
explored. 

Experimental 
I. Reagents and Startixg Materials 

IrC13 [P(C2H5)3]3 and IrHC12 [P(C2H,),13 were pre- 
pared by the methods of Chatt et al. (7, 8). Alcohols and 
acetone were dried by the Grignard method, followed by 
distillation under nitrogen. Hydrocarbon solvents were 
dried over phosphorus pentoxide and distilled under 
nitrogen. Tetrahydrofuran was dried with lithium 
aluminum hydride and then distilled under nitrogen. 

11. Conuersions of 1rC13[P(C2H5) J3 to 
I r f f G  ( @Q)JPf Czff,) 312  

Samples (approximately 0.20 g) of IrC13[P(C2H5)3]3 
were taken In acetone, 2-methoxyethanol, or ethanol, and 
carbon monoxide was bubbled through the solution for 
about 60 h. During this time the acetone solution was 

kept at 65-70", while for the other solvents the tempera- 
ture was maintained at 140-150'. 

Removal of solvent left yellow viscous products which 
were crystallized from petroleum ether (80-100"). The 
products obtained in the reactions in ethanol or 2-meth- 
oxyethanol were found to be solvates of IrNC12(CO)- 
[P(C,H,),], (see the analytical data in Table 1). Sub- 
limation of these products under vacuum at 100" gave 
IrHC12(CO)[P(C2H,)3]2, this also being the product 
forrned in acetone. Reaction of IrC13[P(C2H,)3]3 with 
ethanol for 60 h at 100 'C did not yield hydride. 

111. Preparation of Salts {IrClz (GO) [P(C2H5) ,I3}+ X 
(a) Silver perchlorate (0.07 g, 0.337 mmole) was dis- 

solved in dry acetone which was then saturated with 
carbon monoxide. An acetone solution containing an 
equimolar amount of IrC13[P(C2H5)3]3 (0.216 g, 0.331 
mmole) was added to each sample. An immediate white 
turbidity or precipitate of silver chloride was observed 
and this increased in amount as carbon monoxide was 
bubbled through the refluxing mixture. The reaction 
mixture was filtered and acetone removed under reduced 
pressure. The residue was extracted with ethanol, the 
extract was filtered and petroleum ether (80-100") was 
added to produce needle-like crystals of {IrCl,(CO)- 
[P(C2H5)3]3}C104 (0.15 g, 60%) (see Table 1). A similar 
reaction of silver tetrafluoroborate (0.064 g, 0.328 mmole) 
and IrCI3[P(C2H,),], (0.217 g, 0.332 mmole) yielded 
(0.15 g, 62 %) {IrC12(CO) [P(C2H5)3 I2 }BF4. 

Similarly the reaction in acetone of sodium tetraphenyl- 
borate (0.115 g, 0.336 mmole) with IrC13[P(C2H,),], 
(0.216 g, 0.331 mmole) and carbon monoxide gave a 
crystalline product whose analyses were in reasonable 
agreement with thosc expected for {IrC12(CO)[P- 
(C2H5)3]3}B(C6H5)4 (0.16 g, 50%). However, the infrared 
spectrum of this product showed a peak at 1950 cm-I 
corresponding to v,, for Ir(I) compounds (9). The follow- 
ing procedure was therefore used. 

(b) Sodium tetraphenylborate (0.0685 g, 0.201 mmole) 
and {IrCI,(CO)[P(C,H,)3]3}C10~ (0.1494 g, 0.20 mmole) 
in a 1 :1 mole ratio were allowed to react in acetone. The 
mixture was stirred at 25" for about 2 h;  it was then 
filtered and acetone was removed under reduced pressure. 
The residue was extracted with ethanol, the extract was 
filtered, and crystallization was induced by the addition of 
petroleum ether. The crystalline product showed only a 
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very weak infrared absorption at 1950 cm-' and analyzed 
as IIrC12(COl tP(C2H5), I 3  )B(C6Hj)4 (0.1 1 g, 50 %) (see 
Table 1). 

(c) Attempts to prepare analogous salts (X = C104, 
BF,, or B(C6H&) containing the {IrHCI(CO)[P- 
(C2H,),],}+ using carbon monoxide, the appropriate 
silver or sodium salt, and IrHCI, [P(C,H,),], gave only 
IrHC12(CO)[P(C2H,)3]2, which in each case was identi- 
fied analytically and spectroscopically. 

ZV. Reactions with {IrClZ (CO)(P(C2H,) 3 13)C104 
(a) An acetone solution of silver perchlorate (0.041 g, 

0.20 mmole) was saturated with carbon monoxide and an 
equimolar quantity of {IrCI,(CO)[P(C2H,)3]3}C104 
(0.148 g, 0.20 mmole) was added. The solution was kept 
at 60-70" for 20 h while carbon monoxide was bubbled 
through. No precipitation occurred. 

(b) {IrC12(CO) [P(C2H,),],}CIO4 (0.155 g, 0.208 
mmole) was refluxed in ethanol under a nitrogen atmos- 
phere for 2 h. The ethanol was then removed under 
reduced pressure, and the product was isolated by 
extracting with pentane from which it eventually crystal- 
lized. The product was identified as [IrHC12(CO)- 
[P(C~H5)312 I .  CzH50H. 

Anal. Calcd. for C15H3,0LC12P21r: C, 31.3; H,  6.44. 
Found: C, 30.6; H, 6.40. 

Sublimation under reduced pressure at 100" gave 
IrHC12(CO) [P(C,H,), I,. 

Anal. Calcd. for C1,Hl4OCl2P2Ir: C, 30.05; H ,  5.80. 
Found: C, 29.54; H, 5.80. 

(c) {IrC12(CO)[P(C2H5)3]3}C104 (0.150 g, 0.2 mmole) 
was placed in a Carius tube and a saturated solution of 
potassium chloride in degassed distilled water was added. 
The tube was sealed under vacuum and was shaken a t  
100" for 100 h. 

On  opening the tube and removing the solvent, a 
yellow viscous material was found from which a 
crystalline product was isolated by extraction with 
ethanol and slow addition of petroleum ether to the 
ethanol extract. The product was identified as IrCI,(CO)- 
[P(CZH~)S 12. 

Anal. Calcd. for C13H3,0C13P21r: C, 27.7; H, 5.68. 
Found: C, 28.54; H, 5.17. 

( d )  {IrC12(CO)[P(C2H,)3]3}C104 (0.156 g, 0.209 
mmole) was dissolved in dry tetrahydrofuran and slightly 
more than an  equimolar amount of lithium aluminum 
hydride (0.01 g, 0.26 mmole) was added slowly. After the 
addition was complete, the mixture was refluxed for 1 h 
under a nitrogen atmosphere. The mixture was hydrolyzed 
by the addition of aqueous tetrahydrofuran and the 
solution was then filtered. The solvents were removed by 
evaporation under reduced pressure and the residue was 
extracted with ethanol. The addition of petroleum ether 
caused crystallization and further purification was 
achieved by recrystallization from an ethanol - petroleum 
ether mixture. The product, IrHC12(CO)[P(C2H,)3]2, 
was identified spectroscopically. 

(e) {IrC12(CO)[P(C2H,)3]3}C104 (0.238 g, 0.32 mmole) 
was dissolved in dry ethanol and sodium metal (0.0082 g, 
0.36 inmole) was added to the solution (s!ightly more than 
the equimolar amount required for NaOC2H,) under 
a nitrogen atmosphere. The solution was refluxed 
with magnetic stirring for about 2 h, then filtered to 
remove any turbidity, and the ethanol evaporated under 

reduced pressure. A yellow viscous compound was 
obtained which was extracted with dry benzene but could 
not be crystallized. Spectroscopically it was found to 
contain IrC12(COOC2H,)[P(C2H,)3]3 along with some 
IrHC12(CO)[P(C,H,)3 1,. 

The compound was hydrolyzed in dichloromethane 
solution with a saturated aqueous potassium chloride 
solution in a sealed Carius tube at 100 "C for 2 days with 
shaking. Ethanol was identified spectroscopically in the 
aqueous layer and hydride in the compound. 

Atteillpts were also made using sodium methoxide and 
isopropoxide and by changing the reaction medium to 
acetone, benzene, and tetrahydrofuran. In the case of 
sodium methoxide no noticeable reaction took place, 
while with isopropoxide there was a slight reaction. In 
acetone some reaction took place and in benzene there 
was also some reduction of iridium(II1) to iridium(1). In 
dry tetrahydrofuran, however, appreciable reduction of 
iridi~un(II1) to iridium(1) took place and the product was 
stable either in vacuum or inert atmosphere but was 
oxidized in air. 

Discussion 

Our starting materials for these reactions, 
IrCl,(R,P), and IrHCl,(R,P), (where R = 
ethyl), were prepared by the methods of Chatt 
et al. (7) and have the configurations 1 and 2, 
respectively 

The trichloride complexes, I[rCl,(R,P),, can be 
converted readily (10) to carbonyl complexes, 
IrCl,(CO)(R,P),, by treatment with carbon 
monoxide in an organic solvent, the products 
having configuration 3 

The trichloro-complex IrCl,(Et,PhP), (con- 
figuration 1) on treatment in ethanol with carbon 
monoxide also gives IrHCl,(CO)(Et,PhP), of 
coilfiguration 4, but under more forcing condi- 
tions the product has configuration 5. 
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We have found that IrCl,(Et,P),, in acetone or 
2-methoxyethanol at their boiling points, or in 
refluxing ethanol with the heating bath tempera- 
ture at 140-150°, with the passage of carbon 
monoxide at approximately 1 atm pressure, gives 
good yields of the hydridocarbonyl, IrHCl,(CO)- 
(PEt,),. This again has configuration 4 with 
carbon monoxide trans to hydride, confirmed by 
the low frequency (2105 cm-l) of v,,-,, together 
with the v,=, absorption at 2010 cm-l, and the 
high field proton nuclear magnetic resonance 
(n.m.r.) absorption consisting of a 1 :2:1 triplet at 
.t = 19.2 with JH-,,-, = 16.0 c.p.s. Moreover, 
the infrared spectrum shows a band at 320 cm-' 
which can be assigned to an Ir-Cl stretching 
vibration, whereas this frequency for chlorine 
trans to a phosphine or carbon monoxide is 
observed at 260-280 cm-'. 

Although numerous carbonyl and hydrido 
carbonyl neutral hexa-coordinated complexes of 
iridium(II1) are known, few cationic species of 
these types have been reported. Malatesta et al. 
(1 1) reported that IrH,(PPh,), readily evolves 
hydrogen on treatment with perchloric acid to 
give [IrH,(PPh3),]CIO4. The resulting penta- 
coordinated cation, [IrH,(PPh,),]+, is a good 
acceptor and readily adds another phosphine to 
give [IrH,(PPh,),]+. Angoletta and Caglio (12) 
have also described the formation of two isomeric 
forms of [IrH,(CO)(PPh3),]C1O4. We attempted 
t o  p r e p a r e  t h e  hexacoo rd ina t ed  c a t i o n  
[IrHCI(CO)(PEt,), ] + from carbon monoxide, 
IrHCl,(PEt,),, and silver perchlorate, silver 
tetrafluoroborate, or sodium tetraphenylborate, 
but in all cases the only iridium compound 
formed in good yield was IrHCI,(CO)(PEt,), of 
configuration 4. However, perchlorate and tetra- 
fluoroborate salts containing the cation [IrCl,- 
(CO)(PEt,),]+ were readily obtained from 
similar reactions using IrCI,(PEt,), instead of 
the hydrido complex. Their infrared spectra 
showed v,, at 2080 cm- ' for the perchlorate and 
2070 cm-' for the tetrafluoroborate, and also the 

expected strong peaks at 1000-1 100 cm-l and 
weaker peaks at 500-650 cm-' associated with 
the anions (13). From a comparison of these 
carbonyl stretching frequencies with those of 
other iridium(II1) carbonyl complexes (lo), and 
also from the fact that one Ir-Ci stretching 
absorption was observed (at 320 cm-I for the 
perchlorate and 330 cm-' for the tetrafluoro- 
borate), the cation has configuration 6 with trans 
chlorine atoms 

The product from the reaction of IrCl,(PEt,), 
with carbon monoxide and sodium tetraphenyl- 
borate did not give reasonable analytical results 
for [IrC1,(CO)(PEt3)3]B(C,H,)4 and also the 
infrared spectrum showed, in addition to the 
carbonyl peak at 2075 cm-l, a strong peak at 
1945 cm-' which is characteristic of iridium(1) 
carbonyls (9). Moreover, the integrated proton 
n.m.r. spectrum gave a ratio for ethy1:phenyl 
protons of 45:15 instead of the expected 45:20 
ratio. Accordingly, the tetraphenylborate salt was 
best prepared by displacement from the per- 
chlorate 

acetone 
[IrC12(CO)(P(C2H5)3)31C104 f NaB(C6H5)4 ---+ 

25" 

The product then gave reasonable analytical 
results and showed only one carbonyl absorption 
at 2075 cm-I in the 1900-2100 cm-' region. 

In view of the interesting behavior of some of 
the platinum carbonyl cations, particularly to- 
wards alcohols and water (4), the chemistry of 
this iridium(II1) carbonyl cation was worth 
further study. Unsuccessful attempts were made 
to displace more than one chloride from 
IrCl,(PEt,), in the hope of obtaining more 
highly charged cationic species such as [IrCl- 
(CO),(PEt3)3]2i. This is not unexpected. The 
first chlorine which is readily displaced is trans 
to  a phosphine with a high trans labilizing effect, 
but in the resulting cation, [IrCI,(CO)(PEt,)3]f, 
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the remaining chlorine atoms are trans to each 
other, and have little mutual labilizing effect. 

The platinum carbonyl cations react with 
methanol and ethanol (4,5) to give stable alkoxy- 
carbonyls, (R,P),PtCl(COOR), and also the 
preparation of some alkoxycarbonyliridi~~m(II1) 
complexes has been described recently (14). 
These include compounds of the type IrC1,- 
(COOR)(CO)L2 (R = CH3, C2H5, os C,H5 ; 
L = PMe,Ph or AsMe,Ph) as well as carboxy 
complexes IrCl,(COOH)(CO)L, which contain 
the carboxy group -COOH bound directly to a 
metal. It was hoped that reaction of [IrCl,(CO)- 
(PEt,),]' with an alcohol would give IrC1,- 
(COOR)(PEt,), on analogy with the reactions of 
the platinum(I1) cations; however, the only 
product obtained by refluxing the perchlorate salt 
with dry ethanol for 2 h was IrHCl,(CO)(PEt,),, 
obtained as a solvate with 1 molecule of ethanol. 
The latter was lost readily on sublimation to give 
the pure hydridocarbonyl. The reaction of the 
iridium(II1) carbonyl perchlorate with water also 
differed substantially from that of the plati- 
num(I1) carbonyl cation which was converted to 
hydride (5). In the iridium(II1) case, prolonged 
reaction of the perchlorate salt with water at 100" 
did not give a recognizable product, and no 
spectroscopic evidence could be obtained for 
hydride formation. Treatment with an aqueous 
potassium chloride solution gave only IrCl,(CO)- 
(PEt,),, as might be expected from chloride ion 
interaction with the cation. 

A further attempt was also made to obtain the 
hydridocarbonyl cation by treatment of the 
perchlorate salt with lithium aluminum hydride in 
refluxing tetrahydrofuran but the product was the 
neutral hydride IrHCl,(CO)(PEt,),. 

The possibility of converting the carbonyl 
cation to an alkoxycarbonyl was further explored 
by investigating the reaction of the perchlorate 
salt with sodium ethoxide, where the following 
equation might apply 

[IrC12(CO)(PEt3)3]C104 + NaOEt 
IrC12(COOCzH5)(PEt3)3 + NaC104 

This reaction produced a viscous material whose 
infrared spectrum showed a strong band at 1640 

cm-l, absorptions attributable to a 

group, and to an iridium hydride. The product 
could not be crystallized, but on treatment with 
an aqueous potassium chloride gave ethanol and 
an unidentified hydrido compound. It appears 
that an alkoxy carbonyl may be formed but that 
other reactions, including that of the cation with 
ethanol, are also taking place. Similar reactioils 
of the perchlorate with sodium methoxide, 
ethoxide, or isopropoxide in acetone or benzene 
were unsuccessful, although in benzene, and even 
more so in tetrahydrofuran, there appeared to be 
reaction leading to the formation of iridium(1) 
compounds. 

It appears that the acceptor properties of the 
carbonyl iridium(II1) cation determine its reac- 
tions with H-, Cl-, or OR-, leading to the 
removal of a phosphine molecule from the co- 
ordination shell of iridium and formation of a 
neutral iridium(II1) complex. 

The financial support of the National Research Council 
of Canada is greatly appreciated. 
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Isotope efFect studies on elimination reactions.' VI. The mechanism of the 
bimolecular elimination reaction of Zarylethylammonium ions2 

P. J. SMITH, AND A. N. BOURNS 
Department of Chemistry, McMastev University, Hamilton, Oiztario 

Received July 11, 1969 

The mechanism of the elimination reaction of 2-arylethyltrimethylammonium ions with ethoxide ion 
in ethanol has been examined using tracer and kinetic isotope effect techniques. Absence of exchange 
with solvent of both 2-phenylethyltrimethylammonium-2,2-d, bromide and 2-(p-trifluoromethylpheny1)- 
ethyltrimethylammonium-2,2-d2 bromide and the observation of nitrogen isotope effects of 1.3 and 0.9 %, 
respectively, have eliminated a two-step process involving a freely-solvated carbanion intermediate for 
both salts. The observation of only a slight change in the magnitude of the nitrogen isotope effect when 
the solvent is changed from ethanol to water has also excluded a zwitterionicintermediate which is specif- 
ically hydrogen-bonded to the molecule of ethanol formed by removal ofae-hydrogen by ethoxide ion. 
Finally, tracer studies using cc- and P-dideuterated substrates have eliminated the less probable reaction 
pathways involving ylide and carbene intermediates. It is concluded that the reaction of 2-arylethyltri- 
methylammonium salts with ethoxide ion is a concerted E2 process. 

Canadian Journal of Chemistry, 48, 125 (1970) 

Introduction 
In a number of studies (1-5) in which kinetic 

isotope effect measurements have been used to 
determine transition state geometry inelimination 
processes, the reaction of ethoxide ion with 2- 
phenylethyltrimethylammonium ion producing 
styrene has been assumed to exemplify a typical 
E2 process. Considerable doubt, however, as to 
the validity of this assumption arose from the 
observation by Banthorpe and Ridd (6) that this 
reaction in ethanol-0-d appeared to be accom- 
panied by isotopic exchange. They found that the 
unreacted quaternary salt, recovered as the tetra- 
phenylborate after 25-30 % reaction, had a deu- 
terium content corresponding to 1 1.6 % of that 
which would result from the complete exchange 
of one hydrogen atom per molecule. This result 
prompted the authors to draw the obvious con- 
clusion that the elimination process is proceeding 
via the Elcb mechanism, eq. [ I ]  

Assuming that the deuterium present in the 
tetraphenylborate sale is solely in the P-position 
and that exchange is not extraneous to the elimina- 
tion reaction, i t  can be shown from Banthorpe's 
data that the ratio k2 [EtOHllk, in eq. [ I ]  in the 
Elcb process would be approximately 0.35. On 
the other hand, work in these laboratories has 
shown that the nitrogen isotope effect, (k14/k15 - 

'Part V:  P. J. Smith and A. N. Bourns. (9). 
*For a preliminary account of part of this study see 

reference 7. 
3Holder of a N.R.C.C. studentship 1963-1964. 

1)100, under Banthorpe's reaction conditions, is 
1.3 % at 40 "C (7), showing that the C-N bond 
rupture is largely rate-determining. In fact, reac- 
tion by an Elcb mechanism giving rise to a 
nitrogen isotope effect of this magnitude and 
having a k,[EtOH]/k, ratio of only 0.35 would 
require an isotope effect for the carbon-nitrogen 
bond rupture step, (k314/k15 - 1)100, as large as 
6 %. Since the theoretical maximum isotope effect 
value for a C-N bond rupture process at 60 "C 
is about 3 % (2) and since experimental values 
in a number of systems have all been less than 2 % 
(2, 7-9), it would appear that there is a clear 
inconsistency in thc isotopic exchange and the 
kinetic isotope effect results. Banthorpe recog- 
nized this and suggested that the transition state, 
for proton loss to give the carbanion, derives some 
stabilization from a partial breaking of the car- 
bon-nitrogen bond. 

Because of the discrepancy between Ban- 
thorpe's exchange results and the nitrogen isotope 
effect measurements, it was decided to reinvesti- 
gate the exchange process but with thc deuterium 
label in the quaternary salt rather than in the 
solvent so as to establish the actual position of 
the exchange. Tests were carried out for exchange 
at each of the cl- and P-positions by using as 
reactants 2-phenylethyltrimethylammonium-1,l- 
d2 bromide and 2-phenylethyltrimethylammo- 
nium-2,2-d, bromide, respectively. In each case, 
the unreacted compound was isolated as the 
original bromide since this salt is more readily 
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+ k + 
PhCH2CH2N(CH3I3 4- C2H50- & P ~ ? H C H ~ N ( C H ~ ) ~  -I- EtOH 

k2 

+ - + 
CtjH.cCH2CH2N(CH3)3 i O E ~  c , . ~ H ~ c H ~ ? H N ( c H ~ ) ~  + EtOH 

purified than the highly insoluble tetraphenyl- 
borate used by Banthorpe and Ridd.4 

The exchange test was also carried out on 2- 
(p- trifluoromethylphenyl) - ethyltrimethylammo- 
nium-2,2-d2 bromide since the strong electron- 
withdrawing substituent on the benzene ring 
might be expected to stabilize negative charge on 
the P-carbon and hence favor reaction by the 
Elcb mechanism. 

Although the E2 and Elcb mechanisms are 
the most probable reaction pathways for the 
reaction, two other possible elimination processes 
have not been excluded in previous studies. One 
of these is the a-elimination or carbene mech- 
anism, eq. [2], which has been observed in a few 
cases in which a very powerful base has been 
employed (1 1, 12). A test for this reaction path- 
way was carried out by determining the position 
of the deuterium label in the styrene formed from 
each of the labelled quaternary salts. 2-Phenyl- 
ethyltrimethylammonium-1 , I-d2 bromide can be 
expected to form C6H5CH=CD2 by P-elimina- 
tion and C,H5CH=CHD by the carbene process. 
On the other hand, 2-phenylethyltrimethylammo- 
nium-2,2-d2 bromide will give C6H5CD=CH, 
by P-elimination and C6H5CD=CHD by the 
a-elimination process. This test was applied to 
2-(p-trifluoromethy1phenyl)ethyltrimethylammo- 
nium-2,2-d2 bromide as well. 

A test was also carried out for reaction of the 
ylide (af,P)-mechanism (13, 14) by the conven- 
tional method of examining for its deuterium 
content the trimethylamine formed in the reaction 
of the 2-phenylethyltrimethylammonium-2,2-d2 
salt, eq. [3]. 

4Subsequent to the completion of this work, Banthorpe 
and Ridd (10) reported on a reinvestigation of the ex- 
change reaction and concluded that their earlier results 
were in error (vide infva). 

Finally, a comparison was made of the nitro- 
gen isotope effect in the elimination reaction with 
hydroxide ion in water and ethoxide ion in ethanol 
in an effort to distinguish between the concerted 
E2 process and an Elcb mechanism in which the 
intermediate zwitterion is specifically hydrogen- 
bonded to the molecule formed by abstraction of 
a P-hydrogen with base. 

Results and Discussion 
Deuterium Exchange a t  the P-Carbon 
2-Phenylethyltrimethylammonium-2,2-d2 bro- 

mide containing 1.88 atoms D/molecule was 
treated with 0.1 M ethoxide in anhydrous ethanol 
at 40 "C and the reaction was allowed to proceed 
half-way to completion. The unreacted salt was 
isolated and was found, within the limits of 
deuterium analysis by the falling-drop method 
(+ 2%), to have the same deuterium content as 
the original reactant. 

A nuclear magnetic resonance (n.m.r.) anal- 
ysis of 1,2-dibromo-1-phenylethane formed from 
the styrene produced in the elimination reac- 
tion of the P-labelled salt showed signals corre- 
sponding to the phenyl- and the -CH2-Br 
hydrogens at 7.38 and 4.00 p.p.m. in the ratio 
or 5.00:2.04. There was no detectable signal at 
5.15 p.p.m. which would result from the resonance 
of a hydrogen on the carbon adjacent to the ben- 
zene ring (P-carbon). 

From these results, it can be concluded that 
there is no significant exchange of the hydrogens 
at the P-carbon. The Elcb mechanism involving 
a freely-solvated zwitterionic intermediate, - + 
C,H~CHCH,N(CH,),, in partial or complete 
equilibrium with reactant is therefore excluded. 

Similar results were obtained in the reaction 
of 2 - (p - trifluoromethy1phenyl)ethyltrimethyl- 
ammonium-2,2-d2 bromide. The n.m.r. spectrum 
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of 1,2-dibromo-l-p-trifluoromethylphenylethane 
showed peaks at 7.30 and 4.10 p.p.m. in the 
ratio of 4.00:1.99, with no absorption corre- 
sponding to the resonance of a hydrogen on the 
carbon adjacent to the benzene ring. The observa- 
tion of no exchange, even when the phenyl group 
carries a strong electron-withdrawing substituent, 
agrees with the findings of Hodnett and Flynn 
(1 5 )  who have reported that no exchange occurred 
when 2-(p-nitrophenyl)ethyltrimethylammonium 
iodide is heated at 100" in tritiated water for one 
elimination reaction half-life. 

Deuteriunz Exchange at the a-Carbon 
An exchange test similar to that described for 

P-exchange was carried out with 2-phenylethyl- 
trimethylammonium-1, I-d, bromide. The initial 
reactant analyzed for 1.94 atoms D/molecule 
and the salt recovered after 50 % reaction showed 
1.92 atoms D/molecule. These values are the 
same within the error of measurement and it is 
concl~~ded that no significant exchange is occur- 
ring at the a-position. 

In a communication accompanying a pre- 
liminary note (7) on the present investigation, 
Banthorpe and Ridd (10) reported that, subse- 
quent to the publication of their initial paper (6 ) ,  
they had observed that the styrene formed from 
reaction of 2-phenylethyltrimethylammonium 
ion with base in deuterated solvent contained no 
detectable deuterium, the result expected for a 
reaction without exchange. They suggested that 
the presence of the label in the 2-phenylethyl- 
trimethylamn~oliium tetraphenylborate in their 
earlier experiments in deuterated solvent is the 
result of some co-precipitation of triinethylammo- 
nium tetrapheilylborate, even under alkaline 
conditions. This contaminant would contain 
deuterium since the trimethylammonium ion 

tion conditions, its intermediacy in an a-elimina- 
tion process, eq. [2], is still a possibility provided 
that it were to be formed in the rate-determining 
step. If this were the case, however, it would be 
difficult to account for the nitrogen-isotope 
effect, unless the force constant for the carbon- 
nitrogen bond were to be considerably smaller 
in the zwitterion than in the quaternary salt. 

Deuterium tracer studies provide an unequiv- 
ocal test for this reaction pathway, since a P- 
elimination involves the loss of one hydrogen (or 
deuterium) from the \&carbon. while a-elimina- 
tion invo1;es the loss of a hydrogen atom (or 
deuterium atom) from the a-carbon and a 
migration of a hydrogen (or deuterium) from the 
p- to the a-position. This test was applied to the 
reaction of 2-phenylethyltrimethylamnlonium- 
1,s-d,, 2-phenylethyltrimethylammonium-2,2-4, 
and 2 - (p - trifluoromethylp11enyl)ethyltriinethyl- 
ammonium-2,2-d2 by an n.m.r. analysis of 
the styrene dibromide and p-trifluoromethyl- 
styrene dibromide formed in the reaction of the 
salts. The results are shown in Table 1 in which 
the absorption at 5.15 p.p.m,, corresponding to 
the resonance of the -CH,Br hydrogens, is 
compared to that expected for the product from 
each of the two reaction pathways. 

It is seen that the results clearly eliminate an 
w-elimination mechanism and are in complete 
accord with a P-elimination process for both the 
parent compound and the p-trifluoromethyl salt. 
This is further confirmed by the observation that 
the total deuterium content of the styrene dibro- 
mide formed from the 2-phenylethyltrimethyl- 
ammonium-2,2-d,, as determined by the falling- 
drop method, is precisely one-half that of the 
starting compound (0.94 compared to 1.88 atoms 
D/molecule). 

would be formed from trimethylamine and the Test for the Ylide (af,P)-Meclzar~ism 
solvent C,H,OD. The reaction of 2-phenylethyltrimethylainmo- 

nium-2,2-d, bromide with ethoxide ion in ethanol 
Test ,for the Carbene (a-Eliminatioiz) at 40" was allowed to proceed to completion and 

Meclzan isnz the trimethylamine, recovered as the hydrochlo- 
*lthough the absence of exchange at the ride, was analyzed for deuterium by the falling- 

shows that the zwitteriOn, C6H5CH2- drop method. No deuterium enrichment was - .. + 
CHN(CH,),, if formed, does not abstract a found in this product, thus eliminating the al,P- 
proton from the solvent under elimination reac- reaction pathway, which, as shown in eq. [3] 
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TABLE 1 
A comparison of the number of hydrogen atoms found by n.m.r. analysis on the 

terminal carbon of styrene dibromide with the number predicted for 
the p- and a-elimination processes 

Atoms of hydrogen per molecule on the 
terminal carbon of the styrene dibromide 

Predicted for 

Reactant P-Elimination a-Elimination Found 

earlier, would involve the transfer of a deuterium 
atom on the P-carbon to a N-methyl carbon of 
the trimethylammonium group. This result is not 
unexpected since earlier work in this laboratory 
(16) has shown that m',p-elimination is not 
involved in the syn elimination of trans-2-phenyl- 
cyclohexyltrimethylammonium ion with ethoxide 
under conditions which are more severe than 
those required for the elimination reaction of the 
acyclic salt. 

Tlze E2 Mechanism Versus an Elcb Pathway 
Infiolving a SpeciJically Solt'ated Zwitterion 

Although the absence of hydrogen-deuterium 
exchange with solvent, coupled with a normal 
nitrogen isotope effect, excludes the usual Elcb 
mechanism, eq. [I], for the elimination reaction, 
there is a variant of this pathway which is not 
inconsistent with these observations. This is a 
process involving the formation of a zwitterionic 
intermediate which is specifically hydrogen- 
bonded to the molecule of ethanol formed by 
removal of the P-deuterium by ethoxide ion, 
es. [41. 

If in such a process kg >> k,, there would be 
no deuterium exchange with solvent ethanol, 
and if, at tne same time, kg I k,, the rate of 
elimination would be isotopically dependent on 

nitrogen since the srep involving the rupture of 
the carbon-nitrogen bond would be wholly or 
partially rate-determining. 

Such a specifically hydrogen-bonded species 
has been invoked by Cram et al. (17) to account 
for the very low or reverse hydrogen-deuterium 
isotope effects in certain isotopic exchange reac- 
tions. Formulating the isotopic exchange process 
by eq. [ 5 ] ,  where DB is deuterated solvent, it is 
seen that the rate constant for exchange, kob,.H, is 
given by 

ktH kgH 
kZH + kgH ' 

Similarly, for exchange of the deuterated sub- 
strate with ordinary solvent, 

It  follows that the isotope effect for hydrogen- 
deuterium exchange, (kH/kD),,,., is equal to 

When kg >> k,, this reduces to (kH/kD),,,, = 
ktH/kID and a normal isotope effect favoring 
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abstraction of hydrogen will result. This has been 
found, for example, in the hydrogen-deuterium 
exchange of toluene and C,H,CD3 using lithium 
cyclohexylamide in cyclohexylamine (18). On 
the other hand, if k, >> k, ,  the equation for the 
ratio of the isotopic rate constants becomes 

The hydrogen-deuterium isotope effect, k3H/k3D, 
for the second step of this process will be small 
since only hydrogen bonds are involved. The 
equilibrium isotope effect, K ~ I K ~ ,  will also be 
small, and may even favor the deuterated reac- 
tant, since the vibrational stretching frequency 
of the bond of hydrogen to either nitrogen or 
oxygen in the molecule HB will be greater than 
that of the original C-H bond. The overall 
isotope effect, (kH/kD),,,,, therefore, will be small 
or less than unity. An example of this is the 
hydrogen-deuterium exchange reaction of 
toluene in dimethyl sulfoxide-potassium tert- 
butoxide, where kH/kD ?: 0.6 was observed (19). 

The P-hydrogen-deuterium isotope effect for 
the reaction of 2-phenylethyltrimethylammonium 
ion with ethoxide ion in ethanol has been mea- 
sured by Saunders and Edison (1) and was found 
to have a value of 3.0 at 50 "C. Although this is 
relatively low compared to kH/kD values of six 
or more that are frequently observed in reactions 
in which a carbon-hydrogen bond is broken in a 
slow step, it is much larger than would be expected 
for a reaction proceeding by way of a specifically- 
solvated zwitterion which is in equilibrium with 
reactants, eq. [5]. On the other hand, the nitrogen 
isotope effect, (k14/k15 - 1)100 of 1 % observed 
by Ayrey et al. at 60 "C (2) requires that the 
carbon-nitrogen bond be broken in a step which 
is at least partially rate-determining. 

The only way in which both the hydrogen and 
nitrogen isotope effect can be accommodated by 
the mechanism of eq. [4] would be for the two 
steps, the formation and the decomposition of 
the specifically-solvated zwitterion, to be com- 
parable in rate, i.e., k,  - k,. Although such an 
equality might occur under a specific reaction 
condition, it would not be expected to be main- 

tained if one were to modify the conditions, for 
example, by changing the solvent. The return of 
the intermediate to reactants involves the con- 
version of a zwitterion to oppositely charged 
ionic species, while its decomposition to product 
produces neutral molecules. If the rates of these 
two processes were to be about equal for reaction 
with ethoxide ion in ethanol, they should differ 
considerably for reaction with hydroxide ion in 
the much more polar solvent water. This differ- 
ence would then be reflected in a large change in 
the magnitude of both the hydrogen and nitrogen 
isotope effects. 

The nitrogen isotope effect for the reaction of 
2-phenylethyltrimethylammonium ion has been 
remeasured for reaction with ethoxide ion in 
ethanol, this time at 40 "C, and has been deter- 
mined as well for reaction with hydroxide ion in 
water a t  97 "C. The results are shown in Table 2. 

The effect of 0.8% for reaction in water at 
97 "C would correspond to an effect of 1.1-1.2 % 
at 40" (20,21) and is therefore only slightly smaller 
than the 1.3 % for the reaction in ethanol. A much 
larger difference than this would be anticipated 
for the two-step mechanism of eq. [4] if, as 
required by the isotope effect data, the rate of 
return of the zwitterion to reactants and the rate 
of its conversion to styrene are about equal in the 
reaction in ethanol. The Elcb mechanism in- 
volving a specifically-solvated zwitterion inter- 
mediate, therefore, would appear to have been 
eliminated as a reaction pathway. 

A similar conclusion can be drawn from the 
hydrogen isotope effect data. Saunders and 
Edison (1) measured this effect for the reaction 
of the 2-phenylethyltrimethylammonium salt in 
ethanol and in 50 % ethanol-water and obtained 
kH/kD ratios of 2.98 and 3.02, respectively, values 
which are identical within the limits of experimen- 
tal error. Finally, the relatively small but sys- 
tematic effect of para-substituents on the 
magnitude of both the hydrogen and nitrogen 
isotope effects in the reaction of 2-arylethyl- 
trimethylammonium ion with ethoxide ion in 
ethanol (ref. 7 and unpublished results) is incon- 
sistent with the mechanism of eq. [4]. 

It  is concluded that no zwitterionic interme- 
diate intervenes between reactants and products 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 

Nitrogen isotope effects in the E2 reaction of 
2-phenylethyltrimethylan~monium bromide 

Experiment Extent of 
no. Temperature 

- 
Reaction (ki4/ki5 - 1)100 

A. Reagent: ethoxide ion in ethanol 
1 40 10 1.33 
2 40 17 1.31 
3 40 22 1.34 
4 40 29 1.33 
5 40 46 1.36 

Mean 1.33i0.02* 
B. Reagent: hydroxide iotz in water 

1 97 8 . 1  0.63 
2 97 9.8  0.90 
3 97 31.6 1.02 
4 97 29.0 0.72 
5 97 13.5 0.74 
6 97 13.1 0.73 
7 97 13.1 0.78 

Mean 0.78*0.13* 

*The error limits are given as the standard deviation. 

in the elimination reaction of Zarylethyltri- 
methylammonium salts and that the reaction is 
a simple one-step E2 process. 

Experimental 
Materialss 

2-Phenj~lethyltrimethylammoni~~m Bromide 
This compound was synthesized using the procedure 

described by Saunders et a/ .  (5). Tosylate ion was dis- 
placed from 2-phenylethyl tosylate by dimethylamine and 
the resulting dimethyl-2-phenylethylamine was quater- 
nized by reaction with methyl bromide to give 2-phenyl- 
ethyltrimethylammonium bromide; n1.p. 237-238"; lit. 
m.p. 237.8-238.2" (5). 

2-(p-Trifl1roromethj~/phenyl) et~z~~ltrimethylnn~monilrrn 
Bromide 

This compound was made by a reaction sequence 
starting with p-trifl~~oro~~~ethylbenzoic acid. This acid 
was converted to its ethyl ester viap-trifluoromethylben- 
zoyl chloride as an intermediate. The ethyl ester was 
reduced to the alcohol with lithium aluminum hydride. 
The alcohol was then converted to the bromide which 
was converted to the nitrile by a cyanide displacement. 
Reduction of the nitrile with lithium aluminum hydride 
and aluminum chloride produced the primary aniine 
which was converted to dimethyl-2-(p-trifluoromethyl- 
pheny1)ethyl arnine by the Escheweiler-Clarke reaction 
(22). Quaterniration of the tertiary aniine with meth- 
yl bromide yielded 2-(p-trifluoromethylphenyl)ethyltri- 
methylammonium bromide, m.p. 227.5-228". 

AnaL6 Calcd. for CIZHI7NBrFB: C, 46.18; H, 5.49; 
N, 4.49. Found: C, 46.18; H, 5.56; N, 4.56. 

'All melting points are corrected. 
6Elernental analyses were performed by Galbraith 

Laboratories Inc., Knoxville, Tennessee. 

p-Trifl~~oromethylbenzoyl Chloride 
To 88 g (0.46 mole) of p-trifluoromethylbenzoic acid 

was added 110 ml of thionyl chloride, purified by the 
method described in Fieser and Fieser (23), and the mix- 
ture was refluxed on the steam bath for 24 h. After re- 
moval of the excess thionyl chloride by distillation under 
reduced pressure, p-trifluoromethylbenzoyl chloride was 
distilled as a colorless liquid, 91.4 g (95 %), b.p. 84-85"/20 
mm; lit. b.p. 199-20O0/750 mm. (24). 

Etlzyl p-Trifluoron~etlzylbenzoate 
Absolute (super-dry) ethanol, 72 g (1.57 mole), was 

added dropwise to a solution of 98.5 g (0.47 mole) of 
p-trifluoromethylbenzoyl chloride and 37.4 g (0.47 niole) 
of pyridine at 10". The reaction mixture was refluxed for 
3 h and was worked up using the procedure described 
by Haas and Bender (25), to produce 90.6 g (88%) of - . . -. 
p-trifluoromethylbenzoate, b.$. 106-107"/24 mm; lit. 
b.p. 80.0-80S0/5.5 mm. (25). 

p-Trifluoromethylbenzyl Alcohol 
Ethyl p-trifluoron~ethylbenzoate, 44 g (0.20 mole) was 

reduced with 5.7 g (0.15 mole) of lithium aluminum 
hydride in dry ether using the procedure described by 
Haas and Bender (25) to produce 34.3 g (97 %) of product, 
b.p. 116-117'/27 mm; lit. b.p. 78.5-8O0/4 mm. (25). 

p-Trifluoromethylbenzj~l Bromide 
p-Trifluoromethylbenzyl alcohol, 35 g (0.20 mole), 

was added to 105 g (0.65 mole) of 48 % hydrobromic acid 
using the procedure described by Haas and Bender (25) 
to give 35.7 g (73 %) ofp-trifluoromethylbenzyl bromide, 
b.p. 93.5-94"/20 mm.; lit. b.p. 65-66"/5 mm. (25). 

p-Trifluoromethylbenzyl Cyanide 
This compound was prepared by cyanide displacement 

on p-trifluoromethylbenzyl bromide by the method de- 
scribed in Vogel (26). Sodium cyanide 8.8 g in 9 ml of 
water was treated with 33 g (0.138 mole) of p-trifluoro- 
methylbenzyl bromide in 40 ml of 95 % ethanol to produce 
18.6 g (73%) of p-trifluoromethylbenzyl cyanide, b.p. 
131-132"/20 mm. 
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Anal. Calcd. for C9H,NF3: C, 58.40; H, 3.26; N, 7.56. analysis by Nemeth indicated that this compound had 
Found: C, 58.62; H, 3.42; N, 7.28. 1.94 atoms D/molecule. 

2- (p-Trifluoromethylphenyl)ethylamine 
This compound was prepared by the method described 

by Nystrom (27). A solution of 0.1 mole of lithium 
aluminum hydride and 0.1 mole of anhydrous aluminum 
chloride in 200 ml of anhydrous ether was treated with a 
solution of 0.1 mole of p-trifluoromethylbenzyl cyanide 
in 150 ml of dry ether to produce 15.1 g (80%) of prod- 
uct, b.p. 105.5-106"/22 mm. 

Anal. Calcd. for C9H10NF3: C, 57.20; H, 5.34; N, 
7.40. Found: C, 55.59; H, 5.20; N, 7.18. 

Dimethyl-2-(p-triflzioronzethylphenyl) ethylamine 
This compound was prepared from 2-(p-trifluoro- 

methy1phenyl)ethylamine by the method described in 
Organic Syntheses (22). To 20.5 g (0.4 mole) of ice-cooled 
90% formic acid was added 15.1 g (0.08 mole) of 2-(p- 
trifluoromethy1phenyl)ethylamine and 20.2 1111 (0.24 
mole) of 37 % formalin. After completion of the reaction 
and work-up, 14.5 g (84%) of dimethyl-2-(p-trifluoro- 
methylphenyl)ethylamine, b.p. 108-108.5"/23 mm. were 
recovered. 

Anal. Calcd. for CllH14NF3: C, 60.81; H, 6.50; N, 
6.45. Found: C, 60.85; H, 6.67; N, 6.37. 
2-Phenylethyltrimethylammonium-2,2-dz Bromide 
This compound was prepared using the procedure 

described by Saunders and Edison (1). Ethyl phenyl- 
acetate-u,a-d2 was synthesized and was found to contain 
1.98 atoms D/molecule by a n.m.r. analysis. 2-Phenyl- 
ethyltrimethylammonium-2,2-d, bromide, m.p. 238-239"; 
lit. m.p. 237.8-238.2" (5), prepared from the above ester 
in 4 steps, was found to contain 1.88 atoms D/molecule by 
the falling-drop method.' 

2- (p-Trifluoromethylphenyl) ethyltrimethylamrnonium- 
2,2-d, Bromide 

This compound was prepared by the method described 
for the corresponding undeuterated compound. Ethyl 
p-trifluoromethylbenzoate was reduced with lithium 
aluminum deuteride to produce p-trifluoromethylbenzyl 
alcohol-cr,cc-4. A n.m.r. analysis of this compound 
showed that it was better than 99% deuterated at the 
benzyl carbon. This alcohol was converted in 5 steps 
to 2-(p-trifluoromethylphenyl)ethyltrimethyla1monium- 
2,2-d2 bromide, m.p. 228-228.5". A deuterium analysis 
by Nemeth indicated that this compound had 1.96 atoms 
D/molecule. 
2-Phenylethyltrimethylammonizrm-1,l-d, Bromide 
This compound was prepared from 2-phenylethanol- 

1,l-d2 in 4 steps by the procedure of Saunders and Edison 
(1). Ethyl phenylacetate was reduced with lithium alu- 
minum deuteride to produce 2-phenylethanol-1,l-&. 
A deuterium analysis by Nemeth showed this compound 
to contain 2.00 atoms D/molecule. This alcohol was con- 
verted to the tosylate. Tosylate ion was displaced with 
dimethylamine to form dimethyl-2-phenylethylamine- 
1,l-d, which was quaternized with methyl bromide to 
give 2-phenylethyltrimethylammonium-1,l-dz bromide, 
m.p. 237.5-238"; lit. m.p. 238-239" (5). A deuterium 

7Deuterium analyses were performed by Mr. J. Nemeth, 
303 W. Washington St., Urbana, Ill. 

Deuterium Exchange Test 
Exchange Tests Based on Deuterium Content of 

Recovered Reactant 
2-Plzenyletlzyltrimethylammonium-2,2-dz Bromide 
The reaction of 2.1 g (0.17 mole) of quaternary salt 

with 0.23 M ethoxide in 100 ml of ethanol at 40 "C was 
allowed to proceed for about 1 half-lifes and the exact 
extent of reaction was determined spectrophotometrically. 
The solution was then cooled in an ice-bath and the reac- 
tion quenched by the addition of a dilute solution of 
hydrobromic acid to the bromocresol green end-point. 
This solution was then extracted 3 times with 30 ml por- 
tions of benzene. The aqueous layer was taken to dryness 
under reduced pressure and the pale yellow residue was 
extracted 4 times with 50 ml amounts of hot acetone 
(Analar). The combined acetone extracts were taken to 
dryness under reduced pressure and the residue was 
recrystallized 3 times from ethanol-ether. The recovered 
salt, m.p. 237.5-238", was analyzed for deuterium. 
2-Phenylethyltrimethylatnmonium-1,I-d2 Bromide 
The procedure described in the previous paragraph 

was applied to the a-dideuterated salt. The recovered 
reactant, after 4 recrystallizations from ethanol-ether, 
melted at 238.8-239.4 "C. 

Tracer Studies Based on Deuterium Content of 
Product Styrene 

2-Phenylethyltrimethylammoniutn-2,2-dz Bromide 
The reaction of 0.92 g (0.074 mole) of 2-phenylethyl- 

trimethylammonium-2,2-d2 bromide in 45 ml of 0.25 M 
sodium ethoxide in ethanol was allowed to proceed for 
a time corresponding to 10 half-lives. The reaction was 
quenched by cooling and then 20 ml of water were added 
and the solution extracted 3 times with 30 ml amounts of 
benzene. The combined benzene extracts were washed 
with water and then the benzene was removed by distilla- 
tion under reduced pressure leaving a pale yellow liquid. 
To this residue was added 2 ml of dry chloroform followed 
by the dropwise addition of a solution of bromine in 
chloroform until the bromine color persisted. This solu- 
tion was taken to dryness under reduced pressure leaving 
a white solid which was recrystallized 3 times from 
aqueous ethanol to give 1,2-dibromo-1-phenylethane, 
m.p. 77.0-77.4"; lit. m.p. 73-74" (28): A deuterium anal- 
ysis was carried out on this compound using n.m.r. 
2-Phenylethyltrimethylammonium-1,I-d2 Bromide 
The procedure used was that described in the previous 

paragraph. The isolated styrene dibromide, m.p. 77.5- 
78 "C, was analyzed for deuterium using n.m.r. 

2-(p-Trijuoromethylphenyl) ethyltrimethylammonizim- 
2,2-dZ Bromide 

A solution of sodium ethoxide in ethanol was added to 
the quaternary salt so that the concentration of each 
reactant was 0.0174 M. The reaction was allowed to pro- 
ceed to completion (20 half-lives) at 40 OC and the prod- 
uct, p-trifluoromethylstyrene, was converted to its 

sThe details of a kinetic study of the reaction of 2- 
arylethyltrimethylan~monium ions with ethoxide in 
ethanol at 40' will be discussed in a subsequent paper. 
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dibromide by the method described for the parent com- 2. G .  AYREY, A. N. BOURNS, and V. A. VYAS. Can. 
pound. The white solid, 1,2-dibroino-I-p-trifhoroinethyl- J. Chem. 4l, 1759 
phenylethane, was recrystallized from ethanol-water to 3. H. S I M O ~  and G. MiiLLHOFER. Ber. 979 2202 
give white needles, m.p. 49-50 "C. (1964). 

4. L. J. STEFFA and E. R. THORKTON. J. Amer. Chem. 
Anal. Calcd. for C,H,Br,F,: C, 32.53; H, 2.13; F ,  SOC. 89, 6149 (1967). 

17.17. Found: C, 32.41; H, 2.08; F, 17.16. 5. W. H. SAUNDERS JR., D. G. BUSHMAN, and A. F. 
A deuterium analysis was carried out on this compound COCKERILL. J. Amer. Chem. Soc. 90, 1775 (1968). 

using n.m.r. 6. D. V. BANTHORPE and J. RIDD. Proc. Chem. Soc. 
Test for the Ylide Mecharzism Based on the 225 (1963). 

Deuterium Content of Trinietkylamine from 7. A. N. BOURNS and P. J. SMITH. Proc. Chem. Soc. 

the Reaction of 2-Phen}~lethyltrimethyhmor~i~im- 
366 (1964). 

8. E. BUKCEL and A. N. BOURNS. Can. J. Chem. 38, 
2,2-d2 Bromide 2457 (1960). 

Quaternary salt, 1.07 g (0.087 mole), was treated with 9. P. J. SMITH and A. N. BOURNS. Can. J. Chem. 44, 
50 ml of 0.113 M sodium ethoxide in ethanol at 40 "C in 2553 (1966). 
a sealed tube for one week. The trimethylamine was col- 10. D .  V. BANTHORPE and J. RIDD. P~oc .  Chem. Sot. 
lected in 10 n11 of 2 N hydrochloric acid, using the 365 (1964). 
technique described by Ayrey, Bourns, and Vyas (2). l 1  z; ~~";1"~6"o;"o;d w~ "ON E. DoERING Tetrahedron 

The hydrochloric acid solution was taken to dryness 12. V. FRANZEN, H, J. SCHMIDT, and C, MERTZ. Chem. 
under reduced pressure to give a white, hydroscopic salt. Ber. 94, 2942 (1961). 
The trimethylamine hydrochloride was recrystallized 3 13. G. WITTIG and T. F. BURGER. Ann. 632, 85 (1960). 
times from anhydrous ethanol, m.p. 276-277" (decom- 14. A. C. COPE and A. S. MEHTA. J. Amer. Chem. Soc. 
position); lit. i11.p. 277-278" (decomposition) (29). This 85, 1949 (1963). 
compound was analyzed for deuterium. 15. E. M. HODNETT and J. J. FLYNN. J. Amer. Chem. 

Soc. 79, 2300 (1957). 
Nitvogerz Isotope Effects 16. G. AYREY, E. BUKCEL, and A. N. BOURNS. Proc. 

The procedure was essentially that as described by Chem. Soc. 458 (1961). 
Ayrey, et al. (2). Depending upon the reactivity of the 17. D. J. CRAM$ D. A. and W. D. J. 

compound under investigation, either of 2 methods Amer. 83, 3696 18. A. STREITWIESER JR., W. C. LAKGWORTHY, and D. E. was used to obtain the desired extent of reaction. For 
SICKLE, J. A ~ ~ ~ ,  Chem, Sot, 251 (1962). 

2-phenylethyltrimethylamn~oniun~ ion, a salt of relatively 19. J, E. HOEMAN, A. s ~ ~ ~ ~ ~ ~ H E ~ ~ ,  and R, E. N I c ~ o L s ,  
low reactivity, the reaction was stopped by rapid cooling Private communication. Reported in Fundamentals 
in liquid nitrogen and the trimethylamine was then re- of carbanion chemistry. By D. J. Cram. Academic 
moved by distillation under reduced pressure at ice-bath Press, New York, 1965. p. 28. 
temperature. For the more reactive compound, 2-(g- 20. J. BIGELEISEN and M. G. MAYER. J. Chem. Phys. 15, 
trifluoromethylphenyl)ethyltrimethylammonium ion, this 261 
method of quenching was unsatisfactory and the desired F.~;~~0~~~AJ~s",CK~~,H~~~6 ;rg4;: S. MCKINNEy. extent of reaction was achieved by adding the appropriate 22. R. N. ICKE and B, B, WISECARVER. Organic syn- 
amount of base, corresponding to the extent of reaction thesis. E. c. ~ ~ ~ ~ i ~ ~ ,  ~ d .  toll. vol. 111. john wiley 
required, and allowing the reaction to proceed.for 20 and Sons, New York. p. 723. 
half-lives. In these cases, the concentrations of the reac- 23. C. F. FIESER. Experiments in organic chemistry. 
tants were sufficiently low so that no more than 1 % D. C. Heath and Company, Boston, Mass., 1957. p. 
reaction occurred during the mixing of the reacting 345. 
solutions. 24. R. G. JONES. J. Amer. Chem. Soc. 69, 2346 (1947). 

The kinetic isotope effect was calculated as described 25. ~ ; c B + ~ ~ ~ ~ 7 ~ d g 4 ~ , '  L. BENDER. J. Amer 

previously (2). 26. A. I. VOGEL. Practical organic chemistry. 3rd ed. 
Longman's Toronto. 1956. p. 761. 

27. R. F. NYSTROM. J. Amer. Chem. Soc. 77, 2544 
This work was supported by the National Research (1955). 

Council of Canada. 28. W. J. BAILEY and J. BELLO. J. Org. Chem. 20, 525 
(1955). 

29. C. D. HODGMAN, ed. Handbook of chemistry and 
1. W. H. SAUNDERS JR. and D. H. EDISON. J. Amer. physics. 42nd ed. Chemical Rubber Publishing Co., 

Chem. Soc. 82, 138 (1960). Cleveland, 1960. p. 1262. 
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Isotope effect studies on elimination reactions. VII. The stereochemistry of 
elimination from 2-phenylethylammonium ions1 

A. N. BOURNS AND A. C. FROSST' 
Department of Chemistry, McMaster University, Hamilton, Ontario 

Received July 11, 1969 

The stereochemistry of the base-promoted elimination reactions of 2-phenylethyltrimethylalnmonium 
and 2-phenylethyldimethylanilinium ions has been investigated using both ethoxide ion in ethanol and 
t-butoxida in t-butyl alcohol as base-solvent systems. The proton magnetic resonance spectroscopic 
analysis of the deuterated styrene products formed from the react~ons of the tlzreo-2-phenylethyl- 
ammonium-1,2-d, ions established that elimination proceeds more than 95 % by an anti process. 

Canadian Journal of Chemistry, 48, 133  (1970) 

Introduction 

Base-promoted elimination reactions have 
generally been considered to proceed most readily 
via an arzti-periplanar transition state. This geo- 
metric requirement has been regarded as arising 
out of the preference for the pair of electrons 
initially in the H-CB bond to act on the a-carbon 
from one side, while the leaving group departs 
from the other side. Such an arrangement of 
atoms has been assumed in a number of studies, 
both in our laboratories (1-3) and elsewhere (4-6), 
in which kinetic isotope effects have been used to 
determine the effect of changes in substituents, 
base strength, and solvent on transition state 
structure in the elimination reactions of 2-aryl- 
ethylammonium ions. Recently, however, it has 
been found that the elimination reactions of both 
open-chain (5, 7-12) and cyclic (13-19) quater- 
nary ammonium ions proceed by a syn process 
more often than had previously been thought to 
be the case. Consequently, it seemed desirable to 
determine whether or not elimination in the 
2-arylethylammonium system is in fact an anti 
process as has been assumed. 

In the ground state, the preferred conforma- 
tion for the 2-phenylethylammonium ion is un- 
doubtedly 1, which places the bulky groups in an 
anti relationship with one another. In order to 
achieve a transition state in which the departing 
groups are anti and coplanar, the bulky groups 
must nlove into staggered positions, conforma- 
tion 2, resulting in considerable steric retardation. 
Consequently, a normally less favored transition 
state geometry, which avoids this strong repulsive 

'For Part VI in this series, see A. N. Bourns and P. J. 
Smith, preceding paper. 

=McMaster University Postdoctoral Fellow, 1968-1969. 

interaction between the two large groups, might 
be favored. 

A study was therefore undertaken of the elimi- 
nation behavior of 2-phenylethyltrimethylan~mo- 
nium and 2-phenylethyldimethylanilinium ions 
by determining, by means of proton magnetic 
resonance (p.m.r.) spectroscopy, the composition 
and configurations of the P-monodeuterated and 
N,P-dideuterated styrenes formed from the elimi- 
nation reactions of tlzreo-2-phenylethyltrimethyl- 
ammonium ion (3) and tlzreo-2-phenylethyl- 
dimethylanilinium ion (4). The products formed 
by syrz and anti elimination of these ions are 
shown in eq. [I]. 

The stereochemical course of the elimination 
reactions has been investigated using both 
ethoxide ion in ethanol and t-butoxide ion in 
t-butyl alcohol as the base-solvent systems. The 
former has been used in our laboratories in most 
of the kinetic isotope effect studies on quaternary 
ammonium salt elimination reactions, while the 
latter has recently been shown (5, 8) to have the 
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greater tendency to promote a syn elimination 
process. 

The tlzreo-2-phenylethyltrimethylammonium- 
1,2-d, bromide was obtained by quaternization 
of threo-2-phenylethyldimethylamii~e formed by 
nucleophilic displacement on erythro-2-phenyl- 
ethyl-1,2-cl, tosylate by dimethylamine. The 
tosylate was prepared from the corresponding 
alcohol which was obtained from trans-styrene-o- 
dl by Brown's method of hydroboration (20) 
using sodium borodeuteride. The tl~reo-2-phenyl- 
ethyldimethylanilinium-1,2-d, bromide was also 
prepared from erytlzro-2-phenylethyl-1,2-d, tosy- 
late through nucleophilic displacement by N- 
methylaniline followed by quaternization with 
methyl bromide. 

Experimental3 
trans-Styrene- 13-d, 

The trans-styrene-13-dl was supplied by Merck, Sharp 
and Dohme of Canada Limited, Montreal. From the 
p.m.r. spectrum of this material obtained using a Varian 
A-60 nuclear magnetic resonance (n.m.r.) spectrometer, 
as shown in Fig. 26, and mass spectrometric analysis 
using a Hitachi Perkin-Elmer RMU-6A mass spectrom- 
eter, the isotopic purity of this material was found to be 
89.0 + 0.1 %. The remaining 11 % was determined to be 
undeuterated styrene. 

evythro-2-Phenylethanol-1,2-dz 
This compound was prepared by the method of Brown 

and Zweifel (20). Sodium borodeuteride, 3.0 g (0.072 
mole) (Merck, Sharp and Dohme), and 2-methyl-2- 
butene, 13.3 g (0.19 mole) (Eastern Chemical Corpora- 
tion), in diglyme (80 ml) was treated with borontrifluoride 
etherate, 13.5 g (0.095 mole), in diglyme (30 ml). To the 
resulting solution, trans-styrene-a-dl, 10.0 g (0.095 mole), 
in diglyme (30 ml) was added and the solution was stirred 
for 5 h at room temperature. Hydrolysis followed by 
alkaline oxidation was carried out in the usual manner 

3All melting points are corrected. 

with the temperature maintained below 45°C. Extraction 
of the product in ether and isolation by distillation gave 
8.6 g (73 %) of erytlzro-2-phenylethanol-l ,2-d2, b.p. 72- 
74"C/l mm (undeuterated material, b.p. 77-78"C/2 mm). 

erythro-2-P/~enyletlzyl-1,2-d, p-Toluenesulfonate 
The tosylate was prepared by the general procedure of 

Tipson (21). Treatment of erythro-2-phenylethanol-1,2-d,, 
8.6 g (0.069 mole), withp-toluenesulfonyl chloride, 16.4 g 
(0.086 mole), in dry pyridine (100 ml) gave the p-toluene- 
sulfonate, 14 g (73 %), n1.p. 38-39'C (undeuterated 
material, 111.p. 37.4-38°C (4); mixed m.p. 37.5-38.5"C). 

threo-Dimethyl-2-phenylethylan1iize-1,2-d~ 
The preparation of this material was performed by 

treating the erytlzvo-2-phenylethyl-l,2-d, p-toluenesul- 
fonate, 6.05 g (0.0217 mole), with anhydrous dimethyl- 
amine, 2.0 g (0.0453 mole), in anhydrous ether (4). Work- 
up of the reaction mixture gave 1.5 g (46 %) of the product, 
b.p. 106"C/20mm (lit. (4) b.p. 11l0C/20mm). Mass 
spectrometric analysis showed 0.89 atoms of deuterium on 
the cc-carbon atom and 0.98 atoms of deuterium on the 
a-carbon atom. 

threo-2-Phenylethyltrimethy1a~tmoniui~1-1,2-d, Bromide 
This compound was prepared by treating the tertiary 

anline, 1.3 g (0.0086 mole), with methyl bromide, 2 g 
(0.021 mole), in nitromethane (25 ml). The product was 
recrystallized from ethanol - ether to yield 1.9 g (90%), 
m.p. 238-238.5"C (undeuterated material, (4) m.p. 238- 
239.5"C). 

threo-N,N-Methyl-2-phen.vlethylaniline-1 ,2-d2 
A solution of erythro-2-phenylethyl-1,2-d, p-toluene- 

sulfonate, 8 g (0.0287 mole), and methylaniline, 3.4 g 
(0.0317 mole), in nitromethane (8 ml) was swept with dry 
nitrogen for 30 min. The flask was then stoppered securely 
and the reaction mixture was heated on the steam bath for 
9 h. The nitromethane was removed under reduced 
pressure and then water (30 ml) and ether (20 ml) were 
added. The resulting solution was treated with sodium 
carbonate (3 g) and extracted with four 20 ml portions of 
ether. The combined ether layers were dried, evaporated 
under reduced pressure, and distilled to yield 3.5 g (57 %) 
of the tertiary amine, b.p. 118-122"C/0.4 mm (undeu- 
terated material, b.p. 133"C/1 mm). 
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threo-2-Phenylethyldimethyla~zilinium-1,2 Bvornide 
Quaternization was carried out in the usual manner to 

yield 3.3 g (65 %), m.p. 166-167°C (undeuterated material, 
m.p. 167-168'C; mixed m.p. 166-167^C). 

Anal. Calcd. for CI6HI8DZNBr: C, 62.34; H + D, 
7.20; N, 4.55. Found: C, 62.24; H + D, 7.04; N, 4.51. 

Materials for Elitnination Reactions 
Anhydrous ethanol was prepared by the method of 

Lund and Bjerrum (22). Anhydrous t-butyl alcohol was 
obtained by distilling Baker Reagent Grade material 
twice from sodium The standard solutions of alkoxides 
were obtained by dissolving the clean metal in the alcohol 
under a nitrogen atmosphere. Standardization of the 
alkoxide solutions was carried out just before use. 

Elimination Reactions 
The reactions were carried out in 50ml volumetric 

flasks in a thermostatted bath at 60°C as described by 
Saunders and Williams (23). An accurately weighed 
amount (ca. 45 mmole) of the desired quaLernary ammon- 
ium salt was dissolved. in anhydrous alcohol (24 ml) in the 
reaction vessel and placed in the bath. After equilibration 
at the reaction temperature, an aliquot of standardized 
alkoxide solution was added to the reaction vessel and the 
solution made up to the standard volunle with the addi- 
tion of a little alcohol. After the reaction had proceeded 
for a t  least 20 half-lives, the solution was mixed with 
water (75 ml) and extracted with four 25 ml portions of 
pentane. The combined pentane layers were then washed 
with several aliquots of water and dried over anhydrous 
sodium sulfate. For reactions of the anilinium salt, it was 
necessary to extract the dimethylaniline out of the pentane 
layer with two 20 ml portions of 10% hydrochloric acid. 

D' ' D 
l ~ ~ " ~ ' ~ ' ~ I ' ' ' ' ~ ~ ' ' ~ I  

7 PPM. 6 ( 8 )  5 

COMPOUND 

C6Y5 p 
dc=ck 

FIG. 1 .  Calculated signal patterns for the ethylenic 
protons of styrene and deuterated styrenes (24). 

H SIGNALS (6OMHz) 
l i ' i " " ' ' l ~ ' ~ ~ ' " ' ' I  

I I 

I t  1 1  1 l " ' ~ I " " " " ' 1  

7 PCM. 6 ( 6  5 

FIG. 2. Proton magnetic resonance spectra at 60 MHz 
of ethylenic protons for (a) styrene: (b) ticrizs-styrene-B-d, 
supplied by MSD; (c) styrene products from reactions. 

After the pentane had been removed by fractionation 
through a 6 in. column of g!ass helices, the residue 
styrene products were analyzed by n.m.r. spectroscopy 
using Varian A-60 and T-60 n.m.r. spectrometers. 

Results and Discussion 

Yoshino et al. (24) have calculated the signal 
patterns for the ethylenic protons of styrene and 
deuterated styrenes with the results as shown in 
Fig. 1. The spectra of styrene and the tram- 
styrene-p-dl supplied by Merck, Sharp and 
Dohme, Figs. 2a and 2b, respectively, were com- 
pared with the calculated patterns in order to 
confirm the signal patterns and the spin-coupling 
constants. The values determined from the 
spectra were found to be in complete agreement 
with the calculated values. 

The styrene products recovered from the reac- 
tions all gave essentially identical spectra, of 
which a representative one is shown in Fig. 2c. 
These spectra were compared with the calculated 
patterns in order to determine the configurations 
of the products. 

In Fig. 2c, the triplet 2 arises mainly froin 
trans-styrene-x,P-d2, formula 8, the major prod- 
uct of anti elimination, with a small contribution 
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from styrene-a-dl (6) the major product result- 
ing from elimination of the isotopic impurity, 

+ 
C,H,CHDCH2NR3, in the starting material. The 
two singlets 4 and 6 arise largely from trans- 
styrene-p-dl (7) the minor product of antielimina- 
tion, but will include a very small contribution 
from undeuterated styrene (5) the minor product 
from the isotopic impurity. The two triplets 8 and 
11 also arise largely from trans-styrene-P-dl (7), 
but may include a contribution from cis-styrene- 
P-dl (9) the minor product of syn elimination. The 
two small doublets 1 and 3 and the signals 7, 9, 
10, and 12 can arise from undeuterated styrene, 
the minor product resulting from elimination from 

+ 
the isotopic impurity, C,H ,CHDCH,NR,, in the 
starting material, and from cis-styrene-0-dl (9) the 
minor product ofsyn elimination. The sextet 5 can 
arise from styrene-a-dl (6) the major product from 
the isotopic impurity, and from cis-styrene-a,P-d2 
(10) the major product of syn elimination. 

For reaction exclusively by an anti process, the 
signals 5, 7, 9, 10, and 12 would arise solely from 
and would account completely for the elimination 
products, con~pounds 5 and 6, formed from the 

+ 
11 % isotopic impurity, C,H,CHDCH,NR,, in 
the starting material. In the case of the trimethyl- 
ammonium derivative, the total contributions of 
these peaks correspond to 14 % of the product for 
reaction in ethoxide - ethanol and 12 % for reac- 
tion in t-butoxide - t-butyl alcohol. The corre- 
sponding figures for the dimethylanilinium deri- 
vative were 12 "/, for reaction in ethoxide -ethanol 
and 14% for reaction in t-butoxide- t-butyl 
alcohol. It can be concluded from these results 
that the amount of syn elimination in these 
reactions cannot exceed 4-5 %. 

On the other hand, there are good reasons for 
believing that the actual amount of syn elimina- 
tion is much smaller than the n.m.r. data would 
suggest, at least for the reaction with ethoxide ion 
in ethanol. In the first place, there is no indication 
that a larger amount of the syn product is formed 
using t-butoxide in t-butyl alcohol, despite the 
fact that the tendency for this mode of elimination 
has been shown (5, 8) to be much greater in this 
base-solvent system. Secondly, in all cases, the 
ratio of the area of signal 5 to the area of the un- 
deuterated styrene signals 7, 9, 10, and 12 is what 
would be predicted if signal 5 arose solely from 
styrene-a-dl (6) the major product from the iso- 

+ 
topic impurity, C,H,CHDCH,NR,, without any 

contribution from cis-styrene-a,P-d2 (10) the 
major product of syrz elimination, and if there was 
the expected isotope effect for abstraction of 
hydrogen and deuterium from the P-carbon of the 
isotopic impurity. 

These results show that the base-promoted 
elimination reactions of 2-phenylethyltrimethyl- 
ammonium and 2-phenylethyldimethylanilinium 
ions do indeed proceed mainly, if not almost 
exclusively, via a transition state in which the 
departing groups occupy positions anti to one 
another. As was pointed out earlier, in order for 
these reactions to proceed via an anti elimination, 
the molecule must rotate about the C,-CI, axis 
bringing the bulky groups into staggered positions 
and setting up large steric interactions between 
them. This transition state conformation, al- 
though sterically hindered, now has the partici- 
pating orbitals coplanar. It must be concluded, 
therefore, that the molecule sacrifices the advan- 
tages of the less-encumbered transition state for 
the anti-periplanar transition state. 

The observation of almost exclusive anti elimi- 
nation from the 2-phenylethylammonium salts is 
consistent with the hypothesis offered by Bailey 
and Saunders (5) to account for the preference for 
syn elimination in the formation of trans- 
olefins from the reactions of salts of the type 

R~cH~cH(R~)~(cH, ) ,  with bulky bases. In 
these systems, the P-hydrogen is shielded on both 
sides by the bulky alkyl groups in the conforma- 
tion corresponding to 2, mentioned earlier, 
whereas, in the 2-phenylethyl system, the P- 
hydrogen is readily accessible for attack by base. 

This work was supported by the National Research 
Council of Canada. 
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Methylpyrrole carboxylic esters generally are reductively methylated at 25-45', Some are also reduc- 
tively alkylated by aliphatic aldehydes generally to give, for example, 2,3(or 2,4)-dimethyl-4(or 3)-alkyl-5- 
carbethoxypyrroles, using hydriodic acid or HCl/AcOH-Zn/Hg respectively. An analogous alkylation by 
glyoxylic acid gave 5-carbethoxyhemopyrrole-dicarboxylic ester. Using HI, paraldehyde at 100" gave 
diethyl derivatives of dimethylpyrroles, and an~inoacetal at 35' converted 2,4-dimethyl-3-acetylpyrrole 
into its 5-(2-amino-ethyl)-derivative. Reductive alkylations have been most useful with pyrroles but HI 
converted 2-biphenylcarbaldehyde into Auorene. 

Canadian Journal of Chemistry, 48, 139 (1970) 

Introduction 
In a further study of reductive C-alkylation, cf. 

(I), the most useful results have again been ob- 
tained with pyrroles. Attempts to methylate 
furans, thiophene, imidazole, and indoles have 
been unsuccessful, like those to ethylate benzene 
derivatives. However, hydriodic acid converted 
2-biphenylcarbaldehyde or its acetal into fluorene. 

Table 1 summarizes the pyrrole alkylations now 
carried out with various aldehydes and cyclo- 
pentanone using HI or HClIAcOH-Zn/Hg. The 
products are coded in the table to conform to the 
numbers of the starting pyrroles but are distin- 
guished by added decimal numbers; however 
recurring products retain their original designa- 
tions. The methods of alkylation are indicated by 
letters A-F and a-e, which correspond to details in 
the Experimental. When the required pyrrole was 
obtained, no effort was made to improve the yield. 
The choice between methods A and B, as that 
between C and D, was arbitrary. 

Tetramethylpyrrole (2.1) had been obtained 
from 2,4-dimethylpyrrole (1) and from some of its 
derivatives with paraformaldehyde and hydriodic 
acid at 100" (1). It has now been obtained in the 
same way from 2,3-dimethylpyrrole (2) from 2,5- 
dimethylpyrrole (3), from 10, and from 13. When 
paraldehyde was used instead of paraformalde- 
hyde, the three dimethylpyrroles gave the corre- 
sponding dimethyl-diethylpyrroles (1.1, 2.2, 
3.1). These latter alkylations are the first carried 
out with the more sensitive paraldehyde at 100". 

Reductive alkylations at 25-45", retaining car- 
bethoxy and acetyl groups, had been carried out 
on 9, 11, and particularly on 15 to show the 

'Issued as NRCC No. 10957. 
'NRCC Postdoctoral Fellow 1968-1970. 

variety of alkyl groups which could be introduced 
(1). These alkylations have been extended by the 
alkylation of 15 to 15.1 and to 15.2 with cyclo- 
pentanone and with aminoacetal, the latter 
introducing a o-amino-ethyl group. 

To find more useful applications of reductive 
alkylation, we studied that of pyrrole, 2-carbeth- 
oxypyrrole, and a representative series of methyl- 
pyrrole carboxylic esters at 25-45', primarily with 
paraformaldehyde and paraldehyde. The results 
(Table 1) and earlier ones (1) separate the pyrroles 
into the following four groups. Presumably these 
define the applicability of the method to alkyl 
pyrrole carboxylic esters in general for, as will be 
reported later, the available homologues have 
behaved like the corresponding methyl deriva- 
tives. 
(i) Not alkylated by paraformaldehyde: pyrrole 
and 2-carbethoxypyrrole, 
(ii) Alkylated by paraformaldehyde but not by 
paraldehyde : 

EtOOC 
~ e Q c o o E i  Me Q coon 

H H 

EtOOC F:OEt 
H 

(iii) Alkylated by paraformaldehyde, paraldehyde 
and, presumably or in fact, higher aldehydes: 
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Me COOEt Me COOEt 
Me V C O O E t  QMe 

H H H 

10 11 12 

Me COOEt 
Me 

H 
Me Kg ZoEt 

H 

(iu) Alkylated by aldehydes and ketones : 

In the third group, the status of 7 is uncertain 
for its ethylation was not attempted. Some mem- 
bers of this group have been alkylated with higher 
aliphatic aldehydes to C-18 (cf. 9.1-9.6,10.2-10.5, 
14.2) and, as no failures were encountered, the 
rest presumably could be. All that is known of 
their alkylation by ketones suggests that the 
results will be variable: 9 was alkylated to 9.2 by 
acetone but its alkylation by 2-butanone was in- 
complete. Alkylation by ketones will be less 
important because the alkyl groups in pyrroles 
from natural pigments are primary. 

We normally used hydriodic acid, but hydrogen 
chloride in acetic acid with zinc amalgam was used 
in the alkylation of 9 by carbonyl compounds 
other than paraformaldehyde. Hydriodic acid 
was ineffective there and, in one case at least, gave 
the 3-(1-iodo-alkyl) derivative (1). There is no 
evidence that the zinc method is preferable in any 
other circumstances. It too failed in the ethylation 
of 4, 5, and 6 and, although an iodoalkyl deriva- 
tive was again encountered in methylating 6 for 
only 3 h using hydriodic acid, this was a transient 
intermediate. 

Evidently the structural features making 9 more 
easily substituted than 10 (18) do not equally 
favor the reduction of its iodoalkyl derivatives 
with hydriodic acid. An analogous case is evident 
in the reduction of the methoxy-benzyl bromides 
by the same reagent, where the m-isomer is 
reduced fastest (12). As iodoacetic acid is reduced 
by hydriodic acid at room temperature (13), it was 
not surprising that 16, though an analogue of 9, 
was alkylated normally by glyoxylic acid and 
hydriodic acid. 

The behavior of 4 with paraldehyde, in contrast 

to that of 9 and 10, suggests that one factor lim- 
iting the generality of the method may be a 
difficulty in reducing complex intermediates from 
polydentate pyrroles at temperatures compatible 
with the retention of carbethoxy groups. 

The more practical applications involved 5, 9, 
10, and 16. Unfortunately, useful intermediates 
were not obtained from 5. However, homologues 
of cryptopyrrole and hemopyrrole were obtained 
generally from 9 and 10 as 5-carbethoxy deriva- 
tives, and more complex hemopyrrole derivatives 
were obtained by alkylating 16 to 16.1 and 16.2 
with paraformaldehyde or, as mentioned above, 
with glyoxylic acid. 

CH2CH2COOEt 
Me Q COOEt 

H 

Finally, the displacement of halogen is illus- 
trated by the methylation of 2,4-dimethyl-3- 
bromo-5-carbethoxypyrrole (17). 

Experimental 
Hydriodic acid (d, 1.94) and 50 % hypophosphorus acid 

were used. The aldehydes were monomers except para- 
formaldehyde, paraldehyde, and stearaldehyde trimer. 
The sources of the starting pyrroles were as follows: 
l(2f); 2(14); 3, 5, 10 (see below); 4(15); 6, 7(16); 8(2g); 
9(2h); 12(17); 13, 14(2i); 15(1); 16(18); 17(2j). Magnetic 
stirring was used. The m.p. are corrected. The nuclear 
magnetic resonance (n.m.r.) spectra of all the products 
were consistent with their assigned structures. The 
pyrroles gave positive Ehrlich reactions hot, and negative 
Beilstein tests for halogen. 

2,5-Dimethylpyrrole (3) 
Ammonium chloride (20 g) and ammonium carbonate 

(50 g) were dissolved in ammonium hydroxide (1 50 ml) by 
stirring at 35". 2,5-Hexanedione (102.5 g) was added and 
the temperature rose to 60' over 5 min. The mixture was 
then heated and stirred for 10 min and the product (88 %) 
was isolated as usual (19), b.p. 51.3-53.3"/6 mm. 

2-Methyl-3,5-dicarbethoxypyvrole (5) 
Phosgene (3 g) in toluene (15 ml) was added to 2- 

methyl-3-carbethoxypyrrole (4.59 g) in 20 ml of toluene 
and 3.63 g of dimethylaniline at room temperature. The 
mixture was allowed to stand overnight, then refluxed for 
2 h. Dimethylaniline (3.63 g) in 20 ml of absolute ethanol 
was added at room temperature, the mixture was refluxed 
for 1 h, and the volatile material was removed in a rotary 
evaporator. The residue was added to 250 ml of 10% 
hydrochloric acid, and the precipitated solid was recrys- 
tallized from ethanol; yield, 70%; m.p. 129-131" (lit. 
(2c) 132"). 

Anal. Calcd. for CllH,,O,N: C, 58.65; H, 6.71; N, 
6.22. Found: C, 58.48; H, 6.42; N, 6.04. 
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2,3-Dimethyl-5-cnrbethoxypyvvole (10) (d) Paraformaldehyde (240 mg) was added, the solution 
The carbethoxy group was introduced into 2,3- was stirred 30 min, and the product was isolated as under 

' 

dimethylpyrrole exactly as into 2-methylpyrrole (15). The (c). 
yield was 65%; 1n.p. 113-1 15" (lit. (2h) 114"). E. Aminoacetaldehyde dimethyl acetal (0.75 ml) was 

Anal. Calcd. for C9HI3NOZ: C, 64.65; H, 7.84; N, dropped into a stirred solution of the pyrrole (548 mg) in 
8.38. Found: C, 64.55; H, 7.69; N, 8.49. 10 ml of hydriodic acid and 2 ml of hypophosphorus acid. 

The temperature rose to 50' then fell. After stirring for 
 methods of Alkylatioa Referred to in Table I 4 h, finally at 35", the mixture was evaporated in a shallow 

A. The pyrr0le (0.82 g) and paraformaldehyde (0.6 g) dish in a vacuum desiccator over KOH, finally at 0.1 mm. 
in 10 ml of acetic acid, 10 ml of hydriodic acid, and 2 ml ~ h ,  ,,,idue was twice slurried and filtered with acetone, 
of hypopl~osphorus acid u-ere stirred for 3 h under nitro- The clarified solution of the washed residue in 
gen at 100". p he mixture was pollred into water, made (5 ml) was made strongly alkaline with KOH, saturated 
alkaline with ammonia, and extracted with ether. The with K Z ~ 0 3 r  and extracted repeatedly with ~h~ 
ether was evaporated and the residue distilled (65", extract (125 ml) was boiled down, adding n-pentane 
15 mm). toward the end to precipitate the product as pale yellow 

B. The pyrrole (2 g) and paraformaldehyde (1.2 g) in prisms. 
50 ml of acetic acid, 50 ml of hydriodic acid, and 10 ml of Neut, Equiv, Calcd, : 180, ~ ~ ~ ~ d :  182. 
hypophosphorus acid were treated as in method A. If F, A~~~~~ anhydride (20 ml) was stirred into 5 ml of 
paraldehyde (1.4 ml, an unintentional deficit) was cooled concentrated hydrocllloric acid. The finely pow- 
instead of paraformaldehyde, the product was distilled at dered pyrrole (4 mmoles) was dissolved in this and the 
ca. 50' (0.05 mm). carbonyl compound (8 mmoles) then added, followed by 

C. The pyrrole (4 mmoles) and 0.6 g of paraformalde- 10 g of zinc amalgall~ (20 mesh). The mixture was stirred 
hyde (or another aldehyde, for 10.4, 10.5, and 14.2 the at 20-250 (or as indicated) for 15 min (or as indicated), 
theoretical amount, otherwise twice that) in 10 ml of then decanted into ice-water. l-he product was isolated by 
acetic acid, 10 1111 of hydriodic acid, and 2 ml of hypo- one of the following methods, 
phosphorus acid were stirred at 25" (or as specified) for The solid was distilled 10-4 mm) and either 
2% h (or as specified). The solution (in the case of 5.1, a distilled again or (b) from aqueous ethanol. 
suspension containing a labile and insoluble con~plex of The mixture was extracted with ether, the washed and 
this with iodine) was poured into water. The mixture was dried ether was evaporated, and the was either 
made alkaline with ammonia and the product was isolated (,) 10-4 mm) or (d) distilled (145-1500, 
by one of the following methods. 1 x 10-'mm) then crystallized from pentane. 

The solid was crystallized from (a) n-pentane, (b) ether - 
n-pentane, or (c) methanol. 

The mixture was extracted with ether, the ether was 
evaporated, and the residue was distilled (1 x nim) 
then crystallized from (d) 12-pentane or (e) ether - n- 
pentane. 

D. Hydriodic acid jlOml) was stirred and cooled 
while 10 ml of acetic anhydride then 2 ml of hypophos- 
phorus acid were added. The finely powdered pyrrole 
(4 nimoles) was added and stirred to solution, warming 
gently if necessary. then treated by one of the following 
methods. 

(a )  Paraldehyde (0.75 ml) was added and the solution 
was stirred for 5 min, decolorized with phosphonium 
iodide, and poured into 125 ml of ice-water. The cooled 
mixture was brought to p H  8 with amlnonia and the solid 
was distilled (90-100". 5 x lo-" mm) then crystallized 
from n-hexane. 

(b) Cyclopentanone (1.5 ml) was added in 3 portions 
over 45 min at 40". After a further 30 lnin the solution was 
poured into ice-water and the solid was crystallized from 
n-hexane, from aqueous methanol, and again from 
n-hexane. 

(c) Glyoxylic acid monohydrate (1.1 g) was added in 
3 portions over 15 min at 40'. After a further 15 niin the 
solution was evaporated (rotary, 25 then 35" bath, finally 
0.5 mm). The residue was rubbed with 4 ml of water and 
left at 0" overnight. The solid was separated, washed with 
water (2 ml), dried, and warmed to solution in 5 ml of 7 % 
hydrogen chloride in ethanol. After 6 h at 20" and some 
time at On, the product crystallized and more u7as obtained 
from the concentrated and cooled  noth her liquor. It was 
recrystallized from pentane. 

2-Biphenylcnrbalrlehyde Diethyl Acetal 
An ethereal solution of the Grignard reagent from 2- 

iodobiphenyl and magnesium was treated with ethyl ortho- 
formate, refluxed for 3 h, then worked up. The distilled 
product, which solidified at 0 ,  was drained on tile to 
give a crude product (ca. 80 %) containing biphenyl. This 
was steam-distilled until about half had passed over, when 
the m.p. of the r e s id~~e  was constant and the vapor no 
longersmelt ofbiphenyl. The residue was distilled (ca. 85", 
1 x mm) to give colorless prisms, n1.p. 62-63". 

Anal. Calcd. for C,,H2,0,: C, 79.65; H, 7.86. Found: 
C, 79.48; H, 7.84. 

2-Bipherrylcnrbaldehyde (c f .  20-22) 
The crude acetal (70 g) was hydrolyzed in 60 ml of 

water, 200 ml of acetic acid, and 10 ml of concentrated 
l~ydrochloric acid and the crude aldehyde, which resinified 
easily, was isolated and distilled, b.p. 148-15l0/12 mm. 
Of this, 10 g was stirred for 2 days with saturated aqueous 
sodium metabisulfite (100 ml). The solid bisulfite corn- 
plex was repeatedly washed with ether and with benzene, 
dissolved in water, and the p H  of the solution was brought 
to 9. The aldehyde was isolated from this, using ether, as 
an  oil (3.25 g) b.p. ca. 85-10.1 mm, nDZ6 1.6200. 

Anal. Calcd. for CI3Hl00:  C, 85.69; H, 5.53. Found: 
C ,  85.51 ; H, 5.40. 

Flrlovene 
Hydriodic acid (10 ml) and 1 ml of hypophosphorus 

acid were stirred a t  100" while 0.768 g of 2-biphenylcarb- 
aldehyde (or 1.024 g of the acetal) in 5 nil of acetic acid 
were added. The mixture was stirred and slowly distilled 
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until the vapor reached 125" after 1 h. The combined dis- 
tillate and residue were diluted with water and the product 
isolated using ether. It was sublimed (< 10O0, 5 x 
mm) and crystallized from methanol as colorless prisms 
(83%); Beilstein test for halogen was negative, m.p. 
117.5-1 18" undepressed with authentic fluorene. 

Anal. Calcd. for C,,H,,: C, 93.94; H, 6.06. Found: 
C, 93.67; H, 6.20. 
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DCrivbs du tert-butyl-3 cyclohex6ne. 11. Les tert-butyl-3 cyclohexanediols-1,2 

JEAN-CLAUDE RICHER ET CHRISTIAN FREPPEL 
Dtpartement de Chimie, Uizicersitt de Montrtnl, B. P. 6128, Montrtal, Quebec 

R e ~ u  le 11 aotit 1969 

La stCrCochimie de l'hydrolyse acide des Cpoxydes derives du tert-butyl-3 cyclohex6ne est examinee. 
Pour fins de comparaisons les quatre tert-butyl-3 cyclohexanediols-1,2 ont ete prepares et caracterists. 

Canadlan Journal of Chem~stry, 48, 145 (1970) 

Introduction 

A la suite des travaux (1) qui nous ont amen6 
a examiner la sttrCochimie de la formation et de 
la riduction par LiAlH, des tpoxydes (2 et 3) 
du tert-butyl-3 cyclohexkne (I), il nous est apparu 
intiressant, pour fins de comparaisons, d'itudier 
la stkriochimie de leur ouverture par l'acide 
formique (2, 3). Les risultats obtenus au cours 
de cette ttude, ainsi que la caracttrisation des 
quatre diols qui en dkrivent, font l'objet de la 
prksente communication. 

RCsultats et discussions 

Les diols trans (4a et §a) sont obtenus avec un 
excellent rendenlent par hydroxylation directe 
(4, 5) du tert-butyl-3 cyclohexkne (1); leur 
siparation a Ctt effectuee en tirant partie du fait 
que seul le diol 5a est susceptible de former le 
dioxolane 6 (6-8) par rCaction avec de l'acttone. 
L'action soit du titroxyde d'osmium (6, 9, 10) 
soit du perlnanganate de potassium (11) sur 
l'alckne 1 conduit exclusivement au diol cis-7a 
provenant d'une attaque de ces rtactifs par la 
face opposie B celle du groupe tert-butyle. Par 
ailleurs, l'action conjuguie de l'iode et de l'aci- 
tate d'argent (10, 12, 13) sur l'alckne 1 conduit a 
un milange contenant 57 % du diol7n et 43 % de 
8a;  la siparation des deux isomkres est rCalisCe 
par chromatographie sur gel de silice, des 
dirivis silylts (14, 15) 76 et 8b. Les propriktis 
des diols ainsi obtenus sont risumkes dans le 
tableau 1. Les configurations relatives des diols, 
attribuCes d'aprks leur mode respectif de forma- 
tion sont en accord avec les dkplacements 
chimiques observCs pour les hydrogknes carbino- 
liques (16); l'absence de pont hydroghne intra- 

TABLEAU 1 

Proprittes des terf-butyl-3 cyclohexanediols-1,2 

Resonance 
magnetique 

Infrarougef (em- l )  nucleaire 
Point de Chromatographie ( P . P . ~ . )  
fusion en phase O H  O H  

Produit ("C) gazeuse* libre associe Av CH-OH$ 

*Temps de rktention (min) des dkrives silyles correspondants utilisant une colonne de 6'  x 118'' maintenue 
a 170 "C et contenant 10% UCW 98 d6posk sur du Diatoport S 80-100 mesh; le gar porteur (40 mllmin) est 
l'azote. 

?Pour des solutions ca. 3.5 x hl dans le CCI4. 
$En solution dans le CDCI3. 
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TABLEAU 2 

StCrCochimie de l'hydrolyse des Cpoxydes 2 et 3 

Epoxydes Composition des diols* 

(%) cis-2/( %) trans3 ( %) 4a/( %) 5a 

*Composition d6termintes par c.p.g. et moyennes de 3 
mesures. Incertitude i: 2%. 

tLes valeurs entre parentheses sont e+trapol&es. 

molCculaire dans le spectre infra-rouge (i.r.) du 
diol4a confirine aussi la configuration proposCe. 

A l'aide de ces produits de configuration 
Ctablie sans ambiguitis, il a Ctt possible, utilisant 
la chromatographie en phase gazeuse (c.p.g.) des 
dtrivts silylts comme mtthode analytique, 
d'ttablir la stCrCochimie de l'hydrolyse des 
Cpoxydes 2 et 3 par l'acide formique; les rCsultats 
obtenus sont consignts dans le tableau 2. 

Ces rCsultats qui peuvent &tre rapprochCs de 
ceux obtenus lors de la rCduction des Cpoxydes 
2 et 3 par LiAlH, permettent de confirmer que 
l'ouverture de 1'Cpoxyde cis-2 s'effectue d'une 
f a ~ o n  normale (17) par fixation axiale en position 
1 d'une molCcule d'eau. Par ailleurs, l'ouverture 
trans-diaxiale de 1'Cpoxyde trans-3 impliquant 
une attaque axiale, (cis par rapport au groupe 
tert-butyle en position adjacente) d'une moltcule 
d'eau ne correspond qu'8 environ 50% de la 
rCaction; 1'Cnergie d'activation de ce processus 
est telle qu'elle rend compttitive la rtaction 
impliquant un Ctat de transition comportant une 
forme croisCe (1 8,19) et conduisant A la formation 
du diol diCauatorial5a. 

Les rtsultats obtenus au cours du prCsent 
travail permettent de mettre en lumi6re l'influ- 
ence de facteurs de nature stCrique sur la sttrCo- 
chimie de l'ouverture d7Cpoxydes contenus dans 
des syst6mes cyclohexaniques simples et peu- 
vent Etre rapprochis de ceux obtenus en sCrie 
stCroldale par Barton et al. (20) et Lacoume et 
Levisalles (21). 

Partie expkrimentale 
I. Priparation des diols trans-4a et -5a 

1.1. Hydroxylation du tert-butyl-3 cyclohextne (I) 
A un melange constitut par 35 ml d'acide formique a 

88% et 12 ml d'eau oxygente a 30%, on ajoute goutte 
B goutte et sous agitation Cnergique 5 g (36 mmoles) de 
tert-butyl-3 cyclohexene (1) fraichement distillC; lorsque 

I'addition est terminCe, le mklange rtactionnel est 
maintenu sous agitation tout d'abord a 40-50 "C pendant 
I h et ensuite a la temperature de la piece pendant 1 nuit. 
L'exces d'acide formique est alors PvaporC sous vide, la 
solution neutralisCe au moyen d'une solution aqueuse de 
soude B 20 % et les produits organiques (4.5 g de produit 
brut) extraits a l'tther de maniere habituelle. La saponifi- 
cation des esters intermtdiaires par de la soude conduit 
B 3.9 g (23 mmoles, 64 % du rendement thCorique) d'un 
produit qui d'aprks la c.p.g. des dtrivts silylCs serait 
composC de quantitts Cquivalentes des diols 4a et 5a. 

1.2. Siparation des diols 4a et 5a 
Un  melange form6 de 12 g de diols, 500 ml d'acitone, 

et 70 g de sulfate cuivrique anhydre est chauffe B reflux 
durant 3 jours. LC produit est alors filtrt sur de la terre 
diatomkc, concentr6 sous vide, et chromatographie sur 
une colonne contenant 400 g de gel de silice. L'Clution 
au moyen de 2 1 d'un mClange acetate d'tthyle/cyclo- 
hexane, 2090, conduit B 7 g de I'acCtonide 6; p.e.: 
105 "C/17 mm Hg; i.r.: bandes B 1235,1180,1130,1100, 
1040, 870, 840, et 8 0 0 ~ m - ~ ;  resonance magnatique 
nucltaire (r.111.n.): pics B 0.90 (tert-butyle), 1.27 (gem 
dimCthyle), et massif centrC B 3.0 p.p.m. (hydrogenes 
carbinoliques); spectre de masse: pic parent B m/e de 
202 unitts. L'Clution au moyen d'un mClange acCtate 
d'ethyle/cyclohexane, 40:60, pernlet de rCcupCrer 5 g de 
diol 4a qui apres recristallisation dans l'ether de pCtrole 
prCsente les caractCristiques rapportCes dans le tableau 1. 

L'hydrolyse de 3 g d'acbtonide 6 a 80 "C pendant 24 h 
au moyen d'un mtlange acide acetique/eau, 50150, fournit 
apres evaporation de I'exces d'acide, neutralisation, et 
extraction a 1'Cther 2.4 g (98% du rendenlent thCorique) 
du diol 5a dont les proprittts caractCristiques sont 
rCsumCes dans le tableau 1. 

2. Priparation du diol cis-7a 
A 1.2 g (8.7 mmoles) d 'alche 1 en solution dans 500 ml 

d'Cther anhydre et maintenu a 0 "C dans I'obscuritC, on 
ajoute goutte B goutte 2 g (7.8 mmoles) de tetroxyde 
d'osmium dissout dans 20 in1 d'tther anhydre. Le mClange 
reactionnel est maintenu a l'obscurite a 0 "C durant 2 h 
et 3 jours B la tempCrature de la piece. L'Cther est alors 
tvaporC puis on ajoute au rCsidu bruniitre 50 ml d'eau, 
10 g de mannitol, 4 g de KOH, et 100 ml de chlorure de 
mCthylene et l'on porte B reflux pendant 5 h. L'extraction 
au chloroforme conduit a un produit brut qui par analyse 
par c.p.g. (aprks silylation d'une fraction du tout) ne 
contiendrait que le diol 70. La recristallisation de ce 
solide dans I'Cther de pCtrole fournit 1.1 g (80% du 
rendement theorique) du diol 7a dont les caractkristiques 
sont rCsumtes dans le tableau 1. 

3. Priparation du diol8a 
3.1. Action de I'iode et de I'acitate d'argent sur le 

tert-butyl-3 cyclohexdne (1) 
Dans un ballon a 3 tubulures muni d'un agitateur, on 

place 18 g (130mmoles) d'alckne 1, 600ml d'acide 
acCtique glacial, et 49.3 g (290 n~moles) d'acbtate d'argent. 
SOLIS agitation Cnergique, on ajoute en 1.5 h 35 g (130 
mmoles) d'iode. Une fois I'addition termink, on maintient 
l'agitation pendant I h B la tempCrature de la piice puis 
aprks avoir ajoutt 59 ml d'acide acttique B 96% on 
chauffe B 90 "C pendant 4 h. Du chlorure de sodium 
(50 g) est alors ajoute; apres avoir agitC pendant 1 h 
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supplCmentaire, le melange rkactionnel est filtrt et le nous tient a exprimer sa reconnaissance au Dr. Pierre 
prkcipite lave avec du benzene bouillant. Les solvants Maroni et Mademoiselle Marthe Benoit de la Facult6 
sont elimines des fractions organiques reunies et la des Sciences de Toulouse pour I'acceuil et I'aide qui lui 
solution neutralisie a l'aide de soude a 30%. Les produits ont ete accordes d ~ ~ r a n t  la priparation de ce manuscrit. 
intermediaires ainsi obtenus sont trait& a la maniere 
standard par 3 g de LiAIH4 et conduisent 2 17 g (75% 1. J. C. RICHER et C .  FREPPEL. Can. J. Chem. 46, 
du rendement thkorique) d'un produit brut qui serait 3709 (1968). 
constitut d'apres la c.p.g. (d'une petite fraction silylee) 2. 6. BERTI, B. MACCHIA, et F. MACCHIA. Tetrahedron 
de 47 % du diol 80 et 53 % du diol 70. Lett. 3421 (1965). 

3.2. Siparation des diols 70 et 8a 3. G .  BERTI, B. MACCHIA, et F. MACCHIA. Tetrahedron, 
24 1755 (1968). 

Le melange de diols (1.5 g) obtenu precedelnment subit 4, N.' A, L~~~~ et G, G, E ~ ~ ~ .  J, erg. them. 30, 
d'abord une purification preliminaire par chromato- 4316 (1965). 
graphie sur 200 g de gel de silice et elution a I'aide de 3 1 5. D. SWERN, G.  N. BILDEN, J. W. FINDLEY, et J. T. 
d'un melange acetage d'ethyle/cyclohexane, 30,'70. Le SCANLAN. J. An~er .  Chem. Soc. 67, 1786 (1945). 
liquide incolore ainsi obtenu est silyle quantitativenlent 6. R. B. WOODWARD, F.  SOSDHEIMER, D.  TAUB, K. 
par traitement 8. 70 "C pendant 2 h avec 15 ml d'hexa- HEGSLER, et W. M. MCLAMORE. J. Auler. Chem. 
methyldisilazane, 7 ml de trimCthylchlorosilane dans 74,  4223 
20 ml de pyridine et conduit a 2,5 d,un des 7. J. CHUCHE, G. DAM, et M. R. MOKOT. Bull. Soc. 

Chim. (France), 3300 (1967). 
derives 7b et 8b qui est chromatographi6 sur 300 g de 8. G. DANA, J. CI-~UCHE, et M. R. MONOT. Bull. Soc. 
gel de silice. L'elution au moyen de 2 1 d'ether de petrole Chinl. (France), 3308 (1967). 
30-60 et d'un 1 de cyclohexane fournit 1.3 g du derive 9, H .  F. VOGEL. In A textbook of practical organic 
8b pur; l'elution par un m6lange d'acttate d'ethyle/cyclo- chemistry. 3rd edition. Longmans, London, 1964. 
hexane, 20:80, donne 1.5 g du derive 7b  (contenant p. 895. 
d'apres la c.p.g. 10% de I'isomere 8b). 10. C. W. DAVEY, E. L. MCGENNIS, J. M. MCKEOWK, 

Le derive silyle 8b (1.3 g) dans 10 rill dleau et 10 ml de G. D .  MEAKISS, M.  W. PEMBERTON, et R. N. YOUNG. 
J Chem. Soc. (C) 2674 (1968). methanol est traite a reflux pendant 5 h par 3 g de soude. l l .  J: E, COLENAY, C. RICCIATI, et D, Sm,ERN. J, 

L'extraction a la maniere habituelle conduit a 500 nlg cheln, sot, 78, 3342 (1956). 
(70% du rendenlent theorique) du dial 8a, qui apres 12. R.  B. WOODWARD et F. V. BRUTCHER. J. Amer. 
recristallisation dans l'kther de petrole presente les Cheni. Soc. 80, 209 (1956). 
caracteristiques rCsumCes dans le tableau 1. 13. D.  GINSBURG. J. A~ner.  Chem. Soc. 75, 5746 (1953). 

14. E. J. HEDGLEY et W. G. OVEREND. Chem. Ind. 378 
4. Stiviochin~ie de l'hydvolj~se des ipoxydes 3 et 4 (1960). 

La methode generale utilisee consiste a ajouter a 5 g 15. C. SWEELEY, R. BENTLEY, M. MAKITA, et W. WELLS. 
(32 mmoles) d'kpoxyde, 5 ml d'eau, et 20 ml d'acide J. Amer. Chenl. Sot. 85, 2497 (1963). 
formique B 85%, le rntlange riactionnel &rant agite 8. 16. E. L. ELIEL, M. H .  GIANNI, T. H. WILLIA~TS, et 
la tempirature de la piece. L'exces d'acide formique est 17, ~ , B F , " ~ ~ ~ ~ ~ ; ,  ~ ~ ~ $ f ~ ~ n $ ~ ~  ~ : ~ ! ~ ~ ~ ; ,  32, alors elimint et les produits extraits a la maniere decrite 275 (1949), 
dans la section 1.1. Les diols ainsi obtenus sont alors 18, B, R~~~~~~~ et S, Y ,  L ~ ~ ,  J. erg, them. 30, 
silyles d'aprks la technique decrite dans la section 3.2 2212 (1965). 
et analyses par c.p.g. dans les conditions decrites au 19. E. J. LAKGSTAFF, R. Y. MOIR, R. A. B. BANNARD, 
tableau 1. et A. A. CASSELMAN. Can. J. Chem. 46, 3649 

(1968). 
20. D. H'. R. BARTON, D. A. LEWIS, et J. F .  MCGHIE. 

Les auteurs renlercient sinckrement le Conseil National J ,  them, sot, 2907 (1957). 
de Recherchcs du Canada pour l'aidc financiere accordte 21. B. L A C O ~ M E  J. LEVISALLES. Bull. SOC. Cl~inl. 
sous forme de bourse et d'octrois de recherches. L'un de (France), 2245 (1964). 
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Phytochemical investigation of Manitoba plants. I. A new indole alkaloid 
and associated alkaloids from Phalaris arundinacea 

R. C. S. AUDETTE, H. M. VIJAYANAGAR, AND J. BOLAN 
School of Pharmacy, Unitievsity of Manitoba, Winnipeg 19, Manitoba 

AND 

K. W. CLARK 
Department of Plant Science, University of Manitoba, Winnipeg 19, Manitoba 

Received May 8, 1969 

Hordenine, gramine, and an unknown con~pound assigned the structure of 2,9-dimethyl-6-methoxy- 
1,2,3,4-tetrahydro-a-carboline and n-octacosanol were isolated from Phalaris arundinacea Var. Ottawa 
Synthetic C grown in Manitoba. The compounds were separated by a counter current distribution 
method followed by column chromatography on Woelm basic alumina, and were characterized by the 
use of infrared, ultraviolet, mass, and nuclear magnetic resonance spectroscopy. 

Canadian Journal of Chemistry, 48, 149 (1970) 

Introduction 
The acceptability of reed canary grass, 

Plzalaris arundinacea L., as a livestock forage 
appears in part, to be related to differences in dry 
matter digestibility and dry matter intake. Low 
intake, rough haircoats, and profuse watering of 
the eyes of cattle on Michigan reed canary grass 
have been observed (1). Cattle feeding on forage 
which contained P. arundinacea as one grass 
species, in one locale of Manitoba, suffered 
from a reduction in milk production and live- 
weight gains. Postmortem examination revealed 
alkaloidal-type lesions in the livers of these 
cattle and prompted an investigation of the 
alkaloids of P. arundinacea. 

Severe neurological disorders, called the 
"Phalaris staggers syndrome" and sudden deaths 
have occurred among livestock grazing on a 
related species, P. tuberosa L. in Australia (2-6). 
This species has been reported to contain several 
indolealkylamines, notably N,N-dimethyltrypt- 

amine and its 5-methoxy and 5-hydroxy deriva- 
tives (6). Small dosages of these compounds 
administered to sheep resulted in the formation 
of neurological disorders similar to those ob- 
served in sheep grazing on P. tuberosa. Higher 
doses resulted in cardiac arrest and were often 
fatal (3). Tryptamine derivatives are known to 
exert a strong action on the central nervous 
system and to interfere with some of the pharma- 
cological effects of serotonin (1) (7). 

In 1958, Wilkinson (8) reported the occurrence 
of hordenine (2) and 5-methoxy-N-methyltrypt- 
amine (3) in Australian Plzalaris arundinacea. 
CuIvenor et al. (9) reported gramine (4) as the 
major alkaloidal base (0.3% dry grass) in 
Australian P. arundinacea. We wish to report the 
isolation and identification of hordenine, gra- 
mine, n-octacosanol, and a previously unknown 
compound assigned the structure of 2,9-dimethyl- 
6-methoxy-1,2,3,4-tetrahydro-P-carboline. The 
total alkaloid contains a high proportion of 
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hordenine (0.009 % on the weight of the dry grass) 
and a lesser proportion of some indole deriva- 
tives. The total alkaloid fraction from P. avun- 
dinacea gave a violet solution with p-dimethyl- 
aminobenzaidehyde in ethanol containing hydro- 
chloric acid (Van Urk's reagent). The alkaloids 
were se~arated by a counter current distribution 
method followed by colum~l chromatography 
on basic alumina. 

Results and Discussion 
IdeiztiJicntion of Hordenine (2) 

The ~~ltraviolet (~1.v.) (A,,, 279 mp), infrared 
(i.r.), and mass spectra were identical with those 
of authentic hordenine. The nuclear magnetic 
resonance (n.m.r.) spectrum showed the expected 
A,B, type of pattern with ortho- and para- 
couplings at 6.6 and 7.0 p.p.m. (a pair of dou- 
blets, J = 9 c.p.s.) integrating for 4 aromatic 
protons. A singlet at 8.1 p.p.m. was attributed to 

phenoiic-QH An authentic gave Ra, 1, Gas-liquid chronlatopraln of 2,P-dimethyl-6- 
similar signals. methoxy-1,2,3,4-tetrahydro-p-carboline (5). Two p1 of 

the sample were injected on a 6 ft, 118 in. i.d. Teflon 6 
Strzictzrre of 2,9- Dimethyl-6-r?zetlzoxy-1,2,3,4- column, packed with 0.4% cyclohexanedimethano1 

tetrahydro-0-carboline (5) succinate (CHDMS) on Chromosorb G, AW-DMCS 
~ h i ~ - l ~ ~ ~ ~  chromatography (t,l.c.) (R, 0.3, 60180. The column temperature was 195". The helium 

flow rate was 100 ml/min. The hydrogen flame detector 
blue with Van Urk's reagent) and gas-liquid was kept at 260°, and the injection port at 230" (17). 
chromatography (g.1.c.) (Fig. 1) (retention time, The retention time of 5 was 25 nlin 47 s. 

25 min, 47 s) results were not comparable with 
any of the known indole alkaloids reported in which were similar to those of 5-methoxy-N,N- 
Pl~alaris species. The U.V. spectrum showed dimethyltryptamine. The i.r. spectrum had 
absorption bands at h,,, 276, 297, and 309 mp absorption bands at v,,, 2930,2810, 1620, 1600, 
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AUDETTE ET AL.: PHYTOCHEMICAL INVESTIGATION. I 

FIG. 2. Mass spectrum of 2,9-dimethyl-6-n~ethoxy-1,2,3,4-tetrahydro--carboline (5). 

1585, 1500, 1465, 1390, and 1300 cm-l. Indolic 
-NH absorption (i.e. about 3250 cm-I) seemed 
to be absent. The elemental analysis was con- 
sistent with the molecular formula C,,H, , N 2 0  
for the parent base. The molecular formula of 
the base was further verified with the aid of the 
mass spectrum reproduced in (Fig. 2) (M = 230). 
Aside from the molecular peak, it exhibited 
certain important peaks at mle 216,215,200, 187, 
186, 172, 171, 159, 158, 143, 130,42, and 15. The 
fragmentation pattern of the compound (5) 
appeared to occur as shown in Scheme 1. The 
M-43 peak at nzle 187 can be ascribed to the ion 
(5a) resulting from the loss of CH2=NCH3 at 
positions N-2 and C-3. The above peak seems to 

be characteristic of such cyclic systems (10-12). 
The peak at n?/e 172 presumably arises from the 
loss of a methyl group of the methoxy from the 
fragment (5a). The peak at nz/e 158 could be 
ascribed to the ion (56) and the nzle 42 peak could 

+ 
be due to the formation of C H r N C H , .  

The n.m.r. spectrum (Fig. 3) was also consistent 
with the tetrahydro-P-carboline derivative struc- 
ture (5), with the two singlets at 2.38 and 3.73 
p.p.m. which arise from the N-methyl of the basic 
nitrogen at position N-2 and the methoxy 
methyl at position C-6, respectively. The triplet 
(4H) centered at 2.69 p.p.m. represents the C-3 
and C-4 saturated methylenes, while the singlet 
(2H) at 3.24 p.p.m. arises from the C-1 methylene 
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1 PPM, F" I A 
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FIG. 3. Nuclear magnetic resonance spectrum of 2,9-din~ethyl-6-methoxy-1,2,3,4-tetrahydro--carboline (5) in 
deuterodimethyl sulfoxide. 

protons. The band at 3.50 p.p.m., however, is 
the methyl group attached to the non-basic 
indole methyl at position N-9. Methyls of this 
type have been found previously at around 3.58 
p.p.m. (13). It  is possible that the methyl at 3.50 
p.p.m. is coupled with a very small coupling 
constant to the C-8 proton. In the aromatic 
region, the C-8 proton appeared as an AB-type 
doublet at 7.18 p.p.m. (J,,, = 8 c.p.s.), the C-5 
proton meta coupled (J,,, = 2 c.p.s.) at 6.54, 
while the C-7 proton ortho coupled to C-8 
(J,,, = 8 c.p.s.) and nzeta coupled to C-5 (J,,, = 

2 c.p.s.) appeared at 6.78 p.p.m. 

Ide~ztrjication of n-Octacosanol (6) 
The elemental analysis of the compound is 

consistent with the molecular formula C2,H,,0. 
The above conformation was further verified by 
its mass spectrum (Fig. 4) (M = 410 - 18 (H20) 
= n ~ / e  392 ion). The most characteristic frag- 
mentation of the higher alcohols is associated 
with the elimination of water. Long chain 
aliphatic alcohols may therefore show a s~nall or 
negligible molecular peak, but M-18 (M-H20) 
peaks will be discernible and the spectra of long 
chain aliphatic alcohols are therefore dominated 
by hydrocarbon peaks (14, 15). 

A feature of the spectrum of most aliphatic 
alcohols is a mass peak formed by cleavage of 
the bond P to the oxygen atom (14). That is to 
say, in primary alcohols, an ion corresponding 
to the fragmentation to give (-CH20H) + is 
prominent at m/e 31. Olefines are generally 
characterized by the mass number (C,,H2,,) of 
the parent peak (double bonds stabilize the 
parent ion and thus increase the possibility of 

its appearance) and by a series of peaks at mle 
41, 55, 69, 83, 97, 111, 125, and 139, each two 
mass units lower than the corresponding peak 
(rnle 43, 57, 71, and 85), which are also present 
in straight chain saturated compounds. These 
peaks result from the retention of charge on the 
unsaturated fragment. The base peak usually 
results from allylic cleavage and gives the 
resonance stabilized allylic carbonium ion, viz. 
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The above evidence together with the n.m.r. linear potentiometric recorder, was used for g.1.c. 

spectrum (lzig. 51, wllicll showed a triplet at 0.85 studies (17). Helium was used as the carrier gas. 
Woelm basic alumina (Grade 111) was used for column p'p'm' integrating for protons of a chromatography. Thin-layer chro~natography was per- 

group, overlappillg triplets at 1.26 p.p.m. inte- formed on Merck Kieselgel-G, using the solvent system 
grating for 52 protoils of (CH,),, groups, and chloroform:n1ethanol(4:1 v/v)  throughout the separation 
a triplet at 3.62 p.p.m. due to a methylene group and the colors here dekeloped with Van Urk's and 

of -cH,-J~, strollgly suggested identity of Dragendroff's reagents (16). Microanalyses were carried 
out by Pascher, Mikroanalytisches Laboratorium, 53 

this co~npound wit11 n-octacosanol(6). Bonn, Buscstrasse54. Melting points are uncorrected. 

Experimental 
Ultraviolet spectra were obtained with a Hilger and 

Watts Ultrascan recording spectrophotometer, using 
ethanol as a solvent. Infrared spectra were obtained on 
a Beckman Model 8 spectrophotometer using samples 
prepared either in KBr discs or in Nujol as a thin film 
on a sodium chloride block. Nuclear magnetic resonance 
spectra were measured on a Varian A-60 instrument, 
using a 10% solution o f  tetramethylsilane in carbon 
tetrachloride as an external reference (T,,). Mass spectra 
were taken on an A.E.I. M.S.-9 mass spectrometer. A 
Beckman Model GC-5 gas chromatograph, equipped 
with a flame ionization detector and a Beckman 1 MV 

Extraction and Fr.actionatiorz 
Dried ground grass (24.0 kg.) was extracted in a 

Soxhlet apparatus with ethanol (270 1). The ethanol was 
removed by distillation under reduced pressure and the 
resulting residue dissolved in chloroform. The chloroform 
solution was shaken with dilute sulfuric acid (0.6 N, 
10 1)  and the aqueous layer was then made alkaline with 
ammonium hydroxide (pH9),  saturated with sodium 
chloride, and extracted with chloroforn~ until there was 
no color with Van  Urk's reagent. The chloroform layer 
was dried over anhydrous potassium carbonate and 
removed by distillation under reduced pressure. The yield 
was (34.0 g. 1.5 %) o f  crude bases. 

The purification o f  the crude alkaloidal bases (24.0 g) 

m/s.  

FIG. 4. Mass spectrum o f  n-octacosanol (6). 
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FIG. 5. Nuclear magnetic resonance spectrum of n-octacosanol (6) in deuterochloroform. 

obtained from the above extraction procedure was carried 
out by counter current distribution between chloroform 
and hydrochloric acid (0.2 N, 100 ml phase, 44 tubes). 
Fraction 1 (6.5 g) gave hordenine (2) (1.5 g) along with 
some gramine (4) and other indole derivatives which 
possessed high Rf values when examined on t.1.c. 

In  fractions 2-15 (7.5 g) indole derivatives were 
obtained with the following Rf values and colors de- 
veloped with Van Urk's reagent on t.1.c. (0.05, pink), 
(0.7 pink), and (0.9, blue); in fractions 16-30 (2.5 g), 
(0.05, pink), (0.15, blue), (0.25, pink), (0.7, pink), and 
(0.9, blue), and in fractions 3 0 4 4  (3.5 g), (0.7-0.9, 
brown) and (0.15, blue). 

Fraction I 
Hordenine was isolated from the first fraction and on 

crystallization from benzene gave colorless needles m.p. 
116-117", mixed m.p. with authentic hordenine 117-118". 
Thin-layer chron~atography gave a red color (Rf 0.17) 
with Dragendroff's reagent; g.1.c. (17) on the CHDMS 
column showed a retention time of 58 s, corresponding 
to that of authentic hordenine. 

Anal. Calcd. for CiOHiSNO: C, 72.7; H, 8.9; N, 8.7. 
Found: C, 72.7; H, 9.2; N, 8.5. 

Fractions 2-15 
Fractions 2-15 were combined, the solvent removed, 

and the residue was extracted with ether. The ether 
soluble portion was decanted and evaporated to dryness. 
The resulting residue on shaking with petroleum ether 
(b.p. 40-60") gave colorless needles which were washed 
with methanol (1 ml) and filtered. The product was 
found to be 2,9-dimethyl-6-methoxy-1,2,3,4-tetrahydro- 
f3-carboline (S), m.p. 214" (decomposed). 

Anal. Calcd. for C ~ ~ H ~ ~ N P O :  C, 73.0; H, 7.8; N, 12.2. 
Found: C, 71.6; H, 7.5; N, 12.2. 

Fractions 16-30 
Fractions 16-30 were combined and the residue was 

shaken with ether. The ether was decanted and evaporated 
to dryness. The resulting residue when shaken with 
petroleum ether (b.p. 40-60") gave a crystalline material 
(Rf 0.7, pink) which is under investigation. Thin-layer 
chromatography suggested that the ether soluble parts 
of the fractions 2-30 contain mainly indole derivatives 
with high Rf values except for some gramine (R, 0.05). 

All ether soluble fractions were combined and sepa- 
rated by column chromatography, using petroleum ether 
(b.p. 40-60") and ether (I :1 v/v) as an eluent. In  fractions 
2-22, 23-38, and 39-44, indole derivatives were obtained 
with the following Rf values (0.05 and 0.7), (0.7 and 0.9), 
and (0.15, 0.7, and 0.9), respectively. Gramine was the 
major component of fractions 13-16 as indicated by g.1.c. 
(17) (retention time 51 s on CHDMS, similar to that of 
an authentic sample). A conlparative study of the isolated 
compound and authentic gramine was done on t.1.c. 
under different eluent systems (chloroform:methanol, 
4:l  v/v; ethyl acetate:isopropanol:ammonia, 9:7:4 v/v) 
and similar results were obtained. 

The chloroform soluble parts of the ether extracted 
residues obtained from fractions 2-30 from the counter 
current distribution were combined and separated by 
column chromatography on alumina using chloroform 
as the eluent (5 ml fractions). The combined chloroform 
solutions of fractions 24-28 gave a non-alkaloidal com- 
pound, m.p. 79", and fractions 3 6 4 0  yielded another 
non-alkaloidal material, m.p. 149". 

The non-alkaloidal compound (m.p. 79', lit. (18) 83") 
was identified as iz-octacosanol (6). The i.r. spectrum 
showed absorption bands at v,,, 3285 (-OH), 2920, 
and 2850 cm-'. 

Anal. Calcd. for C,8H,80: C, 81.9; H, 14.2. Found: 
C, 81.7; H, 14.3. 
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Chelating polymers. I. The synthesis and acid dissociation behavior of several 
N-(p-vinylbenzenesulfony1)-substituted diaminopolyacetic acid monomers, 

monomeric analogues, and related intermediates 

R. M. GENIK-SAS-BEREZOWSKY AND I. H. SPINNER 
Department of Chemical Engineering and Applied Chemistry, Unit'ersity of Toronto, Toronto 181, Ontario 

Received June 24, 1969 

Two new chelating monomers, N-(p-vinylbenzenesulfonyl)-l,2-diaminoethane-N',N'-diacetic (SS- 
EDDA) and -N,Nf,N'-triacetic (SS-ED3A) acids, as well as several monomeric analogues and related 
intermediates have been prepared. In addition, 2-0x0-1-piperazine acetic (S-KP), 3-0x0-1-piperazine 
acetic (U-KP), and 2-0x0-1,4-piperazine diacetic (3-KP) acids have been synthesized and the inter- 
convertibility between these cyclic amides and their unsubstituted linear amino acid analogues, ethylene- 
diamine-N,N'-diacetic (S-EDDA), -N,N-diacetic (U-EDDA), and -N,N,N1-triacetic (ED3A) acids re- 
spectively, was demonstrated. 

The acid dissociation constants of the various amino acids were determined potentiometrically at 25' 
and p = 0.1 M(KN0,) and the results were compared with the hydrogen ion affinities of related com- 
pounds. Dissociation schemes were proposed for all the compounds based on these results. Rationaliza- 
tions of the linear amino acid and the cyclic amide dissociation constants were made in terms of the 
effects of cyclization and the inductive effects of neighboring groups. These rationalizations were found 
to be helpful in clarifying the dissociation schemes previously proposed for several of the linear amino 
acids. 
Canadian Journal of Chemistry, 48, 163 (1970) 

Introduction 
The applications of conventional cation ex- 

change resins for the separation of metal ions are 
largely determined by their degree of selectivity. 
In the past three decades numerous attempts have 
been made to enhance the selectivity of these 
resins by incorporating into the polymer matrix 
functional groups capable of chelate formation. 
As a result, some 200 publications dealing with 
the synthesis and studies of such chelating ion 
exchange resins have appeared and several 
reviews and critical discussions are available 
(1-1 1). 

An examination of this literature indicates that 
most chelating resins were prepared either by the 
condensation of aromatic amine or phenol deri- 
vatives with formaldehyde, or by theintroduction 
of the functional groups into a preformed polymer 
matrix by classical reactions. Unfortunately, due 
to the possibility of various secondary reactions 
and lack of control over cross-linking, these 
products were usually heterogeneous and of 
poorly defined structure and were thus unsuitable 
for detailed chelation studies. The most successful 
method for preparing suitable products involves 
the polymerization under mild conditions, of pure 
vinyl-type monomers already possessing the 
chelating groups. However, because of the great 
difficulties in synthesizing such polymerizable 
subslances, to date only a few have been de- 
scribzd; namely, several unsaturated 1,3-dike- 

tones (12, 13) and vinylarylaminoacids (14, 15, 
16-22). 

The present study was undertaken to synthesize 
new monomers possessing chelating groups and 
capable of being homo- or co-polymerized to give 
polymers of well defined structure. It was decided 
to use a styrene derivative as the polymerizable 
portion of the compounds since exchange resins 
based on polystyrene possess favorable physical 
and chemical properties. Several diaminopoly- 
acetic acids of the EDTA type were chosen as the 
functional groups due to the high range of selec- 
tivity available by meails of p H  manipulation. 
The compound p-(P-bromoethy1)benzenesulfonyl 
chloride, readily prepared in the laboratory in 
pure form, was selected as the intermediate for the 
polymerizable portion, since the amino acids 
could readily be joined to the aryl nucleus through 
a stable sulfonyl bridge, and subsequent dehydro- 
bromination of the resultant products would yield 
the vinyl-type monomers. The polymers to be 
prepared by this procedure are shown in Chart 1. 

The synthesis and study of suitably chosen 
monomeric analogues were also undertaken for 
use in attempts to predict the chelating properties 
of the proposed polymers. 

Results and Discussion 
(a)  Organic Syntheses 

The proposed method of synthesis of the mono- 
mers required the preparation of the di- and 
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triacetic acids of ethylenediamine for coupling 
with p-(P-bromoethyl)benzenesulfonyl chloride 
(p-toluene- and bellzenesulfonyl chlorides for the 
monomeric analogues) and subsequent dehydro- 
bromination. This approach was undertaken in 
preference to the synthesis of the N-substituted 
arylsulfonylethylenediamines followed by car- 
boxymethylation, because the conditioi~s required 
for the latter step would undoubtedly result in the 
hydrolysis of the bromoethyl group. 

The synthesis of the amino acids was attempted 
by both the alkaline condensation of chloroacetic 
acid with ethylenediamine and the carboxy- 
methylation of the diamine with sodium cyanide 
and formaldehyde, but the most favorable results 
were obtained with the former method. The 
cyanide/formaldehyde method usually resulted in 
complex mixtures, especially in the attempted 
synthesis of the triacetic acid. 

The symmetrical ethylenediamine-N,Nf-dia- 
cetic acid (S-EDDA) was prepared by the cya- 
nidelformaldehyde method. The unsymmetrical 
diacid, ethylenediamine-N,N-diacetic acid (U- 
EDDA), was obtained by the chloroacetate 
carboxymethylation of monoacetylated ethylene- 
diamine followed by hydrolysis of the acetyl 
group. Attempts to prepare and recover pure 
ethylenediamine-N,N,Nf-triacetic acid (ED3A) 
by the direct reaction of sodium chloroacetate 
with ethylenediamine at a 3 :I molar ratio resulted 
in complex mixtures of tetra-, tri-, and di- 
substituted products. Acidification of these 

alkaline reaction mixtures resulted in the removal 
of the major by-product, ethylenedinitrilotetra- 
acetic acid (EDTA), by virtue of its low water 
solubility. However, this step also resulted in the 
cyclization of the non-fully substituted com- 
pounds. The recovery of the cyclic amide of 
ED3A, i.e. 2-0x0-l,4-piperazine diacetic acid 
(3-KP) in pure form from the remaining mixture 
of hydrochloride salts of amino acids and sodium 
chloride was possible because of the almost 
exclusive solubility of 3-KP in boiling dimethyl- 
formamide. 

Doran (23) had investigated a considerable 
number of by-products and intermediates present 
as impurities in the preparation of EDTA by the 
cyanide/formaldehyde method, and had noted 
that cyclization of the non-fully substituted amino 
acids took place quite readily under acid condi- 
tions. Although she had been unable to isolate 
some of the amino acids in pure form, e.g. ED3A 
and 3-KP, she had nevertheless proposed (on the 
basis of paper electrophoresis studies) that these 
linear amino acids and their cyclic ketopiperazine 
counterparts were interconvertible. High p H  
(> 12) and high temperatures were said to result in 
decyclization. 

Several of the compounds said to be inter- 
convertible are shown in Scheme 1. 

The results of some workers support the inter- 
convertibility of S-EDDAIS-KP (24) but in the 
cases of ED3A/3-KP (25) and U-EDDAIU-KP 
(26), other workers have stated that they were 

ED3A (RI = Rz = CH2COOH) 3-KP 
U-EDDA (R1 = H ;  R2 = CHzCOOH) U-KP 
S-EDDA (R1 = CHzCOOH; Rg = H) S-KP 
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unable to obtain the linear analogues from the 
cyclic amides. 

The possibility of preparing the desired ED3A 
by cleaving the ring of 3-KP warranted a further 
investigation into the proposed interconver- 
tibility. As a further aspect of this investigation, it 
was of interest to prepare the cyclic amide of 
U-EDDA, namely 3-0x0-1-piperazine acetic acid 
(U-KP) by treatment of the linear diacid in strong 
acid. In addition, 2-0x0-1-piperazine acetic acid 
(S-KP) was prepared in similar fashion and the 
dissociation properties of the latter two cyclic 
amides were studied for the first time and 
reported. 

It was found that decyclization of both 3-KP 
and U-KP could be accomplished by refluxing in 
strongly alkaline aqueous medium (sodi~un 
hydroxide/amino acid molar ratio of 6 : 1). 

The successful preparation and isolation in 
pure form of the arylsulfonyl derivatives of the 
inear amino acids by the reaction of the sulfonyl 
chlorides with the treated solutions of the cyclic 
amides, provided evidence of actual ring cleavage. 

The reaction of the amino acids with the aryl- 
sulfonyl chlorides was accomplished by carrying 
out the coupling in a heterogeneous mediurn; 
contacting aqueous alkaline solutions of the 
amino acids with toluene solutions of the sulfonyl 
chlorides. Dehydrobromination of the bromo- 
ethyl compounds by refluxing in alcoholic 
potassium hydroxide solutions yielded the desired 
vinyl-type monomers. 

The various amino acids prepared in this study 
were all white powdery materials, possessing in- 
definite decon~position points rather than sharp 
melting points. Further characterization of the 
products included elemental analysis, potentio- 
metric studies, infrared (i.r.) spectroscopy, and 
where applicable, unsaturation tests. 

(b)  Potentiometric Study 
A list of the various amino acids prepared in 

this study along with their dissociation constants 
obtained by potentiometric titrations at 25 f 
0.05 "C and an ionic strength of 0.1 M (KNO,), 
is presented in Table 1. Several literature values 
are also given where applicable for comparison 
purposes. Good agreement of the results for 
U-EDDA, S-EDDA, and 3-KP with the literature 
values was obtained. 

(i) Arylszdfonyl Amino Acids 
The almost identical pKvalues obtained for the 

p-(b-bromoethy1)benzene-, p-toluene-, and ben- 
zenesulfonyl derivatives of the diamino diacids 
and also the triacids indicate that the dissociation 
of the amino acids is not influenced by the p- 
substituents on the benzene ring. 

On examination of the dissociation constants of 
the diamino diacetic acids, the values of pK, 
(1.99-2.15) are attributed to a carboxyl proton. 
Further, those of pK, (7.8) are similar to the 
values of derivatives of iminodiacetic acid (30) 
and correspond to the dissociation of a proton of 
the ammonium nitrogen. The low pK values, as 
compared to the corresponding unsubstituted 
S-EDDA and U-EDDA indicate the strong 
electron attracting effect of the sulfoile group on 
the acidities of the dissociable protons. (A similar 
effect is noted for the carbonyl group of N-ace- 
tyl-1,2- diaminoethane-N',N'- diacetic acid (A - 
EDDA) and for the carbethoxy group of N- 
carbethoxy-P-aminoethyliminodiacetic acid (CE- 
EDDA) studied by Schwarzenbach et al. (27).) In 
the sulfone derivative of the symmetrical S- 
EDDA, the substituent is on the same nitrogen 
atom as the carboxyl group providing the first 
dissociable proton. Consequently, the pK, value 
has been lowered to a greater extent and to a 
lower value (6.51 i 1.99) than that of the deriva- 
tive of the unsymmetrical U-EDDA (5.51 
+2.15). On the other hand, the ammonium 
proton should be influenced to an equal extent in 
both derivatives by the sulfone substituent, and 
this is shown by the identical values obtained for 
pK2. 

The titration curves (Figs. 1 and 2) of N-acetyl- 
and the N-arylsulfonyl-EDDA's in the free acid 
forms are similar to those of iminodiacetic (31) 
and N-benzyliminodiacetic (29) acids and one 
might thus expect them to display similar chela- 
ting behavior. The chelation curves with Cu(I1) 
and Ni(I1) obtained in some preliminary studies 
show this to be the case with the acetylated diacid. 
The sulfone derivative, however, displayed a 
different behavior. The indefinite second end- 
point and the presence of a sharp inflection point 
at the third equivalent of added base suggest that 
competition with a hydroxy-complex has become 
important. 

In the case of the N-arylsulfonyl substituted 
triacetic acids, the strong acidifying effect of the 
sulfone group is once again evident from a com- 
parison of pK, = 3.3 and pK, = 8.5 with the 
values pK2 = 6.6 and pK, = 9.8 - 10.0 reported 
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TABLE 1 

Stoichiometric acid dissociation constants 

Ligand Formula PKI P K ~  P K ~  Reference 

BS-EDDA* 2.10 7.82 - Present work, 
25 "C, p = 0.1 (KN03) 

TS-EDDA* C H ~ ~ S O ~ N H C H ~ C H ~ N ( C H ~ C O O H ) ~  - 2.15 7.86 - Present work, 
25 "C, p = 0.1 (KNOB) 

2.15 7.75 - Present work, 
25 "C, p = 0.1 (KNOB) 

1.99 7.83 - Present work, 
25 "C, y = 0.1 (KNO,) 

A-EDDA* CH3CONHCH2CH2N(CH2COOH)z 1.94 8.17 - Present work, 
25 "C, p = 0.1 (KNO3) 

CE-EDDA C2H50CONHCH2CH2N(CH,COOH)2 2.2 8.57 - (27), 20 "C, p = 0.1 (KCl) 

BIMDA 2.32 8.88 - (29), 25 "C, y = 0.1 (KCl) 

U-EDDA NH2CH2CH2N(CH2COOH)2 5.53 10.87 - Present work, 
25 "C, y = 0.1 (KN03) 

5.58 11.05 - (27), 20 "C, p = 0.1 (KCl) 

5.51 - - Present work, 
25 "C, = 0.1 (KN03) 

6.51 9.57 - Present work, 
25 "C, ).I = 0.1 (KN03) 

6.48 9.57 - (28), 25 "C, p = 0.1 (KNO3) 
6.42 9.46 - (33), 30 "C, = 0.1 (KCI) 

S-EDDA HOOCCH,NHCH,CH2NHCH,COOH 

6.55 - - Present 25 "C, p work, = 0.1 (KNO,) 

2.95 5.85 - Present work, 
25 OC, p = 0.1 (KN03) 

2.94 5.90 - (25), 25 "C, p = 0.1 (KCI) 

1 .50 3.25 8.63 Present work, 
25 "C, y = 0.1 (KN03) 

1.52 3.25 8.59 Present work, 
25 "C, p = 0.1 (KN03) 

*Compounds not previously reported in literature. 
tDissociation constants not previously reported. 
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FIG. 1. Potentiometric titration curves of A-EDDA 
at 25 "C in 0.1 M KNO,  (a = moles of KOH added per 
mole of amino acid). 1, free acid; 2, acid + Ni2+;  3, 
acid + Cu2+;  CA = Chi = 2.0 x l o - ,  M. 

FIG. 2. Potentiometric titration curves of BS-EDDA 
at 25 "C in 0.1 MKNO, .  1 ,  free acid; 2, acid + NiZ+;  
3, acid + Cu2+;  CA = CM = 2.0 x M. 

by Bruno et al. (32) for N-alkyl-ED3A7s. The 
values of pK, - 1.5 correspond to the dissocia- 
tion of a proton of a carboxyl group attached 
to the sulfonamide nitrogen, pK, = 3.3 repre- 
sents the dissociation of the second carboxyl, and 
pK3 = 8.5 corresponds to the proton of the 
iminodiacetate nitrogen. The low values of pK, 
and pK3 suggest a weaker chelating ability for 
these compounds as compared to those of the 
N-alkyl ED3A's. A qualitative verification of this 
comes from a comparison of some chelation 
curves obtained in a preliminary study (shown in 

FIG. 3. Potentiometric titration curves of TS-ED3A 
at 25 "C in 0.1 M K N O , .  1 ,  free acid; 2, acid + C L ~ ~ + ;  
cA = ckl = 1.0 x l o - ,  M. 

FIG. 4. pH titration curves at 25 "C in 0.1 M KNO3. 
I ,  U-EDDA; IA, U-EDDA + Cu2+;  2, U-KP; 2A, 
U-KP + c u Z +  ; cA = cM = 4.0 x 10-3 M. 

Fig. 3) with those of the previously mentioned 
N-alkyl ED3A's (32). 

( i i)  Unsubstituted Amino Acids 
I .  Prelirnirzary chelation studies. The curves 

obtained for the potentiometric titrations of 
U-EDDA, S-EDDA, and their cyclic amides in 
both free acid form and in the presence of equi- 
molar amounts of Cu(I1) are presented in Figs. 4 
and 5. These results are used to provide f~lrther 

11 es. proof of the structure of the cyclic alr'd 
The chelating properties of U-EDDA and 

S-EDDA have already been discussed (27, 33) 
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cate that the inductive effect of the carbonyl 
group prevents the amide nitrogen atom from 
participating in the chelation. A similar effect 
is expected in the case of the cyclic amides of 
this work and thus U-KP can be expected to be 
bidentate (structure shown in Chart 3). These two 
facts account for the considerably lower stability 
of the U-KP chelate as compared to that of 
U-EDDA (chelation curves of Fig. 4). 

The acetate group of S-KP is attached to an 
amide nitrogen atom which cannot coordinate 
with a metal. Coordination of a metal ion with the 
other nitrogen atom to form a chelate is also not 
expected to take place. This is confirmed by the 
titration curve of S-KP in the presence of Cu(II) 
(Fig. 5) which indicates negligible complex- 
formation and resembles verv much the s im~ le  

FIG, 5. p H  titration curves at 25 "C in 0.1 M KNO3. titration of Cu(NO,), with base. 
1, S-EDDA; 1 A,  S-EDDA + CuZ' ; 2, S-KP; 2A* The effects of refluxing 3-KP in a highly alkaline S-KP + cuZ+ ; cA = chi = 2.0 x 10-3 M. 

aqueous medium are illustrated by the titration 

and they have been shown to be tetradentate 
ligands capable of forming very stable chelates. 
This is illustrated by the structures of the chelates 
(Chart 2) and is reflected by the considerable 
suppression of the titration curves in the presence 
of metal ion.' 

\\ 
0 

Cu(I1) chelate of U-EDDA Cu(I1) chelate of S-EDDA 

CHART 2 

The chelation curve for U-KP (Fig. 4) shows 
an end-point after the addition of one equivalent 
of base indicating the presence of only one 
carboxyl group (as opposed to two for U-EDDA). 
Furthermore, the results of Schwarzenbach et al. 
(27) with N-carbethoxy-P-aminoethyliminodi- 
acetic and N-acetamidoiminodiacetic acid indi- 

'It should be noted that the presence of a second acetic 
acid group in the case of the diacids as compared to the 
monoacetic cyclic amides, is reflected by the lowering of 
the second buffer region in the titration curves of the free 
acids, and this is further indication of the structure of 
these compounds. 

curves of 3-KP before and after treatment (Fig. 6). 
For the free acids, there is little change in the first 
two buffer regions but beyond the second end- 
point, there is a significant suppression of the 
buffer region (compare with Figs. 4 and 5). In 
addition, in the titrations with Cu(II), there is a 
shift in the chelation end-point from 2.0 to 
approximately 2.5 for the treated 3-KP. These two 
observations suggest the presence of some addi- 
tional weakly acidic functional group (in 3-KP) 

FIG. 6 .  pH titration for 3-KP before and after treat- 
ment with caustic. 1, 3-KP; l A ,  3-KP + CuZ+;  CA = 
CM = 1.8 x M ;  2,  3-KP after treatment; 2A, 
treated 3-KP -I- CuZ+;  CA = C, = 1.1 x M. 
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GENIK-SAS-BEREZOWSKY AND SPINNER: POLYMERS. I 

CH2-CH2 CH2 
/ 

N, I 
/CH2 - C H 2  \ /  % H N  

HN 'N-CH2COOCut 
\ / .. \ / 
C C H 2  c u f O O  CH2 - C 
// 

0 \o 
Cu(I1) chelate of U-KP Cu(I1) complex of S-KP 

CHART 3 

CH2-CN 
+ / f 

H2N\ N-CH2COO- HN 
f H 2  -CH2 ' A - C H 2 C 0 0 -  

/ \ / H 
CM2-C / ; 3 C H 2  

B o 
1 2 

S-KP (pK1 = 6.55) U-KP (pKl = 5.51) 
CHART 4 

capable of chelation, and were interpreted to 
indicate that cleavage of 3-KP had taken place. 
That ED3A was actually present was confirmed, 
as previously discussed, by the successful prepara- 
tion of its arylsulfonyl derivatives from the 
treated 3-KP solution. 

2. Dissociation schemes. Dissociation schemes 
are proposed for the cyclic amides of the diacetic 
acids as it was felt that the knowledge of the 
behavior of these simpler acids might lead to a 
better understanding of the behavior of 3-KP and 
some linear amino acids. It is proposed that both 
S-KP and U-KP exist as zwitterions with the dis- 
sociable protons migrating to the nitrogen atoms 
furthest from a carbonyl group (Chart 4). 

The pKvalues may seem rather low for the dis- 
sociation of ammonium protons when compared 
to the customary values of pK 9-11 (30). How- 
ever, an amide group is known to exert an appreci- 
able inductive effect on the basicity of a nitrogen 
proton (27). In fact, preliminary results in this 
laboratory for 2-0x0-piperazine, where it is un- 
equivocably a piperazinium proton which dis- 
sociates, indicate a value of pK 2. 6.5 as compared 
to the corresponding value of 9.82 for piperazine 
(30). A similar decrease might therefore be 
expected in the pK values of S-KP and U-KP.2 

An examination of the pKvalues and structures 
of S-KP and U-KP leaves little doubt that the pK 
for S-KP does indeed correspond to a nitrogen 

'It is interesting to note the similarity between the pK1 
of S-KP and that of S-EDDA (pK1 = 6.51) which,has 
been attributed to the dissociation of an ammonium 
proton (33). 

proton. If it were argued that the proton corre- 
sponded to a carboxyl, the greater proximity of 
the carbonyl group to the iminoacetate of S-KP 
would require that its pK be lower than that of 
U-KP (regardless of the location of the dis- 
sociable proton of U-KP) which is contrary to the 
observed values. 

In the case of U-KP, several arguments can be 
put forth consistent with the observations and 
supporting the assumption that pK, = 5.51 
corresponds to the dissociation of an ammonium 
proton. 

A comparison of the pK values of S-KP and 
U-KP indicates a lower value (ApK = 1.0) for 
the latter. Irving and Pettit (34) had noted that 
the introduction of an acetic acid substituent into 
a secondary nitrogen of a heterocyclic compound 
resulted in a decrease of the basicity of the nitro- 
gen proton (ApK = 1 for piperidine and ApK, = 
1.2 and ApK, = 1.1 for piperazine). 

In the case of S-KP, the proton (of a secondary 
nitrogen) which dissociates is much further re- 
moved from the acetate group than that of U-KP. 
Consequently, it could be expected that the 
COO- group would affect the dissociation of the 
NH+ group to a much greater extent in the case of 
the latter compound (35). The almost identical pK 
values obtained for S-KP and 2-0x0-piperazine 
suggest an almost negligible effect of the acetate 
group on the dissociable proton of the former 
compound, and the difference of 1.0 pK unit be- 
tween U-KP and S-KP is therefore quite rea- 
sonable. 

In  addition, due to the minimal contribution of 
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the acetate group to the overall lowering of the 
pKvalue to 6.55 in S-KP, the entire cyclic unsub- 
stituted amide 

HN 
\ >N- 
CO-CH2 

might be considered as an electron-withdrawing 
entity. Substitution of this group into an acetic 
acid molecule would therefore be expected to 
increase the acidity of the carboxyl proton to 
pK < 4.76. The resulting structure is in fact a 
U-KP molecule mith an undissociated carboxyl 
proton. The observed value of pK, = 5.51 for 
U-KP is therefore seen to be illconsistent with 
the concept of a carbovyl proton but is quite 
consistent with the assumption that it is an am- 
rnoiliunl proton which dissociates. 

Although the acid dissociation constants for 
3-KP have been reported (25) and compared with 
those of 1,4-piperazii~e diacetic acid, no dissocia- 
tion schernes had been proposed. For the latter 
compound (pK, = 4.46 and pK2 = 8.70) a 
neutral do~tble betaine structure had been sug- 
gested (34). 

The incorporation of a carbonyl group into the 
piperazine ring permits only one proton to exist in 
the an~moniun~ form. The value pKl = 2.94 for 
3-KP thus corresponds to the dissociation of a 
carboxyl proton, and 3 possible tautomers are 
considered for the neutral form of the molecule 
(Scheme 2). The structure 3a may be compared 
with monoprotonated glycylglycine (pKl = 3.08 
(35)) where the increased acidity of the carboxyl 

proton (as compared to acetic acid) is also due 
mainly to the inductive effect of the amide group. 
In the cyclic 3-KP the closer proximity of the 
amide group might be expected to result in a 
value lower than 3.08. Thus 3a is consistent with 
the observed value of 2.94. Tautomer 3b appears 
less favorable since its structure at the ammoilium 
end resembles monoprotonated glycine and be- 
cause of this and the presence of the ainide group 
in the ring, the pK value would be expected to be 
similar to or lower than pK, = 2.34 of glycine. 
The possibility of tautomer 3c where the second 
proton migrates to the nitrogen atom upon 
removal of the first proton from either of the 
carboxyl groups cannot be ruled out. 

The monoiiegative ailion of 3-KP (4) can be 
compared to the neutral form of U-KP. As 
expected, the pK2 of 3-KP (5.85) is slightly higher 
than that of the analogous dissociation constant 
pK, of U-KP (5.51) because of the greater nega- 
tive charge of the former compound (36). 

Some conclusions may now be drawn with 
respect to some dissociation schemes proposed by 
other workers for several linear amino acids. 
There have been two different schemes proposed 
for the dissociation of the first proton of U- 
EDDA. Tillotson and Staveley (37) had argued 
that pK, = 5.58 corresponded to the dissociation 
of a carboxyl proton. To account for the high pK 
value, the structure 
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was proposed for the neutral molecule, on the 
grounds of increased stabilization of the zwit- 
terion by internal hydrogen bond formation be- 
tween the OH and COO-. Such a structure is 
not possible in the case of the cyclic amide U-KP 
where an almost identical value of pK was ob- 
tained for the dissociation of an ammonium pro- 
ton. It seems unnecessary therefore to postulate 
the existence of a carboxyl proton for U-EDDA. 
Schwarzenbach et al. (27) had proposed a differ- 
ent scheme (Scheme 3). 

Both the nitrogen atoms of 5 were said to be 
equivalent, thus resulting in equal proportions of 
tautomers 6 and 7. On the basis of the results and 
arguments presented here for S-KP/U-KP, the 
proton of the iminodiacetate nitrogen of 5 might 
be expected to be less basic than that of the am- 
monium nitrogen at the opposite end, leading to 
the route 5 + 6 as the preferred one. In addition, 
of the two tautomers, 6 would be expected to be 
more stable than 7 due to its greater charge 
separation. 

The various schemes discussed thus far may be 
extended to provide additional information on the 
behavior of EDTA. There has been some con- 
troversy as to whether the value pK, = 6.16 
corresponds to the dissociation of an ammonium 
proton (38) or of a carboxyl proton (37, 39). Sup- 
port for the latter concept is based once again on 
the proposal of an internally bonded structure as 
shown previously for U-EDDA to account for the 
high pK value. However, the similarity between 
the pK, of EDTA and the pK values for the dis- 
sociation of the analogous protons in both 
S-EDDA and S-KP, where it is an ammonium 
proton which dissociates and where such an 
internally bonded structure is not likely, suggests 
that it is more probably an ammonium proton 
which corresponds to the pK, of EDTA. 

Experimental 
Potentiometric Titrations 

The stoichiometric acid dissociation constants were 

calculated from potentiometric titrations of aqueous solu- 
tions of the amino acids with standard base. 

Apparatus and Procedure 
The titration vessel consisted of a 300 ml Berzelius 

beaker fitted with a Lucite cover containing holes for the 
electrodes, the tip of a 5 ml microburette, a thermometer, 
and gas inlet and outlet tubes. Stirring of the solutions was 
affected by means of an air-driven magnetic stirrer. The 
temperature was kept at 25.0 i 0.05 "C by immersion of 
the vessel into a large constant-temperature water bath. 
Presaturated nitrogen was bubbled slowly through the 
solution to maintain an inert atmosphere. An ascarite 
tube was attached to the top of the microburette to 
prevent diffusion of C 0 2  into the titrant. 

The hydrogen-ion concentration was measured with the 
aid of a radiometer Model pHM4 meter equipped with a 
glass electrode and saturated calomel reference electrode, 
standardized with NBS buffer solutions over the pHrange 
used in this study. Solutions were prepared from deionized 
water, which was made by passing laboratory distilled 
water through a mixed-bed ion exchanger. Carbonate-free 
potassium hydroxide (0.10 M in 0.10 M KNO,) was pre- 
pared from a BDH concentrate and standardized 
potentiometrically against potassium acid phthalate. The 
exact end-point of these and subsequent titrations was 
determined by Gran's method (40). 

The titrations were carried out with 200 ml of 1-2 
x M  solutions of the ligands. Successive p H  read- 
ings were taken after each addition of small increments of 
the base until the p H  reached -. 11.0. The tip of the 
microburette was immersed in the solution only during 
the addition of the titrant, and during the measurements 
of pH, the stirrer and gas were shut off. Experimental data 
for several typical titrations are given in Figs. 1-5. The 
degree of neutralization of the ligand acid is designated 
by a. 

Calculations 
The pHmeter was calibrated to serve as a concentration 

probe by titrating ne~ltral 0.10 M K N 0 3  solution with 
standard nitric acid and potassium hydroxide. The correc- 
tion factors thus obtained for the conversion of p H  to 
- log[H+] found in the p H  ranges 2-4 and 10-12 agreed 
very well and were assumed to be constant over the p H  
range employed in this study. The concentration of 
hydroxide ions was determined using a value of K,w = 
1.628 x 10-l4 determined experimentally by the method 
of Liberti and Light (41) (cf. 1.68 x 10-l4 reportdd in 
refs. 42 and 43). The acid dissociation constants for the 
triacetic acids were calculated by the method outlined by 
Irving and Da  Silva (44) and Da  Silva (42). For those of 
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the remaining acids, the methods of Chaberek and Martell 
(31) were employed. 

Organic Pr.epamtions3 
p-(P-Bromoethyl) benzeneszlljonyl Chloride 
This compound was prepared by the procedures out- 

lined by Metanomski (45) and Spinner et al. (46). 

Ethylenediamine-N, N'-diacetic Acid (S-ED DA)  
This compound was prepared by the reaction of ethyl- 

enediamine, sodium cyanide, and formaldehyde, essen- 
tially according to the procedure outlined in Bersworth's 
patents (47, 48). The alkaline reaction so l~~ t ion  was 
acidified with 4 N hydrochloric acid to a pH of 4.4, in 
place of the sulf~~ric  acid. Two recrystallizations of the 
crude product from alcohol-water mixtures gave the pure 
S-EDDA. 

Anal. Calcd. for CSH12N204 (mol. wt. 176.17): C, 
40.90; H, 6.87; N, 15.91; 0 ,  36.32. Found (176.4): C, 
40.92; H, 7.04; N, 15.72; 0 ,  36.31. 

2-0x0-I-pipernzine Acetic Acid (S-KP) 
S-EDDA (1 7.62 g, 0.10 mole) was dissolved in 125 ml 

water containing 0.20 mole of hydrochloric acid. After 
refluxing for 2 h, cooling, and filtering, the hydrochloric 
acid mas neutralized with an aqueous solution (50 ml) of 
the stoichiometric amount of sodium carbonate. The 
resulting solution was concentrated under red~iced pres- 
sure to 50 ml of viscous liquid. Absolute alcohol (400 ml) 
was added, causing a thick yellow oil to separate out. 
Refrigeration for 5 days resulted in crystallization of the 
oil to give 11.5 g of c r ~ ~ d e  product (75 % S-KP). This 
material was dissolved In boiling dimethyl formamide 
(50 ml) and after removal of the insoluble solids by 
filtration, the product was reprecipitated with alcohol. 
Two s~lch purifications yielded the pure white powdery 
product. 

Anal. Calcd. for C6HloNZO3 (mol. wt. 158.16): C. 
45.56; H, 6.37; N, 17.71; 0 ,  30.35. Found (160.2): C; 
45.33; H, 6.27; N, 17.53: 0. 30.56. 

N-Acet>lethylenediarnine (A -EDA)  
The preparation of this compound was based on the 

procedure of Aspinall (49). The product (obtained in 72 % 
yield) distilled at 119-123 "C (uncorrected) at 2-3 mm Hg 
(previously reported 125-130 "C at 5 mm Hg). 

N-Acetyl-1,2-diaminoethane-Nf,N'-diacetic Acid 
(A -EDDA)  

N-Acetylethylenediamine (83.5 g, 0.816 mole) in water 
(100 ml) was added with stirring to a solution of sodium 
chloroacetate (190 g, 1.63 mole) in water (800 ml) at 
40-50" over a period of 2.5 h. The temperature was raised 
to 65-703 and heating and stirring was continued for 15 h, 
during whlch time a 33% aqueous solution of sodium 
hydroxide was added from time to time to maintain the 
p H  at 9-1 1. The temperature was then increased to 1003 
for an additional 5 h during which time no aooreciable 

Concentration of the mother liquor in stages under 
reduced pressure to 100 ml (removing the inorganic salts 
which had settled out at each stage by filtration) resulted 
in the precipitation of additional product (44.7 g, 16.2 %) 
which proved to be 64% pure. The addition of 600 ml 
alcohol and refrigeration resulted in the precipitation of 
more crude (33 % pure) product (12.9 g, 7.3 %). 

Near-pure product was obtained by dissolving the 
crude material in boiling dimethylformamide (1-2ml 
D M F  per g of pure organic material), filtering out the 
insoluble solids, and reprecipitating the A-EDDA from 
the cooled filtrate with alcohol. Further recrystallization 
from ~nininlal amounts of boiling water gave a white 
crystalline product. 

Anal. Calcd. for C8H14N20, (mol. wt. 218.21): C, 
44.03; H, 6.47; N, 12.84; 0 ,  36.66. Found (219.4): C, 
44.59; H, 6.65; N, 12.49; 0 ,  36.29. 

Etlzylefzediamine-N,N-diacetic Acid (U-EDDA) 
(a) A solution of A-EDDA (41.0 g, 0.187 mole) and 

sodium hydroxide (45.0 g, 1.12 mole) was made up in 
600 n ~ l  water and refluxed gently for 7 h. After concentra- 
tion under reduced pressure to 200 ml the solution was 
cooled, filtered, and acidified with concentrated hydro- 
chloric acid (95.0 ml, 1.14 mole) which was added slowly 
(2 h) with stirring and cooling. Further concentration to 
75 ml resulted in the precipitation of 14.57 g (44.0%) of 
almost pure U-EDDA (Mol. Wt. Calcd.: 176.2. Found: 
175.8). 

The mother liquor was treated with 200 ml acetone and 
refrigerated overnight, resulting in the precipitation of 
additional, 36% pure, U-EDDA (17.94 g, 19.5%). 

Recrystallization from minimal amounts of boiling 
mater gave a pure, white, crystalline product. Further 
attempts to recover more product from the mother liquor 
resulted in highly impure products and a viscous dark- 
yellow syrup which showed great reluctance to crystallize. 

Anal. Calcd. for CsHlzNz04 (mol. wt. 176.17): C, 
40.90; H, 6.87; N, 15.91; 0, 36.32. Found (177.4): C, 
40.76; H, 6.93; N, 15.50; 0, 36.81. 

(b) Another method of recovering greater yields of 
U-EDDA consisted of using the alkaline solution of the 
reaction mixture of A-EDDA as the starting material. 
This soli~tion was treated with sufficient sodium hydroxide 
to give an overall sodium/amino acid molar ratio of 6:l 
and refluxed. Recovery of the product was as above and 
usually resulted in yields of 65-75% of crude (60-70% 
pure) U-EDDA. 

3-0x0-1-piperazine Acetic Acid (U-KP) 
The cyclic amide of U-EDDA was prepared from the 

diacid in a manner analogous to that of S-KP from 
S-EDDA. 

Anal. Calcd. for C,H1,N,03 (mol. wt. 158.16): C, 
45.57; H, 6.37; N, 17.72; 0, 30.35. Found (159.6): C, 
45.74; H, 6.59; N, 17.34; 0, 30.61. 

change in p H  occurred. ~ f t e r  cooling, the mixture was 2-0x0-I,4-piperazing Diacetic Acid (3-KP) 
acidified with the stoichio~netric amount of concentrated A solution of sodium chloroacetate (465 g, 4.0 equiva- 
hydrochloric acid to p H  1.8. Refrigeration of the solution lents) in 700 ml water was added at room temperature to a 
overnight caused precipitation of crude (90% pure) well-stirred solution of ethylenediamine (120 g, 2.0 mole) 
A-EDDA (70.2 g, 38 %). in 500 ml water, over a period of 8 h. During the first day 

of the reaction, 4.0 equivalents of sodium hydroxide 
3Microanalyses were performed by Galbraith Labora- solution (25 % w/w) were added from time to time to  

tories, Inc., Knoxville, Tennessee 37921. maintain the pH at 10-12. The fifth and sixth equivalents 
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of chloroacetate (1.0 equivalent/l75 ml water) were 
added during the next 2 days along with additional sodi- 
um hydroxide until a total of 5.5 equivalents of base had 
been added. After 8 days the pH remained unchanged and 
the solution was heated to boiling and concentrated to 
approximately 1800 ml. It  was then filtered, cooled, and 
acidified with concentrated hydrochloric acid (500 ml, 
6.0 equivalents) added over a period of 2 h. The resulting 
slurry was stirred for an additional 2 h and refrigerated 
overnight. The product was filtered, washed with water, 
and dried giving 99 % pure ethylenediamine-N,N,Nf,N'- 
tetra acetic acid (EDTA) (138 g, 0.47 mole). 

Thc mothcr liquor was further acidified with concen- 
trated hydrochloric acid (50 ml, 0.60 equivalents) and 
refluxed to ensure cyclization of the remaining non-fully 
substituted diamino acids. Concentration of the solution 
to 800 ml under reduced pressure resulted in the precipita- 
tion of solid which proved to be predominantly sodium 
chloride. The excess hydrochloric acid was neutralized 
with the stoichiometric amount of sodium hydroxide 
solution and the mixture was then reduced to 400 ml, 
resulting in another batch of sodium chloride. The viscous 
filtrate was diluted to 1000 ml with water and its acidity 
adjusted. (Note. Potentiometric titrations of samples of 
the solution were carried out at various stages and the 
acidity adjusted accordingly, as it was found that the 
presence of sodium salts of the amino acids or an excess 
of hydrochloride severely inhibited the crystallization of 
the free acid at later stages.) 

Absolute ethanol (5 1) was added to the aqueous solu- 
tion and the mixture was stirred for several hours resulting 
in the separation of a thick viscous syrup A. The alcohoi- 
water solution was decanted from this syrup and was con- 
centrated to 150 g of thick viscous syrup B. The first 
syrup (A) was leached with alcohol (4 x 1000 ml) result- 
ing in a solid which was ground, filtered, washed with 
additional alcohol and dried, resulting in 163 g of 79% 
pure amino acids. The second syrup (B), containing 
approximately 0.5 mole of amino acids, was placed into 
100 ml of boiling dimethylformamide, its acidity adjusted, 
and the mixture was boiled for 10-15 min. The insoluble 
materials were filtered out and the cooled filtrate was 
treated with alcohol. Refrigeration for several days re- 
sulted in the precipitation of 58.5 g of slightly hygroscopic 
product, containing 0.27 mole amino acid. 

The crude products obtained from the two syrups A 
and B were then purified by dissolving in boiling DMF, 
filtering out and discarding the insoluble solids, and 
treating the cooled filtrate with large volumes of alcohol. 
This was followed by several days refrigeration to enable 
the syrups which separated out initially to solidify. Such 
treatments were found to be effective in isolating pure 
3-KP and/or its monohydrate from inorganic salts and the 
hydrochloride salts of other amino acids. Total pure 
product obtained after 2 treatments with D M F  was 0.46 
mole (25 %). 

Anal. Calcd. for C,H,,N,O, (mol. wt. 216.19): i.e. 
3-KP C, 44.44; H, 5.59; N, 12.96; 0, 37.01. Found 
(215.8): C, 44.56; H, 5.91; N, 12.70; 0 ,  35.94. 
Etlzylenediamine-N,N,Nr-t~iacetic Acid (ED3A) 
A solution of sodium hydroxide (60.0 g, 1.50 mole) in 

300 ml water was added to 3-KP.H20 (58.5 g, 0.25 mole) 
dissolved in 650 ml water and the resulting solution was 

strongly refluxed for 24 h. Potentiometric titrations of 
samples of the filtered, cooled solution with standard 
0.10 N potassium hydroxide were carried out (the alkaline 
samples had been acidified with 0.10 N hydrochloric acid 
just prior to titration with base). The results (curves of 
Fig. 6) indicate a shift in the chelation end-point from 2.0 
to approximately 2.5 eq~livalents for the treated solution. 
This, as mentioned previously, was interpreted as an  
indication of the presence of ED3A in the solution, from 
the cleavage of 3-KP. 

N- {p-( p-Buomoethyl) benzenesulfony1)-I,2-diamino- 
ethane-N',Nf-diacetic Acid (BEBS-EDDA) 

A solution ofp-(p-bromoethyl)benzenesulfonyl chloride 
(56.7 g, 0.20 mole) in toluene (200 ml) was added slowly 
(3 h) to a well-stirred aqueous solution of U-EDDA 
(35.2 g, 0.20 equivalents) and sodium carbonate (10.6 g, 
0.20 equivalents). Stirring was continued and after an  
additional 4 h, sodium carbonate (10.6 g, 0.20 equiva- 
lents) in 100 ml water was added to maintain the p H  8-10. 
Higher alkalinity was avoided to prevent the hydrolysis of 
the -CH,CH,Br group. 

After a total of 2 days, the mixture was filtered, the 
small amount of insoluble material which had settled out 
discarded and the two layers were separated. The aqueous 
layer was allowed to stand overnight to clear up the 
murkiness, then treated with activated charcoal and 
filtered. Acidification with the stoichiometric amount of 
concentrated hydrochloric acid added over a period of 2 h 
resulted in the precipitation of the free acid as a slurry of 
fine white powder. The solid, after filtration, washing with 
water (5 x 200ml) and drying, gave 37.5 g (44%) of 
crude product. 

Anal. Found: Br, 18.62; S, 7.71. 
Purification was accomplished by dissolving the prod- 

uct in acetone (20 ml/g solid), concentrating the solution 
to half its volume and then reprecipitating with water. The 
pure BEBS-EDDA was recovered as a white powdery 
material. 

Anal. Calcd. for CI4H1,N,O6SBr (mol. wt. 423.29): 
0 ,  22.69; S, 7.58; Br, 18.88. Found (420.7): 0, 22.90; S, 
7.60; Br, 18.80. 

N-(p-Toluenesulfonyl) -1,2-diaminoethane-N',N1- 
diacetic Acid (TS-EDDA) 

This compound was prepared from p-toluenesulfonyl 
chloride and U-EDDA by a procedure similar to that of 
BEBS-EDDA. The alkaline aqueous layer was first con- 
centrated to half its volume before acidification, resulting 
in yields of 65%. The crude product was recrystallized 
from boiling water (5 ml/g solid) to give white crystalline 
TS-EDDA. 

Anal. Calcd. for CI3Hl8NZO6S (mol. wt. 330.36): C, 
47.25; H, 5.49; N, 8.48; 0, 29.05; S, 9.70. Found (333.3): 
C, 47.10; H, 5.44; N, 8.50; 0, 28.94; S, 9.80. 

The product was also obtained from the reaction of a 
toluene solution of p-toluenesulfonyi chloride with an  
alkaline aqueous solution of 3-0x0-1-piperazine acetic 
acid (U-KP) previously treated with sodium hydroxide in 
a manner similar to that of 3-KP except that refluxing was 
carried out for only 30 min. 

N- (p-Toluenesulfonyl) -I ,2-diaminoethane-N,N'-diacetic 
Acid (TS-EDDA-sym) 

This compound was prepared by the same procedure 
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employed for TS-EDDA, substituting S-EDDA in place 
of U-EDDA. 

Anal. Found (mol. wt. 334.9): N, 8.28; 0, 29.73; S, 
9.71. 

N-(Benzenesulfonyl) -1,2-diaminoethaize-N',N'-diacetic 
Acid (BS-ED DA)  

This compound was prepared from benzenesulfonyl 
chloride and U-EDDA by the procedure employed for 
TS-EDDA. The yield was considerably lower due to the 
appreciable water-solubility of the product. 

Anal. Calcd. for ClZH16N206S (mol. wt. 316.33): C, 
45.57;H,5.10;N,8.86;0,30.35;S, 10.14.Found(318.9): 
C, 45.46; H, 5.10; N, 8.90; 0 ,  30.30; S, 10.02. 

N- {p- ( a-Bromoethyl) benzenesrrlfonyl}-l,2-diamino- 
ethane-N,N',N'-triacetic Acid (BEBS-ED3A) 

A highly alkaline solution (750 ml) initially containing 
0.20 mole of 2-0x0-1,4-piperazine diacetic acid was re- 
fluxed with sodium hydroxide (48.0 g, 1.20 equivalents) as 
previously described. The excess base was partially neu- 
tralized to p H  11.8 with 1.2 N hydrochloric acid (0.50 
equivalents). A small amount of material had precipitated 
out and was filtered off and discarded. A toluene solution 
(250 ml) of p-(a-bromoethyl)benzenesulfonyl chloride 
(34.10 g, 0.12 mole) was added (3 h) at room temperature 
to the well-stirred aqueous solution. Stirring of the 
heterogeneous mixture was continued for 3 days, after 
which time it was filtered and the layers separated. The 
aqueous solution was allowed to stand until the murkiness 
cleared up, then treated with activated charcoal andfiltered. 
Acidification of the clear yellow solution with 1.2 N 
hydrochloric acid (500 ml) resulted in the precipitation of 
the desired product. (Approximately half-way through the 
acidification (pH -. 4.6), a small amount (2.0g) of 
extremely insoluble flocculent material had settled out and 
was filtered off. This solid, which proved very difficult to 
titrate, was discarded.) The product was filtered off, 
hashed with water (4 x 250 ml) and dried, giving 17.82 g 
(18 % yield based on the original amount of 3-KP) of 
white, powdery material. 

Anal. Found: N, 5.78; S, 6.40; Br, 15.98. 
The product showed very low water-solubility and was 

purified by stirring the crude material in large amounts of 
water and recovering by filtration. Three such treatments 
gave pure BEBS-ED3A. 

Anal. Calcd. for C:6H21N208SBr (mol. wt. 481.33): 
C, 39.92; H, 4.40: N. 5.82: 0. 26.60: S. 6.66: Br. 16.61. 
Found (492.1): C, -; H, -; N,  5.75; 0,26.44; S ,  6.74; 
Br, 16.36. 

N- (p-Toluenesulfo~z~l) -1,2-diunzinoethune-N,Nf,N'- 
triacetic Acid (TS-ED3A) 

This compound was prepared from p-toluenesulfonyl 
chloride by thc same procedure as employed for BEBS- 
ED3A. 

Anal. Calcd. for Cl,H20N208S (mol. wt. 388.39): N, 
7.22; 0 ,  32.96; S, 8.26. Found (395.6): N, 7.22; 0 ,  33.10; 
S, 8.32. 

N-(p- Vinylbenzenesl~lfonyl) -1,2-diaminoethane-Nf,N'- 
diacetic Acid (SS -EDDA)  

A solution of potassium hydroxide (7.41 g, 0.132 mole) 
in 170 ml 95 % alcohol was added to a well-stirred slurry 
of BEBS-EDDA (16.93 g, 0.04 mole) in 450 ml alcohol at 
60-70' over a period of 60 min, then refluxed for an 

additional 30 min. The excess base was neutralized with 
an alcoholic solution (50 ml) of hydrochloric acid (1.3 ml 
concentrated acid) added slowly to the alkaline alcoholic 
solution, previously cooled to 5-10". After refrigeration 
for an additional 2 h, the mixture was filtered to remove 
the precipitated potassium halides and traces of p-tert- 
butylcatechol were added as polymerization inhibitor. 

The filtrate was concentrated under reduced pressure to 
100 ml of thick syrup which was dissolved in 100 ml water 
and acidified with hydrochloric acid (4.0 ml concentrated 
acid in 50 ml water). Refrigeration of the solution for 6 h, 
after decanting from the sticky sludge which had initially 
appeared during the acidification, resulted in the precipi- 
tation of white, flocculent material. The solid was 
recovered by filtration and dried, giving 4.43 g (32%) of 
crude product. A slurry of this solid in 40 ml water was 
stirred for I h and 3.36 g (25 %) of pure SS-EDDA were 
recovered upon filtration and drying of the solid. 

Anal. Calcd. for Cl4HI8N2o6S (mol. wt. 342.37): C, 
49.11; I-I, 5.30; N, 8.18; 0 ,  28.04; S, 9.37. Found: C, 
48.96; H, 5.40; N, 7.96; 0 ,  28.04; S, 9.57. 

N-(p- Vinylbenzenesulfonyl) -1,2-diaminoethane-N,N',N f- 
triacetic Acid (SS-ED3A)  

BEBS-ED3A (17.8 g, 0.037 mole) was dissolved and 
neutralized in hot (50-60") 95 % ethanol (400 ml) contain- 
ing the stoichiometric amount of potassium hydroxide. 
Additional potassium hydroxide (2.7 g, 0.048 mole) in 
lOOml alcohol was added (15 min) with stirring, the 
temperature was raised, and the solution was refluxed 
45 min. The excess base was neutralized with an alcoholic 
solution (50 ml) of hydrochloric acid (2.5 ml concentrated 
acid) added slowly to the alkaline solution, previously 
cooled in an ice-bath to 5-10". Traces of p-tert-butyl- 
catechol were added as polymerization inhibitor and the 
mixture was refrigerated for 3 h. A thick, oily residue 
settled out and after decanting and discarding the super- 
natant liquid, the oil was dissolved in 250ml water. 
Acidification with the stoichiometric amount of 2 N 
hydrochloric acid precipitated white flocculent material. 
The product was removed by filtration, washed with 
water (5 x 50ml), and dried, giving 5.98 g (40%) 
SS-ED3A. 

Anal. Calcd. for C16H20N20sS (mol. wt. 400.42): C, 
47.99; H, 5.04; N, 7.00; 0 ,  31.97; S, 8.01. Found: 
C,47.97; H, 5.08; N, 6.99; 0,32.07; S, 8.13. 

Hydrogenation calculated for 1.000 double bond. 
Found: 0.993, 1.013.4 

The authors which to express their appreciation to the 
National Research Council of Canada for financial 
assistance. 
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NOTES 

IndoIles and auxins. VIP. Active esters and anhydrides of 3-indoleacetic acid1 

JUDITH C.  HART,^ EILEEN M. MAT HE SON,^ AND 0. HUTZINGER 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

Received April 15, 1969 

The synthesis of activated esters and anhydrides of 3-indoleacetic acid is described. Their usefulness 
for the preparation of amino acid derivatives is shown by reaction with glycine methyl ester. 

Canadian Journal of Chemistry, 48, 177 (1970) 

3-Indoleacetic acid (IAA) is frequently found 
in conjugated and bound forms. For the prepa- 
ration of these compounds and for introducing 
IAA into natural polymers, an "active" form of 
IAA is needed. 3-Indoleacetyl chloride is not 
convenient for this purpose. It has been prepared 
by standard methods (1-5) but it hydrolyzes and 
polymerizes readily and is therefore difficult to 
handle and store. 

We have now investigated derivatives of IAA 
with groups normally used for carboxyl activation 
of amino acids in peptide synthesis: esters of IAA 
with p-nitrophenol, 2,4-dinitrophenol, penta- 
chlorophenol, 8-hydroxyquinoline, and N-hy- 
droxysuccinimide; mixed anhydrides of IAA and 
3-indoleacetic anhydride. The mixed anhydride 
of IAA and ethyl chloroformate has been 
synthesized and used before (6-8). It is reactive 
but unstable and is prepared immediately before 
use. We found that the anhydride with isobutyl 
chloroformate (reported to give better yields in 
peptide synthesis (9)) has similar properties. The 
active esters were prepared by the dicyclohexyl- 
carbodiimide or mixed anhydride methods. They 
are stable compounds, can be used for reactions in 
aqueous solutions and are hydrolyzed only 
slowly by NIIO sodium hydroxide at temperatures 
below 0". 3-Indoleacetic anhydride is also stable 
on storage, it is slowly decomposed by moisture. 

To show the usefulness of these derivatives for 
the synthesis of amino acid and peptide deriva- 
tives of IAA, the activated esters and 3-indole- 
acetic anhydride were allowed to react with 
glycine methyl ester (no racemization is expected 

in the amino component during this reaction; cf. 
10). With exception of the 8-hydroxyquinoline 
derivative the reaction is complete after 10 h. The 
short reaction times required for completion of 
the reaction with 3-indoleacetic anhydride (30 
min) and the 2,4-dinitrophenyl ester of IAA (1 h) 
are noteworthy. 

The active forms of IAA mentioned above may 
also be useful for binding IAA chemically to 
proteins (1 1). 3-Indoleacetic anhydride and the 
mixed anhydrides react with phenolic hydroxy 
groups, the mixed anhydrides also provide a 
convenient route for the preparation of simple 
amides. 

Experimental 
Mixed Anhydride Method (A) 

IAA (.01 M )  in anhydrous tetrahydrofuran (THF; 30 
ml) and triethylamine (1.4 ml) was treated with isobutyl 
chloroformate (method A-I) or ethyl chloroformate 
(A-2) (10 ml, 1 M solution in THF). For best results, the 
amino component should be added to the mixed an- 
hydride after 3-5 min, or when the white paste becomes 
slightly yellow. 

p-Nitro- or 2,4-dinitrophenol (.01 M )  was added for 
the preparation of the activated nitrophenol esters. The 
mixture was stirred (10 min) at room temperature, ether 
(150 ml) added, and the solution carefully (to avoid 
hydrolysis) washed with N/10 sodium hydroxide and 
water. The ether solution was dried (Na2S04), evapo- 
rated, and the residue recrystallized. 

When ammonia gas was bubbled through the mixed 
anhydride solution at -loo, some THF removed, and 
water added, pure 3-indoleacetamide (rn.p. 155", yield 
65-70%) precipitated from the reaction mixture. 

Dicyclohexylcarbodiimide (DCC)  Method ( B )  
Activated Esters (B-I) 

DCC (.0105 M)was added to a solution of IAA (.01 M )  
and the hydroxy compound (.0105 M )  in THF or ethyl 

l ~ ~ ~ ~ ~ d  as NRCC N ~ .  10956. F~~ part VI see ~ ~ ~ 1 .  acetate (30 ml) at 3". The mixture was kept for 10 h at 3" 
Biochem, in press. and 4 h at 25", the precipitate was removed, ether (150 ml) 

'NRCC Summer Student (1968). was added to the solution, and the ester worked up as 
3NRCC Summer Student (1969). before. 
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TABLE 1 

Properties of indoleacetic acid derivatives 

Analysis Time required 
Melting for conversion 

3-Indoleacetic Yield (%) point ("C) Calculated Found into 
acid (recrystallized (cryst. IAA glycine 

derivative* Method material) solvent) C H N C1 C H N C1 methyl ester? 

l a  A -1 65 110 64.86 4.08 9.46 - 65.14 3.98 9.52 - 10h 5 
B- l 78 (methanol) 

l b  A-2 58 150 56.31 3.25 12.31 - 56.24 3.26 11.96 - l h  
$ 
0 

(benzene) a 
IC B-I 63 146 61.76 4.44 10.29 - 62.19 4.46 10.01 - 8 h  O 

(ethyl 8 
acetate- i3 

chloroform) ~1 

Id B-I 67 165 45.37 1.90 3.31 41.86 45.37 1.86 3.27 41.70 5 h  $ 
(ethanol) ,< 

l e  B-I 86 187 75.48 4.67 9.27 - 75.73 4.58 9.15 - > 2  days$ 
(benzene) 

If 0 B-2 88 145 72.28 4.85 8.43 - 72.16 4.75 8.42 - 30 min 
r 

(dioxane) f 
w 

*Recently, the 2,4,5-trichlorophenyl ester of 3-indoleacetic acid has been prepared by a method similar to  B-I (12). w 4 

?At the time indicated > 90% of the active IAA derivative had been converted to the glycine methyl ester amide as shown by chromatography. For details see text. 0 

$Only 60-70% had reacted after 2 days. 
Blhis compound has been mentioned in the literature (13, 14). However, no experimental or physical data were reported. 
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NOTES 179 

IAA Anhydride (B-2) ester (R ,  = 0.55) appears, after elution with methanol 
A solution of IAA (.02 M) and DCC (.0105 M) in and evaporation of the solvent, as a colorless oil; mass 

anhydrous dioxane (30 ml) was kept at 25" for 3 h. The spectrum, mle 246 (Mi; 26%), 247 (473, 157 (2.5%), 
precipitate was removed, dioxane evaporated, the 131 (12x1, 130 (loo%), 129 (5%). 
res id~~e triturated with benzene and the solid re- Calcd. for C13H14N203: 246.10044. Found: 246.1000. 
crystallized. Data for all compounds are given in Table 1, their 

3-Indoleacetylglycine Methyl Ester 
A solution of glycine methyl ester hydrochloride, the 

IAA-derivative moles each), and triethylamine 
(0.01 ml) in dioxane (3 ml) was kept at room temperature 
for the time indicated in Table 1. The progress of the 
reaction was followed chromatographically using silica 
thin-layer plates, methanol-chloroform-carbon tetra- 
chloride (1 :5:4) as the developing solvent, and Ehrlich's 
reagent for visualization. For characterizing IAA glycine 
methyl ester, the combined reaction mixtures were 
chromatographed on silica thin-layer plates (1 mm thick- 
ness) in the same solvent. 3-Indoleacetylglycine methyl 

structures were ascertained by infrared (i.r.) and mass 
spectro~copy.~ 

We thank Mr. D. J. Embree for recording the mass 
spectra and Dr. W. D.  Jamieson for useful discussion of 
these. 
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Single bond radius of trigonal nitrogen and the C(sp2)-N(sp2) single bond 

ARTHUR CAMERMAN 
Department of Biological Structure, University of Washington, Seattle, Washington 98105 

Received September 8, 1969 

Estimation of p-n character in nitrogen-carbon bonding is dependent on a knowledge of the trigonal 
nitrogen - trigonal carbon single bond length. Recent experimental results indicate a value of 1.470 + 0.005 A for this bond distance and a value of 0.720 i 0.010 A for the trigonal nitrogen single bond 
radius; these values are suggested as criteria for estimating p-n character in trigonal N - aromatic C 
bonds. 

Canadian Journal of Chemistry, 48, 179 (1970) 

Estimations of interaction between p electrons resonance configurations for molecules such as 
of nitrogen and n: electron clouds of aromatic amides, have been often dependent on the value 
systems, and therefore of the importance of one accepts for the single o bond length between 
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systems, and therefore of the importance of one accepts for the single o bond length between 
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trigonal carbon and trigonal nitrogen. No 
completely acceptable value for the C(sp2)- 
N(sp2) single bond is in general use. 

Truter (I), on the basis of bond lengths in thio- 
acetamide, suggested 1.325 A as the trigonal 
carbon - trigonal nitrogen single bond length and 
thus postulated that the value of 1.322 i: 0.003 A 
found for the C-N bond in some amides is 
indicative of single bonded C(sp2)-N(sp2). 

Trueblood, Goldish, and Donohue (2) found 
the C-NH, bond length in p-nitroaniline to be 
1.371 A. The existence of resonance structures for 
this molecule necessitates a larger value for the 
C-N single bond, and they have estimated the o 
bond between trigonal carbon and trigonal 
nitrogen to be 1.41 f 0.02 A on the basis of 
single bond radii of 0.735 f 0.010 A and 0.675 
+ 0.015 A for trigonal carbon and trigonal 
nitrogen, respectively. They suggest, however, 
that careful measurement of bond distances in an 
N-methyl pyridinium salt or related compound 
might give a better value for the latter radius. 
Trigonal nitrogen in N-substituted pyridinium 
salts has only one p electron which is delocalized 
in the pyridine T electron system and not available 
for T bond formation with substituent atoms. The 
bond formed between such a nitrogen atom and a 
substituent carbon is then truly a single bond. 
The length of such a bond provides a good basis 
for estimating multiple bond character and the 
importance of resonance configuration in other 
compounds containing sp2 nitrogen atoms whose 
p electrons are available for p-p or p-7c partial 
double bond formation. 

The molecular structures of two such N- 
substituted compounds, N-phenyl-2,4,6- 
trimethylpyridinium perchlorate (3) (1) and N- 
methyl pyridoxal oxime (4) (2) have recently been 
elucidated in this laboratory and the results 
suggest values different from those cited above 
for the trigonal nitrogen bond radius and the 
trigonal carbon - trigonal nitrogen bond distance. 
The observed C(sp2)-N(sp2) bond distance in 

(4) after correction for thermal motion is 1.470 
+ 0.005 A. Since the angle between the phenyl 
and pyridinium rings is 83.5", there is essentially 
no electronic interaction between the T electron 
clouds of the two rings and the C-N distance is 
indicative of a C(sp2)-N(sp2) single bond.' 

To deduce the value for the trigonal nitrogen 
single bond radius we must first find an acceptable 
trigonal carbon single bond radius. Estimates of 
this value in the literature (5) range from 0.73 to 
0.76 A. In a high-precision determination of the 
structure of 2-p-toluidinylnaphthalene sulfonate 
(6) the trigonal carbon - tetrahedral carbon bond 
distance was found to be 1.515 i. 0.003 A. If 
one accepts the tetrahedral carbon single bond 
radius of 0.770 f 0.010 A, the trigonal carbon 
single bond radius is then 0.745 + 0.010 A, the 
value also obtained by assuming the covalent 
radius of carbon to be a linear function of its 
s character (7). The average of the six C(sp2)- 
C(sp2) bond lengths in hexaphenylbenzene (8) is 
1.499 + 0.022 A, suggesting 0.749 i 0.01 1 for 
the C(sp2) single bond radius, well within the 
standard deviation of the figure derived above. 
When subtracted from the C-N single bond 
length of 1.470 A, this results in the value of 
0.725 f 0.010 A for the N(sp2) single bond 
radius. 

The length of the c(sp3)-N(sp2) bond in (2) is 
1.485 i: 0.002 A. Assuming the tetrahedral car- 
bon single bond radius of 0.770 A as before, this 
results in 0.715 A for the N(sp2) single bond 
radius. 

On this basis, an acceptable value for the 
trigonal nitrogen single bond radius is 0.720 1 
0.010 A and an acceptable trigonal carbon- 
trigonal nitrogen single bond length is 1.470 i 
0.005 A. Bond distances between sp2 carbon and 
sp2 nitrogen significantly shorter than 1.470 A 
can reasonably be assumed to exhibit some added 
electronic interaction, other than the o bond, 

'The net positive charge on the pyridinium group is 
delocalized over the entire ring and the n electron density 
on the N atom is approximately the same as in pyrrole 
where the N atom donates two p electrons to the aromatic 
system. Furthermore, the lack of electronic interaction 
between the pyridinium and phenyl rings in 1 indicates 
that the net positive charge has no effect on the 
N(spZ)-C(spz) bond. An N-phenyl pyrrole derivative 
suitably substituted to ensure a large angle and hence no 
electronic resonance between the pyrrole and phenyl rc 
systems would provide an equally useful model for the 
N(sp2)-C(spZ) bond length. 
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between the atoms involved. The short C-N 1 .  M. TRUTER. J. Chem. Sot. 997 (1960). 
2. N. TRUEBLOOD, E. GOLDISH, and J. DONOHUE. Acta bond in amides, for example, has a highly Cryst. 14, 1009 (1961). 

significant amount of double bond character. 3. A. CAMERMAN. L. H. JENSEN. and A. T. BALABAN. 
u 

In press. emphasizing the importance of the charged 
4. A. C. BLOOMER and L. H. JENSEN. TO be published. 

resonance configuration to the amide structure. 5. M. J. s. DEW,, (Editor). Symposium on carbon 
bonds. Tetrahedron, 17, 123-266 (1962). 

6. A. CAMERMAN and L. H. JENSEN. Science, 165, 493 The author thanks Professor L. H. Jensen for his (1969). 
encouragement and support. Acknowledgment is made 7. M. J. S. DEWAR and H. N. SCHMEISING. Tetrahedron, 
of the financial support by USPHS Grant No. GM-13366 5, 166 (1959). 
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Low frequency infrared and Raman spectra of the N,N,N',N'-tetramethyi- 
ethylenediamine adducts of the Group PIb dihalides 

M. H. ABRAHAM 
Department of Chemistry, University of Surrey, Guildford, Surrey, England 
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Department of Chemistry, Royal Military College of Canada, Kingston, Ontario 

Received September 16, 1969 

A study of the low frequency vibrational spectra of the complexes MX2.TMED (where M = Zn, Cd, 
Hg; X = CI, Br, I;  TMED = N,N,N',N'-tetramethylethylenediamine suggests that in the solid state 
the zinc and mercury complexes are 4-coordinated but the cadmium complexes are all based on octa- 
hedral halogen bridged structures. Assignments of the vibrational bands are discussed. 
Canadian Journal of Chemistry, 48, 181 (1970) 

Introduction 
There have been many reports of the reactions 

between Lewis bases and the halides of the Group 
IIb metals (Zn, Cd, Hg). A recent publication by 
Houk and Dobson (1) lists the extensive literature 
on this topic. Generally 4-coordinated complexes 
of the type MX,.L, (L = ligand) are formed with 
an approximately tetrahedral arrangement about 
the central metal atom. There is strong evidence, 
however, that in some cases polymeric 6-co- 
ordinated bridging structures are involved, e.g. in 
CdCl,(NH,),, HgBr,(NH,),, CdBr,(~yridine)~ 
(see literature in ref. I), in CdX,L, (where X = 
halogen, L = primary aromatic amine) (2), and 
in CdCl,.TMED (3). We report here the infrared 
and laser Raman spectra of the complexes 
MX,.TMED (M = Zn, Cd, Hg; X = C1, Br, I). 

Experimental 
Preparation of the Complexes 

A slight excess of the calculated quantity of TMED in a 
small amount of methanol was added to a solution of the 

metal halide in methanol. The resulting precipitate was 
dissolved on heating the mixture under reflux, additional 
methanol being added if necessary. The hot methanolic 
solution was filtered to remove insoluble matter and the 
filtrate allowed to stand at room temperature. The 
complex crystallized in good yield and was filtered and 
washed with methanol. All complexes were recrystallized 
from methanol. 

Analyses 
Analyses for metals were carried out by the standard 

EDTA method. In  the analysis of the complex 
Hg12.TMED it was not possible to obtain a satisfactory 
end point and no analytical figure for mercury was 
obtained. Analyses for C, H, N, and halogen were by 
A. Bernhardt of the Max-Planck Institiit, Mulheim, 
Germany. Details of the analyses of the complexes are 
given in Table 1. Infrared spectra (30-400 cm-l) of the 
solid complexes were determined as Nujol mulls between 
polyethylene plates using a Research and Industrial 
Instruments Ltd. FS-720 Fourier Spectrophotometer, the 
transformation to a spectrum being carried out by a 
digital computer using a program described in detail 
elsewhere (4). 

Raman spectra were determined on the Cary 81 Raman 
spectrometer using He-Ne laser excitation. All com- 
pounds were examined as powdered crystalline solids. 
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Introduction 
There have been many reports of the reactions 

between Lewis bases and the halides of the Group 
IIb metals (Zn, Cd, Hg). A recent publication by 
Houk and Dobson (1) lists the extensive literature 
on this topic. Generally 4-coordinated complexes 
of the type MX,.L, (L = ligand) are formed with 
an approximately tetrahedral arrangement about 
the central metal atom. There is strong evidence, 
however, that in some cases polymeric 6-co- 
ordinated bridging structures are involved, e.g. in 
CdCl,(NH,),, HgBr,(NH,),, CdBr,(~yridine)~ 
(see literature in ref. I), in CdX,L, (where X = 
halogen, L = primary aromatic amine) (2), and 
in CdCl,.TMED (3). We report here the infrared 
and laser Raman spectra of the complexes 
MX,.TMED (M = Zn, Cd, Hg; X = C1, Br, I). 

Experimental 
Preparation of the Complexes 

A slight excess of the calculated quantity of TMED in a 
small amount of methanol was added to a solution of the 

metal halide in methanol. The resulting precipitate was 
dissolved on heating the mixture under reflux, additional 
methanol being added if necessary. The hot methanolic 
solution was filtered to remove insoluble matter and the 
filtrate allowed to stand at room temperature. The 
complex crystallized in good yield and was filtered and 
washed with methanol. All complexes were recrystallized 
from methanol. 

Analyses 
Analyses for metals were carried out by the standard 

EDTA method. In  the analysis of the complex 
Hg12.TMED it was not possible to obtain a satisfactory 
end point and no analytical figure for mercury was 
obtained. Analyses for C, H, N, and halogen were by 
A. Bernhardt of the Max-Planck Institiit, Mulheim, 
Germany. Details of the analyses of the complexes are 
given in Table 1. Infrared spectra (30-400 cm-l) of the 
solid complexes were determined as Nujol mulls between 
polyethylene plates using a Research and Industrial 
Instruments Ltd. FS-720 Fourier Spectrophotometer, the 
transformation to a spectrum being carried out by a 
digital computer using a program described in detail 
elsewhere (4). 

Raman spectra were determined on the Cary 81 Raman 
spectrometer using He-Ne laser excitation. All com- 
pounds were examined as powdered crystalline solids. 
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TABLE 1 $2 
Analytical results 2 

b 
Analyses (%) 5 

Melting point ("C) C H N Halogen Metal 8 
Complex Exp. Lit. Found Calcd. Found Calcd. Found Calcd. Found Calcd. Found Calcd. 9 
ZnCIZ.TMED 178 177* 28.62 28.54 6.72 6.39 10.93 11.10 28.02 28.08 

F 
26.01 25.89 g 

ZnBr,.TMED 182 1821 21.30 21.11 4.85 4.72 8.30 8.21 46.88 46.81 19.25 19.15 
ZnI,.TMED 204 201 3 16.26 16.55 3.92 3.70 6.60 6.43 58.44 58.30 14.97 15.01 
CdCI2.TMED 257-258 254-2555 24.27 24.06 5.50 5.39 9.27 9.35 

- 
23.52 23.67 37.00 37.50 8 

CdBrZ.TMED 245-247 18.42 18.55 4.08 4.15 7.41 7.21 
- 

41.01 41.15 28.57 28.94 5 
CdI,.TMED 210-211 14.78 14.94 3.06 3.34 5.97 5.81 53.05 52.61 23.01 23.30 2 
HgC12.TMED 164 164* 18.70 18.59 4.50 4.16 7.34 7.23 18.10 18.29 51.86 51.74 $ 
HgBrZ.TMED 162 165* 15.25 15.12 3.31 3.38 6.00 5.88 

- 
33.42 33.53 42.02 42.09 

Hg12.TMED 162 12.75 12.63 2.57 2.83 5.05 4.91 - 35.15 0 45.20 44.48 
*Reference 3. r 
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TABLE 2 
Infrared and Raman spectra (30-400 cm-') of MX,.N,N,N',N'-tetramethylethylenediamine* 

Frequency (cm-') 

X = C1 X = Br X = I  

Assignments Raman i.r. Raman i.r. Raman i.r. 

Molecular deformation and 
lattice modes 

Bridged M-X stretching modes 
Free MX modes symmetric 

assymmetric 
Skeletal vibrations 

associated with stretching 
of metal-ligand bond 

Molecular deformation and 
lattice modes 

Bridged M-X stretching modes 

Free MX modes symmetric 
assymmetric 

Skeletal vibrations 
associated with stretching 
of metal-ligand bond 

70 mbr 
98 w 

112 mbr 

307 s 310 mbr 
339 vw 334 s 
203 w 210 w 
215 w 
276 w 

233 m 238 s 
260 s 

186 w 
197 vw 198 wsh 

209 m 
252 wsh 
286 wsh 

185 vw 160 wsh 142 s 
203 s 190 s 150 wsh 149 m 
227 m 224 w 175 m 160 s 170m 170w 

194 s 
206 wsh 

Molecular deformation and 50 w 46 wsh 46 m 
lattice modes 62 w 54 s 

87 w 
130 w 129 m 

Bridged M-X stretching modes 
Free MX modes symmetric 267 s 266 sbr 177s  179s  138vs 139m 

assymmetric 287 wsh 6::: 1 sbr 214 w 212 vs 173m 176vs 
CL7L.J 

Skeletal vibrations 254 wsh 200 wsh 160 wsh 
associated with stretching 228 w 264 w 
of metal-ligand bond 377 w 377 w 374 w 

*s = strong, m = medium, w = weak, v = very, br = broad, sh = shoulder. 

Results and Discussion 
Nine complexes of the type MX,.TMED 

(M = Zn, Cd, Hg; X = C1, Br, I) were prepared 
and their vibrational spectra (infrared and 
Raman) examined (see Table 2). All complexes 
analyzed strictly for 1 :1 complexes of the metal 
halide and TMED. It was observed that the 
cadmium halide complexes were much less 

soluble in methanol than were the complexes of 
the zinc and mercury halides. Our infrared 
spectra are in agreement with those reported by 
Coates and Ridley (3) for chloride and bromide 
adducts down to 200 cm-l. For all the Zn and 
Hg adducts there are two bands for each complex, 
occurring in both the infrared and Raman 
spectra, which can be assigned to the two M-X 
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stretching modes expected for molecular C,, 
units where themetal is tetrahedrally coordinated. 

In all the CdX, complexes, the bands we 
assign as v(M-X) are all at lower frequencies 
than expected by comparison with the tetrahedral 
Zn and Hg adducts, i.e. even lower than the 
corresponding M-X bands in the heavier HgX, 
adducts. This is indicative of octahedral halogen 
bridged structures and clearly occurs in all 
CdX,.TMED adducts. Up to four M-X 
stretching modes would be expected in a halogen 
bridged structure. The cadmium bromide and 
iodide complexes are thus analogous in structure 
to the cadmium chloride complex; the structure 
of the latter complex was previously suggested 
(3) to involve a distorted octahedral symmetry. 

It is possible that some of the low frequency 
modes are associated to some degree with a 
stretching of the metal-nitrogen donor bond. A 
number of authors have assigned absorptions to 
metal-nitrogen stretching modes at positions 
varyingfrom, for example, 200 to 270 cm-' (5,6). 
This lack of agreement is not surprising when it is 
realized that in many cases there is a high degree 
of coupling between ligand and acceptor modes 
such that the assignment of any one absorption 
to a metal-donor atom mode can cease to have 

any meaning. Some vibrational analyses on 
similar metal complexes have been reported 
giving a more quantitative estimate of the extent 
of coupling of the metal-ligand modes (7, 8). In 
all our spectra, no one band in the region up to 
400 cm-' appears to be suitably assigned as 
due mainly to M-N stretching and we suggest 
that modes containing contributions of M-N 
stretching occur at a number of different frequen- 
cies. 
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Self-association of alcohols and phenols in nonpolar solvents 
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Department of Chemistry, Rice University, Houston, Texas, 77001 

Received August 25, 1969 

A number of alcohols (primary, secondary, and tertiary) and phenols, covering a pK, range from 
9.4 to 19.0, gave on association a peak about 125 f 5 cm-I lower than the monomeric hydroxyl peak 
in the fundamental stretching region. Taken together with the extensive literature available on the 
association of alcohols and phenols in nonpolar solvents, this seems to indicate the presence of dimers. 
C a n a d i a n  Journal  of C h e m i s t r y ,  48, 184 (1970) 

The data in Table 1 show that the alcohols 
and phenols studied give in the hydroxyl funda- 
mental region in carbon tetrachloride solutions a 
peak about 125 1 5 cm-I lower than the 
monomeric hydroxyl peak. The compounds 
listed include primary, secondary, and tertiary 
alcohols and phenols and cover a pK, range 
from 9.4 (hexafluoro propanol) to 19.0 (triphenyl 

'Present address: Department of Chemistry, University 
of Calgary, Calgary, Alberta. 

methanol). There seems to be good compensation 
of acidity and basicity so that the frequency 

- shift, Avassociated, defined as vrnonorner V a s s o c i a t e d ,  

is constant within experimental error (see Table 
1). 

Recently evidence was reported (1, 2) for only 
monomers and tetramers (both linear and cyclic) 
for the association of 1-octanol in TI-decane; 
from m in n-decane to neat 1-octanol over 
a 95 "C temperature range. Data evaluated from 
other workers for other alcohols in carbon 
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stretching modes expected for molecular C,, 
units where themetal is tetrahedrally coordinated. 

In all the CdX, complexes, the bands we 
assign as v(M-X) are all at lower frequencies 
than expected by comparison with the tetrahedral 
Zn and Hg adducts, i.e. even lower than the 
corresponding M-X bands in the heavier HgX, 
adducts. This is indicative of octahedral halogen 
bridged structures and clearly occurs in all 
CdX,.TMED adducts. Up to four M-X 
stretching modes would be expected in a halogen 
bridged structure. The cadmium bromide and 
iodide complexes are thus analogous in structure 
to the cadmium chloride complex; the structure 
of the latter complex was previously suggested 
(3) to involve a distorted octahedral symmetry. 

It is possible that some of the low frequency 
modes are associated to some degree with a 
stretching of the metal-nitrogen donor bond. A 
number of authors have assigned absorptions to 
metal-nitrogen stretching modes at positions 
varyingfrom, for example, 200 to 270 cm-' (5,6). 
This lack of agreement is not surprising when it is 
realized that in many cases there is a high degree 
of coupling between ligand and acceptor modes 
such that the assignment of any one absorption 
to a metal-donor atom mode can cease to have 

any meaning. Some vibrational analyses on 
similar metal complexes have been reported 
giving a more quantitative estimate of the extent 
of coupling of the metal-ligand modes (7, 8). In 
all our spectra, no one band in the region up to 
400 cm-' appears to be suitably assigned as 
due mainly to M-N stretching and we suggest 
that modes containing contributions of M-N 
stretching occur at a number of different frequen- 
cies. 
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A number of alcohols (primary, secondary, and tertiary) and phenols, covering a pK, range from 
9.4 to 19.0, gave on association a peak about 125 f 5 cm-I lower than the monomeric hydroxyl peak 
in the fundamental stretching region. Taken together with the extensive literature available on the 
association of alcohols and phenols in nonpolar solvents, this seems to indicate the presence of dimers. 
C a n a d i a n  Journal  of C h e m i s t r y ,  48, 184 (1970) 

The data in Table 1 show that the alcohols 
and phenols studied give in the hydroxyl funda- 
mental region in carbon tetrachloride solutions a 
peak about 125 1 5 cm-I lower than the 
monomeric hydroxyl peak. The compounds 
listed include primary, secondary, and tertiary 
alcohols and phenols and cover a pK, range 
from 9.4 (hexafluoro propanol) to 19.0 (triphenyl 
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of Calgary, Calgary, Alberta. 

methanol). There seems to be good compensation 
of acidity and basicity so that the frequency 

- shift, Avassociated, defined as vrnonorner V a s s o c i a t e d ,  

is constant within experimental error (see Table 
1). 

Recently evidence was reported (1, 2) for only 
monomers and tetramers (both linear and cyclic) 
for the association of 1-octanol in TI-decane; 
from m in n-decane to neat 1-octanol over 
a 95 "C temperature range. Data evaluated from 
other workers for other alcohols in carbon 
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TABLE 1 

Frequency shift on dimerisation (Avdirner) and frequency shift (Av) on association with ether as base, of various alcohols and phenols in 
carbon tetrachloride* 

- - -  .. -- -- - 

Av in cin-I 
with ether 

No. Alcohol or phenol Avdrmer in cm-' as base (20) pK, (19) 
-. 

1 CH3OH 1327, 137(10), 108(11),113(12),115(15),121(18) 147 16.2 
2 CH3CHzOH 1267, 127(12), 125(15) 143 16.3 
3 CHsCHOHCH3 130 (12) 134 17.2 
4 (CH,),COH 119 (IO), 125 (12), 124 (IS), 120 (21) 125 17.8 
5 CeH5OH 1287, 136 (lo), 130 (1 I), 134 (12), 129 (17) 275 9.95 
6 CF3CH20H, 107 (16) -124 (18) 232 (18) 12.4 
7 CF-CHOHCF, 118 116) - 9.4 

13 CH;(CH;),CH,OH 128-1 - - 
14 C6H5CHzOH 122t 155 - 

15 CsHl IOH 133 (12), 135 (14) 135 - 
16 CH3CH2CHOHCH3 129 (10) 134 (10) - 

17 C6H5CHOkICsH5 132 (1 8) 188 - 
18 Adamantanol 125 1 - - 

19 (C,H5)3COH 120 (21) - 19.0 (21) 
20 p-CH,CeH,OH 130 1 - 10.26 
21 p-C,H,C,H,OH 1301 - - 

22 3,4-(CH?)ZCeH3OH 127.1 - 10.36 
23 2,4-(CH3),C6 H ,OH 128 / - 10.60 
24 3,5- t(CH31,. C I Z C ~ H ~ O H  128t - - 

*Number~  In parcnthcses are refercncc numbers. 
tT111s work. 
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tetrachloride was found consistent with these 
assignments, and hope was expressed that 
". . . experimental evidence will correct the 
widespread concept that self-association 0-H--- 
0-H dimer is present in appreciable quantities 
in nonpolar solutions". This is in dramatic 
contrast with the extensive literature available 
on the self-association of alcohols and phenols. 
Though there is considerable controversy over 
the shapes, sizes, and the thermodynamic 
constants, all the published data taken together 
seem to strongly indicate that a solution of an 
alcohol or phenol in a nonpolar solvent (carbon 
tetrachloride is the most used solvent for hydro- 
gen bonding studies) consists of a mixture of 
hydrogen-bonded species along with the mono- 
mer, except, of course, in the case of hindered 
alcohols (3) and phenols (4), where, depending 
upon the extent of steric hindrance, either only 
dimers are possible or very little association is 
observed. 

Though the authors (1) take very justifiable 
objection to apriori decision as to the stoichiom- 
etry of the self-association and designing mathe- 
matical analysis for this stoichiometry, it stands 
to reason that any quantitative study should 
successfully account for the qualitative facts 
observed. The qualitative facts are that in a 
nonpolar solvent a given alcohol or phenol 
shows three major absorption peaks in the 
fundamental hydroxyl stretching region : - 3640 
-3600 cm-' (free hydroxyl), -3500 cm-', and 
-3300 cm-I. The relative intensities of these 
absorption peaks depend in a predictable and 
understandable fashion (5) upon the nature of 
the alcohol or phenol, the concentration of the 
solute, the solvent being used, and the tempera- 
ture. 

Among the compounds listed in Table 1, it is 
known that some show association to a lesser 
degree and cannot form cyclic n-mers because 
of steric hindrance. Thus di-t-butyl carbinol (3) 
shows no bands in the infrared below 3500 cm-' 
up to 3.0 m, and this band is shown as due to 
dimer. Moreover, the absorption bands near 
3500 cm- ' and 3300 cm- ' in the fundamental 
stretching region cannot be due to open chain 
and cyclic tetramers, as the energy difference in 
terms of frequency shifts is much too large, 
whereas the reported (1) heat of hydrogen bond 
formation per hydrogen bond in 1-octanol is 
about 5.0 kcal in both the cases. Thus, the data 

presented in Table 1 and that available in the 
literature seems to indicate that the 3500 cm-I 
band is due to dimers (linear or cyclic or both). 

As early as 1951, Weltner and Pitzer (6) 
interpreted the heat capacity data on methanol 
vapor on the basis of tetramers, dimers, and 
monomers. The importance of the tetramers was 
emphasized, with a value for the heat of dissocia- 
tion of 24.2 kcal/mole, which gives 6.05 kcall 
mole per hydrogen bond if the tetramer is cyclic. 
It can easily be shown from spectroscopic (7, 8) 
and thermochemical data (9) that a hydrocarbon 
solvent approximates the vapor phase better 
than the so called "inert" solvents like carbon 
tetrachloride or basic solvents like benzene. The 
degree of solvation of the hydroxyl group de- 
creases (7-9) in the order 

gas phase < hydrocarbon solvent < carbon tetrachloride 
< benzene, etc. 

The v,, values for phenol in various solvents, 
for example, are as follows (8): gas phase, 3654; 
perfluoro octane, 3644; hexane, 3621; carbon 
tetrachloride, 361 1 ; benzene, 3557 cm-'. Thus at 
a given concentration and temperature there will 
be more monomeric and open chain polymeric 
species in benzene than in carbon tetrachloride 
and more in carbon tetrachloride than in a 
hydrocarbon solvent (see ref. 5 for spectra). 
Thus it is not unreasonable that alcohols and 
phenols exist predominantly as higher polymers 
in nonpolar solvents if the nonpolar solvent is a 
hydrocarbon but not necessarily if the nonpolar 
solvent is carbon tetrachloride, carbon disulfide, 
or a host of other solvents. 

Experimental 
The spectra were measured using a Beckman IR-9 

spectrophotometer. The path length of the cells varied 
depending upon experimental convenience. Beckman 
NIR silica cells of 10- and I-cm path length, and 0-6 mm 
Beckman variable path length sodium chloride cells were 
used. The alcohols and phenols were used without 
further purification. The carbon tetrachloride was dried 
over phosphorous pentoxide and distilled over calcium 
hydride. 

The author is grateful for the support of this work by 
a research grant (1967-68) from the Robert A. Welch 
Foundation. The valuable suggestions and critical 
comments of Professor Kenneth S. Pitzer during the 
course of this work are gratefully acknowledged. 
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Thermolysis of bicyclo[4.2.2]deca-2,4,7,9-tetraene1 

R. T. SEIDNER, N. NAKATSUKA, AND S. MASAMUNE 
Department of Chemistry, Uniuersity of Alberta, Edmonton, Alberta 

Received July 7, 1969 

This title compound has been shown to undergo thermal isomerizations, intramolecular Diels-Alder 
reaction, and rearrangement to cis-9,lO-dihydronaphthalene. Evidence presented establishes that 
tetracyclo[4.4.0.0.2~1005~7 Ideca-3,s-diene is the intermediate of these reactions. 

Canadian Journal of Chemistry, 48, 187 (1970) 

We have recently shown that photolysis of 
some (CH),, hydrocarbons provides in high 
yield tetracyclo [4.4.0.0.2,1005 ,']deca-3,s-diene 
(I), an intermediate frequently proposed for 
many isomerizations of (CH), , isomers (I). We 
have also observed that 1 readily rearranged at 
room temperature to bicyclo[4.2.2]deca-2,4,7,9- 
tetraene (2) (1). We wish to show herein that 2 
undergoes thermal isomerizations. intramolec- .., 
ular Diels-Alder reaction, and rearrangement 
to cis-9,lO-dihydronaphthalene (3) and further 

'The text portion of this note was originally submitted 
virtually in the same form to this Journal one year ago, 
July 15, 1968. Also, this work was presented as a part of 
"Chemistry of (CH)lo Hydrocarbons" before IUPAC 
Symposium Valence Isomerization, Karlsruhe, Germany, 
September 9-12, 1968. Since then there have appeared 
four communications concerning the same or a similar 
subject [ref. (5, 10-12)]. A novel feature of the work has 
recently been emphasized [see ref. (13)]. Furthermore, 
some data reported in ref. (5) appear different from ours. 
Although, according to the Editor's previous suggestion 
we planned to publish this work in a full paper after the 
completion of the work on (CH),, hydrocarbons [see 
ref. (I)], we have decided to summarize this particular 
aspect of the chemistry as a note at this time. 

to present evidence to demonstrate that 1 is 
indeed the intermediate of these reactions. 

Figure 1 shows temperature dependent 100 
MHz nuclear magnetic resonance (n.m.r.) spectra 
of 2 in n -d~decane .~  The fine splitting of the 
signal at T 6.96 (A) began to collapse even at 120" 
and the sharp quartet B (sextet with weak lines) 
at z 4.60 then collapsed to a broad triplet at 140°, 
showing that splitting due to one of the smallest 
coupling (presumably J -- 1 .O) disappeared. Two 
sets of lines centered at T 4.40 (C) and 4.60 (B) 
at room temperature nearly merged around 170" 
to 180" and the chemical shifts (Av -- 21 Hz) of  
these groups of protons (H-3,4,7,8,9, and 10) 
almost averaged. Above 180" the signals at 
z 6.96 (A) and 4.05 (D) tended to merge, but due 
to other complications (conversion of 2 into 3, 

'A preliminary analysis of a 100 MHz spectrum of 2 
shows clearly that some signals of H-7 (B) and H-3 (C) 
overlap and the integration of these signals must be 
performed with extreme caution. Assignment of group 
C to H-3 and group D to H-2 is consistent with the size 
of the coupling constants and diamagnetic anisotropy 
of double bonds. 
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Thermolysis of bicyclo[4.2.2]deca-2,4,7,9-tetraene1 

R. T. SEIDNER, N. NAKATSUKA, AND S. MASAMUNE 
Department of Chemistry, Uniuersity of Alberta, Edmonton, Alberta 

Received July 7, 1969 

This title compound has been shown to undergo thermal isomerizations, intramolecular Diels-Alder 
reaction, and rearrangement to cis-9,lO-dihydronaphthalene. Evidence presented establishes that 
tetracyclo[4.4.0.0.2~1005~7 Ideca-3,s-diene is the intermediate of these reactions. 

Canadian Journal of Chemistry, 48, 187 (1970) 

We have recently shown that photolysis of 
some (CH),, hydrocarbons provides in high 
yield tetracyclo [4.4.0.0.2,1005 ,']deca-3,s-diene 
(I), an intermediate frequently proposed for 
many isomerizations of (CH), , isomers (I). We 
have also observed that 1 readily rearranged at 
room temperature to bicyclo[4.2.2]deca-2,4,7,9- 
tetraene (2) (1). We wish to show herein that 2 
undergoes thermal isomerizations. intramolec- .., 
ular Diels-Alder reaction, and rearrangement 
to cis-9,lO-dihydronaphthalene (3) and further 

'The text portion of this note was originally submitted 
virtually in the same form to this Journal one year ago, 
July 15, 1968. Also, this work was presented as a part of 
"Chemistry of (CH)lo Hydrocarbons" before IUPAC 
Symposium Valence Isomerization, Karlsruhe, Germany, 
September 9-12, 1968. Since then there have appeared 
four communications concerning the same or a similar 
subject [ref. (5, 10-12)]. A novel feature of the work has 
recently been emphasized [see ref. (13)]. Furthermore, 
some data reported in ref. (5) appear different from ours. 
Although, according to the Editor's previous suggestion 
we planned to publish this work in a full paper after the 
completion of the work on (CH),, hydrocarbons [see 
ref. (I)], we have decided to summarize this particular 
aspect of the chemistry as a note at this time. 

to present evidence to demonstrate that 1 is 
indeed the intermediate of these reactions. 

Figure 1 shows temperature dependent 100 
MHz nuclear magnetic resonance (n.m.r.) spectra 
of 2 in n -d~decane .~  The fine splitting of the 
signal at T 6.96 (A) began to collapse even at 120" 
and the sharp quartet B (sextet with weak lines) 
at z 4.60 then collapsed to a broad triplet at 140°, 
showing that splitting due to one of the smallest 
coupling (presumably J -- 1 .O) disappeared. Two 
sets of lines centered at T 4.40 (C) and 4.60 (B) 
at room temperature nearly merged around 170" 
to 180" and the chemical shifts (Av -- 21 Hz) of  
these groups of protons (H-3,4,7,8,9, and 10) 
almost averaged. Above 180" the signals at 
z 6.96 (A) and 4.05 (D) tended to merge, but due 
to other complications (conversion of 2 into 3, 

'A preliminary analysis of a 100 MHz spectrum of 2 
shows clearly that some signals of H-7 (B) and H-3 (C) 
overlap and the integration of these signals must be 
performed with extreme caution. Assignment of group 
C to H-3 and group D to H-2 is consistent with the size 
of the coupling constants and diamagnetic anisotropy 
of double bonds. 
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FIG. 1. 100 MHz n.m.r. spectra of 2 at 40" (I), 120" 
(2), 140" (3), 160" (4), 170" (3, and 180" (6). 

vide infra) we were not able to confirm the actual 
coalescence of these peaks. Because of a large 
chemical shift difference (Av - 300 Hz), we 
estimate signals A and D would coalesce above 
210". The half life time of 2 (conversion into 3) 
is less than 43 min at 210" (vide infra). With a 40 
MHz spectrometer at 180" (see Fig. 2), we could 
see that signals B and C (Av = 8 - 9 Hz) 
coalesced and A and D tended to merge. The 
above spectral behavior is best interpreted by 
fast degenerate isomerization of 2 to  2'. The 
approximate mean life times are of the order of 
0.5 s at 140" and 0.025 s around 175°.3 

In order to  substantiate the above interpreta- 
tion we have further investigated deuterium 
scrambling experiments. The synthetic methods 
reported for (non-deuterated) 2 (2, 3) were 
adopted with minor modification4 for the 

3A computer analysis of the kinetics is in progress in 
collaboration with Dr. J. F. Oth, European Research 
Associated, Brussels. 

4Pyrolysis of the dry salt (4) similar to the Jones and 
Scott procedure provided in our hands only a 2 %  yield 
of 2. However. if 4 was sus~ended in drv dioxane and 
heated at 95' h e  yield of 2 jncreased 4 tb 5 times con- 
sistently. See Experimental. 

FIG. 2. 40 MHz n.m.r. spectra of 2 at 35' (I), 160" 
(2), and 180" (3). 

2D scrambled 4 
at 3,4,7,8,9,10 

FIG. 3. Thermal reactions of 1 and 2 and synthesis of 
labelled 2. 
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introduction of deuterium atoms into 2, as 
outlined in Fig. 3. Obviously, the spectral results 
indicate that specifically labelled 2 must be 
prepared under limited conditions (low tempera- 
ture). In fact, when pyrolysis of the sodium salt 
(4) of the tosylhydrazone derived from 9,10- 
dideuterio -bicycle [6. l .O]nonatriene-9-carboxal- 
dehyde (>95% D at C-9,99% D at C-10, n.m.r. 
analysis) was performed at 90 to 95" and followed 
by gas-liquid phase chromatography (g.1.p.c.) at 
100" for ca. one h (2),4 the resulting dideuterio-2 
contained 1.8 D/molecule5 and the integral ratio 
of signal (A:B :C:D) in the spectrum was 2.0:2.8 : 
1.5 :2.0 ( i 0.1) and remained unchanged within 
experimental error upon further heating to 170". 
The calculated value for the complete scrambling 
of 1.8 deuteriumatoms at H-3,4,7,8,9,10 positions 
of 2 is 2.0:2.8 :1.4:2.0. However, photolysis 
followed by alumina chromatography, both oper- 
ations performed at O", provided deuterated-2 (1.4 
D/mole~ule)~ and the integral ratio (A:B:C:D) 
was 2.0:2.7:1.9 2.0 (+ 0.1) showing that the 1.4 
deuterium atoms were mainly located at H- 
7,8,9,10 (calculated : 2.0:2.6 :2.0:2.0). The ratio 
changed to 2.0:3.0: 1.6 2.0 after heating the 
sample at 80" for 1 h and this value remained 
constant on further heating. The calculated 
value for the complete scrambling is 2.0:3.07: 
1.53 This result indicated that the deuterium 
scrambling was rapidly completed at 80" in 
accord with the results of temperature dependent 
n.m.r. spectra of 2. Although Jones and Fairless 
reported (5) that thermolysis of 9-deuterio-4 

5The intensity of M-1 (and M-2) peaks in the mass 
spectra of 2 was significantly high even at the lowest 
possible (10 eV) ionization potential for 2. The lack of 
knowledge on the exact fragmentation pattern to produce 
the M-1 species and the degree of hydrogen-deuterium 
exchange a t  low electron energies, the mass spectra of 
dideuterio-2 failed to provide the exact composition of a 
mixture of di-, mono-, and non-deuterio-2. Therefore, 
n.m.r. spectra of relatively concentrated solutions were 
employed to calculate the degree of deuteration of the 
product using spectra of the non-deuterated compound 
as a standard. The deuterium content (1.95 D/molecule 
for 4) decreased during the pyrolysis (presumably at the 
stage of the intermediate, diazo compound) and photoly- 
sis despite care taken to avoid moisture. Compound 2, 
obtained by pyrolysis, contained 1.8 D/molecule whereas 
photolysis provided 2 with 1.4 D/molecule. The rather 
significant loss of deuterium in the latter case is ration- 
alized by a small amount of non-deuterated nlethanol 
which could not be excluded from the reaction mixture. 

6This value is calculated for 1.4 deuterium atoms. 
Originally we performed a similar series of experiments 
using 7-monodeuterio-2 and reached exactly the same 
conclusion as that described herein. 

provided unscrambled 7-deuterio-2 under con- 
ditions similar to ours and the data in the 
table indicated that the deuterium scrambled 
to approximately 50 and 100% completion by 
heating 2 at 170" for 1.25 h and 175" for 3.5 h, 
respectively, they intended, in the text, to make 
no claim concerning the rate of the deuterium 
scrambling. Our results are consistent with the 
observations by Grimme et al. (10) and the rapid 
scrambling is readily understandable in view of 
a small (negative or positive) entropy of activa- 
tion expected for this reaction. 

When 2 was pyrolyzed at 410' in a flow systeq7 
compound 3 was obtained in 80% yield. Under 
the same conditions, dideuterio-2 (1.8 D/mol- 
ecule, uide supra) provided dideuterio-3 and its 
n.m.r. spectrum revealed that deuterium was 
distributed at C-9,10 (0.6 D), and at C-2,3,6,7 
(1.2 D) and that none was at C-1,4,5,8 within 
experimental error [calculated integral ratio of 
signals z 4.14, 4.49, and 6.71 for the complete 
H-2,3,6,7,9,10 scrainbling 1.4:2.0:0.7, found, 
1.4:2.0:0.7 (f 0. I)]. 

We have studied thermolysis of 2 at 178.7" f 
0.2" in n-dodecane. When the initial concentratioil 
of 2 was higher than 0.5 M, only a trace of 3 was 
found during the entire course of reaction and the 
product consisted of naphthalene, bicyclo- 
[4.2.2]deca-2,4,7-triene (5) (see Experimental 
for the structural assignment), tetrahydro-2, and 
some minor products. With a solution initially 
more dilute than 0.1 M, 3 was detected in 
addition to the products mentioned above and 
was obtained in as high as 7% yield when a 
0.008 A 4  solution of 2 was used. Plotting 111 

C,/C [C = concentration of 21 against t generated 
a curve with a steep (ca. 212) initial slope and an 
asymptotical approach to a straight line (k). In 
view of the pyrolysis results in a flow system and 
the known chemical behavior of 3 (which acts as 
a hydrogen donor or acceptor) (6),8 we assumed 
that the first therinal reaction of 2 was 

'A thermocouple was directly attached to a pyrolysis 
column. With this arrangement, bullvalene (6) de- 
composed at 505' (optimum temperature) into 3 (45 %) 
and other products. Due to the temperature gradient of 
the systeln the temperatures indicated were not accurate. 
These experiments were performed by Dr. M. Wiesel of 
this laboratory (ref. 14). 

'Thermolysis of trans-9,lO-dihydronaphthalene is re- 
markably different from that of 3 (1). 
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followed by 1.6 

etc,, 
Thus, the kinetics of this reaction in dodecane 
was very complex. In support of this assumption, 
use of cyclooctene as solvent and hydrogen ac- 
ceptor replaced reactions (B) and (G) by reaction, 
3 + cyclooctene + naphthalene i- cyclooctane. 
The decrease of 2 in cyclooctene followed first 
order kinetics as shown in Fig. 4 [k,,,,,, = 
(2.15 f 0.08) x lo-' s - l ,  k ,,,,, , = (1.45 1: 
0.05) x s-I (average deviations were em- 
ployed)]. Therefore we can conclude that a 
process from 2 to 3 requires A H $  = 34 kcal, 
A S $  = - 5 e.u. 

All the evidence mentioned above is consistent 
with the view that both the degenerate isomeriza- 
tion (4 + 2) of 2 and thermal conversion (4 + 4) 
of 2 into 3 proceed through intermediate 1. This 
mechanism is strongly supported by our previous 
findings (I) that P isomerized to 2 with great ease 
(AN$ = 21 kcal, A S $  = 5 e.u.1. Obviously a 
pathway leading to bullvalene (6)  from 1, 
presunlably via the diradical species proposed 
earlier (4) requires inore energy than 1 to 2, 
We found that thermal decomposition of 6 in 
n-dodecane proceeded as a first order reaction, 
because 6 did not accept hydrogen from 3 due 

FIG. 4. Ther~nolysis of 2 in cyclooctene at 178.7' 
(e) and at 201.8" (0). 

F ~ G .  5. Thermolysis of b~illvalene in rz-dodecane-d,, 
at 271.5" (@) and at 296.5" (0). 

FIG. 6. Energy proele for thermal conversion of 1, 
2,  3, and 6.  AH$ is expressed I n  kcalimol and AS: in e.u. 

to the unique stereochemistry of the molecule 
(6) in which the K orbitals were not oriented 
to overlap efficiently with those of another 
approaching molecule, [k296153*0.5 = (1.89 + 
0.2) x lo-" s-l ,  k271,5*8,5  = (2.09 i 0.2) x 

s-l ,  AH: = 45 kcal/mole, 6St = 2 e.u. 
(see Fig. 5)]. If this thermolysis is the reverse 
process of 2 to 6, then the difference in activation 
energy of the two processes, one from 6 and 2 
and the other, the degenerate tautomerization of 
6 (71, would approxin~ately represent the amount 
of energy assistance by a concerted process in the 
latter case. Thus we may be ailowed to draw an 
energy profile for these thermal processes as 
shown in Fig. 6. We would like to discuss this 
subject furtl~er when we have obtained adequate 
information including several heats of corn- 
bustion and other activation energies. 
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Experimental 
Temperature Dependent Nuclear Magnetic Resonance 

Spectra of Bicyclo j4.2.2.ldeca-2,4,7,9-tetraene (2) 
The spectra shown in Figs. 1 and 2 were measured with 

a Varian Associates HA-100 spectrometer equipped with 
a 15 in. magnet. The ambient sample temperatures were 
determined by means of a pre-calibrated ethylene glycol 
chemical shift. A Varian 4333 probe was employed for the 
operation at 40 MHz. For the 100 MHz spectra, a 
solution of 52 mg of 2 [synthesized by pyrolysis of 4 
(2) (aide infra)] and 30 p1 of hexamethyldisilane in 0.5 
ml of n-dodecane was prepared and degassed by freeze- 
thaw cycles on a standard high vacuum rack and the 
sample tube sealed. For the 40 MHz spectra, a solution 
of 70 mg of 2 and 39 p1. of hexamethyldisilane in 0.25 ml 
of n-dodecane-d,, was employed. 

(a) By Pyrolysis of Dry Sodiurr~ Salt of cis- 
Bicyclo[6.1.0]-nona-2,4,6-triene-exo-9- 
carboxaldehyde Tosylhydrazone9 

A solution of the tosylhydrazone (1.7 g, 5.7 mmole) 
and sodium methoxide (440 mg, 8.2 mmole) in dry 
tetrahydrofuran (40 mi) and dry methanol (20 ml) was 
evaporated to dryness on a rotary evaporator. After 
drying the salt at room temperature under high vacuum, 
the salt was heated to 95" at 20mm.10 Collection of the 
generated hydrocarbons on a cold finger condenser (at 
O") yielded 40 mg of a light yellow liquid that contained 
2 as the major product (40%) and a distribution of other 
hydrocarbons typified by the result reported (2). Prepara- 
tive g.1.p.c. (loo", 10 ft x 318 in., 10% UCW98 on 
Chromosorb WAW) of this mixt~lre gave pure 2 (15 mg, 
2%). Compound 2 is now readily obtainable from 
bullvalene (9) but obviously this route (9) is not suitable 
for the deuterium labelling. 

(b) Pyrolysis of 4 in Dioxane 
The dry salt was prepared as above from the tosyl- 

hydrazone (1.7 g, 5.7 n~mole) and sodium methoxide 
(440 mg, 8.2 mmole) and a stirred suspension of the salt 
in dry dioxane (50 ml) was heated at 95' until nitrogen 
evolution ceased (usually 30min was sufficient). The 
cooled reaction mixture was treated with CO, and diluted 
with cold water (400 ml). The aqueous solution was 
then extracted with pentane (3 x 40 ml) and the com- 
bined extracts were washed with water and dried over 
MgSO4. Distillation (to 100" at 20 mm) provided a Clo 
fraction (141 mg, 19% hydrocarbon yield) that con- 
tained 2 (51 %) and 1,2-dihydronaphthalene (37%) as 
major products (n.m.r. and g.1.p.c.). Preparative g.1.p.c. 
of this hydrocarbon mixture gave pure 2 (60 mg, 8 %). 

gPresently there are no official rules in existence to 
describe properly the stereochemistry of this compound. 
However, use of 'cis' or 'trans' for ring fusion and 
'exo' or 'endo' for substituents is more appropriate than 
that employed before (4). 

loJones and Scott employed the pressure of 20-50 p 
instead of 20 mm and did not use methanol to prepare 
the sodium salt of the tosylhydrazone (private com- 
munication August 15, 1969). 

9,lO- Dideuterio-cis-bicycloj6.1 .O]nona-2,4,6-triene-exo-9- 
carboxaldehyde Tosylhydrazone 

The deuterated compound was prepared from cyclo- 
octatetraene by th: same procedure as that applied for 
the correspondirg non-deuterated compound except for 
those of deuterated reagents. Ethyl deuteriodiazo- 
acetate (98 % D) and lithium aluminum deuteride (99 % 
D) were used to introduce the deuterium at C-9 and 10 
positions of the aldehyde. 

Deuterated Bicyclo[4.2.2]deca-2,4,7,9-tetraene 

(a) Pyrolysis 
The deuterated compound was obtained in exactly the 

same manner as described above for the non-deuterated 
compounds. The deuterium scrambling of the product is 
detailed in the Text. 

(b) Photolysis 
The tosylhydrazone (1.65 g) derived from dideuterio- 

bicyclo[6.1.0]nonatriene-9-carboxaldehyde in 220 ml of 
dry tetrahydrofuran containing 450mg of sodium 
methoxide was irradiated at On under conditions similar 
to those employed for the non-deuterated compound. 
The preparation of the hydrazone and photolysis 
conditions will be detailed in a separate paper (presum- 
ably entitled bicyclo[6.2.0]deca-2,4,6,9-tetraene) and 
experiments described herein are only modified parts of 
the work-up procedure to obtain bicyclo[4.2.21-deca- 
2,4,7,9-tetraene without deuterium scrambling. Ten 
similar photolyses provided ca. 1.1 g of C,, hydrocarbons 
by distillation at 0°, 0.03 mm. Careful fractional distilla- 
tion with a temperature controlled spiral column (15 cm) 
provided two main fractions, one (240 mg, - 24 to - 173 
at 0.01 mm) containing bicyclo[6.2.0]deca-2,4,6,9-tetra- 
ene (70 % purity) and the other (350 mg, - 14" to - 8' a t  
0.01 mm) containing 2 (30% purity). The latter fraction 
upon a second fractionation gave 250 mg of 2 of 40% 
purity which was chromatographed over 300 g of neutral 
alumina, Woelm grade 11, at 0" twice, using pentane as 
eluent. Each fraction was examined by means of g.1.p.c. 
(F & M model 5750) and 40 mg of pure (> 98 %) deu- 
terated-2 was obtained. 

Therrnolysis of Bicycloj4.2.2ldeca-2,4,7,9-tetraene (2) 
(a) Flow System 
A column (o.d., 18 mm) was packed with glassbeads 

(d., 3 mm) to a height of 10 cm and wrapped with an 
electric heating tape and a thermocouple was attached 
directly to the outside wall of the column.' A nitrogen 
flow was maintained at 40 ml min-' and a 10% ethereal 
solution of 2 was dropped into the heated column and the 
pyrolysate condensed at -80". After several pyrolyses a t  
various temperatures, the optimum temperature for the 
conversion of 2 into 3 was found to be 410" (80% yield). 
The pyrolysate obtained from 40 mg of dideuterio-2 was 
distilled (b.p. NO", 0.01 mm) and chromatographed on 
5 g of alumina (Woelm, netural, grade 11, pentane). 
The fractions containing pure dideuterio-3 (g.1.p.c. 
analysis) were combined and redistilled (0.01 mm) to 
afford ca. 25 mg of the product. The n.m.r. spectrum of 
this compound is discussed in the Text. 

( 6 )  Static Systems 
Kinetic Measurement. Solutions of various concentra- 

tions of 2 (.8 M, .4 M, .08 M, ,008 M )  and cyclooctane 
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(standard) in n-dodecane was prepared. Samples in small 
vacuum sealed ampoules were removed from a constant 
temperature bath (the maximum temperature variation 
was 0.2' for a set temperature) at intervals and immedi- 
ately cooled with liquid nitrogen before the product 
analysis. Two solutions of 2 (.64 M and .32 M) and 
n-dodecane (standard) in cyclooctene were also prepared 
for kinetic measurement. The course of the thern~olysis 
was followed by g.1.p.c. (F  and M model 5750, 6 ft x 
3/16 in. column, 10% UCW98 on Chromosorb WAW, 
isothermal at 100") and integration of the component 
peaks was carried out with a planimeter. Relative 
retention times of 2, 3, and 5 were 8.8, 7.5, and 9.6. 
Decrease of 2 (In Co/C) were determined by comparing 
the peak area of 2 with that of the standard. The rate 
reported in the text is the average of two runs with 
different initial concentrations at each temperature. 

Thermolysis Products. After 10 h the g.1.p.c. analysis 
of the n-dodecane solution showed yields of 3 and 5 as 
indicated in Table 1 (not corrected for the relative 
sensitivity of the detector). 

TABLE 1 

Yields of 3 and 5 measured by g.1.p.c. 

Initial concentration 
of 2 (M) Yield of 3 (%) Yield of 5 (%) 

The disappearance of 2 in cyclooctene was first order 
and the only prod~~cts  discernible were cyclooctane and 
naphthalene (see Fig. 4). 

Bicyclo[4.2.2jdeca-2,4,7-triene ( 5 )  
A 1.0 M solution of 2 (130 mg, 1.0 mmole) in n- 

dodecane (1.0 1111) was degassed, sealed in a small 
anipoule, and heated at 180" for 10 h. Chromatography 
of the product mixture over alumina (200 g, Woelm, 
neutral, grade I, pentane) yielded fractions of 5 that were 
free from 2 which was eluted later. Preparative g.1.p.c. 
(F and M model 700, l o f t  x 0.25 in., 10% SE30 on 
Chromasorb P, 100") of these fractions produced pure 5 
(10 mg, 7 - 8 %): n.m.r. (CDCI,) r 3.8-4.4 (complex 
signals of two groups, 6H), 7.3 (broad, 2H) and 7.9-8.5 
(complex, 4H); upon irradiation at signal r 7.3, the 
olefinic protons exhibited a sharp singlet at r 4.22 (2H) 
and a symmetrical signal (4H, r 3.9-4.4), typical of an 
AA'XX' system. (Therefore, the assignment of the 
double bonds to 5 as shown in the text is compatible 
with the n.m.r. spectrum and decoupling experiments. 
Principal fragments in mass spectrum, M+,  m/e 132.0939 
(50) (calculated for Cl0Hl2: 132.0939), 117(67), 104(68), 
91(100), 78(41). Catalytic hydrogenation (Pd/C, tetra- 
hydrofuran) of 5 provided a fully saturated compound 

that was identical (g.l.p.c., infrared and mass spectrum) 
with material provided by catalytic hydrogenation of 2. 

Thermolysis of Bullvalene (6) 
Bullvalene was prepared according to the procedure of 

Schroder (8). Pyrolysis of 6 in a flow system was per- 
formed in a manner similar to that for 2. The optimum 
temperature for the conversion of 6 into 3 (45%) was 
505" (6). A 0.33 M solution of 6 in n-dodecane-d26 
containingp-di-tevt-butylbenzene (internal standard) was 
prepared and distributed among several n.m.r. tubes 
which were degassed and sealed. The tubes were pre- 
heated to 250" immediately before immersion in a 
constant temperature bath and cooled with ice after 
removal. Analysis of the product mixture of each run 
was accomplished by n.m.r. spectral measurement 
performed at 100". The peak area of the standard (z 2.9) 
was compared to that of bullvalene (T 5.9). The rate 
reported is an average value of three runs each tempera- 
ture (see Fig. 5). 

The authors are grateful to the National Research 
Council of Canada and the donors of the Petroleum 
Research Fund (American Chemical Society) for financial 
support, and Badische Anilin und Soda Fabrik A.G. for 
a generous gift of cyclooctatetraene. 
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The dimethyl formamide - acyl halide complex. 11.' A synthesis of selected 
indole-3-aldehydes 

D. E. HORNING AND J. M. MU CHOW SKI^ 
Bristol Laboratories of Canada Ltd., Candiac, Quebec 

Received August 7, 1969 

The synthesis of selected indole-3-aldehydes from the corresponding indoles and the DMF - acyl 
halide complex is described. 
Canadian Journal of Chemistry, 48, 193 (1970) 

The equilibrium formation of a complex 1 on 
solution of an acyl halide in dimethyl formamide 
(DMF) was first recognized by Hall in 1956 (2). 
Bredereck et al. (3) subsequently showed that the 
isolable complexes obtained from certain acid 
bromides reacted with aniline to give the anilide 
and N,N-dimethyl-N'-phenylformamidine, i.e. 
the products of attack at the acyl and formyl 
carbons of 1, respectively. We recently (I) 

described similar results for the nonisolable com- 
plexes derived from acid chlorides, and in addi- 
tion, showed that sodium azide reacted by 
apparent exclusive attack at the acyl carbon of 1, 
to give acyl azides in preparatively useful yields. 

We now wish to describe the reaction that 
occurs between some 3-unsubstituted indoles and 
the DMF - acyl halide complex. 

When indole was added to a solution of benzoyl 

RCOX + (cH~)~NCHO + [(CH~)~N:CH=OCOR] f X  - 

TABLE 1 
Yields of indole-3-aldehydes 

Starting 
indole 

Acid 
halide 

Melting points ("C)$ 
Reaction* Product1 
time (h) yield (%) Observed Reported 

Indole Acetyl chloride 49 48 5 181-187 196-19711 
(194-196)s 

Indole Acetyl bromide 88 88.5 189-193 196-19711 
(194-196)s 

Indole Benzoyl chloride 49 85 183-1 89 196-19711 
(194-196)s 

Benzoyl chloride 

2-Phenyl-indole Benzoyl chloride 71 96 240-248 250-255$$ 
(251-252)** 

*The reaction times should not be regarded as definitive; 48 h would probably have been sufficient for those indoles which reacted. 
?Unless stated otherwise, the yields refer to those of crude products. 
:The figures not in brackets refer to the melting point of the crude products; the values in parentheses represent the melting point observed 

after one crystallization. 
§After one crystallization from benzene - ethanol. 
llSee ref. 4. 
**After one crystallization from ethanol. 
??See ref. 5. 
f ISee ref. 6. 

lFor Part I, see ref. 1. 
2To whom enquiries concerning this paper should be 

addressed. 
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chloride in DMF at 0°, a hygroscopic crystalline 
solid slowly separated. This material, presumably 
the iminium salt 2, gave a good yield of indole-3- 
aldehyde (3) upon alkaline hydrolysis. Acetyl 
bromide gave similar results, and even acetyl 
chloride3 gave a modest yield of the aldehyde 
(see Table 1). 

Under similar conditions, the benzoyl chloride- 
DMF complex reacted with 2-methyl and 
2-phenylindole to give excellent yields of the 
corresponding 2-substituted indole-3-aldehydes. 
On the other hand, 2-methoxycarbonylindole and 
4-cyanoindole did not react at all, the starting 
materials being recovered in 60-90 % yield after 
69 and 116 h, respectively. The inertness of the 
latter two compounds is probably explicable in 
terms of an electronic and a steric effect ("peri" 
cyano group) respectively. 

Although the crude products had fairly wide 
melting point ranges, no contaminants could be 
detected by thin-layer chromatography (t.1.c.) on 
alumina, and their infrared (i.r.) spectra were 
almost identical (minor intensity differences for 
some of the absorption bands) to those of the 
authentic aldehydes prepared from the indoles 
and the DMF - phosphorous oxychloride adduct 
(4). I t  was, therefore, unnecessary to effect further 
purification of these materials before use in 
subsequent reactions. It should be noted, how- 
ever, that one crystallization of the crude alde- 
hydes was sufficient to provide samples whose 
physical properties (mixture melting points, t.1.c. 
behavior, and i.r. spectra) were indistinguishable 

3Acetyl chloride was not examined in detail because it 
had previo~~sly been shown (1) that the apparent equi- 
librium concentration of the con~plex (1; R = CH3; 
X = C1) was much lower than that observed for benzoyl 
chloride or acetyl bromide. 

from those of the purified authentic specimens. 
In conclusion, the interaction of the DMF - 

acyl halide complexes with certain 3-unsubsti- 
tuted indoles, provides a convenient, mild, but 
unhurried route, to the corresponding indole-3- 
aldehydes. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. 
The acid chlorides were distilled before use; acetyl 

bromide was a commercial sample (technical grade) used 
as such. The starting indoles were obtained from com- 
mercial sources, or were prepared according to literature 
methods. 

Synthesis of Zndole-3-aldehydes 
The following procedure was used throughout. A 

100 ml three-necked flask containing a magnetic stirring 
bar, and fitted with a thermomctcr, a calcium chloride 
drying tube, and a nitrogen inlet, was flame dried. The 
apparatus was cooled to 0' in an ice bath and charged 
with 40 ml of dry DMF.  A flow of purified, dry nitrogen 
through the apparatus was commenced, and when the 
D M F  had reached O", 40 mmoles of the acid halide were 
added all at  once from a hypodermic syringe (acetyl 
bromide was added dropwise to avoid a large temperature 
rise). The solution was stirred at 0" for 1 h, and then 15 
mmoles of the indole were added all at  once. After a 
further hour at O0, the apparatus was tightly stoppered, 
affixed with a balloon filled with dry nitrogen, and stored 
at  0" for the length of time indicated in the table. During 
this time a crystalline solid separated from the solution. 
At the end of the specified reaction time the mixture was 
poured into 300 ml of ice-water, and a solution of 8.0 g of 
sodium hydroxide in 100 ml of water was added with stir- 
ring. The whole was placed in a preheated heating mantle 
and brought to reflux temperature as rapidly as possible. 
As soon as the boiling point was reached, heating was dis- 
continued, and the clear solution was cooled with stirring 
to 0". The precipitated solid was collected by filtration, 
washed well with water, and then dried in rncuo. The 
products obtained in this way had the melting points 
indicated in the Table. One crystallization fron? a suitable 
solvent gave materials identical in all respects to the 
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corresponding authentic specimens, but the recovery of 3. H. BREDERECK, R. GOMPER, K. KLEMM, and H. 
pure material from this operation usually did not exceed REMPERER. Chem. Ber. 92, 837 (1959). 
80-85%; this behavior is typical for indole-3-aldehydes 4. P. N. JONES and H. R. SNYDER. Organic synthesis 

(e.g. see ref. 4). Vol. 39. John Wiley and Sons, Inc., New York. 1959. 
n. 30. 

5. b. BARGER and A. J. EWINS. Biochem. J. 11, 58 
1. D. E. HORNING and J. M. MUCHOWSKI. Can. J. (1917). 

Chem. 45, 1247 (1967). 6. H. R. SNYDER, S. SWAMINTHAN. and H. J. SIMS. J. 
2. H. K. HALL, JR. J. Amer. Chem. Soc. 78,2717 (1956). Amer. Chem. Soc. 74, 5110 (1952). 

Preparation of 2,7-polymethylene-4,5-benzotropylium perchlorates 

ROBERT E. HARMON, ROBERT SUDER, AND S. K. GUPTA 
Department of Chemistry, Western Michigan University, Kalamazoo, Michigan 49001, U.S.A. 

Received August 25, 1969 

The first synthesis of 2,7-polymethylene-4,5-benzotropylium perchlorates has been achieved by 
reduction of the carbonyl function in 2,7-polymethylene-4,5-benzotropones and subsequent treatment 
with perchloric acid. 

Canadian Journal oPChemistry, 48, 195 (1970) 

In this communication we wish to report the 
first synthesis of a new class of organic com- 
pounds; namely, 2,7-polymethylene-4,Sbenzo- 
tropylium perchlorates (3a-3b). Prior to this work 
Eschenmoser et al. had reported the preparation 
of some simple benzotropylium perchlorates (1). 
2,7-Polymethylene-4,5-benzotropones (la-le) 

were prepared by the reaction of phthalaldehyde 
(one mole) and cyclic ketones (one mole) (2). By 
infrared (i.r.) analysis, Kloster-Jensen and co- 
workers had postulated that the tropone ring 
system is planar if n is seven or larger (2). We have 
obtained substantiating evidence for this view 
from the nuclear magnetic resonance (n.m.r.) 
spectra of these compounds. For instance, when 
n = 9 (lc), protons Ha resonate at 7.31 p.p.m., 
which is consistent with a conjugated ring system. 
However, when n = 5 (la), the protons resonate 
at 6.78 p.p.m. The downfield shift of the protons 
in the tropone ring system can be attributed to 

the increased planarity of the system as n is in- 
creased. This was further confirmed bv the n.m.r. 
spectrum of 2a where the ring system is no longer 
planar and the Ha protons resonate at 6.25 p.p.m. 

Lithium aluminium hydride reduction of the 
carbonyl function in lc-le afforded the corre- 
sponding alcohols 2a-2c in 60 % yield. The 2,7- 
polymethylene-4,5-benzotropylium perchlorates 
(3a-3b) were prepared by treating 26-2c with a 
solution of 70% perchloric acid in ether. The 
n.rn.r. spectra of 3a-3b indicated a further down- 
field shift in the resonance due to the tropone ring 
protons Ha (9.2 p.p.m.). 

Experimental 
Melting points were determined with a Thomas- 

Hoover melting-point apparatus and are corrected. The 
elemental analyses were performed by Galbraith Labora- 
tories, Inc., Knoxville, Tennessee 37921, U.S.A. A 
Beckman IR-8 spectrophotometer was used for recording 
the i.r. spectra. A Cary-14 spectrophotometer was used 
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The first synthesis of 2,7-polymethylene-4,5-benzotropylium perchlorates has been achieved by 
reduction of the carbonyl function in 2,7-polymethylene-4,5-benzotropones and subsequent treatment 
with perchloric acid. 

Canadian Journal oPChemistry, 48, 195 (1970) 

In this communication we wish to report the 
first synthesis of a new class of organic com- 
pounds; namely, 2,7-polymethylene-4,Sbenzo- 
tropylium perchlorates (3a-3b). Prior to this work 
Eschenmoser et al. had reported the preparation 
of some simple benzotropylium perchlorates (1). 
2,7-Polymethylene-4,5-benzotropones (la-le) 

were prepared by the reaction of phthalaldehyde 
(one mole) and cyclic ketones (one mole) (2). By 
infrared (i.r.) analysis, Kloster-Jensen and co- 
workers had postulated that the tropone ring 
system is planar if n is seven or larger (2). We have 
obtained substantiating evidence for this view 
from the nuclear magnetic resonance (n.m.r.) 
spectra of these compounds. For instance, when 
n = 9 (lc), protons Ha resonate at 7.31 p.p.m., 
which is consistent with a conjugated ring system. 
However, when n = 5 (la), the protons resonate 
at 6.78 p.p.m. The downfield shift of the protons 
in the tropone ring system can be attributed to 

the increased planarity of the system as n is in- 
creased. This was further confirmed bv the n.m.r. 
spectrum of 2a where the ring system is no longer 
planar and the Ha protons resonate at 6.25 p.p.m. 

Lithium aluminium hydride reduction of the 
carbonyl function in lc-le afforded the corre- 
sponding alcohols 2a-2c in 60 % yield. The 2,7- 
polymethylene-4,5-benzotropylium perchlorates 
(3a-3b) were prepared by treating 26-2c with a 
solution of 70% perchloric acid in ether. The 
n.rn.r. spectra of 3a-3b indicated a further down- 
field shift in the resonance due to the tropone ring 
protons Ha (9.2 p.p.m.). 

Experimental 
Melting points were determined with a Thomas- 

Hoover melting-point apparatus and are corrected. The 
elemental analyses were performed by Galbraith Labora- 
tories, Inc., Knoxville, Tennessee 37921, U.S.A. A 
Beckman IR-8 spectrophotometer was used for recording 
the i.r. spectra. A Cary-14 spectrophotometer was used 
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TABLE I 
Melting point and spectral data for compounds la-le 

Literature (2) 
Infrared Melting melting 

Compound (nujol) point point Nuclear magnetic resonance 
1 C=O(cm-') ("c) ("c) (CDCI,) 6 

1679 166-1 68 168-1 69 0.9-2.3 (m, 10H, (CH,),), 6.78 
( d , 2 H , J =  2c.p.s. H,),7.05-7.60 
(m, 4H, ArH) 

1609 109-1 10 110-1 11 1 .O-3.7 (m, 14H, (CH,),), 7.2 
(s,2H, -- Ha), 7.48 ( d , 4 H , J =  2c.p.s., 
ArH) 
0.9-3.8 (m, 18H, (CH,),); 7.31 
( d , 2 H , J =  3 c.p.s., Ha), 7.48(d,4H, 
J = 3 c.p.s., ArH) 
1.1-3 .O (m, 20H, (CH,),,), 7.27 
(s,2H, Ha), 7 . 4 4 ( d , 4 H , J =  2c.p.s., 
ArH) 
1.1-3 .O (m, 24H, (CH,),,), 7.52 
(s, 2H, Ha), 7.6 (d,4H, J = 4c.p.s., 
ArH) 

to record the ultraviolet (u.v.) spectra. The n.m.r. spectra 
were obtained on a Varian A-60 spectrometer. 

Preparation of 2,7-polymethylene-4,5-benzotropones 
(Za-le) 

These compounds were prepared by the procedure of 
Kloster-Jensen et a1. (2). The melting points and i.r. spectra 
of the compounds la-lc and l e  were in agreement with 
the literature values. 2,7-Decamethylene-4,5-benzotro- 
pone (Id) a new compound, was analyzed for C and H. 

Anal. Calcd. for C21H260:  C, 85.7; H, 8.85. Found: 
C, 85.76; H, 8.91. 

We have obtained substantiating evidence for the 
structure of compounds la-le on the basis of their n.m.r. 
spectra. The results are summarized in Table 1. 

2,7-Po1ymethylene-4,5-benzo-2,6-cyclohepten-1-01s 
(2a-2c) 

The alcohols 2a-2c were obtained by lithium alumin- 
ium hydride reduction of the corresponding benzo- 
tropones lc-le. The appropriate benzotropone (3.6 
mmole) was added to a suspension of lithium aluminium 
hydride (6.6 mmole) in anhydrous ether (50 ml) at 0'. The 
mixture was stirred at 0" for 3 h and then at room 
temperature for 1 h. Then an aqueous solution of 
ammonium chloride (10%) was added to it and the 
mixture stirred for about 30 min. The ether layer was 
separated, dried (anhyd. MgS04), and evaporated under 
diminished pressure to afford the corresponding alcohol 
in 50% yield. 2,7-Nonamethylene-4,5-benzo-2,6-cyclo- 
hepten-1-01 (2c) was obtained as colorless crystals: m.p. 

only as oils and were used as such for the preparation of 
the compounds 3a and 3b. 
2,7- Decamethylene-4,5-benzotropylium Perchlorate 

(30) 
To a solution containing 2d (0.20 g, 1.5 mmole) in ether 

(50 ml) was added 70% perchloric acid (0.09 g, 1.0 
mmole) dropwise. Crystals of 3a which separated out 
immediately were filtered and recrystallized from glacial 
acetic acid to afford 0.15 g (40%) crystals of 3a; m.p. 
163-165"; n.m.r. (CD3CN) 6 0.8-3.6 (m, 20H, (CH,),,), 
8.36-9.30 (m, 4H, ArH); 9.52-9.70 (m, 2H, Ha); i.r. 
(nujol) 1590 (C=C) cm-'; u.v. (95% H,SO,) 291 (E 

55,000); 348 (E 3900) and 440 (E 2000) nm. 
Anal. Calcd. for C,,H,,CIO,: C, 66.8; H, 7.14; CI, 

9.83. Found: C, 66.62; H,  7.23; C1, 9.65. 
2,7- Dodecamethylene-4,5-benzotropylium Perchlorate 

f 3b) 
It was prepared in 61 % yield from the reaction of 2c 

with 70% perchloric acid by the above procedure; m.p. 
170-171" (explodes); n.m.r. (CD3CN) G 0.8-3.6 (m, 24H, 
(CH,),,), 8.36-9.20 (m, 4H, ArH). 9.64 (d, 2H, J = 4 
cps, Ha); i.r (nujol) 1590 (C=C) cm-'; U.V. (95 % 
H,SO,) 292 (E 60,000), 349 (E 5000), 450 (E 1800) nm. 

Anal. Calcd. for C23H31C104: C, 67.9; H, 7.66; C1, 
8.73.Found: C,68.02;H,7.64; C1,9.01. 

This work was supported by Grant CA-06140 from the 
National Cancer Institute. 

88-89.50; n.m.r. (CDCI,)S 0.9-3.1 (m, 18H. < ~ ~ 2 ) 9 ) ,  4 1  1. A EscHrNMo~m, E. H ~ ~ B ~ ~ ~ N E ~ ,  and H. H. (s, 1H OH), 6.25 (s, 2H, Ha), 7.15 (s, 4H ArH); i.r. RENNHARD. Chem. Ind. (London) 415 (1955). (nujol) 3580 (OH) and 1640 (C=C) cm-'. 2. VON ELSE KLOSTER-JENSEN, N. TARKOY, A. ESCHEN- 
Anal. Calcd. for C20Hz60: C, 85.1; H, 9.20. Found: MOSER, and E. HEILBRONNER. Helv. Chim. Acta, 39, 

C, 84.96; H, 9.15. The alcohols 2d and 2e were isolated 786 (1956). 
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On the origin of peaks in the potentiostatic and potentiodynamic oxidation 
curves of ethylene glycol' 

ASHOK K. VIJH 
Institute of Research, Hydro-Quebec, 75, Dorchester Blvd. W., Montreal I ,  Quebec 

Received July 21, 1969 

The peaks observed in the potentiostatic and potentiodynarnic oxidation curves of ethylene glycol 
have been shown to be mainly kinetic inhibition inflections. 

The manner in which this observation clarifies the significance of some previous work has been briefly 
pointed out. 
Canadian Journal of Chemistry, 48, 197 (1970) 

Bagotskii and Vasile'v have reported some 
potentiodynarnic studies on the electro-oxidation 
of ethylene glycol on smooth platinum in I N 
H2S04 (1). The origin of potentiodynarnic peaks 
observed by these authors is not clear, however, 
because complementary, steady-state, potentio- 
static (point-by-point) studies were not carried 
out by them. 

FIG. 1. A single-sweep potentiodynarnic profile 
(16.8 mV s-I) triggered from prior steady-state potential 
(0.39 V), corresponding to complete electrode coverage by 
ethylene glycol. System is smooth platinum in 1 N 
H,S04 plus 2.5 x lo- '  M ethylene glycol. Helium 
atmosphere in the working compartment. Ascending peak 
(0.84 V) and descending peak (0.61 V) may be noted. 

In our own recent work, the peaks observed in 
the single-sweep (from prior steady-state poten- 
tial) potentiodynarnic profiles (Fig. 1) in this 
system are closely similar to the current-reversal 
effects (2) observed in the steady-state (crite- 
rion of Wroblowa et al. (3)), point-by-point, 
potentiostatic current-potential relationships 
(Fig. 2). This would indicate that the potentio- 
dynamic peaks at these sweep rates (16.8 to 
336 mV s- l)  are kinetic in origin and are, in fact, 
inhibition inflections of the type reported by 

'This work was carried out in the Research and Devel- 
opment Laboratories of Sprague Electric Company, 
North Adams, Mass. 

Gilroy and Conway (2). Further, when the poten- 
tiodynamic peaks are tested for pseudo-Faradaic 
nature (plot of peak current vs. scan rate) or for 
diffusion control (peak current vs. square root of 
scan rate) (4, 5), no linear relation is obtained, 
thus confirming our conclusion that the potentio- 
dynamic peaks, both in the ascending and de- 
scending direction, are mainly kinetic in origin. 

In Fig. 1, it is interesting to note that the anodic 
kinetic peak at 0.61 V appears instead of the 
cathodic oxide reduction peak on the descending 
(1.2 -+ 0.4 V) sweep. This would suggest recom- 
binative removal of the oxide (or OH) by a 
heterogeneous reaction with ethylene glycol. For 
example, a reaction of the following general type 
may be involved 

CHZOH 
P t . 0  + I + P t + P t . O H + P t -  

CHZOH 

[::PO:] + Pt + H 2 0  + Pt - 
CHOH 

PtOH + Pt - 1 

The anodic current associated with this peak 
would then arise by a normal Faradaic reaction 
of glycol oxidation on the bare surface sites 
available after reaction of adsorbed glycol species 
with the oxide. 

In this respect, the potentiodynamic behavior 
would be somewhat similar to that of formic acid 
where a heterogeneous reaction between ad- 
sorbed HCOOH and OH' has been postulated. 

I t  is believed that this brief note will resolve 
some points raised in connection with the origin 
of peaks observed in the potentiodynamic oxida- 
tion of some organics including ethylene glycol 
(6, 7), where it was concluded that the peaks (1) 
are pseudo-Faradaic in nature. Further, this 
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lo-= 1 0 ‘ ~  10-3 loF2 

C U R R E N T  DENSITY, A crn'" 

FIG. 2. A steady-state, potentiostatic (point-by-point), current-potential relationship on smooth platinum in 1 N 
H,SO, plus 2.5 x lo- '  M ethylene glycol under helium atmosphere. x ,  Ascendingdlrection of potentials; 0, 
descending direction potentials. Ascending current reversal point (0.775 V) and descending current reversal point 
(0.640 V) may be noted. 
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Evidence for a 'block-type' structure in the main chain of the cell-wall mannan 
from Candida species PRL lS2O1 

P. A. J. GORIN AND J. F. T. SPENCER 
Prairie Regional Laboratory, National Research Council, Saskatoon, Saskatchewan 
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Evidence for a 'block-type' structure involving a-(I +3)- and -(1+6)-D-mannopyranosyl units from the 
mannan in Candida species PRL IS20 is presented. 

Canadian Journal of Chemistry, 48, 198 (1970) 

In a previous publication the branched-chain 
maman obtained from cells of Candida species 
PRL IS20 by extraction with hot aqueous 
alkali has been shown to contain a main chain 
not previously found in other yeast mannans 
(1). The main chain was obtained from the 
mannan by a Smith degradation incorporating 
mild hydrolytic conditions. Methylation-frag- 

'Issued as NRCC No. 10960 

mentation - gas-liquid chromatography (g.1.c.) 
analysis gave the methyl glycosides of 2,3,4,6- 
tetra-0-, 2,3,4-, and 2,4,6-tri-0-methylmannose. 
No methyl di-0-methyl-mannosides were detec- 
ted. After corrections for the response of the 
g.1.c. detector are made, a respective 1 :4.3:7.0 
molar ratio of the fragments can be calculated. 
This ratio indicates a linear mannail with an 
average size of about 12 units and its specific 
rotation of +55"  shows a preponderance of 
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mild hydrolytic conditions. Methylation-frag- 
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analysis gave the methyl glycosides of 2,3,4,6- 
tetra-0-, 2,3,4-, and 2,4,6-tri-0-methylmannose. 
No methyl di-0-methyl-mannosides were detec- 
ted. After corrections for the response of the 
g.1.c. detector are made, a respective 1 :4.3:7.0 
molar ratio of the fragments can be calculated. 
This ratio indicates a linear mannail with an 
average size of about 12 units and its specific 
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3-0-linked a-D-mannopyranose units, although 
the configurations of the 6-0- substituted units 
are uncertain. (It appears that the 3-0- and 6-0- 
substituted units occur in the same molecule since 
2 successive Smith degradations of the Candida 
PRL IS20 mannan gave a mannosyl glycerol 
(I).) This type of main-chain differs from those 
of the more common u-(1 -t 6)-D-mannopyranose 
(1-6) and a-(1 + 3)-D-mannopyranose types 
(7, 8) and the linear mannan containing alter- 
nating P-(1 + 3)- and P-(1 + 4)-linked D- 
mannopyranose units (9). 

In order to determine the sequence of (1 -t 6)- 
and (1 -t 3)- linkages in the Candida PRL IS20 
mannan main-chain, the polyalcohol derived by 
successive treatments of the undegraded mannan 
with sodium periodate and sodium borohydride 
was partially cleaved by acetolysis. This proce- 
dure splits (1 -t 6)-linkages in mannans in 
preference to (1 -t 2)- and (1 -t 3)-linkages (10). 
Deacetylation of the products and paper 
chromatography showed mannose and oligo- 
saccharides which appeared to have a maximum 
length of 5 units. These were isolated by cellulose 
column chromatography (yields in Table 1). 

TABLE 1 
Yields and specific rotations of fragments obtained 
following partial acetolysis of C. Candida PRL 1 S20 

mannan polyalcohol 

Fragment obtained Specific 
following partial acetolysis Yield (%) rotation ("), 

of Carzdida PRL 1 S20 mannan based on 0.1 % solu- 
polyalcohol polyalcohol tion at 25 "C 

Mannose 2 - 
Disaccharide 4 + 61 
Trisaccharide 3 + 62 
Tetrasaccharide 3 + 79 
Pentasaccharide I + 88 

Methylation-fragmentation - g.1.c. analysis of 
each oligosaccharide gave methyl 2,3,4,6-tetra-0- 
and methyl 2,4,6-tri-0-methylmannoside indicat- 
ing 3-0-linked pyranose structures. The chain 
length of each oligosaccharide was found as fol- 
lows. Their reducing ends were converted to 2-0- 
linked-D-arabinitol units by successive treat- 
ments with lead tetraacetate and sodium boro- 
hydride (1 1). The resulting polyols were oxidized 
with sodium periodate and the amounts of 
formaldehyde formed, as estimated by the 
chromotropic acid method, were in accord with 
the chain lengths suggested by the paper chro- 

matographic mobility of the parent mannose 
oligosaccharides. 

The specific rotations of the di-, tri-, tetra-, 
and pentasaccharide (Table 1) confirm that the 
3-0-linkages have an cc-configuration. Isolation 
of these fragments and comparison with the 
ratio of 3-0- to 6-0-linked D-mannopyranose 
units in the mannan shows that the main chain of 
Candida PRL IS20 mannan does not contain 
3-0-a- and 6-0-linked units evenly distributed 
along its length. Rather, a 'block-type' structure 
containing up to four consecutive a-(1 -t 3)-link- 
ages is indicated, which contrasts with the regular 
alternating structure of the P-(1 -t 3)-, P-(1 -t 4)- 
linked mannan (9). 

Experimental 
Concersion of Candida P R L  IS20 Mannan to its Polyalcohol 

The mannan (1.50 g) was dissolved in water (25 ml) and 
sodium periodate (3.5 g) added, precautions being taken 
to prevent overheating. After 2 days, excess acetic acid 
(200 ml) was added and the precipitate of polyaldehyde 
which formed was removed by filtration; yield 1.38 g. 
The polyaldehyde was shaken in a solution of sodium 
borohydride (0.49) in water (50ml) for 3 h. Excess 
reagent was then destroyed by addition of acetic acid, and 
the solution treated with a mixture of Amberlite IR120 
(H+ form) and Dowex 1 resin (bicarbonate form). The 
solution obtained after filtration was lyophilized to give a 
polyalcohol (1.21 g), which had the fluffy state required 
for the following partial acetolysis procedure. 

Partial Acetolysis of Candida P R L  IS20 Polyalcohol 
The polyalcohol (1.21 g) was partially acetolyzed (10) 

for 24 h with the reagent proportions used by Lee and 
Ballou (12). The product was deacetylated and the free 
sugars corresponded on a paper chromatogram (solvent: 
n-butanol - ethanol - water 3 :2:2 v/v/v; spray: ammonia- 
cal silver nitrate) to glycerol, mannose and 3-0-a-D- 
mannopyranosyl-D-mannose and higher oligosaccharides. 
The higher oligosaccharides had chromatographic rates, 
relative to lactose, of 1.1, 0.93, and 0.54, which were 
identical to those of a-(1 2)-linked D-mannopyranose 
tri-, tetra-, and pentasaccharides, respectively. 

Isolation and Identification of Oligosaccharide Fragments 
The product obtained by partial acetolysis of the Candida 

PRL IS20 mannan polyalcohol was fractionated on a 
cellulose column using acetone-water mixtures in propor- 
tions described in a previous publication (I). The yields 
and specific rotations of the fragments are presented in 
Table 1. Hydrolysis of each fraction gave mannose only. 

The di-, tri-, tetra-, and pentasaccharides were each 
partially methylated by the Haworth technique (13), care 
being taken to maintain the pH of the solution at 7-8 in 
the early stages of the reaction. After heating at 100' for 
3 h, the alkali was neutralized and each solution extracted 
continuously with chloroform. The extracted products 
were completely methylated by the Kuhn procedure (14), 
each permethylated product showing an absence of 0-H 
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absorption in the infrared at 3600 cm-'. The methylated 
materials were converted to methyl 0-methyl mannosides 
and their triniethylsilyl derivatives, which were analysed 
by g.1.c. using known standards (15). From each oligo- 
saccharide, the methyl glycosides of only 2,3,4,6-tetra-0- 
and 2,4,6-tri-0-methylmannose could be detected. 

Each oligosaccharide was successively treated with lead 
tetraacetate and excess sodium borohydride (ll) ,  con- 
verting their 3-0-linked D-mannopyranose reducing end- 
units to 2-0-linked D-arabinitol units. In a typical reaction 
the 3-0-linked D-mannopyranose oligosaccharide (10 
mg) was dissolved in water (0.1 ml) and acetic acid (1 ml) 
added. Molar equivalents (1.2) of a 1 % lead tetraacetate 
in acetic acid were added and after 10 min it was followed 
by 1.1 molar equivalents of oxalic acid in acetic acid. 
After 1 h the precipitate of lead oxalate was filtered off 
and the filtrate evaporated to dryness. Sodium boro- 
hydride (10 mg) was added and in 1 h the reagent was 
destroved with excess acetic acid. The solution was 
shaken with Amberlite IR120 to remove cations and was 
then filtered and the filtrate evaporated to dryness. 
Repeated addition of methanol followed by evaporation 
removed boric acid. Traces of inorganic material were 
removed with an aqueous slurry of Amberlite IR120 (H+ 
form) and Dowex 1-X8 (bicarbonate form). The slurry 
was filtered and the solution evaaorated. The uroduct 

glycerol (16). The yields of formaldehyde in mole/mole 
were as follows: trisaccharide, 0.86; tetrasaccharide, 
0.83; pentasaccharide, 0.88. 

1. P. A. J. GORIN, J. F. T. SPENCER, and R. J. MAGUS. 
Can. J. Chem. 47, 3569 (1969). 

2. G. H. JONES and C. E. BALLOU. J. Biol. Chem. 244, 
1043 (1968). 

3. G. H:JON& and C. E. BALLOU. J. Biol. Chem. 244, 
1052 (1968). 

4. P. A. J. GORIN and J. F. T. SPENCER. Can. J. Chem. 
46, 2299 (1968). 

5. P. A. J. GORIN. J. F. T. SPLNCEK. and S. S. BHATTA- 
CHARJEE. can. J. Chem. 47. 1499 (1969). 

6. P. A. J. GORIN, J. F. T. SPENCER and D. 8. EVELEIGH. 
Carbohyd. Res. To be published. 

7. P. A. J. GORIN and J. F. T. SPENCER. Can. J. Chem. 
45, 1543 (1967). 

8. P. A. J. GORIN and J. F. T. SPENCER. Can. J. Chem. 
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Can. J. Chem. 43. 950 (1965). 
P. A. J. GORIN and A. S. PERLIN. Can. J. Chem. 34, 
1796 (1956). 
A. J. CHARLSON and A. S. PERLIN. Can. J. Chem. 
34, 1200 (1956). 
Y.-C. LEE and C. E. BALLOU. Biochem. 4,257 (1965). 
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gave a single spot on a paper ch;omatogram (solvent: 14. R. KUHN, H. TRISCHMANN, and I.' LOW.' Angew. 
n-butanol - ethanol - water 40:11:19 v/v/v spray am- Chem. 67, 32 (1955). 
moniacal silver nitrate). Each arabinitol derivative thus 15. S. S. BHAT*AcHAR~EE and P. A. J. Can. J. 

Chem. 47, 1207 (1969). obtained was treated with excess sodium periodate for 1 h 16. M. LAMBERT and A. C. NEISH. Can. J, Res. B28, 83 and the amounts of formaldehyde produced determined (1950). 
by a chromotropic acid method used for estimation of 
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COMMUNICATIONS 

Molecular size distributions in multichain polymers: application of 
polymer theory to silicate melts1 

C. R. MASSON, I. B. SMITH, AND S. G. WHITEWAY 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

Received November 24, 1969 

Expressions developed previously by Flory and by the authors for molecular size distributions in 
branched polymers were used to derive theoretical curves of activity vs. composition in binary silicate 
melts. In contrast with curves based on the Flory distribution those derived from our result were in good 
agreement with experiment over the entire range of compositions up to the maximum degree of poly- 
merization allowed by the theory. The comparison is illustrated for the systems PbO-Si02 and SnO-Si02. 
Canadian Journal of Chemistry, 48,201 (1970) 

Introduction 

In a recent paper ( 1 )  we derived a theoretical 
expression for N,, the mole fraction of x-mers 
formed by self-condensation of multifunctional 
monomers, which differed from that of Flory (2). 

On the basis of Flory's expression and ours, it 
is possible to derive theoretical curves of activity 
vs. composition for binary silicate melts MO- 
SiO,. The purpose of this communication is to 
compare the results and show that our expression 
fits available data over the entire range of appli- 
cability of the theory whereas Flory's does not. 

Calculation of Activities 

The treatment is an extension of a previous 
approach (3, 4) which was limited to considera- 
tion of linear chains. Consider the equilibrium 

Assuming ideal mixing of polyionic segments we 
may substitute ion fractions for activities in the 
expression for the equilibrium ratio 

a, the fraction of functional groups that have 
condensed. The results are, for the Flory dis- 
tribution 

141 
a,, kIl(1 - a)2 -- - 

1 - a 2 ~ ( l  - 2a) 

and, for our expression 

In  deriving these equations, both our expression 
and that of Flory were modified by inclusion of 
the term (1 - NO2-)  to allow for the product of 
condensation, as described previously (1). 

As will be shown in a subsequent publication 
(6), a may be expressed readily in terms of the 
mole fraction of SiO,, yielding the equation 

[2 1 k , ,  = N,N,,-/N,~ without additional assumptions. 
Combination of eq. [6] with either eq. [4] or 

Substituting for Nl and N2 from each theory in eq. [5] allows the activity of MO to be expressed 
eq. [2] and combining the result with the Temkin as a function of the mole fraction of S~O,  for 
(5) equation selected values of k,,. Such curves are shown in 

[3 I aMO = NM2+N02- Figs. 1 and 2. 

where NM2+ is unity for a binary system, we Comparison with Experiment 
obtain the activity of MO as a function of k,, and In Fig. curve I is based on our expression 

for the distribution, with k,,  = 0.196; curve 2 
'NRCC No. 111 46. was derived from Flory's expression with the 
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same value of k,,. The experimental data are 
those of three independent groups of investigators 
(7-9). Both expressions yield activities in good 
agreement with experiment at low silica contents, 
but the curve based on the Flory distribution 
shows departure from the data when Nsio, 
exceeds about 0.3. It passes through a minimum 
at Nsio2 = 0.406, a,,, = 0.282. Substitution of 
these values in eq. [ 6 ]  shows that the minimum 
occurs at a = 113. 

Similarly, in Fig. 2, curve I is based on our 
expression with k,, = 2.55 and curve 2 represents 
that of Flory with the same value of k,,. Curve 
3 represents a further attempt to fit the data (10) 
by Flory's expression, using k,, = 1.413. The 
minima in curves 2 and 3 each correspond again 
to  a = 113. 

The anomaly a t  a = 113 predicted by Flory's 
expression was previously considered to repre- 
sent the gel point, thought to  occur at a = 
l/(f - l), where f is the functionality of the 
monomer. No such anomaly is predicted by our 
equation and none is observed in binary silicate 
melts. Activities based on our distributions vary 
smoothly with composition over the entire range 

FIG. 1. Activity plotted against mole fraction of 
PbO for the system PbO-SiO, at 1000 "C. 0, Richardson 
and Webb (7); 0, Sridhar and Jeffes (8); x , Charette and 
Flengas (9). The curves are theoretical, based on (I) our 
expression and (2) Flory's expression for the molecular 
size distribution, with k,, = 0.196. 

FIG. 2. Activity of SnO plotted against mole fraction 
of Si02 for the system SnO-SiO, at 1100 "C. @, Kozuka, 
Siahaan, and Moriyarna (10). The curves are theoretical, 
based on ( I )  our expression with k , ,  = 2.55, (2) Flory's 
expression with k l l  = 2.55, and (3) Flory's expression 
with k l l  = 1.443. 

and are in good agreement with experiment at 
all compositions up to a,,, = 112, the maximum 
allowable value of a if intramolecular condensa- 
tion is neglected. Similar good agreement is found 
(6) for other binary systems. 

These results provide experimental support 
for the expressions we have derived for molecular 
size distributions in branched polymers. 
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Volume changes in electrolytic hydrogen evolution at mercury in aqueous 
hydrochloric acid1 

FRANK R.  SMITH^ AND HANS-ULRICH HEINTZE~ 
Chemistry Department, Memorial University of Newfoundland, St .  John's, Newfoundland 

Received June 5, 1969 

Volume changes at a mercury cathode in hydrogen-saturated aqueous 0.1 M hydrochloric acid during 
electrolysis at 25 "C are less than those predicted by Faraday's Law 

2Hf ,, + 2e- (metal) = Hz(g) 

over a range of current densities from 0.4 to 83 WA nlnl-'. Difficulties attributable to the anodic reaction 
of mercury were found using an apparatus similar to that of Miiller (1) but constructed entirely of glass. 
A two-compartment cell proved to be advantageous in isolating the cathode reaction. Rates of volume 
change attributable to formation of H2(g) almost invariably increased with time of electrolysis but were 
always below expectation. In agreement with Miiller, an increase of v o l ~ ~ m e  was observed after electrol- 
ysis. The evidence is consistent with formation and subsequent decomposition of a hydrogen amalgam. 
It suggests that, contrary to the usual assumptions (2), hydronium-ion discharge is not the slowest step 
in the overall hydrogen gas-producing reaction. 
Canadian Journal of Chemistry, 48, 203 (1970) 

Introduction 

The stoichiometry or non-stoichiometry of the 
electrolytic hydrogen evolution reaction (h.e.r.) is 
of importance for elucidating the mechanism. 
Volume measurements offer a comparatively 
simple method for determining the extent to 
which the process actually conforms to the 
equation 

[I]  2t13Qf,, + 2e- (metal) = 2 H 2 0  + H2(g) 

However, few volumetric studies have been 
reported, so that the stoichiometry of the reaction 
must remain in doubt. Indeed, Lingane (3) 
reports that bright platinum electrodes used in 
sodium sulfate gas coulometers give less than 
theoretical yields of hydrogen and oxygen at 
<0.5 mA mm-2, the error being about 4 %  at 
0.1 mA mm-'. Hydrogen peroxide formation is 
blamed for the decreased yield in these mixed 
systems. 

'This research was supported, in part, by the Defence 
Research Board of Canada, Grant number 5401/09. 

2To whom correspondence should be addressed. 
3Present address: Chemistry Department, McGill 

University, Montreal, Quebec. 

Separate studies of hydrogen and oxygen 
evolution are needed. Two previous hydrogen 
studies have been made with mercury cathodes. 
Jofa's early study at up to 0.1 pA mm-2 with 3 M 
hydrochloric acid and other solutions remains 
unpublished, although it was reported by 
Frumkin (4) to give perfect agreement with 
electrical measurements over "a sufficiently long 
period of observation". Jofa evidently collected 
and measured the hydrogen itself. The irregular 
escape of bubbles from the metal surface makes 
this difficult and necessitates the "long period of 
observation" to average out irregularities. The 
alternative of measuring total volume changes 
offers the advantage that bubbles attached to the 
metal are included. This method used by Muller 
(1) resulted, however, in disagreement between 
volumetric and electrical measurements; only 40 
to 50% of theoretical volume changes occurred 
during electrolysis, although subsequent changes 
brought the total to around 87 %. 

The present work was begun to clarify the 
disagreement between Jofa (4) and Miiller (1). It 
forms part of a reinvestigation (5-7) of the 
hydrogen evolution reaction at mercury, the 
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current-voltage curves having previously been 
carefully studied by Hiskey and Post (8) and 
others (9). Previous work by one of us (10, 11) 
suggests that atomic hydrogen dissolves in lead 
during cathodic electrolysis. The general simi- 
larity of mercury and lead in regard to the h.e.r. 
(12) reinforced the view that Muller's suggestion 
(I), following an earlier one by Heyrovsky (13), 
that hydrogen amalgam formation occurs at 
mercury, is quite reasonable. (Actually, Miiller 
proposed hydronium amalgam formation (I).) 
Unfortunately, Muller's experimental approach 
was poor, for it involved rubber tubing and 
stoppers, pinchcocks, glass taps, and, in many 
experiments, dropping mercury electrodes which 
necessitated complicated corrections for mercury 
in- and out-flow. Improvements in technique, 
essential if the hypothesis were to be seriously 
tested, have been made and inherent difficulties in 
Muller's approach are overcome. In spite of these 
changes, hydrogen yields of less than theoretical 
have been consistently observed, over a wide 
range of current densities and charges. Hydrogen 
evolution rates, obtained from the slopes of 
volume-time curves, are also below those 
expected from current measurements. 

Experimental 
A one-compartment cell of volume 110 ml with a 1 ml 

pipette graduated in 0.01 mi was used for experiments 1 
to 28, whereas a two-compartment cell ~f catholyte 
volume 8 ml and with a 0.2 ml pipette graduated in 0.001 
ml was used in all later work. Both cells, shown dia- 
grammatically in Fig. l ,  were of Pyrex with Teflon- 
sleeved glass stoppers and platinum pinch seals (ref. 14, 
p. 106) for electrical contact. The resistance of the second 
cell was ca. 140 kohm when filled with 0.1 M HC1. 
Cathode areas and volumes used in the large and small 
cells were 60 mm2 and ca 0.2 ml, and 50 mm2 and ca. 
0.8 ml, respectively. 

Cell cleaning was with saturated NaOH, hot concen- 
trated HNO,, followed by water and steaming. The 
mercury cup was "Desicoted" (Beckman Instruments 
Inc.) and the cell recleaned omitting NaOH. 

Shawinigan triple-distilled mercury was pipetted into 
the dry cell. 0.1 M HCl was prepared from a constant- 
boiling mixture and deionized, quadruple-distilled water. 
It was thoroughly hydrogen saturated (Matheson pre- 
purified, Deoxo-treated) externally and in the cell (for 
some 4 to 12 h). 

An air bath at 25.0 0.1 "C was used, electrolysis only 
being commenced when the solution meniscus was steady 
(1 to 4 h after Hp saturation). A Heath IP32 was used to 
supply constant currents, recorded to +0.5% with a 
General Radio 100.00 ohm resistor and Heath EUW 20A 
recorder. Time intervals were measured with a Lab-chron 
1400 and the voltage across the cell with a Heath EUW 
24. 

FIG. 1. (a) One-compartment cell: a, mercury cathode; b, platinum contact; c, platinum contact; d, mercury 
anode; e,  gas inlet for saturation; f, 1 ml pipette, 0.01 ml graduations; g, Teflon-sleeved B19 stopper. (b) Two- 
compartment cell: a, mercury cathode; b, platinum contact; c, 0.2 ml pipette, 0.001 ml graduations; d, gas inlet for 
saturation; e, Teflon-sleeved B10 stopper;f, solution-sealed stopcock; g, platinum wire anode; h, C14 cone in grooved 
socket (Kontes, K25060). 
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Results 

Over 40 experiments were carried out at current 
densities varying from 0.4 to 83 pA mm-2 and 
for periods from 30 min up to 24 h. Theoretical 
volumes and evolution rates range from 50 to 
nearly 800 p1, and from 2.5 nl s-' to 0.65 pl s-l ,  
respectively. For calculation, the measured 
barometric pressure was corrected for the vapor 
pressure of water and the molar volume of 
molecular hydrogen at 25 "C, 760 Torr (24 479 
ml) was computed with the aid of the second 
virial coefficient (1 5). 

As Figs. 2 and 3 show, the volume-time plots 
were linear or gently curved. Rates were measured 
from the slopes of initial and final portions of 
these plots. The experimental points are not 
appreciably scattered but conform to the general 
trend for the experiment in question. Results for 
a representative group of experiments, mostly 
with the smaller cell, are given in Table 1. 
Reproducibility between duplicate experiments 
was poor, e.g. Exps. 30, 33, and 34 at ca. 2 pA 
mm-2 and Exps. 38 and 39 at ca. 50 pA mm-', 
probably because of variations in the condition 
of the mercury cathode. 

Considering the consequences of using cells of 
radically different design, it is relevant to mention 
the results of 9 experiments at 0.100 mA, 4 with 
the small cell and 5 with the large one. The mean 
yield for the former group4 was 76.2 _+ 3.9 %, as 
against an uncorrected mean of 62.0 + 1.9 % for 
the latter. The difference appears to be significant. 
Differences between the cells may arise because of 
(a) their leak rate, (b) their size, and (c) the reac- 
tions giving rise to volume changes in each case. 

The small cell had the lower leak rate, 0.1 nl 
s-' over a 24 h period in a blank experiment. 
Corrections might, therefore, be applied to the 
experimental yields and rates at low currents, 
e.g. +5% for Exps. 42 and 43 (c.f. Table I), 
bringing their yields to 69.5 and 63 % and the final 
rates to 0.0020 and 0.0018 pl s-I, respectively. 
Corrections for other experiments (Exps. 29-41) 
are comparable with other estimated experi- 
mental errors of about + 1 %. 

Leak rates observed with the large cell, long 
after cessation of electrolysis, were between 0.2 
and 0.8 nl s-I. Taking the upper limit, this repre- 
sents about 6 % of expectations at 0.1 mA, which 
could partly account for the difference of 14% 

4Standard deviation of the mean quoted in all cases. 

between the two cells. At 0.05 mA, a maximal 
correction of + 12 % could be applied, at 0.2 mA 
only + 3 %, while at 0.5 mA the known leak rate 
of 0.25 nl s-I (Exp. 16) requires a negligible 
correction of only + + %. Clearly corrections are 
unnecessary at higher currents. 

The large volume of the one-compartment cell 
could be responsible for three possible errors: 

(a) Greater sensitivity of the measured volume 
to the precise temperature of the solution-it is in 
effect a water-plus-mercury thermometer; in- 
creased scatter of points only expected. 

(b) Undersaturation with hydrogen initially, 
resulting in dissolution of desorbed hydrogen 
with consequent lower apparent yield; this must 
have occurred in Miiller's work (1) for he used 
nitrogen only. Temperature dependence of 
hydrogen solubility is relevant: 100 ml of water 
dissolves 2.14 ml Hz at 0 "C, 1.91 ml at 25 "C and 
1.89 ml at 50 "C (16). Electromotive force 
measurements indicate (ref. 14, p. 95) that 
hydrogen saturation by bubbling is readily 
effected. Indeed, relief of supersaturation without 
stirring is said to be very slow. 

(c) Supersaturation with hydrogen either be- 
fore electrolysis (unlikely to be serious) or as a 
result of hydrogen desorption from mercury 
without bubble formation. The latter process 
appears probable at low currents but, at current 
densities of 8 10 pA mmm2, bubble formation 
seems to occur very readily. This error is therefore 
likely to be large at low current densities only. 

The above errors are unlikely to be serious for 
the small cell. Thus, a temperature change of 
0.1 "C at 25 "C effects only a0.3 p1 volume change 
on 10 g water. The same temperature change 
could, at equilibrium, change the volume of 
hydrogen dissolved by 10 g water by at most 0.1 
pl. Errors caused by supersaturation are difficult 
to lssess quantitatively, but it should be noted 
that very often the volume of hydrogen evolved 
was comparable with that dissolved by the 
catholyte of the small cell at saturation (ca. 0.2 
ml). It is difficult to believe that supersaturations 
as high as 50 % could be achieved or maintained 
at about 30% for 20 h (c.f. Table 1, Exps. 38 and 
39) particularly as the experiments in question 
were at 50 pA mm-'. On the other hand, it is 
accepted that supersaturation is a serious problem 
with a cell volume of 110 ml, when anticipated 
hydrogen volumes are less than one third of the 
quantity dissolved at saturation. 

The reactions occurring in the catholyte of the 
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t i s 1  

FIG. 2. Volume changes during and after electrolysis at 200 MA (crosses, Exp. IS), 500 1A (triangles, Exp. 16), 
1.00 n1A (open circles, Exp. 37; dots, Exp. 5), and 2.50 mA (shaded circles, Exp. 38). Arrows denote time of cessation 
of current or time of potential rise where indicated. Numbered lines indicate theoretical volume changes. 

t ( s )  

FIG. 3. Volume changes during and after electrolysis at 22.5 MA (shaded circles, Exp. 43),50 FA (crosses, Exp. 241, 
and 100 pA (open circles, Exp. 30). Arrows denote time of cessation of current. Numbered lines indicate theoretical 
volume changes. 
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TABLE 1 
Uncorrected hydrogen yields and evolution rates from volume measurements 

Percentage yield Observed rates 
Theoretical Theoretical 

Exp. Current Charge volume To end of After 
(!Jl s - 

rate 
No. (mA) (c )  (1.11) electrolysis electrolysis (PI s-l) Initial Final 

42 0.0200 0.385 5 1 64.5 - 0.00265 0.00065 0.0019 
43 0.0225 1.81 243 58 - 0.0030 0.0011 0.0017 
24 0.050 2.16 285 59 62(81 000 s) 0.0066 0.0050 0.0035 

3 8 2.50 1.50 197 60.5 72.5(78 000 s) 0.328 0.197 0.197 
39 2.50 1.75 227 50.5 67(14 800 s) 0.339 0.190 0.192 

S t  5.00 6.06 789 40 ca. 190(86 400 s) 0.651 0.280 0.259 

*Cell ~iiicone greased. 
?Mercury pretreated 600 s at 1 mA without volume recording. 

two-com~artment cell are different from those in reasonable assum~tion. The true overall volume 
the one-compartment cell. In the latter, reactions change is 
121 and [3 I Q - I . , , - ,  

[2] Hg(1) + 2H+,, + 2C1-,, = Hz(g) + HgZClZ(c) L41 A v l  = ~ ( v ~ z , g l  + vHg2C12(C)) 

[31 2H+,, + 2C1-,, = Hz(g) + Clz(g) 

may occur in parallel. Difficulties were encoun- 
tered with the one-compartment cell which must where ps are molar or partial molar volumes as 
have been more serious for Miiller because of the appropr.ate. Reaction [3 1 could, in principle, be 
very area the mercury in his avoided by use of a sufficiently large anode 
"Prague vessel" (17). These difficulties were (3700 mm2 used in present work) or by use of a 
caused by the onset of reaction [31, indicated by a two-compartment cell. Confinement of the vol- 
rise in the cell voltage (typically from 1.4 to 3.8 V ume changes to the cathode compartment 
at 0.2 mA and from to 5.6 at l a O  mA), involves assumptions of electroneutrality because 
blocking of the calomel film, and, eventually, of the transport effects which are presumed to 

formation On the ChlO~ine occur, Then the overall reaction is much simpli- 
evolution was expected to cause large positive fied to 
errors but the formatioil of chlorine appears to be 
somewhat delayed (nucleation and growth of L51 2H+aq = Hz(g) 
bubbles on the anode were observed after and the volume change is 
electrolysis) and volume changes during electrol- 
ysis were generally less than theoretical for [6]  A v - Q v H 2 T . ~ - ~ H z o  

hydrogen alone. Experiments 16 and 18 are - 2F 
examples of this, the voltage rise (c.f. Fig. 2 )  Q - 
having no apparent effect on the shape of the - 0.169 F v ~ c ~ , o . ~ ~  
volume-time plots. Volume changes after elec- 
trolysis were usually greater when reaction [3]  where 0.169 is the transport number of chloride 
was operative, as expected. ion in 0.1 M HCl(18) at 25 "C. 

If only reaction [ 2 ]  is operative, use of eq. [4] Terms other than the first in eqs. [4] and [6]  
for theoretical volumes assumes that negligible comprise only 0.1 and 0.025 %, respectively, and 
volume changes occur in the condensed phases, a will be disregarded. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



208 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Returning to the results, the mean corrected 
yield was found to be5 62.15 + 2.45 %, dis- 
regarding two experiments in which silicone 
grease had been applied to the stopper of the cell. 
In these experiments (Exp. 2 of Table 1 and one 
other), yields and rates close to the theoretical 
were obtained. Apparently the surface-active 
substance facilitated the formation of H,, 
although an alternative possibility is provided by 
C1, "evolution which led to 139 % yield in 13 h 
(Exp. 2). 

The mean yield differs substantially from 100 % 
and no single experiment was closer than 82.5 % 
(in the absence of surfactants). The yields were 
plotted (not shown) as functions of current 
density and of charge. The mean yields appear to 
decrease as current density increases and, less 
obviously, as charge increases. Since most high 
charge experiments were performed with the 
larger cell, this conclusion is uncertain because of 
the disadvantages of this cell mentioned above. 
Mean corrected yields at different currents are: 
66.25 + 3.25% (0.021 mA), 64.6 + 7.2% (0.05 
mA), 68.3 f 3.1% (O.lmA), 54.65 k 6.15% 
(0.2 mA), 61.8% (0.5 mA), 48.4 1 4.5% (1.0 
mA), 41.2% (1.25 mA), 56.3 1 2.9% (2.5 mA), 
40.0 % (5.0 mA). 

With regard to the dependence on charge, it 
may be noted that in several experiments the 
observed evolution rate increased (cf. Table 1, 
columns 8 and 9). This could imply increased 
yields as the charge increases and, in one experi- 
ment, repeated electrolysis of the same electrode 
and solution, only opening the tap to allow the 
pipette level to fall, resulted in a higher yield each 
time. On repetition, however, the opposite trend 
was found, thus no firm conclusion is possible. 

A case therefore exists for the view that 
quantitative conversion of H',, ions to H, gas 
does not keep pace with the passage of current 
across the interface. Because this conclusion is 
novel it is desirable to consider alternative 
explanations of the experimental findings. The 
most obvious possibility is that current was used 
in some competing cathodic reaction, such as the 
reduction of oxygen or foreign metal ions in 
solution or the reduction of calomel or dissolved 
mercurichloride complex ions (ref. 14, p. 149). 
Such processes would, of course, not result in 
volume changes comparable with those accom- 

566.75 + 3.0% for 10 normal experiments with the 
small cell. 

panying liberation of an equivalent quantity of 
hydrogen. It is conceivable that such processes as 
those mentioned above could account for in- 
creases in the rate of volun~e change as electrol- 
ysis proceeded, i.e., that they consumed a signifi- 
cant portion of the current initially. However, 
vrecautions were taken to ensure that the acid 
solution was relatively free from base metal ions 
and from oxygen. Only trace amounts of these 
could have been Dresent and these would not be 
able to support a substantial fraction of the 
current, especially in an unstirred system. The 
view that alkali metal cations might be respon- 
sible can be discounted. for these. too. could not , , 

have been present in high concentration, and 
hydronium-ion discharge precedes that of alkali 
cations in acid solution. If any further argument 
is needed it may be pointed out that the excellent 
hydrogen overpotential data of Hiskey and Post 
(8) were obtained using 0.1 M HC1 in unstirred 
solution. It is not credible that 20 % of the charge 
could have been consumed by processes involving 
impurities. Finally, the observed growth of 
hydrogen yield must also be explained; this rules 
out large charge consumptions by oxygen, calo- 
mel, or mercuri-entities. 

It is quite another matter to attempt a defence 
of Miiller's experimental observations. This we 
cannot do, i n  particular, because of Miiller's 
failure to saturate the solution initially with 
hydrogen, a matter of crucial importance in our 
view. 

Discussion 

Frumkin (2) has summarized the evidence for 
considering reaction [7] as the slowest stage in the 
h.e.r. at mercury in acid solution. 

[ 7 ]  H,O+,,+e-(mercury)+Hg(l) 
= HzO(1) + Hg - Hads 

The argument rests largely on the absence of a 
measurable hydrogen coverage (8,) on mercury 
as evidenced by the lack of a pseudocapacity (2, 
19). This means either that 8, is very small or that 
it is potential-independent in the range of 
measurement. Assuming that the former is the 
case, the implications are that desorption of Ha,, 
occurs at least as rapidly as step [7], probably by 
the ion-plus-atom reaction [8] or, less probably, 
by reaction [9] 
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The present work indicates that hydrogen 
desorption does not keep pace with [7] under 
certain experimental conditions. The implication 
of the very slow volume increase after electrolysis 
is that step [9], the only purely chemical process, 
is very slow, as anticipated from knowledge about 
lead (20) as a recombination catalyst. I t  follows 
that hydrogen desorption as molecules occurs 
principally by [8] during current flow. The long- 
standing difficulty has been to reconcile an 
apparently low value of 0, with an appreciable 
rate for [8], which would seem to depend 
linearly on 0,. Gerischer has indicated (21) how 
favorable a low metal-hydrogen bond strength is 
to reaction [8]. The mercury-hydrogen bond is 
likely (2) to be weak, which helps to explain the 
paradox. 

Weakly adsorbed hydrogen atoms, it is 
thought, could more readily escape from the 
surface, perhaps by evaporation (22) or by 
diffusion into the interior. The last suggestion is 
analogous to a hypothesis already proposed (10) 
for lead. The proposal of a hydrogen amalgam 
has been made earlier (13, 5)  on the basis of 
incomplete evidence. Further work recently 
performed in this laboratory (6,7) is in agreement 
with this idea. The slow growth of overpotential 
a t  mercury, already noted by Hiskey and Post (8), 
appears to be linked with saturation of the metal 
with atomic hydrogen. Detachment of hydrogen 
bubbles from a mercury surface under ultraclean 
conditions results in a potential shift (at constant 
current) opposite in sign to that of the slow 
growth; this is consistent with relief of surface 
supersaturation with atomic hydrogen, which 
otherwise accumulates continuously (6). 

Diffusion of hydrogen atoms into mercury, 
step [lo] 

[lo] Hg-Had, = Hab,(mercury) + Hg(l) 

competes with steps [8] and [9] and should be 
most rapid when 8, is greatest, presumably at 
high current density. Its occurrence would result 
in a decreased H, yield, which seems to be 
observed most significantly at the highest current 
densities in the present work. 

It  is possible, with the aid of a fairly rapid 
equilibrium for step [lo], to predict that condi- 
tions could be found in which 0, is essentially 
potential-independent, being maintained con- 
stant by out-diffusion from the bulk metal. If this 
could occur, then the absence of a pseudocapacity 

would no longer imply a small 0, and a major 
objection to  step [8] as the predominant desorp- 
tion step would be overcome. 

Miiller's discussion (1) of his results differs 
from the above, principally in that he envisaged 
the possibility of formation of hydronium 
amalgam or of a slowly decomposing aquated 
hydrogen molecule ion. We shall not discuss 
these possibilities further at this time, apart from 
remarking that we do not consider them very 
probable as explanations of the present results. 

Thanks are due to the National Research Council of 
Canada and to the Defence Research Board for their 
generous support of this work. 
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Molar excess enthalpies and volumes of cyclohexane - isomeric decalin 
systems at 25 "C1 
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The molar excess enthalpies and volumes of the systems cyclohexane - cis-decalin and cyclohexane - 
trans-decalin at 25 'C were determined by direct calorimetric and dilatometric measurements. The Flory 
theory of mixtures provides a useful basis for a qualitative interpretation of the results. 

Canadian Journal of Chemistry, 48, 211 (1970) 

Introduction 

The isothermal mixing of non-polar liquids is, 
in most cases, an endothermic process which can 
be explained semi-quantitatively in terms of 
differences in the dispersion forces between 
pairs of like and unlike molecules. In this regard, 
the systems cyclohexane - cis-decalin and cyclo- 
hexane - trans-decalin are of interest since they 
depart from the usual pattern. In particular, the 
formation (at 25 "C) of cyclohexane-decalin 
mixtures rich in cyclohexane leads to an evolution 
of heat, despite the fact that at lower concentra- 
tions the usual endothermic behavior is observed 
(1,2). 

Although the excess enthalpies and volumes of 
cyclohexane-decalin mixtures have been studied 
previously (1-4), further investigation of these 
interesting systems seems justified in view of the 
differences between the results reported and the 
doubts expressed regarding their reliability. The 
present paper describes measurements of the 
excess enthalpies and excess volumes of the two 
systems formed by mixing cyclohexane with the 
cis and trans isomers of decalin at 25 "C. Inter- 
pretation of the results in terms of the theory of 
FIory (5) is given in the Discussion section. 

Experimental 
Apparatus 

Successive dilution techniques were used in determining 
both the heats and the volumes of mixing; all measure- 
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ments were made at 25.00 "C. The isothermally jacketed 
calorimeter (6) employed for the enthalpy determinations 
contained a cooling module which facilitated the study 
of exothermic as well as endothermic processes. Over 
most of the concentration range the accuracy of the 
results is believed to be between 0.5 and 1.0 Jmole-'. The 
dilatometer of Pflug and Benson (7) was used for mea- 
suring the volun~e changes. In the case of equimolar 
mixtures, these could be determined with an accuracy 
estimated to lie between 1 and 2%. Further details of the 
equipment and operational procedures can be found in 
refs. 6 to 8. 

Materials 
The component liquids were purified in an F & M 

preparative gas chromatograph (Model 775). Spectro 
grade cyclohexane (Eastman Organic Chemicals) was 
passed through two 6 ft columns in series (both 314 in. 
diameter), one containing 18% Apiezon L on 30160 
Chromosorb W, and the other containing 20% squalane 
on the same solid support. The cis and trans isomers were 
separated from practicaI grade decalin (Matheson, Cole- 
man and Bell decahydronaphthalene, containing approxi- 
mately 57 % of the cis and 43 % of the trans isomers) using 
a 4 in. diameter column containing 20% Apiezon L on 
30160 Chromosorb W. Densities and refractive indices 
characterizing the final materials used for the enthalpy 
and volume measurements are given in Table 1, along 
with values from the literature (9, 10) for comparison. 

Results 

Our experimental results for the molar excess 
enthalpies (HE, J mole-') and molar excess 
volumes (VE, cm3 mole) of the two systems 
cyclohexane (1) - cis-decalin (2) and cyclohexane 
(1) - trans-decalin (2) at 25.00 "C are listed in 
Table 2. These data are also presented graphically 
in Figs. 1 and 2. 

The method of least squares was used to fit 
each set of results with an equation of the form 

where X' represents either H~ or vE, and x, is the 
mole fraction of cyclohexane. In each case, a 
minimum of 4 terms (n = 4 in eq. [l I) was needed 
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TABLE 1 

Properties characterizing the pure component liquids 

Density, d Z 5  (g ~ m - ~ )  Refractive index, nD20 

Comuonent Ex~erimental Literature Reference Exoerimental Literature Reference 

Cyclohexane 0.77385 0.77389 9 1 .42626 1 .42623 9 
cis-Decalin 0.89288 0.89291 10 1 .48090 1.48098 10 
trans-Decalin 0.86596 0.86592 10 1 .46949 1.46932 10 

to  represent the results adequately. The values 
adopted for the coefficients c,, and the standard 
error of the estimate o associated with the use of 
eq. [ I ]  are summarized in Table 3 ; the curves in 
Figs. 1 and 2 were calculated from eq. [ I ]  using 
these coefficients. 

Results obtained in some of the previous 

X ,  (CYCLOHEXANE) 

FIG. 1. Experimental molar excess enthalpies at 
25 "C. Our results: 0, cyclohexane - cis-decalin; a, 
cyclohexane - trans-decalin. Solid curves are least-squares 
representations by eq. [I]. Results of Lundberg for cyclo- 
hexane-decalin (mixture of isomers): A, 99% cis; 0, 
64% cis; V, 10% cis. Broken curves plotted from equa- 
tions given in ref. 2 represent results of Sturtevant and 
Lyons. 

investigations of cyclohexane-decalin mixtures 
are also shown in Figs. 1 and 2 for comparison 
with our results. Lundberg (1) reported excess 
enthalpies (at 25 "C) for 3 systems formed by 
mixing cyclohexane with isomeric decalin mix- 
tures containing 10,64, and 99 % of the cisisorner, 
respectively. His results for the 10% cis-decalin 
mixture are quite close to our trans-decalin curve, 
but in general his values for the 64 and 99 % cis- 
decalin mixtures lie above our cis-decalin curve. 
On the other hand, our cis-decalin curve is in good 

X, (CYCLOHEXANE 

FIG. 2. Experimental molar excess volumes at 25 "C. 
Our results: 0, cyclohexane - cis-decalin; e, cyclo- 
hexane - trans-decalin. Solid curves are least squares 
representations by eq. [I] .  A, results of Gbmez-IbBfiez 
and Wang (4) for cyclohexane - trans-decalin. 
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BENSON ET AL.: MOLAR EXCESS ENTHALPIES AND VOLUMES 

TABLE 2 
Experimental values of the molar excess enthalpy HE (J mole-') and molar 

excess volume V E  (cm3 mole-') at 25 "C 

Cyclohexane (I) - cis-decalin (2) Cyclohexane (I) - trans-decalin (2) 

XI HE XI V E  X1 H E  XI V E  

TABLE 3 
Values of the coefficients for eq. [ I ]  determined by the method of least squares* 

System 

Component 1 Component 2 Function c1 CZ C3 C4 c 

Cyclohexane cis-Decalin HE 111.97 196.67 -26.60 -43.19 0.47 
V E  - 0.7280 0.5687 -0.1141 -0.0815 0.0007 

Cyclohexane trans-Decalin H E  78.37 112.43 -99.67 10.08 0.30 
V E  - 0.2980 0.3308 -0.2170 0.0344 0.0007 

*Units: HE, J mole-'; Ve,  cm3 mole-'. 

agreement with that measured recently by 
Sturtevant and Lyons (2). The differences between 
our trans-decalin curve and that reported by the 
latter authors are larger in the endothermic region 
than can be attributed entirely to instrumental 
uncertainties. Possibly, differences in chemical 
purity have contributed to the discrepancy since 
Sturtevant and Lyons noted that, in some cases, 

their "results were extraordinarily sensitive to 
small amounts of impurities of unknown nature". 

Our results for the excess volumes of cyclo- 
hexane - trans-decalin can be compared in Fig. 2 
with those of Gdmez-IbBfiez and Wang (4). The 
latter are more scattered but there is reasonable 
agreement between the two sets of data. It appears 
that the expansions reported by Danusso (3) for 
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TABLE 4 

Parameters for the pure liquids at 25 "C 

v 103 a lo6 PI V* T* P* 
Component (cm3 mole-') (deg-') (atm- ) (cm3 mole-l) (OK) ( J  ~ r n - ~ )  u 

Cyclohexane 108.76 1.217t 115.5$ 84.27 4720 530.2 1 .2906 
cis-Decalin 154.84 0.8515 70.111 127.30 5739 542.6 1.2163 
trans-Decalin 159.66 0.8655 77.01/ 130.93 5683 504.6 1.2194 

?Based on density values from ref. 9. 
:Reference 19. 
§Based on density values from ref. 10. 
Calculated from the adiabatic compressibility (200) and the heat capacity (206). 

cyclohexane-decalin (a mixture of isomers) at 
30 "C are erroneous, although the conditions of 
that investigation are not strictly comparable 
with ours. 

Discussion 

Interpretation of the present results according 
to several different theories of mixtures was 
investigated. Neither the Scatchard-Hildebrand 
solubility parameter theory (1 1) nor the Barker 
quasi-lattice theory (12) appear to be very useful 
in providing an understanding of the results. In 
both of these theories, the quantity of primary 
interest is UvE, the molar excess energy at con- 
stant volume. 

"Experimental" values of UvE were obtained 
from the excess enthalpies and volumes, using 
the thermodynamic relation 

Values of a, the coefficient of thermal expansion, 
and of p, the isothermal compressibility, were 
estimated for the mixtures from data for the pure 
components (see Table 4) assuming additivity on 
a volume fraction basis. The volume term in eq. 
[2] is relatively large and is dominant at high 
concentrations of cyclohexane, completely elimi- 
nating the negative contribution from H", and 
leading to UvE VS. x1  plots which for both systems 
are nearly symmetrical about the equimolar 
concentration. Thus it appears that identification 
of UvE and HE as suggested in ref. 2 is not justified. 

Values of UvE calculated from the Scatchard- 
Hildebrand theory, using solubility parameters 
estimated from latent heats of vaporization, are 
too small. They are approximately 113 and 116 of 
the experimental values for the cis- and trans- 
decalin systems, respectively. 

Several Barker type models which approxi- 
mately reproduced the experimental values of 
UE were developed. However, none of these was 

satisfactory because the distinction between 
different kinds of contact areas in the decalin 
molecules was arbitrary, and it was impossible 
to give a reasonable interpretation of the contact 
interaction energies obtained for any of the 
different assignments. 

The Flory theory (5) of mixtures provided the 
most interesting basis for the analysis of our 
results. In the remainder of this discussion, the 
Flory theory is reviewed briefly and its application 
to our results is described. 

Flory Tlzeory of Mixtures 
Only the equations of the Flory theory needed 

for the present application are summarized here. 
The notation follows that of Flory closely and 
reference should be made to the original paper 
(5) for details of the derivations. 

In order to deal with mixtures of molecules 
differing in size, a molecule is considered to be 
made up of r isometric portions or segments. Each 
segment has s intermolecular contact sites which 
can interact with neighboring sites. The molar 
volume v of a pure liquid can be written as 

where u is the volume of a mole of segments. 
An asterisk is used to denote characteristic 

values of temperature, pressure, and volume. 
The characteristic volume is identified with the 
hard-core volume 

The reduced volume, defined by 

can be calculated from the expression 

[6 I n = [(I + 4 aT>/(l + C X T ) ] ~  

where a is the coefficient of thermal expansion. 
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BENSON ET AL.: MOLAR EXCESS ENTHALPIES AND VOLUMES 21 5 

The characteristic pressure p* and temperature 
T* are obtained from the relations 

and 

18 I T* = TIT 
where at zero pressure the reduced volume and 
temperature (T) satisfy the reduced equation of 
state 

[9 I T = (5113 - 1)/6413 

The reduced temperature appropriate for a mix- 
ture of two species of molecules (indicated by 
subscripts 1 and 2) at mole fraction x, is 

where XI, is a constant characterizing the dif- 
ference in the energy of interaction between sites 
on neighboring molecules of species 1 and 2, 
from the average of the interactions in the pure 
component liquids. The segment fractions 43, 

and 4, are defined by 

and the site fraction 8, by 

[I21 92 = $2/(+2 + +1s1/s2) 

The formulae for the molar excess enthalpy and 
molar excess volume are 

[13] HE = ~ ~ p ~ * v ~ * ( i j ~ - ~  - ij-l) 
+ X~P,*V~*(B, -~  - a-1) + ~ , ~ , * e ~ x , , s - ~  

and 

[14] VE = (xlvl* + x2v2*) (6 - ijO) 

where 

[151 60 = +,c, + $2ij2 

Exothermic heats of mixing are generally 
interpreted as indicating the formation of some 
kind of complex in the mixture. Such an inter- 
pretation is unrealistic for the present non-polar 
systems and it appears that their behavior is more 
analogous to that of systems of the n-alkanes, 
which are endothermic at room temperature, 
exothermic at higher temperatures, and at inter- 
mediate temperatures show a reversal of sign 
with composition (13, 14). Flory and co-workers 
(15, 16) have shown that this behavior follows 

[ I l l  $2 = 1 - $1 = xzl(x2 + x,r,lr2) qualitatively from eq. [13]. In this regard it is 
instructive to write eq. [13] in the form 

[I61 HE ~1~1*@zX12/fi + ~1~1*+2[(f i i  - C Z ) / ~ ~ I  (pz*lfiz - ~1 l f i l )  + [VEI(fi0)21  PI* + 42P2*) 

which provides a good approximation for HE  
when vE is small. It is clear from eq. [16] that H E  
is a sum of 3 contributions. The first term repre- 
sents the contact interaction energy, the second 
term depends on the difference in the reduced 
volumes of the pure components, and the last 
term takes account of the effect of the volume 
change when the mixture is formed. For simple 
dispersion forces, the first term will usually be 
positive; the remaining terms may be of either 
sign, and when one or both of them is negative, 
the sign of WE will depend on the relative magni- 
tudes of the three contributions. 

Values of the properties of the pure component 
liquids are given in Table 4, along with the corre- 
sponding values of the characteristic volumes, 
temperatures, and pressures, and of the reduced 
volumes. In order to calculate the excess prop- 
erties of mixtures, the ratios r1/r2 and s , /~ ,  are 
required. Since the same hard core volume is 
adopted for the segments of both species 

D'71 r1/r2 = v1*/v2* 

For small molecules which were approximately 
spherical, Abe and Flory (17) assumed that 

[I81 s,/s2 = (v,*/v, *)113 
In the present work, calculations were carried 
out using this assumption, and also treating the 
ratio s,/s2 as an adjustable parameter. 

By definition, the square of the standard 
deviation between the experimental and theo- 
retical values of HE is given by the integral 

~191  oH2(xl,, SIISZ) 

[HEexpt - f fE~lOry(X~ 29 ~1132) I2dx1 

where the dependence on XI, and s1/s2 has been 
indicated explicitly. The corresponding relation 
for the square of the standard deviation of the 
volumes is 

Pol ~v2(Pr ,z ,s~/sa)  
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BENSON ET AL.: MOLAR EXCI !SS ENTHALPIES AND VOLUMES 217 

The following calculations were carried out 
for each system: (a) s,/s, was obtained from eq. 
1181 and the value of XI, which minimized oH2 
was determined; (b) sl/s, and X I ,  were treated 
as variable parameters and their values chosen 
to minimize oH2. In both calculations, the corre- 
sponding values of VE and o, were computed 
from eqs. [14] and [20]. 

The results of the calculations are summarized 
in Table 5 and Figs. 3-5. It can be seen from these 
that the Flory theory provides reasonable esti- 
mates of VE in both calculations; thus this func- 
tion apparently is not sensitive to the method 
adopted in fitting HE. On the other hand, it was 
not possible to adjust XI, to give a good fit of 
H~ when the value of s1/s2 was derived from eq. 
[18]. Much better fits of HE were obtained when 
s,/s, was treated as an adjustable parameter, but 
even then the exothermic parts of the curves were 

X I  ( C Y C L O H E X A N E )  

FIG. 3. Molar excess enthalpies calculated for cyclo- 
hexane - cis-decalin at 25 "C by the Flory theory. 
Curves a and b,  HE^^,,, for calculations (a) and (b) de- 
scribed in text. In calculation (b),  individual contributions 
for the three terms of eq. [I61 are labelled b l ,  b,, and b3, 
respectively. For con~parison, solid curve represents our 
smoothed experimental results. 

X ,  (CYCLOHEXANE)  

FIG. 4. Molar excess enthalpies calculated for cyclo- 
hexane- trans-decalin at 25 "C by the Flory theory. 
Curves a and b, HEFl,,, for calculations (a) and (6) de- 
scribed in text. In calculation (b), individual contributions 
of the three terms of eq. [16] are labelled b l ,  b,, and b3, 
respectively. For comparison, solid curve represents our 
smoothed experimental results. 

underestimated quite significantly. However, it is 
clear that explanation of the sigmoid shape of the 
excess enthalpy curve requires abandoning the 
assumption of spherical shape. 

The values (4.6 and 3.4) obtained for sl/s2 in 
calculation (b) are considerably larger than might 
be expected from geometric considerations (i.e. 
measurements of the shadows cast by CPK(Ea1ing 
Scientific Ltd.) molecular models as described by 
Eichinger and Flory (18)). It can be seen from 
Table 5 that the values of the ratio s,,,,,/sCis corre- 
sponding to calculations (a) and (b) are, respec- 
tively, less than unity and greater than unity. The 
latter result seems more reasonable in view of the 
more extended shape of the trans-decalin molecule 
as compared to the folded form of the cis-decalin 
molecule. Nevertheless, the strict interpretation 
of sl/s, as a ratio of segment surface areas is 
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We are indebted to Dr. T. Boublik and Dr. J. Polhk 
unrealistic in calculation (b), and this quantity for heloful discussions of the thermodvnamics of cvclo- 
must be considered to be a purely empirical hexaneldecalin systems. We also wish to thank ~ r . - P .  J. 
parameter. D'Arcy and Mr. C. J. Halpin for valuable technical 

assistance during the experimental measurements. 

X (CYCLOHEXANE) 

FIG. 5. Molar excess volumes at 25 "C calculated by 
the Flory theory. VE,,,,, for calculations (a) and (b) 
described in text are indicated by the dotted and broken 
curves, respectively. For comparison, solid curves repre- 
sent our smoothed experimental results. 
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Studies sf rhenium-carboxylate complexes. 111. The crystal and molecular 
structure of tetra-P-n-butyratodirhenium(1II) diperrhenate 

C. CALVO, N. C. JAYADEVAN, C. J. E. LOCK,' AND R. RESTIVO 
Institute for Materials Research and Department of Chemistry, McMaster University, Hamilton, Ontario 

Received October 1, 1969 

One of the compounds obtained by the reaction of rhenium(II1) chloride with n-butyric acid while 
exposed to oxygen has been shown by single crystal X-ray diffraction to be tetra-p-n-butyratodi- 
rhenium(II1) diperrhenate. The crystals are triclinic with lattice parameters a = 7.836(8)& 
b = 10.746(8) A, c = 8.773(8) A, cc = 88.9(1)", = 106.5(1)", and y = 98.0(1)". The space group is PI 
and there is one formula unit per cell. A total of 1593 independent reflections were examined and the 
structure was refined by full 3-dimensional least-squares to an R value of 0.123. Two rhenium environ- 
ments are found, one consisting of a dimer unit bridged by 4 carboxylate groups and the other a per- 
rhenate group. This latter group, showing a mean Re-0 distance of 1.75 A, shares an oxygen atom 
with a rhenium atom in the dimer unit, and this Re-0 bond length is 2.18 long. The structure results 
from packing of short chains, consisting of the dimer unit and the 2 perrhenate groups, running roughly 
parallel to the [ I l l  ] direction. 

Canadian Journal of Chemistry, 48,219 (1970) 

Introduction 

Taha and Wilkinson ( I )  prepared a novel 
series of carboxylato-complexes of rheniurn 
which were postulated to have the molecular 
structures shown as 1 to 3 

unit is bridged by 3 carboxylate groups and each 
rhenium has a chlorine atom attached forming 
nearly a square-planar array with the carboxylate 
oxygen atoms. Rouschias and Wilkinson (5) have 
since prepared other carboxylate complexes in 
which the bridging arrangement was postulated 
to be 4 and 5, Cotton and Foxman (6) have shown 
that 5 is basically correct but that the unexpected- 
ly short Re-Re distance of 2.522(2) A implies a 
strong metal-metal bond. It was of interest to see 

The molecular structure of B has been shown 
to be basically correct (2,3), although the Re-Re 
distance is very short, implying a very strong 
rhenium-rhenium bond. Calvo et al. (4) have 
shown that the compound prepared by Taha and 
Wilkinson's method for 2 does not have the 
structure suggested, but is a chain structure 
consisting sf  alternate dimer units containing 2 
rhenium atoms with a very short Re-Re distance 
and perrhenate groups. The dimeric rhenium(lI1) 

'To whom correspondence should be addressed. 

whether 3 was correct, whether the structure was 
basically correct but contained a strong Re-Re 
bond, or whether the structure, like 2, was 
incorrect and contained a mixture of tightly 
bonded dimer Re(III) units together with groups 
containing rhenium in other formal oxidation 
states. We now report the correct structure for 3. 

Experiments 
Rhenium(1II) chloride2 (2 g) was heated with n-butyric 

acid (25 ml) for 4 days at just below the boiling point in a 
slow stream of oxygen which was dried by bubbling 

Wbtained from the Shattuck Chemical Company 
Denver, Colorado. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



220 CANADIAN JOURNAL OF ( :HEMISTRY. VOL. 48, 1970 

through concentrated sulfuric acid. The small amount of 
purple crystals formed were filtered from the hot solution. 
The filtrate on cooling deposited orange crystals (I g). 
They were washed repeatedly with ethanol to remove any 
impurities. Single crystals suitable for X-ray analysis 
were obtained by recrystallization from boiling butyric 
acid. The crystals were washed with petroleum ether until 
acid-free and dried in vacuo. Carbon and hydrogen 
analyses were done by Galbraith Laboratories, Knox- 
ville, Tennessee. 

Anal. .Calcd. for CsHi40,Re2: C, 15.7; H, 2.3. 
Found: C, 15.9; H, 2.25. 

The infrared spectrum was recorded on a Perkin- 
Elmer 337B spectrophotometer using powder samples 
suspended in a Nujol mull between sodium chloride 
plates. The spectrum was identical to that reported for 
oxorhenium (V)-p-dioxo-y-di (n-butyrato) oxorhenium (V) 
(1). 

Crystallography 
A single crystal of dimensions 0.08 x 0.08 x 0.08 mm3, 

which showed complete extinction every 90" when viewed 
through a polarizing microscope was used for X-ray 
studies. A Weissenberg photograph taken of the [loo] 
zone with Cu Ka radiation and calibrated with the 
diffraction pattern from a single crystal of Ti02 (a = 
4.5929(5) A, c = 2.9591(3) (7)) was used to calculate 
accurate reciprocal axes lengths b* and c* and the angle 
a*. Precession photographs of the [OOl] and [010] zones 
obtained using Mo K a  radiation were also calibrated 
with a Ti02 diffraction pattern and permitted a deter- 
mination of all of the lattice parameters. The crystal 
data are shown in Table 1. 

TABLE 1 

Crystal data for [Re2(n-C,H,02)4](Re04)2 

Parameter Unit Value 

A 8.773(8j 
degree 88.9(1) 
degree 106.5(1) 
degree 98.0(1) 

Systematic absences 
Space group 

The density of a few single crystals was measured by 
flotation in a diiodomethane-tetrachloromethane mixture 
whose density was subsequently determined kith a 
pycnometer. The measured density of 2.82(3) g cm-3 
implied that there were 2 molecular units of [Re204(n- 
C3H7C02)2] per unit cell. 

The first 4 layers containing nkl (n = 0-3) were 
photographed by the multiple film technique and the 
equi-inclination Weissenberg method using Cu Ka 
radiation. Layers hkO and h0l were recorded on a pre- 
cession camera using Mo K a  radiation. 

The intensities of the reflections were estimated visually, 
and then corrected for Lorentz and polarization effects. 
All data collected using Cu K a  radiation were corrected 
for absorption assuming the crystal was a sphere of 
radius equal to 0.04 mm, siace otherwise errors of 10-15 % 
would have been introduced into the structure factors 
(pR = 1.27 for Cu Ka and 0.07 for Mo Ka). 

Standard errors, o, were assigned to each intensity and 
weights w = 1/02 were used throughout the refinement. 
Greater weights were given to reflections which could 
be measured on all 3 films than to those which could be 
measured only on 1 or 2 films.3 For unobserved reflec- 
tions, weights calculated from o = 0.5Fm1, were used 
only when the calculated structure factor IF,I > 0.8Fm,,, 
where F,,, was the local minimum of the observed 
structure factor; otherwise they were given zero weight. 

Solution of the Structure 
The unit cell was triclinic with space group P1  

or PI. Patterson maps were calculated using the 
data from [OlO], [loo], and [001] zones sepa- 
rately. Each one of these projections had 4 
strong peaks per asymmetric unit of the projec- 
tions, 2 of which had peak heights approximately 
double those of the other 2. This is characteristic 
of 4 rhenium atoms in the unit cell, related in 
pairs by a center of inversion, thereby indicating 
that the space group is PI. This choice was 
confirmed by the successful structure analysis. 

The Patterson solution of the 2 independent 
rhenium atoms of the asymmetric unit of the unit 
cell was determined. Structure factor calculation 
using the Re(0) scattering factors and an isotropic 
temperature coefficient Bi = 2.0 (A)2 gave R, 
indices of 0.20 for [010] data and 0.26 for [001] 
data.4 The Re-Re distances were Re(1)-Re(l), = 
2.2 A, Re(1)-Re(2) = 3.8 A, and Re(2)-Re(2), = 
4.60 A where the subscript i is used to indicate a 
centrosymmetrically related atom. This situation 
was similar to that observed in the structure of 
[Re2C12(i-C,H,C02),](Re0,) (4). Thus the cell 
contains a dimer unit with a very short Re-Re 
distance and 2 monomeric rhenium atoms. 
Moreover, the strongly-bonded rhenium dimer 
has a rigorous center of symmetry and hence can 
have only an even number of carboxylate groups 
coordinated to it. 

Repeated structure factor calculation followed 
by difference synthesis located all non-hydrogen 
atoms. The Re(0) scattering curve of Cromer and 

3Thus o = O.lFo if 50 < F, < 200, o = 0.15F0 if 
20 < F, < 50 or F, > 200, and o = 0.25 F, if F, < 20. 
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TABLE 2 

Atomic parameters for [Re2(n-C4H702)2](Re04)2* 
--- - 

Coordinates 

Atom x Y z B 

Re(l) 0.37718(84) 0.44523(16) 0.41665(17) 
-0.08308(38) 0.32351(20) 0.13000(20) 

f 
Re(2) 

0.5232(54) 0.3026(25) 0.4209(33) 
f 

o(1) 4.44(63) 
0.3110(44) 0.3651(20') 0.6003(25) 2.85(60) 
0.2292(52) 0.5899(26) 0.4047(33) 4.57(74) 

O(4) 0.4556(52) 0.5250(25) 0.2353(32) 4.29(75) 
o w )  0.1521(52) 0.3407(25) 0.2398(31) 4.57(82) 
o(22) - 0.2109(62) 0.4162(32) 0.2181(39) 6.32(93) 
o(23) -0.0831(60) 0.3871(32) -0.0479(40) 6.44(97) 
O(24) -0.1348(62) 0.1656(30) 0.1479(38) 6.04(98) 
c(21) 0.6019(90) 0.6051(46) 0.2669(56) 5.5(14) 
c(22) 0.6486(98) 0.6790(49) 0 . 1  176(62) 6.1(14) 
c(23) 0.6524(96) 0.8125(48) 0.1172(62) 6.1(17) 
C(24) 0.6633(108) 0.8769(58) -0.0396(71) 7.6(17) 
(331) 0.3273(100) 0.6960(48) 0.5011(63) 6.0(13) 
(332) 0.1763(99) 0.7832(52) 0.4811(64) 6.6(14) 
(333) 0.2047(94) 0.8946(51) 0.3631(61) 6.3(17) 
c(34) 0.1247(98) -0.0034(51) 0.3735(63) 6.4(17) 

Atom uil$ u2 2 u3 3 u1.2 u13 u2 3 

464(24) 515(10) 344(8) 61(12) 21(11) 45(7) 
549(28) 735(14) 474(11) 58(16) 31(16) 103(9) 

*Estimated standard deviation in parentheses. 
'fAnisotropic thermal parameters used for rhenium atoms (.&I2 x lo4, 
iThese values were obtained from pi, = 2nzblb,U,, where p. ' s  appear as a temperature effect through 

exp I - (Pl lh2 + 2Phk + ... )] in the structure factor expressh and b, are the reciprocal lattice vectors. 

Waber (8) was used (initially without the anoma- 
lous dispersion corrections) to refine the scale 
factors, positional parameters, and the initial 
isotropic temperature factors of 3.0 (A)' for 
oxygen atoms and 4.0 (A)2 for carbon atoms. 
The anomalous dispersion effects tabulated by 
Cromer (9) show a significantly different value 
for Mo Ka from that for Cu Ka data. After 2 
cycles of refinement the molybdenum data were 
modified to obtain pseudo observed structure 
factors that would have been obtained if copper 
radiation were employed. Since the atomic posi- 
tions of rhenium atoms significantly changed in 
2 cycles of refinement, the new coordinates were 
used to correct the data once again. The rhenium 
atom positions used to obtain pseudo-copper 
data did not shift significantly in further cycles of 
refinement. The atomic scattering factors of 
carbon and oxygen atoms were taken from the 
"International tables for X-ray crystallography" 
(10). 

parameters are given in Table 2 and the observed 
structure factors compared with those calculated5 
in Table 3. A difference Fourier map calculated 
using these structure factors had no residual 
peaks greater than 1.4 e/A3 or less than - 1.5 e/A3. 
Further, no parameter shifted by more than 
N 113 of its estimated standard deviation in the 
last few cycles of refinement. 

Results and Discussion 
The structure which is shown in Fig. 1 consists 

of a carboxylato-bridged dimeric rhenium unit, 
[Re,(n-C3H,C02),] and two ReO, units, one at 
each end of the dimer unit. Thus the correct name 
of the compound is tetra-y-n-butyratodirhe- 
nium(II1) diperrhenate. The compound is the 
second of a series of compounds containing the 
strongly bonded Re, unit in addition to non- 
dimerized rhenium atoms (4). The method of 
preparation, analyses, average oxidation number 

\ -  I 

Of the 1593 independent reflections used, 1173 
Were strong enough to be n~eas~red  and %'ere sTable 3 has been  laced in the De~ositorv of Un- 
given non-zero weights in the last cycle of least- published Data. ~hotbcopies may be obtained free of 

squares refinement where convergence occurred charge, upon request, from: Depository of Unpublished 
Data, National Science Library, National Research 

at R, = 0.123 and R2 = 0.133. The positional Council of Canada, Ottawa, Canada. 
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of V for the rhenium atoms, and infrared spectra 
of our compound are identical to those reported 
by Taha and Wilkinson (1) for oxorhenium(V)- 
p-dioxo-p-di-n-butyrato-oxorhenium(V) and it is 
clear that their compound must now be reformu- 
lated. The bond distances and bond angles are 
listed in Table 4. The numbering of atoms refers to 
that used in Fig. 2, and the subscript i in this table 
refers to the related atom generated by the center 
of symmetry. Each rhenium atom of the dimeric 
unit has an oxygen atom bonded at a distance of 
2.18(3) A along the Re-Re axis. This oxygen 
atom is shared with the perrhenate unit. Although 
large errors in the Re-0 distances do not allow 
unambiguous conclusions to be drawn, the 
Re(dimer)-O(perrhenate) distance appears to 
be longer than the mean Re-O(carboxy1ate) 
distance of 2.02(3) A (-- 50). We feel, however, 

FIG. 1 .  Projection [OIOI of the compound Re&- that the Re-O(perrhenate) bond is not ab- 
C3H7C02)4(Re0,)2. normally long and should be considered as a 

TABLE 4 
Bond distances and bond angles in [ReZ(n-C3H7C02)4](Re04)2* 

Bonded atoms Distance (A) Bonded atoms Distance (A) 

Bonded atoms Angle (") Bonded atoms Angle (") 

*Subscript i refers to the atom related by a center of symmetry to the corresponding atom listed 
in Table 2. Estimated standard deviations in parentheses. 
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FIG. 2. The basic structural units of Re2(n-C3H,- 
C02)4(Re04)2. 

normal Re-0 single bond. The errors involved 
preclude any conclusion that this bond is signif- 
icantly longer than normal, a conclusion which 
has been drawn for the related axial Re-Cl 
bond distance in compounds of the type Re2- 
(RC02),C12 (2, 3). However, the non-bonded 
distances between the oxygen atom (perrhenate) 
bonded to the dimer rhenium atom and the 
nearest neighbor oxygen atoms of the carboxylate 
atoms are 2.95(3)-3.05(3) A, significantly greater 
than the sum of the van der Waals radii, 2.8 A 
( l l ) ,  so the difference in the rhenium-oxygen 
distances in this case cannot be caused by non- 
bonded interactions of the type we have discussed 
previously (4). The perrhenate groups have close 
to tetrahedral symmetry, although there appears 
to  be a slight distortion, corresponding to squash- 
ing the tetrahedron along the tetrahedral 2-fold 
axis bisecting O(21)-Re-O(22) and O(23)- 
Re-O(24). The differences in the 0(21), O(22) 
and 0(23), O(24) distances (40) may not be 
significant but there appear to be differences 
between the O(23)-Re(2)-O(24) and O(21)- 
Re-0(24), O(21)-Re-0(23), O(22)-Re- 
0(24), O(22)-Re-O(23) angles (- 70). 

The perrhenate ion in tris(p-i-butyrats)di- 
(chlororhenium(1II)) perrhenate also showed a 
mean R e 0  bond length of 1.75 A where 2 oxygen 
atoms are shared at a Re(dimer)-0 distance of 
2.28 A. In this case the distortion of the tetra- 
hedron is angular and can be pictured as a 
repulsion of the 2 oxygen atoms not shared 
between the perrhenate group and the dimer. 

There are 4 bridging carboxylate groups in the 
dimer unit, and apart from the substitution of 
the chloride ligands in the axial positions by 
perrhenate groups, the dimeric unit has the 
same features as those shown by Re2(n-C3H,- 
C02),C12 (3) and Re2(C,H,C02),C12 a2CHC1, 
(2) and it is a complex of rhenium(II1). Although 
crystallographically the unit possesses only a 
center of symmetry, the dimer has an eclipsed 
rotomeric configuration of approximate sym- 
metry D,,. Each rhenium atom is thus at the 
center of an approximately square set of oxygen 
atoms, with the other rhenium atom and an axial 
oxygen atom of an ReO, unit completing an 
axially distorted octahedral coordination about 
the metal atom as shown in Fig. 2. 

The Re-Re distance of 2.251(2) A is con- 
sistent with a bond order of 4 on the basis of the 
arguments of Cotton (12). Within the dimeric 
unit the rhenium-to-carboxylate oxygen bond 
lengths average 2.01(3) A, and the 4 smallest 
0-Re-0 angles are close to 90" within the 
uncertainties estimated. The planes calculated 
using the program PALS and giving individual 
atoms weights according to 

a.b.~.o(x).o(~).o(z) ]ii3 
where a, b, c are cell constants and o(x), o(y), 
and o(z) are standard deviations of the atomic 
coordinates, are shown inTable 5. The 4 carboxyl- 
ate groups form 2 planes (planes 2 and 3) which 
are orthogonal to each other and to the plane 
formed by each rhenium atom and the 4 carboxyl- 
ic oxygen atoms coordinated to it. The planes 
show that the eclipsed rotomeric configuration 
is retained. 

The C-0 and C-6 bond lengths and cor- 
responding angles are similar to those observed 
in other carboxylato-bridged dimeric complexes 
and are in agreement with those found in 
Re,(n-C3H,C02),C12 (2) in this laboratory. 

The structure results from packing short chains 
consisting of the dimer unit and the 2 perrhenate 
groups. These rods roughly parallel the [I 111 
direction in the crystal. The tetra-p-n-butyrato- 
dirhenium groups pack like mounted bicycle tires 
with the perrhenate groups acting as the pro- 
truding axle. The molecules pack with these 
axles coparallel and tilted with the chain direction 
defined by the line of extention of these groups. 
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TABLE 5 
Weighted least-squares molecular planes* 

Type of plane No. Equation 

*The orthogonal coordinate system corresponds to the crystallographic a, b, c* axes. 

The nearest approach of 2 molecules in the chain 
is determined by the van der Waals contact of 
centrosymmetrically related perrhenate groups 
involving O(1) and O(3). The hydrocarbon forms 
the rim of this tire and limits the closest approach 
of parallel chains, with interaction between the 
hydrocarbon and perrhenate groups defining 
the length of the a axis. 

Conclusions 
We conclude that the compound formerly 

formulated as oxorhenium(V)-p-dioxo-p-di-n- 
butyrato-oxorhenium(V) is really tetra-p-n-buty- 
ratorhenium(II1) diperrhenate and is another in 
the series of rhenium(II1) compounds containing 
the remarkably stable Re, unit. In addition it is 
the second compound in this series which con- 
tains perrhenate groups. 

We wish to thank the National Research Council of 
Canada for financial support and one of us (N.C.J.) 
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Photochemical synthesis 29.1,'y3 Photoannelation and cyclohexenone 

P. DE MAYO, A. A. NICHOLSON, AND M. F. TCHIR 
Department of Chemistry, University of Western Ontario, London, Ontario 

Received July 8, 1969 

Values of 1.7 x 10' s-I and 2.5 x lo7 M-' s-' for k,, the unimolecular rate constant for decay, and 
k,, the rate constant for addition to cyclohexene, have been obtained for cyclohexenone. These indicate 
that this cyclenone decays somewhat faster and reacts significantly slower with the same substrate 
(in the same solvent) than does cyclopentenone. Evidence is adduced, from sensitization experiments 
and the phosphorescence quenching of a range of carbonyl compounds, that the reactive triplet and 
lowest triplet of cyclohexenone lie close together, if they are indeed not identical, and the energy of this 
triplet is in the region of 66-68 kcal/mole. This is higher than that indicated by photostationary state 
measurements. This latter method, applied to cyclenones, may be suspect, and triplet energies so derived 
subject to doubt (that of cyclopentenone included) or have a different significance from those obtained 
by other methods. Further attempts to demonstrate the existence of a lower, cycloadditively unreactive, 
triplet in cyclopentenone have been negative. It now seems far more likely that the original interpretation 
was in error, that the lowest energy triplet is near 73 kcal/mole, and that a special mechanism for 
quenching benzophenone triplets by ground state cyclopentenone exists. The evidence for other multiple 
reactive triplets is re-examined as is the evidence for the nature of the states involved. 
Canadian Journal of Chemistry, 48, 225 (1970) 

In an earlier publication (1) we discussed the 
mechanism of cyclopentenone photoannelation. 
We found, as had Eaton and co-worker (2) and, 
subsequently, Ruhlen and Leermakers (3) that 
the reaction proceeded through a triplet. We also 
found that the yield of this triplet, that is the 
intersystem crossing efficiency from the singlet, 
was 100%. The available evidence suggested that 
the photoannelation was a rapid reaction wbich 
was not stereospecific, but which did not allow 
complete stereochemical equilibration to occur. 
In  subsequent work we showed that an inter- 
mediate complex was formed, as was originally 
suggested by Corey et al. (6), a fraction of which 
continued on to give products. The remainder 
collapsed to form molecules in the ground state 
(4), and led us to conclude that the partitioning of 
this intermediate was the most important factor 
in determining the quantum yield of photo- 
annelation. Because the rate constant for forma- 
tion of this complex, even at - 70°, was close to 
lo9 M - I  s-I (4, 5) it seemed likely that this was 
some form of exciplex rather than a biradical, and 
that the formation of such a biradical, if an inter- 
mediate and not on a divergent pathway, was a 
subsequent step.4 Similar concIusions with re- 

'For Part 28, see reference 9. 
'Publication Number 1 from the Photochemistry Unit. 
3This paper constitutes part of the thesis by P. DE Mayo, 

University of Paris, Faculty of Science, Orsay, France. 
4That a biradical is formed at all seems very probable 

because of the unsaturated products, first noted by 
Corey et al. (6), which frequently accompany photo- 
annelation. The lack of stereospecificity in the addition 
can be so construed (7) but involves more complex argu- 
ments. This point will be returned to later. 

gard to the dimerization of cyclopentenone were 
reached by Wagner and Bucheck (8). 

Two other features were discussed: the energy 
of the reactive state and its nature. Since it was 
found that sensitizers above 73 kcal/mole could 
induce photoannelation, but that nonetheless 
cyclopentenone quenched benzophenone triplets 
at a near diffusion controlled rate, it was sug- 
gested that T, was the reactive state and that T I  
(presumably below 68 kcal/mole) was inert in the 
photoannelation process. That the lowest triplet 
of cyclopentenone was below 68 kcal/mole was in 
accord with Leermaker's finding, from photo- 
equilibration experiments, of a value of 62 kcall 
mole (3, 19). 

A later study with constrained cyclopentenones 
which had the advantage of showing phospho- 
rescent emission, did not give as clear-cut results 
and required that the interpretation be re- 
examined (9). 

Simultaneously with the above studies we have 
been making parallel investigations with cyclo- 
hexenone. Before and during the progress of our 
work there were valuable reports from other 
workers which suggested the kxistence of both 
parallels and divergences in behavior between 
these two ketones. Thus, although the yield of 
cyclopentenone reactive triplets was near unity 
that of cyclohexenone appeared to be less. There 
was also evidence (10, 11) that cyclohexenones 
reacted through two triplets apparently capable 
of being differentially quenched. 

We report here the results obtained with 
cyclohexenone, and follow with a discussion 
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concerning the photoannelation process as it con- 
cerns cyclopentenone and cyclohexenone. 

Experimental 
Materials 

Cyclohexenone was prepared from the corresponding 
ethylene ketal (12) by hydrolysis with aqueous (0.05 N) 
hydrochloric acid at room temperature. After distillation 
(60°/10 mm) the product had two impurities as indicated 
by gas-liquid chromatography (g.1.c.) on a 5 % FFAP 
column (8' x 118") on Diatoport S at 50". One had a 
shorter retention time (0.1 %) and one (0.6%) somewhat 
longer than that of cyclohexenone. For the purest 
material the main impurity was removed by preparative 
g.1.c. This was used for the Beer's Law measurements: for 
the remainder the material of 99.3 % purity was used. 

Cyclopentene, cyclopentenone, and cyclohexene were 
purified as previously described (1). Benzene (Philips 
Research Grade) was used without further purification as 
was cyclohexane (Fisher spectroanalysed) and anhydrous 
ether (Mallinckrodt). Isopropanol was distilled from 
calcium hydride. 

The calibrating compounds in g.1.c. analysis were 
benzophenone, naphthalene, 2-methylnaphthalene, and 
octacosane. The first three were crystallized from 95% 
ethanol and the last (Aldrich) was used without further 
purification. 

The diene 2,5-dinzethyl-2,4-hexadiene (Aldrich) was 
distilled under nitrogen (18" spinning band) and stored 
at - 20 "C under nitrogen. It was passed through a short 
column of alumina (Woelm, neutral) immediately before 
use. trans-Piperylene (Aldrich) was distilled and passed 
through a column of neutral alumina before use. 

Sensitizers 
Recrystallized benzophenone (4 times from 95% 

ethanol) was dried: &3,, = 72. Acetophenone was frac-- 
tionally distilled: c3,, = 39. p-Bromoacetophenone was 
recrystallized from cyclohexane and sub1imed.p-Tri'uoro- 
metlzylacetophenone (Eastman) showed no detectable 
impurities on g.1.c. ; E~ = 35. p,p'- Dichlorobenzophenone 
was prepared by the method of Dittrich (13). The final 
product was chromatographed on silicic acid (eluant: 
ethyl acetate - light petroleum (60-80"); 1 :9) and re- 
crystallized 5 times from ethanol, m.p. 144-145", and 
shown to be greater than 99.9% pure by g.1.c. p-Cyano- 
benzophenone was prepared by the method of Aziz 
et al. (14). The final product was chromatographed on 
silicic acid (eluant: benzene) and after 4 recrystallizations 
(95% ethanol) had m.p. 113.5-115" [lit. value 113-114" 
(15)l. 4-Methyl-4-trichloromethylcyclohexaclinone, pre- 
pared by the method of Newman and Pinkus (16) had 
m.p. 104-105". 4-Benzoylpyridine (Aldrich) was recrystal- 
lized from light petroleum (60-80") and g.1.c. showed 
greater than 99% purity. Etlzyl pyrzrcate (Aldrich) was 
distilled and showed greater than 99% purity by g.1.c. 
Triphenylamiize (Eastman) was purified by crystallization 
from ethy! acetate and had a m.p. of 127.5". 

Preparation of Adducts 
A typical preparation was as follows. Cyclohexenone 

(2.045 g) in 25 ml cyclohexene was degassed by bubbling 
nitrogen through the solution. The solution was irradiated 

with a Hanovia 450 W medium-pressure mercury arc 
through a Pyrex filter for 30 min. The cyclohexenone was 
completely consumed as shown by thin-layer chroma- 
tography (t.1.c.). After removal of solvent the product was 
isolated and separated from low boiling material by g.1.c. 
(10% FFAP on Chromosorb P, 8' x 318" run at 160"). 
The dimers were prepared by irradiating cyclohexenone 
(1 g) in benzene (25 ml) in a similar fashion for 2 h. 
Separation was achieved on the same column at 220'. 
Four dimers (2 major; 2 minor) were observed in agree- 
ment with Hammond's observations (17). 

Quantum Yields 
The optical bench system has been described previously 

(1). Analysis was carried out with an Aerograph Hy-Fi- 
600-C gas chromatograph with flame detector, using a 
5' x 1/8", 2.5% Carbowax 20 M on Diatoport S column 
at 160" (dimers) or 120" (adducts). An alternative column 
was a 5% FFAP 6' x 118" on Diatoport S at 135' 
(adducts) and 185" (dimers). The purified adducts were 
calibrated against naphthalene or 2-methylnaphthalene 
whilst the dimers were calibrated against benzophenone 
or octacosane. The 313 and 366 nm lines were isolated 
using the filters B and C described by Kasha (18). 
Irradiations were carried to between 1-5% conversion. 
(Reproducibility was 10.01 in determinations of quantum 
yields in single determinations.) Values quoted are aver- 
ages of 2-3 determinations. 

Sensitized Reactions 
The proportion of light absorbed by the components of 

the mixture was calculated from the absorbances at the 
wavelengths indicated and not from the integrated 
absorption over the band width passed by the filter. A 
small error is thus involved. The calibrating compound 
used for each sensitizer is indicated in Table 1. The 
validity of Beer's Law with regard to cyclohexenone was 
checked over 4 orders of magnit~lde in concentration 
using path lengths from 0.01 to 10 cm and no deviation 
was found. Irradiation in sensitized reactions was effected 
at the wavelength (see Table 1) in the 300-370 nm region 
at which the sensitizer absorbed most light. The results 
are plotted in Fig. 1. 

Phosphorescence Quenching 
The samples contained in Suprasil quartz tubes were 

irradiated with a 200 W Osram super-pressure mercury 
arc after passage through a Bausch and Lomb 0.5 m 
#33-86-07 monochromater. The emitted light from the 
sample in the nitrogen dewar was monitored at right 
angles to the irradiating beam with a Jarrel Ash scanning 
monochromater eq~~ipped with an EM1 6256 phototube 
and an Eldorado Model 201 Universal Photometer. 

A standard solution of 2.497 g cyclohexenone in 25 ml 
EPA (Aminco: ether, isopentane, alcohol; 5:5:2) was 
prepared. Two 5 ml solutions containing 100 mg of 
sensitizer, one with and one without 2 ml of the cyclo- 
hexenone solution were made up in EPA. 

Both samples were degassed by the freeze-thaw 
method, and one was the control for the other. The per- 
centage quenching was measured as the average of 4 
determinations. Benzophenone, acetophenone, 4-benzoyl- 
pyridine, 4-trifluoromethylacetouhenone, P.u'-dichloro- 
benzophenone, andp-~~anobenzophenone weie irradiated 
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TABLE 1 
Quantum yields of sensitized addition and dimerization of cyclohexenone 

Sensitizer 
Wavelength 

ET (sensl* tf 5 Qadd2SIi @dim?** @s/@addi @s/@add, (nm) 

- - 0.48 0.22 0.096 - 
- 

366 
Acetophenone 73.6 0.33 0.22 0.69 1 . O  313 
p-Trifluoromethyl- 

acetophenone 70.8 0.10 - - 0.208 - 313 
Benzophenone 68.8 0.03 0.077 0.086 0.064 0.34 

- - 
366 

4,4'-Dichlorobenzophenone 68.0 0.03 0.095 0.14 
- - 

366 
4-Cyanobenzophenone 66.4 0.002 0.04 0.005 366 

"Triplet energy in kcal/mole-1 (hydrocarbon matrix) given by Arnold (20). 
?Addition in neat cyclohexene. Cyclohexenone concentration = 0.25 M. 
$aaddl at 313 nm = 0.48. 
§For the acetophe~~one and p-trifluoromethylacetophenone sensitized additions the calibrating compound was 2-methylnaphthalene, for the 

ther experiments naphthalene was used. 
IAddition in 1.96 M cyclohexene In benzene; concentration cyclohexenone = 0.45 M. 
BConcentration of cyc!ohexenone = 0.8 M. 
**For the direct and benzophenone sensitized addition the calibrating compound was octacosane, for the rest benzophenone was used. 

0.2 

C.' 

FIG. 1. Sensitized addition of cyclohexenone to 
cyclohexene. (-0-) In  neat cyclohexene, (-Ap) in 
benzene. 

at 254 nm. Ethyl pyruvate and the dienone were irradiated 
at 366 nm and correction made for the fraction of light 
absorbed by the cyclohexenone. The results are listed in 
Table 2 and plotted in Fig. 2. 

Quenching of Benzophenone Recluction in Isopropanol 
The procedure was as described previo~~sly for cyclo- 

pentenone (1) except that a copper sulfate (saturated, 
1 cm path length) - Pyrex filter system was used to cut off 
light below 313 nm. The results are plotted in Fig. 3. 
Curves in Figs. 3-8 were fitted by the least squares 
method. 

Variation of Quantunz Yield of Annelation with Substrate 
Concentration 

A merry-go-round apparatus (19) was used (main- 
tained at 20" i. 1" in a water bath). The 366 nm line was 
isolated with a combination of Corning filter 0-52 and 
7-60. This combination had less than 1 % transmittance at 
395 and 342 nm. At 366 nm the absorbance was 0.37. The 
concentration of cyclohexenone in each tube was 0.104 M 
and care was taken to ensure the concentration was 
identical since not all the light was absorbed. Varying 
concentrations of cyclohexene were added and the mix- 
ture diluted with cyclohexane. Degassing was by the 
freeze-thaw method, and irradiation (450 W) was for 2 h. 
The calibration compound (2-methylnaphthalene) was 

TABLE 2 
Phosphorescence quenching of various sensitizers 

by cyclohexenone* 

Sensitizer E T ~  ETS 

1 AcetophenonelJ 
2 4-Trifluoromethylacetophenonell 
3 Benzophenoneil 
4 4,4'-Dichlorobenzophenone~i 
5 4-Benzoyl pyridine,l 
6 4-Methyl-4-trichloromethyl-2,5- 

cyclohexadien-1 -one? 
7 4-Cyanobenzophenone 1 1  
8 Ethyl pyruvatel: 

llIrrad~ated at 254 nm. 
CIrradlated at 366 nm and corrected for the amount of light 

absorbed by the cyclohexenone. 

then added and the mixture analyzed by g 1.c. Two con- 
centrations were checked on the optical bench (Fig. 4). 

Stern-Volmer plots (Fig. 5) were performed in essen- 
tially the same manner, and checked on the optical 
bench. Viscosities were measured with an Ostwald 
viscorneter calibrated with hexane, cyclohexane, and 
cyclohexene. At 1 M cyclohexene in cyclohexane the 
viscosity was 8.84 x and at 3.39 M cyclohexene the 

FIG. 2. Quenching of ketone phosphorescence by 
cyclohexenone. For the identification of the ketones, see 
Table 2. 
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FIG. 3. Stern-Volmer plot for quenching of benzo- 
phenone reduction by isopropanol using cyclohexenone. 

viscosity was 8.11 x poise. The diffusion rates, 
calculated from the Debye equation were 7.36 x lo9 and 
8.03 x lo9 M-' s-' at 1.0 Mand 3.39 M respectively. 

The densities were measured in the usual way using a 
picnometer. 

Quantum Yield of Cyclohexenone Triplet Formation 
Cyclohexenone (0.58 M )  and the appropriate weight of 

trans-piperylene were dissolved in 10.0 ml of benzene. 
Five ml of the mixture were then transferred to the cell, 
degassed, and irradiated at 313 nm. The irradiated 
solution was distilled to remove the cyclohexenone and 
the ratio of cis to trans isomers was determined using a 
15% 13,p'-oxydipropionitrile on Diatoport S column 
(25' x 1/8") at 25". The amount of cis isomer formed was 
1.1-3.7%. No isomerization of the diene occurred on 
passage through neutral alumina or on distillation. A plot 
of C/@,,, against [trans-piperylenel-' is shown in Fig. 6. 
For comparison a similar plot of cyclopentenone (1) is 
included. 

FIG. 5. Stern-Volmer plots for cyclohexenone addi- 
tion to cyclohexene (-) 0.978 M, (- - -) 3.39 M. 

Quenching of the Formation of the Tertiary Alcohol with 
Cyclopentene 

The isopropanol addition product 2 was prepared by 
the method of Pfau et al. (30) and purified by chroma- 
tography on alumina (Woelm neutral, activity 4, eluant: 
5 % ether in carbon tetrachloride). 

It was noted that the alcohol decomposed on the g.l.c., 
(Aerograph Hy-Fi-600-C-column: 5 % FFAP on Diato- 
port S, 5' x 118") to give the same products as were 
obtained upon acid hydrolysis (30). The extent of decom- 
position depended both on the temperature of the column 
and the temperature of the injector. At temperatures 
above 200" the dehydration was virtually quantitative, 
while below 140" little decomposition was detected (CSZ 
was used as solvent for these investigations). Acenaph- 
thene was used as the calibrating compound for both the 
cyclopentene adduct and the tertiary alcohol 2. The area 
ratio for the alcohol calibration was not as reproducible 
as that for the cyclopentene adduct, probably because of 
slight decomposition. 

The quantum yields of addition were determined at 
313 nm in a 5.0 cm cell and the cyclopentenone concen- 
tration was 0.01 M. A standard solution of cyclopentene 

FIG. 4. Dilution curve for the addition of cyclo- 
hexenone to cyclohexene. 

FIG. 6 .  Isomerization of trans-piperylene sensitized 
by (-0-) cyclopentenone and (- A-) cyclohexenone. 
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was prepared and the appropriate amount was introduced 
by pipette. The results are plotted in Figs. 7 and 8. 

Attempted Quenching of Triphenylamine Phosphorescence 
by Cyclopentenone and Naphthalene 

The spectra were recorded in the same manner as 
described above, but a Xenon light source (200 W) was 
used in place of the mercury source. 

The samples were prepared by dissolving a weighed 
amount of triphenylamine in 10 ml of solvent and then 
transferring half to a volumetric flask into which quencher 
had been weighed. Both sanlples were degassed by two 
freeze-thaw cycles and then distilled bulb-to-bulb (twice) 
at mm. 

Results and Discussion 

Intersystem Crossing E@ciency 
In the case of cyclohexenone it was not found 

possible to achieve a limiting value in the quench- 
ing with piperylene as was the case (1) with 
cyclopentenone. In addition, at high quencher 
concentration, a number of unidentified products 
were formed, presumably by addition of cyclo- 
hexenone to piperylene and by the dimerization 
of piperylene. The sensitization of the isomeriza- 
tion may be represented by an equation of the 
form : 

where k,, is the unimolecular rate constant for 
decay of the cyclenone triplet, [Q] is the 
piperylene concentration, k, is the rate constant 
for energy transfer, C is the quantum yield of 
cis-piperylene from piperylene triplets (21) and 
Qi, is the intersystem crossing triplet yield for the 
cyclenone. A plot of C/Q,,, against the reciprocal 
piperylene concentration (Fig. 6) gave intercepts 
(mi,-') of close to unity for both ketones, the 
value for cyclopentenone already having been 
reported (1). From the slopes, kd may be derived 
and it would appear, as was implicit in our earlier 

FIG. 7 .  Dilution curve for the addition of cyclo- 
pentenone to cyclopentene in isopropanol. 

FIG. 8. Stern-Volmer plot. Quenching of alcohol 3 
formation by cyclopentene. 

discussion of cyclopentenone (I), that the triplet 
being quenched in the piperylene isomerization is 
the same as that involved in photoannelation. 
This is in agreement, in the case of cyclohexenone 
dimerization, with the work of Hammond and 
co-workers (22) who attempted to intercept a 
second triplet without success. 

It thus seems probable that the yield of triplets 
in the case of isophorone and 4,4-dimethyl- 
cyclohexenone is near unity also, and the earlier 
low yield of reactive triplets recorded (11, see, 
however, reference 22) was a reflection of the 
partitioning of the first-formed exciplex (4). 

Energy of the Cyclohexenone Triplet 
The energy of the cyclohexenone triplet has 

been placed, by the photostationary state tech- 
nique using 3 hydrocarbons, at 61 f 1 kcal/mole 
(22). This contrasts with the results obtained on 
more rigid cyclohexenones by Kearns et al. (23, 
24) which indicate lowest .n,n triplets in the range 
67-73 kcal/mole. Since cyclohexenone itself does 
not phosphoresce5 we have attempted to locate 
the lowest triplet by the cruder chemical probe. 
In Table 1 are shown the ratio quantum yields of 
addition to cyclohexene and of dimerizatisn 
induced by various sensitizers, to that yield ob- 
tained by direct irradiation. Since the cyclo- 
hexenone triplet is very short-lived (see below) 
complications due to back transfer of energy 
from the sensitizer are not expected. Slower 
Schenck quenching of the sensitizer (9,25) by the 

'Weak emission (at 61 + 1 kcal/mole) from cyclo- 
hexenone has been reported but was, apparently, not 
reproducible (22). 
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alkene has not been corrected for and may be 
responsible for the lower ratios obtained for 
@,/@,,, in neat hydrocarbon. The 3 series of 
experiments (dimerization, addition to cyclo- 
hexene in benzene solvent, and addition in 
cyclohexene solvent) were not performed, for 
reasons associated with relative absorptivity, at 
the same cyclohexenone concentration. Correc- 
tion could be made for this and adjustment made 
to 0.45 M cyclohexenone; it has the effect of 
moving the plot for addition in neat cyclohexene 
closer to that for addition in benzene solvent. 
However, since the effect is small and the method 
crude this has not been done here. The efficiencies 
for the addition to cyclohexene are plotted in 
Fig. 

The results suggest, therefore, that a value in 
the region of 66-68 kcal/mole would be more 
appropriate for the triplet energy of cyclo- 
hexenone, significantly higher than that obtained 
from the photostationary state method. 

As a further control the efficiency of energy 
transfer from the sensitizers to cyclohexenone 
was investigated by observing the degree of 
phosphorescence quenching of the various sensi- 
tizers by cyclohexenone. The results are listed in 
Table 2 and plotted graphically in Fig. 2. It  will 
be observed that quenching drops from about 
50% to zero over 0.5 kcal/mole. A sharper cut-off 
was, of course, to be expected as compared with 
the chemical processes, since the former is per- 
formed at 77 The energy of the ketone 
triplet below which quenching by cyclohexenolle 
appears not detectable is the same as that deter- 
mined by the sensitization experiments. It  is 
noteworthy that Zimmerman and Hancock have 
observed weak emission in this region from 
4,4-diphenylcyclohexenone (27). 

A further conclusion to be drawn is that since 
the first set of experiments measured the energy of 

61t has been suggested that cyclohexenone exists in 
solution in aggregates. We have not (see Experimental) 
been able to confirm this (17). 

7Using the usual Stern-Volnier expressions and the 
steady state assumption one obtains the formula: 

where @, is the quantum yield of phosphorescence of the 
donor, @, the quantum yield in the presence of the 
quencher, kd is the rate constant for decay of the donor 
and k ,  is the energy transfer rate constant to the quencher. 
Since the ratio Qp/kd is not known for most of the mole- 
cules used as donors, Fig. 2 has no significance other than 
to  show the cut-off for sensitization. 

the reactive triplet, and since the phosphorescence 
quenching measured the energy, presumably, of 
the lowest triplet then, since these appear to be in 
the same region, the reactive triplet has a very 
similar energy to the lowest triplet, if it is, indeed 
not identical with it.8 

The conclusion appears to be that the photo- 
stationary state technique of measuring triplet 
energies is susceptible to error arising from the 
chemical nature of the species involved. This may 
be associated with inefficient transfer which may, 
again, be associated with the twisted nature of the 
donor. 

In any event the removal of this evidence as an 
indication of the position of the lower state of 
cyclohexenone also implies that the similarly 
determined energy of cyclopentenone TI  is also 
suspect (3). 

Decay and Reaction Rate Constants 
With the tentative scheme already suggested 

(5), modified to include the possibility of direct 
product formation from the complex, the expres- 
sion 

[I] @ = mi, K a (k,::O+] k,) 

may be derived. Here k ,  is the rate constant for 
complex formation, and [0] is the concentration 
of olefin (cyclohexene). K is a composite constant 
and gives the fraction of complex that leads, 
eventually, to product, and is equal to: 

k5 + k2 k4 .- 
k ,  + k ,  + k ,  k2 + 12, + k ,  k ,  + k, 

where the rate constants have the significance 
indicated in Scheme 1. 

k3 
K + 0 Biradica! Non-cyclic 

products 

'The report (22) that the dimerization of cyclohexenone 
niay be sensitized by naphthalene (ET = 61 kcal/mole) 
appears to contradict this. However, it is possible that 
this is singlet sensitization as has been found for cyclo- 
pentenone (26). 
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At the moment no way has been found to 
analyze I(. From equation [I j the usual Stern- 
Volmer expression may be derived 

where k, is the rate constant for quenching (with 
2,5-dimethyl-2,4-hexadiene) and [Q] the con- 
centration thereof. The value of k, cannot be 
accurately assessed (28) but a diffusion controlled 
value in cyclohexane solvent was assumed; 
kq = 7.4 and 8.1 x lo9 M- '  s-' at 0.98 and 3.4 
M cyclohexene and is likely to be within a factor 
of 2 of the correct value. Such plots at 2 different 
concentrations in cyclohexane solvent are repre- 
sented in Fig. 5, the slopes of which give the sum 
of kd and k,. A plot of the reciprocal of the 
quantum yield against the reciprocal of the olefin 
(cyclohexene) concentration (the reciprocal of 
eq. [l  j) gives, from the slope, the ratio of k, and k,. 
The unimolecular decay rate constant was evalu- 
ated at 1.7 x lo8 s-l ,  and bimolecular rate 
constant for annelation at 2.5 x 107 M-'  s-'. 
The value of kd previously reported (10) for iso- 
phorone is much lower, but this figure requires 
modification to accord with eq. [ l j .  From the 
published data a value of 1.3 and 1.4 x lo8 s-' 
may be obtained in good agreement with our 
value.9 A further value, that for 4,4-diarylcyclo- 
hexenones, of near lo9 s-' has recently been 
recorded (29). The more rigid phenanthrone (1) 
has a maximum value of kd at 4 x lo7 s-', but 

since lifetime appears to be associated with the 
rigidity of the system (2), the longer lifetime of 1 
is not surprising. 

A comparison may also be made with cyclo- 
pentenone. The value we have obtained in ether 
solvent (for the study of variation of decay and 
reaction rate constants with temperature) was 
1.5 x 10' s-' (5). Because of the errors inherent 
in k,, assessment comparisons should be effected 
in the same type of solvent system. The value for 

gProfessor Wagner (personal communication) has 
obtained a value of kd = 3 x 10' s-' in acetonitrile. His 
value for cyclopentenone in the same solvent is 4 x lo7 
s-l. We wish to thank Professor Wagner for his amiable 
exchange of information. 

cyclopentenone (determined in the addition to 
trans-hex-3-ene) using pentane as solvent, and a 
kq value of 2.5 x 10'' M - I  s-I (4), was 
-8.5 x lo7 s-', that is, somewhat slower. 
Wagner and Bucheck9 (8) have obtained a value 
of about half this from their study of cyclo- 
pentenone dimerization in acetonitrile (using 
kq = 10'' M-' s-l).10 

The value of k ,  obtained for addition to 
cyclohexene cannot be compared exactly with 
values obtained for  clopen en ten one.'^ The latter 
using ether as solvent has k ,  = 10.3 x 10' M-' 
s-'. The values obtained previously (1) using 
acenaphthene as quencher and cyclohexane as 
solvent in the Stern-Volmer plot, recalculated on 
the assumption of complex formation, give 
k ,  = 7.8 x 10' M-' s-', whilst piperylene in 
neat cyclohexene gave 7.5 x 10' M-I  s- '. 
There is no question, therefore, that there is 
almost an order of magnitude difference in the 
value of the rate constants for addition to cyclo- 
hexene between cyclopentenone and cyclo- 
hexenone. If kd for cycloheptenone were no lower 
than that for cyclohexenone, k ,  need only drop 
by the same proportion again for decay to be 
fully competitive with annelation. That is, a 
change in the rate constant for addition as well as 
a possibly increased unimolecular decay rate 
constant is probably responsible for the reported 
lack of photochemical addition of cycloheptenone 
to olefins, in agreement with previous suggestions 
(7). 

The Case for Mzdtiple Reactiue Triplets 
We shall first consider the situation as regards 

cyclopentenone. Some time ago we reported (26) 
that sensitizers of ca. 33 kcal/mole were required 
to induce annelation, but that nonetheless cyclo- 
pentenone quenched benzophenone at a near 
diffusion controlled rate. This, despite the fact 
that in the presence of alkene no annelation 
occurred. Products of alcohol addition were ob- 
served as noted first by Pfau et al. (30). It was also 
found that although in moderate concentration in 
isopropanol, dimerization occurred, at below 
concentrations of 0.12 M the same tertiary 
alcohol was obtained in the absence of sensitizer 

''These variations emphasize the need for making 
comparisons in the same type of solvent system. Aside 
from the questionable values for kq, the solvent has an 
effect on the quantum yield of dimerlzation (lo), and may 
conceivably have a specific effect on kd. 

"Such values will shortly be available at 2 tem- 
peratures. 
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by a chain process (1). This was believed to have 
been initiated by hydrogen abstraction by the 
triplet ketone. On this basis it was suggested that 
T, was the reactive species, and that TI  merely 
abstracted hydrogen from the medium. That the 
2 processes occur from 2 different species is a 
permissible interpretation, but is not necessarily 
required. A plot of the reciprocal of the quantum 
yield of addition of cyclopentenone to cyclo- 
pentene in isopropanol against the reciprocal of 
cyclopentene concentration (reciprocal of eq. [I]) 
has a slope (kd/Kk,) of .053 M-I  (Fig. 7) and an 
intercept (1/K) of 3.7. Hence k,/kd - 70. With 
the assumption that the same triplet is responsible 
for hydrogen abstraction (k,), and that the triplet 
reacts only with the olefin the following Stern- 
Volmer relationship may be derived 

For purposes of comparison with cyclo- 
pentenone the quenching of benzophenone trip- 
lets in isopropanol by cyclohexenone was in- 
vestigated. A linear Stern-Volmer plot (31-35) 
was obtained with a slope of 105 M - I  (Fig. 3). 
The Stern-Volmer plot of the quenching of the 
reduction by naphthalene (33) gave a slope of 
192 M - l .  The ratio of the quenching rate of 
cyclohexenone to that of naphthalene (presum- 
ably diffusion controlled) is 0.54, as compared to 
0.35 for cyclopentenone. The efficiency of phos- 
phorescence quenching of benzophenone could 
possibly not have led to the expectation of so 
effective a process, but the situation, in view of 
the lower energy of the reactive triplet of cyclo- 
hexenone is somewhat ambiguous and certainly 
cannot be construed as indicating the existence of 
a very low cycloadditively unreactive triplet in 
cyclohexenone. 

Further evidence accumulated from studies on 
constrained cyclopentenones showing phosphor- where [I] is the concentration of isopropanol and escent emission did not resolve the problem (9), 

@ A  is the quantum yield of 2' A and the situation remained that either there was a plot of @,'/(I), against olefin concentration cyclopentenone triplet below 69 kcal/mole, or a (Fig. 8) gave a slope of 69, whence kd + ki [I] % k,, special quenching mechanism in cyclopentenone and, since kd - lo8, ki < lo7, which is ac- interaction with benzophenone was required. ceptable. 
If, on the other hand, two triplets are assumed We have shown earlier (9) that triphenylamine 

with rate constant T, + T, of k,, and T, -t To (E, = 71 kcal/mole) (36) does not sensitize any 

(k,) then the annelation now requires the ex- chemical reaction in cyclopentenone. We have 

pression : now observed that the phosphorescence of the 

1 1  
amine is not quenched even by molar cyclo- 
pentenone,  whereas 0.112 M naphthalene 

@ K quenches 75% of the emission. This is surely 

and the value of 70 M- I  of the slope now refers 
to the quotient (k,/kl + k,). The Stern-Volmer 
expression is now : 

and the value of 69 M-I  is in accord with this. No 
distinction can therefore be made. 

Since the products obtained by Pfau may also 
be formed by the addition of isopropyl ketyl 
radicals produced by the reaction of unquenched 
benzophenone triplets with isopropanol, such 
arguments are inadmissible for proof of the 
chemical intervention of T,. This, since the inde- 
pendent determination of the triplet energy of T, 
by the photostationary state method has now 
been shown to be suspect, must depend essentially 
on the fact of the fast rate of quenching of benzo- 
phenone triplets by cyclopentenone. 

clear evidence against the existence of a low 
triplet. On the other hand it is hard to provide an 
adequate interpretation of the quenching rate 
observed of benzophenone. Schenck-type quench- 
ing (9,25) seems improbable since with alkenes it 
is already slow and deactivation of the bond 
should decrease the rate. A possibility has been 
indicated (9) wherein a complex formation occurs 
between the two ketones in the same way as in 
annelation, but now between the carbonyl group 
of benzophenone and the conjugated ethylenic 
linkage. If the decay of this exciplex were fast as 
compared with combination to give products then 
an explanation would be at hand. To examine 
this possibility, the a, P-unsaturated ketone chol- 
estenone (ET - 73 kcal/mole) (24) was tested as 
a quencher for triplet benzophenone. At 0.026 M 
concentration, no quenching whatsoever of 
benzophenone reduction by isopropanol was 
detected. At this concentration @,/@ using cyclo- 
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hexenone as a quencher is 3.6 and for cyclo- 
pentenone the value is 2.7. There exists the pos- 
sibility of chemical quenching of benzophenone 
triplets by reversible hydrogen atom transfer 
(37).12 This would have to occur at such a rate 
that calculated as "energy transfer" it would seem 
to be near diffusion controlled both for cyclohex- 
enone and cyclopentenone. This seems unlikely. 
The problem rests, therefore, without definitive 
solution, but we feel that our evidence for a reac- 
tive T, state in cyclopentenone is now inadequate. 
Observations by Chapman and his colleagues 
may be relevant to the quenching problem. 

Chapman has suggested the presence of 2 
reactive triplets following the excitation of certain 
cyclohexenone derivatives. The suggestion is 
based on 2 sets of experimental evidence. The 
first (10) depends on the observation that different 
proportions of head-to-head and head-to-tail 
dimers of isophorone were obtained by direct 
irradiation and by sensitization with benzo- 
phenone. The possibility of a complex of iso- 
phorone with benzophenone was considered un- 
likely by these authors, the remaining possibility 
then being the existence of 2 reactive triplets 
formed by selective excitation. If this explicit 
assumption were unfounded, then this same 
complexation could be responsible for the sur- 
prisingly efficient quenching of benzophenone by 
cyclohexenone and, a fortiori by cyclopentenone. 
This would remove the only remaining evidence 
for a reactive T2 state. 

The second set of experiments concerns the 
differential quenching of the addition of 4,4-di- 
methylcyclohexenone to 1,l-dimethoxyethylene 
by di-terf-butyl nitroxide which led to variation 
in the ratio of cis and trans adducts (10). There 
appears no doubt that differential quenching is 
occurring, but the possibility exists that the 
species being quenched are not the primary 
triplets. Since exciplexes seem likely as inter- 
mediates (4, 8) it is probable that 2 different 
exciplexes lead to the 2 different isomers, through 
the different biradicals, and that the radical 
quencher may be able to intervene ~ I I  the trans- 
formation and decay of these where the energy 
transfer-type quencher cannot.13 If the postulate 
of 2 reactive primary triplets in this reaction be 

''We are indebted to Professor P. J. Wagner, who 
suggested this possibility, for a discussion of this point. 

I3In Scheme 1 only one exciplex is shown. If two 
should be possible these may be interconvertible, in 
thermodynamic equilibrium depending on the solvent, or 

unnecessary, then the isophorone case is corre- 
spondingly weakened, and the likelihood of a 
complex between benzophenone and cyclo- 
hexenone strengthened. 

At the moment there is little evidence available 
to indicate the nature and properties of the 
complex, nor is it certain that the biradical derived 
from it is the only source of cyclobutane 
derivatives. 

Relative Triplet Leuels and Reactice Sfafes 

The ketone 3 undergoes photoannelation, but 
the emission is without the structure so far found 
for authentic unmixed 3 ( n , ~ )  emission (9). On the 
other hand the ketone 4 shows such structure, 
although perhaps ambiguously, suggesting 3(n,7t) 
or mixed emission; it also cycloadds. Steroid 
A4-3 ketones have been shown to add to ethylene 
(38) and excitation-emission studies (23, 24) may 
indicate a probable lowest 3(7t,n) state. 

The calculations of Zirnmerman et al. (39) 
suggest a similar charge difference across the 
ethylenic linkage in both states for enones, but in 
the 3(7t,~) state both positions are electron 
deficient: T h s  would imply that cycloaddition 
should be an electrophilic process. It was at one 
time thought so based on competition experi- 
ments (6) and quantum yields of addition. Since 
it is known that both these interpretations are 
invalidated by the intervention of a complex an 
assured conclusion cannot be drawn. 

The charge distribution calculated by Zimnier- 
man et al. (39) refers to a flat molecule with bond 
lengths equal to those of the ground state. It is by 
no means certain whether the excited molecule 
reacts in this condition or in a relaxed state.14 

separated by a barrier which, under the conditions of the 
experiment may not interconvert. The second situation 
seems the most likely. 

141t appears that the x,x triplet relaxes by rotation of 
the terminal carbon atom. We wish to thank Dr. J. 
Wasson, Professors D. P. Santry and J. J. McCullough, 
and Professor N. C. Baird (~110 have performed inde- 
pendent calculations establishing this fact) for informing 
us of their results. Further, Professor Baird has informed 
us that his calc~~lations indicate the n,n triplet of the enone 
system may relax significantly by bond stretching. It also 
appears to be a general conclusion that a finite barrier to 
3 ( ~ , ~ )  relaxation exists. 
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The energy levels of the two important excited 
states which, of course, change from their 
Franck-Condon values on relaxation may also, 
on relaxation, change their relative positions with 
regard to  the ground state. Since distortion in the 
(n,n)* triplet may be very considerable, the 
0-0 band in the emission or S -t T absorption 
spectra, important methods of determining the 
state and energy of the lowest triplet, may be very 
far removed from the main emission (40). A mis- 
leading impression of the spectroscopic triplet 
energy involved may be gained which, in turn, 
may lead to an incorrect assignment of relative 
energy levels of triplets. 

The energy measured by energy-transfer ex- 
periments is more confusing yet to interpret. 
Energy (triplet-triplet) transfer to give the 
relaxed triplet may not be efficient (40), but since 
important Franck-Condon factors are involved 
as well as energies it would seem that more data 

ascertainable from substrate molecules in which 
these factors are opposed.' 
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On the mechanism of ring opening in Zpyrone irradiations1 
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The irradiation of 2-pyrone in benzene followed by pyrolysis gives a poor yield of cyclooctatetraene. 
The irradiation of 4-methoxy-6-methyl-2-pyrone in water gives cis-p-methyl glutaconic half ester and the 
corresponding diacid. Irradiation in benzene followed by the addition of water gives a mixture of the cis 
and trans glutaconic derivatives. It is believed that these substances derive from the p-lactone formed by 
irradiation, and support for this view is obtained from low temperature irradiations. An oligon~eric inter- 
mediate (16) is suggested as a second intermediate in the irradiation in benzene, and a hemiketal (20) in 
the aqueous irradiation. 

Canadian J o u ~ n a l  of Chemistry, 48, 237 (1970) 

About 10 years ago (I), it was reported that the 
irradiation of 4,6-dimethyl2-pyrone (1) in meth- 
anol resulted in the formation of a methyl 3- 
acetonylcrotonate (3). I t  was suggested at that 
time, largely by analogy with the behavior of 
cyclic dienones (2), that a ketene (2) was involved 
as an intermediate. Subsequently it was found 
(3) that irradiation of a concentrated solution 
of the pyrone in benzene produced dimers, the 
pyrolysis of which gave a useful yield of tetra- 
methylcyclooctatetraene (3, 4). 

of the acetonylcrotonate obtained, in the case of 
1, by irradiation in methanol. 

Finally, Pirkle and McKendry have very 
recently (7) attempted to resolve the problem of 
the nature of the acetonylcrotonate precursor. 
They reported that the irradiation of 2-pyrone (4) 
in methanol produced methyl trans-4-formyl-3- 
butenoate (6), a reaction analogous to the con- 
version of P to 2. In addition they also observed 
that the thermal reaction of 5 with methanol gave 
the methoxypentadienoic acid (7) and not 6.  

Since the route to cyclooctatetraenes appeared 
promising we undertook a brief study of the 
irradiation of other, easily accessible, pyrones. 
Regrettably, aside from the poor yield of cyclo- 
octatetraene itself (obtained from the pyrolysis 
of mixed 2-pyrone dimers) reported herein we 
have not, as yet, been able to extend the scope of 
the reaction. It may be that in the few cases tried, 
(2 + 2) or (2 + 4) dimers were formed rather 
than the desired (4 t 4). Orbital symmetry con- 
siderations may not apply since the reaction 
apparently proceeds through a triplet (5). 

During this time Corey and Streith (6) reported 
that irradiation of 2-pyrone (4) at - 10 to -20" 
resulted in isomerization to bicyclo [2.2.0]pyran- 
2-one (51, and commented that this strained 
p-lactone was a possible, alternative, precursor 

lPhotochemica1 synthesis, Part 30. For Part 29 see 
reference 18. Publication No. 2 from the Photochemistry 
Unit. 

This appears to substantiate the correctness of the 
original surmise (I), and to exclude 5 as the pre- 
cursor of 6 in any ground state process. Although 
these authors found that irradiation of 5 in meth- 
anol through Vycor did produce 6 (irradiation 
through Corex did not) they concluded that this 
was most probably due to the reversion of 5 to 4. 
Since 4 is converted to 6 by irradiation through 
Pyrex, a direct route is required. 

The authors also observed that the irradiation 
of 2-pyrone through Corex at - 190" resulted in a 
steady state concentration (- 5 0/,) of a substance 
having an absorption band at 2128 cm-l which 
was attributed to a ketene, 8. On addition of 
methanol to the glass, the ester 6 was produced 
(0.3 % yield) in a dark reaction. No absorption 
corresponding to 5 was, apparently, observed. 

The formation of 7 was explained in terms of a 
zwitterionic intermediate. Since this is relevant to 
our own observations the subject will be returned 
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to later. The scheme arrived at by Pirkle and 
McKendry may, therefore, be summarized in 
Scheme 1, and corresponds largely to that which 
we have arrived at independently over the past 
few years (8).2 

Irradiation of 4-methoxy-6-methyl-2-pyrone 
(9) in benzene did not result in significant dimer 
formation. The infrared (i.r.) spectrum showed 
the presence of carbonyl absorption at 1740 and 
1645 cm-I indicating the absence of both P- 
lactone and ketene. Nonetheless hydrolysis of the 
material in solution by the addition of aqueous 
dioxan or aqueous inethanol at 50" gave a mix- 
ture of cis-(10) and trans-(11) P-methylglutaconic 
half esters and their corresponding diacids. The 
i.r. and nuclear magnetic resonance (n.m.r.) 
spectra of this mixture were identical with those 
reported by Jackman and Wiley (9). The acids and 
half-esters were converted into the diesters with 
diazoinethane and separated by gas-liquid 
chromatography (g.l.c.), and identified separately 
(9). 

The position of the double bond in the half- 
esters, not shown by these measurements, was 
proven by ozonolysis to give methyl acetoacetate 
characterized as its 2,4-dinitrophenylhydrazone 
(10). 

It has appeared that the benzene solution con- 
tained a readily hydrolyzable species which was 
not one of the reactive intermediates so far iden- 
tified. A clue that a simple molecular species was 
not involved was obtained when osmometric 

2Professor T. Money (University of British Columbia) 
has also arrived at a similar modified scheme from his 
study of triacetic acid lactone. We cordially thank Pro- 
fessor Money for a preprint of his forthcoming publica- 
tion and for a free exchange of views. 

molecular weight determination revealed an 
average molecular weight 5 times that of the 
starting material. 

I t  appeared that the most economical interpre- 
tation of these results was that indicated in 
Scheme 2. It  was presumed that the fastest photo- 
chemical reaction was ketene (12) formation, and 
that the fastest thermal process was the reversal 
of this. The next, slower, photochemical process 
was presumed to be conversion to the p-lactone 
(13). 

The rapid reversal of the lactone to pyrone 
appeared to be the normal reaction in the case of 
1 and 4, and, since any otlier reaction of the 
pyrone appeared slow ( l l ) ,  the overall reaction 
in methanol or water as solvent is the slow con- 
version of the ketene to the corresponding acid 
or ester. However, in the case of 9 the presence 
of the methoxyl group facilitates the cleavage of 
the carbon-oxygen bond of the P-lactone and 
instead of reversal of 13 to 9, the system is drained 
in the direction of the zwitterion 14. This type of 
ion, but less the stabilization from the methoxyl 
group, has been invoked by Corey and Pirkle (1 1) 
in the formation of tricyclo [23,6. 1.1 .O]pyran-2- 
one (15), and, as already mentioned, by Pirkle 
and McKendry in the formation of 7, thermally, 
from 5. The intermolecular addition of the car- 
boxylate ion of one molecule to the cation of 
another then leads to the formation of a series of 
oligomers 16 which, as reported, has the average 
molecularity of 5. 
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GUTHRIE ET AL.: MECHANISM OF RING OPENING 

OMe OMe OMe 
I I I 

I t  appears in this system that the draining of 
product in the direction of 14 is sufficiently effec- 
tive that the concentration of ketene is too low 
for normal ketoester formation. We have found 
that, in contrast with the alkyl pyrones, the 
irradiation of 9 in water gives the cis-half ester 
(10) and the corresponding diacid; no ketoester 
17 (or isomer) was detected. Conceivably the 
methoxyl group may, by slightly increasing the 
basicity of the ketonic oxygen in 12, increase the 
rate of reversal to 9. 

This general mechanism is supported by the 
results obtained by irradiation of 9 through 
Pyrex or quartz at - 190". Such a procedure pro- 
duces a substance having i.r. absorption at 1807 
and 1600 cm- in accord with expectation for the 
0-lactone 13 (6). No peaks were observed in the 
2100-2120 cm-I region as expected for a ketene, 
suggesting that either no ketene has been formed 
or, as we presently prefer, the reverse reaction with 
12 even at this temperature is fast. When allowed 
to warm to - 100" the new peaks receded with the 
concurrent growth of peaks attributable to 9. 

Similar results were obtained in the low tem- 
perature irradiation of 1. In that case irradiation 
through quartz did produce a band at 21 18 cm-' 
(in addition to the bands at 1809 and 1628 cm-l) 
possibly to be attributed to a ketene. Irradiation 
at - 190" in the presence of methanol also did not 

give 3, but this may merely reflect the rapidity of 
recyclization. 

In principle it was possible to envisage the 
reclosure of ion 14 in the opposite sense from that 
of its formation. This would give the 0-lactone 18, 
which could then form the pyrone 19 in a thermal 
reaction. This pyrone, the methyl ether of P- 
methylglutaconic anhydride, could hydrolyze to 
the half-ester (10). However, no evidence for the 
presence of this pyrone could be found in the i.r. 
spectrum of irradiated 9 in benzene. This is in 
agreement with Pirkle and McKendry's recent 
finding that the zwitterion from deuterated 4 
does not close back on the symmetrical allylic 
position (7), and leads one to consider the con- 
version of 13 to 14 as an essentially irreversible 
process. In addition we have found that the 
pyrone 19 is converted on standing in ethanol to 
a mixture of cis- and trans-P-methylglutaconic 
acid ethyl methyl esters. Addition of methanol to 
the benzene solution of the irradiation product 
did not produce any diester. Furthermore, the 
irradiated benzene solution of 19 did not show 
(osmometer) the presence of oligomeric material. 

The different stereochemical consequences 
observed, depending on whether water was avail- 
able or not, suggest the participation of 2 reactive 
species in the conversion of 14 to the final prod- 
ucts. In the irradiation in the presence of water, 
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OMe 
I 

MeOOC 3 
COOH 

23 

14 v\ ould be expected to be hydrated to give the 
he1niketal20, and this in turn could be converted 
to the ketone 21, which would be in equilibrium 
with the ketone hydrate 22. Two obvious path- 
ways are open for the f ~ ~ r t h e r  trailsforination of 
these substances. 

Dealdolization of 20. most probably occurring 
by an intraniolecular process, 26, could lead to 
24, which should be in rapid tautomeric equi- 
librium with 25. Rotation about the vinyl bonds 
in 24 or 25 gives a series of rotamers. It is not 
possible to predict the relative rates of protona- 
tion at carbon to give 10 as against s-cis - s-trans 
interconversion, yet exclusive formation of 10 
requires that either protonation occur faster than 
rotation, or that protonation be 111uch faster in 
the s-cis conforiner. Furthermore, protonation 
of the carbon atom y to the developing carboxyl 
group must be strongly preferred over protona- 
tion at the Y carbon since no 23 was observed. 
Preferential intramolecular proton transfer from 
the carboxylic acid function is compatible with 
these requirements. 

In an alternative pathway the cyclobutene (20) 
might undergo a thermal electrocyclic ring 
opening to 25 or rotamer thereof. This electro- 
cyclic process would seein to be taking place 
under very mild conditions, but such transforma- 
tions under not much more severe conditions 
have already been noted (7, 12, 13). Since one 
cannot be certain that rotational isomerization is 
not rapid relative to protonatioil on carbon, the 
stereochemistry of the final product reveals 
nothing about the stereochemistry of the ring 
opening. 

Formation of both 10 and 11 when the reaction 
proceeds through the oligomer 16 inay reflect a 
change in mechanism. It may also merely indicate 
a change in relative rates of the possible proton 
transfers in the absence of a neighboring carboxy- 
lic acid. 

Experimental 
Irradiation and Pyrolysis of 2-Pprorze 

Coumalic acid was decarboxylated over a copper 
catalyst at 650" as described by Zimmerman et al. (14) to 
give 2-pyrone, b.p. 94"/15 m n ~ ;  A,,,(EtOH) 217, 289 
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GUTHRIE ET AL.: MECHANISM OF RING OPENING 24 1 

n m  ( E  27010, 7500). The pyrone (3.2 g) was dissolved in cium hydride and stored over sodium wire) in a 9 m m  
5 ml o f  dry benzene in a 9 m m  Pyrex tube, the solution Pyrex tube which had been flamed out. The solution was 
was degassed for 112 h with oxygen-free nitrogen, the degassed and irradiated as before. The reaction was fol- 
tube sealed, then strapped to the outside o f  a water- lowed by taking aliquots with a hypodermic needle 
cooled immersion well containing a Pyrex filter and a 450 through the septum and observing the disappearance o f  
W Hanovia medium-pressure arc lamp. The whole appa- the ultraviolet (u.v.1 absorption at 280 nm,  (approxi- 
ratus was immersed in a water-filled 4 1 beaker and mately 24 h). 
wrapped with aluminum foil, which acted as a reflector. The irradiated solution was transferred to a 100 1n1 
The solution was irradiated for 120 h ,  then the crystalline flask, and either ( i )  an equal volume o f  water with enough 
precipitate filtered, (1.28 g, 40%). The i.r. absorption o f  dioxane to make a hon~ogeneous solution, or (ii) aqueous 
the solid showed little i f  any absorption at 1560 cm-' due methanol was added. After standing at 50" for 12 h ,  the 
to  2-pyrone. Attempted separation o f  the crystalline solvent was removed under reduced pressure and the 
products by fractional recrystallization was unsuccessful. products separated by thin-layer chromatography (t.1.c.) 

The crystals, 300 mg, were pyrolyzed in a Pyrex distilla- using 50150 etherlbenzene to give a mixture, R, = 0.6, 
tion apparatus with a free flame by heating to above their (36 %) o f  cis- and trans-13-methylglutaconic acid mono- 
melting point for 10 min. The resultant material was dis- methyl esters and, R, = 0.3 (50%), a mixture o f  cis- and 
tilled under water pump vacuum into a dry ice - acetone trans-13-methylglutaconic acids (9). 
cooled receiver. The products were a mixture o f  cyclo- Treatment o f  either o f  these mixtures with ethereal 
octatetraene, identified by i.r. and vapor-phase chroma- diazomethane gave a mixture o f  cis- and trans-P-methyl- 
tographic (v.p.c.) retention time, and 2-pyrone, identified glutaconic acids dimethyl esters, which were separated 
by i.r. and n.m.r. by v.p.c. (10% Carbowax 20M on Chromosorb P, 20' x 

The cyclooctatetraene was determined by adding a 114,  150", 60 cc/min) to give dimethyl cis-p-methyl- 
known weight o f  cyclohexanol to the distillate in chloro- glutaconate, 6 (CCI,), 1.97 (3H, s), 3.70 (6H, s),  3.75 (2H, 
form. The mixture was then analyzed by v.p.c. (20% s), 5.83 ( i H ,  s), and dimethyl trans-(3-methylglutaconate, 
Carbowax 20M on Chromosorb P, 6' x 1/4", 120', 40 6 (CCl,), 2.22 (3H, s), 3.12 (2H, s), 3.70 ( 6 5  s), 5.80 (lH, 
cc/min o f  helium) and the ratio o f  the peaks detcrmined s). Both these compounds gavc i.r. and n.m.r. spectra 
by  integration. The yield calculated was 2.4%. identical with those reported by Jackman and Wiley (9). 

The amount o f  2-pyrone produced by reverse cleavage In another experiment 387 mg o f  4-methoxy-6-methyl- 
o f  the dimers was calculated by making the distillate to a 2-pyrone were dissolved in anhydrous benzene, which had 
specific volurne with chloroform and measuring the areas been passed through active neutral alumina, and the solu- 
o f  the i.r. absorption at 1546 and 1626 cm-' on a Beck- tion placed in a 10 m m  Pyrex tube. After degassing by the 
man IR7 using 0.1 m m  cells. The amount o f  2-pyrone was freeze-thaw method on a high vacuum pump, the tube 
obtained by comparison with a graph o f  area vs. concen- was strapped to  an immersion well and irradiated as 
tration prepared by using pure 2-pyrone. The yield cal- described above. The solvent was then removed at room 
culated was 36.6 %. temperature under reduced pressure to yield a polymeric 

Cyclooctatetraene (83.3 mg) was pyrolyzed under material whose average molecular weight was 510 (vapor 
similar conditions and distilled to give back 83.0 mg pressure osmometer in benzene) ; v,,,,(CCl,), 1740 (C=O), 
(99.5 %) o f  the starting material. 1645 (C=C) cnl-'; 6 (CCI,), 1.75 (3H, m),3.30 ( l H ,  m ) ,  

3.65 (3H, m ) ,  5.30 (1/5H, m ) ,  6.00 (1/5H, m) ,  6.55 
Low Temperature Irradiation of 4,6- Dimethyl 2-Pyrone (8.5/10H, m). 

(a) A thin film o f  the 4,6-dimethyl 2-pyrone was irra- 
diated (1 5) with a focussed 850 w mercury arc through Irradiation of 4-Methoxy-6-methj>l-2-pyrone in Water 
Pyrex at - 190'. After 484 min, the i.1. absorption of the A solution o f  100 mg o f  the 2-pyrone was dissolved in 
starting material had virtually disappeared. N~~ bands 200 ml o f  water and irradiated in an immersion apparatus 
appeared in their place with principal bands at 1809 and with a 450 W medium-pressure mercury arc through 
1628 cm-' attributed to the 4,6-dimethy] bicylo[2.2.0]- Pyrex after degassing with oxygen-free nitrogen.   he 
pyran-~-one. ~~~~h~~ irradiation through quartz at reaction was followed by the disappearance o f  the u.v. 
- 190" resulted in the appearance o f  2 new i.r, bands at absorption at 280 n m  (3.5 h). Solvent was removed under 
2343 cm-', attributable to carbon dioxide, and at 2118 vacuum and the products separated by t.1.c. using 50150 
cm- ' ,  possibly due to a ketene. etherlbenzene to give : 

(b) A sample o f  the 2-pyrone (10%) in a 111 mixture (a) ci~-P-Methyl glutaconic acid lllonomethyl ester; 
o f  methanol/tetrahydrofuran was irradiated as above Rf, 0.6; 50 %; 1n.P. 77-78"; v,,,,(CCl,) 1747,1698 (C=O), 
through Pyrex at - 190' with the assumed resultant 1651 (C=C) cm- ' ;  6(CC14), 2.00 ( 3 ~ ,  d,  J = 1.5 c.p.s.j, 
formation o f  the bicyclo[2.2.0]pyran-2-one. The sample 3.67 (2H, s), 3.71 (3H, s), 5.87 (1H, m), 11.71 ( l H ,  s ) ;  

was allowed to warm while the i.r. absorption was mon- hmax(EtOH), 217 nm (& 8000). 
itored. At approximately - looo, the bicyclo[2.2.0]pyran- Anal. Calcd. for C7H1004:  C ,  53.16; H, 6.37; OMe, 
2-one bands disappeared with reforlnation o f  the starting 19.62. C $  53.08; "3 6.36; OMe2 l9.I2. 
material peaks. No  new bands attributable to the keto (b)'Ci~-13-Methylglutaconic acid; R~ = 0.3; 50%; m.p. 
ester were observed. 152-153"; v,,,(Nujol), 1715; 1688 (C=O), 1642 (C=C) 

(c )  Irradiation o f  a sample in methanolltetrahydrofuran c"-' ; 6(CF3C00H), 2.13 ( 3 H ,  d ,  = 3.90 
as above using quartz gave the same results. Again in this (2FI, s), 6.11 (1H, m ) ;  ?"max(EtOH), 217 nln (& 13 loo), 
case no band was observed at 2118 cm-l .  identical with that reported by Jackman and Wiley (9). 

A solution o f  the 2-pyrone was dissolved in water for 
Irradiation of 4-Methoxy-6-methyl-2-pyrone 24 h at room temperature. The water was then removed 

The pyrone (16) (100-300 mg), sublimed before use, under vacuum to  give back the 2-pyrone unchanged, as 
was dissolved in 5 ml o f  dry benzene (distilled from cal- shown by i.r. absorption. 
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Ozonolysis of cis-[3-~Methylgl~~taconic Acid Anal. Calcd. for C9H1404: C, 58.05; H, 7.58. Found: 
~Monotnethyl Ester C, 58.15; H, 7.22. 

Twenty mg of cis-13-methylglutaconic acid monomethyl 
ester from the water irradiation were ozonized at -700 LOW Temperature Irradiation of 4-Methouy-6-methyl- 
in chloroform for li2 h. The excess ozone was removed 
with a stream of nitrogen and the reaction mixture hydro- 
genated at -70" for 5 min over 5 % Pd/C catalyst. The 
catalyst was filtered off and the products treated with an 
excess of 2,4-dinitrophenylhydrazine-hydrochloride, then 
separated by t.l.c., using 5 % ethyl acetate in benzene, to 
give 10 mg of methyl acetoacetate 2,4-dinitrophenyl- 
hydrazone, m.p. 120-121" (mixed m.p. 119.0-119.5" with 
an authentic sample (lo), m.p. 119-120"). 

Preparation of 6-Methoxy-4-methyl-2-pyrone 
a-Methylglutaconic acid was prepared as described by 

Wiley and Smith (17) via the base catalyzed hydrolysis of 
ethyl isodehydroacetate. The anhydride was then formed 
by heating with acetic anhydride to give P-methylgluta- 
conic anhydride. The anhydride was treated with ethereal 
diazomethane and the products recrystallized from 
ether - petrol (35-60") to give 6-methoxy-4-methyl-2- 
pyrone, m.p. 53.0-53.5"; v,,,(CCI,), 1755 (C=O), 1640, 
1595, 1560 (C=C) cm-', 6 (CCI,), 2.07 (3H, s), 3.84 
(3H, s), 5.14 (lH, m), 5.44 (lH, m); h,,,(EtOH), 281 nm 
(E 4200), 3 15 nm (8 41 50). 

Anal. Calcd. for C,H,O,: C, 59.99; H, 5.75. Found: 
C, 59.45; H, 5.29. 

Irradiation of 6-Metho,uy-4-methyl-2-pyrone 
This 2-pyrone (140 mg) was irradiated in dry benzene 

for 24 h under conditions identical to those used for 4- 
methoxy-6-methyi-2-pyrone. The solvent was evaporated 
to give material of average molecular weight 152 (vapor 
pressure osmometer in benzene). Examination of this 
material by n.m.r. showed only peaks attributable to start- 
ing material, c i ~ -  and trans-P-methylglutaconic acids and 
their monomethyl esters, formed by hydrolysis. 

Hydrolysis of 6-Methoxy-4-methyl-2-pyrone 
The pyrone (150 mg) was dissolved in 40 ml of 95 % 

ethanol and left at room temperature for 24 h. The solvent 
was then removed under reduced pressure and the prod- 
ucts separated by t.1.c. with 50/50 ether/benzene to give a 
mixture of cis- and trans-D-methylglutaconic acids ethyl 
methyl esters, v,,,,(CCI,), 1740, 1720 (C=O), 1660 
(C=C) cm-I ; 6 (CCI,), 1.24 (3H, t, J = 7 c.p.s.), 1.92 
(3/2H, d, J =  1.5 c.p.s.), 2.20(3/2H, d, J =  1.5 c.p.s.), 
3.07 (2/2H, s), 3.62 (3H, s), 3.78 (2/2H, s), 4.09 (2H, q, 
J = 7 c.p.s.), 5.75 (IH, m). 

2-pyrone 
(a) A thin film of this pyrone was irradiated at - 190" 

as above through Pyrex. New bands appeared in the i.r. 
at 1807 and 1600 cm-l attributable to the 4-methoxy-6- 
methyl bicyclo[2.2.0]pyran-2-one. No bands in the region 
2100-2120 cm-' were observed. 

(b) A similar irradiation through quartz produced the 
same results, but more rapidly. 
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The psot~n relaxation and Overhauser effect in the nuclear magnetic resonance 
spectra of some arnides1,2 

S. BROWNSTEIN AND V. BYSTROV~ 
Divisiorz of Applied Chernisfry, National Research Council, Of fawa, Oizfario, Canada 

Received June 19, 1969 

The relaxation behavior of some amides was investigated in their high resolution spectra by the 
direct saturation-recovery and Overhauser effect methods. The recovery curves and steady-state 
Overhauser effects were obtained for solutions of dimethylformamide with double- and triple-resonance 
irradiations. The results were analyzed for 3- and 4-spin systems and the values of relaxation parameters 
were calculated. It was shown that for dimethylformamide the one-exponential recovery curve approxi- 
mation gives the TI values with a precision better than experimental error (f 2%). The observed differ- 
ence in relaxation times for methyl group protons was explained by different correlation times and more 
restricted rotation of 1 of the groups. The correlation times for dipole-dipole interactions of methyl 
groups with the forrnyl proton were also evaluated with some reasonable assumptions. 

The change of the relaxation rate of N-methyl protons in C6H6 and C6D6 solutions was explained by 
formation of the collision complex with amide molecules and specific intermolecular dipole-dipole 
proton interaction. This effect could be useful for determination of the cis- and trans-conformations in 
N-methyl substituted amides and peptides as an absolute method because it does not require measure- 
ments on both isomers. 

Canadian Journal of Chemistry, 48, 243 (1970) 

Introduction 

High resolution nuclear magnetic resonance 
(11.m.r.) spectroscopy based mainly on chemical 
shift and indirect spin-spin coupling data are now 
extensively usedin the determination of molecular 
structure ( I )  and in the investigation of the inter- 
molecular interactions of organic compounds in 
solution (2). The other very important parameters 
of the n.m.r. signal, the relaxation times, are 
used much less widely in high resolution n.m.r. 
spectroscopy. Most relaxation studies have been 
performed by pulse techniques and adiabatic 
rapid passage and so far have only limited appli- 
cability to the study of systems with several non- 
equivalent spins (3). More promising methods for 
measuring the relaxation parameters in high 
resolution n.m.r. spectra are the saturation- 
recovery technique (4) and the observation of 
dynamic and steady-state Overhauser effects (5 ) .  
These techniques have been successf~~lly used for 
spin systems coupled by indirect spin-spin 
coupling (6, 7) and for uncoupled spin systems 
(8-10). Investigations in this field may provide 
very valuable information on the relative con- 

'A preliminary con~munication of these results was 
given at the 10th Experimental NMR Conference, 
Pittsburgh, February 27 -March 1, 1969. 

'NRCC No. 11021. 
3NRCC Postdoctoral Fellow, 1968-69. Permanent 

address: Institute for Chemistry of Natural Products, 
Academy of Sciences of U.S.S.R., Moscow. 

tribution of various relaxation mechanisms and 
probabilities of the relaxation transitions and, 
therefore, about molecular motion, chemical 
exchange, and inter- and intramolecular inter- 
actions. Recently it was shown that the changes 
of the proton relaxation rates in high resolution 
n.m.r. spectra can be used to identify the portions 
of molecules directly involved in the formation of 
the substrate-enzyme complexes in solution (the 
binding interaction) (1 1, 12). 

This paper is concerned with dependence of 
relaxation behavior on conformation of mole- 
cules and molecular interaction in solutions of 
some N-methyl substituted amides. One of the 
most difficult problems in the saturation-recovery 
method applied to systems with several non- 
equivalent spins is the general possibility that the 
recovery curves are represented by the sum of a 
number of exponential terms with different co- 
efficients, even in the absence of spin-spin coup- 
ling (8, 13, 14). Therefore it is necessary to divide 
these curves into separate exponential terms or to 
prove by special experiments and calculations 
that the experimental curves depend mostly on 
only one exponential term, i.e., the coefficients 
of other terms are negligible. 

Theory 

If the sample under investigation contains more 
than one non-equivalent interacting spin system, 
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then (in the absence of saturation effects and 
indirect spin-spin coupling) the longitudinal 
magnetization MZi of the i-system may be given 
by a generalization of Solomon's equations (1 3). 

where rz is the number of interacting spin systems, 
Mojis  the static z-magnetization at the jsite 

N j  is the number of equivalent nuclei in the group 
j and TIi j i t  are the longitudinal relaxation 
parameters. 

To simplify notations for the remainder of this 
paper, T with subscripts will be used to represent 
T I  parameters. 

If there is chemical exchange of spins between 
sites i and q with the residence times .ri and T,, 
respectively, it is necessary to add to the right- 
hand side of eq. [l ] the McConnell terms (15) 

By use of the equilibrium condition 

eq. [I ] may be rewritten as 

MZk - MOk 
- C k =  i , q  

Tk i* 
where (8) 

The solution of eq. [ l ]  may be written in the 
form 

[4] Mzi = C;=, a i j  exp (- bjt) + ci 

if there are no degenerate roots b j  of the deter- 
minant 

It is obvious from the equations developed by 
Van Geet and Hume (16) and Van Geet (1'7) that 
the recovery of the absorption signal v follows 
the time dependence of Mz and therefore, in 
general, is represented by a multi-exponential 
function similar to eq. [4,. Usually it is difficult to 
recognize such behavior in the direct saturation- 
recovery experiments if there exists even minor 
instabilities in the working conditions of the 
n.m.r. spectrometer. For this reason in order to 
evaluate T,, and bj it is more convenient to use 
the Overhauser effect and continuous irradiation 
by strong radiofrequency (r.f.) fields of other 
than the investigated signals (8). If all signals 
j # i are saturated (M,j  = 0), then from eq. [ I ]  

and the recovery after saturation of the i signal 
will be purely exponential 

kfzi = (M,' + T~~ c ~ + ~  M ~ ~ / T ~ ~ )  
x [l - exp (- t/Tii) J 

Such experiments provide the values of Ti,. The 
Overhauser effect 

in this case is given by 

The superscripts in parentheses on h designate 
the saturated spin sites. 

If only one s signal is saturated (M," = 0, 
double resonance conditions) then the Over- 
hauser effect for the i signal may be written 

The solution of the system of these equations 
(i = 1, . . . , n;s = 1,. . . , n ;  i # s) if all possible 
Iti(') are known gives only the ratios Tii/Tji of 
the relaxation parameters. It  is quite under- 
standable that the steady-state experiments can- 
not give the value in the time domain. To obtain 
such values it is necessary to conduct some ap- 
propriate dynamic experiments on, for example, 
saturation-recovery or Overhauser effect under 
multiple irradiation conditions (eq. [6] ) .  

It is interesting to note that from eq. [9] it 
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follows that the steady-state Overhauser effects 
hitG and h,") may be observed even if there is no 
interaction between i and s spins, i.e., l/Tsi and 
l/Ti, = 0. This indirect Overhauser effect can be 
positive or negative depending on the signs and 
magnitudes of the remaining Tj ,  in the system. 
Conceivably, some of the observed negative 
nuclear Overhauser effects (n.0.e.) (18, 19) 
may be explained by eq. 191. Reduced to a 3-spin 
system this effect corresponds to the "three spin 
effect9' (20), discovered in dynamic polarization 
experiments. 

The expressions for the time constant Tj ,  for 
2 interacting spins (13) in terms of level popula- 
tions has been derived by Hoffman and Forsen 
(8). By generalization of those equations for the 
system of several interacting non-equivalent 
spins one may write the following expressions for 
the time constants Ti, and Tj i  (21) 

where the transition probabilities W correspond 
to dipole-dipole interactions between like spins 
(22) 

and between unlike spins (22) 

In  the limit of extreme narrowing these equa- 
tions may be simplified to (21) 

where W i  corresponds to  the magnetic inter- 
actions between i spins and random fluctuating 
fields, the "'lattice". These fluctuating fields may 
be caused by interactions of the l' spins wlth some 
spins which have very efficient relaxation mech- 
anisms of their own, for example, with dissolved 
paramagnetic impurities (usually oxygen) and 
also with quadrupole nuclei. In the same inanner 
the term W ,  may also include the spin-rotation 
interactions and a relaxation mechaulsm caused 

by molecular motion modulation of anisotropic 
shielding. 

The transition probabilities may be considered 
as containing the contributions from the intra- 
and intermolecular interactions 

The intranlolecular dipole-dipole contributions 
in the limit of extreme narrowing may be derived 
from Solomon's equations (13,22) by generaliza- 
tion to the many spin case (21) 

where a, ,  and .rij are the correlation times for 
dipole-dipole interaction between the like and 
unlike spins, correspondingly. and r i i  and r i j  
are the distances between the like and unlike 
spins. 

Because the intermolecular contributions 
and WiJintra are proportional to the 

number of spins in the volume unit (22) the 
following relationships (Onsager reciprocity 
relations) hold 

Experimental 
The experiments were performed with a Varian 

HR-100 high resolution nuclear magnetic resonance 
spectrometer. The signals were recorded employing 
audio phase detection by operating the Varian V-3521A 
Integrator in thc l o ~ e r  2515 c.p.s. sideband mode. The 
radio- and audiofrequency phases were adjusted for an  
absorption signal on the sideband and zero signal on the 
central band ('Rr, 0 = Go mode (23)). An attensation of 
30 db of the r.f. power output from the 100 Mc.p.s. 
transmitter was ~rsed. The change of the N, field strength 
from the saturated to the unsaturated value was per- 
formed by switching the amplitude of the audiofrequency 
nlodulation furnished by the V-35218 Integrator to a 
properly adjusted value. 

In order to obtain the necessary stability an internal 
phase-sensitive lock systenl on the audiofrequency side- 
band was used (24). This sideband was furnished by a 
Wavetek M-1 11 Voltage Controlled Generator. The 
frequency was measured by a Hewlett-Packard Electronic 
Counter 5216 with 0.1 c.p.s. precision. To avoid un- 
desirable interference with the transient processes, which 
arise when the signal is saturated, a Rhode and Schwartz 
Tunable Amplifier sharply tuned on the stabilization 
channel frequency was used on the input of the phase- 
sensitive detector. The output of the detector was fed to 
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FIG. 1. A typical saturation recovery experimental result for the high-field N-methyl signal in the n.m.r. spectra 
of a 7.5 % v/v solution of N,N-dimethylformamide in carbon disulfide (3 % TMS as internal standard). Av* = 3 c.p.s., 
~ff1(aat.)/2n = 0.6 c.p.s.9 H~(sat.)/H~(rec.) = 300, TI = 12.8 S. 

the input of the galvanometer in parallel to the pickup 
coils of the Varian V-K3506 Super Stabilizer. 

The saturation-recovery technique developed by Van 
Geet (16, 17) was used. Several experiments, especially 
for the Overhauser effect, were performed with repeated 
scanning of the magnetic field ("sampling" method) 
(6, 8, 25). The advantage of Van Geet's technique is the 
possibility of observing the whole recovery curve and 
measuring shorter relaxation times. 

As had been previously reported, in order to avoid a 
distortion of the recovery curves the following conditions 
are required: 

I. The shape of the investigated line under recovery 
conditions has to be determined by the inhomogeneity 
of the magnetic field 

Av* >> l/nTz, l/nT, 

where Av* is the linewidth, TI and T, are the longitudinal 
and transverse relaxation times, respectively. 

2. The strength of the saturating r.f. field HI(,,,., has 
to be high enough to satisfy the conditions of saturation 

3. The shape of the saturated line has to be determined 
by the inhomogeneity 

or by the saturating r.f. field 

In the present work the following values of parameters 
were used: Av* = 3-5 c.p.s. (0.7-1.2 mOe) and 
0.1-0.3 mOe. A reasonably symmetric broadened peak 
without "spikes" and "bumps" was obtained by adjusting 
the homogeneity shim controls without spinning the 
sample. 

A typical result by the saturation-recovery method is 
shown in Fig. 1. The magnetic field was adjusted by means 
of the frequency of the lock-in system for the resonance 
condition, so that the recorder is on the top of the peak. 
(Chemical shifts, thus obtained, are presented in Tables 
7 and 8.) Then the amplitude of the r.f. field H I  is increased 
to the saturation magnitude, HI(,,,,,. At this moment the 
transient nutation (26) is started. After these nutations are 
damped the line is completely saturated (lWz = 0). When 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BROWNSTEPN AND BYSTROV: NMR SPECTRA 247 

HI is suddenly reduced to the non-saturation value 
HI(,,,,, a large negative transient pulse lasting 1-2 s is 
usually observed and then the n.m.r. signal recovers to 
the steady-state peak height. 

The vertical range of the recorder employed was 
7.5-8.0 inches. The points on the recovery curves could 
be estimated within f 0.01 in. The experimental recovery 
curves (7-10 for each experiment) were digitized and fitted 
by an  IBM-360160 computer to the equation 

with 1 (n = 1, three parameters) or  2 (n = 2, five 
parameters) exponential terms by a Davidson-Fletcher- 
Powell minimization method. 

The frequency of the transient nutation (in the reso- 
nance condition) directly corresponds to the amplitude 
HI(,,,., of the saturatio~i ref. field (26). 

I t  is convenient to use this relation for calibrating the 
effective r.f. field. For the first sideband the effective r.f. 
field is (23) 

 HI(^,,.) = Jl(~Hm/rn,n)Hl 

where J1((3) is the first-order Bessel function, Hm and om 
are the amplitude and frequency of the audiofrequency 
modulation, respectively, and HI is the amplitude of the 
r.f. field. If we assume that 

where Vm is the voltage across the modulation coils, then 
measuring the voltage Vmo, which corresponds to dis- 
appearance of the first sideband in the URF, O = 90' 
mode ((3 = 1.84), the coefficient K can be found 

K = 1.84/Vm0 
The ratio 

Hl(rec.)/Hl(sat.) = JI(KV~('~~~~)/JI(KV~(~~~.)) - - vm<rec.)/ vm(sat.) 
was used for evaluating Hl(,,,,,. 

T o  obtain reliable data for relaxation times it is very 
important that the Hl(,,,,, value will be well below the 
saturation level (17). In Fig. 2 the dependence of 
Tl/T!(,pp.) upon yHl(,,,,,Tl is shown. Here Tl is the 
limiting time of the recovery as Hl(,,,., + 0 in the benzene 
sample. (External TMS in a capillary was used for the 
lock-in system.) The apparent recovery time, TI(,,, ,, 
is measured with a particular H,,,,,,,. Those experimental 
results are fitted quite well by the equation proposed by 
Van Geet (17) on a semi-theoretical basis 

where the saturation factor Z = (1 + y2H12TlT2)-', and 
assuming Tl = T2. The dependence corresponding to 
this equation is shown in Fig. 2 by the solid curve. A safe 
enough limit for measuring TI is 

The longitudinal relaxation times measured in this work 
were corrected, if needed, in accordance with Fig. 2. 

FIG. 2. The dependence of the ratio Tl,,,,,,/T, upon 
yH1(,,,.,Tl for the direct saturation-recovery experiments. 
H1(,,,., is the amplitude of the r.f. field in the recovery 
period, Tl(,,,., is the apparent relaxation time measured 
for a particular magnitude of HI,,,,,,, TI is the relaxation 
time for HI + 0. 

On the other hand, the sensitivity is diminished when 
HI is decreased and this can become a difficult problem 
for dilute solutions with long TI. In  this case the accumu- 
lation of several recovery curves by a time-averaging 
technique might be very helpful. A preliminary attempt 
at this employing a Fabri-Tek computer of average 
transients was successful. 

The dynamic Overhauser effect was observed under 
conditions of double and triple resonance. The irradiating 
r.f. fields were supplied by audiofrequency modulation 
with Hewlett-Packard 200J and 200A oscillators. The 
amplitudes of the modulation were chosen to correspond 
to HZ = H3 N 0.2-0.3 mOe. A typical result is shown 
in Fig. 3 for the CH proton signal of pure dimethyl- 
formamide. The vertical line with upward arrow corre- 
sponds to switching off, and the downward to switching 
on the irradiating r.f. field Hz applied on the low-field 
N-methyl signal. The horizontal lines show the unper- 
turbed peak height. For the H2-on period this height was 
obtained by shifting the Hz frequency about 50 c.p.s. 
from the resonance value. The observing signal was 
scanned periodically by sweeping the frequency of the 
Wavetek M-111 VCC in the internal lock stabilization 
system. 

The v/v solutions were prepared from commercially 
available compounds using the syringe technique. The 
samples in the usual 5 mm 0.d. sample tubes were 
degassed by multiple (3-4 times) free~e-pump-thaw 
cycles and sealed under vacuum (5 x lo-' mm Hg). As 
internal standards (3% v/v) tetrarnethylsilane (TMS), 
cyclohexane (for pure dimethylformamide), and sodium 
2,2-dimethyl-2-silapentane sulfonate (DSS, for water 
solutions) were employed. All measurements were per- 
formed at room temperature, 25 f 1 "C. 
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FIG. 3. A typical dynamic O~erhauser experinlent. The CH signal of N,N-dimethylforman~ide (pure liquid, 3 "/:, 
cyclohexane) was observed while the low-field N-GH, signa! was irradiated by a r.f. field HZ .- 0.3 mOe. 

In the general case, as follows from eqs. [ 1 ]  
and [4], the recovery curves might be very corn- 
plicated and a straightforward approach for 
extracting the longitudinal relaxation time can 
lead to erroneous results. For that reason it seems 
to be necessary to use multiple resonance tech- 
niques and the Overhauser effect. This approach 
was performed for the 2-spin systems in formic 

acid and acetaldehyde (8). Here it will be extended 
to the 3-spin system in dimethylformamide. 

Of course, dimethylformamide presents a much 
more complicated case than the 3-spin system: 
there are 8 spins in the molecule. But the I4pd 
relaxation time is determined nlostiy by the 
quadrupole relaxatio~l mechanism and is much 
shorter than for protons and therefore the changes 
in the proton magnetization do not influence the 
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TABLE 1 
The Overhauser effects (in %) for solutions of N,N-dimethylformamide (DMF) 

0 C&(I) 0 C&(l) 
\\ / 

c-N 
\\ / 

and N,N-dimethyldeuteroformamide (DMDF) C-N 

(3)H 
/ \ 

CH3(2) D 
/ \ 

cH3(2) 

Compound Solution h1C2) h1(31 h2c1) h2C31 h3(') h3(2) h'(2.3) h2(1.31 h3(1.21 

DMDF Pureliquid 
(1 0 % benzene) 

DMF Pure liquid 
(3 % cyclohexane) 

15 % v/v in CS2 
(3 % TMS) 
5 % v/v in D20 
(3 % DSS) 

5 % v/v in H,O 
(3 % DSS) 

30 % v/v in C6H6 
(3 ;< TMS) 

5 % v/v in C6H6 
(3 % TMS) 

"Not measured because the nings of the benzene signal cover the CH s~gnal. 

I4N magnetizatioi~ (scalar relaxation of the sec- 
ond kind (ref. 22, p, 309)). A group of equivalent 
spins has. to a very good approximation, only 1 
longitudinal relaxation time (ref. 22, p. 293) and 
therefore it is possible to consider the methyl 
protons as 1 spin with a corresponding relative 
steady-state niagnetizatioa (8). 

Hn Table I are shown the experimental values 
of the Overhauser effect defined by eq. [7] for 
N,N-dimethyldeuteroformamide and some solu- 
tions of dimethylformamide. Most values are 
positive which corresponds to enhancement of the 
signal during the irradiation of another one. 

The value of h,(2) for heavy water solutions 
agrees well with the result of Anet and Bourn 
(18) for an 8% solution ( I 8  i 1x1, but the A,(') 
is in significant divergence (-2 1%). 

For a 3 - s ~ i n  svstem, the Overhauser ezects 

This simple rule is obeyed within the error limit 
for the data listed in Table I .  

Solving the system of eq. [9] for the 3- and 
4-spin system, the ratio of relaxation parameters 
may be written as 

where i, j, k = 1, 2, 3, and 

with 1 irradiiting field hi") and with 2 irradiating where i, j, k ,  I = 2, 3, 4. in the case << I both 
fields are, according to eqs. [8] and [9], of these equations reduce to 
related by the equation 

hick)(l + h p ) )  + hi(jf(1 + hlk)> gi,pji N h i ( j ) ~ o i / ~ o "  
hi(j.h) = 

1 - ,$ p ) ~ ~  ( i )  
J k which corresponds to the equation for the 2-spin 

system (8). 
If the magnitudes of the single Overhauser effects For calculating the relaxation parameters T,c 
are much less Ihan then the Over- it is necessary to know the value of Ti,. These 
hauser effect might be written as the sum of values may be obtained by measuring the recovery 
corresponding single effects curves under conditions of multirsle irradiation. 

jli(jk) hf,W .+ j l i ( l c )  Such experinnents were done for the 2- and 3-spin 
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TABLE 2 

The longitudinal relaxation parameters T,, (s) for solutions of N,N-dimethylformamide (DMF) 
0 CH,(l) 0 CHs(1) 
\\ / 

C-N 
\\ / 

and N,N-dimethyldeuteroformamide (DMDF) C-N 
/ \ 

CH,(2) D 
/ \ 

(3)H CH,(2) 

- - 

Solution Compound i j = l  j = 2  j = 3  j  = 48 

DMDF Pure liquid 
(1 3 % benzene) 

DMF Pure liquid 
(3 % cyclohexane) 

*Underlined values were obtained for T,i. 
?The values of T,, in parentheses are estimated from the relationship given in eq. [15]. 
$Extrapolated from the concentration dependence (Fig. 6). 
§Solvent. 

systems listed first in Table 2, and the under- 
lined figures were obtained for Ti,. The off- 
diagonal elements of the relaxation parameter 
matrix were then calculated from the ratios 
obtained using eq. [15]. From these data it is then 
possible to calculate the expected shape of the 
recovery curves without irradiation (the mono- 
resonance recovery) in accordance with eq. [4]. 
The coefficients a , j  and the inverse values of the 
roots bj  of the determinant eq. f5] are listed in 
Table 3 for the 3-spin systems. It  is seen that the 
contribution to the recovery shape from the maill 
exponential term is more than 95%, so it is quite 
safe to suppose that the recovery curves for solu- 

tions of dimethylformamide are adequately fitted 
by 1-exponential equations. The 3-exponential 
curves with coefficients and roots listed in Table 
3 were simulated and fitted by the computer 
with the 1-exponential equation. The resultant 
characteristic times l/Bi are listed in the last 
column of Table 3. It  is seen that these values 
are very close to the Ti, obtained from double 
Overhauser effect experiments (Table 2) and the 
differences between them are well below the 
experimental error (f 2%). Indeed, there was no 
difference (within the experimental error) between 
results for triple and monoresonance recovery 
curves, obtained by fitting to a I-exponential 
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TABLE 3 

Calculated parameters for the equations 
Moi - Mzi = ZjaTj exp (-bit) r A exp (-Bit) 

Compound 

DMDF 

DMF 

aij 

Solution i j = l  j = 2  j = 3  j = 4  
lltj l/Bi 

(s- (s-l) 

Pure liquid 1 0.990 - 0.010 8.73 8.71 
(1 3 % benzene) 2 ' 0.016 0.984 -- 6.78 6.81 

1 0.979 0.011 0.010 8.22 8.24 
Pure liquid 2 0.021 0.964 - 0.015 6.25 6.36 
(3 % cyclohexane) 3 0.002 0.003 0.995 - 15.22 15.17 

TABLE 4 

Longitudinal relaxation times Tti (s) for some amides in 5 % v/v solutions 

Compound Solvent trans-NCH3 cis-NCH3 CH 

Dimethylformamide H z 0  5 . 8 k 0 . 2  4 . 2 k 0 . 2  6 . 2 k 0 . 3  
DzO 9 . 6 k 0 . 3  5 . 6 1 0 . 2  16 .9k0 .8  

-. - -- 
"These measurements were done with irradiation of the C-CHZ-C multiplet to decouple the i'-CH, triplet to remove 

partial coincidence with the N-CW, signal. 
tN-CH,-CO. 
$Trans. 
$Cis. 
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equation4 The attempts to fit double resonance 
experimental recovery curves (which are expected 
to be 2-exponential) with a 2-exponential equation 
were not successful, apparently because of the 
very small contribution from 1 of the exponential 
terms. Because the above is true for the pure 
liquid, a solutio~i in an inert solvent (CS,), and 
in a highly associated solvent (D,O), we assume 
that for solutions of dinlethylforniamide and 
other simple amides with similar structure the 
direct saturation-recovery method will give a 
relaxation time very close to the diagonal term 
Ti ,  of the relaxation parameter matrix. This 
approach was used for 4-spin systems to calculate 
the nondiagonal T j i ,  listed in Table 2, and for 
other solutions and amides in obtaining Tii  
(Table i% and Figs. 4-6). 

As opposed to the recovery curves, the dynamic 
Overhauser effect curves are determined, as 
usual, by se~eral  experimental ternis with co- 
etticients of the sanie order of magnitude. Because 
of the sniall amplitude of the Overhauser eEect 
and comparativel~ large error we did not try to 
fit these curves to an exponential-type equation 
and used only the steady-state eKects. The cal- 
cclated shapes of the dynaniic Overhauser effect 
agree qualitatively with the experimental. 

Alrnosiall values of Tj :  have a positive sign. 
Only the T21 and TI, for CS, and C,H, solutions 
have a negative sign. Presumably, this corre- 
sponds to the hindered internal rotation around 
the C-N anaide bond, which causes a change of 
relative position of the N-methyl groups. The 
upper liinit for the life time T,,, (eqs. 121 and [ I ] )  
is 16 < TCH, < 330 s at 23 'C, which corresponds 
to afreeenergy of rotation of 19.7 < AG* < 21.5 
kcal/mole. Assurr?i~ig 'that the order of magnitudes 
oi' T,l and s are the same for pure liquid and 
solutions of dimatl~ylforma~~~ide, we obtain 
86' - 20.3 I<csl,!n;ole which is in good agree- 
ment with the results of recent investigation of 
internal rotatioii in di~nethylforrnamide by 
various methods (28). 

Discussion 
The experimental results on T j i  (Table 2) 

allow a few conclusions to be drawn on the relaxa- 
- 

'The saturation recovery of all signals i will be near- 
exj~onential %\it11 time constants Ti, when the matrix of 
l ; T n j  is near-diagonal, as may be seen from the cl~arac- 
teristic eq. [5]. i n  other nords, the saturation recovery of 
nucleus i \\ill be near-exponential nit11 time constant T,, 
unless there exists at least i groL1.p j such that rhe nl~itual 
iail~~eiice of IkL on JL; and ,"ice-~ersa is non-negligible. 
A rnatheinaticai treatment may be found in ref. 27. 

tion processes in the samples investigated. The 
mutual dipole-dipole interactions between the 
nonequivaient protons is niore important for CH 
proton relaxation than for CH, protons. Appar- 
ently, the niost important mechanism for CH3 
relaxation is the interaction within this group of 
protons. It is also possible that the effect of 
internal rotatioii (- l /r , )  partly compensates the 
contribution from the dipole-dipole interactions, 
in accordance with eqs. [2] and [3]. Within the 
experiniental error the ratios T1,/T,, are close to 
the theoretical values expected frorn eq. [14]. 

The TI, time constant for the trans-methyl 
group is always longer than T,, for the cis- 
methyl. From eq. [lo] one may expect that with 
some reasonable assumptions the time constants 
for methyl protons of N,N-dimethy!deutero- 
forniamide and N,N-dimethylformamide are con- 
nected by the eq~lation 

where iis I or 2. From the data for the pure liquid 
N,N-dimethylformamide sample (Table 2) this 
equation gives 

( ~ I I ) D , D F  = 8.55 s 
and 

(T,,)DMDF = 6.98 s 

These figures allnost exactly coincide with the 
data  for the N,N-dimethyldeuteroformamide 
sample (Fable 2). 

If for the 15% v/v solution of N,hr-diniethyl- 
formamide in CS, one neglects the intermolecuiar 
contribution to the W1, terms, then one may calcu- 
late the correiations times z,, and z,, for dipole- 
dipole interactions between the CH proton and 
the inethyl group bq eqs. [ I  I ]  and [13], assuming, 
naturally, that I/T, = 0 

The values of ( r i , - 6 ) , ,  were calculated by com- 
puter for 3 models of rotation arovnd the 
N-methyl bond (see Fig. 7 in ref. 29): 1 free 
rotation, 2 eclipsed methyl C-PI and N-CH, 
bonds (the conventional angles in peptide con- 
formational studies are $ = QO, 120", and 240" 
(SO)), and 3 eclipsed methyl C-H and N-CHO 
bonds (4 = 60", 380', and 360'). The results are 

for all 3 models 

a,, = (2.5 2 0.3)10-'2 s 
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for 1st model 

for 2nd model, and 

for 3rd model. That the r2, is shorter than T,, 
corresponds to faster rotation of the N,N-di- 
methylformamide molecule around the longer 
axis, which is parallel to the C-N amide bond, 
than around the perpendicular axis. 

Assuming that in inert solvents, such as CS2, 

FIG. 6.  The concentration dependence of the longi- 
tudinal relaxation time of the CFI proton of N,N-di- 
methylformamide in CS, (@), CC14 ( O ) ,  C6H6 (B), and 
CsD6 (0) solutions. 

the "lattice" contributions JK and the inter- 
molecular contributions W,,lnter are the same for 
both types of N-methyl groups (cis and trans), the 
difference in time constants T I ,  and T,, for 
N,N-dimetl~yldeuteroformamide can only be ex- 
plained by the difference in correlation tinies r, ,  
and t,,. (The colltributio~l to l /T, ,  froill the 
interaction with nitrogen by a d~pole-dipole 
mechanism and a scalar mechanism of the second 
kind must be very small because of the small 

FIG. 4. The concentration dependence of the longi- magnitudes of y, and the indirect spin-spin tudinal relaxation time of the N-methyl groups of 
N,N-d~methylformamide in CS2 (@) and CC14 (0) coupling constants (31), and also because of the 
solutions. relatively fast relaxation of the nitrogen spin.) 

Then following cqs. [lo]; [ l l ] ,  and [12] we can 
I I I I I calculate 

where r,, is the interproton distance within a 
methyl group. For the 15% v/v solution of N,N- 
dimethylformamide in CS, we obtain 

i.e., the correlation time of dipole-dipole inter- 
action within the group of equivalent protons is 
longer for the cis-methyl group, which apparei~tly 

I I I means that the rotation of this group is more 
20 40 60 80 

[DMF] % , v / v  
I" restricted than the trans-methyl. 

For rough evaluation of the t, , and t,, magni- . . --  - 
FIG. 5. The concentration dependence of the longi- tudes we assume T, = T, = 100 s, which corre- 

tudinal relaxation time of the N-methyl groups or spoilds tc AG+ = 20.8 kca]/mole (28), and that N,N-dirnethylformamide in C6H6 (la) and C6D6 (0) 
solutions, as well as T ,  for the solvent C6H, (a) protons. the "lattice" contribution Wl and W2 are the 
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TABLE 5 

Intramolecular and solute-solvent intermolecular contributions to the longitudinal relaxation times of 
N,N-dimethylformamide 

T~(intra~-' (s-') Ti(inter~-' (s-') 

Solvent trans-CH3 cis-CH, CH trans-CH3 cis-CH3 CH 

Ren7ene" 0.049 0.075 0.027 0.021 0.011 0.009 - -. . -. . . . 
Waterf 
Acetic acidf 
Pvridine? 

*For extrapolated data in infinitely dilute solutions. 
?For 5 % v/v solutions. 

same as for the CH proton 

W33in'er + W3 = T3,-l - 2(T3,-l + T3,-') 

Then from eqs. [lo]-[12] we can get 

The extrapolated values of TI for solutions of 
N,N-dimethylformamide (Figs. 4-6) in general 
increases with decreasing viscosity of the solu- 
tions. An exception is the CCI, solution where 
TI are longer than in the pure liquid although 
the viscosity of CC1, (0.97 cP) is higher than 
N,N-dimethylformamide (0.80 cP). Probably this 
is an effect arising from some degree of self- 
association in the pure liquid because of electric 
dipole-dipole interaction between the molecules 
(32). The extrapolated differences of the relaxa- 
tion rates for cis- and trans-methyl protons 
(l/Tl), - (IIT,), are also roughly proportional 
to the viscosity with the same exception (in CCl, 
this difference is smaller than in pure liquid). 

It is important to compare the change of 
longitudinal relaxation rates l/Tl in undeuterated 
and deuterated solvents (33). Deuterons have a 
much smaller magnetic moment than protons 
and their effectiveness in relaxation is a factor 
24 smaller than that of protons (33). It is a reason- 
able assumption that the interactions within the 
same molecules (intramolecular interactions, 
l/T,(intr,,) and interactions between nuclei in 
different molecules (intermolecular interactions, 
l/T(,,,,,,! contribute independently to the total 
probability (l/Tl) (33). These interactions for a 
solution can be separated by comparing the 
relaxation times, extrapolated to zero concentra- 
tion of the compound in deuterated and undeu- 
terated solvents, or, less precise, obtained for 
dilute solutions. The extrapolated longitudinal 

relaxation times are given by 

(l/Tl)undeuter. solv. = l /T l ( in t r a )  f lITl(inter) 

(1ITl)deuter. so~v. = 1IT1 ( in t ra )  1/24T1 ( in te r )  

The calculatedvaluesof TI ( in t ra ) - l  and TI ( in t e r )  
- 1 

for some solutions of N,N-dimethylformamide 
are shown in Table 5. In the approximation of the 
isotropic interactions of spherical molecules the 
Tl(inter) correspond to Ti, ,,,,, time constants in 
eqs. [lo] and [l  11 and in Table 2. 

It is seen that for the benzene solution (Table 
5) the intermolecular interaction is larger for the 
trans-methyl group than for cis-methyl. This is in 
agreement with the structure of the well-known 
collision complex between amide and benzene 
molecules, which was developed by studying the 
chemical shifts (2,35). In this complex the benzene 
molecule is coplanar with the amide, and the axis 
of symmetry of the benzene molecule is very close 
to the position of the cis-methyl group 

CH3 (trans) 

This means that the protons of benzene are closer 
to the trans-methyl group protons and therefore 
the mutual solute-solvent dipole-dipole inter- 
molecular interaction for these protons is stronger 
than For the cis-methyl protons. 

The T, measurements for some other amides 
(Tables 4 and 6) in benzene solutions confirms 
this assumption. 

For the cis N-methyl groups the difference 
(1/T,)C6H6 - (l/T,)C,D, is about 0.01 s-' or 
less and for trans N-methyl groups, 0.02 s-' or 
greater. 

It seems quite probable that such an approach 
of comparing the change of relaxation rates of 
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TABLE 6 TABLE 7 

The difference between relaxation times for amides in Chemical shifts (c.p.s., + 1 Hz) of the v/v solutions of 
5 % v/v benzene and deuterobenzene solutions dimethylformamide (TMS as internal standard) 

(~/TI)c,H, - (~/TI)c,D, Chemical shift 
(k0.003 s-') % 

Compound formamide Solvent tvarzs-NCH, cis-NCH, CH 
trans-NCH, cis-NCH3 

97 (Cyclohexane) 279 296 804 
N,N-Dimethylformamide 0.020 0.010 85 Benzene 275 286 799 
N-Butyl-N-methyl- 30 258 245 788 

formamide* 0.020 0.007 20 252 233 781 
N-Methyl-2-pyrrolidone 0.021 - 15 249 225 777 
N-Methyl-2-piperidone 0.027 - 10 246 217 773 
1,4-Dimethyl-2,s- 7 .5  245 213 773 

.piperazinedionei 0.022 O.OlO$ 5 245 211 - 3 243 205 - 
*The equilibrium mixture of the cis- and trans-conformations (34). 30 CC14 280 295 792 
't2% w/v solution. 
ZFor N-CH2-C protons. 

20 279 294 787 
15 278 294 786 

N-methyl groups could be useful for assignment 
10 278 294 786 
5 278 294 786 

of cis-trans isomerism about the amide bond in 30 CS2 272 288 783 
N-methyl substituted amides and peptides. I t  :! 273 288 783 273 289 782 
might be an absolute method, because it does not 7.5 274 289 780 
require both isomers to be available. 5 275 290 - 

Surprisingly, for all other pairs of undeuterated 5 Water(3 %DSS) 285 301 793 
5 Acetic acid 288 301 - 

and deuterated solvents except water (Tables 4 5 Pyridine 271 263 805 
and 5) there are almost no specific differences 5 Chloroform 288 297 - 
(within the experimental error) in changing of 
relaxation rates I/T,. There are at least 2 possible ~~~~~~'~ ~~a~~~ $::::O~~~pyio~$~;da~ 
explanations: the solvent molecules are acting as N,, york, 1968, 
a bulk surrounding, or there are several binding 2. P. LASZLO. In Progress in nuclear magnetic rcson- 
sites for specific solute-solvent interaction, over '"ce sPectroscoPY. Val. 3. Edited b)' J. W. Emsley, 

J. Feeney, and L. H. Sutcliffe. Pergamon Press, Inc., 
which the intermolecular contributions a re  Oxford. 1967. Chap. 6. 
effectively averaged. For the water solutions of 3. J. JONAS and H. S. GUTOWSKY. I n  Annual review of 

~ , ~ - d i ~ ~ ~ h ~ l f ~ ~ ~ ~ ~ i d ~  the largest solute-sol- physical chemistry. Val. 19. Edited by H. Eyring, 
C. J. Christensen, and H. S. Johnston. Annual 

vent intermolecular interaction is observed for - Reviews, Inc., Palo Alto, California. 1968. p. 447. 
the CH proton.  hi^ may correspond to the 4. N. BLOEMBERGEN, E. M. PURCELL, and R. V. POUXD. 

Phys. Rev. 73, 679 (1938). 
hydrogen bonding of water molecules to the 5. A. w. OVERHAUSER. ~ h y s .  Rev. 92,411 (1953). 
C=O oxygen. 6. E. L. MACKOR and C. MACLEAN. In Progress in 

nuclear magnetic resonance spectroscopy. Vol. 3. 
The authors wish to thank Dr. R. F. Henry and Mr. Edited by J. W. Emsley, J. Feeney, and L. H. Sut- 

R. F. Trushel for developing the computer program for cliffe. Pergamon Press, Inc., Oxford. 1967. Chap. 4. 
the fitting of the recovery curves. The authors are very 7. V. S1slVEE. Eesti NSV Akad. Toim., 
grateful to prof. L. W. R~~~~~ for lending the N,N- FUUS. Mat. Tead. Seeria, 15, 182 (1966); E. LIPP~IAA 

and J. PUSKAR. Eesti NSV Tead. Akad. Toim., dimethyldeuteroformamide sample and to Dr. T. N. Teh. Fuus. Mat, Tead. Seeria, 17, 130 (1968) and 
Khazanovich (Institute of Chemical Physics, Academy of references cited therein. 
Sciences of the U.S.S.R., Moscow) for a very valuable 8. R. A. HOFFMAN and S. FORSBN. J. Chen~. Phys. 45, 
discussion. 2049 (1966). 

TABLE 8 
Chemical shifts (+ 1 Hz) of the v/v solutions of amides in benzene (TMS as internal standard) 

Compound N-CH, N-CH, CO-CH2 C-CH,-C 

N-Methyl-2-pyrrolidone 250 259 197 128 
N-Methyl-2-piperidone 270 259 215 120 
1,4-Dimethyl-2,5-piperazinedione 23 3 318 - 

tmns-NCH, cis-NCH, trans-CH cis-CH 

N-Butyl-N-methylformamide 250 21 1 786 778 
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91, 512 (1969) and references cited therein. 

10. E. LIPPMAA and M. ALLA. Eesti NSV Tead. Acad. 
Toim., Teh. Fuus. Mat. Tead. Seeria, 17, 117 (1968) 
and references cited therein. 

11. J. C. METCALF, A. S. V. BURGEK, and 0 .  JARDETZKY. 
I11 Molecular associations in biology. Edited by 
B. Pullman. Academic Press, New Uork and London. 
1968. p. 487. 

12. J. T. GERIG. J. Amer. Chem. Soc. 90, 2681 (1968) 
and references cited therein. 

13. I. SOLOMOS. Phys. Rev. 99, 559 (1955). 
14. A. A. BROOKS, J. D. CUTNELL, E. O. ST~JSKAL, and 
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New method for the synthesis of 6-amino-6-deoxy-a-D-glucopyranssides 

R & L Molecular Research Ltd., 8045 Argyll Road, Ednzonton 82, Alberta 

Received August 1, 1969 

A general method for the synthesis of 6-amino-6-deoxy-a-D-glucopyranosides from 3,4-di-0-acetyl- 
1,2-dideoxy-6-O-p-tolylsulfonyl-~-a~abino-hex-l-enopyranose (3,4-di-0-acetyl-6-0-p-tolylsulfonyl-D-glu- 
cal) is described. The key steps in the synthesis are addition of nitrosyl chloride to the above glycal, 
condensation of the resulting nitroso-chloro adduct with alcohols or phenols to provide a-glycosides of 
3,4-di-O-acetyl-2-oximino-6-O-p-tolylsulfonyl-~-arabno-hexopyranose, and conversion of the a-oximino- 
glycosides to a-glucoside derivatives. Propyl, isopropyl, phenyl, and L-menthyl 2,3,4-tri-0-acetyl-6-0-p- 
tolylsulfonyl-a-D-glucopyranosides are thus prepared and the last compound is converted to L-menthyl 
6-amino-6-deoxy-a-D-glucopyranoside. 

Canadian Journal of Chemistry, 48, 257 (1970) 

Introduction Results and Discussion 

The ~latural occurrence of 6-amino-6-deoxy-D- 
glucose as an a-glycoside in the antibiotic 
Kanamycin-A (1) has created new interest in 
synthetic methods for establishing the a-glyco- 
sidic linkage between 6-amino-6-deoxy-D-glucose 
and the hydroxyl group of a desired aglycon. 
Although little has been reported in the literature 
along these lines, publications by two Japanese 
groups (2, 3 )  have provided evidence that 
Koenigs-Knorr type condensations can be 
employed for this purpose and indeed, Kana- 
rnycin-A has been synthesized by an application 
of these procedures (4, 5). 

It  is now established that the nitrosyl chloride 
adduct of 3,4,6-tri-0-acetyl-1,2-dideoxy-D-ara- 
bino-hex-1-enopyranose (3,4,6-tri-0-acetyl-D- 
glucal) reacts with alcohols to give a-glycosides 
of acetylated 2-oximino-D-arabino-hexopyranose 
(6). The oximinoglycosides are readily converted 
to a-glucosides by way of the corresponding 
ketoglycosides (7). The high degree of stereo- 
specificity observed both in the glycosidation of 
the nitrosyl chloride adduct and in the boro- 
hydride reduction of the ketoglycoside prompted 
us to examine the possibility of applying the 
above method for a direct synthesis of acetylated 
6-0-p-tolylsulfonyl-a-D-gl~~copyranoside since 
such compounds would be excellent precursors 
of 6-amino-6-deoxy-a-D-glucopyranosides. 

This paper is, therefore, concerned with the 
preparation of 3,4-di-0-acetyl-l,2-dideoxy-6-0- 
p-tolylsulfonyl-D-arabino-hex-1-enopyranose (3) 
and its conversion to 2,3,4-tri-0-acetyl-6-0-p- 
tolylsulfonyl-a-D-glucopyranosides (5 to 8) by 
way of dimeric 3,4-di-0-acetyl-2-deoxy-2-ni- 
troso-6- 0 - p -  tolylsulfonyl-a-D-glucopyranosyl 
chloride (4). 

The readily available 1,2,3,4-tetra-0-acetyl-6- 
0-p-tolylsulfonyl-P-D-glucopyranose (1) (8) was 
converted to 2,3,4-tri-0-acetyl-6-0-p-tolylsul- 
fonyl-a-D-glucopyranosyl bromide (2) by a slight 
modification of the published method (9). 
Reduction of 2 with zinc dust in aqueous acetic 
acid provided, as expected, 3,4-di-0-acetyl-l,2- 
dideoxy-6 - 0 - p  - tolylsulfonyl-D-arabino - hex- l -  
enopyranose (3).' 

Reaction of 3 with nitrosyl chloride as in the 
preparation of dimeric 3,4,6-tri-0-acetyl-2- 
deoxy-2-nitroso-a-D-glucopyranosyl chloride (10, 
11) afforded a mixture of two crystalline com- 
pounds from which the desired 3,4-di-0-acetyl-2- 
deoxy-2-nitroso-6-0-p- tolylsulfonyl- a - D  - gluco - 
pyranosyl chloride (4) could be obtained only in 
low yields by repeated recrystallizations. The 
structure of the by-product which contains no 
nitrogen and analyses for Cl,H20Cl,0,S is 
being investigated and will be discussed in a 
subsequent paper. However, when 3 was reacted 
with two equivalents of nitrosyl chloride at 0" for 
3 h the nitrosyl chloride adduct 4 was formed in 
high yield. Structural evidence for 4 was obtained 
from its infrared (i.r.) and nuclear magnetic 
resonance (n.m.r.) spectra and a first order 
analysis of the n.m.r. signals shown by H-1, H-2, 
and H-3 also permitted the assignment of a-gluco 
configuration to 4 (1 1). Physical and chemical 
properties of 4 such as the colorless nature of the 
crystals, the ability to produce light blue colored 
solutions and to react spontaneously with tri- 
ethylamine to give triethylamine hydrochloride 
-- 

'During the course of this work the preparation of 
3,4-di-0-acetyl-1,2-dideoxy-6-O-p-tolylsulfonyI-~ - 
arabino-hex-I-enopyranose (3) by a different route was 
published (13). 
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TsOH2C 

AcO 

CH20Ts 

1) Levulinic acid, AcOH, 1 N HCI 
2)  NaBHd. aqueous d~oxane 

b 
/ OR 3) Ac20, pqr~dine OR 

OH 5- 8 
Not isolated 

5 R = CH3CH2CH2- 

with simultaneous formation of a d e e ~  blue 
coloration characteristic of acetylated 2-nitroso- 
glycals suggested that the compound existed as a 
dimer in the crystalline state (1 1). The observed 
a-gluco configuration in 4 seems to offer further 
evidence for a four-center type addition mechan- 
ism as proposed by Lemieux and co-workers 
(10, 11). 

Conversion of 4 into 2,3,4-tri-0-acetyl-6-0-p- 
tolylsulfonyl-%-D-glucopyranosides was acconl- 
plished by general procedures (6, 7) and is 
illustrated in Scheme 1.' Structures of com- 
pounds 5-8 thus prepared are shown in Table 1 

2Although the oximino glycosides were not purified, in 
a t  least one case n.m.r. spectral analysis of the crude 
reaction product indicated the purity of the compound to 
be greater than 90%. Thus, the spectrum of crude 
isopropyl 3,4-di-0-acetyl-2-oximino-6-0-p-tolylsulfonyl- 
a-D-arabino-hexopyranoside showed the following signal 
pattern, characteristic of acetylated 2-oximino-c~-~- 
arabino-hexopyranosides (6); T 4.03 (singlet, H-l), T 4.16 
(doublet, H-2, J , , ,  = 9.0 c.p.s.) and z 4.98 (triplet, H-3, 
J3 ,4  = 9.0 c.P.s.). 

with overall yields from 4, physical constants, 
and n.m.r. parameters. The assignment of the 
a-gluco configuration is apparent from these 
n.m.r. parameters. 

Conversion of L-menthyl 2,3,4-tri-8-acetyl-6- 
0-p-tolylsulfonyl-a-D-glucopyranoside (7) to L- 

menthyl 6-amino-6-deoxy-a-D-glucopyranoside 
hydrochloride (11) by replacement of the tosyl 
group by azide followed by 0-deacetylation and 
catalytic reduction of the azido group was 
performed by standard procedures well estab- 
lished in the literature (12). The structure of 11 
was proved by i.r, and n.m.r. spectroscopy and 
by conversion to the crystalline N-acetate 12. 

Experimental 

Melting points are uncorrected. Infrared spectra were 
measured with a Perkin-Elmer Model 137 "Infracord" 
spectrophotometer. Nuclear magnetic resonance spectra 
were measured at 60 Mc.p.s. with a Varian A-60 spectro- 
meter. Chemical shifts are given in z values and refer, 
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NAGABHUSHAN: SYNTHESIS OF A GLUCOPYRANOSIDE 

TABLE 1 

- - 

Overall 
yield Chemical shifts (T values) and spacings 

Melting [g1DZ4 based (c.P.s.) 
point in chloroform o: 4 

Aglycon Structure "C (concentration) A H i  HZ Ha J1.z J2,3 J3,4 

unless otherwise stated, to spectra measured in deuterio- 
chloroform with tetramethylsilane as the internal stan- 
dard. Optical rotations were determined using a Carl- 
Zeiss Circular Polarimeter Model 0.01". Thin-layer 
chromatography (t.1.c.) was performed on silica gel using 
ethyl acetate - rz-hexane (1 :I, 2:l)  as the solvent system 
and 25 % sulfuric acid as the detector. Anhydrous sodiun~ 
sulfate was used for drying solutions and solvents were 
removed in vacrio at 40-45 "C. 

Physical constants and n.m.r. parameters for com- 
pounds 5-8 are given in Table 1 along with the overall 
yields from 4. 

3,4- Di-O-acetyl-1,2-dideoxy-6-O-p-tolylsulfony~-~- 
arabino-hex-1-enopymose (3) 

1,2,3,4-Tetra-O-acetyl-6-O-p-tolylsulfony~-~-~-g~uco- 
pyranose (1, 50 g) (8) was added in one portion to a 
solution of hydrogen bromide in glacial acetic acid 
(30-33 %, 650 ml) at 4 "C and the mixture was shaken for 
1.5 h without external cooling. The clear solution was 
poured on to crushed ice (2.5 kg) with stirring. The semi- 
crystalline precipitate was collected by filtration and 
dissolved in ether (400 ml). Any insoluble material was 
separated by filtration and the filtrate freed from acids by 
appropriate washings, dried, and concentrated. (Should it 
become necessary to leave the solution over sodium 
sulfate overnight, a little methylene chloride is added to 
inhibit crystallization. Methylene chloride or chloroform 
is not recommended for the extraction). The residue 
(46.5 g) was used as such for the zinc reduction. 

A mixture of acetic acid (257 ml), water (172 ml), and 
zinc dust (86 g) was stirred vigorously at 2-5 "C. A 
solution of the above compound (2,92.9 g from two runs) 
in acetic acid (534 ml) and watcr (172 ml) was added 
dropwise during 1.5 h at such a rate that the temperature 
did not exceed 5 "C. The stirring was continued for 
additional 2.5 h. The reaction mixture was saturated 
with sodium chloride and work-up in the usual manner 
using ether as the extractant gave a residue which was 
crystallized from ethanol to give 57.4 g (86.7 %) of pure 3 
with n1.p. 103 "C and [r]DZ4 + 30" (c, 1.064 in chloro- 
form). v,,,(~"J") 1730-1740 (carbonyl), 1640 (glycal 

double bond), 1585 (phenyl), 1165, and 11 80 cm-I (tosyl). 
The n.m.r. data, z 7.93 (2 0-acetyl groups), 7.50 (CH,), 
3.52 (H-1, J i , Z  = 6.5 c.P.s., Jl,, = 1.0 c.P.s.), 5.1 (H-2, 
J 2 , 3  = 3.5 c.P.s.), AzB2 type quartet at low field for 4 
aromatic protons. 

Anal. Calcd. for Ci7HZ0O,S: C, 53.12; H, 5.20; S, 8.33. 
Found: C, 52.99; H, 5.22; S, 8.29. 

3,4-Di-O-acetyl-2-deoxy-2-niiroso-6-O-p-tolylsrilfonyl-a- 
D-glucopyranosyl Chloride Dimer (4) 

A stock solution of nitrosyl chloride (10.4 g) (Matheson 
of Canada Ltd., Whitby, Ontario) in reagent grade 
methylene chloride (520 ml) was prepared at 0 "C under 
anhydrous conditions. To this solution (260 ml) main- 
tained at 0 "C was added, with stirring, 3 (30 g) and the 
solution stirred for 2 h. The remaining portion of the 
stock solution was now added and the mixture stirred for 
an additional I h at 0 "C. After removal of the solvent the 
res id~~al  product was crystallized from chloroform (150 
ml) and n-hexane (600 ml). Recrystallization in a similar 
manner afforded 24.9 g (71 %) of p ~ ~ r e  4, m.p. 131-133 "C,  
[2]DZ4 + 146.73" (c, 2.14 in chloroform). V , , , ( ~ ~ J ~ ' )  

1740 (carbonyl), 1585 (phenyl), 1165 and 1180 cm-I 
(tosyl). The n.m.r. data, 7 8.02 (2 0-acetyl groups), 7.57 
(CH,), 3.52(H-l,Ji,, = 3.75 c.p.s.),4.71 (H-2,J2,, = 10 
c.p.s.), 4.07 (H-3, J,,, = 9.5 c.p.s.), 4.88 (H-4) and an  
A2B2 type quartet at low field for the 4 aromatic protons. 

Anal. Calcd. for (C17H20C1N09S)2: C, 45.40; H, 4.44; 
C1, 7.88; N, 3.11. Found: C, 45.23; H, 4.85; C1, 8.10; N, 
3.05. 

General Method for the Synthesis of Alkyl or Aryl 
2,3,4-Tri-O-acety~-6-O-p-to~y~su~on}~~-z-~- 
glucopyranosides. Preparation of Isopropyl 
2,3,4-Tri-0-acetyl-6-0-p-tolylsulfonyl-a-D- 
glr~copyranoside (6) 

The procedure illustrated here is applicable in general 
for the synthesis of compounds 5-8. Any modification in 
the work-up of individual compounds is described under 
separate headings. 

A solution of 4 (5 mmole monomer) and isopropanol 
(7.5 mmole) in dry N,N'-dimethylformamide (8 ml) ..vas 
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set aside at room temperature, under anhydrous condi- 
tions, for 60 h. The solvent was removed and a solution 
of the residue in methylene chloride (75 ml) was washed 
with water (5 x 50 inl), dried, and concentrated. The 
crude sirupy product (2.4g) was dissolved in glacial 
acetic acid (17 ml) together with levulinic acid (2.95 g) 
and 1.12 N hydrochloric acid (5.1 ml). After stirring the 
mixture for 18 h at room temperature, it was diluted with 
methylene chloride (100 ml) and the resulting solution 
washed free of acids. After drying, the solvent was re- 
moved and the crude sirupy residue (2.1 g) dissolved in 
dioxane (23 ml). Water (2 ml) was added to the solution 
and the mixture was cooled with stirring to 5 "C. A 
solution of sodium borohydride (0.133 g) in dioxane (2 
ml) and water (4 ml) mas added dropwise maintaining the 
temperature at 5 "C. After the addition was complete, the 
mixture was stirred for 0.5 h at that temperature and for 
I h at room temperature. Excess borohydride was 
destroyed by the addition of acetic acid (2 ml) and the 
solvents were removed. The residual sirup was dried and 
acetylated at room telnperature for 18 h with pyridine 
(10 mlj and acetic anhydride (6.6 nil). The sirupy residue 
obtained after usual work-up was crystallized from hot 
isopropanol (8 1111). v ~ , ~ $ ~ ~ ' ~ ~ ~ )  1725 (carbonyl), 1580 
(phenyl), 1165 cm-' (tosyl). Additional n.m.r. data 
(Table I), T 7.59 (CH,). 

Anal. Calcd. for C22H30B1,S: C, 52.60; H, 5.97; S, 
6.38. Found: C, 52.87; H, 6.17; S, 6.30. 

n-Propyl 2,3,4-Tri-0-ncetyl-6-O-p-to~~ls~iIfon~~~-r*-~- 
glucopyranoside ( 5 )  

This compound was prepared by the general method 
described above xith the difference that 22 ml acetic acid 
was used for the hydrolysis of the oxime. v,,,""~"~) 
1725 (carbonyl), 1580 (phenyl), 1160cm-' (tosyl). 
Additional n.m.r. data (Table I), 7 8.05, 8.0 (3 0-acetyl 
groups), 7.59 (CH3), 9.1 (CH3 of the n-propyl group), 
8.1 - 8.9. and 6.2 - 6.9 (CH2-CH2 of the iz-propyl 
group). 

Anal. Calcd. for 622H30611S: C, 52.60; H, 5.97; S, 
6.38. Found: C, 52.57; H, 6.21; S, (5.20. 

~-~Wenthjl2,3,4-Tri-O-acetyl-6-O-p-tolj~lsulfonyl-a-~- 
ghrcopj~ranosid~ ( 7) 

The crude sirupy product obtained after the condensa- 
tion of 4 with L-menthol as mentioned in the general 
method, has  \lashed with rz-hexane (2 x 3 mi) to remove 
excess L-menthol before subjecting it to hydrolysis. 
vma,(hujol) 1725 (carbonyl), 1580 (phenyl), 1170cni-' 
(tosyl). Additional n.m.s. data, (Table I), r 9.06 - 9.39 
(superimposed signals of the CH3 groups), 7.55 (CH3). 

Anal. Calcd. for C,,H,2011S: C, 58.20; H, 7.01; S, 
5.35.Found:C,57.95;N,6.71;S,5.65. 

Phenyl2,3,4-T~i-O-acetyl-6-O-p-tolylsz~Ifonyl-~-~- 
glucopyranoside (8) 

The procedure was essentially the same as for 4 ,  
except, after removal of N,A\r'-dimethylforman~ide the 
methylene chloride solution was washed with 0.05 N 
sodium hydroxide sol~!tion to remove excess phenol. For 
the hydrolysis, acetic acid (9 ml), levulinic acid (3.2 g), 
and 1.12 N hydrochloric acid (5.1 ml) were used. 
~ ~ , ~ x ( ~ ~ ~ " ~ ~  1725 (carbonyl), 1580 (phenyl), 1165 cm-I 
(tosyl). Additional n.m.r. data (Table I), r 8.03, 7.99 

(3 0-acetyl groups), 7.95 (CH,), 2.2 - 3.2 (9 aromatic 
hydrogens). 

Anal. Calcd. for C25H28011S: C, 55.98; H, 5.22; S, 
5.97. Found: C, 55.78; H, 5.13; S, 6.65. 

L-Menthy1 6-Azido-6-deo,uy-x-D-glucopyranoside (10) 
A solution of 7 (2.99 g, 5 mmole) and sodiu~n azide 

(1.63 g, 25 inmole) in a mixture of N,N'-dimethylforma- 
mide (15 ml) and water (2 ml) was refluxed. The reaction 
was followed by t.1.c. and was complete after 2.15 h. The 
residue obtained after usual work-up was 0-deacetylated 
in solution in methanol (18 ml), water (5 ml), and tri- 
ethylamine (2 ml) at room temperature for 20 h. The 
solvents were removed and the product dried over P 2 0 ,  
and crystallized from hot n-hexane (6 ml). The yield of 
pure 10, m.p. 88-90 "C, + 16.94" (c, 1.18 in 
methanol), was 82%. v,,,""~"'~ 2100 (azide), 3350 
cm-I (OH). 

Anal. Calcd. for C16H29N305: (7, 55.97; H, 15.1; N, 
12.24. Found: C, 55.71; H, 15.32; N, 12.14. 

L-~Wenthyl 6-Arnino-6-deoxj~-a-~-g/ucopy~anos~ 
Hydrochlovide (11) 

Hydrogen was bubbled through a well stirred solution 
of 10 (0.686 g. 2 inmole) in methanol (10 ml) and 0.5 N 
hydrochloric acid (4 ml) in the presence of 10 %palladium- 
on-carbon (0.1 g). The seduction was followed by i.r. 
spectroscopy (disappearance of the az~de band at 2100 
cm-I) and was complete in 2.5 h. Work-up in the usual 
manner afforded a residue (600 mg) which was recrystal- 
lized from methanol (5 inl) and ether (50 ml) to give 
0.597 g (84.4 %) of pure 11, n1.p. 230" (d), + 56.49" 
(c, 1.54 in water). v,,,(~"~"~' 1600 cm-' (NH3@). The 
n.m.r. data, r4.95 (doublet for H-1, JIB, = 3.0 c.p.s.), 
9.16 (superimposed signals of the CH3 groups of the 
aglycon moiety). 

Anal. Calcd. for C16H32C1N05: C, 54.31; 11,9.05; N, 
3.96. Found: C, 54.19; H, 9.15; N,  3.99. 

L-Mentl~yl 6-Aeetar?1ido-6-deoxy-cc-~-ghrcopymoside (12) 
To a stirred solution of 111 (0.265 g) in a mixture of 

niethanol (10 ml) and water (3 ml) was added aqueous 
sodium hydroxide solution (30 mg in 2 ml water) followed 
by acetic anhydride (0.15 ml). After 0.5 h at room 
teinperature work-up in the usual manner yielded 0.25 g 
(90.9 %) of pure 12, m.p. 216 "C. [a]D24 t 54.71" (c, 1.59 
in methanol). v,,,(~"~"') 1640 (amide I), 1540 (amide 11), 
3350-3500 cm-I (OH and NH). 

Anal. Calcd. for C I ~ H ~ ~ N O ~ :  6 ,  60.16; t i ,  8.91; N, 
3.89.Found: C,60.24;H,8.62;N93.70. 

The author thanks Professor R. U. Lemieux, Director 
of Research for his advice and encouragement in the 
conduct of this research and Messrs. J. M. Brouwer, W. 
Merlo, and B. Baechler for their excellent technical 
assistance. 
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Deuterium exchange of C-methyl protons in lumazine derivatives1 

J. M. M C A N D L E S S ~  AND ROSS STEWART 
Depavtmeizt of Chemistry, Unicersity of British Columbia, Vancoucer, British Cohn~bia 

Received August 7, 1969 

Proton magnetic resonance spectroscopy has been used to examine the deuterium exchange of the 
methyl protons in two lumazine derivatives. The exchange occurs at  the C-7 methyl group in 6,7,8- 
trimethyllumazine (2) and at  the C-6 methyl group in 1,7-dihydro-6,7,8-trin~etl1yIlumazine (3). The 
former reaction is subject to both general acid- and general base-catalysis but the latter only to general 
acid-catalysis. Plausible mechanisms for the reactions of both compounds are advanced, involving in 
the case of 3, acid-catalyzed addition of water across the Cs-N, double bond. 

Canadian Journal of Chemistry 48,263 (1970) 

Riboflavin (1, R = ribityl) and other flavin Experimental 
nucleotides occupy a celltral position ill the 

A Varian A-60 60 MHz spectrometer was used to 
reaction chain that is responsible for record the overall spectra of the prepared compounds. 
in living systems (1). 6,7,8-Trimethyllumazine Chemical shifts (Table 1) are quoted as 6 values with 
(2) and its derivatives are simple colnpounds that tetramethyl silane as external- reference. For kinetic 

are structurally related to the fiavins and might measurements, a Varian HA-100 100 MHz spectrometer 
was employed and the solvent peak (HOD) was used as 

serve as for these cO-enzymes. Further- internal reference and lock signal. (The technical help of 
more, as pteridines they are exanl~les of a Mr. R. Burton is gratefully acknowledged.) Sodium 
biologically important class of compounds in phosphate buffer solutions (0.10 :M) in D,O were adiusted - - 
their own right. to the desired acidity with D2S04, with the ionic strength 

We have begun a study of alkyllumazines and maintained at  0.42 by the addition of sodium chloride. 
(Measurements of acidity were not corrected to give the 

their dihydro derivatives with a view to eluci- corresponding p~ values.s) Solvent systems at  H, = 
dating the mechanism of the redox processes that -0.37 and p H  = 8.2 were prepared froin the appropriate 

bring about their interconversion. As part of the 
program the dihydro derivative of 2 was pre- 
pared and was found to have the structure 3 
resulting from a 1,6-type addition of hydrogen 
rather than the I,4-type addition that riboflavin 
(1) undergoes. It soon became apparent that both 
2 and 3 undergo an interesting exchange of the 
protons in certain of their methyl groups and we 
describe these reactions herein.3 

'Taken in part from the Ph.D. thesis of J. M. 
McAndless, University of British Columbia, 1969. 

'Holder of a NRCC Studentship. 
3As this paper was being prepared, a comn~unication 

appeared which reported the exchange of the 7-inethyl 
protons in 2 and some of its derivatives (9). Although no 
kinetic work was reported, these authors advance, as a e  
do, a mechanism for the exchange in alkaline solution 
which involves the ion shown in Scheme 1. A related 
reaction is the exchange of the 7-methyl protons in 
riboflavin 5'-phosphate (10). 

mixture of D,O - anhydrous trifluoroacetic acid (2) and 
D,O-pyridine respectively. The exchange took place in 
0.07 M D,O solutions of the lumazine dissolved in the 
appropriate nitrogen-flushed phosphate buffer. Since the 
N-methyl protons did not exchange under the reaction 
conditions, peaks from these groups were used as 
reference and the exchange was followed by the measure- 
ment of area under the C-methyl peak. Before and after 
each measurement, the samples of 3 mere thermostatted 
at 30.0" in a water bath. The exchange of 2 occurred at  
such a rate that the reaction was monitored in its entiretv 
in the spectrometer probe, the temperature of which was 
31.4". 

41t has been shown that a glass-calon~el p H  assembly 
is usefill for measureinents of pD in heavy water through 
the application of a scale-factor of about 0.4 unit (1 1). 
Since a similar change occurs in the pK values of phos- 
phoric acid in going to D 2 0  (6), the general shape of the 
rate profile (Fig. 3) would not be radically altered mere 
the appropriate p D  and pK,h,,,,,,i, ..id(D,O) values to be 
used in its construction. 
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TABLE 1 TABLE 3 

Proton magnetic resonance data (s, d, q - singlet, Ionization constants in water at 25.0"" 
doublet, quartet) 

Compound PK. PKBH + 
G(p.p.m.1 

2 9.85 1 0 . 0 6  0.85 i- O.1f 
Compound Protons DZO TFAA* J(c.p.s.) 3 7.29 + 0.03 2.86 i 0.05 

2 C-6 Methyl (s) 2.61 
C-7 Methyl (s) 2.75 - - 
N-8 Methyl (s) 4.02 

3 C-7 Methyl (d) 1 .19 1.36 6 .5  
C-6 Methyl (s) 2.01 2.38 
N-8 Methyl (s) 3.03 3.10 

*Trifluoroacetic acid. 
:In D,O, the quartet resonance is partially masked by the HOD 

solvent peak. 

The exchange followed first-order kinetics for most of 
the reaction. In the case of 3 however, the reactions in the 
more acidic media were characterized by an initial fast 
rate of undetermined order, followed by first-order 
kinetics. 

6,7,8-Trimethyllumazine (2) was prepared by published 
methods (3). 

1,7- Dihydro-6,7,8-trimerhyllumazine (3) 
Since this compound proved to be susceptible to aerial 

oxidation in solution, all solvents ,used in work-up and 
recrystall~zat~on were flushed thoroughly with nitrogen 
before use. A 1.5 g sample of 2 in 50 ml 5 M acetic acid 
was hydrogenated over platinum oxide at ambient 
temperature and atmospheric pressure. The dihydro 
product was purified by recrystallization from hot 
aqueous ethanol to yield 0.75 g (49%) of 3 as pale yellow 
needles (hygroscopic), m.p. 298-300" (decomposed, 
uncorrected). 

Anal. Calcd. for C9HILN4O2: C, 51.92; H, 5.81; N, 
26.91. Found: C, 52.11; H, 5.60; N, 26.72. 

Spectroscopic and ionization data for 2 and 3 are 
collected in Tables 2 and 3. 

TABLE 2 

Spectroscopic data* 

Com- 
pound Ion h,,,(mp) ~ O ~ I O E  p H  

*Determined at 25.0" in aqueous media; ( ), shoulder. 

5An analogous colnpound containing a j3-hydroxyethyl 
group instead of a methyl group at the 8-position has been 
given the name 8-(j3-hydroxyethy1)-6,7-dimethyl-7,8- 
dihydrolumazine (12). We prefer the name given above 
because it reveals the positions of the hydrogens in the 
compound. 

*Ionization constants are thermodynamic values 
determined from spectral changes accompanying 
ionization; p H  measurements made with a radiom- 
eter instrument, Model 26. 

T(12). 

Results and Discussion 

Assignment of Exchanging Groups 
The typical exchange pattern of 2 is illustrated 

in Fig. 1, the selective decrease in amplitude of 
the downfield methyl peak being attributed to 
exchange of the C-7 methyl group protons with 
solvent. This assignment is made on the follow- 
ing grounds. 

(i) In trifluoroacetic acid with external TMS 
as reference, the downfield C-methyl peak in a 
series of closely related pteridine derivatives, 
including 6,7,8-trimethyl-2-amino-4-hydroxy- 
pteridine, has consistently been assigned to the 
C-7 methyl group (4). The relative positions are 
consistent with the proton magnetic resonance 
(p.m.r.) spectrum of pteridine itself (5) and the 
known polarization of bonds in pteridines. 

(ii) 1,7-Dihydro-6-d,-7,s-trimethyllumazine, 
formed by the exchange of the C-6 methyl 
protons of 3 (see later) can be oxidized by D 2 0 2  
in unbuffered D,O to 6-d,-7,8-trimethyll~~m- 
azine. Comparison of the p.m.r. spectra of this 
latter compbund and 2 confirms the C-7 methyl 
group assignment. 

(iii) Only the C-7 methyl group of 2 can 
produce a charge-delocalized anion by proton 
loss (Scheme 1). 

Figure 2 illustrates the exchange pattern of 3. 
The amplitude decrease of the downfield C- 
methyl singlet is attributed to exchange of the 
C-6 methyl group protons with solvent through 
the intermediacy of 4. The assignment is 
supported by the following. 

(i) The p.m.r. spectrum of 3 exhibits a non- 
exchanging doublet resonance which must be 
due to the C-7 methyl group. 

(ii) Only the C-6 methyl group of 3 can pro- 
duce a low-energy methylene intermediate 
(Scheme 2). 
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McANDLESS AND STEWART: DEUTERIUM EXCHANGE 

FIG. 1. Proton magnetic resonance spectrum of 6,7,8-trimethyllumazine (2); (a) in unbuffered D 2 0  (HOD solvent 
peak at 6 4.68); (b) after 2.5 min in p H  2.0, 0.10 M Na2DP04 at 31.4"; (c) after 13 min; (d) after 27 min; (e) after 
75 min. 

Mechanism rate upon buffer concentration at two p H  values 
(a )  6,7,8-Trirrzethyllumazirze (2) (Fig. 4) show the reaction is subject to general 
The exchange was examined in the p H  range catalysis by the phosphate buffer species as well 

-0.37 to 8.0; over most of this range the sub- as by hydroniuln ion (H,Of). The observed k ,  
strate is predominantly in the neutral form. The at a given p H  value within the range examined is 
variation of k ,  with p H  (Fig. 3) shows the a composite value as indicated by eq. [I].  
exchange is subject to both acid- and base- 
catalysis. In the present case, the results of [ I ]  k ~ = k o + k ~ , o ~ [ ~ ~ O + l + k ~ ~ [ ~ A l  
experiments examining the dependence of the + k,-[A-] + kA2-[A2-]  

Base-catalyzed exchange of 6,7,8-trimethyllumazine (2) 
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FIG. 2. Proton magnetic resonance spectrum of dihydro-6,7,8-triinethyllumazine (3); (a) in trifluoroacetic acid - 
DzO (Ho = -0.37), T = 30.0°, 7 min after start of exchange; (b) after 4 h; (c) after 22 h; (d) after 54 h; (e )  after 80 h. 

where k, is the uncatalyzed exchange rate andA2- = HP042-. Thevalueofk,,,+ may be 
constant, k,,,+, kHA, etc. are specific rate obtained by extrapolation of the line at p H  2 in 
constants referring to the species indicated by the Fig. 4 to zero buffer concentration. Using the 
subscripts, and HA = H3P04, A- = H,PO,-, known dissociation constants of phosphoric acid 
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McANDLESS AND STEWART: DEUTERIUM EXCHANGE 

Acid-catalyzed exchange of 3 

SCHEME 2 

FIG. 3. Effect of acidity on rate of exchange of the G-7 methyl protons of 2; 0 , O . l  Mphosphate buffer, y = 0.42, 
T =  31.4"; @, trifluoroacetic acid - D,O, hl, = -0.37. Dotted line is calculated curve using eq. [I]. 

(6) ,  the values of the specific catalytic constants lated for the specific constants are as follows 
are obtained from the experimentally determined 

- 1.2,1cH, = 0.41,1c,- = 0.14, 
values of k ,  and application of eq. [ I  ] at various k ~ 3 0 +  - 

pH values. The values (in 1 mole-' min-I) calcu- kA2- = 52.9 
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Buffer  molarity 

Using these values the smooth curve in Fig. 3 
was cons t r~c t ed .~  111 all calculations, the value of 
the uncatalyzed rate constant, k,, is assumed to 
be small in comparison to the other constants. 
This is a reasonable assumption in view of the 
very slow rate of exchange observed for 2 in 
unbuffered D 2 0  at p H  6.5 ( t ,  ,, N 1.5 weeks). 

A mechanism for the acid-catalyzed exchange 
of 2 is shown in Schemc 3. (Protonation at the 
4-position oxygen is a trivial variation of this 
scheme.) Above p H  4 the general base-catalyzed 
cxchangc becomes more important. Thc niechan- 
ism of the exchange in the more basic p H  range 
is illustrated by the reversible pathway shown in 
Scheme 1. The facile exchange observed for the 
C-7 methyl group protons is doubtless due tothe 
long conjugated bonding arrangement and 
extensive charge delocalization in the inter- 
mediates leading to exchanged product. 

(b)  1,7-Dihydro-6,7,8-trirnetlzyllu1~zazir.le (3) 
a 5 The exchange was examined in the p H  range 

-0.37 to 8.2 (Fig. 5). In general the rates are 

FIG. 4. Relation between phosphate buffer concen- 6Catalysis by HA (H,PO,) and A2- (HP042-) is 
trations and rate of exchange of the C-7 111ethyl protons of undoubtedly acid- and base-catalysis, respectively. 
2 at 31.4"; upper curve, pH 2.0 (slope = 0.29 min-l Further work wil! be required however, to determine 
M-9) ;  lower curve p H  4.5 (slope = 0.24 min-I M-I). whether A- (H2P04-) is acting as an acid or as a base. 

Acid-catalyzed exchange of 6,7,8-trimethyllumazine(2) 
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McANDLESS AND STEWART: DEUTERIUM EXCHANGE 

FIG. 5 .  Effect of acidity on rate of exchange of the C-6 methyl protons of 3; 0 , O . l  Mphosphate buffer, J.I = 0.42, 
T = 30.0"; @, trifluoroacetic acid - D20, H, = -0.37; 8, pyridine-D20, pH = 8.2. 

much lower than those of the oxidized form, 2. 
(The half-life for the exchange of 2 at pH 6 in 0.1 
M phosphate is 1.8 min at 31.4" compared to a 
value of 647 min for 3 undei essentially the same 
conditions.) 

The acid-catalysis observed in solutions more 
acidic than p H  4 is attributed to the reaction 
path shown in Scheme 2.' 

The pK,, of 3 has been found to be 5.29 
(Table 3) and the decrease in the rate of exchange 
beyond pH 7 presumably reflects the difficulty of 
proton loss from the anion, 5. 

Reaction of 3 i~z Acid Soititiorz 
In solutions niore acidic than p H  2, a fast 

initial reaction folloued by a slower reaction of 
precisely first order accounts for the greater part 
of the exchange that took place. The spectra of 3 
in this region (except for H, = -0.37) were 
characterized by the appearance of a small peak 
adjacent to the C-6 methyl resonance which 
increased in size, but did not shift in position, 

with increasing acidity of the medium. The 
possibility arises that acid-catalyzed addition of 
the elements of water across the C,-N bond to 
form a hydrated cation of 3 is responsible for the 
decrease in exchange rate. A possible hydration 
scher~e is shown in Scheme 4. Protonation of the 
primary amino group will shift the equilibrium 
toward the ring-opened form in the more 
strongly acidic solutions. 

Pteridines are ltnown to undergo acid-ceta- 
lyzed hydrations, Indeed, pteridine itself rapidly 
adds a molecule of m7ater to form ""hydrated 
pteridine", 3,4-dihydro-4-hydroxypteridi1ie (as 
the cation) (7). This co~npound slowly undergoes 
fission of the dihydropyrimidine ring to form the 
cation of 2-aminometl-ryleneamino-3-foriny1- 
pyrazine. Similar behavior is shown for 2-, 4-, and 
7-neehylpteridine, the rate of the ring-opei~ing 
reaction varying linearly with hydrogen ion 
activity (8). 

For 3, a bathochromic shift of 34 mp was 
observed in going from the neutral species to the 
cation. The change from pteridine to its proton- 
ated hydrate is similarly accompa~lied by a 
bathochromic shift of about 20 mp (7b). 

The financial support of the National Research Council 
of Canada is gratefully acknowledged. 

7Although 0-protonation predominates in some 1. (a) R. STEWART. Oxidation n~echanisn~s : application 
analogous cases (13) recent work with pteridine deriva- to organic chemistry, W. A. Benjamin, Inc., New 
tives analogous to 3 (14) suggesls that protonation occurs Uork. 1964. Chapter 11. (b) G. R. PE~LI:R and 
at the N-5 position, as in 4. Although both kinds of cation 6. K. RADDA. Quart Rev. (London), 21,43 (1967). 
are undoubtedly present in acid solution, only 4 has a (c)  P. HEMMERICH, C .  VEEGER, and H. C.  S. WOOD. 
facile exchange route open to it. Angew. Chein. 77, 1 (1965). (d) H. BEIIIERT. In 
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Radiolysis s f  aqueous chloroform solutions 

B. J. REZANSOFF,' K. J. MCCALLUM, AND R. J. WOODS 
Department of Chemistry and Chenzical Engineering, University of Saskatchewan, Saskatoon, Saskatchewan 

Received June 13, 1969 

Saturated aqueous chloroform solutions (0.07 M) with p H  ranging from 0.8 to 12.6 have been 
irradiated with 60Co y-radiation in the presence and absence of air. G(C1- + C1O-) increases with 
increasing p H  in the p H  range 1-3 (aerated solutions) or 3-6 (deaerated solutions) and again at p H  
greater than 10.5. The variation in yield from aerated solutions in the region p H  1-3 is attributed to 
competition between chloroform and hydrogen ions for hydrated electrons. However, such com- 
petition cannot account for the p H  effect observed in deaerated solutions between p H  3 and 6. Increased 
yields from both aerated and dcaerated solutions at high p H  are attributed to the formation of O- 
by reaction of hydroxyl radicals and hydroxide ions. Formic acid and oxalic acid have been identified as 
minor products when aerated chloroform solutions are irradiated. 
Canadian Journal of Chemistry, 48, 271 (1970) 

Introduction 

Hydrogen chloride is a major product when 
chlorinated hydrocarbons are exposed to ionizing 
radiation and the ease with which it can be 
detected and estimated has led to the use of 
chlorinated organic compounds, generally in the 
presence of oxygen and water, as radiation 
dosimeters (1). One of the simplest dosimeters of 
this type is an aerated, saturated, aqueous solu- 
tion of chloroform. The yield of hydrogen 
chloride from such a solution is linear with 
absorbed energy up to about 2 x 10'' eV g - l ;  
above this the yield falls due to oxygen depletion 
in the solution. 

The radiation chemistry of near-neutral (pH 6) 
aqueous chloroform solutions has been investi- 
gated by TeplL and BednBi- (2) and Teplg (3) who 
identified hydrogen chloride as the major radiol- 
ysis product and carbon dioxide and hydrogen 
peroxide as secondary products. G(HC1) for sat- 
urated chloroform solutions2 was found to be 
about 26 for 150 kVp X-rays and 60Co y-rays in 
the presence of oxygen, falling to 6.3 in oxygen- 
free solutions, and decreasing as the concentra- 
tion of chloroform was reduced. The relatively 
high yield of hydrogen chloride from aerated 
solutions was attributed to a mechanism such that 
the yield of chloride would probably be depen- 
dent upon dose rate. However, no dose rate 
dependence was observed by Tepl? and BednBi 
(2) or by Woods and Spinks (4). The present 

'Present address: Nutana Collegiate, Saskatoon, 
Saskatchewan. 

2The G value is defined as the number of molecules of 
product formed per 100 eV of energy absorbed from the 
radiation. 

experiments were carried out to clarify the 
radiolysis mechanism. 

Experimental 

Materials 
The distilled water used was redistilled from alkaline 

permanganate and acid dichromate solutions and then 
stored in Pyrex bottles. 

Chloroform (Fisher Certified Reagent) was washed 
with water ( x  10) and distilled water ( x 4 )  and then 
distilled, collecting the fraction b.p. 59-62 "C, The puri- 
fied chloroform was stored under the triply-distilled 
water in the dark. 

Chloroform-I4C (New England Nuclear Corporation) 
was used as supplied after dilution with inactive chloro- 
form purified as described above. The activity of the 
diluted material was determined using a Nuclear Chicago 
Unilux scintillation counter (Model 6850) and the 
channels-ratio counting technique (6). 

irradiation Procedure 
Irradiations were carried out in an Atomic Energy of 

Canada "Gammacell" containing a nominal 5000 curies 
=OCo. Dose rates were measured using the ferrous sulfate 
dosimeter (l), assuming a G value for ferric ion of 15.5, 
and were of the order of 5 x 1015 eV g-I s-l. 

Chloroform solutions for irradiation were prepared by 
shaking purified chloroform with triply-distilled water to 
give a saturated solution (0.070 1. 0.002 M at room 
temperature) which was diluted to give the less concen- 
trated solutions. The p H  of the solution was adjusted 
using reagent grade sulfuric acid or sodium hydroxide as 
required, and was measured using a Beckman p H  meter 
(Model 76). Air-saturated solutions (5-8 ml) were 
irradiated in screw-capped Pyrex vials having a Tygon 
liner in the cap. Oxygen-free (nitrogen-saturated) solu- 
tions were irradiated in similar vials sealed with rubber 
serum bottle caps. Oxygen was displaced by passing a 
stream of pure nitrogen, saturated with water vapor and 
chloroform, through the solution for 15 min prior to 
irradiation by means of hypodermic needles inserted 
through the rubber cap. 

The absorbed dose was varied between (0.3-2) x lo1* 
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eV g-l ; the latter dose was insufficient to wholly deplete 
the oxygen originally present in air-saturated samples. 

Ann1,ysis 
Chloride ion was determined by titration with 0.05 IM 

mercuric nitrate solution using bromophenoi blue - 
diphenylcarbazone indicator after the addition of sulfuric 
acid or sodium hydroxide solution to bring the p H  of the 
irradiated solution to between 3.0 and 3.6 (8). Hypo- 
chlorous acid titrated as chloride. Blank determinations 
were carried out on unirradiated chloroforn~ solutions 
and.the appropriate correction made. The blank was 
most significant at  high p H  (1 1-12.6), where hydrolysis of 
the chloroform was sufficiently fast to yield appreciable 
amounts of chloride ion. The hydrolysis is tenlperature 
dependent and samples irradiated at  a pHgreater than 10 
were kept in a constant tenlperature bath at  36.2 "C (the 
temperature in the Gan~niaceil at  the time that these 
samples were being irradiated) before and after irradia- 
tion. All samples, irradiated and blank, were subse- 
quently acidified at the same time and then analyzed. 

Tota! acid produced upon irradiation was only 
determined for samples irradiated at near-neutral p H  and 
\<-as estimated by titration with standard sodium hydrox- 
ide solution using methyl red as indicator. With this 
indicator, formic and oxalic acids are titrated, the latter 
as a dibasic acid, but carbonic acid reacts to only a small 
extent and hypochlorous acid to an insignificant extent 

Total oxidizing product was estimated by adding 
1.0 nil 0.015 M ferrous sulfate so l~~ t ion  to 10.0 n ~ l  irra- 
diated solution and estimating the ferric ion produced 
fro111 the increase in optical density at  304 n ~ p .  A calibra- 
tion curve mas prepared using hydrogen peroxide as a 
standard. "'Non-volatile" oxidizing product was esti- 
mated in the same way after passing a stream of purified 
nitrogen through the acidified irradiated solution for 
10 inin. 

The quantity of chloride ion, total acid, and oxidizing 
material produced was determined at various absorbed 
doses and the quantity plotted against absorbed dose. 
Linear plots were obtained and used to calculate the 
appropriate G balues, induction periods were observed in 
some instances but the length of the induction period u;as 
not reproducible: the G values are based on the slope of 
the linear portion of the plot?. 

Formic and oxalic acids were estinlated using a tracer 
method. Samples of saturated chloroform solution (25 or 
50 1x11 containing about 4 microcurie '"CHCI,) were 
irradiated and subsequently added to a weighed quantity 
(about 100 mg) of non-radioactive sodium forillate or 
oxalic acid. The formic acid was s~~bsequently isolated as 
the p-bromophenacyl ester and oxalic acid as the calciunl 
salt. Samples of the formate ester, purified by crystalliza- 
tion from aqueous ethanol, were dissolved in toluene 
containing 7.0 g PPO (2,5-diphenyloxazole) and 50 n ~ g  
POPOP (1,4-bis-2-(5-phenyioxazolyl)benzene) per 1 and 
counted using a Unilux scintillation counter and the 
channels-ratio technique of counting (6). The precipitated 
calc i~~ln  oxalate was thoroughly washed with water, 
carefully dried, and oxidized with perchloric acid to 
liberate the carbon content as carbon dioxide. The "C 
content was estimated by counting the carbon dioxide in 
an  ionization chamber using a Dynacon 600 electrometer. 

Both formate ester and carbon dioxide were counted for 
a sufficient time to give a statistical counting accuracy of 
about 3 %. 

Results 

G(C1- + Glop)  values for 0.07 Mchloroform 
solutions are plotted as a function of the p H  of 
the solution for air-saturated and for nitrogen- 
saturated (oxygen-free) solutions in Figs. 1 and 2, 
respectively. The G values appeared to be inde- 
pendent of the build-up of chloride ion during 
radiolysis M C1- was produced by the 
highest doses absorbed by the air-saturated solu- 
tions and 2 x lo-" M C1- by the highest 
absorbed dose in the nitrogen-saturated solu- 
tions). The linearity of the plots of C1- + CiO- 
against absorbed dose indicates that the yields 
are independent of the oxygen concentration 
until the oxygen is very nearly exhausted. The 
yields were found to be illdependent of tempera- 
ture from 25 to 37 "C. In near-neutral 0.07 M 
chloroform solutions, G(tota1 acid) was 30.1 1: 1.1 
for aerated and 9.2 1: 0.25 for oxygen-free solu- 
tions; the corresponding C(C1- + C10-) values 
are 28.4 f 1.0 and 6.45 1: 0.25, respectively. For 
sinnilar solutions irradiated at rather lower dose 
rates, Tepl9 and Bedna? (2, 3) found G(C1-) = 
6.3 f 0.3 for nitrogen-saturated solutions irra- 
diated with 150 lcVp X-rays and G(C1-) = 
25.8 f 1.3 and 26.6 f 1.3 for solutions irradiated 
in the presence of oxygen with 'OCo y-rays and 
150 kVp X-rays, respectively; the yields were 
independent of the conce~~tration of oxygen to 
low oxygen concentrations. These authors deter- 
mined chloride by several niethods and the 
quoted G(C1-) values probably include any C10- 
formed. 

Yields of oxidizing products determined for 
air-saturated 0.07 M solutions over a range of p H  
are shown in Fig. 1. The "non-volatile" oxidizing 
product is most probably hydrogen peroxide 
since organic peroxides formed in this system will 
readily hydrolyze. TeplL and Bedni? (2) found 
G(H,B,) = 2.03 f 0.01 for 150 kVp X-rays at 
p H  6 by polarography, corresponding to our 
value for non-volatile oxidizing product of 
1.7 f 0.3. The "volatile" oxidizing product is 
almost certainly chlorine, which we titrate as 
HCl + ETCIB. The low yield of volatile oxidizing 
product compared with G(C1- + C10-) shows 
that the major part of the latter product is 
chloride ion; we have therefore condensed 
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REZANSOFF ET AL.: RADIOLYSIS OF CHLOROFORM 273 

FIG. 1. Variation with p H  of G(C1- + C10-) (0), 
G(tota1 oxidizing product) (O), and G("non-volatile" 
oxidizing product) (A)  fro111 aerated 0.07 M chloroform 
solution upon y-irradiation. The solid lines are calculated 
responses. 

G(C1- + Clop)  to G(C1-) in the followillg 
discussion. 

The effect of chloroform concentration and of 
added ferrous sulfate upon G(C1- + C10-) is 
shown in Table 1. 

Yields of oxalic and formic acids from air- 
saturated 0.07 M chloroform solutions were 
G(C2H20,) = 0.21 1 0.01 (pH3.7), G(CH20,) = 
0.23 i 0.02 (pH 1.0), and G(CH20,) = 0.73 1 
0.06 (pH 4.8). 

Rate constants are from ref. 5 and are for 
aqueous solutions unless otherwise indicated. 

Air-Saturated Cizloroform Solutions 
The reactive species produced in water by 

y-irradiation are hydrated electrons, hydrogen 
atoms, and hydroxyl radicals. Hydrogen and 
hydrogen peroxide are also formed, but will 

FIG. 2. Variation with p H  of G(C1- + CIO-) from 
nitrogen-saturated 0.07 M chloroform soliltion upon 
y-irradiation. 

probably be protected against radical attack in 
the present systems by the relatively high concen- 
tration of chloroform present. Reactions of thi  
reactive species in acid and neutral chloroforlll 
solutiolls are 

[21 e,,- + CHCI, + CI- + CHClz 
kZ - 2.0 x 10" M-' s-' 

[3] - H -k CHCI3 ;- HCI + CHClz 
k3 = 1.6 x lo9 M-I s-I (in hexane) 

[4 I H + CHCIB + HZ + CC13 
k4 = 2.2 x 10' &I-I s-I (in hexane) 

[5j OH + CHCI3 -t H z 0  + CC13 
k g  = 5 x lo6 M-I s-I (estimated below) 

TABLE 1 

G(C1- + ClO-) from y-irradiated aqueous chloroform solutions 
- - .- - - - - 

Chloroform Atmosphere 
concentration Other during Initial 

( M )  solute irradiation p H  G(C1- + C10-) 

7 x None Air 4-10 28.4 k 1 . 0  
Nitrogeh 1-2 4 .25k0.20 
Nitrogen 6-10 6 .4510 .25  

7 x lo-3 None Air 0.5-1.5 10.5 1 0  3 
Air 4-10 21 2  k 0 . 7  

7 x None Air 4-10 10.1 k 1 . 6  
7 x lo-' M FeS04 Air 5 .8  10.9 k 0 . 7  

10-3 M FeSOd Air 5 .5  19.1 k 0 . 7  
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Reaction [6] will not be significant when near- 
neutral 0.07 M chloroform solutions are irra- 
diated since the highest chloride concentrations 
produced were about 10- M, but it may compete 
successfully with reaction [5] at low p H  and when 
more dilute chloroform solutions are irradiated. 
The chlorine atoms formed will probably 
dimerize (9) 

[7 I 2C1-> ClZ (f H 2 0  @ HC1 + HC10) 

In the presence of oxygen, additional reactions 
include 

The concentration of oxygen in air-saturated 
chloroform solutions is approximately 2.5 x 
M and reaction [8] will compete with reaction 
[2] at low chloroform concentrations but not to a 
significant extent with 0.07 M CHCl,. The ion 
0,- is also formed by dissociation of HO, 

and will probably be the predominant form of 
this species in solutions with p H  greater than 4.5. 
However, in the absence of a p H  effect in the 
region p H  3-6 that can be attributed to dissocia- 
tion of HO,, this will be treated throughout as 
the neutral radical. The reduction in chloride 
yield with decreasing p H  between p H  3-1 is 
consistent with competition between hydrogen 
ions (reaction [I]) and chloroform (reaction [2]) 
for hydrated electrons if the hydrogen atoms 
formed do not react with chloroform. This im- 
plies that the rate constants shown for reactions 
[3] and [4], which were determined in hexane by 
competition between solvent and solute for 
radiation-produced hydrogen atoms (12), are 
both high by about two orders of magnitude when 
applied to the reaction of hydrogen atoms with 
chloroform in aqueous solution. Differences of 
this magnitude have been reported previously (5) 
between rate constants for hydrogen atom reac- 
tion with acetic acid, ethyl acetate, and acetone, 
measured in hexane by the competition technique 

and determined independently in aqueous solu- 
tion. The probable reaction of hydrogen atoms in 
the presence of oxygen is reaction [9]. 

Yields of hydrated electrons, hydrogen atoms, 
hydroxyl radicals, and hydrogen peroxide in 
y-irradiated, neutral, 0.07 M chloroform solution 
are estimated (13) to be Geaq- = 2.99, GH = 0.55, 
Go, = 2.88, and G,,,, = 0.71 when allowance is 
made for scavenging of hydrated electrons in the 
spurs by chloroform (14). These yields are small 
compared with the experiinental yield of chloride 
in the presence of oxygen. Absence of a dose-rate 
effect upon G(C1-) implies that this product is 
not the result of a chain reaction and we attribute 
the relatively large chloride yields to hydrolysis of 
the intermediate, chlorine-containing, organic 
radicals as represented by the stoichiometric 
equations 

[I61 CHC12 f H 2 0  + CHO + 2HC1 

[171 CC13 f 2Hz0 -t COOH + 3HC1 

Oxygen is an efficient radical scavenger and in the 
presence of oxygen the predominant hydrolysis 
reactions are expected to be [14] and [15]. By 
analogy with the hydrolysis of organic com- 
pounds containing the groups C(C1)O and CC1, 
reactions [14] and [15] are expected to be con- 
siderably faster than [16] and [17]. However, the 
minor products, formic acid and oxalic acid, are 
probably formed via the latter reactions 

2COOH + HOOC-COOH 
(2C00- + -00c-COO-) 

~191  2COOH + HCOOH + COz 

[20] CHO f CHC12 + H 2 0  + 
CHClz + HCOOH f HCl 

Since reaction [I  81 predominates in near-neutral 
solutions and [19] at low p H  (15), reaction [20] 
is included to account for the decrease in 
G(HCO0H) from chloroform solutions from p H  
4.8 to 1; the decrease in G(HC0OH) is pro- 
portional to the decrease in the number of 
hydrated electrons reacting with chloroform 
predicted from the rate constants for reactions 
[l ] and [2]. 

The radiolysis of 0.07 M chloroform solutions 
in the presence of oxygen can be represented by a 
mechanism made up of reactions [I], [2], [5], 
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and [9] to [20]. With the exception of reactions 
[16] and [20j, which make a minor contribution 
to the radiolysis, the mechanism is not a chain 
reaction and the product yields would be expected 
to be independent of dose rate, as observed by 
TeplL and Bed& (2) and by Woods and Spinks 
(4). The mechanism predicts the following rela- 
tionships for neutral solutions where formic acid 
is formed only by reaction [20] 

l-21 I G(C1-) = 6Geaq- + 3COH + 
3G(HCOOH) = 28.77 

(Found, 28.4 2 1 .O) 

[22] G(tota1 acid) = G(C1-) + G(HCO0H) + 
2G(C2H20,) = 29.92 

(Found, 30.1 + 1.1) 

[23 I G(CO2) = 2Geaq- + Go, - 
2G(C2Hz04) = 8.44 

(Found, 8.4)(2, 3) 

1241 G(H202) = GH,o, + 4(Geaq- + GH 
+ - G(CZHZ04) 

= 3.71 
(Found, 2.03 1 0.01)(2) 

The product yields are predicted using the 
estimated yields of radicals and HzOz from water 
radiolysis and the experimental yields of formic 
acid and oxalic acid. The mechanism predicts a 
higher yield of hydrogen peroxide than that 
found, suggesting some reaction of H,02, or its 
precursor HO,, with thc organic radicals 
produced. 

The effect of p H  on G(C1-) from 0.07 M air- 
saturated chloroform solutions is shown in 
Fig. 1. The solid curve between p H  0.5 and 6 was 
derived (eq. [25]) from the proposed mechanism 
assuming competition between hydrogen ions 
and chloroform for hydrated electrons, and an 
average yield of 6.73 chloride ions (6 + 3G- 
(HCOOH)/GeUq- at p H  7) from each hydratcd 
electron reacting with chloroform. Allowance 
was made for the slight increase in Geaq- and 

Go, in the system at low p H  (13). 
At p H  higher than 10, the yield of chloride 

for air-saturated 0.07 M chloroform solutions 
increases (Fig. 1). In this region hydroxide ions 
may compete with chloroform for hydroxyl 
radicals 

[26 I OH + OH- 1 0- + H20 
kZ6 = 3.6 x 10' M-I S - l  

The rate constant for the reaction between 
hydroxyl radicals and chloroform (reaction [5]) 
is estimated approximately to be -5 x lo6 
M - '  s-' from the effect of ferrous ion upon 
G(C1-) from aerated chloroform solution (Table 
1) (published rate constants (5) indicate that 
ferrous ions will react with hydroxyl radicals in 
coinpetition with reaction [5] but that they will 
not react to a significant extent with hydrated 
electrons or hydrogen atoms at concentrations of 

to l o w 3  M Fez+). The solid curve in Fig. 1 
between p H  7 and 13 depicts the effect upon 
G(C1-) of competitioii between reactions [5] and 
[26] assuming k ,  = 5 x lo6 M-'  s-' and a 
yield of 6 ions (Cl- or C10-) for each 0- 
reacting with chloroform. At high pH, the yield 
of "volatile" oxidizing product, which we have 
tentatively identified as chlorine (or HCl + 
HOCl), increases, suggesting that 0- reacts with 
chloroform in a similar manner to the hydrated 
electron 

Each 0- would then give C10- + 5C1-. The 
calculated curve becomes level above p H  12.5 at 
G(ClP) - 38; however, a chain reaction produc- 
ing chloride is possible if reaction [27] is 
followed by reactions [ l l ]  and [14]. We find no 
evidence of a chain reaction up to p H  12; above 
this, thermal hydrolysis of the chloroform renders 
the radiolysis results unreliable. 
Nitrogen-Saturated Cl~1orofor.m Sol~ltiorzs 

In the absence of oxygen, G(C1-) is independent 
of p H  below p H  = 3, where competition between 
hydrogen ions and chloroforn~ for hydrated 
electrons will be significant. The increase in 
G(C1-) between p H  3 and 6 (Fig. 2) cannot be 
attributed to competition between these reactions 
and appears to be due to a pH-dependent reaction 
of the organic radicals present. At high pH, the 
increase in G(C1-) is consistent with competition 
between hydroxide ions and chloroform for 
hydroxyl radicals. 

The authors are grateful to the National Research 
Council of Cariada for financial assistance. 
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Vapor-liquid equilibria in the system acetsnebenzeaae 

A. N. CAMPBELL AND R. M, ~HATTLRJEE'  

Department of Chenzistry, Unilit'ersity of Manitoba, Winnipeg, Manitoba 
Received June 2. 1969 

The saturation pressures and vapor-liquid compositions of 7 mixtures of the system acetone-benzene 
have been determined from a temperature of 100 "C and a pressure of about 2 atm up to the highest 
temperatures and pressures at which liquid and vapor coexist. The critical temperatures were determined 
by the disappearance-of-meniscus method. 

The P-T-X relations at the liquid-vapor phase boundaries, as obtained by the determination of the 
bubble-point pressure vs, temperature curves of a series of mixtures of known composition, do not 
indicate the existence of an  azeotrope in the range of temperature and pressure of this research. The 
binary data have been treated thern~odynamically to yield the liquid-phase activity coefficients. The 
partial molai volumes in the liquid mixture required for the Poynting correction (effect of pressure on 
liquid phase properties) for liquid-phase activity coefficients have also been obtained. The fugacity 
coefficient of a component in the vapor mixture has been obtained by a modified Redlicli-Kwong 
equation, as suggested by Chueh and Prausnitz. Following their modification of the van Laar equation, 
several binary liquid phase parameters, such as the binary interaction constant, Henry's constant and 
dilation constant, as required for the solution model for excess Gibbs energy, have been calculated. 

Canadian Journal of Chemistry, 48,277 (1970) 

The equilibrium properties of liquid mixtures 
at high pressure are required for engineering 
calculations e.g., design of apparatus for separ- 
ation of components, etc. They are also of interest 
for the physico-chemical understanding of the 
interactions between the solute and solvent 
molecules. There is no satisfactory method avail- 
able for predicting such properties from theory of 
solutions alone. Sometimes, analytical equations 
of state with constants related to the composition 
and the critical properties of the purc colnponents 
are used for estimating the P-V-T properties of 
mixtures, provided some information on the 
properties of the mixtures is available. Although 
experimental B-V-T data at high pressure for 
mixtures of hydrocarbons are plentiful. they are 
not so common for mixtures containing a polar 
liquid. In a previous paper (I), we have deter- 
mined the requisite data for the pure components, 
acetone and benzene. This papcr reports the 
measurements of saturation pressures and vapor- 
liquid compositions of the binary system acetone- 
benzene, and also the treatment of experimental 
equilibrium data to derive thermodynamic 
functions. 

The method of correlating vapor-liquid cqui- 
librium data in this study is based on the separate 
description of the deviations occurring in the 
vapor phase and liquid phase. The vapor-phase 
nonideality is calculated from the modified 

'Present address: Department of Chemical Engineer- 
ing, University of Toronto, Toronto 181, Ontario. 

Redlich-Kwong equation of state (2); the liquid 
nocideality is calculated with reference to the 
pure liqilid components and the deviations from 
ideal solution laws. However, for the component 
whose critical temperature is bcloml the tempera- 
ture of the solution, pure liquid cannot be used as 
a reference state. Therefore, Henry's constant and 
the ideal dilute solution la~vs are used for a suoer- 
critical component, thus avoiding any hypo- 
thetical standard states. The effect ofpressure and 
composition, respectively, on the liquid-phase 
activity coefficients has been calculated. 

Experimental 
The purification of materials has been previously 

described (1). The con2positions of liquid and of vapor 
phases were determined refracton~etrically. When analyz- 
ing the vapor phase, the small a~nount  of material 
required for a determination of refractive index was an 
advantage. An uncertainty of f 0.0001 in refractive index 
corresponded to an uncertainty of 0.001 in mole-fraction. 

The determination of critical temperature has been 
described previously as has also the determination of 
vapor pressure (1). In the static method of pressure 
rneasurenient it was necessary to keep the vapor space as 
small as possible so that the whole system could be kept 
at  a uniform temperature and that the volume and the 
composition of the liquid were not changed appreciably 
by evaporation as the temperature was raised. The true 
liquid-phase composition was therefore essentially the 
same as the charged composition. It would have been easy 
to apply corrections for changes in liquid composition 
due to vaporization. However, they were so small that it 
was not considered necessary. 

The direct experimental determination of vapor-liquid 
equilibrium entails the separation of samples of the liquid 
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and vapor which are in true equilibrium and determin- 
ation of the concentrations of both phases. The high 
pressure bomb used in our research was made of glass, 
contained in a metal cylinder placed in a thermostat. The 
apparatus is shown in Fig. 1. This simple apparatus 
worked surprisingly well; the operation is therefore 
described in some detail. 

M ETCL 

FIG. 1 .  Cross-sectional view of the glass and metal 
bombs for vapor-liquid equilibrium determination. 

The bomb was made of 70 nim Pyrex standard wall 
tubing and was divided into two compartments by a ring 
seal, such that the upper chamber was 3 the whole volume. 
The total volun~e of the bomb was approxin~ately 450 ml. 
The liquid mixture was charged through a 7 mnl filling 
tube sealed to the center of the ring. Around the central 
tube there were four vapor-escape tubes conlmunicating 
with both compartments and extending 4 nlm above the 
ring seal. These vents were bent downwards towards the 
central tube to prevent the escape of condensed vapor to 
the lower chamber. The cell was evacuated after freezing 
the charged liquid in the bottom compartment. At the end 
of an experiment, the equilibrium liquid was sampled 
through the central hole by means of a hypodermic 
syringe. 

The sealed bomb was placed within a metal cylinder, 
which also contained liquid mixture of the same compo- 
sition as that in the glass bomb. This was done to create 
an  approximately equal pressure, within and without the 
bonib. The metal cylinder was of the usual pressure bomb 
type. The metal bomb and its contents were shaken in the 
thermostat by means of an  eccentric shaker. 

After equilibrating for 24 11, the bomb was removed 
from the thermostat and cooled in ice-water. The glass 
bomb was then opened and the liquid and condensed 
vapor phases sampled. It will be seen from the diagram 
that the condensed vapor accum~llates in the central ring. 
At the lower temperatures, the amount of condensed 
vapor was small, but it was sufficient for the determin- 
ation of refractive index. 

It must be noted that in this procedure of vapor-liquid 
composition determination, one has to choose the amount 

of liquid charged in such a way that the following 
condition is satisfied 

Density of vapor at the temperature 
of measurement -- 

Density of liquid at  room temperature 

- ,  - Volume of liquid used 
Volume of the container 

Above this temperature, there will be a single vapor space 
with no liquid. This will be the highest temperature up to 
which liquid and vapor will coexist for a particular 
filling.' Our liquid volume was chosen in such a way that 
this condition was fulfilled even at  the highest tempera- 
tures. 

Results 
The gas-liquid critical temperatures have been 

measured for the binary mixture acetone-benzene 
over the whole concentration range, and are 
reproduced in Table 1. The surface fraction is 

The uncertainty of measurement is & 0.1 "C. 

TABLE 1 
Gas-liquid critical temperatures of the system 

acetone-benzene* 
-- 

Concentration of acetone Experimental 
critical 

Mole Surface temperature 
fraction fraction ('c) 

*Value of t h e  correlar~ng parameter r12 selected = -0.0096. 

For a binary mixture, the critical temperature 
is given by 

Where T,, is a parameter characteristic of the 1-2 
interaction (4). By expressing the critical tempera- 
ture of the mixture as a function of surface 

'We are indebted to Dr.  R. L. Scott of the University 
of California, Los Angeles (3) ,  for drawing our attention 
to this fact. 
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TABLE 2 

Experimental bubble-point pressures of the system acetone-benzene 

Saturated Saturated 
Temperature pressure Temperature pressure 

('C) (atm) ("GI (atm) 

Saturated 
Temperatme pressure 

("C) ( a t 4  
- 

0.332 mole fraction acetone 
100.05 2.481 

0.093 mole fraction acetone 

0.761 mole fraction acetone 

0.151 mole fraction acetone 
261.70 39.11 
263.35 39.84 

0.438 mole fraction acetone 
99.90 2.645 

105.60 3.096 
112.45 3.763 

0.209 mole fraction acetone 

0.872 mole fraction acetone 

0.657 mole fraction acetone 
99.85 2.996 

107.50 3.605 
115.30 4.421 
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are required for calculating critical pressures, and 
all these are required for the thermodynamic 
analysis of vapor-liquid equilibria in the critical 
region. 

The experimental data for saturation vapor 
pressure (bubble-points) of 7 mixtures of the 
system acetone-benzene are given in Table 2. 
Pressure as a function of temperature, for various 
constant compositions of liquid phase, is ex- 
pressed graphically in Fig. 2. 

120 2C3 o Equilibrium vapor and liquid compositions are 
;EhiFC94-J?€, c given in Table 3. 

FIG. 2. Pressure as a function of temperature, for 
liquids of constant composition (in mole % acetone). 

Thermodynamic Analysis and Discussion 

fraction, it is observed that the quadratic term In order to understand and interpret the phase 
2Q,Q,.c,, makes a comparatively small contri- behavior of mixtures, experimental data are 
bution. The critical temperatures are more linear usually subjected to thermodynamic analysis. 
when plotted against surface fractio~l than mole The statistical description of intermolecular 
fraction. The correlating parameters r,, for forces in fluids is as yet incomplete and, therefore, 
critical temperatures, and v,, for critical volumes ~ui~tii a satisfactory theoretical model of general 

TABLE 3 

Experimental vapor-liquid equilibria of the systein acetone-benzene at different isotherms 

Compositions Compositions Compositions 
mole fraction acetone mole fraction acetone mole fraction acetone 

In liquia In vapor In liquid In vapor In liquid In vapor 
-- -- - .--~A 

T = 100 "C 0.188 0.301 T = 225 'C 
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validity is devised to relate the properties of 
solutions to theoretically derived properties of 
the pure components, experiniental data will 
continue to be represented by well-behaved 
mathematical f~lnctions arbitrarily chosen by the 
individual investigator. The data presented in 
Tables 2 and 3 have been treated thermodynami- 
cally to obtain the "nonidealities" in the vapor 
phase expressed as fugacity coefficients and in the 
liquid phase as activity coefficients by a numerical 
technique, initially described by Chueh and 
Prausnitz (5). The semiempirical technique based 
on molecular thermodynamics is briefly presented 
below. 

The f~~ndainental vapor-liquid equilibrium 
equation for ally coinponent i is 

where 4 is the vapor phase fugacity coefficient, y 
is the liquid-phase activity coefficient, x and y are, 
respectively, mole fractions in liquid and vapor, 
P i s  the total pressure, and f O is the standard state 
fugacity. Chueh and Prausnitz (2) have shown 
that the vapor-phase fugacity coefficients calcu- 
lated mith the Redlich-M\+ong equation (6) are in 
excellent agreement uith the experiments! results 
when Redlich's original mixing rule for constant a 
is modified by inclusion of one binary interaction 
constant. This must be obtained from experi- 
mental data. The second virlal coefficients of pure 
benzene and pure acetone are available in the 
literature (7) up to 335 and 150', respectively. The 
cross coefficients have not been determined for 
this system beyond 90 "C (8) and no experimental 
information is available about the saturated 
liquid voluines of this binary system. Therefore, 
the binary constant k, ,  which represents the 
deviation from the geometric mean for '6,,, mas 
estimated from interpolation. The critical binary 
constant 2-c1,1(TC, + T,,) was obtained from the 
experimental data of the critical temperatures of 
the binary mixtures shown in Table 1. The critical 
volumes have not been measured experimeiltally 
for the binary mixture acetone-benzene. The 
correlating parameter for critical volumes was 
estimated from the generalized chart given in the 
monograph of Chueh and Prausnitz (9). 

The calculated f~lgacity coefficients are shown 
in Tables 4 and 5. The dimensionless consla~lts 
R, and R, which are universal in the original 
Redlich-Kwong equation have been reevaluated 
fro111 the saturated volumetric properties of the 

vapor phase of each pure component (1). There 
are no experimental fugacity coefficients available 
for this system which can be compared with the 
calculated values, but in view of the agreement 
that Chueh and Prausnitz have obtained for other 
systems, it is reasonable to conclude that the 
numbers in Tables 4 and 5 represent the extent of 
nonideality of the vapor phase in this system. 

The technique of calculating the activity co- 
efficient is based on the fact that it depends on the 
liquid-phase composition and also on the total 
pressure. It  is possible to write two pressure- 
independent activity coefficients which satlsfy the 
isothermal, isobaric Gibbs-Duhem equation. 
van Laar developed an equation which is an 
integrated form of the Gibbs-Duhem equation 
for representing the activity coefficients as a 
f~~nc t i on  of composition; this makes possible the 
representation of high pressure vapor-liquid 
equilibria in a manner identical with that 
generally used for low-pressure data. Chueh et al. 
(1 0) modified the van kaar equation to take the 
dilation of kiquid mixtures in the critical region 
into account; this was useful for representing 
activity coefficieiats of binary mixtures with only 
t + ~ o  parameters: the binary interaction constant 
a,,(,! (or a,,) and the diiation constant q2(1,. In 
addition, Henry's constant3 H,(I,(PO) is required, 
since the excess Gibbs energy rs defined with 
reference to a mixture which obeys Henry's law. 
These parameters are temperature-dependent 
and therefore to derive the thermodynamic 
functions, for each isotherm, P-X- Y data were 
read from large scale ph is  of vapor-liquid 
equilibrium compositions (Table 3) and of the 
lines of constant colnposition on the pressure- 
temperature diagram (Table 2). Calculations 
were made with an IBM 360165 computer using 
the programs written by Prausnitz and Chueh (9). 
The results are shown in Tables 4 and 5. Also 
shown are the partial molal liquid volumes of 
each component in the mixture They are calcu- 
lated to show the effect of pressure on liquid phase 
properties. Saturated molal volumes of the binary 
mixtures are first calculated from the corre- 
sponding states correlation of Lyckman et al. (1 I), 

3The symbol H2,,,(P0) represents Henry's constant for 
solute 2 in solvent I, as defied by 

The superscript PO indicates that the reference pressure 
IS zero. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 4 

- 
VI 

(cc mole-') 

99.34 
98.38 
97.63 
97.19 
96.85 
96.94 
97.19 

P 
(atm) 
- -- 

2.085 
2.277 
2.475 
2.648 
3.001 
3.169 
3.346 
3.657 
4.045 
4.459 
4.817 

- 
VZ 

(cc in ole^^) 
-- -- 

96.49 
94.41 

Temperature 
("a x2 Obsd. 

1.0571 

Calcd Obsd. Calcd 

*x2 = mole fraction acetone in liquid mixture; y ,  = mole fraction acetone in vapor phase; f2 = fugaciry of acetone; VLL = partial molal volume of component 1 ;  6 = fugacity coefficient 
- 

in vapor phase: y = activity coefic~ent in liquid phase; and Vim = partial molai volume of component i at infinite dilution. 
?Correction Lo geometric mean, T , , ,  = 0.01, 2rlzi(T?, + T,,) = -0.0096, 2vlZ/(V,, t- Vc2) - -0.0165. 
$Reference fugacity (1) - 1.685 atm; rclerence tugac~ty (2) - 3.492 atrn; a , ~  = 0.00054 mole cc-I. 
$Reference fugac~ty ( 1 )  = 3.062 atm; rcference fugacity (2) := 6.025 aim; nlz = 0.00056 molccc-1. 
IlReference fugacity (1) = 5.062 atm; reference fugacity (2) = 9.472 atm; a lz  = 0.00049 mole cc-1. 
TIReference fugac~ty ( 1 )  - 7.745 atm; reference fugacity (2) = 13.80 atm; a I 2  -- 0.00040 mole cc-I. 
**Reference fugacity (1) = 11.12atm; referencefugacity (2) = 12.09 atm; a12 = 0.00019 molecc-I. 
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and these are then used in the modified Redlich- 
Kwong equa~ion to give the partial molal vol- 
umes. The constants R, and Q, in the Redlich- 
Kwong equation were reevaluated for the liquid 
state from the volumetric properties presented in 
a previous paper (1). These were different from 
those obtained for the vapor phase. Again, 
experimental partial rnolal volume data for this 
system are not available for comparison, but in 
view of the results of Chueh and Prausnitz, (12) it 
can be safely assumed that the calculated values 
in Tables 4 and 5 correctly represent the pressure 
dependence of the activity coefficients. It has been 
me~~tioned earlier that the choice of arbitrary 
hypothetical standard state fugacity of the non- 
condensable component has been avoided ; this is 
done by using Henry's ideal dil~lte solution Law. 
Figure 3 illustrates how Henry's constants are 
obtained from experimental data for several 
isotherms. 

WL - , /27;2600 /2i0. - 5 0 C ) L W 4 ,  CI Q / 2  2 5' ' 4001- -8 
5 mi- 

MOLE FF;,!~CTICl'\: ACETONE 

Frc,. 3. Plot to obtain Henry's constant H,,,,'PIS) for 
acetone (2) in benzene (1) at 225, 250, 260, and 270 'C. 
(lnf2!P);'s, is plotted against x, to evaluate Henry~s 
constant, H2,, , 'p~S),  by extrapolation to x, = 0. The 
absolute pressure has not been converted to atmospheres, 
since H,(,,'P1s' must be in i2.s.i.a. for the fitting program). 

The composition dependences of the liquid 
phase activity coeGcients are also sl~own in 
Tables 4 and 5. The thermodynamic analysis of 
binary mixtures, where both conlponents can 
exist in the pure liquid state, has been performed 
using the symmetric convention for normalization 
of activity coefficients. For mixtures which. con- 
tain one noncondensable component, an un- 
symmetric convention for normalization of 
activity coefficients 11as been used. The details of 
the rather involved calculations and the computer 

programs used are to be found in the book by 
Prausnitz and Chueh (9) and need not be repro- 
duced here. The results for the system at tempera- 
tures less than T, = 0.93 of the lighter compon- 
ent, where a one-parameter model for the excess 
Gibbs energy with qzcl,  = 0 can be used, are 
given in Table 4. Mixtures at reduced tempera- 
tures greater than 0.93 of the lighter component, 
i.e. in the acetone-benzene system isotherms 
above 218.5 "C, must be analyzed with the two- 
parameter model for the excess Gibbs energy, 
The results of these calculations are to be found in 
Table 5. The experimental data for the acetone- 
benzene system for all isotherms reported in 
Tables 4 and 5 have been tested extensively for 
thermodynamic consistency by the method of 
Chueh et 01. (10) who extended to high pressures 
the integral (area) test for isothermal low- 
pressure data given by Herington (13) and by 
Redlich and Kister (14). 

Table 4 shows that the one-parameter model of 
the van Laar equation is fairly successful in 
reproducing activity coefficients below T,  = 0.93 
of acetone, i.e, those temperatures where both 
components can exist as pure liquids. The two- 
parameter model applied at temperatures where 
one of the components (acetone) is supercritical 
is apparently not very successful. as shown by the 
results in Table 5. According to Chueh and 
Prausnitz (51, a negative q,(,, is not permitted by 
the solution model. Disturbingly enough, the 
values for C I ~ ~ ( ~ )  as obtained from our experi- 
mental data are also negative. This may not be 
significant, since it is in principle possible that m9s 
call be negative as is explained later. The dilated 
van Laar model of Chueh et al. is based on the 
assun~ption that the nonideality of liquid ~nixtures 
is due to the interaction of solute molecules with 
each other in the environment of the solvent 
molecules and not to interactions between the 
soiute and solvent molecules. It is not quite clear 
whether such a model can be applied to acetone- 
benzece mixtures where predominant interaction 
between the n electrons of benzene and the dipole 
of the polar acetone molecule is believed to exist. 
In addition, the solution rnodel of Chueh et al. has 
several adjustable parameters which must be 
determined from experimental data; for example, 
Henry's constaxt is somewhat subjective since 
this must be obtained by extrapolation. Also, the 
calculations based on Chueh and Prausnitz's 
technique involve certain assumptions, for 
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example, PIL is take11 as independent of pressure. 
This approximation becomes increasingly in- 
accurate as the temperature approaches the 
critical point and P becomes very different from 
P', which is arbitrarily chosen as zero. Moreover, 
this choice of P' = 0 as a reference state also 
becomes increasingly hypothetical as the temper- 
ature increases and the calculations of y(P0) at 
the highest temperatures are affected by this 
uncertainty. In view of the uncertainties in 
Henry's constant and in the partial molar 
volumes, the negative a,,(,, and q2(1, shown in 
Table 5 are probably not noteworthy.4 Since 
certain simplifying assumptions must be made in 
all theories of liquid mixtures as a consequence of 
insufficient knowledge about intermolecular 
forces, and also because of lack of extensive 
experimental data, any general theory must await 
accurate and extensive experimental data on 
equilibrium properties of mixtures, especially 
those containing polar components. Ghueh and 
Prausnitz's solution model gives collsistently good 
results for mixtures of nonpolar (or slightly polar) 
components with no association, as reported in 
their publication ( 5 ) ;  but since the simplifying 
assumptioils are restricted for one type of mix- 
ture, an exteiision of their treatment must be 

general, especially where the systems are strongly 
nonideal. The system reported in this paper is too 
close to idealitv and hence cannot be regarded as - 
providing the necessary physico-chemical mea- 
suremeilts required to test the strain on the dilated 
van Laar model when applied to polar corn- 
ponents in general. Additional study on other 
strongly nonideal systems is necessary to test the 
model. 
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Length ehaange - adsorption relations for the water - porous glass system to - 40 "C1 

R. F. FELDMAN 
Diuisioiz of Building Research, National Research Council of Canada, Ottawa, Calzada 

Received August 19, 1969 

Adsorption of water has been studied extensively above 0 "C, but the problem of the phase transition 
of adsorbates in porous materials is presented at temperatures below 0 "C. Experiments that show how 
phase transitions modify length change - adsorption relationships are described. 

Adsorption - length change measurements froin -40 to -0.5 and isotherms at -20 and -0.5 "C 
were obtained. In another group of experiments different forms of isosteres were also obtained; the 
principle that water should be allowed to enter the sample at the low temperature was usually followed. 

Isothernls and length change - adsorption characteristics below 0 "C are qualitatively similar to those 
above 0 "C, but a decrease in adsorptive capacity and length change was observed. These results and those 
obtained from the isosteres lead to the conclusion that capillary condensation and menisci theories are 
operative and that a solid meniscus exists. It follows therefore that the saturated vapor pressure of frozen 
adsorbate is greater than that of bulk ice and that its voli~metric expansion on freezing is similar to the 
bulk phase transition. It is shown how these phenomena can predict migration of water and generation 
of pressure within the porous body when it is subjected to cooling and warming cycles. 

Canadian Journal of Chemistry, 48, 287 (1970) 

Adsorption of water and corresponding length 
change by a number of porous materials (1) have 
been studied at the Division of Building Research, 
National Research Council. AIl previous work 
was done at normal room temperature condi- 
tions. Experiments at temperatures below the 
bulk freezing point are now described. 

Adsorption of water at temperatures below 
0 "C introduces the problem of the phase transi- 
tion of adsorbates in porous materials. Unaer- 
standing of these phenomena can be improved by 
considering experiments that show how phase 
transitions modify length change - adsorption 
relations. 

Studies of the freezing of adsorbates (2, 3) 
present evidence both for and against the theory 
of capillary condensation and thus for and against 
explanations of the hysteresis exhibited by 
adsorption isotherms and the features of expan- 
sion isotherms (4) based on capillary condensa- 
tion theory. Other workers (2,5-8) have measured 
length change during cooling and warming of 
porous bodies containing different adsorbates and 
some (7, 8), mainly with water as adsorbate, have 
correlated these length changes with specific heat 
measurements. 

The present experiments include adsorption - 
length change measurements from -40 to 
-0.5 "C and isotherms at -20 and -0.5 "C. 
In another group of experiments, different forms 
of isosteres were obtained; in most of these, the 
water was allowed to adsorb into the sample at 

'NRCC No. 11 087. 

the low temperature because it was thought that 
an equilibrium state might be obtained in this way 
and that other effects, such as migration of water 
and stresses during freezing, were more likely 
to occur when cooling had taken place after water 
had been allowed to enter the sample. 

Experimental 
Apparatus 

A gravinletric adsorption apparatus with metal valves 
and neoprene O-rings was used. The spiral had a sensi- 
tivity of 30 cm/g; the extensometer was a modified 
Tuckerman gauge (7) of sensitivity 2 x as cali- 
brated by the manufacturer. This particular instrument 
was made of Invar of low thermal expansion, 0.9 x 
lo-' deg-'. This value was taken into account in the 
calculation of results. 

The volume of the separate cell in which the exten- 
someter was placed was approxinlately 200 ml. Pressure 
was n~easured by means of a Texas Instruments Bourdon 
type gauge sensitive to 1 p. Temperature control of the 
alcohol baths was maintained to 10.02 "C by propor- 
tional controllers. 

Material 
Porous glass (No. 7930) was supplied by Corning Glass 

Works in the form of 2.5 cm diameter t ~ ~ b e s  of' 0.2 cm 
thickness. Adjoining samples were cut from the tube for 
the extensometer and spiral and were thus 0.2 cm thick. 
The surface area determined by water adsorption was 162 
m2/g assuming that each water n~olecule occupies 10.8 
A2; water was purified by freezing and thawing during 
degassing. 

Procedure 
The samples both on the extensometer and the spiral 

were degassed at 150 "C for 24 h before each run. In  
addition to the sample mounted on the extensometer, 8 g 
of sample were included in the cell during determination 
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of isosteres, so that any adsorbate taken up or given off 
in the space could be considered as negligible. 

Isothern~al length change - adsorption curves were 
determined at -0.5, -20, -31.5, and -40 "C. The 
samples on the extensometer and spiral were exposed 
simultaneously to water vapor and allowed to come to 
equilibrium. At low temperat~~res more than a week was 
sometimes allowed; at higher temperatures from 2 to 24 h 
were allowed. Complete adsorption isotherms were deter- 
mined at -0.5 and -20 "C, and a partial one at 
-31.5 "C. 

Two other experiments somewhat unique in nature 
might come under the classification of isosteric deter- 
minations. One allowed the maximum amount of adsor- 
bate to enter a sample at a particular temperature. When 
it was certain that no excess adsorbate had deposited in 
the extensoliieter cell, the valve was shut and the exten- 
someter was warmed; in general, 2 to 24 h were allowed 
for equilibriui~i per point. The second experiment involved 
determining curves for maximum adsorption and maxi- 
mum expansion as a function of temperature, commenc- 
ing at the low temperature; at each temperature the 
samples were allowed to come to equilibriunl with bulk 
ice at that same temperature. Great care was taken to 
ensure that deposition did not occur on the wire holding 
the sample to the spiral, or on the outer surface of the 
sample; after each temperature change was effected, the 
sample was pumped slightly and was then allowed to 
return to equilibrium. A "cooling-warming" isostere was 
also measured, in the same nlanner as other workers 
(5-8). This experiment served as a useful comparison 

especially since the samples used in this work had different 
surface areas and porosities to the samples of other 
workers. 

0 3 2 1 1  1 1  , # I ,  1 ' l a 1 ~  1 / 1 1  

( I )  Isothermal Lengtlz Clzange - Sorption 
Curves 

These curves for -0.5, -20, - 31.5, and 
-40 OC are shown on Fig. 1 (a,  b, c, and d), re- 
spectively. Their main feature is similarity of the 
curves. OA for all the curves is of similar slope, 
and all exhibit the flat feature along AB. Sections 
BC for - 20, - 31.5, and -40 are fairly similar, 
but that for -0.5 is much longer and the extent 
of adsorption is much higher, 23.35 "/:ompared 
to 22.15, 21.6, and 21.2% for thc -20, -31.5, 
and -40 "C curves, respectively. Thus, the 
adsorptive capacity ("apparent saturation" at 
each temperature) decreases with decreasing 
temperature, as has been found (2,9,10) for other 
systems. Length change follows the same pattern 
as adsorptive capacity, and more detailed results 
of these features will be presented. 

One of the reasons for this marked decrease in 
capacity is, probably, that the effective relative 
pressure experienced by the sample is less than 

0 2 8 -  

FIG. 1.  Adsorption length change vs. weight change curves at (a) - 0.5, (b) -20, (c) - 31.5, (d) -40 "C. 

- 
(a) . ADSORPTION 

- a DESORPTION 
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unity. If the adsorbed matter retains the properties 
of a liquid below 0 "C,  then the effective relative 
pressure experienced by the sample will be (Po(,,)/ 
POcsz,), the vapor pressure of bulk adsorbate 
divided by the vapor pressure of supercooled 
liquid at the temperature of the sample. This 
ratio will decrease from unity as the temperature 
decreases from the freezing point of bulk adsor- 
bate. This explana-tion has been given by other 
workers (9, 10). 

Another feature of the curves is the marked 
hysteresis: it is shallower in Fig. la than in the 
others. In Fig. Ib the hysteresis, which was ob- 
tained in two experiments, is an unfamiliar shape, 
and the loops shown in b, c, and d do not close. 
The hysteresis, together with AB and BC, was 
well explained above 0 "C by Amberg and 
McHntosh (4). The explanation involved the 
theory of capillary condensation with menisci 
producing a compressive force onto the substrate. 
If this is true, one must consider here a solid 
meniscus with the appropriate forces, since both 
Antooniou (7) and Litvan (8) have shown that at 
-40 "6: all but two molecular layers (8.9 %) of 
adsorbed water are in a froze11 state. This has also 
beer, observed for other systems (11, 12). The 
vertical portion BC of curves of this type has been 
attributed to the flattening of menisci (4). The 
maximum weight adsorbed at -40 "C (Fig3Id) 
is 21.2%. When 21.2"/,s adsorbed at -0.5, 
- 20, and - 3 1.5 "C (Fig. la, 6, and c), the vertical 
portion BC has not been attained. In Fig. 1, how- 
ever, the amount adsorbed is recorded as weight, 
not as volume occupied in the sample, and 
whereas the pore volume of the sainple may be 
regarded as constant, the average specific volume 
of the adsorbate may not. Thus at -0.5 'C, 
21.2 % has not filled the pores sufficiently to cause 
flattening of the menisci, while at -40 "C it has. 
This implies that a change in specific volume of 
adsorbate may have occurred between these 
temperatures. If this is due to a phase change of 
the adsorbate involving an increase in volume, 
as for bulk water to ice transition, this effect can 
be explained. 

One might expect the length change along BC 
in Fig. I (b, c, and d) to approach that of BC in 
Fig. la ,  if the adsorbate is frozen and equivalent 
to  bulk ice, since Bo~Bs ) /Bo~Ad , , s~  will equal unity. 
(Po(,,, is the vapor pressure of bulk solid and 

the "saturated" vapor pressure of ad- 
sorbed solid at the same temperature.) Data 

derived from X-ray (13) and calorimetry (7, 8) 
have suggested, however, that the frozen adsor- 
bate does not have the properties of bulk ice. In 
fact Hodgson and McIntosh (6) have made vapor 
pressure measurements indicating that Po(,,, ,, 
> Po(,,, for the water system but that P ,,,, > 
P,~,,,,,, for the benzene system. These latter 
results can explain the adsorptioil isotl~erms 
obtained for benzene (6) below its bulk freezing 
point. 

(2)  Adsorption Isother-ins 
Figure 2a illustrates an adsorption isotherm 

obtained at - 20 "C and a partial one at - 3 1.5 "C. 
Both are plotted using Po(,,, as the saturated 
vapor pressure at the temperature of the sample. 
The isotherm at - 31.5 "C was experimentally 
determined by allow~ng a sample at - 3 1.5 "C to 
come into equilibrium with an ice source held 
consecutively at different temperatures, up to 
- 31.5 "C. The isotherm, although not complete, 
shows cleaily a large hysleresis loop. S' ince a 
large portion of the adsorbate is frozen at this 
temperature, the implication is that a solid 
meniscus is respoi~s~ble. 

Figure 2b shows an isotherm obtained at 
-0.5 "C and one obtained at -20 "C replotted, 

FIG. 2. Adsorption isotherms (a) at -31.5 and 
-20 "C plotted using P,,,,,; (6)  at -0.5 and - 20 "C 
plotted using Po,,,, and Po,,,,,,,, respectively. 
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using a different Po as described below. On super- 
imposing the isotherm obtained at -20 "C (Fig. 
2a) on the isotherm obtained at -0.5 "C, it was 
observed that the former was considerably dis- 
torted to the right. In addition, the primary 
hysteresis at the low pressure end opened at a 
higher relative pressure (0.6 to 0.53), and at the 
high pressure end closed at a higher relative 
pressure (0.96 to 0.84). The flat part of the iso- 
therm approaching saturation is also consider- 
ably shortened for the - 20 "C isotherm. Po was 
changed by trial and error until the main charac- 
terestics of the two curves shifted into position; 
the value used for Po was 0.879 mm of Hg where 
Po(,,, ~ o u l d  be 0.776 mm; 0.879 mm is approxi- 
mately midway between the supercooled and 
bulk-solid vapor pressure curve. With this value 
for Po(,,, ,, the isotherm can only attain a relative 
pressure of 0.873 (see Fig. 3). At this relative 
pressure on the -0.5 "C isotherm 0.35 % more 
water is adsorbed. Again, one can explain these 
facts by the arguments used above and the 
assumptioll that freezing ofthe adsorbate occurred 
with an increase in the specific volume. 

(a) The argument based on that of previoils 
workers (9, lo), but using Po(,,, ,, > Po(,,, as, 
in fact, it has been observed (6), the sample at 
-20 "C can attain only 0.873 PIP,, and this is 
one explanation for a decreased adsorptive capac- 

FIG. 3.  Schematic of chemical potential vs. tempera- 
ture illustrating adsorbed solid. 

ity. It  is possible that this concept could also 
provide an explanation for the drastic change 
observed in xenon isotherms below the normal 
freezing point (2). Care must be taken, however, 
in assessing the vapor pressure measurements of 
an adsorbed solid. If the solid has a concave inter- 
face, i.e., concave meniscus, when the measure- 
ments are made, then a vapor pressure lower than 
POod, s, will result. The results from benzene 
isotherms (6), however, can be explained by 
assuming PO(*,,.,, < PqcI3s,. 

(b) When the equilibrium vapor pressure of the 
sample is controlled by a meniscus, it is largely 
the degree of filling of the capillary, and thus the 
volume adsorbed, that governs its shape. When 
freezing has occurred, therefore, and if it involves 
an increase in volume of adsorbate, one must 
expect a decrease in the weight adsorbed if the 
relative vapor pressure remains approximately 
constant; that this in fact occurs, will be shown 
in the following sections. This is the second ex- 
planation for a decreased adsorptive capacity. 
Figure 3 is a schematic diagram of chemical 
potential vs. temperature for water; a curve for 
"adsorbed solid" is drawn in at a constant diff- 
erence of chemical potential to the bulk solid. 
There will be further discussion of Fig. 3 in 
Section 3 of the results. 

If it is assumed that two molecular lavers will 
not freeze (7, 8) and that any increase in adsorp- 
tion in these layers as the temperature is lowered 
is negligible (Fig. 2b), then the total amount of 
adsorbate that can freeze or is frozen is 22.15 
(maximum adsorbed at - 20") - 8.9 (2 molecular 
layers) = 13.25%. Using the value 0.35 ml per 
100 g of sample as the volume change of adsorbate 
due to freezing, then 13.25 - (0.351~) ml is the 
volume of unfrozen water at -20 "C for 100 g of 
adsorbent. This assumes that the density of the 
unfrozen water that can freeze is 1 g/cc. The 
specific volume increase on freezing is "y". These 
values will be referred to again in Section 3a. 

(3) Maxirnunz Adsorption and Maximum 
Extension Isosteres 

The maximum water adsorbed at various tem- 
peratures when the sample is in equilibrium with 
bulk ice at the same temperature, is presented in 
Fig. 4. The points are obtained from two experi- 
ments, illustrating reproducibility. At - 36.4 "C, 
21.23"/,, and at 0 "C, 23.35%, of water is ad- 
sorbed. This increase in adsorptive capacity is 
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most probably due to the two effects discussed 
above. To learn more about the phenomenon 
and to provide more convincing evidence for the 
explanations, however, the two effects should be 
separated. This can be done with the help of the 
maximum length change vs. temperature curve 
presented on Fig. 5, curve I. The change in maxi- 
mum length, using that at -40 "C as reference, 
vs. the maximum water adsorbed at each tem- 
perature is plotted on Fig. 6. This curveis corrected 
for the thermal expansion of the dry sample. 

One may observe two distinct regions on Fig. 6. 
The last point on the lower-slope linear section 
AB is -1 3 "C. The slope of this section is 0.0095 % 
length change per 1 % weight change. Using Fig. 
la, the length change from 9 % (approximately 2 
molecular layers) to saturation (23.35%) is 
0.126 %; thus, the average length change is 
0.0089 % per 1 % weight change. The similarity 
in slope is the basis for assuming that between 
- 36.4 and - 13 "C,  expansion occurs mainly by 

FIG. 4. Maximum water adsorbed vs, temperature. 

added water adsorption without much change in 
the shape or position of the meniscus; this is 
given by the linear part AB of the curve, and is a 
manifestation of the decrease of volume of adsor- 
bate on thawing which was discussed in Section 
2b of Results. 

To illustrate further (although the following 
procedure is not possible experimentally), starting 
at  B, with a solid meniscus, further cooling causes 
more freezing; an increase in volume of the adsor- 
bate also occurs. To maintain the same relative 
pressure, some water is desorbed to reduce the 
volume, resulting in a contraction (an increase in 
Gibb's surface free energy) as defined by line BA 
or as discussed above with regard to the length 
change - adsorption characteristics on Fig. la. 
Reference to the characteristics of Fig. la  is only 

FIG. 5. Maximum length change curve (I) and 
warming isosteres; curves 11, 111, and IV. 

an approximation because it is only for - 0.5 "C, 
but the slopes OA on the other curves, Fig. 1 (b, 
c, and d), are very similar, so that this approxinia- 
tion is a good one, as the results show. 

By assuming constant relative pressure, one 
assumes that the difference in chemical potential 
between solid adsorbate and bulk ice is approxi- 
mately constant between - 13 and - 40 "C. (The 
change in temperature, - 13 to - 40 "C, will alter 
the difference in chemical potential by lo%.) If 
- 13 "C is the point where no adsorbed solid 
meniscus remains in the small pores, then Po(,,, 
at this temperature should be equal to P0(,,,~,,; 
P,(,,,/P,(,,, at -13 "C should be equal to 
Po(,s,/Po(,,s~s, for lower temperatures such as 
-20 "C. This is approximately correct, as is 
shown on Fig. 3. Also, above - 13 "C the relative 
vapor pressure Po~,,,/Po~,,,, will increase as the 
temperature increases and the length change and 

FIG. 6.  Maximum length change vs. maximum weight 
change from -36.4 to 0 "C. (Corrected for theriual ex- 
pansion of dry glass.) 
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curves show very Iarge shrinkages starting 
directly as warming proceeds, although for curve 
I1 the initial rate of shrinkage is very low. Shrink- 
age is complete at approximately - 12, - 10, and 
- 11.5 "C for curves 11, III, and TV, respectively. 
This is not too far off the temperature obtained 
from Fig. 6. especially for curves IT and IV. If 
shrinkage is a result of transition, and this is 
shown at the end of the section, then tlle transition 
for this sample occurs between approximately 
- 36.2 and - 12 "C. Calorimetric data on other 
samples by Antoniou (3) suggest that it occurs 
b e t ~ e e n  - 32 and - 5.5 "C,  and by Litkan (8), 
between - 22 and - 7 "C. The iiiaxiina for heat 
curves for both were about - 12 "C. These results 
were obtained on the basis of the "cooling- 
warming" isosteres and, as shown by Antoniou 
(7). samples from the same batch show consider- 
able variation. Results in the previous section and 
those on Fig. 5 suggest that the transition range 
for the sample used here occurs at lower tempera- 
tures than the samples of the above workers. 

When transition was completed, the three 
curves were contiilued to approximately 0 ^C 
and beyond for curve TI. At this point, the exten- 
someter cell was opened and the saniples were 
exposed to water vapor at saturation conditions, 
resulting in an expansion back to the "maximum 
length change vs. temperature" curve. This 
expansion amounted to 0.15 % for curve II. Its 
magnitude, together with the fact that the sampie 

contained 21.23"/,water, leads one to suspect 
that the expansion is related to BC on the length 
change - sorptioil characteristics of Frg. la  and 
that shrinkage of curves 11, HI, and HV is related 
to the volurne effect on thav,ing of the adsorbate 
and menisci. 

Assuming that this is the case, an explanation 
call be given that agrees with other data. As tem- 
perature is increased, tha\+ing occurs even at 
- 35.5 ' C ,  and a decrease in volume of adsorbate 
takes place. Unlike the "maximuni lengthchange" 
isostere. curve I, Fig. 5, \I here more adsorbate is 
available, none is ava~iable in this experiment and 
the adsorbate recedes In the capillary, leading to 
a change curvature and coi~traction. Thus, as 
cur\es 11, III, and BV move toaard higher tem- 
peratures, they are, in fact. traveiling on the 
desorption part of an isotherm. Tlie actual deta~ls, 
even on a niacroscale, of how the change of the 
solid meniscus takes place are dificult to con- 
ceive. Even though it seems reasonable to assume 
that thawing first occurs near the adsorbent sur- 

v 

faces, what occurs when there is a niixture of both 
liquid and solid adsorbate in an adsorbent is 
difficult to say. It  is possible that the strange 
liature of the desorption of Fig. l b  is a result of 
this. Nevertheless, Fig. 7 illustrates \+hat occurs 
when the "warming isosteres" are measured. 

On the left of the figure is the length-weight 
change plot at - 40 "C,  curke V, and on the right 
the same plot at -0.5 C. curve VI. Figure 5 is 

FIG. 7. Explanation for warming isosteres. I is ~naximum length change curve; II, III, and IV warming isosteres; 
V and VI length vs. weight change curves; and VII thermal expansion of dry glass. 
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reproduced in the middle, and the thermal expan- 
sion of the dried sample is below. The latter curve, 
corrected for the Invar extensometer, gives a 
thermal coefficient of 4.3 x deg-' com- 
pared with the value of 5.0 x 1 V 6  deg-I 
obtained bv Antoniou. Note that curve VI com- 
mences at the end of this thermal expansion 
curve. A, B, and C are marked at the beginning of 
curves 11, 111, and IV, and where they would be 
at  the top of the length-to-weight change curve, 
curve VI. A, B, and C are also drawn over from 
the end of curves 11,111, and IV to the desorption 
part of curve VI. These are again marked A, B, 
and C, so that length change AA, BB, and CC 
marked adjacent to curve V1 represent the actual 
contraction that occurred during the warming 
isosteres, An independent confirmation of the 
fact that the contraction is, in fact, movement on 
the desorption curve can be obtained from prior 
knowledge of water content of the sample at A, B, 
and C, respectively, before the start of the experi- 
ment. These are marked on curve VH as WA, WB, 
and WC; as can be seen, they predict approxi- 
mately the positions of A, B, and C after contrac- 
tion. The actual values are given in Table 1. 

TABLE 1 
Comparison of contraction from warming isosteres 

and isotherms 
-- 

Contraction 
determined 

Maximum Weight Actual from iso- 
saturation put on contraction therm data 

"C % % % 

It  is clear from these results that the observed 
shrinkages are a result of the recession of menisci 
owing to decrease in volume of adsorbate with 
melting in the small pores. 

(5)  "Cooling- Warnzing" Length Clzange 
Isosteres 

As stated previously, this experiment probably 
leaves a saturated porous system in an undefined 
state, but because of its practical importance (it is 
the kind of treatment a material will receive in 
nature) and because many measurements of this 
type have been made previously (2,5-8) and have 
been correlated with calorimetric measurements 
( 9 ,  81, it was deemed necessary to perform this 

experiment to provide comparison with previous 
results and to compare present results with those 
of experiments of Sections (1-4). It  is thought 
that a satisfactory explanation can now be pro- 
vided for the "cooling-warming" isosteres. 

The "maximum length change" isostere is 
plotted on Fig. 8, curve I (see also curve I on Fig. 
5). Curve 11 is the "cooling-warming" isostere; 
for convenience it is divided in characteristic 
regions similar to those of Antoniou (7) and will 
be discussed accordingly. Curve III is the thermal 
expansion of the dry glass. 

- o o 9 1 1  I t  1 1  1 1  1 1  
-40 -35 -30 - 25  -20 -15 -10 -5 0 5  10 

TEMPERATURE,  'C 

FIG. 8. "Warming-cooling" isostere (11) and maxi- 
mum length change (I) curves. Curve I11 is thermal 
expansion of dry glass. 

The isostere is very similar to Antoniou's 
second one (7); most of the features are present, 
the difference being that they are displaced to 
lower temperatures. The expansion on the cooling 
(CD) curve (attributed to freezing) is displaced 
from the range - 13 to - 17 "C to the range -25 
to -34.5 "C.  The shifting of effects to lower 
temperatures for this sample has already been 
mentioned, and variation within one batch has 
been noted by Antoniou (7). 

Region A-B 
This region of low contraction is similar to the 

thermal contraction of the material. No hump 
was observed at B, as it was by other workers (2, 
7), but it is thought that some freezing commences 
at this point (-4.5 "C) in larger pores of the 
sample. 

Regions B-G and C-B 
A linear contraction is observed down to 

-25.0 'C; this curve is parallel to that of the 
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"maximum length change" isostere, curve I, 
down to - 13 "C. The reason for expansion in the 
latter curve has been shown to be due to readsorp- 
tion of water and flattening of menisci. Con- 
versely, contraction BC is considered to be due 
to removal of water from the pores after ice has 
formed in larger pores at -4.5 "C; this effective 
decrease in relative pressure is the same as was 
previously discussed in Section (3) of Results. 

Two further pieces of evidence prove conclu- 
sively that water migrates from the sample on 
cooling: (a)  "cooling-warming" isosteres ob- 
served by Litvan (8) on a sample containing 
different water contents have shown BC very 
prominently at saturation; at all other water 
contents lower than saturation, region BC had 
vanished; (b) during the measurement of the 
isostere in the present work, it was observed, on 
the warming part of the cycle just beyond F, that 
the intensity of the image in the optical lever of 
the extensometer had dimmed somewhat; closer 
examination showed some hemispherical drops 
of ice on the mirrors; beyond G, the image 
became gradually brighter until at - 3 "C, ice had 
disappeared. This point will be referred to again 
in this section, but it appears that the effect was 
not previously recorded because length measure- 
ments had been made either in a calorimeter, 
where no visual observation could be made, or in 
an enclosed cell containing a capacitance type 
extensometer. 

The results of curve I were obtained by always 
bringing the sample into equilibrium with bulk ice 
at the same temperature. For the present experi- 
ment, curve I1 (cooling), the ice formed at 
-4.5 "C is not necessarily bulk ice but ice at a 
higher chemical potential produced either by 
pressure caused by the walls of the larger capillary 
or by a convex curvature of the ice, as discussed 
by Everett (14). This would explain why curve BC 
is displaced from curve I, and will also be dis- 
cussed again. The fact that curve 11 (cooling), 
continues down to -25 "C without apparent 
freezing in the small pores is probably due to 
supercooling. It has been established in previous 
sections that thawing in the small pores took 
place between -36 to - 13 "C. The cross-over 
with curve I seems to confirm supercooling. Other 
work (15) indicates that one form of ice will not 
necessarily nucleate another form from super- 
cooled liquid. This can explain the fact that along 
CD, where freezing occurs, each point represents 

an apparent equilibrium; the frozen adsorbate 
might exist in domains, each with different prop- 
erties. The expansion along CD, however, should 
not be used for a calculation of the volume change 
on freezing. As much water has moved into bigger 
pores or out of the sample, it is not known how 
much water has frozen along CD and some ex- 
pansion of the frozen adsorbate could have taken 
place along the spaces vacated by water. I11 
addition, the high stress against the pore nalls 
resulting from freezing has probably caused 
some damage to the sample. It  is also possible 
that in this region, CD, some readsorption of the 
expelled water into the small pores can take place 
because (Po(Bs,I~o(sL,)T < (Po(,s,IPo(*ds s,), ; 
the effective relative vapor pressure has increased. 

Region D-E 
It  appears that from D at -34.5 "C to E at 

-36.6 "C no more freezing takes place because 
the sample now shrinks at the same rate as curve 
111. 

Region E-F 
At first the cooling curve, DE, is followed, but 

there is later deviation. Previous experiments 
suggest that some thawing and readsorption of 
adsorbate that had left the samples has taken 
place, but because of the stressed state of the 
sample and the frozen adsorbate one cannot tell 
from the isostere what is occurring. 

Region F-G 
A slight contraction is first observed, followed 

by an expansion in excess of the thermal expan- 
sion of the dry material. FG approaches close to 
BC without any contraction. It  is believed that 
further thawing takes place along FG, and that 
at G, which is at - 13 'C ,  thawing of the adsorbate 
in the small pores is complete. The location of G 
and the slope of GH to follow confirms this in 
relation to the other isosteres discussed. Further 
reference to FG and the hysteresis will be made. 

Region 6-H 
It  has a slope very similar to the same region 

of curve I, and the conclusion is that the water 
expelled on cooling re-enters the sample, owing 
to a permissible increase In the relative vapor 
pressure of the adsorbate in the sample and a 
flattening of the menisci. The sample is now in 
equilibrium w ~ t h  bulk ice, which was observed 
to be present but disappeared completely at the 
end of this region between - 4 and - 3 'C .  As the 
system is now governed by the vapor pressure of 
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bulk ice, G R  should be coincident with curve I in 
this temperature range. Discussion of regions 
HK and KL will show that it would be if no irre- 
versible damage occurred to the sample, The 
point H is already above that of region AB, indi- 
cating damage. 

Regior2s HK, Kk,  HL, and LMN 
HK might first indicate that AB is being repro- 

duced, but if the sample is in equilibrium with 
bulk ice, curve 1 should be followed and HK, a 
region of low expansion, does not conform to 
curve 1. If damage to the sample did occur, how- 
ever, its porosity might increase and all the water 
available might re-enter it at -3 "C. Further 
expansion along HK is the thermal effect only. 
This was checked by allowing the sample at 
-0.5 "C to be exposed to saturation conditions. 
As it had already been saturaied at the beginning 
of the experiment, no expansion should occur. 
Expansion KE did occur, however, so that if more 
adsorbate had been available G H  would have 
extended along HL and LM. 

The curve GHLM is very similar to curve I. Yf 
it were brought down by an amount due to irre- 
versible damage, i.e., from L to^curve I, the point 
G would almgst meet curve I at - 13 "C, as is 
expected. If a line is drawn between F and this 
new point for G, it can be seen that there should 
have been a contraction in this region where 
thawing took place. A few further points can be 
elaborated in view of the above explanations : 

(a)  region A B  on the cooling cycle is not repro- 
duced on warming: it is probably the result of a 
supercooling effect followed bv the formation of 
strained or curved ice in large pores ; 

(b) it is possible that there were no obvious 
heat effects between - 5 and 0 "C in the calori- 
metric results (7, 8) because (i) all the bulk ice 
that vacated the sample had re-entered (in this 
case at -3  "C) the pores before 0 "C owing to 
increased porosity resulting from damage to the 

sample; and (ii) re-entrace takes place almost 
linearly between - 5  and 0 "C,  as is shown in 
Fig. 4; 

(c) the hysteresis between the cooling and 
warming cycle can be attributed to supercooling 
and damage to the sample; if no damage occurred, 
the hysteresis effect would still be evident due to 
supercooling ; 

( d )  it is now thought that irreversibilities ob- 
served in Fig. I (b, c, and a') are due to damage 
occurring during desorption; 

(e)  a comparison of "cooling-warming" 
isosteres obtained by various authors would be 
helpful in throwing light on some of the phenom- 
ena associated with this isostere. 

Table 2 gives the temperature ranges of the 
various regions, as labelled by Antoniou (7) and 
referred to in Fig. 8. Examination of Table 2 
reveals a variation in all ranges for all samples. 
For example, in some cases it appears that the 
two effects of thawing, i.e., thawing in small pores 
and thawing outside, leading to readsorption, 
may be partially overlapped. It  seems especially 
true for samples 1 and 3. If this is the case, it will 
partly explain why the calorimetric heat maxima 
for different water contents do not shift as they 
appear to for benzene (6). It  is surprising for two 
conditions, saturation, and moderately under- 
saturated. For other samples this may not be 
the case. 

Most of the observations in the present and 
related experiments could be explained by the 
capillary condensation theory extended to the 
solid adsorbate. lit does not mean, however, that 
the Kelvin equation can be applied quantitatively 
in this region, and it is not suggested. Similarly, 
the fact that the Glausius-Clapeyron extension 
of the Kelvin equation does not predict freezing 
in small pores does not mean that the assumptions 

TABLE 2 
Temperature range of regions from several samples 

Temperature range of regions 
Sample 
source BG GD FG GN 

Reference 6 -7 to -20 -20 to -26 -15 to -9 -9 to -6 
Reference 6 - 1 t o - 1 4  - 1 4 t o - 6  - 1 5 t o - 9  -9 to -1 
Reference 7 -7 to -16 -16 to -18 -18 to -8 -8 to -4 
Reference 5* - -24 to -29 -24 to -10 - 
This work - 4 t o - 2 5  -25to-34 -28 to-13  - 1 3 t o - 3  
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made for the Kelvin equation above freezing are 
invalid. As discussed by several authors (7, 16), 
adsorbate, even 50 i% from the surface, is affected 
by surface forces; but whereas this effect may be 
negligible after two molecular layers with regard 
to vapor pressure as a function of radius of menis- 
cus predictions, it is not negligible with regard to 
the freezing phenomenon. 

The results for the length change isotherms of 
xenon (2) and benzene (6) were not readily ex- 
plained. The behavior of xenon may be regarded 
as an exception; above freezing it stands apart 
from many other absorbates with regard to the 
relation of Gibbs free energy and length change 
(17). It has been concluded that it is not satisfac- 
tory to assume that y (the change in surface 
energy) is generally approximately equal to n 
(spreading pressure) for all adsorbates and tem- 
peratures (18). The explanation for xenon does 
not seem applicable to benzene; the expansion 
for the first two molecular layers of the isotherm, 
as with water, is similar at all temperatures. 

Any clarification that these experiments give 
of the adsorption-extension phenomenon below 
0 "C is helpful in understanding the deterioration 
of building materials from exposure to tempera- 
tures below 0 "C. It appears that the mechanism 
of the movement of water from small pores to 
large ones, causing large pressures, is valid. This 
has been discussed by Everett (14) in thermody- 
namic terms, by Penner (19) in relation to soils, 
and by Powers (20) in relation to hydrated cement 
and concrete. These mechanisms should be 
especially pertinent when thick samples are used. 
The movement of water out of small pores will 
not be as easy and ice will more readily accumulate 
in the large pores, causing great pressure. As may 
be seen in these experiments, water can come out 
of a thin sample, or onto its surface, where it 
forms bulk ice and stress will be avoided. This 
occurred down to -25 "C. A solution to the 
problem is to prevent large amounts of water that 
may be held by capillary condensation from 
entering the material. There is evidence that 
surface coatings that change the contact angle 
may be helpful. 

Conclusions 
(I) The isothermal length change - adsorption 

curves can be explained below 0 "C by the capillary 
condensation and menisci theory. Because of 
these and other results a solid meniscus is 
postulated. 

(2) A decrease in adsorption capacity is ob- 
served with decrease in temperature owing to 
two effects : (a) a reduction in the effective relative 
vapor pressure to which the sample is exposed due 
to the fact that Po(,,,, the saturated vapor pressure 
of the unfrozen adsorbate in the sample is greater 
that Po(,,, at the same temperature; and (b) a 
volumetric expansion of adsorbate on freezing 
that is quantitatively similar to the bulk water - 
bulk ice transition. 

(3) The higher vapor pressures of sample with 
respect to bulk ice are due to (a) supercooled 
liquid vapor pressures; and (b) vapor pressure 
of frozen adsorbate greater than that of bulk ice. 

(4) The effects in (2) above cause length changes 
during measurement of isosteres owing to move- 
ment of water out of and back into the sample, 
and to the development of pressure when adsor- 
bate freezes. 

The author wishes to acknowledge many helpful dis- 
cussions with Mr. P. J. Sereda and Dr. G. G. Litvan. 
Thanks are also due to Mr. S. Dods and Mr. H. Slade for 
help with the experimental work. 
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Dipole moments, charge-transfer parameters, and ionization potentials of the 
methyl-substituted benzene-tetracyanoethylene complexes 

R. K. CHAN AND S. C. LIAO 
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The dipole moments of a series of charge-transfer complexes of methylbenzenes with tetracyano- 
ethylene in carbon tetrachloride solutions at 25 "C and the various parameters derived from Mulliken's 
theory have been evaluated. The energies of various states of the complexes were calculated via their 
relationships with the parameters, charge-transfer transition energies, and heats of formation of the 
complexes by means of the variation principle. Vertical ionization potentials of the donors were obtained 
from the calculated energies of the dative structures of the complexes. The dipole moments contributed 
from the charge-transfer interaction can also be reasonably interpreted as charge-transfer energies in 
terms of vertical ionization potentials of the donors. 

Canadian Journal of Chemistry, 48, 299 (1970) 

Introduction 

I t  is worthwhile to investigate the characteristic 
relationships among various parameters of a 
molecular complex in accordance with the 
existing Mulliken theory (I), primarily among the 
dipole moment, heat of formation, and charge- 
transfer transition energy. The dipole moments 
and energy states of the iodine complexes with 
several aliphatic amines and with some oxygen, 
sulfur-containing donors have been determined 
by Kobinata and Nagakura (2) and by Bhat and 
Rao (3), respectively. The former assume that the 
dipole moment of the no-bond structure, po, is 
negligibly small compared with that of the dative 
structure, p,. In both papers the authors apply 
the results of the variation method with the 
assumption that the energy of the ground state is 
small compared to that of the dative state, 
W, << W,, and is approximately equal to the 
energy of the no-bond state, W, z Wb; energy 
of the excited state is also assumed approximately 
equal to that of the dative state, WE z W, (4). 

In the present study tetracyanoethylene com- 
plexes with a series of methylbenzenes have been 
investigated. Dipole moments of the complexes 
have been determined in carbon tetrachloride 
solutions at 25 "C. Calculations for various 
charge-transfer parameters and energies of the 
different states are carried out according to 
Mulliken's theory and the variation method 
without assuming WG << W,, W, z W,, and 
WE z W,. Vertical ionization potentials of the 
donors obtained in this work are in satisfactory 
agreement with the literature values. 

Experimental 

Materials 
Tetracyanoethylene (TCNE) supplied by Eastman was 

recrystallized from chlorobenzene and purified twice by 
sublimation; m.p. 199-200 "C in a sealed tube. The liquid 
methylbenzenes and carbon tetrachloride were purified 
and dried over calcium hydride by fractional distillation 
and their purity was checked by gas chromatography. The 
solid methylbenzenes (I  ,2,4,5-tetramethylbenzene, penta- 
methylbenzene, and hexamethylbenzene) were recrystal- 
lized in alcohol and dried in a vacuum desiccator; their 
purity was checked by gas chromatography. 

Procedure 
The solutions for the dielectric-constant determinations 

were prepared by adding increments of TCNE to carbon 
tetrachloride solvent containing the methylbenzene in a 
dried atmosphere. The concentration ratio of methyl- 
benzene to TCNE in the solution was of the order of 
100:l. The dielectric constants of the solutions were 
measured by the WTW DM01 Dipole Meter, based upon 
the superposition principle, using a cylindrical gold- 
plated condenser cell, Type DFLI. Densities of the mixed 
solvents were measured by the use of a bicapillary 
pycnometer with scales on both stems, and some densities 
were calculated directly from the weights and densities of 
pure components. The refractive indices were determined 
by the use of a Bausch and Lomb Abbe-3L refractom- 
eter. All measurements were made at a constant 
temperature of 25 1 0.05 "C. 

The dipole moments of the complexes were evaluated 
by the Guggenheim method (5, 6) 

where k is Boltzmann's constant; No, Avogadro's 
number; M,, the molecular weight of the complex; dl and 
E, represent the density and dielectric constant of the 
mixed solvent at temperature T, respectively; a, and a, 
represent the slopes of a plot of dielectric constant and 
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square of refractive index, respectively, against weight 
fraction of the complex in the solution. 

Values of the dipole moments of the donors were 
selected from McClellan's book (7). 

Charge-transfer spectra of the complexes in CCIL solu- 
tions were measured by a Cary 14 recording spectro- 
photometer from 1 to 50 "C at 5-to-10-degree intervals. 
The temperature was maintained to i 0 . 5 "  by circulation 
of mater from a thermostat and was measured by means 
of a copper-constantan thermocouple with a Hewlett 
Packard 7100 B recorder. 

Since there was no absorption except by the complex 
itself in the visible region, the Benesi-Hildebrand 
equation (8) 

was used for calculating the equilibrium constant K,, in 
terms of mole fraction, where [TCNE] is the initial molar 
concentration of TCNE and ND refers to the donor 
concentration in mole fraction, 1 represents the thickness 
of the cell in cm, A is the absorbance, and e,, is the 
extinction coefficient of the complex. The heat of complex 
formation, AH,  calculated from the temperature depen- 
dence of the equilibrium constant, is constant within 
experimental errors. 

Results 

According to the Mulliken theory, the ground 
state and excited state wave functions of a charge- 
transfer complex with 1 : 1 stoichiometric ratio 
may be described by the resonance wave functions 

where D and A represent the donor and acceptor 
molecules, respectively; a, b, a*, and b* are co- 
efficients defining the participation of corre- 
sponding no-bond structure (D . . . A) described 
by wave function +, and dative structure 
(Df . . . A-) described by $,. The dipole moment 
of the complex at the ground state, p,, which is 
experimentally determined, can be expressed by 

where v i  is the vector distance of the ith electron 
from any convenient origin and S is the overlap 
integral between $, and +,, which is taken as 0.1 
for most weak complexes (3, 9); p, and y, refer 
to the dipole moments of the no-bond and dative 
structures, respectively. On the basis of data 

naphthalene (10) and perylene (1 1) in which the 
2 planar components are parallel to one another 
with an intermolecular distance of 3.3 A, the 
dipole moment of the dative structure is thus 
perpendicular to that of the no-bond structure. 
Therefore, in terms of magnitude, eq. [5] can be 
written in the following form 

By substituting the experimental value of pG 
and known values of p,, p,, and S into eq. [6] 
with the aid of the normalization condition 
a2  + b2 + 2abS = I, we may evaluate a and b. 
The percentage of charge-transfer, b2 + abS, 
from the donor to the acceptor of the complex 
and the dipole moment contributed from the 
charge-transfer interaction in the complex, 
pCT = p1 (b2 + abS), were also evaluated. 

It  is possible to calculate the energies of the 
various states of the complex through the rela- 
tionships of the ground state energy, WG, 
excited state energy, WE, charge-transfer transi- 
tion energy at maximum wavelength, hv, and the 
heat of formation, AH, obtained from spectro- 
scopic data. Starting with the variation principle 
for the energies of the ground and excited states, 
the following equations are derived (4) 

where W, and W, are the energies of the no-bond 
and dative states, respectively; H,, is the reso- 
nance integral between these states. Equations [9] 
and [12] are obtained by elimination of a,b and 
a*, b* from eqs. [7], [8] and [lo], [ l l ] ,  re- 
spectively. For the purpose of convenience, let PG 
and p, represent the two quantities (H,, - WGS) 
and (H,, - WES), respectively. Therefore, the 
energies of various states can be calculated with- 
out approximation from the charge-transfer 
spectra and dipole moment determination using 
the following equations 

[13] PG = [(a*S - b*)ahv]/(aa* + bb*) from the X-ray structure investigation of an-bn 
molecular complexes formed by TCNE with 
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[15] RG = +{  (S2hv - 2PGS - hv) 
+ [(S2hv - 2PGS - hv)' - 4PG2]'] 

220 

[16] WG = AH 

[17] Wo = AH - R, 
[18] W E = A H + h v  

[I91 RE = P E 2 / ( W ~  - W ~ )  210 
- 

[20] W 1  = WE - R E  \ E - 
where RG and RE refer to the resonance energies 
between the dative and no-bond structure for the 
ground and excited states, respectively. The 200 

results for the complete series of TCNE-methyl- 
benzene complexes are summarized in Table 1 .  
The energy diagrams of benzene and hexa- 
methylbenzene complexes are also shown in 
Fig. 1. 190 

According to Fig. 1 

- '8 
0 

o 

- 

- 

- 8/ 

- 

[21] h v =  wl - wo + R E -  RG ? I  40 50 Wt ( kcai/rnole I 60 I 

[22] W ,  = ID - EA - GI FIG. 2. Plot of vertical ionization potentials of donors 
vs. dative state energles of TCNE-methylbenzene com- 
plexes. Numbers refer to the donors as shown in Table 1. 

where ID refers to the vertical ionization potential 
of the donor, EA is the electron affinity of the 
acceptor, G1 represents the interaction energy 
between donor and acceptor at the dative state. 
GI is the sum of the Coulombic interaction at a 
separation of 3.3 and the energy, X,  due to the 
polarization of the D' . A- bond at the dative 
state 

[23 I GI  = (e2/r) + X 

The value of X, which is expected to  be a few 
kcal/mole (9, 12), was evaluated by plotting the 
literature values of the vertical ionization poten- 
tials against the energies of the dative states as 
shown in Fig. 2. It was found to be 2 kcal/mole 
for the TCNE-methylbenzene complexes. The 
electron affinity of TCNE is taken as 2.04 eV or 
47.1 kcal/mole from Trotter (13). Therefore, it is 
possible to evaluate the vertical ionization poten- 
tials of donors directly from eq. [22] with the 
aid of the energy of the dative state. The results 
are listed in Table 2. 

Discussion 
C6(CH3)6 The dipole moment of the no-bond structure 

FIG. 1. Energy diagrams of TCNE colnplexes with the can be taken as that of the 
benzene and hexamethylbenzene. due to the nonpolar nature of the acceptor, 
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TABLE 2 

Vertical ionization potentials of methylbenzenes in kcal/mole 

Ionization potential 

Literature 

No. Compound Calcd. (14) (15) (16) (17) (18) (19) (20) (22) 

*Also ref. 21. 

TCNE; for the nonpolar donor it can be con- 
sidered as zero. Thus eq. [6] is reduced to 

This means that the dipole moment of the com- 
plex is due to the partial charge-transfer inter- 
action from the donor to the acceptor. The value 
of p,, caused by the charge transfer of one 
electron to the acceptor from the donor, with the 
intermolecular distance 3.3 A, is taken as 15.8 D 
for all complexes in this series. A change of 0.1 A 
in distance causes a change of only 0.001 in the 
parameter a, 0.004 in b, 0.2 in 100(b2 + abS), and 
0.2 kcal/mole in most energy terms, which are 
within the experimental errors. For some of the 
donors, such as 1,2,3,4-tetramethylbenzene, 
which do not have appropriate literature values 
of dipole moment, the values of p, derived from 
vector-summation of bond moments are chosen. 
A variation of 0.07 D in p, due to the different 
literature data corresponds to a change of 0.001 in 
a, 0.002 in b, 0.1 in 100(b2 + abS), and 0.1 
kcal/mole in energy terms. The values of a and b 
found are relatively insensitive to the dipole 
moment of the complex, as are the quantities 
derived from a and b. For instance, there is only 
a change of 0.004 in a, 0.01 in b, 0.6 in 
100(b2 f abS), and 0.4 kcal/mole in energy when 
the dipole moment of the complex is varied by 
0.1 D, which is approximately equal to the 
exuerimental scatter of the data. 

In the calculation of the dipole moment of the 
complex, we assume that all of the acceptor in the 

solution is in the form of the complex, since the 
concentration ratio of donor to acceptor is of the 
order of 100 : 1 ; the complete complexation (23) 
is shown by the linear relationship of the incre- 
ment of the dielectric constant of solution with 
the weight fraction of acceptor for a given 
amount of donor. 

For those complexes having two maxima in the 
absorption spectra, such as 1,4-dimethylbenzene, 
1,2,4-trimethylbenzene, and 1,2,4,5-tetramethyl- 
benzene complexes, the wavelength of the 
maximum absorption without splitting is calcu- 
lated according to Briegleb's empirical half- 
widths relationship (24, 25) 

where v, and v, refer to the frequency at half the 
maximum intensity on the high- and low-energy 
sides of the peak located at v,,,. Several values of 
v,,, at different intensities are used to obtain an 
average value of v,,,. For instance, transition 
energies of 1,2-dimethylbenzene and 1,3-di- 
methylbenzene complexes are 67.3 and 66.7 
kcal/mole, respectively. The lower-energy band 
of the 1,4-dimethylbenzene complex, 62.3 kcall 
mole, is close to the energies of the unsplit 
charge'-transfer bands of the trimethylbenzene 
complexes, whereas the higher-energy band, 72.0 
kcal/mole, is higher than the unsplit charge- 
transfer band of the methylbenzene complex. 
Using eq. [25], the average value of hv,,, for the 
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1,4-dimethylbenzene complex was calculated to 
be 66.4 kcal/mole which is comparable and con- 
sistent with the unsplit spectra of 1,2- and 
1,3-dimethylbenzene complexes (see Table 1). 

The energy of the no-band state, Wo, including 
the sum of the electrostatic energy and van der 
Waals energy, is expected to be small, ranging 
from - 0.5 kcal/mole for the benzene complex to 
-2.3 kcal/mole for hexamethylbenzene. Thus, 
such complexes are formed under weak inter- 
action. The resonance energy of interaction be- 
tween the no-bond and dative structures in the 
ground state, RG, is larger in magnitude than Wo, 
indicating that the resonance with the dative 
structure in the ground state is a major force for 
stabilizing the complex. It is shown in Table 1 
that the contribution of resonance energy to the 
formation of the complex, AH or W,, is by no 
means equal or nearly equal to Wo, and the forces 
leading to complex formation are not primarily 
electrostatic. On the contrary, the main contribu- 
tion of the excited state energy, WE, is largely due 
to the dative structure energy, W,: 92% for 
benzene and 84% for hexamethylbenzene; the 
rest is contribution from the resonance energy, 
RE. 

The values of the estimated ionization poten- 
tials are in agreement with the literature data. 
The vertical ionization potential of 1,2,3,4-tetra- 
methylbenzene, which is not available in the 
literature, is given in Table 2. 

According to Matsen and co-workers (26), the 
relationship between charge-transfer energy and 
vertical ionization potential can be written as 

where 

Obviously, the coefficients C, and C,, which vary 
with the donor, are really not constants. However, 
they may be calculated and the values obtained 
are approximately 151 kcal/mole for C, and 552 
(k~a l /mole)~  for C,. The values of C, and C, 
obtained from Fig. 3 are 150 kcal/mole and 557 
(k~al /mole)~,  respectively, in good agreement 

FIG. 3. Plot of charge-transfer energies of TCNE- 
methylbenzene con~plexes vs. vertical ionization poten- 
tials of donors. Numbers refer to the donors as shown in 
Table 1. 

with the calculated values. The approximate 
linear relationship of these quantities can be 
expressed in terms of kcal/mole as 

The values of the constants in the linear equation 
have no immediate theoretical significance; the 
fact that the slope is less than unity is a result of 
the non-zero resonance interaction (27). A 
similar equation was obtained by Voigt and 
Reid (25). 

With increasing number of methyl substituents 
on the benzene ring, the dipole moment of the 
complex is increased. For the same number of 
methyl substituents, the more polar donor gives 
rise to higher dipole moment of the complex. The 
following relationship can be established between 
the dipole moments caused by the charge-transfer 
interaction, p,,, and vertical ionization poten- 
tials of the methylbenzenes as shown in Fig. 4. 

where pCT is in Debye units and 6, in kcaljmole. 
It  can also be shown that 

[31] (b2 + abS)  = 

the lower the ionization potential of the donor 
for a given acceptor, the higher the degree of 
charge-transfer, i.e., the higher the dipole moment 
contribution from the charge-transfer interaction. 
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FIG. 4. Plot of dipole moments caused by charge- 
transfer interaction vs. ionization potentials of donors for 
TCNE-methylbenzcnc complexes. hTumbers refer to the 
donors as shown in Table I.  

The authors are indebted to the National Research 
Council of Canada for financial support of this work. 
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Crystal and molecular structure of the m-bromobenzoate 
derivative of bisnorquassin 

H .  LYNTON 
Department of Chemistry, Uniuersity of New Brunswick, Fredericton, New Britns~vick 

Received July 4, 1969 

The molecular structure of the in-bromobenzoate derivative of bisnorquassin, C,,H2,0,Br, has 
been determined by the heavy atom method. The compound crystallizes in the orthorhombic system, 
space group P2,2,2,, with unit cell dimensions n = 20.09 + 0.02 A, b = 14.63 f 0.02 A, c = 8.06 + 0.01 A and 4 molecules in the unit cell. Final atomic parameters have been obtained from a block- 
diagonal least-squares refinement using anisotropic temperature parameters. The final agreement 
residual for I665 observed reflections is R = 0.107. 

The structure of bisnorquassin previously proposed by Findlay and Cropp, on the basis of spectro- 
scopic and chemical evidence, is shown to be essentially correct. 

Canadian Journal of Chemistry, 48, 307 (1970) 

Introduction 

Bisnorquassin, C2,H2,0,, was first prepared 
by Robertson et al. (1,2) by the treatment of both 
quassin and norquassin with a warm mixture of 
concentrated hvdrochloric and acetic acids. The 
complete structure and relative stereochemistry 
of quassin, a bitter principle from Quassia atnara, 
has been established by Valenta et al. (3, 4). 
Early studies showed that bisnorquassin was not 
a simple bis-demethylated quassin, but in view of 
its ultraviolet (u.v.) absorption spectrum, pos- 
sessed an extended system of conjugation. 

A structure for bisnorquassin has been given by 
Findlay and Cropp (5) which is adequately sup- 
ported by spectroscopic and chemical evidence. 
This structure is not comwlete in that the stereo- 
chemical co~lfiguration about certain carbon 
centers is not established. This X-ray analysis was 
undertaken to provide the complete stereo- 
chen~ical structure of this interesting compound. 

Crystallograplzic and Inteizsity Data 
The specimen of the m-bromobenzoate deriva- 

tive of bisnorquassin used in the structure 
analysis was supplied by J. A. Findlay and J. S. 
Tandon. 

The crystal data are given in Table 1. The com- 
pound is orthorhombic and the systematic 
absences establish the space group as P2,2,2,. 
Unit cell dimensions were measured from oscilla- 
tion and Weissenberg photographs. The den- 
sity measurements indicate 4 molecules of 
C2,H2,O,Br in the unit cell. 

All intensity data were collected from a needle 
shaped crystal of average length 0.25 mm and 
average cross section 0.15 mm. As the linear 

TABLE 1 
Crystal data 

-- -- -- 

System Orthorhombic 
Space group p212121 
Svstematic absences hOO: h = 2i2 + 1 

Molecular weight 
Unit cell dimensions 

a 
b 
C 8 06 5 0 . 0 1 A  

Volume 2370 AT 
Measured density (by flotation) 1 . 5 0 g c m r 3  
Calculated density (assuming 4 

molecules in the unit cell) 1.52 g cmW3 

absorption coefficient for CuKa radiation is 29.7 
cm-l,  no absorption corrections were made. 
Using the multiple film pack technique, equi- 
inclination Weissenberg photographs were ob- 
tained of layers Ilk0 - - ldc6. The total number of 
independent reflections with intensities above the 
minimum intensity limit for observation was 
1665. 

The intensities of all reflections were estimated 
by visual comparison with a calibrated strip 
prepared using a suitable refleciion from the 
intensity crystal. Lorentz-polarization factors 
were applied to all data. 

Structure Analysis 
A 3-dimensional Patterson synthesis estab- 

lished the positions of the bromine atoms. Subse- 
quent 3-dimensional Fourier syntheses then gave 
the coordinates of all the carbon and oxygen 
atoms. 

The refinement was by successive cycles of 
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TABLE 2 block-diagonal least-squares,' employing only 
the observed reflections. The quantity minimized 
was Co(Fo - FC)'. The matrices used were 3 x 3 
for the positional parameters and 6 x 6 for the 
anisotropic thermal parameters of each atom. 
The weighting scheme o = 1/[a + IF,[ + cjFoj2] 
was employed with the following values: a = 
16.00 and c = 0.012. Scattering factor curves 
used were those given in International Tables (7). 
During the structure refinement the scale factor 
for each layer was adjusted by comparison of 
observed and calculated Fa's. 

The positions of the hydrogen atoms could not 
be deduced from a difference synthesis. No cor- 
rections were made for extinction, and in the last 
cycle, no parameter shift exceeded 0.2 times the 
estimated standard deviation. The final agree- 
ment residual, R = CI Fo - Fcj/jCIF, I, for ob- 
served reflections was IS = 0.107. 

Fractional 

Atom 

atomic coordinates, and e.s.d. in parenthesesY 

x l a  ulb zlc 

Results and Discussion 

The final atomic coordinates are given together 
with their estimated standard deviations (e.s.d.) 
in Table 2. The temperature parameters are given 
in Table 3. Figures 1 and 2 give the intramolecular 
bond lengths and angles, and Fig. 3 shows the 
general stereochemistry of the molecule. Some 
bond angles are omitted from Fig. 2 and are given 

lAll computations were done on an I.B.M. 360150 
computer using programs by Ahn~ed et a/. (6). ; have been multiplied by lo4. 

TABLE 3 
Anisotropic temperature parametersY 

Atom P I I  PZZ P33  P23 P13 812 
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LYNTON: CRYSTAL AND MOLECULAR STRUCTURE 

TABLE 3 (Concluded) 

Atom PI 1 I322 I333 I323 I313 I312 

*All values have been multiplied by lo5;  T = exp - [h2P11 + kZP22 + 1 2 P 3 3  + k l P ~ 3  + f111)13 + h k P 1 ~ 1 .  

TABLE 4 
Bond angles omitted from Fig. 2 

Atoms Angle ('1 

in Table 4. A final set of structure factors has been 
placed in the Depository of Unpublished Data.' 

The estimated standard deviations for all bonds 
are0.03-0.04 A except for c,-c,, and C24-C25 
where the e.s.d. are 0.05 A. The e.s.d. for all bond 
angles are 2-3". Nothing can be established about 

'Photocopies may be obtained, upon request, from: 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada. 

FIG. 1. Intramolecular bond distances. 
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TABLE 5 

Best mean planes 
-- 

Distance from 
Atom plane (A) 

Benzene ring 
Equation 0 . 8 9 5 ~  - 0 . 4 1 9 ~  - 0 . 1 5 4 ~  + 2.639 = 0 

C-27 -0.05 
Clzvowzophore 

Equation -0.695,~ + 0 . 6 6 1 ~ ~  - 0.2842 - 0.811 = 0 

Benzene ring and chvornophore 
Eq~~ation 0 . 8 7 5 ~  - 0 .484~  - 0 .030~  + 2.337 = 0 

0 - 3  -0.42 
0 -6  0.38 
C-12 0 .42 
C-13 -0.03 
C-14 0.18 
C-15 0.01 
C-16 0 .02 
C-21 -0.18 
C-22 -0.10 

possible hydrogen bonding as no intermolecular 
distances were found to be shorter than the usual 
van der Waals separation values. 

The gross structure proposed by Findlay and 
Cropp (5) is confirmed. The molecule has a cage 
conformation in which all substituent groups, 
except the hydrogen attached to C-6, point away 
from the center of the molecule. The hydrogens 
attached to C-10 and C-11 must be cis and not 
trans as suggested by Findlay and Cropp. They 
lie on the outward side of the 5-membered ring 
as does the methyl group attached to C-5 and the 
hydroxyl group attached to C-4. The hydrogen 
atom attached to C-1 is cis to the OH group at C-4. 

The chromophore extending from 0 - 3  through 
C-16, C-15, C-14, C-13 to C-12 is essentially 
planar and is coupled with the planar m-bromo- 
benzoate substituent at C-12, the whole forming 
a large conjugated planar array in which no atom 
is more than 0.5 A out of the best mean plane 
(see Table 5). 

I wish to acknowledge the support of the National 
Research Council of Canada for this work, and I thank 
Mrs. Brenda LefTen for the estimation of the intensity 
data used in this analysis. 

(2-23 0.08 
C-24 0 .10 1. E. LONDON, A. ROBERTSON, and H. WORTHINGTON. 

C-25 0.01 J. Chem. Soc. 3431 (1950). 

(2-26 -0.17 2. K. R. HAMEN, D. B. JAQUISS, J. A. LAMBERTON, A. 

C-27 -0.30 ROBERTSON, and W. E. SAVIGE. J. Chem. Soc. 4238 
(1954). 

FIG. 2. Intramolecular bond angles. 
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LYNTON: CRYSTAL AND MOLECULAR STRUCTURE 

FIG. 3. General shape of the bisnorquassin molecule. 

3. Z. VALENTA, S. PAPADOPOULOU~, and C. PODESVA. PIPPY. N.R.C.C. Crystallographic Programs for the 
Tetrahedron, 15, 100 (1961). I.B.M./360 System, Divisions of Pure Physics and 

4. Z. VALENTA, A. H. GRAY, D. E. ORR, S. PAPADO- Pure Chemistry, National Research Council of Can- 
~ourous ,  and C. PODESVA. Tetrahedron, 18, 1433 ada, Ottawa, Canada. 
(1962). 7. International Tables for X-ray Crystallography, Vol. 

5. J. A. FINDLAY and D. T. CROPP. Can. J. Chem. 46, 111. The Kynoch Press, Birmingham, England, 1962. 
3765 (1968). Table 3.3.1.A. 

6. F. R. AHMED, S. R. HALL, C. P. HUBER, and M. E. 
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Study of some bisnorquassin derivatives 

J. A. FINDLAY, R. F. LANGLER, AND J. S. TANDON 
Department of Chemistry, University of New Brunswick, Fredericton, New Brunswick, Canada 

Received July 4, 1969 

The structures of several derivatives of bisnorquassin (2a) are clarified. Chemical support for the 
mechanism of formation of this novel demethylation product of quassin ( la )  is provided, which 
together with the recent X-ray diffraction study of bisnorquassin m-bromobenzoate (2d)  offers an 
independent corroboration of the structure and stereochemistry of l a  deduced by Valenta. 

Canadian Journal of Chemistry, 48, 313 (1970) 

The complete structure and stereochemistry of 
quassin C22H2806 (la) a bitter principle from 
Quassia amara, was deduced by Valenta and co- 
workers (1) in 1962. It had been known for some 
time that quassin produced an abnormal de- 
methylation product C2,H2,06 named bisnor- 
quassin (2, 3) when treated with a mixture of 
concentrated hydrochloric and acetic acid. 
Recently we proposed structure 2a for this novel 
product and outlined a likely transformation 
mechanism (4). At  that time the configuration of 
centers C-1, C-4, C-10, and C-11 remained un- 
assigned. The X-ray diffraction study of Lynton 
(5) on bisnorquassin m-bromobenzoate 2d has 
now clarified the remaining stereochemistry and 
has corroborated in detail our proposal 2a for 
bisnorquassin. 

OR2 

Prior to the conclusion of the X-ray study (5) 
we were seeking corroborative chemical evidence 
for structure 2a with a view also to determining 
additional stereochemical features of the mole- 
cule. This involved, in part, reexamining some of 
the derivatives of 2a reported by Robertson's 
group (2,3). We now report our findings. 

In one approach we have treated quassin (la) 
with concentrated DC1 and CH,COOD and 
obtained a polydeuterated bisnorquassin con- 
taining up to 7 deuterium atoms as evidenced by 
the mass spectrum which displayed ions of mle 
367, 366, 365, and 364, the latter two being the 
more abundant species. Examination of the 
nuclear magnetic resonance (n.m.r.) spectrum of 
this product indicated the absence of signals due 
to  hydrogens at C-2, C-10, and C-11, all of which 
are clearly discernible in the corresponding 
spectrum of bisnorquassin at z 7.7 (a multiplet, 
2H), 7.4 (a doublet, lH,  J = 10 c.p.s.), and 5.0 
(a doublet, lH,  J = 10 c.p.s.), respectively. In 
addition, the signal for the methyl group at C-13 
(7 8.1) is grossly diminished in the deuterated 
bisnorquassin spectrum. This result clearly sup- 
ports structure 2a and the mechanism of forma- 
tion proposed by us earlier (4) since all the 
hydrogens involved are potentially exchangeable 
via ketone-en01 equilibria during the trans- 
formation of l a  to 2a. 

An important feature of the n.m.r. spectrum of 
the polydeuterated bisnorquassin is that i t  dis- 
plays a doublet at  z 9.1 (J = 5 c.p.s.) for the C-1 
methyl group; a clear indication that C-1 has not 
epimerized in the quassin-bisnorquassin trans- 
formation. It follows then that the methyl group 
a t  C-l must be a in bisnorquassin (2a) corre- 
sponding to the same configuration at that site in 
quassin (la). This result, together with the X-ray 
solution of bisnorquassin m-bromobenzoate (2d) 
allows for a complete and independent cor- 
roboration of the structure and stereochemistry 
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of quassin Pa (1) except for the centers C-iO and 
C-14. 

I t  is noteworthy that the coupling constant J 
for the mutual splitting of hydrogens at C-10 and 
C- 11 in 2a and a number of derivatives, including 
the m-bromobenzoate 2d, is of the order of 9-10 
c.p.s. The magnitude of this coupling constant 
suggests a trans relationship of the C-10 and C-1 1 
hydrogens but this is clearly misleading in the 
light of the X-ray diffraction studies on 2d which 
show these hydrogens to be cis and P. From 
inspection of models it is evident that this cis 
arrangement confers greater strain-free planarity 
on the chromophoric system in rings C and D 
in 2a and also provides for a less strained 5-mem- 
bered hemi-ketal ring than do alternate trans 
C-10, C-1 1 configurations. 

In attempts to gain chemical insight to the 
configuration of the hydroxyl group at C-4 in 2a 
we have examined the n.m.r. spectra of a number 
of bisnorquassin derivatives some of which were 
first reported in Robertson's papers (2, 3). 

In the n.1n.r. spectrum of bisnorquassin itself 
the signal for the C-5 methyl is found at r 9.1, 
while the C-9 methyl shows at r 8.6, the low field 
position of the latter can be ascribed to deshield- 
ing caused by the adjacent extended chromo- 
phoric system. We have attempted to  prepare 
derivatives of 2a in which the C-4 hydroxyl was 
acetylated or benzoylated with the expectation 
that the n.m.r. spectra of such might show shifts 
in the field position for signals due to protons at 
C-10, C-11 or for the methyl protons at C-5, 
should these hydrogens be cis to the introduced 
acetoxy or benzoyloxy group at C-4. Since earlier 
studies reported (3) the preparation of 0 , 0 -  
diacetyl bisnorquassin (m.p. 232"), our initial 
efforts were directed at obtaining this compound. 
While we had no difficulty in preparing a mono- 
acetate 2b (m.p. 231-233") by the procedure 
described for preparation of the presumed di- 
acetate, the only diacetate we were able to prepare 
proved to be an anhydrodiacetate (m.p. 232-234') 
and this was obtained by treatment of bisnor- 
quassin with acetic anhydride and fused sodium 
acetate. 

The n.m.r. spectrum of the monoacetate 2b 
differs little from that of 2a apart from the 
additional singlet (3H) at r 7.74 (CH3CO). Since 
the ultraviolet (u.v.) spectrum (A,,, 275 mp, E 

20 000 in alcohol) of 26 displays a slow time 
dependent shift (to A,,,, 373 mp E ,  > 25 000) in 
basic media there is no doubt that the acetoxy 

group is attached to (2-12. The corresponding 
monobenzoate 2c is readily prepared by treatment 
of bisnorquassin with benzoyl chloride and 
pyridine. 

We formulate the anhydrodiacetate of bisnor- 
quassin as 3a. In the n.m.r. spectrum of this 
compound the signal for the C-1 methyl appears 
as a singlet near r 8.2. Singlets (3H each) at z 7.75 
and 7.9 are assigned to the two acetate methyl 
groups. A slightly broadened singlet at  r 4.5 (IH) 
(C2-H) attests to the location of a double bond 
between C-1 and 6-2, while a broad multiplet 
(1H) at T 7.4 is assigned to the C,-H. The other 
features of the spectrum are unexceptional. 
Further support for formulation 3a comes from 
its infrared (i.r.) spectrum (KBr) which shows 
bands at 1780 (en01 acetate), 1710 (lactone), 1650 
and 1605 cm-' (conjugated double bonds) and 
no hydroxylic absorption. 

Formation of 3a can be visualized as occurring 
by l,4-elimination via an intermediate en01 
acetate generated in the A ring. In attempting to 
obtain a dibenzoate of bisnorquassin we have 
encountered a parallel transformation leading to 
3b which displays similar spectroscopic features 
to  3a. 

Another interesting compound described (2,3) 
earlier was obtained by prolonged treatment of 
bisnorquassin with diazomethane. This com- 
pound named a-0-methyl bisnorquassin (m.p. 
210") was initially believed to have the constitu- 
tion C2,H2,0,.0Me (2) but was later amended 
to conform with C20H2305 - 0 M e  (3). It displayed 
A,,, 315 mp (E  22 600) and did not appear t o  
contain a hydroxyl group in view of the reported 
absence of hydroxylic bands in the i.r. spectrum 
and negative Zerewitinoff reaction. 

In several attempts to prepare this compound 
with all the properties described we have been 
unsuccessful. However, by the same prolonged 
treatment of bisnorquassin with diazomethane 
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FINDLAY ET AL.: BISNOIi LQUASSIN DERIVATIVES 315 

we have obtained a product with similar melting 
point (m.p. 206-208") and u.v. spectrum (A,,, 
312 my, E 19 800). While the n.m.r. spectrum 
(vide itzfra) shows it to be a monomethyl ether, the 
mass spectrum displays a strong molecular ion of 
mle 388, indicating a composition C2,H2,06. In 
addition this derivative displays hydroxylic 
absorption in the i.r. at 3600 cm-' and responds 
positively to  a Zerewitinoff determination and 
therefore does not appear to be identical with 
a-0-methyl bisnorquassin reported by Robertson 
and co-workers. We formulate this new deriva- 
tive as 4 in the light of the following data. Its i.r. 
spectrum shows only one strong carbonyl band at 
1700 cm- ' attributed to the en01 lactone carbonyl. 
The n.m.r. spectrum displays a singlet (1H) at r 
4.3 (CIS--H), adoublet (1H) at 4.9(J = 8c.p.s.) 
(C,,-H), a triplet (1H) at 5.5 ( J  = 6 c.p.s.) 
(C,-H) and a doublet (1H) centered at 7.5 
( J  = 8 c.p.s.) (C,,-N). The pattern of the low 
field signals is essentially the same as that in the 
bisnorquassin spectrum. The major difference is 
the appearance in the spectrum of 4 of a singlet 
(3H) at T 6.15 (CH,O) and a pair of doublets 
(1H each) at T 7.0 and 7.5 (J = 4 c.p.s.), assigned 
to the hydrogens on the oxide bridge. 

As chemical corroboration of structure 4 for 
the product of prolonged diazomethane treat- 
ment of bisnorquassin we have subjected it to 
treatment with concentrated hydrochloric acid 
and obtained the corresponding chlorohydrin 
(m/e 424) which on treatment with potassium 
carbonate solution refurnished the original oxide 
4 in accord with expectation. 

It should be noted that the simple bis de- 
methylated quassin Ib can be prepared by treat- 
ment of quassin with aluminum chloride in hot 
nitrobenzene. The product Ib (m.p. 196-200") is 
obtained in good yield and can be converted into 
quassin by. treatment with ethereal diazo- 
methane.' We have also succeeded in converting 

'These two reactions were first carried out at the 
University of Liverpool. See ref. (6). 

I b  into bisnorquassin (2a) thus demonstrating 
the intermediacy of Ib in the quassin-bisnor- 
quassin transformation as proposed by us 
recently (4). 

Experimental 
General 

The i.r. spectra were recorded on a Perkin-Elmer 
model 237B spectrophotometer. The mass spectra were 
determined on a Hitachi Perkin-E!mer model RMU-6D 
spectrometer. The n.m.r. spectra were recorded with a 
Varian 56.4 Mc/s instrument using tetramethylsilane as 
internal standard. A Kofler hot stage apparatus was 
employed to determine the melting points which are 
uncorrected. 

Preparation of Bisizory~iassin (2a) 
Bisnorquassin was prepared from quassin ( l a )  by the 

procedure described by London et al. (2) and was 
recrystallized to constant n1.p. (250-253") from 95% 
ethanol. 

Preparation of Polydeuterated Bisnoryuassilz 
A mixture of quassin (250 mg), CH,COOD (2.5 ml) 

and concentrated DCl (0.75 ml) was heated on a steam 
bath for 1 h. The solution was concentrated, diluted with 
water, and cooled. A crystalline solid (180 mg) separated 
and was filtered off. After recrystallization from ethanol 
this material (m.p. 250-253") showed no depression of 
melting point when admixed with bisnorquassin. The 
n.m.r. spectrum shows signals at T 4.2 (singlet, IH), 5.5 
(multiplet, lH), 8.2 (multiplet, 4H), 8.6 (singlet, 3H), 
8.95 (singlet, 3H), and 9.1 (doublet, 3H, J = 5 c.p.s.). 
The mass spectrum displays abundant ions at mle 367, 
366, 365, and 364. 

Preparation of Bisnorquassin Acetate (2b) 
Bisnorquassin (100 mg) in dry pyridine (10 ml) was 

treated with acetic anhydride (10 ml) for 18 h at room 
temperature. After evaporation of the solution to dryness 
in vacuo, the residue was dissolved in glacial acetic acid 
(3 ml) from which the product (65 mg) crystallized on 
standing. After filtration and washing with water the 
product 2b was recrystallized from benzene and displayed 
m.p. 231-233". The i.r. spectrum (CCI,) shows bands at 
3500, 1775, 1725, 1680, and 1600 cm-'; ?,,,, (ethanol) 
275 mp (E 20 000) shifts slowly in basic media to 373 
(E > 25 000). The mass spectrum displays a molecular 
ion of m/e 402 corresponding to [ ~ z z H ~ 6 0 7 ] i .  

Preparation of Bisnorqziassin Anhydrodiaceiate (3a) 
Bisnorquassin (1 g) in acetic anhydride (100 ml) was 

treated with sodium acetate (460 mg) and the solution was 
refluxed for 24 h. Evaporation in vacuo yielded a dark 
brown semi-solid mass which was taken up in hot 
ethanol. The cooled ethanolic solution yielded bisnor- 
quassin anhydrodiacetate 3a (0.55 mg) which was 
recrystallized to constant melting point (232-234") from 
ethancl. The i.r. spectrum (KBr) shows bands at 1780, 
1710, 1650, and 1605 cnl-'; I,,, (ethanol) 268 mp 
( E  13 400) changes slowly on addition of base to h,,, 244 
( E  5600) and 380 mg (E 17 000). The n.m.r. spectrum 
displays signals at T 4.1 (singlet, lH), 4.5 (broad singlet, 
1H) partly superimposed on a doublet centered near .r 4.6 
(1H), 5.65 (multiplet, IH), 7.4 (broad singlet, lH), 7.75 
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(singlet, 3H), 7.9 (singlet, 3H), 8.2 and 8.25 (2 coalesced 
singlets, 6H), 8.7 (singlet, 3H) and 8.95 (singlet, 3H). The 
mass spectrum displays a molecular ion of mle 426 
corrcsponding to [CZ4H2607] +. 

Preparation of Bisnorquassirz Anhydrodibenzoate (3b) 
A mixture of bisnorquassin (1 g), dry pyridine (5 ml), 

and benzoyl chloride (2.5 ml) was heated at 70' for 24 h.  
The solution was evaporated to dryness and the residue 
taken up in ethyl acetatelether (2:l). After washing this 
solution with dilute aqueous HCI it was dried over 
anhydrous magnesium sulfate and evaporated. The resi- 
due crystallized from ether!niethanol yielding 3b, a 
crystalline solid (0.4 g) n1.p. 243-244'. The i.r. spectrum 
(CC14) displays bands at 1750 (broad) and 1660 cni-l;  
?,,,, (ethanol) 231 (E 12 900) and 267 mp (E 13 200) shifts 
slowly on addition of base to h,,,, 380 mp (E 15 000). 
The n.m.r, spectrum shows signals at T 1.93-3.30 (multi- 
plets, 10H), 4.08 (singlet, lH), 4.36 (singlet, IH) partly 
superimposed on a doublet centered near s 4.4, 5.45 
(multiplet, lH), 7.35 (broad based singlet, lH), 7.7 
(doublet, 1H, J =  7.4 c.p.s.), 8.1 (singlet, 3H), 8.2 
(singlet, 3H), 8.5 (singlet, 1H) and 8.8 (singlet, 1H). 

Anal. Calcd. for C34H300,:  C, 74.30; H, 5.46; 0 ,  
20.19. Found: C, 74.22; H, 5.41; 0 ,  20.29. 

Preparation of Bisnorq~~assin m-Bromobenzoate (2d) 
Bisnorquassin (0.2 g) in dry pyridine (3 ml) was treated 

with rn-broniobenzoyl chloride (1.5 1111). After standing at 
room temperature for 18 h, the solution was evaporated 
to dryness. The crude product (0.23 g) was treated with 
carbon tetrachloride (10 ml) and the soluble portion was 
evaporated to dryness and chromatographed on a silica 
gel column. Bisnorquassin m-bromobenzoate 2d was 
eluted with CCI,/CHCI, (1:l). The white crystalline 
product (40 mg) was recrystallized from ethanol to 
constant melting point (262-265"). The i.r. spectrum 
(CHCI,) shows bands at 3600, 1750, 1725 (broad), 1670, 
1600, and 1580 cm-'. The mass spectrum displays a pair 
of niolecular ions of approximately equal intensity at 
m/e 544 and 542 corresponding to [C2,H2,0,Br]+. The 
U.V. absorption spectrum displays ?,,,, 238 (E 12 200) and 
273 mp ( E  18 700). The n.m.r. spectrum shows signals at 
s 1.80-2.9 (multiplet, 4H), 4.0 (singlet, lH),  4.9 (doublet, 
l H ,  J = 9.6 c.p.s.), 5.4 (triplet, lH ,  J = 6 c.p.s.), 7.4 
(doublet, lH ,  J = 9.6 c.p.s.), 7.65 (multiplet, 2H), 8.15 
(singlet, 3H), 8.5 (singlet, 3H), 9.0 (singlet, 3H) and 9.1 
(doublet, 3H, J = 5 c.p.s.). 

Preparation of 4 
Bisnorquassin (130 mg) in chloroform (5 ml) was 

treated with a large excess of ethereal diazomethane for a 
period of 12 h. After evaporation of solvent, the crude 
product was recrystallized from ethanol to furnish 4 
(70 mg), 1n.p. 208-210'. The i.r. spectrum (CHCI,) 
shows absorption maxima at 3600, 1700, 1640, and 1600 
cm-'; h,,, 312 mp (E 19 800). The mass spectrum 
displays a strong molecular ion of m/e 388 corresponding 
to [CZZH2,O,]+. The n.m.r. spectrum shows signals at 
r 4.3 (singlet, lH), 4.9 (doublet, lH,  J = 8 c.p.s.), 5.5 
(triplet, l H ,  J = 6 c.p.s.), 6.15 (singlet, 3H), 7.0 (doublet, 
l H ,  J = 4 c.p.s.), 7.5 (doublet, IH,  J = 4 c.p.s.) super- 
imposed on a signal at s 7.6 (doublet, lH ,  J = 8 c.p.s.), 
8.2 (singlet, 3H), 8.7 (singlet, 3H), 8.9 (singlet, 3H) and 
9.3 (doublet, 3H, J = 4 c.p.s.). 

Chlorohydrin of 4 
Con~pound 4 (79 mg) in anhydrous ether (5 ml) was 

treated mith gaseous hydrochloric acid by bubbling a 
steady stream of gas through the solution for 1 h. The 
flask was then stoppered and the solution stirred for 18 h. 
Evaporation of the solvent gave a residue (89 mg) which 
was purified by preparative thin-layer chromatography on 
silica gel. The i.r. spectrum (CHCI,) of the resulting 
chlorohydrin displays bands at 3680, 3520, 1695, and 
1630 cnl-'. The n.m.r. spectrum shows signals at z 4.35 
(singlet, lH), 4.9 (doublet, lH ,  J = 10 c.p.s.), 5.45 
(triplet, lH ,  J = 7 c.p.s.), 6.1 (singlet, 3H), 6.45 (singlet, 
lH),  6.7 (multiplet, 2H), 7.45 (doublet, lH ,  J = 10 c.p.s.), 
8.2 (singlet, 3H), 8.7 (singlet, 3H), 8.8 (singlet, 3H), and 
9.25 (doublet, 3H, J = 5 c.p.s.). The mass spectrum 
displays a molecular ion of mle 424 corresponding to 
[C2zH,,06Cl]+. This compound was readily converted 
back to 4 by treatment with a solution of potassium 
carbonate in methanol/water. 

Preparation of Pb 
Aluminum chloride (1 g) was added to a solution of 

quassin (1 g) in nitrobenzene (25 ml) and the mixture was 
heated at 90' for 4 h. The solvent was removed by steam 
distillation and the residue taken up in chloroform. 
Crystallization of the chloroform soluble fraction from 
ethanol afforded l b  (650 mg), m.p. 196-200". The mass 
spectrum displays a strong molecular ion of mle 360 
corresponding to [CzOHz4O6]+. The i.r. spectrum 
(CHCI,) displays bands at 3500, 1740, 1690, and 1660 
cm-'; h,,, (ethanol) 273 mp (E 12 000) shifts in base to 
315 mp (E 10000). 

Concersion of Ib to Bisnorquassiiz (2a) 
A mixture of l b  (100 mg), acetic acid (10 ml), and 

concentrated hydrochloric acid (3 ml) was heated on a 
steam bath for 1 h. The hot solution was diluted with 
water and on cooling yielded white crystalline needles 
(80 mg) which after recrystallization from ethanol proved 
to be identical with bisnorquassin (2a) by m.p., mixed 
m.p., i.r., n.m.r., and mass spectra. 

Conversion of I b  to Quassin ( la)  
Compound l b  (100 mg) in ether was treated with an 

excess of ethereal diazomethane for 1 h. After evaporation 
of ether the residue was recrystallized from acetone and 
ethanol to yield a product (55 mg) identical by m.p., 
mixed m.p., i.r., and U.V. spectrum with quassin la .  

This work was supported in part by a grant from the 
National Research Council of Canada. 
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The ordinates sf Figs. 1,  3, and 4 should be multiplied by lo9, and that of Fig. 2 should be 
multiplied by lo8. I 

Kinetics of the pyrolysis of propylene. Part H 

M. SIMON AND M. H. BACK 
Chemistry Department, Unit'ersity of Ottawa, Ottawa, Canada 

Received August 25, 1969 

The kinetics of the pyrolysis of propylene have been studied over the temperature range 743-873 "K 
and the pressure range 200-600 Torr. At the lower temperatures initiai rates of formation of methane, 
propane, and C,  products were measured and shown to be formed by a radical process of very short 
chain length. The orders and activation energies of the rates were consistent mith the occurrence of the 
bimolecular initiation step 

2C3Hcj -t C3Hs + C3H7 
Measurement of the pressure change showed that products of ~nolecular weight higher than C, and 
not measured by the analysis were formed in the initial stages of the reaction at the lower temperatures. 
As these higher moleciilar weight compounds, ~ ~ h i c h  are m x e   instable than propylene, acc~~mulated in 
the system their dissociation increased the concentration of radicals and caused a sharp increase in the 
rates of fornlation of the lower molecular weight stable products. 

Canadian Journal of Chemistry, 48, 317 (1970) 

Introduction 
Mechanisms for the thermal reactions of olefins 

have generally been less detailed and more 
general than mechanisms for similar systems 
involving paraffins (1). Studies of the pyrolysis of 
olefins, for example, have rarely yielded the direct 
measurement of an elementary rate constant. 
There are two main features of the thermal 
reactions of olefills which make such quantitative 
measurements difficult. First, a wide range and 
variety of products is generally formed even in 
the initial stages, making separation, identifica- 
tion, and measurement difficult. Secondly, the 
formation of the products is preceded by an 
induction period and, until this induction period 
can be accounted for kinetically, a complete 
steady state solution of a proposed mechanism 
is not possible. 

Results of previous studies of the pyrolysis of 
propylene in the temperature range 500-700 "C 
have been discussed by Kallend, Purnell, and 
Shmlock (2). They show that the mechanisms 
which have been suggested (3,4) explain only the 
general features of the reaction and do not 
provide an exact description in terms of elemen- 
tary reactions. In their study, Kallend, Purnell. 
and Shurlock identified 26 products and measured 
their rates of formation under a variety of con- 
ditions. Their main interest was in the role of the 
allyl radical and they proposed that various 
reactions of the C,H,, radical, formed by addi- 
tion of an allyl radical to propylene, accounted 
for the formation of most of the products of 
molecular weight greater than propylene. They 

also suggested that the main termination reaction 
was the combiilatioil of methyl and allyl radicals. 
The explanation of the induction period remained 
vague, ho~vever, and deductions about the initia- 
tion and termination steps from the kinetics in 
the region of maximum rate are not very con- 
vincing. 

Results from a study of the pyrolysis of 
ethylene under similar conditions (5) were inter- 
preted to show that the reaction was initiated by 
the bimolecular reaction of two ethylene mole- 
cules to form a vinyl and an ethyl radical. Such an 
initiation step appeared probable with propyleile 
as well and indeed this reaction was shown by 
Marshall, Purnell, and Shurlock ( 6 )  to be faster 
under their conditions than the unimolecular 
dissociation of propylene. Nevertheless, the 
kinetics of the reaction led them to believe that 
the unimolecular dissociation was the initiation 
reaction in their system. It is, however, difficult 
to deduce the initiation step from the overall 
kinetics. In an attempt to clarify the system we 
have studied the pyrolysis at somewhat lower 
temperatures, where some simplicity in the 
number of products was achieved and the initial 
rates of formation of a few of the products mere 
measurable before being obscured by rapid 
secondary reactions. These initial rate ineasure- 
ments helped to describe the mechanism in its 
initial stages and the results obtained were com- 
patible with the occurrence of the bimolecular 
initiation reaction. 

Pyrolysis of propylene in a shock tube (7) at 
temperatures of 1300 "K was shown to be initiated 
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by the unimolecular fission of the C-C bond to 
give a methyl and a vinyl radical. Under these 
conditions of high temperature and low pressure, 
the unimolecular dissociation would indeed be 
expected to be faster than the bimolecular 
reaction. 

Experimental 
Propylene was pyrolyzed in a static system, the details 

of which have been described (5), over the temperature 
range 743-873 "K and the pressure range 200-600 Torr. 
Most of the experiments were done in the unpacked 
vessel with the S/Vratio of 1.0 cm-', but two series were 
done in the packed vessel with the S/ V ratio of 8.5 cm-I. 
The total amount of products and reactant from each 
experiment was analyzed on an F & M temperature- 
programmed gas chromatograph, using a 3 ft column of 
silica gel and alumina. This analysis resolved saturated 
and unsaturated hydrocarbons but not isomers of each 
group beyond C4. The C4 and C6 peaks were collected 
separately and analyzed by isothermal operation on a 
9 ft column of 30 % tricresyl phosphate on chroinosorb P 
(60-80 mesh). The colun~n was maintained at 30 ' C  and 
the flow rate was 70 cc/min. Three other coli~mns were 
used to check the number and separation of the main 
peaks. These were: (a) 12 ft of 20 % Nujol on chromosorb 
P (60-80 mesh), (0) 6 ft of 30% Wujol on chromosorb P 
(60-80 mesh), (c) 12 ft of 18.5 % squalane on chromosorb 
W (60-80 mesh). These columns showed the same number 
of major peaks with varying numbers of minor peaks, but 
the best separation was obtained with the column finally 
used. Products were identified by comparison of the Illass 
spectrum and the retention time of the chromatographic 
peak with authentic samples. 

The procedure for purification of propylene was 
identical to that described for ethylene (5). Analysis of a 
sample of propylene on the silica gel - alumina column 
showed a propane impurity of 0.007 mole %. A correction 
for this was applied to the yield of propane. No other 
impurities were observed by this analysis. 

The pressure change of the reaction was followed with a 
Texas instrument fused quartz spiral gauge, Model 145. 
The reaction vessel was connected to the system with a 
Hoke diaphragm seal stainless steel valve. This eliminated 
a small drop in pressure in the initial stages of the reaction 
caused by absorption of propylene in the stopcock grease. 

Results 
In the very early stages of the reaction linear 

yield-time plots were observed for methane, 
ethylene, propane, and a C, fraction. After a 
short period of time the rates of methane, 
ethylene, and propane increased rapidly while 
the yields of the C, products approached a 
maximum value. Thus methane, ethylene, and 
propane could be classified as both primary and 
secondary products while the C, products were 
primary. As the rates of formation of the main 
products increased several other products ap- 

peared, the main ones being a C, fraction, 
composed of 1,3-butadiene, butene-1, and butene- 
2 in the approximate ratio 2:l :I, a C, fraction 
consisting mainly of 1,3-pentadiene, ethane, 
bqnzene, toluene, and hydrogen. The yield of 
butene-1 includes ally isobutene produced, since 
these two isomers were not resolved. The C,  
fraction was a minor product at 743 OK and 
appeared to be secondary, but at 873 OK had 
become a major product with a well-defined 
initial rate. Methyl acetylene, n-hexane, and 
allene were shown to be absent. The latter 
compound may have been formed in trace 
amounts at 873 "K. Figures 1 and 2 show typical 
yields as a function of time for the main products. 
For simplicity the total C,, C,, and C, yields 
have been plotted, since the components show 
similar behavior. Yields of the C ,  compounds in 
the initial stages are shown in Figs. 3 and 4. 

Since our analysis of the C, compounds 
differed in some respects from previous analyses, 
some details of the results are given. At the 

FIG. 1. Yield of products as a function of time; 
T = 783 OK; P = 400 Torr. 
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873 O K  pentene was difficult to measure and may have 
been overestimated. Other peaks were very minor 

8 - 

at the lowest temperature. As the reaction tem- 
perature was increased, the yield of 2-hexene 
decreased until at 873 OK, its yield was barely 

7 -  
measurable. At the same time another peak 
became evident with retention time slightly 

; 6 -  shorter than 2-hexene, which had been present 
in small quantities at 743 OK and been masked by - 
the large 2-hexene peak. This peak and the 
3-methylcyclopentene peak were now clearly 
separated and the new peak was identified as 
cyclopentadiene. Two other peaks became more 
prominent at a reaction temperature of 873 OK. 
One was identified as 1,3-pentadiene, and the 

remained unidentified. 
50 - - too 5 0  No evidence was found for the formation of 

I  I M & , E  

hexadienes. 1,3-hexadiene was eluted at approxi- 
FIG. 2. Yield of products as a function of time; mately the same time as 1-methylcyclopentene, T = 873 OK; P = 200 Torr. 

lowest temperature of the reaction, 743 OK, the 
two main peaks were Zhexene (cis or trans) and 
1-methylcyclopentene. The latter was well sepa- 
rated from any other peak and the mass spectrum 
was identical to that of the known sampte. One 
possible alternative might be methylene cyclo- 
pentane, since the mass spectra of these two 
compounds differ at one peak only. The mass 
spectrum of the 2-hexene peak suggested that 
small amounts of 3-methylpentene-1, 2-ethyl- 
butene-1, or 3-hexene might be present. A major 
peak appearing on the tail of the Zhexene peak 
was identified as 3-methylcyclopentene. At low 
temperatures of reaction, where the 2-hexene 
peak was large, the amount of 3-methylcyclo- 

TIME,  3 

FIG. 3. Yield of products as a function of time; 
T = 783 OK; P = 600 Torr. 

T I M E ,  3 

FIG. 4. Yield of products as a function of time; 
T = 873 OK; P = 200 Torr. 

but the mass spectra are quite different and there 
was no indication of the presence of even small 
amounts of 1,3-hexadiene. 1,5-hexadiene was 
eluted between cyclopentadiene and 2-hexene, 
but again the mass spectra of both of these peaks 
gave no indication of the presence of the diene. 
1,4-hexadiene was not checked on the column 
and it is possible it could have been one of the 
minor peaks, but our analysis indicated that 
hexadienes are not important products in the 
initial stages of the reaction below 873 OK. 

The measurement of the initial rates depended 
on a sufficient period of time being available over 
which linear yield-time plots of the products 
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TABLE 1 
Summary of the initial rates measured 

Initial rate (moles cc-' s-l x 1012)* 

- 
T 

- 
pO~,H, 

(OK) (Torr) CH4 C3H8 C4H8 C4H6 
] - M e 4  3 - M e 4  2-Hexene <=I 

743 200 1.15 0.73 - 0.41 0.26 0.58 0.30 
400 2.95 4.14 - - 2.26 1 .Ol 

- 
2.44 

- 
1.01 

600 3.76 - 3.8 1.99 5.56 2.76 
783 200 4.32 3.10 0.94 0.94 1.8  0.87 1 .6  0.87 

400 11.3 17.3 3.76 3.76 7.75 3.69 8.16 3 .2  
30.9P 37.1P 16.5P 16.5P 20.6P 12.9P 8.25P 5.15P 

600 18.8 - 6.0 5.87 15.2 6.50 17.5 8.01 
803 200 20.7 11.3 4 .7  5.5 8.46 4.0  2.11 3.38 
823 200 - 13.2 29.3 25.9 16.9 2.8 2.8 3.76 

56.5P 40.2P 40.2P 16.7P 13.1P 4.12P 17.6P 
400 - 60.1 113.0 - - - - - 

873 200 - 42.1 154 195 73.7 15.8 4.51 21.8 
*P ind~cates experiment in packed reactlon vessel. 

were observed. This period of time decreased as 
the temperature was increased and as the pressure 
was increased. For example, the rapid increase 
in rates of methane and propane occurred after 
about 1000 s at 743 OK and after about 100 s at 
823 OK. In each case only about 0.2% decom- 
position of propylene (calculated from the prod- 
ucts measured) had occurred in this period. 
Furthermore, the rapid increase in rates occurred 
at  different times for different products. The 
secondary production of ethylene was observed 
at  very short times and the initial rate could not 
be measured with confidence at any temperature. 
The rate of formation of propane, on the other 
hand, was constant over a longer rime interval. 
Consequently initial rates of formation of all the 
primary products were not measurable over the 
whole pressure range at each temperature. For 
minor products the distinction between primary 
and secondary was often difficult and there was 
considerable doubt about the initial rates when 
the yields were small. A summary of the initial 
rates measured is given in Table 1. 

The orders of the rates with respect to pro- 
pylene concentration were determined from the 
slopes of the plots of the log of the initial rates 
against the log of the pressure. Such plots for the 
products methane, propane, 2-hexene, butadiene 
1 -methylcyclopentene, 3-methylcyclopentene, 
and cyclopentadiene are shown in Figs. 5 and 
6. The C, compounds were all second order in 
propylene. The order of the rate of propane for- 
mation was between 2 and 3 while that of methane 

formation was between 1 and 2. The rate of 
formation of the C, compounds appeared to 
be second order at low pressure but decreased 
toward first order at higher pressures. The rates 
of formation of 1-methylcyclopeutene, 2-hexene, 
and butadiene as a function of temperature are 
shown in Fig. 7. The activation energies for the 
rates of formation of 1-methylcyclopentene, 3- 
methylcyclopentene, cyclopentadiene, and pro- 
pane were all constant over the range of tem- 
perature studied. The activation energy for 

C H 4  

o BUTADIENE 

/ / 

I I I 1 
2.4 2.6 2.8 

log P (To r r )  

FIG. 5.  Plot of log rate vs. log P. 
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FIG. 6. Plot of log rate vs, log P. 

2-hexene was much lower than for the other C, 
compounds and decreased at higher tempera- 
tures. The activation energy for butene and buta- 
diene was higher than for the other products 
but also appeared to decrease at the higher 
temperature. In the case of the C, products this 

FIG. 7. Plot of log rate vs. 1/T: x,  butadiene; 0, 

1 . ~ ~ 4  ; A, 2-herene. 

decrease may be linked to the changing order 
observed for their rates of formation at the lower 
temperature. A summary of the orders and acti- 
vation energies measured is given in Table 2. 

TABLE 2 
Summary of reaction orders and activation energies 

Activation 
Order at energy at 

200 Torr 
Product 743 OK 783 "K (kcal/mole) 

CH4 1.2 1.3 - 

The change in pressure accompanying the 
reaction was measured over a range of pressure 
at each temperature. An initial decrease in 
pressure was observed at each temperature, but 
at 783 "K and higher, the pressure went through 
a minimum value and then increased. The 
maximum rate of pressure increase measured at 
100 Torr and 873 "K is compared with results of 
previous workers in Table 3. It is clear that 
reproducible rate data for the pyrolysis of pro- 
pylene can be obtained. 

At the lower temperatures the measured change 
in pressure was greater than that calculated from 
the products analyzed. The difference was greatest 
at  the lowest temperature while at 873 OK the 
measured and calculated curves were identical. 

TABLE 3 
Comparison of rate data 

Maximum rate Range of study 
at 873 OK, 

100 Torr Temperature Pressure 
(Torr s-I x 10') (OK) (Torr) Reference 

2.08 743-873 200-600 This work 
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At the lower temperatures, then, the measured 
products, which include those up to C,, do not 
account for the total disappearance of propylene 
and there must be higher molecular weight 
products formed even in the initial stages of the 
reaction. Analysis for these higher molecular 
weight products is presently being attempted and 
the results show that the main components are 
C ,  and C,  hydrocarbons. Quantitative measure- 
ments of these products together with an analysis 
of the change in pressure as a function of time will 
be described in Part I1 of this series. 

Results from the experiments in the packed 
vessel are included in Table 1. The rate of 
formation of most of the products showed a 
significant increase in the packed vessel. The 
increase in the rates of formation of the light and 
heavy products largely balanced each other with 
the result that the change in pressure accompany- 
ing the reaction was not very different in the two 
vessels. This explains why measurements of the 
pressure change from different laboratories ap- 
pear reasonably reproducible even though heter- 
ogeneous reactions may be important. At the 
same time the minor differences observed may be, 
to some extent, accounted for by variations in the 
extent of the contribution of heterogeneous 
reaction to the rate in the different studies. 

Discussion 

The products of the reaction have been sepa- 
rated into those which showed a constant, 
measurable initial rate and may be called primary, 
and those whose rates increased continuously 
froin immeasurably small initial values. Of the 
primary products the more stable ones of low 
molecular weight showed a rapid increase in rate 
beyond the initial linear stage while the yields of 
the C, products approached maximum values. 
The decomposition thus appears to start off 
slowly, but as products more unstable than 
propylene build up, their rate of dissociation 
finally exceeds the rate of initiation by propylene 
itself and the overall rate increases. The more 
unstable products gradually reach a steady-state 
concentration as they are converted to the more 
stable saturated compounds. The induction 
period is therefore caused by the attainment of 
the steady-state concentration of these C, prod- 
ucts. At the lower temperatures the higher 

molecular weight products, which were produced 
in appreciable quantities, may also contribute to 
the secondary initiation. 

The initial rates of formation of the C ,  
products were second order with respect to 
propylene. This suggests a second order initiation 
step and the most reasonable one is the bi- 
molecular reaction of propylene to give an allyl 
and a propyl radical. 

Addition, abstraction, and decomposition reac- 
tions of the radicals will then lead to the formation 
of the products. Indeed, Kallend, Purnell, and 
Shurlock (2) showed that the bimolecular reaction 
was faster than the unimolecular dissociation 
under their conditions of pyrolysis, but did not 
believe a bimolecular initiation process was 
compatible with the kinetics of the decomposi- 
tion. The order of the decomposition which they 
measured, however, was not based on the initial 
rate but on the maximum rate where initiation 
must be largely from decomposition of the more 
unstable products. 

The rate constant for the bimolecular reaction 
of propylene was calculated by Marshall, Purnell, 
and S11urlock (6) and was given by the following 
expression 

log k(cc mole-' s- l) = 14.4 - 51000/2.3RT 

In this calculation the heat of formation of the 
allyl radical was taken to be 38.2 kcal/mole and 
the ratio of disproportionation to combination 
for the allyl and n-propyl radicals was assumed to 
be the same as that measured for allyl and ethyl 
radicals at 150 "C, viz. 0.12 (9). Using this 
expression, the rate of reaction [ I ]  is compared 
with the initial rates of formation of propane, 
methane, and the C ,  products in Table 4. The 
initial rates of formation of the main products 
are less than the calculated rate of initiation, and 
even allowing a rather large uncertainty in this 
value, it is clear that the products measured in 
this initial region are not formed by a long chain 
process. 

At low temperatures the main products were 
methane, ethylene, propane, and C, products and 
some higher molecular weight compounds not 
analyzed. This suggests a simple scheme of 
addition, abstraction, and decomposition follow- 
ing the bimolecular initiation. 
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TABLE 4 
Comparison of the initial rate with the rate of product formation 

Rate (moles cc-' s-' x 10'') 

T P 0 ~ 3 ~ s  C6 t 
(OK) (Torr) k~ [C3H61Z klo[C3H61 CH4 C3H8 pentadiene C4H8 + C4H, 

This set of reactions is not intended to be com- 
plete but to give a general picture of the main 
types of reactions occurring in the initial stages. 
Termination reactions have not been included 
because our results do not provide positive 
evidence on this point. Some indirect evidence is 
discussed later. Transfer reactions such as [7] 
were suggested in the analogous polymerization 
of ethylene to account for the low activation 
energy observed for the rate of formation of 
products. They may also be important in the 
propylene system although there is no direct 
evidence for their occurrence. 

Propane and Methane 
Because of the competition between reactions 

[2] and [4] the order of the rate of formation of 
propane should be greater by one than that of the 
rate of formation of methane. This was observed 

within the limits of error (Table 2) and, in 
addition, the fractional orders show that k,  and 
(k, f k , )  [C,H,] are of comparable magnitude. 
At lower temperatures the sum of the rate of 
formation of propane and methane was smaller 
than the calculated rate of formation of propyl 
radicals, but because of the large drop in pressure, 
it is reasonable to expect some of the propyl 
radicals may be lost by addition to propylene to 
form higher molecular weight products. 

Because the chain length must be very short 
the activation energy for formation of the prod- 
ucts would be expected to be close to El.  The 
activation energy for formation of propane 
should be somewhat less because of the com- 
petition of reaction [4] and the observed value of 
41 kcal/mole is reasonable. On the other hand, 
because of reaction [4], the activation energy for 
formation of methane should be greater than 
that of propane. The activation energy for the 
initial rate of formation s f  methane was about 
equal to that of propane over the range 743- 
783 OK. At higher temperatures a reliable initial 
rate could not be determined. Nevertheless, the 
yield of methane always exceeded that of any 
other product except ethylene and therefore its 
initial rate was probably at least equal to that of 
the C, products. Hence the activation energy for 
its formation probably increased at the higher 
temperatures to a value close to that observed for 
butene and butadiene. 

The C, Products 
The rates of formation of the C ,  compounds 

and cyclopentadiene were second order with 
respect to propylene at the two lowest tempera- 
tures. Within the framework of the reactions 
outlined there are two main mechanisms which 
allow for a second order dependence of the rates 
on propylene: (a) The C, products are formed 
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mainly by the transfer reaction [14] and the 
C6Hl, radical largely disappears by the cycliza- 
tion reaction [I I]. (b) The products are formed 
by the decomposition reactions [12] and [13] 
and, as above, the C6HIl radical reacts mainly by 
reaction [I 11. 

Of these two mechanisms (a) does not account 
for cyclopentadiene, which must involve a de- 
composition of the C,H,, radical. Because of 
the similarity in the kinetics of the formation of 
cyclopentadiene and the methylcyclopentenes, 
mechanism (b) is preferred. The activation energy 
for formation of 1-methylcyclopentene was very 
close to El while the activation energies for 
formation of 3-methylcyclopetltene and cyclo- 
pentadiene were somewhat lower, indicating the 
contribution of some competing decomposition 
processes. 

The reactions leading to the formation of 
hexene are more complex. The most obvious 
means to account for the low activation energy 
for hexene formation is by competitive decom- 
position reactions of a radical precursor to 
hexeae. This radical could not, therefore, be 
C6H1, but may be C6H1, or a higher molecular 
weight radical formed by addition reactions. 
Such decomposition reactions may be written as 
follows 

(0) (d') c s H 1 3  -+ C s H t z  + H 
(d") C 6 H l 3  -> products 

(b) (d') CgH19 -+ C s H l z  + C3H7 
(d") C9H19 -+ products 

The expressions for the rate of formation of 
hexene are 

(a) Rate (hexene) 

(b) Rate (hexene) 

where ka represents the process of addition of 
C6Hl, to propylene and k ,  represents the bi- 
molecular modes of disappearance of the ap- 
propriate radicals. When d' is the important 
mode of dissociation of the radical, the activation 
energy for formation of hexene will be similar to 
that for the other C, products. As process d" 
competes effectively at higher temperatures less 

hexene is formed. The activation energy for 
formation of hexene is reduced by the occurrence 
of k,,, in the denominator. Thus Ed,, must be 
greater than Ed,, a condition which seems un- 
likely for case (a). A similar expression may be 
obtained by considering the decomposition of a 
radical formed by the addition of C,H, radicals. 
A radical of molecular weight corresponding to 
C, or higher thus seems to be the most probable 
precursor for hexene. 

The Butenes and Butadierze 
The distribution of the butenes and butadiene 

was remarkably constant over the whole range of 
pressure and temperature, in agreement with the 
results of Kallend, Purnell, and Shurlock (2). 
The rate of the C, products was strongly tempera- 
ture dependent and although the activation 
energy quoted is only approximate, it must be 
well in excess of that of the C6 products. Thus a 
rate constant with an activation energy associated 
with it of about 30 kcal/mole must appear in the 
numerator of the rate expression. If such a rate 
constant is one relating to the decomposition of a 
radical then, within the present scheme, this 
decon~position process must be very minor com- 
pared to the other loss processes of the radical, 
otherwise the rate constant will appear in both 
numerator and denominator. This condition 
could be met at the lower temperatures where the 
C, products are indeed minor, but at the higher 
temperatures, the yields of these products exceed 
those of the C6 products. 

An additional source of methyl radicals would 
contribute to the formation of butene and 
methane but not the C, products. Such a source 
would be the initiation process suggested by 
Kallend, Purnell, and Shurlock (2). 

Po] C 4 H 9  +- butadiene 

The activation energy for the rate of formation of 
butene would be somewhat less than El,, which is 
about 94 kcallmole. This additional initiation 
step would also account for the fact that the 
yields of methane and ethylene always exceeded 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SIMON AND BACK: KINETICS OF P YROLYSIS OF PROPYLENE. PART I 325 

that of the butenes. The rate of reaction [la] 
(calculated using the data of Marshall, Purnell, 
and Shurlock) is, however, too small by at least 
a factor of 20 to account for the yields of butene 
and butadiene observed. Values of this calculated 
rate are included in Table 4. Furthermore, the 
dissociation of the 11-butyl radical probably does 
not yield the ratios of butene-1, butene-2, and 
butadiene observed. 

Kallend, Purnell, and Shurlock (2) suggested 
that the main source of butene-1 was the com- 
bination of methyl and allyl radicals. 

C,H8* + butadiene 

An approximate steady-state solution of these 
equations and those involving methyl and allyl 
radicals leads to an expression for the rate of 
formation of butene which contains (k,)2 in the 
numerator. This predicts an activation energy of 
the order of 100 kcal/mole. In obtaining the 
activation energy for the rate of formation of 
butene as with butadiene, the best straight line 
was drawn through the four points, giving a 
value of 80 kcal/mole. These points might be 
interpreted as showing curvature, with a high 
activation energy of 106 kcal/mole over the 
range 783-823 OK, falling to about 56 kcal/mole 
between 823 and 873 OK. Thus over the range 
where the high activation energy was observed 
the combination of methyl and allyl radicals 
would be a reasonable source of the butenes. I t  
may also be argued that the combination reaction 
with its large quantity of energy would reasonably 
be expected to lead to the formation of the 
butene isomers and of butadiene. The present 
results are probably not sufficiently precise to 
decide unambiguously on the source of the C ,  
products, but it seems very unlikely that they 
arise from alternative modes of decomposition 
of the C ,  radical. 

The Surface Reaction 
A significant increase in rates of the main 

products was observed from the experiments in 
the packed vessel. An exception to this was 
hexene, whose rate was not altered appreciably. 
Some of the reactions leading to the formation of 
the products probably occur to a significant 
extent on the surface even in the unpacked vessel. 

At this stage it is not possible to measure the rate 
constants for the various elementary reactions 
and hence we cannot decide which reactions may 
be heterogeneous. By con~parison with similar 
systems involving hydrocarbons, the reactions 
most likely to occur on the surface are the 
propagation reactions of radicals, where reaction 
occurs between an adsorbed radical and a mole- 
cule in the gas phase. In hydrocarbon systems 
radicals probably show more reactivity towards 
the surface than do the hydrocarbon molecules. 
Because the initiation step appears to be bi- 
molecular we think it likely, but not shown 
conclusively, that this step is homogeneous and 
further studies designed to measure the rate 
constant for this reaction may provide the 
evidence on this ~ o i n t .  

In summary, it is suggested that the initial step 
in the pyrolysis of propylene is the bimolecular 
reaction of propylene to give an allyl and a 
propyl radical. Subsequent reactions of abstrac- 
tion, addition, and decomposition of the radicals 
give the products observed in the initial stages. 
An appreciable fraction of the radicals produced 
form high molecular weight products by addition 
to propylene. As products of molecular weight 
higher than propylene build up in the system, 
their rate of dissociation soon exceeds that of 
propylene and rates of formation of the lower 
molecular weight products increases rapidly. At 
the highest temperature studied, 873 OK, the 
secondary dissociation is so rapid that the build 
up of high molecular weight products cannot be 
detected. 

The authors thank the National Research Council of 
Canada for generous financial support. They also thank 
Dr. J. L. Holmes for the mass spectrometric analyses. 
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Novel cycloaddition reactions with alkyl substituted nitrogen heterocycles 

J. W. LOWN, R. WEST WOOD,^ AND A. S. K. AIDOO 
Departmeni of Chemistry, Uniuersity of Alberta, Edmonton, Alberta 

Received August 20, 1969 

2-Methylquinoxaline reacted with two molar equivalents of tetrachloro-l,2-benzoquinone to give two 
products (a) a colored polycyclic heterocycle structurally related to quinoxaline orange and (b) 2-(2- 
quinoxalino)-4,5,6,7-tetrachlorobenzo-l,3-dioxole. 2,6-Dimethylquinoline, 2-methylquinoline, and 1- 
methylisoquinoline react with the quinone to give products of type (a) whilst, 2;3-dimethylquinoxaline, 
2,3-dibenzylquinoxaline, and 2-benzylpyridine react with the quinone to give products of type (b). 
Thermal decomposition of 2-quinoxalinylmethyltrimethylammonium hydroxides results in cyclo- 
addition to form the new 5,8,13,16-tetraazadibenz[a,h]anthracene system. Similar thermal decomposition 
of 2-quinolinylmethyltrimethylammonium hydroxide produced the new 8,16-diazadibenz[a,h]anthracene 
ring system. 
Canadian Journal of Chemistry, 48, 327 (1970) 

The reaction of 2,3-disubstituted quinoxalines 
with benzoquinone, originally thought to con- 
sist of a Diels-Alder addition (1,2) to form poly- 
cyclic heterocycles, has recently been shown to 
lead only to charge transfer complexes (3, 4). 
An interest in the reactions of high potential 
quinones led us to  consider the use of a more 
reactive quinone, namely tetrachloro-1,2-ben- 
zoquinone as a reagent in such reactions, which 
represent potential routes to new heterocycles. 

We report the reaction of tetrachloro-1,2- 
benzoquinone with alkylquinoxalines, alkyl- 
quinolines, and alkylpyridines, which gave rise 
to products of two types, polycyclic heterocycles 
related structurally to quinoxaline orange, and 
substituted benzodioxole derivatives. The ther- 
mal decomposition of quinoxaline and quinoline 
quaternary ammonium salts, which was mech- 
anistically related to the formation of the latter 
products, resulted in novel cycloaddition reac- 
tions with the formation of new tetraaza- and 
diazadibenzanthracenes. 

2-Methylquinoxaline reacted with two molar 
equivalents of tetrachloro-1,2-benzoquinone in 
refluxing benzene and when followed by chro- 
matographic separation, two products were 

'NRCC Postdoctoral Fellow 1967-1969. 

isolated (a) a yellow crystalline solid m.p. 282" 
C,1H,N20,C1, isolated in 23 % yield which was 
assigned structure 1 and (b) a white solid 
C,,H,N,Cl,02 m.p. 225-226' in 8 % yield to 
which structure 2 has been assigned. Compound 
1 showed bands in the infrared (i.r.) spectrum 
characteristic of a cyclic ether derived from tetra- 
chloro-1 ,2-benzoquinone at 1430 cm- ' (5, 6) 
and of conjugated carbonyl at 1685 cm-l. The 
mass spectrum revealed the presence of seven 
chlorine atoms in the molecular ion. Successive 
loss of one chlorine (giving a peak with a charac- 
teristic pattern for six chlorine atoms (7)) then 
carbon monoxide and then a tetrachloro-1,2-ben- 
zoquinone unit were observed. The nuclear mag- 
netic resonance (n.m.r.) spectra of compounds 
similar to 1 described below confirmed that the 
methyl substituent had taken part in the reaction 
in accordance with the proposed structure. Sig- 
nificantly, compound 1 and similar structures 
derived from the quinoline and isoquinoline 
series are strongly colored, either deep yellow 
or orange, and bear a structural similarity to 
quinoxaline orange, recently assigned the new 
structure 3 by Cheeseman and Tuck (8). The 

formation of compound 1 in this reaction is 
rationalized as shown in Scheme 1. In support of 
the suggested steps a and b in Scheme 1, it may 
be noted that (i) the chlorine atom adjacent to the 
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carbonyl group in tetrachloroquinones is notori- (10) (see also Scheme 3). In step a the analogous 
ously susceptible to nucleophilic displacement (9) nucleophilic attack by the 6quinoxaline nitrogen, 
and (ii) the protons of 2-methyl substituents in while sterically more favorable, would stop at the 
quaternized quinoxalines have been shown to be quaternary salt stage and not lead to the isolation 
very labile and to take part in tautomeric shifts of a product of the composition C2,H,N,0,C1,. 
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LOWN ET AL.: CYCLOADDITION REACTIONS 

Compound 2 and similar compounds in this 
series showed in the i.r. spectrum a strong band 
at 1450 cm-I typical of a cyclic ether derived 
from tetrachloro-1,2-benzoquinone (5, 6) and no 
carbonyl absorption. The n.m.r. spectrum showed 
a singlet for the acetal proton at 7.32 6 comparing 
favorably with a value of (7.22-7.52 6 )  predicted 
for a proton in this type of environment by 
Shoolery's chemical shift rules (1 I). The forma- 
tion of 2 is rationalized as shown in Scheme 2. 
This type of structure was also produced in the 
reaction of a series of model dimethylnaphtha- 
lenes with tetrachloro-1,2-benzoquinone to give 
for example 4 (eq. 111). Brady's reagent under 
strongly acid conditions gave a positive test with 
the precipitation of the orange methylnapthal- 
dehyde-2,4-dinitrophenylhydrazone (eq. [2]). A 
similar tetrachlorobenzodioxole derivative 5 has 
been obtained from a tetralone derivative recently 

(12). In addition, several methyl substituted 

CI C1 

unsaturated hydrocarbons have been oxidized 
directly to unsaturated aldehydes 6 with 2,3- 
dichloro-5,6-dicyanobenzoquinone (DDQ) (13) 
(eq. 131). The proposed mechanism via a stabilized 

carbonium ion, thence to an acetal is analogous 
to our reaction outlined in Scheme 2. 
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2,6-Dimethylquinoline, 2-methylquinoline, 
and 1-methylisoquinoline all reacted with tetra- 
chloro-1,2-benzoquinone to give adducts 7, 8, 
and 9 i.e. similar in type to that proposed for 
compound 1. All were highly colored crystalline 
solids. These compounds resisted attempts at 
chemical degradation but in step d, Scheme 1 the 
second molecule of quinone adds in a Diels- 
Alder reaction to stabilise the intermediate ion 
A by proton loss. If this addition of the quinone 
were prevented by steric hindrance, products of 
the type 1, 7, 8, and 9 could not be formed. 
Accordingly 2,3-dimethylquinoxaline and 2,3- 
dibenzylquinoxaline reacted with tetrachloro-1, 
2-benzoquinone but only products similar to 
structure 2 were isolated. 

In the reaction of 2-benzylpyridine with tetra- 
chloro-l,2-benzoquinone, resistance to loss of 
aromaticity in the pyridine ring dictates isolation 
of only 10. 

The properties of the intermediate quinoxalinyl 
cation (B in Scheme 2) now attracted our atten- 
tion. The combination of a highly electrophilic 
cationic center with a nucleophilic ring nitrogen 
makes this type of species ideally suited to cyclo- 
addition or dimerization reactions, provided it 
could be generated in the absence of the strongly 
nucleophilic quinol anion. Accordingly we 
examined the thermal decomposition of the 
trimethylammonium hydroxide salt derived from 
2-bromomethyl-3-methylquinoxaline in refluxing 

toluene. Chromatographic separation of the 
reaction mixture afforded some 2,3-dimethyl- 
quinoxaline and a product C,,H,,N, which was 
assigned structure 11. The formation of these 
two products is rationalized in Scheme 3. The 
very simple n.m.r. spectrum of 11 (see Fig. 1) 
consisting of an aryl methyl singlet, vinyl singlet, 
and aromatic ABCD pattern is in accordance 
with the symmetry of the structure. Owing to the 
high reactivity of the species concerned, as ex- 
pected the reaction is quite complex and poly- 
merization also occurs. Compound 11 represents 
the first reported example, as far as we are aware, 
of the 5,8,13,16-tetraazadibenz [a,h]anthracene 
ring system, the parent compound of which was 
obtained by a similar thermal decomposition of 
2-quinoxalinylmethyl trimethylammonium hy- 
droxide. Compound 12 also has a characteris- 

tically simple n.m.r. spectrum owing to its 
symmetry. Thermal decomposition of 2-quino- 
linylmethyl trimethylammoniuin hydroxide 
afforded 8,16-diazadibenz [a,lz]anthracene (13), 
together with an unidentified trimer C,,H,,N,. 

In view of the accessibility of the starting 
quaternary ammonium salts, their thermal 
decomposition promises to provide a convenient 
and direct route to polynuclear heterocycles 
which are otherwise difficult to prepare. The 
yields in these one step reactions are competitive 
with the overall yields of multistage syntheses 
which are normally employed to prepare struc- 
tures of this complexity. 
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LOWN ET AL.: CYCLOADDITION REACTIONS 

I 

L I I I 
60 e:o ' 7.0 6.0 5.0 4:o 3.0 2.0 1.0 

The n.m.r. spectrum in CDC13 of 6,14-dimethyl-5,8,13,16-tetraazadibenz[a,h]anthra~ene. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. Nuclear magnetic resonance spectra were 
recorded on Varian A-60 and A-100 analytical spectrom- 
eters The spectra were measured on approximately 
10-15 % (w/v) solutions in CDCI,, with tetramethylsilane 
as a standard. Line positions are reported in parts per 
million from the reference. Absorption spectra were 
recorded in 'spectra'-grade solvents on a Beckman DB 
recording spectrophotometer. Mass spectra were deter- 
mined on an Associated Electrical Industries MS-9 
double focusing high resolution mass spectrometer. The 
ionization energy, in general, was 70 eV. Peak measure- 
ments were made by comparison with perfluorotributyl- 
amine at a resolving power of 15 000. Kieselgel DF-5 
(Camag, Switzerland) and Eastman Kodak precoated 
sheets were used for thin-layer chromatography (t.1.c.). 
Microanalyses were carried out by Dr. C. Daessle, 
Organic Microanalysis Ltd., Montreal, Quebec and by 
Mrs. D. Mahlow of this department. 

2-&fethylquinoxa!ine 
2-Methylquinoxaline was prepared by the condensa- 

tion of iso-nitrosoacetone (14) with o-phenylenediamine 
according to the method of Bennet and Willis (15) and 
had b.p. 60-63"/0.5 mm (lit. b.p. 1 1S0/16 mm (15)). 

Reaction between 2-Methylquinoxaline and 
Tetrachloro-1,2-benzoquinone 

A solution of 2.88 g (0.02 mole) of 2-methylquinoxaline 
and 9.84 g (0.04 mole) of tetrachloro-l,2-benzoquinone in 
200 ml of sodium dried benzene was heated under reflux 
for 24 h. The resulting dark brown solution was concen- 
trated to ca. 20 ml and passed down a column of B.D.H. 
alumina, using benzene as eluant. Evaporation of the 
first eluant gave 0.064 g (8 % yield) of 2-(2-quinoxa1ino)- 
4,5,6,7-tetrachlorobenzo-1,3-dioxole m.p. 213-214" (from 
benzene). 

Anal. Calcd. for C1,H6C14N202: C, 46.45; H, 1.55; 
N, 7.29. Found: C, 46.50; H, 1.60; N, 7.30. 

Mol. wt. calcd.: 385.9185. Found (mass spectrum): 
385.9186, 33 %; M-CHO 357,100%; M--CsHsN2,257, 
15 %; M-C7HCl,02, 129, 33 %. The n.m.r. spectrum 
G,,,(CDCl,): 7.32 (IH, singlet, acetal hydrogen); 7.75- 
8.25 (4H, ABCD, aromatic protons); 9.1 (1H, singlet, 
aromatic proton adjacent to nitrogen). 

Further elution with benzene gave 0.261 g (22.4% 
yield) of a yellow solid m.p. 265", which upon repeated 
recrystalllzation from benzene gave brlght yellow needles 
of 1, m.p. 282-292 (decomposition to a bright red melt). 

Anal. Calcd. for C Z I H ~ C I ~ N ~ O , :  C, 43.35; H, 0.85; 
N, 4.80. Found: C, 43.16; H, 0.40; N, 5.60. 

Mol. wt. calcd.: 577.8121. Found (mass spectrum): 
577.8123, 10%; M-Cl, 543, 100%; M-C7C1503, 
270.9821, 66% calcd. for C,4H,35C12N2, 270.9831. The 
i.r. spectrum v,,, (CHCl,): 1685 (conjugated C=O); 
1430 cm-' (C-0-C stretch (5, 6)). 

Reaction between Dimethylnapl~thalenes and Tetra- 
chloro-1,2-benzoquinone. General Procedure. 

A solution of 4.0 g (0.025 mole) of a dimethylnaphtha- 
lene in 20 ml of dry chlorobenzenc was added to a solu- 
tion of 10 g (0.041 mole) of tetrachloro-l,2-benzoquinone 
in 130 ml. of dry chlorobenzene. The mixture was heated 
under reflux in an atmosphere of nitrogen for 48 h, 
allowed to cool, and the solvents removed in vacuo. The 
residue was subjected to chromatography on B.D.H. 
alumina using 1: l  benzenelhexane mixtures as eluant. 
The principal fraction consisted of a white microcrystal- 
line solid after washing with hot hexane to remove some 
unreacted dimethylnaphthalene, and was purified by 
sublimation at ca. 200°/0.3 mm giving the pure 2-(methyl- 
naphthy1)-4,5,6,7-tretrachlorobenzo-1,3-dioxole. 

The analytical and spectral data on these new com- 
pounds are listed in Tables 1 and 2. 

Treatment of these dioxole derivatives with 2,4-dinitro- 
phenyl hydrazine in sulfuric acid in methanol/dioxane 
solutions gave immediate orange precipitates of the 
corresponding methylnaphthaldehyde 2,4-dinitrophenyl- 
hydrazones. 
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TABLE 1 

Melting Observed Calculated 
point Molecular* Molecular 

No. R1 R2  ("C) Yield (%) C H Cl ion C H C1 ion 

1 4 1 183-185 12 54.03 2.40 35.90 397.9438 54.00 2.52 35.46 397.9437 
2 5 1 210 29 53.92 2.25 35.53 397.9434 54.00 2.52 35.46 397.9437 
3 6 2 179-181 33 54.00 2.48 35.50 397.9438 54.00 2.52 35.46 397.9437 
4 3 2 172-174 29 53.85 2.76 33.59 397.9434 54.00 2.52 35.46 397.9437 

TABLE 2 

Spectroscopic properties of 2-(Rl-methyl-R2-naphthyl)-4,5,6,7-tetrachlorobenzo-l,3-dioxoles 

Infrared 
spectrum Nuclear magnetic resonance spectrum* 
(CHC13) 

No. R 1 Rz (-0-C-0-) Aryl methyl Aromatic protons 

2 5 1 1445 1415 2.72 (s: 3 ~ j  7.25-8.25 (mi 7 ~ j  
3 6 2 1450 1415 2.55 (s, 3H) 7.25-8.20 (m, 7H) 
4 3 2 1450 1440 2.60 (s, 3H) 7.20-8.20 (m, 7H) . . 

*S = Singlet; m = multiplet. 

Reaction between 2,3-Din7ethylquinoxuline and Tetra- 
chloro-1,2-benzoquinone 

A solution of 3.95 g (0.025 mole) of 2,3-dimethylquin- 
oxaline and 12.3 g (0.05 mole) of tetrachloro-l,2-benzo- 
quinone in 250 ml of sodium dried benzene was heated 
to reflux under nitrogen for 20 h. The dark reaction 
mixture was then cooled and filtered to remove a small 
amount of dark material. The filtrate was concentrated 
in bacuo to ca. 20 ml and passed down a column of 
B.D.H. alumina, using 1:1 benzene/skelly B as eluant. 
The second 700 ml collected was evaporated to give 0.225 
g (22% yield) of crude material which was dissolved in 
benzene and rechromatographed on Woelm neutral 
alumina using benzene as the eluant. From this column 
was obtained 0.079 g of 2-(3-methyl-2-quinoxa1ino)-4,5, 
6.7-tetrachlorobenzo-1 3-dioxole as white needles m.p. 
225-226" (from benzene). 

Anal. Calcd. for C16H8C14N202: C, 47.8; H, 2.00; 
N, 6.95. Found: C, 48.00; H, 1.88; N, 6.95. 

MoI. wt. calcd.: 399.9342. Found (mass spectrum): 
399.9341,28 0/,; M- CHO, 371,100 %, M-C,H,NZ, 257, 
11 %; M-C7HC1402, 143,4.5%. 

The i.r. spectrum v,,, (Nujol mull): 1450 cm-' (charac- 
teristic of tetrachlorobenzodioxole -0-C-0 stretch 
(5, 6) The n.m.r spectrum GTv,(CDC13): 2.78 (3H, 
singlet, C41,); 7.40 (lH, singlet, acetal proton); 7.76-8.10 
(4H, A2BZ, aromatic protons). 

Reaction Between 2-Methylquinoline and 
Tetrachloro-l,2-benzoquinone 

A solution of 1.43 g (0.001 mole) of 2-methylquinoline 
and 4.92 g (0.002 mole) of tetrachloro-1,2-benzoquinone 
in 200 ml of sodium-dried benzene was heated to reflux 
under nitrogen for 24 h The resulting dark brown solu- 

tion was evaporated to ca. 50 ml and placed on a column 
of B.D.H. alumina made up in benzene. Elution with 
benzene gave a dark brown oil which on rechromatog- 
raphy on alumina gave 0.791 g (14% yield) of an orange 
solid 6 .  Crystallization of this solid from benzene gave 
bright orange leaves m.p. 209-212" (decomposition). 

Anal. Calcd. for Cz2H6C17N03: C, 45.50; H, 1.08; 
N, 2.40; C1, 42.80. Found: C, 45.50; H, 1.30; N 2.55; 
C1,42.7. 

Mol. wt. calcd.: 576 8171. Found (mass spectrum): 
576.8190 (8 %); M-C7C1503, 269.9874 (48 %); calcd. 
for C15H635C12N, 269.9878; M-Cl 542, (100%). The 
i.r. spectrum: v,,, (Nujol mull) 1680 cm-' (C=O str). 
The n.m.r. spectrum: G,,,(CDCI3) 7.8-8 40 (multiplet, 
aromatic protons). 

Reaction between 2,6-Dimethylquinoline and Tetra- 
chloro-1,2-benzoquinone 

A solution of 3.14 g (0.002 mole) of 2 B-dimethylquino- 
line and 9.76 g (0.004 mole) of tetrachloro-1,2-benzo- 
quinone in 250 ml of sodium dried benzene was heated 
to reflux under nitrogen for 24 h. The resulting dark red 
solution was evaporated to ca. 25 ml and placed on a 
column of B.D.H. alumina made up in benzene. Elution 
with benzene gave as the main fraction an orange solu- 
tion, evaporation of which gave 1.06 g (10% yield) of 5 
as a bright orange solid m.p. 300" (decomposition). 

Anal. Calcd. for CZ3H8Cl7No3: C, 46.45; H ,  1.35; N, 
2.35. Found: C, 46.50; H,  1.30; N, 2.35. 

Mol. wt, calcd. for C23H835C17N03: 590.8327. Found 
(mass spectrum): 590 8330 (9 %); M-Cl; 556 (100%); 
M-C735C1503 284.0028 (45%), calcd. for C16H8C12N, 
284.0033. The i.r. spectrum: v,,,(CHC13): 1680 cm-' 
(conjugated C=O). 
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Reaction between 1-Methylisoquinoline and 
Tetrachlovo-1,2-benzoquino11e 

A so!ution of 1.43 g (0.001 mole) of I-methylisoquino- 
line and 4.88 g (0.002 mole) of tetrachloro-1,2-benzo- 
quinone in 200 ml of sodium dried benzene was heated 
under reflux under nitrogen for 24 h. The resulting dark 
brown solution was evaporated to ca. 25 ml and placed 
on a column of B.D.H. alumina made up in benzene. 
Elution with benzene resulted in the collection of an 
orange solution, evaporation of which gave 0.21 g (4% 
yield) of a bright orange solid 7 1n.p. 270' (decompos- 
ition). 

Anal. Calcd. for CZ2H6C17N03: C, 45.50; H,  1.05; 
N, 2.40. Found: 45.38; H, 1.02; N, 2.75. 

Mol. wt. calcd. for C22H635C17N03 : 576.8170. Found 
(mass spectrum) : 576.8157 (10 %); M-CI 542 (100 %) ; 
M-C7CI5O3, 269.9874 (42%) calcd. for C,5H635C12N 
269.9878. The i.r. spectrum v,,, (Nujol mull): 1680 cm 
(C=O stretch). 

2,3-Dibenzylquinoxaline 
2,3-Dibenzylquinoxaline was prepared by the condensa- 

tion of dibenzylglyoxal (16) with 0-phenylenediamine, 
and hadm.p. 117-118" (lit. (16)m.p. 118"). 

Reaction between 2,3-Dibenzylquinoxalilie and 
Tetrachloro-1,2-benzoqckone 

A solution of 1.55 g (0.005 mole) of 2,3-dibenzylquin- 
oxaline and 2.46 g (0.001 mole) of tetrachloro-1,2-benzo- 
quinone In 150 ml of sodluln dried benzene was heated to 
reflux under nitrogen for 20 11. The dark red solution was 
concentrated to 15 ml under reduced pressure and sub- 
jected to chromatography on a B.D.H. alumina column 
made up with benzene. Elution with benzene gave 0.234 
g (9 % yield) of 2-(3-benzyl-2-quinoxa1ino)-2-phenyl-4,5, 
6,7-tetrachlorobenzo-1,3-dloxole; n1.p. 191-2" (from 
hcxane). 

Anal. Calcd. for C28H16Cl,N,02: C, 60.70; H ,  2.93; 
N, 5.05. Found: C, 60.63; H, 3.08; N, 5.18. 

Mol. wt. calcd. for 551.9968, (25%). 
Found (mass spectrum): 551.9966 (25 $4); M-C6H5C0, 
447 (100%); M-CI5H,,N2, 333 (80%). The 1.r. spectrum 
v,,,, (Nujol mull): 1450 cm-'(s) (-0-C-0- stretch). 
The n.m.r. spectrum 6T,s(CDC13): 5.6 (2H, singlet, 
CN,C6H5); 7.0-8.4 (15H, multiplet, aromatic protons 
and acetal proton). 

Reaction between 2-Benzykyridine and Tetrachloiv- 
1,2-benzoquinone 

A solution of 1.69 g (0.002 mole) of 2-benzylpyridine 
and 9.76 g (0.004 mole) of tetrachloro-1,2-benzoquinone 
in 150 n11 of sodium dried benzene was heated under 
reflux under a stream of nitrogen for 20 h. The resulting 
solution was concentrated in cacuo to 50 ml and sub- 
jected to chromatography on alumlna in benzene. Elution 
with benzene gave as the main fraction 0.6 g (14.5% 
yield) of a brown solid which recrystallized from benzene 
as pale yellow needles of 8 2-(2-pyridy1)-2-phenyl-4,5,6,7- 
:etrachlorobenzo-1,3-dioxole, m.p. > 300". 

Anal. Calcd. for C18H9C14N02: G, 52.35; H, 2.20; 
N, 3.40.Found: C, 52.22;H,2.40; N, 3.39. 

Mol. wt. calcd.: 410.9389. Found (mass spectrum): 
410.9394(14:/,); M-C6H5C0, 306 (100%); RI-C,H,N, 

333 (9%). The i.r. spectrum v,.,(CHCI3): 1450 cm-I 
(-0-C-0- stretch). The n.m.r. spectrum 
STMs(CDC13): 7.0-8.4 (multiplet, aromatic protons and 
acetal proton). 

Preparation and Thermal Decomposition of 
Heteroaromatic Quaternary Amnzonium 
Hydroxides 

1-Bromo-2,3-butanediene 
I-Bromo-2,3-butanedione was prepared by the method 

of Docrner (17). 
2-Bromomethyl-3-nzethylquinoxaline 
1-Bromo-2,3-butanedione (2.06 g, 0.001 mole) was 

added dropwise over a period of 1 h. to a stirred solution 
of 1.35 g (0.001 mole) of freshly recrystallized o-phenyl- 
enediamine in 150 ml of ether at room temperature. The 
solution was stirred for 1 h, washed with water, and dried 
(MgS04). Evaporation of the solvent gave 1.704 g (59 % 
yield) of the required 2-brornomethyl-3-n~ethylquin- 
oxaline 1n.p. 119-120" (from hexane) (lit. (18) m.p. 119- 
120". 

2- (3-Methylquinoxalinyl) methyltrimethylammoniunz 
Bromide 

A solution (25 ml) of 100 g of trimethylamine in 500 ml 
of dry benzene was added dropwise to a so1ut;on of 10 g 
of 2-bromomethyl-3-methylquinoxaline in 75 ml of dry 
benzene. The solid quaternary ammonium bromide which 
precipitated was collected, dried, and recrystalli7ed from 
ethanol, 12.0 g (96% yield). A sample recrystallized from 
dry ethanol for analysis had m.p. 241-245" (decom- 
position). 

Anal. Calcd. for Cl3HI8BrN3: C, 52.70; H,  6.20; N, 
14.2. Found: C, 52.89; H, 6.54; N, 13.90. 

The n.m.r. spectrum ST-,$s (D20); 2.6 (3H singlet, 
aromatic methyl); 3.3 (9H, singlet, N(CH3),); 4.8 (2H, 
singlet, rnethylene); 7.4-7.9 (4H, multiplet, aromatic 
protons). 

Preparation and Deconiposition of 2- (3-ifletliyl- 
quinoxalin).l)triniethylanzmonium Hydroxide 

Freshly prepared silver oxide (5.33 g) was added to a 
solution of 4.93 g of 2-(3-methylq~~inoxolicyl)trimethyl- 
amnoniuln bromide in 30 ml of distilled water and the 
resulting mixture was stirred under nitrogen for 2 h. The 
aqueous solution was filtered to remove the silver bromide 
and excess silver oxide and was then evaporated to dry- 
ness under reduced pressure at room temperature. Dry 
xylene (100 ml) was then added to the solid hydroxide 
obtained and the mixture heated under reflux for 2 h in 
an atmosphere of dry nitrogen. T i e  reaction mixture was 
filtered to remove some dark polymeric material, con- 
centrated to ca. 20 ml, and chromatographed on a column 
of B.D.H. alumina in benzene. Elution with benzene gave 
firstly 52 mg of 2,3-dimethylquinoxaline m.p. 108-109", 
identified by comparison with an authentic sample (lit. 
n1.p. 108-109' (19)). Further elution with benzene gave 
0.55 g (1 % yield) of 6,14-dimethyl-5,8,13,16-tetraazadi- 
benz[a,h]-anthracene as pale yellow needles, m.p. 278-279" 
(from benzene). 

Anal. Calcd. for C2oHl6N4: C, 76.9; H, 5.15; N, 17.95. 
Found: C, 76.52; H,  5.35; N, 18.02. 

Mol. wt, calcd.: 312.1375. Found (mass spectrum): 
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312.1376; M-CH3 297 (92%); M-C9H7N2,169 (61 %); 
M-CloH8NZ, 156 (27%). The n.m.r. spectrum 6 
(CDCI,), 3.0 (6H, singlet, 6,14,CH3); 7.6-8.2 (8H, 
ABCD, aromatic protons); 8.4 (2H, singlet, 7,15 protons). 

2-Quinoxalinylmethyltrimeth~~lammonic~m Bromide 
N-Bromosuccinimide (1.78 g, 0.01 mole) was added to 

a boiling solution of 1.44 g (0.01 mole) of 2-methylquin- 
oxaline (13) and 0.005 g of dry dibenzoyl peroxide in 100 
ml of dry carbon tetrachloride. The mixture was heated 
under reflux for 2 h before being cooled, filtered to 
remove the succinimide, and evaporated to dryness. A 
solution (20 ml) of trimethylarnine in dry benzene was 
added to the dark red oil and the mixture was allowed to 
stand in the refrigerator overnight. The precipitated 
2-quinoxolinyl bromide 0.9 g (32% yield) was collected 
and recrystallized from dry methanol and ether m.p. 
225-228" (decomposition). 

Anal. Calcd. for Cl2H1,BrN3: C, 51.10; H, 5.70; N, 
14.90. Found: C, 50.85; H,  6.0; N, 14.6. 

The n.m.r. spectrum 6 (D,O): 3.25 (YH, singlet, N- 
methyls); 4.8 (2H, singlet, methylene protons); 7.9 (4H, 
nlultiplet, aromatic protons); 8.3 (lH, singlet, 3 quin- 
oxoline proton). 

Preparation and Decomposition of 2-quinoxalinyl- 
metl~y1trimethylamnionium Hydroxide 

Freshly prepared silver oxide (1.32 g) was added to a 
solution of 0.8 g (0.003 mole) of 2-quinoxolinyltrimethyl- 
ammonium bromide in 10 ml of distilled water and the 
resulting mixture stirred under nitrogen for 2 h. The 
resulting aqueous suspension was then filtered to remove 
the silver bromide and excess silver oxide and the filtrate 
evaporated to dryness under reduced pressure at room 
temperature. Dry xylene (50 ml) was then added to the 
solid quaternary hydroxide obtained and the mixture 
was heated under reflux for 2 h in an atmosphere of nitro- 
gen. The dark reaction mixture was then filtered, evap- 
orated to ca. 20 ml and placed on a column of B.D.H. 
alumina made up in dry benzene. Elution with a 1: l  
mixture of benzene/chloroform gave a dark brown oil, 
trituration of which with benzene gave 0.046 g (5.5 % 
yield) of 5,8,13,16-tetraazadibenz[a,h]anthracene n1.p. 
242-243 " (from benzene). 

Anal. Calcd. for CI,H,,N4: C, 76.35; H, 3.90; N, 
19.80. Found: C, 76.25; H, 3.91; N, 19.8. 

Mol. wt. calcd. : 284.1062. Found (mass spectrum) : 
284.1061; M-CsH5N2, 155 (14%); M-CgHsN2, 142 
(14%). The n.il1.r. spectrum 6TMS(CDC13): 7.6-8.2 (8H, 
A2B2 aromatic protons); 8.2 (2H, singlet, 7,15 protons); 
9.3 (2H, singlet, 6,14 protons). 

2-Quinolinj~lmethyltrimethylan2monium Bromide 
N-Bromosuccinimide (17.8 g, 0.1 mole) was added in 

small portions to a boiling solution of 14.3 g (0.1 mole) 
of 2-methylquinoline and 0.5 g of dry dibenzoylperoxide 
in 250 ml of dry carbon tetrachloride. The resulting mix- 
ture was heated under reflux for 90 min then allowed to 
cool to room temperature, filtered to remove the succini- 
mide 9.5 g (theory 9.8 g), and evaporated to dryness. The 
dark red oil obtained was dissolved in 50 ml of dry ben- 
zene and 30 ml of a 20% (w/v) solution of trimethylamine 
in dry benzene was added. The quaternary salt which 
precipitated from the benzene solution was collected and 

recrystallized from dry methanol and ether, 16.5 g (59 % 
yield) m.p. 196-198" (decomposition). 

Anal. Calcd. for C13H17BrN2: C, 55.50; H,  6.16; N, 
9.95. Found: C, 55.35; H, 6.35; N, 9.85. 

The n.m.r. spectrum 6 (D20): 3.1 (9H, singlet, 
N(CH3),); 4.55 (2H, singlet, CH2Nprotons); 7.5-8.3 (6H, 
multiplet, aromatic protons). 

Preparation and Decomposition of 2-Quinolinyl- 
methyltrimethylammoniuin Hydroxide 

Silver oxide (6.96 g) was added to a solution of 5.62 g 
(0.02 mole) of 2-quinolinylmethyltrimethylammonium 
bromide in 75 ml of distilled water and the mixture was 
stirred under nitrogen at room temperature for 2 h. The 
excess silver oxide and silver bromide were filtered off 
and the filtrate evaporated to dryness at room temperature 
under reduced pressure. Dry xylene was then added to the 
residual solid and the stirred mixture was heated under 
reflux in a Dean-Stark apparatus until the decomposition 
was complete (ca. 6 h after which no more trimethylamine 
was given off). The dark brown solution obtained was 
evaporated to dryness and the residual brown oil sub- 
jected to chron~atography on B.D.H. alumina with ben- 
zene. Elution of the column with methylene chloride 
gave as the major fraction 1.142 g of dark oil which upon 
trituration with benrenelhexane gave 0.604 g of a white 
solid, which was shown by t.1.c. to contain two compo- 
nents. Repeated recrystallization of this solid from ben- 
zene gave 8,16-diazadibenz[a,h]anthracene as a white 
crystalline solid m.p. 195-198". 

Anal. Calcd. for C20Hl,N2: C, 85.1; H, 5.02; N, 9.95. 
Found: C, 85.09; H,  5.18; N, 9.61. 

Mol. wt. calcd. for C20H14N2: 282.1157. Found (mass 
spectrum): 282.1160 (98 %); M-H (100 %); M-C9H6N, 
154 (25%). M-141,141 (12%); M-154,128 (23%). The 
n.m.r. spectrum STMS(CDCl3): 7.0-8.2 (multiplet, aro- 
matic protons). 

Careful crystallization of the mother liquors yielded a 
second conlponent as a white crystalline solid m.p. 169-9" 
to which no structure has yet been assigned. Mol. wt. 
calcd. for C3,H2,N, : 423.1736. Found: 423.1735. The 
n.m.r. spectrum GTMS(CDCl3): 3.91 (2H, doublet J = 3 
Hz), 4.35 (lH, triplet, J = 3 Hz); 7.4-8.20 (18H, multi- 
plet, aromatic protons). 

This research was supported by a National Research 
Council of Canada grant to J. W. Lown. We thank 
Mr. J. P. Moser for technical assistance and Mr. R. 
Swindlehurst and Dr. A. Hogg for the n.m.r. and mass 
spectra, respectively. 
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N-Ammonium-S-thiosullfate zwitterions from alkaloids and tertiary amines 

JOHN T. EDWARD AND JOSEPHINE WHITING' 
Departnient of Chemistry, McGill Utziversity,  wontr real, Quebec 

Received July 18, 1969 

The colnpounds prepared by Tercinet (1) from the reaction of various alkaloids with silver sodium 
thiosulfate have been shown to have hT-ammonium-S-thiosulfate structures; they are better prepared by 
reaction of the alkaloids with sodium tetrathionate. 

Les composes prepares par Tercinet (1) par la rtaction de difftrentes alcaloides avec la thiosulfate 
lnixte d'argent et de soude sont montres d'avoir la structure des N-ammonium-S-thiosulfates. Une 
ineilleure mkthode de prtparation se fait par la reaction des alsaloides avec la tetrathionate de soude. 

Canadian Journal of Chemistry, 48, 337 (1970) 

In  1944 AndrC Tercinet (1) described the reac- 
tion of silver sodium thiosulfate (Ag,S,$),.- 
2Na,S203) with strychnine, brucine, quinine, 
and harmi~ie to give crystalline solids. He formu- 
lated these compounds as S-thiosulfate esters, 
the compound from strychnine, for example, 
being assigned the structure 1. Such a compo~md 

I 

S S 0 3 H  ssop 

would be more plausibly forlilulated as 2, a 
zvgitterionic Bunte salt ( 9 ,  3). Silver ion is 
reduced to metallic silver in the reaction, and the 
overall reaction finds ana.logy in the formation of 
a zwitterionic Bunte salt from the oxidation of a 
mixture of N,Wdimethyl-l,4-phenylene diamine 
and sodium thiosulfate with dichrornate (4. 5) .  

We were led to reinvestigate Tercinet's reac- 
tion because of rh:: great usefillness of Brinle 
salts in synthesis (S), and because of the potential 
use of such compounds as anti-radiation agents 
(6, 7). However, while we obtained products 
having the coinposition and physical properties 
reported by Tercinet, we observed them to have, 
in many cases, diEecer:t reactions, and in ail 
cases we have shown his structures to be in- 
correct. 

Terci~iet obtained the same products, although 
ill smal!er yields, by heating the alkaloids with 
sodium thiosulfate and hydrogen p~roxide; we 

Josephine Jaworska, holder of NRCC Student- 
ship, 1967-1969. 

have obtained thein by substituting ferric chlo- 
ride, merc~lric oxide, or iodine for hydrogen 
peroxide. All of these oxidizing agents convert 
thiosuiphate ion ('S-SO,') to tetrathionate 
ion ('O,S-S-S-SO,~), presumably via the 
radical .S-SO,' (Sa), and Tercinet's com- 
pounds are obtained most simply by reaction of 
the alkaloids with sodium tetrathionate, which 
was probably the effective reagent in his reac- 
tions. When a stream of oxygen is bubbled 
through a mixture of an alkaloid and silver 
sodium thiosulfate, little or none of Tercinet's 
product is obtained, the oxygen acting as a 
scavenger for .S--SO,@; however; the stream of 
oxygen has no effect on the yield of product 
from the alkaloid and sodium tetrathionate. 

Sodium tetrathionate is the reagent of choice. 
It  reacted ivitll strychnidine to give a compound 
C,,H,,N20,S, whose structure is discussed 
below. Tercinet hiled to obtain any prod~ict 
from the reaction of strychlzidine with siiver 
sodium thiosuifate, perhaps because sf the 
known sensitivity of strychnidine to oxidizing 
agents (9). 

Tercinet's products do not behave like Bunte 
salts. Thus they do not react with iodine, knowz 
to convert Builte salts to disulfides (13). Fu.:ther- 
more, Tercinet reported that his compound 
C,,H,2N,0,S, from strychnine was converted 
by sodiun? amalgam in alkaline so!ution back to 
strychnine, and not to a thiol, which wou!d be 
expected. A thiol, along with sulfate ion, would 
also be expected from the acid liydroiysis of a 
Bunee salt. Insread, Lve have found that the 
hydrolysis of the strychnine product with 6 N 
hydrochloric acid yields strychnine, su l f~~ r ,  and 
sulfate ion in essentially quantitative yields. Ail 
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of this evidence points to a linkage of the 
S-SO3@ group to nitrogen and not to carbon, 
since an N-S linkage can be broken by hydrol- 
ysis (1 I), so that the acid-catalyzed hydrolysis is 
represented by eq. [I 1. 

+ 
[ I ]  R3N-S-SO, + H 2 0  

-t R3N f S + H2S04 

Bunte salts are hydrolyzed by alkali to 
mixtures of sulfite ion, disulfider, sulfinates, and 
other products (5). However, Tercinet reported 
that his compound C2,H22N20jS, from strych- 
nine was converted by one equivalent of sodium 
hydroxide into "hydroxystrychnine", a com- 
pound for which no characteristics were re- 
ported. We have found that addition of one 
equivalent of sodium hydroxide to C,,H2,N2- 
05S2  gave immediately a quantitative precipita- 
tion of strychnine, and not "hydroxystrychnine". 
This also points to the presence s f  a hydrolyzable 
\ +  
-N-S-SO; group. 
/ 

The facile recovery of the strychnine by acid or 
alkaline treatment of Tercinet's product could be 
explained if the latter were merely the thio- 
sulfate salt of strychnine (C2,N2,N2Q5S2). 
However, this possibility was excluded by prepar- 
ation of the salt, which proved to be quite 
different. Treatment of an aqueous solution of 
the thiosulfate with sodium bicarbonate resulted 
in an immediate precipitation of strychnine, 
whereas Tercinet's product was unaffected under 
these conditions. Furthermore, molecular weight 
measurements (by vapor pressure osmometry) 
showed that the thiosulfate was dissociated into 
ions, whereas Tercinet's product had approxi- 
mately the molecular weight expected for its 
formula C21H22N205S, (see Table 5). 

In summary, the evldence presented is best 
accommodated by the N-ammonium-S-thiosulf- 
ate zwitterion structure 3 (X = 0 )  for the com- 
pound C2,H22N2Q ,S2 from strychnine, and by 

similar structures for analogous compounds 
obtained from brucine (1) and from dihydro- 
strychnine. Neostrychnine (pK, 3.8; ref. 12) and 
pseudostrychnine (pK, 5.6) did not react with 
sodium tetrathionate to give crystalline products. 
These amines are considerably less basic than 
strychnine, brucine, and dihydrostrychnine, all 
of which have pK, - 7.4 (15), and it seems likely 
that the N-ammonium-S-thiosulfate structure is 
formed by a reaction, as shown in eq. [2], for 

which their amino centers are insufficiently 
nu~leophilic.~ Reaction [2] has parallels in the 
reactions of several other nucleophiles (e.g. 
thiosulfate (13), cyanide (8b), azide (8b)) with 
tetrathionate ion. 

On grounds of nucleophilicity, it might be 
expected that strychnidine would react at its 
more basic amino center (12) with tetrathionate 
to give the compound 3 (X = H,). This was 
confirmed by its ultraviolet (u.v.) spectrum (Table 
I), which was the same as that of strychnidine. 
Quaternization of the amino nitrogen joined to 
the aromatic ring would have resulted in a 
marked change of spectrum (14). 

The question of reaction site also arises with 
respect to Tercinet's product C,,H,,N205S, 
from quinine, and to the similar derivatives 
obtained from cinchonine and ~inchonidine.~ 
Again, these compounds are hydrolyzed by acid 

ZThe steric congestion about the basic nitrogen atom of 
the strychnine bases may hinder reaction, and may furnish 
an additional reason for the failure of neostrychnine and 
of pseudostrychnine to react. It has been pointed out by a 
referee that neostrychnine and pseudostrychnine are 
stronger bases than the less hindered quinoline and 
6-methoxyquinoline, which do react. 

3Tercinet failed to obtain derivatives from cinchonine 
and cinchonidine, and hence concluded erroneously that 
the methoxyl group of quinine was necessary for reaction. 
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EDWARD AND WHITING: ZWITTERIONS 

TABLE l 
Ultraviolet spectra in ethanolic solution 

Compound hh,,,(nm) and EE* 

Strychnine 
3 , X = O  
Strychnidine 
3, X = H2 

~ i i n i n e  
4, X = 0 C H 3  
Cinchonine 
4 , X = H  
Harmine 
Harmine hvdrochloride 

232(74 4ooj; 2 . ~ 8  740j: 332ii 1100) 
232(74 400), 279(8 750), 332(11 100) 
227(47 000), 284(7 790), 314(4 850) 
227(47 000). 284(7 790). 314(4 860) 

6-Methyoxyquinoline 229(27 000j: 269/2 830j:' 327(4 000) 
6-Methoxyquinoline hydrochloride 250(27 700), 312(4 loo), 340(4 100) 
7, X = OCH, 250(27 700), 312(4 loo), 340(4 100) 
2-Phenyl rl.2-alimidazouyridine 245(34 500). 322(8 830) 

*In parentheses. 

or alkali to the parent alkaloids, and so must 
have the thiosulfate group attached to nitrogen; 
this formulation is supported by molecular 
weight determinations, which exclude the possi- 
bility of thiosulfate salts. Attachment of 
.s-so,' to the more basic quinuclidine nitro- 
gen, as shown in 4 (X = H or OMe) would be 
expected and is indicated by the u.v. spectra of 
these products, which are very similar to those of 
the parent alkaloids. Quaternization of the 
aromatic nitrogen would have caused significant 
shifts in the spectra, as shown by the spectrum of 

6-methcxyquinoline hydrochloride recorded in 
Table 1. In addition, the nuclear magnetic 
resonance (n.m.r.) spectra of the products are 
identical in the aromatic regions with the spectra 
of the parent compounds; quaternization of the 
aromatic nitrogen causes a downfield shift of 
peaks in this region, as shown in Table 2 for 
harmine, 6-methoxyquinoline and Zphenyl- 
(1,2-a)imidazopyridine. 

The chemical reactions of the product obtained 
by Tercinet from harmine indicate again N- 
thiosulfonation. The n.m.r. spectrum of the 

TABLE 2 
Selected n.m.r. signals 

Compound in DMSO-d6 Signals (6, p.p.m.) 

Cinchonine 
4 , X = H  
Quinine 
4, X = OMe 
Harmine 
Harmine . CF3C02H 
5 - 
6-Methoxyquinoline§ 
6-Methoxyquinoline. CF3C02H 
7, X = OMe 
2-Phenyl(l,2-a)imidazopyridine 
2-Phenyl(l,2-a)imidazopyridine 

.CF3C0,H 
8 

. .. \ - - - 7  --- 
7.6-8.9 (m, 6 ~ j *  
7.75-9.1 (m, 5H)* 
7.75-9. l (m, 5H)* 
6.7-7.1 (m. 2H). 7.7-8.25 (m. 3H). 7 . 3  (s. 1H)i 
6.8-7.15'(h, 2g),  8.2-8.55'(&, 3 ~ ) ,  12.3'(s, 1H)t 
6.9-7.2 (m, 2H), 8.2-8.55 (m, 3H), 12.3 (s, 1H)T 
8.71f (d of d, lH), 7.9-8.1 (two d, 2H) 
9.14$ (d of d, lH), 8.7-8.9 (two d, 2H) 
9.14$ (d of d, lH), 8.7-8.9 (two d, 2H) 
8.30 (s, lH), 8.38 (d, 3H) 

8.55 ( s ,  lH), 8.78 (d, 1H) 
8.55 (s, lH), 8.78 (d, 1H) 

*Aromatic H. 
?Indole NH. 
$Proton at 2-position (22);  JzS3 = 5 c.p.s.; J z , ~  = 1.5 C.P.S. 
§Solvent: CDC13. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 3 
Infrared peaks (cm-l) of N-ammonium-S-thiosuifate derivatives in KBr 

Parent amine vas~n,(SO3) VS,,(SOB) v(S-N) 6(so3) 

Strychnine 
Brucine 
Harmine 
Quinine 
Cinchonine 
Cinchonidine 
Strychnidine 
Dihydrostrychnine 
6-Methoxvauinoline 

product (Table 2) shows a deshielding of the 
a- and f3-protons of the pyridine portion of the 
molecule, similar to the deshielding in the tri- 
fluoroacetate salt. Furthermore, no N-W pro- 
tons other than the original indole N-H proton 
were detected, indicating that the product was 
not a thiosulfate salt; this result was substanti- 
ated by vapor pressure osmometry, which 
showed that the compound C,,H,,N,04S, was 
not dissociated, The U.V. spectrum of the product 
resembled very closely the spectrum of the 
hydrochloride of harmine (Table 1). A11 of this 
diverse evidence supports the structure 5 for the 
produce obtained by Tercinet from harmine, a 
structure expected from the fact that harmine 
quaternizes easily at the pyridine nitrogen (15). 

If the Tercinet products are formed by the 
action of tetrathionate according to equation 2, 
it might be expected that products having the 

\\ (s 

grouping -N-S-SO,e would be fomnied 
/ 

from other tertiary arnines, but that quaternary 
ammonium ions would be unreactive. The latter 
supposition was supported by the failure of N- 
methylstrychninium chloride and of methyl- 
strychnine (16) to react with tetrathionate. How- 
eves, not all tertiary amines were found to react 
with sodium tetrathionate to give crystalline 
M-ammonium-S-thiosdfates. Amines giving 
crystalline products, and the structural formulae 
of the latter, are: juolidine (6); quinoline (7; 
X = H); 6-methoxyquinoline (7; X = OCH,); 
and 2-phenyl- L1,2-a]imidazopyridine (8). 3-Qui- 
nuclidinol gave a crystalline product in small 
yield for which no satisfactory analysis could be 

obtained. The structures shown are supported by 
the combustion analysis of the compounds, their 
molecular weights in ionizing solvents, and their 
ready hydrolysis in acid or alkali to regenerate 
the parent amine. The possibility of their being 
thiosulfate salts is excluded by their apparent 
molecular weights in solution and by their 
infrared (i.r.) spectra, recorded in Table 3." The 
structure 7 (X = OCH,) for the product from 
6-methoxyquinoline is in accord with its U.V. 

(Fable 1) and n.m.r. (Table 2) spectra, both of 
which indicate quaternization of the ring 
nitrogen. 

Tertiary amines which failed to give any 
crystalline product with tetrathionate could be 
recovered after the reaction in high yield by 
extraction of the aqueous solution with ether. 
This suggests that the reaction represented by 
eq. [23 is an equilibrium which does not aiways 
proceed far to the right, and that formation of 
iV-ammonium-S-thiosulfate derivatives in good 
yields occurs only when the zwitterions have low 
solubilitv in the reaction medium and hence 
crystailize out during the reaction. In harmony 
with this idea, it was found that addition of 

4Thiosulfa?es show significantly different spectra. Thus 
the thiosulfate of strychnine shows peaks (KBr) at 1150, 
990,750, and 550 cm-l* 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EDWARD AND WHITING: ZWITTEKIONS 

TABLE 4 
Physical properties of N-ammonium-Sthiosulfates 

Parent amine Melting point OC* Yield % 

Strychnine 
Brucine 
Harmine 
Quinine 
Cinchonine 
Cinchonidine 192-195 
6-Methoxyquinoline 185-187 
Quinoline 255-260 
Juolidine 178-180 
2-Phenyl [l ,2-alimidazopyridine 205-2 10 
Strychnidine 235-240 
Dihydrostrychnine 290-295 

*A11 melting points involved decomposition of sample. 
**Found: [a], - 52.5' (EtOH); reported, -50' (1). 
tFound: [a], -66' (H,O): reported, -64" (I). 
$Found: [a], +19.7' (EtOH): reported + 19.5' (I). 
§Found: [aID -155" (EtOH); reported, -151.7" (1). 

thiosulfate to the reaction mixture of strychnine 
and tetrathionate depressed the yield of 3 
(X = 0 ) ;  however, it also caused the formation 
of sulfur in increasing amounts. The genesis of 
the sulfur is obscure: it does not come from the 
acid hydrolysis of 3 (X = 0) ,  because the pH of 
the solution remains near neutrality throughout 
the reaction. 

Compounds 3 (X = O), 4 (X = OCH,), 7 
(X = OCH,), and 8 gave some protection to 
female mice (Swiss strain) against y-radiation, 
but not enough to make them of interest as 
radioprotective  agent^.^ 

Experimental 
The i.r. spectra were recorded with a Perkin-Elmer 

Model 337 spectrophotometer, n.m.r. spectra with a 
Varian A-60 spectrophotometer, and U.V. spectra with a 
Unicam SP 800 spectrophotometer. Optical rotations 
were determined using a Carl Zeiss polarimeter, and 
molecular weights using a Mechrolab Model 301A osmo- 
meter. All melting points are uncorrected. Analyses were 
done by Dr. C .  Daessle of Montreal and Dr. Alfred 
Bernhardt of Elbach iiber Engelskirchen, West Germany. 

Materials 
Strychnidine (17), dihydrostrychnine (18), and neo- 

strychnine (19) were prepared by methods in the litera- 
ture, and had the correct physical constants; the other 
alkaloids and bases were commercial products, and were 
used without purification. Sodium tetrathionate was made 
according to Partington's method (20) by adding a satu- 
rated solution of sodium thiosulfate to a solution of 
iodine in alcohol at 10". Potassium tetrathionate was 
obtained from K & K Rare Fine Chemicals. 

'We are grateful to Dr. G. A. Grant, D.C.B.R.E., 
Shirley Bay, Ontario, for these tests. 

Preparation of N-Ammonium-S-thiosulfate Derivatives 
(a) By a Modification of Tercinet 's Method 
Strychnine (1 g) and 12% sodium thiosulfate solution 

(80 ml) were heated on a steam bath with stirring. 10% 
silver nitrate solution (90 ml) was added slowly (20 min). 
The mixture was heated for approximately 5 h, by which 
time fumes of SO, and H,S became evident. A black 
precipitate was deposited and a silver mirror formed on 
the walls of the flask. The reaction n~ixture was filtered 
hot. The filtrate on cooling deposited fluffy white crystals, 
which were washed with chloroforni to remove unreacted 
strychnine, and recrystallized from ethanol to give white 
needles (1.23 g, 90% yield), m.p. 242-245" decomposition 
(lit. 245" decomposition (1)). 

Brucine (70% yield), quinine (60%), cinchonine (15 %), 
and harmine (50%) reacted by this method to give 
N-ammonium-S-thiosulfate products. However, strych- 
nine methiodide, methyl betaine strychnine, benzyl 
strychnine, benzylstrychninium sulfate, 6-methoxyquino- 
line, isoquinoline, indole, Zmethylindole, and 1,2- 
dimethylindole did not give crystalline products, and 
could be recovered unchanged after the reaction by 
extraction with organic solvents or by crystallization from 
the reaction liquors. 

(6) By Reoction with Sodium or Potassium 
Tetrathionate 

Strychnine (I g) and potassium tetrathionate (4 g) were 
heated on a steam bath in water (125 ml) for 2 h;  the 
mixture was then filtered hot. White crystals separated 
from the filtrate when cool, and were collected and 
washed with chloroform. They were recrystallized from 
ethanol to give pure N,-strychninium-S-thiosulfate (1.3 g, 
95 %), m.p. 242-245" decomposition. Addition of a small 
amount of acetic acid reduced the reaction time to 1) h, 
but the yield was only 75 %. Excess acetic acid lowered 
the reaction time to 15 min, but the yield was only 30%. 

Separate experiments showed that use of a smaller 
amount of tetrathionate, or of a shorter reaction time, led 
to lowered yields. 

Compounds giving N-ammonium-S-thiosulfate deriva- 
tives and yields of the latter are shown in Table 4. 6- 
Methoxyquinoline, quinoline, and juolidine were used in 
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TABLE 5 
Analyses of N-ammonium-S-thiosulfates 

Analyses 

Product 
Calcd. % 
Found % 

empirical 
formula C H N S Molecular weight* Parent amine 

Strychnine 
440+ 10 (EtOH, H 2 0 ,  MeOH) 
504.5 
505 i l o  (EtOH) 
324.3 
320 + 10 (MeOH) 
436.5 

Brucine 

Harmine 

Quinine 

Cinchonine 

Cinchonidine 

6-Methoxy- 
quinoline 

Quinoline 
270 1 10 (H20) 
241.1 
240 + 10 (MeOH) 
285.2 
285 i 10 (H2O) 

Juolidine 

2-Phenyl[l,2-a] 
imidazopyridine 

Strychnidine 

306.2 
3001 10 (EtOH) 
432.4 

Dihydrostrychnine 

*By vapor pressure osmometry in the solvents indicated. 

the form of their sulfate salts, to solubilize them in the 
aqueous medium; the sulfate salt of strychnine also 
reacted to give the N-ammonium-S-thiosulfate. However, 
the following amines did not react: neostrychnine, 
pseudostrychnine, benzimidazole, imidazole, benzo- 
thiazole, pyridine, N-methylpiperidine, hexamethylene- 
tetramine, 4-phenylpyridine, 2-anilinopyridine, tetra- 
hydroisoquinoline, triethylamine, and triamylamine. 3- 
Quinuclidinol gave a crystalline compound (v,,,(KBr) 
1230, 1035,690, 610 crn-') which had a bad combustion 
analysis. 

(lit. 286-288" decomposition), by an i.r. spectrum identi- 
cal to that of an authentic sample of strychnine. 

Hydrolysis of Nb-Strychninium-S-thiosulfate in Sodium 
Hydroxide 

Nb-Strychninium-S-thiosulfate (1.578 g, 3.537 mequiv.) 
was exactly neutralized by addition of sodium hydroxide 
(22.15 ml, 0.1597 N, 3.535 mequiv.). A white precipitate 
of strychnine (1.18 g, 3.533 mequiv., m.p. 286-288" 
decomposition) identified by i.r. spectrum, was formed 
during the titration. The aqueous solution gave a positive 
test for sulfite (a precipitate with barium chloride that was 
soluble in acid; iodine was decolorized by the solution). 
No sulfur could be detected. 

The same hydrolysis took place with aqueous ammonia 
or sodium carbonate, but not with sodium bicarbonate. 
The compound was somewhat soluble in warm bicarbon- 
ate solution, but could be recovered unchanged on 
cooling. An aqueous solution of the thiosulfate salt of 
strychnine, prepared by mixing warm aqueous solu- 
tions of the hydrochloride of the alkaloid and of sodium 
thiosulfate and filtering off the precipitate, gave strychnine 
immediately on treatment with sodium bicarbonate. 

flydrolysis of Nb-Stryclzninium-S-thiosulfate in 6 N 
Hydrochloric Acid 

N,-Strychninium S-thiosulfate (2.63 g) was stirred at 
room temperature for a few min with 6 N hydrochloric 
acid (50 ml). The yellow solution was extracted 4 times 
with chloroform to remove the color. The chloroform 
extracts, when dried over magnesium sulfate and evapor- 
ated to dryness, left a solid residue (0.18 g, 99 %) which 
was identified as sulfur (no i.r. absorption between 4000 
and 400 cm-', U.V. absorption at 264 mu in ethanol (log 
E 3.0) with a shoulder at 275 my (21). Barium chloride 
(few mls of 10% solution) was added to the aqueous 
layer. Barium sulfate precipitated, was removed by 
filtration, and dried to constant weight (1.30 g, 98.5%). 
The aqueous layer was neutralized with sodium bicarbon- 
ate. A white precipitate (1.877 g, 99.3 %) separated which 
was identified as strychnine, m.p. 285-288" decomposition 

Reaction of Strychnine with Sodium Tetrathionate in the 
Presence of Sodium Thiosulfate 

Strychnine (0.50 g) and sodium tetrathionate (1.66 g) 
in water (50 ml) were heated on a steam bath at 100' for 
2 h. The solution was cooled to 0°, and the crystals that 
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formed were collected. The crystals were extracted with 
chloroform, leaving a residue of zwitterion 3 (X = 0 )  
(580 mg, 87%). The chloroform extract was dried over 
magnesium sulfate, and evaporated. The residue (140 
mg) from the chloroform extract was boiled in water (100 
ml) to dissolve a small amount of strychnine, leaving 
insoluble sulfur (75 mg), identified as above. The aqueous 
extract was evaporated to give strychnine (65 mg, 13 %). 

A similar reaction with 0.585 g of sodium thiosulfate 
added gave 3 (X = 0 )  (386 mg, 57.5 %), strychnine (204 
mg, 40.5%), and sulfur (185 mg). When the amount of 
thiosulfate was increased to 2.51 g, the yields were: 
3 (X = 0 )  (203 mg, 30 %), strychnine (355 mg, 67 %), and 
sulfur (310 mg). 

In separate experiments it was shown that in water at 
100" the solubility of strychnine was 7.9 x M, and 
of 3 (X = O), 1.5 x M, so that both compounds 
were present in the first experiment above in amounts 
greater than required for saturation. 

We acknowledge gratefully the financial support of 
Abbott Laboratories and of the National Research 
Council of Canada. We are indebted to Mr. Anwer 
Mehkeri for bringing the problem to our attention, and 
for a preliminary experiment. 
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Orientation of azide addition to homoconjugated dienes 

R. S. MCDANIEL AND a. c. OEHLSCHLAGER' 
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The 1,3-dipolarcycloaddition of phenyl azide to bicyclic dienes 8-10 proceeds readily at the angle 
strained double bond to give both 1,2,3-A2-triazoline isomers which would result from the two possible 
orientations of addition. The major triazoline isomer in each case is that resulting from stabilization of 
the dipolar transition state by the neighboring unreactive double bond. The structures of the triazolines 
were deduced from their nuclear magnetic resonance spectra in CCI,, CDCl,, and CsH6. 

Canadian Journal of Chemistry, 48, 345 (1970) 

The 1,3-dipolarcycloaddition of organic azides 
to alkenes to give 1,2,3-A2-triazolines has been the 
object of continued interest for nearly four 
decades. The investigations of Huisgen and co- 
workers have established the stereospecifically cis 
nature of the addition as well as the principle 
electronic factors influencing the direction of 
addition (1). Thus, p-nitrophenyl azide (1) reacts 

stereospecifically with the cis and trans en01 
ethers, 2a and 2b, to give the corresponding cis and 
trans 4,5-disubstituted triazolines, 3a and 3b 
respectively (2). Addition of phenyl azide to 

styrene occurs in only one direction giving 4 in 
high yield (3). Likewise 1,3-cyclohexadiene and 
1-hexene are reported to yield 5 and 6 respectively 
upon reaction with p-bromophenyl azide (4). 

Although the 1,3-dipolarcycloaddition of 
azides to alkenes is formally classified as a con- 
certed addition, the distinct preference for the 
orientation of addition noted above has been 
interpreted in terms of a transition state in which 
there is charge imbalance. Thus, the formation of 
bond a is considered to proceed more rapidly than 
bond b in the cycloaddition. Substituents on C ,  
which stabilize the incipient positive charge at 
this position should not only facilitate addition 
but cause the particular orientation of azide 
addition noted above to be favored (transition 
state 7). Except in cases where overriding steric 
effects operate, azide addition to alkenes has 
always been observed to take place in a Markow- 
nikoff fashion initiated by electrophilic attack 
by the terminal azide nitrogen on the alkene (2,4). 
The dipolar nature of the addition process is also 
reflected by the observed substituent effect 
(p = +0.84) for the addition of substituted 
phenyl azides to norbornene (5). 

pl:) 
The electronic effects of the alkene substituents 

/CH-,x on the orientation of azide addition in all cases 
I I - C ~ H ~  1 reported to date has been quite pronounced. In 

p-BrC6H4 order to gain an insight into the effect of more 
6 remote alkene substituents on the orientation of 

'To whom inquiries should be addressed. azide addition we have determined the orientation 
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FIG. 1. Nuclear magnetic resonance spectrum of product 11 from reaction of phenyl azide and bicyclo(3.2,l)octa-2, 
6-diene. 

of addition to bicyclic homoconjugated dienes 
8-10. All of these dienes have one alkene bond 
which is highly strained and therefore should 
react rapidly with azide (1, 6). In each case only 
exo approach to the n cloud of the reactive alkene 
bond is sterically feasible (7). Furthermore, there 

are no steric interactions which would favor 
either of the two possible orientations for addition 
of an azide to the exo side of the reactive double 
bonds of these dienes. Any preference for one 
orientation of exo addition of azide would there- 
fore be a measure of the extent to which the dis- 
tant, unreactive double bond of each diene 
provided stabilization to the dipolar transition 
state, 7. 

The reaction of excess phenyl azide with 
bicyclo(3.2.l)octa-2,6-diene (8) in inert solvent, at  
room temperature, leads to the formation of a 
monoaddition product, 11. The nuclear magnetic 
resonance (n.m.r.) spectrum of 11 is reproduced in 
Fig. 1. The signals appearing in the 6 3.6-5.1 
region are due to the hydrogens attached to the 
carbons bearing the nitrogens of the triazoline 
ring and definitely indicate the presence of more 
than one isomer. The presence of absorptions due 
to two olefinic hydrogens in the n.m.r. spectrum 
of 11 can, apriori, have two interpretations. First, 
11 could be a mixture of triazoline adducts 
resulting from addition of azide to both the AZ and 
A6 double bonds of 8. On the other hand, addition 
could have occurred only to the more strained A6 
double bond, but in two orientations. Since under 
the conditions of this reaction phenyl azide addi- 
tion to bicyclo(3.2.l)oct-2-ene does not occur (8) 
but addition to bicyclo(2.2.l)hept-2-ene is facile, 
azide reaction with the b6 and not the A2 double 
bond of 8 is the correct interpretation. The mix- 
ture of isomers obtained is thus l l a  and l l b .  

Assignment of n.m.r. signals to H2 and H, in 
l l a  and 1 lb  was made by comparison of the 
position of these signals with those due to similar 
hydrogens in 12 (9) and other triazolines (4). 
Huisgen et al. (9) report that signals due to Hz 
and H, in 12 and its aryl-substituted derivatives 
are doublets (9.2-9.5 Hz) appearingat 6 3.64-3.68 
and 6 4.51-4.58 respectively. Scheiner reports (4) 
hydrogens attached to C ,  of monocyclic triazo- 
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H 
l l b  

lines give n.m.r. signals between 6 3.6 and 4.0 
whereas C, hydrogens resonate between 6 4.1 and 
4.7. The two pairs of doublets (9.2 Hz) centered at 
6 3.91 and 4.17 in the n.m.r. spectrum of 11 were 
thus assigned to Hz of the isomers. Since H, of l l a  
is sterically situated in the shielding portion of the 
n-cloud of the A9 double bond, the n.m.r. signal 
due to  this hydrogen would be expected at higher 
field than Hz of l l b .  Thus the doublet centered at 
6 3.91 is assigned to Hz  in l l a  and the 6 4.17 
doublet to Hz in l l b .  In a similar manner the 
doublets (9.2 Hz) centered at 6 4.74 and 4.98 were 
assigned to H, of l l b  and l l a  respectively. The 
above assignment is substantiated by the appear- 
ance of the doublets at 6 4.17 and4.74 (llb) which 
show strong perturbations causing the inside 
signal of each doublet to be significantly more 
intense than the outside signal. These perturba- 
tions are much less pronounced in the 6 3.91 and 
4.98 doublets ( l l a )  as they should be . Integration 
also shows the pairs of doublets assigned to l l n  
and l l b  to be correctly assigned. Integration of 
the AB quartets assigned to Hz  and H, of l l a  and 
l l b  showed 1 la : l lb  was 1.3:l. 

Using benzene as an n.m.r. solvent had the 
effect of causing all hydrogens to resonate at 
higher field (10). That the effect is not uniform is 
evident from Table 1. The shielding experienced 
by Hz of both l l a  and l l b  is considerably more 
(0.30-0.40 p.p.m.) than that experienced by H, 
(0.18-0.23 p.p.m.) in these isomers. We consider 
this to be due to unsymmetrical complexation of 
the benzene with l l a  and with l lb .  

Ledaal (10) has summarized evidence for the 

formation of collision complexes between benzene 
and many different solutes. The model he pro- 
posed was one in which the dipole axis of the 
solute molecule coincided with the 6-fold sym- 
metry axis of the benzene nucleus with the 
positive end of the dipole nearest to the benzene. 
For solutes with a dipole the solvent shift of 
different hydrogens of the solute increased as 
their proximity to the positive end of the dipole 
increased (i.e. the hydrogen lying in the dia- 
magnetic shielding cone of the benzene nucleus 
was solvent-shifted the greatest amount). The 
larger the dipole moment, the larger the solvent 
shift for solutes of similar type. 

Using the above model and the observed 
changes in chemical shift in l l a  and l l b  it is 
possible to designate the form of the lla-benzene 
and llb-benzene collision complexes. In both 
cases the benzene nucleus appears to lie below the 
solute molecule and to the side near the phenyl 
substituted nitrogen. The possibility that the 
benzene nucleus is situated at the end of the phenyl 
substituent of 11 as well as its location above the 
bicyclic ring system may be discounted because of 
the shifts observed vide infra (1 1). 

The addition of phenyl azide to 9 gave a mixture 
of triazolines 13a and 13b. That addition occurred 
to only the highly strained A2 double bond was 
evident from the appearance of signals due to the 
Cll  methylene hydrogens at 6 4.75 and 5.05. The 
hydrogens at C, and C, of 13a and 13b have an 
orientation with respect to the methylene bond 

similar to that of Hz and H, in l l a  and 1 lb  with 
respect to the nuclear double bond in those 
triazolines. Thus, although in CCl,, Hz and H, in 
13a and 13b were exhibited as a single AB quartet 
for both isomers, in benzene the two sets of AB 
quartets were sufficiently resolved to allow the 
assignment specified in Table 1. The 13a :13b ratio 
was calculated in this case from integration of HI 
and H, signals in the benzene spectrum of these 
isomers to be 1.3 : l .  The bridgehead signal 
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TABLE 1 
Chemical shifts of H I ,  H7,  H z ,  and H6 of triazoline adducts 

- - - - ---- -- 

Isomer a lsomer b 

Sample Solvent H I  H7 HZ H6 Jz,6(Hz) H i  H7 H2 H6 Jz,c(Hz) 

occurring at highest field in the benzene spectrum 
of the isomer mixture was assigned to HI of 13b 
because of its similarity in chemical shift to HI  
of 12. Likewise, the signal at 6 2.79 was assigned 
to H, of 13a. Since the lowest field bridgehead 
hydrogen (6 3.10) should be H, of 13b, the signal 
a t  6 2.98 is deduced to be due to H, of 13a. 

Addition of phenyl azide to endo-dicyclopenta- 
diene has been reported several times (12, 13) but 
no evidence as to the homogeneity of the product 
has been available. Indeed the rather sharp 
melting range of the product could be construed 
as evidence for formation of a single triazoline 
adduct (1 4). 

The n.m.r. spectrum of the addition product, 
14, revealed the presence of two olefinic hydro- 
gens. Since phenyl azide addition proceeds 
readily with exo-1,2-dihydro-10 (13, 15) but not 
with exo-5,6-dihydro-10 (15) addition in the 
present case must have occurred to the A5-double 
bond of 10. Inspection of the 6 3.5-4.5 region of 
the n.m.r, spectrum of 14 revealed the presence of 
two isomeric triazolines. The AB quartet patterns 
of H2 and H6 in 14 were assigned to 14a and 14b as 
given in Table 1. Integration of the AB quartets 
due to H, and H6 in 14a and 146 showed 14a:14b 
to be 1.3:l. 

The observation that there is a higher propor- 
tion of the "a" isomers than the "b" isomers in 
11, 13, and 14 is interpreted in terms of stabiliza- 
tion of the positive charge generated at C2 in the 

transition state leading to the "a" isomers. In each 
case (8-10) studied the n-cloud of the unreacting 
double bond is favorably situated for such homo- 
conjugative stabilization. It  is noteworthy that the 
addition of formic acid to 8 gives over 90 % 15, the 
result of homoconjugative participation by the 
A2 double bond (16). Likewise 9 is reported to give 
a high proportion of 16 with formic acid (17). The 
orientation effect of the unreacting double bond in 
the dienes studied is significantly less in the azide 
reaction than in the formic acid addition. The 
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origin of this difference presumably lies in the 
amount of electron deficiency generated at C, in 
each type of reaction. The greater the electron 
deficiency the greater the orientation effect. 
Pursuing this reasoning one might expect (5) that 
substitution of an electron-withdrawing group 
(e.g. p-NO,) on the aryl azide would introduce 
greater dipolar character into the transition state 
(7) for addition and thereby produce a greater 
orientational preference. The addition of p- 
nitrophenyl azide to 8 gave a mixture of p-nitro- 
phenyl substituted PBa and PPb. The ratio of 
"isomer a" to "isomer b" was 1.5 : I .  

Calculation of the isomer ratio resulting from 
the p-nitrophenyi azide addition to 9 and PO was 
unsuccessful because of the insolubility of the 
adducts in solvents in which the necessary signals 
could be resolved. 

NOTE ADDED IN PROOF - Since the submission 
of this paper a report of exo and e~zclo addition of 
phenyl azide to bicyclo(2.2.1)-2,5=heptadiene (17) 
has appeared (20). The ratio of exo to enda addi- 
tion for monoaddition was I L :I. These workers 
observed a coupling of 3.5-4.5 Hz between the 
bridgehead hydrogens and the exo hydrogens 
attached to the endo triazoline adb~act (18). 
Since the degree of steric hindrance on the ends 
side sf  17 is less than in either 8, 9, or 10 one 
would expect an even higher proportion of exo 
addition in the present cases. The fact that no 
coupling of hydrogens attached to the triazoline 
rings in any of the adducts revealed any ap- 
preciable coupling with adjacent bridgehead hy- 
drogens indicates all of the adducts presently 
investigated were exo. 

Finally, in agreement with the above discussion, 
the addition of phenyl azide to 18 gake a mixture 
of 89 and 20 in which 19 predominated (19 :20 was 
3 5). 

Experimental 
Melting points were deternined using a Fisher-Johns 

melting point apparatus and are uncorrected. 
Nuclear magnetic resonance spectra were recorded on a 

Varian Model ,456160 spectroineter using tetrametl-ryl- 
silane as an in terxl  s t a~dard .  

Mass spectra were recorded on a Hitachd Perkin-Elmer 
RU-6 mass spectrometer. 

Pre~carationof.3-Phei~yi-3,4,9-~riatof~i~y~I0(5.2.1.0~.")dec- 
4-eire (1.2) 

The phenyi azide adduct of "ucycio(2.2.l)kept-2-ene 
was prepared ia the usual manner (18) and had nt;. 
99-100 "@ (lit. (5) m.p 101-202 "C). The n,ni.:. specira 
(18) confirmed the structure and purity of the ahiduct 
(Table 3). 

Prepamtion out" 3-Phei~y1-3,4,5-t~i~1~et.~i~y~lo (5,3.1.02.6) utz- 
&c-4,8 (9) -dierim (11) 

A solution of 0.5 g of phcayl aside and 0.5 g of bicyclo- 
(3.2.I)octa-2,h-dieae (19) in 25 ~TII  of peiro;eum ether 
(b.p, 60-110') was aiiowcd to stand for scveral days. The 
excess phenyi azide was remove6 under vacuum and the 
crystalline sample was maiyred by n.m.r. Recrystailiza- 
tion from CWCl, -petroleum ether (b.p. 30-60") gave a 
white solid in 85% yield, nr.p, 67.5-69 "C.  'The n.nr.?-. 
analysis of the recrystailired product (Fig. I)  revealed r:o 
detectable change in 1la:IHb ha.d occurred duriig the 
recrystallization. 

Anal. Calcd. for CI4H,,N,: (PA)+ 225. Found (mass 
spectrometry): @A)+ 225; (M-28)+ 197. 

The p-nitrophenyl derivative of 11 had m.p. 160-90"; 
n.m.r. jpyridine) 6 1-2 (m, 4H), 2-3 (m, 8H3, 4.0-5.2 
(w, 2H Table i l  a rd  5~35-6 ' i.i? ?H1. 
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Preparation of 3-Phenyl-8(9)-methylene-3,4,5-tviazotri- 
cycle (5.2.1.02,6)dec-4-enes (13) 

The phenyl azide adduct of 5-methylene-2-norbornene 
(K and K Laboratories, Inc.) was prepared in the usual 
manner by reaction at room temperature for several days. 
The crude product showed the same 13a:13b as that (70 %) 
recrystallized from CHC13 - petroleum ether (b.p. 30-60") 
m.p. 60.5-62". 

Anal. Calcd. for C14H15N3 : (M)+ 225. Found (mass 
spectrometry): (M)+ 225; (M-28)+ 197. 

Thep-nitrophenyl derivative of 13 had m.p. 159-160 "C 
(decomposition) n.m.r. (pyridine) 6 1.14 (AB, J = l lHz,  
2Hlo), 1.83-2.35 (b, 2H8(9))r 2.42-2.92 (m, 2.HBH), 3.12 
(m, lHZ), ,3.82 (d, J = 9Hz, lH6), 4.80, and 5.08 

(H~c=c<). The AB quartets due to Hz and H6 of 
isomers a and b were also uncompletely resolved in 
benzene, chloroform. 

Preparation of 14 
The phenyl azide adduct of endo-dicyclopentadiene 

(Aldrich Chemical Co.) was prepared by reaction at room 
temperature for several days. Recrystallization of the 
crude product gave 75 % 14, m.p. 117-118" (lit. (13) 127- 
128 "C (MeOH); for n.m.r. see Table 1. 

Anal. Calcd. for C13H17N3: (M)+ 251. Found (mass 
spectrometry): (M)+ 251 ; (M-28)+ 223. 

Thep-nitrophenyl derivative of 14 had m.p. 183-184 "C 
(decomposition); n.m.r. (CHC13) 6 1.28 (AB, J = 11Hz, 
2HI3), 2.2-2.8 (my 4H), 2.8-3.5 (m, 2HB,), 3.72 (d, 
J =  9.2 HZ, 1H2), 4.62 (d, J =  9.2 HZ, H,,), 4.67 
(d, J = 9.2 Hz, H,,), and 5.72 (s, 2H). 

We wish to thank the N.R.C.C. and the S.F.U. 
Research Fund for financial support of this work. R.S.M. 
wishes to thank the N.R.C.C. for a 1967-1968 Bursary. 
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Some reactions of hydrazine with ruthenium compounds 

F. BOTTOMLEY' 
Lash Miller Chemical Laboratories, University of Toronto, Toronto 181, Ontario 

Received July 21, 1969 

Some reactions of hydrazine with pentachloroaquoruthenite(I1I) and ammine complexes of ruthe- 
nium(I1) and ruthenium(II1) have been investigated in acid, neutral, and alkaline solution. In neutral 
solution it has been shown that hydrazine monohydrocl~loride oxidized hexaammineruthenium(I1) to 
hexaammineruthenium(I1I). In alkaline solution nitrogenpentaammineruthenium(1I) was formed, and 
a mechanism for this reaction is postulated. 

Canadian Journal of Chemistry, 48, 351 (1970) 

Introduction Results 

Goremykin and Avtokratora reported that 
addition of potassium pentachloroaquoruthenite, 
K, [Ru~~'CI,H,O], to a saturated solution of 
hydrazine hydrochloride, N2H5C1, at room 
temperature yielded a compound formulated as 
[Ru,(N,H5),N2H,C16]C1,.HC1 (1). By heating 
an aqueous solution of this complex, or by heat- 
ing a saturated aqueous solution of N2H5C1 
with K,[RuCI,H,O], a second compound for- 
mulated as [Ru,CI,(N,H~)~]C~, was obtained. 
Powell and Prout prepared [RU,CI~(N,H~)~]CI, 
from N2H5Cl and K , [ R u ~ ~ ' C ~ , H ~ O ]  and by 
X-ray crystallography and chemical analysis 
showed that it was in fact chloropentaammine- 
ruthenium(II1) dichloride, [Ru" ' (NH~)~C~]C~ ,  
(2). These workers did not investigate the com- 
plex [Ru,(N,H5),N,H,C16]C1,.HC1. 

Allen and co-workers reported that the reac- 
tion of hydrazine hydrate, N,H,.H20, with 
either ruthenium trichloride? RuCl,, ammoni- 
um hexachlororuthenate(IV), (NH,), [Ru1'C16 1, 
or K, [Ru"'Cl,H,O] yielded a mixture of nitro- 
genpentaammineruthenium(II), [RuH(NH3),- 
N2I2', and hexaammineruthenium(II), [Run- 
(NH3),I2+, isolated with a variety of mono- 
anions (3, 4). Fergusson and Love (5) reported 
that at - 23 "C this reaction gave a mixture con- 
taining hydrazine and dinitrogen complexes of 
ruthenium(I1). 

Because of the variety of products obtained 
the reactions of hydrazine with ruthenium com- 
plexes have been investigated in more detail. 

lPresent address: Department of Chemistry, University 
of New Brunswick, Fredericton, New Brunswick., 

ZRuthenium trichloride as used in this work is a mix- 
ture of aquochlororuthenium-(111) and -(IV). A11 refer- 
ences to RuC13 are to this material. 

Reaction in Acid Solution 
The reported preparation of the compound 

[Ru,(N,H5),N,H,C16]C1,.HC1 (1) could not be 
repeated. At room temperature there was no 
apparent reaction between K, [RuH'Cl5H,O] 
and N2H5C1, though on heating [Ru1"(NH3),- 
C1]C12 was obtained, as described by Powell and 
Prout (2). A red compound having similar 
analytical, magnetic, and explosive properties to 
those described by the Russian workers was 
obtained using hydrazine dihydrochloride, 
N,H6C1,, instead of N2H5C1. The infrared 
spectrum showed the compound contained 
hydrazine. Ion exchange showed that the com- 
pound was composed of a red anion and a color- 
less hydrazine-containing cation. In aqueous 
solution N,H6C1, is completely dissociated 

The resultant high chloride ion concentration of 
a saturated solution of N,H6C1, would appear 
to preclude loss of chloride ligand from 
[RU"'CI~H,Q]~-. Hence the compound has 
been reformulated as N2H5 [RuH1C15N,H5]- 
+N,H5CI. The decomposition of the complex in 
all solvents except 6 M hydrochloric acid 
prevented further investigation. 

Reactions in Neutral Solution 
When an aqueous solution of [RU"(NH,),]~' 

or [Ru"(NH3),N,I2+ was heatedwith N,H,CI,in 
air or under argon, hexaammineruthenium(III), 
[RU"'(NH,),]~+, isolated as iodide and tetra- 
fluoroborate salts, was obtained. Slow decompo- 
sition to the blue solutions characteristic of 
aquochloro complexes of ruthenium(I1) (6) took 
place when either starting material was heated in 
aqueous solution not containing N,H5C1, a 
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result in qualitative agreement with those of K, [Ru"'C1,~,0], or (NH,), [RuIVC16] there 
Taube and co-workers (7). In aqueous solution was an exothermic reaction, vigorous gas evolu- 
containing excess chloride ion, slow decompo- tion, and rapid formation of a red color. On 
sition tookplace in the case of [IPu"(NW,),N~~~+ cooling in air the red color slowly faded. When 
and much more rapid decomposition in the case potassium iodide was added at ally time after 
of [R~"(NH,) , ]~+.  In hydrochloric acid solution formation of the red color, a pale yellow mixture 
the decomposition was considerabiy accelerated. of [Ru'~(NH,),N,]I, and [RLII~(NH,),II, was 
Heating a solution of N2H5C1 and [ ~ u " -  obtained (identified by spectroscopy (4)). At 0 "C 
(NH,),]~' or [ R u " ( N H , ) ~ N , ] ~ ~  containing in ethanol, under argon, RuCl, and N,H,.H,O 
excess chloride ion gave [RU~"(NH,),]~' ini- yielded a red insoluble solid, recrystallized by 
tiaily, but moderately rapid substitution of dissolving in water and adding potassium iodide. 
ammonia by chloride took place to form The infrared spectrum indicated that the product 
[R~"'(NH,),C~]C~,,  which was isolated and contained hydrazine, molecular nitrogen, and 
identified. The reaction ammonia. This material could not be purified 

fhrther. 
[Ru"'(NI-I~),]~+ + C1- + [RU"'(NH,),CI]~' When an aqueous solution of [RU"(NH,),]~+ 

has been investigated previously (8). was heated with N,H,.H,O under argon the 

~~~~i~~ an aqueous solution of [R~" ' (NH,)~-  solution became red with evolution of hydrogen 

~ 1 1 ~ 1 ,  with I \I ,H,C~ also yielded [ R ~ " "  and nitrogen. The electronic spectra of the 

(NH3),13+- reaction solution over a period of time are 
Aller, and co-workers reported that addition shown in Fig. 1. On coolill% under argon the red 

of concentrated hydrochloric acid to a mixture of 
NzH,.H20 and WuCI, yielded on refluxing 
[R~" '"(NH,) ,G~]C~,  (4). In thc present work 
when hydrochloric acid was added to a mixture 

0.9 
of RuCI, and N,H,.H,O, there was no apparent 0'8 
reaction until the solution becalm neu-tral, when, 0-7 
with vigorous gas evolution, the solution 
rapidly turned from red to pale yellow. The -2 0.6 
electronic spcctrurn of this solution showed $ 0 ~ 5  
absorpt ion bands a.ttributable t o  [RU."'- 
(NH,)6j3 ' and [RU'~~(NH,) ,C~~ '  + (8-l0). Fur- % . - O" 
thcr addition of hydrocl-rloric acid to the hot b 0.3 
solution resulted in comp!ete collversion to 0 

jRuTE'(NH,),CI]CI,, which was isolated and 
identified, The reectfon proceeded in the same 0 o ?  

rilai.Ina in argon or in air. 
Because of the above results, ::he reaclon 

between N,EI,Cl and K, jRu"!"CI,H,0] (2) was 3.? J:/ddeiength(mi_l) .--, 
reinvesligated. The electronic sDect.run? of the " 
reaction solution showed the presence of both 
[RU"'(INKI,\/~ j3 + and [MU'~"QNP l3 ) 5 CiI2 ' -~ Be- 
cause of d ~ e  substitution reaction only the !atier 
could be isolated pure. The mejor prodtict of the 
reaction, as reported by Powell and Proitt (2), 
w . 2 ~  [RuL"(NH3),C1]CI,. A fur'il~er product "Ii- 
chPovotri~amminerutheni.~~rn(IIE], [RuT"'qNH,),- 
Cl,] japproximateKy 10 % of product), was ziso 
isolated as an insoluble residue on recrystal- 
lization. 

Reactions in Alkalirir Sohtfion 
* - 

* 1.3% N2H4,H2td weis rei c L.;L \ * i t 1  i c ~ & i ~ .  

FIG. 1. Elec!rcilic spectra of the reaction between 
rRui'(NR3 j 6  1"~ and N,H,.H,O. S ~ e c t r a  are plotted at 
intervais of I5  111in. Spectra labelled A,  B, and C were 
taken 6, 12, and 24 !I, res:rjec!ively, after opening cell to 
air. Concentratio11 of [RU~'(NPE,),]~+ : 7.5 x !W4 moies 
per 1. 

color did i ~ o t  fade, but on passing oxygen into 
the solution it rapidly becanle pale yellow and 
addition of potassium iodide yielded a mixture 
of [Wufl"(NH,) ,N, ]I2 and [Ru."(NH,), 11,. Addi- 
tion of potassium iodide to the cooled red solu- 
tion under argon yielded a red solid. The infrared 
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band at 2129 cm-I (vN, of [Ru1'(NH3),W2]T2 
(4)), strong absorption bands attributable to co- 
ordinated ammonia, but no other absorption 
bands. The solid was diamagnetic. This material 
was never obtained free from [Ru"(NH3),N2]I,, 
and it is probable that it contained [RU"- 
(NH3),]12 as well. 

Similar results were obtained using [RuH1- 
(NH3),I3+ or [Ru"~(NH~) ,CI ]C~~  as starting 
material. 

Discussion 

ammonia reacts with ruthenium(II1) to give 
hydroxy complexes or polymers, but with 
rutheniunl(1I) ammine complexes are formed (6, 
13). Therefore substitution by ammonia takes 
place after reduction to ruthenium(I1) when 
aquochloro complexes of ruthenium(II1) are used 
as starting material. The first identifiable product 
appears to be [RU"(NH,),]~+. This is then 
oxidized to [RU"'(NH,),]~ +. The mechanism of 
this reaction is unknown, but is under investiga- 
tion and will be reported later. If excess chloride 
ion is present, substitution occurs, yielding Reaction in Acid Solution 

Although N2H,+ is known as a iigand and as [Ru1'"(NH3), C12 ' . 
a cation (11, 12), the formulation N,H, [Ru1"- Reaction of hydrochloric acid with a hydra- 

zine hydrate - ruthenium trichloride mixture Cl,N,H,]~N,H,Cl is not satisfactory, and a 
crystal structure analysis is planned to confirm yields N,H,Cl from excess N2H,.H20. The 

the nature of the complex. solution contains [Ru"(NH,),N,]~+ and [Run- 
(NH3),I2+ (4). Oxidation by N2H,CI yields 

Reactions in Neutral Solution [RU"'(NEI,),]~~ and further addition of chloride 
The results indicate that in reactions of ion finally yields insoluble [RuH1(NH,),C1]C1,. 

ruthenium(II1) complexes with N,H,Gl, the The oxidizing agent is N,H,@l, not air or hydro- 
hydrazine first reduces the ruthenium to a chloric acid. 
ruthenium(I1) complex. In aqueous solution The reactions are summarized below 

Oxidation by hydrazine (other than autoxi- 
dation), although proposed from consideration 
of electrode potentials (141, has rarely been 
observed. Titanium(Ib1) (15) and chromium(I1) 
(16) colnplexes are oxidized to titanium(1V) and 
chromium(1IT), respectiveiy, by hydranine in 
acid solution and Chatt e f  al. (17) have reported 
the reaction 

(Et2PhP)3We"Ti3 + NJTWsClz + (Et2PhP)2Re"C14 

These appear to be the only other well-docu- 
mented oxidations of transition-metal complexes 
by hydranine. 

Powell and Prout noted that the crystals of 
[Ru'"'(NH,)5C1]CB, which they investigated 
appeared to be disoraered or contail? impurity 
(2). In the light of the rcs~~l t s  presented. here it is 
possible that either [Ru"""(wR,), jC13 or [Run':- 
(NH,),G1,] was preser,t i : ~  their sample. 

Xetlctlons i n  A ! ~ B ! I I V  ,Poc7~i on 
As w ~ t h  the reaciior?; In 11ev.ral solution, ths 

initial product ofthe reaction between N2114.H,B 
and aquochlororuthenium-(IIH) or -(IV) com- 
plexes is probably [RU""(NH,),]~+. From the 
results of the reaction between N,H4.H20 and 
[Ru"(NH,),]"', the following mechanism for 
the reaction is proposed based on the results of 
the reactions in neutral solution. The electronic 
spectra of the various intermediates are included 

[ R U " ~ ( ( P J H ~ ) ~ P \ I ~ E I ~ ~ +  
380 mp 

fast 
i- /Ru"(NK~)~(NH=NH)]~+ + +Hz 

510 my 

Because none of ~ i i e  proposed i n t e r m e d ~ ~ ~ c s  aas 
been ident~fied. l h ~ s  mechanism must be regarded 
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as speculative. In view of the solution reaction 
with oxygen it appears reasonable to formulate 
the red compound which was isolated as a 
diimide complex. It is unfortunate that in the 
infrared spectrum of such a complex the band 
due to the N=N stretching vibration would be 
obscured by the NH, degenerate deformation 
band at around 1600 cm- I.  A similar problem 
has been noted before (18, 19). Therefore, no 
positive evidence is available for the formulation 
given. The possibility that the observed changes 
are due to minor side products (e.g., the forma- 
tion of intensely colored polymeric species such 
as ruthenium red (13)) is discounted because of 
the observed reaction with oxygen. I t  was found 
that molecular N, reacts very slowly, if at all, 
with [Ru"(NH,),l2 +, in agreement with the 
observations of Taube and co-workers (7). 
Hence this is not the source of [Ru1'(NH3),- 
N2I2+. The presence of [RU"(NH,),]~+ in the 
product may be explained either as unreacted 
starting material, or, when aquochlororuthen- 
ium-(111) or -(IV) complexes were used as 
starting material, by the replacement of co- 
ordinated N, by NH, in the highly ammoniacal 
solution, a reaction reported earlier (3, 4). 

Experimental 
Ruthenium trichloride and potassium pentachloro- 

aquoruthenite(II1) were purchased from Johnson, 
Matthey, and Mallory Limited and used as received. All 
other chemicals were reagent grade. 

Nitrogenpentaammineruthenium(ZZ)dichloride 
This was prepared by a modification of Method 3 of 

ref. 4. A slurry of chloropentaammineruthenium(111) 
dichloride (1.0 g) in water (10 ml) was heated to 60 'C. 
Concentrated ammonia was added, dropwise, until the 
yellow complex dissolved to yield a wine-red solution. 
This was cooled in ice and methanesulfonic acid added 
dropwise, with stirring, until the p H  of the solution was 4. 
Sodium azide (5 g) was added and the solution stirred a t  
room temperature with frequent additions of methane- 
sulfonic acid until the orange solution became pale 
yellow. Sodium chloride was added, and the resultant 
precipitate removed by filtration. The crude product was 
recrystallized 3 times by dissolving in water and adding 
sufficient sodium chloride to reprecipitate. The final 
product was washed with acetone and air dried. Yield: 
0.5 g (50%). 

Anal. Calcd. for CI2Hl5N7Ru: C1, 24.86; H: 5.30; N, 
34.38. Found: C1, 25.38; H, 5.39; N, 34.10. 

Chloropentaammineruthenium(ZII)dickloride 
This was prepared by literature methods (4, 21). 
Anal. Calcd. for CI,H,,N,Ru: C1, 36.35; H, 5.19; N, 

23.93. Found: C1, 34.84; H, 5.30; N, 23.90. 

Hexaamrnineruthenium (11) chloroiincate 
This was prepared by the method of Lever (6). 
Anal. Calcd. for C14H18N6RuZn: C1, 34.55; H, 4.42; 

N, 20.47. Found: C1, 34.93; H, 4.47; N, 20.86. 

Hexaamminevuthenium (IZI) tviiodide 
Hexaamminerutheniu~n(1I)chlorozincate (0.5 g) was 

dissolved in deoxygenated water (15 ml) and drops of 
ammonia added until no further precipitation of zinc 
hydroxide was observed. The zinc hydroxide was removed 
by filtration. the filtrate was neutralized with dilute 
hydrochloric acid, and to the solution a deoxygenated 
solution of hydrazine monohydrochloride (5 g) in water 
(10 ml) was added. The solution was boiled gently under 
argon until it became colorless, cooled, and a saturated, 
filtered, deoxygenated solution of potassium iodide added. 
The product was collected by filtration, washed quickly 
with deoxygenated water, alcohol, and ether, and dried 
under argon. Yield: 0.5 g, 70%. 

Anal. Calcd. for H,,I,N6Ru: H, 3.11; I, 65.19; N, 
14.48. Found: H, 3.06; I, 65.01; N, 14.48. 

The electronic and infrared spectra and magnetism of 
the product agreed closely with those reported in the 
literature (10,22-24). The above preparation is very rapid 
and convenient and provides an improved synthesis of 
hexaammineruthenium(II1). For preparative purposes the 
reaction proceeds equally well in air. The same product 
was obtained when chloropentaammineruthenium(111)- 
dichloride (0.5 g) or nitrogenpentaammineruthenium(11)- 
dichloride (0.5 g) was used as starting material. 

Reaction between Potassium Pentachlovoaquoruthenite(IZZ) 
and Hydrazine Monohydrochloride. 

Potassium pentachloroaquoruthenite(IP1) (1.0 g) was 
dissolved in water (20 ml) and hydrazine monohydro- 
chloride (10 g) added. The solution was boiled vigorously, 
precipitating a yellow-orange solid. The mixture was 
cooled and the precipitate collected by filtration. A slurry 
of the precipitate in water (10 ml) was heated to 60" and 
concentrated ammonia added dropwise, yielding a wine- 
red solution and an  orange insoluble solid. The mixture 
was filtered, the filtrate cooled, and concentrated hydro- 
chloric acid added. The yellow precipitate was collected 
by filtration, washed with water, alcohol, and ether, and 
air dried. Yield: 0.65 g, 75 %. The product, [Ru ' I I (NH~)~-  
CI]C12, was spectroscopically identical to that prepared 
by methods described above. 

The orange residue was insoluble in dilute ammonia, 
water, and ethanol. From the infrared spectrum, chemical 
properties, and analysis it appeared to be trichlorotris- 
ammineruthenium(II1). 

Anal. Calcd. for CI3H9N3Ru: C1, 41.14; H, 3.51 ; N, 
16.25. Found: C1, 40.37; H, 3.51; N, 16.20. 

Reaction Between Hydrazine Dihydrochloride and 
Potassium ~en tach loroaquor~ then i t e (~~~)  

Potassium ventachloroaauoruthenite(111~ (0.5 E) was 
carefully added to a satuiated solution o f  hy%azine 
dihydrochloride (25 ml). The solution became red-orange 
and after a few minutes red-orange crystals began to 
separate. The mixture was allowed to stand overnight at 
5 "C, the crystals collected by filtration, washed with 
alcohol and ether, and air dried. 
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Anal. Calcd. for (NzH5) [Ru"'Cl5N2H5].+NZH5Cl : 
C1, 51.48; H, 3.33; N, 18.49; Ru, 26.70. Found (this 
work): C1, 51.49; H, 2.65; N, 18.49. Found (ref. I): Cl, 
51.50; N, 18.63; Ru, 26.27. 

The magnetic properties of the complex were identical 
to those found by the Russian workers if the different 
formulae are taken into account. The infrared spectrum 
showed bands at 1076, 1167, and 1209 cnl-', attributable 
to hydrazine. 

Reaction of Hydrazine Hydmte with 
Hexaammi~zeruthenium(II) 

All operations were carried out in an argon atmosphere 
and all solvents were deoxygenated with argon before use. 
Hexaammineruthenium(11)chlorozincate (0.5 g) was dis- 
solved in water (15 ml), ammonia added dropwise, and 
the resultant precipitate of zinc hydroxide removed by 
filtration. To the solution was added hydrazine hydrate 
(5 m1) (85% aqueous solution) and the solution heated 
gently until it became deep red. It was cooled and a 
saturated, filtered solution of potassium iodide added. 
The precipitate was washed well with water, alcohol, and 
ether and dried. The ratio of N:I for the complex was 
approximately 3.3 : 1 by microanalyses, but was not 
reproducible from one preparation to another. 

Electronic spectra were measured with a Bausch and 
Lomb Spectronic 505 instrument, infrared spectra with a 
Perkin-Elmer Model 521 spectrophotometer, using Nujol 
or hexachlorobutadiene mulls between potassium chloride 
plates. Magnetic moments were nleasured by the Gouy 
method. Gaseous reaction products were analyzed on a 
Fisher gas partitioner chromatograph. p-Dimethylamino- 
benzaldehyde was used to test for hydrazine (25). Micro- 
analyses were by A. B. Gygli, Toronto. 

The author wishes to thank the National Research 
Council of Canada for financial assistance during this 
work, Professor A. D. Allen for extremely helpful discus- 
sions, and a referee for valuable comments. 
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Use  o f  zero-intensity extrapolations in photochemistry 

F. R. CALA, S-L. CHONG, H. P. SPERLING, AND S. TOBY 
School of Chemistry, Rutgers Uiziversity, New Brurzswick, New Jersey 08903 

Received June 30, 1969 

In  many photochemical systems it is possible to determine the quantum yield of one of several primary 
processes by measuring the overall quantum yield of a suitable product and extrapolating to zero incident 
light intensity. This technique is examined for some generalized mechanisms and for some particular 
examples. 
Canadian Journal of Chemistry, 48, 357 (1970) 

Introduction 
A simple method for the investigation of pri- 

mary processes in photochemistry is the extrap- 
olation to zero incident intensity of the quantum 
yield of a suitable product which is formed in a 
primary process. This "zero-intensity method" 
has been used in a study by Toby and Nimoy of 
the intramolecular formation of ethane in the 
photolysis of azomethane (1). The method is 
applicable to some other systems and the purpose 
of this paper is to discuss the use of the method 
for some generalized photochemical reaction 
mechanisms and to show, using specific examples, 
how information on both primary and secondary 
processes may be obtained. 

Generalized Mechanisms 
If a product is formed uniquely in one of several 

primary processes, then the quantum yield of 
that primary process may be directly measured. 
More often, the same product is formed by more 
than one path. As a first example, the main steps 
in the photolysis of some symmetrical ketones or 
azo compounds may be represented by 
Mechanism I 

where Mi  are molecules and R, are free radicals. 
The occurrence of the molecular split (4,) in 
addition to the radical split (4,) may be estab- 
lished as follows. Setting up steady-state equa- 

tions for the radicals and assuming (2) k,j(k,1/2 
k,'l2) = 2, it follows that 

QM, = 9, + 49,2klIal(k2[Al 
112 112 112 2 + 2k1 $1 z a  1 

Whence 
1im1~+0 = 4, 

where I, and I, represent absorbed and incident 
light intensity, respectively. Thus the presence of 
a positive intercept in a plot of a,, against I, 
at constant [A] establishes the occurrence of the 
molecular split. The use of the limiting slope in 
addition to the intercept enables us to obtain 
ratios of primary quantum yields without mea- 
suring absolute values of the incident intensity, 
as shown in the Appendix. Individual values of 
the primary quantum yields may then be obtained 
assuming 4, + 9, = 1. 

The second example is that of a molecule which 
undergoes a symmetrical radical split and an 
unsy&metrical molecular split, such as certain 
peroxides and hydrocarbons. 

A simplified scheme follows 
Mechanism 11 

We have omitted subsequent reactions of R, and 
R, or other steps involving M,. These steps do 
not appreciably affect the rate of formation of 
MI  at low intensities. Utilizing this low-intensity 
mechanism, we obtain 
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The application of L'Hospita17s theorem yields 

= 2 - $,, provided +, $. +, = 1 

Finally a case where the zero-intensity method 
does not work will be given. A typical photo- 
initiated chain reaction (3) may be represented by 

We take (2) k3/k4112k,112 = 2 and obtain 

a,, = 4, + k, [A] (1 - $,)112/2k41'2~,112 

Clearly, at low intensities the right-hand term will 
predominate, corresponding to long chains of 
reactions [I]  and [2]. It  should then be possible 
to plot @,, against lo and use the "infinite-in- 
tensity" extrapolation 

Applications of Zero-intensity Method 

Zero-intensity extrapolations yield informa- 
tion on both primary and secondary processes. 
In the following 4 examples, data were obtained 
from photolyses carried out in conventional 
systems which have been described previously 
(4, 5). All analyses were carried out by gas chro- 
matography using a silica gel column. For con- 
venience, quantum yields were plotted against the 
absorbed, rather than the incident, intensity a t  
constant pressure. This does not affect the value 
of the intercept. 

Azomethane 
The low-intensity photolysis of azomethane 

may be represented by steps +,, +,, and 2 of 
Mechanism I together with the addition reaction 

C H 3  + C H 3 N 2 C H 3  (CH3) ,N2CH3 

Thus 
lim,,+o a,,, = 2$,k2l(k2 +- k,) 

FIG. 1 .  Zero-intensity extrapolations from the photol- 
ysis of azomethane at 135 "C, 71 Torr, and the wave- 
lengths indicated. 

Assuming a,, equals unity (6 ) ,  plots of the 
quantum yields of methane and ethane have 
shown clearly (5) that the limiting values of @,,, 
and @,,,, are 0.5 and 0.01, respectively, at 
180 "C. New data varying the wavelength at  
135 "C is shown in Fig. 1. L i ~ n  @,,, is seen to be 
independent of wavelength in the range studied. 
This is expected since $, -- 1 and the rate con- 
stants for thermolyzed radical reactions should 
not be wavelength-dependent. On the other hand, 
the wavelength dependence of +,,,, is explicable 
since a primary process is involved. 

Hexajuoroazomethane 
There is no evidence in published work (7-10) 

on the photolysis of gaseous hexafluoroazo- 
methane for the existence of any primary process 
other than the radical split and the present study 
confirms this. As seen in Fig. 2, a plot of a,,,, 
against intensity shows no intercept (at the low 
pressures used, a,, equals unity (10)). There is no 
abstraction reaction to give CF, as a product, and 
CF, radicals which do not dimerize undergo 
addition reactions in the photolysis at room 
temperature (9). At higher temperatures, CO, 
is formed, presumably in a heterogeneous reac- 
tion between CF, and the silica photolysis cell 
(8). We found traces of CO, at 100 "C and a large 
increase in a,,, at low intensities at 201 "C, 
shown in Fig. 2. 
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R,,X 1 0 ' '  R,,XIO~ 

(mole l- 's- ') (mole I" s") 

FIG. 2. Zero-intensity extrapolations from the photol- 
ysis of hexafluoroazomethane at 1.0 Torr and 3660 A. 
Temperatures: 0, 31 "C;  A, 100 "C;  0, H, 201 "C. 

Acetone 
The literature on the photolysis of gaseous 

acetone is very extensive (see citations in ref. 4). 
It is clear that ethane is formed entirely by methyl 
dimerization, but recent work (4) confirmed 
earlier observations that not all the observed 
methane could be accounted for by a gas-phase 
abstraction reaction. Shaw and Toby (4) sug- 
gested that some methane was formed either in a 
primary process or by a heterogeneous abstrac- 
tion reaction. Any primary methane would result 
in lim a,,, < 2 and our data in Fig. 3 show that 
this is not the case at 216 "C and presumably not 
at other temperatures. Figure 3 also includes 
previously published data to emphasize that 
zero-intensity extrapolations are of little use at 
the higher intensities normally employed. 

Hexa~uoroacetone (1 3) 
Quantum yields from the photolysis of hexa- 

fluoroacetone at 3 130 A are given in Fig. 4, taking 
@,, as unity under the conditions employed (14, 
15). Although no conclusion may be drawn 
regarding lim a,,,, it is interesting to note the 
increase in a,,, as a,,,, decreases1. In fact, lim 

'Gordon (16) found no CO, at 350 "C, but used high 
ntensities. 

FIG. 3. Zero-intensity extrapolations from the photol- 
ysis of acetone at 3130 A and temperatures and pressures 
shown. Symbols : A, Mandelcorn and Steacie, ref. 11 ; , 
Darwent et al., ref. 12; 0, Shaw and Toby, ref. 4; 0, this 
work. Literature points have been corrected, where 
necessary, to conditions shown. 

FIG. 4. Zero-intensity extrapolations from the photol- 
ysis of hexafluoroacetone at 3130 A, 200 OC, and 7.5 
Torr. 

a,,, > 1 and +a,,, + a,,,, = 1. This implies 
that at the lowest intensities each CF, radical 
gives rise to a CO, molecule, possibly by CF, + 
SiO, + CO, + SiF,. 

We are grateful to the U.S. National Science Founda- 
tion and the Rutgers University Research Council for the 
support of this work. 
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Appendix 

It  is possible to obtain ratios of primary quan- 
tum yields by the zero-intensity method without 

measuring absolute intensities for a system of 
known mechanism. 

Suppose the absolute intensity is given by 
I, = bi, where the proportionality constant b is 
governed by geometrical factors and i is the mea- 
sured current from a photocell. Then for Mech- 
anism I, a plot of relative quantum yield (= 
d[M,]/dti) against relative absorbed intensity 
will have a measured intercept of b+, and a 
measured limiting slope of 4b2+,2k,/k,2 [AI2. 
Then 

limiting slope - - 4k,4,2 
- 

(intercept)' 4m2k22 [AI2 

This expression enables us to obtain the value of 
+,/+, in terms of measurable quantities. 

In the case of Mechanism I1 a similar treatment 
yields 

limiting slope -8k1 (m, ) - 2 
- - + 2  

(intercept)' kZ2 [AI2 4, 
If for these mechanisms we make the assump- 

tion that +, -t +, = 1, then the systems serve 
as actinometers and we may obtain individual 
values of 4, and +, by the above procedure. 
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Favorsky rearrangements of a-halogenated acetyl eycloalbanes. Part 1 1 1 3 2 9 3 > 4  

CH. R. ENGEL, S. K. ROY, J. CAPITAINE, J. BILODEAU, C. MC~HERSON-FOUCAR, AND B. LA CHANCE^ 
Department of Chemistry, Lava1 Uniuersity, Quebec, Quebec, and Departnzents of Medical Research and Chemistry, 

Uniuersity of Western Ontario, London, Ontario 
Received June 12, 1969 

On the basis of a study of the rearrangement with alkali of various E-halogenated 20-keto steroids in a 
variety of media, and in accord with data from the literature, a unifying explanation of the complex 
results obtained in Favorsky rearrangements of a-halogenated acetyl cycloalkanes is put forward. 

Canadian Journal of Chemistry, 48, 361 (1970) 

Introduction 
Since the discovery of the rearrangement with 

alkali of a-halogenated and a,rx1-dihalogenated 
ketones by Al. Favorsky and his collaborators 
(3), an impressive number of mechanisms has 
been advanced for the ex~lanation of the com~lex  
results obtained when various a-halogenated 
ketones are treated with various bases under 
various conditions (4, 5). The mechanism pro- 
posed by Loftfield (5) in 1951 and which was 
based on experiments with 1,2-C14-2-chlorocy- 
clohexanone, received wide acceptance (6) since 
it seemed to eliminate, at least for the case under 
investigation, all other mechanisms previously 
considered. According to Loftfield's theory 
(Scheme la), a proton is abstracted in the first, 
generally rate-determining step, from the a'- 
position, the resulting mesomeric anion closes, 
with a concerted expulsion of the halogen sub- 
stituent, to an unstable cyclopropanone deriva- 
tive, which is immediately opened by the base 
to the actual rearrannement ~ r o d u c t s . ~  Burr and 
Dewar (8) put forwayd a basically related mech- 
anism which differs from that of Loftfield insofar 
as it suggests that the mesomeric anion is trans- 

'For part I of this series cf. ref. 1. 
'The present paper represents also part XXIX of the 

series on Steroids and Related Products. For part XXVIII 
cf. ref. 55. 

3For preliminary accounts of the work described in this 
paper, cf. ref. 1 and 2; certain results were reported 
previously at the 43rd Annual Conference of the Chemical 
Institute of Canada, Ottawa, June 1960; cf. also footnote 
4. 

4Abbreviated from the B.Sc. theses of 6. Foucar (Mrs. 
McPherson-Foucar), the University of Western Ontario, 
London, Ontario (1954), and of J. Bilodeau, Laval 
University, Quebec, Canada (1960), and from a portion 
of the D.Sc. thesis of P. Lachance, Laval University 
(1967). 

5Holder of NRCC Scholarships 1961-1965. 
@khoubar and Sackur (7) had already tentatively sug- 

gested such a mechanism for certain Favorsky rearrange- 
ments. 

formed to a cyclopropanone derivative via a 
delocalized intermediate (Scheme I b). 

I t  will be apparent in the sequel that neither of 
these mechanisms, each taken by itself, nor any 
other single mechanism proposed up to date, can 
account for the experimental results obtained 
with a-halogenated acetyl cycloalkanes, such as 
a-halogenated 20-keto steroids. 

Favorsky rearrangements of a-halogenated 
acetyl cycloalkanes have gained a certain promi- 
nence in the steroid field since they were used, 
with halogenated or tosylated 20-keto steroids as 
substrates, for the introduction of a 17-methyl 
substituent into steroids with a side chain in 
position 17, and thus for the synthesis of 17- 
methyl derivatives of C,,-steroid hormones, 
their analogues, and 17-epimers 19-15)> some of 
which present considerable biological interest. 

The rearrangement of 21-halogenated or 
tosylated 20-keto steroids, (compare 1) (9b, 12a) 
with alkali methoxide in absolute methanol leads 
to a mixture of 17-epimeric 37-methyl etio esters 
(cf. 2 and 3). This seemed to be in good agreement 
both with Loftfield's and Dewar9s mechanisms 
since it appeared quite reasonable to assume that 
in either case the mesomeric anion, planar in 
positions 17 and 20, would afford both 17-epimers 
(compare Scheme 2). It even seemed plausible 
that the 17a-methyl etio ester should predominate 
because of the presence of the 18-methyl group 
which could be co~~sidered to hinder the concerted 
as well as the non-concerted ring closure to the 
cyclopropanone derivative with a P-configuration 
of the 20-methylene group. 

However, according to the earlier literature, 
the products of the Favorsky rearrangements of 
17a-halogenated 20-keto steroids, which had 
been carried out with alkali bicarbonate in 
aqueous methanol, consisted either entirely or 
at least predominantly of 17a-methyl etio acid 
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derivatives (compare 2) (9b, 1 la, 14, 16, 17).'~ 
Neither Loftfield's nor Dewar's mechanism 
seemed to satisfy these results. Indeed, in the case 
of a reaction according to the mechanism sug- 
gested by Loftfield, the concerted formation of a 

7Marker and Wagner (16), who were the first to investi- 
gate the Favorsky rearrangement in the steroid field, did 
not assign a configuration to the rearrangement products 
they obtained from the 17a-bromo-3a-acetoxy- and 
30-acetoxy-5P-pregnan-20-ones; in each case they iso- 
lated a single epimer, but, according to present evidence, 
a 17a-methyl configuration has to be assigned to these 
rearrangement products (18a, b). 

81n our previous article dealing with the synthesis of 
11-keto 17a-methyl etio acids and their derivatives (14b), 
we reported the isolation of an isomer of the acetoxy ester 
2 (R1 = a-AcO, R, = R4 = R6 = H, R3 = P-H, 
R 5  = 0 ,  R7 = CH3) and referred to a subsequent paper 
for the discussion of its structure. In the Experimental of 
the present communication we record its further charac- 
terization by the conversion of this epimer (3, Rl  = a- 
AcO, R2 = R.+ = R6 = H, R3 = P-H, R5 = 0 ,  R7 = 
CH3) to the hydroxy ester (3, R1 = a-OH, R, = R4 = 
R6 = H, R3 = P-H, Rs = 0 ,  R7 = CH3) and to the 
hydroxy acid (3, Rl = a-OH, R, = R, = R6 = R7 = H, 
R3 = p-H, R5 = 0 )  which was readily remethylated to 
the methyl ester which, in turn, gave upon acetylation the 
original acetoxy methyl ester. These experiments were 
first described in the B.Sc. thesis of C. Foucar (Mrs. C. 
McPherson-Foucar) University of Western Ontario, May 
1954. Subsequently, we had the occasion to compare our 
acetoxy ester with the product prepared by Wendler et al. 
(18a, b) and could establish the identity of both samples 
by the determination of a mixture melting point and the 
comparison of the infrared spectra. We wish to thank 
Dr. N. L. Wendler sincerely for kindly providing us with 
the comparison sample. 

cyclopropanone from a 17a-bromide should 
occur with inversion in position 17 and thus lead, 
stereospecifically, to a 17P-methyl 17-iso etio 
ester (Scheme 3) and not, as it does in fact, pre- 
dominantly to the 17a-methyl epimer. In the case 
of Dewar's mechanism, the rearrangement should 
proceed through the same delocalized interme- 
diate as in the case of the rearrangement of a 
21-halogenated 20-keto steroid (cf. Scheme 2) 
and should thus afford the epimeric rearrange- 
ment products in the same proportion as in that 
instance. This again does not correspond to the 
experimental facts. 

gThe stereochemistry in position 17 of 17-brominated 
20-keto steroids, previously inferred on the grounds of 
Fieser and Fieser's rule of rear attack (19), was rigorously 
established by Wendler et al. (18a, b) who also confirmed 
by chemical means the configuration of the epimeric 17- 
methyl etio acids and esters, previously assigned on the 
grounds of rotational differences, chronlatographic 
mobility, and the biological activity of derived hormone 
analogues (10, I la ,  12,13,14b, 15).1° 

1°The limited value of the comparison of chromato- 
graphic mobilities for the establishment of the configura- 
tion in position 17 is demonstrated by the fact that in 
contradistinction to the situation in the series of As-38- 
hydroxy etienic esters and A4-3-keto etienic esters (10, 12, 
13), methyl 3a-acetoxy-11-oxo-17~ethy1-17-isoetianate 
(3, R1 = a-AcO, R, = R, = R6 = H, R, = 8-H, 
Rs = 0 ,  R7 = CH3) is eluted prior to methyl 3a-acetoxy- 
11-0x0-17a-methyletianate (2, R, = a-AcO, R2 = R4 = 
R6 = H, RB = p-H, Rs = 0 ,  R7 = CH3) from an 
aluminum oxide column (14b, 18b). 

R6 60 R, COOR, R 6  CH3 eH + 3 + OOR, C 

R1 
R2 R4 R2 R4 R2 R4 R2 3 ~ 4  
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{fl + 1 - j J J ~ - ~  {fi etc. 

Wendler and his colleagues (18a, b) repeated 
the rearrangement of 17a-bromo-3a-acetoxy- 
5P-pregnane-11,20-dione (4, R, = a-AcO, R, = 
R, = R, = H, R3 = P-H, R 5  = 0, X = Br) 
which we had carried out with bicarbonate in 
aqueous methanol (14), but used sodium meth- 
oxide as base and methanol as solvent and ob- 
tained, qualitatively, results analogous to ours; 
they suggested, in order to reconcile these results 
with Loftfield's theory, that prior to the actual 
Favorsky rearrangement a transfer of halogen 
from position 17 to position 21 occurred and that 
the reaction should therefore afford the same 
products as the analogous reaction of a 21-halo- 
genated 20-ketone. 

Such a halide transfer had been previously 
suggested by Richard (20) in the case of Favorsky 
rearrangements of 1-chloro-1-phenylpropanone 
and of 2-chloro-1-phenylbutan-3-one but seems 
improbable in the present instance. It  would 
imply the isomerization of an ion with the partial 
character of a primary carbanion to an ion with 
the partial character of a tertiary carbanion, 
without obvious energetic causes.'' While the 
suggestion of Wendler et al. would agree qualita- 

llExperiments by House and Gilmore (21) also seem to 
militate against such an assumption. 

tively with their experimental results (they isolated 
the 17a- and 17P-methyl etio esters, according to 
their published papers (1 8a, b) in a proportion of 
3 :2, according to a subsequent private communi- 
cation (1 8c) in a proportion of 1 : l), it remains in 
opposition with the results obtained by us in the 
case of the rearrangement of the same 17a-bromo 
11,20-diketone with potassium bicarbonate in 
aqueous methanol in which the 17a- and 17P- 
methyl etio acid derivatives were obtained in a 
proportion of 5:l (14b), and especially with the 
results of the rearrangements of 17a-bromo 20- 
ketones devoid of an 1 1-oxygen substituent, 
carried out with bicarbonate in aqueous methanol 
(9b, 11, 16, 17), in which the 17a-methyl etio acid 
derivatives were practically the sole rearrange- 
ment products. 

Hence, neither Dewar's nor Loftfield's mech- 
anism, the latter not even with the additional 
refinement proposed by Wendler, could explain 
satisfactorily the stereochemical results of 
Favorsky rearrangements of a-halogenated 20- 
keto steroids; neither could any of the other 
mechanisms suggested for Favorsky rearrange- 
ments explain these results. Thus, the "semiben- 
zilic acid mechanism" proposed by Tchoubar 
and Sackur (7) would correspond, from a 
stereochemical point of view, in its original 

H2C-,C=O CH3 
.,COOR 

"Lo""'"" (a + {~ 
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non-concerted version (7) to Dewar's mechanism, 
whereas in its concerted form (cf. 22) the stereo- 
chemical situation would resemble that of 
Loftfield's mechanism. Of course, the "semiben- 
zilic acid mechanism" had to be excluded apriori 
in the case of the rearrangement of 21-halogenated 
20-keto steroids, since in that instance not 17- 
methylated etio acid derivatives but 20-preg- 
nanoic acid derivatives should be formed. 
Recently, Deghenghi et al. (23) have eliminated 
elegantly this type of mechanism also for 17- 
halogenated 20-keto steroids, on the basis of an 
investigation with deuterated derivatives. 

Dependency of the Stereoehemistry on the 
Medium 

This situation warranted a re-evaluation of the 
problem. An examination of the results on hand 
suggested to us that the stereochemical differences 
observed were not due, as previously intimated,' 
to differences in the location of the halogen sub- 
stituent (position 21 vs. position 17), but rather 
to the nature of the medium. Indeed, the re- 
arrangements of the 1 1-non-ketonic 17a-bromo 
20-keto steroids which seemed to be highly 
stereoselective (9b, 11, 16, 17) and the (somewhat 
less) stereoselective rearrangement of the 17a- 
bromo 11,20-diketone (14) had all been carried 
out with alkali bicarbonate in aqueous methanol 
whereas the non-stereoselective rearrangements 
of 21-halogenated 20-keto steroids (9a, b, 12a), as 
well as the non-stereoselective rearrangement of 
the 17a-bromo 11,20-diketone reported by 
Wendler et al. (18), had been carried out with 
alkali methoxide in absolute methanol. 

In order to substantiate the assumption of a 
determining influence of the medium on the 
stereochemistry of the reaction, we at first con- 
firmed that the rearrangement of 17a-bromo- 
pregnenolone acetate (4, R, = P-AcO, R, = 

R, = H, R, = R, = double bond, R ,  = Hz, 
X = Br) with potassium bicarbonate in aqueous 
methanol led almost exclusively to the "anti- 
Loftfield"13 17a-methyl etio ester, isolated after 
acetylation as the acetoxy ester 2 (R, = P-AcO, 

lZSuch an assumption is, for instance, implied in the 
articles of Wendler et 01. (180, b).  

13The terms "Loftfield ester" and "anti-Loftfield ester" 
merely indicate that their stereochernistry would corre- 
spond, respectively not correspond, to a reaction follow- 
ing Loftfield's mechanism. We engage in no way the 
responsibility of Dr. Loftfield for our assignments and 
suggestions. 

R, = R, = H, R, = R, = double bond, R ,  = 
Hz, R, = CH,) in 92.5 % yield (the "L~ftfield"'~ 
17P-methyl ester 3 [R, = 3P-AcO, R, = R, = 
H, R, = R, = double bond, R,  = Hz, R, = 
CH,] being isolated only in 4 %  ~ i e l d ) . ' ~ , ' ~  

Furthermore, we subjected 17a-bromopreg- 
nenolone acetate (4, R, = P-AcO, R, = R, = H, 
R, = R, = double bond, R ,  = H,, X = Br) and 
crude and amorphous16 17a-bromo-3a,12a- 
diacetoxy-5P-pregnan-20-one (4, R, = a-AcO, 
R, = R, = H, R, = P-H, R, = Hz, R6 = AcO, 
X = Br), which had given with potassium bicar- 
bonate in aqueous methanol only 17a-methyl 
etio acid derivatives (1 I), to the action of potas- 
sium methoxide in absolute methanol, under the 
conditions used for rearrangements of 21-halo- 
genated 20-keto steroids (cf. 9b), and obtained 
the 17a-methyl and 17P-methyl rearrangement 
products in proportions of 1.8:l and 3.4:1, 
respectively. The 3-hydroxy 5-etienic acid methyl 
esters were isolated as 3-acetates (2 and 3, R, = 
P-AcO, R, = R, = H, R, = R, = double bond, 
R, = Hz, R, = CH,); the 17a-methylated re- 
arrangement product of the 3,12-diacetoxy 
17-bromo 20-ketone as the 3,12-diacetoxy 
etianate (2, R, = a-AcO, R, = R, = H, R, = 
P-H, R, = Hz, R, = AcO, R, = CH,), the 17- 
epimeric product as the 20 + 12-lactone 5a 
which shows in the infrared (i.r.) (KBr) the 
characteristic band of a y-lactone at 1775 cm-l. 

,w RO' 

14The previously published data (9b) was based on an 
experiment carried out with very small amounts of 
material and were therefore open to question. On the 
other hand, the experiments of Marker and Wagner (16) 
could not be considered entirely convincing from a 
stereochemical point of view since these authors had not 
investigated the mother liquors of their rearrangement 
products. Neither were the results of Plattner et nl. (17) 
beyond question, from a stereochemical standpoint, since 
an impure tribromide had been employed and since the 
17-methylated rearrangement product had been isolated 
only in very low yield. 

lSIn parallel experiments, Deghenghi et al. (23) had 
arrived at a similar conclusion. 

16We were unable to obtain this bromide in the crystal- 
line form (cf. 1 I )  and could, therefore, purify it only to a 
certain extent by chron~atography on silica gel. 
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TABLE 1 

Proportion of 11%- and l7P-methyl etio acid derivatives in relation to starting materials and media 

Proportion of 1 7 ~ -  

Substrate 
and l7a-methyl etio 

Medium acid derivatives Literature* 

17cc-Bromo-3~-acetoxy-5-pregnen-20-one KHC03, CH30H, H 2 0  
KOCH,. CH-OH 
N ~ O C K ,  CH,O(CH~),OCH~ 1:i9 P 

KHC03, CH30H, H 2 0  1 : = 0  11 
KOCH?, CH?OH 3.4:1 P . . 

17cc-Bromo-3cc-acetoxy-5p- 
pregnane-11,20-dione KHCO,, CH30H, H 2 0  5:l 140, P 

NaOCH,, CH30H 1 :I 18c 
21-Bromo-3 P-acetoxy-5-pregnen-20-one KHC03, CH30H, H 2 0  1:eO P 
21-Bromo-3~-hydroxy-5-pregnen-20-one KOCH,, CH30H 2:1 9b$ 

*The letter "P" refers to ex~eriments described in this ~ublication. 
TCf. also ref. 23. 
SHeusser el al. discussed in their publication (96) the rearrangement of 21-chloropregnenolone (1, R, 7 &OH, R2 = R6 = H, R1 = R4 = 

double bond, R5 = HI, X = C1) but obtained analogous results also when using the corresponding bromide. 

We were not able to obtain, by hydrolysis of this 
lactone with alkali, the free acid 3 (R, = a-OH, 
R, = R, = R, = H, R3 = P-H, R s  = Hz,  R, = 
OH) in the pure form since, upon the attempt to 
crystallize the product, it lactonized again. How- 
ever, the i.r. spectrum of the crude acid fraction 
corresponded to the structure of the free acid.'' 

On the other hand, 21-bromopregnenolone 
acetate (1, R, = P-AcO, R, = R, = H, R, = 
R, = double bond, R,  = H,, X = Br)18 gave 
with potassium bicarbonate in aqueous methanol, 
as the sole 17-methylated rearrangement prod- 
ucts, an etio acid and an etio ester, isolated as 

17The ease of lactonization of this acid represents an 
additional proof of its stereochemistry in position 17. 

"This acetate of 21-bromopregnenolone (24) was pre- 
pared from pregnenolone acetate (4, R, = p-AcO, R, = 
R6 = X = H, R3 = R4 = double bond, R, = Hz) vla 
the 20,21-en01 acetate i (25, 26) by treating the latter with 
N-bromosuccinimide in dilute sulfuric acid (27). The 
structure of the desired 21-bromopregnenolone acetate 
(1, R1 = p-AcO, R2 = R6 = H, R3 = R4 = double 
bond, R, = HZ, X = Br) was confirmed by its conver- 
sion, through the 21-iodide (1, R1 = p-AcO, R2 = R6 = 
H, R, = R4 = double bond, R, =.Hz, X = I) to 
3P,21-diacetoxy-5-pregnen-20-one (1, R1 = p-AcO, RZ = 
R6 = H, R3 = R4 = double bond, R, = H,, X = AcO) 
(28) which was hydrolyzed with perchloric acid in aqueous 
methanol (29) to the dihydroxy derivative (1, Rl  = P-OH, 
R2 = R6 = H, RB = R4 = double bond, R, = HZ, 
X = OH) (30). 

CH2 
/ I  
C-OAc 

the acetoxy methyl ester 2 (R, = P-AcO, R, = 

R, = H, R, = R, = double bond, R ,  = Hz,  
R, = CH,), the 17-methyl group of nhich has 
the a-("anti-Loftfield") configuration. Apart 
from these rearrangement products (isolated in 
approxi~nately 40% yield), we obtained in 18 % 
yield 21-hydroxypregnenolone (I, R, = P-OH, 
R, = R, = H, R, = R, = double bond, R,  = 
Hz, X = OH), isolated as the diacetate (I, R, = 

P-AcO, R, = R, = H, R, = R, = double bond, 
R,  = H,, X = AcO), as well as two minor prod- 
ucts, which do not represent 17-methylated 
rearrangenlent products, and which mere not 
further investigated. 

In summary (cf. Table I), the rearrangement of 
a-halogenated 20-keto steroids with alkali bicar- 
bonate in aqueous methanol is highly stereo- 
selective, whereas the rearrangement of such 
products with alkali methoxide in absolute meth- 
anol leads to mixtures of epimeric 17-methyl etio 
esters in which the 17a-methylated products 
predominate; the stereochemical colnpositioil 
of the rearrangement products does not depend 
decisively on the position of the halogen sub- 
stituent in the starting material. These results can 
in no way be reconciled with Wendler's pro- 
posal (180, b), not only because it implies the 
formation of the same mixture of epiiners both 
from 17- and 21-halogenated 20-keto steroids 
(which is, grosso modo, correct only if one adheres 
to the same medium) but also because it does not 
foresee a marked stereochemical difference of the 
reaction as a consequence of a change in the 
medium. 
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In independent and parallel experiments, 
House and Gilmore (21) have shown, in continua- 
tion of an earlier study by Stork and Borowitz 
(3 I), a similar dependency of the stereochemistry 
of Favorsky rearrangements on the nature of the 
medium in the case of a-halogenated 1-acetyl 
2-methylcyclohexanes ; they correlated the stereo- 
chemistry of their reaction product to the polarity 
of the solvent employed. As a "non-polar" solvent 
they used 1,2-dimethoxyethane and employed 
sodium methoxide as the base. In order to sub- 
stantiate both our findings and those of the 
authors from the Massachusetts Institute of 
Technology (M.I.T.), we subjected 17a-bromo- 
pregnenolone acetate (4, R, = P-AcO, R, = R, = 
H, R, = R, = double bond, R ,  = H,, X = Br) 
to the action of sodium methoxide in absolute 
dimethoxyethane. We obtained a mixture of the 
17a- and 17P-methyl etio esters in a proportion 
of 1 :19, which corresponds to a highly stereo- 
specific reaction, leading predominantly to the 
"Loftfield product". We were also able to isolate, 
in very low yield (0.2 %), methyl A5-3P-acetoxy- 
21-pregnenoate (ti), the formation of which can 
readily be visualized by the alternative opening 
by base of the major (17P-methylene) cyclopro- 
panone intermediate. Up to this date, rearrange- 
ment products of this kind were never isolated 
from reactions of a-halogenated or a-tosylated 
20-keto steroids with base. 

Discussion 
Our experiments clearly demonstrate a depen- 

dence of the stereochemistry of the Favorsky 
rearrangements of a-halogenated 20-keto steroids 
on the nature of the medium and are, in this 
respect, in good agreement with those obtained 
by House and Gilmore (21) in the monocyclic 
series. However, the authors from the M.I.T. sug- 
gested that "the rearrangement in a non-polar 
medium was stereospecific but became non- 
stereospecific in a polar medium", which seems 
in contradiction with some of our results since we 
observed a high stereoselectivity in the polar 
medium, bicarbonate-methanol-water, and non- 

stereospecificity in the less polar medium, 
methoxide-methanol. 

In order to explain the experimental facts, 
both those of the monocyclic series and those of 
the rearrangements of a-halogenated 20-keto 
steroids, we propose the following hypothesis 
(cf. 1, 2). 

It is suggested that in a medium which is not 
inducive to the formation of a delocalized inter- 
mediate (compare Scheme I), the reaction pro- 
ceeds stereospecifically, according to Loftfield's 
mechanism, with inversion on the carbon atom 
carrying the halogen substituent ; that in a medium 
which favors the formation of a delocalized inter- 
mediate, the geometry of which is planar in the 
area involved in the rearrangement, the reaction 
is non-stereospecific in the case of systems where 
no serious steric hindrance is exerted by groups 
in the neighborhood of the centers concerned 
[such a situation prevails in the case of the system 
studied by Stork and Borowitz (31) and House 
and Gilmore (21)l. We propose however, that 
if the starting material, and therefore also the 
delocalized intermediate, presents on one side of 
the molecule, in the neighborhood of the centers 
involved in the rearrangement, a structural feature 
exerting serious steric hindrance, the reaction 
becomes stereoselective, to the degree of the steric 
hindrance. In such a case the reaction may well 
lead predominantly, even exclusively, to a re- 
arrangement product the stereochemistry of 
which is the opposite of that which would corre- 
spond to a product obtained by the concerted 
mechanism of Loftfield. We finally propose that 
in a medium in which the rate of the formation of 
the delocalized intermediate would be of the same 
order of magnitude as the rate of the concerted 
formation of the cyclopropanone intermediate, 
both pathways would be followed simultaneously, 
which would result in a mixture of epimers. 

These proposals satisfy completely the results 
obtained by House and Gilmore (21), which is not 
surprising because for the systems they investi- 
gated it resembles their own. However, while their 
hypothesis is in contradiction with the results ob- 
tained with a-halogenated 20-keto steroids, our 
suggestion explains them satisfactorily. Indeed, 
in a medium not favoring the formation of a 
delocalized intermediate, such as methoxide in 
dimethoxyethane, the reaction leads predomi- 
nantly to the 17P-etio ester, the formation of 
which should be expected in the case of the con- 
certed mechanism of Loftfield. In the case of a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ENGEL ET AL.: FAVORSKY REARRANGEMENTS 367 

medium favoring the formation of a delocalized this 11,20-diketone than in the case of a-halo- 
intermediate, such as bicarbonate in aqueous 
methanol, in which, according to the theory of 
House and Gilmore (21), one would expect the 
formation of a mixture of epimers in an approxi- 
mate proportion of 1 : 1, our hypothesis predicts, 
because of the hindrance on the p-face of the 
steroid molecule, the predominant formation of 
the "anti-Loftfield product", the 17a-methyl etio 
acid derivative, which corresponds to the facts. 
Finally, in a medium, such as methoxide in ab- 
solute methanol, whose ability to promote the 
formation of a delocalized intermediate should 
lie between those of the media just mentioned 
(cf. below), in which the formation of the de- 
localized intermediate and the direct concerted 
ring formation could be considered to proceed 
at comparable rates, we should obtain a mixture 
of epimers, which agrees again with the experi- 
mental findings. 

The fact that the p-face of the steroid molecule 
is hindered and that this hindrance is felt in the 
neighborhood of the centers involved in the 
Favorsky rearrangements under consideration, 
is experimentally well established. It is thus 
known that the bromination and chlorination of 
20-keto steroids, or of their en01 acetates, pro- 
ceeds stereoselectively (9b, 11, 14, 16, 17, 18a,b, 
27a, 32-34) and this in contradistinction to the 
non-stereoselective chlorination of l-acetyl-2- 
methylcyclohexane study by House and Gilmore 
(21). It is also well-known that 17,20- and 
16,17-double bonds are selectively epoxidized 
(cf. 35, 36) and dihydroxylated (cf. 37-39) from 
the a-face, etc. If one now assumes that this steric 
hindrance in the neighborhood of positions 17 
and 20 is due in part to the presence of the 18- 
methyl group,19 one could possibly explain the 
"special" results of the Favorsky rearrangements 
of the 17a-brominated 11,20-diketone (4, R, = 

a - A c O , R , = R , = R , = H , R , =  p-H,R, =0,  
X = Br). Indeed (compare Table I), the re- 
arrangement of this product with potassium 
bicarbonate in aqueous methanol was less stereo- 
selective than the rearrangement of 17a-bron~o 
20-ketones without an 11-keto function and the 
proportion of the 17P-methyl etio ester obtained 
by rearrangement with sodium methoxide in 
absolute methanol was also higher in the case of 

191n part only, because it is known that even in the 
absence of an 18-methyl group, certain reactions in the 
region under consideration remain stereoselective, for 
instance the hydrogenation of the 16,17-double bond (40). 

genated 20-ketones devoid of an 1 1-keto function 
(18c). While these results could be explained by 
the assumption of a long-range inductive effect 
unfavorable for the formation of a delocalized 
intermediate, they could also be rationalized, in 
part at least, on steric grounds. Indeed, inspection 
of models shows that when carbon atom 11 is 
trigonal, the 18-methyl group is bent away from 
the "upper" side of the side chain (the side corre- 
sponding to the p-face of the steroid nucleus) and 
that it should therefore hinder reactions on this 
side of the molecule less than the 18-methyl group 
of a steroid with a tetrahedral carbon atom in 
position 11. 

The stereochemical outcome of the reaction of 
21-halogenated 20-keto steroids with methoxide 
in absolute methanol needs, however, further 
comment. Indeed, the mesomeric ion formed by 
abstraction of a proton in position 17 of a 21- 
halogenated 20-keto steroid is planar (compare 
Scheme 2) and one could consider that our hy- 
pothesis should therefore predict, even in a medi- 
um not favoring the formation of a delocalized 
intermediate, the stereoselective formation of a 
cyclopropanone derivative with an a-configura- 
tion of its methylene group, which would be 
contrary to the facts, since in the medium meth- 
oxide-methanol an epimeric mixture of 17- 
methylated etio esters is obtained. We suggest 
however that also in this case there exists a signif- 
icant stereochemical difference between the 
concerted and not concerted cyclopropanone 
formation. In the first instance the halogen sub- 
stituent is expelled during ring closure, in the 
second it has already been abstracted. It can now 
be easily seen from an observation of models that 
in the formation of a cyclopropanone with an 
a-configuration of its methylene group, the 
expulsion of the 21-halogen substituent is hin- 
dered by the 18-methyl group, if one assumes the 
most probable conformation of the side chain, 
but that this is not true in the case of the formation 
of the 17-epimeric cyclopropanone derivative. 
Consequently, the free energy of the transition 
state leading to the cyclopropanone with an 
a-configuration of the methylene group is, in the 
case of this concerted ring closure, not signif- 
icantly lower, possibly even higher, than the level 
of free energy of the transition state leading to the 
epimeric cyclopropanone. Under these circum- 
stances, the stereoselective formation of 17a- 
methylated rearrangement products is not to be 
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expected anymore; as a matter of fact, the experi- 
mental results point to a definite stereoselectivity 
towards the formation of the 17P-methylated 
products, if one considers, on the basis of the 
experiments with 17a-bromopregnenolone ace- 
tate, the ratio of the Dewar and Loftfield path- 
ways to be approximately 1.8:l in the specific 
medium 

The determisling role of the medium on the 
steric course of this kind of Favorsky rearrange- 
ments was attributed by House and Gilmore (21) 
to the polarity of the solvent, a polar solvent 
favoring the rupture of the carbon-halogen bond 
and thus the formation of a delocalized inter- 
mediate. This might indeed be one of the factors 
involved, but Tchoubar and collaborators (41) 
suggested shortly after our preliminary com- 
munication (2) that the influence of the solvent 
was due to the association of protic solvents with 
the oxygen of the mesomeric anion, which would 
thus resemble primarily the canonical form in 
which the negative charge is localized on the 
oxygen atom and which should therefore not lend 
itself readily to a concerted ring closure. The 
French authors, who like Stork and House were 
\I orking on rearrangements of a 1-halogenated 
1-acetyl-2-~nethylcyclohexane, were able to fur- 
ther substantiate their hypothesis by a study on 
the influence sf the concentration of the base and 
of the addition of "drying salts" (42). We consider 
that this mode of action of the medium may 
represent an important factor but suggest that a 
protlc solvent may also exert its action by helping 
in the abstraction of the halogen anion through 
electrical attractive forces. 

In summary, the hypothesis which we propose 
explains the stereochemistry of all the known 
Favorsky rearrangements of z-halogenated acetyl 
cycloalkanes. It  is, however, important to em- 
phasize that in the case of other Favorsky re- 
arrangements, other mechanisms may and must 
be operative, for instance in that of the rearrange- 
ment of 2-bromocyclobutanone studied by 
Conia and Salaiin (43). 

The reality of a cyclopropanone intermediate 
in the case of certain Favorsky rearrangements 
has been strongly supported by the important 
experiments of Breslow et al. (44) and Turro and 
Hammond (45) and, more recently, by those of 
Pazos and Greene (46). For the intervention of a 
delocalized intermediate in some Favorsky 
rearrangements, Fort (8b) and Cookson and Nye 
(47) have put forward convincing evidence. 

Fort now suggested (8b) that the delocalized 
intermediate postulated for certain Favorsky 
rearrangements may also be an intermediate for 
the non-rearranged products which often accom- 
pany the rearrangement products (cf. 4b). This, 
as a major pathway, seems improbable and can be 
excluded in a number of cases. For instance, we 
report in this paper the formation both of a 
substitution product and of a Favorsky rearrange- 
ment product in the reaction of 21-bromo-3P- 
acetoxy-5-pregnen-20-one (1, R, = P-AcO, 
R, = R, = H, R, = R, = double bond, R, = 
H,, X = Br). As discussed above, a delocalized 
intermediate for the Favorsky rearrangement 
seems probable in such a medium. However, the 
same delocalized intermediate would have to be 
postulated in the case of the rearrangement of the 
isomeric 17~-bromide, 17~-bromo-3P-acetoxy-5- 
pregnen-20-one (4, R, = P-AcO, R, = R, = H, 
R, = R, = double bond, R, = H,, X = Br) 
and, if the assumption of a common intermediate 
for substitution and Favorsky products were 
correct, one would have to expect in that case also 
the formation of the same substitution product, 
namely the 21-hydroxy derivative (1, R, = P-OH, 
R, = R, = H, R, = R, = double bond, R ,  = 
H,, X = OH), which does not correspond to the 
facts (cf. Experimental and 23). The reaction 
affords in over 95 % yield rearrangement prod- 
ucts and, in very low yield, as the sole "substitu- 
tion product", the 17a-methoxy derivative (4, 
R, = P-OH, R, = R, = H, R, = R, = double 
bond, R, = H,, X = OCH,) (23)." It  would 
seem more reasonable to suggest that the ""sbb- 
stitution products" arise, as originally proposed 
by Favorsky (3c), via an epoxy derivative for 
which considerable evidence is on hand (cf. 4b), 
and that the Favorsky rearrangement products 
are formed by different pathways. 

On the other hand, Smissman and co-workers 
(49) suggested on the basis of a study on Favorsky 
rearrangements of a-halogenated 2-decalones 
that a delocalized intermediate must be excluded 
in Favorsky rearrangements since, in their series, 
under conditions which should, theoretically, be 
favorable for the formation of such intermediates, 

ZOAnother piece of evidence against the assumption of a 
common delocalized intermediate in the formation of 
both substitution and rearrangement products is due to 
House and Frank (48) who showed that the composition 
of the products, including the substitution products, 
obtained upon treatment of 9-epimeric Y-chloro-l- 
decalones with base depended on the stereochemistry of 
the halogen substituent. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ENGEL ET AL.: FAVOR :SKY REARRANGEMENTS 369 

no rearrangement products were isolated. Con- 
fronted with the stereochemical problems which 
were the basis of our work, as well as of that of 
House and Gilmore and of Tchoubar et al., they 
reverted to Wendler's hypothesis. 

House and co-workers now seem to favor (48) 
the idea, which they had already previously taken 
into consideration (21), that the stereochemical 
differences of Favorsky rearrangements in various 
media would not be due to the influence of the 
medium on the choice between the concerted and 
non-concerted cyclopropanone formation, but 
rather to the epimerization of one cyclopropa- 
none derivative to the other. They possibly favor 
this explanation in consideration of the fact 
that no rearrangement products were obtained 
when the epimeric 9-chloro-1-decalones were 
treated with methoxide in absolute methanol 
while such products were formed in good yield 
when the reaction was carried out with methoxide 
in dimethoxyethane (48). 

We prefer the explanation of the stereochemical 
situation involving both concerted and non-con- 
certed pathways, in view of the probability of a 
delocalized intermediate in certain Favorsky 
rearrangements (see above). Furthermore, since 
Turro and Hammond (45) found that in the 
medium methoxide-methanol a cyclopropanone 
is converted extremely fast, almost quantitatively 
(and, of course, irreversibly) to rearrangement 
products, one would have to postulate in relatively 
polar and protic media an even faster equilibra- 
tion of the epimeric cyclopropanones. In the case 
of the rearrangement of 1 1-non-ketonic 1 7 ~ -  
bromo 20-keto steroids, the equilibration to the 
cyclopropanone with an a-configuration of its 
methylene group would have to proceed so fast 
as to virtually exclude any competitive opening of 
the originally formed cyclopropanone to re- 
arrangement products. We hope that some experi- 
ments in progress in our laboratory on the 
stereochemistry of rearrangements of 21-halo- 
genated 20-keto steroids in an aprotic medium 
should shed some light on the situation. 

The fact that in the experiments of Smissman 
and co-workers (49) and House and Frank (48) 
the proportion of non-Favorsky products was 
found significantly higher (up to quasi-exclusion 
of Favorsky products) in media which should 
favor, per se, the formation of a delocalized 
intermediate than in media favoring a concerted 
cyclopropanone formation, corresponds well to 
established data from the literature (4b) and agrees 

with the finding reported in this paper that the 
reaction of 21-bromo-3P-acetoxy-5-pregnen-20- 
one (1, R, = P-AcO, R, = R, = H, R, = R, = 

double bond, R,  = H,, X = Br) with bicarbonate 
in aqueous methanol leads to an appreciable 
extent to substitution in position 21, whereas the 
rearrangement of the same product with meth- 
oxide in absolute methanol leads practically 
exclusively to Favorsky rearrangement products. 
The question arises why the proportion of sub- 
stitution and rearrangement products varies not 
only with the nature of the medium but also with 
the nature of the a-halogenated ketone. We 
suggest that at least in part steric factors may be 
responsible for these variations. Thus, the prac- 
tically exclusive formation of Favorsky rearrange- 
ment products in the case of the rearrangement 
of 17a-bromo-3P-acetoxy-5-pregnen-20-one (4, 
R, = P-AcO, R, = R, = H, R, = R, = double 
bond, R,  = H,, X = Br) with bicarbonate in 
aqueous methanol, a medium which should also 
favor the formation of non-Favorsky products, 
may be explained on steric grounds, the 18-methyl 
group impeding the formation of epoxy deriva- 
tives. We shall discuss this question and its experi- 
mental basis in a following paper of this series. 

In conclusion we may point out that our inter- 
pretation of the Favorsky rearrangement seems 
in agreement with a recent publication by 
Warnhoff et al. (50) and with two articles by 
Bordwell and Scamehorn (51) which appeared 
after the preparation of this manuscript. 

Methyl 3a-Acetoxy-~~-oxo-~7~rnethj~~-~7a-efianate 
(3 ,  RI = a-AcO, R2 = R4 = R6 = H,  R3 = P-H, 
R5 = 0 ,  R, = CH,) from 17%-Bron~o-3%-acetoxy- 
5P-pregnane-I I ,20-dione 

For further characterization, the isomer of methyl 
3a-acetoxy-11-0x0-l7a-nlethyletianate (2, R1 = a-AcO, 
Rz = R4 = R6 = H, RB = P-H, R 5  = 0, R7 = CH3) 

'lThe melting points were taken in evacuated capillaries 
and the temperatures were corrected. If not otherwise 
stated, the aluminum oxide used for chromatography was 
prepared, from Merck's alkaline aluminum oxide, as 
described in footnote 31 of ref. l l a ,  and showed activity 
11-111. For chromatography on silica gel, Davison's 
silica gel 923 was employed. Thin-layer chromatography 
was performed with Merck-Darmstadt silica gel. The i.r. 
spectra were recorded on a Beckman IR-4 spectropho- 
tometer and the u.v. spectra on a Beckman DK-1A 
spectrophotometer. The microanalyses were performed 
by Mr. J. F. Alicino, Metuchen, New Jersey, the late 
Mr. A. Bernhardt, Miilheim (Ruhr), and Dr. C. DaesslC, 
Montreal, to whom much appreciation is due. We express 
sincere thanks to Merck & Company, Montreal, for the 
generous gift of their aluminum oxide. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



370 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

(14b), which had been eluted with petroleum ether - ben- 
zene ( 4 : l )  from aluminum oxide prior to this 17u-methyl 
ester 2 ( R 1  = a-AcO, R2 = R4 = R6 = H, R 3  = P-H, 
R 5  = 0 ,  R7 = CH3),  was isolated in larger amounts by 
repeated chromatography and recrystallizations o f  mix- 
tures containing both esters 2 and 3. A sample o f  ester 3 
( R 1  = a-AcO, R2 = R4 = R6 = H ,  R 3  = P-H, Rs  = 0, 
R ,  = CH3)  was recrystallized for analysis from methanol ; 
needles, m.p. 155';22 + 39.3" (c, 1.064 in CHCl,); 
n o  ultraviolet (u.v.) absorption maximum between 215 
and 250 m p ;  v,,,(nujol) 1721 (acetate), 1704 (methyl ester 
and 11-ketone), 1255 (acetate), 1165 (methyl ester), and 
1037 cm-' (acetate).23 

Anal. Calcd. for C24H3605: C ,  71.25; H, 8.97; 0 C H 3 ,  
7.67. Found: C ,  71.27; H,  9.08; OCH,, 7.59. 
Methyl 3a-Hydroxy-11-0x0-17P-n~efhyl-I 7a-etianate 

(3, R1 = a-OH, R z  = R,  = R6 = H, R ,  = P-H, 
Rg = 0, R7 = CH3)  

A solution o f  267 mg o f  the above described acetoxy 
ester 3 ( R l  = u-AcO, Rz = R4 =; R6 = H ,  R3 = P-a, 
R 5  = 0, R7 = CH,) in 40 ml o f  5 % methanolic potas- 
sium hydroxide was refluxed for 2 h under nitrogen. 
The usual work-up gave 229 mg (95% yield) o f  crude 
hydroxy ester 3 ( R ,  = a-OH, R 2  = R4 = R6 = H, 
R ,  = P-H, R 5  = 0 ,  R ,  = CH,) and 50 mg o f  a crude acid 
fraction. The neutral fraction was recrystallized 3 times 
from ether-hexane for analysis; fine needles, m.p. 153"; 
depressed upon admixt~ire o f  the hydroxy ester 2 
( R I  = a-OH, Rz = R4 = R6 = H, R3 = B-H, R5 = 0 ,  
R7 = C H 3 ) ;  [aIDz2 + 25.2" (c, 1.032 in CHC13) 
v,,,,(CHC13) 3610 (hydroxyl), 1714, 1708 (broad band, 
methyl ester, I I-ketone), 1435 (12-CH,), 1165 (methyl 
ester), and 1035 cnl-l ( h y d r ~ x y l ) . ~ ~  

Anal. Calcd. for C22H3404: C ,  72.89; H ,  9.45. Found: 
C ,  72.69: H,  9.55. 

Recrystallization o f  the acid fraction from acetone gave 
only unsatisfactory results; very slnall quantities o f  im- 
pure acid 3 ( R ,  = a-OH, R 2  = R4 = R6 = R7 = H, 
R 3  = P-H, R 5  = 0 )  were obtained; m.p. 168-170'. 
Reacetylation 

A solution o f  85 mg o f  the above mentioned hydroxy 
ester 3 ( R ,  = a-OH, R z  = R4 = R6 = H ,  R ,  = 8-H, 
R 5  = 0 ,  R ,  = CH3)  in 3 ml o f  pyridine was treated at 
room temperature wlth 2 ml o f  acetic anhydride for 16 h. 
The usual work-up afTorded a crude product which was 
chromatographed on 6 g o f  alunlinun~ oxide. Petroleum 
ether - benzene (4:l  and 1 : I )  eluted 94 mg o f  crystalline 
acetoxy ester 3 (R, = a-AcO, R 2  = R4 = R6 = H ,  
R 3  = a-H, Rs = 0 ,  R7 = CH,), n1.p. 140-150'. Recry- 
stallization from methanol gave the pure product, 
identified by a n~ixturc melting point and the comparison 
o f  the i.r. spectrum with that o f  an authentic sample. 
3a-Hydroxy-1 I-0x0-1 70-methyl-1 7a-etianic Acid 

(3 ,  R1 = @-OH, R2 = R4 = R6 = R7 = H, 
R3 = 0-H, R5 = 0 )  

In a sealed tube, 418 mg o f  acetoxy keto ester 3 

22Upon admixture with a comparison sample kindly 
provided by Dr. N .  L. Wendler, the melting point was not 
depressed. W e  express sincere thanks to Dr. Wendler for 
providing us with this sample. 

23This spectrum was kindly taken by Prof. Hans H. 
Giinthard, Swiss Federal Institute o f  Technology, Zurich, 
Switzerland, to whom we express our sincere apprecia- 
tion. 

( R 1  = a-AcO, Rz = R4 = Rg = H ,  Rg = P-H, R 5  = 0, 
R7 = CH3)  was heated for 48 h with 20ml o f  7 %  
methanolic potassium hydroxide to 170'. The crude acid 
fraction (474 mg) was separated from the acetone in- 
soluble material to give 401 mg (96 % yield) o f  crystalline 
acid 3 ( R ,  = a-OH, R 2  = R ,  = R6 = R7 = H, 
R ,  = a-H, R 5  = 0 ) ,  m.p. 246.5-250.5". Recrystallization 
from acetone raised the melting point to  257-259". A 
sample was recrystallized twice from acetone for analysis; 
small cubes, m.p. 260°, not depressed upon admixture o f  
the crude acid isolated after partial saponification (see 
above) but upon admixture o f  the isomeric acid 2 
( R 1  = a-OH, R 2  = R4 = R6 = R7 = H ,  R 3  = b-H, 
R5 = 0 ) ;  [aID2' + 24.8" (c, 1.025 in dioxane); 
v,,,(CHC13) 3545 (very broad, nlultiple associated hy- 
droxyl band), 1707, 1703 (broad band, carboxyl and 
11-ketone), 1435 (12-CH2), and 1035 and 1020 cm-I 
(hydroxyl bands).23 

Anal. Calcd. for C,,H3,04: C ,  72.38; H ,  9.26. Found: 
C ,  72.40; H,  9.13. 
Methylation 

T o  a solution o f  87 nlg o f  the hydroxy keto acid 3 
(R1 = a-OH, R2 = Rq = Rg = R7 = H ,  R 3  = 8-H, 
R 5  = 0) in absolute methanol, was added, at 0", a large 
excess o f  a 1.8% ethereal diazomethane solution. The 
reaction mixture was maintained for 6 h at O", and then 
allowed to warm to 20" and kept for another 6 h at that 
temperature. The excess reagent was destroyed with 
acetic acid and the product was taken to  dryness. 
Recrystallization o f  the residue (1 I 1  mg) gave 85 mg (94% 
yield) o f  pure hydroxy keto methyl ester 3 ( R 1  = a-OH, 
Rz = Rq = R6 = H, R 3  = P-H, R 5  = 0, R7 = CH3),  
m.p. 147-149.5", not depressed upon admixture o f  an 
authentic sample. 

Rearrarzgement of 17a-Bror?zo-3~-acetoxy-5-preg~zen-20-one 
(4, R1 = a-AcO, Rz  = R6 = H, R3 = R4 = double 
bond, R5 = H z ,  X = Br) with Potassiuin Bicarbonate 
in Aqueous Methanol 

T o  a solution o f  9 g o f  analytically pure 17%-bromo-3j3- 
acetoxy-5-pregnen-20-one (4, R ,  = P-AcO, R ,  = R6 = H, 
R 3  = R4 = double bond, R 5  = H,, X = Br) (9b, 52,53) 
in 405 ml o f  methanol, 20.291 g o f  potassium bicarbonate 
in 80.8 ml o f  water was added. The mixture was refluxed 
for 4 h ,  cooled, and poured into ice water. The product 
was extracted with ether, the ethereal solution was washed 
with water and dried over sodium sulfate. Evaporation o f  
the solvent gave 6.0 g o f  a residue which crystallized upon 
addition o f  methanol, representing the neutral @action. 
The alkaline aqueous solution remaining after the ether 
extraction was combined with the first water washings and 
acidified with 2 N sulfuric acid to pH 3. The product was 
extracted with dichloromethane and the organic solution 
was washed to neutral with water and dried over sodium 
sulfate. Evaporation o f  the solvent left 1.226 g o f  a 
crystalline product, m.p. 233-239", representing the acid 
fraction. 

The neutral fraction was acetylated in the usual fashion 
with 18 ml o f  acetic anhydride in 35 ml o f  pyridine. The 
reaction product was dissolved in a small quantity o f  
dichloromethane, and methanol was added. The crystal- 
line product was separated, washed, and dried, thus 
affording 4.358 g o f  nzetlzyl A5-3~-acetoxy-I7a-methyl- 
etienate (2, R 1  = 0-AcO, R 2  = R6 = H, R ,  = R 4  = 
double bond, R ,  = H,, R ,  = CH3), 1n.p. 164-165", 
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[aIDz3 - 56.4" (c, 1.000 in CHC13). The mother liquors 
were taken to dryness and the residue was recrystallized in 
the same fashion to give another batch of 1.268 g of the 
same material. For analysis, a sample was recrystallized 
3 times from methanol; pellets, m.p. 166-166.5"; 

- 57.1' (c, 1.000 in CHCI,) [lit. (90): m.p. 163"; 
[a]DZ3 - 58.7"]; v,,,(KBr) 1740 (acetate and 20-ester), 
1250 cm-' (acetate). 

Anal. Calcd. for C24H3604:  C, 74.19; H, 9.34. Found: 
C, 74.18; H, 9.46. 

Chromatography of the remaining mother liquors gave 
209 mg of the same ester and 147 mg of crude crystalline 
methyl A5-3~-acetoxy-17~-1~ietI~~~l-17cc-etienate (3, R, = 
P-AcO, R 2  = R6 = H, R 3  = R4 = double bond, 
R, = H,, R, = CH,), m.p. 146-147", eluted with 
petroleum ether - benzene (1 :1 and 1 :4). Two recrystalli- 
zations gave 73 mg of the pure product which was 
recrystallized once more for analysis; m.p. 151-152"; 

- 72.0' (c, 1.000 in CHCI,); the 1n.p. was not 
depressed upon admixture of an authentic sample (9b). 

Anal. Calcd. for CZ4H3604: C, 74.19; H, 9.34. Found: 
C, 74.09; H, 9.29. 

Chromatography of the mother liquors gave another 
100 mg of the 17~-methyl ester, 1n.p. 163-165", and 77 mg 
of the 17P-methyl ester, n1.p. 146-147". The identity of 
these products was established by the determination of 
mixture melting points and by comparison of the i.r. 
spectra with those of authentic samples. 

The acid fraction was dissolved in 22 ml of absolute 
ether and 22 ml of absolute methanol. At -loo, a 3% 
ethereal diazomethane solution (85 ml) was added. The 
mixture was allowed to come to room temperature and 
was stored for 16 h. The usual work-up gave 1.371 g of a 
crystalline product which was acetylated with 6n1l of 
acetic anhydride in 12 mI of pyridine. The resulting 
crystalline product (1.306 g), m.p. 150-154", was re- 
crystallized from dichloromethane - methanol. Thus, 
951 mg of the 17a-~netl1yl etio ester 2 (R, = a-AcO, 
R 2  = R6 = H,  R, = R4 = double bond, R, = H Z r  
R7 = CH,), m.p. 162-163", was obtained. Chroma- 
tography of the mother liquors and of certain fractions 
from the purification of the neutral part gave another 
137 mg of 173-methyl etio ester 2 (R, = P-AcO, 
R 2  = R6 = H, R 3  = R4 = double bond, R, = HZ,  
R7 = CH3), m.p. 158-16O0, and 71 111g of the 17P-methyl 
etio ester 3 (R, = P-Ac0, R 2  = RG = H, R 3  = R4 = 
double bond, R, = H,, R 7  = CH,), m.p. 144-148". 

6 2  toto 7.304 g of 173-n~cthyl etio ester 2 (R, = P-AcO, 
R2 = R6 = H, R 3  = R 4  = double bond, R, = H,, 
R7 = CH3) (92.5 %) and 335 mg of the 17P-methyl etio 
ester 3 (R, = P-AcO, R 2  = R6 = H, R 3  - R4 = double 
bond, R, = Hz,  R7  = CH,) (4% yield) were isolated. A 
quantity of 60 mg (0.4%) of a mixture of both esters was 
not further separated and an oily fraction (196 mg, 2.7 %) 
was not further investigated. 

Rearrangement of 17a-Brorno-3~-acetoxy-5-pregnen-20-one 
(4, R1 = P-AcO, R2 = R6 = H, R3 = R4 = double 
bond, R, = Hz,  X = Br) with Potassiunz Methoxide 
in Absolute Methano I 

To a solution of 700 mg of potassium in 85 ml of absolute 
methanol was added, portionwise, 3.591 g of analytically 
pure 17cr-bromo-3~-acetoxy-5-pregnen-20-one (4, R1 = 
P-AcO, R 2  = R 6 - - H, R 3  = R4 = double bond, 
R5 = Hz,  X = Br), m.p. 146-147", over a period of 

20 min. Subsequently, 20 ml of absolute methanol was 
added and the mixture was refluxed for another 20 min. 
The volume of the solution was reduced to 50 ml and the 
mixture was poured into ice water and the precipitate was 
extracted with ether. The ethereal solution was washed 
with iced 2 N sulfuric acid, with cold sodium bicarbonate 
solution, and with water and was dried over sodium 
sulfate. The evaporation of the solvent gave 2.957 g of a 
crystalline product, m.p. 135-136", representing the 
neutral fraction. The aqueous, alkaline phase of the 
extraction was combined with the first sulfuric acid 
washings and acidified with sulfuric acid to pH3 .  
Extraction with dichloromethane gave 12 mg of an 
amorphous acidic product which was not further investi- 
gated. 

The neutralfiactior~ (2.957 g) was acetylated with 18 ml 
of acetic anhydride in 50 ml of pyridine and was uorked 
up in the usual fashion to give 3.25 g of a crystalline 
product, m.p. 120-144". Recrystallization from methanol 
gave 136 mg of methyl A5-30-acetoxy-l7a-methyletienate 
(2, R1 = a-AcO, R 2  = R6 = H, R, = R, = double 
bond, R, = H,, R, = CH,), n1.p. 163-165". The mother 
liquors were chromatographed on 75 g of aluminum 
oxide, activity 111. Elutions with petroleum ether - ben- 
zene (9:l) afforded various fractions melting between 145 
and 150" which, upon recrystallization from methanol, 
gave 346 mg of the 17a-methyl ester 2, m.p. 162-163". 
Petroleum ether - benzene (4:1) gave fractions which, 
upon recrystallization from methanol, afforded 104 nig of 
methyl ~5-3~-acetox~-17~-met/zyl-17cr-etienate (3, R1 = 
P-AcO, R 2  = R6 = H,  R, = R4 = double bond, 
R, = HZ, R7 = CH3), 111.p. 149-150'. The remainder of 
the petroleum ether - benzene fractions was combined, as 
were the mother liquors of the previo~~s crystallizations. 
Repeated chromatography on aluminum oxide and 
recrystallizations from methanol gave 634 mg of 17a- 
methyl ester 2 (R1 = P-AcO, R, = RG = H, R 3  = R4 = 
double bond, R, = Hz, R, = CH,), m.p. 160-164", and 
678.mg of the 17P-rnethj~l 17-iso-ester 3 (R1 = 0-AcO, 
R2  = RG = H, R 3  = R4 = double bond, R, = Hz,  
R7 = CH3). n1.p. 146-150". 

The identity of the 2 isomeric esters isolated was 
established on the grounds of mixture m.p. with authentic 
samples and by comparison of the i.r. spectra. 

In  summary, 1.8 g (56.5%) of methyl A5-3P-acetosy- 
17a-niethyletienate (2, R1 = P-AcO, R, = R G  = H, 
R3 = R4 = double bond, R, = H,, R, = CH,) and 
1.025 g (32.2 %) of methyl A5-3~-acetoxy-l7P-tnetlryI-l7~- 
etienate (3, R ,  = P-AcO, R, = Rg = H, R 3  = R 4  = 
double bond, R, = H,, R, = CH,] were isolated in the 
pure state. There remained 0.36 g (10.9%) of an oily 
product which was not further investigated. 

Rearrangement of 17~-Brorno-3~-acetoxy-5-prepnen-20-o~ze 
(4, R1 = P-AcO, Rz = R6 = H,  R3 = R4 = double 
bond, R, = H,, X = Br) with Sodium Methoxide in 
I ,2- Dimethoxyethane 

A solution of 1.654 g of sodium in 30 nil of absolute 
methanol was taken to dryness. The dried residue was 
suspended, by the use of a vibro-stirrer, in 185 nil of 
1,2-dimethoxyethane and there was added 8.0 g of 
analytically pure 17a-bromo-3P-acetoxy-5-pregnen-20- 
one (4, R, = P-AcO, R, = R6 = H, R, = R, = double 
bond, R, = H,, X = Br), m.p. 147-148", in 85 1111 of 
1,2-dimethoxyethane. The mixture was refluxed with 
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stirring for 2 h, the product was cooled and poured into 
ice water. The precipitate was extracted with ether, the 
ethereal layer was washed with iced 2 AT sulfuric acid and 
with cold sodium bicarbonate solution, and was dried 
over sodium sulfate. Evaporation of the solvent gave 6.1 g 
of a yellowish residue, representing the neutral fraction. 
The alkaline, aqueous phase of the extraction was com- 
bined with the first sulfuric acid washings and acidified to 
p H  3, with sulfuric acid. Extraction with dichloromethane 
gave 183 mg of an oily acidic product. 

The neutralfiaction (6.1 gj was acetylated with 30 ml of 
acetic anhydride in 60 ml of pyridine and worked up in 
the usual fashion. Two recrystallizations of the reaction 
product from methanol gave 2.798 g of methyl As-38- 
acetoxy-17~-methyl-I7a-etienaje (3, R1 = p-AcO, R z  = 
R6 = H, R 3  = R4 = double bond, R5 = HZ,  R7 = CH3), 
m.p. 147-148", [aIDz3 - 69.8" (c, 1.000 in CHCI,). 
Trlangle crystallization of the mother liquors gave 
another 1.467 g of the same product, m.p. 147-148". 

Repeated chromatography and recrystallizations of the 
remaining mother liquors gave 330 nig (4.5%) of 17a- 
methyl erio ester 2, m.p. 158-163", and 1.452 g of 
170-methyl ester 3, m.p. 144-14S0, which raised the yield 
of this ester to 80.5 %. 

From the chromatogram fractions which followed those 
which had given pure 17a-methyl ester 3, 16 mg of methyl 
As-3P-acetoxy-21-pregnenoate (6), 1n.p. 121-123", was 
obtained. This product was identified by a mixture m.p. 
and by the comparison of its i.r. spectrum with that of an 
authentic sample, and was recrystallized for analysis; m.p. 
127-128"; [aIDZ3 - 54.4" (c, 1.000 in CHCI,) [lit. (54) 
m.p. 128-129", [aID - 57"]; v,,,(KBr) 1740 (methyl ester 
and acetate), 1675 (double bond), and 1245 cm-' (ester). 

Anal. Calcd. for C24H3604: C, 74.19; H, 9.34. Found: 
C, 74.34; H, 9.20. 

There remained 61 mg (0.8%) of a non-separated 
mixture of the 17-methylated etio esters, 101 mg (1.4%) 
of a mixture of the 17P-methyl 17-iso etio ester 3 and the 
21-methyl ester 6,675 mg (9.5 %) of amorphous products, 
and 183 mg (2.5%) of an acid fraction which were not 
further investigated. 

Rearrangement of 17a-Bromo-3a, 12a-diacetoxy-5P- 
pregrzan-20-one (4, R, = a-AcO, R2 = R4 = H, 
R3 = P-H, Rs = H Z ,  R6 = AcO, X = Br) with 
Potassium Ailetlzoxide in Absolute Methanol 

To a solution of potassium methoxide prepared from 
2.21 g of potassium and 200 ml of absolute methanol, was 
added, at reAux temperature, a solution of 12.9 g of 
purified, amorphous 17a-bromo-3cr,l2a-diacetoxy-5P- 
pregnan-20-one (4, R1 = a-AcO, R z  = R4 = H, R3 = 
P-W, R5 = HZ, R6 = AcO, X = Br) (11) in 70 ml of 
absolute methanol, d r o p ~ i s e  within 20 min. The mixture 
was refluxed for 2 h, the volume of the solution was 
reduced to 100 ml and the product was poured into ice 
water. The precipitate was extracted with ether, the 
ethereal solution was washed with water, cold dilute 
sulfuric acid, iced potassium bicarbonate solution, a cold 
dilute sodium thiosulfate solution, and with water, and 
was dried over sodium sulfate. Evaporation of the solvent 
gave 9.08 g of a dark, oily product, representing the 

2 N sulfuric acid to p H  3, and the mixture was extracted 
with dichloroniethane. The organic phase was washed 
with water and dried over sodium sulfate. Evaporation of 
the solvent gave lOOnig of an amorphous product, 
representirtg the acid fraction which was not further 
investigated. 

The neutral fpactioiz was dissolved in 120 ml of acetic 
acid and 12 ml of water and debrominated at 80°, for 1 h, 
with 12 g of zinc dust. After cooling, the product was 
extracted with ether, the ethereal solution was washed with 
dilute hydrochloric acid, with a saturated sod~um 
bicarbonate solution, and with water, and was dried over 
sodium sulfate. Removal of the solvent gave 8.94 g of a 
dark, oily product, which was acetylated in 45 ml of 
pyridine with 23 ml of acctic anhydride. The usual work- 
up gave 9.04 g of a partially crystalline product which was 
dissolved in a mixture (1:1) of petroleum ether and 
benzene and absorbed on 270 g of aluminum oxide, 
activity 111. Elutions with petroleum ether - benzene (4:l) 
gave 2.406 g of crystals, m.p. 127-130". Recrystallization 
from ether-hexane gave 956mg of methyl 3a,I2a-di- 
acetoxy-l7a-methyl-5P-etianate (2, R1 = a-AcO, R, = 
R4 ='El, R3 = 0-H, Rs = Hz, Rg = AcO, R7 = CH3), 
m.p. 156-158". The identity of the product was established 
by a mixture m.p. and by the coinparison of the i.r, 
spectrum with that of an authentic sample. 

The mother liquors of this recrystallization were taken 
to dryness and recrystallized from pure hexane to give 
172 mg of 3a-acetoxy-12x-l1ydroxy-17~rnethyl-I7a-etianic 
acid lactone (20 - 12) (5~1,  m.p. 144-145". A sample was 
recrystallized 4 tinies from hexane for analysis; m.p. 
138-140"; [aIDz3 + 141.5' (c, 1.000 in CHCl,); v,,,(KBr) 
1775 (y-lactone), 1730, 1 2 1 0 ~ n 1 - ~  (acetate); nuclear 
magnetic resonance (n.m.r.) at 60 MHz [TMS, 0 p.p.m., 
CDCl,] 6 0.85 (18-CH,), 0.97 (19-CH3), 1.11 (17-CH,), 
2.01 (acetyl), 4.36 (doublet at 260 and 263 Hz, 120-H), 
4.7 p . p . m : ( 3 ~ - ~ ) . ~ ~  

Anal. Calcd. for c23H3404: C, 73.75; H, 9.15. Found: 
C, 73.84; H, 9.05. 

The remaining mother liquors (1.246 g) were chro- 
matographed on 35 g of aluminum oxide, activity 111. 
Petroleum ether - benzene mixtures (9:l. 4:1, and 1 :1) 
eluted 648 mg of a product crystallizing from hexane, m.p. 
142-144". Recrystallization from hexane gave 145 mg of 
the lactone 5a. 

The mother liquors of this crystallization were again 
chromatographed on 15 g of aluminum oxide, but no 
crystalline product could be obtained. In the original 
chromatogram of the neutral fraction, further elutions 
with petroleum ether - benzene (4:l) gave 1.068 g of a 
crystalline material, m.p. 114-1 16". Recrystallization from 
ether-hexane gala 170 mg of the 17a-methyl etio ester 
(2, R1 = a-AcO, R2  = R4 = H, R 3  = P-H, Rs  = Hz, 
R6 = AcO, R7 = CH3). Recrystallization of the mother 
liquors from hexane gave 41 mg of lactone §a. The mother 
liquors of these recrystallizations were rechromato- 
graphed on 25 g of aluminum oxide, act~vity 111. Petroleum 
ether - benzene (4:l) eluted 310 mg of a product, melting 
between 106 and 116". Recrystallization from hexane 
gave 11 3 mg of lactone §a. Petroleum ether - benzene 

?zeutra/fiaction. 
The aqueous phase of the original extraction was com- 24The spectrum was recorded on a Varian A60 instru- 

bined with the first sulfuric acid washings, acidified with ment. 
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mixtures (1 :1 and 1 :4) eluted 187mg of 3cc,l2a-diaceioxy- 
513-pregnan-20-one (4, R1 = 2-AcO, R 2  = R4 = H, 
R B  = P-H, Rs  = Hz, Rs = AcO, X = H). The identity 
of this product was established by the determination of a 
mixture m.p. and the comparison of its i.r, spectrum with 
that of an authentic sample. 

I n  the original chromatogram of the neutral fraction, 
petroleum ether - benzene (1 :4), pure benzene, benzene- 
ether (1 :I), and pure ether gave 1.451 g of an oily 
product. The i.r. spectrum revealed a hydroxy group 
(v,,,(KBr) 3400 cm-I). The material was reacetylated 
in the usual fashion and chromatographed on aluminum 
oxide but no crystalline product could be obtained. 

Taking into account the recovery of the debrominated 
starting material, 3a,l2a-diacetoxy-5fi-pregnan-20-one, 
17.3 % (1.518 g) of pure methyl 3~~12%-diacetoxy-17%- 
methyl-513-etienate (2, R1 = a-AcO, Rz  = R4 = H, 
R 3  = P-H, Rs  = Hz, Rs = AcO, R7 = CH3) and 6.7 % 
(471 n ~ g )  of lactone 5a were obtained; there remained 
3.5548 (39%) of a mixture of the lactone and the 
17%-methyl etio ester. According to an i.r. analysis of this 
mixture, the total yield of the 17a-methyl etio ester 
amounted to approximately 31 %, that of the lactone to 
approximately 9 %. Further untractable mixtures still 
contained these two products so that this proportion is 
only an approximation. 

Hydroly.rfs of 3a-Acetox.~-12a-hydroxy-I7~-methyl- 
5j3,17cl-etianic Acid Lactone (20 + 12) (5a) 

(a) A solution of 250 rng of the acetoxy lactone §a, m.p. 
144-145", in 8 n11 of methanol was refluxed with a solution 
of 120 rng of potassiunl carbonate in 3.6 ml of methanol 
and 1.4 ml of water for 5 h and was subsequently allowed 
to stand for another 12~h.  The mixture was poured into ice 
water and the precipitate was extracted with ether. The 
ethereal solution was washed with water and dried over 
sodium sulfate. Evaporation of the solvent gave 214 mg 
of a rzeutml fraction. The aqueous phase of the extraction, 
together with the first water washings, was acidified to the 
Congo-blue reaction with sulfuric acid and the mixture 
was extracted with dichloromethane. The organic solution 
was washed with water. dried over sodium sulfate, and 
taken to dryness. There remained 9 nlg of an amorphous 
acid fraction. 

The neutral fraction was chromatographed on 9 g of 
aluminum oxide, activity 111. Petroleum ether - benzene 
(1 :4), pure benzene, and benzene-ether (1 :1) eluted 90 mg 
of 3a,l2v.-dih~~rlroxy-17~-1netIzyl-5[3,1nic acid lac- 
tone (20 + 12) (5), m.p. 169-173". A sample was 
recrystallized 3 times from hexane for analysis; m.p. 
174.5-175.5"; [a jDZ2 + 1 l o  (c, 0.862 in CHCI,); v,,,(KBr) 
3265 (hydroxyl), 1775 cm-' (y-lactone). 

Anal. Calcd. for C,,H3,03: C, 75.90; H, 9.70. Found: 
C, 75.97; H ,  9.65. 

(b) A solution of 103 mg of lactone 5a, m.p. 144-145", 
in 3.1 ml of a 5.6% methanolic potassium hydroxide 
solution was refluxed for 4 h. After cooling, the product 
was poured into ice water and the precipitate was 
extracted with ether. The ethereal layer was washed with 
dilute sulfuric acid, with sodium bicarbonate solution, 
and with water. Evaporation of the solvent gave 59 mg of 
lactone 5. 

The aqueous phase and the first acid washings were 
combined and acidified with sulfuric acid to the Congo- 

blue reaction. The product was extracted with dichioro- 
methane, the organic solution was washed with water and 
dried over sodiun~ sulfate. Evaporation of the solvent 
gave 62 mg of a crystalline product, n1.p. 162-164", which 
showed in the i.r. a typical absorption of a hydroxy acid. 
Recrystallization from hexane gave, however, as the only 
pure product, 22 mg of lactone 5, m.p. 174-175", not 
depressed upon admixture of an authentic sample (see 
above); v,,,(KBr) 3265 and 1775 cm-'. 

3P,2O-Diacetoxy-5,2O-pregnadiene ( i )  
From a so l~~ t ion  of 20 g of 3P-acetoxy-5-pregnen-20-one 

(4, R l  = a-AcO, R, = R6 = X = H, R3 = R4 = double 
bond, R 5  = H,) and of 3 g of p-toluenesulfonic acid in 
336 ml of isopropenyl acetate the solvent was removed, 
in  the course of 10 h, through a Vigreux column, by slow 
distillation, the volun~e of the solution being maintained 
at approximately 200 ml by occasional additions of 
isopropenyl acetate. After cooling, the residue was poured 
into ice water and the mixture was extracted with ether. 
The ethereal solution was washed with cold water, iced 
saturated sodiuill bicarbonate solution, and with wa.ter, 
and was dried over a sodium sulfate. Removal of the 
solvent gave 24.3 g of a dark-brown product vrhich 
crystallized upon addition of methanol; m.p. 97-105". 
Recrystallization from methanol gave 11.7 g (52.4%) of 
pure 39,20-diacetoxy-5,20-pregnadiene (i), m.p. 119-120". 
A sanlple was recrystallized 3 times from ether-methanol 
for analysis; pellets, m.p. 121-122", [rjDZ3 - 44.4" (c, 
1.000 in CHCI,) [lit. (25): m.p. 122-123"; [a], - 45.8"]; 
v,,,(KBr) 1740 (acetates), 1665 (20-methylene), and 
1240 cm-' (acetates). 

Anal. Calcd. for CZ5H3604: C, 74.96; H, 9.06. Found: 
C, 74.83; M, 8.80. 

21-Bron7o-3~-acetos~'-5-pregnen-20-one ( I ,  Xi = P-AcO, 
R, = Rh = H, Xi = R4 = double bond, Rs = Hz,  . . 

x - = . ~ ? j  (24) 
To a n~ixture of 5.3 g of N-bromosuccinimide in 495 ml 

of t-butyl alcohol and of 11.7 g of 3j3,20-diacetoxy-5,20- 
pregnadiene (i), there were added 10.1 ml of water and, 
with vigorous stirring, dropwise, in the course of 35 min, 
59.7 ml of 1 A' sulfuric acid. The mixture was stirred for 
1 h at room temperature and then precipitated in 3 I of 
ice water. The product was extracted with ether, the 
organic solution was washed with a cold 10% sodiunl 
bisulfite solution, with an iced sodium bicarbonate solu- 
tion, and with water, and was dried over sodium sulfate. 
Removal of the solvent gave 13.7 g of a yellowish crystal- 
line product, m.p. 13'7-140". Several recrystallizations 
from methanol gave 8.5 g of pure 21-bromo-3P-acetoxy-5- 
pregnen-20-one (I, R, = P-AcO, R, = R6 = H, R3 = 
R4 = double bond, Rs = H,, X = Br), m.p. 144-145". 
The product was recrystallized from methanol for 
analysis, giving 6.96 g of colorless needles, 1n.p. 145.5- 
146"; [a]D22 f 46.2" (c, 1.000 in CHCl,) [lit. (24): n1.p. 
143-144.5"; [%ID f 35" (dioxane)]; v,,,(KBr) 1730 
(acetate), 1705 (ketone), and 1250 cnl-' (acetate). 

Anal. Calcd. for C23H3303Br: C, 63.15; H, 7.60; Br, 
18.27. Found: C, 63.42; H, 7.50; Br, 18.01. 

3j3,2I-Diacetoxy-5-pregnen-20-or2e (I, Rl = B-AcO, 
RZ = R6 = H,  R3 = R4 = double bond, R, = Hz, 
X = AcO) 

To a solution of lOOmg of 21-bromopregnenolone 
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Study of the Wallach rearrangement and related processes in the 100:4 
sulfuric acid region1 

E. BUNCEL AND W. M. J. STRACHAN 
Depavtrnent of Chemistry, Queen's University, Kingston, Ontario 

Received July 28, 1969 

Study of the acid-catalyzed Wallach rearrangement of azoxybenzene is extended into the 100% H,SO, 
region. The rate of formation of 4-hydroxyazobenzene can be followed spectrally in a straight-forward 
manner until close to 99 % H2S04, but in higher acidities sulfonation of this product becomes kinetically 
important. The advent of second equilibrium protonations of 4-hydroxyazobenzene and of 4-hydroxy- 
azobenzene-4'-sulfonic acid further complicate the azoxybenzene rearrangement as followed spectrally. 
Above 100% H,SO, a second sulfonation is also observed. A method is given for dissecting the rate data 
for the primary rearrangement process from the first of the sulfonation reactions. 

The rate of the azoxybenzene rearrangement is observed to increase continuously up to 99.99 % H,SO, 
(the upper limit of the present kinetic method). This suggests that the second proton transfer step to 
azoxybenzene is rate-determining and not an equilibrium process. These results permit a clarification of a 
previously proposed mechanism (1). 

Canadian Journal of Chemistry, 48, 377 (1970) 

Previously we reported (1) on the kinetics of the 
acid catalyzed Wallach rearrangement (2) of 
azoxybenzene to 4-hydroxyazobenzene. The ad- 
visability of extending the kinetic studies to the 
100 % H2S04 region was pointed out (1). Since 
then the results of two other kinetic studies on the 
Wallach rearrangement have appeared (3, 4) and 
have included examination of substituted azoxy- 
benzenes. Different mechanisms have been pro- 
posed by the authors (3,4) for the rearrangement 
process (see also ref. 2). 

Results 

The rate of rearrangement of azoxybenzene to 
4-hydroxyazobenzene was followed spectrally, 
in aqueous sulfuric acid at 25". The spectral 
behavior in a kinetic run with azoxybenzene 
varies with the acid concentration as described 
below. Azoxybenzene, with a pKa of - 5.15 (I)  is 
half protonated in 65 % H2S04 and 99.9 % pro- 
tonated in 85 % H2S0,. Hence in the acid media 
of this study (> 90 % H2S0,), virtually complete 
monoprotonation can safely be assumed and 
reaction can be followed (up to ca. 98 % H2S0,) 
by the decrease in the 390 mp absorption due to 
the conjugate acid of azoxybenzene. 4-Hydroxy- 
azobenzene (pKal = - 1.0) is likewise fully 
protonated in these media and its formation from 

lPart VIII in a series on the Wallach rearrangement. 
Presented in part at the 50th Annual Conference of the 
Chemical Institute of Canada, Toronto, June 1967, and 
communicated in preliminary form: Chem. Commun. 
765 (1969). 

azoxybenzene is accompanied by a growth of the 
460 my absorption ascribed to the conjugate acid 
of 4-hydroxyazobenzene (6). A kinetic run in 
96.0% H2S0, (Fig. 1) illustrates these spectral 
changes. A fairly sharp isosbestic point2 charac- 
terizes the interconversion between the two 
absorbing species. 

Above 98 % H2S0, a second equilibrium pro- 
tonation of 4-hydroxyazobenzene becomes effec- 
tive (pK: = - 10.2), the probable site of the 
second protonation being the phenolic oxygen (6). 
The diprotonated species has maximum absorp- 
tion at 424 mp, so that in a kinetic run with 
azoxybenzene in >98 % H2S04 the product 
absorption will be shifted to progressively shorter 
wavelengths as the acid concentration is increased 
from 98 to 100 % H2S0,. 

A kinetic run with azoxybenzene in 99.59 % 
H2S04 is shown in Fig. 2. In this experiment the 
first 5 spectral runs were taken at intervals of 
I min after mixing and thereafter at intervals of 
5-10 min, with the last scan taken after 50 min. In 
the early stages the formation of a peak at ca. 
434 my is apparent (rearrangement is -50% 
complete with the fifth scan, vide {nfra) and in 
accord with the above discussion, this is ascribed 
to formation of partly diprotonated 4-hydroxy- 
azobenzene. Subsequently there is a gradual shift 

2As the acid concentration is increased, the "isosbestic 
point" becomes progressively more diffuse and it is not 
clear which is the lower limit of acid concentration where 
isosbestic point behavior is still completely valid. A 
kinetic run in 92.7 % &SO, gave a very sharp isosbestic 
point. 
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Wavelength  (mp) 

FIG. 1. Azoxybenzene (3.39 x M, 1 cm path- 
length cell) in 96.0% H2S0, at 25". First 3 spectra 
correspond to reaction times of 11, 18, and 24 min; the 
last spectrum to 320 min. 

in absorption to the 460 mp region, which is 
ascribed to the advent of a sulfonation reaction, 
secondary to the rearrangement, to form 4- 
hydroxyazobenzene-4'-sulfonis acid.3 The two 
consecutive processes, rearrangement followed by 
sulfonation, account for the absence of an isos- 
bestic point in this system. Kinetic data for the 
sulfonation of 4-hydroxyazobenzene for 91.7- 
100.07 % H,SO, were reported earlier (5). The 
absorption due to 4-hydroxyazobenzene-4'-sul- 
fonic acid occurs at 465 mp in the less concen- 
trated acid media where this product is present in 
monoprotonated form ( p ~ , '  = - 1.45 (7)) but 
above 100% H,SO,, a second equilibrium pro- 
tonation takes place (pK? = - 11.1) and absorp- 
tion shifts to 420 mp, being A,,, for the second 
conjugate acid of 4-hydroxyazobenzene-4'-sul- 
fonic acid (6). 

The procedure adopted in order to evaluate the 
rate constant for the azoxybenzene + 4-hydroxy- 
azobenzene reaction in sulfuric acid media where 
the consecutive 4-hydroxyazobenzene -t 4-hy- 

31n 99.59% H2S04 the rate constants of the two con- 
secutive processes, rearrangement and sulfonation, are 
230 x and 80 x s-' respectively. Hence the 
above discussion, by considering the two processes as 
separate, is a simplifying one. 

droxyazobenzene-4'-sulfonic acid reaction has 
comparable rate was as follows. Using 4-hydroxy- 
azobenzene as the substrate the sulfonation 
process was followed spectrally by repeated 
scanning over the region of interest (ca. 350-500 
my) and the isosbestic point (A) was noted. The 
kinetic run with azoxybenzene was then per- 
formed under identical conditions (acid and 
substrate concentration) but following the reac- 
tion at constant wavelength, the isosbestic h for 
the 4-hydroxyazobenzene -t 4-hydroxyazoben- 
zene-4'-sulfonic acid reaction. At this isosbestic h, 
the primary rearrangement process can be fol- 
lowed without interference from the consecutive 
sulfonation reaction. For the 99.59 % H,S04 
system the isosbestic h was 430 mp and when the 
kinetic run was performed with azoxybenzene a 
typical exponential curve resulted and gave a rate 
constant for rearrangement of 227 x s- '. A 
similar procedure was used for 99.09 and 99.90 % 
H,S04. On the other hand, in 99.97 and 99.99 % 
H,SO,, where the rate of the initial rearrange- 
ment was more rapid so that this process was 
virtually complete after a few minutes, the isos- 
bestic h (as well as the rate constant) for the 
subsequent sulfonation could readily be obtained 
using azoxybenzene itself as substrate. In these 
acid media azoxybenzene showed initial absorp- 
tion (ca. 1 min) in the 420-426 mp region and the 

2 . 0 2  

I I 
400 450 500 

Wavelength  (my) 
FIG. 2. Azoxybenzene (1.03 x M, 4 cm cell) in 

99.59% H2SO4 at 25". The first 3 spectra correspond to 
reaction times of 1, 2, and 3 min; last spectrum to 50min. 
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Wavelength (mp) 

FIG. 3. Azoxybenzene (2.84 x M, 1 cm cell) in 
100.01 % H2S04 at 25". Dashed curves cover first 30 min 
reaction time; full curves the following 140 h. 

isosbestic h was between 424 and 430 mp. The 
99.99% H2S04 system represented the limit of 
this kinetic method (T,,, -- 20 s) for evaluating 
the rate of the azoxybenzene rearrangement. 

A kinetic run with azoxybenzene in 100.01 % 
H2S04 is shownin Fig. 3. The spectral behavior in 
this system appears identical in all respects to that 
exhibited by 4-hydroxyazobenzene as substrate 
under identical reaction conditions (cf. Fig. 4 in 
ref. 5). The initial fast process (dashed lines, 
TI,, -- 5 min) is identified as sulfonation of 
4-hydroxyazobenzene, formed virtually com- 
pletely by the lime the first scan is taken (2 min), 
and the subsequent slow process (full lines, 
TI ,, - 28 h) is ascribed (5) to a further sulfona- 
tion of 4-hydroxyazobenzene-4'-sulfonic acid. 
The second sulfonation process was also reported 
previously, as observed with 4-hydroxyazoben- 
zene or 4-hydroxyazobenzene-4'-sulfonic acid (5). 
In an analogous manner (see also Experimental), 
kinetic runs carried out with azoxybenzene in the 
100% H,S04 region could be used to generate 
rate constants for the first and second sulfonations 
of the initially formed 4-hydroxyazobenzene. 

three rate processes are shown in the log k - H, 
(8) plot of Fig. 4. 

Discussion 

The measurements described above show that 
spectral examination of azoxybenzene in the 
100 % H2S04 region is complicated as a result of 

TABLE 1 
Kinetic data for rearrangement of azoxybenzene to 

4-hydroxyazobenzene in aqueous H,SO, at 25' 
- 

Weight (%) lo5 x k,,,, 
H2SO4 HO ( s - ~ )  ?, mu 

98.8 - 9 .'62 77.0 46Q" 
99.00 -9.74 76.8 463f 
99.00 -9.74 70.2 463" 
99.09 -9.78 84 430t 
99.59 - 10.10 227 430.: 
99.90 - 10.59 860 430;- 
99.97 -10.99 2310 428.1 
99.99 -11.06 4160 4247 
99.99 -11.06 4520 424t 
99.99 -11.06 3 800 4241- 

*Reaction followed by periodic scanning. Rate constant calculated 
from absorbance changes at  wavelength indicated hy Guggenheim 
method. - - ~  ~ ~ ~ . 

?Reaction followed at constant wavelength shown (the isosbestic h 
for the consecutive sulfonation). Rate constant calculated from 
log ( A ,  - A,) vs. t plot or by Guggenheim method. 

$Reaction follo\\red at  constant wavelength shown (]lot the 
isosbestic A). Rate constail1 calculated by Guggenheim method. 

§Acid concentrations determined by titration (remainder by 
conductivity method). 

TABLE 2 
Kinetic data for conversion of 4-hydroxyazobenzene to 
4-hydroxyazobenzene-4'-~~1lfonic acid, observed with 
azoxybenzene as substrate in aqueous H,SO, at 253 

Weight (%) lo5 x k,,, 
H 8 0 ,  Ho (S - ?, mu 

These rate data are given in ~ a 6 l e s  2 and 3 *AS in Table 1. 
+Rate constant calculated using A,  - A,  plot. Data obtained respectively. In Table 1 are presented the kinetic either a, indicated under footnote * or as in footnote 2 .  

data for the primary rearrangement, while all shou'". Rate 'Onstant 
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TABLE 3 the consecutive sulfonation of the initially formed 
Kinetic data for sulfonation of 4-hydroxyazobenzene-4'- 
sulfonic acid, observed with azoxybenzene as substrate in 

aqueous H2S04  at  25' 

Weight ( %) lo5 x kOb, 
HzSO4 Ho (s-l) 1, mp 

*$As in Table 2.  

4-hydroxyazobenzene and the second equilibrium 
protonations of the reaction products, 4-hydroxy- 
azobenzene and the 4'-sulfonic acid. Since several 
species are absorbing in the spectral region corre- 
sponding to the rate measurements, dissection of 
the various kinetic and equilibrium processes is 
essential for a meaningful interpretation of the 
measurements. The dissection of the three rate 
processes, as detailed in the preceding sections, 
yields the data of Fig. 4. Curves 2 and 3 of this 
figure show that the kinetic measurements ob- 
tained with azoxybenzene as substrate yield rate 
data which are continuous and in full agreement 

3.0--- 

m a 
0 2.0-- 

Y 

m 
0 - 
+ 
LO 

I I 1 
I 

- 9.0 -10.0 -11.0 - 12.0 
H 0 

FIG. 4. The log k - H, plots for rearrangement of azoxybenzene to 4-hydroxyazobenzene (curve 1); the con- 
vers~on of 4-hydrox~7azobenzene to 4-hydroxyazobenzene-4'-sulfon1~ acid (curve 2); and a further sulfonat~on of 
4-hydroxyazobenzene-4'-s~1lfon1c acld (curve 3) .  On curve 2 the open circles (0) are data reproduced from ref. 5, 
whlle the shaded clrcles (@) are the new data from Table 2. On curve 3 the open squares (I?) are data reproduced 
from ref. 5, while the shaded squares (B) are the data of Table 3. 
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BUNCEL AND STRACHAN: WALLACH REARRANGEMENT 

with kinetic data previously obtained ( 5 )  in the 
study of the sulfonation processes of 4-hydroxy- 
azobenzene and of 4-hydroxyazobenzene-4'- 
sulfonic acid. This overall agreement between the 
two studies adds confidence to the interpretation 
of the measurements. 

Our present data on the primary rearrangement 
process (curve 1 of Fig. 4) allow an improved 
interpretation of the mechanism which was pro- 
posed (1, 9) on the basis of a kinetic study in less 
concentrated acid. That mechanisn~ is summa- 
rized in Scheme 1 and is based on the continued 
kinetic dependence on acidity beyond the stage of 
complete monoprotonation. Followiilg the first 
equilibrium protonation of azoxybenzene (1 
+ Hf @ 21, path 1 (9) shows a possible second 
equilibrium protonation which is followed by 
rate-determining loss of H,0 to give the reso- 
nance-stabilized dicationic intermediate 3 (10,ll). 
Reaction of 3 with H 2 0  of the n1ediurn,4 in accord 
with the demonstrated intermolecularity of the 
reaction (12, 13), followed by deprotonation 
would yield the 4-hydroxyazobenzene product, 4. 
Subsequently (1) we considered an alternative 
route to the dication 3, involvingrate-determining 
proton-transfer and concurrent heterolysis of the 
N-0 bond (path 2 in Scheme I), but differentia- 
tion between the two routes could not be made on 
the basis of available evidence, including correla- 
tions between rate and acidity functions. The 
measurements with azoxybenzene over the region 
92.3-99.99 % H2S04 show a monotonic increase 
in the rate of rearrangement, with no evidence for 
a spectrally detectable intermediate (3). However, 
the continued sensitivity of the rate of rearrange- 
ment to acid concentration up to the 100 % H2S04 
region argues against appreciable diprotonation 

4For a discussion of H,O or HS04-  as the nucleo- 
philic species, see ref. 14, which also reports pertinent 
data (4) on the acid-catalyzed hydrolysis of azobenzene-4- 
hydrogen sulfate. 

of azoxybenzene in these media.5 On this basis the 
continued involvement of acid in the azoxvben- 
zene rearrangement is consistent with a rate- 
determining proton-transfer mechanism. The 
reaction path given by path 2 of Scheme 1 is hence 
consistent with the facts currently known on the 
azoxybenzene rearrangement in the aqueous 
sulfuric acid system. 

Experimental 
Material5 

Azoxybenzene was purified and had physical properties 
as described previously (1). Sulfuric acid solutions were 
analyzed titrimetrically or conductin~etrically (15) and are 
given in per cent by weight. 

Kinetic Mensuremenu 
The instrumentation and kinetic methods were essen- 

tially as described previously (5), though only the "direct 
method" was used in this work. In addition, in the 99- 
100% H2S0, region the following method was gener- 
ally used. The azoxybenzene solution (0.01 ml of ca. 
1 x lo-' M solution in ethanol) was placed by means of 
a Hamilton syringe into a 4.00 c111 cuvette, evaporated to 
dryness, and sulfuric acid added from a 10 ml fast delivery 
pipette. In these cases a first observation was generally 
obtained by 0.7 min. In the "isosbestic point" runs 
absorbance was recorded by means of a Unicam Scale 
Expansion Accessory SP 250 and a Beckman 1005 
Recorder. All kinetic data were obtained at 25". 

The rate of rearrangement of azoxybenzene to 4- 
hydroxyazobenzene was computed from absorbance 
changes at 390, 4601463, or 4244430 mp, the significance 
of these wavelengths being given in the text. A few runs 
were performed at wavelengths close to the isosbestic A, 
giving the following data: 99.09% H2SO4, k = 112 s-' 
(426 mp); 99.59% H2S04, k = 240 s-' (425 mp); 
99.90% H,S04, k = 990 s-' (428 mp). These values 
appear to be in approximate agreement with the data of 
Table 1. However, following absorbance changes at 
460 mp for the above acids gave apparent rate constants 
of 88, 160, and 420 s-' respectively, indicating increasing 
deviation from the data of Table I with increasing acidity. 

The sulfonation reactions were followed at 4601463 or 
480 nip for reasons given previously (5). Azoxybenzene 

'This discussion does not necessarily extend to the 
ethanolic medium employed by Hahn et ol. (3) in which 
system a levelling off in rate was actually observed. 
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concentrations were in the range to M, the 
higher concentrations being generally used in the runs 
followed at 390 mp (see Fig. I) .  

\ire thank the National Research Council of Canada 
for financial support, and the Department of University 
Affairs for the award of an Ontario Graduate Fellowship 
to  W. M. J. S. 
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NOTES 

New synthesis of (l)-cyclohexene-1,3/2,4-tetsol (conduritol-B) 

T. L. NAGABHUSHAN 
R & L Molecitlar Research Ltd., 8045 Argyll Road, Edmonton 82, Alberta 

Received August 1, 1969 

1,4,5,6-Tetra-0-acetyl-myoinositol is reacted with N,N'-thiocarbonyl diimidazole to give 1,4,5,6- 
tetra-0-acetyl-myoinositol-2,3-thionocarbonate. This is desulfurized with trimethyl phosphite to yield 
tetra-0-acetyl-(?)-cyclohexene-1,3/2,4-tetrol (tetra-0-acetyl-conduritol-B). 
Canadian Journal of Chemistry, 48, 383 (1970) 

Although a method for the preparation of 
tetra-0-acetyl-(+-)-cyclohexene-1,3/2,4-tetrol 
(tetra-0-acetyl-conduritol-B, 4) from myoinosi- 
to1 has been described (I), the low yields of the 
intermediate bromoquercitol-A pentaacetates 
obtained in our laboratory, especially in large 
scale preparations, prompted us to examine the 
possibility of synthesizing the compound by the 
method of Corey and Winter (2). 

The readily available 1,4,5,6-tetra-0-acetyl- 
myoinositol (1) (3) was reacted with N,N1-  
thiocarbonyl diimidazole (2) (4) to give 1,4,5,6- 
tetra-0-acetyl-myoinositol-2,3-thionocarbonate 
(3). Treatment of 3 with trimethyl phosphite 
provided tetra-0-acetyl-(f )-cyclohexene-l,3/2,4- 
tetrol (4) which was characterized both by 
nuclear magnetic resonance (n.m.r.) spectros- 
copy and 0-deacetylation to conduritol-B (5). 

Experimental 
Melting points were determined on a heating stage and 

are uncorrected. Infrared spectra were measured with a 
Perkin-Elmer Model 137 "Infracord" infrared spectro- 
photometer. Nuclear magnetic resonance spectra were 
measured at 60 Mc.p.s. with a Varian A60 n.m.r. spec- 

trometer. Chemical shifts are given in 7 values and refer 
to spectra measured in deuteriochloroform, with tetra- 
methylsilane as the internal standard. 

1,4,5,6-Tetra-0-acetyl-myoinositol (1) (3) was prepared 
as a monohydrate. The compound was dried over 
phosphorus pentoxide and further dehydrated by 
dissolving in tetrahydrofuran and drying over phosphorus 
pentoxide. The amorphous solid obtained after removal 
of the solvent in uacuo was again dried. 

Thiophosgene (14.6 ml, 0.191 mole) was added drop- 
wise to a stirred solution of freshly dried imidazole 
(52.0 g, 0.764 mole) in anhydrous acetone (1040 ml) under 
anhydrous conditions. The temperature of the mixture 
was maintained at 25-28'. After 90 min the precipitated 
imidazole hydrochloride was collected by filtration and in 
the filtrate was dissolved the previously dried 1,4,5,6- 
tetra-0-acetyl-myoinositol (1, 66.4 g, 0.19 mole). The 
mixture was refluxed under anhydrous conditions for 2 h. 
The solvent was removed and the residual yellow solid 
dissolved in ethyl acetate. The solution was extracted 
with 3.6 N hydrochloric acid (106.4ml) in order to 
remove imidazole. The organic phase was washed 
successively with water, a saturated solution of sodium 
bicarbonate, and water. After drying the solution over 
anhydrous sodium sulfate, the solvent was removed and 
the crystalline residue recrystallized from hot ethanol. 
The colorless crystals were isolated, washed with cold 
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ethanol, and dried. The yield of 3 was 32.05 g (40%), 
1n.p. 166-168"; v,,,(Nujol) 1750 (C=O), 1160 cm-' 
(C=S); n.m.r. data: T 7.84-7.91, 4 0-acetyl groups, 
4.53-5.03, 6 ring hydrogens. 

Anal. Calcd. for Ct5H1,O1,S: C, 46.14; H, 4.65; S, 
8.21. Found: C, 46.66; H, 4.58; S, 8.09. 

Conduritol-B Tetraacetnte ( 4 )  
A solution of 1,4,5,6-tetra-0-acetyl-myoinositol-2,3- 

thionocarbonate (3, 27.65 g, 0.071 mole) in trimethyl 
phosphite (200 rnl) was refluxed under nitrogen for 5 h. 
The solvent was removed and to the clear oily residue was 
added water (200 ml), After seeding, the mixture was set 
aside a few minutes when crystallization started. The 
mixture was refrigerated overnight. The crystals were 
collected, washed with water, and dried. The product still 
smelled of trimethyl phosphite and, therefore, was washed 
thoroughly with n-hexane and recrystallized from 
ethanol-water. The compound, m.p. 85-859, was 
obtained in a yield of 81 % (18.02 g) (reported (1) m.p. 
91-92.!?, corrected); v,,,(Nujol) 1750 cm-I (C=O); 
n.m.r. data: T 7.95-7.99, 4 0-acetyl groups, 4.34-4.83, 6 
protons, multiplels. 

Concluritol-B ( 5 )  
Triethylamine (4ml) was added to a solution of 

conduritol-B tetraacetate (4, 5 g, 15.92 nimole) dissolved 
in 70% aqueous methanol (50 ml) and the mixture was 
set aside 6 h with occasional shaking. The solvents were 
removed and the residual white solid dried over phos- 
phorus pentoxide. Recrystallization from hot methanol 
and benzene afforded colorless crystals of 5 (7473, n1.p. 
199.5-201" (reported (1) n1.p. 204.5-205", corrected). 

The author thanks Professor R.  U. Lemieux, Director 
of Research, for his guidance and encouragement in the 
conduct of this research and Mr. B. Baechler and Mr. W. 
Merlo for technical assistance. 
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The heat of formation of the norbornyl ion has been evaluated from experimental data. This was 
compared to the heats of formation of various formulations of the norbornyl ion con~puted by quantum 
mechanical methods. 

Canadian Journal of Chemistry, 48, 384 (1970) 

A recent report on the heats of formation of 
several possible formulations for the norbornyl 
ion calculated by quantum mechanical methods 
(1) prompts us to report an evaluation of the 
enthalpy of formation of the C,H,, + ion, which 
occurs in the mass spectrum of norbornyl 
bromide (2). 

This ion was presumed to be the norbornyl 
cation and its appearance potential in the mass 
spectrometer was observed to be 10.26 + 0.05 eV 
(2). The appearance potential of an ion is related 
to its heat of formation by eq. [I]. 

[ I ]  A.P. = AHf(C,H,,+) + AH,(Br) - 
AH,(C,H,,Br) 

For AH,(Br) we have adopted the value + 26.73 f 

'Present address: Imperial Chemical Industries 
Limited, Pharmaceutical Division, Mcrcside, Alderley 
Park, Macclesfield, Cheshire, SKlO 4TG, England. 

0.11 kcal/mole found in the literature (3). There 
does not appear to be any direct measurement of 
AH, for norbornyl bromide but Bedfordet al. have 
reported a value of - 22.01 + 0.65 kcal/mole for 
AH,' of bicyclo [2,2,1 lheptane (cryst) (4) which, 
combined with the value of 13 f 2 kcal/mole for 
AH ,,,, i,,,i,, reported by Chiang et al. (5). leads to 
AH, for bicyclo[2,2,l]heptane (gas) = -9.91 + 
2.65 kcal/mole. Using bond dissociation data 
from the literature (3,6,7), we have computed the 
heat of reaction for the bromination of bicyclo- 
[2,2,l lheptane via the process outlined in 
reaction [2] 

In computing this heat of reaction we have 
assumed the dissociation energies of the C-€3 
and C-Br bonds at C-2 in the norbornyl system 
to be the same as those reported for (CH,),- 
CH-H and (CH,),CH-Br, viz. 94.5 Jr 1 and 
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ethanol, and dried. The yield of 3 was 32.05 g (40%), 
1n.p. 166-168"; v,,,(Nujol) 1750 (C=O), 1160 cm-' 
(C=S); n.m.r. data: T 7.84-7.91, 4 0-acetyl groups, 
4.53-5.03, 6 ring hydrogens. 

Anal. Calcd. for Ct5H1,O1,S: C, 46.14; H, 4.65; S, 
8.21. Found: C, 46.66; H, 4.58; S, 8.09. 

Conduritol-B Tetraacetnte ( 4 )  
A solution of 1,4,5,6-tetra-0-acetyl-myoinositol-2,3- 

thionocarbonate (3, 27.65 g, 0.071 mole) in trimethyl 
phosphite (200 rnl) was refluxed under nitrogen for 5 h. 
The solvent was removed and to the clear oily residue was 
added water (200 ml), After seeding, the mixture was set 
aside a few minutes when crystallization started. The 
mixture was refrigerated overnight. The crystals were 
collected, washed with water, and dried. The product still 
smelled of trimethyl phosphite and, therefore, was washed 
thoroughly with n-hexane and recrystallized from 
ethanol-water. The compound, m.p. 85-859, was 
obtained in a yield of 81 % (18.02 g) (reported (1) m.p. 
91-92.!?, corrected); v,,,(Nujol) 1750 cm-I (C=O); 
n.m.r. data: T 7.95-7.99, 4 0-acetyl groups, 4.34-4.83, 6 
protons, multiplels. 

Concluritol-B ( 5 )  
Triethylamine (4ml) was added to a solution of 

conduritol-B tetraacetate (4, 5 g, 15.92 nimole) dissolved 
in 70% aqueous methanol (50 ml) and the mixture was 
set aside 6 h with occasional shaking. The solvents were 
removed and the residual white solid dried over phos- 
phorus pentoxide. Recrystallization from hot methanol 
and benzene afforded colorless crystals of 5 (7473, n1.p. 
199.5-201" (reported (1) n1.p. 204.5-205", corrected). 

The author thanks Professor R.  U. Lemieux, Director 
of Research, for his guidance and encouragement in the 
conduct of this research and Mr. B. Baechler and Mr. W. 
Merlo for technical assistance. 
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The heat of formation of the norbornyl ion has been evaluated from experimental data. This was 
compared to the heats of formation of various formulations of the norbornyl ion con~puted by quantum 
mechanical methods. 
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A recent report on the heats of formation of 
several possible formulations for the norbornyl 
ion calculated by quantum mechanical methods 
(1) prompts us to report an evaluation of the 
enthalpy of formation of the C,H,, + ion, which 
occurs in the mass spectrum of norbornyl 
bromide (2). 

This ion was presumed to be the norbornyl 
cation and its appearance potential in the mass 
spectrometer was observed to be 10.26 + 0.05 eV 
(2). The appearance potential of an ion is related 
to its heat of formation by eq. [I]. 

[ I ]  A.P. = AHf(C,H,,+) + AH,(Br) - 
AH,(C,H,,Br) 

For AH,(Br) we have adopted the value + 26.73 f 

'Present address: Imperial Chemical Industries 
Limited, Pharmaceutical Division, Mcrcside, Alderley 
Park, Macclesfield, Cheshire, SKlO 4TG, England. 

0.11 kcal/mole found in the literature (3). There 
does not appear to be any direct measurement of 
AH, for norbornyl bromide but Bedfordet al. have 
reported a value of - 22.01 + 0.65 kcal/mole for 
AH,' of bicyclo [2,2,1 lheptane (cryst) (4) which, 
combined with the value of 13 f 2 kcal/mole for 
AH ,,,, i,,,i,, reported by Chiang et al. (5). leads to 
AH, for bicyclo[2,2,l]heptane (gas) = -9.91 + 
2.65 kcal/mole. Using bond dissociation data 
from the literature (3,6,7), we have computed the 
heat of reaction for the bromination of bicyclo- 
[2,2,l lheptane via the process outlined in 
reaction [2] 

In computing this heat of reaction we have 
assumed the dissociation energies of the C-€3 
and C-Br bonds at C-2 in the norbornyl system 
to be the same as those reported for (CH,),- 
CH-H and (CH,),CH-Br, viz. 94.5 Jr 1 and 
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67.6 + 2.4 kcalimole, respectively. For D(Br-Br) 
and D(I4-Br) we have used the values 46.1 + 
0.03 and 87.6 f 0.13 kcal/mole. The heat of 
reaction calculated from this data is + 14.6 1 3.5 
kcal/mole. 

The heat of formation of norbornyl bromide 
could now be obtained from eq. [3] 

PI AHf(C,H,2),,s + AH,(Brz),a, = 

AI-lf(C,H,,Br),as + AHfO(HBr)gas + AHreaction 

For AH,(Br,),,, and AHfO(HBr) we have used 
the established values of + 7.34 + 0.18 kcal/mole 
and - 8.66 0.33 kcal/mole (8), and for AHf of 
bicyclo[2,2,1]heptane and the heat of reaction 
we have used the quantities calculated above. 
From this data we have calculated AH,(norbornyl 
bromide) = -9.63 + 6.66 kcalimole. 

Using this last value in eq. [ I ]  gives AH, 
(norbornyl ion),,, = + 200 2 7.9 kcal/mole. The 
agreement between this value and the values 
calculated by Klopman is excellent and seems to 
support the validity of the method and assump- 
tions used by him in the quantum mechanical 
treatment. We understand that the valne for the 

heat of formation of the "classical" norbornyl 
cation has recently been recalculated using dif- 
ferent C-C bond lengths and revised (5), and 
because of the relatively large errors attendant 
upon this method of deriving the experimental 
heat of formation, it is, unfortunately, not pos- 
sible to conclude that there is significantly better 
agreement with the quantum mechanically calcu- 
lated value of the heat of formation for any one 
particular formulation of the norbornyl ion. 
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Esterification of E-N-carbobenzoxy-L-lysine with boron 
tsifluoride - alcohol1 

JOHN COGGINS, RUTH DEMAYO, AND N. LEO BENOITON' 
Department of Biochemistry, Uniuersity of Ottawa, Ottawa 2, Ontario 

Received August 18, 1969 

The esterification of E-N-carbobenzoxy-L-lysine with various boron trifluoride - alcohol mixtures 
at 80 'C leads to some deprotection, which increases as the chain length of the alcohol increases. A 
convenient synthesis of E-N-carbobenzoxy-L-lysine methyl ester in 58 % yield from E-N-carbobenzoxy- 
L-lysine and boron trifluoride - methanol has been developed. 

Canadian Journal of Chemistry, 48, 385 (1970) 

E-N-Carbobenzoxy-L-lysine esters are usually 
prepared from E-N-carbobenzoxy-L-lysine a-N- 
carboxy anhydride and the pertinent alcohol (I). 
Our dissatisfaction with the use of this method 
for preparing the methyl ester ( l ,2)  has prompted 
an investigation of the feasibility of obtaining 

lSupported by a grant from the Medical Research 
Council of Canada. 

2Associate of the Medical Research Council of 
Canada. 

this ester directly from E-N-carbobenzoxy-L- 
lysine. The latter has been achieved (3) using the 
thionyl chloride method (4), however the product 
obtained had a melting point 4" lower than that 
previously reported (1, 2). 

This paper presents the results of a study of the 
esterification of E-N-carbobenzoxy and other 
mono-N-substituted lysines with boron trifluo- 
ride - alcohol mixtures which are reagents used 
for the synthesis of aliphatic (5) and aromatic (6) 
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67.6 + 2.4 kcalimole, respectively. For D(Br-Br) 
and D(I4-Br) we have used the values 46.1 + 
0.03 and 87.6 f 0.13 kcal/mole. The heat of 
reaction calculated from this data is + 14.6 1 3.5 
kcal/mole. 

The heat of formation of norbornyl bromide 
could now be obtained from eq. [3] 

PI AHf(C,H,2),,s + AH,(Brz),a, = 

AI-lf(C,H,,Br),as + AHfO(HBr)gas + AHreaction 

For AH,(Br,),,, and AHfO(HBr) we have used 
the established values of + 7.34 + 0.18 kcal/mole 
and - 8.66 0.33 kcal/mole (8), and for AHf of 
bicyclo[2,2,1]heptane and the heat of reaction 
we have used the quantities calculated above. 
From this data we have calculated AH,(norbornyl 
bromide) = -9.63 + 6.66 kcalimole. 

Using this last value in eq. [ I ]  gives AH, 
(norbornyl ion),,, = + 200 2 7.9 kcal/mole. The 
agreement between this value and the values 
calculated by Klopman is excellent and seems to 
support the validity of the method and assump- 
tions used by him in the quantum mechanical 
treatment. We understand that the valne for the 

heat of formation of the "classical" norbornyl 
cation has recently been recalculated using dif- 
ferent C-C bond lengths and revised (5), and 
because of the relatively large errors attendant 
upon this method of deriving the experimental 
heat of formation, it is, unfortunately, not pos- 
sible to conclude that there is significantly better 
agreement with the quantum mechanically calcu- 
lated value of the heat of formation for any one 
particular formulation of the norbornyl ion. 
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The esterification of E-N-carbobenzoxy-L-lysine with various boron trifluoride - alcohol mixtures 
at 80 'C leads to some deprotection, which increases as the chain length of the alcohol increases. A 
convenient synthesis of E-N-carbobenzoxy-L-lysine methyl ester in 58 % yield from E-N-carbobenzoxy- 
L-lysine and boron trifluoride - methanol has been developed. 

Canadian Journal of Chemistry, 48, 385 (1970) 

E-N-Carbobenzoxy-L-lysine esters are usually 
prepared from E-N-carbobenzoxy-L-lysine a-N- 
carboxy anhydride and the pertinent alcohol (I). 
Our dissatisfaction with the use of this method 
for preparing the methyl ester ( l ,2)  has prompted 
an investigation of the feasibility of obtaining 

lSupported by a grant from the Medical Research 
Council of Canada. 

2Associate of the Medical Research Council of 
Canada. 

this ester directly from E-N-carbobenzoxy-L- 
lysine. The latter has been achieved (3) using the 
thionyl chloride method (4), however the product 
obtained had a melting point 4" lower than that 
previously reported (1, 2). 

This paper presents the results of a study of the 
esterification of E-N-carbobenzoxy and other 
mono-N-substituted lysines with boron trifluo- 
ride - alcohol mixtures which are reagents used 
for the synthesis of aliphatic (5) and aromatic (6) 
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TABLE 1 

Esterification of E-N-substituted-L-lysines* 
- - - 

Reactants Yield of products (%) 

R RI H.Lys(R).OH H.Lys(R).OR1 H.Lys.OH H.Lys.OR, Total 

Z t  methvl 4.8 92.0 0 .4  5.8 103 .O 

pr;;pyl 
butyl 
benzyl 

z 3 methyl 1 .4  94.3 < 0 .  1 1 .2  96.9 
Ac methvl 12.4 76.3 1 .6  9.1 99.4 - -. 

For methi1 0 0 2 .7  93.3 96.0 
Z iso-propyl 81.8 12.7 6.8 1 .2  102.5 
Bz tert-butyl 83.9 5 .9  0 .2  0 90.0 

- 

80" 
*H . Lys (R) . OH (2.5 mmoles) + BF, . 0 (C2H5)= (12.5 mmoles) + RIOH (25 ml) --, H . Lys (R) . OR1. 

24 h 
t Z  = carbobenzoxy; Ac = acetyl; For = formyl; Bz = benzoyl. 
$a-N-carbobenzoxy. 

carboxylic acid esters, and describes a convenient 
synthesis of E-N-carbobenzoxy-L-lysine methyl 
ester from E-N-carbobenzoxy-L-lysine. 

E-N-Carbobenzoxy-L-lysine in excess methanol 
was heated in the presence of different amounts 
of boron trifluoride ethyl ether at 80 "C. Aliquots 
of the reaction mixtures were then analyzed for 
starting material, deprotected starting material, 
desired ester, and ester of the deprotected starting 
material. The time course of the reaction is 
illustrated in Fig. 1. In the presence of 5 moles of 
catalyst, the reaction was first order with respect 
to E-N-carbobenzoxy-L-lysine and essentially 
complete after 24 h. When only 2 moles of 
catalyst were used, the reaction had proceeded 
to only 80% after 32 h. In a 16 h experiment, 
water (0.9% v/v) was added, with no apparent 
effect on the reaction. 

TIME ( h )  

FIG. 1. Esterification of E-N-carbobenzoxy-L-lysine 
in boron trifluoride - methanol at reflux temperature; 
5 moles of BF,.0(C2H5)2 per mole of H.Lys(Z).OH. 

The results of the analyses for the different 
components when the mono-N-substituted ly- 
sines were heated at 80 "C in various boron 
trifluoride - alcohol mixtures for 24 h appear in 
Table 1. It is seen that the yields of esters of 
E-N-carbobenzoxy-L-lysine decreased from 92 to 
32% in going from the methyl to the butyl, and 
then the benzyl ester. This was accompanied by a 
parallel increase in the extent of cleavage of the 
carbobenzoxy group from about 6 to 40% 
(H.Lys.OH -t H.Lys.OR,). Since the same 
amount (5-15%) of starting material was re- 
covered regardless of the primary alcohol used 
except for ethanol, and the extent of esterification 
(H.Lys(R).OR, + H.Lys.OR,) was over 70 % 
in all cases except for the benzyl ester, the 
differences in the yields obtained reflect a differ- 
ence in the susceptibility to cleavage of the 
urethane group by the various boron trifluoride - 
alcohol mixtures rather than a difference in the 
reactivity of the alcohols. The apparently anomo- 
lous result obtained with ethyl alcohol, when 
more starting material was recovered than in the 
other cases, was confirmed by a duplicate 
experiment. 

The lack of esterification observed when iso- 
propyl and tert-butyl alcohol were used is in 
agreement with the demonstration that these 
alcohols are dehydrated to give water - boron 
trifluoride complex and the corresponding poly- 
olefin in the presence of boron trifluoride (7). 
The resistance to cleavage of the N-acyl and 
N-carbobenzoxy groups to boron trifluoride 
etherate - methanol under our conditions stands 
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in striking contrast to the reported cleavage of 
amides to methyl esters by hot boron trifluoride - 
methanol (8, 9). That this apparent difference 
was not due to the fortuitous use by us of the 
etherate instead of gaseous boron trifluoride was 
demonstrated when results identical with those 
recorded in Table 1 were obtained for the 
esterification of E-N-carbobenzoxy-L-lysine using 
boron trifluoride dissolved in methanol as the 
reagent. 

In a preparative run, a yield of 58% of E-N- 
carbobenzoxy-L-lysine methyl ester was ob- 
tained.3 A simple and efficient purification of the 
product was achieved by the expedience of 
extracting it into an organic solvent from an 
aqueous solution at a p H  (9.0) intermediate 
between the pKaf of the a-amino group of the 
ester4 and the much higher pKaf of the &-amino 
group of the lysine ester. At this pH, lysine, 
lysine methyl ester, and E-N-carbobenzoxy-lysine 
remain in the aqueous phase, with most of the 
latter precipitating out. The product obtained 
with this procedure requires no recrystallization. 

Experimental 
Materials 

Boron trifluoride ethyl ether (product No. 4272) was 
obtained from Distillation Product Industries, Rochester, 
New York, and was used without purification. E-N- 
Carbobenzoxy-L-lysine was purchased from Pierce Chem- 
ical Company, Rockford, Il!inois. Sources for the other 
lysine derivatives have been reported (10). The reagent 
grade alcohols were kept over anhydrous magnesium 
sulfate for 12 h, then over anhydrous calcium sulfate for 
12 h, and filtered. 

Method 
A mixture of mono-N-substituted lysine (2.5 mmoles) 

and boron trifluoride ethyl ether (1.52 ml; 12.5 mmoles) 
in the alcohol (25 ml) was heated in an 80 "C oil-bath. 
The solution was made up to 50ml with the alcohol 
(with ethanol for the butyl and benzyl esters) and a 
sample was diluted with p H  2.2 citrate buffer. An 
aliquot was placed on the 0.9 x 7 cm column of a 
Beckman model 120B amino acid analyzer and 0.35 N 
sodium citrate, p H  5.28, was pumped through for 40 min 
for the determination of lysine and starting material. The 
esters, which remained on the column, were then saponi- 
fied by removing the buffer from the column head and 

3Carbobenzoxy-phenyialanine ester has been obtained 
in 70% yield from carbobenzoxy-phenylalanine, and 
phenylalanine ethyl ester in 40% yield from phenyl- 
alanine, using the same conditions. 

4The pK1' of lysine ethyl ester is 7.54. Unpublished 
results of J. H. Seeiy and N. L. Benoiton. 

forcing 0.2 N sodium hydroxide (1.3 ml) half-way down 
the resin column. After 20 min (at 57 "C) the column 
head was filled with sodium hydroxide (8.5 ml), the 
pH 5.28 buffer line was attached to the column, buffer 
was pumped through and the effluent from the column 
was collected for 20min. The effluent was acidified, 
diluted to a known volume, and analyzed for lysine and 
mono-N-substituted derivative on the same colun~n as 
described above. A control experiment had indicated 
that saponification of the methyl ester was complete 
without the 20 min delay period, but that it was required 
for complete saponification of the ethyl and benzyl esters. 
The tert-butyl esters were determined by difference after 
analyzing for the amino acid before and after cleavage of 
the ester with hydrogen bromide in acetic acid. 

Preparation of E-N-Carbobenzoxy-L-lysine Ester. HCI 
Amixture of E-N-carbobenzozy-L-1ysine (7.0 g; 0.025 

mole) and boron trifluoride ethyl ether (15.2 ml; 0.125 
mole) in methanol (100 ml) in a flask fitted with a 
condenser was heated in a 80 "C oil-bath for 24 h. The 
cooled mixture was filtered through Celite, the solvent 
was removed in vacuo (bath temperature 40 "C), the 
residual oil was dissolved in water (50 mi) and extracted 
with ether (2 x 25 mi). 4 N NaOH was added to the 
cooled stirred solution until the pH was 9.0. The solution 
was saturated with NaCl, ethyl acetate (100ml) was 
added, and the mixture was filtered to remove the E-N- 
carbobenzoxy-L-lysine. The organic layer was separated 
and the aqueous layer was extracted again with ethyl 
acetate (2 x 100 ml). The combined extracts were dried 
(MgS04 followed by CaS04), the solvent was evaporated 
off, methanol (20 ml) was added to the residue, followed 
by 8 N HCl in methanol (3 ml). Ether (300 ml) was then 
added slowly while cooling the solution and E-N-carbo- 
benzoxy-L-lysine methyl ester.HC1 (4.9 g; 58%) sepa- 
rated as white crystals with m.p. 117-118O, [aIDz5 + 15.5" 
A0.1" (c, 2 in H20), (lit. m.p. 117" (1); 117", 
+ 15.0" (2), 113-114", sintered 111" (3)). On analysis 
with the amino acid analyzer the product was found to 
contain 0.1% of starting material, but no detectable 
amounts of lysine or lysine methyl ester. 
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Crystallographic studies of cobalt arsenates. IV. Crystal parameters of 
cobalt diarsenate 

J. OZOG, N. KRISHNAMACHARI, AND C. CALVO 
Institute for Materials Research and Departnient of Chemistry, McMaster University, Hamilton, Ontario 

Received June 20, 1969 

The crystal structure of cobalt diarsenate has been shown to be a new member of a series of structures 
closely related to that of the mineral thortveitite. The triclinic unit cell parameters are: a = 6.55 A, 
b = 8.52 A, c = 4.76 A, c* = 91.OS, P = 104.0°, y = 91.3". There are 2 molecules per unit cell with 
a symmetry C1 or CT and a measured density 5.01 g/cm3. The single crystal patterns show nearly the 
C2/m symmetry characteristic of the mineral thortveitite and its analogues. 
Canadian Journal of Chemistry, 48, 388 (1970) 

Taylor and Heyding (I) reported the Debye- 
Scherrer pattern of 2Co0.As20, obtained by 
reacting 2 moles of C o o  with 1 mole of As205 at 
800 "C. The pattern obtained was poorly defined 
since the sample appeared to be contaminated 
with other cobalt arsenates and silica from the 
container. Despite these difficulties probable 
lines for 2Co0.As20, were selected and an 
indexing attempted with an orthorhombic cell 
defined by a = 8.16 A, b = 8.56 A, and c = 
9.19 A. 

It was felt important that either Co,As,O, or 
its apparent isomorph Ni,As207 ( I )  be examined 
in single crystal form since this cell seemed to be 
at variance with the otherwise perfect correlation 
between cationic radius and structure type. 
Table 1 shows that the diphosphates, divanadates, 
and diarsenates invariably showed the thort- 
veitite structure (2) for one of its polymorphs 
for cations whose radii were less than about 
1 A. The results of the present study are included 
in Table I .  The situation among the silicates has 
been summarized by Ito and Johnson (3). 
Furthermore, the volume of the cell reported by 

TABLE 1 

Structure types for X2Yz07  compounds with 
x I ~ . o A * . t  
--- 

X Radius (A) P2074-  A S ~ ~ ~ ~ -  v2074- 

~. 2 
MnZ+ 0.79 {a7 $ 
Cu2 + 

rb1 
ic*,P I 

Cd2+ 0.97 {b I t 
Ca2+ 1 .O1 New 

{D } 
New 

*a = polymorph of the thortveitite structure. 
$B = thortvritite structure. 
$Unknown. 

Taylor and Heyding (I), when compared with 
that of Mg,As,O, (4), suggested that their unit 
cell would contain 5 formula units, if the packing 
efficiencies were similar. 

In previous studies in the COO-As,O, system 
(5-7) it was apparent that single crystals could 
be produced from stoichiometric samples heated 
in open containers but that the products had 
unpredictable compositions. Thus Co,As20, 
was precipitated from a solution containing 
CoCI, and Na,As207. The solid was dried at 
500 "C, sealed in an evacuated quartz tube, and 
heated in stages until it melted. The melting 
temperature found was 1125 25 "C using an 
uncalibrated thermocouple. The sample was 
cooled slowly and upon cooling the tube cracked, 
probably because of the differential coefficient 
of the expansion between quartz and Co2As20, 
and the fact that the container had been wetted 
by the liquid. The actual chemical attack, 
however, was modest. 

Crystals could easily be aligned so as to rotate 
about the [I  101 axis, making use of the fact that 
the (001) and (1 18) faces gave excellent optical 
reflections. This feature is generally common to 
this family of compounds. The zero level 
Weissenberg photograph was nearly superimpos- 
able upon a photograph from a similarly oriented 
crystal of Mn,P,O,. Further photographs taken 
to see if Co,As,O, was a polymorph of the 
thortveitite structure, as is the case for the 
diphosphates, showed that it was in fact triclinic. 
Although the photographs show nearly the 
C2/m syametry anticipated, the a and y angles 
deviate significantly from 90". In addition, 
intensity differences were apparent between 
reflections that would be identical if the crystal 
were monoclinic. The density was measured by 
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pycnometer and is reported with lattice param- 
eters determined from an uncalibrated set of 
films in Table 2 both for the centered cell 
analogous to that of the mineral and for a 
primitive cell. 

The crystals obtained always showed a pattern 
arising from two unequal sized crystals mis- 
oriented by about 4". Two additional trials, 
starting with the precipitation, resulted in 
similar crystals. The Debye-Scherrer pattern 
from the bulk of the sample rather than from 
grinding selected single crystals was similar to 
that obtained by Taylor and Heyding (1). The 

TABLE 2 

Crystal data for CozAs,07 

Primitive triclinic 
Lattice parameter Co2As207 space group 

Systematic absences hkl, h + k = odd 
Density (g/cm3), calcd. for Z = 2 4.91 
Density (g/cm3), exp. 5.01 
Space group C1 or C i  

pattern obtained from a powder of selected 
crystals had substantially fewer lines than that 
reported by these authors. 

From the crystal chemistry of the other 
members of this series it is expected that Co2As,- 
O, will transform to the C2/m symmetry and 
become isostructural to thortveitite at some high 
temperature. A structure resolution of this phase 
would be of interest since the As-0-As may 
not be constrained, at least on the average, to 
be linear. 

NOTE ADDED IN PROOF. A further preparation 
of Co2As20, has yielded crystals nearly the same 
as reported here but showing superstructure 
reflections parallel to (111). These are such that 
reflections appear at one-fifth the normal spacing. 

This research has been supported by a grant from the 
National Research Council of Canada. 
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Erratum: Signs of spin-spin coupling constants between aldehydic and ring 
protons in 2,6-dinitrobenzaldehyde. Evidence for a hyperconjugative 

contribution to JpH,CHO 

C .  L. BELL, S. S. DANYLUK, AND T. SCHAEFER 
Avgonne National Laboratory, Argonne, Illinois 60439 

Received October 16, 1969 

(Ref.: Can. J. Chem. 47, 3529 (1969)) 

Canadian Journal of Chemistry, 48, 389 (1970) 

On page 353 1, line 13 of the right-hand column should read I JAxl = JoH,CHo < 0.10 Hz and not 
IJ AX I = = 0~10 HZ. 
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Erratum: Hydrogen bonding in lidocaine salts. I. The NH stretching 
band and its dependence on the associated anion 

GEORGE A. NEVILLE AND ZEPHYR R. REGNIER 
Research Laboratories, Food and Drug Directorate, Department of National Health and Welfare, Ottawa, Canada 

Received December 1, 1969 

(Ref.: Can. J. Chem. 47, 4229 (1 969)) 

Canadian Journal of Chemistry, 48, 390 (1970) 

Figure 1 on p. 4231 should be as follows. 

Lid. H i  d 
1 l I I I I I I I I  
3000 2500 

F R E Q U E N C Y  (cm-I )  

FIG. 1. Infrared spectra of lidocaine 

f Lid. H Sb CI, 

F R E Q U E N C Y  ( c r n - ' )  

salts from 3100 to 2200 cm-I. 



Erratum: Long-range spin-spin coupling constants between ring protons and 
aldehydic protons in some para-substituted benzaldehydes 

S. S. DANYLUK, C .  L. BELL, AND T. SCHAEFER 
Division of Biological & Medical Research, Argonne National Laboratory, Avgorzne, Illinois, U.S.A. 

Received November 20, 1969 

(Ref.: Can. J. Chem. 47, 4005 (1969)) 

Canadian Journal of Chemistry, 48, 391 (1970) 

On page 4007, right-hand column, Fig. 2 
should be shown as below and not as printed. 

Ho- 

N I C . H ~ ) Z  

FIG. 2. In (a), the single proton resonance spectrum 
of the aldehydic proton in p-dimethylaminobenzaldehyde 
is shown. In (b), (c),  (d) ,  double resonance spectra are 
recorded under conditions described in the text. 
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COMMUNICATIONS 

Pulse radiolysis of nitric oxide in aqueous solution' 

W. A. SEDDON AND M. J. YOUNG 
Physical Chemistry Branch, Atonzic Energy of Canada Limited, 

Chalk Ricer Nuclear Laboratories, Chalk Riuer, O~ztario 

Received November 3, 1969 

Pulse radiolysis of aqueous solutions of nitric oxide at neutral p H  shows that the reaction initiated by 
the hydrated electron, e-(aq), proceeds via NO- and,a new transient thought to be (N,O,)-, and not 
HWO as indicated previously by steady state radiolysis. 

Canadian Journal of Chemistry, 48, 393 (1970) 

Earlier studies (1-31, on the radiation chemistry 
of nitric oxide solutions indicated that the prod- 
ucts of y radiolysis, HNO, and N,O, were ex- 
plicable by a fairly simple mecl-ranism 

ha+ 
[I I e-(aq) + NO i- NO- (----+ HNO) 

[a! H +  NO AHNO 

is 1 OH + NO -t HN02 

(4 1 HNO i- %NO + t iNB2 t NiC 

While the above reaction sequence is stoichis- 
nxtricaiiy correct the pulse radiolysis results 
demoi~strate that the detailed mechanism is more 
complex at neutral p%%, particularly with respect 
to reactions involvil~g anionic species generated 
via eV(aq). 

Figure 1 (open circ?esj, shows the trallsie~lt 
spectrum with absorption maxima at 250 and 
380 my, observed from 1.7 mM NO solut io~~s 
120 ps after a 2--3 krads, 0.5 ys pulse of electrons 
from a 2 MeV Van de GraafS accelerator. The 
spectrum 2 ys after the pulse appears identical 
and is about 20% lower in intensity at 380 mp. 
Addition of OH radical scavengers, 10-' M 
methanol or 2 x 10-% KRSCN, did not remove 
the transient. The absorption is not observed in 
1.7 mM NO solutions containing 0.4 11.1 H2S04 
as electron scavenger. Similarly, it is reduced by 
a factor of about 10 in solutions containing a 20- 
fold excess of N20,  indicating that a precursor of 
this species is e-(aq). 

The permanent product absorption (closed 
circles) is due to the formation of nitrite (reaction 
[3]), which absorbs intensely at 210 mp (4). 

FIG. 1 .  Absorption spectra of species produced in 
the pulse radiolysis of 1.7 mM NO in aqueous solution 
at neutral pH. 0, transient species observed 120 ps after 
the pulse; @, permanent product absorption due to 
X T n  - 

The rate of decay of e-(aq) was found to be 
pseudo first order and the half life, t,, inversely 
proportional to the NO concentration from 
which we derive k(e-(aq) + NO) = 2.3 + 0.4 x 
10" M-' s-l .  This value is lower than an earlier 
reported figure (5) of 3.1 + 0.2 x 10'' M-I s-l ,  
but is in good agreement with the relative rate 
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constant ratios (1-3); k(e-(aq) + NO)/k(e-(aq) 
+ N,O) = 2.5 F 0.2, k(e-(aq) + NO)/k(e-(aq) 
+ NO2-) = 5.4 2 0.7, and the absolute rate 
constants (5,6), k(ec(aq) + N20)  = 8.7 i 0.6 x 
109 and k(e-(aq) + NO2-) = 4.1 i 0.6 x lo9 
M-I s- I, respectively. 

The build up of the transient absorption 
(monitored at 380 my) occurs with two distinct 
rates. Initially there is a rapid pseudo first order 
increase, the rate of which is about seven times 
slower than the rate of decay of e-(aq) observed 
in the same solution. This indicates that NO-, 
presumably produced in reaction [5], does not 
absorb strongly at this wavelength but is the 
precursor of the initial absorbing species. This 
species we suggest is the radical anion (N202)-  
formed in a subsequent slower reaction [6]. 

[51 e-(aq) f NO + NO- 

[61 NO- f NO + (NzOs)- 

I t  was found that t+ for the formation of (N202)- 
was inversely proportional to NO conce~~tration 
and that k, = 3.3 k 0.7 x lo9 M - '  s-I. Both 
NO- and (N,O,)-, formed by negative ion 
molecule reactio~ls in N 2 0  have been identified 
in the gas phase by mass spectrometry (7). 

Following the initial rapid build up of absorp- 
tion a slow additional increase is observed which 
reaches its maximum intensity about 150 ps after 
the pulse in 1 m M  solutions of NO. The kinetics 
of its formation are a function of NO concentra- 
tion but are complicated by its subsequent decay 
which is first order and markedly p H  dependent. 
Additional (N202)-  might be formed at a rate 
which depends upon the dissociative equilibrium 
171, for HNO formed directly via reaction [2]. 

t71 HNO e H +  + NO- 

This possibility should depend markedly on 
p H  and the relative rates of reactions [6] and [4], 
with reaction [4] becoming more important in 
acid solution (1, 3). When the p H  is decreased 

from 7.1 (buffered solution) to 3.5, it is found that 
the transient still builds up in two distinct stages 
but the overall intensity decreases by about 75 %; 
an amount greater than explicable simply in terms 
of a competition between reactions [5] and [8] 

[8 I e-(aq) + H+ + H  

Protonation of NO- and/or (N20,)- could 
account for this effect with the relative equilibrium 
concentrations and rates of formation of each 
being a function of the respective pK values for 
HNO and HN20,. If the pK values for these 
species are greater than about 3.5 (i.e. weaker 
acids than HNO,), then an alternative explana- 
tion. conversion of (N20,)- to yet another 
species, must be considered. 

The final absorption eventually decays by an 
acid catalyzed process, the half life of which 
decreases from t3 = 2.1 ms at p H  7.1 to ti = 191 
ps at p H  3.5, the corresponding first order rate 
constants being 0.33 i 0.02 x lo3 and 3.6 4 
0.2 x lo3 s-I, respectively. 

A con~plete kinetic analysis as a f~~nc t ion  of NO 
concentration, pH, and ionic strength is required 
to elucidate the mechanism in further detail. 

It is a pleasure to thank Drs. F. Wilkinson, R. Michael, 
and Professor J. W. Hunt for their advice on the design of 
pulse radiolysis equipment. We also thank Dr. Hunt for 
the use of his apparatus to confirnl our preliminary ob- 
servations and our colleagues for many helpful discus- 
sions. 
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Heats of formation of some alkylthio radicals 

D. H. FINE' AND J. B. WESTMORE 
Chemistry Department, University of Manitoba, Winnipeg, Manitoba 

Received August 29, 1969 

From a comparison of the dissociation energies of carbon-oxygen and carbon-sulfur bonds in 
alcohols, thioalcohols, ethers, and thioethers, a self-consistent set of values for the heats of formation 
of the methylthio-, ethylthio-, n-butylthio-, iso-butylthio-, sec-butylthio-, t-butylthio-, phenylthio-, and 
benzylthio-radicals is derived. 

Canadian Journal of Chemistry, 48, 395 (1970) 

Introduction 
An understanding of sulfur chemistry would be 

enhanced by the availability of reliable thermo- 
chemical data. In this paper we derive values for 
the heats of formation of the alkylthio radicals by 
comparing the few reliable (1) carbon-sulfur bond 
dissociation energies with the carbon-oxygen 
values obtained from the relatively well-studied 
alkoxy radicals (2, 3). 

The principal path towards the heats of forma- 
tion of free radicals is by the union of thermo- 
dynamic and kinetic data. This method combines 
heats of formation determined calorimetrically 
with activation energies, derived from kinetic 
measurements, which are identified with dissoci- 
ation energies of particular bonds. For many 
ethers and thioethers, represented by RXR', the 
dissociation energy of the R-XR' bond is too 
large to be determined directly by the kinetic 
method. It may nevertheless be evaluated in- 
directly from the relationship 

provided that the heats of formation of the rad- 
icals R -  and .XR' and of the parent molecule 
RXR' are known. Heats of combustion of com- 

lPresent address: Chemical Engineering Department, 
Massachusetts Institute of Technology, Cambridge, Mass. 
02139. 

pounds containing carbon, hydrogen, oxygen, or 
sulfur can be measured to high precision by 
combustion calorimetry. Evaluation of the heat 
of formation of the gaseous compounds also 
requires knowledge of the heat of sublimation or 
vaporization of RXR' at 25 "C. 

Source of Data 
Available experimental values for the standard 

heats of formation of the alkyl-, aryl-, oxy-, and 
thio-radicals (3, 4) are listed in Table 1. 

The heats of formation of the parent oxygen- 
and sulfur-compounds in the gas phase at 25 "C 
are given in Table 2. Experimental values are 
available for only some of the ethers and thio- 
ethers, and it is therefore necessary to make use of 
estimated values. Pilcher, Pell, and Coleman (1 7) 
calculated the heats of formation of the ethers by 
using the same Allen-type (25) equation that 
Skinner (26) had derived for the alcohols. The 
correlation was not good for iso-propyl-t-butyl 
ether (error 2.5 kcal/mole) and for di-t-butyl 
ether (error 10.6 kcal mole). We ascribe this 
discrepancy to steric interference when alkyl 
groups are attached to both carbon atoms of the 
C-0-C grouping, i.e. the hydrogen atom of an 
a methyl group interferes sterically with the 
hydrogen atom of the opposite a' carbon atom. 
The interference is small and we take account of it 

C C 
I I 

by adding 0.91 kcal/mole for every C-C-0-C 
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TABLE 1 
Standard heats of formation of alkyl-, aryl-, oxy-, 

and thio-radicals at 25 "C 

Heat of formation 
Radical (kcal/mole) Reference 

interaction. The equations (17, 23) we use are 

where a is the number of C atoms, b the number 
of C-C-C interactions, c and c' the number of 
C-C-0 and C-C-S interactions, respectively, 

c 
I 

d the number of C-C-C interactions, e and e' 
e c 

1 I 
the number of 6-C-0 and C-C-S inter- 
actions, respectively, and f the number of 

C c 
I I 

C-C-0-C interactions. The ethers, apart 
from di-t-butyl ether, give an average deviation 
between the experimental and calculated values 
of _f 0.21 kcal/mole, which is considerably less 
than the average experimental uncertainty inter- 
val of i 0 . 35  kcal/mole. Di-t-butyl ether is 

difficult to prepare and Smutny and Bondi (18) 
have shown that the strain due to overcrowding is 
about 7.6 kcal/mole, which agrees well with the 
7.0 kcal/mole deviation between experimental 
and calculated values which we obtain here (see 
Table 2). For the thioethers, McCullough and 
Good's (23) scheme gives an average deviation 
between the experimental and calculated values 
of + 0.28 kcal/mole, which is again less than the 
average experimental uncertainty interval of 
10.35 kcal/mole. Since the carbon-sulfur bond 
is longer than the carbon-oxygen bond (1.82 A 
compared with 1.42 A), steric interference is 
negligible in the thioethers and no correction is 
applied. 

Paucity of experimental data makes it difficult 
to extend the correlation to aryl ethers or aryl 
thioethers. 

Discussion 
The ROR' and RSR' bond dissociation 

energies, calculated from the data in Tables 1 and 
2 are listed in Table 3. Comparisons (1) of bond 
dissociation energies have been made between 
corresponding oxygen- and sulfur-compounds 
and lead to heats of formation for HS- ,  C,H,S., 
CH,Se, and C,H,S. radicals believed to be 
reliable to _+ 3 kcal/mole. 

From Table 3 certain trends are immediately 
obvious. The alkoxy-alkyl bond dissociation 
energies are almost independent of the nature of 
the alkoxy or alkyl groups: the average dissoci- 
ation energies for the methoxy-, ethoxy-, n- 
propoxy-, iso-propoxy-, n-butoxy-, sec-butoxy-, 
iso-butoxy-, and t-butoxy-alkyl bonds are 80, 
82, 78, 81, 80, 81, 80, and 81 kcal/mole, respec- 
tively. Only for compounds containing the 
n-propoxy group are the bond dissociation 
energies seen to be out of line. The experimental 
values, based on pyrolyses of n-propyl nitrite (2), 
nitrate (2), and peroxide (28) are - 15.1, - 12.0, 
and - 10.7 kcal/mole, respectively. Kerr (4) 
decided that, in keeping with the heat of forma- 
tion of the methoxy- and ethoxy-radicals, the 
value based on the peroxide data was likely to be 
the more reliable. We support this argument as 
there is no reason why D(n-C,H,O-R) should 
be 2 kcal/mole less than that for other alkoxy- 
alkyl bonds. 

Apart from the methylthio- and ethylthio- 
containing alkylthio ethers, neither the heat of 
formation of the alkylthio radical nor the alkyl- 
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FINE AND WESTMORE: AHP VALUES OF SOME ALKYLTHIO RADICALS 397 

TABLE 2 
Heats of formation (kcal/mole) of the parent oxygen- and sulfur-compounds, in the gas phase at 25 "C 

X = oxygen X = sulfur 

Compound -AH: Obsd. - ca1cd.t Reference -AHfO Obsd. - calcd.? Reference 

*Calculated values. 
?Difference between observed and calculated values of AHP.  

thio-alkyl bond dissociation energies are known. of the alkylthio-alkyl bond is 11 + 3 kcal/mole 
However, the data for the methylthio- and lower, at least for the methylthio- and ethylthio- 
ethylthio-ethers closely parallel the data for the ethers. As we may reasonably expect the relation- 
ethers. Thus, whereas the dissociation energy of ship between the dissociation energies of the 
the alkoxy-alkyl bond is 80 $ 2 kcal/mole, that oxygen- and sulfur-compounds to persist for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

1 w oubrbbb$b$bQ&hufi 
$ 1  a camccpczrgrgr  grp 
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FINE AND WESTMORE: AHro VALUES OF SOME ALKYLTHIO RADICALS 399 

other alkyl ethers and alkylthioethers we are able formation of the phenylthio radical. The weakest 
to  derive "best fit" values for the bond dissocia- bond was broken, since 
tion energies D(RIS-R) (see the values in 
parentheses in Table 3). From these "best fit" D(CH3-SC6H,) = 60 < D(CH,S-C6H5) 

bond dissociation energies we derive the heats of 
formation of the remaining alkylthio radicals (see 
Table 4). 

TABLE 4 

Standard heats of for~nation of the alkylthio 
radicals derived in this work 

Heat of formation (kcal/mole) 

Radical This work* Literature? 

CH3S. 2913 30 (1, 11, 12) 
C2H5S. 2 5 i 3  25 (1,13) 
n-C3H7S. 18k3 20 (13) 
iso-C,H,S. 1 7 i 3  18 (13) 
n-C4H9S. 13 i 3 15 (13) 
sec-C4H9S. 12+3 - 

iso-C4HyS. 1 1 i 3  - 
t-C4HyS. 9 i 3  11 (13) 
CsH5CH2S. 55+5 - 

CsH5S. 5 0 i 3  50 (4) 
*Derived in this work from "best fit" bond dissociation 

energies. 
tReference numbers in parentheses. 

A knowledge of the relevant bond dissociation 
energies in the asymmetrical ethers and thioethers 
enables one to predict which bond is the weakest 
and hence where the molecule will split on pyroly- 
sis. For example, the pyrolysis of methyl phenyl 
ether (29) in quartz tubes at 500-600 "C yields 
phenol as the major product. The decomposition 
is readily explained if the first step is 

This is to be expected, as the methyl-oxygen 
bond is 34 kcal/mole weaker than the phenyl- 
oxygen bond, viz. D(CH,-0C6H5) = 67 and 
D(CH,O-C6H ,) = 101 kcal/mole. The thermal 
decompositions of methyl phenyl sulfide (30) and 
methyl benzyl sulfide (1 I) have been investigated 
in a toluene flow system at 470-700 "C. For 
methyl phenyl sulfide the main products are 
methane, benzenethiol, and bibenzyl (from the 
toluene). Back and Sehon (30) ascribed the 
primary mode of reaction to the methyl-sulfur 
bond rupture 

The activation energy of 60 kcal/mole which they 
measured was ascribed to this process and they 
were hence able to derive a value for the heat of 

= 87 kcal/mole 

For methyl benzyl sulfide, the principal pyrolysis 
products, methanethiol and bibenzyl, are formed 
at the rame rate. The decomposition is most 
readily explained by the reactions 

C6H5CH2SCH3 + C6H5CHZ. + .SCH3 

C6H5CH3 (carrier gas) + . SCH, 
+ CsH5CHZ. + H$CH3 

2C6H5CHz. + CzH5CHzCHZC6H5 

The sulfur atom remains attached to the methyl 
group to give the methylthio radical, because 

In methanethiol and ethanethiol the carbon- 
sulfur bond is weaker than the sulfur-hydrogen 
bond 

D(CH,-SH) = 73 kcal/mole 

D(CH,S-H) = 87 kcal/mole 

D(C2H ,-SH) = 70 kcal/mole 
and 

D(C,H,S-H) = 88 kcal/mole 

Sehon and Darwent (31) have shown that the 
first step in the pyrolysis of methanethiol is 

For ethanethiol the decomposition is more 
complex, being predominantly a molecular re- 
arrangement at low temperature 

and a free-radical process at higher temperatures 

On pyrolysis, benzenethiol (31) and 2-methyl-2- 
propanethiol(32) also split predominantly at the 
carbon-sulfur bond. 

The results listed in Table 4 depend upon a 
comparison of bond dissociation energies in many 
analogous pairs of compounds. Since a significant 
body of independently obtained data is involved, 
this would suggest that most values are within the 
error limits given of f 3 kcal/mole. The reliability 
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of the data depend upon the reliability of the gas- 
phase heats of formation of (i) the parent com- 
pounds, (ii) the alkyl- and alkoxy-radicals, and 
(iii) the mercapto-, methylthio-, and ethylthio- 
radicals. Although the experimental heat of 
formation data for the parent compounds have 
been supplemented by calculated values, we have 
shown the uncertainties to be less than k0.5 
kcal/mole. The uncertainties in the heats of 
formation of the alkyl and alkoxy radicals are 
generally about 1 to 2 kcal/mole. The largest 
uncertainties ($. 3 kcal/mole) are associated with 
the mercapto-, methylthio-, and ethylthio-radi- 
cals (I). The heats of formation of the alkylthio 
radicals presented here are self-consistent. If 
subsequent data suggest a revision of the values 
for the mercapto-, methylthio-, or ethylthio- 
radicals, it should only be necessary to adjust the 
values for the other sulfur-containing radicals by 
a similar amount. 

We thank the National Research Council of Canada 
and the Faculty of Graduate Studies, University of 
Manitoba for financial assistance. 
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Phosphinohydrazines. Part PV. Coordination compounds of 
N,N-dimethyl,Nf-dipheny1phosphinohydrazine and 

N,N-dimethyl-N'-diphenylthiophosphinatohydrazine1 

E. W. AINSCOUGH, L. K. PETERSON,, AND D. E. SABOURIN 
Department of Chemistry, Simon Fraser University, Burnaby 2, British Columbia 

Received June 16, 1969 

A study of complexes of (a) N,N-dimethy1,N'-diphenylphosphinohydrazine DPH, viz., Pd(DPH)C12, 
Pd(DPH),Cl,, [Pd(DPH)2CIlCI04, Pt(DPH),CI,, Pt(DPH)CI,, Hg(DPH)CI,; (6)  N,N-dimethy1,N'- 
diphenylthiophosphinatohydrazine, DPS, viz., Pd(DPS)C12, Pt(DPS)C14, Ag(DPS)NO,, Zn(DPS)C12, 
Cd(DPS)C12, , - - . - -. - . . and Hg(DPS)C12, and (c) N,N-dimethylhydrazine, DMH, viz., Zn(DMH),CI, and Cd- 
(UMH)CI,, has been carrled out using conductivity, molecular weight, infrared, and nuciea; magnetic 
resonance measurements. DPH functions mostly as a unidentate ligand, with the phosphorus atom as the 
preferred donor site. Thus Pd(DPH)CI, is a chlorobridged dimer in solution in weakly polar solvents, 
while the monomeric form in polar solvents is of uncertain structure. A trans, four-coordinate structure 
is consistent for Pd(DPH),Clz. ,For [Pd(DPH)2CIlCI04, however, one DPH ligand is chelating through 
the phosphorus and terminal nltrogen atoms, while the second ligand is unidentate; the compound is a 
monomeric uni-univalent electrolyte in nitrobenzene. The ligand DPS appears to chelate via the sulfur 
and central nitrogen atoms, giving four-membered ring structures; a cis configuration is suggested for 
Pd(DPS)C12. Zn(DMH)2CI, is monomeric in solution, with the Me2N group coordinated to the metal. 

Canadian Journal of Chemistry, 48, 401 (1970) 

Discussion 

The ligand N,N-dimethyl,N1-diphenylphos- 
phinohydrazine, Me,NNHP@,, DPH, has three 
potential donor sites in the P-N-N skeleton, 
affording a variety of possible modes of uniden- 
tate function, as well as bidentate behavior, as a 
chelating or bridging ligand (1). While chelation 
requires a four-membered ring structure via the 
phosphorus and terminal nitrogen atoms, there 
are two possible bridging modes : the formation 
of six-atom rings, using P and central N atoms, 
or eight-atom rings, using P and terminal N 
atoms. With N,N-dimethyl,N1-diphenylthio- 
phosphinatohydrazine, Me,NNHP(S)@,, DPS, 
the three donor sites of the S=P-N-N skeleton 
are the S and the two M atoms. Possible chelate 
complexes may exhibit four- or five-membered 
cyclic structures, depending on the alternative 
usage of the central or the terminal nitrogen 
atoms; and there also exists the possibility of 
bridged, polynuclear complex formation. The 
"mixed" character of the donor sites, in the 
sense that P and S are so-called "soft" bases 
whereas the N atom is "hard" (2) ,  should play a 
significant role with respect to the nature of the 
complexes formed. 

The synthesis of complexes of DPH and DPS 
has been reported (1). The DPH molecule is more 

IPresented at the Annual Conference, Chemical Insti- 
tute of Canada, Montreal, Quebec, May, 1969. 

,To whom correspondence should be addressed. 

sensitive to solvolysis than DPS ; thus reactions 
between salts of Zn(I1) or Cd(I1) and DPH in 
methanolic solution yield complexes of N,W- 
dimethylhydrazine. DMH, viz., Zn(DMH),Cl, 
and Cd(DMH)Cl,. In general, the DPS 
complexes are much less soluble than the corre- 
sponding DPH ones; many physicochemical 
measurements could not be made because of 
low solubilities. Molecular weight data given in 
Table 1 indicate that the complexes M(DPH)CI, 
and M(DPH),Cl, (M = Pd, Pt, Hg) are essen- 
tially monomeric in acetone solution. In dibro- 
momethane, two of the complexes, Pd(DPH)Cl, 
and Hg(DPH)Cl,, show extensive dimerization. 

Assuming a preference for four-coordination 
for Pd(I1) and Pt(II) (3), then the complexes 
M(DPH),Cl,, which are monomeric non-electro- 
lytes in solution, require only monodentate 
DPH; the possible ligand sites being P, central 
N, or terminal N. The preferred site may be 
deduced from the infrared spectra and the chem- 
ical shift data pertaining to the free and the com- 
plexed ligand. In the free ligand, the N-H 
stretching vibration occurs at 3 190 cm- ' ; in 
complexes, the value (3230 cm-l) indicates the 
absence of coordination by the central nitrogen 
atom. The Me,N protons are not deshielded in 
the complexes (7.8 and 7.9 z) relative to the value 
for the free ligand (7.6), indicating the absence 
of coordination by that site (4). Thus, by elimina- 
tion, the P atom must be the donor site, a con- 
clusion in agreement with the findings of Nielsen 
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TABLE 1 

Molecular weight data* for complexes of DPH, DPS, and DMH 

Molecular weight 

Observed 

Acetone Dibromomethane 
Comooundi solution solution Calculated 
- 

DPH 
DPS 

*Measurements were made using a Hitachi Perkin-Elmer Osmometer, Model 115. 
tPt(DPH)C14, Pt(DPS)C14, Ag(DPS)NO3, Zn(DPS)CI2, Cd(DPS)C12, and Cd(DMH)C12 

were insoluble. DPH = Me2NNHP@2; DPS = Me2NNHP(S)Q2; DMH = Me2NNH2. 

et al. (5) that the P atom is the most basic of the 
three donor sites of DPH. The appearance of a 
single v(Pd-C1) vibration at 350 cm-I is indica- 
tive of a trans configuration for Pd(DPH),Cl, (6). 

Complexes of the stoichiometry M(DPH)Cl, 
(M = Pd, Hg) may maintain four-coordinate 
metal centers in several ways: (a) by the use of 
chelating DPH ; (b) by dimerization via bridging 
DPH, in six-atom (1) or eight-atom (2) ring struc- 
tures; and (c) by dimerization, via bridging Cl(3) 

where P-N-N = @,PNHNMe, = DPH. The 
complexes M(DPH)Cl, (M = Pd, Hg) exhibit 
solvent dependent molecular weights, being 
monomeric in acetone and dimeric in weakly 
polar dibromomethane solution. The proton 
magnetic resonance (p.m.r.) absorptions of 
monomeric Pd(DPH)Cl, in acetone or deuterated 
acetone could not be measured. However, the 
structure probably involves DPH as a chelating 
ligand, giving a strained, four-membered cyclic 

system (4, X = Y = Cl), although coordination 
by a molecule of acetone in a non-chelated com- 
plex cannot be discounted entirely. In deutero- 
chloroform and in nitrobenzene, where dimeriza- 
tion is expected to predominate, the chemical 
shifts for the Me,N protons of the complex are 
identical with those for free ligand. The DPH 
ligand must therefore be monodentate, with 
dimerization of M(DPH)Cl, occurring via a 
chloro-bridging mechanism. Experiments with 
Fisher-Hirschfelder models indicate that chloro- 
bridged dimers are readily constructed, whereas 
bridging by DPH is sterically unfavorable. As 
described above for the M(DPH),Cl, complexes, 
the P atom is again the preferred donor site, and 
the absorptions at 3218 cm-I (M = Pd) and 3250 
cm- (M = Hg) must be due to the uncoordinated 
N-H grouping. 

The compound [Pd(DPH),Cl]ClO, is a uni- 
univalent electrolyte in solution in nitrobenzene 
(Table 2), and the observed molecular weight 
(Calcd., 730, obsd., 390) is consistent with the 
dissociation of such a monomeric 1 : 1 electrolyte. 
For the palladium atom to remain four-coordi- 
nate in [Pd(DPH),Cl] +, the structure must 
involve one chelated DPH and one unidentate 
DPH ligand (4, M = Pd, X = DPH, 'a = Cl). 
The p.m.r. absorptions are consistent with this 
requirement: two bands (at 6.8 and 7.8 T) are 
observed, indicating two different functions for 
the terminal Me,N groups; the lower field reso- 
nance must correspond to the Me,N group of the 
chelating DPH ligand. A model of the ion 
[Pd(DPH),Cl]+ can be constructed, although 
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TABLE 2 

Molar conductivities* of complexes of DPH, DPS, and DMH 
- - - - - - - - -- 

Compound A, ohm-' cm2 Compound A, ohm-' cm2 

Pd(DPH)C12 2.0 Pd(DPS)C12 3.0 
Pd(DPH)2C12 2.5  Pt(DPS)C14 Insoluble 
Pt(DPHLC1, 2.0 401 

- 
*Measured with a radiometer conductivity meter, type CDM2d, using a cell with polished platinum 

electrodes. Solution concentrations were M in nitrobenzene at 25 "C, unless otherwise specified. 
The apparatus was standardized using Et4NC1O4 (A, 33 ohm-2 cm2, lit. 33 ohm-' cm2 (12)). 

?In nitromethane solution; the conductivity for a 1 :l electrolyte is 70-100 ohm-' cm* (12, 13). 

minor bond strain in the four-membered ring is 
indicated for this structure. 

The investigation of complexes of DPS is 
limited by problems of solubility, hence data on 
solution properties is quite sparse. Molecular 
weight data were obtained for two members, thus 
Pd(DPS)Cl, is a stable monomer in solution in 
acetone, whereas Hg(DPS)Cl, undergoes con- 
siderable dissociation in that solvent. The 
weakening of the P=S bond, in complexes (598- 
603 cm-l, Table 3) relative to the value in DPS 
(640 cm-l) is indicative of coordination by the 
sulfur atom (7). The weakening of the N-H 
bond (from 3228 cm-' in DPS to 3090-3180 
cm-' in complexes) may be indicative of coordi- 
nation by the central nitrogen (8), in marked 
contrast to  the behavior of DPH, where the cen- 
tral N atom does not coordinate. This bonding 
arrangement implies chelation by DPS to form a 
four-membered cyclic structure. Experiments 
with Fisher-Hirschfelder models show that both 
four-membered and five-membered chelate com- 
plexes may be constructed; the latter involves the 
terminal N atom (of the Me2N group) as donor. 
Unfortunately, the p.m.r. absorptions, which 
would distinguish the site of coordination, could 
not be observed. The appearance of two v(Pd-C1) 
vibrations (at 335 and 315 cm-l, Table 3) con- 

TABLE 3 
Infrared spectra of complexes of DPS 

Compound v(N-H), cm-I v(P=S), cm-I 

DPS 
Pd(DPS)Clz 
Pt(DPS)CI, 

firms the cis arrangement for the chloro groups 
(refs. 6a, 6, and pp. 44,75 of 6c) as required by the 
chelated complex. 

The silver complex, Ag(DPS)NO,, exhibits 
infrared bands at 3160 and 603 cm-l, indicative 
of coordination by the central N and terminal S 
atoms, while bands at 1370 and 825 cm-' (9) are 
evidence for an ionic nitrate grouping. The con- 
ductivity (40 ohm-' cm2, Table 2) is quite low for 
a simple 1 :I electrolyte; this may be due to ion- 
pairing effects, or to the formation of a polymeric, 
two-coordinate silver complex. The latter charac- 
teristic may also account for the low solubility of 
the compound. Molecular weight and p.m.r. 
data could not be obtained, leaving the problem 
of the function of the DPS ligand as an open 
question. 

Zn(DMH),Cl2 may have a structure similar 
to that of its cobalt(I1) analogue (10). That the 
NH, group is not involved in coordination is 
shown by the similarity of the infrared spectra 
(Table 4) of B M H  (3228 cm-l) and the complex 

TABLE 4 
Infrared spectra* of complexes of 

DPH and DMH 

DPH 3 190(m) 
Pd(DPH)ClZ 321 8(m) 
Pd(DPH)ZC12 3230(w) 
Pt(DPH)ZC12 3230(w) 
[Pd(DPH)2Cl]CIO4 3230(w) 
Hg(DPH)C12 3250(w) 
Pt(DPH)C14 3200(w) 
MezNNH,, D M h  3228(m) 
Zn(DMH)2C12 3245(s), 3 175(w) 
Cd(DMH)CI2 3250(m), 3 199(w) 

*s = strong; m = medium; w = weak; b = broad. 
Infrared spectra were obtained using a Perkin-Elmer 
457 spectrometer fitted with an NaCl prism. The region 
(600-250) cm-' was scanned using polyethylene film. The 
substances were examined as mulls In Nujol. 
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TABLE 5 

Proton magnetic resonance absorption spectra* for N-methyl protons in con~plexes of DPH and DMH 

Compound T(CDCI,) 7(@NOZ) Compound z(CDC1,) ~ ( @ N 0 2 )  

DPH 7.6 7.6 [Pd(DPH)2Cl]ClQ4 6.8, 7.8 6.7, 7.8 
Pd(DPH)C12 7.9  7.6 Hg(DPH)C12 7.6 - 
Pd(DPH)ZC12 7 .8  7.8 Me2NNHZ, DMH 7.6 7 .6  
Pt(DPH)2C12 7.9 - Zn(DMH)2C12 - 6.7 

*The spectra were observed in solution in CDCI, or  in @NO2, with SiMe4 as internal standard, using a Varian A56160 instrument. The 
N-H protons could not be detected because of the low solubilities of the above compounds. 

TABLE 6 

Infrared spectra of DMH complexes in Nujol* 

Complex Frequency (cm-') 

Zn (DMH),C12 3240 (s) 3175 (m) 1588 (s) 1296 (m) 1147 (s) 
1086(w) 101O(m) 803(m) 718(m) 707(m) 
555 (w) 412 (s) 295 (s) 

Cd(DMH)C12 3255 (s) 3195 (m) 1605 (m) 1590 (s) 1260 (w) 
1224(w) 1210(w) 1130(s) 1115(s) 1082(w) 
1008 (m) 980 (w) 950 jw) 820 (s) 720 (m) 
525 (w,b) 440 (s) 

*m = medium, s = strong, w = weak, b = broad. 

(3245 and 3175 cm-1) in the "(N-H) region. 3. F. A. COTTON and 6 .  WILKINSON. Advanced 
inorganic chemistry. 2nd ed. Interscience, J. Wiley 

the group and Sons, Inc., New York. 1966. p. 1023. 
has been rationalized as a result of the inductivelv 4. (a', C. w. HEITSCH. in or^. Chem. 4. 1019 (1965). (b) 
enhanced basicity of this nitrogen atom (10). 0u; 
p.m.r. measurements are consistent with coordi- 
nation by the Me,N group, as shown by the 
deshieldingeffect in Zn(DMH),CI, (6.7 T) relative 
to  the free ligand (7.6 z, Table 5). The complex is 
monomeric in solution in acetone and probably 
has a tetrahedral structure. 

Notably, the cadmium complex Cd(DMH)Cl, 
has 1 : 1 metal :ligand stoichiometry ; the 1 :2  com- 
plex analogous to Cd(N,H,),Cl, (11) was not 
obtained in our preparation. Cd(DMH)Cl, is 
insoluble, and probably has a polymeric struc- 
ture. The infrared spectra of the DMH complexes 
of Zn(1l) and Cd(I1) are given in Table 6. 

The authors are grateful to one of the referees for 
pointing out an error in our earlier assignment of P=S 
absorption bands. The financial support of the National 
Research Council of Canada is acknowledged. 
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The crystal and molecular structure sf NaBF,OH 

M. J. R. CLARK AND H. LYNTON 
Department of Chemistry, University of New Brunswick, Fredericton, New Bruns~vick 

Received September 15, 1969 

The crystal and molecular structure of sodium hydroxytrifluoborate, NaBF30H, has been established 
by X-ray analysis. This compound crystallizes in the hexagonal system, space group P63 with cell param- 
eters a = 8.0g4 A and c = 7.958 A. There are 6 molecules in the unit cell. Atomic parameters have been 
obtained from a block-diagonal least-squares refinement using anisotropic temperature parameters for 
boron and fluorine, and isotropic temperature parameters for sodium. The final agreement residual for 
195 observed reflections is R = 0.090. 

The [BF30H]- anions are distorted tetrahedra. It was not possible to distinguish between the positions 
of the fluorine atoms and the isoelectronic hydroxyl group. 

Canadian Journal of Chemistry, 48,405 (1970) 

Introduction 

Sodium hydroxytrifluoborate, NaBF30H, was 
first reported to have been prepared by Meerwein 
and Pannwitz (1) by the reaction of boron tri- 
fluoride etherate with an ether suspension of 
sodium hydroxide. Klinkenberg (2) reported the 
preparation of the same material by the slow 
addition of water to a solution of boron trifluoride 
in absolute ether, the solution containing sodium 
pellets. Klinkenberg states that the compound he 
obtained gives an X-ray powder diffraction 
pattern identical with that given by NaBF,. 
Klinkenberg further reports that NaBF, (and 
by inference, NaBF30H) crystallizes in the 
orthorhombic system, space group Cmcm and is 
isomorphous with NaCIO,. This result for NaBF, 
has since been verified (3-6). 

Ryss and Slutskaya (7) more recently have 
prepared a material with the formula NaBF30H 
by mixing NaHF, and H3B03 in cold aqueous 
solution. Since this material has somewhat 
different properties to those reported by Meer- 
wein and Pannwitz (I)  and by Klinkenberg (2) ,  
Ryss and Slutskaya have questioned whether the 
previous investigators had in fact prepared 
NaBF,OH. Ryss and Slutskaya (7) and Wamser 
(8) have found that the [BF30H]- ion is rapidly 
hydrolyzed in the presence of alkali whereas the 
[BF,]- ion is more stable. As Meerwein and 
Pannwitz and also Klinkenberg prepared their 
samples under basic conditions, this suggests that 
these earlier workers must have obtained impure 
NaBF,. 

Aknmanova and Kurilchikova (9) have ex- 
amined the infrared spectrum of NaBF30H as 

prepared by Ryss and Slutskaya. By comparison 
with other materials, they have associated certain 
absorption bands with B-OH, with B-F, and 
with possible hydrogen bonding. 

Experimental 
The procedures reported by Meerwein and Pannwitz 

and by Klinkenberg for the preparation of NaBF30H 
were repeated. In both cases the cornpound obtained gave 
an instantaneous precipitate with nitron acetate as do all 
tetrafluoborate salts (lo), and showed the typical infrared 
absorption bands of tetrafluoborate salts (11). The X-ray 
powder diffraction patterns of both products correspond- 
ed with those of a mixture of NaBF4, H3B03, and NaF. 

The procedure of Ryss and Slutskaya was repeated and 
gave a material which, on analysis, was found to be com- 
patible with the formula NaBF30H. This material reacted 
very slowly with nitron acetate and gave an infrared 
absorption spectrum identical to that reported by 
Aknmanova and Kurilchikova (9) for NaBF30H. X-ray 
examination showed this material to have hexagonal 
symmetry. 

The sodium content of NaBF,OH was analyzed by use 
of the anion exchange resin Dowex 2-X and titration with 
standard HC1 solution to a methyl orange end point. The 
fluorine and boron contents were analyzed by use of the 
cation exchange resin Dowex 50-X and titration with 
standard NaOH solution to a first phenolphthalein end 
point for the fluorine content, and to a second phenol- 
phthalein end point after the addition of mannitol for the 
boron content. Wamser (12) has described this latter 
reaction in aqueous solution as 

The boron content was also determined using a Zeiss 
flame spectrophotometer, the emission line at 521 mp 
being examined. The theoretical results for NaBF30H 
(in meq. per g) are: Na, 9.276; F, 27.828; and B, 9.276. 
The experimental results are: Na, 9.25; F, 27.73; B (volu- 
metric), 9.25; and B (emission), 9.27. 
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Crystallographic and Intensity Data observation was found to be 195. The intensities 

The crystals of N~BF,OH are needle shaped. for all observed reflections were estimated by 

~ ~ ~ ~ i ~ ~ ~ i ~ ~ ~  with a polarizing microscope estab- vi~~alcomparison with acalibrated strip prepared 
lishes the crystals as uniaxial negative with the using a suitable reflection from the intensity 
unique direction along the needle axis. crystals. Lorentz polarization factors were applied 

~h~ crystal data are listed in Table 1. to "11 intensity data. The Okl data was used to put 

NaBF,OH shows hexagonal symmetry and the the hko to hk6 data On a 

TABLE 1 Structure Determination 
Crystal data for NaBF30H Sufficient information for the solution of the 

projection of the structure on the xy plane was 
System Hexagonal obtained from the following inequality (13) 
Space group P63 
Systematic absences 001: 1 = 2n + 1 lPhkl12 I & + +(- 1)1f12h,2k,0  
Molecular weight 107.8 
Unit cell dimensions + 3 f l h - k , h + , k , o  + 3(- l)lflh,,,o 

a 8.08., A 
c 7.958 A The two-dimensional, and then the three-dimen- 

Volume 450.4 A3 sional structures, were refined by Fourier and 
Measured density (by flotation) 2.38 g ~ m - ~  
Calculated density (assuming 6 least-squares techniques1. For the refinement by 

molecules ~n the unit cell) 2.38,g C I T - ~  successive cycles of block-diagonal least-squares, 
Absorption coefficient (Cu Ka) 40.5 cm- only the observed reflections were employed. 

The quantity minimized was Cw(FO-FJ2. The 
observed systematic absences are compatible weighting scheme = 1/[a + IF0 I + 121 
with the space groups P6,, P6,/m, andP6,22. The used, with a = loso and = 0.025. The 
crystals of N~BF,OH show an observable matrices used were 9 x 9 for the positional and 
pyroelectric effect on being cooled, eliminating thermal Parameters for the fluorine and boron 
the centrosymmetric space group P6,lm. The and for the atoms. the 
results of the structure analysis confirm the Space group P63 the anisotropic temperature 
assigni'ent of the space group as P6,. Precise cell parameters of an atom lying either on the six-fold 
dimensions were determined from weissenberg or on one of the three-fold axes are interrelated 
photographs calibrated with aluminum powder. (I5): PI,  = PI, = P22  # P 3 3 ;  Dl3  = P 2 3  = 

intensity data were collected by the multiple Since the sodium atoms are situated on the six- 

filmpack technique. ~ ~ ~ i - i ~ ~ l i ~ ~ t i ~ ~  weissen- fold and three-fold axes and because the programs 
berg photographs were taken of all layers acces- Ahmed et al. (I4) do 

sible on the c axis and also of the zero layer on the Parameters, it was found convenient to treat the 
a axis. The crystal used for collection of the c axis as 
data was needle shaped with cross-section 0.2 mm Since the hydrOxyl group be dis- 
and length 0.8 mm, and the crystal used to collect tinguished from the isoelectr~nic fluorine atoms 
the a axis data was approximately cube shaped 
with dimensions 0.2 mm by 0.2 mm by 0.3 mm. TABLE 2 

The optimum size, 2/p, was calculated to be 0.49 Fractional atomic coordinates* 
- 

mm. Absorption corrections were made assuming - 

cylindrical shape for the c axis crystal and spher- Fractional atomic coordinates 

ical shape for the for the a axis crystal. Atom x Y z 

The number of permitted independent reflec- 
tions for Cu Mol radiation was caIculated to be B 3485(22) 3086(21) 2607(34) 

F(1) 1539(14) 2268(13) 2380(29) 
373 overall and 328 within the range of photo- 4108(17) 2357(17) 3781(18) 
graphs taken. The number of reflections with 3789(17) 2384(17) 0946(18) 

F(4) 437!?(14) 51 17(15) 2563(30) 
intensities above the minimum required for Na(l) 3333 6667 4495(19) 
- Na(2) 3333 6667 058 1(20) 

Na(3) 0000 0000 0000 
'All computations were done on an I.B.M. 360/50 -- 

computer uslng programs by Ahmed r f  of. (14). "A11 values have been multiplied by lo4 Fstlmated 
standard dev~atlons in parentheses 
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CLARK AND LYNTON: THE CRYSTAL AND MOLECULAR STRUCTURE OF NaBF,OH 407 

TABLE 3 
Temperature parameters 

Anisotropic* 
Isotropic, 

Atom B l  1 B22 833 B23 813 P12 ~ ( 4 ~  
B 703 23 1 265 - 997 - 732 744 
F(1) 232 372 1449 - 246 -613 21 

*Anisotropic values have been multiplied by lo5. T = exp - (h2P1,  + k2Pz2 + 1 2 D 3 3  + k1D23 + hlDl3 + hkD12). 

on the basis of peak heights in an electron density 
synthesis or  from the vibrational amplitudes, the 
refinement was carried out using the fluorine 
atomic scattering factor curve only. The atomic 
scattering factor curve for F-* was obtained by 
interpolation between the curves for F0 and F -  
given in International Tables (16). The atomic 
scattering factor curves for Na' and B0 were 
obtained from the same source. 

Th l  refinement was taken to be compieted 
when no parameter shift exceeded 0.3 times the 
estimated standard deviation. The final agree- 
ment residual, R = C I IF, I - IFc 1 l /C IF, 1, 
for the observed reflections was R = 0.090. No 
correction was made for extinction. A final set of 
structure factors has been placed in the Depos- 
itory of Unpublished ~ a t a . ~  

Results and Discussion 
There are six molecules of NaBF30H in the 

unit cell. Two Na+ cations lie on the six-fold axis 
and two on each of the three-fold axes. The 
atoms composing the [BF30H]- anions all lie in 
general positions. Three fluorine atoms and a 
hydroxyl group occupy the apices of a distorted 
tetrahedron about each boron. Since the hydroxyl 
group could not positively be distinguished from 
the fluorine atoms, all positions are called fluorine 
atoms in the accompanying tables and figure. If 
the [BF3BH]- anions are taken to be spherical, 
then the structure of NaBF30H is a hexagonal 
close-pack, with Na + cations in a11 the octahedral 
holes (Fig. 1). 

ZPhotocopies may be obtained, free of charge, upon 
request to: Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada. 

FIG. 1. Illustration of the structure of NaBF30H 
viewed along the c direction. 

The final atomic coordinates are given in Table 
2, along with their estimated standard deviations. 
The temperature parameters are shown in Table 
3. A detailed analysis of the agreement of indi- 
vidual reflections is summarized in Table 4. 
Tables 5, 6, and 7 give the important intramo- 
lecular and intermolecular distances and angles. 

Previous investigators have reported that the 
difference between the atomic scattering factor 
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TABLE 4 TABLE 7 

Agreement summary Nearest intermolecular neighbors* 

Category Limits Number Atoms Distance (A) 

Observed reflections F(1) . . . Na(3) 2.49(2) 
1 IAFIG~ .OIF~,I*, or Na(3 2.64(2) 191 lAFi/iFu 1-SO.20 F(1') 2.81(2) 
2 jAFlG2 OIFthl, or F(2) . . . Na(2') 2.31(2) 

lAFl/iFo l-SO.30 4 F(4') 3.03(2) 
Na(3 :) 3.05(1) 

3 l A F j ~ 3  .OIF,,l, or F(3) . . . Na(l ) 2.36(2) 0 IAFIIIF, 1 ~ 0 . 4 0  Na(3) 2.79(1) 
4 1AF1>3.01Fth, or F(1') 3.10(2) 

jAFlIjF, j>0.40 0 F(4) . . . Na(1) 2.39(2) 
Na(2) 2.42(1) 

Total observed reflections 195 F(2') 3.03(2) 
I F o I m i n  4.18 

74.41 *See Fig. 1 .  Estimated standard devia- 
lFoImax tions in parentheses. 

Unobserved reflections 
1 IFcI G 1 .OIFthI 109 
2 IFcIG1 .5IFthI 22 curves for oxygen and fluorine is insufficient to 
3 iFclG2.01Fthl 2 distinguish between the two species of atoms 
4 IFc1>2.01Ft,l 0 when eye-estimated data is used (17, 18). 

Total unobserved reflections 133 Similarly, Burns, Ellison, and Levy (19) were 
IFc I,,, 14.88 unable to distinguish between the isoelectronic 
I F t h I m i n  3.22 F -  and Na+ ions even with diffractometer col- 
I F t h I m a r  8'99 lected data (final agreement residual R = 0.027) 

*IF,, I = threshold amplitude. but resorted to neutron diffraction in order to 
identify the two species. 

TABLE 5 The structure obtained for NaBF30H was 
Intramolecular distances in the examined for additional information which 

[BF30H]- anion* might locate the hydroxyl group. Examination 
for evidence of hydrogen bonding was inconclu- 

Atoms Distance (A) sive. Table 7 shows that only one F-F inter- 
B-F(1) 1.38(2) molecular distance is less than 3 A ;  this distance 
B-F(2) 1.33(3) is the 2.81 A between F(1) and F(1') atoms. This 
B-F(3) 1.51(3) 
B-F(4) 1 .43(2) is an acceptable distance for hydrogen bonding, 

2.33(2) 
falling within the range of 2.65-3.14 A reported 

F(1)--F(2) 
F(1 )-F(3) 2.11(2) by Zachariasen (20) for 0---H---0 in several 
F(I)-F(4) 2.30(2) borates. Nevertheless, similar F-F non-bonding 
F(2)-F(3) 2.27(2) 
F(2)-F(4) 2.34(2) 

approach distances are found in structures where 
F(3)-F(4) 2.39(2) no hydrogen bonding occurs: NaBF4(6), 2.847 A 

*Estimated standard deviations in and K3SiF7(21), 2.84 A. 
parentheses. An examination of bond lengths in structures 

containing BF3X tetrahedra, Table 8, suggests 

TABLE 6 the following order of magnitude for bonds: 
B-N> B-0 > B-F. On this basis, F(3) might 

Bond angles in the [BF,OH]- anion* be the hydroxyl group. However, least squares 

Atoms Angle (degrees) refinement of a model with F(3) as the hydroxyl 
and F(1), F(2), and F(4) as fluorine atoms yielded 

F(1)-B-F(2) 118.2(1.8) an agreement residual of R = 0.127, compared 
F(1)-B-F(3) 93.8(1.5) 
F(1)- -B-F(4) 110.4(1.7) with R = 0.090 for the model where all were taken 
F(2)-B-F(3) 106.3(1.6) to be fluorine. By application of the statistical 
F(2)-B-F(4) 116.2(1.8) 
F(3)-B-F(4) 109.1(1.6) theory of linear hypotheses as described by 

Hamilton (22), the model with F(3) a hydroxyl 
'Estimated standard deviations in paren- 

theses. group, when compared with the model having 
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CLARK AND LYNTON: THE CRYSTAL AND MOLECULAR STRUCTURE OF NaBF,OH 

TABLE 8 
Boron-fluorine and boron-X bond lengths in some BF3X tetrahedra* 

Compound Method Atoms Bond length (A) Reference 

NaBF, X-Rav B-F 1 .366(2) -1.392(2) 6 
B-F 1.353(1'1)-1.402(7j 23 
B-F 1 .332(20)-1.427(21) 23 
B-F 1.294(21)-1.421(12) 23 
B-F 1 .379(7) -1 .404(4) 23 

n.m.r. B-F 1.412(15) 
B-F 1.410(15) 

R~BF,  B-F 1 . 4 3 2 M  24 

Electron 
diffraction 

B-F 
B-F 
B-F 
B-F 
B-F 
B-N 
B-F 
B-N 
B-F 
B-N 
B-F 
B-N 
B-F 
B-0 
B-F 
B-0 

*Estimated standard deviations in parentheses. 

all fluorine, was found to be rejected at a con- 
fidence level better than 99.5 %. Models involving 
the other possible hydroxyl group positions were 
similarly examined, but were neither significantly 
favored nor disfavored when compared with the 
model having all fluorine. The possibility of a 
random structure cannot be discounted. 

We acknowledge the financial support of the National 
Research Council of Canada for this work. 

1. H. MEERWEIN and W. PANNWITZ. J. Prakt. Chem. 
141, 123 (1934). 

2. K. J. KLINKENBERG. Rec. Trav. Chim. 56,36 (1937). 
3. A. BELLANCA. Rend. Soc. Mineral. Ital. 3.20 (1946). 
4. VON E. HOHNE and L. KUTSCHABSKY. Z.  ~ n o r g .  

Allgem. Chem. 344, 279 (1966). 
5. A. WEISS and K. ZOHNER. Phys. Stat. Sol. 21, 257 

(1967). 
\ - -  - ,. 

6. G. BRUNTON. Acta Cryst. B24, 1703 (1968). 
7. I. G. RYSS and M. M. SLUTSKAYA. J. Gen. Chem. 

U.S.S.R. 22, 45 (1952). 
8. C. A. WAMSER. J. Amer. Chem. Soc. 70, 1209 (1948). 
9. M. V. AKNMANOVA and G. E. KURILCHIKOVA. Opt. 

Spectrosc. 8, 498 (1960). 
10. D. R. MARTIN and J. K. RIECKE. J. Amer. Chem. 

SOC. 73, 5895 (1951). 
11. G. L. COT& and H. W. THOMPSON. Proc. Roy. Soc. 

London, 210, 217 (1951). 
12. C. A. WAMSER. J. Amer. Chem. Soc. 69,409 (1947). 
13. D. HARKER and J. S. KASPER. Acta Cryst. 1, 70 

(1 948). 
14. F. R. AHMED, S. R. HALL, C. P. HUBER, and M. E. 

PIPPY. N.R.C. Crystallographic programs for the 

I.B.M.1360 system. Division of Pure Physics and 
Pure Chemistry, National Research Council, Ottawa, 
Canada. - . . . . .. -. . . 

15. W. J. A. M. PETERSE and J. H. PALM. Acta Cryst. 
20, 147 (1966). 

16. International tables for X-ray crystallography. Vol. 
111. The Kvnoch Press. Birmingham. England. 1962. - , -  

Table 3 . 3 . f . ~ .  
17. W. B. BANG and G. B. CARPENTER. Acta Cryst. 17, 

742 (1964). 
18. S. ANDERSON and J. GALY. Acta Cryst. B25, 847 

(1969). 
19. J. H. BURNS, R. D. ELLISON, and H. A. LEVY. Acta 

Cryst. B24, 230 (1968). 
20. W. H. ZACHARIASEN. Acta Cryst. 16, 385 (1963). 
21. D. L. DEADMORE and W. F. BRADLEY. Acta Cryst. 

15, 186 (1962). 
22. W. C. HAMILTON. Acta Cryst. 18, 502 (1965). 
23. M. J. R. CLARK and H. LYNTON. Can. J. Chem. 47, 

2579 (1969). 
24. H. J. C. YEH and J. L. RAGLE. J. Phys. Chem. 72, 

3688 (1968). 
25. D. S. BROWN, J. D. LEE, and B. 6. A. MELSOM. 

Chem. Commun. 852 (1968). 
26. D. S. BROWN, J. D. LEE, and B. G. A. MELSOM. 

Acta Cryst. B24, 730 (1968). 
27. J. L. HOARD, S. GELLER, and W. M. CASHIN. Acta 

Cryst. 4, 396 (1951). 
28. S. GELLER and J. L. HOARD. Acta Cryst. 3, 121 

(1950). 
29. S. GELLER and J. L. HOARD. Acta Cryst. 4, 399 

(1951). 
30. J. L. HOARD, T. B. OWEN, A. BUZZELL, and 0. N. 

SALMON. Acta Crvst. 3. 130 (1950). 
31. J. L. HOARD, S. GELLE'R, and T. h. OWEN. Acta 

Cryst. 4, 405 (1951). 
32. S. H. BAUER, G. R. FINLAY, and A. W. LAUBENGAYER. 

J. Amer. Chem. Soc. 67, 339 (1945). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Infrared and Raman spectra of liquid and crystalline silicon tetrafluoride' 
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The Raman and infrared spectra of liquid and crystalline SiF, have been recorded. The assignment 
of some of the Raman bands of the crystal to longitudinal modes has been confirmed by the infrared 
reflection spectrum. These indicate that the crystal structure is not centrosymmetric. In other respects 
the spectra are also more complicated than is expected on the basis of the previously reported Td3 
structure. Possible explanations are discussed. 

On a enregistre les spectres Raman et infrarouges de SiF4 dans ses Ctats condenses. Certaines bandes 
Raman du cristal, attribuCes a des modes longitudinaux de par le spectre de reflexion infrarouge, 
indiquent que la structure du cristal n'est pas centrosymetrique. Les spectres sont par ailleurs plus 
compliquCs que ceux predits d'apres la structure cristalline Td3 proposCe antkrieurement. On apporte 
quelques explications a ces anomalies. 

Canadian Journal of Chemistry, 48, 410 (1970) 

Introduction 

The SiF, molecule has a tetrahedral structure, 
as indicated by the number of observed funda- 
mentals in the Raman (1) and infrared (1-4) 
spectra of the gas. Only early Raman studies of 
the liquid are available ( 5 ,  6). This silicon halide 
is interesting because the large difference in 
electronegativities of Si (1.8 in the Pauling scale) 
and of F (4.0) makes it one of the most nearly 
ionic volatile compounds. At 1 atm pressure, 
SiF, sublimes at -95.7 "C: its triple point is at 
- 90.2 "C and 1318 mm Hg (6). 

A compression study of silicon tetrafluoride 
has shown that no phase transition occurs in the 
solid above - 175 "C (7). X-Ray diffraction 
studies of the crystalline powder (8) and of a single 
crystal (9) indicate a body-centered cubic lattice 
of space group Td3 (143m), with the molecules on 
sites of T' symmetry. No splitting of the vibra- 
tional fundamentals is predicted for this structure 
because of the high local symmetry and the pres- 
ence of only 1 molecule per primitive cell. 
However, Hexter (10) has observed a splitting of 
the infrared v3 band of this solid (unpublished 
results). This is inconsistent with the q3 struc- 

'Work supported, in part, by the Defence Research 
Board of Canada (Grant No. 9511-67). 

,Present address: Department of Chemistry, Univer- 
sity of Reading, Reading, England. 

ture, but Fox and Hexter (11) suggested that a 
crystal shape effect could be responsible for this 
unexpected splitting. The present study was aimed 
at clarifying this point and also at comparing the 
spectra of SiF, with those of CF,, a similar 
compound recently studied by us (12). 

Experimental 
The silicon tetrafluoride used in these experiments was 

obtained from Matheson of Canada Ltd. The gas, stated 
to be 99.6% pure, contained traces of SO,, CO,, and 
SiOF,. These impurities were partly removed by trap-to- 
trap distillations and did not interfere with the present 
spectra. 

The infrared spectra were recorded on Perkin-Elmer 
Models 621 and 125 spectrometers. These instruments 
were calibrated with standard gas samples and the fre- 
quency accuracy ranged from f0.5 to f 2 cm-', 
depending on the sharpness of the bands. Two different 
techniques were used for the preparations of the samples. 
The vl region was studied with a variable-thickness cell 
equipped with Irtran-2 windows spaced 0.3 or 1 mm 
apart. The gas was first condensed to a liquid from which 
the crystal was slowly grown. The spectra of the v, and v4 
regions could not be obtained with the closed cell, since 
the pressure necessary to condense the gas was sufficient 
to push the windows apart to such an extent that com- 
plete absorption occurred. For that reason the spray-on 
technique had to be used, but great care was taken to 
properly anneal the microcrystals thus obtained. The 
spectra were recorded at - 175 "C, Iiquid nitrogen, and 
Iiquid helium temperatures using a helium Dewar of 
conventional design. The temperatures were measured 
with a carbon resistor or copper-constantan thermo- 
couple embedded in the sample cell. 
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BESSETTE ET AL : I.R. AND RAMAN SPECTRA OF SiF4 

250 270 370 410 780800 980 1020 1060 
FREQUENCY crn-' 

FIG. 1 .  Infrared ( A )  and Raman (B) spectra of crystalline SiF4 at liquid-nitrogen temperature (77 OK). The 
infrared spectrum of the vl region (795 cm-') was recorded with samples 0.3 and 1 mm thick. 

The reflection spectra were recorded using a Perkin- 
Elmer Model 621 spectrometer equipped with additional 
optics as previously described (13). In the v3 region 
identical results were obtained from solids prepared either 
by the spray technique or in the closed cell. The v4 region 
could only be studied with samples prepared by the first 
method because of the strong reflectivity of the Irtran-6 
windows. Difficulties were also experienced in trying to 
determine the exact reflection intensity; since an absolute 
scale was not necessary in this study, only relative figures 
were obtained. 

The Raman spectra were recorded on a Cary Model 81 
spectrometer equipped with a Toronto arc source. The 
instrument was carefully calibrated with various discharge 
lamps and the frequencies reported in this paper should 
be accurate to + 1 cm-' for sharp peaks. The crystalline 
samples were obtained by slowly cooling the liquid in a 
20 mm 0.d. Pyrex cell. This cell, containing a -50 mm 
long polycrystalline mass, was sealed and placed in the 
tail section of a L-shaped Dewar for the spectra at liquid 
nitrogen temperature. The spectrum of the liquid was 
obtained with a straight Dewar (14), the temperature 
and the pressure being carefully monitored by a copper- 
constantan thermocouple and a monel Bourdon pressure 
gauge. Cold nitrogen gas was used to maintain the 
temperature at about -85 "C, which led to a sample 
pressure of about 2 arm. 

The rather peculiar way in which SiF, was (visuaHy) 
observed to crystallize from the melt in the preparation 
of our samples is worth mentioning. The first solid to be 
formed was usually quite transparent but cracked shortly 
thereafter, possibly as a result of thermal strains. On the 

other hand, it is also possible that SiF4 first crystallizes 
as a disordered solid and that a phase transition occurs 
in the solid at a temperature very close (a fraction of a 
degree) to the melting point. We were unable to obtain 
spectroscopic evidence for the existence of this disordered 
phase which would make SiF4 similar in its behavior to 
other related molecules (e.g. CF,). 

Results and Discussion 

A. Infrared and Raman Spectra of Crystalline SiF, 
The Raman and the infrared absorption 

spectra of crystalline SiF, at liquid nitrogen 
temperature are shown in Fig. 1. Observed fre- 
quencies at maximum intensity are summarized 
in Table 1. The v, region was not investigated in 
the infrared for lack of suitable windows for the 
closed cell. Fortunately, this band will not prove 
useful in the discussion that follows. The v, 
infrared band at 795 cm-' is seen as a very weak 
shoulder on the high-frequency side of the over- 
tone 2v, which absorbs strongly with a crystal 
3 mm thick. The splitting of v,, first reported by 
Hexter (101, is clearly observed in both the 
infcared and Raman spectra at 987.7 and 993.2 
cm-I. The v4 band is aIso split (370.3/373.7 cm- ') 
and it is clear (see Table 1) that these doublets 
have essentially identical frequencies in the two 
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TABLE I 
Vibrational frequencies (cm-') of gaseous, liquid, and solid SiF4 

Gas (ref. 1) Solid 
Liquid 

Infrared Raman Raman Infrared Raman Assignment 

- 268 269 - 258.3 v2 
370.3 373 . , > v4 transverse 

- - - -407 407.5 v4 longitudinal 
- 800 799 795 795.3 VI 

v3 transverse 

- - - -1055 1057.3 v3 longitudinal 

types of spectra. On the other hand, v, and v2 give 
rise to very sharp Raman singlets. Finally, two 
unexpected bands which have no infrared coun- 
terparts are observed in the Raman spectrum at 
407 and 1057 cm-l. 

The infrared and Raman bands of solid SiF, 
are narrow and thus characteristic of an ordered 
crystal. However, there is some disagreement 
between the observed splittings and the reported 
crystal structure. In particular, the splitting of the 
triply degenerate fundamentals normally indi- 
cates that the molecules are located on sites of 
symmetry lower than T, or that the primitive cell 
of the crystal contains more than one molecule 
(15, 16). We will now briefly consider other 
possible causes for these discrepancies. 

Fox and Hexter (1 1) explained the splitting of 
v, in solid SiF, as a "crystal-shape splitting". 
Their calculations based on the transition-dipole - 
transition-dipole interaction model showed that 
the sample shape could influence the multiciplicity 
of a vibrational band in molecular crystals, when 
the particle size is much greater than the lattice 
parameters but much smaller than the wavelength 
of the exciting radiation. I t  is known that crystal- 
lites prepared by the spray technique might be of 
appropriate size for this effect to be felt, whereas 
crystals grown slowly from the liquid would not, 
especially not in the Raman effect where the 
wavelength of the exciting radiation (4358 A) is 
20 times smaller than in the infrared. The fact that 
the infrared spectrum of a sample prepared by 
the spray technique is very similar to the Raman 
spectrum of a crystal grown from the melt argues 
against the explanation given above for the 
splitting of the v, and v, bands of solid SiF,. 

In a discussion of the effect of lattice vibrations 
on the internal modes of molecular crystals, 
Hornig (15) has pointed out that the local sym- 
metry in a crystal may be reduced when the 
molecules are displaced from their equilibrium 
positions during the cycle of a lattice vibration. 
This may lead to a splitting of the degenerate 
vibrational modes. Specifically, in the case of a 
site symmetry T,, the F2 internal modes are 
predicted to be split through anharmonic coupling 
with translational modes, whereas the E mode 
should not be split, which is exactly what is 
observed in the present spectra. However, the 
magnitude of such splitting should be linear in the 
amplitude of the lattice vibrations and should, 
therefore, be reduced as the temperature is 
lowered. The fact that the splitting of v, remained 
unchanged in infrared spectra recorded at liquid 
nitrogen and helium temperatures indicates that 
such an effect is not responsible for the splittings 
observed in the spectra of crystalline SiF,. 

B. Piezoelectric Nature of Crystalline Si& 
We have mentioned previously that two un- 

expected peaks have appeared in the Raman 
spectrum of the solid: one at 1057.3 cm-I, 
located about 67 cm-' on the high-frequency 
side O ~ V ,  and one at 407.5 cm-l, about 35 cm-' 
away from v,. Given the large frequency differ- 
ence, it is very unlikely that these features result 
from crystal field effects and they are most 
probably longitudinal components associated 
with each of the two F, modes. Longitudinal and 
transverse waves propagate with different fre- 
quencies in cubic or uniaxial crystals, the longi- 
tudinal component having the higher frequency 
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BESSETTE ET AL.: I.R. AND RAMAN SPECTRA OF SiF, 

F R E Q U E N C Y  cm-I 
FIG. 2. Infrared absorption and reflection spectra of thick layers of SiF, in the v3 and v4 regions. 

(17, 18). Only transverse modes should be seen in 
infrared absorption spectra at normal incidence, 
but both may be observed in Raman spectra 
(17, 19) 

The foregoing interpretation can easily be 
verified, since strong infrared absorption bands 
are usually complicated by a reflection shoulder 
extending to the longitudinal frequency v, (20, 
21), a phenomenon which, however, should not 
be observed if the sample thickness is less than one 
wavelength of the incident radiation (22). This 
behavior is well illustrated in Fig. 1 where a 
sample less than 1 p thick was used. When the 
thickness is increased, reflection shoulders appear 
on the high-frequency side of v, and v, (see 
Fig. 2A). This has been confirmed by the pure 
reflection spectrum (Fig. 2B)  in which it is seen 
that the reflection bands are approximately 
limited by the transverse (v,) and longitudinal 
(v,) frequencies. 

The direct observation of longitudinal modes 
in Raman spectra is of interest since the frequency 
difference v, - v, is related (21) to the dipole 
derivative 6p/6Q by the equation 

6~ 3no n(v12 - vt2) 4 

se -=&?( no -t 2 ) 
in  which no is the refractive index at higher 

frcquencies and N the number of oscillators per 
cm3. From this equation, using the results of 
X-ray diffraction studies (8, 9) to determine N 
and setting no at an estimated value of 1.4, 
we calculate 6p/6Q3 = f 186.6 and 6p/6Q4 = 
f 83.3 (cm3I2 s-I). These values are quite close 
to those obtained for gaseous SiF, (23) (& 167.4 
and 1: 73.4 cm3I2 s-l), considering that the above 
formula is only approximate (24). Perhaps more 
significant is the fact that the ratio 6p/6Q3 / 
6p/6Q4 obtained by us (2.24) is almost identical 
to that for the gas phase (2.29). 

The presence of longitudinal components in 
the Raman spectrum of crystalline SiF, has 
important implications as to the crystal structure 
ofthis compound. Sincev, # v, only if 6p/6Q # 0,  
i.e. if the band is also infrared-active, the crystal 
has to be noncentrosymmetric and thus piezo- 
electric. It  is clear that the infrared and Raman 
bands would then have identical frequencies 
since they correspond to identical vibrations. 
This is shown to be the case in Table 1. 

C. Possible Structures of Crystalline SiF, 
We now search for space groups consistent with 

our spectroscopic data. It  is unlikely that the 
structure deduced from X-ray scattering experi- 
ments could be seriously in error and thus it is 
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TABLE 2 

Correlation diagrams for site and factor groups consistent with the vibrational spectra of 
crystalline SiF4 

Factor Site Gas Site Factor 

c3 c3 Td C3v C3v 
(R, i.r.1 A A (VI) A, AI Al (R, i.r.1 

(R, i.r.1 E E (vz) E E E (R, i.r.1 

(R, i.r.1 A AZ (-,-I 

(R, i.r.1 E E E E (R, i.r.) 
(R, i.r.) A A 3- @3,4 TI F Z - - - ~  pp 

Al  (R, i.r.) 

(R, i.r.) E E E (R, i.r.1 

expected that these space groups would be some- 
what related to T,,. The spectra of SiF, bear some 
resemblance with those of CF,, which we have 
recently studied (12). Working along the same 
line, we search for possible combinations of site 
and factor groups (15, 16) yielding two active 
Raman components for the F, modes and only 
one for the A, and E modes. This procedure is 
somewhat simplified since only noncentrosym- 
metric structures need be considered. Only two 
sets of groups predict the observed Raman 
spectrum; these are the C, and C,, factor groups 
with C, and C,, site groups, respectively. The 
correlation diagrams for both combinations 
(Table 2) also indicate that the infrared spectrum 
should consist of doublets for v, and v, and that 
the v, band should be active in the solid, in 
agreement with our results. The observation of 
two infrared and Raman lattice modes would 
point to a C, structure since only one band is 
predicted for the more symmetrical C,, lattice. 
Unfortunately, these low frequency modes are 
expected to be extremely weak and have not been 
detected. 

The availability of C, and C,, sites in the 
various space groups of the C,  and C,, crystal- 
lographic classes (25) leaves only 5 possible space 
groups : C,', C34, C3v1, C,,', and C,,j. We can 
go one step further in our deductions by assuming 
that the actual structure is close to the bcc struc- 
ture deduced from X-ray diffraction studies (8,9). 
It  should then be possible to transform the C ,  
or C,, lattice into a bcc structure by a particular 
choice of parameters. This can be easily done, for 
example by choosing a rhombohedra1 unit cell 
with an angle of 109" 28', in which case the side 
dimension of the cubic cell obtained is 21 43 that 

of the rhombohedron. However, such a trans- 
formation would require the molecules to occupy 
3 inequivalent sets of sites in the C,', C,,', and 
C,,' unit cells (25) and these space groups are 
therefore reiected. 

~ l t h o u g k o u r  discussion is becoming more and 
more speculative, we can compare the molecular 
packing in the remaining C,, and C,,j space 
groups. Again, trying to reconcile our results and 
those obtained from X-ray studies, the trigonal 
structures can be obtained from the bcc lattice 
either by distorting the crystal along a given C3 
axis or by rotating the individual molecules about 
such an axis. This latter possibility is interesting 
since the silicon atoms are then left in their bcc 
positions. The variations of some characteristic 
intermolecular F . . . F distances with the angle 
of rotation are shown in Fie. 3. I t  is seen that " 
many curves meet at 2.99 A in the Td3 structure. 
The packing in the G,,%tructure obtained by 
rotating the molecules by 60" looks as good as in 
Td3, although it seems surprising that x-ray 
studies could have failed to distinguish between 
these two structures. Molecular rotations through 
any angle different than 0 or 60" leads to C,, 
structures which are not very stable, except near 
0 and 60", in view of some rather short F . . . F 
distances. 

In brief, the present results could be inter- 
preted on the basis of a C34 or C3,j crystal struc- 
ture which could be very similar to the cubic 
structure found after X-ray studies. However, it 
seems that a significant departure from cubic 
symmetry would be needed to account for the 
splittings in the infrared and Raman spectra. 
Nevertheless the possibility of an erroneous X-ray 
crystal structure is considered to be a more likely 
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BESSETTE ET AL.: I.R. AND RAMAN SPECTRA OF SiF, 415 

FIG. 3. Variation of F . . . F distances of SiF ', molecules as a function of rotation about a C3 axis in a bcc unit cell. 

F R E Q U E N C Y  cm-' 
FIG. 4. Raman spectrum of liquid SiF, at - 85 "C. The dotted lines indicate the transverse (v,) and longitudinal 

(v,) frequencies in the crystal. 

explanation than those discussed in section A. is reproduced in Fig. 4. Frequencies at maximum 
A careful reinvestigation of the crystal structure intensity are presented in Table 1. The bands are 
of solid SiF, is therefore suggested. of course much broader than in the solid, except 

for v, which is only slightly influenced by the 
D. Ramarz Spectrum of Liquid SiF, physical state. 

The Raman spectrum of liquid SiF, at - 85 "G With such a spectrum, one is tempted to try to 
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relate band shapes and widths to the degree of 
free rnolecular rotation in the liquid. Although 
these properties are closely related, it is clear that 
another effect is playing a very important role in 
this case. The spectrum shows that each of the 
v, and v, bands is unsymmetrical, with a high- 
frequency tail extending approximately to the 
longitudinal frequency of the solid. In fact, the 
bands in the liquid are seen to be limited by the 
v, and v, frequencies observed in the spectrum of 
the crystal. A similar phenomenon has been 
observed in the case of v, of CF, (12). This 
behavior ought to be frequent in Raman spectra 
of liquids, although it is directly observable only 
when 6p/6Q is sufficiently large to produce a 
noticeable asymmetry in band shapes. It  should 
be pointed out that great care should be exercised 
when rotational correlation functions are calcu- 
lated from infrared or Raman bands of pure 
liquids. In the infrared, it is obvious that one 
should correct for the reflection superimposed on 
the absorption spectrum; fortunately that type of 
correction is easily carried out. In the Raman, one 
should correct for the influence of the liquid 
structure on the scattering, such as that described 
above. To our knowledge, no mention of this 
difficulty has been presented previously and 
evidently no way of overcoming it has been 
suggested. 

The authors wish to thank the National Research 
Council of Canada for grants in support of research and 
for the award of post-graduate scholarships to two of us 
(F.B. and R.P.F.). 
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60Co y-radioilysis of oxygenated aqueous solutions of eysteine at pH 7 

J. E. PACKER AND R. V. WINCHESTER' 
Department of Chemistry, University of Auckland, Auckland, New Zealand 

Received August 5, 1969 

In the radiolysis of oxygenated aqueous solutions of cysteine (RSH) at p H  7, short chain reactions 
occur yielding cystine (RSSR) and hydrogen peroxide. Two competing reaction paths involving reaction 
of the thiyl radical (RS.) with oxygen or thiol anion (RS-) are postulated to explain the results. 
Canadian Journal of Chemistry, 48, 417 (1970) 

Introduction 

Recently comprehensive studies (1, 2) have 
elucidated the radiation chemistry of oxygen-free 
aqueous solutions of cysteine. In view of the 
great interest in the role of this compound in 
biological systems and as a radiation protecting 
agent it is surprising that so little has been re- 
ported on oxygenated solutions (3, 4). The main 
reported effect of oxygen is an enhanced loss of 
thiol. This paper gives our results of a more 
extensive investigation at the physiologically 
interesting p H  of 7, and our findings have caused 
us to extend our studies to other pH's, this latter 
work now being in progress. 

Results and Discussion 

I n  the absence of oxygen, reactions [I]-[5] 
account for the reported results from steady-state 
radiolysis ( l ,2 )  and reaction [6] has been shown 
to occur by pulsed radiolysis techniques.' 

[I]  RSH + .OH + RS. + H 2 0  

[2 1 RSH f e,,- i- R. + HS- 

13~1 RS. + Hz 
RSH + N. < 

[%I Re + H2S 

[4 1 R. + RSH + RH f RS. 

[5 1 2RS. + RSSR 

[61 RS. + RS- F? RSSR- 

The transient RSSR- disappears by reactions 
[-  61 and [ 5 ] .  A detailed study of the kinetic 
behavior of this transient for cystearnine has 
been reported (4), and the authors indicate that 

'Present address: Division of Biology, National Re- 
search Council of Canada, Ottawa 7, Canada, where 
requests for reprints should be sent. 
ZG. S. McNaughton, private communication. 

the cysteine (RSH) system behaves in a similar 

At p H  7, in the presence of oxygen, we find a 
decrease in G(H,S) which is explained in terms of 
oxygen competing for e,,- 

A plot of l/G(H,S) vs. [O,]/[RSH] is linear, with 
intercept of 0.36 and slope 1.36, from which 
G ,aq- = 2.8 and k,/k, = 3.8. Ask, = 1.88 x 10" 
M-'s- ' (ref. 6), we find k, = 4.9 x lo9 M-' S- ', 
which may be compared with 4.4 x lo9 and 5.4 
x lo9 found by Trumbore and co-workers (2) 
using nitrate and acetone, respectively, in place 
of oxygen, 1.1 x 10'' found by Armstrong and 
co-workers (1) using H+ as competing scavenger, 
and 8.7 x lo9 M - l  s-I found by Braams (7) 
using pulse radiolysis. 

The data in Table 1 illustrate the main features 
of the system at p H  7. 

The presence of oxygen causes a marked in- 
crease in G(-RSH), G(RSSR), and G(H202). 
At lower initial oxygen concentrations and higher 
initial cysteine concentrations, G(-RSH) = 
2G(RSSR) + G(H,S), showing that no other 
sulfur-containing products are formed. Where 
this sulfur balance holds, G(-RSH) is almost 
independent of oxygen concentration but de- 
creases with decreasing cysteine concentration. 
At lower cysteine and higher oxygen concentra- 
tions the above sulfur balance is lost, G(-RSH) 
being greater than 2G(RSSR) + G(H,S), im- 
plying the formation of products with sulfur in a 
higher oxidation state. G(-RSH) also decreases 
under these conditions. 

In an unbuffered solution of 4.4 x M 
cysteine hydrochloride, it was previously found 

36. E. Adams and 6. S. McNaughton, private com- 
munication. 
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TABLE 1 
Yields from 60Co y-irradiated cysteine solutions at pH 7 

- - -- 
Yield (molecules/100 eV) 

[RSKl LO2 1 
(moles/l) (moles/l) G(-RSH) G(RSSR) G(H2S) G(H,Oz) 

3 x 0 8 . 6 k 0 . 3  2 . 8 k 0 . 2  3.0 + 0 . 1  0.74 
9 . 7 5 ~ 1 0 - ~  3 6 . 3 i l  1 5 . 5 1 3  2 .3510 .1  - 
2.2 x lo-4 37.111* 17 .711  2.0 1 0 . 1  9.91-0.3 

(5) that G(-RSH) = 13.4 and that G(H202) = 

4.4 (= GHZo2 + Geaq + GH) and that these values 
were independent of oxygen concentration. The 
following reaction scheme was postulated, in- 
volving a short chain reaction producing an 
intermediate peroxide which reacted with cys- 
teine to give cystine 

[8] RSH f 02- or H O O  + RS. + H 0 2 -  or H,O, 

[9 I R S  + O2 + RSOO. 

[lo] RSOO. + RSH + RSOOH + RS. 

[ I l l  RSOOH + 3RSH + 2RSSR + 2HZO 

At the higher p H  used in this work, both 
G(-RSH) and G(H202) are greater, showing 
that the chain length has increased aud that 
H 2 0 2  is produced in the chain reaction. 
G(-RSH),, and G(H202),,, the yields produced 
in the initiation reactions [I]-[4] and [8] (in the 
presence of oxygen reaction [4] may be replaced 
by reactions [12] and [13]) may be calculated 
from the relationships 

[I21 R. + Or + ROO. 

[I31 ROO. + RSH -+ ROOH f RS. 

and 

The former equation holds because each alanyl 
radical produced by loss of HS- abstracts a fur- 
ther hydrogen atom from cysteine, and the latter 
holds because a reducing radical reacting directly 

with cysteine (to give HS-) rather than with oxy- 
gen does not yield hydrogen peroxide. The latter 
expression is slightly high, as the very minor con- 
tribution of reaction [3a] is excluded for sim- 
plicity. The values of Go,, GH, G and G,,,, 
were taken from ref. 8, and G(H2S) values are 
those measured experimentally. Assuming no 
H 2 0 2  is produced or additional thiol lost in chain 
termination steps, G(-RSH), and G(H202),, the 
yields produced by the chain reaction, may be 
determined by subtracting these G,, values from 
the G values measured experimentally. Thus in 
Table 2, determination a, G(-RSH), is equal to 
G(-RSH) from Table 1, result a less 7.9, the value 
of G(-RSH),,. These figures are given in Table 2 
(determinations a, h, and c) for corresponding 
results labelled a, 6, and c in Table 1 where H2S 
and RSSR are virtually the only sulfur-containing 
products. 

A slow reaction between cysteine and hydrogen 
peroxide occurs at p H  7, but by determining 
yields immediately after removal of the solutions 
from the source its effects were minimized. Small 
corrections, slightly increasing the true value of 
G(H202) and decreasing that of G(-RSH), 
would not affect the conclusions drawn from the 
data. 

Reactions [9]-[11] cannot account for the 
enhanced hydrogen peroxide yields at p H  7. In 
our preliminary report (9) we suggested that 
reaction [I41 may occur at the higher pH 

[I41 RSOOH + RSH + RSSR + HzOz 

We now think that this is unlikely because of the 
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PACKER AND WINCHESTER: y-RADIOLYSIS OF CYSTEINE 419 

TABLE 2 

Yields from chain reaction for 60Co y-irradiated cysteine solutions at pH 7 

Determina- Yield (molecules/100 eV) 
tion* [RSH] G(HZOZ)~ 

(moles/l) G(-RSH)nc G(HzOz),, G(-RSH), G(HzO,), G(-RSH), G(-RSH),'t 
r- 

a 3 x 7 .9  2.2 29.2 7 .7  0.36 13.8 
b 1 x 7.9 2.15 22.2 4.55 0 .20 13.1 
c 5 x lo-4 7 .5  2 . 6  15.4 2 .1  0.135 11.2 

*Results a,  b, and c from Table 1 were used in calculation of G(-RSH), for determinations a, b, and c,  respectively (see tent). 
?Amount of cysteine lost by reaction sequence [91-[Ill (G(-RSH), - 2G(H202),), molecules/100 eV. 

change in the ratio, G(H,O,),/G(-RSH),, with 
cysteine concentration. Even if RS- reacted as in 
reaction [14] and RSH as in reaction [ l l ] ,  this 
ratio should not change with cysteine concentra- 
tion at a fixed pH, as the ratio [RS- ]/[RSH] 
would remain constant. Another possible reac- 
tion producing H,O, is 

1151 RSOO + RSH or RS- + RSSR + H O O  or 02- 

This reaction alone cannot account for the 
experimental data, as G(-RSH), should equal 
2G(H,02),. The possibility of RSH reacting as 
in reaction [lo] and RS- as in reaction [15] is 
unlikely for the reasons outlined for reaction [14]. 

A more plausible explanation for the enhanced 
yields at both higher p H  and higher cysteine con- 
centration and the changing ratio G(H202),/ 
G(-RSH), is a competition between RS- (about 
4 % of cysteine is in the mercaptide form at pH 7) 
and 0, for the thiyl radical 

The cystine-electron adduct, RSSR-, could react 
with oxygen 

[I61 RSSR- + O2 +- RSSR + 02- 

and the chain would be propagated by reaction 
[8] which produces a further RS.. Propagation 
by reactions 161, [16], and [8] removes two mole- 
cules of cysteine and produces one molecule of 
H,O,. At a fixed pH, [RS-] is proportional to 
the initial cysteine concentration and thus a larger 
proportion of thiyl radicals (RS.) react by this 
pathway, accounting for the variation in G- 
(H202),/G(-RSH)c shown. The amount of 
cysteine lost by reaction sequence [9]-[ll], i.e. 
G(-RSH), - 2G(H202), is shown in the last 
column of Table 2. The slight variation with con- 

centration is not inconsistent with this model 
because, although the fraction of thiyl radicals 
reacting via the reaction sequence [9]-[ll ] is less 
at the higher cysteine concentrations, this higher 
concentration of RSH molecules enhances the 
rate of reaction [lo] which is presumed to be the 
slow step in that chain reaction. The greater 
number of thiyl radicals reacting via reaction 
sequence [6], [16], and [a] with increasing thiol 
concentration is a major factor in the cysteine 
concentration-dependence of G(-RSH) and 
G(H202) overall4. If this explanation is correct, 
one would predict decreasing G(-RSH),- and 
G(H202),/G(-RSH)c-values at a fixed cysteine 
concentration as the pHis lowered. This problem 
is currently being investigated. 

The above discussion is based on the assump- 
tion that no thiol molecules are consumed or 
H 2 0 2  produced in the chain ternlination step. As 
reactions [lo] and [I61 are likely to be the slow 
chain propagating steps, and as reaction [6] is 
reversible, RSOO. is the only radical whose con- 
centration would build up appreciably, and which 
may disappear by reaction [I71 

1171 2 RSOO. RSSR + 2 0 2  

H+ 
[I81 RS. + 0 2 -  + RSOOH 

Reaction [la], which would invalidate the 
assumption, is unlikely to occur because RS. and 
8,- radicals should react fast with oxygen and 
cysteine, respectively, which are present in much 
higher relative concentration. It is possible that 
RSOO radicals at higher oxygen concentrations 
may rearrange or react with oxygen, accounting 
for the formation of products with sulfur in a 
higher oxidation state, and for lower values of 

4P~~lse-radiolysis studies by one of us have very recently 
provided direct evidence for reactions [9] and [16]. 
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TABLE 3 

Yields from 60Co y-irradiated cysteine solutions with scavengers 
- -- - - - -- - 

G(-RSH) G(Hz0z) 

Scavenger 1 x 3 x 1 x 10-35 3 x 

Nil* 2921  37+ 1 6.7 9.9 
Acetone? 1 7 + 1  17+ 1 4 .2  6.0 
N203 29+ 1 39+3 3.3 6.4 
N ~ O $  + 2.5 x lo-4 MTI+ 23+1 - 5 .8  - 
N,OB + 5 x lo-4 MTI+ 16+ 1 - 3 . 1  - 

G(-RSH). The relatively low value of G(-RSH) 
in acidic solution indicates that reaction [lo] is 
slow and that a reaction proceeding through 
reactions [16], [S], and [6] provides a faster path- 
way. The decrease in 6(-RSH) and loss of 
material sulfur balance at lower [RSH]/[02] 
may be caused by a further reaction between 
RSOO. and oxygen. 

The effects of scavengers on G(-RSH) and 
G(H,02) for oxygenated solutions at p H  7 are 
shown in Table 3. 

Nitrous oxide competes for e,,- by reaction 

but should not alter the yield of thiyl radicals 
because all e,,-, however they react in this sys- 
tem, yield, overall, one thiyl radical. Thus N 2 0  
should have no effect on G(-RSH), and G- 
(H202),. Overall G(-RSH) should decrease only 
by an amount equal to the decrease in G(H,S), 
while G(H202) overall should decrease by G,,,; 
- G(H2S). Within experimental error this is 
observed for G(-RSW), but G(H202) decreases 
by more than expected. Acetone also competes 
for e,,-, but it has been shown (ref. Ic) that the 
isopropanol radical formed abstracts a hydrogen 
atom from cysteine (reaction [20]). The appreci- 
able reduction in G(-RSM) found is probably 
due to oxygen reacting with the isopropanol 
radical and thus preventing reaction [20]. Reac- 
tion [21] could also contribute to this decrease 

H +  
[20] CHSCOCH3- + RSH + CHBCHOHCH3 + RS. 

reaction [22] and cause a decrease in PIS yield. 

[22 I TI+ + .OH + TIZ+ + OH- 

Thus G(-RSH) should decrease with increasing 
thallous-ion concentration. Again this is ob- 
served. The oxygenated acetone and thallous 
systems are too complex for meaningful interpre- 
tation of hydrogen peroxide yields in their 
presence. 

Experimental 
Materials 

L-Cysteine hydrochloride (Reidel-de-Hae), oxygen 
and nitrous oxide (medical grade) (N.Z. Industrial Gases) 
were used as supplied. A.R. Sodium dihydrogen phos- 
phate and A.R. sodium hydroxide were used to prepare 
0.02 M buffer solutions at p H  7. Where H2O2 was to be 
determined, phosphate buffer could not be used and the 
p H  of the cysteine hydrochloride solution was adjusted 
to 7 with the sodium hydroxide. Triply-distilled water 
was used throughout. 

Irradiations 
Samples (10 ml) were irradiated in a 200-Curie 60Co 

source at a dose rate of approximately 8 x 10'' eV/min. 

Analysis 
Free thiol, after removal of H2S, was determined 

spectrophotometrically at 412 mp by reaction with 5,5'- 
dithiobis(2-nitrobenzoic acid) (10) at p H  8. Cystine was 
determined spectrophotometrically by its absorption in 
acid solution at 248 mw. HZS was determined by the 
methylene blue method (11) and H202 by the titanium 
sulfate method (12). 

This research was sponsored by the Air Force Office 
of Scientific Research, Office of Aerospace Research, 
United States Air Force, under A.F.O.S.R. Grant No. 
950-65. We thank the New Zealand Universities Grants 
Committee for a Postgraduate scholarship to R.V.W. 

[21] RSSR- + CH3COCH3 -t RSSR + CH3COCH3- 
1.  (a) D. A. ARMSTRONG and V. G. WILKENING. Can. 

Thallous ions, in the presence of excess N,O will J. Chem. 42, 2361 (1964). (b) V. G. WILKENING, M. 
LAL, M. ARENDS, and D. A. ARMSTRONG. Can. J. 

compete with cysteine for hydroxyl radicals by Chem. 459 1209 (1967). (c )  V. 6. WILKENING, M. 
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129 (1951). (b) A. J. SWALLOW. J. Chem. Soc. 1334 9. J. E. PACKER and R. V. WINCHESTER. Chem. Com- 
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Chlorination of some indole derivatives with ethyl N,N-dichlorocarbamate 

J .  M .  MUCHOWSKI 
Bristol Laboratories of Canada, Candiac, Quebec 

Received August 14, 1969 

The sole product obtained from the reaction of indole-2-carboxylic acid and ethyl N,N-dichloro- 
carbamate was 3,3,5-trichlorooxindole (7). In contrast, methyl indole-2-carboxylate gave a mixture of 
methyl-3,5-dichlorooxindole-3-carboxylate (10) and methyl-3,5,7-trichlorooxindole-3-carboxyate ( l l ) ,  
the same products as obtained from the chlorination of methyl indole-3-carboxylate. The structures 
of these products were confirmed by degradation to known compounds and/or by synthesis, and 
mechanisnls for their formation were suggested. 

Canadian Journal of Chemistry, 48,422 (1970) 

Introduction 
In connection with an extensive investigation 

of the reactions of N-monochloro- and N,N- 
dichlorocarbamates, Chabrier reported (1) that 
a slight excess of methyl N,N-dichiorocarbamate, 
in aqueous acetic acid, converted indole-2-car- 
boxylic acid (1) and methyl indole-2-carboxylate 
(4) to the trichloro compounds 2 and 5 respec- 
tively. In warm acetic acid, compounds 5 and 2 
liberated one mole and two moles of iodine 
respectively from potassium iodide, correspond- 
ing to one and two labile chlorine atoms. The 
reduction products thus obtained were assigned 
structures 6 and 3, with the juxtaposition of one 
hydrogen, and one chlorine atom in compound 6 
being unspecified. 

We considered structures 2, 3, 5, and 6 to be 
unlikely on several counts. Firstly, the epoxide 2 
bears both a-amino and a-halo substituents, 
which together might be expected to impart it 
with a considerable degree of instability (2,3, and 
references therein). Secondly, 5 contains ana-halo 
alcohol and an a-halo amine moiety, neither of 

which would be likely to survive the hydrolytic 
reaction conditions (aqueous acetic acid). Finally, 
in aqueous medium, N,N-dichlorocarbamates 
generate hypochlorous acid (Chabrier himself 
recognized this), and consequently, they would be 
expected to effect reactions similar to those 
observed with other positive halogen sources. 

A consideration of the plausible mechanisms 
for the chlorination of indole-2-carboxylic acid 
(see below) led us to suspect that the structures of 
compounds 2 and 3 would be correctly repre- 
sented by 3,3,5-trichlorooxindole (7) and  
5-chlorooxindole (8). Indeed, the melting point 
(192") reported by Chabrier for the reduction 
product 3, was close to the literature value 
(195-196'; (4)) for 5-chlorooxindole. We did not 
have any preconceived structure for the chiorina- 
tion product of methyl indole-2-carboxylate. 

Recently, Foglia and Swern (5) reexamined 
Chabrier's work and showed that compounds 
2 and 3 in fact did possess the oxindole structures 
7 and 8. Further, on the basis of spectral and 
degradative studies, they suggested that the 
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MUCHOWSKI: CHLORINATION OF INDOLE DERIVATIVES 423 

TABLE 1 
Ultraviolet and infrared spectra of some substituted oxindoles 

Ultraviolet spectra* 
Substituents Amax ( m d  Infrared spectra? 

(compound no.) log E (cm-') 

3435, 3225 (b), 1752 

3-Methoxycarbonyl- 220 263 318 3444, 3218 (b), 1763, 1743 (sh) 
3,5-dichloro- (10) 4.36 3.82 3.10 

3-Methoxycarbonyl- 225 264 322 3424, 1766 
3,5,7-trichloro- (11) 4.35 3.81 3.22 

3-Methoxycarbonyl- 221 234 261 286 291.5 3450, 3240 (b), 1757, 1725, 1717 (sh), 
5-chloro- (13) 4.45 4.29 4.24 3.90 3.81 1662, 1652 (sh), 1637, 1570, 1561 (sh) 

*Measured in 95 % ethanol on a Unicam SP 800 U.V. spectrophotometer. 
?Recorded in chloroform (unless specified otherwise) with a Perkin-Elmer 237B grating spectrophotometer or a Unicam SP-200G i.r. spec- 

trophotometer. 
$b = Broad; sh = shoulder. 
§Recorded as a Nujol mull. 
//Measured in 0.04 N sodium hydroxide (95% ethanol). 

trichloro compound 5, obtained from methyl 
indole-2-carboxylate, had the indoxylic ester 
structure 9. 

We had also repeated Chabrier's experiments; 
inasmuch as our observations and conclusions 
differed in several important aspects from those 
of Foglia and Swern, we have chosen to publish 
our results in their entirety. 

Results and Discussion 

A solution of indole-2-carboxylic acid, in 
aqueous acetic acid, when treated with 2 moles of 
ethyl N,N-dichlorocarbamate (Chabrier used 

methyl N,N-dichlorocarbamate) gave a trichloro 
compound with physical properties in agreement 
with those reported by Chabrier for 2. The 
structure of this compound was conclusively 
established as 3,3,5-trichlorooxindole (7) on the 
basis of its infrared (i.r.) (see Table I), ultraviolet 
(u.v.) (see Table I), and nuclear magnetic 
resonance (n.m.r.) (see Table 2) spectra, as well as 
by iodide ion reduction to 5-chlorooxindole (8, 
Chabrier's monochloro compound 3). 

Under conditions similar to those used for 
indole-2-carboxylic acid, ethyl N,N-dichlorocar- 
bamate (EDC) converted methyl indole-2-car- 
boxylate to a mixture which could be separated 
by column chromatography on silica gel into 
approximately equal amounts of a dichloro 
(C,,H,NO,Cl,) and a trichloro compound 
(C,oH,N03C13). The n.m.r. spectrum of the 
former was indicative of a 1,2,4-trisubstituted 
benzene system, whereas the latter had resonances 
attributable to a 1,2,4,6-tetrasubstituted ben- 
zenoid system. Both compounds also possessed 
n.m.r. absorptions for NH and methoxycarbonyl 
moieties. The u.v. spectra ofthese two compounds 
were, perhaps, the most revealing of all of their 
spectral properties. Not only were they nearly 
identical with one another, but they were also 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



424 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 

Nuclear magnetic resonance spectra* of some substituted oxindoles 

Coupling 
constants 

Aromatic (c.P.s.) 
Substituents 

(compound no.) 4 6 7 Jortho Jmeta CHZ OCHs N H  

3,3,5-Trichloro- (7)t 7.52(d)f 7.29(q) 6.87(d) 8 .4  2 . 3  - - 11.02 
5-Chloro- (8) 7.30(d)Q 7.20(q)§ 6.91(d) 8.6 2 .0  3.52 - 10.47 
5,7-Dichloro- (15) 7.34(m)l/ 7.26(m)li - - - 3.63 - 10.91 
3-Methoxycarbonyl-3,s- 7.43 (d) 7.42(q) 7.02(d) 8.9 2 .4  - 3.80 11.33 

dichloro- (10) 
3-Methoxycarbonyl-3,5,7- 7.48(d)ll 7.37(d)lj - - 2 .0  - 3.70 11.63 

trichloro- (11) 
3-Methoxycarbonyl-5- 7.75 (d) 7.05 (q) 7.30 (q) 8.4 1.9 -7 3.87 11.78 

chloro- (13) 
"Unless specified otherwise, n.m.r. spectra were recorded with,a Varian A-60A spectrometer in perdeuteriodimethylsulfoxide and are expressed 

in p.p.m. (6) from internal tetramethylsilane. 
?Measured in deuteriochloroform containing 30% perdeuteriodimethylsulfoxide. 
$d = Doublet q = quartet; m = multlplet. 
$This mu!tipli;ity was observed only after base catalyzed (triethylamine) exchange of the methylene protons at C-3. D,O alone exchanged 

the NH proton, but this did not remove the above small (ca. 0.4 c.p.s.), long range coupling. 
IlThis assignment could be reversed. 
¶The methine proton resonates over a 50 c.p.s. region centered at 6 8.57. 

almost the same as that of 3,3,5-trichlorooxin- 
dole. On the basis of the elemental analyses and 
the spectral properties, we assigned the oxindole 
formulations 10 and 131 to the di- and trichloro 
compounds respectively. Strong support for these 
structures, the formation sf  which at some stage 
required a 1 ,%migration of the methoxycarbonyl 
group, was derived from the observation that 
chlorination of methyl indole-3-carboxylate (12), 
also gave 10 and 11, but in a 6 : 1 ratio. In addition, 
we have accumulated degradative and synthetic 

evidence (see below) which rigorously established 
the correctness of 18 and 11. 

Reduction of the dichloro ester 10 with 
potassium iodide in aqueous acetic acid, gave the 
monochloro derivative 13, which was reconverted 
to 10 on treatment with EDC. This monochloro 
ester, which gave a blue-black color with 
methanolic ferric chloride, underwent rapid 
hydrolysis and decarboxylation to 5-chlorooxin- 
dole, in hot acetic acid containing hydrobromic 
acid. A similar series of reactions beginning with 
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c1 NaH C 1 ~ ~ ~ ' C 0 2 C H 3 1 2  

+ CHJCOICHI)~ -f 
DMF 2 - c1n3-02cH3 I 

H C1 
5 clyJ-" 

COOH COOH ci'oxcl N COOH -% c l ~ $ ~ ~ o H  
\ 

I 
H 

I 
H 

I 
H 

I 
H 

1 18 19 20 

11 gave 14 which, by chlorination with EDC gave 
back 11, or on hydrolytic decarboxylation pro- 
duced 5,7-dichlorooxindole. 

Finally, the monochloro ester 13, and hence 
also 10, was synthesized in an unambiguous 
manner by the reductive cyclization of dimethyl- 
2-nitro-5-chlorophenylmalonate (16), which in 
turn had been prepared from 2,4-dichloronitro- 
benzene and dimethylmalonate anion. 

The chlorination of oxindole was also studied. 
Treatment of this compound with an excess of 
EDC at room temperature gave, after iodide ion 
reduction of the crude polychlorinated product, 
5-chlorooxindole contaminated with two minor 
components (as indicated by thin-layer chroma- 
tography (t.l.c.)), one of which was probably 
5,7-dichlorooxindole. Further chlorination of 
this mixture occurred slowly at room tempera- 
ture, but rapidly at reflux temperature, and after 
reductive dechlorination, the sole product was 
5,7-dichlorooxindole. 

The question now arises concerning the nature 
of the trichloro compound(s) obtained from 
methyl indole-2-carboxylate, by Chabrier, Foglia 
and Swern, and ourselves. Inasmuch as the 
experimental details given by Chabrier were 
meagre, there was no way of being certain of 
reproducibility. We have, however, repeated the 
chlorination precisely as described by Foglia and 
Swern; the main products were nevertheless still 
the dichloro- and trichlorooxindole derivatives 
10 and 11, respectively. Finally, the melting 

points of the trichloro ester 11 (m.p. 208-210") 
and 5,7-dichlorooxindole (15) obtained therefrom 
(m.p. 246-247"), agreed well with those reported 
by Foglia and Swern for the supposed indoxylic 
ester 9 (m.p. 203-204") and its degradation prod- 
uct, "5,7-dichloroindoxy1" (m.p. 242-243'). Pro- 
fessor Swern has graciously provided us with the 
n.m.r. and i.r. spectra of these compounds.' The 
n.m.r. spectra of 9 and the assumed 5,7-dichloro- 
indoxyl were identical to those observed by us 
for 11 and 15 respectively, and the i.r. spectra 
were, with the exception of a few minor intensity 
differences, superimposable. It is therefore con- 
cluded that, for these compounds, the assignment 
of indoxyl structures should be revised to the 
isomeric oxindole formulations. 

We regard the chlorination of indole-2-car- 
boxylic acid with EDC as proceeding by a 
mechanism similar to that suggested by Hinman 
and Bauman (6) for the oxidative halogenation 
of 3-alkylindoles with positive halogen sources. 
In this case, however, it is suggested that oxindole 
functionality is introduced by the elimination of 
the elements of carbon dioxide and hydrogen 
chloride from 21.2 Further chlorination of 22 

'The unstinting cooperation of Professor Swern in this 
matter is gratefully acknowledged. 

2The introduction of chlorine at  C5 at some stage prior 
to the generation of oxindole functionality, is based on 
the tenuous argument that no trace of a 5,7-dichlorinated 
product analogous to 7 was observed in this reaction, 
whereas the chlorination of oxindole did give this product. 
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+ i a+:-H+ 
P mcl CI-, HOH 

I 
'C02CH3 C1.x 

I 
C02CH3 

thus produced, would then give the observed 
product 7. 

An intermediate 24 analogous to 21 must be 
involved in the chlorination of methyl indole-2- 
carboxylate, except that here, the loss of the 
elements of hydrogen chloride is accompanied by 
a 1,2-shift of the methoxycarbonyl group. An 
identical mechanism has been proposed by 
Acheson et al. (7) to explain the formation of 
trimethyi-1 -methyl-5-bromooxindole-3,3,4- 
tricarboxylate from trimethyl-l-methylindole- 
2,3,4-tricarboxylate and bromine in aqueous 
acetic acid. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. 
The thin-layer chromatograms were performed on 

microscope slides coated with silica gel containing calcium 
sulfate as a binder. The spots were rendered visible by 
spraying the hot slides with 1 % aqueous pernianganate 
solution. The column chromatographic separations were 
carried out by the method of Loev and Snader (8) using 
J. T. Baker silica gel containing ca. 4 %  water. 

Ethyl N,N-dichlorocarbamate was prepared from ethyl 
carbamate by the method of Foglia and Swern (9). 
Indole-2-carboxylic acid, indole-3-carboxylic acid, and 
the corresponding methyl esters were purchased from 
commercial sources or were prepared according to 
literature procedures. 

3,3,5-Trichlorooxindole 
A stirred solution of indole-2-carboxylic acid (1.000 g, 

6.21 mmoles) in 50 ml of 90% acetic acid was treated 
dropwise with ethyl LY,N-dichlorocarbamate (EDC, 1.96g, 
12.42 mmoles) at a rate such that the reaction tempera- 
ture did not exceed 30" (cooling was necessary). When the 
addition was completed, stirring at room temperature 
was continued for 1.5 h. The solution was then poured 
with stirring into a large volume of ice-water, and after 
ca. 10 min the white solid was collected by filtration, 
washed well with water, and dried in uacuo. This material 
(1.164g) was homogeneous by t.1.c. [2% methanol in 
dichloromethane (v/v)] and had m.p. 18&186". Crystal- 
lization of this solid from benzene-cyclohexane gave two 
crops (65.7%) of the product, m.p. 186-188" (777 mg) 

and m.p. 184-187" (188 mg). Ghabrier (1) reported 
m.p. 188" for this compound. 

5-Chlorooxindole 
3,3,5-Trichlorooxindole (473 mg, 2 mmoles) was dis- 

solved in 10 ml of acetic acid and placed in a water bath 
at 80". 3 M MI  solution (7 ml) was added and the brown 
iodine color was discharged by the dropwise addition of 
saturated aqueous sodium sulfite solution. After a few 
min the brown color reappeared; it was discharged again 
in the same way. This process was repeated until the 
solution remained clear yellow in color. The hot solution 
was then diluted with a large volume of ice-water, and 
the product was extracted into ethyl acetate. The extract 
was washed with water, dried over sodium sulfate, and 
evaporated in vacno to give 302 nlg of a solid which was 
homogeneous by t.1.c. (2% methanol in methylene 
chloride). On crystallization from alcohol, 5-chloro- 
oxindole was obtained in two crops (68.7%) weighing 
198 mg, m.p. 194-196" (lit. (4), m.p. 195-196"), and 
33 mg, m.p. 193-19S0, respectively. 

Chlorination of Methyl Indole-2-cauboxylate 
Methyl indole-2-carboxylate (3.500 g, 20 mmoles) in 

100 ml of 90% acetic acid, was treated as above with 
5.22 g (33 mmoles) of EDC. The crude product weighed 
3.968 g and had m.p. 160-170" (softening at 150'). The 
t.1.c. (10 % acetonitrile in methylene chloride) showed the 
presence of two closely spaced (0.15 Rf difference) major 
components as well as traces of a less and a more polar 
moving component. The above mixture (1.000 g) was 
taken up in the minimum amount of a solution of 10% 
acetonitrile in 1,2-dichloroethane and placed on a dry 
packed colun~n of silica gel (300 g). The colunln was 
developed with the same solvent; twelve 50 ml fractions 
were collected and monitored by t.1.c. 

Fractions 3 to 5 were evaporated in vaczio and the 
residue was crystallized from benzene to give 251 mg of 
a solid m.p. 207-210" which was homogeneous by t.1.c. 
After three more crystallizations from benzene-cyclo- 
hexane (2:l) it had m.p. 208-210". 

Anal. Calcd. for ClOH6NQ3Cl3: C, 40.79; H, 2.05; 
N, 4.76; Cl, 36.13. Found: C, 41.04; M, 2.08; N, 5.04; 
Cl, 36.38. 

Fractions 8-12 were evaporated in vacao and the 
residue was crystallized from benzene to give 247 mg of 
a solid which was homogeneous by t.1.c. and had m.p. 
188-189". Three more crystallizations of this material 
from benzene gave a solid with m.p. 192-194'. 
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MUCHOWSKI: CHLORINATION OF INDOLE DERIVATIVES 427 

Anal. Calcd. for C,,H7NO3CI2: C, 46.17; H, 2.71; usual manner. The reaction solution was worked up as 
N, 5.39; Cl, 27.27. Found: C, 46.44; H, 2.70; N, 5.37; before except that the product was extracted into 
C1, 26.96. dichloromethane. The material obtained therefrom was 

When the chlorination was repeated under conditions crystallized from benzene to give 77.7 % of a solid 
identical to those described by Foglia and Swern (5) m.p. 194-195", mixture m.p. with methyl-3,5-dichloro- 
(8OX acetic acid, 2 moles of EDCImole of ester) the oxindole-3-carboxylate undepressed. 
&ajo"rity of the mixture still consisted of the above di- and 
trichloro compounds in a 3:l  ratio, but the chromato- 
graphic separation was now more difficult to achieve, 
since the proportion of the more and less polar impurities 
mentioned above was greater. 

Chlorination of Methyl Indole-3-carboxylate 
Methyl indole-3-carboxylate (2.628 g, 15 mmoles) was 

dissolved in 75 ml of 90% acetic acid and treated as above 
with 4.74 g (30 n~moles) of EDC. The usual workup gave 
3.57 g of a powder which on crystallization from benzene 
gave 2.20 g of a solid which was homogeneous by t.1.c. 
and had m.p. 188-193". Recrystallization from benzene 
gave a solid with m.p. 190-192" (mixture m.p. 190-193") 
with soectral characteristics identical to those of the 
dichloio compound prepared from methyl indole-2- 
carboxylate. 

The mother liquor from the first crystallization, on 
standing deposited 316 mg of a solid m.p. 197-203" which 
was shown by t.1.c. to be mainly the trichloro compound 
contaminated with the dichloro compound. The mother 
liquor from this crystallization was evaporated and the 
residue (834 mg) was chromatographed on a dry packed 
column of 300 g of silica gel using 10% acetonitrile in 
chloroform as the eluent (50 mI fractions). Fractions 
3 to 7 contained the trichloro compound (227 mg) which 
was combined with the 197-203" material from above. 
Two crystallizations of this mixture from benzene gave 
330mg of the trichloro con~pound m.p. 205-207", 
mixture m.p. 205-208", with identical t.1.c. behavior, and 
spectral characteristics as the trichloro compound ob- 
tained from methyl indole-2-carboxylate. 

Preparation of Methyl-5-chlorooxindole-3-carboxylate 
by Reductive Dechlorination of Methyl-3,J- 
dichlorooxindole-3-carb~xylate 

Methyl-3,5-dichlorooxindo1e-3-carboxylate (2.20 g, 
8.47 mmoles) in 100 1111 of acetic acid, was reduced with 
35 ml of 3 M KI solution, in the same way as 3,3,5- 
trichlorooxindole, but at room temperature. After pour- 
ing the reaction mixture into water, the crude product was 
collected by filtration, washed well with water, and dried 
in vacuo. The white solid thus obtained had m.p. 143-144" 
and weighed 1.628 g (85.2%). It gave a deep blue-black 
color with methanolic ferric chloride. The melting point 
depended very much on the mode of handling. For 
example, solution in hot benzene, followed by the addi- 
tion of 112 the volume of cyclohexane, and very slow 
cooling gave needles, n1.p. 145-147". Sublimation of this 
solid at 10O0/0.001 mm gave a sublimate with n1.p. 138- 
143". The solution i.r. spectra were, however, identical. 

Anal. Calcd. for CloHs03NCI: C, 53.22; 14, 3.57; 
N, 6.21; Cl, 15.71. Found: C, 53.41; H, 3.71; N, 6.17; 
C1, 15.71. 

Chlorination of Methyl-5-clzlorooxindole-3-carboxylate 
The above monochloro compound, in 90% acetic acid, 

was treated with an equimolar amount of EDC in the 

Hydrolysis and Decarbo,xylation of Methyl-5- 
clzlorooxirzdole-3-carboxylate 

The monochloro compound (226 mg, 1 mmole) was 
dissolved in a solution made up of 9 ml of acetic acid 
and 1 ml of 48 % hydrobromic acid and heated on a steam 
bath for 25 min (the en01 test of a small aliquot worked 
up after 15 min, was negative). The solution was poured 
into water and extracted with ethyl acetate. The extract 
was washed with water, dried over sodium sulfate, and 
evaporated in vacuo. The residue on crystallization from 
benzene gave 108 mg (64.3 %) of 5-chlorooxindole, 
m.p. 191-193", identical to an authentic specimen 
prepared in the same way from synthetic methyl-5- 
chlorooxindole-3-carboxylate. 

Preparation of Metlzyl-5,7-dichlorooxindole-3-carbo.xylate 
The trichloro compound (590 mg, 2 mmoles) dissolved 

in 50 ml of acetic acid, was reduced in the usual manner 
(but at 80" for solubility reasons). After isolation by 
extraction with ethyl acetate, etc., the crude product 
weighed 490 mg, had m.p. 218-220'; and gave a blue- 
black en01 test with methanolic ferric chloride. It was not 
further characterized. 

Chlorination of 1Wet/2~.1-5,7-dichlorooxindole-3- 
carboxylate 

The crude 5,7-dichloro ester was chlorinated with an 
equimolar amount of EDC in the same way as described 
for the monochloro ester. After 5 h at room temperature, 
workup of the reaction provided a mixture which was 
crystallized from benzene to give methyl-3,5,7-trichloro- 
oxindole-3-carboxylate in 48.5 % yield. It had 1n.p. 203- 
206", and was identical to a specimen prepared by the 
previous methods. 

Hjdrolysis and Decarboxylatio?~ of Meth.1~1-5,7- 
dichlorooxindole-3-carboxylate 

The crude dichloro ester from above (200 mg, 0.269 
mmole) was hydrolyzed in the same manner as described 
for the monochloro ester (35 min). Crystallization of the 
crude product from alcohol gave two crops (75.9%) of 
5,7-dichlorooxindole weighing 102 mg (m.p. 244-246") 
and 16mg (m.p. 239-24l0), identical to a specimen 
obtained from the chlorination of 5-chlorooxindole. 

Synthesis of Methyl-5-chlorooxindole-3-carboxylate from 
2,4-Dichloronitrobenzene and Ditnethyl Malonate 

2.64 g of a 55% suspension of sodium hydride in 
mineral oil was freed of the carrier by washing with 
hexane in a nitrogen atmosphere, and then it was layered 
with 150ml of anhydrous dimethyl forn~amide, and 
cooled with stirring in an ice bath. Dimethyl maIonate 
(7.26 g, 6.3 mi, 55 mmoles) was added dropwise at a rate 
such that hydrogen evolution was not too vigorous. When 
the addition was completed and hydrogen evolution was 
slow, 9.6 g (50 mmoles) of solid 2,4-dichloronitrobenzene 
was added all at once. The reaction vessel (under a siight 
positive pressure of nitrogen) was placed in an oil bath 
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maintained at 70 i- 5" for 24 h. The cooled, deep red 
solution was poured onto a mixture of ice and 50 ml of 
10% hydrochloric acid. The product was extracted into 
benzene, the extract was washed with water, dried over 
sodium sulfate, and evaporated in vacuo. The excess of 
dimethyl malonate was removed at 80°/0.03 mm leaving 
11.82 g of a thick oil. This was taken up in 100 ml of 
glacial acetic acid containing 1.1 g of 10 % palladium on 
charcoal, and hydrogenated at room temperature and an 
initial hydrogen pressure of 63 p.s.i.g. Hydrogen absorp- 
tion ceased in 15 min and after 112 h the catalyst was 
removed by filtration, the filtrate was evaporated in vacuo, 
the residue was diluted with water and extracted with 
ethyl acetate. The organic phase was then shaken alter- 
nately with 1 N sodium hydroxide (3 x 50 ml) and water 
(3 x 50 ml). The combined alkali and water phases were 
washed with ethyl acetate and then made acidic with 
150 ml of 10% hydrochloric acid. The crystalline product 
was extracted into ethyl acetate, the extract was washed 
well with water, dried over sodium sulfate, and evap- 
orated in vacuo. The residue was twice crystallized from 
benzene-cyclohexane (charcoal) as described previously, 
to give a crystalline solid (1.581 g) m.p. and mixture m.p. 
145-147", identical in all its spectral properties to the 
compound obtained by iodide ion reduction of methyl- 
3,5-dichlorooxindole-3-carboxylate. Workup of the 
mother liquor gave a further 576mg of product m.p. 
142-144". The yield was 2.157 g or 19.1 % based on start- 
ing 2,4-dichloronitrobenzene. 

Chlorination of Oxindole 
A stirred solution of 1.33 g (10 mmoles) of oxindole 

in 60 ml of 80% acetic acid was treated with 4.74 g 
(30 mmoles) of EDC, as described previously. After 15 h 
at room temperature, the solution was poured into water, 
and the products were extracted into ethyl acetate. The 
usual manipulations gave a solid which was directly 
reduced with KI in acetic acid at 80". Workup of the 
reaction solution, as described previously for the reduc- 
tion of 3,3,5-trichlorooxindole, gave 1.11 g of a crude 
product which was shown by t.1.c. to consist of 5-chloro- 

oxindole contaminated with two minor less polar sub- 
stances (one of the spots had the same Rf value as 
5,7-dichlorooxindole). 

Chlorirzation of 5-Chlorooxindole 
5-Chlorooxindole (3.046 g, 18.2 mmoles) and 75 ml of 

80% acetic acid containing 7.2 g (45.6 mmoles) of EDC 
was heated at reflux temperature for 2 h. The solution 
was diluted with a large volume of cold water, the 
precipitated solid was collected by filtration, and then 
dissolved in 100 ml of acetic acid. The reduction with 
iodide solution (70 ml) was carried out at 80" as for 
3,3,5-trichlorooxindole. After dilution of this solution 
with water, the product was extracted into ethyl acetate, 
and after the usual manipulations the crude product was 
crystallized giving 759 mg of a solid, m.p. 241-243". 
Workup of the mother liquor (charcoal) gave a further 
45 mg of product m.p. 242-244". Total yield, 804 mg 
(21.9%). After three crystallizations from alcohol and 
sublimation at 125"/0.001 mm, it had m.p. 246-247". 

Anal. Calcd. for C8H,NOC12: C, 47.55; H, 2.49; 
N, 6.93; C1, 35.10. Found: C, 47.69; H, 2.52; N, 6.91; 
C1, 35.04. 

1. (a) J. BOUGAULT and P. CHABRIER. C. R. 213, 487 
(1941). (b) P. CHABRIER. Ann. Chim. 17, 353 (1942). 

2. C. L. STEVENS and P. M. PILLAI. J. Amer. Chem. 
SOC. 89, 3084 (1967). 

3. R. N. MCDONALD and T. E. TABOR. J. Org. Chem. 
33, 2934 (1968). 

4. W. B. WRIGHT and K. H. COLLINS. J. Amer. Chem. 
SOC. 78. 221 (1956). 

5. T. A. FOGLIA and D. SWERN. J. Org. Chem. 33, 
4440 (1968). 

6. R. L.'HINMAN and C .  P. BAUMAN. J. Org. Chem. 
29, 1206 (1964). 

7. (a) R. M. ACHESON and R. W. SNAITH. Proc. Chem. 
Soc. 344 (1963). (b) R. M. ACHESON, R. W. SNAITH, 
and J. M. VERNON. J. Chem. Soc. 3229 (1964). 

8. B. LOEV and K. M. SNADER. Chem. 1nd. 15 21965). 
9. T. A. FOGLIA and D. SWERN. J. Org. ~ h e h .  3i ,  

3625 (1966). 
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Crystal structure of di-p-tolyl mercury 

M. MAT HEW^ AND N. R. KUNCHUR' 
Chemistry Department, University of Western Ontario, London, Ontario 

Received3 April 25, 1967 

Di-p-tolyl mercury crystallizes in space group P21/c with cell constants a = 10.12, b = 5.07, 
c = 11 .65 A, p = 91 .8", Z = 2. The structure was solved by mercury-phased three-dimensional 
electron density Fourier synthesis and refined by least-squares. The final R-index was 0.085 for all 
reflections. The molecule of di-p-tolyl mercury is found to be planar having linear carbon-mercury- 
carbon bonds. There are no significant intermolecular close approaches, the structure is, therefore, of 
molecular type. 
Canadian Journal of Chemistry, 47, 429 (1969) 

Introduction 
This work forms part of a program of studying 

the crystal structures of coordination compounds 
of mercury. The stereochemistry of mercury 
differs considerably from that of zinc and cad- 
mium, which are in the same group as mercury 
in the periodic table. Orgel (1) has attributed this 
to the much smaller d-s separation in the Hg ion 
as compared with that of zinc and cadmium ions. 
The structures of the coordination compounds 
of mercury can best be classified on the basis of 
difference in the electronegativity of mercury and 
the ligand, [x(Hg) - x(L)]. The value of x(L) is 
critical, because for x(L) > 2.5, the characteristic 
coordination of mercury is diagonal and for 
x(L) < 2.5, it is tetrahedral. Sulfur and carbon 
atoms occupy a transition position, x(L) = 2.5 
and hence the stereochemistry of mercury-carbon 
and mercury-sulfur compounds is particularly 
interesting. 

Based on dipole moment measurement, struc- 
tures have been proposed for organomercuric 
compounds containing C-Hg-C bonds. High 
dipole moments of these compounds have been 
attributed to the nonlinearity of these bonds by 
Horning and Wright (2). Preliminary work on 
di-p-tolyl mercury indicated a linearity of the two 
bonds. Further investigation of these compounds 
was undertaken, since a complete X-ray analysis 
on mercury aryl compounds does not exist. 

Experimental 
Some physical constants of di-p-tolyl mercury, 

Hg (CsH4. CH3)2 are summarized in Table 1. 

'Present address: Department of Chemistry, University 
of Waterloo, Waterloo, Ontario. 

'Present address: Department of Physics, University 
of Poona, Poona, India. 

3Revision received September 2, 1969. 

TABLE 1 
Some physical constants of di-p-tolyl 

Molecular weight 382.86 
Crystal type Monoclinic 
Space group P2JC 
Cell dimensions* a = 10.12 i 0.01 A 

b = 5.07 + 0.01 8, 
c = 1 1 . 6 5 + 0 . 0 2 A  
p = 91.8 + 0.3  

Volume of unit cell 597.4 A3 

Dca~cdS.  2.13 g ~ m - ~  
Do,,, 2.15 g cm-3 
Absorption coefficient for X-rays with h = 1.542 A 

p = 247 cm-l 
Total number of electrons in the unit cell F (000) = 356. 

*Cell dimensions were determined from rotation and Weissenberg 
photographs. 

tWith Z = 2. 

For collecting intensity data, needles of di-p-tolyl 
mercury of the size 0.15 x 0.15 x 0.50mm3 were em- 
ployed for taking Weissenberg photographs using 
multiple film technique. Intensity data were recorded 
from layers k = 0 -+ 3 and I = 0 with nickel filtered 
Cu KE radiation. Intensities were measured visually by 
comparison with a standard scale. A total of 760 out of 
the 886 reflections in the range of observation had 
nonzero intensities. Absorption corrections were applied 
assuming the crystal to be needle of diameter 0.15 mrn 
(pr = 1.9) and also the usual Lorentz and polarization 
corrections were applied. Values for absolute scale for 
each layer were obtained from Wilson plots. The scale 
factors were improved by comparing the overlapping 
reflections of the set hkl with k = 0 + 3 with hkO 
reflections in the other set. 

Structure Determination 

Since the symmetry of the general position is 
4-fold and there are two molecules in the unit cell, 
it follows that mercury has to occupy one of the 
four sets of special positions. All these positions 
are equivalent, so mercury atom was placed at 
0,0,0; 0,f ,f. All reflections which have contribu- 
tions from mercury were used to compute a 
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TABLE 2 
Final coordinates with standard deviations 

-- - -- 

Atom ~ / a  ~ X I ,  A Y I ~  o(Y), A zlc dz), A 

three-dimensional electron density Fourier syn- 
thesis. Since mercury does not contribute to 
reflections hkl with k = 2n + 1, the mercury- 
phased electron density map has an additional 
mirror plane of symmetry perpendicular to the 
b axis at y = 0. This pseudo-symmetry was 
destroyed by the following procedure. Carbon 
atoms of the p-tolyl ring were located in the 
electron density map. Structure factors were cal- 
culated for all atoms (excluding hydrogens) and 
the signs they gave were assigned to all reflections. 
A second cycle of three-dimensional electron 
density Fourier synthesis was then carried out 
to give improved coordinates for all carbon 
atoms. The structure was further refined bv a 
third cycle of mercury-difference electron density 
Fourier synthesis. R-index at this stage was 0.12 
for all observed reflections. 

Further refinement was carried out bv the full 
matrix least-squares methods. The scattering 
factors for Hg and C were those reported by 
Ibers (3) and Freeman (4), respectively. Anoma- 
lous dispersion corrections for the scattering of 
mercury were incorporated in the program of 
Busing and Levy. The values for Aft for Hg with 
Cu Ka radiation were taken from ref. (5). The 
following weighting scheme was used for the 
refinement. 

o-* = olFl = O.IIFobsdl for IFobsd] 2 30 

The unobserved reflections were excluded 
during the refinement. After 6 cycles of refine- 
ment, the shifts for all positional parameters were 
less than 1/10 of their estimated standard devia- 
tions and hence the refinement was assumed to 
be complete. The final agreement R-index was 
0.085 for all, including the unobserved reflections 

(for unobserved reflections, a value of 3 of the 
minimum observed intensity was assumed). 'The 
R-index for mercury alone was 0.112. The scatter- 
ing for all hydrogen atoms was neglected in all 
calculations. The final positional parameters and 
their estimated standard deviations are given in 
Table 2 and the thermal parameters in Table 3. 
The standard deviations were calculated by in- 
verting the matrix in the final least-squares cycle. 
A listing of observed and calculated structure 
factors is given in Table 4. The final mercury- 
difference three-dimensional electron density map 
along the b axis is shown in Fig. 1. 

Description and Discussion of the Structure 
A diagramatic representation of the structure 

in (010) and (100) projections is shown in Figs. 2 
and 3, respectively. The various bond lengths and 
bond angles are shown in Fig. 4. The standard 
deviations are 0.02 and 1.4" for distances and 
angles involving mercury-carbon atoms and 

FIG. 1. Mercury-difference three-dimensional electron 
density map along the b axis. Contours are at intervals 
of 1eiA3. 
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MATHEW A N D  KUNCHUR: CRYSTAL STRUCTURE OF DI-p-TOLYL MERCURY 

TABLE 3 
Anisotropic thermal parameters, Bi,* 

Atom B I I  BZZ B3 3 BIZ B13  B2 3 

*All values 
ture factor is 

have been multiplied by lo4. Estimated standard deviations are written in parentheses. The expression 

T = exp - (h2Bi l  f k2B22 + l2B33 + 2hkBlz + 2hlB13 + 2kIBz3) 

for calculating the tempera- 

0.03 A and 1.8" for those involving carbon- 
carbon atoms. The two Hg-C bonds are exactly 
linear since mercury lies on a center of symmetry. 
The mean plane through the mercury and carbon 
atoms and that through the carbon atoms alone 
are given in Table 5. The deviations of the atoms 
from the least-squares planes are of the same 
magnitude as the estimated standard deviations 
in the distances between various atoms and so 
the molecule may be described as approximately 
planar. 

The mercury-carbon distance is 2.08 f- 0.02 A. 
The lengths of the carbon-carbon bonds vary 

FIG. 3. Projection of the structure of di-p-tolyl 
mercury along the a axis. 

from 1.39 to 1.44 A and the angles from 116.5 to 
123.9". The deviations from the dimensions of a 
regular hexagon, as in benzene (C-C bond 
length = 1.39 A, L C-C-C = 120°), are not 
significant and so no conclusions can be drawn 
regarding the distortions in the geametry of the 
molecule. 

There are a number of intermolecular contacts 
a t  distances varying between 3.70 and 4.00 A. 
The shortest contact is that between two methyl 
groups. This is slightly less than the van der Vdaals 

FIG. 2. Projection of the structure of di-p-tolyl diameter of a methyl group (4.00 A). All other 
mercury along the 6 axis. contacts are between the methyl groups and are 
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TABLE 4 

Observed and calculated structure factors* 
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TABLE 5 

(a) Least-squares planes through Hg and C atoms 

No. of atoms Atoms 
Designation defining plane Equation* included 

Plane 1 7 - 0 . 6 3 6 8 X f  0 .7208Y-k  0.27382 - 3.5789 = 0 C1, Cz, CB, C4, 
c5, c6, c7 

Plane 2 8 -0.6403X + 0.7172Y + 0.27532 - 3.5561 = 0 Hg, CI, CL, '23, 
C4r C5, C6, C7 

*x, XI', and Z are orthogonal coordinates in A. 

(b) Deviations of atoms from the planes 

Deviations, A 
Plane Hg C1 C2 c3 c4 C5 C, C7 

greater than van der Waals diameter of a methyl 
group. 

The linearity of the C-Hg-C bonds has been 
confirmed by the present work and it would be 
reasonable to assume that in all mercury aryls, 
the C-Hg-C bonds are linear. This eliminates 
the possibility that the apparent moments of 
these compounds are due to the non-linearity of 
the mercury-carbon bonds. 

The authors wish to thank Mr. Wyne Wilson of the 
Computing Centre of this university for writing the 
various programs for crystallographic calculations, Dr. C. 
Calvo of McMaster University for supplying the least- 
squares refinement program, and the National Research 
Council of Canada for financial support. 

I I 
c j  

/"' 1. L. E. ORGEL. J. Chem. Soc. 4186 (1958). 

7 2. W. C. HORNING and G. F. WRIGHT. Can. J. Chem. 

'TZ 
42, 2065 (1966). 

3. J .  A. IBERS. Acta Cryst. 11, 447 (1958). 
% 4. A. J .  FREEMAN. Acta Cryst. 12, 261 (1959). 

5. International tables for X-ray crystallography. Vol. 111. 
FIG. 4. Bond lengths and angles of di-p-tolyl mercury. Kynoch Press. 1962. p. 215. 
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Etude par rksonance paramagnktique klectronique de la radiolyse en phase 
solide de C O ~ ~ O S ~ S  cycliques perfluorks 

CLAUDE CHACHATY, ALAIN FORCHIONI ET MASARU SHIOTANI 
Service de Chirnie physique, Centre d ' ~ t u d e s  Nuclt!aires de Saclay, Boite Postale No .  2,9IG$sur- Yuette, France 

R e ~ u  le I l septembre 1969 

Le perfluorocyclohexane (PFCH) et le perfluoromCthylcyclohexane (PFMCH) ont etB irradiCs en 
phase solide par les rayons y du 60Co. Le spectre de resonance paranlagnetique electroniquc du PFCH 
irradie a 77 "K correspond essentiellement aux radicaux 

qui se rtorientent dans la matrice au-dessus de 160 "K et se recombinent au point de transition situe a 
180 OK. Lorsque l'irradiation est effectuee a 200 OK, CsF,,' se forme Bgalement mais reagit sur le PFCH 

en donnant un radical que nous pensons &re CF3 - (CF~) ,  
U 

Le spectre du PFMCH irradie a 77 "K n'a pas CtC identifie, il pourrait correspondre en partie a 
('C6F,,CF,)-. A partir de 160-170 "K le spectre correspond uniquement a 

L'Cquivalence des quatre fluors y ainsi que Pintensite relative 1:4:1 des trois principaux groupes de 
raies observes au-dessus de 210 "K suggerent que le cycle effectue des mouvements rapides d'inversion. 

Nous avons egalement 6tudiC les radicaux 

formes par irradiation en presence d'oxygene. La variation de leur spectre avec la temperature, en 
particulier au voisinage des points de transition permet de caractkriser aisCment les mouvements molCcu- 
laires mis en jeux. 

Perfluorocyclohexane (PFCH) and perfluoromethylcyclohexane (PFMCH) have been irradiated in 
the solid state by y rays of 60Co. The electron spin resonance ( e x . )  spectrum of PFCH irradiated at 
77 "K corresponds mainly to 

CF2-CF2 
\ 
.C--F 

CF2 -CF2 
/ 

which is tumbling in the matrix above 160 "K and disappears at the transition point (180 "K). When y 
irradiation is carried out at 200 OK, C6F11' is also produced, but reacts with PFCH giving a radical 

n 
supposed to be C F ~  - (CFzis --i) 

The e.s.r. spectrum of PFMCH y irradiated at 77 "K has not been identified; it might be attributable in 
part to ('C6FIICF,)-. Above 160-170 OK, the e.s.r. spectrum corresponds only to 

/CF2 -CF2 \ 
c\F2 .C-CF3 

CF2-CFz 
/ 

The equal coupling of the four y fluorines and also the relative intensity 1 :4:1 of the three main groups of 
lines observed above 210 "K suggest that ring inversion occurs with a high rate. 

We have also studied the radicals 

00.. and 

produced by y irradiation in the presence of oxygen. The variation of their spectra with temperature, 
particularly near the transition points, is very characteristic of the motion involved. 

Canadian Journal of Chemistry, 48, 435 (1970) 
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Introduction 
L'Ctude des radicaux fluorocarbonts a Ctt 

abordte rtcemment par les physico-chimistes, en 
particulier dans le domaine de la rCsonance 
paramagnttique Clectronique (r.p.e.). Le prob- 
l&me du couplage hyperfin des fluors n'est pas 
complCtement tlucidt, malgrt des progrks rt- 
cents (1-4), car les donntes expkrimentales sont 
assez restreintes, surtout celles relatives aux 
fluors p. 

Par ailleurs, les mtcanismes de formation de 
ces radicaux par radiolyse diffkrent notablement 
de ceux des radicaux hydrogCnCs sur lesquels 
portent la plupart des travaux, du fait que 
l'tnergie de la liaison C-F (105 kcal/mole) est 
plus Clevte que celle de la liaison F-F (38 kcall 
mole) (9, alors que celle de H-H est gtntrale- 
ment plus Clevte que celle de C-H et que, de 
plus, le fluor posskde une affinitC Clectronique 
apprtciable (85 kclmole) (6). 

Pour apporter une nouvelle contribution & ce 
domaine, nous nous sommes proposts d'etudier 
par r.p.e. la radiolyse en phase solide du per- 
fluorocyclohexane (PFCH) et du perfluoro- 
mtthylcyclohexane (PFMCH). 

Ces com~osCs ont CtC choisis en raison des 
nombreux travaux effectuCs sur leurs homo- 
logues hydrogCnts (voir par exemple rCfs. 7-10) 
qui peuvent amener des comparaisons inttres- 
santes, et du fait Cgalement qu'ils constituent des 
matrices inertes susceptibles de pitger des radi- 
caux trks rtactifs (1 1). 

De plus, les produits de radiolyse en phase 
gazeuse du perfluorocyclohexane ont CtC identi- 
fiCs par chromatographie (12) et par spectro- 
mttrie de masse (13) ce qui permet de recouper 
certains rtsultats que nous avons obtenus. 

Les experiences ont CtC effectuees sur des produits 
"Imperial Smelting". Le perfluoromCthylcyclohexane a 
BtC utilise tel quel, une analyse par spectromktrie de 
masse ayant indique la presence de moins de 1 % d'im- 
puretks, constituees essentiellement de perfluorotoluene. 
Le perfluorocyclohexane a Cte purifie par sublimations 
rtptttes. Les Cchantillons etaient degazks sous une 
pression residuelle de Torr dans des ampoules en 
silice "Spectrosil". Quelques uns ont et6 irradies en 
presence d'oxygene pour etudier les radicaux pkroxydes. 
Les irradiations ont Bte effectutes a I'aide d'une source de 
20 KCi de 60Co avec des doses de 6 a 12 Mrads, en 
general a - 196 "C, parfois egalement a -80 et a 0 "C. 

Le spectrometre r.p.e. est un Varian V 4502 fonction- 
nant a 9200-9300 MHz avec une frequence de modulation 

de 100 KHz. On determinait le facteur g des radicaux 
fluorts en enregistrant leur spectre simultanement a celui 
d'un echantillon de brai, resonant B g = 2.0029 et plack 
dans un compartiment d'une double cavitt V 4532. Le 
champ magnktique Btait mesure a l'aide d'un magneto- 
metre a resonance nucleaire Varian F8 relie a un frequen- 
cemetre Rochar A 1149. 

Les mesures Btaient effectukes en maintenant les 
Cchantillons a la temperature d'irradiation, puis en les 
rechauffant progressivement a I'interieur de la cavitC, dans 
un cryostat reglable entre - 180 "C et la temperature 
ambiante. 

RCsultats et Discussion 
PerJEuorocyclolzexane 

Le PFCH est solide B temperature ambiante, 
son point de sublimation ttant de 50 "C. I1 
posskde un point de transition de phases 2. 
-93 OC (180 OK) mis en Cvidence par rCsonance 
magnttique nuclCaire (r.m.n.) (14). 

Le spectre r.p.e. du PFCH irradiC a 77 OK a 
une largeur totale de 440 G. Nous n'avons gu 
analyser sa structure hyperfine, trop ma1 rCsolue 
au voisinage de cette temptrature. Cette mau- 
vaise rtsolution est essentiellement due aux 
couplages hyperfins trgs anisotropes des fluors'. 

A partir de 150 OK, on observe la croissance 
progressive d'un spectre "isotrope" centrC g = 
2.0039 $ 0.0001, comportant quatre groupes de 
raies bien rtsolues. 

Comme nous l'avons indiqut dans une note 
prCliminaire (15), ce spectre, qui devient prC- 
dominant au voisinage du point de transition est 
attribuable B 'C6Fll, les constantes de couplages 
des fluors ttant a,  = 70.5 G (IF), a, = 61.25 G 
(2F), a, = 7.2 G (4F). On peut constater sur la 
Fig. 2 le bon accord entre le spectre exptrimental 
et celui calculC a partir de ces constantes. 

a, et a,  sont respectivement attribuables au 
fluor a et a deux fluors lits aux deux carbones p 
de C6Fl,', a, peut correspondre aux quatre 
fluors y, le couplage des deux autres fluors /3 ttant 
infkrieur B la largeur de raie (4-5 G) ou B deux 
fluors y et a deux fluors p. I1 est probable que 
dans le cas d'une structure rigide du cycle, deux 
fluors y1 et y2 ayant des positions intquivalentes 
par rapport a l'orbitale de l'tlectron non appariC 
aient des couplages a,, et a,, difftrents (Fig. 3). 

Un m&me couplage des quatre fluors y impli- 
querait donc l'tchange, par inversion du cycle, 

'Dans ce texte, nous appellerons parfois "spectres 
anisotropes" les spectres de radicaux bloques, par 
opposition aux "spectres isotropes" de radicaux en libre 
reorientation, pour lesquels l'anisotropie du tenseur g et 
du couplage hyperfin est annulee en moyenne. 
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FIG. 2. Spectres du radical perfluorocyclohexyle. 
A,  expkrimental a 160 OK; B, spectre thCorique corres- 
pondant B a," = 70.5 G, a," = 61 G, aFY1 = aFYz ou 
a," = 7 G (voir texte); C, spectre obtenu par calcul 
Blectronique en prenant a," = 70 G, aFh = 61 G, aFY 
= 7.2 G pour une largeur de raie. AHl, ,  = 6 G (lorent- 
ziennes). La partie centrale du spectre A correspond au 
pic de !a silice et a un autre radical non identifi6. 

de deux fluors y portts par un meme carbone, B 
une SrCquence supCrieure B a,, - a,,. L'exemple 
du cyclohexyle (9, 10) et du perfluorom6thyl- 
cyclahexyle (15) dont il sera question plus loin, 
indique que I'on devrait observer alors l'tlargis- 
sernvnt de certaines raies qui peuvent meme 
devenir indbtectables quand la frtquence d'inver- 
sion augmente. 

Dans le domaine oh l'on a observt le spectre 
'Yisotrope" de C,F1,' (150-200 OK), toutes les 
raes  ont la meme largeur, pratiquement in- 
va;iante avec la tempkrature. L'intensitt relative 
1-3-3-1 des quatre groupes de raies indique 
d'a0iLre part qu'il n'y a pas disparition de 
ceriaines raies par Cchange rapide de fluors liCs a 
ua meme carbone. L'attribution de a, a deux 
Araors et deux fluors y nous parait donc plus 
plausible qu'a quatre fluors y. 

La variation avec la temptrature du spectre 
r.p,e. du PFCH irradit a 77 OK est reversible 

FIG. 3. Diagramme representant la forme "chaise", 
configuration la plus stable, du radical perfluorocyclo- 
hexyle. On constate que les fluors y, et y2 occupent des 
positions trPs diffkrentes par rapport a I'axe de I'orbitale 
2pn. de 1'6lectron non apparii. qui fait un angle d'environ 
90" avec la liaison C,-F.,, et de 30" avec la liaison 
C,-F,,. 

pour l'essentiel ; par constquent C6F11 ' est 
form6 d'une maniere prtdominante sous irradia- 
tion y. Cependant deux bandes extremes CcartCes 
de 440 G disparaissent dtfinitivement au cours 
du rkchauffement. Un tel Ccart est caracttristique 
d'un groupe -CF2' et correspond B la somme 
des valeurs principales A l l F  du tenseur hyper- 
fins des fluors a (16, 17). I1 est donc possible 
qu'il y ait formation d'une faible proportion de 
radicaux lintaires selon les reactions 

postultes par McKenzie et al. (12). 
Lorsque le PFCH est irradit en presence 

d'oxygkne, la peroxydation des radicaux fluorts 
s'effectue B partir de 140 OK. MalgrC l'absence de 
structure hyperfine des spectres des peroxydes, 
il est certain, d'aprks ce qu'on a vu plus haut, que 
le radical prCdominant est C6F1102'. 

Entre 77 et 160 1 5 OK, le spectre de C,FllO,' 
prtsente la structure caracttristique de radicaux 
ptroxydes bloquCs, avec deux pics dont les 
maxima donnent les valeurs principales de g : 
g , ,  = 2.0403 f 0.0002 selon l'axe 0-0, g,  = 
2.0043 $ 0.0002 dans le plan perpendiculaire 
cette liaison d'oh l'on dCduit 

A partir de 160 OK environ apparait une raie 
unique dont I'intensitt relative croit avec la 
temptrature et qui est superposte au spectre 
anisotrope des radicaux ptroxydes. Cette raie 
est centrCe B g -- 2.016 et correspond donc aux 
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FIG. 5. Concentration relative, en fonction de la 
tempkrature, des radicaux C6Fll' (+) et C6FI1O2' (0) 
bloquts. En pointill6s: courbe du second moment du 
spectre r.m.n, du perfluorocyclohexane d'apres la rtf. 14 
( A  = anisotrope, I = isotrope). 

FIG. 4. Spectre du radical C6Fl1O2., les pics marques 
d'une croix sont diis a la silice de I'ampoule. 

radicaux C6Fl10,' en rkorientation isotrope. 
Elle dCcroit rapidement au voisinage du point de 
transition (180 OK) du fait de la recombinaison 
de ces radicaux et l'on peut parfois observer 
avant leur disparition compl6te un autre spectre 
caractCris6 par gll ' = 2.0123 + 0.0002, g,' = 
2.0182 + 0.0002, gi - 2.0162 + 0.0002. Ce der- 
nier est attribuable B des radicaux C6Fl10,' pour 
lesquels le cycle est bloquC tandis que le groupe 
0-0 tourne autour de la liaison C-0. 

La relation 

donnCe par Toriyama et Iwasaki (18), ob a est le 
demi angle au sommet du cane dCcrit par 0-0, 
indique que l'angle C-0-0 est Cgal B 1 18 f 2". 

Nous avons determine par ailleurs en fonction 
de la temperature, le rapport A/(A + I )  de 
l'intensitt des spectres anisotropes (radicaux 
IsloquCs), B celle des spectres globaux des radi- 
caux C6F1,' et C6F,,02'. 

On peut constater sur la Fig. 5 que la dkcrois- 
sance de ce rapport, au voisinage du point de 
transition, est similaire B celle du second moment 

FIG. 6.  Concentration (unit6s arbitraires) des radi- 
caux C6Fll' (+) et C,FI1O2' (0) en fonction de la 
temperature. 

du spectre r.m.n. du PFCH (14) et donc que la 
reorientation des radicaux est en correlation avec 
celle des molecules de la matrice. La recombi- 
naison des radicaux s'effectue tgalement au 
point de transition, les radicaux pkroxydes Ctant 
un peu plus stables que les radicaux C6Fll' 
(Fig. 6). 

Nous avons effectut aussi une sCrie d'expCri- 
ences en recuisant des Cchantillons dCgazts ou 
non B 160-170 OK pendant 45 min avant de les 
irradier B 77 OK, afin d'Cviter le pikgeage Cventuel 
de la phase "hautes temptratures" au-dessous de 
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FIG. 7. Spectres du perfluorocyclohexane irradi6 B 
195 "K puis rdchauffk. 

180 OK. Le comportement des radicaux en 
fonction de la temptrature ne diff6re pas essen- 
tiellement de celui observe pour les Ccl~antillons 
trempCs directement B 77 OK. 

L'irradiation B 200 OK du PFCH dCgazk, donc 
en sa phase "hautes temptratures", conduit 
Cgalement au radical C,F,,' mais celui-ci dis- 
parait rapidement (demi vie d'environ 1 h B 
200 OK) en donnant un nouveau radical dont le 
spectre est un triplet 1 :2:1 d'Ccart hyperfin 
60 $. 1 G (Fig. 7). La largeur de ce triplet varie 
peu entre 77 et 300 OK, il ne prksente donc pas 
l'anisotropie caractdristique d'un groupe -CF2', 
pour lequel, on l'a vu, cette largeur peut atteindre 
400 G environ. 

La constante de couplage observee pour ce 
nouveau spectre est proche de celle des deux 
fluors p les plus fortement couplCs des radicaux 
'C6F11 et 'C,F,,CF,. La stabilitC du radical 
correspondant, qui ne disparaft que par subli- 
mation du PFCH, indique par ailleurs que la 
valence libre est localiste sur un carbone tertiaire, 

comme le suggere l'exemple de 'C6F1,CF, dont 
il sera question plus loin. I1 s9agirait donc d'un 
radical 

~-0 
oh R est un groupement que l'on ne peut identi- 
fier par r.p.e. en raison de la rtsolution insuffi- 
sante des spectres. Nous suggkrons sous toutes 
rkserves que le radical en question est 

CF~(CF*). -0 
form& par la rkaction 

[51 0 0 + CF3(CF215 

trop lente pour Etre observke dans la phase 
"basses temptratures". McKenzie et coll. (12) 
ont en effet dktectt 

CF3,CF2i5 -0 
parmi les produits de radiolyse du PFCH, mais 
ils supposent que ce produit rksulte de la re- 
combinaison du radical CF,(CF2),' et du 
perfluorocyclohexyle. 

PerJuorome'thylcyclohexane 
Le PFMCH fond B 234 OK et posdde deux 

points de transition de phase, l'un B 226.6 OK, 
l'autre B 172.8 OK, qui ont CtC mis en Cvidence 
par des mesures de chaleur spkcifique (19). Ces 
mesures indiquent que si le PFMCH est solidifik 
rapidenlent B 77 OK, la phase intermkdiaire est 
piCgCe au-dessous de 173 OK et redonne la phase 
"basses tempkratures" vers 150 OK. Nos prC- 

FIG. 8. Spectre a 77-110 "K du perfluoromethyl 
cyclohexane irradie a 77 OK. Les deux raies ecartees de 
500 G sont dues aux atomes H' piCgCs dans la silice de 
l'ampoule. 
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50 G 
> 

FIG. 9. Evolution en fonction de la tempkrature, du spectre du radical 0 - c ~ ~  (kchantillon non rsuit). 

mihres expkriences ont CtC effectutes sur des 
Cchantillons solidifies directement B 77 OK avant 
irradiation. Par la suite les Cchantillons ont kt& 
prtalablement recuits B 160 OK pendant 45 min 
pour n'obtenir que la phase stable au-dessous de 
173 OK. 

Le spectre obtenu aprhs irradiation y B 77 OK 
a une largeur totale de 1080 G. Les bandes 

extremes sont rCsolues, mais la partie centrale est 
masqute sur 200 G par un autre spectre dC- 
pourvu de structure hyperfine qui n'est certaine- 
ment pas celui de 'C,F,,CF,. I1 est possible que 
le spectre repartie sur un millier de gauss soit dB 
au radical anion ('C,F, , CF,)- pour lequel 
l'tlectron non appariC aurait une densit6 ap- 
prCciable dans l'orbitale 3s des fluors. En effet 
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dans le cas, par exemple, du radical ion 'F,-, 
pour lequel la densit6 de spin est principalement 
localisCe dans cette orbitale, le couplage hyperfin 
des fluors est de 760 G (20). Une autre hypo- 
th6se que nous avons envisagCe pour ce spectre 
tr&s Ctendu, est son attribution 2i la transition 
AM, = + 1 du spin Clectronique total d'une 
paire de radicaux pitgds B quelques angstroms 
l'un de l'autre. Cette seconde possibilitC nous 
parait moins plausible car nous n'avons pas 
observt la transition AMs = +2, qui en serait 
caractkristique. 

Dans le cas des Cchantillons non recuits, le 
spectre reprtsentC sur le Fig. 8 disparait vers 
120 OK pour faire place B celui du radical 

Cette transformation se produit vers 170 OK pour 
les Cchantillons recuits. Notons qu'aucun spectre 
attribuable B 'C6FI2- n'a CtC observt dans le cas 
du perfluorocyclohexane. 

La rCsolution du spectre de 

s9amtliore considCrablement quand la temptra- 
ture s'Cl6ve (Fig. 9), l'anisotropie du couplage 
des fluors p disparaissant vers 150 "K par suite 
de la rkorientation isotrope des radicaux. Le 
spectre devient alors un triplet 1 :2: 1 de quartets 
1 :3 :3:1 centre a g = 2.0027 + 0.0001 dii au 
couplage prtdominant de deux fluors P du cycle 
(a,' = 59 + 0.5 G), et des fluors equivalents du 
groupe CF, (a, = 18 + 0.5 6). Ces attributions 
ont CtC vCrifiCes en reconstituant le spectre a 
19aide d'un calculateur Clectronique JEOL JRA1, 
en essayant diffkrentes largeurs de raies lorent- 
ziennes et gaussiennes, cette derni6re forme de 
raie donnant la meilleure analogie entre les 
spectres thioriques et expCrimentaux sans toute- 
fois permetire une parfaite CquivaIence (Fig. 10). 

A partir de 210 OK, donc au voisinage du 
deuxitme point de transition, chaque bande du 
spectre de 'C6F,,CF3 se divise en un quintet 
binamial (Figs. 9 et 11). La structure de ce 

FIG. 10. Spectre du radical -CF, pit& dans la 
U 

phase "basses temperatyres" du PFMCH, compar6 au 
spectre calculC avec al = 59 G, a, = I8 G, pour une 
largeur de raie AHllz = 15 G (gaussiennes). 

spectre correspond alors B a, = 61.55 ) 0.05 G 
(triplet), a, = 17.81 $ 0.05 G (quartets 1 :3 :3 :I), 
a, = 2.23 ir 0.05 G (quintets 1:4:6:4:1). La 
largeur moyenne entre points de pente maximum 
des lorentziennes qui constituent alors ce spectre 
passe de 1.8 G B 210 OK, B 1.1 G B 234 OK. 
L7intensitC relative des composants du triplet 
d'Ccart hyperfin a, est 1 :3 :1 (Fig. 11, B) d'aprks 
la hauteur des raies et non 1 :2 : 1 comme on 
pourrait s9y attendre s'il correspondait seulement 
a deux fluors p (Fig. 11, C). Le rapport effectif 
1:4:1 de 1'intensitC des composants du triplet 
apparajit si I'on Cgalise la largeur des raies par 
surmodulation (Fig. 11, A) ou si I'on effectue la 
double integration du spectre expkrimental 
(dtrivCe premiere de l'absorption). 

Un fait analogue a CtC observt par Fessenden 
et Schuler (9) pour le radical cyclohexyle et 
attribuC B 19inversion du cycle qui intervertit la 
position de deux protons inCquivalents liCs B un 
meme carbone, 

La contribution la structure hyperfine 
globale du spectre de 'C,F,,CF,, de deux paires 
inkquivalentes de fluors dont les constantes de 
couplage sont a, ' et a," (a,' > a,") est un 
multiplet 1 :2: 1 :2:4:2: 1 :2:1. Cette structure 
apparaitrait si le cycle ttait rigide ou s'inversait & 

no. 1 1. Spectres du radical O C F ,  A 230 OK. A : surmoduik pour kgaliser la largeur des raies el faire appa- 
U 

raitre le rapport 1 :4:1 de I'intensitk des composants du triplet principal; B: enregistrk dans les conditions optimales de 
r6solution; C: calculk avec aFCF3 = I8 G (3F), aFol = 61.5 G (2F), a;' = 2.2 G (4F), AHll2  = 1.2 G (lorentziennes), 
sans tenir compte de la contribution de aFmZ, ce qui donne par consequent un rapport 1 :2:1 pour les composants du 
triplet principal. 
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une frCquence trbs inflrieure a,' - a,". Si au 
contraire l'inversion s'effectuait B une frCquence 
tr&s suplrieure a,' - a,", les quatre fluors @ 
apparaitraient equivalents et donneraient un 
quintet 1 :4:6:41 d9Ccart hyperfin (a,' + alU)/2. 
Soient Mg' et Mot'  les nombres quantiques 
nucltaires totaux des deux paires de fluors p. Si 
l'inversion s'effectue B une frCquence de l'ordre 
de a,' - a," (soit --- 150 MHz), sans change- 
ment des spins nucltaires, les raies correspondant 
B Mpf = Mp" = + I ,  Mp' = Mp" = 0 demeu- 
rent Ctroites, tandis que celles correspondant B 
Mp' # Mp" ~'Clargissent jusqu'a devenir in- 
ditectables. La contribution des fluors @ au 
spectre global est alors le triplet 1 :4:1 d'tcart 
hyperfin a,' + a," que nous avons observC. 

La structure hyperfine due aux fluors @ dont le 
couplage est le plus faible est inobservable au- 
dessus de 210 "K pour les raisons que nous 
venons d'exposer et au-dessous de cette tempCra- 
ture, parce que masquCe par la largeur des raies. 
I1 est cependant probable que leur constante de 
couplage a," soit la diffkrence de 2.5 + 0.5 G 
entre les tcarts hyperfins a, et a, '  que l'on 
observe de part et d'autre de 210 OK pour le 
triplet principal. a, correspond, comme dCjB 
indiquC, aux fluors de CF, en rotation libre et a, 
aux quatre fluors y devenant Cquivalents par 
suite de l'inversion suffisamment rapide du 
cycle. 

Lorsque cette inversion se produit le rapport 
apparent de I'intensitC des composants du triplet 
principal est, on l'a vu, de 1 :3:1, alors que le 
rapport effectif est 1 :4: 1. Ce fait nous parait 
explicable par l'effet du deuxikme ordre (9, 21), 
dQ aux termes non diagonaux de l'hamiltonien 
de spin, qui divise chaque raie correspondant a 
MP1 = M," = 0 en un triplet 1 :2:1 d'Ccart 
hyperfin (a,' + a, "),/2H 1. 0.5 G. Nous avons 
effectivement vCrifiC par calcul Clectronique des 
spectres que, pour une largeur de raies lorent- 
ziennes de 1.1 G, la structure hyperfine non 
rCsolue de trois raies sCparCes par 0.5 G provoque 
un Clargissement qui diminue leur hauteur de 
30 %. 

La configuration gComCtrique des radicaux 
hydrocarbonCs a Clectron n peut en partie &tre 
dCterminCe B partir des constantes de couplage 
des protons @ donnCes par la relation 

1 sur le carbone a, Bo < 5 G, 8 Ctant l'angle 
entre le plan C,-Cp-H et l'axe de l'orbitale 
2pn de I'Clectron non appariC. 

RCcemment Iwasaki (4) a Ctabli thkorique- 
ment les relations 

pour les valeurs principales du tenseur hyperfin 
d'un Auor @, ce qui donne une constante de 
couplage 

Ces relations sont partiellement basees sur les 
rCsultats expkrimentaux de Rogers et Whiffen 
(2) relatifs au radical -CO,-CF,-'CF-C0,-. 
Pour ce radical, les constantes de couplage des 
fluors p sont de 34.8 et 40.4 G, soit en moyenne 
a$ = 37.6 G pour un angle 0 de l'ordre de 30" 
(4). 

La relation [9] n'ktant pas compatible avec nos 
rCsultats expkrimentaux, nous avons Cgalement 
cherche a Ctablir une relation de la forme 
nFP = B, + B cos2 0 a partir des constantes de 
couplage 

[11] la,[ = IB0+ Bcos2(0+2n/3)1 = 2 . 5 G  

[12] la,/ = IBo + B/21 = 18 G (rotationlibre 
de CF,) 

Parmi les multiples solutions que donne ce 
systbme, compte tenu des combinaisons possibles 
entre les signes de a,', a, et a,, celle qui nous 
parait la plus plausible est 

a,', a, et a, Ctant de mCme signe tandis que B et 
B, sont de signes contraires. Ces valeurs de 0, et 
0, sont en effet trbs proches de celles que nous 
avons obtenues (22) pour le radical mCthylcyclo- 
hexyle 

0 . ~ 3  

De plus la relation 

[13] laFPI=l-23+82cos281 (G) 

avec B -- 50 B 60 G pour une densit6 de spin de est compatible avec les rCsultats de Rogers et 
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CHACHATY ET AL.: RADJOLYSE DE COMPOSES CYCLIQUES PERFLUORES 

168'~ 

Spectres attribuks au radical les pics marques d'une croix sont d i~s  a la silice de I'ampoule. 

Whiffen (2) pour le radical 

- C02-CF2-'CF-C02 - 

puisqu'en prenant 0 = 30" on obtient la,b/ = 
38.5 G. 

Lorsque le PFMCH est irradii en prisence 
d'oxygkne, la formation de radicaux piroxydes, 
vraisemblablement 

FIG. 13. Concentration relative, en fonction de la 

temperature, des radicaux aCF3 0 2 '  bloquks. 

se manifeste dks 120 OK. Leur spectre est trks 
semblable celui de 

et, comme celui-ci, dipourvu de structure 
hyperfine. 

Les valeurs principales du tenseur g sont, pour 
les radicaux bloquis, gl, = 2.0393 f 0.0002 et 
g, = 2.0039 -t 0.0002, ce qui donne g, = 
2.0157 f 0.0002. 

Au cours du richauffement apparait une raie 
centrie a g - 2.016 dont l'intensiti s'accroit aux 
dipends du spectre anisotrope comme le montre 
les Figs. 12 et 13. Cette raie correspond aux 
radicaux piroxydes en riorientation isotrope, au 
voisinage du point de transition situC a 173 OK. 

On a compari sur la Fig. 14, la dkcroissance en 
fonction de la tempirature de la concentration de 

OCF~ et de oCF3 
0; 

La concentration des radicaux perfluoro- 
methyl-cyclohexyle diminue au voisinage du 
point de transition le plus bas (T = 173 OK) puis 
demeure constante jusqu'a la fusion (T = 
234 OK). La grande stabiliti du radical 

qui a une demi durie de vie de 10 min a 230 OK, 
est explicable par l'encombrement stirique du 
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FIG. 14. Concentration (unites arbitraires) des radi- 

caur DCF, ( x ) et oCF3 (0) en fonction de la 
02' 

temperature. 

groupe CF, et des fluors P du cycle qui entourent 
le carbone porteur de la valence libre. En effet, le 
radical 

pour lequel I'Clectron cklibataire est localis6 sur 
190xygtne se recombine B partir de 140-150 OK 
pour disparaitre compl&tement au premier point 
de transition (173 OK). 

Conclusion 

Les Ctudes par r.p.e. des radicaux perfluorCs en 
phase solide amorphe ou polycristalline sont en 
gCnCral difficiles en raison de la rCsolution 
~nsuffisante des spectres. Dans le cas des radicaux 
'C6F,, et 'C,F,,CF,, CtudiCs ici, leur rCorien- 
tation dans la matrice est assez rapide pour 
annuler en moyenne le couplage dipolaire et 
obtenir des spectres bien rCsolus dont on dCduit 
des valeurs prtcises des constantes de couplages, 
en particulier celles des fluors y que 170n n'ob- 
serve gtnkralement pas en phase solide. Ce 
couplage hyperfin a longue distance, indique que 
1'Clectron non appariC est dtlocalisC sur toute la 
moltculle par conjugaison de son orbitale 2pz 

centrCe sur le carbone et celles des fluors (23-25). 
D'autres travaux paraissent nicessaires pour 

relier la structure des radicaux fluoris au 
couplage hyperfin des fluors P. Cependant la 
valeur de la constante de couplage du fluor a du 
radical C,F,,' suggtre que le site du carbone 
porteur de la valence libre est plan (voir par 
exemple rCf. 3) et il en est probablement de 
m&me pour le radical 'C,Fl0CF, Ctant donnt la 
similitude des rCsultats obtenus. 
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Electron spin resonance study of r-irradiated dipotassium 
difluoromalonate monshydrate 

F. G.  HERRING, W. C. LIN, AND M. R. MUSTAFA 
Department of Chemistry, Uni~ersity of British Columbia, Vancouuer 8, British Columbia 

Received October 8, 1969 

The y-irradiation of dipotassium difluoromalonate monohydrate led to the formation of two inolecular 
configurations of the C F ~ C O ~ -  radical in addition to the preyiously identified C F ( C O ~ - ) ~  radical. A 
comparison of the a-fluorine coupling in the two forms of the CFZC02- radical indicates that loss of a 
carboxylate group nearly coplanar with the C-C-C plane in the undamaged molecule is favored. 

Canadian Journal of Chemistry, 48, 447 (1970) 

Introduction 
The effect of irradiating a material with low 

energy X-rays (40 kV) is to produce tracks (over- 
lapping of spurs) (1) in the crystal lattice. This 
high linear energy transfer (1.e.t.) thus causes a 
high density of radicals which in turn causes a 
broadening of electron spin resonance (e.s.r.) 
lines (2). As a consequence of this, only the 
dominant species formed by X-irradiation may 
be observed by e.s.r. On the other hand, radiation 
of low I.e.t., such as y-rays from a 60Co source, 
will give e.s.r. lines of much narrower line width. 
This fact, together with the fact that low 1.e.t. 
radiation will cause well separated spurs and 
therefore less reaction between the radical species 
formed, means that additional radical species 
may be identified after y-irradiation. 

Such is the case in the study of irradiation 
damage in dipotassium difluoromalonate mono- 
hydrate (CF,(CO,K), . H,O). Previous low 
energy X-irradiation led to the formation of the 
fluoromalonyl radical (3). It was apparent from 
this work that other radicals were present but 
could not be identified. The subsequent irradi- 
ation of the difluoromalonate with y-rays led to a 
sample in which two forms of the CF,CO,- 
radical were shown to be present. These two 
forms correspond to the loss of one or other of 
the carboxylate groups which, our previous study 
(3) indicated, are at roughly 85" to each other. 

Experimental 
The y-irradiation was carried out at room temperature 

in a "OCo gammacell. The dose rate was 4000 rads min-' 
and the duration of irradiation was 20 min. The e.s.r. 
techniques were the same as described previously (3) and 
the same axis system was used. 

Results 
Figure 1 shows an example of the spectra 

FIG. 1 .  Electron spin resonance spectrum of y- 
irradiated dipotassium difluoromalonate monohydrate. 

obtained in this work. The four strong lines 
(marked A) are due to the radical CF(CO,-),, 
which occupies two symmetry related sites (3). In 
addition to these lines, two other sets of lines 
marked B and C are seen, one set (B) being more 
intense than the other. The lines B may be 
assigned to two CF,CO,- radicals of the same 
configuration occupying two symmetry related 
sites. Previous work (4, 5) has shown that the 
fluorine coupling tensors in CF,CO,- are nearly 
axially symmetric and have their unique principal 
axes parallel to each other. Consequently two 
such radicals occupying two symmetry related 
sites will give rise to a five-line pattern with 
intensity ratios 1 : 1 :4 : 1 : 1. Thus the lines B can be 
interpreted as the outer lines of such a pattern and 
half the splitting between two corresponding 
outer lines should be a reasonable measure of the 
fluorine hyperfine splitting. 

The formation of the CF,CO,- radical 
requires the loss of a C0,- group. Our previous 
work (3) on the CF(CO,-), suggested that the 
two carboxylate groups are not coplanar in the 
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radical and consequently are not expected to be 
coplanar in the parent molecule. This situation 
then leads to the possibility of the formation of 
CF,CO, radicals in which either the C0,-  group 
is coplanar with the FCF fragment or out of , :. 
plane. This situation has been observed by 
Horsfield, Morton, and Whiffen (6) in their .' 
studies in the radiation damage in malonic acid. . 
We suggest therefore that the lines denoted by C 
in Fig. 1 are due to a second CF,CO,- radical 

- 

with a different molecular configuration. This 
interpretation is confirmed by the results. 

The broad resonance marked D in Fig. 1 is no 
doubt due to (i) overlapping of the central lines of . . . . .... ... the two types of ~F ,CO, -  radicals, (ii) the ....... ..... ...... "..... ......................... resonance due to C0,- radicals produced by the ............... 

homolytic fission of the F,C-CO,- bond, FIG. 3. Angular variation of the hyperfine splitting 
(iii) forbidden transitions from the main radical of the two forms of CFzC0,- both in two nonequivalent 
species CF(CO,-),. The two very weak lines with in the plane' 
marked E in Fig. 1 which could be observed only 
in some orientations were not identified. 

It is now necessary to describe in some detail \' \ \ ' I /  
the analysis of the spectra observed for the 
CF,CO,- radicals. The more intense of these \ 

'/ 
a//H 

/ 
50 G 

....... radicals will be called radical 1 and the less ..... ............. .._. - .w. . .  /- 
.................. . . . . . . . . . .  intense, radical 2. The method of obtaining the \ ;&;; .... .""""". " .._./ ,.. ... ....::,, / 

. . .  
00 .  

; .  o..O.. 

tensor elements from the experimental data was , , .. .. ;I .. 
P;' 0 2 ~  

described in our previous study (3). For radical 2 y - 4! 

it was possible to observe the outer lines of the p $ c//H 

:1 
1 : 1 :4: 1 : 1 pattern at most of the orientations in ?:., .. . :. ... . .. .. a . _ .  . . . . .  ... . . . . i! . . .' :<. ' . . :: 

................. . . . . .  . . .  the ab, bc, and ca planes. Consequently both the ...... ................... .............. ...:...; ..... ..... "..........." .......... 

FIG. 4. Angular variation of the hyperfine splitting 
of the two forms of CF,CO,- both in two nonequivalent 

/ sites with H in the ac plane. 

\ / 
50 G hyperfine coupling tensor and the g-tensor were 

'\ C--------l 
obtained readily. However, for radical 1 over- 

\ lapping of lines of the main species (CF(C0,-),) . , prevented the tlleasurement of its hyperfine 
splitting for all orientations in the ca plane. The 

- - complete tensor for this radical was obtained by 
fitting the experimental data in the ab and bc 
planes using a trial and error procedure. This 
method led to an agreement between the experi- 
mental and the calculated data that is quite 
acceptable. 

The results of the measurements on radicals 1 
and 2 are displayed in Figs. 2, 3, and 4 in which 
the calculated values, using the final tensors, are 

FIG. 2. Angular variation of the hyperfine splitting of given as solid lines for radical 1 and broken lines the two forms of CF2CO2- both in two nonequivalent 
sites with H in the ab plane. for radical 2. The experimental points are shown 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HERRING ET AL.: E.S.R. STUDY OF CF2(C03K)2. H20 449 

as open circles (radical 2) and solid circles (radical TABLE 3 

1). The diagonalized hyperfine coupling tensors The s-tensor for radical 1 
are given in Tables 1 and 2 together with the - 

direction cosines for one crystallographic site. Direction cosines of principal 
axes w.r.t. 

The crystal is orthorhombic so that the direction 
cosines of the remaining three sites can be ob- Principal values a b c 
tained by sign changes (3). 

The g-tensors were also measured. This was 
done including a second order correction as 
described previously (3). The results are given in 
Tables 3 and 4 together with the direction cosines 
of the principal axes. 

To conclude this section we may say that the 
fluorine hyperfine coupling tensors are suffi- 
ciently similar to those of CF,CONH, (4) and 
CF,COONH, (5) to confirm our interpretation 
that the resonance lines observed in addition to 
those from the CF(CO,-), radical are from the 
CF,CO,- radicals. 

Discussion 
The previous work on the ~ F ( C 0 2 - ) ,  radical 

(3) showed that the principal axis of the largest 
principal value of the fluorine hyperfine coupling 
tensor is nearly perpendicular to the crystallo- 
graphic b axis and makes equal angles with the a- 
and the c-axes, the direction cosines for one 
crystallographic site being 0.705, 0.075, 0.706. 
This direction can reasonably be taken as the 
normal to the C-C-C plane in the undamaged 
molecule (CF,(CO,-),). The e.s.r, studies and 

TABLE 1 
The fluorine hyperfine coupling tensor for radical 1 

Direction cosines of principal 
axes w.r.t. 

Principal values 
(GI a b c 

181 + 2  0.091 0.940 0.328 
1 3 + 2  0.757 0.149 -0.637 
11 + 2  0.647 -0.306 0.698 

TABLE 2 

The fluorine hyperfine coupling tensor for radical 2 

Direction cosines of principal 
axes w.r.t. 

Principal values 
(GI a b c 

188+2 0.078 0.678 0.730 
19 + 2 0.965 -0.234 0.114 
7 k 2 0.249 0.696 -0.673 

TABLE 4 

The s-tensor for radical 2 

Direction cosines of principal 
axes w.r.t. 

Principal values a b c 

molecular orbital calculations (3) indicated, as in 
the case of malonic acid (7), that the two carboxy- 
late groups in the fluoromalonyl radical are not 
coplanar. One of the groups is thought to be in 
the C-C-C plane and the other rotated by 
roughly 85". 

If the CF,CO,- radical is completely planar, 
a study of the angles between the largest principal 
values of the fluorine coupling tensors for the 
two CF,CO,- radicals and the CF(CO,-), 
radical should yield information about the 
angles between the C-C-C plane and the two 
GO, planes. From the foregoing we would expect 
that the direction cosines of the unique principal 
axes of one of the CF,CO,- radicals would be 
parallel to that of the CF(CO, -), radical and the 
other roughly perpendicular to it. This situation 
could arise by the rotation of the CF, group into 
the plane of the CO, - group after the loss of one 
or other of the C0,- groups. 

Calculations showed that none of the possible 
sign combinations for the direction cosines of 
the principal axes for the four crystallographic 
sites corresponded to the above situation. 

The work of Horsfield, Morton, and Whiffen 
(6) on y-irradiated malonic acid showed that in 
the radical CH2C02-,  the CH, group is nearly 
perpendicular to the plane of the carboxylate 
group. They suggested that forces in the crystal 
prevented rotation about the C-C axis. A 
similar situation may occur in the present case 
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and, if so, the angle between the unique principal 
axis of the two CF,CO,- radicals would corre- 
spond to the C-C-C angle in the parent 
molecule. We found that one choice of signs of 
the principal axes gave an angle of 113 _f 3". This 
angle is not far from the tetrahedral angle. 
Consistent with this choice, we also found that 
the angle between the unique principal axis of 
cF(CO, -), and radical 1 is 84 1 3" and, between 
cF(CO,-), and radical 2, an angle of 59 2 3" 
was calculated. Both these angles would be 
expected to be 90" if one carboxyl group is 
strictly parallel and the other strictly perpendic- 
ular to the C-C-C plane in the undamaged 
molecule. The deviation from 90" is most 
probably due to the fact that the parent molecule 
does not have this idealized geometry and that 
partial rotation about the C-c bond occurs 
when the radicals are formed. 

The dependence of a-fluorine hyperfine cou- 
pling tensors upon delocalization has been dis- 
cussed previously (3). On the basis of the fact that 

b, ,, for radicai 1 is less than that for radical 2, we 
might suggest that radical 1 would have its CO,- 
group more in plane with the CF, than radical 2. 
Consequently the more likely radical to be pro- 
duced appears to be the one which corresponds 
to the loss of a carboxylate group more in the 
C-C-C plane of the parent molecule. 

The authors wish to thank the National Research 
Council of Canada for financial support. 
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Studies s f  specificalIy fluorinated carbohydrates. Part V.' Derivatives sf 
3,6-anhydro-5-deoxy-5-Wuoro-P92-8-isoroyene- a-L-idsfuransse 

L. D. HALL AND P. R. STEINER' 
Department of Chemistry, The University of British Columbia, Yancouuer 8, British Columbia 

Received June 23, 1969 

The facile synthesis of 3,6-anhydro-5-deoxy-5-fluoro-1,2-O-isoprcpylidene-cc-~-idofuranose (4) from 
readily available precursors is described. The 'H and 19F nuclear magnetic resonance spectra of this 
derivative have been analyzed. Interestingly, the fluorine substituent exhibits detectable spin coupling 
with all ring protons except H-2. Both of the anomeric 1,2-di-0-acetyl derivatives of (4) have also been 
studied, 

Canadian Joi~rnal of Chemistry, 48, 451 (1970) 

Introduction 
We have previously described (2, 3) studies of 

pyranosyl fluoride derivatives which illustrate the 
potential which fluorine nuclear magnetic reso- 
nance (19F n.m.r.) spectroscopy has as a sensitive 
"probe" for studying pyranose derivatives. In 
order to apply the "F n.m.r. technique to the 
more difficult problems associated with furanose 
systems, it was felt necessary to have previously 
studied some derivatives having reasonably 
defined conformations. The 3,6-anhydro-1,2- 
0-isopropylidene-hexofuranose system (1, 2) 
seemed admirably suited for this purpose. Earlier 
proton magnetic resonance (p.m.r.) studies (4) 
had shown the conformation of this system to be 
relatively insensitive to changes in the nature of 
the ring substituents. Thus, as far as is possible 
for a furanose derivative, this would appear to be 
a conformationally "rigid" system. 

Discussion 
It  is well known that sulfonate esters can 

undergo S,2 displacemeilt reactions with fluoride 

1 R1 = OH; R2 = M 
2 R1 = H; = OM 

ions (5-8). In a preliminary study we found that 
the reaction of 3-0-acetyl-1,2-0-isopropylidene- 
5,6-di-O-mesyl-a-~-glucof~1ranose (3) with an- 
hydrous potassium fluoride, in anhydrous ethyl- 
ene glycol, afforded a crystalline product in ca. 
48 % yield. Although p.m.r. spectroscopy showed 
that both the single acetate group and the two 
mesyl groups had been removed, I9F  n.m.r. 
indicated that only one fluorine substituent had 
been introduced. The elemental analysis sug- 
gested that the product was a mono-fluoro, 

'For Part IV, see ref. 1. 
'Recipient of an  NRGC Studentship, 1968-1969, 
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H 
H, I 61 

FIG. 1. Partial 100 MHz proton magnetic resonance spectra of: ( A )  3,6-anhydro-5-deoxy-5-fluoro-1,2-0- 
isopropylidene-a-L-idofuranose (4) in benzene-d6 solution; (B) 3,6-anhydro-5-0-benzoyl-1,2-0-isopropylidene- 
a-L-idofuranose in chloroform-d solution. The first-order assignments are as indicated. The small peaks at T 5.50 
and 6.15 in the lower spectrum are due to residual impurities. 

mono-anhydro, mono-isopropylidene hexose 
derivative. This same derivative was subse- 
quently obtained in significantly higher (75 %) 
yield from 3,6-anhydro-1,2-0-isopropylidene-5- 
0-mesyl-a-D-glucofuranose (5) under conditions 
similar to those used previously for 3. On this 
basis, and the known (9) stereo-specificity of 
displacement reactions in this system, this deriva- 
tive appeared to be the desired 3,6-anhydro-5- 
deoxy-5-fluoro-1,2-0-isopropylidene-a-L- 
idofuranose (4). Further evidence favoring this 

formulation followed from a comparison (vide 
infra) of the p.m.r. parameters found for 4 with 
those of related derivatives of the D-gluco (I) and 
L-ido (2) systems. 

The attempted formation of a 5,6-difluoro-L- 
idofuranose derivative by the action of potassium 
fluoride on 3-0-benzyl-1,2-0-isopropylidene-5,6- 
di-0-mesyl-a-D-glucofuranose (6), afforded a 
significant yield (45 %) of 4. This indicated that 
the benzyl group was labile under the rather 
vigorous conditions used in this reaction, which 
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HALL AND STEINER: SPECIFICALLY FLUORINATED CARBOHYDRATES. V 

was a novel observation at the time this work was 
completed. Since then evidence has been adducted 
for the ability of benzyl ethers to provide anchi- 
meric assistance in solvolysis reactions (lo), and 
for their lability during certain nucleophilic 
displacement reactions (1 1). 

Subsequently, attempts were made to obtain 
the D-gluco analogue of 4 starting from 3,6- 
anhydro-1 -2-O-isopropylidene-5-O-mesyl-o-L- 
idofuranose (8). Although an intractable mass 
resulted from reactions with anhydrous potas- 
sium fluoride in ethylene glycol, the observation 
of a I9F resonance at 4 +207.6 showed that a 
small amount of the desired product had probably 
been formed; unfortunately, a pure sample could 
not be isolated. The greater facility of displace- 
ment reactions going from the D to L configura- 
tion at C-5 of the 3,6-anhydro-l,2-O-isopropyl- 
idene-D-xylo-hexofuranose system, reflects the 
fact that the nucleophile now attacks C-5 from 
the exo position; inversions from the L to D 

configuration require approach from the more- 
hindered, endo side. This is strictly analogous to 
the situation which pertains in the 1,4;3,6-di- 
anhydrohexitol system (12). 

The assignment of the p.m.r. spectrum of 4 
(Fig. IA) was greatly simplified by the previous 
assignment of that of the corresponding benzoate 
(7) (Fig. 1B). The doublet at lowest field (z 4.41) 
in Fig. 1A was conventionally assigned to H-1. 
Irradiation of this resonance (z 4.41) resulted in 
the collapse of the doublet at z 5.68 which was 
thus identified as H-2. The doublets at a 5.G and 
5.5, each of which integrated for 0.5 proton, were 
together assigned to H-5; their separation (50.1 
Hz) is within the range characteristic (2, 3) of 
geminal 19F-'H couplings. The assignments of 
the H-3 (a 5.41) and H-4 (7 5.29) resonances 
follow from the knowledge that J 2 , ,  is very small 
and that H-2 should thus be a narrower resonance 
than H-4, which should be coupled with H-3, 
H-5, and F-5. 

I t  should then have been possible to complete 
the assignment of the H-6 resonances by finding 
the geminal 'H-lH coupling, which should have 
been repeated 8 times. However, the assignment 
was complicated by the overlap of the two H-6 
resonances due to the large vicinal I9F-'H 
couplings; the (initially tentative) first-order 
assignment is indicated in Fig. 1A. At this stage 
it  would have been logical to have performed an 
iterative computer analysis of the whole spec- 

FIG. 2. ( A )  (100 MHz) p.m.r. spectrum of the H-6 
resonances of 3,6-anhydro-5-deoxy-5-fluoro-1,2-O-iso- 
propylidene-cl-L-idofuranose (4) in benzene-d, solution; 
(B) histogram of this region corresponding to the data 
obtained from "mode C". 

trum. Unfortunately, this possibility was pre- 
cluded by the fact that our computer-program 
would solve only a 6-spin case. Nevertheless, a 
complete analysis of the H-6 resonznces was 
accomplished; an expanded sweep-width of the 
resonances is shown in Fig. 2. Three iterations 
using the "mode C" part of the TW@SUM 
program (see ~x~e r imen ta l )  were suficient to 
give a histogram plot in excellent agreement with 
the experimental spectrum (Fig. 2). The corre- 
sponding parameters are listed in Table 1, to- 
gether with the first-order values. 

The fluorine spectrum of 4, shown in Fig. 3 
consists of 46 transitions which can be readily 
assigned on a first-order basis using the coupling 
constants listed in Table 2. The spectrum 
simulated using a plot-routine (SMASH) in con- 
junction with EA@C@@N I11 is in excellent 
agreement with the experimental spectrum, 
showing that the parameters listed for 4 in the 
table are reasonably accurate, in spite of the poor 
"resolution" of the p.m.r. spectrum. The sole 
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TABLE 1 

Comparison of the coupling constants and chemical shifts obtained by first-order and computer analysis 
of the H-5 and H-6 resonances of 4 

-- - 

J5,6* J5.62 J61,62 J 5 , ~  J61.F J 6 2 3 ~  

(Hz) (Hz) (Hz) (Hz) (Hz) (Hz) T(H-5) T(H-61) T(H-62) 

First order values 2 . 9  1.1 -11.3 50.1 26.5  37.6 5.30 6.22 6.48 
TWOSUM* values 2.8 0.8 -11.1 50.4 26.1 38.3 5.30 6.25 6.41 

*See Experimentai. 

FXG. 3. 199F n.m.r. spectrum of 3,6-anhydro-5-deoxy-5- 
fiuoro-l,2-0-isopropylidene-a-~~idofuranose (4) in ben- 
zene-~& solution. The simulated (lower) spectrum was 
obtained from the parameters listed in Tables 2 and 3 
using the LADCDON IIP program and the SMASH 
plot routine. 

discrepal~cy is in the low-field qnintet. That this 
discrepancy is observed in the low-field portion 
of the F-5 resonance is anticipated. Since the 
signs of all the 'H-ll-I and l9F-'8-i; couplings are 
known (13), it is possible to construct a spin-state 
assignment table for the spectrum and to show 
that the low-field 19F: transitions s h o ~ ~ l d  be more 
susceptible to second-order effects than the 
high-field transitions. We shall not give the details 
of this argument, which has been used previously 
by Hooper et al. (14). 

The 1,2-0-isopropylidens group was removed 

from 4 by standard methods and the free sugar 
was converted to a mixture of the anomeric 
1,2-diacetates with acetic anhydride-pyridine. 
Pure samples of the a- (10) and P- (11) anomers 
were obtained by gas-liquid chromatography 
(g.1.c.) of the crude reaction mixture. 

Assignment of the anomeric configurations of 
these two derivatives was made on the basis of 
their J ,  ,, values (4, 15) ; the a- configuration was 
assigned to the derivative having J,, ,  = 4.4 Hz 
while the compound assigned to the P- con- 
figuration had J,,, < 0.5 Hz. 

Although the H-1, H-5, and H-6 resonances of 
both 18 and 11 could be uneqrtivocally assigned, 
the remaining resonances were so overlapped that 
an incisive assignment was not possible. Thus, 
although the parameters for 10 and 11 are 
sufficiently accurate to give a fair description of 
the spectra of these derivatives, their accuracy is 
lower than that of the other derivatives discussed 
in this paper. 

The parameters obtained from the n.m.r. 
spectra of 4, 10, and 11 and from the p.m.r. 
spectra of related derivatives are listed in Tables 2 
and 3. Comparison of the ' H - l H  couplings of 
these derivatives suggests that they all favor 
closely similar conformations. Vl'e see no com- 
pelling reason at this time to change our previous 
(4) conformational assignment, that the furanose 
ring favors the 3T, conformation, while the 
3,6-anhydro rings exist in the V, conformation. 
However, as we have discussed elsewhere (16) it 
is very difictllt to distinguish one particular 
furansse conformer from its next nearest 
neighbors in the pseudorotational cycle. 

lit is of some interest to note that $1 has 4 sets of 
vicinal 'H-'H-z couplings which are ca. 0.5 Hz. 
Even allowing for the fact that such small cots- 

plings do not unewivocal%y indicate a dihedral 
separation of 90" (16, 17), this set of couplings 
provides a reasonably precise conformational 
evaluation. 
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TABLE 2 

Coupling constants (Hz) for derivatives of the 3,6-anhydro-D-xylo-hexafuranose system 
-- 

Compounds Hl-Hz H2-H3 H3-H4 H4-H5 H5-Hs, Hs-H~? Hsl-HsZ 

4.4 < 0 . 5  3 . 3  < 0 . 5  2.8 0.8 -11,6 
> 

PO*1/ I,@ 2,F 3,F 4 2  4 1 3  62,F 
2.0 < O . S  < 1 . 0  8.1 50.6 38.1 22.3 

oac 

1 oac 
"In acetone-d,. 
*In benzene-d6. 
+In chloroform-d. 
$60 MHz Data from ref. 4. 
//The parameters pertaining to the W-2, N-3, and H-4 resonances are less accurate than those of the H-1, H-5, and H-6 resonances 
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TABLE 3 

Chemical shifts (7-values, +,-values) for derivatives of the 3,6-anhydro-D-xylo-hexofuranose system 
-- 

Compounds F H-1 H-2 H-3 H-4 H-5 H-61 H-62 R 

7.96 
BP* +186.7 3.88 4.90 5.32 5.07 4.86 5.72 6.00 7.98 

(0.4~) 
OAc 

*In acetone-d6. 
I l n  henrene-d.. , - ~  ..~~-.-~. 
$In chlorofoG-d. 
560 MHz Data from ref. 4. 
IIThe sh~fts for H-2, H-3, and W-4 are not accurate. 
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I t  seems reasonably well established that the 
magnitude of a geminal lI-9-'H coupling depends 
upon the relative orientation of an oxygen 
substituent attached to an adjacent carbon (2, 3, 
18-22). It is thus of relevance that the 6,,6, 
couplings of the D-gluco derivatives are larger 
(less negative) than those of the L-ido derivatives. 
This is in accord with the proposed (4) conforma- 
tion for the 3,6-anhydro ring. The 0-5  sub- 
stituent is "anti-trans" with respect to H-6, in 
the L-ido series, but is "gauche" with respect to 
both H-6, and H-6, in the D-gluco series. 

We had already (23) determined the F,-H, 
couplings of the 2-deoxy-a-D-arabino-hexopyran- 
osyl fluoride (12); J,,,, = 38.0 Hz and J,,,, = 
5.0 Hz. Insofar that the total electronegativity of 
the substituents associated with the C-1, C-2 
fragment of 12 is the same as that of the C-5, C-6 
fragment of derivatives 4, 10, and 11, we had 
anticipated that there might be some coherent 
relationship between the two sets of vicinal 
1 9 F - 1 ~  couplings. The value of J,,,, of 4 is close 
to that of JF,,, of 12; however, the value of J,,,, 
is over 5 times that of J,,,,. It  may be that com- 
parisons between couplings of different sizes of 
cyclic systems are not permissible; alternatively, 
it could arise from a configurational dependence 
(24, 25). 

Besides the 3 vicinal 19F-'H couplings, com- 
pound 4 evidenced several long-range 19F-'H 
couplings. Since we are accumulating further 
data from other classes of fluorinated furanose 
derivatives, we shall delay a discussio~l of these 
couplings until later. 

Our experience with the analysis of the spectra 
of compound 4 indicates that anything less than 
a complete analysis of a spectrum of this com- 
plexity may leave some subtle features unac- 
counted for. Nevertheless, it is satisfying to note 
that in this, and probably a number of other 
instances, the first-order parameters are within 
5 % of the true values. It  is questionable therefore, 
whether the very considerable amount of work 

evaluation. It  does, however, seem most worth- 
while to use, as a matter of course, a computer 
program to simulate a histogram plot of the 
spectrum, using as input data the first-order 
parameters. This plot will provide a check on the 
validity of the first-order analysis and possibly 
provide an incentive to obtain more clearly 
resolved spectra. 

Experimental 
All solutions were concentrated under reduced pres- 

sure. All melting points were measured on a Fisher-Johns 
heating stage and are uncorrected. All optical rotations 
were measured with a Bendix ETL-NPL automatic 
polarimeter (model 143A) using either a 4.0 or 0.5 cm cell; 
chloroform solutions were used throughout. Micro- 
analyses were performed by Mr. P. Borda of this De- 
partment. 

All l H  n.m.r. spectra were measured with a modified 
Varian HA-100 spectron~eter operating in the "locked" 
frequency-sweep or field-sweep mode, using tetramethyl- 
silane as internal reference. All 19F n.m.r. spectra were 
recorded at 94.071 MHz with the same spectrometer 
operating in the locked field-sweep mode. 19F Shifts are 
quoted as "4," values and were obtained for chloroform 
solution with ca. 20 % trichlorofluoromethane as internal 
reference. 

The computer analyses of n.m.r. spectra were per- 
formed with an I.B.M. 7044 computer in the Computer 
Center at U.B.C. Two basic programs were used; the 
TW0SUM3 and L A 0 C 0 0 N  1114 programs. The plot 
routine (SMASH) used in conjunction with the 
L A 0 C 0 0 N  I11 program and a CALCOMP plotter, was 
written for us by John Coulthart of the U.B.C. Computer 
Center. The TWOSUM program which we used has two 
stages: "mode-B", which gives a histogram plot corre- 
sponding to the parameters given; and in "mode-C", the 
experimentally determined transition energies are com- 
pared with those of the mode-B histogram and after a 
number of iterations, the accurate shifts and couplings 
are obtained. 

3,6-Anhydro-5-deoxy-5-fluoro-I,2-0-isopropylidene-a-~- 
idofurunose (I) 

(a) From 3-0-Acetyl-1,2-0-isopropylidene-5,6-di-0- 
mesyl-a-D-glucofuranose (3) 

A dried sample of 3 (5 g, m.p. 135" (5)) and anhydrous 
potassium fluoride (5 g), in anhydrous ethylene glycol 
(50 ml), were heated under reflux for 2.0 h. During this 
time white crystals sublimed onto the condenser walls. 
The discolored solution was poured into ice-water and 
the whole extracted with chloroform. The combined 
chloroform extracts were dried (NaZS04) and concen- 
trated to give crude 4. This crude product, together with 
the sublimed crystals from the condenser, was purified by 
sublimation to give fine, needle-like crystals of (4) (1.21 g, 
48%), m.p. 96.5-97.5", f15.4" (c, 1.97). 

associated with an iterative-analvsis procedure is 3 K i n d l ~  provided by Dr. John Martin, Chemistry < x 

totally justified if the resultant parameters are to Department, University of Alberta, Edmonton, Alberta. 
4Kindly provided by Dr. A. A. Bothner-By, Chemistry 

be used for a semi-quantitative conformational Department, Mellon Institute, Pittsburgh, Pa. 
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Anal. Calcd. for C9Hl3O4F: C, 52.94; H, 6.37; F, 9.1 1. 
Found: C,53.12;H, 6.21;F,9.31. 

(b )  From 3,6-Anhydro-1,2-0-isopropylidene-5-0- 
mesyl-a-D-glucoJi~ranose (5) 

A dried sample of 5 (1 g, m.p. 114" (4)) and anhydrous 
potassiun~ fluoride (1 g) in anhydrous ethylene glycol 
(25 ml) were heated under reflux for 1.0 h. Treatment of 
the reaction mixture as described in (a) above gave pure 
crystals of 4 (0.55 g, 75.3%). 

( c )  From 3-0-Benzyl-1,2-0-isopropylidene-5,6-di-0- 
nzesyl-a-D-glucofuranose (6) 

A non-crystalline sample of 6 (1.5 g, (26)) and anhy- 
drous potassium fluoride (1.5 g) in anhydrous ethylene 
glycol (30 ml) were heated under reflux for 1.0 h. Treat- 
ment of the resulting discolored solution in the same 
manner as (9) above afforded crystals of 4 (0.25 g, 45.5 %). 
The 19F n.m.r. spectrum of the mother liquors revealed a 
further resonance (a broad triplet) at 4, + 234, in addition 
to that observed for 4. The 'H n.m.r. spectrum showed 
that one mesyl group (r 6.2), the isopropylidene moiety 
(T 8.0-8.2), and the benzyl group (7 1.9-2.8) remained on 
this minor secondary product. The large fluorine shift is 
indicative of a primary fluoride, thus suggesting this 
(non-isolated) product to be 5-0-benzyl-6-deoxy-6-fluoro- 
1 ,2-0-isopropylidene-a-D-glucofuranose. 
(d) Other Methods 
Reaction between 1 and a mixture of anhydrous 

potassium fluoride and anhydrous potassiun~ hydrogen 
fluoride led to extensive charring. 

Reaction between 1,2-0-isopropylidene-5,6-di-0- 
mesyl-a-D-glucofuranose and tetra n-butylammonium 
fluoride in acetonitrile solution afforded 5, m.p. and 
mixed n1.p. 114-115". 

1,2-di-0-Acetyl-3,6-anhydro-5-deoxy-5-~7uoro-l,2-0- 
isopropylidene-L-idofuranose (9, 10) 

A solution of 4 (500 mg) in aqueous acetic acid (30 %, 
25 ml) was kept on a steam-bath. After 3 h, thin-layer 
chromatography indicated that the hydrolysis was com- 
plete. Concentration gave a colorless syrup; p.nI.r. con- 
firmed that the isopropylidene group had been completely 
removed. 

A solution of this product (300 mg) in dry pyridine 
(10 ml) and acetic anhydride (2 ml), was kept at room 
temperature overnight. This solution was then poured 
into ice-water, which was subsequently extracted with 
chloroform. Concentration of the combined chloroform 
extracts afforded a pale-yellow syrup. 

Two separate multiplets at 4, + 176.1 and +, + 180.0 
p.p.m. were observed in the 19F n.m.r. spectrum of this 
syrup. Separation of part of the anomeric mixture was 
achieved by g.1.c. (5% butanediol succinate on 60-80 
Diaport S). On the basis of 'H and 19F n.m.r., together 
with fluorine heteronuclear double resonance, the prod- 
ucts were assigned to the a- (10) and p- ( d l )  anomers of 
1,2-0-acetyl-3,6-anhydro-5-deoxy-5-fluoro-l,2-0- 

isopropylidene-L-idofuranose, with the former com- 
prising 65 % and the latter 35 % of the mixture. The 
samples were not subject to any further chemical 
evaluations. 

It is a pleasure to thank the National Research Council 
of Canada for their generous financial support of this 
work, especially for the equipment used in the hetero- 
nuclear decoupling experiments (Grant E 1338). 
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N-Chlorination of secondary amides. 111. Kinetics of dechlorination 
of N-chloroamides 
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Several N-chlorinated secondary amides have been dechlorinated in aqueous or aqueous methanol 
solutions of phenol. The dechlorinating agents were found to be OH- and CsH50-, with the rate 
expression 

0 
I1 0 

- d [RIC-NCIR21 - 
I /  

dt - I k ' o H -  [OH-] + ~ ' C ~ H ~ O -  [CsHsO-l} [RIC-NCIR~I 

0 
I1 

The substituent groups R, and R2 of the N-chloroamide RIC-NCIR? influence the dechlorination 
reactions through induction and resonance effects. The reactivity of the N-chioroamides was found to 
be in the order 

0 0 0 0 
I1 1: l l  I1 

HC-NCICH3 > CH3C-NClCH3 ? CH3CH2C-NClCH3 > CH3NHC-NC1CH3 
and 

61 
These results are discussed and reaction mechanisms proposed. 
Canadian Journal of Chemistry, 48, 459 (1970) 

Introduction 
The kinetics of the N-chlorination of secondary 

amides has been studied and elementary reactions 
have been proposed (1, 2). However, these reac- 
tions are reversible and the combined positive 
chlorine can be released, especially in a medium 
where the chlorine demand is high (3). The 
present work investigated the kinetics of the 
reverse reaction, that is, of chlorine-releasing. In 
order to create an artificial chlorine demand in the 
reaction medium, phenol was added in excess. 
Phenol was used by Hurst and Soper (4), who 
studied the reaction of N-chloroacetamide with 
phenols, and who reported that the N-chloro- 
acetamide reacts partly by hydrolysis and partly 
by direct chlorination of the phenoxide ion. They 
found that the rate of hydrolysis was proportional 
to the hydroxide ion concentration and calculated 
an equilibrium hydrolysis constant. Their work 
was carried out with different phenols in the pH 
range of 6.4 to  9.3. 

In the present work, the reaction of phenol with 
5 N-chlorinated secondary amides has been 
studied at p H  values at which their rates of reac- 

tion were conveniently measured, the total p H  
range employed being 4.3 to 11.0. The chlorina- 
tion kinetics of 4 of these amides have been 
reported (1, 2), while N,2,4,6-tetrachloroacetani- 
lide is being investigated here for the first time. 
This last-named compound is much more reactive 
than the others, and was therefore studied in a 
mildly acidic aqueous methanol medium, while 
the others were reacted in alkaline aqueous 
solution. 

Experimental 
(a )  Reagents 

The N-chloroamides were synthesized by reacting the 
respective amides with hypochlorous acid in an acidic 
medium, using the procedure outlined in our previous 
communication (1). The amides used were purchased from 
Eastman Kodak Company, and were of the purest com- 
mercial grades. Since in our previous work (1, 2), purifi- 
cation by distillation or recrystallization had no notice- 
able effect on the rate of N-chlorination, they were used as 
purchased. Hypochlorous acid was obtained by acidifying 
sodium hypochlorite solutions (Fisher Scientific Com- 
pany) to the appropriate pH. The reactions were allowed 
to proceed until about 95 % of the hypochlorous acid had 
been consumed. A 5 %  excess of each amide was used. 
N,2,4,6-Tetrachloroacetanilide was isolated and recrystal- 
lized from methanol. It was found to be 99.5 %pure based 
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on positive chlorine content. The other amides were left in 
dilute solutions. These solutions contained about 5 x low3 
M chloride ions. At this low concentration, the chloride 
ion was found to have only negligible effects on the rate of 
the reaction (5). 

Phenol was purchased from BDH. The "AnalaR" 
grade was used without further purification. 

(b )  Experimental Procedure 
Kinetic runs were carried out according to Hurst and 

Soper (4). A brief outline is presented below. 
Freshly prepared N-chloroamide and phenol solutions 

(containing 10 to 50 fold excess of phenol) of twice the 
required concentration were made up in acetate buffer 
(low p H  range) or in sodium hydroxide solution (high 
pH range). At high pH, NaOH and C6H50H form a 
buffer system. Water was used as the solvent for a11 
N-chloroamides except N,2,4,6-tetrachloroacetanilide, 
for which the solvent was water-methanol mixtures. 

When both solutions had attained the thermostat 
temperature, the buffered phenol solution was added to 
an equal volume of chloroamide solution. The p H  of the 
reaction medium was periodically checked during the 
course of the reaction. No change of p H  was observed in 
all systems studied. 

The N-chloroamide content of the reaction mixture was 
determined at suitable intervals by iodometry. There was 
no free hypochlorous acid or hypochlorite in the solution 
as any would be immediately consumed by the phenol 
which reacts much faster than the free unchlorinated 
amides. 

The reaction was allowed to proceed until 50-80% of 
the N-chloroamides had been dechlorinated. 

0 

TABLE 1 
A typical run* for N-chloroacetamide 

Titre of N-CI 
Time for 5 ml of reaction 
(min) mixture (ml) P H  

*Reaction conditions: 25 O C ;  

0.05 M; [NazSz0,1 = 0.0020 N. 

plots, that kl,,,is a linear function of [C,H,OH], 
at constant pH. However, the slopes of these lines 
are dependent on the p H  of each amide. Further- 
more, by extrapolating k',,, to zero phenol con- 
centration, rate constants k to  are obtained. 
Typical values of kto are represented in Fig. 2, 
plotted against [OH-]. As can be seen, log k to  is 
a linear function of log [OH-] with a slope of 1. 
We may then consider that the rate constant k to  
is the contribution to the total rate constant ktobs 
by hydroxide ion. 

When log kfObs is plotted against log [OH-] for 
solutions containing a fixed amount of phenol in 
excesf, no linearity was found (Fig. 3). However, 

I I 
The results of a typical run for CH3C-NClCH3 are 

given in Table 1. 
From the N, 2,4,6-tetrachloroacetanilide-H20- 

CH30H system, a precipitate was obtained by addition 
of water to the solution after dechlorination. This was 
analyzed for its elemental composition. 

( c )  Treatment of Data 
All results fit the following pseudo first order rate 

expression : 
0 

O I/ 
d [R,CNCIR,] I /  - = ktobs [R~GNCIR~] 

dt 
0 
I I 

where R,CNCIR2 denotes the N-chloroamide. The ob- 
served rate constant, kIobs, was calculated from the best 

0 
I I 

straight line of the plot of log [R1CNClR2] vs. time. 

Results o 0 0 2  0 0 4  0 0 6  008 010 

Typical observed rate constants, k',,,, plotted [c,H,oH], ( m o l e / l )  

against phenol [C6H50H]0 FIG. 1. Observed rate constants as a function of total 
are presented in Fig. 1. It is evident from the phenol concentration, at 25 "G. (*I :l/H,B:MeOH) 
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TABLE 2 
Rate constant as a function of the hydrogen ion 
and chloroacetanilide initial phenol concentrations in 1 :l/H,O:CH,OH (N,2,4,6-tetra- (v:v) -3 .0  01 } [ c ~ H ~ o H ] ~  - 0  0 5 2 ~  

o CH3NHC-NCI CH3 

at 25 "C) 

[H + IAk'obs Ak'obs 
A[C~H~OHIO A[C~HSOHIO I* - 4 0  1 

PH 1 mole-' s-I S-' n 

mean 5.50 x lo-' 

when the slopes of the lines of Fig. 1, i.e. - 6 0 '  I , I 
Ak10,,/A[C6H50H],, were multiplied by the -55  - 5 0  - 4 5  -40  - 3 5  - 3 0  

hydrogen ion concentration, [Hf] ,  constant log [OH-] , (mo le / l )  

values were obtained for each N-chloroamide. FIG. 3. Observed rate constants as a function of 
Typical data are listed in Table 2. This suggests ion concentration, 25 "C. 

the participation in the reaction of the phenoxide 
ion rather than the unionized phenol, from the with the equilibrium constant 
following consideration : 

C6H50H + H +  + C6H50- 

Ak10bs - - A k 1 0 b s K ~ 6 ~ s ~ ~  

-4.0 and * 

' ' A[C6H5OHI0 [Hf]A[C6H50-]o 

LHf IAk1obs A k l o b s K ~ s ~ s ~ ~  -- - - 
A[C6H5 OH], A[cZJO~]~ 

This was found to be a constant, as shown in 
Table 2. Thus, Ak'ob,/A[C6H50-]o is a constant 
value, which indicates a reaction involving 
C6H50-  

Thus the total observed rate constant can be 
broken into two components : (i) the contribution 
of the hydroxide ion; and (ii) the contribution of 
the phenoxide ion. 

where 
ktoH-[OH-] = kto 

1 Our formulation of ktobs confirms that of Hurst 
I I and Soper (4). 

-12 - 1 1  -10 By rearranging, ktobs can be expressed as : 
log [OH-] (mole/ l )  

Kc6H50H [C6H5 OH] kton- + ktCsHsO- -- 
FIG. 2. Extrapolated rate constants as a function of 

hydroxide ion concentration: N,2,4,6-tetrachloroacetani- 
Kw 

lide in ~:I/H,O:CH,OH(V:V) at 25 "C. x [OH-] 
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TABLE 3 

where K, is the ion product of water. For solu- SOLVENT C O M P O S ~ T ~ O N  (H,O CH,OH) 
tions with a fixed amount of total phenol, ktob, is 

CH,OH VOLUME % 
not a linear function of the hydroxide ion concen- 

Rate constants at various hydroxide ion concentrations 
at 25 "C* 

tration, especially at p H  higher than 9 where the 
dissociation of phenol becomes appreciable. The 

20 o 
higher the pH, the smaller the [C,H,OH]; thus 
the flatter the slope Akl,,,/A [OH- 1. This explains 
the curvature of the lines in Fig. 3. ; 100 

The values of k t o H  and k'c,,5,- at different < 
p H  have been calculated, and are shown in 
Table 3. They exhibit good consistency over a - 

wide range of pH, and thus furnish further sup- 
port for the forrnulation of k',,,. rn 

In these experiments, as the p H  increased the 5 
buffer concentration also increased. It can be seen 5 
from Table 3 that the specific rate constants were $ 1 0  
independent of the pH, and thus the buffer con- 
centration. It follows that ionic strength does not + 

affect the specific rate constants in this range. 3 0 5 -  

In Fig. 4, the specific rate constants of N,2,4,6- 
tetrachloroacetanilide are plotted against the 
solvent composition and the reciprocal of the 0 2  

10-5 x ktoH-? 
1 mole-' s-' 

30 40 50 62 5 75 
I , , , 

- A lo-'x k ' 6 H  O- 
6 5 

o lo-6 x ksoH- 
- 

_ 

- / _ x C  

- - 

- 

- 1 

1g3 x kfc,H,o-~ 
1 mole-' s-' 

dielectric constant of the solvent. For both 1 2  14 16 18 2 0  2 2  

hydroxide and phenoxide ions, the reaction lo2 / D  

5.45 - 
4.30 - 
4.00 - 
3.80 - 
3.30 - 
3 .OO - 

mean 7.24 
*[CH3COOHl in buffer = 0.05 M ;  [C6HjOH]n = 0.05 - 0.25 M ;  

[CeHsOHIo = 0.05 - 0.25 M. 
T K ~  = 5.9 x 10-Is molel-I  in 1 :lIH20:CH30H (15). 
$ K ~ ~ , , ~ ,  1.05 x 10-lo mole I- '  in water (16); KCOHjoH N 2.4 x 

10-11 mole 1- In 1 :l/HzO:CH30H (17). 
-, 

FIG. 4. Effects of solvent on the rate of dechlorin- 
ation: N,2,4,6-tetrachloroacetanilide in H,O-CH30H at 
25 "C. 

proceeds more rapidly in a less polar solvent 
(methanol-rich) than in a highly polar solvent 
(water-rich). Both kfOH- and exhibit 
linearity with the reciprocal of the dielectric 
constant D of the solvent. However, the solvent 
composition has a greater effect on k',,- than on 
k ' ~ 6 H s 0 - '  

TABLE 4 
Rate constants of N-chloroamides in water at 25 "C 

N-chloroamide 
0 
I I 

RIG-NClR2 
~ ' c ~ H ~ o  -  OH - 

RI  % (1 mole-' s-') (I mole-' s-I) 

CH3NH CH3 1.53 x lo-3 0.012 
CH,CH, CH3 4.4 x lo-3 0.28 
CH3 CH3 4.5 x 1 0 - ~  0.28 
H CH3 5.87 x low3 1 .50 

C1 
0 Li 

I 1  
QI: CH3C-NCI @ cl in 1:1/H20:CH30H(v:v); CH3* c1 1.5 x 10' 7.7 x lo4 

CI 
0 0 CI 
I I I I - 

11: cH,C-NC1CH3 in H20;  111: CH3NHC-NCICH, in H,O. 'Values extrapolated from methanol-water solutions to pure water. 
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The specific rate constants are listed in Table 4. TABLE 5 

The hydroxide ion is a more reactive reagent than Hydrolysis constants 
the phenoxide ion. The order of reactivity of the 
various N-chloroamides is the same as that of the N-chloroamide 

N-chlorination of the amides by the negatively 0 

charged hypochlorite ion (2). 
I I 

RIG-NClRz 
The hydrolysis constants, K,, where, 

ll C1 
[R,c-NCIR,] 

CH3 c1 -1 x 
of N-chloroamides are generally low. These can 
be calculated from the following equilibrium: / 

CI 

0 0 
11  OH- 11 

RIC-NClR2 + OH- RIG-NHR2 + OC1- 
kocl- 

such that 

[I?, ~ C I  R ~ ]  [OH-] 
where 

[H '1 [OCl-] 
KHOCI = [H OCl] 

= 5.6 x 10-a rnole/l at  25 "C (6) 
and 

K ,  = [H+][OM-] 

= 1.0 x mo1e/12 a t  25 OC. 

The K, values at 25 "C have been calculated from 
PO,- (present data) and kt,,,- (2) and they are 
tabulated in Table 5. These hydrolysis constants 
fall within the general range of values reported 
for other N-chlorinated amines and amides (7). 

The activation energies of the N-chloroacet- 
amide series are presented in Table 6. The activa- 
tion energy for the phenoxide reaction is about 
twice that for the hydroxide reaction. 

Discussion 

I .  The Molecular Nature of tlze Reactants 
In the conditions of these experiments, the 

specific rate constants kfOH-  and were 
found to be independent of pH, and since the 
buffer systems employed varied in ionic strength, 

TABLE 6 

Variation of rate constants with temperature* 
0 
I I 

CH3-C-NC1CH3 + HO- or C6H50- 
- 

k'c,H,o- x lo2 k'oa- 
T°C (1 mole-' s- ' )  (1 mole-' s-I)  

*K ,,,, ,, = 1.05 x 10-lo mole 1-' (16); AHa ,,,,,,, +.+ + 

,-,,,,- = 5.65 kcal/rnole (16). 

it can safely be deduced that ionic strength has no 
noticeable effect on the specific rate constants. If 
we assume, following Bronsted (81, that depen- 
dence of specific rate constants upon ionic 
strength requires that the reacting species be 
charged, that is, ions, then we may deduce that at 
least one of the N-chloroamide and the de- 
chlorinating species is uncharged. The reaction 
rates are functions of hydroxide and phenoxide 
ion concentrations; hence, the N-chloroamide 
reacts as a molecule, and not as an ion. 

2. Dechiorination 
(a)  Plzenoxide-Hydroxide Dechlorinatiorz 
This work suggests that the phenoxide ion 

takes part in the dechlorination of the chlorinated 
amides, which may be represented as follows: 
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Soper and Srnith (9) reported that the phenoxide 
is much more reactive than the undissociated 
phenol molecule. Similarly, the dependence of 
k f 0  on the hydroxide ion concentration clearly 
indicates the following reaction: 

( b )  Dechlorination Product 
The dechlorination reactions proposed above 

require that the N-chloroamides revert to their 
corresponding amides. The elemental analysis of 
the dechlorination product isolated from the 
N,2,4,6-tetrachloroacetanilide system is presented 
in Table 7. 

TABLE 7 

Analysis of dechlorination product from 
Ar,2,4,6-tetrachloroacetanilide 

-- 

Element C H N O C 1  

Theoretical (wt %) 40.27 2.66 5.73 6.70 44.52 
Found (wt o/,) 40.3 2.52 5.86 6.67 44.6 

The good agreement between the theoretical 
values and observed values lends support to the 
proposed reactions. 

(c)  Solcent Eflects 
We suggest that the dechlorination processes 

of N-chloroamides involve the interaction of a 
molecular species B (the N-chloroamide) and the 
charged dechlorinating agent A having a charge 
ofZ, (KO- or C,H,O-), to form anintermediate 
M* that also has the charge Z,. 

A Z ~  + B0 + M*'A + products 

For this type of reaction the reaction rate is 
markedly solvent dependent (10). In solvents 
with a high solvating power (or polarity), the 
charged species AZA is surrounded by the solvent 
molecules, and its rate of reaction with B0 is 
reduced. Conversely, the charge ZA, which is 
localized to a single ion before reaction, becomes 
dispersed over a larger volume in the transition 
state. Since the charge density has been dimin- 

ished,the intermediate involves less solvation than 
the reactant, and its formation is facilitated in a 
less polar solvent. This has been confirmed in the 
present work. Both phenoxide and hydroxide ions 
react faster in methanol-rich than in water-rich 
media. 

The solvent effect can be expressed by the 
Laidler-Eyring equation in terms of the dielectric 
constant, D, of the medium (1 1) : 

where k is the specific rate constant; a, a constant 
at constant temperature T; ZA, the charge of A or 
M*; E, the electronic charge; h, the Boltzmann 
gas constant; and ri, the radius of the species i. 
The slopes of the log k vs. 1/D plots in Fig. 4 are 
equal to 

Since the phenoxide ion is larger than the 
hydroxide ion, the equation would lead to the 
expectation that the dielectric constant of the 
medium would have a greater effect on the 
hydroxide reaction than on the pkenoxide reac- 
tion, as demonstrated in Fig. 4. 

3. EfSects of Substituent Groups 
0 
I I 

For the N-chloroamide series, R,C-NCIR,, 
the higher the electron-withdrawing power of R, 
and R,, the faster the reaction. The electron- 
withdrawing power of the substituents is in the 
following order: 

the reactivity of the corresponding N-chloro- 
amides is in exactly the same sequence; namely 

and 
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The primary reaction between the N-chloro- 
amide and the dechlorinating species XO- may 
be represented by the formation of the following 
intermediate : 

0 

1 
R2 

with decomposition taking the following path 

where if X = 8, then 

ClOH + H+ + OC1- ; 

if X = C,H,, then 

The formation of the first intermediate is the rate- 
limiting step. It is easily seen that the higher the 
residual positive charge on the amido nitrogen, 
the weaker the N-Cl bond, C1 being positive, 
and the more ready the formation of the inter- 
mediate. It follows, then, a higher electron-with- 
drawing power of the substituent groups R, and 
R2 would facilitate the dechlorination reactions, 
as found. 

In a recent paper Burstall et al. (12) suggested a 
somewhat similar mechanism for the reaction of 
OH-  and p-NO2-C,H,O- with N-chlorinated 
secondary aromatic amides. They proposed, as 
we do, that the primary reaction is between the 
N-chlorinated molecule and the ions. They 
suggested, however, that the primary addition 
compound of the OH- and the N-chlorinated 
molecule involved a bond between the amide 
carbon and the hydroxyl oxygen. Since the next 
step suggested in both their mechanism and ours 
is the splitting of HOCl, we prefer our representa- 
tion. In the representation of the phenoxide reac- 
tions, Burstall et al. (12) represented the amido 
chlorine atom as moving directly to the ortlzo 
position of the phenoxide ring, but make no 
attempt to show a structure for the intermediate. 

Again, at  least in the case of unsubstituted 
phenoxide, we prefer to stay with the same 
mechanism as proposed for the hydroxide reac- 
tion. 

Because of the bulkiness of the phenoxide ion, 
the formation of its intermediate with the N- 
chloroamide is expected to be slower than that 
with the hydroxide ion due to steric hindrance. 
This has been confirmed in the present work. 

Resonance effects probably influence the 
dechlorination reactions. Pauling (1 3) suggested 
that amides have two main resonance structures. 
It is reasonable to consider that the N-chloro- 
amides have analogous structures : 

The combined inductive effect of the substitu- 
ents and the resonance of the amides can be 
summarized if we can extend the Hammett 
equation to the present systems: 

where k is the specific rate constant, k, is a 
reference rate constant, o is the substituent 
constant independent of the reaction, and p is the 
reaction proportionality constant. A positive p 
value indicates that the reaction is facilitated by 
electron-withdrawing substituents and a negative 
p value would indicate electron-releasing substitu- 
ents. Taft (14) proposed that o is made up of two 
components : o,, the inductive effect; and o,, the 
resonance effect : 

op = 0, + 0, 

where o, is the o value for p-substituted benzene 
rings. It is reasonable to consider that there are 
similar inductive and resonance effects on the 
structures of the N-chloroamides as on the 
benzene rings. 

Figure 5 plots the rate constants of the two 
reaction series of the N-chlorinated amides 

0 
I I 

R,C-NCICH, with HOT and C,H,O- against 
op of the substituents. The positive slopes clearly 
indicate facilitation of reaction by electron- 
withdrawal by the substituent groups. Further- 
more, the linearity of the plots lends indirect 
support to the hypothesis that both inductive and 
resonance effects come into play in the reaction. 
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Studies in isoxazole chemistry. 11.' Issxazoles from the A2-isoxazolin-5-01s 
and their acetates 

R. G. MICETICH 
R & L hfolecular Research Ltd., 8045 Argyll Road, Edmonton 82, Alberta 

Received August 6, 1969 

Various 3-substituted-5-acetoxy-A'-isoxazolines were made by the 1,3-dipolar cycloaddition of nitrile 
oxides to vinyl acetate or isopropenyl acetate. These compounds were readily converted in high yield to 
3-substituted isoxazoles or 3-substituted-5-methylisoxazoles respectively, on heating. Treatment of the 
3-substituted-5-acetoxy-A2-isoxazolines with sodium hydroxide in methanol gave rise to the stable 
A2-isoxazolin-5-01s after acidification. These compounds could also be converted to 3-substituted isoxa- 
zoles by heating alone, or better, in the presence of thionyl chloride. The nuclear magnetic resonance 
spectra of these compounds are discussed. 

Canadian Journal of Chemistry, 48, 467 (1970) 

In  a continuation of our work on isoxazoles, 
we had occasion to require various 3-substituted 
isoxazoles. It is reported that 3-substituted 
isoxazoles can be made by the action of hydroxyl- 
amine on P-ketoaldehydes (I, 2) or P-chlorovinyl- 
ketones(3). In the last two instances, the prepara- 
tion is complicated by the fact that a mixture of 
the 3- and 5-substituted isoxazoles usually results. 
I t  appeared to us, that a much more convenient, 
unambiguous synthesis, suitable for the prepara- 
tion of relatively large amounts of various 3-sub- 
stituted isoxazoles was via the relatively neglec- 
ted A2-isoxazolines. The isoxazolines are readily 
obtained by the 1,3-dipolar cycloaddition of ni- 
trile oxides to olefins (4, 5). 

I t  has been noted (6, 7, 8) that isoxazolines of 
structure 1, with R" = Cl or NO,, readily elimi- 
nate HR" to give isoxazoles 3; and a similar 
elimination occurs with isoxazolines of structure 
2, when R" = C1, Br, alkoxy, or amine (9-14). 

This area has not been utilized sufficiently for the 
specific purpose of preparing isoxazoles. It  has 
been shown that other groups can also be elimi- 
nated in this manner from A2-isoxazolines to give 
rise to the more stable aromatic isoxazole ring. 
Thus Quilico and Speroni (15) found that ben- 
zonitrile oxide reacted with P-diketones, only in 
presence of base, forming isoxazoles 5. They 
suggested that the reaction involved a 1,3-dipolar 
cycloaddition of the nitrile oxide to the en01 
form of the P-diketone, with subsequent dehydra- 
tion of the resulting A2-isoxazolin-5-01 4, which 
could not be isolated. 

D'Alcontres and Griinanger (16) obtained 
3-phenylisoxazole by heating 3-phenyl-5-acetoxy- 
A2-isoxazoline for several hours with methanolic 
hydrogen chloride and assumed that it was 
formed by dehydration of the intermediate 
alcohol (which was not isolated). Various isox- 
azoles have been obtained in a similar manner 

'See ref. 32. 
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by heating 5-acetoxy-A2-isoxazolines with alco- 
holic acid (17-20), or by treating the A2-isoxazo- 
line-5-boronic acids with sodium hydroxide (21). 

The nitrile oxides (either isolated or formed 
in situ) reacted readily with vinyl acetate to form 
the 3-substituted-5-acetoxy-A2-isoxazolines (8) - 
(Table l), the other product of the reaction in 
some cases, being the respective nitrile oxide 
dimer, the furoxan. The yields could be further 
increased by using the "dilution technique" of 
Huisgen (4), or the "reverse addition" method 
of KanB and co-workers (22). The 3-substituted- 
5-acetoxy-A2-isoxazolines (8) thus obtained, 
were found to eliminate acetic acid readily on 
heating above 160-190 "C, to give excellent 
yields of the 3-substituted isoxazoles 11 (Table 
3). Since it is not necessary to isolate the 5- 
acetoxyisoxazoline, this method forms a simple, 
essentially 1-step synthesis of 3-substituted isox- 
azoles. Thus, 3-o-chlorophenylisoxazole 11b 
was obtained in a 60% overall yield without 
isolation of the intermediate isoxazoline. This 
compound was identical (boiling point (b.p.), 
infrared (i.r.), and nuclear magnetic resonance 
(n.m.r.) spectra) with a sample obtained in 30 % 
yield by the action of o-chlorobenzonitriie oxide 
on acetylene. The 3-carbethoxy isoxazole Ilf 
prepared by this method (90%) was identical 
(b.p., i.r. and n.m.r. spectra) with a sample ob- 
tained in 23 % yield by the action of carbethoxy- 
nitrile oxide on vinyl bromide. 

This method can also be utilized for the prep- 
aration of 3,5-disubstituted isoxazoles. Thus, 
3-phenyl-5-methylisoxazole (11g) (23) was ob- 
tained in 28 % overall yield by the reaction of 
benzonitrile oxide with isopropenyl acetate and 
distillation of the crude isoxazoline 8g, which 
was not characterized. 3-Carbomethoxy-5- 
methylisoxazole (1112) was obtained in 27 % 
overall yield by this method. 

The scope of this reaction has not been further 
investigated. The use of other substituted vinyl 
acetates, e.g. P-phenylvinyl acetate (24), could 
lead to 3-substituted-5-phenylisoxazoles. 
3-~hen~l-5-acetoxy-A~-isoxazoline (8a) (16, 

17, 19) underwent an extremely smooth immedi- 
ate reaction with sodium hydroxide in methanol 
to give the sodio-derivative of 3-phenyl-A2- 
isoxazolin-5-ol(9a) in 96 % yield. Small amounts 
(ca. 0.4 %) of 3-phenylisoxazole were also isolated 
from this reaction. The sodio-salt 9a, on acidifi- 
cation, gave 3-phenyl-A2-isoxazolin-5-01 (IOU) in 

quantitative yield. This same compound has 
recently been reported in a preliminary paper by 
Bianchi and co-workers (25) and was obtained 
by the hydrolysis of 3-phenyl-A2-isoxazolin-5- 
boronic acid. This compound, contrary to 
expectation, was a stable, crystalline solid with a 
m.p. of 120-121 "C. On heating to ca. 200 "C, 
or better, on heating under reflux with thionyl 
chloride, it was converted to 3-phenylisoxazole 
(I la)  in excellent yields. Table 2 lists the 3-sub- 
stituted-A2-isoxazolin-5-01s (10) made in this 
manner. The sodio-salt 9a, on acidification with 
deuteriosulfuric acid in D 2 0 ,  gave the deuterated 
3-phenyl-A2-isoxazolin-5-01 (10a(D)). 'This com- 
pound was also obtained by crystallizing 3- 
phenyl-A2-isoxazolin-5-01 (IOU) repeatedly from 
D 2 0 .  

Nuclear Magnetic Resonance Spectra 
Although n.m.r, spectroscopy has been used 

to differentiate between isomeric cis- and trans- 
3,4,5 - trisubstituted - A2 - isoxazolines (26), the 
n.m.r. spectra of 3,5-disubstituted-A2-isoxazo- 
lines have not been commented upon so far. Fig- 
ure 1 shows the n.m.r. spectra of the 3-phenyl 
compounds in this series and the 3-carbethoxy-5- 
acetoxy-A2-isoxazoline 8f prepared by us. As 
expected, the isoxazolines 8a, 8f, and lOa(D) 
exhibit resonances characteristic of ABX spin 
systems (27, 28). The spectrum of 10a is further 
complicated by geminal coupling of H, to the 
hydroxyl proton (29). The hyciroxyl proton 
appears as a doublet centered at T 2.90, with a 
spacing of 7 c.p.s. and H, shows a multiplet cen- 
tered at T 4.03. In the case of the deuterated 
compound 10a(D), as expected, the H, multiplet 
collapses to a quartet, thus reducing the four 
proton system to an ABX type spin system. 

The 3-carbethoxy-5-acetoxy-A2-isoxazoline 
(8f), 3-carbethoxyisoxazole (Ilf), and 3-car- 
bomethoxyisoxazole (Ile) prepared by this route 
were found to be pure from the n.m.r. spectra and 
analysis. Quilico and Panizzi (30) have reported 
the preparation of 3-carbethoxyisoxazole by the 
reaction of carbethoxychloraldoxime on diso- 
dium acetylene, but the product was not charac- 
terized except by conversion to the acid. 

The n.m.r. spectrum (CDCl,) of 3-carbo- 
methoxy-5-methylisoxazole (Ilh) m.p. 92-93", 
showed a sharp singlet at T 6.05 (--COOCN,), a 
singlet at 7.51 (C,-CH,), and a singlet at 3.58 
(isoxazole C,-H). The n.m.r. spectrum (CDCl,) 
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TABLE 3 
3-Substituted isoxazoles 

Analysis 
Melting point 

Com- or Calculated (%) Found (%) 
pound boiling point Yield Temperature for , Infrared spectrum 

11* R' R PC) (%) preparation vmax (cm-') C H N C H N 

1500 (weak) 
124/12mmf 83 160 3120, 3080 (medium) 

1550 (sharp, strong) 

3100, 3030 (medium) 
85/0.3mm 608 170 1590, 1560 (medium, sharp) 60.15 3.34 7.80 60.41 3.51 7.60 
9010.5mm 308 1540 (strong, sharu) 

160/lmm 90 175 3150 (weak) 50.50 2.33 6.54 50.35 2.20 6.30 
61-62 1580, 1550 (medium) 

3100 (sharp, medium) 

93/14mm 85$ 190 1740 (sharp, strong) 47.25 3.94 11.02 47.35 4.10 11.15 
1540 (sharp, weak) 

3100 (sharp, medium) 
60/lmm 901 180 1740 (sharp, strong) 51.06 4.96 9.93 51.00 4.65 10.22 

23 I/ 1540 (sharp, weak) 

@ --CHI 414211 
3020 (weak) 

281 160 1600 (sharp, strong) 
1570 (sharp, medium) 

3 100 (weak) 
h -COOCH3 -CHI 92-93 27 160 1710 (broad, strong) 51.06 4.96 9.92 51.04 5.15 9.91 

1590 (sharu, medium) - .  

R' 

*Compound 11 has the following structure: 

?Reported h.p. 75"/2 mm, m.p. 12-14 "C (19). 
$Made without isolation of the intermediate isoxazoline. 
$Made by reaction of a-chlorobenzonitrile oxide on  acetylene. 
\/Made by reaction of carbethoxynitrilc oxide o n  viny I bromide. 
TReported m.p. 4 2 4 3  "C (23). 



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1.  The n.m.r. spectra of the 3,s-disubstituted-A2-isoxazolines: (i) $a; (ii) POa; (iii) 1Oa(D). 
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of the isomeric 3-methyl-5-carbomethoxyisoxa- night at room temperature and the excess vinyl acetate 

m.p. 103-1050, made in a similar way to that removed under vacuum. The resulting solid crystallized 
from carbon tetrachloride as white crystals, m.p. 136- described for the ethyl ester (31), showed 3 sharp 1380. 18.4 (82%). 

singlets a t  T 3.19 (isoxazole C,-H), 6.05 
(-CQQCN,), and 7.63 (c,-cH,).  hi^ is in 3-(5-Nitrofir-2-y1)-5-acetoxy-A2-isoxazoline (8d) 

5-Nitrofuryl-2-chloraldoxime (32, 34) (34 g, 0.178 agreement with Our findings On the mole) and vinyl acetate (22.4 g, 0.26 mole) were dissolved 
nitrofuryl isoxazole isomers (32). in ether (200 ml). and the solution heated under reflux 

Experimental 
All melting points were taken on a Fisher-Johns appa- 

ratus and are uncorrected. Infrared spectra were measured 
on a Perkin-Elmer model 137 Spectrophotometer. All 
solids were measured as Nujol mulls and liquids as 
films. Nuclear magnetic resonance spectra were measured 
on a Varian model A-60, using tetran~ethylsilane as an 
internal reference in the solvents specified. 

3- (2',6'-Dichlorophenyl) -5-acetoxy-A2-isoxazoline ($12) 
Vinyl acetate (43 g, 0.5 mole) was added slowly with 

shaking to 2,6-dichlorobenzonitrile oxide (33) (15.5 g, 
0.082 mole) in an ice-bath. There was an immediate 
exothermic reaction. The reaction mixture was left ever- 

with efficient stirring. Triethylamine (20.2 g, 0.2 mole) 
dissolved in ether (50 ml) was added slowly down the 
condenser over a period of ca. 1 h. After the addition, 
water (75 ml) was added to the dark reaction mixture 
which was then stirred and filtered. The solid thus ob- 
tained was shaken with ethyl acetate (500 ml) and water 
(500 ml) and the ethyl acetate layer combined with the 
ether layer from the original mixture. The combined 
organic layers were dried over magnesium sulfate, filtered, 
and solvent removed when 39.5 g, of a black semi-solid 
mass was obtained. The residue was heated with carbon 
tetrachloride (1.5 I), decoforizing charcoal and Celite 
added, and filtered hot, when 16.0 g (38%) of a yellow 
solid m.p. 100-103", separated on cooling. Recrystalliza- 
tion from carbon tetrachloride raised the melting point 
to 104-105 "C. 

FIG. I (cont.). The n.m.r. spectra of the 3,s-disubstituted-A2-isoxazolines: ( i v )  l la;  (0) Sf. 
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3-Carbethoxy-5-acetoxy-A'-isoxazoline (8 f) 
A solution of carbethoxychloraldoxime (35) (15 g, 0.1 

mole) and vinyl acetate (86 g, 1 mole) in ether (200 ml) 
was stirred vigorously and heated under reflux on a water 
bath and a solution of triethylamine (12 g, 0.12 mole) in 
ether (100 ml) added slowly down the condenser. After 
the complete addition, heating was continued for another 
h, water (150 ml) added and the layers separated. The 
ether layer was dried over magnesium sulfate, filtered, 
solvent removed, and the residue distilled under reduced 
pressure, when 16.7 g (83%) of a colorless oil, b.p. 
127.5"/1.2 mm was obtained. The compound crystallized 
on standing, m.p. 35-37 "C (ether). 

3-Phenyl-A2-isoxazolin-5-01 (IOa) 
A solution of sodium hydroxide in methanol (30 ml of 

a 3 M solution 0.09 mole) was added to a stirred mixture 
of 3-phenyl-5-acetoxy-A'-isoxazoline (21.6 g, 0.088 mole) 
in methanol (150 ml). A clear solution resulted. After 
ca. 5 min the solvent was removed under reduced pres- 
sure and the resulting solid dried under vacuum. The solid 
was stirred with ether, filtered, washed well with ether, 
and dried to give the sodio-salt. The ether washings on 
concentration gave 0.5 g (0.4") of an oil whose i.r, spec- 
trum and n.m.r. spectrum were identical with those of 
3-phenylisoxazole. 

The sodio-salt was dissolved in water (50 ml) and con- 
centrated hydrochloric acid (10 ml) added, when an oil 
separated. The mixture was extracted with ethyl acetate 
(3 x 50 ml) and the combined ethyl acetate layers dried 
over magnesium sulfate, filtered, and solvent removed. 
A white solid, (16.3 g, 96%) m.p. 120-122" was obtained. 
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Recrystallization from benzene did not change the m.p. the combined ether extracts arled, filtered, and solvent 
Recrystallization (6 times) from D20 gave the deu- removed. The residue was dist~lled under reduced pres- 

terated 3-phenyl-A2-isoxazolin-5-01, m.p. 120-121". This sure and the fraction, b.p. 9Q0/0.5 mm, weight 5.3 g (30%) 
compound was also made by the action of deuteriosul- collected. It was a coIorless oil, whose spectra (i.r. and 
furic acid in DzO on the dried sodio-salt, n.n~.r.) were identical with that of the sample made from 

vinyl e;e:i:e 
3- (2',6'- Dichloropherzyl) -A2-isoxazolin-5-ol ( BOr) 

Melting point 125-127 "C was obtained by the same 3-(~',6'~~ich~orop~enY~)isoxaro~e (dlc) 
procedure. 3-(2',6-Dich1orophenyi)-5-acetoxy-A'-isoxaole (8.0 

3-(5-Nirrofur-2-yl)-A'-isoxazolin-5-01 (bod) 
A solution of sodium hydroxide in methanol (20 ml of 

a 1 M solution, 0.02 mole) was added dropivise to a well 
stirred, ice cold suspension of 3-(5-nitrofur-2-y1)-5- 
acetoxyd2-isoxazoline (4.8 g, 0.02 mole) in methanol 
(60 ml). After ca. 5 min stirring in an ice-barh, di!ute 
hydrochloric acid (6.7 ml of a 3 M solution) was added 
to the yellow solution. The solution became clear and 
after a few minutes a white solid separated. Water (100 
ml) was added and the mixture concentrated under re- 
duced pressure. Ethyl acetate (500 mi) was added, the 
mixture shaken well and the layers separated. The ethyl 
acetate layer was dried over magnesium sulfate, fiitered, 
and solvent removed, when 4.3 g, (86%) of a faint yellow 
solid, m.p. 164-168" was obtained. Recrystallization from 
ethyl acetate-hexane raised the m.p. to 170-172 "C. 

3-Phenylisoxazole (I la)  
3-Phenyl-5-acetoxy-A2-isoxazoline 8a (16, 17, 19) (25 g, 

0.122 mole) was heated with stirring on an oil bath at 
160". When most of the acetic acid had distilled over, 
water-pump vacuum was applied and a light yellow oil, 
b.p. 12S0/15 mm was collected. Redistillation of this oil 
gave 14.7 g, (83 %) of a colorless oil, b.p. 124"/12 mm. 

From Vinyl Acetate 
Nitrosyl chloride (68 ml) was added to an ice cold 

solution of o-chlorobenzaldoxime (138 g, 0.88 mole) in 
ether (2.4 I), the mixture left overnight at room tempera- 
ture, filtered, and concentrated. The resulting yellow oil 
and vinyl acetate (95 g, 1.1 mole) dissolved in ether (2.5 
ml) was stirred in an ice-bath and triethylamine (92 g, 
0.9 mole) added slowly. After the complete addition, the 
mixture was heated under reflux, with stirring for 2 h, 
water (300 ml) added, and the layers separated. The ether 
layer was dried over magnesium sulfate, filtered, and 
solvent removed. The resulting thick brown oil was 
heated with stirring on an oil bath at 170" for 112 h, by 
which time most of the acetic acid had distilled over. The 
residue was then distilled under a water-pump vacuum 
(to remove all the acetic acid) and then under 0.5 mm 
pressure, and the fraction b.p. 71-9Q0/0.5 mm, (104 g) 
collected. On redistillation 3-o-chlorophenylisoxazole, 
b.p. 90°/0.5 mm or 85"/0.3 mm, was obtained as a clear 
liquid. 

From Acetylene 
A solution of o-chlorobenzchloraldoxime (18.8 g, 

0.012 mole) in tetrahydrofuran (250 ml) was heated under 
reflux with vigorous stirring and kept saturated with 
acetylene, while a solution of triethylamine (10.2 g, 
0.01 1 mole) in tetrahydrofuran (30 ml) was added slowly 
down the condenser. After 4 h, water (200 ml) was added, 
and the mixture concentrated under reduced pressure. 
The mixture was extracted with ether (3 x 200 ml) and 

g, 0.03 mole) was stirred and heated on an oil bath at 
175" for ca. 2 h by which time the acetic acid had distilled 
over. The residue was distilled under reduced pressure 
and gave 5.8 g, (90%) of a clear oil b.p. 160°/1 mm, m.p. 
61-62" (hexane). 

From the Isoxazoline 
3-Carbethoxy-5-acetoxy-b2-isoxazoline (40 g, 0.2 mole) 

was heated on an oil bath at 180" for 112 h by which time 
ca. 11 g of acetic acid had distilled over. Distillation of the 
residue under reduced pressure gave 25.1 g, (90%) of a 
clear oil b.p. 6OC/T mm. 

Fro112 T/ijj)l Bromide 
Triethylamine (6 g, 0.055 mole) was added slowly to a 

stirred solution of carbethoxychloraldoxime (7.5 g, 0.05 
mole) and vinyl bromide (6 g, 0.055 mole) in ether (150 
ml), at room temperature. The mixture was left overnight 
at room temperature and then stirred with water and the 
ether layer separated. The aqueous layer was extracted 
with ether (2 x 50 ml). The combined ether layers were 
dried over magnesium sulfate and solvent removed. 
Distillation of the residue gave 1.6 g, (23%) of 3-car- 
bethoxyisoxazole b.p. 60°/1 mm and 3.0 g ,  (70%) of 
3,4-dicarbethoxy-furoxan b.p. 105'/0.5 mm. 

3-Carbomethoxyisoxazole (Ibe) 
Boiling point 93"/14 mm was obtained in 85% yield 

from the crude isoxazoline using the same procedure as 
for the ethyl ester. 

3-Carbomethoxy-5-nrethylisoxazole (llh) 
A solution of carbomethoxychloroaldoxime (27.5 g, 

0.2 mole), [m.p. 62-64", obtained in 50% yield by the 
same method as described for the ethyl ester (3.31, and 
isopropenyl acetate (40 g, 0.4 mole) in ether (500 ml) was 
stirred vigorously and heated under reflux, while a solu- 
tion of triethylamine (20.2 g, 0.2 mole) in ether (50 ml) 
was added slowly down the condenser. There was the 
immediate precipitation of triethylamine hydrochloride. 
An i.r. spectrum of the mixture showed the reaction to be 
complete after the addition of triethylamine. Water (150 
ml) was added with stirring and the ether layer separated, 
dried over magnesium sulfate, filtered, and concentrated. 
The residue was heated on an oil bath at 165" and after 
ca. 20 min subjected to a water-pump vacuum and the 
fraction boiling at ca. 150"/12 mm collected. This fraction 
was redistilled when three fractions were obtained. 

Fraction 1 weight 7.2 g (27%) b.p. 120-130"/11 mm, 
solidified and crystallized from carbon tetrachloride as 
white flakes, m.p. 92-93' and was 3-carbomethoxy-5- 
methylisoxazole. 

Fraction 2 weight 1.5 g,.b.p. 132-145"/11 mm was dis- 
carded. 

Fraction 3 weight 8.0 g (40%), b.p. 147-150"/11 mm 
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was 3.4-disarbomethoxyfuroxan and showed two sharp 
singlets at 7 5.97 and 6.00, in its n.m.r. spectrum. 

3-Phenyl-5-rnethylisoxazole ( I l g )  
Boiling paint 142-144'/15 mm, m.p. 41-42" was ob- 

tained in 28 "/,yield by using the same procedure as above. 

3-Methyl-5-carbomethoxyisoxazole 
This compound was made in the same way as the ethyl 

ester (31) in 80% yield and had m.p. 103-105". 
Anal. Calcd. for C6H7N03: C, 51.06; H, 4.96; N, 

9.92. Found: 6 ,  51.04; H, 5.15; N, 9.91. 

The author thanks Professor R U. Lemieux for his 
advice and interest, Messrs. R. A. Fortier and R. Thomas 
for their capable technical assistance, and Drs. T. 
Nagabhushan, R. Raap, and C. Chin for fruitful dis- 
cussion on this work. 
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Five cyclohexyl compounds, derived from lignin, have Seen isolated and identified from the prouucts 
of the catalytic hydrogenolysis of spruce wood over ruthenium and Raney nickel catalysts. One of these, 
3-(4-hydroxy-3-methoxycyclohexyl)-1-propanol, a previously unreported compound, has been syn- 
thesized and characterized. 

Canadian Journal of Chemistry, 48, 477 (1970) 

In  a previous communication (I), the gas-liquid 
chromatograms of spruce lignin hydrogenolysis 
products obtained using excess Raney nickel, 
ruthenium on charcoal, and ruthenium on 
alumina as catalysts were illustrated. Of the 9 
compounds represented as distinct peaks in these 
chromatograms, 4, labelled C, D, E, and IF in 
Fig. 1, were identified as aromatic derivatives 
whereas the other 5 compounds, labelled 1 
through 5. were reported as cyclohexyl derivatives 
but their structures had not been determined. 
This paper deals with the identification of these 
5 compounds, the quantitative estimation of all 
9 lignin der~vatives, and suggestions as to their 
origin as a result of the hydrogenolysis process. 

The chromatograms reproduced in the pre- 
vious paper and that shown herein as Fig. 1, are 
of the ether-soluble fraction of the chloroform- 
soluble fraction obtained from the products of 
the catalytic hydrogenolysis of spruce lignin. 
Details of the hydrogenolysis, isolation, separa- 
tion, and chromatography were given in the 
previous publication (1). Subsequent to the chro- 
matographic work reported earlier, it was found 

that a better separation, for quantitative analyti- 
cal purposes, could be obtained using a column 
packed with 10% SE-30 on Chromosorb W 
(80/100 mesh, DMCS treated, acid washed), 
operated under identical conditions. A pure 
sample of each compound was collected from the 
gas chromatograph and identified by comparison 
of its relative retention time and its mass. infrared 
(i.r.), and nuclear magnetic resonance (n.m.r.) 
spectra with similar spectra of an authentic 
sample. 

Using dihydrosinapyl alcohol as tne internal 
standard, the relative abundance of e a ~ h  of these 
9 lignin degradation products was determined for 
each of the 3 catalyst systems under study and is 
given in Table 1 in terms of the percentage, by 
weight, of the total ether-soluble fraction; along 
with the total yield of all such products based 
on the original Klason lignin. Such values are 
recorded as obtained by the use of both a plani- 
meter and the triangulation method; with the 
average of such values considered to be most 
suitable. 

The results of the experiments reported in 

FIG. 1 .  Gas-liquid chromatogram of spruce lignin hydrogenolysis products: 1,4-ethylcyclohexanol; 2,4-n-propyl- 
cyclohexancl: G, 4-methylguaiacol; 3, 3-cyclohexyl-1-propanol; D, 4-ethylguaiacol; E, 4-n-propylguaiacol; 4, 3-(4- 
hydroxycyclohexyl)-1-propanol; 5, 3-(4-hydroxy-3-methoxycyclohexyl)-1-prop; F, dihydroconiferyl alcohol. 
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TABLE I 

Gas-liquid chromatographic analysis of ether-soluble spruce lignin hydrogenolysis products* 

Abrandanse of chromatographable productst,$ 

Yield of 
recovered 

Catalyst 1 2 C 3 D E 4 5 F Total ligning 

*For details of isolation refer to reference 1. 
?Percent of total ether-soluble fraction a.s calculated subsequent to the measurement of average peak areas as obtained using the planimeter 

end the triangulation methods. 
:Product identity: C, 4-methylguaiacol; D, 4-ethylguaiacol; E, 4-n-propylguaiacol; F, dihydroconiferyl alcohol; 1, 4-ethylcyclohexanol; 

2, 4-n-propylcyclohexanol; 3, 3-cyclohexyl-1-propanol; 4, 3-(4-hydroxycyclohexyl)-I-propanol; 5, 3-(4-hydroxy-3-methoxycyclohexyl)-1- 
propanol. 

SPerccnt of original Klason lignin. 

Table 1 support the conclusion made in the publication (I), that two types of ether linkage 
previous publication (I), that the use of any of may exist in the lignin is supported by the 
the cataiyst systems (excess Raney nickel, observations recordedin this paper. All the com- 
ruthenium-on-charcoal, and ruthenium-on-alu- pounds identified in Fig. 1 may be reasonably 
mina) results in a more extensive degradation of expected to be derived from either n-propyl- 
the lignin fraction along with a significant amount guaiacol (peak E) or dihydroconiferyl alcohol 
of ring reduction to the corresponding cyclohexyl (peak F). That n-propylguaiacol should be con- 
derivatives. It may be of some significance that of sidered as a primary lignin cleavage product 
the various compounds obtained, the major along with dihydroconiferyl alcohol, and not a 
amount is re~resented bv those of the 1-substi- reduction ~ r o d u c t  of the latter. is indicated in 
tuted-3-propanol structure. In this way, these 3 2 ways. The production of the cyclohexyl deriva- 
catalyst systems resemble more closely that of tives is more readily explained as arising from the 
palladium-on-charcoal (1). further reduction of each of these 2 compounds 

Authentic samples of each of the identified resulting in decreased yields of the 2 aromatic 
compounds were available or were synthesized as compounds relative to the total yield of recovered 
reported in the Experimental section. 1-(4- substances. In the second place, the Ru-alumina 
Hydroxycyc1ohexyl)-3-propanol and 1-(4- catalytic hydrogenolysis of pure dihydroconiferyl 
hydroxy-3-methoxycyclohexy1)-3-propanol alcohol(Tab1e 2) gave rise to non-propylguaiacol 
(peaks 4 and 5, Fig. I )  were prepared by the suggesting that this secondary reaction is not the 
hydrogenation of dihydroconiferyl aIcohol over source of n-propylguaiacol found in the lignin 

- - -  

ruthenium-on-alumina (5%) catalyst. As part of products of a similar treatment of spruce wood. 
this synthetic study, it was of interest to note that 'This pager records the isolation, for the first 
a marked difference in the nature of the products time, of 3-(4-hydroxy-3-methoxycyclohexy1)-1- 
was obtained depending on the conditions sf  the propanol as a hydrogenolysis product of lignin; 
reaction. Under the conditions indicated in and also of its synthesis and characterization. 
'Tabie 2, negligible reaction occurred at a tern- The other cyclohexanols have been reported 
perature below 120". For hydrogenations carried previously as lignin products (2). 

- c  ,!,.!.. .., 440, 175, and 195", the nature of the prod- , . 
tvcts obtained is indicated in1 Table 2, with the Experimental 
au;:~;oximake A .  relative abundance as indicated by 

T5e ether-soluble spruce lignin hydrogenolysis prod- 
the relative ratio of peak areas, as observed by ucts used in this study were those whose isolation and 
gas chromatography. The main reactions appear yields were recorded in the previous publication (1). They 
to be an initial ring saturation, followed by a had been obtained by the hydrogenolysis of preextracted 
reductive loss of methoxyl, followed by a redlac- wood meal (10 g), in dioxane-water (1 :1 v/v, 150 mi) at 

tion proFyi alcoholic function and/or side an initial h~drogen press~lre of 500 p.s.i.g. at a tempera- 
ture of 195" for 5 h over the appropriate catalyst (1 g for 

chain cleavage of carbon-carbon bonds. ~utt~enium-charcoal (5 %) and ruthenium-alumina (5 %) 
The suggestion that was made in the earlies and LO g for Raney nickel). For the study using Raney 
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TABLE 2 
Hydrogenolysis of dihydroconiferyl alcohol* 

R - B ~ ~ O  of peak areas of cyclohexyl 
Dihydroconiferyl Ru-alumina derivatives and starting materiaIt,t 

alcohol (5 %I Temperature Time 
(g) Bg;a ("'3 (h) I 2 3 4 5 1 "  

-- -- - 1 1 i.: 
60 2 . 5  0.3 8 6 1 

0.52 1.05 195 5 I0 4 0.1 - - - 
*Solvent: dioxane-water (1 :1 v/v, 50 mi); hydrogen (initial pressure, 500 p.s.i.g.). 
?Product identity: 1, 4-ethylcyclohexanol; 2, 4-n-prqpylcyclohexanol; 3, 3-cyclohexyl-1-propanol; 4, 3-(4-hydroxycyclohexy~)-1-propanol; 

5, 3-(4-hydroxy-3-methoxycyclohexyl)-1-prop; F, d~hydroconlferyl alcohol (start~ng material). 
$Other peaks appeared in the chromatogram but represented compounds that were not identified. 

nickel (10 g), the ether-soluble fractions of the 2 runs 
recorded in Table 1 of the previous paper were combined, 
while for the study using RU-alumina catalyst the run 
was used which had yielded 0.48 g of ether-soluble 
material. Chromatographic separation of the components 
of the ether-soluble fractions was made using an F & M 
Chron~atograph, model 5750 with hydrogen flame 
detector and temperature programming. The column 
(118 in. x 6 ft) was packed with 10% SE-30 on Chromo- 
sorb W (8C100 mesh, DMCS treated, acid washed). The 
chromatograms were obtained at a helium flow rate of 
40 ml/min; temperature programmed from 100 to 250 "C 
at 4"/min; injection temperature 260"; detector tempera- 
ture 270"; recorder chart speed 0.5 in./min. 

The quantitative analytical data reported in Table 1 
were obtained by a method similar to that reported 
earlier (1) but using 1-(4-hydroxy-3,5-dimethoxyphenyl)- 
3-propanol (dihydrosinapyl aicohol) as the internal 
standard. Each of the cyclohexyl derivatives obtained as 
lignin hydrogenolysis products was identified by com- 
parison of its relative retention time with that of an 
authentic sample and by i.r., n.m.r., and mass spectra. 

Source of Reference Compounds 
Authentic samples of each of the cyclohexyl derivatives 

were obtained as indicated below. For analytical pur- 
poses, a fraction was obtained by gas-liquid chromatog- 
raphy (g.1.c.) using an Aerograph A90P machine, fitted 
with a column (114 in. x 6 Tr) packed with 15 % SE-30 
on Chromosorb 6Pb (80-100 r?.;rsh, DMCS treated, acid 
washed); column, detector, and injector temperatures of 
190, 230, and 210" respectively; and a helium flow rate 
of 40 ml/min. ]in each case the identity of the compound 
was checked by means of its mass, i.r. and n.m.r. spectra. 
For 3-(4-hydroxy-3-nc;hcxqcyciahexyk)-1-propanol, de- 
tails of its preparation and characteiiaatisn are given 
because it is a previously unreported compound. 

4-Et6aylyEeyclchexai~o~ 
This alcohol was commercia!ly available from Aldrich 

Chemical Company Inc, 
4-n-PropyEcyclohexaizol 
This hexanol was prepared by the catalytic hydrogena- 

tion (5% Rh-alumina, 175") of eugenol or dihydro- 
coniferyi alcohol; a-naphthylureihane derivative, m.p. 
133-134"; reported ( I )  .m,p. 134-135", 

3- Cyciohexyl-1-propanol 
This propanol was prepared by the catalytic hydrogena- 

tion (5 % Rh-charcoal, 100") of 3-phenyi-1-propanol. 

3-(4-Hydroxycyclohexy1)-I-propanol 
This propano1 was prepared by the catalytic hydrogena- 

tion (5 % Rh-alumina, 160") of dinvdroconiferyl alcohol 
(see Table 2). 

3- (4-Hydroxy-3-methoxycyclohexyl) -1-propanol 
This propanol was prepared by the catalytic hydrogena- 

tion of dihydroconiferyl alcohol (0.5 g) in dioxane (50 ml) 
over 5% Ru-alumina (0.25 g) at an initial pressure of 
hydrogen of 500 p.s.i.g. for 1 h at 160'. By g.1.c. of the 
chloroform-solubie fraction a compound was obtained 
which had the same retention time (on two different 
columns) as compound 5 isolated from the products of 
lignin hydrogenolysis. This compound (as a mixture of 
its diastereoisomers) was shown to be 3-(4-hydroxy-3- 
methoxycyclohexyl)-1-propanol as follows: m/e 188 (M+ 
1.7), 170 (0.7, loss of water), 129 (100, characteristic loss 
of side chain (411, 111 (27.2, loss of water from m/e 129 
fragment), 98 (16.3), 97 (27.2, loss of methanol from 
mle 129 fragment), 81 (27.2), 71 (22.2), 69 (27.2), 67 (28.4), 
59 (7.2, side chain), 58 (22.2), 57 (20.8, characteristic of 
cyclohexanois (4)), 55 (27.2), 45 (53.1), 41 (50.7) and 
31 (23.5); i.r. spectrum (KBr disc): 3380, 2910, 2840, 
1440, 1180, 1075, 1050, 970cm-'; n.m.r. spectrum 
(CDG13): CH,QH, 7 6.4 (t, 2H); OCH,, T 6.6 (s, 3H); 

\ ;OW 
OH, 7.7 (s, 2H); C , T 5.9 (narrow m, 1/2H (equa- 

/ ' H  \ ,ocw3 
torial)); 7 6.4 (broad m, 1/2R (axial)); c , z 6.7 ' ' H  
(m, 1H); remaining protons as a broad m from ca. .e 4.9 
to ca. 7 9. The n.m.r. spectrum of the diacetate of this 
compound confimed the above assignments. 

The authors are grareful for the sopport provided by 
a grant from the Depxrtn?ent of Forestry of Can~de .  a r d  
for firraac~ai a*sistx~,e received from the T. - -rl :P 
Research Council of Canada. 
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Electron paramagnetic resonance spectroscopic study of radicals derived from 
glycine, dl-a-alanine, and p-alanine in aqueous solution' 

P. SMITH, W. M. FOX, Do J. MCGINTY~, AND R. D. STEVENS 
Department of  Chemistry, Duke University, Durham, North Carolina, 27706 

Received June 16, 1969 

The substrates glycine, dl-u-alanine, and B-alanine have been examined in turn within an aqueous 
continuous-flow system using the titanous chloride - hydrogen peroxide radical-generating method. 
The temperature was 25 i 2 "C and the p H  of the reaction mixture was varied within the range of 
values ca. 2 to ca. 5 by addition of sulfuric acid. The electron paramagnetic resonance spectra of the 
following transient radicals were observed: from glycine, .CH(NHZ)COOH; from dl-a-alanine, 
CH3C(NNZ)COOH and .CH2CH(NH3+)COOH; and from P-alanine, CH2(NH3+)CHCOOH. The 
structure of the radical from glycine has been established as .CH(NH,)COOH, not .CH(NH3 +)COO- ; 
in clarification of conflicting analyses by earlier workers, who employed reaction conditions similar to 
those of this present study but who did not obtain spectra as well resolved as those reported here. 
One group of these earlier workers claimed that glycine gave the radicals .CH(NH3i)COO- and 
.CH2C00-  and the other group postulated correctly that the radical formed was .CH(NH,)COOH. 
The structural assignment CH(NH,)CQOH is confirmed by the observation in the present investigation 
of a similarly-structured radical, CH3C(NH,)COOH, from dl-a-alanine. This latter radical was not 
found by the earlier workers. An additional, small, previously unreported proton hyperfine coupling 
has been observed in the spectrum from CH(NH2)COOH when no sulfuric acid is added to the reaction 
mixture, i.e. pH ca. 4. It has been assigned to the carboxyl-group proton in the above radical. This 
appears to be the first time such an assignment has been made, and hence, arguments have been cited 
for its justification. The coupling-constant data obtained for the CH(NH2)COOH radical are markedly 
different from those for the radicals .CH(NH,+)COO- and .CH(NH2)COO- reported by other 
investigators to be formed from glycine under reaction conditions clearly unlike those employed in this 
present study, even though all three formulas differ only with respect to protonation. These differences 
are discussed. 
Canadian Journal of Chemistry, 48, 480 (1970) 

Introduction 

The reaction between titanous chloride and 
hydrogen peroxide in the presence of a reactive 
organic substrate within an aqueous continuous- 
flow system has been shown ( I )  to be an effective 
method for the generation of transient free 
radicals for the purpose of electron paramagnetic 
resonance (e.p.r.) spectroscopic observations. 
The basic reactions taking place may be repre- 
sented by the equations 

where SW denotes the organic substrate, and the 
details of the mechanism of this radical-generat- 
ing system have attracted recent attention (2-7). 

'This work was supported by National Science 
Foundation Grant GP 7534. 

'In partial fulfillment of the requirements for gradua- 
tion with distinction, National Science Foundation 
Undergraduate Research Participant. 

A number of investigations using this radical- 
generating method have already been reported 
from this laboratory (8-12), and the present work 
concerns the extension of this method to the 
three simple amino acids, glycine, dl-a-alanine, 
and p-alanine in acidic solution. As expected 
from the results of earlier studies in this laboratory 
with similar saturated aliphatic substrates such as 
carboxylic acids (9) and primary amines3, these 
amino acids were not highly reactive. Neverthe- 
less, it proved possible to detect hydrogen-atom 
abstraction products in all three cases. 

Recently, the results of two related studies of 
these same substrates in acidic solution with the 
use of this radical-generating method have been 
published (13, 14). The present report extends and 
clarifies this previous work. In particular, the 
present investigation establishes conclusively the 
analysis of the e.p.r. spectrum produced with the 
use of the substrate glycine in acidic solution, and 
identifies the radical which is formed as -CM- 
(NN,)COOH. Our results for glycine conflict 
with those given by one group of the earlier 

'P.  Smith and P. B. Wood. Unpublished work. 
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workers (13) but are in essential agreement with 
those of the other group (14). Our assignment 
was rendered more convincing by the identifica- 
tion in this present investigation of a similar 
species, CH,C(NH,)COOH, as one of the 
hydrogen-atom abstraction products formed 
from the substrate dl-a-alanine. This radical was 
not observed in the previous studies with a- 
alanine (I 3, 14). 

Experimental 
The experimental arrangement and procedures were 

essentially as described before (1 1). Spectra were recorded 
as the first derivative and g-values were taken as before 
against peroxylamine disulfonate (11). All substrates 
were Eastman White-Label grade and were used without 
further purification, for all gave spectra free of un- 
assignable lines. 

Unless specified otherwise, the following reaction 
conditions were employed: total flow rate, 2-8 ml s-' 
divided equally between the two streams; the reaction 
temperature, 25 + 2 "C; the titanous chloride concentra- 
tion in the reducing stream, 0.01-0.001 M; the hydrogen 
peroxide concentration in the oxidizing stream, 0.04-0.3 
M; the sulfuric acid was added only to the oxidizing 
stream, the concentration being 0.0-0.7 M, which 
corresponds to a p H  range in the reaction mixture of 
ca. 4-5 to ca. 2-3. With the oxidizing stream 2 M in 
amino acid, the approximate p H  ranges were 3.9-2.3, 
5.0-2.4, and 5.2-3.3 for glycine, dl-a-alanine, and p- 
alanine, respectively; if the glycine concentration was 
ca. 2.5 M,  the approximate p H  range was 4.2-2.6. 
Similarly, because the presence of amino acid in the 
reducing stream tended to result in the formation of a 
precipitate, amino acids were included usually only in 
the oxidizing stream. As mentioned above, these sub- 
strates proved to be relatively unreactive and the con- 
centrations in the oxidizing stream found to be necessary 
were 2-3 M for glycine and 2 M for the alanines. 

As expected from our previous work with the use of 
titanous chloride - hydrogen peroxide radical-generating 
system, the best resolved spectra were obtained when the 
titanous chloride concentration was as low as practicable 
(8). The spectroscopic results for glycine and seemingly 
for dl-a-alanine were dependent on the sulfuric acid 
concentration, and consequently this dependence was 
carefully studied. Apart from these two phenomena, no 
quantitative studies of the effects of changing the reaction 
conditions were carried out, for these effects were shown 
to be small. 

Results 

Glycine, CH, (NH,) COOH 
This substrate gave a completely symmetrical 

spectrum which varied with the acidity of the 
medium but was clearly due to only one radical. 
When the ~eroxide stream was 0.5 M in sulfuric 
acid, i.e. when the reaction mixture was of p H  
ca. 2.5, the spectrum contained 14 visible lines 

in 7 groups. This is essentially the same observa- 
tion that has been reported by earlier workers 
(13, 14) who employed comparable reaction 
conditions. However, the spectra of these 
earlier workers were of greater line width and 
smaller signal-to-noise ratio than those of this 
present study. Armstrong and Humphreys (13) 
included sulfuric acid in both reaction streams at 
a concentration of 0.03 M, the p H  of the reaction 
mixture being 2.6. They noticed only the basic 
7 groups of lines. Taniguchi el al. (14) worked 
with reaction mixtures, dilute with respect to 
sulfuric acid, but did not specify numerically the 
sulfuric acid concentration or the pH. These 
workers observed all 14 lines but only with 
partial resolution. The present work resulted in 
virtually complete resolution of these 14 lines so 
that their relative amplitudes could be measured 
meaningfully and with reliability. A typical 
spectrum observed in this present investigation 
and taken under conditions of low pHis shown in 
Fig. 1. When the p H  of the reaction mixture was 
increased by reducing the amount of sulfuric 
acid added to the oxidizing stream without 
changing the concentration of the other com- 
ponents, the resolution of the spectrum initially 
decreased, but a t  the highest p H  value which 
could be so attained, i.e. 4, a well-resolved 
spectrum was again observed, as illustrated in 
Fig. 2. The same 7 groups of lines were observed 
as before, but the total number of resolved lines 
increased from 14 to at least 21. This change 
could be accounted for if a small I :1 doublet 
interaction was added to those giving rise to the 
first spectrum. This observation was not made by 
earlier workers who worked either at p H  values 
lower than 4 (1 3, 14) or at p H  values considerably 
greater than 4, viz., ca. 10-1 1 (15). 

Two possible interpretations have been sug- 
gested already for the spectrum of' the glycine- 
derived radical in acidic solution. The first is due 
to Armstrong and Humphreys (13). They 
postulated that this species might be the .CH- 
(NH,+)COO- radical in which aHCH, aHNH3+, 
and a, are nearly equal, i.e. aHCH = aHNH3+ = 
6.0 G and a, = 5.8 C ;  and that, under their 
resolution conditions, this combination of cou- 
pling constants yield 7 lines of theoretical relative 
intensity 1 :5 : 11 : 14: 11 :5 : 1. They called attention 
to the fact that in one respect this analysis did 
not accord with their observed spectrum, viz. 
the intensity of the outermost wing lines relative 
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FIG. 1. First-derivative plot of the e.p.r. spectrum for hydrogen-atom abstraction from the substrate glycine in 
the presence of added sulfuric acid: temperature, 25 "C; [TiC13] in the rcducing stream, 0.005 M; [H,Q2], [glycine], 
and [H2S04] in the oxidizing stream, 0.04, 2, and 0.7 M, respectively; p H  of the mixed streams, ca. 2.3; total flow 
rate, 5 ml s- '  equally divided between the two streams. Stick plot (A) shows the theoretical positions and relative 
intensity distribution of the lines for a doublet (1 :1) of triplets (1 :I  :1) of triplets (1 :2:1); stick plot (B), those for a 
quartet (1:2:2:1) of quartets (1:3:3:1). The shaded block in these two diagrams corresponds to one or more para- 
magnetic inorganic species produced even in the absence of an  organic substrate (2-7). Analysis (A) is favored over 
analysis (B), see the text under Results. The former is consistent with the radical .CH(NH,)COOH (aHCH = 11.6 G, 
aN = 6.3 G, and aHKHZ = 5.4 G); the latter, with the radical .CH(NH,+)COO- (aHcH = a~ > aNhH3+). 

FIG. 2. First-derivative plot of the e.p.r. spectrum for hydrogen-atom abstraction from the substrate glycine: 
temperature, 25 "C;  [TiCI,] in the reducing stream, 0.005 M; [H20z]  and [glycine] in the oxidizing stream, 0.04 
and 2 M, respectively; no sulfuric acid was added to either stream; p H  of the mixed streams. ca. 3.9; total flow rate, 
5 ml s- '  equally divided between the two streams. The stick plot shows the theoretical positions and intensity distri- 
bution of the lines for the radical .CH(NH,)COOH, a doublet (1 :1) of triplets (1 :1 :I) of triplets (1 :2:1) of doublets 
(1:l) (aHC" = 11.6 G, aN = 6.3 G, aHyH2 = 5.4 G, and aHCooH = 0.8 G), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SMITH ET AL.: E.P.R. STUDY OF RADICALS IN AQUEOUS SOLUTION 483 

to the center line in their spectrum was approxi- 
mately 1 : 5 ,  not the predicted 1 :14. To explain 
this observation, they postulated that a second 
radical, .CH,COO-, was also present; and that 
this second radical gave a triplet spectrum (1 :2 : l), 
aHCH2 = 17.2 G, whose lines coincided with the 
center line and two outermost wing lines of the 
spectrum from the .CH(NH,+)COO- radical, 
altering their relative intensities. We have checked 
this idea experimentally by making one of the 
streams of the flow system 0.3 M with respect to 
acetic acid in addition to including glycine and 
sulfuric acid in the oxidizing stream. By so doing, 
the .CH,COOH[ radical was made unambig- 
uously in the presence of the glycine-derived 
radical with a H C H Z ( ~ C H 2 ~ 0 0 ~ )  being found 
equal to 21.3 G as reported (9) already in earlier 
studies in this laboratory (the formulation 
.CH,COOH is possibly more appropriate than 
.CH,COO- in acidic solution). The spectra of the 
glycine-derived radical and the .CH,COOH radi- 
cal were seen superimposed, and it was found that 
none ofthe 3 lines (9) in the .CH,COOH spectrum 
coincided with the appropriate lines in that 
from the glycine-derived radical. However, 
Armstrong and Humphreys9 problem is some- 
what alleviated if all 3 hyperfine couplings a,, 
aHNH3+, and aHCH are not nearly equal. The stick 
plot (B) in Fig. 1 illustrates this point. This plot 
shows the theoretical positions and relative 
intensities of lines for aHCH = a, > aHNH3+, 

. . i.e. aHCH = a, = 6.3 G and aHNH3+ = 5 4 G 
These hyperfine couplings combine to give 16 
lines of relative intensity (1) :(3 :2) :(3 :6 :2) :- 
(1 :6 :6 : 1) :(2 :6 :3) :(2:3) :(I), these lines being ar- 
ranged in 7 groups as indicated by the parentheses. 
This seems to be the most suitable analysis based 
on the zwitterionic formula .CH(NH,+)COO-, 
but as pointed out below, it does not match the 
spectrum observed in this present investigation 
as well as that based on the formula .CH(NH,)- 
COON. 

The second interpretation of the glycine- 
derived radical in acidic solution is that of 
Taniguchi et al. (14) who, as noted above, 
observed with the use of glycine a 7-line spectrum 
bearing evidence of a further 7 lines which were 
only partly resolved. On the basis of this partially 
resolved spectrum, they postulated that the 
radical present had the structure .CH(NH,)- 
COOH. To obtain a theoretical 14-line spectrum 

they assumed aHCW, 2a,, and 2aHNn%ere roughly 
equal, i.e. aHCH = 12.4, a, = 6.6, and aHNH2 = 
5.5 G. This analysis was achieved by matching 
their experimental spectrum with a computer- 
simulated spectrum generated on the assumption 
that the line width was 1.5 G (in our investiga- 
tions with this same substrate, the line widths 
were 0.4 G). The stick plot ( A )  in Fig. 1 shows 
the theoretical positions and relative intensities 
of the lines for this analysis using the couphng- 
constant values found to give the best fit with our 
spectra (aHCH, a,, and aNNn2 equal to 11.6, 6.3, 
and 5.4 6, respectively). This combination of 
hyperfine couplings yields 14 lines of relative 
intensity (1) :(2 : I )  :(I :3 : I )  :(3 :3) :(I :3 : 1) :(1:2) :(I) 
arranged in 7 groups. As argued below, the 
analysis by Taniguchi et al. (14) happens to be 
correct. 

The difference between the stick plots for the 
two interpretations outlined above is small. The 
upper plot (A) contains I4  lines; the lower plot 
(B) has lines of comparable intensity in all 14 
positions, but, in addition, has two lines of equal, 
low intensity located symmetrically one on 
either side of the doublet ( I  :1) postulated to occur 
in the center of the spectrum. This is a small 
difference which would probably be obliterated 
in an incompletely resolved spectrum. Thus, it is 
felt that in the absence of a well-resolved spec- 
trum, and in a situation where there are two 
rather similar alternative analyses, even a 
computer simulation such as was carried out by 
Taniguchi et al. (14) to justify their interpretation 
may not be a definitive link between one of these 
analyses and the experimental spectrum. As 
clearly evidenced in Fig. I ,  our spectroscopic 
results show the central group of lines to be only 
a I :1-doublet, as predicted for the radical 
.CH(NH,)COOH, although the resolution and 
intensity of the spectrum should be sufficient to 
identify the 1 :6:6:1 quartet predicted for the 
radical ~CH(NH, + )COO1 if it were present. 
Also, we find that the measured relative intensi- 
ties of the lines are in better agreement with those 
predicted for the radical .CH(NH,)COOH 
rather than .CH(NH, +)COO-. 

Analysis of the glycine-derived radical as 
.CH(NH,)COOH is clearly confirmed by the 
study of the spectrum of the minor radical product 
from dl-a-alanine (see later in this section). By 
analogy with the treatment of the results found 
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for glycine, this minor radical might be postulated 
to be either CH,C(NH,)COOH or CH,C- 
(NH3+)COO-. However, its spectrum can be 
unambiguously analyzed and is found to be 
consistent with the formulation CH,C(NH,)- 
COOH only. I t  is reasonable to  assume that the 
radical formed from glycine must exist in a like 
tautomeric form, and hence, must be .CH(NH,)- 
COOH. bn support of this view, it is found that 
there is a great similarity in the sets of coupling 
constants assigned to these two similar radicals 
from glvcine and dl-a-alanine, whereas the 
coupling constants which were assumed (13) to 
result from the radical .CH(NH,+)COO- are 
inconsistent with those observed for other 
radicals containing the same functional group 
-CHNH,+, as evidenced, for example, by the 
results of single-crystal studies of the radicals 
.CH(NH,+)COO- (1 6-1 9) and .CH,NH3+ 
(20)~.  

For the above reasons we consider the structure 
of the radical produced from glycine in acidic 
solution with the use of the titanous chloride - 
hydrogen peroxide radical-generating system to 
be .CH[NH,)COOH5. Hence, the additional 
doublet observed (Fig. 2) when no sulfuric acid 
is added to the reaction mixture can be assigned 
only to the carboxyl group proton, as it is the 
only un~~ientified proton in this formulation. 
The stick plot in Fig. 2 gives the theoretical 
positions and relative intensities of the lines for 
the coupling constants found in this present 
study to give the best fit, viz. aHCH, a,, aHhH2, 
and aHCC"" equal to 11.6, 6.3, 5.4, and 0.8 6, 
respectiv~ly. 

dl-ti-Alaniize, CN3 &'H(NH,) COON 
This compound gave an unsymmetrical spec- 

trum due to two radicals whose spectra are 
centered on different g-values. This is illustrated 

4For ex-.nple, ref. 20 reports for .CH2NH,+ that the 
isotropic vrilues of aHCH, aHNH3', and a~ are 25.0, 19.2, 
and 4 1 6 ,  respect~vely; and, for CH(NH,+)COO-, 
22.1, 15.7, ~ n d  3 1 6, respectively. 

50 f  cour;e, this position IS somewhat arbitrary, for 
the (-COO-) structure and the (-COOH) structure 
must exist together in aqueous solution, the proportion 
of the forrrirr with respect to the latter being smaller the 
higher the a H  of the solution. The observed p H  depen- 
dence of the e.p.r. spectrum is an indication of the rate 
of the proton-exchange reactions involving such struc- 
tures. Similar considerations must apply also to the 
other related species described in the main text, e g. 
the .CH,GL)OH radical. 

in Fig. 3. The dominant spectrum, a doublet (1 :1) 
of triplets (1 :2: 1) of triplets (1 :I :I), was readily 
assignable to the radical .CH,CH(NH, ')COOH, 
with aHCH, aHCHZ, and a, equal 26.0, 22.3, and 
3.6 G, respectively. As expected (13, 14), no 
hyperfine interaction was observed from the 
(-NH,') group protons. The less intense 
component of the spectrum was more complex 
and partially obscured by the major one, but 
could be satisfactorily analyzed in terms of 
hyperfine couplings which are consistent with the 
radical CH,C(NH,)COOH, via. a quartet 
(1 :3 :3 :I) of triplets (1 :1:1) of triplets (1 :2:1) 
with aHCH3, aN, and aHNH2 equal to 11.4,5.4, and 
3.9 6 ,  respectively. The former spectrum was 
observed by earlier workers using similar reaction 
conditions (13, 14) and analyzed in the manner 
outlined above. The minor spectrum, however, 
was not observed during these eariier investiga- 
tions (13, 14), possibly because of the low radical 
concentrations obtained. 

In the absence of added sulfuric acid the minor 
spectrum became more complex but, on account 
of the accompanying reduction in the signal-to- 
noise ratio, it could not be readily analyzed. 
Possibly an additional doublet was partially 
resolved as was found in the spectrum from the 
glycine-derived radical under similar conditions. 

p-Alaniae, CH, (NH2) CH2CQQB 
Hydrogen-atom abstraction from carbon in 

this compound could give rise to either of the 
radicals, .CH(NH,+)CH,COOH (or .CH(NH2)- 
CH,COOH, by analogy with the result for 
glycine) or CH,(NH,+)CHCOOH. However, on 
the basis of earlier experience in this laboratory 
of the relative ease of hydrogen-atom abstraction 
from saturated aliphatic carboxylic acids (9) 
and primary amines3 with the use of the titanous 
chloride radical-generating system, e.g. acetic 
acid and methylamine, the radical CH2(NH3+)- 
CNCOOH was considered more likely to be 
observed than the radical .CH(NH2)CH2C00H. 
The spectrum of a single radical was observed 
and readily analyzed in terms of a triplet (1 :2: 1) of 
doublets (1 : 1) of triplets (1 : 1 : 1) with coupling 
constants 24.5, 20.9, and 3.6 G, respectively. 
These couplings are very similar in size to those 
from the a-alanine-derived radical .GH2CH- 
(NH,+)COOH which bears a (-NH3+) group 
on the p-C atom, i.e. a doublet (1 :I)  of triplets 
(1 :2 :  1) of triplets (1 : 1 : 1) with coupling constants, 
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FIG. 3. First-derivative plot of the e.p.r. spectrum for hydrogen-atom abstraction from the substrate dl-a-alanine 
in an acidic medium: temperature, 25 "C; [TiCl,] in the reducing stream, 0.005 M; [H202], [a-alanine], and [H2S04] 
in the oxidizing stream, 0.04, 2, and 0.5 M, respectively; p H  of the mixed stream, ca. 2.5; total flow rate, 5 ml s-I  
equally divided between the two streams. Stick plot ( A )  shows the theoretical positions and relative intensity distribu- 
tion of the lines from the radical CH,C(NH,)COOH, a quartet (1 :3:3:1) of triplets (1 :I  :1) of triplets (1 :2:1) (aHCH3 = 
11.4 G, aN = 5.4 G, and aHNH2 = 3.9G); stickplot (B) shows similar data for the radical .CH,CH(NH37)COOH, a 
doublet (1 :1) of triplets (1 :2:1) of triplets (1 :I :1) = 26.0 6,  aHCHZ = 22.3 6, and a, = 3.6 G). 

respectively, 26.0, 22.3, and 3.6 G, and hence one or two strongly delocalizing a-substituents, 
were assigned to the latter radical, CH,(NH,+)- .CH(NH,)COOH and CH,(NH,')~HCOOH, 
~ H C O O H ,  which also has a (-NH,') group and it is appreciably larger than the g-value of the 
on P-G. The other product of hydrogen-atom one radical which does not bear such a sub- 
abstraction, ~CH(NH,)CH,COOH, would be stituent, ~CH,CH(NH3+)C00H (see Table 1). 
expected to be magnetically similar to the radical 
formed from glycine, .CH(NH,)COOH, and to Discussion 
have hyperfine interactions very different from Recently, while this present investigation was 
those actually observed. These results agree with well underway, three reports have presented the 
those of previous studies with this same substrate results of e.p.r. studies of the transient radicals 
(13, 14). formed during the reaction between titanous 

The coupling constants and g-values for the chloride and hydrogen peroxide in the presence 
radicals observed for all 3 amino acids are of amino acids within an aqueous, continuous- 
presented in Table 1 together with comparable flow system. The work was performed either in 
data reported by previous workers (13, 14, 21). acidic solution (13, 14) or at pH values of ca. 
As far as these data may be directly compared, 10-1 1 in the presence of ethylenediaminetetra- 
they are in seasonable agreement. As shown in acetic acid (EDTA) as a complexing agent (15). 
Table I ,  the g-value for the hitherto unreported In the present report we are concerned with the 
CH,C(NH,)COOH radical is in line with substrates giycine, dl-a-alanine, and p-alanine 
expectation, for it is about the same size as the in acidic solution, for which we have been able 
g-values for the other two radicals which bear to determine the products of reaction more 
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TABLE 1 

Hyperfine coupling constants and g-values for radicals derived from amino-acids 
- -- 

Coupling constants, G 

Radical QN aHhH 

.CH(NH2)COOH 6.26 5.38 
(5.8) (6.0) 
6.6 5.5 

CW~C(NH~)COOH 5.39 3.87 
'CHZCH(NH3 +)COOH 3.61 - 

3.5 - 
3.6 - 

CH~(NH~+)CHCOOH 3.59 - 
3.7 - 
3.3 - 
3.40 - 

g-Value Reference 

- - 

These  are the results of this present jnvestigation, the data being taken at  25 + 2 "C. In this present investigation, u-values 
and g-values are judged to have a maxlmum uncertainty of ca. 0.05 G and ca. 0.0002, respectively; and the signs of a- and 
0-valtres are omitted. ~. 

ba,-HCnOH = 0.8 G a t  p H  ca. 4.0. 
These  couplings are for the radical . CH(NH3+)COO-. 
"Obtained by adding amino-radicals to acrylic acid with the use of the TiC1, - NH,OH radical-generating system (21). 

precisely than have previous workers (13, 14) workers (13, 14). Furthermore, as would be 
(Section I) and to clarify their discordant expected on the basis of the known deactivating 
interpretation of the spectrum of the radical influence of carboxyl and protonated amino 
formed from glycine (Section 11). Spin-density groups (9, 13, 14, 22, 23)6 in reactions with the 
caIculations and the McGonnell Q-parameters use of the titanous chloride - hydrogen peroxide 
and Fischer A-functions calculated from them radical-generating system, these amino acids 
are discussed in Section III. were only moderately reactive to attack. 

I. Products of Hydrogen-Atom Abstraction 
The present work confirms the results of the 

earlier investigations with these same amino 
acids (13, 14) that hydrogen-atom abstraction is 
observed to take place only from carbon; and, 
where there are two hydrogen-bearing carbon 
atoms in the same amino-acid molecule, the 
major radical product observed is that formed by 
hydrogen-atom abstraction from the carbon 
more distant from the amino group. The carboxyl 
group would be expected to exert a similar 
deactivating effect as found, for example, in the 
case of simple aliphatic carboxylic acids (9). 
However, the deactivating effect of the amino 
group overrides that of the carboxyl group, e.g. 
p-alanine forms CH2(NH3+)CHCOOH and no 
detectable quantities of .CH(NH2)CH2COOH, 
in agreement with the results of previous workers 
(13, 14); and it also overrides the expected (9) 
preference for hydrogen-atom abstraction to 
occur at a secondary rather than a primary 
carbon atom, e.g. ti-alanine forms more C H 2 -  
CH(NH,+)COOH than CH,C(NH,)COOH. In 
this latter case, the formation of the radical 
CH,C(NH,)GOOH observed in the present 
investigation was not reported by the previous 

These results are qualitatively consistent with 
the basic reaction mechanism given in reactions 
[I]-[3], where the attacking species is a simple 
hydroxyl radical which would be expected to be 
an electrophilic reagent (9, 22, 23, 26). There is 
considerable evidence to show that the titanous 
chloride - hydrogen peroxide radical-generating 
system has a mechanism more c~mplicated than 
that given by reactions [I]-[3], for example, on 
account of the presence of radical-titanium-ion 
complexes (2-7). Nevertheless, the latest evidence 
would allow reaction [2] to be used to represent 
what is observed to occur here, i.e. that both the 
effective attacking species and the effective 
substrate attacked may be regarded as not being 
complexed with titanium ion. Consequently, it 
is relevant to point out that these results are in 
line with expectation for hydroxyl-radical attack. 
However, it should be emphasized that as implied 
already (see Experimental), the kinetic aspects 
of this investigation were explored only in a 
qualitative fashion. 

Wnder our experimental conditions, the acidity- 
constant data (24, 25) suggest the amino groups are 
essentially all protonated and the carboxyl groups are at 
least about half dissociated for all three substrates. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SMITH ET AL.: E.P.R. STUDY OF RADICALS IN AQUEOUS SOLUTION 487 

II. The Structure of Radicals Formed from 
Glycine 

The radical .CH(NH, +)COO- has been 
postulated as one of the two positively identified 
products of the X- or y-irradiation of solid 
crystalline glycine at  room temperature, the 
other being the radical .CH2COO- (16-19). The 
radical .CH(NH2)COO- has also been pos- 
tulated as the species produced from glycine (1 5) 
by the reaction between titanous chloride and 
hydrogen peroxide in aqueous solution of p H  ca. 
10-1 1 in the presence of EDTA as a complexing 
agent. In the present work we have confirmed the 
conclusions of Taniguchi et al. (14) that the 
radical CH(NH,)COOH is formed in acidic 
aqueous solution by the reaction between 
titanous chloride and hydrogen peroxide in the 
presence of glycine. This final formulation 
contrasts with results for the irradiation of solid 
crystalline glycine with ionizing radiation at 
room temperature (16-19), as there seems to be 
no immediately obvious reasoil for the existence 
of one tautomer, .CH(NH,)COOH, in acidic 
aqueous solution and the other, .CH(NH3+)- 
COO-, in the solid state. Glycine in the solid 
crystalline state exists as a dipolar zwitterion 
CH2(NH3+)COO- (27) and, consequently, it is 
not altogether surprising that irradiation with 
ionizing radiation gives a similar zwitterionic 
radical, .CH(NH3+)COO-. However, proton 
exchange to form the structure .CH(NH2)COOH 
should readily occur if it were energetically 
favorable (17). A possible explanation of the 
stability of the .CH(NH,+)COO- radical in a 
crystal of the parent glycine molecule is that the 
radical is forced to conform to the requirements 
of the ambient glycine lattice, i.e. the hydrogen 
bonding between the (-PPIH,') and (-COO-) 
groups (27). 

The stability of the .CH(NH2)COOH tautom- 
eric form in acidic aqueous solution can be 
rationalized, as it allows a single n-system to 
encompass the whole radical and so results in 
delocalization of the unpaired spin onto nitrogen. 
There is clear evidence for this sort of delo- 
calization which is discussed below (Section 111). 

Delocalization of unpaired spin onto nitrogen 
also gives rise to a partial positive charge on 
nitrogen 

charges predicts an overall negative charge on 
the carboxyl-group end of the radical, which will 
tend to oppose the ionization of the carboxyl- 
group proton. This makes more certain the 
assignment of the observed 0.8 G single-proton 
interaction (Fig. 2) to the carboxyl-group proton 
in radical .CH(NH,)COOH. There appear to 
be no previous reports of hyperfine interactions 
from carboxyl-group protons which, under most 
conditions are expected to exchange too rapidly 
to be observed in an e.p.r. spectrum (28, 29). 

The magnitude of the above carboxyl-group 
proton doublet coupling is consistent with those 
of the methoxyl-proton hyperfine interactions 
observed for similar radicals such as CH3- 
CHCOOCH, (9) and (CH,),CCOOCH, (9), 
i.e. 1.3 and 1.4 G, respectively. This assumes that 
QHoH and QHoCH3 are approximately equal, 
although there is considerable uncertainty about 
the sizes of these Q-parameters (30). The assign- 
ment is strengthened by the observation that the 
size of the doublet behaves in the manner 
expected for an interaction with an exchangeable 
proton, i.e. the addition of sulfuric acid initially 
broadens the lines of the spectrum containing the 
doublet, but further additions sharpen the lines 
to give a spectrum in which the doublet is not 
observed (3 1). However, the measurements 
carried out were not extensive enough to enable 
a reliable estimate of the kinetic parameters of 
the exchange to be made. 

It  is interesting to note that the radical observed 
by Poupko et al. to be formed from glycine in 
basic solution and postulated to be .CH(NH2)- 
COO- (15) is attributed a set of hyperfine 
coupling constants which are distinct from those 
of the radical .CH(NH2)COOH (Table 1). The 
values for aHCH and a, of .CH(NH2)COO- (15) 
are 13.6 and 6.0 6 ,  respectively, and are similar 
to those assigned by us to the radical .CH(NH2)- 
COOH, for which aHCH is 11.6 G and a, is 6.3 G. 
However, we find aHNHZ(.CH(NH2)COO~) is 5.4 
G, whereas aHNHZ(.CH(NH2)COO-) is reported 
to be 3.2 G for one proton and 2.8 G for the 
other (15). These latter couplings in the anion 
form of the radical are unequal and about 
half the size of the symmetrical coupling in the 
neutral species. This seems an unexpectedly 
large perturbation to be accounted for merely 
by the state of protonation of the (-CO-0-1 
group. 

which should tend to inhibit further protonation - ~ i e  restricted rotation of the amino group is 
of the amino group. The above separation of consistent with both sets of hyperfine couplings. 
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However, it is difficult to predict whether the 
(-CH-CO-OH) group or the (-CH-CO- 
0-) group should couple unsymmetrically to 
the amino group protons under these circum- 
stances. Clearly, unsymmetrical coupling is 
possible for both, as they are unsymmetrical 
groups, but there is little experimental guide to 
their properties. There are a variety of examples 
of methyl radicals bearing a single a-carbonyl 
substituent, i.e. of functional structure 

to show that the coupling of the unpaired spin 
to the a-protons may be symmetrical or un- 
symmetrical, as illustrated by the radical .CH,- 
CO-CH, (29), where the a-proton couplings are 
unequal7, and the radical .CH2-CO-NH, 
(11, 32), where they are equal. In addition, the 
analogous coupling to the protons in the aromatic 
ring in radical anions from many aromatic 
ketones, such as that from acetophenone 

L J 

4 

is unsymmetrical (33). 
More relevantly, it is known that the unpaired 

spin in groups such as -CH-OH and -NH- 
0. couples unsymmetrically to the aromatic 
protons in radicals such as c,H,-CH-OH 
(34,35) and C6H,-NH-0. (36). Unfortunately 
there seems to be little data on the magnetic 
properties of either of the groups -cH-CO- 
O- or -~H-CO-OH. The spectrum of the 
radical @,H,-~~H-CO-OH would probably 
give a measure of the asymmetry of the hyperfine 
couplings induced by the latter group, but it 
does not appear to have been reported up to this 
time (37). Thus, the possibility of an appreciable 
difference in the magnetic properties of the 
radicals .CH(NH,)COO- and .CH(NH,)COOH 
cannot be ruled out, especially as the alternative 
protonation 

'This inequality, first observed in liquid acetone 
solution at -49.5 "C by Zeldes and Livingston (29), has 
now been discerned with the use of the substrate acetone 
and the aqueous titanous chloride - hydrogen peroxide 
radical-generating system at 25 "G (P. Smith and D. J. 
McGinty. Unpublished work). 

has been shown to drastically redistribute the 
unpaired spin and revamp the pattern of hyperfine 
couplings (16-19). 

III. Spin Densities, McColzneIl Q-Parameters, 
and Fischer A-Functions 

The results of molecular orbital (m.0.) n- 
electron spin-density, p", calculations from this 
and previous investigations (14, 15) on glycine- 
and a-alanine-derived radicals are listed in 
Table 2. Poupko et al. (15) performed a closed- 
shell self-consistent field - molecular orbital 
(s.c.f.m.0.) calculation on the radical -CH(NH,)- 
COO- by way of the Pariser-Parr-Pople method 
(ref. 38, chap. 16). Taniguchi et al. (14) carried 
out a simple Hiickel (H.m.0.) calculation on the 
radical .CH(NH,)COOH, using the m.0. param- 
eters generally recommended by Pullman and 
Pullman (ref. 38, chap. 4; ref. 39). We have carried 
out H.m.0. calculations on the .CH(NH,)COOH 
and CH,C(NH,)COOH radicals similar to that 
done by Taniguchi et al. (14). In addition, because 
the radicals .CH(NH,)COO- and CH,C(NH,)- 
COO- are of possible importance, we have made 
H.m.0. calculations on these radicals as well. For 
our calculations, the H.m.0. parameters used were 
those which earlier work8 has shown to best fit 
the e.p.r. results obtained for a series of radicals 
similar to the amino-acid-derived radicals of this 
present work, e.g. radicals produced from simple 
aliphatic carboxylic acids (9) and related esters 
(9) and amides9. 

As shown in Table 2, the four sets of m.0. 
calculations for the glycine-derived radicals 
yield similar results, e.g. p,-," = 0.53-0.63 and 
p," = 0.22-0.26. Also, these results are like those 
from our H.m.0. calculations for the a-alanine- 
derived radicals, e.g. p,-," and p," are found to 
be 0.54-0.55 and 0.18, respectively. In particular, 
the four sets of H.m.0. spin-density data from 
this present work seem in reasonable accord; 
also, these data show that the state of protonation 
of the (-CO-0-) group has little effect on the 
spin-density distribution except at the oxygen 
atoms. In order to better evaluate these spin- 
density data, we have used them to calculate the 

9. Smith and D. J. McGinty. Unpublished work. 
These H.m.0. parameters are distinct from those em- 
ployed in previously published work from this laboratory 
(9). 
\ ,  

'P. Smith and P. B. Wood, unpublished work, and 
ref. 11. 
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TABLE 2 
Comparison of x-electron spin densities calculated by m.0. methods for radicals derived 

from amino acids 

Calculated spin density 

Radical a-C N 0 CBcO CHB Reference 

\ -. ~, 

0.55 0.22 0.14f 0.07 - - - - 0.  02g - - -b,d,h 

CH~~(NH~)COO-  0.55 0.18 0.07 0.08 0.05 - b . i J  

CH,~(NH~)COOH 0.54 0.18 0.13f 0.085 0.05 - 
- - 0.02# - - -b,j,k 

'1Calculated by the closed-shell s.c.f.m.0. method of Pariser, Parr, and Pople (ref. 38, chap. 16). 
bThis work. 
CCalculated by the H.m.0. method with the use of the following parameters: h(C) = 0, k ( C C )  = 0.9; h(0j = 1.3, 

k(C--.O) = 1 . 5  h(N) = 1.2, k(C-N) = 0.9. The notation followed is that of Streitweiser (39) so that a(X) = a. + 
h(X)po and ~(d-X) = k(C-Xfl30, where a. and BO are, respectively, the Coulomb integral and resonance integral for 
benzene. These parameters were those found by others H.m.0. calculations to best fit e.p.r. data on a series of radicals 
similar to those in this table, e.g., radica!~ from simple aliphatic carboxylic acids (9) and related esters (9) and amidesg. 

don the assumption that pa-," (CH3C(NH2)COOH) equals 0.388 (see footnote ( i f )  and that A(-CH3) equals 0.081 
(41, 42). the experimental value of 0,-cn is found to be 0.38810.919 or 0.422. On the assumption that QN" equals 23.0 G 
(30), the experimental value of p N n  is found to be 0.272. 

ecalculated by the H.m.0, method with the use of the parameters of Pullman and Pullman (39). 
f O(L--O). 
gO(C-0-H). 
Talculated by the H.m.0. method with the use of the parameters listed in footnote (c) except that those of oxygen were: 

h(6) = 1.1, k(C=O) = 1.8; h(0) = 1.5, k(C-0) = 0.9. 
fCa1culated by the H.m.0. method with the use of the parameters listed in footnote (c) and two additional parameters 

derived by the method described in footnote (c): h(CH3) = 1.9, k(C-CH3) = 0.7, i.e. treating -CH3 as a hetero-atom. 
jOn the assumption that Q H C C H 3  equals 29.3 G (41,421, the experimental value of p,_," is found to be 0.388. On the 

assumption that Q N N  equals 23.0 G (301, the experimental value of pNn is found to be 0.234. 
'Calculated by the H.m.0. method with the use of the parameters specified in footnote (i) except that those for oxygen 

'were as in footnote (h). 

TABLE 3 
McConnell Q-parameter valuesa for radicals derived from amino acids 

Radical Q ~ C H  QHCCH3 QNN QHNHZ Referenceb 

.CH(NH2)COOH 22 - 24 21 
21 - 28 24 

(14) 
This work 

CH~~(NH~)COOH - 21 30 22 This work 
'Calculated with the use of eqs. C61-C91 The a-values used are those of the present in- 

vestigation and are listed in Table 1. The pn-values used are from the present investigation 
and from that of other workers (14). 

T o r  the source of the pn-values used. These values are given in Table 2. 

McConnell Q-parameter values QHCH, QHCCH3, 
QNN, and QHNH2 shown in Table 3, calculated 
with the use of the following equations 

[6 I aHCH = QHCH~o,-Cn 

17 I aHCH3 = ~ ~ ~ ~ ~ 3 ~ ~ - ~ ~  

18 I aNN = QNNpNn 

[9 I aHNH2 = eHNHzpNn 
The Q-parameter values listed in Table 3 are 
in the range obtained for aliphatic radicals 
(9, 30, 40, 41). However, the results for QHCH 
and eHCCH3 are Iower than those usually found 
for aliphatic radicals for which QHCH equals 

ca. 23-26 G and QHCCH3 equals ca. 29 G (9, 30, 
40, 41). In other words, the calculated p,-," 
values in Table 2 are higher than might be 
expected, the value obtained via the more 
sophisticated m.o. method (1 5) being the highest. 
The values of QNN and QHNH2 are in the usual 
range, which is ca. 20-35 G for QNN and ca. 21- 
36 G for QNNH (30), but commonly QHNH is 
greater than QNN rather than the reverse observed 
here (30). By way of the equation 

the calculated value of pon can be used to estimate 
an extremely rough value of QHoH equal to 
ca. 40 G for the OH proton in .CH(NH2)COOH. 
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This value is not within the range which has been 
reported already for this parameter, i.e., ca. 
7-21 G (30). This difference is not surprising in 
view of the crudity of the H.m.0. method for 
calculating p" values in hetero-atom radicals (see, 
e.g., ref. 42). 

The K-electron spin density at a-C calculated 
in the present work for the radicals .CH(NH,)- 
COOH and CH,C(NH,)COOH can be used to 
calculate Fischer A-functions from the equation 

[i 1 ] p,-,= = n ; z : (1 - A(-x~)) 

where A(-Xi) is the Fischer A-function of 
substituent -Xi at the sp2 carbon atom on 
which the unpaired spin is localized in the 
radical ,CX,X,X, (41). It is usually assumed (40) 
that A(-H) and A(-CH,) equal 0 and 0.081, 
respectively, and, in this case, a value of A- 
(-COOH) between 0.072 and 0.121 is also 
assumed, as this corresponds to the range of 
values calculated from other radicals1'. These 
assumptions give a value of A(-NH,) equal to 
about 0.39 for the .CH(NH,)COOH radical 
and about 0.35 for the CH,C(NH,)COOH 
radical. As far as we are aware, this is easily the 
highest A-function of any substituent yet reported 
and corresponds to a substituent which de- 
localizes the unpaired spin to the greatest 
extent1'. There are insufficient data to test the 
basic assumption (40) that the numerical value 
of a given A-function is independent of environ- 
ment, i.e. A(-NH,) remains constant for a 
variety of amino-substituted methyl radicals. 

The hydrogen peroxide used in this work was kindly 
provided by FMC Corporation, Inorganic Chemical Divi- 
sion. The experimental assistance of Peter B. Wood is 
also gratefully acknowledged. 
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Coordination complexes of gallium(II1) and indium(II1) halides. 1V.l 
Infrared spectra, Raman spectra, and structures of complexes with 

dimethylsulfoxide and dimethylsulfoxide-d, 
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Chemistry Department, University of Waterloo, Waterloo, Ontario 
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P. M. BOORMAN 
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Received September 8,  1969 

The preparation and characterization by far-infrared and Raman spectroscopy of dimethylsulfoxide 
(dmso) and dimethylsulfoxide-d6 (dmso-d6) complexes of gallium trihalides are reported. The compounds 
GaX,(drn~o)~ (X = Br, I) have ionic structures containing the hexacoordinate cation G a ( d m ~ o ) ~ . ~ + .  
Reaction of gallium trichloride with dmso gives GaC13(dmso)l. ,. This compound appears to be identical 
with GaC1, ( d m ~ o ) ~  described by other workers and has been shown to have the structure [Ga(dmso),]- 
[GaCl4I3. Some new vibrational data are presented for InX,(dm~o)~ (X = C1, Br) and In13(dmso)2. 
Canadian Journal of Chemistry, 48, 492 (1970) 

Introduction 
Current interest in the coordination chemistry 

of the Group 111 halides centers on the elucidation 
of molecular structure by vibrational spectros- 
copy (1-3) and X-ray crystallography (4, 5). 
Although recent far-infrared (6) and X-ray (5) 
studies have demonstrated the presence of six- 
coordinate gallium(I1I) in the ionic complexes 
GaCl,(bipy), GaBr,(bipy),MeCN, GaI,(bipy) 
(bipy = 2,2'-bipyridyl) and five-coordinate gal- 
lium in GaCl,(NMe,), (7), there is still little 
structural information on gallium(II1) halide 
complexes of coordination number greater than 
four. Since dimethylsulfoxide (dmso) is well 
known to be a o donor capable of producing 
complexes of high coordination number (8 
and references therein), we have investigated in 
detail the vibrational spectra of adducts with 
gallium(II1) chloride, bromide, and iodide. A 
brief report that gallium(II1) chloride reacts with 
dmso to give GaCi,(dmso), (9) has appeared. 
This was of special interest in view of the possibil- 
ity of five coordination in this compound and 
the reported InCl,(dmso), (10) and TlCl,(dmso), 
(2) stoichiometries for the corresponding indium 
trichloride and thallium trichloride complexes. 
This paper also includes some new data for dmso 
and dmso-d, complexes of the type InX,L, 
(X = C1, Br; L = dmso, dmso-d,) and InP,L,. 

"or part 111 of the series, see ref. 6. 

Experimental 
Gallium trihalides (99.99% purity) were purchased 

from Fluka, A. G., Buchs, Switzerland in sealed ampoules 
which were attached to a vacuum line before use. Indium 
trihalides were prepared as previously described (10). 
All solvents used were Spectroscopic Grade and were 
stored over molecular sieves (Linde Type 4A) prior to 
distillation. Dimethylsulfoxide-d6 was obtained in 1 g 
ampoules from Stohler Isotope Chemicals. 

Preparation of Complexes 
Gallium Trihalide Complexes 
Approximately 25 ml of anhydrous ethanol or acetone 

was added in a drybox to a reaction vessel equipped with 
a magnetic stirring bar. The vessel was then cooled to 
liquid nitrogen temperature on the vacuum line and 
gallium trihalide (ca. 1.0 g) sublimed into the vessel under 
high vacuum. The trihalide dissolved in the solvent on 
raising the temperature slowly. All stopcocks were then 
closed and a slight excess of dmso or dmso-d6 added in a 
drybox. With ethanol as solvent an immediate white 
precipitate of the complex was produced. The complexes 
could be recrystallized as colorless prisms from 4:l eth- 
anol/acetone. Analytical data for the complexes are given 
in Table 1. 

Tetrafluoroborate derivatives of the cations Ga- 
( d m ~ o ) ~ ,  +, Ga(dmso-d6)63 + were prepared by reacting 
hot solutions of the gallium trihalide complexes in acetone 
with solutions containing an excess of sodium tetrafluoro- 
borate in hot ethanol/acetone. On cooling, colorless 
crystals of the desired tetrafluoroborates were obtained. 
Melting points and gallium analyses showed that the 
same derivative [Ga(drnso),l (BF4), was produced from 
each of the three halide complexes. 

[ G a ( d m ~ o ) ~ ] [ G a C l ~ ] ~  (0.55 g) in acetone (25 ml) was 
reacted with teiraphenylarsonium chloride (0.85 g) in 
acetone (25 ml). The colorless product was identified as 
Ph4As[GaCI41 by microanalysis and comparison with an 
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authentic sample of the same compound prepared from are unavailable, since CH, rocking modes occur 
gallium trichloride and tetraphenylarsonium chloride. in the same spectral region as v ( ~ - ~ )  (8). On 

Zndiltrn Complexes occasion this has led to reversal of assignments 
These were prepared as previously described (10). A 

minimum of solvent was used in the preparation of the for v(S-0) and F,,,,(CH,) in complexed dmso 
dmso-d6 complexes. and hence to differences in the magnitude of the 

shift Av in v(S-0) (13, 14). With the aid of the 
Infrared and Raman Spectra 

Infrared spectra above 650 cm-l were measured on a deuterated complexes prepared here, an assign- 
Beckman IR-9 spectrophotometer as Nujol mulls between ment2 of v(S-0) was possible for each 
sodium chloride plates. In the 650-200 cm-' region an pound. Table 1 lists v(S-0) and 6,,,,(CH,) 
IR-12 spectrophotometer was enlployed. Samples were modes for the dmso and dmso-d, complexes. The 
run as Nujol mulls between cesium iodide windows. decrease ofca. 100 cm- 1 in v ( ~ - ~ )  in each case 
Frequencies were accurate to 1 2 cm-'. is clearly consistent with oxygen-bonded dmso, as 
Analyses expected. Although the magnitude of these shifts 

Microanalyses were carried out by A. B. G~gl i ,  is to those occurring in transition- 
Toronto; Alfred Bernhardt, Elsbach uber Engelskirchen, 
Germany; and Chemalytics, Inc., Tempe, Arizona. Gal- (I5) it be unwise to draw 
lium was determined by titration with EDTA using 1-  any conclusions regarding the relative Ga-0 or 
(2-pyridy1azo)-2 napthol as an indicator (1 1). In-0 bond strengths in these compounds from 

Av values, since the vibrational analysis (12) 
Results and Discussion clearly demonstrates that the vibration labelled 

Gallium Complexes v(S-0) is not a pure stretch but involves a con- 
The analytical data for the product of the reac- siderable proportion It is, 

tion between gallium trichloride and dmso in however, worth noting that for the three gallium 

solution clearly show that the correct empirical complexes, Av is virtually identical. This is further 

formula for this compound is evidence for the presence of the same cation in 

This and the similarity of the far-infrared spec- each case. 
trum of our product to that reported previously Far-Infraredand Raman Spectra (550-200 cm-I) 
for GaCl,(dmso), ( 9 ~  and results quoted from Recent data for the free ligands dmso and 
ref. 96) raises doubts as to  the authenticity of the dmso-d, in this region (16) are in good agreement 
latter compound. The reactions of GaCl3- with the earlier work of Cotton and Horrocks 
(dmso), 5 with tetra~hen~larsonium chloride to (12). We have not, therefore, attempted to re- 
give Ph4As[Gacl4] and with sodium tetraflu01-0- measure these spectra. The molecule dmso has 
borate to give [Ga(dmso),l (BF4)3 strongly indi- Cs symmetry, thus making all normal modes 
cate that the most probable formulation for this infrared and Raman active. This should also be 
compound is [Ga(dmso),l[GaCI41,. Gallium the case in the complexes where the ligand mole- 
tribromide and triiodide, on the other hand, cules can at most retain their Cs symmetry. More- 
form complexes analyzing as GaX,(dmso), over, internal vibrations of the ligand should be 
(X = Br, I), for which the simple ionic Structures readily assignable by comparison with the 
[Ga(dmso),lX, seem appropriate in view of the deuterated species. The far-infrared and Raman 
ready synthesis of IGa(dmso),I(BF4), in each spectra of the dmso and dmso-d, complexes are 
case by replacement reactions with sodium tetra- given in Table 2 together with an assignment. 
fluoroborate. The spectra of [Ga(dmso),]Br,, [Ga(dmso), 1- 
Infrared Spectra (2000-650 cnz-l) I,, and [Ga(dmso),] (BF4), between 300 and 500 

A thorough vibrational analysis of dimethyl- cm-I are very similar to those of other hexakis- 

sulfoxide and dimethylsulfoxide-d, has been (dmso) complexes (1 5 )  and are readily interpreted. 
published by Cotton and Horrocks (12). Pro- The very strong band at ca. 490 cm-' in all the 

vided that v(S-0) can be assigned in the dmso spectra does not correspond to any internal 
complexes, it is possible to determine whether the vibration of the ligand. Metal-oxygen stretching 
lieand is S or 0 bonded on the basis of an increase modes have been found in this region by other 
" 

or decrease in this frequency on complexing (13). 
'Since v (S-0) and Srock (CHS) are coupled in dmso Unequivocal v(S-o) assignments are sometimes (81, neither vibration is "pure". The terms serve as con- 

not possible, however, when dmso-d6 compounds venient labels for following frequency changes. 
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workers for dimethylsulfoxide, pyridine N-oxide, 
phosphine oxide, and acetylacetonate complexes 
(23). If the 490 cm-' band is a pure gallium-oxy- 
gen stretching mode, the ratio of the frequencies 
((Ga-O)dmso)/((Ga-0)dmso-d,) would equal 
(Md,,o~n,/~d,,o)f ( M  = molecular weight). 
Inspection of the spectra shows that the frequency 
ratio is 1.051, close to  the calculated ratio of 
1.035. This provides some confirmation for the 
validity of the assignment and also suggests that 
the vibration in question is not significantly 
coupled with C-S-0 or C-S-C deforma- 
tions. Some caution is necessary here,, however, 
since a frequency of 490 cm-I for a pure v- 
(Ga-dmso) mode predicts a Ga-0 force con- 
stant in excess of the 2.60 mdyn A-' found for 
Ga-Cl in Gael,- (20). In other non-transition- 
metal complexes, the ratio kM- ,igand/kM-Cl (k  = 
stretching force constant) is usually assumed to 
lie between 0.5 and 0.75 (26). Clearly, normal- 
coordinate calculations on 0x0-complexes will be 
necessary before assignments of v(M-0) modes 
in the region 350-500 cm-' can be theoretically 
justified. 

The symmetric and antisymmetric C-S-0 
deformations v, , and v2, occur as a pair of strong 
bands at ca. 350 and 330 cm-I, re~pectively.~ As 
expected, on deuteration these bands move to 
lower frequency, with the symmetric mode 
showing the larger decrease. The C-S-C angle 
deformation at 308 cm-I in dmso (16) occurs 
slightly lower in the complexes and shifts 14-18 
cm-' on deuteration. 

There are three or four bands occurring in the 
200-300 cm-I region of the spectra of these com- 
pounds which are not due to internal ligand vibra- 
tions. These shift to varying degrees on deutera- 
tion and cannot, therefore, arise from metal- 
halogen modes. They are almost certainly 
attributable to F(0-Ga-0) and 6(S-0-Ga) 
vibrations. Although less is known about ligand- 
metal-ligand deformation modes these are often 
found at frequencies approximately 112 of those 
of the corresponding stretches (17). A complete 
assignment of these bands is, however, impossible 

3We thank a referee for bringing this point to our atten- 
tion. 

4Since the cation point group is probably C3 (see later) 
and there is no plane of symmetry which bisects the 
C-S-C angle, the two angle deformations have separate 
symmetry coordinates. We retain the terms symmetric 
and antisymmetric solely to show the relationship to the 
free ligand modes. 

at the present time without a full normal-coordi- 
nate analysis of the cation. 

The far-infrared and Raman spectra of GaC1,- 
(dmso), ,, prove conclusively that this compound 
should be formulated as [Ga(dmso),] [GaCI,],. 
Asin the bromide and iodide complexes,v(Ga-0) 
appears as a strong band near 500 cm-I in the 
infrared. The similarity of v(Ga-0) frequencies 
in GaCl,(dmso), ,, and [Ga(dmso),]X, (X = Br, 
I, BF,) is also evidence for the presence of the 
cation Ga(dmso),,+ in the former. The ligand 
vibrations v,,G,(C-S-0), v2,6,(C-S-0), and 
v,,G(C-S-C) occur at 353, 34'7, and 324 cm-I 
in [Ga(dmso),] [GaCI,], and move to 335, 320, 
and 286 cm-' on deuteration. The v,, and v2, 
modes actually appear as shoulders on the very 
strong infrared absorption at 380 cm-I in [Ga- 
(dmso),][GaCI,], due to v, of the tetrahedral 
anion GaC1,-. The v3(t2) vibration of GaC1,- 
has previously been found at 380 cm- in Ph,As- 
[GaCI,] (1 8) and at similar frequencies for other 
tetrachlorogallates (19). The presence of the ion 
GaC1,- is nicely illustrated by a comparison of 
the infrared spectra of [Ga(dmso),] [GaCl,], 
and [Ga(dmso-d6),] [GaCl,], with the Raman 
spectrum of [Ga(dmso), ] [GaCl,], (Fig. 1). v, 
of GaC1,-, which is infrared inactive, shows up as 
the strongest band in the Raman spectra, while 
the t ,  mode is weaker. The frequencies5 of v, and 
v, from the Raman, 381 and 347 cm-I, are almost 
identical with the values reported by Woodward 
for aqueous solutions of this ion (20). We were, 
however, unable to trace the two bending modes 
v, and v, for GaC1,-, owing to increased back- 
ground noise below 200 cm-'. As expected, the 
far-infrared spectra of [Ga(drnso),](BF,), and 
[Ga(dmso-d,),](BF,), prepared from the chlo- 
rides agree with the above conclusions on the 
structure of Ga(drns~),,~Cl,.  v, of GaC1,- is 
completely absent from the spectra. 

I t  is of interest to examine the spectra of the 
cation [Ga(dmso),I3+ present in all of the halide 
complexes, since the nature of the vibrational 
modes associated particularly with the MO, 
skeleton might provide information on the point 
group of the cation and possible distortion from 
octahedral symmetry. The data in Table 2 illus- 
trate two important features. Firstly, it is clear 
that bands attributed to v(Ga-0) are coincident 

51n acetone solution the 347 cm-I band is polarized 
(p = 0.09), thus confirming the proposed assignment. 
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500 400 300 2 M  

FREQUENCY, cm-' 

FIG. 1. Far-infrared spectra of a, [Ga(dmso),]- 
[GaCl4I3 ; b, [Ga(drn~o-d~)~]  [GaCl4I3 ; and c, Raman 
spectrum of [Ga(dmso),] [Gael,],. 

in the infrared and the Raman. The large half- 
widths of ca. 45 cm-' of the v(Ga-0) bands in 
the infrared and the weakness of v(Ga-0) 
absorptions in the Raman are also evident. The 
first observation suggests that the cation cannot 
belong to the point group 0, as there are no 
coincidences in this group. Moreover a lowering 
of symmetry from 0, -t D,, -+ S ,  as shown in the 
correlation table (Table 3) does not solve the 
problem, although the degeneracy of the T I ,  
mode is removed as the symmetry is lowered. 
Other workers have suggested on the basis of 
infrared evidence alone that transition-metal 
hexakis (dmso) complexes have So symmetry (16). 
Further symmetry lowering to C, would not 
remove any further degeneracies but could cause 
all vibrations to be infrared and Raman active. 
While we could not identify all infrared bands in 
the Raman owing to background noise, the 
coincidences of the v(6a-0) frequencies are 
striking. We conclude, therefore, that the Ga- 
( d r n ~ o ) ~ ~ +  and Ga(dm~o-d,),~+ cations have, at 

TABLE 3 

Correlation table showing the effect of symmetry lowering 
on the A,,(vl)  and Ku(v3) v(M-0) stretching modes of 

a regular octahedral MO, species 

Symmetry Mode 

most, C, symmetry in the solid state. Molecular 
models show that with C, symmetry, effective 
packing of six dmso molecules around the Ga3+ 
ion is possible. 

Indium Cornplexes 
Infrared data for InX,(dmso),, InX,(dmso- 

d,), (X = Cl, Br) and InI,(dmso-d,), in the 
v(S-0) region are included in Table 4. The 
spectra of the deuterated complexes confirm the 
previous tentative assignments for v(S-0) in 
these compounds (10). The far-infrared spectra 
of these adducts have been reported previously 
but opinions differ as to whether the compounds 
InX,(dmso), (X = C1, Br) have cis-C,, octahe- 
dral or trans-C,, octahedral structures, since 
three metal-halogen bands were identified in one 
case (21) and only two in the other (22). Com- 
parison of the spectra of InCl,(dmso), and InC1,- 
(dmso-d,), between 200 and 400 cm-I suggests 
that v(1n-C1) vibrations appear as a medium 
intensity sharp band at 284 cm-' and a broad, 
incompletely resolved doublet centered at 262 
cm-l. 

The Raman spectra of InCl,(dmso), and 
InCl,(dmso-d,), show only a single intense 
Raman line at 267 and 282 cm-', respectively. 
For an MX,L, cis-C,, model, two v(M-C1) 
modes are expected (a, + e) in the infrared and 
Raman compared with three v(M-Cl) modes 
(2a1 + b,) for the trans isomer. Although the 
infrared data might be considered as pointing to 
a cis configuration, this assignment does not 
seem justified in view of the appearance of only 
one Raman band for each complex in the region 
of In-C1 stretching. Owing to low solubility in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 4 
Infrared frequencies and assignments in the v(S-0) region for dmso and dmso-d6 complexes* 4 

Frequency (cm-') €i 

[Ga(dm~o)~  ] [GaCl4I3 [Ga(dmso-d6)6] [GaCI,], [Ga(drnso),]Br3 [Ga(dms~-d~)~]Br, [Ga(dm~o)~]I,  [ G a ( d r n s ~ - d ~ ) ~ ] I ~  Assignments L( 

$I 

n 
Frequency (cm-') 

In(dm~o)~Cl, In(dmso-d6)3C13 In(drn~o)~Br~  In(dm~o-d~)~Br,  In(dms0)~1~ I n ( d n ~ s o - d ~ ) ~ I ~  Assignments P 3 
1038 (13) 831 (11) 1034 (13) 833 (10) 1035 (13) 834 (10) j 
1009 (10) 788 (3) 1010 (9) 790 (2) 1010 (10) 788 (2) &rock (CHB)CDB 
993 (20) 764 (10) 987 (20) 766 (9) 990 (20) 765 (9) 

C 
0 

938 (20) 942 (20) 950 (20) 948 (20) 940 (20) 941 (20) v(S-0) r 
950 (20) 960 (20) 941 (20) 962 (20) 950 (20) 955 (20) P m 

*Numbers in parentheses indicate intensity; the highest intensity band is assigned an arbitrary intensity of 20. 
w 
w 
4 0 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CARTY ET AL.: COORDINATION COMPLEXES OF Ga(II1) AND In(II1) HALIDES. IV 499 

suitable solvents, we were also unable to obtain 
Raman polarization measurements 011 the bands 
in question. However, Beattie, Ozin, and Gilson 
(26) have recently shown that for the species 
MX,L, (L = pyridine), a single intense line due 
to  equatorial M-X stretching is observed in the 
Raman. While this may only be valid for light 
metal atoms, the Raman spectra of InCl,(dmso), 
and InCl,(dmso-d,), resemble that for SiC1,- 
(py),' (26). On this basis, a trans assignment 
could be made. Thus, in view of the ambiguity in 
the solid state infrared and Raman results, we do 
not consider a stereochemical assignment for 
InCl,(dmso), justifiable at this stage. This may 
be due in part to the coalescence of v(1n-C1) 
modes as a result of the large mass of indium, 
although other workers (26) have pointed out 
the inadequacies of vibrational spectra in pre- 
dicting a cis or trans geometry for SiCl,(py), (26). 

Solid InBr,(dmso), shows two bands at 189 
and 158 cm-' in the Raman, with the former 
very intense. The 158 cm-' band moves to 150 
cm-' on deuteration and may not be due to a 
pure v(1n-Br) mode. In solution, only the higher 
band appears and this is polarized (p = 0.09), 
indicating that this is an a, mode. In this case a 
cis configuration seems more reasonable although 
again the assignment is tentative and must await 
confirmation from X-ray work. 

For InI,(dmso), and InI,(dmso-d,),, the 
Raman spectra are more complex. However, it is 
clear that the very strong Raman band at 141 
cm-I and the weaker band at 183 cm-' arise 
from v, and v, of In1,-, since these differ by only 
2 cm- ' from the frequencies found for the same 
modes in a previous investigation (24). More- 
over, in acetone solution the 141 cm-l band is 
polarized (p = 0.12 for InI,(dmso),; p = 0 
for InI,(dmso-d,),), while the 183 cm-' band 
is depolarized. The complex can therefore be 
formulated as [In(dmso),I,] [InI,], withthe band 
at 193 cm-' and shoulder at 198 cm-I in 
the Raman arising from the cation. We were, 
however, unable to determine depolarization 
ratios in this case due to the low intensities of the 
bands. It is interesting that the cation frequencies 
are higher than those of In1,- ; v(M-X) usually 
decreases in frequency with increasing coordina- 
tion number. However, a recent X-ray study of 
InI,(dmso), has confirmed the ionic dimer struc- 
ture in the solid state (25) and shown the cation to 
have a trans configuration. 

Conclusions 
This work establishes that the dmso complexes 

of gallium trihalides have structures [Ga(dmso),]- 
[GaCl,],, [Ga(dmso),]Br,, and [Ga(dmso),]I,. 
Unequivocal structural assignments for InC1,- 
(dmso), and InBr,(dmso), are not possible with 
far-infrared and Raman data alone. InI,(dmso), 
has the structure [InI,(dmso),] [Inl,]. For both 
metals there appears to be a tendency to octahe- 
dral coordination when dmso is the donor mole- 
cule. In the gallium complexes, this occurs by 
complete replacement of halide ion from the 
coordination sphere. It is worth noting that 
gallium apparently resembles aluminum in this 
respect rather than the later metals in the group, 
since reaction of anhydrous AlCl, with dmso 
gives [Al(dmso),]Cl, (9) whereas thallium tri- 
chloride gives the non-ionic, five-coordinate 
TlCl,(dmso), (2). Two further observations can 
also be made. First of all it is becoming increas- 
ingly obvious that the formation of ionic dirners 
is a general feature of the coordination chemistry 
of gallium and indium (1, 5), particularly when 
the complex stoichiometry is such that the anion 
is the tetrahalometallate ion. Secondlv. this and + ,  

previous work (6) illustrate that six-coordinate 
gallium complexes are readily prepared, provided 
suitable ligands are chosen. 

We thank the National Research Council of Canada 
and the Ontario Government, Department of University 
Affairs for financial support. We are grateful to Dr. A. 
Walker, University of Toronto for the use of the IR-12 
spectrometer. 
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NOTES 

Radiolysis of cyclohexane with perfluorocyclohexane at very high dose rates1 

N. H. SAGERT' 
Physical Chemistry Branch, Chalk Riuer Nuclear Laboratories, Atomic Energy of Canada Ltd., Chalk Riuer, Ontario 

Received October 14, 1969 

The radiolysis of liquid cyclohexane using perfluorocyclohexane as an electron scavenger has been 
examined at very high dose rates. The dose rates, to lo2* eV/g s, were such that geminate recombina- 
tion of ions is essentially unaffected by dose rate, but high concentrations of radicals are produced, 
leading to radical-radical reactions. Up to 0.7 G units of the mixed dimer, C6Fl1.C6Hl1, were produced 
indicating that large concentrations of C,F1, radicals are formed in the neutralization process. Thus, at 
conventional dose rates (1016 eV/g s), C6FI 1H is probably produced by reactions of C6F1 radicals rather 
than by proton transfer to a perfluorocyclohexane or perfluorocyclohexyl anion. 
Canadian Journal of Chemistry, 48, 501 (1970) 

Introduction that this would allow a distinction to be made 

Perfluo~ocyclohexane (PCH) has been used as between reactions of type [la] and [Ib]. 
an electron scavenger in the radiolysis of hydro- 
carbons (1-3). I t  scavenges electrons efficiently Experimental 
and one C-F bond is broken for every electron Sources and purification of cyclohexane and PCH 
scavenged (2-4). Because dissociation of the have been described (4). Irradiations were carried out in 

PCH anion is prohibitively endothermic (5 ) ,  metal cells of the type described by Boyd et al. (7). These 
cells were irradiated with a Febetron 705 pulsed electron C-F bond breaking probably in the source (Field Emission Corp.), and the adsorbed dose 

neutralization step (4,6). The mechanism for this was determined by adiabatic calorimetry (8). 
bond breaking has been the subject of some Analytical techniques have been described (4,9). In the 
speculation and several mechanisms have been absence of authentic standards, the area sensitivity of the 

proposed ( 2 ,  3, 6 ) .  ~h~~ may be summarized, hydrogen flame detector for C6Fl1.C6Hl1 was taken as 
half the sensitivity for dicyclohexyl plus half the sensiti- 

omitting intermediate steps, as vity for perfluorodicyclohexyl. 

where reaction [ la ]  involves a free C6F11 radical 
and reaction [lb] involves proton transfer to an 
anion. 

The radiolysis of cyclohexane at very high dose 
rates (lo2" to  loz8 eV/g s) has been described and, 
compared to y-radiolysis at N 1016 eV/g s, signi- 
ficant changes in the yields of the major products, 
hydrogen, cyclohexene, and dicyclohexyl were 
noted (7). These changes were ascribed to radical- 
radical interactions. The work reported here was 
undertaken to identify the radicals produced in 
the radiolysis of cyclohexane with PCH by 
examining yields of products, particularly that 
of the dimers, at  high dose rates. It was hoped 

Results 

The yields of the major products, as well as 
C,F1,H and C6F,,.C6H1,, are shown in Figs. 1 
and 2 for the radiolysis of cyclohexane in the 
presence of PCH. The open symbols are for a 
dose rate of 6 x loz7 eV/g s and a dose of 4.2, 
x loZ0 eV/g. The closed symbols are for a dose 
rate of 3.7 x loz7 eV/g s and a dose of 2.6, x 
lo2' eV/g. Hydrogen yields were reduced on 
adding PCH much as they were on adding N 2 0  
to cyclohexane under similar conditions (7), but 
cyclohexene and dicyclohexyl were also reduced. 
Undecafluorocyclohexane was produced, al- 
though in smaller yields than at conventional 
dose rates (4), and a new product, C6Fl,.C,H11, 
was produced in measurable yield. The ratio of 
c,F,,.c,H,, to C6Fl,H was-constant over the 

IA.E.C.L. No. 3496. 
2Present address: Materials Science Branch, Whiteshell range of scavenger concentrations used. Perfluo- 

Nuclear Research Establishment, Pinawa, Manitoba. rodicyclohexyI was produced with a yield of 
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assumed that geminate recombination is un- 
affected by high dose rates (7). If a dose of 5 x 
loz0 eV/g is delivered in an infinitesimally small 
time, and, if the concept of spurs has any validity 
in hydrocarbons, then spur centers will be 
separated by 50 A at t = 0, assuming that the 
average energy per spur is 50 eV. However, the 
pulse has a half-width of 25 ns and a total width 
of 100 ns. Hunt and Thomas (10) have shown 
that most geminate ions recombine in a few ns. 
More recently, Rzad et al. (1 l), using the data of 
Thomas et al. (12), have calculated that 50% of 
the biphenyl anions formed in dilute solutions 

C,F,, ( m o l e s l l )  of biphenyl in cyclohexane decay in + ns. The 
FIG. 1. Hydrogen, C6FllH, and C6Fll~C6Hll yields other 5O% decay somewhat more slowly, but 

from the radiolysis of cyclohexane with PCH. Open sym- only 4 % of the ions survive at 170 ns. Therefore, 
bols for a rate of eV/g and a dose of our interaction centers or spurs are separated, on 4.2, x loz0 eV/g, filled symbols for a dose rate of 3.7 x 
loz7 eV/g s and a dose of 2.60 x loZ0 eV/g. the average, by at least 100 A, which is of the 

order of the effective thermalization distance in 
n-hexane (13). Thus, at Febetron dose rates, 
neutralization processes are unaffected by the 
high dose rate. Therefore, all the dose rate effects 
reported are assumed to be due to radical-radical 
interactions, and the large yield of C6F11~C6Hll 
is taken as evidence that C6F1, is produced as a 
product of the neutralization process. 

The production of C,F,, takes place in reac- 
tions summarized by [la]. This might occur by 
reaction [la] directly, or by dissociation of an 
excited state of PCH as suggested by Warman 
et al. (6). 

0 0 1 0 2 

C,c, (moles / l )  
[2] C6F12- + C6Hiz' J CBFIZ* CsHiz 

- .- 
[3 1 C6Fl2* J C6F11.+ F. 

FIG. 2. Cyclohexene and dicyclohexyl yields from the 
radiolysis of cyclohexene with PCH. The filled and open Rajbenbach (3) has suggested that a possible 
symbols have the same significance as in Fig. 1. reaction sequence is 

- 0.05 G units at 0.2 M PCH. Perfluorocyclo- [4] C6Flz- + CsHlz -t C6Fll- + C6Hli. + HF 

hexene could not be determined as it was not 151 C6Fll- + CsH12+ + C6FllH + C6Hll. 
separated from PCH on our column. Our results suggest that if reaction [4] occurs, it is 

followed by simple neutralization, reaction [6], 
Discussion rather than by reaction r51. - 2 

No C6Fl,~C6H,, is produced at low dose rates 
(4), demonstrating that neutralization does not [61 C6F11- + C6H12+ + CsFl1. + C6H12 

give this product directly. At Febetron dose rates A complete analysis of the data is not possible 
( l ~ ' ~ - l O ' ~  eV/g s) C6Fl1.C6H,, is produced. at the present time because of the lack of rate 
This might occur either by a change in the neu- constant data and because the yields from the 
tralization process or by radical combination. radiolysis of pure cyclohexane at Febetron dose 

At high scavenger concentrations we are rates could only be accounted for to within 15 % 
dealing with electron scavenging which affects (7). However, it was noted that the C6F,, yield, 
geminate recombination (6). Boyd el al. have measured as G(G6F,,H) plus G(C6F,,.C6Hll), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 503 

is 1.9 G units with 0.2 M PCH, which is a smaller units of C6F1,. The ratio k,,/k,, is unknown, but 
yield than the 3.2 G units obtained at - 1016 it is unlikely that reaction [9a] accounts for more 
eV/g s with 0.2 M PCH. This smaller yield may be than a few tenths of a G unit of C6Fll. Hence 
explained if some radical-radical reactions most of the smaller measured C6F,, yield is likely 
possible at high dose rates are considered due to reaction [7a]. 

[7a1 H. + C ~ F I I  + H F  f C ~ F I O  
The advice and assistance of A. W. Boyd, C. Willis, 

[7b 1 + CsFl iH and D. A. Armstrong, particularly with regard to 
dosimetry, and comments on this manuscript by A. W. 

[gal C ~ H I I .  CBFI 1' + C ~ F I I . C ~ H I  I Boyd, D. R. Smith, and C. Willis are gratefully acknowl- 
edged. 

[8bl CsHllF + CsFlo 

[gel + CBFIIH 4- c6H1o 1. L. A. RAJBENBACH. J. Amer. Chem. Soc. 88, 4275 
(1966). 

[9a1 C ~ F I  1. + C ~ F I  1. + CBFI I .C~FII  2. N .  H. SAGERT. Can. J. Chem. 46, 95 (1968). 
3. L. A. RAJBENBACH. J. Phys. Chem. 73, 356 (1969). 

[9b I + c6F12 + CsFlo 4. N. H. SAGERT, J. A. REID, and R. W. ROBINSON. 
Can. J. Chem. 47, 2655 (1969). 

The normal abstraction reaction of C6F, ,, reac- 5. M. M. BIBBY and G. CARTER. Trans. Faraday Soc. 
59, 2455 (1963). [lo] may Occur to some extent, 6 ,  J. M. WARMAN, K,-D. AsMUS, and R. H. SCHULER. 

[ l o ]  CsFll + C ~ H I ~  4 C ~ F I I H  + C6Hll 
Advan. Chem. Ser. 82, 25 (1968). 

7 .  A. W. BOYD, C. WILLIS 0. A. MILLER, and A. E. 
ROTHWELL. Advan. Chem. Ser. 82,456 (1968). 

if an analogy may be drawn with C2F5 radicals 8. C. WILLIS, 0. A. MILLER, A. E. ROTHWFLL, and 
(14), it probably has an activation energy of 5 to A. W. BOYD. Radiation Res. 35, 428 (1968). 

7 kcal/mole and hence will be slow compared with j N 2 8 ~ i ~ ~ o R T  and A. S. Can. 463 

reactions [7] to [9]. Fluorine atoms are known l o .  J. w. HUNT and J. K. THOMAS. J. Chem. ~ h y s .  46, 
2954 (1967). to reaft very with (I5), so 11. S. J RzAD, p p iNrELTA, J M. WARMAN, and R. H radical-radical reactions involving them have not sCHULER. J. them. phys. 50, 5034 (1969). 

been considered. Furthermore, the reaction 12. J. K. THOMAS, K. JOHNSON, T. KLPPERT, and R. 
LOWERS. J. Chem. Phys. 48, 1608 (1968). analogous to reaction [8bl has not been observed 13. A. MoZUMDER and J. L. MAGEE. J. Chem. Phys. 

for the reaction of C2F5 radicals with C2H5 47, 939 (1967). 
radicals (14) so it is probably of minor impor- 14. R. L. THOMMARSON and G. 0. PRITCHARD. 3. Phys. 

Chem. 76, 2307 (1966). tance. Reaction P a l  has a yield of 0.05 G units at 15. G. C. FEnrs and j. H. KNOX. progr. Reaction 
0.2 M PCH and thus accounts for only 0.1 G Kinetics, 2, 1 (1964). 

Erratum: The critical constants and orthobaric densities of acetone, 
chloroform, benzene, and carbon tetrachloride 

A. N. CAMPBELL AND R. M. CHATTERJEE 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received October 27, 1969 

Canadian Journal of Chemistry, 48, 503 (1970) 

On p. 3897, the constants A, B, C, and D for the lo3, - 7.418258 x low3, and + 5.463349 x low6 
Cragoe equation given in Table V should be, for carbon tetrachloride. 
respectively, +2.217305, -7.035'734 x lo2, On p. 3898, line 15 in the left hand column 
+ 1.005633 x lo-', and -6.508827 x for should read x = (2T - (T,,, + T,,,) ) I (T,,, 
benzene and +1.062382 x 10, -2.033738 x - Tmin)* 
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is 1.9 G units with 0.2 M PCH, which is a smaller units of C6F1,. The ratio k,,/k,, is unknown, but 
yield than the 3.2 G units obtained at - 1016 it is unlikely that reaction [9a] accounts for more 
eV/g s with 0.2 M PCH. This smaller yield may be than a few tenths of a G unit of C6Fll. Hence 
explained if some radical-radical reactions most of the smaller measured C6F,, yield is likely 
possible at high dose rates are considered due to reaction [7a]. 

[7a1 H. + C ~ F I I  + H F  f C ~ F I O  
The advice and assistance of A. W. Boyd, C. Willis, 

[7b 1 + CsFl iH and D. A. Armstrong, particularly with regard to 
dosimetry, and comments on this manuscript by A. W. 

[gal C ~ H I I .  CBFI 1' + C ~ F I I . C ~ H I  I Boyd, D. R. Smith, and C. Willis are gratefully acknowl- 
edged. 

[8bl CsHllF + CsFlo 

[gel + CBFIIH 4- c6H1o 1. L. A. RAJBENBACH. J. Amer. Chem. Soc. 88, 4275 
(1966). 

[9a1 C ~ F I  1. + C ~ F I  1. + CBFI I .C~FII  2. N .  H. SAGERT. Can. J. Chem. 46, 95 (1968). 
3. L. A. RAJBENBACH. J. Phys. Chem. 73, 356 (1969). 

[9b I + c6F12 + CsFlo 4. N. H. SAGERT, J. A. REID, and R. W. ROBINSON. 
Can. J. Chem. 47, 2655 (1969). 

The normal abstraction reaction of C6F, ,, reac- 5. M. M. BIBBY and G. CARTER. Trans. Faraday Soc. 
59, 2455 (1963). [lo] may Occur to some extent, 6 ,  J. M. WARMAN, K,-D. AsMUS, and R. H. SCHULER. 

[ l o ]  CsFll + C ~ H I ~  4 C ~ F I I H  + C6Hll 
Advan. Chem. Ser. 82, 25 (1968). 

7 .  A. W. BOYD, C. WILLIS 0. A. MILLER, and A. E. 
ROTHWELL. Advan. Chem. Ser. 82,456 (1968). 

if an analogy may be drawn with C2F5 radicals 8. C. WILLIS, 0. A. MILLER, A. E. ROTHWFLL, and 
(14), it probably has an activation energy of 5 to A. W. BOYD. Radiation Res. 35, 428 (1968). 

7 kcal/mole and hence will be slow compared with j N 2 8 ~ i ~ ~ o R T  and A. S. Can. 463 

reactions [7] to [9]. Fluorine atoms are known l o .  J. w. HUNT and J. K. THOMAS. J. Chem. ~ h y s .  46, 
2954 (1967). to reaft very with (I5), so 11. S. J RzAD, p p iNrELTA, J M. WARMAN, and R. H radical-radical reactions involving them have not sCHULER. J. them. phys. 50, 5034 (1969). 

been considered. Furthermore, the reaction 12. J. K. THOMAS, K. JOHNSON, T. KLPPERT, and R. 
LOWERS. J. Chem. Phys. 48, 1608 (1968). analogous to reaction [8bl has not been observed 13. A. MoZUMDER and J. L. MAGEE. J. Chem. Phys. 

for the reaction of C2F5 radicals with C2H5 47, 939 (1967). 
radicals (14) so it is probably of minor impor- 14. R. L. THOMMARSON and G. 0. PRITCHARD. 3. Phys. 

Chem. 76, 2307 (1966). tance. Reaction P a l  has a yield of 0.05 G units at 15. G. C. FEnrs and j. H. KNOX. progr. Reaction 
0.2 M PCH and thus accounts for only 0.1 G Kinetics, 2, 1 (1964). 

Erratum: The critical constants and orthobaric densities of acetone, 
chloroform, benzene, and carbon tetrachloride 

A. N. CAMPBELL AND R. M. CHATTERJEE 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received October 27, 1969 

Canadian Journal of Chemistry, 48, 503 (1970) 

On p. 3897, the constants A, B, C, and D for the lo3, - 7.418258 x low3, and + 5.463349 x low6 
Cragoe equation given in Table V should be, for carbon tetrachloride. 
respectively, +2.217305, -7.035'734 x lo2, On p. 3898, line 15 in the left hand column 
+ 1.005633 x lo-', and -6.508827 x for should read x = (2T - (T,,, + T,,,) ) I (T,,, 
benzene and +1.062382 x 10, -2.033738 x - Tmin)* 
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Electron spin resonance study of trapped electrons in irradiated organic 
glasses at 4.2 O K  

HIROSHI YOSHIDA' AND TAKENOBU HIGASHIMURA 
Research Reactor Institute, Kyoto University, Kumatori-cho, Sennan-gun, Osaka, Japan 

Received June 23, 1969 

Electron spin resonance of electrons trapped in organic glasses, ethanol, 2-methyltetrahydrofuran, 
and 3-methylhexane were studied at the four different conditions (combination of irradiation with 
y-rays and measurement at both 77 and 4.2 OK). It was evident that the spectral width, AH,,,,, changes 
irreversibly when the glasses are warmed up to 77 "K after the irradiation at 4.2 OK: from 6.7, 5.6, 
and 4.5 to 14, 4.4, and 4.0 G for ethanol, 2-methyltetrahydrofuran, and 3-methylhexane, respectively. 
These observations strongly support Smith and Pieroni's (4) suggestion that the molecular orientation 
is not a necessary condition for electrons to be trapped in the irradiated organic glasses. 

Canadian Journal of Chemistry, 48, 504 (1970) 

Introduction 
Electrons trapped in organic glasses irradiated 

by ionizing radiations have been extensively 
studied by means of the electron spin resonance 
(e.s.r.) technique as well as by optical absorption 
measurements. Although the reactions of the elec- 
trons with several solutes added to the glasses have 
now been comprehended (see, for example, ref. I), 
the trapping mechanism of the electrons has not 
yet been fully elucidated. Recently, Ekstrom and 
Willard reported the dependence of both e.s.r. 
spectral width and optical absorption maximum 
of the trapped electrons upon the polarity of the 
matrix molecules, inferring that the electrons are 
trapped in pre-existing cavities in the glasses at 
77 OK (2). Yoshida and co-workers suggested, as 
a result of an e.s.r. study, that it is possible for the 
electron trapping (due to the electronic polariza- 
tion of the matrix molecules) to occur also in the 
non-polar glass of 3-methylpentane (3). 

When the organic glasses are irradiated at a 
temperature so low that the molecular rearrange- 
ment is restricted, the mechanism of the electron 
trapping might be further clarified from the 
observed e.s.r. spectra and optical absorption. 
Smith and Pieroni carried out an e.s.r. investiga- 
tion by irradiating at 4.2 OK and by measuring at 
the same temperature, and found the spectral 
widths of the trapped electrons to be different 
from those observed by both irradiating and 
measuring at 77 OK (4). From the results, they 
suggested that the molecular orientation is not a 
necessary condition for the electrons to be 
trapped in the glasses. However, evidence seems 

'Present address: Faculty of Engineering, Hokkaido 
University, Sapporo, Japan. 

to be needed to show that the difference in the 
spectral widths is not due to their reversible 
dependence upon temperature but due to the 
irreversible change of the surroundings by the 
raising temperature. 

In the present investigation, the e.s.r. spectra of 
the trapped electrons in polar glasses of ethanol 
and 2-methyltetrahydrofuran and in non-polar 
glass of 3-methylhexane were studied with irradia- 
tion and measurement both at 4.2 and 77 OK. In 
addition to the reconfirmation of the difference in 
the spectral widths, it was proved that the differ- 
ence actually resulted from the irreversible change 
of the surroundings. 

Experimental 
2-Methyltetrahydrofuran and 3-methylhexane were 

purified by the procedure described before (5). After the 
usual purification treatments, ethanol was dried by BaO 
in the final stage. The dried samples were transferred to 
the e.s.r. sample tubes of pure quartz by trap-to-trap 
distillation, sealed under vacuum at better than lov4  mm 
Hg, and irradiated by 60Co y-rays in the dark. 

The cryostats were of two different types, the cavity- 
in-Dewar type (JEOL Co. Model JES-LHC-IX) and the 
Dewar-in-cavity type designed by the authors (6). The 
irradiation at 4.2 "K was carried out with the former 
cryostat containing the sample, followed by the measure- 
ments at 4.2 "K and then at 77 OK, the change of tem- 
perature being achieved by replacing liquid helium with 
liquid nitrogen. For measurements at 4.2 "K after 
irradiation at 77 OK, the samples were quickly transferred 
from a liquid nitrogen Dewar vessel to the latter cryostat 
without getting warmed. 

The e.s.r. measurements were carried out with a con- 
ventional X-band spectrometer using 100 kc.p.s. mag- 
netic field modulation when the Dewar-in-cavity type 
cryostat was used, and 80 c.p.s. modulation when the 
cavity-in-Dewar type cryostat was used. Distortion of the 
signal by fast passage effect was looked for by making 
observations, especially at 4.2 OK, at several values of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 

TABLE 1 
Line width of the e.s.r. singlet spectrum of the trapped electrons in y-irradiated organic 

glasses in different temperature conditions 

Irradiation at 77 OK, Irradiation at 4.2 OK, 
measurement at measurement at 

Glasses 77 "K 4.2 "K 4.2 "K 77 OK 

Ethanol* 14.3 14 1 1  - - 
2-Methyltetrahydrofuran* 4 . 4 i 0 . 1  4.6+0.1 5.6 4.4 
3-Methylhexane* 4.0 3 . 9 k 0 . 2  4.5 4.0 

Ethanol? 14 - 6.7 - 
2-Methyltetrahydrofurant 4.5 - 6.3 - 
3-Methylpentanet 3 . 7  - 4.9 - 

*This work. 
?Reference 4. 

modulation amplitude (H,) and microwave power inci- 
dent on the resonance cavity. Under the conditions used 
(H, = 1.0 - 0.2 6,  microwave power of 1 and 10 pW 
for the 80 c.p s. and 100 kc.p.s. modulation), no effects 
of fast passage on spectral width appeared to occur. 

Results and Discussion 
Observed e.s.r. spectra for 2-methyltetrahydro- 

furan are shown representatively in Fig. 1. In all 
conditions examined, the sharp singlet spectra 
due to the trapped electrons are observable at the 

central portion of the recorded signals. The width 
of a singlet spectrum is determined as that 
between the maximum and the minimum points 
of the recorded derivative curves (peak-to-peak 
width, AH,,). Similar spectra of the trapped 
electrons are also observed from the glasses of 
ethanol and 3-methylhexane. The observed 
values of AH,, are listed in Table 1, values 
reported by Smith and Pieroni (4) are cited for 
comparison. 

According to previous report (4), electrons in 
the ethanol glass give spectrum of width 6.7 G at 
4.2 "K, in contrast to 14 G when examined at 
77 "K. In the present investigation, lowering the 
temperature of the glass to 4.2 "K after the 
irradiation at 77 OK does not cause the change in 
the width. These two observations, independent 
of each other, lead to the following conclusions; 
(a) the trapped electrons in the glass once warmed 
to 77 "K, show a width of 14 G which is indepen- 
dent of the measuring temperature, and (b) the 
surroundings of the trapped electrons in the glass 
irradiated at 4.2 OK change during the course of 
warming to 77 OK. Conclusion (b), already sug- 
gested in ref. 4, is further supported by con- 
clusion (a). The change of the surroundings has 
probably resulted from the orientation of the 
ethanol molecules induced by the electrons 
themselves, so that the H atoms of the hydroxyl 
groups come closer to the electrons, giving the 
stronger hyperfine interaction and the wider e.s.r. 

FIG. 1. The e.s.r. spectra of 2-methyltetrahydrofuran spectrum. 
irradiated xHith y-rays up to the dose of 1.7 x 105 If one Supposes a fairly C O ~ ~ ~ ~ U O U S  distribution 

rads. Irradiated at 77 "K and measured with the modula- of trap depths in the glass, an alternative inter- 
tion frequency of 100 Kc.p.s. (A) at 77 "K and (B) at 
4.2 OK, ( C )  irradiated and measured at 4.2 "K with the pretation may be possible. The gener- 
modulation frequency of 80 c.p.s. ated at 4.2 "K n a y  then populate some shallow 
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traps. When the temperature is raised to 77 OK, 
these shallow traps can be irreversibly depopu- 
lated as the electrons move to deeper traps. As a 
matter of fact, Dainton et al. (7), Ershov et al. (8), 
and Hase (9) demonstrated, from optical experi- 
ments, the irreversible change in the electron 
environment when the electrons were partially 
bleached, suggesting the distribution of the trap 
depths. If this is also the case here, the number of 
the traps available for the electrons at 4.2 OK 

should be larger than the number at 77 OK. How- 
ever, no sign of increase of the trapped electrons 
yield by irradiation at  the lower temperature is 
observed. Therefore, the irreversible change in 
the surroundings of the trapped electrons seems 
to be due to the orientation of the matrix mole- 
cules rather than to the migration of the electrons 
to the deeper traps. 

As reported previously (2, lo), the trapped 
electrons in the irradiated 2-methyltetrahydro- 
furan glass give the width of 4.4 G when examined 
at  77 OK. However, a somewhat broader spectrum 
(AH,, = 5.6 6) is observed by both irradiating 
and measuring at 4.2 OK. Raising the temperature 
to 77 "K causes a narrowing of the width to 4.4 6, 
which is in agreement with the width observed 
with the irradiation at 77 OK. On the other hand, 
lowering the temperature from 77 OK causes no 
change of width. Therefore, the change in the 
width is attributed to the irreversible orientation 
of the matrix molecules when the molecules 
acquire their mobility. 

When the 3-methylhexane glass is irradiated at 
77 OK, the electrons are stably trapped and give 
rise to spectrum of width 4.0 G. This value agrees 
with the previously reported one (1 1). Here too, 
a larger value of AH,,, 4.5 6, is obtained by both 
irradiating and measuring at 4.2 OK. The varia- 
tion of width with temperature is qualitatively the 
same as that for the 2-methyltetrahydrofuran 
glass. 

In contrast to the broadening of the spec t r~~m 
width for the ethanol glass, narrowing of the width 
is observed for the 2-methyltetrahydrofuran and 
3-methylhexane glasses when the irradiated 
samples are warmed from 4.2 to 77 OK. This is 
reasonably interpreted by the bond moment of 
the matrix molecule; the sign of the bond moment 
__f - 
6-43 (-0.4 D) is opposite to that of 0-W 
(1.5 D) (see, for example, ref. 12). Hence, the H 

atoms in the methylene groups tend to depart 
from the trapped electrons, because of their slight 
but excess negative charge, resulting in weaker 
hyperfine interaction and the broader e.s.r. 
spectra. 

According to the results so far mentioned, it is 
concluded that, not only in non-polar glass but 
also in polar glass, the electrons liberated from 
the matrix molecules by ionizing radiations may 
be trapped with or without molecular orientation. 
Smith and Pieroni reached a similar conclusion 
(4). The results also lead to the conclusion that 
the width of the e.s.r. spectra of the trapped 
electrons is independent of measuring tempera- 
ture, after completion of molecular orientation. 

Smith and Pieroni suggested that the yield of 
the trapped electrons was independent of the 
irradiation temperature (4). In the present in- 
vestigation, the yield at 4.2 OK was found to be 
smaller (112 - 113) than that at 77 OK. However, 
this result should be examined further, before 
being considered conclusive, because of the ex- 
perimental difficulties of measuring the absolute 
intensity of the spectra at 4.2 OK. 

The authors express their sincere thanks to Dr. T. Iwai 
of Ube Industries Ltd. for the use of experimental 
facilities in FAPIG Laboratory, where a part of the 
investigation with the irradiation at 4.2 "K was carried 
out. 
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NOTES 

Kinetics of tbe reaction of glycine with Nethylmaleimide 

JAMES LESLIE 
Department of Pharmaceutical Chemistry, School of Pharmacy, University of Maryland, Baltimore, Maryland 21201 

Received August 11, 1969 

The rate law for the reaction of glycine with N-ethylmaleimide (NEM) has been determined to be 
-d(NEM)/dt = k(NEM)(glycine)/a,+, which is consistent with a rate-controlling reaction of an 
unprotonated amino group with the N-ethylmaleimide. The rate constant, k, has the value 3.7 x 10-l1 
min-' at 25". 

Canadian Journal of Chemistry, 48, 507 (1970) 

The reaction of N-ethylmaleimide with sulf- 
hydryl compounds is frequently used for the 
chemical modification of proteins and in the 
quantitative determination of sulfhydryl groups 
(1). However, N-ethylmaleimide can also react 
with amino groups and imidazole derivatives 
(2-6) at a rate which may be comparable to the 
rate of reaction of this reagent with the sulfhydryl 
groups in proteins (4). We have been interested in 
the rate of reaction of N-ethylmaleimide with 
sulfhydryl groups in proteins, and so we examined 
the kinetics of the reaction of N-ethylmaleimide 
with glycine. We wish to report the results since 
few quantitative studies have been made on this 
reaction. 

Experimental 
The reaction of N-ethylmaleimide with glycine, both 

used as obtained from Nutritional Biochemicals Corpo- 
ration, was followed by measuring the rate of decrease in 
absorbance of the maleimide at 300 mp. All absorbance 
measurements were made in 1 cm cells at 25 k lo in a 
Beckman DU-2 spectrophotometer with a slit width fixed 
at 0.5 mm. Measurements of p H  were made on the 
reaction mixture using a Beckman Zeromatic p H  meter 
fitted with a thin combination electrode and standardized 
with commercial buffers. Solutions of glycine (in 0.1 M 
phosphate buffer with KC1 added to maintain an approxi- 
mate constant ionic strength) and N-ethylmaleimide were 
mixed in volumetric flasks, diluted to volume with 
buffer-KC1, and samples transferred to the spectropho- 
tometer cells where the absorbance was measured at 
appropriate time intervals. 

Results and Discussion 
In all experiments glycine was present in much 

higher concentrations than the N-ethylmaleimide. 
Linear plots were obtained when the logarithm of 
the absorbance of the N-ethylmaleimide was 
plotted vs. time, and the slope of the lines obtained 
remained constant when the initial concentration 
of N-ethylmaleimide was varied 6fold, indicating 

a first-order disappearance of the reagent. The 
rate constant was calculated from the slopes of 
the lines. These pseudo first-order rate constants 
were determined for a series of glycine concentra- 
tions and hydrogen ion activities, when it was 
observed that the first-order rate constant was 
directly proportional to the glycine concentration 
and inversely proportional to the hydrogen ion 
activity. These observations suggest the rate law 
in eq. [I],  in which a,+ is the hydrogen ion 
activity, and (NEM) is the concentration of 

N-ethylmaleimide. However, in addition to react- 
ing with glycine, N-ethylmaleimide undergoes 
hydrolysis at a rate which may be expressed by 
eq. [2]. The overall disappearance of N-ethyl- 

maleimide is then described by eq. [3]. At 

constant glycine concentration and hydrogen ion 
activity eq. [3] reduces to a first-order rate 
equation with an observed rate constant k,. This 
first-order rate constant is related to the hydrogen 
ion activity and the glycine concentration by 
eq. [4]. Interpolation of the data of Gregory (7) 

[4] k ,  = k,/a,+ + k,(glycine)/a,+ 

yields a value of 2.0 x 10-l1rnin-I for k, .  
Table 1 shows typical results obtained for the 
reaction over a range of glycine concentrations 
and hydrogen ion activities. The constancy of the 
values for Ic,, 36.95 f 1.36 (standard deviation), 
shows that eq. [ I ]  describes the kinetics of the 
reaction of glycine with N-ethylmaleimide. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



508 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 The rate constants were determined for glycine 
Rate constants for the reaction of glycine with but it is unlikely that the amino groups of other 

N-ethylmaleimide* amino acids would differ greatly from the value 
observed for glycine. This was not determined in 

Hydrogen 
ion activity Glycine kl 103 k ,  1010 the present work but it is indicated by the less 
a,+ x lo7 (M) KC1 (M) (min-'1 (min-'1 quantitative studies of Riggs (8) which showed 

1.55 0.16 0.26 3.76 35.2 
that histidine, valine, serine, and glycine reacted 

1.59 0.32 0.13 7.66 37.4 with N-ethylmaleimide at similar rates. However, 
1.59 0.48 - 10.86 

- 
35.5 constants cannot be calculated from his data as 

4.47 0.40 3.40 
2.04 0.40 - 7.71 : presented. At p H  7 and 0.1 M glycine one can 
1.12 0.40 - 13.50 37.4 calculate a rate constant of 3.7 x min-I for 

*All measurements were made In 0 1 M phosphate. The lnlt~al N- the N-eth~lmaleimide$ whereas 
ethylmale~m~de concentration was about 7.5 X M. Temperature it be 9.2 x 105 min- 1 under similar 
25 + lo. 

conditions for the reaction with the sulfhydryl 
group of cysteine (9). 

The observed rate law can be explained by a 
rate-controlling reaction of the ~nprotonated 1. J. L, WEBB. Enzyme and metabolic inhibitors. Vol. 
amino group with the N-ethylmaleimide. The 111. Academic Press, New York, 1966. p. 337. 

dependency on the hydrogen ion activity is thus 2. D. G. SMYTH, A. NAGAMATSU, and J. S. FRUTON. 
J. Amer. Chem. Soc. 82, 4600 (1960). 

explained since this would determine the amount 3. c. F. BREWER and J. P. RIEHM. Anal. Biochem. 18, 
of the amino group present in the unprotonated 248 (1967). 

4. D. G. SMYTH, 0.0. BLUMENFELD, and W. H. KONIGS- form. The rate law is consistent with a mechanism Biochem. J. 91, 589 (1964). 
in which thereis a nucleophilic attack of the amino 5. D. 6. SMYTH and D. F. ELLIOTT. Analyst 89, 81 

(1964) group On the N-eth~lmaleimide (2)' 6. G. G&DoTTI and W. K o ~ I ~ s B E R ~ .  J. Biol. Chem, reactions would indicate that the product would 239, 1474 (1964). 
be N-(l-ethyl-2,5-dioxopyrrolidine-3-yl)glycine 7. J. D. GREGORY. J. Amer. Chem. Soc. 74,3922 (1955). 
(41, although in this work the product was not 8. A. RIGS. J. Bid. Chem. 236, 1948 (1961). 

9. G. GORIN, P. A. MARTIC, and G. DOUGHTY. Arch. 
isolated and identified. Biochem. Biophys. 115, 593 (1966). 

Photoreaction of nitroso compounds in solution.' XIII. 
Photo-oxidation of alkyB nitrites 

Y .  k. CHOW, T. HAYASAKA, AND J. N. S. TAM 
Department of Chemistry, Simon Fraser Uniuersity, Burnaby 2, British Columbia 

Received August 14, 1969 

Photolysis of l-pentyl and menthyl nitrites in the presence of oxygen were shown to give mainly the 
oxidized rearrangement products 4-nitratopentyl and 10-nitratomenthyl derivatives in disagreement with 
the published report (2). Under the photo-oxidation conditions, menthyl nitrite also gave 10-nitrosomen- 
thy1 derivatives which were also shown to be photo-oxidized to 10-nitratomenthyl derivatives. The photo- 
oxidation products were conveniently reduced to the corresponding diols and were, in turn, identified as 
bisbenzoate. 
Canadian Journal of Chemistry, 48, 508 (1970) 

I t  has been reported that photolysis of I-octyl or the oxidation product therefrom (2). The 
nitrite in the presence of oxygen gave l-octyl report implies that bimolecular oxidation pro- 
nitrate as the major product but no rearranged cesses leading to l-octyl nitrate are far faster (by 
product such as the dimer of 4-nitrosooctanol 100 times at minimum) than the intramolecular 

hydrogen-nitroso group exchange reaction (3) 

lFor the preceding paper (Part XII) in this series, see which is the major reaction in the absence of 
ref. 1.  oxygen. In contrast we have demonstrated (1) 
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TABLE 1 The rate constants were determined for glycine 
Rate constants for the reaction of glycine with but it is unlikely that the amino groups of other 

N-ethylmaleimide* amino acids would differ greatly from the value 
observed for glycine. This was not determined in 

Hydrogen 
ion activity Glycine kl 103 k ,  1010 the present work but it is indicated by the less 
a,+ x lo7 (M) KC1 (M) (min-'1 (min-'1 quantitative studies of Riggs (8) which showed 

1.55 0.16 0.26 3.76 35.2 
that histidine, valine, serine, and glycine reacted 

1.59 0.32 0.13 7.66 37.4 with N-ethylmaleimide at similar rates. However, 
1.59 0.48 - 10.86 

- 
35.5 constants cannot be calculated from his data as 

4.47 0.40 3.40 
2.04 0.40 - 7.71 : presented. At p H  7 and 0.1 M glycine one can 
1.12 0.40 - 13.50 37.4 calculate a rate constant of 3.7 x min-I for 

*All measurements were made In 0 1 M phosphate. The lnlt~al N- the N-eth~lmaleimide$ whereas 
ethylmale~m~de concentration was about 7.5 X M. Temperature it be 9.2 x 105 min- 1 under similar 
25 * lo. 

conditions for the reaction with the sulfhydryl 
group of cysteine (9). 

The observed rate law can be explained by a 
rate-controlling reaction of the ~nprotonated 1. J. L, WEBB. Enzyme and metabolic inhibitors. Vol. 
amino group with the N-ethylmaleimide. The 111. Academic Press, New York, 1966. p. 337. 

dependency on the hydrogen ion activity is thus 2. D. G. SMYTH, A. NAGAMATSU, and J. S. FRUTON. 
J. Amer. Chem. Soc. 82, 4600 (1960). 

explained since this would determine the amount 3. c. F. BREWER and J. P. RIEHM. Anal. Biochem. 18, 
of the amino group present in the unprotonated 248 (1967). 

4. D. G. SMYTH, 0.0. BLUMENFELD, and W. H. KONIGS- form. The rate law is consistent with a mechanism Biochem. J. 91, 589 (1964). 
in which thereis a nucleophilic attack of the amino 5. D. 6. SMYTH and D. F. ELLIOTT. Analyst 89, 81 

(1964) group On the N-eth~lmaleimide (2)' 6. G. G&DoTTI and W. K o ~ I ~ s B E R ~ .  J. Biol. Chem, reactions would indicate that the product would 239, 1474 (1964). 
be N-(l-ethyl-2,5-dioxopyrrolidine-3-yl)glycine 7. J. D. GREGORY. J. Amer. Chem. Soc. 74,3922 (1955). 
(41, although in this work the product was not 8. A. RIGS. J. Bid. Chem. 236, 1948 (1961). 

9. G. GORIN, P. A. MARTIC, and G. DOUGHTY. Arch. 
isolated and identified. Biochem. Biophys. 115, 593 (1966). 

Photoreaction of nitroso compounds in solution.' XIII. 
Photo-oxidation of alkyB nitrites 
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Department of Chemistry, Simon Fraser Uniuersity, Burnaby 2, British Columbia 

Received August 14, 1969 

Photolysis of l-pentyl and menthyl nitrites in the presence of oxygen were shown to give mainly the 
oxidized rearrangement products 4-nitratopentyl and 10-nitratomenthyl derivatives in disagreement with 
the published report (2). Under the photo-oxidation conditions, menthyl nitrite also gave 10-nitrosomen- 
thy1 derivatives which were also shown to be photo-oxidized to 10-nitratomenthyl derivatives. The photo- 
oxidation products were conveniently reduced to the corresponding diols and were, in turn, identified as 
bisbenzoate. 
Canadian Journal of Chemistry, 48, 508 (1970) 

I t  has been reported that photolysis of I-octyl or the oxidation product therefrom (2). The 
nitrite in the presence of oxygen gave l-octyl report implies that bimolecular oxidation pro- 
nitrate as the major product but no rearranged cesses leading to l-octyl nitrate are far faster (by 
product such as the dimer of 4-nitrosooctanol 100 times at minimum) than the intramolecular 

hydrogen-nitroso group exchange reaction (3) 

lFor the preceding paper (Part XII) in this series, see which is the major reaction in the absence of 
ref. 1.  oxygen. In contrast we have demonstrated (1) 
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that the intramolecular hydrogen-nitroso group 
exchange reaction is much faster than oxidation 
processes in the photo-oxidation of N-nitroso-N- 
hexylacetamide yielding 4-nitratohexylacetamide 
in good yield. It has been well established that, 
in both photoreactions in the absence of oxygen, 
the formations of alkoxy and amido radicals are 
the primary step followed by an intramolecular 
hydrogen transfer (3, 4). As there was very little 
reason to believe that the hydrogen transfer to an 
alkoxy r~dica! should be slower than that to an 
amido radical, photolyses of 1-pentyl and men- 
thy1 nitrites (la, b) in the presence of oxygen were 
therefore ~nvestigated. 

In the presence of oxygen, 1-pentyl nitrite (la) 
was slowiy photolyzed to a mixture showing 
strong absorption for a nitrate group (1620, 1280, 
and 870 cm-I). The major part of the product 
consisted of highly polar compounds and could 
not be separated on a silicic acid column. Less 
polar fractions were, however, partially separated 
to give semi-pure 1,4-pentandiol dinitrate (2, 
9.5 %), 4-nitratopentanal (3, 5.5 %), and 4-nitra- 
topentanol (4, 12.5 %). Due to the instability of 
these oily nitrates, attempted purification by 
various methods failed. The nuclear magnetic 
resonance (n.m.r.) spectra, however, show the 
terminal methyl signals as doublets indicating 
that the nitrate group is located at C-4 in 2,3, and 
4. The crude photolysate was therefore reduced 
with lithium aluminum hydride and benzoylated 
to give pentan-1,4-diol bisbenzoate (5). 

Photolysis of menthyl nitrite (lb) under the 
same conditions turned out to be less amenable 
giving a complex mixture probably due to forma- 
tion of stereoisomers. Only 10-nitratomenthone 
(6) could be obtained after extensive purification 
of less polar fractions. Reduction with lithium 
aluminum hydride of the crude product and 
subsequent benzoylation gave 10-benzoyloxy- 
menthyl benzoate (7) and 10-benzamidomenthyl 
benzoate (8) in addition to two impure fractions. 
The last two impure fractions are assumed to be 
epimers of '7 since the infrared (i.r.), n.m.r., and 
mass spectra are very similar to those of 7. The 
isolation of 6-8 clearly demonstrated that the 
10-methyl group had been functionalized as the 
nitrosomethyl (-CH2NO) and nitratomethyl 
(-CH20N0,) group as the result of the photo- 
lysis. It should be pointed out that the 10-hydro- 
gen atom nitroso (or nitrato) group exchange 
reaction in Ib could lead to two epimers, the 

preference of which is a priori not predictable 
since the nature of the transition state of hydrogen 
transfer is not precisely known (3, 5). The stereo- 
chemistry of 6, 7, and 8 is therefore unknown. 

I I 

The results prove that alkoxy radicals, as 
generated in the photolysis, also readily undergo 
1,5-hydrogen transfer to give a C-radical prior to 
oxidation processes. It is well known that nitric 
oxide is readily oxidized to nitrogen oxides of 
higher oxidation levels. Radical recombination 
of a C-radical with nitric oxide and .NO, leads 
to a C-nitroso compound (such as 9) and a nitrate 
(such as 10). These results are in agreement with 
the results observed in the photolysis of nitros- 
amides. The formation of oxidation products 3 
and 6 could be due to ozone generated during 
photolysis of nitrites (6). 

Thus the photolyses produce not only the 
4-nitrato compound 310 but also the 4-nitroso 
compound 9 as can be seen by the isolation of 
benzamido derivative 8, although the corre- 
sponding amide is not isolated in the photolysis 
of 1-pentyl nitrite. A C-nitroso compound is 
generally in equilibrium with the corresponding 
dimer (7) and photolabile when irradiated in 
Pyrex apparatus (8, 9). In analogy to the photo- 
oxidation of 4-nitrosohexylacetamide (I), 9 is 
expected to be transformed to 1 O efficiently under 
the photolysis conditions. This is proven in the 
following manner. When Ib was photolyzed with C
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a light source of > 330 my under nitrogen, 
intense absorption at 295 my emerged rapidly as 
the nitrite absorption at 340 my faded away. The 
former peak corresponds to well established 
absorption of a nitroso dimer (7, 8). The crude 
product showed no nitrate i.r. absorption but 
did show a strong 1180 cm-I band typical of 
trans-dimer (6, 7) of C-nitroso compound 9. On 
further irradiation of the crude product with a 
light source of > 280 mp under oxygen atmo- 
sphere, the ultraviolet (u.v.) absorption at 295 my 
disappeared. The crude product showed intense 
nitrate i.r. absorption and was worked up in the 
same way to afford 6 and 7. 

Experimental 
Infrared spectra were determined as liquid films or 

nujol mulls. The n.m.r. spectra were determined with a 
Varian A-56/60 spectrometer in CC14 with internal TMS 
reference. Mass spectra were determined at 80 eV on a 
heated inlet with Hitachi RMU-6E. The microanalyses 
were made by Dr. A. Bernhardt, West Germany. 

Synthesis of Nitrites 
1-Penty! nitrite was prepared from 1-pentanol accord- 

ing to known procedures (10). The yellow oil was dis- 
tilled at 18"/12 mm; i.r. 1640, 1460, 1050, 980, and 800 
cm-'; n.m.r. r 9.1 (3H, t, J = 6 Hz), 8.57 (6H), and 5.33 
(2H, m). A ~olution of I-menthol (m.p. 4043") in pyridine 
was treated with nitrosyl chloride (1 1) to give an oil which 
was chromatographed on a silicic acid column to give 
oily menthyl nitrite; i.r. 1635, 1450, 800, and 765 cm-l;  
n.m.r. z 4.90 (lH, m). 

Photolysis of I-Pentyl Nitrite 
( A )  A solution of 1-pentyl nitrite (2.2 g) in benzene 

(100 ml) was placed in a flat-bottom flask (Pyrex) and irra- 
diated with a G. E. Par 38 lamp for 12 h. A slow stream of 
oxygen was introduced during theirradiation. The progress 
of the reaction was followed by monitoring the decrease 
of the nitrite absorption at 371, 357, 345, and 333 mp. 
Evaporation of benzene gave an oil showing i.r. absorp- 
tion at I730 (m), 1620, 1280, and 870 cm-'. The oil was 
chromatographed on a silicic acid column to give the 
following fractions. With pure chloroform, the first frac- 
tion contains 1,4-pentanediol dinitrate (2, 350 mg) 
slightly contaminated with 4-nitratopentanal (3, 150 mg), 
and the second fraction contains nearly pure 3. Prepara- 
tive thin-layer chromatography (t.1.c.) separation did not 
effect an analytically pure sample. The impure dinitrate 
2 shows i.r. 1620, 1280, and 870 cm-'; n.m.r. z 4.83 ( lH ,  
m), 5.55 (2H, m), 8.56 and 8.61 (3H, two sets of d, J = 6 
Hz); m/e (at 15 eV) 147, 132, 115, 101, 86, and 85. The 
pentanal 3 shows i.r. 2740, 1730, 1620, 1280, and 870 
cm-'; n.m.r. r 8.64 (3H, d, J = 6 Hz), 7.97 (2H, m), 7.47 
(2H, m), 4.91 (lH, m), and 0.33 (1H, t, J = 1.5 Hz). 

A mixture of chloroform-methanol (955) elutes a 
fraction (1.14 g), a part of which (500 mg) was separated 
by preparative t.1.c. to give the major component, 4- 

nitratopentanol, (4, 347 mg); i.r. 3400, 1620, 1275, 1060, 
1010, and 865 cm-'; n.m.r. z 8.7 (3H, d, J = 7 Hz), 6.50 
(2H, m), 4.95 (lH, m); m/e, 132, 115, 101, and 85. 

A 2,4-DNPH derivative of pentanal 3 was prepared but 
could not be purified by chromatography or recrystalliza- 
tion. The best 2,4-DNPH derivative has m.p. 85-90"; 
n.m.r. z 4.81 ( lH,  sextet, J = 6 Hz), 7.45 (2H), 7.90 (2H), 
8.52 (3H, d, J = 6.5 Hz), 2.49 (IH, t, J = 4 Hz); m/e 
(direct insertion) 327, 281, 265, 167, and 182. 

(B) The crude photolysate (500 mg) was stirred with 
lithium aluminum hydride (600 mg) in anhydrous ether 
overnight. A sodium hydroxide solution (10%) was 
added to decompose the reaction mixture. The crude 
product (150 mg) shows no nitrate absorption. This oil 
was treated with benzoyl chloride in pyridine. The ben- 
zoylation product was chromatographed on a basic 
alumina column twice to afford 1-pentyl benzoate (80 
mg) and 1,4-pentandiol bisbenzoate (5, 80 mg). Bisben- 
zoate 5 was distilled to afford an analytical sample; i.r. 
1720, 1280, and 1100 cm-I; n.m.r. .r 8.62 (3H, d, J = 6 
Hz), 8.13 (4H), 5.65 (2H), and 4.81 (1H); mle 312, 227, 
207, 190, 149, 105, and 85. 

Anal. Calcd. for C19HZ0O4: C, 73.06; H, 6.45. Found: 
C ,  73.15; H, 6.22. 

Photolysis of Menthyl Nitrite (Ib) 
( A )  The photolysis of l b  (1.5 g) was carried out in the 

same manner as above except that air was substituted for 
oxygen. The crude product showed i.r. absorption at 
1710 (weak), 1630, 1280, and 870 cm-' and a long 
streak on a t.1.c. plate. Chromatography of the crude 
product on a silicic acid column did not afford any 
separation except the first fraction (150 mg) eluted with 
pure chloroform. This fraction was purified by prepara- 
tive t.1.c. to give 10-nitratomenthone (6, 75 mg); i.r. 1710, 
1625, 1280, and 870 cm-l;  n.m.r. z 5.20 (2H, m), 9.1 
(6H, m); m/e 169, 153, 139, 127, 112, and 98. 

The crude product (1.5 g) was reduced with lithium 
aluminum hydride followed by benzoylation. Alumina 
chromatography of the crude material gave fractions 
containing (i) menthyl benzoate (186 mg), (ii) bisbenzoate 
7 (656 mg), and (iii) other (700 mg). The first fraction 
was shown to be identical by t.l.c., i.r., and n.m.r. spectra 
with an authentic menthyl benzoate. The second fraction 
was further purified by preparative t.1.c. to give 10-ben- 
zoyloxymenthyl benzoate 7 as a thick resin; i.r. 1730, 
1600, 1270, and 1120 cm-'; n.m.r. r 2.07 (4H), 2.65 (6H), 
5.05 (lH), 5.84 (2H, AB part of ABX system), 9.03 (3H, 
J = 5 Hz) and 9.08 (3H, J = 7 Hz); mle 275, 258, 244, 
169, 153, 138, 124, 119, 105, and 95. 

Anal. Calcd. for C24H2804: C, 75.76; H, 7.42, Found: 
C, 75.48: H, 7.35. 

The third fraction was rechromatographed (silicic 
acid) to afford more bisbenzoate 7 and two fractions 
(340 mg) both of which showed very similar i.r. and n.m.r. 
spectral patterns but different t.1.c. behaviors from those 
of 7. Both fractions were oil and decomposed on vacuum 
distillation. The fraction (230 mg) eluted with benzene- 
ethyl acetate (9:l) was further purified by preparative 
t.1.c. to give crystalline 10-benzamidomenthol benzoate 
8; m.p. 162-163"; i,r. 3340, 1710, 1640, 1535, and 1275 
cm-'; n.m.r. 7 2.1 (2H), 2.36 (2H), 2.65 (6H). 5.12 (lH, 
m), 6.70 (2H, broad d, J = 6.5); m/e 379, 274, 257, 186; 
174, 162, 161 (loo%), 134, 122. 
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Anal. Calcd. for C24H29NQ3: C, 75.96; H, 7.70; N, 
3.69. Found: C, 75.77; H, 7.64; N, 3.51. 

(B) Menthyl nitrite (1.5 g) was photolyzed in the same 
manner except that purified nitrogen was substituted for 
oxygen and the light was filtered through a 0.01 "/, solu- 
tion of 2,7-dimethyl-3,6-diazacyclohepta-1,6-die per- 
chlorate. This filter solution cuts off the incident light 
below 330 mp. After 6.5 h, the absorption in the 375 mp 
region decreased to nil but very intense absorption 
appeared at 295 mp which tailed to 330 mp. The crude 
product shows 7 major spots on a t.1.c. plate. Small 
amounts of menthol (132 mg) and menthone (35 mg) were 
removed by alumina chromatography. Other components 
could not be separated by repeated chromatography. 

The same photolysis was repeated as above. When the 
nitrite had disappeared, the photolysate was further 
irradiated under condition A until the U.V. absorption at 
295 mp had disappeared. The reaction mixture was 
worked up in a manner similar to that of A to afford 
menthyl benzoate (150 mg) and bisbenzoate 7 (980 mg). 

We are grateful to the Defence Research Board and the 
National Research Council of Canada for generous 
support of this project. 
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Erratum: Structure s f  didehydrochelidonine 

M. H. BENN AND R. E. MITCHELL 
Department of Chemistry, The University, Calgary 44, Alberta 

Received November 14, 1969 

(Ref.: Can. J. Chem. 47, 3701 (1969)) 

Canadian Journal of Chemistry, 48, 511 (1970) 

On page 3703, in footnote 5, an R, is given as 0.41. 
This line should read ". . . respectively 0.57 and 0.14 in methanol-benzene (5 :95, v/v), . . ." 
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COMMUNICATIONS 

Variation of the nuclear Overhauser effect in dimethylformamide with 
temperatwe 

J. K. SAUNDERS AND R. A. BELL 
Department of Chemistry, McMaster University, Hamilton, Ontario 

Received November 20, 1969 

The nuclear Overhauser effects at the formyl proton of dimethylformamide have been measured at and 
above room temperature. At 90" separate irradiation of the high field and low field methyl signals results 
in equal nuclear Overhauser effects from both methyls. 
Canadian Journal of Chemistry, 48, 512 (1970) 

The intramolecular nuclear Overhauser effect 
(n.0.e.) has been used with telling results in 
nuclear magnetic resonance (n.m.r.) spectral 
assignments and in molecular structure deter- 
minations (I). The power of the method lies in 
its ability to locate spatially proximate nuclei in 
a molecule and, to date, the majority of studies 
have been concerned with substrates of fairly 
rigid structure. A limited number of n.O.e. have 
been observed in conformationally mobile groups 
such as aromatic methoxy ethers (2) and comment 
has been made on the conformational preferences 
of some mononucleotides (3) and vitamin D (4). 
However, no study has yet been reported on the 
temperature dependence of the n.0.e. in a simple 
conformationally mobile molecule. We report 
here the variation with temperature of the 
n.O.e. observed in dimethylformamide (DMF). 

H ,CHI (A) 

'C-N, 

&' ca, (B) 

The n.O.e. results obtained for a 2.5 % solution 
of DMF in dimethylsulfoxide-d6 are shown in 
Table 1. Saturation of the low field methyl 
absorption (assigned site A adjacent to the formyl 
proton (5)) shows an essentially constant n.0.e. 
of 28 % for the formyl proton from 30 to 90". 
However, the high field methyl absorption 
(assigned site B) shows an n.O.e. varying from 
almost zero (0-3 %) at 31" to 28 % at 90". Most 
significantly, the temperature at which the two 
methyl groups show identical n.0.e. is far below 
the coalescence temperature of the two lines and 
their absorptions are still 15.5 Hz apart (at 100 

TABLE 1 
Variable temperature nuclear Overhauser effects 

in dimethylforlnamide 

Nuclear Overhauser effect of 
formyl proton (%)i 

Irradiate Irradiate 
Temperature* CH,(A) CH3(B) 

MHz). The reason for this, of course, lies in the 
differing time scales of the n.O.e. and coalescence 
phenomena. In the n.O.e. case the time scale is 
based on the relaxation time TI of the methyl 
groups whereas in the case of coalescence the 
time scale is formed by the frequency difference 
of the two methyl absorptions. 

The temperature variation of the n.0.e. on 
irradiation of the high field absorption is a result 
of transfer of spin saturation by the methyl group 
at site B to site A as the rate of rotation about the 
C-N bond changes. Low rotation rates (room 
temperature or lower) cause no effective transfer 
of saturation whereas higher rotation rates cause 
an increasingly efficient transfer of saturation. 
The general process of transfer of spin saturation 
amongst different chemical sites, which may be 
either intramolecular or intermolecular, can be 
examined by measurements of a transient 
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response (6) or a steady-state response (7); the 
latter being followed in the present work. A 
quantitative study of the n.0.e. variation requires 
a knowledge of both rotation rates about the 
C-N bond and methyl group relaxation times 
and will be developed in the full paper. 

The consequence of the present results is ex- 
ceedingly important when n.0.e. data is being 
applied to conformational and structural studies 
on unknown substrates. Clearly, the mere occur- 
rence of an n.0.e. in an unknown substrate is not 
sufficient evidence for the time independent 
spatial proximity of two nuclei. Neither can the 
existence of such an n.O.e., measured at a single 
temperature, in a known or suspected, conforma- 
tionally mobile system be taken as sufficient 
evidence to infer a corzfor~~ationalpreference. The 
sole inference which may be made from single 
temperature n.0.e. data is that two nuclei (or 
groups of nuclei) can be located in each other's 
neighborhood for some period of time. The 
extent of this time period for which an n.0.e. will 
be observable will be dependent on the relaxation 
times of the irradiated nuclei. Therefore, to be 
more exact in structural deductions additional 
information is required which may be provided 
by variable temperature n.0.e. measurements or 
by some alternative physical measurement. 

The magnitude of the n.0.e. in DMF observed 
in this study (28 %) is significantly greater than 
the previously published report (la) of 18% 
obtained for DMF in D,O solution. The reason 
for this discrepancy is not entirely clear and we 
have therefore remeasured the n.0.e. of a very 
carefully degassed, 2.6% solution of DMF in 

99.7 % D 2 0  containing 3 % DSS as an internal 
lock. At 31°, the low field methyl gives rise to a 
27 % n.0.e. at the formyl hydrogen which is con- 
sistent with the value found in DMSO-d, solution. 
It is of interest to  note that both D 2 0  and DMSO 
are behaving as magnetically inert solvents and 
also that DMFis monomericin both solvents (5b). 

We wish to thank the National Research Council of 
Canada for generous financial assistance and for the 
award of a Fellowship to J. K. Saunders. 
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Molecular motion in solid complexes of trimethylamine with boron trihalides 
and borane 

C. T. YIM AND D. F. R. GILSON 
Department of Chemistry, McGill Unicersity, Montreal, Quebec 

Received October 14. 1969 

Wide line nuclear magnetic resonance studies of trimethylamine complexes of BF,, BCI,, BBr,, and 
BH, show that rotation of methyl groups and rotation about the B-N axes occur in the solid phases. 
The complex between ammonia and boron trifluoride has also been studied. 
Canadian Journal of Chemistry, 48, 515 (1970) 

Introduction 
Crystals of highly symmetrical molecules often 

undergo solid-solid phase transitions which are 
associated with changes in molecular rotational 
freedom. The application of nuclear magnetic 
resonance (n.m.r.) methods to the study of 
rotational motions of such molecules was first 
reported by Powles and Gutowsky (I), for a 
series of tetrasubstituted methanes. They ob- 
served that rotation of methyl groups about their 
C ,  axes, a more complex internal motion, iso- 
tropic rotation, and finally lattice diffusion could 
occur with increasing temperature. More 
recently the series M(CH,),, where M = Si, Ge, 
Sn, and Pb, has been studied by Smith (2). Methyl 
group rotation occurred below 77 "K in all four 
cases but general molecular reorientation oc- 
curred for only the silicon and germanium com- 
pounds. The tetramethylammonium ion rotates 
isotropically in the bromide salt about 300 OK 
but line width and second moment data were not 
reported for temperatures below 120 OK (3). In 
tetramethylammonium chloride and iodide (4), 
isotropic rotation leads to line width and second 
moment transitions over the temperature ranges 
265-300 and 210-250 OK, respectively. The reso- 
nances became very easily saturated at lower 
temperatures and this prevented further studies. 
The transition temperatures for methyl group 
rotation are not known for this series of com- 
pounds. 

This paper reports wide line n.m.r. studies on 

solid complexes of the type (CH,),N.BX,, where 
X = F, C1, Br, and H. These compounds possess 
high dipole moments and deviate from "spheri- 
cal" shape as X changes from H to Br. A study 
of the solid ammonia - boron trifluoride complex 
is also reported. 

Experimental 
Proton and fluorine resonances were measured using a 

Varian DP60 Spectrometer operating at 56.4 MHz for 
both nuclei. Second moment calculations were performed 
on an IBM360/75 using programs written in this labora- 
tory. Complexes were prepared by standard methods (5). 

Results and Discussion 
Trimethylamine - Boron TriJ7uoride Covlzplex 

The experimental line widths and second 
moments are plotted vs. temperature in Fig. 1. 
The proton second moment decreases sharply 
from 18.0 G2 at 77 OK to about 8.0 G2 at 110 OK, 
followed by a slower decrease to 2.2 G2  at 160 OK. 
I t  is evident that two partially overlapping transi- 
tions are involved. Over the same temperature 
range the fluorine second moment decreases from 
7.4 to 3.2 G2.  Above 160 OK both the fluorine and 
the proton second moments remain constant up 
to the melting point. The results are in general 
agreement with those of Dunell et al. (6) except 
that no evidence was found for the premelting 
transition at 390 OK. 

The trimethylamine - boron trifluoride com- 
plex crystallizes with a rhombohedra1 unit cell, 
one molecule per unit cell, and the crystallog- 
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I 
100 200 300 400 

TEMPERATURE ( O K  ) 

FIG. 1. The temperature dependence of the line widths (open symbols) and second moments (solid symbols) of 
the proton (circles) and fluorine resonances (triangles) of the trimethylamine - boron trifluoride complex, left hand 
scale applied to upper curve only. 

raphic positions of all the nuclei except hydrogen 
have been determined (7). In order to calculate a 
rigid lattice second moment it is necessary to 
know the proton positions. If the methyl group 
protons are situated in symmetrical positions in 
the rigid molecule there are only two possible 
orientations of the methyl groups consistent with 
C,, symmetry (it is assumed here that no change 
occurs in crystal structure at low temperature). 
One of the possible orientations can be eliminated 
since it requires a distance between adjacent 
protons of different methyl groups of less than the 
sum of the van der Waals radii. The theoretical 
proton and fluorine second moments for the other 
configuration were computed for the rigid struc- 
ture and for different modes of reorientation and 
are given in Table 1. The calculated values for a 
motion in which the methyl groups and the BF, 
group reorient about their threefold axes and the 
whole molecule rotates about the B-N axis are 
2.5 and 3.4 G2 for proton and fluorine, respec- 

tively. These values are in excellent agreement 
with the experimental second moments above 
160 OK, 2.2 G2 ('H) and 3.2 G2 (19F). 

The comparison between theoretical and ex- 
perimental second moments reveals the nature of 
the two transitions below 150 OK; the higher tem- 
perature transition involves a rotation about the 
B-N axis and the low temperature transition is 
associated with the methyl group rotation. The 
latter is not complete at 77 OK. In the neighbor- 
hood of 77 OK, the fluorine second moment shows 
a sharp upward trend due to the cessation of the 
BF, rotation. 

Trimethylamine - Boron Triclzloride and 
Tribromide Complexes 

The temperature dependence of the proton 
second moments and line widths of the complexes 
of boron trichloride and tribromide are shown in 
Figs. 2 and 3. The behavior is similar in both 
complexes. As the temperature is increased from 
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TABLE 1 

Calculated second moments for the trimethylamine - boron trifluoride complex 
---- 

Group Second moment (G2) 

CH3 (CH3)aN BF3 Intralnolecular Intermolecular Total 

'H resonance 
Static 
Rotating 
Rotating 
Rotating 
Rotating 

I9F resonance 
Static 
Rotating 
Rotating 
Rotating 
Rotating 

Static 
Static 
Static 
Rotating 
Rotating 
Isotropic 

Static 
Static 
Static 
Rotating 
Rotating 
Isotropic 

Static 25.9 
Static 7 .4  
Rotating 7.3 
Static 1 .3  
Rotating 1 .3  

0 

Static 21.9 
Static 16.2 
Rotating 3 . 0  
Static 15.3 
Rotating 2 . 4  

0 

77 OK, the second moments decrease rapidly and 
reach a plateau value of about 7.6 G2. At higher 
temperatures, around 210 "K for (CH,),NBCI, 
and 230 OK for (CH,),NBBr,, a second transition 
reduces the proton second moments to 1.25 G2, 
after which the second moments remain constant. 
Measurements above 200 "C were not made 
because the samples showed discoloration on 
prolonged heating in the n.m.r. probe. 

The detailed crystal structures of these com- 

I 

plexes have not been reported, and estimates of 
the theoretical second moments, Table 2, were 
based on the values for the boron trifluoride 
complex. The experimental second moments at 
about 300 "K lie between the values calculated 
for isotropic rotation and simultaneous rotation 
of the CH, groups about their C-N axes and 
the (CH,),N group about the B-N axis. The 
latter mode is the preferred explanation in view 
of the conclusions drawn for the boron tri- 

1 I 
100 200 300 400 

TEMPERATURE ( O K )  

FIG. 2. Line width (open circles) and second moments (solid circles) of proton resonance of the trimethylamine - 
boron trichloride complex as a function of temperature. 
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TEMPERATURE ( O K  ) 

FIG. 3. Line width (open circles) and second moments (solid circles) of the proton resonance of the trimethyl- 
amine - boron tribromide complex as a function of temperature. 

fluoride complex.' The transitions at 210 and 
230 OK are due to the onset of rotation about the 
B-N axes. The agreement between experimental 
and calculated values is only fair, which may be 
due to differences between the assumed and the 
actual structure. The transition below 100 OK 
involves methyl group reorientation. 

TABLE 2 
Calculated second moments for the 

trimethylamine complexes of boron trichloride 
and tribromide 

Group 
Second moment 

CH3 iCH3)3N (G2) 

Static Static 30.2 
Rotating Static 9.5 
Rotating Rotating 1.8 

Isotropic 0.7 

Trimetlzylamine - Borane Complex 
The proton second moment and line width are 

plotted vs. temperature in Fig. 4. The behavior of 
this complex is similar to the others at low tem- 
peratures, but at 325 OK there are steady decreases 

lA 35C1 nuclear quadrupole resonance study is in 
progress to examine possible motion of the BC13 group. 

in the line width and second moment until 358 OK 
where abrupt increases occur. The second 
moment changes from 1.8 to 2.7 G2. 

Unit cell dimensions and the space group have 
been determined by X-ray diffraction ( 8 )  and 
partial molecular structure data have been ob- 
tained by gas phase electron diffraction (9). 
Calculated second moments are given in Table 3. 
The lattice is almost rigid at 77 OK. From 200 OK 
to room temperature, the observed second 
moment, 3.1 G2, is compatible with simultaneous 
rotation of the CH, and BH, groups about their 
C, axes plus rotation about the B-N axis. The 
second moment at 120 OK of 8.5 G2 can be inter- 
preted as corresponding to either of two different 
composite motions: (a) rotation of both the CH, 

TABLE 3 

Calculated second moments for the 
trimethylamine-borane complex 

Group Second 
moment 

CH3 (CH3)3N BH3 (G2) 

Static Static Static 37.0 
Rotating Static Static 19.3 
Rotating Static Rotating 11.8 
Rotating Rotating Static 12.2 
Rotating Rotating Rotating 4.0 

Isotropic 1.4 
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YIM AND GILSON: MOLECULAR MOTION IN SOLID COMPLEXES 

I I I I I 
iW Xa 300 400 

TEMPERATURE (OK) 

FIG. 4. Line width (open circles) and second moment (solid circles) of the proton resonance of the trimethyl- 
amine - borane complex as a function of temperature. Molal heat capacity data taken from Good et al. (13). 

and the BH, groups or (b) rotation of the methyl 
groups plus rotation of the (CH,),N moiety but 
with the BH, group stationary. Merchant and 
Fung have reported that the quadrupole splitting 
of the deuterium resonance in (CH,),N.BD, is 
rotationally averaged at 130 OK (10). The dis- 
crepancy between calculated and experimental 
second moments indicates that some further 
motion occurs, possibly a torsional oscillation 
about the B-N axis. 

The decrease in second moment at about 320°K 
can be explained by the gradual onset of isotropic 
rotational motion or by a "wobbling" of the 
B-N axis about its equilibrium direction. This 
latter motion, althoughit occurs about a preferred 
axis, nonetheless represents a mode of attack 
upon the barrier to isotropic rotation. The in- 
crease in second moment and line width at 358 OK 
is unusual, but similar increases have been 
reported previously for cyclopentane (11) and 
some methyl cyclosiloxanes (12). The heat 
capacity of the trimethylamine borane complex 
has been measured from 11 "K to the melting 

point by Good et al. (13). Thermal transitions 
were observed at 350.1 and 360.4 "K and are 
shown in Fig. 4. This latter transition may coin- 
cide with a change in crystal structure which is 
responsible for the second moment increase. The 
entropy change on fusion is 3.21 ca1deg-l 
mole-' and indicates the presence of orienta- 
tional disorder in the high temperature phase, 
although the trimethylamine-borane complex is 
not typical of a true plastic crystal because the 
second moment just below the melting point is 
too high for isotropic rotation or lattice diffusion. 
The heat capacity data show no marked changes 
at the same temperatures as the earlier n.m.r. 
transitions. Darmon and Brot have discussed the 
relationship between thermal and n.m.r, transi- 
tions (14) and concluded that a thermal transition 
and a line-narrowing transition will both occur 
if the molecule has lower symmetry than that of 
its allowed orientations. If reorientation occurs 
to indistinguishable positions then no disorder is 
introduced and a thermal transition is not 
observed. 
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TABLE 4 

Act~>ation energles fiom l ~ n e  ~ i d t h  data 
- -- --- 

--- - - 

L ~ n e  u ~ d t h  (G) 

Below 
Group transition 

CH, rotation 

(CH,)3N rotation 
-BH3 5.4-5.8 
-BF3 5.4-5.7 
-BC13 5 .5  
-BBr3 5 .3  

Above Ea a VO 
transition (kcal mole-') 

-- 
6 - l )  

- 

*Includes rotations of both CH, and BH, groups 

Barriers to Rotatiorz 
Line width data call be used to calculate the 

activation energies necessary for reorientation 
using the modified B.P.P. equation (15). Smith 
(16) has discussed the validity of the modified 
B.P.P. equation and the values of E and v, cal- 
culated from the equation. With the approxima- 
tions and assumptions that are involved, the error 
in the activation energy should be no worse than 
15-20%. The transitions involving methyl group 
rotation are not complete at 77 "K and therefore 
the limiting line widths have to be estimated from 
the experimental data for similar systems, 
(CH,),CCl and(CH,),CBr (1)and (CH,),N (17). 
Values of 20 to 22 G seem to be appropriate and 

computations of barrier heights and pre-exponen- 
tial factors were made for line widths in this range. 
The methyl group motion in the boron trifluoride 
and borane complexes is followed immediately 
by rotation about the B-N axis, and the lower 
limiting line width has also to be estimated. In 
fact, the barrier heights are not too sensitive to 
the actual values (Table 4). The activation energy 
for methyl group rotation is essentially the same 
for each compound, about 2 kcal mole-'. By 
comparison, the line width transitions for the 
tetramethyl compounds studied by Smith (2) all 
occur below 77 OK, and spin-lattice relaxation 
time measurements gave barriers of less than 
1 kcal mole-' for methyl group rotation in the 

TEMPERATURE ( O K  ) 

FIG. 5.  The temperature dependence of the line widths (open symbols) and second moments (solid symbols) of 
the proton and fluorine resonances of the ammonia - boron trifluoride complex. 
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YIM AND GILSOX: MOLECULAR MOTION IN SOLID COMPLEXES 521 

germanium, tin, and lead compounds. Stejskal 
et al. (18) obtained 2.6 to 3.0 kcal mole-' for 
neopentane. In trimethylamine itself, the transi- 
tion occurs from 105 to 135 "K and the calculated 
activation energy was 5.75 kcal mole-' (16). 
However, the second moment above the transi- 
tion is too low and some additional motion is 
undoubtedly occurring. The activation energies 
for rotation about the B-N axis are also given 
in Table 4. The values for the BC1, and BBr, 
complexes, are much higher than those of the 
BF, and BH, complexes which is expected as a 
result of the increased size of the BX, group. 

Isotropic rotation does not occur for these 
complexes, with the possible exception of tri- 
methylamine-borane. The colllplexes have high 
dipole moments, ranging from 4.04 D for the BF, 
complex to 5.57 D for the tribromide (19), and 
the electrostatic interactions prevent disordering 
of the molecular dipoles. This is not the case for 
t-butyl chloride and bromide, where isotropic 
rotation does occur (1). 

The wide line n.m.r. spectra of trimethylamine 
complexes with bromine, iodine, and iodine 
monochloride have been studied by Fyfe (20). 
The behavior is similar to the boron trihalide and 
borane complexes in that methyl group reorienta- 
tion occurs and is followed by rotation about the 
nitrogen-halogen axis. 

Anzrnonia - Boron Trijluoride Con~plex 
The proton and fluorine line widths and second 

moments are shown in Fig. 5 as a function of 
temperature. The experimental second moments 
at 77 OK are in agreement with the values calcu- 
lated, based on the known crystal structure (21), 
for a rotating NH, group and a stationary BF, 
group. Above the transition the second moments 
reduce to values in agreement with the rotation 
of both groups about the molecular axis. The 
19F line width data lead to an activation energy 

of 5.7 t 0.9 kcal mole-', v, = 1.07 x 10'' s-l ,  
for reorientation of the BF, group. 

This complex has been studied previously by 
Lea~le and Richards (22) and by Dunell et al. (6). 
The results obtained by these groups differed 
considerably. The present work confirms the 
results of Dunell et al. 
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Kinetics of the hydrolysis of thiochloroformate esters in pure water 

A. QUEEN, T. A. NOUR,' M. N. PADDON-ROW,' AND K. PRESTON~ 
Parker Clzemistry Laboratory, University of Manitoba, Winnipeg, Manitoba 

Received4 December 2, 1968 

The effects of structural changes on the rates of hydrolysis of a series of thiochloroformate esters in 
water have been investigated. The reactivity is enhanced by increased electron donation by the hydro- 
carbon group. These results, the activation parameters for the hydrolysis of methyl thiochloroformate 
and the solvent deuterium isotope effect, are shown to be consistent with the operation of the SN1 mech- 
anism. 
Canadian Journal of Chemistry, 48, 522 (1970) 

Introduction 

I t  is well known that alkyl chloroformates 
(1; X = 0) undergo solvolytic reactions much 
more slowly than other acid chlorides (1, 2) and 
also seem to find the S,1 mechanism unfavorable. 
Two factors are responsible for these charac- 
teristics. 

( i )  The initial states are stabilized by conjuga- 
tion (2; X = 0) and the effect is enhanced by 
structural changes that increase electron donation 
by the alkyl group. This is shown by the rate 
sequence 

for bimolecular methanolysis (3). 
( i i )  The energies of the acylium ions and the 

transition states leading to them are raised by the 
powerful inductive electron withdrawal of the 
alkoxy group in the contributing structures (3; 
X = 0). This opposes the mesomeric stabilization 
associated with the forms (4; X = 0) which, in 
any case, is partly nullified by the initial state 
conjugation. It follows from these arguments that 
the S,1 mechanism will only be likely for those 
chloroformates having strongly electron donating 
substituents. Thus the rate sequence 

for hydrolysis (1) reflects the operation of a 
bimolecular mechanism for the first four com- 
pounds and probably the SNI pathway for iso- 
propyl chloroformate. Indeed, a careful study of 

'University of Manitoba Postdoctoral Fellow, 1967- 
1969. 

'University of Manitoba Postdoctoral Fellow, 1968- 
1969. 

3Sun~mer research student, 1968. 
4Revision received September 26, 1969. 

the hydrolysis of this compound (1) has led us to 
conclude that two distinct mechanisms operate 
concurrently. Dimethylcarbamyl chloride reacts 
entirely by the SN1 pathway, a conclusion sup- 
ported (4, 5) by our recent observation that the 
correspoilding fluoride reacts about a million 
times more slowly with water (6). 

As an extension of our earlier studies, we have 
now determined the rates of hydrolysis of the 
corresponding thiochloroformate esters (1; X = 
S) in pure water. There have been no previously 
reported studies of the rates of solvolysis of these 
compounds, probably because it has been 
assumed that they would behave quite analo- 
gously to the oxygen compounds. We have found 
that this assumption is not entirely correct. 

Results 

The rate data for the hydrolysis of the thio- 
chloroformate esters in water at 4.62 "C. are 
given in Table I. The hydrolysis of the t-butyl 
compound was too fast to be followed by our 
equipment. For purposes of comparison, rate 
constants for the hydrolysis of acetyl chloride (7) 
and the corresponding chloroformate esters, 
calculated from earlier data (I), are included in 
this table. Table 2 lists rate constants for the 
hydrolysis of methyl thiochloroformate at dif- 
ferent temperatures, the figures representing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



QUEEN ET AL.: HYDROLYSIS OF THIOCHLOROFORMATE ESTERS 523 

TABLE 1 

Rate constants for the hydrolysis of acyl chlorides in water at 4.616 "C 
-- -- 

k ( X  104 S- l )  

Structure CsHs CH3 C2H5 n-C3H7 i-C3H, t-C4H9 Reference 

R-S-(C=O)-Cl 1 ,060 4.733 26.69 29.64 116.9 Fast This work 
R-0-(C=O)-C1 20.55 0.6738 0.4110 0.4498 1.015 - (1) 
CH3-(CEO)-Cl 2.9 x lo6* (7) 

*In 75 % waterldioxane at 27 "C. 

TABLE 2 

The effect of temperature on the rate of hydrolysis of methyl thiochlorofor- 
mate in water and the derived thermodynamic parameters for 25 "C* 

Temperature k Temperature k 
("c) ( X  104 S-') ("c) ( X  lo4 S-l) 

*Empirical constants for eq. [I] :  A = -10419.721, B = -42.06539, C = 136.9811; 
values derived are: AF" = 20 509 + 3 callmole, AH* = 22 161 t 125 cal/mole, AS* - 
6.4 t 0.4 cal/mole deg, AC,* = -86 i 8 cal/mole deg. 

average values of several independent experi- C6H5S(CO)Cl < CH3S(CO)C1 < CZH~S(CO)CI 

ments. These data were fitted by a least-squares z n-C3H7S(CO)C1 I i-C3H,S(CO)C1 
method (8) to the equation < r-C4H9S(CO)Cl 

11 1 logk = AIT + B l o g T  + C contrasts with 

where T is the absolute temperature. Table 2 C6H5O(CO)Cl > CH3O(CO)Cl > CZH~O(CO)C] 

footnote also gives the constants calculated for ;= n-C3H70(CO)Cl < i-C3HiO(CO)C1 
eq. [ l ]  and the derived parameters A H * ,  AS', 
and AC," at 25 "C. Since dipole moment measurements have 

shown that the areferred configurations for both 

Discussion 

The data given in Table 1 show that thiochloro- 
formate esters also react less rapidly with water 
than other acid chlorides. Hence, the reactivities 
of these compounds are, like those of the chloro- 
formates, affected by initial state conjugation. 
Consistent with the fact that sulfur is less electro- 
negative than oxygen and also shou s less tendency 
to use its lone pair electrons for n bond formation 
(9, lo), the alkyl thiochloroformates are more 
reactive than the oxygen analogues. However, 
two features of the data given in Table 1 require 
explanation. First, phenyl thiochloroformate is 
much less reactive than phetlyl chloroformate. 
Secondly, the rate sequence 

- 
chloroformate (1 1) and thiochloroformate esters 
(12) are those in which the halogen atom and the 
hydrocarbon group are cis to each other (1) rather 
than trans, the differences noted above do not 
seem to stem from initial state conformational 
differences. On the other hand, the dipole moment 
data indicate that inductive electron release by 
the RS- groups in the thiochloroformate esters 
is modified by a secondary effect which decreases 
as R changes in the order 

It has, therefore, been suggested (12) that con- 
jugative electron release by aryl groups (5) and 
hyperconjugative release by alkyl groups (6)  to 
the d orbitals of sulfur occurs in these compounds. 
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I t  might be expected that similar effects would 
operate to stabilize the initial states for hydrol- 
ysis, so that the rates should increase across the 
series fro111 R = C,H, to R = t-C,H,. as \ze have 
found. Honever, it is not safe to correlate the 
dipole moment and kinetic data without also 
considering the mechanism of the reaction in 
more detail. 

The ~Wecl~anisn? of the Hydrolysis of 
Tl~iochlorofon~zate Esters 

Bond breaking can occur at more than one 
position. Alkyl-sulf~~r bond fissioil ~vould yield 
either an alcohol as a product of substitutioll or 
an alkene as a product of elimination. The second 
alternative is not possible for methyl thiochloro- 
formate and vapor phase chroillatography of the 
hydrolysate did not indicate methanol as a prod- 
uct of the reaction. However, n~ethanethiol was 
identified as a volatilc product by preparation of 
2;4-dinitrophenyl ~nethyl sulfide. The infrared 
spectr~uli of the volatile products showed no 
sigllificailt light absorption at 859 cm-l,  indi- 
cating that carbonyl sulfide was not formed. 
These results show that no cleavage of the alkyl- 
sulf~ir bond occurs during hydrolysis. The forma- 
tion of methanethiol shows that the carbo~lyl- 
sulfur bond is ruptured at some stage in the 

reaction but it is most likely that this occurs after 
rate deternilni~lg cleavage of the carbon-chlorine 
bond. In the light of these conclusions, the 
activatioil parameters given in Table 2 are very 
interesting, in particular the positive value of the 
entropy of activation. The correspo~lding figures 
for the hydrolysis of methyl chloroforrnate are 
AH* = 16.199 kcal/mole, AS* = - 19.07 call 
mole deg, AC,' = -36.0 cal/mole deg and for 
the hydrolysis of isopropyl chloroformate the 
figures are 24.102 kcal/mole, 10.12 callmole deg 
and - 9.1 cal/mole deg, respectively (1). Buncel 
(13) has s~lggested that solvolytic fragmentation 
processes are indicated when the entropies of 
activation are more positive than would be 
expected oil the basis of data for similar reactions 
where fragmeiltation is not possible. Thus, he 
considers the hydrolyses of alkyl chlorosulfates 
to involve concurrent rupture of the alkyl-oxygen 
and the sulfi~r-halogen bonds and the corre- 
sponding reaction of isopropyl chloroformate 
to probably involvc similar changes at the alkyl- 
oxygen and carboll-chlorine bonds (14). We 
have interpreted our data for the latter case 
somewhat differently in terms of two simul- 
taneous reactions. one of them being a unimolecu- 
lar process in which heterolysis of the carbon- 
chlorine bond occurs (1). The present investiga- 
tioils show that fragmentation of the kind 
suggested by Buncel does not occur in the hydrol- 
ysis of methyl thiochloroformate and the posi- 
tive entropy of activation must be accounted for 
it1 some other Ray. 

B {R-s-?=o - R-S= i=O)  + C l  7' R-S- i  -L HCI 

/I 'OH 

f /  
/P 

R-S-C RSH f C02 + HCL 

'Cl 3 

I/ 4 (fast) 
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Examination of the products of the hydrolysis 
of isopropyl thiochloroformate indicated that no 
appreciable amounts of isopropyl alcohol, 
propene, or carbonyl sulfide were formed in the 
reaction, but 2-propanethiol v, as identified by 
preparing its 2,4-dinitrophenyl derikatike. The 
reaction is thus subject to the same considerations 
as that of the methyl analogue. This nlust also be 
the case for phenyl thiochloroformate, since 
heterolysis of the aryl-sulf~lr bond is unlikely 
under the reaction coilditions used. 

Three different mechanisms could lead to rate 
determining carbon-halogen bond rupture, as 
shonn in [2]. 

Since the rate of the direct displacement reac- 
tion would be determined by step 9 and thus uith 
an increase of order during the activation process, 
the positive entropy of activation found for the 
hydrolysis of inethyl thiochloroformate indicates 
that this mechanism is unlikely for the present 
reactions. This conclusion is reinforced by the 
fact that methyl and ethyl thiofluoroformates 
hydrolyze slightly more quickly than the chlorides 
(6). We have previously analyzed the alternative 
bimolecular mechanism (steps 1, 2. 3, and 4) for 
the corresponding reactions of chloroformate 
esters and shown ( I )  that, by assuming the steady 
state approximation for the tetrahedral inter- 
mediate, the observed rate constant is given by 
eq. [3]. The simplified equations [4] and [5] 
apply under the special conditions indicated 

[4] k ,,,, = k ,  when k,<<k, 

kl [ 5 ]  k,,,, = -. lc, = Mk, when li, >> 12, 
k2 

[6] AS',,,, = AS,' + AS," + F 

The observed entropy of activation for the 
general case, eq. [3], can be expressed in the 
form of eq. [6], where F is a f~~nct ion  lying 
between the limits F = 0 when l'c, << k ,  and F = 
AS,* - AS3' when k, >> k,. It is generally 
agreed that an entropy change of about - 16 
cal/mole deg should be associated ~ i t h  pro- 
cesses involving the covalent attachment of a 
molecule of water (15) and this figure should be a 
~nininlum value for A&'. Hence, in the present 
case, AS,* must be at least 22 cal/mole deg, an 
unrealistically large value. It could be argued 

that steps 3 and 4, which together involve the 
rupture of four bonds, are essentially concerted 
and that the resultillg highly disordered transitioil 
state would cause an increase in the entropy of 
activation. However, in the absence of any 
analogous examples, this must be regarded as a 
highly tenuous and unlikely proposal and the 
addition-eliminatioii mechanism seems to be 
excluded for the present reactions. 

In the light of these arguments, the S,1 path- 
way (steps 5,  6, 7, and 8 )  is the most likely mech- 
anism for the hydrolyses of thiochloroformates. 
Only one observation, namely that the corre- 
sponding thiofluoroformates show enhanced 
solvolytic reactivity (see discussion above), is not 
in accord with this mechanism. These results 
are sirnilar to sorlle we have obtained with alkyl 
halofornlates (6), which undoubtedly react with 
water by the addition-elimination mechanism 
(1). Ho\\-ever, it is possible that the thiochloro- 
forinates and tl~iofl~~oroforll~ates hydrolyze by 
different mechai~isms', so that the leaving group 
effect does not necessarily preclude the unirnolec- 
ular mechanism for the solvolyses of the chlo- 
rides. If this is so, the other data are entirely in 
accord with the operation of the S,1 mechanism. 
Thus, the effects of the structural changes oil the 
rates of reaction simply reflect the different 
inductive effects of the hydrocarbon groups. The 
activation parameters for the hydrolysis of methyl 
thiochloroforn~ate are very sinlilar to those 
found for S,1 hydrolysis of alkyl halides (16, 17, 
18) and dimethylcarbamyl chloride (1) in water. 
In particular, the large negative heat capacity of 
activation is persuasive evidence for this mech- 
anism, since smaller values of about - 30 to - 50 
cal/mole deg seem to characterize bilnolecular 
hydrolysis in water (1, 17). In agreement with 
this view, the solvent isotope effect, k(D,O)/ 
k(H20) = 0,69 at 4.62 'C, is similar to that found 
for the hydrolysis of t-butyl chloride (19) and is 
much smaller than the values of about 0.55 
reported for the hydrolyses of alkyl chlorofor- 
mates (1). 

It is \vorth~vhile considering further why the 
S,1 mechanism should be a favorable route for 
the hydrolysis of thiochlorofor~nates and car- 
banlyl chlorides but not cl~loroformates. In 
the solvolytic additioil-elimination mechanism 
[reaction [2], steps 1,2,3,  and 41, it is reasonable 
.. .- 

5The authors thank a referee for this suggestion. 
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to assume that the nucleophile will be supplied 
by the solvent cage surrounding the molecule. 
Hence, for a given compound, the initial state 
energies will be the same for unimolecular and 
bimolecular hydrolysis and the mechanism will 
be decided by the differences in the transition 
state energies. In the series of compounds 
(R-(C0)-Cl; R = R'O, R1,N, or R'S), the 
inductive effect of the hetero atom is opposed by 
its mesomeric effect, when this can operate. 
Consider first of all the case of the chloroformate 
esters. The powerful mesomeric electron dona- 
tion of the oxygen atom, which acts to stabilize a 
forming acylium ion, is largely offset by a strong 
inductive withdrawal which has the opposite 
effect. On the other hand, mesomerism is much 
reduced in the bimolecular process leading to a 
tetrahedral intermediate and the inductive effect 
dominates in stabilizing the transition state. In 
consequence, the SN1 mechanism is not favored 
for the reaction of chloroformates. In the case of 
dimethylcarbamyl chloride, the weak inductive 
effect of the nitrogen atom is further reduced by 
the two methyl groups so that the energies of the 
transition states for unimolecular and bimolecu- 
lar hydrolysis are only slightly affected by this 
effect. However, mesomeric electron donation is 
particularly large for nitrogen, leading to con- 
siderable stabilization of the incipient acylium 
ion. Nevertheless, the activation energy for 
bimolecular solvolysis might still be less than for 
that for ionization. In this case, the favorable 
entropy of activation for the unimolecular 
mechanism and the unfavorable value for the 
bimolecular one are both sufficiently large to 
dictate that hydrolysis should follow the SN1 
pathway. For thiochloroformates, the inductive 
effect of the sulfur atom is weak, like that of 
nitrogen, but the tendency for mesomeric electron 
release is smaller than those for either nitrogen 
or oxygen. The balancing of the two effects for 
the unimolecular and bimolecular mechanisms 
leads to the situation where the activation 
energies for these alternatives are closer together 
than for the hydrolysis of chloroformates but 
further apart than for the corresponding car- 
bamyl chlorides. Once again, it would seem that 
the entropy terms for the alternative mechanisms 
are sufficiently different to favor reaction by the 
S,1 mechanism. In agreement with these pro- 
posals, the enthalpy of activation for the hydrol- 
ysis of methyl thiochloroformate is larger than 

the value of 20.26 kcal/mole for the solvolysis of 
dimethylcarbamyl chloride in water at 25 "C (I). 
A recent comparison (20) of the stabilization 
energies of acylium ions and carbonium ions, 
relative to the formyl and methyl cations, 
respectively, shows that the methoxy group has 
only a small effect for the acylium ion (6 kcall 
mole) but a large effect for the carbonium ion 
(66 kcal/mole). Moreover, the differences in the 
changes of reactivity on replacing chlorine by 
fluorine in methyl chloroformate, methyl thio- 
chloroformate, and dimethylcarbamyl chloride 
(see previous discussion) provide qualitative sup- 
port for this analysis, as follows. The activation 
energy is usually lower and the entropy of activa- 
tion more negative for bimolecular solvolysis of 
acid fluorides than for acid chlorides (21). These 
compensating differences cause only fairly small 
changes in reactivity for the haloformates. For 
unimolecular solvolysis, the activation energies 
are significantly larger for fluorides than chlo- 
rides, so that the change in reactivity should be 
large, as we have observed for the dimethylcar- 
bamyl halides. Apparently, the increase in the 
activation energy is not sufficient in this case to 
favor reaction by the bimolecular mechanism 
whereas this change seems to occur for the 
hydrolyses of the thiohaloformates. 

Experimental 
Material 

The preparation and purification of the thiochloro- 
forrnate esters have been previously described (12). The 
hydrolyzable chloride content of the con~pounds was 
never less than 99.5 % of the theoretical amount. 

Conductivity water was prepared by passing distilled 
water through a column of Rexyn AG 501 ion-exchange 
resin. 

Measurenze~zt of Rates 
The methods used in these studies have been previously 

described as have the methods of calculating the rate 
constants and the activation parameters (1, 8). 

Products of Hydrolysis 
Methyl thiochloroformate (5 ml) was added dropwise 

to water (100 ml) in a flask fitted with a stirrer and a 
reflux condenser. A tube passed from the top of the 
condenser to a trap containing anhydrous magnesium 
sulfate and immersed in an acetone - dry ice bath. After 
the reaction had finished, the volatile contents of the 
trap were allowed to evaporate through a short column 
maintained at 20 "C. and were collected in a second trap. 
Part of the contents of this trap were slowly passed into 
a rnixture of ethanol (4.5 n ~ l )  and aqueous sodium hy- 
droxide (10%; 0.5 ml) at 0 "C and the solution then 
treated with 2,4-dinitrofluorobenzene (0.5 ml) in ethanol 
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(5 ml). The resulting yellow solid was filtered and recrys- 5. C. G. SWAIN and C. B. SCOTT. J. Amer. Chem. Soc. 
tallized from ethanol to yield 2,4-dinitrophenyl methyl 75, 246 (1953). 
sulfide, m.p. and mixed m.p. with an authentic sample 6 .  A. QUEEN> T. A. NOuR, and HELEN GYuLA1. Un- 

published results. 126 "C. (lit. 127 "C, ref. 22). The infrared spectrum of the 7. R. F. and G. E, Moss, J. Chem, Sot. 5157 contents of the trap were examined in the gaseous state (1962). 
using a sodium bromide cell. Strong absorption at 2350 8. R,  L. H ~ ~ ~ ~ L ~ ~ ~ ~  and R,  E. R ~ B ~ R ~ ~ ~ ~ ,  J ,  A ~ ~ ~ .  
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Effect of pressure on the rate of solvolysis of t-butyl chloride in 
ethanol-water mixtures1 

B. T. BALIGA and E. WHALLEY 
Dicisiorz of Cl~ernistrj), National Research Council of Canada, Ottawa, Carzada 

Received July 30, 1969 

The effect of pressure on the rate of spontaneous solvolysis of t-butyl chloride in ethanol-water mix- 
tures in the range 0 to 40% v/v ethanol at 0 -C has been measured up to a maximum pressure of 3 kbar. 
The results have been examined from several points of view and the conclusions are briefly described in 
the summary. 

Canadian Journal of Chemistry, 48, 528 (1970) 

1. Introduction 
Several reactions are now known (1-3) for 

which the constant-volume parameters of activa- 
tion vary in a simpler manner with solvent 
composition than the constant-pressure param- 
eters. One of the strongest variations of the 
constant-pressure parameters with solvent com 
position occurs for the solvolysis of t-butyl chlo- 
ride in ethanol-water nlixtures (4), and a study 
of the constant-volume parameters for this 
system is clearly required. 

Furthermore, the constant-pressure entropy 
of activation in hater is 12 cal deg-' mole-' at 
25 "C. The mechanism is undoubtedly S,l 

t-BuC1 -t t-But + C1- 

and the transition state has presumably an 
appreciably higher dipole moment than the 
initial state. This implies an appreciable loss of 
entropy when the transition state is formed due 
to dipole-solvent interaction. The observed 
positive entropy of activation presumably implies 
that the t-Bu and C1 are well separated in the 
transition state so that the gain in entropy due to 
their looser attachment to one another more than 
compensates the loss of entropy due to increased 
interaction with the solvent. A relatively large 
separation of the t-Bu and C1 might affect the 
activation volume. 

Consequently, the solvolysis of t-butyl chlo- 
ride in ethanol-water at 0 "C has been followed 
to a maximum pressure of 3 kbar. 

to 50.5 "C was > 99.5% pure by gas chromatographic 
analysis, and was used. Pure dry ethanol was prepared 
from con~mercial absolute ethanol (5) and used for pre- 
paring ethanol-water mixtures by volun~e. Distilled water 
was degassed by boiling and was stored out of contact 
with air. 

Kinetics 
The rate of hydrolysis at  various pressures was mea- 

sured using the conductance technique described pre- 
viously (6). The thermostat bath was a vigorously stirred 
nlixture of ice and water, whose temperature was constant 
to k0.02 "C. In  order to prevent water from coming into 
contact with the leads, the top of the pressure vessel was 
fitted with a sliding brass cylinder sealed with an  O-ring 
at the bottom to keep the water out. The cylinder nor- 
mally protruded above the water level, and the empty 
space inside it was filled with cotton wool for thermal 
insulation. 

The vessel with mercury, the conductance cell and its 
associated parts, hydraulic oil, and the solvent (-100 ml 
in a volumetric flask) were kept in a refrigerator at  - 5 "C. 
20 ~1 of t-butyl chloride was quickly added to the solvent 
and the solution stirred. The cell was rinsed, filled with 
the solution, and assembled with the cooled vessel, 
mercury, oil, etc. The vessel was lowered to the ther- 
mostat bath and pressurized slowly. The assembly was 
carried out as quickly as possible, and with experience 
the time taken from adding the t-butyl chloride to pres- 
surizing the vessel was 7 min. In  highly aqueous ethanol- 
water at high pressure, the reaction becomes too fast for 
the use of this technique and the runs, therefore, had to 
be restricted to lower pressures. 

The time for thermal equilibrium was checked by 
pressurizing aqueous 0.002 M hydrogen chloride to 1000 
bars in the kinetics apparatus. The conductance reached 
a constant value in 12 to 15 min after pressurizing. In  all 
the runs the first reading was taken a minimum of 20 min 
after pressurizing. 

2. Experimental 3. Results 
Reagents For the accuracy desired in this work, there 

t-Butyl chloride was prepared (5) from Eastman Kodak 
White Label t-butanol. The final fraction boiling at 50.0 need 'Orrect the conductances for the 
-- change in equivalent conductance with concen- 

'NRCC NO. 11081. tration. The rate constants were obtained by the 
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BALIGA AND WHALLEY: SOLVOLYSIS OF t-BUTYL CHLORIDE 529 

TABLE 1 22, h r  I 
Rate constants for the solvolysis of t-butyl chloride 20 -'ty 

in water-ethanol at 0 "C and various pressures 

lo6 k/s-',at 
% v/v ethanol in water 

plbar o 10 25 40 *- 10- 

50 712 481 266., 60.8 3 
100 63.6 
249 501 295. 72.1 
348 78.3 
496 745 545 328. 87.6 

2 -E-,a 1-H,O 595 92.2 
741 576 359.5 99.3 I , . , . I , . , , l , l l ~ l l . I I  

987 771 605 385.6 110.5 0 5C0 1033 1500 2300 2500 3030 

1480 808 665 434 131.8 l p ,  t p 2 1 / Z 8  bar 

Cuggenheim method of analysis using least- 
squares on an IBM-360 computer as in the earlier 
work (6). The rate constants are given in Table 1 
and are reproducible to about 0.5 %, except in 
0 and 10% v/v ethanol where the reproduci- 
bility, since the reaction is fast, is about 1 %. 
These errors were estimated from the standard 
deviations, the agreement between a few duplicat- 
ed runs, the deviations of the rate constants at 
various pressures from fitted lines as described 
in section (4.5), and the deviations from a smooth 
line in Fig. 2. 

Graphical plots of In k vsp are given in Fig. 1. 
The rate constants extrapolated to zero pressure 

FIG. 1. Rate constants for the solvolysis of t-butyl 
chloride in water-ethanol at  0 "C. The numbers on the 
curves are the % v/v ethanol. 

FIG. 2. Mean volumes of activation for the solvolysis 
of t-butyl chloride in water-ethanol at  0 "C. The numbers 
on the curves are the % v/v ethanol. 

are compared with those of Winstein and Fain- 
berg (4) in Tablc 2. The agreement is good. 

Mean volumes of activation AV",,,, calcula- 
ted bet~ieen adjacent pressuresp, andp2 from the 
relation 

are plotted against the mean pressure (p, + p,)/2 
for the various solvents in Fig. 2. The zero-pres- 
sure intercepts are the volumes of activation 
at zero pressure. 

The difference in A V *  between solvents can be 
expressed as 

where k, and k ,  are now the rate constants in 
solvents 1 and 2 at the same pressure. Plots of 
In k,/k, against p are shown in Fig. 3 and the 
slopes at zero pressure give the difference AAv' 
of activation volume for the various solvent 
pairs as follows 

AAV* (0-10) = 5.0 If: -0.4 

AAV* (0-25) = 10.7 i -0.5 

AAV* (0-40) = 19.9 1 -0.5 

AAV* (10-25) = 6.7 i -0.6 

AAV" (10-40) = 15.0 + -0.8 

AAV* (25-40) = 8.2 + -0.6 

Since In k vs. p for water (see Fig. 1) is essentially 
linear, the volume of activation in water is -2.0 
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TABLE 2 rough values of Buchanan and Hamann (9) in 
Comparison of rate constants at 1 bar for the sol- 80 % aqueous ethanol at 25 "C which yield a 
volysis of t-butyl chloride in water-ethanol at 0 "C of activation of about - 21 cm3 mole- I, 

lo6 kls-I and those of Hyne, Golinkin, and Laidlaw (10) 
in 80 % v/v aqueous ethanol at 30 "C, which by 

% v/v ethanol least-squares gives a value of -22.2 + 0.9 cm3 
in water This work Reference mole-' (10) and by a graphical reanalysis -20 

0 712 727 + -1.5 cm3 mole-'. Olavi and Virtanen (1 1) 
10 469 475 have measured the activation volume for the 
25 258 259 
40 5 7 . 9  57.6 solvolysis of t-butyl bromide in several organic 

or largely organic solvents and obtained values 

4 0.5 cm3 mole-' which is consistent with the 
value extrapolated from the plot in Fig. 2. From 
this value and the first three relations above, the 
volume of activation in the mixed solvents can be 
obtained. The last three relations are included as 
a check. The activation volumes obtained are 
consistent with those obtained from Fig. 2, and 
with the limiting slopes in Fig. 1 .  They are sum- 
marized in Table 3, which also gives the thermal 
expansivities a and compressibilities K for the 
solvents obtained from the literature (7, 8). The 
only other measurements of the effect of pressure 
on the rate of solvolvsis of t-butvl chloride are 

in the range -20.6 to -41.7 cm3 mole-'. 
Because the solvents were quite different, these 
values cannot be compared with ours. 

The activation enthalpy and entropy at  con- 
stant pressure according to Winstein and Fain- 
berg (4) are given in Table 4. Since their enthalpies 
and entropies refer to 12.5 "C, they were adjusted 
to 0 "C using heat capacities of activation graph- 
ically interpolated from those recently measured 
by Martin and Robertson (12). The data in the 
last column of Table 3 were used to obtain the 
constant-volume energy and entropy of activa- 
tion by means of the expressions 

AU,* = AHp* - T ~ A V * / K  

AS,* = ASp* - uAV*/K, 

and they are given in the last two columns of 
Table 4. The change of activation parameters 
with solvent composition are plotted in Fig. 4. 

4. Discussion 

1. Volume of Activation in Water 
I t  is well established ( 1  3) that the solvolysis of 

t-butyl chloride occurs in two steps, the first 
being the slow ionization of the halide and the 
second a fast combination of the t-butyl car- 
bonium ion with the solvent. Presumably, the 

112- 

104- 

096- 

0 8 8  

1 transition state is 

(CH3)3Cs+ - - - - - Cls - 

0-25 in which the C-C1 bond is stretched and partial 
charges have appeared on the separating frag- 

016 ments. Two factors contribute essentially to the 

lo-------O 0-10 1 volume change of this reaction (14, 15); (i) the 
0 08 

1 change of volume of the substrate and (ii), the 
L-L- I change of volume due to changes in the interac- 

P, bar tion of the solvent with the substrate. 
A rough estimate by Evans (16) suggested that 

FIG. 3. Ratio of rate constants In different solvents the C-C~ bond is stretched by about 0.7 A to for the solvolysis of t-butyl chloride. The numbers 
attached to the curves are the % v/v ethanol of the solvent. form the transition state, and this multiplied by 

0 8 0 -  

072 

1 

64 

\- 0 5 6 -  
Y 

!$ 048-  - 

' - 0  

010 ",fO0H 
'o.~ 

- l o  10-40 
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BALIGA AND WHALLEY: SOLVOLYSIS OF I-BUTYL CHLORIDE 

TABLE 3 
Thermal expansivity and compressibility of water-ethanol mixtures, and volumes of activation 

for the solvolysis of t-butyl chloride in these mixtures at 0 "C 
--- -- - 

lo6 cl lo6 K AV+ T ~ A V * / K  
% v/v ethanol 

in water dea-'" bar-l* cm3 mole-' cal mole-' 

0 -68.1 50.3  -2 .O+-05  1 8 1 -  5 
10 25.3 44.1 -7 .Oi-1 .0  -262-  5 
25 241 38.1 -13.2i -oO.6 -5451- 50 
40 625 44.3 -21 .5 i -1 .0  

-- 
- 1979 1 -100 

*Values of a and K for water are from ref. 7, and for other solvents, from ref. 8. 

TABLE 4 

The activation parameters for the hydrolysis of t-butyl chloride in water-ethanol mixtures at 0 "C 
-- - -. - 

AH,,* TAS,* AUv* 
-- 

TASv * 
AG,* 

% v/v ethanol cal mole-' cal mole-' cal mole-l cal mole-' 
in water cal mole-I i. 150 g 150 + - 200 1 - 200 

-- 

0 19 864 24 258 4 394 24 240 4 376 
10 20 095 24 555 4 460 24 581 4 486 
25 20 424 22 700 2 276 23 245 2 821 
40 21 240 20 858 - 382 22 837 1 597 

the cross section of the molecule yields a volume 
expansion of about 12 cm3 mole-'. This estimate 
compares favorably with the observed values 
listed in Table 5 for several unimolecular decom- 

% V/V E T h A N O L  IN WATER 

FIG. 4. Changes in the activation parameters for the 
solvolysis of t-butyl chloride with composition in ethanol- 
water at 0 "C. 

positions in which large changes in the interaction 
with the solvent probably do not occur. Hamann 
(17) has reviewed a number of free-radical de- 
compositions which have similar volumes of 
activation. 

The transfer of charge from C1 to t-Bu will tend 
to make the C1 part expand due to the decreased 
nucleus-electron attraction and the t-Bu part 
contract due to the increased nucleus-electron 
attraction (18). The two effects will tend to com- 
pensate one another, and for lack of knowledge 
they are neglected. 

The increased electrostatic interaction with the 
solvent when the transition state is formed causes 
a volume decrease. This might be expected to be 
similar to the volume decrease accompanying the 
formation of zwitter-ions of a-amino acids 

but probably somewhat smaller because the 
charges will not be so well separated in the 
transition state. According to density measure- 
ments of Cohn and others (19, 20a), the volumes 
of formation of zwitter-ions from the unionized 
amino acids are in the range - 13 to - 18 cm3 
mole-'. 

If the charges are almost fully developed in the 
transition state for the solvolysis of t-butyl chlo- 
ride, the expansion due to the stretching of the 
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TABLE 5 

Volu~nes of activation for several uniuloiecular decompositions in which large changes in the interaction with the 
solvent are not expected 

- -- --- 

Temperature 
Reaction "C Solvent A V*/cin3 mole-' Reference 

CHC13 + OH-  -t H z 0  + [CClZ---CI]*- 25 
CC13C0,- + [CC13---CO,]*- 8 5 

163 

t - ~ u S M e ~  -t [t-Bu---SMe2]* + 61.4 EtOH 

t - ~ u i ~ e ~  -> [t-Bu---SMe,]* + 7 1 HzQ 

r-~in&Jvfe, + [t-Am-->Me,]* - 53.8 80 % v/v EtOH in H 2 0  14 
ArNZ -t [Ar---N2]* Various 21-71 H z 0  10 
EtHg+ -t [Et---Hg]*+ 114 H20 6 
iso-PrHzf -- [iso-Pr---Hg]* + 46.4 H z 0  9 

*Several others decarboxylations are also reported. 

bond and the contraction due to the electrostatic and the dipole moment (20b) is 
interaction are therefore expected to be of a 

l.5 1 p =  -15 D similar magnitude, and the experimental activa- 
tion volume of -2 cm3 mole-' can be qualita- The molar volu~lle of crystalline glycine is 46.6 
tively understood. The large separation of charge cm3 mole-' (25), and so, taking glycine to be 
was derived by Scatchard (21) from the large spherical, a3  = 77 A3. Then 
effect of solvent composition on the rate. 

p2 
2. Origin of the Volztn~e of Forrfzation of 1161 3N n - = 2.6 x 106 cm3 bar mole-' - 

Zwitter-ions 
The cause of the contraction in reaction [3] is and so from eqs. [41-[61 

worth a brief discussion. Gucker, Klotz, and 
Allen (22) and Gucker, Lamb, Marsh, and Haag 
(23) have discussed the solvation of zwitter-ions 
based on a model in which the zwitter-ion is 
represented as an incompressible dipolar sphere 
(24) of radius a and the solvent as a continuous 
dielectric of permittivity E. A niodel(15) in which 
the zwitter-ion is compressible, or alternatively 
is in a compressible cavity in the solvent, is more 
realistic and is adopted here. The contribution to 
the volume of reaction [3] due to the interaction 
of the zwitter-ion with the solvent is (i5), on the 
basis of this model when electric saturation of the 
dielectric is ignored, 

= -5.0 x bar-' 
For water 

If the model is a reasoilable representation of 
glycine in water, it follows from eqs. [7] and [8] 
that little of the volume of zwitter-ion formation 
is an electrostriction of the solvent as described 
by eq. [a]. Almost all of it, which is described by 
the second term on the right-hand side of eq. [4] 
or on the left-hand side of eq. [7], is a compression 
of the zwitter-ion due to the ion-solvent interac- 
tion, and the correct volume change is predicted 
by eq. [4] if 

where y is the dipole moment of the zwitter-ion. which is at least not unreasonable. 
FOP glycine the volurne of zwitter-ion forma- 

tion is (19) 
The model will of course fail in so far as other 

interactions contribute to the volume of ioniza- 
AV = - 13 cm3 mole-' tion, and if saturation of the dielectric occurs. 
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BALIGA AND WHALLEY: SOL' JOLYSIS OF t-BUTYL CHLORIDE 533 

I t  seems likely, however, that the conclusion that 
electrostriction of the solvent is relatively small 
and the compression of the ion contributes the 
major part of the volume of ionization will not be 
changed by a more elaborate analysis. The den- 
sity of crystalline (zwitter-ionic) glycine of 1.61 
g cm-3 (25) is appreciably higher than that ex- 
pected for a molecular crystal of glycine. This 
confirms that there is a considerable contraction 
of the molecule when the zwitter-ion is formed 
in a condensed phase. The compression of the 
ion is also an important part of the volume of 
solvation of ordinary ions (18). 

3. Eflect of Solcerzt on the Acticatiorz Yohlnze 
The activation volume in 40% v/v ethanol- 

water is ten times its value in water (see Table 3). 
The extra contraction is of course due to the 
change in the interaction with the solvent when 
the transition state is produced. It is possible that 
this interaction causes the breaking C---GI bond 
to be less elongated in the transition slate in the 
mixed solventi; but this seems unlikely to con- 
tribute more than a small fraction of the observed 
effect. 

In water. the contraction due to the interaction 
with the solvent seems to be about - 14 cm3 
mole-' according to section (4.1). If we assume 
that the intrinsic volume of the transition state 
is independent of the solvent composition, then 
the contraction due to interaction with the 
solvent appears to become about - 19, -25, 
and -34 cm3 mole-' in 10, 25, and 40% v/v 
ethanol-water. 

The detailed cause of the large variation in the 
contributioll of the interaction with the solvent 
to  the volume of activation is not directly known, 
although it is not unprecedented experimentally. 
There is, for example, an appreciable increase 
in the value of - A Y *  for the spontaneous 
solvolysis of benzyl chloride in ethanol-water 
mixtures (10) as the concentration of ethanol 
increases. Furthermore, there is a definite increase 
in - AV' even for the acid-catalyzed hydrolysis 
(2) of methyl acetate and ethylene oxide in 
acetone-water mixtures as the concentration of 
acetone increases, and a similar change in - A  Y *  
for the acid-catalyzed iodination of acetone and 
of acetophenone (1) in cthanol-water mixtures, 
although these reactions are not usually thought 
of as occurring with large changes in the interas- 
tion with the solvent. These effects, as mas 

pointed out earlier (I), cannot be described by 
eq. [4] if the dielectric constant E of the mixture 
is given by Oster's (26) equation in the form 
suitable for high dielectric constants 

where E; and 4; are the dielectric constants of the 
pure components and their volume fractions in 
the mixture. According to this equation, &-'/ap 
changes little in the range 0 to 40 % v/v ethanol- 
water (1). I t  is possible, of course, that eq.. [3] 
does not give the correct pressure variation of the 
dielectric constant. and a verification is desirable. 
It  seems likely, however, as was concluded 
earlier for some other reactions (1, 2),  that the 
effect of solvent on the volume of activation 
cannot be accounted for by dielectric theory, 
unless saturation occurs. 

Arnett and co-workers (27) have shown that a 
large part of the solvent effect on the activation 
enthalpy and entropy for this reaction (and for 
others also) is in fact an effect on the enthalpy 
and entropy of solution of the initial state. 
Following this lead, Golinkin, Lee. and Hyne (28) 
have shown that the solvent variation of the 
activation volume for the solvolysis of benzyl 
chloride in water-ethanol is largely caused by a 
variation with solvent of the partial volume of the 
initial state benzyl chloride. It  is quite possible 
that the solvolysis of t-butyl chloride behaves in a 
similar way, and so causes at least a part of the 
observed effect. However, the partial volume of 
t-butyl chloride would have to change by about 
- 20 cm3 mole- ' in the composition range studied 
if all the change in the activation volume were 
caused in this way, and this is about 20 % of the 
molar volume of the pure liquid. 

The effect of solvent on the activation volume 
under pressure is quite different. At 1230 bar the 
activation voluines are (Fig. 2 )  -2.0, - 3.9, 
-5.0, and -7.2 cm3 mole-' in 0, 10, 25, and 
40 % v/v ethanol-water, and if the curves in Fig. 
2 for 5, 10, and 25 % v/v can be extrapolated to 
3 kbar, the activation volume appears to become 
almost independent of solvent. No other reaction 
appears to have been reported for which the effect 
of solvent on the activation volume is so sensitive 
to the pressure. The effect of solvent on the rate 
constants is aiso scnsitivc to the pressure, but 
much less so than the activation volume. For 
example, the ratio of rate constants in 0 and 40 % 
v/v ethanol-water is 117 at 55 bar and 41.3 at 
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1480 bar. The only comparable measurements of 
the effect of solvent and pressure on the activation 
volume are those on the solvolysis of benzyl 
chloride at 50 "C in ethanol-water mixtures by 
Hyne; Golinkin, and Laidlaw (10) and in gly- 
cerol-water by Gay and Whalley (29), and there 
is a partial analogy with the acid-catalyzed 
enolization of acetone and acetophenone in 
ethanol-water mixtures (I), and with the acid- 
catalyzed hydrolysis of methyl acetate and ethy- 
lene oxide in acetone-water mixtures (2). 
Spectacular effects of the kind described here 
occurred in none of these measurements. 

It  is possible to speculate that part of the ex- 
planation is that the partial volume of t-butyl 
chloride is less dependent on solvent composition 
at  3 kbar than it is at zero pressure. It  appears 
very difficult to check this speculation experi- 
mentally. 

4. Actiuafiorz Paranzeters a t  Consfarzt Volunte 
By transforming to constant-volume con- 

ditions, the large minima in the activation en- 
thalpy and entropy at constant pressure cannot 
be entirely transformed away, but are approxi- 
mately halved. For two other reactions, the 
acid-catalyzed hydrolysis of methyl acetate in 
acetone-water (2) and the neutral solvolysis of 
benzyl chloride in ethanol-water (3), the minima 
in the constant-pressure parameters disappears 
when transformed to constant volume. Clearly, 
only about a half of the minimum in the constant- 
pressure parameters for the solvolysis of t-butyl 
chloride can be ascribed to the use of constant- 
pressure conditions. The minimum in the con- 
stant-volume parameters presumably reflects fun- 
damental processes that occur in the solution. 

5. Representation of the Rate Constant as  a 
Fzlnction of Pressure 

Sometimes (30-32) rate constants are fitted 
to  a function of pressure by least squares, either 
for interpolation or for calculating the activation 
volume. The function most commonly used is a 
power series, no doubt because it is linear in the 
parameters and so is relatively easy to fit. A power 
series is probably useful for small departures of 
In k from linearity in the pressure, but might not 
be useful for large departures such as shown by 
the present results in 40 % v/v ethanol. 

According to Fig. 2, the activation volume in 
40 % v/v ethanol-water seems to be approaching 
asymptotically a value near zero, and to represent 

it by a power series in the pressure requires at 
least three terms 

AV* = a + bp -k cp2 

If the rate constant is represented by a power 
series, at least a cubic is required, and since power 
series of second and higher order might have 
extrema for real values of the pressure, all power 
series must fail at high enough pressures unless 
the extrema occur at imaginary pressures. This 
suggests that the equation 

a + b p  
log,, k = 

I + cp 

might be a better representation than a power 
series with the same number of parameters. This 
equation implies that at zero pressure 

In k ( p  = 0) = a 

AV* (p = 0) = - RT(b-ac) 

and in the limit of high pressure 

limp,, In k = blc 

l i m , , , ~ ~ "  = 0 

and k has no extrema. When fitted by least 
squares, this equatioil yielded 

a = 1.7560 + 0.002 

b = (1.8534 + 0.05) x bar-' 

c = (764.4 f 20) x bar-' 

and the standard deviation of the points about 
the curve was 0.0022. 

For comparison, a quadratic 

[ I l l  log,,k = a + bp + cp2 

yielded 

a = 1.7834 

b = 319 x bar-' 

c = 60.6 x bar-' 

with a standard deviation of 0.012 and a highly 
non-random S-shaped curve of deviations against 
the pressure. A cubic equation was fitted with the 
following parameters 

a = 1.7649 f 0.003 

b = (413 F 9) x bar-' 
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c = -(I46 2 8) x bar-' 

with a standard deviation of 0.0028. 
The quadratic eq. [ l l ]  is clearly not useful. 

The cubic equation with four parameters fits 
about as well as eq. [lo] with three parameters, 
and might have slightly more nearly random 
deviations. Equations [lo] and [I 11 and the 
cubic equation yield activation volumes of - 26.7, 
- 16.7, and -21.6 cm3 mole-', respectively. The 
last value is the only one that is even close to the 
value of - 21.5 $. -1 cm3 mole-' determined 
from Fig. 2. The large difference in the values 
obtained from eq. [lo] and the cubic, although 
both equations are moderately good fits to the 
original data, cautions against too great reliance 
on  fitted equations. An attempt (33) to use another 
empirical equation does not give reliable volumes 
of activation at zero pressure (1 7). 

It  is concluded, therefore, that while the power 
series is not as good as eq. [lo] in fitting log k 
against pressure for the reaction considered 
provided the same number of parameters is used, 
it gives a bctter activation volume if a larger 
number of parameters is used. It  seems likely that 
the method used in Fig. 2 is the most reliable way 
of obtaining the activation volume. 

Summary 
1. The activation volun~es for the spontaneous 

solvolysis of t-butyl chloride in 0, 10, 25, and 
40% v/v ethanol in water at 0 "C are -2.0, 
-7.0, -13.2, and -21.5 cm3 mole-'. In pure 
water, the small value is a result of the expansion 
in  the transition state due to the lengthening of 
the C-C1 bond and the opposing contraction 
due to the changing interaction with the solvent 
when the transition state is produced. Analogy 
with the activation volumes for the unimolecular 
decomposition of ions, and with the volume of 
formation of zwitter-ions of glycine and other 
amino acids supports this view. 

2. Most of the volume of formation of glycine 
zwitter-ion, which is - 14 cm3 mole-', appears 
to  be due to the compression of the zwitter-ion 
by the dipole-solvent interaction. Electrostriction 
of the solvent contributes only a small part. 

3. The effect of solvent on the activation volume 
is of course largely caused by the changing 
interaction with solvent when the transition 
state is produced. It cannot be accounted for by 

the solvation of the transition state on the basis 
of the usual dipole-in-dielectric theory. It  is 
possibly due in part to the effect of solvent on 
the partial volume of t-butyl chloride, by analogy 
with Golinkin, Lee, and Hyne's analysis of similar 
effects of solvent on the activation volume for the 
solvolysis of benzyl chloride. Unfortunately, 
experimental vcrification of this speculation will 
not be easy. 

4. At 3 kbar, the activation volume appears to 
be little dependent on the pressure. The cause of 
this is not known, although it is possible to specu- 
late that the partial volume of the initial state 
t-butyl chloride depends little on the solvent at 
this pressure. 

5. The minimum in the constant-pressure 
activation enthalpy and entropy as a function of 
solvent composition is approximately halved if 
the constant-volume activation energy and 
entropy are considered. The minima here do not 
appear to be entirely an artifact of using constant- 
pressure conditions, as they do for several other 
reactions. 

6. The rate constant as a function of pressure 
cannot be represented by a power series of less 
than third order. If an empirical equation is 
required, a rational function of the form In k = 

(a + bp)/(l + cp) appears to be more suitable 
than a power series with the same number of 
parameters. However, the rational function gives 
a poor value of the activation volume at zero 
pressure. It  is concluded that graphical methods 
are the best for extracting activation volumes 
from the rate constants. 

We are grateful to A. Lavergne for help with the high- 
pressure apparatus and to M. E. Bednas for the gas 
chromatographic analysis. 
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Crystal structure of triclinic rubidium dichromate, Rb,Cr,B, 
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The crystal structure of triclinic rubidium d i c h r o ~ a t e  has been determined by single crystal X-ray 
diffraction. The crystal belongs to space group P1  with a = 13.554, b = 7.640, c = 7.735 A, a = 
93.64", [3 = 98.52", 7 = 88.80" and has four Rb2Cr207  n nits in the unit cell. The final weighted agree- 
ment index after refinement by least-squares analysis is 0.058. The configuration of the dichromate ions 
is similar to that found inmost other dichromate structures (Cr-0 (bridging) = 1.78 A, Cr-0 (terminal) 
= 1.62 A). The two non-equivalent Cr-0-Cr angles are 123 and 137'. The rubidium ions are sur- 
rounded by either 8 or 9 oxygen atoms at distances ranging from 2.86 to 3.31 .&. The structure of triclinic 
Rb2Cr207 is similar, but not identical, to that of triclinic K2Cr207. 

Canadian Journal of Chemistry, 48, 537 (1970) 

Introduction 

The alkali metal dichromates are probably all 
polymorphic (1,2). A knowledge of the structure 
of the various polymorphs is necessary in order to 
understand the nature of the phase transitions 
between them. Up to the present only two such 
structures have been reported, those of (NH,),- 
C r207  (3) and triclinic K2Cr207 (4, 5). However, 
the lattice parameters of many of the crystalline 
phases are known and are very similar, implying 
a series of related structures. For example, both 
Rb2Cr,07 and K,Cr207 have triclinic forms, 
stable at room temperature, with cell constants 
similar enough to suggest that the structures are 
closely related, but sufficiently different to show 
that it is unlikely that they are identical. 

Experimental 
Single crystals of triclinic Rb2Cr207 mere obtained by 

slow evaporation a t  42 "C of an aqueous solution which 
was prepared from Na2Cr,0, using an  ion exchange 
column in R b  salt form. 

The cell constants which are listed in Table 1 were 
measured from Weissenberg photographs calibrated with 
rutile (a = 4.59369, c = 2.95814 .& (6)). The density of 
3.12 g cm-3 (7) corresponds to four Rb2Cr,07 units per 
unit cell. 

Integrated Weissenberg photographs were taken of the 
layers k = 0, 1, 2, 3, 4 with Cu K a  radiation using a 
crystal with dimensions 0.06 x 0.20 x 0.06 mm, and 
integrated precession photographs of the layers 1 = 0, 1, 
and 2, and h = 0, 1, and 2, with Mo Kg radiation using a 
second crystal with d~lnensions 0.09 x 0.03 x 0.09 mm. 

The intensities, which were measured with a micro- 
densitometer, were corrected for Lorentz and polarization 
effects but not for absorption which mas considered 
negligible. A standard error (o) was estimated for each 
intensity measurement for use in weighting the observed 
structure factors during the least-squares refinement, and 
each unobserved reflection was assigned the value of the 

local minimum observable intensity. In all, 3221 measure- 
ments were made of 2881 independent reflections, of 
which 1263 were unobserved. 

It was assumed that the structure of triclinic Rb2Cr207 
would be related to that of triclinic K2Cr2O7 (5) and such 
a model, using space group Pi, was prepared from the 
[010] and [001] Patterson projections. The positions of 
the oxygen atoms were determined fro111 difference 
syntheses. The coordinates and anisotropic temperature 
factors of each atom and a scale factor for each of the 11 
independently measured layers were refined with a full 
matrix least-squares program, using the International 
tables (8) scattering factors for Rb+ ,  Cr2+ ,  0 (bridging 
oxygen atoms), and 0- (terminal oxygen atoms). The 
scattering factors were corrected for dispersion using the 
mean value of the real parts of the corrections for Cu K a  
and Mo K a  radiations (8). In this refinement, the weight 
(W)  used was l /oZ,  except for two reflections which were 
believed t o  suffer extinction, for all unobserved reflections 
for which F, < F, and for 43 other reflections for which 
the intensity measurements were judged a priovi to be 

TABLE 1 

Crystal Data for Triclinic RbzCr207* 
-- 

System Triclinic 
Space group Pl(Cil)  
Cell constants 

Y 88.80 i 0 . 0 4 "  
Unit cell vol~lnle 790 A3 
Formula weight 386.9 
Density measured 3 . 1 2 g ~ m - ~  

calculated 3.25 g cnl-" 
Number of Rb2Cr207 units 

per  nit cell 4 
X-Ray absorption coefficient 

Mo K a  157.8 cm-' 
Cu K a  404.4 cm-I 

*The cell constants for triclinic K,Cr20, (5) are: 
n = 13.367, b = 7.376, c = 7.445 A, a = 90.7j0, D = 96.21". 
y = 97.96". 
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Observed (F,) and ca lcu la t ed  ( F ~ )  s t r u c t u r e  f a c t o r s  of t h e  
hkO, Okl, and h01 layersiL 

H K L F o  F c u  H K L F o  F c c r  H K L F o  F c c r  H K L F o F c c r  H K L F o F e c r  
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TABLE 3 

Coordinates and temperature factors of the atoms in triclinic Rb2Cr,0,* 
-. -- 

Coordinates Temperature factor components 

Atom x Y z pi1 D Z Z  I333 I312 P1 3 I323 

Rbl 0.13528 0.11118 0.87628 37 9 1 106 - 12 20 - 18 
Rb2 -0.15303 0.22589 0.62431 32 122 73 - 8 6 16 
Rb3 0.34205 0.55555 0.80287 24 102 88 - 2 8 12 

4 0 )  0.0007 0.0013 0.0012 8 26 20 11 10 17 
*The standard errors are those indicated by the least-squares refinement. The temperature factors appear in the structure factor calculation 

as exp (-10-4(Pllh2 + P22kZ + &3l2 t 213~2hk + 2P13hl 2P23kl)). 

particularly unreliable. In each of these latter cases the Discussion 
weight was set to zero. After several rounds of refinement, 
the weighted agreement index Triclinic Rb2Cr20, and triclinic K2Cr20, are 

similar although, as suspected, the crystals are 
R2 = [CW(IF,I - IFc1)2/~WIFo~21112 not isostructural. Both contain sheets in which 

had fallen to 0.058 and the unweighted agreement index pairs of ions by centers of 
symmetry are repeated in the b and c directions at 

R1 = C(IFoI - IFcl)/CIFol the corners of an almost square net. In both 
had fallen to 0.063. The values of ~ ( 1 ~ ~ 1  - I F , [ ) z  showed structures, two crystallographically distinct sheets 
no systematic variation which would indicate that the alternate along the a direction, with adjacent 
weighting schenle was inadequate. sheets aligned. not ~aral le l  to each other. but " ,   he observed and final calculated structure factors for related by a rotation if about the sheet *drmal 
the Okl, h01. hkO layers are given in Table 2. (The complete 
set of structure factors is in the Depository for Unpubli- (see Fig. 1). 
shed Data.1) The final atomic coordinates and tempera- The presence of the CellterS of Syllllnetry ill each 
ture factors are given in Table 3. The temwrature factors sheet results in the opvosite sides of the sheet 

A A 

suggest that th;: cr207'- ions are librating around being enantiornorphically related to each other. 
Cr-Cr axis with a root-mean-square amplitude of 6". ~ h ~ ~ ,  it is possible to identify one side of each 
Interatomic distances and angles are given in Table 4. 
The Cr-O distances are given both before and after sheet as right-handed and the other as left-handed. 
correction for the apparent shortening caused by In K2Cr20,, the sheets pack with right-handed 
Cr2O7'- libration. and left-handed sidesincontact. In Rb,Cr,O,, the 

sheets pack with sides of the same handedness in 
'Copies may be obtained free of charge, upon request, contact, an arrangement which corresponds to a 

from the Depository of Unpublished Data, National structure of type VIlI in the scheme proposed by Science Library, National Research Council of Canada, 
Ottawa, Canada. Brown and Calvo (9). 
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TABLE 4 
Interatomic distances and angles in triclinic RbzCr2O7* 

Distance (A) Distance (A) 

Atom Thermally Atom Thermally 
pair Uncorrected corrected pair Uncorrected corrected 

1.772 1.776 Cr4-0B3 
Mean corrected Cr-0 (bridge) = 1.782 

1.600 1.614 Cr3-031 
1.604 1.622 032  
1.602 1 ,624 033 
1.624 1.636 Cr4-041 
1.630 1.636 042 
1.616 1 ,629 043 

Mean corrected Cr-0 (terminal) = 1.622 

-- 

Angle 
Atoms (deg) 

Angle 
Atoms (deg) 

OBI-Cr2-021 110.0 OB3-Cr4-041 109.6 
022 108.5 042 110.9 
023 109.4 043 108.2 

021-Cr2-022 110.2 041-Cr4--042 109.5 
023 110.4 043 109.0 

022-Cr2-023 108.2 042-Cr4-043 109.5 
-- 

Rb-0 distances less than 3.31 A 
-- -- 

Atom Distance Atom Distance Ato!n Distance Atom Distance 
pair (A) pan (A) palr (A) p a ~ r  (A) 

*The standard errors derived from the errors in the cell constants and the errors indicated by the least-squares refinement 
are: Cr-Cr,0.004 A ;  Cr-0,0.010 A;  0-0,0.014 A; ang1es,l.Oo. Symmetry transformations from the atom coordinates 
in Table 3 are indicated by a = [loo], b = [0101, c = [OOlI, d = rii01, Z = [ ~ o O ] .  The prime denotes a prior inversion 
of the coordinates through the center of symmetry at (112, 112, 112). 

fDistance greater than 3.31 A. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1. A, structure of triclinic K,Cr,O, viewed down the c axis. B, structure of triclinic Rb,Cr,O, viewed down 
the c axis. Oxygen atoms lie at the apices of the tetrahedra, chromium atoms lie at the centers. 

TABLE 5 
A comparison of bond lengths and angles in triclinic KzCr20, and 

triclinic Rb,Cr,O,* 
-- 

K2Cr207 Rb2Cr207 

I I1 I I1 

Cr-0 bridging 
Cr-0 terminal 
OBI-Crl-011 
0B3-Cr3-03 1 i 
0-Cr-0 (all ofhers) 109.8" 109.7" 109.6" 109.7" 
Cr-OB-Cr 124.0" 127.6" 123 .On 137.5" 
Twist angle 5" 10" 1" 9" 
Root-mean square angle of 

libration about Cr-Cr 6" 6" 

*The crystallographically non-equivalent sheets are designated by I and 11. 
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PANAGIOTOPOULOS AND BROWN: CRYSTAL STRUCTURE OF Rb2Cr2O7 543 

Because of the 90" rotation between adjacent 
sheets, the role of b and c translations is inter- 
changed between one sheet and the next. The 
slight inequalities in the lengths of b and c 
necessarily result in a distortion of the second 
sheet compared to the first, The first sheets in both 
K2Cr207 and Rb,Cr207 (Crl, Cr2) are virtually 
identical. The second sheets (Cr3, Cr4) differ from 
the first sheets in a similar way in both structures 
but the effect is more pronounced in Rb,Cr20,. 
The small differences in environment of the 
dichromate ions result in differences of the angle 
a t  the bridging oxygen atom and the twist angle2 
as is shown in Table 5. However, apart from these 
two angles, both crystallographically distinct 
dichromate groups found in triclinic Rb,Cr,07 
are identical, and are, in addition, identical to the 
two found in triclinic K2Cr207 (5). 

The rubidum atoms are surrounded by between 

ZThis angle is calculated by taking the average of the 
three smallest angles occurring between the projections of 
opposite Cr-0 bonds onto the plane perpendicular to 
Cr-Cr. 

8 and 9 oxygen atoms at distances varying be- 
tween 2.86 and 3.31 !%, leading to an average 
Rb-0 distance of 3.00 A. In K2Cr207, the K 
atoms are also surrounded by 7,8, or 9 atoms, but 
at the rather smaller average distance of 2.85 A. 

We wish to thank the National Research Council of 
Canada for financial support and one of us (N.Ch.P.) 
wishes to thank the Province of Ontario for an Ontario 
Graduate Fellowship. 
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Metal ion initiated halogenation reaction of N-haloamines 

F. MINI~CI  AND G. P. GARDINI 
Istit~ito di Chinzica Organics, Universitri di Parma, Pnrma, Italy 

AND 

F. BERTINI 
Isritlcro di CAirnica, Politecnico di Milano, Milano, Italy 

Received June 17, 1969 

The metal ion catalyzed chlorination of I-chlorobutane, I-chlorohexane, methyl-pentanoate, and 
methyl-heptanoate by protonated N-chloroamines proceeds by a free radical chain mechanism and the 
chain carrying species was shown not to be a chlorine atom, but an amino radical cation. 

Canadian Journal of Chemistry, 48, 544 (1970) 

Recently Tanner and Mosher (I) reported as 
the conclusion of their investigations that the 
metal ion catalyzed chlorination of hydrocarbon 
substrates by N-chloroamines proceeds by a free 
radical chain mechanism. The chain carrying 
species in these halogenations is the chlorine 
atom. 

This conclusion is in contrast with what we 
have reported with many substrates, which un- 
ambiguously show that a chlorine atom is not 
the chain carrying species under our experimental 
conditions, but it is an amino radical cation which 
determines a unique, synthetically useful and 
theoretically interesting reaction (2) owing to its 
high sensitivity to the polar effects, whether in 
hydrogen abstractioil or in addition to unsatu- 
rated systems (alkenes, alkynes, and arenes) (3). 

To avoid every possibility of confusion here 
we report the results obtained with l-chloro- 
butane, I-chlorohexane, methyl-pentanoate, and 
-heptanoate following the scheme described by 
Tanner and Mosher. These results are shown in 
Table 1 and are so eloquent in confirming our 
mechanism that comments are superfluous. 

A more complete study on the subject will be 
published in an Italian journal. 

Experimental 

Materials 
IV-Chloro- and N-bromo-dimethylamine were prepared 

according to the method previously reported (2). The 
other substrates were commercially available. Gas-liquid 
chromatographic (g.1.c.) analyses were carried out as 
previously reported (2). 

TABLE I 
Halogenation with N-haloamines 

-- 

Reaction Reaction Isomer distribution* 
No. conditions (%I 

Cl-CH,-CHQ-CH,-CH,  races 6 .6  87.g 5.; 
4.3 17.8 48.8 29.1 
5.4 20.9 52.0 21.6 

CI-CH2-CHZ-CHZ-CH2-CH2-CH3 
- Traces 6.8 19.4 71.6 2.2 

5 ( C H ~ ~ ~ H B ~ / F ~ +  + - Traces 4 .7  19.8 73.0 2.2 

*Values are the averages of the results of three independent experiments. The values agreed to within 24%. 
?Taken from ref. 1. 
SChloroesters of the reaction 7 placed in H2S04/HOAc. 
$Chloroesters obtained in CCI, placed in H2S04/HOAc. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



M I ~ I S C L  ET AL.: METAL ION INITIATED HALOGENATION 545 

Chlorination and Bronzinatiorl ~vith IV-Chloro- and 
N-Bromo-dinzethylan?irie (Reaction 1,4,5,6,9; 
Table I )  

The procedure was identical for all substrates. To a 
solution of N-halodimethylamine (0.037 moles) in 21.3 ml 
of sulfuric acid were added 3.7 nll of acetic acid and 
0.05 moles of substrate. The reaction mixture was stirred 
rapidly and 0.025 moles of finely powdered ferrous 
sulfate heptahydrate were added with external cooling; 
temperature 20-30". The reaction was completed within 
8 min. The mixture was then poured on ice and extracted 
with n-hexane. The solution was washed with sodium 
bicarbonate solution and examined by g.1.c. Not even 
traces of dichlorinated products were present. 

Photoinitiated Chlorination of 1-C/zlorobutar7e ~ , i t h  
Chlorine in Sulfclric/Acetic Acid (Reaction 2; 
Table I )  

The use of the same concentrations of the previous 
procedure led to the formation of considerable amount 
of trichloro-butanes. The reaction was then carried out 

tetrachloride and irradiated at rooill temperature until 
the chlorine color had disappeared. A sample of the 
solution was analyzed by g.1.c. (reaction 7). The solvent 
was carefully removed and the inixture of chlorinated 
esters was placed with stirring in 21.3 1111 of s~~lfur ic  acid, 
3.7 nil of acetic acid, and 0.025 moles of powdered 
ferrous sulfate heptahydrate for 8 inin at 20-30-. The 
mixt~rre was then worked-up as described in the chlorina- 
tion with N-chloroamine (reactions 8, 10). No product 
different from the chloroester isomers was present; that 
was a further confirn~ation of the stability of the chloro- 
esters. 

1. D. D. TANNER and M. W. MOSHER. Can. J. Chem. 
47, 715 (1969). 

2. R. BER~ARDI ,  R. GALLI, and F. MINISCI. J. Chetn. 
Soc. (B) 324 (1967); Chlnl. Ind. (Milan), 49,594 (1967); 
F. MINISCI, R. GALLI, M. CECERE, and R. BERUARDI, 
Chnn. Ind. (Mllan), 49, 946 (1967); F. MINISCI, R. 
GALLI, and M. A. ROSSETTI. Chlm. Ind. (Milan), 49, 
947 (1967): F. MI~ISCI.  R. GALLI. R.  BERNARDI. and 

by irradiating at room temperature for 20 min, a mixture M. PERCHIXUNNO. Chim. Ind. (Milan), 50, 328, 453 
of 0.05 moles of 1-chloro-butane, 21.3 ml of sulfuric acid, (1968); 51, 280 (1969). 
3.7 ml of acetic acid, and 0.005 moles of chlorine. 3. F. MINISCI. Chim. Ind. (Milan), 49, 705 (1967); 

The mixture was then worked-up according to the F. M'"'sc1 and M. CECERE. Chim. Ind. (Milan), 49, 

previous procedure. 1333 (1967). 

Effect of S~dfuric-Acetic Acid ~~porz Chlorinated 
Met/iylpentanoate and Heptanoate (Reactions 
7,8,10; Table I )  

Methylesters (0.1 moles) in carbon tetrachloride were 
added to a solution of chlorine (0.01 moles) in carbon 
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Halogenation with N-haloamines in strong acids. I. The nature of the chain 
propagating radical1 

J. SPANSWICK~ AND K. U .  INGOLD 
Diuision of Clzemisf~y, Nafional Research Council of Canarla, Otta,t,a, Canada 

Received September 8 ,  1969 

The N-haloamine halogenation of 1-chlorobutane in 4 M sulfuric acid in acetic acid as solvent is a 
radical chain process in a-hich alninium radicals arc thc principal hydrogen atom abstracting species. 
With AT-chloroamines, a concurrent chlorine atoll1 chain is promoted by impurities such as lnolecular 
chlorine, hydrogen chloride, and chloride ion. 

Canadian Journal of Chemistry, 48, 546 (1970) 

Introduction 

The halogenatioil of organic substrates with 
N-chloroaniines and N-bronioamines in strong 
acids3 is a free radical chain process. The intra- 
molecular reaction, which is the well known 
Hoffman-Loffler reaction (1) gives predomi- 
nantly 6-halogenated arni i~es .~ The halogenation 
can be initiated both photochemically and by the 
addition of one electron reducing agent, such as 
ferrous ion. There is abundant evidence (1-4) 
that the reaction involves i~ltramolecular hydro- 
gen atom abstraction by an aminium radical, i.e. 

\ A  

by a protonated amino radical H-N'. The 
/ 

reaction can be represented by Scheme 1. 
The intermolecular halogenation with AT- 

haloamines in strong acids has usually been 

assumed to involve a similar series of reactions, 
i.e. 

\T X \+ RH \+ 
H-N-x H-N' ---+ H - N ~ H  + K 
/ / / 

\+ \+ 
R' + H-N-X ---t H-N' f RX 

/ / 

These reactions have been extensively investi- 
gated during the past 4 or 5 years by Minisci and 
co-workers in Italy (5) and by Neale and co- 
workers in the United States (6). In addition to 
the analogy that can be drawn with the Hoffman- 
Loffler reaction, the evidence favoring the 
participation of aminium radicals in the inter- 
molecular halogenations include the following 
observations. 

(i) Halogenation is highly selective. In particu- 
'Issued as NRCC No. 11058. 
*NRCC Fellow 1968-1969. lar, chloroamiile chlorinations are ~nuch  more 
3Alllong the acids rnhich are generallq employed in Selective than free radical chlorinations which 

these reactions are sulfi~ric acid, \arious mixtures of sul- illvolve chlorine atoms as the hydrogen atom 
furic acid and acetic acid, and trifluoroaceiic acid. 

4Tl,ese are usually subsequently cyclired to pyrrolidines abstracting 'pecies (5d-5i). 
by treainlent with base. (ii) Chloriilations with an N-chloroamine and 
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SPANSWICK AND IXGOLD: HALOG rENATION IN STROh-G ACIDS. I 547 

brominations with the same N-bromoamine 
show the same selectivity. For example, the 
isomer distributions for the chlorination and 
bromination of methyl hexanoate are practically 
identical (5e, 5i). 

(iii) The relative reactivities of ring substituted 
toluenes towards chlorination by the piperidi- 

+ 
nium radical, (CH,),N'H. can be correlated by 
means of the Hammett equation using o' con- 
stants (6). The p value of - 1.36 is comparable to 
that for bromination with Br' (- 1.46) but is 
much greater than for chlorination with C1' 
(- 0.66). 

(it.) Further evidence that aminium radicals 
are probably present in these systems is provided 
by the facile free radical chain addition of chloro- 
amines to olefins (5a-c. 7). 

Our interest in the kinetics and absolute rate 
constants for free radical reactions in solution 
was stirnulatcd by the information outlincd 
above. Intermolecular haloge~lations with N- 
haloamines in strong acids appeared suitable for 
studying the absolute reactivities of nitrogen 
cation radicals, about which there is little infor- 
mation presently available. After the completion 
of a kinetic study on some of these reactions, 
which is described in the following paper, a 
report by Tanner and Mosher (8) appeared which 
suggested that these intermolecular halogena- 
tions actually involved the halogen atom as the 
chain propagating radical. These authors found 

no significant experimental differences in the 
isomer distribution from the cuprous chloride, 
ferrous sulfate, and ferrous chloride initiated 
chlorination of 1-chloropropane with four 
different N-chloroamines. Furthermore, an iden- 
tical isomer distribution was obtained for the 
photochemically initiated chlorination of 1- 
chloropropalle using molecular chlorine as the 
chlorinating agent - a reaction that must involve 

chlorine atoms as the chain propagating species. 
Similar results were obtained for the relative 
rates of reaction of a number of different hydro- 
carbons ton ards N-chloroamines and molecular 
chlorine. In addition, the bronlination of 1- 
chloropropane with N-bromodiethylamire (Cu' 
initiated) and with molecular bromine (photo- 
initiated) gave the same isomer distribution of 
brominated products but a distribution that was 
distinctly different from that for the chlorinations. 

Since our kinetic studies could not distinguish 
unequivocally between an aminium radical chain 
and a chlorine atom chain, we undertook a rein- 
vestigation into the nature of the radical involved 
in these reactions. The isomer distribution for the 
halogenation of 1-chlorobutane was chosen as 
the most suitable diagnostic tool for distin- 
guishing between the two radicals. The results of 
this ~7ork are reported in the present paper. These 
results show unequivocally that for pure chloro- 
anlines the aminium radical is the pri~lcipal 
species propagating the chain in intermolecular 
 halogenation^,^ the change to a chlorine atom 
chain being promoted by in~purities such as 
molecular chlorine, hydrogen chloride, and, 
under certain circumstances, chloride ion. 

Experimental 
Preparation o f  N-Haloatni~zes 

hr-Cl~lor.orlinief/~yIa~~~irze 
It \?as prepared by the chlorination of 0.5 M aqueous 

dimethylamine uith 0.5 IM sodiurn hypochlorite solution 
(91.. The chloroamine was extracted with ether, washed, 
and carefully dried over sodium sulfate. N-Chlorodi- 
methylamine hydrosulfate was precipitated as a crystalline 
salt by the addition of 90% of the calculated volume of 
concentrated sulfuric acid froin a syringe to the stirred 
solution, which wa? cooled to 0.. In order to obtain a 
product pure enough for kinetic ~ o r k ,  it is important 
that the salt should be precipitated in a crystalline form. 
The white prismatic crystals \\ere quickly washed with 
cold anhydrous ether, and the ether was removed by 
vacuum pumping for 15 ~ n i n  in the dark. The still crys- 
talline product was dissolved in the solvent of choice and 
stored at  - 78' in the dark. 

N- Chloropiperidine 
It was prepared by the same method but the dry 

ethereal solution was concentrated at  room temperature 
and the residue distilled. The chloroanline was immedi- 
ately redistilled and stored at  liquid nitrogen temperature 
in the dark. 

Our kinetic studies showed that when the chloroamines 
were prepared and stored in this way, their rate of reac- 
tion with the substrate being chlorinated (decanoic acid) 

'Further support for this view is contained in the pre- 
ceding paper of this issue by F. Minisci et al. (5j). 
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in the dark at  30" was extremely small. Furthermore, in 
the absence of added photo-initiators the reaction was 
initiated only very slowly by light of 3650 A wavelength. 
However, when the fullest precautions were not taken, 
both the background thermally initiated reaction and  
the photo-initiated reaction could become quite large. 

N-Bvomodimethylainine 
I t  was prepared in the same way by the bromination 

of 0.5 M aqueous dimethylamine with 0.5 M sodium 
hypobromite solution. The colorless crystalline hydro- 
sulfate was dissolved in the solvent of choice and stored 
at  liquid nitrogen temperature in the dark. N-Bromo- 
dimethylamine can be stored in this way for at  least 2 
weeks but at room temperature the formation of bromine 
is discernible after several hours. 

Chain Initiation 
a,a'-Azo-bis-cyclohexylnitrile (ACHN) was employed 

as photo-initiator and cc,a'-azo-bis-isobutyronitrile 
(AIBN) as the thermal i n i t i a t ~ r . ~  The reactions were 
carried out in sealed an~poules which had been degassed 
by the freeze-thaw method. The photo-reactions were 
initiated by light from a 200-250 V, 250 W ME/D B.T.H. 
ultraviolet lamp. The light bean1 was passed through a 
Corning C.S. No. 7-51 filter (maximum transmittance 
3650 A). The thermal reactions were kept in the dark in a 
thermostatted water bath for the required period of time. 
At the end of the reaction period the ampoules were 
opened, the clear reaction mixture poured into ice/water 
and extracted with carbon tetrachloride, and the extract 
analyzed by gas-liquid chromatography (g.1.c.). 

Other reactions \?'ere initiated by the addition of elec- 
tron reducing agents (Cu', Fez+,  Co2+,  Ce3+). The 
finely powdered metal salts were added in one lot to the 
stirred solution of the reagents and stirring was con- 
tinued through the reaction period. The slurry was 
poured into iceiwater and extracted with carbon tetra- 
chloride for g.1.c. analysis. 

Analysis 
The N-haloamines were analyzed for positive halogen 

by reaction with potassium iodide and titration of the 
liberated iodine (3). It was necessary to buffer the satu- 
rated potassium iodide solution (30% acetic acid, 70% 
isopropanol) with sodium acetate in order to obtain 
reproducible titrations. 

The chlorinated and brominated isomers of l-chloro- 
butane were analyzed by g.1.c. using a 12 ft by 1!8 in. 
column (20% methyl silicone gum rubber on an 80-100 
mesh silanized diatolnaceous earth support) and a flame- 
ionization gauge detector. We are indebted to Dr. Tanner 
for authentic samples of the various isomers. All analyses 
are averages of not less than three separate detern~ina- 
tions. 

All reactions were run to completion, that is, they were 
continued until the N-haloamine was completely con- 
sumed. For the h~chloroamines this means that both 
chloroamine and any free chlorine were consumed but 
for N-bromodimethylamine, a certain amount of molec- 
- 

6A number of other potential thermal initiators uhich 
were tested proved unsatisfactory in the sulfuric-acetic 
acid solvent. Di-t-butylperoxyoxalate and t-butylhy- 
ponitrite decomposed too rapidly and 2,2,3,3-tetraphenyl- 
butane was insoluble. Azo-isopropane was an ineffective 
photo-initiator. 

ular bromine remained in the reaction mixture at  the 
point where it was worked-up for analysis. Because all 
the halochlorobutane isomers are stable under the reac- 
tion conditions, no serious attempt was made to deter- 
mine the overall efficiency with which the halogen is 
transferred from the N-haloarnine to the 1-chlorobutane, 
since this can have no bearing whatever on the nature of 
the radical halogenating agent which yields the observed 
mixture of isomers. A few, rather rough, quantitative 
measurements with equimolar N-chloroamine and 1- 
chlorobutane indicated a 50 % or greater yield of dichlo- 
robutanes with relatively little trichlorobutanes. Whether 
the true yield of chlorinated 1-chlorobutanes was 100% 
based on chloroamine or whether some chlorine was lost 
as HCI, or by chlorinating the anline itself or the acetic 
acid solvent was not determined. For N-bromodimethyl- 
amine the yield of bromochlorobutanes also appeared to 
be - 50% or greater. 

All the work described in this paper was carried out 
at  30". The solvent was 4 M sulfuric acid in acetic acid 
except for a few experiments with the molecular halogens 
in CCI4 and CFCI,. 

Results and Discussion 

The isomer distributions listed in Table 1 for 
the chlorination of 1-chlorobutane with molecu- 
lar chlorine show no significant solvent effect on 
change from the non-polar solvents, CCl, and 
CFCI,, to the sulfuric acidlacetic acid medium. 
The same isomer distribution is produced by 
photo and by thermal initiation. The individual 
isomers were shown to be stable in the acid 
medium for at least 24 h, as has been previously 
reported by Tanner and Mosher. Similar results, 
but with the different isomer ratios that charac- 
terize a bromine atom chain, are given in Table 2 
for brominations with molecular bromine. 

Chlorination with N-chlorodimethylamine 
(Table 3) and iV-chloropiperidine (Table 4) gave 
isolner distributions which are quite different 
from that obtained froni a chlori~le atom chain. 
Both of the AIBN initiated reactions and also 
the ACHN photo-initiated N-chloropiperidine 
reaction gave very similar isomer distributions. 
This isomer distribution7 (4.7, 10.3, 77.9, 7.1) is 
the most different from that for chlorine atoms 
(5.1, 23.5, 45.6, 25.8), and probably most nearly 
revresents the isomer distribution of a Dure un- 
hindered aminium radical reaction in this particu- 
lar solvent.' The isomer distributions for the 

7That is, the mean of runs 16-19 and 27-30. 
'The higher selectivity observed in more acidic solvents 

(see e.g, experiment 26 and various papers by Minisci 
et 01.) probably represents a real etTect of acidity on 
selectivity. The possibility that there is some chlorine 
atom chain in 4 IM H,SOd:'AcOH even with AIBN initia- 
tion which does not occur in 16 M H2S04(85 %)/AcOH 
cannot, however, be entirely ruled out. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SPANSWICK AND INGOLD: HALOGENATION IN STROKG ACIDS. I 

TABLE 1 

The isoluer distribution for the chlorination of 1-chlorobutane with lllolecular chlorine 
(initial 1-chlorobutane N 0.25 1M) 

Duration of 
Exoeriment no. Solvent Initiation experiment Cl-CH2--CH2--CH,--CH, 

1 CCl, hv 5 min 5.8 24.5 45.1 24.6 
2 CFC1, hv 5 min 6.2  23.4 44.7 25.7 - 
Z CFCI: hv 5 min 6 . 0  24.3 43.7 26.0 
4* 4 M H,SO,~ACOH - 6 h  4.4 22.4 45.9 27.3 
5 * 4 IM H2S04/AcOH - 24 h 4 .9  22.9 46.9 25.3 
6 4 IM H,SO,/AcOH hv 5 min 4.0  24.1 46.2 25.7 
7f- 4 M H2S04/AcOH - 24 h 4 .7  23.4 46.3 25.6 
X 4 M H,SO~lAcOH AIBN 12 h 4 .7  22.9 46.3 26.1 

-$ k ~ l ,  hv - 10.5 27.6 45.3 13.7 
- 85 % H2SO4/15 % AcOH 11 v - 5.4 20.9 52.0 21.6 

*Products of experlment 3 stored In 4 M H2S04/AcOH. 
'yProducts of experlment 6 after 24 h. 
$Results of Tanner and Mosher (8). 

TABLE 2 

The isomer distribution for the bromination of 1-chlorobutane with molecular bromine 
(initial 1-chlorobutane - 0.25 M) 

Duration of 
Experiment no. Solvent Initiation experiment Cl-CH,-CH,-CH, -CH3 

hv 10 min 25.2 26.0 48.8 Trace 
hv 10 lnin 24.4 27.5 48.1 Trace 
hv 10 min 21.4 26.2 48.6 3.8 
hv l h  23.6 23.6 52.8 Trace 

23.7 26.7 49.6 Trace 
23.0 28.0 49.0 Trace 
23.8 26.8 49.4 Trace 

-- 

*Flushed continuouslv with N,. 

photo-initiated N-chlorodimethylamine reaction 
diverge slightly from that of an aminium radical 
towards that of a chlorine atom, which implies 
that chlorine atoms may play a sinall role in this 
reaction. Presumably some chlorine atoms are 
generated either by the direct photolysis of the 
chloroamine or, more probably, by photolysis 
of the corresponding N,N-di~hloroamine.~ 

Initiation of the Me2NCl reaction with ferrous 
sulfate gives ail isomer distribution that is some- 
what closer to that of chlorine atoms than the 
photolytic reaction. This implies that chlorine 
atoms can play a more important role in the 
FeSO, initiated reaction. It is worth noting that 
molecular chlorine was formed in these FeSO, 

gNeale and Walsh (4a) have shoun that N-chlorodi- 
iz-butylamine undergoes a non-radical disproportionation 
to yield N,N-dichloro-n-butylamine. In the absence of an 
externally added initiator, the dichloroamine is believed 
to be the important photo-initiator in the Hoffman- 
Loffler rearrangement of the chloroamine. Such a 
disproportionation is less likely to occur with N-chloro- 
piperidine than with Me2NCl. 

initiated reactions in sufficient concentration 
to escape from the solvent so that its characteris- 
tic odor became unpleasantly easily detected. In 
contrast to the Me2NC1 reaction, the initiation 
of the N-chloropiperidine reaction with ferrous 
sulfate, ferrous chloride, cuprous chloride, and 
cerous sulfate gave isomer distributions which 
are essentially identical to that which we believe 
corresponds to an unhindered aminium radical 
in this solvent. It  would appear that molecular 
chlorine is obtained considerably less readily 
from N-chloropiperidine than from N-chloro- 
dimethylamine. However, isomer ratios charac- 
teristic of a chlorine atom chain were obtained 
with N-chloropiperidine when the reaction was 
initiated with cobaltous chloride, and cerous 
chloride, and with cerous sulfate in the presence 
of chloride ion. The odor of chlorine in the pres- 
ence of these three catalysts was unmistakable. 

The addition to N-chloropiperidine of anhy- 
drous hydrogen chloride (Table 5) ,  or the addi- 
tion of chloride ion (experiment 47), incline the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



550 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 3 

The isomer distribution for the chlorination of 1-chlorobutane nith AT-chlorodin~ethylamine in 4 M H2S0,1AcOH 
(initial 1-chlorobutane - 0.25 M ;  N-chloroamine - 0.25 M) 

Duration of 
Exueriment no. Initiation [InitiatorI~M experinlent (h) C1-CH2----CHZ--CH2--CH3 

AIBN 
AIBN 
AIBN 
AIBN 

ACHNIhv 
ACHNIhv 

Izv 
FeSO, 

4 .5  17.6 63.7 14.2 
1 .2  6.1 87.3 5.4 

Trace 6.6 87.8 5.4 
5.1 23.5 45.6 25.8 

TABLE 4 

The isomer distribution for the chlorination of 1-chlorobutane with N-chloropiperidine in 4 >%f H2S04/AcOH 
(initial 1-cl~lorobutane - 0.25 M ;  N-chloroamine - 0.25 M) 

Duration of 
Experiment no. Initiation [In~tiator]~\l experi~llent (h) CI-CH2--CHz--CH2--CH, 

-- - -- -- - - . 

27 AIBN 0.01 24 5.3 10.3 78.0 6.4 
28 AIBN 0.01 24 4.9  10.1 78.6 6.4 
29 ACHNIhv 0.015 3 5.1 10.4 78.3 6 .2  
30 ACHN/lzv 0.015 3 5.3 10.3 78.1 6.3 
31 hv - 20 6.6 14.2 69.8 9 .4  
32 FeSO, 1 . O  2 6.5 10.3 76.9 6.3 
3 3 FeS04 1 .O 2 5 .4  10.0 78.9 5.7 
34 FeCI, 1 .O 2 5 .3  9 . 6  78.7 6 4 

F~CI;  
CuCl 
CuCl 
CuCl 
CuCl 
CuCl 

*Molecular chlorine was formed in these reactions. 
iChlorine atom chain. 

isomer distribution towards that for a chlorine 
atom chain. Hydrogen chloride must therefore 
be able to react with the chloroamine to generate 
molecular chlorine (10) as vlas previously 
claimed by Tanner and Mosher (8). However, in 
contrast to Tanner, we must agree with Minisci 
et ak. ( 5 4  that hydrogen chloride is not formed 
in suficient quantity under the condiiions em- 
ployed in these chlorinations for its reaction 

with chloroamine to significantly affect the 
isomer distribution. 

The complete conversion of an aminium 
radical chain to a chlorine atom chain is not 
acconlplished by the addition of small amounts 
of molecular chlorine (Table 5) .  For example, 
the addition to the N-chlorodimethylamine reac- 
tion of 10 mole "/, of chlorine (based on M-chlo- 
rodimethylamine) gives an isomer distribution 
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SPANSWICK AND INGOLD: HALOGENATION IN STRONG ACIDS. I 

TABLE 5 

The influence of chlorine and hydrogen chloride on the isomer distribution for 
the chlorination of 1-chlorobutane with chloroanlines in 4 11.1 H2S0,1AcOH 

(Initial 1-chlorobutane N 0.25 M; N-chloroamine - 0.25 M ;  reaction ~nitiated with 
0.01 M AIBN and run for 12 h) 

% C12 or 
Experiment no. Chloroamine HCl* C1-CH2---CH2----CH,-CH3 

1-87 - 100 2 CI; 5.1 23.5 45.6 25.8 
27-30? ((332) sNC1 0 5 .1  10.3 78.3 6 . 3  

50 (CHZ),NCI 2% HCl 4.9  8 .3  80.7 6 .1  
51 (CHZ)5NCl 8 % HCl 4.0  12.9 72.4 10.7 

*Approximate mole % based on added chloroamine concentration. 
?Average isomer distribution for these experiments. 

TABLE 6 

The isomer distribution for the bromination of I-chlorobutane with N-bromodimethylamine in 4 .%I H2S0,/AcOH 
(initial 1-cl~lorobutane - 0.25 M ;  IV-bromoamine - 0.15 M) 

Duration of 
Experiment no. Initiation [InitiatorIM experiment (h) GI-CH2---CH,--CH,--CH, 

-- - -- -- 

52 AIBN 0.01 30 4 . 6  8 . 8  77.3 9 .3  
53" ACHNihv 0.015 1 4.2  8 .5  80.3 7 .0  

*Considerable amounts of Br2 formed during the reaction. 
iDimethylaminium radical chain. 
$Bromine atom chain. 

which roughly corresponds to a one-third 
chlorine atom chain and a two-thirds aminium 
radical chain. This must mean that chlorine 
atoms and aminiun~ radicals are of roughly equal 
importance as hydrogen atom abstracting agents 
in this particular system. Provided the HCl- 
chloroamine reaction is fast, the alkyl radicals 
derived from 1-chlorobutane must attack molec- 
ular chlorine and the protonated chloroamine 
at very roughly comparable rates. 

The most conclusive proof that the aminium 
radical is involved in these systems is the similarity 
of the isomer distribution for the bromination 
of I-chlorobutane by N-bromodimethylamine 
(Table 6) with the isomer distribution already 
assigned to the aminiuin radical. Perhaps the 
most interesting result in these particular experi- 
ments was the fact that although considerable 
amouilts of n~olecular bromine were forined in 
the photo and thermal initiated reactions, the 
isomer distributions did not change froin that due 
to an aminium radical. The bromine atom isomer 
distribution is of course distinctly different from 

that for the aminium radical. The lack of influence 
of the bromine is most readily accounted for by 
the fact that hydrogen atom abstraction from 
1-chlorobutane by a bromine atom will be an 
endothermic process and will therefore occur 
rather slowly. The molecular bromine may play 
a role in brominating the alkyl radicals 

R' + Br, + RBr + Br' 

but the resulting bromine atom does not continue 
the chain by attacking the I-chlorobutane. 

In the absence of ACHN, the photo-initiated 
reactions with N-cl~lorodiinetl~ylainii~e (experi- 
ment 22) and N-chloropiperidine (experiment 
31) give isomer distributions ahich are inter- 
mediate between those for an aminium radical 
and for a chlorine atom. The experimental con- 
ditions normally employed in the Hoffman- 
Loffler reactioil involve the direct photolysis of 
the chloroamine. The present results suggest that 
direct photolysis leads to both chlorine atom and 
ami~lium radical chain reactions. Since a chlorine 
atomisless selective in hydrogen atom abstraction 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 7 

Summary of isomer distribution for the chlorination and bromination of 
1-chlorobutane in 4 12/1 H,SO,/AcOH 

Experiment 
no. Reactant Initiation Radical Cl-CH2--CH2---CH2--CH3 

16-19 Me,NCl AIBN 

27-30 (CH2),NCI AIBN, ACHNIhv 

52-56 Me2NBr AIBN, ACHNIhv 
FeS04 

1-8 c12 hv, AIBN 

Br' 23.6 26.4 49.5 0 .5  

than an aminium radical and since, in the 
Hoffman-Loffler reaction, chlorine abstracts 
intermolecularly while the aminium radical 
abstracts intramolecularly, we should expect that 
the yield of the desired cyclized product will be 
increased by all procedures that reduce the 
importance of the chlorine atom chain. It is there- 
fore not surprising to find that the procedures 
that Neale and Walsh (4a) have reported increase 
the yield of cyclized product from the photo- 
initiated Hoffman-Loffler reaction of N-chloro- 
di-n-butylamine are all consistent with a decrease 
in the importance of the chlorine atom chain. 
These procedures include (i) increasing the 
chloroamine purity, (ii) rapid flushing of the 
system with nitrogen (this will remove HC1 and 
Cl,), (iii) increasing the light intensity and decreas- 
ing its wavelength. (This will increase the rate 
of radical reactions relative to non-radical reac- 
tions. Presumably some HC1 or C1, is formed by 
non-radical pathways.) 

Neale and Walsh have also reported (4a) that 
for chloroamines for which intramolecular 
abstraction (Hoffman-Loffler reaction) is pos- 
sible, this process occurs more slowly than the 
addition of the aminium radical to 1,3-dienes 
but more rapidly than their addition to simple 
olefins. Minisci et al. have reported (5h) that 
intermolecular abstraction from methyl hex- 
anoate is competitive with intramolecular ab- 
straction for both N-chloro-rz-butylamine and 
N-chlorodi-rz-butylamine. Similarly, 12 % of 
benzyl chloride is formed from toluene and N- 
chlorodi-n-butylamine (5b). However, in the 

reaction of N-chlorodi-n-butylamine with 1- 
chlorobutane in 4 M H,SO,/AcOH (initiation, 
ACHNIhv, and FeSO,) and in 85% H,SO,/ 
AcOH (initiation FeSO,) we could detect no 
trace of any dichlorobutanes. Presumably 1- 
chlorobutane is considerably less reactive towards 
aminium radicals than methyl hexanoate or 
toluene. From the relative concentrations of 
chloroamine and 1-chlorobutane, we estimate 
that for these particular reagents kinte,ikintra < 

M - 1 .  

Conclusion 

The isomer distributions obtained in the 
present work are summarized in Table 7. There 
can be little doubt that N-haloamines yield 
aminium radicals and that under carefully con- 
trolled conditions, anlinium radicals are by far 
the most important hydrogen atom abstracting 
agents in these systems. Furthermore, although 
a chlorine atom chain is promoted by the hydro- 
gen chloride -- chloroamine reaction, small 
amounts of chlorine or hydrogen chloride do not 
have a very important effect on the dichloro- 
butane isomer distribution. The negligible effect 
of bromine on the isomer distribution in the 
presence of bromoamine is probably due to the 
low rate of hydrogen atom abstraction by bro- 
mine atoms. 
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Halogenation with N-halloarnines in strong acids. II. Kinetics and rate constants1 

J. SPANSWICK~ AND K.  U .  INGOLD 
Division of Chemistry, Aratioizal Research Council of Caizada, Ottawa, Canada 

Received September 8, 1969 

The kinetics o f  the radical chain chlorination o f  decanoic acid by N-chlorodimethylamine and N-chlo- 
ropiperidine in 2 and 4 M H2S04  in acetic acid have been examined at 30". The rate o f  reaction is pro- 
portional to the decanoic acid concentration and to the square root o f  the rate o f  chain initiation. The 
rate controlling step for propagation involves the attack o f  an aminiun~ radical on decanoic acid, and 
termination involves the self-reaction o f  two aminiuin radicals. The latter reaction may involve the prior, 
rapid deprotonation o f  one or both radicals. The propagation rate constant has been estinlated to be in 
the range 7 x lo2  to 1 x lo4 M-' s-' and the termination rate constant to be in the range 6 x 106 to 
5 x 107 M-I S - I .  

Canadian Journal of Chemistry, 48, 554 (1970) 

Introduction 

In the preceding paper (I), it was shown that 
the halogenation of I-chlorobutane in 4 M sul- 
furic acid in acetic acid by N-haloanlines is a 
free radical chain process in which the principal 
hydrogen atom abstracting species is an aminium 
radical. The present papcr reports on the kinetics 
of the reaction of N-chlorodin~ethylamine and 
N-chloropiperidi~le with decanoic acid in sul- 
furic-acetic acid solvents. These reactions have 
been found to be suitable for the application of 
the rotating sector method, and the absolute rate 
constants for chain propagation and termination 
have been estimated. 

Experimental 
Materials 

The preparation and storage o f  the N-chloroamines 
were described in the previous paper ( 1 ) .  Eastinan "white 
label" decanoic acid was purified by vacuum distillation. 
This compound proved a Inore suitable substrate than a 
number o f  others that were examined. For example, 
cyclohexane was too volatile, and there was a slow dark 
(thermal) reaction with toluene and 1)-xylene. Reagent 
grade sulf~iric and acetic acids were used as solvents 
without purification. 

Appnrnt~ls and Procedure 
The general features o f  the apparatus and the general 

experimental procedure have been described previously 
(2,  3). The reaction was initiated with the light from a 
200-250 V ,  250 W ME/D B.T.H. lamp filtered through a 
Corning C.S. No. 7-51 filter (maximum transmittance 
3650 A). a,c/'-Azo-bis-cyclohexylnitrile (ACHN)  was 
employed as a photo-initiator, generally at a concentra- 
tion o f  1.5 x All. In the absence o f  this conipound, 
a photo-initiated reaction did not take place during the 
first 10 min o f  the irradiation o f  carefully purified and 
degassed reagents. This result contrasts with the ex- 

'issued as WRCC No. 11059. 
ZNRCC Fellow 1968-1969. 

perience o f  most previous workers who have reported 
that reaction occurs in the dark and that its rate is 
increased by ultraviolet irradiation. This difference prob- 
ably reflects differences in the purity o f  the chloroamines. 
However, it is worth noting that all our N-chlorodi-?I- 
butylamine saniples exhibited a dark reaction (even in 
the absence o f  decanoic acid). Kinetic work with this 
chloroamine hvas not possible. 

For liiost kinetic purposes the rate o f  the photo-initi- 
ated reaction was followed by measuring the heat evolved 
in the exothermic chain process with a thermocouple 
placed at the center o f  a cylindrical Pyrex cell 1.5 cni long 
and 3 cin in diameter. These measurements o f  heat evolu- 
tion bere calibrated in terms o f  true rates o f  reaction by 
titration for active chlorine ( 1 ) .  The measured rate o f  
temperature rise together with the reaction rate deter- 
mined by titration yielded a mean value o f  38.5 i: 4.0 
kcal/mole for the actual heat o f  the overall reaction, i.e. 

\ \ 
H N ~ C ~  + RH + H N ~ H  t RCI 
/ / 

Reactions were also initiated thermally with 3 ,~ ' -azo-  
bis-isobutyronitrile (AIRN).  The reactants were sealed 
in ampoules under vacuum. There mas little dead space 
in these ampoules and so it proved possible to make some 
measurements on cyclohexane even though this hydro- 
carbon was too volatile for use in the photo-apparatus 
which had a large dead space. The rates were estimated 
by titration for active chlorine. 

The kinetic work described in this paper was done at 
30" in 2 M H2S041AcOH and 4 M H,SO,/AcOH as sol- 
vents. Two  other more acidic sulf~iric-acetic acid mixtures 
(1 IM H,S04/AcOH with 30 % volume Ac20  (- H, > 12 
(6),  q = 2.6 cp), and 85 % (16 M )  H2S04/AcOH (- H, = 
9.9, q = 28 cp)) were also examined. Both proved un- 
satisfactory as solvents for absolute rate studies by our 
procedure because a thermally initiated reaction between 
chloroarnine and decanoic acid occurred spontaneously 
in the dark at a quite appreciable rate. Trifluoroacetic 
acid was also unsatisfactory as a solvent for absolute rate 
studies because there was a large contribution to termina- 
tion from a kinetically first order process. 

Estijization of the Rate of Chain Iizitiatiorz 
The determination o f  absolute rate constants by the 
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SPANSWICK A h D  INGOLD HALOGEAATION IN STRONG ACIDS. I1 

TABLE 1 

Rate constants for nitrogen evolution fro111 the azo-initiators at 30" ([AIBN] = 1.0 x lo-' M; 
[ACHN] = 1.5 x lo-' M, the light intensity was the same in all ACHN experiments) 

-- . - -- ~ -- 

Initiator 
-- 

AIBN ACHN~/ IV 
-- 

ACHNIhv 

Solvent 4 M H2S04/AcOH 2 M H2S04/AcOH 4 ,2f H,S04/AcOH 
k x 10-~(s- l )  0.02" I 7 -1- 177 
e (e/(1 - e) K liq*) 0.16 0.26 0.16 
e (e/(1 - el l /q) 0.02 0 .06 0.02 
Viscosity (cp) 1 8 . 3  5 .6  18.3 
Acidity: (- Hn) 4 . 4  3 . 4  4 . 4  

*In non-acidic solvents of lo\\- viscosity, such as chlorobetirene (q = 0.7 cp), k - 9 :. 10-8 s-1 (4). 
?In chlorobenzene k = 17 x s- '  under similar experimental conditions. 
:Reference 5. 

rotating sector technique requires a knowledge of the 
rate of chain initiation, Ri .  Unfortunately, the usual 
induction period method (2, 3) could not be used because 
no suitable inhibitor of the chain reaction could be 
found. The free radicals, galvinoxyl, 2,2,6,6-tetramethyl- 
4-pyridone nitroxide, and 2,2-diphenyl-1-picrylhydrazyl 
were ininlediately converted to non-radical products on 
solution in sulfuric-acetic acid solvents, and their prod- 
ucts did not inhibit the chlorination. 4,4'-Dimethoxy- 
diphenyl nitroxide was stable for a limited period in the 
solvent b ~ ~ t  the solution mas too intensely colored for Ri  
to be ~ u e a s ~ ~ r e d  in a photocheniically initiated reaction. 
Although 2,6-di-i-butyl-4-metlioxyphenol (BMeOP) pro- 
duced a slight reduction in the initial rate, the reaction 
was not retarded by 2,6-di-r-butyl-4-n1etI1ylpl1enol, 2-t- 
butyl-4-i11ethoxypl1enol, and hydroquinone. The unique 
behavior of BMeOP aroused questions as to the mech- 
anism and radical trapping efficiency of this retarder 
which invalidated its use to determine Ri. 

Faced with this situation, we rvere forced to estimate 
Ri from the measured rates of decomposition of ACHN 
and AIBN. These were determined by ineasuring the 
rates of nitrogen evol~~t ion under conditions coinparable 
to those of the kinetic experiments. The results are given 
in Table 1 together with the viscosities and acidities 
(- H, function) of the solvents. The rate of chain initia- 
tion is given by R, = 2rk [azo conipound], where e is the 
efficiency of chain generation. An absolute nlaximuni 
v a l ~ ~ e  can be put on Ri by assuming that each niolecule of 
azo compo~ind decomposed generates txo  radicals (e = 
1.0). Hobvever, this maximum value is ~lndoubtedly much 
too large because even in low viscosity solvents (such as, 
say, chlorobenzene with q = 0.7 cp) e = 0.5 +- 0.2 both 
for the thermal deconlposition of AIBN (7, 8) and for the 
photo-decomposition of ACHN (9). A n~lluber of 
workers (see e.g. 10-17) have shown that e is significantly 
lower in solvents with viscosities in the range of interest 
(i.e. 5.6 cp for 2 ,\I H,S04 and 18.3 cp for 4 :M H2S04, 
Table 1) than in low viscosity solvents. The ratio (el(1 - e)) 
has becn reported to be proportional both to l , q l / '  
(11, 13) and to l jq (15-17). These relations allow rough 
~naximunl and mininlum values to be placed on e in the 
solvent? used in this work. A reasonable value for the 
chain initiation efficiency is 0.5 in a solvent with 11 = 0.7 
cp. Assuming e = 0 when q = cc, the dependence of 
(ei(1 - e)) on 1 / ~ 1 ' / ~  gives efficiencies of 0.26 in 2 ,bf 
HzSO, and 0.16 in 4 114 H2S04, uhile the dependence on 
l /q  gives e = 0.06 and 0.02. These values of e are listed 

in Table 1 and have been used to calculate the rates of 
chain initiation given in Table 4. Although this procedure 
for estimating probable n~aximum and minimum rates 
of chain initiation is unsatisfactory, it is difficult to see 
how it can be iniproved upon until a suitable inhibitor 
of the reaction is discovered. 

Results and Discussion 
Kirge tics 

The overall rates of reaction of N-chlorodi- 
nlethylaniine and N-chloropiperidine with deca- 
noic acid are proportional to the square root of 
the rate of chain initiation. Thus, for the thermal 
reactions the rate is proportional to the square 
root of the AIBN concentration (Fig. l), and for 

FIG. 1. Rate of consumption of N-chlorodin~ethyl- 
amine as a function of [AIBN] at 30' in 4 Ad HZS04/  
AcOH. Initial concentrations, [(CH,)2NCl] = 0.20 h.f, 
[decanoic acid] = 0.25 .M. Rates by titration after 6-20 h. 
The conver.sion of K H  Mas kept as low as !%as consistent 
with accurate titrations. The straight iine d r a ~ n  has a 
slope of 0.5. The point X is the average of 3 experiments 
with 0.20 ,Vf [cyclohexane]. 
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TABLE 2 
The photochemically initiated reaction of N-chlorodimethylamine and N-chloropiperidine 

with decanoic acid in 4 M H2S04/AcOH (ACHN = 1.5 x M, estimated 
R, = 80 x lo-' M s-') 

[RHl Rate 
[Chloroamine] [Decanoic acid] = [RH] 

- x lo5 
[)NCII Rate x 10' [RHI 

( M )  (MI (M s-l) (s-I1 

*Mean of three experiments. 

the photo reactions under steady illumination 
the rate is proportional to [ACHN]0.5 (in the 
range 2 x to 3 x 10- M). At any particular 
ACHN concentration the rate is proportional to 
the square root of the light intensity. These 
results indicate that the chains are terminated by 
the bimolecular reactions of two radicals. 

The reaction rate is directly proportional to the 
decanoic acid concentration but is independent 
of the chloroamine concentration. Some typical 
results are given in Table 2 for reactions in 4 M 
H2S0,/AcOH. Confirmation that the rate was 
independent of the chloroamine concentration 
was provided by the fact that during the course 
of any single experiment the rate (measured by 
heat evolution or chloroamine titration) remained 
constailt for more than 90 "/f the reaction. 

The kinetics are consistent with the reaction 
scheme [I]-[4]. 

[l  ] Initiation: Production of R'  (Rate Ri)  

[2] Propagation: 

\ \ 
[4] Termination: H U "  + H &  ' % 

/ / 

Inactive products 

The overall rate of reaction is given by 

That is, the rate controlling step for chain prop- 
agation involves hydrogen atom abstraction 
by an aminium radical and termination predomi- 
nantly involves the self reaction of two aminium 
radicals. 

Strong evidence that N-chloroamine chlorina- 
tion of 1-chlorobutane involves aminium radicals 
rather than chlorine atoms as the principal hydro- 
gen atom abstracting agents was provided in the 
previous paper (1). Support for a similar aminium 
radical chain reaction with decanoic acid as the 
substrate is provided by the isomer distributions 
for its chlorination by chloroamines and by 
molecular chlorine, which are given in Table 3. 
The data in this table were obtained for reactions 
run to completion. The yields of chlorodecanoic 
acids from the N-chloroamine chlorinations were 
greater than 80%, based on the initial chloro- 
amine concentrations. 

Absolute Rate Constants 
The rotating sector technique (2, 3, 9) was 

applied to the reactions of N-chlorodimethyl- 
amine and N-chloropiperidine both in 2 M 
E12S0, and in 4 A4 H,SO, in acetic acid. From 
3-6 individual experiments at various reactant 
concentrations were carried out for each chloro- 
amine in the two solvents. In each of these indi- 
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SPANSWICK AND INGOLD: HALOGENATION IN STRONG ACIDS. I1 557 

TABLE 3 

The isomer distribution for the chlorination of decanoic acid in 4 M HZSO,/AcOH* 

Chlorinating 
agent Initiation HOOC-CH2-CHI-CH2--CHz-CH2-CH2-CH-H3 -- 

Me,NCl.t ACHNIlzv - 1 . 7  6 .1  12.6 16.2 23.4 39.0 1 . 0  
MezNCl ATBN - 1.1 2 . 4  7 .5  14.1 18.0  15.9 40.8 Trace 
Me,NCl$ FeSO, - - 0 . 5  4.1 10.7 17.5 21.6 44.4 1 .1  

( C H ~ J N C I  ACHN/hv - Trace 1 . 3  6 .7  13.2 17.9 18.4 40.9 1 .1  
c12 hv Trace 7.0 9 .6  10.8 11.6 12.9 16.0 20.8 11.3 -- 

*Analyzed by gas-liquid chromatography after conversion to the methyl esters. We are indebted to  Mr. M. Bednas of these laboratories for 
most of the analyses. 

?Analysis kindly performed by Professor Minisci. 
$Chlorination of methyl decanoate in concentrated H2S04 (R. Bernardi et al .  (29)). 

vidual experiments, from 5-20 measurements 
were made of the rate under steady illumination, 
-d[>NCl]/dt, and of the ratio of this rate to 
the rate under the optimum frequency (9) of 
intermittent illumination. From this ratio the 
quantity 2ktRi is derived. These results are sum- 
marized in Table 4. 

For both assumptions regarding chain initia- 
tion efficiency the values of 

appear to be essentially independent of chloro- 
amine and of acid ~ t r eng th .~  This suggests that 
the propagation and termination rate constants 
are not significantly affected by the change in 
chloroamine and solvent since it is unlikely that 
they would change by large, but comparable, 
amounts. Although the values of 2k,Ri appear to 
be greater in 2 M H2S04 than in 4 M H,SO,, the 
estimated maximum termination rate constants 
(e/(l - e) assumed K l /q) are approximately 
equal in the two solvents and so are the estimated 
minimum termination rate constants (e/(l - e) 
assumed c l/ql/'). 

The termination rate constants have about 
1/10 - 1/100 of the values calculated for bimolecu- 
lar diffusion controlled reactions from the relation 
(20) : 

[I] kdiffusion = 8RT/(3 x 103)q M-'S-' 

value of R,. A measured value smaller than cal- 
culated seems not unreasonable for two positively 
charged aminium radicals, since electrostatic 
repulsion may reduce the frequency of close 
encounters. On the other hand, all our experi- 
mental rate constants for radical-radical reac- 
tions which have been obtained in the present 
apparatus by the same general procedure, have 
been smaller than the diffusion controlled values 
calculated from eq. [I] by a factor of at least 4 
and sometimes of 10 or more. The radicals 
investigated include t-butoxy (2), a number of 
alkyl and trialkyltiil radicals (3), and the trichlo- 
ronlethyl radical (21). Although the low measured 
values may reflect an inherent error in our pro- 
cedure, our results have generally been in good 
agreement with the rate constants found by other 
workers using different experimental methods. 
It seems likely, therefore, that eq. [I] may over- 
estimate diffusion controlled rate constants (22). 
However, the fact that by either calculation 2k, 
for both chloroamines is about the same in both 
acids, whereas the viscosity in 2 1M H,SO, is only 
about 113 the viscosity in 4 M H,SO,, indicates 
that the self reaction of aminiunl radicals is 
somewhat slower than diffusion controlled. 

In considering termination it is important to 
realize that deprotonation (like protonation) is 
an extremely rapid process and that the kinetics 
do not distinguish between the three possible 
processes outlined below, all of which may con- 
tribute to termination. 

The significance of the difference between mea- The aminium radical pair in the box represents 
sured and calculated termination rate constants two radicals in close proximity to one another, 
is hard to assess in the absence of an accurate one or both of which may be deprotonated -. - 

3Previous workers have reported that the ;ate of the immediately prior to, or during the course of, 
intran~olecular (Hoffman-Loffler) reaction is increased reaction with the other radical. It is unfortunate 
(18) and decreased (19) by an increase in solvent acidity. that the absolute rate constants could not be However, in neither piece of uork was the rate of initia- 
tion in the different solvents estimated. measured over a wider range of acid strengths 
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SPANSWICK AND INGOLD: HALOGENATION IN STRONG ACIDS. I1 

\ \ ' \  \ i 
HN" + HN-' + ~HN+. + HN+', + Inactive products 
/ / I / / I _ _ _ _ _  ..___ _ _ _ _  _._- f 

\ 1 + HN+. I -+ Inactive products 
i I ____ - -  / _ .------- / -8  ' 

j \ \ I 
i N' + N Inactive products 
I / / ,  
i - - - - - -_- - - - - - -  i 

since very strong acids might be expected to 
produce some decrease in 2k, if processes [4'] 
and [4"] play an important role in termination. 
In  this connection, Corey and Hertler concluded 
that an increase in acid strength decreased the 
rate of chain termination in the Hoffman- 
koffler reaction (18). They suggested that this 
resulted from the fact that the self-reaction of 
two protonated, positively charged nitrogen 
radicals was far slower than the self-reaction of 
the neutral radicals which were assumed to be 
[he species actually responsible for termination. 
However, as Neale and Walsh have pointed out 
(19), this requires that the basicity of the amino 
radical be less than that of the corresponding 
chloroamine, since the latter is protonated even 
in the most weakly acidic solutions used. The 
available evidence (19, 23) suggests that the 
radical is a much stronger base than the chloro- 
amine. Gorey and Hertler's suggestion that the 
coupling of two charged radicals is disfavored 
relative to the neutral radicals may well apply 
to  two "free" radicals though it is by no means 
certain that it applies to geminate pairs of radicals 
formed in a solvent cage.4 Our own results show 
that reaction [4] is rapid but is probably not as 
fast as the reaction of two uncharged radicals. 

The estimated maximum rate constants for 
chain propagation are in the range 3-10 x lo3 
M - I  s-I and the minimum rate constants are in 
the range 0.4-1.0 x 103 M - I  s - l. Assuming a 

normal pre-exponential factor of ,- M - l  
s-I (26) for hydrogen atom abstraction, the 
activation energy for abstraction will be in the 
range 6-8 kcal/mole. 

The propagation rate constants indicate that 
aminium radicals have a reactivity towards un- 
activated secondary hydrogens which is some- 
what smaller than that of the t-butoxy radical 
(kButo + C6Hi2 = 3 104 (2j,5 X 105 i ~ - l  S - I  

(8)5).  It is interesting to note that the heats of 
chlorination of saturated hydrocarbons by 
t-butyl hypochlorite and chloroamine are rather 
similar, viz. AHButo + C6H,2 = -42.4 1 1 

- kcal/mO1e (27), and AH,\,+' + decanoic acid - 
/ 

- 38.5 f 4 kcal/mole. However, in respect to 
selectivity the t-butoxy and aminium radicals 
behave quite differently. t-Butoxy is a relatively 
unselective radical (28) but aminium radicals are 
highly selective (1 and references cited therein). 
The high selectivity of the aminiuni radical is 
presumably due to the fact that a radical cation 
is much more sensitive to both inductive and 
field effects than is even the most highly electro- 
philic neutral radical of similar absolute reac- 
tivity. 
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Preparation and reactions of triarylsilylmethylmetallic reagents 

A. 6. BROOK, J. M. DUFF,' AND D. G. ANDERSON, 
Department of Chemi~try,  U~ziuersity of Toronto, Toronto 181, Ontario 

Received August 5, 1969 

Triarylsilyln~ethylmetallic reagents have been prepared by several routes: metalation; addition of 
phenyllithium to vinyltriphenylsilane; direct synthesis; and by halogen-metal exchange. The latter 
method is highly superior as regards both generality of application and yields. Dibron~omethylsilanes 
undergo halogen-metal exchange at -78', and reaction of the producl with hydrogen bromide serves 
as a valuable way of converting geminal dibromides to monobromides. The organometallic reagents 
have been characterized in several ways, in particular by carbonation to give the related carboxylic acid. 

Canadian Journal of Chemistry, 48, 561 (1970) 

Much is known about the preparation and 
reactions of trialkylsilylmethylmetallic reagents 
(1, 2,3) (Alk,SiCH,M, M = Li or MgX), which 
have been shown to be of great value in the 
synthesis of 0-functional organosilicon com- 
pounds (4). However, little has been reported 
regarding the related triarylsilylmethylmetallics 
(Ar,SiCH,M). We wished to employ these re- 
agents for the synthesis of p-ketosilanes and 
silylacetic acids and hence we have investigated, 
at  least briefly, the following possible routes to 
these reagents: metalation; addition of an or- 
ganolithium reagent to a vinylsilane; direct syn- 
thesis from a triarylsilylmethyl halide and metal; 
and halogen-metal exchange of the halide with 
n-butyllithium. All of these routes could be used 
to  provide certain triarylsilylmethylmetallic re- 
agents once appropriate conditions had been 
established, but the halogen-metal exchange 
route at low temperature was the most widely 
applicable reaction and gave the best yields of 
products as will be seen below. For derivatizing 
the organometallic reagents, their reactions with 
several reagents (H,O, D,O, CO,, Me,SiCl, MeI, 
and benzoic anhydride) were investigated. 

Metalation 
I t  has been reported that tetramethylsilane is 

metalated by n-butyllithium-tetrainethylethyl- 
enediamine (TMEDA) complex to give trimethyl- 
silylmethyllithium in reasonable yield ( 5 )  and 
Gornowicz and West (6) have shown that a wide 
variety of trimethylsilyl derivatives (Me,SiX, 
X = C1, OAC, OSiMe,, etc.) can undergo a 
similar reaction. These results infer that the 
carbanion may be stabilized to some extent by 

the neighboring silicon atom, but other effects 
may be important as well since neither methyl- 
triphenylsilane nor bis(triphenylsily1)methane 
could be metalated to any appreciable extent by 
this reagent. However, it is possible to metalate 
a methyl group to which one or more phenyl 
groups is directly attached and Gilman and co- 
workers have shown that benzyltriphenylsilane 
(7), benzhydryltriphenylsilane (8) and 9-fluorenyl- 
trimethylsilane (9) undergo the metalation reac- 
tion. In our re-investigation we found that 
virtually quantitative metalation of benzhydryl- 
tri~henvlsilane could be effected at room tem- 
perature using iz-butyllithium in tetrahydrofuran 
and, as shown in Table I ,  the resulting organo- 
metallic was deuterated or methylated in greater 
than 80% yield. Carbonation to give the expected 
triphenylsilyldiphenylacetic acid gave only a 
mixture of diphenylacetoxytriphenylsilane, tri- 
phenylsilanol, and diphenylacetic acid. These 
products were those expected from the base- 
catalyzed rearrangement of triphenylsilyl- 
di~henvlacetic acid. a reaction which has been 

A < 

shown to occur readily with silylacetic acids under 
mild conditions (10). Metalation of benzyltri- 
phenylsilane using n-butyllithium in ether gave 
the lithium reagent in good yield; it was deriv- 
atized by methylation, trimethylsilylation, and 
by carbonation. 

Addition of Phenyllitlzium to 
Viizyltriphenylsilane 

Cason and Brooks have shown that a variety 
of organolithium reagents add to the double bond 
of vinyltriphenylsilane to give substituted l-tri- 
phenylsilylethyllithium reagents (1 1, 12) 

lNRCC Postgraduate Scholarship Holder, 1967-1969. 
2Postdoctoral Fellow, 1966-1968. Ph3SiCH=CH, $ RLi -t Ph,SiCHLiCH,R 
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TABLE 1 

Triphenylsilylmethylmetallic reagents and their reactions 
- - -- 

Melting 
Method of 

Reagent preparation Reactant Product 
Yield pointY 
( %) ("C) 

I) Ph3SiCPh2Li RH + n-BuLi DzO Ph3SiCPhZD 8 8 
in THF MeJ Ph3SiCPh2Me 81 
3-4 h COz Ph3SiOCOCHPh2 + Ph,SiOH + Ph,CHCO,H 

2'l Ph,SiCHPhLi RH + n-BuLi Me1 Ph3iCHPhMe 79 

3) PhsSiCHLiCHzPh Ph3SiCH=CHZ Hz0 Ph3SiCH2CH2Ph 75 + PhLi in E t20  D 2 0  Ph3SiCHDCH2Ph 78 
16-24 h Me,SiCl Ph3SiCH(SiMe3)CHZPh 38 

Coz Ph3SiCH(COzH)CHzPh 67 

- - 
--- 

*The n.m.r. showed 100% monodeuterated: mixed m.p. with undeuterated compound. m.p. 160-1613, not depressed. 
tMixed m.p. with sample provided by Dr. H. Gilman, not depressed. 
$Compounds identified by mixed m.p. and spectra. The expected carboxylic acid, as its lithium salt, \vould be expected to very readily rearrange 

(10). 
§The n.m.r. of crude product showed little recovered benzylsiiane. Mixed lll.p. with authentic sample not depressed. 
I Wide m.p. range due to thermal decomposition of the acid (10). 
YMixed m.p. with authentic sample, m.p. 146148' (12) undepressed. 
Tompound contained 91 % deuterium (n.m.r.). Mixed m.p. with undeuterated sample not depressed. 
bMelting point varies between 210-220" because of thermal decomposition. Treatment of this acid with diaroinethane gave methyl ester 

m.p. 77-78", in 67% yield. 
cHaloge~~-metal exchange done at 25". 
dIdentified by mixed m.p. with authentic sample. 
"Compound contained 81 % deuterium (n.m.r.1. Mixed m.p. with undeuterated sample not depressed. 
'Halogen-metal exchange done at -78". 
ZLiterature m.p. 175.5-177.5 (23). 

Reinvestigation of the reaction using phenyl- resonance (n.m.r.1 to be 91'4 monodeuterated on 
lithium in ether showed that the reaction was the carbon adjacent to silicon. If the reagent was 
complete in less than 16 h (workup after 6 h allowed to stand for 4 days prior to deuteration 
revealed unreacted vinylsilane). Deuterolysis of the product contained only 28% deuterium, 
the clear red solution gave 78% of deuterium indicating some reaction with the ether solvent. 
labelled l-pheny1-2-tripheny1si1~1et11ane (Ph,Si- The original workers failed to isolate any acid on 
CHDCH,Ph), estimated by nuclear magnetic carbonation, obtaining instead 47% of the 
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BROOK ET AL.: TRIARYLSILYLMETHYLMETALLIC REAGENTS 563 

TABLE 2 

Carboxylic acids from bromoniethylsilanes and bromomethylgermanes* 
. 

Exchange conditionsf' 
Melting 

Temperature Time Yield point 
Bromide ("C) (min) Acid ( %) ("c) 

*The general reaction scheme is: R,MCR'R"Br + n-BuLi - R,MC 
?Exchange reactions carried out in dicthyl ether - hexane sol\ent at 

temperature. 
$Literature m.p. 40" (24). 

hydrolysis product, 1-phenyl-2-triphenylsilyl- 
ethane. Since their short reaction time of 6 h 
precludes complete reaction with the ether solvent 
it appears possible that they einployed wet Dry 
Ice since carbonation in our hands gave 67% of 
the expected acid. The suggestion that decar- 
boxylation had occurred (12) seems unlikely since 
this behavior has not been observed with any of 
several silylacetic acids investigated (10). 

Reactiorz of Bromotneflzyltriphe~zylsilane 14'itlz 
Lithiurn and Magnesiutn 

Chloromethyltriphenylsilane was reported to 
react with magnesium by Huang and co-worker 
(13) and the same Grignard reagent has been 
reported inore recently (14) but this work was not 
reproducible in our hands. Using bromomethyl- 
triphenylsilane (prepared by reaction oftriphenyl- 
silylmethanol with phosphorus tribromide, (15)) 
we were able to obtain reaction with magnesium 
in THF or with lithium in refluxing ether but 
treatment of the resulting mixtures with tri- 
methyl- or triphenylchlorosilane or \+ ith carbon 
dioxide afforded rnethyltriphenylsilane and 1.2- 
bis(triphenylsily1)ethane as major products. For 
example, on one occasion, reactioil of the inter- 
mediate organolithium solution with carbon 
dioxide gave a 5% yield of triphenylsilylacetic 
acid in addition to 45'4 of methyltriphenylsilane 
and 40% of 1,2-b1striphe11qlsilylet11ane. Direct 
synthesis, therefore. does not seem particularly 
useful. 

Halogen-Metal Excl~atige Reactioris 
Halogen-metal exchange is a well established 

type of reaction (16) which to date has had little 

co2 
'R'R' Li + R,MCR'R"C02H. 
7 8 "  (Dry Ice - acetone bath) or -23" (Dry Ice - CCI, bath) or at room 

application in organosilicon chemistry. We have 
found as shown in Table 1 that bromomethyltri- 
phenylsilane readily undergoes exchange with 
12-butyllithiuin in ether. Deuteration studies 
(using i1.m.r. spectroscopy) revealed that the yield 
of Ph,SiCH2Li from the reaction at room tem- 
perature was about 80%. Other products found 
were 12-pentyltriphenylsilai~e~ obtained in low 
yield from coupling of Sutyllithium with the 
bromide, and inethyltriphenylsilane obtained in 
about 15% yield, which probably arose from a 
reduction reaction of the type proposed by 
Eastham (17). When samples of the reagent in 
ether were hydrolyzed in D 2 0  after various time 
intervals, it was found that the reaction of the 
organolithium reagent with the solvent was sur- 
prisingly rapid, and within 8 11 at roonl tempera- 
ture no deuterium was incorporated in the 
resulting i-~~ethyltriphenylsilane. This rapid reac- 
tion with the solvent indicates that the reagent 
must be used immediately or stored at a low 
temperature and provides a reasonable explana- 
tion for the lack of success previously found in 
preparing it, or the corresponding Grignard 
reagent, in refluxing ether or the even more 
reactive THE. Halogen-metal exchange also 
occurs rapidly at lower temperatures and side 
reactions appear to be minimized at -78". The 
reactions of the reagent with benzaldehyde, car- 
bon dioxide, and benzoic anhydride were found 
to occur in good yield as is shown in Table 1. 

Since the halogen-metal exchange occurred so 
efficiently investigations were made to determine 
the scope ofthereaction. Althoughchloro~nethyl- 
triphenylsilane gave only a very low yield of 
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Ph,SiCH,Li using this method, it was found, 
using similar experimental conditions to those 
described above for Ph,SiCH,Br, that bromine- 
lithium exchange appears to be general for com- 
pounds containing the Si-C-Br linkage and, 
although the number of compounds studied is 
somewhat sinall, it seems likely that many 
a-bromogermanes also undergo this reaction. 
Thus each of the bromides shown in Table 2 was 
successfully converted via halogen-metal ex- 
change to the P-carboxymetalloid by carbonation 
of the organolithium reagent prepared by 
halogen-metal exchange. 

The results indicate that the reaction is success- 
ful with either aryl or alkyl groups attached to 
silicon. The organolithium derivative of 
1-bromoethyltriphenylsilane would be expected 
to be destabilized relative to those of the first 
three bromides of Table 2 and it therefore is not 
surprising that the bromine-metal exchange 
occurred in much lower yield in this case. The 
n.m.r. spectrum of the crude product from this 
reaction showed absorptions due to vinyltri- 
phenylsilane (from dehydrobromination) and 
broad absorptions from 6 = 0.7 to 2.7 p.p.m. 
indicating that other unknown side-reactions 
were occurring. The yield of anion was found to 
be higher when exchange was carried out at low 
temperature. 

Previous investigators have found that vinyl 
bromides only undergo efficient halogen-metal 
exchange when there is a phenyl group available 
to stabilize the resulting carbanion. Thus Curtin 
and Crump (18) have shown that both cis- and 
trans-bromostilbene react with n-butyllithium to 
form stilbenyllithium in high yield, but where no 
phenyl group is attached to the bromine-bearing 
carbon, exchange is accon~panied by other 
reactions. It has now been found that a-bromo- 
vinylsilanes undergo the halogen-metal exchange 
reaction with high efficiency. The success of this 
reaction implies substantially enhanced rates of 
exchange or significant stabilization of the car- 
banion by the adjacent metalloid atom. 

Geminal halogeno-lithium compounds 

(X-C-Li) can be prepared by halogen-metal 

exchange of dihalides at low temperatures (19). 
We have found that a,a-dibromosilanes and 
-germanes also readily react with n-butyllithium 
at - 78" to form these species. Since these inter- 
mediates appeared to be reasonably stable at the 
low temperature used, the reaction allowed a 
convenient synthesis of monobromo compounds 
from the dibromides by bubbling gaseous HBr 
into the cold solution. 

This reaction has considerable synthetic poten- itself is not easily prepared. However, it was found 
tial since in many cases dibromides are more that ethyltriphenylsilane would react with 
readily synthesized than the monobromo corn- N-bromosuccinimide with ultraviolet (u.v.) irra- 
pounds. For example, 1 -bromoethyltriphenyl- diation to give 1, I-dibromoethyltriphenylsilane 
silane has been prepared in these laboratories by in good yield. Using the halogen-metal exchange 
the bromination of I-triphenylsilylethanol (20) procedure the dibromide was converted to the 
using PBr, in carbon tetrachloride but the yield monobromide in 83% yield. 
of bromide was low, and the starting carbinol 

I i  ,i-BuLl -78 2NBS 
Ph3SiCH2CH3 -----+ Ph3S1CBr2CH3 - Pli3S~CHBrCWJ 

73;/, -7) HBr --X 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BROOK ET AL.: TRIARYLSILYLMETHYLMETALLIC REAGEh-TS 

m m w e  
m m r - F  % 

-$ 
2 

Ci 2 2 
z 
y % S  g g 
E&%z ; .% 

.25y i! r;i 
%%z"9, : ,s 
S F  O C  
ehgii; a: . 2 '5 .- 

3 .5 
5 ?& 
7 

' Z  F 
m ,", ; '8 . . 
m  r-r- $ W - t  
3, " 2  r- m 

I", I I  I ": m -  ",m * 0 . . TJ * 

$&+%!= c 
1- 5 - 3  0 ; j 

i 0 m 9 
.0 B * i: * 0 - 1 
Z: z 

F. 9 g 
8 - 
7 " 
r 2 

f 0 1  
. a  0; ; 

$ s o  

m Q o < $  G r; 

z c , $ + c  2 8 
N f j & ' d , = f j  $ ,z 
+ o o u  SED 2 3 

zM2zsr .s ,z 
$ s % L U z  : ,: 
ybii;++ 2 U Q  
z++ , ,+  s 22 
C J ~ ~ O ~ ~  5 a: 
mm.-[3m", 0 .$< 
0 o'd 

" F 4 " "  &2I%L&a: 2 8; ; 2s 
2 5 

:AF. 
23g 
i: be d S  

2 

3 U ,p$n,c .- .'-.% 

$ 2 . o - 0 ~ E . 3  

~ 2 2 ~  9 s t e h d  r r v  c 

$ 2  , 2 $  

$ 2 ~ ;  l e s ;  
zgzzz 
B R - k  - $535 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



566 C A ~ A D I A N  JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Further, dihalocarbenes generated from the 
phenyltrihalomethylmercury reagent will insert 
into an Si-H or Ge-H bond to give reasonable 
yields of dihalomethylsilanes or -germanes (21). 
In  our hands the use of equimolar amounts of 
pheilyldibromomethylmercury and arylsilanes 
(Ph,SiH and R,SieH) at 80' gave poor yields of 
the monobromomethylsilanes. Seyferth et al. 
have reported similar results (22) although the 
use of higher temperatures (130") led to sig- 
nificantly improved yields in many cases of 

1 )  )I-Bu 
R,MH + :CBr2 + R3MCHBr2 - 

2) HBr 

Experimental 
Some typical experimental procedures are outlined 

below; other pertinent information is given in Tables 1 
to 3. Analytical data and the important spectral features 
of all new compounds are given in Tables 4 and 5. All 
reactions involving organon~etallic reagents were carried 
out under an  atmosphere of dry, oxygen-free nitrogen. 
Diethyl ether was rreshly distilled from sodium ribbon 
which showed the color of benzophenone ketyl and tetra- 
hydrofuran was freshly distilled frorn lithium alulninuln 
hydride. The n-butyllithium was purchased from Foote 
Mineral Go. Bnd was approximately 1.6 M, as analyzed 
by the double titration method (25). Nuclear magnetic 
resonance spectra were recorded on a Varian A-60 
Spectrometer and chemical shift values are reported in 
p.p.m. (6 units) below internal tetralllethylsilane in 
carbon tetrachloride or de~~terochloroforin solution. 
Infrared (i.r.) spectra were recorded on a Perkin-Elmer 
237B Spectrometer in carbon tetrachloride unless other- 
wise specified. Melting points were determined on a 
Fisher-Johns apparatus and are uncorrected. 

Metalation Reactions 
Tuiplzenylsilyldipl~e~iyln~etIi~~I1ithiunz (Plf3SiCPh2Li) 
A solution of 2.13 g (0.005 mole) of benzhydryltri- 

phenylsila~e in 50 nll of tetrahydrof~iran was treated uith 
12.5 1111 (0.02 mole) of a 1.6 M so l~~ t ion  of n-butyllithium 
in hexane. A deep red solution resulted instantly. After 
3 11 at  room temperature excess inethyl iodide was added, 
causing the color to disappear instantly. After stirring for 
2 h the solution was worked up with dilute hydrochloric 
acid, several volumes of ether being added to facilitate 
separation of the layers. The organic layer was dried with 
nlagnesiuin sulfate. Removal of solvent 011 a rotary 
evaporator gave a brownish solid which was recrystallized 
fror,  I-propanol-ethyl acetate to give 1.78 g (81 %) of 
pure 1,l-diphenylethyltriphenylsilane; n1.p. 207-208"; 
n.1n.r. (carbon tetrachloride): 7-7.6 (25 K, m), 2.05 p.p.m. 
(3 H, s). The previously reported 111.p. of 194-195" (8) 
is now considered to be erroneous (26). 

A sin~ilarly prepared solution of ihe anion from 0.86 g 

aliphatic (but not aromatic) silanes. Conse- 
quently, a preferred method of sy~lthesis of mono- 
bromon~ethylsilanes and -germanes involves the 
preparation of the dibromo compound followed 
by its reduction using the bromine-metal ex- 
change reactioil at low temperatures as shown in 
Table 3. Within the limitations of this study it is 
quite apparent that, if appropriately handled, 
triarylsilylmethyllithium reagents are quite 
readily prepared, are quite stable, and can serve 
as exceedingly valuable synthetic reagents. 

of benzhydryltriphenylsilane was poured into a well- 
stirred slurry of Dry Ice in ether and the resulting cloudy 
suspension was worked up with dilute hydrochloric acid 
or saturated aqueous ammonium chloride as soon as the 
excess carbon dioxide had sublimed. An i.r. spectrum of 
the resulting oil showed a silanol band at  2.70 p, a wide 
strong carbonyl peak at  5.79 p, and a series of broad 
bands from 7-9 p, consistent with the presence in the 
mixture of a considerable ainount of diphenylacetoxy- 
triphenylsilane. 

The n.m.r. spectrum (deuterochloroform) also indi- 
cated the presence of diphenylacetoxytriphenylsilane 
(5.17 p.p.m., s) together with diphenylacetic acid 
(5.02 p.p.m., s) and starting benzhydrylsilane (4.50 p.p.nl., 
s) in the ratio 19:11 :lo, respectively. Attempts to crystal- 
-1ize the acetoxysilane were unsuccessful and chromatog- 
raphy on silica gel gave only the hydrolysis products, 
triphenylsilanol and diphenylacetic acid. 

Pure diphenylacetoxysilane was prepared by stirring a 
suspension of silver diphenylacetate and triphenyl- 
chlorosilane in  benzene for  36 11 in the da rk .  
Recrystallization from pentane of the product obtained 
after filtration of silver chloride and reinoval of the 
benzene gave a 78% yield of diphenylacetoxytriphenyl- 
silane, n1.p. 104-105". This compound had identical 
n.Il1.r. and i.r. spectral bands to those described above 
for the acetoxysilane from the carbonation reactions. 

Tripl~er~~lsii~~lplie~z~~l~nethyllithiuz jP!z,SicHPl~Li) 
A solution of 7.0 g (0.020 mole) of benzyltriphenyl- 

silane in 100 1111 of ether was treated with 0.070 ~no le  of 
n-butyllithium in hexane. Stirring for 18 h at  room 
temperat~~re  gave a clear yellow solution to which was 
added, all at  once, 19.3 ml (0.15 mole) of trimethyl- 
chlorosilane. After stirring for I h work-up gave an oil 
which was crystallized froin 95% ethanol to give 6.40 g 
(70%) of (a-trin~ethylsilylbenzyl)triphenylsilane, m.p. 
123-124'. 
Tvi~~l~enylsiiylbenzyl~i~ethylliti~iur~~ ( P I I ~ S ~ C H L ~ C H ~ P I I )  

A solution of 19.3 g (0.0675 mole) of vinyltriphenyl- 
silane and 0.084 mole of freshly prepared phenyllithium 
in 300 1111 of diethyl ether was stirred at roo111 temperature 
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TABLE 4 
Spectral and analytical data for new compounds 

Analysis 

Calculated Found 

C H C H Compound 
Nuclear magnetic resonance 

(No. of H, multiplicity)* 

Ph3SiCHPh(SiMe3) 7-8 (20, ni), 2.49 (1, s) 
-0.18 (9, s)? 

Ph3SiCH(SiMe3)CH2Ph 7-8 (20, m), 2-4 (3, ABC) 
- 0.20 (9. s')t ~, , ,  

7-7.7 (15, m), 2 .  
7.2-8.1 (12, m), 

0.87 (3, s)? 
7-7.9 (12, m), 5 .  

8 .80 (3, s)? 
7.2-7.7 (15. m). 
7.2-8.0 (15; mjl 
7.2-8.0 (12, m), 

0.94 (3, s)t 
7.1-7.9 (12, n ~ ) ,  

1.09 (3, s)P 
-- 

*The n.m.r. positions in p.p.m. (6) below TMS. 
?Carbon tetrachloride solvent. 
$Deuterochloroform solvent. 

TABLE 5 
Spectral and analyticai data for new compounds 

Analysis 

Calculated Found 

Compound Infrared* (p) C N C H 

Ph3SiOCOCHPh, 5.79 81.66 5.57 81.47 5.41 
Ph3SiCHPhC02H 5.90 79.15 5.62 78.68 5.47 
Ph3SiCH(C02H)CH2Ph 5.80 (w), 5.90.; 79.04 5.93 79.43 6.25 
Ph,SiCH(C02Me)CH2Ph 5.80 79.58 6.20 79.98 6.11 
I-NuPhMeSiCH,CO,H 5.91 74.47 5.92 74.46 5.89 

- - 
-- . -- - 

*In carbon tetrachlonde. 
?In chloroform solvent, w = weak. 

for 19 h. The resulting clear red solution was poured into 
a rapidly stirred slurry of 150g of crushed dry ice in 
ether. The cioudy suspension was worked up with 200 ml 
of 3 % hydrochloric acid. A small amount of tetrahydro- 
furan had to be added during work-up to dissolve the 
product. Removal of solvent at reduced pressure gave a 
white solid which was recrystallized from inethylene 
chloride - pentane to give 18.4 g (67 %) of 2-triphenyl- 
silyl-3-phenyipropanoic acid, m.p. 200-209'. Recrystal- 
lization from the same solvent gave n1.p. 214-216". The 
structure of this compound was confirmed by alkaline 
hydrolysis. 

A solution of 2.00 g of the acid in aqueous ethanolic 
dioxane, containing 0.6 g of potassium hydroxide, was 
stirred at room temperature for 3 days. Work-up gave 
0.45 g (61 %) of pure hydrocinnamic acid, n1.p. 47-48", 
identified by mixed m.p. Removal of solvent from the 

initiai organic layer gave 1.29 g of crude triphenylsilanol 
which on recrystallization from carbon tetrachloride gave 
1.10 g (81 %) of pure material, m.p. 154-I%", identified 
by mixed 111.p. 

Diazomethane in ether was added to a solution of 
1.50 g of the original acid in 25 ml of dry tetrahydrofuran. 
Renloval of solvent gave an oil which was crystallized 
froi11 ruethan01 to give 1.02 g (67%) of methyl 2-tri- 
phenylsiiyl-3-phenylpropionate; 1n.p. 77-78'; n.m.r. 
(carbon tetrachloride!: 7-8 (20 H, m), 3.09 (3 H, s), 
2.7-3.4 p.p.m. (3 M, ABC system). 

Bromoi?letlzyltripizenyl.ciictne 
Triphenylsilylmethanol was prepared by passing dry 

f o r m ~ l d e h ~ ~ d e  bver a rapidly stil'red solution df triphenyi- 
silvllithium in tetrahvdrofuran. The oroduct was ourified 
by several recrystallizatio~~s from petroleum ether 
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(60-70") to give white crystals o f  m.p. 108-110" (27). 
Reaction o f  a solution o f  this carbinol in carbon tetra- 
chloride with 113 mole o f  phosphorous tribromide for 
19 h at room temperature, followed by work-LIP with 
dilute hydrochloric acid and extraction o f  the organic 
layer with 5 % sodium bicarbonate to reinove phosphites, 
gave a 75% yield o f  bron~on~ethyltriphenylsilane, m.p. 
121-122" (15). This compound may also be readily 
prepared by reduction o f  the dibrolnide (see Table 3). 

Reaction of Bron~omethyltriplzenylsilar~e wiflz 
Magnesiunz (15) 

A mixture o f  1.0 g (0.0028 mole) o f  bromomethyltri- 
phenylsilane and 0.08 g (0.0033 g atom) o f  purified 
magnesium in 10 ml o f  tetrahydrofuran was stirred for 
2 h at room temperature. A white precipitate formed and 
most o f  the magnesium dissolved but at no time was the 
Gilman Color Test I (28) positive. The reaction ruixture 
was added to  a slurry o f  Dry Ice in ether and following 
normal acid work-up 0.65 g (89%) o f  methyltriphenyl- 
silane, 1n.p. 67-68', was obtained by recrystallization 
from ethanol. The i.r. spectrunl o f  the crude reaction 
product indicated that no carboxylic acid was present. 
Several additional experiments in ethyl ether and tetra- 
hydrofuran gave similar results. 

Renctior~ of Brornonlethy/tr@/~enj~/si/a~ze with 
Lifhi~rin (15) 

A solution o f  2.0 g (0.0057 mole) o f  bromomethyltri- 
phenylsilane in 25 mi o f  ethyl ether and 0.10 g (0.014 g 
atom) o f  lithium was refluxed for 20 h .  A precipitate 
formed and a double titration indicated that a 17% yield 
o f  triphenylsilylmethyllithiuiln was present. After refluxing 
for an additional 12 h the Color Test I uas still positive 
but a double titration indicated that the yield o f  lithium 
reagent had dropped to 5 %. The purple reaction mixture 
was added to a slurry o f  Dry Ice in ether and, following 
normal acid work-up, 0.52 g (45 %) o f  1,2-bistriphenyl- 
silylethane, n1.p. 204-209' (lit. 1n.p. 209-211" (29)), was 
obtained by crystallization from ethanol. Chrornatos- 
raphy o f  the mother liquor on silica gel gave 0.44 g (38 %) 
o f  n~ethyltriphenylsilane, 1n.p. 64-68>, and 0.07 g (5 %) 
o f  triphenylsilylacetic acid, m.p. 165-168". 

In a similar experiment chlororuethyltriphenylsilane 
was recovered unchanged after refluxing for 72 h with 
lithium in ethyl ether. 

Halogen-Mefal E.xcl~ar~ge Reactions 
Triphenylsilylnceric Acid 
A solution o f  4.10 g (0.0116 mole) o f  broinomethyltri- 

phenylsilane in 100 in1 o f  ether was cooled to -78" and 
was treated with 8.0 in1 (0.0128 mole) o f  rz-b~ityllithium 
in hexane. After 20 min, 20 g o f  crushed Dry Ice were 
added. The reaction was worked-up with 2% hydrochloric 
acid before it had reached 0" to give a white solid which 
was recrystallized from methylene chloride - pentane to 
give 2.85 g (78%) o f  triphenylsilylacetic acid, n1.p. 
173-175". 

Phetzac~~ltripher~ylsi(une 
T o  the organolithium reagent, similarly prepared fro111 

0.700 g (0.0020 mole) o f  bron~on~ethyltriphenylsilane in 
ether at -78', was added, all at once, 0.30 g (0.0022 
mole) o f  benzoic anhydride. The resulting suspension was 
stirred for 15 ~ n i n  and then \<as allowed to uarm up to  
room temperature. Work-up with saturated aqueous 

sodium bicarbonate reinoved benzoic acid and removal 
o f  the solvents gave a white solid. Recrystallization from 
30 1111 o f  dry n-hexane at -20" gave 0.65 g (86%) o f  
phenacyltriphenylsilane, n1.p. 87.5-89', identified by 
mixed m.p. with material obtained by oxidation o f  
2-hydroxy-2-phenylethyltriphenylsilane (30). 

2-Tr@henylsilylpropenoic Acid 
Dehydrobromination in refluxing pyridine o f  1,2- 

dibromoetl~yltriphenylsilane, m.p. 106-107", (obtained in 
high yield from the u.v. broinination o f  vinyltriphenyl- 
silane) gave a-broinovinyltriphenylsilane in 80% yield, 
1n.p. 131-132' (20). 

A solution o f  0.50 g (0.00137 mole) o f  this compound 
in 10 ml o f  dry ether at -23" was treated with 0.00163 
mole o f  n-butyllithium. The solution turned yellow 
immediately and a white precipitate formed. After 1 h 
powdered Dry Ice was added and thereaction was worked- 
up with dilute acid while cold to give a white solid. 
Recrystallization froin benzene-pentane gave 0.32 (71 %) 
o f  2-triphenylsilylpropenoic acid, 111.p. 198-200'. Re- 
crystallization from benzene gave n1.p. 200-201"; n.m.r. 
(deuterochloroform): 6 7-7.6 (15 H, m) ,  6.22, 7.25 p.p.111. 
( A B  system, J = 2.5 Hz). 

Triphenylgern~ylacetic Acid 
T o  a solution o f  0.65 g (0.00163 mole) o f  brornomethyl- 

triphenylgermane in 10 in1 o f  ether at roo111 temperature 
n7as added 0.00175 mole o f  n-butyllithium. The solution 
\\'as carbonated after 5 min and acidic work-up gave 
0.57 g (96%) o f  crude triphenylgern~ylacetic acid, n1.p. 
142-149'. Recrystallization fro111 n-hexane - cyclohexane 
gave 0.50 g (85%); n1.p. 168-169.5"; n.m.r. (deutero- 
chloroform): 7.2-7.5 (15 H ,  m), 2.18 (2  H ,  s), 10.75 p.p.m. 
( 1  H, s). 

Preparafior~ urzd Reductiorz of a,a-Dibrornosilanes 
uncl -genncmes 

. 1,l-Dibrornoetlzylfriphenylsilmze 
Ethyltriphenylsilane (1.44 g, 0.050 mole) and N-bromo- 

succinimide (1.95 g, 0.01 1 mole) \+ere stirred at reflux in 
20ml o f  carbon tetrachloride. Addition o f  benzoyl 
peroxide failed to initiate broinination but irradiation3 o f  
the reaction mixture for 30 min resulted in complete 
consumption o f  the N B S .  The nlixture was cooled to 0" 
and was filtered to reinove succinimide. Removal o f  
solvent at reduced pressure gave a solid which was 
recrystallized from n~ethylene chloride - inethanol to give 
1.63 g (73%) o f  1,l-dibromoethyltriphenylsilane, m.p. 
159-162". Recrystallization from n-hexane gave the 
analytical sample, n1.p. 162.5-163.5'. 

When a solution o f  4.46 g (0.010 mole) o f  this di- 
bromide in 901111 o f  ether was cooled to -78' a con- 
siderable amount o f  precipitate formed. Addition o f  
6.9 n11 (0.011 mole) o f  11-butyllithium in hexane gave a 
yellow color i~nniediately and the precipitated dibro~nide 
dissolved as the halogen-metal exchange proceeded. 
After 5 min anhydrous hydrogen bromide was bubbled 
into the solution until the yellow color disappeared. A 
white precipitate formed at this stage. The mixture was 
allowed to warm up to room temperature and then was 
worked up with water. The crude product, a white solid, 
was shown by n.m.r. to be largely I-broinoethyltriphenyl- 

3Westinghouse " P A R  38" 100 W ,  Clear Mercury 
Lamp, A S A  Code H38-46s. 
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BROOK ET AL.: TRIARYLSILYLMETHYLMETALLIC REAGENTS 569 

silane along with a minor amount of a-bromovinyltri- of HBr was continued until all the yellow color had gone. 
phenylsilane (from dehydrobron~ination). Recrystalliza- Work-LIP, followed by chromatography on silica gel, 
tion from niethylene chloride - lnethanol gave 3.05 g gave 3.23 g of solid, m.p. 42-47', which was recrystallized 
(83 %) of 1-bromoethyltripl~enylsilane, m.p. 121-122", from hexane to give 2.65 g (81 %) of 1-naphthylphenyl- 
identified by mixed n1.p. with ~naterial prepared by n~ethyl(bromomethyl)germane, m.p. 55.5-57.5". Further 
bromination of 1-triphenylsilylethanol (20). recrystallization from hexane gave the analysis sample, 

I-h7aphrh~~~~henyl~i~etI~j~I(dibromomomethyl silnne m.p. 59.5-60.5". 
A solution of 24.8 g (0.100 mole) of 1-naphthylphenyl- This research was supported by the National Research 

methylsilane in 500 n11 of dry benzene was heated at Council of Canada. 
65-70" for 6 days with 68 g (0.128 mole) of phenyltri- 
bromornethylmercury. The reaction mixture war filtered ' gh& ~ ~ , 1 ~ ~ ~ 1 ~ ~ 4 $ :  H' SOMMER J. Amer. 

to  give 44.2 g (97 %) of phenyln1ercuric bromide and the 2. C. R. HAUSER and C. R. HANCE. J. Amern Chem, 
solvent was removed at reduced pressure to give 38 g of SOC. 74, 5091 (1952). 
thick oil. Chromatography on silica gel gave the desired 3. L. H. SOMMER, R. M. MURCH, and F. A. HITCH. 
product (19.6 g, 47%) as a thick oil which could not be J. Amer. Chem. Soc. 76, 1619 (1954). 
crystallized under a variety of conditions. 4. C. EABORK. Organosilicon compounds. Butter- 

A solution of 7.55 (0.018 mole) of the above oil in ~ 0 r t h ~  Scientific Publications, 1960. p. 399 ff.; 
D. 3. PETERSON. J. Org. Chem. 33, 780 (1968). 300m1 diethy] ether was to -783 and was 5, D ,  J. PETERSON. J, Organometal. Chem. 9, 373 treated with 12 ml (0.0193 mole) of 12-butyllithium in (1967). 

hexane. After 10 min hydrogen bromide was bubbled in 6. A, G~~~~~~~~ and R ,  wEsT. J, A ~ ~ ~ .  clleln, sot, 
and the solution was allowed to warm up to rooln 90: 4478 (1968). 
temperature. Work-up gave 5.8 g of brown oil which was 7. H.  GILMAN and H.  HARZFELD. J. Amer. Chem. 
chromatographed on silica gel to give 4.40 g (76%) of SOC. 73, 5878 (1951). 
1-naphthylphenylmethyl(bro~~~omethyl)silane, m.p. 8. T. C. w u ,  D. W~TTENBERG, and H. GILMAN. J. Org. 
60-62". Recrystallization from n-hexane gave the ana- Chem. 25, 596 (1960). 

lytical sample, n1.p. 63.5-64.5". 9. H. GILMAN, R.  A. BEKKESER, and G. E. DUNN. 
J. Amer. Chem. Soc. 72, 1689 (1950). 

Tr@henyldibromor~lethj~lgerniane 10. A. G. BROOK, D. G. ASDERSOK, and J. M. DUFF. 
(a) A mixture of 5.0 g (0.0164 1noIe) of triphenyl- J. Amer. Chem. Soc. 90, 3876 (1968). 

germane and 9.0 g (0.017 mole) of phenyltribromol~~ethyl- 11. L. F. CASON and H. G.  BROOKS. J. Amer. Chem. 
n~ercury in 50 ml of dry benzene was heated at reflux SOC. 74, 4582 (1952). 
for 2 h. gave 8 g of oil which \vas chromato- l2. L. F. C ~ s o h  and H.  G .  BROOKS. J. Org. Chem. 19, 

1278 (1954). graphed on alumina to give 4.0 g (51 %) of triphenyl- 13. C. T. H~~~~ and P. T, WaNG. Cl,illl, Sinica, 
dibromomethylgermane, 1n.p. 144-146". Recrystallization 25, 341 (1959). 
from n-heptane - cyclohexane raised the m . ~ .  to 146.5- 14. J. F. LUTSENKO, YU. I. BAUKOV, O. V. DUDUKINA, 
147.5". and E. N. KRAMAROVA. J. Organometal. Chem. 11, 

(b) Triphenylgermane (0.95 g, 0.00312 mole) was 35 (1968). 
dissolved in 15 ml of benzene and 13 g of bromoform and 15. G .  J. D. PEDDLE. M.A. Thesis, University of 
the solution was stirred rapidly under nitrogen. Solid Ontario, 1961. 
potassiun1 t-butoxide-t-butanol (1 :1 coI1lplex) was added 16' R' G. and H. GILMAN. Organic reactions. 

Vol. V1. J. Wiley and Sons, New York, 1951. 
in s~nall portions over 1 h and the mixture was stirred chapter 7, 
for an additional 114 h. Aqueous work-LIP gave 1.32 g of 17. J. F. EASTHAM. J. org.  Chenl. 28, 280 (1963). 
crude solid product which uas  recrystallized from 18. D.  Y. C u ~ r r n .  and J. W. CRUMP. J. Amer. Chem. 
n-heptane-cyclohexane to give 1.15 g (78 %) of triphenyl- SOC. 80, 1922 (1958). 
dibromomethylgermane, m.p. 144-146.5", identified by 19. D. SEYFERTH and R.  B. KING. Annual surveys on 
mixed m.p. with the above material. organometallic chemistry. Vol. I. Elsevier Publishing 

When this reaction was carried out in t-butanol CO., 1964. p. 8. 

solution the yield was significantly reduced. 20. G. E. LEGROW. M.A. Thesis, University of Toronto, 
Toronto, Ontario, 1962. 

I-Naphtlzylpheriyl~~ietl~ldibr.omomethylgeumane 21. D. SEYFEKIH and J. M. BURLITCH. J. Amer. Chem. 
A solution of 4.40 g (0.015 mole) of l-naphthylphenyl- Sac. 85, 2667 (1963). 

methylgermane and 8.75 g (0.0165 mole) of phenyltri- 2 2  D. SEYFERTH, S. B. ANDREWS, and H.  D. S I ~ O N S .  
brornon~ethyln~ercury in 100 ml of dry benzene was J. Organometa'. Che~ll. 17, 9 

heated at reflux for 2 h. Filtration gave 5.5 (93 %) of 23. D. WITTEZBERG, P. B. TALUKDAR, and H. GILMAN. 
J. A~ner.  Chem. Soc. 82, 3608 (1960). phenylmercuric bromide. Removal of the solvent fol- 24, L, H. SOMMER, J ,  R. GOLD, G, M. GOLDBERG, and 

lowed by chrolnatography of the res~~lting oil on silica N.  S. MARANS. J. Amer. Chem. Soc. 71, 1509 (1949). 
gel, eluting with carbon tetrachloride, gave 4.60 g (66%) 25. H. GILMAN and J. W. NORTON. Organic reactions. 
of the desired dibronlide as an oil. Further chromatog- Vol. VIII. J .  Wiley and Sons, 1954. p. 286. 
raphy gave the analysis sample. 26. H. GILMAK. Private comm~~nication, 1966. 

A solution of 4.04 g (0.0087 mole) of the dibromide in 2 7  B. IAcHIA. M.A. Thesis, University of Toronto, 
240 ml of a 1 :l mixture of ether and tetrahydrofuran, Toronto, Ontario, 1959. 

cooled to - 120b, was treated with 0.0095 mole of 28. H. GILMAN and F. SCHULZE. J. Amer. Chem. Soc. 
47, 2002 (1925). 

n-butyllithium in 6.0 ml of hexane. The solution turned 29. D, WITTENBERG, D. AOKI, and H. GILMAN. J. A ~ ~ ~ ,  
yellow instantly and the color deepened over 10 min. Chem. Soc. 80, 5933 (1958). 
Hydrogen bromide gas was then bubbled through the 30. A. G. BROOK and J. B. PIERCE. Can. J. Chem. 42, 
solution The cooling bath was removed and addition 298 (1964). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Equilibration d9imines cyclaniqrnesl 

JEAN-CLAUDE RICHER ET DAVID PER ELM AN^ 
De'par?ei?zent de Chimie, Uniuersift de Moizfre'al, B.P. 6128, Montre'al, P.Q. 

R e ~ u ~  le 26 mars 1968 

La synthkse et les propriCtes d'imines cyclaniques sont rapportees; les spectres infrarouge, ultraviolet, 
de resonance magnetique nuclkaire, et de niasse ont kt6 determines. Les cetilnines et les aldimines 
isomeres ont ete equilibrees en ~~til isant des agents basiques comme I'hydroxyde de sodium fondu, 
I'hydrure de sod~um dans le tetrahydrofuranne, et le tert-butylate de potasslum dans le DMSO. Le A F  
du groupe benzaldimino (-N=CH-C6H,) a ere etabli par equilibration directe des derives de la serie 
tert-butyl-4-cyclohexyle et par la technique de la resonance magnetique nucleaire. 

Canadian Journal of Cherniatry, 48, 570 (1970) 

Introduction 

Les premiers resultats sur l'isomkrisation des 
imines ou selon leur terminologie sur la ~nobilitk 
prototropique du systkme mCthyl6ne-azomtth- 
ine, ont kt6 rapportes par lngold et Shoppee (1). 
Tel que le dinlontre la revue de Crain (2), ce 
sujet a depuis fait l'objet d'un grand nombre de 
travaux. En ce qui concerne l'applicatioi~ de ces 
riactions auxcCtones cycliques, Ingoldet Shoppee 
(1) ont mentionnk que l'imine formie par con- 
densation de la cyclohexanone avec la p-nitro- 
benzylamine peut Ctre transforinie d'une ma- 
ni2re irreversible en N-(p-nitrobenzylidi.ne)cyclo- 
hexylamine; le fait que cette transformation 
serait irreversible a CtC confirme par Baddar (3). 

Ces rksultats nous ont incites B examiner les 
possibilitks de transformer des cCtones cyciique; 

(1) en amines (5) correspondantes en utilisant les 
Ctapes dkcrites dans le schkma rkactionnel 1. Les 
probl6mes stkrtochimiques qui se prksentent lors 
de la transformation d'une cCtone telle que la 
tert-butyl-4 cyclohexanone (9) en anlines iso- 
m2res (13 et 84) ont aussi Ctk examines. Les 
rtsultats obtenus au cours de cette Ctude font 
l'objet de la prksente communication. 

RCsultists et discussion 
Synthbse et proprie'tgs des ifnines 

La preparation de ces dkrivCs s'effectue B 
partir de produits carbonylks et aminis appro- 
pries d'apres la reaction P du schkma 1. Les 
rendements, la purete chromatographique, et les 
propriktks physiques des imines ainsi obtenues 
sont rCsumkes dans le tableau 1. 

lLes resultats rapportts dans le present travaii ont ttC Les spectres de resonance magnktique nucleaire 
presentis en partie devant la XXXVIerne reunion de (r.ln.n,) des imines dtrivkes de cyclanones et de la 
I'ACFAS, Sherbrooke, novembre 1967. 

'Les risultats rapportis dans la prisente co~nmuni- bcnzylamiilc sont rapportees dans le tableau 2;  
cation sont tires de la these de doctorat de D. Perelman, ces spectres sont conformes aux structures pro- 
Faculte des Sciences, Universite de Montreal, decembre poskes. rabsence dans chaque cas de protons 1927. 

Revision r e ~ u e  le 6 octobre 1969. vinyliques permet d'exclure l'existence de derives 
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RICHER ET PERELMAX: IMINES CYCLANIQUES 

TABLEAU 1 
Caracteristiques des irnines 

Spectre 
Point c.p.g. Spectre ultraviolet 

Rendelnent d'tbullition Tr infrarouge 
Produit (%) ("C/mm Hg) nDZ5 (min) Purete (%) (ern - l) ?vrnaa E 

- -- - - -  - - 
*Produit nouveau caractkrise par des methodes physiques; le spectre de masse presente un pic parent B la valeur de iwle attendue. 
TLltt. (4) 125-12811 nim Hg, 1 1 , ~ ~  1.5452. 
:Litt. (5) 136116 mm Hg. 
BLitt. (6) 113-1 1619 mm Hg noz0 1.4996. 
I(Litt. (7) 116-11710.1 mrn ~ g ,  nD20 1.6017. 
TAnalyses effectuees a 183 "C. 
**Purete evaluee par r.m.n. 

TABLEAU 2 
Spectres r.m.n. des cttimines* 

Types de protons 
- 

Produits Mtthylenes'? Benzyliques Divers 

3n 2.18 ( n ~ )  4.28 (s) 1.70 (alicycliques) 
3b 2.24 (m) 4.39 (s) 1 .58 (alicpcliques) 
3c 2.36 (m) 4.28 (s) 1.55 (alicycliques) 
10 2.06 (rn) 4.39 (s) 0.85 (ieri-butyle) 
16n 2.04(s)et2.12(111) 4 .38(s )e t4 .41(~)  0 .87et0.88(gem- 

dirntthyles) 
96b 2 . 0 4 ( s ) e t 2 . 1 2 ( ~ )  4.52 (s) 0.92 et 0.98 (gem- 

dimtthvles) 

*Deplacements chimiques, - 6, en p.p.m. 
tMethylenes adjacents a la liaison C=hT. 

du type Cnamine. Les spectres des N-(dimCthy1- 
3,3 cyclohexylid2ne) (16a) et N-(tCtramCthy1- 
3,3,5,5 cyclohexylidi.ne) (166) benzylamines prC- 
sentent des aspects caractCristiques; d'une part 
alors que les protons benzyliques du second 
composC apparaissent sous forme de singulet 
ceux du premier se prCsentent sous la forme de 
deux siiigulets indiquant ainsi la prCsence des 
isom2res SYM et anti; d'autre part le fait que les 
protons des groupes mkthyles de ces deux imines 
apparaissen: sous forme de deux singulets alors 
que les spectres r.m.n. des citones correspon- 
dantes ne montrent dans chaque cas qu'un 

singulet confirme la prCsence de l'isomtire gio- 
InCtrique daiis l'imine 16a et sugg2re que la 
liaison iminobenzyle a une influence B longue 
distance. 

Ees spectres des aldimines dCrivCes de cyclo- 
alkylamines et du benzaldihyde sont rCsumCs 
dans le tableau 3 ; d'une f a ~ o n  gCnCrale seuls les 
pics correspondants aux protons aldiminiques et 
aux protons attachis au carbone portant le 
groupe aldimino sont rapportCs. Ces dCrivCs 
pourraient exister dans deux formes isomitres 
syrz et anti; la prCsence d'un seul singulet aldi- 
minique suggirerait toutefois qu'un seul isom2re 
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Produits 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLEAU 3 

Spectres r.m.n. des aldimines* 

Types de protons 

CH-N=CH- -N=CH- Divers 

3.65 (m) 8.09 (s) 
3.04 (m) 8.14 (s) 
3 .28 (m) 8.10 (s) 
3.63 (m) 
3.25 ( n ~ )  
3.40 (m) 
4.62 (s) 8.14 (s) 
3.42 (m) 8.20 (s) 
3.00 (m) 8.12 (s) 
3.25 (m) 8.15 (s) 0.96 (gem-dinlethyle) 
3.54 (m) 8.41 (s) 0.97 et 1.08 (gem- 

dimethyles) 
3.42 (m) 2.10 (-N-C-) 

I 
CH3 

*Deplacements chimiques, - 6, en p.p.m. 

est prCsent dans chaque cas. Cette hypothkse est 
compatible avec les rtsultats de Hine et Yeh (8) 
qui ont propose que les aldimines dans lesquelles 
la liaison imine est conjuguee avec un noqau 
aromatique existeraient preferentiellement dans 
la configuration anti. La r.m.n. peut se prgter ?i 

l'analyse conformationnelle des composes cyclo- 
hexaniques. I1 est possible a partir des rtsultats 

rapportts dans le tableau 3 et utilisant 1'Cquation 
proposke par Eliel (9) de calsuler la constante 
pour 1'Cquilibre conformationnel de l'aldimine 
46; cette constante d'iquilibre ~'Ctablirait B 4 et 
correspondrait B uue difference d'energie libre de 
0.83 kcal/mole. Cette valeur est en accord avec 
celle (0.68 kcal/inole) obtenue par Eliel (10) en 
utilisant la mcme mCthode. 

Afin de s'assurer que la chromatographie en 
phase gazeuse (c.p.g.) pouvait etre utiliste pour 
analyses les cCtinlines et leurs aldimines isom6res 
un lnClange CquimolCculaire de 3b et 4b a ktk 
examink; le chromatogramme indiquait la prt- 
sence de quatre produits 7b,4b, 36, et 8 de temps 
de rCtention respectifs de 3.5, 5 ,  8, et 15 minutes; 
ces identifications ont CtC cffectuCes par super- 
position de pics avec des substances authen- 
tiques. La formation des produits mineurs 8 et 7b 
ne provient pas d'unc dtcomposition dans le 
chromatographe puisque le spectre de r.m.n. du 
mClange 3b et 46, montre la presence du proton 
aldiminique et des protons beilzyliques attendus 
pour la N-benzylidi.nebenzylalnine (8). 11 a CtC 

Ctabii que cette rtaction de transfert (appelCe 
transchiffisation (1 1)) est gCnCrale et qu'elle peul 
Etre reprCsentCe par 1'Cquation 3 + 4 -+ 7 f 8. 
Les resultats obtenus loss de la c.p.g. de divers 
milanges d'imines isomkres sont rCsumCs dans le 
tableau 4. La formation des composCs prCsents en 
quantitC milleure peut @Ire rationnaliske d9apri.s 
la sCrie de rtactions suivantes, possible si les 
iminesutilisCes contiennent a i'ttat d'impuretC des 
traces d'amines 2 et/ou 5. Le s y s t h e  d'tquation 
est le suivant: 2 + 4 -t 8 + 5 et 5 + 3 + 2 + 7. 
Quoique les auteurs (12) aient propost un autre 
mCcanisme rtactionnel pour expliquer de tels 
rksultats unc rtaction analogue a it6 signalte 
ricemment. 
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TABLEAU 4 
Analyses chromatographiques de melanges d'imines 

MClange Temps de retention des imines 
-. 

3a + 4a* 8a (2.8) 4a (5 .5)  3a(12.2) 8  (16.5) 
3b + 4b Sb (3.5) 4b (5 .0 )  3b (8 .0)  S(15.0)  
3c + 4c 8c (6.2) 4c (7.5) 3c + 8 (14.411 

*Analyse effectuee a 183 "C. 
j1nsi.parables dans les conditions utilisees. 

Equilibrations des imines par le tert-butylate de 
potassiur?~ darzs le DMSO 

L'utilisation du tert-butylate de potassium 
dans le DMSO comme milieu basique pouvant 
promouvoir les rtactions qui prockdent par 
l'intermtdiaire de carbanions a CtC bien ttablie 
(2, 13). L'isomtrisation d'aldimines provenant de 
la condensation de cycloalkylamines et du benz- 
aldthyde et de citimines provenant de la conden- 
sation de cycloalcanones sur le benzylamine a t t t  
examinCe dans ce milieu rkactionnel; les rCsultats 
obtenus sont rtsumts dans le tableau 5. La posi- 
tion de 1'6quilibre entre les aldimines (4) et les 
cttimines (3), d6rivCs cyclaniques comportant 
respectivement des carbones sp3 et sp2, a kt& 
CvaluCe d'une manikre directe gr2ce B une equa- 
tion du type: k, = (4 + 7)/(3 f 8). L'analyse 
chromatographique des amines obtenues aprks 
hydrolyse acide des mtlanges rkactionnels a 
permis de calculer cet Cquilibre par l'tquation 
Cquivalente: kn = cycloalkylamine/benzylamine. 
Dans chacun des cas examinks, ces deux mC- 
thodes conduisent aux m h e s  rtsultats. Le 
tableau 5 comporte aussi les constantes d'tqui- 
libre pour la formation des cyanohydrines des 
cyclanones correspondantes (14). I1 est evident 
d'aprks ce tableau que la position de 1'Cquilibre 
aldiminelcetimine est tout a fait parallkle. Les 
rtsultats obtenus avec les cttimines cyclaniques 
non substitutes sont tr6s bien expliques a l'aide 
de l'hypothkse de la tension interne (I-strain) 
proposee par Brown et Gerstein (15), alors que 

la tendance observte lorsqu'on examine les 
rtsultats des tCtramtthyl-3,3,5,5, de la dimCthy1- 
3,3, et de la cyclohexanone non substituCe est en 
accord avec le concept de l'encombrcment axial 
proposC par Wheeler et Zabicky (14) pour 
expliquer la stabilitC relative des cyanohydrines 
correspondantes. 

L'application de cette mCthode B l'tquilibra- 
tion de la cttimine 10 qui donne lieu 2 la forma- 
tion de deux aldimines Cpimkres 11 et 12 a aussi 
Ctt examinte. Les rtsultats obtenus sont consig- 
nCs dans le tableau 6 et permettent de mettre en 
tvidence que l'tquilibre conformationnel pour le 
groupe benzaldimino se situe B 12.3 % de l'iso- 
mire cis (11) et 87.7 % de l'isomkre trans (12) ce 
qui Cquivaut B 25" une valeur A de 1.16 kcall 
mole. Cette valeur diffkre toutefois de la valeur 
de 0.83 kcal/mole CvaluCe d7apr6s la mtthode de 
la r.m.n. dCveloppCe par Eliel (9). Malgre sa 
validitt apparente et en dCpit de son application 
ripandue (16), cette mtthode est d'une part 
experimentalement peu prtcise et d'autre part 
basCe sur 17hypothi.se que le groupe tert-butyle 
n'exerce aucun effet sur le noyau cyclohexanique. 
Cette dernikre hypothkse a rCcemment t t t  trks 
sCverement critiquCe par Kwart et Takeshita 
(17), Mateos et al. (IS), Shah-Malak et Utley 
(19), et Wolfe et Campbell (20). 

Les rksultats rapportts par ces auteurs indi- 
quent clairement que le noyau cyclohexanique 
est dtformt par le groupe tert-butyle; il n'est 
donc pas Ctonnant que la difftrence d'tnergie 
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TABLEAU 5 
Ison~Crisation d'imines en presence de terf-butylate de potassium 

Temps de 
reaction Iinine/ 

Imine (h) Base Pourcentages a I'Cquilibre 

3b 1 4,'l 76 (1) 4b (93) 30 (traces) 8 (6) 1 
1.25 211 70 (1) 4b (91) 19 (5) 3b (traces) 8 (3) } 28.4 1.00 1,007 

4b 1.25 4,/1 76 (traces) 4b (99) 3b (traces) 8 (1) 
3 2,'l 76 (traces) 4b (91) 19 (8) 36 (traces) 8 (1) 

3c 1 4;l 7c(12.5) 4c(38.2) 3c + 8 (49.3) 
4c 1 4/1 7c (13.5) 4c (35.2) 3 c + 8 ( 5 1 . 3 )  ) 0.97 0.03 0.008" 

16a 4 2 .5j l  23a(2.2) 17a(88.5) 16ii (traces) 8 (9.3) 
170 3 411 230 (5.6) 170 (87.4) 160 (tracer) 8 (7.0) 1 2 0  0 , 4  00331i' 
16b 6 2/1 23b (3.8) 176 (71.7) 16b (21.8) 8 (2.7) 
17b 5 2.2!1 230(2.0) 17Bi76.3) 166 (20.2) $ (1.5) ? 3 . 3  0.0013z 

*Constantes d'bquilibre relative5 pour la formation des c)anohydrines. 
fValeurs utilisees par Broxn (25). 
dValeurs tirees de la reference 14. 

TABLEAU 6 

IsomCrisation de la IV-(4-tert-butylcyclohexylidene) 
benzylanline (10) et des aldimines I 1  et 12 

- - -- .- 
-- - - -- - - 

Temps de rkaction 1niine;'Base Aldimine cic,' 
Imines (h) Aldi~iiine trans 

libre pour le groupe benzaldimino obtenue par 
cette mCthode differe de ceux obtenus par 
equilibration dlrecte des aldlmines cis (11) et 
t ram (12). 

11 a CtC observt lors de 1'Cquilibration de la 
N-cyclohexylidene benzylamine (36) que le 
produit de la riaction contient en plus de la 
N-benzylidene qclohexylamine (46) et des pro- 
duits de "transamlnation" (76) et (8), la N-  
(phCnyl-1 Cthylidene)cyclohexylan~ine (19) lors- 
que le rapport de concentration base/imine est 

augmel1tC. Les propriCtCs physiques et spectrales 
de ce composC sont absoluinent identiques aux 
propriCtt5s correspondantes d'un tchantillon 
authentique; de plus 1'acCtophCnone obtenue par 
hydrolyse a pu @tre mise en Cvidence. Cette rCac- 
tion de mCthylatio11 (par l'intermkdiaire du dim& 
thylsulfoxide) peut-Etre rapprochke de celle ob- 
tenue par Russel et Weiner (21), par Nozaki, et al. 
(22), et par Hunter et Cram (23), qui ont dCcrits 
rCcemmeilt la mCthylation de divers composts par 
l'anion diintthylsulphynyl(20) dans le DMSO ; ce 
rCsultat est toutefois inattendu si l'on considere 
que Corey et Chaykovsky (24) ont rapport6 que 
l'action de l'anion dimCthylsulphyny1 sur la N- 
benzylidi.ne aniline (21) conduit avec un rende- 
lnent de 92% au produit d'addition (22) de cet 
anion sur I'imine. Afin de confirmer que la N -  
(phtnyl- 1 Cthylid6ne)cyclohexylamii1e (19) se 
forrne bien d'apr6s cette rtaction, une solution de 
l'anion dimtthylsulpl~ynyle (20) dans le DMSO a 
CtC prCparCe suivant les indications de Corey et 
Chaykovsky (24) et l'action de cet anion sur la 
cktimine (30) d'une part et sur son aldimine 
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RICHER ET PERELMAN: IMINES CYCLANIQUES 575 

isom6re (4b) d'autre part a CtC examinCe; il a CtC 
observt que le produit de nitthylation (19) se 
forme avec de bons rendements quelle que soit 
l'imine utiliste. Pour expliquer ces rCsultats il est 
prCconisC que la cetimine 3b est d'abord iso- 
mCrisCe en aldimine 4b; I'application a ce corn- 
posC du mCcanisme de inCthylation proposee par 
Russel et Weiner (21) repris par Hunter et Cram 
(23) permet alors d'expliquer la forination des 
produits. 

Equilibratioi~s acec de la potasse 
La distillation de la N-cyclohexylidi.nebenzy1- 

amine (36) sur du KOH en fusion, en suivant les 
indications de Campbell et a/. (26) qui out 
rapport6 que la distillatiorl d'irnines est plus 
efficace lorsqu'elle est effectuee dans ces condi- 
tions, a conduit B un melange contenant princi- 
palernent l'aldimine 40; d'apres le spectre ultra- 
violet (~1.v.) le produit de la distillation contien- 
drait enviroii 80 % de 46; ce rCsultat indique que 
la cetirnine de dkpart (36) est facilement iso- 
mCrisCe lors de sa distillation en prCsence de 
KOH. I1 a CtC possible au point de vue preparatif 
d'effectuer sur la cvclohexano~le la transforma- 
tion dicrite dans le schCnia rkaction~lel 1 avec un 
rendenlent global de 75%: la cyclohexylaniine 
obtenuc cst pure a 99 %. Ce rtsultat indique que 
dans des conditions approprikes la iuCthode 
dCcrite peut s'avCrer d'une grande utilite pour la 
synth6se d'amines B partir de la cCtone corre- 
spondante. 

TABLEAU 7 

Equilibrations d'imines de la strie terf-  
butyl-4 cyclohexyle en presence 

d'hydroxyde de potassium 

Temps de contact Rapport 
Inline (h) 11/12" 

10 Distillation 37/63 
4 27/73 

-- 
*Les valeurs rapportees sont des moyennes 

d'au moins trois mesures. 

Au point de vue conformationnel, la sttrCo- 
chimie de la rCaction d'isornCrisation a CtC 
effectuie & partir de la N-(tert-butyl-4 cyclo- 
liexylid6ne) benzylamine 10; l'tquilibre a aussi 
CtC atteiiit B partir de l'aldimine trans 12. Les 
rCsultats obtenus sont rapportks dans le tableau 
7; ils dkrnontrent que le produit du controle 
ciiiCtique de 1'isoniCrisation des cCtimines en 
aldimines contient une quantitt apprtciable de 
l'aldimine instable (axiale). De plus il ressort de 
I'examen de ces rCsu1tats que la position de 
1'Cquilibre cisltrans des groupes benzaldimino 
dans la sCrie tert-butyl-4 cyclohexyle se situe B 
unevaleur moyenne de21 .2%decis l I  et 78.8% 
de trans 12; cette valeur correspond B une 
diffCrence d'Cnergie libre de 1.02 kcal/mole pour 
le groupe -N=CH-C,H, B 140 "C. Cette 
valeur est en accord avec celle trouvCe prCcCdem- 
ment pour le mEme Cquilibre en prCsence de tert- 
butylate de potassium dans le DMSO B 25 "C. 

Eli se basant sur le fait que les aldimines 
peuvent Etre isomkriskes il est donc possible 
d'affirmer que la transformation des AT-cycloalky- 
1idi.iie benzylarnines en aldlrnilles correspondan- 
tes est une rkaction d'kquilibre; cette conclusion 
est en opposition avec celle prCsentCe par Ingold 
et Shoppee (1) et Baddar (3). 

Equilibratiorzs acec de 17hj.&ure de sodiun~ 
L'hydrure de sodium dans le tktrahydro- 

furailne (ou dans la dimtthylformamide) permet 
d'isomtriser rapidement (moins de 5 heures) la 
N-cyclol~exylid~nebenzylamine (36) en aldimine 
(46); 1'Cvolution de grandes quantites d'hydro- 
gi.ne (correspondant & au moins 80% de l'hy- 
drure inis en rkaction) lors de I'addition d'eau a 
la fin dc la rkaction dCmontre que des quantites 
catalytiques d'hydrure de sodium sont utiliskes 
au cours de cette transformation. I1 est de plus 
note que I'isomCrisation de la cktimine (3b) cn 
aldimine (4b) est accompagnCe par la formation 
de AT-benzylcycIohexyla~liine (26): la formation 
d'ainine secondaire au cours des equilibrations 
en prCsence d9hydrure de sodium ne nous permet 
pas d'utiliser cette mCthode pour Ctablir directe- 
ment le AF du groupe benzaldimino dans ces 
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conditions. Pour fills de comparaisons, les benzene anhydrc est chauff6c rcflux sous atmosphPre 
amines secondaires 24 et 25 toutefois k t i  d'azote dans un montage muni d'un separateur d'eau 

Dean-Stark. Le melange est refroidi une fois que le 
prkparkes; de plus il a kt6 ktabli qL1e la rkduction volunle thCoriqLle (18 ml) d'eau est recueilli. Le benzene 
de la cktimine 10 par l'hydrure double de lithium est distil16 SOUS oression nornlale et le rksidu, ~ur i f ie  oar 
et d'aluminiurn conduit B un mClange d'amines 
secoildaires contenant 22 % de l'amine cis (24). 
Ce rksultat comme ceux obtenus par Cabaret et 
al. (27) lors de la rkduction de sels d'iminonium 
peut &tre rationalise en se basant sur les hypoth6- 
ses compl6tement stkriques proposies rkcemmcnt 
(28, 29). 

A A 
24 25 26 

Les rksultats obtenus au cours de ce travail 
permettent donc de mettre en ividence que 
l'equilibration cetimine-aldimine peut &tre reall- 
ske relativement facilement ; a cause des riactions 
secolldaires ciui peuvent se produire, le milieu 
basique utili& dbit @tre ch4si en fonction des 
particularitks du systkme examink. 

Partie expkrimentale 
Les points de fusion sont deternlinis sur un "Hot 

Stage Apparatus" de la compagnie Reichert (Autriche) 
muni d'un therniomPtre calibre. Les indices de refraction 
sont mesures sur un refractonietre du type Abbe de la 
conlpagnie Karl Zeiss. Les spectres infrarouges (i.r.) ont 
ete deternlints a I'aide d'un spectrophotometre "Beck- 
mann" lnodele IR-8 a double faisceau elitre deux plaques 
de NaCI. Les spectres u.v. sont pris dans 1'Cthanol sur un 
spectrophotometre "Bausch et Lon~b" modele Spectronic 
505. Les spectres de r.nl.n. ont ete rnesuris sur un spectro- 
metre "Varian" modele A-60, pour des solutions dans le 
tttrachlorure de carbone; les deplacements chimiques 
( - 6 )  sont exprimes en p.p.m. et se referent au tetra- 
methylsilane utilisC cornme standard interne. 

Les spectres de masse sont detern~ines sur un spectro- 
metre "Hitachi" modele R.M.U. 6D, a 25'. L'energie 
du faisceau d'electrons ionisants est de 20 eV. La chalnbre 
a ionisation cst maintenue a 250". Les analyses par 
c.p.g. ont CtC effectuies sur un appareil de la compagnie 
F et M, modele 810 2 I'aide d'une colonne de c~rivre de 
2.5 m contenant 10% de Versamid absorbCe sur du 
Chromosorb W. 

I. SynthZse et caractiristiqlies des illlines 
1.1 SynthPse de la N-cyclolzexylid?rzeben~yla~?zine (40) 
Une solution contenant 98 g (1 mole) de cyclohexanone 

(lb) et 107 g (1 mole) de benzylamine (2) dans 500 ml de 

distillation sou; vide fournit 142 g (76% du ;endement 
thkorique) de l'imine 40 qui se presente sous forrne d'un 
liquide jaune, p.e. 104-112 "C/0.3 mnl Hg et qui doit Ctre 
conserve - 5 "C afin d'iviter sa dCcomposition. 

Cette procedure experimentale a ete utilisie pour la 
prkparation des autres inlines qui sont rapporties dans Ie 
tableau 1. 

1.2 N-(benzj>lid?~ze) dinltthyl-3,3 cyclohexj.lanzine 
( 1 6 ~ )  

L'oxime de la dimethyl-3,3 cyclohexanone (15n) est 
prkparee en chauffant a reflux (pendant 18 h) un 
mClange pyridinique de 7 g (0.055 mole) de dimethyl- 
3,3 cyclohexanone (15a) et de 16.7 g (0.24 mole) de 
chlorhydrate d'hydroxylamine. Le melange est refroidi et 
verse dans de l'eau glacCe. L'oxime est extraite a l'ether; 
la phase organique est lavee avec de l'acide chlorhydrique 
dilue, de I'eau, et sechCe sur du sulfate de sodium anhydre. 
L'evaporation du solvant laisse 7.5 g (96% de rendement) 
d'un residu visqueux qui n'a pas ete purifie. Une solution 
CtherCe de I'oxin~e b r ~ ~ t e  est ajoutte a une suspension de 
4 g (105 mmoles) de LiAlH, dans l'ether. Le melange est 
chauffk a reflux pendant 2 h p ~ ~ i s  agitk a la telnperature de 
la piece pendant 12 11. L'amine 180 (2.77 g, 40% de rende- 
ment global) extraite et distillie se prtsente sous forme 
d'un liquide incolore: p.c. 62 'C/20 mm; ? z D Z 0 :  1.4520; 
c.p.g.:a140"C,unse~1lpica3.8n~in;r.ni.n.:0.88et0.90 

p.p.m. (groupes methyles), 2.66 p.p.m (H-70;  i,r.: 
I 

NH2 
bandes de vibration de valence N-H a 3380, 3300, et 
3200 cm-', bande de vibration de deformation N-H B 
f 600 cm-'. 

La condensation de cette amine (18a) avec le benzalde- 
hyde (6) suivant le processus experimental dtcrit dans la 
section 1 conduit a I'aldimine attendue (170) avec un 
rendement de 79 %. Les propriites physiques sont rappor- 
tees dans la partie theorique. 

1.3.1 Osin~e de la te'trar?ze'thj.l-3,3,5,5 c~.clohexanone 
(15bi 

A une solution aqueuse contenant 16.4 g de (0.1 mole) 
de sulfate d'hydroxylamine, on ajoute 15.4 g (0.1 mole) 
de tetramethyl-3,3,5,5 cyclohexanone (150). Le melange 
est rendu alcalin par addition d'hydroxyde de sodium 
aqueux et agitC pendant 12 h a la temperature de la piece. 
Le prtcipite bianc est filtre, lave avec de I'eau, seche, et 
recristallise dans du  benzene pour fournir 30 g (70 % du 
rendement theorique) de l'oxime desiree qui se presente 
sous forrne de cristaux blancs, p.f.: 147.5-148"; r.m.n.: 
0.98 p.p.m. (groupes methyles), 1.33 p.p.m. (mithylene en 
position 4), 1.97 p.p.m. (methylkne anti), 2.24 p.p.m. 
(mkthylene spl) et 9.50 p.p.m. (OH). 

1.3.2 TitramPthjI-3,3,5,5 cyclohexj lamine (18b) 
Une solution etherie contenant 11.8 g (70 mmoles) 

d'oxime est ajoutee a une suspension de 5.32 g (140 
mmoles) de LiAIH, dans l'ether. Le niilange est chaufie 
a reflux pendant 12 h et I'aniine 180 (30 g soit 44% du 
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RICHER ET PERELMAN: IMINES CYCLANIQUES 577 

rendement thiorique) isolCe de la f a ~ o n  habituelle se 
prtsente sous forme d'un liquide incolore, p.e. 86-88 "C/ 
17 mnl Hg; n," 1.4569; i.r.: bandes de vibration de 
valence N-H 3380, 3300, et 3220 cm-', bande de 
vibration de deformation N-H a 1600 em-' ; c.p.g.: a 
160 "C un seul pic a 4.0 min et r.m.n.: pies a 0.98 et 0.89 

I 
p.p.m. (mtthyles) et a 2.87 p.p.m. H-C- . 

I 
NH2 

1.3.3 Condensatiorz de l'nrnine 18b 
La condensation de cette amine (18h) avec le benzalde- 

hyde (6)  conduit a l'aldimine 17b dont les propriites sont 
decrites dans le tableau 1. 

2. Isomirisation des imines 
2.1 Isonzirisation priparatice de la N-cyclohexylid?ne 

benzylamine (3b) 
Une solution de 28.0 g (0.15 mole) de cetimine (3b) 

brute dans 35 ml de DMSO est ajoutee a une solution de 
2.25 g (0.02 mole) de tert-butylate de potassium dans 
175 ml de DMSO. Le melange est agitt a la temperature 
de la piece pendant 6 h. Le produit de I'isomerisation 
(24.7 g, 88 % de recuperation) est hydrolyse par chaufrage 
en milieu acide dill16 et 8.2 g (55 % de rendement global) 
de cyclohexylamine 5b pure sont obtenus. 

2.2 Equilibration des citimines et des nldimines 
D'une maniere generale une solution contenant 0.566 g 

(0.5 mmole) de tert-butylate de potassi~~m dans 80 ml de 
DMSO est preparee dans une boite a gants (atmosphere 
de N2) et placee dans un ballon a une tubulure surn~onte 
d'une ampoule 2 additionner contenant 50 mmoles de la 
cetimine B isomCriser dans 20 ml de DMSO. Cette solu- 
tion de cetimine est additionnee a la solution de base qui 
devient alors rouge. Le melange reactionnel est alors 
agitB la temperature de la piece pendant 12 h, et decom- 
post par addition d'eau glacCe (la coloration du milieu 
devient alors jaune). Ces Cquilibrations permettent 
d'isoler, par extractions a la maniere habituelle, les imines 
brutes avec des rendenients pratiquernent quantitatifs. 

Cette procedure a ete utilisee pour l'equilibration de 
toutes les isnines etudikes et les resultats obtenues ont ete 
resumees dans les tableaux 5 et 6. 

3. Mithylation des inlines 
3.1 Mithylation de la ctrimine (36) 
Une suspension de 50 msnoles de NaH dans le DMSO 

anhydre est chauffee a 75" durant 2 h ;  le dkgagenient 
d'hydrogene est alors de 1190 ml (calcule 1280 ml). La 
solution est ramenee a la temperature de la piece et 7.15 g 
(40 mrnoles) de la cetimine (36) dans le DMSO sont alors 
ajoutes lentement. Le melange reactionnel, rouge foncC, est 
agite pendant 2 h et l'addition d'eau glacee ne cause aucun 
degagement de gaz. Le produit de la reaction (rendement : 
62%) est isole par extraction a l'ether et pilrifik par distil- 
lation a 82 "C sous 0.1 mm Hg. Les spectres i.r. et r.m.n. 
de ce produit sont absolument identiques aux spectres 
correspondants de la N-(phinyl-I ethylidene)cyclo- 
hexylamine (19) authentique. La c.p.g. de ce produit 
revele la presence d'un pic majeur (99 % du total) dont le 
temps de retention est de 6 min. 

3.2 Mithylation de I'aldimirze (4) 
L'application a l'aldimine 4 de la reaction dCcrite dans 

la section precedente conduit au m&me produit avec un 
rendement de 76 %. 

4. Equilibrations en prisence de potasse 

4.1 Distillatio?~ de la N-cyclohexylid2nebenzylamine sur 
de l'hydroxyde de potassium 

Un Cchantillon de la cetimine 3b brute, prCparCe suivant 
les indications decrites dans la section 1.1, est distill6 sous 
vide en presence de pastilles d'hydroxyde de potassium. 
Le melange devient rouge-orange quand la temperature 
atteint 1 1  0 "C. A 120-1 25 "C I'hydroxyde de potassium 
est en Ctat de fusion. La fraction principale receuillie, est 
un liquide jaune p5le qui prtsente les caracteristiques 
suivantes: p.e.: 139 "C/8 mm Hg; i.r.: 1640 em-' (imine 
conjuguee; bande principale) et 1650 em-' (isnine non- 
conjuguee; bande faible); u.v.: h,,, dans l'ethanol: 248 
mp avec E de 13500. 

4.2 Isonzirisation pripamtive 
La cetimine 3b brute, preparCe a partir de 9.8 g (0.1 

mole) de cyclohexanone et de 10.7 g (0.1 mole) de 
benzylamine, est chauffee pendant 4 h en presence d'un 
poids 6gal d'hydroxyde de potassiun~. Les irnines sont 
isolees par extraction a l'ether et hydrolysees en milieu 
acide chlorhydrique aqueux. Les produits neutres sont 
eliminis par extraction a l'ether et les amines sont 
regenerees par addition d'hydroxyde de potassium a la 
solution aqueuse refroidie. Les anlines sont extraites a 
l'ether et la phase organique est lavCe avec de l'eau, sCchee 
sur dl1 sulfate de sodium anhydre, et evaporee. Le liquide 
residue1 (7.3 g, 75 % de rendement) est analyse par c.p.g. 
a 120 "C sur une colonne de Carbowax-Hyprose 10% 
absorbe sur Chromosorb W lave avec du KOH en solu- 
tion aqueuse. Le chromatogramme revele la presence de 
la cyclohexylamine (5b, 86%) et de la benzylamine (2, 
14%). La distillation du melange d'amines fournit la 
cyclohexylamine 5b pure; p.e.: 132-138 "C a pression 
atmospherique et nDZb: 1.4598. 

4.3 Etudes stiriochimiques 
Les isomtrisations de la cetiniine 10 et de l'aldimine 12 

sont eEectuCes en utilisant un processus experimental 
similaire a celui dicrit dans la sect~on 4.2. Les imines 
brutes sont hydrolysees en prtsence d'acide chlorhydrique 
et les amines obtenues analysees par c.p.g. Les rtsultats 
obtenus sont rapportes dans le tableau 7. 

5. Isonzirisation des.iminespar l'hydrure de sodiunz dans le 
tttrahyn'vofumnne 

5.1 Procidure girzimle 
Une suspension de 2.49 g (50 mmoles) d'hydrure de 

sodium a 50% dans l'huile minerale est ajoutte a 200 ml 
de tetrahydrofuranne anhydre dans un ballon a trois 
tubulures muni d '~ln  refrigerant et d'une ampoule a 
addition contenant 9.35 g (50,mmoles) de N-cyclohexy- 
tidknebcnzylamine (3b) dans 25 ml de THE; cette solution 
est ajoutCe lenteinent la suspension et aucune reaction 
apparente n'est notee. Une fois I'addition terminee, le 
melange reactionnel est chauffe a 75 "C; apres 2 h, le 
melange est rouge vif. La suspension est refroidie apres 
21 h de chauffage et de l'eau est alors ajoutie; les pre- 
mieres gouttes d'eau decolorent le inelange et un degage- 
ment rapide de gaz suit. Un exces d'eau est ajoute et le 
melange est extrait a 1'6ther. La phase organique est IavCe 
avec de l'eau et sCchCe sur sulfate de sodium. L'ether est 
evapori et le THF est distille sous vide. Le spectre i.r. du 
residu est pratiquement superposable au spectre de la 
N-benzylidt.necyclohexylamine 4b pure. Le produit de la 
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reaction est distill6 et un liquide 1Cgkrement teintC est 
receuilli avec un rendement de 65 %. La c.p.g. du produit 
ne montre qu'un pic de temps de retention de 5 min. Le 
spectre r.1n.n. de ce produit est pratiquement superposable 
au spectre de l'imine 4b; il rCvele toutefois la prCsence 
d'un faible singulet a 3.67 p.p.m. Ce produit est alors 
hydrolyse en milieu acide aqueux et la fraction aminte est 
isolee selon la methode habituelle. L'analyse par c.p.g. 
sur une colonne de Versamid 10% dans les conditions 
suivantes: 8 min B 108 "C puis programmation de 
.temperature au rythme de 50 "C!min puis 10 rnin B 195 "C 
rCvkle la presence de deux composes aminks: la cyclo- 
hexylamine 5b de temps de retention de 3.6 min qui 
represente 88 % du total et la AT-cyclohexylbenzylamine 
26 de temps de retention 18 min et formant 12% du total. 
L'amine secondaire est identifiee par conlparaison avec du 
produit pur dont la preparation est dtcrite dans la 
section 5.2. 

5.2 PvPparation et propriitts des N-cyclohexyl- 
benzylarnines 24, 25, et 26 

5.2.1 N-cyclohexylbenzylamine 26 
PrCparCe selon la methode de Mousseron et al. (30), 

cette amine montre dans son spectre r.m.n. un pic 2.39 
p.p.m. correspondant a l'hydrogene en position 1 sur le 
cyclohexane. Sa phenyluree font a 128-130 "C (litt. (30); 
127-128 "C). Sa c.p.g. sur une colonne de Versamid a 
10% a 205 "C montre un pic apres 5 min; ce compose est 
inseparable de la N-benzylidenecyclohexylaniine 4b. 

5.2.2 N-(tert-butyl-4 cyclohexj~l) benzylamirze cis (24) 
Cette amine est prtparCe partir de la N-benzylidene 

tert-butyl-4 cyclohexyla~nine cis (11) par reduction avec 
LiAIH4 d'apres la procedure habituelle. Le produit 
receuilli avec un rendement de 63 % se presente sous forme 
de l~quide incolore ayant les caractkristiques suivantes: 
p.e.: 110-111 "C10.2 mm Hg; nDz6: 1.5123; r.1n.n.: pic a 
2.80 p.p.m. correspondant a un hydrogene en position 1 
du noyau cyclohexanique; c.p.g.: sur une colonne de 
Versamid 10% a 205 "C, un pic a 11.8 min; spectre de 
masse: pic parent a mle de 245 unites. 

5.2.3 N-(tevt-butyl-4 cyclohexyl) benzj~lamine trans 
(25) 

Une solution CthCrCe de 1.33 g (5.5 mmoles) de la 
N-benzylidene tert-butyl-4 cyclohexylamine trans (12) est 
ajoutee une suspension de 0.8 g (22 mmoles) de LiAlH, 
dans 1'Cther. Le melange est chauffe a reflux pendant 7 h 
et l'amine secondaire 25 est isolee la maniere habituelle 
et purifiee par distillation. Le produit receuilli avec un 
rendement de 73 % se presente sous forme d'un liquide 
incolore ayant les caracteristiques suivantes: p.e. : 112- 
114 "C/0.2mmHg;nDZ6: 1.5127;r.m.n.:pica2.28p.p.m. 
correspondant l'hydrogene en position 1 du noyau 
cyclohexanique; c.p.g. : sur une colonne de Versamid 10 % 
a 205 "C, un pic a 17 min; spectre de masse: pic parent A 
mle de 245 unites. 

5.3 RPduction de la N-(tert-butyl-4 cyclohexylid2ne) 
benzylarnine (10) 

Une solution tthCrCe de 2.44 g (10 mmoles) de la 
cCtimine 10 est ajoutee a une suspension de 0.59 g (15.5 
mmoles) de LiAIH, dans 1'Cther. Le melange est chauffe a 
reflux pendant 4 11 et les amines 24 et 25 isolees selon les 
mCthodes habituelles sont analysees par c.p.g. a l'aide 
d'une colonne de Versamid a 10% niaintenue a 205 "C. 
Le chromatogramme montre la presence de 22% de 
l'amine cis (24) et 78% de l'amine trans (25) qui sont 

identifites par superposition de pics l'aide de produits 
purs. 
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Condensation of some substituted phenols and anilines with formaldehyde. 
Formation of 2-phenyl-1,3-benzoxazines and N-(2-hydroxybenzy1)-anilinesl 

E. C. HORSWILL, D. A. LINDSAY, AND K. U. INGOLD 
Diuision of Chemistry, National Research Council of Canada, Ottawa, Ontario 

Received September 18, 1969 

The formalin condensation o f  2,4-di-t-butylphenol and 2,4-di-t-butylaniline yields the benzoxazine 2 
which, on hydrolysis, gives the hydroxybenzylaniline 3a. In contrast to a report by Kuliev et al. (2,  3) the 
condensation o f  equimolar quantities o f  4-t-butylphenol, o-toluidine, and formaldehyde yields N-(2- 
hydroxy-5-t-butylbenzy1)-o-toluidine (4), rather than 2-arnino-3-n1ethyl-2'-hydroxy-5'-t-butyldiphenyl- 
methane (5). 
Canadian Journal of Chemistry, 48, 579 (1970) 

Butylated phenols and aromatic primary and 
secondary amines are among the most commonly 
employed oxidation inhibitors (1). Bis-phenols 
such as 2,2'-methylene-bis(4,6-di-t-butylphenol) 
are particularly useful in certain applications 
and we therefore attempted to prepare the 
analogous aminophenol in which one of the OH 
groups was replaced by NH,, i.e., 2-amino-2'- 
hydroxy - 3,3',5,5' - tetra - t - butyldiphenyl- 
methane (1). 

A promising approach to the synthesis of 1 
was suggested by the work of Kuliev et al. who 
reported that 2-amino-2'-hydroxydiphenyl- 
methanes were formed by the alkaline condensa- 
tion of a variety of phenols with formaldehyde 
and aniline (2) or ortlzo-toluidine (3). 

There is an extensive literature on the self- 
condensation of phenols and anilines using 
alkaline or acid formalin solutions. Phenols 
condense through their ortl~o and para positions 
while anilines condense through their nitrogen 
atom. Kuliev et al.'s procedures therefore 
appeared most useful as a preparative method. 
However, when we applied their reaction con- 
ditions to mixtures of 2,4-di-t-butylphenol and 
2,4-di-t-butylaniline, the crystalline product 
which separated was found to have the benz- 
oxazine structure, 2. This structure was readily 
deduced from the molecular weight (mass 
spectrometry) and from the absence of absorption 
in the 0-H and N-H stretching region of the 
infrared (i.r.) spectrum (3700-3 100 cm-I). 

'NRCC No. 11077. 

Treatment of the benzoxazine 2 with hydrogen 
chloride opened the ring to give the hydrochloride 
of N-(2- hydroxy -3,5-di-t- butylbenzy1)-2,4-di- 
t-butylaniline (3a). 

This behavior is closely analogous to that 
reported by Burke for formalin condensations of 
p-substituted phenols and aliphatic amines (4). 
That is, condensations using phenol, formalde- 
hyde, amine. molar ratios of 1 :2:1 gave ben- 
zoxazines which could be hydrolyzed by acid to 
o-alkylaminomethylphenols. The latter com- 
pounds could also be formed directly by reacting 
equimolar quantities of the three reagents. In 
our own case, the use of one mole of formalde- 
hyde gave half a mole of the benzoxazine (together 
with unchanged dibutylphenol and dibutyl- 
aniline) rather than one mole of 3a. 

To prevent benzoxazine formation, N-methyl- 
2,4-di-t-butylaniline was condensed with 2,4-di- 
t-butylphenol and formaldehyde. The product 
was 3b rather than a diphenylmethane (i.e, it was 
not N-methyl 1) since N-methyl-2,4-di-t-butyl- 
aniline was regenerated by hydrolysis with hot 
alcoholic hydrochloric acid. 
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I n  order to learn more about these reactions, 
Kuliev et al.'s condensation of equimolar quan- 
tities of 4-t-butylphenol, o-toluidine, and 
forillaldehyde was repeated (3). The principal 
product was N-(2-hydroxy-5-t-butylbenzy1)-o- 
toluidine 4. None of the minor products appeared 

likely to be the anticipated aminodiphenyl- 
methane, 5. Analysis by thin-layer chromatog- 
raphy (t.1.c.) during the course of the reaction 
showed that the corresponding benzoxazine is 

initially formed in much higher yield than 4. That 
is, 4 reacts more rapidly with formaldehyde than 
the starting phenol and toluidine. Once the free 
formaldehyde is consumed, the benzoxazine 
serves as a source of formaldehyde so that 4 is 
formed i n  high yield from the equimolar mixture 
of reactants. The benzoxazine is readily purified 
by crystallization, its hydrolysis provides a 
convenient route to pure 4. The structure of 4 
was confirmed by its synthesis from 2-hydroxy-5- 
t-butylbenzaldehyde and o-toluidine via the 
benzylidene. 

The possibility that 4 was an intermediate in 
the formation of 5 was suggested by Kuliev et al. 
We therefore attempted to rearrange 4 (and 3a) 
with acid (HCI) and base (sodium t-butoxide). 
In  all cases the N-benzylaniline hydrolyzed before 
there was any detectable rearrangement. 

Since Kuliev et al.'s product was not crystalline 
it is difficult to be absolutely certain that we have 
obtained the same compound. Their principal 
physical evidence for structure 5 appears to be 
the identification of a primary amino group from 
the i.r. spectrum in the 3300-3500 cm-I region. 
Our own compound, 4, has such a broad, strong 
absorption in the 3200-3400 cm-' region 
(resulting from intramolecular hydrogen 
bonding) that a specific N-H vibration band 

was not de te~ tab le .~  Chemical evidence for the 
existence of a primary amine group in their 
compounds consists of the purported reactions 
of these compounds with nitrous acid, ben- 
zaldehyde, and phthalic anhydride. No experi- 
mental details of these reactions are given. In 
particular, it is not stated whether nitrogen was 
evolved in the nitrous acid reaction. The reaction 
of 4 with nitrous acid gives the N-nitroso deriva- 
tive in high yield. In our hands, 4 reacted very 
slowly with benzaldehyde even under quite 
drastic conditions and we were unable to identify 
the reaction products. The reaction with phthalic 
anhydride probably involved the initial formation 
of a phthalamic acid with subsequent dehydration 
to the amide ester, 6 .  This compound, like the 
phthalamide, 7, formed from a primary amine, 
would be insoluble in alkali and the reaction with 
anhydride would not, therefore, serve to distin- 
guish a 2-hydroxybenzylaniline from a primary 
amine. 

It must be concluded that Kuliev et al.'s 
structural assignments are incorrect and that 
their products are all N-benzylanilines. These 
compounds are of relatively little interest as 
oxidation inhibitors. 

Experimental 
All melting points were determined on a Kofler hot 

stage using factory-calibrated thermometers. Thin-layer 
chromatograms were run on Eastman Chromagram 
Sheet Type 6060 (silica gel with indicator) unless other- 
wise stated. Spots were detected by ultraviolet (u.v.) light 
and a spray reagent (p-nitrobenzenediazoniuln fluo- 
borate, ninhydrin, or Fast Blue Salt B). The nuclear 
magnetic resonance (n.m.r.) spectra were obtained on a 
"Varian Associates" HR 100 spectrometer in carbon 
tetrachloride at 100 MHz using TMS as internal standard. 
The mass spectra were determined in an Atlas CH 4 

'The N-acetamide derivative of 4 also showed only an 
intramolecularly bonded hydrogen band maxima at 3260 
cm-l. 
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spectrometer. The microanalyses were carried out by 
Mr. J. R. H .  Seguin. 

Preparation of 2,4-di-t-Butylaniline 
3,s-Di-t-butylbromobenzene was prepared from 1,3,5- 

tri-t-butylbenzene by the method of Bartlett et al. (5) but 
with the addition of a vacuum pumping over fresh 
paraffin of the main distillate. This step cleanly removes 
a troublesome oily impurity and facilitates the sub- 
sequent recrystallization from pentane. Nitration of the 
bromo compound by the method of Rundel (6) yields 
2-nitro-3,5-di-t-butyl-1-bromobenzene. To a solution of 
2 g of this nitro compound in 150 ml methanol was added 
0.2 g of magnesium oxide and 1.0 g 5 % Pd/C and the 
mixture hydrogenated at 3 atm pressure. After concen- 
tration the product was dissolved in benzene, washed 
with water, dried, and reconcentrated to a pale yellow 
syrup. The yield was 1.0 g (78%). This aniline was pre- 
pared from the nitro compound as required in order to 
prevent its oxidative discoloration. 

Acetamide derivative, m.p. 155.1-155.7 "C (without 
recrystallization) (lit. 153-154 "C (6), 153.5-154.5 'C (7)). 

Attempted Preparation of 2-An?itzo-2'-hydroxj~-3,3',5,5'- 
tetra-tert-butyldiphenylmethane (1) 

Heating at 96 "C (bath) and stirring together 96 mg 
of 2,4-di-tert-butylaniline, 96 mg of 2,4-di-tert-butyl- 
phenol, 0.035 ml of formalin, and 1 mg of barium 
hydroxide octahydrate for 3 h gave a soft solid on 
cooling, which could readily be separated from the 
aqueous layer. After drying the solid weighed 141 mg. 
Thin-layer chromatography of this mixture showed it to 
contain the benzoxazine 2 with lesser amounts of the 
substituted N-benzylaniline 30 and of the starting aniline. 
None of the other spots, which were only present as 
traces on the t.l.c., shou-ed the blue color usually given 
by a primary amine with ninhydrin spray and were there- 
fore unlikely to be conlpound 1. A sample of the solid 
reaction mixture recrystallized from ethanol gave color- 
less needles, m.p. 174-175.5 "C, which were identified as 
the benzoxazine 2 by comparison of their Debye- 
Scherrer pattern with that of an authentic sample (8). 
Other experiments in which the amount of catalyst was 
varied showed no new spots on the t.1.c. 

Preparatiorz of N-(3,5-Di-tert-butyl-2-hydroxybenzy1)- 
2,4-di-tert-butylaniline (3a) 

Bubbling hydrogen chloride gas into a solution of 0.77 
g of the benzoxazine 2 in 20 ml of ether and then cooling 
to -15 "C produced sheaves of colorless microscopic 
needles weighing 0.19 g, n1.p. 135-159 'C. After several 
recrystallizations from ethanol-water the compound 
melted from 146-150 'C and gave a negative Beilstein 
copper wire test for halogen, showing that the salt had 
hydrolyzed completely to the free base 3a. 

Anal. Calcd. for C,,H,,NO (11101. wt., 423): C, 82.21; 
H, 10.71; N, 3.31. Found (mass spectroscopy, 423): C, 
82.52; H, 10.71 ; N, 3.59. 

N-Betzzylidene-2,4-di-tert-butylaniline 
A neat mixture of 0.22 g of freshly distilled benzal- 

dehyde and 0.40 g of 2,4-dl-tert-butylaniline rapidly 
reacted to produce water. The uater was later removed 
as the benzene azeotrope. Vacuum removal of the ben- 
zene left 0.54 g of oil which soon crystallized completely, 

m.p. 88-95 "C. Recrystallization from methanol gave 
0.46 g of colorless product, m.p. 95-97.5 "C. 

N-Benzyl-2,4-di-tert-butylaniline 
A solution of 0.46 g of the N-benzylidene 2,4-di-tert- 

butylaniline in 50 ml of purified cyclohexane was selec- 
tively hydrogenated at 1 atm with 0.10 g of 5 % platinum 
on carbon catalyst to give, after catalyst and solvent 
removal, 0.38 g of the N-benzyl compound, n1.p. 77- 
84 "C. Thin-layer chromatography showed that negligible 
hydrogenolysis had occurred. Recrystallization from a 
small volume of 95 %ethanol gave only 0.19 g of product, 
m.p. 86.2-87.2 "C. Reductive alkylation of 2,4-di-tert- 
butylaniline and benzaldehyde using the same solvent 
and catalyst was very much slower and did not go to 
completion presumably because the condensation is much 
slower in solution. 

N-Methyl-N-benzyl-2,4-di-tert-butJ.e 
A solution of 0.24 g of IV-benzyl-2,4-di-teur-butylaniline 

and 0.080 ml of formalin in 40 ml of cyclohexane with 
0.03 g of 5 %  platinum on carbon catalyst was hydro- 
genated at 1 atm. After filtration, concentration, and 
crystallization from 95 %ethanol, the dry crystals weighed 
0.23 g, m.p. 74-77 "C. Recrystallization from 95% 
ethanol kith centrifugal filtration gave 0.21 g of material; 
m.p. 74.6-76.5 "C. 

Prepamtion of N-Metliyl-2,4-di-tert-but~~Ianili~ze 
Hydrogenolysis of a solution of 1.00 g of N-methyl-N- 

benzyl-2,4-di-tert-butylaniline in 50 n ~ l  of purified cyclo- 
hexane with 0.10 g of 5 % palladium on carbon at 1 atm, 
then removal of catalyst and solvent produced 0.69 g of 
colorless syrup, 11," 1.5169 (lit. qDZ5 1.5200 (9)) which 
crystallized to the sol~d, m.p. 21.8-24.2 "C. 

Preparation of N- (3,5- Di-tert-butyl-2-lzydroxybenzyl) - 
AT-methyl-2,4-di-te~t-butylnlziline (36) 

Heating and stirring 0.11 g of N-methyl-2,4-di-terr- 
butylaniline, 0.14 g of 2,4-di-tert-butylphenol, and a 
solution of 0.10 g of barium hydroxide in 3.0 1111 of 
formalin for 2.5 h at 93" (bath) produced 0.22 g of a 
colorless crystalline compound of m.p. 125-175 'C. Thin- 
layer chromatography of the crude material showed a 
little 2,4-di-tert-butylphenol (an excess was ~ ~ s e d )  as the 
only impurity. Recrystallization from isopropyl alcohol 
yielded 0.11 g of n~icroscopic needles, m.p. 174.8- 
177.0 "C. Although this melting point is close to that of 
the benzoxazine 2, the i.r. spectra of the two compounds 
showed that they are quite different. The benzoxazine 
spectrum shows no absorption in the 3700-3100 cm-l 
region (8). The spectruni of the N-methyl product (2% 
in CCI,) has a small sharp peak at 3600 cn1-' (free OH) 
and a large broad absorption band centered - 3200 
cm-' (hydrogen-bonded OH). This region of the spec- 
trum is similar to that of the substituted N-benzyl com- 
pounds, 3a and 4. The n.m.r. spectrum shows a slightly 
broadened peak at 7.47 T due to the methyl group 
attached to nitrogen which the benzoxazine spectrum 
does not show. Finally, hydrolysis for 5 h of a suspension 
of 23 mg of 36 in 7 1711 of boiling ethanolic hydrochloric 
acid (6:1, v/v) gave two products, one of which was 
identified by t.1.c. as N-methyl-2,4-di-tert-butylaniline. 

Mol. Wt. Calcd. for C,,H,,NO: 437.36576. Found 
(by Dr. Jamieson) (mass spectroscopy): 437.3658. 
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Preparation of N-(5-tert-But~~l-2-lzydroxybenz~~l)- washed, and dried (Na2S04). When concentrated, it 
o-toluidine ( 4  3 left a svruv which was redissolved in 10 ml of ventane. , , 

(a) Kziliet.'~ Metlzod 
When 3.03 g of 4-tevt-butylphenol, 2.16 g of o-toluidine, 

and a solution of 0.15 g of barium hydroxide octahydrate 
in 1.60 ml (1.05 mole/mole) of formalin were stirred at 
room temperature, heat was evolved. After 20 min, t.1.c. 
analysis of the reaction mixture shoued 6-t-butyl-3,4- 
dihydro-3-o-tolyl-2H-1,3-benzoxazine (8) as the only 
product along with unused starting amine and phenol. 
The mixture was stirred and heated at 96 OC (bath) for 
2.5 h, dissolved in benzene, washed, dried, and the solvent 
distilled to give 5.93 g of orange syrup, qDZ0 1.5730 (lit. 
1lDZ0 1.5688 (3)). Thin-layer chronlatographic analysis 
showed mostly the toluidine derivative 4 (see below). 
On standing, the syrup slowly crystallized, Trituration 
with pentane left 2.28 g of cream colored crystals, m.p. 
62-80 'C which were identified as compound 4 by com- 
parison of their Debye-Scherrer pattern with those 
obtained from the compound isolated in parts (b) and (c) 
below. 

Thin-layer chromatographic analysis of the crude 
reaction mixture on acidic alumina (Eastman Chroma- 
gram sheet 6063) revealed three fast running (in benzene- 
hexane, 1 :2) impurities designated a, P, and y in order of 
decreasing Rf values. The y-impurity was scraped from 
the t.1.c. and introduced directly into the mass spec- 
trometer. It gave a nlolecular weight of 222 (n~ol.  wt. 
calculated for C18HZ3NO: 269). This method was not 
applicable to the cc and P compounds, one of which Lvas 
weighed as follows. A 0.95 g sample of a similar reaction 
mixture was refluxed for 48 h with 200 ml of ethanol - 
36% hydrochloric acid (1:l v/v). A small amount of 
polymer was filtered from the cooled hydrolyzate (t.1.c. 
analysis showed none of the impurities present in the 
polymer) and the filtrate concentrated to dryness, then 
reconcentrated with ethanol several times to remove 
excess hydrochloric acid. This mixture of hydrochloride 
salts was extracted with a total of 6.0 ml of water. The 
t.1.c. analysis of the aqueous solution after regeneration 
of the free bases showed a large amount of o-toluidine 
with none of the fastest running compound a. When the 
insoluble residue was regenerated with liquid annnonia 
and extracted with benzene the t.1.c. showed rnostly 
compound a nith traces of the other impurities. Evapora- 
tion of the benzene left 5.0 mg of solids. Since this impure 
sample contained all of the con~pound a from 0.95 g of 
reaction mixture we conclude that compound a com- 
prises not more than 0.5 % of the original mixture. On 
the basis of spot size and color we can estimate that 
compound constitutes considerably less than 0.5 % of 
the original mixture. 

(b) Froi?~ the Benzoxazine 
The preferred preparation of 4 is the following, which 

uses the easily purified 6-tert-butyl-3,4-dihydro-3-0- 
tolyl-2H-1,3-benzoxazine (8). 

Three nil of concentrated hydrochloric acid were 
added dropwise but rapidly to a cooled, vigorously 
stirred solution of 5.00 g of the benzoxazine in 30 ml of 
ether. The colorless crystals of the N-benzyl hydrochlo- 
ride were filtered, washed with ether, briefly air dried, 
then shaken with benzene and 10 ml of concentrated 
ammonium hydroxide. The benzene layer was separated, 

Fine c&o;less needles came out, weight 3.91 .g, m.p. 
88-93 "C. Recrystallization from hexane gave 3.57 g of 
colllpoiind 4, n1.p. 89.5-92.8 "C. A sample recrystallized 
for analysis melts at 92.7-94.0 "C. Its i.r. spectra showed 
strong intramolecular hydrogen bonding of the phenolic 
hydroxyl group. The use of gaseous hydrogen chloride 
and dry ether for the above preparation gave a mixture 
of the benzoxazine and hr-benzyl hydrochlorides which 
was difficult to purify. 

Anal. Calcd. for C18H23NO: C, 80.26; H, 8.61; N, 
5.20. Found: C, 80.45; H, 8.60; N, 5.10. 

N-Acetyl derivative of 4, m.p. 103-104.7 'C (80% 
ethanolluater). 

Anal. Calcd. for C,oH2,NOz: C, 77.14; H, 8.09; N, 
4.50. Found: C, 76.83; H, 8.07; N, 4.30. 

Hydrochloride salt of 4, n1.p. 145-164 "C (decon~posi- . \ tlon). 
Anal. Calcd. for C,sH24NOCI: C, 70.69; H, 7.91; N, 

4.58; CI, 11.59. Found: C, 70.64; H, 7.80; N, 4.39; C1, 
11.72. 

(c) From 2-Hydroxj-5-tert-butylbenznldehyde 
2-Hydroxy-5-tert-butylbenzaldehyde was prepared by 

condensing formaldehyde with 4-tert-butylphenol and 
oxidizing with acidified p-nitroso-dimethylaniline (10). 
It was purified by recrystallization of its phenylhydrazone 
from 95% ethanol to n1.p. of 183.5-186.8 "C then 
recovered by steam distillation of its suspension in dilute 
acid (1 I) .  

A mixture of 1.94 E of this aldehvde and 1.17 E of 
o-toluidine was stirredat room tempkrature (22 " ~ j f o r  
0.5 h at which time t.1.c. showed that the reaction'was 
complete. The product was diluted with benzene, washed 
with 1 N hydrochloric acid and water, then dried. Re- 
moval of solvent afforded 2.51 g of the syrupy aldimine 

which was hydrogenated in 100 ml of ethanol with 0.25 
g of 5 % palladium-on-carbon at room temperature. The 
crude product (2.34 g) was crystallized from 7 nil of 
hexane and furnished 1.46 g of needles, m.p. 90.8-94.0 "C, 
identified with the coinpound isolated in parts (a) and (b) 
above by their common Debye-Scherrer pattern. Its 
structure was deduced to be that of con~pound 4 by its 
method of synthesis and confirmed by its n.m.r. spectrum 
which showed chemical shifts (in p.p.m. to low field) of 
1.24 for t-butyl protons, of 2.15 for methyl, and 4.30 for 
methylene protons at room temperature. Sharp peaks 
for O H  and NH protons at 8.25 and 3.67 respectively 
were only visible at low temperatures (in CS,) presumably 
because of rapid exchange at room temperature. 

Reaction of  4 with Nitrozrs Acid 
The . N-(5-tert- butyl-2-hydroxybenzy1)-o - toluidine 

hydrochloride prepared from 2.00 g of the benzoxazine 
as in part (b) above was stirred with a mixture of dilute 
hydrochloric acid and ice while 5.5 ml of 10% sodium 
nitrite solution was added dropwise. No gas was evolved. 
After standing 24 h at room temperature, the mixture 
was filtered and the yellow solid washed and dried, giving 
1.92 g of material melting from 121-128 "C. Recrystalliza- 
tion from heptane gave 1.52 g of yellow crystals, m.p. 
126-133 "C. A sample for analysis, after further purifi- 
cation melts at 132.0-134.5 'C. 

Anal. Calcd. for Cl8HZ2N2o2 (mol. wt., 298): C, 
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72.46; H, 7.43; N, 9.39. Found (mass spectroscopy, 298): LOVA. Azerb. Khim. Zhur. 3 (1965). Chem. Abstr. 
C ,  72.40; H, 7.54; N, 9.54. 63,17944~ (1965). Available as an N.R.C.C. technical 
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Reactions of diphenylcyclopropenone with 1,3-dipoles 

J. W. LOWN, T. W. MALONEY, and G. DALLAS' 
Department of Clzemistry, Unicersity of Alberta, Edmonton, Alberta 

Received July 31, 1969 

Diphenylcyclopropenone reacts with 1,3-diphenylisobenzofuran to give a benzotropone derivative 5, 
with 3-carboalkoxyaziridines to give trans-3-pyrrolines (e.g. lo) ,  and ~ i t h  a 3-cyanoaziridine to give the 
pyrrole 20. Possible ~nechanisms of these reactions are considered and compared with previous 1,3- 
dipolar additions to cyclopropenones. 

Canadian Journal of Chemistry, 48, 584 (1970) 

Diphenylcyclopropenone reacts with 3-aroyl- 
aziridines to form 4-aroyl-4-oxazolines (I). This 
reaction is most plausibly interpreted as proceed- 
ing by an initial [2 + 31 cycloaddition of an 
azomethine ylide (derived from thermal cleavage 
of the aziridine) to the carbonyl bond of the 
diphenylcyclopropenone, followed by rearrange- 
ment, eq. [ I  ]. In the parallel addition of 3-aroyl- 
aziridines to iminocyclopropenes, the intermedi- 
ate [2 + 31 cycloaddition product 3 was isolated 
directly (2), eq. [2]. Another [2 + 31 cycloaddi- 
tion to a cyclopropenone is that reported by IZZO 
and Kende in which, by contrast, addition of the 

'NRCC Studentship holder, 1967-1969. 

diazomethane takes place to the carbon-carbon 
double bond (3, 4), eq. [3]. Information on the 
reaction of cyclopropenones and their derivatives 
with 1,3-dipoles, apart from the examples above, 
is non-existent (5) .  

Accordingly, we here report further examples 
of the reaction of diphenylcyclopropenone, with 
some 1,3-dipoles. 
1,3-Diphenylisobenzofuran may be regarded 

as a potential 1,3-dipole of the carbonyl ylide 
type (6). It  was found to react readily with 
diphenylcyclopropenone (eq. [4]) to give a crys- 
talline adduct which was assigned structure 5 on 
the basis of its elemental analysis for C35H2402 
and spectral properties. The product shows a 
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LOWN ET AL.: DIPHENYLCYCLOPROPENONE 

carbonyl band in the infrared (i.r.) at 1680 cm-' 
and absorption in the ultraviolet ju.v.) at 337 
(log E 3.90), 296 (log E 3.96), and 248 m p  (log E 

4.58). The high resolution mass spectrum shows 
the fragmentation pattern shown in Scheme 1. 
The reaction is plausibly interpreted as another 
[2 + 31 cycloaddition to the carbonyl bond of the 
cyclopropeiioiie followed by rearrangement. In 
the case of 1,3-diphenylisobenzof~lran, of course, 
one cannot distinguish formally between a 
[2 + 31 cycloaddition of a carbonyl ylide and 
a Diels-Alder addition of the diene system to 
the carboilyl bond. 

Thermal cleavage of substituted aziridines 
provides a method of generating azomethine 
ylides irz situ (7-1 1). As mentioned above we had 
examined 3-aroylaziridines and 3-acylaziridines 
previously, and we now examined a series of 
aziridines bearing other substituents with sur- 
prising results. 

Some new 3-carboalkoxyaziridines were pre- 
pared by the Gabriel method (12), eq. [5]. 
3-Carbomethoxy- 1 -cyclohexyl-2-phenylaziridine 
7 reacted with diphenylcyclopropenone in reflux- 
ing toluene to give the trans-3-pyrroline 10. This 

reaction is rationalized as a [2 + 31 cycloaddition 
of the azomethine ylide to the carbon-carbon 
double bond of the diphenylcyclopropenone, 
followed by decarbonylation as shown in Scheme 
2. In support of Scheme 2, diphenylacetylene 
reacted readily with aziridiiie 7 to give 10 (eq. [6]) 
but, as has been observed previously, diphenyl- 
cyclopropenoile is more reactive and gives better 
yields than diphenylacetylene (1 3). Such reactions 
of aziridines with alkynes (via azomethine ylides) 
are now firmly established and have produced 
3-pyrrolines (10, 14, 16), 2-pyrrolines ( l l ) ,  and 
mixtures of both (15). Especially relevant to this 
work are the 3-pyrrolines 11 and 12 recently 

p"9&H~ H ,  I COX 

Ph 

11 12 

n X = OC,H, 
b X = N(C,H5j2 

cis n JAB = 3.5 Hz tmrzs n JAB = 7 .5  Hz 
cis b JAB = 4 H z  trans b JAB = 7 Hz 
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obtained by Deyrup by the addition of stereo- 
isomeric cis- and trans-3-aziridine carboxylic acid 
derivatives to dimethylacetylenedicarboxylate 
(1 6). An unusual feature of the nuclear magnetic 
resonance (n.m.r.) spectra of these compounds 
is the magnitude of the long range coupling 
constants JAB. (Deyrup mentioned that Huisgen 
has observed similar long range coupling con- 
stants in 3-pyrrolines.) The observed stereo- 
specificity of the 1,3-dipolar additions to form 11 
and 12 suggested that the initial adduct had not 
undergone 1,3 hydride migration to the 2-pyr- 
roline isomer as is sometimes observed (11). 
Compounds 11 and 12 show u.v. absorptions at 
284 (log E 3.27), 240 (log s 4.37), 288 (logs 3.25), 
and 242 mp (log E 4.35) respectively. 

In our work compound 10 was accordingly 
assigned the trans-3-pyrroline structure because 
the n.m.r. spectrum showed an AB quartet, 
J = 6 Hz, assigned to tram long range coupling. 
The chemical shifts are closely comparable to 
those in l l a .  Unfortunately 12a was not fully 
characterized by Deyrup for a closer comparison 
(16). The i.r. spectrum of 10 shows an ester 
carbonyl at 1725 cm-' indicative of a saturated 

ester, whereas the corresponding ester carbonyl 
in the pyrrole 13 absorbs at 1698 cm-I closely 
comparable with values observed in other car- 
boalkoxy pyrroles (17). The absorption spectrum 
of 10 showed maxima at 284 (log E 4.13) and 
250 m p  (log E 4.34) comparable with 11 and 12 
and therefore compatible with structure 10. 
Deyrup observed stereospecific addition to form 
l l a ,  l l b ,  and 12b in refluxing carbon tetrachloride 
but observed post-isomerization of l l a  to 12a 
when the reaction was carried out in refluxing 
toluene. It is not surprising therefore that in our 
reactions only trans-3-pyrrolines like 10 were 
isolated since toluene or o-xylene were used as 
solvents for the additions. 

The 3-pyrroline structure for 10 was confirmed 
by the ready dehydrogenation with tetrachloro- 
1,4-beazoquinone to the pyrrole 13 in good yield, 
eq. [7]. Surprisingly, the apparently closely 
CH302C> ,C02CH3 Ph, , Ph 
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related 3-acetyl-1-cyclohexyl-2-phenylaziridine 
14 reacted with diphenylcyclopropenone to give 
a 4-acyl-4-oxazoline 15 (13), eq. [8]. Similar 
results were obtained in the reaction of carboal- 
koxyaziridines 6 ,  8, and 9 with the cycloprope- 
none, i.e. trans-3-pyrrolines like 10 were the only 
products isolated. All showed AB quartets in the 
n.m.r. spectra with coupling constants of 6 Hz. 
The i.r., n.m.r., u.v., and mass spectra of the 
trans-3-pyrrolines together with the correspond- 
ing pyrroles were compatible with their assigned 
structures and are reported in full in the Experi- 
mental section. Suitable model polysubstituted 
pyrroles for comparison of the u.v. spectra were 
found to be scarce in the literature. However, the 
spectra of 16 and 17 (1 8) are convincingly similar 
when allowance is made for the effects of aryl 
groups on the intensities of the absorptions. 

P h mPh CH3 

Ph C O ~ C H ( C H , ) ~  CH3 
uCH3 

I I 
C02CH2CH3 

C 6 H ~ ~  H 
16 17 

h,,, 254 (E 15 760) 1.,,, 253 (E 6800) 
h,,, 281 ( E  19 320) I,,, 285 (c 15 800) 

the lability of the phenoxy group towards cyclo- 
hexylamine. The product of the attempted 
Gabriel synthesis was the amide 18, eq. [9]. 

The observed behavior of diphenylcyclopro- 
penone with 3-carboalkoxyaziridines is analogous 
to its reaction with 4-aroyl-4-oxazolines (13). In 
the latter reactions carbon monoxide is also lost 
and furans are formed. 

3 - Cyano - 1 - cyclohexyl - 2 - phenylaziridine 19 
was synthesized and reacted readily with di- 
phenylcyclopropenone by [2 + 31 cycloaddition 
to the carbon-carbon double bond and the 
product was the pyrrole 20, eq. [lo]. In this 
reaction, the intermediate pyrroline was not iso- 
lated, since hydrocyanic acid is eliminated under 
the reaction conditions to give the pyrrole 
directly. By utilizing 3-cyanoaziridines with 
acetylenic compounds, the latter reaction pro- 
vides a route to substituted pyrroles bearing a 
hydrogen at the 2-position. 

Diphenylcyclopropenone is quite basic be- 
cause of substantial contributions from the 
following valence forms (4, 5). However, we may 
rule out the unlikely prior 0-nucleophilic attack 

The corresponding 3-carbophenoxyaziridine 
could not be prepared for comparison because of 
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TABLE 1 
Site of attack in cyclopropenones by 1,3-dipoles 

-- 

Substrate Reactant 1,3-Dipole type 
Product 

type 

Site 
of 

attack 

DPP" 
DPP 

DPP 

DPP 
DPP 
DPP 

DPP 

DPP 
CCPt 

Carbonyl ylide 
Azomethine ylide 

Azornethine ylide 

Azomethine ylide 
Azomethine ylide 
Externally 
stabilized 
ketocarbene 
Externally§ 
stabilized 
ketocarbene 
Diazoniumbetaine 
Externally 5 
stabilized 
ketocarbene 

3,4-Benzotropone C=O 
4-Aroyl-4-oxa- C=O 

zoline 
4-Acyl-4-oxa- C=O 

zoline 
trans-3-pyrroline C=C 
Pyrrole C=C 
Furan C=C 

*DPP = Diphenylcyclopropenone. 
tCCP = Cycloheptenocyclopropenone 
:Reference 3. 
§Reference 13. 

of diphenylcyclopropenone on aziridines in the 
reactions which lead to 4-oxazolines. Reactions 
of good nucleophiles, with aziridines result in 1,2 
bond cleavage rather than 2,3 bond cleavage (19). 
Therefore we may reasonably claim that all the 
reactions between cyclopropenones and substi- 
tuted aziridines discussed above are of the [2 + 31 
cycloaddition type. 

Table I summarizes the results obtained and 
shows clearly that small differences in structure 
of the 1,3-dipole result in exclusive attack at either 
the carbonyl bond or at the carbon-carbon 
double bond of the cyclopropenone. In no in- 
stance has a mixture of products been obtained 
corresponding to both possible modes of addi- 
tion. Our view of these reactions is that they 
reflect the very close similarity in dipolarophilic 
reactivity of the carbon-carbon double bond and 
the carbonyl bond in cyclopropenone owing to 
its unusual electronic structure. In contrast, 
normal alkenes are much better 1,3-dipolaro- 
philes than the sluggish ketones and aldehydes 
(16). Thus small differences due to steric hin- 
rance effects or differences in product stability 
will dictate the site of attack, rather than any 
intrinsic differences in the properties of the 1,3- 
dipoles themselves. 

In conclusion it may be stated that cyclo- 
propenones are reactive towards a variety of 1,3- 
dipoles and thus provide ~~se fu l  synthetic routes 

to 4-oxazolines, oxobenzotropones, 3-pyrrolines, 
pyrroles, and furans. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. Nuclear magnetic resonance spectra were 
recorded on Varian A-60 and A-100 analytical spectrom- 
eters. The spectra were measured on approximately 
10-15 % (w/v) solutions in CDCI,, with tetramethylsilane 
as a standard. Line positions are reported in parts per 
million from the reference. Absorption spectra were 
recorded in ‘spectra'-grade solvents on a Beckman DB 
recording spectrophotometer. Mass spectra were deter- 
mined on an Associated Electrical Industries MS-9 
double focusing high resolution mass spectrometer. The 
ionization energy, in general, was 70 eV. Peak measure- 
ments were made by colnparison with perfluorotributyl- 
amine at a resolving power of 15 000. Kieselgel DF-5 
(Canlag, Switzerland) and Eastman Kodak precoated 
sheets were used for thin-layer chromatography (t.1.c.). 
Microanalyses were carried out by Dr. C .  DaesslC, 
Organic Microanalysis Ltd., Montreal, Quebec and by 
Mrs. D. Mahlow of this department. 

Reaction of l,3-Diphenylisobenzofilran with 
Diphenylcyclopropenone 

A solution of 1.35 g (0.005 mole) of 1,3-diphenyliso- 
benzofuran and 1.03 g (0.0005 mole) of diphenylcyclo- 
propenone (4) in 30 ml of toluene was heated under reflux 
for 24 h during which time the solution turned yellow- 
orange. Evaporation of the solvent afforded a yellow gun1 
which was chromatographed on basic alumina with 
benzene as eluant and afforded as a main fraction a pale 
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LOWN ET AL.: DIPHENYLCYCLOPROPEh'ONE 589 

yellow gum which crystallized from heptane as a white wcre added 54.5 g (0.55 mole) of cyclohexylamine and the 
crystalline solid of 2,5,6,7-tetraphenyl-3,4-benzotropone- mixture was stirred at room temperature for 24 h. The 
2,s-oxide 0.635 g (27 7; yield), m.p. 215". cyclohexylamine hydrobromide which had separated was 

Anal. Calcd. for C35H2402:  C, 88.21; H,  5.08. removed by filtration, the filtrate washed with water 
Found: C, 88.27; H,  5.17. (2 x 100 ml) and dried (MgSO,). The benzene and most 

The i.r. spectrum v,,,(CHC1,): 1680 cn1-I (C=O); of the cyclohexylamine was removed by distillation under 
n.nl.r. spectrum GTMsCDCI3 : 6.7 (multiplet, 24H, aromatic reduced pressure to leave a pale yellow oil, 20 g (100 % 
protons); absorption spectrum (CHCl,): 337 (log E 3.90), yield) which when triturated with hexane gave the desired 
296 (log E 3.96), 248 m~ (log E 4.58). aziridine as a white solid m.p. 127' from methanol. 

Mass spectrum: [mle, relative abundance, ion forn~ula, Anal. Calcd. for C,,H,,NO (381.2094): C, 85.00; 
calcd. and observed peak measurements on principal H, 7.14; N, 3.67. Found (381.1974 (mass spectrum)): 
fragments given] 476 (6%), C35H2402; 476.1776; C, 84.90; H, 7.23; N, 3.64. 
476.1776; 448 (1 %), C34H240, 448.1827, 448.1818; The i.r. spectrum v,,,(CHCI,): 1680 cm-' (aromatic 
372 (loo%), C,,H2,0, 372.1514, 372.1516; 76 (3%), C=O); n.m.r. spectrum GTMs(CDC1,): 1.0-3.0 (multi- 
C6H4, 76.0313, 76.0313. plet, 11H, cyclohexyl protons); 3.23 and 3.63 (singlets, 

2H, aziridine ring protons); 7.2-8.3 (multiplet, 14H, 
I .  Synthesis of Aziridines aromatic protons). 

2-(p-Biphenyl)-I-cyclohexyl-substituted Aziridines 3-Acetyl-2-(p-biplzeizyl) -I  -c~~clohexylrrziridine 
These compounds were prepared by the following This compound was synthesized according to the 

general method. Condensation of biphenyl-4-aldehyde method of Cromwell and Cahoy (20). Recrystallization 
with the appropriate active niethylene compound afforded from ether afforded a cis-trans mixture of the product in 
the corresponding u,(3-unsaturated carbony1 compound. 65 % yield m.p. 84-89' (lit. m.p. for two isomers 82-83" 
Bromination in chloroforln solution, followed by treat- and 102-1030 (20)). 
ment of the dibromo derivative with cyclohexylamine in 2- (p-Biphenyl) -3-carboinethoxy-1-cyclohexyl- benzene solution yielded the desired aziridine. Some of 

azirjdjne the aziridines synthesized were oils which decomposed This was synthesized according to the upon attempted distillation, consequently their micro- method of Woller and CromR,ell (22) and was purified analyses were unsatisfactory. However, they were by recrystallization from hexane as a white solid in 97 % 
adequately characterized by spectral data and by the yield, n,.p. 69-720 (lit. 72c) and was used in subse- 
formation of crystalline cycloaddition adducts. quent reactions as a cis-trans mixture. 

Biphenyl-4-aldehyde 3-Carboalkoxy-I-cyclohe.~yl-2-phenylaziridines 
This compound was prepared the pro- ~h~~~ aziridines were synthesized from the appropriate 

cedure described by Cromwell and Cahoy (20). The cinnamic acid esters. 
product crystallized. from methanol as a white solid 
(59% yield), n1.p. 57-58" (lit. m.p. 58-59"]. 3-Cavboisopropoxy-I-cyclohe,~yl-2-phenylnziridine 

( i )  Isopropyl cinnanznte was prepared by the Fischer 
4-Phenylstyryl-phenyl Ketone Speier procedure, using sulfuric acid as catalyst, as a This ketone was prepared using the Kohler-~hadwell colorless oil in 62% yield, b,p. 109-110c,4 mm (lit. b.p. procedure for the preparation of phenylstyryl ketone. The 107. 5-1080,2 mnl (23)). 

product was from as a yellow ( j i j  ~sopropy[-~,3-dibrorno-3-pheny~propiona~e~ T o  a 
solid (53 % yield), m.p. 110.5-112" (lit. 1n.p. 111.5-112.5" sdlution of 9, (0.05 mole) of isopropyl cinnamate in 
(21)). 100 ml of chloroform, a solution of 8 g (0.05 mole) of 

3-p-Bipherzyl-2,3-dibromo-I-p/ten)~/propanone bromine in 50 ml of chloroform was added dropwise r+rith 
To a solution of 22 g (0.0775 mole) of 4-phenylstyr~l stirring over a period of 45 min. The resulting solution 

phenyl ketone in 100 ml of chloroform was added, during was stirred for a further 3 h and then evaporated irz caclro 
20 min with stirring, a solution of 12.4g (0.0775 mole) to yield the crude dibronlide 17.3 g (100% yield) as a 
of bromine in 50 ml of chloroform. The bromine color pale yellow oil, which slowly crystallized on cooling. The 
was discharged very rapidly and after the addition was product was purified by recrystallization from hexane as 
completed, the resultant pale yellow sol~ltion was stirred a white solid, m,p. 52.5-53". 
for 15 min. The solvent was removed by distillation under Anal. Calcd. for c ~ ~ H ~ ~ B ~ ~ o :  C ,  41.16; H, 4.03; 
reduced pressure, leaving the prod~lct as a pale yellow ~ r ,  45.67. Found: C, 41.10; H, 3.99; Br, 45.49. 
solid (34.2 g, 100% yield) which was purified by recrystal-  he i.r. spectrum v,,,(CHCI,): 1730 cm-I (ester 
lization from benzenebexane affording 3-(~-biphenyl)- C=O); n.rn.r. spectrum GTnIs(CDC13): 1.33 (doublet, 
2,3-dibr~nl~-l-phenylpr~pan~ne as a white solid m.p J = 6 Hz, 6H, (CH,) 2CH-); AB quartet centered at 
185.5-186". 4.76 and 5.29 J =  12Hz  (ZH, -CHBr-CHBr-); 

Anal. Calcd. for C ~ I H I ~ B ~ Z O :  C, 57.75; H, 3.63; 4.93-5.4 (septet, lH ,  (CH,)2CH); 7.33 (singlet, 5H, aryl 
Br, 35.99. Found: C, 57.66; H, 3.56; Br, 36.22. protons). 

The i.r. spectrurn v,,,(CHCl,): 1690 cm-' (aromatic (iii) 3-C~rboisopropoxy-I-cycIoIzex~~l-2-pI~en~~Iaziri~Iine. 
c=O); n.m.r. spectrum GTMS(CDC~~): AB quartet To a solution of 7 g (0.02 mole) of isopropyl2,3-dibromo- 
centered at 5.7 and 6.0, JAB = 11 Hz (2H, 2, 3 protons); 3-phenylpropionate in 100 nil of benzene were added 
7.25-8.3 (multiplets, 14H, aryl protons). 21.8 g (0.22 mole), of cyclohexylamine and the mixture 

3-Benzoyl-2- (p-biphenyl) -1-cyclohexylnziridine was stirred at room temperature for 24 h. The cyclo- 
To a solution of 22.2 g (0.05 mole) of 3-p-biphenyl- hexylamine hydrobromide which had separated was 

2,3-dibromo-1-phenylpropanone in 300 ml of benzene, removed by filtration, and the filtrate washed with water 
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(2 x 50 ml) and dried (MgSO,). The solvent and most 
of the cyclohexylamine was removed in vaclio (at tem- 
peratures <50c) leaving the aziridine as a yellow oil 
which was purified by chromatography on B. D. H. 
grade I alumina using benzene as eluant. The desired 
aziridine was thus isolated as a pale yellow oil 5.2 g (91 % 
yield) as a mixture of cis and trans isomers. 

Anal. Calcd. for C18H25N02 (287.1885): C, 75.21; 
H, 8.77; N, 4.87. Found (287.1881 (mass- spectrum)): 
c,' 74.62; H; 8.90; N, 5.05. 

The i.r. spectrum v,,,,(CHC13): 1710, 1730 cm-' 
(ester C=O in cis and trans isomers); n.m.r. spectrum 
G,,,(CDC13): 0.66-2.0 (multiplet, IOH, cyclohexyl 
protons); 0.93 and 1.26 (doublets, J = 12 Hz, 6H, 
(CH3),CH-), 2.25-3.3 (multiplet, 3H, C5HIoCH-N 
and aziridine ring protons), 4.55-5.20 (septet, IH, 
(CH3),CH-); 7.0-7.6 (multiplet, 5H, aryl protons). 

3-Carbomethoxy-I-cyclohexyl-2-phenylaziridine 
Methyl 2,3-dibron~o-3-phenylpropionate was prepared 

by bromination of methyl cinnamate. The crude product, 
a pale yellow solid was recrystallized from ethanol as a 
white solid in 87.3% yield, m.p. 118-119" (lit. m.p. 115" 
(24)). 

The desired aziridine was then prepared and purified 
by an exactly similar procedure to that described for the 
corresponding isopropyl ester aziridine. The product, a 
pale yellow oil (95 % yield) was isolated as a mixture of 
cis and trans Isomers. 

Anal. Calcd. for CI6HZ1No2 (259.1572): C, 74.08; 
H. 8.17: N. 5.40. Found (259.1568 (mass spectrum)): 
~ , ' 75 .12 ;  H, 8.22; N, 5.59. 

The i.r. spectrum v,,,(CHCI3): 1725, 1740 cm-' (ester 
C=O); n.m.r. spectrum 6TMS(CDC13): 0.9-2.1 (multiplet, 
IOH, cyclohcxyl protons); 2.35-3.3 (multiplet, 3H, 
CSHl0CH-N and aziridine ring protons); 3.45 and 3.75 
(singlets COOCH, of cis and trans isomer); 7.0-7.7 
(multiplet, 5H, aryl protons). 

3-Carbethoxy-I-cyclohexyl-2-phenylaziridine 
Ethyl 2,3-dibromo-3-phenylpropionate was prepared 

by bromination of ethyl cinnamate, by a similar procedure 
to that described for the corresponding isopropyl ester. 
The crude dibromide was purified by recrystallization 
from hexane as a white crystalline solid in 91 % yield, 
m.p. 76-76.5" (lit. n1.p. 74-75" (25)). 

The 3-carbethoxy substituted aziridine was prepared 
from the dibron~ide by an analogous procedure to that 
described for other aziridines in this series and was 
isolated as a cis-trans mixture as a pale yellow oil in . . 

74% yield. 
Anal. Calcd. for C17H23N02 (273.1729): N, 5.12. 

Found (273.1729 (mass spectrum)): N, 4.88. 
The i.r. spectrum v,,,(CHCl,): 1715 and 1738 cm-' 

(ester C=O); n.m.r. spectrum 6TMS(CDC13): 0.7-2.0 
(multiplet, 13H, cyclohexyl protons and CH,-CH2) 
2.35-3.35 (multiplet, 3H, C5HloCHN- and aziridine 
ring protons) 4.22 (quartet, J = 7 Hz, CH2-CH3); 
7.20-8.0 (multiplet, 5H, aryl protons). 

Attempted Synthesis of 3-Carbophenoxy-I-cycloIzexy[- 
2-phenylaziridine 

This synthesis was attempted in the same manner as 
previously described for 3-carboalkoxy substituted aziri- 
dines. The product proved to be 2-bromo-N-cyclohexyl- 
3-phenylpropenoic acid amide. 

Phenyl2,3-Dibromo-3-pIzenylpropionate 
This compound was prepared by bromination of 

phenyl cinnamate by a similar procedure to that described 
previously. The crude product was purified by recrystal- 
lization from benzene-hexane as a white crystalline solid, 
m.p. 130-135" (lit. m.p. 127" (26)). 

Reaction of PhenyI2,3-Dibromo-3-phenylpvopionate 
with Cyclohexylarnine 

To a solution of 7.7 g (0.02 mole) of phenyl 2,3- 
dibromo-3-phenylpropionate in 150 ml of benzene were 
added 21.8 g (0.22 mole) of cyclohexylamine and the 
resultant mixture was stirred for 24 h. The cyclohexyl- 
amine hydrobromide which had separated was removed 
by filtration and the filtrate washed with water (2 x 
100 ml) and dried (MgSO,). The benzene and excess base 
were removed in uacuo, and trituration of the residue 
with hexane afforded 2-bromo-N-cyclohexyl-3-phenyl- 
propenoic acid amide 5 g (82% yield), m.p. 95-97". An 
analytical sample was prepared by recrystallization from 
hexane m.p. 110-111". 

Anal. Calcd. for C,,H,,BrNO (307.0570): C, 58.42; 
H, 5.89; N, 4.54. Found (307.0571 (mass spectrum)): 
C, 58.49; H,  5.95; N, 4.80. 

The i.r. spectrum v,,,,(CHC13): 1650 (a,P unsaturated 
amide C=O), 3408 cm-I (NH stretch); n.m.r. spectrum 
GT,,(CDC13): 0.7-2.26 (multiplet, 10H, cyclohexyl pro- 
tons), 3.55-4.2 (multiplet IH, C5HloCHN) 6.55-6.95 
(broad singlet, IH, NH); 7.22-7.92 (multiplet, 5H, aro- 
matic protons); 8.33 (singlet, lH ,  vinyl proton). 

A similar experiment carried out with 3 molar equiv- 
alents of cyclohexylamine gave the same product in 67 % 
yield. Phenol was also isolated in 62% yield and charac- 
terized by comparison with an authentic sample. 

2. Reaction of Carboa1ko.q~ Sribstituted Aziridines with 
Diphenylcyclopropenone and Diphenylacetylene 

5-(p- Riplzenyl) -2-carhomethoxj3-I-cyclohexyl-trans- 
2,5-dihydro-3,4-diphenylpyrrole 

(a) A solution of 1.03 g (0.005 mole) of diphenylcyclo- 
propenone and 1.675 g (0.005 mole) of 2-(p-biphenyl)-3- 
carbomethoxy-I-cyclohexylaziridine in 40 ml of benzcne 
was heated under reflux for 20 h. Removal of the solvent 
in cacuo, followed by trituration of the residual orange 
oil with a small volume of heptane gave the crude 
dihydropyrrole as a yellow solid 1.38 g (50% yield). The 
product was purified by recrystallization from ethanol 
m.p. 174". 

Anal. Calcd. for C3,H3sNOz: C, 84.16; H, 6.87; 
N,2.73.Found: C,84.01;H,6.74;N,2.83. 

Mass spectrum: base peak at M-2 (dehydrogenation 
to pyrrole ion under electron impact). Calcd. for 
C36H33N02:  511.2511. Found: 511.2510. The i.r. spec- 
trum v,,,,(CHC13): 1725 cm-' (ester C=O); n.m.r. 
resonance spectrum 6Yhfs(CDC13): 0.75-2.90 (multiplet, 
I IH ,  cyclohexyl protons); 3.57 (singlet, 3H, methyl 
protons); AB quartet centered at 5.41 and 5.70, J = 6 Hz) 
(2H, 5,2 pyrrole protons respectively, 6.90-7.70 (multi- 
plet, 19H, aryl protons); absorption spectrum (CHC13): 
246 (log E 4.41), 251 (log E 4.47), 263 (log E 4.51), 
287 mp (log E 4.35). 

(b)  A solution of 0.356 g (0.002 mole) of diphenyl- 
acetylene and 0.67 g (0.002 mole) of 2-(p-biphenyl)-3- 
carbomethoxy-1-cyclohexylaziridine in 16 ml of toluene 
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was heated under reflux for 89 h. The solvent was removed 
in vacuo and the residual gum was dissolved in heptane 
and the resulting solution chilled. The solid which 
separated was collected and recrystallized from ethanol 
0.016 g (2% yield), m.p. 174"; 5-(p-biphenyl)-2-carbo- 
rnethoxy- 1 -cyclohexyl-2,5-dihydro-3,4-diphenylpyrrole, 
identical in all respects with the product obtained in the 
above experiment (a). 

2-Carbomethoxy-l-cyclohexyl-trans-2,5-dihydro~3,4,5- 
triphenylgyrrole 

(a) A solution of 1.03 g (0.005 mole) of diphenylcyclo- 
propenone and 1.3 g (0.005 mole) of 3-carbomethoxy-l- 
cyclohexyl-2-phenylaziridine in 20ml of toluene was 
heated under reflux for 20 h. The solvent was removed 
in vacuo and the residual gum triturated with a sl~lall 
volume of hexane to yield the product as a pale yellow 
solid, 2 g (86% yield). Recrystallization from ethanol 
afforded the pure 2,s-dihydropyrrole as a white crystalline 
solid, m.p. 149.5-150". 

Anal. Calcd. for C30H31N02: C, 82.33; H, 7.15; 
N,3.20.Found:C,82.37;H,7.11;N,3.50. 

Mass spectrum: base peak at M-2 (dehydrogenation 
to  pyrrole ion under electron impact). Calcd. for 
C,oH,,NO,: 437.2355. Found: 437.2350. The i.r. spec- 
trum v,,,(CHC13): 1725 cm-' (ester C=O); n.m.r. 
spectrum 6TMS(CDC13): 0.8-2.3 (multiplet, 10H, cyclo- 
hexyl protons); 2.42-3.0 (multiplet, lH ,  C,HloCHN); 
3.57 (singlet, 3H, COOCH,); AB quartet centered a t  
5.43 and 5.70, J = 6 Hz (2H, 5,2 pyrrole protons respec- 
tively), 6.83-7.5 (multiplet, 15H, aryl protons); absorption 
spectrum (CHCI,): 250 (log E 4.34), 284 mp (log E 4.13). 

(b) A solution of 0.9 g (0.005 mole) of diphenyl- 
acetylene and 1.3 g (0.005 mole) of 3-carbomethoxy-l- 
cyclohexyl-2-phenylaziridine in 15 ml of toluene was 
heated under reflux for 5 days. The toluene was evap- 
orated in vacuo and the residual gum purified by 
chromatography on basic alumina using benzene as 
eluant. Evaporation of the main fraction gave 2-carbo- 
methoxy-l-cyclohexyl-trans-2,5-dihydro-3,4,5-triphenyl- 
pyrrole as a yellow solid 0.582 g (26% yield). Recrystal- 
lization from ethanol afforded the white solid product 
m.p. 148-149" which was identical in all respects to the 
product described in (a) above. 

2-Carbethoxy-I-cyclohex~~l-trans-2,5-dihydro-3,4,5- 
triphenylgyrrole 

A solution of 0.687 g (0.003 mole) of diphenylcyclo- 
propenone and 0.910 g (0.0033 mole) of 3-carbethoxy- 
1-cyclohexyl-2-phenylaziridine in 20 ml of toluene was 
heated under reflux for 14 h. The solvent was removed 
in vacuo and the residual orange oil triturated with a 
small volume of hexane to yield the crude 2,Sdihydro- 
pyrrole 0.872 g (52% yield) as a pale yellow solid from 
ethanol m.p. 115-116". 

Anal Calcd. for C31H33N02: C, 82.41; H, 7.37; 
N,3.10.Found: C, 82.69;H,7.53;N, 3.01. 

Mass spectrum: base peak at M-2 (dehydrogenation 
to  pyrrole ion under electron impact). Calcd. for 
C31H31N0, : 449.2362. Found: 449.2355. The i.r. spec- 
trum vm,,(CHCl3): 1717cm-' (ester C=O); n.m.r. 
spectrum GT,,,(CDC13): 0.7-2.2 (multiplet, 13H, cyclo- 
hexyl protons and CH2CH3); 2.4-3.0 (multiplet, lH ,  
C,HloCHN); 4.03 (quartet, J = 7 Hz, 2H, CH,CH,); 
AB quartet centered at 5.37 and 5.67, J = 6 Hz (2H, 

5,2 pyrrole protons); 6.8-7.46 (multiplet, 15H, aromatic 
protons); absorption spectrum (CHCI,): 2:44 (log E 4.49), 
250 (log E 4.51), 254 (log E 4.63), 284 mp (log E 4.46). 

2-Carboisopropoxy-l-cyclohexyl-trans-2,5-dihydro- 
3,4,5-triphenylpyrrole 

A solution of 1.03 g (0.005 mole) of diphenylcyclo- 
propenone and 1.44 g (0.005 mole) of 3-carboisopropoxy- 
I-cyclohexyl-2-phenylaziridine in 40 ml of o-xylene was 
heated under reflux for 16 h. The solvent was removed by 
distillation under reduced pressure and the resultant 
orange gum crystallized upon cooling to a yellow solid 
0.952 g (41 % yield), recrystallization from ethanol gave 
the pure dihydropyrrole in m.p. 122-123". 

Anal. Calcd. for C32H35N02:  C, 82.49; H, 7.58; 
N, 3.01. Found: C, 82.49; H, 7.62; N, 2.82. 

Mass spectrum: base peak at M-2. Calcd. for 
C,,H,,NO,: 463.2511. Found: 463.2512. The i.r. spec- 
trum v,,,(CHCI,): 1710 cm-' (ester C=O); the n.m.r. 
spectrum tiTMS(CDC13): 0.67-2.3 (multiplet, 16H, cyclo- 
hexyl protons and (CH3)2CH); 2.4-3.0 (multiplet, l H ,  
C,HloCHNH); 4.52-5.2 (multiplet, l H ,  (CH,),CH); 
AB quartet centered a t  5.36 and 5.67, J = 6 Hz (2H, 
5,2 pyrrole protons respectively); 6.7-7.5 (multiplet, 15H, 
aryl protons; absorption spectrum (CHCI,): 249 (log E 

4.24, 253 (log E 4.24), 279 mp (log E 4.25). 
5- (p-Biphenyl) -2-carbomethoxy-I-cyc/okexj~l-3,4- 

diphenylpyrrole 
A solution of 0.170 g (0.33 mmole) of 5-(p-biphenyl)- 

2 -carbomethoxy - 1 - cyclohexyl- trans- 2,5 - dihydro - 3,4- 
diphenylpyrrole and 0.164 g (0.66 mmole) of p-chloranil 
in 10 ml of dry chlorobenzene was heated under reflux 
for 24 h. The resultant solution was cooled, dlluted by 
addition with 25 ml of ether, and washed with (i) 25 ml 
of 4 %  sodium hydroxide solution containing 1 % sodium 
bisulfite; (ii) 2 x 25 ml portions of water. The ether layer 
was removed and dried (MgS04). Evaporation of the 
solvent gave the pyrrole as a tan solid 0.132 g (78 % 
yield), m.p. 178-179". An analytical sample was prepared 
by recrystallization from ethanol m.p. 186-186.5^. 

Anal. Calcd. for C,,H3,N02 (511.2511): N, 2.74. 
Found (51 1.2510): N, 2.92. 

The i.r. spectrum v,,,(CHCI,): 1698 cm-' (a$ un- 
saturated ester C=O); n.m.r. spectrum GTMs(CDC13): 
0.9-2.4 (multiplet; I l H ,  cyclohexyl protons); 3.53 
(singlet, 3H, COOCH,) 6.7-7.7 (multiplet, 19H, aryl 
protons); absorption spectrum (CHCI,): 2.53 (log E 
4.71), 295 mp (log E 4.41). 

2- Carbo i sopropoxy- I -cyc lohexy l -3 ,4 ,5 - t r igh  
A solution of 0.233 g (0.5 mmole) of 2-carboisopro- 

poxy - 1 - cyclohexyl- trans- 2,5 - dihydro- 3,4,5 - triphenyl- 
pyrrole and 0.123 g (0.5 mmole) of p-chloranil in 13 ml 
of dry chlorobenzene was heated under reflux for 20 h. 
The reaction mixture was worked up as described in the 
preceding experiment. The product after recrystallization 
from ethanol was a white solid 0.180 g (78% yield) 
m.p. 176". 

Anal. Calcd. for C3ZH33N02 (463.2511): C, 82.87; 
H, 7.18; N, 3.02. Found (463.2512 (mass spectrum)): 
C, 83.13; H, 7.13; N, 3.21. 

The i.r. spectrum v,,,(CHCI,): 1683 cm-' (a$ un- 
saturated ester C=O); n.m.r. spectrum GTMs(CDCI3): 0.9 
(doublet, J = 6.2 Hz, 6H, CH(CH,),); 0.77-2.46 (multi- 
plet, 1 IH, cyclohexyl protons); 4.0-5.17 (multiplet, 1H, 
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CH(CH,),); 6.6-7.4 (multiplet, 15H, aromatic protons); 
absorption spectrum (CHCI,): 254 (log E 4.20), 281 mp 
(log E 4.29). 

I,2-Dibrorno-I-cyano-phenylethane 
This compound was prepared from cinnamonitrile in 

85% yield by the method of Birks and Wright m.p. 
88-89" (lit. 92") (27). 
3-Cyano-I-cyclohexyl-2-plzer~ylaziridine 
To a solution of 2.89 g (0.01 mole) of 1,2-dibromo-1- 

cyano-2-phenylethane in 150 ml of benzene stirred at 0", 
was added dropwise a solution of 9.0 g (0.09 mole) of 
cyclohexylan~ine in 30 rill of benzene. The solution was 
then stirred at room temperature for a period of about 
14 days when the theoretical quantity 3.6 g of cyclo- 
hexylamine hydrobromide was filtered off. The yellow 
filtrate was concentrated in vacllo and subjected to chro- 
matography on 120g of basic alumina (BDH) with 
benzene as eluant. Removal of the solvent gave 3-cyano- 
1-cyclohexyl-2-phenylaziridine as a buff colored solid 
2.07 g (92% yield), m.p. 108.5"-110.5' from heptane. 

Anal. Calcd. for Cl5Hl8NZ (226.1470): C, 79.64; 
H, 7.96; N, 12.39. Found (226.1470 (mass spectrum)): 
C, 79.42; H, 8.00; N, 12.44. 

The i.r. spectrum v,,,,(CHCl,): 2253 ( C r N ) ,  ( C s N  
of trans isomer) 2200 cm-'; n.m.r. spectrum 6 (CDCI,): 
1.00-2.08 (multiplet, 11H, cyclohexyl C H  and CH,), 
AB quartet centered at 2.90 and 2.31 (J = 6.3 Hz, 2H, 
2,3 ring protons), 7.27-7.58 (multiplet, 5H, aryl protons). 

Reaction of 3-Cyano-I-c~~clohexyl-2-phenylaziridine 
with Diplzerzyl~~ycloprope~zone irz Xylene as Soluent 

A solution of 0.452 g (0.002 mole) of 3-cyano-I-cyclo- 
hexyl-2-phenylaziridine and 0.406 g (0.002 mole) of 
diphenylcyclopropenone was heated under reflux in 
35 ml of o-xylene for 24 h. The yellow solution was cooled 
and the xylene removed in cacuo giving a yellow oil which 
solidified on standing. Recrystallization from ethanol 
gave a white solid 0.55 g (73% yield) m.p. 165-166" of 
I-cyclohexyl-2,3,4-triphenylpyrrole. 

Anal. Calcd. for C2,Hz,N (377.2143): C, 89.12; 
H ,  7.16; N, 3.71. Found (377.2144 (mass spectrum)): 
C,89.17;H,7.34;N,  3.78. 

The i.r. spectrum v,,,(CHCl,): 1602 cm-' (aromatic 
C=C) (there was rzo C-N stretching frequency present 
in spectrum); n.m.r. spectrum (CDCI,): 0.83-2.28 
(multiplet, 10H, cyclohexyl CH,), 3.57-4.13 (multiplet, 
IH,  cyclohexyl CH), 7.00-7.42 (multiplet, 16H, aryl 
protons and ring C, proton); absorption spectrum 
(CHCI,): 247 (log E 4.38), 253 (log E 4.37), 286 mp 
(log E 4.10). 

This same pyrrole was also obtained in 61 % yield 
n1.p. 164-165" by heating under reflux for 24 11 a solution 
of 0.226 g (0.001 molc) of 3-cyano-1-cyclohexyl-2-phenyl- 
aziridine and 0.206 g (0.001 mole) of diphenylcyclopro- 
penone in 25 ml of toluene. The product was isolated in 
the manner described above and was identical in all 
respects with the above mentioned pyrrole. 

J. P. Moser for technical assistance and Mr. R. Swindle- 
hurst and Dr. A. Hogg for the n.m.r. and mass spectra, 
respectively. 
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Mass spectrometric study of the thermal decomposition of dimanganese 
decacarbonyl arid dicobalt octacarbonyl 

D. R. BIDINOSTI AND N. S. MCINTYRE 
Department of Chemistry, Unitiersity of Western Ontario, London, Ontario 

Received October 3 ,  1969 

The free radicals .Mn(C0)5 and .CO(CO)~  have been produced by the pyrolysis of Mnz(CO)lo and 
C O ~ ( C O ) ~  in graphite flow reactors. The effusing molecular beams from these reactors were analyzed mass 
spectrometrically. Evidence is presented for the following equilibria 

From the temperature dependence of the equilibrium constants, enthalpy changes of 24.9 f 2 and 
14.5 f 2 kcal/mole, respectively, have been obtained. These enthalpy changes give D(Mn-Mn) = 21 
+ 3 kcal/mole and D(Co-Co) = 13 + 3 kcal/mole, which substantiate the earlier literature values 
based on electron impact measurements. 

Canadian Journal of Chemistry, 48, 593 (1970) 

Introduction 
In two earlier communications we reported the 

metal-metal bond dissociation energies in di- 
manganese decacarbonyl ( I )  and dicobalt octa- 
carbonyl (2). These values were obtained from 
the measured ionization poteiltials of the free 
radicals, .Mn(CO), and .Co(CO),, and the 
appearance potentials of Mn(CO),' and Co- 
(CO),' from Mn,(CO),, and Co,(CO),. Al- 
though the value of 18.9 kcal/mole for D(Mn- 
Mn) was surprisingly low, it was compatible with 
the AH = 34 13 kcal/mole estimated by 
Cotton and Monchamp (3) for the reaction 

Since then, Hopgood and Poe (5) have reported 
an activation energy of 37 kcal/mole for Mn- 
Mn bond fission. whereas Svec and Junk (6) have 
reported D(Mn-Mn) = 22 kcal/mole. On the 
other hand, our value of 11.5 kcal/mole for 
D(Co-Co) was in sharp contrast to the 76 kcall 
mole reported by Winters and Kiser (4). 

In the present work, the thermal decomposi- 
tions of manganese decacarbonyl and cobalt 
octacarbonyl have been examined in the at- 
tempt to produce the free radicals .Mn(CO), 
and ,Co(CO), under equilibrium conditions in 
a molecular-flow reactor. The enthalpy changes 
accompanying these equilibria, reactions [ I ]  and 
[2 I 
12 1 Coz(C0)8 e 2 'c0(C0)4 

have been obtained by thermodynamic methods 
and provide an alternative method to the electron 

impact studies (1, 2, 6) for determining the 
metal-metal bond dissociation energies. 

Experimental 
The general features of the mass spectrometer have been 

described previously (7). For the present study the 
Knudsen effusion cell (see Fig. 2 in ref. 7) was replaced by 
a cylindrical molecular-flow reactor (8, 9). The reactor R 
(see Fig. 1) with its integral vapor inlet tube I and base 
was machined from a solid rod of spectroscopic grade 
graphite. It was provided with a snug-fitting graphite cap 
which contained an 0.8 mln diameter effusion orifice hav- 
ing a knife-edge profile. The interior dimensions of the re- 
actors were 22 mrn x 12.7 mnl diameter, which gave a ratio 
of interior surface to effusion orifice area greater than 
2400:l. The graphite inlet tube I was 29 nlm long x 1.5 
mm interior diameter. The reactor was held by a force fit 
onto a 5 111111 diameter Pyrex inlet tube GT, which passes 
through the mounting plate M and is joined to the main 
source flange by means of a kovar-glass seal. A second 
kovar-glass seal is attached to the exterior of the Aange 
and immediately terminates in a 10/18 joint. The sample 
reservoir was a 20 ml Pyrex bulb on one arm of a grease- 
less teflon-plug stopcock which uses Viton O-rings for 
sealing. On the other arm was a ground-glass joint for 
direct connection to the bottom joint of the inlet tube. A 
hood H made from a section of a thin-walled Pyrex 
bubble was placed over the inlet to deflect incoming 
molecules and prevent direct line of sight transmission 
through the effusion orifice. Two thermocouple wells T 
were drilled into the base and top of each reactor to 
accon~nlodate chrome1 P/alumel thermocouples which 
were calibrated at the melting point of Sn. The main 
reactor body was wound with a tight helix of Thermocoax 
heating wire, type INcAclO. This is a fine nichrome wire 
surrounded by conlpressed magnesia and encased in 
flexible inconel t~lbing having an outside diameter of 
1 mm. The ends of the inconel tubing were brought out of 
the mass spectrometer vacuum chamber through the main 
source flange to which they were brazed. The inner 
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Ion Source  1 

FIG. 1. Molecular-flow reactor. 

heating wire and magnesia insulation were therefore out- 
side the vacuum wall. Currents in the range 0-2.5 A, as 
supplied by a regulated d.c. power supply, gave reactor 
temperatures in the range 300-800 OK. The maximum 
temperature difference recorded by the two thermo- 
couples was at the higher temperature, where the top of 
the cell was 2.5" hotter than the bottom. During each run 
the temperatures at the two thermocouple wells remained 
constant to within 1". Radiation shields were not required 
for the temperatures used in this study. 

Before each pyrolysis the reactor was outgassed at 
800 OK. The pressure in the ion chamber housing in the 
absence of sample introduction was 2 x lo-' Torr. Under 
conditions of maximum gas flow into the hot reactor, this 
pressure reached a maximum value of 2 x Torr. 
The maximum pressure of the carbonyl vapor inside the 
reactor was established by calibrating the mass spec- 
trometer detection sensitivity for manganese and cobalt 
carbonyls. A known weight of metal carbonyl was 
allowed to effuse at constant temperature from a Knudsen 
effusion cell having identical interior and orifice dimen- 
sions with the flow reactor. From the weight loss over a 
given period of time and the orifice dimensions, the 
pressure of the carbonyl vapor under molecular-flow con- 
ditions was calculated and compared with the observed 
ion current of the parent metal carbony! ion. Compari- 
son of these ion currents with those produced by the 
effusing vapors from the reactors gave the pressure of 
metal carbonyl vapor in the reactor. For each of the 

pyrolyses reported herein, the total gas pressure in the 
reactor was always less than Torr. Hence molecular 
flow conditions are maintained. Different reactor pres- 
sures below Torr were obtained by cooling the 
sample reservoir. 

The shutter S was used to distinguish between ion 
current intensities from molecules in the effusing molecu- 
lar beam and those from background molecules in the ion 
source region. All ion intensities reported herein have 
been corrected for small contributions from background 
vapors. 

The carbonyls wcre obtained from Alfa Inorganics. 
Dicobalt octacarbonyl was sublimed in vacuo and trans- 
ferred under nitrogen into one of the sample reservoirs. 
The bulb was then evacuated and put on the reactor inlet 
system. Dimanganese decacarbonyl was used directly as 
provided. No impurities could be detected in the mass 
spectrometer. 

Results 

Dimaizganese Decacarbonyl 
With the reactor at room temperature, the 

mass spectrum of the effusing Mn2(CO),, beam 
was taken. The ionization potential of Mn2- 
(CO),, and the appearance potential of Mn- 
(CO),' were found to be 8.42 i 0.1 and 9.26 
t- 0.1 eV, respectively. The reactor temperature 
was then slowly increased. Above 210 "C an ion 
current of Mn(CO,)+ could be observed at 
electron accelerating voltages below 9.26 V. As 
previously reported (I), the appearance potential 
of Mn(CO),+ for reactor temperatures in the 
range 210-310 "C was 8.44 i: 0.10 eV. This 
decrease in appearance potential was taken as 
evidence for the production of the .Mn(CO), 
radical in the reactor, and the value 8.44 eV is 
therefore the ionization potential of the .Mn- 
(CO), radical. Furthermore, over this same 
temperature range, the ion current intensity 
ratios Mn(CO),+/Mn2(CO)lo+ and Mn(CO),+/ 
Mn,(CO),,+ increased with temperature, where- 
as the ratios Mn,(CO)9+/Mn2(CO),,+ and 
Mn,(CO),+/Mn,(CO)lo+ remained constant. 
All of these observations are consistent with the 
assumption that the only molecular source of 
Mn(CO),+, other than fragmentation of Mn,- 
(CO),,, is .Mn(CO),. The temperature variation 
of the ion intensity ratio of Mn(CO),+/Mn,- 
(CO),,+, taken at 50 eV, is shown in Fig. 2. 

Under conditions of molecular flow, the partial 
pressure Pi of a gaseous species in an effusion 
reactor can be related to the observed ion current 
I i+  by 

13 1 Pi = GiIi+T 
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BIDINOSTI AND McINTYRE: THERMAL DECOMPOSITION OF Mn2(CO)10 AND Co,(CO), 595 

FIG. 2. Dependence of the ion intensity ratio of 
Mn(CO),+/Mn,(CO),,+ on the reactor temperature, for 
50 eV electrons. 

where Tis  the temperature of the gas in the reac- 
tor (10). The constant C ,  contains a number of 
terms which depend on the geometry of both the 
reactor and ion source, the ion transmission 
characteristics of the mass spectrometer, the 
electron multiplier detection efficiency for the ion 
i + ,  and the partial ionization cross section of the 
ith molecular species. All of these terms were 
kept constant throughout each experiment 
except the last, which is assumed to be tempera- 
ture independent. At electron energies below 
9.26 eV, it was therefore possible to relate 
through eq. [3] the ion current of Mn(CO),+ 
exclusively to the partial pressure of .Mn(CO), 
in the reactor, and the ion current of Mn,(CO),,+ 
to  the partial pressure of Mn,(CO),,. Unfortu- 
nately, at electron energies below 9.26 V, the ion 
currents of Mn(CO),+ and Mn,(CO),,+ were 
too small for quantitative study since the energy 
is within 1 eV of their ionization thresholds. By 
operating at 10.3 V, the ion currents of Mn- 
(CO) j+ and Mn,(CO),,+ were considerably 
enhanced since the slopes of both ionization 
efficiency curves increase sharply in this region. 
Whereas the source of the Mn,(CO),,+ remained 
unambiguous under these new conditions, that 
for Mn(CO), + was due to two processes, ioniz- 
ation of .Mn(CO), and dissociative ionization of 
Mn,(CO),,. Examination of the ionization 
efficiency curve for Mn(CO), + from Mn,(CO), , 
showed that at this energy, which is 1 V above 
the appearance potential, less than 2 %  of the 

observed Mn(CO),+ ion current was due to  
fragmentation. At the higher reactor tempera- 
tures, where the ratio ~Mn(CO),/Mn,(CO),, is 
larger, this contribution was even less. 

The equilibrium constant for an equilibrium of 
the type A G 2B can be written in terms of ion 
current intensities using eq. [3] 

Substitution into the Van't Hoff equation gives 

IB+,T -AH0 
- log ---- - 

I,+ 2.303RT 
+ C' 

where C' is a temperature independent constant. 
Van't Hoff plots of ion currents taken at 10.3 eV 
for two different reactor pressures are shown in 
Fig. 3. Least-squares calculations for the slopes 
give AH = 25.3 and 24.6 kcal/mole, with an 
average AH = 24.9 k 2 kcal/mole for reaction 

I. 
Cobalt Octacarbonyl 

The procedure followed was identical to that 
for Mn,(CO),,. The ionization potential of 
Co,(CO), and the appearance potential of 
Co(CO),' were initially found to be 8.26 1 0.1 
and 8.80 i 0.1 eV, respectively. The reactor 

FIG. 3. Van't Hoff plots for the equilibrium Mn,- 
$ 2  .Mn(C0)5. 
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FIG. 4. Van't Hoff plots for the equilibrium Co,- 
(C0)8 s 2 .Co(C0)4. 

temperature was then slowly raised while the 
mass spectrum was repeatedly scanned. With cell 
temperatures in the range 35-85 "C, Co(CO),+ 
was observed at electron accelerating voltages 
below 8.80 V and the threshold voltage measured 
to be 8.30 eV (2). Once again the ratios Co- 
(C0),+/Co2(CO), + and Co(CO),+/Co,(CO),+ 
increased with reactor temperature, whereas 
CO,(CO),+/C~,(CO),+ and Co,(CO),+/Co,- 
(CO),' remained constant, which is consistent 
with the production of the .Co(CO), radical. 
Above 85 "C, the composition of the effusing 
beam was exclusively CO. 

Optimum enhancement of ion current of 
Co(CO),+ produced by ionization of the radical 
relative to the dissociative ionization of Co,- 
(CO), was obtained by using an electron 
accelerating voltage of 9.8 V, which is 1 V above 
the dissociative ionization onset. Van't Hoff plots 
of ion currents taken at 9.8 V for four different 
reactor pressures are shown in Fig. 4. Least- 
squares calculations for the slopes give AH = 
14.9, 13.4, 14.0, and 15.6 kcal/mole, with an 
average AN = 14.5 + 2 kcal/mole for reaction 
PI. 

Discussion 

The value AH = 24.9 f 2 kcal/mole for reac- 

The bond dissociation energies, D(Mn-Mn) 
and D(Co-Co), for these carbonyls are the 
standard internal energy changes at 0 OK for 
reactions [ I ]  and [2]. These can be calculated in 
the following way using Kirchoff's equation 

For reaction [I  1, the average temperature of the 
range from which AH was determined was 
540 OK and for reaction [ 2 ] ,  the average tempera- 
ture was 330 OK. 

We can estimate AC, for reaction [ I ]  by 
considering (11) the creation of six new degrees 
of freedom, three translational and three rota- 
tional, and the loss of six vibrational modes. If 
we now assume that at T = 540 OK there is 
complete contribution by the rotational and 
translational modes but no contribution by the 
vibrational modes, then AC, = 6(+R) - O(+R) 
= 3R. This gives D(Mn-Mn) = AE,' = AH,' 
- 4RT = 20.6 kcal/mole. Since the assumption 
of no vibrational heat capacity contribution from 
the six lost modes is certainly an over simplifica- 
tion, the 4RT correction may be too large by as 
much as 2RT. Consequently, a reasonable value 
for D(Mn-Mn) is 21 + 3 kcal/mole, which is in 
excellent agreement with the values obtained by 
electron impact (l ,6).  The relatively large energy 
of activation reported by Hopgood and Po6 (5) 
for reaction [I]  in solution is most probably due 
to the stabilization of Mn,(CO),, by solvation. 

The weaker metal-metal bond in Co,(CO), 
makes the assumption of no contribution to the 
heat capacity of this molecule by the six lost 
vibrations even more tenuous. When applied, the 
4RT correction, which is certainly too large, 
gives D(Co-Go) = 11.9 kcal/mole. The correc- 
tion of 2RT is probably more realistic and gives 
D(Co-Co) = 13 f 3 kcal/mole. This value is 
in excellent agreement with D(Co-Co) = 11.5 
+ 4.6 kcal/mole based on the ionization poten- 
&I of .Co(CO), (2). The discrepancy between 
these values and the D(Co--Co) = 76 kcal/mole 
reported by Winters and Kiser (4) is immense. 
This figure was arrived at by estimating AH,- 
(Co,(CO),) and measuring the appearance 
potential of Go', which is assumed to occur by 
the process 

tion [ I ]  falls within the very broad limits of This method is susceptible to two very significant 
Cotton's AH = 34 f 13 kcal/mole (3). errors. First, the value which one estimates for 
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AH,(Co,(CO),) is very sensitive to the energy 
contribution which is assigned to the Co-CO 
bond, since both this value and its uncertainty 
are multiplied by eight. Second, the ionization 
efficiency curve for Co' has a very long tail, due 
to  the complex nature of this ionization process, 
which makes it very difficult to accurately 
measure the appearance potential. Furthermore, 
the assignment of the measured appearance 
potential to the above process is questionable 
since competing processes not involving the 
production of Co(CO), are possible. 

This research was sponsored by the Air Force Office of 
Scientific Research, Office of Aerospace Research, 
United States Air Force, under AFOSR Grant No. 
1356-68. 
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Ion neutralization reactions in irradiated hydrogen chloride, hydrogen bromide, 
and nitrous oxide 

D. E. WILSON AND D. A. ARMSTRONG 
Department of Chemistry, The Uni~ersity of Calgary, Calgary, Alberta 

Received October 10, 1969 

Rates of ion neutralization have been measured in hydrogen chloride, hydrogen bromide, and nitrous 
oxide by collecting the ions remaining in a defined v o l ~ ~ n ~ e  at various times after ionization by a pulse of 
120 k.v.p. X-rays. Values of the total homogeneous ion-ion recombination coefficient, rl, have been 
obtained for each gas over a range of pressures in the region 50 to 650 Torr. From a study of the effects 
of pressure and ion density, the relative rates of wall diffusion, mutual neutralization, and three-body 
neutralization have been deduced. 

Canadian Journal of Chemistry, 48, 598 (1970) 

Introduction 
The neutralization of ions in an irradiated gas 

may take place by any one or a combination of 
the following three different reactions 

(a) Diffusion to the cell wall, where neutralization 
occurs with an adsorbed ion of opposite sign 

- neutral products 

(b) Homogeneous mutual neutralization 

[2 1 X +  + Y -  + neutral products 

(c) Homogencous neutralization stabilized by 
collisions with a third body 

[3] X+ + Y -  + M -t neutral products + M 

The products derived from these three reactions 
may differ (see, for example, ref. I), and a com- 
plete understanding of the radiolysis of any given 
system, therefore, requires a knowledge of the 
relative rates of these three reactions. 

The basic kinetic features of the three reactions 
are as follows. Reaction [I]  is generally controlled 
by the rate of wall diffusion. Therefore, its rate 
varies inversely with pressure, and, to a good 
approximation, is first order in the ion concentra- 
tion. The rate of reaction [2] is pressure indepen- 
dent and proportional to the square of the ion 
concentration. Reaction [3] has the same con- 
centration dependence as [2], but its rate in- 
creases with increasing pressure up to a maximum 
at about 1 atm. The three processes are, therefore, 
kinetically distinguishable, and it is possible to 
obtain a reasonably clear picture of their relative 
importance by ~neasuring the rate of ion decay 
under varying conditions of pressure and initial 
ion density. Few gases of interest to  radiation 

chemists have been subjected to this type of 
investigation. Indeed, most of the experimental 
work on ion recombination has thus far been 
confined to air and oxygen, which are used in 
ionization chambers and have special importance 
in the ionosphere (2, 3). The purpose of all of 
these studies has been to measure the total homo- 
geneous recombination coefficient, a, which is 
equal to the sum of the rate constants of reactions 
[2] and [3], corrections being made when neces- 
sary for the rate of ion loss by reaction [I] .  

The purpose of the present work was to mea- 
sure the rate constants of the homogeneous ion 
neutralization reactions in nitrous oxide and the 
hydrogen halides, and to estimate the rate of 
reaction [I 1, under typical radiolysis conditions. 
Nitrous oxide is frequently used as a dosimeter (4) 
for gas-phase radiolysis, and for this reason it is 
essential that its mechanism of radiolysis be fully 
understood. The radiolysis of the hydrogen 
halides is under investigation in this laboratory 
and further progress requires quantitative data 
for the rates of the ion neutralization reactions. 
A few experiments to check the reliability of our 
method were carried out in oxygen, which has 
been studied rather extensively in other labora- 
tories. 

Experimental 
Apparatris 

Pulses of 120 k.v.p. X-rays were produced by a 12 in. 
diameter rotating lead sector with a single 180" open slit. 
The sector was housed in a 318 in. thick steel box located 
in a fixed position directly beneath the tube of the Miiller 
MG150 X-ray unit. After passing through the slit and an 
opening in the steel housing, the diameter of the X-ray 
beam was larger than that of the irradiation cells. Thus 
the entire cell volumes were irradiated, as in a typical 
X-ray or y-ray radiolysis. Initial ion concentrations were 
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WILSON AND ARMSTRONG: ION NEUTRALIZATION REACTIONS 599 

varied by altering the distance between the cell and the 
X-ray tube. 

At a set delay time after each ionizing pulse, a high 
voltage was applied to an  electrode within the cell, and 
the charge due to the ions remaining in the calibrated 
volume of the cell was collected on a second electrode 
connected to the input of a dynamic capacitor electrom- 
eter (Victoreen 475A). The time constant of the electrom- 
eter was long relative to the time of one sector revolution. 
Thus the charge collected for each revolution was given 
by the steady electrometer current divided by the 
frequency of rotation of the sector. The design of the 
electronic system was essentially as used by McGowan 
(2), with certain simplifications made possible by recent 
improvements in electronic components. A crystal timer 
system was used to set the variable delay time and the 
duration of the high voltage pulse, the high voltage being 
switched directly through a reed relay capable of switch- 
ing up to 5000 V. 

All of the experiments reported here were performed 
with the sector rotating at  1000 r.p.m., which gives an  
ionizing pulse of 30 ms. This relatively long duration had 
the advantage that the ion distribution existing at  the 
cessation of the pulse approached rather closely to that 
occurring in a steady-state radiolysis at the same dose 
rate. Hence, our initial rates of ion neutralization should 
be similar to those which obtain during continuous 
irradiation. Furthermore, we do not observe the effects 
of ion ageing and initial inhomogeneity in the ion dis- 
tribution which are seen with short pulse experiments 
(2, 3). 

Attempts to use cells with metal electrodes proved 
unsatisfactory because of perturbations of the dose rate 
and chemical reactions with the hydrogen halides. 
Graphite coated electrodes were therefore en~ployed, the 
cells being baked under vacuum at 250 ' C  for 12 h prior 
t o  each experiment. Most experiments were performed in 
cells similar to those previously described (1, 5). The 
cylindrical collecting surface was 40 mm long and 33 mm 
in diameter with a coaxially mounted 7 mm tube serving 
as the high voltage electrode. Some experiments were 
also carried out using cylindrical cells 33 mm in diameter 
with graphite coated ends serving as plane-parallel 
electrodes 14 mm apart. 

All experiments were performed at room temperature. 

Material 
Hydrogen chloride and hydrogen bromide were purified 

as described previously (6 ) .  Nitrous oxide, obtained from 
the i at he son Co., was thoroughly deaerated and purified 
by repeated distillations from a trap at  - 120 "C to a trap 
a t  liquid nitrogen temperature, retaining only the middle 
fraction of the distillate. 

In  the experiments with oxygen, the gas was taken from 
a cylinder of Matheson Extra Dry Grade and passed 
slowly through three cold traps at - 140 "C at approxi- 
mately 1 Torr-1 s-I, and then into the irradiation cell. 

Calculations 

When reactions [2]  and [3]  are the only 
processes leading to ion loss in a uniformly 
ionized gas, the total homogeneous ion-ion re- 

combination coefficient, a ,  is given by the 
equation 

With the present technique, if the ion densities of 
the positive and- negative ions are equal ( n ,  = 
n- = n), the integrated form of this equation (2) 
becomes 

where the charge collected per second is measured 
as a steady electrometer current, I, e is the 
electronic charge, v the frequency of rotation of 
the sector, and V is the calibrated volume 
between the electrodes. A value of ct can therefore 
be calculated from the slope of a plot of the 
reciprocal of the current vs. the delay time. 
However, this derivation takes no account of ion 
losses by process [ I ]  (i.e. diffusion to the walls of 
the cell), and a correction must be applied in order 
to obtain accurate values of a from the mea- 
sured values, a,. 

A correction factor to the recombination 
coefficient can be calculated approximately by 
considering diffusion and recombination sepa- 
rately. For short decay times, t ,  this gives 

The magnitude of k ,  is equal to (D/A2) ,  where D 
is the diffusion coefficient (assumed equal for 
positive and negative ions) and A is a characteris- 
tic diffusion length depending on the geometry 
and dimensions of the cell (7). A rigorous 
analysis requires the solution of the differential 
equation 

McGowan has obtained computer solutions of 
this expression for the simplest case of one 
dimensional diffusional loss of ions between 
infinite plane-parallel electrodes (8). These calcu- 
lations show that expression [8]  holds for values 
of ant 
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FIG. 1. Plots of the reciprocal of the electrometer 
current vs. delay time for oxygen at  300 Torr at  two 
different initial ion densities. 

less than 10- and cmA2/D greater than 10'. At 
constant decay time this equation reduces to [9] 

Differences in cell geometry should largely be 
accounted for by the parameter A, and one would 
expect a relationship of the same form to apply 
in cylindrical cells. Formally this is similar to 
eq. [61. 

In the present experiments, a,, was measured at 
each gas pressure for different initial ion densities. 
Values of a were calculated using eq. [9], within 
the limiting conditions given above. With ion 
densities of the order of lo7 and greater, 
the diffusion loss was of the order of a few % at 
pressures above 300 Torr. Below this pressure it 
increased, being most serious in oxygen. 

Results 
Values of a,, were determined at each gas 

pressure from plots of the reciprocal of the elec- 
trometer current vs. the delay time. Figure 1 
shows plots of this type for oxygen at 300 Torr. 
For the conditions applying to the lower curve in 
Fig. 1, a,, is 10% larger than a. At 100 Torr, wall 
diffusion became the predominant mechanism of 
ion loss in oxygen, and at even lower pressures 
the diffusion loss in our cells was too large for 
accurate values of a to be determined. Our 
measurements of a in oxygen are compared with 
other reported values in Fig. 2. 

FIG. 2. Plots of the recombination coefficient vs. 
pressure for oxygen. (a)  Gardner (9); (b) McGowan (2); 
(c) Ebert et nl. (3); (0) present results. 

For both hydrogen chloride and hydrogen bro- 
mide at pressures above 300 Torr, plots of l /Ivs.  
delay time were found to give excellent linearity 
over several half-lives. Moreover, at all pressures, 
the diffusion correction was considerably smaller 
than that required for oxygen. The values of a in 
these gases are shown in Fig. 3. The two cells 
used for measurements in HC1 required different 
corrections for diffusion, but gave values of ct 
which were identical within experimental error. 

0 ~ " " ' ~ " " " "  
0 1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  

PRESSURE (TORRI 

Frc;. 3.  Plots of the recombination coefficient vs. 
pressure for hydrogen chloride and hydrogen bromide: 
(0) HC1 using cell with concentric electrodes; (@) HC1 
using cell with plane parallel electrodes; (0) HBr using 
cell with concentric electrodes. 
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FIG. 4. Plot of the recombination coefficient vs. 
pressure for nitrous oxide. 

Additional measurements were carried out for 
hydrogen chloride to which small amounts of 
sulfur hexafluoride (2 mole % SF,) had been 
added. Previous measurements showed no sig- 
nificant change in a when this electron scavenger 
was present (5). We have confirmed this result. 

Wall diffusion in nitrous oxide was again found 
to be considerably less important than in oxygen, 
and it was possible to make measurements of a 
down to pressures as low as 50 Torr, before 
diffusion became the predominant process. The 
corrected values of a are shown in Fig. 4. 

Discussion 
Our values of cc for oxygen are seen to be in 

good agreement with those of McGowan and 
Gardner (see Fig. 2, curves a and b). The results 
of Ebert, Booz, and Koepp gave much smaller 
values of a, and would appear to be in error. It 
has been suggested that this may be due to 
impurities in their oxygen (2). 

Mass spectrometric evidence has demonstrated 
that 0,' will be the predominant positive ion in 
irradiated oxygen (10). The negative ions 0, - and 
0,- will also be present in the initial stages of the 
radiolysis, but once the ozone concentration has 
risen to 10 p.p.m., 0,- will predominate as a 
result of reaction [I01 (1 1) 

Hence 0,- and 0,' will be the main species 
undergoing neutralization. The situation in 
nitrous oxide is somewhat more complex. The 

main products are nitrogen, nitric oxide, and 
oxygen (12), and the latter two may undergo 
charge transfer reactions with N 2 0 -  and N,O'. 
In  this case there is insufficient information on 
electron affinities and on rate constants to make 
a definite assignment of the recombining ions. 
Physical and chemical evidence favors H2X' and 
HX,- as the most stable ionic species in the 
hydrogen halides (13), both ions being heavily 
clustered at normal temperatures and pressures. 
Hence the average ion masses will be much 
greater in the hydrogen halides than in oxygen. 
This is reflected in the m~ich lower mobilities of 
the ions in hydrogen chloride than in oxygen. 
Clustering would also be expected to occur to 
some extent in ilitrous oxide. 

We may now consider the relative magnitudes 
of the rate constants of reactions [I], [2], and [3] 
in the four gases. As stated earlier, X I  is given by 
D/A2, and for our cells A is about 0.2 cm. This 
is consistent with the fact that at 200 Torr, 
reaction [ l ]  was estimated to contribute 25, 12, 
8, and 10% of the total ion loss in oxygen, 
hydrogen chloride, hydrogen bromide, and 
nitrous oxide, respectively, with ion densities of 
2 x lo7 cm-,. The smaller contributions of 
reaction [l  ] in the polar gases are consistent with 
the increased masses of the ions. In steady state 
X- or y- radiolysis, much larger cells are used and 
for typical dose rates, reaction [ l ]  should not be 
significant at pressures above 200 Torr, even in 
oxygen. 

Measurements of a at low pressures in oxygen 
lead to a value of k2 = 2 x lo-' cm3 s-I (2) ,  
k, being the low pressure limit of a. From Fig. 3, 
the values of k, in the hydrogen halides also 
appear to be of this order of magnitude. If k2 
is taken to be independent of pressure, it is then 
evident that at pressures approaching I atm the 
values of k, in the hydrogen halides are much less 
than in oxygen. The most extensive theoretical 
calculations on ion neutralization have been 
carried out on reaction [3] (14), and while 
quantitative calculations are not possible except 
for the simplest systems, certain general observa- 
tions may be made. One factor which has been 
demonstrated both theoretically (15) and experi- 
mentally (16) is that when the masses of the ions 
and neutral molecules are very different, energy 
transfer to the third body will be inefficient, and 
this will lead to a decrease in the magnitude of k,. 
This may account for the relatively low values of 
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k3 for the clustered ions in the hydrogen halides. 
The high value of a = 3.0 x cm3 s-I 
(constant over the pressure range 250 to 650 Torr), 
calculated by Arrnstrong and Back from their 
measurements of ion lifetimes in gaseous hydro- 
gen chloride (5), is contrary to our present obser- 
vations. However, the technique employed by 
them was not primarily designed for determining 
accurate values of a (17). 

The low pressure limit of a in nitrous oxide 
appears to be significantly higher than 2 x 
cm3 s f 1  (see Fig. 4), extrapolation to zero pres- 
sure giving k, = (6 + 1) x cm3 s- l .  If 
k ,  = a - k,, then at the higher pressures k3 in 
nitrous oxide (1.4 x s-I at 600 Torr) is 
also lower than that in oxygen. It should, how- 
ever, be noted that the analysis of a at the higher 
pressures is con~plicated by the fact that k, may 
change with pressure due to increascd clustering. 
The assumption of a constant value of k, is then 
most serious in nitrous oxide, where k, is a 
significant fraction of a. 

The relatively high value of k, in nitrous oxide 
at low pressures may account for certain results 
which have been obtained in steady-state radioly- 
sis experiments. The results of Burtt and Kircher 
(12) imply that there is an increase in the yield 
of products from neutralization reactions at 
pressures below 100 Torr. This increase is not 
due to the increased rate of reaction [I], as wall 
diffusion would have been negligible under their 

conditions. However, it could correspond to an 
increase in the fraction of ions being neutralized 
by reaction [ 2 ] ,  which evidently may lead to 
product formation, while reaction [3] does not. 
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Competitive chlorination reactions with ICl. 
11. CM,, C2H6, C,H,, and C,H,CI 

CAROL C. KELLY, W. H. S. Yu, AND M. H. J. WIJNEN 
Hunter College of the City Uni~.ersity of New York, 695 Park Auenue, New York, New York 10021 

Received August 5, 1969 

The H atom abstraction from CHI, C2H,, C3HE, and C2H,CI by C1 atoms produced by photolysis of 
IC1 in daylight has been studied. Relative rates for the abstract~ons from CH,, C,H,, primary and secon- 
dary hydrogens from propane, and for the abstraction from the CH, and CH2CI sides of C2H,C1 have 
been obtained at room temperature. These data are compared hith other l~terature values. 

Canad~an Journal of Chem~stry, 48, 603 (1970) 

Introduction 

Recently (1) we have reported that the photo- 
lysis of IC1 at room temperature is an excellent 
source of C1 atoms. Quantitative data are avail- 
able in the literature regarding H atom abstrac- 
tions from methane, ethane, propane, and ethyl 
chloride by Cl atoms. It seemed interesting to 
study these reactions by this technique in order 
to compare the data. 

Experimental 

The experimental technique is extremely simple. The 
experiments were carried out in a 1 1 flask attached to a 
vacuum system. The~ICI was admitted from a reservoir, 
separated from the reaction flask by a teflon stopcock, 
and frozen in a cold finger of the reaction flask. Although 
no attempt was made to measure the amount of ICI 
admitted, care was taken to admit sufficient ICI so that 
its maxinlunl vapor pressure of about 30 Torr would be 
reached upon evaporation. Immediately after the flask 
was saturated with ICI vapor, the mixture of gases to be 
studied was admitted. Total pressure in the reaction 
flask varied from about 60 to 120 Torr. The photolysis 
of ICl was carried out in daylight since the reaction pro- 
ceeded rapidly enough to make use of other light sources 
superfluous. 

It  was always necessary to carry out one preliminary 
experiment to establish the approximate reaction time. 
The reaction time is, obviously, dependent upon the com- 
pounds to be studied: the number of H atoms available 
for abstraction, and the ease by which they can be ab- 
stracted. The reaction time also depends upon the 
pressure of the hydrocarbons in the reaction flask since 
there are two competing reactions 

C l +  RH'R + HC1 

C1 + ICI -t C12 + I 
As an example, it may be mentioned that we used reac- 
tion times of 15 to 30 min for ICI-C,H,Cl mixtures and 
of about 5 min for IC1LC2H,-C,HE mixtures. It was 
necessary to keep the conversions of the hydrocarbons 
below 2%. At large conversions, iodine atoms or mol- 
ecules built up to an extent that they started acting as 

scavengers, thus conlplicating the reaction mechanism. 
The reaction products were analyzed by gas chromatog- 
raphy. A 12 ft long column containing 20% silicon 
grease (by weight) was used for analysis. 

The ICl was obtained from Eastman Organic Cheni- 
~cals,  Distillation Products Industries and was degassed 
for about 2 h at Dry Ice temperature to remove traces of 
molecular chlorine. Short degassings were repeated each 
day before starting the experiments. 

Results and Discussion 

If the necessary precautions are taken to avoid 
overexposure, the reaction mechanism of the 
photolysis of IC1 in the presence of a mixture of 
hydrocarbons may be represented by 

[1 I ICI + /1v ' I + C1 

[2 I C1 + R H I R  + HCI 

13 1 Cl R'H I R'  + HCI 

[4 I Cl 4- IC1 + C1, + I 
[5 1 R(R') + IC1 + RCl(R'C1) + I 
This illechanism is essentially identical to that 
proposed by Hofer and Wiig (2) for the photo- 
chemical reaction of ICl with H,. There is no 
doubt that IC1 as a photochemical source of C1 
atoms is, kinetically speaking, much simpler 
than IC1 as a thermal source of CI atoms (3). The 
use of the photochemical system, as discussed 
earlier (I),  is, however, limited to a very narrow 
temperature range and cannot, therefore, be 
used for activation energy studies. 

In Table 1, we give the results obtained in the 
photolysis of IC1 in the presence of various 
hydrocarbon mixtures. Columns 1 and 2 give 
the relative amounts of RCI and R'Cl produced; 
columns 3 and 4 give the relative amounts of RCl 
and R'Cl per available hydrogen atom. Pre- 
liminary data indicated that ethane was much 
more readily attacked by C1 atoms than methane 
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KELLY ET AL.: COMPETITIVE CHLORINATION REACTIONS WITH ICI. I1 

TABLE 2 

Relative rates per available H atom for reaction 
C1 + RH + R + HC1 at 25 "C 

Relative rates 

Literature 

RH Source of H This work Value Reference 

CH4 2 . 0 i  0 .2 0 . 4  
100 100 

(4) 
CzHs (Standard) 
C3Hs Primary 110 i 1 0  120 

480 i 2 0  444 
(4) 

C3Hs Secondary 
7.4-i- 0.4 12 

(4) 
C2H5CI CH3 

44.0_+ 4 6 1 
(9) 

CzH5C1 CHZCI (9) 

CI with ethane equal to 100. It should be men- 
tioned that these calculations are based upon 
the assumption that the reaction 

R + ICI -, RCI + I 
will not require an activation energy. This 
assumption seems quite reasonable considering 
the fact that the R-C1 bond is considerably 
stronger than the I-C1 bond. Furthermore, if 
ICl were not an efficient free-radical scavenger, 
we should have observed recombination or dis- 
proportionation products of the radicals pro- 
duced. 

Possible complications could also arise if the 
reaction 

R + IC1 -, RI + Cl 

would occur. However, we have not been able to 
observe any positive evidence for this reaction. 
Limiting, temporarily, the discussion to the data 
for methane, ethane, and propane given in Table 
2, the following conclusions may be drawn. The 
abstraction of a secondary hydrogen predomi- 
nates over the abstraction of a primary hydrogen 
in propane. The H atom abstraction of a primary 
hydrogen from propane and ethane is about 50 
times faster than the H atom abstraction from 
methane. In column 2 of Table 2, we give the 
corresponding values calculated from data by 
Knox and Nelson (4). We have used ethane as a 
reference since in both investigations the reaction 
rates of C1 with CH, and with C,H, were com- 
pared to the rate of C1 with ethane. The agree- 
ment is excellent in regard to H atom abstraction 
from propane. Our data indicate, however, that 
methane is 5 times more reactive than previously 
reported. We should point out that, having 
observed this discrepancy, we repeated the ex- 

periments of IC1 with a mixture of methane and 
ethane using a dill'erent [CH,]/[C,H,] ratio. 
The data were in agreement with those reported 
in Table 2. The ratio of preexponential factors in 
the Arrhenius equation for methane and ethane 
has been reported as AM/AE = 0.39 (5). How- 
ever, the ratios of A factors for the abstraction of 
a primary hydrogen from, respectively, propane, 
butane, and isobutane over the A factor for H 
atom abstraction from ethane are all, within 
experimental error, reported to be equal to unity 
(4). If we would accept that A,/A, also may be 
equal to unity, the data for methane would agree 
much better. This suggestion is, furthermore, 
supported through calculations by Fettis and 
Knox (6) which indicate that the ratio A,,,/A,,,,, 
shows a much larger deviation for the reaction 
C1 + CH, than for any other abstraction reaction 
by Cl atoms. Accepting AM/AE = 1.0 and 
accepting as collision diameters o,, = 2, oCH4 = 
3.5, and o ,,,, = 5.3A, we obtain an activation 
energy difference of 2.2 kcal/mole between H 
atom abstraction from methane and ethane by 
C1 atoms. This value is comparable to EM - EE = 
2.8 kcal/mole reported in the literature (4, 7). 

It should be mentioned that Goldfinger et al. 
(8) obtained for the H atom abstraction from 
CH, by C1 atoms a relative value of 0.8, inter- 
mediate between those reported by us and by 
Knox and Nelson. 

Two reactions must be considered for H atom 
abstractions from C,H,Cl 

[A] C1 + CHzCH2CI + CHzCH2Cl + HCI 

[B] C1 + CH3CH,CI -> CH3CHCI + HCI 

Our value k,/k,  = 0.17 ? 0.02 is in excellent 
agreement with previous data by Goldfinger and 
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co-workers, kA/kB = 0.20 (9). Comparisons with 
the rate of abstraction from ethane (see Table 2) 
are not so good but, nevertheless, quite reason- 
able. 

To some extent it is of course possible to con- 
sider C2H5C1 as a substituted propane where the 
methyl group has been replaced by a C1 atom. 
Thus, the hydrogens of the CH2C1 group in 
C2H,CI are comparable to the secondary hydro- 
gens in propane. Indeed. the data for primary 
and "secondary" H atom abstractions from 
propane and C2H5C1 are quite similar. Alter- 
nately, the difference in reactivity between the 
H atoms in C,H,Cl may be explained by the 
electron withdrawing power of the highly electro- 
negative C1 atom. The electrons are drawn toward 
the C1 atom, thus weakening the C-H bonds in 
the CH2C1 group. This is in complete agreement 
with observations regarding the C-H bond 
strengths in CH, and CH3C1. Hydrogen atom 
abstractions from CH, and CH,CI by C1 (10) 
atoins and by Br (11) atoms indicate that the 
C-H bond is weaker in CH,Cl than in CH,. 

Surprising is the fact that the rate of H atom 
abstraction from C2H,Cl is considerably slower 
than that from C2H,. A priori it might have been 
expected that the rates per available H atom 
should be equal for the methyl groups in C2H6 
and in C2H5CI. In reality the ratio is about 15 in 
favor of H atom abstraction from ethane. An 
explanation for this observation cannot, in our 
opinion, be sought in a steric effect caused by the 
bulky C1 atom. The CH, group is larger than the 
C1 atom but, nevertheless, the rate of secondary 
H atom abstraction from propane is about 11 
times faster than the rate of H atom abstraction 
from the CH2C1 side in C2H,C1. It seems more 
plausible that the low rates for H atom abstrac- 
tion from C2H,C1 may be caused through a 
repulsion of the approaching C1 atom by the C1 
atom in C2H5C1. It might be expected that such 
an effect would be larger for the H atoms on the 
CH2Cl side than for those in the CH, group of 
C2H5CI. In spite of this, H atom abstraction 
from the CH2CI group occurs much faster than 
from the CH, group in C2H5Cl. This indicates 
that there should be a noticeable difference in 

bond strengths between the C-H bonds in the 
CH, and those in the CH2C1 group of C2H,CI. 
This observation is confirmed through recent 
estimates by Franklin and Huybrechts (12) which 
yield D(CH,CHCl-H) = 96.7 and D(CH,- 
ClCH2-H) = 98.0 kcal/mole. 

Finally, we would like to mention that the H 
atom abstraction from C,H5C1 by C1 atoms has 
been studied in this laboratory by a different 
method. C1 atoms produced by photolysis of 
CCl, were allowed to react with C2H5C1 (1 3). By 
summation of all the products originating from 
CH2CH2C1 and from CH,CHCI radicals, a value 
of kA/kB = 0.11 1 0.02 was obtained to be com- 
pared with 0.17 i 0.02 from this study. Although 
these data are outside the experimental error 
limit, they both confirm the marked difference in 
reactivity between the H atoms in the CH, and 
those in the CH,Cl group of C2H,Cl. The authors 
are of the opinion that the method discussed 
in this paper provides a more direct approach to 
the deterillination of kA/kB than the photolysis 
of CCl, in the presence of C2H5CI. The value 
kA/kB = 0.17 f 0.02 should. therefore, be given 
preference. 

The authors express their appreciation to the National 
Science Foundation for supporting this work. 
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Infrared spectrum of HDO in water and in NaCl solution1 

HANS R. WYSS' A N D  MICHAEL F A L K ~  
Atlantic Regional Laboratory, National Research Co~irzcil of Canada, Halifax, Noca Scotia 

Received July 11, 1969 

The molar absorptivity of dilute HDO in water and in aqueous NaCl solutions was determined at 
temperatures between 10 and 85" in the spectral region from 4000 to 2000 crn-l. The infrared band 
profiles for the OH and OD stretching fundamentals are single-peaked and devoid of shoulders, in 
contrast to the high-frequency shoulders recently observed in the Raman spectrum. It is shown that 
such shoulders do not contradict a single-peaked distribution of OH oscillators with respect to inter- 
molecular geometry. Absence of resolvable sub-bands in the spectrum of HDO in concentrated salt 
solutions indicates a wide distribution of ion-H20 interactions, akin to the distribution of H,O-H20 
interactions in water. 

Canadian Journal of Chemistry, 48, 607 (1970) 

Introduction fit to the absorbance data, assuming Beer's law. This 

The infrared (i.r.) absorption bands of iso- 
topically dilute solutions of HDO in H,O or 
D 2 0  provide an important probe of hydrogen 
bonding in water and in aqueous solutions. 
Earlier i.r. studies of HDO in water (1-7) and in 
electrolyte solutions (1, 5 )  were limited to narrow 
portions of the spectrum, and did not provide 
accurate band profiles as a function of tempera- 
ture. Hence, an improved, quantitative measure- 
ment seemed in order. We have now measured 
the i.r. spectrum of H,O-HDO-D20 and 
H,O-HDO-D20-NaCl solutions as a function 
of temperature and HDO concentration. From 
these measurements we have calculated accurate 
molar absorvtivities of HDO in watcr and in 

procedure also yielded the spectrum of isotopically pure 
D 2 0 ,  and the isotopic purity of commercial D 2 0 ,  
99.81 _+ 0.04%. 

Except for the wcighings, all manipulations with the 
D 2 0  solutions were carried out in an improvised dry-box 
under nitrogen, to minimize hydrogen exchange with 
atmospheric water. 

Spectroscopic Measzrretnents 
The spectrometer and the thermostatic chamber were 

described before (6). The solutions were contained in a 
CaF2 cell. Its optical path (approx~mately 0.05 m n ~ )  was 
determined by the fringe method at every temperature. 
To increase the accuracy, the spectra were recorded 
single-beam, i.e. without any reference cell. The measure- 
ments for H,O-D20 solutions were carried out at 10, 35, 
60, and 85' and those for H20-D20-salt solutions at 10 
and 85". Typical spectra recorded in this manner are 
shown in Fig. 1. The absorbances at each of the four 

N ~ C ~  at temperature at 10 or 20 temperatures were tabulated at 10 or 20 cm-' intervals. 
These digital data were then processed to eliminate the cm-l between 4000 and 2000 cm-l'  contributions from the absorption of H,O and D 2 0 ,  and 

Experimental 
Samples 

Mixtures of H 2 0  (doubly distilled) and D 2 0  (supplied 
by Merck, Sharp and Dohme of Canada Ltd.) were 
prepared by weighing. A series of seven D20-rich solu- 
tions and a series of seven H,O-rich solutions were used, 
with isotopic contents of approxinlately 0, 0.5, 1, 2, 4, 8, 
and 15 % of the less abundant component. 

For the salt spectra, we prepared stock solutions 
containing 1 mole of NaCl in 11.0 moles of H 2 0  or  of 
D 2 0 .  Starting from these two stock solutions, two series 
of H20-D,O mixtures were made up as before. The 
approximate isotopic contents were chosen to be 0, 0.4, 
0.8, 1.5, 3, 6, and 10% of the less abundant component. 

Accurate values of the isotopic contents of the D 2 0 -  
rich solutions were computed by an iterative least-squares 

'NRCC No. 11083. 
'NRCC Postdoctoral Fellow 1966-1967. Present ad- 

dress: Department of Physical Chemistry, Hoffmann- 
LaRoche, Inc., Nutley, New Jersey. 

3To whom requests for reprints should be addressed. 

the reflection losses. The spectral range examined was 
4000 to 2000 cm-'. 

Calculation of the Concentrations 
The concentrations of H 2 0 ,  HDO, and D 2 0  in mole/l 

were calculated from the weighed amounts of H 2 0  and 
D 2 0 .  The equilibrium constant of the process H,O 
+ D 2 0  2 HDO was assumed to be 3.80 (8) for all 
solutions and temperatures. The densities of H 2 0  (9) and 
D 2 0  (10) at the temperatures of the experiment were also 
required. The densities of H20-D20  solutions were 
calculated assuming additivity of the molar volumes of 
H 2 0  and D 2 0 .  For the NaCl solutions we assumed that 
the molar volume of NaCl is the same in D 2 0  as in H 2 0 ,  
and that the ratio of densities at two temperatures is the 
same for water and for NaCl solutions. 

Calculation of HDO Absorptit'iries 
Three H20-HDO-D20 mixtures were chosen at every 

temperature and frequency. The application of Beer's law 
provided three equations of the type 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48. 1970 

FIG. 1. Typical spectra of H,O-HDO-D,O and of HZO-HDO-D20-NaCI solutions used in the calc~~lation of 
the HDO absorptivity between 3000 and 2000 cm-'. 

where A is the measured absorbance, A, is the base line, 
d is the optical path, E is molar absorptivity and C is 
concentration in rnolell. From these three equations we 
eliminated A, and E~~~~ (or cDZo, if D 2 0  was the less 
abundant component). The value of &,DO was then 
obtained by inserting the value of E D ~ O  (or E H ~ O ,  if H 2 0  
was the more abundant component) which was derived 
from the spectra of pure H 2 0  or D 2 0  at the appropriate 
temperature. Corrections were made for the losses due to 
reflection at the two CaF,/air interfaces and the two 
CaF,/water interfaces. The forrner loss was measured 
with a single CaF, window, while the latter was calculated 
from the mean refractive indices of water and CaF, (the 
dispersion was neglected). The total absorbance correc- 
tion thus obtained was -0.027, about 5 % of the peak 
absorbances which were of the order of 0.5. 

The H20-rich solutions were used in the regions of 
strong D,O absorption, and vice versa. Data from the 
two solutions with highest HDO concentrations were used 
only in areas outside the main HDO absorption bands. 

Results 

Because of the importance of good spectral 
data in the evaluation of structural models for 
water and aqueous solutions, we are presenting in 

-1 

9, 

10" 1 
85' 

3 8 0 0  3400 3000 2000 2200 
F R E Q U E N C Y  ;chll? 

FIG. 2. Molar absorptivity of HDO in the region of 
4000 to 2000 cm-' at 10 and 85' in water and in aqueous 
NaCl solutions. 

' 1 

- 4 ~ 1 0 '  
1 2460 1 , , , , , I )  , 8 ,  , ,  , , 8x10' --i--U? " "  

0" 50' !03" 0' 50' 0 0 '  0. 50. iOOm Oe 5 0 "  0 0 '  
TEMPERATURE 

FIG. 3. Effect of temperature on the parameters of 
v3 and v, bands of HDO in water (full lines) and in 
aqueous NaCl solutions (broken lines). 

Table 1 our complete set of absorptivities of 
HDO. The absorptivities at 10 and 85" have been 
plotted in Fig. 2. The spectrum of dilute HDO in 
the region of 4000 to 2000 cm-' contains three 
bands which correspond to the OH stretching 
vibration, v,, the OD stretchingvibration, v,, and 
2v2, an overtone of the bending vibration. In 
addition, the high-frequency side of v, and the 
low-frequency side of v, are overlapped slightly 
by adjacent bands. An important advantage of 
the HDO spectra over those of H,O and D,O is 
the separation of the stretching fundamentals. 
The spectrum gives the band profiles of v, and v, 
almost directly; the "tails" of the bands can be 
freed from overlapping combination bands by 
simple extrapolation. To calculate band areas the 
extrapolation was done with model functions 
fitted to the nonoverlapped part of the band tails. 
A Gauss function (11) was used for the high- 
frequency tails and a Cauchy function (1 1) for the 
low-frequency tails. 

The observed band parameters for the v, and 
v, bands of HDO in water and in NaCl solution 
are plotted in Fig. 3 as a function of temperature. 
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WYSS AND FALK: INFRARED SPECTRUM OF HDO 

TABLE 1 

Molar absorptivity (lo3 cm2/mole) of HDO in water and in 9.1 mole % NaCl solution 
~ -- --- - -  

Water NaCl solution 
Frequency -- 

(cm- I )  10" 35" 60' 85" 10" 85" 
- 

25"* 
.. -- 

4000 0.93 0.91 0.89 0.89 0.91 0.85 0.85 
3900 0.80 0.82 0.83 0.87 0.91 0.85 0.85 
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TABLE 1 (concluded) 

Water NaCl solution 
Frequency 

(cm-') 10" 25"* 35" 60" 85" 10" 85" 

2840 2.63 2.54 2.49 2.36 2.24 3.10 2.30 

*Estimated by interpolation. 

The peak frequency was determined by fitting a 
least-squares cubic polynomial through the 
observed values of absorptivity in the region of 
50 to 70 cm-I about the maximum (12). The band 
areas were obtained by integration between 3800 
and 2760 cm-I for v,, and between 2760 and 
2000 cm- for v,. The absorptivity values at the 
integration limits are negligible. The temperature 
variation of all four band parameters of HDO in 

water was found to be linear within experimental 
error [over a temperature range greater than 100" 
small deviations from linearity have been obser- 
ved for v, (7)]. The solid lines in Fig. 3 represent 
least-squares straight lines through the four 
experimental points at 10, 35, 60, and 85". The 
temperature variation of the band parameters of 
the NaCl solution was assumed also to be linear 
(broken lines in Fig. 2). 
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WYSS AND FALK: 1NFRARED SPECTRUM OF HDO 

TABLE 2 

Comparison of measured band parameters for v, and vl of HDO in water with earlier measurements 
- - - 

Peak 
absorptivity 

Peak frequency x lo -3  Half-wFth Area x 
(cm - ') (cmz/mole) (cm- ) (cm/mole) Temperature Authors 

*Values for this temperature were obtained by interpolation. 

Our measured band parameters for HDO in 
water are compared in Table 2 with those reported 
by earlier workers. The spread of the reported 
frequencies is probably largely due to the subjec- 
tive factor in the visual location of the maxima of 
very broad bands (12). The main causes of the 
spread of values obtained for the other band 
parameters are the errors in the HDO concentra- 
tion, base-line errors, use of different ranges of 
integration, and the difficulties inherent in the 
measurement of absolute intensities (13). The 
spread of the values in Table 2 is indicative of the 
probable absolute error in our determination of 
the band parameters, with the exception of the 
peak absorptivity of v,, where the spread of 
values reported appears larger than our probable 
error. An independent redetermination of the 
peak absorptivity of v, would be of interest. 

The profiles of v, and v, bands are nearly 
identical. They are single-peaked, devoid of 
shoulders, and slightly asymmetric. These obser- 
vations agree with those of earlier workers 
(1-7, 14). The deviation from symmetry can be 
described by the asymmetry index which we define 
as (A - B) / (A  + B), where A and B are the areas 
under the band abore and below the peak 
frequency. This index for our bands varies from 
about -0.04 at 10" to about -0.08 at 8.5". The 
profiles of the v, and v, bands in NaCl solutions 
are qualitatively similar to those in water, as has 
been observed by Waldron (1) and Hartman (5). 

This work 
Falk and Ford (6) 
van Eck et al. (2) 
Waldron (1) 
Bayly et al. (3) 
Swenson (4) 
Hartman (5) 

This work 
Falk and Ford (6) 
van Eck et a/. (2) 
Waldron (1) 
Bayly et al. (3) 
Swenson (4) 
Franck and Roth (7) 

Figure 4 shows the comparison of the observed 
band profiles of v, and v; with the Gauss and 
Cauchy functions fitted to the observed values 
of band amplitude, half-width, and peak fre- 
quency. The observed band profiles are inter- 
mediate between the Gauss and Cauchy functions 
at low frequencies, but more closely approach 
the Gauss function at high frequencies. 

FREQUENCY (cu-ll 

FIG. 4. Comparison of measured absorptivity profiles 
of HDO in water at 10 and 85' with Gauss and Cauchy 
functions. 
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Discussion 
Possible Interpretation of Shoulders in the 

Raman Bands of HDO 
Recently published Raman spectra of HDO in 

water (15-17) show shoulders at 3640 and 2660 
cm-I, i.e. on the high-frequency side ofthe v, and 
v, bands. The origin of these shoulders, not 
detectable in the i.r. spectrum, is of considerable 
interest. The shoulders have been assigned to 
distinct non-bonded OH and OD groups (15-17). 
This assignment implies a two-peakeddistribution 
of OH groups with respect to intermolecular 
geometry, one peak corresponding to the 
"bonded" and the other to "non-bonded" 
groups. We wish to point out, however, that an 
alternate explanation of the Raman shoulders is 
possible, and that vibrational band profiles with 
a shoulder or a secondary maximum may also 
arise in the case of a single-peaked distribution 
of OH oscillators with respect to intermolecular 
geometry. 

The environment of an OH oscillator in liquid 
water can be described by a set of geometric 
parameters. The most important of these param- 
eters are the nearest-neighbor 0 . . . 0 distance R, 
the nearest-neighbor 0-H . . . 0 angle, the angle 
describing the orientation of the lone pair of 
electrons on the nearest-neighbor oxygen atom, 
and parameters measuring the orientation with 
respect to additional neighbors (18). For the sake 
of simplicity let us atfirst retain only the param- 
eter R. Let us further assume that: 

(i) An oscillator is characterized by a wave- 
number shift s caused by hydrogen bonding, an 
i.r. intensity f, and a Raman intensity f ' ,  all of 
which are functions of R. 

(ii) As the geometry around the oscillator 
approaches the non-bonded structure, e.g. for 
large R values, the functions f, f ', and s approach 
asymptotically their non-bonded values. 

(iii) The distribution p of oscillators as a 
function of R has a single peak. 

All oscillators with geometries between R and 
R + dR will contribute to the band envelope 
between s and s - ds. This leads to the following 
expression for the i.r. band envelope e(s) as a 
function of the wavenumber shift: 

In the corresponding expression for the Raman 
band envelope et(s), f '  replacesf. 

Of the three factors on the right only the 
distribution p reflects the water structure at a 

given temperature and is the same for all vibra- 
tional bands. The derivative dR/ds reflects the 
dependence of vibrational frequency on geometry 
and is different for every vibrational transition, as 
are f andf ' .  We must thus expect that different 
vibrational bands of HDO will have different 
envelopes and that each band will have different 
Raman and i.r. envelopes. 

Because of the asymptotic behavior of s for 
large R, dR/ds diverges a t  s = 0. It thus depends 
on the functions p and f (or f ')  whether e(s) [or 
e'(s)J also diverges. If it does, then our simplest 
model predicts a sharp secondary maximum at 
s = 0. 

The outcome of this qualitative argument is not 
affected by the replacement of a single geometric 
parameter R by a set of six parameters which 
would completely define the orientation of a 
nearest-neighbor H,O molecule with respect to a 
given OH group. We still expect an asymptotic 
behavior of s for large values of some of these 
parameters, hence a sharp secondary maximum 
at s = 0 is still possible. This sharp maximum, 
together with the rest of the e(s) envelope, would 
be broadened and shifted away from the vapor 
frequency by the interactions of an OH . . . OH, 
system with farther molecular neighbors, hitherto 
neglected in our model. We may expect these 
farther-neighbor interactions to have an approxi- 
mately Gaussian distribution, and to be inde- 
pendent of the OH . . . OH, configuration. The 
final e(s) envelope will then be the convolution of 
this Gaussian with the original e(s) distribution. 
The convolution would result in a curve with a 
broad secondary maximum or a shoulder, quali- 
tatively corresponding to the observed Raman 
band profiles of HDO. 

For the OH and OD stretching band, the 
relative intensity of the feature would be 10 to 20 
times smaller in the i.r. spectrum than in the 
Raman spectrum and may be undetectable. This 
is because of the steep increase of the i.r. intensity 
f with increasing strength of hydrogen bonding 
(19), in contrast to the Raman intensity f ', which 
is thought to be nearly independent of the hydro- 
gen-bond geometry (14). The difference between 
f and f '  also causes an overall displacement of the 
i.r. band envelope toward lower wavenumbers 
with respect to the Raman envelope. This dis- 
placement was experimentally observed (Fig. 5). 
The experimental ratio of the i.r. intensity to the 
Raman intensity, e(s)/el(s), which should equal 
f/f' according to our equation, varies by a factor 
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WYSS AND FALK: INFRP LRED SPECTRUM OF HDO 613 

FIG. 5. Con~parison of i.r. band envelopes (this work) 
with Raman band envelopes for vl (ref. 15) and for v3 
(ref. 17) of HDO in water at 25". 

of about 10 between the vapor frequency (3705 
cm-l for v, and 2519 cm-' for v,) and the ice 
frequency (3300 cm-I for v, and 2440 cm-l for 
v. \. 

I ,  

Increasing temperature will shift the maximum 
ofp(R) toward higher values of R, i.e. toward the 
asymptotic part of s(R). Thus the feature near 
s = 0 will grow at the expense of the main peak. 
Its frequency will remain constant, in contrast to 
that of the main peak which will move toward 
s = 0. This agrees with the temperature depen- 
dence of the 2660 c m l  shoulder in the Raman 
spectrum of HDO (15, 16). At sufficiently high 
temperatures the main peak should coalesce with 
the secondary feature. 

We conclude that the Raman shoulders at 3640 
and 2660 cm-l ~ ? ~ a y  be due to the asymptotic 
behavior of frequency as a function of geometry. 
The shoulders thus do not contradict a single- 
peaked distribution of intermolecular hydrogen- 
bond geometries in liquid water. 

The intensity of such features may be taken as a 
measure of "non-bonded" or "weakly bonded" 
OH groups, but if there exists a continuum of 
geometries of OH oscillators in water, then all 
divisions of the continuum into "bonded" and 
"non-bonded" are arbitrary (6). The asymptotic 
region may be different for different vibrational 
transitions, depending on the forin of s(R). 
Estimates of concentrations of "bonded" and 
"non-bonded" OH groups derived from different 

vibrational bands may therefore differ; particu- 
larly if the bands differ wideiy in their shape as in 
the overtone region (20, 21). 

Effect of NaCl orz tlze Spectrum and Structure 
of  Water 

Comparison of the lower and upper parts of 
Fig. 2 shows that no new features appear in the 
HDO spectrum when NaCl is added to water. 
The effect of NaCl on the OH and OD stretching 
bands of HDO near room temperature is to 
increase the peak absorptivity, to decrease the 
band width, and to shift the peak frequency up- 
ward. These observations agree with those of 
Waldron (1) and Hartman (5). Hartman's results 
show that the band parameters vary almost 
linearly with the solute concentration, indicating 
that the nature of the ion-water interactions is not 
drastically altered at higher concentrations (22). 
Thus the present conclusions based on data from 
concentrated solutions of NaCl should also be 
applicable to more dilute solutions. As the 
temperature increases, the upward shift of the 
peak frequency caused by the addition of NaCl 
decreases. Extrapolation shows that above 90 or 
100" the peak frequency will be shifted down- 
ward. 

The lack of any new features in the spectrum of 
HDO in NaCl solutions is an important clue to 
the structure of water around the Naf and C1- 
ions. The OH (and OD) groups in NaCl solutions 
can have as their nearest-neighbor either an 
oxygen atom of another water molecule or a 
chloride ion. This gives rise to two classes of OH 
groups, OH . . . 0 and OH . . . C1-, which could 
be expected apriori to produce two distinct sets of 
sub-bands in the spectrum. The peak frequencies 
and half-widths of these sub-bands should 
correspond to the distributions of the OH . . . 0 
and OH . . . C1- interaction energies. If the 
OH . . . C1- groups in solution are so strongly 
ordered by the anion as to form a regular structure 
with a narrow spread of interaction energies and 
geometries, then a narrow sub-band would result. 
The half-widths of the OH and OD stretching 
bands of HDO in the crystalline hydrate NaCl. 
2H,O are of the order of 5 cm-' (23, 24). Such 
narrow sub-bands would be easily resolved as 
secondary peaks or shoulders in the spectra. We 
have examined the HDO band shapes in NaCl 
solutions for the presence of such secondary peaks 
or shoulders. Even in spectra of solutions super- 
cooled to - 30" (which might be expected to show 
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a greater resolution of existing sub-bands than Our findings for NaCl solutions therefore 
those at higher temperatures) no new features complement and confirm those of Wall and 
appear. This shows that the OH . . . C1- groups Hornig. 
must have a distribution of frequencies similar to 
that of the OH . . . 0 groups, with a half-width of We are indebted to Mr. Ping Seto for technical help in 
the order of 100 or 200 cm-l. A large band width the measurements and computations. 

indicates that the O H .  . . C1- groups have a - A 

variety of interaction energies in aqueous soh-  1. R. D. WALDRON. J. Chem. Phys. 26, 809 (1957). 
tion. It appears therefore that the water molecules :;&. "g:; ~ ~ Y E ~ ~ ; , ~ i , " , " ~ ; : ~ ~ , d ~ ;  
surrounding the chloride ion assume a variety of (1958). 
instantaneous orientations, and have no strong 3. J. G. BAYLY, V. B. KARTHA, and W. H. STEVENS. 

Infrared Phys. 3, 211 (1963). 
preference for any sing1e, configur- 4. C .  A. SWEKSON. Spectrochirn. Acta, 21, 987 (1965). 
ation. The OH and OD stretching band profiles 5. K .  A. HARTMAN. J. ~ h y s .  Chem. 70,270 (1966). 
offer no direct information on the water . . . Na+ 6. M. FALK and T. A. FORD. Can. J. Chem. 14, 1699 

(1966). 
interactions, but it seems likely that they also give 7. E, U. FRANCK and K. ROTH. ~ i ~ ~ ~ ~ ~ ,  ~~~~d~~ sot, 
rise to a wide distribution of distances, orienta- 43, 108 (1967). 

tions, and energies. 8. I. KIRSHENBAUM. Physical properties and analysis of heavy water. McGraw-Hill, New York, 1951. p. 54. 
The highly irregular and flexible structure of 9, Handbook of chemistry and physics. 39th edition. 

water aroulld ions is in line with the flexibility of Chemical Rubber Publishing Company, Cleveland, 
1957. p. 1994. hydrogen bonds in crysta11ine hydrates (253 26). 10. R. SCHRADER and K. WIRTZ. Z. Naturforsch. Pt. A, 

Such irregular structure has also been postulated 6, 220 (1951). 
by Vaslow (27) on the basis of theoretical calcula- 11. R. N. JONES, K. S. SESHADRI, N. B. W. JONATHAN, and 

J. W. HOPKINS. Can. J. Chem. 41, 750 (1963). 
tiolls, and by alld (28, 29) On 12. R. N. JONES, K. S. SESHADRI, and J. W. HOPKINS. 
the basis of X-ray diffraction studies of aqueous Can. J. Chem. 40, 334 (1962). 
solutions. A *ide distribution of ion-water 13. K. S. SESHADRI and R. N. JONES. Spectrochim. 

Acta, 19, 1013 (1963). 
distallces and orientations would rellder arbitrary 14. T. T. WALL ,d D. F. HORN,,. J. Chem. phys. 43, 
the division of the ionic hydration "spheres" into 2079 (1 965). 

definite concentric structural regions (30). 15. G. E. WALRAFEN. J. Chem. Phys. 48, 244 (1968). 
16. G. E. WALRAFEN. In Hydrogen-bonded systems. 

The addition of NaCl to water seems to Edited by A. K .  Covington. Taylor and Francis Ltd., 
decrease the incidence of very strong hydrogen London, 1968. P. 9. 

1 7 .  H. J. BERNSTEIN. Personal co~nmunication, to be bonds (shown by a decrease of the intensity of v, - published, 1969, 
below about 3350 cm-I) and of very weak 18. J. A. POPLE. Proc. Roy. Soc. (London), Ser. A, 205, 

163 (1951) hydrogen bonds (shown by a decrease of intensity 
19, G. C, P&EKTEL and A. L. MCCLELLAN. The 

of v, above 3600 cm-'), while increasing the hydrogen bond. Freeman and Co., San Francisco, 
incidence of intermediate hydrogen bonds, with 1960. p. 88 and 102. 

maximal increase for those corresponding to the iy: g: FZi a ~ s ~ ~ \ ~ ~ ~ $ ~ ~ O ~ ~ ~ ~  ~ ~ ~ ~ 9 ~ ~ ) i 3 9  
v, freauencv near 3450 cm-I. This leads to an (1967-68). ., L 

upward shif; of the peak frequency at low temper- 22. 0. YA. ~ ~ 0 1 ~ 0 ~ .  Structure of aqueous electrolyte 
solutions and the hydration of ions. Trarzslated by 

atures, a downward shift at higher temperatures, D. J .  G. Ives. Consultants Bureau, New York, 1965. 
and a narrowing of the band at all temperatures. pp. 144-148. 

~t should be that the effect of NaCl on the 23. J .  SCHIFF". Ph.D. Thesis, Princeton University, 
hT.J. 1963. 

spectrum of water does not correspond to the 24. T. A. FORD and M. FALK. J. MOI. Struct. 3, 445 
effect of changing the temperature, showing that (1969). 

the concept of "structural temperature7' for ionic g: H C , B $ ~ i , I L ~ ~ ~  C~~tS:22~~~/9,"~2miStry and 
solutions, introduced by Bernal and Fowler (31), molecular biology. Edited b j ~  A. Rich and N. David- 
is not strictly applicable. son. W. H. Freeman, San Francisco, 1968. p. 466. 

27. F. VASLOW. J. Phys. Chem. 67, 2773 (1963). 
The present cOnclusiO1ls On the structure of 28. G. W. BRADY and J. T. KRAUSE. J. Chem. Phys. 27, 

concentrated solutions of NaCl are similar to 304 (1957). 
those recently reached by Wall and Hornig (32) ::: g: F. g~i~' a ~ i ~ $ ~ p $ ; k ~ 8 ~ ~ ~ ~ ~ ~ ~ ~ 5 ~ i r a d a y  
on the basis of their Raman study of solutioils of so,. 24, 133 (1957). 
the halides of potassium and of some divalent and 31. J. D. BERNAL and R. H. FOWLER. J .  Chem. phys. 1, 

515 (1933). trivalent metals. The i.r. technique offers much 32, T, T, and D. F. HORNIG. J ,  Chem. Phys. 47, 
better resolution and higher signal-to-noise ratio. 784 (1967). 
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Homolytic decomposition of di-see-butyl peroxide1 

R. HIATT AND SANDOR SZILAGYI' 
Department of Chemistry, Brock University, St. Catharines, Ontario 

Received August 19, 1969 

Rates and products have been determined for the thermal decomposition of sec-butyl peroxide at 
110-150 "C in several solvents. 

The decomposition was shown to be unimolecular with energies of activation in toluene, benzene, arid 
cyclohexane of 35.5 & 1.0, 33.2 + 1.0, 33.8 + 1.0 kcal/mole respectively. The activation energy of ther- 
mal decomposition for the deuterated peroxide was found to be 37.2 + 1.0 kcal/mole in toluene. 

About 70-80% of the products could be explained by known reactions of free alkoxy radicals, and 
very little, if any, disproportionation of two sec-butoxy radicals in the solvent cage could be detected. 

The other 20-30% of the peroxide yielded Hz and methyl ethyl ketone. The yield of Hz  was unaffected 
by the nature or the viscosity of the solvent, but Hz  was not formed when s-BuZOZ was photolyzed in 
toluene at 35 "C nor when the peroxide was thermally decomposed in the gas phase. 

cc,a'-Dideutero-sec-butyl peroxide was prepared and decomposed in toluene at 110-150 "C. The yield 
of D, was about the same as the yield of H 2  from s-BuZ02, but the rate of decomposition (at 135 "C) was 
only '11.55 as fast. 

Mechanisms for hydrogen production are discussed, but none satisfactorily explains all the evidence. 

Canadian Journal of Chemistry, 48, 615 (1970) 

Introduction 

The decomposition of dialkyl peroxides has 
received less attention than that of other peroxidic 
species, partly, because being rather more stable, 
they have been less utilized for commercial 
purposes (i.e., initiation of free radical chain 
reactions); partly, because being less easily 
reduced, they are harder to analyze quantita- 
tively. But perhaps too, because dialkyl peroxides 
have the reputation of being "well behaved" 
they have been regarded as uninteresting species. 
Dialkyl peroxides are commonly supposed to 
cleave on heating at the 0-0 bond by an exclu- 
sively homolytic process, relatively uncompli- 
cated by other types of decomposition either 
radical or molecular in nature. 

[I 1 ROOR -t 2 RO. 

Yet most of the evidence for this belief is based 
on the studies of one member of the series, tert- 
butyl peroxide. Some recent evidence (1, 2) has 
indicated that decomposition of di-secondary 
alkyl peroxides might be more complex. Thus 
while Pryor and co-workers (1) found that sec- 
butyl peroxide initiated the polymerization of 

(2b) that molecular hydrogen formed a significant 
fraction of the products from the thermal decom- 
position of s-Bu20,. 

Apart from the novelty of intensive study on a 
nontertiary peroxide, this project has been con- 
cerned with the mechanism of hydrogen forma- 
tion and with the behavior of two secondary 
alkoxy radicals generated in a solvent cage. 

The reaction of alkoxy radicals with each other 
has considerable implications for hydrocarbon 
autoxidation, a free radical chain reaction of 
which the termination step is generally written 

[2 1 2 R 0 2 .  + non-radical products. 

Studies on the induced decomposition of hydro- 
peroxides (3), the formation of 016-018 from 
autoxidation in the presence of 0216-021g mix- 
tures (4), and the formation of tetroxides ( 5 )  
have shown that when "R" is tertiary, the reac- 
tion proceeds as follows: 

[3 1 2 RO, . + ROOOOR 

[4 1 ROOOOR + 2 RO. + 0, + 

2 RO' -< ROOR 

RO' 4- RO' 

styrene at the same rate that iert:butyl peroxide The last reaction indicates the two possibilities 
did. Hiatt ( 2 ) .  that the former open to terr-alkony generated in close 
underwent thermal decomposition about four proximity, i.e., a ..solvent cage.., either times as fast as the latter. Moreover it was found to react with each other by coupling or to 

'This work is taken, in part, from the M.SC. thesis of apart and initiate new radical chains. Since the 
S. Szilagyi. radical-radical coupling is usually assumed to be 

'NRCC Predoctoral Scholarship holder, 1968-1969. 
Present address: Department of Chemistry, University of cO1lision-controlled ( E a  = '1, diffusion apart 
British Columbia, Vancouver, British Columbia. controls the number of alkoxy radicals which 
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become free. For tert-butoxy in benzene, about 
90 % diffuse apart at 30 "C and greater than 95 % 
at 100 "C, in rough correlation with solvent vis- 
cosity (3). 

For secondary peroxy radicals, the situation is 
much less clear. Studies of induced decomposition 
of secondary hydroperoxides have indicated that 
interaction of two secondary peroxy radicals at 
45 "C in benzene always leads to nonradical 
products; yet at 100 "C and above, there seems 
to be some chain character to the induced decom- 
position (2c). 

Two explanations seem possible: (i) the tetrox- 
ide may decompose in a manner first advanced 
by Russell (6), not available to the tertiaries 
(eq. [6]); (ii) two ~ec-alkoxy radicals generated in 
a solvent cage might undergo facile dispropor- 
tionation (eq. [7]) .  The ease of this reaction 
should be shown by the study of the decom- 
position of di-see-alkylperoxides. 

The formation of H, has been frequently noted 
in the decomposition of peroxy hemiacetals (7, 
8,9, 10, 1 I), and aconcerted mechanism involving 
a cyclic transition state proposed (eq. 181). How- 
ever, the applicability of this reaction for dialkyl 
peroxides has not been established. 

[81 RCH 

[ RCH., 'O"'o\~R ] 4 RCHO + H2 + H02CR 
H.. .H. '  IOH 

The following study of decomposition of sec- 
butyl peroxide has been made possible by devel- 
opment of gas-liquid chronlatography (g.1.c.) 
techniques for peroxide analysis. 

Experimental 
I. Materials 

Di-see-butyl peroxide was prepared from sec-butyl 
methane sulfanate by the method of Welch et a/. (12). 
The 11-12% yields of crude peroxide (distilling a t  58- 
62"/0.5 mm Hg) were not appreciably improved by using 
the modification of Pryor and co-workers (lc). Two 
successive redistillations gave peroxide containing no 
impurities detectable by infrared (i.r.), nuclear magnetic 
resonance (n.m.r.), or g.1.c. analysis. 

cl,af-Dideutero-di-sec-butyl peroxide was obtained in 
the same manner uisng 2-butanol-2-d prepared by the 
reduction of 2-butanone with LiAID, (Merck, Sharp 
and Dohme, 99% isotopic purity). Analysis of this 
peroxide by n.m.r. showed it to contain 1.6 f 0.1 % of 

Assuming a statistical distribution of H and D on the 
a-carbons, the peroxide was calculated to be a mixture 
of - 96.7 % dideutero, - 3.2% of monodeutero and no 
inore than 0.025 % of non-deuterated material. 

Solvents for the peroxide decompositions were either 
reagent or "chromatograde", fractionally redistilled 
through a 3 ft spinning band column to reduce impurities 
to the point where they no longer interfered with the g.1.c. 
analyses of products. 

see-Butyl peroxydicarbonate was donated by the 
Lucidol Division of the Wallace and Tiernan Corpora- 
tion. It titrated 97+ % and was used without further 
purification. 

2. Procedures 
For measurements of the rate of thermal decomposition 

a set of 8-10 pyrex ampoules was filled with peroxide 
solution, degassed, sealed under vacuum, placed in a 
constant temperature bath, and withdrawn at suitable 
intervals for analysis of residual peroxide. 

The contents of these ampoules also served for pre- 
liminary product studies, but for analyses of evolved 
gases and more precise determinations of liquid and solid 
products, 20-30 ml of a peroxide solution was degassed 
and sealed in 100 ml flask equipped with a break-seal. 
After heating for a time equivalent to at least 10 half- 
lives, the bulb was cooled and opened on a calibrated 
vacuum line. 

Photolyses of peroxide solutions were carried out in an 
apparatus modelled on that described by Kieffer and 
Traylor (13) in which ampoules are placed in a rotating 
frame surrounding a mercury arc lamp. In all, the solu- 
tions were shielded from the source by 3 approximately 
1 n ~ n i  thicknesses of pyrex. Without this protection, 2- 
butanone, (a product of the decomposition) also under- 
went photolysis. 

3. Analyses 
Most of the analyses were performed by g.1.c. using 

an F & M model 700 chromatograph equipped with a 
disc integrator. Most satisfactory for s-Bu,O, analysis 
was of 1/8" x 6' stainless steel "Hi-Pak" column supplied 
prepacked with silicone rubber Se-30 by the F & M 
Company. At a coluinn temperature of 70 "C, injection 
port, 35-40 "C, and helium flowrate of 44 ml/min, the 
peroxide was eluted undecomposed in 6.0 min. Under 
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HIATT AND SZILAGYI: HOMOLYTIC DECOMPOSITlON 

TABLE 1 
Rate constants for the thermal decomposition of s-Bu,02 

-- 

Temperature 
Solvent [s-BuzOzlo "C to3 k, min-' E, kcal 

Toluene 0.302 

0.358 
0.0820 
0.149 
0.121 

Benzene 0.110 
0.245 
0.117 
0.123 

Cyclohexane 0.088 115 0.505 
0.163 135 4.70 3 3 . 8 i  1 . O  
0.099 150 30.8 

these conditions retention tirnes for other compounds 
were as follows: cyclohexane, 1.6 min; benzene, 2.0 min; 
toluene, 3.0 min. Unfortunately, this colurnn did not 
separate 2-butanol from 2-butanone. 

The liquid products of decon~position were analyzed 
on  a 6 ft x 1/4" copper colu~nn packed with 20 %, Ethofat 
on  chromosorb W. s-Bu2O2 could be eluted undecom- 
posed from this column as well, but its retention time 
coincided with that of toluene. 

A third column which did not decon~pose the peroxide 
and which did separate all the liquid components was 
6' x 114" copper packed with 15% Ethofat plus 15% 
di-isodecyl phthalate on chromosorb W. Because of the 
high loading, however, elution times were inordinately 
long, and the peak for s-Bu202, especially, was too flat 
a t  low concentrations to perrnit accurate integration. 

For solid components, a 6' x 1/4" copper column 
packed with Apriezon N on chromosorb P was used. 

Gaseous products were analyzed on the following 
colun~ns: hydrogen, activated charcoal; methane and 
carbon monoxide, n~olecular sieve 13X; ethane, de-acti- 
vated silica gel ; butane, 20 % squalane on chromosorb W. 

With the helium carrier gas, the hydrogen peak areas 
did not increase linearly with concentration, and it was 
necessary to plot calibration curves. 

For all g.1.c. determinations, results were taken as the 
average obtained from three separate injections. Devia- 
tions from the average value were typically t 3-5%. 

Determination of deuterium content in the products of 
deconlposition of the deuterated peroxide was performed 
mass spectrophotometrically by West Coast Technical 
Services. 

see-Butyl peroxydicarbonate was analyzed by iodo- 
metric titration. 

Results 
1. Rates of Deconipositio~ of see-Buty1 Peroxide 

First order rate constants, obtained from the 
linear plots of log [s-Bu202] vs. t (time), for the 
thermal deconlposition of s-Bu202 in toluene. 

benzene. and cyclohexane a t  110-1 50" are shown 
in Table 1.  Plots of log [P, - P,] vs. t (where P 
refers to any one of the major products: acetalde- 
hyde, sec-butanol, 2-butanone, or  bibenzyl) 
were also linear and had slopes agreeing closely 
with those obtained from log [s-Bu20,] vs. t 
plots. The rate constants, though subject to some 
scatter, particularly a t  low initial concentrations 
of peroxide, did not vary in any systematic way 
with [s-Bu20,],, thus suggesting that radical 
induced decomposition of the peroxide was not 
a serious factor. 

As a further check that the peroxide was not 
being attacked by radicals of the type produced 
by its decomposition, toluene solutions con- 
taining 0.1228 Ms-Bu202  and 0.0394 M sec-butyl 
peroxydicarbonate were heated at  80 "C for 4 h 
and at  100 "C for 3 h. This treatment completely 
deco~nposed the peroxydicarbonate but the con- 
centration of s-Bu202 was not changed. (The 
peroxydicarboilate was shown to give freeradical 
type products when thermally decomposed alone 
in toluene but did not yield any s-Bu202 (see 
below)). 

As shown in Table 1, rates and activation 
energies for thermal deconlposition were very 
nearly the same in the three solvents. 

2. Rates of Decon~position of r,a'-Dideutero- 
see-butyl Peroxide 

cc,a'-Dideutero-see-butyl peroxide was pre- 
pared by first reducing butanone with LiAlD, to 
yield 2-deutero-2-butanol. The dialkyl peroxide 
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TABLE 2 

Rate constants for the thermal decomposition of 
a,af-dideutero-see-butyl peroxide in toluene 

Temperature 
IS-BUZ~Z-dz 10 "C lo3 k ,  min-' E. kcal 

resulted from the treatment of the alcohol meth- 
anesulfonate with H 2 0 2  (see Experimental). 

The deuterated peroxide was decomposed in 
toluene at 110, 135, and 150 "C. The first order 
rate constants are shown in Table 2. Values for 
k,/k, (here defined as the rate constant for the 
non-deuterated species divided by that for the 
deutero compound) were respectively 1.83, 1.53, 
and 1.56 at  the 3 temperatures. The activation 
energy of decomposition in toluene was found to 
be 37.2 kcal/mole. 

3. Products of Decomposition of sec-Butyl 
Peroxide in the Liquid Phase 

3.1. Decompositions in Toluene, Benzene, 
and Cyclohexane 

Both gaseous and liquid products of the ther- 
mal decomposition were analyzed by g.1.c. 
Preliminary results were obtained by analysis of 
the contents of the ampoules used for rate studies 
but more precise measurements were obtained 
by decomposing larger samples in 100 ml bulbs 
(heated for a time equal to at least 10 half-lives). 
Analysis of the rate study samples showed that 
the nature of the products did not change, either 
qualitatively or quantitatively3 during the course 

3This was only approximately true for acetaldehyde, 
a small fraction of which underwent radical attack 
yielding CH5 + CO. 

of reaction, so that the products after complete 
decomposition could be considered valid. 

Most work was done on the products of de- 
composition in toluene. These, as shown in Table 
3, were sec-BuOH, acetaldehyde, methyl ethyl 
ketone, bibenzyl, methane, ethane, and carbon 
monoxide. 

Analysis of methane and ethane were hampered 
by the solubility of these gases in the liquid phase. 
The yield of ethane seems particularly low (see 
Discussion). More accurate results could have 
been obtained, no doubt, with further work, but 
it was felt that these were less relevant to the main 
argument than other information. 

Butane (not shown in Table 3) was found in 
trace amounts and another relatively small 
unidentified peak on the gas chromatogram was 
tentatively ascribed to alkylated biphenyls. 
Xylenes were not formed, nor apparently were 
any other substances not tabulated or mentioned 
here. 

Those products of decomposition in benzene 
and in cyclohexane which could be measured 
accurately are shown in Tables 4 and 5. Biphenyl 
was formed when s-Bu202 was decomposed in 
benzene, but was not readily determined quanti- 
tatively since it appeared in the tail of the toluene 
peak in g.1.c. analyses. Decompositions in cyclo- 
hexane produced several materials (appearing 

TABLE 3 
Products of the decomposition of see-butyl peroxide in toluene at 110-150 "C 

Methyl 
Acet- ethyl sec- 

Tempera- Concentra- HOzt CH5$ COj: CzH,f aldehyde$ ketone$ Butanolj: Bibenzylt 
ture "C tion* ( A) (%I (%I (%) (%) ( %) (%) ( %) -- -- - - - - -- - - 

- - 

*Initial concentration of s-Bu202 mole/l. 
t% yield based on decomposed peroxide, assuming 1 mole peroxide gives 1 mole of product. 
5 % yield based on decomposed peroxide, assuming 1 mole peroxide gives 2 moles of product. 
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TABLE 5 

Products of the decomposition of see-butyl peroxide in cyclohexane at 140 and 150 "C 

Temperature Concentration* Acetaldehyde? Methyl ethyl see-Butanolt 
("c) (mole/l) ( %) ketone? (%) ( %) 

140 0.1709 2 . 5  22.3 52 
150 0.1709 4.5 19.9 47 
--- 

*Initial concentration of S-Bu202 in mole/]. 
t % yield based on decomposed peroxide assuming 1 mole peroxide gives 2 moles product. 

as peaks in g.1.c. analyses) which were not identi- 
fied. Hydrogen, methane, carbon monoxide, and 
ethane were products in amounts which seemed 
roughly comparable to yields in other solvents, 
but were not analyzed quantitatively. 

3.2. Decompositiorzs in Mineral Oil 
A 0.1974 M solution of see-butyl peroxide in 

mineral oil was heated at 130 "C for about 4 days 
(complete decomposition). The analysis of the 
gas phase showed yields of 22.5 % Hz, 6.8 % CH,, 
and 7.5 % CO, based on decomposed peroxide. 

3.3. Decompositions of a,al- Dideutero- 
see-butyl Peroxide in Toluene 

Gaseous products and the amount of PhCH2D 
formed in the decomposition of the deuterated 
peroxide were analyzed mass-spectrographically 
by West Coast Technical Service (Table 6). 
Bibenzyl was analyzed by g.1.c. The other prod- 
ucts were not analyzed quantitatively, but 
appeared not to differ qualitatively from those 
from non-deuterated peroxide. 

3.4. Photolytic Decompositions of see-Butyl 
Peroxide 

Solutions of s-Bu202 in toluene were photo- 

TABLE 6 

Products from thermal decon~position of 5.08 
mmole of dideutero-see-butyl peroxide in 

20 g of toluene at 130 "C 

Product* mmole (%) 

*Analysis of gaseous products and FhCH2D by West 
Coast Technical Service. 

t"/ yield based on 1 mole peroxide gives 1 mole product. ~2 yield based o n  1 mole peroxide gives 2 moles product. 

lyzed by irradiation with an AH-3 mercury vapor 
lamp, (temperature, 35 "C), following the method 
used by Kieffer and Traylor (13) for the photolysis 
of t-Bu202. A possible complication was found 
to obscure interpretation of the products in that 
methyl ethyl ketone could be readily photolyzed 
under these conditions. Insertion of 3 approxi- 
mately 1 mm layers of pyrex glass (including the 
lamp jacket) appeared to minimize this compli- 
cation; i.e., photolysis of solutions of methyl 
ethyl ketone in toluene under these conditions 
gave no products involving solvent. 

As a further precaution, photolyses were 
carried to only a small fraction of total peroxide 
decomposition. 

The products of photolysis, shown in Table 7, 
consisted of methyl ethyl ketone, s-BuOH, 
acetaldehyde, and bibenzyl. 

No gaseous products were detected even when 
30 ml of 0.2 M solution of see-butyl peroxide in 
toluene was photolyzed for 5 h, (90% decom- 
position of s-Bu202). 

While the yield of bibenzyl seems to be easily 
interpretable (see Discussion) the difference in 
acetaldehyde yields is puzzling. 

4. Products of Decomposition of see-Butyl 
Peroxide in the Gas Phase 

An ampoule containing 0.1 1296 g of s-Bu202 
was broken inside an evacuated 500 ml bulb 
and heated at 130 OC for 4 days. (At this tempera- 
ture all the peroxide appeared to be in the gas 
phase.) Gas analysis showed a bare trace of hydro- 
gen estimated to be no more than 0.03 % (based 
on decomposed peroxide). Yields of CH, and CO 
were 0.3 and 0.4 % respectively. 

The vapors of 0.28064 g toluene and 0.17944 g 
s-Bu20, were decomposed in identical manner. 
Again a bare trace of hydrogen was produced 
together with 0.7 of CH, and 1.1 % of CO. 

No attempts were made to detect or determine 
the other products of decomposition. 
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TABLE 7 

Products of photolytic decomposition of see-Bu202 

Run 1 Run 2 

Concentration of s-Bu202 (t = 0) [MI 0.192 
(I = a) [MI 

Concentration of s-Bu,O, 0.123 
Decomposed s-Buz02 In?] 
Acetaldehyde* (%) 
Methyl ethyl ketone* (%) 
see-Butanol* (%) 
Bibenzvli (%) 

* % yield based on 1 mole peroxide gives 2 moles product. 
$ % y~eld based o n  1 mole peroxide gives 1 mole product. 

TABLE 8 

Products of decomposition of see-butyl peroxydicarbonate in toluene 

Concentra- 
Temperature tion* Acetalde- Methyl ethyl see-Butanolt Bibenzyl: 

PC) ( X  M )  hydet (%) ketone? (%) (%I  s - B u z O ~ ~  (%I  (%) 

3 5 6.10 0 5.8 87.5 0 72.0 
46 7.83 Trace 14.3 85.4 0 65.4 

110 7.83 1.7  10.8 78.5 0 54.0 

*Initial peroxydicarbonate concentration. 
t % yield based on I mole peroxide gives 2 moles product. : % yield based on 1 mole peroxide gives 1 mole product. 

5. Decomposition of Di-sec-butyl 
Peroxydicarbonate 

Since the photolysis of s-Bu202 gave less cer- 
tain results than had been expected, several 
thermal decompositions of di-sec-butyl peroxy- 
dicarbonate were carried out in the hope that 
these would demonstrate the behavior of sec- 
butoxy radicals at room temperature. (Table 8). 

Its decomposition in toluene gave rather high 
yields of bibenzyl, but no hydrogen or other gases 
apart from CO,, and no s-Bu,O,. Among the 
decomposition products were 3 unidentified 
compounds, but their concentrations were very 
small. 

Discussion 

1. Induced Decomposition of s-Bu20, 
The thermal decomposition of t-Bu202 appears 

uncomplicated by radical-induced decomposition 
(14), and chain transfer experiments in poly- 
merizing styrene (1) have shown that s-Bu202 is 
no more readily attacked by free radicals than 
t-Bu202 is. However, radical-induced decom- 
position has been suggested to explain why 
s-Bu202 decomposes about 7 times as fast in 
solution as in the gas phase (where initial peroxide 
concentrations were much lower) (2b). 

The fact that thermal decomposition ofs-Bu202 
in solution shows true first-order kinetics is not 
sufficient to rule out induced decomposition (2e), 
but the additional evidence reported here is 
fairly convincing. Most important is the imper- 
viousness of the peroxide to radicals produced 
from decomposition of sec-butyl peroxydicar- 
bonate. But it may be noted as well that the 
products of decomposition include substantial 
amounts of solvent dimer (Table 3) and that the 
rate of decomposition in alkane solvents is the 
same as in benzene or t o l ~ e n e . ~  A more precise 
evaluation of the rate of decomposition in the 
vapor phase is needed, but the reaction in solu- 
tion, if indeed much faster, cannot be attributed 
to induced decomposition. Published E,'s and A 
factors for thermal decomposition of other 
dialkyl peroxides in the vapor phase agree quite 
well with those for s-Bu20, in solution (Table 9, 
Table 1). 

2. The Mechanism of Hydrogen Fonnafion 
Formation of molecular hydrogen from the 

thermal decomposition of a-hydroxy peroxides 

4For hydroperoxides at least, alkane solvents promote 
the radical-induced reaction and give much faster decom- 
position rates (2e). 
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TABLE 9 
Rate parameters for thermal decomposition of dialkyl peroxides 

in the vapor phase 

Peroxide E, kcal/mole A s-' Reference 

OH 
I RCHO t RrC02H t Hz 

R02H - R'CHO + R02CHRr < 
other products 

is well documented. First detected by Blank and 
Finkenbeiner (8) in the reaction of hydrogen 
peroxide with formaldehyde in basic solution, 
the generation of hydrogen was traced to the 
bis(hydroxymethy1) peroxide intermediate and 
later shown to be general for peroxy hemiacetals 
(eq. [9]) (7,9-11). Pyrolysis of solid bis(hydroxy- 
methyl) peroxide yields 6 0 4 5 %  of H, (21); a 
40-60% yield is obtained from thermal decom- 

OH 
I 

position of n-Bu0,CHPr in a-methylstyrene 
solution (10). Vapor phase decomposition of 
bis(hydroxymethy1) peroxide produces only 1-4 % 
of H, however, (1 la). 

A concerted mechanism involving a cyclic 
6-membered ring transition state (eq. [lo}), 
originally proposed by Wieland and Wingler (21) 
has gained general acceptance as a result of a 
series of elegant papers by Durham and co- 
workers (7, 10) on the thermal decomposition of 
primary alkyl hydroperoxides. As would be 
expected for such a mechanism, very low A factors 
were obtained, consistent with a sterically con- 
strained transition state; replacement of the 
relevant hydrogens by deuterium resulted in the 
production of D, with a kinetic isotope effect 
of 3.2-3.9 (106). 

Treating the decomposition as the sum of two 
separate reactions ; k,  = k,  (hydrogen formation) 
+ k,  (0-0 homolysis to radicals), and com- 
bining the data of Tables 1 and 3, we obtain: 

k - 1012~-31.0/RT 
H - 

While hydrogen formation thus does exhibit a 
lower activation energy than the homolysis reac- 
tion and the A factor is lower by lo3, this is barely 
below the range of "normal" A factors for uni- 
molecular reactions and not very convincing for 
severe constraint in the transition state. 

a,af-Dideuterated peroxide decomposed some- 
what slower than the non-deuterated species, 
and did produce D, (together with a little H-D 
consistent with the small percentage of mono- 
deuterated impurity present (Experimental)). 
But the yield of D, (+HD)  differed little from 
the H, yield from the non-deuterated compound. 
Again treating the system as two separate reac- 
tions, eq. [I I], at 135 "C in toluene, k,(,, = 7.32 
x min-', k,(,, = 1.95 x min-l, 
k,(,, = 5.95 x low3 mine', and k,(,) = 1.16 x 

min-l, (where (H) and (D) refer to the non- 
deuterated and deuterated species respectively). 

H H OH H-H /OH 0 
\ II 

[lo] '4 '6 -+ C=O Hz + 2 EtCMe 
1 \2-~/ \ / F\ 

0 s - B L I ~ O ~  
2 s-BuO' 

At the outset we expected that hydrogen genera- 
tion in the decomposition of s-Bu,O, would If k,  refers to simple homolysis, its isotope rate 
exhibit the same characteristics; it did not. effect can be termed "secondary" and if k, is a 
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HIATT AND SZILAGYI: HOMOLYTIC DECOMPOSITION 

I I 
2 EtCMe + Hz 

concerted molecular reaction, the effect would be 
"primary". Thus the secondary isotope effect is 
1.47 and the primary 1.68. While it is difficult to 
say what these effects should be, the "secondary" 
effect seems rather highs and the primary effect, 
quite low. 

A more critical appraisal of the results of 
Mosher and Durham (10) in the light of these 
findings leads to a heightened appreciation of 
these authors' own reservations. The "first-order" 
rate constants for overall decomposition, and for 
Hz  evolution (and Hz yields) vary considerably 
with changes of initial concentration of peroxy 
hemiacetal. It seems quite possible that even at 
low concentrations, the decomposition was not 
unimolecular, thereby making A factors calcula- 
ted on an assumed first-order reaction highly 
questionable. The determination of deuterium 
isotope rate effects was complicated by not having 
isotopically pure compounds. While the assump- 
tions necessitated, re composition of the mixture, 
in order to calculate kH/k,  values seem reason- 
able, the relative amounts of H,, HD, and D, 
actually produced did not agree with the kH/k,  
ratios so obtained, as Durham and Mosher them- 
selves point out (lob). 

5Secondary deuterium isotope rate effects for radical rt 

In short, it appears that kinetic isotope effects 
and A factors for decomposition (insofar as 
these have been measured) do not give convincing 
support for a cyclic concerted mechanism, nor do 
they disprove it. 

The strongest evidence against the cyclic mech- 
anism is the drastic diminution of hydrogen 
yield when the peroxides are decomposed in the 
vapor phase.6 Conceivably solvents could stabi- 
lize cis conformation of the peroxide, supposing 
that the vaDor conformation was skew. an 
explanation ;hat, while it would also rationalize 
the normal A factors, doesn't seem very plausible. 

A much more obvious possibility is that the 
hydrogen is formed in a solvent cage after the 
initial 0-0 homolysis (eq. [12]). However, this 
is not tenable in the light of other evidence: (i) 
increasing the solvent viscosity substantially by 
using mineral oil instead of toluene or benzene 
produced no increase in Hz yield; (ii) photolyses 
of s-BuzOz at 35", which presumably at some 
stage produces two s-BuO. radicals in a solvent 
cage,7 gave no Hz. Furthermore, for such a 
mechanism, the decomposition rate differences 
between deuterated and non-deuterated peroxide 
would be entirely secondary effects on 0-0 

:actions can be cited for comparison: 

6The H, yield may in fact be zero. Neither our own experiments with s-Bu,OZ nor those of Jenkins and Style 
(Ila) with (HOCHz-O-)Z were so sophisticated as to rule out a small amount of decomposition of liquid or 
solid peroxide on the reaction chamber walls. Unfortunately Durham and Mosher did not extend their work to vapor 
phase studies. 

7We cannot be sure whether these photolyses were direct or sensitized by solvent and/or products such as 
2-butanone, nor how nearly comparable these results are to a thermal reaction. Yields of cage products from thermal 
decompositions not infrequently differ from photolysis yields (25a, b)  and the latter may differ from one sensitizer 
to another (256, c ,  d). However, the differences are qualitative rather than absolute. For this reason we feel that our 
photolytic results do support the conclusion that hydrogen formation is not preceded by 0-0 homolysis. 
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624 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

cleavage.' The measured rate ratios, k,(,,/k,(,,, 
of 1.83, 1.55, and 1.56 at 110, 135, and 150 "C 
respectively, appear much too large for solely 
secondary effects. 

A third alternative, suggested by the vapor 
phase results, is a polar, or perhaps even ionic, 
transition state leading to H, formation. To 
check this, s-Bu,O, was decomposed at 140" in 
acetonitrile. The result, a yield of hydrogen the 
same as that obtained with toluene or benzene as 
solvents, dampened further speculation along 
this line. 

Thus, in the end, our results seem to have dis- 
qualified all the available mechanisms, possibly 
excepting the concerted cyclic pathway if modi- 
fied by as yet untested conformational effects. 

3. Products fiom tlze see-Butoxy Radicals. 
Escape fvorn the Solzient Cage 

Assuming that the reaction 

is at least a separate and distinct pathway for the 
decomposition, attention can be focussed on the 
other products. These, which account for about 
80 % of the thermal decomposition at 1 50°, 70 % 
at 1 lo0, and 100 % for the photolytic decompo- 
sition at 35 "C, can be ascribed to sec-butoxy 
radicals with fair confidence since induced 
decomposition of the peroxide was negligible. 

The alkoxy radicals would be initially formed 
within a solvent cage and could do any of three 
things: (i) diffuse apart and out of the cage; (ii) 
disproportionate to butanone plus 2-butanol 
within the cage; (iii) recombine to s-Bu,O,. (No 
estimation of s-Bu,O, formed by recombination 
is possible from this work; it being indistinguish- 
able from unreacted starting material). 

A measure of the percent of s-BuO escaping 
from the cage is the amount of solvent dimer 
formed, supposing the following reactions to be 
efficient. 

[I61 2 S. -t S-S 

(where SH is solvent) 
Thermal decomposition of t-Bu,O, in toluene at 
100 "C has been shown to yield 100% of the 
theoretical amount of bibenzyl(2b), and bibenzyl 
yield has been used to estimate the numbers of 
free radicals formed from thermal decomposition 
of hydroperoxides in toluene solution (2e, 24). 

In other circumstances, however, the bibenzyl 
yield has been less than quantitative; thermal 
decomposition of t-Bu,O, in toluene at 150 "C 
and above gives gradually decreasing bibenzyl 
yields as the temperature is varied (2e). We have 
found that pyrolyses of di-t-butyl peroxalate in 

8This is not necessarily so if there is a competition, 
s-Bu2G2 + [2 s-BuO.] -* 2 MEK + H2 

However, if the observed isotope rate effects derived 
from this, the yield of H, should be substantially greater 
than the D, yield, which was not the case. 

toluene at 45-60" produces only - 80% of the 
expected amount of bibenzyl (26). Similar 
pyrolyses of sec-butyl peroxydicarbonate (Table 
8) give low bibenzyl yields. Nevertheless, the 
yield of bibenzyl must represent a lower limit for 
the numbers of radicals escaping the cage. 

In Table 10 the bibenzyl yield from decompo- 
sitions of s-Bu,O, in toluene is given as a per- 
centage of the peroxide decomposing by the 
radical route, showing that nearly half (at least) 
of the s-BuO. radicals escape from the solvent 
cage. No more than half of the s-BuO radicals 
then, disproportionate to butanone + butanol 
in the cage. 

Other considerations, however, suggest that 
this is a gross exaggeration of cage dispropor- 
tionation. Another method of computation 
which gives much smaller numbers is to assume 
that all the butanone is formed either in the cage 
or by the non-radical route (giving H,). The fifth 
column of Table 10 has been calculated on this 
basis: cage disproportion = (MEK yield - H, 
yield) x 2 (to include the equivalent amount of 
s-BuOH formed). The values thus obtained 
decrease gradually with increasing temperature, 
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HIATT AND SZILAGYI: HOMOLYTIC DECOMPOSITION 

TABLE 10 
Estimations of disproportion of src-butoxy radicals in the solvent cage from products 

of thermal decomposition in toluene 

s-Bu20,-H, Bibenzyl Cage 
Temperature yield yield* Difference disproportion? 

CC) ( %) ( %) ( %) ( %) 

*Based on total peroxide decomposed, assunling 1 mole peroxide gives 1 mole bibenzyl. 
0 

I I 
?Calculated from yields of butanone; cage disproportion = 2 [ %  Et C Me - U/, HZ]; values from Table 3. 

paralleling the decrease in solvent viscosity, in a 
fashion similar to that measured for cage recom- 
binations of 2 t-BuO.'s (2b, 27). They looked 
quite good in fact, until analysis of the products 
from decomposition of deuterated peroxide in 
toluene indicated that some butanone was formed 
by radical-radical reactions outside the cage. 

As shown in Table 6. decom~osition of 5.08 
mmole of dideutero-sec-butyl peroxide in toluene 
produced 1.56 mmole of PhCH,D. This could not 
have come from attack of benzyl radicals on the 
peroxide, since induced decomposition is negli- 
gible. Some probably resulted from benzyl 
radical abstracting from CH,CDO, but the 
results (taking into account also the small 
amounts of CH,D and C,H,D formed) indicate 
that about 1.3 mmoles must have arisen in some 
other way. The only other way that seems 
possible9 is disproportionation between benzyl 
radicals and see-butoxy radicals. 

Unfortunately the yield of MEK was not mea- 
sured in this experiment. If it had been the same 
as for non-deuterated peroxide, there would 
have been 3.08 mmoles. About 2.02 mmoles of 
this would have been formed by the part of the 

- 

gThe possibility that benzyl radicals attack the product, 
2-deutero-2-butanol was considered but thought unlikely 
since the peroxide itself is not attacked. Russell and 
Brown (28) found that benzyl radicals would not even 
abstract deuterium from a-deuterotoluene. 

decomposition leading to D, + 2 MEK, leaving 
1.06 mmoles to be accounted for as a ~ r o d u c t  of 
sec-butoxy radicals. 

It has been suggested above that all of this 
arose via cage interactions of 2 s-BuO.. But it 
now appears that more than this amount can be 
accounted for from non-cage interactions of 
benzyl and s-BuO.. 

These calculations are admittedly crude, but 
show, as a very real possibility, no cage dispro- 
portionation of sec-butoxy radicals to butanone 
plus sec-butyl alcohol at all. This is an uncom- 
fortable conclusion and a little difficult to swallow 
in view of well established proclivities for alkyl- 
alkyl (25a, 29) and alkyl-alkoxy (300) radical 
pairs to disproportionate as well as combine. We 
make i t  not as a pronouncement but as a spur to 
further research, there being, so far as we can tell, 
no unambiguous demonstration that dispropor- 
tionation between two alkoxy radicals occurs 
with any degree of facility. The disproportiona- 
tion1combination ratios quoted by Gray et al. 
(30a) for ethoxy (1211) and methoxy (9.311) (31) 
are based on the assumption that two alkyl 
peroxy radicals initially yield two alkoxy radicals 
plus 0,. The one thing demonstrated conclusively 
by our work is that this supposition is untrue for 
other than tertiary peroxy radicals. 

A referee has suggested De Sousa's work with 
dibenzyl hyponitrite (32) to be sufficient proof 
for cage disproportionation of alkoxy radicals. 
True enough, the virtually constant 50 % yield of 
benzaldehyde over a 200-fold range of initial 
concentrations of hyponitrite in cyclohexane is 
impressive; the strong implication is that all the 
benzyloxy radical pairs disproportionate (32b). 
But a year later (32c) De Sousa blithely destroys 
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TABLE 11 
Yields of s-BuOH and acetaldehyde from s-BuO 

s-BuOH* AcH/s-BuOH* 
Tempera- --- 
ture PC) a? bl: AcH P a? bt  

* % yield of s-BuOH from decomposition of S-Bu202 in toluene. 
?Neglecting s-BuOH assumed to result from cage reaction. 
$Total s-BuOH. 
§Including that found as CH, i- CO. 

his argument, nonchalantly mentioning that 
decomposition of dibenzyl hyponitrite in toluene 
produces a "good" yield of bibenzyl. Unfortu- 
nately he does not divulge just how good the 
yield was. 

4. Cleavage of sec-Butoxy Radicals and 
Subsequent Reactions 

Consideration of the products of decompo- 
sition (Tables 3, 4, and 5) together with the pre- 
ceding discussion suggests the following pattern 
for s-BuO. radicals which have escaped the 
solvent cage. 

[I81 s-BuO- + SH (solvent) -z s-BuOH + S. 

[21] AcH + R. (any radical) + A c  + RH 

[22 1 A c  + M e  + CO 

123 1 Me. (Et.) + SH + S. + MeH (EtH) 

The nearly equal yields of CH, and CO in all 
the analyses make acetaldehyde seem a reason- 
able precursor. sec-Butoxy radicals could also be 
a source of Me., of course, but no trace of 
propionaldehyde was found, indicating that 
s-BuO. cleavage was solely to acetaldehyde and 
ethyl radicals. 

The acetaldehyde vs. s-BuOH yields in toluene 
at different temperatures (Table 3) permit an 
estimation of the difference in activation energies 
for the competing cleavage and hydrogen abstrac- 
tion reaction. 

- - A 1 (E2 - El) - -- 
A,[PhCH3] R T  

where AcH represents acetaldehyde, and k ,  and 
k ,  the rate constants for scission and abstraction, 
respectively. 

Plotting log [AcH]/[s-BuOH] vs. 1/T should 
give a straight line with slope equal to (E2 - 
El)/2.303 R .  

Acetaldehydels-BuOH ratios were calculated 
on two bases, (Table l l ) ,  (a) that all s-BuOH 
came from non-cage reaction of s-BuO., (b) that 
some s-BuOH did come from cage reactions (as 
calculated for column 5, Table 10) and therefore 
should be subtracted from total s-BuOH. 

Plots of log ([AcH]/[s-BuOH]) calculated on 
either basis vs. 1/T were linear and both gave 
E, - El = 5.2 - 5.4 kcal. The value is consider- 
ably smaller than that measured for t-BuO. 
(1 1.3 kcal) (30b) but is comparable to the activa- 
tion energy difference (6-7 kcal) for cleavage of 
i-Pro. vs. its abstraction from ethyl isobutyrate 
(30b). 

5. The Fate of Ethyl and Methyl Radicals 
Most methyl and ethyl radicals produced in 

toluene solution abstracted hydrogen from 
toluene, though as shown by the products from 
deuterated peroxide (Table 6) some attack on 

0. 

AcD or Et C D Me occurred. No xylenes or ethyl 
toluenes were produced, nor were any products 
of benzyl radical coupling with methyl or ethyl. 

The poor product balances for methyl and 
particularly for ethyl seem largely associated 
with experimental difficulties in determining 
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HIATT AND SZILAGYI: HOMOLYTIC DECOMPOSITION 627 

methane and ethane, respectively. Decompo- 
sitions in benzene produced both toluene and 
ethyl benzene but toluene accounted for less than 
half of the methyl radicals and ethyl benzene for 
less than 1/30 of the ethyls not found as methane 
or ethane, respectively. 
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Thermolysis of some 2,3-diazabicycIo[3.3.O]octene systems 

MANFRED P. SCHNEIDER AND ROBERT J. CRAWFORD 
Departmerit of Chemistry, U?iicer.sity of Alberta, Edmonton, Alberta 

Received August 11, 1969 

The kinetics and products of thermolysis of 2,3-diazabicyclo[3.3.0]oct-2-ene (I), 2.3-diazabicyclo- 
[3.3.0]octa-2,7-diene (2), and exo-4-n~ethyl-2,3-diazabicyclo[3.3.0]octa-2,7-diene (3) are described and 
compared with previously studied pyrazolines. The secondary kinetic isotope effects of 1-d, and 2 4 ,  
have been measurcd. The synthesis and nuclear magnetic resonance spectra of these compounds and their 
thermolysis products are discussed. 

C a n a d ~ a n  Journal of Chemistry, 48, 628 (1970) 

Introduction 

The thermolysis of simple alkyl-1-pyrazolines 
has been suggested to proceed via the formation 
of a trimethylene intermediate (1) having a 0,O 
geometry (2). We wish to report further studies 
on the thermolysis of alkyl-1-pyrazolines in the 
gas phase, in particular a series of bicyclo azo 
compounds that do not readily achieve the desired 
0,O geometry. A comparison of products and 
kinetic parameters with previously studied 
pyrazolines is also reported. 

Results and Discussion 

The addition of diazomethane to cyclopentene 
produces 2,3-diazabicyclo[3.3.0]oct-2-ene (1) in 
good yield (3). Similarly the addition of diazo- 
methane to cyclopentadiene produced 2,3-diaza- 
bicyclo[3.3.0]octa-2,7-diene (2). Preparation of 
diazomethane-d, and addition to cyclope~ltene 
and cyclopentadiene permitted the synthesis of 
1-d2 and 2-d,. The nuclear magnetic resonance 
(n.m.r.) spectrum of the adduct 2 displayed a 
signal of integrated intensity corresponding to 
3 protons in the vinyl proton region of the spec- 
trum. The observation of a proton, other than 
the vinyl protons, at even lower field, 6 5.65, then 
the C-3 proton of 3-vinyl-1-pyrazoline at 6 4.80 
(4a) rather than in the region of the tertiary proton 
on C-3 of cis, or trans-3,4-dimethyl-1-pyrazoline 
(6 4.04 and 3.85 respectively) (4b) lead us to the 
assignment of structure 2 rather than %a for the 
adduct of diazomethane to cyclopentadiene. 
This is the same mode of 1,3-dipolar addition as 
has been observed for diazomethane with 1,3- 
butadiene and 2,3-dimethyl-1,3-butadiene (4a). 
The structure %a would be expected to have only 
2 protons at low field and to show protons at 

approximately 6 4.0. The dideuterio derivative 
2-d2 gives rise to no signal in this region of the 
spectrum. These along with kinetic observations 
(see below) are compatible with 2 but not 2a. 

The addition of diazoethane to cyclopentadiene 
produced, on purification, only the exo-4-methyl- 
2,3-diazabicyclo[3.3.0]octa-2,7-diene (3), with 
no evidence of the erzdo isomer. The methyl group 
was assigned the exo position on the basis of its 
100 MHz n.m.r. spectrum (Table I). The coupling 
constants between H-1, H-2, and H-3 in 2 serve 
to assist the assignment. The proton of the methy- 
lene group at C-3 that has the smaller coupling 
constant to H-3 was assigned to the position 
trans to H-1 (models indicate a dihedral angle of 
close to 90" for H-1 and H-3). The larger coupling 
of 8.8 Hz between H-2 and H-3 of2 is not observed 
in 3, and only the smaller coupling remains. On 
this basis, and on consideration of the importance 
of steric factors in 1,3-dipolar addition the methyl 
group is assigned to the exo configuration in 3. 

Thermolysis of3 at 200 Torr. and 145" produced 
two compounds 4 and 5 in 38 and 62% yields 
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SCHNEIDER AND CRAWFORD: THERMOLYSIS 629 

TABLE 1 propyl methylene group. The assignments in 
The 100 MHz n.m.r. spectrum of 2 and 3 Table 2 were assisted by the use of 2-d, and 6-d,, 

- and those assignments previously made by Corey 
Chemical Coupling constants 

Proton shift (Hz) and Dawson (5) and Meinwald and Mazzocchi 
-- 

Compound 2 
(6). 

Compound 3 

respectively.' Compound 4 was assigned the exo 
structure and 5 the endo on the basis of their n.m.r. 
spectra (Table 2). Both isomers were observed to 
be stable under the reaction conditions. The cou- 
pling constant of the methinyl proton on C-6 to 
the other cyclopropyl hydrogens is 2.6 Hz for the 
exo compound 4 and 7.3 Hz for the endo isomer 5. 
The thermolysis of 2 produced only 6 and 2-d, 
produced 6-d, having deuterium in the cyclo- 

'Studies at  250' indicate that 4 and 5 are intercon- 
vertible, and that 4 is thermodynamically more stable 
than 5, however conversions to other diene and bicyclic 
products prevent an  exact measurement of stabilities 
from being determined. 

Kinetic data for the gas phase thermolysis of 
1 ,  2, and 3 (at 100 to 200 Torr.) are recorded in 
Table 3. The deuterated compounds 1-d, and 
2-d, used for the n.m.r. assignment are included 
as their kinetic isotope effects confirm those 
previously observed (4a) for 3-vinyl-1-pyrazoline 
and 1-pyrazoline (7). Seltzer has demonstrated 
that for the carbon-nitrogen bond undergoing 
cleavage in the rate-determining transition state 
that AAG' values of the magnitude of 80 to 110 
cal mole-' per deuterium are observed (8). The 
values of AAG* for 1-d, and 2-d, calculated using 
the expression nAAG* = - RTln k,/k,, where 
n = the number of 3-deuterium atoms, are 93 

TABLE 2 

Coupling constants and chemical shifts for the products 4, 5, and 6 

Chemical Chemical 
shift shift 

Compound Proton (6 )  Proton (6) Coupling constants (Hz) 
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TABLE 3 
Kinetic parameters for thermolysis 

Compound Temperature (OC) lo4 k(s-I)  

1 197.9k0.1  3.83rfr0.06 E, = 38 .5k0 .5  kcal mole-' 
210.6 11.6 kO.2 log A = 14.45f 0 .3  
219.9 23.9 k 0 . 4  

kH/kD = 1.21 k0.041. 
1 -d2 219.9 19.7 k 0 . 2  
2 136.2k0.1  3.90+0.06 E, = 37.2 + 0 .3  kcal mole-' 

145.4 10.5 k 0 . 7  log A = 16.47k0.5  
155.9 31.4 k 0 . 5  
160.0 48.5 k 0 . 6  

2-dz 155.3 23.4 k 0 . 4  kH/kD = 1.23+0.04*1 

3 145.4 35.7 kO.8 

*Average of three runs 1.20, 1.26, and I .20. 
?Corrected for 5 "/,-dl 

and 83 cal mole-' respectively. These data along 
with the observation that 3 undergoes thermoly- 
sis 3.5 times faster than 2 indicates that both 
carbon-nitrogen bonds are breaking in the rate- 
determining transition state. 

The products obtained from 1 were identified 
by their retention times on the gas chromatograph 
(g.c.) column and by their n.m.r. spectra on isola- 

tion. They are consistent with those expected from 
a trimethylene intermediate (1). The olefin 
yields, 32 %, are larger in those cases wherein the 
migrating hydrogen atom is attached to a tertiary 
carbon. The failure of 2 and 3 to produce any 
detectable olefin is similar to that of 3-vinyl-l- 
pyrazoline. We consider the olefin forming 
process to be most definitive of the structure of 
the intermediate and the failure of 2 and 3 to 
produce olefins may in fact be due to alternative 
mechanisms. Roth and Martin (9) have recently 
suggested a radical displacement process which 
if applied to 3 would in fact predict the stereo- 
chemistry of the major product (Scheme 1). 
However, such a scheme is incapable of explaining 
the increase in the rate on going from 2 to 3 nor 
does it explain the decrease in rate on going from 
2 to 2-d,. A concerted process of the type "os2 + 
oa2" which is susceptible to a substituent effects 
in a manner analogous to homolytic cleavages is 

also capable of explaining the major products of 
thermolysis. A small decrease in the HC,C, 
bond angle brings one very close to the appro- 
priate geometry. Such being the case we would 

expect a conrotatory mode of ring closure to 
prevail (Scheme 2). An alternative route has 
recently been suggested by Allred and Smith (10) 
using trigonal radicals and is illustrated in 
Scheme 3. The initially formed trigonal center is 
inverted as a consequence of recoil associated 
with the breaking of the two CN bonds. The 
evidence presented is not such that one can dis- 
criminate between these two mechanisms. 

The activation energy for thermolysis of 2 is 
only 1.3 kcal mole-' less than that of 1, in con- 
trast to the 8.8 kcal mole-' decrease observed on 
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going from 3-methyl-1-pyrazoline (7) to 3-vinyl- 
1-pyrazoline (8). Table 4 contains a comparison 
of activation parameters for 1, 2, 3-methyl-l- 
pyrazoline, and 3-vinyl-1-pyrazoline. I t  is inter- 
esting to note the smaller log A value for 8 sug- 
gesting that the transition state involves a 
restriction of rotation about the C,-vinyl bond. 
The change in free energy on going from 1 to 2 

is similar to that found on going from 7 to 8, 
however, this change is primarily in the activa- 
tion energy for the last pair and mostly in the 
entropy, (or log A), term for the first pair, sug- 
gesting that considerably more bond breaking 
has to be achieved to reach the transition state for 
the bicyclic systems than for the simpler cyclic 
pair 7 and 8. 

TABLE 4 

Comparison of saturated and vinyl-1-pyrazolines 

E a  k(s- l) AAGt ' 
Compound log A (kcal mole-') at 200 "C (kcal mole-l) 

a. Free energy change o n  going from saturated t o  the vinyl system. 
b. Extrapolated from data a t  lower temperatures. 
c. Reference 1. 
d. Reference 40. 
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Experimental 
Prepnrntion of2,3- Diazabic~~clo:3.3.0-~0cta-2,7-diene ( 2 )  

A concentrated ethereal solution o f  diazomethane was 
allowed to  react, for 2 days. in a pressure bottle with a 
twofold excess o f  cyclopentadiene. The ether was removed 
under reduced pressure and the residue was distilled at 
25 Torr., the whole fraction boiling up to  75" was col- 
lected. The separation o f  the dicyclopentadiene and 2 
was achieved by chromatography on a Florisil column. 
T h e  dicyclopentadiene was eluted with pentane after 
which 2 was eluted with ether. Vacuum distillation o f  the 
product gave a colorless liquid, b.p. 62" at 7 Torr.. yield 
45 %, nDZ7 1.4993. 

Anal. Calcd. for C,H,Nz: C ,  66.64; H ,  7.46; N ,  25.91. 
Found: C ,  66.49; H, 7.37: N ,  26.43. 

Ultraviolet (u.v.) absorption h,,, 323 r n R  (E 219, 95 % 
C2H,0H) ,  n.m.r. spectrum, see text. 

2,3-Diazabicyclo '3.3.0 octa-2,7-diene-4,4-d2 (2-dz) 
This was prepared in a manner analogous to  that above 

only diazomethane-d2 (11) was used. Thermolysis pro- 
duced 6-dz with all o f  its deuter~um attached to  C-7. 

Prepurntion of exo-4-methyl-2,3-diazabicyclo 3.3.O7octn- 
2,7-diem (3 )  

A n  ethereal solution o f  diazoethane was allowed t o  
react with cyclopentadiene in a manner analogous t o  that 
described above. Upon evaporation o f  the solvent the 
residue was chroinatographed on Florisil, the dicyclo- 
pentadiene being eluted with pentane and the pyrazoline 
with ether. The product 3 was isolated by dist~llation at 
6 Torr., b.p. 69". Mass spectrum, parent peak calcd. for 
C7H,,N,: 122.0844. Found: 122.0845. The n.m.r. spec- 
trum, see text. 

Therrnolysis of 1, 2, nnd 3 and Product Identification 
A sample o f  2 was placed in a pyrex break seal o f  

approximately 18 ml volume, and heated for 10 half-lives 
at 160". The break seal was then attached to  a conven- 
tional vacuum system and the products distilled into a 
trap which was attached to  g.c. system. The g.c. con- 
sisted o f  a 10 ft f3,p'-oxydipropionitrile column, a Gow- 
Mac Model TR-1 I-B, thermal conductivity cell with a 
Gow-Mac Model 40-05C power supply in conjunction 
with a Sargent Model S R  recorder. For larger samples a 
250 n11 break seal systein was used and the product 
trapped in an ampoule. The various components were 

then separated using a Wilkens Autoprep and a 20 ft 
&Of-oxydipropionitrile column. Thermolysis o f  2 pro- 
duced 98.5% o f  6 and 0.5% o f  each o f  three minor 
products which were not identified. The products from 
the thern~olysis o f  1 and 3 are described in text. 

The n.m.r. spectra were obtained on  a Varian Associ- 
ates HR-100. The mass spectra were obtained on an AEI 
MS-9. 

Kinetic Measure~nents 
The reactor system and procedures used have been 

described previously ( 1 ) .  The thermocouple used for the 
temperature measurements was a four-junction Chromel- 
Alumel type with an ice-water reference junction, and 
was calibrated against roll s u l f ~ ~ r ,  tin (anal.), and lead 
(anal.). 

Rates measured gave good first order plots to  90% 
completion, and the starting materials were not observed 
to  isomerize under the reaction conditions. 

The authors acknowledge support from the National 
Research Council o f  Canada and from the Petroleum 
Research Fund o f  the American Chemical Society. 
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Assignments of configuration by nuclear Overhauser effects in some 
dibenzthiepin derivatives 

ROBERT R. FRASER AND FRANCIS J. SCHUBER 
Department of Chemistry, Unicersity of Ottawa, Ottawa, Canada 

Received September 2, 1969 

The configuration of the benzylic protons responsible for each absorption in the nuclear magnetic reso- 
nance spectra of 1,ll-dimethyl-5,7-dihydrodibenz(c,e)thiepn and its S-oxide and S-dioxide have been 
determined by nuclear Overhauser experiments. Successful application of the method was achieved by 
using partially deuterated derivatives for the purpose of removing undesirable relaxation mechanisms 
between protons. Triple irradiation of doublets was also usefully employed. The sulfoxide assignnlents 
arrived at herein reverse the tentative assignments put forth by us (1). It is noteworthy that all experiments 
on the sulfoxide failed when CDCl, was used as solvent. In  DMSO normal nuclear Overhauser effects 
were seen, presumably since sulfoxide dimers are not formed in this solvent. The sulfonium perchlorate 
derivative of the thiepin was also synthesized. The remarkable similarity of its n.m.r. spectrum to that 
of the sulfoxide is interpreted as evidence that the effect of the sulfoxide group on the shifts of neighboring 
protons is due primarily to the "lone pair" on sulfur. 

L'utilisation de I'effet Overhauser nuclkaire a permis de determiner la configuration des protons benzyli- 
ques dans la dimethyl-1,ll dihydro-5,7 dibenz(r,e)thiCpine, aussi que dans le sulfoxyde et la sulfone 
dCrives. Les resultats obtenus pour le sulfoxyde inversent I'attribution de configuration precedemment 
publike (1). 11 est a noter que I'observation d'effets est liee a certaines conditions; (a) utilisation de composCs 
partiellement deutCries afin d'eliminer des phinomenes de relaxation indesirables; (b) dans le cas du sul- 
foxyde les experiences ont Ctt negatives dans CDCl, et positives dans DMSO-4,  solvant dans lequel le 
sulfoxyde n'est vraisemblablement pas sous forme dirnere. La triple irradiation de doublets a aussi etC 
utilisie avec succes. Le perchlorate du methyl sulfonium de la thiCpine a Cte prepare. Son spectre de reso- 
nance magnetique nucleaire presente une grande analogie avec celui du sulfoxyde. Ceci tend a montrer que 
I'effet du sulfoxyde sur le deplacement chimique des protons adjacents est dfi principalement au doublet 
libre du soufre. 
Canadian Journal of Chemistry, 48, 633 (1970) 

We have recently determined the relative rates 
of base-catalyzed hydrogen-deuterium exchange 
of the diastereotopic protons in the S-oxide, 2 
and S-dioxide 3 of 1,ll-dimethyl-5,7-dihydrodi- 
benz(c,e)thiepin (1) (1, 2). The three compounds 
are ali conformationally frozen (3), a property 
which allows a correlation between the observed 
rates and configuration of the exchanging pro- 
tons to be made. This paper describes the deter- 
mination of configuration of each benzylic 
proton in 1, 2, and 3 by use of the nuclear Over- 
hauser effect (n.0.e.) (4). Previously, in the rigid 
7,12-dihydropleiadene system, n.0.e. experi- 
ments provided assignments of configuration to 
the benzylic protons therein (5). A second topic, 
that of the magnetically anisotropic shielding 
influence of a sulfoxide group, is discussed 
particularly with reference to the observed shifts 
in 1,2, 3, and in the derived sulfonium salt 4. 

Compounds 2, 3, and 4 were prepared from 
the thiepin l(3) by standard methods. The nuclear 
magnetic resonance (n.m.r.) spectra of com- 
pounds 1-4 were measured in deuterochloro- 
form and in DMSO-d6 (except for 4). The 
chemical shifts in 6 units and coupling constants 
in Hz were determined by exact analysis of the 

AB spectra and are presented in Table 1. The 
benzylic protons of each compound are num- 
bered in order of their appearance from low to 
high field. See, for example the spectrum of 2, 
(Fig. I), Although the shifts will be discussed in 
detail later, the effect of changing solvent from 
CDC1, to DMSO-d, is seen to be very large for 1 
and 3, a result of considerable practical impor- 
tance. This large shift separation between-the 
benzylic protons in DMSO-d6 allowed the n.0.e. 
studies to be easily carried out. It is interesting 
to note that in 3 the benzylic protons actually 
cross over from one solvent to the other. This 
was proven by a study of selectively deuterated 3 
in both solvents. 
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TABLE 1 
Nuclear magnetic resonance parameters for 1 4  

-- 

Compound Solvent Aromatic region* Benzylic region* CH3 region* 

7.20 s 
7.246 and 7.200 

Unchanged 
H, = 4.279 

Assignments unknown 

*s = singlet; m = multiplet. 
+Shifts did not change measurably compared with those of a 5 %  solution 
$H, assignments made from n.0.e. results. 

Nuclear Overlzauser Effects 
It has been shown that enhancement of the 

signal intensity for a proton A occurs on irradia- 
tion of a proton B provided that the main 
relaxation mechanism for A is a direct dipole- 
dipole interaction with B (4). If this is the only 
mechanism a 50% enhancement (n.0.e.) will 
occur. Competing mechanisms for relaxation of 
A (other neighboring protons, solvent protons, 
oxygen, etc.) decrease this n.0.e. One method of 
removing undesired relaxation mechanisms is to 
replace the offending protons by deuterium 
atoms since the dipole-dipole contribution to 
T I ,  the spin-lattice relaxation time, is given by 
1/TlAB = h2yA2yB27/d6 where y, represents the 
magnetogyric ratio of proton A, similarly y, for 
B, 7 is the correlation time for random molecular 
motion and d is the internuclear distance be- 
tween A and B. Thus a decrease in y, by deu- 
terium substitution results in reduction of l/TIAB 
to 1/42 its original value. The l / d6  dependence of 
dipole-dipole relaxation is responsible for the 
fact that n .0 .e . '~  are not normally observed for 
protons separated by more than 3 (4,6). 

In  compounds 1-3 one of each pair of diastereo- 

topic protons (that with the pro-S configuration 
in the R-biphenyl) lies much closer to the ortlzo 
aromatic proton than the other, the distances 
measured from Dreiding models being 2.4 and 
3.6 A respectively. In these compounds it is 
obvious that the proton which gives the larger 
n.0.e. on irradiation of the ortho aromatic pro- 
ton will have the pro-S configuration in the R- 
biphenyl. 

A sample of 1 having deuterium in the meta 
positions of both rings was prepared to prevent 

TABLE 2 
Nuclear Overhauser effect results 

for 1 (H,, = D) 
-- 

Nuclear Overhauser effect 
Proton 

irradiated H, Hz H, 

Ho 8 -5  - 
HI* - 60t 23 
HZ* 40 - - 5 

*Triple irradiation was performed by tuning 
an oscillator to each line of the doublet for H, 
(or H2). 

?A value of 47% was obtained on  the same 
sample but using a different HA-100 by Dr. R. 
A. Bell and Mr. J. K. Saunders. 
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relaxation of the ortho protons by the meta pro- 
tons. In addition it simplified the aromatic 
proton absorption into four singlets. This 
allowed irradiation of the ortho proton absorp- 
tion to be performed. The results of n.0.e. 
experiments on 1 are given in Table 2. The 
observations are that there is a larger n.0.e. 
between H, and HI than between H, and H, both 
in experiments observing n .0 . e . ' ~  for H,, and in 
observing n .0 . e . ' ~  for HI  and H, on irradiation 
of H,. We can conclude that H, is closer to H, 
and therefore has the "pro-S in R" configuration. 
We wish to point out that this collclusion is con- 
firmed by the n.0.e. results on 2 coupled with the 
chemical interrelation of 1 with 2. The negative 
sign for the n.0.e. of H, on irradiation of H, is 
not unusual and its origin has been discussed (7). 
The fact that the n.0.e. for HI on irradiation of 
H, is smaller than that for H, on irradiation of 
HI  is a reflection of a dominating relaxation 
between HI and H,. We determined the gerninal 
n . 0 . e . ' ~  between these protons and found them 
to be 40 and 60% for H, and H, respectively. 
Since the latter value exceeded the theoretical 
maximum of 50 % and a similar value was also 
observed in experiments on 3, we asked Dr. R. A. 
Bell and Mr. J. K. Saunders to check our results 
for 1 and 3 using their instrument. They found 
the geminal n .0 .e . '~  for H, in 1 and 3 to be 47 and 
48 % respectively. They obtained excellent agree- 
ment for all the other n . 0 . e . ' ~  in Table 2 and for 
those for 3 ( H ,  = D) in Table 3. It would appear 
that we were using slightly too much r.f. power 
during triple irradiation, although this normally 
results in a decrease in the n.0.e. (4). 

The n.0.e. experiments on the sulfone 3 were 
performed using three selectively deuterated 
samples. The results are recorded in Table 3. The 

TABLE 3 
Nuclear Overhauser effect results for 3 

- .- 

Nuclear Overhauser effect 
Isotopic Proton 

label irradiated H, HZ H, 

*Triple ~rradiation. 
?A value of 48% was obtained by Bell and Saunders o n  the same 

sample but using a d~fferent  HA-100. 

observation of a 21 and a 23 % n.0.e. for H, when 
the low field benzylic absorption is irradiated 
establishes the "pro-S in R" configuration for HI 
(in a DMSO-d6 solution of 3). The smaller n.0.e. 
for H, on irradiation of H, again reflects the 
strong interaction between the HI and H, 
dipoles. We were surprised to learn that we 
could not observe any n.0.e. for HI on irradiation 
of H, in a sample in which H,, was not replaced 
by deuterium (in spite of the fact that H, was 
replaced by deuterium). We suspect that the 
failure to observe any n.0.e. is due to the near- 
degeneracy of all the aromatic protons. This 
would perhaps make it difficult to saturate H, 
without overloading the spectrometer, or per- 
haps the tightly coupled 3-spin system acts to 
average the n .0 . e . ' ~  of all 3 protons. 

The sulfoxide 2 possesses 4 magnetically non- 
equivalent benzylic protons, 2 non-equivalent 
methyl groups, and 6 non-equivalent aromatic 
protons, due to the presence of the pseudo- 
asymmetric sulfoxide group. The configurational 
assignments of all the benzylic protons can be 
achieved with the aid of .the n.0.e. results in 
Table 4. A notable feature of the experiments on 
2 (H,,, = D) was the complete absence of an n.0.e. 
between HI or H, and the ortho aromatic pro- 
tons, when deuterochloroform was used as 
solvent. Isolation of HI by replacing H, by 
deuterium and vice versa failed to produce any 
n.0.e. At this point the previously recognized 
tendency of sulfoxides towards dimerization was 
recalled (8) and a switch to DMSO-d, solvent 
produced the desired n.0.e . '~ .  The change in 
solvent also enhanced the n .0 .e . '~  observable in 
deuterochloroform. These results establish a 
pro-S configuration for HI and a pro-R con- 
figuration for H, in the R-biphenyl. 

Che171ical Interrelation of H, with H, in 2 
The configurations of H, and H, have been 

established aspro-S and pro-R respectively in the 
R-biphenyl by a chemical inversion of the sul- 
foxide group in a sample of 2 containing deu- 
ter ium~ in place of H,, H, and H,. Treatment of 
this sulfoxide with Meerwein's reagent, then 
hydrolysis of the alkoxysulfonium salt yields a 
sulfoxide of inverted configuration (9). The n.m.r. 
of this sulfoxide in deuterochloroform showed a 
broad singlet at the position of H,, and slight 
absorption for HI whichis attributed to unreacted 
starting material. 
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FRASER AND SCHUBER: CONFIGURATION IN DIBENZTHIEPIN DERIVATIVES 

TABLE 4 
Nuclear Overhauser effect results for 2 

Nuclear Overhauser effect* 
Isotopic Proton 

label irradiated H, H 1 H4 H P  H P *  

H , H ,  = D H O  -- - 5 (0) - - 

H4 3 - - - 

C H 3 1  - - - 
- 

28 14 
C H 3 >  - 9 24 - 

H2H3H4H, ,  = D H, - 31 (0) - - - 
HI 33 (0) - - - 

H,, = D H I t  - - (28) - - 
H4f - (24) - - - 
CH3, - - - 

- - - 
(10) (1 6) 

C H 3 >  (1 1) (10) 
*Values in brackets Mere measured on solutions of 2 in deuterochloroform, others were measured in 

DMSO-d6. 
?Triple irradiation. 

Stereochemical Assignments in Relation to 
the Sulfoxide Group 

The last stereochemical assignment to be made 
concerns the orientation of each pair of gemirzal 
benzylic protons with respect to the adjacent 
sulfoxide group. A Dreiding model of 2 sho~ i s  
that one pair of geminal protons has the orienta- 
tion present in axial thiane-S-oxide, the other 
that in equatorial thiane-S-oxide.' The alpha 
protons in equatorial thiane-S-oxide have been 
found to have the larger shift difference (0.87 
p.p.m.) and smaller geminal coupling constant 
(1 1.7 Hz) in comparison with the axial conformer, 
(0.48 p.p.m. and 13.7 Hz respectively) (11). 
These effects of configuration at sulfur on both 
shifts and coupling constants have been con- 
firmed by several other workers in related sys- 
tems (12, 13). By using these correlations we can 
assign the wide-spaced AB quartet (J = 11.4 Hz) 
for H1H4 to the methylene group having the 
C-H, bond trans to the lone pair on sulfur as in 
equatorial thiane-S-oxide. The remaining AB 
pattern for H,H, (J = 13.7 Hz) has the C-H, 
bond trans to the oxygen on sulfur. Figure 2 
presents a 3-dimensional formula of 2 showing 
the completed assignments for HI ,  H,, H,, 
and H4. 

These assignments reverse our earlier tentative 
assignments for the H,H4 and H2H3 pairs with 
respect to the adjacent aromatic rings (1). The 
change is of particular importance to the conclu- 

'In the model of 2 there is a 15" deviation from the per- 
fectly staggered arrangement, which is in the same direc- 
tion as the slight but detectable deviation in thiane itself 
(10). 

sions reached on the stabilities of alpha-sulfinyl 
carbanions. It  was found that H, exchanged 1100 
times as fast as HI  and that H, exchanged 3 
times as fast as H,. Both observations are at odds 
with the theoretical predictions of Wolfe et al. 
(14) and the experimental work of Hutchinson 
et al. (15). We are currently studying the effects 
of solvent and structural changes on exchange 
rates in hopes of clarifying some of the existing 
differences. 

FIG. 2. A 3-dimensional formula of sulfoxide 2. 

Chemical Interrelations of Isotopically 
Labelled 1, 2, and 3 

A sample of 2 containing 67% of deuterium 
label in place of H,, H,, and H4 was reduced to 
1 and a second sample oxidized to 3. The n.m.r. 
spectra of both products in DMSO-d, showed 
absorptions for H I  twice the intensity of that for 
Hz. These experiments show that the low field 
half of each AB spectrum in all 3 compounds is 
due to protons having the same configuration and 
thus provide confirmation of the internal con- 
sistency of the n.0.e. experiments. 
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The Effect of a Sulfoxide Group on Chemical 
srzifrs 

In recent years, the influence of a sulfoxide 
group on the chemical shift of neighboring pro- 
tons has been extensively studied. Early investi- 
gations proposed the anisotropy of the S-0 
bond to be similar either to that of the carbonyl 
group (16) or the acetylene group (17). More 
recently, closer examination by two sets ofinvesti- 
gators (12, 18) has led each to propose that the 
group as a whole must be considered in any 
attempt to understand its magnetic anisotropic 
effect. The shifts observed for the conforma- 
tionally rigid sulfoxide 2 reinforce this proposal. 
Furthermore, comparisons with the sulfonium 
salt, 4, provide evidence that the dominant 
influence of the sulfoxide group is exerted not by 
the S-0 bond but by the "lonepair" of electrons. 

Two major influences of the sulfoxide group 
on chemical shifts are denoted by the data in 
Table 1. First, its introduction by conversion of 
one of the sulfide "lone pairs" into an S-0 bond 
has caused the following changes in 8; AF, = 
+0.836, AF2 = 3-0.318, AF, = +0.008, AF4 = 
-0.302 p.p.m. The upfield shift of H, (which is 
trans to the "lone pair") is in the opposite direc- 
tion to that predicted by an acetylene-like 
anisotropy for the S-0 bond. It is of course, 
an  effect analogous to that reported already (1 1, 
12). It is obvious then that the shifts of protons 
alplza to a sulfoxide behave in a consistent 
fashion but not in accordance with acetylene-like 
anisotropy. 

The second major shift comparison to be 
noticed in Table 1 is that of the S-0 shielding 

+ 
to that of the S-CH, shielding. If the values for 

the protons adjacent to the S-CH, grouping 
are corrected by 0.8 p.p.m. for the effect of the 
positive charge on sulfur (8 CH, in benzylmethyl 
sulfide is 2.0 compared to 2.8 for S-CH, in 4) 
then the influence of the S-CH, grouping on the 
S values of the adjacent protons is AF, = +0.76, 
AF, = -1-0.325, AF, = -0.25, and AF4 = -0.87 
p.p.m. The assignments for these protons in the 
sulfonium salt were shown to be analogous to 
those in the sulfoxide by a chemical interrelation. 
Sulfoxide 2 containing 67 % deuterium in place 
of H,, H,, and H, was reduced, then alkylated 
to give 4 whose n.m.r. spectrum in deuterochloro- 
form showed 67% deuterium at H, and H, and 
only 33 % deuterium at HI and H,. The geminal 

coupling constants in 4 again are used to dis- 
tinguish the two methylene groups as their 
geminal coupling constants differ by 2 Hz., 

We interpret the notable similarity in the 
+ + 

effects of the S-0 and S-CH, groups on the 
alpha protons as evidence that their common 
structural feature, the "lone pair" is exerting 
the dominant influence in both cases. In other 
words the shifts observed in the conversion of 1 
to 2 and 1 to 4 are due mainly to removal of one 
of the "lone pairs" on sulfur. A logical alternate 
explanation of these shifts would be that the 
S-0 and S-CH, groups possess similar ani- 
sotropies. 

This explanation would require the methyl 
group to deshield HI and H, strongly. Methyl 
groups normally shield vicinal protons, and 
only in a few cases involving obvious steric com- 
pression they have exhibited deshielding of up 
to 0.3 p.p.m. (20, 21). In view of this we prefer 
the former rationalization that the "lone pair" 
exerts the dominant effect on the shifts of the 
alpha protons in 2 and 4. 

A further complication in general when dealing 
with the chemical shift data for sulfoxides is 
revealed by our difficulty in obtaining n .0 .e . '~  
in deuterochloroform. This difficulty showed that 
intermolecular association of 2 is substantial in 
this solvent. For rigorous comparison, all shifts 
shoi~ld represent the values obtained by extra- 
polation to infinite dilution. In view of these 
considerations the use of model compounds 
chosen for their similarity in geometry to the 
sulfoxide of interest appears to be the only reliable 
method by which stereochemical assignments in 
new sulfoxides can be made. Two recent alter- 
native methods of assigning stereochemistry to 
protons in conformationally mobile sulfoxides 
have been reported (22, 23, 24) although one of 
these (22) fails for benzyl sulfoxides. 

Experimental 
All n.m.r. spectra were measured on a Varian HA-100 

spectrometer which was modified to prevent overloading 
of the phase-sensitive detector. The modification con- 

ZThe correlation of geminal coupling constants with 
configuration at  sulfur should be the same for both 2 and 4 
since experimental (13) and theoretical (19) evidence 
shows that a co-linear arrangement of an electron pair 
with an  adjacent C-H bond causes a decrease in size of 
the coupling constant. (It actually causes an algebraic 
increase in J but J is negative in sign (19).) 
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FRASER AND SCHUBER: CONFIGURATION IN DIBENZTHIEPIN DERIVATIVES 639 

TABLE 5 
Preparation of selectively deuterated 2 and 3 

Concentration Temperature 
Product Starting material and solvent Base (mi)* Time (h) ("C) 

2 (HZH3H4 = D) 2 40 mglml in 0.15 (A) 16 25 
t-BuOD 

2 (H1HZH3H4 = D) 2 33 mg/ml in 1 .0  (A) 16 25 
t-BuOD 

2(H1 = D) 2 (H1H2H3H4 = D) 30 mg/ml in 0 .1  (A) 16 25 
t-BuOH 

3 (Hi = D) 3 20 mg/ml in 0.13 (B) 2 80 
t-BuOD 

3 (Ht, Hz = D) 3 20 mg/ml in 0.13 (A) 0 .25 80 
t-BuOD 

3 (Hz = D) 3 (H1H2 = D) 20 mg/ml in 0.13 (B) 2 80 
t-BuOH 

- 
*Base A is 0.50 Mpotassium t-BuO- in t-BoOH or t-BuOD. Base B is 0.259 M sodium phenoxide in the same solvent. 

sisted simply of replacing the 1 K resistor, R357 on the 
Varian schematic, with a 2.2 K resistor. 

All n . 0 . e . ' ~  were determined on samples having concen- 
trations of 5 % (w/v) or less. All samples were degassed 
by three freeze-thaw cycles on a vacuum line prior to 
sealing at 0.1 mm. All values reported for n . 0 . e . ' ~  are 
the average of at least three determinations by at least 
two operators. One determination consisted of running 
five integrals with the oscillator tuned to the desired 
frequency and five integrals at twice the desired fre- 
quency. The power level of the oscillator was adjusted to 
20 mV with the instrument in the spin-decoupling mode. 
Power levels much above or  below this value invariably 
gave smaller n.0.e. '~.  For each determination the stan- 
dard deviation in the five integrals was always less than 
3 % and usually less than 2%. We therefore feel that the 
n .0 . e . '~  reported are accurate to better than + 5 %. 

1,ll-Dimethyl-5,7-dihydrodibenz(c,e)thiepin ( I )  
The synthesis of 1 was carried out as described in the 

literature (3). Compound 1 ( H ,  = D) was synthesized 
from 2-amino-3-methyl-5-deuterobenzoic acid which was 
prepared as follows: a suspension of 3 g of 2-amino-3- 
methylbenzoic acid in 160 ml of heavy water containing 
0.7 ml concentrated hydrochloric acid was heated under 
reflux for 16 h. Upon cooling the solution, 2 g of 1 
(H, = D) crystallized. After a second exchange with 
fresh heavy water the n.m.r. of thesolid showed that less 
than 2 %  of protons remained in the 5-position. 

Preparation of Sulfoxide (2) 
Following the procedure of Leonard and Johnson (25) 

oxidation of 1 with sodium metaperiodate gave 2 in 90% 
yield. The product after recrystallization from cyclo- 
hexane melted from 137-138". 

Anal. Calcd. for C16H160S: C, 74.98; H, 6.29. Found: 
C, 75.01 ; H, 6.41. 

Preparation of Sulfone (3) 
A solution of 240 mg of 1 in 10 ml of methylene chloride 

was treated slowly with a solution of 500 mg of meta- 
chloroperbenzoic acid in 5 ml of methylene chloride. 

After standing for 4 h, the reaction mixture was washed 
with a saturated solution of sodium bicarbonate, then 
with water. The organic layer was separated, dried over 
sodium sulfate, and concentrated. The compound 3, 
obtained in 92% yield after recrystallization from acetone, 
melted from 221-222 "C. 

Anal. Calcd. for Cl6Hl6O2S: C, 70.39; H, 5.92. 
Found: C, 70.41 ; H, 5.98. 

Preparation of Sulfonium Perchlorate (4) 
To a solution of 15 mg of 1 in 7 ml of acetone were 

added a few drops of methyl iodide and 25 mg of silver 
perchlorate. After 3 h of stirring, a few drops of methanol 
were added and the silver iodide was filtered off. Evapora- 
tion of the filtrate left a residue which on trituration with 
ether gave a solid. Recrystallization from methanoilether 
gave 30 mg (80% yield) of a solid, m.p. 189-191". 

Anal. Calcd. for C17H19C104S: C, 57.54; H, 5.40. 
Found: C, 57.47; H, 5.07. 

Syntheses of Stereoselectit.ely Delfterafed 2 and 3 
All exchanges were conducted by dissolving the starting 

material in t-butanol (or t-butanol-0-D), treating with 
base, then quenching at a time determined by trial and 
error with hydrochloric acid. After addition of water, 
the product which crystallized was collected by filtration, 
washed, dried, and recrystallized. The specific conditions 
for the selectively deuterated samples of 2 and 3 are 
given in Table 5. 

Inversion of the Sulfoxide in 2 (H2,H3, H4, H,, = D) 
Application of the procedure of Johnson and co- 

worker (9) to the sample deuterated at H,, H3, and H4 
gave sulfoxide 2 whose n.m.r. showed 75 % of one proton 
at 6 3.60 and 25% of a proton (unreacted starting 
material) at 6 4.09. 

Correlation of 2 with 3 
A sample of 2 containing 70% deuterium in place of 

H,, H,, and H4 was oxidized by meta-chloroperbenzoic 
acid and worked up in the manner described above. The 
n.m.r. of product 3 in DMSO-d, showed absorption in 
the region 6 4.20 twice as intense as that at 6 3.71. 
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Correlatiorz of  1 with 2 
A solution of 40 mg of 2 (H2, H3, H4 = D) in 3 ml of 

anhydrous tetrahydrofuran was treated with 3 ml of 
hydriodic acid (57 %). After 10 min, the colored solution 
was added to 10 ml water, and the mixture was extracted 
with ether. The ether extracts were washed with thiosul- 
fate, saturated bicarbonate, water, then dried and 
concentrated. The residue was crystallized from ethanol- 
water. An n.m.r. spectrum of the product in DMSO-& 
showed the low field benzylic absorption to be twice as 
intense as the higher field absorption. 

Correlation of  2 with 4 
Conversion of a sample of 2 containing 70 % deuterium 

in place of Hz, H,, and H, was converted to the sulfide 
and sulfonium salts by the methods described above. The 
n.m.r. of the partially deuterated 4 in deuterochloroform 
showed only 35 % deuterium content in place of HI and 
H, and still 7 0 %  deuterium label in place of H3 and H,. 
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Cumulative yields in the 14 MeV neutron fission of 232Th and 238U in the 
symmetric region 

L. H. GEVAERT' AND R. E. JERVIS 
Department of  Chemical Engineering artd Applied Chemistry, Uniuersity of Toronto, Torotrto, Ontario 

AND 

H. D. SHARMA' 
Depnrtn~ent of Chemistry, Ut~icersity of Waterloo, Waferloo, Ontario 

Received3 October 28, 1968 

The radiochemical yields of molybdenum-99, ruthenium-103 and -105, palladium-109 and -112, 
silver-11 1 and -113, cadmium-115, and tin-121 and -125 formed in the 14 MeV fission of thorium-232 and 
uranium-238 have been determined using a low background Geiger-Muller counter, NaI(T1) crystal, and 
Ge(Li) detector. The absolute mass yield for molybdenum-99 has been obtained using a copper monitor 
for neutron flux and for the other nuclides using molybdenum-99 as an  internal standard. The mass dis- 
tribution curves derivcd from the chain yields, in the symmetric region show the presence of a third peak 
in thorium-232, and only the familiar two peaks for uranium-238 in the asymmetric region. By com- 
parison of normalized cumulative mass yields from this study with prompt fission yield data, the average 
number of prompt neutrons emitted from fission fragments has been obtained as a function of mass in 
Z38U+n  fission. It appears that there are two regions of enhanced neutron emission in the mass range 
103-128, and that the heavy fragments emit more neutrons than the light ones. 

Canadian Journal of Chemistry, 48. 641 (1970) 

Introduction of the compound nucleus fncreases and thus the 

It  is well known that the mass-yield curve for 
the fission of nuclei in the region of gold and 
bismuth is symmetric (1, 2), while in the low 
energy fission of uranium and other heavier 
elements the curve is asymmetric (3). In between, 
for several nuclei such as 226Ra with charged 
particles (4-7) the mass distribution exhibits 
three peaks. Britt et al. (6) have further shown 
in many fissioning nuclei that in the symmetric 
region, the kinetic energy of the fission fragments 
is lower than for other fragments, which is at- 
tributed to a larger elongation of the fissioning 
nucleus at the scission point (8). In most fission 
processes the observed dip in the kinetic energy 
of the fragments has been explained on the basis 
of either the two mode hypothesis (t.m.h.) (6) 
or the fragment shell theory (f.s.t.) (9, 10). The 
two mode hypothesis (t.m.h.) in its simple form 
suggests that the shape of the mass-yield curves 
can be rationalized on the basis of superposition 
of mass yields due to two modes, each one having 
a fixed type and shape of distribution. Further- 
more, the yields in the symmetric mode are ex- 
pected to  be enhanced as the excitation energy 

three-humped curve becomes more evident at 
moderate excitation energies (1 5-40 MeV). Even 
with relatively high energy protons(l70 MeV), the 
mass-yield curve for 2 3 8 ~  has been interpreted 
on the basis of t.m.h. (1 1). 

According to f.s.t., the yields of fission frag- 
ments are due to the shape of the fissioning 
nuclide at the point of scission, which is pro- 
duced by minimization of potential energy due to 
the coulombic and surface energy resulting from 
deformation. The fissioning nuclide can therefore 
take many shapes and lead to a particular mass- 
yield curve, i.e, having one, two, or three peaks, 
even though the.peak-to-trough ratio is low for 
the fissioning systems. On the basis of f.s.t., 
Ferguson and,Read (10) have calculated the mass 
yields for the thermal neutron fission of 235U, 
for which the yields are well established. They 
found a reasonable agreement between the experi- 
mental and calculated yields. 

The radiochemical yields for most fissioning 
systems at  moderate excitation energies are not 
well established in the symmetric region where 
the predictions due to t.m.h. and f.s.t. may differ. 
A reinvestieation of 232Th with reactor neutrons 
(12, 13) has revealed a small third peak which 

lPresent address: Consumers Glass Co. Ltd., Toronto supports t.m.h. However, similar studies of 
18, Ontario. 

ZTo whom all correspondence should be addressed. 2 2 7 A ~ ,  231Pa, and 237Np under identical condi- 
3Revision received July 28, 1969. tions have shown the presence of the third peak in 
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TABLE 1 

Prominent 0-particle and y-ray energies and half-life of fission products* 

0-Particle Y - R ~ Y  

Em,, Abundance Energy Abundance 
Nuclide (MeV) ( % I  (MeV) ( %) tl12 

1.87 11 
1.14 44 
and others 

1.028 100 

1.04 93 
0 .8  1 
0.69 6 

and others 

39.6 days 

4.44 h 

13.47 h 

7 .5  days 

5 .3  h 

53.5 h 

27 h 

9 .7  days 

*Data from refs. 33, 46, and from y-ray spectra of the nuclides. 

2 2 7 A ~  fission, while 231Pa and 237Np have only 
two peaks (14). Since these studies were done 
with reactor neutrons (low excitation energy) 
and with small amounts of material, it was not 
possible to draw any conclusions concerning the 
mechanism of fission. 

While some mass yields in the symmetric 
region have been reported for 2 3 2 ~ h  and 238U 
with 14 MeV neutrons (15-24), a systematic 
study in these systems, in which a complete range 
of symmetrical yields are simultaneously ob- 
tained, is somewhat lacking. In the present study 
the yields of selected nuclides in the mass range 
of 103 to 125 have been determined to establish 

lined with aluminum foil and wrapped with cadmium 
foil to absorb thermal neutrons which might be present 
in the target area. The cassette was sandwiched between 
copper foils and put against the target end of the genera- 
tor for irradiation. Usually the irradiations were done 
for a period of 1-3 h depending on the half-life of the 
radioisotope to be isolated. Longer-lived fission products 
were not isolated, primarily due to the limitations of the 
tritium target lifetime. 

The irradiated samples were dissolved in HCI or 
HNO,, depending on the elements to be separated from 
them. A known aluount of inactive carrier of an element 
was added to an aliquot of the solution and allowed to 
interchange with the fission product nuclides of the same 
element. After the interchange was completed, the ele- 
ment was separated and purified from the solution 
following standard radiochemical procedures taken from 

the shape of the mass-yield curve for both the the literature (25, 27) after introducing appropriate 

nuclides. modifications. The fission product nuclides were finally 
obtained as precipitates which were filtered using a lucite 

Experimental 

Uranyl nitrate and thorium nitrate were irradiated 
with 14.7 MeV neutrons from a Texas Nuclear Model 
9900, Cockroft Walton type neutron generator having a 
total neutron output of -10" n/s produced by the 
:H(:H,n)zHe reaction. The tritium target half-life in 
these irradiations was approxin~ately 6 h and gave alnlost 
constant neutron output over a period of 3 h. 

The materials were put in a stainless steel cassette 

filter assembly. The precipitates were washed, dried, 
weighed, and mounted onto a sample holder for radio- 
chemical assay. 

The radiochemical assay was carried out by using three 
types of detectors, namely, a low background Geiger- 
Muller counter for p-counting, and a NaI(T1) crystal 
3 in. x 3 in. diameter and a 22 cc Ge(Li) detector, in con- 
junction with a 400 channel analyzer for y-ray spectrom- 
etry. The efficiencies for the detection of nuclides were 
established as follows. 
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GEVAERT ET AL.: NEUTRON FISSION OF 232Th AND 238U 

( i )  Gamma Calibrations 
Calibrated sources of 54Mn, 60Co, 1 3 7 C ~ ,  and '03Hg 

were obtained from the International Atomic Energy 
Agency (I.A.E.A.), Vienna. Aliquots of the sources were 
deposited onto filter papers maintaming an identical 
area of deposition for each sample. The photopeak 
efficiencies for these nuclides were estimated from the 
number of pulses acculnulated in their respective photo- 
peaks in y-ray spectra using the NaI(T1) crystal and the 
Ge(Li) detector. The detection efficiencies, E , ,  for nuclides 
emitting y-rays between 0.279 and 1.33 MeV were ob- 
tained by interpolation of the photopeak efficiencies and 
nuclear data as shown in Table 1. 

( i i )  Betn Calibr.ations 
Aliquots of 60Co and 137Cs fro111 I.A.E.A. were depos- 

ited onto thin gold-coated VYNS films. The calibration 
results with a 41t beta proportional counter gave 93 and 
96 % efficiencies for 60Co and 13'Cs samples, respectively. 
These values were considered reasonable in view of the 
thickness of the plated samples and the thickness of the 
films. A sample of 4 6 S ~  of high specific activity was pre- 
pared and calibrated by the y-ray spectronletry method. 
The EI ,  (beta efficiency) values of the low background 
counter were determined for the calibrated samples of 
'03Hg, 6 0 C ~ ,  and 4 6 S ~  containing known amounts of 
their respective inert carriers4 The values for IZISn were 
extrapolated from these curves and were further verified 
by directly calibrating a high specific-activity sample of 
12'Sn by the 4n counter, and subsequently precipitating 
tin as phenyl arsonate, ( C , H , A S O ~ ) ~ S ~ . ~ H , O ,  from ali- 
quots of the calibrated solution of lZISn containing a 
known amount of inert tin carrier. and assavinrr bv the 

TABLE 2 
Chain yields of fission products in thermal 

neutron fission of 235U 
- -- -- 

Chain yield 

Literature 
Nuclide Present work (7, 39) 

(does not include l 5m Cd) 
"'Sn 0.012+0.001 0.0125 
lZ5Sn 0.012i0.0012 0.011 

were checked by precipitating the elements from their 
respective calibrated samples containing known amounts 
of inert carriers, and subsequent determination of the 
activities by the y-ray spectrometry or by the low back- 
ground counter. Lastly, the methods of radiochemical 
assay for some nuclides were checked by determining 
their chain yields in thermal neutron fission of 235U using 
99Mo as an internal monitor (Table 2). 

The 14 MeV neutron flux was monitored by assaying 
64C~1 produced by the 65C~~(n,2n)64Cu reaction. The 
variation of neutron flux over the entire area caused by 
fluctuations of the deuteron beam over the exposed area 
of the tritium target was examined. The total number of 
neutrons impinging on the copper folls over the entire 
area showed very little variation although there were 
radial variations in the 64Cu activity in the foil. 

low background counter. The detection efficiencies df the 
low background counter for other nuclides of interest Results 
were determined in a similar manner. The cumulative yields for selected nuclides 

The gravin~etric methods of elemental estimations ranging from mass number 103 to 125 are given 

4a-Ray spectra of these nuclides as well as lZISn ha\e in Tables 3 and 4 for 232Th and 238U, respective- 
allowed shapes (46). ly, along with values obtained by others (1 5-24, 

TABLE 3 
Chain y~elds of nuchdes In 232Th with 14 MeV neutron fiss~on 

- - -- - - -- -- 
-- - - -  - 
Chain y~elds (%) 

Ford and Ganapathy 
Lyle et 01. Broom Leachmann and co-workers Mo and Rao 

Nuclide 1964 (20) 1964 (21) 1965 (19) 1966 (22, 23) 1968 (24) This work 

"'Sn 
lZ5Sn (9.7 days) 
lZ9Sb 1.19 
lZ9Te 
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TABLE 4 

Chain yields of nuclides in 238U U. ,ith 14 MeV neutron fission 

Chain yields (%) 

Ford and Gorman and 
Arnes et 01. Cunningharne Broom James et a/. Leachmann Tomlinson 

Nuclide 1957 (15) 1958 (16) 1962 (17) 1964 (18) 1965 (19) 1968 (32) This work 

lZ5Sn (9 .7  days) 

TABLE 5 

14 MeV neutron fission inass yields 
p- -~ - 

-~ 
-- 

232Th 2 3 8 ~  
-- 

Number of Number of 
Mass number Yield (%) determinations Yield (%) determinations 

32). The yields are averages of 2 to 6 determina- 
tions as shown in Table 5. The yield of 99Mo 
was determined by estimating the activities 
due to 99Mo produced in the fissioning nuclei 
and monitoring total ileutron dose from 64Cu in 
the copper foil. Saturation activities A,  for the 
nuclides were calculated using the relationship 

where A, = observed count-rate after extrapola- 
tion to the time at the end of irradiation and 
correction for chemical yield, h = decay constant, 
and ti,, = total time of irradiation. E is counter 
efficiencv. 

A,(Mo) .oc,rz,,lOO 
r21 

y = - - -  
hla 

A,(Gu) .o,n, 

where o,, = cross section for the ;;Cu(n,2n)$$Cu 
reaction, taken as  0.970 b (28); o, = cross section 

for fission for either 232Th or 238U, taken as 0.37 
(29) or 1.17 b (29-31); rz, ,  = number of "CU 
atoms in the foil, and n, = number of fissioning 
nuclei. 

The yields of 99Mo were estimated as 5.60 i 
0.14 and 2.00 + 0.05% for 238U and 232Th, 
respectively, the former being in good agreement 
with the recent value of 5.50 5 0.25 obtained by 
Gorman and Tomlinson (32). The yields for the 
other nuclides have been calculated by relating 
them to the "Mo yield in each irradiation taken 
as a monitor for total fissions. 

Discussion 

The cumulative yields reported in this work 
have been obtained using conventional radio- 
chemical separations and counting methods, 
employing a low background counter for pure 
p-emitters and y-ray spectrometry for others. The 
sources of error arise in many ways in their deter- 
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mination. The magnitudes of errors associated 
with the yields have been minimized experimen- 
tally and the resultant levels estimated as stated 
below. 

The presence of thermal neutrons in the target 
area could cause 235U in natural uranium to fis- 
sion and thus enhance the yields in the asymmetric 
region, especially for 9 9 ~ o  used as an internal 
monitor. To check this, gold wire was included 
in the irradiation assembly. The neutron flux 
was estimated by assaying the activity due to 
Ig6Au and 1 9 8 A ~  formed by the reactions 
197Au(n,2n)1 96Au and 197Au(n,y)198A~, respec- 
tively. The error due to the presence of thermal 
neutrons was estimated to be less than 0.1 %. 

Tritium target depletion and deuterium beam 
instability in the generator caused some fluctua- 
tions in the neutron flux during irradiations. 
Since the half-lives of the several nuclides deter- 
mined differ from both those of "Mo and 6 4 C ~  
(external monitor), the errors in the calculation 
of fission yield by eqs. [l ] and [2] were examined 
for each fission product nuclide by using a modi- 
fied equation, wherein the neutron flux 4 was 
allowed to vary by 40% during the irradiation 
time 

A, = kCE1(l-e-hfi") c P i  [e-h*(l'iln') 1 

where A,  = activity, k is directly proportional 
to the weight of target material and the cross 
sectioil for the nuclide, t = irradiation time, r r z  = 

total number of differential time periods, and 
c$i = neutron flux during the ith time interval. 

The value of A, for each nuclide was then 
compared with the value obtained by the eqs. 
[ I ]  and [2]. A maximum error of 0.5 % was 
estimated in Io5Ru determination. It was further 
minimized by reducing the irradiation time to 1 h. 

An estimate of errors in gravimetric estima- 
tions of the clcments separated was arrived at by 
carrying out large numbers of determinations 
both for thermal neutron fission of 235U and the 
14 MeV fission of 232Th and 238U for elements 
such as tin. The reported yields for tin nuclides 
are the average of such determinations. For ele- 
ments such as Ag the agreement among replicate 
samples was found to be good in all the irradia- 
tions, and thus fewer determinations were done. 

The activities due to the nuclides after chemical 
separations were followed over a minimum period 
of four half-lives, taking care that a total of at 
least 1000 counts were accumulated during each 

counting period. In the case of 125Si~  this was 
achieved within a period of 1 h. In y-ray spec- 
trometry, the area under the photopeak due to 
seIected y-rays emitted by the nuclide was cal- 
culated and plotted against decay time. The data 
were subjected to a least-squares fitting program 
taking into account the known half-lives of the 
nuclides. The maximum counting error was 1 % 
in the case of 125Sn and 5  % in the case of Io9Pd, 
although activity due to l2ISn and l12Pd had to 
be subtracted based on their respective decay 
curves. 

The yields could have been increased if the 
activities were also produced from certain 
impurities by (n,p) or (11,211) reactions. Elements 
such as tin and antimony, which could have been 
present in p.p.m. ainounts in the target materials, 
were irradiated in pure form and the activities 
of the nuclides of interest estimated. From these 
data it was deduced that the contribution due to 
impurities towards the fission yields was less 
than 0.2 %. 

The yields are subject to changes if y-ray 
abundance data quoted in Table 1 or the recent 
results of Macdonald and Sharma (33) on the 
y-ray spectra resulting from the decay of '12Ag 
are altered. The uncertainty due to such changes 
in y-ray intensities is not likely to be more than 
3  %, as the spectra of nuclides of interest were 
taken with the Ge(Li) detector, and the relative 
intensities of the y-rays examined. They were 
then compared with the counting data from the 
calibrated low background counter. 

The derivation of mass yield from the experi- 
mentally determined chain yield for a particular 
nuclide requires some assumptions and deduc- 
tions based on the charge-distribution hypotheses. 
There is no satisfactory recipe for obtaining 
fractional isobaric yields in fission at inoderate 
excitation energies. The data on the independent 
yields of isobaric chains in 14 MeV neutron 
fission of 232Th and 238U are limited to some 
shielded nuclides. Recently, Rao et al. (34) have 
suggested that the experimentally determined 
yields, Y,, of the shielded iluclides lZ4Sb, IZ6Sb, 
and 136Cs give a better fit with the Gaussian 
curve ( 3 5 )  

Y ,  = (cn) -hxp  [-(z-z,)~/c] 

where c = 1.7 and Z is the atomic number of the 
shielded nucleus, if a constant charge-to-mass 
ratio (c.c.r.) hypothesis is assumed for calculating 
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Z, for nuclides in the symmetric region and equal- 
charge-displacement hypothesis (e.c.d.) for de- 
riving Z, for nuclides in the asymmetric region. 
Coryell et al. (36) earlier suggested a prescription 
for obtaining Z, for various types of fission 
differing in compoulld nuclei and in excitation 
energy. The distribution curve for any isobaric 
sequence is assumed to be the same as found in 
thermal neutron fission of 235U. The shift in Z,, 
denoted as AZ,(A), is given by 

where Z, and A, are atomic number and mass 
number of the compound nucleus. respectively, 
and u, is the average number of neutrons emitted 
in fission. Wogman et al. (37) have somewhat 
modified Coryell's prescription to relate Z, 
values in 241Am and 243Cm. It  appears from the 
published results on Z,(A) that in fast fission it is 
possible to obtain only approximate values of 
Z,(A) for the nuclides under investigation. It 
may, however, be pointed out that Z, values for 
124 and 126 as obtained by Rao ef al. (34) are 
very close to the ones obtained by Coryell's 
prescription if Z ,  for these mass numbers in 
thermal neutron fission of 235U are taken from 
the results reported by Aras and Gordon (38). 
The inass yields as calculated from the experi- 
mentally determined chain yields, and from the 
Gaussian curve using the calculated Z, values 
from the hypothesis and c = 1.7, will have 
uncertainties of no more than 0.5 "/;: except for 
mass llumbers between 125 and 129. The mass- 
spectrometric yields determined by Gorman and 
Tomlinson (32) have uncertainties of even less 
than 0.2 "/, of the mass yields, i.e. the independent 
yields of isobars not included in the chain is 
< 0.2% of the total mass yield. The fractional 
cumulative yield at 129Sb lnay be -- 90 % of the 
total yield. 

The yields for 115, 121, and 125 need further 
consideration. '15Cd, l2'Sn, and 125Sn have 
metastable states for which the yields have not 
been determined. Z, for 11 5 is -- 45.5, and hence 
the 'I5Cd isomers mainly result from the decay 
of their precursor, l15Ag. The yield ratio of the 
isomers has been assumed to be the same as 
observed in P-decay of '15Ag isomers (8 % for 

l15"Cd). Similarly, for 121, the yield of the long- 
lived isomer of 121Sn is assumed to be 5 %. This 
may introduce a maximuin error of 3 %  in the 
mass yields. The mass yield of 125 merits further 
discussion. If Z,(125) is -- 49 for both the fis- 
sioning systems, '"In, 125mIn, 12'Sn, and 
125mSn will have appreciable independent yields. 
The decay characteristics of the isomers of 1251n 
are not known and thus it is unrealistic to relate 
the mass yield for 125 to the yield of 9.7d 125Sn. 
Ideally the chain yield at 125Sb would represent 
the mass yield, but the half-life of 125Sb is too 
long and therefore the count rate due to it was 
very low considering the limitation of irradiation 
times with a (T,D) neutron generator. An attempt 
was made to measure the yield of 9.5 min 125Sn, 
but it has not yet been possible to obtain quantita- 
tive data. The results thus far indicate that the 
yield of 125Sn is lower in both the systems com- 
pared to that obtained in the thermal neutron 
fission of 23  5U recently measured by Erdahl(39). 
The yield of this isomer is also lower in the 232Th 
fission with reactor neutrons, and qualitative 
yield measurements are indicative that the mass 
yield of this nuclide is about 1.0 "j, In 2"U fission 
it is about 1.5 %. As a result of these uncertain- 
ties, the chain yields of mass 125 in Figs. 1 and 2 
and Table 5 are considered uncertain to -- 30 %. 

0.6'90 1 0  1 0  1 0  I ~ O  

L 

Mass Number 
FIG. 1. Mass-yield curve in the 14 MeV neutron 

fission of 232Th in the symmetric region. 
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Mass Number 
FIG. 2. Mass-yield curve in the 14 MeVneutron fission 

of 238U in the symmetric region. 

The cumulative yields are given in Table 5 along 
with the estimated errors. 

The chain yields for 2 3 2 ~ h  fission are in general 
agreement with others (Table 3). It is worthy 
of comment that in the recent results of Gana- 
pathy and Kuroda, the yield for lo3Ru is slightly 
lower than the value reported here, whereas Mo 
and Rao, on the other hand, reported higher 
yields for 'l5Cd. Ford and Leachman's values 
are consistently higher, which may be due to 
normalization, because they were interested in a 
comparative study of the yields of these nuclides 
produced at different excitation energies. The 
values are plotted against mass numbers as 
shown in Fig. 1. It is evident that a third peak is 
present in this fissioning system, similar to the one 
obtained by Iyer et al. for reactor neutron fission 
(12). It is not, however, as pronounced as is 
expected from the superposition of mass yields 
due to t.m.h. 

Comments on the chain yields of 2 3 8 ~  arc of a 
similar nature. There are variations among the 
yields when compared with those obtained by 
various investigators. James et al. report a lower 
value for 'OSRu, while Ames et al. obtained 
0.73 % for lZ1Sn, compared to the value 1.14% 

FISSION OF 232Th AND 238U 647 

obtained by us. The mass yields are plotted 
against mass number in Fig. 2. 

The radiochemical yields at these excitation 
energies (N 20 MeV) arise from multichance 
fission processes, viz. the (n,f), the (n,nf), and 
the (n,2nf) reactions, and from post-fission neu- 
tron emission from the fragments. To estimate 
the approximate contribution towards the mass 
yields in the symmetric region from each process, 
the ratios (sla) of symmetric-to-asymmetric yield 
are plotted against (E,,, - 5)-lI2, similar to the 
correlations given by Jones (40). The contribu- 
tion due to each process, i.e. the (n,f), the (n,nf), 
and the (n,2nf), can be estimated by taking into 
account the excitation energy of the fissioning 
nuclei, and the cross section for each process. 
The maximum contribution towards the mass 
yields (-- 80%) in the symmetric region is from 
the first chance fission, i.e. from the compound 
nuclei 233Th and 239U. 

Gonnenwein and Pfeiffer (41) have reported 
prompt mass yields for '"Th and 238U fis- 
sioned with 14 MeV neutrons from double 
energy measurements using solid-state detectors. 
In unfolding the prompt mass-yield curve, the 
average mass numbers of the compound nuclei 
are assumed to be 238 for 238U and 231.7 for 
232T11. This assumption may not be strictly valid 
for obtaining prompt mass yields in the sym- 
metric region. Moreover, Terrell's saw-tooth 
curve for prompt neutron emission (42) is used in 
arriving at the mass-yield curve. These two fac- 
tors introduce uncertainties in the prompt yield 
data. Nevertheless, a comparison by means of 
cumulative distributions of the prompt yields and 
the radiochemical yields should permit an assess- 
ment of the average number of neutrons u(A) as a 
function of the fragment mass (42). This pro- 
cedure depends on the availability of accurate 
data, especially for the prompt yields obtained 
from time-of-flight measurements. Similarly, 
the radiochemical mass-yield curve should be 
well defined. Thcsc radiochemical and recently 
reported mass-spectrometric (32) yields for 238U 
are the best measurements thus far for this 
fissioning system at these excitation energies. 
However, there are still uncertainties since some 
yields have been arrived at by interpolation. A 
derivation of the number of neutrons emitted at 
each mass can provide some potentially useful 
information concerning the fission process (43); 
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PROMPT MASS YIELDS 
0 ref (41) 
R A D I O C H E M ~ C A L  YIELDS 

ref(21) 

D (19) 
A THIS W O R K  

Mass Number 
FIG. 3. Prompt and radiochemical mass yields in the 14 MeV neutron fission of 232Th. 

therefore the data represented in Figs. 3 and 4 neutrons in 238U is taken as 3.7 by Gonnenwein 
have been compared, and the neutron-emission and Pfeiffer (41), which is in agreement with u, 
curve thus obtained is shown in Fig. 5. For 238U, = 4.7 (including prefission neutrons). It may be 
the radiochemical yields are normalized at A = worth mentioning again that the prompt yields 
117 which give the average number of neutrons are normalized at A = 119, whereas it has been 
6 = 3.65. The average numbcr of post-fission discussed earlier that the yields in the symmetric 
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a, 0 .  
v V 

PROMPT MASS Y ELDS 
0 ref  (41; 
RALIOC-EWICAL YIELDS 
v ref(17) 

T t I IS  WORK 

Mass Number 
FIG. 4. Prompt and rad~ocheni~cal mass y~elds In the 14 MeV neutron fiss~on of 238U. 

region mainly arise due to the (n,f) process in the has been derived by assuming that the radio- 
239U compound nucleus, and thus should be chernical yields can be nornialized at  A = 114. 
normalized at A = 119.5. The G(A) could be The shape of the u(A) curve for 2 3 8 ~  is similar 
higher by 0.5 ileutrons in the symmetric region. to that observed in low-excitation fission except 
Similarly the neutron-emission curve for 232T11 that a sharp decrease occurs in the mass range 
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FIG. 5. Neutron emission curve as a function of fission-fragment mass; I, '09Be + 53.25 MeV a-particles (45); 
2, Z26Ra + 13.0 MeV protons (44); 3, 232Th + 14 MeV neutrons; and 4 238U + 14 MeV neutrons. 

125-132, and a less marked decrease in the range 
106-1 12. Similar trends have been observed in the 
a-particle induced fission of 238U (43), the 14 
MeVneutron induced fission of 235U (43), and the 
13 MeV proton induced fission of 226Ra (44). The 
u(A) curve obtained in 2 2 6 ~ a  fission, wherein a 
prominent three-humped mass-yield distribution 
is found, is shown for comparison in Fig. 5. It  is 
evident that additional small humps are present 
near masses of 95 and 140 in both systems. The 
general features of the 6(A) curve for 2 2 6 ~ a  
fission have been interpreted by Konecny and 
Schmitt (44) on the basis of two components of 
fission; namely, (a)  one giving rise to fragments 
in the region of symmetric mass division that may 
be described in terms of a liquid drop model, and 
(6) the other described in terms of "fragment- 

structure fission" such as is observed in the low- 
excitation fission of heavy fissioning nuclides. 

The recent results of Plasil, Ferguson, and 
Schmitt (45) for the a-particle induced fission of 
209Bi, which exhibits a mass distribution in the 
form of a single hump in the symmetric region, 
have also yielded a u(A) curve with a similar 
shape in the symmetric region as obtained in 
this study for 238U, and also for 232Th. 

It  must be emphasized that there are uncer- 
tainties in both the prompt and secondary mass 
yields which give rise to corresponding uncertain- 
ties in the number of neutrons emitted. It is 
difficult to estimate the errors, but the arrow bars 
(Fig. 5) suggest possible uncertainty limits in the 
u(A) values. It  is therefore premature to speculate 
on any detailed mechanism from these curves. 
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However, from the general trend of the u(A) 
curve, it can be inferred that there is a definite 
tendency for the heavy fission fragments to emit 
more neutrons than the corresponding light 
fragments. This conclusion, if substantiated by 
further measurements, seems to have some 
bearing on the applicability of charge distribution 
hypotheses. The c.c.r. hypothesis would a priori 
lead to the conclusion that the light fragments 
will have higher excitation energy and thus enlit 
a larger number of neutrons, contrary to our 
finding. It  is therefore of importance that some 
mass-spectron~etric yields be determined in 14 
MeV neutron induced fission of 232Th and 238U, 
along with time-of-flight measurements on the 
fragments. The comparison of these data will 
show whether there is, indeed, some fine structure 
in the u(A) curve. 
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Cumulative yields in the photofission of 232Th and 23W in the 
symmetric region 

L. H. GEVAERT,' R. E. JERVIS, AND S. C. SUBBARAO 
Departmerlt o f  Chemical Elfxineering and Applied Chemistry, Unicersity of Toronto, Toronto, Ontario 

AND 

H. D. SHARMA~ 
Depurtnlent of Chemistry, Unicevsity of  Waterloo, Wutevloo, Ontario 

Received3 October 1968 

Fission mass yields for molybdenu~n-99, ruthenium-103 and -105, palladium-109 and -1 12, silver-1 11, 
cadn~ium-1 15, and tin-121 and -125 In the 25 MeV brenisstrahlung beam fission of thorium-232 and 
uranium-238 have been determined uslng radiochemical methods. The mass-yield curve for thorium-232 
shows a pronounced third peak in the symmetric region, contrary to the results of Hiller and Martin 
with 69 MeV brebnisstrahlung. In the case of uranium-238, thc curve is flat between mass numbers 
I I 1  to 121 in contrast to the 14 MeV neutron fission of the nuclide which shows a valley in this region. 

Canadian Journal of Chemistr); 48, 652 (1970) 

Introduction 

Numerous studies exist 011 the determination 
of chain yields in the photofission of 232Th and 
2 3 8 ~  (1-10). Schmitt and Sugarman (1) deter- 
mined the yields of 26 fission chains for 2 3 8 ~  

fission with bremsstrahlu~lg beams with maxi- 
mum energy of 48, 100. and 300 MeV and some 
selected peak and trough yields at lower beam 
energy. Richter and Coryell (2), Katz et al. (3). 
and others (4-8) reported the yields for selected 
fission products in 2 3 8 ~  and 23ZTh at various 
energies. The results of these studies indicate that 
the shapes of mass-yield curves are generally 
similar to those obtained in other fissioning 
systen~s, except that the yields for mass numbers 
ranging from 77 to 84 are substantially h~gher 
compared to those obtained In thermal neutron 
fission, and the yields in the symmetric reglon are 
also h~gher. In the pl~otofission of 226Ra, a three- 
peaked mass-distribution curve was observed 
(5), whereas in 232Th. a two-peakcd curve was 
observed (9, 10). 

Our earlier study on 14 MeV neutron fission of 
232Th and 238U indicated that thc shapes of the 
mass-y~eld curve in the sylnrnetric region are 
different (1 I). 232Th has a three-humped curve 
while 238U has a two-peaked one. It mas of 
interest to deterrn~ne the mass yields In the 
symrnetr~c region In the photofissio~~ sf 232Th and 
-- 

'Present address. Consumers Glass Co Ltd., Toronto 
18, Ontario. 

270 bvhorn 211 correspondence s h ~ u l d  bc addressed. 
3Revision received July 28> 1969. 

238U to examine whether mass-yield distribution 
in this region is significantly different compared 
to that obtained from neutron-fissioned com- 
pound nuclei. 

Experimental 
Uranyl nitrate or thorium nitrate (2 g) was irradiated 

with a bremsstrahlung beam produced by 25 MeV elec- 
trons impinging on a thin, air-cooled tungsten target. The 
electrons escaping from the tungsten target were deflected 
by a magnet during the irradiation. The samples, wrapped 
in a cadniiun~ foil, were placed about 2 ft away from the 
target. The irradiation time varied from 1 to 3 h. 

The methods of chemical separation and radiochemical 
assay for the nuclides isolated from the irradiated 
materials were similar to those described in our study of 
14 MeV neutron fission of these nuclides using calibrated 
detectors. The activities of the nuclides of interest were 
much higher compared to those obtained in the 14 MeV 
neutron fission (11). 99Mo was arbitrarily chosen as an  
internal standard and was assayed in each irradiation. 

Results 
The chain yields for selected nuclides for mass 

numbers ranging from 103 to 125 are given in 
Tables 1 and 2 along with the ones obtained 
by others at different photon energy. These 
yields have been estimated based on arbitrary 
99Mo yields of 2 and 6.0% for 232Th and 2 3 8 ~ ,  
respectively. Bf any different 9 9 ~ o  yields are 
measured in the future, the other yie!ds will need 
revision accordingly. 

The errors associated w ~ t h  radiochemical assay 
have been discussed in the preceding paper (1 11, 
and are lower in these determinations since higher 
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CEVAERT ET AL.: PHOTOFISSION OF 232Th AND 238U 

TABLE 1 

Photofission yields of 232Th 
~~~~~ 

-- 

Total chain yield (%) 

This work 
Mass chain (25 MeV) 

Hiller et a/ .  (9) Zysin et al. (10) 
(69 MeV) (LO MeV) 

8 3 
89 
9 1 
9 9 M ~  
lo3Ru 
lo5Ru 
lo9Pd 
lllAg 
llZPd 
'13Ag 

sCd 
ll'Cd 
Iz1Sn 
lZ5Sn(9.7 days) 
129 
131 
133 
139 

TABLE 2 

Photofission yields of 238U 
-- -- 

PA 

-- 
-- - - .- - 

Total chain yield (%) 

This work Meason et a/ .  (8) Schmitt and Richter and Katz 
Mass chain (25 MeV) (17.5 MeV monoenergetic) Sugarrnan (1) Coryell (2) et a/. (3) 

91 
92 
93 
97 
9 9 ~ ~  

1031Wu 
losRu 
lo6Ru 
'09Pd 
1l1Ag 
Il2Pd 

lt5Cd 
lZISn 
125Sn(9.7 days) 
127 
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TABLE 3 

Cumulative mass yields in photofission 

232Th 2 3 8 ~  

Mass Yield Number of Yield Number of 
number ( %) determinations ( %) determinations 

-- 
*The error is large since the isomer yield is not known. 

count rates were recorded for the nuclides under section data for the 32S(n,p)32~ reaction (13) and 
investigation. However, larger errors were intro- the fission cross sections for 232Th and 238U (1 l), 
duced due to fluctuations of the electron beam it was estimated that the contribution from 
from the accelerator during irradiations. neutron fission to the "Mo yield in the photo- 

fission of 232Th and 238U was not more than 0.7 
Discussion and 2%, respectively. For nuclides in the sym- 

The cumulative yields as shown in Table 3 are 
derived from the assumptions described in our 
preceding paper. The total yields of mass 125 
similarly have large errors. 

In  addition to the photon beam from the 
tungsten target, neutrons are produced in the 
tungsten target by the (y, n) reaction. The energy 
of these neutrons is variable, and sufficiently high 
to cause both 232Th and 238U to fission and 
enhance the yields. The neutron flux in the target 
zone was estimated by irradiating sulfur, gold 
wire, copper, and aluminum along with 232Th and 
238U samples, all wrapped in cadmium foil. The 
absence of the activity due to lg8Au in the gold 
wire confirmed that the thermal neutron flux was 
below the detection limit as given in Table 4. 
Similarly, no measurable 24Na was found in the 
aluminum samples, indicating that the flux of 
neutrons above 6 MeV was negligible. 

32P obtained in the sulfur monitor is produced 
by neutrons having energy >0.09 MeV. There 
was a sufficient arnount of 32P activity to warrant 
quantitative estimation of the neutron flux from 
the tungsten target. Sulfur was irradiated with 14 
MeV neutrons along with copper foil as a neutron 
flux monitor. The 32P activity was assayed in both 
the neutron and bremsstrahlung beam irradia- 
tions, and compared. From the distribution in 
energy of neutrons emitted from the tungsten 
target with a 25 MeVelectron beam(l2), thecross- 

metric region, the yields due to 0.05 and 6 MeV 
neutrons (maxima at 2.25 MeV) are lower com- 
pared to  photofission yields. An upper limit of 
0.5% contribution to the yields from neutron 
fission was estimated. The mass yields are pre- 
sented in Table 3, as well as the cumulative errors 
associated with the determination. The average 
number of neutrons emitted in these fissioning 
systems is taken as 3.5. The uncertainty based on 
the assumptions of charge distribution hypotheses 
is similar to 14 MeV neutron-fissioning systems 
if Coryell's prescription is followed for obtaining 
Z,  for these systems (14). 

In  the photofission of 2 3 2 ~ h  and 238U by a 
bremsstrahlung beam, the fissioning nuclei are 
mainly excited to about 15 MeV by dipole reson- 
ance absorption of photons even though the 
maximum energy of the bremsstrahlung beam 
inay be higher (15). It is expected that the shape 
of the mass-yield curves will resemble those ob- 
tairted with bremsstrahlung beams of 14 MeVand 
higher. The mass-yield curve for 232Th as shown 

TABLE 4 
Monitor threshold and detection limits 

Detection limit 
Reaction Threshold (n/cm2 S) 

27Al(n,n)24Na 6 MeV 1 x lo5 
32S(n,p)32P 0.09 MeV 3 x 106 
197Au(n,y)198Au Thermal 5 x lo4 
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GEVAERT ET AL.: PHOTOFISSION OF 2 " ~ h  AND 2 3 8 ~  655 

ref. 9 
ref .  10 
this work .this work 

FIG. 1. Mass-yield curve in the 25 MeV photofission FIG. 2. Mass-yie]d curve in the 25 MeV photofission 
of Z3ZTh. of 238U. 

I I I 4 I 

in Fig. 1 has a pronounced third peak in the 
symmetric region, contrary to the results of Hiller 
and Martin (9) and Zysin et al. (10). The third 
peak is narrower compared to that in the 14 MeV 
neutron fission of 2 3 2 ~ h  but similar to that 
obtained for 2 3 2 ~ h  fissioned with reactor 
neutrons (16). 

The mass-yield curve for 238U as presented in 
Fig. 2 has almost the same yields from mass 
numbers 11 1 to 121. The mass yield for 11 1 is in 
good agreement with the one obtained by 
Schmitt and Sugarman at 21 MeV, whereas Katz 
reported a lower value. The mass yields for '12Pd 
and '15Cd are a little higher than those obtained 
by others (Table 2). The shape of the curve is 
slightly different compared to the one obtained in 
the 14 MeV neutron fission. The peak-to-trough 
ratio is about 14. The prompt mass yieldsreported 
by Hogg (17) are not precise enough to make a 
direct comparison with these radiochemical 
yields. However, from a comparison of the 
shapes of the prompt yield and radiochemical 
yield curves, it appears that the neutron emission 
as a function of primary fission fragments might 

, I 1 %  I I I 

be different from particle-induced fission. It  will 
be of interest to obtain precise data on prompt 
yields along with some mass-spectrometric yields 
in photofission to derive the neutron-emission 
curve. 

In summary, the mass-yield distribution for 
fission of 2 3 2 ~ h  with 25 MeV bremhsstrahlung 
shows a three-humped curve whereas 238U has 
the usual two-peaked curve. 

80 90 100 110 120 130 140 80 90 100 110 120 130 140 
Mass Number Mass Number 
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Selenium tetrafluoride adducts. 11. Adducts with boron trifluoride 
and some pentafluorides 

R. J. GILLESPIE AND A. WHITLA 
Department of Chemistry, McMaster Unicersity, Hamilton, Ontario 

Received October 3, 1969 

Adducts of selenium tetrafluoride with SbF,, AsF,, NbF,, TaF,, and BF3 have been investigated by 
means of infrared, Raman, and nuclear magnetic resonance spectroscopy and conductin~etric and cryo- 
scopic measurements. It is concluded that in the solid state these colnpounds are best formulated as 
having ionic structures SeF3+MF,-(BF,-), although the ions interact rather strongly by fluorine 
bridging. This fluorine bridging apparently persists in the molten state and to some extent in solution in 
nitrobenzene. 

Canadian Journal of Chemistry, 48, 657 (1970) 

It has been suggested that the adducts of SeF, 
with Lewis acids are in general ionic compounds 
of the SeF, + ion (1). This suggestion has received 
support from the recent work of Evans and Long 
(2), who showed that the Raman spectra of the 
molten complexes SeF,.AsF, and SeF,.SbF, 
could be interpreted in terms of the ionic struc- 
tures SeF3+.AsF6- and SeF,+.SbF,-. Still 
more recently, Edwards and Jones (3) have deter- 
mined the crystal structure of the complex 
SeF,.2NbF,, which they showed to have a 
geometry consistent with the formulation 
SeF, + Nb2F,, - . There are fluorine bridges 
between the SeF,' and the Nb2F,, - ions, each 
SeF,' forming three such bonds and thus 
achieving a distorted octahedral configuration 
with the lone pair of electrons on the selenium 
apparently occupying a seventh coordinate 
position in the face of the octahedron defined by 
the three fluorine bridge bonds. 

In Part I (4) we showed that the adduct 
SeF,.SO, can be only very approximately repre- 
sented by the formulation SeF,+.SO,F-, as there 
is clear evidence that the SeF, groups are bound 
together quite strongly by bridging fluorosulfate 
groups, giving dimeric and higher polymeric 
structures which persist in the molten state and 
in solution. Presumably the bridge bonds have an 
appreciable amount of covalent character. 

In this paper we report the results of our 
studies of the 1 : I  adducts of SeF, with BF,, 
SbF,, AsF,, NbF,, TaF,, and BiF,. 

Experimental Section 

Selenium tetrafluoride was prepared as described in the 
previous paper (4). Boron trifluoride (Matheson) and 
arsenic pentafluoride (Ozark-Mahoning) were used 

directly from the cylinder, which was connected to the 
vacuum system. Antimony pentafluoride (Allied Chem- 
icals) was distilled twice at atmospheric pressure, and the 
center fraction from the second distillation was distilled 
under vacuum into the reaction flask. Niobium and 
tantalum pentafluorides (Ozark-Mahoning) were sub- 
limed into the reaction flask. 

The adducts with boron trifluoride and arsenic penta- 
fluoride were prepared by bubbling the gas through 
selenium tetrafluoride. The unreacted selenium tetra- 
fluoride was removed under vacuum, leaving a fine white 
powder in both cases. 

The adducts of SbF,, NbF,, and TaF, were prepared by 
distilling an excess of selenium tetrafluoride onto the pen- 
tafluoride in a trap, allowing the system to warm up slowly 
to -03 until a clear solution was obtained, then pumping 
off the unreacted SeF, under vacuum, leaving the product 
as a fine white powder. 

Anal. Calcd. for SeF,BF,: Se, 35.44; F, 59.70. Found: 
Se, 35.3; F, 54.5. 

Anal. Calcd. for SeF,SbF,: Se, 21.24; F, 46.00; Sb, 
32.76. Found: Se, 21.2; F, 46.3; Sb, 31.6. 

Anal. Calcd. for SeF4AsF6: Se, 24.30; F, 52.64. 
Found: Se, 24.4; F, 52.3. 

Anal. Calcd. for SeF,NbF,: Se, 23.03, F; 49.87; Nb, 
27.10. Found: Se, 21.0; F, 50.8; Nb, 30.5. 

Anal. Calcd. for SeF,TaF,: Se, 18.32; F, 39.68; Ta, 
42.00. Found: Se, 17.9; F, 38.1; Ta, 45.2. 

The experimental methods for the infrared, Raman, 
and nuclear magnetic resonance (n.m.r.) measurements 
have been described previously (4). The Raman spectrum 
of SeF,.BF3 was obtained using He/Ne laser excitation. 

Results and Discussion 
Infrared and Ranzan Spectra 

The frequencies of the lines observed in the 
infrared and Raman spectra of the adducts of 
SeF, with the pentafluorides SbF,, AsF,, NbF,, 
and TaF, are given in Tables 1 to 4. 

A reasonable assignment of the observed lines 
for all these adducts call be made on the assump- 
tion that they are essentially ionic compounds 
which can be formulated as SeF;'MF,-. The 
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TABLE 1 

Infrared and Raman spectra of SeF3SbF6* 

Frequency, SeF3SbF6 (cm- ') 
Frequency, 

Raman SbF6- (5) (cm-I) 

Infrared Melt? Solid Assignment Infrared Raman 
- 

269 s 276 s (275) 270 
264 ) Vs (TZg) SbF,j- 

284 s 285 J 298 
290 m 309 m (290) v4 SeF3 + 

~4 (TI,) SbFs- 350 
374 m 373 m (381) vz SeF3 + 

451 m 
489 m 
538 m 522 s 

562 m 561 s 
(550) ' vi (Eg) SbFs- 583 

's - strong, m = medium, w = weak. 
?Values in parentheses are from ref. 2. 

TABLE 2 
Infrared and Raman spectra of SeF,AsF6* 

Frequency, SeF3AsF6 (cm- ') Frequency, 
AsF6- (5) 

Raman (cm - ') 

Infrared Melt? Solid Assignment Infrared Raman 

760 sh 754 sbr 

*w = weak, m = medium, s = strong, sh = shoulder, br = broad, v = very. 
?Values in parentheses are from ref. 2. 

MF6- ion belongs to the point group 0, and to be close to those for the isoelectronic molecule 
therefore has six normal modes of vibration, AsF,. However, in every case the spectra have 
v,(A,,), v,(E,), v,(T,,), v,(TIu), v5(T2,), and features which show that the compounds are 
v6(T2,), of which v,, v2, and v, are Raman active not completely satisfactorily formulated as 
and v, and v, are infrared active. SeF,+ is simple ionic compounds. Thus for SeF,.SbF,, 
expected to be pyramidal and would have four v,, v,, and v, for SbF6- appear in the infrared 
fundamentals, all active in both the infrared and and v, appears in the Raman. Thus the mutual 
Raman. The frequencies for SeF,' are expected exclusion rule is not obeyed either in the crystal 
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GILLESPIE AND WHITLA: SELENIUM TETRAFLUORIDE ADDUCTS. I1 

TABLE 3 

Infrared and Raman spectra of SeF,NbF,* 
-- 

Frequency, SeF,NbF, (cm-I) 
- Frequency, 

Raman NbF,- (6) (cm-') 

Infrared Melt Solid Assignment Infrared Raman 

256 s 

279 s 
v5 (T2J NbF,- 

317 shm 
J 

v4 SeF, + 

370 m 372 m v2 SeF3+ 
472 sbr 450 m 
571 s 577 m vz (Ex) NbF6- 562 

~3 (TI,) NbFs- 583 
657 s VI (A,) N b F C  683 
715 s 724 sbr 712 m 1 

* s  = strong, sh = shoulder, m = medium, b r  = broad, v = very. 

TABLE 4 

Infrared and Raman spectra of SeF,TaF,* 
- - - - -- - 

Frequency, SeF3TaF6 (cm-I) 
Frequency, 

Raman TaF, - (71, 
infrared 

Infrared Melt Solid Assignment (cnl-') 

*w - weak. s - strong, m = medium 

o r  the melt and presumably, therefore, the center F F F 
F,l /F F,/ ,F F\ I /F  of symmetry of the octahedral ion has been s b  sb s b  
F/ I 'F, removed. In addition: we note that the degenerate , .,, , , ,, ,F'I F '+, - , . . .  , F'c 'F-. 

vibrations v,, v,, and v5 of SbF,- are split into 
F/Se\F F/~e;F 

doublets, which again shows that there must be a F F 
reduction in symmetry from the octahedral 
symmetry of an isolated SbF6- ion. The most However, there is no real evidence that this is the 
reasonable way to account for this reduction in case, and in view of Edwards and Jones' work 
symmetry is to  assume that the SbF,- ion (3), the actual structure may be more complex 
forms fluorine bridges to neighboring SeF, + ions. than this. 

I t  is tempting to suggest that each SbF6- ion Agreement is generally good between our 
forms two such bridges to give the following results for the Raman. spectrum of the melt and 
structure the spectra obtained by Long and Evans (2), 
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TABLE 5 
Vibrational frequencies for SeF,+ and AsF, 

-- -- - - - - -- 

Frequency (cm-I) 

Assignment SeF,SbF, SeF,AsF, SeF,NbF, SeF,TaF, SeF,BF, AsF, (6) 

although they did not observe the splittings of the 
degenerate vibrations. We are unable to assign 
two moderately strong lines in the infrared at 
451 and 489 cm-I. There is good agreement 
between the frequencies assigned to the SeF,' 
ion and those observed in the other compounds 
studied and in the isoelectronic molecule AsF, 
(Table 5). Our assignment for SeF,' agrees with 
that of Evans and Long (2), except in the case of 
v,, for which we prefer the observed frequency of 
309 cm-'. This assignment can be made con- 
sistently for all the other compounds studied 
(Table 5). The band observed at 600 cm-' in the 
Raman of the solid cannot be assigned with 
certainty. It might arise from a crystal (factor- 
group) splitting of v, of SbF,- or possibly it is 
the third component of the triply degenerate v,. 

The spectrum of SeF,.AsF, can be assigned in 
a quite similar manner (Table 2). We note the 
splitting of v, and v, of AsF,- and the occurrence 
of v,, v,, and v, of AsF,- in both the infrared 
and Raman, again indicating reduced symmetry 
for both ions which can be most simply explained 
in terms of fluorine bridging between the ions. 
Our results for the melt agree quite well with 
those of Evans and Long (2) except that the sharp 
line that they report at 277 cm-' we find at 31 I 
cnl-"in the Raman spectrum of the melt and at 
305 cm-I in the infrared of the solid. We have 
assigned this line to v, of SeP,' and the fre- 
quency agrees quite well with that found in the 
other compounds studied. 

Assignments cannot be made with such cer- 
tainty for SeF,.NbF, and SeE,~TalF, because 
there is less complete information on the vibra- 
tional frequencies of the NbF,- and TaF,- 
ions, and because of the poorer quality of some 
of our data, particularly the Raman spectra of 
the crystaalline material. However, the four 
characteristic frequencies of SeF, " are observed 
in each case and the assignments that can be 
made are quite collsistent with the ionic structure, 

We note again a removal of the degeneracies of 
v,(NbF,-) and of v,(SeF,') which we take as 
evidence of fluorine bridging. A Raman spec- 
trum of solid SeF,.BiF, gave lines at 510, 530, 
582, 592,727,742,and769 cm-',ofwhichthe 
727 and 742 cm-' lines may be attributed to v, 
of SeF, + and the 769 cm-' line to v, of SeF,". 

Our general conclusion from the spectra of 
these complexes of SeF, with pentafluorides is 
that they are all to be regarded as ionic com- 
pounds of the type SeF,"MF,- and that these 
ions are held together by relatively strong fluorine 
bridges. 

The adduct SeF,.BF, would be expected to 
have the ionic structure SeF,+BF,-. All four 
fundamental frequencies for the tetrahedral 
BF,- ion are allowed in the Raman, but only 
the asymmetric stretch and bend v, and v, are 
allowed in the infrared. A satisfactory assignment 
(Table 6) can be made on the basis of the ionic 
structure, the frequencies assigned to the SeF,' 
ion being very close to those for this ion in the 
complexes with pentafluorides. There is, however, 
one unusual feature of the spectr~tm which we are 
not able to explain satisfactorily; that is, that 
the symmetrical stretching frequency v, of the 
BF,- !on has an unusually low frequency. HP; 
alternatively, one were to assume that the v, band 
for BF,- is hidden under the strong v, and v, 
bands of SeF,', then it is difficult to account for 
the moderately strong band at 483 cm-' which 
at low temperatures in both the infrared and 
Raman appears to be split. This splitting might 
also suggest that this band should not be assigned 
to the non-degenerate vibration v,; unless, of 
course, this is to be regarded as a crystal (i.e., 
factor-grouping) splitting. We note that the 
forbidden bands v, and v, of BF,- are observed 
in the infrared, and a splitting of the v, band of 
SeF,' is observed in the Waman spectrum of the 
solid, which IS very similar to the splitting ob- 
served in almost all the other complexes. 
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GILLESPIE AND WHITLA: SELENIUM TETRAFLUORIDE ADDUCTS. I1 

TABLE 6 

Infrared and Raman spectra of SeF,BF,* 
--- 

Frequency, SeF3BF4 (cm-') 
- Frequency, 

Raman BF,- (cm-l) 

Infrared Melt Solid Assignment Infrared Raman 

163 vw 
208 vw Torsional and other modes 
275 w of the polymeric chain 
300 w 287 
325 m 2301 327 VA SeFq+ 

343 nl 357 m 365 v2 (E) &F,- 369 
379 w 382 m 387 vL SeF3+ 
519 s 

532 s 525 nl 529 1 ~4 (Tz) BF4- 541 

553 msh I 
652 in VI (All BF4- 772 786 
668 m 678 msh 

707 
725 s 730 sbr v3 SeF3+ 

I L7 

746 ssh 763 vs 761 vl SeF3 + 

831 w 
975 s 974 sbr 

1076 s 1050 wsh 10541 ~3 (Tz) BF4- 
i 

1100 
11 49 msh 
- - 

*v = very, w = weak, m = medium, s - strong, sh = shoulder, br = broad. 

Nuclear Magnetic Resonance 
The results obtained in the investigation of 

the 19F resonance of these complexes in the 
molten state are summarized in Table 7. For 
SeF,.SbF,, two rather broad resonances were 
observed at 27.0 and -95.7 p.p.m. from 
CF3C0,H with relative areas of 2:1 which may 
be attributed to SbF,- and SelF,I, respectively. 
KSbF, in water has a 19F chemical shift of + 32.3 
p.p.m. ar,d liqu~cl SeF, has a chemical shift of 
- 14% P.P.E. from CF,CO,H (8). The breadth 
of the SbF,- signal could be due to collapse of 
the multiple? expected from Sb-F coupling as a 
result of quadrirpoie relaxation or alternatively 
it might be due to a slow fluorine exchange 

TABLE 7 

lSF n.m.r. data for the molten conlplexes 
-- -- 
-PA - 

Complex G(p.p.m. from CF3CB,H)* 

'*Values in parentheses are the line widths i n  Hz. 

resulting, for example, from a slight dissociation 
of the adduct into its two components 

SeF3.SbF6 $ SeF4 + SbF, 

The width of the SeF, + signal must also be 
attributed to this slow exchange and this is 
supported by the absence of satellites due to 
7 7 S e - ~  coupling. The observation of only one 
signal for all the other molten complexes must 
also be attributed to such an exchange which, in 
these cases, occurs more rapidly so that the 
signals due to the two ions are collapsed illto a 
single s~gnal. Such exchange processes would be 
expected io be facilitated if the two ions are 
strongly bonded together by fluorine bridges as 
we have suggested above. 

Conductimetric and Cryoscopic Measurenaents 
The results of the conductivity measurements 

on solutions of the adducts in nitrobenzene are 
given in Fig. 1. The compounds SeF,SblF,, 
SeF,AsF,, SeF,NbF,, and SeF,TaF, ail give 
conducting solutions and appear to be exten- 
sively ionized in dilute solution. The SeF3BF, 
compound, on the other hand, gives a Iow con- 
ductivity comparable with that of the weak 
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0 0.05 0.10 

MOLALITY 

FIG. 1. Conductivities of solutions in nitrobenzene: 
A,  SeF3SbF,; B, SeF3AsF6; C, SeF3TaF6 ; D, SeF3NbF6 ; 
E, SeF3BF,; F, SeF3S03F; @, tetramethyla~~lrnonlum 
picrate, ref. 10. 

electrolyte AICl, (9). The cryoscopic results for 
SeF,AsF,, SeF,NbF,, SeF3TaF6, and SeF,BF, 
are given in Fig. 2. The freezing point depressions 
approach the depression expected for a binary 
electrolyte at low concentrations but indicate 
that dissociation is incomplete at higher conceii- 
trations. From both the cryoscopic and conducti- 
metric results, it would appear that the extent of 
dissociatioii of these adducts in nitrobenzene 
decreases in the order 

It seems reasonable to conclude that incomplete 
dissociatioii is due to fluorine bridging between 
the anion and the cation and that therefore the 
strength of the fluorine bridging increases along 
the above series. 

The conductivities of the adducts SeF,BF,, 
SeF,SbF,. SeF,AsF,, SeF,NbF,, and SeF,TaF, 
were measured in the molten state at temperatures 
just above their melting points. All the conducti- 
vities fell in the range 1.5 to 3.3 x R-I 

cm-l, which is about 20 times greater than the 
conductivity of molten SeF,SO,F (4). It seems 
clear that in contrast to SeF,SO,F, the adducts 
of SeF, with BF, and the pentafluorides that we 
have investigated are appreciably, if not exten- 
sively, ionized in the molten state. 

Conclusions 

A consistent intermetation of all the above 
data can be given dn the basis of a fluorine- 
bridged ionic structure for all the SeF, adducts 
studied, the degree of interaction between the 
ions increasing along the series SeF,SbF,, 
SeF,AsF,, SeF,TaF,, SeF,NbF,, SeF3BF,. All 
these compounds are more ionic than SeF,SO,F, 
which we have previously shown to be a largely- 
covalent compound (4). The fluorine bridging 
is sufficiently strong to be retained to a consider- 
able extent in the molten state and to cause 
incomplete dissociation in the ionizing solvent 
nitrobenzene. 

0 0.05 

MOLALITY 

FIG. 2. Freezing point of solutions in nitrobenzene: 
A,  ideal binary electrolyte; B, SF3AsF6; C, (y ) SeF3TaF6, 
(@) SeF3NbF6; D, SeF3.BF4; E, 1,3,5 tr~n~trobenzene 
(non-electrolyte). 
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Ion-molecule reactions in carbonyl sulfide - hydrocarbon mixtures 

I. D ~ I D I ~ ,  A. GOOD, AND ??. KEBARLE 
Chemistry Depurtnlenf, Unicersity of Alberta, Edmonton, Alberta 

Received August 28, 1969 

The major ion-molecule reactions occurring in pure COS and in mixtures of COS with methane, 
methyl iodide, ethane, and ethylene were investigated in a Nier-type mass spectrometer. In cases where 
two or more reactions could be postulated to account for the observed product ions, appearance poten- 
tial data and graphical analysis were used to evaluate the contributions of the individual reactions. 
Phenonienological cross sections were obtained for the reactions studied and approximate rate constants 
were then calculated. 

An independent set of n2easurenlents were carried out in a high-pressure pulsed-beam mass spectrom- 
eter, in which the absol~ite rate constants for reactions occurring in COS were measured, using nitrogen 
as a carrier gas. The rate constants thus obtained were used to verify the validity of the rate constants 
calculated from the measured cross sections. 

Canadian Journal of Chemistry, 48, 664 (1970) 

Introduction 
Little work has been reported in the literature 

on the reactions of sulfur-containing ions. 
Several ion-molecule reactions occurring in 
H,S/CH, mixt~lres have been reported (I), and 
a series of secondary ions were observed (2) as 
products of reactions of excited CS,+ ions with 
CS,, I,, and C,M,. Reactions involving S' 
precursors were not reported. 

A great deal of work on the reactions of S 
atoms with hydrocarbons has been reported by 
Gunning et al. (3, 4), and it seemed desirable 
to complement these studies of neutral reactions 
with an investigation of those occurring between 
S +  ions and hydrocarbons. In the present study, 
reactions occurring in mixtures of COS and 
hydrocarbons, and in COS alone, have been 
examined. COS was chosen for this purpose as 
it is a good source of SS ions, which are formed 
with an intensity equal to 33% of that of the parent 
ion a t  70 eV. 

Experimental 
Cross-section Merrsuremmts 

The reaction cross-section nieasurelnents were per- 
formed using a 90" Nier-type Inass spectrometer with a 
6 in. radius of curvature. The ion source had an electron 
beam entrance slit of dimensions 0.25 x 0.0075 cni and 
an ion exit slit of 0.8 x 0.0025 c n ~ .  The trap current was 
typically 0.2 PA. Inside the ion source, the repeller-ion exit 
slit distance mas 0.45 cni, and the electron beam entrance 
slit was 0.16 cm above the plane of the ion exit slit. The 
effective electron beam distance from the ion exit slit, I ,  
was obta~ned by measuring the ion source voltage V,,,, 
(relative to ground) required to focus the peak of the 
calibrating gas (Ar 171le 40) at constant magnetic field 
and variable repeller voltage V,. Since under these con- 
ditions the total accelerating voltage &,, (relative to 
ground) must remain constant, the relationship 

must hold, where E, is the field strength obtained from 
the repeller voltage Vr and the repeller distance d = 0.45 
cm. A plot of V,.,, vs. E, gave a straight line with a 
negative slope equal to I = 0.13 cm. To make the deter- 
mination more accurate, low V,,, were used (- 300 V) 
and V,,, was measured with a digital voltmeter. The 
value I = 0.13 cm will be used in the further calculations 
involving the conversion of the cross sections to rate 
constants. The above method for determining the effec- 
tive distance of the electron beam from the exit slit is 
simpler, although probably less accurate, than the method 
described by Stevenson (5). The electron accelerating volt- 
age was measured by a potentiometer. 

Total pressures of the order of a few microns were 
easily obtainab1e in the ion source because of the narrow 

-slits and the high external pumping speed provided by a 
4 in. (200 11s) pumping system. A separate 1 in. pumping 
system was used to pump the mass-analyzer tube. 

The gas handling plant contained two 2-1 reservoirs, 
each with a set of two leaks. The pressures on the high 
pressure side were measured using two 0-20 and 0-200 
Torr Wallace arid Tiernan diaphragm-type manometers. 
The ion source pressures obtained with a given pressure 
in the reservoir and a given leak were first measured with 
a McLeod gauge attached directly to the ion source. 
These calibrations gave equations of the type 

P ( i o n  source) = constant x P ( r e s e r v o , r l  

where the constant depended on the leak used. In the 
further experiments only the reservoir pressure was 
determined and the ion source pressure then obtained 
with the appropriate conversion factor. The dual reser- 
voir system allowed convenient handling of binary gas 
mixtures, the two gascs being fed separately to the ion 
source. The ion currents were measured using a Faraday 
cup collector and a vibrating reed electrometer. 

Absollrre Rare Constant Measlrrements 
The absolute rate constant values reported were mea- 

sured using a pulsed electron beam and a delay pulsed 
ion collection system to obtain the variation of the ionic 
intensities with time. This system has 1,ecently been 
described in some detail (6). In the present work, total 
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DZIDIC ET AL.: ION-h AOLECULE REACTIONS 665 

pressures of 1 to 3 Torr were employed, and the ion 
intensities were measured up to 2000 ys delay time. An 
electron pulse of 10 ps duration, with a time interval of 
3000 ps between pulses, was used and the ion collection 
pulse was also of 10 ~s durat~on. The experiments were 
performed a t  room temperature (300 "K). 

In order to slow down the rates of the reactions occur- 
ring, it was necessary to work with COS pressures of 
much less than the 1 Torr required for satisfactory ion 
sampling. The COS was therefore leaked into a stream 
of pure nitrogen through a capillary leak, and the partial 
pressure of COS could then be calculated either by mea- 
suring the relative COS+ and N2+ peak heights using the 
quadrupole ion source (6 ) ,  or by using the known con- 
ductance of the capillary leak to calculate the COS flow 
rate as a percentage of the flow rate through the ion 
source. This total flow rate was nleasured by a flow-meter 
connected to the exhaust of the rotary pump used to drhw 
the gas stream through the ion source. In a typical run, the 
nitrogen pressure was - 2 Torr and the COS pressure 

5 y. The COS pressure on the reservoir side of the 
capillary leak was controlled using appropriate slush 
baths. 

Because of the extremely low pressures of COS used 
in this apparatus, it was not poss~ble to study the reac- 
tions of S+ and COST ions with hydrocarbons, as the 
pressures of hydrocarbons required would be too low to 
measure accurately. However, the results obtained, 
using this system to study the reactions of S +  and COS+ 
with neutral COS molecules, were used to provide an 
independent check on the cross-section values produced 
as described above. Some additional reactions occurring 
in COS were also investigated. 

Calculation of' ~ ross~ec t ior z s  from Data 
In cases where an  observed product ion may be formed 

by more than one thermocheniically allowed process, 
and where different precursor ions may be involved, the 
determination of the cross sections for the various 
possible processes is not straightforward. In such cases, 
it is necessary first of all to identify which ions are 
responsible for the observed products. Certain ions may 
be eliminated as precursors by a comparison of the ob- 
served appearance potentials of the product ion and the 
possible primary ions. If the appearance potential of the 
product ion is significantly higher than that of a particular 
primary ion, then this primary ion is ruled out as a pre- 
cursor. In  order to compare ionization efficiency curves 
for primary and secondary ions, these curves were 
normalized at 20 eV of electron accelerating voltage. 

More reliable information, leading to the evaluation 
of the individual cross sections of two concurrent ion- 
molecule reactions which give the same product, may be 
obtained by the method of Hutchison and Pobo (7), 
which has been applied extensively by Harrison and co- 
workers (see, for example, ref. 8). 

If we consider the two possible reactions 

then we can say that the product ion current I, arising 
from these two reactions can be expressed as the sunl of 
the independent contributions of the two reactions. Thus 
we can write 

where f, is the collision efficiency, Q,  is the phenomeno- 
logical cross section, d is the distance, calculated as 
described above, from the electron beam to the ion exit 
slit, [M,] is the concentration of neutral reactant, and 
I, is the ion-current of the ion x, assuming that the col- 
lection efficiencies were the rame for the various ions. 
Equation [ i ]  may be rearranged to give two other ex- 
pressions 

These equations predict that a plot of I p / l ,  vs. I,/], 
should give a straight line with slope proportional to 
f zQ2 and intercept proportional to f l Q l ,  and that a plot 
of Ip / IB  vs. l,/l, should have slope proportional to f ,Q1 
and intercept proportional to f2Q2.  If either the intercept 
or the gradient is found to be zero, then we can say that 
the corresponding reaction is not occurring to any detect- 
able extcnt. 

The ratio of secondary ion current to primary ion 
current was measured as a function of electron energy at  
constant ion-source pressure. An increase in this ratio 
with increasing electron energy was taken to indicate the 
occurrence of a second reaction involving a primary ion 
of higher appearance potential than that being plotted. 
Similarly, a decrease in ratio showed that an ion of lower 
appearance potential was involved. If such a change in 
ratio was observed, then the data were treated by means 
of eqs. [ii] and [iii]. 

The-method depends upon the assumptions that the 
relative collection efficiencies and reaction cross sections 
of the various ions are independent of electron energy. 
All the present measurements were obtained at low elec- 
tron voltages (below 20 eV) and at a low field strength of 
1.65 V/cm. In order for the results to be meaningful, a 
plot of the ratio of the secondary and primary ion 
currents vs. the primary ion current should be a horizontal 
straight line in the case of an ion formed by one reaction 
only. In  the application of this method by Harrison (8), 
it was found that straight line plots could not be obtained 
at  repeller field strengths of less than 10 V/cm. The ability 
of the present apparatus to yield straight line plots at  
much lower field strengths, as shown in Fig. 1 for the 
formation of C2H,S+ from COS+ and C,&, may be due 
to the much narrower ion exit slit, and the consequently 
reduced effect of field penetration from the electrodes 
below the ion source. The very low electron beam current 
used would also make electron space-charge trapping 
effects negligible (9). 

Results and Discussion 

Cross-section lMeasuremerzts 
Data were obtained for the reactions occurring 

in pure COS, and in binary mixtures of COS with 
methane, methyl iodide, ethane, and ethylene. 
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FIG. 1. Plot of Ic2K,2s+/Ico,+ vs. Ices+ at 1.65 V 
repeller potential in the COS/C,H, system. 

Pure COS 
The ion S2 ' (mle 64) was observed when COS 

alone was present in the ion source at pressures 
of less than one micron. The appearance poten- 
tial of S,+ coincided with the ionization potential 
of COSf, indicating that reaction [I]  was 
occurring 

[I I COS+ + COS + Sz+ + 2C0 
AH = - 19.6 

The exothermicity, expressed in kcal mole-' 
here and subsequently, is calculated using the 
values for the ionization potentials, appearance 
potentials, and heats of formation which were 
obtained from the sources indicated in the 
Appendix. 

The other possible, and thermochemically 
allowed, precursor for the S2+ ion is the S+ ion 

[2 I S+ + COS + Sz+ + CO 
AH = -75 

Both reactions [I]  and [2] were observed. 
Figure 2 shows the ratio plot based on eq. [ii] for 
S2' and the primary ions Sf  and COSf . From 
the intercept and slope of Fig. 2 (3.0 x l oF3  
and 6.67 x 16-4, respectively) and the experi- 
mental concentration of COS (7.85 x 10'' 
molec~iles/cc), we obtain the values Q ,  = 6.5 x 
10-l6 and Q2 = 30.0 x 10-16, both in cm2 
molecule- ' units. 

COS/Methune Mixtures 
The secondary ions CH,S', CH2S+, and 

CHS' were observed in COSlCH, mixtures and 
a number of thermochemically allowed reactions 
may be postulated, involving the precursor ions 

CH,', S+ ,  COSf, and CH,'. The observed 
appearance potentials (a.p.) of the secondary 
ions did not permit a positive assignment of 
precursors to the reactions, because they could 
have coincided either with S+ (the a.p. of which 
was measured here as 13.6 eV, in good agreement 
with the value of Dibeler and Walker (10)) or 
CH,' (a.p. = 14.2 eV). It was therefore decided 
to use methyl iodide in place of methane, in order 
to obtain CH,' ions at a lower appearance 
potential (12.3 eV). 

COSIMethyl Iodide Mixtures 
In the COS/methyl iodide system, the same 

series of secondary ions, CH,Sf, CH2S+, and 
CHS', were observed as in the COSImethane 
mixtures. A number of possible processes may 
be written to account for these products. 

FIG. 2. Dependence of I6,(SZ+) on 16,(COS+) and 
in pure COS. 
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[6] CH3+ + COS -t CHZS+ + CO + H 
AH = +26.8 

[7] S+  + CH31 -t CHZS+ + HI 
AH = -73.0 

[8] COSf + CH31 + CH2S+ + CO + HI 
A H  = - 17.3 

[9] CH3+ C COS + CHS' + CO + Hz 
AH = +15.7 

[lo] S+ + C H ~ I  + CHS+ + ]tlz + I 
AH = - 12.5 

[ I I ]  COS+ + c H ~ I + - c H s + + c o + H ~ + I  
AH = $42.9 

The appearance potential of CH,S+ in this 
system alas found to be intermediate between 
those of CH,' and COSt, indicating that either 
or both of these ions could have been the pre- 
cursor to CH3S+ formation. 

A plot of I,,/I,, vs. 1,,/13, was found to pass 
through the origin, as did a plot of I,,/I,, vs. 
16,/13,. These plots thus indicated that reaction 
[4] was not occurring, but no information about 
the cross sections of reactions [3] and [5] could 
be obtained in this way, as both reactions were 
contributing to the gradient in each case. How- 
ever, a plot of I,,/I,, vs. 16,/11, could be used, 
as shown in Fig. 3, to give values of 3.1 x 
and 1.2 x for the intercept and gradient, 
respectively, which, at the measured reservoir 
pressures of 1.0 Torr of COS and 1.6 Torr of 
CH31, led to values of 43.5 x and 10.5 X 
10-l6 cm2 molecule-l for Q, and Q,, respec- 
tively. 

The appearance potential of CH,S' (mle 46) 
was found to coincide with that of CH,'. A 

FIG. 3. Dependence of 14,(CH3S+) on I,,(COS+) 
and Il,(CH3+) in the COS/CH31 system. 

- 
'32 

FIG. 4. Dependence of I4,(CH2S+) on I3,(S+) and 
I15(CH3+) in the COS/CH31 system. 

plot of I,,/I,, vs. Zls/I,,, shown in Fig. 4, passed 
through the origin, and hence indicated that 
reaction [7] was not occurring. The gradient of 
the line was 4.5 x lo-,. Similarly, a plot of 
146/1s5 VS. 160/J15, not shown, was a horizontal 
line of intercept 4.4 x and thus showed 
that reaction [8] did not occur to any extent. 
Taking the mean of the above two values, 4.45 x 
lo-,, a value of 6.25 x l op i6  cm2 molecule-' 
was calculated for Q,. 

The appearance potential of CHSt (nz/e 45) 
was observed to be slightly higher than that of 
CH3+,  suggesting that the S+ ion might also be 
a precursor in this case. A plot of I,,/I,, vs. 
Z1,/Z32, shown in Fig. 5, yielded values of 1.7 x 

and 4.45 x for the intercept and 
gradient, respectively, and hence values of 14.9 x 
10-l6 and 6.24 x 10-l6 cm2 molecule-I were 
calculated for Q,, and Q,, respectively. 

It  can be seen immediately that reactions [6] 
and [9] are found to occur despite their apparent 

FIG. 5. Dependence of 14,(CHS+) on G2(S') and 
Il 5(CH3+) in the COS/CH31 system. 
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endothermicity. The heats of formation of the 
CK,Sf ions appear to be the least well known 
of the terms involved in the calculations. Thus 
our data seem to suggest that the published heats 
of formation of these fragments (1 1) may be too 
large by as much as 30 kcal mole- l .  These values 
were obtained from the appearance potentials 
of the appropriate ions in the fragmentation of 
trimethylene sulfide and tetrahydrothiophene, 
and thus could possibly include some kinetic 
or vibrational energy possessed by the fragment 
ions. 

Reactions [4] and [7], despite their high 
exothermicity, were not observed to occur. 
Assuming, once again, that the heats of forma- 
tion of the CH,Sf ions may be too large, these 
reactions may be up to 100 kcal mole-' exother- 
mic, and hence it is possible that they do, in fact, 
occur, but that the exothermicity is sufficiently 
large to cause fragmentation of the product ions. 
The C-S bond dissociation energy in the CH3S 
free radical, for example, has been calculated to 
be 68 kcal mole-' (12). 

COSI Ethane Mixtures 
The secondary ions C2H2Sf and C,H6Sf 

were observed in the mass spectrum of mixtures 
of COS and ethane. We can suggest three possible 
reactions leading to the formation of the C2H6Sf 
(mle 62) ion 
[I21 COS+ + CzHs + C2H6S+ + CO 

AH = -24.9 
1131 S+ + C,H, + C2H6S+ 

AH = + 1.5 
1141 C2Hs+ + COS + CzH6S+ + CO 

A H =  -39.1 

Because of the presence of the C034Sf ion (also 
m/e 62) it was not possible to study the C2H6Sf 
ion itself. Experiments were therefore carried 
out using C,D, and studying the @,D,Sf 
(m/e 68) ion. The reactions involving the deu- 
terated ion should show slight variations in 
thermochemistry and in cross sections, but the 
results may be applied to the corresponding 
reactions, [12] to [I41 above, with a fair degree 
of accuracy. The appearance potential of C,D,S + 

was found to correspond to that of COSf, 
indicating that COSf was precursor ion in the 
formation of C2D,Sf. 

Figure 6 shows a plot of I,,/I,, vs. I6,/I3,, and 
the data were found to yield a straight line passing 
through the origin. This confirmed that reaction 
[12a] was the only one to occur in the production 

FIG. 6. Dependence of 16,(C2D6S+) on I,, (COS+) 
and 13,(C2D6+) in the COS/C2D6 system. 

[12al COS+ + C2D6 + C2D6S+ + CO 

of C2D6Sf. The line shown in Fig. 6 had a slope 
of 6.8 x at reservoir pressures of 1.1 Torr 
of COS and 1.7 Torr of C,D,. We can thus cal- 
culate that Q,,, E Q12 = 5.6 x cm2 
molecule- l . 

We can write three possible reactions to 
account for the formation of the C,H,Sf ion 
(mle 58). 
[I51 COS+ + C2H6 + CZHZS+ + 2H2 + CO 

A H  = + 36.9 

The appearance potential of the C,H,Sf ion 
was found to coincide with the ionization poten- 
tial of COS'. This indicated reaction 1151 as the 
probable pathway for C2H,Sf formation, but 
did not rule out the possibility of contributions 
from reactions [16] and [17], which involved 
precursors of higher appearance potential than 
that of COSf. In order to investigate this possi- 
bility, plots of I,,/Z,, vs. z60/z32 and Z,8/Z,, vs. 
1,,,/13, were made. In both cases straight lines 
through the origin were obtained. Both sets of 
data are plotted in Fig. 7, and the straight line 
through the combined results has a gradient of 
6.25 x These results were obtained with 
reservoir pressures of 1 . I  Torr of COS and 1.7 
Torr of C,H,, and thus we calculate that Q,, = 
51.6 x 10-16 cm2 molecule-'. 

Once again our results indicate that an appar- 
ently endothermic reaction has occurred. How- 
ever, the value for (C,H,S+) may be 
subject to the same errors as the values of  AH,"^ 
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DZIDIC ET AL.: ION-MOLECULE REACTIONS 669 

FIG. 7. Dependence of 158(C2H2S+) on (i) T 6 0  
(COS+) and I,,(S+), denoted by 0, and (ii) on IZ2(S+) 
and I,,(C2H6+), denoted by @, in the COS/C2H, 
system. 

(CH,S+) discussed above (1 1). In addition, as the 
heat of formation was calculated using the frag- 
mentation of tetrahydrothiophene, the ion ob- 
served in that case may have had a different 
structure to that observed in our system. For 
example, in the heat of formation work, the ion 
may have contained a C-S-C chain, which is 
unlikely in the present system. 

COSIEthylene Mixtures 
C,H2S+ and C2H3Sf were observed as 

secondary ions in the mass spectrum of mixtures 
of COS and ethylene. There are five possible 
reactions which may be written to account for 
the formation of C2H2S+ (mle 58) 

[18] COS+ + CzH4 + C Z H ~ S +  + Hz + CO 
AH = + 4.2 

[I91 S+ + CZH4 + C2H2Sf  + H2 
AH = -51.5 

1201 CzH2+ + COS + C,HZS+ + CO 
AH = - 18.9 

[211 C2H3+ + COS + CzHZS+ + CO + H 
AH = +43.8 

[22] CzH,+ + COS + C,HZS+ + Hz + CO 
AH = +16.7 

The appearance potential of C2H2S+ coincided 
with that of S f ,  indicating that reaction [I91 was 
occurring. However, the possibility of C2H2+ 
as a precursor could not be ruled out, as its 
appearance potential was very close to that of 
S'. Accordingly, a plot of 158/132 vs. 12,/13, was 
made, and this is shown in Fig. 8. Values of 3.7 
x and 4.25 x were obtained for the 

intercept and the gradient, respectively. Reservoir 
pressures of 1.1 Torr of COS and 1.8 Torr of 
C,H, were used, and hence the values Q,, = 

FIG. 8. Dependence of I5,(C2H2S+) on I,,(S+) and 
12,(C2H2+) in the COS/C2H4 system. 

28.9 x 10-l6 and Q2, = 5.42 x 10-l6 cm2 
molecule-I were obtained. 

There are also several possible pathways 
leading to the formation of the C2H,S+ ion 
(rule 59). 

1231 COSf  + C2H4 -t C2H3S+ + CO + H 
AH = +39.3 

[24 1 S+ + C2H4 + C2H3S+ + H 
AH = -16.4 

[25] CzH3' + COS + CZH3S+ + CO + H 
AH = -25.3 

[26] CzHk+ + COS + C2H3S+ + CO + H 
AH = f51.8 

The observed appearance potential for the 
C,H3S+ ion was found to correspond closely to 
that of C2H3+, thus suggesting reaction [25] as 
a source of C2H,S+ ions. Plots of I,,/I,, vs. 
I Z 7 / I 3 2  and 15g/160 vs. 127/160 were made from 
the data, and these are shown combined in Fig. 9. 

FIG. 9. Dependence of Z59(C2H3S+) on (i) Z,,(S+) 
and Z2,(C2H,+), denoted by 0,  and (ii) on 16,(COS+) 
and 12,(C2H3+), denoted by @,in the COS/C2H, system. 
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TABLE I 
Observed reaction cross sections and calculated rate constants 

FQ x 10l6* k 
Reaction (cm2 molecule- I) (molecule cc- s- I) 

S+ + COS + S z f  + CO 30.0 i l . l T  2.4 ~ 1 0 - l o  
S f  + COS + S,+ + CO 5.4 x 1 0 - I O f  
S+  + CH3I + CHS+ + Hz + I 14.9 k 0 . 9  2.6 x 
Sf + C2H.1. + CZH,S+ + H2 28.9 i 2 . 3  2.3 x lo-'' 

S,+ + COS +S3+ + CO 5.8 X ~ O - ~ ~ :  
COS+ + COS + S21 + 2C0 6.5 kO.2 3.7 x ~ O - "  
COS' + COS + S, + 2CO 3 . 2 3 ~  10-lo 5: 
COS+ + CH,I- .~H,S+ + CO + I 10.5 t l . 1  6 .0  x10-l1 
COS+ + CzHs + CzHzS+ + CO + 2H2 51.6 k 5 . 5  2.9 x 10-I0 
COS+ + C2D6 + C2DsS+ + CO 5.6 k 0 . 3  3.2 x lo-" 
CH3+ + COS - CH,S+ + CO 43.5 1 4 . 2  5 .0  x 10-lo 
CH3+ + COS +CH2S+ + CO + H 6 .25k0 .4  7.3 X I O - ~ '  
CH3+ + COS +CHS+ + CO + H, 6.2410.2 7.2 x10-" 

C2Hz+ + COS + C2H,S+ + CO 5 .4  t 0 . 5  4.7 x10-l1 
CzH3 + + COS + CZH3S+ + CO 21.7 k 1 . 2  1.8 x 10-lo 

CS+ + COS + SCz+ + co 7.7 x 10-lo $ 
- -- - - - - -- 

*Cross sections determined at  Erl = 0.214 V. 
tError limits correspond to standard deviation of least-square treatment of data. 
$Obtained by pulsing method. 

I t  can be seen that neither reaction [23] nor reac- PSI N4+ + COS + COS+ + 2N2 

tion [24] occurs, as the intercept is zero within 1291 N,+ + C O S + S + + C O + 2 N 7  
experimental error. The gradient was measured 
as 1.7 x for the combined data. The reser- 
voir pressures used were given above, and were 
used to calculate a value for Q,, of 21.7 x 10-l6 
cm2 molecule- l. 

Calculation of  Rate Constants from 
Cross-section Data 

The cross sections given in Table 1 were con- 
verted to thermal rate constants k with use of the 
Stevenson and Gioumousis (1 3) equation 

where Erl = 0.214 V is the voltage difference 
from the electron beam to the ion exit slit, e is the 
electronic charge, and rn, the mass of the primary 
ion. 

Absolute Rate Constants in Pure COS Using 
Delay Pulse Techniques. 

COSf and S' ions were produced in the ion 
source of the pulsed system by charge exchange 
from nitrogen, as discussed above. In view of the 
high concentration of nitrogen relative to that of 
COS, the initial step in the system was the three- 
body association reaction [27] to give N,'. This 
was then followed by two second-order reactions 
[28] and [29] to give COS' and S', respectively. 

The rate constant for reaction [27] was obtained 
from the gradient of a plot of log IN, + vs. t ,  using 
the equation 

A variety of runs was carried out, using pressures 
of from 1.2-3 Torr of nitrogen and from 1 to 30 p 
of COS. A mean value of 6.2 x molecule-2 
cc2 s-' was obtained for k,,. This is in good 
agreement with the value of 8.5 x which 
was previously reported (14), and with the value 
of 8.9 x previously obtainedin this labora- 
tory (6). A similar investigation of the decay of 
the N,' ion led to a value for (lc,, + k,,) of 
1.7 x which is a reasonable value for a 
process involving charge exchange, such as 
reaction [28]. 

The S+ and COS' ions found in this way may 
then undergo the reactions already discussed for 
the pure COS system above 

.[I I COS+ + cos + S2+ + 2CO 

[2 I S+  + COS+S,+ + CO 

An examination of the ion intensity curves for the 
N,' and S+ ions indicated that N,' had essen- 
tially decayed to zero, i.e., reaction [29] had 
ceased to be significant, in the time region during 
which the S' ion was decaying by reaction [2]. 
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I I 
10 20 30 40 50 

TIME (ps  ) 

FIG. 10. Logarithmic plot of ion-intensity as a func- 
tion of time for the ion S+.  Typical decay curves for 
[N,] and [COS] are (a) 6.44 x 1016, 0.50 x loL4;  (b) 
6.44 x 10l6, 2.68 x 1014; (c) 6.44 x 10l6, 2.97 x 1014; 
(d) 3.74 x loL6, 4.12 x loi4  (all in molecules cc-I), 
respectively. 

Accordingly, the rate constant k, could be ob- 
tained by plotting log I, + vs. t and measuring 
the gradient. Figure 10 shows some of the S +  
data plotted in this way. Equation [vi] could then 
be applied. 

2.3 1% [ (~5+) t2 / (~ s+ ) t , l  [v i ]  k - -- - 
(t2 - t ' )  X [COS] 

The rate of the reaction was found to be depen- 
dent on the first power of the COS concentration 
and to be independent of nitrogen concentration. 
A mean value for k, of 5.4 x lo-'' molecule-' 
cc s-I was obtained, with a scatter in the individ- 
ual data of approximately + 1 x lo-''. This 
agrees, within a factor of 2, with the value of k, 
calculated from the measured cross section for 
reaction [2] (see Table 1). This degree of agree- 
ment is satisfactory in view of the simplifying 
assumptions which are made in such rate constant 
calculations, and in view of the fact that data 
were obtained on two different instruments. 

Reaction [ I ]  was studied in a similar fashion, 
but the results in this case were not so satisfactory. 
A value of 3.2 x lo-'' molecule-I cc s-I was 
obtained for klaPP (for approximate value of k,). 
This is approximately eight times larger than the 
value of k,  calculated in Table 1. It  is, however, 

possible to account for this apparently anomalous 
result by postulating the occurrence of reaction 
[30], the charge exchange reaction between the 
COS + ion and a molecule of H,S 

1301 COS+ + HZS + H,Sf + COS 

Hydrogen sulfide was present as an impurity in 
COS even after numerous trap-to-trap distilla- 
t i o n ~ . ~  In addition, COS reacts with water to 
give hydrogen sulfide, and it was observed in the 
mass spectrum that the small amount of water 
normally present in the high pressure spectrum 
of nitrogen had largely disappeared, suggesting 
that this reaction had taken place. Reaction [30] 
is calculated to be exothermic by about 15 kcal 
mole-'. The corresponding reaction between 
S+ and H,S would not be expected on thermo- 
chemical grounds. If we assume a reasonable 
value of >, 1 x 10- molecule- ' cc2 s- for k,,, 
we can see that the presence of a few percent of 
hydrogen sulfide in the COS would be sufficient 
to explain this discrepancy between the two sets 
of data. The ion H2S+ (mle 34) was observed to 
appear in high intensity in the spectra, which 
supports the view that it was acting as a "sink" 
for positive charge. 

An ion at mle 96, corresponding to S,', was 
observed at long delay times. The appearance 
of this ion was accompanied by a decrease in the 
intensity of the S,' ion, suggesting the occurrence 
of reaction [31]. The exothermicity of the reac- 
tion can be calculated, as the heat of formation 
of the S,' ion is known (15) 

[31 I S2+ + COS + S3+ + CO 
A H  = -40.5 

and the reaction is shown to be energetically 
possible. Decay plots for the S2+ ion gave a 
mean value of 5.8 x 10-I' molecule-I cc s-I 
for k,,. 

Another fragment ion formed by COS and 
observed in the present system is the CS' ion 
(mle 44). This ion was found to undergo a rapid 
decay, the rate of which was proportional to the 
first power of the COS concentration. This 
suggests the occurrence of reaction [32] 

'The pulsed electron beam determinations of the ther- 
mal rate constants were done only recently, while the cross- 
section determinations described in the previous section 
were made two years ago. Different supplies of COS gas 
were used in the two series of experiments and it is not 
known whether the COS used in the earlier experiments 
did contain H,S as an impurity. 
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TABLE 2 

Absolute rate constant data (T = 300 "K) 
- -- - -- -- -- - - -- - -- - -- 

k,"P" x 1010 kz x 101° kJ1 x loiZ k 3 2  x 10'' 
[N2] x 10- l 6  [COS] x 10- l 4  (molec~~le- ' (molecule- ' (n~olecule- ' (molec~~le- ' 

(molecules cc- ') (molecules cc- ') cc s- ') cc s-') cc S-') cc S-') 

Mean 3.23 Mean 5.42 Mean 5.83 Mean 7.70 

[321 cS+ + COS -z CSz+ + CO 

which may be calculated to be exothermic by 32 
kcal mole-' if the CS,' is formed in either the 
2 n,!,, or 2n1i2, states (16). Little CS,+ was 

observed in the spectrum, but we might expect 
CSZf to charge-exchange with hydrogen sulfide. 
Such a reaction may be calculated to be ther- 
moneutral for the 2n3,2, state, and slightly 
exothermic in the case of the 2 ~ , , , ,  state. 

If we assume that reaction 1321, or some other 
reaction involving CSf  and-^^^, does occur, 
then our decay plots for the CSf ion yield a value 
of 7.7 x lo-'' molecule-l cc s-' for k,, .  This 
value may also include a contribution from the 
charge exchange reaction between CS + and 
hydrogen sulfide, which is - 5 kcal mole-' 
exothermic, and so our result probably reprc- 
sents an upper limit for k3,. The CSf ion was not 
studied in the cross-section work, as its reactions 
would not be expected to interfere with those 
under observation. 

Other ions which were observed in the system 
included N f  and N,', the reactions of which 
were not considered in this study, together with 
traces of impurity ions NOf and NO,', and 
the H,S+ ion, which was found to grow to large 
intensity at long delay times, and which pre- 
sumably arose from the capture of a hydrogen 
atom from either water or hydrogen sulfide by 
the W,Sf ion. The ions H 2 0 f  and H,O' 
were also present in small amounts, together 
with an ion at mle 53 which could have been 
H+.H20/H2S.  

The absolute rate constant data obtained as 
described in this section are summarized in 
Tables 1 and 2. In comparing the rate constant 

data calculated by the Stevenson relationship 
from the cross-section measurements with the 
thermal rate constants obtained with the pulsed 
technique, one should consider that the Stevenson 
relationship is not valid for molecules with 
permanent dipolcs. Thus, since COS has a 
permanent dipole, the cross-section conversions 
of reactions involving neutral COS might lead 
to rate constants which are easily in error by a 
factor of 2. 

Comparison with Reactions of Suljur Atoms 
and Neutral COS 

It is interesting to compare the ion-molecule 
reactions discussed above with the reactions 
occurring under photolytic conditions. Such 
reactions have been extensively discussed in a 
review article (17). 

The photolysis of pure COS leads to the forma- 
tion of CO and of S atoms, of which 75% are 
formed in the 'D, state, and the remainder in the 
3P state. Both S species may then abstract a 
sulfur atom from a further molecule of COS 

COS + hv -f CO + S* 

Collisional relaxation of excited S atoms, and 
the third-order combination of two triplet S 
atoms may also occur. S, is then thought to 
undergo a third-order polymerization reaction 
with 5, to give S,, which may in turn dimerize 
or undergo combination or disproportionation 
reactions with other species such as 5,. In view of 
the observation of 5,' and S,' ions in our sys- 
tem, it seems reasonable to assume that higher 
polymers could have been obtained at higher ion 
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source pressures, especially as such reactions are from the series of papers on the thermochemistry 
thermochemically allowed. of sulfur compounds published by Mackle and 

S atoms react with paraffins solely by means of O'Hare (12, 21). 
an insertion reaction to give the corresponding 
mercaptan 1. F. H. FIELD and F. W. LAMPE. J. Amer. Chem. Soc. 

RH + S('D) I RSH 80, 5583 (1958). 
2. A. HENGLEIN. Z. Naturforsch. 17a, 37 (1962). 

which may, as in the case of methane, fragment 3. A. R. KNIGHT, O. P. STRAUSZ, and H. L. GUNNING. 
J. Amer. Chem. Soc. 85, 2349 (1963). in various ways, giving products such as CH3s + 

4, H, A. WIEBE, A, R. KNIGHT, 0, p, STRAUSZ, and H, CH3 + SH, CH2 + H,S, and CH,S + Hz. H. E. GUNNIKG. J. Amer. Chem. Soc. 87, 1443 
The reaction of S+  ions with ethane to give the (1965). 

mercaptan ion C,H,SH+ was, however, cal- 5. D. P. STEVENSON and D. 0. SCHISSLER. The chem- 
ical and biological action of radiations. Academic 

culated to be endothermic and was shown above press, I,,., London and New York. 1961. p. 260. 
not to occur. Instead, mercaptan ions appeared 6. D. A. DURDEX, P. KEBARLE, and A. GOOD. J. Chem. 

Phys. 50, 805 (1969). be formed reaction [ I2 ]  7. D, HUTCHI~ON and L. POBO, Paper presented at 
as precursor. ASTM E-14 meeting Chicago. June, 1961. 

The reaction of S atoms with olefins has been 8. A. G .  HARRISON and J. M. S. TAIT. Can. J. Chem. 
40, 1986 (1962). 

shown to yield either an episulfide Or a 9. A. G ,  HARRISON and A. A. HEROD. Presented at 
mercaptan. the Seventeenth Annual Conference on Mass Spec- 

trometry and Allied Topics, Dallas, Texas. May, 1969. 
S('D) + C2H, + H2C-CH2 and CHZ=CHSH 10. V. H. DIBELER and J. A. WALKER. In Advances in 

\ / Inass spectrometry, Vol. IV. International Publishing 
S Co., London. 1968. p. 767. 

11. E. J. GALLEGOS and R. W. KISER. J. Phys. Chem. 
In  the present study, however, the C2H4Sf ion 66, 136 (1962). 
was not observed in COS/ethylene mixtures. We 12. MACKLE. Tetrahedron, 19, 1159 (1963). 

13. G. Grou~ousrs  and D. P. STEVENSON. J. Chem. can calculate that the formation of such an ion Phys. 29, 294 (1958). 
from the reaction of S+ ions with ethylene would 14. (a) p. W A R N ~ C K .  J. Chem. Phys. 46, 502 (1967). (b) 
be a highly exothermic process (1 1) and hence P. F. KNEWSTUBB. III Advances in mass spectrom- 

etry. Vol. IV. International Publishing Co., London. 
probably occurs in our system, but is followed by 1968, 
fragmentation of the C 2 ~ , S f  ion which yields 15. J. DROWART, P. GOLDFIKGER, D. DETRY, H. RICKERT, 

CzH2S+ + HZ. and H. KELLER. In Advances in mass spectrometry. 
Vol. IV. International Publishing Co., London. 1968. 
p. 499. 

Appendix 16. J. L: FRANKLIN, J.  G. DILLARD, H. M. ROSENSTOCK, 
J. T. HERRON, K. DRAXL, and F. H. FIELD. 

Source of Tl~ermocliemicnl Data N.S.R.D.S.-N.B.S. Publication No. 26, (1969). 
17. 0. P. STRAUSZ. Organo-sulphur chemistry. Edited possible, appearance potential and by M. J. Jansiet~. Interscience Publishers, Inc., New 

heat of formation data were obtained or calcu- York. 1967. p. 11.. 
lated from Field and Franklin (1 8), or Vedeneyev, 18. F. H.  FIELD and J. L. FRAKKLIK. Electron impact 

phenomena. Academic Press, Inc., London and New 
Gurvich, Kondrat'yev, Medvedev, and Frank- york. 1961. . 

evich (19). The ionization potential of COS (20), 19. V. I. VEDENEYEV, L. V. BURVICH. V. N. KONDRAT'YEV. 
from the value AI-I,(COS+) of 221.9 was V. A. MEDVEDE", and YE. L. FRANKEVICH. Bond 

energies, ionization potentials and electron affinities. 
calculated, and the heats of formation of the Edward Arnold and co . ,  London, 1966. 
various C,H,Si ions (1 1) were taken from more 20. M. J. AL-JABOURY, D. P. MAY, and D. W. TURKER. 

J. Chem. Soc. 6350 (1965). recent Heats of formation of various 21. H. MACKLE and P. A. G. O'HARE. Tetrahedron, 19, 
neutral molecules and fragments were obtained 961 (1963). C
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RCactions dans le sulfolane. V. Ions trihalogCnuresl 

M. DENEUX ET R. L. BENOIT 
Dipartemerzt de Chimie, UniversitP de Montrtal, iMontrPal I O I ,  Qlctbec 

R e p  le 18 septembre 1969 

Les Cquilibres entre I, et I-, Br-, C1- dans le sulfolane ont t te  etudies par potentiometrie et spectro- 
photometric a 30 "C. Les stabilites de Br3- et '21,- ont ete determinees. Les constantes de formation, 
a force ionique nulle, ont etC calculCes par programme: log K,,,- = 7.49, 7.23 et 7.23 pour Y = I, Br 
et CI; log Kx - = 7.49, 7.33 et 4.11 pour X = I, Br, C1. L'equilibre de dismutation: 21,Y- F? I,- + IY,- a ~ t6~carac te r i s~ :  log Kd = -1.55 et -0.64 pour Y = Br et C1 respectivement. Les stabilites 
et les spectres des ions trihalogenures, dans le sulfolane, sont compares avec les rtsultats deja connus 
pour d'autres solvants. 

Equilibria between I2  and I-, Br-, C1- in sulfolane were studied by potentiometry and spectro- 
photon~etry at 30 'C. The stabilities of Br,- and C1,- were also determined. The stability constants 
at nil ionic strength were calculated by means of a program: log KI ,- = 7.49, 7.23, and 7.23 for 
Y = I, Br, and C1; log K,y - = 7.49, 7.33, and 4.11 for X = I, Br, aAd C1. The disproportionation 
equilibria 212Y - @ 1, - + 3 ~ ~ 2  - were characterized by log Kd = - 1.55 (Y = Br) and - 0.64 (Y = Cl). 
The stabilities and spectra of the trihalide ions in sulfolane are compared with similar data for other 
solvents. 

Canadian Journal of Chemistry, 48, 674 (1970) 

Introduction 
Les solvants polaires aprotiques, dont le 

sulfolane (TMS) fait partie, possedent des 
proprittes solvatantes qui ies diffkrencient nette- 
ment des solvants protiques tels I'eau et le 
mtthanol. Ces difftrences, qui apparaissent 
particulikrement dans le comportement des 
nucltophiles X-, sont attribuCes au r61e prC- 
pondirant des liaisons hydrogine entre solvant 
et X- (1). Ainsi, les petits ions halogCnures sont 
beaucoup plus fortement solvatCs par les solvants 
protiques que par les solvants aprotiques. Pour 
Cvaluer les changements d'knergie de solvatation 
(Cnergie de transfert) des nucltophiles X- d'un 
solvant a un autre, une hypothkse extrathermo- 
dynamique est necessaire (2). En utilisant ainsi 
celle proposCe par Strehlow (2), des dttermina- 
lions de potentiel du systeme Ag+/Ag et des 
produits de solubilitt des sels AgX dans diffkrents 
solvants, on a Cvalut prectdemment les tnergies 
de transfert des ions Cl- et Br- (3). Cependant, 
si I'on fait des comparaisons a 17intCrieur de la 
serie des solvants polaires aprotiques, les 
Cnergies de transfert des ions Ag' sont grandes 
et celles des halogCnures trouvCes petites, de 
telle sorte que la mCthode prCcCdente conduit Q 
des rCsultats peu precis pour ces dernieres (3). 
Nous nous sommes donc proposts d'utiliser une 
autre mCthode qui implique la dktermination des 
constantes de stabilitC des ions I 2 Y W :  KIIY- = 

'Article precedent (IV): volr ref. 3. 

(I,Y-)/(I,)(Y-)(Y = Cl, Br, I). Si l'on mesure 
par ailleurs les variations d7Cnergie de solvatation 
de I, d'un solvant un autre, par exemple 
par ditermination du coefficient de partage de I, 
avec un solvant immiscible, on obtient alors ies 
variations des energies de transfert des ions 
1,Y- et Y- .  Comme les anions I,Y - ont des 
" rayons ioniques" ClevCs et aussi peu differents 
lorsque Y passe de C1 a I, on pourra alors pro- 
poser comme nouvelle hypothese extrathermo- 
dynamique que pour les solvants polaires 
aprotiques, les tnergies de transfert de tous les 
ions 1,Y- sont nkgligeables et calculer, a partir 
des variations observees, les tnergies de transfert 
des ions Y-. Nous avons donc commenct par 
dCterminer les constantes de formation des ions 
1,Y- dans le TMS. Des rtsultats prkliminaires 
ont dCja CtC communiquCs (4), mais ils avaient 
Ctt obtenus en milieu LiC10, 0.1 M et la forma- 
tion de paires d'ions Lif .Cl- et Lif .Br- avait 
CtC nCgligCe (3, 5). Pour cette m6me raison, 
nous avons aussi repris la dttermination des 
constantes de stabilitt des ions Br,- et C1,-. 
De plus, il convenait d'examiner la possibilite 
d'existence dans le TMS d'kquilibres de dismu- 
tation (6) tel 
[I 1 212Y- @ 13-  + IYz- (Kd) 

venant s'ajouter aux Cquilibres primaires tels: 
[21 I2 + Y- I2Y- (KIZY-) 

Tous les rtsultats ont CtC interprCtCs au moyen 
d'un programme. 
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DENEUX ET BENOIT: REACTIONS DANS LE SULFOLANE. V 675 

dans l'ithanol, puis sublime. Les solutionr de ferrockne- 
perchlorate de ferricinium dans le TMS ont etC obtenues 

La purification du sulfolane, celle des chlorure, par oxydation in situ d'une partie du ferrocene par le 
bromure et perchlorate de tetraethylammoniuln ont kt6 perchlorate d'argent. Les va le~~rs  des constantes de 
decrites precidemnient (3). L'iodure de tetraetliyl- formation des ions 1,Y- (Y = Br, C1) ont ete obtenues a 
ammonium a 6tt recristallist deux fois dans l'ethanol et partir des mesures de force electromotrice (f.e.m.) de la 
sCche sous vide a 40 'C. Le ferrocene a ete recristallise cellule 

therinostatee a 30.0 i 0.1 "C. En general, une solution present au depart dans le cornpartinlent de mesure, et 
d'iode dans le TMS etait ajoutee a la solution contenant un essai oh la solution de chlorure Ctait ajoutee a une 
I -  et Y -  ; dans le cas de 12C1-, on a aussi rtalise une solution contenant I-  et I2 au depart. La cellule suivante 
experience sans Et,NI, c'est-&-dire avec Et,NCI seul a ete utilisee pour X,- (X = I. Br, C1) 

Les solutions de Br, et C1, ajoutees ont ete preparees 
dans le tetrachlorure de carbone, afin de minimiser 
I'action directe de ces halogenes sur le TMS. Sauf pour 
I,- oh deux experiences ont ete faites par addition de I-  
a I,, les sol~~t ions  d'halogene ont etC ajoutees aux 
solutions d'halogenure correspondant. Pour la deter- 
mination d'un potentiel "normal apparent" du systeme 
I,/I-, la solution de reference a CtC remplacee par une 
solution de ferrocene M-perchlorate de ferriciniuln 

M. Les differences de potentiel lues sur un milli- 
voltinetre numerique "Tacussel-Aries 10000" s'etablis- 
saient en nioins de deux nlinutes e: restaient stables 
pendant plusie~lrs heures. La reproductibilite est estiniee 
a k 2 m V .  Les densites optiques des solutions d'iode 
dans le TMS auxq~~elles on a ajoute differentes quantites 
d'halogenure ont Cte enregistrees sLir un appareil "Bausch 
and L o n ~ b  Spectronic 500". Les cellules avaient 1 mm 
d'epaisseur. 

Les valeurs expCrimentales E de la f.6.m. des 
cellules (3) et (4) sorit relikes aux concentrations 
libres de X- et X, par I'tquation de Nernst 

Des calculs approchCs OLI des coniparaisons 
avec des valeurs publikes dans la 1ittCrature pour 
des solvants similaires nous permettent d'obtenir 
des valeurs approximatives pour E O  et les 
constantes de formation K des ions trihalo- 
ginures. Les calculs ulttrieurs sont effectuks a 
I'aide du programme TTPOT, version amelioree 

de POTAG2 (3). Les courbes de dosage A = f (v), 
A &ant soit une rnesure pH, soit Lln potentiel 
d'Clectrode repondant B un ion mCtallique ou B 
un systeme oxydo-reducteur et c le volume de la 
solution ajoutee, peuvent Etre traitCes par TIPOT, 
en prCse11ce ou non d'un prCcipitC. L'interprt- 
tation se fait par affinement possible d'un 
certain nombre de parametres, tels que les 
constantes de fornlation, le potentiel normal 
apparent 15' du systeme d'tlectrodes, les con- 
centrations totales des rCactifs presents au 
dCpart ou ajoutCs lors du dosage. La force 
ionique I et les concentrations libres de toutes les 
especes en solution sent calculees en chaque 
point. 

Les donnCes expCrimentales, ainsi que les 
tableaux de concentrations, pour chaque expt- 
rience soiit consignes dans le dCp6t du Conseil 
National de Recherche5 du Canada. Les resultats, 
le facteur R = (xiri2/N - M)*/'  ou N est le 
nombre total de mesures, M le nombre de 
constantes affinees et r i  = jEi - Eic"'j, ont Cte 
regroupts dans le Tableau 1. Les marges d'er- 
reurs donnCes soiit Cgales a trois fois la dCviation 
standard estimee a partir des ClCments diagonaux 
de la matrice inverse correspondant au dernier 
cycle de l'affinement par moindres carres non 
1inCaires. Les courbes porentionietriques (Fig. 1) 
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TABLEAU 1 
Constantes de formation d'ions trihalogenures, constantes d'equilibre de 

dismutation dans le sulfolane a 30 "C 

XZY - log KLY-* log K,' log Kd R (mV) 

*Les valeurs publiees dans la Ref. 4 (log Kx .- = 7.5, 6.4, 3.1, 6.5 et 4.8 pour X 2 Y -  = 

I,-, Br3-, Cia-, 1,Br- et 12C1- respectiveme2nt) ont  CtB d6terminCes A 22 "C et en milieu 
LiCIOI 0.1 M. 

correspondant 2 l'addition de I -  a I, ou I, a I -  
sont interprittes de manikre satisfaisante en ne 
tenant compte que de l'equilibre 

[6 1 1- + 12 F? 13- 

Dans les parties de courbes ou C12 > CI-, I'on 
a essay6 de dttecter la prCsence des ions I,-. La 
valeur de la constante cherchCe dCcroit constam- 
ment au cours de l'affinement. alors aue l'accord 
avec la courbe exphrimentale n'est pas amCliorC. 
Les tableaux de concentrations montrent aussi 
que cette espirce serait formCe en quantitC nC- 
gligeable. Le potentiel normal apparent Eo du 
couple I,/I- par rapport la rCference ferrocirne- 
perchlorate de ferricinium est de -0.104 + 
0.004 V, ce qui conduit aux valeurs suivantes 
pour les systimes I,/I,- et I,-/I-: 0.345 + 
0.005 V et -0.330 f 0.005 V respectivement. 
Les courbes potentiometriques de Br2-Br- et 

C1,-Cl- (Fig. 1) sont aussi expliquies par les 
seuls Cquilibres analogues a (6). Les valeurs de 
Kx,- sont donntes dans le Tableau I. 

Dans le cas des syst6mes I--I2-Y- (Y = Br, 
Cl), les Cquilibres [l ] et [2] doivent &tre considtrCs 
et on dCfinit accessoirement, pour l'utilisation 
du programme, un nouvel Cquilibre 

En effet, bien que les Cquilibres [6] et [2] con- 
duisent a des valeurs affintes de KI,- et K12,- les 
valeurs trouvtes diffirrent d'une courbe 5 l'autre. 
D'autre part, 1'6quilibre [2] seul explique ma1 le 
fonctionnement de l'tlectrode de platine dans 
une solution contenant uniquement Y- et I,. 
On a alors fix6 E0 et K,,- B leurs valeurs connues 
et effectut l'affinement pour K12,- et K,'. Les 
valeurs des constantes sont dans le Tableau I .  

On a chercht a confirmer la presence des ions 
1,- et IY2- dans les solutions de 1,Y- par 
spectrophotomCtrie (6): les spectres ultra-violet 
(u.v.) des diffirentes solutions contenant Y- 
(Y = 1, Br, C1) et I, en proportions variables 
sont reprtsentks sur les Fig. 2 et 3. Les spectres 
des solutions d'iodure et d'iode prtsentent deux 
pics d'absorption B 295 et 367 my. Ces longueurs 
d'onde A,,,, ainsi que les coefficients d'extinction 
molaire E,,, calculCs en considirant la formation 
de I,- complkte, restent constants pour des 
valeurs de p = C,-/C,, comprises entre 3.3 et 
0.8. Pour le systkme 1,-Br-, on observe une 
bande d'absorption assez large vers 280 mp et 
un Cpaulement aux environs de 350 mp; le 
maximum se dtplace de 275 a 280 mp en fonction 
des valeurs dCcroissantes de p (Y = Br). Pour le 

FIG. 1 .  Courbes potentiolnetriques des systemes systkme I,-C1-, quatre pics apparaissent a 232, 
X,-X- dans le sulfolane (C,- r lo-' M). (a),  X = I;  
reference: ferricinium/ferrocene; (b), X = Br; reference: 265, 291 et 367 mp;  seul le dernier pic seinble 
1,-!I-; (c), X = CI; reference: 1,-/I-. possCder une position fixe. 
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DENEUX ET BENOIT: REACTIONS DANS LE SULFOLANE. V 

FIG. 2. Spectres d'absorption de solutions de I2  et I- ou Br- dans le sulfolane. Cellule de 1 mm d'epaisseur; 
TMS en reference: 1, C12 = 1.57 x M, CBr- = 5.78 x M; 2, C12 = 2.61 x M, CBr- = 4.82 x 

M; 3, CI, = 3.36 x M, CBr- = 4.13 x low4 M; 4, Cr2 = 3.92 x M, CBr- = 3.61 x M .  
Cellule de 2 mm d'epaisseur; TMS en reference; 5, C12 = 6.67 x M, C,- = 6.04 x M .  

Discussion 
L'influence de la force ionique aux niveaux 

considtrCs (3.3 x lo-, < I < 1.6 x lo-,) sur 
des Cquilibres tels que [I]  et [2] est faible, de 
telle sorte que les valeurs des constantes K dans 
le Tableau 1 sont tris sensiblement valables B 
force ionique nulle. I1 est ma1 aisC de comparer 
les valeurs de K trouvtes B celles prtctdemment 
obtenues (4) Ctant donnC les tempiratures et 
milieux differents, toutefois les plus faibles 
stabilitts B 22 "C et en milieu LiC10, 0.1 M 
paraissent principalement dues la formation 
de paires d'ions entre Li+ et Br- et C1-. 

Des calculs rtcents (7) ont montri qu'8 
"1'Ctat libre" (gazeux) les energies de formation 
des ions X3- correspondaient a l'ordre de 
stabilite F,- >> C1,- > Br,-. L'ordre difftrent 
observt dans le TMS, 1,- - Br,- >> C1,-, est 
Cvidemment dfi aux effets de solvatation sur les 
anions et les halogknes. On a dtja comment6 la 
plus faible stabilitt des ions Cl,- en milieu 
polaire aprotique aussi bien que aqueux (8). Par 
rapport au mEme acide de Lewis I,, les basicitis 
des haloginures C1-, Br- et 1- dans le TMS 
sont trouvkes Etre sensiblement les mEmes. Par 

ailleurs les stabilitts des ions 1,Cl-, 1,Br- et 1,I- 
sont voisines a "l'ttat libre" (7). Ce dernier fait, 
stabilitis voisines de ces trois trihaloginures, 
dans le TMS et a "l'ttat libre", signifierait que 
les difftrences d'tnergie de solvatation des ions 
1,Y- et Y -  sont faibles et donc, comme les 
tnergies de solvatation des ions 1,Y- sont 
probablement tr6s voisines, quc les Cncrgies de 
solvatation de C1-, Br- et I -  dans le TMS sont 
peu difftrentes. Toutefois, le peu de prCcision des 
calculs (2 kcal) (7) limite la valeur de la con- 
clusion prtcidente et ne permet pas des com- 
paraisons avec les chaleurs de solvatation des 
ions C1-, Br- et I -  qui varient de 79.6 h 72.1 
keal (9). On pourrait aussi conclure que les 
differences des ordres de stabilitt dans le TMS et 
a "l'ttat libre" sont surtout dues aux plus fortes 
interactions des plus petites moltcules d'halo- 
gknes avec le solvant. 

Etant donnC le nombre de rCsultats, limitts a 
I,-, sur la stabiliti des ions 1,Y- dans d'autres 
solvants polaires aprotiques, il n'est pas encore 
possible d'examiner les constquences de la 
nouvelle hypothkse extrathermodynamique pro- 
posCe, a savoir que les Cnergies de transfert des 
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FIG. 3. Spectres d'absorption de solutions de I2 et Cl- dans le sulfolane. Cellule de 1 mm d'ipaisseur; TMS 
en rkference; I, C12 = 8.78 x lo-' IM, Ccl- = 9.00 x M; 2, C12 = 1.61 x M, Co- = 8.25 x M ;  
3, C I ~  = 2.76 x M, Ccl- = 7.07 x M ;  4, CI, = 3.62 x M, Ca- = 6.19 x M; 5, CI, = 4.29 
x Af, CCl- = 5.50 x M ;  6, C12 = 4.83 X M, Ccl- = 4.95 x A[. 

ions 1,Y- sont negligeables dans les milieux 
polaires aprotiques. A noter cependant que 
l'hypothitse de Strehlow conduit B des Cnergies 
de transfert sensiblement nulles de 1,- pour ces 
milieux (10). Les valeurs de K13- connues sont 
trop imprtcises pour aboutir 9 des rksultats 
valables sur les Cnergies de transfert de I -  
autres que les rCsultats approximatifs dCjB 
dtduits de l'hypothitse de Strehlow (10). 

La dismutation des ions 1,Br- et 1,Cl- da~is  
les solvants a dCjB Ctt Ctudite qualitativement 
par Popov et Swensen (6). En comparant les 
spectres de solutions prCparCes a partir de sels de 
1,Cl-, 1,- et IC1,-, la dismutation de 1,Cl- 
dans 1'acCtonitrile a Cte mise en Cvidence par ces 
auteurs. Dans le TMS. pour les systitmes I,-Br- 
et I,-C1-, si l'on suppose les espkces 1,Br- et 
1,Cl- seules formtes complittement, et si l'on 
calculc les coefficients d'extinction a difftrentes 

longueurs d'onde, on n'obtient pas de valeurs 
fixes lorsque la composition des solutions varie. 
Utilisant les constantes d'iquilibre dCterminkes 
par potentiomttrie, le programme TlPOT nous a 
permis de connaitre les concentrations des 
diffkrentes espices dans chacune des solutions. 
DCduisant l'absorption due a I,-, les spectres 
de 1,Br- et 1,Cl- ont CtC calculCs. La constance 
des E de ces derniers ions B difftrentes longueurs 
d'onde est en accord avec le schCma rkactionnel 
envisagt et les constantes calculCes. Dans le TMS 
les A,,, et E,,, pour 1,Br-, 1,Cl- et IC1,- sont 
respectivement: 275 k 3 mp, 46 300 1 1 900 
~ m - l m o l e - ~  1;263 k 3.36 500 + 1000;232 k 
4. 66 000 1 2 500. Bien que le systitme 1,-Br- 
ne prksente qu'un pic large aux environs de 
280 mp, ce dernier est en fait la superposition de 
plusieurs bandes: la faible dismutation de 
1,Br- (K,, = et 1e faible Ccart entre lcs 
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A,,, font que les bandes d'absorption de 1,- 
(367 et 295 mp), 1,Br- (275 mp) et IBr,- (non 
calculable) se confondent en un pic large. La 
dismutation de 1,Cl- Ctant plus importante 
(K, = et les A,,, plus Cloignts (367,295, 
263 et 232 mp pour I,-, 12C1- et IC1,- respec- 
tivement) on peut distinguer les quatre bandes. 

Les valeurs des A,,, des ions I,-, 1,Br-, 
1,CI- et IC1,- dans le TMS sont en bon accord 
avec les rCsultats de Popov et Swensen (6) 
dans l'acktonitrile. La bande de IC1,- a 336 lnp 
(E = 310) n'a pu Ctre observte dans les solutions 
de 12C1- dans le TMS. B cause de sa faible 
intensitt et de la proximitt de la bande de I,- B 
367 mp (E = 26 100); les prictdents auteurs 
avaient CvitC cette difficult6 en utilisant un sel de 
IC1,-. En ce qui concerne les valeurs des E,,,, 

l'accord entre nos rtsultats et ceux de Popov 
et Swensen est bon dans les cas de 1,- et 
12Br-, a cause de la faible dismutation de ce 
dernier, mais mauvais pour 12C1-, ces auteurs 
ne tenant pas compte de la dismutation impor- 
tante. Pour IC1,-, les valeurs calcultes a partir de 
la dismutation de 1,Cl- sont h = 232 + 4 et 
E = 66 000 F 2 500 alors que les auteurs prtcitCs 
obtiennent 54 500 B 227 mp avec un sel de IC1,-. 
En comparant les bandes d'absorption de I,-, 
12Br- et 12C1-, on note que la longueur d90nde 

de la bande la plus intense passe de 295 B 275 et 
263 mp. Par contre la deuxi61ne bande de I,- a 
367 mp semble, ou ne pas avoir son Cquivalent 
dans 1,Br- et 1,Cl-, ou plus vraisemblable- 
ment Ctre d'intensit6 nettement plus faible (E < 
10 000). 

Nous remercions le Conseil National de Recherches 
du Canada pour une bourse d'etudes (M.D.) et une sub- 
vention. Nous sommes reconnaissants au professeur 
A. L. Beauchamp d'avoir Ccrit le programme TIPOT et 
de nous avoir conseilles lors de son utilisation. 
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Acid-catalyzed cyclization of mangostin 

PETER YATES AND H. B. BHAT 
Lash Miller Chemical Laboratories, University of Toronto, Toronto, Ontario 

Received November 25, 1968 

The acid-catalyzed cyclization of mangostin is shown to give products in which one, but not both, of 
the isopentenyl side chains gives rise to dihydropyran rings. The presence of a methoxyl group at C-7 
and thus the structure originally assigned to mangostin is thereby confirmed. 
Canadian Journal of Chemistry, 48, 680 (1970) 

Mangostin, the major coloring matter from the 
fruit hulls, bark, and dried latex of Garcinia 
mangostana, was assigned structure 1 by Yates 
and Stout (1, 2) some years ago. A recent sugges- 
tion (3), based on benzene-induced solvent shifts 
in nuclear magnetic resonance (n.m.r.) spectra, 
that the position of the methoxyl group had been 
misassigned and that mangostin has structure 2, 
has been shown to be unacceptable on several 
grounds (4). These included the results of a study 
of the acid-catalyzed cyclization of mangostin. 
We report here in detail on this study. 

Treatment of mangostin with hydrated p- 
toluenesulfonic acid in acetic acid at room tem- 
perature for 24 h gave 6 products, assigned struc- 
tures 3-8. Compound 3, 1-isomangostin, is 
colorless, gives a negative test with ethanolic 
ferric chloride, and has the characteristic ultra- 
violet (u.v.) spectrum (Table 1) of mangostin 
derivatives with an ether linkage rather than a 
chelated hydroxyl group at C-l(2,5). Methylation 
of 3 gave dimethyl-1-isomangostin (9), which has 
been obtained previously by acid-catalyzed cycli- 
zation of dimethylmangostin (10) (5). 

7 X = O H ; R = H  
8 X = O C O C H , ; R = H  

14 X = OH; R = CH, 
15 X = OCOCH,; R = CH3 

Compound 4, 3-isomangostin, is pale yellow, 
gives a positive test with ethanolic ferric chloride, 
and has a u.v. spectrum (Table 1) characteristic 
of mangostin derivatives with a chelated hydroxyl 
group at C-1. Its n.m.r. spectrum confirmed the 
presence of this group and demonstrated the 
retention of a single isopentenyl side chain. On 
methylation with diazomethane or with dimethyl 
sulfate and potassium carbonate it gave a mono- 
methyl ether, which is assigned structure 11. 

The colorless compounds 5 and 6 were shown 
to be members of the 1-isomangostin series by 
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YATES AND BHAT: CYCLIZATION OF MANGOSTIN 

TABLE 1 

Ultraviolet spectra of the cyclization products from mangostin and their derivatives 
- 

Compound Lax (EtOH) m~ (log E )  

I-L~omui?~ostin series 

3-Isomangostin series 
4 243 (4.60) 257 (4.54) 319 (4.48) 355 (4.12) 
7 243 (4.46) 253 (4.42) 319 (4.38) 355 (3.97) 
8 243 (4.52) 257 (4.47) 319 (4.43) 355 (4.04) 

11 243 (4.44) 252 (4.43) 317 (4.38) 355 (3.93)* 
14 243 (4.52) 259 (4.54) 317 (4.42) 355 (3.94) 
15 244 (4.44) 260 (4.49) 317 (4.38) 355 (3.93) 

*Shoulder. 
?Reference 5 ;  A. Ault, unpublished results. 

their U.V. spectra (Table 1) and by negative tests 
with ethanolic ferric chloride. The composition of 
5 shows that its formation from mangostin in- 
volves the addition of the elements of water. That 
it results from hydration of the ethylenic double 
bond in the side chain at C-8 was demonstrated by 
its conversion to a dimethyl ether identical with 
compound 12, previously obtained by the action 
of formic acid on dimethylmangostin (10) fol- 
lowed by basic hydrolysis (2), and by similar 
treatment of dimethyl-1-isomangostin (9) (5). 
Compound 5 is also formed when 1-isomangostin 
(3) is treated with hydratedp-toluenesulfonic acid 
in  acetic acid. That compound 6,  whose composi- 
tion shows that its formation involves the addition 
of the elements of acetic acid, results from addi- 
tion of acetic acid to the C-8 side chain was shown 
by its conversion to a dimethyl ether, assigned 
structure 13, that is identical with the product 
obtained when dimethyl-1-isomangostin (9) (5) is 
treated with anhydrous p-toluenesulfonic acid 
and acetic acid. 

The yellow compounds 7 and 8 were shown to 
be members of the 3-isomangostin series by their 
U.V. (Table 1) and n.m.r. spectra and by positive 
tests with ethanolic ferric chloride. Their compo- 
sition demonstrates that they are the 3-isomango- 
stin analogues of 5 and 6 ,  respectively. On 
methylation they each give monomethyl ethers, 
assigned structures 14 and 15, respectively. 

When mangostin was treated with anhydrous 
p-toluenesulfonic acid in benzene at reflux for 
30 min, it was converted to 1-isomangostin (3) 
and 3-isomangostin (4). The greater complexity of 

the product mixture when hydrated p-toluene- 
sulfonic acid and acetic acid are used, results from 
the involvement of water and acetic acid in 
product formation. 

The compounds 4,7,8,11,14, and 15, assigned 
to the 3-isomangostin series, might instead have 
been formulated in terms of the alternative struc- 
ture 2 for mangostin as derivatives of 16. How- 
ever, in the cases of 4 and 11, such structures can 
immediately be eliminated since the n.m.r. spectra 
of these compounds show 2-proton doublets at 
6 4.12 and 4.16, respectively. These are assignable 
to the ArCH2C=C protons of an isopentenyl side 
chain at C-8 but not at C-2, for the methylene 
groups must have an ortho relationship to the 
carbonyl groups (6) ,  which exert an anisotropic 
deshielding effect upon them (6b). A similar con- 
clusion can be reached with respect to compounds 
7,8,14, and 15. Each of these, like 4 and 11, shows 
in its n.m.r. spectrum two 2-proton triplets at 
6 1.7-1.85 and 2.7-2.75 with J = 7 Hz, which can 
be assigned to the two pairs of methylene protons 
of the dihydropyran ring on the basis of their 
splitting pattern (6a, 7). The position of the lower 
field triplet, assignable to the ArCH, protons, 
shows that this ring must be derived from the side 
chain at C-2 (7); were the ring formed from the 
side chain at C-8, the adjacent carbonyl group 
would be expected to shift the ArCH, proton 
signal to ca. 6 3.5 (6a) due to the anisotropic effect 
referred to above. Each of the compounds 7, 8, 
14, and 15, but not 4 or 11, shows in its spectrum a 
2-proton multiplet at 6 3.4-3.8 ; this is assigned to 
the ArCH, protons in the uncyclized side chain; 
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682 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

the circumstancc that this appears as a multiplet 
rather than a triplet is attributed to restricted 
rotation of the chain. The adjacent methylene 
protons, ArCH,CH,CX(CH,),, give rise to a 
multiplet that appears in the 6 1.6-2.4 region. The 
position of the ArCH, proton signals confirms 
that the uncyclized side chain is adjacent to the 
carbonyl group at C-8, as in the structures 
assigned. 

The failure to observe any products of type 16 
in which the side chain at C-8 has ulldergolle 
cyclizatioll to give a dihydropyran ring, or any 
products in which both side chains of nlangostin 
have undergone cyclization, i.e., compounds in 
the 1-isonormangostii~ (17) or 3-isonormangostin 
(18) series (2, S), provides strong evidence that 
there is not a hydroxyl group at C-7.' This argu- 
ment is particularly cogent bith respect to the 
absence of a product in the 1-isonormangostii~ 
series, for closure at the chelated hydroxyl group 
at C-1 could hardly occur without concomitant 
closure at an unchelated hydroxyl group at C-7. 
Thus this position must be the site of the 
methoxyl group in maagostin. as or~ginally pro- 
posed (1, 2). 

Experimental 
Melting points \\ere recorded in capillary tubes and are 

uncorrected. Chromatography was carried ont on silica 
plates (1.25 n1n1 thickness) containing a phosphor, unless 
otherwise specified. 

Cyclization of Matigostin (1) rc.ifh Hydrrrfed p-Tolrleize- 
sulfonic Acid in Acetic Acid. F o r ~ ~ o f i o ~ l  of Cowlpourirls 
3-8 

A mixture of nlangostin (1 .OO g), p-toluenes~:lfonic acid 

'Although the weight balance in the cyclization with 
hydrated p-toluenesulfonic acid was poor, and that with 
anhydrous p-toluenesulfonic acid was only 73 %, the 
remainder of the product mixture in each case had an Ri 
value of zero and therefore could contain no compounds 
in the 16-18 series. 

hydrate (3.00 g), and acetic acid (50 ml) was stirred at 
room temperature for 24 h. The pale yellowish green 
solution was diluted with ethyl acetate, washed repeatedly 
with aqueous sodiunl bicarbonate, and dried with anhy- 
drous sodium sulfate. The solvent was removed under 
reduced pressure, and the residual orange gun1 was 
dissolved in a small amount of acetone. The colorless 
crystalline material that separated in 2 h was collected and 
recrystallized from acetone to give compound 5 (SO mg), 
111.p. 261-263" (decomp.); h,,,(Nujol) 3.00, 6.20, and 
6.35 P ;  mle 428; no color with ethanolic ferric chloride. 

Anal. Calcd. for C,,H,,O, : C, 67.27 ; H, 6.59. Found: 
C, 66.94; H, 6.60. 

The mixture from the original acetone Illother liqi~or 
was chromatographed on 10 plates with ethyl acetate - 
benzene (1 :I v/v) as eluent. The bands revealed by u.v. 
radiation had the following approximate R, values: 0.4, 
0.5, 0.7, and 0.9. The material from the band with R, 0.4 
was extracted with ethyl acetate and crystallized from this 
solvent to give compound 7 as lemon-yellow crystals 
(80 mg), m.p. 182-183" (decomp.); %,,,(CHCI,) 2.90,3.20 
(br), 6.10, and 6.30 11; G(CD,COCD,) 1.29 (s, 6 H), 1.35 
(s, 6 H), 1.85 (t, J = 7 Hz, superimposed on m ;  4 H), 3.68 
(t, J =  7Hz ,  2H) ,  3.5 (m,2H) ,  3.85 (s, 3H) ,  6.21 
(s, 1 H), and 6.84 (s, 1 H); G(C,D,N/CDCl,) 13.96 
(s, 1 H); nz/e 428; olive-green color with ethanolic ferric 
chloride. 

Anal. Calcd. for C24H2807: C, 67.27; H, 6.59. Found: 
C, 67.26; H, 6.52. 

The material from the band with Rf 0.5 was extracted 
with ethyl acetate to give a colorless crystalline product 
(50 mg), which was crystallized from acetone to give 
con~pound 6 as colorless crystals, n1.p. 237-239' 
(decomp.); X(Nujo1) 3.30, 5.90, 6.20, and 6 . 3 5 ~ ;  
G(CD,OD) 1.40 (s, 6 H), 1.58 (s, 6 H), 1.82 (t, J - 7 Hz), 
1.9 (ni), 2.02 (s, 3 H), 2.66 (t, J W 7 H z ,  2H) ,  3.8 (ni), 
3.81 (s, 3H),6 .33 (s, 1 H), and6.71 (s, I H);G(C,D,N) 

-1.40 (s, 6 H), 1.70 (s superilnposed on rn; 8 H), 2.05 
(~,3H),2.2(111,2H),2.88(t,J= 7Hz,2H),3 .7(m,2H),  
3.93 (s, 3 H), 6.65 (s, 1 H), and 6.97 (s, 1 H); nlle 470; no 
color with ethanolic ferric chloride. 

Anal. Calcd. for C26H3008: C, 66.37; H, 6.43. Fo~ind:  
C, 66.63 H, 6.63. 

The material from the band with R, 0.7 appeared to be a 
mixture and lvas re-chronlatographed with ethyl acetate - 
benzene (1 :7 viv) as eluent. It was separated into 2 bands, 
of which the faster moving was extracted with ethyl 
acetate to provide a pale yellow crystalline product 
(60 mg) which was crystallized fro111 ethyl acetate - ether 
to give compound 8 as pale yellow crystals, m.p. 188-1 89c 
(decomp.); h ,,,, (CHCI,) 2.90, 5.80, 6.05, 6.20, and 6.30 p ;  
G(C,D,N) 1.27 (s, 6 H), 1.70 (s superin~posed on m ;  8 H), 
2.04 (s, 3H) ,  2.3 ( n ~ ,  2H),  2.73 (t, J - 7 H z ,  2 H ) ,  
3.65 (nl, 2 H), 6.42 (s, I H), 7.07 (s, 1 H), and 14.43 
(s, 1 H) ;  rille 470; olive-green color nith ferric chloride. 

Anal. Calcd. for C26H,o08: C, 66.37; H, 6.43. Found: 
C, 66.31 ; H, 6.38. 

The material from the slower-moving band from the 
re-chromatography was extracted with ethyl acetate and 
crystallized from benzene to give I -isomangostin (3) as 
colorless crystals, m.p. 241-243' (decomp.) with initial 
melting at 154-155" and resolidification at 180"; I.,,, 
(Nujol) 2.9, 3.20, 6.20, and 6.35 P; G(DMS0-d,) 1.31 
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YATES AND BHAT: CYCLIZATION OF MANGOSTIN 683 

(s, 6 H), 3.62 (d, J = 1 Hz, 3 H), 3.77 (d, J = 1 Hz, super- 
imposed on m;  5 H), 3.68 (s, 3 H), 3.98 (br d, J = 7 Hz, 
2 H ) ,  5.2 (m. 1 H), 6.35 (s, 1 H), 6.72 (s, 1 H), 10.45 
(s, 1 H), and 10.54 (s, 1 H) (signals due to solvent at 2.5 
(DMSO-d,) and 3.35 (H20)); m/e 410; no color with 
ethanolic ferric chloride. An analytical sample heated at 
80" in uacuo over PzO, exhibited the same double melting 
point. 

Anal. Calcd. for Cz4Hz6o6.SHZ0:  C ,  69.46; H, 6.44. 
Found: C, 69.72; H, 6.50. 

An analytical sample heated at 180" in uacuo over P 2 0 5  
had a single m.p. 241-243" (decornp.); its infrared (1.r.) 
spectrum (Nujol mull) was similar to that of the sample 
heated at 80", but had weaker absorption in the 2.9 p 
region; its n.m.r. spectrum (DMSO-d6 containing H 2 0  
(vide supra)) was closely similar to that of the sample 
heated at 80"; m/e  410. 

Anal. Calcd. for CZ4HZ6o6: C, 70.23; H, 6.39. Found: 
C, 70.30; H, 6.52. 

The material from the band with Rf 0.9 in the original 
chromatogram was extracted with ethyl acetate to give an 
orange gum (100 mg) which was crystallized from petro- 
leum ether (b.p. 70-80") to give 3-isomangostin (4) as pale 
yellow needles, m.p. 154-155" (decomp.); ?,,,,,,(Nujol) 
3.10, 6.15, 6.25, and 6 . 3 5 ~ ;  G(CDC1,) 1.35 (s, 6N) ,  1.68 
(d, 1 - 1 HZ, 3 H), 1.82 (S s~~perimposed on t, J - 7 Hz, 
5 H ) ,  2.72 (t, J =  7Hz ,  2H) ,  3.80 (s, 3H),  4.12 (d, 
J N 6 H z , 2 H ) , 5 . 3 1  (m, lH) ,6 .26(s ,  l H ) , 6 . 3 2 ( b r s ,  
1 H), 6.85 (s, 1 H), and 13.79 (s, 1 H); m/e 410; olive- 
green color with ethanolic ferric chloride. 

Anal. Calcd. for C2,H2,06 : C, 70.23 ; H, 6.39. Found : 
C, 70.05; H, 6.37. 

Cyclizatiorz of Mangostin ( I )  with Anhydrous p-Toluene- 
sulfonic Acid in Benzene. Formation of 3 and 4  

p-Toluenesulfonic acid (125 mg) was treated with ben- 
zene (125 ml), and 35 ml of the latter were distilled to 
remove water. Mangostin (1.00 g) was added, and the 
mixture was boiled under gentle reflux for 30 min. The 
solution was cooled, diluted with ethyl acetate, washed 
twice with water, and dried over anhydrous sodium sul- 
fate. Ren~oval of the benzene gave a deep orange gum 
which was chromatographed on 10 plates with ethyl 
acetate - benzene (1 :7 v/v) as eluent. The material from 
the faster-moving, major band (Rf 0.5) was extracted with 
ethyl acetate. The extract was stripped of solvent and the 
residue was crystallized from petroleum ether (b.p. 
60-80") to give 3-isomangostin (4) as pale yellow fluffy 
needles (582 mg), m.p. 154-155" (decomp.), shown by 
mixed m.p. and i.r. spectral conlparison to be identical 
with the sample obtained from cyclization in acetic acid. 

The material from the slower-moving band was ex- 
tracted with ethyl acetate and crystallized from benzene to 
give 1-isomangostin (3, (146 mg) n1.p. 241-243" (de- 
camp.) with initial melting at 154-155" and resolidification 
a t  18O0, shown by mixed n1.p. and i.r, spectral comparison 
to be identical with the sample obtained fro111 cyclization 
in acetic acid. 

Methylation of I-Isornungostin (3) .  Fortnation ofDimetky1- 
I-isomangost in (9 )  

A solution of I-isomangostin (3), m.p. 155" and 241- 
243", (200 mg) in acetone (20 ml) was treated with potas- 
sium carbonate (200 mg) and dimethyl sulfate (1.0 nil), 

and the mixture was boiled under reflux for 5 11. It was 
then filtered and the filtrate was stripped of solvent. The 
residue was left in contact with water for 12 h and then 
extracted with ether. The ethereal extract was washed 
with water, dried,and stripped of solvent. The residue was 
crystallized from cyclohexane - petroleum ether to give 
dimethyl-I-isomangostin (9), m.p. 128-129", shown by 
mixed m.p. and i.r. spectral comparison to be identical 
with a sample of 9 prepared by acid-catalyzed cyclization 
of dimethylmangostin (10) (5). 

The same product was obtained on similar methylation 
of I-isomangostin, m.p. 241-243". 

Methylation of 3-Isomangostin ( 4 ) .  Formation of Methyl- 
3-isomangostin (11)  

A solution of 3-isomangostin (4) (100mg) in ether 
(10 ml) was treated with excess ethereal diazomethane. 
After 24 h the solution was filtered and stripped of sol- 
vent; the residue was crystallized from ethanol to give 
methyl-3-isomangostin (11) (80mg), m.p. 138-139'; 
? ,,,, (Nujol) 6.10,6.30,and 6.35 11; G(CDC1,) 1.36 (s,6 H), 
1.67 (d, J - 1 Hz, 3 H), 1.84 (s superimposed on t, 
J - 7 H z ; 5 H ) , 2 . 7 2 ( t , J =  7Hz,2H),3.79(s,3H),3.95 
(s, 3H) ,  4.16 (d, J =  7Hz,  2H) ,  5.29 (m, 1 H), 6.26 
(s, 1 H), 6.77 (s, 1 H), and 13.84 (s, 1 H); mle 424; olive- 
green color with ethanolic ferric chloride. 

Anal. Calcd. for CZ5H28O6: C, 70.74; H,  6.65. Found: 
C, 70.72; H, 6.64. 

Methylation of 4 with dimethyl sulfate in acetone at 
reflux also gave the monomethyl ether 11. 

Methylation of 5. Formation of 12 
A solution of 5 (20 mg) in methanol (3 ml) was treated 

with excess ethereal diazonlethane as before. Crystalliza- 
tion of the product froni methanol gave colorless crystals 
of 12, m.p. 201-203". This was shown by mixed m.p. and 
i.r. spectral comparison to be identical with a sample of 12 

by reaction of dimethylmangostin (10) with 
formic acid followed by basic hydrolysis (2,5). 

Reaction of I-Isoman~ostin (3) with Hydrated p-Toluene- 
sulfonic Acid in Acetic Acid. Formation of 5 

A solution of 1-isomangostin (3) (50mg) and p- 
toluenesulfonic acid hydrate (150 mg) in acetic acid 
(0.3 rnl) was kept at room temperature for 36 h. The 
resulting pale yellow crystalline mass was treated with 
aqueous sodium bicarbonate, and the mixture was 
extracted with ethyl acetate. The extract was washed with 
water, dried over anhydrous sodium sulfate, and stripped 
of solvent. The residue was crystallized from acetone to 
give 5 (30 mg), m.p. 262-263" (decornp.); this was shown 
by mixed m.p. and i.r. spectral comparison to be identical 
with the sample obtained directly from mangostin. 

Methylation of 6. Formation of I3  
A solution of 6 (10 mg) in methanol (2 ml) was treated 

with excess ethereal diazomethane as above. Crystalliza- 
tion of the product from ethanol gave colorless crystals 
of 13, m.p. 132-133'; h,,,(Nujol) 5.80, 6.05, and 6.30 y; 
s(CDCI,) 1.41 (s9 6 H), 1.60 (s, 6 H), 1.83 (t, J = 7 Hz, 
superimposed on m;  4 H), 2.04 (s, 3 H), 2.64 (t, J = 7 Hz, 
2H) ,  3.45 (m, 2H) ,  3.83 (s, 3 H), 3.88 (s, 3 H), 3.92 
(s, 3 H), 6.35 (s, 1 H), and 6.71 (s, 1 H); m/e 438 
(M - CzH40z). 

Anal. Calcd. for C28H3408: C, 67.45; H, 6.87. Found: 
C, 67.55; H, 6.62. 
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Reaction of Dimethyl-1-isonzar~gostin ( 9 )  with Anhydrous 
p-Toluenesulfonic Acidin Acetic Acid. Formation of13 

p-Toluenesulfonic acid (300 mg) was treated with ben- 
zene (20 ml), and the benzene was distilled to remove 
water. Acetic acid (5 ml) and dimethyl-1-isomangostin (9) 
(50 mg) were added, and the solution was kept at room 
temperature for 24 h. It was then diluted with ethyl ace- 
tate, washed with aqueous sodium bicarbonate, dried over 
anhydrous sodium sulfate, and stripped of solvent. The 
residue was chromatographed on 3 Eastman chromat- 
ogram sheets (silica gel) with ethyl acetate - benzene 
(1 :3 v/v) as eluent. The material from the band below that 
of unconsumed starting material was extracted with ethyl 
acetate and crystallized from methanol to give 13, m.p. 
132-133"; this was shown by mixed n1.p. and i.r. spectral 
comparison to be identical with the sample obtained by 
methylation of 6 .  

Methj lutiorz of 7. Forrrmtior2 of 14 
A solution of 7 (200 mg) in acetone (30 ml) was treated 

with potassium carbonate (1.0 g) and dimethyl sulfate 
(0.2 ml), and the mixture was boded under reflux for 6 h. 
I t  was then filtered, and the filtrate was stripped of sol- 
vent. The residue was chromatographed on 2 plates with 
ethyl acetate - benzene (1 :3 v/v) as eluent. The material 
from the major band was extracted with ethyl acetate and 
crystallized from acetone - petroleum ether to give 14 as 
long yellow needles, n1.p. 151-153": i~,,,(Nujol) 2.95, 
6.10, 6.25, and 6.35 p; G(CDC1,) 1.32 (s, 6 H) 1.39 ( 5 ,  

6 H), 1.77 (t, J - 7 Hz, superimposed on m;  4 H), 2.70 
(t, J =  7 H z ;  2H) ,  3.5 (m, 2H) ,  3.81 (s, 3H), 3.87 (s, 
3H) ,6 .28(s ,  1 H) 6.72(s, 1 H) ,and 13.86(s, 1 H). 

Anal. Calcd. for C,,&&,: C, 67.85; H, 6.83. Found: 
C, 68.06; H,  6.91. 

chromatographed on one plate with ethyl acetate - ben- 
zene (1 :8 v/v) as eluent. The material from the major band 
was extracted with ethyl acetate and crystall~zed from 
petroleum ether (b.p. 60-80") to give 15, m.p. 148-149" 
(decon~p.); ?,,,,(Nujol) 5.80, 6.05, and 6.20 p; G(CDC1,) 
1.36 (s, 6 H), 1.58 (s, 6 H), 1.83 (t, J = 7 Hz, 2 H), 2.02 
(s superimposed on m ;  5 H), 2.72 (t, J = 7 Hz, 2 H), 
3.5 (m, 2 H), 3.84 (s, 3 H), 3.94 (s, 3 H), 6.25 (s, 1 H), 
6.74 (s, 1 H), and 13.9 ('or s, 1 H); G(CD,COCD,) 1.35 
( ~ , 6 H ) , 1 . 5 5 ( ~ , 6 H ) , 1 . 8 5 ( t , J =  7 H z , 2 H ) , 1 . 9 6 ( ~ , 3 H ) ,  
2.68 (t, J = 7 Hz, 2 H), 3.45 (m), 3.82 (s, 3 H), 4.02 
(s, 3 H), 6.20 (s, 1 H), and 6.93 (s, 1 H) ;  rn/e 484. 

Anal. Calcd. for C27H32Q8: C, 66.92; H,  6.66. Found: 
C, 66.93; H, 6.86. 

We thank Professor G. H .  Stout, University of 
Washington, for informing us of related work in his 
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excess ethereal diazomethane as before. The product was 
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NOTES 

Electrochemical studies of yttrium and yttrium-zinc alloys in 
fused LiCl-KC1 eutectic 

YOSHIO HOSHINO' AND JAMES A. PLAMBECK 
Department o f  Chemisfry, Uniuersity of Alberta, Edmonton, Alberta 

Received September 19, 1969 

The electromotive force of cells of the type Y(s)/YCI3 f LiCI-KC1 (eutectic)/Y-Zn alloy (saturated 
liquid) has been measured over the temperature range 450-570 "C. Thermodynan~ic values for the 
limiting solid YZn,, existing in this region are: AGro, -48.7 kcal/mole at 450 " C ;  AHrO, -74.9 kcal/ 
mole; ASrO, - 36 cal/deg mole. The standard molar potential of the Y(II1)-Y(0) couple was determined 
to be -2.831 V against Pt(I1)-Pt(0). 

Canadian Journal of Chemistry, 48, 685 (1970) 

Introduction 

Fused-salt electromotive force (e.m.f.) methods 
have been previously used in this laboratory to 
study the zinc-rich portion of the uranium-zinc 
(1) and lanthanum-zinc (2) systems, this work 
being of interest in the possible electrochemical 
separation of fission product impurities. The 
separation of lanthanum from uranium has been 
shown to become significantly less feasible on 
alloying with zinc (2). The present paper com- 
pletes the work with a study of the yttrium-zinc 
system in the course of which the standard 
potential of the Y(II1)-Y(0) couple was deter- 
mined. 

Experimental 
Materials 

The fused LiCI-KC1 eutectic was prepared by the 
method of Laitinen e f  al. (3) and ampuled under argon 
for future use. The salt used for the yttrium-zinc cells was 
prepared by adding anhydrous YCI, (A. D. MacKay Inc., 
N.Y.) before purification of the melt, as previously (2). 
Reagent grade zinc shot (Allied Chemical, N.Y.) was 
cast into a small ingot under fused zinc chloride for future 
use. Yttrium rod or sheet (3 mm rod, 99.9%, A. D. 
MacKay Inc., N.Y.) was used as the yttrium electrode, 
attached to tantalum leads. Yttrium-zinc alloys were 
made up by melting together weighed amounts of the 
elements, either in situ using the apparatus previously 
employed for uranium (1) or prior to the experiment in 
a tantalum crucible (4). 

Apparatzrs 
The instruments, cell, and electrodes used were those 

previously used (1) to study uranium-zinc. Auxiliary 

'Present address: Department of Chemistry, Tokyo 
Institute of Technology, 0-okayama, Meguro-ku, Tokyo, 
Japan. 

reference electrodes were platinum (5) rather than silver 
as previously used (1). 

Procedure 
The procedure used in e.m.f. studies of the Y(II1)-Y(0) 

couple was that employed by Laitinen and Plambeck (5) 
for rhodium and iridium. The procedure used in the 
e.ni.f. studies of the Y-Zn alloy was that used previously 
for U-Zn (1). The solubility of yttrium in zinc (6) is much 
lower than the solubility of uranium in zinc and measure- 
ments in the unsaturated region were therefore not 
possible. 

Results and Discussion 
Yttrium (IZI)- Yttrium ( 0 )  Electrode 

The Y(II1)-Y(0) couple has previously been 
studied in the LiC1-KC1 eutectic only by Yang 
and Hudson (7), from whose data Plambeck (8) 
calculated the standard molarity-scale potential 
of this couple to be - 2.859 V against the standard 
molar platinum electrode (s.m.p.e.) of Laitinen 
and Liu (9). Inasmuch as this calculation involved 
extrapolation from data taken at temperatures 
higher than 450 "C and higher concentrations 
than those at which obedience to Henry's Law 
can be assumed, a redetermination of the standard 
potential of this couple appeared necessary. 

A total of 19 concentration-potential data 
points were taken in two separate experiments a t  
450 f 0.5 "C at concentrations of Y(II1) between 
5 x and 8 x lo-' M, using two different 
platinum reference electrodes. These data obeyed 
the Nernst equation as shown in Fig. 1. From the 
data given in Fig. 1, less the three points below 
0.01 M which show systematic deviation, a least- 
squares calculation gave the molarity-scale stan- 
dard potential EM0 as - 2.83 1 + 0.003 V against 
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TABLE 1 

2 5 -20 - 1  5 -10 
log ( m o l a r  concentrat~on of Y (ID)) 

FIG. 1. Potential of Y(III)/Y electrode against 
s.m.p.e., in volts, as a function of the logarithm of the 
molar concentration of Y(II1). Circles, run 1 ;  triangles, 
run 2; line has slope corresponding to three electrons 
exactly. 

s.m.p.e. The Nernst slope was 46.7 f 1.6 mV/log 
unit, in excellent agreement with the value of 
47.8 expected for a three-electron process at this 
temperature. This standard potential differs by 
28 mV from the previous (8) value, the difference 
probably being primarily due to the extrapolation 
from higher temperatures. The present value is 
to be preferred. It corresponds to -2.836 and 
-2.866 V, with the same error, on the molality 
and mole fraction scales, respectively, against the 
appropriate  standard platinum reference 
electrode. 

Tlie Yttrium-Zinc System 
Two separate experiments using completely 

different electrodes and electrolyte charges were 
carried out. The yttrium-zinc pool was about 
0.2 atom "/, yttrium and the cell potential was 
insensitive to addition of yttrium. The electrolyte 
was LiCl-KC1 eutectic about 0.05 A4 in Y(111) 
and the cell potential was insensitive to addition 
of further Y(II1) by anodization of the yttrium 
rod. 

The cell temperature was randomly varied 
between 450 and 570 "C and the cell e.m.f. 
recorded. Several hours were needed to reach 
equilibrium, as before (I),  and the potentials did 
not vary more than 0.1 mV/30 min once equilib- 
rium had been reached. The (mean) potential 
values are given in Table 1. The cell e.m.f. is 
inversely proportional to temperature and this 

Temperature dependence of e.m.f. 
of the yttrium-zinc cell 

Temperature Electromotive force 
("C) (mv) 

569.75 641.9 
456.0* 698.5 
470.5* 690.5 
496.5* 676.7 
518.0* 664.3 
547. 0* 648.5 

- 
*Cell 2. otherwise cell I .  

dependence is described by the least-squares 
equation E = 1.0831 - 5.252 x TV, where 
T is the temperature (OK), the standard errors on 
the intercept and slope being 1.6 and 5.5%, 
respectively. 

The cell Y(s)/YCl, + LiC1-KC1 (eutectic)/ 
Y-Zn (saturated liquid) is nearly identical to the 
cells discussed previously (1, 2) and the thermo- 
dynamic discussions given earlier apply. The 
limiting solid phase whose thermodynamic prop- 
erties are here determined is presumed to be 
YZn,, on the basis of the work of Veleckis, 
Schablaske, Johnson, and Feder (lo), although 
Chiotti, Mason, and Gill (4) report it as YZn,,. 
The difference is not significant (1) for the present 
study. The enthalpy of formation AH,' for this 
compound is then - 74.94 5 1.56 kcal/mole, and 
the entropy of formation AS,' is - 36.3 1 2.0 
cal/deg mole. The free energy of forination AG,' 
is, at 500 "C, -46.8 1 1.0 kcal/mole. All of 
these values correspond to the reaction 

Y (s) + 12Zn (1) - YZn,, (s) 

The results of this study are not in agreement with 
the only previous data, that of Chiotti, Mason, 
and Gill (4), who report AGfO as - 53.43 f 0.15 
kcal/mole at 500 "C for the limiting Y-Zn com- 
pound. The discrepancy is even larger for 
enthalpy and entropy than for free energy. The 
present direct measurements should be preferred, 
at least within the temperature range employed 
here, over the indirect calculation from the vapor 
pressure of zinc above yttrium-zinc alloys (4), 
because such studies are least accurate for com- 
pounds of high zinc content. It must be noted, 
however, that the discrepancy between cell and 
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vapor pressure measurements is much less in the 
uranium-zinc system (1) than in the present 
yttrium-zinc study. 

Conclusion 

The free energy of formation of the limiting 
yttrium-zinc compound obtained in this study, 
-48.7 kcal/mole at 450 "C,  is similar to that for 
the limiting lanthanum-zinc (2) compound, 
- 58.8 kcal/mole; both are much larger than that 
for the limiting uranium-zinc compound, - 26.1 
kcal/mole. The effect of alloying with zinc is thus 
the same for yttrium as for lanthanum, i.e. to 
reduce the feasibility of electrochemically sepa- 
rating these elements from uranium by a signifi- 
cant factor. 

The authors are grateful to the National Research 
Council of Canada for support of this research. 
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Perflnoroalkyl vicinal dihypohalites' 

A.  F. JANZEN AND R. POLLITT 
Departnzent of Chen7i~trj1, Unicersity of Manitoba, Winnipeg, Manitoba 

Received May 23, 1969 

The preparation of perfluoroalkyl vicinal dihypohalites is described. The new con~pounds were 
characterized by 19F nuclear magnetic resonance, infrared spectroscopy, and chemical reactions. 

Canadian Journal of Chemistry, 48, 687 (1970) 

The synthesis of a number of perfluoroalkyl 
hypo~hlorites,~ R,OCl, has been described very 
recently ( I ,  2). We wish to report the synthesis of 
perfluoroalkyl vicinal dihypochlorites 1, -bro- 
mites 2, and -iodites 3. 

Compounds 1 and 2 were prepared by reaction 
of disodium perfluoropinacolate with chlorine 
and bromine, respectively (eq. [I]). Attempts to 
extend the reaction to iodine were unsuccessf~~l. 

'Presented at the 52nd Canadian Chemical Conference 
and Exhibition, Montreal, May 25-28, 1969. 

'These compo~lnds may also be named chloroxyper- 
fluoroalkanes (see reference 2). 

Compound 3 was prepared by reaction of 
disodium perfluoropinacolate with iodine mono- 
chloride or iodine monobromide (eq. [2]1). 

The reactions were conveniently carried out in 
the solvent trichlorofluoromethane. Sodium 
halides were recovered in high yield, identified by 
their X-ray powder patterns and found to be 
consistent with reactions shown in eqs. [ I ]  and 
121. 

The 19F nuclear magnetic resonance (n.1n.r.) 
spectra of the dihypohalites showed, in each 
case, a sharp single absorption peak, indicating 
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vapor pressure measurements is much less in the 
uranium-zinc system (1) than in the present 
yttrium-zinc study. 

Conclusion 

The free energy of formation of the limiting 
yttrium-zinc compound obtained in this study, 
-48.7 kcal/mole at 450 "C,  is similar to that for 
the limiting lanthanum-zinc (2) compound, 
- 58.8 kcal/mole; both are much larger than that 
for the limiting uranium-zinc compound, - 26.1 
kcal/mole. The effect of alloying with zinc is thus 
the same for yttrium as for lanthanum, i.e. to 
reduce the feasibility of electrochemically sepa- 
rating these elements from uranium by a signifi- 
cant factor. 

The authors are grateful to the National Research 
Council of Canada for support of this research. 
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The preparation of perfluoroalkyl vicinal dihypohalites is described. The new con~pounds were 
characterized by 19F nuclear magnetic resonance, infrared spectroscopy, and chemical reactions. 
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The synthesis of a number of perfluoroalkyl 
hypo~hlorites,~ R,OCl, has been described very 
recently ( I ,  2). We wish to report the synthesis of 
perfluoroalkyl vicinal dihypochlorites 1, -bro- 
mites 2, and -iodites 3. 

Compounds 1 and 2 were prepared by reaction 
of disodium perfluoropinacolate with chlorine 
and bromine, respectively (eq. [I]). Attempts to 
extend the reaction to iodine were unsuccessf~~l. 

'Presented at the 52nd Canadian Chemical Conference 
and Exhibition, Montreal, May 25-28, 1969. 

'These compo~lnds may also be named chloroxyper- 
fluoroalkanes (see reference 2). 

Compound 3 was prepared by reaction of 
disodium perfluoropinacolate with iodine mono- 
chloride or iodine monobromide (eq. [2]1). 

The reactions were conveniently carried out in 
the solvent trichlorofluoromethane. Sodium 
halides were recovered in high yield, identified by 
their X-ray powder patterns and found to be 
consistent with reactions shown in eqs. [ I ]  and 
121. 

The 19F nuclear magnetic resonance (n.1n.r.) 
spectra of the dihypohalites showed, in each 
case, a sharp single absorption peak, indicating 
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the equivalence of all 12 fluorine atoms. Chemical 
shifts relative to internal CFCI, are: 1, + 70.1 ; 
2, + 70.1 ; 3, + 70.8 p.p.m. This is the region to be 
expected for perfluoropinacol derivatives (3) 
and may be compared with perfluoropinacol 
itself, which has a sharp singlet at +70.7 p.p.m. 

All the compounds had infrared (i.r.) spectra 
consistent with their proposed structures, the 
principal feature being strong absorption in the 
region 1260-1210 em-' associated with carbon- 
fluorine stretching frequencies. In particular, the 
i.r. spectra eliminated the possibility that C=C, 
C=O, or O H  groups were present. 

The stability of dihypohalites was briefly 
investigated. They were found to be stable at 
0 "C in CFC1, solution but decomposition 
occurred on standine. at 25". The rate of decom- - 
position increased on heating or in the presence 
of ultraviolet (u.v.) light. Decomposition accom- 
panied attempts to remove the last traces of 
solvent at reduced pressure in the vacuum 
system at room temperature and -22". Com- 
pounds 1 and 2 were found to decompose if eq. 
[ I ]  was carried out with excess chlorine or 
bromine. The 19F n.m.r. proved very useft11 in 
checking the purity of solutions of dihypohalites 
since decomposition caused disappearance of the 
sharp singlet and appearance of complex multi- 
plets. 

Chemical reactions are entirely consistent 
with the formulation of the new compounds as 
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n.m.r. showed a single peak at + 70.7 p.p.m. (literature 
value f 4.54 p.p.n~. relative to 1,2-difluorotetrachloro- 
ethane as external reference (7)). 

Reaction with Benzaldehyde 
A solution containing (CF,)2C(OCl)C(CF3)20Cl (4 g, 

10 mmoles) was prepared as described above and majority 
of solvent removed. Carbon tetrachloride (20 ml) and 
benzaldehyde (10.5 g) was added and the solution irradi- 
ated for 12 h using a Hanovia Utility u.v. quartz lamp 
situated 18 cm from the silica reaction vessel. The prod- 
ucts were beazoic acid (1.0 g, 8.2 mmoles), identified by 
its i.r. spectrum, and a smaller amount of benzoyl chlo- 
ride, identified by gas chromatographic analysis. The 
latter technique indicated additional products, which 
could be chlorine substituted fluorocarbons, but these 
were not identified. 

The authors wish to thank Dr. C. J. Willis for his 
continuing interest in this work. The financial assistance 
of the National Research Council of Canada is gratefully 
acknowledged. 
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Exposure of 2,3-dimethyl-4-carbethoxy-7-ethylindole (1) and 2,3,5,7-tetrainethylindole (5) to air yielded 
the corresponding indoleninyl hydroperoxides, 2 and 6 respectively. The decomposition of 2 under 
various conditions yielded a-acylaminoketone (3). 

Canadian Journal of Chemistry, 48, 689 (1970) 

The formation of hydroperoxides is a property 
common to many 1,2,3,4-tetrahydrocarbazoles 
(1). Leete (2) in 1961 reported the formation of 
2,3-diethyl-3-hydroperoxyindolenine in a quan- 
titative yield by exposing a solution of 2,3- 
diethylindole in light petroleum (b.p. 60-SO"), 
containing a trace of hydrogen peroxide, to air. 
Beer and his co-workers (3) have show11 that the 
presence of an electron-releasing substituent in 
the benzene ring of indole derivatives facilitates 
peroxide formation. When the solution of 2,3- 
dimethyl-4-carbethoxy-7-ethylindole (1) (4) in 

'Present address: Postdoctoral fellow, School of 
Pharmacy, University of Manitoba, Winnipeg 19, 
Manitoba. 

light petroleum (b.p. 60-80") containing a trace 
of hydrogen peroxide was exposed to the atmo- 
sphere for 24 h, it slowly deposited colorless 
needles of the correspondillg 3-hydroperoxy- 
indolenine (2) in 80% yield. Treatment of this 
peroxide with hot ethanol (50 %) containing two 
drops of glacial acetic acid gave the expected 
2-acetainidoacetophenone derivative (3) in 50 % 
yield. 

In order to see if such autoxidations occur in 
other indoles having electron-releasing group in 
the benzene ring, the 2,4-dinnethylhydrazone (4) 
of ethyl methyl ketone was cyclized using boron 
trifluoride-etherate under the same conditions 
used for the preparation of the indole 1 (4). The 

C0OC2H5 
COOC2H5 1 OOH COOC?H, 
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resulting product again appeared, from its 
nuclear magnetic resonance (n.m.r.) and infrared 
(i.r.) spectra, to be a mixture of an indole (5) and 
a corresponding 3-hydroperoxyindolenine (6). 
A solution ofthis crude product inlight petroleum 
(b.p. 60-8W), when exposed to the atmosphere, 
slowly deposited the pure hydroperoxyindolenine 
which was characterized by its elemental analysis, 
n.m.r., and i.r. spectra. Attempts were made to 
oxidize ethyl 2,3-dimethylindole-5-carboxylate 
(7) and ethyl 3-(2'-ethoxycarbonylethy1)-2- 
methylindole-5-carboxylate (8) ( 5 )  to the corre- 
sponding peroxides, but 95% of the starting 
materials were recovered unchanged. 

Experimental 
The i.r. spectra were obtained with a Perkin-Elmer 

Model 125 Spectrophotometer. The ultraviolet (u.v.) 
spectra were taken in ethanol with a Unicam SP. 800 
Spectrophotometer. The n.m.r. spectra were determined 
on Varian A-60 Spectrometer, using a 10% solution of 
tetramethylsilane in carbon tetrachloride as an external 
reference (t,,). Microanalyses were performed by the 
staff of the Analytical Department. All melting points 
are uncorrected. 

OOH 

hydrogen peroxide (2 ml) was added to the above solu- 
tion, which was then exposed to air for 24 h. The resulting 
crystalline product on recrystallization from a mixture 
of ethyl acetate and light petroleum (b.p. 60-80") gave 
colorless needles (0.9 g ,  80%) of 2, n1.p. 125-126". Infra- 
red v,,, (CCI,): 3375 (a very weak band, 0-H) and 1718 
cm-I (arylester C-0); u.v. X,,,: 234 (E 25 100) and 306 
mp (E 1520, shoulder); n.m.r. (CDCI,): 6 1.25 (6H, 
-0-CH,-CH, and Ar-CH2-CH,, two overlapping 
triplets), 1.54 (3H, C-3 methyl, singlet), 2.18 (3H, C-2 
methyl, singlet), 2.88 (2H, Ar-CH,-CH,, quartet), 4.19 
(2H, -0-CH,-CH,, quartet), 7.12 and 7.57 (2H, J = 
8 c.p.s., pair of doublets), and 10.26 i lH ,  -0-OH, 
singlet). 

Anal. Calcd. for CI5Hl9NO4: C, 65.0; H, 6.9; N, 5.1. 
Found: C, 65.0; H ,  6.7; N, 5.1. 

Cleavage of Ethyl 2,3-Dimethq~l-7-ethyI-3-hydroperoxy- 
indolenine-4-carboxylate (2) 

A solution of the 3-hydroperoxyindolenine (2) (0.45 g) 
in 50 % aqueous ethanol (40 ml) containing glacial acetic 
acid (2 drops) was refluxed for 112 h. Ethanol was re- 
moved in uacuo and the product extracted with ether. 
The ether extracts after washing with water, brine and 
drying (anhydrous sodium sulfate) afforded, on evapora- 
tion, a white amorphous solid which on crystallization 
from a mixture of ethyl acetate and petroleum (b.p. 
60-80") gave white needles of 6-ethoxycarbonyl-3-ethyl- 
2-acetarnidoacetophenone (3) (220 mg, 50 %), m.p. 
160-161". Infrared v,,, (Nujol): 3300 (N-H), 1710 (a 
broad band, aryl ester and aryl ketone C-0 combined), 
1660 (amide I C-0), 1600 (C=C), and 1550 cm-I (amide 
I1 C-0); u.v. ? .,,,. 241 (E 23 500) and 276 my (E 3800, 
shoulder); n.m.r. (CDCI,): 6 1.22 (6H, -0-CH,-CH, 
and Ar-CH2-CH,, two overlapping triplets), 2.08 (3H, 
-NH-CO-CH,, singlet), 2.38 (SH, Ar-COCH, and 
Ar-CH2-CH3, quartet due to -CH,- of ethyl and 
overlapping singlet of acetyl group), 4.29 (2H, -0-CH2 
-CH,, quartet), 7.15 and 7.76 (2H, J = 8 c.p.s., pair 
of doublets), and 8.12 ( lH,  -NH- of acetyl, singlet). 

Anal. Calcd. for Cl5HI9NO4: C, 65.0; H, 6.9; N, 5.1. 
Found: C, 64.8; H, 7.2; N, 5.2. 

Ethyl 2.3-Dirnethyl-7-ethyI-3-l~~~droperoxyindolenine- 2,3,5,7-Tetranlethyl-3-lzydroperoxyindoe (6) 
4-carboxylate (2) A solution of 2:4-dimethylhydrazine (2.0 g) and ethyl 

Ethyl 2,3-dimethyl-7-ethylindole-4-carboxylate (1) (1.0 methyl ketone (1.6 g) in dry benzene (15 ml) was treated 
g) was dissolved in sufficient hot petroleum (b.p. 60-80') with glacial acetic acid (1 drop), and warmed on the 
to prevent rapid crystallization on cooling, and 30% water-bath for a few min. The solution was then dried 
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and evaporated in vhcuo to give a red oil. The oily hydra- 
zone was cyclized using boron trifluoride etherate in an 
analogous way to that used in the preparation of the 
indole 1 (4). Crystallization of the resulting red-brown 
gum (obtained after passing the material through a char- 
coal column) was attempted from polar solvents in order 
to avoid the autoxidation of the corresponding indole 5, 
but failed. When the gum was extracted with light 
petroleum (b.p. 40-6O0), the product was found to be a 
mixture of an indole 5 and its hydroperoxide 6. Infrared 
v,,, (Nujol): 3350 (N-H) and 3150 cm-I (a very weak 
band, 0-H). A solution of this crude product in light 
petroleum (b.p. 60-80°), when exposed to the atmosphere, 
slowly deposited colorless needles of 6 (1.2 g, 40 %), m.p. 
115-1 16". Infrared v,,, (Nujol) : 3150 cm-' (a very weak 
band, 0-H); n.m.r. (CDC13): 6 1.39 (3H, C-3 methyl, 
singlet), 2.18 (3H, C-2 methyl, singlet), 2.24 (3H, Ar- 
CH3, singlet), 2.36 (3H, Ar-CH,, singlet), 6.92 (2H, 
J = 1 c.p.s. doublet, small splitting due to a very small 
chemical shift difference between the two aromatic pro- 
tons), and 10.2 (IH, -0-OH, singlet). 

Anal. Calcd. for C1ZH~5N02: C, 70.24; H, 7.31; N, 
6.83.Found: C,70.1;H,7.2;N,6.9. 

Grateful acknowledgment is made to the University of 
Birmingham for the award of a Research Studentship, 
and to Professor M. Stacey, F.R.S. for his interest in 
this work. Thanks are due to Dr. J. D. Hobson for his 
valuable suggestions in this work. Thanks are due also to 
Dr. J. R. Murray, School of Pharmacy, University of 
Manitoba for his financial support for this publication 
and to Dr. C. M. Wong, Department of Chemistry, 
University of Manitoba, for going through this 
manuscript. 
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Rearrangement of a steroidal 14 P-hydroperoxide. Cleavage of ring D 
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The rearrangement of 14!3-hydroper0xy-A~~-androsten-3fi-ol-17-one 3-acetate (2) with boron trifluo- 
ride etherate affords 3fi,15-dihydroxy-14,15-seco-A1~5cr-androstene-14,17-dione 3-acetate (4a). The 
decarbonylation of the rearrangement product was studied. 

Canadian Journal of Chemistry, 48, 691 (1970) 

In connection with another problem, we had 
occasion to investigate the cleavage of the 
steroidal ring D between C-14 and C-16. A few 
methods for such a cleavage have been described 
in the literature (1); however, a simpler and more 
efficient degradative sequence was desired. It  was 
observed previously that Al4-androsten-3P-ol- 
17-one acetate (1) is readily oxidized by oxygen 
into 14~-hydroperoxy-A15-androsten-3~-ol- 17- 
one acetate (2) (2). Since organic hydroperoxides 
are known to undergo acid catalyzed rearrange- 
ments involving C-C bond cleavage (3), the 

AcO AcO 

AcO AcO 

rearrangement of 2 was studied. Treatment of 2 
with boron trifluoride etherate in benzene led to 
the formation of an alkali-soluble product (20 % 
yield) which was characterized as the 14,15-seco 
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efficient degradative sequence was desired. It  was 
observed previously that Al4-androsten-3P-ol- 
17-one acetate (1) is readily oxidized by oxygen 
into 14~-hydroperoxy-A15-androsten-3~-ol- 17- 
one acetate (2) (2). Since organic hydroperoxides 
are known to undergo acid catalyzed rearrange- 
ments involving C-C bond cleavage (3), the 

AcO AcO 

AcO AcO 

rearrangement of 2 was studied. Treatment of 2 
with boron trifluoride etherate in benzene led to 
the formation of an alkali-soluble product (20 % 
yield) which was characterized as the 14,15-seco 
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androstane derivative 4a.l In agreement with 
the hydroxyrnethylene structure 40, the product, 
gives a ferric chloride test, shows a chelated 
carbonyl absorption (4) in the infrared at 6.1 1- 
6.27 p, its absorption maximum in the ultraviolet 
( u . ~ . )  undergoes the characteristic bathochromic 
shift with alkali (4), and its nuclear magnetic 
resonance (n.m.r.) spectrum shows signals for 
two cis-olefinic protons (5 ) .  In another approach 
for ring D cleavage, ozonolysis of 1 afforded a 
crystalline ozonide 3 which on hydrogenolysis 
was converted into the same hydroxymethylene 
compound 4a in 3 1 % yield. 

Base treatment of 4a in order to cleave off C-15 
would be expected to give non-specific cleavages. 
The desired selective decarbonylation at C-15 was 
achieved by treating 4a with ethylene p-toluene- 
thiol sulfonate (6). The resulting thioketal 46 on 
desulfurization with Raney nickel afforded the 
methyl ketone 4c. Alternatively, 4c was obtained 
in one step from 4a by decarbonylation of the 
latter compound with tris-(tripheny1phosphine)- 
chlororhodium (7). The presence of the new 
methyl group in 4c was evident from its n.m.r. 
spectrum. One of the above sequences for the 
degradation of ring D was applied in the syn- 
thesis of a resin acid (66). 

Experimental Section 
Specific rotations were determined on 0.3 % solutions 

in dioxane. The n.ni.r, spectra in CDC13 using TMS as 
the internal standard were determined on a Varian A- 
60A spectrometer. The U.V. spectra were determined on a 
Cary 14 spectrophotometer. These measurements and 
microanalyses were performed by Mr. M. Yudis and his 
associates. 

Ozonolysis of Z 
A solution of 0.5 g of A14-androsten-3P-ol-17-one 

acetate (1) (2) in 10 ml ethylacetate was cooled to -70" 
and a stream of ozonized oxygen was bubbled through it 
until the solution acquired a blue color. The reaction 
mixture was allowed to stand at -70" for 15 min and 
excess ozone was displaced by a stream of dry argon. The 
solution was evaporated under reduced pressure and the 
residue on crystallization from ethylacetate afforded 0.45 

'The following mechanism may be suggested for this 
rearrangement: 

g (79%) of the ozonide 3 as colorless needles, m.p. 155- 
161" (decomposition); [c(JDZ6 - 89.3"; n.m.r., 6 0.82 
(3H, S, l&CH,), 1.19 (3H, S, 13-CH,), 2.00 (3H, s, 

0 
il 

-0C-CH3) and an ABX splitting pattern for C-15, C-16 
protons 6 (HA) 2.57,s (HB) 2.84 (2H, o, J A B  = 17, JAx = 
1.5, JBx = 3.0c.p.s.), 6 (Hx) 5.96 ( lH,  m, JA,+B, = 5.0 
c.P.s.). 

Anal. Calcd. for C2,H3,06: C, 66.64; H, 7.99. Found: 
C, 66.82; H, 7.78. 

3P,lS-Dihydroxj)-14,IS-seco-At 5-5a-androstene- 
14,I 7-dioize 3-acetate (4a) 

A. From Ozonide 3 
A solution of 0.4 g of 3 in 10 ml of ethylacetate was 

hydrogenated in the presence of 0.2 g of 10% palladized 
carbon. The theoretical uptake of hydrogen was complete 
in 4 min. The catalyst was removed by filtration and the 
residue obtained upon evaporation of the filtrate was 
crystallized from ethylacetate-ether to afford 0.12 g 
(31 %) of 4a as colorless plates, m.p. 142-147"; [c(IDz6 - 
30.6";'hn,,,(MeOH) 258 nip (E  3480) -t h,,,(MeOH/OH@) 
300 mp ( E  20,000); h ,,,,, (Nujol) 5.76, 5.85, and 6.1 1-6.27 
p;n.m.r.60.91 (3H,s, I G C H , ) ,  1.40(3H,s, 13-CH,), 

0 
1 ;  

2.02 (3H, S, -0-C-CH,), 5.57 ( lH,  d,  -CO-CHz 
CHOH, J = 5 c.p.s.), 7.68 ( lH,  d, -CO-CH=CHOH, 
J = 5 c.P.s.). 

Anal. Calcd. for Cz1H30O5: C, 69.58; H, 8.34. Found: 
C, 69.86; H, 8.62. 

B. From Hj~droperoxide 2 
A solution of 0.5 g of 2 (2) in 25 ml of dry benzene was 

treated with 1 ml of boron trifluoride etherate and the 
mixture was stirred at 60" for 15 min. During this period 
the mixture initially turned pale yellow in color then 
changed to dark brown and finally a brown oil material 
deposited on the walls of the flask. The reaction mixture 
was cooled and stirred for 5 niin with 10 ml of cold 10% 
aqueous sodium acetate solution. The color changed to 
pale yellow. The mixture was diluted with ether and the 
organic phase was washed with 10 % sodium bicarbonate 
solution, water, then was dried and evaporated. The pale 
brown residue was dissolved in ether and extracted 
rapidly with cold (0") 2 %  sodium hydroxide solution. 
The aqueous extracts were rapidly acidified with cold 
(0') 10% sulfuric acid and extracted with ether. The 
ether extract was washed with water, then dried and 
evaporated to afford 0.185 g of an oil which on crystalli- 
zation from ethylacetate-ether afforded 0.105 g (20%) 
of 4a as colorless plates, m.p. 142-147". The infrared 
(i.r.), u.v., and n.m.r. spectra are identical with 4a pre- 
pared as above from 3. 

Thioketal4b 
Crude hydroxymethylene ketone 40 obtained by the 

hydrogenation of 0.3 g of 3 was dissolved in 10 ml of 
methanol and the solution was treated with 0.32 g of 
ethylene p-toluenethiol sulfonatez and 0.4 g anhydrous 
potassiunl acetate. The mixture was then refluxed for 30 
min under an argon blanket. The pale yellow solution 

'Kindly supplied by D. I. Pachter of Endo Laboratories. 
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NOTES 693 

was then concentrated under reduced pressure, diluted 
with ice-water, and extracted with ethylacetate. The ex- 
tract was washed with water, dried, and evaporated. The 
residue was applied on a 20 x 20 x 0.1 cm silica gel 
plate and developed with 20 % ethylacetate-chloroform. 
The product was isolated from the major band and was 
crystallized from ethylacetate-hexane to afford 0.14 g 
(42%) of 4b as colorless plates, m.p. 136-137"; [aIDZ6 - 
35.2"; n.m.r., 6 0.89 (3H, s, I@-CH3), 1.43 (3H, s, 

0 
l~ 

13-CH3), 2.00 (3H, s, -0-C-CH3), 3.35 (4H, m, 
-S-(CH,),), 5.10 (lH, s, -S-CH-S-). 

Anal. Calcd. for CZzH,20,S,: C, 62.22; H,  7.59. 
Found: C, 62.27; H, 7.97. 

Methyl Ketone 4c 

A. From Thioketal4b 
A suspension of 0.3 g W-2 Raney nickel in a solution of 

0.103 g of 4b in 65 ml of 95 % ethanol was refluxed with 
stirring for 8 h. The mixture was then cooled and filtered. 
The filtrate was evaporated under reduced pressure and 
the residue on crystallization from hexane afforded 0.054 
g (67%) of 4c as colorless prisms, m.p. 126-129"; [aIDz6 
- 62.8"; n.m.r., 6 0.92 (3H, s, I G C H , ) ,  1.40 (3H, s, 

7' 
13-CH3), 2.01 (3H, S, -0-C-CH,), 2.18 (3H, S, 

0 
ll  

-C-CH3). 
Anal. Calcd. for C2,H3,0,: C, 71.82; H, 9.04. Found: 

C ,  71.42; H, 8.98. 
B. From the Hy&oxymethyle?ie Ketone 4a 
Crude 4a obtained by the hydrogenation of 0.1 g of 

3 was dissolved in 1 ml of benzene and the solution was 

added to 0.3 g of tris-(triphenyl-phosphine) chlororho- 
dium in 6 ml of benzene. The reaction mixture was heated 
at 80" for 20 min. During this period the blood-red solu- 
tion turned brown in color with the formation of a brown 
solid. The mixture was filtered hot and the filtrate was 
evaporated. The residue was suspended in ether and 
filtered. The residue obtained on evaporation of the ether 
filtrate was applied to a 10 x 20 x 0.1 cm silica gel plate 
which was then developed with 2% ethylacetate-chloro- 
form. The material obtained by elution of the major band 
was crystallized from hexane to afford 0.035 g (40%) of 
colorless prisms, m.p. 126-129", identical in all rcspccts 
(i.r., thin-layer chromatography) with 4c. 
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COMMUNICATIONS 

Detection and chemistry of the triplet state of thymine1 

A. G. SZABO 
Division of Biology, National Research Council of Canada, Ottawa, Canada 

AND 

W .  D. RIDDELL' AND R. W. YIP 
Division of Cheinistry, National Research Council of Canada, Ottawa, Canada 

The transient produced on flash excitation of degassed solutions of thymine in acetonitrile has been 
characterized as the triplet excited state of thymine. This triplet state has a lifetime of 14 + 1 ps and 
the associated dimerization rate was found to be 5.3 + 0.3 x 10' M-' s-' . The triplet state of thymine 
could be quenched by 2,4-hexadien-1-01 with a rate constant of 8.1 + 0.6 x lo9 M-' s-'. 

Canadian Journal of Chemistry, 48, 694 (1970) 

The photochemistry of thymine has been 
studied more intensively than the other bases 
which constitute DNA (1). This interest is 
stimulated by the isolation of a cyclobutane 
dimer of thymine from irradiated cellular systems 
and this dimer has been identified as one of the 
reparable lesions occurring in the DNA (2). 
The chemistry describing the photodimerization 
of thymine is another example of a photo- 
chemical cycloaddition reaction of a,p-unsatu- 
rated carbonyl compounds, for which mech- 
anisms have been recently described by de Mayo 
(3) and Wagner (4) and their co-workers. Their 
studies have utilized the classical Stern-Volmer 
approach to obtain kinetic parameters associated 
with the cycloaddition reaction. In degassed 
aqueous solutions of thymine the quantum yield 
of thymine disappearance is 4.2 x (5) and 
is apparently unaffected by oxygen. Lamola and 
Mittal(6) have found that the photodimerization 
of thymine in acetonitrile proceeds entirely via 
the triplet state, with a quantum yield of 
5 x (7 x M thymine). Wagner esti- 
mated the lifetime, 7, (4.3 ps), of the triplet 
excited state of thymine by determining the 
factor k,r from Stern-Volmer kinetics and as- 
suming the quenching rate, k,, of triplet thymine 
by 1,3-pentadiene to be 1 .I x 10'' M - I  s-' i n 
acetonitrile. Considering the result for k, of 
3 x lo9 M - I  s-I obtained from the work of 
Riddell, Szabo, and Yip (7) on the flash photol- 
ysis of methyl orotate, we felt that the triplet 

'NRCC No. 11160. 
2NRCC Postdoctoral Fellow, 1968-1969. 

state of thymine should be observable on the 
0.8 ps flash apparatus in our laboratories. 

When a degassed solution of thymine 
(5 x M) in acetonitrile was flashed3 a 
transient species with a z,,, of ca. 10 ys was 
observed which decayed by first order kinetics 
according to eq. [ l ]  

[1 ] 2.303 log,, O.D. = k,,,z + constant 

This transient could be characterized as the 
triplet excited state of thymine on the basis of 
the following consideration. Since the triplet 
state of thymine is the precursor of cyclobutane 
dimers, the observed rate of decay, k,,,, should 
vary with the thymine concentration consistent 
with a dimerization mechanism described by 

[2] k,,, = k, -t k,,,[thymine] 
+ k, [quencher] 

When solutions of varying thymine concentra- 
tions (1 x lo-' - 2 x M )  in the absence 
of quencher were flash excited we observed 
excellent first order kinetics (Fig. 1) in agreement 
with the above scheme. The lifetime, r, = Ilk,, 
obtained from the intercept of the kinetic plot 
(Fig. 1) was found to be 14 5- 1 ps. We conclude 

3The degassing and experimental techniques were 
identical to those described earlier (7). The flash apparatus 
was identical to the 5 ps dual beam photoelectric flash 
apparatus already described (8) except that a 0.16 pF, 
40 kV capacitor was used. The photoflash was filtered 
through a 2 mm Vycor filter except as noted in the text. 
The transient was monitored at 330 mp. The acetonitrile 
was "spectroquality", from Matheson, Coleman, and 
Bell and was used without further purification. 
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L 8 8 8 

23 

Concontration, Mx D 

FIG. 1 .  Plot of kOb, VS. [thymine] in acetonitrile. 

that the transient cannot be the singlet excited 
state of thymine. The value of k , , ,  was 5.3 i- 0.3 
x 10' M - I  s-I ruling out a radical intermediate. 
This value is in close agreement with the value 
reported by Wagner and Bucheck (4) of 7 x lo8 
M - I  s-' and is of the same order as that found 
for the dimerization of the triplet state of methyl 
orotate in aqueous solution of 2.20 2 0.05 x lo9 
M-1  s-l  (7). These results suggest that the 
dimerization reaction is less than diffusion con- 
trolled, the Debye treatment for the diffusion rate 
in acetonitrile predicting a value of 1.9 x 10'' 
M-I  at 25 "C. We confirmed the assignment of 
the triplet excited state by performing experiments 
with the known triplet quencher 2,4-hexadien-1-01 
(ET -- 56 kcal M - I  (7)). When solutions of fixed 
concentration (4 x M)  of thymine and of 
varying concentrations of 2,4-hexadien-1-01 
(0.25 x - 1 x M)  were flash excited, 
we were able to quench the transient consistent 
with the kinetic expression [2] and obtained a 
value of k ,  of 8.1 $- 0.6 x lo9 M- '  s-I (Fig. 2). 
Finally, when a solution of thymine (5 x M)  
in acetonitrile was flash excited through a Pyrex 
filter no transient was observable. However, in a 
solution of thymine (5 x M)  and acetone 
(0.05 M)  the same transient was present as had 
been observed when thymine had been flashed 
through a vycor filter.4 No transient was ob- 
served when a solution of acetone in acetonitrile 
was flashed through a Pyrex filter. These sensiti- 
zation experiments firmly establish the identity 
of the transient as the triplet excited state of 
thymine. Recently, Hayon (9) has observed a 
transient from the pulse radiolysis of thymine. 

4The transient was monitored at 340 mp. 

No kinetic data were reported. He assigned the 
transient as the triplet excited state on the basis 
of the similarity between the ultraviolet absorp- 
tion of the transient (A,,, - 300 mp) and the 
spectrum he obtained for triplet uracil (A,,, 
289 mp). Our finding that there is no maximum 
above 3 10 mp for the T-T absorption of thymine 
in acetonitrile is consistent with a triplet assign- 
ment for the transient observed in the system 
studied by Hayon. Typically5 we find an optical 
density of 0.036 for the T-T absorption at 330 mp. 

We infer from the values of k,,, for the triplet 
state of thymine and methyl orotate (see Table 1) 
that steric factors are not as significant as 
Wagner (4) has suggested but perhaps electronic 
or other more subtle factors offer an explanation 

Concentrotion, M x 10 

FIG. 2. Plot of kobr VS. [2,4-hexadien-1-01] for 
quenching studies of thymine in acetonitrile. 

of the observed rate of differences between these 
two molecules. There is a discrepancy between 
our directly measured triplet lifetime of 14 ps 
and that estimated by Wagner and Bucheck (4) 
of 4.3 ps from his values of k,:,. Wagner and 
Bucheck's value reflects their cho~ce of 1.1 x 10'' 

S[thymine] = 5 x M; photoflash energy, 82 5; 
filtered through Vycor glass, half bandwidth, 22 mp; 
effective pathlength, 16 cm. 
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TABLE 1 

Kinetic data associated with triplet excited states 
-- - 
ko x 70 kdim x k, x 

Compound 6 - I )  (PSI (M-I s-l) (M-I s-I) 

Thymine* 

Methyl orotatet 

*Acetonitrile solutions. 
?Aqueous solutions, from ref. 7. 
$Results in parentheses are from ref. 4. 
$Diffusion rate estimated for quenching by 1,3-pentadiene. 

M - I  s-I for the k, for 1,3-pentadiene in aceto- 
nitrile. If we insert our measured value of z, into 
their value ofk ,~ ,  = 4.73 x lo4 M -  ' at [thymine] 
= 0, the k, for 1,3-pentadiene becomes 3.4 x 
lo9 M - ~  s-I. The difference between this value 
of k, for 1,3-pentadiene and our measured k, 
value of 8.1 f 0.6 x lo9 M - I  s-I for 2,4-hexa- 
dien-1-01 is likely due to a difference in quenching 
efficiencies of the two dienes (10, 11). It is felt that 
quenching by solvent impurity is a less likely 
alternative explanation for the lifetime dis- 
crepancy. 

W.D.R. wishes to thank the National Research Council 
of Canada for the award of a Postdoctoral Fellowship. 
We are grateful to Mr. Peter Tolg and Mr. R. Lauzon for 
technical assistance. 
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The 35  C1 nuclear quadrupole resonance spectra of BCl, and several of its amine 
and nitrile complexes 

M. KAPLANSKY AND M. A. WHITEHEAD 
Radiofrequency Spectroscopy Laboratory, Chemistry Department, McGill University, Montreal, Quebec 

Received May 7 ,  1969 

The 35C1 nuclear quadrupole resonance frequencies of BCl,, two amine complexes, and five nitrile 
complexes of BCl, are reported for 77 OK. Two moiecular orbital theories, BEEM-n and CNDO, are 
used to interpret the frequencies. 

The temperature dependences of the nuclear quadrupole resonance frequencies of B-trichloro- 
borazole are reported. 

Canadian Journal of Chemistry, 48, 697 (1970) 

Introduction Experimental 

The 35C1 nuclear quadrupole resonance 
(n.q.r.) of BCl, has previously been reported 
(1-3). The splitting of the two frequencies was 
related to the effect of the two boron isotopes 
on the internal vibrations of the molecule. Con- 
tradictory reports of the 35C1 n.q.r. of B- 
trichloroborazole are in the literature: at 77 OK 

it is reported to give a single frequency (4), while 
at  room temperature both a single frequency (4) 
and two frequencies (5) have been reported. A 
complete review of the 35C1 n.q.r. of boron 
compounds has been published (6). 

The chemistry of boron trihalide complexes 
is well established (7, 8). The compounds 
studied in this work are those in which BC1, 
complexes with organic nitrogen donors, either 
amine or nitrile. The 35C1 n.q.r. frequencies 
of these BCl, complexes, and of the free BCl,, 
are combined with BEEM-n (bond eIectronega- 
tivity equilization method - n) theory and with 
the CNDO (complete neglect of differential 
overlap) molecular orbital theory (23), in order 
to interpret the frequencies and relate them to the 
chemical bonding in the molecules. 

A temperature dependence study of the 35C1 
n.q.r. of B-trichloroborazole is reported, and 
the origin of the line splitting analyzed, using the 
known crystal structure. 

Complexes of BCl, with the 19 amines and nitriles 
listed in Table 1 were prepared by dropwise addition of 
the amine to liquified boron trichloride in n-pentane at 
- 78 "C (lo), under dry nitrogen atmosphere; the solvents 
were dried over sodium wire. The precipitates were 
filtered, washed with solvent in a drybox, and dried in 
vacuo for several hours. In all cases, infrared (i.r.) spectra 
indicated boric acid impurities. The complexes were 
purified by crystallization from cold ethanol (30 "C) and 
again dried in vacuo ; the boric acid i.r. peak disappeared. 
The i.r. spectrum of (CH3),NBCl3 in a pellet agreed with 
that reported in the literature (1 1). The i.r. spectra of the 
other amine complexes before and after recrystallization 
were compared to ensure that no reaction occurred 
between the complex and ethanol; a reaction was ob- 
served with the triethylamine complex and hot ethanol. 

The nitrile complexes were prepared in an analogous 
fashion; because of their ease of hydrolysis and relative 
instability (12), no recrystallizations were carried out; 
they were purified by vacuum sublimation. In no case did 
this enhance the line intensities of the n.q.r. spectrum, 
nor did it allow previously unobserved lines to be de- 
tected. Complex formation was established by the shift 
of the nitrile stretching frequency relative to that in the 
uncomplexed molecule (13, 14). 

The observed n.q.r. frequencies are listed in Table 1. 
Relative line intensities are reported for the compounds 
displaying multiple resonances. 

Results and Discussions 
Bonding in BCI, and its Complexes 

(i) Two lines have been reported (3) for BCI, 
at 77 OK; 21.582 and 21.578 MHz. Valence bond 
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TABLE 1 
35C1 n.q.r. frequencies in boron trichloride complexes at 77 OK* 

Average 
Frequencies Splitting Intensity frequency 

Compound (MHz) (kHz) ratio? (MHz) 

*Complexes of boron trichloride studied which did not give n.q.r. were: methyl amine, tripropyl amine, 
tributyl amine, pyridine, ally1 cyanide, chloro acetonitrile, trichloro acetonitrile, phenyl cyanide, benzyl cyanide, 
para-methyl phenyl cyanide, para-chloro phenyl cyanide, and butyronitrile. 

?These intensity ratios are only approximate; in (C2H,)3NBC13 no simple integer ratio would actually fit the 
spectra. 

8Thc 35C1 n.q.r. temperature dependence of this molecule is to be published. 

calculation (3), using an assumed 15 % s-character 
in the chlorine o-orbital, an arbitrary relation- 
ship between ionic character, i, and atomic 
electronegativity, predicted an asymmetry param- 
eter q of 24 %. The experimental result (3) for q 
of the Br in BBr, is 45 %; it might be expected 
that qcl would be close to this value (29, 30), in 
view of the similarity in their crystal structures 
(31). 

Therefore, the e2Qq/h and qci for BC1, were 
calculated by three methods which avoid the 
arbitrariness of the valence bond method (3) : (a) 
CNDO (22), using Pople and Segal's param- 
eters, which predict good charge distributions; 
(b) SAVE-CNDO (23), using Sichel and White- 
head's parameters, which predict good molecular 
energies; and (c) BEEM-n (15, 17), a charge 
density theory, which has proved successful in 
predicting the frequencies of n.q.r. lines in CC1 
double bonds. 

The results are shown in Table 2. None of the 
theories predicts the correct frequency. The 
CNDO approaches closest with 23.56 MHz and 
an qcl of 52 %; the BEEM-n is next with 23.72 
MHz but an i l c l  of 16.6%, while the SAVE- 
CNDO gives 28.93 MIlz and an qcl of 13%. 
Thus if qcl should resemble qs,, the CNDO 

results are quite satisfactory. To give qcl as 45 %, 
using (21) 

in which n is the occupation number of the p, 
orbital, namely, N,., and p is the ratio of the 
v,,,, to v,,, n would have to be 1.8781 electrons. 
To lower the predicted frequency in the CNDO 
method and simultaneously lower q would 
require an increase in N, toward the value pre- 
dicted by BEEM-n. 

Since neither the CNDO nor SAVE-CNDO 
theories differentiate between o and n orbitals, 
all the orbital occupations on chlorine differ 
from their free atom values; in BEEM-n, which 
is a o-n separation theory, only one n-orbital 
can bond, by symmetry, and the non-bonded 
n-orbital is doubly occupied. 

Recent calculations (15) have shown BEEM-n 
to give excellent predictions of total charge den- 
sities and n.q.r. frequencies in molecules con- 
taining chlorine in which qcl is small. However 
(24), BEEM-n makes the relative charges in o 
and n orbitals different from those predicted 
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KAPLAKSKY A h D  WHITEHEAD: 35C1 NUCLEAR QUADRUPOLE RESOhTANCE SPECTRA 

TABLE 2 

Orbital occupations of the chlorine atom of boron trichloride 
- -  - - - - - 

Method of calculation 

Parameter CNDO* SAVE-CNDOt BEEM-ni Experimental 

N, (electrons) 1.8162 1.9244 2.0000 
N, (electrons) 1.9590 1.9698 1.9523 
Ni (electrons) 1.4758 1.4198 1.5439 
Freauencv v (MHz) 23.59 28.93 23.72 21.58 
e2a4,'h ( M H Z ) ~  ' 45.19 57.70 47.22 
? 52 13 16.6 45 
ionic character, i (%) 45 

?Reference 23. 
%Reference 9, 40% s-character assumed in the chlorine cr-orbital. 
§e2Qq/1z = 2v/(l 7 q2/3)'I2. 

by ab initio calculations (25), so that its useful- 
ness ill predicting charge densities in specific 
orbitals is in doubt. Therefore the frequency 
predictions will be reliable, bill the q predictions 
doubtful. The BEEM-n calculation assumes a 
4 0 m - c h a r a c t e r  in the chlorine o-orbital as 
calculated by BEEM for the BCI, adducts (9). 

The CNDO theory appears to be the most 
accurate theory for predicting ,'C1 n.q.r. in BCI,, 
assuming that the q for "Clin BCI, does resemble 
the q for Br in BBr,. The orbital occupances 
for the boron in BCI, are also calculated; the 
n-orbital contains~0.6688 electron, the o-orbital 
contains 0.2268 electron. Thus the frequency 
for the I1B i1.q.r. in BCI, should be 2.38 MHz, 
in good agreement with the recently published 
value of 2.54 MHz (32). A full discussion of the 
use of CNDO in predicting boron i1.q.r. frequen- 
cies is under investigation (33). 

(ii) The boron atom in the BCI, coniplexes 
is tetrahedrally hybridized, so :hat there is no 
rc-orbital on the boron atom, and consequently 
no n-bond to the chlorine (16). In  the case of a 
carbon atom bonded to chlorine. it has been 
shown that a change in the hybridization of the 
carbon atom from digonal to trigonal to tetra- 
hedral causes a marked change in the ionic 
character of the carbon-chlorine bond, but has a 
very small effect on the hybridization (9) of the 
chlorine o-orbital. Assuming this result to be 
valid for boron compounds, the change fro111 a 
trigonal to a tetrahedral orbital on boron does 
notaffect the s-character of the chlorine o-orbital, 
~vhich remains at  about 40 1:,. 

The increased ionic character in the BCl bond 
should lower the ,'C1 n.q.r. frequency from that 
of BCI,, the loss of n-bonding should raise the 
3 5 C1 n.q.r. frequency. These opposing effects 

are responsible for the n.q.r. frequencies of BCl, 
and its complexes being approximately the same. 

BEEM calculations on the complexes of BCl, 
have recently been published (9). The s-character 
of the chlorine o-orbital in the amine complexes 
centers on 37 % with an ionic character for the 
BCI bond of 37 % ; the nitrile complexes give an 
s-character of 41 % and ionic character of 31 %. 
For BCl, these are 40 % s and 45 % i, respectively, 
with 5 % n-bond character (Table 2). Since 
increased ionic character, s-character, and rc- 
bonding all lower the frequency (29), BCI, will 
have the lowest frequency, 21.58 MHz, tlie aniine 
co~nplexes the next lowest, 21.8 MHz, and the 
nitrile complexes the highest, 22.1 MHz. 

Small changes in both i and s account for the 
different freqirencies of lnolecules within each 
class. 

The splitting of tlie lines about the average 
frequency in (CH,),NBCl,, (C,H,),NBCI,, and 
C,H,CNBCI, must be due to crystallographic 
tnequivalence of the chlorines, since the three 
chlorines are molecularly equivalent in each of 
these molecules. Crystallographic data are not 
available, but these molecules have all three 
chlorlnes equivalent in their lowest energy, 
co111pletely staggered, conformation. 

BEEM calculatio~is of the chlorine s-hybridi- 
zatioil and ionic character for the t ~ o  amine 
complexes (9) showed that a change in the value 
of p has only a slight effect on the s-character 
predicted, so that an average value for the two 
compounds, 0.3689, is indicative of the s-charac- 
ter of chlorine. 

The results for the nitrile complexes (9) show 
that the average s-character is 0.4094, an increase 
of 4",, over the value for the a~iline complexes, 
due to the larger electronegat~vity of the nitrogen 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 3 

Comparison of inductive effects in boron-nitrogen compounds with analogous 
carbon-carbon compounds by the BEEM-n method 

Chlorine Chlorine 
ionic % ionic % 

Compound character increase* Compound character increase* 

*Relative to first compound of each group. 
?Chlorine ionic character for s-character of 0.3689. 
$Chlorine ionic character for s-character of 0.4094. 
§Chlorine ionic character for s-character of 0.20. 

orbital bonded to boron in the nitrile complexes. 
A comparison of the ionic characters of the 

CCI bond in nitrogen-boron compounds with 
those in carbon-carbon compounds is reported 
in Table 4. Substitution of methyl groups for 
hydrogens generally increases the ionic character 
to  a maximum, after which substitution of 
further CH, has little effect. The relative ability 
of the boron and carbon atoms to transmit the 
inductive effect is clearly shown, a saturated 
boron atom is more efficient than even an un- 
saturated carbon atom. 

The calculations on three typical compounds 
of the boron trihalide complexes by the SAVE- 
CNDO and CNDO methods do not predict the 
experimental frequencies at all well. The CNDO 
method requires the geometry to be put into the 
calculations; the calculations were performed 
assuming staggered conformations and bond 
lengths typical of the bonds present in the mole- 
cules (34). However, whereas BEEM is not 
geometry dependent, except with respect to the 
assumed hybridization of the atom, and con- 
sequently adjusts the s and i so as to generate p, 
the CNDO theories are completely dependent on 
the input geometry. Consequently, agreement 
between the experimental frequency and that 
predicted by the CNDO theories may signify the 
accuracy of the input information; disagreement, 
on the other hand, may be due to the inaccuracy 
of the input data or the parametrizations used 
in the theories. 

The q predicted are due to the inequivalence 

of the p, and p, occupations predicted by the 
CNDO theories, this is to be expected in stag- 
gered conformations. 

The previous agreement between the predicted 
and measured I1B n.q.r. suggests the reliability 
of the CNDO theories; the disagreement in 
predicting the 35C1 n.q.r. in BCl, and its com- 
plexes suggests the unreliability of CNDO 
theories in predicting n.q.r. frequencies (23). The 
temperature dependence of the 35C1 n.q.r. fre- 
quencies of these complexes is being studied (38). 

B-Trichloroborazole 
The temperature dependence of the 35C1 n.q.r. 

frequency in B-trichloroborazole (TCB) was 
investigated. Nakamura et al. (4) originally 
observed one line; 19.937 MHz at 77 OK and 
19.639 MHz at 295 OK. They interpreted Coursen 
and Hoard's (19) crystallographic data to mean 
that there was only one type of chlorine atom in 
the crystal, and hence only one line to be ex- 
pected. Smith and Tong (5) reported two lines 
at 19.638 and 19.958 MHz, at 295 OK. The results 
of Nakamura (4) and Smith and Tong (5), as well 
as those reported here, agree to within a few kHz 
at 295 OK. The lower frequency line is twice as 
intense as the higher one. This was explained (5) 
by assuming hydrogen bonding between the 
chlorine and hydrogen atoms of adjacent mole- 
cules with two different strength hydrogen 
bonds. 

The lines were unobservable visually and had 
to be recorded. Nakamura (4) observed that the 
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TABLE 4 
Calculation of the 35C1 n q.r. frequencies and asymmetry parameters in three 

boron trichloride complexes by CNDO theories 

SAVE-CNDO* CNDOt 

Frequency q Frequency 11 Experimental 
Compound (MHz) (%) (MHz) (%I (MHz) 

line disappeared after storing the sample in a TABLE 5 

sealed tube for a month; no observable decom- j5C1 n.q.r. frequencies in B-trichloroborazole 

position occurred in the sample used here; the as a function of temperature 

resonance was detectable over a period of more Frequency* (MHz) 
than a year with no apparent loss of intensity. Temperature Splitting 

In TCB the asymmetry parameter q should be (OK) Line 1 Line 2 (kHz) - A 

appreciable due to n-bonding; no Zeeman 
studies have been performed so that q is un- 
known. However, by comparison of the structure 
of TCB with that of cyanuryl chloride and 1,3,5- 
trichlorobenzene, q should be at least 25%, so 
that the q dependent term in the librating effec- 
tive field gradient (efg) must be included. For this 
reason the temperature dependence data was not 

I , , , B-trichloroborazole. '  
0 100 200 300 However, the q trends are reasonable; sub- 

analyzed by ~ a ~ e r ' s  method (35). *Intensity ratio h e  1 :  line 2 is 2:1. 

Table 5 lists the frequencies measured at ten 
different temperatures, along with the splitting 
of the lines. The data are plotted in Fig. 1 ; the 

TEMPERATURE O K  stitution of three nitrogens in a benzene ring 
FIG. Temperature dependence of the 35C1 n.q.r. increases the x-conjugation of substituents ortho 

frequency in B-trichloride. and para, so that q should be increased in 

2004- 
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I 
5 

> g 2000 
W 
3 
0 w 
E 
LL 

1908 

1916 

lines are almost parallel, the splitting being con- 
stant to within the combined experimental errors. - - ---. Therefore thermal motions are not responsible 
for the splitting of the lines, as they were in the 

- metastable form of the tetrameric phosphonitrilic 
chloride (18). 

(a) The Frequency 
Table 6 shows the results of molecular orbital - 

---\ -- calculations of the chlorine orbital occupations, 
frequencies, and asymmetry parameters for B- 
trichloroborazole, cyanuryl chloride, and 1,3,5- 

- trichlorobenzene. 
Both the CNDO theory and BEEM-n give 

good predictions of the frequency of 1,3,5-tri- 
chlorobenzene, while the CNDO successfully 

- predicts the q. For cyanuryl chloride, both theo- 
ries are incorrect for n and v, as they are for 
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cyanuryl chloride relative to 1,3,5-trichloroben- 
zene; substitution of boron for carbon increases 
n-conjugation to the chlorines and raises q in 
B-trichloroborazole above the value in cyanuryl 
chloride. This is shown by the N, results of the 
CNDO theory, and reflected in the q of both the 
CNDO and BEEM-rc theories. 

The frequency predictions are inconsistent, 
and since they are for free gaseous molecules, 
they are all approximately 10% too high. 
Allowing for this, the CNDO predicts B-trichlo- 
roborazole, and 1,3,5-trichlorobenzene, quite 
well, but not cyanuryl chloride; BEEM-n is best 
for cyanuryl chloride. 

Thus neither theory is reliable, nor accurate, 
in predicting the n.q.r. frequencies. 

(b) The Line Separation 
The separation of 320 kHz between the two 

lines, 1.6% of the resonant frequency, is well 
within the limits for crystallographic splitting. 

The possibility of hydrogen bonding being 
responsible is suggested by (i) the X-ray results 
(19), which show that within a molecule, 2 
chlorines differ from the third, being 2.484 and 
2.524 A from hydrogens on adjacent molecules 
(20); and (ii) the i.r. spectra, which shows one 
band at 3440 + 5 cm-' in n-heptane (26), but 
two bands in the ratio 1 :2 at 3470 and 3440 cm-', 
respectively, in the solid state in Nujol mull (27). 
This region is typical of the NH stretch, v,,. By 
analogy with the behavior of the i.r. of OH 
groups, in which decreasing v,, means increased 
hydrogen bonding, the 3470 line implies a weaker 
hydrogen bond, and the 3440 line a stronger 
hydrogen bond. This is substantiated by some 
recent i.r. work on amines (28). 

In order to estimate the effect of the hydrogen 
atoms on the efg of chlorine, the following cal- 
culation was performed. Figure 2 shows a section 
of the ab plane of B-trichloroborazole (19). The 
between plane separation is large, and any 
effects on the chlorine efg due to hydrogens in 
other planes would be minimal. In addition to 
the difference in the chlorine-hydrogen dis- 
tances, we must also consider the orientation of 
the hydrogens, relative to the chlorines. Because 
the free molecule contains two symmetry planes 
passing through each of the chlorines, the 
principal axis of the efg will coincide exactly with 
the boron-chlorine bond (the z axis). Distortion 
due to crystallographic effects would shift the z 
axis, but this effect will be assumed to be small. 

FIG. 2. Intermolecular bonding in B-trichlorobora- 
zole. 

Assuming a point-charge model, the perturba- 
tions due to the hydrogens can be calculated. 

The contribution to the field gradient of a 
point charge of magnitude n is 

where 0 is the angle between the principal axis 
(the z axis) and the point charge, and r is the 
distance between the resonant nucleus and the 
point charge. For chlorine atom #1 (Fig. 2), 0 for 
the z axis is 180°, while for the x and y axes it is 
90". For chlorine atom #2, the angles for the x, 
y, and z axes are 90, 30, and 120°, respectively. 
Thus the following table may be constructed for 
the two chlorine atoms 

q-values 
Chlorine -- - 

atom ~ S X  YYY ~ Z Z  

The effect of the proton on chlorine #I will be 
t o  decrease the effective electron population 
along the z axis, and thus to increase the coupling 
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704 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

constant. Therefore, the frequency of chlorine 
atom #2 should decrease from the value in the 
free molecule. Since there are two chlorine atoms 
in position #2, the lower frequency line should 
be more intense, which is in agreement with 
experiment. This explains the direction of the 
frequency shift but does not explain its magnitude. 
The total field gradient change along the z axis 
between chlorine atoms #I and #2, due to  the 
electrostatic effect of the protons, is 2.25n/r3. 
For a charge of 0.20 electrons at a distance of 
2.5 A, the calculated total splitting is less than 20 
kHz, compared to the observed value of 320 kHz. 
Hydrogen bonding can occur also at these dis- 
tances. Charge in the c-orbital is transfered from 
the lone pair o-orbital on chlorine to the hydro- 
gen. The field gradient at the chlorine is lowered, 
and the n.q.r. frequency decreased, the decrease 
is greater for chlorine at position #2. The com- 
bined effect of point charge and hydrogen 
bonding may account for the separation. 

Thus the calculations from X-ray results and 
the i.r. measurements agree with a hydrogen 
bond interpretation of the n.q.r. results, since 
point charge alone cannot be responsible. 

The authors are grateful to Mr. L. Krause for the cal- 
culations on BCIB and trichloroborazole by the BEEM 
and BEEM-n methods. This research was supported by 
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and partially by the Defence Research Board of Canada, 
Grant number 9530 - 55. The McGill Computing Centre 
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Volatilitk du nitrate, chlorure et sulfure mercurique et prkparation de 
sources radioactives de 203Hg 

JACQUES GROSSOLEIL ET J. C. ROY 
Diparternent de Chimie, Universitd Laval, Qutbec 10, Qutbec 

R e p  le 15 septembre 1969 

En utilisant le Z03Hg comme traceur, on a 6tudi6 la volatilit6 du Hg(N03)2 et HgClz en presence de 
HNO,, HCl, H2S, Na2S, NaHS, Na2SZ03 et NH3. Les quantitts de mercure ont variC de 1 50 pg 
et les autres conditions exptrimentales ont CtC celles qu'on rencontre lors de la prkparation de sources 
radioactives de rCfkrence, destinCes aux mesures absolues du taux de dCsintCgration. On a trouvC que 
les pertes Ctaient apprCciables durant l'evaporation de solutions de Hg(N03), dans HNO,, qu'elles 
Ctaient nulles durant l'evaporation de solutions de HgC12 dans HCI, et qu'elles Ctaient de nouveau 
appreciables pour des sources solides issues de 1'Cvaporation de chacune de ces solutions. En partant 
d'une solution de Hg(N03), dans HNO3, on a trouv6 qu'il Ctait tres difficile d'tliminer completement 
les pertes d'activit6 par prkcipitation du HgS; on n'y est arrive seulement en ajoutant un grand exces 
d'ion sulfure sous forme de Na2S et de NaHS ou de Na2S203 en solution. La precipitation du HgS a 
partir d'une solution de HgC12 dans HCI est beaucoup plus facile que dans le cas prCcCdent et tlimine 
completement les pertes d'activitC. 

On peut expliquer les resultats en admettant que la formation du complexe HgC14Z- en milieu HCI 
stabilise I'ion mercurique et le rend non volatil, tandis que la formation de molecules volatiles de 
Hg(N03)Z est favoriste en milieu HN03 oh it n'y a pas de formation de complexe. 

With 203Hg as a tracer, the volatility of Hg(N03), and HgClz in the presence of HNO,, HCI, HIS, 
Na,S, NaHS, NaZS2O3, and NH3 has been studied. The amounts of mercury varied between 1 and 
50 pg and the other experimental conditions were those encountered in the preparation of radioactivity 
standards. We found that the losses of activity were large during the evaporation of solutions of 
Hg(NO?), in HN03,  that they were nil during the evaporation of solutions of HgCI, in HCI, and that 
they were large again for the solid residues left after the evaporation of each one of these solutions. 
When using a solution of Hg(N03), in HNO3, we found it very difficult to eliminate completely the 
losses by a HgS precipitation; we stopped them completely only by addition of a large excess of sulfide 
ion as Na2S and NaHS or of Na,S203. The precipitation of HgS from a solution of HgClz in HCl is 
much easier and stops the losses completely. 

The results can be explained by saying that the formation of the HgC1,2- complex in a HCI medium 
greatly stabilizes the mercuric ion and renders it nonvolatile, whereas the formation of volatile Hg(N03), 
molecules is favored in a HNOB medium where no complex formation occurs. 
Canadian Journal of Chemistry, 48, 705 (1970) 

Introduction 

Lors de la prtparation de sources solides de 
mercure radioactif pour en mesurer le taux de 
dtsintkgration, les pertes de mercure, dues a la 
volatilitt de plusieurs de ses sels, sont une cause 
possible d'erreur (1). Pour les enrayer, on prC- 
cipite ordinairement le mercure sous forme de 
sulfure (2-4); plus prtcistment, dans un guide (4) 
sur la preparation de sources de rtftrence on 
recommande de prtcipiter le sulfure mercurique 

partir d'une solution dilute d'acide nitrique. 
Or nous avons trouvt des pertes substantielles 
en employant cette methode au cours de travaux 
impliquant la prtparation de sources de mercure 
(5). A la suite de cette observation, nous avons 
entrepris d'examiner le comportement du nitrate 
mercurique en solution dans l'acide nitrique 
diluCe et du chlorure mercurique en solution 
dans l'acide chlorhydrique dilute pour finalement 

prCciser les conditions pour une prtcipitation 
rapide et compl&te de sulfure mercurique en vue 
de prtparer des sources de rCftrence, destintes 
aux mesures absolues de taux de dtsinttgration. 
I1 est a noter que le choix du chlorure et du 
nitrate mercurique est bast sur le fait que les 
solutions radioactives de mercure sont ordinaire- 
ment fournies sous l'une ou l'autre de ces formes. 

Partie ExpCrimentale 
Solutions Radioactives 

Le mercure possi.de plusieurs isotopes radioaciifs, dont 
deux sont utilisCs pour la prkparation de sources de 
rCfCrence; ce sont le lg7Hg et le Z03Hg. Dans le prCsent 
travail, nous avons utilis6 le '03Hg; sa ptriode radio- 
active d'environ 47 jours et son schtma de dtsintk- 
gration simple (2) lui conferent des propriCtCs nuclCaires 
qui en font un excellent traceur. 

Le mercure possi.de deux Ctats d'oxydation, f 1 et f2, 
correspondants aux sels mercureux et mercuriques. A 
cause de la forte tendance qu'ont les sels mercureux de 
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se disn~uter en sels mercuriques et en nlercure, on 
emploie toujours les sels mercuriques pour la preparation 
de solutions radioactives de mercure. 

Deux types de solutions radioactives de '03Hg ont etC 
utilisees: l'une, fournie par 1'Agence Internationale de 
1'Energie Atomique, Ctait du chlorure mercurique dissout 
dans une solution 0.1 M en HCI, l'autre etait du nitrate 
mercurique dissout dans des solutions dilutes d'acide 
nitrique. Cette derniere a CtB obtenue chez deux fournis- 
seurs diffirents et prCparCe par nous par dissolution de 
mercure dCpose electrochin~iquement sur des films 
plastiques mCtallises (5); les produits cornmerciaux de 
1'Energie Atomique du Canada ont fourni une solution 
5 M e n  HNO,, tandis que la firme New England Nuclear 
Corporation a fourni une solution 1 M en HNO,. Les 
solutions meres reques ont CtC, en general, diluees a 
l'aide de solutions qui permettent d'obtenir la ~nolaritC 
desirte en ions hydrogene, chlorure, nitrate et mercurique. 
Les solutions meres et diluees ont etC stockees dans des 
pycnometres en polyethylene a ouvertures effilkes (6) et 
conservCes dans une enceinte contenant une solution de 
meme nature que celle du pycnometre, pour saturer 
I'atmosphere et eviter ainsi 1'Cvaporation de la solution 
rad~oactive (7). 

Les MPthodes de Cornptage 
Comme le 203Hg emet des 13 ayant une Cnergie maxi- 

male de 210 keV en co~ncidence avec des radiations y de 
279 keV (le rapport 7/13 = 0.816), on peut suivre le 
conlportement des sources en determinant soit le taux 
d'emission des 13 ou des y. Durant I'evaporation des 
solutions, on est conduit a dktecter les y parce que les 
sont en grande partie absorbes dans la solution; a cette 
fin, on a utilise un spectrometre form6 d'un crystal de 
NaI (TI), accouplC a une photomultiplicatrice, et relie, 
soit A un analyseur de 128 canaux (Modele D-110, 
Nuclear Data) ou a un analyseur a simple canal. La 
source, une fois solide, on peut dCtecter soit les y ou 
les a ;  ces derniers furent dCtectCs avec un compteur 47c 
steradians proportionnel a gaz, balayC avec du methane 
a la pression atmosphCrique. L'instrumentation tlec- 
tronique ttait forme de modules du type "NIM" prove- 
nant des compagnies Ortec et Canberra. 

Les comptages ont CtC effectuts en prenant les pre- 
cautions suivantes: ttalonnage frequent des appareils, 
decontamination rCpetee du systeme de detect~on, 
mesures rigulieres de bruit de fond. On a egalement tenu 
compte de la variation des dimensions de la source 
durant le sechage pour des mesures au spectrometre y. En 
comptage y, I'imprecision des mesures etait de l'ordre de 
F0.5%, tandis qu'en comptage 13, elle etait beaucoup 
moindre. 

PuPpauation et ~ t u d e  d'une Source 
Une goutte de solution radioactive est prClevee du 

pycnometre, laquelle est peste avant et aprks. Elle est 
alors dCposee sur un film plastique mince support6 par 
un anneau d'aluminium; la preparation de ces films a 
CtC dtcrite en detail ailleurs (5, 8). On nlesure immediate- 
ment lc taux d'emission des gaminas pendant des 
piriodes de 2 a 4 min, apres quoi la source peut Ctre 
traitCe par une des methodes de preparation CnumerCes 
plus loin ou ne subir aucun traitement special. Peu 
importe son sort, on reprend les mesures des taux 

d'tmission gamma a intervalles r6guliers pendant 
I'Cvaporation, en alternant avec des nlesures du bruit de 
fond. Les taux d'emission trouvCs sont alors corrigCs de 
deux facteurs: le facteur de dCcroissance naturelle 
survenue pendant le stchage et le facteur de changement 
de geometric de la goutte vis-8-vis du detecteur dO a 
l'evaporation de celle-ci. Lorsque la source est devenue 
solide, on mesure son taux d'emission 13 ou y a divers 
intervalles au cours du temps pendant une pCriode 
variant de 100 a 300 h et on corrige les taux d'emission 
pour la decroissance naturelle. 

Rksultats et Discussion 
I .  Comportement des Solutions de Hg(NO,), 

dans HNO, 
On a toujours observC que les solutions de 

nitrate mercurique dans l'acide nitrique tvaporkes 
telles quelles, de meme que celles contenant un 
agent mouillant, prksentent des pertes apprC- 
ciables de mercure, lesquelles se manifestent 
d'ailleurs par une contamination prononcke des 
appareils de dttection; cette contamination 
introduit un degrC d'imprkcision et rend les 
rksultats plus difficiles a analyser. Le tableau 1 
rCsume les observations exptrimentales. Les 
valeurs dans la colonne identifike par le sigle 
Pi,,, donnent les pertes d'activitk du '03Hg 
pendant I'Cvaporation de la solution c'est-8-dire, 
a partir de la premikre mesure du taux d'kmission 
de la source jusqu'a ce qu'elle devienne une 
source solide; elles sont exprimCes en pourcents 
par rapport a l'activitk initiale. Dans la colonne 
suivante, on les a exprim6 en utilisant le systkme 
perte de mercure mttallique par minute d'Cva- 
poration ; ce systkme rend plus facile la comparai- 
son des resultats puisqu'ils sont ramenCs sur une 
base commune. Cette f a ~ o n  d'exprimer les 
rCsultats est acceptable en autant que le taux de 
pertes est peu pr6s constant au cours de 
I'Cvaporation, ce que nous avons trouvk expk- 
rimentalement. Ces taux d'ivaporation s'appli- 
quent pour des gouttes ayant des surfaces entre 
0.5 et 1.0 cm2 au moment de leurs dCpositions 
sur le film. 

Pour de tels syst&mes, !es rtsultats du tableau 1 
montrent qu78 la tempkrature ambiante (20-25 
"C) les pertes moyennes sont de l'ordre de 4 ng 
de mercure par min d'Cvaporation tandis qu'elles 
augmentent considtrablement lorsque l'kvapora- 
tion se fait sous une lampe infrarouge ( ~ 4 0  "C) 
et deviennent alors de l'ordre de 30 ng de mercure 
par min d'tvaporation. On doit s'attendre a ce 
qu'il en soit ainsi si les pertes sont dues 8 la 
volatilitk du nitrate de mercure. Dans la mesure 
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oil l'on peut comparer les rtsultats entre eux, la 
provenance de la solution, la molaritt initiale en 
acide nitrique et la quantitt de nitrate mercurique 
dans le domaine de concentration utiliste 
semblent avoir peu d'influence sur le taux des 
pertes. On peut expliquer, du moins en partie, 
ces pertes en admettant qu'elles se produisent 
par la volatilisation de moltcules de Hg(NO,),. 
Le nitrate mercurique est assez fortement 
dissocit dans l'eau pure, toutefois l'addition de 
HNO, destint B enrayer l'hydrolyse provoque la 
regression de l'tquilibre de dissociation et 
augmente le caractire covalent de la moltcule et 
par constquent sa volatilitC. 

2. Comportement de Solutions de HgCI, dans HC1 
En se basant sur les mesures d'activitt, les 

pertes, pour des solutions de HgCl, dans HC1 
tvaportes telles quelles ou en prtsence d'agent 
mouillant, sont inferieures B la limite d'imprt- 
cision de nos mesures, soit +0.5% pour une 
varittt de conditions exptrimentales, soit: (a) 
tvaporation a l'obscuritt dans une enceinte 
ventillte, (b) Cvaporation sous 1'Cclairage du 
laboratoire B l'air ambiant, (c) tvaporation sous 
une lampe infrarouge B l'air ambiant, (d) 
tvaporation sous pression rtduite dans un 
dessicateur. 

En fait, on peut dire que les pertes, s'il y en a, 
sont de beaucoup inftrieures 20.5% puisqu'il n'y 
a pas eu de contamination du systime de dttection 
durant l'tvaporation; nous sommes portts a 
croire qu'elles sont nulles. 

La molaritt initiale des solutions ttait en 
gtnCral de 0.1 M e n  HC1 et la quantitt de mercure 
a varit entre 1 et 40 pg. 

Nous croyons que la complexation de HgCl, 
par l'ion chlorure selon les rtactions 

3. Comportement des Sources Solides de Nitrate 
et Chlorure Mercurique 

Les sources solides issues de l'tvaporation de 
Hg(NO,), dans HNO, et de HgCl, dans HCl ont 
montrt des pertes apprtciables dans les conditions 
oh nous les avons conservtes. Quoique du mEme 
ordre de grandeur pour les deux sels, elles ont 
semblt plus tlevtes pour Hg(NO,), que pour 
HgC1,; elles ont varit, en gtntral, entre 10 et 20 
ng de mercure par h pendant les 100 premiires 
heures d'exposition B l'air ambiant B temptrature 
ambiante; ce taux de perte a t t t  de 4 B 5 fois plus 
tlevt sous la lampe infrarouge. La surface 
apparente recouverte par la matihe solide a pu 
varier entre 0.2 et 0.5 cm2. 

4. Pre'cipitation du HgS d Partir de Solutions de 
Hg C12 dans HC1 

Comme prtctdemment, dans les autres con- 
ditions, il n'y a pas de pertes pendant I'tvapora- 
tion lorsqu'on traite la goutte de solution 
radioactive de HgC1, dans HC1 par H,S gazeux 
en p la~ant  la source dans une enceinte oh I'on 
fait circuler les gaz. Les sources solides de sulfure 
mercurique issues de la prtcipitation n'ont 
prtsentt aucune perte lorsqu'on les a gardtes 
dans de petites boPtes fermtes et individuelles 
pendant plusieurs mois; on a observt des pertes 
moyennes de 0.3% en les gardant sous pression 
rtduite dans un dessiccateur pendant 25 h et de 
1% en les p la~ant  sous une lampe infrarouge 
pendant la m&me ptriode. Ces rtsultats indiquent 
que la prtcipitation du mercure en HgS a kt6 
complite mais qu'il faut tviter de placer le HgS 
solide dans des conditions qui favorisent sa 
dtcomposition ou sa volatilisation. 

5. PrPcipitation de HgS d Partir de Solutions de 
Hg(NO,), dans HNO, 

En partant d'une solution de nitrate dans 
HNO,, on a trouvt qu'il Ctait tr6s difficile 
d'tliminer complMement les pertes d'activitt par 
prtcipitation du HgS; on ; est arrivC qu'en 

donne des esp6ces nonvolatiles en solution et fait ajoutant un grand excis d'ion sulfure sous 
en sorte qu'il n'y a pas de pertes pendant forme de Na2S et de NaHS ou de Na2S20, en 
poration- La constante d'tquilibre pour la solution. Rappelons qu'il est possible de dtceler 
formation de HgCL2 - est tlevte et Par ailleurs, de trGs faibles pertes d'activite pendant l'tvapora- 
nous savons par les travaux de Kraus et Nelson tion, disons de l'ordre de 0.1 a 0.2%, par la 
(9) que HgCl2 donne des complexes contamination qu9elles produisent dans le sys- 
en milieu chlorhydrique puisque le mercure est t6me de dttection. 
fortement absorb6 sur une rtsine tchange 

u 

d'anion sur un domaine tr6s ttendu de concen- (a) Pre'cipitation par Addition de H2S 
tration en HCl. En utilisant seulement du gaz H2S pour 
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prtcipiter le mercure, on a observt d'une part 
que la molaritt initiale en HNO, devrait &re 
inftrieure B 0.1 M pour emptcher, semble-t-il, la 
dissolution du HgS fraichement prCcipitt dans 
I'acide qui se concentre a mesure que l'tva- 
poration se poursuit; en effet, on a observt chez 
des sources solides issues de la prkcipitation de 
HgS B partir de solutions 0.5 M en HNO, des 
pertes du mtme ordre de grandeur que chez les 
sources solides de Hg(NO,),. D'autre part, 
pendant l'tvaporation de sources traittes au 
gaz H2S seulement, on a observt des pertes 
d'activitt de quelques pourcents chez la plupart 
d'entre elles; cette strie de sources contenait 
quelques microgrammes en mercure en milieu 
0.05 M de HNO,. On a observt que ces pertes se 
produisaient au tout dtbut de 1'Cvaporation et 
sont dues, sans doute, B la volatilisation du 
Hg(NO,), qui n'est pas encore transform6 en 
HgS. On a chercht B les tliminer en ajoutant un 
sulfure en solution sous forme de Na2S et de 
NaHS ou une solution de Na,S203 pour obtenir 
une prtcipitation plus rapide et plus complite 
du mercure en HgS au tout dkbut de l'tvapora- 
tion. 

(b) Pre'cipitation par Addition de Na2S, NaHS 
ou Na2S203 en solution 

En prtcipitant le mercure au moyen d'un 
lCger exc6s d'une solution de l'un ou de l'autre 
de ces trois rtactifs, les rtsultats ont t t t  plus 
satisfaisants qu'en employant le gaz H2S seul. 
On a trouvt que les pertes moyennes ttaient de 
I'ordre de 1% pour des solutions contenant 
quelques microgrammes de mercure dans des 
milieux de 0.01 a 0.05 M e n  HNO,. Plusieurs des 
sources solides issues de 1'Cvaporation des 
solutions ainsi traittes ont t t t  conservtes dans 
des petites boites fermCes, B l'abri de la lumiirre 
et de l'air, et leurs taux d'tmission ont t t t  
mesurts a divers intervalles; apr6s 4, 14 et 21 
jours, elles ont accust des pertes moyennes 
Cgales respectivement B 0.6, 1.4 et 2.1% ce qui 
nous aminent B penser que des traces de nitrate 
mercurique ont subsisttes et ont t t t  responsables 
des pertes. Rappelons que les pertes ttaient 
nulles pour les sources solides de HgS, issues de 
HgCI, et conservtes dans les m&mes conditions. 

En derni6re analyse, nous devons conclure que, 
malgrt tous les essais que nous avons effectuts 
avec le Hg(NO,), en solution dans HNO, 
dilute, nous avons t t t  incapable de trouver une 

mtthode sore permettant d'kliminer les pertes 
d'activitt par une prCcipitation au HgS sans 
ajouter de grandes quantitQ de matiires solides, 
ce qui n'est pas toujours souhaitable pour la 
prtparation de sources de rtftrence. 

6. Pre'paration de Sources Solides de '03Hgpar 
Pre'cipitation par NH, Gazeux 

La prtcipitation des sels mercuriques par NH, 
gazeux ne conduit pas B l'hydroxyde, mais la 
formation de complexes amoniCs, dont la 
constitution dtpend du pH de la solution et dont 
la nature est tris controverste. On devine qu'il 
sera bien difficile de savoir quelle quantitk de 
matiires solides on obtiendra en fin de stchage 
sur le support. 

Les sources obtenues avec le nitrate et le 
chlorure mercurique en solution dans l'acide 
correspondant, prtpartes par balayage pendant 
tout le stchage par NH, gazeux a fait ressortir 
les m&mes caracttristiques que les ttudes prC- 
ctdentes: (a) pertes nulles au sCchage pour les 
sources issues de HgCl,, (b) faibles pertes au 
stchage pour les sources issues de Hg(NO,),, 
(c) pertes tr6s faibles apr6s stchage pour les 
sources issues de HgCl,, (d) fortes pertes aprirs 
stchage pour les sources issues de Hg(NO,),. 

Nous n'avons pas pousst plus loin cette ttude 
car dans tous les cas de dCp6t de matikes solides 
dCposCes Ctaient trop importantes. Cette mtthode 
n'est pas recommandable. 

Conclusion 
En se basant sur nos observations expCri- 

mentales il dCcoule qu'entre HgC1, en solution 
dans HCl et Hg(NO,), en solution dans HNO,, 
il faut choisir le premier systkme d'abord pour 
Cviter les pertes d'activitt durant l'kvaporation 
des solutions, ensuite, pour ttre sGr qu'il n'y a pas 
de pertes durant la prtcipitation du HgS. Mtme 
en choisissant le premier systime, il faut prendre 
certaines prtcautions pour tviter la dCcomposi- 
tion du HgS solide; on a trouvt qu'en gardant 
chaque source solide a l'abri de la lumiire et de 
l'air dans une petite boite fermte, les pertes ont 
ttC nulles pendant tr6s longtemps. 

I1 semble qu'on ait favorist l'utilisation de 
Hg(NO,), en solution dans HNO, dilut (4) pour 
que le mercure radioactif soit en milieu oxydant 
et ainsi tviter la reduction de l'ion mercurique. 
I1 faut se rappeler que la formation de complexe 
dans HC1 stabilise fortement l'ion mercurique 
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Methyltin trinitrate and a comparison of its properties with other methyltin 
nitrates 

J. R. FERRARO 
Cliemisfry Dicision, Argonne National Laboratory, Argonne, Illinois 

AND 

D. POTTS AND A. WALKER' 
Department of Chenlistry, Scarborough College, Uniaersity of Toronto, Toronto 181, Ontario 

Received September 30, 1969 

Methyltin trinitrate has been prepared by the reaction of dinitrogen pentoxide on methyltin trichloride 
in carbon tetrachloride, followed by sublimation in vacuo at 60 "C. Conductivities and ultraviolet spectra 
of methyltin trinitrate in several solvents are reported. Vibrational spectra indicate that the three nitrato 
groups are all bonded in the same bidentate manner and the reactivity of the compound towards aliphatic 
hydrocarbons and diethyl ether shows that the compound is chemically siniilar to tin(1V) nitrate. The 
vibrational spectrum of methyltin trinitrate is compared with those for trimethyltin nitrate, dimethyltin 
dinitrate, and tin(1V) nitrate. Nuclear magnetic resonance spectra have been determined for the series 
Me,Sn(N03),-, (n = 1, . . . ,4), and a comparison of the "7Sn- and "9Sn-proton coupling constants 
for the series has been made showing that the tin atom becomes more electron deficient and has more s 
character in its bonding orbital to carbon as n decreases. The pyridine adduct MeSn(N03),.2py has been 
prepared and the infrared spectrum of this compound indicates that the nitrate groups are unidentate. 

Canadian Journal of Chemistry, 48, 711 (1970) 

Recent work on organo-tin nitrate compounds 
has led to the preparation and characterization 
of the series Me,SnNO, (I), Me,Sn(NO,), (2), 
and Sn(NO,), (3). Attempts to prepare the mis- 
sing member, MeSn(NO,),, by reaction of dini- 
trogen pentoxide on dimethyltin dinitrate in 
chloroform (2) have failed. We have prepared 
methyltin trinitrate by the reaction of methyltin 
trichloride with dinitrogen pentoxide in carbon 
tetrachloride, followed, after removal of solvent 
in vacuo, by sublimation at 60 "C. 

It has now become clear that in the reactions of 
the tetramethyl derivatives of lead (4), tin ( 2 ) ,  
and germanium (5) with dinitrogen pentoxide or 
tetroxide, the usual product is the dinitrate. 
Further nitrate substitution is impossible by this 
technique and it is also impossible to stop the 
reaction at the mononitrate stage. Monomethyl 
or dimethyl derivatives of these three metals may, 
therefore, in general be reacted with dinitrogen 
pentoxide without removal of methyl groups. 

In addition to studying the properties of 
methyltin trinitrate, this paper also makes a 
coinparison of the properties of the entire series 
Me,Sn(NO,),-, (n = 0, . . . ,4) .  

Discussion and Results 
Methyltin trinitrate is a white crystalline solid. 

'To whom correspondence should be addressed. 

It is extremely hygroscopic and fumes in the air. 
The compound reacts with Nujol in a manner 
similar to Sn(NO,), (3), and it reacts violently 
with diethyl ether liberating nitrogen dioxide. 
This chemical reactivity, in conjunction with 
infrared data, is taken to indicate that the nitrate 
groups in MeSn(NO,), are bidentate (3), and 
that the reactivity of the compound is due to the 
liberation of NO, radicals. In both chemical and 
physical properties methyltin trinitrate resembles 
tin(1V) nitrate more closely than the other two 
members of the series, whose nitrato groups are 
thought to be monodentate (1, 2). 

Methyltin trinitrate sublimes in vacuo at 60 "C, 
and it is interesting to note the increase in volatil- 
ity for the series Me,Sn(NO,),-,, (n = 0, . . . , 3) 
as n decreases. Thus, Me,SnNO, sublimes in 
vacuo at 10O0C, Me,Sn(NO,), at 85 "C, 
~ e ~ n f l ~ , ) ,  at 60 "C,  and Sn(NO,), at 40 'C. 
Like tin(1V) nitrate (3), methyltin trinitrate is not 
only soluble in water and in many polar organic 
solvents, but it is also appreciably soluble in 
chloroform and carbon tetrachloride. If the 
compound is h-ated gently, it first melts and then 
decomposes liberating nitrogen dioxide and 
leaving a yellow residue. If heated strongly, 
however, the con~pound decomposes explosively. 

Ultraviolet Absorption Spectra 
The spectra of methyltin trinitrate in water and 
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FERRARO ET AL.: METHYLTIN NITRATES 

dimethylsulfoxide (DMSO) are shown in Fig. 1 
and the spectra in methyl cyanide, ethyl acetate, 
and methanol are shown in Fig. 2. In water, cmax 
is 25.9 at 298 my and although this is indicative 
of full ionic dissociation, the value of E is some- 
what higher than expected for ionization pro- 
ducing three nitrate ions per mole of compound 
(E = 7.lInitrate ion at 302.5 my) (6). The peak 
maximum is also shifted to slightly lower wave- 
length than expected. These deviations may arise 
as a result of interference from a charge-transfer 
band of the hydrolyzed (MeSn),' species. This 
also seems to be the case in DMSO since the usual 
maximum at 312.5 mp (E = S.O/nitrate ion) (6) 
appears only as aninflection at 305 my (E = 18.2). 
Since conductivity measurements in this solvent 
show essentially complete ionization, the inter- 
fering charge-transfer band may be attributed 
to the solvated (MeSn),' species. The spectra 
in bothH20 and DMSO were not time dependent, 
nor was the spectrum of the aqueous solution 
changed upon boiling, as was the case for 
Me2Sn(N03)2 (2). 

The spectra of methyltin trinitrate in methyl 
cyanide, ethyl acetate, and methanol are typical 
of solutions of anhydrous metal nitrates in these 
solvents (2, 3, 6), and indicate considerable 
metal-nitrate interaction (6). In ethyl acetate 
E,,* is 26.4 at 262.5 my and in methanol it is 
20.5 at 272.5 my. 

250 3 0 0  3 4 0  

Wavelength my 

FIG. 2. Ultraviolet spectra of solutions of methyltin 
trinitrate at 25 "C. A, methyl cyanide; B, ethyl acetate; 
C, methyl alcohol. 

in water, dimethylsulfoxide, methanol, methyl 
cyanide, and nitromethane are listed in Table 1. 
The low conductivity values of methyl cyanide 
and nitromethane solutions indicate that methyl- 
tin trinitrate is virtually a nonelectrolyte in these 
solvents (7). Aqueous solutions of methyltin 
trinitrate are quite acidic (pH ,- 2) and thus the 

Conductivities very high conductivity values of these solutions 

The molar conductivities of methyltin trinitrate are the result of hydrolysis as was the case with 
dimethyltin dinitrate (2). (The molar conductivity 
for La(NO,), in H 2 0  at 25 "C is - 350 iT1 cm2 
for a 0.0033 M solution (8).) The conductivity 
values of dimethylsulfoxide solutions are con- 
siderably higher than those expected for 1 :2 
electrolytes in this solvent. (Molar conductivity 
of Me,Sn(NO,),, a 1 :2 electrolyte, is 59.7 L2-I 
cm2 at 0.0065 M (2).) The values obtained in 
methanol show concentration dependence typical 
of weak electrolyte behavior. Therefore, while in 
very dilute solutions (0.001 M) the conductivity 
indicates some degree of ionization (AgNO, in 
MeOH has a molar conductivity of 94.20 a-I cm2 
at a concentration of 0.00168 M (9)), at the con- 
centration used for the ultraviolet (u.v.) spectrum 
(0.0167 M) there will be considerable association 
as the U.V. spectrum demonstrates. 

Wavelength ma Molecular Weight 

FIG. 1. Ultraviolet spectra of solutions of methyltin The molecular weight of MeSn(NO,), was 
trinitrate at 25 "C. A, water; B, dimethylsulfoxide. determined cryoscopically in nitrobenzene and 
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TABLE 2 

Vibrational spectra of methyltin trinitrate* 

Frequency, cm- ' 
Infrared Raman Assignment 

C-H stretching 

1630 s,sp 1630 n1,p 
1605 s,sp 1605 w,p Terminal N=O stretching 
1575 m,sp 1515 s,p 
1240 s,sp Asym. NO2 stretching 
12lOm,sp 1210 vw,dp 
974 s,sp 990 m,p Sym. NOZ stretching 
786 m,sp CH, rock 
775 m,sp NO, out-of-plane rock 
770 m,sp 800 s,p and sym. NO2 bend 
685 w Asym. NO2 bend 
555 w 512w,p Sn-C stretch 
304 s,sp Asym. Sn-0 stretching 
226 m,sp Sym. Sn-0 stretching 

*s = strong, m = medium, w = weak, vw = very weak, sp = 
sharp, p = polarized, dp = depolarized. 

found to be 291.3, indicating only slight dissoci- 
ation from the monomeric value of 319.7. 

Vibrational Spectra 
The observed infrared and Raman bands of 

methyltin trinitrate and their assignments are 
listed in Table 2. The nitrato band assignments 
are based upon literature values (10) for titanium 
tetranitrate, tin tetranitrate, and vanadium(V) 
oxide trinitrate. The strong infrared bands in the 
1600 cm-' region are characteristic of the ter- 
minal N=O group stretching frequencies found 
in compounds containing bidentate nitrato 
groups. Likewise, the bands in the 1200 and 
1000 cm-' regions are typical for the asymmetric 
and symmetric NO, stretching modes, respective- 
ly, for such compounds. The observed sequence 
of Raman polarization for the 1600, 1200, and 
1000 cm-' regions is polarized, depolarized, and 
polarized, respectively. This order (lo), together 
with the observed intensity sequence2 (strong, 
very weak, medium), is conclusive evidence that 
the nitrato groups in methyltin trinitrate are all 
bidentate. It is difficult (10) to assign the bands in 
the 780 cm-I region since the CH, rock, sym- 
metric NO, bend, and NO, out-of-plane rock 
modes all occur in the same area. We have shown 

2Paper presented by N. Logan at the Annual General 
Meeting of the Chemical Society, Nottingham, 1969. 

that the CH, rocking mode of methyltin tri- 
chloride in carbon disulfide occurs at 790 cm-I 
and thus the infrared band at 786 cm-' is 
assigned to the CH, rock for the nitrate. The 
asymmetric in-plane bending mode in tin(1V) 
nitrate occurs at 696 cm-' (10) and this corre- 
sponds to the infrared band at 685 cm-' in 
methyltin trinitrate. In  tin(1V) nitrate the sym- 
metric NO, in-plane bending mode occurs at 
802 cm-' and the out-of-plane rock occurs at 
783 cm-' (10). For methyltin trinitrate the 
infrared bands at 775 and 770 cm-' are thus 
assigned to these two modes, while the strong 
polarized Raman band at 800 cm-' must be 
assigned to the symmetric NO, bend. The bands 
observed at 555 cm-' (infrared) and 512 cm-' 
(Raman) are typical of Sn-C stretches, the 
Sn-C stretch in methyltin trichloride occurring 
at 547 cm-I (infrared). 

The splitting of the bands in the 1600 and 1200 
cm-l regions probably results from coupling of 
the vibrations of the three nitrato groups in the 
molecule. The fact that all the bands in the 1600 
cm-' region are all polarized suggests a very low 
order of symmetry for the molecule, probably C,. 

An interesting comparison can be made for the 
Sn-C and Sn-0 stretching modes for the 
methyltin nitrate series Me,Sn(NO,),-, (n = 
0, . . . , 4) as is shown in Table 3. It is seen that 
as the number of nitrate groups increases, both 
the Sn-C and Sn-0 stretching frequencies 
increase, the latter to a greater extent. The 
increases in these frequencies can be explained 
by the greater positive charge on the tin atom 
with the introduction of the electronegative 
nitrato groups (2). 

The presence of two Sn-0 stretching fre- 
quencies for Me,SnNO, might indicate a biden- 
tate nitrato group in this compound. However, 
Raman polarization studies on this compound 
and the dinitrate, which would have determined 
this, were not possible due to lack of solubility 
in a suitable solvent. The exact nature of the 
metal-nitrato bonding in (CH,) ,SnNO, and 
(CH,),Sn(NO,), remains in doubt. 

Nuclear magnetic resonance spectra 
Data for the nuclear magnetic resonance 

(n.m.r.) spectra of tetramethyltin, trimethyltin 
nitrate, dimethyltin dinitrate, and methyltin 
trinitrate in dichloromethane at 37 "C are pre- 
sented in Table 4. 
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FERRARO ET AL.: METHYLTIN NITRATES 

TABLE 3 

Sn-C and Sn-0 stretching frequencies in cm-' for the series 
Me,Sn(NO,),-, (n = 0, . . . , 4) 

Sn-C stretch Sn-0 stretch 

Compound Asymmetric Symmetric Asymmetric Symmetric 

TABLE 4 

Nuclear magnetic resonance spectra of Me,,Sn(N03)4-n (n = 1, . . . ,4) 
in dichloromethane at 37 "C 

-- 

T J("7Sn-CH3) J(119Sn-CH3) 
Compound (p.p.m.1 (c.P.s.) (c.P.s.) 

(CH3),Sn 9.92 51.4 53.4 
(CH3I3SnNO3 9.29 56.1 58.4 
(CH3)ZSn(N03)Z 8.52 78.3 81.6 
( c H ~ l S n ( N 0 ~ ) ~  8.12 128.4 134.4 

A plot of .t vs. rz for the series Me,Sn(NO,),-, 
(n = 1, . . . , 4 )  is virtually a straight line and the 
increase in chemical shift (decrease in T values) 
to low field with decreasing values of n reflects 
the increase in electron deficiency of the tin 
atom as compared to its state in tetramethyltin. 
Furthermore, this effect is greater for the nitrato 
groups than that previously observed (1 1) for the 
methyltin chloride series and is consistent with 
the increased infrared stretching frequencies 
observed for the Sn-C and Sn-0 bonds. 

Holmes and Kaesz (12) have suggeated that 
the tin-proton coupling constants in methyltin 
halides may be correlated to the percent of 
s-character in the tin orbital used in bonding to 
the carbon atom. If the coupling constants for the 
nitrate series (Table 4) are treated in a similar 
manner (12) to the chloride series, it is found that 
for the series of compounds Me,,Sn(NO,),-, 
(11 = 1 ,  . . . , 4) the percent of s-character for the 
tin bonding orbitals to carbon increases for 
decreasingn. This increase is largest for the nitrate 
series. 

Brown and Morgan (13) have measured the 
infrared and n.m.r. spectra of several methyltin 
compounds, and have found that linear relation- 
ships exist between the observed '19Sn-CH, 

coupling constants and both the symmetric and 
asymmetric tin-carbon stretching frequencies. 
When our data for the methyltin nitrate series is 
compared to that obtained by Brown and 
Morgan, it is found that the methyltin nitrate 
results fit the same straight lines. As in the case of 
methyltin trichloride (13), the Sn-C stretching 
frequency for methyltin trinitrate lies on the 
extrapolated line for v,,,, vs. J(119Sn-CH3) plot. 
These relationships have been taken to indicate 
(13) that increasing percent of s-character of the 
tin orbital in the till-carbon bond results in 
increasing tin-carbon stretching frequencies as 
are observed for the nitrate series. 

Pyridine Adduct 
Methyltin trinitrate forms a pyridine adduct 

MeSn(N03),.2py similar in nature to the one 
formed with Sn(N03),(3). The adduct crystallizes 
from a solution of methyltin trinitrate and pyri- 
dine i11 chloroform. The con~pound is only 
slightly hygroscopic and does not react with 
either diethyl ether or Ni~jol. The infrared 
spectrum is indicative of unidentate nitrato 
groups (3),as is the loss of chemical reactivity. The 
principal nitrate bands in the infrared in cm-I are 
as follows: 1512 s, br (asym. NO, stretch); 
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1300 s, br (sym. NO, stretch); 975 s (NO stretch); 
805 m (out-of-plane rock). 

Experimental 
Methyltin trinitrate 

Dinitrogen pentoxide was prepared by a gas-phase 
reaction between dinitrogen tetroxide and ozone. 
Methyltin trichloride (6.2 g) was dissolved in carbon 
tetrachloride (15 ml) and added to a solution containing 
N20,  (23.3 g) in carbon tetrachloride (60 ml). Brown 
fumes were formed immediately upon mixing, with the 
production of a yellow oil. After 3 4  h stirring, the solvent 
and excess pentoxide were removed in vacuo, leaving a 
yellow solid. After double sublimation in vacuo at 60 "C, 
pure MeSn(N03), (4.2 g) is obtained as white crystalline 
solid. Care was taken to exclude moisture at all times 
from the reaction. 

Anal. Calcd. for MeSn(N03)3: Sn, 37.12; C, 3.76; 
NO3-, 58.18. Found: Sn, 37.43; C, 3.98; NO3-, 57.54. 
MeSn(N0,) ,.2py 

Pyridine (5.0 ml, 0.062 mole) in chloroform (5 ml) was 
added to a solution containing methyltin trinitrate (1.51 g, 
0.0047 mole) in chloroform (10 ml). After mixing, the 
solution turned light yellow and after 5-10 min fine trans- 
parent crystals were precipitated. After filtration and 
washing with petroleum ether, the yield of the resulting 
fine white powder was 1.10 g. Moisture was carefully 
excluded at all stages of the reaction. 

Anal. Calcd. for MeSn(N03),.2py: Sn, 24.83; C, 27.64; 
NO3-, 38.92. Found: Sn, 24.61; C, 27.35; NO3-, 38.57. 

Tin analysis was carried out by igniting the compound, 
after first moistening with concentrated sulfuric acid and 
weighing as SnO,. Nitrate was determined as nitron 
nitrate, and carbon was determined by the Van Slyke wet 
oxidation method. 

All solvents were dried by standard techniques. Pyridine 
was dried by allowing analar pyridine to stand 24 h over 
calcium hydride, followed by distillation onto molecular 
sieves. 

Infrared spectra were recorded using a Beckman I.R. 12 
spectrophotometer. Spectra of MeSn(N03), were taken in 
carbon tetrachloride and carbon disulfide using either 
variable path length cells with KRS-5 plates or sealed 
fixed path silver chloride cells with 0.1 mm teflon spacers. 
Far infrared spectra (200-400 cm-') were taken in carbon 
tetrachloride using 0.1 mm polyethylene liquid cells. All 
other spectra were obtained with Nujol or halocarbon 

mulls between either KRS-5 or high density polyethylene 
windows. Raman spectra were obtained in carbon 
disulfide using a Spex Raman Instrument and a Carson 
Argon ion laser. 

Ultraviolet spectra were recorded using a Cary #14 
spectrophotometer using fused silica cells and dried 
spectroscopic solvents. 

Conductivities were recorded with a Beckman Model 
RC-18 bridge system, and a cell following the design of 
Greiner (14). 

Nuclear magnetic resonance spectra were run on a 
Varian T-60 spectrophotometer. Spectra were run in 
dichloromethane with tetramethylsilane as an internal 
reference in the case of Me,SnN03 and Me2Sn(N03),. 
The proton peak from dichloromethane was used as a 
standard for Me4Sn and MeSn(N03),. (MeSn(NO,), was 
found to react with (CH3)&) 

We wish to thank the National Research Council of 
Canada for supporting this work and for a Studentship to 
D.P. 
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Nuclear magnetic resonance studies of solid methylammonium halides 

J. TSAU' AND D. F. R. GILSON 
Department of Chemistry, McGill University, Montreal 110, Quebec 

Received October 7, 1969 

Wide-line nuclear magnetic resonance studies of methylammonium chloride, bromide, and iodide 
and their partially deuterated analogues show that second-moment and line-width transitions occur 
which can be interpreted as due to molecular reorientation about the C-N axes. In the bromide and 
iodide salts this motion persists below 77 OK. 

Canadian Journal of Chemistry, 48, 717 (1970) 

Introduction methylammonium chloride at different tempera- 

The room-temperature crystal structures of tures and attributed the change in powder Pattern 

methylammonium chloride and bromide (1-3) to a decrease in symmetry from the tetragonal 

are tetragonal and the C-N axes coincide with phase- 

the fourfold c axes of the crystals. The lack of magnetic resonance (n.m.r.) 
correspondence between the site symmetry and provides an technique for 
the point-group symmetry of the cation indicates mO1ecular reorientation, and the present paper 

that there must be either disordering of the proton describes a study Of methylammonium 

positions or rotation about the C-N bond. The chloride, bromide, and iodide and their deuter- 

existence of low-temperature modifications of ated 

methylammonium chloride was shown by Aston Experimental 
and Ziemer (4) from heat capacity measurements. Methylammonium halides were obtained from com- 
The room-temperature ct-form changes irrevers- mercial sources, recrystallized from absolute ethanol 

ibly to the at 220 OK. When this phase is three times, and dried in vacuo. All compounds 
analyzed satisfactorily. Deuteration on nitrogen was 

heated to 220 OK it converts to the which performed by repeated recrystallization from heavy 
then changes to the a-form at 264 OK. Confirma- water. Compounds deuterated on carbon were lent to us 
tion of the three different phases of methyl- by Professor Sandorfy and were originally obtained from 

ammonium chloride was obtained from tempera- 
were obtained ture-dependent infrared spectroscopic studies a Varian Dp60 spectrometer with a modified 

(5,6). Cabana and Sandorfy (6) and Thkorzt and through" low proton probe and associated temperature 
Sandorfy (7) also demonstrated that, over the control equipment. Second moments were calculated 
temperature range 12 to 470 OK, there were four from the experimental derivative curves using a computer 

phases present in methylammonium bromide, program and corrected for finite modulation amplitude. 
The effects of incomplete isotopic exchange were ne- 

two for the and two (probably) for the glected in the calculation of theoretical second moments. 
fluoride. At low temperatures, the infrared 
absorptions, normally broad at room tempera- Results 
Lure, sharpen and split into several peaks as the The temperature dependence of the experi- 

Of the site 'ymmetry is removed. The mental line widths and moments is shown changes in heat and entropy Of the in Fig. 1 for methylammonium chloride and its y-to-ct transition favor a positional disordering, deuterated species. At 77 the experimental although the transition is narrow (4 OC) for an second moment of CH,NH3Clis 34.64 + 0.35 ~ 2 .  
order-disorder process. The Of The second moment decreases, commencing at 
the torsional mode and the shape of the degener- about lO to a value of 7.50 + 0.41 G2 at ate bands in the ct-phase ledTh6orOt and Sandorfy 245 OK, followed by a gradual from this to tentatively suggest that a one-dimensional temperature to 6.2 G2 at 470 OK, the upper 
hindered rotation Occurs. Stammler (2) has perature limit of the apparatus. For CD3NH3CI examined powder diffraction patterns Of the limiting values of second moment are 31.8 

'NRCC Studentship holder, 1966-1969. 
f 0.6 and 6.3 + 0.5 G2 at 212 OK, and the tran- 
sition is narrower, occurring between 125 and 
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200 OK. For CH,ND,CI the limiting values are 
22.8 + 0.7 and 5.0 + 0.6 G2 at 175 OK, but the 
transition is shifted to lower temperature and is 
not quite complete at 77 OK. 

Experimental second moments for the bromide 
and iodide salts are listed in Table 1 for temper- 
atures of 77 and 300 OK. The transition is in 
progress at 77 "K for the bromide but is complete 
below this temperature for the iodide. 

Discussion 
The application of the wide-line n.m.r. method 

involves, in most cases, a comparison of the 
experimentally determined second moments with 
values calculated from the van Vleck formula, 
which, in turn, requires a knowledge of the protoil 
positions in the crystal. The crystal structures 
of the low-temperature phases of the methyl- 
ammonium salts are unknown (but are probably 
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TSAU AND GILSON: N.M.R. STUDIES OF SOLID METHYLAMMONIUM HALIDES 719 

TABLE 1 

Experimental second moments for 
methylammonium bromide and iodide 

Second moment, GZ 

Molecule 77 "K 300 "K 

*High-temperature limit of transition 250 "K. 

monoclinic). The crystals of methylammonium 
chloride shatter when cooled to liquid nitrogen 
temperature, which is a further indication that a 
change in crystal structure occurs. In cases where 
the structure is unknown (or not known in suffi- 
cient detail) it is usual to divide the theoretical 
second moment into irztra- and inter-molecular 
contributions. The former can be calculated using 
reasonable values for the bond lengths and 
angles, while the intermolecular second moment 
is estimated by comparison with values obtained 
for crystals with similar structures. For the 
methylammonium salts an additional method 
can be used. In the deuterated molecules, the 
dominant dipolar interactions arise within the 

CD3NH3C1. The calculated intramolecular sec- 
i + 

ond moments for the species CH3NH3, CH3ND,, 
+ 

and CD3NH3 are given in Table 2 for the rigid ion 
and for rotation of the ion about the C-N axis. 
An accurate calculation of the intermolecular 
second moment (rigid lattice) cannot be made, 
and therefore an estimate was obtained from the 
high-temperature tetragonal structure by intro- 
ducing a "disorder" in the proton positions. The 
carbon and nitrogen positions were fixed with 
the coordinates of the known structure, but over 
several unit cells. Different proton positions were 
generated by rotating different methylammonium 
ions through fixed angular increments. In this 
way a number of ordered structures were obtained 
and an average taken of the second moments of 
these different structures. Intermolecular second 
moments for the rotating cases were calculated 
using the Andrew and Eades formulae (9). 

The total calculated second moments for the 
rigid lattice cases are larger than the experimental 
values at 77 OK, Table 2. The disagreement is due, 
in part, to an incorrect value for the intermolecu- 
lar contributions, plus some residual torsional 
motion. The agreement is close enough, however, 
to show that the transitions are due to reorienta- 

+ tion of the methylammonium ions about their 
~ ' " 3  and -NH3 groups 'lone and the shape C-K axes, This motion persists to below 77 OK 
of the proton resonance line provides further for the bromide and iodide salts. 
information. For the calculation of line shapes The theoretical line shapes for an isolated 
and moments, were assumed triangular configuration of nuclei hwe been 
be and a "lue of A was calculated by Andrew and Bersohn (10). The 
for the C-H length' A presence of neighboring nuclear spins causes a 

of the N-H length a four- broadening of the resonance line and loss of 
coordinate nitrogen atom is not available. Dis- detail but this effect can be introduced into the 

of A for the ammonium ion and calculation by including a Gaussian broadening 
1.06 A for the hydrazinium ion have been given functioil, p, as described by Pake for the two- 
(8). In the present a of A has spin system (11). The application of the line 
been used, which represents a compromise + 
between the line shapes and second moments in shape analysis to the species CH3ND3 and 

TABLE 2 

Second moments of methylammonium chloride 

Calculated second moment, G Z  Experimental 
second moment, 

Rigid lattice Rotating methylammonium ions G 

Species Intra Inter Total Intra Inter* Total 77 "K 245 "K 
- - -  

CH3NHBCl 30.52 8.79* 39.31 7.62 1.60 9.22 34.6 7 . 3  
CH3ND3CI 21.98 4.83 26.81 5.50 0.79 6.29 22.8 4.9 
CD3NH3CI 30.79 3.24 34.03 7.46 0.62 8.08 31.8 6 .3  

~ - - -- -- ~ 

*Based on structure given in ref. 1. 
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(a) CH,ND,CI 

FIG. 2. Experimental derivative line shapes at 77 "K for (a) CH3ND3Cl, (b) CD3NH3Cl. Dashed curves are theoreti- 
cal line shapes. 

+ 
CD,NH, involves approximations. In the first 
case the experimental second moment has not 
quite reached the limiting value at 77 OK, and, 

+ 
strictly speaking, the -WH, case is not an iso- 
lated three-spin system since the nitrogen atorn 
should be included. The line shapes were com- 
puted for CH3ND,Cl for different values of P2 
with the same molecular geometry used for the 
intramolecular second moment calculation. The 
best agreement with the experimental curve at 
77 OK was obtained with P2 = 2.25 G2, Fig. 2a. 
The second moment of the calculated curve was 
23.34 G2. For CD3NH,GI, line shapes were 
calculated for different values of P2 and also for 
different N-H distances in the range 1.020 to 
1.050 A. The best fit for the line shape whose 
second moment agreed with the experimental 

value of 31.8 G2,  Fig. 2b was for an N-H 
distance of 1.045 and P2 = 2.61 G2. This 
N-H value was then used in the calculation of 
the theoretical second moments of Table 2. 

The line shapes were calculated for the rotating 
cases and are shown in Fig. 3. The curves shown 
by Powles and Gutowsky (12) do not include a 
flat, weak portion at their extrema. In the present 
study these regions were observed experimentally 
and appeared in the calculated line shapes. The 
gradual loss of these "tails" of the resonance 
signal is responsible for the decrease in second 
moment above the transition and may arise from 
additional molecular motion such as an oscil- 
lation of the molecular axis. 

The correlation frequency, v,, responsible for 
line narrowing can be related to the line width by 
eq. [ I  ] and then used in the Arrhenius expression 
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TSAU AND GILSON: N.M.R. STUDIES OF SOLID METHYLAMMONIUM HALIDES 721 

indicates that the methylammonium ion does not 
rotate as a whole and instead the motions of the 

(a) CH3NDJCI two halves are independent. There are arguments 
against this conclusion. Line narrowing occurs 
when the correlation frequency approaches the 
frequency equivalent of the line width and, since 
the line widths are different in the two cases, this 
would result in different transition temperatures. 
Isotopic substitution will alter the moments of 
inertia, but for correlated motion of the ion this 
should shift the transitions to higher temperatures 
in both cases. In favor of uncorrelated motion is 
the fact that the temperature dependence of the 
second moment of CH,NH3C1 is not symmetrical 
about the midpoint of the transition and could 
be a composite of two transitions. Also the infra- 
red spectroscopic studies of ThCorEt and San- 
dorfy (7) showed that the torsional frequency 

\ I  shifted further on N-deuteration than on C- 
Y deuteration, leading to the conclusion that the 

V 

FIG. 3. Experimental and calculated line shapes: 
(a) CH3ND3C1 at 190 OK, P2 = 1.0 GZ; (b)  CD3NH3CI 
at 200 OK, DZ = 1.69 G2. 

to obtain an activation energy for molecular 
reorientation. 

~1-j 

where 6H is the line width at temperature T, A is 
the value below, and B above, the transition, y 
is the magnetogyric ratio, and a is a constant 
approximately equal to unity (13). The line-width 
transitions occur at different temperatures for 
CH3ND3C1 and CD,NH3C1. If the potential 
barrier is unaltered by isotopic substitution, 
then the difference in transition temperature 

torsional motion was mainly an -NH? group 
motion. The n.m.r. line-width analysis gives 
activation energies of 4.8 kcal mole-' for methyl 
group reorientation and 6.1 kcalmole-I for 

+ 
the -NH roup. The pre-exponential factors 

$3 are 4.3 x 10 and 1.4 x 1014 s-l, respectively. 
There is no apparent correspondence between 

the n.m.r. transitions and the transitions observed 
in the heat capacity measurements. The relation- 
ship between n.m.r. and thermal data has been 
discussed by Darmon and Brot (14). The line 
width is sensitive to any reorientational motion 
of sufficient frequency, but the thermodynamic 
functions are affected by the appearance of 
orientational disorder regardless of the time 
scale. Thus a hindered rotation in which the 
molecule moves between indistinguishable posi- 
tions will not appear as a heat capacity transition. 
A change in crystal structure, such as occurs in 
the methylammonium halides, will be observed 
by thermodynamic measurements but will have 
only slight effects on the second moment since 
the reorientational motion has already exerted the 
major influence. 

The financial assistance of the National Research 
Council of Canada is gratefully acknowledged. The 
authors thank Professor C. Sandorfy for the loan of the 
deuterated compounds. 
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Conditions in solution during the formation of gibbsite in dilute A1 salt solutions. 
4. Effect of C1 concentration and temperature and a proposed mechanism for 

gibbsite formation1 

R. C .  TURNER AND G. J. ROSS 
Soil Research Institute, Canada Department of Agriculture, Ottawa, Canada 

Received October 15, 1969 

Experiments were made to determine the effect of conditions in chloride solution on the formation of 
gibbsite. It was found that the temperature of the systems and the chloride concentration in solution had 
a marked effect on the rate of all the reactions occurring. In  all cases gibbsite was identified as the final 
product, except when the temperature was 10 OC and when the chloride concentration was about 0.6 N. 
When the temperature was 10 "C the reactions were very slow, and there was no reason to believe that 
gibbsite would not have been the final product if sufficient time had been allowed. In  the system in which 
the chloride concentration was about 0.6 N, the final product was an  aluminum hydroxychloride. In  all 
systems the concentration of polynuclear hydroxyaluminum ions started at relatively low values, increased 
with time to a maximum, and then decreased, while with the solids thereverse was true. Amechanism for 
the formation of gibbsite is proposed. 
Canadian Journal of Chemistry, 48, 723 (1970) 

Introduction 

It  was shown in a previous publication (1) that 
when dilute solutions of aluminum salts were 
titrated with a base to about 8 0  % neutralization, 
gibbsite formed after a number of weeks of 
reaction. It  was concluded on the basis of the 
characteristics of the titration curves that poly- 
nuclear hydroxyaluminum cations were formed 
in  the early stages, then gradually disappeared 
and gibbsite eventually crystallized. There was 
some indication that, even at  chloride concentra- 
tions as low as 1.5 x lo-' M, there was partial 
substitution of C1 for the OH ions in the amor- 
phous solids which preceded the appearance of 
gibbsite. Later (2), it was shown that the Cl/Al 
mole ratio in the initial solid phase ranged from 
zero to 0.5, depending on the concentration of C1 
ions in solution and the degree of neutralization. 
I n  the latter publication (2), it was shown that 
when the NaOH was added to either lo-' or 
lo-, M AlCl, solutions, polynuclear hydroxy- 
aluminum cations were the main product of 
reactions with slow titrations. whereas the initial 
solid phase was the main product with fast titra- 
tions. Regardless of the rate of addition of the 
base, however, a solid was the only product when 
neutralization reached 100 %. 

The objectives of the work reported here were 
to  determine the effect of (a) length of time of 
reaction on the concentrations of mononuclear 

'Contribution No. 317. 

and polynuclear hydroxyaluminum ions in 
solution, (b) temperature on the rate of reactions 
occurring, and (c) C1 ion concentration in solu- 
tion on the formation of gibbsite in partially 
neutralized AlC1, solutions. when the time 
required to add h e  base was less than 15 min 
(fast titrations). A mechanism for the formation 
of gibbsite is proposed and discussed in the light 
of the resultspresented here and of other published 
results. 

Experimental 
The concentrations of AlC13 used in the experiments 

varied from 1.25 x to 1.95 x 10-I M. The solutions 
were titrated to the desired degree of neutralization by 
adding NaOH dropwise while NaOH-H2S04-H20 
washed air was bubbled through the solutions, the time 
required to add the base being less than 15 min. 

In  the most dllute solutions the total A1 concentration 
was 1.25 x M. They were titrated to NaOH/Al 
mole ratios of 2.1 and allowed to react for a number of 
weeks in constant temperature water baths, while 
NaOH-H2S04-H20 washed air was bubbled slowly 
through the suspensions. The systems were studied at 
three temperatures, 26, 40, and 10 "C. 

Two A1C13 concentrations were used in the systems in 
which the concentrations were relatively high and the 
systems were studied at 26 "C. The most concentrated 
solution was 1.95 x 10-I M and it was titrated to a 
NaOH/AI ratio of 2.4. The other two systems used con- 
tained total Al concentrations of 5.85 x lo-' M, one 
was titrated to a NaOH/Al ratio of 2.4 and the other 
to 1.5. 

Samples were analyzed periodically for mononuclear 
and polynuclear A1 ions by 8-quinolinolate extraction 
methods (3). The total A1 in the systems less that mea- 
sured as mono- plus polynuclear ions was assumed to 
be in the solid state. Evidence will be presented in the 
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0 20 40 60 
DAYS 

FIG. 1. Effect of temperature and length of time of aging on the concentrations of solid material, mononuclear ions, 
and polynuclear ions in 1.25 x M solutions of AICI3 to which NaOH was added to make NaOH/AI mole ratios 
of 2.1. A, mononuclear ions; @, polynuclear ions; ., solids. 

discussion to show that this assumption is justified at 
least to a good approximation. 

The solids were separated from some of the solutions 
by filtering through 10 my Millipore filters under 
suction or by centrifugation. The solids were again sus- 
pended in H 2 0  (approximately 10 mg/ml) and 1 ml of 
suspension was placed and dried on a 37.5 by 25 mm 
glass slide. X-Ray analysis of these oriented samples 
was done with a Phillips diffractometer using Fe-filtered 
Co radiation (Co Ka.h = 1.7902 A). 

Electron micrographs of some of the solids were also 
obtained. For this purpose a drop of suspension was 
placed on a copper grid coated with 0.25% Formvar. 
After 3 min, excess suspension was drawn off and the 
specimen was shadow-casted with platinum-iridium in 
an Edwards Hi Vacuum shadow caster coating unit. The 
specimen was then examined under a Siemens Elmiskop 
electron microscope. 

Figure 1 shows that the temperature at which 
the systems were maintained had a marked effect 
on the reactions occurring. At all three tempera- 
tures the % of the total A1 in the systems that 
was in the form of polynuclear hydroxyaluminum 
ions started at relatively low values, increased 
with time to a maximum, and then decreased. 
With the solid material the reverse occurred, i.e., 
the amount of solid started at relatively high 
values, decreased to a minimum, and then in- 
creased. The effect of time on the concentrations 

of mononuclear A1 ions was much less than with 
the other forms, the concentrations decreased at 
first to a minimum and then increased. At 26 "C 
the maximum and minimum for polynuclear 
ions and solids, respectively, was reached in from 
2 to 3 days. The length of time required to reach 
these maxima and minima was reduced to less 
than one day by increasing the temperature to 
40 "C, and increased to about 15 days by reducing 
it to 10 "C. During this stage of the reactions, i.e., 
until the minima in solids were reached, the 
solids were amorphous to X-rays. The effect of 
temperature was even more pronounced after 
these maxima and minima were reached. When 
the temperature was 26 "C the concentration of 
polynuclear hydroxyaluminum ions decreased 
to essentially zero in about 100 days. At this time 
the solid showed the X-ray pattern for gibbsite 
and the amount of solid, calculated from the % 
of total A1 in the system in the solid form, 
accounted for essentially all of the base added, 
assuming that the solid could be represented by 
the formula Al(OH),. The results at 40 "C were 
the same as those at 26 "C,  except that it required 
only 60 days for the concentration of polynuclear 
ions to reach essentially zero. At 10 "C, however, 
the concentration of polynuclear ions decreased 
much more slo-vly so that after 90 days the amount 
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TURNER AND ROSS: FORMATION OF GIBBSITE. 4 725 

0 20 40 60 80 100 $( 

DAYS 
FIG. 2. Effect of C1- concentration in solution, NaOH/Al mole ratio, and length of time of aging on the concentra- 

tion of solid material, mononuclear ions, and polynuclear ions in partially neutralized A1C13 solutions at 26 "C. 
Section A, total A1 5.85 x M,NaOH/AI 1.5; B, total A1 5.85 x lo-' M, NaOH/AI 2.4; C, totalA11.95 x 10-'M, 
NaOH/AI 2.4. A, mononuclear ions; @, polynuclear ions; ., solids. 

of A1 in the form of polynuclear ions was still 
much greater than in the solid form and the solid 
was amorphous to X-rays. It was obviously going 
to require a very long time at this low temperature 
for the formation of gibbsite. 

When the total concentration of A1 in the sys- 
tems was 5.85 x lo-' M and the systems were 
maintained at 26 "C (sections A and B, Fig. 2) the 
reactions were similar to those that occurred at 
the lower concentration with the same tempera- 
ture (Fig. 1) but the length of time required for 
the reactions was greater. N7hen the OH/A1 mole 
ratio was 1.5 (section A),the % of total A1 in the 
solid decreased to a minimum of less than 1, 
whereas when the OH/A1 ratio was 2.4 (section 
B), the minimum for A1 in the solid was about 
6 % of the total Al. After the minima and maxima 
were reached the % of total A1 in the solid in- 
creased, while that in the form of polynuclear 
ions decreased very slowly, so that it required 
300 days for the concentration of polynuclear 
ions to reach zero. At this time the solids showed 
distinct X-ray patterns of gibbsite and essentially 
all of the base added could be accounted for in 
the solids, assuming that they could be repre- 
sented by the formula Al(OH),. 

With the highest concentration of AlCl,, 
1.95 x lo-' M ,  the reactions (section C, Fig. 2) 

were essentially different from those with the 
lower concentrations at the same temperature. 
Although the percentage of total A1 of the system 
in the polynuclear ions and solid forms started at 
low and high values and then increased and 
decreased to maximum and minimum values, 
respectively, as they did at the lower concentra- 
tions, it required a long time to reach these 
maximum and minimum values. In fact, the rate 
of change of concentration of the two forms was 
so slow that it was impossible to determine the 
length of time required to reach the maximum 
and minimum but it was apparently between 40 
and 90 davs. The decrease in the concentration of 
polynuclear ions and increase in solids after the 
maximum and minimum were reached was very 
slow so that after 300 days, there was still more 
A1 in the form of polynuclear ions than in the 
solids. Furthermore, although the solids present 
after 300 days were not amorphous to X-rays, 
they did not show the gibbsite pattern. The X-ray 
pattern from the oriented specimen of the solid 
showed a prominent symmetrical peak with the 
apex at 13.77 i% when the relative humidity of the 
atmosphere in contact with the sample was 95 %. 
The position of the diffraction peak was very 
sensitive to the relative humidity, however, so 
that when the relative humidity was reduced to 
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FIG. 3. Electronmicrographs of gibbsite crystals. 
Upper section, formed in a system with NaOH/AI 1.5; 
lower section, formed in a system with NaOH/AI 2.4. 

15 %, the peak shifted, making the apex appear 
a t  10.69 A. The Cl/Al mole ratio in the solid at 
this time was 0.4. 

Electronmicrographs of the gibbsite crystals 

formed in the two systems with total Al concen- 
tration of 5.85 x l oe2  (Fig. 2) are shown in Fig. 3. 
They show that the gibbsite crystals from the 
system in which the NaOH/AI mole ratio was 
1.5 (upper section) were much larger than those 
from the system in which this ratio was 2.4 (lower 
section). An estimate of the average volume of 
the crystals in each of the sections made from 
the area of the basal planes of individual crystals 
and the length of the shadows showed that the 
crystals in the upper section had approximately 
2 x 106 unit cells while those in the lower section 
were about 1/10 this size. 

Discussion 
It  has been shown (2) that, with unaged 

partially neutralized AICI, where it was possible 
to measure the A1 in the initial solid phase as well 
as in the mono- and polynuclear ions, the total 
A1 in the system was equal to the sum of the Al 
in the three forms. In these unaged systems, 
however, the separation of the solids from the 
solution by filtration through 10 mp Millipore 
filters was essentially quantitative, whereas after 
the systems were aged lor a few hours or days, 
depending on conditions, a variable fraction of 
the solid passed through the filters. It was 
necessary, therefore, to have some other means 
of testing the assumption that the total Al in the 
systems less that measured in the mono- plus 
polynuclear ions was in the solids. This was done 
by comparing the amount calculated in this way 
with that which was non-dialyzable. It  was 
found that the amount of A1 in the solid form 
determined in the two ways agreed reasonably 
well. Consequently, the assumption that the total 
Al in the systems less that in the form of mono- 
and polynuclear ions was in the solids is correct 
to a good approximation, regardless of the length 
of time of aging. This conclusion is also in agree- 
ment with results of Smith (4). 

It is obvious from the results just discussed 
and those presented in Figs. 1 and 2 that the 
initial solid phase consists of relatively large 
particles (greater than 10 mp in diameter), and 
that the size of the particles as well as the quan- 
tity of solid present decreases in the early stages 
of aging. The decrease in particle size in the early 
stages of aging was also indicated by the results 
published by Fripiat and Pennequin (5). As 
indicated previo~~sly (31, it is only the initial solid 
phase that reacts fairly rapidly \\.it11 8-quinolinol. 
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I t  was pointed out there that only a fraction of 
the solid resulting from 24 h aging was destroyed 
by the 8-quinolinol in the time required to dis- 
solve the unaged solid completely. It  appears, 
therefore, that the properties of the solid begin 
to change immediately after it is formed. 

The results presented above for relatively 
high salt concentrations are very enlightening. 
According to Gastuche and Herbillon (6) and 
Fripiat and Pennequin (5), the solid phase that 
forms first on the addition of a base to an AlCl, 
solution contains C1 substituting for OH ions 
and considerable H,O which prevents or retards 
the crystallization of gibbsite. They found, how- 
ever, that if the C1 ions are removed from the 
solution quickly enough after the addition of the 
base, gibbsite crystallizes fairly rapidly. This is 
obviously because the C1 ions must be replaced 
by the O H  ions before gibbsite can result. I t  
should be expected that the ease with which the 
C1 ions are eliminated from the particles would 
be a function of the C1- concentration in solu- 
tion, and it is reasonable to assume that there 
should be a concentration above which this 
cannot occur. The results in sections A and B of 
Fig. 2 show that this elimination of C1- from 
the particles occurred even when the C1- con- 
centration in solution was about 0.1 8 M because 
gibbsite was formed, but the process was much 
slower than at the lower concentrations (Fig. 1) 
and much slower than when C1- was removed 
by dialysis (5). When the C1- concentration was 
raised to 0.6 M, however, the chloride was not 
eliminated from the particles and a material 
containing chloride which was probably ap- 
proaching crystalline aluminum hydroxychloride 
because it showed a strong X-ray diffraction band 
with peak at 13.77 A (7), rather than gibbsite, 
resulted. Thus, these experimental results agree 
qualitatively with those of Gastuche and Her- 
billon (6) and Fripiat and Pennequin (5), but 
show in addition that gibbsite will form in acid 
aqueous chloride solutions even when the C1- 
concentration is as great as 0.18 M. 

The hydroxyaluminum material in the form 
of polynuclear ions, unlike the solid material, 
seems always to be the same regardless of the 
conditions under which it is formed. In all of the 
experiments for which results are reported above 
and in special experiments in which C1- was 
replaced with I-, NO,-, or ClO,- in the systems, 
the first order rate constant for the reaction 

between the polynuclear ions and the 8-quinolinol 
mixture (3) was determined at 26 "C. It  was 

\ ,  

found that this rate constant was independent 
of the temperature at which the polynuclear ions 
were formed, length of time of aging after the 
first few hours, degree of neutralization, the kind 
of anion present, and whether the concentration 
of the ions was increasing or decreasing when 
the samples were taken, providing the com- 
position and concentration of the 8-quinolinol 
reaction mixture was kept constant. From the 
work of Brosset (8) and Brosset et al. (9) it 
appears probable that a specific polynuclear 
hydroxyaluminum cationic species with formula 
A1,(OH),,3+ is formed in partially neutralized 
aaueous solutions of A1 salts. unless the anion 
prisent forms a strong complex with Al. The 
results of Matijevic et al. (10) agree with this 
except that they found that the cation had a 
charge of 4 with Al,(OH),,4+ as the probable 
formula. Regardless of which of these species is 
the one that actually exists, providing only one 
exists. the rate constant for the reaction between 
the polynuclear ions and a specific 8-quinolinol 
reaction mixture should always be the same at 
constant temperature, which agrees with the 
results from the present investigation. If, on the 
other hand, the polynuclear ions had a variable 
composition and increased in size and OH/A1 
ratio as they progressed towards gibbsite, the 
rate constant for the reaction between them and 
8-quinolinol should change with length of time 
of aging as well as with degree of neutralization, 
which is contrary to experimental results. 
Furthermore, Gastuche and Herbillon (6) and 
Fripiat and Pennequin (5) showed that gibbsite 
forms under conditions in which the polynuclear 
ions as well as C1- are removed by dialysis as fast 
as they are formed. Thus the theory that the 
mechanism by which gibbsite is formed is a 
polymerization process involving these hydroxy- 
aluminum polynuclear cations (11-13) is not 
consistent with experimental facts. This brings 
up the question of a mechanism which is con- 
sistent with experimental facts. 

Summarizing these results, it has been shown 
that there is an initial solid phase when a base is 
added to an AlCl, solution (3, 5, 6), which de- 
creases in quantity (3) and size of particles (5) 
during the early stages of aging, while the con- 
centration of hydroxyaluminum polynuclear 
ions increases. This is followed by an increase in 
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quantity and particle size of the solid and decrease 
in  the concentration of polynuclear ions. In 
addition, rate of reaction determinations indicate 
a single species of polynuclear ions. Consequently, 
the following mechanism is proposed, in which 
it is assumed that the polynuclear ions have the 
formulae A1,(OI-I)1,3+ (9) and that Cl- is the 
extraneous anion. The treatment would be 
essentially the same if it was assumed that the 
formula of the polynuclear ions was AI,(OH),$ + 

(10) or even Al13(OH),27+ (14). 
The most rapid reaction that occurs when the 

base is added is 

where italics denote solid. This initial solid phase 
contains considerable H 2 0  and G1-. It  is much 
more soluble than gibbsite and is metastable 
relative to the hydroxyaluminum polynuclear 
cations,which form more slowly. Consequently, 
a competing but slower reaction 

occurs simultaneously. Because the polynu- 
clear ions are stable with respect to the initial 
solid, reaction [ l ]  goes to the left, i.e., the initial 
solid phase begins to dissolve as the forma- 
tion of the polynuclear ions progresses. Besides 
these two competing reactions, there is another 
one which is a consecutive reaction with respect 
to reaction [I  1. This third is a solid phase reaction 
in which the initial solid phase, through elimina- 
tion of C1- and H 2 0  and rearrangements, 
eventually becomes gibbsite. Gibbsite, besides 
being much more insoluble than the initial solid 
phase, is also stable with respect to the poly- 
nuclear A1 ions. The original reactant and final 
products are shown by the reaction 

[3] Al(OH),C13-,3HzO = A l ( 0 H )  3 

+ (3 - n)  HCI + n H 2 0  

where Al(OH), represents gibbsite. This reaction 
does not go in a single step. It represents a 
gradual process with the solid becoming less and 
less soluble as C1- and H 2 0  are eliminated and 
rearrangements towards the gibbsite structure 
occur. At some stage in these processes the solid 
becomes stable with respect to the polynuclear 
ions and reaction [2] goes to the left, i s . ,  the 

concentration of the polynuclear ions begins to 
decrease as the solid particles begin to grow. 

If this mechanism is correct, the maximum 
number of gibbsite crystals finally resulting in a 
system is determined by the number of solid 
particles present when the amount of solid in 
the system reaches a minimum (Figs. 1 and 2). It 
is possible, of course, unless all of the particles 
are exactly the same and grow at the same rate, 
that during aging some of the smaller particles 
might disappear in the aging process, which 
would result in a smaller number of gibbsite 
crystals than of solid particles at the time of 
minimum solid present. This decrease in particles 
through dissolution should be minimized and 
probably prevented as long as polynuclear ions, 
rather than the most soluble particles, control the 
ion activity product (Al) (OH), in solution, which 
would be the case as long as these ions are present. 
It  can be seen that when the NaOH/Al ratio of 
the 5.85 x lo-' M A1 systems was 1.5 (section 
A, Fig. 2), the minimum of solid present was less 
than 1 %, whereas when the NaOH/Al ratio was 
2.4 (section B, Fig. 2), the minimum of solid 
represented from 6 to 7 % of the Al. Thus, if the 
number of gibbsite crystals present when the 
polynuclear ions became zero were greatly 
influenced by the amount of solid present at its 
lowest value, it would be expected that the gibbsite 
crystals would be less numerous and larger in the 
system with the lower NaOH/Al ratio than in the 
one with the higher ratio. This agrees with results 
shown in Fig. 3. 

It  is apparent that all of the results presented 
in this paper are consistent with the proposed 
mechanism. Gastuche and Herbillon (6) and 
Fripiat and Pennequin (5) showed that there is an 
initial solid phase which contains considerable 
H,O and Cl- ions and that when the dialyzable 
material was separated from the aqueous sus- 
pension, gibbsite resulted fairly rapidly. Frink 
and Sawhney (15) showed that the initial solid 
is much more soluble than gibbsite and this was 
supported by other published work (1). Brosset 
et al. (9) and Matijevic et al. (10) presented fairly 
strong evidence that there is only one species of 
hydroxyaluminum polynuclear cation. Further- 
more, it is known that dilute solutions of AlC1, 
call be stored at room temperature without 
having gibbsite formed even though such solu- 
tions, at concentrations for instance, to 

M ,  are supersaturated with respect to 
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gibbsite (16). These solutions, however, are 
undersaturated with respect to the initial solid 
phase which forms when the ion activity product 
(AI) (OH), is raised to about (1, 15). 
Therefore, there is considerable experimental 
evidence in support of the proposed mechanism. 
It is necessary, however, to show that the mech- 
anism also gives a logical explanation of experi- 
mental results that have been used to support 
other proposed mechanisms. 

Ruff and Tyree (12) found by a light scattering 
technique that the average molecular weight of 
the products of hydrolysis increased with in- 
creasing NaOH/Al mole ratios. They filtered 
their solutions through fritted filters. As demon- 
strated by the fact that there was no loss of A1 by 
the filtration, this did not remove the solid 
particles. They also showed that the turbidity at 
a given total A1 concentration and NaOH/Al 
ratio decreased considerably with time of aging 
from 1 to 181 h. This means that the mean molec- 
ular weights calculated from these results must 
have decreased considerably with time for the 
first few days. Since the solid particles are much 
larger than the polynuclear cations, the average 
molecular weights would decrease as the ratio 
of solid to polynuclear ions decreases. Con- 
sequently, their results on the effect of aging 
can be interpreted to be consistent with those 
presented in Figs. 1 and 2, which show that the 
ratio of solid to polynuclear ions decreased with 
time for the first few days. In the same way, their 
results showing that the average molecular 
weights increased with increasing NaOH/Al 
ratios when the partially neutralized solutions 
were aged can be explained on the basis that as 
the NaOH/Al ratio is increased, the ratio of solid 
to polynuclear ions also increases (Fig. 2). 

Finally, Hsu and Bates (1 1) proposed a system 
of polymerization of hydroxyaluminum cations 
for the formation of gibbsite which requires that 
the NaOH/Al mole ratio be increased to 3 in 
chloride solutions for gibbsite to form. Their 
theory requires that the polynuclear charged 
particles increase in size and that their OH/A1 

ratio increases as the NaOH/Al ratio is increased. 
These requirements are contrary to considerable 
experimental evidence : (a) the rate constant for 
the reaction between the polynuclear ions and 
8-quinolinol is independent of the NaOH/Al 
ratio, (b) gibbsite forms even when the NaOH/Al 
mole ratio is as low as 1.5 (Fig. 2, section B), (c) 
Matijevic et al. (10) and Brosset et al. (9) con- 
cluded that a single species of polynuclear ions 
existed over a wide range of pH values. The fact 
that Hsu and Bates could not centrifuge any 
solid from their solutions, even with an ultra- 
centrifuge, does not contradict the proposed 
mechanism because gibbsite did not form in 
these systems. It is quite possible that the tech- 
niques they used for partially neutralizing the 
AlCl, solutions resulted in reaction [I]  going 
entirely to the left, i.e., that all of the A1 in the 
system was in the form of mono- and polynuclear 
cations after a certain length of time of aging. 

The authors thank N. M. Miles for the X-ray diffrac- 
tion analysis, M. Jaakkamainen for the analysis of the 
solids for C1-, and S. Itz for the electronmicrographs of 
the gibbsite crystals. 
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Perhaloketones. XX.' A monoenophilic perchlorinated cage ketone 

EVERETT E. GILBERT 
Specialty Chemicals Division, Allied Chemical Corporation, Morristown, N.J. 07960 

Received July 31, 1969 

Ketone 4 reacted thermally with a series of terminal alkenes, forming unsaturated alcohols of type-1. 
The failure of 4 to react with internal or cyclic alkenes, with some alkenes at multiple ratios, or to more 
than a limited extent with the pendant vinyl groups of polybutadiene, suggests a high degree of steric 
inhibition in this reaction compared with hexafluoroacetone. Several ally1 ethers formed tetrahydrofuran 
derivatives (type-2). 4-Allylanisole uniquely formed a type-1 product thermally convertible to type-2. 
Type-2 derivatives could also be obtained from sym-tetrafluorodichloroacetone, but not from diethyl 
oxomalonate. 
Canadian Journal of Chemistry, 48, 730 (1970) 

Ketones with highly electropositive carbonyl 
carbon atoms, such as carbonyl cyanide (1), 
diethyl oxomalonate (2, 3), hexafluoroacetone, 
and similar fluorinated ketones2 (4, 5) react 
thermally with alkenes containing allylic hydro- 
gen atoms forming tertiary alkenols of type-1. 
Tetrahydrofuran ring formation (type-2) has 
also been noted (4), and photocheniical activation 
yields oxetanes (type-3) (2, 3,  6): 

Ketone 4 (l,la,3,3a,4,5,5,5a,5b,6-decachIoro- 
octahydro - 1,3,4 - metheno - 2H - cyclobuta[cd]- 
pentalen-2-one, also known as decachloro- 
pentacyclo [5.3.0.0~,~.0~,~~.0~,~]decan - 3 - one3) 
has been shown in work at this laboratory (7) 

'Perhaloketones. XIX. See ref. 13. 
2Allied Chemical Corporation, unpublished research 

data. 
3Sometimes referred to as "Kepone", which is a 

registered trademark of Allied Chemical Corporation 
applying to 4 only when used in insecticidal or acaricidal 
formulations. 

to have a highly electropositive carbonyl carbon 
atom, but one which, in the reactions studied, is 
considerably less electropositive than that in 
hexafluoroacetone. We have also found4 that 
reaction with alkenes is progressively less facile 
as the fluorine atoms in hexafluoroacetone are 
replaced stepwise by chlorine. It has likewise 
been noted (8) that steric effects in this type of 
reaction are significant. These considerations 
suggested that the reactivity of 4 with alkenes 
might be quite limited; the present study was 
undertaken to explore this question. 

It was in fact found that 4 reacts readily with 
terminal alkenes at 1:1 molar ratio, forming 
alkenols of type-1 (R = H), as summarized in 
Table 1. The yields in many cases are good, and 
in the one case where the reaction rate was con- 
sidered (a-methylstyrene), such was found to be 
quite rapid at the temperature used (ca. 140"). Of 
the substrates listed in Table 1, a11 are terminal 
alkenes except I-methylcyclohexene and 1- 
methylcycloheptene. It is known, however, that 
I-methylcycloalkenes are in equilibrium with the 
corresponding methylenecycloalkanes in the 
presence of acid (9). I t  seems possible that such 
an equilibrium could be induced in our case by 
the presence of the highly electrophilic carbonyl 
carbon atom of the perhaloketone, especially 
under the fairly drastic reaction conditions used. 
Ketone 4 was in fact found to form identical 
products from 1-methylcyclohexene and methy- 
lenecyclohexane, a result similar to that noted in 
another study at this laboratory using hexafluoro- 
acetone5 with the same alkenes. Others (5) have 

4Allied Chemical Corporation, unpublished research 
data. 

5Allied Chemical Corporation, unpublished research 
data. 
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TABLE 1 

Reaction of 4 with alkenes 
-. . - 

Reaction Melting Calcd. (%) Found (%) 
time Yield point Product 

Substrate (h)* (%).I (" c> type C H C1 C H CI 

I-Heptene 48 95 25 1 34.6 2.4 - 34.8 2.5 - 
10-Undecenoic acid 24 82 138 1 37.4 3.0 - 37.5 3.0 - 
Methyl 10-undecenoate 24 95 Oil3 1 - - - - - - 
Methylenecyclohexane 20 20 125 1 34.8 2.0 - 34.7 2.2 - 
1-Methylcyclohexene 24 7 -5 1 - - - - - 
1-Methylcycloheptene 95 108 1 36.0 2.5 59.1 36.2 2.5 59.2 

" 90 Allylcyclohexane 190 1 37.2 2.6 57.8 37.5 2.5 57.7 
Allylbenzene 24 75 174 1 37.5 1.7 58.4 37.1 1.7 58.1 
a-Methylstyrene 1 2481 1 - - 58.4 - - ;:!* 58.6 
lrAllyl-3,4-methylenedioxybenzene 24 178 1 36.8 1.5 54.5 37.0 1.7 54.4 
4-Allylanisolc 24 861-t 148 1 and 2 37.6 1.7 55.5 37.7 1.4 55.2 
4-Allylanisole 72 95 173 2 37.6 1.7 55.5 37.7 1.9 55.5 
Diallyl cther 24 39 95 2 32.6 1.7 60.3 32.7 1.7 60.1 
Ally1 phenyl ether 96 2033 145 2 36.5 1.6 - 36.3 1.4 - 
Ally1 o-tolyl ether 120 7555 -05 1 and 2 37.6 1.9 - 37.8 1.8 - 
Allyl p-tolyl ether 96 63 155 2 37.6 1.9 - 37.6 2.1 - 
Ally1 2,4-dichlorophenyl ether 96 18 ,269 1 32.9 1.2 - 32.8 1.2 - 
PolybutadiencJI I /  24 84 Rubber 1 - - - - 33.5" 
Polybutadienevl/ 72 52 Rubber 1 - - - - - 48.4b 

*All runs made in refluxing xylene (ca. 140°), except as indicated. 
?Mole'% crude product based on 4 used; in somc cases unreacted 4 was recovered. 
$Saponified with alcoholic potassium hydroxide to the free acid, which was shown identical to  that prepared directly from 4 and 10-undecenoic acid. 
S h o w n  to be identical with the derivative of 4 with methylenecyclohexane. 
IlPrepared in refluxing o-dichlorobenzene (ca. 180'). 
TThe yield was 87% after 8, 24, and 44 h. The products were always intractable mixtures of hydroxy compounds, of which the highest melting point observed was that given. 
**Yield 96"/, after 100 h. 
PiObtained 45 % type-1 product, m.p. 14S0, and 41 % type-2. Type-1 was converted to type-2 after 24 h. 
SfYield 0 %  after 24 h. 
$#Obtained 15 % type-1 product, m.p. 210°, and 60% type-2, m.p. 160". Type-1 could not be converted to  type-2 by heating 48 h a t  180". 
I /  J/Contains 20% pendant vinyl groups. 
1IlIContains over 95% pendant vinyl groups. 
'Corresponds to reaction of 4 with about 50% of the pendant vinyl groups. 
*Corresponds to reaction of 4 with about 22% of the pendant vinyl groups. 
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TABLE 2 

Reaction of sym-tetrafluorodichloroacetone with allylic compounds 

Reaction Yield Boiling Calcd. ( %) Found (%) 
time point "C, Structure -- 

Substrate (h)* Crude Distilled? (mm) type C H C H 

a-Methylstyrene 72 93 32 141-145 (10) I$ 45.5 3.2 45.8 3.0 
4-Allylanisole 144 91 - 122-124 (0.5) 2 45.0 3.5 45.3 3.4 
Ally1 phenyl ether 310 67 25 164-168 (20) 2 43.4 3 .0  43.6 3.2 
Diallvl ether 144 97 45 98-102 (10) 2 36.3 3.4 36.0 3.2 

*Reaction temperature 45 to about 100". 
tMole % based on substrate reacted. 
:Could not be converted to a type-2 compound by refluxing for 90 h in xylene (ca. 140 'C). 

also noted alkene isomerization during reaction 
with hexafluoroacetone. 

Internal open-chain alkenes and cycloalkenes 
react with hexafluoroacetone, but much less 
easily than terminal alkenes5 (5, 8). It  is therefore 
not surprising that 4 did not react with 3-heptene, 
even though it gave an excellent yield with 1- 
heptene. Cyclooctene and cyclododecene like- 
wise did not react with 4, in the latter case even 
when raising the reaction temperature from 140 
to 180". 

Hexafluoroacetone and the related fluoro- 
chloroacetones will react with some alkenes at 
2:l or even 3:l molar ratio5 (5, 10). However, 
there was no evidence in the present study that 4 
reacted at other than 1 :1 molar ratio. Efforts to 
obtain such derivatives from a-methylstyrene 
and from diallyl ether were unsuccessful. 

The reactivity of 4 with terminal alkenes in 
general, suggested that it might also combine 
with the pendant vinyl groups present in poly- 
butadiene as the result of 1,2-diene addition. As 
shown in Table 1, about 50% of such groups 
reacted in 24 h in a polymer containing 20% 
pendant vinyl groups, compared with about 22 % 
in 72 h for one containing over 95 %. In contrast, 
hexafluoroacetone was found to react with all 
of the pendant groups, even at 100°, in a poly- 
butadiene containing 75% of them6 (11). This 
provides a graphic illustration of the lower 
reactivity and/or higher steric requirement in this 
reaction of 4 compared to hexafluoroacetone. 

Products of structural type-1 gave infrared 
(i.r.) spectra with the expected hydroxyl group 
at  3500 cm-I, and with olefinic unsaturation at 
1600 and 1650 cm-l. The nuclear magnetic 

6Allied Chemical Corporation, unpublished research 
data. 

resonance (n.m.r.) spectra also agree with 1. In 
several cases, however, 4 formed products in 
which both of these groups were absent. This 
was noted with four allyl ethers (cf. Table 1). 
4-Allylanisole similarly gave a product of type-2 
after a reaction time of 72 h, but in 24 h formed 
one of type-1 which could be converted to the 
other isomer on further heating. 

Gambaryan et al. (4) suggested that one of the 
products they obtained from the reaction of 
methyl allyl ether with hexafluoroacetone con- 
tained a tetrahydrofuran ring of type-2, although 
they cite no experimental proof. Our n.m.r. 
spectra do indeed substantiate tetrahydrofuran 
ring formation, not only from 4, but also from 
tetrafluorodichloroacetone. as shown in Table 2. 
The spectral data also rules out the formation of 
oxetane rings of type-3. 

Those authors hypothesize the formation of 
the type-2 product from type-1, although this 
was not demonstrated, and in fact, they were 
unable to isolate any type-1 material from their 
reaction mixture. We have found that the type-1 
product from 4 and 4-allylanisole is converted to 
2 upon further heating. However, the type-1 
derivative from 4 and allyl o-tolyl ether could not 
be converted to the ring compound even by 
heating at 180' for 48 h. Since both types of 
compounds appear in the reaction mixture ob- 
tained under milder conditions (cf. Table I), it is 
concluded that in this case at least, 1 is not the 
precursor for 2. 

As indicated in Table 1, only type-2 compounds 
were isolated from the reaction of 4 with three 
allyl ethers (diallyl ether, allyl phenyl ether, and 
allyl p-tolyl ether). On the other hand, allyl 
o-tolyl ether gave a 1 :4 mixture of 1 and 2, and 
allyl 2,4-dichlorophenyl ether gave only type-%. 
It  therefore seems possible that increasing steric 
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hindrance in the ovtlzo position of the benzene 
ring may interfere with tetrahydrofuran ring 
formation. However, this conclusion should be 
taken with reservation, since the allyl ethers 
(unlike most of the other alkenes) gave product 
mixtures. 

The fact that 4-allylanisole gave products of 
both types with 4 suggested that other allylben- 
zene derivatives might behave similarly. Only 
type-1 products could be obtained, however, 
from allylbenzene or from 1-allyl-3,4-methylene- 
dioxybenzene (safrole). The conditions used 
involved longer times of reaction (70 and 100 h, 
respectively) at the usual temperature, as well as 
heating the corresponding type-l products at 
180" for 24 h. As noted in Table 2, 4-allylanisole 
also forms a type-2 derivative with tetrafluoro- 
dichloroacetone. An unsuccessful effort was 
made to convert the only type-l derivative of this 
ketone (made from oc-methylstyrene) to a type-2 
compound. It  seems possible that facile forma- 
tion of tetrahydrofuran rings uniquely from 
4-allylanisoie may result from unusual stabiliza- 
tion of the carbonium ion by conjugation of the 
ether oxygen with the benzene ring: 

Bacldeley et al. (12) have emphasized that the 
formation of such quinoid structures is quite 
responsive to the oxygen-carbon bond angle. 
Possibly for this reason safrole is unable to 
undergo conjugation and therefore to form a 
type-2 product. 

Since 4, hexafluoroacetone and tetrafluoro- 
dichloroacetone can form type-2 products, an 
effort was made to obtain such from diethyl 
oxomalonate. Only type-B derivatives of this 
compound have been reported in the studies 
made to date of its monoenophilic reactions 
(1, 2, 3). However, only type-l derivatives were 
obtained by us even after prolonged heating 
with 4-allylanisole, 1-allyl-3,4-methylenedioxy- 
benzene, or a-methylstyrene. Unsuccessful efforts 
were also made to catalyze ring closure by 
heating in the presence of toluenesulfonic acid. 
No published reports were noted on the reaction 
of diethyl oxomalonate with allyl ethers, and an 
effort on our part to achieve this with allyl phenyl 
ether resulted in no reaction. A steric problem 

does not appear to be involved, since diethyl 
oxomalonate reacts easily with internal alkenes 
and cycloalkenes, and forms oxetanes (type-3) 
in good yields in the presence of light. 

Experimental 
Melting points were taken in capillary tubes on a Mel- 

Temp block and are uncorrected. The proton n.m.r. 
spectra were obtained on a Varian Associates Model 
A-60 Spectrometer with tetramethylsilane as internal 
reference. Infrared spectra were taken on a Perkin-Elmer 
Infracord. Tetrafluorodichloroacetone and hydrated 
ketone 4 were obtained from B & A Chemicals Dept., 
Allied Chemical Corporation, Morristown, N. J. Ketone 
4 can be further purified by recrystallization from meth- 
anol (7). 

General Procedure for Syntheses 
The following general procedure was employed to 

prepare the compounds listed in Table 1. A mixture of 
purified 4 tetrahydrate (11.5 g, 0.02 mole) and xylene 
(75 ml) was heated to reflux and slowly distilled over 
about 30 min to remove 25 ml, including the water of 
hydration. The alkene (0.04 mole) was added to the 
resulting xylene solution of anhydrous 4, and the mixture 
was refluxed for the stated time. The solution was then 
cooled to partially crystallize any unreacted 4, which was 
filtered. (It is easily identified by its melting point, 355" 
(decomposition), its high solubility in methanol and in 
hot 3 % aqueous sodium hydroxide, and its i.r. spectrum 
with carbonyl absorption at 1800 cm-'.) The filtrate was 
evaporated to dryness in vacuo to remove solvent and 
excess alkene. The residue was next freed of any re- 
maining 4 by trituration with cold methanol, or, in some 
cases by extraction with three successive 50 ml portions 
of boiling 3 % aqueous sodium hydroxide. The product 
was finally recrystallized from methanol, hexane, or 
methylcyclohexane. 

o-Dichlorobenzene (b.p. 180") was substituted for 
xylene as the reaction solvent with cyclododecene and 
with 1-methylcycloheptene. The samples of polybutadiene 
were reacted with 4 in the usual manner with xylene as 
solvent, employing 4 equimolar with the pendant vinyl 
content of the polymer. Unreacted 4 was extracted from 
the reaction mixture with three 100 ml portions of boiling 
3 % aqueous sodium hydroxide. No solvent was en~ployed 
when using tetrafluorodichloroacetone (b.p. 45"). Equi- 
molar quantities of ketone and alkene were refluxed a t  
gradually increasing temperature as the reaction pro- 
ceeded (cf. Table 2), and the reaction mixture was then 
distilled in vacuo. 

Spectral data on the type-1 product from 4 and 4-allyl- 
anisole: n.m.r. ((D3C)2CO) 6 7.3 (d,2,aromatic), 6.85 
(d,2,aromatic), 6.30 (m,2,CH=CH), 5.80 (s,l,OH), 3.75 
(s,3,0CH3), 2.60 (d,2,0CH3); i.r. (KBr) 3510 (OH), 
1630 (C=C), 1595 and 1498 (phenyl ring), 1350 (6 OH), 
and 965 cm-' (6 CH trans configuration). The other 
type-1 products similarly showed O H  and C=C groups 
in the i.r. spectra. The type-2 derivative from tetrafluoro- 
dichloroacetone and 4-allylanisole gave n.m.r. (CC14) 6 
6.8-7.2 (quartet,4,aromatic), 5.2 (quartet,l,CH), 3.7 
(s,3,0CH3), 2.2-2.7 (m,4,--CH2CH2-). The type-2 
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derivative from 4 and 4-allylanisole similarly gave an 
n.m.r. spectrum showing the presence of the tetrahydro- 
furan ring. The i.r. spectra showing the absence of OH 
and C=C was noted with all the type-2 compounds. 

Diethy1 Oxon~aloizate-alkene Reactions 
Diethyl oxomalonate (3.5 g, 0.02 mole), 1-allyl-3,4- 

methylenedioxybenzene (safrole) (3.2 g, 0.02 mole), and 
xylene (25 ml) were refluxed for 72 h. Removal of the 
solvent in vacuo gave 4.5 g (67 %) of a yellow oil which 
solidified on standing. Recrystallization from isopropanol 
gave diethyl 3-(3',4'-methylenedioxyphenyl) allyl hy- 
droxymalonate, m.p. 62"; i.r. (Nujol mull) 1600 (C=C), 
1740 (ester CO), 3550 cm-' (OH). 

Anal. Calcd. for CI7HZ0o7: C, 60.7; H, 6.0. Found: 
C ,  60.6; H, 6.1. 

The hydroxymalonate ester (1.8 g, 5 mmoles) was 
converted to the diamide by stirring with concentrated 
ammonium hydroxide (10 ml) and methanol (20 ml) for 
4 h at room temperature. The product (1.3 g, 87%) 
crystallized on standing overnight; m.p. 208" (from 
isopropanol); n.m.r. ((CD3)SO) 6 7.48 (s,4,NH2), 
7.4-6.8 (quartet,2,aromatic), 6.82 (s,l,aromatic), 6.4 
(d, 1 ,CH=C-C), 6.2-5.6 (m, 1 ,C=CH-C), 6.0 (s, 1 ,- 
0-CHZ-0), 5.5 (s,l ,OH), 2.7 (d,2,C=C-CHz-). 

Anal. Calcd. for CI3Hl4N2O5: N, 10.1. Found: N, 
10.0. 

Diethyl oxomalonate was reacted similarly with 
a-methylstyrene by heating for 144 h. The yield of crude 
oily product was 93%. The ester has been prepared 
before (2, 3) using much shorter times of reaction. It was 
identified as diethyl 2-phenylallyl hydroxymalonate by 
conversion to the diamide; m.p. 152" (from benzene); 
n.m.r. ((CD3),SO) 6 7.2-7.7 (m,5,aromatic), 7.5 (s,4,- 
NH,), 5.4 (s,2,C=CHz), 3.6 (s,l,OH), 3.1 (~,2,-CHZ-). 

Anal. Calcd. for C,,Hl4NZO: N, 11.9. Found: N, 
11.6. 

4-Allylanisole similarly gave an oily 3-(4'-methoxy- 
phenyl) allyl hydroxymalonate after 120 h. It was identi- 

fied as the diamide; m.p. 212" (from isopropanol); n.m.r. 
((CD3)2SO) 6 7.5 (s,4,NH2), 7.4-6.8 (quartet,4,aro- 
matic), 6.65 (d,l,CH=C-C), 5.5 (s,l,OH), 3.75 (s,3,- 
OCH,), 2.75 (d,2,C=C-CH,); i.r. (KBr) 3420-3150 
(OH,NH), 1650 (amide I), 1565 (amide 11), 1585 and 
1495 (phenyl ring), 950 cm-' (6 CH trans configuration). 

Anal. Calcd, for C13Hl,Nz04: N, 10.6. Found: N, 
10.7. 

We are grateful to Dr. J. J. Murray and to  Dr. J. 0. 
Peterson for helpful discussions, to Dr. R. P. Hirschmann 
for spectral data and interpretations, and to Mr. G. E. 
Mohler for analytical data. 
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Redactions with sulfurated borohydrides. IV. Reduction of oximes 

J. M. LALANCETTE AND J. R. BRINDLE 
Dtpartement de Chimie, Facultt des Sciences, Uniuersitt de Sherbrooke, Sherbrooke, Qutbec 

Received September 29, 1969 

Sulfurated sodium borohydride can reduce oximes to the corresponding amine with yields depending 
on the steric requirement of the oxime. Intermediate hydroxylamine can be obtained predominantly 
under appropriate experimental conditions. A reaction mechanism taking into account the availability 
of only one hydrogen for reduction on the hydride and the production of intermediate hydroxylamine is 
proposed. 
Canadian Journal of Chemistry, 48, 735 (1970) 

We have reported the reduction of aldehydes (1) 
with sulfurated borohydrides (2). Reductions 
were also observed with oximes derived from 
aldehydes and ketones. This paper reports 
reduction of typical oximes. 

We have noted that aromatic and aliphatic 
oximes can be reduced by sodium sulfurated 
borohydride to the corresponding amines. The 
degree of reduction depends upon steric hindrance 
and reactivity of the reactant and also upon 
temperature and time of contact. Minimizing the 
two latter factors leads to the formation of an 
intermediate hydroxylamine. A mechanism for 
the reduction is suggested from the following 
observations: in contrast to NaBH,, where all 
hydrogen atoms are available for reduction, only 
one hydrogen atom is available with NaBH,S, 
for this type of reduction. This conclusion is con- 
firmed by the yield of amine observed in the course 
of reduction of benzaldoxime; with a 211 molar 
ratio of sulfurated hydride and oxime, an almost 
quantitative yield of benzylamine was observed, 
while a 50% yield of benzylamine was obtained 
with a 111 molar ratio and a 25 % yield was ob- 
tained with a 112 molar ratio. 

Furthermore, the reduction must take place 
through a hydride shift from the boron atom to 

the positive carbon of the oxime group. This 
hypothesis has been confirmed by reduction of 
benzaldoxime with deuterated sulfurated hydride, 
deuterium being found on the methylene group of 
benzylamine. 

Those observations are consistent with a 
mechanism where one mole of reducing agent 
would attack initially the double bond to give the 
boron derivative 1. Then, a second molecule of 
the hydride contributes to the elimination of the 
hydroxyl groups of the oxime, giving compound 
2, eqs. [ l ]  and [2]. 

Since the amine and the hydroxylamine must 
come from the hydrolysis of 2 and 1 respectively 
(eqs. [3] and [4]), at the end of the reaction, 2 
must be in large excess over 1, this explaining the 
90 % yield of benzylamine (3) and the 5 % yield of 
benzylhydroxylamine (4). 

The availability of only one hydrogen for 
reduction cannot be explained by the formation of 
a boric ester with the hydroxyl group of the oxime, 
since very little hydrogen is evolved from the 
reaction mixture in the course of the reduction. 

With sterically hindered oximes and with 
0-methylbenzaldoxime, no intermediate hydrox- 
ylamine was observed. 

The monoboric ester 1 has not been isolated but 

NaBH, + C6HSCH=NOH + C6H,CH2-N 
PH 
\ 

B S ~ N ~  

H 
/ 
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[41 2 f H 2 0  + C6HSCH2-NH2 + H3BO3 - polysuifider 

its presence has been proved in the following 
manner: a reaction was performed in the usual 
way but at 10 "C and for only 6 h;  at this point 
the reaction mixture was split into two equal 
parts, the first one being analyzed (i.e. hydrolysis, 
extraction, etc.) and found to give mainly 
C,H,CH,NHOH and the second part was re- 
fluxed for 24 h, after which it was analyzed and 
found to contain mainly C,H,CH,-NH,. These 
last observations seem to be a good justification 
for the existence of partial reduction where the 
intermediate still retains an OH group as in 1. 

These results clearly indicate that the second 
hydrogen on the sulfurated borohydride is very 
sensitive towards steric hindrance. A similar 
behavior has been noted with reduction of ketone 
where two levels of reducing capacity, for each 
hydrogen on boron, have been shown. This point 
will be reported in the following paper of this 
series. 

Experimental 
Nuclear magnetic resonance (n.m.r.) measurements 

were made with a Varian A-60 apparatus. Infrared (i.r.) 
measurements were made with a Perkin-Elmer apparatus, 
model 257 spectrophotometer. Vapor-phase chroma- 
tography (v.p.c.) measurements were made mostly with a 
Varian model 90-P apparatus using an Se 30,5 ft column. 

A. Optimal Conditions for Reduction. Reduction of 
Benzaldoxime 

To a suspension of 0.20 mole (26.4 g) of NaBH,S3 in 
tetrahydrofuran (200ml), 0.1 mole (12.1 g) of benzal- 
doxime in tetrahydrofuran (300 ml) was added dropwise. 
The reaction mixture was stirred and refluxed for 24 h. 
At this point the tetrahydrofuran was evaporated to 
dryness with a vacuum pump. The remaining yellow- 
brownish solid was covered with a layer of ethyl ether 
(250 ml) and hydrolyzed with a solution of 10% hydro- 
chloric acid until p H  1. The precipitated sulfur was 
filtered off and the filtrate washed repeatedly with ethyl 
ether. The aqueous filtrate was neutralized to p H  11 with 
a solution of 20 % sodium hydroxide after being covered 
with a layer of ethyl ether (200 ml). The resulting basic 
layer was repeatedly washed with ethyl ether and after 
drying over magnesium sulfate, the evaporation of ethyl 
ether gave a yield of 90% of reduction products. The i.r., 
v.p.c., andn.m.r. of these products, from comparison with 
authentic benzylamine and benzylhydroxylamine indi- 

cated the presence of 5 % of benzylhydroxylamine and 
95 % of benzylamine. 

Following the same procedure, a 50% yield of benzyl- 
amine was obtained with a 111 molar ratio and a 25% 
yield of benzylamine was obtained with 112 molar ratio 
of reducer and benzaldoxime. 

B. Reduction of Typical Oximes 
Following the procedure cited in section A, cyclo- 

hexanoxime, 4-tert-butyl cyclohexanoxime, 1,3-diphenyl 
2-propanoxime, benzophenoxime, acetophenoxime, 1- 
camphoroxime, 1-heptanoxime, and 0-methyl benzal- 
doxime were reduced to the corresponding amines. 
Results are reported in Table 1. 

TABLE 1 
Reduction of typical oximes with NaBE,S3 

Yield % 

Reactants Amine Hydroxylamine 

Acetophenoxime 
Benzaldoxime 
Benzophenoxime 
1-Camphoroxime 
Cyclohexanoxime 
4-tert-Butyl cyclohexanoxime 
1,3-Diphenyl 2-propanoxime 
1-Heptanoxime 
0-Methyl benzaldoxime 

9 1 5 
90 5 
35 30 
46 - 
25 22 
10 25 
50 nil 
26 - 
3 1 nil 

- -- 

The resulting amine and hydroxylamine of the benzal- 
doxime reduction were identified by comparison with i.r., 
n.nl.r., and v.p.c. spectra. For the cyclohexanoxime 
reduction, the products were identified by separation ( is .  
filtration of the solid hydroxylamine) and then individual 
analysis of the pure components. 

The products obtained from all the other reductions of 
oximes were identified by analysis of v.p.c., i.r., and 
n.m.r. spectra, and also by their boiling and melting 
points when possible. 

C. Reduction of Substituted Oximes 
Following the procedure cited in section A, 0.05 mole 

of 0-methyl benzaldoxime was submitted to reduction. 
A modest yield of 31 % of benzylamine was detected in a 
state of great purity and positively identified with the aid 
of n.m.r., i.r., and V.P.C. spectra. Approximately 50% of 
starting oxime was recovered unreacted. 

D. Reduction with Deuterated Hj~dride 
The preparation of NaBD2S, and the reduction pro- 

cedure of benzaldoxime was identical with the procedure 
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LALANCETTE AND BRINDLE: RED[ JCTIONS WITH BOROHYDRIDES. IV 737 

cited in section A, the reaction being carried on a 2.50 g 
scale. The n.m.r. of the resulting products (i.e. 90% of 
C6H5CHDNH2 and 5 % of C6HSCHDNHOH) showed, 
as expected, a half decrease for the integration of the 
methylene of the amine at 7 = 6.35 and also a half 
decrease for the integration of the ~nethylene of the 
hydroxylamine at .r = 6.15, as compared with the inte- 
grations of the non-deuterated products. 

E. Reduction of an Optically Actiue Oxime 
Following the procedure cited in section A and using 

1-camphoroxime as reactant, we obtained a 46% yield of 
a mixture of optical isomers, i.e. 1-isobornylamine and 
1-bornylamine. The proportions were found to be about 
50150 for the two isomers, using two different methods of 
analysis. 

The first method was a v.p.c. analysis made with a 
Micro-tek apparatus using a 12 ft silicon oil column at a 
constant temperature of 80°, giving a 50150 ratio of 
isomers. 

The second method was a polarimetric analysis made 
with a Rudolph polarimeter, model 80, No. 1240 and this 
method was performed on the crude amine mixture 
[a],26 - 4.48' (ethanol); 1-bornylamine [aIDz0 - 50.8"; 
1-isobornylamine [aIDs + 47.3", indicating a 47/53 
isobornyl/bornylamine ratio. 

F. Prod~lction of Hydvoxylamine. Study of the Intermediate 
Hydvoxylamines 

Following the procedure cited in section D, except for 
the reaction temperature, which was maintained at 10 "C, 
and a time of contact of only 6 h, a white solid was 
obtained and recrystallized in ethyl ether and petroleum 
ether to give a m.p. of 57-57.5". (Reported n1.p.: 57"). 

Anal. Calcd. for C,H,NO: C, 68.29; H, 7.32; N, 11.36 
Found: C, 68.19; H, 7.36; N, 11.21. 

In the case of the reduction of cyclohexanoxime, the 
procedure cited in section A was followed until it was time 
to neutralize the hydrochlorides with a 20 % solution of 
NaOH. At this point, the caustic neutralization was made 
without an ethereal layer permitting the solid cyclohexyl- 
hydroxylamine to precipitate in the aqueous solution. It 
was then filtered, washed with HZO and recrystallized in 
carbon tetrachloride. m.p. 140-142" (lit. m.p. 141-142"). 

Anal. Calcd. for C6H11NHOH: C, 62.60; H, 11.31; N, 
12.17.Found: C, 62.33;H, 11.52;N, 10.09. 

Anal. Calcd. for cyclohexylsulfamic acid derivative, 
C6H13W03S: S, 17.86; N, 7.85. Found: S, 17.36; N, 7.70. 
Melting point 170-172" (lit. m.p. 169" (3)). 

G.  Reaction of the Hydroxylamines 
Following exactly the same procedures as in section A, 

0.0163 mole of C6H,CH2NHOH were added to 0.0163 
mole of NaBHzS3. A 40% yield of benzylamine was 
isolated and positively identified by n.m.r. spectrum. 

H. Euolution o f  Hydrogen in the Course of the Reduction 
In the course of a reduction as in section A, the system 

was connected to a "Wet Test" meter through drying 
tubes filled with KOH pellets. It  was noted that less than 
5 % of the hydrogen initially on boron was evolved as H, 
during the reduction. 

1. J. M. LALANCETTE and A. FRECHE. Can. J. Chem. 47, 
739 (1969). 

2. J. M. LALAXCETTE, R. MONTEUX, and A. FRECHE. 
Can. J. Chem. 46. 2754 (1968). 

3. G. SODER and EL'S. SCHNELL. C. A. 51, 12970a 
(1957). 
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Mass spectra of some deuterium labelled dimethylquinolines 

P. M. DRAPER AND D. B. MACLEAN 
Department of Chemistry, McMaster University, Hamilton, Ontario 

Received July 15, 1969 

The mass spectra of several dimethylquinolines, labelled in the methyl group with deuterium, have 
been examined. The results are in agreement with the formation of ring-expanded molecular ions prior 
to fragmentation to the M-H and M-CH3 ions. Two ring-expanded ions may form since there are two 
methyl groups which can participate in the ring expansion process. Ring expansion through a methyl 
group located on the benzenoid ring is favored over ring expansion through a methyl group on the pyri- 
dine ring. 
Canadian Journal of Chemistry, 48,738 (1970) 

In an earlier study on alkylquinolines, we 
proposed (1) that dimethylquinolines fragment 
through the sequence M --+ M-H - M- 
(H + HCN) and M - M-CH, - M- 
(CH, + HCN). We postulated also that the loss 
of methyl occurs from a ring expanded molecular 
ion since the monomethylquinolines show little 
tendency to lose a methyl group (1, 2). Sample 
et al. (2) examined the spectra of 2,3- and 2,4- 
dimethylquinoline and suggested that they 
fragment by loss of H with ring expansion, 
followed by loss of CH,CN or HCN. 

The intervention of ring expanded ions in the 
fragmentation of aromatic and heteroaromatic 
systems is well documented. Ring expansion in 
the formation of tropylium ions has been reviewed 
by Grubb and Meyerson (3) and its mechanism 
studied by Meyer and Harrison (4a), by Meyerson 
et al. (4b) and by Rinehart et al. (5). In the case of 
toluene it has been shown that ring expansion 
occurs by random insertion of the methyl carbon 
into the 6 C-C bonds of the benzene nucleus 
(5). Ring expansion in methylisoquinolines, 
methyl indoles, and N-methylpyrrole has been 
reported by Marx and Djerassi (6) who studied 
I3C labelled derivatives of these compounds. In 
the quinoline system we have proposed the inter- 
vention of a ring-expanded ion to account for our 
results on methylquinolines labelled with deu- 
terium and I3C (7). In an attempt to substantiate 
the ring expansion hypothesis for dimethylquino- 
lines and to gain insight into the mechanism of 
the loss of the methyl groups from the molecular 
ion we have prepared and examined several 
deuterated dimethylquinolines. 

The spectra of the labelled dimethylquinolines 
and their unla'oelled analogues examined in this 
study are shown in Fig. 1 and partial spectra in 

relative ion intensities in Table 1. In  Table 2, we 
have recorded the M-CH,/M-CD, peak inten- 
sity ratios for the labelled compounds and the 
percent label retention in the M - M-H 
transformation. Label retention in this trans- 
formation was calculated by the procedure 
described earlier (7). 

Preliminary examination of the results in 
Table 2 shows that the 2 methyl groups in the 
labelled compounds are not lost with equal 
facility, nor is the hydrogen loss in the trans- 
formation M - M-H a completely random 
process. Complete randomization of 3 deuteriums 
and 8 hydrogens in the molecule would result in 
73 % retention of the 3 deuteriums. That the 2 
methyl groups are not lost equally is not sur- 
prising since the methyl groups in the molecule 
are not equivalent. 

Comparison of the spectra of the undeuterated 
and deuterated dimethylquinolines (Fig. 1) 
shows that some scrambling occurs on loss of 
methyl from the labelled derivatives. In other 
words the methyl group lost does not consist 
entirely of the original methyl hydrogens. The 
extent of scrambling appears to vary among the 
isomers but a quantitative estimation is difficult 
because of contributions from peaks observed 
at M-16 and M-17 in the spectra of the unlabelled 
compounds. In all cases, the scrambling appears 
to be considerably less than that observed in the 
spectra of the labelled xylenes where the data 
indicated that one of the methyl hydrogens has a 
50:50 chance of exchanging with a ring hydrogen 
before loss of methyl (8). 

We have interpreted our labelling results on 
the dimethylquinolines by assuming that ring 
expansion may proceed by 2 pathways since there 
are 2 exocyclic methyl groups which may partici- 
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DRAPER AND MACLEAN: MASS SPECTRA OF DIMETHYLQUINOLINES 739 

FIG. 1 .  Mass spectra of dimethylquinolines: (a) 2,4-dimethylquinoline, (6) 2,6-dimethylquinoline, (c) 4,8-dimethyl- 
quinoline, (d) 5,s-din~ethylquinoline, (e) 2,4-dimethylquinoline-2-a-d3, (f) 2,6-dimethylquinoline-2-a-d,, (g) 4,s-di- 
methylquinoline-8-a-d,, (h)  $8-dimethylquinoline-5-a-d3, (i) 5,s-dimethylquinoline-8-a-d,. 

pate in the ring expansion process. Thus, ions 
represented by structures 1 and 2 may be formed 
by ring expailsion iilvolving the C-2 and C-6 
methyl groups, respectively, in 2,6-dimethyl- 
quinoline (Scheme 1). Since loss of methyl does 
not involve extensive scrambling of the methyl 
and side chain hydrogens, it would appear that 
an equilibrium between 1 and 2 is relatively 
unimportant. A simple phenyl-methyl cleavage 

is usually an unfavorable process so it is likely 
that further rearrangement of 1 and 2, possibly 
to 3 and 4, respectively, precedes loss of CH,. 
Alternatively, the formation of 5 and 6 from 1 
and 2, respectively, (by a series of 1,2-hydrogen 
shifts) may be favored since less skeletal re- 
arrangement is required than in the formation of 
3 and 4. In either case, loss of H or CH, from 
3-6 may occur from a methylene position. The 
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TABLE 2 

Mass spectra of labelled dimethylquinolines 

M-CH3/ % Retention 
Compound M-CD3 (M + M-H) 

extent to which H and CH, are lost from each of 
the rearranged ions would be difficult to estimate 
without a knowledge of the relative energies of 
the reactant and product ions. 

The preferred loss of the C-2 methyl may be 
accounted for by assuming that ring expansion 
in the benzenoid ring is more favorable energet- 
ically than ring expansion in the pyridine ring. 
Therefore ion 2 would be more abundant than 
ion 1 and loss of the C-2 methyl favored over that 
at  C-6. There are not, to our knowledge, any 
appearance potential studies to justify this 
assumption but there is indirect evidence. 

Sample et al. (2) and we (I)  observed, in the case 
of monomethylquinolines, that the M-1 ion was 
more intense in those quinolines which carried 
a methyl group in the benzenoid ring than in 
those which have the methyl group in the pyridine 
ring. Moreover, it was shown (2) that the M- 
(H i- HCN)/M-W ratio in monomethylquino- 
lines substituted in the pyridine ring was greater 
than in those substituted in the benzene ring. 
This result is also compatible with our hypothesis 
since it would be expected that HCN would be 
lost more readily from the higher energy species. 
A less compelling argument, because it has never 
been proved that methyl pyridines undergo ring 
expansion before fragmentation (although it has 
been postulated (9)), arises from a comparison 
of the abundance of the M-1 ion relative to M +  
in toluene (3) and the methylpyridines (10). I t  is 
found that the M-1 ion is much more abundant 
in the former. Moreover, the appearance poten- 
tial of the M-1 ion from toluene (3) is some 0.5 
eV less than the M-1 ion from methyl pyridines 
(9). Thus the favored loss of methyl from @-2 
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in the spectrum of 2,6-dimethylquinoline may be 
explained by assuming that there are two separate 
pathways one of which is favored energetically 
over the other. 

A similar argument suffices for 4,8-dimethyl- 
quinoline-8-a-d, where loss of methyl at C-4 is 
favored over loss of methyl at C-8. Thus, ring 
expansion involving the C-8 methyl is favored 
over ring expansion involving the C-4 methyl. 
Similarly, loss of the C-2 methyl is preferred 
over loss of the C-4 methyl in the spectrum of 
2,4-dimethylquinoline-2-a-d, which suggests that 
ring expansion involving the C-4 methyl may be 
favored over ring expansion involving the C-2 
methyl. Simple a-cleavage of the 2-methyl group 
(in analogy with loss of CH, from 2-methylquino- 
line (1)) may also contribute to the preferred loss 
of the 2-methyl in the 2-substituted dimethyl- 
quinolines. 

The spectra of the labelled 5,8-dimethylquino- 
lines show that loss of the C-5 methyl occurs to a 
greater extent than loss of the C-8 methyl. This 
suggests that the two possible ring expanded ions, 
represented by structures 7 and 8 (Scheme 2), 
are not formed in equal abundance, or that loss 
of methyl from 10 occurs more readily than from 
9. The M-CH,/M-CD, peak intensity ratios 
in the two labelled 5,8-dimethylquinolines are 

not the inverse of one another as might be ex- 
pected. The difference could be attributed to a 
mass effect in which the heavier CD, is lost more 
readily than CH,. 

In Scheme 1 it is proposed that both H and 
CH, are lost from the same intermediates. A 
correlation should therefore be observed between 
the label retention in the M - M-H process 
and the M-CH,/M-CD, ratios in the spectra 
of the deuterated compounds. In the spectra of 
the monomethylquinolines randomization of all 
9 hydrogens in the molecule appears to occur 
before loss of H (7), while in the dimethylquino- 
lines only the ring and side chain hydrogens 
participating in the ring expansion process will 
be randomized. The hydrogens in the remaining 
methyl group will be lost in the transformation 
M - M-CH,. For example, in the spectrum 
of 2,6-dimethylquinoline-2-a-d,, ring expansion 
and rearrangement by the sequence M+ ---+ 2 - 4 will result in 100 % retention of label in the 
M - M-H process, while ring expansion 
through the C-2 methyl should result in a ran- 
domization of the 3 methyl deuteriums and the 5 
ring hydrogens. Since the former sequence (in 
which 100 % retention of deuterium is observed) 
appears to predominate, then a high retention of 
deuterium sl~ould be observed, arid such is 
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actually the case. The results on 2,4-dimethyl- 
quinoline-2-a-d, are also roughly in accord with 
loss of H from 2 ring expanded intermediates. 

In the spectrum of 4,s-dimethylquinoline-8- 
a-d,, the M-CH,/M-CD, peak intensity 
ratios suggest that ring expansion involving the 
C-8 methyl occurs to a greater extent than ring 
expansion through the C-4 methyl. Ring expan- 
sion at C-8 with randomization of the 3 deu- 
ter ium~ and 5 hydrogens should result in 62.5 % 
retention of 3 deuteriums on loss of H, while ring 
expansion to the C-4 methyl results in 100% 
retention of label. For example, if 80 % of the H 
lost originates through ring expansion in the 
benzene ring and 20% by ring expansion in the 
pyridine ring, then the expected label retention 
would be 0.8 x 62.5 + 0.2 x 100 = 70%. The 
64 % retention of label observed in the spectrum 
of 4,8-dimethylquinoline-8-a-d, is relatively close 
to  this value. The approximate values for ring 
expansion in the benzene and pyridine rings (80 % 
and 20%, respectively) were chosen from the 
observed M-CH,/M-CD, ratio of 4: 1. 

Ionization and ring expansion of $8-dimethyl- 
quinoline may result in formation of two ring 
expanded ions 7 and 8 as shown in Scheme 2. 
I t  would be expected that ring expansion through 
the C-5 and C-8 methyls should occur to about 
the same extent since the spectra of 5- and 8- 
monomethylquinolines are nearly identical (1). 
However, 7 and 8 are not identical in structure 
and they are therefore not necessarily formed in 
equal abundance. Further rearrangement of 7 
and 8, possibly to 9 and 10, respectively, is likely 
since the phenyl-methyl cleavage is an unfavor- 
able process. 

Since loss of the C-5 inethyl is favored over loss 
of the C-8 methyl in the transformation M ---t 
M-15, it might be expected that ring expansion 
to 8 occurs more readily than ring expansion to 7. 
However, if 8 is more abundant than 7, then loss 
of a C-8 methyl hydrogen in the process M - 
M-H should occur to a greater extent than loss 
of a C-5 methyl hydrogen, and this is contrary 
to the labelling results. Alternatively, the position 
of the methyl group in the rearranged molecular 
ions 9 and 10, and the relative stabilities of the 
fragment ions 11-13, may influence the fragmen- 
tation of 9 and 10. Thus ion 9 may fragment 
preferably by loss of H (some of which may 
originate from the C-5 methyl), while loss of the 
C-8 methyl may bc less important. On the other 

hand, 10 may fragment mainly by loss of the C-5 
methyl, while expulsion of H (which originates 
from the ring and C-8 methyl) may be less im- 
portant. 

From the above discussion, therefore, the 
favored loss of methyl from C-5 does not appear 
too unreasonable, nor is the 86% retention of 
label observed in the transformation M -+ 
M-H in the 8-a-d3 derivative unreasonable. 
However, the low M-HIM-D peak intensity 
ratio in the 5-a-d, derivative cannot be explained 
by this mechanism. The result for this compound 
suggests that some loss of H from the C-5 methyl 
may occur before ring expansion, or H may be lost 
from the methylene position in the ring expanded 
ion 7 before complete randomization has 
occurred. A slight preference for loss of the 
methyl hydrogens over ring hydrogens has been 
observed in the spectrum of toluene (1 I), but it is 
much smaller than that observed in the 5-a-d, 
derivative. No explanation is offered to account 
for the anomalous behavior of this compound. 

To account for the labelling results on the 
dimethylquinolines, we have suggested that loss 
of H and CH, may proceed from two possible 
ring expanded ions, and that one of these may be 
of lower energy than the other. If this is the case, 
then formation of the lower energy species should 
predominate to an even greater extent when the 
energy of the ionizing electrons (the ionization 
voltage) is decreased. In other words, the M- 
CH,/M-CD, peak intensity ratios in the spectra 
of the labelled dimethylquinolines should depend 
on the ionization voltage. However, if methyl is 
lost from a single species, then the M-CH,/ 
M-CD, peak intensity ratios should be indepen- 
dent of the ionization voltage. 

To show that loss of methyl may indeed origi- 
nate from two species of different energy, the 
spectra of some of the deuterated compounds 
were determined at varying electron energies, 
and the results are shown in Table 3. The ionizing 
voltages shown in the table are those registered 
by the ionization gauge and do not necessarily 
represent the absolute values. The repeller vol- 
tages were maintained at a constant value (2 V) 
for all the readings. 

The results in Table 3 show that the M-CH,/ 
M-CD, peak intensity ratios depend on the 
energy of the ionizing electrons in all the com- 
pounds examined. In the spectrum of 4,s- 
dimeihylquinoline-8-a-d,, the ratio increases 
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TABLE 3 

Dependence of M-CH,/M-CD, ratios on ionizing voltage 
~~~~~~ 

M-CH,/M-CD3 

Ionizing 4,8-Dimethylquinoline 5,8-Din~ethylquinoline 5,8-Dimethylquinoline 
voltage -8-a-d3 -5-r-d3 -8-a-d, 

from about 4.5 at 80 eV to 9.1 at 11.5 eV, and this 
is in accord with the lower energy process (ring 
expansion in the benzene ring with expulsion of 
the C-4 methyl) occurring to a greater extent 
relative to the higher energy process at lower 
ionizing voltages. The change in M-CH,/ 
M-CD, ratios in the labelled 5,8-dimethylquino- 
lines is much smaller, but the results from both 
compounds suggest that expulsion of the C-5 
methyl requires somewhat less energy than ex- 
pulsion of the C-8 methyl. 

Further fragmentation of the M-1 and M-15 
ions in the spectra of the dimethylquinolines 
appears to proceed mainly by loss of HCN. The 
extent of hydrogen scrambling in the M-(H + 
HCN) and M-(CH, + HCN) ions in the deu- 
terated compounds is difficult to estimate because 
of the adjacent peaks found in the spectra of the 
unlabelled compounds. The M-(CH, + HCN) 
peak (mle 115) in the spectra of 2,4- and 2,6- 
dimethylquinoline is found mainly at mle 11 5 in 
the spectra of the labelled derivatives since most 
of the label is lost as CD,. In the spectrum of 
4,8-dimethylquinoline-8-a-d, most of the mcthyl 
is lost as CH,, and peaks at mle 11'7 and 118 
which may arise through loss of DGN and HCN, 
respectively, from M-GH, are observed. There- 
fore, little information regarding the fragmenta- 
tion of the dimethylquinolines is obtained on 
examination of the M-(H + HCN) and M- 
(CH, + HCN) ions in the spectra of their deu- 
terated analogues. 

In  summary of our work it appears that the 
labelling results on the mono- and dimethyl- 
quinolines are compatible with the formation of 
ring expanded ions in their fragmentation. It 
should be noted that the labelling results may be 
influenced by an isotope effect, and in some cases 
other fragmentation pathways may also contri- 

bute to the ion in auestion. Either of these factors 
could give anomalous results but they could also 
account for some of the differences between the 
observed and predicted results. 

Experimental 
Apparatus, ~Vfethods, and Materials 

Mass spectra were determined on a Hitachi Perkin- 
Elmer RMU-6A mass spectrometer at an ionizing 
potential of 80 eV and an  ionizing current of 50 PA. 
Samples were introduced through an all-glass inlet system 
maintained at 200 "C. 

All samples for mass spectrometry (with the exception 
of alkylq~~inolines labelled with deuterium in the 2-a- 
position) were purified by gas chromatography on a 6 ft 
column of 20 % Apiezon M on celite. The column tem- 
perature was maintained at 180 to 230" depending on the 
volatility of the material. Gas chromatography of alkyl- 
quinolines labelled in the 2-a-position caused back ex- 
change; therefore, these compounds were purified by 
chromatography over alumina. It  was also necessary to 
pump a small amount of CHBOD through the mass 
spectrometer before introduction of these samples. 

The isotopic composition of all the labelled compounds 
was determined by low voltage mass spectrometry. 

Nuclear magnetic resonance (n.m.r.) spectra were 
determined in CDCI, solution on a Varian A-60 spec- 
trometer. Chemical shifts are expressed in parts per 
million (6) from tetramethylsilane used as an internal 
standard. 

The C H 3 0 D  (99 atom % D) and CD,I (99 atom % D) 
were obtained from Merck, Sharp and Dohme of Canada 
Ltd. LiAlD, was obtained from Ventron Corporation, 
Metal Hydrides Division, Beverly, Massachusetts. The 
unlabelled quinolines used as reference con~pounds in this 
work were prepared by methods described in our prevlous 
paper (1). 
2,4-Dimetlzyylguinoline-2-rc-d3 

The method used was similar to that described for the 
preparation of 2-methylquinoline-2-~1-~~C (7); 4-methyl- 
quinoline-N-oxide was converted to 4-methyl-N-ethoxy- 
quinolinium iodide (m.p. 119-121") which was in turn 
reacted with CD3MgE. The isotopic composition of the 
product was: d, 6%, d3 92%, d4 2%. The n.m.r. spectrum 
of the labelled compound showed a singlet at 2.56 6 (3H) 
while the spectrum of the unlabelled analogue showed 
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singlets a t  2.54 (3H) and 2.62 F (3H) assigned to the 
methyl hydrogens at C-4 and C-2, respectively. 

2,6-Dimethylquinoline-2-a-d3 
The procedure used was similar to that described 

above; 6-methylquinoline-N-oxide was converted to 6- 
methyl-N-ethoxyquinolinium iodide (m.p. 105-107") 
which was in turn reacted with CD3MgI. The composition 
of the product was: d2 2.5 and d3 97.5 %. Then.m.r. spec- 
trum of the deuterated compound showed a singlet at 
2.43 6 (3H) while the spectrum of the unlabelled analogue 
showed singlets at 2.42 (3H) and 2.67 6 (3H) assigned to 
methyl hydrogens at C-6 and C-2, respectively. 

3,8- Dinzethylquinolirze-8-a-d3 
Methyl-vinyl-ketone (18 ml) was added dropwise to a 

stirred solution (at 0") of 10.2 g anthranilic acid in 30 ml 
conc. HCl. After 0.5 h, 8 g ZnClz was added and the 
mixture boiled gently for 4 h. The mixture was cooled, 
poured on crushed ice, and washed twice with chloroform. 
The aqueous fraction was adjusted to p H  4 and extracted 
5 times with chloroform. The residue from the chloroform 
extracts was recrystallized from methanol yielding 6.3 g 
(45 %) 4-methylquinoline-8-carboxylic acid which melted 
a t  167-181" (lit. 182-183" (12)). 

Treatment of a methanolic solution of the acid with 
excess diazomethane at 0" yielded the corresponding 
methyl ester in 83 % yield. This ester (1.03 g) was reduced 
with LiAID, (120 mg) in ether at 0" yielding 0.43 g 
4-methyl-8-hydroxymethylquinoline-8-a-d (m.p. 112.5- 
114" after recrystallization from ethanol-petroleum ether). 
The deuterated alcohol was converted to its hydrochloride 
which was in turn converted to 4-methyl-8-chloromethyl- 
quinoline-8-a-d2 (m.p. 43") using the same conditions as 
those used for the preparation of the labelled 8-chloro- 
methylquinoline (7). Treatment of the labelled chloro- 
methylquinoline with zinc, deuteroacetic acid, and D 2 0  at 
room temperature for 6 h afforded the desired 4,8- 
dimethylquinoline-8-a-d3 whose composition was: d2 5, 
d3 81, d4 13, ds 1 %. The n.m.r. spectrum showed a singlet 
a t  2.62 6 (3H) while the spectrum of the unlabelled com- 
pound gave singlets at 2.58 (3H) and 2.82 6 (3H) assigned 
to  methyl protons at C-4 and C-8, respectively. 

5,8-Dimethylquinoline-5-a-d3 
H2S04 (7.5 ml) was added dropwise to a mixture of 

5.1 g 3-amino-4-methylbenzoic acid, 3 ml nitrobenzene, 
and 10.5 ml glycerol. The mixture was heated under gentle 
reflux for 5 h, cooled, and poured on crushed ice. It was 
then basified with ammonia and extracted with ether to 
remove unreacted nitrobenzene. The aqueous layer was 
boiled with charcoal, filtered, and acetic acid added to the 
hot filtrate. 8-Methylquinoline-5-carboxylic acid (3.0 g, 
m.p. 272-277" with decomposition) crystallized from the 
cooled solution. This acid was converted to its methyl 
ester with excess diazomethane, and the ester reduced to 
8-methyl-5-hydroxymethylquinoline-5-a-d2 (m.p. 116- 
118") with LiAlD, in the usual manner. The deuterated 
alcohol was converted to 8-methyl-5-chloromethylquino- 
line-5-a-d, (m.p. 86-87") which was in turn reduced to the 
desired 5,s-dimethylquinoline-5-a-d, with zinc and 
deuteroacetic acid. The composition of the product was: 
d2 7, d3 90, and d4 3 %. The n.1n.r. spectrum gave a singlet 
at 2.78 6 (3H) while singlets at 2.56 (3H) and 2.78 6 (3H) 

assigned to methyl hydrogens at C-5 and C-8, respectively, 
were observed in the spectrum of the unlabelled analogue. 
The picrate of the undeuterated compound prepared by 
the same series of reactions melted at 182-184" (lit. 186" 
(13)). 

5,8-Dimethylquinoline-8-a-d3 
5-Methylquinoline-8-carboxylic acid [m.p. 173-175" 

(lit. 174" (14))] was prepared in 66 %yield from 2-amino-4- 
methylbenzoic acid under Skraup conditions similar to 
those described by Campbell et al. (15) for the preparation 
of 8-quinolinecarboxylic acid. Treatment of the acid with 
excess diazomethane at 0" yielded the corresponding 
methyl ester which was in turn reduced to 5-methyl-8- 
hydroxymethylquinoline-8-a-d2 (m.p. 71-72.5') with 
LiA1D4 at  0". Reaction conditions similar to those 
described for the preparation of the labelled 8-methyl- 
quinoline (7) were used to convert the above alcohol to  
5-methyl-8-chloromethylquinoline-8-a-d2 (m.p. 65-68") 
which was in turn reduced to 5,s-dimethylquinoline-8-a- 
d3. The isotopic composition of the product was : d2 4.5 %, 
d3 74.5 %, d4 21 %. The n.m.r. spectrum showed a singlet 
at 2.56 6 (3H) while the spectrum of the unlabelled com- 
pound showed singlets at 2.56 (3H) and 2.78 6 (3H) 
assigned to the methyl hydrogens at C-5 and C-8, 
respectively. 
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Mass spectra of labelled methylquinolines 

P. M. DRAPER AND D. B. MACLEAN 
Department of Chemistry, McMaster University, Hamilton, Ontario 
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The mass spectra of some labelled methylquinolines have been studied. Randomization of all nine 
hydrogens in the molecule appears to precede hydrogen loss in the fragmentation of the monomethyl- 
quinolines and the formation of ring expanded intermediates is proposed to account for the randomiza- 
tion. Possible mechanisms for the ring expansion are considered. 

Canadian Journal of Chemistry, 48, 746 (1970) 

We have recently reported the mass spectra of 
the alkylquinolines, and we have presented pre- 
liminary labelling evidence for the formation of 
ring expanded ions in the fragmentation of these 
compounds (1). We now wish to report the results 
of additional labelling experiments which were 
undertaken in an attempt to clarify further the 
fragmentation mechanisms. 

The evidence for tropylium ion formation in 
the spectra of the alkylbenzenes is summarized 
in a review by Grubb and Meyerson (2), while 

pyridines lose methyl and that at 70 eV there is 
little scrambling of hydrogen in this process. 

The first systematic investigation of the mass 
spectra of alkylquinolines was reported by Sample 
et al. (7) in 1967. In the spectra of the mono- 
methylquillolines substituted in the pyridine 
ring, they postulated the formation of a benzaza- 
tropylium ion to account for the constant 
M-(H + HCN)/M-H peak intensity ratios. 
Analogous ions were similarly proposed to 
account for the spectra of monomethylquinolines 

the mechanism of tropylium ion formation has substituted in the benzene ring. Since these 
been studied by Meyer and Harrison (3a), authors did not prepare deuterated compounds 
Meyerson et al. (3b), and Rinehart et al. (4). The they were unable to provide further evidence 
latter workers showed that formation of the regarding the fragmentation mechanisms of the 
tropylium ion from toluene occurs by a random monomethylquinolines. In our work we reported 
insertion of the methyl carbon into any carbon- the spectra of 3 deuterated monomethylquinolines 
carbon bond of the original ring rather than by (1). In these compounds randomization of all 9 
a simple 1,2-insertion into adjacent carbon-car- 
bon bonds of the ring. Labelling evidence to 
support formation of analogous ring expanded 
ions in the fragmentation of heteroaromatic 
compounds containing nitrogen was obtained 
by Marx and Djerassi (5) who recorded the spec- 
tra of some 13C labelled methylisoquinolines, 
methylindoles, and methylpyrrole. They noted 
that their results wcre consistent with formation 
of ring expanded ions by insertion of the exocyclic 
alkyl carbon into adjacent carbon-carbon or 
carbon-nitrogen bonds of the original ring. How- 
ever, a small percentage of the label could not 
be accounted for by this mechanism. 

A recent study by Cole et al. (6) on deuterated 
methylpyridines indicated extensive scrambling 
of hydrogen in the M-H and M-HCN ions. 
Their results, however, do not confirm or refute 
the intermediacy of a ring-expanded species prior 
to the formation of these ions. As in the case of 
2-methylquinoline (1) they found that the methyl 

hydrogens in the molecule appeared to precede 
formation of the M-1 ion and therefore an 
azatropylium type ion appeared to be an ade- 
quate representation of this ion. However, we 
did not propose structures for the rearranged 
molecular ion which would account for the 
hydrogen randomization. 

The results of the spectra of the labelled mono- 
methylquinolines that we have determined are 
summarized in Table 1. In the first column, the 
percent label retention in the M-H ion is listed. 
The label retention expected for statistical loss 
of a single hydrogen or deuterium from the ring 
containing the substituent is shown in the second 
column, and the calculated label rctcntion for 
random loss of a single hydrogen or deuterium 
from the whole molecule in the third column. 
The label retcntion in thc M-(H + HCN) ion is 
listed in the next column and finally the value 
calculated for random loss of H from the whole 
molecule in the formation of M-(H + HCN). 
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TABLE 1 
Mass spectra of labelled monomethylquinolines 

Calculated for Calculated 
Calculated 
for random 

random loss of for random loss from the 
H from ring loss of H molecule in the 

% Retention containing from % Retention M-(H + HCN) 
(M-H) substituent molecule [M-(H -!- HCN)] process 

TABLE 2 
Partial spectra of the methylquinolines 

The results shown in Table 1 are the average of 
two or more determinations. Partial spectra of 
the labelled and unlabelled compounds are given 
in Table 2. 

Label retention in the transformation M - 
M-H was calculated from the peak intensities 
at M-H and M-D in the spectra of the labelled 
compounds by the equation (M-H)/(M-H) t 
(M-D) x 100. The peak intensities were first 
corrected for isotopic impurities (determined by 
low voltage mass spectrometry) and for naturally 
occurring 13C. Peaks corresponding to M-2H 
ions were observed in the spectra of the unlabelled 
compounds, and corrections for the contributions 
of these ions at M-D (M-2) in the spectra of the 
labelled analogues were estimated as follows. 
The peak at mle 140 (M-3H) in the spectrum 
of the undeuterated compound is found at nzle 
140 [M-(D + 2H)] and 141 (M-3H) in the 

spectrum of a monodeuterated analogue, while 
the peak at n~ le  141 (M-2H) in the undeuterated 
compound is observed at mle 141 [M-(H + D)] 
and 142 (M-2H) in the labelled compound. 
Therefore, if the sum of the relative intensities of 
the peaks at rnle 140 and 141 in the deuterated 
compound is subtracted from the sum of the 
peak intensities at nt/e 140 and 141 in the un- 
deuterated compound, then the difference corre- 
sponds to M-2H ions contributing at M-2 in the 
labelled compound. The M-2H contribution 
may then be subtracted from the total M-2 peak 
intensity to give the M-D contribution. The 
correction for the compounds containing 3 
deuteriums was similar to that described above, 
except that the peak at M-5 [M-(2D + H)] was 
also considered in the correction. 

An alternative method of calculating label 
retention which does not require the above 
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correction uses the ratio IJ I ,  where I2 is the 
intensity of the M-H peak in the spectrum of 
the labelled compound and I, is the M-H peak 
intensity in the spectrum of the unlabelled ana- 
logue. This method has been used to calculate 
label retention in the spectra of compounds where 
introduction of the label has no effect on the total 
yield of the fragment ion in question (8), but in the 
spectra of the labelled monomethylquinolines 
an apparent isotope effect results in the sum of 
the peak intensities at M-H and M-D being 
slightly less than the M-H peak intensity in the 
unlabelled analogue. Therefore, in this investiga- 
tion the label retention was calculated fsom the 
observed peak intensities at M-H and M-D. 

This isotope effect adds some uncertainty to 
the results since it is not certain whether the ob- 
served M-FI to M-D peak intensity ratios 
actually represent the ratios in which hydrogens 
in various parts of the molecule would be lost 
in the absence of an isotope effect. If loss of 
hydrogen from the molecular ion is favored over 
loss of a chemically equivalent deuterium, then 
the observed M-H to M-D ratio will be greater 
than the ratio of equivalent hydrogens to deu- 
terium~ actually present in the molecular ion. 
Therefore, the label retention calculated from the 
M-H to M--D ratio would be higher than in 
the absence of such an effect. Alternatively, the 
isotope effect may be a consequence of the rela- 

tive rates of hydrogen and deuterium transfers 
in the anticipated rearrangement process. The 
favored transfer of hydrogen over deuterium 
observed in the McLafferty rearrangement (9) 
may be interpreted in terms of the relative rates 
of hydrogen and deuterium transfer. A similar 
effect in the monomethylquinolines would result 
in a lower rate of rearrangement and fragmenta- 
tion, and a consequent lowering of fragment ion 
intensity in the deuterated compounds. In any 
case the isotope effect observed in the methyl- 
quinolines is relatively small and therefore should 
not greatly affect the labelling results. 

The peak at nzle 116 in the spectra of the mono- 
methylquinolines labelled with a single deuterium 
(or 13C) corresponds to retention of label in the 
M --+ M-(H + HCN) process, and the peak 
at mle 115 corresponds to loss of label. There- 
fore, label retention in the M-(H + NCN) ion 
was calculated from the peak intensities at m/e 
115 (I,) and tnle 116 (I,) by the equation 1,/11 + 
I2 x 100. Peaks of appreciable intensity at masses 
113, 114, 116, and 117 as well as at 115 in the 
spectra of the unlabelled methylquinolines con- 
tribute to the n?/e 11 5 and 11 6 peak intensities in 
the spectra of the labelled compounds, and 
correctiolls for these coiltributio~ls were made 
in a manner similar to the procedure described 
for contributions of the M-2H ion at M-D. 
(I11 this case, the correction could be made only 
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for those compounds containing a single heavy 
atom, and therefore we have not calculated the 
label retention in the M-(H + HCN) ion for 
the compounds containing 3 deuteriums). 

It was found that the relative ion yields in this 
region of the spectra were about 10 % lower in the 
labelled derivatives than in the unlabelled com- 
pounds because of the isotope effect. Therefore, 
the peak abundances in this region of the labelled 
derivatives were multiplied by a factor such that 
the relative intensities of the peaks became equiva- 
lent in both the unlabelled and labelled com- 
pounds. 

The results listed in Table 1 are not compatible 
with formation of a simple benzyl ion by loss of a 
methyl hydrogen, nor are they compatible with a 
ring expansion and randomization of the hydro- 
gens in the ring containing the substituent. They 
suggest that all 9 hydrogens in the molecule 
become randomized before or during formation 
of the M-H ion. 

This hydrogen randomization is consistent 
with the formation of ring expanded intermediates 
in the fragmentation of methylquinolines, and a 
possible fragmentation mechanism (using 2- 
methylquinoline as an example) is outlined in 
Scheme 1. A methylquinoline substituted in the 
pyridine ring is first ionized and then undergoes 
ring expansion to a benzazacycloheptatriene ion 
1. The hydrogens may become randomized 
through a series of 1,2-hydrogen shifts (I - 2 
etc). Rearrangement to ions of type 3 or, alterna- 
tively 4, accounts for randomization and loss of 
hydrogen in the benzene ring. Loss of H (possible 
from the methylene position as suggested for the 
methylethylbenzenes (3a))  from any of the ring 
expanded inolecuiar ions yields a benzazatro- 
pylium ion 5 or a tropylium type ion 6 .  The results 
for the monomethylquinolines substituted in the 
benzene ring may be explained in a similar 

manner; in these compounds initial ionization 
and ring expansion may result in a cyclohepta- 
triene ion 3. 

The label retention in the M-(H i- HCN) 
ion also shows that hydrogen rearrangement 
precedes the loss of HCN. In the spectrum of 
4-methylquinoline-2-d, about 50 % of the deu- 
terium is retained in the M-(H + HCN) ion 
while random loss from the molecule in the M - M-(H + HCN) process requires 78 % 
retention. In the 8-a-d, derivative, the label 
retention is about 78 % while random loss from 
the molccule in the M ---+ M-(H i- HCN) 
process also requires 78% retention. These 
results are in accord with randomization of the 
hydrogens in the molecule before loss of HCN, 
and show that hydrogens in the benzene ring 
participate in the loss of HCN. 

The deuterium labelling results on the mono- 
methylquinolines, therefore, are consistent with 
formation of ring expanded species before loss 
of H, but they do not suggest a mechanism for the 
ring expansion process. We felt that ring expan- 
sion could occur either by insertion of the 
exocyclic methyl carbon into adjacent carbon- 
carbon or carbon-nitrogen bonds, or by a ran- 
dom insertion of the methyl carbon into any 
carbon-carbon or carbon-nitrogen bonds in the 
molecule. The former mechanism is similar to 
that suggested by Marx and Djerassi ( 5 )  to 
account for their 13C labelling results on 1- 
methylisoquinoline and  he methylindoles, while 
the latter mechanism has precedence in the work 
of Rinehart et al. (4) who provided evidence for a 
tropylium ion formed by random insertion. 

The ring expansion of labelled 2-methylquino- 
line by insertion of the 2-methyl carbon into 
adjacent carbon-carbon or carbon-nitrogen 
bonds is outlined in Scheme 2. Ring expansion 
062-rneth~l~uinoIine-2-cl~~G, 7, results in 8 when 
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9 lons from uhlch H '~CN -H'~CN - 
on14 1s lost -H'~CN 

the methyl carbon is inserted between C-2 and 
C-3, and in 9 when inserted between N and C-2. 
Ion 8 will eliminate H12CN (unless further 
skeletal rearrangement occurs) while H13CN 
should be lost from 9. 

We determined the spectrum of 7 and observed 
85% retention of 13C after loss of HCN. This 
would suggest that the pathway to 8 (insertion 
of the methyl carbon into a carbon-carbon bond 
rather than a carbon-nitrogen bond) predolninates 
if the ring expansion occurs by this mechanism. 
The examination of 2-1nethylquinoline-2-~~C 
would have provided further insight into this 
rearrangement but there did not seem to be a 
simple synthetic route to it. 

It should be noted that the results from the 
spectrurn of 7 are also consistent with the ring 
expansion occurring by a more random insertion 
of the methyl carbon. If ring expansion of 7 
occurs by a random insertion into any of the 
carbon-carbon or carbon-nitrogen bonds of the 
molecule, then 11 possible ions can be formed. 
Of these, only 2 ions, 9 and 10, (Scheme 3) can 
eliminate H'3CN. Ion 9 should eliminate Ht3CN 
only while 10 might eliminate H13CN and HL2CN 
in approximately equal proportions. In ion 9 we 
assume that elimination will not occur toward 
the ring juncture. Therefore, if the ring expansion 
occurs in this manner one might expect 15/11 or 
14% loss of 13C (i.e. 86% retention) from 7 on 
expulsion of HCN. Similarly, if the ring expan- 
sion occurs by a randoln insertion of the methyl 
carbon into any carbon-carbon or carbon-nitro- 
gen bond in the pyridine ring then 1416 or 25 % 
loss of 13C (750/, retention) from 7 would be 
predicted. The 85 % retention of label observed 
in our exper~ment is therefore roughly in accord 
with the mechanisms shown, bearing in mind the 

fact that the various bonds in the quinoline 
system are not equivalent and thus a completely 
statistical insertion might not be expected. 

The possible ring expansion mechanisms 
might be differentiated by examination of the 
spectra of labelled n~ethylquinolines such as 
4-methylquinoline-4-~.-~~C and 5-methylquino- 
l i n e - 5 - ~ - ~ ~ C .  If a significant amount of 13C is 
lost on elimination of HCN from the labelled 
4-methylquinoline, then it is clear that the mech- 
anism of ring expansion is more complicated 
than that outlined in Scheme 2. Similarly, the 
spectrum ofthe labelled 5-methylquinoline should 
indicate whether a methyl carbon on the benzene 
ring may be involved in the loss of HCN. Work 
along these lines is currently in progress. 

Experimental 
Apparatus, Methods, and Materials 

Mass spectra were determined on a Hitachi Perkin- 
Elmer RMU-6A mass spectrometer at  an  ionizing 
potential of 80 eV and an ionizing current of 50 FA. 
Samples were introduced through an all-glass inlet system 
maintained at  200 "C. 

All samples for mass spectrometry (with the exception 
of alkylquinolines labelled with deuterium in the 2-a- 
position) were purified by gas chromatography on a 6 ft 
column of 20% Apiezon M on celite. The column tem- 
perature was maintained at  180 to 230' depending on the 
volatility of the material. Gas chronlatography of alkyl- 
quinolines labelled in the 2-a-position caused back ex- 
change; therefore, these compounds were purified by 
chromatography over alumina. It was also necessary to 
pump a small amount of C H 3 0 D  through the mass 
spectrometer before introduction of these samples. 

The isotopic composition of all the labelled compounds 
was determined by low voltage mass spectrometry. 

Nuc!ear magnetic resonance (n.m.r.) spectra were 
determined in CDCI3 solution on a Varian A-60 spec- 
trometer. Chemical shifts are expressed in parts per million 
(6) from tetramethylsilane used as an  internal standard. 

C H 3 0 D  (99 atom % D), and 13CH31 (57 atom % I3C) 
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were obtained from Merck, Sharp and Dohme of Canada 
Ltd. LiAID4 was obtained from Ventron Corporation, 
Metal Hydrides Division, Beverly, Massachusetts. 

Preparation of Alkylquinolines 
The unlabelled quinolines used as reference compounds 

in this work were prepared by methods described in our 
previous paper (1) where we have also described the 
preparation of 2-methylquinoline-2-a-d3, 4-methylquino- 
line-2-d, and 8-methylquinoline-8-cr-dl. 

2-Methylquinoiine-2-xrl C 
The labelled 2-methylquinoline was prepared from N- 

ethoxyquinoliniuni iodide and 13CH3MgI by the method 
of Cervinka et al. (10). Its colnposition was: lZC 45%, 
I3C 55 % (corrected for naturally occurring 13C). 

8-Methylquinoline-8-a-d3 
8-Quinolinecarboxylic acid was prepared by a Skraup 

reaction on anthranilic acid and was converted to its ethyl 
ester by the method of Campbell et al. (11). The ester was 
reduced to 8-hydroxyn~ethylquinoline-8-a-d, [m.p. 72- 
73.5" (lit. 77-78' (12))] in 41 % yield by adding an ether 
solution of the ester (0.6 g) to a suspension of LiAlD, 
(70 mg) in anhydrous ether at O", and stirring the mixture 
for 1 h. 

The deuterated alcohol was separated from unreacted 
starting material by chromatography over alumina (the 
unreacted ester was eluted with benzene while chloroforni 
was required to elute the alcohol from the column). 
Reduction of the ester in excess LiAlD, gave a nearly 
quantitative yield of alcohol but scrambling (probably in 
the 2-position) resulted. 

HCI gas was bubbled into a benzene solution of the 
alcohol, and the resulting hydrochloride filtered off. The 
hydrochloride was then converted to g-chloromethyl- 
quinoline-8-cr-& hydrochloride by treatment with thionyl 
chloride (using the conditions described by Kaslow and 
Schlatter (13)). The labelled chloromethylquinoline 
hydrochloride was treated with dilute NH40H, and the 
free base (m.p. 52-54", lit. 53.5-54.5" (13)) was isolated by 
extracting the basic solution with ether. 8-Chloromethyl- 
quinoline-8-a-d2 (0.24 g) was stirred with zinc (140 mg), 
deuteroacetic acid (2.5 ml) and D 2 0  (1 ml) for 6 h at 

room temperature, and then the mixture was refluxed for 
1 h. The acid layer was basified with NH3, extracted with 
ether and the ether layer dried over Na2SO4. Evaporation 
of the solvent gave 8-methylquinoline-8-a-d, in 67 %yield. 
The composition of the product was: d, 6.5%, d3 86%, 
d4 7.5 %. A singlet at 2.76 6 (3H) in the n.m.r. spectrum of 
the unlabelled analogue was absent in the spectrum of the 
labelled compound. 
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An analytical solution of the Gibbs-Dnhem equation in mlalticompoment systems 
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A general analytical power-series solution of the Gibbs-Duhem equation in multicompo~lent systelns of 
any number of coniponents has been developed. The simplicity and usefulness of the solution is made 
possible through the choice of a special set of composition variables. 

Canadian Journal of Chemistry, 48, 752 (1970) 

In a previous publication (I), an analytical 
power-series solution of the Gibbs-Duheln equa- 
tion for ternary systems was developed. In the 
present investigation, the solution is expanded 
and generalized to apply to systems of any number 
of components. 

The analytical solution shows the necessary 
thermodynamic relationships between the various 
solution properties which must be observed in any 
calculations, approximation techniques, and solu- 
tion models concerned with multicomponent 
systems. 

The solution may be used to calculate isother- 
mal partial properties of mixing of all components 
from experimental values of this property for one 
component or from experimental values of the 
corresponding integral property of mixing. Such a 
calculation was done in the previous publication 
(1) for a ternary system with the aid of a digital 
computer. The method was shown to be faster and 
more accurate than the older graphical Gibbs- 
Duhem integration techniques. Although graph- 
ical techniques have been proposed for quater- 
nary systems by Darken (2) and by Gokcen (31, 
these techniques would be extremely tedious and 
quite inaccurate. For quinary and higher-order 
systems, graphical techniques are virtually im- 
possible. 

In such calculations, endpoint or boundary 
values of the properties being calculated are 
always required. The analytical technique permits 
the easy utilization of endpoint values and points 
out clearly the minimum number of boundary 
values required in any calculation. Niko19skii (4) 
has determined general relationships between the 
coefficients of series expansions for partial molar 
properties of mixing, using the moie fractions as 
composition variables. Nikol'skii's equations, 
however, do not lend themselves to  use in calcula- 
tions of the aforementioned type, since the utiliza- 

tion of boundary values is very difficult. Also, 
Nikol'skii's equations are in a form not easily 
fitted by standard surface-fitting techniques. To 
overcome these difficulties, it has been found 
necessary to use composition variables other than 
the mole fractions. 

The relationships derived in the present study 
should prove useful in calculations aimed at  
approximating properties of multicomponent 
systems from available data for subsystems. They 
should also be of use in studies of interaction 
parameters in dilute systems and in other studies 
of solution behavior. The composition variables 
used permit an easy description of relationships in 
multicomponent systems and should provide the 
basis for a fruitful approach to such studies of 
solutions. 

The Composition Variables 
Consider a system of N components. Let Xi be 

the mole fraction of the ith component. A set of 
( N  - 1 )  composition variables, y,, may be defined 
as follows 

x, + X, + ... + X, y1 = = I - X I  
XI  + X, + ... + X ,  
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 

FIG. 1. Quasi-binary lines in a ternary system. FIG. 2. Quasi-ternary plane and quasi-binary line in a 
quaternary system. 

The inverse transformations are 

XI = (1 - Y,) 

Gokcen (3) used a similar set of composition variables in his proposed graphical integration 
technique for quaternary systems. 

Note that all the variables y i  assume values between zero and unity. 
For binary systems, only the one variable y ,  = (1 - X I )  = X,  is required. For ternary systems, the 

two variables y ,  = (1 - X I )  and y ,  = X,/(X, + X,) are required. The variable y, is constant along 
a quasi-binary line of constant X,/X2 ratio as shown in Fig. 1. The variable can assume values from 
y, = 0 in the 1-2 binary system, to y2 = 1 in the 1-3 binary system. 

For quaternary systems, the three variables y,, y,, and y ,  are required. The variable y ,  is constant in 
a quasi-ternary plane of constant X J X ,  ratio such as the plane I-2-W in Fig. 2. The variable can 
assume values from y ,  = 0 in the 1-2-3 ternary system toy3  = 1 in the 1-2-4 ternary system. Within 
any quasi-ternary plane given by a constant value of y,, the variable y,  will also be constant along a 
quasi-binary line, such as the line 1-Vin Fig. 2 which lies within the quasi-ternary plane. 

In general, for an N-component system, y,- , is constant along a quasi-(W - 1)-component surface 
which contains the 1,2, 3, ..., and (N - 2) corners of the composition polyhedron. For any constant 
value of y , -  ,, the variable y,- , will also be constant along a quasi-(N - 2)-component surface which 
lies within the previous quasi-(N - 1)-component surface and which contains the 1, 2, 3, ..., and 
(W - 3) corners of the composition polyhedron. The variable y,-3 will then also be constant along a 
quasi-(N - 3)-component surface within the previous quasi-(N - %)-component surface; etc. 
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754 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

I t  may also be seen that compositions lying within any subsystem ofthe N-component system may be 
easily described. Setting y,, = 1 automatically sets X,  = 0. Setting y, = 0 sets 

Thus, it may be seen that the variables yi provide a simple, easily visualized description of a multi- 
component system. 

The Form of the Series Expansions 

Let fi be an isothermal partial molar property of mixing of the ith component in the system. 
Le t f  be the corresponding integral molar property of mixing. 

Since series expansions are to be written for f i  and f in the composition variables, the properties and 
their derivatives must be continuous and finite functions in and on the boundaries of the entire 
composition range of the system. Certain total properties of mixing such as the total free energy of 
mixing or the total entropy of mixing do not satisfy these conditions, since the corresponding partial 
property of mixing of a component becomes infinite when the mole fraction of that component is zero. 
However, excess properties of mixing will always satisfy these conditions. 

Consider first a binary system. For component I ,  fl may be expanded as 

I t  is well known that properties such as the partial molar excess free energy of mixing and enthalpy of 
mixing are well-fitted by such an expansion. That the expansion must start with the j = 2 term was 
proven in the previous publication (1). Such restrictions on coefficients in the general case will be 
discussed later. 

For a ternary system, an expansion for f ,  as in eq. [3] will hold along any quasi-binary line, such as 
the line 1-W in Fig. 1,  where y2 is constant. It is for this reason that such lines are called "quasi- 
binary" lines. The values of the coefficients aj  will depend upon the particular quasi-binary line in 
question. The coefficients a j  may be written as expansions in y,, so that for the ternary system 

If y2 is constant, eq. [4] reduces to eq. [3]. It has been shown (1) that partial properties in ternary 
systems are well-fitted by such an expansion. 

For a quaternary system, an expansion for fl as in eq. [4] will be valid along any quasi-ternary 
plane, such as the plane 1-2- Win Fig. 2, where y ,  is constant. It is for this reason that such planes are 
called "quasi-ternary" planes. In general, for a quaternary system, then 

When y ,  is constant, eq. [5] reduces to eq. [4]. If y2 is also constant, as it is along the quasi-binary line 
1-Vin Fig. 2, then eq. [ 5 ]  reduces to eq. 131. 

For an N-component system, adopting a more general notation, the expansion for fl may be 
written as follows 

Similar expansions for the partial properties of all the other components and for the integral property 
may be written as follows 
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 

where the coefficients 'aj, j,... j,-, are the expansion coefficients for the ith component. 
The upper limits of the summations may be chosen in any manner suitable to describe a particular 

system. 
The simplicity of these expansions may be seen to be a result of the use of the composition variables 

y,. If other composition variables, such as the mole fractions, were used, the expansions would be 
much more complicated. 

The expansion (61 for f, starts with the,jl = 2 term. For j1 = 0, the missing coefficients 
must be zero, since f, = 0 when y, = 0 ( X I  = 1). (Where the standard convention that lim y10 = 1 
as y, -+ 0 has been adopted.) That the missing coefficients ' a ,  j2j3.. . forj, = 1 must be zero follows from 
the relationships to be derived shortly. (However, it may be seen that this restriction is a result of 
Raoult's Law that limaf,/ay, = 0 as y, -+ 0.) 

In the expansion [8] for f, the missing coefficients +0j2j,... for j, = 0 must be zero, since f = 0 when 
y1 = 0 (X, = 1). 

Certain other restrictions on the expansion coefficients result from boundary conditions. Suppose 
that y, = 0 (where k = 2, 3, ..., N - 2). This means that 

That is, compositions along the 1-2- ... - k subsystem are described. In this case, it may be seen from 
eqs. [ I ]  that the variables y,, ,, y,,,, ..., and y,- , are all undetermined. The properties fi and f cannot 
be functions of these variables in this subsystem. For j, # 0, there is no problem, since the factors y,jk 
in eqs. [6], [7], and [8] are all zero when y, = 0. However, forj, = 0, the factors y,jk equal unity when 
y, = 0. In eqs. [6] and [7], then, terms such as 

occur. In order that fi not be a function of y,, ,, y,,,, etc., the coefficients iaj,j2... must be zero when 
j, = 0. The only exception occurs when,j,, ,, j,,,, ..., and jIv-, are also all zero. The same sort of 
restriction obviously applies to the expansion coefficients +j,J2... in eq. [S]. The restrictions on the 
expansion coefficients may be summarized as 

when 

unless 

Note that the above restriction does not apply when k = N - 1. 
The restrictions [9] are illustrated for the case of a quinary system. In this case, the restrictions 

simply mean that all coefficients of the forms iajiojjj4 and are zero except for the coefficients 
i aj,ooo and iajlj,,o, which need not be zero. (Note that the coefficients need not be zero.) The 
same sort of restrictions apply to the coefficients $j,j2j,j4. 

There is one further set of restrictions which applies to the coefficients off, and$ The discussion of 
these restrictions will be left until later. 

All the restrictions mentioned above result from boundary conditions. If the series expansions are 
used only over a restricted composition range which does not contact the boundary of the composition 
polyhedron, these restrictions are not strictly necessary. However, in order for the equations to be 
generally applicable, the restrictions should be observed. 
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Relationships between Expansion Coefficients 

By substituting the inverse variable transformations [2] into the equation 

and into the Gibbs-Duhem equation 
N 

CllI C Xi dfi = 0 
i =  1 

it may be shown (see Appendix I) that 

By substituting the expansions [6] and [8] for f, and f into eq. [12] and equating coefficients of 
(ylj1y2j2...) (see Appendix I), the following relationship may be shown 

Forj ,  = 1, the coefficients 'a, j2j3... must all be zero, since the coefficients 41, j2j3... must be finite. This 
proves the assertion made previously. 

If the expansion coefficients 'aj, j2... for fl are known, then the expansion coefficients 41j, j2... for f are 
uniquely determined from eq. [13], except when j, = 1. These coefficients, $, j2j3..., can be found from 
boundary conditions, as will be discussed shortly. Conversely, however, a knowledge of the coefficients 
$j,j,... will give a complete expression for fl. 

By differentiating eq. [lo] with respect to yi  and yi- (for i = 2, 3, ..*, N - I), it may be shown (see 
Appendix 11) that 

By substituting the expansions [6], 171, and [8] into eq. [14] and equating coefficients, it may be 
shown (see Appendix 11) that 

Equation [14], and thus eq. [15], are only true for i < N, but it may easily be shown (see Appendix 111) 
that eq. [15] also holds for i = N if the simple convention that j, = 0 is adopted. 

If the expansion coefficients 41jlj2... off are known, then, from eq. [I31 and from the recursion 
relationship [15], the expansion coefficients forf, ( i  = 1,2, . a + ,  N) are all uniquely determined. 

Substitution of eq. [13] into eq. [15] yields the relationship 

The recursion relationship [16] permits the expansion c~efficients iaj,j2... offi (i = 2, 3, ..., N) to be 
calculated if the expansion coefficients 'aj, j2... for f, are known, except when j1 = 0. These coefficients, 
i aoj2j,..., can be found from boundary values, as will be discussed later. 

Further Restrictions on Coeficients 
Because of the restrictions [9] on the coefficients 'aj, j2..., one further set of restrictions on the 

expansion coefficients off and off, is necessary. 
Consider eq. [15]. Letj, i ~ l O ,  where k < i, and k # N - 1. In this case, because of the restrictions 

[91, the terms 'aj, j2... and ajI j  2 . . .  are both zero unless j,+, = j,+, = = jN-, = 0. For k < i, 
then, it may be seen from eq. [15] that if any subscript of the expansion coefficient $ is unity, the 
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 757 

coefficient must be zero; the only exception being coefficients of the form Q)(jl + l...lOOOO...O, 
where the first 0 is in the ith subscript. 

From eq. [16], it may be seen that exactly the same restriction applies to the coefficients lajlj2... 
off, .  

By considering this restriction for all values of i (i = 2, 3, -., N ) ,  it may be seen that, in general 

when 
jk = 1 (k = 2, 3, . e m ,  N - 2) 

unless 
jk+l = j k f 2  = = jm-l = 1 

and also 
jm = jm+% = .-- = jN-l = 0 

for all m where k f 1 < m < N. 
(Note that the above restriction does not apply when k = N - 1.) 
In words, this restriction simply means that if any subscript of a coefficient $jl j2.. . or laj1 j2... is unity, 

the coefficient must be zero unless this subscript is followed by a string of l's, followed by a string of 
0's. For example, in a quinary system, all coefficients of the form +jl,j,j, are zero except for the 
coefficients (bjlloo, +j,l lo,  and + j , l l l .  Also, all coefficients of the form $j,j,lj, are zero except for the 
coefficients +j,j210 and $jlj,l (The coefficients +jl j,j3, need not be zero.) Tne same sort of restrictions 
apply to the expansion coefficients lajlj,j!j, of fi. 

It should be stressed again that the restrictions [I71 are a result of the restrictions [9], and one set of 
restrictions cannot be observed without the other. 

Including Boundary Values 

If the expansion coefficients 'aj1 j2... off, are known, then all the coeficients 'ajlj2 ... of fi (i = 
2, 3, N) can be calculated from eq. [16] except when j ,  = 0. These coefficients iao j2 j3.. . can only be 
obtained from endpoint values of f i  in or on 'he boundary of the composition range under considera- 
tion. 

Equation [7] for f i  (i = 2, 3, 0 . e )  may be expanded as 

The first term on the right-hand side of eq. [IS]  is constant along lines where y,, y,, *-., and y,-, are 
constant. These lines are quasi-binary lines radiating from the "1-corner" of the composition poly- 
hedron. In a ternary system as in Fig. 1, these are the lines I-kt.: In a quaternary system as in Fig. 2, 
these are the lines 1-V. The knowledge of one endpoint value of f i  at  some point along a quasi-binary 
line is thus sufficient to give values off, at  any point on that line. 

ketfi(yI,,2,3..., be some known endpoint value of fi at some point where y ,  = y,* along a quasi- 
binary line where y,, y,, ... and y,-, are constant. Then 

Let fi(,,,, ..., be the value offi at  any value of y ,  along the same quasi-binary line. Substitution of eq. 
[I91 into eq. [18] then gives 
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In Fig. I, for example, if the coefficients 'aj, j2... of,f, are known over the shaded region, then values 
off, and f, at any point along the quasi-binary line 1- W between P and Q would be given by eq. [16] 
and by the knowledge of the values of f,(,,,,,, and f,(,,.,,, at any point on this line, say at point Q, 
which could lie on a phase boundary such as a liquidus. In the quaternary system in Fig. 2, values of f i  

at any point on the line 1-Vare given by a knowledge of an endpoint value f , (y l ry2y3 )  at any point on 
this line (within the composition range where the equations apply). 

Thus, it may be seen that the use of endpoint values permits the detern~ination of f i  without the 
explicit determination of the coefficients .. 

If the 2-3- ... -N subsystem forms a boundary of the region in which values of the coefficients off, 
are known, then endpoint values off, in this subsystem may be used. In this case, yl" = 1, and eq. [20] 
takes a particularly simple form. The endpoint values used, f i ( ,  ,,...,, are values of f i  at points such as 
point Win  Fig. 1, or point V in Fig. 2. These endpoint values may be obtained from independent 
measurements, say off,, in the 2-3- ... -N subsystem. If f, is known as a function of composition in 
this subsystem, then the terms f,(,, can be expressed as functions of y,, y,, ..., and y , - , .  The 
functional form off,(,,,, ,..., would be as in eqs. [6] and [7], since when y ,  = 1, the variables 
y2 = (1 - X,), y,, y,, are the proper variables for describing the 2-3- ... -N subsystem using the 
present method. 

Endpoint Values,for the Integral Property 
If it is desired to calculate f from a knowledge of the coefficients lajlj, ... for f,, then eq. [I31 will 

allow the calculation of all the coefficients +j,j2... except when j ,  = 1. In order to get a complete 
expression for f, therefore, endpoint values are required. 

Equation [8] may be expanded as 

Iff(,,,,, ,,..., is some known endpoint value off at a point where y, = yl* along a quasi-binary line 
where y,, y,, ..., and y,-, are constant, then 

By substitution of eq. [22] into eq. [21], it m-ay be seen that f(,,, ,..., at any point on the same quasi- 
binary line may then be calculated from the equation 

By the use of endpoint values, therefore, complete expressions for f may be found without the explicit 
determination of the coefficients +, j2j3., .. 
The Necessity of Using Boundary Values 

Consider the quaternary system in Fig. 2. Suppose that,f, has been measured along the 1-2 binary 
line. Values of f, along this binary line can then be calculated using the boundary condition that 
f, = 0 when X, = 1. The value off, at X, = 1 (y, = 0) could thus be calculated. From Fig. 2 it may 
be seen that this value, f,(,,,,,,, at the "1-corner" of the composition tetrahedron could then be used 
as an endpoint value along any quasi-binary line 1-V. No independent measurements off, anywhere 
would then be required to give values off, at any point in the quaternary system. For an N-component 
system, then, it would seem that the use of the condition that f i  = 0 when Xi = 1 obviates the necessity 
for measuring endpoint values. 

In  fact, as will be shown later, the use of these boundary conditions will give explicit expressions for 
the coefficients iaO j2  ja , ,  , . 
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 759 

This technique will not work, of course, if experimental measurements off, have been made only 
over a restricted range of composition such as the shaded area in Fig. 1. The coefficients laj, j2... of the 
expansion [6] for f, will then apply only over this region. Obviously, boundary conditions at the points 
Xi = 1 outside this region cannot be used. It is also obvious from the previous discussion that values 
of f, near X, = 1 are required, since, essentially, calculated endpoint values, fi(0y2y3...), at the "1- 
corner" are being used. 

However, even if values off, in the required composition regions are known, the technique is still 
not applicable, since it requires that extremely accurate values off, in the region near XI = 1 be 
known. Such accuracy is required since f i  is usually quite large in this region and, through the Gibbs- 
Duhem relation, is very sensitive to changes in the partial derivatives of f, with respect to the y,. 
However, f, is very small in this region, and it is very difficult to determine the partial derivatives with 
any accuracy. Thus, in practice, endpoint values of fi obtained from independent measurements are 
always required. 

Similarly, in calculations of the integral propertyf, the use of the conditions that f = 0 at the corners 
of the composition polyhedron is, in practice, not possible for the same reasons. 

Explicit Expressions for the Coefficients 'a, j2 j3.. . and +I j2 j3.. . 

In this section, explicit expressions for the coefficients , , (i = 2, 3, ...) and 4, j 2 j 3 , ,  , will be 
derived from the boundary conditions at the corners of the composition polyhedron. Such equations 
have just been shown to be not useful in calculations offi andffrom experimental measurements off,. 
However, if the present method is used in approximation techniques, or in studies of solutioil behavior, 
etc., such explicit expressions should be useful. 

In order to calculate the coefficients the restrictions [9] must be applied for k = 1 .  That is 

P I  i ,,,, = 0 unless j, =j3 = a . v  =j,-, = 0 

This is a statement of the fact that f, is single-valued when y, = 0 (X, = 1). Thus, for each value of 
i (i = 2, 3, ...), there is only one non-zero coefficient of the form namely, the coefficient 
i 
aooo...o. 

To determine 'a,,,..., (i = 2, 3, ...), the boundary condition that f, = 0 when Xi = 1 is used. When 
xi = 1 ,  y, = y, = ... = yi - l  = l , a n d y i  = y i + ,  = ... = yN-, = 0. 

Therefore, when Xi = 1 

All terms in the summation in eq. [25]  are zero unless ji = ji+, = ... = j,.-, = 0. Therefore 

In  order to calculate the coefficients +, j2j,..., the restrictions [17] must be applied fork  = 1. That is 

unless 

and 

where 2 d 7n d N. These coefficients may be found from the boundary conditions that f = 0 at the 
corners of the composition polyhedron. 
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Let Xi = 1 (i = 2, 3, ...). Then y ,  = y2 = = yi- I = 1 and y ,  = yi+ I = = yN- I = 0. 
Therefore, when Xi = 1 

Taking i successively as i = 2, 3, ..., N in eq. [28] and applying the restrictions [27] 

That is 

where the first zero subscript on the left is the ith subscript. 

Summary 

In an N-component system, a set of (N - 1) special composition variables, y,, may be defined as in 
eqs. [ I  1. These variables assume constant values along various quasi-subsystems of the N-component 
system. 

Isothermal partial molar properties of mixing, f i ,  for each component, and the corresponding 
integral property of mixing,f, may be expressed as power series in the variables yi as in eqs. [6]-[8]. 

In order that the expansions be consistent with certain boundary conditions, the expansion for f, for 
component 1 must start with the y I 2  term, and the expansion for f must start with the yI1 term as shown 
in eqs. [6] and [8]. Also, the restrictions [9] on all the coefficients, and the restrictions [17] on the 
expansion coefficients for f ,  andf, must be observed if the properties are to be single-valued along the 
boundaries of the composition polyhedron. None of these restrictions need strictly be observed if the 
equations are to be applied over a restricted composition region which does not contact the edges of the 
composition polyhedron. However, in order that the equations be generally applicable, the restrictions 
should be observed. 

The various coefficients are related by eq. [13] and by the recursion relationships of eqs. [I51 and 
E161. 

The relationships should prove useful in calculations aimed at approximating properties of multi- 
component systems from available data for subsystems. They should also be of use in studies of inter- 
action parameters in dilute systems and in other studies of solution behavior. In such cases, it will be 
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 76 1 

desirable for the expansions to be consistent with the boundary conditions that f i  = 0 when Xi = 1 
and that j' = 0 when Xi = 1 and also for all the properties to be single-valued when X, = 1. In this 
case, the restrictions [24] and [27] must be observed and also the relationships [26] and [30] must hold. 
All boundary conditions are then satisfied. When such complete expansions for f i  and f are written 
using eqs. [26] and [30], the expansion coefficients iaj,j2... of f i  (i = 2, 3, ...) are not all linearly 
independent; nor are the expansion coefficients $jl j2... off. The expansion coefficients lajl j2... off,, 
however, are all linearly independent. 

The analytical method may be used to calculate the expansion coefficients of the properties 
f i  (i = 2, 3, ...) and f if the expansion coefficients of fl for component 1 may be found by a surface- 
fitting technique to measured values of fl over a compositioll range. The desired coefficients may be 
calculated from eqs. [I31 and [16], except for the coefficients 'aojzj, ... of f i  when j ,  = 0 and the 
coefficients 4, j2j,.. . off when j ,  = 1. Complete solutions for f i  and f require the additional knowledge 
of endpoint values of,fi and f obtained from independent measurements on the boundary of the 
composition range studied. One endpoint value of fi (or f )  along a quasi-binary line emanating from 
the "1 corner" of the composition polyhedron is sufficient to fix values of f i  (or f )  anywhere along 
that line (within the composition range where the equatioils are valid). Complete expansions for fi 

and f are then given by eqs. [20] and [23]. Endpoint values may be obtained from known values of the 
properties f, along phase boundaries, or, if the 2-3- . + .  -N subsystem forms a boundary of the 
composition range studied, from independent measurements of a property fi in this subsystem. 
A completely worked example of this type of calculation for the Bi-Cd-Sn ternary system was done 

previously (I). All the steps in the method, including the use of endpoint data from independent 
measurements in the 2-3 subsystem were explicitly illustrated in this example. 

The boundary conditions that f i  and f are zero when Xi = 1 (as in eqs. [26] and [30]) cannot be used 
in such calculations unless fl has been measured over the entire composition range of the N-component 
system and unless values of f, in the vicinity of XI = 1 are known with a degree of accuracy seldom 
attainable. In practice, endpoint values of f i  and f from independent measurements will almost always 
be required. 

One of the advantages of the present method is that boundary value requirements are clearly pointed 
out and that the inclusion of boundary values in the calculations is a simple matter. 

The analytical method may also be used to calculate the coefficients of the expansions for f i  (i = 
1,2, 3, ...) if the expansion coefficients $jlj,... off may be obtained by a surface-fitting technique to 
measured values off over a composition range. The relationships [I31 and 1151 may be used for this 
purpose. No endpoint values of the properties f i  fromindependent measurements are required in this 
case. 

The author wishes to thank Professor S. N. Flengas of this department for his encouragement and for many helpful 
discussions. A maintenance grant from Shell Canada Ltd. and financial assistance from the National Research 
Council of Canada are also gratefully acknowledged. 
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Appendix I 
Substitute eqs. [2] into eq. [lo] and collect terms 

[A-1 1 f = (1 - ~ 1 ) f l  f yl( l  - ~2)fz  + "' + Y I Y ~  ' " Y N - ~ ( ~  - YN- I ) ~ N -  I + Y I Y ~  " 'YN- I ~ N  

[A-2] f = f i  + ~ l ( f 2  - f i )  + ~ 1 ~ 2 ( f 3 , - f 2 )  + ... -I- Y I Y Z . . . Y N - ~ ( ~ N  - f ~ - 1 )  
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Differentiate eq. [A-21 with respect to yl at constant y2, y3,  ..., yN-  

+ [ ( f 2  - f l >  + ~ 2 ( f 3  - f 2 )  + ~ 2 ~ 3 ( f 4  - f 3 )  f "' f Y 2 Y 3  ". Y N - ~ ( ~ N  - fN- l )]  

Substitute eqs. [2] into eq. [I I ]  and collect terms 

Since eq. [A-51 holds everywhere, it also holds along a line where y,, y3;.., and y,-, are constant. 
Thus, by eq. [A-51, the first term on the right-hand side of eq. [A-31 is zero. By substitution from eq. 
[A-21, the second term on the right of eq. [A-31 is given, with the result that 

Substitute the expansions [6] and [8] for f l  and f into eq. [A-61 

Equate coefficients of y l j l y , jZ  yN- I j N - l  on both sides of eq. [A-71 

[A-8 I + j l j 2 . . .  - l a j l j  2 . . .  = jl.+jlj2.. 

Eq. [A-81 may be rearranged to give eq. [13]. 

Appendix I1 

Differentiate eq. [A-21 with respect to yi (i = 2, 3, -.., N - 1) 

1 
+ - [ ~ ~ ? ~ ' " Y i ( f i + l  - f i )  + ?1?2" '~ i+l ( f i+2  - f i + ~ )  + "' + Y ~ Y ~ " ' Y N - ~ ( ~ N  - ~ N - I ) I  

Y i  

Differentiate eq. [A-21 with respect to y i p 1  ( i  = 2, 3, ..., N - 1) 

By eq. [A-51, the first terms on the right-hand sides of eqs. [A-91 and [A-101 are zero. 
Multiply eqs. [A-91 and [A-101 by yi and yi-  ,, respectively, and subtract the resulting equations 
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PELTON: GIBBS-DUHEM EQUATION IN MULTICOMPONENT SYSTEMS 

Rearrange eq. [A-1 11 and substitute the expansions [7] and [8] 

By equating coefficients of ylj1y,j2 ... y,- , j N - I  on both sides of eq. [A-121, it may be seen that 

The lower summation indices (- 1) on the right-hand side of eq. [A-121 may be disregarded because of 
the restrictions 191, which state that the coefficients c$~,~,... = 0 when any j, = 0. 

Appendix I11 
Take i = (N - I) in eq. [A-91 

Substitute eq. [8] into eq. [A-141, simplify, and alter the summation indices in the same manner as in 
the derivation of eq. [A-121 

[A-151 fiv - f ~ - I  = C $<jl+1)(j2+l)..e(jN-1+l)'(j~-~ -I- l ) .y l j~y2jz  ... 
j l = O ,  

j m = - 1  
( m = 2 , 3 , a a ' )  

The lower summation indices (- 1) may be disregarded, as before, because of the restrictions [9]. 
By substituting the expansions [7] for fN and f,-, into eq. [A-151 and equating coefficients, it is 

seen that 

Eq. [A-161 may be taken as a case of the general eq. [15] if the convention thatj, = 0 is adopted. 
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Deuterium and hydrogen sulfides : vapor pressures, molar volumes, and 
thermodynamic properties1 

E. C. W. CLARKE AND D. N. GLEW 
Exploratory Research Laboratory, Dow Chemical of Caizada, Limited, Sarnia, Ontario 

Received October 17, 1969 

An apparatus is described in which deuterium and hydrogen sulfides have been prepared by the 
hydrolysis of aluminum sulfide. Liquid densities have been determined a t  -79 "C and give the molar 
volumes 34.811 f- 0.003 cm3 for deuterium sulfide and 34.711 + 0.003 for hydrogen sulfide. Vapor 
pressures of deuterium and hydrogen sulfides have been determined at -78 "C in a quartz-metal 
apparatus, and in the range - 30 to + 30 "C in a stainless steel apparatus. Equations are derived for the 
deuterium and hydrogen sulfide vapor pressures and for their ratio. An isotopic vapor pressure cross-over 
point is found at -48 "C, above which deuterium sulfide is more volatile than hydrogen sulfide. Gas and 
liquid molar volumes and enthalpy changes are evaluated for liquid vaporization at saturation. The 
deuterium and hydrogen sulfide vaporization standard thermodynamic function changes and their 
errors, together with the isotopic differences for these functions and their errors, are tabulated between 
- 80 and f 50 "C. 

Canadian Journal of Chemistry, 48,764 (1970) 

Introduction 
Earliest vapor pressure measurements showed 

that deuterium sulfide was less volatile than 
hydrogen sulfide near its triple point tempera- 
ture (1). This reduced deuterium compound 
volatility relative to that of the hydrogen com- 
pound is apparently normal for simple com- 
pounds at temperatures between the triple and 
normal boiling points (2). However, our early 
measurements of the deuterium sulfide vapor 
pressure at about 30 "C indicated that the deu- 
terium sulfide vapor pressure was, in fact, 
higher than that interpolated for hydrogen sulfide 
(3, 4). This inversion of isotope effect for the 
vapor pressures of the simple deuterium and 
hydrogen sulfides was of sufficient interest that 
we prepared both compounds in the same manner 
and measured their vapor pressures in the same 
apparatus. From this first set of vapor pressure 
determinations for deuterium sulfide, we have 
evaluated the vaporization thermodynamic func- 
tion changes together with their errors, and have 
made a detailed comparison with those for hydro- 
gen sulfide. 

In the evaluation of the thermodynamic func- 
tion changes, the liquid molar volume of deu- 
terium sulfide was required, and since this was 
unavailable, we determined the molar volumes of 
liquid hydrogen and deuterium sulfides in the 
same apparatus at - 79 "C. 

'Contribution No. 172. 

Experimental 
Materials 

Water was laboratory distilled. Deuterium oxide con- 
tained 0.22 weight % protium oxide as supplied by Atomic 
Energy of Canada, Limited. Chemically pure grade 
aluminum sulfide was obtained from K and K Labor- 
atories Incorporated. 

The metal equipment was all of type-316 stainless steel 
which showed no attack by hydrogen sulfide over a six 
month period as assessed from vapor pressure dcter- 
ininations. 

Preparation of Deuterium and Hydrogen Sulfides 
Gaseous deuterium sulfide was prepared in the appara- 

tus shown in Fig. 1 by the reaction of liquid deuterium 
oxide with aluminum sulfide according to the equation 

Approxin~ately 50 g of crushed aluminum sulfide was 
placed in the quartz reactor C and the whole apparatus 
was evacuated with gentle heating of C using a cool blue 
Bunsen flame. Bulb A was detached from the apparatus, 
approximately 1 g deuterium oxide was added, the bulb 
was replaced, and the deuterium oxide freeze-degassed. 
Bulb A was rotated and the liquid deuterium oxide 
flowed into vessel B. With taps 1, 2, 5, 8, and 11 closed 
and all others open, a few drops of deuterium oxide were 
admitted to the reactor via tap 2. As deuterium sulfide 
was generated, the pressure indicated by the Pyrex 
Bourdon gauge @ was allowed to increase up to about 
1 atm. The apparatus was left in this condition for about 
30 min and then evacuated. This process was repeated 
twice more to replace exchangeable protium in the 
system by deuterium. The deuterium-conditioned system 
was then evacuated. 

Bulb A was removed from the apparatus, filled to about 
one third of its capacity with 50 g deuterium oxide and 
replaced. The deuterium oxide was freeze-degassed three 
times and transferred to B by rotation of A. The deuterium 
oxide removal trap 14 and deuterium sulfide condensation 
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CLARKE AND GLEW: PROPERTIES OF H2S A N D  D2S 

bulb F were cooled to - 80 "C by solid carbon dioxide - 
acetone mixtures. With taps 3, 4, 6, and 7 open and all 
others closed, tap 2 was opened to give a slow drip of 
deuterium oxide onto the aluminum sulfide in C. The 
deuterium oxide flow was controlled so that the generated 
pressure on gauge G did not exceed 500 Torr, while the 
gaseous deuterium sulfide was condensed in F. On 
completion of reaction, F was cooled by liquid nitrogen 
to condense deuterium sulfide from C, tap 4 was closed 
and F evacuated via 8 to remove any non-condensable 
gases, tap 8 was then closed. 

The deuterium oxide condensation helix H and bulb F 
were cooled with solid carbon dioxide - acetone mixtures 
and bulb J was cooled with liquid nitrogen. Needle valve 9 
was opened until the pressure at G was reduced to about 
250Torr, so that deuterium sulfide distilled into J 
leaving small quantities of the solid deuterium sulfide 
deuterate (D,S. 5.75D20) in F and H; these deuterate 
residues were pumped from F and H at room temperature. 
The deuterium sulfide was distilled twice more, in the 
same manner from J to F and back again from F to J, 
removing all deuterium oxide and non-condensable 
impurities; the purified liquid was distilled from J into 
the 316-type stainless steel storage cylinder K. 

Hydrogen sulfide was prepared similarly in the same 
apparatus using distilled water in place of deuterium 
oxide. 

The most probable impurities in the hydrogen sulfide 
were thought to be phosphine and arsine, which were 
found by the molybdenum blue method (5, 6) to be 
present at levels not exceeding 3 p.p.m. by weight. The 
deuterium sulfide prepared in the same way was assumed 
to be equally free from phosphorus and arsenic com- 
pounds. The fast irreversible reaction of deuterium oxide 
with aluminum sulfide was assumed to produce deuterium 
sulfide with the same isotopic composition as the deu- 
terium oxide. 

Density Measurenzent 
The liquid densities of hydrogen and deuterium sulfides 

were determined in a 15 cm3 quartz pyknometer having 
a 0.1 cm diameter capillary stem inscribed with two 
reference marks. The pyknometer volume at 25 "C was 
determined by weighing water, using the density com- 
pilation of Dorsey (7); the volume at  - 79 'C was evalu- 
ated using the coefficient of expansion of quartz. The 
pyknometer, totally immersed in a stirred acetone bath, 
was maintained at - 79 "C with a precision of 0.003 "C 
as determined by platinum resistance thermometer. 

The pyknometer was filled between the stem reference 
marks with deuterium sulfide by condensation at - 79 OC 
of the vapor from a weighed stainless steel cylinder. The 
cylinder was detached and reweighed. A series of measure- 
ments were made of deuterium sulfide meniscus position 
and bath temperature, after which the deuterium sulfide 
was transferred into the cylinder which was reweighed. 
The weight of deuterium sulfide in the pyknometer was 
determined from the mean weight of the full cylinder 
minus the cylinder weight when the pyknometer con- 
tained deuterium sulfide. All weights were corrected for 
damp air buoyancy. 

The density of liquid hydrogen sulfide was determined 
in the same way. The three independent sets of densities 
for both hydrogen and deuterium sulfides are recorded 
in Table 1. 

Vapor Pressure Measurenzents 
Below Atmospheric Pressure 
Vapor pressure measurements were conducted using 

about 8 cm3 of liquid deuterium sulfide in the quartz 
pyknometer bulb immersed in a stirred acetone thermo- 
stat bath, the temperature of which was controlled within 
0.005 "C between - 78 and - 77 "C. Temperature was 
measured with a precision of 0.001 "C by a platinum 
resistance thermometer in conjunction with a Mueller 
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TABLE 1 
Density of liquid hydrogen and deuterium sulfides 

-- 

Hydrogen sulfide Deuterium sulfide 

Mass Temperature Density Mass Temperature Density 
(4 ("C) (g/cm3) (g) (^C) (g1cm3) 

Ave. -79 .OO 

Ave. -79.00 

bridge, amplifier, and galvanometer. Pressure was 
measured with an accuracy of k0.02 % by a 0-16 p.s.i. 
range Texas Instruments Incorporated fused quartz 
precision Bourdon gauge. The gauge was calibrated 
against a wide-bore mercury manometer, for which the 
column height difference was determined by cathetometer 
comparison against a meter standard. The hydrogen 
sulfide vapor pressure was determined similarly. 

Above Atrnospheric Pressure 
Vapor pressure measurements were made using about 

34 g of liquid deuterium sulfide in a 75 cm3 stainless steel 
reservoir immersed in a stirred water-glycol thermostat 
bath, the temperature of which was controlled withln 
0.002 "C between - 30 and + 30 "C. The liquid tempera- 
ture was measured with a precision of 0.0003 "G by a 
vlatinum resistance thermometer in a covver thermouell 

bridge was standardized before, during, and after our 
experimental measurements. The platinum resistance 
thermometer was calibrated at the water triple point 
using three-day-old mantles, in Jarrett cells, contained 
in a closed chest packed with melting ice (8). 

All equations were derived by the method of least 
squares and all uncertainties shown are standard errors. 
The temperature scales are related by 0 "C E 273.15 K, 
and the gas constant R is taken as 1.98717 thermochemical 
cal/mole deg (9). 

Results and Discussion 
Liquid Densities 

The densities of liquid hydrogen sulfide pre- 
sented in Table I are in excellent agreement with 

A A 

strapped to the reservoir. Pressure was measured with a s  the extensive measarements of r(lemenc and 
accuracy of 0.03 % on a Texas Instruments Incorporated ~ ~ ~ ~ k ~ ~ ~ k i  (lo), but do not agree with the 
fused quartz precision gauge with ranges 0-200 and 
0-500 p.s.i., calibrated against a Budenberg Ranger dead of Baxter, Burrage, and Tanner 
weight tester. The accuracy of the dead weight tester was (1 1). The errors of our determinations arise 
stated by the manufacturer to be 0.03 %, based on com- mainly from the mass of liquid contained in the 
parison with an instrument calibrated by the National pyknometer, as determined from the mass differ- 
Physical Laboratory. All entries in Table 2 for hydrogen ence of the liquid storage cylinder recorded in sulfide and in Table 3 for deuterium sulfide, are mean 
values for sets of five pressure-temperature measure- Table 1. The three mean densities, one for each 
ments taken over a 2 h period. mass of hydrogen sulfide, were adjusted to 

Standardization -79.00 "C using-the coefficient of expansion (lo), 

The 25 ohm platinum resistance thermometer was and these three tem~erature-adjustedmeans were 
calibrated and the Leeds and Northrup 6 - 2  Mueller averaged to give the final value. The deuterium 
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CLARKE AND GLEW: PROPERTIES OF H2S AND D2S 

TABLE 2 
Vapor pressure of hydrogen sulfide 

Pressure 
Error on 

Temperature Observed Calculated Difference calculated 
("c) (atm) (at m) ( %) pressure (%) 

TABLE 3 
Vapor pressure of deuterium sulfide 

Pressure 
Error on 

Temperature Observed Calculated Difference calculated 
("C) (atm) (atm) ( %) presssure (%) 
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sulfide densities were adjusted to -79.00 "C in 
the same way. 

The literature contains no value to compare 
with our deuterium sulfide density measure- 
ments. At - 79.00 "C the molar volume 34.8108 f 
0.0027 cm3 for deuterium sulfide is found to be 
0.29 % larger than the 34.71 12 $. 0 0026 cm3 for 
hydrogen sulfide. 

Vapor Pressures 
New vapor pressure measurements for hydro- 

gen sulfide between - 78 and + 30 "C are me- 
iented in Table 2, together with calculated vaiues 
from the best (12) representative equation -80 -60 -40 -20 0 20 

Temperature . O C  

[ I ]  log,, P,(atm) = 26.82579 - 1538.461/T FIG. 3. Deviations of the deuterium sulfide vapor 
pressures from eq. [ 2 ] .  

- 9.00784 log,, T + 0.0064481 T 

with P, in normal atmosphere (9) and tempera- 
ture T absolute. The percentage differences 
between observed and calculated pressures, 
shown in the fourth column, lead to a standard 
error of 0.026 % on a single determination, which 
properly corresponds with the accuracy of pres- 
sure measurement. The percentage differences 
of the data from eq. [ l ]  are plotted in Fig. 2, 
together with the results of other workers ( 1 ,  4 ,  
13,14). The greater scatter evident in our measure- 
ments a t  temperatures above 5 "C results from 
the greater variability of the 500 p.s.i. range of 
the quartz gauge. The final column of the table 
gives the percentage standard error on the vapor 
pressure evaluated from eq. [ I ] .  

Our new measurements represented by eq. [l ] 
fall nearly in the middle of the range of earlier 

-80 -60 -40 -20 0 20 

Temperature , OC 
FIG. 2. Deviations of hydrogen sulfide vapor pres- 

sures from eq. [I]: A, Kruis, Popp, and Clusius; f ,  
Giauque and Blue; @, Clark, Cockett, and Eisner; x , 
Kay and Rambosek; 0, this work. 

work. The single determination of the triple- 
point pressure by Kruis, Popp, and Clusius ( 1 )  is 
apparently too high, while the pressures and 
equation of Clark, Cockett, and Eisner (14) are 
too low. Our measurements are in good agree- 
ment with the lower temperature determinations 
of Giauque and Blue (13), while at their higher 
temperatures the reaction of hydrogen sulfide 
with mercury is probably responsible for their 
high values. The vapor pressures of Klemenc and 
Bankowski (10) are too high to be shown in 
Fig. 2. At high pressures our measurements are 
in good agreement with the tabulated values 
between 40 and 90 OF from Kay and Rambosek 
(4), but indicate that their value at 30 OF is too 
high. 

Deuterium sulfide vapor pressures between 
-78 and + 30 "C are presented in Table 3, 
together with calculated values from the best (12) 
representative equation 

[2] log,, P,(atm) = 29.06074 - 1601.543/T 
- 9.89939 log,, T + 0.0070815T 

The percentage differences of the measurements 
from eq. [ 2 ] ,  plotted in Fig. 3, lead to a standard 
error of 0.037% on a single deuterium sulfide 
vapor pressure determination. This error is 
significantly larger than that of the hydrogen 
sulfide data, because of equipment failures in the 
course of the deuterium sulfide measurements. 
The only literature value, by Kruis, Popp, and 
Clusius (I) ,  was for the triple-point pressure, 
which is 0.8 % higher than predicted by eq. [2]. 

To eliminate systematic errors due to the 
apparatus prior to curve-fitting in order to 
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CLARKE AND GLEW: PROPERTIES OF H2S AND D2S 

TABLE 4 
Deuterium to hydrogen sulfide vapor pressure ratio 

Vapor pressure ratio PD/PH 
Error on 

Temperature Difference calculated 
("c) Experimental Calculated ( %) ratio (%) 

obtain a realistic estimate of the random errors 
on the P,/P, ratio, the hydrogen sulfide data 
were adjusted to the temperatures of the nearest 
deuterium sulfide measurements using the tem- 
perature coefficients from eq. El]. The resulting 
P,/P,, ratios between - 78 and + 30 "C are 
presented in Table 4, together with calculated 
values from the best (12) representative equation 

- 0.79967 log,, T + 0.000551 1 T 

which indicates a standard error of 0.039 % on a 
single P,/P, ratio. It is found from eq. [3] that 
at  - 48.1 i 1.1 "C,  the vapor pressures of hydro- 
gen and deuterium sulfides are equal, while at 
higher temperatures deuterium sulfide is the 
more volatile. 

Equations of State 
Equations of state for hydrogen and deu- 

terium sulfides were required to evaluate the 
gaseous molar volumes from pressure-tempera- 
ture measurements (3, 15). We chose to use the 
Redlich-Kwrong equation (1 6) 

a 
'+  

, l / Z v ( ~ + b )  1 ( V -  b) = RT 

because it had been shown (17) to be a good repre- 
sentative function, and because its two adjustable 
constants made it a convenient smoothing func- 
tion, readily fitted to the data. In Table 5 are 
shown the different values for a and b necessary 
to fit the low temperature (1.t.) measurements 
from - 48 to - 77 "C and the high temperature 
(h.t.) measurements from - 30 to + 30 "G. 

Hydrogen S@de Vapor. 
The P-V-T measurements of Reamer, Sage, 

and Lacey (3) and of Wright and Maass (15) 
were fitted by least squares to give the values of 
a(H2S, h.t.) and b(K,S, h.t.) presented in Table 5. 
The standard error on a single pressure deter- 
mination was 0.28 "<, which corresponded to an 
error on a of 0.372"/,, calculated assuming b 
to be error-free. 

The second virial coefficient for hydrogen 
sulfide at the normal boiling point was evaluated 
from the calorimetric heat of vaporization and 
the vapor pressure measurements of Giauque and 
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TABLE 5 
Constants for Redlich-Kwong eq. [4] 

a b 
Conditions (~m~/g-mole)~  atm rK)'I2 (cm3/g-mole) 

Low temperature 
(H2S, 1.t.) 
(DZS, 1.t.) 
High temperature 
(H2S, h.t.) 1 1 . 0 7 2 ~  lo7 
(D2S, h.t.) 1 1 . 0 4 8 ~  lo7 

TABLE 6 

Hydrogen sulfide saturation properties 

Temperature Pressure YE VI AH,,, 
("'3 (atm) (cm3/mole) (cm3/mole) (cal/mole) 

Blue (13). The values for a(H2S, 1.t.) and 
b(H2S, 1.t.) consistent with this virial coefficient 
were calculated by a least squares fit of our low 
temperature vapor pressure data. 

Deuterium Suljide Vapor 
For deuterium sulfide at low temperatures, 

the value of b(D,S, 1.t.) was taken equal to 
b(H,S, 1.t.) and a least squares fit made of our 
low temperature vapor pressures to determine 
a(D,S, 1.t.). 

Since there are no direct P-V-T measurements 
available for deuterium sulfide at high tempera- 

tures, a(D,S, h.t.) and b(D2S, h.t.) were estimated 
as perturbations on the hydrogen sulfide values 
a(H2S, h.t.) and b(H2S, h.t.). The value of 
b(D,S, h.t.) was taken to be equal to that of 
b(H,S, h.t.), because our liquid molar volumes 
for hydrogen and deuterium sulfides were very 
nearly equal, and because the P-V-T properties 
derived for the vapor are not sensitively dependent 
on b. The value of a(D2S, h.t.) was derived in the 
following manner. (i) From the vapor pressure 
of hydrogen sulfide between - 30 and + 30 "C 
(Table 2) and the liquid volume at 0 "C (Table 6) 
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TABLE 7 

Deuterium sulfide saturation properties 

Temperature Pressure v g  VI AHsat 
("c) (atin) (cm3/mole) (cm3/mole) (cal/mole) 

we obtained the Redlich-Kwong constants 
a ,  = 8.608 x lo7 ( ~ m ~ / g - m o l e ) ~  atm ("K)li2 and 
b, = 28.70 cm3/g-mole. (ii) Assuming that b, 
for deuterium sulfide was equal to b,, the 
deuterium sulfide vapor pressures between 
- 30 and +- 30 "C (Table 3) were fitted to yield 
the Redlich-Kwong constants a, = 8.590 x lo7 
(~m'/g-mole)~ atm and b2 = 28.70 
cm3/g-mole. (iii) Assuming that the a2/a, ratio 
of the attractive constants in the Redlich-Kwong 
equation for deuterium to hydrogen sulfide was 
invariant and independent of the covolume b, 
the value of a(D,S, h.t.) was then given by 
a(H2S, h.t.) . (a2/al). 

The error on all a values was assumed to be the 
same, 0.372"/, as for a(H2S, h.t.). 

Liquid Volunzes 
The liquid molar volumes for hydrogen sulfide, 

presented in Table 6, were evaluated from a 
sixth-order polynomial in temperature, which 
equation represented the measurements of Rea- 
mer, Sage, and Lacey (3), and of Klemenc and 
Bankowski (10) together with our value at 

-79 "C. The standard error on any calculated 
liquid volume is less than 0.005 cm3/mole. 

The liquid deuterium sulfide molar volumes, 
presented in Table 7, were obtained as follows. 
Taking 373.07 and 372.07 OK, respectively, for 
the hydrogen and deuterium sulfide critical 
temperatures (4, 18), the factor, 1.00184, was 
found by which the hydrogen sulfide liquid molar 
volume at the same reduced temperature must be 
multiplied to obtain our deuterium sulfide liquid 
molar volume at - 79 "C. This factor was assumed 
to be invariant, and was used to multiply all 
hydrogen sulfide liquid volumes to obtain the 
deuterium sulfide liquid volumes at the same 
reduced temperatures. 

Saturation Properties 
The hydrogen sulfide saturation vapor pres- 

sure P,(atm) from eq. [I ] ,  vapor molar volume 
V, (cm3) from eq. [4], liquid molar volume V ,  
(cm3), and enthalpy of vaporization AH,,, (cal) 
between - 80 and + 50 "C are presented in 
Table 6. This calorimetrically observable satura- 
tion molar enthalpy of evaporation AH,,, was 
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TABLE 8 

Hydrogen sulfide vaporization standard thermodynamic function changes* 

AGO AHo AS" AC," 
(cal/mole) (cal/mole) (cal/deg mole) (calldeg mole) 

Temperature 
c'c) Value 0 Value 0 Value B Value G 

-80.0 431.11 0.12 4642.3 9 .1  21.803 0.047 - 8.04 0.50 
-75.0 322.61 0.10 4601.9 6 .8  21.596 0.035 - 8.12 0.45 
-70.0 215.14 0.24 4561.1 4.7 21.393 0.024 - 8.21 0.40 
-65.0 108.68 0.34 4519.8 2.8 21.192 0.015 - 8.29 0.35 
- 60.275 8.98 0.39 4480.5 1.4 21.005 0.008 - 8.37 0.31 
-60.176 6.91 0.39 4479.6 1.4 21.001 0.008 - 8.38 0.31 
-60.0 3.21 0.39 4478.2 1.3 20.994 0.008 - 8.38 0.31 
-55.0 -101 .27  0.41 4436.0 0 .8  20.799 0.004 - 8.46 0.26 
-50.0 - 204.78 0.41 4393.5 1 .6  20.606 0.006 - 8.55 0.21 
-45.0 -307 .34  0.38 4350.6 2 .5  20.416 0.010 - 8.63 0.16 
-40.0 -408 .95  0.33 4307.2 3.2 20.228 0.012 - 8.72 0.12 
-35.0 -509 .62  0.28 4263.4 3 .6  20.042 0.014 - 8.80 0.08 
-30.0 -609 .37  0.22 4219.1 3.8 19.858 0.015 - 8.89 0.05 
-25.0 - 708.20 0.18 4174.5 3.8 19.676 0.015 - 8.98 0.06 
-20.0 - 806.14 0.15 4129.4 3.6 19.496 0.014 - 9.06 0.10 

* ~ A C , O / ~ T  = -0.0170 ri: 0.0096 caljdegz mole. 

calculated from the Clapeyron relation 

where the value for (dPldT),,, was derived from 
eq. [I]. The good agreement of our AH,,,, 
4464 i 1.4 cal at the normal boiling point 
- 60.27, "C, with the calorimetric value, 4464 f 
4 cal(13), indicates the good agreement between 
the (dPldT),,, slopes for the measurements of 
Giauque and Blue and for eq. [I 1. 

The deuterium sulfide vapor pressure P, (atm) 
from eq. [2] and other saturation properties are 
presented in Table 7. No literature data are 
available for comparison. At - 80 "C the vapori- 
zation enthalpy for deuterium sulfide is 1.2% 
larger than for hydrogen sulfide, at 27 "C the 
enthalpies are equal, and at all higher tempera- 
tures deuterium sulfide has the smaller value. 

Vaporization Standard Thermodynamic Function 
Charzges 

The vaporization equilibrium constant K (atm) 
at vapor pressure P and temperature T absolute 
is defined by the relation 

in which AGO is the vaporization standard free 
energy change for the transfer of one mole of 
liquid at 1 atm pressure to give vapor at 1 atm 
fugacity. The equilibrium vapor fugacity f in 
atmospheres is calculated from 

RT b 
171 l n f =  In- + -- v -  V - b  

as derived from the Redlich-Kwong equation of 
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CLARKE AND GLEW: PROPERTIES OF H2S AND D2S 

TABLE 9 
Deuterium sulfide vaporization standard thermodynamic function changes* 

AS" 
(cal/deg mole) 

ACn0 
(cal/deg mole) 

Temperature 
w) Value u Value u Value u Value o 

*dACP0ldT = -0.0120 f 0.0102 cal/dega mole. 

state, eq. [4]. The standard thermodynamic 
f~~nct ion  changes for vaporization, the enthalpy 
AH0, entropy AS0, heat capacity ACpO, and its 
temperature derivative dACpO/d~,  together with 
their errors, are evaluated by treating the In K 
values from eq. [6] according to the method of 
Clarke and Glew (12). 

Hydrogen Su@de 
The standard thermodynamic function changes 

for vaporization of hydrogen sulfide between 
-80 and +50 "C are presented in Table 8. 
The standard errors reported take into account 
experimental errors on the vapor pressures, errors 
on evaluation of the f/P ratio due to uncertainty 
of the Redlich-Kwong coefficient a, and errors 
on the estimation of the liquid molar volumes. 
The error due to uncertainty of the liquid molar 
volume contributes a very small part (-0.3 %) 
of the total error at all temperatures. The error 
due to uncertainty of the vapor f/P ratio makes 
the largest contribution at all temperatures. The 

vapor pressure measurement error contributes 
a small proportion to the total error at high 
temperatures (14-22 % at 30 "C), which propor- 
tion increases at low temperatures (25-45 % at 
-75 "C). 

An independent check on the consistency of our 
thermodynamic functions with other measure- 
ments is provided by a comparison of the 
hydrogen sulfide liquid heat capacities. We obtain 
the values 16.25 i 0.48 cal/deg mole at - 78" C 
and 16.07 & 0.31 at the normal boiling point 
-60.27, "C from the ideal gas heat capacities 
(19) combined with our values for ACpO, with 
small corrections for change of the liquid from 
standard to saturation pressures. These values 
agree within their standard errors with the liquid 
heat capacities, 16.24 cal/deg mole at -78 "C and 
16.32 at - 60.27, "C, interpolated from calori- 
metric measurements (13). 

Deuterium Suljide 
The standard thermodynamic function changes 
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TABLE 10 
Isotope effect standard therlnodynamic function changes* 

-- 

AAG" AAH" AAS' AAC," 
(cal/mole) (cal/mole) (cal/deg mole) (cal/deg mole) 

Temperature 
("c) Value G Value o Value ci Value G 

*dAAC,O/dT = 0.0050 i 0.0035 calIdeg2 mole. 

for vaporization of deuterium sulfide are pre- 
sented in Table 9. The standard errors reported 
take into account the errors on determination of 
the vapor pressures, errors on the evaluation of 
the f/P ratio, and errors on the estimation of the 
liquid molar volumes. The standard thermo- 
dynamic function variance derived from the f/P 
ratio uncertainty for deuterium sulfide is equal 
to the sum of the variance from the f/P ratio 
uncertainty for hydrogen sulfide and the variance 
from the f/P difference uncertainty for deuterium 
and hydrogen sulfides. The standard thermo- 
dynamic function variance derived from the 
liquid molar volume uncertainty for deuterium 
sulfide is equal to the sum of the variance from 
the molar volume uncertainty for hydrogen sulfide 
and the variance from the molar volume differ- 
ence uncertainty for deuterium and hydrogen 
sulfides. For deuterium sulfide the relative con- 
tributions of the components to the total error 
have the same distribution as that discussed for 
hydrogen sulfide. 

Isotope EfSect 
The deuterium isotope effect for vaporization 

is defined by the equation 

in which the isotopic difference of standard free 
energy change, A A G O ,  is related directly to the 
ratios of the vapor pressures and the f/P ratios, 
and to the differences of liquid molar volume 
terms. The isotopic difference of vaporization 
standard thermodynamic function changes, en- 
thalpy A A H O ,  entropy A A S O ,  etc., together with 
their errors, are evaluated by treating the 
In (K,,/K,) values from eq. [8] according to the 
method of Clarke and Glew (12), and are pre- 
sented in Table 10. The thermodynamic function 
errors derived from the uncertainty in the experi- 
mental vapor pressure ratio are determined direct- 
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CLARKE AND GLEW: PROPERTIES OF HIS AND D2S 775 

ly from eq. [3] rather than from the difference 
between eqs. [2] and [I]. The thermodynamic 
function errors derived from the uncertaintv of 
the ratio of the f /P values is a small percen;age 
(-1.5%) of the error derived from the uncer- 
tainty of the separate f /P values, and are evaluated 
assuming that the Redlich-Kwong coefficient a 
for deuterium sulfide could be equal to that for 
hydrogen sulfide instead of the value in Table 5. 
Similarly, the errors on standard thermodynamic 
functions derived from the uncertainty of the 
liquid molar volume term are evaluated assuming 
that the molar volume for liquid deuterium sulfide 
could be the same as for hydrogen sulfide. 

The deuterium and hydrogen sulfide vapor 
pressures show the well-known isotopic cross- 
over effect which has been interpreted by 
Bigeleisen (20, 21). According to this theory at  
low temperatures the higher hydrogen sulfide 
vapor pressure arises mainly from the transla- 
tional and rotational motions in the liquid. This 
should be accompanied by a larger liquid molar 
volume for hydrogen sulfide, in direct conflict 
with our volume measurements. This volume 
difference could be explained by hindered 
rotational (librational) motions in the liquid, on 
which the molar volume is more critically depen- 
dent than the vapor pressure. 

This work was supported in part by a grant under the 
National Research Council of Canada Industrial Re- 
search Assistance Program, 1966. 
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Decomposition of aqueous dithionite. Part I. Kinetics of 
decomposition of aqueous sodium dithionite 

W. J. LEM' AND M. WAYMAN 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto 181, Ontario 

Received October 6, 1969 

A rate equation for the total path of decomposition of aqueous Na2S204 in the p H  range 3.5-5.0 
at 23 "C was determined, taking into account the rapid autocatalytic decomposition as well as the 
"induction" period. The kinetic data were determined by a continuous polarographic method. The form 
of the rate equation was found by studying the decomposition of aqueous Na2S204 at various values of 
p H  and at various initial concentrations. Rate constants were calculated from the data using the inte- 
grated form of the rate equation. The rate equation, with certain limitations, was found to be 

where kl = 1.67 x 10-l l mole-' s-l and k, = 5.83 x 10312 molew2 s-' at 23 "C; C and C, being 
dithionite concentration at time t and initial concentration, respectively. The integrated form of the rate 
equation was used to generate decomposition curves, which are in reasonable agreement with the 
experimental data. 
Canadian Journal of Chemistry, 48,776 (1970) 

Introduction 
Sodium dithionite, Na,S,O,, is a strong 

reducing agent used in chemical industry and is 
unstable in aqueous solution. The kinetics and 
mechanism of the decomposition of aqueous 
dithionite are still in dispute. Little has been 
published about dithionite decomposition, and 
the published findings are contradictory. For 
example, the order of the decomposition reaction 
was reported to be first (I), three-halves (2), and 
second (3). The rate of decomposition of aqueous 
sodium dithionite is greatly affected by pH, being 
slow at high p H  values and very rapid at low 
p H  values. Decomposition takes place in stages, 
being slow during an "induction9' period, the 
length of which depends on prevailing conditions, 
followed by a rapid autocatalytic reaction to 
completion. Most of the previous kinetic work 
on the decomposition of dithionite has been 
concerned with the induction period, where the 
reaction is still quite simple, and at high p H  
values, where the reaction is relatively slow. In the 
present work, the decomposition of sodium 
dithionite was investigated in aqueous solution 
at relatively low p H  values, where the reaction 
is moderately rapid. The experiments were con- 
ducted in the absence of oxygen at room tem- 
perature. The objective was to determine a rate 
equation for the whole course of the reaction to  
complete decomposition. 

'Present address: Imperial Oil Enterprises Limited, 
Sarnia, Ontario. 

Experimental 
Continuous polarographic analysis of dithionite as 

described by the authors (4) was modified for the present 
work. According to Furness ( 5 ) ,  dithionite in 0.5 M 
(NH4)2HP04 and 0.5 M N H 4 0 H  as supporting elec- 
trolyte produces a well-defined anodic curve with a half- 
wave potential of -0.43 V vs. standard calomel electrode 
(s.c.~.). In this study, a new supporting electrolyte suitable 
for the required p H  range was found to be 0.1 M HOAc 
and 0.1 M NaOAc. This produced a similar anodic curve 
as shown in Fig. 1. In the polarographic analysis of 
dithionite, the applied voltage was kept constant at the 
plateau and the current was measured continuously 
against time. The voltage was kept constant at -0.2 V vs. 

FIG. 1. Polarogram of 5.5 mMNa2S204 in 0.1 M 
NaOAc and 0.1 Y H O A c  at m, (rate of flow of Hg) = 
1.215 x g s- , t ,  (drop time, i.e., time between 
drops of Bg) = 6 s per drop, T = 23 "G. 
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LEM AND WAYMAN: DECOMPOSITIO IN OF AQUEOUS DITHIONITE. PART I 777 

FIG. 2. Schematic diagram of the continuous polaro- 
graphic analysis of buffered dithionite. The p H  is also 
continuously recorded. A,  Radiometer PO4 polarograph; 
B, Heathkit pHmeter with recorder; C, dropping mercury 
electrode; D, continuous polarographic analysis H-cell; 
E, continuous p H  H-cell; F, pumps; G, argon gas; H, 
dithionite solution containing acetate huger ; I, magnetic 
stirrer. 

s.c.e. and the anodic current agreed with the IlkoviC 
equation, that is, the current was proportional to the 
concentration, other parameters being kept constant (6). 

The apparatus used is shown in Fig. 2. The polarograph 
was a Radiometer P04. A Heathkit Model EUW-301 
meter was used for the continuo~~s measurement of pH. 
The sodium dithionite, having a purity of 98%, was 
specially prepared and kindly provided by Associated 
Chemical Companies Ltd., of Harrogate, Yorkshire, 
England. The remaining impurities were mainly sodium 
carbonate, sodium sulfite, and sodium thiosulfate and it 
did not appear possible to increase the purity further for 
this work. All water used was distilled, de-ionized, de- 
aerated by boiling, and swept with 99.997% argon gas 
which was also used to provide an inert atmosphere 
during the decomposition of dithionite. 

In a 3 1 flask with magnetic stirrer, a known weight of 
Na2S2Q4 was dissolved in the proper acetate buffer to 
give the required constant p H  value. With argon gas 
providing the inert atmosphere, the solution was trans- 
ferred from the flask to a modified polarographic M-cell 
with provision for the solution to come in from the 
bottom and go out at the top. An Aminco small-volume 
peristaltic-action pump was used with Tygon tubing 
having an outer diameter of g in. to pump the solution at 

a rate of 3 x 1 s-'. The p H  value was measured 
continuously. 

The rate of decomposition of 5 x M Na2SzO4 at 
p H  4 was compared using NaOAc-HOAc buffer and, in a 
separate experiment, sodium hydrogen phosphate - citric 
acid buffer. They were found to be essentially identical, 
suggesting that acetate did not specifically affect the rate 
of decomposition of dithionite at constant pH. 

Results and Discussion 

In  order to  determine the rate equation of the 
decomposition of aqueous sodium dithionite, a 
series of experiments at different p H  and different 
initial dithionite concentrations was performed. 
The buffer used was the sodium acetate - acetic 
acid system, at p H  of 3.5, 4.0, 4.5, and 5.0, in 
which range the rate of decomposition was neither 
too fast nor too slow to be studied in this equip- 
ment, and at initial concentrations of Na2S20, 
of 1 ,2 ,5 ,  and 10 x M. The decomposition 
of Na2S20, under these conditions produced 
S-shaped concentration-time curves, three of 
which are shown in the irregular lines on Figs. 
3, 4, and 5, and generalized in diagramatic form 
in Fig. 6. A rate equation which would produce 
this shape would have the form 

- dC 
- k l [ H + l r n ~ "  + k2[H+IPCq(Co - C)' C11 ,- - 

where C is the concentration of dithionite at 
time t (moles 1- I), C, is the initial concentration 
of dithionite (moles I-'), [Hf ] is the concentra- 
tion of the hydrogen ion (moles I-'), k ,  and k ,  
are rate constants. and m, n , p ,  q, and r are orders 
of reaction. 

EXPERIMENTAL 

- CALCULATED 

0 3 6 9 

Time , s x 10.' 

FIG. 3. Decomposition of 10 m M  aqueous Na2S2Q4 
at pH 4 using acetate buffer. The irregular curve is the 
polarograph recorder plot. The smooth curve was calcu- 
lated from the integrated rate equation. 
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WvbVM EXPERIMENTAL 

--- CALCULATED 

u 
0 3 6 9 

Time , s x 10.' 

FIG. 4. Decomposition of 10 m M  aqueous Na,S204 
at p H  3.5 using acetate buffer. The irregular curve is the 
polarograph recorder plot. The smooth curve was 
calculated from the integrated rate equation. 

5 

%$$I EXPERIMENTA 

3 - CALCULATED 
x 

- 3 
'9 - 
E 2 - 
0' 

% 1 
Z - 

0 
0 3 6 9 12 

T ~ m e  , s x 16' 

FIG. 5. Decomposition of 5 mMaqueous NazS,04 at 
p H 4  using acetate buffer. The irregular curve is the 
polarograph recorder plot. The smooth curve was calcu- 
lated from the integrated rate equation. 

TIME 
FIG. 6. Diagrammatic typical decomposition curve of 

aqueous sodium dithionite. So = initial slope at t = 0 
(moles s-I), Sliz = slope at C = Co/2. 

In general, the first term on the right hand side 
of eq. [ I ]  represents the intial rate of decom- 
position and thus, under these conditions, the 
rate during the induction period, while the second 

term represents the autocatalytic, rapid phase of 
the decomposition, (Co - C)' being a function of 
the concentration of a product of decomposition 
which is the catalyst. 

At t = 0, C = Co 

.'. log So = i z  log Co f log k ,  [H']"' 
and 

log So = m log [H ' ] f log k ,  Con 

According to eq. [3], a plot of log So vs. log Co at 
constant p H  would give a slope equal to n, and an 
intercept equal to log k ,  [H' 1'". A series of values 
of n were thus obtained at various pH values, as 
shown in Fig. 7. Similarly, from eq. [4], a plot 
of log So vs. log [Hf ] at constant Co would give a 
slope equal to m and an intercept equal to log 
k,COn. A series of values of m were obtained at 
various constant initial concentrations as shown 
in Fig. 8. Furthermore, knowing the values of m 
and n, the values of k ,  could be calculated from 
the intercepts. The values of m, n, and k ,  so 
obtained are shown in Table 1. The values of m 
and n were calculated from the least squares 
straight lines shown in Figs. 7 and 8. It is evident 
that the straight lines are only an approximation 
to the data, especially in Fig. 7 at the lower pH 

0 Constant pH 4 0 

o Constant pH 4 5 

a Constant pH 5 0 

FIG. 7. Initial rates of decon~position of aqueous 
sodium dithionite solutions, plotted at constant pH. 
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TABLE 1 
Summary of the results for the determination of the orders 
of reactions and rate constants for the decomposition of 

aqueous Na2S204 

kl? k2 f 
pH* nt (1 mole-' s-') (q + r)f (1' mole-2 s-I) 

* K e ~ t  constant. 

o 2 xlG3~No2S204 

e I x 10 .~  M Na2S204 
I I I 1 

- 5 - 4  5 - 4  - 3  5 

l og  [ n i l  
FIG. 8. Initial rates of decomposition of aqueous 

sodium dithionite solutions, plotted at constant initial 
dithionite concentrations. 

values, where the slope appears to be increasing 
with concentration. Thus it is evident that n is a 
function of both p H  and concentration. In spite 
of this variation, it is convenient and useful to 
round the values of nz and rz both to 1. Then eq. 
[ I ]  may be written as 

-dC 
C ~ I  = k l [ H f  ]C + k2[H+]"Cq(Go - C)' 

This equation represents the reaction as some- 
what more sensitive to p H  than the experimental 
results warrant, and ignores a second order effect 
of dithionite concentration on the initial rate of 
decomposition at the lower p H  values. While the 
addition of further terms to the equation would 
remedy these defects, the simplification sepre- 
sented by eq. [5] is valuable. 

The values of k,,  shown in Table 1, vary too 
widely to be averaged, and will be calculated 
below by another method. From eq. [5] ,  at 
c = C,/2 

Define AS = S,,, - S,/2 

k2L-H+IP 
[8] log AS = (q  + r) log Co + log 2q-I-r 

and 
k2COq+' 

[9] log AS = log [ H i ]  + log 

~ c c o r d i n ~  to eq. [8] ,  a plot of log AS vs. log Co 
would give a slope equal to (q + r) at constant 
pH, and an intercept log k 2 [ H f  ]P/2q+r. A series 
of values of (q  + r )  were obtained at various 
values of constant p H  as shown in Fig. 9. 
Similarly, according to eq. [9] ,  a plot of log AS 
vs. log [H']  would give a slope equal to p at 
constant Go and an intercept equal to log 
k , c , 4+r  12 q + r  . A series of values of p were ob- 
tained at various constant initial concentrations 
as shown in Fig. 10. With the values of (q+r)  
and p being known, the rate constant k, could 
be calculated from the intercepts. The values so 
obtained are shown in Table 1. The least squares 
straight lines in Figs. 9 and 10 are somewhat 
better than those in Figs. 7 and 8, although the 
p H  = 3.5 line in Fig. 10 leaves much to be dksired. 
As before, we shall assume that p = 1, recog- 
nizing that this ignores the concentration effect 
at low pH. The values of (q  + r) present a some- 
what more serious problem since the points are 
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' /  
A Constont pH 3 5 

o Constont pH 4 . 0  

o Constont pH 4  5 

e Constont pH 5 0  

- 3 -2.7 - 2.3 - 2 

l o g  G o  
FIG. 9. Rates of decomposition of aqueous sodium 

dithionite solutions during the autocatalytic phase, 
plotted at constant pH. 

CHEMISTRY. VOL. 48, 1970 

i , , I I 

FIG. 10. Rates of decomposition of aqueous sodium 
dithionite solutions during the autocatalytic phase, 
plotted at constant initial dithionite concentrations. 

scattered and the slopes vary from 1.36 to 1.82. in part, the nature of the log-log plot. A small 
For the purpose of approaching ui~derstanding change in the slope changes the constants 
of this reaction, we shall take (q + r) = 2, and drastically. For example, at constant Co equals 
assume that q = r = 1. These are bold assump- 10 x 144 Na,S20,, the value of k, calculated 
tions, suggesting, for example, that the decom- based on p equals 1 was 4.11 x lQ4 l2 mole-2 
position of each molecule of dithionite results s-l .  If the value o fp  were taken as 0.9, k2 would 
in the formation of a molecule of catalyst, be equal to 1.50 x lo4. Thus, the rate constants 
whereas there are undoubtedly a number of calculated this way were very sensitive to the 
reactions proceeding sin~ultaneously. However, values chosen for the reaction orders. 
making these approximations allows us to write Another method for determining the rate 
eq. [I ] in the form constants used the integrated form of the rate 

equation [lo] derived as follows. By rearranging 
- dC 

Cl0l 7 = k,[H"]C + Ic2[H"]~(C, - C) eq. 1101 
- dC 

The variation in k,,  as that in k , ,  was too great = (kl[M+] $ k2[M']Co)C - k,CHf]C2 
for averaging. The reason for this variation was, 

and 

C dC 
ClIl - 

Since 
dx -1 a - t - b x  

= - log - 
x ( a - t - b x )  a x 
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LEM AND WAYMAN: DECOMPOSITION OF AQUEOUS DITHIONITE. PART I 781 

1 kl + k2Co - k2C 
e - log 5) = L 

klL-Hi] + k,CH+ICO Co 

Equation [I21 was used to generate C-t 
curves. By taking specified values of [H'] and 
C,, the value o f t  was calculated at various con- 
centrations. A plot of the calculated C-t curve 
was compared with the C-t curve obtained 
experimentally. The constants which best fitted 
the experimental data were taken as satisfactory 
values of k, and k,. When k, and k, were taken 
as 1.67 x 10-I 1 mole-' s-I and 5.83 x lo3 1' 
mole-' s-I, respectively, at p H  = 4 and C, = 
10 x MNa2S20,,  the C-t curve calculated 
agreed reasonably well with that obtained 
experimentally; as shown in Fig. 3. Figures 4 
and 5 similarly show decomposition curves 
generated using the integrated form of the rate 
equation and the same values of k, and k2 at p H  
= 3.5 and C, = 10 x M and at p H  = 4.0 
and C, = 5 x M, respectively, and show 
reasonable agreement with the experimental 
decomposition curves. 

Figure 11 shows a plot taken from Fig. 5 of 
the paper by Rinker et al. (2), the C-t curve at 
pH = 6.0 and C, = 11.5 x M Na2S204 at 
60 "C. A C-t curve was generated using eq. [12] 
but the values for k, and k, had to be changed 
because the temperature was different. The 
curve so obtained using k, and k, as 5 x lo-' 1 
mole-' s -I  and 1.67 x 10' l2 mole-' s-l ,  
respectively, is also shown in Fig. 11. There is 

- EXPERIMENTAL DATA, RINKER E T  AL.  '\ 

RATE EOWTION 

1 d '--- I 
o b 5 10 15 20 25 30 35 

Time , s x 

FIG. 11. Decomposition of 11.5 mMaqueous sodium 
dithionite at 60 "C: comparison of a curve generated 
using eq. 1121 with the experiinental data of Rinker et 
a/.  (2). 

reasonable agreement between these curves, 
suggesting some support for the general form of 
the rate equation and the approximations made. 

Conclusions 

The rate of decomposition of aqueous Na2S204 
depends on its concentration, the concentration 
of a product of its decomposition, and the p H  
values, and may be represented by the following 
rate equation 

The values of k ,  and k, which best fit the experi- 
mental data at 23 "C are 1.67 x lo-' 1 mole-' 
s-I and 5.83 x lo3 I' mole-' s-I, respectively. 

The rate equation shown here incorporates a 
number of approximations, the experimental 
data being somewhat less sensitive to p H  and, 
at low pH, more sensitive to dithionite concen- 
tration than the equation implies. A better 
equation would have at least two more terms, 
one of which would reflect the sensitivity of the 
initial decomposition rates to dithionite concen- 
tration at low p H  values and the other to reflect 
side reactions in which dithionite decomposition 
did not result uniquely in the autocatalyst. 

The integrated form of the rate equation may 
be used to generate decomposition curves in 
reasonable agreement with experimental data. 

This work was carried out at the University of Toronto, 
assisted by grants from the National Research Council of 
Canada and the Department of University Affairs of the 
Province of Ontario. One of us (W.J.L.) is grateful for an 
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Decomposition of aqueous dithionite. Part 11. A reaction mechanism 
for the decomposition of aqueous sodium dithionite 

M. WAYMAN AND W. J. LEM' 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Tororzto 181, Ontario 

Received October 6, 1969 

The decomposition of dilute aqueous sodium dithionite has been studied in unbuffered solutions by 
means of continuous polarography, accompanied by recorded p H  values. The decomposition-time 
curve began with a slow "induction" period followed by an S-shaped rapid phase. The p H  values 
decreased slightly during the induction period and increased considerably during the rapid phase. The 
addition of a solution of fresh decomposition products eliminated the induction phase. The addition of 
sulfide also eliminated the induction period and catalyzed the reaction. The accepted stoichiometry (2) of 
the reaction was confirmed. The following sequence of reactions is proposed 

In the presence of HzS and possibly S formed in side reactions which consume H+,  reaction [5]  is 
catalyzed and may be represented as 

and 

The rate equation is represented as 

Reaction [4] is rate limiting during the induction period and reaction [5] (catalyzed), during the rapid 
phase of decomposition. 
Canadian Journal of Chemistry, 48,782 (1970) 

Introduction 
Jellinek and Jellinek (1), in 1919, were probably 

the first to study the kinetics of the decomposi- 
tion of aqueous Na2S20,. However, it was not 
until 1965 that Rinker et al. (2) proposed a 
stepwise mechanism. Decomposition of dithio- 
nite takes place in stages, being slow during an 
"induction" period, the length of which depends 
on the prevailing conditions, followed by a rapid 
autocatalytic reaction to completion. The mech- 
anism proposed by Rinker et al. was in agreement 
with their experimental data for the induction 
period. They found that the initial reaction rate 
was three-halves order with respect to dithionite 
ion concentration and one-half order with 
respect to hydrogen ion concentration. However, 
they encountered difficulty in interpreting their 

'Present address: Imperial Oil Enterprises Limited, 
Sarnia, Ontario. 

results because the concentration data oscillated 
with time. They did not propose a rate equation 
or mechanism for the rapid reaction following 
the induction period. The object of the present 
study was to propose a mechanism for the whole 
course of the reaction of the decomposition of 
aqueous Na2S,0, in agreement with the rate 
equation derived in Part I (3) and with further 
experimental evidence. The rate equation, under 
conditions of an inert atmosphere, in the p H  
range of 3.5 to 5.0 in dilute aqueous solution at 
23 "C could be represented, with certain quali- 
fications, as 

where C and C, are dithionite concentrations at 
time t and 0, respectively, k ,  = 1.67 x lo-' 1 
mole-'s-', and k2 = 5.83 x lo3 l2 m ~ l e - ~ s - ' .  
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WAYMAN AND LEM: DECOMPOSITION OF AQUEOUS DITHIONITE. PART I1 783 

Experimental 
Deco~nposition of Unbuffered Aqueous Na2S204 

Sodium dithionite of 98 % purity (3) was dissolved in 
deaerated distilled water in concentrations from I x 
to 10 x M. The decomposition rate was determined 
from concentration-time curves obtained by continuous 
polarography (4) in the experimental arrangement shown 
in Fig. 1. The experiments were conducted in an argon 

FIG. 1. Schematic diagram of continuous polaro- 
graphic analysis of dithionite: A,  Radiometer PO4 
recording polarograph; B, dropping mercury electrode; 
C, Heathkit pH meter with recorder; D, continuous 
polarographic analysis H-cell; E, continuous p H  H-cell; 
F, pump; G, argon; H, dithionite solution; I, magnetic 
stirrer; J, solution of supporting electrolyte; K, T-tube. 

atmosphere. Separate pumps were used to transfer the 
decomposing NazS204 solution and the acetate support- 
ing electrolyte (3), the two streams being mixed in a 
T-tube before entering the analytical H-cell. The applied 
voltage between the dropping mercury electrode and the 
saturated calomel electrode was kept constant at -0.2 V. 
The current, which was proportional to the concentration 
of dithionite, was measured against time continuously. 
The pHvalue, which was changing during the decomposi- 
tion, was also measured continuously. 

Two decompositioncurves at 5 x and 10 x M 
Na2S20, are shown in Figs. 2 and 3. The change of pHas 
the concentration of Na2S204 decreased is also shown. 
The curves for pHvs. time are quite interesting in that the 
Na2SZ04 solution was initially at p H  of about 4, and the 
p H  decreased slightly until the decomposition of dithio- 
nite began to accelerate, whereupon it increased rapidly. 
The increase in p H  during the rapid decomposition of 
dithionite indicated that hydrogen ion was consumed in 
the reaction. Furthermore, the pH-time curves were also 
S-shaped, indicating a relationship between the rate of 
decomposition of dithionite and the hydrogen ion 
concentration. It is also seen that the p H  value decreased 
after decomposition of Na2S204 was complete, indicating 
continued reaction of decomposition products. Finally, 
sulfur, observed as a cloudy precipitate, disappeared if 
left over a period of about 24 h, again suggesting con- 
tinuing reactions. 

Addition of Fresh Na2S204 to Newly-Decomposed 
NazSz04 

To study the effect of the products of newly-decom- 
posed NazS204 on the rate of decomposition of NaZS204, 
2 1 of 10 x lom3 M Na2SZO4 at constant pHwas allowed 
to decompose. After the decomposition was complete, 
10 x mole of fresh solid Na2S204 was added and 
the volume re-adjusted to 2 1. After the mixed solution 
was again decomposed, another 10 x mole was 
added and the volume was again adjusted to 2 1. This 
process was repeated four times altogether at constant 
p H  = 3.5, and in a separate experiment at p H  = 4.0. 

The log of the initial slope, So, was plotted against the 
number of additions, and, as can be seen in Fig. 4, the 
products of the decomposition of dithionite raised the 
initial rate of decomposition of dithionite by about 10 
times. The induction period was eliminated. An increase 
in the amount of decomposition products did not increase 
the rate further, possibly due to the fact that some decom- 
position products tend to stabilize dithionite to some 
extent. 

FIG. 2. Decomposition of 5 m M  Na2Sz04. 
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FIG. 3. Decomposition of 10 m M  Na,S,O,. 

Efect of Possible Decomposition Products on the Rate of 
Decomposition of Aqueous NazS2O4 

The effect of several possible products of the decom- 
position of aqueous Na2SZ04 on its rate of decomposition 
was determined. As possible products, Na2S03, NaHS03, 
Na2S203, Na2S20,, and NazS at concentrations of 1, 5, 
and 10 x A4, were added to 10 x MNa,S,O, 
at constant p H  = 4. From the decomposition curves, 
plots of the logarithm of the concentration of the added 
possible product, log [XI, was plotted against log So, the 
initial slope, as shown in Fig. 5, and against log AS, where 
AS = Sliz - So/2, Sl,, being the slope when half of the 
dithionite was decomposed, as shown in Fig. 6. There was 
no definite trend in the initial rate of decomposition 

No2 SO, 

- - 

- 3 0  - 2 8  - 2 6  - 2 4  - 2 2  - 2 0  

l o g  [PRODUCT] 

FIG. 5. Effect of some possible products on the initial 
rate of decomposition of 10 m M  Na2S,0, at p H  = 4. 

NUMBER OF ADDITIONS 
FIG. 4. Effect of successive additions of solutions of 

decomposition products of newly-decomposed Na,S,O, 
on the rate of deconlposition of Na2S2G4. 

-3 .0  -2.8 -2.6 -2 .4  -2 .2  -2.0 

I og [PRODUCT] 

FIG. 6. Effect of some possible products on the auto- 
catalytic rate of decomposition of 10n1MNaZS204 at 
pH = 4. 
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- 3 . 6  -3 .4  -3  2 - 3  0 -2.8 - 2  6 - 2 . 4  - 2  2  - 2  0 

' O D  [XI 

FIG. 7. Effect of Na,S, NaHSO,, and Na2S203 on the initial rate of decomposition of 5 miM Na2S204 at p H  = 5. 

attributable to the addition of these chemicals. However, 
in the case of log A S  vs. log [XI, Na2Sz03 seemed to 
hasten somewhat the rate of decomposition. whereas 
Na2S03, NaHS03, and NazSZO, seemed to retard it. 

These rate changes were small, however, compared to 
the effect of Na,S. In the presence of these concentrations 
of NazS, the rate of decomposition was too great to be 
measured in this experimental arrangement at pH = 4, 
and the pHwas raised to 5 where the Na2S204 was more 
stable. A solution of 5 x lo-, MNa2S204  at p H  = 5 
was polarographically measured as usual for a few min- 
utes and a known weight of NaZS was introduced. The 
induction period was thereby eliminated. The rapid 
increase in the rate of decomposition was measured. The 
initial rate of decomposition after the addition of Na2S 
was plotted for various added concentrations of Na2S. 
For comparison, various concentrations of Na2Sz03 and 
NaHS0, were added in the same manner to 5 x l o h 3  M 
NaZS2O4 at p H  = 5. The results are shown in Fig. 7. The 
initial rate of decomposition of NaZSZ04 was approxi- 
mately proportional to added Na2S on a log-log plot. 

Detevrnination of the Decomposition Products 
In order to identify and determine the amounts of the 

major decomposition products, a polarographic method 
was used to analyze for S,032- and HS0,-. According to 
Kolthoff and Miller (5),HSOz- in 0.1 M HNOz ~roduces  
a cathodic wave with a half-wave potential of L0.4 V vs. 
standard calomel electrode (s.c.~.). Thus, the amount of 
bisulfite could be determined without much difficulty, as 
shown in the polarogram Fig. 8. Although S Z O , ~ -  
produced an anodic wave with a half-wave potential of 
-0.14 V vs. s.c.e. using 0.1 M K N 0 3  as its supporting 
electrolyte, SO,'- produced an anodic wave with a half- 
wave potential of 0.01 V vs. s.c.e. in 0.1 M KNO,. Thus, 
these two curves were too close to be analyzed quantita- 
tively. However, when formaldehyde was added to the 
solution, it reacted with the sulfide but not with the thio- 
sulfate,according to Furness (6). The resulting formalde- 
hyde bisulfite did not interfere. Ccnsequently, thiosulfate 
could be determined as shown in the polarograill in Fig. 9. 

0 - 0 2  - 0 . 4  -0.6 -0.8 -1.0 
APPLIED VOLTAGE ( V vs.  s c e . )  

FIG. 8. Polarogram of 2 m M  NaHS0, in 0.1 M 
HNO,, at m ,  (rate of flow of Mg) = 1.22 x lo-, g s-', 
td (drop time) = 6 s per drop. 

In this experiment, 4.00 x lo-, MNa2Sz04  was 
allowed to decompose completely. After two days, when 
no more Na,SZO4 remained, [S20,2-] and [HSO,-] 
were polarographically determined. The concentrations 
were found to be 1.93 x lo-, M for S ~ 0 3 ~ -  and 3.43 
x 1M for HS0,-.  These results were approximately 
in accord with the following overall stoichiometry 

The deviations, especially in [HSO,-1, suggest that other 
products are also formed. It should be noted that the ions 
whose formulae are given are consistent with the dis- 
sociation constants, H,S,O,, HS20,-, H2S0,, and 
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APPLIED VOLTAGE ( V vs. s.c.e.) 
FIG. 9. Polarogranl of 2mMNa2S20, in 0.1 M 

KNOB at rn, = 1.22 x g s-l, td = 6 s per drop. 

S032- all being less than 2% of thiosulfate or bisulfite in 
this p H  range. However, according to Jellinek's (7) value 
of K, = 3.6 x for dithionite, about 9 %  of the 
dithio2nite is in the form of HSZ04- at p H  = 3.5, and 
about 0.28 % at p H  = 5.0. 

Mechanism 
A mechanism which describes the decomposi- 

tion of aqueous Na2S204 under the conditions 
used in these experiments should (i) be consistent 
with the previously determined rate eq. [I], (ii) 
identify the decompositioll product in the second 
term of the rate equation, (iii) predict the overall 
stoichiometry of the reaction, and (iv) account 
for the catalytic behavior of H,S. Regarding 
(iii), the observed stoichiometry did not balance 
perfectly, the sum of sulfur accounted for by 
thiosulfate and bisulfite amounting to only 91 % 
of the sulfur in the starting dithionite, leaving 
9 % unaccounted for. Regarding (iv), we observed, 
as did Rinker and co-workers (2) ,  the formation 
of a milky cloud, which we also took to be sulfur, 
and we noted that this milkiness formed just 
prior to the onset of the rapid phase of decom- 
position. We also noted that the cloud dissolved 
in the decomposition products over a longer 
period of time, i.e. overnight. Rinker et a!. con- 

sidered sulfur as a possible catalyst for the 
reaction. 

The initial decomposition reactions of aqueous 
sodium dithionite may be represented as follows 

[3] S,04Z- + H +  -t HS02- + SO, 

As has been pointed out, the predominant 
dithionite ionic species is S2042-,but the amount 
of HS204- present is not negligible in this range 
of pH. Bellobono (8) has demonstrated reaction 
[3] in the strongly acid decomposition of sodium 
dithionite accompanied by stripping and collec- 
tion of SO,. The presence of reaction [4] is 
consistent with the small decrease in p H  during 
the induction period. Reaction [4] has the 
additional attraction of being an ion-molecule 
reaction, thereby satisfying one of the require- 
ments of Rinker et al. (2), namely, rate indepen- 
dence of ionic strength. 

Sulfoxylate is proposed as an intermediate 
by most workers in this field, including, for 
example, Lister and Garvie (9). The sulfoxylate 
formed in reactions [3] and [4] reacts with 
dithionite to form thiosulfate 

The sum of reactions [4] and [5] accounts for 
the observed stoichiometry. 

Reaction [ 5 ]  is slow in the absence of a catalyst 
such as H2S or possibly colloidal S. Several 
reactions of sulfoxylate have been proposed 
which may result in H2S or S, such as 

and H2S may react with sulfoxylate to form S 

Reactions [6], [7], and [8] consume H+ and may 
account for the rise in p H  observed during the 
rapid phase of the decomposition of aqueous 
sodium dithionite. 

The catalytic action of H,S may be attributed 
to its ability to accept electrons, and its presence 
would therefore improve the ability of dithionite 
and sulfoxylate to react. We may regard such 
electron acceptance as furthering the formation 
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of free radicals such as HSO,, giving rise to the 
more rapid reaction [9] 

which differs from reaction [5] in that an electron 
has been removed from one of the reactants, and 
there is also a free radical product. It  would be 
expected that this reaction would be much faster 
than reaction [5], which involves two negative 
ions. The equation of reaction [9] is a way of 
representing the catalyzed reaction [5]. The free 
radical product becomes the ion by re-acquiring 
the electron from the (temporarily negative) 
H,S. It  would be expected that polysulfides 
H,S, formed by the reaction of S and H,S would 
be even more effective radical stabilizers. 
Collodial sulfur may behave similarly as a 
catalyst. The rate-controlling reaction proposed 
by Rinker and co-workers (2) is very similar to 
reaction [9]. 

This sequence of reactions may now be com- 
pared with the rate equation [I], which may be 
rewritten as 

The rate constants k4 and k ,  have an integral 
relationship to k, and k,, for which numerical 
values were derived in the previous paper (3). 

Our satisfaction at the achievement of a 
representation of a formal relationship between 
the "observed" rate equation and a sequence of 
reasonable reactions is tempered by the aware- 
ness of the approximations involved in the 
formulation of the rate equation itself, the 
limited range of pH, temperature, and concen- 
trations reported, and, furthermore, the inter- 
esting observation that while eq. [lo] may have 
some merit in describing, however approxi- 
mately, the decomposition of aqueous sodium 
dithionite, it fails completely with other dithio- 
nites such as the zinc salt (10). 

This work was assisted by grants from the National 
Research Council and the Department of University 
Affairs of the Province of Ontario. One of us (W.J.L.) is 
grateful for an NRCC scholarship held during 1967-1969. 
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Qllyclooctatetraen~guinones. I. The synthesis and structupe of 
dibenzo[a,e]cyelooetenee5,dddione 

PETER YATES, ERROL 6. LEWARS, AND PETER H. MCCABE 
Lash Miller Chemical Laboratories, University of Toronto, Toronto 5, Ontario 

Received September 11, 1969 

Dibenzo[a,e]cyclooctene-5,6-dione (18), a derivative of 1,2-cyclooctatetraenoquinone (4), has been 
synthesized by selenium dioxide oxidation of dibenzo[a,e]cycloocten-S(6H)-one (26), itself obtained 
from the reaction of 5,11-dibromo-5,6,11,12-tetrahydrodibenzo[a,e]cyclooctene (20) with dimethyl 
sulfoxide and collidine. Infrared and proton magnetic resonance spectroscopic studies have shown that 
the 8-membered ring of 18 is not aromatic. 

Canadian Journal of Chemistry, 48, 788 (1970) 

Introduction 

Huckel's rule relating aromaticity to mono- 
cyclic 4n f 2 (n  integral) n-electron systems (1) 
and its empirical extension to polycyclic systems 
have stimulated studies of the synthesis and 
properties of a wide variety of cyclic n-electron 
systems (2). Prominent among these investiga- 
tions are those of Katz and coworkers (3) on the 
dianion formed by reduction of cyclooctatetra- 
ene. It has been concluded (3 ,4)  that this dianion 
is a planar, aromatic species, 1. This circumstance 
has been attributed in large part to the stabiliza- 
tion conferred by the 10 n-electron system 
(4n + 2), which more than offsets the angle- 
strain engendered by the assumption of the 
planar configuration. In contrast, cyclooctatetra- 
ene itself is non-planar and non-aromatic (%), 
since any stabilization conferred by the 8 n- 
electron system (412) is small and insufficient to 
compensate for the angle-strain introduced in the 
planar configuration; indeed, the planar 4n n- 
electron system may be antiaromatic and actually 
destabilize this configuration (5).  

Another 4n + 2 n-electron system related to 
cyclooctatetraene is the dication that is formally 
derivable from it by removal of 2 n-electrons. 

This has not been observed directly (61, although 
the suggestion has been made that it may be an 
intermediate in the anodic oxidation of cyclo- 
octatetraene (7). It is thus not known whether the 

dication exists as the planar aromatic species 3, 
analogous to 1, or adopts a non-planar, non- 
aromatic configuration. 

A closely related problem concerns the possi- 
bility of the aromaticity of I,2-cyclooctatetra- 
enoquinone (4) and its 1,4 isomer (5). These will 
be aromatic if they exist as approximately planar 
species to which the canonical forms symbolized 
by 4a and 5a, which embody the cycloocta- 
tetraene dication, make appreciable contribu- 
tions. Additional factors that intrude in these 

cases are the charge separation in the canonical 
forms represented by 4a and 5a and the Cou- 
lombic interaction between the negative charges 
on the oxygen atoms1 in these forms. Both of 
these factors will tend to increase the energy of 
these structures and reduce their effectiveness in 
conferring aromaticity on the cyclooctatetra- 
enoquinones. The related cyclobutadienoqui- 
nones (6) have been studied extensively by 

'The Coulombic interaction between the two positive 
charges on the ring atoms is common to these structures 
and 3. 
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Roberts and coworkers (8); their properties and 
unusual stability are in accord with substantial 
contributions from canonical forms symbolized 
by 6a (8a). However, the assumption of the 

planar configuration implied by 6a requires no 
increased angle strain relative to nonplanar con- 
figurations, and these compounds are not pre- 
cisely analogous to the cyclooctatetraenoqui- 
nones.2 A more closely analogous case is that of 
tropone (7), where recent results suggest that 
there is only a minor contribution from structures 
symbolized by 7a (9, 10). Nevertheless, it is 

probable that protonated tropone, i.e., the hy- 
droxytropylium ion 8, the formation of whose 
aromatic system does not require charge separa- 
tion, has appreciable aromatic character (1 
and this suggests that although the cycloocta- 
tetraenoquinones themselves may not be aro- 
matic in character, protonated species derived 
from them, such as 9 and 10, may be so. An 

alternative, but nonetheless interesting, possi- 
bility for the nature of the monoprotonated 
cyclooctatetraenoquinones is exemplified by the 

'Another differentiating factor is the cross-ring inter- 
action in the case of the cyclobutadienoquinones (8a). 

3The very recent results of Bertelli and coworkers 
(lob),  however, suggest that the aromaticity of 8 is less 
pronounced than has previously been considered. 

ion 11, the analog of the homotropylium ion 
formed on protonation of 2,4,6-cyclooctatrienone 
(12). 

The first reference in the chemical literature to 
a potential cyclooctatetraenoquinone derivative 
appeared in 1940 when the preparation of a 
compound provisionally assigned structure 12 
was reported (13). This would be converted by 
enolization to the hydroxydibenzo-l,2-cyclo- 
octatetraenoquinone 13. However, this com- 
pound has subsequently been shown to possess a 
different structure (14). Apparently, the first 
report of the preparation of cyclooctatetra- 
enoquinone derivatives appeared in 1962 when 
Cava and Ratts (15) described the formation of 
the halodibenzo-1,4-cyclooctatetraenoquinones 
14 and 15 on oxidation of the biphenylene de- 
rivatives 16 and 17, respectively. The possible 
aromatic nature of the %membered ring was not 
alluded to. The first report of deliberate attempts 
to synthesize cyclooctatetraenoquinone deriva- 
tives seems to be that of McIntyre et al. (16); no 
such derivatives were obtained, however. 

In the present work we have synthesized the 
1,2-cyclooctatetraenoquinone derivative 18, i.e., 
dibenzo [a,e]~yclooctene-5,6-dione,~ and have ex- 
amined its properties with especial reference to 
the possible aromaticity of the 8-membered ring. 

During the course of this work, Bendall and 
Neumer (17) have also reported the preparation 
of this compound, but by a different route. 

4Dibenzo[a,e]cyclooctene is the Chemiml Abstracts 
and Ring index name for the hydrocarbon 19. 
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Syntlzesis of Dibenzo(a,e/cyclooctene-5,6-dione 
(18) 

5 , l l -  Dibromo - 5,6,11,12 - tetrahydrodibenzo - 
[a,e]cyclooctene (20) was prepared in 75 % yield 
by bromination of the corresponding hydro- 
carbon (21) by the method of Cope and Fenton 
(18). The bromination is carried out with N- 
bromosuccinimide and is of interest since the 
5,ll-dibromo compound is formed with high 
zelectivity. This may be due to the preferential 
formation of the bridged intermediate 22 in the 
course of the introduction of the second bromine 
atom (19).5 

was obtained from the dihydroanthracene de- 
rivative 27 (21). Since compound 26 was of 
crucial importance in the present investigation, it 
was necebsary to confirm the struct~lral assign- 
ment. Its structure was established by its spectra 
[A,,, (CCI,) 5.98 p; 6 (CDCl,) 4.02 (s, 2H), 6.88 
(s, 2H),7 7.0-7.5 (m, 7H), and 8.25 (br d, 1H)] 

Treatment of the dibromo compound 20 with 
dimethyl sulfoxide and collidine (20) gave three 
products. The major product, obtained in ca. 40 % 
yield, was dibenzo [a,e]cyclooctene - 5,11 - 
( 6 ~ , 1 2 ~ ) - d i o n e ~  (23), which has previously been 
prepared by a 6-step sequence from diphenyl- 
succinonitrile in an overall yield of 4 %  (13, 18). 
Another product was the hemiketal24 (ca. 10 x), 
which has previously been obtained by conversion 
of 20 to the diol 25 and oxidation of this with 
chromic acid, and also by Meerwein-Pondorff 
reduction of the dione 23 (18). The third product 
formed on treatment of 20 with dimethyl sulf- 
oxide and collidine was dibenzo [a,e]cycloocten- 
5(6H)-one (26) (ca. 20%). 

The ketone 26 has previously been prepared by 
oxidation of the corresponding alcohol, which 

SThis view implies that 20 is the trans stereoisomer; its 
stereochemistry has not been established, however. 

6This name, the C'henzicnl Abstracts term for 23, is 
used with some reluctance, since it fails to indicate 
clearly that 23 and 18 are in different oxidation states; 
cf. footnote 4. 

and the following reactions. Hydrogenation at  
atmospheric pressure over palladium-carbon 
gave 11,12 - dihydrodibenzo [a,e]cycloocten - 5 - 
(6H)-one (28) (22, 23), identified by its spectra 
[h,,, (CC1,) 5.97 p; 6 (CDC1,) 3.20 (s, 4H), 4.05 
(s, 2H), 6.75-7.20 (m, 7H), and 7.20-7.38 (m, 
1H)] and its m.p. and that of its 2,4-dinitro- 
phenylhydrazone (23). Wolff-Kishner reduction 
of 28 gave 5,6,11,12-tetrahydrodibenzo [a,e]cy- 
clooctene (21), which was identified by com- 
parison with an authentic sample (18). Wolff- 
Kishner reduction of 26 itself gave 5,6-dihydrodi- 
benzo[a,e]cyclooctene (29) (22), identified by its 
proton magnetic resonance (p.m.r.) spectrum 
[6 (CDCl,) 3.13 (s, 4H), 6.70 (s, 2H), and 7.05 
(s, 8H)I and its m.p. 

Oxidation of 26 with selenium dioxide in 
dioxane gave dibenzo[a,e]cyclooctene-5,6-dione 

7That this single signal is a result of the accidental 
superimposition of the two vinyl proton signals was 
shown by examination of the corresponding I3C satellites 
(vide infra). 
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(18) in 24% yield. The structure of this product 
was established by its spectra [A,,, (CCI,) 5.83 
and 6.00 p ;  6 (CDCI,) 6.83 (s, 2H), and 7.0-7.7 
(m, 8H)], which will be discussed in detail 
subsequently, and its conversion on hydrogena- 
tion over palladium-carbon to 1 1,12-dihydrodi- 
benzo[a,e]cyclooctene-5,6-dione (31), identified 
by direct comparison with an authentic sample 
prepared from 28 via the a-oximino derivative 30 
(23). The melting point of 18 was undepressed on 
admixture with a sample of the product obtained 
by Bendall and Neumer (17) by oxidation of 32, 
itself prepared by a benzoin condensat i~n.~ The 
infrared (i.r.) spectra of the two samples were 
identical. 

30 X  = NOH 
3 1 X = O  

Properties of Dibenzo[a,ejcyclooctene-5,6-dione 
(18) 

The i.r. spectrum of 18 shows two strong bands 
in the carbonyl-stretching region [IL,,,, (CCl,) 
5.83 and 6.00 p]. In analogy with the spectra of 
many other a-diketones (24), these can be at- 
tributed to the antisymmetrical and symmetrical 
coupled stretching vibrations of the two carbonyl 
groups. Models suggest that the dihedral angle 
between the carbonyl groups is in the range 
0-40". This is consistent with the occurrence of 
strong coupling between the stretching vibrations 
of these groups; were the dihedral angle close to 
90°, little or no coupling would be expected (25). 
The case of 18 may be contrasted with that of its 
dihydro derivative 31, whose i.r. spectrum shows 
a strong carbonyl-stretching band at 5.97 p 
(CCl,) with a shoulder at 5.88 p. It has previously 
been concluded on the basis of ultraviolet (u.v.) 
spectroscopic measurements that 31 exists in a 
crown-type conformation in which the inter- 
carbonyl angle approaches 90" (23). Such a con- 
formation would account for the weakness of the 
vibrational coupling. Davison (24b) has suggested 
that the mean of the 2 frequencies may be taken 

as the unperturbed frequency of the individual 
carbonyl groups. We consider that this is an 
acceptable approximation in a case such as 18 
where the two bands are of comparable intensity, 
but is of dubious applicability in a case such as 31 
where one band is very much stronger than the 
other. The estimate thus obtained for the ap- 
proximate unperturbed position of the carbonyl- 
stretching band in 18 is 5.91 p. For 31 the 
unpcrturbed position is taken as lying in the 
range between the mean frequency and that of the 
strong band, i.e., 5.92-5.97 p. Comparison of 
these positions with each other and with the 
positions of the single carbonyl-stretching bands 
in the i.r. spectra of compounds 23 (5.95 p), 26 
(5.98 p), and 28 (5.97 p) shows that the position 
in the case of 18 is at shorter wavelength than in 
the other cases. Now, were the 8-membered ring 
of 18 aromatic in character, this would require, as 
discussed earlier, substantial contributions from 
canonical forms symbolized by 33. If such con- 
tributions were important, it would be expected 
that the unperturbed carbonyl-stretching band 
of 18 would lie at an appreciably lorzger wave- 
length than the bands of 23, 26,28, and 31. This 
would result from both the increased single bond 
character of the carbonyl bonds in 33 (26), and 
from the increased C-C-C angle at the carbonyl 

group (27). The fact that the band of 18 lies at 
shorter wavelength than the bands of the other 
compounds strongly contraindicates the aroma- 
ticity of the 8-membered ring.9 

Additional evidence for this lack of aromaticity 
comes fr0mp.m.r. studies. The two protons on the 
8-membered ring of 18 give rise to a singlet at  
6 6.83. The signals due to the corresponding 
protons in the enone 26 and the hydrocarbon 29 
appear at 6 6.88 and 6.70 p, respectively. Had the 

-- 
97he shift to shorter wavelength may be attributed to 

'We thank Dr. J. F. Neumer, E. I. du Pont de Nemours dipole-dipole interaction between the carbonyl groups, 
and Co., for generously providing us with a sample of exacerbated by a relatively small dihedral angle between 
his product. them. 
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%membered ring of 18 been aromatic in char- 
acter, it would have been expected to support a 
diamagnetic ring current that would lead to a 
significant deshielding of the protons attached to 
this ring (28). The fact that the signals that arise 
from these protons are closely similar in position 
to the vinylic proton signals of 26 and 29 again 
shows that the 8-membered ring of 18 is not 
aromatic. This is confirmed by the magnitude of 
the coupling constant between the protons on the 
%membered ring of 18. This could not be 
measured directly because these protons have 
identical chemical shifts, but was obtained from 
observation of the upfield 13C satellite signals, 
which gave JH, ,  = 12.8 and JH,lsc = 160 Hz. 
For comparison, the coupling constant between 
the corresponding protons in the enone 26 was 
measured. Resort again was had to the 13C 
satellite signals because of the accidental identity 
of the chemical shifts of these protons in 26. 
Observations of the upfield satellite signals gave 
J H , H  = 12.6 Hz; interestingly the two protons 
had different values of JH,13C,  viz., 155 and 160 
Hz.'' The essential identity of J H ,  for 18 and 26 
demonstrates that in the former, like the latter, 
the protons on the %membered ring are olefinic 
rather than aromatic. Had those of 18 been 
aromatic in character, their coupling constant 
would have been significantly smaller than that 
observed (29), which falls within the range 
expected for cis-olefinic protons on medium-sized 
rings (30). 

All of the evidence obtained thus shows that 
the %membered ring of 18 is not aromatic, and 
can be interpreted in terms of the nonplanar 
conformation 34 for this compound.' l 

Compound 18 is insoluble in concentrated 
hydrochloric acid and cannot be extracted from 
carbon tetrachloride with 50 % sulfuric acid. The 
p.m.r. spectrum of 18 in trifluoroacetic acid is 
essentially identical with that in deuteriochloro- 
form. Thus there is no indication of any special 
stability of the mono- or diprotonated forms of 
18 attributable to structures of type 9,10, or 11." 
The p.m.r. spectrum of the enone 26 in trifluoro- 

lowe  thank Professor W. F. Reynolds, University of 
Toronto, for a helpful discussion of these spectra. 

"Dr. J. F. Neumer has kindly informed us that he and 
Dr. V. I. Bendall have reached the same conclusion 
regarding the non-planar (nonaromatic) character of 
18 (31). 

12Cf. the low basicity of 5H-dibenzo[a,d]cyclohepten- 
5-one (2,3,6,7-dibenzotropone) (32). 

acetic acid was also essentially identical to its 
spectrum in deuteriochloroform. This colorless 
compound gave a bright yellow solution in 
trifluoroacetic acid from which it could be 
recovered unchanged, perhaps indicating the 
formation of a small amount of protonated 
species, but the p.m.r. spectrum showed no sign 
of the dibenzo derivative of the homotropylium 
ion (33). 

That the %membered rings of 18 and its 
protonated derivatives are nonaromatic does not 
rule out the possibility that the monocyclic com- 
pounds 4 and 5 or their protonated derivatives 
are aromatic. The fusion of the two benzene rings 
to the %membered ring in 18 could damp the 
aromaticity of this ring because of their tendency 
to appropriate n-electrons for their individual 
aromatic systems (34). Whether this is the origin 
of the failure to observe an aromatic &membered 
ring in the present work will not be known until 
the more challenging synthetic problem of 
preparing analogous compounds in the mono- 
cyclic series has been solved. 

Experimental 
Melting points were determined in capillary tubes with 

a Thomas-Hoover "Uni-Melt" apparatus and are un- 
corrected. 

Infrared spectra were recorded in carbon tetrachloride 
solutions, unless otherwise stated, and were calibrated 
with the 3.51, 6.24, and 9.72 w bands of polystyrene film. 
Proton magnetic resonance spectra were recorded in 
deuteriochloroform solutions, unless otherwise stated. 
The band positions are reported in parts per million 
downfield from tetramethylsilane as internal reference 
(6 scale). 

Analytical thin-layer chromatography (t.1.c.) was 
carried out with thin layers of silica gel (Merck) on 
microscope slides. Preparative t.1.c. was carried out with 
1.0 mm thick layers of silica gel (Merck) on 20 x 20 cm 
square glass plates. Analytical chromatograms were made 
visible with iodine vapor, and preparative chromatograms 
by the quenching of an U.V. phosphor added to the 
silica gel. 

Solutions in organic solvents were dried over an- 
hydrous magnesium sulfate and stripped of solvent with 
a rotary evaporator in conjunction with a water aspirator. 

5,6,11,12-Tetrahydrodibenzo[a,e]cyclooctene (21) 
Compound 21 was prepared from cc,af-dibromo-o- 

xylene according to the method of Cope and Fenton (18). 
The isolation of the compound was greatly facilitated by 
the use of a combined steam-distillation-extraction unit.13 
After 4 days, the chloroform solution was dried and 
evaporated, giving 21 as a colorless solid, m.p. 103-108", 

13Designed and constructed by Dr. A. C. Mackay. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



YATES ET AL.: CYCLOOCTATETRAENOQUINONES. I 793 

which was consistently obtained in a yield of 3340%. A 203-204" [lit. (13) mop. 203.5-204.5°]; h,,, 5.95 p; 6 4.42 
sample recrystallized from 95 % ethanol had m.p. (s, 4H), 7.06-7.46 (m, 6H), and 7.61-7.85 (m, 2H). 
107.5-108.5" [lit. (18) m.p. 108.5-109"]; 6 3.03 (s, 8H) Mol. Wt. Calcd. for C16H1202: 236. Found: mle 236. 
and 6.96 (s, 8H). The original aqueous filtrate was extracted twice with 

chloroform, and the chloroform solution was washed 
5, I I -  Dibromo-5,6, I I ,  12-tetrahydrodibenzo[a,e/cyclo- once with dilute hydrochloric acid, twice with water, and 

octene (20 )  once with aqueous sodium bicarbonate. The chloroform 
compound 20 was prepared by treating 21 (recrystal- solution was then dried and stripped of solvent to give a 

lized once from 95% ethanol) with N-bromosuccinimide sticky solid (1.29 g).  hi^ was recrystallized from di- 
as described by Cope and Fenton (1 8). The crude product, chloromethane-hexane to give the hemiacetal 24 as 
which was consistently obtained in ca. 75% yield, had colorless prisms (0.53 g, 4,573, m.p. 171-174". l-his 
m.p. 184-188" and was used without further purification. material was recrystallized from 95 % ethanol to give 
A sample recrystallized from 95% ethanol had m.p. colorless prisms, m.p. 177.5-178.5"; h,,, 3.03 (wm), 
185-186" [lit. (18) m.p. 188.1-189"l; 6 3.62 (A part of 9.19, and 9.28 p; 6 2.3-3.6 (m, 4H), 4.33 (s, lH,  absent 
ABX system, JAB 14, JAX 8 HZ, 2H), 4.32 (B Part of after treatment with D20), 5.38 (d, J = 5 Hz, each com- 
ABX system, JAB 141 JBX 11 Hz> 2H), 5.35 (X part ponent broad, lH), 6.7-7.35 (m, 7H), and 7.35-7.65 
of ABX system J,, = 8, JBX = 11 HZ, 2H), and 63-72 (m, 1H). A mixture with authentic 24, m.p. 178.5-180", 
(m, 88). prepared by Meerwein-Ponndorf reduction of the dione 

The dibrOmO 20 was formed when the 23 (IS), had m.p. 177.5-179'; the i.r. spectra and t.1.c. 
hydrocarbon 21 was treated with bromine in carbon behavior of the two samples were identical. 
tetrachloride. 

Treatment of Compound 20 with Dimethyl Sulfoxide 
and Collidine. Formation of Dibenzo[a,e/cyclo- 
octene-5,ll(6H,12H)-dione (23 ) ,  Dibenzo[a,e]- 
cycloocten-5(6H)-one ( 2 6 ) ,  and the Hemiketal24 

In a 500ml round-bottomed flask equipped with a 
condenser fitted with a drying tube were placed collidine 
(22 ml, 0.17 mole) and a solution of 20 (20.0 g, 0.055 
mole) in dimethyl sulfoxide [Fisher Certified from a 
freshly opened bottle or from a previously opened bottle 
to which molecular sieves (Linde type 4A) had been 
added after opening; 300mll. The mixture was mag- 
netically stirred and heated at 130" for 1.3 h. The solu- 
tion was then allowed to cool to ca. 25" and poured into 
1.5 1 of coid water. The resulting suspension was filtered 
to give an off-white solid that was dried in a vacuum 
desiccator over phosphorus pentoxide, when it weighed 
10.5 g. On t.1.c. it showed only 3 spots, corresponding to 
the starting material (20), the dione 23, and the enone 26. 
A 9.49 g portion of this mixture was chromatographed 
on a column of silica gel (470 g, 58 x 4 cm); fractions 
were combined on the basis of t.1.c. (with dichloro- 
methane as developer) and i.r. spectra. Elution with 
benzene gave starting material (0.90 g), followed by the 
enone 26 (2.55 g). Elution with dichloromethane and with 
dichloromethane containing 0.5 % of methanol gave the 
dione 23 (5.72 g). 

The enone 26 was recrystallized from dichloromethane- 
hexane to give colorless needles (1.65 g, 15 %), m.p. 
114-115" [lit. (21) m.p. 114-116"]; h,,, 5.98 p; 6 4.02 
(s, 2H), 6.88 (s, 2H), 7.0-7.5 (m, 7H), and 8.25 (d, each 
component broad, J = ca. 8 Hz, 1H); 6 (CF3C02H) 
3.98 (s, 2H), 7.02 (s, 2H), 7.1-7.6 (m, 7H), and 8.20 
(d, 1H); a p.m.r. spectrum recorded at 100 MHz with 
high spectrum amplitude on a concentrated solution 
(160 mg in 0.3 ml of CDC13) showed the upfield 13C 
satellites of the F 6.88 signal as a pair of overlapping 
doublets; J H , H ,  = JH,,H = 12.6, JH,t3C = 155, J.H, ,~sC = 
160 Hz. 

Anal. Calcd. for CI6Hl20 (mol. wt. 220): C, 87.24; 
H, 5.45. Found (mle 220): C, 87.24; H, 5.53. 

The dione 23 was recrystallized from dichloromethane- 
hexane to give colorless needles (4.12 g, 35%), m.p. 

Hydrogenation of 26. Formation of Il,l2-Dihydrodi- 
benzo[a,e]cycloocten-5(6H)-one ( 2 8 )  

The enone 26 (45 mg) in ethyl acetate (8 ml) was 
stirred with 10% palladium-on-charcoal (5 mg) at 15" 
under hydrogen at atmospheric pressure. During 45 min 
1.05 molar equivalents of hydrogen were absorbed, after 
which the rate of uptake of hydrogen became very slow. 
The mixture was filtered, and the filtrate was evaporated 
to give the ketone 28 (44 mg, 97 %) as colorless needles, 
m.p. 83-88". This material was recrystallized from 
aqueous methanol to give colorless needles, m.p. 93.5-94" 
[lit. m.p. 95.2-96.5" (22), 93-94" (23)l; h,,, 5.97 p; 6 3.20 
(s, 4H), 4.05 (s, 2H). 6.75-7.20 (m with spike at 6 6.87, 
7 ~ ) ,  and 7.20-7.38 (&, 1H). 

Mol. Wt. Calcd. for C,sHI,O: 222. Found: mle 222. 
The hydrogenation product gave a 2,4-dinitrophenyl- 

hydrazone, m.p. 19+197" [lit. (13) m.p. 196197°]. 

Wolfl-Kishner Reduction of 28. Formation of 5,6,11,12- 
Tetrahydrodibenzo[a,e]cyclooctene (21) 

In a 5 ml round-bottomed flask equipped with a con- 
denser were placed the ketone 28 (20 mg, 0.089 mrnole), 
potassium hydroxide (100 mg, ca. 2 mmoles), 85 % 
hydrazine (0.2 ml, 3 mmoles), and diethylene glycol 
(1 ml). The mixture was heated at reflux for 2 h, the 
condenser was removed, and the temperature was 
allowed to rise to 200"; the condenser was then replaced, 
and the mixture was heated at reflux for a further 3 h. 
It was poured into dilute hydrochloric acid, and the 
organic products were extracted 3 times with dichloro- 
methane. The extracts were washed twice with water, and 
the organic layer was dried and evaporated to give a 
colorless solid, which was recrystallized from 95% 
ethanol to give 21 as colorless prisms, m.p. 108-108.5". 
A mixture with authentic 21 (vide supra) had m.p. 
108-109"; the i.r. spectra of the two samples were 
identical. 

Wolff-Kishner Reduction of 26. Formation of 
5,6- Dihydrodibenzo[a,e]cyclooctene (29 )  

This reduction of 26 (49 mg, 0.223 mmole) was carried 
out as described for 28. The crude product was a colorless 
oil, which was sublimed at 90' (low2 mm) to give 29 as a 
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colorless solid, m.p. 47-50", which on recrystallization 
from 95 % ethanol gave colorless prisms, m.p. 53.5-54.5" 
[!it. (22) m.p. 53.6-54.6"]; S 3.13 (s, 4H), 6.70 (s, 2H), 
and 7.05 (s, 8H). 

Mol. Wt. Calcd. for C16H14: 206. Found: mle 206. 

Oxidation of 26 with Selenium Dioxide. Formation of 
Dibenzo ja,e jcyclooctene-5,6-dione (18) 

The enone 26 (500 mg, 2.27 mmoles), selenium dioxide 
(B.D.H. ; 295 mg, 2.33 mmoles), dioxane (Fisher Certi- 
fied, freshly refluxed and distilled over sodium under 
nitrogen, 8.3 ml), and water (0.7 ml) were heated at 
r e f l~~x  for 127 h. The reaction was monitored by t.1.c. 
with hexane-acetone (1:l) as developer. The reaction 
mixture was poured into about 3 times its volume of 
water and extracted 3 times with dichloromethane. The 
extracts were combined and washed 3 times with water, 
dried, and stripped of solvent to give a bright yellow gum 
(587 mg). Preparative t.1.c. with hexane-acetone (1 :1) as 
developer gave 4 fractions. The most mobile was a 
colorless solid (65 mg), which was shown to be the 
starting material 26 by mixture m.p. and i.r. spectral 
comparison. The next most mobile fraction was the 
major component (190 mg) of the mixture: on sublima- 
tion at 90" mm) it gave 18 as a bright yellow powder 
(130mg, 24%), m.p. 96-101". Recrystallization from 
dichloromethane-hexane followed by resublimation at 
85-90" mm) gave yellow microprisms, m.p. 101- 
102"; h,,, 5.83 and 6.00 w; h,,, (C6Hlz) 245 (log E 4.30), 
318 (log E 3.41), 385 (log E 2.18), and 407 n ~ y  (log E 2.00); 
6 6.83 (s, 2H) and 7.0-7.7 (m, 8H); 6 (CF3C02H) 6.90 
(s, 2H) and 7.1-7.7 (m, 8H); a p.m.r. spectrum recorded 
at 100 MHz with high spectrum amplitude on a con- 
centrated solution (135 mg in 0.3 ml of CDC13) showed 
the upfield 13C satellite of the 6 6.83 signal as a doublet; 
JH,"  = 12.8 and JH,ls, = 160Hz. A mixture with a 
samples of the product obtained by Bendall and Neumer 
(17, 31) had m.p. 101-102"; the i.r. spectra of the two 
samples were identical. 

Anal. Calcd. for C16Hl0O2: C, 82.04; H, 4.30. Found: 
C,  82.18; H, 4.04. 

Compound 18 was insoluble in cold or boiling con- 
centrated hydrochloric acid; it was rapidly destroyed by 
concentrated sulfuric acid. When a solution of 18 in 
carbon tetrachloride was shaken with 50% sulfuric acid, 
the yellow color of the organic solution persisted and the 
aqueous solution remained colorless. 

Hydrogenation of 18. Formation of 11,12-Dihydrodi- 
benzo[a,ejcyclooctene-5,6-dione (31) 

Compound 18 (46 mg) in ethyl acetate (6 ml) was 
stirred with 10% palladium-on-charcoal (5 n~g)  at room 
temperature under hydrogen at atmospheric pressure. 
After 45 min 1.14 molar equivalents of hydrogen had 
been absorbed, the rate of uptake of hydrogen had greatly 
diminished, and the yellow color of the solution had been 
discharged. Fi!tration and removal of solvent gave an 
almost colorless oil, which slowly solidified on standing. 
This was subjected to preparative t.1.c. with acetone- 
hexane (3:7) as developer; elution of the major band with 
dichloromethane~hioroform (1 :I) gave 31 as a colorless 
solid (36 mg, 78%); crystallization from methanol gave 
colorless plates, m.p. 131-132' [lit. (23) m.p. 131-132"]; 

a,,, 5.88 (sh, m) and 5.97 y;  F 3.25 (s, 4H), 7.07-7.53 
( n ~ ,  6H), and 7.60-7.85 (m, 2H). 

Authentic 31 was prepared following the method of 
Leonard and coworkers (23) by treatment of the ketone 
29 with isoamyl nitrite and sodium ethoxide to give the 
a-oximino derivative 30, followed by reaction of this with 
aqueous formaldehyde. Recrystallization from aqueous 
ethanol gave colorless plates, m.p. 131-132". A mixture 
with the hydrogenation product from 18 had m.p. 131- 
132"; the i.r. and p.m.r. spectra of the two samples were 
identical. 
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Cyclooctatetraenoquinones. 11. The synthesis and transformations of compounds 
related to dibenzo[a,e]cyclooctene-5,6,11(12H)-trione 

PETER YATES AND ERROL G. LEWARS 
Lash Miller Chemical Laboratories, Uniuersity of Toronto, Toronto 5, Ontario 

Received September 11, 1969 

Bromination of 11-acetoxydibenzo[a,e]cycloocten-5(6H)-one (6) gave the 6-bromo derivative (8), 
which on further bromination gave a hydrogen bromide adduct (12 or 13) of 6,6,12-tribromodibenzo- 
[a,e]cyclooctene-5,11(6H,12H)-dione (14). Treatment of this adduct with aqueous-ethanolic ammonia 
followed by sublimation gave 11-oxoindeno[l,2-c]isocoumarin (4), not dibenzo[a,e]cyclooctene- 
5,6,11(12H)-trione (3) as earlier suggested. The conversion of 12 or 13 to 4 has been shown to involve the 
formation of 3-bromo-2-(0-carboethoxypheny1)indone (17), which gave 4 and ethyl bromide on being 
heated at 180'. Oxidation of dibenzo[a,e]cyclooctene-5,11(6H,12H)-dione with selenium dioxide gave a 
bimolecular product 25 considered to be derived by loss of carbon monoxide from the dimer of dibenzo- 
[b,f]pentalene-5,lO-dione (27), a selenium-containing product, 28, and the hydrate 29 of 3. 

Canadian Journal of Chemistry, 48, 796 (1970) 

1,2-Cyclooctatetraenoquinone (1) and its 1,4- 
isomer (2) are of interest because of their possible 
aromaticity (1). The first reference in the chemical 
literature to a potential cyclooctatetraenoquinone 
derivative appeared in 1940 when the preparation 
of a compound provisionally assigned structure 3 
was reported (2). This would be converted by 
enolization to a hydroxydibenzo derivative of 1. 
We report here on a reinvestigation of the struc- 
ture of the supposed trione 3, which has led to the 
assignment to it of the revised structure (4),' and 
on experiments directed towards the synthesis of 
compound 3. 

The product earlier considered to be 3 was 
obtained (2) by a series of reactions starting from 
dibenzo [a,e]cyclooctene-5,1 1(6H,12H)-dione2 (5). 

This dione was originally prepared from diphenyl- 
succinonitrile, but is obtained more conveniently 
from 5,6,11,12-tetrahydrodibenzo [a,e]cyclooctene 
(1). Treatment of 5 with acetic anhydride and 
potassium acetate gave the en01 acetate 6 as 
previously described (2). This product showed 
bands in its infrared (i.r.) spectrum at 5.66 (en01 
ester C==O stretch), 5.96 (conjugated ketone 
C=O stretch), and 7.33 p (medium; acetate C-H 
bend) in good accord with the structural assign- 
ment 6. Its proton magnetic resonance (p.m.r.) 
spectrum in deuteriochloroform showed signals at 
F 2.17 (3H) and 6.82 (lH), assignable to the acetyl 
methyl and vinyl protons, respectively, and 
multiplets at F 7.0-7.6 (7H) and 8.1-8.3 (IH), 
assignable to the aromatic protons; in addition 
there were two 1-proton multiplets at 6 3.9-4.3 
and 4.3-4.9, which must be assigned to the methy- 
lene protons at C-6 if structure 6 is correct. This 
pattern could be accounted for in terms of this 
structure if at the temperature of the probe (27") 
the two tub conformations 7a and b were under- 
going interconversion at a rate slow on the p.m.r. 
time scale. That this is indeed the case was shown 

'Preliminary accounts of this work have appeared by recording the p.m.r. spectrum in carbon 
previously (3, 4); Wawzonek and Stowell (5) have also disulfide at 27 and 00. ~t the former temperature made this structural revision. 

'See footnotes 4 and 6 in reference 1. the spectrum resembled that in deuteriochloro- 
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/ r-'l AcO 0 Ha 

form, but at the latter temperature the methylene 
protons gave rise to a simple AB system with 
6 3.80 and 4.63 and J,,, = 12.5 Hz. Thus when 
the temperature is lowered the 8-membered ring 
becomes conformationally "frozen" and the 
individual signals for Ha and H, in 7a or b can be 
observed (6). In  dimethyl sulfoxide at 27", the 
protons in question give rise to an envelope at 
6 4.0-4.6, but at 40' this becomes a broad singlet 
at 6 4.30 (half-height width = 5.5 Hz); clearly the 
interconversion of 7a and b at the higher tempera- 
ture has become rapid on the p.m.r. time scale. 

Treatment of 6 with bromine in acetic acid gave 
the compound that was previously considered to 
be 8; this structure was preferred to 9 because of 
the apparent unreactivity of the bromo compound 
when treated with potassium acetate in boiling 
acetic acid (2). While its i.r. spectrum [A,,, 5.64, 
5.90, and 7.31 p (m)] did not provide an un- 
ambiguous basis for choice between structures 8 
and 9, the p.m.r. spectrum of the bromo com- 
pound in deuteriochloroform [6 2.23 (s, 3H), 7.00 
(s, 2H), 7.2-7.6 (m, 6H), 7.7-8.0 (m, lH), and 
8.3-8.5 (m, lH)] definitively excluded structure 8 
since it showed no signal corresponding to the C-6 
methylene protons. However, the latter spectrum 

could only be reconciled with structure 9 by 
assuming that the signals of the protons at C-6 and 
C-12 were accidentally superimposed. That this 
was indeed the case was revealed by spectra taken 
in trifluoroacetic acid or dimethyl sulfoxide, 
which showed two I-proton singlets in place of 
the 2-proton signal; the apparent singlet could 
also be resolved in deuteriochloroform at 100 

MHz, when the separation of the component 
signals was ca. 1 Hz. 

Also in accord with the assignment of structure 
9 was the observation that brief treatment of the 
bromo compound with zinc in boiling acetic acid 
returned 6 in virtually quantitative yield. With 
respect to the reactivity of the bromo compound 
with potassium acetate (vide supra), we have 
found that reaction in boiling acetonitrile or 
acetic acid, although slow, does occur with the 
formation of a compound whose i.r. spectrum 
included a carbonyl-stretching band at 5.80 p; 
this product was not obtained pure. Some 
analogy for the bromination of 6 to give 8 

AcO AcO Br 

\ 

OAc 

10 

\ 
OAc 

I1 

appeared to be provided by the claim that treat- 
ment of the diacetate 10 with bromine gave the 
bromo compound 11. However, in our hands the 
product from this reaction was the bromo ketone 
9, which by coincidence has a closely similar 
carbon and hydrogen (but not bromine) content 
to that of 11. 

Further bromination of 9 in chloroform gave 
a polybromo product that was not purified or 
characterized in the earlier work, but was treated 
with boiling aqueous-ethanolic ammonia fol- 
lowed by sublimation to give the compound 
considered to be 3 (2). In the present case the 
polybromo compound was purified and assigned 
the formula C,,H,,Br,O,. Its i.r. spectrum 
(Nujol) showed a weak hydroxyl-stretching band 
at 2.95 p, but no band in the carbonyl-stretching 
region. Its p.m.r. spectrum showed a 1-proton 
singlet at  6 4.71, assignable to a hydroxyl proton 
since it was absent after brief treatment with 
D,O, and a I-proton singlet at  6 5.66, together 
with 6- and 2-proton multiplets in the aromatic 
proton region. The polybromo compound is 
therefore assigned either structure 12 or 13. These 
structures are very closely related for both are 
hydrogen bromide adducts of the tribromo dione 
14. The lability that would be expected of a com- 
pound of this type was displayed in several ways. 
The polybromo compound melted with gas evolu- 
tion; on attempted purification by thin-layer 
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HO Br pared by the method of Pailer et al. (7) by 0 @ condensation of phthalide and phthaldehydic 
acid to give 2-(0-carboxypheny1)-indan- 1,3-dione 

\ (16) followed by dehydration, eq. [I].  
The next goal was the elucidation of the course 

Br Y Br Br 0 of this interesting transformation. Thin-layer 

12 X  = Br; Y = H  14 X  = Br chromatography established that the indeno- 

1 3 X = H ; Y = B r  1 5 X = H  isocoumarin 4 was not present in the crude prod- 
uct formed on treatment of the polybromo 

chromatography (t.1.c.) it decomposed to give at com~outldwithaqueous-ethanolicammonia~and 
least 5 products, all showing carbonyl absorption thus 4 must be formed during the sublimation. 
in  their i.r. spectra; although its i.r. spectrum in This crude product was similarly shown to con- 
Nujol or ethanol-free chloroform lacked carbonyl tain neither the acid 16 nor its ethyl ester. Column 
absorption, a band at 5.80 P immediately de- chromatography of the crude product on silica 
"eloped in the spectrum of a solution in chloro- readily effected the separation of an intensely 
form containing ethanol. The formation of 12 or yellow oil, which was the least polar component 
13 from 9 can be interpreted as occurring via of the crude product and represented ca. 25 % of 
attack of bromine on the en01 acetate function to its weight. This gave 4 in high yield on being 
give the dibromo dione 15 (cf, the conversion of 10 heated at 180" (20 mm). High resolution mass 
to 91, followed by bromination at a position spectrometry established the composition of the 
adjacent to a carbonyl group to give the tribromo yellow compound as C I Z H I ~ B ~ O ~  ; its P.m.r. 
dione 14; alternatively, bromination at the posi- spectrum showed signals at 6 (CCl,) 1.12 (t, J = 

tion adjacent to the carbonyl group of 9 may 7.0 Hz, 3H) and 4.14 (q, J = 7.0 HZ, 2H) indicat- 

precede attack at the en01 acetate function. The ing the Presence of a -COzCHzCH, grouping, 
bromination next to the carbonyl group provides and multiplets at 6 7.0-7.7 (7H) alld 7.9-8.16 
the hydrogen bromide that converts 14 to 12 or 13 (1H) attributable to aromatic Protons. These 
by transannular addition. data and the fact that the yellow compound is the 

When the polybromo compound was treated precursor of 4 led to the assignment to it of struc- 
briefly with boiling aqueous-ethanolic ammonia ture 17. Its i.r. spectrum Ehmax (CCl4) 5.84 PI  and 
and the resulting crude product was sublimed at ultraviolet (u.v.1 spectrum [ALn,, ( @ ~ , ~ 1 4 )  235 (log 
ca. 200°, the compound previously assigned E 4.61, 242 (1% E 4.61, 252 (infl., log & 4.41, 328 
structure 3 was obtained as orange needles, m.p. (1% & 2.81, and 392 mP (log & 3.211 were in full 
254-255" [lit. (2) m.p. 254-256'1. Its i.r. spectrum accord with t5is structural assignment (8) Its 
[A,,, (CCI,) 5.69, 5.80 (m), 5.84, and 6.13 y ]  and Co~vers!on 4 may be envisaged as occurring 
p.m.r. spectrum [6 (CD@l,) 7.3-7.9 (m, 6H) via the intermediacy of either 18 or 19 (see Scheme 
8.2-8.5 (m, 2H)] clearly showed that it could not 1 ). Loss of bromide ion to give 20 or 21 followed 
be 3. Indeed the latter spectrum indicated thahrts bj. nucleol?hiIic attack of bromide ion on the 
formula was C,,H,O, rather than ~ , , H , , ~ , ,  elhyl group would then give 4 andethyl bromide. 
and this was confirmed by the observation of a Alternatively, in the case of 18, a concerted 4- 
molecular ion peak with m/e 248 in its mxss 23r"ter reaction co?*ld lead to the direct elimina- 
spectrum. The spectral data and mechanistic eon- tlon of ethyl bromide, in the case of 19, however, 
siderations suggested that it was 1 l-oxoin&no- the analogous 6-center concerted elimination is 
[I ,2-c]isocoumarin (4). This was proved by direct slerically inhibited. It seems reasonable to postu- 
comparison with an authentic sample of 4 pre- late that such polar reactions could occur in the 

reaction melt. Analogous formation of lactones 
by elimination of alkyl bromides has been ob- 

A c 2 0  & served previously (9). In  the case at hand the 
formation of ethyl bromide in the conversion 

\ / \ of 17 to 4 was established by trapping it in 
0 0 dichloromethane and identifying it by p.m.r. and 

O C02H mass spectrometry. 
66 4 The formation of 19 by the action of aqueous- 
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OEt 

ethanolic ammonia on the polybromo compound 
12 or 13 can be interpreted as involving initial 
reversion to the tribromo dione 14 by loss of the 
elements of hydrogen bromide in the basic 
medium, followed by ethanolysis to give 22 (see 
Scheme 2).  Cyclization of this to either 23 or 24 
followed by elimination of hydrogen bromide 
would then give 17. 

Having shown that the compound hitherto 
considered to be the trione 3 was in fact 4, we 
investigated an alternative route for the syn- 
thesis of 3, viz., the oxidation of the dione 5 with 
selenium dioxide. The reaction was carried out in 
boiling aqueous dioxane, conditions under which 
cyclooctane-1,2-dione is formed from cyclo- 
octanone in 65 % yield (10). The progress of the 
reaction was followed by vapor-phase chroma- 
tography (v.p.c.), and the mixture was worked 
up after 3+ days when little starting material 
remained. Three products were obtained: red, 
yellow, and colorless. The red compound was 
indicated to have the formula C,,H,,O, by mass 
spectrometry, and its p.m.r. spectrum [6 (CDCl,) 
7.1-8.3 (m, 13H) and 8.3-8.8 (m, 3H)] suggested 
that all of its protons were aromatic and that 3 of 
them were in the ortho relationship to carbonyl 
groups. On this basis it was concluded that the red 
product was compound 25, which had been ob- 
tained previously by Brand and Stephan (1 1) 
from the dione 26 by oxidation with selenium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

dioxide. This conclusion was confirmed by direct 
comparison with a sample of 25 prepared from 26, 
which was itself obtained from a,e-diphenyl- 
succinic acid (12). The conversion of 5 to 25 can be 
considered as involving initial oxidation to 26, 
followed by further oxidation to 27 and Diels- 
Alder dimerization (13) of this intermediate with 
subsequent loss of carbon monoxide (see Scheme 
3) as proposed previously (1 1). Compound 25 was 
obtained in 4 % yield from 5. 

The yellow compound formed on treatment of 
5 with selenium dioxide was shown by mass 
spectrometry and elemental analysis to have the 
formula C,,H,,O,Se. Its i.r. spectrum showed a 
band at 5.92 p, and its p.m.r. spectrum showed 
signals at 6 (CDCI,) 4.50 (s, ZH), 7.24-7.52 
(m, 6W), and 7.848.15 (m, 2H). On this basis it is 
assigned structure 28. It was obtained in 20% 
yield. 

The major product (70 %) was a colorless solid 
shown by its i.r. spectrum [A,,, (CHCI,) 2.95 (ms) 
and 5.90 p] to be a hydroxy ketone. Its p.m.r. 
spectrum (CF,CO,H) showed an AB system at 

6 3.35 and 3.78 (J = 16 Hz, 2H) and aromatic 
proton signals at 6.9-8.05 (m, 8H). These spectra 
suggested structure 29, and high resolution mass 
spectrometry established that the formula of the 
product corresponded to this structure, although 
the elemental analytical data could only be 
reconciled with it by the assumption that it was a 
hydrate C1,H1,0,~1/4 H,0.3 Acetylation with 
acetic anhydride and sulf~lric acid gave a diace- 
tate, whose i.r. [h,,, (CCI,) 5.65 and 5.84 p] and 
p.m.r. spectra [6 (CDC1,) 2.13 (s, 3H), 2.25 
(s, 3H), 3.17 and 3.87 (AB system, J = 16 Hz, 
2H), 6.9-7.65 (m, 7H), and 7.85-8.1 (m, lH)]  
were in good accord with its formulation as 38. 
The spectra of' the diol and its diacetate could 
conceivably also be interpretable in terms of 
structures without bridging of the 8-membered 
ring, such as 31 and 32, if they are assumed to be 
conformationally frozen at room temperature, as 
in the case of 6 at 0" (vide supra). However, the 

3The tendency of compounds of this type to exist as 
hydrates is high (14). 
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positions of the methylene proton signals in the 
p.m.r. spectra of the 2 compounds and the 
occurrence in the p.m.r. spectrum of the acetate of 
only a 1-proton signal attributable to a proton in 
the ortho relationship to a carbonyl group favor 
structures 29 and 30. The former finds analogy in 
compound 33 which is obtained by hydration of 
the corresponding dione (15). 

Compound 29 is a hydrate of the desired 
trione 3 (as is 31), and attempts were made to 
dehydrate it. Like 33 it was unaffected by treat- 
ment with p-toluenesulfonic acid in boiling ben- 
zene with distillation of the solvent to remove any 
water formed as its azeotrope with benzene. A 
solution of the compound and dicyclohexyl- 
carbodiimide showed no change after standing for 
several months. The compound melted at 198- 
199" without decomposition and sublimed un- 
changed at ca. 150" (lo-' mm), behavior that 
again paralleled the properties of 33 (15). 
However, on being heated at 300" (20 mm) the 
melt evolved gas, and a new product sublimed. 
The i.r. spectrum of the crude product showed 
that it was again a hydroxy ketone [A,,, 
(CHC1,) 2.9 (wm) and 5.86 p]; its p.m.r. spectrum 
showed a broad 1-proton signal at 6 2.9 that can be 
assigned to a hydroxyl proton since its position 
was concentration-dependent, a 1-proton singlet 
at  6 4.25, and an 8-proton aromatic multiplet at 
6 7.2-8.2. These data suggest the assignment to 
this product, which was not further characterized, 
of structure 34, whose formation can be ration- 
alized as involving an intramolecular aldol con- 
densation of the elusive trione 3, eq. [2]. 

Experimental 
Melting points were determined in capillary tubes with 

a Thomas-Hoover "Uni-Melt" apparatus and are un- 
corrected. 

Infrared spectra were recorded in carbon tetrachloride 
solutions, unless otherwise stated, and were calibrated 
with the 3.51, 6.24, and 9.72 p bands of polystyrene film. 
Proton magnetic resonance spectra were recorded in 
deuteriochloroform solutions, unless otherwise stated. 
The band positions are reported in parts per million 

downfield from tetramethylsilane as internal reference 
(6 scale). 

Analytical t.1.c. was carried out with thin layers of 
silica gel (Merck) on microscope slides. Preparative t.1.c. 
was carried out with 1.0 mm thick layers of silica gel 
(Merck) on 20 x 20 cm square glass plates. Unless other- 
wise stated, thin-layer chromatograms were developed 
with dichloromethane, analytical chromatograms were 
made visible with iodine vapor, and preparative chroma- 
tograms by the quenching of a U.V. phosphor added to 
the silica gel. 

Solutions in organic solvents were dried over anhydrous 
magnesium sulfate and stripped of solvent with a rotary 
evaporator in conjunction with a water aspirator. The 
term "aqueous workup" used here means that the solu- 
tion in question was poured into about 3 times its volume 
of water and extracted 3 times with dichloromethane, and 
the dichloromethane solution was washed 3 times with 
water, dried, and stripped of solvent. 

11-Acetoxydibenzoja,e]cycloocten-5(6H)-one (6) 
Compound 6 was prepared by treating dibenzo[a,e]cy- 

clooctene-5,ll-(6H,12H)-dione (5) (1) with acetic an- 
hydride and potassium acetate, as described by Wawzonek 
(2). Several recrystallizations from 95% ethanol gave 
colorless rhomboidal platelets, m.p. 137-138" [lit. (2) m.p. 
138-139"]; X,,, 5.66, 5.96, 7.33 (ms), and 8.35 p; 6 2.17 
(s, 3H), 3.9-4.3 (m, 1H), 4.3-4.9 (m, lH), 6.82 (s, lH), 
7.0-7.6 (m, 7H), and 8.1-8.3 (m, 1H). At 27" in carbon 
disulfide, the nuclear magnetic resonance (n.m.r.) spec- 
trum was similar to that in deuteriochloroform, but at Oo, 
the two 1-proton envelopes in the 6 3.9-4.9 region became 
an AB signal system, 6 3.80 and 4.63, J = 12.5 Hz. In 
dimethyl sulfoxide at 27", the protons in question gave 
rise to an envelope at 6 4.0-4.6; at 40' this had become a 
broad singlet at 6 4.30 (half-height width = 5.5 Hz). 

I I-Acetoxy-6-bromodibenzo[a,e Jcycloocten-5(6H) -one (9) 
Compound 9 was obtained when the en01 acetate 6 was 

treated with bromine in acetic acid as described by 
Wawzonek (2). Recrystallization from benzene gave 
colorless prisms, m.p. 229-229.5" (without gas evolution) 
[lit. (2) m.p. 219-223" with gas evolution]; h,,, 5.64,5.90, 
7.31 (m) and 8.36 p; 6 2.23 (s, 3H), 7.00 (s, 2H), 7.2-7.6 
(rn, 6H), 7.7-8.0 (m, lH), and 8.3-8.5 (m, 1H); 6 
(CF3C02H) 2.47 (s, 3H), 7.02 (s, lH), 7.20 (s, lH), 
7.3-7.75 (m, 6H), 7.75-8.05 (m, lH), and 8.3-8.6 (m, 1H); 
the p.m.r. spectrum in DMSO-d, showed 1-proton 
singlets at 6 7.00 and 7.27. 

Anal. Calcd. for CI8Hl3BrO3: C, 60.50; H, 3.65; Br, 
22.38. Found: C ,  60.59; H, 3.80; Br, 22.39. 

Reduction of 9 with Zinc and Acetic Acid. Formation of 6 
In a 5 ml round-bottomed flask were placed compound 

9 (10.5 mg, 0.029 mmole), zinc dust (3.6 mg, 0.055 
mmole), and acetic acid (2 ml). The mixture was boiled 
under reflux for 0.5 h, then a further 3 mg of zinc dust 
was added, and the mixture was boiled under reflux for 
another 5 min, allowed to cool, filtered, and subjected to 
aqueous workup. The product was the en01 acetate 6 
(8 mg, 100%); the i.r. spectrum of this "crude" product 
was identical with that of authentic 6, and t.1.c. showed 
only one spot, corresponding to 6. Recrystallization from 
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95% ethanol gave colorless platelets, m.p. 139-139.j0, 
undepressed on admixture with authentic 6. 

Treatment of 9 with Potassium Acetate 
A mixture of 9 (126 mg, 0.353 mmole) and potassium 

acetate (107 mg, 1.09 mmoles) in acetonitrile (5 ml) was 
boiled under reflux for 3 h;  much of the potassium acetate 
failed to dissolve. The mixture was poured into water, and 
the solid that precipitated was collected by filtration. 
The light orange solid weighed 74 mg, after being dried 
over phosphorus pentoxide. Its i.r. spectrum was similar 
to  that of the starting material, but there was an additional 
band at 5.80 y (m). Recrystallization from benzene- 
hexane gave canary-yellow prisms, m.p. 225-229.j0, 
identified as starting material (9) by mixture m.p. and 
i.r. spectral con~parison; the yellow color of the recovered 
9 is attributed to a small amount of impurity. The material 
which gave rise to the 5.80 1.1 band presumably remained in 
the mother liquor from recrystallization of the recovered 
9, and was not investigated. 

When 9 was heated at reflux for 4 h with potassiunl 
acetate in acetic acid, aqueous workup gave a sticky 
orange solid, the i.r. spectrum of which was very similar 
to that of the solid obtained by treating 9 with potassium 
acetate in boiling acetonitrile (uide supra). 

Treatment o f 9  with Dimethyl Sulfoxicle and Collidine 
A solution of 9 (4 mg, 0.011 mmole) and collidine (2.5 

mg, 0.021 mmole) in dimethyl sulfoxide (0.5 nil) was 
heated at 130" for 6 h. Aqueous workup gave a yellow oil 
(2.5 mg), the i.r. spectrum of which was sii-:ilc: :c that of 
the material obtained by treating 9 with potassium acetate 
(uide supra). 

Treatment of 9 with Siluer Nitrate 
A solution of 9 (10 mg, 0.028 mmole) and silver nitrate 

(6.8 mg, 0.040 mmole) in acetonitrile (4 ml) was boiled 
under reflux in the dark for 18 h under nitrogen. Aqueous 
workup gave a bright yellow smear (7 mg); h,,, 5.66 (m) 
and 5.80 y. 

When the reaction mixture was stirred in the dark at 23' 
for 24 h instead of being boiled under reflux for 18 h, 
aqueous workup gave a solid, m.p. 225-228", the i.r. 
spectrum of which was virtually identical to that of 9 
(69 % recovery). 

5,11-Diacetoxydibenzo[a,e!cyclooctene (10) 
Compound 10 was prepared by heating the dione 5 in 

acetic anhydride containing a little sulfuric acid, as 
described by Wawzonek (2). Aqueous workup gave a 
yellow oil that was recrystallized from 95% ethanol to 
give colorless rosettes, m.p. 149-150" [lit. (2) m.p. 
150-151"]; h,,, 5.66, 7.34 (m), and 8.31 y;  6 2.12 (s, 6H), 
6.78 (s, 2H), 7.1-7.4 (m with spike at 6 7.23, 8H). 

Treatnzent of 10 with Bromine. Funnation of 9 
A solution of bromine (58 mg, 0.36 mmole) in acetic 

acid (0.4 ml) was added to a solution of PO (45 n ~ g ,  0.14 
mmole) in acetic acid (1.5 ml) In a Pyrex tube. The tube 
was sealed and left at 23' for 7 h, during which time cry- 
stals Mere depos~ted. The tube was opened and the orange 
supernatant solution was removed. The colorless prisms 
were washed with benzene, giving 9 (30 rng, 60%), m.p. 
122-128.5"; its i.r. spectrum was identicai with that of 
authentic 9. Recrystallization from benzene gave colorless 

cubes, m.p. 230-231.j0, undepressed on admixture with 
authentic 9, m.p. 229-229.5"; mixed t.1.c. with authentic 9 
gave a single spot. 

The original supernatant solution was stripped of 
solvent to give a colorless solid (22.5 mg), the i.r. spec- 
trum of which indicated it to be 9, contaminated with 
material giving rise to a band at 5.79 (m) y. 

Treatment o f  9 with Bromine. Formation of 12 or 13 
Bromine (0.8 ml, 14.6 mmoles) was added to a solution 

of 9 (400 mg, 1.12 mmoles) in chloroform (16 ml) in a 
Pyrex tube. The tube was sealed and left at 23" for 48 h, 
during which time no change could be discerned. The 
tube was opened and the solution was stripped of solvent 
to give a yellow solid (689 mg), n1.p. 172-179" with gas 
evolution [lit. (2) n1.p. 173-178" with gas evolution]. 
Recrystallization from hexane-chloroforn~ (ethanol-free) 
gave microprisms, m.p. 199-200" with gas evolution; 
h,,,, (Nujol) 2.95 (w) p; 6 4.71 (s, lH ,  absent after 
treatment with D,O), 5.66 (s, lH), 7.2-7.7 (m, 6H), 
and 7.7-8.2 (m, 2H). The i.r. spectrum in ethanol-free 
chloroform was similar to that in Nujol, but in chloroform 
containing 0.75% of ethanol included a weak band at 
5.80 w. 

Anal. Calcd. for C,,Hl,Br,02: C, 34.70; H, 1.82; Br, 
57.72. Found: C, 34.55; H, 1.79; Br, 58.43. 

The crude tetrabromo compound was obtained from 9 
in essentially quantitative yield, and recrystallization gave 
material in ca. 55% yield that melted sharply with gas 
evolution. Recrystallization gave material with m.p. 
varying from 199-200' to 205-206.5"; sometimes the m.p. 
was slightly lowered by further recrystallization. This 
behavior may be due to dimorphism; when the m.p. was 
taken with a microscope-hot-stage unit, a change in 
crystalline form appeared to occur at ca. 180". When the 
tetrabromo compound was subjected to preparative t.l.c., 
decomposition occurred to give at least 5 compounds, all 
showing carbonyl absorption in their i.r. spectra; no 
tetrabromo compound was recovered. The tetrabromo 
compound did not dissolve appreciably in aqueous 
ammonia, but when it was shaken with this reagent the 
aqueous ammonia slowly became yellow. On adding 
aqueous ammonia to a suspension of the compound in 
95 % ethanol, the tetrabromo compound readily dissolved 
to give a light yellow solution which became bright yellow 
during about 2 min. 

Treatment of the Tetrabromo Conzpound 12 or 13 with 
kqueuus-ethnnolic Anztnonia Follow,ed b j ~  Sublinration. 
Formrrtion of 11-0xoindenoLrl,2-c-~isocou~naritr (4 )  

A mixture of crude tetrabromo compound 12 or 13 
(736 mg), 95 S/, ethanol (17 ml), and concentrated aqueous 
ammonia (5 ml) was boiled under reflux for 10 min. 
Aqueous workup gave a yellowish solid (337 mg); h,,,, 
3.1 (br, wm), 5.82, and 5.90 (sh, s) y. This crude solid was 
sublimed at 180' (20 mm) to give 4 (84 mg, 26%), 1n.p. 
150-200'. Recrystallization from ethyl acetate gave 
orang; needles, m.p. 254-255" [lit. (2) m.p, 254-256"j; 
hm,,5.69,5.8O(ni),5.84,and6.13(m)~~;67.3-7.9(m, 6H) 
and 8.2-8.5 (m, 2H). 

Mol. Wt. Calcd, for Cl,H,O,: 248. Found: mle 248. 
The use of recrystallized tetrabromo compound, m.p. 

199-20O0, gave 4 in 52% yield. 
An authentic sample of 4 was prepared from phthalide 
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YATES AND LEWARS: CYCLOOCTATETRAENOQUINONES I1 803 

and phthalaldehydic acid via the acid 16 by the method of p.m.r. and mass spectrometry, the spectra being com- 
Pailer et al. (7); m.p. 255.5-256.5" [lit. (7) n1.p. 257"l. A pared with those of authentic solutions of ethyl bromide 
mixture of this with the compound obtained from the in dichloromethane. The p.m.r. spectrum indicated that 
tetrabromo compound had n1.p. 255-256"; the i.r. spectra ca. 2 mg (10%) of ethyl bromide was dissolved in the 
and t.1.c. behavior of the 2 samples were identical. dichloromethane. 

Treatment of the Tetrabromo Compound 12 or I 3  with 
Aqueo~rs-ethanolic Ammonia. Formation of 3-Bromo- 
2-(o-carboethoxyphei~yl) indone (1 7) 

The recrystallized tetrabromo compound 12 or 13, m.p. 
199-20O0, (920 mg) was treated with aqueous-ethanolic 
ammonia (vide supva) to give a crude solid (440 mg), 
which was chromatographed on silica gel (28 g, 19 x 1.8 
cm). The column was eluted with benzene, and the eluate 
corresponding to the most mobile colored band was 
collected. This eluate gave 17 as an intensely yellow oil 
(116 mg, 26%); h,,, 5.84 p;  h (CSH12) 235 (log E 4.6), 
242 (log E 4.6), 252 (infl,, log E 4.4), 328 (log E 2.8), and 
392 mp (log E 3.2); 6 (CCI,) 1.12 (t, J = 7.0 Hz, 3H), 
4.14 (q, J = 7.0Hz, 2H), 7.0-7.7 (m, 7H), and 7.9-8.16 
(m, IH). 

Calcd. for C18H137%r03 : 356.0048. Found: mle 
356.0021. 

The rest of the reaction mixture consisted of red, polar, 
solid material (eluted with 1-10% methanol in dichloro- 
methane) with 1.1.. absorption at 2.9, 5.9, 6.1, and 6.3 p: it 
didnot give 4 on heating, and was not investigated further. 

I t  was shown by t.1.c. that the acid 16 was not present 
in the original reaction mixture; p.m.r. spectroscopy 
showed that theethyl ester of16,2-(0-carboeth0xyphenyl)- 
indan-1,3-dione, (tide infra) was absent; t.1.c. and i.r. 
spectroscopy demonstrated the absence of 4. 

2-(0-Carboethoxyphenj~l) indaan-1,3-dione 
The acid 16 (750 mg, 2.82 mmoles) was added to 

methanol (30 ml), and the suspension was stirred while a 
distilled solution of diazoethane (ca. 200mg, ca. 3.6 
mmoles) in ether (150 ml) (16) was added rapidly. The 
mixture was stirred for a further 5 min, treated with 
acetic acid (0.2 ml), and stripped of solvent. The residue 
was crystallized from benzene-hexane to give the ester as 
a yellow solid (205 mg, 25 %), m.p. 156-165". Recrystalli- 
zation from dichloron~ethane-hexane gave very pale 
yellow needles, m.p. 160.5-164"; h,,, 5.71 (wm) and 
5 . 8 4 ~ ;  6 1.15 (t, J =  7.0Hz, 3H), 4.03 (q, J =  7.0 Hz, 
2N), 4.77 (s, 1 H), and 7.2-8.2 (m, 8H). 

Anal. Calcd. for CI8Hl4Q4 (mol. wt. 294.0891): C, 
73.46; H, 4.80. Found (mle 294.0920): C, 73.64; H, 4.66. 

Pyrolysis of 17. Formation of 4 and Ethyl Bromide 
When compound 17 (1 1 mg) was heated at 180' (20 mm) 

in  a Pyrex tube, a bright orange con~pound rapidly 
sublimed onto the cool, upper part of the tube. This 
compound (6.9mg, 90%) was shown to be 4 by i.r. 
spectral comparison with an authentic sample. 

Pyrolysis of 17 (70 mg) was also carried out at 180' in a 
closed system evacuated at the water aspirator. The gas 
evolved was collected directly in a p.m.r. tube containing 
dicl~loromethane cooled in liquid nitrogen, while 4 
sublimed onto the cooler parts of the pyrolysis tube. The 
p.m.r. tube, with its contents frozen, was sealed and 
detached from the rest of the apparat.7q. The presence of 
ethyl bromide in the dichloromethane was shown by 

Oxidation of 5 with Selenium Dioxide. Formation of 
Compounds 25,28, and 29 

A mixture of 5 (1.20 g, 5.1 mmoles), selenium dioxide 
(B.D.H.; 0.74 g, 6.7 mmoles), dioxane (Fisher Certified; 
freshly refluxed and distilled over sodium; 24 ml), and 
water (2 ml) was boiled under reflux for 84 h, at the end 
of which time v.p.c. indicated that very little starting 
material was present. Aqueous workup gave a bright 
orange-red solid, which was chromatographed on a 
column of silica gel (119 g, 29 x 3 cm). Elution with 
benzene and with benzene containing 1 % dichlorometh- 
ane gave compound 25 (51 mg, 4%); recrystallization 
from dichloromethane gave red prisms, m.p. 289-289.5"; 
h,,, 5.82 p; 6 7.1-8.3 (m, 13H) and 8.3-8.8 (m, 3H). 

Mol. Wt. Calcd. for CglH1603: 436. Found: m/e 436. 
An authentic sample of 25 was prepared by heating the 

dione 26 (12) with seleniun~ dioxide in acetic acid as 
previously described (11). Recrystallization from acetic 
acid gave red prisms, m.p. 288-289" [lit. (11) m.p. 284"l. 
A mixture of this with the red compound obtained from 5 
had m.p. 287.5-289.5"; the i.r. spectra of the two samples 
were identical. 

Elution with benzene containing 2 % dichloromethane 
and with dichloromethane gave compound 28, as yellow 
platelets (82 mg, 4%); recrystallization from dichloro- 
methane-hexane gave yellow rhomboidal platelets, m.p. 
235-236"; h,,, 5.97 p;  6 4.50 (s, 2H), 7.24-7.52 (m, 6H), 
and 7.84-8.15 (m, 2H). 

Anal. Calcd. for C16HIo02Se (mol. wt. 314): C, 61.37; 
H, 3.22. Found (m/e 314): C, 61.56; H, 3.30. 

Elution with dichloromethane containing 2 % methanol 
gave 29 as a white solid (954 mg, 70%); recrystallization 
from dichloromethane-hexane gave small, colorless 
prisms, m.p. 195.5-198"; h,,, (Nujol) 3.06 (m) and 5.94 p;  
h,,, (CHCI,) 2.95 (ms) and 5.89 p;  6 (CF3C0,H) 3.38 
(A part of AB signal system, J = 16 Hz, IH), 3.75 (B part 
of AB system, J = 16 Hz, IH), and 6.95-8.1 (m, 8H); the 
solubility of 29 in deuteriochloroform was too low for the 
signal due to the hydroxyl protons to be discerned, but 
signals were seen at 6 3.17 and 3.67 (AB system, 
J = 16 Hz), and 6.9-7.8 (m). 

Anal. Calcd. for CI6Hl2o4.1/4 H 2 0 :  C, 70.44; H, 4.62. 
Found: C. 70.30. 70.08: H. 4.37. 4.34. 

Mol. 6. calcd. for c ~ ~ H ~ ~ o ~ :  268.0736. Found: mle 
268.0734. 

Acetyhtiorz of 29. Formation of the Diacetate 30 
Compound 29 (5 mg) was dissolved in acetic anhydride 

(1 ml), and concentrated sulfuric acid (1 drop) was added. 
The rnixture was left a t  23" in a stoppered flask for 24 h. 
Aqueous workup gave a white powder (5 mg), m.p. 
197-202"; h,,, 5.65, 5.84, 7.34, 7.80, and 8.33 p;  6 2.13 
(s, 3H), 2.25 (s, 3H), 3.17 (A part of AB system, J = 16 
Hz, IH), 3.87 (B part of AB system, J = 16 Hz, IH), 
6.9-7.65(m,7H),and7.85-8.1 (m, 1H). 

Attempted Deltj~dration of 29. Formation of 34 
Compound 29 melted without decomposition, and 
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sublimed without decomposition at 150" (lo-' mm) as 
demonstrated by i.r. spectroscopy. When heated at 300' 
(20 rnm) in a Pyrex tube by insertion of the lower part of 
the tube into a preheated electric furnace, it evolved gas 
and gave a product that distilled onto the cooler, upper 
part of the tube. The crude pyrolysate was a pale yellow 
oil; h,,, 2.9 (br, m) and 5.86 p; 6 2.9 (br s, lH,  position 
concentration-dependent), 4.25 (s, lH), and 7.2-8.1 
(m, 8H). The i.r. and n.m.r. spectra of the pyrolysate 
resembled those of 26 (12); h,,, 5.86 p; 6 4.40 (s, 2H), and 
7.3-8.1 (m, 8H). A solution of 29 (5 mg) and p-toluene- 
sulfonic acid (1 mg) in benzene (30 ml) was boiled under 
reflux for 72 h under a drying tube in a flask fitted with a 
Soxhlet extractor containing calcium carbide. The color- 
less reaction solution was evaporated in a stream of dry 
nitrogen. The i.r. spectrum of the residue indicated that it 
was a mixture of 29 and p-toluenesulfonic acid. 

Compound 29 (2 mg, 0.007 mmole) and dicyclohexyl- 
carbodiimide (2mg, 0.01 mmole) were dissolved in 
dichloromethane (0.5 ml) in a Pyrex tube; the tube was 
sealed, and the mixture was allowed to stand at 23'. After 
2 months no change in appearance was noted; in par- 
ticular, there was no sign of the very insoluble dicyclo- 
hexylurea. 
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Electron spin resonance studies of oriented NO, and NF, in inert matrices 
at low temperatures 

C.  A. MCDOWELL, H. NAKAJIMA,' AND P. RAGHUNATHAN 
Department of Chemistry, University of British Columbia, Vancouver 8, British Columbia 

Received October 14, 1969 

Preferentially oriented NOZ and NF2 in inert matrices have been studied in some detail by electron 
spin resonance methods at 4.2 OK. Methods are discussed which may optimize the degree of preferential 
orientation of the paramagnetic species in appropriate matrices. The results demonstrate that while neon 
is the best host matrix for orienting NOZ, argon is to be preferred for NFz. The g-values and hyperfine 
splitting data have been accurately determined and are compared with earlier values. Motional processes 
are suggcsted to explain the spectra obtamed for NF, in an argon matrix in the temperature range 
4-30 OK. 

Canadian Journal of Chemistry, 48, 805 (1970) 

Introduction 
Some recent low-temperature electron spin 

resonance (e.s.r.) studies of paramagnetic mole- 
cules in inert-gas matrices have shown that the 
spectra and their dependence on the orientation 
of the magnetic field are characteristic of highly 
oriented species (1, 2). The particular species 
which has been frequently investigated by the 
e.s.r. method is the NO, molecule, and its 
preferential orientation in a neon matrix has 
been cursorily indicated some time ago (1). The 
exact experimental conditions causing this 
"preferential orientation", however, are far 
from being well-established, and this paper 
reports a more detailed study of how an inert-gas 
matrix and appropriate physical conditions 
together may influence the nature and extent 
of orientation of a paramagnetic species. Analysis 
of the e.s.r. spectra of a o-radical (NO,), and a 
n-radical (NF,), isolated in appropriate inert-gas 
matrices are also presented, together with a 
study of their motional effects which depend on 
temperature. Computer-simulated spectra were 
generated to compare the experimental data with 
theory. Several refinements have been made of 
an earlier experimental arrangement which led to  
well-resolved and well-oriented spectra of matrix- 
isolated paramagnetic molecules. 

Experimental 
An X-band superheterodyne spectrometer was em- 

ployed for the detection of the e.s.r. and the microwave 
power-level was kept about 30 dB below the 200 mW 

IPermanent address: Department of Physics, Faculty 
of Science, Hokkaido University, Sapporo, Hokkaido, 
Japan. 

klystron output. The signal at the detector was phase- 
detected at 400 Hz and displayed on a recorder. For the 
measurement of the magnetic field strength, a proton 
magnetometer was used and the proton-probe was placed 
as close as possible to the cavity. To estimate the g-values, 
the microwave frequency was measured using a Hewlett- 
Packard (5255A) frequency convertor and the frequency 
counter. The errors in the measurements were within 
+ 0.0002 for g-values, and 10.25 G for the hyperfine - 
splittings. 

The low-temperature apparatus was essentially similar 
in design to the ones previously described in the literature 
(2, 3), but with certain important modifications. First, 
a thin copper target, ground flat, was used in place of the 
sapphire rod generally employed inside the TE,,, 
microwave cavity. The "Q" of the cavity was negligibly 
affected by this change. The target, which was rotatable 
about an axis perpendicular to the magnetic field, was 
conduction-cooled by direct contact with a liquid helium 
cryostat. The use of copper as target material (4) not only 
led to the rapid establishment and continued maintenance 
of a low surface-temperature of the target, but also con- 
veniently eliminated several unwanted signals often 
observed with sapphire. Secondly, the overall cryogenics 
of the system were improved by mounting the cavity in 
such a way that it was in good contact with the bottom 
of the helium cryostat at all times. A very sizable 
gradient was thus ensured between the initial temperature 
of the radical-matrix mixture and the final temperature 
at the time of deposition. While the temperature of the 
cavity was thus kept not warmer than about 25 OK, the 
copper target itself was maintained at the temperature of 
liquid helium by direct thermal contact with the bottom 
of the helium dewar. This arrangement helped to improve 
the degree of orientation of molecules directly impinging 
on the cold target-face. A schematic set-up of the cryostat 
is shown in Fig. 1. 

Research grade matrix and paramagnetic gases were 
premixed and equilibrated at room temperature for 
several hours before being sprayed onto the cold surface 
by means of a thin-walled quartz nozzle located very close 
to it. To achieve enhanced sample orientation, it was 
necessary to use a uniformly controlled rate of sample 
spray. In a typical experiment, well-resolved and intense 
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molecule and, in particular, b is the molecular 
symmetry axis ; c is the component perpendicular 
to the molecular plane. Previous studies (1, 6) 
have confirmed the assignment we have adopted 
for the g- and A-components in Fig. 2. A clue to 
the degree of preferential orientation of the 

,+,,,, species is afforded by the fact that the intensities 
of the hyperfine lines of the spectrum in Fig. 2 
definitely vary with 0. 

It  is of interest to examine whether the above- 
mentioned "degree of orientation" is influenced 
by the matrix-to-radical ratios, and to investigate 
this point we studied the spectra obtained with 

0.25 mm Stainless 
Steel Waveguide m = I  m = O  m  = - I  - - _I 

e = 9 0 °  

Modulat~on Coils 

mounted inside 

Mixed Gas ( Sample) 

FIG. 1. Cross section of the low temperature appa- 8 = 450 
ratus (for deposition of mixed gas) and the microwave 
cavity. 

spectra were recorded after using a spray rate of 2 x 1018 
molecules/min of mixed gas and a spraying time of about 
20 min. 

Results and Discussion 
NO, in a Neon Matrix 

The e.s.r. spectra of NO, in neon matrix were 
obtained as described above. In Fig. 2 are shown 
typical experimental spectra recorded as a func- 
tion of 0, the angle between the plane of sample e = o" 
deposition and the external magnetic field (for 
example, 0 = 90" when the plane of deposition 
is held normal to the direction of the external 
field). These spectra have several features 
different from the ones reported earlier for this -50 o +50 

I 

species in neon (I), argon (5 ) ,  and dinitrogen 
I 1 

G tetroxide (6) matrices. The turning points of the FIc. 2. The e,s.r. spectra of N02/neon (-1/2500) at 
spectrum corresponding to the a, 6, and c corn- 4.2 OK, recorded as a function of 8 (defined in the text). 
ponents of the 9-tensor for the nz, = 0 transition Microwave frequency = 9356.3 MHz; magnetic field 
are here clearly resolved. we use the subscripts a center.= 3337.22 G;  field modulation amplitude = 0.5 

G. (All spectra in this work are presented as first deriva- 
and b to refcr to the axes in the plane of the NO, tives of the absorpt~on.) 
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magnetic field 

McDOWELL ET AL.: E.S.R. STUDIES OF ORIENTED NO, AND NF2 807 

FIG. 4. Computer simulated e.s.r. spectrum of randomly oriented NOZ, using the values ofg and A reported in this 
work. A Gaussian line-width of 1.5 G has been assumed. 

indicate the degree of orientation of the molec- 
ular planes parallel to the target; i.e. the con- 
densing surface. The results obtained by keeping 
a rigidly-controlled rate of deposition of the 
matrix-radical mixture (2 x 10'' molecules/min) 
are shown in Fig. 3. It can be seen from this 
figure that it is most satisfactory to choose 
matrix-to-radical ratios of over 1000 for ob- 
taining a well-oriented specimen. 

The degree of orientation of the species in its 
matrix relative to the target surface can be ana- 

10 

I 

0 8 -  

0 . 6  - 
LC - 

Ib + IC 
0 4 -  

0 2 -  
( Computed  f o r  randomly 

lyzed by means of line-shape simulation com- 
~ a t r ~ x - t o -  Radical R O ~ I O  ( X  10') puting techniques. In Fig. 4, the computed 

FIG. 3. The "orientation parameter", Zc!(Z, $: I,), as spectrum for randomly oriented NO, is pre- 
a function of the concentration of NO, rad~cals In neon 
a t  0 = 90". sented; this was obtained by choosing a Gaussian 

line-shape function with a line width of 1.5 G 

M/R ratios ranging from 100 to o w  2000. To and taking the principal values of g- and A- 

obtain an estimate of the dependence of orientam tensors to be the ones shown later in Table 1. The 

tion on concentration, the ratio of peak heights Spectruln in Fig. 4 was plotted using a 

of the high-field trn, = - 1) components, I,/ IV program which solved the e.s.r. spin Hamil- 

(I, + I,), was chosen for the perpendicular con- tOnianj as in eq. 1 
figuration of the target. The spectra obtained for [ I ]  = g c ~ ~ z ~ z  + g , ~ ~ y ~ y  + g , ~ ~ x ~ ,  
this position of the target possessed sharply- 
defined a, b, and c components; and the c coin- + AcIzSz + A,I,S, + A,IxSx 

ponent of the hyperfine pattern can be used to to second order in hyperfine interaction (7); 

o - 
oriented s o m p ~ e  

, , I I I 

0 3 6 9 12 15 18 21 
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the subscripts in this equation represent the 
principal-axis coordinate system of the g- and 
A-tensors. The applied field was taken along the 
c-axis. The overall agreement between the com- 
puted spectrum in Fig. 4 and the experimental 
one for 0 = 45" (see Fig. Ib) is good. However, 
the lines due to the c component of the hyperfine 
interaction are stronger in the experimental 
spectrum. This can be interpreted to mean that 
while the in-plane (a, b) molecular axes are dis- 
tributed fairly randomly in the trapping sites in 
the matrix, the out-of-plane (c) component is 
frozen in with a distribution far from random. 

This type of distribution, which in fact mea- 
sures the inclination of the molecular planes of 
the radical away from the surface of deposition, 
was first observed by Kasai et al. (2) for the case 
of Cu(NO,), molecules isolated in a neon matrix. 
The trial-and-error line-shape computation em- 
ployed by these workers led ;o quiteAa reasonable 
approximation of the extent of orientation of the 
Cu2 + molecular species parallel to the cold target 
surface. 

An independent means of assessing the nature 
of the distribution in our experiment has been 
sought by using the following method: the pa- 
rameter Ii/(Ii + lo) was measured at each m, 
region of the spectrum for several values of 8 
ranging from 0 to 90'; here Ii is the intensity of 
the in-plane component lines and I,, that of the 
out-of-plane component line. An exponentially 
decreasing plot of this "distribution parameter" 
against 0, going from a maximum to a minimum, 
would indicate a substantial degree of orientation. 
From our experimental data the distribution 
shown in Fig. 5 was obtained and is seen to lie 
between eTe  and e-". 

Several trial polynomials in 8 having the form 
suggested by the above analysis were used to 
weight the in-plane and out-of-plane components 
before performing the numerical integration (8) 
to obtain the computed spectrum. The computer 
subroutines that handled these calculations, 
written in Fortran IV, were essentially similar to 
the ones used by Kasai et al. (2). The derivatives 
of the absorption spectrum were plotted for the 
two extreme cases, 8 = 90" and 0 = 0". These 
are shown in Figs. 6a and b, respectively, which 
are seen to simulate the corresponding experi- 
mental spectra of Fig. 2 remarkably well. It is 
concluded, then, that a large majority of the 
molecular planes of NO, molecules are oriented 

FIG. 5. Relative intensities of the in-plane and out- 
of-plane hyperhe components as a function of 8 
(N02/neon -1/25OO). 0, Ib/zb + I,) for rn, = 0; @, 
I,,/(Za f Zc) for mr = 0; A, I,,/(Z, + I,) for m1 = + 1 ; A, 
&/(Ib + I,) for rn, = + 1.  

parallel to the surface of deposition. The experi- 
mental technique provides much useful informa- 
tion if the g- and A-tensors have an orthorhombic 
or axial symmetry, considering that the external 
magnetic field has explored only the a-c plane. 

The principal values of the g- and A-tensors 
consistent with the best fit to the experimental 
spectra are listed in Table 1, along with a set of 
other comparable results for NO,. The average 
width of the component lines of our spectra, 
assuming a Gaussian line-shape, was found to be 
1.0 G. This is consistent with the best resolution 
obtained so far for NO, trapped in polycrystalline 
matrices. 

NF, in Neon and Argon Matrices 
A spectrum of NF, randomly oriented in 

neon at 4.2 OK has been investigated by Farmer 
et al. (3) and by Kasai and Whipple (10). Fol- 
lowing these workers, the axes of the g- and 
A-tensors are labeled as shown in Fig. 7. The 
main features of the oriented spectrum are that 
it consists of a triplet of triplets, and that a small 
but clearly resolved anisotropy of the g-tensor 
is revealed in the m,(N) = 0, mI(2F) = 0 central 
peak. In the present study, the overall pattern is 
the same as described above, but the central 
region of the spectra, shown in Fig. 8, has led to 
the following significant advances over earlier 
efforts: (a) The region corresponding to the 
mI(2F) = 0 transition (+60 G from the center) 
has been fully resolved, revealing a fairly 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



810 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

(a) Computed for 8 = 90" 

magnetic field 

(b) Computed for 8 = o0 

magnet~c f~eld 
FIG. 6.  Computer simulated e.s.r. spectra of preferentially oriented NO,: (a) 0 = 90", (b) 0 = 0". The in-plane 

components of g and A are randomly distributed in the a-b plane, while the out-of-plane component is heavily weighted 
around the magnetic field axis. 
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FIG. 7. Definition of the principal axes of g and A 
for the NF, radical. 

complex structure due to the smaller hyperfine 
constants of nitrogen and fluorine; the points of 
inflexion of the strong central line can be precisely 
located. and these. therefore. have led to values 
of the g-tensor components accurate to i0.0002. 
(b) Argon has been found preferable to neon as 
matrix material in that it leads to a well-defined 
orientation effect. 

A set of equal-intensity triplets due to the 
n1,(2F) = + 1 transition are observed on the 
sides of the strong center-structure on the low- 
and high-field sides. The rise and fall of these 
outer triplets with respect to 0 (these triplets 
have been left out of Fig. 8 and subsequent 
figures) coincided with those of x-component 
lines in the m1(2F) = 0 transition. The NF, 
radical is known to be "n-type", and the unpaired 
electron occupies an orbital of b,  symmetry (3). 
Therefore, the component of the hyperfine 
tensor causing the largest splitting will be directed 
outward from the molecular plane, which be- 
comes the x-component in our notation. Thus 
the outermost triplets may be assigned conclu- 
sively to the m1(2F) = 5 1 region of A,. 

The g- and A-values measured for NF,/argon 
and NF,/neon are listed in Table 2. These values 
are seen to be essentially the same for the two 
matrices. However, the angular dependence of 
the spectra was markedly different in the two 
matrices. This difference is illustrated in Fig. 8a 
(neon) and Fig. 8b (argon). In the argon matrix, 
only the x-component becomes progressiveIy 
more prominent as the surface of deposition is 
rotated, and reaches a maximum intensity for the 
perpendicular configuration (0 = 90"). It may 
be concluded therefore that in the argon matrix 
the molecular plane of NF, is oriented parallel to 
the s~trface of deposition. This orientation effect 
has not been so clearly observed in neon in our 

experiments. This lack of orientation may be due 
to the "softness" of the neon matrix. 

From the measurements reported in Table 2, 
values of 16.10 and 76.2 G are calculated for the 
anisotropic (dipolar) part of the hyperfine inter- 
action of the unpaired electron with the nitrogen 
and fluorine nuclei, respectively. These values 
are in complete agreement with the ones reported 
earlier (10). In using their data to estimate the p 
orbital contribution of nitrogen to the molecular 
orbital of NF,, Kasai and Whipple (10) have 
employed the spectroscopic values of Barnes 
and Smith (12) for the < l / r3  >,, of nitrogen. 
This leads to  a slight overestimate of the spin 
density on nitrogen. We, however, prefer to use 
a value (1 1, 13) of 3.10 a.u. for < l / r3  > ,, for 
nitrogen and calculate the dipolar part in the 
hpperfine interaction as 

the symbols on the left hand side of the above 
equation having their usual meaning. On com- 
paring this quantity with the corresponding 
experimental estimate of 16.10 6, we obtain a 
value of 0.98 for the spin density on the nitrogen 
nucleus. 

Temperatiire Dependence of the NF,/Argon 
Spectrum 

It has been noted earlier that the central peak 
of the WF,/argon spectrum exhibits structure due 
to the anisotropy of the g-tensor. Certain kinds 
of motion, with frequencies of the order of 5 to 
10 MHz, i.e. typically of the order of the differ- 
ence between two anisotropic g-values (in 
frequency units), would tend to average out the 
structure of the center of the spectrum (3, 14). 
The temperature dependence of the central peak 
was examined in the temperature range 4-30 OK, 
and the results are illustrated in Fig. 9. First, a 
line appeared between the a- and y-components 
and grew larger, while a corresponding peak was 
not seen between the z- and x-components. Next, 
the distinction between the y- and a-components 
disappeared, but the x-component was still 
present. Finally, even the x-component dis- 
appeared above 30 "K and molecular tumbling 
was now presumably fast enough to bring about 
a narrowing of the central peak. The whole 
spectrum became an isotropic triplet set of 
triplets. 

The above changes in the spectrum may be 
explained as folollows: the first noticeable motion 
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IVE /argon - 1  / 2500  

- 
T> 20" K T- 30" K -50 0 +50 

G 

To hishe r temperature 
FIG. 9. The temperature dependence of the central peak of NFJargon (-1i2500); the spectra were recorded 

for 0 = 0". 
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I ! Warm up 
e- 

cooling. 

Retransfered 

FIG. 10. The central peak of the e.s.r. spectrum of NF2/argon obtained when the sample was warmed up and 
cooled down again to 4.2 "K. 
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is a rotation about the molecular x-axis (3). Then 
some other mode of rotation sets in, such as a 
rotation about the y-axis (C, symmetry axis). 
Finally, at a still higher temperature, the NF, 
radical rotates almost isotropically around more 
than two axes about a fixed center of gravity. 
This leads to the isotropic g-value of 2.0053 
recorded in Table 2. 

I t  is of interest to note that the above-men- 
tioned situation arises while the matrix is still 
oriented. To examine this matter in more detail, 
the deposit was warmed to a temperature below 
the sublimation point of the matrix in vacuum 
when the aforementioned isotropic lines just 
began to appear and the temperature was cooled 
down to 4.2 OK by a slow transfer of liquid 
helium to the experimental cryostat. The helium 
transfer at this stage of the experiment presented 
the following difficulty: the reading of the ioniza- 
tion gauge attached to the main evacuation port 
of the dewar system, which usually stood at 
1 x mm Hg, temporarily went up to 6 x 

mm during this transfer before settling 
down again to the original value, thus indicating 
some loss of the sample deposit. As a conse- 
quence, there was a slight decrease in the overall 
intensity of the spectrum recorded after this 
cooling down process. A typical result of this 
operation is recorded in Fig. 10. 

The remarkable feature of these spectra is that 
the orientation of radicals is still seen in these 
samples after the cooling down process has been 
completed. This leads to the conclusion that, 
prior to cooling, isotropic rotations were going 
on in the matrix which was previously preferen- 
tially oriented. I t  is known (15) that vapor- 
deposited argon at 4.2 OK tends to have its (1 11) 
plane oriented parallel to the surface of depo- 
sition, and it is conceivable that this dictates the 
general pattern of alignment of the radical species. 
However, in a more detailed interpretation of the 
orientation process one includes the following 
considerations. 

The chief driving force in the mechanism of 
crystal growth with preferred orientations usually 
arises from the surface energies of the crystallo- 
graphic planes. The experimental data pertaining 
to  this subject have been extensively reviewed by 
B a u e ~  (16). If the condensing gas is streamed at a 
low angle of incidence to the target surface, as 
was done in o m  experiment, an "anisotropic" 
molecular supply results. Consequently, the 

growth form of the crystal would deviate some- 
what from the normal isometric form. Thus the 
formation of columnar crystals or platelets, for 
instance, could be visualized. The crystal planes 
of such structures would possess larger surface 
energies than their corresponding "equilibrium" 
forms and it is probable that this excess energy 
induces eventual ordering in the structure. 

Alternatively, the mechanism of oriented 
growth could involve the electrical double layer 
at the metal target surface, which polarizes the 
condensing matrix gas (17, 18). This proposal 
has been made by Shereshefsky and Mazumder 
(18) to explain the orientation observed in the 
condensation of krypton and methane mono- 
layers on highly homogeneous metal surfaces. It 
is likely that such a mechanism is operative in the 
present experiment, at  least for the first few layers 
of the sample deposit. As the molecular popula- 
tion on the surface increases, the induced dipoles 

i I 1 
- 50 0 +50 

G 
FIG. 11'. The central region of the e.s.r. spectrum of 

NF2/nitrogen (-1/2000); obtained at 4.2 OK and 9 = 90". 
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would of course counteract the field at the 
metallic surface. 

NF, in Matrices otlzev than Neon and Argon' 
The NF, radicals trapped in krypton and 

nitrogen matrices were also studied at 4.2 OK. 
Since the van der Waals radii of krypton and 
argon are not much different (r, = 1.91 A for 
argon, 2.01 A for krypton), it is not surprising 
that orientation was also observed in the krypton 
matrix. Every spectroscopic parameter was 
almost identical for the spectra obtained with 
krypton and argon, but the radicals appeared to 
be oriented to a somewhat lesser degree in 
krypton. 

On the other hand, the spectrum obtained in 
nitrogen matrix had much broader lines and did 
not show any orientation effect. The central 
region of this spectrum is shown in Fig. 11. The 
poor resolution and the width of the lines may be 
ascribed to radical motion which promotes the 
spin-rotational relaxation of the species. The 
outer triplets due to the m1(2F) = F 1 transitions 
were hardly observable in this matrix. 

We wish to thank the National Research Council of 
Canada for generous grants in supporting this research 
work. We are also .much indebted to Professor J. B. 
Farmer for many most helpful discussions and assistance. 
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Synthesis, resolution, and absolute configuration of 
1-phenyl-I-methyl-I-si1aeyc10hexanone-2~,~ 

A. @. BROOK, H. W. KUCERA,~ AND D. M. MACRAE~ 
Departmenf of Chemistry, University of Toronto, Toronto 181, Ontario 

Received September 24, 1969 

The synthesis and resolution of I-phenyl-I-methyl-1-silacyclohexanone-2 by oxidative hydroboration of 
the related silacyclohexene to the silacyclol~exanol, resolution of this via the strychnine salt of the phthalate 
half-ester, and subsequent oxidation of the silacyclol~exanol to the silacyclohexanone is described. The 
carbon analog I-phenyl-1-n~ethylcyclohexa~~one-2 was also synthesized in optically active form. The 
(+)-enantiomers of the two ketones had similar optical rotatory dispersion curves, presenting convincing 
evidence for the identity of their config~~rations, and the carbon compound could be degraded without 
affecting the asymmetric center to (-)-(K)-2-phenyl-2-methylhexandioic acid, thereby establishing the 
absolute configurations of both con~pounds. 

Canadian Journal of Chemistry, 48, 818 (1970) 

As part of our continuing interest in the chem- 
istry of acylsilanes (1) we have resolved and deter- 
mined the absolute configuration of I-phenyl-l- 
methyl-1-silacyclohexanone-2 (I). At the time 
that this research was initiated only two cyclic F 
systems containing an asymmetric sil' !con center 
in the ring were known. These were 2 (21, and 3 
(3). In these latter systems, the resolving agent, 

Ph, ,Ph 

(1) B2H6 

( 2 )  Lo1 
4 

'h\ /PI1 

DCG 

5 6 

an optically active amino acid for 2, and I-menthol 
for 3 were bonded directly to the asymmetric 
silicon center through reactive Si-0 and Si-N 
bonds. These methods did not zppear to be 
suitable for the resolution of cyclic acylsilanes; 
however, certain developments discussed below 
suggested that a resolution might be eKected 
through the carbinol precursor to the ketone I, 
I-phenyl-I-metPlyl-l -silacyclohexanol-2 (8). 

dicyclohexylcarbodii~nide (DCC) reagent to the 
corresponding acylsilane 6.  

Upon investigating such a synthetic route to 
the ketone, 1, it was found that treatment of 
racemic l -phenyl- 1-methyl- I-silacyclohexene-2 
(7) with excess diborane resulted after oxidative 
worltup in the carbinol 8, whose gas-liquid 
phase chromatogra.phy (g.1.p.c.) analysis showed 
that it consisted of the two possible diastereo- 
rneric carbinols in the proportions of about 95:s 
(Scheme 2). 

That the diastereomeric carbinols had indeed 

bt has been shown pre~iously that hydr&bora- Me, ,~h 

tion of cyclic silylalkenes such as 1, l-diphenyl- (1) B,H, 

silacyclohexene-2 (4) results in the formation of 0 ( 2 )  Lo1 95:5 

the a-silylcarbinol, 5, as the only isolated prod- 7 
uct (see Scheme 1) (4). The carbinol can then Me\ /P:H 
be oxidized in reasonable yield using the DMSO/ 

'Taken in part from the M.Sc. thesis of H. W. Kucera, 

V H  

University of Toronto, 1968. 8 
Me, ,Ph 

'Part of this material was presented at the Second 
International Symposium on Organosilicon Chemistry, u" ::: ;BH 52:48 
Bordeaux, France, July, 1968, Abstracts Page 26. 

3Holder of an NRCG Bursary, 1966-1967. 
'Holder of a Dow Corning Silicones Fellowship, 1 

1968-1969. SCHEME 2 
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been separated on the column was shown by 
reducing the racemic acylsilane I, with diiso- 
pinocamphenylborane (R,BH) (5). A g.1.p.c. 
analysis of the crude reduction product indicated 
that approximately equal amounts of the dia- 
stereomeric carbinols had been produced. 

Thus, although the reaction of R2BH with the 
ketone exhibits low stereoselectivity, the reaction 
of B,H, with the alkene 7, is highly stereoselec- 
tive. This remarkable fact makes it possible to 
introduce a second reactive asvmmetric center 
into the molecule, whose configuration is directly 
related to the configuration at the silicon center. 
We are attempting to establish the configuration 
at the carbinol center of the predominant 
diastereomer. 

I t  seemed feasible to resolve this system 
through its new asymmetric carbinol center, and 
a successful resolution was achieved through the 
phthalic acid-ester of the a-silylcarbinol 8. This 
material could be crystallized to diastereomeric 
purity since the carbinol isolated from the hydrol- 
ysis of the crystalline acid-ester showed only 
one peak by g.1.p.c. analysis, corresponding to 
the more abundant diastereomer. 

On preparing the strychnine salt of the acid- 
ester in chloroform-acetone, the less soluble 
diastereomer precipitated and could be recrys- 
tallized readily to a constant melting point and 
rotation. Reisolation of the carbinol ([a],25 
-73.5") and oxidation with DMSO using the 
method reported by Brook and Pierce (4) gave 
the optically pure ketone, [&IDz4 - 160'. Isolation 
of the carbinol from the more soluble strychnine 
salt followed by oxidation gave (+) - I  of lower 
optical purity, [a],24 f 73.5". The optical 
rotatory dispersion (0.r.d.) spectrum of (+)-I 
showed a positive Cotton effect with a maximurn 
at 400 my5 as shown in Fig. 1. 

A considerable amount of effort was expended 
in trying to  devise a workable scheme whereby 
the absolute configuration of 1 could be deter- 
mined by degradative reactions. However, the 
stereochemistry to be expected in displacement 
reactions at silicon in a new cyclic silicon system 
is uncertain, since the rules found to apply to 
Sommer's acyclic 1-naphthylphenylmethylsilyl 
system (6) are not always applicable to Corriu's 
cyclic 2-(l-naphthylsila) -1,2,3,4-tetrahydronaph- 

'The interpretation of the 0.r.d. spectra in these sys-, 
terns is currently under study in these laboratories. 

FIG. I.  Optical rotatory dispersion curves obtained 
in cyclohexane for the analogous carbon and silicon 
cyclohexanones. *The amplitude of the curve for the 
carbon ketone is not on an absolute scale since the optical 
purity of ihis material is unknown. 

thalene system (3) (3, 7). Therefore, chemical 
degradation to compounds of known absolute 
configuration was considered to be a hazardous 
and unreliable approach. 

The possibility of relating the configurations 
of the silicon ketone, 1 and its carbon analog 9, 
was considered. The relation of the configuration 
at the silicon and carbon centers could be based 
upon the reasonable assumption that analogous 
silicon and carbon compounds with similar 0.r.d. 
curves and Cotton effects of the same sign have 
the same absolute configuration, as was proposed 
and confirmed in earlier studies (8). 

The resolution of I-phenyl-l-methylcyclo- 
hexanone-:! (9) (9), has not been previously 
reported. Thus, a method for resolving this 
ketone had to be found. The method used for 
the analogous silicon ketone was not considered 
practical, since hydroboration of the alkene PO 
would be expected to give rise to a mixture of 
products bearing the carbinol function at the 
2 and 3 positions (10). 

Instead it was decided to reduce selectively one 
enantiomer of the ketone 9 (Scheme 3), using 112 
mole-equivalent of optically active diisopino- 
camphenylborane (R,BH) (5) .  Selective reduction 
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was carried out at 0 "C in diglyme to yield after 
separation of the carbinol, 12, residual ketone 9, 
[a],25 + 35.4". The optical purity of this ketone 
has not been determined; however, this is not 
important for the work that follows. 

The recent work of Cram and Hoffman (11) 
in which they report the absolute configuration of 
(-)-(R)-2-phenyl-2-methylhexandioic acid 14, 
greatly simplified the approach to the determina- 
tion of the absolute configuration of 9. The 
degradation used was as follows (Scheme 4): 

\I H OAc ' u  

";?IPh 
Ph 

KMn04/N.04+ 
aqueous COOH 

The ketone, (+)-9, was converted to its tosyl- 
hydrazone, 13, in absolute ethanol in the presence 
of a few drops of glacial acetic acid and this in 
turn was converted directly to the alkene (-)-lo 
by treatment with 2 mole-equivalents of n- 
butyllithium in ether (12). The alkene was then 
oxidized with sodium periodate in the presence 
of a catalytic amount of potassium permanganate 
(13) to the diacid (-)-Id. The spectral charac- 
teristics and mixed melting point with authentic 
material prepared by an alternate route (14) 
confirmed the identity of this compound. 

Since (+)-9 gave rise to (-)-I4 via a series of 
reactions not involving the asymmetric center, 
it is possible to assign the absolute configuration 
of (+)-9 as R, as shown. 

Furthermore, since (+)-(R)-9 has a positive 
Cotton effect, it is reasonable to assign the same 
absolute configuration to the cyclic acylsilane 
(+)-(R)-1 as shown since it also exhibits a 
positive Cotton effect having a similar character. 

This work represents the first assignment of 

absolute configuration to a cyclic organosilicon 
compound, asymmetric at silicon. Furthermore, 
it prepares the way for the assignment of absolute 
configurations to a number of other compounds. 
For example, treatment of (+)-(R)-1 with dia- 
zomethane (15) (Scheme 5), gives rise to ( - ) - (S ) -  
1-phenyl-1-methyl-1-silacycloheptanone-3 (15) as 
the major product whose configuration must be 
as shown since this reaction has been demon- 
strated to proceed with retention of configuration 
at silicon (16). Minor amounts of material .. , 
presumed to be 16 on the basis of nuclear mag- 
netic resonance (n.m.r.) data were detected. 

Hopefully, it will be possible to relate the 
stereochemistry of this system to other systems 
such as Corriu's naphthylsilatetralene compounds 
(3) whose absolute configurations have not yet 
been established. 

Experimental 
General 

Nuclear magnetic resonance spectra were run on either 
a Varian A-60 or A-56/60 instrument using carbon tetra- 
chloride or deuterochloroform as specified. Infrared (i.r.) 
spectra were obtained on a Perkin-Elmer model 237-B 
grating i.r. spectrophotometer in carbon tetrachloride 
or as a liquid film as specified. Ultraviolet (u.~.) spectra 
were obtained on a Perkin-Elmer model 350 spectro- 
photometer in the solvent specified. 

Optical rotations were obtained on a Galileo manual 
polarimeter at the Sodium D line using a 1 dm cell. 
Optical rotatory dispersion spectra were obtained on a 
Jasco Model ORD/UV-5 spectrophotometer. 

Boiling points and melting points are uncorrected. 

Preparation of I-Phenyl-1-methyl-1-silacyclohexene-2 (7) 
To 34.0 g (0.204 mole) of l,l-dichloro-I-silacyclo- 

hexene-2 (17) in 125 ml anhydrous ether were added 145 
ml (0.213 mole) of phenyllithium solution, over a period 
of 30 min. The mixture was left at ambient temperature 
for 22 h and then the clear solution was decanted off 
leaving a precipitate of lithium chloride. The ether was 
removed on a rotary evaporator and the residue was dis- 
tilled under vacuum. Three fractions were isolated. The 
first consisted of 6.7 g (20%) of unreacted I,l-dichloro- 
1-silacyclohexene-2, the third of4.5 g (9 %)of 1 ,I-diphenyl- 
I-silacyclohexene-2. 

The central fraction consisted of 24.1 g (57%) of 
I-chloro-1-phenyl-1-silacyclohexene-2, b.p. 120-125" (4.5 
mm): This was not characterized but methylated directly 
with methylmagnesium bromide. 
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BROOK ET AL. : 1-PHENYL-1-ME 

To a solution of 19.4 g (0.093 mole) of l-chloro-l- 
phenyl-I-silacyclohexene-2 in 100 ml anhydrous 
tetrahydrofuran (THF) was added 0.21 mole of methyl- 
magnesium bromide solution (1.5 M in ether). Most of the 
diethyl ether was distilled off and the residual THF 
solution was refluxed overnight. The mixture was acidi- 
fied with 10% HCl solution and extracted 3 times with 
diethyl ether. The combined ether extracts were washed 
with dilute sodium bicarbonate solution and were dried 
over anhydrous magnesium sulfate. Removal of the ether 
on a rotary evaporator followed by distillation of the 
high boiling residue gave 16.1 g (93%) of the desired 
alkene, b.p. 80-84" (0.8 mm); i.r. (film) h,,, 6.29 (C=C), 
7.0, 9.0 (SiPh), 8.0 (SiMe) p; n.m.r. (CCI,) 6 7.2-7.6 (Ar, 
complex, 5), 6.9 (olefinic, doublet ( J  = 14 c.p.s.) of 
triplets ( J  = 4 c.p.s.), I), 5.8 (olefinic, d, J = 14 c.p.s., I), 
1.7-2.4 (aliph, m, 4) 0.7-1.1 (aliph, m, 2), 0.35 (SiMe, 
s, 3) p.p.m. 

Anal. Calcd. for Cl2Hl6Si: C, 76.52; H, 8.57. Found: 
C, 76.35; H, 8.38. 

Preparation of I-Phenyl-I-methyl-I-silacyclohexanol-2 
/R I 
\ -, 

To a solution of 16.5 g (0.088 mole) of l-phenyl-l- 
methyl-1-silacyclohexene-2 in 40 ml of anhydrous THF 
cooled with an ice bath were added 100 ml of diborane 
solution (1.0 M in THF) over 30 n~in. After the addition 
was complete, the mixture was left at 0" for an additional 
4 h and then the solvents were removed on a rotary 
evaporator. The residual oil was carefully acidified with 
5 % HC1 solution and was extracted 3 times with ether. 
Removal of the ether from the combined extracts on a 
rotary evaporator left a viscous oil which was dissolved 
in 175 ml of THF. This solution was cooled on an ice 
bath and a solution of 2.5 g of sodium hydroxide (0.063 
mole) in 45 ml water was added, followed by 35 ml of 
30% hydrogen peroxide solution. The mixture was left 
at room temperature for 18 h and then was acidified with 
10 % HCI solution. The organic products were isolated by 
3 ether extractions. After drying the combined extracts 
over anhydrous magnesium sulfate, the ether was re- 
moved on a rotary evaporator and the residue was dis- 
tilled. The desired carbinol, 15.0 g (84%) was isolated as 
a constant boiling fraction, b.p. 117" (0.4 mm); i.r. 
(film) h,,, 2.8-3.1 (OH), 7.0, 9.0 (SiPh), 8.0 (SiMe) u ;  
n.m.r. (CCI,) 6 7.2-7.6 (Ar, m, 5), 3.35-3.7 (CHOH, m, 
I), 0.5-2.0 (aliph, m, 8), 0.25 (SiMe, s, 3) p.p.m. 

Anal. Calcd. for C12H18SiO: C, 69.84; H, 8.79. Found: 
C, 69.49; H, 8.88. 

An n.m.r. spectrum in DMSO showed a doublet at 6 
4.2 p.p.m. JAB = 4.5 c.p.s., which disappeared on the 
addition of D,O. This is consistent with the secondary 
carbinol function. 

The g.1.p.c. analysis of this carbinol using a 10 ft, 10% 
neopentylglycol sebacate column at 225 "C indicated a 
9 5 5  ratio of the two possible diastereomeric carbinols. 

Resolution of I-Phenyl-I-methyl-I-silacyclohexanone-2 
(1) 

(a )  Preparation of the Phthalic Acirl-ester of I-Phenyl- 
I-nzethyl-I-silacyclohexanol-2 

A solution containing 68 g (0.33 mole) of l-phenyl-l- 
methyl-1-silacyclohexanol-2, 49 g (0.33 mole) of phthalic 
anhydride, and 50 ml of pyridine in 300 rnl of dry benzene 

was refluxed for 3 h. The solvent was then removed on a 
rotary evaporator and the residue was extracted with 
dilute sodium bicarbonate solution. The aqueous phase 
was washed with ether to remove any non-acidic organic 
residues. Acidification of the aqueous phase with 10% 
HCl precipitated the acid-ester as an oil which was ex- 
tracted with chloroform. The chloroform solution was 
then dried over anhydrous sodium sulfate and the solvent 
was removed on a rotary evaporator. The residual .oil 
was taken up in approximately 300 ml of carbon tetra- 
chloride and 700 ml of petroleum ether (b.p. 60-70") 
were added. On cooling to 5" the acid-ester crystallized 
in hemispherical clusters, over a period of 4 days. 

The crude crystals were filtered and recrystallized 3 
times from the same mixed solvent system (2:3, CCI,: 
petroleum ether (60-70 "C)) to yield 68 g (57 %) of pure 
acid-ester, m.p. 116-118 "C. 

Anal. Calcd. for C20H2204Si: C, 67.76; H, 6.26. 
Found: C, 67.55; H, 6.15. 

(b) Resolution of the Phthalic Acid-Ester of I-Phenyl-I- 
methyl-I -silacyclohexanol-2 

To 15 g (0.042 mole) of the acid-ester in 400 ml of 
acetone at reflux, were added 14 g (0.042 mole) of strych- 
nine partially dissolved in 50 mi chloroform. This mixture 
was left at reflux for 10 min and then cooled to 5 "C. The 
less soluble diastereomer crystallized from the solution 
overnight, yielding 10.9 g (38 %) of colorless crystals, 
m.p. 225-230 "C (decomposition). 

The strychnine salt was recrystallized to constant 
melting point and optical rotation using the following 
procedure. The salt was dissolved in excess chloroform 
(50 ml CHCl3 for every 10 g of salt) and the solution was 
then concentrated to approximately half its volume on a 
rotary evaporator. To this solution at reflux was added 
hot acetone (150 ml acetone per 10 g of salt). Crystalliza- 
tion commenced almost immediately and after approxi- 
mately 1 h the solution was filtered and the crystals were 
washed with acetone. Table 1 summarizes the relevant 
recrystallization data. 

TABLE 1 
Resolution of silacyclohexanol acid phthalate 

Melting 
Recrystallization Yield point 

no. (g) [alD23(0) ("C) 

( c )  Reisolation of the Acid-Ester 
To a suspension of 4.0 g (0.0057 mole) of the strych- 

nine salt of the acid-ester ([ct]DZ5 - 59O) in 50 ml of ether 
were added 50 ml of 10 % HCI and the mixture was stirred 
vigorously for 15 min. To this were added 100 ml water and 
the suspension was filtered to remove the precipitated 
strychnine hydrochloride. This precipitate was then 
washed well with ether and the ether phase was isolated 
and was extracted with dilute sodium bicarbonate solu- 
tion. Acidification of the bicarbonate phase with 10% 
HCl precipitated the acid-ester as an oil which was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



822 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

isolated by ether extraction in the normal fashion. The 
residue, on removing the ether on a rotary evaporator, 
was crystallized from 20 ml of n-hexane and sufficient 
carbon tetrachloride such that the acid-ester did not oil 
out on cooling to -20 'C. After a few weeks a t  this tern- 
perature the acid-ester had precipitated to yield 1.5 g 
(75 %)of thecrystalline acid-ester, [cxIDz4 + 150" (CHCl,), 
m.p. 84-86 "C. A second recrystallization did not alter 
the optical rotation although the melting point range 
was changed to 85-86'C. An i.r. spectrum of this 
material in carbon tetrachloride was identical to that of 
the racemic acid-ester. 

(d) Hydrolysis of the Acid-ester 
To 17 g (0.048 mole) of the resolved acid-ester (from 

the strychnine salt having [cxIDZ4 - 59", n1.p. 230-231 "C) 
in 30 ml T H F  were added 100 ml of 1.5 N sodium hy- 
droxide solution. The mixture was then heated on a steam 
bath for 15 min and then was extracted with ether. The 
aqueous phase was again heated on a steam bath for an 
additional 15 min and then was extracted with ether. 
This cycle was repeated 2 more times. In the last cycle 
the aqueous phase was heated for 1 h on the steam bath. 
The carbinol was isolated from the ether extracts in the 
normal manner. Distillation of the residue gave 7.4 g 
(75%) of the desired optically active carbinol, b.p. 85- 
95 "C (0.2 mm). This material solidified on standing to a 
waxy solid m.p. 32.5-33", -73.5". The n.m.r. and 
i.r. spectra of this material were identical to those of an 
authentic sample of racemic carbinol. 

(e) The Oxidatior~ of I-Plzenyl-I-metlzyl-I- 
silacycluhexarzol-2 (8 )  

To a solution of 7.43 g (0.0361 mole) of the resolved 
1-phenyl-1-methyl-1-silacyclohexanol-2 and 12.4 g (0.062 
mole) of dicyclohexylcarbodiimide in a solvent mixture 
of 30 ml anhydrous ether and 100 ml dry DMSO (dis- 
tilled from calcium hydride) were added slowly 7.0 g 
(0.036 mole) of pyridinium trifluoroacctate in 50 ml dry 
DMSO. This mixture was left overnight, under nitrogen, 
at room temperature. It was then filtered to remove the 
precipitated dicyclohexylurea and the precipitate was 
washed weli with ether. The filtrate was extracted with 
100 ml of water and the aqueous phase in turn was re- 
extracted with ether. The combined ether phases were 
then washed well with water to remove any DMSO and 
then were dried over anhydrous magnesium sulfate. 
Removal of the ether on a rotary evaporator left a residue 
which was distilled on a spinning band column to yield 
4.20 g (57%) of the desired ketone, b.p. 85" (0.02 mm) 
nDZ1 1.5448, [ct]DZ4 -160' (c, 2.15, cyclohexane); i.r. 
(film) A,,, 6.08 (C=O) p;  n.m.r. (CC1,) 6 7.4 (Ar, m, 5) 
2.4 (COCH2, t, (J = 6 c.p.s.), 2), 1.0-2.0 (aliph, In, 6), 
0.4 (SiMe, s, 3) p.p.m.; U.V. h,,, ( E )  (cyclohexane) 336 
(157), 361 (217), 390 (204) mp. 

Anal. Calcd. for C1,Hl,OSi: C, 70.53; H, 7.89. Found: 
C ,  70.54; M, 7.84. 

I-Phenyl-1-methylcyclohexanone-2 (9) 
The ketone, 9, was prepared according to the literature 

procedure (9). However, g.1.p.c. analysis of the product 
indicated presence of a small amount of material tenta- 
tively identified as 1-methyl-3-phenylcyclohexanone-2. 
This could be removed by chromatography on neutral 
alumina with carbon tetrachloride, or by preparative 

g.1.p.c. 011 20 % SE-30 on Chromosorb W. Boiling point 
98" (1.5 mm) nDZ5 = 1.5327; i.r. (carbon tetrachloride) 
h,,, 5.84 (C=O) H; n.m.r. (CC14) 6 7.0-7.5 (Ar, m, 5), 
2.7, 2.25, 1.8 (aliph, 3n1, 8), 1.2 (CMe, s, 3). 

Se1ectit.e Asynzmetric Reduction of I-Phenyl-I-metlzyl- 
cyclohexanone-2 (9)  

To a solution of 7.9 g (0.0584 mole) of a-pinene, 
[aIDz5 $40.8" (neat), in 75 ml of dry diglyme were added 
21.9 ml of a 1.0 M solution of sodiunl borohydride in 
diglyme (0.0219 mole). While cooling in an ice bath, 4.15 
g (0.0292 mole) of boron trifluoride etherate were added 
dropwise with stirring. Following the above addition, 
the mixture was stirred overnight at 0 OC. A thick white 
precipitate formed in the mixture to which 10.0 g (0.053 
mole) of (rac)-1-phenyl-1-methylcyclohexanone-2 (9) 
were added all at once in 20 ml of dry diglyme. The reac- 
tion mixture was stirred at 0 "C until all of the precipitate 
had disappeared (approximately 20 h). Stirring at room 
temperature was continued overnight and the reaction 
was worked-up by pouring the clear solution into 30 ml 
of 30% NaOH. Exactly 30 in1 of 30% H 2 0 z  solution 
were added dropwise over 15 min and the niixture was 
stirred for 1 11. The reaction mixture was extracted with 
diethyl ether, washed with water, and the ether layer 
dried over anhydrous magnesium sulfate. 

The solvent was removed and the mixture was distilled 
under vacuum. Following removal of residual diglyme 
and isopinocamphenol, the product was distilled over a 
range of 94-115 'G (0.9 m r ) .  Three fractions were col- 
lected, the first 2 of which consisted of approximately 
equal amounts of ketone and carbinol. The third con- 
sisted of a small amount of almost pure carbinol. The 
ketone was separated from the carbinol by column 
chromatography on neutral alumina (Woeim) using 2:l 
benzene<hloroform. Analysis by g.1.p.c. (318 in. x 20 ft, 
20% SE-30 on Chro~nosorb W) showed the presence of 
pure kctonc whosc spcctral data were identical to those 
of the racemic material. The ketone was isolated in 50% 
yield after distillation, b.p. 98" (1.5 mm), [a]Dz5 $35.4" 
(c, 9.32 cyclohexane). An 0.r.d. spectrum showed a 
positive Cotton effect with the first maximum at 321 mp 
in cycl~hexane.~ Further elution of the alumina column 
with chloroform yielded the carbinol (+)-12, b.p. 116- 
118" (1.0 mm), nDZO = 1.5467; [a]DZ5 $4.45' (c, 9.41, 
cyclohexane). 

Anal. Calcd. for C13H180: C, 82.06; H, 9.59. Found: 
C, 82.07; 13, 9.41. 

Cont.ersion of ( +)-(R)-9 to ( -)-(S)-I-Phenyl-I- 
methylcyclohexene-2 ((-) -(S) -10) 

Treatment of 1.48 g (0.0078 mole) of the ketone 
(+)-(R)-1-phenyl-I-methylcyclohexanone-2 with 1.5 g 
(0.0080 mole) of tosylhydrazine in absolute ethanol in 
the presence of a few drops of glacial acetic acid yielded 
after work-up a white crystalline tosylhydrazone, 13, 
that was not purified further. The tosylhydrazone was 
treated with slightly more than 2 mole-equivalents of 
n-butyllithium in ether at room temperature. The mixture 
was extracted with ether and water, the ether layer was 
dried over anhydrous magnesium sulfate, and the solvent 
was removed by rotary evaporator. The yellow oil was 
introduced onto a basic alumina column and eluted with 
pentane. Removal of the pentane and distillation of the 
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BROOK ET AL. : 1-PHENYL-1-METHYL-1-SILACYCLOHEXANONE-2 823 

oil yielded 0.6 g (45%) of (-)-(5')-3-phenyl-3-methyl- integration. Distillation of the oil yielded 76% of (-)- 
cyclohexene 10, b.p. 71" (2.5 mm), nDZ5 1.5349; [aIDZ5 ( 9 - 1  - phenyl-1 - methyl-1- silacycloheptanone-3, [a]DZ5 
- 16.6"; (c, 9.37, cyclohexane); n.m.r. (CCI,) 6 1.35 -47.2" (c, 3.18, cyclohexane), b.p. 105-106" (0.1 mm); 
(CMe, s, 3) 5.5-6.0 (vinyl, m, 2), 7.0-7.3 (Ar, m, 5), 1.3- n.m.r. (neat with external TMS standard) F -0.05 
2.2 (aliph, m, 6) p.p.nl., i.r. (carbon tetrachloride) h,,, (SiMe, s, 3), 2.02, 2.37 (SiCHzCO, 2d, J = 10 c.p.s., 2), 
6.05 (weak) (C=C) p. 1.98, 1.30, 0.55 (aliph, 3m, 8), 7.0 (Ar, m, 5) p.p.m.; 

Anal. Calcd. for Ci3HIO: C, 90.60; H, 9.40. Found: C, i.r. (film) h,,, 5.93 (C=O) p; u.v. A,,, (E) (cyclohexane), 
90.61 ; H, 9.42. 248 (358), 253 (418), 259 (470), 263 (425), 266 (480), 271 

(342), 296 (loo), 305 (65) mp; 0.r.d. (cyclohexane) 
Oxidation of alkene (-)-(S)-I0 to (-) -(R)-2- negative Cotton effect, first maximum 308 m ~ .  

Phenyl-2-methyll~exandioic Acid ((-)-(R) -14) Anal. Calcd. for CI3Hi8Si0: C, 71.50; H, 8.31. Found: 
To 50 ml of an aqueous solution containing 4.0 g C ,  71.25; H, 8.17. 

(0.019 mole) of sodium periodate, 0.25 g potassium 
permanganate, and 5.0 g potassium carbonate were added, A. G. BROOK. Adv. Organometal. Chem. ,, 95 0.5 g (0.0029 mole) of (-)-(R)-10. The mixture was (1968). 
stirred vigorously for 48 h at room temperature. The 2. J. F. KLEBE and H.  FINKBEINER. J. Amer. Chem. 
mixture was extracted with diethyl ether to remove any SOC. 88, 4740 (1966). 
unreacted alkene and then the aqueous layer was acidi- 3. R. J. P. CORRIU and J. P. MASSE. Chem. Commun. 
fied. The aqueous layer was extracted a second time with 1287 (1967). 
diethylether and the ether layel was dried over anhydrous 4. A. G. BROOK and J. B. PIERCE. J. 0% Chem. 30, 
magnesium sulfate. The solvents were removed and the 2566 
gummy material after pumping under vacuum at 100 "C 5. H. C. and D. B. BIGLEY. J. Amer. 

SOC. 83, 31 66 (1961). 
for l 5  had [ N I D ' ~  -7.900 (c, 6.98, A 6. L. H ,  SOMMER. Stereochemistry, mechanism, and 
amount of racemic material crystallized from benzene - silicon,  ill ill I ~ ~ . ,  N~~ york, 1965. p, 114. 
petroleum ether ( b . ~ .  60-70") m.P. 75-78". When this 7. R. J. P. CORRIU and J. P. MASSE. Tetrahedron Lett. 
was heated under vacuum to 80' the melt resolidified 5797 (1968). 
m.p. 113-114", mixed m.p. 113-115" with authentic 8. A. G. BROOK. J. Amer. Chem. Soc. 85, 3051 (1963). 
material (14). Crystals were obtained from the residue 9. M. S. NEWMAN and M. D. FARBMAN. J. Amer. 
dissolved in carbon tetrachloride, m.p. 11 1-1 19 "C; Chem. Soc. 66, 1550 (1944). 
~ ~ 1 ~ 2 5  -10.3" (c, 4.53, ethanol); lit. (11) m.p, 126.3- 10. H. C. BROWN. Hydroboration. W. A. Benjamin 

Inc., New York, 1962. p. 205. 127.5", [a154625 -25.65" for optically pure material. 11. T. D. HOFFMAN and D. J. cRAM. J. A ~ ~ ~ .  them. 
The i.r. and n.m.r. spectra confirmed identity of this sot. 91, 1000 (1969). 
compound. 12. R. H. SHAPIRO and M. J. HEATH. J. Amer. Chem. 

SOC. 89, 5735 (1967). 
Preparation of ( -) - (S) -1-Phenyl-l-methyl-l- 13. J. MEINWALD and P. G. GASSMAN. J. Amer. Chem. 

silacycloheptanone-3 (( - )-(S) -15) SOC. 82, 2857 (1960). 
The acylsilane (+)-(R)-1-phenyl-1-methyl-1-silacyclo- 14. M. S. NEWMAN and R. D. CLOSSOM. J. Amer. Chem. 

hexanone-2, [aIDZ5 f 73.5", (containing 73 % of one SOC. 66, 1553 (1944). 
enantiomer) was treated with diaromethane according 15. A. G. W. W. LIMBURG, D. M. MACRAE, and 
to the published method (15). S. A. FIELDHOUSE. J. Amer. Chem. Soc. 89, 704 

(1967). Examination of the n.m.r. spectrum of the crude 16. A. G, BROOK, W. W. LIMBUR~,  and D. M. MACRAE. 
reaction product revealed 2 singlets 6 3.81 and 4.05 p.p.m. J. Amer. Chem. Soc. 89, 5493 (1967). 
These were assigned to the cyclic siloxyalkene 16, whose 17. R. BENKESER and R. F. CUNICO. J. organometa]. 
yield, while not isolated, was estimated at 5-10% by Chem. 4,284 (1965). 
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Internal rotation in the methyl esters of dimethylcarbamic acid and thio 
derivatives 

ALBERTA E. LEMIRE AN& JAMES C. THOMPSON 
Lash Miller CJzemical Laboratories, University of Toronto, Toronto, Ontario 

Received August 22, 1969 

The kinetic parameters for hindered rotation about the C-N bond have been determined by total 
nuclear magnetic resonance line shape analysis for the methyl esters of N,N-dimethyldithiocarbamic 
acid, and N,N-dimethylmonothiocarbamic acid. A qualitative picture of the effect of substituents on 
the potential barrier in carbamate and thiocarbamate esters is presented. 
Canadian Journal o f  Chemistry, 48, 824 (1970) 

High resolution nuclear magnetic resonance 
(n.m.r.) studies have led to the discovery of 
hindered rotation about the C-N bond in 
various molecules (1, 2). Pauling (3) postulated 
that delocalization of the lone pair of electrons 
on nitrogen leads to a polar carbon-nitrogen 
double bond (b). 

In the oast. various attemDts have been made . , 

to determine the kinetic parameters for hindered 
rotation by n.m.r. There has, however, been con- 
siderable controversy about the results obtained. 

Arrhenius activation ~arameters  obtainedfrom 
one parameter approximations (i.e. peak separa- 
tion, etc.) of the exchange equations derived from 
the Bloch equations have proved to be unreliable. 
An excellent review on the errors involved in 
these approximations has recently been pub- 
lished by Allerhand et al. (4). 

It is now believed that the onlv reliable methods 
to determine exchange rates are by using total 
n.m.r. line shape fitting methods or the spin echo 
technique. The spin echo method has, however, 
been reported to yield activation energies which 
are approximately 10-15% too low (5). 

Unfortunately, only a few molecules have been 
studied by these latter methods. Neuman et al. 
have studied N,N-dimethylcarbamoyl chloride, 
N,N-dimethylthiocarbamoyl chloride, and N,N- 
dimethylacetamide-d, by ioialline shape analysis 
(2,6). Inglefield et al. have studied N,N-dimethyl- 
carbamoyl chloride by the spin echo method and 
N,N-dimethylformamide by spin echo and total 

line shape analysis (5). Rabinovitz and Pines have 
studied N,N-dimethylformamide by total line 
shape analysis (7). It should be noted that the 
values obtained by the latter two sets of workers 
for N,N-dimethylformamide are in excellent 
agreement [i.e. Ea = 20.8 + 0.6 kcal/mole (5) 
and E, = 20.5 + 0.2 kcal/mole (7)]. This is in 
sharp contrast to the situation existing in the 
earlier literature where values for the activation 
energy ranged from 7-24 kcal/mole (5). 

Since total line shape analysis appears to be 
the only method to yield results which are reliable 
enough to allow one to make meaningful com- 
parisons between molecules, it seems advisable 
to extend the range of compounds studied by this 
method. A consideration of some interest is the 
effect of varying the substituents X and Y in 
compounds of the form Me,NC(Y)X upon the 
potential barrier to rotation. For means of com- 
parison with some continuing work1 on some 
trimethylsilyl carbamates, we decided first to 
study the related methyl esters of carbamic and 
thiocarbamic acids. 

Y = S  X = S M e  
Y Y = S  X = O M e  

1 1  Y = O  X = O M e  
Me,NC-X Y = O  X = S M e  

Of these compounds, only the methyl ester of 
N,N-dimethyldithiocarbamic acid has been 
studied by total line shape analysis (8). 

Some qualitative information is, however, 
available on the other methyl esters of the series. 
Drago has reported that the -NMe2 peak is a 
single resonance for  MeOC(0)NMe2 and  
MeSC(O)NMe, at -46 "C for 25% solutions in 
methylene chloride and toluene (9). However, 
Lustig et al. have reported hindered rotation 

'Lemire and Thompson. To be published. 
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LEMIRE AND THOMPSON: INTERNAL ROTATION 825 

about the C-N bond in Me,NC(O)OMe in 
CHCl, solutions below -25 "C (10). 

The compound MeOC(S)NMe, has not been 
studied by total line shape methods prior to this 
study. It has been studied using the intensity 
ratio method by Sandstrom (1 I)., We observed 
a splitting of the -NMe, peak at room tempera- 
ture and above, both in the neat liquid and in a 
variety of solvents. 

Experimental 
( A )  Variable Ten7perarure Spectra 

The n.m.r. spectra were obtained from a Varian 
A56-60D n.m.r. spectrometer. At each temperature, 
curvature, homogeneity and resolution adjustments were 
made in an attempt to obtain an optimum constant 
homogeneity. Several spectra were run in each direction 
a t  each temperature. Temperature was measured using 
the methanol and ethylene glycol standards supplied by 
Varian; temperature readings were made before and 
after each spectrum was recorded. 

The charts supplied by Varian have been shown to be 
somewhat unreliable. Hence the temperatures were 
calculated by means of the equations reported by Van 
Geet (12).2 Temperatures are believed to be accurate 
to +. 0.60 "C. The 500 c.p.s. sweep width was calibrated 
using the separation between the TMS and chloroform 
signals. Because of the slight temperature dependence of 
this separation, slightly different values were used for the 
high temperature and low temperature regions. The 
50 c.p.s. sweep width was calibrated using the separation 
between the -SMe and -NMeZ peaks of MeSC(0)- 
NMe2. The separation was measured by the side band 
technique. To take into account the temperature depen- 
dence of this separation, several measurements of the 
separation were made at each temperature studied and a 
least squares plot of separation vs. temperature was con- 
structed. To avoid distortion due to saturation, spectra 
were run at a low field strength. Values for T2 for each 
spectrum were obtained from an internal cyclohexane 
standard or from the -XMe peak. 

The solutions were prepared using large volumes from 
which small samples were drawn out and sealed in vacuo 
in thick walled n.m.r. tubes. Samples were degassed by 
the freeze-thaw method. 

The choice of solvent is important in these studies. 
Whittaker and Siegal have described the rather extensive 
effects of solvent on the internal rotation about the C- N 
bond in amides (13, 14). Neuman and Jonas (6) and 
Rabinovitz and Pines (7) have reported dimerization of 
amides in CCl, solutions. 

I n  this study. saturated hydrocarbon solvents were 
used to minimize solvent-solute interactions (15). It has 
however, been pointed out that minimizing solvent-solute 
interactions niay tend to favor solute-solute  interaction^.^ 
Dilute solutions were used in hope of minimizing solute- 
solute interactions. 

'We are grateful to the referees for pointing out to us 
the results in references 11, 12. 

3Dr. W. F. Reynolds. Private communication. 

(B) Calculations of Theoretical Spectra and Activation 
Parameters 

A Fortran IV program was written to compute the 
theoretical proton absorption line shape for an uncoupled 
2-site exchange using the method of Gutowsky and Holm 
(1). The input consists of experimental intensities at about 
25-50 frequency points as well as initial guesses for r and 
the non-exchanging chemical shift Foco. The theoretical 
plots were normalized to the experimental spectra. TZ was 
obtained separately for each spectrum as described pre- 
viously. The non-exchanging chemical shift, 6o m, was 
varied to give the best spectral fit. 

The final value of 7 was that which gave the best fit 
(in a least squares sense) between theoretical and experi- 
mental intensities; the calculated and experimental 
intensities may be compared either visually or analyt- 
ically. 

If protons are exchanging between sites A and B, then 
the average lifetime of protons at each site is 

For an  equally populated 2-site system xA = T B  = 22. 
Thus the lifetime is 27 and the rate constant is 1/2r. From 
the Arrhenius equation, one may derive the activation 
energy and log A  from a plot of log (1127) vs. 1/T (16). 

[1 1 log (1127) = log A  - Ea/2.30RT 

The limits of 95% confidence in E, and log A  may be 
found by means of the formula given in (17). However, 
the values obtained using this statistical procedure seemed 
rather unrealistically low (i.e. less than 0.2% deviation 
for E, for neat MeZNC(S)OMe). Several authors have 
pointed out that statistical deviations do not reflect the 
true error situation and that systematic errors may be 
very serious for the line shape method (4, 18). Hence the 
error limits shown for the activation parameters were 
estimated from the error of all the values involved in the 
calculations. 

(C) Materials 
Me2 NC(S) OMe 
This compound was prepared by the method of 

Nambury (19) from a 30 % aqueous solution of dimethyl- 
amine and MeOC(S)SK. A 69% yield of a colorless 
liquid boiling at 188-190 "C was obtained (lit. b.p. 
190-191 "C). We found that on distillation at this tem- 
perature, the compound partially rearranged to the 
S-methyl ester. Hence the compound was purified by 
repeated distillations at reduced pressure. 

Me2 NC(S) SMe 
This compound was prepared by the method of 

Holloway and Gitlitz (8) from the sodium salt of N,N- 
dimethyldithiocarbamic acid and methyl iodide. The 
compound was purified by recrystallization from pentane. 
A 76% yield of white crystals melting at 45-46 "C 
(lit. 45-47 'C) was obtained. 

Me2NC(0) OMe 
This compound was prepared by the method of 

Middaugh et al. (9) from dimethylamine and methyl 
chloroformate. Identified on basis of n.m.r. (Table 1). 
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826 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

MezNC(0)SMe 
This compound was prepared from MezNC(0)- 

SH . HNMez and methyl iodide by procedure C of 
Tilles (20) using hexane as a solvent. Identified on the 
basis of n.m.r. 

TABLE 1 
Proton magnetic resonance spectra 

Chemical shift* 
Compound 6 in p.p.m. Reference 

=MeSC(0)NMezb a 2.26 (lit. 2.28) 9 
b 2.97 (lit. 3.00) 

"MeOC(O)NMeZb a 3.60 (lit. 3.60) 9 
b 2. 87 (lit. 2.87) 

"MeOC(S)NMeZb a 3.94 This work 
b 3.34 

3.11 
"MeSC(S)NMezb a 2.58 This work 

b 3.44 

*All compounds were run as 10% solution in CC14. 

Results 
( A )  Me,NC(O) OMe 

Drago (9) has reported no splitting of the 
-NMe, peak at room temperature for the pure 
liquid and for 10% solutions in benzene, CCl,, 
and CC1,-benzene (50% by volume), and a t  
-46 "C for 25% solutions in methylene chloride 
and toluene. Lustig et al., on the other hand have 
found that there is a splitting of the peak into a 
doublet below -25 "C for solutions in CHCl, 
and that the maximum splitting observed is 
dependent upon concentration (10). We have 
found no splitting of the -NMe, signal at the 
ambient temperature of the probe for the neat 
liquid and for dilute solutions in n-hexane. We 
did, however, observe the splitting reported by 
Lustig et al. in chloroform solution at low tem- 
peratures. 

The results in chloroform solutions may well be 
due to a hydrogen bonding interaction of the sort 
shown below: 

0 . . . . . H-CC13 
I/ 

This would be expected to increase delocalization 
of the lone pair of electrons on nitrogen into the 
carbon-nitrogen bond, increasing its double bond 
character and hence increasing the barrier to 
rotation. 

On the other hand, we found no splitting of the 
-NMe, peak in n-hexane as low as -58 "C 
although there appeared to be some broadening. 

FIG. 1. Experimental (---) and theoretical (-) spectra 
for neat Me2NC(S)OMe. 

(B) Me,NC(O)SMe 
There is no splitting of the -NMe, signal at 

room temperature in the neat liquid nor in 
solutions in CCI, or benzene. Middaugh et al. (9) 
also report no splitting at -46 "C for 25% solu- 
tions in methylene chloride and toluene. We 
found no splitting at - 20 "C for a dilute solution 
in Me,NC(S)OMe. 

No splitting was observed in the neat liquid a t  
- 10.5 "C. A splitting of 1.2 c.p.s. was observed 
in a dilute solution in chloroform at - 32.4 "C. 
More detailed work is continuing on chloroform 
solutions. 
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LEMIRE AND THOMPSON: INTERNAL ROTATION 

l ' ~ ' ~ r ~ ~ l ' l l l l l l l l  

cyclohexane solution 

i / ~  103 OK- 

FIG. 2. Arrhenius plots for the process of internal rotation in Me,NC(S)OMe neat (0) and a 
in cyclohexane (A). 

( C )  Me,NC(S) OMe 
The 0-methyl ester of N,N-dimethylmono- 

thiocarbamic acid was studied both as a neat 
liquid and as a 1.5 mole % solution in cyclo- 
hexane. The -NMe, resonance of this com- 
pound is split intoa doublet at room temperature. 

Exchange rates were determined by comparing 
experimental and theoretical spectra as explained 
earlier. A comparison between theoretical and 
experimental spectra is shown in Fig. 1. 

A least means square plot yielded the following 
activation parameters. For the neat liquid, 
Ea = 14.5 t_ 0.4 kcal/mole, log A = 10.7 + 0.3, 
AH*298,2 = 13.9 kcal/mole, AG*,,,,, = 17.4 
kcal/mole, AS* = - 11.7 e.u. 

For the 1.5 mole % solution in cyclohexane, 
the activation parameters were Ed = 14.2 $- 0.5 
kcal/mole, log A = 10.6 1 0 . 3 ,  AH*,,,,, = 13.6 
kcal/mole, AG*298.2 = 17.1 kcal/mole, AS* = 
- 11.7 e.u. 

The Arrhenius plots are shown in Fig. 2. 
The results obtained by Sandstrom (I 1) for the 

neat liquid were E, = 16.4 1 0.2 kcal/mole, 
log A = 12.0 i 0.2. 

Such differences in results obtained by the 
intensity ratio method and the total line shape 
method are not unexpected as shown by a com- 
parison between the activation energies obtained 
by Rogers and Woodbrey (21) by the intensity 
ratio for N,N-dimethylformamide and N,N- 

1.5 mole solution 

dimethylacetamide and those obtained later by 
total line shape methods (Table 2). 

TABLE 2 
Comparison of E, values obtained by two methods 

Method 

Compound Intensity ratio Total line shape 

DMF 18.3 kcal/mole 20.5 kcal/mole 
DMA 10.6 kcal/mole 19.6 kcal/mole 

(D) Me,NC(S) SMe 
The S-methyl ester of N,N-dimethyldithio- 

carbamic acid was studied in dilute solution in 
n-hexane. The following activation parameters 
were obtained Ea = 13.0 1 0.6 kcal/mole, log 
A = 11.6 + 0.5, AH',,,,, = + 12.5 kcal/mole, 
AG*,,,,, = 14.7 kcal/mole, AS* = -7.4 e.u. 

This compound has previously been studied 
by Holloway and Gitlitz (8) who reported the 
activation parameters Ea = 10.3 f 0.3 kcal/mole, 
logA = 9.62 1 0.18,AG*,,,~, = 14.7kcal/mole. 

They report a peak separation of 10 c.p.s. for 
the -NMe, doublet at the lowest temperature 
investigated, 248.0 OK. We found a peak separa- 
tion of 10.4 c.p.s. at  261.4 OK. Below this tem- 
perature, crystals began to come out. It did not 
seem feasible to decrease the concentration 
further, as there was already considerable noise 
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828 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48. 1970 

TABLE 3 
Activation parameters 

- 

E, in AG129s.2 AH*z98.2 AS* 
Compound Solvent kcal/mole log A kcallmole kcallmole e.u. References 

MeZNC(S)OMe Neat 1 4 . 5 k 0 . 4  1 0 . 7 i 0 . 3  17.4 13.9 -11.7 This 
w y k  

1.5 mole % 14.2 + 0.5 10.6 + 0.3 17.1 13.6 -11.7 
in cyclohexane 

Me,NC(S)SMe n-Hexane 12.5 -7.4 This 13.0 + 0.6 11.6 + 0.5 14.7 
work 

8 
Me2NC(0)CD, Neat 19.6 + 0.3 13.8 + 0.2 18.2 19.0 +2.7 6 

9.5% in 20.6 + 0.3 14.3 + 0.3 18.6 20.0 +4 .7  6 
DMSO-d, 

Me2NC(0)Cl Neat 16.9 L- 0.5 12.9 + 0.4 16.8 
Neat 14.0 + 0.7 
10.4mole % 17.7 + 0.9 13.8 + 0.7  16.3 
in CCI, 

MezNC(S)CI CC14 19.5 13.2 19 2 
MeZNC(0)H Neat 20.5 + 0.2 20.2 + 0.2 -1.7 7 

Neat 20.8 + 0.6 O +  1 5 

and smooth lines had to be drawn through the 
n.m.r. curves adding an additional source of 
error. 

The coalescence temperature of this compound 
appears to be quite sensitive to solvent. J. M. 
Potter has found that while the coalescence tem- 
perature is 2-3 "C in CS, and CCI,, it is greater 
than 19.5 "C in CHCl, and above room tempera- 
ture in a~etoni t r i le .~ 

Discussion 
The activation parameters obtained by the 

total line shape method in this study and for some 
related amide compounds are summarized in 
Table 3. 

The qualitative results observed in this set of 
compounds, at first, seem rather inexplicable. 
Why, for instance, should Me,NC(S)OMe ex- 
hibit hindered rotation about the C-N bond 
while Me,NC(O)SMe does not? The differences 
can, however, be partially rationalized if one 
divides the compounds studied into two groups; 
one analogous to  substituted thioamides 

S 
I I 

R-X-C-NMe, (X = S, 0); and the other 

I I 
analogous to substituted amides R-X-C- 
NMe, (X = S, 0 ) .  

Middaugh et al. (9) and Rogers and Woodbrey 
(21) have explained the results for the amide-like 
compounds by invoking a "cross conjugation" 
of the R-X- group with the amide system; this 
n-interaction could weaken the C-N x-bonding 
enough to make the barrier too small to be 
observed by n.m.r. methods. Thus for an -OR 
or -SR substituent the loss in C-N x-bonding 
energy in the transition state is partially com- 
pensated for by an  increase in the C-X 
(X = 0 ,  S) n-bonding. Hence barriers to rotation 
would be lower than in amides where there is no 
possibility of n-bonding in the transition state. 

Considering the results obtained in this study, 
we might also now extend this picture to the 
thioamide-like derivatives. 

In general, it appears that activation energies 
are higher than those for amides. Since the polar 
form X--C=N' where X is oxygen or sulfur 
probably determines the value of E,, the con- 
tribution of this form appears to be higher in 
thioamides than in amides in spite of the higher 
electronegativity of oxygen relative to sulfur. This 

--- conclusion has been supported by several workers 

4E. A. V. E b s ~ o r t h  and J. M. Potter. Private corn- (22-25). and Kumler (26) have POstu- 
munication. lated that this may be due to the ability of the 
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LEMIRE AND THOMPSON : INTERNAL ROTATION 829 

3d orbitals on sulfur to accept electrons and 
stabilize the polar form. 

Hence one would expect the barriers to rotation 
in the compounds Me,NC(S)XMe (X = 0 ,  S) to 
be higher than those in MeXC(O)NMe, (X = 0, 
S) as we have indeed, found. The fact that the 
barrier in Me,NC(S)SMe is lower than that in 
Me,NC(S)OMe might perhaps suggest that the 
-SMe group is better able to  participate in 
n-bonding in the transition state than the -0Me 
group, thus stabilizing the transition state and 
leading to a lower barrier. 

Moreover, the activation energies for the com- 
pounds Me,NC(S)OMe and Me,NC(S)SMe are 
lower than those obtained for N,N-dimethyl- 
formamide and N,N-dimethylacetamide by pre- 
vious workers. This is what is predicted in the 
light of the n-bonding capabilities of the former 
compounds. 

The values for the log A factor obtained in this 
study seem rather low compared to those 
obtained for amides. I t  has been suggested that 
entropies of activation for amides should be small 
for this type of internal rotation and that log A 
should be approximately equal to  13 (i.e. 
AS* = 0) .  As Neuman and Young point out, 
"this value of a frequency factor for a uni- 
molecular process has enjoyed somewhat magical 
status which is undeserved for reactions in con- 
densed phases due to probable differences in 
solvation of ground and transition states" (23). 
Since low frequency factors indicate a loss in 
entropy in proceeding to the transition state, it is 
difficult to rationalize them for internal rotation 
in amides where the ground state should be more 
polar than the transition state. It has hence been 
suggested that frequency factors higher than 1013 
should not be unexpected. On the other hand, for 
esters such as those studied in this work, where 
there appears to be n-bonding in both ground and 
transition state, it is difficult to say exactly what 
the entropy of activation should be. 

Moreover, the error range in AS* is usually 
quite large, for the activation parameters E, and 
AS* are sensitive to any systematic errors. 

Before any meaningful discussion is possible 
regarding activation parameters (on anything but 
qualitative terms), measurements should be made 
on many more related compounds using as many 
techniques (i.e. n.m.r., spin echo) as possible. 

Allerhand et al. (4) have suggested that a more 
reliable parameter is the free energy of activation 

AG*. It appears to be less sensitive to  systematic 
errors; for the values for this parameter have been 
relatively consistent for different groups of 
workers. The AG*,,,,, values obtained in this 
study are also listed in Table 3. Here again the 
values obtained are smaller than those for amides. 

The authors thank the National Research Council of 
Canada and the Ontario Department of University 
Affairs for financial assistance and Dr. W. I?. Reynolds 
for many helpful discussions. One of us (A.E.L.) grate- 
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Province of Ontario Graduate Fellowship award. 
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Synthesis of DL-chalcose from acrolein dimer 

R. M. SRIVASTAVA' AND R. K. BROWN 
Department of Chemistry, Uni~~ersity of Alberta, Edmonton, Alberta 

Received August 29, 1969 

1,6:2,3-Dianhydro-4-deoxy-13-DL-ribo-hexopyranose (I), a product obtained from acrolein dimer 
(3,4-dihydro-2H-pyran-2-carboxaldehyde), has been converted to 1,6-anhydro-4-deoxy-3-0-methyl-P- 
DL-xylo-hexopyranose (2) by reaction with acidic methanol or sodium methoxide in methanol. The 
structurc and conformation of 2 have been confirmed by nuclear magnetic resonance spectroscopy. The 
reaction of 2 with methanol in the presence of Amberlite IR-120 (H') gave a 2:l mixture of the a and 13 
isomers of methyl 4-deoxy-3-0-methyl-DL-xylo-hexopyranoside (3) from which the individual a and (3 
isomers of the di-p-nitrobenzoates could be obtained as crystalline solids. 

Conversion of 3 to  the corresponding di-0-p-toluenesulfonates 4, followed by selective reduction of 
these diesters with LiAIH, gave a mixture of the a and !3 isomers of methyl 4,6-dideoxy-3-0-methyl-2- 
0-p-toluenesulfonyl-DL-xylo-hexopyranoside (5). Reaction of 5 with sodium methoxide in methanol 
gave a 2: l  mixture of the a and P isomers of methyl 4,6-dideoxy-3-0-methyl-DL-xylo-hexopyranoside 
(6) (methyl DL-chalcoside) from which only the a isomer could be separated in pure form by column 
chromatography or gas-liquid chromatography. The a isomer, 6-a, upon acid-catalyzed hydrolysis in 
aqueous dioxane, gave a mixture of the a and fl isomers of 4,6-dideoxy-3-0-methyl-DL-xylo-hexopy- 
ranose (DL-chalcose) which gave the same nuclear magnetic resonance spectrum in D,O as did authentic 
D-chalcose. Yields are good to excellent in the various steps from 1 on. 
Canadian Journal of Chemistry, 48, 830 (1970) 

From the acid degradation and the methanoly- 
sis of the antibiotic chalcomycin there have been 
obtained the crystalline compounds chalcose 
and methyl chalcoside (1). Determination of the 
structure (1) and stereochemistry (2) of these 
substances revealed that crystalline chalcose is 
4,6-dideoxy-3-0-methyl-a-D-xylo-hexopyranose 
while the methyl chalcoside possessed the struc- 
ture methyl 4,6-dideoxy-3-0-methyl-P-D-xylo- 
hexopyranoside. The hexose lankavose, obtained 
from the acid hydrolysis of the antibiotic lanka- 
mycin has been found to be identical with 
chalcose (3). Additional support for the struc- 
tural assignment was provided by the conversion 
of desosamine (3,4,6-trideoxy-3-dimethylamino- 
D-xylo-hexopyranose) to chalcose (4, 5) and 
final proof was obtained by the synthesis of 
chalcose from methyl 4,6-0-benzylidene-3-0- 
methyl-2-0-tosyl-a-D-gluco-pyranoside (6) and 
from 4-deoxy-D-xylo-hexopyranose (7). A recent 
report (8) describes a facile synthesis of chalcose 
from 1,2:5,6-di- 0-isopropylidene- 3- O-methyl- 
a-D-glucofuranose. 

We now wish to report the preparation of 
DL-chalcose from acrolein dimer. To our knowl- 
edge this has not yet been described.' 

'Postdoctoral Fellow. 
'When the present work was completed, a report 

appeared describing the preparation of an analogous 
compound, ethyl 3,4,6-trideoxy-3-dimethylamino-P-DL- 
xj~lo - hexopyranoside from 2 -methyl - 3,4 - dihydro - 2 H -  
pyran (9) and bcnzyl 3,4-dideoxy-3 -amino- PDL-threo- 
pentopyranoside from 2-ethoxy-5,6-dihydro-2H-pyran 
(10). 

Results and Discussion 
The key substance required for the synthesis 

of DL-chalcose was 1,6 :2,3-dianhydro-4-deoxy- 
P-DL-ribo-hexopyranose (1) (Scheme I). This 
compound had been prepared previously in this 
laboratory (1 1) from acrolein dimer (3,4-dihydro- 
2H-pyran-2-carboxaldehyde). The present route 
to 1 followed that described (11) but with the 
following observations and modifications. (a) 
Reduction of the acrolein dimer by aluminum 
isopropoxide also provides the alcohol 2-hydroxy- 
methyl-3,4-dihydro-2H-pyran (1 in ref. 11) in 
60-65 % yield, but a contaminant, the isopropyl 
ester of 2-carboxy-3,4-dihydro-2H-pyran which 
was formed as a byproduct of this reduction to 
the extent of 10-15%, was difficult to  remove, 
hence the sodium borohydride reduction pre- 
viously employed (11) was still preferred. (b) 
Bromination of 6,8-dioxabicyclo[3.2.l~octane 
(2 in ref. 11) gave a mixture of endo- and e ~ o - ~  
4-bromo-6,s-dioxabicyclo [3.2.l ]octane (3 in ref. 
11) (12), contrary to the previous suggestion (1 1) 
that only one isomer is formed. (c) In the dehy- 
drohalogenation, only trans-4-bromo-6,8-dioxa- 
bicyclo [3.2.l ]octane dehydrohalogenated readily 
to  form the olefin 6,8-dioxabicyclo [3.2. l Ioct-3- 
ene (4 in ref. 11). Care was necessary in the dehy- 
drohalogenation to avoid high temperatures and 
prolonged reaction time since this olefin is now 

3The erzdo and exo terminology is used to signify cis 
and trans position of the bromine atom with respect to 
the 1,5-anhydro ring. 
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SRIVASTAVA AND BROWN: DL-CHALCOSE FROM ACROLEIN DIMER 

excess 

NaOCH,; 
L I A I H ~  THF cH30b 85% C H ~ O  CH30H; 10 h 

0CH3 0CH3 

6-0 7 

THF = tetrahydrofuran; Ts = p-CH3C6H4S02- 

known to isomerize to 6,8-dioxabicyclo [3.2.1]- 
oct-2-ene under vigorous base catalyzed dehydro- 
halogenation conditions (12). The use of sodium 
hydride and a small amount of dry ethanol in 
1,2-dimethoxyethane facilitated the dehydrohalo- 
genation and avoided isomerization (12). (d) The 
time required to produce the epoxide 1 by the 
reaction of 172-chloroperoxybe~~zoic acid with 
6,s-dioxabicyclo [3.2.1 Ioct-3-ene could be re- 
duced from 10 days (1 1) to less than 24 h by using 
methylene chloride rather than dry ether as 
solvent. 

Along with product 1 there was obtained an 
impurity in -- 5 % yield (as shown by gas-liquid 
chromatography (g.1.c.) and the nuclear mag- 

netic resonance (n.m.r.) spectrum) considered 
previously (1 1) to be the isomer 1,6 :2,3-dianhy- 
dro-4-deoxy-j3-DL-lyxo-hexopyranose (6 in ref. 
11). This is now supported by the fact that the 
1l.m.r. spectrum of authentic material now pre- 
pared in this laboratory (13) shows the identical 
anomeric proton signal (doublet, J-- 3 Hz, at z 
4.32). This impurity could be largely removed 
(residue < 2 %) by repeated crystallization of 1 
from ether, using a dry ice - acetone bath. The 
n.m.r. spectrum of purified 1 is devoid of signals 
of the contaminating lyxo isomer. The remaining 
trace of this contaminant gave no problem in the 
subsequent reaction of 1. 

Heating 1 for 8 h, in refluxing methanol in the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1.  100 MHz n.m.r. spectrum of 1,6-anhydro-4-deoxy-3-O-methyl~-~~-xylo-hexopyranose (2). Contains a 
very small amount of isomeric impurity (signal at T 4.44). In CDCI3 with tetramethylsilane as reference. 

presence of a catalytic amount of p-toluenesul- 
fonic acid monohydrate gave a mixture of 
1,6-anhydro-4-deoxy-3-0-methyl-P-~~-xylo- 
hexopyranose, 2 (69 %), and unreacted 1 (Scheme 
1). Longer reaction times resulted in some 
opening of the 1,6-anhydro ring as well. The 
unreacted 1 could be removed readily by chro- 
matography on an alumina column, and provided 
2 as a viscous liquid whose elemental analysis 
was that required by structure 2. The same com- 
pound, 2, was obtained in 90 % yield when 1 was 
heated for 40 h in refluxing dry methanol con- 
taining an excess of sodium methoxide. In  both 
of these preparations of 2 from 1 a very small 
amount of impurity, possibly the arabino isomer, 
was evident frbm the small signal that is perceived 
at  T 4.44 in the n.m.r. spectrum of 2 (Fig. 1). The 
p-nitrobenzoate of 2, a crystalline material ob- 
tained in 78 % yield, gave the elemental analysis 
required. 

I t  is clearly seen that the reaction of the 
epoxide group in the 1,6:2,3-dianhydro com- 
pound 1 with methanol in the presence of acid or 
with sodium methoxide in methanol, can give 
only two products, the xylo structure 2 and/or 
its arabino isomer. Judging from previous work 
(1 1) in which the reaction of aqueous potassium 
hydroxide with 1 had produced 1,6-anhydro-4- 
deoxy-P-DL-xylo-hexopyranose ('9 in ref. 1 I),  

apparently exclusively, and from the observation 
that such cc,p epoxy acetals do prefer to break the 
C-O bond of the epoxy function which is more 
remote from the anomeric carbon (14), it is 
expected that the product obtained in the present 
case is compound 2. The n.m.r. spectrum of 
compound 2, shown in Fig. 1, as well as that of the 
p-nitrobenzoate of 2 provides evidence that the 
compound has in fact the structure and con- 
formation indicated in 2. This was further 
confirmed by spin decoupling experiments. 

When heated for 24 h in refluxing methanol 
containing Amberlite IR-120 (H'), compound 2 
was converted in 94% yield to 3, a syrupy mix- 
ture of the cc and isomers of methyl 4-deoxy- 
3-0-methyl-DL-xylo-hexopyranoside. Treatment 
of the dianhydro compound 1 under the same 
conditions, but for 65 h, gave 3 in 87 % yield. All 
attempts to separate the cc and p isomers or their 
silyl derivatives (15) failed. Both a and P isomers 
of 3 are strongly absorbed in the columns and do 
not come off. Of the several g.1.c. columns tried, 
only one (10% Carbowax 6000 on Gas-Chrom 
W, acid-washed) showed two overlapping peaks 
for the silyl derivatives in the approximate ratio 
of 2 : l .  The 60 MHz spectrum of 3 in CDCl, 
showed two anomeric proton signals at T 5.20 
(doublet, J - 2.5 Hz) and 5.82 (doublet, J ?: 7.0 
Hz) also in the approximate ratio of 2:l. These 
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SRIVASTAVA AND BROWN: DL-CHA .LCOSE FROM ACROLEIN DIMER 833 

clearly are the anomeric proton signals for the 
a and p isomers respectively. 

The mixture of a and P isomers 3 was con- 
verted to the respective di-p-nitrobenzoates (3-a 
and 3-P) from which both the a and P isomers 
were separated by chromatography as pure 
crystalline solids. 

Treatment of the isomeric mixture, 3, with 
excess p-toluenesulfonyl chloride in pyridine 
gave a good yield of the di-p-toluenesulfonate 4 
as a semisolid mass which could not be crys- 
tallized. Attempts to convert 3 to the mono-p- 
toluenesulfonate gave a mixture from which a 
crystalline di-p-toluenesulfonate could be ob- 
tained in - 8 % yield. The n.m.r. spectrum of 
this product possessed only one anomeric proton 
signal (at T 5.25), a doublet, J = 3.5 Hz, which 
clearly shows that this must be the a isomer. 

Selective lithium aluminum hydride reduction 
of the di-p-toluenesulfonate, 4, gave 85% of 
crude methyl 4,6-dideoxy-3-0-methyl-2-0-p- 
toluenesulfonyl - a,P - DL - xylo - hexopyranoside 
(5) which in turn could be saponified to methyl 
4,6-dideoxy - 3- 0-methyl- a,P -DL-xjdo-hexopy- 
ranoside (6) in 86% (crude) yield. The n.m.r. 
spectrum showed this to be composed of the a 
and p isomers in the ratio of 2:l  respectively, but 
also contaminated with a very small amount of 
unreacted 5. The unreacted 5 could be separated 
from 6-a,P by passage through a column of 
alumina. 

The a isomer was separated by chromatog- 
raphy on an alumina column or by preparative 
g.1.c. Reinjection gave only one peak of the same 
retention time as observed previously. Both the 
elemental analysis and the n.m.r. spectrum 
agreed with the structure as the cr. isomer of 6. 
The "P isomer7' was isolated similarly, but upon 
reinjection showed the same two, well separated 
peaks corresponding to the a and P isomers. The 
n.m.r. spectrum of this "p isomer" isolated by 
g.1.c. also showed two anomeric proton signals 
corresponding to the a and P isomers. It is thus 
obvious that isomerization of the p isomer, but 
not the a isomer,had occurred during some phase 
of the g.1.c. analysis. 

The 100 MHz spectrum of the a isomer of 6 
and the signal assignments made by the use of 
doubleirradiation arein complete agreement with 
the chair conformation of the a isomer of com- 
pound 6. 

When the pure cr. isomer of 6 was heated for 

4 h at 100" in a mixture of dioxane and 1.5% 
aqueous sulfuric acid, a viscous liquid was ob- 
tained which, when twice distilled in a sublima- 
tion apparatus, provided a colorless semisolid 
material in 92 % yield which gave the elemental 
analysis required for compound 7, 4,6-dideoxy- 
3 - 0 - methyl - a,P - DL - xylo - hexopyranose (a,P- 
DL-chalcose). 

The 100 MHz n.m.r. spectrum of 7 in CDCl, 
agreed with the structure, showing the two 
anomeric proton signals of the a and P isomers 
at t 4.76 (doublet, J - 3 Hz) and z 5.50 (doublet, 
J E 7.5 Hz) in the approximate area ratio of 
1 :l. The 60 MHz spectrum in D,O 1 h after 
the solution had been made, showed the a and P 
isomers to be present in the ratio 1.0:1.5 respec- 
tively. Five hours later, the same solution 
showed this ratio to be a:p - 1 :2 thus indicating 
that mutarotation had occurred. No f ~ ~ r t h e r  
change was observed over an additional 16 h. 

Final evidence that 7 is indeed chalcose was 
obtained by comparison of the 60 MHz spectrum 
in D,O with the 60 MHz spectrum (in D,O) of 
authentic a-D-chal~ose.~ 

Experimental 
All boiling points and melting points are uncorrected. 

The boiling points of the liquids isolated in small quan- 
tities, were determined in a two-bulb micro boiling point 
apparatus under vacuum, with the lower bulb immersed 
in the heating bath which was heated very slowly. When 
the liquid began to distill, the temperature of the bath was 
taken as the "boiling point". 

The g.1.c. analyses were carried out with an F and M 
apparatus (Model 700) or an Aerograph Autoprep Model 
A-700, using primarily a column (12' x 1/8") packed with 
20 % butanediol succinate (BDS) on Gas-Chrom P (60- 
80 mesh). Helium was the carrier gas. 

Elemental analyses were made by Mrs. Darlene 
Mahlow of this Department or by Dr. C. Daessle, 
Organic Microanalyses, 5757 Decelles Ave., Montreal. 

The 60 MHz n.m.r. spectra were made by Mr. Robert 
Swindlehurst of this Department, using a Varian A-60 
instrument. The 100 MHz n.m.r. spectra and the spin 
decoupling experiments were done by Mr. Glen Bigham 
of this Department, using a Varian HR-100 MHz 
instrument. Unless otherwise stated, deuteriochloroform 
was the solvent for n.m.r. analyses, with tetramethyl- 
silane as reference. All the J values were estimated by 
measuring the spacings on the spectra and are therefore 
approximate values. 

Infrared (i.r.) spectra were obtained with a Perkin- 
Elmer Model 337 Grating Infracord. The expanded 

4We are deeply indebted to Dr. Woo of the Research 
Division of Parke, Davis and Company, Detroit 32, 
Michigan, U.S.A. for copies of the spectra of D-chalcose. 
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spectra were taken by Mr. Robert Swindlehurst using a distillation left a liquid which deposited a solid (NaBr) 
Perkin-Elmer Model 421 Grating spectrometer. when cooled and diluted with 200 ml of ether. The solid 

Thin-layer chromatography (t.1.c.) was carried out on was separated and the filtrate fractionally distilled to 
microscope slides using aluminum oxide G (E. Merck give 10.45 g of the bicyclo[3.2.1]oct-3-ene boiling at 
and Co.) as adsorbent. Detection of spots on the t.1.c. 83-84' at 51.5 mm; qDZ2, 1.4795 (lit. b,p., 54O at 9 mm; 
was made by exposure to iodine vapor. Solvents were q D Z 5 ,  1.4772). The residual liquid was subjected to careful 
removed under vacuum in a rotary evaporator unless fractional distillation with a spinning band column and 
otherwise stated. afforded an additional 1.4 g of the oct-3-ene (total yield 

Z-Hydroxymetkyl-3,4-dihydvo-2H-pyran 51 %) and 10.1 g of unreacted bromide which proved to 

The was prepared by the method of sweet be the endo isomer when compared with authentic 

and Brown (11) in 81436% yield; b.p., 94-95" at 35 mm. (I2)' 
- r 7 D ~ 3 . 5 ,  b.p., 1020 at 45 lnm; ?,25, (11): The i.r. spectrum of the 6,8-dioxabic~clo[3.2.lloct-3- 
The g.l.c., using a BDS column at 160" and a carrier gas ene showed a weak band at 1638 cm-l ('='). 
flow rate of 40 ml,min, showed two components in the The n.m.r. spectrum was identical to that found for 

ratio of 1.0:14,3 in order of appearance. TIle nlillor authentic bicycloolefin (12) and differed from that 

component had the same retention time as did 6,8- reported (11) for the oct-3-ene by omission of the signals 

dioxabicyclo[3.2.1]octane. Since the n.m.r. spectrum of specific for 638-di0xabicyc10[3.2'110ct-2-ene. 
2 - hydroxymethyl - 3,4 - dihydro - 2H-  PYran before g.1.c. l , 6 : 2 , 3 - D i a n h y d r o - 4 - d e o x y - ~ - ~ ~ - v i b ~ - h ~ ~ e  (1 )  
showed only a trace of an anomeric Proton signal A solution of 4.7 g (0.042 mole) of 6,s-dioxabicyclo- 
corresponding to that of the bicyclooctane, passage of [3.2.l]oct-3-ene in 65 ml of dry methylene chloride and 
the hydroxymethyl compound through the g.1.c. column 10.35 g (0.06 mole) of m-chloroperoxybenzoic acid, 
must have caused Some ring closure to the bicycle corn- protected from moisture, was stirred magnetically for 
pound. 22.5 h and at the same time, kept at room temperature 
4-Bvomo-6,8-dioxabicycl0[3.2.l]octane by means of a water bath. A precipitate of m-chloroben- 

&omination of 83.3 (0.73 mole) of 6,8-dioxabicyclo- zoic acid appeared. The reaction mixture was then 
[3.2.l]octane (2) (11) in 1.5 1 of dry carbon tetrachloride, poured into 50 rill of water and the organic layer sepa- 
containing 300 (2.83 mole) of dry sodium carbonate rated. The aqueous layer was extracted with methylene 
was carried out essentially according to published chloride (3 x 50 ml) and the combined methylene 
direction (1 1) by addition of 116 g (0.72 mole) of bromine chloride solutions washed with 10% aqueous sodium 
in 250 ml of carbon tetrachloride over a period of 2.5 h. carbonate (5 x 20 ml), then with water (4 x 20 rill), and 
A liquid was obtained (92.4 g, 66 %) boiling at 75' at 1.7 finally dried (MgSO,). Removal of the solvent left 5.4 g of 
mm; rlDz6, 1.5195 (lit. b.p,, 900 at 4.5 mm; qD27,  1.5176 crude 1. This was combined with material, (9.5 g), ob- 
(11)). The g.1.c. on a BDS column at 180" showed two tained from a second run (10.2 g of the oct-3-ene) in 
closely overlapping peaks in the ratio of 1.0:0.8 which the time of epoxidation was 17.5 h. Distillation of 
(endo :exo). the combined crude material (14.9 g) gave 10.3 g of 

In another run, to 66.4 g (0.58 mole) of 6,s-dioxabicy- material boiling at 61-62' at 0.5 mm. Extraction of the 
clo[3.2.1]octane in 1200 ml of carbon tetrachloride aqueous washings with methylene chloride for 2 days 
containing 130 g (1.23 mole) of dry sodium carbonate, afforded an additional 1 g of the epoxide. Total yield 
was added a solution of 100 g (0.63 mole) of bromine in 67%. 
200 nil of carbon tetrachloride over a 2.5 h period. The The g.1.c. (BDS column at 160') indicated the Presence 
oil which was obtained was fractionally distilled. The of a contaminant (< 5 %). Several crystallizations from 
three fractions boiled at (i) 64-65" at 0.7-0.8 mm (33.6 g), ether cooled by a dry ice - acetone bath reduced the 
(ii) 65-66" at 0.7 rnm (10.25 g) and (iii) 65-66' at 0.7 mm contaminant to < 2%. 
(13.0 g) with a combined yield of 51 %. The g.1.c. of each 1,6-Anhydro-4-deoxy-3-~-methyl-p-DL-xJ~~o- 
fraction showed the two overlapping peaks in the hexopyranose (2) 
endo:exo area ratio respectively of (i) 1.0:3.4, (ii) 1.0:6.4, 
(iii) 1.0:9.5; qDZ5 for the third fraction, 1.5202. (a)  By Acid Catalysis 

A solution of the e~ox ide  1 (isomeric contaminant < 
6,8-Dioxabicyclo[3.2.1]oct-3-ene 

The following modification of the published directions 
(1 1) avoided isomerization of the product 6,8-dioxabicy- 
clo[3.2.1]oct-3-ene to the oct-2-ene. 

To a quantity (40 g, 0.207 mole) of the isomeric bro- 
mides 3 (in this case endo:exo 2: 0.7:l.O by g.1.c.) stirred 
well in 300 ml of dry 1,2-dimethoxyethane (DME) was 
added a total of 5.1 g (0.21 mole) of sodiuni hydride in 
1 g lots. The addition of the first gram of hydride was 
followed by 1 ml of dry ethanol. Then two 1 g quantities 
of hydride were added in succession, followed again by 
1 ml of dry ethanol. The remainder of the hydride was 
then added in 1 g lots. The mixture was stirred for 1 h at 
room temperature, then under reflux for 1.5 h. Removal 
of 270 ml of solvent at atmospheric pressure by fractional 

2%) (4.5 g, 0.035 moie) in 50 ml of anhydrous methanol 
containing 50 mg of p-toluenesulfonic acid monohydrate, 
was refluxed for 8.5 h and then cooled. Sodium methoxide 
was added to destroy the acid (pH - 9). The methanol 
was removed and the residue diluted with 100 ml of 
methylene chloride. The organic solution was washed 
with saturated aqueous sodium carbonate (2 x 10 ml), 
then with water (5 x 10 ml), and dried (Na,S04). The 
solid was removed by filtration and the solution freed 
from solvent to provide 1.5 g of viscous liquid whose 
n.m.r. spectrum showed the presence of only two corn- 
pounds, 2 and 1 in the approximate ratio 1.6:l.O. A 
further quantity (3.0 g) of viscous liquid was obtained when 
the combined aqueous layer, left after methylene chloride 
extraction, plus the aqueous sodium carbonate and water 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SRIVASTAVA AND BROWN: DL-CH ALCOSE FROM ACROLEIN DIMER 835 

washings, were extracted with methylene chloride in a 
liquid-liquid extractor for 24 h. This material was 2 con- 
taminated with a trace of 1 according to t.1.c. (solvent, 
1 % methanol in benzene). 

The above 3.0 g of material were subjected to 
chromatography on a 0.5 in, column of 20 g of neutral 
alumina. Elution by 100 ml of benzene gave 1.6 g of 
viscous liquid. A further 100 ml quantity of benzene 
gave an additional 1.35 g of this liquid. The former 
fraction was contaminated with a trace of epoxide 1 
while the latter was pure 2 according to their t.1.c. and 
n.m.r. spectra. 

The second fraction (1.35 g) was distilled in a 2-bulb 
apparatus to give a colorless liquid boiling at 89" at 0.3 
mm. Total yield of 2 was 69%. For analysis, the material 
was freed from traces of water by azeotropic distillation 
with benzene. 

Anal. Calcd. for C7HI2O,: C, 52.49; H, 7.55. Found: 
C, 52.36; H, 7.36. 

The 100 MHz n.1n.r. spectrum of this material is shown 
in Fig. 1 and agrees with the structure 2. 

( 6 )  By Reaction with Sodium Methoxide 
A solution of epoxide 1 (1 g, 0.0078 mole) and 1.0 g 

(0.018 mole) of sodium methoxide in 25 ml of dry meth- 
anol was refluxed for 40 h. Removal of the methanol gave 
crude 2 contaminated with sodium methoxide. This 
residue was diluted with 50 ml of water and extracted 
with methylene chloride (5 x 25 nil). The extract was 
washed with water (4 x 10 n ~ l )  and dried (Na2S0,). 
Removal of the solvent gave 50 nig of crude liquid which 
t.1.c. indicated to be composed of two substances believed 
to be the epoxide 1 and the product 2. This was not con- 
sidered further. 

The aqueous layer left after methylene chloride extrac- 
tion, and the water washings above were combined and 
ca~~tiously treated with concentrated hydrochloric acid 
until the p H  of the solution reached 9. The resulting 
solution was continuously extracted with methylene 
chloride for 3 days. The methylene chloride extract was 
dried (Na2S0,) and freed from solvent to provide 1.13 g 
(90 %) of colorless liquid. 

The n.m.r. spectrum of this crude liquid was identical 
to the n.m.r. spectrum of 2 isolated from the acid-cata- 
lyzed reaction of 1 with methanol. The presence of a 
very small signal at 7 4.50 in the anomeric proton region 
indicated the presence of an impurity, - 3%, possibly 
the 1,6-anhydro-4-deoxy-2-0-1nethyl-~-~~-arabino- 
hexopyranose. This liquid boiled at 93" at 0.4 mm. 

A solution of compound 2 (400 mg, 0.0025 mole) and 
0.5 g (0.0027 mole) of p-nitrobenzoyl chloride in 5 ml of 
dry pyridine was heated under reflux for - 10 min. The 
cooled solution produced a solid when poured onto ice. 
The bulk of the pyridine could be removed by washing 
the solid with water. A solution of the solid in 100 ml of 
ether was hashed with 5% aqueous sodium carbonate 
(4 x 10 ml), with water (5 x 5 ml), dried (Na2S04), and 
filtered. The drying agent was extracted with 20 ml of 
chloroform. The combined ether and chloroforn~ solu- 
tions were freed from solvents and gave 0.8 g of crudc 
material. Three crystallizations from 95 % ethanol gave 
0.6 g (78 %) of pure 1,6-ar1hydro-4-deoxy-3-0-1~~etI1yl-~- 
DL - xj'lo - I~exopy~anose - p - nitrobenzoate (2-a), m.p., 
124-125". 

Anal. Calcd. for C,,H1507N: C, 54.37; H, 4.89; N, 
4.53.Found: C,54.23;H,4.92;N,4.70. 

The i.r. spectrum in carbon tetrachloride showed a 
strong band at 1727 cm-' (ester carbonyl). 

The 100 MHz n.m.r. spectrum is consistent with the 
structure 2-a. 

Methyl 4-Deo,~y-3-O-met/~yl-cc,B-~~-xylo-hexopyranoside 
(3) 

(a) From 2 
Asolntionof 1.6g(0.01 mole) of 2 in 50 ml of anhydrous 

methanol containing 2 ml of Amberlite IR-120 (H+) was 
heated under reflux for 12 h. The solution was cooled, 
freed from the resin by filtration, and then from solvent 
under reduced pressure. The n.m.r. spectrum of the crude 
material showed, from the anomeric proton signals, that 
the product was contaminated by - 35% of unreacted 
2. Accordingly, the crude material was subjected to an 
additional 12 h treatment with 50 ml of refluxing meth- 
anol containing 3 1x1 of the Amberlite resin. The oil, 
obtained as described above, was dried in a vacuum 
desiccator and gave 1.8 g (94%) of 3 as a syrup. 

Anal. Calcd. for C 8 H I 6 o 5 :  C, 49.98; H, 8.39. Found: 
C, 49.90; H, 8.56. 

The 60 MHz n.m.r. spectrum showed two anomeric 
proton signals, one at r 5.20 (doublet, J E 2.5 Hz) and 
the other at 7 5.81 (doublet, J .- 7.0 Hz) in the approxi- 
mate area ratio of 2:1. These were due respectively to the 
a and p isomers of methyl 4-deoxy-3-0-methyl-DL-xylo- 
hexopyranoside (3). 

(6) From 1 
A solution of 5 E! (0.039 mole) of 1 in 75 ml of anhv- 

drous methanol containing 10 A1 of Amberlite IR-li0 
(H+) was heated under reflux for 65 h. The mixture was 
then worked up as described in (a) above and gave 6.5 g 
(87%) of 3. Here again the ratio of a : @  was about 2:1 
as determined by the n.m.r. spectrum. When the reaction 
was interrupted after 26 h of reflux, the n.m.r. spectrum 
of. the crude oil obtained showed the presence of a signi- 
ficant quantity of 2 (shown by the characteristic anomeric 
proton signal of 2, see Fig. 1) thus indicating that the 
epoxide ring is broken first. 

Di-p-nitrobenzoate of 3 
A solution of 0.4 g (0.0021 mole) of 3 (a 2:l  mixture of 

a and !3 isomers) and 0.8 g (0.0043 mole) of p-nitroben- 
zoyl chloride in 5 ml of dry pyridine was heated under 
reflux for 5 min. The cooled material was poured onto 
50 g of crushed ice. The resulting semisolid was washed 
several times with water to remove excess pyridine. A 
chloroforn~ (100 ml) solution of this semisolid was washed 
first with 5 % aqueous sodium bicarbonate (4 x 10 ml), 
then with water (4 x 5 n~l) ,  and dried (Na2S0,). Filtra- 
tion and solvent removal afforded 0.95 g of crude brown 
solid. A t.1.c. of this material (solvent, 1 :3 benzene-chlo- 
roforn~) showed two spots with R, values of 0.38 and 0.54. 

The brown solid was subjected to chromatography on 
a column (i.d. 0.5") of 15 g of alumina (BDH) using 
benzene-hexane as eluent in the proportions first 1 :1 then 
3:1. The solid obtained was thrice crystallized from 
methylene chloride - hexane, giving 205 mg of crystalline 
material melting at 163.5-165.5". The total yield of the 
isolated di-p-nitrobenzoate of 3 was 20%. The solid (m.p., 
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163.5-165.5") was dried a t  80" for 10 h under vacuum 
and analyzed. 

Anal. Calcd. for C22H22011NZ: C, 53.88; H, 4.52; N, 
5.71. Found: C, 53.64; H, 4.63; N, 5.49. 

The 100 MHz n.m.r. spectrum is in complete agreement 
with the structure as methyl 4-deoxy-3-0-methyl-2,6-di- 
0-p-nitrobenzoyl-a-DL-xylo-hexopyranoside (3-a). 

A final elution of the alumina column with benzene 
gave 70 mg of material showing only one spot on the t.1.c. 
This material, when crystallized once from methylene 
chloride - hexane gave a reddish material whose n.m.r. 
spectrum clearly showed it to be impure. After treatment 
with charcoal in methylene chloride and two further 
crystallizations from methylene chloride - hexane, a 
colorless crystalline material was obtained (22 mg) 
melting at 155-158". For analysis this was dried for 4 h 
a t  80" i n d e r  vacuum. 

Anal. Calcd. for C2ZH22011N2: C, 53.88; H ,  4.52; N, 
5.71.Found:C,53.71;H,4.62;N,5.52. 

The 100 MHz n.m.r. spectrum was in complete agree- 
ment with the structure as methyl 4-deoxy-3-0-methyl- 
2 , 6 - d i - 0 - p - n i t r o b e n z o y l - 0 - ~ ~ - x y l o - h e x ~  (3-0). 

Methyl 4-Deoxy-3-0-n1ethyl-2,6-di-O-p-toluenes~~lfonyl- 
a,f3-~~-xyl~-hexopyranoside (4) 

To an ice-cold solution of 1.5 g (0.0078 mole) of 3 in 
4.5 ml of dry pyridine was added a cold solution of 4.5 g 
(0.024 mole) of p-toluenesulfonyl chloride in 6 ml of dry 
pyridine. The mixture was kept at 0" for 4 h, in a refrigera- 
tor for 1 day, and then stirred for 2 days at 30". It was 
then poured onto crushed ice whereupon the ester 
separated as a thick viscous liquid. This was washed 
with water and dissolved in chloroform. The chloroform 
solution was washed with 5 %  aqueous sodium bicar- 
bonate solution (5 x 10 ml), then with water (3 x 10 ml), 
and dried (Na2S0,). The filtered solution was freed from 
solvent, giving 3.1 g (79 %) of crude material which could 
not be crystallized. An analytical sample mas obtained 
by shaking a solution of 50 mg of this crude material in 
methylene chloride with some activated charcoal. The 
charcoal was separated by filtration and washed with 
methylene chloride (5 ml). The combined methylene 
chloride solutions were freed from solvent and the residue 
was dried under vacuum (oil pump) at room temperature 
and gave 43 mg of material. 

Anal. Calcd. for CZZH280RS2: C, 52.78; H ,  5.64. 
Found: C, 52.62; H, 5.94. 

Attempted Selectice Monotosylation. Methyl 4-Deoxy- 
3-0-methyl-2,6-di-0-p-tol~ie11es~rlfonykx-~~- 
xylo-hexopjranoside (4-a) 

To a stirred cold solution (ice-salt bath) of 1 g (0.0052 
mole) of 3 in 5 ml of dry pyridine was added dropwise 
a solution of 1.08 g (0.00524 mole) of p-toluenesulfonyl 
chloride in 8 ml of dry pyridine over a period of 0.5 h. 
The stirred mixture was then kept cold for 4 h with a 
salt-ice bath, then stirred at room temperature over- 
night. The bulk of the pyridine was removed at room 
temperature by fractional distillation ~ ~ n d e r  vacuum and 
the residue was dissolved in 75 ml of benzene. This was 
washed with 10% aqueous sodium bicarbonate (5 x 10 
ml), water (5 x 10 ml), and dried (NaZSOL). Removal 
of the solid and then the solvent gave 1.45 g of material. 

This was subjected to chromatography on 35 g of 
alumina (BDH) (column i.d. 2 cm). Elution with 450 ml 
of benzene gave nine 50 ml fractions which were combined 

to give 250 mg of viscous liquid showing only one spot 
on t.1.c. (Rf = 0.68; solvent, CHCI,). The viscous liquid 
was dissolved in a minimum quantity of methylene 
chloride, and ether was added to faint turbidity. Crys- 
tallization occurred. Two more such crystallizations 
gave 200 mg (7.7%) of colorless needles, n1.p. 125-126". 

Anal. Calcd. for CZ2HZ8OgS2: C, 52.78; H, 5.64; S, 
12.81. Found: C, 52.75, 52.40; H, 5.97, 5.67; S, 12.15, 
12.30. 

The i.r. spectrum in chloroform showed no absorption 
for OH. 

The n.m.r. spectrum was in complete agreement with 
the structure as 4-a (see Discussion). 

Further elution of the alumina column with 100 ml of 
benzene gave 25 mg of a mixture (t.1.c.) of two substances 
one of which was 4-a. This was not considered further. 
Elution of the column with chloroforn~ and then with 
5 %  methanol in chloroform gave 0.83 g of syrup. Al- 
though this showed one spot on the t.1.c. it could not be 
induced to crystallize. The i.r. spectrum indicated the 
presence of free hydroxyl by a broad band at 3540 cm-I 
and it is believed that this material is the mono ester 
n1ethyl4-deoxy-3- 0- methyl-6- 0 -p- toluenesulfonyl-a,[3 
(?)-DL-xylo-hexopyranoside although the elemental anal- 
ysis was not satisfactory. 

The 60 MHz n.m.r. spectrum indicated that this was a 
mixture of a and 0 isomers. It  showed a doublet at T 5.29 
(J 2 2.8 Hz) due to the anomeric proton of the a isomer. 
The signal for the anomeric proton of the [3 isomer was 
masked by the other proton signals and could not be 
defined. 

LiAIH, Reduction of 4. Methyl 4,6-Dideoxy-3-0-methyl- 
2-0-p-toluenesulfor~y~-a-~~-xy1o-hexopyranoside(5-a) 

A solution of 2.7 g (0.0054 mole) of 4 in 20 ml of dry 
tetrahydrofuran was added dropwise over a period of 20 
min to a solution of 0.61 g (0.016 mole) of LiAIH, in 20 
ml of dry tetrahydrofuran. The solution was then 
heated under reflux for 30 h. Removal of 25 ml of 
solvent by fractional distillation a t  atmospheric pressure 
left a residue which was cooled and treated with 25 ml 
of water containing 14.0 g of sodium potassiuln tartrate. 
The mixture was then extracted with ether (8 x 25 ml), 
and the combined ether extract washed with water (5 x 
10 ml), dried (Na2SOL), and filtered. Removal of the 
solvent gave 1.6 g (90 %) of crude yellow oil, 5. 

This oil was subjected to chromatography on a column 
(i.d. - 0.5") of 20 g of alumina (BDH) and 50 ml fractions 
were collected. Elution with hexane provided 4 fractions 
(470 mg, 26.4%) of oil which showed a single spot on 
t.1.c. (benzene:chloroform, 3:l). This was crystallized 
by solution in a minimum quantity of ether to which 
cyclohexane was carefully added to faint turbidity. 
Yield, 430 mg (24.2%) of crystals melting at 56-57'. 

For analysis, the sample was dried for 24 h under 
vacuum (oil puinp) at room temperature. 

Anal. Calcd. for Ct5HZZO6S: C, 54.54; H, 6.70; S, 
9.71. Found: C, 54.80; H, 6.88; S, 9.47. 

The 60 MHz n.m.r. spectrum was completely consistent 
with the structure as 5-a. 

Further fractions (5 and 6) obtained by elution of the 
column above with benzene gave respectively 220 mg and 
30 mg of viscous oil which could not be induced to 
crystallize. The 60 MHz n.rn.r. spectrum of fraction 
5 (220 mg) indicated that it was largely 5-a. The t.1.c. 
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showed two spots. The second component could be the 
isomer. 

Methyl a, p-DL-Chalcoside (Methyl 4,6-dideoxy-3- 
0-methyl-a,P-DL-xylo-hexopyranoside) (6) 

A solution of 5.5 g (0.011 mole) of 4 in 50 ml of dry 
tetrahydrofuran was added dropwise over a period of 0.5 
h to a magnetically stirred solution of 1.25 g (0.033 
mole) of LiAlH, in 35 ml of dry tetrahydrofuran. The 
solution was then heated under reflux for 6 h. Most of 
the solvent (- 70 ml) was then removed by fractional 
distillation under reduced pressure. The cooled residue 
was treated with 50 ml of water containing 28 g of sodium 
potassium tartrate, followed by 50 ml of water. This was 
continuously extracted with ether for 24 h. The ether 
extract was dried (Na2SOL) and freed from solvent to 
provide 3.1 g (85.4%) of crude 5. 

To 3.05 g (0.0092 mole) of this crude 5 dissolved in 10 
ml of dry methanol were added 7.5 g (0.139 mole) of 
sodium methoxide in 65 ml of methanol and the mixture 
heated under reflux for 10 h. The solvent was removed 
and the residue was diluted with 75 ml of water. The 
aqueous solution was brought to p H  9 by dropwise 
addition of dilute hydrochloric acid. The methylene 
chloride extract (7 x 25 ml) of this aqueous solution 
was washed with water (3 x 10 ml) and dried (Na,S04). 
Solvent removal afforded 1.4 g (86 %) of crude 6. 

The 60 MHz n.m.r. spectrum of this crude material 
(6), indicated the presence of two anomeric proton 
signals, at 7 5.29 (doublet, J - 2.8 Hz) and at 7 5.90 
(doublet, J 2 8 Hz) due to the a and p isomers in the 
respective area ratio of - 2:l. A small amount of un- 
reacted 5 was evident in the n.m.r. spectrum as shown by 
the signals in the region 7 2.0-3.0 characteristic of aro- 
matic protons. 

The 1.4 g of crude 6 was subjected to chromatography 
on a column (i.d. - 0.5") of 15 g of alumina (BDH). Frac- 
tions of 100 ml were collected. The first fraction obtained 
with hexane gave 1 g of oil which was largely 6 con- 
taminated with 5. Fractions 2 and 3 obtained with 
hexane and 4 and 5 obtained with chloroform gave in 
total 250 mg of material free of 5 and apparently a mix- 
ture of the a and p isomers of 6. 

Fractions 2-5 were combined and separated by g.1.c. 
on a column (114" x 6') of 10% Carbowax on Gas 
Chroin W (acid washed) at 155' with a carrier gas flow 
rate of 60 ml/min. Two peaks appeared with retention 
times of 9 114 and 12 314 min. 

Reinjection of the material with retention time 9 114 
min gave the same single peak. It was an oil, b.p., 65-67" 
at 0.08 mm; q,27.5, 1.4492. 

Anal. Calcd. for C8H,,0,: C, 54.54; H, 9.15. Found: 
C, 54.28; H, 9.21. 

The i.r. spectrum showed a broad band at 3450 cm-' 
(OH). 

The 100 MHz n.m.r. spectrum is consistent with the 
structure as methyl 4,6-dideoxy-3-0-methyI-a-~~-xylo- 
hexopyranoside (methyl a-DL-chalcoside) (6-a). The 
material of retention time 12 3/4 min, when reinjected 
gave two peaks (retention time 9 114 min and 12 314 min) 
in the area ratio - 2:l (a and 0 isomers) respectively; 
b.p. of this mixture 66-67" at 0.2 n1n1 (2-bulb method). 

The impure fraction 1 above (I  g) was subjected to 
careful chromatography on 40 g of alumina (BDH). 
Elution with hexane, 3:l hexane-benzene, 1 :I hexane- 

benzene, 1 :3 hexane-benzene and 9 : 1 benzene-chloro- 
form removed 5 and other impurities. Further elution 
with 3:l  benzene-chloroform gave six 50 ml fractions 
from which 350 mg of pure (6-a) was obtained. Nine 
more 50 ml fractions (1:l benzene-chloroform, then 
chloroform) gave in each case mixtures of the a and [3 
isomers of 6 (total weight, 305 mg). 

4,6-Dideoxy-3-0-methyl-a,e-DL-xylo-hexopyranose 
(a$-DL-Chalcose) (7) 

Methyl a-DL-chalcoside (6-4 200 mg, 0.001 1 mole) in 
2 ml of p-dioxane containing 5 ml of 1.5 "/, aqueous sul- 
furic acid was heated for 4 h on a water bath at - 100". 
The solution was cooled and neutralized with barium 
carbonate and then filtered. The solvent was removed 
and the residue dried in a desiccator overnight under 
vacuum. The viscous material, dissolved in methylene 
chloride, was dried (Na2S04), filtered, and freed from 
solvent. The crude material (190 mg) was distilled in a 
small sublimation apparatus at 65' (oil bath tempera- 
ture) at 0.3 mm and gave 170 mg (92 %) of colorless thick 
viscous material. 

Anal. Calcd. for C7H1404: C, 51.84; H, 8.70. Found: 
C, 51.99; H, 8.80. 

The 60 MHz n.m.r. spectrum in D 2 0  is identical with 
the 60 MHz n.m.r. spectrum (in D20)  of authentic a,B- 
D-chalcose kindly provided by Dr. Woo (2). 

The authors wish to thank the National Research 
Council of Canada for financial assistance for a portion 
of this work. 

We wish to thank Dr. Woo of the Parke, Davis Com- 
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Vibrational spectra of some isonitrile complexes of cobalt(1) and (11) 
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The Raman and low-frequency infrared spectra of the trigonal-bipyramidal complexes Co(RNC),CIO, 
(R = Me, Et, Ph) have been recorded and assigned. It is found that G(CoCN) modes occur at higher 
frequencies than v(Co-CN) modes. Although Raman spectra of the blue and yellow forms of Co- 
(PhNC),(CI04), could not be obtained, the low-frequency infrared spectra are consistent with the C4" 
structure previously suggested (1). The dimeric complexes C O , ( R N C ) ~ ~ ( C I O ~ ) ~  (R = Me, Et) have 
been studied, and tentative assignments of the Raman and infrared spectra made on the basis of D4d 
symmetry. Spectra of the complexes CO,(RNC),~I(C~O,)~ (R = Me, Et) strongly support the previously 
suggested structural formulation (2) [(M~NC),CO-I-CO(M~NC)~](C~O~)~, and furthermore indicate 
that the Co-I-Co skeleton is linear. 

Canadian Journal of Chem~stry, 48, 838 (1970) 

Introduction 

Although the vibrational spectra of metal 
carbonyls have been extensively studied (ref. 3, 
p. 121), there have been relatively few reports of 
the spectra of the isoelectronic isonitrile com- 
plexes. Previous spectroscopic investigations of 
isonitrile complexes of Co(1) and Co(I1) have 
been mainly concerned with the v(CN) region of 
the infrared spectrum (1, 4). We now report the 
results of our studies of the complexes Co- 
(RNC),ClO, (R = Me, Et, Ph), Co,(RNC),,- 
(CIO,), (R = Me, Et), Co(PhNC),(ClO,),, and 
CO,(RNC),~I(CIO,), (R = Me, Et). Low-fre- 
quency infrared, and in most cases Raman, 
spectra have been obtained. This is therefore the 
first complete vibrational spectroscopic investi- 
gation of such complexes to be reported. The 
object of our studies was to examine and assign 
the spectra of the relatively simple D,, and C,, 
complexes, to extend the study to the more 
complicated D,, complexes, and then to apply 
this knowledge to the compounds Co,(RNC),,- 
I(CIO,),, whose structures were not absolutely 
known. In as many cases as possible, solution 
spectra and the comparison of methyl and ethyl 
isonitrile complex spectra were utilized to avoid 
any ambiguities introduced by solid-state effects. 

Experimental 
Preparation of the Complexes 

The con~plexes [CO,(CH~NC),~](C~O,)~ (2), [Co- 
(CH3NC),]CIO4 (2), [CO(P~NC),(H~O)](CIO~).~H~O 
(5), CO(P~NC),(CIO,)~ (I), Co(PhNC),ClO, (2), and 
[ C O , ( C H ~ N C ) ~ ~ I ] ( C I O ~ ) ~  (2) were prepared by published 
methods and found to be analytically pure. The new 
complexes [ C O ~ ( C ~ H ~ N C ) ~ , - , ] ( C ~ O ~ ) ~ ,  [Co(C,H,NC),]- 
CIO,, and [Co,(C,H,NC),~I](ClO,), were prepared by 
exactly the same methods as their methyl isonitrile 
analogues (2). Analytical data, yields, and melting points 
are presented in Table 1. 

Infrared Spectra 
Infrared spectra were measured as Nujol mulls between 

CsI plates, on a Perkin-Elmer Model 621 spectropho- 
tometer, in the region 4000-200 cm-'. For the range 
350-33 cm-I, a Beckman IR-11 spectrophotometer was 
used, with polyethylene cell windows. Where possible, 
the spectra of the compounds were also measured in 
methylene chloride in the v(CN) region. Good agreement 
with the solid spectra was usually obtained, indicating 
the absence of solid state effects. 

Rnman Spectra 
Raman spectra of the solids were obtained with a 

Cary 81 spectrometer using helium-neon laser excitation. 
The coaxial mode of sampling was employed, and in 
cases where sample decomposition tended to occur a 
glycerol film was applied to the sample surface for 
protection. In the case of the phenyl derivatives, this 
procedure was to no avail, as decomposition was sudden 
and violent. Hence no Raman data were obtained for 

TABLE 1 

Analytical data for EtNC complexes 
pp 

- -- -- 
-spp--- - -- - - -- -- - 

Found (%) Calculated (%) 
Yleld Meltlng polnt 

Complex C H N  C EI N ( %) ("'4 
pp --p-p----p- - - - 

Co(C2H jNC)5C104 3 2 9  5 0  1 3 2  3 3 8  4 7  1 3 1  45 Decomposes below n~ p. 
C O ~ ( C Z H , N C ) I O ( C ~ O ~ ) ~  4 1 8  6 1  1 5 9  4 1 5  5 8  1 6 1  56 163-5^ 
[CO~I(C,H,NC),~](C~O.)~ 32 4 4 7 12 7 32 9 ' 4  6 12 8 62 

---ppppp---- - 
155 

* W ~ t h  decornpos~t~on 
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TABLE 2 

Vibrational frequencies of CO(RNC)~CIO~ (D3,,) 

Vibrational frequency, cm-l* 

C O ( C H ~ N C ) ~ C ~ O ~  Co(C2H,NC),C10, 
Co(C6HSNC)5C104 

Infrared Raman Infrared Raman Infrared Assignment 

2251 m 
2238 s 2216 s 

2203 n~ 2185 shw 
2198 s 2169 vs 2137 shs v(CN) 

600 m 590 m 
522 vs 535 vs 562 vs 
510vs 510shw 521 shs 526 shw 529 shm ] ~(COCNR)  
487 shs 485 vvs 480 shwt 478 n~j '  486 s E ' 

412 w 400 w 438 vw A7"7 
386 w 388 m 344 w 347 m 285 vw E 1 
344 w 
324 m 325 m 320 m 

285 vs 264 vw 258 vs 240 vvw 
I V(CO-CNR) 

A,' J 
225 ni 200 s 

203 s 170 w 170 vw 1 
140 & 

106 shs 105 shs 
1 1 6(CCoC) and others 

88 w 88 w 
56 vw 
44 w 

I 
38 w 

-- 
J 

-. 

*s = strong, v = very, m = medium, w = weak, sh = shoulder. 
?Coincident with a C2H5NC vibration. 

these complexes. Attempts to obtain solution spectra 
were also unsuccessful In all cases, regardless of the 
solvent (e.g. methylene chlor~de, acetone, chloroform) 
used. Although no decomposition of the samples oc- 
curred, the laser beam was rapidly absorbed by the 
solution, preventing more than one or two passes through 
the rectangular cell. 

Results and Discussion 
The compounds investigated fall into two 

distinct classes: the five-coordinate cobalt(1) 
complexes and the various types of cobalt(I1) 
compounds. 

Data presented in the Tables which follow 
have bee; compiled so as to exclude bands due 
to  the vibrations of the perchlorate anions, or the 
alkyl or aryl group of the isonitrile. We have also 
excluded any Raman bands which were shown 
to be artefacts. 

Pentacoordinate Cobalt ( I )  Con~plexes, 
(CoJRNC)  ,]C/O, ( R  = Me, Et, Ph) 

The structure of [Co(MeNC),]CIO, has been 
determined by X-ray crystallography (6) and 
shown to be approximately trigonal-bipyramidal, 
with some slight crystallographic distortions of 

the Co(MeNC),+ framework. It might be pre- 
dicted that with the sterically bulkier ethyl and 
phenyl groups, these distortions would be en- 
hanced, and that the spectroscopic selection rules 
would become increasingly likely to break down. 
The selection rules for the D,, point group 
predict three Raman-active and two infrared- 
active v(CoC) and v(CN) modes, one of which 
(E') should be common to both spectra. In the 
case of the isoelectronic molecule Fe(CO),, the 
E' mode occurs as the lowest frequency carbonyl 
stretching vibration, and we find for [Co- 
(MeNC),]CIO, that the lowest-frequency v(CN) 
mode (-- 2140 em-') is coincident in the Raman 
and infrared spectra (Table 2). We therefore 
assign this band to the E' mode. The higher- 
frequency Raman bands are assigned to A,' 
stretching vibrations, whilst the infrared band at 
2198 cm-I is assigned to the A," mode. Hence 
these spectra are in excellent agreement with the 
predictions based on the known trigonal-bi- 
pyramidal structure. 

The Raman spectrum of the compound [Co- 
(EtNC),]CIO, is very similar in this region, 
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although the bands occur at - 20 cm-' to lower 
energy. The infrared spectruln contains two extra 
weak bands, suggesting a possible distortion from 
true D,, symmetry. The infrared spectrum of the 
phenyl isonitrile analogue is similar, again show- 
ing two strong bands, plus an extra weak 
shoulder. It resembles the solution spectruln 
reported by Pratt and Silverman (I), rather than 
their solid-phase spectrum. An examination of 
the frequencies of the two strong infrared bands 
for the three compounds studied indicates that 
they follow the order MeNC > EtNC > PhNC. 
This trend suggests that there is an increasing 
degree of metal-carbon n-bonding from the 
methyl to ethyl to phenyl isonitrile complexes. 

In  the lower-frequency region of the infrared 
spectra (Table 2), two distinct series of bands 
occur; a more intense series centered around 
500 cm-l, and a weaker set near 300-400 cm- l .  
Again we draw an analogy with carbonyl com- 
plexes, in which the G(MC0) modes give rise to 
more intense bands of higher frequeilcy than 
those caused by metal-carbon stretching vibra- 
tions (7). Indeed, for Inany stereochemical situa- 
tions this also appears to be true for cyano- 
complexes (ref. 3, p. 119). An assignment of 
v(NC) and G(MCN) modes made on this basis 
for the isonitrile complexes is consistent with their 
trigonal-bipyramidal structures, whereas the re- 
verse assignments would be incompatible with 
the selection rules for the D,, point group. We 
would therefore assign bands in the 500 cm-' 
region to G(MCN) modes, and those around 
300-400 cm-I to cobalt-carbon stretches. This 
is also consistent with the assignment of the 
spectrum of Ni(CO),MeNC made by Bigorgne 
(8). 

The selection rules for D,, symmetry allow 
four Raman-active and three infrared-active 
G(CoCN) modes, with two coincidences (E'). For 
the methyl and ethyl isonitrile complexes, we 
observe three infrared bands in the 500 cm-' 
region, two of which have Raman equivalents. 
For Co(PhNC),(ClO,),, again three ~nfrared 
bands are observed. For the methyl and ethyl 
isonitrile complexes, an additional Raman band 
occurs at - 600 cm-'; which by comparison 
with the spectra of Fe(CO), (ref. 3, p. 121) we 
assign as an E" mode, while the exclusively 
infrared-active vibration (for example at 522 
cm-I for CO(M~NC)~C~O, )  is assigned to the 
A," mode. Thus our assignments are completelq 

consistent with G(CoCN) occurring at higher 
energy than v(Co-C) for these complexes. 

The vibrations in the 300-400 cm-I region are 
weak in the infrared and harder to assign. As for 
v(CN), four v(CoC) modes are expected, of 
which three are Raman-active, two infrared- 
active, with one coincidence. Coincident peaks 
occur at 386 cm-I (MeNC complex) and 344 
cm-I (EtNC), and are assigned as E' modes, 
while the other infrared bands at higher energy 
(one per compound) are readily assigned to the 
A," asymmetric stretching vibration of the axial 
cobalt-carbon bonds. This is the highest-fre- 
quency infrared stretching vibration, again analo- 
gous to the spectrum of the isoelectronic iron 
pentacarbonyl. Although two Raman-active A,' 
vibrations are predicted, only one peak is ob- 
served which could be assigned to these modes. 

Bands at lower frequencies have not been 
specifically assigned, but presumably most are 
associated with G(CCoC) modes. 

Cobalt (11) Complexes, Co (PIzNC) , (CIO,) , 
The sirnplest complexes of cobalt(I1) have been 

shown to be formed with phenyl isonitrile. Two 
forms of Co(PhNC),(ClO,), have been identified 
by Pratt and Silverman (1). These are an anhy- 
drous yellow form, which it was concluded has a 
square-pyramidal structure, and a blue hydrate, 
in which the sixth coordination position of the 
octahedron is occupied by a water molecule. For 
the C,, point group, to which both the above 
cations appear to belong, three infrared-active 
v(CN) and v(CoC) modes and four G(CoCN) 
modes should occur. 

The infrared spectra (Table 3) are very similar 
indeed. Three v(CN) bands occur, which by 
comparison with assignments made for analogous 
carbonyl complexes (9, 10) are assigned to the E 
(- 2210 cm-I), the A, (mainly axial CN stretch- 
ing at -- 2187 cm-'), and the A, (mainly radial 
CN stretching mode at - 2233 cm-l) modes, 
respectively. At lower frequencies, the bands ob- 
served are tentatively assigned to the various 
types of vibration by comparison of band posi- 
tiona and intensities with those of the D,, specie3 
outlined above. In the case of these phenyl iso- 
nitrile complexes we uere unable to obtain 
Raman spectra (see Experimental Section). We 
could not unan~big~~ously identify a v(Co-OH,) 
band in the spectruln of the blue complex, but the 
remarkable general si~nilarity of the spectra of 
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TABLE 3 

Infraied bibrational frequencies for the blue and the yellow forms of 
Co(CsH5NC),(CI04)~ 

-- - -- 
- - -- -- - - -- - - -- 

Frequency, cm-I"; 

Blue fornif Yellow formf Assignment 

2236 shw 2233 shw A,(equatorial)] 
2209 vs 2211 vs E ? v(CN) 
2184 s 2187 s Al(axial) , 

G(CCoC) and others 

* s  = strong, v = very, w = weak, sh = shoulder. 
t [CO(C~HSNC)S(H~~)~LC~O~IZ.~HLO~ 
S C O ( C ~ H ~ N C ) S ( C I O ~ ) ~  

these two complexes would certainly support the 
suggestion (1) that both the blue and yellow 
forms have the same C,, symmetry. 

iCo2(RNCjl0 lClO,), (R = Me, Et) 
It has been shov~n by X-ray crystallography 

(1 I )  that the structure of Co,(MeNC),,(CIO,), 
contains the [CO,(M~NC), , ]~ '  cation, which 
possesses approxi~uately D,, symmetry. For this 
system, group theory would predict four Raman- 
active and three infrared-active vibrations, for the 
v(CoC) and v(CN) modes. None of these uould 
be coincident. Alternatively, for somewhat similar 
systems, such as (CO),Mn-Hg-Mn(CO),, it is 
sometimes possible to Interpret the spectra on 
the basis of local C,, symmetry (7). Under these 
circiimstances, the same niilnber of R a ~ n a n  and 
infrared bands should be observed as for D,,, 
but there would novv be three coincidences. For 
both the complexes ~nvest~gated, \be find that a 
treatment based on the D,, polnt group is more 
appropriate. A recent publication (12), which 
appeared after completion of our experimental 
work. reports the Rarnall and ~nfrared spectra of 
the compound CO,(M~NC)~,(C~O,),. In some 
respects, our spectra (Table 4) do not agree with 
thcsc. particularly in the v(CN) region. but for 
this region our data agree q u t e  closely with the 
infrared spectrum reported by Pratt ( 1 ) .  For both 
the methyl and ethyl isonitr~le complexes. whose 

spectra are so similar as to indicate that the 
compou~lds are isostructural, we find three infra- 
red bands in the v(CN) region. The pattern of 
intensities resembles those reported by various 
workers (13-1 5) for similar carbonyl complexes. 
Thus, the 111ost intense peak (2264 cm-I for the 
MeNC complex) is assigned to the E' mode, the 
higher-frequency shoulder (2285 cm-l) to the 
B, vibratioil involving mainly the radial iso- 
nitrile ligands, and the lower frequency shoulder 
to a B, mode involving mostly the axial iso- 
nitrile groups. Flitcroft and co-workers (13) 
found that for Mn,(CO),, the higher-frequency 
shoulder was more intense than predicted for 
such a system (ref. 3, p. 119 and ref. 9). We 
notice the same effect here, so that some mixing 
of the two B, vibrations may be occurring. The 
infrared spectrum of the ethyl isonitrile complex 
also exhibits the same features. 

The Rainan spectra of both Co,(MeNC),,- 
(CIo,), and Co,(EtNC),,(ClO,), contain only 
t ~ o  very strong bands in the v(CN) region, 
rather than the predicted four. For the analogoils 
Rc,(CO),, molecule, it was found that the E, 
mode was very neak and at lower frequency than 
the infrared bands (14, 15), so we do not assign 
either of our bands to this mode. The Raman 
band which is higher than any of the infrared 
absorption bands we assign to an A, vibration 
involving radial groups, in accordance with the 
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TABLE 4 

Vibrational frequencies of C O ~ ( R N C ) ~ , ( C ~ O ~ ) ~  (D4d) 

Frequency cm-lX 

C O ~ ( C H ~ N C ) I O ( C ~ O ~ ) ~  C O ~ ( C ~ H ~ N C ) I O ( C ~ O ~ ) ~  (D4d) 

Infrared Raman Infrared Raman Assignment 
-- -- - 

2291 vs 2283 vs A ,  
2285 sh 2269 shs B, 1 

2255 vs E; or Al > v(CN) 
2250 vs El  1 
2220 shs B2 i I 

522 vs 522 111 528 vs 534 m 
512 vs 505 shm 

490 m 488 shm? 489 ln? G(CoCN) 

464 w 
391 w 389 m 375 w 375 w 

349 m 335 w 
1 
) v(Co-CN) 

323 w 325 s J 

} G(CCoC) and others 
1 

*s = strong, v = 
TCoincide~~t with 

very, m = medium, w 
a C2H,NC vibration. 

weak, sh = shoulder. 

assignment for Re,(CO),, (14, 15). The other 
Raman peak is assigned to the E, and/or A, 
vibration. Since two separate, strong bands occur 
for Re,(CO),, it seems likely that in the present 
cases the two vibrations are accidentally de- 
generate. 

In the lower regions of the spectra, fewer 
Raman and infrared peaks are observed than are 
predicted by group theory. In the infrared spectra. 
two distinct areas of absorption occur which we 
assign to G(CoCN) and v(CoC) modes, respec- 
tively, but no attempt has been made to indi- 
vidually assign the peaks. 

For both the methyl and ethyl isonitrile com- 
plexes, it should be possible to identify a Raman 
peak associated with the cobalt-cobalt stretching 
vibration. Strong Raman bands occur at 186 and 
192 cm-l,  respectively, and also at  - 110 cin-' 
in both spectra. On the grounds of intensity alone. 
both these bands might be considered as candi- 
dates for such an assignment. Hoblever, the 
110 cnl-I bands h a ~ e  infrared counterparts and 
also occur in the spectra of some complexes 
without metal-metal bonds. We therefore con- 
clude that the 192 and 186 cm-' peaks should be 
assigned as Co-Co stretching vibrations for 

ethyl and methyl isonitrile complexes, respec- 
tively. This assignment agrees with that made by 
Griffith and Wickham (12), who placed v(Co- 
Co) at  190 cm-I for Co,(MeNC),o(C10,)4. 

(Coz(RNC),,I~(CIO4), (R = Me, Et) 
The complex CO,(M~NC),~I(C~O,) ,  was first 

reported by Sacco and Freni (2). On the basis of 
analytical and conductivity data it was formu- 
lated as p-iododecakis(n~ethylisocyano)cobalt(II) 
perchlorate, [(MeNC),Co-I-Co(MeNC),]- 
(ClO,),. We have measured the vibrational 
spectra of this complex and its ethyl isonitrile 
analogue. and have confirmed the presence of 
cobalt-iodine bonding. Furthermore, our data 
suggest that the Co-I-Co skeleton is linear 
rather than bent. 

Of the two possible iodine-bridged structures, 
the bent one leads to C,, symmetry, while for a 
linear system the point group would be D,, (or 
possibly D,,,). The group theoretical predictions 
for the former system would lead to eight 
infrared-active v(CN) and v(CoC) modes, while 
for D,, symmetry a much simpler spectrum 
would result, with only three v(CoC) or v(CN) 
bands. 
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TABLE 5 

Vibrational frequencies of [CO~(RNC)~,,I][CIO~]~ 
-- 

Frequency, cm-'* 

tCo2(MeNC)loIl (C1O4I3 [ C O Z ( E ~ N C ) ~ ~ I I  (C104)3 

Infrared Raman Infrared Raman Assignment 

2266 s 2249 m A, 1 
2254 shs 2240 shs BZ 1 
2234 vs 2219 vs 

2231 m 
2226 shvs 2207 shvs 

3: v(cN) 

2221 s 2208 m 
534 w 

517 vs 532 s 
496 vs 521 shm 

1 
491 m 1 ~ ( C O C N )  

471 shw 483 sh\v-t 
476 w 

I 
J 

245 vvs 222 vvs v(Co-I-Co) symmetric 
220 shm 270 wbr 1 
Zis m 180 wbr I 
150 shu 160 shs 145 shs 
126 w 117 w / 6(CCoC) and others 

108 vw 80 shs 96 w 110 shs i 
36 vw 59 vw J 

*s = strong, v = very, m = medium, w = weak, sh = shoulder, hr = broad. 
i.Coitlcident ~ i t h  C2H,NC vibration. 

Studies on systems of this type have been 
made by other workers. In spite of a complex 
infrared spectrum, Ruff (16) suggested that the 
[M,(CO),,I]- ion (M = Cr, Mo, W) has a 
linear M-I-M bridge, ascribing the extra bands 
to impurities. However, in a more recent publica- 
tion (l7), reference was made to an X-ray crystal 
structure of [Cr,(CO),,I]- in which the Cr-- 
I-Cr bond angle was found to be 118". Lindner 
and Behrens (18) studied Cr,(CO),,I and found 
only three v(C0) bands in the infrared spectrum, 
and suggcstcd that a linear Cr-I-Cr bridge 
was present. Furthermore, the infrared spectrum 
of the complex CI,Sn[Co(CO),], presents a 
complex v(C0) region (19), whereas the linear 
Hg[Co(CO),], only displays three fundamental 
v(C0) absorption bands (20); so the symmetry 
of the metal skeleton does have a large eKect on 
the v(C0) region of the spectrum. 

We have applied similar criteria to examining 
the v(CN) region of the spectra of thc isonitrile 

complexes. The infrared spectra (Table 5) of 
both complexes are very simple, having one 
strong absorption band due to v(CN), with a 
shoulder on either side. This is in accordance 
with the predictions of group theory for the D,, 
point group. The Raman spectra are also simple, 
with three bands occurring in the case of the 
MeNC complex, and only two for the EtNC 
analogue. In the former case, two of the Raman 
bands are very close in energy to infrared bands, 
while in the latter case one of the two Raman 
bands is alillost coincident with an infrared band. 
The assignments (Table 5 )  are made on the same 
basis as those made for the metal-metal bonded 
complexes, assuming D,, symmetry. 

Infrared and Raman spectra in the G(MCN) 
and v(CoC) regions were similar to those of 
Co,(RNC),,(CIO,), (Table 4). The notable fea- 
ture of the Raman spectra of each complex is an 
intense peak, at 245 and 222 cm-I for methyl 
and ethyl derivatives, respectively. No infrared 
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bands occurred at these frequencies. It is there- 
fore reasonable to assign these bands to sym- 
metric v(Co1Co) vibrations. For a linear Co- 
I-Co skeleton, group theory predicts (21) that 
the symmetric stretch will be Raman-active, 
while an asymmetric stretching vibration nor- 
mally occurs at higher frequency, exclusively in 
the infrared spectrum. For a bent system, both 
the symmetric and asymmetric stretching fre- 
quencies should exhibit Raman and infrared 
activity. No second Raman peak is observed, 
which again is consistent with a linear Co-I-Co 
bond system. By comparison with the spectra of 
CO,(RNC),~(CIO,),, we find no infrared band 
we can unequivocally assign to the asymmetric 
v(Co-I-Co) mode, perhaps because of a coinci- 
dence with a skeletal vibration. It has been noted 
that metal-iodine stretches are sometimes weak 
in the infrared (see, for example, ref. 22). 

The combined evidence of the isonitrile (CN) 
stretching frequencies and the Co-I stretching 
vibrations are strongly indicative of a linear 
bridging iodide ion. However, in view of the C,, 
structure of [(CO),CrICr(CO),]- quoted above 
it would be interesting to determine the structure 
by an X-ray study. 
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A new route to 5- and 6-membered ring sultones 

T. DURST AND K.-C. TIN 
Department of Chemistry, Ur~icersiiy of Ottawn, Ottawa 2, Ontario 

Received October 3, 1969 

Reaction of 1,2- or 1,3-alkanedisulfonate esters with one equivalent of n-butyllithium in tetrahydro- 
furan at - 78 to 10' affords 5- and 6-membered ring sultones. Similar treatment of alkanesulfonate esters 
of 1,2-halohydrins gives 5-membered ring sultones. 1,2-Diols and 1,2-halohydrins of known stereochem- 
istry were converted into 5-membered ring sultones in which the stereochemistry at 2 of the 3 ring carbon 
atoms is uniquely defined. Extension of these reactions to the formation of 7- and 8-membered ring 
sultones was not successf~~l and products derived from an initial intermolecular reaction were obtained. 

Canadian Journal of Chemistry, 48, 845 (1970) 

Introduction 

The synthesis of sultones is generally carried 
out either by cyclization of the appropriate halo- 
or hydroxyalkanesulfoilic acid (1) or by sulfona- 
ti011 of olefins with dioxane - sulfur trioxide 
(1,2). Both of these methods are rather limited: 
the former suffers from a lack of ready prepara- 
tion of all but the most simple of the required 
precursors, while the latter is generally useful 
only in the synthesis of 3,3-dialkyl-3-hydroxy- 
propanesulfonic acid sultones. 

The recent reports of the preparation of a- 
sulfoilate ester carbanions (3-5) have prompted 
us to investigate their use in the synthesis of 
sultones according to eq. [ I ] .  Such cyclizations 
appeared to have considerable potential for the 
production of a variety of sultones because of 
the ready availability of the potential precursors 
i.e. diols or halohydrins. 

Discussion of Results 

Initial experiments were carried out 011 1,2- 
ethylene dimeihanesulfonate (I) and 1,3-propyl- 
ene dimethanesulfonate (2). Treatment of either 
1 or 2 in tetrahydrofuran at -78" with one 
equivalent of n-butyllithium followed by warming 
to 0" for 30 min yielded the sultones 3 and 4 in 
68' and 88% yield respectively. The cyclizatiori 
of the corresponding ethane- and phenyimethane- 

sulfonate esters was carried out similarly except 
that longer reaction times were required. The 
crude products from these reactions were 
generally contaminated with up to 20% of 
starting materials even when the reaction time 
was 2 days. The yields of the purified mono- 
substituted sultones ranged from 47-74 % (Table 
1 ) .  Analytical and spectroscopic properties were 
in agreement with the assigned structures and 
are recorded in the Experimental section. 

CH20S02CH3 CH2 
/ n-BULI THF / \ 

(CHz),, (cH~), CH2 
7 8  + 0 I I 

'CH~OSO~CH, 

Dimethanesulfonate esters of ~lnsymmetrical 
diols, e.g. 1,2-propane- or 1,3-butanediol. cyclized 
as expected, with displacement occurring prefer- 
entially at the Least substituted carbon. Thus the 
dimesylates 5 and 6 afforded the sultones 7 and 8 
in 81 and 75 0/ yield respectively. Nuclear mag- 
netic resonance (n.m.r.) inspection of the total 
crudes indicated the absence of significant 
amounts of the isomeric sultones 9 and 10. 
Eq~~ilibration of the two isomeric lithio deriva- 
tives 1Pa and I l b  is expected to be facile (6) 
thereby allowing the preferential production of 

'The lower yield of 3 was probably due to its ease of hydrolysis. It was found that only about 70% of a sample of 3 
could be recovered when put through the workup conditions ( 5 ) .  
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TABLE 1 

Formation of 5- and 6-membered ring sultones 

Precursor Sultone 
-- 

Yield (%) 

1,2-Ethylene dimethanesulfonate Propane-1,3-sultone 68 
1,3-Propylene dimethanesulfonate Butane-1,4-sultone 8 8 
1,2-Ethylene diphenylmethanesulfonate 3-Hydroxy-1-phenylpropanesulfonic acid 1,3-sultone 47 
1,3-Propylene diphenylmethanesulfonate 4-Hydroxy-1-phenylbutanesulfonic acid 1,4-sultone 51 
1,3-Propylene diethanesulfonate 4-Hydroxy-I-methylbutanesulfonic acid 1,4-sultone 74 
1,2-Propylene dimethanesulfonate 3-Hydroxy-3-methylpropanesulfonic acid 1,3-sultone 81 
1,3-Butylene dimethanesulfonate 4-Hydroxy-4-n~ethylbutanesulfonic acid 1,4-sultone 75 
a-Chloroethyl methanesulfonate Propane-1,3-sultone 19 
8-Chloroethyl phenylmethanesulfonate 3-Hydroxy-1-phenylpropanesulfonic acid 1,3-sultone 30% 
trans-2-Bromocyclohexyl rnethanesulfonate 15 33,39t 
trans-2-Bromocyclooctyl methanesul- 

fonate 17 36,647 
cis-1,2-Cyclooctenyl dimethanesulfonate 19 17,481. 

*Yield determined by n.m.r. 
?Yield based on consumed starting material. 

CH3 

CHOS02CH2Li 
I 

5 3 3 3  
/ Fast /CH\ 

(CH$ - (CH2). Q 

CHOS02CH3 
I 

/ 
' C H ~ O S O ~ C H ~  

n-BULI CH: ,io2 
(CH2). ____f 

THF,-78' CH2 
' ~ ~ 2 0 ~ 0 2 ~ ~ 3  l l a  7 n=O 

I I 

CHOS02CH3 
/ 

(cH~), 
Slow /CH\ 
---f (7H2)n FH2 

l l b  

the isomer resulting from the faster cyclization 
(Scheme 1). Although the experimental data is to 
date very limited it seems reasonable to expect 
high selectivity in the cyclization of mono-lithio 
derivatives of other unsymmetrically substituted 
1,2- and 1,3-disulfonate esters. 

Alkanesulfonate esters of 1,2-halohydrins 
have also been used for the synthesis of 5-mem- 
bered ring sultones. The yields of cyclized 
product from these compounds were considerably 
lower than those obtained from the disulfon- 
ate esters (Table 1); in general they roughly 
parallel the ease of displacement of the leaving 
group (-OS0,R > Br- > C1-). For instance, 
p-chloroethyl phenylmethanesulfonate (12) gave 
the sultone 13 in 30% yield, while the mesylate 
of trans-2-bromocyclohexanol (14) afforded a 

33% yield of the cis-bicyclic sultone (15). The 
structural assignment of 15 rests on its mode of 
synthesis, analytical and spectroscopic data. 
The infrared (i.r.) spectrum showed strong bands 
at 1340, 1150,908, and 810 cm-' ; n.m.r. absorp- 
tion occurred at 6 = 4.8-5.0 (m, lH,  H-C-0), 
an 8-line multiplet from 6 = 3.0-3.8 (2H) due 
to CH-CH,SO,- with J,,, = 13 c.p.s. and 
J,,, 7.0 and 3.0 c.p.s., and multiplets at S = 2.5- 
2.9 (1H) and I .2-2.4 (8H). 

The attractive~less of the above route is the 
ready availability of 1,Zhalohydrins and 1,2- 

CH2C1 
I 

CH20S02CH2Ph THF 0 
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DURST AND TIN: SYNTHESIS OF RING SULTONES 

diols of known stereochemistry which in turn 
can lead to sultones having at least part of their 
stereochemistry uniquely defined e.g. as in eq. [2]. 

To  illustrate the above claim we have syn- 
thesized from cis-cyclooctene both the cis- and 
trarzs-fused bicyclic sultones 17 and 19; the final 
step being the cyclization of the trans-2-bromo- 
cyclooctyl methanesulfonate (16) and cis-1,2- 
cyclooctylene dimesylate (18) respectively 
(Scheme 2). The i.r. and n.m.r. spectra are in 
agreement with the gross structure of both 17 and 
19. The stereochemical assignment is however 
based solely on the mode of synthesis and coald 
in these particular cases not be verified by the 
spectroscopic methods. 

The success achieved in the formation of 5- 
and 6-membered ring sultones could not be 
duplicated for the 7-membered ring species. 
Cyclization reactions were attempted with a 
number of sulfonate esters among them 20 and 

(1) HBr 

(2) CH,SO,CI/NE~;' 

21. The crude reaction mixture from the 
attempted cyclization of the mesylate of 4-chloro- 
butanol (20) was separated by preparative t.1.c. 
In addition to significant amounts of starting 
material, 34% of a colorless oil \+,as obtained 
which was identified by spectroscopic methods 
(i.r. peaks at  1330 (s), 1155 (s), and 920 (s) cm-' ;  
n.m.r. absorption 6 = 4.2-4.6(m, 2H), 3.4-3.9 
(m, 3H), and 1.5-2.4 ( 1  2H)) and by independent 
synthesis as 4-chlorobutyl cyclopentanesulfonate 
(22). The alternate synthesis of22 and its probable 
mode of formation from 20 are shown in Scheme 
3. The products from the other cyclization 
attempts were similarly separated. Spectroscopic 
data in each case indicated that the product was 
analogous to 22: i.e. an  ester of a cyclopentanesul- 
fonic acid e.g. 23. The products were not further 
characterized. A single attempt to obtain an  
8-membered ring sultone from 24 was unsuccess- 
ful and the starting material was recovered. 

n-BuLi , 
T H F  

0S02CH3 
CH3S02C1 

:OH t 

n-BULI 

T H F  
OH 0S02CH3 

CH2CH2CI n-BULI CHzCHzC1 20 or 200 CHzCH2CI 
I - 1  - 1  

CH2CH20S02CH3 THF CH2CH20S02CH2L~ CH2CH20S02(CH21SCI 
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TABLE 2 

Preparation of alkanesulfonate esters 
- - - - - -- - - - -- - 

Melting 
polnt 

or boillng Analysis Spectroscopic properties 
point/mm (Found) 

Ester Yield (%) ("C) ( %) n.m.r. ( 6 )  i.r. (cm-l) 
- - - - - - - -- 

1,2-Ethylene 74 141 C, 51.79 4.23 (s, 2H), 4.40 (s, 2H) 1352 (s), 11 60 (s) 
diphenylmethanesulfonate H, 4.09 7.40 (s, 5H) 905 (s) 

1,3-I'ropylene 53 dec.* C, 32.28 1.34 (t, 6H), 2.12 (quint., 2H) 1340 (vs), 1158 (s) 
d~ethanesulfonate H, 6.17 3.08 (quart., 4H), 4.28 (t, 4H) 920 (s) 

1,3-Propylene 55 109-110 C ,  53.08 1.90 (qumt., 2H), 4.05 (s, 2H) 1350 (vs), 11 60 (s) 
diphcnylinethanesulfonate H, 5.32 4.32 (s, 2H), 7.37 (s, 5H) 922 (s) 

tran~-2-Bromocyclohexyl 50 59 C, 32.71 1.1-2.7 (m, 8H), 3.10 (s, 3H) 1350 (vs), 11 60 (s) 
methancsulfonate H, 5.04 3 . 9 4 . 3  (m, IH), 4.4-4.8 (m, 1H) 960 (s), 940 (n~),  

S, 12.33 895 (s), 867 (s) 
Br,31.24 817 (s) 

tram-2-BromocyclooctyI 96.1- dcc.* 1.2-2.4(m,12H),3.10(s,3H) 1342(s),1160(s) 
methanesulfonate 4.1-4.5(m, lH),4.6-5.1 (m, 1H) 908(s) 

cis-l,2-Cyclooctylene 75 69-70 C, 39.76 1.2-2.4 (ni, 12H), 3.10 (s, 6H) 1350 (s), 1160 (s) 
d~nlethanesulfonate H, 6.73 4.9-5.2 (m, 2H) 890 (s) 

S, 20.85 

4-Chlorobutyl 74 100-103/1.5 C,  32.29 1 .8-2. l (m, 4H) 1340 (vs), 1 165 (s) 
methanesulfonate H, 5.96 3.02 (s, 3H), 3 5-3.7 (m, 2H) 930 (vs) 

4.2-4.4 (m, 2H) 
-- -- 

*Substance decompowi on attempted dlst~llat~on at 0.2 mm. 
tCrude yleld, cat~matcd purlty by n.m.r. > 90%. 
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DURST AND TIN: SYNTHESIS OF RlNG SULTONES 

Experimental 
Melting points were determined with a Thomas 

Hoover apparatus and are not corrected; boiling points 
are also not corrected. Infrared spectra were recorded on 
a Beckmann IR8 or Beckmann IR20 i.r. spectropho- 
tometers and n.m.r. spectra were obtained on Varian 
Associates model HA-100 or T-60 spectrophotometers. 

Preparation of the Sulfonate Esters 
In  general the diol was dissolved in dry methylene 

chloride containing 2.2 equivalents of alkanesulfonyl 
chloride. The solution was cooled in an acetone - dry 
ice bath and treated with dropwise addition of 2.2 
equivalents of triethylamine in methylene chloride. After 
the addition of the triethylamine was complete the reac- 
tion mixture was allowed to  warm to  room temperature 
and poured into water. The methylene chloride layer was 
separated, dried over magnesium sulfate, and the solvent 
evaporated. The products were purified either by recrys- 
tallization, column chromatography, or distillation under 
reduced pressure. The yields refer to purified products. 
The monosulfonate esters of the halohydrins were 
similarly prepared except that for each equivalent of 
halohydrin only 1.1 equivalents of sulfonyl chloride and 
triethylamine were employed. 

The following esters have been described in the 
literature: 1,2-ethylene dimethanesulfonate (7), 1,2- 
propylene dimethanesulfonate (8), 1,3-propylene dimeth- 
anesulfonate (7), 1,3-butylene dimethanesulfonate (9), 
P-chloroethyl methanesulfonate (lo), 0-chloroethyl 
phenylmethanesulfonate (lo), and the dimethanesulfonate 
22 (11). The physical and spectroscopic properties of the 
other sulfonate esters are reported in Table 2. 

Formation of the Lithio Dericatices of the S~ilfonate Ester 
and Subsequent Cyclization. General Procedure 

To a tetrahydrofuran solution of disulfonate ester or 
D-halosulfonate ester at - 78" under nitrogen atmosphere 
was added via syringe 1.05-1.10 equivalent of n-butyl- 
lithium (Foote Mineral Co., 1.6 IM in hexane). The reac- 
tion mixture was allowed to warm to -20, O", or room 
temperature for the times specified. It was then poured 
into water and extracted with methylene chloride. The 
organic extracts were drled over magnesium sulfate and 
the solvent evaporated. The crude products were usually 
purified by preparative thin-layer chromatography (t.1.c.); 
yields refer to purified materials. 

1,3-Propane Sultone 
(a) From I ,2-Diniethanesuljonate 
1,2-Ethylene dimethanesulfonate (1.00 g, 4.6 mmoles) 

was dissolved in 30 ml of tetrahydrofuran at -78' and 
then treated with 3.0 n ~ l  (4.8 moles) of n-butyllithium. 
The reaction mixture was warmed to -20" for 30 min 
during which time a colorless precipitate was formed. 
Workup gave 380 mg (68%) of 1,3-propane sultone, 
identified by comparison of t.1.c. behavior and i.r. spec- 
trum with authentic commercial materiaL2 

( 6 )  Fronz a-Chloroethyl Methalzesulfonate 
To a solution of 1.28 g (6.6 mmoles) of the ester in 50 

ml of tetrahydrofuran at - 78' were added dropwise 7.2 
mmoles of n-butyllithium. The reaction mixture was 
stored for 2 days. The crude product (316 mg) was 
separated by preparative t.1.c. and yielded 155 mg (19%) 
of 1,3-propane sultone. 

1,4-Butane Sultone 
To a solution of 780 mg (3.36 mmoles) of 1,3-propylene 

dimethanesulfonate in 30 ml of tetrahydrofuran at -78" 
were added 2.2 ml(3.5 mmoles) n-butyllithium. Workup 
of the reaction mixture after it had been stored at -20" 
for 30 min gave 400 mg (88%) of 1,4-butane sultone 
whose i.r. was identical with that of authentic materiaL2 

3-Hydroxy-I-phenylpropanesulfonic Acid 1,3-Sultone 
(13) 

(a) From 1,2-Ethylene Digher~ylmethanesuljo~tate 
1,2-Ethylene diphenylmethanesulfonate (255 mg, 0.69 

mmole) was dissolved in 10 ml of tetrahydrofuran at 
-78" and treated with 0.70 mmole of n-butyllithium. 
The reaction mixture was stored at 0" for 3 days. Workup 
gave 129 mg of crude material whose n.m.r. spectrum 
indicated approximately 85 % product and 15 % starting 
material; n.m.r. yield approximately 80%. Pi~rification 
by preparative t.1.c. gave 64 mg (47%) of sultone m.p. 
93.5-96" (methylene chloride - pentane). The i.r. spec- 
trum (CHCI,) showed strong bands at 1350, 1160, and 
990 cm-'; n.m.r. peaks occurred at 6 = 2.6-3.1 (m, 2H), 
4.2-4.7 (m, 3H), and 7.40 (s, 5H). 

Anal. Calcd. for C9HI0O3S: C, 54.54; H, 5.09; S, 
16.15. Found: C, 54.15; H, 5.16; S, 16.19. 

2Supplied by the Aldrich Chemical Co. Ltd., Mil- 
waukee, Wis. 
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(b) Fcorn B-Chlocoethyl P/1ewyln7etha11esu(forlate 
Sulfonate ester (1.50 g, 6.4 mmoles) mas converted into 

its lithio salt in the usual manner at -78'. The reaction 
mixture was stored at 5' for 3 h. An n.1n.r. spectrum of 
the crude product (674 mg) indicated a 30% yield of the 
sultone 13. 

3-Hj'&oxy-3-i?1ethylpropa11es1i~fonic Acid 1,3-Sulto17e 
1,2-Propylene dimethanesulfonate (1.57 g, 6.8 mmoles) 

was dissolved in 40 ml tetrahydrofuran at -78" and 
reacted with 7.5 mmoles n-butyllithium. The reaction 
~nixture was kept at  10" for 12 11 during which time a 
colorless precipitate was formed. Workup, follo\ved by 
flash distillation of the crude product, gave 0.75 g (81 0/,) 
of sultone 7. The n.m.r. spectrum was in agreement \vith 
that given by Ohline ct al. (12). 

4-H~droxy-I-phenylb1ita11esulfot1ic Acid I,4-Snltone 
A solution of 2.01 g (5.2 n~moles) of 1,3-propylene 

diphenylmethanesulfonate in 30 ml of tetrahydrofuran 
at  -78" was treated with 5.5 mmoles of 11-butyllithium, 
and then stored at  room temperature overnight. Workup 
gave 1.22 g of crude product frorn nhich 0.56 g (51 "/,) 
of pure sultone, n1.p. 157-158.S1, \vas obtained after two 
recrystallizations from methylene chloride - pentane. 
Spectroscopic properties were as follows: i.r. (CHCI,), 
1350(vs), 1162(s), 1010(s) and 925 (s) cn1-'; n.ll1.r. peaks 
(CDCI,), 6 = 1.8-2.8 (m, 4H), 4.22 (d of d, J = 4 and 
12 c.p.s., IH),  4.3-4.8 (m, 2H) and 7.3-7.6 (m, 5H). 

Anal. Calcd. for C1,HI2O3S: C, 56.60; H ,  5.70; S, 
15.08. Found: C, 56.53; H ,  5.72; S, 15.24. 

4-Hj~droxy-l-r?1ethylbl~taf1es~tlfonic Acid I,4-S~dlone 
To  a solution of 1.74 g (6.7 mmoles) of 1,3-propylene 

diethanesulfonate in 40 n ~ l  of tetrahydrofuran at -78" 
were added dropwise 7.5 mmoles of n-butyllithium. The 
reaction mixture was stored at 10" for 2 h. Distillation of 
the crude product gave 0.74 g (74%) of sultone (1 1). 

4-Hydroxy-4-methylbutmzesulfonic Acid 1,4-Snltone 
n-Butyllithium (6.7 n~nioles) was added to a solution- of 

1.55 g (6.3 mmoles) of 1,3-butylene diniethanesulfonate 
in 35 1111 of tetrahydrofuran at  -78'. The reaction mix- 
ture was stored at -20" for 2 h (colorless precipitate) 
then at 5' for a further 12 h.  Distillation of the crude 
product gave 0.71 g (75 %) of sultone 10, nD20 = 1.460, 
lit. (13) r lDZ5 = 1.4586. 

Sultnne 15 
A solution of 1.03 g (4.0 mmoles) of trans-2-bromo- 

cyclohexyl methanesulfonate in 35 ml tetrahydrofuran 
was treated with 4.8 rnnloles of n-butyllithiu~n and then 
stored at 5' for 2 days. Workup gave 0.672 g of crude 
material from which was obtained by preparative t.1.c. 
0.232 g (33 Y<, 39 0,< based on recovered starting material) 
of sultone 15, n1.p. 54-55' (methylene chloride - pentane). 

Anal. Calcd. for C,HI2O,S: C, 47.72; H, 6.87; S, 
18.16. Found: C, 47.73; H ,  6.93; S, 18.01. 

cis-Sulto~ze 17 
n-Butyllithiurn (4.7 mmoles) was added dropxvise to a 

solution of 1.13 g (3.9 mmoles) of tt~n11s-2-bro1~ioc~clooctyl 
methanesulfonate in 30 ml of tetrahydrofuran 1111ich had 
been cooled to -78". The reaction mixture was kept at  
10" for l e  h. Workup gave 830 mg of crude product as a 

yellowish oil whose n.m.r. spectrum indicated a 1 :1 mix- 
ture of starting material and sultone 17. The sultone was 
isolated by preparative t.1.c. (3:2 pentane-ether). The 
yield was 294 mg (36 :/,, 64 % based on recovered starting 
material). Recrystallizstion from nlethylene chloride - 
pentane gave colorless flakes m.p. 56.5-57.5". The n.m.r. 
spectrum (CDCI,) sho\ved niultiplets from 6 = 1.2-2.3 
(12H), 2.8-3.6 (3H) and 4.8-5.0 (1H); i.r. peaks (CHCI,), 
1340 (vs), 1155 (s), and 910 (s) c n - ' .  

Anal. Calcd. for C,H,,O,S: C, 52.93; H ,  7.90; S, 
15.67. Found: C. 53.08; H ,  7.89; S, 15.54. 

trans-Sultone 19 
To a solution of 2.80 g (9.0 mmoles) of cis-dimesylate 18 

in 50 rnl of tetrahydrofuran at -78' \+ere added dropuise 
9.9 rumoles of n-butyllithium. The reaction mixture was 
kept at 10 '  overnight. Workup gave 2.30 g of crude 
product whose n.m.r. spectrum indicated a 3 : l  mixture 
of starting material and product. Separation by prepara- 
ti\c t.1.c. (3:2 pentane-ether) gave 304 nlg (17%, 48% 
based on consumed starting material) of the trans-sultone 
19 as colorless needles n1.p. 56-57" (mixed m.p. with the 
cis-sultone 17, 35-50'). The n.m.r. spectrum (CDCI,) 
showed n~ultiplets at  6 = 1.2-2.4 (12I-I), 2.6-3.7 (3H), 
and 4.5-4.8 (1H); i.r. peaks (CHCI,), 1340 (vs), 1155 (s), 
905 (n~) ,  880 (m), 848 (m) cnl-'. 

Anal. Calcd. for C9HI6o3S:  C, 52.93; H, 7.93; S, 
15.67. Found: C, 52.79; H, 7.90; S, 15.53. 

Reaction of 4-Chlorob~ctyl Methanes~~lfonate with 
1.1-Butyllithiuin 

n-Butyllithium (7 ml, 11.2 mmoles) was added dropwise 
to a solution of 2.01 g (10.7 mmoles) of 4-chlorobutyl 
methanesulfonate in 50 ml of tetrahydrofuran at  -78". 
The reaction mixture \\as stored at  room temperature 
for 2 days. 'The crude product (1.04 g) was purified by 
preparative t.1.c. and gave 475 rng (34%) of the ester 22 
whose 1l.m.r. and i.r. spectra were identical to those 
obtained by reacting cyclopentanesulfonyl chloride with 
4-chlorobutanol in rnethylene chloride in the presence of 
triethylamine (see below). 

Reaction of Cyclopentanesulfonyl Cl~lorirfe with 
4-Chlorobutnnol 

Cyclopentanesulfonyl chloride (14) (5.35 g, 32 n~moles) 
and 3.8 g (35 rnmoles) of 4-chlorobutanol were dissolved 
in 45 ml of methylene chloride at -78' and treated \?ith 
dropwise addition of 3.5 g (35 mmoles) of triethylamine. 
The reaction mixture was warmed to room temperature 
and worked up in the u s ~ ~ a l  manner. Two distillations of 
the crude product gave a slightly yellowish oil 4.25 g 
(57 %), b.p. 145-15010.75 rnm. 

Anal. Calcd. for C9H17C103S: C, 44.91; H,  7.12; 0 ,  
19.92; S, 13.28. Found: C, 44.96; H,  6.91: 0 ,  20.18; S, 
13.49. 

Diester 23 
7-0 a s o l ~ ~ t i o n  of 2.04 g (6.7 mmoles) of dimethanesul- 

fonate 21 in 40 1111 of tetrahydrof~~ran at - 78" were added 
dropuise 7.3 mmoles of n-butyllithiurn, Workup gave 
1.47 g of crude product from ~vhich 0.50 g of starting 
material \\as obtained by recrystallization. The remainder 
\\as purified by preparative t.1.c. and yielded 311 mg 
(23 :<) of the diester 23. The i.r. and n.m.r. spectra were 
in agreement with the proposed structural assignment. 
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NOTES 

Microwave spectrum of paraldehyde 

R. KEWLEY 
Department of Chetnistry, Queen's Unirersity, Kingston, Otztario 

Received August 6 ,  1969 

The microwave spectrum of paraldehyde has been investigated in the range 14 to 26 GHz using 
commercial reagent grade samples. The spectrum of the symmetric rotor triequatorial methyl conformer 
was found, giving the value B, = 1822.41 k 0.05 MHz. The effects of lo\? energy molecular vibrations 
are prominent in the spectrum. 

Canadian Journal of Chemistry, 48, 852 (1970) 

Recently studies have been made in this 
laboratory of the microwave spectra of the 
heteroalicyclic compounds tetrahydropyran (1)  
and morpholine (2). Work in this area has now 
been extended by the present investigation in 
which the rotational spectrum of paraldehyde 
(2,4,6-trimethyl s-trioxane) has been observed in 
the 14 to 26 G H z  region. 

Four possible chair form conformational 
models of the molecule may be constructed : 

Because of the repulsion between the axial methyl 
group, conformers 3 and 4 would not be expected 
to  be energetically favorable and in fact are not 
known to exist. In an electron diffraction study 
using a sample of boiling point 124.0 -t 0.2 "C, 
Carpenter and Brockway (3) established the chair 
form structure of the ring but were unable to 
distinguish between structures 1 and 2, although 
the presence of structures 3 and 4 was ruled out. 
In  a nuclear magnetic resonance (n.m.r.) investi- 
gation Diehl and Freeman (4), using a B.D.H. 
reagent grade paraldehyde sample, found the 
spectrum of the triequatorial methyl conformer 1 
and showed that any other conformer, if present, 
must be a t  a concentration of less than 2 mole %. 

Using the paraldehyde filtrate from the com- 
mercial production of metaldehyde, Craven ef al. 
were able to effect a separation of two forms of 
paraldehyde by gas chromatography and also 
record their infrared (i.r.) spectra (5). These 
investigators concluded that the two forms 
isolated corresponded to structures 1 and 2 above 
and also determined their boiling points and 
refractive indices q,20 to be respectively 124 "C, 
1.4048 and 125 'C, 1.4082. In a later 1l.m.r. study 
of the products of radiolysis of polyacetaldehyde, 
also separated by gas chromatography, Jung- 
nickel and Reilly (6) were able to obtain the 
spectra of both conformers 1 and 2. 

In the present investigation commercially 
available samples were used. The frequency mea- 
surements and 18-26 G H z  sweep were done using 
a Fisher Scientific Company reagent grade 
sample for which the refractive index was 
measured as qD20 = 1.4044 i 0.0002. The 14-18 
GHz sweep was carried out with a reagent grade 
Anachemia Chemical Company sample of mea- 
sured refractive index qDZ0 = 1.4054 0.0002. 
The 20-22 G H z  region was also swept using this 
sarnple as a check. 

Preliminary calculations of expected rotational 
constants were carried out for structures 1 and 2 
using the structural parameters C-C = 1.533, 
C-0 = 1.410, and C-H = 1.108A with all 
bond angles assumed to be tetrahedral. The pre- 
dicted constants for the symmetric rotor form, 
conformer 1, were B = 1805.1 and C = 962.8 
MHz. Conformer 2 is highly asymmetric with cal- 
culated constants A = 2181.3, B = 1655.4, and 
C = 11 19.8 M H z  and K = 0.0092. The calculated 
spectrum of this form is one with both a and c 
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NOTES 

FIG. 1. Recorder trace of the J = 5  + 6  transition of paraldehyde, triequatorial methyl conformer. Stark field is 
164 V/cm and the pressure is 175 p. The trace was taken at room temperature (22 "C). 

type transitions distributed fairly evenly through- 
out the entire region studied. 

The observed spectrum showed the expected 
absorption lines due to conformer 1 together with 
nearby vibrational satellite peaks. A number of 
other ueaks were also noticed which could not be 
matchkd with the calculated pattern for con- 
former 2 since large gaps occurred between 14 
and 18 GHz and also 24 and 26 GHz in which 
regions many a and c type R-branch transitions 
were calculated to fall. Some of these peaks, 
particularly a group of lines situated near 
21.0 GHz, were found with both samples, being 
more intense with the Fisher sample. These peaks 
are thought to be due to an unidentified impurity 
and not conformer 2. A number of related 
molecules such as acetaldehyde, formic acid, 
acetic acid, and methyl formate were considered 
as possible impurities but none of these has a 
spectrum of the form observed. 

The line frequencies in J = 4 + 5, 5 + 6, and 
6 + 7 transitions of the triequatorial methyl con- 
former were measured and are given in Table 1. 
In calculating the B values, effects of centrifugal 
distortion were ignored. The pattern for a par- 
ticular rotational transition consists of a number 
of broad lines which are not well resolved, see 
Fig. 1. The lines are much more closely spaced 
than those in the spectrum of the related molecule 

TABLE 1  
Rotational transition frequencies (in MHz) of 
paraldehyde, triequatorial methyl conformer 

J = 4 + 5  J = 5 + 6  J = 6 + 7  B(MHz) 

s-trioxane (7) because of the greater mass of the 
paraldehyde molecule. Some of the weaker lines 
in the pattern could only be measured with 
difficulty which necessitated working at relatively 
large pressures. In addition to the ground vibra- 
tional state rotational transition it is expected 
that peaks will be present due to excitation of low 
frequency vibrations involving ring deformation 
and methyl torsion. The latter should give rise 
to strong satellite peaks corresponding to de- 
generate (v,) and symmetric (v,) torsional modes. 
In paraldehyde the  methyl group would 
experience an environment similar to that in the 
CH,CF,H molecule in which the barrier to 
rotation about the C-C bond 1s 11 10 cm-I (8). 
For this reason ~t is anticipated that in paralde- 
hyde only small oscillations of the methyl 
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NOTES 855 

paraldehyde I ,1-difluoroethane 

hydrogens will occur. No information appears to 
be available concerning the far i.r. spectrum of 
paraldehyde. However, in the Raman spectrum. 
displacements of 258,274,371,424,470,525, and 
575 cm-I have been recorded (9), which are 
typical for ring deformation modes. It  is possible 
that there are other vibrational frequencies lower 
than 258 cm-l.  The degenerate torsional vibra- - 
tion (v,) would most probably be Raman and i.r. 
inactive. Because of the fairly large number of 
low lying vibrational states of the molecule and 
because of the incomplete state of the vibrational 

v, torsional satellites respectively. The remaining 
lines in the pattern are to be attributed to the low 
frequency deformation modes of the ring. The 
weakest line in each of the J = 5 -t 6 and 6 -, 7 
transitions is about 115 of the ground state at 
room temperature indicating a vibrational fre- 
quency in the range 300-500 cm-I, allowing for 
the possibility of double degeneracy. 

Experimental 
The spectrum was recorded and measured using a 

100 KHz Stark modulation spectrometer which has been 
described previously (1, 2). Frequency measurements 
using a Micronow model lOlD frequency standard are 
accurate to k0.1 MHz. All the frequency measurements 
in Table 1 were made at room temperature (22 "C) and 
at pressures in the range 50 to 100 p. Refractive index 
measurements were made at 20 "C using a Bausch and 

data, it has not been possible to carry out detailed Lomb Abbe-3L refractometer calibrated against a 

analysis of the observed vibrational satellites. standard test piece of refractive index 1.5125 with 
1-bromonaphthalene as the contact liquid. 

At  room tem~erature the intensities of absorption 
peaks on recorder traces of the J = 4 -+ 5,5 -, 6, 
and 6 -t 7 transitions suggest that for the ground 
vibrational state of the molecule the B, value 
might be 1821.63, 1822.41, or 1823.24 MHz. The 
first excited state of a degenerate vibration of 
frequency 145 cm-I would give rise to a satellite 
peak having intensity equal to that of the ground 
state peak at 22 "C. This indicates that two of the 
three large peaks in each transition are due to 
methyl torsion. A study of the J = 6 -t 7 transi- 
tion carried out at a lower temperature showed 
that the peak at 25 514.2 MHz is most likely the 
ground state on account of its increase in intensity 
relative to the other nearby peaks, see Fig. 2. It is 
therefore likely that B, = 1823.24 and B, = 
1821.63 MHz correspond to v = 1 for the v, and 

The work was supported by operating grants provided 
by the National Research Council of Canada and the 
Department of University Affairs, Ontario. 
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Solvent effects in the Cope rearrangement 

DONALD C. WIGFIELD AND STEVE FEINER 
Department of Chemistry, Carleto?~ Uni~zrsity, Ottawa I ,  Ontario 

Received October 7, 1969 

Mechanistic ambiguity in the kinetic results of certain Cope rearrangements has been resolved. It is 
concluded from rate studies in solvents of widely differing polarity that there is negligible contribution 
of an ionic mechanism, even in rearrangements of substrates structurally best suited to this mechanism. 

Canadian Journal of Chemistry, 48, 855 (1970) 

I t  has long been generally accepted that the state in which the 3,4 bond is being ruptured 
Cope rearrangement of 1,Shexadienes proceeds while the 1,6 bond is being formed (I), as shown 
by a concerted mechanism through a transition in Fig. 1. 
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paraldehyde I ,1-difluoroethane 

hydrogens will occur. No information appears to 
be available concerning the far i.r. spectrum of 
paraldehyde. However, in the Raman spectrum. 
displacements of 258,274,371,424,470,525, and 
575 cm-I have been recorded (9), which are 
typical for ring deformation modes. It  is possible 
that there are other vibrational frequencies lower 
than 258 cm-l.  The degenerate torsional vibra- - 
tion (v,) would most probably be Raman and i.r. 
inactive. Because of the fairly large number of 
low lying vibrational states of the molecule and 
because of the incomplete state of the vibrational 

v, torsional satellites respectively. The remaining 
lines in the pattern are to be attributed to the low 
frequency deformation modes of the ring. The 
weakest line in each of the J = 5 -t 6 and 6 -, 7 
transitions is about 115 of the ground state at 
room temperature indicating a vibrational fre- 
quency in the range 300-500 cm-I, allowing for 
the possibility of double degeneracy. 

Experimental 
The spectrum was recorded and measured using a 

100 KHz Stark modulation spectrometer which has been 
described previously (1, 2). Frequency measurements 
using a Micronow model lOlD frequency standard are 
accurate to k0.1 MHz. All the frequency measurements 
in Table 1 were made at room temperature (22 "C) and 
at pressures in the range 50 to 100 p. Refractive index 
measurements were made at 20 "C using a Bausch and 

data, it has not been possible to carry out detailed Lomb Abbe-3L refractometer calibrated against a 

analysis of the observed vibrational satellites. standard test piece of refractive index 1.5125 with 
1-bromonaphthalene as the contact liquid. 

At  room tem~erature the intensities of absorption 
peaks on recorder traces of the J = 4 -+ 5,5 -, 6, 
and 6 -t 7 transitions suggest that for the ground 
vibrational state of the molecule the B, value 
might be 1821.63, 1822.41, or 1823.24 MHz. The 
first excited state of a degenerate vibration of 
frequency 145 cm-I would give rise to a satellite 
peak having intensity equal to that of the ground 
state peak at 22 "C. This indicates that two of the 
three large peaks in each transition are due to 
methyl torsion. A study of the J = 6 -t 7 transi- 
tion carried out at a lower temperature showed 
that the peak at 25 514.2 MHz is most likely the 
ground state on account of its increase in intensity 
relative to the other nearby peaks, see Fig. 2. It is 
therefore likely that B, = 1823.24 and B, = 
1821.63 MHz correspond to v = 1 for the v, and 
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Mechanistic ambiguity in the kinetic results of certain Cope rearrangements has been resolved. It is 
concluded from rate studies in solvents of widely differing polarity that there is negligible contribution 
of an ionic mechanism, even in rearrangements of substrates structurally best suited to this mechanism. 

Canadian Journal of Chemistry, 48, 855 (1970) 

I t  has long been generally accepted that the state in which the 3,4 bond is being ruptured 
Cope rearrangement of 1,Shexadienes proceeds while the 1,6 bond is being formed (I), as shown 
by a concerted mechanism through a transition in Fig. 1. 
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FIG. 1.  Concerted mechanism for the Cope rearrange- 
ment. 

Evidence supporting this type of mechanism 
includes the facts that the reaction proceeds with 
first order kinetics (2), that the reaction is intra- 
molecular, no exchange of groups being observed 
(3), and that both substituted allyl groups become 
inverted in the process (3). The activation param- 
eters, AH* 26-28 kcal mole-', AS*  - 1 1 to - 14 
e.u., have also been quoted in favor of this 
mechanism (4, 5). 

Not all Cope rearrangements, however, behave 
with these characteristics and, in particular, 
pyrolysis of 3,4-diphenyl-l,5-hexadiene (1) yields 
a mixture of 1,6-diphenyl-1,5-hexadiene (2) and 
1,4-diphenyl-1,5-hexadiene (3) (6), a result which 
is clearly inconsistent with a concerted mech- 
anism. Koch suggested that this result indicated 
the intermediacy of two phenylvinylmethyl 
radicals, formed by cleavage of the 3,4 bond prior 
to construction of the 1,6 link (Fig. 2). 

More recently, the existence of such a mech- 
anism has been confirmed by Hammond and 
DeBoer (7) by observation of similar results in 
conjugation with near zero entropies of activa- 
tion, thus establishing the duality of mechanism 
in the Cope rearrangement.' 

These results suggest the intriguing possibility 
of the existence of the third type of mechanism, 
that involving heterolytic cleavage of the 3,4 bond 
to give an ion pair which on recombination would 
yield the product. Clearly, the osly type of com- 
pounds that would be expected to exhibit this 
mechanism would be those able to accommodate 
charge development, particularly the negative 
charge of the potential carbanion. In order to 
probe this possibility, we have prepared and 
isomerized 2-allyl-2-(1-ethyl-1-propeny1)- 
malononitrile (4a). Compounds of this type may 
conveniently be synthesized by the 2-step pro- 

FIG. 2. Biradical mechanism 

cedure of Cope et al. (2), illustrated in Fig. 3. 
Diethyl ketone is condensed with the appropriate 
active methylene compound and the resulting 
adducts (6) are reacted with allyl bromide to 
generate the 1,5-hexadiene system. 

The ionic mechanism of isomerization, as 
shown in Fig. 4, for compound 4a seems attractive 
and not unreasonable since it involves as inter- 
mediates the highly stabilized malononitrile anion 
and allyl cation. Furthermore, recent results on 
the mechanism of the pyrolysis of pyrazolines 
have shown that while pyrazolines of the type 7 
decompose in a concerted fashion to form olefins, 
those with an additional nitrile group at C-3, 
such as 8 show considerable ionic character in 
their decomposition, presumably due to initial (at 
least partial) heterolytic cleavage of the 2-3 
bond.' 

Interestingly, much of the initial mechanistic 
work on the Cope rearrangement, by Cope 
and his co-workers (1-3) was done on com- 
pounds similar to dienes 4a-e, in the sense 
that they possessed electron-withdrawing groups 
at position 3 of the hexadiene system, probably 
owing to the greater ease of synthesis of this type 
of system. A critical examination of the mech- 
anistic evidence certainly confirms it to be con- 
sistent in all aspects with a concerted process; it 
does not, however, rule out the possibility of an 
ion pair intermediate, provided that the ion pair 
is sufficiently "tight" or short-lived to prevent 
exchange or inversion of the allyl groups. The 
concerted mechanism was favored on the basis 
of the negative entropy of activation, caused by 
loss of rotational freedom in the transition state 
(4); nevertheless, it is now well recognized that 
development of charge also gives rise to negative 
entropies of activation (8), owing to electrostric- 
tion of solvent around the ions produced, and 
consequently this type of evidence does not con- 
stitute a distinction between the two mechanisms. 
More recently, similar ambiguities have arisen 
from the negative values of the volume of activa- 

for the Cope rearrangement. 

lIn these rearrangements steric restrictions prevent the 
normal mechanism. 

2See reference 12. We are very grateful to Dr. D. E. 
McGreer for communicating his results to us prior to 
publication. 
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NOTES 

TABLE 1 
Spectral properties of compound 5, and rates* of conversion of compound 4a 

to compound 5, in various solvents 

x,,, k x lo5 t+ x 
Solvent ( m ~ )  E (s-l) (s) 

Cyclohexane 240 10 200 0.42 16.5 
1.4-Dioxane 246 9 300 4.7  1.47 
Ethanol 243 10 500 4.9  1.41 
1 : 1 Ethanol-water 243 10 600 7.0  0.99 

*All rates measured at 79" with a hexadiene concentration of 2.5 x 10-4 M. 

6 4 
a X = Y = C N  
b X = CN, Y = COzEt 
c X = Y = COzEt 

FIG. 3. Synthetic scheme to 1,s-hexadienes. 

FIG. 4. Ionic mechanism for the Cope rearrangement. 

C02CH3 C6H5 C02CH3 
c&Sf-c" 

QN N//N 

7 8 

tion obtained on Cope rearrangement of com- 
pound 4b (9). One highly interesting piece of 
information regarding the isomerization of com- 
pounds of the type 4, lies in the fact that the 
presence of the electron-withdrawing groups on 
the 1,5-hexadiene greatly increase the rate of 
isomerization, the magnitude of the increase 
depending on the strength of the electron-with- 
drawing substituents (2). This is certainly de- 
manded by the ionic mechanism, although it does 
not exclude the concerted mechanism (1). 

In order to provide definite distinction between 
the ionic and concerted mechanisms, we have 
measured the rates of isomerization as a function 
of solvent polarity. This appears never to have 
been performed on 1,5-hexadienes with electron- 
withdrawing groups at the 3 position, presumably 
because the original method of measuring the 
kinetics (change in refractive index) did not lend 

itself to a study of solution kinetics. Following 
the reaction by the appearance of the a,P- 
unsaturated dinitrile absorption band at about 
240 mp (depending on the solvent) proved to be 
a convenient method of measurement for these 
studies. 

The results obtained are shown in Table 1. They 
show that even for compound 4a, with the two 
nitrile groups to heavily stabilize a potential 
carbanion, the rate of isomerization changes only 
by a factor of 17 with the drastic change in solvent 
from cyclohexane to ethanol-water. This small 
rate increase corresponds to a difference in free 
energy of activation of AAG* = 2.0 kcal mole- l. 
On this basis we feel that the possibility of the 
reaction proceeding by way of ions, or indeed, of 
any significant charge development in the transi- 
tion state must be rejected. We conclude that the 
negative value of the entropy of activation (4, 5) 
is indeed due to a cyclic transition state and not 
due to charge development. Furthermore, since 
compound 4a was deliberately chosen as struc- 
turally best suited to exhibit an ionic mechanism, 
it seems highly unlikely that the Cope rearrange- 
ment of any other compounds so far investigated 
would proceed by this mechanism. Very recently 
(lo), secondary deuterium isotope effects for the 
isomerization of compound 4a have been re- 
ported, and it would now appear valid to interpret 
these interesting values in terms of a purely con- 
certed mechanism. 

Experimental 
Infrared (i.r.) spectra were obtained on a Perkin-Elmer 

Model 237 spectrophotometer and ultraviolet (u.v.) 
spectra on a Perkin-Elmer Model 202 spectrophotometer. 
Proton magnetic resonance (p.m.r.) spectra were mea- 
sured as neat liquids, with tetramethylsilane as the 
internal standard, on a Jeolco C-60 instrument. 

2-(I-Ethylpropy1idene)rnalononitrile (6, X = Y = CN)  
Malononitrile was condensed with 3-pentanone under 

the conditions of Cope and Hoyle (11) to give the title 
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compound, b.p. 120-1 23" (23 mm), nDZ5 1.4692, v,,,,(film) 
2240cm-' (strong), ?v,,,(EtOH) 237 mH (E 10 200), p.m.r. 
61.17 (6H, triplet, J =  7.6c.p.s., CH,) and 2.60p.p.m. 
(4H, quartet, J = 7.6c.p.s., CH,), (lit. (11) b.p. 121-122" 
(20 mm), nDZZ 1.4694). 

2-Allyl-2-(I-ethyl-I-propenyl)malononitrile (4a) 
Ally1 bromide was reacted with the sodium anion of 

compound 6 (X = Y = CN), as described by Cope et al. 
(2), to yield the 1,5-diene, rlD's 1.4641, v,,,(film) 
2250 cnl-' (weak), ?.,,,(EtOH) 246 mp (E 1360), p.m.r. 
6 1.05 (3H, triplet, J = 7.5 c.p.s., CH,), 1.62 (3H, 
doublet, J = 7.0 c.p.s., allylic CH,), 1.9-2.8 (4H, multi- 
plet, allylic CH,) and 5.0-6.1 p.p.m. (4H, multiplet, 
olefinic protons), (lit. (2) 11,'' 1.4639). 

2-(I-Ethyl-2-methyl-4-pe1ztenyIidene)malorronirrile ( 5 )  
Compound 4 (X = Y = CN) mas heated as a neat 

liquid for 4 h at 150' (2). The rearranged product was 
purified by distillation, b.p. 121-123' (26 mm), nD1' 
1.4845, v,,,(film) 2230cm- (strong), h,,,(EtOH) 243 nip 
(E 10500), p.ni.r. 61.17 (3H, doublet, J =  7.0 c.p.s., 
CH-CH,), 1.20 (3H, triplet, J = 7.5 c.p.s., CH,-CH,), 
2.1-3.3 (5H, multiplet, allylic protons) and 4.8-6.0 p.p.ni. 
(3H, multiplet, olefinic protons), (lit. (2) b.p. 148-149' 
(25 mm), 1zDZ5 1.4839). 

Kinetic Measure~nenfs 
Solcenfs 
All solvents used were of spectroscopic grade and Mere 

freshly redistilled before use. 
Procedure 
Isomerizations of the hexadiene were performed by 

heating an approximately 2.5 x M solution (accu- 
rately prepared) in a constant temperature (79') bath. 
Aliquots were taken at appropriate time intervals (30 or 
60 min.), immediately cooled in ice, and the absorbance 
value of the solution measured on a Gilford Model 240 
spectrophoton~eter. The wavelength at  which absorbance 

values were measured was that of maximum absorbance 
of compound 4a in the partic~llar solvent of interest. 
These wavelengths are recorded in Table 1. Readings 
were taken for 2 half-life periods. The final (infinity) 
absorbance value mas determined either by a l l o ~ i n g  the 
reaction to proceed for 6 half-life periods or by calcula- 
tion from the initial concentration of the solution. Data 
were treated in the normal first-order manner (2), and 
each rate constant uas  measured at  least in duplicate to 
ensure reproducibility. The mean values of the rate 
constants are recorded in Table 1. 
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Deno and coworkers (1) have recently re- of AlCl, moistened with D 2 0 ,  both of the re- 
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into deuterated benzene (c-C,D,) in the presence tained one deuterium atom which was statistically 
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freshly redistilled before use. 
Procedure 
Isomerizations of the hexadiene were performed by 

heating an approximately 2.5 x M solution (accu- 
rately prepared) in a constant temperature (79') bath. 
Aliquots were taken at appropriate time intervals (30 or 
60 min.), immediately cooled in ice, and the absorbance 
value of the solution measured on a Gilford Model 240 
spectrophoton~eter. The wavelength at  which absorbance 

values were measured was that of maximum absorbance 
of compound 4a in the partic~llar solvent of interest. 
These wavelengths are recorded in Table 1. Readings 
were taken for 2 half-life periods. The final (infinity) 
absorbance value mas determined either by a l l o ~ i n g  the 
reaction to proceed for 6 half-life periods or by calcula- 
tion from the initial concentration of the solution. Data 
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TABLE 1 

The number of deuterium atoms at the various positions of the side chain of 
n-propylbenzene or isopropylbenzene as determined by n.m.r. 

n-Propylbenzene Isopropylbenzene 
Reaction 

Experiment Solvent time (min) C ,  CP CY c, 2cn 

1 Excess PhH 1.5 2 0 0 0 2 
2 Excess PhH 45 2 0 0 0 2 
3 Excess PhH 240 1 . 8  0 0 0.1 2 
4 Excess PhH 240 1.8  0 0 0 . 2  2 

distributed in the n-propyl or isopropyl side 
chain, while the phenyl group remained free 
of hydrogen. These findings were interpreted 
as resulting from the formation of protonated (or 
deuteronated) cyclopropane, c-C,H6D+, which 
isomerized to scramble the deuterium before 
alkylating the benzene, each alkylation ejecting 
a D t  which in turn reacted with new c-C,H6 to 
give c-C,H,D+. In the present work, the 
Friedel-Crafts alkylation of benzene with 1,l -d,- 
1-chloropropane (1-d2) was investigated with 
the object of finding out if protonated cyclopro- 
pane intermediates would play any part in the 
reaction. 

The Friedel-Crafts reaction between benzene 
and 1-d2 was carried out in the presence of 
AlCI, at  about 5" for 1.5, 45, or 240 min in 
excess benzene, or for 45 min at 0" in 1,2,4- 
trichlorobenzene as solvent. The n-propyl- and 
isopropylbenzenes (2 and 3) obtained were 
purified by preparative vapor-phase chromatog- 
raphy (v.p.c.) and then analyzed by nuclear 
magnetic resonance (n.m.r.1 and by mass 
spectrometry. Using the phenyl absorptions in 
the n.m.r. spectra as an internal standard of 5 
protons, the H contents and, by difference, the 
number of D atoms at the various positions of 
the TI-propyi and isopropyl side chains were 
determined. The results are given in Table 1. 
From the mass spectra, the isotopic compositions 
were calculated, using the appropriate peak 
heights after correcting for natural isotopic 
abundance (21, for the molecular M f  and the 
(M-C,H,)+ ions from 2, and for the molecular 
M +  and the (M-CH,)' ions from 3. The data 
are summarized in Table 2. 

From Tables 1 and 2, it can be seen that no 
measurable isotope position rearrangement in 
the side chain of 2 could be detected by n.m.r., 

while the mass spectral data suggested the 
possibility that rearrangement of the D-label 
from C,to Cp and C, in 2 might have occurred to 
the extent of only about 0.1 D atom or about 5 % 
of the total of 2 D atoms. These results indicated 
that protonated cyclopropane intermediates 
did not intervene in the major pathways involved 
in the Friedel-Crafts alkylation of benzene 
with 1. 

Both n.m.r. and mass spectral analyses gave 
results in fairly good agreement regarding the 
total deuterium contents in 2 and 3. In experi- 
ments 3 and 4, there was apparently some loss 
of deuterium in 2 and some gain of deuterium 
in 3, while in experiments 5 and 6, loss of deu- 
terium was observed in both 2 and 3. These 
findings strongly suggest the intermolecular 
transfer of hydride and deuteride ions. 

It is also of interest to note from the mass 
spectral data (Table 2) that extensive changes 
in isotopic composition were observed in the 
products obtained under different experimental 
conditions. For the reactions carried out with 
excess benzene as solvent (experiments 1-4) the 
amount of 2 formed with only one deuterium 
atom in the molecule apparently increased with 
longer reaction time. When the reaction was 
effected in 1,2,4-trichlorobenzene for 45 min 
(experiments 5-6), significant amounts of do 
species also appeared. Similarly, variations in 
the amounts of do, dl, d,, and d, species were 
found in 3. 

The present results may be rationalized on 
the basis of conclusions previously arrived at by 
Brown and coworkers (3, 4) regarding Friedel- 
Crafts alkylations and by Roberts and coworkers 
(5-7) regarding disproportionations of alkylben- 
zenes. Brown and coworkers have proposed that 
Friedel-Crafts alkylations with primary halides, 
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such as 1, took place by a direct displacement 
mechanism. The formation of 3 in the reaction 
of 1 with benzene was suggested as the result of a 
concurrent isomerization of the n- to isopropyl 
halide prior to the rapid alkylation. In the present 
work, more 3 was formed when 1,2,4-trichloro- 
benzene instead of excess benzene was used as 
solvent (see Experimental). Presumably, the 
rate of alkylation of the benzene was decreased 
by the presence of the inert solvent, thus giving 
more opportunity for 1 to isomerize prior to the 
alkylation. Subsequent changes in the initial 
alkylation products, by processes such as dis- 
proportionation and transalkylation, would 
account for the variations in isotopic com- 
positions as given in Table 2. 

Roberts and coworkers (5, 6) have found that 
in the AIC1, catalyzed disproportionation of 
14C-labeled 2 (carried out under more drastic 
conditions than those used in the present work, 
typically at 80-100" for 6.5 h), scrambling of 
the 14C-label between C, and GI, took place 
without involving C,. From extensive studies 
with 2 and with other alkylbenzenes and from 
the isolation of diphenylalkanes in these reac- 
tions, Roberts and coworkers (7) postulated a 
mechanistic scheme which could correlate dealky- 
lations, fragmentations, rearrangements, and 
disporportionations in alkylbenzenes. The scheme 
involved hydride transfers via carbonium ions, 
but with the formation of primary carbonium 
ions specifically avoided, phenyl and methyl 
shifts, and formation of diphenylalkanes as 
intermediates and by-products. Under the rela- 
tively mild conditions of the present experiments, 
extensive isotopic scrambling between C, and C, 
was not observed. To account for the small 
amount (about 5 %) of isotope positionrearrange- 
ments of the D-label in the side chain and the 
formation of d, species in 2 (experiments 1-4, 
Table 2), it is sufficient to suggest a modified 
version of Roberts' mechanism, depicted in 
Scheme 1, involving hydride and deuteride shifts 

and intermolecular hydride and deuteride trans- 
fers via carbonium ions derived from the initially 
formed alkylation product, n-propylbenzene- 
a,a-d, (2-a,a-d,). When the reaction was carried 
out in 1,2,4-trichlorobenzene as solvent (experi- 
ments 5 and 6), a longer lifetime for the carbonium 
ions would allow several cycles of hydride or 
deuteride transfers to occur, converting, for 
example, 2-dl to 2-do as indicated by the experi- 
mental results. The isopropylbenzene (3) in the 
reaction mixture could, of course, be involved in 
some of the processes in Scheme 1, for example, 
by taking part in hydride or deuteride transfers 
through the formation of the dimethylphenyl- 
methyl cation. Abstraction of a deuteride ion by 
this carbonium ion would result in the formation 
of 3-d, with a gain of deuterium at C,. On the 
other hand, a carbonium ion derived from such 
processes as fragmentation or dealkylation would 
not have the skeletal structure of 2 or 3. Transfer 
of deuteride ions to such carbonium ions would 
result in a net loss of deuterium from 2 and 3 as 
observed, for example, in experiments 5 and 6. 

The above discussions thus have adequately 
explained the observed results as recorded in 
Tables 1 and 2. It should be pointed out, in con- 
clusion, that although the Friedel-Crafts alkyla- 
tion s f  benzene with P gave the expected products, 
2 and 3, and that there was only a very minor 
amount, if any, of isotope position scrambling 
in the propyl side chain of 2, the present mass 
spectral data have demonstrated the lability of 
the alkylation products in the Friedel-Crafts 
reaction medium. Extensive intermolecular and 
possibly some intramolecular hydride (and 
deuteride) migrations could take place even 
when the reaction was carried out at 0'. 

Experimental 
I ,I-d2-I-C/~lovopropane (I-dz) 

1,l-dz-1-Propanol was obtained from the reduction of 
propionaldehyde with lithium aluminum deuteride. The 
alcohol was converted to the tosylate and then to the chlo- 
ride by reaction with CaClz in ethylene glycol as described 
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previously in the analogous preparation of l-t-l-chloro- 
propane (8). 

Reaction of 1-d2 with Excess Benzene (Experiments 1-4) 
To a suspension of 1.0 g (7.5 mmoles) of AlCI, in 23 ml 

of dry benzene, cooled to near its freezing point (about 
5"), was added rapidly a solution of 1 .O g (12 mmoles) of 
1-dz in 2 ml of cold, dry benzene. The reaction mixture 
was stirred at about 5" for the desired length of time (1.5, 
45, or 240 min) before being quenched with ice-water. 
The benzene layer was separated, washed with water and 
with NaHC03 solution and then dried over anhydrous 
MgSO,. Most of the benzene was fractionated off, and the 
products, n-propylbenzene (2) and isopropylbenzene (3), 
were isolated from the residue by preparative v.p.c., 
using a Pye chromatograph with a 36 ft x 318 in. glass 
column packed with 20% Carbowax 20M on Chromo- 
sorb P. The ratio of products, 3:2, was about 55:45 and 
the total yields were 0.7-0.8 g (about 50%) regardless of 
the length of reaction time. 

Reaction of I-d, with Benzene in 1,2,4-Trichlovobenzene 
(Experiments 5 and 6 )  

T o  a suspension of 4.0 g (30 mnioles) of AlCI, in 12.0 g 
(154 mmoles) of dry benzene and 40 g of 1,2,4-trichloro- 
benzene, cooled to 0" in an ice bath, was added rapidly 
a solution of 4.0 g (50 mmoles) of 1-d* in 20g of trich1oi.o- 
benzene, also cooled to 0". The reaction nlixture was 
stirred at 0" for 45 min and then quenched in ice-water. 
The organic layer was washed with water and with 

NaHC03 solution and dried over anhydrous MgSO,. 
The crude products were isolated by fractional distillation, 
the fraction boiling between 81-170" being collected. Pure 
2 and 3 were then separated by preparative v.p.c. as 
described above. The total yield was about 2.0 g (33 %) 
and the product ratio, 3:2, was about 85:15. 

Nuclear Magnetic Resonance and Mass Spectra 
The n.m.r. and mass spectra of pure 2 and 3 obtained 

from the above experiments were taken with the HA 100 
and MS 12 spectrometers. 
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The synthesis of a nucleotide derivative (3) which can lead directly to 02,2'-anhydro- and arabino- 
analogues of I-p-D-ribofuranosyluracil nucleotides is described. 

Canadian Journal of Chemistry, 48, 862 (1970) 

Arabinonucleotides have recently received a 
great deal of attention. Wechter (1) has studied 
the biological properties of nucleotides contain- 
ing the antiviral nucleoside arabinocytidine. Smrt 
and Sorm (2) have found that trinucleotides con- 
taining arabinouridine or arabinocytidine in the 
third position do not stimulate the binding of 
transfer RNA to ribosomes. Eunzmann and 
Schramm (3) have reported studies on the biologi- 
cally active arabinoadenosine and nucleotides 
containing arabinouridine. Very recently Nagy- 
vary (4) has described the synthesis of arabino- 

'NRCC Scholarship Recipient, 1968-present. 

cytidine 3'-phosphate from o2,2'-anhydrocyti- 
dine 3'-phosphate. We wish to report the synthesis 
of nucleotides containing anhydrouridine as con- 
venient precursors to arabinouridine nucleotides. 
Work is in progress to adapt the procedure to 
nucleosides derived from all common purines and 
pyrimidines. 

The chemistry is illustrated by the synthesis of 
the anhydronucleotide derivative (3), indicated in 
Scheme 1. In this case 1.0 g (2.0 mmole) of 
5'-0-monomethoxytrityla~~hydrouridine (1) was 
phosphorylated ( 5 )  with pyridlnium P-cyanoethyl 
phosphate (8.0 mmole) using dicyclohexylcarbo- 
diimide (32.0 mmole) in pyridine. The product 2 
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previously in the analogous preparation of l-t-l-chloro- 
propane (8). 

Reaction of 1-d2 with Excess Benzene (Experiments 1-4) 
To a suspension of 1.0 g (7.5 mmoles) of AlCI, in 23 ml 

of dry benzene, cooled to near its freezing point (about 
5"), was added rapidly a solution of 1 .O g (12 mmoles) of 
1-dz in 2 ml of cold, dry benzene. The reaction mixture 
was stirred at about 5" for the desired length of time (1.5, 
45, or 240 min) before being quenched with ice-water. 
The benzene layer was separated, washed with water and 
with NaHC03 solution and then dried over anhydrous 
MgSO,. Most of the benzene was fractionated off, and the 
products, n-propylbenzene (2) and isopropylbenzene (3), 
were isolated from the residue by preparative v.p.c., 
using a Pye chromatograph with a 36 ft x 318 in. glass 
column packed with 20% Carbowax 20M on Chromo- 
sorb P. The ratio of products, 3:2, was about 55:45 and 
the total yields were 0.7-0.8 g (about 50%) regardless of 
the length of reaction time. 

Reaction of I-d, with Benzene in 1,2,4-Trichlovobenzene 
(Experiments 5 and 6 )  

T o  a suspension of 4.0 g (30 mnioles) of AlCI, in 12.0 g 
(154 mmoles) of dry benzene and 40 g of 1,2,4-trichloro- 
benzene, cooled to 0" in an ice bath, was added rapidly 
a solution of 4.0 g (50 mmoles) of 1-d* in 20g of trich1oi.o- 
benzene, also cooled to 0". The reaction nlixture was 
stirred at 0" for 45 min and then quenched in ice-water. 
The organic layer was washed with water and with 

NaHC03 solution and dried over anhydrous MgSO,. 
The crude products were isolated by fractional distillation, 
the fraction boiling between 81-170" being collected. Pure 
2 and 3 were then separated by preparative v.p.c. as 
described above. The total yield was about 2.0 g (33 %) 
and the product ratio, 3:2, was about 85:15. 

Nuclear Magnetic Resonance and Mass Spectra 
The n.m.r. and mass spectra of pure 2 and 3 obtained 

from the above experiments were taken with the HA 100 
and MS 12 spectrometers. 
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Arabinonucleotides have recently received a 
great deal of attention. Wechter (1) has studied 
the biological properties of nucleotides contain- 
ing the antiviral nucleoside arabinocytidine. Smrt 
and Sorm (2) have found that trinucleotides con- 
taining arabinouridine or arabinocytidine in the 
third position do not stimulate the binding of 
transfer RNA to ribosomes. Eunzmann and 
Schramm (3) have reported studies on the biologi- 
cally active arabinoadenosine and nucleotides 
containing arabinouridine. Very recently Nagy- 
vary (4) has described the synthesis of arabino- 
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cytidine 3'-phosphate from o2,2'-anhydrocyti- 
dine 3'-phosphate. We wish to report the synthesis 
of nucleotides containing anhydrouridine as con- 
venient precursors to arabinouridine nucleotides. 
Work is in progress to adapt the procedure to 
nucleosides derived from all common purines and 
pyrimidines. 

The chemistry is illustrated by the synthesis of 
the anhydronucleotide derivative (3), indicated in 
Scheme 1. In this case 1.0 g (2.0 mmole) of 
5'-0-monomethoxytrityla~~hydrouridine (1) was 
phosphorylated ( 5 )  with pyridlnium P-cyanoethyl 
phosphate (8.0 mmole) using dicyclohexylcarbo- 
diimide (32.0 mmole) in pyridine. The product 2 
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(1 )  HOAc; Room 
temperature 

(2) NH40H 

was extracted into chloroform, transferred to 
5 ml of pyridine, and stirred with 1.2 g (4.0 mmole) 
of triisopropylbenzenesulfonyl chloride and 0.9 g 
(3.2 mmole) of isopropylidineuridine for 24 h (6). 
Water (5 ml) was added to the solution and the 
product was extracted into chloroform (75 ml). 
The chloroform solution was concentrated and 
on addition of ether a gummy residue was 
obtained which was dissolved in tetrahydrofuran 
and applied to silica gel thick layer plates 
(20 x 20 cm). The plates were developed first in 
ethyl acetate and then in tetrahydrofuran. The 
product (R, 0.23, tetrahydrofuran) was eluted 

with tetrahydrofuran which was concentrated 
and on addition of hexane yielded 480 mg of 3, 
m.p. 150-155 "C (softens at 135 "C). The ultra- 
violet (u.v.) spectrum in ethanol showed A,,, 232 
(E 25 500) and sh 250 m p  (E 18 500) and hmi, 
226 m p  (E 25 000). Treatment of 3 with refluxing 
80% acetic acid (2 h) followed by brief treatment 
with ammonium hydroxide afforded arabino- 
uridylyl-(3'-5')-uridine (araUpU 4) ; u.v. spectrum 
in water showed h,,, 260 m p  and h,,, 232 mp. 
Assay of 4 with snake venom phosphodiesterase 
yielded arabinouridine (araU) and uridine 5'- 
phosphate (1.1 : 1) while spleen enzyme yielded 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8 64 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

arabinouridine 3'-phosphate and uridine (1.1 : 1). 
Compound 3 also proved useful in yielding a 

new nucleotide, 02,2'-anhydrouridyly1-(3'-5')-iso- 
propylidineuridine (5). Treatment of 3 with 80% 
acetic acid at room temperature (1 112 h) followed 
by brief exposure to ammonium hydroxide 
afforded 5 (u.v. spectrum in water: A,,, 255 mp, 
and I,,, 236 mp). Compound 5 was readily con- 
verted to araUpU (4) on treatment with 80% 
acetic acid (steam bath, 2 h). 

Attempts to convert 5 to uridylyl-(3'-5')-iso- 
propylidineuridine using sodium benzoate and 
benzoic acid in refluxing dimethylformamide (7) 
have not been successful. Instead, equal amounts 
of uridine 2',3'-phosphate and 2',3'-0-isopropyli- 
dineuridine are produced. Results similar to 
these have been obtained with 3. This reaction is 
under investigation along with the use of phos- 
phate protecting groups (on 3) other than cyano- 

ethyl in an effort to convert anhvdroribonucleo- 
tides into ribonucleotides. 
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Polar effects at solid/liquid interfaces 
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Studies of the advancing contact angle of water upon several alkylchlorosilaned glass surfaces at 22 "C 
lead to the view that, at zero or very low interfacial velocities, the free energy per unit area of the solid/ 
liquid interface is governed by both dispersive and polar forces. At higher velocities, the polar forces may 
be neglected. 

Canadian Journal of Chemistry, 48, 865 (1970) 

We have measured the advancing contact 
angle, 0,, at 22 "C, as a function of the linear 
velocity, i, with which a waterlsaturated air 
interface is caused to move over five different 
surfaces, prepared by adsorbing dialkyl- and 
trialkylchlorosilanes on to clean glass plates 
from the vapor phase using an established 
technique (1, 2). In Table 1, Q,,,,, denotes the 
constant value of 0, found when i < i,,,, a first 
critical velocity ranging from 0.5-2.5 mm min-I 
according to the particular surface studied. Above 
i,,,, 0, increases until beyond a second critical 
velocity, i,,,, ranging from 3.0-6.0 mm min-l, it 
again becomes independent of i. These latter 
values are denoted by 0,,,,, in Table 1. The 
results for the dimethylsilaned surface are in 
close agreement with those found for a surface 
prepared by adsorption from solution (1, 2). 

Expressing the difference cos €I,,,~,, - cos 
O,,,,, by A cos 0,, then, from Young's equation, 
yLvA cos 0, is clearly a measure of AysL, the 
increase in the free energy per unit area of the 
solid/liquid interface, where y,, is the surface 
tension of water at 22 "C and is assumed to be 
independent of i (3). This increase in y,,, and 

hence in 0,, has been discussed (1, 2) in the light 
of Hansen and Miotto's theory (4), that when 
i < in,in, there is ample time for water molecules 
in the freshly generated solidlliquid interface 
to relax to their equilibrium orientations, i.e., 
0,,,,, can be identified with the particular static 
contact angle appropriate to the unpenetrated 
surface. When i > i,,,, however, there is insuffi- 
cient time for this orientation to be completed 
at a given point on the surface before the three- 
phase line of contact has moved beyond the 
(short) range of influence of this point. The degree 
of disorientation, with consequent increase in 
y,, and in O,, reaches a maximum when i 3 i.,,,, 
and the water molecules at the solid surface 
immediately behind the three-phase line of con- 
tact may then be regarded as being randomly 
oriented. No clear account has been given, 
however, of the forces acting across the solid/ 
liquid interface for the regions i < imi, and 
i 3 imax. 

The view that 0,,,,,, or the static contact angle 
for the unpenetrated surface, is governed by 
purely dispersive forces ( 5 ,  6) is difficult to recon- 
cile with the present results. Apart from minor 

TABLE 1 

Dynamic contact angles 

OA,, , ,  e ~ , ~ ~ x  YLVA cos 8, A 
Silane 

- -- 
(deg) 

-. 
(deg) (erg cm-') (erg A) 

(CH3)3SiCI 80 90 12.5 
(C2H,),SiCl 78.5 80 1 . 4 ~ 1 0 - ' ~  
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variations in the nature and packing density of the 
outermost alkyl groups, there is an important 
difference between the surfaces under considera- 
tion and that of a bulk solid hydrocarbon. 
Whether the chlorosilanes are adsorbed on to the 
glass substrate as monolayers or, as is possible 
in the case of the dialkylsilanes, as polysiloxane 
multilayers (7), the extent to which the surface 
may be treated as non-polar depends upon the 
extent to which the alkyl substituent groups 
shield the water molecules from the underlying, 
and extremely polar, Si-0 bonds (y = 2.6 D). 
The decrease in yL,A cos 0, in passing from 
methyl- to ethylsilaned surfaces strongly suggests 
that it is necessary to consider electrostatic 
interactions in addition to those arising from 
dispersion forces. Viewed in this light, O,,,in is 
governed by both types of interaction, the orienta- 
tion of the water molecules being caused by the 
electrostatic forces. In passing from imin to in,,,, 
this electrostatically induced orientation is 
progressively destroyed until, when 8, = 0,,,,,, 
only dispersion forces need be considered. 

To test this hypothesis, we have made the 
following simplifying assumptions: that the 
number of Si-0 bonds, and the number of 
water molecules, do not vary from surface to 
surface; that the distance of closest approach of 
water molecules is the same for each surface; and 
that the alkyl chains behave as uniform dielectrics. 
On these assumptions, there would be maximum 
electrostatic interaction between the water 
molecules and an induced (positive) surface 
charge on the outermost hydrogen atoms when 
0 ,< i < imi,, this latter charge decreasing 
linearly with d - 3 ,  where d is the distance between 
the outermost hydrogen atoms and the nearest 
underlying silicon atom. It then follows that 
y,,A cos 0, should also vary linearly with d -3 .  

Figure 1 shows that the predicted linear rela- 
tionship holds for the dialkyl surfaces and, 
although only two points are available for the 
trialkyl surfaces, the slopes, A,  of the two lines 
are closely similar. 

This interpretation, if accepted, provides a 

" 
0 0.05 0 10" 0 0.05 0 10 

d3 ( ) 

FIG. 1. Plot of y,,A cos 8, vs. d - 3 :  (a) for dialkyl 
surfaces, (b) for trialkyl surfaces. 

direct experimental means for assessing dipolar 
contributions to the free energy of a number of 
solid/liquid interfaces, and suggests that, for 
such interfaces, dynamic studies are essential 
before static observations can properly be 
interpreted. Fuller details will be reported in due 
course. 
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COMMUNICATIONS 

Isolation of indole (P-carboline), pyridine, and indole-pyridine 
alkaloids from Nauclea diderrichii 

STEWART MCLEAN AND D. G. MURRAY 
Department of C/zemistry, Unicersity of Toronto, Toronto, Ontario 

Received December 5 ,  1969 

The bark of N. diderrichii has afforded alkaloids of novel structure and of biogenetic significance. 
Pyridines, a-carbolines, and more complex alkaloids that contain both of these units or modifications of 
them have been identified among the bases isolated. 

Canadian Journal of Chemistry, 48, 867 (1970) 

The genus Nauclea (Sarcocephalus) of the 
Rubiaceae appears to have attracted relatively 
little phytochemical interest in the past (1). We 
have now isolated a considerable number of 
bases, each in low yield, from the bark of Nigerian 
N. diderrichii. The alkaloids were separated by 
thin-layer chromatography (t.l.c.), their molec- 
ular formulae were determined mass spectro- 
metrically, and as many spectroscopic charac- 
teristics were recorded as the amounts of material 
obtained would allow. Structures deduced on the 
basis of these data were in most cases confirmed 
by synthesis, but in some of the more complex 
cases structural assignments are still incomplete. 
We have identified pyridines, P-carbolines, and 
alkaloids that incorporate both an indole com- 
ponent, apparently tryptamine-derived, and a 
pyrid~ne component that may be of terpenoid 
origin. Although the first reports of the co- 
existence of both pyridine and "C,,-indole" 
alkaloids in a single plant have appeared recently 
(2), the indole-pyridine alkaloids we describe 
appear to constitute a new structural class. This 
structural novelty and the potential biogenetic 
significance of the isolation of all 3 classes of 
alkaloids from a single plant lead us to give a 
preliminary account of our results. 

( i )  Simple Pyridines 
Four 5-substituted derivatives of methyl 

nicotinate ( la-d) were obtained, and each was 
synthesized from nicotinic acid through the 
ketone l e ,  m.p. 90-92", by standard methods. 
The natural materials la-c were optically active 
and all, including Id,  were obtained as oils, as 
were the racemic synthetic products; identity 
was therefore demonstrated by comparison of 
spectroscopic and t.1.c. characteristics. 

qR2 
R1 

2 

a R1 = CH3;Rp = H 
b R1 = C02Me;  R, = H 
c R1 = CH3; R2 = C02Me 
d R1 = CONHZ; R2 = H 

(ii)  Simple P-Carbolines 
Three P-carbolines (2a-c), which have been 

described previously (3) ,  were obtained. Harman 
(2a) is readily available and comparison samples 
of 26 and 2c were synthesized by established 
procedures (4). From one extraction, which 
employed ammonia, 2d was isolated; this was 
also obtained by the reaction of synthetic 2b 
with ammonia, and is therefore probably an 
artifact. 

3 

(iii) Indole-pyridine A lkaloids 
Three of the bases isolated have been placed 

with some confidenceill this group: C,,H, ,N,O,, 
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m.p. 84-90", C,,H,,N,O,, m.p. 102-124", and 
C,,H2,N30,, m.p. 108-114". Structure 3. 
assigned to the first alkaloid, has been confirmed 
by its synthesis from tryptamine and If under 
Bischler-Napieralski conditions (5). Present 
data, which include hma,(MeOH) 224 (E 40 700), 
276 (E 9500), 290 mp (sh, E 7900), hma,(CHC13) 
5.80 p, a methyl singlet at T 6.14, and signals 
from 4 indole protons near .r 2.7 and 3 pyridine 
protons at T 1.03 (d, J -- 2 Hz), 1.48 (d, J 2 
Hz), and 1.89 (3 lines, splitting - 2 Hz) in the 
nuclear magnetic resonance spectrum, indicate 
that the second is a tetracyclic secondary amine 
(acylable) and contains a simple indole unit and 
an isolated 5-substituted methyl nicotinate 
unit. The third appears, on the basis of data of a 
similar nature, to be a pentacyclic tertiary anline 
and to contain a simple indole unit and a disub- 
stituted (probably 4,5- ) methyl nicotinate unit. 

(iz;) Other Alkaloids 
At least 6 other bases are present in the extract, 

including C,,H,,N,02, m.p. 229-232" and 
C,,H2,N,0,, m.p. 209-211"; the former prob- 
ably belongs in group (iii), but it appears struc- 
turally more complex than those already assigned 
to that group. All extractions afforded a con- 
siderable amount of a coil~pon~vnt which had the 
characteristics of a high molecular weight 
polyhydroxy base. 

The con~position of the total extract was 
variable and appeared to depend on factors such 
as the age of the tree from which the bark was 
obtained. The question of whether pyridines are 

true alkaloids or artifacts produced by reaction 
of a precursor with ammonia during isolation 
has been raised previously (6). Our earlier 
procedures did employ ammonia in the extraction 
and chromatography steps, but, in a control 
isolation which carefully avoided ammonia at 
every stage, we obtained the same pyridine as in 
the former procedure; unfortunately, none of 
the more complex alkaloids was isolated by 
either procedure on this occasion. 

We thank Professor D. M. James, University of 
Ibadan, and her collaborators for collecting and iden- 
tifying the plant material. Operating and Scholarship 
support from the National Research Council of Canada 
and a Province of Ontario Graduate Fellowship are 
gratefully acknowledged. 
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(3), in which olefins, via their organoborane synthesis which permits a 2-carbon-atom exten- 
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assigned to the first alkaloid, has been confirmed 
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data, which include hma,(MeOH) 224 (E 40 700), 
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5.80 p, a methyl singlet at T 6.14, and signals 
from 4 indole protons near .r 2.7 and 3 pyridine 
protons at T 1.03 (d, J -- 2 Hz), 1.48 (d, J 2 
Hz), and 1.89 (3 lines, splitting - 2 Hz) in the 
nuclear magnetic resonance spectrum, indicate 
that the second is a tetracyclic secondary amine 
(acylable) and contains a simple indole unit and 
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unit. The third appears, on the basis of data of a 
similar nature, to be a pentacyclic tertiary anline 
and to contain a simple indole unit and a disub- 
stituted (probably 4,5- ) methyl nicotinate unit. 
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ably belongs in group (iii), but it appears struc- 
turally more complex than those already assigned 
to that group. All extractions afforded a con- 
siderable amount of a coil~pon~vnt which had the 
characteristics of a high molecular weight 
polyhydroxy base. 

The con~position of the total extract was 
variable and appeared to depend on factors such 
as the age of the tree from which the bark was 
obtained. The question of whether pyridines are 

true alkaloids or artifacts produced by reaction 
of a precursor with ammonia during isolation 
has been raised previously (6). Our earlier 
procedures did employ ammonia in the extraction 
and chromatography steps, but, in a control 
isolation which carefully avoided ammonia at 
every stage, we obtained the same pyridine as in 
the former procedure; unfortunately, none of 
the more complex alkaloids was isolated by 
either procedure on this occasion. 
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TABLE 1 trialkylboranes with diazoacetaldehyde (eq. 111). 

This process conveniently augments the repertory 
of organoborane-based aldehyde syntheses, 
which to date have been limited to 1- (4) and 3- 
carbon-atom (5) chain-lengthening reactions. 

Some typical examples are summarized in 
Table 1. The reactions of organoboranes derived 
from 1-alkenes as well as cyclopentene proceed in 
good yield (77-98 %); yields are lower, however, 
for sterically-hindered trialkylboranes. Triaryl- 
boranes also react successfully, as exemplified by 
the conversion of triphenylborane to phenyl- 
acetaldehyde (76 %). 

Although the hydroboration of monosubsti- 
tuted terminal olefins produces approximately 
94 % primary and 6 % secondary alkyl groups (6), 
the product from reaction of the trialkylborane 
derived from I-butene was hexanal; no evidence 
(gas-liquid phase chromatography (g.1.p.c.)) for 
the formation of 3-methylpentanal was observed. 
Since a similar migrational preference of primary 
over secondary alkyl groups has also been noted 
in the organoborane-diazoacetic ester reaction 
(2), these developments permit the synthesis of 
functional derivatives free of isomeric contamin- 
ants. By way of contrast, the 3-carbon aldehyde 
homologation, involving reaction of trialkyl- 
boranes with acrolein (5), gives products derived 
from preferential migration of the secondary 
alkyl groups in the organoborane.' 

Functional diazo substrates react with organo- 
boranes to produce intermediates which undergo 
hydrolysis with extreme ease (2). The g.1.p.c. 
analysis of a crude tributylborane-diazoacet- 
aldehyde reaction mixture after complete con- 
sumption of diazo compound, but prior to the 
addition of water, revealed the presence of some 
hexanal. The infrared (i.r.) spectrum exhibited 
absorption at 1730 (aldehyde carbonyl) and 1670 
cm-' (en01 ether ?); the latter disappeared at the 

'A limitation of the R3B-diazo reaction at present, a 
difficulty also encountered in the propanalation process, 
is that but one alkyl moiety is utilized. Although B-alkyl- 
9-borabicyclo [3.3.1 Inonane (B-R-9-BBN) derivatives 
have recently been very effectively employed to circum- 
vent this difficulty in the carbonylation reaction and the 
alkylation of x-halocarbanions (7),  diazo substrates 
react with B-R-9-BBN derivatives with preferential 
B-cyclooctyl bond migration (8, 9). 

However, B-R-9-BBN derivatives fail to react with 
acrolein. 

Conversions of olefins into aldehydes by the reaction of 
the corresponding trialkylboranes with diazoacetaldehyde 

in the presence of watcr 
- 

Olefin* Product Yieldi- (%) 

Ethylene$ Butanal 8 8 
1-Butene Hexanal 77 
Cyclopentene Cyclopentylacetaldehyde 98 
Isobutylene 4-Methylpentanal 67 
2-Butene 3-Methylpentanal 3 3 

*Each olefin was converted to the corresponding trialkylborane 
following the procedure of ref. 6. 

?By g.1.p.c. analysis. Yield based on diazoacetaldehyde. The molar 
ratio of diazoacetaldehvde:trialkvlborane:water was 1 :1.5:10, although 
we have not determinid that thise excesses are necessary. A 1 :1 m o b  
ratio of organoboranc to diazo compound gives somewhat lower 
yields. 

iTriethylborane was obtained from Alfa Inorganics, Jnc. 

expense of the former after addition of water. 
This observation is highly reminiscent of the 
formation of en01 borinates ( 5 )  from the 1,4- 
addition of trialkylboranes to acrolein, and im- 
plies a similar intermediate.' 

Rather than conduct the hydrolysis in a sepa- 
rate stage, however, we have observed that 
higher yields of aldehydes and an experimentally 
more convenient procedure is achieved by adding 
water to a solution of organoborane in THF prior 
to the addition of diazo compound. This permits 
the rapid, in situ hydrolysis of the functional 
boron intermediate. 

The straightforward experimental procedure is 
illustrated for the preparation of cyclopentyl- 
a~etaldehyde.~ To a mixture of tricyclopentyl- 
borane (47 mmole) in 23 ml THF and 1.8 ml 
(100 mmole) of water, was added (60 min) 8.4 
mmole of diazoacetaldehyde4 in 10 ml THF at 

ZAlso, trialkylboranes react with diazo ketones and 
esters in the presence of deuterium oxide to furnish 
a-deuterio ketones and esters with incorporation of one 
deuterium atom in high yield and isotopic purity (10). 
The interesting consequences of these developments, 
suggestive of a mechanistic convergence of the R3B-diazo 
and R3B-carbonyl systems, warrant further detailed 
elaboration, although at present our primary concerns 
have been focused on the novel synthetic aspects of the 
R3B-diazo reaction. 

30rganoboranes derived from 1-alkenes react at 0-loo, 
boranes from 1,l-disubstituted olefins at 40°, whereas 
those derived from 1,2-disubstituted olefins require a 
brief reflux period before nitrogen evolution ceases. 

4Prepared according to the method of Z. Arnold (11) 
from a-(N-methylani1ino)-acrolein and p-toluenesulfonyl 
azide. Caution! Although we experienced no difficulties in 
numerous reactions of this material, adequate safety 
precautions should be observed in its preparation and 
isolation. Arnold reports that diazoacetaldehyde det- 
onates very violently when overheated. 

We have also synthesized this material in a convenient 
manner by reacting 
diazomethane. 
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25". Nitrogen evolution was quantitative after an 
additional stirring period of 60 min at 25' ; g.1.p.c. 
analysis indicated a 98 % yield of product.' In a 
duplicate experiment (98 % yield), the crude mix- 
ture was first processed with aqueous sodium 
borohydride, then alkaline hydrogen peroxide. 
The isolated yield of 2-cyclopentylethanol was 
72 %. 

We wish to thank the National Research Council of 
Canada for financial support, and the University of 
Alberta for the award of a Bursary (G.F.M.). 

5Lower yields were obtained by attempting to distill the 
sensitive product directly from the crude reaction mixture. 
Other workers (5) have also observed that direct distilla- 
tion of aldehydes from residual boron-containing 
materials leads to product loss. Consequently, we have 
employed g.1.p.c. to determine yields and isolate pure 
samples in the preliminary study of this new process. 
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The discovery of the oxidative addition of standing of their oxidative addition reactions 
simple covalent molecules to transition metal would help to solve one of the outstanding 
complexes has led to major advances in the field problems in homogeneous catalysis, namely, the 
of homogeneous catalysis (1, 2). Our interest has activation of saturated hydrocarbons. 
been directed towards the reactions of silicon We have previously reported (5) reaction [I], 
hydrides (3-5) in the hope that a detailed under- which was shown to result in cis addition of the 

-- silicon hydride. 

The only definitive reaction mechanism that has thus far been demonstrated for oxidative addition 
to a five-coordinate d8 complex is that shown in reactions [2] and [3], according to Collman and 
Roper (1) 

[21 
oc+ co + l2 - lo*]:- 

P 

3 4 
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hydrides (3-5) in the hope that a detailed under- which was shown to result in cis addition of the 
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to a five-coordinate d8 complex is that shown in reactions [2] and [3], according to Collman and 
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COMMUNICATIONS 

I 

Although a sequence of reactions analogous ", ,- 

to [2] and [3] for reaction [I] would result in the ' ' x I 
correct stereochemistry, the requirement of either " " " 1  ,/p 

I an uncoordinated silyl- or hydride-ion is most 
unattractive. L' I 

A second possible mechanism involves a bi- L- 5 c o" 1 5 "  L- -4 
IP x m 3 w  '.or I S *  1 ' 2 0  C 

molecular reaction between 1 and silicon hydride, 
with phosphine leaving from a seven-coordinate 
transition state. Such a mechanism has been 
proposed, without experimental support, for the 
activation of hydrogen by 1 (6). 

We have now confirmed that reaction [I]  
proceeds by a third mechanism, predissociation 
of 1 followed by addition of silicon hydride to a 
four-coordinate intermediate. Thus 

Under pseudo-zero order conditions with re- 
spect to [PI and [R,SiH], the rate of disappear- 
ance of 1 obeyed the rate law 

Analysis of reactions [4] and [5] yield the 
relationship 

Plots of l/k, vs. [PI and 1/[R3SiH] for tri- 
ethoxysilane are shown in Fig. 1. The linearity 
of these plots confirms the predissociative mech- 
anism and the intercepts and slopes of such plots 
yielded values of k ,  and k-,/k,. At 20 "C these 
values were 2.8 x lo-' s-I and 56, respectively, 
for triethoxysilane and 2.9 x 10-2s-1 and 15 
for triphenylsilane. 

The activation parameters for k, in the case of 
triethoxysilane were AM,? = 23 Kcals and AS,?  

FIG. 1. Dependence of the rate of addition of 
(C,H,O),SiH to P,(CO)HIr on [PI (0) and [SiH] (O), at 
27.6"C. [Ir] = 1.4 x 10-4M.(n)  [SiH] = 1.86 x 10-I M, 
( 0 )  [PI = 4.65 x M. 

= 15 e.u. The value of k - , / k ,  was, within 
experimental error, independent of temperature, 
indicating that the greater reactivity of Ph,P 
relative to (C2H50),SiH was almost entirely 
attributable to a AS? that was more favorable by 
about 8 e.u. The greater reactivity of Ph,SiH 
relative to (C2H50),SiH is in line with previous 
results, where the rates of reaction of a series of 
silicon hydrides were found to increase as ethoxy 
groups were replaced by methyl groups (4). 

I t  is clear that the kinetic study of reaction [I],  
and others using similar five-coordinate d8 com- 
plexes, in addition to providing data on the 
energetics and mechanism of oxidative addition, 
can also provide data on the dissociation of the 
starting complex. Quantitative data on the uni- 
molecular dissociation of five-coordinate d8 
complexes is almost nonexistent (7). 

We are presently pursuing these studies in the 
direction of (i) varying the phosphine in 1, (ii) 
varying the silane, and (iii) examining other d8 
complexes. 
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Propagation and termination rate constants have been measured for autoxidation of benzyl phenyl 
ether, benzyl t-butyl ether, isopropyl ether, and benzyl ether. In the case of isopropyl ether and benzyl 
ether, estimates have been made of inter- and intran~olecular propagation rate constants. Reactivities of 
acyclic ethers towards the t-butylperoxy radical have been determined. Rate constants for autoxidation 
of cyclic and acylic ethers have been summarized and compared. 

Canadian Journal of Chemistry, 48, 873 (1970) 

Introduction 
The previous publication in this series (I)  

reported absolute propagation and termination 
rate constants for the autoxidation of some 
cyclic ethers. Acyclic ethers also react with 
molecular oxygen to give a-hydroperoxides. 
For example, isopropyl ether gives a mixture of 
a mono- and a dihydroperoxide (2). This is 
because the a-alkoxyalkylperoxy radical can 

* abstract a hydrogen atom by an intramolecular 
as well as by an intermolecular reaction., At 
oxygen pressures above about 100 mm Hg, the 
oxidation of acyclic ethers can be represented 
by the following free-radical chain reaction 

Initiation 

Production of free radicals 

Propagation 

[ 1 1  E' + o* + EOO' 

[21 k2 EOO' + EH --+ EOOH + E' 

'NRCC No. I1 145. 
21ntramolecular reactions have also been observed 

for alkylperoxy radicals (3) and alkenylperoxy radicals 
(4). 

[41 D' + o2 - DOO' 

[51 
k 

DOO' + EH 4 DOOH + E' 

Non-radical 
[71 products 

[81 DOO' + D m  -4 

where E' represents an a-alkoxyalkyl radical; 
EOO', an a-alkoxyalkylperoxy radical; EOOH, 
a monohydroperoxide; D', an a1-hydroperoxy- 
a-alkoxyalkyl radical; DOO', an af-hydroper- 
oxy-a-alkoxyalkylperoxy radical; and DOOH, 
a dihydroperoxide. The overall rate of oxidation, 
Rs, at long chain lengths can be represented in 
the usual way, i.e. 

[I I Rs = k, [ROO'] [EH] 

or 

[I1 I Rs = k, [EH] ~ ~ ~ ~ ~ / ( 2 k ~ ) ~ ~ ~  

where k,  is an overall propagation rate constant 
made up of contributions from k,, k,, and k,, 
and 2k, is an overall termination rate constant 
made up of contributions from 2k,, 2k7, and 
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874 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

2k,. The radical concentration, [ROO'],  is or 
defined by ( ~ , / 2 k , ) ' / ~ ,  where Ri is the rate of 
chain initiation. The rate of oxidation is also [ IV]  Rs = (k2  [EOO'] + 2k5 [DOO']) [EH] 

given by 
since k ,  [EOO'] = k ,  [DOO'] [EH].  Equation 

[111] Rs = ( k ,  [EOO'] + k j [DOO'I) [EHI [ IV]  can be solved explicitly to yield the rather 
+ k ,  [EOO'] complex kinetic expression 

If it is assumed that k ,  = k ,  = k ,  = k t ,  then 
[ROO'] = [EOO'] + [DOO'] and hence 

k,[ROO'] = k ,  ([EOO'] + [DOO'])  

= k 2  [EOO'] + 2k, [DOO'] 

Making the further reasonable assumption that 
k ,  = k,, we obtain 

[VI ]  k2k,[EH] + k3k ,  = k Z 2 [ E H ]  + 2k2k, 

The overall propagation rate constant, k,, can 
be calculated from the oxidation rate, and the 
value of 2kt found by the rotating sector tech- 
nique. The rate-constant ratio k 2 / k 3  can be 
determined from concentrations of monohydro- 
peroxide and of dihydroperoxide from the 
relation 

[EOOH] k,[EH] 
CVIIl -- - 

[DOOH] k3 

Some acyclic ethers, e.g., benzyl phenyl ether, 
cannot undergo an intramolecular propagation 
reaction and reactions 131, [4],  151, [7] ,  and [ 8 ]  
do not apply. The measured propagation rate 
constant, k,, is then equivalent to k ,  and the 
measured termination rate constant, 2k,, is 
equivalent to 2k6. 

It is well known that a-alkoxyalkyl radicals 
can undergo p-scission. This reaction is particu- 
larly facile when the resulting alkyl radical is 
stabilized by resonance (5, 6). For example, the 
a-benzyloxybenzyl radical, formed by oxidation 
of benzyl ether with t-butoxy radicals at 110 "C,  
gives benzaldehyde and a benzyl radical ( 5 )  

[9] PhCH,OCHPh + PhCH,' + PhCHO 

The possibility that p-scission occurs during 
autoxidation of acyclic ethers has to be con- 
sidered, since it will introduce even more radicals 
into the oxidation chain. 

The present paper reports overall absolute 
propagation and termination rate constants for 
the oxidation of some acyclic ethers. Where 
possible, rate constants for the individual pro- 
pagation steps have been estimated. 

Experimental 
Materials 

n-Butyl, t-butyl isopropyl, benzyl, isopropyl, and 
cc-methylbenzyl ethers, chlorobenzene, and carbon 
tetrachloride were commercial products purified by 
distillation. r-Methylbenzyl ether was also prepared 
from cc-niethylbenzyl alcohol (7). Benzyl t-butyl ether 
was prepared by the reaction of potassium t-butoxide 
with benzyl chloride (8). Benzyl phenyl ether was pre- 
pared from benzyl bromide and potassium phenoxide 
(8). The preparation and purification of the hydroper- 
oxides used in this work has been described previously (1). 

Product Analysis 
Total hydroperoxide concentrations were determined 

by iodometric titration. Relative concentrations of 
mono- and dihydroperoxides were determined after 
reduction of the total hydroperoxide with a slight excess 
of triphenylphosphine. For example, the inonohydro- 
peroxide fro111 benzyl ether gives benzaldehyde and 
benzyl alcohol 

PhCH,OCH(OOH)Ph --> [PhCH,OCH(OH)Ph] 
+ PhCHO + PhCHzOH 

while the dihydroperoxide gives benzaldehyde and water 

Concentrations of p rod~~c t s  after reduction were deter- 
mined by gas-liquid chromatography (g.1.c.) and infrared 
analyses. Infrared analysis was also used to measure the 
yields of carbonyl compounds formed before reduction 
of the oxidized ethers. 

Kinetic Procedure 
Methods used to measure rates of oxidation, rates of 

chain initiation, and absolute rate constants have been 
described previously (1). Whenever necessary, termina- 
tion rate constants have been corrected for a kinetically 
first-order contribution. All rate constants presented in 
this paper were meas~~red at 30 'C. 
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HOWARD AND INGOLD ABSOLUTE RATE COhSTANTS FOR HYDROCARBOU AUTOXIDATION XVllI 875 

Results and Discussion Isopropyl acetate is a major non-hydroper- 
Isopropyl ether, benzyl ether, and benzyl oxidic product formed by oxidation of isopropyl 

t-butyl ether oxid~ze to give ether hydroperoxides ether. From our knowledge of hydrocarbon 
in almost 100% yield at 30 "C and at oxygen oxidations (9) it seems probable that the acetate 
partial pressures between 80 mm and 740 mm results from P-scission of alkoxy radicals formed 
Hg (Table 1). This means that p-scission of cc- by non-terminating reactions of 2-isopropoxy- 
alkoxpalkyl radicals (E)  (reaction [9]) is not 2-propylperoxy radicals 
important at  this t e m p e r a t ~ r e . ~  
-- -- - - ~ 

. . - . - - - - - - -. . E 0 2 E  f 0 2  

[lo1 
i 2' 

€ 0 0  + EOO' + EO,E + j EO' 0 2  'OE / 
I. . . . . . . . . _ . . . _ ,,,; --h EO. + 0 2  + €0.  

CH3 y 3  
I 

CH3 

[111 
I 

CH,-C-0-CO' + CH3-C-0-C=O + C H i  
I I I 

H CHI H 
I 

CH3 

(EO') 

Methyl radicals formed in reaction [ l l ]  will add 
oxygen to give methylperoxy radicals, which will 
enter into chain propagation and termination. 
The termination rate constant for the oxidation 
of isopropyl ether will therefore contain con- 
tributions from reactions [12] and [13] 

The small amount of benzaldehyde produced 
by oxidation of benzyl ether at 30" may be 
formed by p-scission of x-benzyloxybenzyl 
radicals or may be formed in the termination 
reaction 

Rate constants for oxidation of n-butyl, 
t-butyl isopropyl, cr-methylbenzyl. benzyl phenyl, 
benzyl t-butyl, isopropyl, and benzyl ethers are 
given in Table 2. Low chain lengths for oxidation 
of 17-butyl ether and t-butyl isopropyl ether 
orevented measurement of their absolute rate 
constants. A propagation rate constant for n- 
butyl ether was calculated from k,1(2/c,)l, using 
a termination rate constant for x-erhoxyethyl- 
peroxy radicals (i.e., the monoperoxy radical 
from ethyl ether). This rate constant was obtained 

3j3-Scission does play a n  important role at higher tern- 
peratures. F o r  example, the a~itoxidation of benzyl ether 
at  65 -C gives almost 100"; benzaldehyde, based on  the 
oxygen absorbed, at  a n  oxygen pressure of 200 ~ n ~ n  Hg, 
while at 740 rnm Hg, the yield of benzaldehyde is about  
50 %. 

by oxidation of benzyl ether in the presence of 
a-ethoxyethyl hydroperoxide (see later). A value 
of k,/(2kt): for cc-methylbenzyl ether was esti- 
mated from eq. [I], but absolute rate constants 
could not be calc~~lated because of the presence 
of a large and irreproducible first-order termina- 
tion reaction. 

The termination rate constant for isopropyl 
ether is lower than for the two secondary ethers 
but is higher than is usually found for tertiary 
peroxy radicals from hydrocarbons (9, 10) and 
cyclic ethers (I), for which 2k, is normally in the 
range 1 0 ~ - 1 0 ~  iM-' s-l .  This may well be due 
to t h e  involvement of methylperoxy radicals in 
termination (reactions [lo] and [Il l) .  The ter- 
mination rate constant for benzyl t-butyl ether 
is in the range normally found for alkyl or 
aralkyl x-substituted toluenes, e.g., ethylbenzene 
and bibenzyl (10). The termination rate constant 
for benzyl ether is about 8 times larger, which 
makes it similar to that for toluene (10). The 
difference between the two benzyl ethers suggests 
that termination may be quite sensitive to steric 
factors. 

The propagation rate constant for oxidation 
of benzyl ether or isopropyl ether is expected to 
vary with the ether concentration. At low ether 
concentrations, k, will equal 2kj  and at high 
ether concentrations, k, should approach k,. 
Since k j  is probably about equal to k,, the maxi- 
mum change which can be expected ink, is about 
two. Within the experimental accuracy, there was 
no variation in k, for benzyl ether in the concen- 
tration range 1.2 to 5.3 fif. 
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HOWARD AND INGOLD: ABSOLUTE RATE CONSTANTS FOR HYDROCARBON AUTOXIDATION. XVIII 877 

TABLE 2 

Rate constants for oxidation of some acyclic ethers at 30 'C 

k,/(2kt)" 
Concen- Ri x l f )7  Rs x lp6 x lo3 k ,  2kt x 

Ether tration, M M s- M s- M-+ s-"-l s-l M s- 

t-Butyl isopropyl 6.5 2.2 0.44 -0.1 

@-Methyl benzyl 5.26 0.11 0.16 0.3 

Benzyl phenyl 4.5 0.5 0.28 0.3 

Benzyl t-butyl 1.13 0.54 0.57 2.2 
5.63 0.09 1.7 3.2 
5.63 0.48 3.36 2 . 7  
5.63 0.65 3.3 2.6 
5.63 2.1 7.0 3.0 

Isopropyl 

Benzyl 

*Assumed to be equal to 2k, for a-ethoxyethylperoxy radicals. 

In the presence of sufficient quantities of 
added hydroperoxide, free-radical oxidations 
can be propagated and terminated by the peroxy 
radicals derived from the hydroperoxide (1). 
Intramolecular propagation reactions which 
occur with acyclic ethers, such as benzyl ether 
or isopropyl ether, are eliminated. Thus, the 
oxidation of 0.42 M benzyl ether in the presence 
of 2.0 M t-butyl hydroperoxide gave only mono- 
hydroperoxide, while the same concentration of 
benzyl ether in the absence of t-butyl hydroper- 
oxide gave 87% of dihydroperoxide. The 
measured propagation rate constants represent 
the intermolecular reaction between a peroxy 
radical derived from the hydroperoxide and the 
ether. Rate constants for oxidation of t-butyl 
isopropyl, n-butyl, a-methylbenzyl, isopropyl, 
benzyl phenyl, benzyl t-butyl, and benzyl ethers 
in the presence of t-butyl hydroperoxide or 
cumene hydroperoxide are given in Table 3. 
Rates s f  oxidation of benzyl ether and isopropyl 
ether were constant above about 1 M t-butyl 
hydroperoxide, and the average value of the 
termination rate constant for t-butylperoxy 
radicals was 1.2 x lo3 M - '  s-l. This value is in 
good agreement with the value found in tetra- 
hydrofuran (1) and with the value obtained by 

electron spin resonance (e.s.r.) spectroscopic 
measurement of the steady-state t-butylperoxy 
radical concentration at a known rate of initiation 
(9). The k,  values in the presence of t-butyl- 
hydroperoxide given in Table 3 were calculated 
using this termination rate constant. 

Rate constants for oxidation of benzyl ether 
in the absence or presence of tetralin hydroper- 
oxide or two secondary ether hydroperoxides are 
given in Table 4. Termination rate constants 
measured under these conditions are in good 
agreement with the values found in cyclic 
ethers (1). 

We have previously concluded (1, 1 1, 12) that 
secondary peroxy radicals are more reactive in 
hydrogen atom abstraction than tertiary peroxy 
radicals. This conclusion receives further support 
from the data in Tables 2, 3, and 4. For example, 
benzyl t-butyl ether and benzyl ether are 10-20 
times more reactive towards secondary peroxy 
radicals than towards t-butylperoxy radicals. 

a-Methylbenzyl ether is unexpectedly resistant 
to oxidation. Towards t-butylperoxy radicals, 
the propagationcrate constant for this ether is 
only about 1/15 of the value for benzyl ether and 
benzyl t-butyl ether. This is unusual in autoxida- 
tions, because steric effects normally do not 
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TABLE 3 

Rate constants for the oxidation of sorne acyclic ethers in the presence of I-butyl hydroperoxide 
or cumene hydroperoxide at 30 - C  

- - - - -- ---- -- 
-- - - 

- -- -- - -- - - - - - - - - 

kQl(2kt)' 
Concen- Hydro- Concen- R, x lp7 Chain x lo3 k ~ *  

Ether tration, M peroxide tration, M M s- length M-%-+ M -  1 s-l 

- - - - - - -- - - - - --- - - - --- 

t-Butyl isopropyl 5 7 t-Butyl 1 25 2  2  7  0  6 0 02 

n-Butyl 4 7 t-Butyl 2 0  0  094 9  5  1 9  0  064 

a-Methyl benzyl 4 . 2  t-Butyl 2 . 0  1.17 3  3  2.7 0.09 
4 . 2  r-Butyl 2 .0  0.08 112 2 .4  0.08 

Isopropyl 

Benzyl phenyl 0 . 4  f-Butyl 1 . 7  0.24 15 5 .6  0 . 2  
Benzyl t-butyl 1.13 Cumyl 0.26 0 . 3  50 18 1.4 

1.13 Cumyl 0.53 0 .44 45 19 1.5 
1.13 t-Butyl 2 .0  0.22 246 3  2  1 . 1  

Benzyl 

.- -- - - -- - -- -- - -- - - - -- - - - 
* k ,  in  this table is the rate constant for  attack of a t-butylperoxy (o r  cumylperoxq) radical o n  the ether. The value of Zk, \%as taken t o  be 

1.2 r 103 M - '  s - '  for  t-butylperoxy and 6 x lo3  i M - I  s - I  for  cumylperoxy radicals. 

TABLE 4 

Rate constants for oxidat~on of benzyl ether In the presence of some secondary hydroperoxides at  30 C 
- --- -- - - - - - - - - - - - -- - --- - - -- - - - - - 

Concen- R, x I?' Chain k,l(2kJT x 103 k ,  2k, x 10;' 
Hydroperoxide tration, M IM s-  length U-T S - T  M-I S - ~  M-1 S -  

None - - 

2-Ethowyethyl 0 21 2  9 
3-Ethoxyethyl 0 28 3  0  
a-Tetrahydropyranyl 0 13 2  5  
a-Tetrahydropyranyl 0 25 2  35 
Tetralyl 0 09 3  0  
Tetralyl 

- 

0 18 3  5  
- - - - - - - - - 

outweigh the polar and radical stabilizing effects 
of alkyl substitution at  the reaction center. That 
is, although decreases in the propagation rate 
constant on going from a secondary substrate to 
a structurally related tertiary substrate are 
common when the attacking peroxy radical is 
derived from the substrate ( l o ) ,  they are unusual 
when substrates are attacked by the same peroxy 
radicals (1 1). We have previously observed only 
one example of this phenomena, viz.. sec-amyl- 
benzene is less reactive per hydrogen towards 
cumylperoxy radicals ( k ,  = 0.07 M- '  s-') than 
ethylbenzene (k,lH = 0.1 1 M- '  s-') ( 1 1 ) .  
Sensitivity of k ,  to steric factors is also indicated 
by the fact that, towards the t-butylperoxy 
radical, the value of k,/H for t-butyl isopropyl 
ether is less than half as large as that for isopropjl 
ether. 

We have shown previously that secondary 
ether peroxy radicals have about the same 
reactivity as secondary hydrocarbon peroxy 
radicals in hydrogen atom abstraction (I) .  Since 
added hydroperoxides eliminate intramolecular 
reactions, it is reasonable to assume that the 
inter~nolecular propagation rate constant, k,, for 
oxidation of benzyl ether is approximately 30 
M - '  s-', an average of the propagation rate 
constants in Table 4. (This corresponds to 
k,/H = 7.5 M - '  s- I ,  in good agreement with the 
value of 5.8 , M 1  s- '  for benzyl t-butyl ether.) I t  
also seems reasonable to assume that k ,  for 
isopropyl ether will be approximately equal to 
the rate constant for attack on this ether by 
t-butylperoxy radicals, i.e., 0.1 1 M- '  s-'. These 
values of k ,  have been combined with ratios of 
k,/k,  for isopropyl ether and benzyl ether to  
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TABLE 5 

Propagation rate constants for oxidation of isopropyl ether and benzyl ether at 30 "C 

Concen- k , /k ,  kg k2* k3 * k2 t k31 
Ether tration, M 1 M-'  s-' , , - I  s-l  s-l  ,M-1 s-l  s- 

Isopropyl 
Benzyl 
Benzyl 

*Calculated assuming that k2 = k ,  for reaction of the ether with an alkylperoxy radical (see text). 
iCalci~lated from eq. [VII. 

TABLE 6 

Collected rate constants for oxidation of ethers at 30 "C 
--- -- - - -- 

- 

k,/(2k,),: x, lo3  k2/Hx 2k,  x lo-' k,/H for ButOO' 
Ether M-I s- . IM-' s - l  M-1 s-' M-1 s-l  

1,4-Dioxan 0.07 0 .12 5 - 

n-Butyl 0.1 0 . 3  14 0.016 
Isopropyl t-butyl 0.1 0.02 0.0043 0.02 
Tetrahydropyran 0.12 0.14 2.1 0.006 
a-Methylbenzyl 0.3 - - 0.042 
Benzyl phenyl 0 . 3  0.75 2 .4  0 .10 
Tetrahydrofuran 0.78 1.1 3.1 0.085 
Benzyl t-butyl 2.75 5.75 2 .1  0.55 
Isopropyl 3.7 0.055t 0 . 1  0.055 
Benzyl 7.1 7.5.t 16 0.325 
2,5-Dimethyltetrahydrofuran 22.5 2 .4  0.0046 0 . 4  
Phthalan 42.5 108 10.5 - 

*Equivalent to k /H  for the cyclic ethers and acyclic ethers which do not undergo intramolecular propagation. 
?Estimated interMo~ecuiar rate constant for the rnonoperoxy radical (see text). 

obtain k, (Table 5). The ratios k,/k, were cal- 
culated from data in Table 1 using eq. [VII]. The 
two ratios are quite similar, even though the 
absolute magnitudes of k, and k, for the ethers 
are so different. I t  would be interesting to know 
whether k,/k, is about the same for all acyclic 
ethers and whether it varies significantly with 
temperature. 

The rate constants k ,  and k, can also be cal- 
culated from eq. [VII4. The values obtained by 
this method for two benzyl ether concentrations 
do  not agree because there was no measurable 
difference in k ,  at the two concentrations. The 
values of k ,  and k ,  for benzyl ether and for 
isopropyl ether differ somewhat from the values 
estimated from propagation rate constant mea- 
surements on systems containing the ethers and 
appropriate hydroperoxides. Although the dis- 
agreement may be within the limits of experimen- 
tal accuracy, it is also quite probable that one or 
more of the assumptions involved in either 
method of separating k, and k ,  is at fault. 

4We are indebted to a referee for pointing out this 
method of calculating k ,  and k;.  

Rate constants for the oxidation of cyclic and 
acyclic ethers are summarized in Table 6. Inter- 
molecular propagation rate constants (k,) per 
a-hydrogen are given for those acyclic ethers 
which undergo intramolecular propagation reac- 
tions, so that they can be more easily compared 
with the cyclic ethers and the acyclic ethers 
which do not undergo intramolecular propaga- 
tion reactions. Rate constants per a-hydrogen 
for abstraction from ethers by t-butylperoxy 
radicals have also been included in Table 6. 

Absolute rate constants for neat t-butyl 
isopropyl ether have been estimated from data 
for the oxidation in the presence of t-butyl 
hydroperoxide by assuming that the crossed and 
uncrossed propagation rate constants are equal. 
That is, it has been assumed that rate constants 
for hydrogen abstraction by the t-butylperoxy 
radical and the peroxy radical derived from 
t-butyl isopropyl ether are the same. The termi- 
nation rate constant for neat ether is then ob- 
tained from the value of kP/(2kJt. Using this 
assumption, it would appear that the value of 
2k, for t-butyl isopropyl ether is about 20 times 
lower than for isopropyl ether. This difference 
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in 2k, for the two isopropyl ethers is in the same 
direction as the difference in 2k, between benzyl 
t-butyl ether and benzyl ether. 

Five- and six-membered cyclic hydrocarbons 
which have a n-electron system as part of the 
ring have about the same reactivity towards 
peroxy radicals (1 1). However, the 5-membered 
cyclic ether tetrahydrofuran is about 10 times 
more reactive towards peroxy radicals than the 
6-membered cyclic ethers tetrahydropyran and 
1,4-dioxan. We previously concluded that this 
difference in reactivity was due to steric repulsion 
between the a and p hydrogens being released 
to  a greater extent by abstraction from the 5- 
membered ring than from the less strained 
6-membered ring (1). It  is, however, difficult to 
see why such an effect should show up in ethers 
and not in hydrocarbons. The present work 
implies that ethers are quite sensitive to steric 
effects both in propagation and termination and 
this may explain the difference between cyclic 
hydrocarbons and cyclic ethers. 

Tetrahydrofuran and 2,5-dimethyltetrahydro- 
furan are both less reactive towards t-butylperoxy 
radicals than towards their own peroxy radicals. 
For tetrahydrofuran, this is due to the usual 
difference in reactivity between tertiary and 
secondary peroxy radicals. However, this ex- 
planation cannot apply to 2,5-dimethyltetra- 
hydrofuran. Oxidation of this ether may be quite 
complicated, since thin-layer chromatography 
revealed the presence of more than one hydro- 
peroxide. Though 2-hydroperoxy-2,5-dimethyl- 
tetrahydrofuran is the major product, there is a 
small amount of a slower-running hydroperoxide 
which can be readily removed from the principal 
hydroperoxidic product by extraction with water. 
This second hydroperoxide is not H 2 0 2  but 
might possibly be 2,5 - dihydroperoxy - 2,5- 
dimethyltetrahydrofuran formed by an intra- 
molecular propagation reaction.' This implies 
that the measured rate constants for the neat 
ether may contain contributions from more than 
just the intermolecular propagation reaction. 

Russell and Williamson (8) reported that 

5Aqueous extraction of oxidized isopropyl ether 
removes the slower-running dihydroperoxide. 

benzyl phenyl ether reduced the rate of oxidation 
of benzyl ether at 60" much more than would be 
expected of an inert diluent. For example, 0.4 M 
benzyl ether and 0.2 M benzyl phenyl ether 
oxidized at 114 the rate of 0.5 M benzyl ether. 
From this, they concluded that benzyl phenyl 
ether must have a higher termination rate con- 
stant than benzyl ether. When benzyl ether was 
oxidized in the presence of benzyl phenyl ether 
at 30°, we did not observe nearly as large a reduc- 
tion in rate. However, the rate was slightly lower 
than would be expected from an inert diluent. 
This was also true of mixtures of benzyl t-butyl 
ether and benzyl phenyl ether. The cause of the 
small deviation from linearity is apparently not 
due to a difference in termination rate constants 
(see Table 6) and at present we have no obvious 
explanation of this phenomenon. 

A comparison of the propagation rate con- 
stants in Table 6 with our previous data for 
hydrocarbons (10) indicates that an alkoxy group 
is less activating than a phenyl ring or a double 
bond. For example, isopropyl ether gives k,/H = 
0.055 M - '  SKI, cumene gives k,/H = 0.18 M- I  
sf1,  and 2,5-dimethylhexene-3 gives k,/H = 0.8 
M - l s - 1  . Peroxy radicals derived from ethers also 
appear to have about the same reactivity to- 
wards hydrogen atom abstraction as structurally 
related peroxy radicals from hydrocarbons. 
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Crystallographic studies of cobalt arsenates. I. Crystal structure of C O ~ ( A S O ~ ) ~  

N. KRISHNAMACHARI AXD C. CALVO 
Depnrttve~~t of Clzen7i.rrr.v and It~stiture for Mnteriul~ Research, 1I4cM~stev Unicersit~, Hanlilton, Ontnrio 

Received June 19, 1969 

Co3(As04),, an analogue of the mineral xanthiosite, crystallizes in the monoclinic space group 
P2,lc with Z = 4. The unit cell parameters are a = 5.830(4) A, b = 9.675(2) A, and c = 10.34(2) A 
with p = 93.42(5)". The intensity of 2261 independent reflections were estimated either from integrated 
precession photographs or by direct measurement using a scintillation countcr. The final value of the 
reliability index is 0.072 for a full matrix least-square refinement uhere all the atoms have anisotropic 
thermal parameters. The three independent cations are surrounded octahedrally by oxygen atoms with 
mean Co-0 bond lengths of 2.12 A and a range from 1.99 to 2.29 A .  One of the arsenate ions, As0,l-, 
is a nearly regular tetrahedron uith a mean As-0 bond length of 1.70 A;  while the second, with an 
a n g ~ ~ l a r  irregularity primarily introduced by one oxygen atom, shows a mean As-0 bond length of 
1.69 A. This structure consists of nearly hexagonally close packed layers of oxygen atoms normal to 
the b axis repeating every four layers. 
Canadian Journal of Chemistry, 48. 881 (1970) 

Introduction 
The crystallography of anhydrous arsenates 

has, until recently, been relatively unexplored. 
Although early work indicated that a number of 
arsenates and phosphates are isostructural, this 
relationship may not be true often enough to be 
useful. For  example. although Mn,(PO,), and 
Mn,(AsO,), (1) can be crystallized with the 
graftonite structure, Co,(PO,), crystallizes in 
the "y" Zn,(PO,), structure (2) which is sub- 
stantially different than the structure of Co3- 
(AsO,),. 

Taylor and Heyding (3) used powder X-ray 
diffractometry to study the various compounds 
obtained upon reacting COO with As,O, in 
various molar ratios. In particular, they reported 
that 3Co0 .As ,05  crystallized in the ortho- 
rhombic system. Davis, Hey, and Kingsbury 
(4) have shown that the mineral analogue of the 
nickel orthoarsenate, previously reported to have 
the same structure as 3Co0 .  As,O, (3), is in fact 
monoclinic with cell parameters and symmetry 
similar to those reported here. A second composi- 
tion 6MO.As2O,. M = Ni or Co. was also 
reported to be orthorhombic by Taylor and 
Heyding (3). However, Davis et 01. (4) have 
shown the nickel analogue, as the mineral 
aerugite. to be monoclinic. Here we show, in 
passing. that although the cobalt analogue can be 
assigned to a monoclinic cell of the same size and 
sym~netry as aerugite, the true symmetry is 
rhombohedral. 

Recently determined arsenate structures with 
divalent metal cations have shown As-0 bond 
lengths lying between 1.65 and 1.71 A in Cu,- 

(AsO,), (5) and 1.63 and 1.72 A in  stranskiite 
(6). The coordination numbers of the cations are 
5 in the former compound and 5 and 4 in the 
latter compound. In stranskiite there are two 
additional oxygen atoms lying 3.2 A away, 
suggesting an enormous Jahn-Teller distortion 
of the "octahedral" enkironment about the 
CLI,' ion or, more probably, v i r t~~al ly  no bond 
at  all. In Co,(AsO,),. where a more nearly  so- 
tropic octahedral environment is expected, a 
nearly close packed arrangement is found 
consistent with an  average tetrahedral As-0 
bond length of about 1.7 A and a mean metal- 
oxygen atom bond length of about 2.0 A. 

Experimental 
Single crystals were groi%n from hydrated C O ~ ( A S O ~ ) ~  

obtained from Alpha Inorganic Inc. A sample was 
heated in a platinum crucible ~ ~ n t i l  i t  had melted and then 
cooled slouly across the melting tenlperat~~re. The 
product obtained shoned two distinct crystalline forms. 
One gave a monoclinic pattern ~ % i t l i  unit cell parameters 
substantially the same as reported by Davis et (11. (4) 
for the mineral xanthiosite whose cornposition bras 
nearly that of Ni3(AsO4)> The second crystal gave the 
pattern of a C-centered monoclinic crystal and lattice 
parameters nearly those reported by these same authors 
for aerugite. The fact that Davis et a/ .  (4) pointed out 
that the a:b  ratio is nearly equal to , 3 suggested that our 
crystal co~lld be rhombohedral. This s~lspicion has been 
confirmed by taking precession photographs with the 
hexagonal c axis parallel to the X-ray beam. The s t ~ ~ d y  
of the structure of the Co ana log~~e  of ae r~~g i t e  is presently 
in hand. 

Accurate parameters were determined from the 
measurement of films calibrated with T i 0 2  reflections 
whose lattice parameters were taken to be a = 4.5929 8, 
and c = 2.9591 A (7). The parameters obtained after 
least-sq~tares refinement are: a = 5.830(4)A, b = 
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9.675(2) A, c = 10.34(2) A, and = 93.42(5)'. There are 3,'4 of the estimated standard deviation, while that of As 
four n~olecules per unit cell. The extinction 1101, 1 = odd, by about 1.5 times its esiiruated standard deviation. 
and OkO, k = odd, leads uniquely to space group P2,lc. These changes were regarded as insignificant. 
Tlie density was not determined since a s~litable samp!e of 
reliable purity was not available. Description of the Structure 

Reflections of the type /?A-rz with n = 0; 1, 2,  3 and 
hnl[, 1~ = 0 ,  1, 2,  3, 4 \\..ere measured, using MoKz  The consists 
radiation, from integrated pi-ecession photographs. close packed layers of oxygeil atoms parallel to 
Retlections of the type r.kl with r = 0 ,  1 ,  2. 3, 4 were [0]0] with the cobalt ions distributed in octa- 
nieas~lred nith a nianually oriented scintillation counter hedral holes alld the arsenic iolls in tetrahedral 
niounted on a S~ipper Weissenberg camera. An w scan 
on the Weissenberg camera mas used and the background "les. Figure shows a view llormal to 
nieasLlred near tile B~~~~ reflection, ~h~ obtained layers. This structure is related to that of olivine, 
I+ere corrected, \\hes-e necessarJt, for the effects of basically Mg,SiO,, where the magnesium ions 
saturation or tlie counter. All the data \\ere corrected are in the octahedral interstices and the s i  in the 
for the Lorentz polarization and absorption effects. tetrahedral ones OliviIle, illustrated in Fig. 
Since the crystals used had diliiensions 0.1 x 0.1 x 0.2 
mm3, neglect of absorption would lead to an  average 2, is 0rthorhombic with a repeat two pseudo- 
variation in intensity of the order of 20%. hexagonally close packed layers. In Co,(AsO,),, 

Trial 4' and z coordinates for the Co2+ and As5 + ions the repeat is four oxygen atom layers. 
were determined from solving the Patterson function ~ h ,  first and third layer possess a center of 
using Okl data. Structure factor calciilations using these 
positions res~rlted in a reliability index, R = Z ( ( F , , :  - symmetry while the second and fourth layers, 
F , ) :  Z 'F, ' ,  of 0.35. Tlie .Y coordinates mere determined related to each other by inversion, are gellerated 
from three-dimensional Patterson functions computed at  by the glide plane. The Co ions, lying ill the 
inter\als of 5,hO along the ir axis. Once the positions of interstices of successive layers, are related either 
the Co2+ and As5? ions had been confirmed, oxygen by centers ofsyrnmetrp or by glides. colltrast 
atom positions mere sought at about 1.7 A from the 
As5+ ions and such as to be shared by at least two CoZ+ Co3(As04)2, in the olivine structure One of 
ions. Tliese criteria together \\it11 that of a psuedo- the cations lies on a center of symmetry and thus 
tetrahedral en\i~-onment of oxygen atonis about the the closest packed oxygen atom layers are 
As" ions allo\zed the positioning of all the oxqgen atoms. related by symmetry operation. addition, 

Tiie refinement \\as completed using weights chosen 
eqLIal to 0,1.36 for < 50, (0 ,33 Fo - 8 , 0 ) - 1  for 50 < the layer itself has a mirror plane perpendicular 
F,, < 90, and (351.65 - 8.30 F, + 0.052 F,I)-I for F, > to it, up011 which all the atoms lie, save one 
90. 7liese functions, \\it11 small discontinuities at the oxygen atom per formula unit. 
boundaries, mere determined by least squares after 
examining a plot of F, ,  - F;, bs. E2. A reasonable fit O 

with one \veigliting cupression R \$olild require a higher 
order polynominal in Fu. Atomic scattering factors mere 
taken from Thomas and L'iiieda (8) and corrected, \\here 
appropriate, for dispersion. 

Each layer of data \\as scaled independently and scale 
constants of iii~iltiply obser\cd reflections assigned 
randomly to one of tile groups from \\hich they eii~anated. 
Tlie value of R \\as rediiced to 0.10 \\hen indi~idual 
isotropic tliernial paraiiicters \?ere assigned to each atom. 
Tlie hal~le of 

R - 

was 0.12 at this stage. When anisotropic thermal param- 
eters uere refined, R, became 0.072 and R2 fell to a 
value of 0.082. 

The refinement was terminated when the calc~ilated 
change in the parasneters \\as less than 1'3 of tlie 
estiiiiated standard deiiation Tlie final atoiiiic positional , L- 0 - 0 -- 
parameters are slio\\n in Table 1 and the observed and 
calculated str~ict~ire factors are sho\\n in Table 2. FIG.  1. The structure of C ~ , ( A S O , ) ~  is sho\vn 

Since other menibers of tliis series of cobalt arsenates projected onto the hc face, The smallest circles represent 
(9) shoi+ed nonstoicliionietric coiliposition. an attesnpt ions; the next larger, co ioIls: and the largest, oxygen 
was niade to refine a model %liere the site occupancy \\as ions, The approxilliate kactional X coordinates of the 
varied. The occupancy of tlie Co sites changed by aboiit cations are shoxn. 
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FIG. 2. The olivine s t r u c t ~ ~ r e  is shown projected 
d o ~ n  the b axis. The closest packed direction is along c. 
The small filled circles represent the ions in teirahedral 
sites; tlie next larger circles, those in octahedral sites. 
There are two cations superimposed on  the site labelled 
1,/4 3 4, and  those synimetry related to it. The oxygen 
ions are represented by large circles with t h o  oxygens 
superimposed in projection where there are do~ibled 
circles. 

The arsenate ion has nearly tetrahedral 
symmetry although the deviations are significant. 
The average A s 0  bond lengths are 1.69 A for 
As(1) and 1.70 A for As(2). The two longest A s 0  
bonds involve those oxygen atoms, O(12) and 
0(21), bonded to.more than two Co2+  ions. The 
0-As-0 bond angles about As(2) all lie 
within 2" of their mean value of 109.3", whereas 
the analogous angles about As(1) range from 98 
to  119". The geometries of the anions are 
summarized in Table 3. This latter distortion is 
entirely due to a displacement of O(21) by about 
0.3 A from the ideal value. The arsenate ions are 
arranged such that their pseudo mirror planes 
parallel each other and the [loo] plane. These 
tetrahedra form a nonbonded chain generated 
by a pseudo 2, axis parallel to a*. The oxygen 
atoms coplanar with the As ions at  about the 
same y value nearly superimpose in projection 
(see Fig. 1); thus the a axis length (5.830 A) is 
governed by the sum of two oxygen atom van 
der Waals contact distances. 

The C o o ,  octahedra deviate significantly from 
regularity. The average Co--0 bond lengths are 
nearly identical, being 2.11, 2.12, and 2.13 A for 
cobalt 1, 2, and 3, respectively. The range of 
COO distances is 1.991 to 2.181 A for Co(l), 
2.042 to 2.292 a for Co(2), and 2.021 to 2.287 A 
for Co(3). The longer Co--0 bond distances 
involve those oxygen atoms, O(21) and 0(12), 

bonded to three Co ions in addition to an As ion. 
The mutual arrangement of these octahedra is 
shown in Fig. 3. 

Discussion 

The structures of Mg,(VO,), (11) and Co3- 
(AsO,), are similar in that both are based upon 
closest packed layers of oxygen atoms, with all 
the divalent metal ions in octahedral sites and 
the pentavalent ions in tetrahedral sites. The 
major difference in these structures lies in the 
fact that I\4g3(VO4), ( l l ) ,  and therefore its 
analogues Ni,(VO,), (12), Zn,(VO,),, and 
Co,(VO,), (13), show cubic closest packed layers 
stacked normal to [Oli]. 

The structure of sarcopside, (Fe, Mn, Mg),- 
(PO,), (14), has been reported to be olivine-like, 
although the space group syninietry is in fact 
P2,la. The stacking is parallel to h, which is 
equal to 11'2 of the b axis in Co,(AsO,),, and the 
10.48-A axis is in the glide direction. One can 
anticipate that one of the cations lies at  the 
center of symmetry in order to satisfy the 
stoichiometry of the crystal. In order for a 
transformation to occur between these phases, 
the ABAC stacking in Co3(As0,), has to 

FIG. 3. The mutual arrangement of the three COO, 
octahedra are shown schematically. The cobalts. labelled 
as in Table 2, lie at the center of each octahedron. The 
oxygen atoms are numbered as in Table 2. 
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TABLE 3 

Bonding geometry in C O ~ ( A S O ~ ) ~ *  

Bond length? Bond angle? Bond angle? 
Atoms (A) Atoms (deg) Atoms 

---- 
O(24') 1 .689(6) 

Bond length.! Bond lcngtht Bond length? 
Atoms (4 Atoms (A) Atoms (A) 

Co(l)-O(12') 2.072(7) Co(2)-O(11') 2 096(7) Co(3)-0(1 1 )  2.021(6) 
-0(13) 1.991(7) O(12') 2.138(7) -O(12') 2.287(8) 
-0(14) 2.099(7) -O(Zi') 2.292(7) -O(13') 2.048(7) 
-0(22) 2.128(6) -0(22') 2.075(7) -0(21') 2.161(6) 
-O(Z4') 2.173(7) -0(14) 2 061(7) -O(2 1 ') 2.143(7) 
-0(24') 2.181(7) -0(ZS) 2.042(7) -O(23) 

- . -- - - - - - - 
2.111(8) 

- -- - - - -  - - -- .- -- -- - 

Bond angle? Bond angle j- Bond angle'! 
Atoms (deg) Atoms (deg) Atoms (deg) 

-- - - - -- -- - - - - -- - 
pp .- - - - - - - 

- - 

Bond angle.1 Bond angle.! Bond anglet 
Atoms (ded Atoms (ded A toms (deg) 

*Atom n is obtaincd from n by an  inversion through the origin and 11' by the c glide operation changing x, y ,  z to x, 112 - y,  112 + z. 
?Estimated standard deviations In parentheses. 
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KRISHYAMACHARI AND CALVO: CRYSTALLOGRAPHIC STUDIES OF Co,(AsO,), 889 

change to the ABAB stacking in sarcopside.' 
Small displacement could then occur giving rise 
to  a center of symmetry at  cation site 2. 

A further indication that this layer stacking is 
the appropriate feature to emphasize is the fact 
that the struct~lres of both Co,As,O,, and 
Co,As,O,, (9) basically have the olivine-like 
structures. In addition, Davis et al. have pointed 
out that the unit cell dimensions of aerugite are 
strongly suggestive of layer arrangeinent. 111 this 
sense, the arsenates of the same cations seem to 
differ s~ibstantially from the analogous phos- 
phates, where regular packing of oxygen atom 
layers rarely occurs. This no doubt is related to 
the fact that the oxygen-oxygen distances about 
an As ion are comparable to those about a C o  
ion and thus close packed structures should occur 
even more commonly among the vanadates, 
since the tetrahedral V--0 bond length is some- 
what larger than the As-0 bond length in 
arsenates. 

'These letters designate an  entire oxygen atom layer 
and indicate the set of interstices occupied by the oxygen 
atom. Beca~~se  of the packing of the cations in Co,(As- 
O,)Z, the layers distort and the two A layers in the unit 
cell are not crystallographically equivalent, of course. 

This work was supported by a grant from the National 
Research Council of Canada. 
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Refinement of the structure of Mg2As20, 

C. CALVO AND K. NEELAKANTAN' 
Department of Chemistry and Institute for Materials Research, McMaster Universitj~, Hamilton, Ontario 

Received September 10, 1969 

The crystal structure of Mg2As207 has been refined by full matrix least squares procedures using 587 
observed reflections. The structure of Mg2As20, is of the thortveitite type, as reported by Eukaszewicz, 
with space group C2/m and unit cell dimensions a = 6.567(2) A, b = 8.524(4) A, c = 4.739(1) A, a = 103.8(1)", and Z = 2. The As-0-As group in the anion appears to be h e a r  but the central 
oxygen atom undergoes considerable disorder in the plane perpendicular to this group. The A s 0  bond 
distances uncorrected for thermal motion are 1.67 A for the As-O(-As) bond and 1.66 and 1.65 A for 
the terminal As-0 bonds. The final R value obtained is 0.088. 

Canad~an Journal of Chemistry, 48, 890 (1970) 

Introduction 

Eukaszewicz(1) has determined that Mg,As207 
structurally is a member of the thortveitite, 
(Sc,Y),Si,O,, series. His analysis, based upon 
data from two projections, led to an average 
As-0 bond length of 1.7 A. In detail, however, 
the As-O(-As) bond length at 1.71 A was con- 
siderably smaller than one of the terminal As-0 
bonds. The As-O,, bond length, which lies in 
the mirror plane of the anion, was reported to be 
1.78 A. A number of reasonably accurate arsenate 
structure (2-5) have been determined recently and 
they indicate a mean As-0 bond length, when 
tetrahedrally coordinated, near 1.70 A, in agree- 
ment with the results of Lukaszewicz for 
Mg2As207. The variation from the mean in this 
structure determination is, however, at variance 
with the trend predicted by Cruickshank (6) upon 
condensation in phosphate systems. His expecta- 
tions, based upon pn-dx bonding, have been ex- 
tensively confirmed experimentally in phosphate 
systems (7, 8). Further, in virtually all the ana- 
logues of the thortveitite structure studied to date, 
the central oxygen atom showed enhanced dis- 
order and those refinements allowing for aniso- 
tropic thermal motion indicated that the disorder 
was in the plane perpendicular to the Y-Y vector 
of the anion Y20,. Therefore, in order to examine 
in detail the analogy with the pyrophosphates, 
divanadates, and disilicates, a more detailed 
refinement of Mg,As,07 was needed. 

Experiments 
Crystals of Mg2As20, were grown in a manner anal- 

ogous to that reported by Lukaszewicz except for the fact 

'Present Address: Department of Chemistry, University 
of Toronto, Toronto 181, Ontario. 

that MgHAsO, was doped with 0.1 % Mn2+ before de- 
cornposing and that a Vycor container was employed. The 
crystals were doped with Mn2+ in quest of samples large 
enough for concurrent electron paramagnetic resonance 
studies. Unfortunately, crystals suitable for such a study 
were not obtained. 

Three crystals of dimensions of the order of 0.15 x 
0.15 x 0.10 mm3 with the c axis along one of the longer 
directions, were selected for study. Accurate lattice 
parameters were determined from a Debye-Scherrer 
diagram by least square refinement using 44 lines. The 
lattice parameters obtained are: a = 6.567(2) A, b = 
8.524(4) A, c = 4.739(1) A, and = 103.8(1)" using 
Mo Kal radiation with wavelength 0.70930 A. Thus the 
calculated density of 4.004 g/cm3 for Z = 2 agrees with 
the experimental value of 3.982 g/cm3 reported by 
Lukaszewicz. The extinctions are all reflections with 
h $ k odd. This is consistent with space group C2, Cm, 
and C2/m. The latter has been chosen primarily because 
all other members of this series have been shown to be of 
this symmetry (9-12). 

Weissenberg photographs containing data of then = 0, 
1, 2, 3, 4 layers of [001] zone and the first three layers of 
the [I21 ] zone were recorded. The 0th and the first two 
upper layers of the [010] zone together with the [loo] 
zone were taken with a precession camera. All data were 
collected using Mo Ka radiation and the intensities were 
visually estimated using calibrated strips and corrected 
for Lorentz and polarization effects. No absorption 
corrections were made and thus a systematic error of the 
order of 5 % may have been introduced since the average 
value of pr is 0.9. A total of 769 independent reflections 
were recorded and 587 reflections had intensities strong 
enough to be observed. 

The refinement was started with the coordinates re- 
ported by Lukaszewicz (1). Mg2+, As5+, and 0- 
scattering curves were taken from thernternational tables 
for X-ray crystallography (13) and corrected for disper- 
sion. A full matrix least squares program written by 
Stephens for use on the IBM 7040 was employed. After 
the positional parameters had ceased to show significant 
shifts the thermal parameters were also allowed to vary. 
Finally, for the last cycles, the atoms were assigned 
anisotropic thermal parameters whose components were 
varied together with all the variable positional parameters. 

Weights, w, were chosen so that w(AF12, A F  = 
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CALVO AKD NEELAKANTAN: STRUCTURE OF Mg,As,O, 

TABLE 1 

Atomic parameters of Mg2As207* 
-- 
- -- 

Positional 

Symmetry Coordinate 
at  

Atom nuclei x Y z 

Thermal? ( x 10") a2 
Atom U *  11 u2 2 u3 3 u12 u13 u2 3 

-. ~p -- - . . 

*Values obtained by Lukaszenicz in brackets and estimated standard de\lations In parentheses. 
+The values o f  U,,  haxe been computed froni o,, = Znzb,6 L',, \\here the &,'s appear as a thermal 

effect through exp[-(p,,/i2 -- 2B,,h/i i . . . ) I  In tlie xtructure factor expression and b,  are the 
reciprocal lattice Lectors. The  estimated standard deviations are  calciilated f tom the inverse matrix 
arising in the least-squares refinement. 

F, - F,, the difference between the calculated and ob- octahedrallv coordinated to these oxvgen atoms , 
served structure factor, was independent of the magni- and for,,, eige-shared octahedra arranged in the 
tude of the observed structure factor, F. T11e weighting 
function determined by least squares methods was hexagonal pattern depicted in Fig. 1. The 

As-0--As part of the anion lies above the 
w = [2.5 + 0.38F + 0.03F2]-' empty octahedral site and causes an elongation 

Individual scale constants were assigned to each layer of of the n axis beyond that to be expected for an  
data and multiply-observed reflections here assigned ideal packing of MgO, octahedra. Adjacent 
randomly to one of the data sets from which they arose. sheets pack such that  ion on oIle side of 
The final value of the reliability index including all the 
data is 0.088, while the value of R2 the anion shares one oxygen atom with the first 

Z m(IF1 - iFc12) ' I2  i R2 = {--- 
C wlFIZ 

is 0.107. Unobserved reflections mere assigned zero weight 
if the minimum possible obscrvable \ a l ~ ~ e  excccdcd the 
calculated value of thc structure factors. The final atomic 
coordinates are found in Table 1 while the observed and 
calculated structure factors are compared in Table 2.' 

Description of the Structure 

The structure of Mg,As,O, is based upon 
sheets coriiposed of double layers of oxygen b 
atoms extended in the ab plane. The cations are , 
-- - 0 d I 

2Table 2 has been placed in the National Depository 
for Unpublished Data. Photocopies ma> be obtained free 

a 
of charge, upon request, from the Depository of Un- FIG. 1. An idealized view of the packing of a sheet of 
p~iblished Data. National Research Coiincil of Canada, edge-sharing cation octahedra. The oxygen atoms lie at  
Ottama, Canada. corners while the cations lie at  the center of the octahedra. 
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TABLE 3 
Bond distances and angles in Mg2As2O,^ 
- - - - - - - - - 

Bond Bond 
length angle 

Atoms (A) Atoms (deg) 

... 
AS-O~~ 1.653(5) ~ ~ ~ - A s - ~ I I I  1 13.2i3j 

Oxxi-As-O~ix, 115.2(3) 
AS-0x11 1.661(7) 
01-011 2.587(7) 

-0111 2.657(8) 
OII-OI~I 2.751(8) 
0111-01x1, 2.806(8) 

MgOs group 
Mg-0x1 2.080(8) 011-Mg-0111 150.9(3) 

0 1 1 1  2.046(7) -01x1, 78.7(3) 
0 1 1 1 .  2.252(8) -011 79.2(3) 

-0111, 93.1(3) 
O I I I - M ~ - ~ I I I ,  169.8(3) 

113.3(3) 
~- -- 

-ox,~~, 
- - -- - - 

*Estimated standard deviations in  parentheses. 
tThe estimated standard deviation o n  t l i ~ s  bond length is artifically small since As in o n  a special 

posltlon. 

sheet of cation octahedra and two oxygen atonis 
with the next adjacent sheet as shown in Fig. 2. 
The remaining half of the anion is generated by 
the apparent center of symmetry at  tlie bridging 
atom. The anion has an apparent C,, symmetry 
and the cations lie on t1l.o-fold axes. 

The MgO, groups adjacent along the b axis 
share a pair of 0,, atoms \ \ ~ t h  a cation oxygeii 
atom bond length of 2.080(8) A. T h ~ s  group 
s h o ~  s a posit~ve axla1 distort~on, that is an elonga- 
tlon. along the a axls as indicated by the MgO,,, 
bond length of 2.252(8) A. The remain~ng unlque 
Mg-0 bonds are 2.046(7) A In length to a palr of 
oxygen atoms rotated about 20 about the t ~ o -  
fold axis from the positions required for a perfect 

FIG. 2. A view of the packing of adjacent sheets d o ~ n  
the h axis. Two layers are separated by the As-0-As 
part of the anion while the remaining oxygen atoms are 
at  the corners of the octahedra. 

octahedron. The bond lengths and angles are 
listed in Table 3. 

The anion consists of corner-shared tetrahedra 
with the bridging oxygen atom: O,, lying 1.671A 
from the As ion. The As oxygen atom bond lying 
in the mirror plane, involving O,,, shows a length 
of 1.653(5) and the remaining unique As-0 
bond is 1.661(7) A in length. Since tlie average 
estimated standard deviation is 0.006 A these 
lengths cannot be regarded as significantly differ- 
ent as they stand. However, the large vibration of 
0 , ,  primarily in the plane perpendicular to the 
As-As vector. suggests a thermal correction of 
about 0.04 A could be applied. In common with 
previous determinations of structures of thort- 
veitite ailalogues(7,14-16), the terminal O-As- 
0 angles are larger than that expected for a 
perfect tetrahedron, whereas the 0-As-0 
angles which include the bridging oxygen atom 
are smaller. That is, it appears that the As ion is 
displaced from the center of its tetrahedron 
towards the terminal oxygen atom. 

Discussion 

The structure of no other diarsenate has been 
reported although a powder pattern together 
with a suggested indexing have been proposed for 
Ni,As,O, and Co,As,07 (17). This indexing is 
Lvrong, however, since single crystal work has 
shown Co,As,07 to have a triclinic structure 
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CALVO AND NEELAKANTAN: STRUCTURE OF Mg,As,O, 893 

probably closely related to the structure reported 
here (18). In addition, Weissenberg and pre- 
cession photographs of Zn,As207 and Cd2As207 
taken in this laboratory indicate that both their 
structures are closely related and probably almost 
identical to that reported here. Unfortunately, 
only twinned crystals of the former compound 
could be obtained. 

The large disorder at the central oxygen atom 
suggests that the structure might be described as 
having a positionally disordered anion. A model 
allowing for static disorder in the structure of 
PCu2P207 (7) was found to give a reasonable 
interoretation of the data. If the anion were bent 
but iositionally disordered so that randomly in 
half the cells 0, were displaced along the positive 
6 axis and the remainder along the negative b axis 
from the center of symmetry, the apparent am- 
plitude of vibration along b, JU,,, should be 
large and the amplitude of vibration along a,  
JU,,, should be small with the amplitude of 
vibration along c,  JU,,, normal for this atom. 
The large value of U,,, although smaller than 
U2,, suggests some disorder in the bc plane and 
the structure permits this oxygen atom to be dis- 
placed along a vector at 60" to the b axis. Here 
the steric repulsion of the neighboring oxygen 
atoms would be minimal. The difference between 
this model and one showing rotational disorder 
with potential wells every 60" becomes marginal, 
and it would be hard to distinguish between them 
with data of the present quality. However, a 
refinement of a model with a bent but disordered 
anion with the oxygen atom displaced only along 
the k b  direction did not yield a significantly 

FIG. 3. The lengths of the a and b axes are plotted vs. 
the mean cation-oxygen atom length in a variety of sys- 
tems showing the thortveitite structure. The letters A 
through H represent PMg2P207, BZn2P207, PNiZPZ07, 
Mg,As201, BCu2P207, MnzP207, MnzV207, and 
Cd2VZO7 In that order. 

better agreement than is reported here. We thus 
can regard the matter of the nature of the disorder 
in Mg2As,07 as an open question. 

Let us regard the ideal thortveitite structure as 
consisting of perfect octahedra with Mg-0 bond 
lengths of 2.13 A arranged as in Fig. 1, and with a 
three-fold axis through the center of the layer. 
The predicted lengths of the a and b axes are 5.22 
and 8.23 A and are calculated from the relations 

and 

b = ,/5(1 + 8 ) ( ~ - 0 )  

where M-0 is the metal-oxygen atom bond 
length. The actual average bond lengths were 
used to compare the predicted a and b axes with 
the experimental ones as shown in Fig. 3. The 

TABLE 4 
Comparison of the parameters of the thortveitite series of compounds with the ideal 

structure 

Compound Ym 

Idea! structure 

$Reference 21. 
BReference 7. 
/ lour  unpublished results, details available from authors. 
TReference 14. 
"*Reference 15. 
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predicted value of the a axis is invariably about 
25 % too small while the experimental b axis is 
within about 5 % of the predicted value. Pro- 
ceeding along the same lines the predicted values 
of the y,  and y,,,, parameters are 0.3175 and 
0.1825, respectively, and lie quite near the ex- 
perimental values. In contrast, the x,,, and x,,,, 
values are all substantially larger than the pre- 
dicted values of 0.3360 and 0.1725, respectively. 
These effects are attributed to an expansion of 
this structure along the a axis in order to accom- 
modate the bridgiig oxygen atom. A further in- 
dication of this effect is that the layer spacing 
perpendic~llar to the octahedral sheets is smaller 
than the value of 4.8 A expected for closest 
packing of spheres of oxygen atom. In the di- 
silicates of Ho, Y, and Er (19), the disilicate ions 
pack with the Si-0-Si at an angle of 30" to the 
b axis and 120" to each other rather than collinear 
as is the case in Mg,As,O,. The resultant space 
group is P2,la with the a the order of 5.55 A and 
b the order of 10.8 A. In this case the a axes 
length is that predicted while the b axis is pre- 
dicted to be 8.75 A in length. 
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A fluorine magnetic resonance study of the solid addition compounds 
SF,. AsF, and IF, . AsF, 

M. R. BARR' AND B. A. DUNELL 
Depnrti~erit of Chei7ii~-till., The U?~icersity of Btitish Colutnbia, Vanco~tver 8, British Colunzbia 

Received September 2, 1969 

A broad-line fluorine magnetic resonance study of the solid addition cornpounds SF,.AsF, and 
IF, .AsF, slio\?s that each has two types of chemically distinct fluorine in the ratios of 1 :2 and 1:1, 
respecti\elq. The fine structure and the second moments of the spectra are consistent with the ionic 
form~~lations SF,+AsF,- and IF,+AsF,-. Bond lengths in the iodine compo~ind are discussed in 
relation to the observed second moinent at liquid-nitrogen temperature and the calculated rigid-lattice 
second ~iioment based on the detailed sodium-chloride-type crystal structure of Beaton. The chemical 
shifts of the fluorines in the three ionic species are measured relative to trifluoracetic acid and to HF. 
Reorientations of the ions in the solid state are discussed on the basis of the change in second moment 
with temperature for each compound. A very rough estimate of the anisotropy of chemical shift in 
I F , - A s F ,  is made from the slope of the second moment vs. field-squared line at  liquid-nitrogen 
temperature. 

Canadian Journal of Chemistry, 48, 895 (1970) 

The addLlcts of AsF, with SF, and IF, are The fluorine magnetic resonance spectra were recorded 

relatively new compoullds. 1956, Bartlett and on two Varian 4250-type broad-line spectrometers and 
on a Varian HA100 high-resolution spectrometer. One 

Robinson ( I )  that coordinated ,Ile broad.line spectrometers was a DP60 with a 
with AsF, ill the ratio of one mole of each to Varian 12 in. electromagnet and fixed-frequency radio- 
form a new compound, a white solid. In  the frequency (r.f.) units at  56.4 and 40 MHz. The other 

following year they observed that a displacement broad-line spectrometer employed a Varian 6 in. electro- 

reaction involving this adduct provided a con- magnet, a 30 MHz V-4310A fixed frequency r.f. unit, 
and a 2-16 MHz V-4210A variable frequency r.f. unit. 

venient of purifyin& SF, (2). In  1958, On the HA100 instrument, the 2000 Hz side bands of 
See1 and Detmer reported both SF,.AsF, and the integrator/decoupler were used to provide sweep 
IF,. AsF, (3), and ill a subsequent paper (4) n~odulation. Since the resonance lines of the solids were 

they discussed the compoul,ds more fully and very much wider than 2000 Hz, the resulting spectra were 
the familiar derivative signals customarily observed in 

suggested for Bartlett broad-line work, Since the method of calibrating 
and Robinson (5) also were led to suggest that the modulation amolitude of a lock-in detector bv 
a n  ionic formulation might be appropriate for a recording the derivaiive of a liquid line could not bk 

A &  A 

number of coordinat io~compounds  formed by use.d on the high-resolution spectrometer, a minor 

the tetrafluorides of the sulfur subgroup, The problem was encountered in determining the amplitude 
of the modulation. However, when a liquid signal is 

existence of the AsF6- in of scanned, the integrator/decoupler may be adjusted to 
addition complexes and in the solid state has give zero amolitude for the center band. At that ooint 
also been disiussed (6-12). Beaton (13). as well there is then h known mod~~lat ion index from which the 

a s  Christe and saw'odn; (l4), have cGncluded 
from X-ray and infrared studies that the adduct 
IF, .AsF, is an ionic salt, IF,+AsF,-. 

Experimental 
The addition co~npounds used in this study were 

prepared by Beaton from analytical reagent-grade 
As,O,, or arsenic metal, and c).linder fluorine, which 
gave AsF5; from purified cylinder IF, (Matheson 
Company) and cylinder fluorine, which gave IF,; and 
from cylinder SF,. Purity of the reagents IF,, SF,, and 
AsF, was checked by their infrared spectra and by the 
X-ray diffraction pattern of the solid formed by the 
reaction of AsFs uith ONF. 

'Present address: Royal Roads Military College, 
Victoria, British Columbia. 

modulation amplitude may be determined (15). Since this 
required adjustment of the coarse amplitude control in 
the interior of the instrunlent, it was difficult to reproduce 
this exact value for each series of runs without recording 
a tedious series of signals on a strip recorder each time. 
However, it was always simple to ensure that the 
amplitude was below the point of known amplitude which 
in itself was safe (about 1.2 G peak-to-peak) and that 
modulation broadening was absent. A more serious 
problem was encountered in obtaining a pure absorption 
derivative of the resonance signal. Balancing and phasing 
were quite critical and laborious. Operation on wide-line 
diode detection with the introduction of absorption 
leakage was quicker and surer than phase detection. It 
also produced a better signal-to-noise ratio. Standard 
operating procedures were employed on the two broad- 
line spectrometers. For the compound SF,. AsF,, useful 
spectra were obtainable at  94.1 MHz and 77 "K with 
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- modulation ampl~tude 

FIG. 1. Dependence of derivative line shape on temperature at 30 MHz for SF3+AsF,- 

the aid of a specially constructed Dewar vessel. For 
IF7. AsF,, the 94.1 MHz spectra a t  77 "K were not 
useable because the very small sample required a high 
r.f. field, which produced saturation effects, and a lower 
HI field gave a very bad signal-to-noise ratio. 

The temperature dependence of the nuclear magnetic 
resonance (n.m.r.) spectra was studied over the range 
77-370 "K at 30 M H z . ~  Spectra were also run at 94.1, 
56.4, 40, and 30 MHz at room temperature and at 77 'K 
for both compounds. For low-temperature runs at 
30 MHz, the temperature was controlled by cooled tank- 
nitrogen passed through a flow system. A Dry Ice- 
acetone bath can be used to cool the gas to achieve 
temperatures above 220 OK; below that a liquid-nitrogen 
bath is required. Temperature control was approximately 
-+ 5" near 100 "K and i 1" above 150 OK. At 94.1 MHz, 
the standard Varian V-4341 variable-temperature system 
was used. Its temperature range is stated to be -60 to 
+ 200 "C, but it was found that - 100 "C could be reached. 
Maximum temperature variation for the Varian system 
is i. lo within the specified range, and calibration is about 
+ 3". 

The samples were polycrystalline, and their spectra 
were independent of their orientation in the external 
magnetic field. Preliminary spectra were run at each 
frequency to check the r.f. level for saturation, the field 
HI being varied over the range from about 0.05 to 45 mG. 
When an r.f. region was found where line widths remained 
constant as the power was lowered, forward and reverse 
scans were run to check that line shape was the same for 
both directions. When an apparently satisfactory r.f. 

'For IF7.AsF5, the highest temperature at which 
detailed studies were made was 295 OK. In a preliminary 
observation, however, Mr. C. R. Eaton in this laboratory 
had found that the line width and shape for IF,.AsF, 
were essentially unchanging between 250 and 375 OK. 

level was thus established, it was further reduced to 
ascertain that no additional line shape changes occurred. 
HI values of about 0.5 to 1.0 mG were generally found 
to be safe. A sweep modulation of only about 0.5 G 
peak-to-peak was used in taking at least one or two 
spectra to ensure that detail in the line structure was not 
lost. Depending on packing factor, signal-to-noise ratio 
varied from about 4:l in some unfavorable cases to 20:l 
under good conditions; all at 77 OK. 

The chemical shifts of the compounds, with respect to 
CF3COOH, were obtained at 77 "K at all the external 
fields used. The chemical shift of the CF3COOH refer- 
ence sample was + 76.2 p.p.111. relative to Freon 11. Two 
side bands were imposed on the fluorine resonance signal 
of the reference sample with an audio-oscillator. The 
external magnetic field was scanned through one of the 
side bands and, while scanning proceeded, the reference 
was replaced by the sample, the probe rebalanced if 
necessary, and the spectrum recorded. The sample was 
then replaced by the reference and the other side band 
recorded. The position of the reference resonance was 
taken as the midpoint between the two side bands. 

A minimum of four spectra were recorded at each 
temperature in the temperature dependence runs. In the 
external-field dependence runs, ten or more referenced 
spectra were recorded at each frequency at 77 "K. In 
addition, a number of non-referenced spectra were run 
at each frequency at 77 OK. 

Results and Discussion 
SF,. AsF, 

Experimental Line Shape, Second Moment, 
and Chemical Slzift 

Figure 1 shows the dependence of the derivative 
line shape on temperature at 30 MHz; and Fig. 2, 
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BARR AND DUNELL: FLUORINE MAGNETIC RESONANCE OF SF,.ASF, AND IF,.ASP, 897 

b - 4  
0 ,  I I I I I 

50 100 5 0  200 250 300 350 

TEMPERATURE (OK) 

FIG. 2. Temperature dependence of second moment 
at 30 MHz for SF3+AsF6-. 

the change in average second moment with 
temperature at 30 MHz. The second moment at 
77 OK does not appear to correspond to a rigid- 
lattice value. From a value of 5.9 ) 0.3 G2 at  
77 OK, it drops in a progressively less steep 
curve to 1.85 i 0.1 G 2  near 200 OK, remains 
constant at this value until 336 OK, and then 
drops sharply to a value of about 0.1 G 2  by 
342 OK; beyond which it remains constant to 
373 OK, the highest temperature investigated. At 
and above 342 OK there is an almost complete 
resolution of the spectrum into two components 
shifted by 97.5 f 5 p.p.m. from one another. 

The dependence of the derivative line shape on 
the external field is shown in Fig. 3 for 300 OK. 
I t  was found that the corresponding integrated 
absorption spectra a t  94.1 MHz could be 
resolved into two symmetrical peaks, the smaller 
peak lying to lower external field. The resolution 
gave a ratio of areas of components of 1, at low 
field, to 2.2, at high field, and a shift of 105 i 10 
p.p.m. between the components; in good agree- 
ment with the observation at 342 OK and 30 MHz. 
The relative areas of the components indicate 
that twice as many fluorine atoms are resonating 
at  high field as at low field, a condition consistent 
with a formulation SF3'AsF,- for the addition 
compound, with the AsF6- fluorines being more 
diamagnetically shielded than the SF, + fluorines. 
The shift, in G, of the centroid of the spectrum of 
the addition compound (the point about which 
the first moment was zero) with respect to the 

position of a trifluoroacetic acid signal is plotted 
against the external field in Fig. 4. The slope of 
the straight line through the points showed a 
chemical shift of - 40 + 15 p.p.m. for the 
centroid relative to CF3COOH. One may 
combine this with the approximate shift of 
100 rt 10 p.p.m. between components and the 
shift of - 117 p.p.m. of CF3COOH relative to 
H F  (16) to obtain a shift of - 120 f 20 for the 
AsF6- component and a shift of - 220 + 20 for 
the SF,+ component relative to HF. This is in 
excellent agreement with the value of Christe et al. 
(17) of - 126.6 p.p.m. for the chemical shift of 

MHz 

- / \ 564 MHz 

- / \ 30 MHz 

- modulation amplitude 
0 = centroid 
R = CF, COOH reference 

FIG. 3. Dependence of derivative line shape on 
external field at 300 "K for SF3+AsF6-. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CHEMISTRY. VOL. 48. 1970 898 CANADIAN JOURNAL OF 

-I or 

FIELD (Ho) ( G )  

FIG. 4. Chemical shift at  77 and 300 'K of the 
centroid of the SF,-AsF, spectrum relatne to CF,- 
COOH as a function of external field. 

AsF,- in H F  solution, relative to HF.  For the 
77 "K spectrum, the resolution was less straight- 
forward, and, although a ratio of areas of 1, a t  
low field, to 1.9, a t  high field, was obtained for 
the resolved components, their separation was 
found to be 185 i 20 p.p.m. Further support for 
a shift of nearly 100 p.p.111. between the two ionic 
groups comes from the slope of tlie straight l i ~ e  
obtained from a plot of second moment of the 
total spectrum against the square of the external 
field, shown in Fig. 5 for the two temperatures 
77 and 300 "K. If one can assume whatever 
anisotropy of chemical shift that may exist is 
averaged out by molecular motion, the second 
moment is given by 

S = S,' + (2H02/9)(t?A,F,- - CSF,+I2 

where o represents an isotropic chemical shift 
equal to Tr 013 and S,' is the zero-field, non- 
rigid-lattice dipolar second moment. At 300 'K 
there is no evidence of asymmetry in the resolved 
components of the spectra, and the small second 
moments of the components, ~ l i i c h  will be 
discussed next, indicate an amount of motion 
which should average out the effects of anisotropy 
of chemical shift. In that case, the slope of the 
300 "K line in Fig. 5 should be 2(oASF6- - 
0,,,+)~/9, and one finds that the shift bettbeen 
components is 87 1 10 p.p.m. The slope of the 
77 "K line is only slightly greater, and indicates 
that A o  is at most 110 10 p.p.m. (for cs, - 
Oi = 0). 

Lattice Motions 
T o  discuss adequately lattice motions from tlie 

evidence of second moments, one should have a 
close estimate of the rigid-lattice second moment. 
This is certainly not available from the experi- 
mental value at 77 'K, and no detailed X-ray 
diffraction study of the compound has been 
published. One can, howe\~er, make a first-order 
approximation to the rigid-lattice second moment 
from the following reasonable guess for the atom 
positions in the unit cell. Since As-F and Sb--F 
bond lengths are approxinlately equal (18), the 
unit cell for SF3'AsF6- was assumed to be the 
same as that of SF3'SbF6- determined by 
Bartlett and Robinson at 291 "K (5); namely, a 
simple cubic structure with a = 5.625 f 0.002 A 
and Z = 1. The orientation of the AsF6- 
octahedra a t  the corners of the cube was chosen 
by trial and error so that models which used 
1.77 for the As-F bond length and Pauling's 
van der Waals radius of 1.35 A for fluorine (19) 
would fit into the assumed unit cell. The SF,+ 
group was placed with the triangle defined by the 
three fluorines centered on (1/2,1/2,1/2) and 
parallel to the ab plane of the cell. The sulfur 
atom was located on an axis perpendicular to 
this plane and passing through (1/2,1/2,1/2). 
Following Bartlett and Robinson (51, it was 
assumed that the ion has a tetrahedral configura- 
tion because of the electron lone-pair on the 
sulfur, and the S-F bond length was taken to 
be 1.56 A (1 8). Unit cell coordinates for the nine 
fluorines were generated on the basis of this 
model of tlie ionic structure SF3'AsF6- and a 
rigid-lattice second moment calculated using a 
computer program for contributions from pairs 

8 1 

F 
FIELO SQUARED (HE) k G' 

FIG. 5 .  Dependence of the second moment of 
SF,+AsF,- on the square of the external field for 
77 and 300 K. 
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BARR AND DUNELL: FLUORINE MAGNETIC RESONANCE OF SF,. ASF, AND IF,. ASF, 899 

TABLE 1 moment would not likely be greatly different 
Calculated rigid-lattice contributions to the second from that estimated here. 01dy the inter-ion 

moment of SF3 +AsF6-+ 
-- 

contributions would be expected to be different. 
-- In IF6'AsF6-, which has a NaC1-type structure, 

Second moment, GZ the ratio of the intra-ion F-F contribution to 
Group F-F F-As Total the second moment to the total F-F contribu- 

- - -  ~- ~p - 

8.90 0 52 9.42 
tion to the second moment is 4.7519.13. If the 

SF3+AsF6-, total? 
SF3 +AsF6-, intra 4.72 0:51 5.23 same ratio were to apply to SF,'AsF6- with a 
AsF6-, total (to 6 A) 5.96 0.51 6.47 NaCl structure, the intra-ion F-F contribution 
AsF:-, intra 
SF3 , total (to ,a : of 4.39 G2 would imply a total F-F second 
SF3 + intra 0.77 0.00 0.77 moment contribution of 8.43 G2 and a total 
- 

*Every contribution in the table is bared on a 9 fluorine unit second moment of 8'95 G 2 7  with the 
(SF3+AsF6-), even in the case of the AsF6- and theSF3+ group con- estimated value of 9.42 G2 for the CsC1-type 
tributions, which therefore add directly to give the total second 
moment of the system. 

i.Includes integral contribution over 6 A of 0.31 G2 to F-F. 
structure. An estimate of 9.0 f 0.5 G2 is prob- 
ably reasonable for SF, + AsF,-. 

of nuclei closer than 6 A apart, integrating the 
contribution from pairs separated by more than 
6 A on the assumption that density of nuclei is 
effectively uniform outside a sphere of 6 A radius. 
Contributions from dipolar interactions between 
fluorine and arsenic were not neglected, but 
f l ~ o r i n e - t o - ~ ~ s  interactions were ignored. The 
various calculated contributions to the rigid- 
lattice second moment are listed in Table 1. The 
rigid-lattice value of 9.4 G2 calculated from this 
model is not unreasonable, but may be a little 
high. The count of internuclear distances, which 
the computer program so conveniently provides, 
shows that the SF,+ group is somewhat crowded 
in this assumed model. It has four intergroup 
contacts below 2.7 A (double the fluorine van der 
Waals radius). Two of these are not too severe, 
being 2.5 and 2.6 A, but the remaining two are 
2.2 A. This crowding would be r e d ~ ~ c e d  if one 
assumed a F-S-F bond angle rather sinaller 
than 109' 28', and this would be in accord wilh 
greater repulsion between lone pairs and bond 
pairs than between two bond pairs (20). It 
would also agree with the eaae of rotatioiial 
reorientation that we attribute to the SF3+ 
group in this substance. Since the intragroup 
F-F distance of 2.5 A in SF3+ in the assumed 
model would be diininished by the suggested 
modification and the four close contacts with 
AsF,- flclorines relieved, the second moment 
would not change greatly. A tilting of the three- 
fold axis of the SF,' group would also modify 
contacts with surroullding AsF,- groups and 
therefore alter the second moment. These details 
were not examined. If SF3 'AsF ,  had, like 
IF,+AsF,-, a NaC1-type structure, the second 

The observed second moment of 5.9 G2 a t  
30 MHz and 77 OK, which includes a contribution 
of the order of 0.1 G2 from an isotropic chemical 
shift of 100 p.p.m., shows, by comparison with 
the rigid-lattice value of some 9.0 G2, that there 
is significant rotational oscillation or reorienta- 
tion at  frequencies of at least lo4 or lo5 s-I by 
groups in the lattice at  liquid-nitrogen tempera- 
ture. Although the 30 MHz spectra are not 
readily resolved into components corresponding 
to the cation and anion resonances, there is some 
evidence that the cation component of the 
spectrum is somewhat broader than the anion 
component and its second moment reduced from 
the rigid-lattice value to a smaller extent. 
Correspondingly, one may suggest that the 
almost-spherical AsF6- ions can orient about 
more than one axis, though not freely at 77 OK, 
whereas the SF,+ ion may be restricted to 
oscillation or hindered reorientation about its 
threefold axis at  77 "K. By 220 OK, the total 
second moment of the 30 MHz spectr~im has 
fallen to about 1.9 G2 and remains at  this value 
to 336 "K. Removal of about 0.1 G2 for the 
effect of chemical shift at  30 MHz leaves 1.8 G2 
as the second moment. If the AsF6- ion rotated 
freely about a fourfold axis, the intra-ion 
contribution to the second moment would be 
0.74 G2 ; and if the SF, + ion rotated freely about 
its threefold axis, the intra-ion contribution to 
the second 1iio111ent would be 0.2 G2. The remain- 
ing intergroup contribution (4.1 to 4.5 G2 for 
the supposed rigid lattice) might be reduced by a 
factor of 112 to 114 if rotati011 took place about 
one axis only (21), giving a contribution of 1.1 
to 2.3 G2. This would give a total second moment 
of 2.0 to 3.2 G2. Again there is some evidence 
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FIG. 6. Dependence of derivative line shape on 
temperature at 30 MHz for IF,+AsFC.  

suggesting that line narrowing and second 
moment decrease is greater for the AsF,- 
component of the spectrum than for the SF,' 
component. An acceptable interpretation of the 
observed second moment might then be that the 
AsF,- group is rotating freely about more than 
one axis, while the SF,' group may still be 
constrained to rotate only about its threefold 
axis between 220 and 336 OK. 

The transition between 336 and 342 "K is so 
abrupt that it probably corresponds to a phase 
change. The second moment of little more than 
0.1 G 2  at 30 MHz indicates very extensive motion 
in the solid, including diffusion of ions. Although 
the sample had a somewhat plastic appearance 
at 373 "K,  it remained solid and showed no 
indication of melting even when held at  that 
temperature for several hours. 

IF,. AsFj 
E.xperit?zental Line Slqape, Second Moment, 

and Cl~en~ical Sl~ i j i  
Figure 6 shows the variation of the derivative 

line shape with temperature at  30 MHz for 
IF,.AsF,, and Fig. 7 shows the change in 
second moment with temperature at 30 MHz. 
The second moment is constant at 11.6 f 0.6 
G y r o m  77 to about 205 'K.  This value probably 

corresponds to a rigid-lattice condition. Between 
205 and 235 "K, the second moment drops to 
2.1 f 0.2 G 2  and remains constant thereafter 
up to 295 "K. 

The nature of derivative line-shape dependence 
on external field at 295 "K is illustrated in Fig. 8. 
The 94.1 MHz spectrum can be resolved into 
two quite symmetrical components, the ratio of 
whose areas is 1.1 to 1, and which are shifted 
153 f 10 p.p.m. with respect to one another. 
Another evaluation of the shift between com- 
ponents comes from the slope of the plot of 
second moment against external-field-squared a t  
295 OK, shown in Fig. 9. If at  295 O K  the anisot- 
ropy of chemical shift is averaged out by 
molecular motion, as the symmetry of the 
resolved components and the low second 
moment of 2.1 G 2  at 30 MHz suggest, the 
second moment can be expressed by 

S = SDf + ~ ~ ~ ( 0 ~ ~ ~ +  - EAsF6-)'/4 

where S,,' is the zero-field, non-rigid-lattice 
dipolar second moment and 0 represents an 
isotro~ic  chemical shift. The slope of the 295 "K 
line in Fig. 9 indicates a value of 135 f 8 p.p.m. 
for A0 on the reasonable assumption that 
anisotropy of chemical shift has been averaged to 
zero. The shift between the two components of 
the spectrum will be taken as 143 f 15 p.p m. 

I \  I I I I I 
50 100 150 200 250 300 

TEMPERATURE (OK ) 

FIG. 7. Temperature dependence of second moment 
at 30 M H z  for IF6+AsF6-. 
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BARR AND DUNELL: FLUORINE MAGNETIC RESONANCE OF SF,. AsF, AND IF,. AsF, 

- modulation amplitude 
0 = centroid 
R = CF, COOH reference 

FIG. 8. Dependence of derivative line shape on 
external field at 295 "K for IF,+AsF6-. 

The components are equidistant to either side of 
the centroid of the total spectrum, and the shift 
of this centroid with respect to CF,COOH at  
various external fields is shown in Fig. 10 for 
both 295 and 77 OK to be - 54 -1 9 p.p.m. This 
gives a shift relative to H F  of -99 f 16 p.p.m. 
for the high field component and -243 + 16 
p.p.m. for the low field component. The 1.1-to-1 
ratio of areas corresponds most closely to the 
ionic formulation IF,+AsF,- for the addition 
compound, and the chemical shift for the high 
field component corresponds reasonably well to 
that for AsF,- in SF,+AsF,-, viz., - 120 f 20 
p.p.m. 

Although it may be most clearly seen from 
integral absorption spectra, it can be deduced 

FIELD SQUARED (HZ  ) k G' 

FIG. 9. Dependence of the second moment of IF6+- 
AsF,- on the square of the external field for 77 and 
295 OK. 

from inspection of the derivative spectra that at 
77 OK the n.m.r. absorption line tails to high 
field, whereas at room temperature it tails to low 
field. One concludes that anisotropy of chemical 
shift becomes important at low temperature, 
where molecular motion is no longer effective in 
averaging out its effect, and causes the observed 
reversal of the asymmetry of the spectrum. This 
view is supported by the considerable increase in 
slope of the second moment vs. Ho2 plot as one 

z FIELD (Ho) ( G )  

FIG. 10. Chemical shift at 77 and 295 "K of the 
centroid of the IF,+AsF6- spectrum relative to CF3- 
COOH as a function of external field. 
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902 CAKADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

goes from 295 to 17 "K.  If the rigid-lattice second TABLE 2 

mo~neil t  can be giken by Atomic parameters of IF,'AsF,- 
- -- -- - -- - -- -- 

S = S,  + 4 H 0 2 ( v L ) 2 / 4 5  Coordinate 
- + H02(oA5F6-  - E I F ~ + ) ~ / ~  Atorn X Y Z 

where S, 1s the rig~d-lattice, zero-field dlpolar 
- - -- --- - 

As (40) second molnent and IS a n  average value I (40) 
0 0 0 
1 I - - 

of the chem~cal sli~ft an~sotropq for the t\+o 1011s. F ( 2 4 4  6 0980 6 1377 -6 0489 
0 6001 0 6431 0 4411 ~f one assumes an lsotrop~c s h ~ f t  of 143 p.p.111. (24d) 

between the t u o  groups. the average anisotropy 
is calculated to be 333 i- 20 p.p.m. Since the Ion 
temperature spectrum tails to high field and the 
broadening function for anisotropy of cheiiiical 
shift is (22) 

where 
a = Ho(o - ~ J 1 3  

and h represents the Increment to the average 
external field requlred to b r ~ n g  a particular 
nucleus Into resonance a t  glken frequencq, one 
concludes that the akerage o - o, for the two 
Ions must be pos1t11 e. 

T l i e o r e t ~ c ~ l  Secorzd 12fot71etzf 
The crbstal structure of IF,-AsF,- at  room 

temperature has been determ~ned by Beaton (1 3) 
from X-raq d~f f rac t~on  ponder photographs. 
The u n ~ t  cell 1s cub~c.  space group Pa3, n, = 

9.4935 i- 0.0005 A (see also ref. 14). From the 
a t o m ~ c  parameters (Table 2). coord~~la tes  for all 
atoms map be obtalned and tlie follo\v~ng bond 
lengths cdlculdted: As-F, 1.67 A : and I-F, 
1.75 A. Slnce the X-ray results were not corrected 
for thermal motion, the bond lengths may be 
somewhat short. N o t ~ n g  the result of Copeland 
et al. (23), In w h ~ c h  they found an As-F bond 

length of 1.65 A uncorrected for thermal motion 
and 1.78 A corrected for thermal motion, 
Beaton suggests that the bond lengths obtained 
from his powder photographs might be increased 
b) 0.1 A or more. We have arbitrarily increased 
all the bond lengths by 0.1 A and calculated 
another set of ato~ilic coordinates for the 
fluorines. Both sets of coordinates have then been 
used to obtain a rigid-lattice second moment for 
the substance. Ls11ig tlie coord~nates uiicori-ected 
for thermal motlon \be obta111 a scco~id moment 
of 12.56 G 2 :  and uslng the thermally corrected 
coord~nates, a second moment of 10.50 G 2 .  
Dcta~ls  of the sckcral contributions to this value 
are glken In Table 3. The zero-field second 
monnent of 10.7 G' a t  77 "K is thought to - 
represent a rigid-lattice value, decreased only by 
zero-point vibrational motion. Since the theo- 
retical second moment is based on a crystal 
structure obtained at  room temperature. the 
calculated r ~ g ~ d - l a t t ~ c e  second Iiioment ~$111 be 
too smnll because therinnl contraction of the 
lattice as ~t goes froin 295 to 77 K has been 
ignored. It seems h~ghl)  probable, therefore, 
that a thermal correction of about 0.1 A or 
slightly less in tlie bond lengths is required 

TABLE 3 

Calculated rlg~d-lattice contrlbutrons to the second moment of 
IF6+AsF6-" 

Second momentj G Z  

Group F-F F-As F-I Total 
.- -- 

IF,+AsF,- total'f 9.13 0.39 0.98 10.50 
A s F , ,  total (to 6 A) 4.71 0.38 0.04 5.13 
AsF,-, intra 2.71 0.38 0 3.09 
IF, +, total (to 6 A) 4.07 0.01 0.93 5.01 
IF,+, intra 2.04 0 0.93 2.97 
-~ - -- -- - 

'Elery contrlbiltion in this table is based on a 12 fluorine unit (IF6+AsF,-), e\en,in the 
case of the IFi,' and AsF,-  group contrlbutions, nhlch therefore add directly to  ylre tile 
total second moment of the sbstem. The contrlbutions arc calcul,ited from tile c r ~ s t a l  
structure o iBea ton  (131, but axumlng  As.-F = 1.77 A arid 1-F - 1.85 A. 

flncludes integral contribution over 6 A of 0.35 G 2  to F-F and 0.1 to F-I. 
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BARR AI\D D U ~ E L L  F L U O R I ~ E  MAGUETIC RESO\ANCE OF SF, ASF, A ~ D  IF ASF, 903 

Ionic Reorientations 3. F. SEEL and 0. DETMER. Angew. Chern. 70, 163, 
(1958); 70, 470 (1958). 

The observed second moment above the 4. F. SLEL and 0. DETMER. 2. Anorg. Allg. Chern. 
transition near 200 "K is 2.1 G2. If each ion were 301, 113 (1959). 

a symmetrical octahedron alld rotated freely 5. N. BARTLETT and P. L. ROBINSOK. J. Clieln. Soc. 
3417 (1961). 

about one of its fourfold axes, the in t ragrou~  6, L, KOLDITZ and W. SCHA~FFER.  Z. Chem. 1 ,  124 
contribution to the second moment would be (1961). 

7. L. KOLD~TZ and W. SCHAEFFLR. Z. Anorg. AIIg. 1.30 G2. If the intergroup rigid-lattice contribu- Chem, 315, 35 (1962), 
tion of 4.4 G2 is reduced by a factor of 112 to 114 8. L .  KOLDITZ and E. ROLSEL. Z. Anorg. Allg. Chem. 

341, 88 (1965). (21) "llder the expected 9,  1(, 0 .  CHRIST€ and A. E, pAVLATH. Z .  Allg, 
second moment, including 0.3 C 2  for the 143 them, 335, 210 (1965). 
p.p.111. separation between components, would lo. L. KOLDITZ and W. REHAK. 2. Anorg. Allg. 

Cheni. 342, 32 (1966). be 2'7 to 3'8 G2  at 30 MHz' It 11. F. N. TREBBE and E. L. MUETTERTIES. Inorg. Chem. 
then, that the ionic groups rotate about Inore 6, 129 (1967). 
than one axis. Random reorientation about the 12. A. R. Y o u ~ c ; ,  11, and D .  MOy. Inorg. Chem. 6, 

178 (1967). 
symmetry axes of the 'low- 13. S. P. BEATOX. Ph.D. Thesis, the University of 
ever, reduce the second moment to a value only British Columbia, Vancouver, British Columbia. 
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30 MHz spectrum into components, one for each 15. W. I .  ORR (Editor). The radio handbook. 16th ed. 

Editors and Engineers, Ltd., Ne~v Augusta, Indiana. ion, \+as obtained. There was some indication, 1962, p,  316,  
however, that the line width and second moment 16. J. A ,  POPLE, W. G. SCHXEIDER, and H: J. B ~ R ~ S T E I K .  
of the AsF,- CoInponent were slnaller than those High resolution nuclear magnetlc resonance. 

McGram-Hill Book Co., Inc., Neu York. 1959. 
of the IF,' component. suggests more 17. K. 0 .  CHRISTL, J. P. G U E R T I ~ ,  A. E. PAVLATH, and 
extensive motion for the AsF,- groups than for W. S A W O D ~ Y .  Inorg. Chem. 6 ,  533 (1967). 
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Properties relating to critical phenomena in the acetic 
anhydride - acetone - carbon disulfide system 

A. N. CAMPBELL AND E. M. KARTZMARK 
Department of Chemistry, Unicersity of Manitoba, Winniyeg, Mntritoba 

Received September 5 ,  1969 

The following physical properties of the acetic anhydride -acetone - carbon disulfide system have 
been investigated: congruent con~positions, excess volun~es, dielectric constants. For the system 
acetone -carbon disulfide, the excess volumes and the molar polarizations are much greater than those 
required by the mixture rule. From this we deduced that this system is very non-ideal and might, at a 
suitable temperature, form two layers; two liquid layers did indeed form at -73 'C, the upper 
critical solution temperature occurring somewhere between this temperature and 0 ^C. We offer it as a 
general rule that, if the deviation from additivity of molar polarization is large and positive, two layers 
will form at a sufficiently low temperature, provided that solid phases do not intervene. This deduc- 
tion becomes almost a certainty if large positive deviations from additivity of molar volume and large 
positive heats of mixing are also present. 

Canadian Journal of Chemistry, 48, 904 (1970) 

On previous occasions (1, 2), we studied 
congruent compositions, heats of mixing, and 
dielectric constants of the binary system acetic 
anhydride - carbon disulfide. We have now con- 
ducted isothermal studies of the same system in 
the presence of acetone. The properties we have 
studied are congruent compositions, partial molar 
excess volumes, dielectric constants. and viscos- 
ity. From our results we deduced that the system 
acetone - carbon disulfide should form a partially 
miscible liquid pair and we have found this to be 
so at  - 73 "C. 

Experimental 
Purity qf  materials 

Acetic anhydride, acetone, and carbon disulfide Mere 
purchascd as "certificd reagents", but they were further 
purified by methods given in Purification of Laboratory 
Chemicals (3); the densities and refractive indices mere in 
exact agreement with literature ~a lues .  

Merlfods 
All the experimental methods have been described 

previously, as follows: congruent concentrations (I), 
partial molar excess volun?es and viscosity (4); and 
dielectric constants (2). Congruent solutio~ls mere 
analyzed from density and refractive index measurements. 

Results 

Congruent concentrations (in mole ;:), at 0 
and 25 "C,  are expressed graphically in Fig. 1 ,  and 
at  -73 'C in Fig. 2. The critical compositions 
(in mole %) at 25 and 0.0 "C are, respectively: 
acetone, 3.0 and 13.9; carbon disulfide, 68.0 and 
62.7; acetic anhydride, 29.0 and 23.5. There is 
obviously no critical composition at  - 73 "C,  

since the miscibility gaps in the two binary sys- 
tems acetic anhydride - carbon disulfide and 
carbon disulfide - acetone run into one another. 

The changes of volume on mixing (molar 
excess volumes) can be represented by the equa- 
tion of Redlich and Kister (5), viz. 

[I  ] V E  = X I &  [A + B(Xl  - X 2 )  + 
C(Xl  - x,)' + D(X1 - X 2 ) 3 ]  

where X I  and X ,  are the mole fractions of the 
two components. The values of the constants 
A ,  B, C, and D are given for each system in 
Table I .  To determine the constants, we used the 
computer program of Myers and Scott (6). This 
program has the advantage that it states how 
many constants are justifiable by a given set of 
data. Our measurements were made at 25 "C and 
the constants apply to this temperature. For the 
purpose of studying properties in the neighbor- 
hood of the critical state, a pseudobinary system, 
represented by a straight line on the triangular 
diagram, drawn parallel to the tielines at  25 "C 
and touching the consolute curve tangentially at  
the plait point mas investigated. It represents a 
state of affairs for which all concentrations are 
homogeneous but, in the critical region, only just 
so. SolutionsAandB were made up to the follow- 
ing compositions: Solution A, 6.46 mole ?,, 
acetone, 93.54 mole % acetic anhydride; solu- 
tion B, 1.39 mole % acetone, 98.61 mole o/, 
carbon disulfide. The excess properties used in 
the calculation are total, that is, they include 
the changes of property associated with the 
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FIG. 1 .  Congruent compositions at 25 and 0 "C. (*, homogeneous at 0 'C) .  

ACETIC 

FIG. 2. Congruent compositions at -73 "C.  

formation of solutions A and B, respectively. [ 2 ]  V I E  = ( 1  - X l ) 2 [ A  + B(4X1 - 1) 
Calculated and experimental values of excess + C(2X1 - l)(OXl - 1) 
volumes are represented graphically in Figs. 3 + D(2X1 - 1 ) 2 ( 8 ~ 1  - l)] 
and 4. and 

Knowing the constants for all four systems 
listed in Table 1 ,  it was possible to calculate the [3]  QE = + B(4X1 - 3)  

partial molar excess volumes, using the second +' C(2X1 - 1)(6Xl - 5) 
set of equations of Redlich and Kister (5),  viz. + D(2X1 - 1)2(8X1 - 7)] 
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TABLE 1 

Values of constants for eq. [I]  

Constant 

System A B C D 

Carbon disulfide - acetone 4.053 -0.835 0.081 - 
Acetic anhydride - carbon disulfide 4.726 4.290 -10.376 7.257 
Acetic anhydride - acetone -0.784 -0.166 -0.546 0.440 
Pseudo-binary 4.893 0.559 1.236 - 

always using only as many constants as the ex- 
periments justify. The results are expressed 
graphically in Figs. 5 and 6 .  In order to use the 
above expressions for the ternary system acetone- 
acetic anhydride - carbon disulfide, it was neces- 
sary to recalculate compositions as if acetone 
was not present. 

Figure 7 represents the molar polarizations of 
the mixtures. The so-called "permanent polar- 
ization" is obtained by subtracting the molar 
refraction (distortion polarization) from the 

MOLE FRACTION ACETONE 

0 0.2 0.4 0.6 0.8 1 .O 
ACETONE MOLE FRACTION A.A. 

FIG. 3. Excess volumes in cm3 per mole: (a )  carbon 
disulfide - acetone, (b) acetone - acetic anhydride. The 
solid curve is calculated from the constants given in the 
text. 

molar polarization. We determined these molar 
refractions and found them always to be additive, 
within the experimental error. The viscosities are 
represented in Figs. 8 and 9. 

Discussion 
The excess volumes of the system acetone - 

acetic anhydride are small and negative; those of 
the other systems, including the system acetone - 
carbon disulfide, are large and positive, amount- 
ing to a maximum value of t 1.25 cm3 for the 
acetone - carbon disulfide system. The same is 
true of the partial molar excess volumes (Figs. 5 
and 6 ) ,  amounting to values of + 6 or + 7 cm3 for 
acetone - carbon disulfide, at infinite dilution. 
This led us to conclude that while the system 
acetone - acetic anhydride is an almost ideal 
solution, the system acetone - carbon disulfide 
and, of course, the system acetic anhydride - 
carbon disulfide, which shows a miscibility gap 
at 25 "C, are very non-ideal. The molar polar- 
ization figures lead to the same conclusion. The 
molar polarizations of acetone - acetic anhydride 
are practically additive, but those of acetone - 
carbon disulfide show a strong positive deviation, 
amounting to + 11.84 cm3 for a solution con- 
taining 56.30 mole "/, carbon disulfide. We had 
previously concluded (2) that strong positive 
deviation from additivity in molar polarization 
was an indication of a tendency towards forma- 
tion of a miscibility gap. Therefore, despite the 
fact that partial miscibility of solutions containing 
acetone is almost unknown, we felt that such a 
gap might exist in the system acetone - carbon 
disulfide, and we therefore investigated the 
equilibrium conditions at 0 and at -73 "C 
(Figs. 1 and 2). At 0 "C, the field of partial 
miscibility is greatly increased for the ternary 
system and at -73 "C it has spread completely 
over to the acetone -carbon disulfide side. The 
system acetone - carbon disulfide s h o ~ s  a very 
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CAMPBELL A N D  KARTZMARK: PROPERTIES RELATING TO CRITICAL PHENOMENA 

A A MOLE FRACTION in ABSENCE of ACETONE 

FIG. 4. Excess voli~mes in cm3 per mole: (a) acetic anhydride - carbon disulfide, (6) pseudo-binary. The solid 
curve is calculated from the constants given in the text. 

FIG. 5 .  Partial ~~iola i .  

ACETONE MOLE FRACTION A A 

excess voli~mes, in cm3 per mole: (a) pseudo-binary, (0)  acetone - acetic anhydride. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

A.A MOLE FRACTION CS2 CS2 MOLE FRACTION ACETONE 

FIG. 6. Partial molar excess volumes: (a) acetic anhydride - carbon disulfide, (b) carbon disulfide - acetone. 

FIG. 7. Molar polarizations in cm3 per mole. 0, acetone - acetic anhydride (mole fraction acetone); A, 
pseudo-binary (mole fraction CS2 in absence of acetone); @, acetic anhydride -carbon disulfide (mole fraction 
CS2); A, acetone - carbon disulfide (mole fraction CSZ). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAMPBELL AND KARTZMARK: PROPERTIES RELATING TO CRITICAL PHENOMENA 

, I 
MOLE FRACTION ACETONE 0.7 08 0.9 10 

FIG. 8. Relative viscosity. Acetic anhydride - acetone, @; carbon disulfide - acetone, A; inset, acetic anhydride - 
carbon disulfide. 

0.9 (6.46 MOLE % ACETONE ) h 

'0 10 20 X) 40 50 60 X )  80 90 KX) 
I L 

MOLE % CS2 in ABSENCE of KETONE 

FIG. 9. Relative viscosity in pseudo-binary system. 

large miscibility gap at -73 "C. We consider We are at present completing work on the 
ourselves justified in suggesting that if the devia- thermal properties of the above systems and the 
tion from additivity in the molar polarization is results bear out the above conclusions. 
large and positive, two layers will form at a 
sufficiently low temperature; provided, of course, 1. A. N. CAMPBELL and E. M. KARTZMARK. Can. J .  

Chem. 45, 2433 (1967). that solid phases do not intervene. This deduction 2. A. N. CAMPBELL and E. M. KaRTzMARK. Can. J o  

will receive support if there are large positive them. 47. 619 (1969). 
deviations froi>dditivity of molar ";lime and 3.  D. D. PERRIN; W. 'L. F. ARMAREGO, and D. R. 

large positive heats of mixing. PERRIN. Purification of laboratory chemicals. The 
Pergamon Press, Ltd., New York. 1966. pp. 56, 57, 

In all cases, the viscosity is less than required by and 104. 
additivity, most markedly so in the less-ideal 4. A. N. CAMP BELL^ E. M. KARTZMARK, S. C. ANAND, 

Y. CHENG, N. P. DZIKOWSKY, and S. M. SKRYNYK. 
system. The pseudo-binary system shows the can. J. them. 46. 2999 (1968). 
phenomenon of anomalous viscosity, common to 5. 0. REDLICH and A. T. KISTER. Ind. Eng. Chem. 40, 
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Volumes of activation for the aquation of Co(NH,),C12+ and 
Cr(NH,),NCS2' complex ions in solution 

D. L. GAY AND ROBERT NALEPA' 
Department of C/zemistry, Xaaier College, Syd~zey, Noau Scotia 

Received August 29, 1969 

The volun~es of activation for the aquation of Co(NH3),CIZ+ and Cr(NH3),NCS2+ in aqueous 
acidic solution (0.1 M HCIO,) have been measured and found to be -7.5 i 1 and -8.6 F 1 ml/mole, 
respectively. These values are more consistent with an S,1 than an SN2 pathmay for the aquation of both 
of these con~plexes. 

Canadian Journal of Chemistry, 48, 910 (1970) 

Introduction 
At ~ r e s e n t .  there is some doubt about the exact 

role of solve~lt water in the aquation reaction [ I ]  

where M = Co(I11), Cr(III), etc. and X- = C1-, 
Brp,  I-,  NCS-, etc. Some authors suggest that 
solvatioll of the leaving anion is the dominating 
factor in this reaction (1). Others have been 

\ ,  

divided on whether or no: soivent water acts as a 
nucleophile in e.jrming ti-: transition state (2-4). 

Volumes of activation have been used to 
determine reaction mechanisms (5,6), and several 
authors, using them, have demonstrated the 
participation of solvent water in forming the 
transition state of both organic (6-8) and in- 
organic (9-1 1) reactions. 

This study is concerned with the measurement 
of the volume of activation of reaction [I] ,  with 
the hope of discovering the role played by the 
solvent water in forming the transition state of 
this reaction. 

Experimental 
Preporalion of Con7pounds 

Aquopenta~n~ninechroniium(III) nitrate ammonium 
nitrate was prepared as described in ref. 12. The crude 
product was converted into the perchlorate salt by the 
addition of 60% perchloric acid to a saturated solution of 
the nitrate. The product was recrystallized twice from 
aqueous perchloric acid, washed with water, alcohol, and 
ether, and dried over phosphorous pentoxide. 

Anal. Calcd. for [Cr(NH,),0H,](CI0,)3: NH,, 
24.05; equiv. wt., 151.2. Found: NH,, 24.0; equiv. wt., 
151.2. 
Thiocyanatopentamminechromium(1I1) perchlorate 

was prepared from the aquopentammine salt; by the 
method used for the analogous cobalt(II1) complex (13). 

Anal. Calcd. for [Cr(NH,),NCS](CIO,),: NH,, 21.6; 
Cr, 13.2; equiv. wt., 197.1. Found: NH,, 21.5; Cr, 13.2; 
equiv. wt., 197.2 

'Summer student. 

Chloropenta~nminecobalt(III) chloride was prepared 
by the air oxidation of an a~nmoniacal solution of cobalt- 
ous nitrate and anln~onium chloride. This was converted 
to the perchlorate salt by precipitation with 600,< per- 
chloric acid. The complex was checked for purity by 
spectral analysis. Maxima were found at  532 and 362 my 
with molar extinction coefficients of 50.8 and 45.8, 
respectively; these were in good agreement with published 
values (14, 15). 

Reacfion Kinetics 
(a) At~nosphe~ic Pressure 
Solutions of the conlplex ion in 0.1 IM HCIO,, were 

made up in 100-ml volumetric flasks. These were placed 
in a constant-temperature bath whose temperature was 
controlled to i 0 . 2 "  and left to equilibrate for 30 min. 
The rate of aquation was followed by withdrawing 
aliquots of the reaction mixture at definite time intervals, 
cooling them in ice-cold water and analyzing the solution 
spectrophotometrically for complex ion. 

(b) High Pressure 
The high-pressure apparatus is shown schematically 

in Fig. 1. In the pressurization process, valve 2 is closed 
and valve 1 is open. The pressure in A, an Aminco micro 
series vessel, is developed by pumping paraffin oil by 
means of a hand operated pump, Blackhawk P-228, P. 
Firre adjustments to the pressure can then be made by 
closing valves I and 3, and operating the screw injector, 
B. When the desired pressure is obtained, valves 2 and I 
are closed and remain closed for the duration of the run. 
The pressure is measured by the Bourdon gauge, G. 
Pressure regulation did not present any problems, and 
was easily controlled to i 5 atm. 

The reaction vessel was a 5-ml hypodermic syringe 
sealed at one end and with a portion of the barrel sawed 
off. This was filled with the reaction solution, and placed 
inside the pressure vessel. The pressure vessel was filled 
with oil, assembled, and immersed in an  oil bath thermo- 
stated at  the desired temperature. The pressure was then 
brought to the desired value as quicly as possible. The 
times taken to assemble (5 min) and to pressurize (3 min) 
the system were recorded and kept rhe same for every 
run. The system was then left for 30 min, after which the 
pressure was released. The syringe was removed, wiped 
clean of oil, and cooled in ice-cold water. The reaction 
solution was analyzed for complex ion spectrophoto- 
metrically. This reading was taken as that for time zero. 
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GAY AND NALEPA: AQUATION OF COMPLEX IONS 91 1 

FIG. 1. Schematic representation of the high-pressure 
system: R, oil reservoir; B, screw injector; G, Bourdon 
gauge; P, pressure pump; A, pressure vessel; 1, 2, and 3 
are valves. 

Other samples nere put into the pressure vessel and left 
for times of 1, I+, 2 h. Four points were taken for each 
run and three runs were performed at each pressure. 

Results and Discussion 

In all experiments, the rate of disappearance 
of complex ion obeyed the first-order rate law [2] 

[2 1 kl t  = 2.303 loglo (Co/C), 

where C, and C are the concentrations of the 
complex ion at times zero and t ,  respectively. 
First-order rate constants, k,,  accurate to 3 %, 
were obtained for the aquation of CO(NH,) ,C~~+ 
and Cr(NH,),NCS2+ at 59.8 and 79.8 "C, re- 
spectively, in the pressure range 1 to 1360 atm 
(Table 1). 

The activation volumes, AV, were determined 
graphically from plots of log,, (k,/k,), against 
pressure, Fig. 2, according to the expression [3] 

t31 d log,, kp/dP = - (AVl2.303 RT) 

where k, and k, are the first-order rate constants 
a t  pressure P and atmospheric pressure, respec- 
tively. The activation volume for the aquation 
of Co(NH,),ClZf is -7.5 ml/mole and that for 

TABLE 1 

Rate constants for the aquation of CO(NH,)~CI~ '  
and Cr(NH,),NCS2+ in 0.1 144 HCIO, solution 

Rate constant, 105kl, s-I 

Co(NH3),CI2+ Cr(NH3)5NCS2+ 
Pressure. aim at 59.8 "C at 79.8 "C 

Cr(NH,),NCS2+ is - 8.6 ml/mole. These values 
are accurate to F 1 ml/mole. The following dis- 
cussion of these activation volumes will be largely 
in terms of the S,1 and S,2 mechanisms. 

In any discussion of the activatioil volunles of 
ionic reactions such as [I ] ,  three factors are 
important. These factors are the intrinsic volulnes 
of the ions, the electrostriction of the solvent, 
and the compressibilities of the ions (16). The 
data necessary for the calculation of activation 
volumes, such as the compressibility of the ions, 
is grossly lacking. Therefore, no attempt will be 
made to estimate the activation volumes in this 
manner. Rather, an estimate will be vbtained 
from the volume changes of a series of related 
reactions. 

If the aquation reaction [4] goes via an S,1 
[4] Co(NH3),CI2+ f OH, -z 

C O ( N H , ) , ~ ~  + C1- + OH2 

pathway (4), the activation volume is expected 
to be in the range - 6.8 to -9.2 ml/mole. This 
value is obtained from the sum of the voluiue 
changes in reactions [5] and [6] 

P ,  a t m  

FIG. 2. Graphs of loglo (kp/k,) vs. P, where k p  and 
k1 are the rate constants at pressure P and 1 atm, respec- 
tively, A = 0.00 for Co(NH3),C12+ and 0.01 for 
Cr(NH3),NCS2 + . 
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[5l C O ( N H ~ ) S C ~ ~ +  + OHz + C O ( N H ~ ) ~ O H ~ ~ +  + C1- of this reaction as proceeding via a pathway which 
16 I C O ( N H ~ ) ~ O H ~ ~ +  + C O ( N H ~ ) ~ ~  + + OHZ is not pure S,2 and more likely is S,1 in nature. 

The overall volume change for reaction [5] is 
- 10.4 ml/mole (17) and that for reaction [6] is 
+ 1 to + 3.6 ml/mole (I 1). Reaction [6] is the rate 
determining step for the S,1 water exchange 
reaction of CO(NI-I,),OH,~ + . 

However, if the aquation proceeds via an S,2 
pathway, reaction [7] 

then the activation volume is expected to be in 
the range - 1 to - 3.6 ml/mole (1 I ) ;  that is, the 
difference in volume between a water molecule 
bound in the first coordination sphere and a water 
nlolecule in bulk solvent. This estimate may be 
more positive due to decreased electrostriction 
on forming a transition state of decreased charge 
density. 

On the basis of the above arguments, it seems 
that the measured activation volume of -7.5 
ml/mole is more in agreement with an S,I than 

The authors wish to thank the National Research 
Council of Canada and St. Francis Xavier University for 
support of this work. 
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Thermal decomposition of cyclopentene 

G. I. MACKAY AND R. E. MARCH 
Department of Chemistry, Trent University, Peterborough, Ontario 

Received June 23, 1969 

The thermal decomposition of cyclopentene, which had previously been shown to proceed by a 
gas-phase homogeneous process, has been found to be accelerated in the presence of glass wool fibers. 
The roles of products in the lowering of the overall rate in the later stages of decomposition have been 
investigated. 

Canadian Journal of Chemistry, 48, 913 (1970) 

Introduction 

The homogeneous thermal decomposition of 
cyclopentene has been studied (1) in a flow 
system where it was observed that at 850 "C, 
with a pressure of 10 Torr and a contact time 
sufficient to produce about 20 % decomposition, 
0.96 mole of hydrogen and 0.93 mole of cyclo- 
pentadiene are formed from each mole of cyclo- 
pentene decomposed. Only small amounts of 
other hydrocarbons were found. In an experiment 
carried out in a static system at 552 "C, it was 
reported (2) that 80 % of the products of less than 
5 carbon atoms consist of hydrogen. 

It would appear in the light of later work that 
the extent of decomposition in this experiment 
was not limited to the initial reactant. vanas and 
Walters (3) in their experiments in a static system, 
over a temperature range 483-548 "C at pressures 
from 38 to 249 Torr. observed that the main 
reaction was the dehydrogenation of cyclo- 
pentene to cyclopentadiene and hydrogen 

During the early portion of the decomposition 
it appeared that the pressure increase was a 
satisfactory indication of the amount of dehydro- 
genation. Measurements oft,,, (the time for 25 % 
pressure increase) at different initial pressures 
showed that the reaction was first order. How- 
ever, the value of the rate constant obtained from 
pressure measurements decreased in the later 
stages of the decomposition. It was found that 
addition of propylene to the system had no 
appreciable effect on the kinetics of the reaction; 
this implied that a chain mechanism was not 
involved in the reaction. A 28-fold increase in the 
surface-to-volume ratio did not cause any signif- 
icant change in the overall pressure-time curve. 
Tanji et al. (4) studied the decomposition at low 

pressures (12-30 Torr) in the temperature range 
416-532 OC. Propylene and ethylene were de- 
tected as minor products of decomposition. 
Knecht (5) reported that at the quarter time of 
the pyrolysis of cyclopentene these minor sub- 
stances, relative to the main dehydrogenation 
products, amounted to about 5-6% of the 
reaction. Neither Tanji nor Knecht reported any 
experiments in which the surface-to-volume ratio 
was changed. 

The work presented here was concerned with 
the decrease in the rate constant as the reaction 
proceeded and a re-examination of any surface 
effects on the reaction. 

Experimental 
The cyclopentene used was obtained from the Aldrich 

Scientific Company. The mass spectrum of a sample 
which had been cooled to liquid nitrogen temperature 
and thoroughly outgassed several times and then distilled 
to .a further trap and outgassed once more was taken 
using an MS-12 mass spectrometer. No extraneous 
materials were detected. 

The cyclopentadiene was prepared by cracking, in a 
32-cm fractionating column, dicyclopentadiene obtained 
from Fisher Scientific Co. The monomer was kept at 
liquid nitrogen temperature until used. It was thoroughly 
outgassed and underwent trap-to-trap distillation im- 
mediately prior to use. 

The reaction vessel was a wire-wound Pyrex cylinder 
with a volume of 692.5 cm3, with a thermocouple well a t  
one end. The vessel was connected directly to the manom- 
eter in such a way as to keep the "dead space" volume 
to a minimum. The temperature was measured by an 
iron-constantan thermocouple located in the well near 
the center of the reaction vessel. The thermocouple was 
attached to a Leeds and Northrup (No. 7645) potenti- 
ometer, was standardized against a standard Weston cell, 
and calibrated against the melting point of aluminum. 
It is estimated that the accuracy of the temperature 
measurements should be within ? 1 "C. 

The packed reaction vessel contained 60 g of Pyrex 
glass wool and had a minimum surface-to-volume ratio 
of about 30 times that of the unpacked vessel. In  order 
to obtain consistent results it was necessary to flush the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



914 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TIME (min) 

FIG. 1. The rate of change of pressure with time at  
530 'C: [7, cyclopentene in unpacked vessel, Po = 177.5 
Torr;  A, cyclopentene in packed vessel (60 g Pyrex 
wool), Po = 174.0 Torr; 0, cyclopentene plus cyclo- 
pentadiene in unpacked vessel a t  equal initial pressures 
of 173.0 Torr. 

reaction vessel with cyclopentene at  an elevated tem- 
perature whenever the vessel had come into contact with 
air. The pressure measurements were made with a 
mercury manometer which had to be heated several 
times in order to renlove compounds of low volatility 
which may have been products of the deconlposition. It 
was found that in air and at  room temperature cyclo- 
pentene reacts with niercury to form a brown amorphous 
solid. A siniilar substance was observed in the manometer 
and also tended to block the mercury diffusion pump at 
intervals. 

The analysis of the products was done with an  MS-12 
mass spectrometer. The sample tube, containing products 
and undecomposed reactant, was removed from the 
system subsequent to the filling operation and placed in 
liquid nitrogen until the mass spectrum was about to be 
taken. Spectra consisted mainly of molecular ions. 

Results and Discussion 

The pressure-time curves in Fig. 1 show the 
initial rates of increase of pressure with time 
obtained in the decon~position of cyclopentene. 
The results of a number of experiments are 
shown in Table 1 ;  those results obtained with 
cyclopentene alone in an unpacked vessel com- 
pare favorably with values obtained by other 
workers, as shown in Table 2. First-order plots of 
ln (2P, - P )  vs. 1 were found to be linear for all 
cases (that is, cyclopentene with and without 
cyclopentadiene, packed and unpacked vessel) up 
to 30 %conversion. This indicated that first-order 
kinetics were observed in all cases. 

The data obtained with a packed vessel in- 

dicated that an accelerated reaction was occur- 
ring. These data were reproducible once the reac- 
tion vessel a i d  glass boo1 had been conditioned 
by flushing with cyclopentene for 2 h at  a tem- 
perature of about 500 "C. Comparison of the 
rates for the unpacked and packed vessel indi- 
cated an increase in rate for the packed vessel of 
almost 6-fold at 488 and 2-fold at  530 "C. This 
observation differs from that of Vanas and 
Walters in that they found no significant differ- 
ence in the rate of reaction for a packed vessel 
with a 28-fold increase in surface-to-volume ratio, 
where they used thin-walled Pyrex tubes. 

The acceleration effect is well manifested at  
relatively low temperatures. It can be seen from 
Table 1 that the value of t,,, at 487 "C was 
approaching 40 min for the unpacked vessel, 
while the value at  488 "C for the packed vessel 
was reduced to approximately 7 min. No appre- 
ciable reaction was found in the unpacked vessel 
at  470 "C; however, at  the same temperature of 
470 "C in the packed vessel, appreciable reaction 
occurred, as is shown by the value of t,,, of 
approximately 20 min. This nlay indicate that the 
calculated value of the surface area of the glass 
wool is too low in these experiments by perhaps 
as much as 10 to 100 times. 

TABLE 1 
Rate of deconlpos~tion of cyclopentene at  d~fferent 

tempe~atures and pressures 
-- -- -- 

Temperature Po (cyclopentene) t25% k x 10 
( c) (Torr) (nun) (m~n-I)  

*Packed vessel (60 g Pyrex wool). 
+Induction period observed. 
iEqua l  pressure of cyclopentadiene added. 
§Mass spectrum taken of product mixture. 
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MACKAY AND MARCH: THERMAL DECOMPOSITION OF CYCLOPENTENE 

TABLE 2 

Comparison of kinetic results for the first-order thermal decomposition of cyclopentene 

Pressure range Activation energy Pre-exponential factor 
Source (Torr) (kcal/mole) (s-' x 10-12) 

Vanas and Walters (3) 110-120 
Tanji et al. (4) 12-30 
Knecht (5) 4-34 
This work 94-200 

The calculated value of the surface area was 
based on treatment of the fibers as rod-like and 
did not take into account the heterogeneous 
nature of the glass surface. However, fair agree- 
ment with the calculated value of the surface area 
was obtained with the nitrogen absorption tech- 
nique. It would thus appear that if the accelerated 
reaction is not due to a change in surface-to- 
volume ratio then the nature of the surface may 
differ between tubing and glass wool. 

It should be pointed out here that the decom- 
position of cyclopentene is suggested in a well- 
known text (6) as a suitable experiment for senior 
undergraduates. Students are directed away from 
experiments in which the surface-to-volume ratio 
is changed as "[this] system . . . should be free 
from serious wall effects." The possibility of wall 
effects now deserves a close re-examination. 

When the reaction has proceeded for a time 
the rate is observed to decrease. This would seem 
to indicate that the products are beginning to 
affect the rate. In an effort to determine the 
influence of cyclopentadiene on the reaction, the 
initial rates of the reaction of cyclopentene with 
and without an equal concentration of cyclo- 
pentadiene were measured. 

Comparison of pairs of runs carried out at 528, 
530, and 545 "C in Table 1 shows that the initial 
rate of reaction is decreased by almost a factor of 
two on the addition of cyclopentadiene. 

The influence of hydrogen may be estimated 
from a comparison of the initial rate constant for 
an equimolar mixture of cyclopentene and cyclo- 
pentadiene with the rate constant at t,,, obtained 
from runs with cyclopentene alone. 

In Table 3 are shown the results of four pairs 
of runs with which this comparison may be made. 
It is seen that the initial rate constant for the 
decomposition of cyclopentene in the presence of 
an equal concentration of cyclopentadiene is 
virtually identical with the rate constant obtained 
at 50 % conversion of cyclopentene (i.e. equal 
concentrations of cyclopentene, cyclopentadiene, 

TABLE 3 

Con~parison of initial rate constants for reaction of 
cyclopentene-cyclopentadiene 1 :1 mixtures with rate 

constants at tSo% for reaction of cyclopentene 

k x 10 (min-I) 

1 :1 Cyclopentene- 
Temperature Cyclopentene, rate cyclopentadiene, 

("c) constant at t,,, initial rate constant 

and hydrogen, neglecting minor products). It 
appears that hydrogen has negligible effect on the 
reaction, which is in agreement with the findings 
of Knecht (5). 

In an attempt to explain the decelerating effect 
of cyclopentadiene on the reaction, the tendency 
of cyclopentadiene (and cyclopentene) to form 
dimers was considered. While no direct evidence 
is yet available, the observed effect can be pre- 
dicted by a simple mechanism which incorporates 
a metastable molecule (Cl,Hl,) formed by the 
condensation of cyclopentadiene with cyclo- 
pentene. 

In Table 4 are given the ratios of the final 
pressure P, to the initial pressure P, for several 
runs. All values of pressure given in this table are 
corrected for the "dead space" in the reaction 
system outside the furnace. The values of Pf/Po 
compare favorably with those of Vanas and 
Walters except for the run with the vessel packed 

TABLE 4 
Ratio of final pressure (P,) to initial 
pressure (P,), reaction of cyclopentene 

Temperature PO 
("c) (Torr) Pf/Po 

*Packed vessel (60 g Pyrex wool). 
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FIG. 2. Arrhenius plots for cyclopentene: 0, un- 
packed vessel; 0, packed vessel (60 g Pyrex wool). 

with 60 g of Pyrex wool, for which a value of 1.99 
was obtained at 523 "C. 

The mass spectra of the product mixtures from 
several experiments were taken, including two 
from this packed vessel. These mass spectra 
indicated that cyclopentadiene and hydrogen 
were the main products. However, more detailed 
analyses are required now, particularly for runs 
with the packed vessel and those in which cyclo- 
pentadiene was added. This work is to be pursued. 

In Fig. 2 are shown Arrhenius plots for data 
obtained with the packed and unpacked reaction 
vessels. Careful consideration of the data for the 
unpacked vessel indicated that a value of the 
activation energy of 62 kcal/mole could be 
realized from experiments in which the initial 
pressure was varied from 140-170 Torr; whereas 
for those experiments in which the initial pressure 
was in excess of 170 Torr, a lower value of 55 
kcal/mole could be obtained. A combination of 
all the data obtained with the unpacked vessel 
yielded an activation energy of 61 kcal/mole and 
a frequency factor of 6.0 x 10'' s-I. A com- 
parison of these values with those found by other 
workers is shown in Table 2. Data obtained with 
the packed vessel, in which the marked surface 
effect was noted, yielded an activation energy of 
45 kcal/mole and a frequency factor of 6.7 x lo9 
s-I. 

At low temperatures, an apparent lag in the 
pressure-time curve, or induction period, was 

observed at the start of each run and was re- 
producible within the limits of experimental error. 
For the cyclopentene plus cyclopentadiene sys- 
tem, the lag was evident only at 513 "C (the 
lowest temperatures at which this system was 
investigated); for cyclopentene alone in the un- 
packed vessel, the lag was evident in each run 
carried out at a temperature of 508 "C and below ; 
for cyclopentene in the packed vessel, the lag was 
evident at a temperature of 482 "C and below. 

An explanation for this lag is not readily 
available. It  may be due to consumption of 
inhibiting impurities but once the induction 
period was complete the reaction proceeded as 
expected and rate data obtained from cyclo- 
pentene alone are in agreement with those of 
other workers. 

Summary 

The decomposition of cyclopentene has been 
investigated in a static system in the region 470 to 
558 "C,  at pressures from 94 to 201 Torr. Cyclo- 
pentadiene and hydrogen have been identified as 
the major products. Pressure measurements 
indicate that a slight induction period is present 
and that the initial reaction is first order. The 
overall rate constant can be expressed as 
k = 6.0 x 10'' e-610001RT S-I. Measurementsin 
which an equal concelitration of cyclopentadiene 
was added indicate that this is the main factor 
influencing the lowering of the overall rate as the 
reaction proceeds. 

Experiments with the vessel packed with glass 
wool indicate that an accelerated reaction occurs 
which has been shown to be a first-order reaction 
initially. The first-order rate constant of this reac- 
tion can be expressed ask = 6.7 x lo9 e-45 O o 0 I R T  

s-I .  
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Proton magnetic resonance studies of ionic solvation in ion-exchange resins. 
Part I. Sulfonated cation-exchange resins 

T. E. GOUGH, H. D. SHARMA', AND N. SUBRAMANIAN 
Depnvtnient of Cliemistvy, Unit'eusity of Waterloo, Waterloo, Ontario 

Received September 29, 1969 

The proton magnetic resonance spectra of cation-exchange resins of crosslinkage XI to XI6 in the 
H +, Li', N a + ,  K -, Rb+,  Cs +, and NH,' forms have been recorded and the values of the molal chemical 
shift, 6,,+O, are found to be -0.321, -0.005,0.041,0.031,0.028,0.015, and 0.00 (assumed) p.p.m./mole, 
respectively, for the cations. These values are very nearly equal to those observed in corresponding 
aqueous solutions, indicating that ion-solvent interactions are similar in both the resin matrix and the 
aqueous solution. The temperature dependence of the chemical shift shows the same trend. The effective 
hydration numbers calculated from the temperature dependence are 2.0 (4.81 m )  for the H +  form, 
4.8 (3.25 m) and 3.6 (5.26 177) for the Na' form, 4.4 (3.9 m) for the K +  form, and 2.4 (6.18 171) for the Cs+ 
forsn. The ions in the resin phase behave as solutions of strong electrolyte, which is consistent with the 
polyelectrolyte gel model for the ion-exchange resin. 
Canadian Journal of Chemistry, 48, 917 (1970) 

Introduction 
Nuclear magnetic resonance (n.1n.r.) has bee11 

exte~lsively applied to the study of ionic solvation 
and three reviews (1-3) serve to indicate the extent 
and scope of present interest in the field. The 
n.m.r. studies fall into four categories: measure- 
ments of (i) reiaxation times, (ii) peak areas. 
(iii) dependence of chemical shift upon solute 
concentration. and (iv) dependence of chemical 
shift upon temperature. A frequent goal of the 
studies has been the nleasurement of solvation 
n ~ ~ m b e r ;  under suitable, though unfortunately 
uncommon, conditions, solvent exchange may be 
slowed down sufficiently to allow the observation 
of cationic solvation shells, leading to a direct 
determination of the primary solvation number 
of the cation (4). In contrast, solvation numbers 
determined by observation of che~nical shifts in 
electrolyte solutions have a less obvious sig- 
ilificauce, since both cationic and anionic effects 
contribute to the chemical shift. Malinowski and 
co-workers (5-7) have performed a series of such 
experiments, observing the proton chemical 
shift of aqueous electrolyte solutions a t  several 
temperatures and obtaining an  "effective" sol- 
vation number. 

It is of interest to perform similar experiments 
on ion-exchange resin in as q~~arlt i tat ive a man- 
ner as possible, so that insight may be gained as 
to  the environ~iients of the ionic species within 
the resin. 

Experimental 
All salts used \\ere of analytical grade, of 99l :, 

purity. Deionized. doiibly distilled \\ater \\as used in the 
-- 

'To \\horn all corresnondence should be addressed. 

preparation of all solutions. Ion-exchange resins were 
procured from Bio-Rad Laboratories, Richmond, Cali- 
fornia as Dowex AG 50W in the H' form. They were 
converted to the desired ionic form by standard column 
procedures. The water content of the resin was determined 
by the Karl Fischer titration (8). The capacities of resins 
in the H +  form, XI to X16, Lvere determined by a titration 
method (9). A weighed amount of air-dried resin was 
contacted with a large excess of 2iM NaCl solution for a 
sufficiently long time and the n~ixture titrated against 
standard alkali. The capacities were calculated in meq/g 
of dry resin, and agreed with the specifications stated by 
the suppliers. The capacities of rcsins X1 to X16 in their 
other ionic forms were calculated from the corresponding 
values for the H +  form (10). The proton magnetic 
resonance measureinents were made with a Varian A-60 
spectrometer, in conj~lnction with a Varian V-6040 
temperature controller. Sample temperatures were 
calibrated by ~neasurement of the chemical shifts of the 
hydroxylic protons of methanol and ethylene glycol and 
are believed to be accurate to i 1 "C. Freshly prepared 
samples of resin beads of different sizes ranging from 
20-50 to 200-400 mesh were suspended in doubly dis- 
tilled, deionized water in 5-mn1 precision cells supplied 
by Wilmad Glass Co. Both the spectral and water-content 
measurements were made at least three times. Where 
overlap was considerable, the peaks in the n.m.r. spectra 
nere resolved by the use of a hybrid analog-digital corn- 
p~lter routine developed by the Computing Center, 
University of Waterloo (11). 

Results 

The n.m.r. spectrum of a suspension of ion- 
exchange resin beads in a solvent usually shows 
distinct signals of solvent protons inside and 
outside the resin beads (12-14). Identification of 
the proton resonance signals can be easily made, 
since the "internal" solvent peak is invariably 
sharper than the "external" solvent peak (12). 
In some cases, where the two peaks are close to 
each other, only a broad, unsymn~etrical band 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG I .  Nuclear nlngnetlc resonance spectra of suspensions of the H+ form and Ki form of Dowex AG SOW 
(X8) (200-400 mesh) in \intel (resin beads not allo\\ed to settle). (a) "bulk" \\ater, (b) "external" uater, and 
(c) "~nternal" ~ a t e r  peaks. 

results When water 1s the sol\ent. the 11 m.r. 
spectrum conslsts of two bands: the broader 
"external w a t e ~ "  line and the sharper "snternal 
~ d t e r "  line, provided that the resin beads are 
allowed to settle do\\ii in the n m.r. tube. When 
the spectra ale taken ~ t t h o u t  a l l o ~ m g  the lcsln 
part~cles to settle d o ~ n  (the n.ni.1. tube ss well- 
shaken prior to inse~tion In the probe), a t h ~ r d  
sharp signal appears as a shoulder to the "ex- 
ternal &atern protoil signal. This t h ~ r d  resonance 
is eh~dently that of b~ i lk  \\ater remote frorn the 
surface of the beads. vhich is excluded as the 
resrn settle<. Therefore. the "external water" 
must be located at  the surface of the resin. and is 
not able. w~th in  the n ni r. time-scale. to exchange 
M ltli the bulk region. A t ) p ~ c a l  spectrum showing 
all three resonances is giken In Frg. 1. The rcson- 
ance peaks show a s l~ght  skewness. presumably 
ind~cating exchange between the "external 
water" and "rnternal uater" at  the surface of the 
beads only. The "internal" solutron is not af- 
fected by the exchange a t  the surface. 

The molalit~es arid the cliem~cal shifts for the 
 on-exchange resins of \arqing C I  ossl~nkages and 
In drfferent ionlc forms ale gi\en in Tdble 1.  
The shift, A v ,  in c p.s represents the chemicdl 
s h ~ f t  of the "internal water" ssgnal u ~ t h  respect 
to the "external uater" s~gnal,  r.e., (v,,, - 
v,,, .,,) A negatike kdlue of Av means thdt the 
internal water peak rs downfield w t h  respect to 

the external water peak. V a l ~ ~ e s  of 6,,,,,, defined 
as Av/60 (p.p.m.), are plotted against the molali- 
ties of the ionic species in Fig. 2. 

, , l . l ,  \, I ,  

0 2 4 6 8 10 

M o l a l ~ t y  

F I G .  2. Cheinical shift as a function of concentration 
of ion inside the ion-exchange resin at 25 'C .  
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GOUGH ET AL P M R STUDIES OF lOUIC SOLVATIOU lh IO\-LXCHALGE RESlhS PART I 919 

TABLE 1 
Concentration dependence of ploton resonance of water at 25 C, iol lon-exchange reslns of \allous 

crossl~nkages and ionic forills 
--- - -- - 

- -- --- - -- - - 
-- 

Resin c~ ossllnkage 

Ionic form Parameter X1 X2 

H + 

Molality 1.39 1.76 
A\,* -25.0 -31.2 

Li" Molality 1.39 2.01 
Av 1 . 6  2 . 0  

Na  + 

Molality 1.59 2.26 
Av 6 . 5  7 .6  

K + 

Molality 1 .90 2.38 
Av 6 .8  7 .8  

Rb+ Molality 1.76 2.23 
Av 5 .3  7 . 0  

Molality - Cs + 

2.19 
Av - 4 . 7  

NH,+ Molality - 2.01 
Av - 2 . 7  

Malinowski et al. (5) have shown that the 
protoil shift of water, measured with respect to 
gaseous ethane, varies with temperature accord- 
ing to the equation 

where t is the temperature in "C. Creekinore and 
Reilley (15) haverecently obtained a value of 
0.00958 p.p.m./'C for the slope from independent 
measurements. For  the case of ion-excha~lge 
resin in water, the observed value a t  any tem- 
perature is equal to  v ,,,, .,, - vint ,  Hence, 

ethane 
v can be evaluated at  a given temper- 

ethane . ature, if vex,, H20 IS known at  that particular 
e thane  temperature. vex,. a t  different tempera- 

tures was obtained from eq. [I ] and was used to 
calculate the correspoiiding 6,,1,,e'h"ne values. 
SsOlnethane values over the temperature range 16- 
6OCCfor t h e H i ,  Na', K i .  and Cs" forms of the 
1-esin are given in Table 2. The effect of tempera- 
ture beyond 60'C cannot be studied conveniently, 
a t  least in the present cases (except for Hi ) ,  since 
a t  higher temperatures overlap of the peaks be- 
comes considerable. A plot of 6,,,ne'"ane (p.p.m.) 
vs. t ('C) is shown i11 Fig. 3. The slopes of the 
lines, d6,01,e'h"ne/dt. were calculated by the method 
of least squares using an  I B M  360175 computer 
and are included in Table 2. 

Discussion 
Accuracj* of Data 

The main source of error in the estimation of 

ion ruolality inside the resin comes fro111 hater 
coilteilt determination. We find that the Karl 
Fischer technique is capable of yielding values 
of the water content (perceilt, wiw) in sulfonic- 
acid-tlpe resins within a maximum error of 
&2"/;, (8). The upper limit of error in capacity 
deteriuinatioil is 1 0 . 0 5  meqig. The error due to 
the exchange of \+ater on  the surface of the resin 
beads is negligible, since it does not affect the 
molality of cations inside the beads. The overall 
error i-11 the value of molalities reported liere 
call be considered to be not more than i 3 :/,. 

The 1l.m.r. shifts were found to be reproduc- 
ible within 1 c.p.s. All the shifts recorded are the 
results of a t  least three separate measurements. 
The bands obtained with samples of ion-ex- 
change resins suspended in \yater are relatively 
broader than those encou~ltered in hoinogeileous 
aqueous solutions (12). The v values, therefore, 
can on14 be estimated to a preclslon of i 1 c.p.s. 
The fluctuat~on of temperatuie lns~de the probe 
\\as withln i 1 C, as \$as ~ h o \ + n  by careful 
calibiation of temperature uslng samples of 
methanol and ethylene glycol. Since ?is,,,, 1s a 
f ~ ~ n c t ~ o n  of both concentrat~oil and temperature, 
the effect of temperature on 6,,,, cannot be 
studied ~f the molality of the ion inside the resln 
(in other nords. the mates content) vanes con- 
s~derably over thc range of tcniperature studied. 
We determined the water content of the H' 
forin of resin X12 (where the internal and ex- 
ternal water peaks are uell separated) from 15 to 
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TABLE 2 

Temperature dependence of proton resonance of water, for H A ,  Na+ .  K + ,  and Cs+ forms of ion-exchange 
resins" 

Ion concentration Temperature 6so1n f i , o lne thane  d8,01nethaneldt 
Ionic form Crossllnkage 112 ' C p.p.m. p.p.m. p.p.m.1 C 
- -- -- -- - - - - - - -- - - -- - - 

40 0.18 -3.81; 
50 - - 

60 - - 
-- ~ ~ ~- -- - - --- --- -~ - 

yf i , , , , ,  = 6 ,,, ,,,, - 6 ,,,. H 2 0 ;  6.nl,~eii"~~e values \\ere coinputed froin tile S ,,,, HiOcfi~rnc values reported io ref. 5. 

75 "C by a method suggested by de Villiers and 
Par-rish (14). The change in percent (14 'u.) \later 
content over this ternperatuse range was found 
to be no more than 3:;. \+liich is within the 
limits of experimental error in the determination 
of molalities. 

Size200-400mesIi beadswere used throughout, 
except in the case of X 1 resins, \z here only 50- 
100 mesh co~l ld  be obtained. Ilt was found that 
the ijSoln value was not affected to any significant 
extent by change in the size of resin particles. 
pro\,ided the molality of the cation is the same. 
The n.1n.r. spectra of resins in the H +  (X8 and 
X12). Na' (X8). and K +  (X8) forms nit11 sizes 
ranging from 20-50 mesh to 200-400 mesh show 
that b,,,, is independent of tlie bead size in all 
three cases. 

C o ~ ~ c e ~ ~ t r a t i o ~ ~  Deperldence 
Hindman (16) st~ldied tlie depelidence of the 

chemical shift of nater protons on the concen- 

tration of alkali-metal salts in aqileoils solution. 
He assumed an empirical relationship betueerl 
8, the cheniical shift of the solution with respect 
to pure water, and 171. the molality 

where 6,,,,O is the value of 6/1n a t  infinite dilution 
and B is a constant characteristic of the electro- 
lyte. He further assumed that, for a i~ni-i~ni 
electrolyte 

[3 I 8,,lt0 = HZ%+' + 6,-0 

where ?I,,-' and 8,-0 are the infinite dilution 
shift valtles for the cation and anion. respeclively. 
By determining tlie H,,,,' values for the ammo- 
nium salts and by assuming 6,,,4+0 = 0) he 
obtained a set of 6,-' values for anio~ls. ti,,+' 
values for alkali-metal ions Lvere then obtained 
by subtracting 6,-' from S,,,,,'. In the present 
work, the 8,,-' v a l ~ ~ e s  have similarly been 
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GOUGH ET AL.: P.M.R. STUDIES OF IONIC SOLVATION IN ION-EXCHANGE RESINS. PART I 921 

Water 

0 H' X8 

Temperature ('c) 

FIG. 3.  Chenlical shift of "internal" water as a 
function of temperature (pure water line is from ref. 5). 

external and internal water thus have the same 
chemical shift. 

Since 6,,,, is zero when the "electrolyte" con- 
centration is zero, and since it is not a function 
of bead size, it is satisfactory to interpret 6,,,, 
directly as the shift of the water resonance pro- 
duced by the ionic interactions with solvent 
within the bead and to omit susceptibility cor- 
rections. We attribute the shift between external 
and bulk water to susceptibility effects ((x,,, - 
xreSi,) z 0.03 p.p.m.) and its value is dependent 
on the ionic form of the resin, as discussed by 
Gordon (12). 

It can be seen from Fig. 2 that 6,,1n vs. 
molality curves resemble the corresponding ones 
in aqueous solutions (16). The 6,-' values for 
alkali-metal ions in the resin matrix differ by 
-/0.0131 p.p.m. from the respective ones in 
aqueous solutions. I t  appears that the chemical 
shifts are lower by this magnitude regardless of 
the sign. We offer no explanation for this be- 
havior except to point out that the pore liquid 
inside the resin matrix is under pressure and is 
dispersed in an organic matrix, and the anionic 
groups are not mobile in the matrix. Neverthe- 
less, it would appear from these observations 
that the cations act as salt solutions of strong 
electrolytes. 

The deviation from linearity of the lines in 
obtained by assuming 6,-' = 0.021 p.p.m. for Fig. 2 at high concentrations of ions (XI2 and 
the fixed anionic group in the resin and by X16) parallels similar observations in homo- 
assuming 6,,,+' = 0 in the resin. These values geneous aqueous solutions (16-19). Except for 
are listed in Table 3. The experimental values of H', where linearity exists almost up to 7 in, F,,,, 
6,,,,,, when plotted as a function of ionic con- for all the alkali-metal ions is not directly pro- 
centration in the resin matrix (Fig. 2), show that portional to molality over the entire concentra- 
the 6,,,, value extrapolates to 0 for in = 0;  the tion range. The chemical shift values therefore 

TABLE 3 

Colnparison of molal chemical shifts for cations in ion-exchange resin and in aqueous solution 
at  25 "C 

- -- 

Molal shift (~ .p .m.)  

Aqueous solution 
Ion-exchange & + O  Ion-exchange 

Cation 6.,1t0 Hindman, ref. 16 SIOn-ex. - 6aq.so~n 
- -- 

H + -0.300 -0.344 -0.321 0.023 
Li + 0.017 -0.016 -0.005 0.011 
Na+ 0.062 0.050 0.041 -0.009 
K +  0.052 0.047 0.031 -0.016 
Rb+ 0.049 0.037 0.028 -0.009 
CS + 0.036 0.027 0.015 -0.012 
NH4 + 0.021 0 . 0  (assumed) 0 0 (assumed) 
-- 
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922 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

cannot be used to characterize the resin un- is used to calculate the hydration number of H', 
ambiguously in all ionic forms, contrary to a while for the alkali-metal ions, h is computed by 
suggestion by de Villiers and Parrish (14). 

Te~nperafure Dependence 55.55 
[5] 11 = - 

With a view to obtaining further evidence 711 

regarding the nature of the "electrolyte" inside d?iHzOethane/dt - dSsolnethane/dt 
the ion-exchange resin, the effect of temperature X 

on the chemical shift of the "internal" water d?iH20ethane/dt 1 
proton was studied in some typical cases. The 
experimental data were analyzed according to 
the method proposed by Malinowski et al. (5-7). 
The values of d6,,,,/dt listed in Table 2 compare 
very well with those reported for aqueous 
solutiolls of alkali-metal chlorides of approxi- 
mately the same concentration (15). 

To follow Malino\vskiqs method for the 
deter~nination of hydration nuinbers (5), it is 
necessary to obtain values of d6/dt, where t 
is the temperature in "C. As stated earlier, 
Malinowski et a/. (5) and Creekmore and 
Reilley (15) have found a linear relationship of 
6,,,,, with temperature. 

We may relate vin, to v,,,, as follows 

A' = vex( - V l n t  

V,,t = -Av + v,,, 
V l n t  = -Av + V b u l k  f S 

where S is a susceptibility correction. Differen- 
tiatlng \ \ ~ t h  respect to temperature 

dvint - - dAv dv,,,,, d S  
-- --  + -- + --- 

d t d t dt dt 

Measured values of d6/dt are approximately 
0.002 p.p.m./"C. The value of dS/dt will be 
controlled by the difference in the temperature 
coefficients of the susceptibilities of the beads 
and of b~l lk  water. The diamagnetic suscepti- 
bility of water changes by 0.0002 p.p.m./"C and 
this may be taken as an upper liniit for dS/dt. 
Hence, within the accuracy of the present exper- 
iments, we neglect dS/dt, and therefore 

dvint - dvbulk dbv - - - 
d t d t d t 

The value of d6,0,,et1'ane/dr for an electrolyte 
in the resin might be expected to yield hydration 
numbers of the resinates directly. The expression 
(ref. 7) 

The values of h, along with the relevant con- 
centration values, are compared with those 
obtained in homogeneous aqueous solutions in 
Table 4. The hvdration number decreases with 
increase in concentration of electrolyte, similar 
to the observations for NaCl solutions by 
Malinowski ef al. (5). When the ionic concen- 
trations are comparable to the aqueous solution 
concentrations, similar values for 11 result. The 
val~le of h for H +  in the ion-exchange resin is 
2.0, hhich is lower than the value of 3.4 1 0.4 for 
the same ion in aqueous HCl (7). The small size 
of H +  and its greater tendency to form ion pairs 
inight be responsible for the low hydration 
number in the resin. Creekmore and Reillev 
obtained cven lower values of thc hydration 
number for the sodium salt of p-toluene sulfonic 
acid (15); it would appear that resin acts as a 
stronger acid. The hydration numbers obtained 
by the ion-exchange method (20) are in general 
lower than those obtained by the n.m.r. resin or 
aqueous solution methods (Table 4). 

I t  would appear that the concentration de- 
pendence of the chemical shift of water protons 
due to ions in both ion-exchange resins and 
homogeneous solutions show similar trends. The 
hydration numbers of alkali-metal ions in cation- 
exchange resin as calculated from the tempera- 
t~ l re  dependence are also in agreement with those 
obtained for the corresponding aqueous solu- 
tions. These observations are consistent with the 
polyelectrolyte gel model of the ion-exchange 
resin (20). This medium offers an advantage in 
studying ion-solvent interactions at  fairly high 
concentrations of ions, which are difficult to 
attain in homogeneous solutions due to solu- 
bility limitations. 

The authors are grateful to the National Research 
Council of Canada for providing financial support for 
this work and for a Post-Graduate Scholarship to one of 
us (N.S.). We are also indebted to Dr.  R .  C. Vasishth, 
Research Director, Reichhold Chenlicals (Canada) Ltd., 
Weston, Ont. for ~uaking available to us the use of the 
Varian A-60 spectrometer. 
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GOUGH ET AL P.M R STUDIES OF IOKIC SOLVATION I h  ION-EXCHANGE RESIUS. PART I 

TABLE 4 

Comparlson of hydration numbels of catlons 
- -- 

- - 
-- - 

Nuclear nlagnetlc resonance method 

Ion-exchange resin Aqueous solut~on 

Ion concentratlon Chlorlde concentrat~on Ion-exchange ( I  ef 20) 
Ion (171) h (n1) h Reference k 

1. J. F. HINTOX and E. S. AMIS. Chem. Rev. 67, 367 J. Colloid Sci. 6, 20 (1951). R. C .  FESSLER and H. 
(1967). A. STROBEL. J. Phys. Chem. 67, 2562 (1963). 

2. J. BURGESS and M. C. R. SYMONS. Quart. Rev. 11. A. WEERHEIM. Private communication. 
London, 22, 276 (1968). 12. J. E. GORDON. J. Phys. Chem. 66, 1150 (1962). 

3. C. DEVERELL. Progr. NMR Spectrosc. 4,235 (1969). 13. R. H. DINIUS, M. T. E~IERSON, and 6 .  R.  CHOPPIN. 
4. J. A. JACKSON, J. F. LEMONS, and H. TAUBE. J.  J. Phys. Chein. 67, 1178 (1963). 

Chem. Phys. 32, 553 (1960). 14. J. P. DE VILLIE~RS and J. R .  PARRISH. J. PoIy111. Sci. 
5. E. R. MALINOWSKI, P. S. KNAPP, and B. FEUER. Part A, 2, 1331 (1964). 

J. Chem. Phys. 45, 4274 (1966). 15. R. W. CREEKMORE and C. N.  REILLEY. J .  Phys. 
6. E. R.  MALINOWSKI and P. S. KXAPP. J. Chem. Chem. 73, 1563 (1969). 

Phys. 48, 4989 (1968). 16. J .  C. HIND MA^. J. Chem. Phys. 36, 1000 (1962). 
7. P. S. KNAPP, R. 0. WAITE, and E. R. MALINOWSKI. 17. J. N. SHOOLERY and B. J. ALDER. J. Chem. Phys. 

J. Chem. Phys. 49, 5459 (1968). 23, 805 (1955). 
8. H. D. SHARMA and N. SUBRAMA~*IAY. Anal. Chem. 18. B. P. FABRICAND and S. COLDBERG. J. Chem. Phys. 

41. 2063 (1969). 14 I624 (1961) - >  - - -  . , -  - - I .  

9. F.'HELFF~RICH. Ion exchange. McCraw-Hill Book 19. S. Coro  and T. ISEMURA. Bull. Chem. Soc. Jap. 37, 
Co., Inc., New York. 1962. p. 91. 1693 (1964). 

10. H.  P. GREGOR, J. A. BERGMAN, F. GUTOFF. R. D. 20. E. GLUECKAUF and G. P. KITT. Proc. ROY. Soc. 
BRADLEY, D. E RALDWIPU, and C. G. OVERBERGER. London, Ser. A, 228, 322 (1955). 
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The Hg 6(3P,) photosensitized decomposition of methyl vinyl ether 

R. V. MORRIS AND S. V. FILSETH 
Department of Chemistry, Harvey Mudd College, Clarernont, CnliJ: 91711 

Received August 1 1, 1969 

The mercury 6(3P,) photosensitized decomposition of methyl vinyl ether has been studied in the 
vapor phase in a static system at 55 "C between 0.2 and 10.0 Torr. The principal products are propanal 
and ethane. It is concluded that the primary process involves the direct production of methyl and vinoxy 
radicals with no more than 3 % participation of a competing step producing ethylene. Neither carbon- 
hydrogen bond breaking nor the production of primary excited molecules is observed. 

Canadian Journal of Chemistry, 48,924 (1970) 

Introduction 
Recent studies of the mercury 6(3P,) photo- 

sensitized decomposition of dimethyl ether (1, 2) 
and of methyl ethyl ether (3) have demonstrated 
that the only primary decomposition process in 
the simple ethers above 1 Torr is rupture of a 
carbon-hydrogen bond. The overall decom- 
position mechanisms seem to differ little from 
those of corresponding hydrocarbons, with tile 
exception that the ether quenching cross-sections 
are considerably larger. 

A very different behavior has been observed in 
the only reported study of an unsaturated 
aliphatic ether. The sensitized and direct de- 
composition of ethyl vinyl ether (4) has been 
observed to produce ethyl and vinoxy radicals in 
at  least 75 % of the primary processes, while 
ethylene and acetaldehyde are formed directly in 
the remainder. In this work, the possibility was 
raised that an excited state subject to collisional 
deactivation might participate in the direct 
photodecomposition. 

A comparison of the primary processes in the 
sensitized decomposition of saturated and un- 
saturated analogs of an aliphatic ether should be 
particularly interesting in view of the possibility 
of competition between the carbon-hydrogen 
bond breaking step established for saturated 
hydrocarbons and ethers and an excited-molecule 
mechanism characteristic of unsaturated hydro- 
carbons. The simplest such pair is methyl vinyl 
and methyl ethyl ethers. A comparison of relevant 
quenching cross-sections measured on the chem- 
ical basis by the competitive nitrous oxide 
technique is given in Table 1. The present work 
was begun to quantitatively assess the importance 
of competing primary steps in methyl vinyl ether. 
Of particular interest was the possibility that 
ethylene might be formed from an excited inter- 

mediate subject to collisional deactivation as 
suggested by earlier work (3) on methyl ethyl 
ether. 

Experimental 
Matheson methyl vinyl ether was purified by prepara- 

tive gas chromatography and by successive trap-to-trap 
distillation, and stored at room temperature behind a 
metal valve. Its purity was determined to be 99.5 %, with 
acetaldehyde and dimethyl ether the principal impurities. 

Irradiations were carried out in a static systeiu and 
products were analyzed by combined gas chroinatography 
and mass spectrometry. The light intensities employed in 
these studies averaged 5 x 10'" quanta cn1r2 s- I  of 
2537 A radiation reaching the interior of the vessel. 
Details of the apparatus and procedure have been de- 
scribed previously (3). There is no appreciable direct 
absorption by the ether at wavelengths longer than about 
2300 A. 

Results and Discussion 

The principal products in the sensitized de- 
composition of methyl vinyl ether between 0.2 
and 10.0 Torr at 55 "C are propanal and ethane. 
In addition, smaller amounts of ethanal, ethylene, 
carbon monoxide, propane, methane, and n- 
butanal are observed together with polymer. No 
hydrogen is observed and analysis for formalde- 
hyde was not attempted. 

On the basis of previous work on saturated 
(1-3) and unsaturated (4, 5 )  ethers, several 

TABLE I 

Chemical quenching cross-sections for 
Hg 6(jP,), at 328 "K 

Molecule oQ2 (A2) Reference 

CH;OCH;CH~ 10.3 
CH3OCH=CH, 

3f 
31.5 This workf 

*Relative to o,_r4H,02 = 3.6 A2, 298 'K. 
+Relative to oN,02 = 19.0 A2, 328 -K. 
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MORRIS AND FILSETH: PHOTOSENSITIZED DECOMPOSITION 

TABLE 2 

Product quantum yields for varying irradiation time of 0.82 Torr 
methyl vinyl ether 

Quantum yield for irradiation time (s) 

Product 

Propanal 
Ethane 
Ethanal 
Ethylene 
~ a < b o n  monoxide 0.008 0.006 0.012 0.027 
Propane, methane, 

n-butanal 0.005 0.005 0.005 0.009 

primary processes may be considered for the 
methyl vinyl ether decomposition. A carbon- 
hydrogen bond breaking step, as 

may be eliminated by the failure to observe 
anticipated final products such as ethyl vinyl 
ether or methyl isopropyl ether. Similarly, the 
absence of propylene and dimethyl ether in the 
product distribution excludes a primary carbon- 
oxygen bond breaking step, as 

The composition of the product distribution and 
its behavior under conditions of varying intensity 
and varying pressure and irradiation time as 
described below suggests that the principal pri- 
mary process can be written as 

An analogous primary process has been proposed 
in the sensitized decomposition of anisole (5).  
The vinoxy radical formed in reaction [3] is a 
resonance-stabilized tautomer of the formyl 
methyl radical, CH,CHO. 

The major stable products result from com- 
bination of these primary radicals. The results of 
measurements of product quantum yields as a 
function of period of irradiation are recorded in 
Table 2. Propanal, ethane, ethanal, and ethylene 
appear to be primary products, whereas the others 
result at least in part from secondary decom- 
position of primary products. Propanal seems 
clearly to result from the combination of methyl 
and formyl methyl radicals. Similarly, n-butanal 
has been observed as the major product in the 

sensitized decomposition of ethyl vinyl ether (6). 
Disproportionation to methane and presumably 
ketene occurs with less than 4 % probability. 

Recombination of the vinoxy tautomer with 
the methyl radical could regenerate the substrate 
ether and thereby go undetected or result in the 
formation of propanal as indicated above. The 
reaction of two vinoxv radicals could lead to 
ethanal and ketene through disproportionation, 
as 

for which a reasonable six-membered ring inter- 
mediate can be written. No ketene was detected in 
this work, but it would not be expected to survive 
attempts to separate it chromatographically (7). 
In addition, polymerization is a likely alternate 
fate of the radical. 

As the irradiation period is extended, the 
quantum yield of propanal decreases. This fact, 
together with the near-equality of the methane, 
propane, and n-butanal yields, suggests the 
following pattern of secondary reactions 

[5] Hg 6(3P1)  + CH3CH2CH0 ;. CM3CH2 
+ CHO + Hg 6 ( ' So )  

[6 1 CH3CH2 + CH2CH0 ;. n-C3H7CH0 

[7 1 CH3CHz + CHJ -t C3Hs 

[s 1 CHO + CH3 + CO + CH, 

Near-equal yields of methane, propane, and 
n-butanal would be expected on the basis of this 
reaction sequence, as is observed, and reaction 
[ 5 ]  is expected to be the dominant primary process 
in the sensitized decomposition of propanal on 
the basis of previous work on ethanal (8). 

The overall mechanism, including reactions 
[3]-[9] and propanal production through re- 
combination of methyl and formyl methyl 
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CANADIAX JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 3 

Product yield of irradiation of methyl vinyl ether at varying pressures and intensities 
~~ 

- 

Product yield" (nmole) 
- 

Product Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 

Propanal 38.4 13.8 30.0 41.4 44.4 - 
Ethane 26.3 26.0 19.2 25.8 31.8 33.6 
Ethanal 7 .8  26.8 6 .0  10.8 - - 
Ethylene 2 .8  1 . 7  2 .4  2 .4  2 . 4  2 .4  
Propane 0 . 6  0 . 6  1 .2  1 .2  1 .2  1 .2  
Methane 1 .1  2 . 5  1 . 2  1 . 2  I . 2  1 .2  
n-Butanal 0 .6  0 .  I 0 .6  0 . 6  0 .6  - 
-- .~- -pp---pp 

*Experimental conditions for Exps. 1 to 6 are: ether pressure = 0.82, 0.82, 0.21, 0.92, 4.30, 10.00 Torr; 
intensity I, = 1.00, 0.01, 1.00, 1.00, 1.00, 1.00; and irradiation time = 100, 10 000, 60, 60, 60, 60 s, 
respectivel5. 

radicals, is the basis for a quantitative mass 
balance a t  low intensity, as seen from the data in 
Table 3, for which the yield of methyl-radical 
containing products equals that of vinoxy 
tautomer products. The mass balance is incom- 
plete a t  higher intensity, with methyl-radical 
products in the excess. This may reflect the 
disappearance of the vinoxy tautomer with the 
formation of polymer which was observed at  
high intensity. 

By analogy with the results of studies of ethyl 
vinyl ether (4), and as suggested by a previous 
study of methyl ethyl ether (3 ) ,  a primary process 
to produce ethylene might be expected. Ethylene 
is formed in fact as a primary product, but this 
appears to be a very minor process accounting 
for no more that1 3 % of the ether decomposition. 

The effect on product yields of the variation o f  
substrate pressure as recorded in Table 3 provides 
no evidence for the presence of an  excited inter- 
mediate capable of collisional deactivation. 

Within the limitation of this diagnostic test, it is 
concluded that the production of such a precursor 
is not  an  important feature of the mechanisnl a t  
pressures above 0.2 Torr. 

The authors thank the Pomona College Cheinlstry 
Department for the use of its mass spectrometer. This 
research was supported In part by grants from the Petro- 
leunl Research Fund of the An~er~can Chemlcal Society 
and from Harvey Mudd College. 
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Supersonic molecular beam intensities 
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This paper attempts to obtain agreement between theoretical and experimental supersonic molecular 
beam intensities. Measurements of absolute beam intensities are presented, corrected for the effect of 
background scattering in the expansion chamber. It is found that these intensities are considerably 
lower than those predicted by existing theories. This is true even when losses due to imperfect skimming 
are negligible. A new mechanism is therefore proposed which postulates a considerable attenuation of 
the beam due to "self-scattering" collisions upstream of the skimmer and downstream of the onset of 
translational freezing. Using this mechanism it is possible to reasonably reproduce the experimental 
intensities. 
Canadian Journal of Chemistry, 48, 927 (1970) 

Introduction 
Numerous attempts have been made to predict 

the intensities of molecular beams which are 
formed by skimming-off the core of an expanding 
free jet (1-7). All of these efforts have yielded 
theoretical beam intensities which are several 
times larger than most of the experimental 
intensities which have been r e p ~ r t e d . ~  In an 
attempt to understand the low experimental 
intensities, several "ncn-ideal" effects have been 
postulated: skimmer interference with the flow 
(9-13), self-scattering collisions among beam 
molecules downstream of the skimmer (14, 15), 
and attenuation due to scattering on background 
gas which penetrates the jet in the expansion 
chamber (10, 12, 13, 16, 17). 

We report here some careft11 measurements of 
absolute beam intensities, made using a range of 
nozzle-skimmer separations and five sets of 
source conditions. In each case intensities were 
recorded at a number of values of the background 
pressure (p,) in the expansion chamber. The 
intensity which would be observed in the absence 
of background scattering in this region could 

'Present address: Department of Chemistry, Yale 
University, New Haven, Connecticut 06520. 

'Present address: FOM Institute, Kruislaan 407, 
Amsterdam, The Netherlands. 

3A notable exception is the agreement between theory 
and experiment reported recently by Bossel, Hurlbut, 
and Sherman (8). These authors utilized an unusually 
high pumping capacity in the expansion chamber in 
order to produce free jets which could be "skimmed" 
in the reglon of isentropic flow, with a minimum of 
non-ideal etfects. 

thus be deduced by logarithmic extrapolation of 
these measurements top, = 0 (13). In every case 
it was found that the intensities obtained in this 
way were still considerably lower than those 
predicted by any of the ideal beam equations. 
This was true even at large nozzle-skimmer 
separations, where effects due to skimmer 
interference and self-scattering downstream of 
the skimmer almost certainly have a negligible 
effect on the observed intensities. 

We discuss a new mechanism which, we 
believe, resolves the discrepancy between theory 
and experiment. The effect is a consequence of 
the translational freeze phenomenon which was 
described, e.g., by Anderson and Fenn (5). In 
particular we argue that collisions among beam 
particles downstream of the onset of transla- 
tional freezing may result in the effective removal 
of the collision partners from the beam. Taking 
this effect into account, we are able to predict 
intensities in satisfactory agreement with exper- 
iment. Only beams of monatomic gases are 
considered, so as to avoid the complications 
introduced by rotational and vibrational freezing 
in the expanding jet. 

Experimental 
The apparatus has been described previously (13, 18). 

No collimating orifice was used between the skimmer 
and the detector. The geometric parameters of the beam 
defining elements were: geometric nozzle exit diameter 
(D), 0.0266 cm; skimmer throat diameter, 0.033 cm; 
skimmer-detector distance, 99.6 cm; solid angle sub- 
tended by detector, 1.43 x steradians. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1. Centerline beam intensities, obtained by extrapolation top, = 0. The flow through the nozzle is 2.7 x loL9 
particlesls. Dimensions of the beam defining elements are given in text. 

An absolute calibration of the ionization gauge 
detector was obtained using known effusive flows from 
a small orifice. The calibration procedure has been de- 
scribed in detail by Govers (18). Argon was used through- 
out. For all experiments reported, the flow through the 
nozzle was held constant at 2.7 x 10'' particles/s. 
Source temperatures (To) were determined using the 
constant flow technique described by Govers, LeRoy, 
and Deckers (13). The nozzle discharge coefficient was - 0.83, and was roughly independent of the source 
temperature (1 3). 

Centerline beam intensities were measured as a function 
of nozzle-skimmer separation (s), at five values of To 
ranging from 295 to 960%. At each value of s, the 
background pressure in the expansion chamber was 
varied between 4.4 x and 2.5 x Torr, so 
that the beam intensity in the absence of background 
scattering (I,) could be determined by logarithmic 
extrapolation topb  = 0 (13). The resulting intensities are 
plotted in Fig. 1. The error resulting from the extrap- 
olation procedure is estimated to be + 4 %  or less. 
Intensities here and throughout this paper are expressed 
per unit of solid angle, where solid angles are measured 
from the center of the skimmer opening. 

of beam particles in the radial direction, s is the 
nozzle-skimmer separation, S, - v,/c, is the 
perpendicular speed ratio at the slummer, and 
a, = arctan (r,/s) is one-half the angle which 
the skimmer opening subtends a t  the nozzle 
throat. c, is a reference velocity, defined by 
c, 3 ( 2 k ~ ~ / r n ) l / ~ ,  where nz is the mass of a 
beam particle, k is the Boltzmann constant, and 
T, is the perpendicular temperature (the "tem- 
perature" of a two-dimensional Boltzmann 
distribution function which describes the local 
speed distribution in the plane perpendicular to 
the radial direction). r, is the skimmer radius. 

We have compared eq. [ I ]  with a more exact 
expression which can take account of any 
anisotropy of the local speed distribution at the 
skimmer (19). This comparison shows that when 
the local speed distribution at the skimmer is 
isotropic, eq. [ I ]  is a good approximation 
provided only that s2 = S ,  >> 312. In the other 

6"hdea199 Molecular Beam Intensities iimit, where ;he flow is isGntropic to a distance 
x = xq from the nozzle t h r ~ a t , ~  and is free 

Molecular beam intensities can be readily molecular thereafter (Ti /~q  = . ,Z /~Z) ,  the tor- 
calculated, if skimmer interference and other responding requirements are rs << xq and s, ,, 
non-ideal effects are ignored. For a centerline 312. Most cases fall between these two 
detector far downstream of a ' l i m m e r 9  the extremes. For the conditions of the experiments 
"ideal" intensity may be approximated by (6,191 

1 I. N nv,s2(1 - e-S~2"s2) 4The symbol x is used to denote the distance from a 
H~~~ is the number density of beam particles point of interest in the expansion to the nozzle throat. 

The subscript q identifies isentropic flow parameters at 
a t  the skimmer orifice, v, is the average velocity .x = xq. 
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LEROY ET AL.: SUPERSONIC MOLECULAR BEAM INTENSITIES 

FIG. 2. Origin of the self-scattering losses. The broad intensity profile corresponds to T, = 2.1 OK, and represents 
beam molecules which suffer collisions downstream of the onset of translational freezing. The sharper profile (TL = 
0.19 OK) represents an equal number of beam particles which do not suEer such collisions. The dotted curve is the 
sum of these two contributions. 

reported in this paper, eq. [ I ]  always approxi- 
mates the exact ideal beam intensity within 10%. 

In evaluating eq. [ I ]  below, the expansion is 
assumed to be isentropic to x = x,, where the 
local Mach number is M = M,. For s > x, it 
is assumed that 

and that the parallel temperature TI, (the "tem- 
perature" which describes the local distribution 
of molecular speeds in the radial direction) 
is a constant, equal to T,. Ashkenas and 
Sherman's fitting formula (20) for the centerline 
Mach number in a free jet is used to relate x 
(Gx,) and M, and the "terminal" Mach number 
M, (and thus x,, T,, and n,) is calculated from 
Anderson and Fenn's empirical relation for 
argon expansions (5). 

Beam Attenuation due to "Self-Scattering" 
Upstream of the Skimmer 

Solutions of the Boltzmann equation for the 
source flow problem suggest that the perpendic- 
ular temperature5 in a free jet should approach a 
dependence on the inverse of the distance from 
the source (21, 22). On the other hand, experi- 

mental determinations of T, (23-25) show a 
dependence on the nozzle-skimmer separation 
which is intermediate between the collision- 
dominated form (T, = Ti, cc s-413) and the 
form expected in the free molecular limit (T, 
cc s-'). This apparent discrepancy was clarified 
by Edwards and Cheng's analysis (26) of their 
asymptotic solution. They found that this does 
predict T,' cc xW2, provided that only the 
portion of the distribution function near the 
centerline in velocity space is used in evaluating 
T,'.6 The overall T,' cc x-' dependence is due to 
the effect of collisions downstream of the onset 
of translational freezing. Because a large aniso- 
tropy develops in the local velocity distribution, 
such collisions impart relatively large transverse 
velocities to the particles involved. They can thus 
effectively remove both collision partners from 
a beam which is formed by sampling the core of 
the jet. When these "self-scattering" losses are 
accounted for, centerline beam intensities may 
be predicted from equations such as [ I ]  using 
an s dependence of T, which varies from 
T, cc sP4l3 in the collision dominated region 
of the expansion to T, cc s -2  at large distances 
from the source (27). 

The origin of the self-scattering attenuation is 
illustrated schematically in Fig. 2. This figure 
shows intensity profiles measured by a detector 

'Evaluated by fitting an ellipsoidal function to the 'jPrimed quantities are evaluated in the expansion at a 
entire theoretical speed distribution (21). distance x from the source. 
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FIG. 3.  Typical variations of the perpendicular temperature with nozzle-skimmer separation. The points are 
calculated fro111 eq. [2] for three values of the pararneter B;  C i s  set equal to 2. 

which is  moved across the beam, perpendicular 
to the centerline. The broad curve (T, = 2.1 ^K) 
represents those particles which have suffeered 
collisions downstream of the onset of transla- 
tional freezing, while the sharper curve (T, = 
0.19 "K) represents those particles which have 
not. The dotted profile is derived from the suin 
of these t ~ t o  contributions. The particular 
perpendicular temperature used is taken from 
Fig. 3 of ref. 27 and it corresponds to a nozzle- 
skimmer senaration of 40 nozzle diameters. The 
perpend~cular temperature of particles \bliich 
have collided 1s arbitrar~ly set at  one-half the 
value of T taken from ref. 27 a t  s,D = 40. In 
constructing Fig. 2. it was assumed that one-half 
of the particles passing the skimmer had suffered 

collisions downstream of the onset of transla- 
tional freezing. 

Self-scattering collisions upstream of the 
skimmer d o  not alTect the total flux through the 
skimmer. However, the profiles of Fig. 2 show 
clearly that particles which have suffered such 
collisions make only a sinall contributioii t o  the 
beam intensity measured by a centerline detector. 
This contribution decreases as the nozzle- 
skimmer separation is increased. 

We use an  analytical expression to describe the 
variatioli from T,K s-413 to T I ,  s-', a hyper- 
bola on a log-log plot of T J T ,  vs. SIX,. This 
hyperbola has asymptotes of slope -413 and 
-2 (cf. Fig. 3), and it is constructed so that 
T, = T , a t s  = x,: 

5 ' 1 + B2 
7 1 0  c - [ g  ( )  - ( I  - B') log C 

Thef~inctionhastwoparameters: Gisthenumber Ti s-4'3 to TL s - ~  takes When B 
of times T, in the limit s i is larger than the 7specifically B is the ra t io  of two differences on the 
value it would hahe if the flow becarne suddenly log-log plot: the difference between log (TJT,) and the 

free molecular at = s,; alld B (0 B 1) is asymptotic line of slope -4 '3  at s,!x, = 1, and the same 
difference at s / x ,  = .x,;x,, where x, = . Y , C ' . ~ ( ~ - ~ ' )  is 

a measure of how rapidly the transition from the abscissa of the origin of the hyperbola. 
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is small the transition is sharp, while for large B 
it is quite gradual (Fig. 3). 

In order to estimate the extent of beam 
attenuation due to self-scattering upstream of 
the skimmer, we make three approximations. 
(a) At a distance x, from the nozzle, TI, '  freezes 
a t  the value of the local temperature calculated 
for an isentropic expansion, T,. (b) Self-scattering 
losses are limited to the interval between x = 
c,x, and s, where c, 3 1. In other words, $$hen 
x > c,xq, TLf and TI,' are assumed to have 

diverged sufficiently that any collision will result 
in removal of both collision partners from the 
final beam. Downstream of the skimmer, the 
sharp decrease in densitys quenches further 
self-scattering losses. (c) The collision frequency 
in the interval c,x, < x < s is governed by a 
one-dimensional Maxwellian speed distribution 
corresponding to a temperature T,. 

With these approximations, the collision 
probability per unit length is given by 

n r ,  -m(vI2 + vz2) 
dv, do2 

where n' = n , ( ~ , / x ) ~  is the number density a t  
x, o(zj,) is the collision diameter of the beam 
particles, and v, - Iv, - u2 I is the relative speed 0.9 - T~ = 2 9 8 0 ~  

of particles 1 and 2. To approximate o(v,) we 
assume a "classical" dependence on v, (28). 

141 
161zT,, 

o~vr) = 

o,, is the collision diameter for particles which 
collide with a relative velocity equal to its average 
value in a room temperature (T,, = 298 OK) gas. 
Integration of eq. [3] now yields 

7 n,s,.oo2 ($)lI6, ,,,2 [ S ]  S ( X )  = 4.1 x 10- --------- 
x2ub 

where T,  is in degrees Kelvin and all other O 3  

quantities are in c.g.s. units. 
According to our assumptions, the probability 0.2 

that a beam particle will not suffer a collision 
between c,x, and s is equal to the ratio of the o,, 
beam intensities in the presence ( I )  and absence 
(I,,) of self-scattering. This probability is now 
readily derived (29) to be o 20 40 60 80 100 120 

s/D - 
[6] I / I o = e x p [ - / 3 ( L - ~ ) ]  FIG. 4. Some typical variations of the self-scattering 

CsXq attenuation with nozzle-skimmer separation. 

The ratio illo is plotted in Fig. 4 for several We should emphasize that the estimation of 
of the Parame'er' 00 and cs. The source collision frequencies at low local temperatures 

the high and such as are encountered in the free jet (7' 10 
low temperature results reported in Fig. 1. for = 295 is a risky matter. This is 
"q, Xq> Tq,  and "b here evaluated as described in especially true for beam gases, including argon, 
the preceding section. Note that an increase in 
source temperature decreases the amount Of self- SSee, for example, the derlvatlon in ref. 15 of the 
scattering at large nozzle-skimmer separations. collls~on free denslty downstream of a skimmer. 
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t I I I I I I 
20 40 60 80 100 120 140 

s/D-+ 
FIG. 5. Comparison of theoretical and experimental 

centerline intensities. Tne solid curves are transferred 
directly from Fig. 1, while the broken curves are calculated 
from eq. [7] using the parameters o, = 5.5 A, c, = 2.0, 
B = 0.4, and C = 1.5. 

which become "supercooled" at these tempera- 
tures. Thus eq. [GI must be viewed as a rough 
approximation to the self-scattering attenuation. 

Predictions of Supersonic Beam Intensities 
Using the Self-scattering Model: Comparison 

with Experiment 
When the core of a monatomic free jet is 

sampled downstream of the onset of translational 
freezing eqs. [I] and [GI may be combined to 
predict the centerline intensity of the resulting 
beam 

S,  is calculated using T, from eq. [2]. 
We have used eq. [7] to predict the beam 

intensities corresponding to the experimental 
conditions of Fig. 1. Figure 5 illustrates the 
results obtained using B = 0.4 and C = 1.5 to 
evaluate S,, and o0 = 5.5 A and c, = 2.0 to 
estimate the self-scattering attenuation. However, 
this choice of parameters is certainly not unique 
as, for example, comparable agreement was 

obtained using o, = 4.7 and c, = 1.5. "Quit- 
ting" parameters were again calculated from 
Anderson and Fenn's empirical relation ( 9 ,  as 
explained above. To determine x,, we used the 
"effective nozzle diameter" (13, 20) correspond- 
ing to the experimental discharge coefficient. 

Discussion 
Equation [7] predicts absolute intensities 

which are in qualitative agreement with experi- 
mental measurements, and it also predicts 
qualitatively the variation of intensity with 
source temperature which is observed (cf. Fig. 5). 
This is true at nozzle-skimmer distances which 
are large enough that the effect of skimmer 
interference with the flow is negligible (s/D 2 60 
in Fig. 5). At very large nozzle-skimmer separa- 
tions, the predicted variation of beam intensity 
with source temperature is found to be in 
excellent agreement with experiment. 

The agreement at intermediate nozzle-skimmer 
separations and elevated source temperatures is 
less satisfactory. The predicted intensities fall 
more and more rapidly with respect to the 
experimental results as the source temperature is 
increased. We shall not attempt to rationalize 
these discrepaiicies in detail. However, we will 
examine how the idealizations of the model and 
the possible dependence of the parameters on 
source conditions might affect the agreement. 

The two parameters, o, and c,, of the self- 
scattering model are obviously related, since the 
limiting attenuation at large nozzle-skimmer 
separations is 

Im/ I  - e- P I c I x Q  

0 - 

where p is proportional to 0,'. Thus for given 
source conditions an infinite number of combina- 
tions of oo and c, can lead to the same attenuation 
at large nozzle-skimmer separations. However, 
larger values of c, will tend to shift the theoretical 
curves of Fig. 5 to the right, and thus bring them 
into closer agreement with experiment. On the 
other hand the predicted variation of intensity 
with source temperature becomes somewhat 
weaker as c, is increased. 

I t  is possible that both the parameters Band C 
depend on the source conditions. The curves of 
Fig. 5 were recalculated for B = 0.2 and 0.6. 
The effect of increasing B, and hence of making 
the transition from T, GC s -4 /3  to T, GC S - 2  

more gradual (see Fig. 3), is to increase the 
predicted intensities at intermediate s/D. Wow- 
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Long-range spin-spin coupling in N-methyl 2-carbomethoxy-4,6-dinitroanilinel 

J. A. MCCUBBIN AND R. Y. MOIR 
Departn2ent of Chenzistrj~, Qrieen'~ Unirel,sity, Kingston, Ontario 

AND 

6. A. NEVILLE 
Research Laboratories, Food and Drug Directorate, Department of National Health uncl Wefire, Ottawa, O~ztario 

Received September 11, 1969 

Long-range coupling ('J rr. 0.5 HZ) between the amino proton and the C-5 ring proton of N-methyl 
2-carbomethoxy-4,6-dinitroaniline (1) was established unequivocally by comparison of the proton mag- 
netic resonance spectra of the 3-d and 5-d analogs of 1 together \vith the ~\~-deutero derivatives of the 
above compounds. Deuterium decoupling experiments indicated that mera-deuterium coupling was of 
the order of band resolution (< 0.2 Hz). El~icidation of the source of long-range coupling with the aniino 
proton enabled the chemical shifts of the aromatic protons to be assigned. The relative magnitude of 
these chemical shifts is discussed in terms of the shielding effects operative in the predominant confornler 
in which the amino hydrogen is intramolec~~larly hydrogen bonded to the oxygen of the ester carbonyl 
group. 
Canad~an Journal of Chemistry, 48, 934 (1970) 

Introduction 
When the present systeru involving long-range 

coupling between the anili~lo proton and a ring 
meta-proton was first reported, relatively few 
examples of long-range H1-H1 spin-spin coupling 
in aromatic systems had been documented (1). 
Now, however, much of the previously published 
but widely scattered data for long-range coupling 
between aromatic ring and a-protons and for 
coupling across hetero atoms in aromatic sys- 
tems has been compiled by Briigel (2), and very 
recently Sternhell (3) has reviewed various 
classes of spin-spin coupling which have 
appeared in the literature since his earlier review 
of the subject (1). 

Kowalewski and Kowalewski (4) first reported 
several long-range couplillgs across 5 bonds 
involving the aldehydic proton (J,,,., -- 0.50- 
0.90 Hz) in some di-substituted benzaldehydes. 
Karabatsos and Vane (5) extended this work by 
studying some 65 s~lbstituted benzaldehydes 
from which they concluded that the coupling 
followed a trans-trans coplanar path (the so- 
called M or  W path). Earlier, Meinwald and 
Lewis (6) had proposed that !on&-range inter- 
actions may involve the direct overlap between 
the small orbitals of carbon atoms in a zigzag 
configuration, and the similarity between their 
theoretical model and some extended zigzag 

configurations present in unsaturated structures 
exhibiting long-range coupling had been noted 
by Banwell and Sheppard (7). Shortly afterward, 
the Kowalewski team demonstrated the existence 
of a n  additional weaker coupling between the 
t rans- t rcr~~s  aldehydic and o r t l ~ o  protons (JOcH-, 
-- 0.15-0.25 Hz) in various di-substituted 
be~lzaldehydes (8) and also found multiple long- 
range spin-spill coupling between the formyl 
and ring protons of various salicylaldehydes 
where J, ,,,-,, J ,  ,,,.,, and JOcH-, were all of the 
order of 0.10 Hz (9). More examples of long- 
range couplings involving the aldehydic proton 
and ring protons in substituted benzaldehydes 
may be found in Briigel's compilation (2). 

T ~ l u e n e  and its derivatives also provide a n  
instructive system for the study of various 
coupling effects. In  a definitive and elegant 
study in which the nuclear magnetic resonance 
(n.m.r.) spectrum of toluene was completely 
analyzed in terms of chemical shifts and coupling 
constants, Williamson et al. (10) have shown that 
the aromatic protons form a very strongly 
coupled spin system which is con~pletely modi- 
fied by the extra splittings due to the long-range 
couplings with the methyl protoils. The long- 
range coupling constants of toluene, interestingly, 
were found to be almost identical (maximum 
deviation of 0.1 Hz) to those found by Kotowycz 
and Schaefer (1 1 )  in 2-bromo-5-chlorotolme. 

'Taken In palt from the M Sc. Thesis (Queen's Schaefer et al. (12) have demonstrated that the 
Unlvers~ty) of J. A. McCubb~n, and reported rn part at  
the 48th Annual Chelnlcal Institute of Canada Con- C-H of the group of 
ference, Montreal, Quebec, June 1, 1965. a,a-2,6-tetrachlorotol~1e:ie at  -40 "C lies in the 
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plane of the ring and that the C-H proton is 
involved in a stereospecific 5-bond coupling 
with a ring proton in the meta position. 

1Jntil the relatively recent conformational 
study of polynitroanilines by Weil et al. (13), 110 
long-range couplings involving anilino protons 
had been reported for substituted anilines. In 
the above work, the authors reported JNH,,, 
as 0.3 and 0.7 Hz for 2,4-dinitroaniline and 
N-methyl 2,4-dinitroaniline respectively. To the 
best of our knowledge no further long-range 
couplings invoiving anilino protons have been 
reported for substituted anilines. Coupling of 
the anilino proton with those on adjacent carbon 
atoms ( J  = 5-6 Hz) has been reported for nitro- 
substituted N-methylanilines (14, 15) and N- 
ethylanilines (15), alkylaminoanthraquinones 
(16), 2-methylaminopyridine (17), and for several 
polyRuorinated N-methylanilines (18). Since the 
disappearance of the N-alkyl inultiplet, being 
dependent on the rate of proton exchange, 
should reflect the basicity of the aniline, a series 
of anilines might be found having pK, values 
such that at some point in the series a change in 
coupling to non-coupling might be observed in 
the proton magnetic resonance (p.1n.r.) spectra. 
Such a sequence has been found by Rae (19) for 
deuterochloroform solutions of substituted 
N-methylaniiines where no coupling of the 
H-C-N-H system was observed for those an- 
i l ine~  with pK, > 3.5 at 25 "C owing to the ra- 
pidity of proton exchange in solution. N-Methyl 
2-carbornethoxy-4,6-dinitroaniline (1) shows 
both H-C-N-H coupling and a long-range 
coupling across the hetero atom involving the 
anilino proton. It is the purpose of this paper to 
provide an unequivocal proof that it is the C-5 
ring proton that couples with the anilino proton 
of I .  

Results and Discussion 

Spectral Featrires a i d  Long-Range Coupling 
Four absorption regions are found in the 

p.m.r. spectrum of N-methyl 2-carbomethoxy- 
4,6-dinitsoaniline in chloroform-d solution. The 
doublet centered at 2.90 p.p.m. (J ,,,,,,, = 5.6 
Hz) is assigned to the protons of the N-methyl 
group, and this chemical shift and coupling 
constant are consistent with the following values 
reported for the corresponding proton absorp- 
tion in AT-methyl 2.4.6-trinitroaniline; 2.98 
p.p.rn. (J = 5.9 H z )  (CDCI,) (19); 3.04 p.p.m. 

( J  = 5.6 Hz) (nitrobenzene) (15), and 2.952 
p.p.m. ( J  = 5.6 Hz) (CH,Cl,) (14). Since the 
N-methyl protons of N-methyl 2-carbomethoxy- 
4,6-dinitroaniline couple with the amino proton 
and give J as high as 5.6 Hz, this aniline would 
fall into the third group of Rae's classification 
of anilines (19), as based on their basicities, and 
presumably it would have a pK, of less than 1.3. 

In addition to a singlet at  3.97 p.p.m. which is 
in the accepted region for methyl protons of a 
carbomethoxy group attached to a benzene 
ring, a very broad absorption is seen at  9.4 p.p.m. 
(approximately 30 Hz wide) which is attributed 
to the amino proton. From infrared (i.r.) 
spectroscopic studies of l3 in chloroform and 
carbon tetrachloride solutions it is known that 
the amino proton of the major portion of the 
solute is hydrogen bonded to the oxygen of the 
ester carbonyl group (v,=, = 1697; v,-, = 

3279 ern-'). A minor portion of the solute 
resides in the other conformation in which the 
amino proton is hydrogen bonded to an oxygen 
of the ortho nitro group (v,=, = 1722; v,-, = 

3316 and 3248 empi ,  shoulders on the medium 
intensity 3279 em-' band). Since hydrogen 
bonding is known to deshield the proton nucleus 
(20), the low-field frequency observed for the 
amino proton is expected and is consistent with 
the value of 9.2 p.p.m. (nitrobenzene) obtained 
for the amino proton4 of N-methyl2,4,6-trinitro- 
aniline-(1 5). 

The p.m.r. spectral region of main interest 
(Fig. 1) concerns the two doublets (J,, = 2.6 Hz) 
centered at  8.75 and 8.90 p.p.m. arising from 
the 2 aromatic protons meta to each other. A 
range of 1 to 3 Hz has been quoted by Pople et al. 
(21) for ineta coupling. Comparison with the 
N-deuterated compound (Fig. 2) shows that the 
upfield doublet of the ABX pattern (Fig. 1) is 
broadened relative to the down-field doublet, 
and distinct long-range coupling is seen in Fig. 1 

21-Ieidberg et al. (14) reported their chemical shifts 
relative to the CH2CI2 peak. The above frequency has 
been recalc~ilated on the basis of the CH2C12 peak being 
at 5.30 p.p.m. froin TIMS. 

3The extensive i.r. study of this compound and of its 
N-, 3 4 ,  and 5-d deuterated analogs in both the solid and 
solution state will be reported later. 

"Heidberg et a/ .  (14) reported that the amino peaks of 
v a r i o ~ ~ s  nitrated hr-niethylanilines used in their study 
were broad and barely detectable. Rae (19) did not 
report the amino proton frequencies of his nitrated hr- 
methylanilines, but Lani~n (15) used spin deco~~pling to 
record the amino proton freq~~encies fro111 the same 
series of nitrated N-rnethylanilines. 
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9.00 8.80 8.60 

PPM 
FIG. 1. The p.m.r. spectrum of the aromatic region of N-methyl2-carbometl1oxy-4,6-dinitroaniIine in CDCI,. 

5H z 

I I 
9.08 8 LO b 60 

P P M  
FIG. 2. The p.m.r. spectrum of the aromatic region of N-deutero-1V-methyl 2-carbon1ethoxy-4,6-dinitroaniIine 

in CDCI,. 

which disappears upon N-deuteration. The 
corn~le te  co l l a~se  of ABX Dattern to a n  AB 
pattern rules out the possibility of two con- 
formers5 causing this splitting and indicates a 

ino long-range coupling ( 5 ~ )  between the a=' 

sAlthough i.r. spectroscopy provided evidence for 
the existence of 2 intran~olecularly hydrogen bonded 
conformers in solution, p.rn.r. spectra taken near ambient 
tempcratnre showed only (as mas to be expected) lines 
each of nhich Mas the average of the corresponding lines 
of the pure conformers. The co~~p l ing  constants and 
shifts so observed of course correspond to averages 
weighted in fabor of the dominant, more strongly bonded 
(amino-to-carbonyl) conformer. 

protons and one of the ring protons. By com- 
parison, it is interesting that IHeidberg et a/. (i4) 
found the 3- and 5-phenyl protons of N-methyl 

-rtro- 2,4,6-trinitroaniline and of N-methyl 2,6-dhL' 
aniline to become noneqrlivaler~t at  low tern- 
perattlres (down to -60 "C). N o  mention is 
made of any evidence for long-range coupIirlg 
by the amino proton, and the ili~lstrated aromatic 
portions of the low temperature spectra were 
limited to the N-cieutero picryl derivative (14). 

T o  discover whish of the two protons is inter- 
acting, it was possible to partially deuterate the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



McCUBBIN ET AL.: LONG-RANGE SPIN-SPIN COUPLING 

FIG. 3. The p.m.r. spectrum of the aromatic region of partially deuterated N-methyl 2-carbomethoxy-4,6- 
dinitroaniline-3-d in CDCI3. 

ring at the 3 position. The p.m.r. spectrum of the 
partially deuterated 3-d derivative (Fig. 3)  shows 
decreased area of the down-field doublet relative 
to the up-field doublet. This change indicated 
that the fine coupllng seen in the up-field doublet 
must arise from interaction of the amino proton 
with the C-5 proton. In order to further verify 
that only the C-5 proton couples with the amino 
protons, both the 3-d and 5-d derivatives were 
prepared in high purity. With the 3-d derivative 
(Fig. 41, the singlet given by the proton at C-5 
was broad (band width at half height = 1.3 Hz) 
due mainly to interaction with the amino proton. 
With the 5-d derivative (Fig. 5), a sharp singlet 
(band width at half height = 0.9 Hz) was ob- 
tained for the proton at C-3 indicative of non- 

interaction with the amino proton. Although 
meta-deuterium couplillg is expected to be less 
than 0.2 Hz, deuterium decoupling experiments 
were performed on each deuterium derivative in 
an attempt to further simplify the aromatic 
bands. No change occurred in either the H, or 
H, aromatic band with deuterium decoupling 
except for slight broadening due to the decoupling 
experiment itself. Sharper aromatic singlets were 
obtained without the decoupler indicating that 
the magnitude of the deuterium coupling in these 
compounds is of the order of resolution of the 
equipment. 

- 
9'08 P P M  8.80 

FIG. 4. The p.m.r. spectrum of the aromatic region FIG. 5. The p.m.r. spectrum of the aromatic region 
of completely deuterated N-methyl 2-carbomethoxy- of completely deuterated N-methyl 2-carbomethoxy-4,6- 
4,6-dinitroaniline-3-d. dinitroaniline-5-d. 
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TABLE 1 
Chemical shifts (6)* for selected aromatlc protons from the 4'-carbometI1oxy-2'-n1tro-(4) 

and 2',4'-dinitro-(5) derivatives of anisole (R = CH,) and of 7-metainecon~ne (R = C,0H904)  i 
- - -- -- - - -- - -- - - - - - -- -- - -- - 

Proton 6 4 6 5 A6 
-- -- - - - -- 

:In CDCl, solution, expressed in p.p.rn. of band centers dounfield from tetramethylsilat~e internal reference. 

C02CH3 No2 
4 5 

The long-range coupling between the amino Table 1 ,  derived from conformational studies by 
and C-5 proton of N-methyl 2-carbomethoxy- p.1n.r. spectroscopy of substituted diphenyl 
4,h-dinitroaniline therefore follows the conven- ethers and their corresponding aliisoles having 
tional tmns-trans route and presumably the planar nitro and carbomethoxy groups (23), it 
path is also coplanar since niaximun~ coupling was noted that a nitro group exhibits a deshielding 
occurs uhen the subst~tuect  group is coplanar effect of 0.20-0.25 p.p.m. greater than a car- 
\\ it11 the ring (4). This finding is also in agreement bometlioxy group depending on the nature of the 
~ i t h  the 1.r. results ~ h ~ c h  shov the methylamino renlaining aryl moiety. When this che~nical shift 
group to be coplanar with the rlng. 111 this con- difference is subtracted from 8.98 p.p.m. (14, 25) 
formati011 the T electron system is conjugated 
n i th  the amino group and favorable for the 
mecha~irsm of coupling proposed by Gutousky 
and Porte (22) for aromatic systems. The interac- 
tion betnee11 the n electrons n i th  the lone pair 
of electrons of the a m n o  nitrogen could affect 
the electrons of the N-H bond resulting in 
perturbatlo11 of the field around the amino pro- 
ton nucleus. 

Coifofon~~ationul I t~juence 011 Aro~?iatic Proton 
Ft.eq~/e~lcics 

for the 3,5-protons of N-methyl 2,4,6-trinitro- 
aniline (2) by \\ay of a n  estimate of the effect of 
replacing a coplanar nitro group of 2 with the 
coplanar carbomethoxy group of 1, the values 
obtained are very near the smaller chemical shift 
of 8.74 p.p.m. for I. Moreover, while the fine 
niultiplicity for the C-5 proton, which disappears 
upon AT-deuteratio~i, of IV-methyl 2-carbo- 
methoxy-4-nitroaniiiline (3) (Fig. 6) constitutes its 
o\+n indicator of tlie source of long-range 
coupling in t h ~ s  compound, neither the chemical 
shifts of 8.82 and 8.18 p.p.m. for the C-3 and C-5 

Before tlie 3 - r l  and 5-d analogs of N-methyl protons respectively of 3 provide any imme- 
2-carbornetlioxy-4.6-dinitroanili~ie (I) \\ere syn- diate help in assigning the chemical shifts con- 
thesized and the aromatic seat of long-range vincingly to the aromatic protons of 1. Heidberg 
coupling M it11 the amino proto~is  \\as established et NI. (14) reported that the introduction of one 
~ ~ ~ l e q ~ ~ i \ o c a l l y .  \+e \\ere inclined to regard the planar nitro group reduced the shielding of its 
high-field doublet of the aromatic pattern at ortho protons approsirnately 50 Hz. Tori and 
8.74 p.p.m. (Fig. 1) as arising from the H, KLII-iqama (24) have show11 that the nitro group 
proto11. ~ l t h o u g h  such an  assignment n,ould exhibits shielding and deshielding volumes 
ha\e  constituted an exception to the \\;-ri~le. si~nilar to those of a carbonyl group. Rae (25) ,  
it seemed likel) that the more shielded aromatic using the magnetic susceptibilities determined 
proton o ~ ~ g l i t  to be located behieen the nitro bb Ya~naguchi (26) for the nitro group, sho~5ed 
and carbomethoxq groups. From the data in that an~sotropic deshielding bq the nitro groLlp 
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McCUBBIN ET AL.: LONG-RANGE SPIhT-SPIN COUPLING 

- 
8 90 8.80 8.30 8 20 8.10 6.80 6 70 6.60 

PPM P P M  P P M  

I I I I I I I I I 
10 0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 

P P M  ( 8 )  

I ' I  I I I I I 1 I I 

10 0 9 0 8 0 7 0 6.0 5.0 4 0 3 0 2.0 
P P M  (8) 

FIG. 6. The p.m.r. spectrum of N-methyl2-carbomethoxy-4-nitroaniline and of its N-deutero analog in CDC13. 
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might be suspected to decrease by some 40 Hz as with line frequencres at  8.85, 8.88, 8.97, and 9.02 (J,,, = 

the angle of rotation approached 90". In retro- 7.1 Hz) for the aromatic protons. 
Anal. Calcd. for C,H,N206C!: C, 36.87; H, 1.93; N, spect, therefore, it is seen that introd~lction of a 10.75. Follnd: ,-, 36,97, 37,16; H, 2.21, 2,24; N, 

nitro group at C-6 111 3 to ob t a~n  I deshields the 10.72, 
C-5 proton by approximately 30 Hz indicating The small quantities of methyl 3,s-dinitrosalicylate-4-d 
that the or~ho-nitro group is orlly and nlethyl 3,5-dinitrosalicylate-6-N', reported elsewhere 

rotated froln the plane of the rillg by steric (29)' were treated with phosphorus oxycl~loride in the 
same way except that the reactions were conducted in a 

interactioll from the AT-~nethyl substituent. flask and hand agitated. The crude, bro\\n 4-d and 6-d 

Experimental 
Appnmtus 

The p.m.r. spectra were recorded on a Varian A-60 
spectrometer in chloroform-ri solution using tetramethyl- 
silane (TMS) as an internal reference. All chernical shifts 
are reported in p.p.m. down-field from TMS. Since all 
the conipounds examined are sparingly solublc in chloro- 
form, all p.rn.r. spectra mere obtained fro111 satnrated 
solutions at ambient probe temperature of 40 k 2". 

Deuterium decoupling experiments \\ere performed 
using a Varian DA-60 n.m.r. spectrometer equipped with 
an  external locking systeril for field stabilization. Double 
irradiation experiments \sere carried out using an n.m.r. 
Specialties SD-60 spin decoupler operating at  9.2 MHz. 

Infrared spectra nere recorded on a Perkin-Elmer 
Model 21 spcctron~eter. A11 ~tndesignated melting points 
were taken on a Kofler hot stage \yith microscope attach- 
ment and are reported unco~rected. The melting deter- 
minations designated precision (prec.) mere obtained 
with Anschutz immersion tl?ermometers using an  
electrically heated precision melting apparatus (27) con- 
taining Dow Corning 550 fluid. Thin-\balled capillary 
tubes d raan  fro111 tl-ioroughly cleaned and dry pyrex 
tubing were emploqed for these determinations. 

Sytl flresis 
.\letliyI 2-Cliloro-3,5-~/iriitrobe11zocr~e, Xlef/rj,l 

2-C'/ilaro-3,5-clitiitrobe11:o~1ie-4-d, rit7d A [ e f i ~ ~ , l  
2-CIiIor0-3,i-~/ii1itroOet1zonte-6-~/ 

The method of cl~lorodel~ydroxylation is siinilar to that 
~ised by Sorrons et crl. (28) for the replaceinent of a 
hydroxyl group by chlorine in dinitrophenols. 

Mcthyl 3,5-di11itrosalicyIate (30 g, m.p. 13?-134'> 
prepared from niethql salicylatc) \\as suspended in 
freshly opened pliosphor~~s oxychloride (89 n11). \VI?ile 
the ~ i i i x t ~ ~ r e  \\as \igorously stirred and maintained at 
10-15 by an ice-bath, ~\',.l.-dimethyla~liline (34 inl, 2.22 
~noles) \ \as sIo\\Iy addccl cirop\sisc to the suspension o1t.r 
a period of 30-35 min. The solid slouly dissol\ed during 
the addition, and \\hen approxi~iiately 75"; of thc 
dimethblaniline had been added, the reaction iiiixture 
de~eloped a dark orange-bro\\n color. On conil2letion 
of the addition, the mixture was stirred in rhe ice-bat11 
for I 11 after vihich it \ \as allo\\cd to \\arm up to roo111 
tenipcrature. Tllc ~ i i i x t ~ ~ r e  \+as poured \\it11 stirring onto 
cri~slied icc ( I  I )  and imi~~cdiately a dark green solid 
forn~ed. After l?a\ing been cri~siied and \Lashed \\ell \\it11 
\later. the damp solid \\as recr)itailized from ~netlianol 
using decoloriring charcoal to obtain solid (dry. 19.6 g, 
60"" qield) nlelting 89--90'. Tmo niore recr\srallizatio~?s 
From n1erhanol ga\e the analqtical saiilple melting at 
90.3-91.0- (prcc.). Tile p.m.r. ipectruiil sho\\ed a singlet 
for the ester methql protons (4.05) and an AR quartet 

chloro compounds were used without further purification 
in the next reaction step. 

N-Metl~yl2-Carborneflioxj~-4,6-dir~itroani!ine, 
AT-Methyl 2-Curbon~etl1oxy-4,6-dirzifr.ontziline-3-d, 
anci ~V-~\Iethj,l 2-C~rrbornethoxy-4,6-dinitron~zilit1e-5-rl 

Methyl 2-chloro-3,s-dinitrobenzoate (10.0 g, m.p. 
90-92^) was dissolved in benzene (150 1111). Excess rnerhyl- 
amine gas (generated from a saturated aqueous solution 
of methylarnine hydrochloride (10.0 g) dropped on 
sodium hydroxide pellets (20 g)) was passed through the 
benzene solution producing some yellow solid. On com- 
vletion of the reaction, the mixture was heated to the 
boiling point and filtered hot to remove the methylamine 
hydrochloride by-product. After boiling the filtrate to 
reduce its voluine by 1, a solid cake of crystals formed on 
standing at rooin temperature. The solid mas Lvashed 
free L\ ith diethyl ether and collected to obtain the crude 
product (9.3 g, 95:< yield) iuelting at  132.5-135.5". Two 
recrystallizations from ~nethanol gave the analytical 
sample ~nelting at 133.2-134.2' (prec.). 

Anal. Calcd. for C,H,N306: C, 42.36; H ,  3.56; N ,  
16.47. Found: C, 42.46, 42.39; H, 3.72, 3.70; N, 16.66, 
16.50. 

The entire quantity of methyl 2-chloro-3,5-dinitroben- 
zoate-4-rl, as described earlier, mas reacted and purified 
essentially as above. The yellow crystals (0.184 g, 21 % 
overall yield fro111 n~etliyl 4-iodosalicplate (29)) after 1 
recrystallization melted at 133.2-134.2: (prec.) and a 
mixture nith authentic ~indeuterated material melted at  
132.8-133.8" (prec.). The 13.m.r. spectrum shoued only 1 
singlet (7.25) in rhc aroinli~tic region. 

Similarly, the entire quantity of methyl 2-chloro-3.5- 
dinitrobcnzoate-6-(1, described earlier, mas reacted with 
metliylamine gas in benzene and crystallized froin 
:i?cti~anol. The >-ellon crystals (0.178 g, 3.2:; overall 
> ield from methyl 2-chloro-6-nitrobenzoate (29)) afrer 1 
recrystalliration melted at 133.2-134.2" (prec.). A mixture 
~ i i t l i  thc authentic undeuterated compound melted at  
133.4-134.1' (prec.). Thc p.ni.r. spectrunl reyealed only 
1 singlet (7.05) in the aromatic region. 

.\letl~~.I 2-Chloro-5-nitioher~zorite 
2-Chloro-5-nitrobenroic acid (10.0 g, Eastman) was 

heated under reflux \\it11 anhqdrous methanol (225 ml) 
and concentrated sulfuric acid for 24 h. Crystals formed 
on po~iring the ~i~ethanolic sol~itioil into excess nater. 
The solid \vas collected, \bashed, and dried to give 9.9 g, 
of procl~~ct melting at 70.0-71.0'; lit. value 73' (30). 

. ifer/~yI 2-Corbor11eil1o.wy-4-r1iti'onr1ilii1e 
Mctl1jl 2-chloro-5-nitrobenzoate (3.00 g. 1n.p. 70.0- 

71.0 ) \\as dissolved in benrene (30 mlj and treated ~ i t h  
excess metliqiamine gas (generated fro111 117ethylainine 
hqdrochloride (3.8 g, Eastman) and sodiuin hydroxide 
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MCCUBBIN ET AL.: LONG-RANGE SPIN-SPIN COUPLING 941 

pellets (18 g)). On completion of the reaction, the inixture 
was heated to boiling and filtered hot to remove the 
nleihplamine hydrochloride by-product. By reducing the 
voiunie of the filtrate successively by boiling, a total of 
1.44 g (49 %) of crude product uas  obtained by crystalliza- 
tion. Two recrystallizations of the crude solid fro111 ben- 
zene mith decolorizing charcoal followed by a single 
recrystallization fronl benzene alone gave the analytical 
sarnple melting at 148.0-148.6; (prec.). The p.m.r. spec- 
trum (Fig. 6) showed a doublet for the A'-methyl protons 
(2.97,3.07; J,,,,,!3 = 5.1 Hz), a singlet for theester methyl 
protons (5.58) a doublet for H, (8.80, 8.85; J 3 , 5  = 2.8 
Hz), a quartet for H, (8.12, 8.15, 8.27, 8.32; J,,,  = 2.8, 
J5,6 = 9.4 Hz), a doublet for H ,  (6.28, 6.73; J5 , ,  = 9.4 
Hz), and a moderately broad band at 8.52 for the amino 
proton. 

Anal. Calcd. for C,H,,N,O,: C, 51.42; H ,  4.80; N, 
13.33. Found: C, 51.54, 51.53; H, 4.90, 4.89; W, 13.29, 
13.31. 

Preparation of N-Deuteuated Isomers 
Each nitro-aniline was dissolved in acetic acid-d: and 

the flask \?as connected to a vacuum line. Each mixture 
*as allo~ved to stand overnight before being warmed to 
60" under a pumping vacuum to remove the acetic 
acid-cl,. The product was handled in a dry box (N, and 
P20,) .  The absence of any N-H stretching bands in the 
i.r. spectra indicated that N-deuteration was complete. 

We are grateful to Dr. Robert R. Fraser, University 
of Ottawa, for the ring deuterium decoupling experi- 
ments. 
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Synthesis of the deutero-specific 4-d and 6-d methyl 3,s-dinitrosalicylates 
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Received September 11, 1969 

The synthesis is described of several specifically labelled deuterium derivatives of salicylic acid needed 
for the study of long-range coupling and in infrared studies of aromatic conformation. 
Canadian Journal of Chemistry, 48,942 (1970) 

Introduction 
In a paper devoted to a proton magnetic 

resonance (p.m.r.) study of molecular over- 
crowding in N-alkyl-o-nitroanilines, Rae (1) has 
noted the particular attention that has been given 
the study of nitroanilines and the wealth of 
information about conjugation in aromatic 
systems, hydrogen bonding, association by 
charge transfer, and molecular overcrowding. 
Heidberg et aE. (2) have also studied the con- 
formation and internal rotation of several nitro 
aromatic amines in solution by p.m.r. spectros- 
copy. Weil et al. (3) recently reported an exten- 
sive study of spectra and conformation in nitro- 
anilines and nitroacetanilides and, in particular, 
observed a long-range coupling between amino 
hydrogen and a rneta proton. When the latter 
work was published, an extensive series of N- 
alkylated 2-carbomethoxy-4,6-dinitroanilines 
and related compounds had been prepared and 
examined by p.m.r. spectroscopy in our labora- 
tory. In the context of this work a novel, long- 
range coupling ( 5 J )  was observed to involve the 
amino proton and one of the aromatic protons 
of the N-alkyl-2-carbomethoxy-4,6-dinitroandine 
system (4). It is the purpose of this communica- 
tion to report the extensive chemical transforrna- 
tions performed in order to obtain the apgro- 
priately deuterium labelled phenolic precursors 
to N-methyl-2-carbomethoxy-4,6-dinitroaniline- 
3-d and N-methyl-2-carbomethoxy-4,6-dinitro- 
aniline-5-d by which the aromatic seat of this 
long-range coupling was elucidated. 

Synthesis and Proof of Structure 
Synthesis of 2-Carbomethoxy-4,6-dinituo- 

phenol-3-d 
The sequence of reactions that finally proved 

successful is shown in Fig. 1. Although the initial 

oxidation required surprisingly close control, 
the main interest and difficulty occurred in the 
third step, the reduction of the nitro group. 

In our original plan for the sequence from this 
step onward (Fig. 2), the nitro group was to be 
replaced with deuterium, and the chloro group 
was to survive the synthesis. Repeated attempts 
to reduce the nitro group with ferrous sulfate 
and ammonia, or with sodium sulfide, all failed, 
and when the reduction was attempted with 
hydrogen and pal!adium, some of the chlorine 
was found to be replaced at the same time. 
Graceful acceptance of the reversed roles for 
nitro and chlorine still left us two problems. We 
could not proceed by replacing amine with 
chlorine (Fig. 3), since the resulting ester could 
not be dinitrated. We therefore chose the route 
via methyl salicylate (Fig. I), whose nitration is 
easy. Even so, when the reduction of the nitro 
group (Step 3, Fig. 1) with palladium-on-charcoal 
was carried out in ethanol, the chlorine was 
replaced, not by deuterium, but by hydrogen. In  
dioxane solution, equal amounts of the two iso- 
topes were introduced at  position 3. Obviously 
the exchange between deuterium gas and acidic 
hydrogen was fast compared to the rate of 
dehalogenation. However, complete deuteration 
at position 3, without any disturbance of other 
aryl hydrogen, was achieved when the reduction 
took place in dioxane whose very small water 
content had been swamped by the addition of 
deuterium oxide, and, at the same time, when the 
deuterium gas had been dried over a molecular 
sieve. The further refinement of boiling the 
catalyst with deuterium oxide prior to the reac- 
tion proved both unnecessary and harmful.' 

'Dioxane solutions of D 2 0  had been used earlier to 
prepare the N-deutero-N-alkyl 2-carbomethoxy-4,6-dhi- 
troanilines. 
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McCUBBIN AND MOIR: METHYL 3,5-DINITROSALICYLATES 

FIG. 1 .  Sequence of reactions leading to 2-carbomethoxy-4,6-dinitrophenol-3-d. 

FIG. 2. The proposed reaction sequence to produce methyl 2-chloro-3,5-dinitrobenzoate-6-d by reduction with 
hydrogen. 

Completion of the synthesis by conversion of C02CH3 CQ2CH, 
hydroxyl to chlorine is described in the com- 
panion paper (4). 

& D ~ P ~  NH.&D 

Synthesis o f  2-Carbornethoxy-4,6-dinitro- 
7phenol-5:d 

The sequence of reactions by which 2-carbo- HNOz Cu2C12 

methoxy-4,6-dinitrophenol-5-d was prepared is 
1 
C02CH3 

shown in Fig. 4. 
Good yields in the esterification of 4-amino- 

salicylic acid were obtained only if very close 
control was maintained over the periods of O2N 
heating and of standing. ~urthermore, if too 

FIG. 3.  The proposed reaction sequence to produce 
much was at the end of the methyl 2-chloro-3,5-dinitrobenzoate-6-d by reduction 
reaction, crystallization would not occur, while with deuterium. 
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FIG. 4. The reaction sequence to produce 2-carbornethoxy-4,6-dinitrophenol-5-cl. 

if not enough was removed the subsequent 
yields were very low. After recrystailiration from 
benzene, the methyl 4-aminosalicylate was 
characterized by a melting point (5) .  

The diazotization of 4-aminosalicylic acid was 
found to be unsuccessful unless the acid was 
esterified. This was probably due to either the 
soiubility of the final product and the consequent 
difficult separation, or to different electroiiic 
effects of the carboxyl and carbonyl groups. The 
simultaneous extraction with chloroform was 
found to be the most effective way to remove the 
product, methyl 4-iodosalicylate, from the 
reaction mixture starting from the ester. The 
product was characterized by its p.m.r. spectrum 
and eventually and with difficulty, by analysis 
for carbon and hydrogen (see Experimental), 
as well as by its derivatives. 

The reaction of methyl 4-iodosalicylate with 
sodium hydroxide-dl and zinc was found to be a 
very effective way of placing a deuterium in the 
4 position on the ring. However, as reduction 
and ester hydrolysis occurred together, the 
product was salicylic acid-4-d. This was then 
easily esterified with methanol to give methyl 
salicylate-4-d which was characterized by p.m.r. 
spectroscopy. The subsequent reactions were 
then identical to the first sequence and the final 

product AT-methyl 2-carbomethoxy-4,6-dinitro- 
aniline was identified by melting point and by 
p.m.r. spectroscopy. 

Experimental 
Apparatus 

All undesignated melting points were taken on a 
Kofier hot stage with microscope attachll~erlt and are 
reported uncorrected. The melting points designated 
precision (prec.) were obtained with Anschutz inlnicrsion 
thermometers using an electrically heated r-iielting appa- 
ratus (6) containing a Dew Corning 550 fluid. Thin- 
\valled capillary tubes drawn from thoro~~ghly cleaned 
and dry pyrex tubing \!ere employed for these deter- 
minations. 

Infrared i.r. spectra were recorded on a Perkin-Elmer 
Model 21 spectrometer. Spectra were recorded from 
potassiunl bromide discs (2 111g sample in 250 mg KBr) 
and in saturated chloroform soliltions (1-8 %). All i.r. 
frequencies are reported in cm-'. 

The p.m.r. spectra were obtained in saturated CDCI, 
solutions at ambient probe temperature of 40 & 2" from 
a Varian A-60A spectrometer. Tetrarnethylsilane (TMS) 
was used as internal reference, and all chernical shifts 
are reported in p.p.m. downfield from TMS. 

Syntheses 
2-Chlovo-6-nitrobenzoic Acid and A4etlzyl Ester 
The method employed by S. K .  Guha et al. (7) had to be 

modified. Sodium bicarbonate (10 g), 2-chloro-6-nitro- 
toluene (10 g, stearn distilled, n1.p. 27-28') and water 
(1000 ml) were heated to reflux temperature. Potassium 
permanganate (30 g) a-as added in small amounts over a 
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McCL7BBlN AND MOIR: METHYL 3,5-DINITROSALICYLATES 945 

period of 1 h .  This mixture was heated under reflux2 for 9 h 
when more potassium permanganate (10 g) \\as added. 
Heating \\as continued for ailother 4 h. Product was 
recovered in the usual nay as nhite needles (5.0 g, 43 x), 
1n.p. 160-165". Guha et nl. (7) reported m.p. 161'. The 
procedure had to be repeated 30 times to obtain enough 
product. No  success was experienced with chromic acid 
as the oxidant. 

The n~ethyl ester was obtained by reaction with 
diazomethane (81, as monoclinic crystals (fro111 petroleum 
ether), m.p. 94-96", yield 75%. Goldstein and Pretiner 
(9) reported m.p. 94-95". 

Methyl Anthinnilate-6-d 
Methyl 2-chloro-6-nitrobenzoate (1.0 g, m.p. 94-96', 

prepared from 2-chloro-6-nitrobenzoic acid) mas dis- 
solved in dioxane (10 ml, spectrograde) and deuterium 
oxide (1.5 ml, 99.7% isotopic purity, Merck, Sharp and 
Dohme). Palladium-on-charcoal (0.78 g, 10 %, Englehard) 
was added to the solution and deuterium gas (760 mm 
pressure, dried \\#it11 molecular sieve type 4 A, Matheson) 
was passed into the flask. The 50 1111 round bottom flask 
was shaken in an oil bath at 70'. The reaction iuixture 
absorbed 545 ml of deuterium in 4% h. After the catalyst 
had been removed and washed wit11 water (20 ml) the 
combined filtrate was made alkaline with sodium bicar- 
bonate solution (50 1111, 2%) which caused a white 
inorganic solid to forin. The nlixture was extracted 5 
times with ether (25 ml each time) and the ethereal 
extracts were dried over anhydrous n~agnesiun~ sulfate. 
The solvent was renloved on the rotary evaporator under 
vacuum and a yellowish oil was left. This was distilled 
under vacuum (0.05 mm, 80'). The i.r. spectra shobved 2 
peaks, 3370 and 3480 cn1-I (characteristic of primary 
amines). The p.nl.r. spectrum had a singlet at 3.8 which is 
characteristic of a carbon~ethoxy absorption. Some of 
the product of a similar but undeuterated reaction was 
heated under reflux in a sodium hydroxide solution (10 
ml, 40%) for 20 min. This mas neutralized nith concen- 
trated hydrochloric acid and extracted 5 times with ether 
(25 ml each time). The solLent was removed leaving a 
whitc solid (m.p. 149-151"). A mixture with authentic 
anthranilic acid (n1.p. 152-154": Eastman) melted between 
151 and 153". 

The entire product was used in the folloming step as 
were all products in the subsequent reactions in the 
sequence and overall yield will be given at the end of the 
series. 

This reaction \\as only done once under conditions 
described above. However a number of attempts mere 
made to reduce the nitro group of this compound as 
inentioned earlier. Firstly, ferrous sulfate and ammonia 
wcrc tried and then sodium su1fi.de was used. Rcpeated 
variations with these reagents failed. 

Hydrogen, with a palladium catalyst, was found to 
remove the chlorine as \\ell as reduce the nitro-group so 
deuterium gas was used. This was only found successf~~l 
when dry deuteriuni and dioxane with deuteriu~n oxide 
were used. 

'Tmo condensers, one with hot and one with cold 
water; \+ere used to prevent the toluene froin solidifying 
in the condenser. 

Afetkyl Snlicylate-6-d 
Concentrated sulfuric acid (10 ml) and water (8 ml) 

were used to \\ash all the methyl anthranilate-6-d (from 
the above experiment) into the reaction flask. This solu- 
tion mas cooled to 0' in an  ice-salt bath and aqueous 
sodium nitrite solution (15 1111, 3%)  was added over a 
period of 20 n ~ i n  while the solution was being stirred. 
This was left in the ice-salt bath for 3 hours after which 
it was removed and urea was added until the reaction 
mixture did not give the reaction with starch iodide paper. 
Steam was passed into the flask and the milky distillate 
was collected in a receiver immersed in an  ice bath, 
during 45 niin. Methyl salicylate was recovered from the 
distillate in the usual way, and then redistilled (0.05 lnrn 
pressure, bath temperature 50') to give an oil which was 
nitrated directly. 

Methyl 4-Aminosrrlic~.lnfe 
Methyl 4-aminosalicylate \\as prepared by the method 

of Balica ( 5 ) .  4-A~ninosalicylic acid (10 g, n1.p. 143-144') 
was dissolved in inethanol (275 ml) nith gentle heating. 
The solution nas  then cooled to room temperature and 
concentrated sulfuric acid (17 n ~ l )  uas  added slowly. A 
fluffy white precipitate fornled \%hen the first few ml were 
added. This solid quickly dissolved when inore acid was 
added. The solution \\as then heated under reflux for 
17 h and allomed to stand at room temperature for 5 h. 

All but 75 ml of solution was distilled off and upon 
cooling the residue formed large pink crystals. Water 
(200 ml) was added and the mixture Mas stirred. The 
resulting suspension was neutralized to alkacid test paper 
with sodium bicarbonate solution (10%). The product 
was dried over sodiuin hydroxide under vac~~urn  yielding 
9.1 g (83 0/,) of light bronn crystals. The melting point 
of 120-123' \\as improved to 123-125' after 1 recrystalli- 
zation from stock benzene. Balica (5) reported 119-120' 
and Tsatsas and Sandris (10) reported 118'. 

iMethj,l4-Iodosnlicylate 
Water (50 ml) and concentrated hydrochloric acid (13 

mi) were cooled to a temperature of 2' in an ice salt bath. 
Methyl 4-aminosalicylate (1 g, n1.p. 120-123"), prepared 
as above, was added slo\%ly along ~ i ! h  an aqueous scldium 
nitrite solution (10 ml, 13%) to the stirred reaction 
mixture. This addition took 30 min and the solution was 
stirred in the ice--salt bath for 45 min longer. 

The flask was removed from the bath and urea was 
added until the solution gave a negative reaction to 
starch iodide test paper. Chloroform (40 ml) was added 
directly to the reaction flask. A solution of potassiun~ 
iodide (2.0 g) and iodine (1.0 g) in Lvater (21 ml) was added 
ro the vigorously stirred nlixture over a period of 20 min. 
The purple chloroforn~ layer was separated, and the re- 
maining aqueous phase bvas extracted 4 times mith chloro- 
for111 (20 ml each time). The chloroform extracts were 
stirred rapidly with an aqueous sodiun~ bisulfite solution 
(40 n ~ l ,  10%) and sulfur dioxide \vas passed in until the 
dark purple solution gradually turned to a dark yellow 
color and finally became light yellow. This yellow chloro- 
form so l~~ t ion  was washed 4 times with \later (20 ml each 
time) and dried for 2 h over magnesium sulfate. The solvent 
was then removed on the rotary evaporator under vacuum 
leaving the yellow product to crystallize. These crude 
crystals (1.2 g, 74.1 %) melted between 63 and 67". 
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Purification was accomplished by sublimation at reduced 
pressure (0.05 mm., 60") and the white solid melted 
between 69.8 and 70.4" (prec.). 

This procedure was repeated 12 times with only minor 
changes in the method. It was found that the destruction 
of nitrous acid by urea in the substitution was essential 
for reasonable yield. The simultaneous extraction with 
chloroform also improved the yield substantially. There 
has been no report of this con ipo~~nd  in the literature. 

Analyses of the compound are reported in Table 1 (in 
the order received) to call attention to difficulties recently 
experienced in the analyses of aromatic halogen conl- 
pounds in several independent series made in this labora- 
tory. 

The samples for the first 2 analyses were recrystallized 
from methanol. The remaining 4 samples were first 
sublimed under vacuum and then recrystallized from 
methanol. 

TABLE 1 
Analyses of methyl 4-iodosalicylateh 

Analysis? % c  % H  % I 

6 35.24 2.91 46.74 
Calcd. 34.62 2.52 45.65 

*The p.m.r. spectrum showed a large singlet (3.90) which is 
characteristic of a methyl ester peak. There was also a com- 
plex multiplet from 7.27 to 7.52. 

?Analyses by Alfred Bernhardt (Mulheim), except for row 4, 
Daessle (Montreal). 

Salicylic Acid and Salicylic Acid-4-d 
These compounds were prepared by the procedure 

used by Safe (11) for the removal of aromatic halogen. 
Methyl 4-iodosalicylate (1 g, m.p. 63-67"], prepared as 
above, and zinc dust (1.5 g) were suspended in a solution 
of sodium hydroxide (8.0 ml, 40%) and water (8 ml). 
This mixture was heated under reflux for 2q h after which 
time the solid was removed by filtration and the solution 
was neutralized to alkacid test paper with hydrochloric 
acid. The neutral solution and fine white precipitate were 
extracted 4 times with ether (25 ml each time) and com- 
bined extracts were dried over anhydrous magnesium 
sulfate. The solvent was removed on a rotary evaporator 
under vacuum, leaving a white solid, This procedure was 
repeated twice for the undeuterated material and then in 
another run sodium hydroxide-dl (8.0 mI, 40%, Merck, 
Sharp and Dohme) and deuterium oxide (8.0 ml, 99.7 %, 
isotopic purity Merck, Sharp and Dohme) were substi- 
tuted for the sodium hydroxide in water in reaction with 
methyl 4-iodosalicylate (1 g) and zinc dust (1.5 g). The 
resulting salicylic acid-4-d was characterized by the p.m.r. 
spectrum of its dinitro-ester. The entire deuterated 
product from this reaction was used in the following 
esterification reaction. The same is true for all subsequent 
reactions; consequently, a yield is reported only for the 
final product. 

Methyl Salicylate and fifethy1 Salicylate-4-d 
The method used by Fisher (12) in preparing the un- 

deuterated methyl salicylate from methanol and salicylic 

acid was used to prepare methyl salicylate-4-d. The white 
solid from the nondeuterium reaction of the iodo-com- 
pound was washed directly into a flask with methanol 
(20 ml) and concentrated sulfuric acid (0.5 ml). This 
solution was heated under reflux for 14 h and allowed to 
stand at room temperature for 4 h. The methanol was 
distilled off through a fractionating c ~ l u m n . ~  The residue 
(5 ml) was neutralized to alkacid with a sodium bicar- 
bonate solution (10%). This neutral mixture was ex- 
tracted 5 times with chloroform (20 ml each time) and 
the combined extracts were dried over anhydrous mag- 
nesium sulfate. Removal of the solvent was done on the 
rotary evaporator under vacuum and the brown oil left 
was distilled under reduced pressure (0.05 mm, 60") 
yielding a clear colorless oil which had the characteristic 
odor of methyl salicylate. The p.m.r. spectrum of the dis- 
tilled product was found to be identical to that of authen- 
tic methyl salicylate. 

The entire deuterated product from the above reduc- 
tion was esterified in exactly the same way as the un- 
deuterated compound. The deuterated product was a 
clear colorless oil that had the characteristic odor of 
methyl salicylate and was characterized by its dinitro- 
derivative. 

Methyl salicylate-6-d and methyl salicylate-4-d were 
made by 2 different methods but the subsequent reactions 
leading to the 2 final products are identical. 

Methyl 3,5-Dinitrosalicylate, Methyl 3,5- 
Dinituosalicylate-4-d, and Methyl 3,5-Dinitro- 
salicylate-6-d 

Methyl salicylate was nitrated by a method similar to 
that used by Cavil1 (13). Since the overall yield and com- 
pleteness of nitration of the product is sensitive to the 
strength of the fuming acid and reaction conditions used: 
the refined procedure developed for the nitration of the 
4- and 6-d analogs is reported. 

Fuming nitric acid (3.0 ml, sp. gr. 1.5) and concentrated 
sulfuric acid (1.7 ml) were cooled in an  ice-salt bath to 
- 2". Methyl salicylate (0.55 g, Eastman) was mixed with 
an equal volume of glacial acetic acid. This mixture was 
added slowly to the well agitated cold mineral acids, and 
the temperature was kept below 6". The flask was re- 
moved from the cooling bath, and the contents were 
stirred a t  room temperature for 1 h. The dark orange 
solution was poured over ice (25 g) and lemon yellow 
crystals separated immediately. The collected, dry, crude 
product (0.93 g, 87%, m.p. 126-132") melted 132-134" 
after a single recrystallization from methanol. No de- 
pression of 1n.p. was observed on admixture with authen- 
tic methyl 3,5-dinitrosalicylate. 

The small quantities of methyl salicylate-4-dand inethyl 
salicylate-6-d were citrated and purified in exactly the 
same way. No depression of m.p. was observed on admix- 
ture of either deutero analog with the non-deuterated 
methyl 3,s-dinitrosalicylate. The p.m.r. spectrum of 

3The fractionating column was 16 cm long, 2 cm in 
diameter, and filled with glass Fenske helices. When an 
efficient column was not used the characteristic odor of 
methyl salicylate could be detected in the distillate indi- 
cating only trace amounts of the ester. 

4For example, weak fuming nitric acid or higher reac- 
tion temperatures lead to considerable formation of the 
mono-nitroisomers. 
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methyl 3,5-dinitrosalicylate-4-d showed a single aromatic 6. E. B. HERSHBERG. Ind. Eng. Chem. (Anal. Ed.) 8, 
peak (6.63) ahereas the non-deuterated material showed 312 (1936). 
2 aromatic singlets (6.72 and 6.78). The methyl 3,5- 7. S. K. GUH*, J. N. CHAT ERE*^ and A. K. S 1 ~ A .  J. 

Indian Chem. Soc. 32, 780 (1955). dinitrosalicylate-6-rl was characterized by conversion to 8. TH, J, BOER, Rec, Trav, Chim. 73, 229 (1954). N-methyl 2-carboniethoxy-4,6-dinitroaniline-3-d (4). 9. H. GOLDSTEIN and G. PRETINER. Helv. Chim. Acta, 
27, 612 (1944). 

1. I. D. RAE. ALIS~.  J. Chem. 18, 1807 (1965). 10. G. TSATSAS and C. SANDRIS. Prakt. Akad. Aihenon. 
2. J. HEIDBERG, J. A. WEIL, G. A. JANUSONIS, and J. K .  35, 372 (1960). 

ANDERSON. J. Chem. Phys. 41, 1033 (1964). 11. S. SAFE. P11.D. Thesis, Queen's University, 
3. J. A. !VEIL. A. BLCIVI, A. H. HEISS, and J. K. KIK- Kingston, Ontario (1963). 

XAIRD. J. Chem. Phys. 46, 3132 (1967). 12. H. L. FISHER. Laboratory manual of organic 
4. J. A. MCC~BBIN,  R. Y. MOIR, and G .  A. NEVILLE, chemistry. 4th Ed. J. Wiley & Sons, Inc., New York 

Can. J. Chern. This issue. (1938). 
5. GH. BALICA. Rev. Chim. 11, 171 (1960). 13. G. W. K. CAVILL. J. SOC. Chem. Ind. 64,212 (1945). 
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Total synthesis of spirobenzylisoquinoline alkaloids: ( i.1-ochotensimine 

STEWART MCLEAN, MEI-SIE LIN, AND JOHN WHELAN 
Department of Chemistry, Unicersity of Toronto, Toronto, Ontario 

Received October 27, 1969 

A synthesis of ochotensimine that can be modified to lead to related spirobenzylisoquinoline alkaloids 
is described. 
Canadian Journal of Chemistry, 48, 948 (1970) 

In 1940 Manske (1) reported the isolation of 
the alkaloids ochotensine and ochotensimine 
from the fumariaceous plant Corlydalis oclzotensis 
Turcz. A few years ago the structures l a  and lb,  
respectively, were assigned to these alkaloids on 
the basis of chemical, spectroscopic, and X-ray 
crystallographic evidence (2). Ochotensine and 
ochotensimine were of considerable interest since 
they appeared to belong to a new structural class 
of alkaloids in which the basic benzylisoquinoline 
framework had been modified to incorporate a 
spiro union. Several further fumariaceous 
alkaloids have very recently been assigned 
structures incorporating the same type of 
skeleton (3). 

a R = H ;  R ' = M e ; X =  CH, 
b R = Me; R' = Me; X = CH, 
c R = H ;  R ' = H ;  X = O  
d R = Me; R' = Me; X = 0 

In 1968 we cominunicated a preliminary report 
of the total synthesis of (f )-ochotensimine (4); 
since then Irie et al. (5) have reported a synthesis 
that closely parallels our own and there have 
been several reports of syntheses of analogs by 
related routes ( 5 ,  6). Very recently Shamma 
(7) has reported a very interesting synthesis of the 
spiro skeleton by a con~pletely different route 
that may be related to the biosynthesis of this 
class of alkaloids. We now report the details of 
our own synthesis, some steps of which we have 
improved since our preliminary communication 
(4). 

The Pictet-Spengler reaction (8) has found 
extensive use for the synthesis of tetrahydroiso- 
quinolines, but in almost all of the vast amount of 
work on the reaction the carbonyl component 
has been an aldehyde. The literature does, how- 
ever, contain a few isolated references to the use 
of the reaction with pyruvic acid derivatives (9) 
and, in one case, with cyclic ketones (10). Both 
classes of ketones offered potential routes to the 
spiro skeleton and this led us to investigate first 
the applicability of the method with model cyclic 
ketones. 

We were pleased to find conditions, utilizing 
hot 85% phosphoric acid, under which homo- 
veratrylamine (2a) reacted with Zindanone (3a) 
to form the tetracylic product 4a which incor- 
porated the required skeleton. 1,2-llndanedione 
(3b) then appeared to be ideal as the next model 
carbonyl component: it can be anticipated that 
of the two carbonyl groups present, the one at 
position 2 should be the more reactive in the 
cyclization reaction, and the second carbonyl 
should be retained in the product (46) at the 
precise position where an exocyclic methylene 
must eventually be introduced. When the reac- 
tion was carried out, the yield of 4b was, in fact, 
higher than that of 4a in the earlier case and no 
trace of the iso~ner resulting from reaction at 
position 1 &as isolated. 

Treatment of 4b with formic acid and form- 
aldehyde converted it to its N-methyl deriva- 
tive 4c by the Eschweiler-Clarke reaction. A 
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McLEAN ET AL.: SPIROBENZYLISOQUINOLINE ALKALOIDS 

a R = H ;  X = H 2  a X = O  
b R = H ;  X = O  b X = H ,  
c R = M e ; X = O  c X = NOH 
d R = M e ; X = C H ,  d  X  = H,OAc 

standard Wittig reaction employing methylene- 
triphenylphosphorane trailsformed 4c to 4d, 
which has all the structural features of ocho- 
tensimine except the methylenedioxy substituent. 
The spectroscopic characteristics of these com- 
pounds were in accord with the structural 
assignments made; in particular, the nuclear 
magnetic resonance (n.m.r.1 spectrum of 4d 
was remarkably similar to that of ochotensimine 
except that it exhibited signals for two further 
aromatic protons in place of those of the 
methylenedioxy protons in the alkaloid. 

The synthesis of the model compound 4d 
indicated that it should be possible to use the 
same route to ochotensimine if 5a, the appro- 
priate methylenedioxy derivative of 3b, could be 
obtained as the starting material for the sequence. 
This task required the use of a surprisingly large 
number of synthetic steps. Many substituted 
methylenedioxybenzenes are readily available as 
starting materials, but all of the common 
examples are derivatives of piperonal and it 
seemed inevitable that synthetic elaboration of 
these would lead to undesired isomers of 5a. It  
was therefore necessary to use a sequence in- 
corporating the rnethylenation of a suitably sub- 
stituted catechol, a reaction that frequently 
presents technical difficulties. 

T 

a X = COOH 
b X  = CHZOH 
c X = C H O  
d  X = CH=CHCOOH 
e  X  = CHzCH2COOH 

Perkin and Trikojus (11) have described a 
convenient preparation of the methylenedioxy- 
benzoic acid 6a from 2,3-dihydroxybenzoic acid 

b X = c H ~ f  R = M e j R f = M e  
c X  = C O O H ;  R = M e ;  R' = M e  
d  X = C O O H ;  R = H ;  R' = H  
e X = C H O ;  R = H ;  R ' = H  

(7d), which is now commercially available. We 
have been able to repeat this and obtain $a in 
yields of 52% for this step. They converted 6a 
to the methylenedioxycinnamic acid 6d by a 
sequence which we have modified, with a con- 
siderable improvement in convenience and yield, 
by the use of reagents not available to them: 6a 
was reduced with lithium aluminum hydride to 
the alcohol $6, which was oxidized to the 
aldehyde 6c by chromium trioxide in pyridine 
(12). Perkin's original preparation of 2,3- 
dihydroxybenzoic acid (4d) started with o- 
vanillin (7a), which is still a very convenient 
starting material, IHowever, it was unfortunately 
necessary to methylate 7a to protect the phenolic 
group, oxidize the aldehyde group of the o- 
veratraldehyde (7b) obtained, and then remove 
both methyl groups from the product 7c in order 
to obtain 7d; furthermore the oxidation level 
required at 6c, an aldehyde, is the same as in 7a 
but it was necessary, in order to introduce the 
methylenedioxy group, to go through the lengthy 
series of oxidations and reductions described. 
We have now been able to devise a method for 
converting o-vanillin (7a) to 6c in two steps and 
in excellent yield. The demethylation of o-vanillin 
to 2,3-dihydroxybenzaldehyde (7e) by hydro- 
bromic acid can be accomplished on a large 
scale by the method of Pauly et al. (13); yields 
of up to 60% were obtained. The product can 
then be converted directly to 6c in 64% yield by 
the method that Tomita and Aoyagi have 
recently described (14), where methylenation is 
carried out by methylene iodide in dimethyl- 
formamide in the presence of cupric oxide and 
potassium carbonate. The aldehyde (6c) pro- 
duced by this method was of a very good quality 
and could be converted by condensation with 
malonic acid under Perkin's conditions (11) to 
the methylenedioxycinnamic acid 6d in 96% 
yield; the yield was considerably lower if less 
pure starting material was used. The conversion 
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of 6d  to 6e was effected in 92 % yield by reduction 
with sodium amalgam. 

The conversion of 6e t o  the indanone 5b was 
accomplished by a Friedel-Crafts cyclization, a 
reaction mhich has received a considerable 
amount of study in a wide variety of contexts. 
Tlie conclusions that can be drawn froni these 
studies are, in summary, that the optimum con- 
ditions for cyclization are remarkably dependent 
on tlie precise coilstitution of the substrate, and 
yields are liable to fall rapidly if the reaction 
conditions are allowed to diverge from the 
optimum. The cyclization of 6e was typical. In 
our original niethod 6e was heated nit11 phos- 
phorus pentoxide and converted to 5b in a yield 
of 25 0/;(: this result is cornparable with that of 
Irie et al. (5) and, like the111 we observed the 
formation of a by-product with infrared (i.r.) 
absorption at  5.67 p. Wc now find that 6e can be 
conkerted via its acid chloride to 5b in 76% 
yield, the cyclization being effected by treatment 
of the acld chloride with aluminuii~ chloride in 
methylene chloride at  - 10"; the tenlperature 
used \!as extremely critical since a t  a few degrees 
below the optimum the rate of the reaction fell 
rapidly. ~ v l ~ i l e  raising the temperature caused an  
appreciable increase in the formation of the by- 
product a t  the expense of 5b. 

In  the model series 1,2-indanedione (3b) was 
con\eniently prepared by nitrosation of 1- 
indanone and hydrolysis of the product with 
hydrochloric acid in the presence of formalde- 
hyde (1 5). The methy lenedioxyindanone 5b was 
readily conbested to the oximino ketone 5c by 
n-b~ityl nitrite as in the inodel series, but we were 
unable to obtain useful amounts of 5a by acid- 
catalyzed hydrolysis of 5c;  our conditions were 
either too gentle and 5c was recovered, or  too 
vigorous and extensive degradation resulted. 
Although Irie and his co-workers (5) have now 
reported that they hale  found conditions under 
which this hydrolysis can be carried out, the very 
nlarked difference in behavior of 5c and the 
analogous compound in the model series gives 
evidence that the reactions at  the 2 position of 
an indanone can be nlarkedly influenced by the 
presence or  absence of a methylenedioxy group 
on the aromatic ring, an  observation that is un- 
expected, unexplained, and an  ill omell for the 
next stage of the synthesis. We did, in fact, 
succeed in converting 5c to 5a by Eistert's 
method (16) which required the methylation 

of 5c with diazomethane and acid-catalyzed 
hydrolysis of the product, but in our most con- 
venient synthesis of 5a, 5b was acetoxylated with 
lead tetraacetate (17) and tlie product, 5d. was 
hydrolyzed to the correspondiiig hydroxyketone 
and then oxidized to 5a by the Jones reagent; 
when this sequence was carried out rapidly and 
with care to avoid the degradation of the some- 
what unstable intermediates: yields of 70 % were 
achieved. 

With §a available we turned our attention to 
completing rhe sy~lthesis of ochotensimine (lb) 
by the route established in the sylithesis of the 
model compound 4d. However, as the results of 
the attempted acid-catalyzed hydrolysis of 5c 
had led us to fear, thc Pictet-Spenglcr reaction 
of 5a with holnoveratrylamine (2a) under the 
conditions used in the model series led to no 
recognizable product. Since one potential source 
of difficulty was the methylenedioxy group which 
may not have survived the strongly acid con- 
ditions, we sought less vigorous conditions for 
the reaction. It soon became apparent that a more 
reactive phenylethylamine was required, so we 
turned to the phenolic compound 26 and found 
that this reacted with 5a in the presence of dilute 
hydrochloric acid and that excellent yields of the 
spiro compou~ld  l c  could be obtained by careful 
control of the concentration of acid and tempera- 
ture. The product (lc) was 0-methylated with 
diazomethane and N-methylated by the Esch- 
lveiler-Clarke reaction as in the model series, 
the product, Id,  being obtained in excellent 
yield. The final step to (*)-ochotensimine 
(lb), the Wittig reaction, was also carried out 
under the same conditioils as in the model series. 
The product was non-crystalline, as is natural 
ochotensimine, and the identity of the two 
materials in every respect but optical activity 
was established by i.r., ultraviolet ( u . ~ . ) ,  and 
n.m.r. spectroscopy as well as by their mass 
spectronietric fragmentation patterns and their 
behavior in thin-layer chromatography (t.1.c.). 
Intermediate l c  has also been converted to 
(f )-ochotensine ( la)  by Irie et a/. ( 5 )  and by 
Beckett and Kelly (6). 

We have carried out a number of unsuccess- 
ful attempts to resolve our synthetic products; 
the resolviilg agents d-10-camphorsulfonic acid, 
the 2'-chloro, 2'-bronio, and 2'-nitro derivatives 
of (2R,3R)- and (2S,3S)-tartranilic acid (1 8) were 
used with Pb, Ic, and Id,  tlie toluenesulfonate 
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MCLEAN ET AL.: SPIROBENZYLISOQUINOLINE ALKALOIDS 951 

esters of D- and L-leuciile were used with Ib ,  and 
the dl-p-toluoyl deri~atives or' D- arld L-tartaric 
acids (19) mere used \$it11 Ic  and Id. 

Experimental 
Melting points \vere deterruined on a Thomas-Kofler 

micro hot stage. Spectrorueters used were: Beckman I R  8 
for i.r. spectra, Bausch and Lomb Spectronic 505 and 
Unicam SP. 800 for u.v. spectra, and Varian A-60 and 
HA-100 for n.rl1.r. spectra. Unless otherwise indicated, 
i.r. spectra were obtained svith chloroforn~ solutions, u.v. 
spectra \\ith methanol solutions, and n.m.r. spectra with 
chloroform-rl solutions. 

6,7-Dirizetlzosy-I,2,3,4- teiruI~~d~oisog~~inoIi~~e-1-spiro-2'- 
illdune (4a) 

Homo\eratrylamine (20) (5.4 g; 30 nimoles), 2-inda- 
none (3n) (20) (4.2 g; 32 mmoles), and 11 ml 85 % phos- 
phoric acid Lverc heated together at 80-90' under nitrogen 
for 21 11. The dark suspension that resulted uas  poured 
into 60 ml Lvater, extracted with chloroform, made basic 
with sodi~nn hydroxide, and then extracted with ether. 
The ether afforded a residue (1.4 g) \\hich failed to  
crystallize from comnlon solvents. Treatment with acetic 
anhydride and a little pyridine at roo111 te~nperature 
overnight converted the residue to the crystalline h'- 
acetyl derivative of 40 (1.3 g; 4 mnioles), which had, after 
recrystallization from methanol. 11i.p. 152-1533. 

Anal. Calcd. for C2,H2,N0, :  C, 74.75; H, 6.87; N, 
4.15. Found: C, 74.80; H, 6.91; N, 4.22. 

The i.r.: h ,,,,, 6.11 y;  u.v.: i -,,, 232 (inflect. E 8300), 
266 (E 2600), 272 (E 3900), 278 (E 3400), 282 (E 3400), and 
288 n ~ p  (inflect.); n.m.r. (T; A-60): 2.85 (4H; s), 3.42 
( l H ;  s): 3.57 (1H; s); 6.19 (3H; s), 6.58 (3H; s), 7.81 (3H; 
s), 5.92, 6.86 (2H each; apparently AB quartet, J 16 Hz), 
6.31, 7.17 (2H each; apparently components of A2B2 
n~ultiplet). 

6,7-Dir11etlzoxy-2-~netlz~~l-I,2,3,4-tef~~l~3;d1'oi~oqz1inoline-l- 
.~piro-Z'-itzdc~no~~e-I' (4c) 

Hornoveratrylamine (2n) (1.6 g ;  9 n~moles), 1,2-indane- 
dione (30) (15) (1.4 g; 9.5 m~iioles); and 10 nil 85 % phos- 
phoric acid Fvere subjected to the treatment just described. 
The product, 40, (0.83 g) (5.84 y peak in i.r.), uhich failed 
to crystallize, \bas acet~lated as in the previous case. The 
IV-acetyl deri>ative bvas crystalline, m.p. 177-179", but 
appeared to be hygroscopic and gave unreproducible 
microanalytical results ("best values" are quoted). 

Anal. Calcd. for C2,H,,N0,: C, 71.79, H, 6.02; N, 
3.99. Found: C, 72.02; H, 6.34; N, 3.94. 

The i . r . ?  .,,,, 5.80,6.10y;~1.v.:h,,,239(~18300)and 
286 n ~ p  (E 6100); n.m.r. (r;  A-60): 2.10-2.71 (4H; corn- 
plex); 3.33 ( l H ;  s); 3.84 (1H; s), 6.17 (3H; s), 6.60(3H; s), 
6.00-7.18 (6H: coniplex), 7.82 (3H; s). 

A mixture of 46 (6.2 g; 20 mmoles), 7 nil 85 % formic 
acid, and 5 nil 40 y:, forn~aldel~ycle \\as heated on a stearn- 
bath for 10 11 and then ebaporated ~~r lde r  reduced pressure 
to a syrup. The syrup mas diluted ~ i t h  30 nil \hater, 111ade 
basic ~ 5 i t I i  1 ,\' sodium h~droxidc, and thoroughly ex- 
tracted nith chloroform. The chloroform extract afforded 
4c as a bronn solid (6.4g; 20111111oles) b\liich, after 
chroinatography on alumina (Brockmann activity 1) with 

ether elution arid recrystallization fro111 ~l~ethanol-ether, 
was obtained as yellou crystals, m.p. 136-138". 

Anal. Calcd. for C20H21N03:  C, 74.28; H, 6.55; N,  
4.33. Found: C, 74.11; H, 6.57; N, 4.34. 

The i.r.: i .,,, 5 . 8 5 ~ ;  u.v. h ,,, 246 (E 15600), 287 (E 
5400), and 301 my (inflect.); n.m.r. (7; A-60): 2.10-2.68 
(4H; complex), 3.37 ( IH;  s), 3.92 (IH;  s), 6.18 (3H; s), 
6.50 (3H; s), 6.53-7.20 (6H; con~plex), 7.70 (3H; s). 
Methiodide, m.p. 145-148". 

Anal. Calcd. for C21H24N0,1: C, 54.19; H, 5.16; N, 
3.01. Found: C, 54.17; H, 5.66; N, 3.04. 

Des(meth~~lenedio.uy/ ochotensitnine (4d) 
Methyltriphenylphosphoni~~n~ bromide (2.15 g;  6 

mmoles) and 4.2 ml of 14.9% butyl lithium (6 nimoles) 
were stirred togethcr under nitrogen at room tem~erature 
for 2 h. A sol~ytion of 4c (646 n i i ;  2.0 mnioles) in 30 ml 
tetrahydrof~~ran \\as added, and the reaction mixture mas 
refluxed 9 h,  and then poured into 100 1111 water. Ex- 
traction with chloroform afforded a product (1.54 g) 
which was chromatographed on 45 g neutral alunlina 
(Brockruann activity I) uith elution first with benzene - 
petroleum ether and then benzene. The benzene fractions 
afforded 4rl as a noncrystalline residue (285 mg; 0.89 
mmoles): i.r. i .,n,, 6.22 (nx)~ ;  u.v. 1 .,,, 227 (E 37 700), 281 
(E 6300), 289 (E 6100), and 300my (~4000) ;  n.m.r. 
( r ;  A-60): 2.10 2.76 (4H; complex), 3.41 (1H; s), 3.65 
( l H ;  s), 4.19 ( l H ;  s), 4.95 (1H; s), 6.15 (3H; sl, 6.40 (3H; 
s), 6.68 (2H; AB quartet, J ,  18 Hz, internal chemical 
shift 27 Hz), 7.04-7.42 (4H; complex), 7.88 (3H; s). 
Treatment of 4d with methyl iodide in acetone-ether 
converted it to its methiodide which was obtained 
crystalline, n1.p. 130-134', after recrystallization from 
acetone-ether. 

Anal. Calcd. for C22H26N021:  C, 56.92; H, 5.61; N, 
3.02. Found: C, 56.77; H: 5.92; N, 2.95. 

2,3-Methylerzedio.uyberzz~1ldeI1yde (6c)  
l~etlzod A 
o-Vanillin (7a) was converted into 2,3-dihydroxy- 

benzaldehyde (7e) in 60% yield by the method of Pauly 
et rrl .  (13). A mixture of 7e (10.0 g; 72.5 mmoles), 
methylene iodide (31.4 g; 117 mmoles), potassium car- 
bonate (30.0 g; 218 mmoles), cupric oxide (1.0 g) and 
85 nil dimethylforniailiide was heated to 100-1 10' under 
nitrogen and vigorously stirred for 34 h (14) .The reaction 
mixture mas cooled, diluted with 1400 ml ice-water, and 
thoroughly extracted with ether. The ether extract, after 
it had been washed successively with 3 % hydrochloric 
acid, 10% aqueous potassium carbonate, and water, 
yielded crystalline 6c (7.0 g; 47 mnioles), m.p. 32-34" 
(lit. (11) 34'). 

Metlzod B 
2,3-Methylenedio-xybenzoic acid (6u) (19.8g; 119 

mmoles), prepared fro111 2,3-dihydroxybenzoic acid (Il) ,  
in 600 ml tetrahydrofuran was added droparise to a sus- 
pension of lithiurn alulninum hydride (4.75 g; 125 
mmoles) in 600 ml ether under nitrogen. The reaction 
~llixture was refluxed 4 days, cooled, treated with ice, 
and madc acid \+ith 10% sulfuric acid. The aqueous layer 
was tl ioro~~ghly extracted uith ether, and the combined 
ether extracts yielded a brown oil (18.9 g) from which 
60, (16.3 g; 108 mmoles) n1.p. 34-35" (lit. (21) 34-35") 
uas obtained as tan needles. 
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A solution of 6b (12.4 g; 81.5 mmoles) in 50 n l  165-168", was obtained by repeated recrystallization of 
yyridine was added in one portion to a chilled, well- the residue from acetone-ether. 
stirred suspension of chronliun~ trioxide (24.4 g; 244 Anal. Calcd. for CI0H8O3: C, 68.18; H, 4.58. Found: 
mmoles) in 600mi pyridine. The suspension, which C, 68.38; H, 4.39. 
immediately turned greenish brown, was stirred for 20 The i.r.: ? ,,,,,, 5.88, 6.12 p;  u.v.: h ,,,, 235 (E 24 800), 
min and then allowed to stand at room temperature 22 h. 286 (E 7300), and 305 mp (inflect., 8 5500); n.m.r. (r; 
The solution was diluted with 250 ml ether and the pre- A-60): 2.87 (21-I; AB quartet, 9, 8 Hz, internal chemical 
cipitate removed by filtration. The filtrate was diluted shift 31 Hz), 3.92 (2H; s), 6.84-7.46 (4H; complcx). 
with 600 ml water and thoroughly extracted with ether 
and the combined ether extracts, after they had been 4,5-~etJzylenedioxy-1,2-i~zdanedioize f5n) 
washed successively with 10 % hydrochloric acid, 4 % ~ g t h o d  A 
aqueous sodium carbonate, and water, yielded yellowish A solution of 5b (0.35 g; 2.0 n~nloles) in 25 ml glacial 
crystals of 6c (7.95 g; 53 mmoles), n1.p. 32-34", acetic acid containing 7 mi of acetic anhydride was 

heated to 78" \vith stirring and red lead oxide (Pb304; 
2,3-1~et1~~~1enedio~~di/1)~d1'o~i1znai~ Acid (6e) 2.75 g; 4.0 mmoles) was added in portions over 1 h (care 

The aldehyde 4c was converted in 96 % yield by Perkin's taken that each portion of lead oxide colnpletely 
method (I1) 2,3-meth~1enediox~cinnamic acid (6d), reacted before the nest was added), The was kept 
m,p. 190-194"; recrystallization from methanol gave at 78' for a further 33 h and 10 ml methanol were then 
material m.p. 194-196"; i.r. : Lax 3 4 ,  5.92, 6.12 LL; u.v.: added and stirring was continued for a 15 min. 
Amax 230 (& 20 6001, 275 (8 20 3001, and 335 (8 4240); The solution was cooled to rooln temperature and 
n.m.r.: (r; A-60; acetone-dd: 2.15-2.78 (3H; complex), to 225 1111 Of water, The solution was 
2.85 (2H; AB quartet, J ,  16 Hz, internal chelnical shift extracted \\ith nIethylene chloride, and the 
59 Hz), 3.86 (2H; s). extract was filtered through Celite and washed with water 

prepared 2 %  (88 g;  77 until the wash water was neutral. The extract afforded a 
mlnoles Na) was added to a kvell-stirred solution of 4d yellow solid from which the acetoxyindanone 5d (0.3 g; 
(7.68 g; 40.0 111nloles) in 18 ml 2.5 sodium hydroxide , ,35 mn,oles), 129-1310 was by recrystal- 
over I h. The m i x t ~ ~ r e  was filtered and the filtrate was lization hexane - carbon tetracllloride, 
acidified with dilute hydrochloric acid. The acid 6e Anal, Calcd, for C12H1005: c, 61.54; H, 4,30. FOLlnd: 
(7.1 1 g; 37 mmoles), n1.p. 80-82", was precipitated. C, 61.77; I%, 4.51. 

Anal. Calcd. for C I O H I O ~ ~ :  C, 61.85; H, 5.19. Found: The i.r,: ,,,,, 5.75, 5.82 u.v, ,,,, 238 (8 22 500) C, 61.65; H, 5.01. 294 ( 5  7400), and 309 mp (inflect.): n.m.r. (T; HA-100) 
The i.r.: h,,, 3-4, 5.84 P; ~1.v.: Tunlax 233 (E 2900) and 2.85 (2H; AB quartet, b, 8,@ interllal chemical shifi 

282 (& 2700); n.m.r. A-60): 3'30 (3H; m), 4.09 54 Hz), 3.91 (253; narrow mLlltip[et), 4.60, 6.40, 7.10 (2H; s), 6.99-7.45 (4H; complex). (1H each; AMX pattern, J,i, 5Hz, J,, 9 Hz, J,,, 18 Hz), 
4,5-llIethylenedioxy-I-indanone (Sb) 7.84 (3H; s). 

Method A A solution of 5d (95 mg; 0.405 mmoles) in 35 mi 
A solution of be (2.0 g;  10.3 mmoles) in 4 ml purified methanol was kept at 0" under nitrogen and a solution of 

thionyl chloride was stirred with the of moistLlre 1.2 ml Of 2 $:aqueous sodium hydroxide in 15 rill ruethanol 
for 2 h at room temperature, ~h~ excess thiony] chloride was added dropuise over about 15 min. The solution mas 
was evaporated reduced pressure and the amber oil poured into 100 mi of ice-water and immediately acidified 

resulted was dissolved in 5 dry with 10% hydrochloric acid. Thc solution was thoroughly 
and added dropwise over 7 to a vigorously extracted with metllylene chloride, and, after the extract 

stirred s~ispension of finely powdered aluminum chloride had been washed with !%>ater, it yielded an unstable 
(2.8 g;  13.7 mmoles) in 125 ml methylene chloride at yellow solid (75 mg) [Mol. Wt. Calcd. for C10H804: 
- 10". ~h~ reaction was stopped by the addition of 30 192.0422. Found (mass spectrometry): 192.04231 which 
10% hydrochloric acid, and the aqueous laper was sepa- was in~mediately dissolved in 5 rnl acetone at 10' and the 
rated and extracted with f~rrther methylene chloride; the Jones reagent (22) was added until an orange-brown color 
colnbined organic layers were washed successively persisted (- 0.25 in1 reagent was required). The solution 
water, 2 %  sodium hydroxide, and water, ~h~ organic was diluted with 40 ml water and thoroughly extracted 
extract afforded a white solid which was recrystallized with methylene chloride. The extract afforded 5n (73 mg; 
from acetone-ether and 5b (1.3 g; 7.6mmoles), m.p. 0.385 mmoles) m.p. 158-168" (value strongly dependent 
165-168", was obtained. on rate of heating; material appeared to decompose near 

Method B its m.p.1. 

Phosphorus pentoxide (6 g) was added in small portions Anal. Calcd. for Cl0Hs04: C, 53.16; H, 3.18. Found: 

with shaking to a boiling solution of 6e (1.1 g ;  5.6 C,  63.33; H,  3.27. 

mmoles) in 30 ml benzene, After the had been The i.r.: An,,, 5.66, 5.82 P; u.v.: hmax 239 ( E  20 500), 

refluxed with occasional agitation for 5 h, it was poured 294 ( E  7400), and 31 1 mu (E 6600); material too insoluble 

on to 100 g crushed ice and successively extracted with for n'nl'r' 

ether and ethyl acetate. The cornbilled extracts, after Method B 
they had been washed with saturated aqueous sodium To an  ice-cooled, well-stirred solution of 5b (3.02 g ;  
bicarbonate and water, afforded a residue (0.66 g) which 17.1 mmoles) in 300 ml methanol were added n-butyl 
consisted of 5b and an impurity which showed i.r. ab- nitrite (2.1 g; 20.3 mmoles) and 2 ml concentrated hydro- 
sorption at 5.67 11. Pure 5b (effective yield - 25%) m.p. chloric acid. The mixture was stirred 1 h and then left 
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a t  room temperature 20 11. The precipitate of 5c (2.95 g; 
14.4 inmoles), m.p. 257-260", which formed was recrys- 
tallized from acetone-tetrahydrofuran and obtained as 
crystals m.p. 258-260". 

Anal. Calcd. for CtnHTNOd: C. 58.54: H. 3.44: N. 6.83. , .  , .  
Found: C, 58.67; H,-3.60; N; 6.70. 

The i.r.: ? ,,,,, (KBr) 5.89, 6 . 1 7 ~ ;  ~1.v.: h,,, 253 (E 
10 900), 313 (inflect.), and 340 mp (E 4800); n.m.r. (T; 
A-60; DMSO-d,): -2.79 (1H; s), 2.78 (2H; AB quartet, 
J ,  8 Hz, internal chemical shift 21 Hz), 3.77 (2H; s), 
6.38 (2H; s). 

A suspension of 5c (112 n ~ g ;  0.54 mmole) in 100 nil 
tetrahydrofuran containing a few drops of inethanol was 
stirred for 21 h with 25 nil ethereal diazomethane (- 8.3 
mmoles). The residue (120 mg), m.p. 185-186", recovered 
after evaporation of the solvent, was recrystallized from 
acetone-ether and obtained as yellow crystals, n1.p. 
188-189", showing i.r. absorption at 5.92 and 6.38 p. 
Hydrolysis of this material (55 mg) in 9% hydrochloric 
acid at room temperature for 7 days converted it to a 
product (43 mg), m.p. 150-173", which consisted largely 
of Sa, but which could be purified by recrystallization 
from acetone-ether only with difficulty and with poor 
recovery of material. 

6,7-Dirnefhoxy-2-methyl-1,2,3,4-tetvahydroisoquinoline-I- 
spi1.o-2'-(4',-5'-rnethyleriediosy-1'-indanone) ( I d )  

A suspension of finely powdered 5a (380mg; 2.0 
mmoles) and p-(3-hydroxy-4-n~ethoxypheny1)ethylamine 
hydrochloride (2b) (500 mg; 2.0 mmoles) in 15 ml 2.5 % 
hydrochloric acid was stirred vigorously at 49-52" for 4 
days. Unchanged 5a (237 nlg; 1.25 nin~oles) was recovered 
by extraction of the reaction mixture with methylene 
chloride. The reaction mixture was then made slightly 
basic with saturated aqueous sodium bicarbonate and re- 
extracted with methylene chloride. The extract afforded 
an  amber oil (310 mg) which was purified by preparative 
layer chromatography on silica gel G.  Crystalline Ic  
(230 mg; 0.68 mmoles), m.p. 104-107", was then obtained 
from acetone. This material corresponds to that obtained 
by Kelly and Beckett (6) and we thank Professor Kelly for 
a sample of his illaterial for direct comparison with ours; 
the material obtained by Irie et a/ .  ( 5 )  is apparently a 
different crystalline modification. The material we ob- 
tained gave erratic analytical results, probably because of 
tenacious retention of variable ainounts of solvent. 

Spectroscopic results: i.r. : ?,,,, 2.83, 5.85 y ;  U.V. : 
h,,, 237 (E 27 600), 292 ( E  11 800), and 310 mp (inflect., 
E 8000); n.nl.r. (7;  CD,OD: HA-100): 2.79 (2H; AB 
quartet, J ,  8.0 Hz, internal chenlical shift 46 Hz), 3.45 
(1H; s), 3.88 (3H; probably 2 superimposed singlets), 
6.45 (3H; s), remainder of spectrum confused by partially 
exchanged solvent, etc. 

Treatment of I c  (251 mg) in 2 in1 methanol with an 
excess of diazoinethane in ether converted it quantita- 
tively to its inethyl ether which, after purification by t.1.c. 
(9:l methylene chloride - methanol on silica gel 6 )  and 
recrystallization from acetone-hexane, afforded crystals 
m.p. 179-181". 

Anal. Calcd. for CZOHI9PCTO5: C, 67.98; H, 5.42; N, 
3.96. Found: C, 67.85; H, 5.49; N, 4.13. 

Thei . r . :  h,,, 5 . 8 5 ~ ;  u.v.: i ,,,, 237 (E 37600), 292 
(E 11 800), and 310111y (inflect., E 10500); n.m.r. (7; 
HA-100): 2.78 (2H; AB quartet, J ,  8.0 Hz, internal chern- 

ical shift 59 Hz), 3.41 (1H; s), 3.84 (1H; s), 3.90 (2H; 
AB quartet, J - 1.5 Hz; internal chen~ical shift - 3.5 
Hz), 6.18 (3H; s), 6.40 (3H; s), 6.2-7.3 (6H; complex), 
7.86 ( lH; s ;  removed by D,O). 

A mixture of the methyl ether (180 mg; 0.53 mmole), 
5 nll 91 % formic acid and 0.2 n1l40% formaldehyde was 
heated on a steam-bath for 94 h. The solution, when 
cool, was poured into 50 ml water, made basic with 
saturated aqueous sodium bicarbonate, and thoroughly 
extracted with methylene chloride. The extract afforded 
Id (155 mg; 0.44 mmole), m.p. 162-165", after recrystal- 
lization from acetone-hexane. 

Anal. Calcd. for CZ1HZ1NO5: C, 68.65; H, 5.76; N, 
3.81. Found: C, 68.88; H, 5.69; N, 3.70. 

The i.r.: ? -,,, 5 . 8 6 ~ ;  u.v.: h,,, 237 ( ~ 3 2 0 0 0 ) ,  292 
(c 12600), and 310my (inflect., E 9600); n.m.r. (T; 
HA-100): 2.80 (2H; AB quartet, J ,  8.0 Hz, internal 
chenlical shift 58 Hz), 3.41 (1H; s), 3.88 (3H; probably 
1H singlet s~iperimposed on very narrow 2H multiplet), 
6.19 (3H; s), 6.44 (3H; s), 6.60 (2H; AB quartet; J ,  18 Hz; 
internal chemical shift 23 Hz), 6.8-7.3 (4H; m), 7.71 
(3H; s). 

( f )-Ochotensirnine ( Ib j  
Methyltriphenylphosphonium bromide (152 nlg; 0.42 

n~moles) and n-butyl lithium (0.37 mmoles) in 1.6 ml 
hexane were stirred together under nitrogen at room 
temperature for 2 h. A solution of Id (45 mg; 0.125 
n~moles) in 4 ml tetrahydrofuran was added and the 
reaction mixture was refluxed 7.5 h, and, when cool, 
poured into 601111 water. Extraction with methylene 
chloride afforded a material which was purified by t.1.c. 
(11:l ether-methanol on silica gel G). The product 
(26.5 mg; 0.073 n~moler) was a pale yellow oil which 
showed the same behavior on t.1.c. (6 systems) as natural 
ochotensimine and the n.ni.r., i.r., u.v., and mass spectra 
of the synthetic and natural inaterials were identical in all 
signific-ant characteristics. 

We thank the National Research Council of Canada 
for financial support of this work and for a Graduate 
Fellowship (J.W.); a Province of Ontario Department of 
University Affairs Graduate Fellowship (M.-S.L.) is also 
gratefully acknowledged. 
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Free radicals by mass spectrometry. XLIH. Ionization potentials 
and ionic heats of formation for C1-C4 alkyl radicals1 

F. P. LQSSING AND G. P. SEMELUK" 
Division of Chemistry, National Research Council of Canada, Ottawa, Canada 

Received November 10, 1969 

Ionization potentials for Cl-C4 alkyl free radicals have been re-measured by electron impact, using 
an energy-resolved electron beam from a double-hemispherical electrostatic monochromator. From 
these values and kinetic data for heats of formation of the radicals, ionic heats of formation for C1-C4 
alkyl ions have been calculated. New values for the four isomeric butyI ions are given. The ionization 
efficiency curves for the simpler radicals show linear sections corresponding to excitation of vibrational 
levels; for larger radicals these segments are not resolved and only a smooth upward curvature is seen. 
In disagreement with earlier results, no evidence for formation of low-lying excited states of the ions 
could be found, either for parent or fragment ions. 

Canadian Journal of Chemistry, 48, 955 (1970) 

Introduction 
Earlier data on the ionization potentials (IP) 

of alkyl free radicals obtained with conventional 
mass spectrometric ion sources has been shown, 
by retarding potential difference (RPD) electron 
impact (1 ,  2) and photon impact (PI) (3,4, 5), to 
be generally too high by 0.1 to 0.6 V. The reason 
for this over-estimate is that the probability of 
ionization to the zeroth vibrational level of the 
ion may for some species be quite small, becoming 
rapidly larger for vibrational levels a few tenths 
of a volt higher, corresponding to allowed verti- 
cal transitions in the Franck-Condon sense. 
Using electrons with a relatively wide (0.6-1.0 V) 
spread, the energy resolution at the onset of 
ionization is low, and the customary data treat- 
ment yields apparent ionization onsets corre- 
sponding approximately to the part of the ioniza- 
tion efficiency curve where the steep rise begins. 
This energy excess can be as little as < 0.1 V 
(CN, radical (5)) or as much as 1.0 V (CF, 
radical (6)) depending on the threshold ionization 
probabilities. 

The RPD electron impact experiments (1, 2) 
have given greatly improved threshold mea- 
surements for alkyl radicals as a result of the 
increased resolution and sensitivity. These data 
suggest further, however, that ionization effi- 
ciency curves exhibit considerable structure in the 
first volt or two above the threshold. This struc- 
ture, generally appearing to consist of straight 

'Issued as NRCC No. 11 132. 
ZVisiting scientist. Present address: Department of 

Chemistry, University of New Brunswick, Fredericton, 
N.B. 

line sections separated by upward breaks in 
slope common to both direct ionization of the 
radical and to formation of the radical ion in 
fragmentation processes, has been interpreted 
(7, 8) as corresponding to formation of various 
excited states of the radical ion. The reality of 
this structure, or more precisely the form which 
this structure has been thought to exhibit, has 
been questioned (5, 9), since corresponding 
features are not observed in photoionization 
efficiency curves. Indeed, the questions of whether 
photon and electron impact data should show 
only corresponding features, for both direct 
ionization and autoionization, and whether elec- 
tron impact ionization is in fact governed by the 
Franck-Condon principle, have been the subject 
of some discussion (10-12). 

In view of the current interest in such questions 
it was thought that further electron impact 
measurements on free radicals, using an energy- 
resolved electron beam, would be of value. 
Improved IP data and threshold ionizatio~l 
efficiency curves for C,-C, alkyl radicals, 
obtained using a double-hemispherical energy 
selector for electrons combined with a quadrupole 
mass spectrometer, are presented here. From 
these IP's, and preferred values for heats of 
formation of the neutral radicals (13), heats of 
formation for the alkyl ions have been re- 
calculated. 

The design and arrangement of the electron energy 
selector, ionization chamber, ion extractor, and quad- 
rupole mass filter have been described (14). To reduce 
contamination of critical surfaces the vacuum chamber 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



956 CANADIAN JOURNAL OF CHEMISTRY. VOL.. 48, 1970 

TABLE 1 

Ionization potentials of C,-C4 alkyl free radicals 
-- -- - -- - -- -- - -- -- - A- 

Radlcal This work RPD (ref.) PI (ref.) Other (ref.) 
-- 

CH3 9.84 2 0.03 9.80(1), 9.87(2) 9.82(4), 9.82(5) 9.843 (19) 
CzHs 8.38 i 0.05 8.25(1), 8.34(2) < 8 .4  (4), (8.45 2 0 2) (9) - 

n-C3H7 8.10 i 0.05 8.15(1), 8.13(2) < 8 . 1  (4), (7.2 i 0.2)(18) - 
S-C3H7 7.55 k 0 .05  7.52(1), 7.57(2) < 7 .5  (4) - 
n-C4H9 8.01 2 0.05 8.01 (2) - - 

iso-C,H9 8.01 i 0.05 - - - 
S-C4Hp 7.41 -t 0.05 - - - 
I-CdH, 6.93 t 0.05 - - (6.90 indirect (26)) 

containing the energy selector is separately pumped, and 
communicates with the ionization chamber only through 
an electron beam defining aperture 0.64 nlm in diameter. 
By appropriate design of the ionization chamber and 
good collimation of the electron beam, spurious effects 
resulting from wall bombardment by electrons have been 
minimized. Performance characteristics for some simple 
molecules (15) and PH, radicals (16) have been reported 
recently. 

The alkyl free radicals R were produced in reasonable 
yields by pyrolysis of the appropriate alkyl nitrite esters 
RCH,ONO at low pressures in a fused-silica capillary 
furnace (17). For CH, radicals a slightly better yield was 
obtained from the pyrolysis of di-t-butyl peroxide. 

Samples of n-pentane and neo-pentane used for the 
dissociative ionization measurements were NBS standard 
samples. The methyl iodide was an Eastrnan Organic 
Chemicals sample, further purified by distillation. 

Results and Disclnssion 
The threshold energies, obtained from extra- 

polation of linear or nearly-linear initial portions 
of the ionization efficiency curves for the C, -C, 
alkyl radicals, are given in Table 1. Extrapolation 
of the approximately linear portion of a curve 
for an added k r v ~ t o n  standard was used to 

< A  

calibrate the energy scale. For comparison are 
given also other recent values by RPD electron 
impact, and photoionization and spectroscopic 
data where available. For CM, radicals, as 
shown in Fig. 1,  a linear extrapolation of the first 
segment of the curve to give an  adiabatic 1P is 
clearly justified. For the C,M and larger radicals, 
a s  shown in Figs. 2-4, an initial linear segment, if 
present, was not clearly resolved. In  these cases 
the ionization threshold obtained by extra- 
polation of the first "segment" should properly 
be regarded as an  upper limit to the adiabatic 
I P  (4). Nevertheless. even in the most unfavorable 
cases the onset can be clearly distinguished 
within + 0.05 V. 

Within the limits cited, the present data and 
the RPD and photoionization data are in excel- 
lent agreement. The onIy possible disagreement is 

for n-C3H, radical. The present value agrees well 
with the observed threshold for direct photo- 
ionization (4). However a value of 7.2 V has been 
derived from appearance potentials (AP) of 
fragment ions (18). By comparison with C,H, 
radical this seems improbably low, and it is 
likely that this value corresponds to formation 
of the s-C,H,' ion by rearrangement. 

No  evidence for the occurrence of auto- 
ionization processes could be found. Within 
experimental error the curves in Figs. 1-7 appear 
to be free frorn discontinuities excent for struc- 
tures attributable to vibrational excitation. On the 
grounds that bonding in the radicals is generally 
weaker than in normal molecules, it is reasonable 
to suppose that for excited states of the radicals 
predissociation may predominate over auto- 
ionization. 

Further details of the ionization efficiencv 
curves are discussed under separate headings 
below. 

CH3 Raclical and Fragr.i~etzt Iotz 
The ionization curve for CH, radical shown in 

Fig. I was obtained from radicals produced in 
the pyrolysis of di-t-butyl peroxide. Curves ob- 
tained using ethyl ~iitrite as a source of CH, were 
essentially the same. All curves showed two linear 
sections, with a distinct break about 0.36 V above 
the onset. Extrapolatioli of the linear portions of 
the Kr i  and CH,' curves gave 9.84 V as the 
threshold for ionizatioli of CH, radical. The 
curved foot at  the oilset for both gases is consis- 
tent with an electron energy width a t  half 
m a x i ~ n ~ ~ m  of about 0.07 V. The u~lcertai~lty in the 
scale calibration and the extrapolation probably 
does not exceed + 0.03 V, and the agree~nent 
with values from PI  (4, 5) spectroscopy (19) 
and RPD electron impact ( I ,  2) is excellent. 

The first differential of the CH,+ curve, which 
should have approxirnately the same shape as the 
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CH, R A D I C A L  

I ......-... L...'' - - - -- - - 

'94 9 6  9 8  0 0  0 2  04 I06 I08 I 0  I 2  1 4  I 6  1 ' 8  

ELECTRON ENERGY ( e V )  

FIG. 1. Ionization efficiency curve for methyl radica! produced by pyrolysis of di-t-butyl peroxide. 

photoionization efficiency curve (20), is shown in 
Fig. 8. When allowance is made for the larger 
energy spread, this differential curve is in fact 
quite similar to  Fig. 2 given by Chupka and 
Eifschitz (5 ) .  The step a t  about 10.2 V is clearly 
visible in both curves. This feature appears to 
correspond to excitation of a vibratioilal level of 
CH,' ion, most probably the symmetric stretch 
mode. From Fig. 8, the ratio of step heights would 
give a Franck-Condon factor of 0.23 for this 
transition, relative to 1.00 for the 0 + 0 transi- 
tion. From the photoionization data (5) the ratio 
is closer to 0.14. In view of the combined uncer- 
tainties this difference is likely not significant. The 
probability for excitation of higher vibrational 
levels appears to be vanishiilgly small for both 
photon and electron impact. 

Aside from the break at about 10.2 V, the 

ionization eficiency plot for CH, radical appears 
to be a straight line for at least 1.8 ab above the 
threshold. No sign of the breaks at 10.7 V and 
1 1.4 V observed in the earlier RPD measurements 
(1) could be found. To investigate this point 
further, the AP curves for the formation of 
CH,' fragment ion from CH, and CH,I were 
obtained. The curves, given in Figs. 9 and 10 
respectively, show only a sruooth increase in 
CH,' ion yield with increasing electron energy, 
without indication of the breaks reported earlier 
for these processes (7). For both these curves the 
observed thresholds are in good agreement with 
AP's calculated for reactioris as shown in eqs. [ I ]  
and [2]. Heats of formation employed in these 
calculations are those for 298°K given in Kerr's 
comprehensive review article (13). The reason 
for the difference between these results and the 
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E T H Y L  R A D I C A L  

E L E C T R O N  ENERGY ( eV1  

FIG. 2. Ionization efficiency curve for ethyl radical produced by 
pyrolysis of n-propyl nitrite. 

ELECTRON ENERGY ( e V  ) 

FIG. 3. Ionization efficiency curve for n-propyl radical produced by 
pyrolysis of n-butyl nitrite. 
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ELECTRON ENERGY (eV)  

FIG. 8. Plot of first differential of ionization efficiency curve for CH3 radical. The experimental points at  0.02 V 
intervals froin Fig. 1 were used without sn~oothing. 

RPD results with respect to the presence of 
distinct segments and breaks for formation of 
CH,' ion as a parent ion and a fragment ion 
is not understood. If confirmed, the present data 
would suggest that there are no easily accessible 
low-lying electronic states of GM,' (8) within 
1.8 V above the ground statc3 The absence of 
structure in the available PI curves for formation 
of CH,' fragment from CH, (21, 22) tends to 
support this result. 

It is of interest to note that in Fig. I0 no 
significant change in slope occurs a t  the threshold 
energy for formation of the neutral I-atom frag- 
ment in its 2?,,2 state (eq. [3]). 

Recent findings have indicated a 1.127-power 
law or even higher power laws for threshold 
ionization of ti-atom (23) ,  helium (24, ?5) ,  and 
argon (25). In this respect, the close correspon- 

,Using RPD electron impact, Biinau and Potzinger 
(30) have also reported structure in the AP curves for 
CH3' from CH, and CH,L, nhich they attributed to 
low-lying excited levels of CH,".  

dence of the ionization cross-section behavior of 
CH, radical to a first-power law found here is 
interesting. In our instrument also the shape of 
the threshold curve for Inelrum is non-linear and 
corresponds closely to that reported by these 
authors. The difference in threshold law oeiween 
io~~izat ion of CH, and of H-atom and the rare 
gases may therefore be real, and not merely an 
instrcirnental effect. 

Efi?j?l and Propyl Rath'rais 
The ionization eficiency curves for ethyl and 

iz-propyl radicals, shown in Figs. 2 and 4, appear 
to have two short nearly linear sections near the 
onset, above which no further structure appears. 
The curve for s-propyi radical (Fig. 43 is more 
strongly curved and may have one short linear 
segment at the onset, althougl~ rather poorly 
defined. The curves for ethyl and n-propyl become 
nearly linear about 0.8 V above the onset. The 
corresponding point for the s-propyl curve is not 
reached until about 1.2 V above the onset. 

Bufyl Radical3 
The curves for n-, iso-, and t-butyl radicals, 

shown in Figs. 5, 6, and 7 respectively, were of 
the same general shape as the curve for s-propjl. 
An initial linear portion, if presenb was too short 
to be resolved. In the absence of a linear portion, 
the "extrapolation" shown in the figures is an 
estimate based mainly on a comparison of the 
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ELECTRON ENERGY (eV) 

FIG. 9. Appearance potential curve for formation of CH3+ fragment from methane. 

shape of the curved foot resulting from the 
electron energy spread with that for the krypton 
standard. An alternative method, estimation of 
the onset energies by comparing the positions of 
the first detectable upward break in ion current 
for the unknown and standard gas, gave the same 
set of values within t- 0.03 V. Both these 
methods for estimating the onset energies are less 
accurate than a linear extrapolation, since they 
depend on the relative threshold ionization 
probabilities and concentrations of krypton and 
the radical. A curve for s-butyl radical is not 
shown, since it was indistinguishable in shape 
from that for iso-butyl. 

As seen from Table 1, existing data for the 
IP's of butyl radicals, aside from the earlier 
low-resolution values (17), are quite limited. The 
present value for n-@,B, agrees well with the 
RPD value (2). It is interesting to note that the 
discrepancy between the earlier '"direst" value 

for IP (t-butyl), 7.42 V (17) and the "indirect" 
value of Stevenson, 6.90 V (26), is resolved in 
favor of the latter. 

Heats oj'Formation of Alkyl Ions 
It seems probable from Kerr's review (13) that 

heats of formation of C,-C, alkyl radicals at 
298 OK have now been established from kinetic 
data to an accuracy of i 2 kcal/mole or better. 
Combining these with the IP's from Table 1, 
which are probably accurate to about f l kcall 
mole, we can obtain ionic heats of formation as 
given in Table 2. These differ only slightly from 
those given in a recent compilation by Franklin 
et al. (27) except for the C,H,' ions, which were 
calculated from the earlier direct IP's, and for 
which the current values are 10-15 kcal/mole 
lower. 

A comparison of the values in Table 2 with 
heats of formation calculated from AP's for 
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ELECTRON ENERGY (eV) 

FIG. 10. Appearance potential curve for CH3+ fragment from methyl iodide. The upper arrow indicates the 
energy required for formation of the neutral I-atom in the 2P,, ,  state. 

TABLE 2 
Heats of formation of alkyl radicals and ions 

(kcaljmole 298 OK) 

CH3 34.0 226.9 261 
Czf35 25.7 193.3 219 

n-C3H7 21 .O 186.8 208 
S-C3H7 17.6 174.1 192 
n-C4H9 16.0  184.7 20 1 

iso-C4H9 14.0 184.7 199 
S-C4H9 12.4  170.9 183 
t-C,Hg 
- --- 

6.8 159.8 167 
-- --- 

"Ref. 13. 
tTable I .  

fragment ions, given in ref. 27, is of interest 
with respect to ionic rearrangement reactions. 
For example, the AP's for C,H,+ from n- and 
iso-butanes and pentalies give AH,(C,H,+) in 
the range 189-196 kcal/mole, clearly too low to 
correspond to a primary C,H,+, for which AH, 
is 208 kcaljmole. The necessary isornerization is 
evidently rapid and req~iires little activation 
energy. The new values for AH,(C,H,+) ions 
alloh a similar cleduction to be drawn from 
corresponding data for butyl frag~~ielit ions. The 

photoionization AP's for CH, loss from TI- and 
iso-pentane (3) give AH,(C,H,+) = 183.6 and 
182.2 kcal/mole respectively, both of which 
evidently correspond to s-C,H,+ (AH, = 183 
kcal/mole, Table 2). The heats of formati011 for 
C,H,+ ions from photon impact (3) on n-liexane 
(1 85 kcal/mole) and rz-heptane (1 86 kcal/mole) 
show that these are also evidently not primary 
C,H,+ ions (AH, = 201 kcaljmole, Table 2). 
The only case reported in ref. 27 in which an 
n-C,H,+ ion may be formed as a threshold 
fragment is in the dissociative ionization of 
11-C,H,ONO, from which avalue ofAH,(C,H,+) 
= 201 kcal/mole has been derived (28). 

For compariso~i with the PI result, the AP curve 
for C,H,+ from 11-pentane was investigated with 
the present apparatus. The curve is shown in Fig. 
11. The threshold energy, 10.98 + 0.05 V, is in 
good agreement with the PI threshold of 10.96 V 
(3). A second break at 1 1.10 V reported by these 
authors was cot observed. Calculated AP's for 
the isomeric C,H,+ ions, using the heats of 
formation in Table 2, AH,(CH,) = 34.0 kcalj 
mole (13), and standard heats of formation for the 
pentanes (29), are indicated in Fig. 11 .  It can be 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



964 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOSSIKG AND SEMELUK: FREE RADICALS BY MASS SPECTROMETRY. XLIJ 965 

seen that the threshold agrees closely with the 
formalion or" s-C,H,' wiih less than I kcal/moie 
excess energy available to bring about isorneriza- 
tion. As the rising ion yield curve crosses the 
energy ihreshold for primary C,H,+ ion forma- 
tion, no perceptible change in the rate of ir~crease 
in the ion yield can be detected. It would appear 
that the "cor~dractivity" of this second reaction 
chal~neI, that of directbhond scission, is negligibly 
small compared to that of the channel involving 
decomposirion: by way of rearrangernei:i fro111 
a primary to a seco~~dary ion. i n  view of this 
evident ease of isomerimation it is surprising that 
the AP for C,B, + from iso-pentane, as mentioned 
above, correspo~zds to an s-C,H,' ion and not 
a t-C,H,' ion, which could be formed by a 
rearrangement analogous to that forming s- 
C,H,' from n-pentane. It would seem that the 
rupture of one of the secoiidary C-CII, boilds 
in iso-pentane ion must be so fast that the 
preliminary manoeuvres necessary to t-C,H,' 
ion formation are precluded. 

In Fig 12 is shown the ion efficiency curve for 
formation of C,'sIgf fragment from neo-pei~tane. 
The observed AP, 10.56 V, agrees well wit11 the 
10.55 V obtained by photoionization (3). This 
gives AHf(C K - )  = 170 ksai/rnole, whish can 

:* only be a I-buty! ion (866, = 167 kca!!mole, 
Table 2). 

6. C. EIFSCHITZ and wii. A. CIIUPICA. 3. Chelll. Phys. 
$7, 3439 (1967). 

7. S. Tsuoa, C. E. MELTOY, and W. PI. E~AMILL,  
J. Chem. Phvs. 48, 689 11964, 

8. C E. M E L T ~ N  and H W. JOY. 3. Chem. Phys. 44, 
1986 119651. 

9. W. A. C H ~ P K A  and d B~RKOW~TZ.  J. Chem Phys. 
47, 2921 (1967). 

10. D. P. ST~VEYSQV. J. Amer. Chem Soc 82, 5961 
(1960). 

11. J. W. McGowax, M. A. FINEMAN, E. M. CLARKE, 
and H. P. HAYSCN. Phys. Rev. 167, 52 11968). 

12. C. E. BRrou. Chem. Phys. Lett. 3, 9 (1969). 
13. J ,  A. KERX. Chem. Rev. 66, 465 (1966). 
14. K .  MAEDA, G, P. SEMELUK, and F. P. Lossrxc-. 

Intern. J. Mass Spectry. Ion Phys. 1, 395 (1948). 
15. F. P. ~ o s s r ~ ~  and 6. P. SEMELUK. Intern. J. Mass 

Suectrv. Ion Pl~vs. 2. 408 119691. 
16. T: M < A L L I S T E R . ~ ~ ~ F .  P. '~osshc ; .  J. Plys. Chern. 

73, 2996 (1969). 
17. F. P. LOSSIXG and J. B. DE SOUSA. J. Amer. Chem. 

Soc. 81, 281 (1959). 
18. E. MLRAD and M. C.  INGHRAM. J. Chem. Phvs. 

40, 3263 (1964). 
19. G. HERZBERG and J. SHO~SMITH. Can. J. Phys. 34, 

523 (1956) 
- \ -  ~ - 1  

20. F. H. DORMAN, J. D. MORRISOU, and A. J. C. 
? ~ I C H ~ L S O N .  J. Chein. Phys. 32, 378 (1960). 

21. W. A. CHUPKA. J. Cheln. Phys. 48, 2337 (1968). 
22. V. H.  DIBELEK, M. MRAUSS, R. M. R ~ E S E ,  and 

E. N.  HARLEE. J ,  Chem. Phys. 42, 3791 (1945). 
23. J. W. M c G o w ~ z .  and E. M. CLARKE. Phys. Rev. 

167, 43 (1968). 
24. G. E. BRIQN and G. E.  Taoni~s .  Phys. Rev. Lett. 

20, 241 (1968). 
25. 19. MARCHAND, C. PAQUET, and P. MARMET. Phys. 

Rev. 180, 123 (1969). 
26. D. k. STFVFKSON. Disc. Faraday Soc. 10, 35 (1951). 
27. J. L. FRANKLIN, J. G. DILLARD, H. M. ROSENSTQCK, 

3. T. HERRON, and K. DRAXL. Ionization potentials, 
appearance potentials, and heats of forhation of 

1. C.  E. MELTON a ~ d  W. 1-3. HAMILL. J. Chem. Phys. gaseous positive ions. National Bureau of Standards, 
41. 3464 (1364:. Washineton. June 1963. ~, 

2. J. h. W I L L I A " , ~ ~  and i7v7. El, HAMILL. J. Chem. Phys. 28. S. TSU& and W. H. HAMILL. Adv. Mass Spectrorn- 
49, 4467 (!965), elry 3, 249 (1966). 

3. B. STEINER, C. F. GIESE, and M. 6. IYGKRAM, 29. F. D. Wossr\r e l  al. Selected values of physical and 
J. Chern. Phys.24, 189 (i961). thennodynamic properties of hydrocarbons and 

4., F. A.  ELDER, L, F GIBE, £3. STEINER, and M. Ci, related compounds. Cannegie Press, Pittsburgh, 9953. 
HXGKRAM. 2. Chcrn. Phys. 36, 3292 (1962). 30. C. vox BUXAU and P. POTZISGER. Bunsenges. Phys. 

5. W. A. Z~ui.r:a and C. Li~sc.q;rz. J. Chen~. Phys. Chem. 73, 472 (1969). 
48, 1109 (1968), 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Lead tetraacetate oxidation of hindered alicyclic ketoximes 

6. JUST AND K. DAHL' 
Department of C/?emistry, McGill Unicersity, 1l.lontren1, Quebec 

Received September 29, 1969 

Lead tetraacetate oxidation of 2,2,6,6-tetramethylcyclohexanone oxime and structurally related 
ketoximes caused C--C bond fission to yield acetyl hydroxamates. Severely hindered ketoximes gave 
nitrile oxides as intermediates which were trapped by 1,3-dipolar cycloaddition reaction. 

Canadian Journal of Chemistry, 48, 966 (1970) 

In our preliminary commu~licatioc, we report- 
ed about a facile oxidative cleavage reaction of 
2,2,6,6-tetramethylcyelohexa~~one oxilne (1) and 
structurally related ketoximes ~vi th  lead tetra- 
acetate (1). A mechanism was proposed involving 
the intermediacy of nitrile oxides. We now wish 
to report about the spectroscopic detection and 
trapping of these intermediates. 

Lead tetraacetate oxidatio~l of sterically 
hindered cyclohexanone oximes in acetic acid 
gave mainly acetyl hydroxamates. Equation [112 
shows t\vo plausible mechanisms to account for 
the reaction products, and Table 1 gives a 
summary of the results. 

Low ternperature oxidation of ketoxime 1 in 
the prese~lce of excess methyl acrylate produced 
the adducts 2,3a, and 30, thus providing evidence 
for mechanism a (2). Isolation of the adducts was 
effected by thin-layer chromatography (t.1.c.). 
The nuclear niag~ietic resonance (n.m.r.) spectra 
of 2,3a, and 30 are diagnostic. The isopropylidene 
groups adjacent to the isoxazoliiie and acetate 
group in 2 appear as two singlets at 1.20 (6H) and 
1.37 p.p.m. (6H), respectively. A singlet at 1.92 
p.p.117. (3H) was assigned to the acetate group. 
The methylene protons appear as a complex 
multiplet from 1.2 to 2 p.p.m. Two almost super- 
imposed doublets centered at 3.13 p.p.m. (2H) 
were assigned to the methylene group in the isox- 
azoline ring. The other ring proton gii,es rise to 
a set of t ~ t o  doublets centered at 4.85 p.p.m. ( 1  H) 
showing c o ~ ~ p l i ~ i g  constants of 8.0 and 9.1 Hz.  
A singlet at 3.75 p.p.m. (3H) Lvas assigned to the 
carbornethoxy group. The olefinic colnpoIleIits 
3a and 36 could not be separated bl- t.1.c. anci the 
mixture \\as analyzed. Spectral data arising from 

'To ~5hon1 inquiries should be directed. Present 
address. Raychem Corporation, 300 Constitiition Di-i~e. 
Menlo Park, California 93025. 

2Analogo~is considerations appl) to camphor and 
fenchone oxime. 

the isoxazoline and saturated hydrocarbon 
portion of 3a and 3b are almost identical to those 
of compoulid 2. The vinylic protons of 3a appear 
as a poorly resolved triplet centered at 4.64 p.p.m. 
(J,,,,, = 0.8 Hz) while the olefinic proton of 36 
appears as a partly resolved triplet centered a t  
5.05 p.p.m. (Jbi, = 6.0 Hz). Integration of the two 

TABLE 1 

Oxldatlve cleavage of ketoximes 
- - -- -- - - - --- 

Ketox~me Solvent % Cleavage' 

"O\N 
CH,COOH Not detected 

CF,COOH 30 

HO\N CH,COOH Not detected 

CF,COOH Not detected 

XEstiin'~te bared on xpectral andlybis (i.r., n.rn.r.). 
iAna ly t : ca l l~  pure  matctlal. 
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JUST AND DAHL: OXIDATION OF ALICYCLIC KETOXIMES 

R R R R  

AcO CONHOAc 

I + Olefins 

signals indicated for 3a and 3b a ratio of 1 :2. 
Two slightly broadened singlets at 1.58 and 1.66 
p.p.m. were assigned to the methyl groups which 
are attached to the double bond of 3a and 3b. 

Interception of the nitrile oxide was also 
achieved with vinyl acetate. However, the 
instability of the resulting isoxazolinyl acetates 
permitted only spectral characterization (3). 
While reaction in methylene chloride caused very 
little cleavage, the extent of cleavage increased 
with acetic acid concentration. When a mixture of 
acetic acid and methylene chloride was used, and 
work-up was conducted below O", the resulting 
product mixture contained a substantial amount 
of material which showed a strong infrared (i.r.) 
band at 2280 cm- l. This band is indicative of 
nitrile oxides. 

Interception of a nitrile oxide and its i.r. 
spectroscopic detection was also realized in the 
oxidation of fenchone oxime. No such inter- 
mediate, however, was detected for camphor 
oxime although ring cleavage did occur to give 
mainly acetyl hydroxamates. Oxidation of cam- 
phor oxime was accompanied by formation of a 
deep blue color which was stable below 0°, but 
faded at room temperature. The rate of fading 
was accelerated by addition of acetic acid. This 
observation suggests the intermediacy of a 
geminal nitroso-acetate of the type found in the 
oxidation of unhindered aliphatic ketoximes (4), 
and would satisfy reaction path b (eq. [I]). A 
possible mechanisnf for the rearrangement of the 
nitroso-acetate to give acetyl hydroxamates is 
shown in eq. [ 2 ] .  
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P "  //O---H-OAc R' 0-C 0-C 

'3 j'c.3 
1 'CH, + RCONHOAC 

R' 'N=o 

Common to all lead tetraacetate oxidations of 
the ketoximes investigated was the occurrence of 
a green color which appeared at about - 70" and 
was accompanied by formation of a heavy white 
precipitate which was assumed to be lead diace- 
tate. This color faded irreversibly when raising 
the temperature above - 30". Electron spin 
resonance measurements (5) have shown that 
iminoxyl radicals are formed in the lead tetra- 
acetate oxidation of oximes, and it is conceivable 
that these radicals are intermediates in the 
oxidative cleavage reaction. This mechanistic 
assumption could also explain the oxidation 
products obtained from aromatic ketoximes 
(6a-d). A discussion of these results was published 
in a previous paper (6d). 

Experimental 
Melting points were measured in a capillary tube in a 

sulfuric acid bath and are corrected. Analyses were 
performed by Beller Mikroanalytisches Laboratorium, 
Gottingen, and Bernhard Mikroanalytisches Labora- 
torium, Miihlheim, Germany. The n.m.r. spectra were 
recorded on a Varian A-60 spectrometer with tetramethyl- 
silane serving as internal standard. The i.r. spectra were 
recorded on Perkin-Elmer Infracord, 337, and 521 
spectrometers. Ultraviolet (u.v.) spectra were recorded 
with a Beckmann DK spectrometer. 

Lead Tetraacetate 
The lead tetraacetate (Matheson, Coleman, and Bell) 

contained 4 7 %  acetic acid and was used as such for 
all oxidations. 

Ketoximes 
2,2,6,6-Tetramethylcyclohexanone oxime (m.p. 151 So)  

was prepared from 2-methylcyclohexanone by exhaustive 
methylation (7), followed by oximation (8). All other 
ketoximes were prepared from commercially available 
ketones using standard procedures (9). 

Oxidation of 2,2,6,6-Tetramethylcyclohexanone Oxime 
(1 )  in Acetic Acid 

Lead tetraacetate (6.036 g, 13.6 mmoles) was added 
with stirring to a solution of 1 (2.000 g, 11.8 mmoles) in 
acetic acid (10 ml). After 5 min, acetic acid was removed 
by distillation (20°/0.1 mm), affording a pale green oil 
and lead diacetate which was suspended in a mixture of 
chloroform and ether (1 :2) and filtered. The filtrate was 
washed with cold saturated sodium bicarbonate solution, 

dried (MgSO,), and freed of solvent (40°/20 mm) to 
give 3.39 g of a pale green oil. Titration with 0.1 N 
sodium hydroxide solution indicated 90 + 5 %  of acetyl 
6-acetoxy-2,2,6-trimethylheptanohydroxamate (4): the 
n.m.r. (CDCI,) 6 1.20 [s, 6H, (CH,),CCO], 1.36 [s, 6H, 
(CH3),COAc], 1.90 (s, 3H, AcOC), 2.17 (s, 3H, AcON), 
and 9.5 (s, lH,  NH, exchangeable) p.p.m.; i.r. (CCI,) 
3350 (NH), 1790 (N-acetate C=O), 1740 (ester C=O) 
and 1720 (hydroxamate C=O) cm-'. The material gave 
a negative ferric chloride test.j 

Hydrolysis of Hydroxamate 4 
A methanolic solution of 341 mg of 4 was neutralized 

at room temperature with 2 N aqueous potassium 
carbonate solution. After stirring for 24 h, solvent was 
removed (20°/0.2 mm) and the residue was dissolved in 
water (10 ml) and ether (50 ml), then acidified with a 
drop of dilute acetic acid. The aqueous phase was 
separated and extracted with ether. The combined ether 
extracts were dried (MgSO,) and freed of solvent (30°/20 
mm) to produce 320 mg of crystalline material. Re- 
crystallization from hexane gave 245 mg (l.Omrnoles, 
84%) of 6-acetoxy-2,2,6-trimethylheptanohydroxamic 
acid: m.p. 74-75"; n.m.r. (CDCI,) 6 1.18 [s, 6H, (CH,),- 
CCO], 1.41 [s, 6H, (CH,),COAc], 1.98 (s, 3H, AcO), 
and 9.0 (s,4 2H, NHOH, exchangeable) p.p.m.; i.r. 
(CCl4) 3450 and 3290 (NHOH), 1730 (ester C=O), and 
1660 (hydroxamic acid C=O), cm-'. 

Anal. Calcd. for CIZHz3NO4: C, 58.75; H, 9.45; N, 
5.71.Found: C,59.07;H,9.46;N,6.22. 

Oxidation of Ketoxirne 1 iiz Trifluoroacetic Acid 
Lead tetraacetate (21.0 g, 47.4 mmoles) was dissolved 

in 210 ml of trifluoroacetic acid and stirred for 1 h. 
This reagent was added to a solution of 7.20 g (42.5 
mmoles) of 1 in 35 ml of trifluoroacetic acid. The reaction 
mixture was stirred at room temperature for 0.5 h, then 
diluted with cold water followed by extraction with ether. 
The combined extracts were washed with saturated 
sodium bicarbonate solution and water, then dried 
(MgSO,), and freed of solvent (40°/20 mm) to give 9.39 g 
of crystalline material. Repeated recrystallization from 
hexane afforded 3.82 g (12.8 mmoles, 30 %) of 6-trifluoro- 
acetoxy-2,2,6-trimethylheptanohydroxamic acid (5): m.p. 
81.5-82"; n.m.r. (CDCI,) 6 1.18 [s, 6H, (CH3),CCO], 
1.53 [s, 6H, (CH3),COCOCF3], and 9.0 (s, 2H, NHOH, 
exchangeable) p.p.m.; i.r. (CCl4) 3450 and 3250 (NHOH), 

3All subsequently described hydroxamic acids gave a 
positive ferric chloride test. 

4The 2-proton peak was resolved in (CD3),S0 solution 
into 2 signals: 8.43 (s. 1H. NH) and 10.23 (s. 1H. NOH) 
p.p.m.; -analogous iesolution 'was achieved for othe; 
hydroxamic acids given. 
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1780 (ester C=O), and 1660 (hydroxamic acid C=O) 
c m - I ;  u.v. max (95% C z H 5 0 H )  211 m p  ( E  1550). 

Anal. Calcd. for C lZH20F3N04  (299.29): C ,  48.17; 
H ,  6.74; F ,  18.90; N ,  4.68. Found ((mass spectrum) 299): 
C ,  48.57; H ,  6.71; F, 19.25; N ,  4.80. 

Hydrolysis of Hydvoxanzic Acid 5 
A solution o f  36.0 mg (0.1204 mmoles) o f  5 in  water 

(2  ml)  was boiled for 10 min, then cooled t o  room 
temperature and saturated with ammonium sulfate. 
Ether extraction afforded 23.0 mg (0.1 134 mmoles, 94 %) 
o f  6-hydroxy-2,2,6-trimethylheptanohydroxamic acid: 
m.p. 112-113"; n.m.r. (CDCI,) 6 1.20 [s, 12H, (CH3),- 
COH,  and (CH,),CCO], 6.35 (s, 3H, O H  and NHOH, 
exchangeable) p.p.m.; i.r. (CHCI,) 3605 (OH), 3455 and 
3300 (NHOH) ,  and 1655 (hydroxamic acid C=O) 
c m - I ;  u.v. max (95% C 2 H 5 0 H )  212 m p  ( E  1520). 

Anal. Calcd. for C I O H z l N 0 3 :  C ,  59.08; H ,  10.40; 
N,6.89.Found: C,59.60;H,10.51;N,6 .77.  

Oxidation of 2,2,6-Trimethylcyclohexanone Oxime (6) 
Lead tetraacetate (670 mg, 1.52 mmoles) was dissolved 

i n  10 ml o f  trifluoroacetic acid, stirred for 1 h ,  and then 
added to a solution o f  180 mg (1.16 mmoles) o f  ketoxime 
6 in  2 ml o f  trifluoroacetic acid. The reaction was com- 
pleted within a few seconds at room temperature. 
Trifluoroacetic acid was removed by distillation (20°/0.5 
m m ) ,  and to  the oily distillation residue was added cold 
saturated sodium bicarbonate solution, followed by 
ether extraction. The combined ether extract gave 247 mg 
o f  a colorless oil. Crystallization from pentane afforded 
180mg (0.63lmmoles, 54%) o f  2,6-dimethyl-6-tri- 
fluoroacetoxyheptanohydroxan~ic acid: m.p. 79.5-80.5"; 
n.m.r. (CDCI,) 6 1.14 (d,  3H, J = 6.7 Hz, HCCH,), 
1.54 [s, 6H,  (CH3),COCOCF3], and 8.5 (s, 2H, NHOH)  
p.p.m.; i.r. (CCI,) 3430 and 3210 (NHOH) ,  1790 (ester 
C=O), and 1660 (hydroxamic acid C=O) cm-l .  

Anal. Calcd. for C l l H I 8 F 3 N O 4 :  C ,  46.30; H ,  6.36; 
N,4.96.Found: C ,46 .52;H,  6.27;N,4.92. 

Nitrile Oxide Interception in the Oxidation of Ketoxime 1 
A mixture o f  1.00 g (5.90 mmoles) o f  ketoxime 1, 

15 ml o f  methyl acrylate, 15 ml o f  methylene chloride, 
and 6 ml o f  acetic acid was cooled t o  - 50" and a cold 
(-50") solution o f  3.08 g (6.9 mmoles) o f  lcad tetra- 
acetate in  20 ml o f  methylene chloride and 1 ml o f  
acetic acid was slowly added with stirring. The reaction 
mixture was kept at - 50' for 1.5 h ,  then the temperature 
was raised to  -15" within 0.5 h. The solution was 

51n (CD,),SO the tert OH appeared as 1-H singlet 
at 3.95 p.p.m. 

re-cooled t o  -50' and 20 ml o f  cold triethylamine was 
added dropwise with stirring. The temperature was 
raised to  25" and 100 ml o f  ether was added, followed by 
extraction with water. The organic phase was dried 
(MgSO,) and freed o f  volatile material (30°/20 m m  and 
85"/0.005 m m )  t o  yield 1.405 g o f  a yellow oil. Separation 
by t.1.c. [SiO,, hexanelether (30%) as solvent] gave 2 
oily fractions. These were rechromatographed o n  
precleaned (methanol) plates, affording 445 mg (1.42 
mmoles, 24 %) o f  isoxazoline 2 and 500 mg (1.98 mmoles, 
34%) o f  isoxazolines 3a and 3b. Compound 2 did not 
crystallize; distillation at 140-145" (bath)/0.0005 m m  
caused partial decomposition t o  give 3a and 3b. Iso- 
xazoline 2 was, therefore, analyzed as such: nDZ0 1.4632; 
i.r. (neat) 1730 (ester C=O) cm-I.  

Anal. Calcd. for C l6HZ7NO5:  C ,  61.32; H ,  8.68; 
N ,  4.47. Found: C ,  61.15; H ,  8.72; N ,  4.65. 

Compounds 3a and 3b were distilled at 110-115° 
(bath)/0.0005 m m  to  give a colorless oil: nDZO 1.4752; i.r. 
(neat) 1740 (ester C=O), 1650 and 1615 (C=C) cm- l .  

Anal. Calcd. for C,,H,,NO,: C ,  66.37; H ,  9.15; 
N ,  5.53. Found: C ,  66.15; H,9.23; N ,  5.65. 
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Non-Chugaev products from the pyrolysis of S-p-bromophenacyl xanthates of 
primary alcohols1 

R. E. GILMAN,' J. D. HENION, S. SHAKSHOOKI, J. I. H. PATTERSON, M. J. BOGDANOWICZ, 
R. J. GRIFFITH, D. E. HARRINGTON, R. K. CRANDALL, AND K. T. FINLEY 

Department of Chemistry, Rochester Institute of Technology, One Lomb Memorial Drioe, Rochester, New York, 14623 

Received July 21, 1969 

The study of the pyrolysis of S-p-bromophenacyl xanthates of 1-hexanol, cyclohexanemethanol, and 
2-phenylethanol are reported. The complex reaction mixtures were found to be con~posed of carbonyl 
sulfide, carbon disulfide, the corresponding alkenes, alkyl bromides, and starting alcohols, and 4'-bromo- 
acetophenone. The formation of the non-Chugaev products in significant amounts indicates that these 
pyrolyses are quite different from the cis-elimination that is characteristic of S-methyl xanthates. The 
occurrence of the alkyl bromides is particularly significant. Possible mechanisms for the formation of all 
of these products are discussed. 
Canadian Journal of Chemistry, 48, 970 (1970) 

The pyrolysis of xanthate esters, the Chugaev 
reaction, has been extensively studied from a 
mechanistic point of view, especially for S-methyl 
xanthates derived from secondary alcohols (l ,2).  
The usual products are the alkene, carbonyl 
sulfide, and methanethiol. 

We have found that the pyrolysis of xanthates 
of primary alcohols that contain the S-p-bromo- 
phenacyl group rather than the S-methyl group 
proceeds in a dramatically different manner to 
give a complex mixture of products, most of which 
are not formed in the normal Chugaev reaction. 

The compounds used in this study, the S-p- 
bromophenacyl xanthates of 1-hexanol, cyclo- 
hexanemethanol, and 2-phenylethanol, were pre- 
pared by standard methods (3,4). The pyrolysis 
of these xanthates in a semi-micro distillation 
apparatus at 240" for 90 min gave the products 
shown in Table 1. The components of the com- 
plex pyrolysis mixtures were separated by pre- 
parative-scale gas chromatography. Structural 
assignments were made on the basis of com- 
parisons of infrared (i.r.) spectra with those of 
authentic compounds. The alkene, the normal 
Chugaev product, was obtained in low yields in 
all cases, but the mercaptan, 4'-bromo-2-mer- 
captoacetophenone, was not observed. This com- 
pound was synthesized by a modification of the 
method of Kretov et al. (5) and found to decom- 
pose rapidly under our pyrolysis conditions to 
yield 4'-bromoacetophenone as the only sig- 
nificant product. This route undoubtedly ac- 

'Part of this work was presented at the 156th National 
Meeting of the American Chemical Society, Atlantic City, 
New Jersey, September, 1968. 

'To whom inquiries should be directed. 

counts for some of the 4'-bromoacetophenone 
that is found in the pyrolysis of each of the 
xanthates. The large amount of l-methylcyclo- 
hexene formed in the pyrolysis of the xanthate of 
cyclohexanemethanol can be attributed to a re- 
arrangement of the methylenecyclohexane. Tol- 
uene was present only in the pyrolysate of the 
xanthate of cyclohexanemethanol. This is pos- 
sibly explained as a dehydrogenation product 
of the cycloalkenes formed in this reaction. 

The remaining pyrolysis products are quite 
different from those expected from the normal 
Chugaev reaction. The formation of these non- 
Chugaev products; alkyl bromide, 4'-bromo- 
acetophenone, starting alcohol, and in one case 
hydrocarbon; in substantial amounts suggests 
that either the Chugaev products (alkene and 
mercaptan) react to form intermediates that sub- 
sequently decompose or that the pyrolysis pro- 
ceeds to a large extent by a different mechanism. 
The most probable intermediates that might be 
formed are the corresponding alkyl-p-bromo- 
phenacyl sulfides since alkenes and mercaptans 
are known to yield sulfides under relatively mild 
conditions (6). To determine whether or not the 
non-Chugaev products were formed from a 
sulfide intermediate, the preparation and pyrol- 
ysis of n-hexyl-p-bromophenacyl sulfide was in- 
vestigated. The sulfide was prepared from 12-hexyl 
mercaptan and 2,4'-dibromoacetophenone by 
standard methods (7). Pyrolysis of this sulfide 
under conditions comparable to those for xan- 
thate pyrolysis gave n-hexyl mercaptan and 4'- 
bromoacetophenone as the only major distillable 
products. Since no significant amount of alkyl 
mercaptan was found in any of the xanthate 
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Homolytic cleavage 

qbond (b) 

S 
1- alkene + COS 

0 i 0 
I I 

0 RCH20C-S. + .CH2$ a B r  RCH20C- + .SCH~~*BI 

+ H S C H 2 8 a B r  -1 01 1 -1 
I1--@Br R C H 2 . + O C S  RCH20e + CS2 CH3C ? 

1 
RCH20H 

1 
RCH3 

SCHEME 1 

pyrolysates, we conclude that these alkyl-p- 
bromophenacyl sulfides are not important inter- 
mediates in this pyrolysis. 

The formation of the respective alkyl bromides 
(1-bromohexane, bromomethylcyclohexane, and 
1-bromo-2-phenylethane) is particularly signifi- 
cant since aryl halides are generally unreactive. 
Two experiments were conducted in order to 
demonstrate that the bromine originated from the 
para position of the starting xanthate rather than 
from possible impurities. First, the pyrolysis of 
an analytically pure sample of cyclohexylmethyl 
S-p-bromophenacyl xanthate gave results iden- 
tical to those shown in Table 1. Secondly, the 
pyrolysis of cyclohexylmethyl S-p-chlorophen- 
acyl xanthate gave no bromomethylcyclohexane 
and only a trace of chloromethylcyclohexane. 

The most significant difference between the 
pyrolyses of the 3 xanthates studied is the presence 
of ethylbenzene in the pyrolysate of the xanthate 
of 2-phenylethanol. The corresponding hydro- 
carbons were not formed in detectable amounts in 
the other 2 cases. 

We suggest that the competitive pathways in- 
dicated in Scheme 1 represent a plausible, al- 
though highly tentative, explanation for all of the 
products except the bromides and acetophenoae. 
The alkyl bromides could be formed from the 
reaction of hydrogen bromide or bromine atoms, 
formed in the decomposition of the aryl part of 

the xanthate, with either the alkene or the alcohol. 
Gas chromatographic comparison of the pyroly- 
sates with authentic samples of the isomeric 
bromides (2-bron~ohexane, l-bromo-l-phenyl- 
ethane, and 1 - bromo - 1 - methylcyclohexane) 
indicated that these bromides were not present in 
the product mixture. This is consistent with either 
a direct reaction of HBr with the primary alcohol 
or a free radical addition of HBr to the 1-alkene. 
Acetophenone has been identified as a minor 
product in only one of these cases, but its forma- 
tion lends support to a free radical mechanism 
for the cleavage of the aromatic carbon-bromine 
bond. Since considerable tar is formed in all of 
these pyrolyses, the identification of the specific 
compound that may be decomposing to hydrogen 
bromide was not attempted. 

Experimental 

Melting points were taken on a Fisher-Johns Melting 
Point Apparatus and are corrected. Boiling points are 
uncorrected. The i.r. spectra were recorded on either a 
Perkin-Elmer Model 137 or Model 257 recording spectro- 
photometer. The nuclear magnetic resonance (n.m.r.) 
spectra were recorded on a Hitachi Model R-20 n.m.r. 
spectrometer and chemical shift data are given in p.p.m. 
downfield (6) from tetrarnethylsilane as an internal 
standard (multiplicity: s, singlet; d, doublet; t, triplet; 
m, multiplet). Elemental analyses were performed by 
Micro-Tech Laboratories, Skokie, Illinois and Baron 
Consulting Company, Orange, Connecticut. 
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Anal. Calcd. for C,H,BrOS: C, 41.58; H, 3.05; Br, 
34,58; S, 13.87. Found: C, 41.77; H, 3.07; Br, 34.33; 
S, 13.67. 

Pyrolysis of 4'-Bromo-2-mereaptoacetopherzone 
Solid (3.0 g) was pyrolyzed in the same apparatus and 

under the same conditions as were described above for 
the xanthates. The distillate (0.5 g) was analyzed by g.1.p.c. 
and found to consist of 4'-bromoacetophenone (-94 %) 
and one unidentified niinor component (-6 %). The re- 
maining distillate was dissolved in ether, dried (CaC12), 
and treated with Norit. Slow evaporation of the ether 
solution yielded colorless crystals of 4'-bromoaceto- 
phenone. 

n-Hexyl-p-Bromopheizacyl Sulfide 
n-Hexylmercaptan (14.2 g, 0.13 mole) was added with 

stirring to a cold solution of sodium hydroxide (5.0 g, 
0.13 mole) in 50 ml of 50% aqueous ethanol (7). 2,4'- 
Dibromoacetophenone (35.0 g, 0.13 mole) was added in 
one portion and the reaction mixture was refluxed for 1 h, 
cooled, diluted with 2 volumes of water, and finally ex- 
tracted with 3 100 ml portions of ether. The combined 
ether extracts were dried (NaZS04) and evaporated to dry- 
ness. Recrystallization of the residue from pentane gave 
26 g (66 %)of whitecrystals: m.p. 32-33";v,,,, (nujol) 2965, 
2940, 2860, 1682, 1590, 1570, 1488, 1465, 1420, 1400, 
1380, 1308, 1280, 1180, 1075, 1012, 845, 772, 754 cm-'; 
n.m.r. (CDC13), 6 0.8 [3H, t, J = 5 Hz, -CH3], 1.0-1.7 
[8H, m], 2.5 [2H, t, J = 7 Hz, SCH,-1, 3.6 [2H, s, 
COCHZS], 7.4, 7.5, 7.7, 7.8 [4H, m, phenyl protons]. 

Anal. Calcd. for C1,H,,BrOS: C, 53.40; H, 6.04; Br, 
25.40; S, 10.17. Found: C, 53.13; H, 6.09; Br, 25.23; 
S, 10.08. 

Pyrolysis of n-Hexyl-p-Brornophenacyl Sulfide 
The sulfide (4.6g) was pyrolyzed under conditions 

identipal to those described for xanthate In.  The distillate 
(0.11 g) was analyzed by gas chromatography (10 ft x 
118 in. Carbowax 20M on Chromosorb W, 80-100 mesh). 
Colnparison with authentic samples showed the mixture 
to consist of I-hexanethiol (50%) and 4'-bromoaceto- 
phenone (35 %) along with small amounts of unidentified 
components. 

C~~clohexylmethyl S-p-Chloropherzacyl Xanthate 
A solution of cyclohexylrnethyl S-sodium xanthate 

(15.8 g, 0.07 mole) in reagent acetone (180 ml) and water 
(18 ml) was added to a solution of 2-bromo-4'-chloro- 
acetophenone (16.5 g, 0.07 mole) in reagent acetone. The 
solution was stirred for 15 min at 5' and then diluted with 
500 ml of ice water. Filtration followed by vacuum drying 
gave 21.1 g of white solid. Recrystallization from 95% 
ethanol gave 18.1 g (75%) of white crystals: m.p. 80- 
81"; v,,, (melt) 3090, 2920, 2850, 1680, 1590, 1570,1490, 

1450, 1400, 1285, 1230, 1090, 1065, 990, 830, 820, 780 
cnl-'; n.ni.r. (CDCI,), 60.9-1.9 [ I lH,  m],4.3 [2H, d , J  = 
6 Hz, CH,O], 4.6 [2H, s, CH,S], 7.3, 7.4, 7.8, 8.0 [4H, m, 
phenyl protons]. 

Anal. Calcd. for Cl6Hl9ClO2SZ: C, 56.10; H ,  5.58; C1, 
10.35; S, 18.71. Found: C, 56.00; H, 5.65; C1, 10.26; 
S, 18.52. 

Pyrolysis of Cyclohe,~ylmetlz~1 S-p-Chlorophenacyl 
Xnlzthate 

This xanthate (6.0 g, 0.018 mole) was pyrolyzed under 
conditions identical to those described previously for 
xanthate la. The distillate (3.5 g) was analyzed by gas 
chromatography (10 ft x 118 in., 15% Carbowax 20M 
on Chromosorb W, 80-100 mesh). Comparison with 
authentic sarnples showed the rnixture to consist of 
rnethylenecyclohexane (6 %), 1-methylcyclohexene (2 %), 
toluene (1 %), chlorometliylcyclohexane (< 1 %), cyclo- 
hexanemethanol (27 %), 4'-chloroacetophenone (66 %).3 

Comparison of the pyrolysate with an authentic sample 
of bro~nomethylcyclohexane indicated that the latter was 
not present. 
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chromatography. John Wiley and sons, New ~ o r k ,  
1962. p. 255. 

3Percentages were estimated from peak areas. 
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Tetrahydropyranyl protecting group. 11.' 3-Bromo-2-(tetrahydropyran-2-y1oxy)- 
propene, a masked acetonyl bromide 

D. E. HORNING, G. KAVADIAS, AND J. M. MU CHOW SKI^ 
Bristol Laboratories o f  Canada. Calzdiac, Quebec 

Received November 3 ,  1969 

It is shoun that the sodium hydride (in dilnethyl formamide) induced elimination of hydrogen bromide 
from 1,3-dibromo-2-(tetrahydropyran-2-y1oxy)propane (3) can be considered to r e s ~ ~ l t  in the in situ 
formation of 3-bronio-2-(tetrahydropyran-2-y1oxy)propene (4). When generated in this manner, 4 was 
shown to function as a masked acetonyl bromide of considerable utility. Under similar conditions, 1,3- 
dibrorno-2-methoxypropane was assumed to produce 3-bromo-2-methoxypropene, which also was 
shown to be a useful masked acetonyl bromide. 

The pyrolytic elimination of methanol from bromoacetone dimethyl ketal was shown to produce a 1 :1 
mixture of the two possible isomeric en01 ethers, rather than pure 3-bromo-2-methoxypropene as stated 
in the literature (2). 
Canadian Journal of Chemistry, 48, 975 (1970) 

The introductio~l of an  acetony1 moiety into a 
molecule possessing an  activated methylene 
position is usually effected directly with acetonpl 
bromide (3) or acetonyl chloride (4). Alterna- 
tively, 2-step processes, involving alkylation with 
propargyl bromide followed by mercuric salt 
catalyzed hydration of the ternlinal acetylenic 
function (9, or, alkylation with 2,3-dichloropro- 
pene and subsequent hydrolysis of the vinylic 
chloride with concentrated sulfuric acid (6,7), 
are often used when the direct method is unsatis- 
factory. The great reactivity of bromo- and 
chloroaceto~le towards nucleophilic species re- 
duces their usefulness as sources of the acetonyl 
group (e.g. a solution of the sodium salt of ethyl 
malonate in ethanol evidently gave only ethoxy- 
acetone, see (4)), and the vigorous conditions 
necessary for the hydrolysis of the villylic chloride 
often promote secondary reactions, such as 
cyclization and dehydration (see (7), for example), 
which limit the utility of the dichloroprope~le 
method. In  contrast, the sequential introduction 

'For Part I, see ref. 1 .  
2To whom enquiries concerning this paper should be 

addressed. 

and hydration of a propargyl group a t  an  acti- 
vated methylene position is not subject to  the 
above drawbacks, and consequently, this method 
is more widely applicable than the others. 

In co~inection with various synthetic objectives, 
we required a masked acetonyl halide which 
retained the desirable characteristics of both 
2.3-dichloropropene and the propargylic halides, 
and, in addition, had a proclivity to undergo 
substitution a t  the terminal carbon atom (C-3) 
subsequent to insertion a t  an  activated (methy- 
lene) position. These requirements were likely 
to be met by a molecule which incorporated the 
functionalities of an allylic halide and an  en01 
ether as in 1. Hydrolysis of the alkylation product 
2 obtained therefrom (eq. [I]),  would unmask the 
acetonyl group, or  electrophilic substitution of 2 
could, a t  least in principle (8), result in the forma- 
tion of an  o-substituted acetonyl moiety. 

The tetrahydropyranyl ether 3 (eq. [2]), was 
chosen as a potential precursor of 1 (R = tetra- 
hydropyran-2-yl) because of its ease of synthesis 
from commercially available, inexpensive starting 
materials. A solution of the dibromide 3 in 
anhydrous dimethyl formamide (DMF) con- 
taining an  excess of sodium hydride was stable C
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

a t  0°, but on warming to 10-20' a brisk evolution 
of hydrogen o ~ c u r r e d . ~ , ~  Addition of ethyl 
diphenylacetate to the reaction mixture, which 
was assumed to contain 4 (THP = tetrahydro- 
pyran-2-yl), caused a further gas evolution, and 
after aqueous workup, the en01 ether 5 was ob- 
tained. Acid catalyzed hydrolysis of 5 gave ethyl- 
2,2-diphenyllevulinate (6). Various reaction 
conditions for the preparation of 6 were studied 
(see Table 1, trials a, b, and c), and it was found 
that a 1.5 : 1 molar ratio of the dibromide to ethyl 
diphenylacetate (trial b) consistently gave satis- 
factory yields of 6. Under similar conditions (see 
Table 4 in Experimental), fair to good yields of 
other compounds containing an acetonyl group 
could be prepared (see Table 3).5 For example, 

37he elimination of the elements of hydrogen bromide 
from P-halogeno ethers with powdered potassium 
hydroxide is well known (9). 

4Aqueo~~s  workup of the reaction at this stage gave a 
benzene soluble oily mixture which readily decolorized 
bromine in carbon tetrachloride, rapidly gave a precipi- 
tate of silver bromide with aqueous alcoholic silver 
nitrate, and which had a medium intensity i.r. absorption 
at  1634 cm-'. This mixture was judged to contain 
60-70% of compound 4 (THP = tetrahydropyran-2-yl) 
by con~parison of the intensity of the n.m.r. signal for the 
allylic methylene group (singlet at  6 3.88) or the C-2 
proton of the tetrahydropyranyl moiety (singlet with 
fine structure at 6 4.78) with that (singlet with fine 
structure at  6 1.68) ascribed to the protons on C3-C, of 
the tetrahydropyran ring. The resonance(s) for the 
olefinic protons were obscured by the absorptions due 
to the contaminant(s). 

5A referee has commented that the main advantage 
of the 2-alkoxyalIy1 bromides described herein over 
bromoacetone, lies in the facile preparation of substituted 
acetonyl compounds such as 8 from the former. The 
powerful lachrymatory properties of bromoacetone as 
well as its poor bench stability (bromoacetone stored at  
0" in brown bottles becomes dark colored after 2--3 
months and must be redistilled before use; cf., 3 in 

2,2-diphenyl-4-oxovaleronitrile was obtained in 
73 % yield as compared to a 55 % overall yield 
recently reported (5) for the 2-step propargyl 
group process (vide supra). In addition, alkyla- 
tion of the pyrrolidine enamine of cyclohexanone 
and subsequent hydrolysis gave 2-acetonyl cyclo- 
hexanone in 24 % yield. This was somewhat lower 
(40 %) than was obtained from the direct alkyla- 
tion of this enamine with acetonyl bromide (lo), 
but the latter procedure invariably gave a product 
which was contaminated with ca. 15 mole % of 
2 - methyl - 4,5,6,7 - tetrahydrobenzofuran (see 
Experimental). 

Under carefully controlled conditions, it was 
~ossible  to utilize the intermediate en01 ethers for 
the preparation of compounds containing an 
a-substituted acetonyl moiety. For example, the 
synthesis of the basic keto ester 8 (eq. [2]) was 
accomplished by the bromination of the tetra- 
hydropyranyl en01 ether 5, under conditions 
which probably generated hypobromous acid, 
followed by treatment of the a-bromoketone 7 
thus produced with diethylamine. Compound 8 
was prepared in 49% overall yield from ethyl 
diphenylacetate, which is remarkably high when 
the complex nature of the functionality present 
in 8 is ~ons idered .~  

Although 3 - bromo - 2 - (tetrahydropyran - 2- 
y1oxy)propene (4) served notably well as a masked 
acetonyl group, several instances were envisioned 
where a 3-brorno-2-alkoxy propene (9) would be 

Experimental) makes 3 (hence 4) attractive as a source 
of the acetonyl group. The generality of this approach to 
acetonyl substituted coinpounds would, however, be 
greatly increased if a simple ex situ synthesis of pure 
3-bromo-2-~nethoxypropene, or a derivative thereof, 
could be devised. 
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HORNING ET AL.: TETRAHYDROPYRANYL PROTECTING GROUP. I1 

TABLE 1 

Determination of the optimum conditions for the preparation of 6 

Alkylating agent 

Mode of Reaction Yield$ Number 
Trial Compound addition* mmolest time (h) of 6 (%) of runs 

*N = Normal, i.e. alkylating agent added to sodium salt of ester and excess sodium hydride. I = Invcrse; ester 
added to alkylating agent and sodium hydride. 

?Ten mmoles of the ester were used throughout. 
$Yield of pure product. 
§Assumed to involve the in situ generation of 4. 
Generated ex situ; see footnote 4 in text. 
CBased on the assumption that the mixture described in footnote 4 in text was pure 4. 
**Assumed to involve the in situ generation of 9a. 
??Prepared according to (2) .  
$$These quantities were adjusted for the presence of the isomeric 1-bromo-2-alkoxypropene. 

synthetically more v e r ~ a t i l e . ~  We were surprised 
to discover that one such compound, 3-bromo-2- 
methoxypropene (9a), was reported (2) to be the 
sole thermolysis product of bromoacetone di- 
methyl ketal. Repetition of this reaction gave a 

OR 

[3] CH,-C-CH,Br - 
I 

OR 
R = CH,, C,H, 

OR OR 
I I 

CH, = C-CH2Br + CH,-C= CHBr 

9 10 

a R = CH, n R = CH, 
b R = CzHj b R = C2Hs 

product in about 40 % yield, which was shown by 
nuclear magnetic resonance (n.m.r.) spectroscopy 
to contain only 43 % of the desired alkoxyallyl 
bromide 9a admixed with 50% of l-brorno-2- 
methoxypropene (100) and 7 "/, bromoacetone 
(eq. [3]). A similar reaction with the diethyl ketal 

gave a mixture which was significantly richer in 
the required component 9b (75-77 % 9b, 19-25 % 
lob, and 0-4 % bromoacetone). I t  is probable that 
the thermolysis products of the other bromoace- 
tone dialkyl ketals studied by Bruce and Ban (2) 
were also mixtures. The mixtures containing 9a 
and 9b were tested as sources of the acetonyl 

however, as judged from the yields of 6 
(see Table 1, trials e and f ) ,  they did not have 
any significant advantages over 4. Consequently, a 
method, analogous to that which had been used 
for the synthesis of 4 from 3, was then applied to 
the in situ generation of 9a free of 10a. Dehydro- 
halogenation of 2-methoxy-1,3-dibromopropane 
[prepared by the aluminurn chloride catalyzed 
diazomethane methylation (12) of 1,3-dibromo- 
2-propanol18 was effected by briefly heating a 
DMF soluiion of this compound with sodium 
hydride at  60" (eq. [4]). The resulting solution, 
which presumably contained 9a, also was a useful 
source of the acetonyl group. For example, 
ethyl-2,2-diphenyllevulinate (6 )  and 2-acetonyl 
cyclohexanone were prepared therefrom in 73 
(see trial d, Table 1) and 19 X yields, respectively. 
The utilization of 9a for the- synthesis of corn- 

6For example, reaction of the tetrahydropyranyl en01 pounds containing a 3-substituted acetonyl 
ether 5 with an aryl diazonium salt ~sould be expecled to has not yet been examined, 
produce a mixture of 2 hydrazones, a and 0, uhereas the 
corresponding alkoxy compound would give only a (1 1). 

H5C6 C6H5 'Bruce and Ban (2) utilized these mixtures to prepare a 

ArNHNH- ~ 0 2 c 2 ~ 5  +Hen NNHA'  series of 5-substituted-5-(2-alkoxyally1)barbituric acids, 
and also to alkylate diethyl allyln~alonate, but curiously, 

5 H none of these compounds were converted to their acetonyl 
derivatives. 

NHHAr *This colnpound is not readily prepared directly from 
a h ally1 bromide (see (13)). 
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HORNING ET AL.: TETRAHYDROPYRANYL PROTECTING GROUP. I1 

TABLE 2 

Spectral properties of some bromo compounds 

Compound (No.) Infrared (cn1r1)* Nuclear magnetic resonance (6)'t.f 

*Infrared spectra measured as neat liquids. 
?Recorded in deuteriochloroform with internal tetramethylsilane unle 
$bs = Broad singlet, d = doublet, m = multiplet, q = quartet, quin. 
$Measured in carbon tetrachloride. 

3-Bromo-2-ethoxypropene (90) and l-Bromo-2- 
ethoxypropene ( l ob )  

Bromoacetone diethyl ketal was thermally cracked as 
above to give an oil, b.p. 53-55"/26 mm, in about 50% 
yield. This fraction was shown by n.m.r. spectroscopy to 
be a mixture of 75-77 % 3-bromo-2-ethoxypropene, 
19-25 % 1-bromo-2-ethoxypropene, and 0-4% bromo- 
acetone. This mixture was not further characterized. 

Conditions for the Alkylation Reaction 
The preparation of ethyl-2,2-diphenyllevulinate (6) 

exemplifies a typical procedure; modifications are de- 
scribed below as well as in Tables 1 and 4. 

A 100 ml, 3-necked flask was flame dried and then 
charged with 1200 mg (27.5 mmoles) of a 55 % dispersion 
of sodium hydride in mineral oil, while a flow of purified 
dry nitrogen was maintained through the apparatus. The 
sodium hydride was freed of the carrier by washing with 
several portions of hexane, and then it was layered with 
30 ml of dry DMF and cooled with stirring to 0". A 
solution of 4.53 g (15 mmoles) of 1,3-dibromo-2-(tetra- 
hydropyran-2-yloxy)propane in 5 ml of dry DMF was 
added all at once, and the apparatus was removed from 
the cooling bath. At 10" hydrogen evolution commenced 
and thereafter the reaction temperature rose steadily, but 
was not allowed to exceed 25". When the evolution of gas 
had become slow (ca. 45 min), the mixture was cooled to 
O0, and 2.40 g (10 mn~oles) of crystalline ethyl diphenyl- 
acetate were added all at once. The cooling bath was 
removed, and the reaction temperature was maintained 
a t  20-25" until gas evolution had become slow. The reac- 
tion mixture was stirred at room temperature for 13-15 h 
under a slight positive pressure of nitrogen. The solution 
was then poured into a large volume of cold water con- 

3s specified otherwise. J values given in c.p.s. 
= quintet, s = singlet, and t = triplet. 

taining a little sodium chloride, and the product was 
extracted into benzene. The extract was washed well with 
water, dried over sodium sulfate, and the solvent was 
removed in uacuo at 40" leaving a quantitative yield of the 
crystalline tetrahydropyranyl ether 5. It had i.r. (neat) 
absorptions at 1733 and 1636 cm-'. Since it was not 
readily recrystallized and because it partially decomposed 
(to 6 and presumably dihydropyran) on sublimation at 
8O0/0.001 mm, it was used without further purification. 
The crude en01 ether was dissolved in 90 ml of methanol 
and 10 ml of 10% hydrochloric acid, and the solution was 
heated at reflux temperature for ca. 10 n~ in .  The resultant 
was concentrated to a volume of about 10 ml in vacuo, 
the m i x t ~ ~ r e  was diluted with a large amount of water 
and the product was extracted into benzene. The extract 
was washed well with water, dried over sodium sulfate, 
and then evaporated irz uacuo. The residue was crystallized 
from methanol to give 1.752 g of a crystalline solid, m.p. 
110-112". Workup of the mother liquor in the usual 
manner gave an additional 0.187 g of the product m.p. 
109-1 11". The spectral data for this compound are given 
in Table 3. 

Modifications 
(i) The rate of dehydrohalogenation of 1,3-dibromo-2- 

methoxypropane was slower than that of the tetrahydro- 
pyranyl ether 3. As a consequence, the DMF solution 
containing 11 and excess sodium hydride was thrice 
heated to 60" and then allowed to cool spontaneously to 
room temperature. The solution of 9a thus obtained was 
then used as above. 

(ii) The alkylation of the pyrrolidine enamine of 
cyclohexanone was carried out under the usual con- 
ditions except that a 1 :1 molar ratio of the alkylating 
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TABLE 3 w 

Yields and properties of some ketonic compounds 00 o 
-- --- 

Calcd. Found Melting point ("C) 
Yield or boiling point 

Compound - (%I* C H C H ("Cimm) Other means of characterization 
- 

66-69 77.00 6.80 76.93 6.75 I 10-112-1 m r  (6): 1.13(t,3H;J = 7.0),2.00(s,3H) 
3.58(~,2H),4.13(q,2H;J = 7.0) 
7.20(s,lOH) 

i c n )  1731 

55 59.00 8.25 58.73 8.44 145-150/911 n.m.r. 0.87(t,3H;J = 7.5),1.25(t,3H; 8 
J = 7.2),2.10(q,2H;J = 7.5), 
2.18(~,3H),3.02(~,2H),4.27 

s z 
(q,2H;J = 7.2) 

i.r. 1757(sh), 1731 [neat] 
F 
g 
0 

42 - - - - 95-100/0.04 i.r. 1734,1725 [neat] 8 
%?2C2H5 36.5-39** Iit. (14) ester m.p.4142. gave an Saponification acid m.p. of the 

126-127", [lit.(14)m.p.127"]~ 3 9 
5 

24 - - - - 95/1.07 Identical to an authentic specimen prepared F 
P 

according to ref. 10. CO - 
\O 
4 0 

.- . 

*Yields of pure products. 
tAfter crystallization from methanol and sublimation at  85°/0.001 mm. 
$See -1 and $ in Table 2. 
$Measured in chlorofor~n unless specified otherwise. 
IlAtier crystalliration from 2-propanol and subli~nation at  90°/0.001 mm. 
1iEvaporativc distillation; air bath temperature. 
**After crystalli~ation from petroleum ether b.p. 60-90'. 
-1TAfter crystallization from ether. 
$$Yield, analysis, m.p., and spectral data are those of the semicarbarone. 
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HORNING ET AL.: TETRAHYDROPYRANYL PROTECTING GROUP. I1 

TABLE 4 
Conditions for the preparation of some ketonic compounds 
- -- 

Reaction 
Moles dibromide*/mole temperature Time 

Compound active methylene compound (" C) (h) 

*Dibromide 3 was used for the first 4 compounds and dibrornide 12 for the last compound. 

agent to the enamme was used (see Table 4). When the 
reaction was completed the solution was poured into a 
large excess of water and then left a t  room temperature 
for 1 h. The product was then isolated in the usual way by 
extraction with benzene. Removal of the solvent gave the 
crude keto enol ether (4.90 g from a 20 mmole reaction 
using 4 prepared in situ) which was taken up in 200 ml of 
dichloroniethane. The solution was stirred vigorously 
a t  room temperature with 35 ml of 10% hydrochloric 
acid and 185 ml of water. After 1 h, the organic phase 
was separated, washed well with water, and dried over 
sodium sulfate. The solvent was removed in cacuo leaving 
an  oil which was distilled in cacuo. The material thus 
obtained, b.p. 70-11O0/0.7 mm (2.72 g) was shown to be 
a 2 component mixture by thin-layer chromatography 
(t.1.c.) on alumina (benzene). This mixture was taken up 
in benzene and placed on a column of 100 g of Fluka 
neutral alumina (activity 11; packed in benzene). The 
chromatogram was developed with benzene (250 mi) and 
then chloroform (350 ml). The impurity was contained 
in the benzene eluate, the product in the chloroform 
eluate. After removal of the solvent in oacuo, the residual 
oil was evaporatively distilled at  95"/1 mm [lit. (lo), b.p. 
91-93'/1.1 mm], to give 745 nig of a colorless liquid (see 
Table 3) with an  i.r. (neat) absorption at  1713 cm-l. 
When prepared by the method of Baumgarten et al. (lo), 

2-acetonylcyclohexanone was contaminated with ca. 15 
mole % of 2-methyl-5,6,7,8-tetrahydrobenzofuran (deter- 
mined by integration of the absorption for the olefinic 
proton at  6 5.82). The i.r. spectrum of 2-acetonylcyclo- 
hexanone obtained in this way had a weak band at  1627 
cm-', but was otherwise identical to the specimens pre- 
pared by our procedures. 

(iii) For the preparation of 2,2-diphenyl-5-oxocapro- 
nitrile (13), the best procedure was to add the dibromide 
12 to the sodium salt of diphenylacetonitrile and excess 
sodium hydride. When the reaction was completed, the 
crude product was taken up in methanol and treated with 
an  excess of aqueous-methanolic semicarbazine. The 
product, m.p. 168-17Io, crystallized from solution and 
was collected by filtration. After two crystallizations from 
aqueous alcohol (3:4) the melting point was raised to 
171-173" (see Table 3). 

Ethyl-2,2-diphenyl-5-diethylaminoleculiae ( 8 )  
T o  a vigorously stirred cooled (5 ' )  mixture of potassium 

carbonate (415 mg, 3 nimoles) and 55 p1 of water (55 mg, 
3.05 mmoles) in 25 n ~ l  of benzene containing 1.14 g (3 
mmoles) of the tetrahydropyranyl ether 5, was added a 
solution of 528 mg (0.17 ml, 3.3 mmoles) of bromine in 
5 ml of benzene at a rate such that the reaction tempera- 
ture did not exceed 10". When the addition was completed, 
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982 CANADIAN JOURNAL OF 

the cooling bath was removed, and the mixture was 
stirred vigorously for 20 min. At the end of this time, the 
mixture was again cooled to 5', and 438 mg (0.63 n ~ l ,  6 
mmoles) of diethylamine were added all at once. The 
cooling bath was removed, and after stirring for 2 h at 
room temperature, a few mls of sodium carbonate solu- 
tion (200 g/l) and 50 ml of water were added. The organic 
phase was separated and combined with a benzene 
extract of the aqueous phase. The benzene phase was 
extracted alternately with 10% hydrochloric acid (4 x 30 
ml) and water (4 x 30 ml). The aqueous acidic extract 
was made basic with sodium carbonate solution (200 g/l), 
and the liberated base was extracted into dichloro- 
methane. The extract was dried over sodium sulfate, and 
the solvent was removed in vacuo leaving 0.64 g of a 
yellow oil which was converted to its hydrobromide salt 
in ether. The crude salt was taken up in about 50 ml of 
hot 2-propanol, and this solution was made up to ca. 
250 ml with ether. A beautifully crystalline solid, m.p. 
195-197" was obtained in 48.6% yield (0.653 g). The 
n.m.r. spectrum (free base in CDCI,) had resonances at 
~0 .93( t ,6H;J=7.1) ,1 .17( t ,3H;J=7.1) ,2 .48(q ,4H;  
J = 7.1), 3.00 (s, 2H); 3.73(s, 2H), 4.18(q, 2H; J = 7.1), 
and 7.23 (m, 10H). The i.r. spectrum (Nujol mull) of the 
salt had a strong absorption at 1734 cm-'. 

For analysis, the above material was thrice crystallized 
from 2-propanol. The melting point was thus raised to 
198-200". 

Anal. Calcd. for C,,H2,NO3.HBr: C, 61.60; H, 6.74; 
N, 3.12. Found: C, 61.71; H, 6.69; N, 3.39. 
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Titanium tetrachloride promoted conversion of carboxylic acids to earboxamides 

JAMES D. WILSON AND HAROLD WEINGARTEN 
Monsanto Co., Central Research Department, St. Lo~lis, Mo. 63166 

Received October 16, 1969 

In  the presence of approxilnately stoichiometric amounts of TiCI,, carboxylic acids and a~nines react 
at room temperature and atmospheric pressure to form carboxamides in good yields. The mono- and 
diformyl derivatives of 1,2-dimethylhydrazine exhibit unusual nuclear magnetic resonance spectra 
which are briefly discussed. 

Canadian Journnl of Chemistry, 48, 983 (1970) 

A classic method for the preparation of 
N-substituted carboxamides involves the pyrolyt- 
ic dehydration of the appropriate substituted- 
ammonium carboxylate salts. We have found 
that it is possible to effect virtually the same 
reaction under very mild conditions of tempera- 
ture by allowing an acid or its salt to react with 
the mixed Ti1' amide/amine/chloride complexes 
formed (1) by the interaction of TiCI, and 
aliphatic amines. These reagents have previously 
been shown to convert ketones to enamines (2) 
and/or ketimines (3). 

In a typical reaction formic acid was dissolved 
in a solution of ethylamine in tetrahydrofuran, 
the ethylamine being in excess of that required 
by the stoichiometry of eq. [I]. To the 
[I] 2 HCOOH t 6 C2H5NH2 f TiCI4 

= 2 HCONHCH2CH3 f 4 C2H5NH3CI f Ti02  

resulting suspension, cooled to -70"' under a 
nitrogen atmosphere, titanium tetrachloride was 
added in small portions, neat, until a small 
excess over the stoichiometric quantity was 
present. The resulting dark brown mixture was 
allowed to warm to 25" and remain at that 
temperature for about 8 h, during which time 
the color faded. From the filtrate of this mixture 
N-ethylformamide was isolated in 82% yield by 
distillation. This general procedure was used to 
prepare the amides listed in Table 1, the main 
variations from it being the length of time allowed 
for the reaction to go to completion.2 

From Table 1 it can be inferred that this 
method can be used to prepare virtually any 
N-alkyl or N,N-dialkyl carboxamide; examples 
representing all the common variations are listed 
there. However, the reaction fails when aromatic 
amines are employed with hindered acids; no 
N-methylpivalanilide could be detected from the 
reaction of pivalic acid with N-methylaniline 
under these conditions. Thus the method is 
useful in effecting the condensation of all but the 
most hindered acids with the most weakly basic 
amines. 

Under certain conditions, some amides can be 
further aminated, amidinium ions and/or endi- 
amines being formed. A full account of these 
findings is in preparation. 

Although the mechanism of the reaction has 
not been studied it seems likely that the rate- 
determining step in the reaction involves transfer 
of an amide ligand from Ti to C in an intermediate 
Ti1' complex (or family of such species) con- 
taining both carboxylate and amide ligands. If 
this is the case then the reaction should be 
slowed by factors which sterically impede the 
ligand transfer, exactly what is observed. 

The reaction of formic acid with 1,2-dimethyl- 
hydrazine (generated in situ from the dihydro- 
chloride plus triethylamine) gave a mixture of 
I-formyl-l,2-dimethylhydrazine (1, 24% yield) 
and 1,2-diformyl-1,2-dimethylhydrazine (5) (2, 
14%), the first of which has not previously been 
prepared. These two formamides exhibit interest- - A 

'Mixing the reagents at this teniperatilre is convenient ingly complex nuclear magnetic resonance 
because the high heat of reaction of TiCI, with bases is 
thus rapidly dissipated. (n.m.r.) spectra(described be1ow)which imply that 

2Workine at elevated temueratures does not increase rotation about the nitrogen-carbonvl-carbon " 
the yield, s&ce heating these ieaction mixtures above 50" bond is hindered, as is common in ot&r amides 
for extended periods or above 90" causes the reduction of 
Ti", giving species which are ineffective as condensing (6). The spectrum of 2 is especially interesting in 
agents. Presumably the amines are oxidized in thls that at room temperature there appears to be 
redox reaction ( I ,  4) which is signalled by the formation -slow77 interconversion among three rotamers, of dark tars during the reaction and by a blue precipitate 
after hydrolysis. two of which are present in equal concentration, 
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TABLE 1 

Some amides prepared by TiC1,-promoted condensations 

Reaction conditions 

Amide formed Time Solvent Yield (%)* 

8 h  THF 82 
20 ht ,  3 Hexane 76 
7 davsf THF 31 

N,N'-~is~t6amethylene) maloaamide 2 days' THF 66 
Tetramethyloxamide 3 days (CH3),NH 73 
N,N,N',N'-TetramethyI-1,4-cyclohexanedicarboxamide 5 days THF 67 

*No special effort was made to maximize the yield. 
?Run at 60'. The starting material was sodium benzoate. 
$Some Ti"' formed. 

the third of which is present in considerably 
smaller amount. If rotation about the nitrogen- 
nitrogen bond is fast, three rotamers are expected 
(Fig. l), two of which, (a) and (c), possess a 
center of symmetry and should thus exhibit single 
"formyl" and "methyl" resonances. The other 
(b) is not symmetrical, and may exhibit two formyl 
and two methyl resonances. Four formyl and four 
methyl resonances are observed, in the approxi- 
mate relative areas 2: 1 : 1 :0.16, which implies that 
rotamer b and either a or c dominate the mixture 
and the other of a or c is the minor constituent. 
Such behavior is not normally expected for such 
a symmetrical compound; however, it can be 
rationalized by hypothesizing an interaction 
between the carbonyl groups to give an oxadiazo- 

linium-type structure (see Fig. Such ring 
closure is possible for rotamers a and b but not 
for c, and thus interaction could stabilize those 
two at the expense of the third. 

Experimental 
The chemicals and solvents employed in this work were 

obtained from Fisher Scientific or Aldrich Chemical 
Company. Tetrahydrofuran and amines were distilled 
from CaH, before use. Infrared (i.r.) spectra were 
obtained as neat liquid films or KBr discs using a 
Beckman IR-4 spectrophotometer; n.m.r. spectra were 
obtained on a Varian A-60, with CDCl, or CD3CN 

3We thank Dr. J .  J. Bloomfield for suggesting this 
mechanism. 

41,2-Diacylhydrazines are readily converted to oxa- 
diazoles (7). 

FIG. I .  Rotamers of 1,2-dimethyl-1,2-diformylhydrazine. 
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WILSON AND WEINGARTEN: CONVERSION OF CARBOXYLIC ACIDS TO CARBOXAMIDES 985 

solvent and tetramethylsilane internal standard. Mass 
spectra were obtained on a CEC-103 mass spectrometer. 

N,N'-Bis(tetralnethy1ene) malonnmide 
In  a 200 ml 3-neck round-bottom flask equipped with 

mechanical stirrer, N2-inlet, and dropping funnel were 
placed malonic acid (2.08 g, 0.02 mole) and pyrrolidine 
(10 ml, >0.12 mole); tetrahydrofuran (THF: 100 1x1) was 
added, giving a suspension of the pyrrolidinium malonate. 
This was cooled to -70" under N2, with stirring, and 
TiCI, (2.2m1, 0.02 mole) was introduced in small 
portions from the dropping fi~nnel, thc reaction mixture 
turning dark brown in the process. After addition of 
TiCI, was complete the cooling bath was removed and 
the reaction allowed to warm to ambient temperature, 
at which temperature it was allowed to remain for 48 h. 
During this time the color faded to light yellow. A small 
amount of water (-2 ml) was added to destroy any 
complex Ti species remaining, then the mixt~lre was 
filtered. The precipitate was washed with THF and twice 
with CCI,; the filtrate and washings were combined and 
flash-evaporated to give crude N,Nf-bis(tetramethylene)- 
malonamide (2.77 g, 66%). Part of the arnidc was 
sublimed (90" at 0.02 Torr) and then recrystallized from 
CCI, to give colorless crystals, n1.p. 109-1 10". 

Anal. Calcd. for CllH180ZN3: C, 62.83; H. 8.62; 
N, 13.33. Found (210 (mass spectroscopy)): C ,  62.66; 
H, 8.65; N, 13.35. 

The n.m.r. spectrum consisted of a compiex rnultiplet 
centered at z 6.4 (8H), a singlet at t 6.7 (2H), and a 
complex multiplet centered at 2 8.1 (8H). The i.r. 
spectrum contained a band at 1650 cm-' characteristic 
of tertiary amides (8), as well as strong bands at 2900, 
2730, 1450, and 1420 cm-'. 

N-Picaloylpyrrolidine 
Using exactly the same procedure, pivalic acid (5.1 g, 

0.05 mole) was allowed to react with pyrrolidine and 
TiC1, for 7 days at 25". Some reduction of Ti" to Ti"' 
was observed. N-Pivaloylpyrrolidine was obtained as 
colorless needles (2.40 g, 31 %), m.p. 56-59". It exhibited 
an n.m.r. spectrum consisting of a complex multiplet 
centered at z 6.5 (4H) and t 8.2 (4H) and a singlet at 
t 8.8 (9H) assigned to the a- and O-protons of the 
pyrrolidine ring and the t-butyl group, respectively. 

Anal. Calcd. for C,H,,NO: C, 69.62; H, 11.06; N, 
9.02. Found (155 (mass spectroscopy)) : C, 69.41 ; H, 11.03; 
N, 8.78. 

N-Ethylforr~zamide 
In  the procedure described generally in the text, 3.7 g 

formic acid (0.08 mole) was allo~ved to react \vith 4.5 ml 
TiCI, (0.04 molc) and excess ethylamine. ,V-Ethyl- 
formamide (5.05 g, 87%) was isolated by distillation of 
the THF solution obtained by filtration of the reaction 
mixture, b.p. 94-96/12 Torr (ca. 2001:760 Torr), lit. 
197-199' (9). It exhibited an n.m.r. spectrum consisting 
of a singlet at t 2.0 (IH), a quintet at 6.7 (21-1) and a 
triplet at 8.9 (3H). Molecular weight (mass spectroscopy) 
73; the cracking pattern is consistent with this structure. 

and excess diethylamine as a liquid, b.p. 75"/1 Torr (lit. 
175"/135 Torr, 280-282'1760 Torr) (10). Structure con- 
firmed by its mass spectrum: M +  required, 177; found, 
177; the cracking pattern is in accord with this structure. 

N,N,N',N'-Tetramethyl-l,4-~~~clohexanedicarboxanzide 
By a similar procedure, in THF, N,N,N',Nf-tetra- 

methyl-l,4-cyclohexanedicarboxamide (1 1.4 g, 67 %) was 
obtained, from 13.8 g (0.083 mole) TiC1, and 40 ml 
(6 mole) dimethylamine, by recrystallization from T H F  
as colorless crystals, n1.p. (corr.) 201-203", lit., 201" (11). 
The n.m.r. spectrum consisted of a broad doublet 
centered at z 7.0 (12H), a very broad resonance at z 7.4 
(2H), and an unresolved complex niultiplet at z 8.3 (8H). 

Tetra~nethyloxamide 
Titanium tetrachloride (4.5 ml, ca. 0.04 mole) was 

placed in a Pyrex citrate bottle, under nitrogen, carefully 
cooled to -70' in a dry ice-acetone bath, and attached 
through a rubber stopper to an evacuated manifold. 
The bottle and manifold were evacuated to about 100 
Torr, then pumping was discontinued and about 50 n:l 
dimcthylamine allowed to distil into the citrate bottle. 
When the operation was complete, the bottle was 
stoppered and allowed to warm slowly toward room 
temperature, during which time the TiC1, melted and 
reacted vigorously with the dimethylamine. When this 
reaction had subsided the vessel was cooled to about 
-20" and oxalic acid (3.60 g, 0.04 mole) was added. 
The bottle was again capped and heated in a water bath 
at 40' for 3 days. The bottle was then cooled to 0", 
opened, and 50 nil THF added, plus a few drops of water. 
The resulting mixture was filtered and from the filtrate 
the product was isolated by evaporation of solvent. 
Recrystallization from THF gave 4.20g (73%) of 
tetramethyloxamide, 1n.p. 79-80" (12), which exhibited a 
single resonance in the n.rn.r. (CDCI, solution) at 7.1 z 
identical with that of an authentic sample. 

Forn~ylatiorz of l,2-Dimethylhydrnzine 
In  the manner described above 13.3 g (0.1 mole) 

1,2-dirnethylhydrazine dihydrochloride and 9.2g (0.2 
mole) formic acid were allowed to react with 12 ml 
(0.1 1 mole) TiCI, in the presence of excess triethyla~nine 
for 7 days at 25' in THF solvent. The l i q ~ ~ i d  obtained by 
evaporation of the solvent from the filtrate of this 
reaction mixture was distilled under vacuum, boiling 
70-110-,'8 Torr. Analvsis of this mixture bv gas-liquid . - 
chro~natography (g.1.;)(~~-52 on ~ia topor t -5 ,  initial Gm- 
perature 853, programmed rise 2'/min) showed the pres- 
ence of 2 major components which were identified by mass 
spectrometry as 1-formyl-1,2-dimethylhydrazine (1, M +  
= 88 and fragments M-CH,, M-CO, M-CHO, and 
M-NCH,) and I,,-diformyl-1,2-dimethylhydrazine (2. 
M +  = 116 and fragments M-CO, M-CHO, and 
M;'2). Samples of the 2 compounds, not analytically 
pure, xere obtained by preparative g.1.c. (KOH,'Carbo- 
wax, 50' initial, 5.9-'min rise to ZOO'), the yields quoted 
(above) Mere determined from the g.1.c. results. Com- 
nound 1 exhibits an n.m.r. spectrum (38,. CDCI, 

N, Ar-Dietizylbenzamide solvent, TMS internal standard) consisting of singlets at 
By a similar procedure, in hexane solvent, ,\',N- r 1.6 (3H), 1.9 (1 H), 5.8 (4H, broad), 6.90 (3H), 6.95 (9H), 

diethylbenzamide (5.35 g, 76%) mas obtained from 5.76 7.35 (9H), and 7.40 (3H) which becomes at 100" singlets 
g(0.04mole) sodium benzoate, 2.2 ml TiCI4 (0.02 mole), at 1.9, 6.0, 6.9, and 7.4 (area 1 :1:3:3); and i.r. bands at 
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986 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

3500 and 1690cm-l. Compound 2 exhibits an n.m.r. 
spectrum (38", CDC13 TMS) consisting of 4 resonances 
near T 1.9 (relative areas 2:1:0.16:1) and 4 resonances 
between T 6.7 and z 6.9 (areas 1 :0.16:2:1) which becomes 
at 100" 2 singlets at z 1.8 (1H) and 6.9 (3H); its i.r. 
spectrum includes a band at 1700 cm-' but none near 
3500 cm-l. 
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Triplet state of orotic acid and orotic acid methyl ester in s o l ~ t i o n l , ~  

R. W. YIP AND W. D. RID DELL^ 
Division of Clzemistry, National Research Council of Canada, Otta~la,  Canada 

AND 

A. G.  SZABO 
Dicision of Biology, National Research Council of Canada, Ottawa, Canada 

Received October 14, 1969 

Flash photolysis of orotic acid and orotic acid methyl ester in aqueous solution was studied. The 
transients were identified as triplet excited states on the basis of their lifetimes, sensitization, quenching, 
and self-quenching experiments. The rate constants for self-quenching and for decay of the triplet were 
measured and discussed in terms of dimerization and competing unin~olecular and pseudo-unimolecular 
processes. A triplet energy of 60 kcal mole-' was deduced for both orotic acid and orotic acid methyl 
ester from triplet energy transfer measurements. 

Canadian Journal of Chemistry, 48, 987 (1970) 

The photochemistry of pyrimidines (I)  is in- 
teresting both biologically and chemically. In the 
first instance ultraviolet (u.v.) irradiation of 
microorganisms (2) causes mutagenic and lethal 
effects and is a powerful probe to investigate 
repair mechanisms operating in the cell (3). 
Photodimerization of the pyrimidines is one of 
the reactions which contributes to these effects. 
Chemically, the mechanisms of photodimeriza- 
tion of pyrimidines bear directly on the general 
and important problem of the nature of the 
photochemically induced cycloaddition process 
of unsaturated carbonyl compounds. Specific 
questions yet to be answered concern the par- 
ticular spin state in a given solvent and state of 
aggregation (41, the extent of self-quenching 
caused by dimer formation, and the rate constant 
for reaction by triplet excited states. On a slightly 
more subtle level, questions regarding the inter- 
vention of complex formation preceding dimer 
formation have lately been raised (5, 6). 

Sztumpf and Shugar (7) have shown that orotic 
acid (la) and orotic acid methyl ester ( Ib)  (methyl 
orotate) dimerize in aqueous solution, and that 
the rate of dimerization is reduced by oxygen, 
confirming the earlier observations of Beukers 
and Berends (8) on the oxygen effect. From a 
quantitative analysis of the oxygen quenching 
(assuming a quenching rate constant, k,, of 
oxygen as 10'' M - I  s-' ) Sztumpf-Kulikowska 
et al. (9) inferred a lifetime of 2 ps for the reactive 

'Issued as NRCC No. 11 124. 
'Presented In part at the Northeast Photoblology 

Group, Cornell Un~vers~ty, Ithaca, New York, on May 
10, 1969. 

3NRCC Postdoctoral Fellow, 1968-1969. 

state, almost certainly the triplet. We therefore 
felt that there was a good probability of directly 
observing the triplet state of orotic acid and of 
methyl orotate. Subsequently, we have learned 
that Boag and Godfrey (10) had observed a short- 
lived transient prior to our investigation. In this 
paper we have identified the triplet state of orotic 
acid in aqueous solution by sensitization, quench- 
ing, and-self-quenching experiments. We have 
measured the rate constants for dimerization and 
for decay of the triplet (in the absence of dimeriza- 
tion) and for triplet energy transfer in aqueous 
solution. The ex~erimental rate constants for 
energy transfer are important in themselves in 
connection with the theory of triplet energy 
transfer and especially if reasonable values of 
triplet lifetimes are to be obtained by Stern- 
Volmer type quenching experiments. Most ex- 
periments were carried out with the methyl ester 
to avoid the com~lication of dissociation of the 
acid to its anion since we have no information on 
the pK of the triplet excited state. During the 
course of our investigation, Herbert et al. (1 1) 
reported the observation of the triplet state of 
orotic acid in water at p H  5 by flash photolysis 
and measured the rate constants for reactions 
under this condition. 
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FIG. 2. Typical oscilloscope trace of transient observed on flashing aqueous solutions of methyl orotate or orotic 
acid; [methyl orotate] = 4 x lo-' &I; illo~litoring \~,avelength, 340 mp; timebase, 10 pslcm; transient voltage, 0.05 
V/cm; photoflash energy, 67 J. 

2 
0 

m 
3 -200- 

-300- 

Results lived transient in addition to the principal first 

O\, 

\o 

\o 

'k 

\ 
O\ 

order transient. The long-lived transiel't could 
Flash excitation of either orotic acid or its not be detected when the photoflash was filtered 

methyl cstcr in aqueous solution at pH 5 pro- with 1 cm of neat acetic acid. Flash excitation of 
duced a transient which first order all HCj (pN0,6j  solution alone Jvithout filter 

(eq' [ I  1) (Fig' '1' A trace is shown gave a strong long-lived transient. Therefore the 

-4 006 1 1 
10 20 30 40 50 60 C- 

t(,s) 

FIG 1. Plot of log,, 0.d. vs. time (ws); [methyl orotate] = 4 x M; monitoring wavelength, 340 mp; data 
obtained from Fig. 2. 

[ l ]  2.303 log (0.d.) = k,,,t + constant long-lived transient observed with orotic acid at  
pH 0.6 most probably originates frorn photolysis 

in Fig. 2. Flash excitation of aqueous solutions of the HCl. The transient observed on photolysis 
of orotic acid and MCI (pH 0.6) (or to a lesser of either orotic acid or its methyl ester was as- 
extent with H2S04, pH 0.7), produced a long- signed as the triplet state of these pyrimidines on 
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RIDDELL ET AL.: TRIPLET STATE OF OROTIC ACID AND ITS METHYL ESTER 

wavelength ( m p )  

FIG. 3. Absorption spectrum of triplet orotic acid in aqueous solution, p H  5; 0 [orotic acid] = 2 x M 
(half bandwidth, 11 my); @ [orotic acid] = 0.5 x lo-' M(ha1f bandwidth, 20 my); effective pathlength 16cm; photo- 
flash filtered through 2 mm Vycor glass; photoflash energy, 108 J. 

the basis of the following experiments and 
observations. 

Transient Absorption Spectra 
The absorption spectra of the transients from 

flash excitation of orotic acid and methyl orotate 
in water at p H  5 are shown in Figs. 3 and 4. Both 
are very broad, extending from about 475 mp, no 
clear maxima being evident in the region scanned. 
To obtain reliable data from wavelengths below 
320 mp, it was necessary to work with very dilute 
solutions. Because of ground state absorption, it 
was not possible to scan much below 300 n ~ p .  
Our results on the spectrum of the transient from 
orotic acid are not in agreement with a nlaximum 
at  320 rnp as reported by Herbert et al. (1 1). 

Acetone Se~sifizatiorz 
Acetone was chosen as a sensitizer on the basis 

of its triplet energy (12), solubility, and ground 
state absorption. 111 addition, there is little overlap 
of the absorption spectrum of triplet acetone (13) 
with that of the acceptor transient. Moreover the 
lifetime of triplet acetone in aqueous solution, 
18 ps, (13) is sufficiently long to permit efficient 

transfer to methyl orotate a t  low ester con- 
centrations. At orotate concentrations of greater 
than 1-2 x M, the transient lifetime lies 
beyond the time resolution of the instrument 
because of self-quenching. 

Flash excitation, through a 2 mm Pyrex filter, 
of an aqueous solution of 0.05 M acetone and 
2 x M methyl orotate gave a strong sigilal 
at 340 mp (Fig. 5a) which decayed by first order 
kinetics with a lifetime of 19 ps. Note the slow 
rise time (compared with the direct photolysis 
shown in Fig. 2) of the sensitized transient which 
is expected for an acceptor triplet (14). While the 
greater part of the transient absorption was due 
to sensitization, a small part of the absorption 
was the result of direct excitation of the methyl 
ester, as was revealed in a separate control experi- 
ment. In this experiment, 2 x M methyl 
orotate alone was flashed under identical con- 
ditions (Fig. 5b). Finally, to demonstrate that the 
acetone triplet absorption does not interfere, a 
solutior, containipg 0.05 M acetone alone was 
flashed under the same conditions and as can be 
seen in Fig. 5c gave no measurable transient at 
340 mp. 
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Wavelength ( m P )  

FIG. 4. Absorption spectrum of triplet methyl orotate in aqueous solution, p H  5; 0 [methyl orotate = 2 x 
M (half bandwidth, 11 mp); @B [methyl orotate] = 0.25 x M (half bandwidth. 20 mp); effective pathlength, 
20 cm; photoflash energy, 92 J. 

Quenching of Sensitizer Triplets by Methyl 
Orotate in Aqueous Solution 

The rates of decay of sensitizer triplets (T) 
under certain conditions can be represented by 

where [Q] is the concentration of added quencher 
and k, is a composite pseudo first order rate con- 
stant. In the present work, low sensitizer con- 
centrations (I  x - 3.7 x M) and 
low flash energies (-- 100 J) were used to reduce 
the likelihood of complex formation and self- 
quenching by the sensitizer, and triplet-triplet 
annihilation which would introduce a term which 
is second order in triplet-concentration. In all 
samples except one, excellent first order rate plots 
were obtained. The exception was the case of 
naphthalene with no added methyl orotate. Here, 
long triplet lifetime and lack of competitive 
quenching from the presence of added que~lcher 
resulted in considerable deviation from first order 
decay due to triplet-triplet annihilation. How- 
ever, first order kinetics was easily restored in this 
case by adding a Corex filter to reduce the flash 

intensity and hence the triplet concentration. 
The results of these quenching experiments, 

recorded in Table 1, show a clear correlation 
between k, and the triplet energy of the sensitizer. 

Quenching of Methyl Orotate Transierzt in 
Aqueous Solution 

The lifetime of the transient observed on flash 
excitation of methyl orotate in water was reduced 
by the addition of 2,4-hexadien-1-01 and dimethyl 
fumarate (E, 59.5 and - 60 kcal mole-' respec- 
tively (15, 16)). By varying the concentration of 
the quenchers, rate constants of 2.88 i 0.15 x 
lo9, and 2.3 x lo9 iM-' s-' were obtained 
for quenching by hexadienol and by fumarate 
respectively. The extent of consumption of 
ground state methyl orotate in the presence and 
absence of hexadienol is shown in Fig. 6. Clearly, 
the rate of decomposition of methyl orotate is 
markedly reduced in the presence of hexadienol. 
Hexadienol quenching of the transient from 
orotic acid in water was also carried out and a k, 
of 2.93 +_ 0.12 x lo9 M-I s-I was obtained 
(Fig. 7). It was not possible to obtain a rate 
constant for hexadienol quenching of the tran- 
sient from orotic acid in water at  p H  0.6 because 
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RIDDELL ET AL.: TRIPLET STATE OF C IROTIC ACID AND ITS METHYL ESTER 991 

FIG. 5. Oscilloscope traces showing acetone sensitized 
formation of triplet methyl orotate in aqueous solution. 
Conditions for all 3 trace5 are identical. Monitoring wave- 
length, 340 mp, optical half bandwidth, 45 mp; photoflash 
filtered through 2 mm Pyrex glass: timebase, 10 ps/cm; in 
each trace the lowest line is the baseline; uppermost line 

of the rapid dehydration of hexadienol to hexa- 
triene under these conditions. 

For comparison of the above-mentioned 
quenching rate constants with those of triplet 
energy transfer in aqueous solution, the rate 
constants for quenching of triplet excited 2- 
acetonaphthone (E, 59.3 kcal mole-' (17, 18)) 
and 1-acetonaphthone (E, 58 kcal mole-', (19)) 
by hexadienol in aqueous solution were also 
measured. The hexadienol quenching results are 
summarized in Table 2. 

Rate Constants for Photodimerization of Orotic 
Acid and Methyl Orotate in Aqueous 
Solutions 

The observed pseudo first order rate constant 
kObs for decay of the transient in the presence of 
orotic acid (OA) (or its methyl ester) can be 
written as eq. [3], where k ,  is the rate constant at 

[3 I k,bs = k, + kdi,[OAl 
infinite dilution of orotic acid. Values of kd i ,  
were obtained from the gradients of plots of k,,, 
against [OA] (Figs. 8, 9) and are recorded to- 
gether with values of k ,  in Table 3. The results 
show that these values of kd i ,  for orotic acid at 
pH0.6 and methyl orotate at p H  5 (both neutral 
species in the ground state), are very similar 
(1.91 x lo9 and 2.20 x lo9 M - l s - l  , respec- 
tively) and are significantly higher than that for 
orotic acid at p H  5 (1.13 x lo9 M-' s-' ) where 
the acid is fully dissociated in the ground state. 
In absolute terms, these rate constants are 
exceedingly large and are almost diffusion- 
controlled. 

Discussion 
IdentiJication of the Transient 

A transient lifetime of 78 ps observed for flash 
excitation of orotic acid at p H  5 is considerably 
longer than, but of the correct order of magnitude 
expected for, the lifetime of the triplet inferred on 
the basis of the oxygen quenching measurements 
of Sztumpf-Kulikowska et al. (9) and of the ex- 
perimentally measured k ,  for oxygen quenching 
of the transient (11). First order decay kinetics 
are interpretable in terms of a triplet excited state 
rather than a radical intermediate. Quenching by 

is the initial transmission, 0.1 V/cm; transient voltage, 
0.01 Vjcm. a, (upper trace) [acetone] = 0.05 M, [methyl 
orotate] = 2 x M; b, (middle trace) [methylorotate] 
= 2 x M(acetone absent); c, (lower trace) [acetone] 
= 0.05 M (methyl orotate absent). 
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TABLE 1 

Rate constants for quenching of sensitizer triplets by methyl orotate in aqueous solution* 
-- -- 

Sensitizer ET Analysis TO? k ,  x 1 0 4  
(concentration M )  (kcal mole-') wavelength (mu) (PSI (M-I ss l )  

Xanthen-9-one§ (1.14 x 74 600 37.7 2.78 1 0.24 
Naphthalene3 (1.72 x 60.9 41 5 246 2.35 + 0.16 

(2.22 2 0.07)$,7 
2-Acetonaphthone (1 x I1 59.3 430 244 0.71 1 0 . 0 9  
1-Acetonaphthone,~ (1 x lo-') 56.4 500 277 0.82 t 0.04 
9-Fluorenone (3.7 x 53.3 430 110 0.026 2 0.01 

*pH 5. 
TLifet~me of unquenched sensitizer. 
$Rate constant for quenching of naphthalene triplet by orotic acid in aqueous solution at p H  5. Naphthalene concentration 

2.7 x 10-5M. 
§Soft glass as filter. 
/IPyrex as filter. 
TCorex as filter. 

ground state orotic acid (or methyl orotate) 
referred to here as self-quenching implicates the 
transient in the photodimerization process and 
the exceedingly high self-quenching rate con- 
stants of lo9 M-' s-' (see Table 3) demonstrate 
that the transient is an extremely reactive species 
as might be expected of an excited state molecule. 

The assignment of the triplet state to the ob- 
served transient is further supported by the 

hexadienol and dimethyl fumarate quenching 
results. The quenching rate constants, which 
appear to represent a limiting value for triplet 
energy transfer characteristic of the solvent, are 
essentially identical with those obtained for the 
quenching of triplet 1-acetonaphthone and 2- 
acetonaphthone by hexadienol and for the 
quenching of triplet xanthenone by methyl 
orotate. As well, substantial quenching by a 

NUMBER OF FLASHES 

FIG. 6. Plot of decrease in optical density at 282 mp with successive flashes of aqueous solutions of [methyl 
orotate] = 1 x M and varying [hexadienol]; 8 [hexadienol] = 0;  [hexadienol] = 3 x M; A [hexa- 
dienol] = 1 x M. (The variation in optical density at 0 flash results from minor variations in [methyl orotate] 
and minor absorption from the added hexadienol.) 
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CONC x 1o5(M) 
FIG. 7. Plot of kobs VS. [hexadienol] for quenching studies of methyl orotate and orotic acid, p H  5, triplets; 
[methyl orotate] = 1 x M; A [orotic acid] = 1 x lo-' M. 

chemical reaction between triplet methyl orotate 
and hexadienol is eliminated by the negligible 

TABLE 2 
Quenching of pyrimidine transients and sensitizer triplets 

by 2,4-l~exadien-1-01" 

ET k ,  x 
Sensitizer? (kcal mole-') (M-I SC') 

Orotic acid - 2.93 i 0.12 
Methyl orotate - 2.88 + 0.15 

(2.3 i 0.2): 
2-Acetonaphthone 59.3 2.69 t 0.08 
I-Acetonaphthone 56.4 2.41 + 0.08 

*In aqueous solution at pH 5. 
?Concentration of sensitrler 1 x M. 
$Rate constant for quencliing of methyl orotate transient by di- 

methql furnarate in aqueous solution at pH 5. 

rate of decrease of ground state methyl orotate in 
the presence of hexadienol (see Fig. 6). 

The results of the acetone sensitization con- 
firm the triplet assignment. The control experi- 
ments show that the transient observed on 
sensitization arises mainly from excitation of 
acetone but is not triplet acetone. The lifetime of 
the sensitized species is, within experimental 
error, identical with the lifetime of the transient 
observed from directly excited methyl orotate. 
Since singlet energy transfer is unlikely due to the 
low conce~ltration of methyl orotate used (2 x 

M), the sensitized species is triplet methyl 
orotate formed by triplet energy transfer. The 
slow risetirne of the sensitized species is con- 
sistent with this view. 
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I I I I I 
I 2 3 4 

CONC 105(t4) 

FIG. 8. Plot of k,,, vs. [orotic acid]; @ pH 0.6; 0 pH 5. 

Triplet Energy Transfer in Solution and 
Triplet Energy of Met l~yl  Orotate and 
Orotic Acid 

The measured rate constants for methyl orotate 
quenching of triplet xanthenone (E, 74 kcal 
mole-') and naphthalene (E, 61 kcal mole-') 
shown in Table 1 are -- 2.5 x lo9 M - s- ' and 
this suggests that in both cases, triplet energy 
transfer is exothermic. It appears to be the general 
case, a t  least for non-viscous solvents, that the 
experimental value of k ,  is lower than the value 
calculated by the Debye equation (7 x lo9 M-'  
s- I  for water at 23 "C)  by a factor ofat  least 3 (20). 

With sensitizers having triplet energies of 59 kcal 
mole-' or less, quenching by methyl orotate 
becomes substantially less efficient. On the basis 
of these quenching results, we infer that theenergy 
of the lowest triplet state of methyl orotate is 
close to 60 kcal m o l e 1 .  Since orotic acid at p H 5  
(which exists in the anion form in the ground 
state) quenches naphthalene triplet with a rate 
constant of 2.22 x lo9 M-' s-', almost identi- 
cal with that of the ester, therefore the triplet 
energy of orotic acid is most probably the same 
as the ester. The triplet energies thus deduced 
for the neutral species and for the anion, are in 
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CONC lo5 (M) 
FIG. 9. Plot of kOb,  vs. [methyl orotate]. 

agreement with the value obtained by Haug and 
Douzou (21) for orotic acid from phosphores- 
cence measurements (see Table 4). 

Hexadienol quenching of triplet methyl orotate 
and orotic acid at p H  5 is surprisingly efficient 
(k, - 3 x lo9 M-' s-I). This value taken to- 
gether with the quenching rates of triplet 2- 
acetonaphthone (E, 59.3 kcal mole-') and 1- 
acetonaphthone (E, 56.4 kcal mole-') by hexa- 
dienol indicates that the reported ET of 2,4- 
hexadienol of 59.6 kcal mole-' (15) should be 

revised to a lower value. It should be kept in mind 
however, that the optical triplet energies of dienes 
are known with less certainty than are those of 
aromatic molecules. Chemical quenching is un- 
likely to account for the large k ,  because of the 
effectiveness with which hexadienol suppresses 
the consumption of methyl orotate (Fig. 6). This 
implies that if products are formed between 
methyl orotate and hexadienol, the quantum 
yield of formation is low. The rate constants for 
quenching of triplet orotic acid at  p H  1.1 and 5 
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TABLE 3 

Rate constants for photodirnerization* of orotic acid and methyl orotate in aqueous solution 
-- 

% Dissociated 
in the ko x To kdim x 

Compound p H  ground state @I1 (PS) (M-I ssl) 

Orotic acid 5 100 1.27 1 0 . 1 1  78 + 6 1.13 + 0.05 
Orotic acid 0.6 6 1.03 + 0.19 97 i 18 1.91 1 0 . 1  
Methyl orotate 5 - 0.35 i 0.09 287 , 72 2.20 + 0.05 

*Vycor as filter. 

TABLE 4 

Triplet energy of orotic acid and methyl orotate 
--- 

ET 
Cornpound Solvent (kcal~llole-I) Method Reference 

Orotic acid Propylene glycol/H20 1 :1 (v/v) 69.8 Phosphorescence* 23 
Orotic acid Propylene glycol/H20 1 :1 (v/v) (in HCl) 60.9 Phosphorescence* 23 
Orotic acid Ethanol 60.9 Phosphoresccnce* 22 
Orotic acid DMF/EtOH/ether$ 1 :1:1.7 (v/v) 60.9 Phosphorescence* 2 1 
Orotic acid Hz05 -- 60 Energy transfert This work 
Methyl orotate HzO§ -- 60 Energy transfer? This work 

*77 OK. 
1300 "K. 
: p H  12 ref. (24). 
§pH 5. 

by oxygen reported by Whillans and Johns (25) 
are considerably lower than our values for hexa- 
dienol. These workers also found a different k, 
for the neutral form as compared with the anion. 
In the case of oxygen quenching of triplet 
fluorescein in aqueous solution, Kasche and 
Lindqvist (26) obtained a k, of 1.2 x lo9 M - sC1 
for both the monoanion and the neutral molecule. 
It is interesting that the quenching rate of 1- 
acetonaphthone triplet by methyl orotate is 
slightly greater than that of 2-acetonaphthone 
(0.82 x lo9 cf. 0.71 x lo9 M-'  s - '). In view of 
the inefficiency of endothermic energy transfer in 
this case other processes may compete more 
effectively, such as chemical reaction. 

Lifetime and Reactivity of tlze Triplet State 
The lifetime of triplet orotic acid determined in 

this work by flash photolysis (97 ps at p H  0.6, 
Table 3) is considerably longer than the value 
obtained by Sztumpf-Kulikowska et al. (9) from 
their oxygen quenching study of the rates of dis- 
appearance of orotic acid in aqueous solution. 
If we recalculate their results using the k, deter- 
mined by Whillans and Johns (25) instead of 
l o l o  ~ - 1  s- l  used by Sztumpf-Kulikowska and 

co-workers (9), a lifetime of 5 ps can be inferred 
from the oxygen quenching studies. The dis- 

crepancy between the recalculated lifetime and 
the directly measured lifetime would seem large 
but is perhaps not unexpected. All triplet lifetimes 
indirectly inferred from triplet quenching studies 
depend on a reaction of the triplet excited state 
and it therefore requires a relatively long ex- 
trapolation to obtain the lifetime in the absence 
of reaction. On the other hand, lifetimes obtained 
by flash photolysis are more accurate in the 
absence of reaction when the lifetime is longest 
and the extrapolation to infinite dilution least. 

The rate constant ko for decay of triplet orotic 
acid or methyl orotate in the absence of self- 
quenching does not reflect any impurity quench- 
ing. We can represent the composite rate con- 
stant k, by eq. [4], where the term k,(Q) rep- 

resents impurity quenching of the triplet, k,,,, 
represents a unimolecular reaction of the triplet, 
and ki, the intrinsic rate of decay of the triplet. 
If k,(Q) were to dominate, we would expect 
identical decay times for triplet orotic acid and 
methyl orotate in water, contrary to the results 
shown in Table 3. In addition, if ki were inde- 
pendent of phase, the phosphorescence results of 
Haug and Douzou (21) would suggest that ki  
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RIDDELL ET AL.: TRIPLET STATE OF OROTIC ACID AND ITS METHYL ESTER 

FIG. 10. Oscilloscope trace of photoflash pulse; monitoring wavelength, 350 mw; timebase, 1 ps/cm; voltage, 
0.5 Vlcm. 

might be small compared to k,. We might there- 
fore speculate that lc, is in fact a reflection of 
unimolecular reaction(s) of the triplet state, for 
instance, decarboxylation or ring cleavage. 

At present we have no evidence to suggest that 
the self-quenching rate constant k,,, does not 
represent the rate constant for dimerization. The 
value of kdim for triplet orotic acid at p H  5 is 
approximately a factor of 2 smaller than either 
the values for orotic acid at p H  0.6, or methyl 
orotate at p H  5. The smaller value would seem 
reasonable if triplet orotic acid exists in the 
anion form at p H  5. Since ground state orotic 
acid is fully dissociated at pH 5, the rate constant 

Experimental 
Apparatus 

The flash apparatus was identical with the 5 ps dual 
beam flash photoelectric apparatus already described (27), 
except for the discharge circuit and lamps. Instead of 
series connections of the lamps, each of the 2 lamps was 
operated from 2 separate capacitor-spark gap circuits 
which are triggered synchronously. Each circuit used a 
0.3 pF 25 kV capacitor. The lamps had a cross-sectional 
area of 3.74 mmz and an arc length of 100 mm and were 
filled with 4 cm argon and 1 cm hydrogen. A light pulse 
width of 0.9, 1.1, and 2.3 ys at 112, 113, and 1/10 of its 
peak value respectively was obtained (Fig. 10). The 
absorption cells were all quartz in construction, 22 mm 
0.d. and 100 mm path length. For degassing they were 
connected to a Pyrex vessel by means of a graded seal. 

for reaction between two like charged species znstruments 
Gas-liquid chromatography (g.1.c.) was carried out would be expected be 'lower than for using a Hewlett-Packard 5754 gas chromatograph with a 

between neutral Wagner has reported flame ionization detector. Infrared (i.r.) spectra were 
rate constants for dimerization of uracil and determined on a Perkin-Elmer 257 i.r. spectrophotometer. 
thymine obtained from quenching studies and Ultraviolet (u.v.) spectra were measured on a Cary 15, 

found a smaller value for thymine as d ~ ~ a l  bean1 u.v. spectrophotometer. Nuclear magnetic 
resonance (n.m.r.) spectra were recorded on a Varian 

uracil. He attributed the differences steric A-100 spectrometer, using tetramethylsilane as an internal 
effects. Comparison of his values with ours shown standard. Melting ooints are uncorrected and were - A 

in Table 3 would suggest that such steric effects measured o n ' a  Fisher-Johns melting point apparatus. 

are not important and that the electronic dis- LOW p H  values were determined spectrophotometrically 

tribution of the molecule is the more important usingp-nitroaniline according to the method outlined by 
Albert and Serjeant (28), otherwise p H  was measured 

factor controlling reactivity (6). using a Radiometer p H  meter. 

4The Debye treatment for diffusion rates predicts a 
factor of 0.45 or 0.60 for spheres of 5 or 7.5 A, respec- Prior to being filled with the sample solution the 
tively, of similar unit charge as compared with 2 un- photolysis cell and degassing chamber were pumped 
charged species (20b). continuously under high vacuum. During the pumping, 
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the apparatus was briefly flamed. Solutions were degassed 
under vacuum through several freeze-pump-thaw-shake 
cycles and the cell sealed off with a flame. No noticeable 
difference in lifetime was found using an oil diffusion 
pump as compared with a mercury diffusion pump. 

The concentration of orotic acid or methyl orotate was 
monitored before and between flashes by u.v. absorption 
measurement of the 10 cm path photolysis cell using a 
Bausch and Lomb single beam double grating spectro- 
photometer. 

Hexadienol solutions were degassed immediately upon 
preparation to prevent oxidation to the aldehyde. Neat 
hexadienol keeps well but very dilute solutions were 
easily oxidized. Dilute aqueous solutions of hexadienol 
dehydrate rapidly to the triene at p H  0.6. 

The transient trace was shifted from the baseline to 
facilitate measurement. Sufficiently long sweep times 
were used to allow unambiguous definition of the baseline 
from the transient trace alone. Any variation in the shape 
of the baseline was used to correct the transient trace. In 
general, data were taken out to at least 2 half-lives of the 
transient. For each sample, at least 5 traces were taken 
and the results averaged. Data taken from the Polaroid 
photographs, or from their enlargements, were processed 
using an IBM 360150 computer from which best value 
rate constants were obtained. The decay kinetics were 
plotted on an X-Y recorder linked to the output of the 
computer. 

Materials 
Orotic acid was obtained from Sigma Chemical Co. 

and was recrystallized from water and dried in a desiccator 
prior to use. Its pK, was determined spectrophoto- 
metrically to be 1.7 (29). 

Methyl orotate was prepared according to the method 
of Fox et al. (30) and was recrystallized from water and 
dried prior to use, m.p. 248-249" (lit. (30) m.p. 243-245", 
(31) m.p. 248-250"); v,,,, (CHCI,), 3380, 1730, 1705, 1600 
cm-'; h,,,, (H,O) (log E), 284 (3.89) mw; 6 (DMSO-d6) 
3.86 (3H, s), 6.04 (IH, d, J = 2c.p.s.), 11.09 (IH, br), 
11.36 (lH, br) p.p.m. 

The sensitizers xanthen-9-one, 2-acetonaphthone, 1- 
acetonaphthone, and fluoren-9-one were obtained from 
J.  T. Baker Chei~iical Co., and were used without further 
purification. Naphthalene was zone refined by Koch 
Light Laboratories. The 2,4-hexadienol was obtained 
from Aldrich Chemical Co., and distilled prior to use, 
b.p. (22 mm) 83-84", The g.1.c. on C-20M, 6 ft, 10O0, in- 
dicated it was largely a single isomer (90%). Dimethyl 
fumarate was prepared according to the method of 
Fischer Spiers (32) and purified by distillation, m.p. 102". 
The g.1.c. on C-20M, 6 ft, SOo, indicated it to be free of 
dimethyl maleate and no impurity with concentration 
greater than 0.5 % could be detected. 

NOTE ADDED IN PROOF: We have identified and 
measured the kinetics of the triplet state of thy- 
mine in acetonitrile solutions and found that 
k,,, was 5.3 x lo8 M - '  s-' and the lifetime 
was 14 ps (Can. J. Chem. In press). 
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NOTES 

Emission from benzene excited by pulse radiolysis 

A. R. HORROCKS' 
Department of Chernistry, Uniuersity of British Columbia, Vancorluer 8, British Columbia 

Received October 20, 1969 

The emission spectra from deaerated benzene solutions of varying concentration, excited by 3 ns 
duration electron pulses at dose rates of loL3 radsls are described. These compare favorably with the 
photoexcited spectra for similar benzene systems. The effects of chloroform and oxygen on the emission 
from liquid benzene are reported. 

Canadian Journal of Chemistry, 48, 1000 (1970) 

Benzene excited by ultraviolet light emits the 
well characterized excimer and monomer fluores- 
cence when it is in concentrated solution or its 
liquid state (1, 2). Recent work (3,4) concerning 
the irradiation of benzene by 100 keV electrons 
suggested that only excimer emissionwas observed 
from the liquid state at dose rates of lo7 rads/s. 
Both monomer and excimer bands were re~orted 
to appear when the sample was irradiated by 
100 keV X-rays at a dose rate of 100 rads/s. 
This difference in emission spectral profiles was 
attributed to a dose rate effect where the monomer 
emission is assumed to be quenched prefer- 
entially by species generated only at high dose 
rates. 

This note reports the emission spectra of 
various benzene systems excited by a field- 
emission Febetron 600 keV, 3 ns electron pulser 
at a high dose rate of the order of l0l3 rads/s. 
All samples were contained in a vacuum-tight 
aluminum cell fitted with a stainless steel electron 
window of 3 mm diameter and 0.001 in. thick- 
ness. The cell was constructed so that the irradi- 
ated sample could be replaced by fresh sample 
from a reservoir under vacuum after every pulse. 
This ensured that any radiolysis products which 
might quench the luminescence were removed 
before each successive pulse of an experimental 
run. Light emitted by the irradiated benzene was 
viewed at right angles to the electron beam axis 
by a silica rod of 4 mm diameter fitted into the 
cell such that its collecting face was 1.5 mm from 
this axis. In this way an attempt was made to 
minimize the intensity of unwanted Cerenkov 

'Present address: Research Department, ICI Fibres 
Ltd., Pontypool, Mon., England. 

emission as well as reducing self-absorption of 
emission by the benzene samples. 

The silica rod light guide transmitted the 
emission to the entrv slit of a Jarrell-Ash 82-420 
grating monochromator whose exit slit was 
coupled to an IP28 phototube. The signal from 
the latter was displayed on a Tektronix 454 
oscilloscope. All electronic components were 
shielded from both electrical and X-ray inter- 
ference and great care was taken to match all 
impedances in the detector circuit. The time 
resolution of the detector system was approxi- 
mately 2 ns. 

All samples studied were degassed to 
mm Hg by the normal freeze-pump-thaw tech- 
nique, unless otherwise stated. On pulsing elec- 
trons into the cell containing a nonluminescent 
liquid, no emission was observed to arise from 
the silica light guide itself over the wavelength 
range 260-400 mp. The oscilloscope trace of 
sample emission decay following a pulse showed 
a sizeable Cerenkov emission component having 
a lifetime equal to that of the electron pulse to be 
present. To eliminate this from interfering with 
measurements of the longer lived benzene emis- 
sion, the decay curves were analyzed 20 ns after 
the commencement of each pulse. From the 
first order decay constants found, the benzene 
emission intensity extrapolated to the electron 
pulse maximum (i.e. zero time) was calculated 
for each trace. To allow for any apparatus 
geometrical changes occurring between experi- 
ments, these intensity values were recorded 
relative to the arbitrary standard of the Cerenkov 
intensity at 380 mp. At this wavelength benzene 
emission intensity is negligible. Each intensity 
point at any wavelength in the results below is 
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FIG. 1. The emission spectra of various benzene systems normalized at the 285 mp maximum and uncorrected for 
detector wavelength sensitivity; (i) - . - ., 11.1 M benzene; (ii) - - - - -, 1.11 M benzene in cyclohexane; (iii) -, 
1.1 x lo-' M benzene in cyclohexane. 

the average of at least two pulses; the root-mean- 
square deviation of measured intensity at any one 
wavelength over a series of 20 pulses was about * 5 %. 

The results for various benzene samples are 
shown in Fig. 1 ; the spectra are uncorrected for 
detector wavelength sensitivity. The emission 
spectra for benzene at 11.1, 1.11, and 1.1 x lo-' 
M in Fig. 1 resemble those for the same systems 
reported by Birks for photoexcitation (2). Self 
absorption of the shorter wavelength region of 
the monomer fluorescence band caused some 
distortion in the more concentrated benzene 
systems, but this does not detract from the gen- 
eral inference that emission from benzene is 
independent of the mode of excitation. The life- 
times of liquid benzene monomer emission at 
285 my and excimer emission at 320my are 

shown in Table 1. These are in good agreement 
with those reported by Cooper and Thomas (5) 
for benzene emission below 350 my excited by 
pulse radiolysis. The wavelength independence 
of T is in agreement with the postulate that 
monomer and excimer are in dynamic equilib- 
rium with each other in liquid benzene (6). 
The lifetimes of monomer emissions from the 
two benzene solutions in cyclohexane are much 
longer than for liquid benzene or for photo- 
excited benzene solutions in hexane (1). 

The effects of atmospheric oxygen and added 
chloroform are shown in Table 1 on both the 
emission intensity immediately after the pulse 
and the lifetime for liquid benzene. Oxygen is 
seen to decrease the lifetime of both monomer 
and excimer by equal amounts but does not 
noticeably scavenge the precursors of the singlet 

TABLE 1 

Lifetimes and intensities of emission spectra from the various benzene systems 

Monomer, 285 mp Excimer, 320 mp 

Benzene Concentration 7 (ns) I .r (ns) I 

11.1 M (liquid) deaerated 28.8 3.75 
11.1 M aerated 15.3 3.00 
11.1 M deaerated 25.2 1.88 + 0.3 M CHC13 
1.1 M in deaerated 40.2 

cyclohexane 
1.1 x M in deaerated 41.5 

cyclohexane 
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excited states. Chloroform, however, assumed 
to be a scavenger of electrons (7, 8), reduces 
both monomer and excimer emission by equal 
amounts whilst only slightly decreasing their 
respective lifetimes. These results suggest that 
both the monomer and excimer arise from com- 
mon precursors. It seems most likely that the 
latter generate either monomer or excimer 
species followed by rapid equilibration. 

The intense Cerenkov emission monitored 
during this work suggests that, since such emis- 
sion has maximum intensity in the direction of 
the irradiating particle beam, the benzene 
luminescence yield is appreciably less than that 
for Cerenkov emission over the spectral region 
260-360 mp. It is likely, therefore, that some 
benzene emission will arise from absorption of 
Cerenkov photons; the chloroform scavenging 

experiment shows that this is not a major con- 
tribution, however. 

The author is indebted to Dr. D. C. Walker for advice 
during this work carried out at the University of British 
Columbia and to the National Research Council of 
Canada for financial support. 

1. T. V. IVANOVA, G. A. MOKEEVA, and B. YA. SVESH- 
NIKOV. Opt. Spectrosc. 12, 325 (1962). 

2. J. B. BIRKS, C. L. BRAGA, and M. D. LUMB. Proc. 
Roy. Soc. London, Ser. A, 283, 83 (1965). 

3. J. G. CARTER, L. G. CHRISTOPHOROU, and M-E. M. 
ABU-ZEID. J. Chem. Phys. 47, 3879 (1967). 

4. L. G. CHRISTOPHOROU, M-E. M. ABU-ZEID, and J. G. 
CARTER. J. Chem. Phys. 49, 3775 (1968). 

5. R. COOPER and J. K. THOMAS. J. Chem. Phys. 48, 
5097 (1968). 

6. J. B. BIRKS. Chem. Phys. Lett. 1, 625 (1968). 
7. W. VAN DUSEN, JR. and W. H. HAMILL. J. Amer. 

Chem. Soc. 84, 3648 (1962). 
8. E. P. BERTIN and W. H. HAMILL. J. Amer. Chem. 

SOC. 86, 1301 (1964). 

Signs of methyl-methyl proton spin-spin coupling constants in xylene derivatives 
(interbenzylic coupling) 

C. J. MACDONALD' AND W. F. REYNOLDS 
Department of Chemistry, Uniaersity of Toronto, Toronto 181, Ontario 

Received October 23. 1969 

The signs of the intermethyl proton spin-spin coupling constants in ortho, meta, and para xylene 
derivatives (interbenzylic coupling) have been determined by double resonance techniques. JCH3,CH30, 
JCH ,CH3n(, and JCH3,CHBP are positive, negative, and positive, respectively, in agreement with the predict~ons 
of theor~es based on o-n interactions. The magnitudes of the coupling constants are discussed in terms 
of the values predicted by these theories. 

Canadian Journal of Chemistry, 48, 1002 (1970) 

Introduction 

The signs of the long range a-side-chain 
proton - ring proton (benzylic) coupling con- 
stants in toluene and substituted toluenes, 

m 
JH,CHXY", JH,cHxY , and JH,CHXY' are known to be 
negative, positive, and negative, respectively 
(1-4). A substantial measure of agreement be- 
tween theory (5-7) and experiment (1-4, 8-11) 
has led to the conclusion that the signs and 
magnitudes of the ortho and para benzylic 
coupling constants are primarily determined by 
n-electron contributions, transmitted to the ben- 
zylic proton by o-7c exchange polarization. For 
the meta coupling constant, although agreement 
between theory and experiment is reasonable for 

an unsubstituted methyl group (1-7), experi- 
mental results indicate substantial o-electron 
contributions, at least in situations where a 
benzylic proton is constrained to lie in the nodal 
plane of the n-electron system (8, 12, 13). 

These theories further predict that substitution 
of a second benzylic group for the ring proton 
should invert the signs of the corresponding 
a-side-chain proton - a'-side-chain proton (inter- 
benzylic2) coupling constants in xylenes, i.e. 

m 
JCHXY,CHX,Y'", JCHXY,CHX'Y' , and JCHXY,CHX,Y,~ 

should be positive, negative, and positive, respec- 
tively (5-7). 

In this note, we describe the determination of 
the signs of J C H , , C H ~ * ~  JCH,,CH,~, and JCH,,CH,~ in 

'Postdoctoral Fellow, 1968-1969. ZNan~e  suggested by M. Neeman (14). 
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excited states. Chloroform, however, assumed 
to be a scavenger of electrons (7, 8), reduces 
both monomer and excimer emission by equal 
amounts whilst only slightly decreasing their 
respective lifetimes. These results suggest that 
both the monomer and excimer arise from com- 
mon precursors. It seems most likely that the 
latter generate either monomer or excimer 
species followed by rapid equilibration. 

The intense Cerenkov emission monitored 
during this work suggests that, since such emis- 
sion has maximum intensity in the direction of 
the irradiating particle beam, the benzene 
luminescence yield is appreciably less than that 
for Cerenkov emission over the spectral region 
260-360 mp. It is likely, therefore, that some 
benzene emission will arise from absorption of 
Cerenkov photons; the chloroform scavenging 

experiment shows that this is not a major con- 
tribution, however. 
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proton - ring proton (benzylic) coupling con- 
stants in toluene and substituted toluenes, 

m 
JH,CHXY", JH,cHxY , and JH,CHXY' are known to be 
negative, positive, and negative, respectively 
(1-4). A substantial measure of agreement be- 
tween theory (5-7) and experiment (1-4, 8-11) 
has led to the conclusion that the signs and 
magnitudes of the ortho and para benzylic 
coupling constants are primarily determined by 
n-electron contributions, transmitted to the ben- 
zylic proton by o-7c exchange polarization. For 
the meta coupling constant, although agreement 
between theory and experiment is reasonable for 

an unsubstituted methyl group (1-7), experi- 
mental results indicate substantial o-electron 
contributions, at least in situations where a 
benzylic proton is constrained to lie in the nodal 
plane of the n-electron system (8, 12, 13). 

These theories further predict that substitution 
of a second benzylic group for the ring proton 
should invert the signs of the corresponding 
a-side-chain proton - a'-side-chain proton (inter- 
benzylic2) coupling constants in xylenes, i.e. 

m 
JCHXY,CHX,Y'", JCHXY,CHX'Y' , and JCHXY,CHX,Y,~ 

should be positive, negative, and positive, respec- 
tively (5-7). 

In this note, we describe the determination of 
the signs of J C H , , C H ~ * ~  JCH,,CH,~, and JCH,,CH,~ in 
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NOTES 

FIG. 1. Structural formulae of 1, 4,6-dibromo-2,3-dimethylaniline; 2, 4,6-dibromo-2,Sdimethylaniline; 3, 3,4- 
dibron~o-2,6-dimethylaniline. The protons of interest are labelled in a conventional way according to their magnetic 
resonance spectra at 100 MHz. 

ortho, meta, and para xylene derivatives relative 
to the known signs of benzylic coupling constants. 

Experimental 
Preparation of Compounds 
4,6-Dibromo-2,3-dimethylaniline (1) was prepared by 

the bromination of 2,3-dimethylaniline (Eastman Organic 
Chemicals) in acetic acid. Recrystallization from petro- 
leum ether (30-60") afforded the dibrornide as white 
needles, m.p. 54-55 "C (reported m.p., 56 "C (15)). 
4,6-Dibromo-2,5-dimethylaniline (2) was obtained 

similarly froin 2,5-dimethylaniline (Eastman) as white 
needles, m.p. 63-64 "C (reported rn.p., 65 "C (15)). 
3,4-Dibromo-2,6-dimethylaniline (3) was synthesized 

in two steps from 2,6-dimethylaniline (Eastman). Bromi- 
nation in acetic acid afforded 4-bromo-2,6-dimethyl- 
aniline, which was then meta brominated in concentrated 
sulfuric acid containing one equivalent of silver ion after 
the method of Gorvin (16). Preferential recrvstallization 

Nuclear Magnetic Resonance Experiments 
Compounds 1, 2, and 3, prepared as 3-, 3-, and 6-mole 

% solutions (respectively) in carbon disulfide containing 
about 3 mole % of tetramethylsilane, were degassed by 
the freeze-pump-thaw technique and sealed. The sample 
of 3 used contained about 5 % of 4-bromo-2,6-dimethyl- 
aniline whose nuclear magnetic resonance (n.m.r.) peaks 
did not overlap those of 3. 

Proton resonance spectra were obtained on a Varian 
HA-100 n.m.r. spectrometer, operating in the frequency 
sweep mode, locked to the TMS, and at sweep rates of 
0.01 or 0.02 Hz/s. Peak positions, calculated from at 
least 5 sweeps calibrated at < 5 Hz intervals, were ob- 
tained with a reproducibility of G0.03 Hz. Half-line 
widths were 0.15-0.20 Hz. Double resonance spectra 
were obtained in the usual manner (17, 18) using a 
Hewlett-Packard 4204A oscillator. 

Results 
fro111 petroleum ether '(30-60") gave the dibromide 3, Structural formulae of the compounds are 
substantially (95 %) free from both unreacted starting shown in ~ i ~ .  1, with appropriate labelling of the 
material and the 3,4,5-tribromide also found in the reac- 
tion product. A recrystallized sample was obtained as protons. Final pararfleters obtained are collected 
white needles, m.p. 50 "C (reported m.p. 51 "C (15)). in Table 1. 

TABLE 1 
Nuclear magnetic resonance parameters derived for carbon disulfide solutions of 1, 
4,6-dibromo-2,3-dimethylaniline; 2, 4,6-dibromo-2,s-dimethylaniline; and 3, 3,4- 

dibromo-2,6-dirnethylaniline* 

Compound 

Parameter 

SAT 7.3447i0.0005 7.0490i0.0005 7.0004i0.0005 
6w 2 .2683~0 .0005  2.4407i0.0005 2.2208i0.0008 
6~ 2 .1111~0 .0005  2.1029i0.0005 1.9868i0.0008 
JAM + 0 . 3 6 i  0 .03 $0.38 i 0 . 0 3  -0.57 i 0 . 0 3  
JAP -0.61, 0.03 -0.76 i 0 . 0 3  -0.77 1 0 . 0 3  
JMP f 0 . 4 0 i  0.03 $0.62 i 0 . 0 3  -0.19 i 0 . 0 4  

~- ~- 

Compound 

Computer output$ 1 2 3 

No. of experimental peaks fitted 27 26 26 
Worst fit of any peak (in Hz) 0.045 0.042 0.034 
Average fit for all peaks (in Hz) i 0 . 0 1 4  i 0 . 0 1 2  +0.008 
Comwuted urobable errors 0.0021-0.0032 0.0015-0.0020 0.0014-0.0025 
sums' of sq;ares of residuals 

(energy level fitting) 0.0068 0.0086 0.0024 

*Chemical shifts in p.p.m. to low field of TMS; coupling constants in Hz. 
tProtons identified as in Fig. I .  
$From the output of a TWOSUM iterative fitting. 
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u 
708 792 22 1 213 207 

L L l L L L L  
227 
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FIG. 2. Magnetic resonance spectra of 2, 4,6-dibromo-2,5-dimethylaniline, in carbon disulfide at 100 MHz. The 
scale is in Hz to low field of internal TMS. (a) The single resonance spectrum, with the experimental peaks which 
can be distinguished numbered from low to high field. The amino proton spectrum is not reproduced; (b) the spectrum 
of the protons M when weak decoupling irradiation is centered on the quartet of peaks A,-A,; (c) the spectrum of 
the methyl groups with the ring proton decoupled. 

The analysis methods used are illustrated with 
reference to 4,6-dibromo-2,5-dimethylaniline (2), 
whose AM3P3 spectrum (Fig. 2a) shows JH,CH3 
magnitudes of approximately 0.4 and 0.8 Hz. 
Since J,,,,," and J,,,,," have magnitudes of 
about 0.4 and 0.7 Hz, respectively (1-4, 12, 13), 
the protons must be assigned as in Fig. 1. 
Decoupling of the A protons (Fig. 2c) clearly 
shows the coupling of about 0.6 Hz magnitude 
between the methyl groups. 

The double-irradiation experiments which es- 
tablish the relative sign of JMp in 2 may be under- 
stood by reference to the schematic single- 
resonance spectrum (Fig. 3), in which 12 of the 
A-proton resonances are seen to overlap in pairs, 
giving the observed 10 peaks. Methyl groups are 
considered as composite nuclei, and spin states of 
protons coupled to a nucleus involved in a given 
transition are labelled with plus and minus signs 
(spin states of the methyl group are 3 +, +, -, 
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NOTES 

HA + - +  -+ -+  - - - + - + - +  + 

H, [ 3 + (N(N(33 '3+  (+' . 
j- 1 3+ +3+ -+ 3-- * 

+ - + - 3 -  
3- 3-133 ( 3 3  (+) (-) O+X3+) 3+ Hp { - - -  + + +  I 3+ 3*+ +- -3-3- 

FIG. 3. Stick diagram of the proton resonance of 2, 4,6-dibromo-2,5-dimethylaniline. Spin states of the coupled 
nuclei are labelled as discussed in the text (see Results). Spin states in brackets refer to the upper transition of the 
stick diagram in cases involving coincident transitions. 

and 3-) ,  with the convention that a plus sign 
below a low-field peak indicates a positive 
coupling to the nucleus in question. JH,cH30 and 
JH,CH3m are known to be negative and positive, 
respectively (1-3), and if J,, in 2 is assumed to be 
positive, the spin assignment of Fig. 3 follows. 
Peaks A,-A, involve substantially transitions in 
which the P protons are all in the same spin 
state (3 -). Weak decoupling irradiation centered 
in the middle of peaks A,-A, causes coalescence 
of transitions M, and M, (Fig. 2b),3 showing 
that the signs of JAp and J,, in 2 are opposite. 
Since JAp r JH,,,," is negative in sign, JMp - 
J,H,,cH3P must be positive in sign. Confirmation of 
all the relative signs was obtained by several 
further double-resonance (both tickling and de- 
coupling) experiments. 

These sign assignments and the experimental 
peak positions, when analyzed by the TWOSUM 
program (19), led to the parameters shown in 
Table 1, which also records the results of similar 
experiments performed on compounds 2 and 3. 
The small magnitude of JcH3,cH,m leads to rather 
greater uncertainties in some of the derived 
parameters of 3 compared to 1 and 2. 

3Because peaks A, and A, also contain transitions 
other than those with the P protons in the 3- spin state, 
other slight changes occur. However, these do not 
obscure the essential point of the experiment: peaks M, 
and M,, but not MI and M2, are affected. 

Discussion 
The signs found for JcH,,cH,", JcH3,cH3m, and 

JcH,,cH3P (positive, negative, and positive, respec- 
tively) are those predicted for the n-electron 
contribution (5-7). However, the magnitudes 
found in this work and in previous investigations 
(20-24) are at variance (Table 2) with some of the 
values predicted by Barfield and Chakrabarti (7), 
and the values given by the modified McConnell 
relationship 

if it is assumed that the constant of propor- 
tionality is identical to that for the corresponding 
benzylic coupling constant relationship 

and QCH, QccH, JH,cH,", JH,cH,"', and JH,cH,P have 
the values - 23 G, + 25 G, - 0.7 Hz, + 0.4 Hz, 
and -0.6 Hz, respectively (4). 

The magnitudes found for JcH3,cH,P are those 
predicted for the n-electron contribution (within 
experimental uncertainty), confirming previous 
suggestions that the o-electron contribution to 
JH,cH3P is negligible (4,8,12). It may be reasonably 
assumed that o-electron contributions to JcH3,cH3P 
are also negligible. However, the magnitudes 

m observed for JCH3,,,, and JcH3,cH30 appear to 
suggest contributions from other than the n- 
electron system. In view of the essentially sub- 
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TABLE 2 
Comparison of calculated n-electron contributions to interbenzylic coupling in xylenes with available 

experimental data 
-- -- 

Compound J c H ~ , c H ~ '  JcH,,cH,~ JcH3,cH3 '  Reference 

McConnell prediction, xylenes +0.76* -0.43 +0.65 
Barfield prediction, xylenes +0.74 -0.60 +0.63 7 
Compounds 1-3 +0.40 -0.19 +0.62 
Mesitylene 

t 
20 

3,4-Dibromo-2,6-dimethylphenol 21 
2,4,6-Trimethylbenzaldehyde 4 
6-Bromo-2,4-dimethyl-5-nitroaniline 22 
2-Carbomethoxy-$6-dimethylbenzofuran 10.371 23 
7,12-Dimethylbenz [alanthracene 10.55IS 24 

*In Hz. 
?This work. 
$Value deduced from line-width narrowing o n  decoupling one methyl group from the other. 

stituent-independent (< 25 % variation) values 
found for JH,,,, in a large number of molecules 
(1-4), discrepancies between the observed and 
predicted values of JcH3,cH3 are not expected to 
be principally due to substituent effects. Con- 
sideration of the factors involved leads to several 
interesting, if rather tentative, conclusions. 

Barfield and Chakrabarti have suggested (7) 
that the magnitude of the n-electron contribution 
to JcH3,sH3m calculated by his valence-bond 
method is too large because of errors inherent in 
that method (over-correlation of electrons in the 
same subset of an alternant system). Both experi- 
mental (8, 12, 13) and theoretical (25) considera- 
tions suggest the existence of substantial o- 
electron contributions to JH,,,,". Comparing the 
value of IJ,H3,cH3mI found in 2,4,6-trimethyl- 
benzaldehyde with the observed range of I JH,cH3mJ 
in toluenes in the light of the methyl group 
replacement technique for assessing K-electron 
contributions to J values (26), it has been con- 
cluded (4) that o-electron contributions to JH,,,," 
amount to approximately one-third of the ob- 
served magnitude. The values of JcH,,cH3m in 
Table 2 indicate that this is probably a lower 
limit to the o-electron contribution to JH,cH3m. In 
the absence of other information, it is inappro- 
priate to discuss the importance of o-electron 
contributions to JcH,,,,,m, although it may be 
noted that they cannot be discounted on theo- 
retical grounds. 

On the basis of the methyl group replacement 
technique (26), the decrease of 0.2 to 0.4 Hz 
between IJH,cEI,"I and jJcH,,cH,oI suggests a sub- 
stantial o-electron contribution (one-third to 
one-half) to the magnitude of JH,cH30, contrary to 
previous conclusions (4, 27). The symmetry of 

the methyl groups negates any possible explana- 
tions for the low value of JcH3,cH30 (such as 
reduced Q,,, values) based on the known 
existence (28) of preferred conformers in ortho 
xylenes, and arguments based on steric crowding 
in 1 appear inappropriate in view of the similarity 
of the JcH,,cH30 value in 2-carbomethoxy-5,6- 
dimethylbenzofuran (23). Some small measure 
of support for the existence of significant o- 
contributions to JH,cH30 can perhaps be gleaned 
from the observation of approximately equal 
I J,,,,OI and I JH,,,"I values in several dihydro- 
cinnamic acid derivatives, in which the benzylic 
methine proton is held approximately in the 
plane of the n-electrons (12). In addition, cisoid 
4JH,CHXY values in cyclic 2,3-disubstituted butanes 
4 (R = 0 ,  (CH,),) (29) and epoxides 5 (R = H, 
halogen) (30, 31), which are in the range -0.1 to 
- 0.4 Hz, cannot be due to n-electrons. All these 
factors point to the possibility of significant 

contributions to JHScH,O, independent of the 
n-electron system. Alternatively, the small mag- 
nitude of JcH3,cH30 may be due to the relative 
importance of "direct" or "through space" con- 
tributions, which are expected to be negative in 
sign, and most important in the vicinity of 
eclipsed conformations (32). Experiments de- 
signed to test the validity of o-bond contributions 
to JH,,,,O are currently being pursued in this 
laboratory. 
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The interaction of Zn2+, Mn2+, HgZ+,  and Cd2+ ions with 3,5-dinitrosalicylic acid was investigated 
by potentiometric titrations in aqueous 0.1 M KNO, medium. In all cases the formation of 1 :1 complex 
was indicated. The stability constants in the pH ranges 4.5-8.0,4.5-8.0, 5.0-8.0, and 5.5-8.0 were deter- 
mined by applying the Calvin and Melchior's extension of Bjerrum's method and the log K values were 
found to be 3.70, 2.95, 3.20, and 2.85, respectively. A comparative study of the complexes of 3,5-dinitro- 
salicylic acid with other bivalent metal ions has also been incorporated. The stability constants of the 
transition metal complexes obey the order Cu > Ni > Co > Zn > Mn, in agreement with Irving and 
William's rule. 
Canadian Journal of Chemistry, 48, 1007 (1970) 

Introduction 
3,5-Dinitrosalicylic acid (3,5-DNS) falls in an 

important group of organic compounds, hydroxy 
carboxylic acids, and provides two possible co- 
ordination sites, viz., -COOH and -OH 
groups. A survey of literature revealed that the 
complexation tendency of this ligand has not yet 
been explored, and hence in previous communi- 
cations the authors had reported the investiga- 
tions on the complex formation between 3,5-DNS 

and Ni2+ (I),  Co2+ (11, Mg2+ ( 2 ) ,  Cu2" (3), 
Pb2 + (3), and Be2+ (4). In view of the interesting 
results obtained, it was considered worthwhile to 
extend studies on the interaction of 3,5-DNS 
with bivalent transition metal ions, viz., Zn2+, 
Mn2+,  Hg2+, and Cd2+.  The attention has been 
focussed mainly on the composition and stabili- 
ties of the complexes and also on the determina- 
tion of free energy changes accompanying the 
reactions. 
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carboxylic acids, and provides two possible co- 
ordination sites, viz., -COOH and -OH 
groups. A survey of literature revealed that the 
complexation tendency of this ligand has not yet 
been explored, and hence in previous communi- 
cations the authors had reported the investiga- 
tions on the complex formation between 3,5-DNS 

and Ni2+ (I),  Co2+ (11, Mg2+ ( 2 ) ,  Cu2" (3), 
Pb2 + (3), and Be2+ (4). In view of the interesting 
results obtained, it was considered worthwhile to 
extend studies on the interaction of 3,5-DNS 
with bivalent transition metal ions, viz., Zn2+, 
Mn2+,  Hg2+, and Cd2+.  The attention has been 
focussed mainly on the composition and stabili- 
ties of the complexes and also on the determina- 
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FIG. 1. Potentio~netric titrations of 3,5-DNS in the absence and presence of metal ions with 0.1 M NaOH: 
curves 1 and 3, 1 x M 3,5-DNS; curve 2, 1 x lo-' M 3,5-DNS + 2.5 x M ZnSO,; curve 4, 1 x lo-' 
M 3,5-DNS + 2.5 x M MnC12; curve 5 , 5  x M 3,5-DNS; curve 6 ,5  x M 3,5-DNS + 1 x 
M HgCI,; curve 7, 2 x M 3,5-DNS; curve 8, 2 x lo-' M 3,5-DNS + 5 x M CdS0,. 

Experimental metal-to-ligand ratios, viz., 1 :1, 1 :2, and 1 :3, in aqueous 
0.1 M KNO, medium at 35 "C. 

Anal-R (British Drug Houses) reagents zinc sulfate, 
manganese chloride, mercuric chloride, and cadmium Calculations 
sulfate were used and their solutions were prepared in ~ h ,  stability constants were calculated from 
doubly distilled water. Reidel's (Germany) 3,Sdinitro- 
salicylic acid was used. potentiometric titration data employing the 

A Cambridge (bench type) p H  meter using glass and Calvin and Melchior's ( 5 )  extension of Bjerrum's 
calomel electrodes was used for pH measurements. The ( 6 )  method. The evaluation of i? values was made 
PH meter was calibrated with aqueous buffers (pH 4.0 fr&l Fig. 1. The horizontal distances between the 
and 9.18) before and after titration. 

The experimental procedure consisted in performing a curves 1 and 2, 3 and 4, 5 and 6,  and 7 and 8 
series of p H  titrations of 3,5-DNS with standard NaOH, measure quite accurately the additional base con- 
in the absence and presence of metal ions at various sumed or the total number of A'- complexed. 
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FIG. 2. Plot of E against -log [A2-]; curve 1, for 
Zn complex; curve 2, for Mn complex; curve 3, for Hg 
complex; curve 4; for Cd complex. 

This number divided by total [M2+] is E. At any 
pH, [A2-] was calculated as 

Where K,, and K,, are the first and second disso- 

ciation constants of the acid (7). Plots of i i  vs. 
-log [A2-] for Zn2+, Mn2+, Hg2+, and Cd2' 
complexes are shown in Fig. 2. The values of 
log K were read directly from the graph at 
n = 0.5, and were found to be 3.70, 2.95, 3.20, 
and 2.85 for Zn2+, ~ n ~ + ,  Hg2+, and Cd2+ 
complexes, respectively. 

The values of overall changes in free energy 
(AF) of complex formation were evaluated at  
35 "C from the expression A F  = -RT In K, 
where R is the gas constant and T the absolute 
temperature. 

Results and Discussion 
Titrations of 1 : 1 mixtures of ligand and metal 

with standard alkali indicate that the affinity of 
Zn2+,  Mn2+,  Hg2+, and Cd2+ for the ligand is 
not great enough to compete with the relatively 
high concentration of hydrogen ions, and con- 
sequently zinc, manganese, mercury, and cad- 
mium complexes are not formed below p H  
values 4.5, 4.5, 5.0, and 5.5, respectively. Above 
these pH values the affinity of ligand for metal 
increases, as a result of which an appreciable 
decrease in the corresponding p H  values (as 
compared with the free ligand titration curve) is 
observed. The inflections at m = 2, where m 
denotes the moles of NaOH per mole of ligand, 
observed in the titration curves of 1 : 1 mixtures of 
metal ions and ligand vs. standard alkali, indicate 
the formation of 1 :1 metal-ligand complexes as 
follows 

where M = Zn or Mn. On further addition of and Mn(OH), (brownish) are obtained. This 
NaOH, second inflections at in = 4 are observed, shows the complete decomposition of the com- 
and precipitates of Zn(OH), (gelatinous white) plex as below 

An inflection at m = 3.5, in the titration curve metal-ligand complex as in eq. [2] with M = Hg, 
of the 1 :I mixture of ligand and Hg2+ ions vs. followed by its disproportionation into HgO and 
standard alkali, indicates the formation of 1 :1 hydroxo complex 
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TABLE 1 

Stability constants of some bivalent metal complexes of 3,s-DNS 
-- 

Serial - A F  
number Complex pH range log Kt log K2 (kcal/mole) 

Gelatinous grey precipitate begins to appear 
above V H  8.0. The validitv of the above course 
of reaction was further confirmed by gravimetric 
estimation of Hg in HgO and hydroxo complex. 
I t  was observed that 50% of Hg was present in 
HgO and the remaining 50 % in hydroxo complex. 
This is in fair agreement with the above view. 

An inflection at m = 3, in the titration curve 
of the 1 :1 mixture of ligand and CdZf ions vs. 
standard alkali, indicates the formation of 1 : 1 
metal-ligand complex as in eq. [2] with M = Cd, 
followed by its disproportionation into basic salt 
of cadmium 

The precipitate begins to appear above p H  8.0. 
When 2:l  mixtures of ligand and metal ions 

were titrated against standard alkali, the shift in 
inflections corresponds to the neutralization of 
excess ligand (I mole). 

Table 1 shows the stability constants of the 
complexes of some bivalent metal ions with 
3,s-DNS at 35 "C. The stability of the transition 
metal ion complexes with 3,5-DNS are in the 
order Cu > Ni > Co > Zn > Mn, which is in 
agreement with the Irving and William's rule (8). 

The correlation of log K values with atomic 
numbers of transition metal ions is shown in 
Fig. 3. 

c*tn Fc Co Ni Cu zx 
ATOMIC NUMBER 

FIG. 3. Correlation of log K with atomic numbers of 
transition metal ions. 

The authors wish to express their thanks to Dr. C. S. 
Bhatnagar and Dr. M. L. Mittal for valuable suggestions, 
and to University Grants Commission, New Delhi for 
the award of a research scholarship to one of them 
(S. S. Dhindsa). 

1. S. S. DUBE and S. S. DHINDSA. Indian J. Chem. 7, 
823 (1969). 

2. S. S. DUBE and S. S. DHINDSA. Z. Naturforsch. In 
Dress. 

3. S. S. DUBE and S. S. DHINDSA. J. Indian Chem. Soc. 
46, 838 (1969). 

4. S. S. DUBE and S. S. DHINDSA. 2. Naturforsch. 24b, 
967 (1969). 

5. M. CALVIN and N. C. MELCHIOR. J. Amer. Chem. 
Soc. 70, 3270 (1948). 

6. J. BJERRUM. Metal amine formation in aqueous 
solutions. P. Haase and Co. Copenhagen. 1941. 

7. S. S. DUBE and S. S. DHINDSA. Curr. Sci. 37, 642 
(1968). 

8. H. IRVING and R. WILLIAM. Nature, 162, 746 (1948). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 101 1 

Dehydration of alcohols derived from I-t-butyl-3-dimethylaminopropan-1-one; a 
novel cleavage reaction involving 2,6-dichlorobenzylmagnesium bromide 

A. F. CASY AND R. R. ISON 
Faculty of Pharmacy and Pharmaceutical Sciences, Unioersity of Alberta, Edmonton, Alberta 

Received October 20, 1969 

The acid-catalyzed dehydration of 1-t-butyl-3-dimethylamino-1-phenylpropan-I gives cis(t-Bu/H)l- 
t-butyl-3-dimethylamino-I-phenylprop-1-en exclusively. Dehydration of the product of reaction 
between 1-t-butyl-3-dimethylaminopropan-1-one and 2,6-dichlorobenzylmagnesium bromide gives 
cis and trans 2-t-butyl-1-2,6-dichlorophenyl-4-dimethylaminobut-2-ene plus the cis aminopropene of 
the first reaction. The formation of the aminopropene, together with that of its precursor tertiary 
alcohol, represents a novel cleavage reaction of 2,6-dichlorobenzylmagnesium bromidc. The configura- 
tions of the aminoalkenes were established from proton magnetic resonance spectroscopic data, the 
cis(t-Bu/H)but-2-ene providing a further example of a magnetically non-equivalent t-butyl group. 

Canadian Journal of Chemistry, 48, 1011 (1970) 

During the course of a study of structure- 
activity relationships among aminobutenes with 
antihistaminic properties (l), the acid-catalyzed 
dehydration of some tertiary alcohols derived 
from 1-t-butyl-3-dimethylaminopropan-1-one (1) 
was investigated. Reaction between this Mannich 
base and lithium phenyl gave a mixture of the 

tertiary alcohol 2a and unchanged 1 which could 
not be resolved. The alcohol 2a was isolated as a 
hydrochloride, however, from the product of 
treating unpurified material from the reaction 
with an acetic-hydrochloric acid mixture (reflux, 
4 h), together with a I-t-butyl-3-dimethylamino- 
I-phenylprop-I-ene. The dehydration procedure 
allows the equilibration of isomers (2), hence 
the product obtained represents the more stable 
form (the proton magnetic resonance (p.m.r.) 
spectrum of the total base displayed a single 
vinylic signal so only one isomer appears to be 
produced). This is probably the cis t-Bu/H 
propene 3 since Catalin models reveal that 
interactions between adjacent substituents are 
undoubtedly of a higher order in the correspond- 
ing trans isomer (cis t-Bu/CH,NMe,). This 
assignment is supported by the near-coincidence 
of the aminopropene's vinylic chemical shift 
with that of the model 4, of known configuration 
(3). 

The mixture resulting from reaction between 
the Mannich base 1 and 2,6-dichlorobenzyl- 
magnesium bromide was dehydrated in the same 
manner, and the product fractionally crystallized 
after acidification with hydrogen chloride or 
hydrogen bromide. Three aminoalkenes were 
isolated, yields being low because the precursor 
contained a substantial amount of non-alcoholic 
impurity (chiefly 1). Two were the isomeric 

aminobut-2-enes 5 derived from the tertiary 
alcohol 2b, the anticipated product of the 
Grignard reaction (the configurations of 5 are 
discussed below). The third, however, was the 
aminopropene 3; this unexpected result was 
corroborated by subsequent isolation of its 
precursor tertiary alcohol 2a from the total 
product of the Grignard reaction. Reaction 
between 2,6-dichlorobenzylmagnesium bromide 
and 1 must therefore involve some loss of aryl 
halogens and methylene group from the substi- 
tuted benzyl fragment (the purity of the halide 
used to prepare the Grignard reagent was 
confirmed from integral data of its p.m.r. 
spectrum and by gas-liquid chromatography 
(g.1.c.)). This loss may be linked with the 
highly hindered nature of the 2 components of 
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TABLE 1 
The p.m.r. characteristics* of the aminopropene 3 and the aminobutenes 5 

Alkene 
(t-Bu/H 

configuration) Vinylict CH,Ar CH,N NMe,§ t-Bu jl 

cis 3 HCI 4.05 - 6.72$ 7.33 8.88 
cis 5 HCI 4.55 6.9011 6.307 7.28 8.82 (6 protons) 

8.12** (3 protons) 
trans 5 HBr 4.18 6.13** 6 .90 t t  7.43 8.77 

*Chemical shifts in r from TMS, coupling constants in Hz; solvent CDC13. 
?Triplet (J  = 7.5). 
iCenter of doublet of doublets ( J  = 5 and 7.5). 
SDoublet ( J  = 6, &HM~*). 
/lSinglet. 
$center of broad band. 
**Broad singlet. 
??Deformed triplet. 

the reaction, since the less crowded Mannich 1-t-Butyl-1-phenyl-3-dintetl~minopropan-1-01, its 

base 6,  with the same Grignard reagent, gave a Propene and Propar2e 
A mixture of the Mannich base 1 (5) (17.1 g) and 

40% yield of the expected tertiary ' 9  lithium phenyl prepared from bron~obenzene (17.1 g), 
abnormal products being detected. There are lithium (1.65 g) and ether (100 ml) was treated under 
few references to the use of 2.6-dichlorobenzvl reflux for 1 h. and then decomaosed with NH,CI-ice. 
halides in Grignard reactiois (4), and tie The organic layer was dried (C~CI,) and evaporated to 

degradative phenomenon noted here appears to give a mixture of 1 and the t-alcohol 2a (i.r. evidence); 
fractional crystallization of the hydrochloride, m.p. 

be novel; the mechanism involved is obscure. 170-175", obtained from this base failed to separate the 

The aminobutene 5 isolated as a hydrochloride 
was assigned a cis, and that isolated as a hydro- 
bromide a trans t-BulH configuration on the 
grounds of differences in the chemical shifts of 
their vinylic, benzylic methylene, and t-butyl 
signals, as previously described for the related 
compounds 5 (Ar = PhCH, and 2-C1C6H,- 
CH,) (5). The t-butyl signals differed in a striking 
manner, that of trans 5 being a sharp 9-proton 
singlet while the cis signal was a sharp 6- plus a 
broad 3-proton singlet. Sigcal appearance in the 
last case is attributed to magnetic non-equivalence 
of the t-butyl group ( 9 ,  now a well documented 
phenomenon (6). 

The t-butylaminoalkene 3 and its reduction 
product, 1 - t-butyl-3 -dimethylamino-1 -phenyl- 
propane, failed to antagonize histamine-induced 
contractions of the guinea-pig ileum. We thank 
Drs. R. T. Brittain and R. G. W. Spickett for 
these data. 

Experimental 
The p.m.r. spectra were recorded on a Varian A-60D 

spectrometer using CDCI, or DMSO-d, as solvent and 
TMS as reference standard. The p.m.r. characteristics of 
the aminobutenes 3 and 5 are given in Table 1 .  

components. A similar product resulted after 1 and 
lithium phenyl had been heated in toluene at the reflux 
temperature for 18 h. 

The mixture (6 g) was heated under reflux with acetic 
acid (40 ml) and concentrated hydrochloric acid (20 ml) 
for 4 h, the base recovered as usual (7), (its p.m.r. 
spectrum in CDCI, displayed a single vinylic signal at  
4.33 T) acidified with ethanolic hydrogen chloride and 
fractionally crystallized. Products isolated were: the cis 
(t-BulH) prop-I-ene 3 hydrochloride (0.45 g), m.p. 250". 

Anal. Calcd. for CI,H2,CIN: C, 71.0; H, 9.5; N, 5.5. 
Found: C,70.8;H,9.5; N,5.8. 

The t-alcohol 2a hydrochloride (0.6 g), m.p. 185-187". 
Anal. Calcd. for CI,H2,CINO: C, 66.3; H, 9.6; N, 

5.15.Found: C,66.45; H,9.7;N,4.95.  
A mixture of 3 hydrochloride (0.38 g), 10% palladized 

charcoal (0.3 g), and ethanol (100 ml) was stirred with 
hydrogen at atmospheric pressure until gas absorption 
ceased (5 h required). The product was filtered through 
kieselguhr, the filtrate evdpordted and the residue 
recrystallized to give 1-t-butyl-3-dimethylamino-1-phenyl- 
propane hydrochloride (0.3 g), m.p. 201-202" from 
acetone. 

Anal. Calcd. for C,,H,,CIN: C, 70.5; H, 10.2. 
Found: C, 70.2; H, 10.0. 

Reaction of the Mannich Base I with 
2,6-Dichlorobenzyln2agnesiun2 Bromide and 
Dehydration of tlte Product 

The Mannich base 1 (15 g) in ether was added to a 
Grignard reagent prepared from 2,6-dichlorobenzyl 
bromide (p.m.r. integral ratio Ar-H:CH,; 3.0:2.0) 
(45.8 g), magnesium (4.9 g) and ether (250 ml), and the 
mixture heated under reflux.for 2.5 h, then decon~posed 
with NH4C1-ice. The base, recovered as usual, formed a 
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hydrochloride (14.1 g), m.p. 150-160" (a butanol-1 
mixture) which was fractionally crystallized from ethanol- 
ether to give similar mixtures together with a pure crop 
of 2a hydrochloride (0.8 g), m.p. and mixed m.p. 185-187" 
(i.r. and p.m.r. spectra identical with those of authentic 
sample). 

Anal. Calcd. for C1,H2,C1NO: C, 66.3 ; H, 9.6. Found: 
C ,  66.55; H, 9.6. 

The total base (10 g) was dehydrated in a mixture of 
acetic acid and hydrochloric acids as before and the 
following products isolated: 

The cis prop-1-cne 3 hydrochloride, (0.58 g), m.p. and 
mixed m.p. 242-243" (i.r. and p.m.r. spectra identical 
with those of authentic sample). 

The cis (t-BulH) but-2-ene 5 hydrochloride, (0.39 g), 
m.p. 208-21OU. 

Anal. Calcd. for CI6HZ4Cl3N: C, 57.1; H, 7.2; N, 4.2. 
Found: C, 57.4; H, 7.4; N, 4.1. 

The trans (t-BulH) but-2-ene 5 hydrobromide, (0.25 g), 
m.p. 223". 

Anal. Calcd. for Ci6HZ4Brcl2N: C, 50.4; H, 6.35; 
N, 3.7. Found: C. 50.7; H, 6.5; N, 3.5. 

The Mannich base 1 hydrochloride (1.1 1 g) was also 
recovered. 

The purity of the sample of 2,6-dichlorobenzyl bromide 
m.p. 55", identical with reported value (8), used in this 
experiment was checked by-its g.1.c. behavior in an F and 
M Scientific 700 laboratory chromatograph (hydrogen 
flame ionization detector, 6 ft 1 % silicon gum rubber, 
diameter 118 in. column with OV-17,80-100mesh DMCS 
stationary phase). It gave rise to a single peak of re- 
tention time 20.5 min at 120". Under the same conditions, 
the retention time of bromobenzene (a probable con- 
taminant which could lead to 2a and 3) was 1.2 min, 
while a 50:50 mixture of the 2 halides displayed peaks 
corresponding with those of the pure materials. 

I-  (2,6- Dichlorophenj~l) -4-dirnethylarnirzo-Z- 
phenylbutan-2-01 

The Mannich base 6 (9) (16 g) was treated with a 

Grignard reagent prepared from 2,6-dichlorobenzyl 
bromide (35.9 g) and magnesium (4.9 g) as before. The 
base product after acidification with ethanolic hydrogen 
chloride yielded hydrochlorides of 6 (0.6 g) and t-butanol 
7 (11.2 g), n1.p. 234-235". 

Anal. Calcd. for C18HZ2C13NO: C, 57.7; H, 5.9. 
Found: C, 57.6; H, 5.65. 

Its p.m.r. spectrum in DMSO-d, (10% w/v) displayed 
a characteristic 8-proton aryl signal at 2.65 r and a 
2-proton methylene signal at 6.61 r (both broad singlets). 
The hydroxyl signal was at 4.70 r (broad singlet, which 
collapsed after the addition of a drop of D,O). 

The authors thank the Medical Research Council of 
Canada for financial support. 
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Acid-catalyzed rearrangement of 3-carene-2,5-dione 
(3,7,7-trimethylbicyclo[4.l.O~ept-3-ene-2,5-dione) 

I. W. J. STILL' AND G. W. NATHAN 
Department of Chemistry, Uniuersity of Toronto, Toronto 181, Ontario 

Received October 14, 1969 

The reaction of 3-carene-2,5-dione (2) with acetic anhydride - concentrated sulfuric acid at 25" has 
been shown to lead exclusively to the formation of 2-methyl-6-isopropenylhydroquinone diacetate (36). 

Canadian Journal of Chemistry, 48, 1013 (1970) 

The recently published findings of Bellamy and carene-2,5-dione (2). In the case of compound 1 
Whitham (I) on the reductive and mineral acid it was found that preferential acid-catalyzed 
catalyzed rearrangements of 3-methylcar-4-en-2- cleavage of the Cl-C, bond occurred, with ex- 
one (1) led us to examine the effect of acid on 3- clusive formation of p-menthane derivatives. In  

the case of 3-carene-2,5-dione the presence of a 
'Author to whom enquiries should be addressed. second carbonyl group might be expected to lead, 
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hydrochloride (14.1 g), m.p. 150-160" (a butanol-1 
mixture) which was fractionally crystallized from ethanol- 
ether to give similar mixtures together with a pure crop 
of 2a hydrochloride (0.8 g), m.p. and mixed m.p. 185-187" 
(i.r. and p.m.r. spectra identical with those of authentic 
sample). 

Anal. Calcd. for C1,H2,C1NO: C, 66.3 ; H, 9.6. Found: 
C ,  66.55; H, 9.6. 

The total base (10 g) was dehydrated in a mixture of 
acetic acid and hydrochloric acids as before and the 
following products isolated: 

The cis prop-1-cne 3 hydrochloride, (0.58 g), m.p. and 
mixed m.p. 242-243" (i.r. and p.m.r. spectra identical 
with those of authentic sample). 

The cis (t-BulH) but-2-ene 5 hydrochloride, (0.39 g), 
m.p. 208-21OU. 

Anal. Calcd. for CI6HZ4Cl3N: C, 57.1; H, 7.2; N, 4.2. 
Found: C, 57.4; H, 7.4; N, 4.1. 

The trans (t-BulH) but-2-ene 5 hydrobromide, (0.25 g), 
m.p. 223". 

Anal. Calcd. for Ci6HZ4Brcl2N: C, 50.4; H, 6.35; 
N, 3.7. Found: C. 50.7; H, 6.5; N, 3.5. 

The Mannich base 1 hydrochloride (1.1 1 g) was also 
recovered. 

The purity of the sample of 2,6-dichlorobenzyl bromide 
m.p. 55", identical with reported value (8), used in this 
experiment was checked by-its g.1.c. behavior in an F and 
M Scientific 700 laboratory chromatograph (hydrogen 
flame ionization detector, 6 ft 1 % silicon gum rubber, 
diameter 118 in. column with OV-17,80-100mesh DMCS 
stationary phase). It gave rise to a single peak of re- 
tention time 20.5 min at 120". Under the same conditions, 
the retention time of bromobenzene (a probable con- 
taminant which could lead to 2a and 3) was 1.2 min, 
while a 50:50 mixture of the 2 halides displayed peaks 
corresponding with those of the pure materials. 

I-  (2,6- Dichlorophenj~l) -4-dirnethylarnirzo-Z- 
phenylbutan-2-01 

The Mannich base 6 (9) (16 g) was treated with a 

Grignard reagent prepared from 2,6-dichlorobenzyl 
bromide (35.9 g) and magnesium (4.9 g) as before. The 
base product after acidification with ethanolic hydrogen 
chloride yielded hydrochlorides of 6 (0.6 g) and t-butanol 
7 (11.2 g), n1.p. 234-235". 

Anal. Calcd. for C18HZ2C13NO: C, 57.7; H, 5.9. 
Found: C, 57.6; H, 5.65. 

Its p.m.r. spectrum in DMSO-d, (10% w/v) displayed 
a characteristic 8-proton aryl signal at 2.65 r and a 
2-proton methylene signal at 6.61 r (both broad singlets). 
The hydroxyl signal was at 4.70 r (broad singlet, which 
collapsed after the addition of a drop of D,O). 

The authors thank the Medical Research Council of 
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The reaction of 3-carene-2,5-dione (2) with acetic anhydride - concentrated sulfuric acid at 25" has 
been shown to lead exclusively to the formation of 2-methyl-6-isopropenylhydroquinone diacetate (36). 

Canadian Journal of Chemistry, 48, 1013 (1970) 

The recently published findings of Bellamy and carene-2,5-dione (2). In the case of compound 1 
Whitham (I) on the reductive and mineral acid it was found that preferential acid-catalyzed 
catalyzed rearrangements of 3-methylcar-4-en-2- cleavage of the Cl-C, bond occurred, with ex- 
one (1) led us to examine the effect of acid on 3- clusive formation of p-menthane derivatives. In  

the case of 3-carene-2,5-dione the presence of a 
'Author to whom enquiries should be addressed. second carbonyl group might be expected to lead, 
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via protonation of a carbonyl group in acidic 
media, either to C,-C, or Cl-C, cleavage and 
production of a tertiary carbonium ion, or as a 
less likely alternative, to Cl-C, cleavage and 
formation of a secondary carbonium ion. Loss of 
a proton from one of the methyl groups at C-7 
and enolization of the remaining carbonyl group 
would lead in the first two instances to the aro- 
matic derivatives 3a or 4a respectively, while 
C,-C, cleavage would have the additional dis- 
advantage energetically of leading to non- 
benzenoid products. We have used the same 
reaction conditions as Bellamy and Whitham 
(concentrated sulfuric acid in acetic anhydride), 
as it was felt that the diacetates (3b or 4b) would 
be less labile than the parent hydroquinones (3a 
or 4a). 

Treatment of 2 under these conditions led to 
the formation of a single liquid product (68 % 
after distillation), the homogeneity of which was 
established by thin-layer chromatography (t.1.c.) 
and gas-liquid chromatography (g.1.c.). The 
product showed no hydroxylic absorption in the 
infrared (i.r.) and a single carbonyl band at 
1764 cm-'. In addition, there were bands present 
characteristic of a benzenoid ring, a phenolic (or 

\ 
enolic) acetate and the grouping C=CH,. The 

/ 
ultraviolet (u.v.) spectrum combined the main 
absorption bands observed for a-methylstyrene 
and hydroquinone diacetate. Elemental analysis 
and mass spectral data were in accord with the 
formula Cl4HI6O4, as was the nuclear magnetic 
resonance (n.m.r.) spectrum (see Experimental). 
This spectroscopic evidence could be accom- 
modated by either 3b or 46. 

A decision between the two possibilities was 

made possible by catalytic hydrogenation of the 
rearrangement product over palladium which 
resulted in the uptake of 1 .I4 moles of hydrogen. 
The reduced acetate which resulted (75 % after 
distillation) was shown by t.1.c. to be a single 
compound, the purity of which was not less than 
97% by g.1.c. analysis. The acetate revealed i.r. 
bands at 1767,1215, and 1174 cm-I and aromatic 
region bands similar to those in the precursor, but 

\ 
the band at 910 cm-' due to the C=CH, group- 

/ 
ing had disappeared. This liquid acetate was 
clearly different from the previously described 
solid thymoquinol diacetate 6 ,  an authentic 
sample of which was prepared from thymo- 
quinone by reductive acetylation (2, 3). Table 1 
compares the i.r., u.v., and n.1n.r. spectra of 5 
and 6. As would be expected for two such posi- 
tional isomers. the differences between the re- 
spective u.v. and i.r. spectra are extremely small, 
and are only slightly more marked in the case of 
the n.m.r. data. Furthermore, since 3b and 4b are 
the only aromatic structures which are mechanis- 
tically likely for the rearrangement product itself, 
it follows that our reduced acetate is actually 
5 and the rearrangement product must there- 
fore be 2-methyl-6-isopropenylhydroquinone di- 
acetate (3b). 

OAc OAC 

Several attempts have been made to convert 5 
into the corresponding quinone 7 by mild hy- 
drolysis followed by oxidation. Although in one 
instance i.r. evidence suggested the presence of a 
quinone in the crude oxidation product, we were 
unable to isolate 7 in pure form. Examination of 
the literature has revealed that 2,6-dialkyl p- 
quinones are relatively rare, the 2,6-diethyl 
derivative (4) being the closest analogue of 7 that 
we could find. 
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TABLE I 
Spectral comparison of diacetates 5 and 6 

Spectrum (solvent) 

Nuclear magnetic resonance Infrared Ultraviolet 
(pyridine-d,) (eel?) (MeOH) 

Compound 6 ,  p.p.m. cm - nm 

5 1.10 (6H, d, J = 6.8 Hz) 1767 216 (E, 10800) 
2.05 (3H, s) 1215 274 (E, 2400) 
2.16 (3H, s) 1174 
2.24 (3H, s) 
3.01 (1H. seut. J = 6.8 Hz) 

6 1.11 (6H, d, J = 6.5 Hz) 1767 215 (E, 7800) 
2.06 (3H, s) 1215 274* (E, 950) 
2.23 (3H, s) 1160 
2.26 ( 3 ~ ;  s) 
3.05 (1H. seut. J = 6.5 Hz) 

*Fine structure of slightly lower intensity at 26 

The selective formation of 2-methyl-6-iso- 
propenylhydroquinone diacetate rather than the 
2,5-isomer 4 may be attributed to steric and elec- 
tronic factors. If the electrophile R +  leading lo 
the presumed intermediate carbonium ion 8 is 
the acetylium ion rather than a proton, then 
attack at the C,-carbonyl would be preferred on 
steric grounds. The same result might reasonably 
be predicted on the basis that electron release 
from the C,-methyl group should selectively en- 
hance the basicity of the C,-carbonyl group. Loss 
of a proton from one of the C,-methyl groups in 
8, enolization, and acetylation then lead to 3b. 

Experimental 
Infrared spectra were recorded neat or in CCI, on a 

Perkin-Elmer Model 237B grating spectrophotometer 
and the u.v. spectra in methanol on a Unicam SP800 
recording spectrophotometer. The n.m.r. spectra were 
obtained on a Varian HA-100 instrument with tetra- 
methylsilane as internal standard. Mass spectra were 
measured on an AEI MS-902 spectrometer and elemental 
analyses were carried out in the laboratory of A. B. Gygli, 
Toronto. The g.1.c. analyses were carried out on a 
10 ft x 314 in., 10% SE-30 column, using the Aerograph 
Autoprep A-700 instrument. All meltlng points and 
boiling points are uncorrected. 

3-Carene-2,5-dione (2) 
This compound was prepared by deoximation of 3- 

carene-2,5-dione-5-oxime (5) using the sodium nitrite - 
acetic acid procedure (61, and purified by sublimation. 

2-Mefh~,l-6-isopropen)~Lh~~droy~iino~e Dir/cetnfe (3b) 
Concentrated sulfuric acid (1.25 g, 0.012 mole) in acetic 

anhydride (36 ml) was added s l o ~ l y  with vigorous stirring 
to  a solution of 3-carene-2,5-dione 2 (4.0 g, 0.025 mole) in 
acetic anhydride (120 ml). The mixture was stirred for 1 h 

15-270 nm. 

at 25" before adding to water (800 ml) and shaking to 
hydrolyze excess acetic anhydr~de. Solid sodium carbon- 
ate was then added until the solution was slightly alkaline. 
The aqueous solution was extracted thoroughly w ~ t h  
ether and the combined ether extracts filtered through a 
cone of anhydrous sodium sulfate before final drying 
(MgSO,). Evaporation afforded a thick yellow oil (83 %), 
which on distillation gave a viscous Iigbt yellow Iiquid 
(4.1 g, 68 %), b.p. 136"/0.8 mnl, n D Z s  1.5086. This liquid 
showed only a single spot on t.1.c. in several solvent 
systems and was at least 95 % pure by g.1.c. analysis. The 
u.v. spectrum showed h,,,(MeOH) 273 ( E ,  818), 234 (E, 
7920) and 216 nm ( E ,  10 300). The i.r. spectrum (neat) 
showed bands at 1764 (C=O), 1642 (C=C), 1597,1473, 
and 1435 (benzenoid), 1209and 1170(C-0),and910cm-1 
\ 
( C=CH2). The n.m.r. spectrum (CCI,) had signals a t  
/ 

6 1.98 (3H, s), 2.08 (6H, s), 2.10 (3H, s), 4.99 ( lH,  m), 
5.12 (1H, m) and 6.84 (2H, m) p.p.m. The mass spectrum 
revealed a molecular ion at mle 248 in agreement with the 
formula CI4Hl6O4. 

Anal. Calcd. for C14H1604: C, 67.70; H, 6.51. Found: 
C, 67.51 ; H, 6.70. 

2-Methyl-6-isupropyII1)~d~oq1iinone Diacetate (5 )  
2-Methyl-6-isopropenylhydroquinone diacetate (36) 

(1.6 g, 0.0065 mole) was hydrogenated in ethanol over 
10% Pd/C (45 mg). Hydrogen uptake was complete after 
3.5 h. Filtration and concentration of the reaction mixture 
gave on distillation a viscous, pale yellow liquid (1.20 g, 
7573, b.p. 115"/0.3mm, 1 2 , ~ '  1.4937. The essential 
homogeneity and purity ( z 97 %) of the reduced acetate 
was again revealed by t.1.c. and g.1.c. The u.v. spectrum 
showed h,,,(MeOH) 216 (E, 10 800) and 274 nm (E, 2400). 
The i.r. spectrum (CCI,) showed bands at 1767 (C=O), 
1215 and 1174cm-I (C-0). Thc n.ni.r. spectrum 
(pyridine-d,) had signals at 6 1.10 (6H, d, J = 6.8 Hz), 
2.05 (3H, s), 2.16(3H, s), 2.24(3H, s), 3.01 (IH, sept, 
J = 6.8 Hz) and 6.93 (2H, m) p.p.m. The mass spectral 
data showed the expected molecular ion at mle 250. 
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Anal. Caicd. for C,,H,,O,: C, 67.26; H, 7.28. Found: 
C, 67.44; H, 7.39. 

Tl~ymoquinol Diacetate (6) 
This conlpound was obtained by reductive acetylation 

of thymoquinone (2) in an acetic anhydride - zinc dust - 
hydrochloric acid mixture by a modification of a standard 
procedure (3). The product was obtained as a white 
solid (79% yield) n1.p. 70-71" (lit. (7) m.p. 73-75") from 
petroleum ether (b.p. 60-70"). 

Financial support of this work by the National Re- 
search Council of Canada is gratefully acknowledged. 
We wish to acknowledge also the valuable experimental 
contributions of Mr. R. W. Mulligan. 
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Wavelength dependency of the relative proportions of singletltriplet 
methylenes from the photolysis of diazomethane' 
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Chemistry Department, New Mexico State University, Las Cnlces, New Mexico 88001 
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Results of a high pressure study of the photolysis of diazomethane/cis-butene-2/ethylene mixtures at 
4358 and 3660 A under various conditions are reported. These results indicate that the proportion of 
ground triplet state methylene radicals, produced in the primary photolysis of diazomethane, is indepen- 
dent of photolysis wavelength. 

Canadian Journal of Chemistry, 48, 1016 (1970) 

The separate reactivities of singlet and triplet 
electronic state methylene radicals toward C-H 
bonds and C=C bonds have been extensively 
investigated (1-12). The presence of both elec- 
tronic states of methylene in the photolysis of 
ketene and diazomethane has been established 
(1-1 5). It has been found that the ratio of triplet 
to singlet methylenes varies significantly with 
wavelength in the photolysis of ketene (7, 8). A 
study of the wavelength dependence of the 
relative amounts of triplet and singlet methylenes 
from the photolysis of diazomethane/cis-2- 
butenelethylene mixtures at high total pressures 
is presented here. 

The experimental and analytical procedures 
used have been reported (16). The limited vapor 
pressure of cis-2-butene made it necessary to add 
ethylene in order to increase total pressures above 
-- 100 cm. Photolyses were carried out in 4 
different sized reactors; 2 of relatively small 
volume (4.3 and 5.9 cc) and 2 of larger volume 

'This work was supported by National Science 
Foundation under Grant No. GP-6124. 

ZNational Defence Education Act Predoctoral Fellow. 

(15.0 and 19.6 cc). Identical pressure runs were 
made at each of the photolysis wavelengths of 
4358 and 3660 A for each reactor employed. In 
order to test the effect of varying the diazo- 
methane (DM) concentration relative to the total 
pressure (P,), several sets of experiments were 
performed with DM/P, - 1/10 and N 1/30. In 
addition, a series of packed vessel experiments 
were performed in 5.8 and 26.7 cc glass wool- 
packed reactors with DMIP, -- 1/10 and -- 1/30, 
respectively. Dark reactions in the 5.9 cc reactor 
at high total pressure with added ethylene gave 
none of the C,-products of interest. 

The pertinent reaction scheme and kinetic 
parameters for singlet methylene radicals have 
been reported (1 6). Plots of the ratio of trans- to 
cis- 1,2-dirnethylcyclopropane (TDMCICDMC) 
vs. pressure are presented in Figs. 1 and 2. The 
data in Fig. 1 were taken from photolysis runs in 
which DMIP, -- 1/10 while Fig. 2 presents data 
taken from photolysis runs with DM/P, -- 1/30. 
The lower solid curves in Figs. 1 and 2 represent 
the predicted behavior of TDMCICDMC vs. 
pressure if only singlet methylenes were present; 
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Anal. Caicd. for C,,H,,O,: C, 67.26; H, 7.28. Found: 
C, 67.44; H, 7.39. 

Tl~ymoquinol Diacetate (6) 
This conlpound was obtained by reductive acetylation 

of thymoquinone (2) in an acetic anhydride - zinc dust - 
hydrochloric acid mixture by a modification of a standard 
procedure (3). The product was obtained as a white 
solid (79% yield) n1.p. 70-71" (lit. (7) m.p. 73-75") from 
petroleum ether (b.p. 60-70"). 

Financial support of this work by the National Re- 
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We wish to acknowledge also the valuable experimental 
contributions of Mr. R. W. Mulligan. 
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Results of a high pressure study of the photolysis of diazomethane/cis-butene-2/ethylene mixtures at 
4358 and 3660 A under various conditions are reported. These results indicate that the proportion of 
ground triplet state methylene radicals, produced in the primary photolysis of diazomethane, is indepen- 
dent of photolysis wavelength. 

Canadian Journal of Chemistry, 48, 1016 (1970) 

The separate reactivities of singlet and triplet 
electronic state methylene radicals toward C-H 
bonds and C=C bonds have been extensively 
investigated (1-12). The presence of both elec- 
tronic states of methylene in the photolysis of 
ketene and diazomethane has been established 
(1-1 5). It has been found that the ratio of triplet 
to singlet methylenes varies significantly with 
wavelength in the photolysis of ketene (7, 8). A 
study of the wavelength dependence of the 
relative amounts of triplet and singlet methylenes 
from the photolysis of diazomethane/cis-2- 
butenelethylene mixtures at high total pressures 
is presented here. 

The experimental and analytical procedures 
used have been reported (16). The limited vapor 
pressure of cis-2-butene made it necessary to add 
ethylene in order to increase total pressures above 
-- 100 cm. Photolyses were carried out in 4 
different sized reactors; 2 of relatively small 
volume (4.3 and 5.9 cc) and 2 of larger volume 

'This work was supported by National Science 
Foundation under Grant No. GP-6124. 

ZNational Defence Education Act Predoctoral Fellow. 

(15.0 and 19.6 cc). Identical pressure runs were 
made at each of the photolysis wavelengths of 
4358 and 3660 A for each reactor employed. In 
order to test the effect of varying the diazo- 
methane (DM) concentration relative to the total 
pressure (P,), several sets of experiments were 
performed with DM/P, - 1/10 and N 1/30. In 
addition, a series of packed vessel experiments 
were performed in 5.8 and 26.7 cc glass wool- 
packed reactors with DMIP, -- 1/10 and -- 1/30, 
respectively. Dark reactions in the 5.9 cc reactor 
at high total pressure with added ethylene gave 
none of the C,-products of interest. 

The pertinent reaction scheme and kinetic 
parameters for singlet methylene radicals have 
been reported (1 6). Plots of the ratio of trans- to 
cis- 1,2-dirnethylcyclopropane (TDMCICDMC) 
vs. pressure are presented in Figs. 1 and 2. The 
data in Fig. 1 were taken from photolysis runs in 
which DMIP, -- 1/10 while Fig. 2 presents data 
taken from photolysis runs with DM/P, -- 1/30. 
The lower solid curves in Figs. 1 and 2 represent 
the predicted behavior of TDMCICDMC vs. 
pressure if only singlet methylenes were present; 
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NOTES 1017 

FIG. 1 .  Open and closed circles are data taken from runs in the 4.3 and 5.9 cc reactors at 3660 and 4358 A, respec- 
tively. Open and closed squares represent data from the 15.0 and 19.6 cc reactor runs at 3660 and 4358 A, respectively. 
The open and closed triangles are packed vessel experiments in a 5.8 cc reactor at 3660 and 4358 A, respectively. All 
data points were taken with DMIP, - 1/10. 

PRESSURE 
FIG. 2. Open and closed circles represent data taken from photolysis runs in the 15.0 cc reactor at 3660 and 4358 A, 

respectively. The open and closed squares are 3660 and 4358 8, data, respectively, from 19.6 cc reactor experiments. 
Open and closed triangles are packed vessel experiments done in a 26.7 cc reactor at 3660 and 4358 A, respectively. 
All photolysis experiments represented in this figure were performed with DMIP, - 1/30. 

i.e., extrapolated from lower pressure experiments 
(< 20 cm Hg) in the presence of oxygen. The dis- 
crepancy between these curves and the experi- 
mental points obtained in the absence of oxygen 
indicate the presence and effect of triplet 
methylene radicals in this system. In all cases the 
data decrease with increasing pressure to a high 
pressure value of 0.10 + 0.01. In few cases do the 

TDMCICDMC ratios differ by more than 10% 
between the 2 photolysis wavelengths at the same 
total pressure. 

At the pressures of this study any significant 
difference in the TDMCICDMC values at the 2 
wavelengths probably are due to differences in 
the percent triplet methylene at the 2 photolysis 
wavelengths. 
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I t  is seen from Fig. 1 that in each pair of experi- 
ments at 3660 and4358 A the 3660 A point always 
plots slightly above the 4358 A point for the 4.3 
and 5.9 cc volumes. When similar runs were 
made in the 15.0 and 19.6 cc vessels, these points 
were observed to invert; i.e., the 4358 point 
plotted slightly above the 3660 A point. This 
effect suggested the possibility of a surface reac- 
tion and, accordingly, packed vessel experiments 
were done. No important surface effect was ob- 
served from the packed vessel experiments as 
seen in Figs. 1 and 2. 

It  was thought that an additional factor which 
might affect the observed results would be the 
DMIP, ratio. Therefore, this ratio was reduced by 
a factor of 3 for the runs presented in Fig. 2. It is 
obvious that no large effect is observed. The data 
still decrease to a value of 0.10 at the highest 
pressure and only a small difference exists be- 
tween data at the 2 wavelengths. The experiments 
done in the 5.9 cc reactor with DMIP, - 1/30 
seem to exhibit a larger wavelength effect. How- 
ever, product yields for these runs were quite low 
and the experimental uncertainties were thus 
enhanced. 

The slight decrease in the TDMC/CDMC 
ratios with increasing pressure above 100 cm Hg 
observed in all cases is probably due to the slightly 
larger selectivity of ethylene compared to cis-2- 
butene for triplet state methylene radical double 
bond addition compared to their selectivities for 
singlet methylene radical double bond addition 
(18). As mentioned earlier, pressures were in- 
creased above 100 cm by addition of ethylene to 
the reaction mixtures. The apparent insensitivity 
of the TDMCICDMC ratio to the factors in- 
vestigated over a wide range of pressures at both 
photolysis wavelengths leads us to the conclusion 
that the percent triplet methylene is constant and 
demonstrates little, if any, dependence on the 
photolysis energy. This conclusion supports the 
findings of Herzog and Carr (10). 

A mechanism for ketene photolysis that seems 
to account qualitatively for the wavelength de- 
pendency of the proportion of triplet methylene 
radicals has been proposed (17). This mechanism 
suggests that the wavelength dependency arises 
essentially from a large energy difference between 
the singlet and triplet excited electronic states of 
ketene. Assuming a similar mechanism was 
operative in the photolysis of diazomethane, one 
might postulate that the lack of wavelength 

dependency for this system was indicative of a 
small energy difference between excited singlet 
and triplet diazomethanes. 

An earlier mechanism postulated by Rabino- 
vitch et al. (5) suggested that triplet methylenes 
arise from an intersystem crossing involving 
singlet and triplet states of ketene and diazo- 
methane. A similar mechanism could explain 
qualitatively the invariance of triplet methylene 
with photolysis wavelength in this system. If it 
were supposed that the singlet and triplet excited 
electronic states of diazomethane were both re- 
pulsive, non-bonding or weakly bonding states 
having a narrow energy separation and a low 
lying intersystem crossing point on the potential 
energy surfaces then the lack of wavelength de- 
pendency would be explained. This latter pro- 
posal may seem more acceptable since the only 
evidence for pressure quenching of the singlet or 
triplet electronically excited states of diazo- 
methane have been liquid experiments by Ring 
and Rabinovitch indicating quenching of triplet 
states (19). 
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Electron transference in homolytic aromatic substitution reactions 

DENNIS D. DAVIS AND FAUZIA Y. AHMED 
Department of Chemistry, New Mexico State Unicersity, Las Cruces, New Mexico 88001 

Received August 6, 1969 

The selectivity of methyl radicals in the homolytic substitution reaction on naphthalene was studied 
as a function of solvent. The selectivity decreases as the solvent dielectric increases. A possible explanation 
of these effects based upon a charge-transfer contribution to the transition state leading to o-complex 
formation is offered. 

Canadian Journal of Chemistry, 48, 1019 (1970) 

Dipolar effects in homolytic alkylation reac- 
tions of aromatic compounds have been sug- 
gested as an explanation of the directive effects in 
the cyclohexylation of substituted benzenes (1) 
and of the reactivities of substituted benzenes 
toward the trifluoromethyl radical (2). In order 
to further elucidate the nature of possible polar 
effects in homolytic aromatic substitution reac- 
tions, we have studied the methylation of naph- 
thalene in a series of solvents. 

Experimental 
Solvents were reagent grade materials distilled prior to 

use. Naphthalene (Baker) was recrystallized from benzene. 
"Lucidol", a solution of acetyl peroxide in dimethyl 

phthalate, and "Lupersol 7", t-butyl peracetate in ben- 
zene, products of the Lucidol Organic Peroxides Co., 
were used as supplied. 

In  a typical experiment, naphthalene (12.5 mmoles), 
solvent (200 rnmoles), previously flushed with nitrogen or 
argon, and peroxide (2.5 mmoles) were maintained at 80" 
in an oil bath under a nitrogen or argon atmosphere for 
a t  least 4 half-lives of the peroxide. The reaction mixture 
was then analyzed directly by vapor-phase chroma- 
tography (v.p.c.) utilizing a 5' x 1/8" SE-30 column in 
an  Aerograph flame ionization gas chromatograph, 
model 600-C. 1- and 2-Methylnaphthalenes were identified 
and the detector response calibrated by conlparison with 
authentic samples supplied by the Columbia Organic 
Chemicals Co. and the Aldrich Chemical Co. respectively. 

Results 

Methyl radicals were generated by the thermal 
decomposition of acetyl peroxide or t-butyl per- 
acetate in a dilute (5 %) solution of naphthalene 
in the solvent under consideration. The ratio of 
the substitution products, 1-methylaaphthalene 
and 2-methylnaphthalene (1-12- ), was deter- 
mined by v.p.c., Table 1. The 1-12- ratio is inde- 
pendent, within experimental error, of the rela- 
tive concentrations of radical precursor and 
naphthalene. Control experiments also show that 

neither isomer is selectively destroyed under the 
reaction conditions. 

For the series of aromatic solvents, benzene, 
chlorobenzene, o-dichlorobenzene, and pyridine, 
the 1-12- ratio decreases as the dielectric constant 
of the solvent increases. The remaining non- 
aromatic solvents follow a parallel pattern, how- 
ever there appears to be no inclusive correlation 
with any of the common physical or empirical 
solvent parameters. 

TABLE 1 

Solvent effects on the 1-12- ratio, 80'C 
-- 

Dielectric 
constant, 

Solvent Ratio* 25"T 

Benzene 7 .0  1 0 . 2  2 .3  
Chlorobenzene 6 . 2  & 0.1: 5 .6  
o-Dichtorobenzene 5 .8  + 0 . 2  9 .9  
Pyridine 4 .0  1 0 . 2  12.3  
Acetic acid 9 . 0  + 0.1 6 . 2  
N,N-Dimethylformamide 5 . 2  k 0 .2  37 

*Errors are standard deviation of the mean. 
PReference 14. 
$A value of 6.3 is obtained by extrapolation of data given in ref. 3. 

The phenylation of naphthalene (4) exhibits a 
smaller solvent effect than that observed for 
methylation, the 1-12- ratios for phenylation in 
pyridine, DMF, and benzene being 2.5, 3.1, and 
3.8 respectively. These results are parallel to those 
for methylation. 

Discussion 

The concept of one-electron nucleophilicity or 
electrophilicity of alkyl radicals implies some 
degree of charge transfer in the transition state 
leading to the o-complex in the substitution 
reaction. 

ArH + R. + [A~H'; . . . R"]$ +- o-complex 
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A model for this type of resonance contribution 
based on Huckel MO theory and Mulliken's 
approach for charge transfer complexes (5) of 
aromatic compounds predicts that the reactivity 
of the aromatic substrate should be a function of 
the ionization potential of the donor, or the 
energy of the highest occupied molecular orbital 
(HOMO) (6). The reactivities of the acceptor alkyl 
radicals would be proportional to their electron 
affinities. Additionally, a stabilizing effect on the 
transition state should be noted in polar solvents. 

The reactivities of aromatic molecules toward 
trifluoromethyl radicals are linearly related to 
their ionization potentials (2). Methyl (7), ethyl 
(8), and trichloromethyl(9) affinities of polycyclic 
aromatics can be correlated to the energies of the 
HOMO. Radical affinities, however, are also 
correlated by a number of other reactivity indices 
(7). The order of the electron affinities of alkyl 
radicals (lo), CF, > CC1, > CH, zz C,H,, isin 
the same order as their reactivities in homolytic 
aromatic substitution reactions. 

The decrease in selectivity in the methyla- 
tion of naphthalene as the solvent dielectric in- 
creases can be explained by an increased stabiliza- 
tion of the charge-separated resonance form of 
the transition state. As Hammond's postulate 
(1 1) would predict, stabilization of the transition 
state by polar solvents lowers the activation 
energy for the process and causes the transition 
state to occur earlier along the reaction path 
resulting in a decrease in selectivity. In solvents 
of similar size and type the stabilization of charge- 
transfer complexes is directly related to the static 
dielectric constant (12). The effect noted in acetic 
acid and DMF may well be due to a drastic 
change in the structure of the solvent sheath 
surrounding the transition state induced by the 
change in solvent type. 

We have assumed that the electron transfer is 
from the aromatic substrate to the alkyl radical. 
Consideration of the energies involved in ioniza- 
tion (13) and electron gain (10) and the relation- 
ship between radical reactivities and electron 

affinities is best explained if alkyl radicals are 
acting as electron acceptors in the homolytic 
substitution reaction. 

The methylation of naphthalene was chosen 
for study because of the presumed small dipolar 
character of methyl radicals and the high ioniza- 
tion potential of naphthalene, a system with a 
predicted minimum charge-transfer character. 
The solvent effect is readily discernible and it is 
to be expected that such effects would be even 
more important for other polycyclic aromatic 
compounds. In  view of these results, the common 
assumption that solvent effects are unimportant 
in homolytic alkylation reactions of polycyclic 
aromatics is invalid. 

Acknowledgment is made to the donors of The 
Petroleum Research Fund, administered by the American 
Chemical Society, for partial support of this research. 
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Neutral tergenes from the bark of Sitka spruce [Bicea sitchensis (Bong.) Carr.I1 

I. H. ROGERS AND L. R. ROZON 
Department of Fisheries & Forestry, Canadian Forestry Sercice, Forest Products Laboratory, 

Vancouver, British Columbia 
Received August 28, 1969 

Four of the minor components of the neutral triterpene fraction of Sitka spruce bark have been isolated 
and characterized as 38,21r*-dihydroxy-AI4-serratene (1) (serratenediol), 3c(,21/3-dimethoxy-AI4- 
serratene (2), 3a-metho~y-21-keto-A'~-serratene (3), and 3~-hydro~y-2l-heto-A'~-serratene (4). 13- 
Epimanool was characterized as its 3,5-dinitrobenzoate derivative. 
Canadian Journal of Chemistry, 48, 1021 (1970) 

Previous work (1, 2) on the neutral triterpene 
fraction of the bark of Sitka spruce has resulted 
in the isolation and structural identification of 5 
compounds which are the most plentiful in the 
extract. These compounds are related to ser- 
ratenediol 1 in which ring Cis  7-membered (3-5). 
Compounds of this type have also been isolated 
from the bark of various species of pine (genus 
Pinus) (6), from a Japanese club moss (Lyco- 
podiunz sp.) (3), and from the rhizome of a fern 
(Polypodium sp.) (7). We report now on the 
separation and characterization of 4 of the minor 
components of the triterpene fraction and a 
diterpene alcohol in the bark of Sitka spruce. 

Isolation 
The recovery of the crude triterpene fraction 

from the cork layer of the bark and its preliminary 
separation on an alumina column was described 
earlier (2). This yielded crude fractions containing 
a ketol (compound D) and a diol (compound H). 
Elution of a similar column with petroleum ether 
yielded a triterpene dimethyl ether while use of 
petroleum ether - benzene (7:3) yielded a mixed 
fraction. Rechromatography of this fraction on 
another alumina column yielded a mixture of 2 
methoxy ketones not previously isolated. Acetyla- 
tion of the most polar fraction of the original 
crude extract and separation by column chroma- 
tography yielded, amongst other components, 
the diacetate derivative of an unknown triterpene 
and the diacetates of serratenediol and 21- 
episerratenediol. 

ethanol. The pure acetate had m.p. 325-328 "C 
(21-episerratenediol diacetate m.p. 214 "C)  and 
had the empirical formula C,,H,,O,, as deter- 
mined by high resolution mass spectrometry. The 
presence of acetate functional groups was appar- 
ent from the infrared (i.r.) spectrum (1725 and 
1242 cm-l) and a trisubstituted double bond was 
also indicated (1640 and 795 cm-I). The mass 
spectrum of this compound indicated a molecular 
ion at m/e 526 and satellite ions at M-60, M-75, 
M-120, and M-135 corresponding to loss of 2 
acetate groups and 1 methyl group. After de- 
acetylation the reaction product was purified by 
column chromatography and had thin-layer 
chromatography (t.1.c.) properties identical with 
an authentic sample of serratenediol and with 
compound N isolated directly from the original 
crude triterpene extract (2). 

R3 
/\f/R4 

1 RZ = R3 = OH; R1 = R4 = H 
2 RI = R4 = 0CH3; R2 = R3 = H 
3 RI = 0CH3;  RZ = H ;  R3, R4 = 0 
4 Rz = OH; Rl = H; R3, R4 = O 

Compound H, m.p. 256-270°, was not ob- 
tained in a pure state. The spectral evidence indi- 
cated the presence of hydroxyl functions and a 
trisubstituted double bond. 'This was confirmed 
in the mass spectrum which had molecular ion 

3P,2lcc-Dihydro~~-A~~-serratene (1)  satellites corresponding to the loss of 2 hydroxyls 
The serratenediol diacetate from the and I methyl group. Moreover the cleavage frag- 

chromatographic separation was contaminated ments observed at m/e 302 (ion X ,  R, = OH, 
with 21-episerratenediol diacetate from which it 6.6:,,, 207 (ion Y, R, = OH, 22.60.,, and 220 
was separated by fractional crystallization from (ion Z, R, = OH, 16%) were in agreement with -- 

'Prelin~inary communication, see ref. 12. this compound having the A14-serratene skeleton 
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(9). The characterization of the diol was com- 
pleted by a gas-liquid chromatography (g.1.c.) 
investigation of its trimethylsilyl (TMS) ether 
which showed behavior identical with that of an 
authentic standard of the serratenediol derivative. 

3a,21P-~imethox~-A~~-serratene (2) 
This compound was present in very low yield 

and was purified by high-vacuum sublimation. 
High-resolution mass spectrometry indicated the 
empirical formula C,,H ,,O,. The i.r. and nuclear 
magnetic resonance (n.m.r.) spectral evidence 
indicated the presence of a trisubstituted double 
bond and 2 methoxyl groups of secondary type. 
The mass spectral fragmentation of this substance 
was that expected of a compound with a A14- 
serratene skeleton as discussed earlier (9). Thus, 
besides the expected molecular ion satellites at 
M-15, M-32, M-47, M-64, and M-79 there were 
present important ionic fragments at n?/e 316 
(ion X, R, = OCH,, 2279, 221 (ion Y, R, = 

OCH,, 75 %), and 234 (ion Z, R, = OCH,, 41 %) 
(see Scheme 1). 

Comparison with the methyl ether derivatives 
of the previously characterized compounds A and 
B (2) showed that compound B methyl ether is 
identical in all respects with the unknown deriva- 
tive, to which we therefore assign the structure 
3a,2I P-dimethoxy-A14-serratene (2). 

carbonyl function. The mass spectral fragmenta- 
tion showed the expected satellite ions at M-15, 
M-32, and M-47 and also prominent ions at m/e 
221 (ion Y, R, = OCH,, 77%) and 218 (ion Z, 
R, = 0 ,  60%) of the dl4-serratene type. The 
absence of an ion of type X in this case is explained 
by the presence of the ketone group in the mole- 
cule, which we have observed to quench the retro 
Diels-Alder cleavage giving rise to ion X (9). 

Comparison with the known compound B 
ketone (2) by t.l.c., mixed m.p. and quantitative 
i.r. spectra, established that these compounds are 
identical and we therefore assign the structure as 
3a-methoxy-21 keto-A14-serratene (3). 

3P-Hydroxy-21 Ket~-A~~-serratene (4) 
This material, compound D, was separated 

from a minor contaminant by preparative t.1.c. 
The physical properties as determined on a some- 
what impure sample were listed previously (2), 
but it was not possible at that tjme to define the 
structure. 

The i.r. and n.m.r. spectral evidence again 
showed the presence of the hydroxyl function and 
a trisubstituted double bond. However, this com- 
pound also possesses a carbonyl group in a 6 or 
larger membered ring (1707 cm-I). The ketonic 
function gives rise to a negative Cotton effect 
(a 26.2) typical of a C-21 keto group in a A14- 

3a-Methoxy-21 Keto-AI4-serratene (3 )  serratene system (4). Further evidence for the 
This compound was isolated by preparative presence of such a skeleton was again forth- 

t.1.c. The empirical formula was determined as coming from a study of the mass spectral frag- 
before to be C,,EI,,O, and the i.r. and n.m.r. mentation pattern where ions of types Y (mle 207, 
spectra indicated the presence of a trisubstituted R, = OH, 100 %) and Z (m/e 218, R, = 0 , 8 4  %) 
double bond, a secondary methoxyl group, and a were observed. Apparently, therefore, this com- 
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pound is a ketol with a C-21 keto function and 
a hydroxyl group of unknown configuration. 

Acetylation yielded a derivative, with the em- 
pirical formula C,,H,,O,. Confirmation that 
this was a keto-acetate was obtained from the i.r. 
spectrum which showed the expected acetate and 
ketonic absorption bands. The n.m.r. spectrum 
contained the usual olefinic proton multiplet, a 
sharp 3-proton singlet at T 8.00 arising from the 
acetate function and a 1 -proton multiplet centered 
at T 5.55 due to the secondary hydrogen geminal 
to the acetate group. The width of this signal 
(18 Hz) suggested that the acetate group is 
equatorial. 

Reduction of the keto-acetate with LiAIH, 
allowed us to isolate a mixture of 2 triterpene diols 
whose t.1.c. behavior (CHCI,; R, 0.32 and 0.42 
ratio about 10 to 1) was identical with standard 
samples of the compounds serratenediol and 21- 
episerratenediol respectively. This evidence was 
reinforced by g.1.c. analysis of the TMS ether 
derivatives which indicated the reduction product 
to be mainly serratenediol with a trace of 21- 
episerratenediol. This is as expected in that re- 
ductions of ketones with complex metal hydrides 
tend to favor the formation of equatorial over 
axial hydroxyl groups in the absence of any large 
steric effects (10). We therefore assign the struc- 
ture 3P-hydroxy-21 keto-A14-serratene 4 to this 
compound which is identical with a compound 
previously reported from pine bark (6). 

By a combination of column chromatography 
on the neutral fraction of the petroleum ether 
bark extract followed by high vacuum distillation, 
a pale yellow liquid diterpene alcohol was iso- 
lated. The spectral properties of this compound 
together with the physical constants of its 3,5- 
dinitrobenzoate derivative identified it as 13- 
epimanool, as discussed by Rowe and Scroggins 
(1 1). 

Experimental 
Column chromatography was performed on neutral 

Woelm aluminum oxide, either as supplied (activity I) or 
after deactivation by the addition of 6 %  by weight of 
water (activity 111). Preparative scale t.1.c. plates were 
prepared from silica gel G (E. Merck) and the activated 
plates were sprayed with a 2 %  alcoholic solution of 
Rhodamine 6G, (8) then reactivated for 1 h at 130 C. 
The solvent systems used in development of the plates 
were either chloroforn~ or benzene - ethyl acetate (4:l 
vlv). 

The n.m.r. spectra were determined in deuteriochloro- 

form using a Varian HA 100 spectrometer. Signal posi- 
tions are quoted in terms of the Tiers z scale relative to 
tetramethylsilane as internal standard. Mass spectra 
were recorded using an Atlas CH4 or an AEI MS9 
double-focusing mass spectrometer with high resolution 
measurements being obtained with the latter instrument. 
Samples for i.r. spectra were prepared as KBr disks and 
were recorded on a Perkin-Elmer 521 spectrophotometer. 
Melting points were measured on a Mettler FP l  auto- 
matic apparatus and are uncorrected. The g.1.c. analyses 
were performed on a Varian Aerograph Model 204-1. 

Isolation and Purification 
The preparation of the crude triterpene fraction and its 

preliminary separation on an alumina (111) column was 
described earlier (2). Thus 2.014 g crude extract yielded 
30 mg impure compound D (4) and 20 mg impure com- 
pound H (serratenediol 1). A similar separation performed 
on 21.939 g crude extract yielded 74 mg of a dimethyl 
ether 2 and 7.375 g of a mixture of methoxy ketones and 
methoxy alcohols. Further chromatography of the latter 
on an alumina (I) column eluted with benzene-ether 
yielded a total of 1.527 g of a partially resolved mixture 
of 2 methoxy ketones. This could be separated by prepara- 
tive t.1.c. with about 60% recovery of the material applied. 
In  this fashion we obtained 261 mg of the less polar com- 
pound (3) and 458 mg of the other which was reserved 
for future work. 

The most polar fraction of the original 21.939 mg of 
triterpene extract was recovered by stripping the alumina 
I11 with ether and methanol (yield 890 mg). This was 
acetylated with acetic anhydride - pyridine and the crude 
acetate extract (960 mg) separated on alumina 111. Elution 
with petroleum ether - benzene (7:3) yielded a mixture 
(210 mg) of 2 triterpene diacetates which was separated by 
fractional crystallization from ethanol into 2 components, 
m . p . ~  221 "C and 325-328 "C corresponding to 21- 
episerratenediol diacetate and serratenediol diacetate 
respectively. Elution of the column with petroleum 
ether - benzene (1 :1) yielded 61 mg of the diacetate of an  
unknown triterpene containing a methoxyl group and this 
was reserved for future work. 

The neutral mother liquor fraction (27.7 g) obtained 
from the petroleum ether extract of the bark after re- 
moval of the crystalline triterpenes was chromatographed 
on alumina 111. Elution with petroleum ether yielded a 
fraction containing the known triterpene methoxy alco- 
hols B and C (2) together with an unknown diterpene 
alcohol. Crops of crystals of the triterpenes were removed 
from petroleum ether solution and the residue (5.459 g) 
was distilled (220 "C at 0.2 mm Hg) to give the pure 
diterpene alcohol (5) as a pale yellow oil (1.930 g). 

38, 21~-Dihyduoxy-A'~-sevatene (Serratenediol) ( I )  
The physical and chemical properties of an impure 

sample, m.p. 256-270 "C, were listed in a previous publica- 
tion (2) where it was referred to as compound H;  v,,,: 
3400-3300 (OH), 1387 and 1365 (geminal dimethyl), and 
795 (trisubstituted double bond). The n.m.r.: 4.72 (multi- 
plet, IH, olefinic), 6.79 and 6.90 (overlapping triplets, 

I 
J = 5.0 Hz, 2FI, H--C-OH), 8.78 and 9.06-9.35 (CH3). 

I 
Mass spectrum (MS9): fragments at m/e427 (M-15), 
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424 (M-18), 409 (M-33), 406 (M-36), and 391 (M-51); 
302 (ion X), 220 (ion Z), 207 (ion Y), other prominent 
fragments at 187, 147, and 135. 

Anal. Calcd. for C,oH,,O, (molecular weight 442,381): 
C, 81.45; H, 11.31; 0 ,  7.24. Found (442.380): C, 80.66; 
H, 12.03; 0 ,  7.50. 

The diacetate. m.v. 325-328 "C was isolated in a seoa- , . 
rateexperiment; v,,,: 1725 and 1242 (OAc), 1640 and $95 
(trisubstituted double bond). Mass spectrum (CH4): frag- 
ments at mle 466 (M-60), 451 (M-75), 406 (M-120), and 
391 (M-135). Mol. Wt. Calcd. for C34H54O4 526.402. 
Found: 526.402. 

The diacetate (1 5 mg) was reduced with excess LiAlH, 
in refluxing dry tetrahydrofuran (THF) for 3 h and the 
excess reducing agent destroyed by the addition of moist 
solvent. The product was filtered, taken up in CHCI,, 
dried, and evaporated. Elution from a small alumina 111 
column yielded the corresponding diol (10 mg) with t.1.c. 
properties in ethyl acetate - benzene corresponding to an  
authentic sample of serratenediol contaminated with a 
trace of 21-episerratenediol, R, 0.30, serratenediol 0.30, 
and 21-episerratenediol0.42. 

The identity of compound H was confirmed by g.1.c. 
analysis of the TMS ether derivative using a 6 ft x 118 in. 
stainless steel column packed with 1.5% SE 30 silicone 
gum rubber on gas Chrom Q (100-200 mesh). I n  a linear 
ten~perature programmed run from 200-300 "C, at 4 'C/ 
min temperature gradient, serratenediol was eluted at 
297 "C and 21-episerratenediol at 286". Compound H 
showed 2 fractions emerging at 286" and 296" in the ratio 
3 parts to 100. 

3a,21[3- Dimethoxy-A14-serratene (2) 
This compound was purified by high vacuum sublima- 

tion, m.p. 254-256 "C; v,,,: 1090 (OCH,), 1640 and 795 
(trisubstituted double bond). The n.m.r.: 4.63 (n~ultiplet, 
l H ,  olefinic H), 6.72 (singlet, 6H, 2 OCH,), 7.16 and 7.22 

I 
(overlapping triplets, J = 2.5 Hz, 2H, CH,O-C-H): 

I 
and 9.09-9.32 (17.5H, CH,). Mass spectrum ( ~ ~ 4 j :  frag- 
ments observed at mle455 (M-IS), 438 (M-32), 423 (M-47), 
406 (M-64), and 391 (M-79); other prominent fragments 
at m/e 316 (ion X), 221 (ion Y), 234 (ion Z), 284,269, 189, 
149, and 135. Mol. Wt. Calcd. for C32H5402: 470.412. 
Found: 470.415. 

This compound was compared with the known com- 
pound B methyl ether (2) on a t.1.c. plate; CHCI, (R, 0.88, 
compound B methyl ether 0.88); benzene-ether (10:l) 
(R, 0.80, compound B methyl ether 0.80). Quantitative 
comparison of the i.r. spectra as KBr disks showed the 
compounds are identical and the mass spectra and n.m.r. 
spectra were also identical. 

3a-Methoxy-21 Keto-A14-serratene (3) 
After high vacuum sublin~ation this compound had 

m.p. 240-242 "C; [aID2O - 70.6"; v,,, 1707 (carbonyl), 
1090 (OCH,), 1640 and 795 (trisubstituted double bond). 
The n.m.r. 4.63 (multiplet, IH,  olefinic), 6.67 (singlet, 3H, 

I 
OCH,), 7.20 (triplet, J 2.5 Hz, lH ,  H-6-OCH,), and 

I 
8.90-9.16 (22.8H, CH,). Mass spectrum (CH4): frag- 
ments at m/e 439 (M-15), 422 (M-32), 407 (M-47); other 

prominent fragments at mle 221 (ion Y), 218 (ion Z), 
284, 203, 190, 189, 149, and 135. Mol. Wt. Calcd. for 
C31H5002: 454.381. Found: 454.380. 

This substance was compared with the known B ketone 
(2). The substances showed identical behavior when 
developed with CHCI, (R, 0.38) and with benzene-ether 
(10:l) (Rf 0.61); compound B ketone, m.p. 238-239.5 "C, 
mixed m.p. 239-242 "C. The compo~lnds are identical on 
the basis of quantitative i.r. spectral comparison and con- 
sideration of optical rotation, n.m.r., and mass spectral 
data. 

3p-Hydroxy-21 Keto-A'4-sevvatene (4) 
The physical and chemical properties of an  impure 

sample of this substance were listed in a previous publica- 
tion (2) where it was referred to as compound D. White 
crystals from ethanol, m.p. 245-247 " C ;  optical rotatory 
dispersion (0.r.d.) (c, 0.02, CH30H), 21 "C: [+I,,, 
-231°, [+I589 -2313, [+I314 -2168', [+I276 f 461°, 
[+Iz4, - 2906" ; molecular amplitude - 26.2; v,,, : 3500 
(OH), 1707 (carbonyl), 1387 and 1370 (geminal dimethyl), 
and 797 (trisubstituted double bond). The n.m.r.: 4.65 

I 
(multiplet, lH ,  olefinic), 6.84 (multiplet, lH ,  1-1-C-OH), 

I 
8.94-9.25 (22.6H, CH,). Mass spectrum (cH~):  frag- 
ments observed at nz/e 425 (M-15), 422 (M-18), and 407 
(M-33); 218 (ion Z), 207 (ion Y); other prominent frag- 
mentsat 189, 177, 149, 147, 138, and 135. Mol. Wt. Calcd. 
for C3,H480,: 440.365. Found: 440.369. 

A sample of the compound was acetylated in pyridine - 
acetic anhydride at room temperature. After standing for 
2 days the crude acetate was recovered in the usual 
fashion and purified on a short alumina column (yield 
15 mg). White platelets from acetone, m.p. 325-327 "C; 
v,,, CHCI,: 1720 and 1255 (OAc) and 1702 (carbonyl). 
The n.m.1.: 4.55 (multiplet, lH ,  olefinic), 5.50 (multiplet, 

I 
lH ,  H-C-OAc, 112 height width 18 Hz), 7.92 (singlet, 

I 
3H, OAc), 8.90-9.14 (CH,). Mass spectrum (MS9): frag- 
ments observed at m/e 467 (M-15), 422 (M-60), and 407 
(M-75); 218 (ion 2); other prominent fragments at 249, 
203, 190, 189, 147, and 135. Mol. Wt. Calcd. for C,,- 
HSoO,: 482.375. Found: 482.376. 

The acetate was reduced with excess LiAIH, in refluxing 
T H F  for 3 h. Workup in the usual fashion yielded a 
product shown by t.1.c. in ethyl acetate - benzene (1 :4) to 
be free of starting material and to have properties similar 
to an authentic standard of serratenediol; R, serratenediol 
0.30, 21-episerratenediol 0.42, reaction product 2 spots 
R, 0 32 and 0.42 in ratio about 10 to 1. The g.1.c. analysis 
of the TMS ether derivatives under the conditions pre- 
viously described showed serratenediol eluted at 295 "C, 
21-episerratenediol at 288 "C, and the reaction product 
gave two peaks at 286 and 296 "C in the ratio 1 to 30. 

13-Epimanool (5) 
Pale yellow oil, [cl]D2Z (c, 1.0, CHC13) + 40.9"; A,,, 

(?I-heptane): 228, shoulder 276 ( E  190 and 60); v,,, (liquid 
film): 3300 (OH), 3065 (vinyl or terminal methylene), 1635 
(non-conjugated double bond), 1410,990, and 915 (vinyl), 
878 (terminal methylene), and 1383 and 1365 (geminal 
dimethyl). The n.m.1.: ABX system from vinyl group 
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NOTES 1025 

4.15 (IH, quartet, J, ,,,, = 17.5 Hz, Jci, = 10.5 Hz, Ha and 4.76 (2H, overlapping multiplets, H, and H,), 5.15 
and 5.49 (2H, multiplets, exocyclic methylene), 8.27 

Hc R, , I 
\ / 

in system ,C=C, ), 4.88 (IH, quartet J,,,,, = 17.5 (3H, singlet, CH3-C-OR), and 9.12-9.32 (CH,). 

~a i-Ib I Anal. Calcd. for Cz,H,6N,06: C, 66.92; H, 7.49; N, 
Hz, J,,,= 1.5Hz, He), 5.05 (lH, quartet, Jet,= 10.5 5.78.Found:C,66.99;H,7.60;N,5.67. 
Hz,J,,, = 1.5 Hz, Hb), 5.26 and 5.55 (2H, pair of wide 
multiplets, exocyclic methylene), 8.57 (singlet, OH, moved Compounds 1,4, and 5 were first isolated in the course to 8.65 when temperature raised from 30 to 50'7, 8.79 of doctoral thesis work in the Chemistry Department, I 
(CH3-C-OH), and 9.17-9.36 (CH,). Mass spectrum University of British Columbia. 

I 
(MS9): highest observed fragment at mle 272, major 
fragments at 257, 204, 189, 161, 137, and 135. 

Anal. C a l ~ d . f o r C ~ ~ H ~ ~ 0 :  C,82.69;H, 11.80; 0,5.51. 
Found: C, 82.20; H, 12.19; 0, 5.62. 

The mass spectrum did not reveal a molecular ion 
peak. However, high resolution mass measurement on 
the rnle 272 peak gave the value 272.251. Mol. Wt. Calcd. 
for C,,H3,: 272.250. This peak therefore corresponds 
to M +  - H,O. 

The alcohol (227 mg) was reacted with freshly prepared 
and recrystallized 3,5-dinitrobenzoyl chloride (227 mg) in 
dry pyridine (3 rill) for 2 days. The pyridine was removed 
by distillation in vacuo and the product recrystallized 
twice from CH2Cl2-MeOH. Needles, m.p. 119-120 "C; 
[qIDz2 (c,  1.0, CHC13) + 36.6'. The n.m.r.: 0.80 (lH, 
tr~plet, J = 2.0 Hz, aromatic C,), 0.88 and 0.90 (2H, 
singlets, aromatic CZ and C6), 3.89 (lH, quartet, J,,,,, = 

R 

18 Hz, Jci, = 10 Hz, H, in system 
\ /"c 

/c=C\ ), 4.74 
Ha H , 
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Protonated cyclopropanes. 1V.l Trif luoroacetolysis  of 

l-14C-l-propyl tosylate 

Department of Chemistry and Chemical Engineering, Unicersity of Saskatchewan, Sa~katoon, Saskatchewan 
Received October 9, 1969 

The trifluoroacetolysis of l-'4C-l-propyl tosylate was carried out either with or without the presence 
of an equivalent of sodium trifluoroacetate. Both 1-propyl and 2-propyl trifluoroacetates were obtained, 
the latter being the major product if the sodium salt was not present. Isotope position rearrangements 
from C-l to C-2 and C-3 were observed in the 1-propyl trifluoroacetate to the extent of about 2 and 17 %, 
respectively, for the reactions effected with and without sodium trifluoroacetate. The rearranged I4C- 
label was about equally distributed at C-2 and C-3. It is proposed that these rearrangements may be 
explained on the assumption that part of the overall reaction proceeds through equilibrating protonated 
cyclopropane intermediates. 
Canadian Journal of Chemistry, 48, 1025 (1970) 

As a part of a general scrutiny of reactions with ( ~ - O T S - I - ~ ~ C )  in trifluoroacetic acid. The use of 
the 1-propyl system that might involve protonated trifluoroacetic acid is of interest since it is an even 
cyclopropane intermediates (1-5), a study was more "limiting" solvent than the commonly used 
made on the solvolysis of l-14C-l-propyl tosylate formic acid because of its higher ionizing power 
-- 

'For paper 111, see ref. 4. and/or more poorly nucleophilic character (6). 
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TABLE 3 
Yields of 1-propyl trifluoroacetate (I-TFA) and 2-propyl trifluoroacetate (2-TFA) from trifluoroacetolyses 

of 1-propyl tosylate (I-OTs) with or without added sodium trifluoroacetate (NaTFA)* 
* - - - - 

Reaction time (days) 3 4 5 6 

With No With No With No With No 
NaTFA NaTFA NaTFA NaTFA NaTFA NaTFA NaTFA NaTFA 

Unreacted I-OTs (g) 2.55 3.37 1.94 1.71 1.26 0.51 0.81 0.00 
1-TFA (g) 1.77 0.54 1.62 0.47 1.79 0.37 1.65 0.24 
2-TFA (g) 1.28 3.00 1.12 3.50 1.27 2.94 1.20 1.78 

*Each experiment was carried out at reflux temperature using 8.00 g of 1-OTs, with or without an equivalent of NaTFA, in 35 ml of 
F3CCOOH; the product mixture was analyzed by n.m.r. (see Experimental). 

The trifluoroacetolysis of 1-OTs-1-14C, either 
with or without the presence of an equivalent of 
sodium trifluoroacetate, was carried out by re- 
fluxing the reaction mixture for 5 days. Both 
I-propyl trifluoroacetate (1-TFA-I4C) and 2-pro- 
pyl trifluoroacetate (2-TFA-I4C) were obtained. 
The reaction time of 5 days was chosen because 
results from preliminary trials with inactive 
materials, given in Table 1, suggested that this 
length of refluxing gave reasonably good yields 
of 1-TFA relative to the yields of 2-TFA and 
unreacted I-OTs. It should also be noted from 
Table 1 that when the solvolysis was effected 
without any sodium trifluoroacetate, the dom- 
inant product was 2-TFA. However, when 
sodium trifluoroacetate was present in the reac- 
tion mixture, more 1-TFA was formed. The 
mixture of 1-TYA-14C and 2-TFA-14C obtained 
from each solvolysis run was hydrolyzed to give 
the alcohols, 1-OH-14C and 2-OH-14C, which 
were subsequently separated by preparative vapor 
phase chromatography (v.p.c.) (1). The active 
1-propanol (1-OM-14C) so obtained was degraded 
by conversion to propionic acid, to acetic acid, 
to methylamine, as described previously (1) to 
give the 14C- distribution in the I-propyl group; 
the results are summarized in Table 2. 

From Table 2, it is seen that there was much 
less isotopic scrambling in the 1-TFA-14C when 
the trifluoroacetolysis of I-BTs-1-"C was carried 
out with added sodium trifluoroacetate. More- 
over, the rearranged isotopic Iabel was about 
equally distributed between C-2 and C-3. When 
the reaction was effected in the presence of tri- 
Auoroacetate ions from the added salt, apparently 
there was a larger S,2 component which gave 
rise to unrearranged 1-TFA. This conclusion 
would be compatible with the product distribu- 
tion given in Table 1, which showed that the 

presence of sodium trifluoroacetate led to the 
formation of more 1-TFA. When the trifluoro- 
acetolysis was effected without added salt, the S,1 
component, which could give rise to 2-TFA and 
to isotopically rearranged 1-TFA, would be the 
dominant process. 

The finding of about equal amounts of re- 
arranged 14C-label at C-2 and C-3 in the 1-TFA- 
I4C product from the present work is similar to 
the results observed in the nitrous acid deamina- 
tion of l-14C-l-propylamine (1, 5), although the 
extents of rearrangement were different for the 
different reactions. As was concluded in the 
earlier work (1-5), the rearrangement of the label 
in the 1-propyl system from C-1 to both C-2 and 
C-3 could be best accommodated by the inter- 
vention of equilibrating protonated cyclopropane 
intermediates. Thus the 1-propyl cation generated 
in the trifluoroacetolysis of ~ - O T S - I - ~ ~ C  could 
rearrange to the 2-propyl cation and to equi- 
librating protonated cyclopropanes, the latter 
giving rise to I-TFA with equal amounts of 
14C-label at each of the 3 carbon positions. 

The equal distribution of the rearranged label 
at C-2 and C-3 does not permit a differenti- 
ation between face-protonated cyclopropane (3), 
equilibrating corner-protonated cyclopropanes 
(methyl-bridged ions) (4a @ 4b), and equilibra- 
ting edge-protonated cyclopropanes (5a $ 5b) 
(7) (Scheme 1). There is, however, general agree- 
ment that face-protonated 3 is not the stable 
structure (8-10) and that probably, the edge- 
protonated intermediates may be preferred over 
the corner-protonated species (1, 8-1 1). Collins 
has pointed out (7 and private communications) 
that starting from 1-X-1-14C, after all inter- 
mediates have reached equilibrium, equal 
amounts of 1-Y-2-I4C and 1-U-3-"4C would be 
obtained from either 4a -F.? 4b or 5a + 5b. 011 the 
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NOTES 

CH2 Hi- 
C H ~ C H ~ C * H ~ X  --+ / < --+ C H ~ C H ~ C * H ~ Y  + CH3C*H2CH2y I C * H 3 C H 2 C ~ 2 y  

CH2-C H2 

3 

other hand, if products were formed before 
equilibrium has been established, from processes 
involving corner-protonation (4a * 4b), 1-Y-3- 
14C can never be greater than 1-Y-2-14C, while 
from processes involving edge-protonation 
(5a * Sb), 1-Y-3-14C can be greater than I-Y-2- 
I4C. One of the original objectives of the present 
work was to find out if the trifluoroacetolysis of 
P -OTS- I -~~C would give a I-TFA-14C product 
with more 14C-label at C-3 than C-2, thus 
providing experimental evidence for edge-pro- 
tonation. Since the results indicated about equal 
amounts of 14C-label at C-2 and C-3, in the 
trifluoroacetolysis of I - O T S - ~ - ~ ~ C ,  the equili- 
brating protonated cyclopropane intermediates 
must have reached equilibrium before formation 
of the product, 1-TFA-14C. 

ADDENDUM 
When the present note was being prepared for 

publication, a communication by Reich et al. (1 3) 
on the trifluoroacetolysis of certain primary alkyl 
tosylates has appeared. Among the compounds 
studied was I-OTs labelled with deuterium in 
various positions. The products obtained (at 100 
or 125") ranged from 10.3-16.3% 1-TFA and 

83.7-89.7% ZTFA. These product distributions 
can be regarded as in substantial agreement with 
those observed in the present work; for example, 
it can be seen from Table 1 that when the trifluoro- 
acetolysis mixture was refluxed (about 73") for 
6 days without the presence of sodium trifluoro- 
acetate, the product ratio was 12% 1-TFA and 
88% 2-TFA. Reich et al. also reported that the 
nuclear magnetic resonance (n.m.r.) examination 
of the 1-TFA derived from D-labelled 1-OTs, 
such as 1-OTs-1,l-d,, showed essentially no 
isotopic scrambling (less than 2%), and this is 
distinctly at variance with the present results. The 
determination of isotope position rearrangements 
by 14C-tracers would be more sensitive than the 
n.m.r. technique. The isotope position rearrange- 
ment of about 1% from C-1 to each of C-2 and 
C-3, observed in the trifluoroacetolysis of 1-OTs- 
1-14C with added sodium trifluoroacetate, would 
have been missed by the n.m.r. method. On the 
other hand, the total of about 17% rearrangement 
from C-1 to C-2 and C-3, found in the trifluoro- 
acetolysis of I - O T S - ~ - ' ~ C  without the presence 
of sodium trifluoroacetate, should be readily 
detectable by n.m.r. and D-labelling. The absence 
of isotope position rearrangements reported by 
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NOTES 1029 

Reich et al. apparently applies to trifluoro- 
acetolysis without added salt, and this discrep- 
ancy, therefore, remains to be resolved.' 

Experimental 
The Solvolysis Reaction 

A solution of 8.00 g (0.037 mole) of I-14C-l-propyl 
tosylate (I-OTs-1-14C) (2) in 35 ml of trifluoroacetic acid, 
with or without 5.10 g (0.037 mole) of sodium trifluoro- 
acetate, was heated under reflux in an oil-bath for 5 days, 
the top of the reflux condenser being protected by a 
drying tube. The resulting solution was poured into a 
separatory funnel containing about 200ml of ice and 
water. The organic layer (about 4.0 g) was separated, 
washed with a small amount of water, and then distilled, 
the fraction boiling between 65 and 90" being collected. 
(The b.p. of 1-propyl and 2-propyl trifluoroacetxtes 
(1-TFA and 2-TFA) (12) are 82.5 and 73.5", respectively.) 

The above crude product was hydrolyzed by heating 
under reflux for 3 h with 50 ml of 10% NaOH solution. 
T o  the hydrolyzate, about 1.0 g of ordinary 1-propanol 
(1-OH) was added as carrier, and the material was then 
continuously exrracted with ether for 24 h. After drying 
over anhydrous MgS04, the ether was fractionated off. 
From the residue, the 1-OH-I4C was separated from the 
2-OH-14C by preparative v.p.c. as previously described 
(1). More 1-OH carrier was added, if necessary, to give 
a total of about 3.0 g of x-14C-I-propanol before it was 
used for the subsequent degradation. 

Product Analysis Studies 
The trifluoroacetolysis, using 8.00g of ordinary 

1-OTs, with or without an equivalent of sodium trifluoro- 
acetate, in 35 ml of trifluoroacetic acid, was carried out 
as described above, the reaction time being 3, 4, 5 ,  or 
6 days. The organic material recovered from the reaction 
mixture was not distilled, and after weighing, it was 

21n a private communication from Dr. Diaz, it was 
pointed out that the n.m.r. assays were carried out on 
the reaction mixture itself, which would contain unreacted 
1-OTs-d2 and 2-TFA-d, besides the 1-TFA-4. Thus the 
amount of C-1 H-absorption for the 1-TFA-cl, product 
would be difficult to measure with great accuracy. The 
conclusion drawn was that the extent of isotopic scram- 
bling from C-1 to C-2 and C-3 was low, perhaps no more 
than 10% and this concl~~sion may be regarded as 
indicating no substantial disagrecment between the 
results obtained with D- or 14C-labeling. It was also 
pointed out that in the present work, the concentration 
of 1-OTs-l-'4C in the reaction solution was relatively 
high and there could be the possibility that the HOTS 
liberated during the solvolysis might cause more extensive 
isotopic scrambling. 

analyzed directly by n.m.r. using an  HA-100 spectrom- 
eter. Comparison with the n.m.r. spectra of authentic 
samples showed the presence of I-TFA, 2-TFA and 
unreacted 1-OTs. Based on the integration of the absorp- 
tions centered at 74.85, 5.74, and 6.07, respectively, for 
the one C-2 proton of 2-TFA, the two C-1 protons of 
1-TFA, and the two C-1 protons of unreacted 1-OTs, the 
relative molar composition of the product mixture was 
estimated. Knowing the mole fractions and molecular 
weights of the three components and the total weight of 
the mixture, the weights of each component can be cal- 
culated. The results are summarized in Table l .  

As a test of the stability of 1-TFA and 2-TFA in the 
trifluoroacetolysis medium, an  authentic sample of each 
of these compounds was refluxed in trifluoroacetic acid 
for 5 days. The n.m.r. analysis of the recovered material 
showed no isomerization of 1-TFA to 2-TFA or vice 
versa. 

Degradations 
Each sample of 1-OH-14C derived from the solvolysis 

runs was degraded by conversion to propionic acid, to 
acetic acid, and then to methylamine as described 
previously by Lee and Kruger (1). The degradation 
products were converted to the appropriate solid deriva- 
tives which were rigorously purified before being used for 
the determination of their radioactivity (1). 

The financial support given by the National Research 
Council of Canada is gratefully acknowledged. 
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Diels-Alder reaction between cyclopentadiene and 3-0-acetyl-5,6-dideoxy-1,2-0- 
isopropylidene-6-nitro- a-D-xylo-hex-5-enose 

W. A. SZAREK AND J .  S. JEWELL 
Department of Chemistry, Queen's Uniuersity, Kingston, Ontario 

Received September 19, 1969 

A Diels-Alder reaction between cyclopentadiene and 3-0-acetyl-5,6-dideoxy-l,2-0-isopropylidene- 
6-nitro-a-D-xylo-hex-5-enose (3) gave a crystalline adduct, whose structure has been established to be 
that of 5-endo-nitro-6-exo-(3 '-O-acetyl-l',2'-O-isopropylidene-a-~-xyla-tetrofuranos-4'-yl)-2-norbornene 
(4) by nuclear magnetic resonance spectroscopy. 

Une rdaction de Diels-Alder entre le cyclopentadiene et le 3-0-acktyl-5,6-didesoxy-1,2-0-isopropyli- 
dene-6-nitro-CY-D-xylo-hex-5-enose (3) conduit a un compose cristallin, dont la structure a Cte demontree 
par spectroscopie de rdsonance magnetique nucldaire: il s'agit de le 5-endo-nitro-6-exo-(3'-O-acCtyl- 
1 ',2'-0-isopropylid6ne-a-~-xylo-tCtrofuranos-4'-y)-2-norbornene (4). 
Canadian Journal of Chemistry. 48, 1030 (1970) 

Although there exists considerable literature 
on the Diels-Alder reaction in general organic 
chemistry, examples in the carbohydrate field are 
rare. Recently Inch and Rich (1) reported the 
facile dimerization of (2R,3R)-5-benzoyl-2,3- 
dihydro-2,3-0-isopropylidenefuran-2,3-di (1) 
by a Diels-Alder reaction in which the con- 
jugated a,P-unsaturated carbollyl compound 
functions both as a diene and as a dienophile. At 
about the same time Baer and Kienzle (2) reported 
that the dehydroacetylation of methyl 2,4,6-tri-0- 
acetyl-3-deoxy-3-nitro-P-D-glucopyranoside and 
of its D-Wmnno and ~-galactO isomers gave, as a 
reaction intermediate, a derivative (2) of 2H- 
pyran which dimerized spontaneously in a Diels- 
Alder reaction to a tricyclic product. We describe 
now a Diels-Alder reaction between cyclo- 
pentadiene and the carbohydrate nitroolefin 3-0- 
acetyl-5,6-dideoxy- l,2-0-isopropylidene-6-nitro- 
a-D-xylo-hex-5-enose (3) (3, 4). 

Compound 3 was prepared in the present work 
by the addition of nitryl iodide (N0,I) to 3-0- 
acetyl- 5,6-dideoxy - 1,2- 0-isopropylidene- a -D-  
xylo-hex-5-enosc, followed by dehydrohalogena- 
tion of the resultant iodo-C-nitro adduct (4). The 
configuration of the double bond in 3 has been 
determined (4) to be trans by nuclear magnetic 

resonance (n.m.r.) spectroscopy. In nitroethylene 
the vicinal proton coupling constants J,,,,, and 
Jci, have been estimated (5) to be 13.4 and 4.9 Hz, 
respectively. The observed coupling constant for 
the vinyl protons in the spectrum of 3 is approxi- 
mately 14 Hz which indicates that the nitroolefin 
has the trans stereochemistry. 

Diels-Alder reactions between cyclopentadiene 
and nitroolefins have been reported previously 
(6). Structures can be assigned to the diastereo- 
meric adducts from their n.m.r. spectra ( 5 ,  7). 
Thus Noland et al. (5) have determined that in the 
addition to cyclopentadiene of nitroethylene and 
some trans nitroolefins (1-nitropropene, l-nitro- 
I -butene, and various 2-aryl-1-nitroethylenes) 
there was a predominance of the endo-nitro trans 
stereoisomer; endolexo ratios from 3 : 1 to 9 : 1 
were observed. 

Treatment of compound 3 with refluxing 
cyclopentadiene gave a crystalline adduct in 26 % 
yield and a syrupy residue. The structure of 
5-endo-nitro-6-exo-(3'-0-acetyl- l1,2'-O-iso- 
propylidene-a-~-xylo-tetrofuranos-4'-yl)-2-nor- 
bornene (4) has been assigned to the crystalline 
compound on the basis of its n.m.r. spectrum 
(Fig. 1). The signal assignments were made with 
the aid of spin decoupling, and by comparison 
with published (5) n.m.r. data for 5-nitro-6- 
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NOTES 

FIG. 1. The 60 MHz nuclear magnetic resonance spectrum of 5-endo-nitro-6-exo-(3'-O-acetyl-l',2'-O-isopro- 
pylidene-a-~-x~~lo-tetrofuranos-4'-yl)-2-norbonene (4) in chloroform-d. 

substituted-2-norbornenes. The absorption for 
the vinyl protons is centered at T 3.74, and appears 
as two 4-line multiplets because of coupling of 
the vinyl and bridgehead (H-1 and H-4) protons. 
The downfield multiplet, centered at t 3.50, has 
been attributed to H-2 (see below) with J,,, = 
5.0 and J,,, = 2.2 Hz; the H-3 multiplet is 
centered at .r: 3.97, and J,, ,  = 2.6 Hz. The 2 
broad peaks at T 6.41-6.61 and 6.78-6.98 have 
been assigned to the 2 bridgehead protons H-4 
and H-1, respectively; it is assumed that the 
electron-withdrawing inductive and field effects 
of the 5-nitro group would cause the signal for 
H-4 to occur further downfield than that for the 
more remote H-1 (5). Irradiation of H-4 caused 
the quartet centered at T 3.97 to collapse to a 
doublet with a splitting of 5.0 Hz, and the triplet 
a t  t 5.39 to collapse to a doublet with a splitting 

of 4.0 Hz. The former result shows that the signal 
a t  T 3.97 is that of H-3, and J , . ,  = 5.0 Hz. The 
triplet can be assigned to the 5-exo proton with 
J,,, = J , , ,  = 4.0 Hz. Noland et al. (5) have 
reported that the 5-exo protons in their 5-endo- 
nitro-6-exo-substituted-2-norbornenes occurred 
in the region t 4.97-5.57, and all appeared as 
triplets as a result of the fortuitous equivalence 
of the coupling constants (4-5 Hz) for the 4,5-exo 
and 5-exo, 6-endo interactions. The 5-endo pro- 
tons in the 5-exo-nitro stereoisomers, however, 
occurred upfield in the region t 5.43-6.21, and 
usually appeared as quartets owing to non- 
equivalence of the coupling constants for the 
5-endo, 6-exo (4-5 Hz) and long range 5-endo, 
7-syn (2 Hz) interactions. Irradiation of H-1 
caused the quartet centered at T 3.50 to collapse 
to a doublet with a splitting of 5.0 Hz, a result 
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which corroborates the assignment of this signal 
to H-2. The multiplet centered at  z 7.50 has been 
assigned to the 6-endo proton with J,,,, = 10.0 
Hz, since irradiation at z 5.88 (H-4') caused the 
multiplet to appear as a broad band, in addition 
to causing the doublet at z 4.78 to collapse to a 
singlet, whereas irradiation at z 7.50 caused the 
quartet at z 5.88 to appear as a broad band, and 
also simplified the H-5 triplet at z 5.39 to a 
doublet with a splitting of 4.0 Hz (J,,,). The 
value of z 7.50 for the 6-endo proton is in agree- 
ment with values reported by Noland et al. (5) in 
their 5-endo-nitro-6-exo-substituted-2-norbor- 
nenes (z 6.45-7.93). The doublet at z 4.78 can be 
assigned to H-3' with J,,,,, = 3.0 Hz; irradiation 
at z 4.78 caused the H-4' quartet at z 5.88 to 
collapse to a doublet with a splitting of 10.0 Hz 
(J, ,>,) .  The two doublets at z 4.1 1 and z 5.50 have 
been assigned to H-1' and H-2', respectively, 
with J,,,,, = 3.8 Hz; irradiation at z 4.11 caused 
the doublet at z 5.50 to collapse to a singlet. 
Finally, the remaining peaks at z 7.98, 8.33, 8.48, 
and 8.66 have been assigned to the acetyl group, 
the methylene bridge at C-7, and the isopropy- 
lidene-methyl protons, in that order. The values 
obtained for the coupling constants for the ring 
proton interactions of the tetrofuranose moiety 
are in agreement with those reported (8) previ- 
ously for 1,2-0-isopropylidene-a-D-xylo-hexo- 
furanose derivatives, and indicate that the carbo- 
hydrate ring adopts the TZ3 conformation. 

The n.m.r. spectrum of the syrupy residue 
indicated that it was a mixture which contained a 
small amount of compound 4. A resolution of the 
mixture by thin-layer chromatography (t.1.c.) 
was not possible, since the other component(s) 
migrated in a variety of solvents at almost the 
same rate as 4. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. Optical rotations were 
measured with a Perkin-Elmer model 141 automatic 
polarimeter at 27 + 2". Infrared (i.r.) spectra were 

measured on a Beckman-IR5A spectrophotometer. 
Nuclear magnetic resonance spectra were determined on 
a Varian T-60 spectrometer in chloroform-d and tetra- 
methylsilane as internal standard; signal assignments 
were made on a first-order basis with the aid of spin 
decoupling, and coupling constants were measured at 
250 Hz sweep widths. The t.1.c. was performed with 
Silica Gel G as the adsorbent, and 4:l (v/v) petroleum 
ether (b.p. 60-80") -ethyl acetate as the developing 
solvent. The developed plates were air dried, sprayed 
with 5 % ethanolic sulfuric acid and heated at about 150". 

Reaction of 3-O-Acetyl-5,6-dideoxy-1,2-O-isopropylidene- 
6-nitro-a-D-xylo-hex-5-enose (3) with Cyclopentadiene 

A solution of compound 3 (100 mg) in freshly prepared 
(9) cyclopentadiene was heated for 3 h at reflux tempera- 
ture. The solution was concentrated then under reduced 
pressure to 112 of its original volun~e, and left overnight 
at room temperature. Long needles were formed, which 
were removed by filtration and dried under reduced 
pressure; the filtrate was concentrated to dryness to yield 
a yellow syrup. Recrystallization of the needles from 1 :1 
ethyl acetate -petroleum ether gave the pure adduct 4 
(33 mg, 26%), m.p. 185-186", [all, $61 + 3" (c, 0.5 in 
chloroform); R F  0.29 (t.1.c.); I,,, (Nujol) 5.72 (OAc), 
6.1 (C=C), 6.42, 6.50 (C-NO,) 7.25 pm (CMe,). The 
n.m.r. spectrum of 4 is shown in Fig. 1. 

Anal. Calcd. for Cl6H,,O,N: C, 56.6; H, 6.2; N, 4.1. 
Found: C, 56.6; H, 6.3; N, 4.0. 

The authors thank Professor J. K. N. Jones for his 
interest and encouragement, and the National Research 
Council of Canada and the Department of University 
Affairs in the Province of Ontario for financial support 
of this research. 
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Nuclear magnetic resonance spectra of the epihalohydrins. I. Signs of long-range 
spin-spin coupling constants in epichlorohydrin' 

C. J. MACDONALD~ '~  AND T. SCHAEFER 
Cl~etnistry Departtr~etlt, Utlifiersity of Mat7itoba, Winnipeg, Manitoba 

Received October 17, 1969 

The conlplete analysis of the proton magnetic resonance spectrum of epichlorohydrin as 10 mole % 
solutions in benzene and in acetonitrile is reported. Extensive tickling experiments demonstrate that 
the cisoid co~~pl ing constants over four bonds are negative, while the corresponding trat7soid coupling 
constants are positive. Detailed results for the benzene solution, in which the non-equivalent protons of 
the -CH2CI moiety have almost identical chemical shifts, show that although all the resonances may 
be unequivocally identified and measured to a high order of precision (+ 0.03 Hz), an iterative com- 
puter fit (LAOCOON-3) has a larger uncertainty for the derived parameters than indicated by the 
"probable errors" furnished by the computer program. Analysis of the acetonitrile solution, however, 
furnishes a less ambig~~ous result. In addition, it is noted that use of relative apparent intensities of 
resonance peaks can lead to the wrong sign of those coupling constants whose magnitudes are near zero. 

Canadian Journal of Chemistry, 48, 1033 (1970) 

Introduction 
The nuclear magnetic resonance (n.m.r.) 

spectra of the epihalohydrins, 1, have been 
investigated by several workers (1-5). Only in the 
case of the parent propylene oxide (X = H) 
have the signs of the long-range proton-proton 
coupling constants been unequivocally deter- 
mined.4 In propylene oxide, 4Jc,3,H, is negative, 
while 4 ~ c H 3 , H ,  is positive (6). When X = halogen 
in 1, H, and HE are magnetically non-equivalent 
(7). Previous analysis of the n.m.r. spectra of 
epichlorohydrin (1, 3) and epifluorohydrin (4), 
which utilized iterative computer methods in 

10, 

matching observed and calculated peak positions 
together with visual comparisons of calculated 
and observed peak intensities, have variously 
suggested that (a) all four 4J are positive (4); 
(b) all four 4J are negative (3); (c) one 4J in- 
volving HB is positive, the other three 4J are 
negative (1). 

A re-investigation of the n.m.r. spectra of the 
3-substituted propylene oxides therefore ap- 
peared t o  be warranted. This paper reports the 
method of analysis used to determine unequivo- 
cally the signs of the long-range coupling 
constants. Its application to the proton magnetic 
resonance spectrum of epichlorohydrin is illus- 
trated. Because of the ambiguities present in the 
analysis of a benzene solution of epichlorohydrin, 
an acetonitrile solution was also analyzed. A 
second paper by one of us (C.J.M.) will present 
the results and discussion for all the epihalo- 

'Presented, in part, at the 51st Annual C.I.C. Con- hydrins (8). 
ference, Vancouver, British Columbia, June 2-7, 1968. 

ZPostdoctorate Fellow 1967-1968. Experimental 
3Present address: Department of Chemistry, University ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ d ~  epichlorohydrin from ~~~t~~~ was 

of Toronto, Toronto 181, Ontario. prepared as a degassed 10 mole % solution in benzene 
4A recent sign determination for epifluorohydrin, 

using the results of ccticklingu experiments, is of dubious containing some tetramethylsilane (TMS). A similar 

value because of the wrong signs reported for 3JcD, 10 mole % solution in aceton~trlle was also ~ r e ~ a r e d .  
3Jcc, and ZJDE ( 5 ) .  These authors find 4JAD, 4JA,, 4JBE Proton resonance Spectra were recorded in the frequency 
< 0, and I 4 J B D l  < 0.1. sweep mode (sweep rate 0.01-0.02 HZ/S) on a Varian 
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TABLE 1 

Chemical shifts and proton-proton coupling constants for epichlorohydrin* 
. 

This work 
Reference 1 Reference 2 Reference 3 

Parameter Benzene? Acetonitrile (Neat) (Neat) (Neat) 

VA 
Vn 
vc 
VD 
V E  

J A  B 
J,, c 
J*" 

'Chemical shills, v, in p.p.m. liom "internal" TMS. Values from ref. 3 are adjusted to allow for the cyclohesane reference used. Proton-proton coupling 
constants J in Hz .  

tsolution A ' .  dcerncd to be the most correct solution. -~ - 

:Error c.itiiii;llcs it1 tli~r \rork ob~.~ incd  as noted in lllc tcht. 
pS.giis p;ltciitl} it1 error .!re corrcc~cd in  this Table. 
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TABLE 2 

Approximate magnitudes of chemical shifts and coupling constants from n.m.r. 
spectrum on a first-order basis* 

Chemical shift Coupling constant Coupling constant 

Parameter Value Parameter Value Parameter Value 

'All units in Hz; all values for solution A; those 
in parentheses. 

DA60-I spectron~eter locked on the TMS signal. Peak 
positions relative to TMS were determined by inter- 
polation, with a standard deviation of not more than 
0.03 Hz. Double-resonance experiments were performed 
according to standard procedures (9, 10). Resolved peaks 
had widths at  half height of 0.12 Hz or better. 

Results 
The final shift and coupling constant param- 

eters are given in Table 1. 

I .  Initial Analysis of the Benzene Solution 
Spectrunz 

The ABCDE protoil resonance spectrum of 
epichlorohydrin in benzene is shown in Fig. 1. 
Several weak transitions were discernible at 
higher radiofrequency power levels. Resonance 
peaks from HA, H,, and H, in 1 were readily 
assigned as shown on the basis of previous 
findings that ' J  ,,,,, - 5 HZ and 3Jcis > 3Jtm,,s in 
epoxide rings (6, 11, 12). Peaks arising from HD 
and HE were less easily differentiated because of 
the small chemical shift between these two 
protons. 

Consideration of the spectrum on a first-order 
basis led to the approximate chemical shifts, v (in 
Hz relative to TMS), and two possible coupling 
constants, J ,  in Hz (magnitudes k0 .2  Hz) shown 
in Table 2. 

From previous work (6), all the three-bond 
and two-bond coupling constants are positive, 
except for 'J,,. Spectra incorporating this 
information were computed on an IBM systems 
360165 computer using the LAOCOON-3 pro- 
gram (13). Setting Iv, - v,l = 1 Hz facilitated 
the elucidation of the spin assignments in the 
energy levels generated by the program. Owing 
to the complexity of the spectrum, a self-consis- 
tent assignment of the observed peak positions 

values for solution B which differ from solution A are 

to particular transitions proved difficult. This 
task was simplified by utilization of the transition 
diagram (14) ill  conjunction with the results of 
extensive double-resonance ("tickling") experi- 
ments. 

2. Double Irradiation and Relative Signs of 
J,,, in Benzene Solution 

The irradiation experiments are described by 
the notation (15) in which, for example, A{C16} 
indicates observation of A transitions during 
weak irradiation of transition C 1 6  AS is well 
known, such weak irradiations or "tickling" 
experiments indicate which observed transitions 
have common energy levels (9). Because different 
sign alternatives for the coupling constants 
correspond to different energy-level arrangements 
of the spin system, the relative signs may also be 
obtained by these experiments. The parameters 
in epichlorohydrin are such that it is most 
advantageous to irradiate C transitions. Proton C 
undergoes three-bond, positive couplings only. 
Therefore the spin states of the other protons for 
both solutions A and B are easily assigned for 
the outer H, peaks (C,, C3, C15, Cl6) as in 
Table 3. By convention, a minus sign under the 
low-field peak indicates a positive coupling from 
H, to the proton in question. 

TABLE 3 
Spin states of protons 

Spin state in peak 

Proton C1 C2 C15 C16 

HA - + - + 
H D - - + + 
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FIG. 4. Transition diagram for a 5-spin system. Energy level and transition numbering corresponds to that used 
in the LAOCOON-3 program. In the benzene solution, 74 of these transitions could be identified and were used in 
the final iterative computer fitting. A total of 81 transitions were used for the acetonitrile solution. 

( a )  A (,el,) E,~peri~neiits 
111 the exper1nie:it A{C,,}, peaks A, and A,,  

are perturbed (Fig. 2a). In first order, the theory 
(9) then shows that JAu/JBc > 0,  JAD/JcD and 
JAE/JcE < 0. 011 the assumption that the three- 
bond couplings are positive, it follows that 
JAB > 0,  J A D  < 0, and JA, < 0. Of course, the 
present single-resonance spectrum is not first 
order, but the subsequent iterative fit confirmed 
the first-order assignment. Other A(C,,) experi- 
ments reinforced these conclusions and also 
delineated further connected transitions. 

( 6 )  B(Cl,) Exl~erirnents 
In the B(C,,) experiment, those peaks having 

Hu, H,, and HE in positive spin states and Hc in 
either spin state are perturbed. Figure 26 shows 

splitting of peaks B,, and B,,, suggesting that 
all couplings to H ,  have the same sign and are 
therefore positive. Confirmation was obtained by 
further B(C,,) and C(B,,) experiments, and also 
by the iterative computer fit. 

(c) D E{C,,) Exl~eriments 
In benzene solution, H ,  and HE have almost 

identical chemical shifts. In Fig. l a ,  the peak 
assignment incorporates the results of the com- 
plete analysis (very weak transitions are not 
numbered). Figure 3a shows that in the experi- 
ment DEiC , ) ,  E, and E, are perturbed, while 
in Fig. 36, the experiment DE{C2) is seen to 
cause splitting of E l  and E,. While assignment 
of these peaks as E rather than D is expected 
from the iterative fit where v, > vE and the fact 
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that 'J,, is negative for an sp3-hydridized, 
aliphatic CH, group, it is interesting to note 
that the peak assignments remain unchanged for 
(v, - v,) = f 2 Hz; a result not, of course, in 
accord with first-order expectations. 

In other experiments (not shown), {CIS) 
perturbed D, and D,, whereas {C,,) perturbed 
D, and D,. These results again suggest that 
,JAD, 4JAE < 0 and ,JBD, ,JBE > 0. 

3. Iterative Computer Fittirzg of the Benzene 
Sohtion Spectrum 

The tickling experiments clearly show the spin 
assignments of many observed peaks. These 
assignments, together with the transition diagram 
appropriate to a 5-spin system (Fig. 4), lead to 
the unequivocal identification of every resolved 
transition by means of the LAOCOON-3 
program (1 3). Further information was available 
from several of the double-resonance experi- 
ments. For example, the experiments DE{Cl) 
and DE{C,) show that E, - E, = 0.06 f 0.02 
Hz (Figs. 3a, 3b). In addition, the experimental 
precision is sufficient to allow decomposition of 

composite peaks using repeated spacing rules (16) 
and peak widths. The iterative procedure from 
both approximate solutions A and B (using 74 
assigned peaks) then converges rapidly on the 
solution A' (Table I), with a "total root-mean- 
square (r.m.s.) error" (13) of 0.01 1 Hz, and the 
worst fit of any resolved or interpolated peak 
60.03 Hz. However, it was noted that the 
"probable errors" (13) in the derived parameters 
given by the computer fell into two ranges, 
60.003 Hz and 60.03 Hz (i.e., some parameters 
were better determined than others), raising some 
doubt as to the validity of the results. 

Attempts to gauge the accuracy of the iterative 
result by changing several of the experimental 
frequencies within the uncertainty limits of their 
measurement (f  0.03 Hz) led to a range of solu- 
tions without the "probable errors" indicated 
in the computer results. For all these apparent 
solutions, the total r.m.s. error is 60.020 Hz, 
the "probable errors" for each parameter are 
computed to be 60.06 Hz,' and the worst fit of 
any resolved or interpolated peak 60.05 Hz, 
whereas the derived parameters were in the 
ranges 

where v and J are both in Hz. 
Insofar as the numbered peaks in Fig. 1 serve 

as a measure of peak intensity, all the "solutions" 
gave equally valid fits, since intensity variations 
between them are < 1% for any given peak. 
The only difference between these "solutions" 
lies in the intensities of the several weak peaks 
in the CDE portion of the spectrum, as indicated 
in Table 4 for solution A' and one of the other 
solutions. Comparison of all the "solutions" with 
the experimental spectrum intensities strongly 
indicates solution A'  as the most correct 
solution. Experimental and computed spectra 
based on A' may be compared in Fig. 1. 

Although the signs of the coupling constants 
appear to be reliably given by the tickling 
experiments and the iterative fitting results, 
doubts as to the reliability of the parameter 
magnitudes remain, however. For example, if 

the reliability of any of the better determined 
parameters (e.g. v,, v,, JAB,etc.) is taken to be 
-0.03 Hz (i.e., five times the indicated "probable 
error"), then a similar multiplication factor 
leads to the value - f 0.2 Hz as the reliability 

51t should be noted that, whereas the "probable 
errors" in those parameters which are invariant in these 
solutions are c0.006 Hz, the varying parameters have 
"probable errors" of 0.02-0.06 Hz. In addition, the 
"error vector and standard error" table (13) shows that, 
while the "standard error" in each invariant parameter 
is c0.006 Hz, the corresponding "standard error" for 
variable parameters could be as great as 0.10 Hz (for 
some of the coupling constants) and 0.17 Hz (for v,). 
It is significant that the slrnls of the varying parameters 
(e.g. v, + v,, J,,, + J,,) remain constant in these 
solutions, and that varying parameter values occur when 
small differences in these parameters (e.g. vo - v,, 
J,,, - J,,, etc.) are important in the zero-order Hamil- 
tonian for the system. Thus, whereas the sums of these 
parameters appear to be well determined, the differences 
are not so well defined. 
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TABLE 4 
Comparison of experimental and calculated peak intensities 

One 
Solution A' Experimental "apparent solution" 

Frequency Frequency Relative Frequency 
(Hz) Intensity (Hz) intensity* (Hz) Intensity 

164.12 0.029 -164.0 vw, sh 164.12 0.024 
164.72 0.089 164.74 3 164.71 0.081 
164.75 0.011 - <0.02 
168.50 0.023 -168.5 vw - <0.02 
168.59 0.019 -168.6 vw - <0.02 
168.94 0.178 168.95 5 168.94 0.125 
169.14 0.027 169.11 vw, sh - <0.02 
170.80 0.046 170.81 2 170.80 0.030 
172.24 0.037 172.23 1 172.23 0.024 
174.46 0.290 174.45 10 174.46 0.227 

*vw = very weak, sh = shoulder. 

in the less well determined parameters. This equivalence of v, and v,, together with the near 
factor is of the order of the coupling constants equality of coupling constants between these 
JAD, JAE, JDD, and JBE. protons and any other given proton. In aceto- 

nitrile solution, (v, - v,) - 16 Hz, a value 
4. Analysis of the Acetonitrile Solzrtion Spectrum which allows ready differentiation of resonances 

The ambiguities present in the parameter due to protons D and E. 
extraction for the benzene solution spectrum of Initial first-order analysis indicated the proton 
epichlorohydrin are probably related to the near assignment shown in Fig. 5a, and the approximate 

-- solution (magnitudes only, in Hz) 

V, = -208 Jnc = 3.7 JDE = 11.5 
- - -- - - - - . - 

In the tickling experiments, ABDE{C,,} ment (k0.03 Hz) failing to alter the derived 
perturbed A,, A,,, B,, B,, D,, D,, E,, and E, parameters by more than 0.02 Hz. In the final 
(Fig. 6a, 6), while the experiment ABDECC,,} iterative fit, the composite peaks were decom- 
showed perturbation to peaks A,, A, ,, B, ,, B,,, posed as in the previous example. The total 
D,, D,, E,,  and E, (Fig. 6a, c). I f  JAB, JAc, Jnc, indicated r.m.s. error is 0.010 Hz, the probable 
J,,, and Jo are accepted as positive, and J,, as error for all parameters 0.002-0.004 Hz, "stan- 
negative, i n  sign, these results are then consistent dard errors" of each parameter 0.002-0.005 Hz, 
with JAD, JA, < 0 aiid J",, J,], > 0 (but note and the worst f i t  of any resolved or interpolated 
that the indicated spin assignments are not peak (a total of 81 fitted) is 0.021 Hz. This solu- 
first order). The connected transitions indicated tion is shown in Table 1, and the computed 
by these experiments, together with the transition and experimental spectra may be compared in 
diagram (Fig. 4) aiid repeated spacing rules, then Fig. 5a, 6. 
lead to the identification aiid assignment of all 
the peaks in Fig. 5a. Starting from the approxi- Discussion 

mate solution above, this assignment leads to (a) The Analysis Procehrre 
only one solutioii; variation of peak positions The extensive analysis of the benzene solution 
within the uncertainty limits in their measure- of epichlorohydrin demonstrates the caution 
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210 200 190 / / 170 160 

FIG. 5. Epichlorohydrin in acetonitrile: the single-resonance spectrum. Below the experimental trace is the Calcomp trace obtained using the parameters 
in Table 1, assuming Lorentzian peak shapes with half-line widths of 0.12 Hz. 
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I 

2 2/5 
I 

210 1 1175 
I I I 

170 1651 
FIG. 6 .  Epichlorohydrin in acetonitrile: the double-resonance experiments. (a) Partial single-resonance trace of 

the indicated peaks, (6) partial trace showing the results of experiment ABDE{CI5 }, (c) partial trace for the experiment 
ABDE{C16 }. 

which must be used during the interpretation and accurate peak positions and delineation of 
computer fitting of complex n.m.r. spectra. connected transitions notwithstanding, ambig- 
Although it has been conjectured that tracing the uities in parameter extractions can exist in 
energy-level diagram by weak double irradiations complex spectra, at  least in cases involving near- 
should furnish a unique solution for complex degeneracy. Although the parameter signs appear 
spectra (6), the present results indicate that to  be well established by this method, the large 
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variations in several parameters possible within 
the constraints of excellent r.m.s. error fitting 
suggest a measure of caution in accepting the 
results as definitive. 

No such ambiguity is found for the acetonitrile 
spectrum, and the changes in the derived param- 
eters are found to be consistent with those 
expected (assuming solution A' to be correct) on 
going from benzene to a more polar solvent, 
and with the data available for other epihalo- 
hydrins (8). This further evidence suggests that 
solution A' is the most correct, and probably 
unique, solution for the benzene sample, the 
other "solutions" being artifacts occasioned by 
the relatively large uncertainties in the measure- 
ment of several small peak separations crucial to 
the ana ly~is .~  

Two points of particular relevance to the use of 
purely iterative computer fitting of spectra are 
underlined by this study. First, the spin labelling 
of several transitions in both samples are not 
those expected on a first-order basis, even though 
(v, - v,)/J,, >> 10. For example, in both 
samples, although (v, - vD)/JAD - 200 and 
(v, - vE)/JAE - 150, the true labels of HD and 
HE for several A transitions are interchanged 
from those ex~ected in first order. While this 
may not be surprising in the benzene sample, 
where (v, - vE)/JDE << 1, it is more surprising in 
the acetonitrile solution, where (v, - vE)/JDE - 1. Without the benefit of spin tickling to 
positively identify the peaks, many of these label 
"switches" would not be detected in the closely 
spaced peaks. Secondly, very slight "reference 
phase" changes in the radiofrequency unit of the 
sDectrometer were found to lead to a reversal of 
the apparent intensities of closely spaced peaks 
without, however, causing a detectable change in 
the symmetry of the peaks at their base line. The 
import of both these factors on purely iterative 
fitting of peak positions coupled with visual 
intensity comparisons is very clear. Perhaps it 
explains the discrepancies between the present 
and previous results on epichlorohydrin. 

6The existence of more than one solution to ABX and 
ABC spectra is well known (16, 17), and has led to a 
cautioning against the automatic acceptance of the 
uniqueness of solutions given by iterative computer fits 
(18). Although techniques are available that allow 
investigation of all possible solutions to ABX and ABC 
spectra (19), these cannot be extended to systems with 
more than 3 non-equivalent protons, and therefore it is 
not possible to exclude other solutions for this case with 
any certainty. 

It is perhaps pertinent here to argue against the 
frequent practice of quoting as "error estimates" 
the data generated by iterative computer fits to 
n.m.r. spectra. In the usual experiment, spectra 
are calibrated at < 5  Hz intervals and peak 
positions obtained by interp~lat ion.~ Typically, 
such a method furnishes errors of 0.02-0.04 Hz 
for an exact AB or ABX analysis where it is 
easy to compute the effect of errors in position 
measurements. However, the "probable error" 
or "error vector" computed by the LAOCOON 
programs for these same, or more complex (as 
here), spectra, can be as low as 0.002-0.004 Hz. 
Thus, this measure is not so much a real error 
estimate as a measure of the accuracy with which 
the computer can fit the observed (averaged) 
peak positions. Perhaps a more real error estimate 
would be obtained by varying a significant 
number of peak positiolis within the error limits 
in their measurement, iterating again, and 
comparing results. This method has been used in 
estimating the probable errors for the present 
work, as shown in Table 1. 

(b)  The Co~rpling Constants 
The tickling experiments clearly demonstrate 

that in both benzene and acetonitrile solutions 
4JAD and 4JAE < 0, while 4JBD and 4J,E > 0, a 
result consistent with 4JH ,,,,-,,, < 0 and 4JH,,,H, 
> 0 in propylene oxide (6). There exists con- 
siderable interest in the stereochemical signifi- 
cance of the signs and magnitudes of4~,, ,  (20-23). 
Barfield has derived formulations for 4J as a 
function of the two dihedral angles involved in 
simple acyclic fragments (20), and Barfield and 
Chakrabarti have pointed out problems in 
separating conformational and substituent effects 
in substituted fragments (24). The bonding 
scheme is not simple in epichlorohydrin. At any 
rate, these formulations do not lead to agreement 
between the experimental 4J,,H values and 
reasonable conformatio~is (25) for epichloro- 
hydrin. A fuller discussion for all epihalohydrins 
will be given in a second paper (8). Vicinal 
coupling constants (26) will also be considered. 

NOTE ADDED IN PROOF: Since completing this 
manuscript, a recent paper co-authored by one 
of the authors of the LAOCOON-3 program 

'A more accurate if tedious method would use con- 
tinuous sweep and lock frequency monitoring at a very 
slow, GO.01 Hz/s, sweep rate. 
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has touched on one of the points raised in the and standard error" table given by the LAOCOON-3 

present paper (27). In assessing the confidence compute' Program is gratefully acknowledged. 

limits to be placed On the LA0C00N-3 derived 
1 .  C, A. REILLY and J, D SWALEN, J. Chem Phys. parametersfora,a,a-trifluorotoluene, these work- 35, 1522 (1961); see also footnote 9 in J. Chem. phys. 

ers decline to use the computer-generated 37, 3012 (1962). 
uprobable errors- (noted to be all < 0.010 H ~ ) ,  2. E. LIPPERT and H. PRIGGE. Ber. Bunsenges. Phys. 

Chem. 67, 415 (1963). 
but rather use as a criterion the reproducibility 3. G. ARULDHA~ and V. NAYAR. Indian J. APP~. phys. 
of the results. It may be noted that this latter 4, 361 (1966). 

method gives an uncertainty of 0.02-0.03 Hz. It :: , h k ~ ~ ~ ' , d l ' ~ ~ ~ ~ ~  2, 1 ~ 7 # ~ ~ ) . 1 6 6 1  
is explicitly stated in this paper that "calculated (1969). 
probable errors furnish only a measure of the 6. D. D. ELLEMAN, S. L. MANATT, and C. D. PEARCE. 

J. Chem. Phys. 42, 650 (1965). precision of the experimental determinations but 7. J, S. WAuGH and F. A. coTToN. J. phyS. Chem. 
not necessarily their accuracy. The latter can be 65, 562 (1961). 
estimated in fact only by comparison of the 8. C. J. MACDONALD and W. F. REYNOLDS. Can. J. 

Chem. This issue. 
results of repeated independent measurements". 9. R. FREEMAN and W. A. ANDERSON. J. Chem. P ~ Y S .  

It therefore appears that it is not the intention 37, 2053 (1962). 

of the authors of the L ~ ~ ~ ~ ~ ~ - 3  program to 10. J. D. BALDESCHW~ELER and E. W. RANDALL. Chem. 
Rev. 63, 81 (1963). 

usethecomputer-generated "probable errors"as 11. C. A. REILLY and J. D. SWALEN. J. Chem. ~ h y s .  
a measure of the accuracy of derived parameters. 32, 1378 (1960); 34, 980 (1961). 

12. G. ALLEN, D. J. BLEARS, and K. H. WEBB. J. However, inspection of almost any paper using them. Sot. 810 (1965). 
LAOCOON-3 will show that this is in fact the 13. S. CASTELLANO and A. A. BOTHNER-BY. LAOCOON- 

3. Mellon Institute Publication, Pittsburgh. 1967. way that the ''probable error" table is interpreted 14. S, CASTELLANO and A. A. BOTHNER-BY. J. Chern. 
in almost every instance. ~ h y s .  47, 5443 (1967). 

The present paper reaches much the same 15. J. D. BALDESCHW~ELER and E. W. RANDALL. 
Discuss. Faraday Soc. 34, 156 (1962). as that quoted above, and perhaps 16. M, T. EMERSON and S. M. &HEN. J. M01. Spec- 

goes further in stating that the "probable error" trosc. 20, 159 (1966). 
is a measure of the precision of fitting (not 17. R. YAMAMOTO and S. FUJIWARA. Bull. Chem. SOC. 
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Nuclear magnetic resonance spectra of the epihalohydrins. 11. Spectral analyses 
and structural correlations for all the epihalohydrins' 

C. J. MACDONALD"~ 
Departnzerzt of Chemistry, University of Manitoba, Winnipeg, Mar~itoba 

AND 

W. F. REYNOLDS 
Departme~~t of C/zernistry, U~ziversity of Toror~fo, Tororzto 181, Ontario 

Received October 17, 1969 

Complete analyses of the proton magnetic resonance spectra of propylene oxide, epifluorohydrin, 
epibromohydrin, and epiiodohydrin shows that in all cases the cisoidcoupling constants over four bonds 
are negative, and the trarzsoid coupling constants positive. Dipole moments, together with the vicinal 
coupling constants of the CH-CH2X moiety, are used to establish the probable confornlations for all 
the epihalohydrins. Conformational factors appear to obscure any possible relationship between 
substituent electronegativity and long-range coupling constants. 

Canadian Journal of Chemistry, 48, 1046 (1970) 

Introduction 
Although the epihalohydrins, 1 (X = F, C1, 

Br, I), have been investigated previously by 
nuclear magnetic resonance (n.m.r.) spectroscopy 
(1-5), the published data are incomplete, espe- 
cially with regard to the signs and magnitudes of 
the long-range proton-proton coupling constants 
(4JHH). A recent unequivocal sign determination 
for epichlorohydrin by one of us (6) has buttressed 
the conclusion that care is required in the 
spectral analysis of this series of compounds (7). 

In this paper, the extension of the study to the 
complete series of epihalohydrins is described. 
Additional structural information was sought 
from dipole moment determinations. The in- 
vestigation had three principal objectives: (a) to  
obtain complete and reliable spectral parameters, 
including relative signs of the coupling constants ; 
( 6 )  to  correlate these parameters and the dipole 
moment data with molecular conformations; and 
(c) to monitor variations in the 4JHH with sub- 
stituent and conformation. 

'Presented, in part, at the 51st Annual C.I.C. Con- 
ference, Vancouver, British Columbia, June, 1968. 

ZPostdoctorate Fellow, 1967-1968. 
3Present address: Department of Chemistry, University 

of Toronto, Toronto 181, Ontario. 

Experimental 
Compolrrzds 

Propylene oxide (I, X = H), epifluorohydrin, epi- 
chlorohydrin, epibromohydrin, benzene, and tetra- 
methylsilane (TMS) were comniercially available. 
Epiiodohydrin, synthesized from epichlorohydrin and 
potassium iodide in dry acetone (2), had b.p. 59-60 
"C/16 mm, nDZ5 1.5493 (lit. (2) b.p. 63 "C/20 mm). The 
iodo compound, which decomposed if distilled at 
atmospheric pressure and discolored readily on standing 
in light without observable change in its n.m.r. spectrum, 
was stored in the dark over copper wire. 

Nirclear Magrzetic Resorzarzce Spectra and A~znlyses 
Vapor phase chromatography (v.p.c.) and n.m.r. 

spectra showed all the compounds to be 99% pure, or 
better. 10 mole % solutions in Analar benzene con- 
taining 2-3 mole % of TMS were degassed by the 
freeze-pump-thaw technique and sealed. 

Proton magnetic single- and double-("tickled") 
resonance spectra were obtained and calibrated as  
described previously (6), using a Varian DA6O-I spec- 
trometer operating in the frequency sweep mode. Peak 
positions were obtained with standard deviations of not 
more than 0.03 Hz, and half-line widths for resolved 
lines were < 0.12 Hz. The probe temperature was 
30 f 1 "C, as shown by the standard Varian methanol 
sample and calibration chart. 

Analysis involved mapping the energy-level diagram 
by extensive selective spin-tickling experiments and 
iterative computer fitting (6) using either the LAOCOON- 
3 (8) or TWOSUM (9) c o m p ~ ~ t e r  programs. Identical 
results were obtained by either program, but in some 
cases the TWOSUM program was preferred since it 
furnished energy levels explicitly and thus allowed more 
ready identification of the observed transitions. Epi- 
bromohydrin and epiiodohydrin were solved as ABCDE 
spectra, the proton spectrum of epifluorohydrin as the 
ABCDE part of an  ABCDEX spectrum. and propylene 
oxide as an  ABCD, spectrum. No attempt was made to 
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repeat the previous sign determination on propylene 
oxide (7). In assessing the uncertainty values of the 
derived parameters, a significant number (- 113) of the 
experimental peak positions were varied within the 
confidence limits In their measurement ( f  0.03 Hz), and 
the iterative solutions repeated. This method is con- 
sidered (6) to give rather larger, but somewhat more 
realistic confidence limits than the "probable errors" 
furnished by the computer programs. 

Experitnetlral Detert?litmfiot~s of Dipole Motwetzfs 
Distilled propylene oxide, epichlorohydrin, and epi- 

bromohydrin were free of detectable impurities (< 0.2% 
by v.p.c.). The principal impurity (- 1 %) in epifluoro- 
hydrin appeared to be 1,4-dioxane from its n.m.r. and 
v.p.c. response (4); a pure sample was prepared by 
preparative v.p.c. After repeated distillations, epi- 
iodohydrin contained 0.5-1 % of epichlorohydrin as the 
only detectable impurity. Preparative v.p.c. was aban- 
doned beca~~se  of sample decomposition. These com- 
pounds were stored over Linde molecular sieve (type 4A). 
Reagent-grade (thiophene-free) benzene was partially 
frozen, the liquid portion (- 115) discarded, and the 
thawed benzene dried by repeated shaking over molecular 
sieve. Physical constants of the conlpounds used are 
collected in Table 1. 

TABLE 2 
Raw data for dipole moment determinations. 

Weight fraction, W, dielectric constant, E, and specific 
volume, V, of benzene solutions at 25.15 "C 

Propylene oxide 
0 
7.3735 

Epifluorohydrin 
0 
0 

Epichlorohydrin 
0 

Epibromohydrin 
n 

TABLE 1 

Physical constants of compounds used in dipole 
monlent nleasurements 

-- Epiiodohydrin 
0 
7.9944 

17.5878 
25.1511 
42.2428 

Boiling point 
Conlpound ("c) t l D Z 5 . l  

Propylene oxide 35 1.3648 
Epifluorohydrin 84-85 1.3686 
Epichlorohydrin 117-117.5 1.4363 
Epibromohydrin 135-136 1.4804 
Epiiodohydrin 59-60116 mni 1.5493 
Benzene - 1 ,4980 

--- - 

stated at 25.15 f 0.01 "C by water rapidly circulated 
from a large water bath. Specific volumes of solutions at  
this temperature were found using a calibrated, stoppered 
pycnometer of approximately 13 ml volunle which had a 
graduated capillary stem. Experimental data are sum- 
marized in Table 2. 

Total molar polarizations (P,) were calculated from 
the experimental data (least-squares treatment) using the 
Halverstadt and Kumler modification (13) of the Hedes- 
trand equation (14). Molar electron polarizations (P,) 

Standard methods (lo, 11) were used to determine the 
dipole moments of the epihalohydrins and propylene 
oxide in benzene solution. Dielectric constants of dilute 
benzene solutions were determined on a previously 
calibrated (12) Wissenschaftliche Technische Werkstatten 
(WTW) DM01  D~polmeter, uslng a 30 ml cell thermo- 

TABLE 3 

Stri~ctural and bond d~po le  data used to conlpute expected dipole nioments In the epihalohydr~ns 
- .- -- - -- .. - - . -- - - -- -. - .- - -- 

Structural factors Bond dipoles 
- 

Parameter Value Parameter Value Parameter Value 

C-C,,,,, 1.471 A C-C,idc 1.513.A p (propylene oxide) 1 . 9 0 D  
C-0 1 .436A C-Hbide 1.09 A PC-P 1 . 5 1 D  
C-Hr;.. 1 .082A C-F 1.379.A ~ r - r x  1 . 5 6 D  

. --". L H ~ H  116" 15' C - ~ r  i . 9 3 5 X  P C - I  

L C-C-C 120" 57' C-I 2.207 A PI[-c 
L C C l *  33" 47' LXCH.,,, 109" 30' 

p-p.pp..-.p - - 

*Angle belween C C H z X  bond and  perpendicular to  the ring through the ring carbon atom. 
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TABLE 4 

Chemical shifts and coupling constants for propylene oxide and epihalohydrins in benzene 

Value, X = 

H F C1 Br I Q 
Parameter* 5 

-10.66 z 0 . 0 3  
Ca 

5 4  5 Insensitive to -11.63 k0 .05  -10.58 k0.03 -10.13 k0 .03  
47.34 k0.03 - - - 

- 
J4x  this parameter w 

- - - 
4 

J5.x 47.87 k0 .03  0 

Total r.m.s. error, Hz 0.012 0.011 0.011 0.009 0.01 1 
No. of assigned peaks 80 160 74 70 88 
Worst fit of any peak, Hz 0.029 0.025 0.034 0.024 0.024 

*6 in p.p.m. Lo low field of internal TMS, J in Hz. 
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were estimated using Vogel bond-refraction values (15). 
At least in the case of propylene oxide (P,V"Ccl = 15.92, 
P,cxpL = 15.67, 16.21 (16, 17)), this approxinlation ]nay 
be shown to lead to no significant error. Molar atom 
polar~zat~ons (PA) were assigned at the reasonable value 
of (0.1 x P,), following the i~sual practice (10). 

Dipole moments were then calculated from the Debye 
equation (18). 

Vector. Model Cot,~plrtatiot~ o f  Dipole Mottletlt~ 
Assuming that the skeleton of propylene oxide, 

established by nlicrowave spectroscopy (19), held for all 
the epihalohydrins, and further assuming reasonable 
values for the carbon-halogen bond lengths (20), dipole 
moments expected for a bond vector model were com- 
puted as a function of the dihedral angle +I (Fig. 1). 
Bond dipoles and other data used in the con~putation 
are collected in Table 3. 

Results 

The final 1i.m.r. parameters are collected in 
Table 4. Experimental dipole moments are listed 
in Table 5, while the computed dipole moments 
are summarized graphically in Fig. 1. 

Discussion 

I .  Experitnental Dipole Monzents 
The dipole moment of propylene oxide found 

in this study is in good agreement (Table 5) with 
previously reported values (16, 17, 21). The 
decreasing preponderance of polar conformers 
with increasing size of halogen is obvious from 
the trend in the series. 

2. Conil~arison witl7 Pl.euious n.171.r. Results 
Taking cognizance of the effects of benzene 

upon chemical shifts, the n.m.r. parameters 
derived for propylene oxide in benzene compare 
very favorably with those previously determined 
for a neat sample (7). Recently, two analyses of 
the n.m.r. spectra of epifluorohydrin have been 
reported (4, 5). Although the magnitudes of the 
coupling constants agree with those obtained in 
this study (see Table 6), several signs are a t  
variance. Two points can be made in favor of the 
signs reported here. First, although Granger and 
Canet (5) utilized, at least in part, the results of 
spin-tickling experiments in their analysis, the 
signs of the vicinal coupling constants J,, and 
J,, and the geminal coupling constants J,, 
(respectively reported as negative, negative, and 
positive) are obviously in error. Since sign 
determinations by double resonance are relative, 
this may account for some of the further dis- 
agreements in signs for the 4 ~ H , .  Secondly, 

v X - F  
8, 

0 X = C I  
I 

D IHEDRAL ANGLE $ 
FIG. 1. Dipole moments calculated for the epi- 

halohydrins as a function of the dihedral angle 4, using 
a bond vector model. $I = 0 corresponds to the eclipsing 
of C-X and C-H3. 

TABLE 5 
Experimentally determined dipole 
moments of propylene oxide and 

epihalohydrins 

Dipole moment, 
Compound 

.- 
D 

Propylene oxide 1.90* 
Epifluorohydrin 2.66 
Epichlorohydrin 2.29 
Epibroniohydrin 2.19 
Epiiodohydrin 1.93 

*Reported values, 1.90-1.98 D (16, 17, 
21). 

Thomas (4) relied upon visual intensity com- 
parisons together with the "goodness" of the 
computer fit to establish the signs of ,JH, and 
4JHH.  However, we found that equally "good" 
computer fits, as indicated by root-mean-square 
errors of < 0.02 Hz, worst peak fitting of < 0.05 
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TABLE 6 

Conlparison of n.m.r. parameters derived for 
epifluorohydrin with previously reported values* 

- 
Value 

This work Reference 4 Reference 5 
Parameter (Benzene) (cc14) (Neat) 

' 6  in  p.p.rn. lo low field of internal TMS, J in  Hz. 

Hz, and visual comparisons of observed and 
calculated peak intensities, were obtained for the 
solution with 4J ,4 ,  4 J 1 5  > 0 > 4J24,  ,J2,, as for 
the solution with 4 ~ , 4 ,  4J25 > 0 > 4J14,  4J1 5 .  Fur- 
thermore, it was noted that slight changes of the 
"reference phase" of the radiofrequency unit of 
the spectr6meter caused apparent reversal of 
peak intensities of several closely spaced lines of 
comparable intensity without noticeably affecting 
the symmetry of the peaks a t  the base line. This 
further failure to obtain a unique solution using 
iterative computer fitting coupled with visual 
intensity comparisons reinforces previous ob- 
servations (6,7) about the dangers of this method 
of relative sign determination, at least in cases 
involving small coupling constants. 

3. Assigr~rl~ent of Prolorzs 4 and 5 
There are two possible relative assignments for 

protons 4 and 5 

CHEMISTRY. VOL. 48, 1970 

In the case of epifluorohydrin, Thomas favored 
assignment 2a on the basis of the magnitudes and 
solvent dependences of J,, and J, , .  Our results 
support this assignment. Assignment of protons 
H, and H ,  as shown in Table 4 leads to two 
smooth (intersecting) curves when chemical 
shifts are plotted vs. electronegativity of X 
(X = halogen). N o  regularity is found for 
alternate assignments. This assignment is also 
compatible with the dipole moment data (see 
below). 

4. .Stereocheinistry about the CH-CH, X Bot~d 
Assuming that the propylene oxide skeleton 

remains basically unchanged in all of the epi- 
halohydrins, then the only remaining source of 
geometrical uncertainty in this series resides in 
the stereochemistry about the CH-CH2X bond. 
Little information about this point exists in the 
literature. On the basis of electron diffraction 
spectroscopy results, it has been concluded that  
epichlorohydrin (22a) and epibromohydrin (22b) 
exist as conformer 3a in the gas phase. On the 
other hand, n.m.r. results have been interpreted 
as showing that 3b is the major conformer in 
epifluorohydrin in solution (4) and 3d the major 
conformer in 2,3-epoxypropanol (23). Semi- 
empirical calculations based on Lennard-Jones 
"6-12" potentials, after the method of Scott and 
Scheraga (24), show that potential minima 
correspond to conformers 3b-3d with some 
distortion of conformer 3d in the case of the 
larger halogens, due to severe non-bonded 
repulsions between halogen and proton H I  (25). 
There is no potential minimum corresponding to  
conformer 3a. 

Certa in  general  conclusions concerning 
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changes in stereochemistry with substituent can change, it is possible that a small increase in 
be drawn from our dipole moment and vicinal 
coupling constant data. 

In the series 1 (X = F, C1, Br, I), the decrease 
in dipole moment with increasing substituent 
size can only be explained in terms of a corres- 
ponding increase in the fractional population of 
conformer 3c, since this conformer has a small 
dipole moment, while confor~ners 3b and 3d 
have large and relatively similar dipole moments. 
It is not possible to further discriminate between 
36 and 3don  the basis of dipole moments because 
of this similarity. The observed dipole moments 
also show that epifluorohydrin, because of its 
large moment, can contain only a very small 
proportion of conformer 3c. On the other hand, 
the value in epiiodohydrin suggests that this 
compound contains close to 50% ofconformer 3c. 

~ o r r o b o r a t o r v  information can be obtained 
from the magnitudes of the vicinal coupling 
constants J,, and J,,. The dihedral angle 
dependence of vicinal coupling constants (26) is 
well known. For  the series X = F ,  C1, Br, and I ,  
J,, increases while J,, remains nearly constant. 
This result can only be rationalized by assuming 
that the fractional population of conformer 3c 
increases at  the expense of 3d, since during this 
process Jj5 is increasingly converted from a 
gauche to a trans coupling constant, whereas J,, 
retains its gauche character. The nearly constant 
value of J,, in the series also appears to preclude 
any large change in population of conformer 3b 
at  the expense of 3c or  3r1, because J,, is a trans 
coupling constant in conformer 3b and gauche 
in the other two. However, there is probably a 
small decrease in the fractional population of 36 
with increasing substituent size. I t  is well estab- 
lished that increasing substituent electronega- 
tivity results in a decrease in rotationally- 
averaged vicinal coupling constants (27, 28). 
More recent work suggests that this effect is due 
primarily to a decrease in the gauche coupling 
constants in those cases where at  least one of the 
gauche protons is trails to the electronegative 
group (29, 30). Other gauche and trans coupling 
constants are relatively little affected by sub- 
stituent electronegativity. Consequently, replace- 
ment of conformer 3d by 3c would be expected 
to lead to a slight increase in J,,, since proton 
H, is trans to the halogen in conformer 3d while 
neither proton H, or  H, is trans to an  electro- 
negative group in 3c. Since J,, does not in fact 

conformer 3c at the expense of 3b does occur in 
the series. One process would tend to increase J,,, 
the other to decrease it. I t  should be noted that 
the intermediate value for all the J,, implies that 
all of the compounds must contain appreciable 
fractions of 3b. 

In the foregoing discussion, we have preferred 
to emphasize the qualitative or discriminatory 
aspects of the Karplus relationship because of 
the uncertain quantitative effects of substituent 
electronegativity and orientation on explicit 
calculations in this series. I t  may be noted that  
calculations based on the reasonable values (30) 
Jtm,rs = 1 1  Hz, Jgfl,,c,,e9 = 3 HZ (no electronega- 
tive substituent trans to either proton), Jgfl,,c,,,' = 
1.5 Hz (an electronegative substituent trans to a t  
least one proton) give fractional populations 
consistent with the arguments developed above, 
and furnish good agreement between computed 
and experimental dipole moments., 

In summary, we believe that the dipole moment 
and vicinal coupling constant data can best be 
explained by assuming that conformer 3b is a 
major conformer for all the compounds, that 3d 
is a second major conformer in epifluorohydrin, 
and that as X increases in size, the population 
of 3c increases, while 3dand possibly 3b decrease, 
so that in epiiodohydrin 3c is the second major 
conformer. These conclusions are consistent with 
all the data and most of the conclusions made by 
Thomas in the case of epifluorohydrin (4), the 
only disagreement being the fact that Thomas 
concluded that 3d was the least populated 
conformer. The discrepancy between the reported 
gas-phase conformations of epichlorohydrin and  
epibromohydrin, and the conformers found in 
this study for solutions of these compounds may 
be more apparent than real. The electron diffrac- 
tion spectrion which the gas-phase structures are 
based have extremely broad peaks. This broad- 
ness could be due to rapid interconversion of two 
conformers. If these conformers were 36 and 3c. 
as indicated in the present study, the observed 
result would approximate the "observed" con- 
former 3a. 

A final comment may be made as to the solvent 
chosen for this study. Although benzene is 

4Assignment of protons H, and H, as in 26 leads to 
marked disagreement between observed dipole moments 
and those conlputed from the observed coupling con- 
stants. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1052 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

known to cause anomalies in n.m.r. chemical (observed). On the basis of the available evidence, 
shifts (31) and to stabilize polar conformers to a it is not clear why J2, does not decrease as 
greater degree than expected from its dielectric expected. 
constant (32), it was nevertheless used in this I t  therefore appears that while substituent 
study for two principal reasons. First, it  is the electronegativity effects are obscured by con- 
preferred solvent for dipole moment determina- formational factors in this series, conformational 
tions. Secondly, its i1.m.r. absorption is well factors cannot account for all the observed trends. 
removed from that of the solutes, and it furnishes 
sharp and generally well-separated solute reso- 
nance peaks. 

5. Long-Range Cozpling Constants 
The conformatioilal dependence of four-bond 

proton-proton coupling constants in aliphatic 
systems is well established (33). Recently, 
substituent electronegativity dependence has also 
been demonstrated in the compounds (CH3),- 
CXY, where increasing electronegativity of X 
or Y causes increasing magnitudes for the 
rotationally averaged 4JHH (34). Barfield has 
commented on the difficulties involved in 
separating dihedral angle and substituent electro- 
negativity effects in systems containing variable 
conformer ratios (33), and failure of the Barfield 
formulation to accurately predict 4JHH values in 
epichlorohydrin has been noted (6). 

Reference to Table4 shows that the magnitudes 
of the cisoicl coupling constants, 4J14 and ,JI5, 
remain approximately constant with decreasing 
electronegativity of X, so that their average also 
remains constant. In the positive transoid 
couplings, J25 is nearly zero for all substituents 
and J2, decreases with increasing substituent 
electronegativity, so that their average also 
decreases. The trends in the averaged 4J,,,, 
therefore cannot be explained in terms of the 
electronegativity effect noted in the compounds 
(CH3),CXY. 

However, at  least part of the trends in the 
individual 4J,1,1 may be rationalized in terms of 
the changes in the average orientations in the 
series. Both theoretical considerations (33) and 
previous experimental results (7, 35) are in 
agreement with the cisoid coupling constants 
being negative, and variations in conformer 
populations between 3c and 3d  as a function of 
substituent are not expected to appreciably 
change the cisoidcouplings, as observed. Traiisoirl 
coupling constants are expected to be positive, 
and increase in the relative population of 
conformer 3c at  the expense of 3d  is expected to 
decrease J25 (not observed) and increase J2, 
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Kinetics of aquation of the fluoropentaamminecobalt(III) ion 

T. W. SWADDLE AND W. E. JONES 
Depnrtn~etzt of Cl~etnistrj~, The Utziuersity of Calp~ry ,  Cotgory 44, Alberta 

Received October 27. 1969 

The kinetics of the hydrogen-ion-independent pathway for the replacement of fluoride in aqueous 
(NH3),CoF2+ by H 2 0  have been reinvestigated using a specific fluoride-ion electrode, with due regard 
for the concomitant autocatalytic loss of the ammine ligands. In perchlorate media of ionic strength 
0.1 M, the first-order rate coefficient is 1.22 x 10-'s-' at  45", and the kinetics are represented by 
AH* = 24.4 kcal mole-' and AS* = -9 cal deg-' mole-' over the range 35-75" at least. The relation- 
ship of these data to those for the aquation of other species of the type ML5Xn+ is discussed. 

Canadian Journal o f  Chemistry, 48, 1054 (1970) 

Introduction 

The purpose of this study was primarily to re- 
evaluate the enthalpy AH* and entropy AS* of 
activation for the acid-independent aquation of 
the fluoropentaamminecobalt(III) ion, since the 
previously reported values of Chan (1) seemed to 
us to be strikingly anomalous. To this end, it was 
necessary to find an improved analytical tech- 
nique for the estimation of aqueous fluoride ion, 
and to consider whether aquation of the sup- 
posedly "inert" ammine ligands (2, 3) is a serious 
complicating factor in  the study of the replace- 
ment of less-labile ligands X, such as fluoride, in 
CO"'(NH,),X"+. 

Activation parametersfor theacid-independent 
pathways of some aquations of the type 

have been critically re-evaluated (where neces- 
sary) from data i n  the existing literature, and are 
collected i n  Table 1. It will be seen at once that 
the values of AH* and AS* obtained from the 

data of Chan (1) for the aquation of Co(NH3),- 
F2+ are quite different from those of the Cr(II1) 
complexes, despite an overall similarity in the 
values of these parameters for other correspond- 
ing compounds of the series Co(NH3),X2+, 
Cr(NH3),X2+, and Cr(H20),X2+. i t  is probably 
wrong to expect a close correlation between the 
data for these series, since it appears that the 
cobalt(II1) ammines react by an extreme dis- 
sociative interchange (''id7') mechanism (12, 13) 
whereas associative activation by the incoming 
water-ligand is evidently of comparable im- 
portance to dissociative activation by the depart- 
ing X- (an "I," mechanism) in the reactions of 
the Cr(H20),X2+ series (14-16). Nevertheless, 
the influence of the departing ligand X- on the 
kinetic parameters does seem to follow a roughly 
similar pattern in these three series of reactions, 
with the apparent exception of Co(NH3),F2+ 
(and CO(NH,) , I~+ ( 5 ) ,  in which instance redox 
phenomena complicate the kinetic measure- 
ments). 

I t  has been claimed (7,8, 17) that AH:%nd AS* 

TABLE 1 

Activation parameters* for the acid-independent replacement of X- by H1O in ML,X2+ 
- -- ~p 

~ - - - .- -. 

AH*, kcal mole-' AS*, cal deg-' mole-' 

I (iS1.f 
NO3 24.3 
NCS 30.1 

-. .. ~~ ~ -- ~ --- ~ ~ 

'Activation parameters taken from rcfs. 4 througll 10, or rccalculatcd by n least-squilres method l'rom rate data given therein. 
tDisputed value; see lest. 
$This work. 
$This figure, from Gay and Lnlor (4), differs from that o f  Dull'y and Enrlcy (11). 
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are abnormally large (in the absolute sense) for 
both C ~ ( H , O ) , F ~ +  and c~(NH,) ,F~+ ; certainly, 
the logical sequence F << C1 < Br < I (or vice 
versa) is not followed. This phenomenon prob- 
ably originates in a lower degree of solvation of 
the fluoro group, as compared with other leaving 
groups, in the transition state; this has been 
attributed to a greater degree of associative 
activation by the incoming water molecule (8), 
or alternatively to the separation of the basic 
fluoro-ligand as an entity approximating to H F  
rather than F -  (7, 17). The true mechanism 
probably involves features of both models, but 
we shall retain the latter view as a working 
hypothesis, since it focuses attention on the 
B r ~ n s t e d  basicity of the departing ligand; un- 
~isually positive AS* values seem to be associated 
with acid-independent aquation pathways involv- 
ing other basic ligands, notably azide (7, 18, 19). 
Noting that (H20)5CrN32+ (18) and (NH3),- 
 CON,^' (19, 20) show closely similar behavior in - .  
this respect  C able l), it might be anticipated that 
the true value of AH* lies between 24 and 29 kcal 
mole-' and AS* between - 10 and 0 cal deg-' 
mole-' for Co(NH3),F2+, and accordingly it 
was decided to redetermine these parameters 
using a wider temperature range and modern 
analytical methods. 

Experimental 
Ma te~,ials 

Reagents were purified in the usual ways (6). Poly- 
ethylene laboratory ware was used for the kinetic 
experiments and the long-term storage of fluorine- 
containing solutions. Fl~~oropentaamminecobalt(III) 
nitrate was made by the standard method (21) and repre- 
cipitated as the perchlorate salt using LiCIO, solution at  
0". The product was analyzed for NH, by a Kjeldahl-type 
method, and for fluoride using a specific fluoride-ion 
electrode (see below). 

Anal. Calcd. for C O N ~ O ~ H , ~ F C I ~ :  NH,, 23.53; F, 
5.25. Fo~lnd:  NH,, 23.5; F ,  5.2. 

Baker-analyzed sodium fluoride (100.0% NaF) was 
used as a primary standard for fluoride ion, and lan- 
thanum nitrate solutions were made from La203  
(Matheson, Coleman and Bell) as directed by Lingane 
(22). 

analysis, at which time they were brought quickly to  25" 
and aliquots (25.0 ml) were transferred to a thermostatted 
(25") polyethylene beaker and slowly stirred magnetically. 
The pH(as measured with a glass electrode) was adjusted 
to 5.9 or slightly less with dilute HCIO,, and then milli- 
volt readings were taken using a specific fluoride-ion 
electrode (Orion Research Inc., Model 94-09) in con- 
junction with a Beckman Research Model pH meter and 
Beckman No. 40459 fluoride-resistant frit junction 
calomel reference electrode, after titers of 0.00, 1.00, 
2.00, 3.00,4.00, 7.00, and 10.00 n ~ l  of a standard 0.005 M 
N a F  solution (0. I M in LiCIO,) had bqen added. 

The original concentrations of fluoride were calculated 
from these electromotive force values (e.m.f.) by Gran's 
method, as described by Liberti and Mascini (23), using 
a linear least-squares program with a Hewlett-Packard 
9100A calculator. The correlation coefficient for the 
seven points on the Gran plot was generally better than 
0.9999. 

In some experiments, the hydrogen-ion concentration 
was varied 30-fold (pH 5.8 to 4.3) by adding a small 
amount of perchloric acid. In experiments requiring 
buffer solutions, these were made up by adding the 
appropriate q~lantity of organic base to 0.1 M HCIO,, 
thus maintaining ionic strength 0.1 M in all cases. 

Results 

Use of Fl~roride-1011 Electrode 
The direct use of the e.m.f. of a fluoride-ion 

electrode (24) as an index of fluoride-ion concen- 
tration (as referred to a calibrating NaF solution) 
was found to be inadequate for the present 
purpose because of the logarithmic nature of the 
relationship between activity and e.m.f., and so 
the electrode was used instead as an end-point 
detector for a titrimetric method. We developed 
Lingane's lanthanum nitrate titration method 
(22) in much the same way as did Liberti and 
Mascini (23) independently, and their recommen- 
dations (23) were ultimately adopted and found 
to give better than + 2 %  accuracy in [F - ]  a t  
10-5 M and better thaii + 1 %  at  M. This 
represents a marked improvement over the 
thori~ini nitrate/sodium alizarinsulfonate method 
used by Chan (1); standard deviations in the 
latter technique can amount to 10% even for 
conveniently high (0.02 M) fluoride concentra- 
tions (25). 

Kinetic Meci~lrrett~et~t~ 
For kinetic runs without pHcontrol, a weighed sample Kit'etic E~y~el'it'7e'7ts 

of fl~~oropentaamminecobalt(llI) perchlorate was dis- Preliminary ex~erilnents at  45-75' showed 
solved q~~ ick ly  at "zero time" in a thermally pre-equil- that Co(NH3),F2+ solutions lose ammonia and 
ibrated 0.1 h1 LiCIO, solution contained in a ~ 0 1 ~ -  deposit hydrated cobalt oxides before a sub- 
ethylene bottle in a thermostat bath. The complex con- stantial por t ion  of the fluoride aquation is 
centration was 5 x lo-, M in all cases. San~ples (30 nil) 
were withdrawn at appropriate intervals over the first 8 %  PIeted. Chan ( I )  rep0rts that his first-0rder plots 
of fluoride aquation, and stored at 0" until required for were linear up to 40-50% aquation of fluoride, 
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and that the reaction went to 85-90 %completion. 
However, in a run at 45" using Chan's conditions 
(for which the half-life of bound fluoride is about 
10 days, on the basis of Chan's data), we observed 
that hydrated cobalt oxides were deposited after 
only 6 days, and that the pH rose concomitantly 
from 6.08 to 6.60 because of ammonia release. 

On the assumption that the observed decom- 
position was that of the aquation product, 
CO(NH,),OH,~+, the spectrum of a centrifuged 
solution of [Co(NH,),OH,](ClO,), was fol- 
lowed as a function of time. A small decrease in 
the 498 mp maximum had occurred after 2.5 
days, after which time this absorption decreased 
rapidly; after 5 days, the pH  had risen from 5.7 
to 8.0. Thus, the loss of ammine ligands is auto- 
catalytic, as suggested by Lamb and Marden (2). 
Presumably, release of NH, causes a rise in p H  
which in turn causes further rapid base hydrolysis 
of the aquo-ammine species, until finally hydrated 
cobalt oxides precipitate. 

In order to obtain meaningful kinetic data, 
two alternative methods were tried: (a)the p H  of 
the solutions was controlled with cationic buffers 
(26) so as to suppress the autocatalysis of NH, 
loss (addition of strong acid was not attempted, 
since the aquation of CO(NH,),F~+ is strongly 
acid-catalyzed (1)); and (b) the reaction kinetics 
were followed over the first few percent of 
fluoride release only, i.e., before a significant 
amount of NH, could accumulate. 

Kinetics in Buffered Solutions 
The buffering approach seemed promising, 

since an unbuffered solution of CO(NH,),F,+ 
deposited hydrous cobalt oxide within 0.5 h at 
75" while a similar one buffered to p H  5 remained 
clear for at least 24 h. Possible complications due 
to ion-pairing were avoided by use of amine salt 
buffers such as pyridinelpyridinium (26). How- 
ever, a strong shoulder at 340 mp was seen to 
develop in the spectrum of CO(NH,),OH,~+ in 
aqueous pyridine/pyridinium perchlorate buffer 
(pH 4.6, I = 0.1 M, 75.0") with a half-period of 
roughly 3 h, and the same absorption appeared 
in an equimolar CO(NH,),F'+ solution under 
the same conditions once aquation had progressed 
sufficiently; the spectrum of the buffer solution 
alone was shown to be invariant under these 
conditions. Thus, a slow reaction of some kind 
was occurring between CO(NH,),OH,~+ and 
pyridine, but the product was not simply Co- 

(NH3),(C,H,N)3+, since this species is known 
(27) to have a stronger absorption maximum 
(E 63.8) at 474 mp than that at 340 mp (E 54), yet 
no such 474mp band was observed in our 
experiments. Generally similar results were ob- 
tained with anilinelanilinium buffer, and even 
with the very weakly nucleophilic quinaldinel 
quinaldinium perchlorate (28). 

In the face of evidence for an interaction 
between CO(NH,),OH,~' and the buffer, one 
cannot strictly interpret the fluoride concentra- 
tion data for buffered solutions in terms of the 
aquation reaction reaching the equilibrium 

[2] (NH3)5C~OHz3+ + F- F? (NH3)5C~FZ+ + HZO 

and indeed the fit of the data to the appropriate 
integrated rate equation 

x, ax, + x,(a - x,) 
[3] k,,t = In 

(2a - x,) - x,) 
where a is the concentration of fluoro-complex at 
zero time and x ,  and x, are the conce~ltrations of 
F-  at time t and at equilibrium, respectively, was 
not very satisfactory. However, the values of the 
aquation rate coefficient, k,,, so obtained were 
close to those obtained by following only the 
first 8 % of reaction either with buffer or without 
(see below), so the actual aquation process is not 
directly affected by the presence of buffer. The 
equilibrium quotient for the reaction [2] (i.e., the 
"stability constant" of CO(NH,),F~+) in pyri- 
dinelpyridinium perchlorate buffer of I = 0.1 M 
and pH 4.5 was determined by direct equilibrium 
measurements and from eq. [3] as 170 k 30 M-' 
in the range 45-75"; in view of the apparent 
interaction of CO(NH,),OH,~+ with the buffer, 
this value represents a lower limit. 

Kinetics in Unbuffered Solutions 
In view of the uncertainties described in the 

preceding section, the definitive kinetic studies 
were done by following the first 8 %  only of the 
fluoride aquation reaction, without pH  control; 
beyond this extent of reaction, ammonia aquation 
became significant, the pH  rising from an initial 
value of about 5.5 to as high as 6.9 after 10% 
fluoride release. The free fluoride concentrations 
measured over this period gave good first-order 
kinetics with respect to [Co(NH3),F2+]; at least 
two independent measurements of k,, were made 
at each temperature, and the agreement was 
invariably to within 3%. These results are sum- 
marized in Table 2. 
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TABLE 2 

First-order rate coefficients, k,,, for the 
acid-independent aquation pathway of 
Co(NH3),F2+ in aqueous LiCIO,, ionic 

strength 0.12 M, initial p H  5.3 

lo7 I<,,, S - I  
Temperature, - 

"C This work Reference 

*Extrapolated from the Iiigher temperatures. 

In some experiments at 55 and 65", the 
hydrogen-ion concentration was varied 30-fold 
(pH 5.8 to 4.3), but there was no significant effect 
on k,,; thus, neither base- nor acid-catalyzed 
hydrolysis is significant in our experiments, and 
kaq corresponds to  the acid-independent aquation 
pathway alone. 

The data of Table 2 give a good linear plot of 
In (kaq/T) vs. (I/T), and a non-linear least-squares 
computer program gave AH* = 24.4 + 0.3 kcal 
m o l e - '  a n d  A S *  = - 8.9 + 1.0 ca l  d e g - '  
mole-' ; the same program gave AH* = 19.6 
0.9 kcal mole-' and AS* = - 25 3 cal deg-' 
mole-' from Chan's data (1). 

Discussion 

We consider that our kinetic data (Table 2) 
and revised activation parameters, AH* = 24.4 
kcal mole-' and AS:" - 9 cal deg-' mole- ', 
for the acid-independent aquation of Co(NH3),- 
F 2 +  supersede those of Chan (I), because (a)  the 
Liberti-Mascini method for fluoride estimation 
is superior to  the Th(IV)/sodium alizarinsulfonate 
titration, (6) the need to  remove unreacted 
Co(NH3),F2+ by ion-exchange before titration 
is obviated, (c) attention has been paid to inter- 
ference from the auto-catalytic loss of the am- 
mine ligands, and (d) our experiments extend over 
a wider temperature range (40" as against 20"). 
Care has also been taken to  maintain constant 
ionic strength, though this is only of minor 
importance (6). It is gratifying, however, to  note 
that Chan's rate coefficient agrees well with our 
extrapolated value at  25" (Table 2). 

The equilibrium quotient Q for reaction [2] 
cannot be determined with any certainty from 
our measurements, and we have been unable to 

devise an  accurate method for the direct measure- 
ment of the rate coefficient for anation of 
Co(NH3),OHZ3+ by F- .  Nevertheless, it appears 
that Q is not less than 100 M - '  at 25" and I = 
0.1 M ,  even if the reaction [2] is strongly endo- 
thermic, so that the value 20 < Q < 30 M-' 
which can be obtained from Chan's data (1) is 
probably incorrect. Thus, CO(NH,),F~+ may 
not fit the Langford linear free-energy relation- 
ship (L.f.e.r.) (12) as well as was formerly 
believed, though the deviation would not be great. 

The aquation of fluoropentaamminecobalt(III) 
ion, then, is kinetically closely analogous to those 
of the other fluoro- and azido-complexes of 
Table 1, and the mechanistic models advanced 
(7, 8, 17, 18,20) to accommodate the data on the 
latter compounds will apply to  C O ( N H , ) , F ~ +  
too. A rather rough fit in the L.f.e.r. is almost to 
be expected, since the cancellation of excess AH* 
and AS* components, arising from differences 
in the extent of solvation of the transition states 

. in the series Co(NH,),X2+, need not be exact 
(29). 

With the emergence of a fairly general pattern 
in the activation parameters for aquation of CO- 
(NH3),X2+, Cr(NH3),X2+, and C ~ ( H ~ O ) , X ~ + ,  
it seems that appropriate activation parameters 
for CO(NH,) , I~+ would be AH* -- 24 kcal 
mole-' and AS* -- - 1 cal deg-' mole-', so 
that k,, -- 9.5 x s-' at 25". Yalman's ex- 
perimental value (5) of k,, = 8.3 x s-'  is 
in agreement with this prediction, but the experi- 
mental values of AH* and AS* seem to be in- 
ordinately low. Our attempts to extend Yalman's 
work were frustrated by redox decomposition of 
the iodo-complex, and the question is likely to  
remain unresolved for this reason. 

Finally, using the data of Table 1, values of 
AH* -- 33 kcal mole-' and AS* - 15 cal deg-' 
mole- ' can be predicted for the acid-independent 
aquation of Cr(NH3)5N32+. 

We thank the International Nickel Company, Ltd., for 
a Fellowship (to W. E. Jones), the National Research 
Council of Canada for further financial support, and 
Dr. T. P. Jones for making his detailed experimental data 
on the Cr(NH,),XZ+ series available to us. 
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Free-radical and molecular processes in the pyrolysis of ethylbenzene 

W. D. CLARK' AND S. J. PRICE 
Deparlttletfl of Clrettlistry, Ut~iuersity of Wit?(/sor, Witfrlsor, Otftnrio 

Received August 12, 1969 

From 910 to 1089 OK, at pressures of 20 to  36 mm, the pyrolysis of ethylbenzene in a toluene carrier 
flow system occ~lrs  primarily by three reactions 

The Arrhenius e q ~ ~ a t i o n  for the reaction [I], log k ,  (s-I)  = 14.7 - (70 100/2.3RT), is in agreement 
with a previous aniline carrier s t ~ ~ d y  and with thermochemical calculations. Reaction [I 11 is surface 
dependent and yields widely scattered results. For experiments in a conditioned quartz vessel, 
log k , ,  (s-I) = 9.06 - (51 700/2.3RT). V a l ~ ~ e s  of k ,  and k12  are unaffected by the nature of the s ~ ~ r f a c e  
and by changes in the surface-to-volume ratio. The rate constants for reaction [I21 are somewhat 
scattered, but yield the approximate equation log k12  (s-I) = 12.7 - (64 000/2.3RT). E, should possibly 
be increased by about I kcal to allow for the efTect of reaction [- 11, the reconibination of methyl and 
benzyl species. 

Canadian Journal of Chemistry, 48, 1059 (1970) 

Introduction 

The pyrolysis of ethylbenzene has previously 
been investigated by the toluene carrier technique 
( I ) ,  by aniline carrier studies (2), and more 
recently by a toluene carrier procedure using a 
stirred flow reactor (3). Szwarc (1) assumed the 
decomposition into methyl and benzyl could be 
followed by measuring the methane produced. He 
reported log k (s-') = 13.0 - (63 20012.3RT). 
Esteban et al. (2) also based their calculations on 
the rate of methane formation. Using primarily 
an aniline carrier technique, with some toluene 
c a r r i e r  r u n s  i n t e r s p e r s e d ,  t h e y  o b t a i n e d  
log k (s-') = 14.6 - (70 100/2.3RT). These 
higher Arrhenius parameters are supported by 
studies of the recornbination of methyl and benzyl 
which, together with thermo-chemical data, lead 
to log Ic (s-') = 14.9 - (70 50012.3RT) (4). 

Crowne et al. (3) have shown that Szwarc's 
activation energy may be low because no allow- 
ance was made for the recombination of methyl 
and benzyl. Making no correction, they o b t a ~ n  
log li (s-') = 13.1 - (62 20012.3RT). Applying 
a correction based on the rate constant for the 
r e c o m b i n a t i o n  p r o c e s s  ( 4 ) ,  t h e y  o b t a i n  
log k (s-I)  = 14.7 - (69 20012.3RT). Although 
the activation energy obtained by Crowne et al. 

I N R C C  S t ~ ~ d e n t s h i p  holder. Present address: Chern- 
istry Department, Brandeis University, Walthani, 
Massachusetts. 

(3) is close to that obtained by the aniline carrier 
method, the rate constants from the stirred 
reactor work are approximately a factor of two 
greater. In the present work, the range of de- 
composition has been extended and concurrent 
modes of decon~position have been investigated. 

Experimental 
Mnterinls 

(0)  The t o l ~ ~ e n e  used was prepared from sulfonic acid, 
Eastnian Organic X325. It was dried by refluxing over 
s o d i u n ~  ribbon under vacuum and then degassed by 
bulb-to-bulb distillation. 

(b) The ethylbenzene ~ ~ s e d  was s ~ ~ p p l i e d  by Eastnian 
Organic Clieniicals. It was fractionally distilled and 
degassed before use. 

The above materials were analyzed on  a 0.02 in. i.d. x 
150 ft poly(propy1ene glycol) Golay coluriin using a 
Perkin-Elnier Model 800 gas chromatograph with flame 
ionization detector. The  major impurities were never 
greater than 1 part in 5000 of the liquid being analyzed. 

Apporntlrs nttd Procerllrre 
The experiments were carried out ~ising a system 

similar to that used in previous work (5). The  gaseous 
products were analyzed using a Perkin-Elmer Model 154 
gas chroniatograph equipped with a 114 in. 6 ft silica gel 
c o l ~ ~ n i n .  The c o l ~ ~ n i n  was maintained at 80 "C, and a 
hcli~111i R O W  rate of 20 cni3 per min was used. A nitrogen 
carrier was used when hydrogen analysis was desired. 

The liquid products which condensed along with the 
toluene in an acetone - Dry Ice trap were analyzed using 
thc Perkin-Elmer Model 800 gas chromatograph 
equipped with 150 ft x 0.02 in. i.d. Golay column 
coated with poly(propy1ene glycol) (isothermal operation 
at 60 C ;  inlct pressure of N 2  carrier, 7 Ib). 
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TABLE 1 
Pyrolysis of ethylbenzene 

Products from ethylbenzene? (mole x lo4) 
P Temperature Time* Toluene Ethylbenzene 

(cm) CK) (min) (g) (mole x lo4) Methane Styrene Ethylene Hydrogen (ij log k ,  

*Prerun, ethylbenzene flow, postrun. 
tcorrected for decomposition of toluene. 
$Runs in reaction vessel packed with small quartz tubes; surface-to-volume ratio a factor of 10 greater than in unpacked vessel. 
§Unconditioned reaction vessel. 
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CLARK AND PRICE: PYROLYSIS OF ETHYLBENZENE 1061 

Results and Discussion 

The experimental results are given in Table 1. 0.5 
They may be discussed in terms of the following 
mechanism 

All of these reactions undoubtedly occur to 
some extent. However, the failure to observe any 
effect of wide variation in the toluene-to-ethyl- 
benzene ratio on the rate of decomposition in- 
dicates that reactions [6]-[lo] are of minor 
importance. 

Since no detectable ethane was observed, it has 
been assumed in this work, as in previous studies 
of this pyrolysis, that k,  may be calculated from 
the rate of formation of methane (corrected for 
the contribution of reaction [5] using data from 
earlier work in this laboratory (6)). Rate constants 
calculated on this basis, making no allowance for 
concurrent decomposition by reactions [l 1 ] and 
[12], are shown in Fig. 1. The first-order rate 
constants are independent of concentration, 
surface-to-volume ratio, and total pressure (over 
the rather narrow range 1.97-3.49 cm). 

No particular significance is attached to the 
fact that the packed-vessel runs at low conversion 
fall below the curve. The correction for the 
decomposition of toluene is quite small in most 
runs. However, in the packed vessel at 966 OK it 
was estimated that 20 % of the methane was from 
toluene, while at 943 and 910 OK, a figure of 
35-40% was used. These estimates are based on 
rate constants for the essentially heterogeneous 
decomposition of toluene in an untreated, packed, 
quartz vessel (6). Since the packing used in the 

FIG. 1. Arrhenius plot of kl. The numbers beside the 
points are the number of runs averaged to obtain the 
points; the open circles (unpacked vessel) and divided 
circles (packed vessel) represent values of kl calculated 
from the rate of formation of CH4 (corrected for toluene 
decomposition), assuming no concurrent modes of de- 
composition; +, values of kl estimated by using extrap- 
olated values of k l l  and klz to determine kl from the 
parallel reaction scheme. Below 1043 "K the two methods 
of calculating kl give virtually identical results. 

present work had been conditioned, the estimated 
corrections are probably too large. 

Values ofk, have also been calculated based on 
the parallel reaction scheme involving reactions 
[I], [l  1 1, and [12]. The only significant differences 
from the values of k, calculated from the yield of 
CH, occur when the percent decomposition is 
above about 35 %. As may be seen from Fig. 1, 
allowance for reactions [l 1 ] and [12] leads to an 
approximately linear Arrhenius plot over the 
entire range of decomposition. The least-mean- 
squares line shown in Fig. 1 may be represented 
by log k, (s-') = 14.7 - (70 10012.3RT). 

No allowance has been made for reaction 
[ -  11, the recombination of methyl and benzyl. 
Using reactions [ -  11 and [3] and assuming 
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reactions [2] and [4]-[6] are negligible gives 

moles C6H5C2H5 from reaction [- l]  
moles CH, 

- k -  1 [C,H,CH2] 
k3 [C6H,CH31 

An upper limit may be set on the average benzyl 
concentration by using basically the same type of 
calculation previously employed in evaluating 
k- ,  (4), but assuming that no benzyl radicals are 
removed in the reaction zone. Then 

1 2(moles CH,) t ,  
[C6H5CH2] = - - 

2 v t 

where V = volume of the reaction zone, t ,  = resi- 
dence time, and t = total time of the run. 

Calculations based on these expressions indi- 
cate a negligible correction for reaction [ -  11 at  
the lowest temperatures used in the present work. 
The magnitude of the correction gradually in- 
creases until in an experiment a t  1025 OK 
(approximately 35 % decomposition) about 15 % 
of the ethylbenzene undergoing decomposition 
would be expected to be regenerated. 

Considering the extent of recombination calcu- 
lated in this way over the range of experimental 
conditions used leads to the conclusion that the 
present value of El should be increased by 2-3 
kcal. Similar calculations on the toluene carrier 
runs done in conjunction with the aniline carrier 
studies (2) give an estimated correction of 1-2 
kcal, while Szwarc's value should apparently be 
increased by 3 4  kcal. 

However, a number of factors have been 
omitted which tend to make thecalculated correc- 
tions too large. These involve minor corrections, 
such as allowance for ring abstraction from 
toluene and allowance for reaction [6], but these 
are considered negligible. Of more importance 
are the increasing nonuniformity of radical con- 
centrations as the percent decomposition in- 
creases, and the omission of a negative term in the 
numerator of the expression for [C6H,CH2] to  
allow for benzyl removed by the combination 
process. Also, no allowance has been made for 
that fraction of the recombination product which 
undergoes subsequent redissociation. Another 
major correction is required because recent work 
from this laboratory on the recombination of 
methyl radicals (8) indicates that our published 

values for log k- ,  are too high by about 0.15 log 
units. The exact correction that should be made 
to E, is uncertain. Plausible figures might be 
about 0.5 kcal for the aniline carrier studies, 
1 kcal for the present work, and about 2 kcal for 
Szwarc's work. 

As shown in Fig. 2, the present results for 
reaction [ I ]  are in excellent agreement with the 
aniline carrier results (2). Szwarc's data at  low 
decomposition agree well with both the aniline 
carrier work and the present results, but fall 
below these more recent studies as the extent of 
decomposition increases. Crowne et al. (3), using 
a stirred flow reactor, obtained results, previously 
quoted in the introduction, which indicated that 
the low activation energy obtained by Szwarc was 
due to failure to allow for reaction [ -  11. As may 
be seen from the discussion in the previous para- 
graph, failure to  allow for this reaction could 
explain a difference of 1-2 kcal inole-' between 
the results of Szwarc and those of later plug-flow 
work, but certainly cannot account for the ob- 
served difference of approxiinately 7 kcal mole-'. 

FIG. 2. Comparison of Arrhenins plots for k l .  (I) 
Crowne et a / .  (3), allowance made for recombination of 
methyl and benzyl; (2) Crowne et a/ . ,  no allowance made 
for recombination; (3) present work; (4) Esteban et al. 
(2); (5)  Szwarc (1). 
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CLARK AND PRICE: PYROLYSIS OF ETHYLBENZENE 1063 

I 3 0 I I I 
0.95 1.00 1.05 1 .I0 

I O ~ / T  
FIG. 3. Arrhenius plot of k,,. 0, unconditioned 

vessel; 0, unconditioned vessel packed with conditioned 
packing; 8, conditioned vessel packed with conditioned 
packing; 0, conditioned vessel. Surface-to-volume ratio 
in packed vessel approximately ten times that in unpacked 
vessel. 

indication that it is unlikely that significant 
thermal equilibrium problems exist in the present 
investigation. 

It  should be possible to calculate values of k,,  
from the rate of formation of either benzene or 
ethylene. The apparent yield of benzene was in 
most cases considerably higher than that of 
ethylene. However, the procedure used in the gas 
chromatographic analysis of the liquids was pri- 
marily designed to give good styrene analysis and 
the accuracy of the benzene results is open to 
considerable question. Values of k, ,  have there- 
fore been calculated from the ethylene yield. As 
may be seen from Fig. 3, these rate constants are 
very sensitive to the nature of the surface. 

In an untreated quartz vessel, log k , ,  (s-l) = 
4.0 - (22 90012.3RT); while in a vessel rinsed 
with nitric acid prior to use, log k , ,  (s-') = 
9.06 - (51 70012.3RT). The packed vessel runs 
were carried out using a vessel packed with small 
auartz tubes which had been nitric acid treated 
(surface-to-volume ratio approximately ten times 
that in unpacked vessel). The results with the 
packed treated vessel indicate that even in the 
acid rinsed vessel, k l l  still contains a significant 
heterogeneous component. The runs with the 

- 
1 5  

It is also apparent from Fig. 2 that although the 
stirred reactor work yields a value of El close to 
that obtained in the aniline carrier work and in 
the present study, the rate constants obtained are 
considerably higher. Crowne et al. (3) did not - 
correct for the decomposition of toluene, but this I 

should account for only a small part of the ob- 
served difference. These workers state that their - 
value of log A ,  (s-') may be high by as much as 
0.5 (a decrease of 0.25-0.30 would give good -E 
agreement with other work) but their reasons for 
this statement are not clear. rn 2.5 

- 

The present work did use contact times in most 
runs that are short enough to potentially lead to 
low rate constants due to failure to achieve 
thermal equilibrium in a small fraction of the 
residence time (7). However, limited results from 5 
the present work indicate no appreciable effect as 
t ,  is lowered from 1.4 to 0.88 s at 910 OK or from 
0.92 to 0.78 s at 995 OK. Esteban et al. used 

\ 

0 8 
e\ (a 

0'- kO - 
\ 
8 o 
\o 

0 

- 

- 
\o ; 

\o \ 

residence times in most runs that are well within 0.95 1 00 I 05 

the recommendations of Mulcahy and Pethard 1 0 ~ 1 ~  

FIG. 4. Arrhenius plot of k,,. Q, runs in packed (7)' The agreement of the present with reaction vessel. Nitric acid treatment of the quartz 
these aniline and toluene carrier studies is further reaction vessel had no effect on k,,. 
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conditioned packing, but unconditioned vessel, 
show the interference by the packing with 
diffusion to the active walls. 

Values of k,, based on styrene have been used 
to construct the Arrhenius plot shown in Fig. 4. 
The curve shown may be represented by 
log k,, (s-') = 12.7 - (64 000/2.3RT). It should 
be noted that to be consistent with the proposed 
mechanism, reactions [I 1 ] and [12] have been 
treated as first-order processes. Although the 
results using a variety of ethylbenzene concen- 
trations seem to fit the appropriate curves in 
Figs. 3 and 4 and therefore support the assump- 
tion of first-order behavior, G e  surface depen- 
dence of k,, and the scatter in k,, preclude any 
reliable estimate of the order of these reactions. 

It should also be possible to calculate k,, from 
the quantity of hydrogen formed. Only five 
hydrogen analyses were done, since the rate of 
hydrogen formation, corrected for the contribu- 
tion from toluene pyrolysis, is in excellent 
agreement with the results obtained in the aniline 
carrier studies (2). As may be seen from Table 1, 
the corrected hydrogen yield is consistently 

greater than the yield of styrene. This may be due 
to other hydrogen-producing reactions, such as 
the pyrolysis of a portion of the benzene pro- 
duced. It is also possible that limited polymeriza- 
tion of the styrene occurs, although no evidence 
for this could be found. In either case, A,, is 
about two orders of magnitude less than A,. This 
is consistent with the more rigid activated com- 
plex expected in the molecular decomposition. 

This work has been supported by a grant from the 
National Research Council of Canada. 
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The effect of the cation on the 2E, [CI~CN)~],  - and T,, [CO(CN)~], - emissions: 
a study of Ag, [Cr,Co, -,(CN),] 

ALEXANDER D. KIRK'  AND HANS L. SCHLAFER 
Iturirrrt fiir plrysikrrlisc/~e Clretirie cler Urriuersitiit FratrkfirrtlMrritr, Gertirotty 

AND 

ANDREAS LUDI 
Iturit~rt fiir ot~orgottisclre, otrolytisclre ~rtrrl plr~~silcolisclre Clrettrie cler Utriuersitci'r Bern, St~~itzerlatrd 

Received October 9,  1969 

Tlie luminescence behavior of the conipounds Ag3[Cr.rCo,-,(CN)6] has been found to differ in 
several respects froni that of  the related conipoi~nds K3[CrxCol-,(CN),]. In the silver conipounds at 
room temperature, the Co(l11) 'TI, emission is too weak to be seen; the Cr(II1) ' E ,  emission appears 
to be qi~enched to a greatq extent, and is displaced about 1.5 kK to higher energy. At 77 "K, where 
the Co(I11) 'T,, emission can be seen, i t  is found to be displaced about 0.5 kK to higher energy. These 
effects, and also the shifts of thc [Cr(CN),13- and [C0(CN)6I3- absorption bands in the reflectance 
spectra of the compounds, are discussed on the basis of interaction of the Agf ion with the [Cr(CN),I3- 
and [Co(CN),I3- ions. Furthermore, the variation of Cr 2E,  emission intensity with mole percent Cr 
has its maxinii~m at a lower Cr concentration in tlie silver salts, indicative of more extended interaction 
between Cr3+ ions than in the potassium salts. 

Canadian Journal  of Chemistry, 48. 1065 (1970) 

Introduction 

In a previoi~s paper (I), we described a quali- 
tative and quantitative study of the luminescence, 
both froni Cr(ll1) and Co(III), of the system 
K, [Cr,Co, -,(CN),], where x ranged from 
0.0001 to l .O. 111 contrast to tlie niore usual single- 
crystal technique, this work made use of a tech- 
nique of intensity and spectral studies on tablets 
formed by pressing powdered starting materials 
prepared by precipitation. For some types of 
work, this method offers advantages, amongst 
which is the ability to obtain precise relative 

equivalent amount of 0.1 M AgN03 was then added, with 
stirring. Theresulting precipitate was filtered, washed with 
water, and dried in vacuo. 

The starting materials, K3 [Cr(CN),]and K3 [Co(CN)6], 
were prepared by standard methods (2), recrystallized 
three tinics from aqueous solution, and checked by 
analysis for Cr, Co, K, C, and N. 

X-Ro). Meosrrretiietrts 
Powder photographs of these materials were taken 

using a focussing camera of the Guinier - de Wolff type. 
Fe  Ka radiation was used. 

L~~~~~ir~escerrce  Measlo-err~errts 
The technique used to prepare tablets from the starting 

materials. to measure their lun~inescence spectra and 
luminescence intensity data for compoLlnds that rclative integrated emission intens~ties, and to record the 

cannot easily be prepared ill large crystalline reflcctancc spectra of the tablets were as described in 
detail previously (I), the sole change be~ng that tablets of form. these silver compounds were made at an applied force of  

This Paper describes sucll an investigation. 1.5 (metric) tons (dial gauge read~ng on MATRA press, 
The luminescence of the series of compounds corresponding to a sample pressure of about 1.1 tons 
A ~ , [ C ~ , C ~ , - , ( C N ) , ~  has been found to differ cnl-'). The luminescence spectrometer used was that 

from that of the corresponding potassii~m salts, described In ref. 3. 
- .  

and comparison of the systelns suggests solme Li.~lrt Soarces ~rsed for Excitation 

conclusions about interaction of the Agf ion For the wavelen~t11s 579, 550, 474, 434, and 404 mP, 

with the ion [Cr(CN),I3-. an Osram 100 W nlercilry lamp was used together with a 
10 cni water filter, a blue optical filter (B.G. 23 Jenaer 
Glaswerk Schott, Mainz), and an appropriate interference 

Experimental filter (Schott), For the wavelengths 365 and 313 mp, a 
Bausch and Lomb 33 8602 UV grating nionochromator 

Preparo~iorr of Ag3[Cr,Co,-,(CN),,l was used in conjunction with an Osram 200 W mercury 
Aqlleous sol~ltions of K3[Cr(CN),1 and K ~ [ C O ( C N ) ~ I  lamp and the 10 cm water filter. 

were niixed in the proport~ons appropriate to the mole % 
Cr desired in the final product. To these solutions, an Results 
- - -- 

Crystaiiographic St~rdies 
'Address: University of Victoria, Victoria, British ~ ~ ~ ~ i ~ ~ ~ i ~ ~  o f t h e  different salnples by Col~lmbia. On leave of absence du r~ng  the 1968-1969 

academic ycar. powder techniques showed that they all had the 
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same hexagonal unit cell as Ag,[Co(CN),], of 
which the crystal structure has recently been 
determined (4). The powder patterns of the Cr- 
doped compounds, as well as of Ag, [Cr(CN),], 
showed somewhat broader reflections than 
Ag, [Co(CN),], but there was no large change in 
the lattice spacings as one steadily replaced the 
cobalt by chromium 

Ag, [Co(CN),] a = 7.03 A c = 7.13 A 

It was demonstrated also that the pressing of 
tablets had no influence on the X-ray pattern. 

Luminescence Properties 
A preliminary survey of the room-temperature 

luminescence properties of the Ag, [Cr,Co, -,- 
(CN),] system showed that Cr ' E ,  luminescence 
could be seen, although the Co ,T,, luminescence 
also found in the potassium compounds was 
absent. We should also like to report here that a 
parallel study of the systems K, [Cr,Fe, -,(CN),] 
and of Ag,[Cr,Fe,-,(CN),] revealed no Cr 
emission either at room temperature or at 130 OK, 
due probably to inner filtering by the [Fe(CN),I3 - 
ion at low percentages of Cr and to Cr/Cr 
quenching processes at high concentrations of 
Cr (1). 

Test of Procedure 
To check that the procedure of tablet formation 

caused no dramatic changes in the luminescence 
properties of the substances, the Cr emission 
spectrum of a tablet of the 5 % Cr compound was 
compared with the spectrum of the original 
~owder .  both at room tem~erature and at 77 OK. 
?he spectra of the two foims were not resolved 
into very sharp lines even at 77 OK, so the test 
can not be regarded as extremely sensitive. 
However, no significant differences could be seen 
either in band position, resolution, or relative 
band intensity (Fig. 2d). Whether changes occur 
in the total emission intensity is clearly impossible 
to say, but in view of the spectral identity it seems 
unlikely. 

A comparison of the reflectance spectrum of 
the 5 % compound as a tablet and as a powder 
similarly showed no differences in the positions of 
the band maxima and the band widths, although 
the usual differences in band intensities were to be 
seen. In all cases, and particularly for the pure Co 

compound, however, care had to be taken to 
press the tablets at relatively low pressures (1.1 
tons cmP2) or the material flowed, resulting in a 
tablet of relatively glassy appearance and with a 
reflectance spectrum in which the absorption 
bands were broadened. With the exception of the 
compound Ag, [Co(CN),], no luminescence 
work was done with such tablets. 

FIG. 1 .  Reflectance spectra of Ag3[Cr,Col-,(CN)6], 
K3[Cr(CN),], and K3[Co(CN),] obta~ned on the 
tablets used in the luminescence work, except for 
Ag,[Cr(CN)6] and Ag,[Co(CN),], where, the spectra 
shown are of MgO-d~luted powders. As lnd~cated on  the 
right-hand side, the mixed-crystal spectra have been 
progressively dis@laced by 10 % increments for clarity. 
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KIRK ET AL.: A STUDY OF Ag 

Reflectance Spectra 
The reflectance spectra of tablets of the doped 

compounds are shown in Fig. 1, which also shows 
the reflectance spectra of pure K, [Cr(CN),] and 
K,[Co(CN),]. In the silver compounds, the 
[Cr(CN),I3- 4 ~ 2 ,  + 4A2g absorption band is 1 
displaced a significant amount to the red, appear- 
ing at about 500 mp. No such large shift of the 
'TI, t 'A,, [Co(CN),I3- absorption band is I 
revealed by con~parison of the silver and potas- 
sium salts of [Co(CN),I3-, but the 'T,, t 'A,, 
absorption is moved significantly to the ultra- 
violet. 

Cl~romiunz E~nission Spectrum 
The spectrum of the Cr emission at room 

temperature and 77 OK is reproduced in Fig. 2a 
and 2d and was the same for all percentages of 

1 
Cr up to 10% (Fig. 20). No emission could be 
seen from the pure compound Ag, [Cr(CN),], - - 
presumably due to the effectiveness of Cr/Cr 
quenching processes in this substance. The spec- 
trum resembles that of the potassium salts (Fig. 
2b) or the ion [Cr(CN),I3- in solution (5) and 
we do not doubt that it is the emission ,E, -> 4 ~ 2 g .  

However, the most intense band occurs at 13.49 1 
kK, compared with 12.05 kK for the potassium 
salts, being thus shifted ca. 1.5 kK to higher h 
energy in the silver compounds. No such pro- 

- 

nounced shift was seen in the ,E, emission of 
Pb, [Cr(CN),], (Fig. 2c), which was examined 
to see if this was a general effect of class B cations. t 
,TI, Enzission of Co (111) 

At room temperature, Ag,[co(CN),] did not 
emit, but on cooling to 77 OK, the 3T,, emission 
was seen; broad, as in the potassium compound, - - 
and with the band maximum at 14.3 kK. The 

emission spectra at 77 OK of the Agf and :" K compounds are compared in Fig. 2e, and a 
shift of about 0.5 kK to higher energy is to be 
seen for the Ag compound. 

Einission Intensity Concentration Dependence 
Figure 3 shows a plot of the variation of Cr 

,E, emission intensity with mole fraction of Cr I 
- h -- .- - - 

C 

FIG. 2. Emission spectra: (a) Ag3[Cr,Col-,(CN),] Z 
at room temperature; the spectrum is independent of Cr 
concentration up to at least 10% Cr; (b) K3[Cr0,,,- 
C O ~ . , ~ ( C N ) ~ ]  at room temperature; (c) Pb3[Cr(CN),lz 
at ca. 130 OK; (d) Ag3[Cro,o5Coo.e5(CN),1 at 77 "K, as 
tablet and as powder; (e)  K,[Co(CN),] and Ag3[Co- 
(CN),] at 77 OK. 
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FIG. 3. log (relative integrated Cr ZEg emission intensity) vs. log (Cr concentration (mole fraction)) for various 
excitation wavelengths. Conditions: room temperature; monochromator slit 2 nim, centered at 13.65 kK (band 
width 13.3 to 14.0 kK). 

The term relative integrated emission intensity is used here to indicate that the emission intensities for various 
concentrations of Cr were measured relatively, but over the total spectral range of the emission (integrated) (1). 
The concentration dependence curves for different excitation wavelengths have been made comparable by assigning 
the relative integrated emission intensity for the 0.1 % tablet as 1.0, independent of wavelength, and normalizing the 
remaining concentration data on this basis. 

using several different wavelengths of excitation. 
At those wavelengths where the absorption pro- 
cess is predominantly into [Cr(CN),I3- (579, 
550, and 474 mp, Fig. 1) then the same behavior 
is obtained, independent of exciting wavelength. 
This curve, after correction of the data for sample 
reflectivity (see caption to Fig. 3), shows an 
increase of emission intensity with Cr concen- 
tration to a maximum at about 2 to 4 %  Cr, 
followed by an increasingly rapid loss of intensity 
for greater Cr concentrations. This behavior is 

K3 [CrxCO1 1 and Ag3 [CrxCOl - X ( ~ ~ ) , I  
is their totally different crystal structure, despite 
the similarity in ionic radius of K' and Ag' ; and 
it emphasizes the importance of the dl0 con- 
figuration of Ag' in influencing its solid-state 
interactions. The consequent preference of Ag+ 
for linear two-fold coordination is undoubtedly 
an important factor in determining the approxi- 
mately linear arrangement (. . .NC M CN Ag 
NC.  . .) (M = Co3+, Cr3+) seen in the lattice of 
the silver compounds. The following discussion 

qualitatively the same as that previously found shows that the singularities that occur in the 
for the corresponding potassium system (I), but absorption spectrum and in the luminescence 
the differences found in slope and in the position behavior of the silver salts also derive from the 
of the intensity maximum are significant. specific solid-sate interactions of the ions Ag+ 

Comparison of K and Ag Salt Etnission 
Intensities 

A comparison of the total Cr emission intensity 
for the 1.0 % Cr silver and potassium compounds 
yielded the value 7.4 for the ratio (K salt Cr 
emission intensity)/(Ag salt Cr emission in- 
tensity), after allowance for the sample reflectivi- 
ties and the difference in the average photo- 
multiplier sensitivity over the respective emission 
regions. 

Discussion 

An obvious difference between the systems 

and [Cr(CN),I3- 

Band Shifts iin Absorption and Einission Spectra 
Our observed s~ec t rosco~ic  information is 

summarized and compared with the potassium- 
salt data in Table 1. (Band positions have been 
rounded to two significant figures where un- 
certain.) 

Since the reflectance spectra of both Ag, [Cr- 
(CN)6] and Ag, [Co(CN),] resemble the spectra 
of the respective "isolated" complex ions, the 
effects of the Ag' ion are relatively secondary and 
there is no requirement to interpret the spectra in 
a drastically different way; e.g., on a band model, 
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K I R K  E T  AL.: A STUDY OF A ~ , [ C ~ , C O ~ - , ( C N ) ~ I  1069 

a charge transfer basis, or pair spectra. Thus, we TABLE 1 

assume that the usual ligand field model is Transition energies for Ag and K salts of 

applicable. [Cr(CN),I3 - and [Co(CN),13- 
Starting from the strong-field limit, allowing 

for interelectronic repulsion and neglecting the 
A E  (kK) 

small effects of configuration interaction, one Lit. value for 

obtains expressions for the energy levels of d3 Transition 
complex ion in 

Ag salt K salt solution (6) 
and d6 systems which lead to the following 
transition energies (6). I C ~ ( C N ) ~ I ~  - 

4T2g + 4 A 2 g  22.5 26.8 26.7 
Cr3+ 4 T ~ g  + 4A2g 33 32.6 32.6 2Eg c 4 A 2 g  14.0* 12.7* 13.1 (5) 

AE(4T2s + 4A2g) = A 
AE(4T,g + 4A2g) = A + 12B 

[CO(CN)BI~-  
' T I ,  + ' A I ,  31.7 32.3 32.4 

[1 1 AE('Eg + 4A2g) = 9B + 3C ' T z g  +- 'A lg  42 38.8 39 
+- 'A lg  29 t 28.51 - co3 + *Our experimental data give the band maxtmum in emission. In  

AE('Tlg + 'Alg) = A - C order to  obtaln results comparable to  the quartet-quartet absorption 
band maxima, we have taken the band maxtma of  the K +  and Ag+ 

AE('T~, + 'Alg) = A + 16B - C emission spectra and added 0.7 kK to obtain estimates of  the position 
of  the maxima In absorp t~on  for the soltd. This figure of  0.7 kK 1s 

AE(3T,g + 'Alg) = A - 3C twlce the d~fference between the maxlmum In emlsslon and the &O 
band of the K salt ~denttfied by Forster (7). (We assume a mirror 
relat~onship of  absorption and emission spectra.) From the experimental transition energies tcalculated from the emission maxlmum assuming the same Stokes 

shown in Table 1, one then obtains values of the Sh~~~f~dC,"~l",~)d?.Slng A = 33.45 kK, B,s = 0.410 kK and 

ligand field strength parameter, A, and the C = 4 B ( 6 ) .  

Racah parameters, B and C, for K,[Cr(CN),], 
Ag3 [Cr(CN),], K3 [Co(CN),], and Ag3 [Co- 0" a ligand field basis7 the parameter A may be 
(CN),], Table 2. The experimental uncertainties considered approximately to be made up of four 
in the wavelengths of the band maxima, and the parts: a purely electrostatic (Ac,,,.), a ligand 
uncertainties in assumed Stokes shifts used to o-bonding (Ao), a metal-to-ligand n-bonding 
calculate the absorption maxima from emission (A"(M L)), and a ligand-to-metal n-bonding 

maxima, (see footnotes to Table 1) result in some (A"(L -> M)) contribution. While there is no 

uncertainty in the values of A, B, and C obtained. basis for true additivity of these terms, we may 

Nevertheless, the trend is clearly the same for for the present qualitative discussion write 

both complex ions: A and C decrease, and B A = A , , ~ ,  + A~ + A ~ ( M  + L) + A"(L + M) 
increases, and on this basis all the spectral shifts 
observed are consistently explained. The simul- where the last term would be expected to be 
taneous decrease in C and increase in B requires negative, the others positive. It is certain that the 
a decrease of the ratio C/B on forming the Agf first two terms are most significant in deter- 
complexes. mining the value of A. 

TABLE 2 

Ligand field strength parameter, A,  and Racah parameters, B and C, for K, [Cr(CN),], Ag, [Cr(CN),], 
K3 [CO(CN)~I and Ag, [Co(CN),I* 

B35 (kK)t 
A B C BSS 

Compound (kK) (kK) (kK) c / B  Calcd. Lit. Calcd. 

K3 [Cr(CN61 26.8 0.4831 2.783 5.7 0.4835 0.49 0.605 
Ag3 [Cr(CN),l 22.5 0.8751 2.041 2.1 0.875§ - 0.675 
Cr3 + (free ion) - - - 0.91,(6) - - 
K3 [Co(CN),I 34.1 0 . 4 1 ~  1.85 ( ~ 0 ) l )  ( 0 . 4 1 )  0.410 - 
Ae- lCo(CNL 1 33.1 0.64. 1.35 2.1 0.64, - - 

'All calculated values are based o n  the transition energies of  Table 1. 
?All the values quoted are uncorrected for any effects of  configuration interactions. 
$B and C were calculated solving eq. [ I ] ,  assuming that B was the same for interelectronic repulsion in the t Z S 3  and tzg2 e,' configurations. 
§Calculated taking AE(lE, t 4 A 2 , )  = 21BS5 (i.e. Cs! = 4Bs5) and AH4T,, t 4 T z , )  = 1 2 8 ~ ~ .  
/ / W e  assumed C = 4 8  and B = 0.410 k K  in calculat~ng the energy of the 3T,, state in K,[Co(CN)6]. See footnotes to  Table 1. 
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In explaining how interactions in the silver 
salts could alter A, it is unreasonable to expect 
large differences in the coulombic effect of Ag' 
and K +  on the [Cr(CN),I3- ion in view of their 
similarity of size and identity of charge. However, 
unlike K + ,  Ag' will o bond to species such as 
N, and one may expect Cr-C=N-Ag o boiid- 
ing to occur in the silver salt. Such o bonding 
would reduce the o-electron density available for 
Cr/C o bonding and reduce the magnitude of 
the Ao term. The same effect will also increase B, 
as the central-ion d electrons will be less delocal- 
ized on the ligands (this is later discussed in more 
detail.) 

Changes inn-bonding effects may also change B 
and decrease A. The t,, orbitals of the metal ion 
are n bonded to the ligands and yield orbitals 
of the correct symmetry also to n bond with the 
d,, and d,= orbitals of the silver ion. The config- 
uration of the C-N-Ag bond is not too far 
from linear (157") (4); therefore, d electrons of 
Ag+ are able to interact with the t2, electrons of 
the Cr3+ and Co3+.  This would also increase B 
and decrease A, through a decrease in the neg- 
ative term An(L + M). 

Thus, one may consistently rationalize the ob- 
served spectral shifts, both in emission and ab- 
sorption, in terms of bonding between the Ag' 
ion and the N of the Cr/Co cyanide ligands. 

I t  is interesting to press this treatment some- 
what further. For Cr,  the starting equations [ l ]  
are not strictly accurate because they fail to 
recognize that in an octahedral complex, the 
radial functions for t2,(y5) electrons and e,(y,) 
electrons are expected to be different. Thus, one 
should recognize the existence of three differing 
interelectronic repulsion parameters, B,,, B,,, 
and B,,. Since the 'E, and 4A,, states of Cr both 
arise from the strong-field configuration tZg3, we 
should write 

[2] AE('E, + 4A2,) = 9B5, + 3C5, 

Similarly, since the two 4T25 and 4T1, states 
arise from t,,' e k ,  we may wrlte 

If C = 4B, we may calculate B,, from 

the two quartet -> quartet bands is clearly 12B3,. 
In  this way, we obtain the values of B,, and B,, 
shown in Table 2. The value of B,, (=B)  for 
cobalt is also given. 

Observe that formation of the Ag salts causes 
a s m a l l ,  s i g n i f i c a n t  i n c r e a s e  i n  B , ,  f o r  
[Cr(CN)6]63- and a very large increase in B,, 
for both ions; in the case of Cr,  raising the value 
almost up to the value for the free ion (B(Cr3+) = 
914 cni-', B(CO,+) = 1 100 cm-I). The usual 
explanation for the lowering of metal-ion B 
values on forniatioii of octahedral complexes is 
that delocalization of electron density onto the 
ligands through the o-aiitibonding nature of the 
e, orbitals very much reduces interelectronic 
repulsion between electrons occupying them. 
Therefore, P,, aiid P,, are generally much below 
1.0, with p,, somewhat larger. The reduction of 
the extent of o bonding between Cr3+ and C N -  
postulated by us to explain the decrease in A in 
the silver salt, however, implies iiiliibitioil of the 
e, electroil delocalizatioii and consequently an  
increase iii B,, and, to a lesser extent, in B,, over 
the K salt values. These effects appear to be 
much smaller for Ag,[Co(CN),] than for 
Ag3 [Cr(CN), I. 

Concentration Dependence of the Chi.omiunz 
Enzission Intensity 

In  our previous work (1) 011 the system 
K, [CrxCol -,(CN),], a satisfactory theoretical 
treatment of the intensity dependence was pos- 
sible. However, it was iiecessary to show first tliat 
energy transfer from Co to Cr was not a n  
important process, aiid then to assume tliat the 
ratio of the solution extiiiction coefficieiits could 
be applied to the solid systems for the purpose of 
calculating the proportion of the absorbed 
radiation going into the Cr. For these silver salts, 
such an  approach is clearly invalid, since their 
reflectance spectra are so completely different 
from the solution spectra of the individual ions. 
Thus, in the absence of any way of calculating the 
extent to which the light is absorbed by each 
component of the solids, and of determining 
whether energy transfer occurs in the system, the 
highest hope we can fulfill with the data is a 
semiquantitative clarification. 

Reference to Fig. 3 shows that the form of the 
intensity/mole-fraction-Cr plot is strongly de- 
pendent on the exciting wavelength.  omp par is on 
between Figs. 1 and 3 shows further that as one The difference between the transition energies of 
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KIRK ET AL.: A STUDY OF Ag3[Cr,Col-,(CN)el 1071 

goes to those wavelengths at which Co absorption 
becomes more predominant (404, 365, 313 mp), 
the maximum tends to move to  higher Cr  mole- 
fraction. This is to be expected as a result of C o  
inner filtering, but the picture is clearly more 
complicated, because in the high Co absorption 

a 

region the slope of the log (intensity)/log(Cr mole- 
fraction) plot is not 1.0 as it should be on the z 
basis of our simple theory. It may be that this is 
caused by Co/Cr energy transfer effects under 
these conditions, but we have no method of 
proceeding further with the data in this region. 

7. Cr - The best that can be done is with the data at 
FIG. 4. ~og/log comparison of eq. (for aCr/ac, = 574, 5503 and 474 mP, where the C o  absorption 500 and Z = 9) with the 579, 550, and 474 mp data of 

coefficient is clearly much smaller than that for Fig. 3. The solid line is calculated from eq. [9]. 
Cr and the same curve for the intensity depen- 
dence is obtained independent of wavelength. Combination of these expressions and cog- 

In our previous work (I), theoretical expres- nizance of the relative nature of all the intensity 
sions for the intensity of Cr emission as a function data gives for the reflectivity-corrected emission 
of the Cr mole-fraction were derived on the intensities 
following assumptions. 

(1) The raw luminescence intensity data could (IhJm)cr X 100 - 
C91 - 0 7  

- 
be corrected for the effects of sample reflectivity 
by dividing by the fraction of the light actually - 1 

absorbed by the tablet, fa,, 

[6 1 J3,,s = (100 - R)/100 where I, is the absolute incident intensity (never 
where R is the percent diffuse reflectance of the measured), and the constant CL allows for the 
tablet. (This correction has been made to the limited aperture of the apparatus, the change of 
data plotted in Figs. 3 and 4.) I, with wavelength, etc. Figure 3 is a log/log plot 

(2) Energy transfer from Co to Cr  was not a of the left-hand side of eq. [91 vs. Xcr. 
significant mechanism for Cr  emission. Cr  Assumption 2, on which eq. [91 was obtained, 
emission therefore only arose from that fraction does not apply in the case of these silver salts, 
of the absorbed light actually absorbed by Cr  particularly at those wavelengths where the Co 

absorption is large relative to Cr  (404, 434, 365, 
[71 (.Lbs)cr = E C ~ X C ~ / ( E C ~ X C ~  + E C ~ X C ~ )  and 313 mp.) For the remaining data at 579, 550, 

where X is the mole fraction and the E and 474 mP, a semiquantitative fit of the data 

were taken to be the molar decadic solution may be from eq. ~~1 an 

extinction coefficients on the assumption that Ecr/Eco and '. and 

their ratio would still give the ratio of Cr/Co error, the best fit was obtained for ' = 9 and 

absorption in the solid state. E ~ , / E ~ ,  = 500, and this curve is compared with 

(3)  Excited Cr  states would be quenched only the data in Fig. 4. 

if they had a second Cr ion as one of a set of The fit is mediocre, particularly when one con- 

neighbor ions. Otherwise, they were expected to  side's that these are log/log plots, but the choice 

emit with a constant quantum yield, +,,,,, at a of parameters is reasonable. The value of E ~ , / E ~ ,  

given temperature, independent of the mole is consistent with the reflectance spectra of the 

fraction of Cr. A simple statistical treatment then pure Ag3[Cr(CN)61 and Ag3[C0(CN)61 'Om- 

showed that the fraction of the total Cr  absorp- pounds (Fig- ') and the choice of ' = 9 is 

tion that goes to such single emitting ions was 
given by Thus for those wavelengths of irradiation for 

which absorption by [Cr(CN),13 - predominates, 
[8 1 (fabs)Cr singles = (I - X ~ r ) Z  the mechanism of luminescence and quenching is 
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likely to be the same as that found previously for 
the potassium compounds (1). The somewhat 
larger number, ca. 9 as opposed to 6, of effective 
quencher neighbors necessary to account for the 
concentration dependence of emission intensity 
is evidence for longer-range interactions, perhaps 
through the intermediacy of Agf. 

An approximate absolute comparison was 
made of the ratio of the Cr luminescence intensity 
for the 1 % tablets of the K and Ag salts. The 
value obtained for the optimum wavelength, 
404 mp, for this experiment was 7.4 for K salt Cr 
emission/Ag salt Cr emission. At first, it was 
thought that the ratio of Cr/Co absorption in the 
two tablets would be the same and that correction 
for the reflectivity would then yield the ratio of 
the absolute Cr quantum yields. Our analysis of 
the reflectance spectra shows this initial assump- 
tion to be quite untrue. The band shifts in the 
reflectance spectra suggest, however, that at 404 
mp the quantity (LbS),, is likely to be smaller for 
the Ag salts than the K salts. Thus, we conclude 
that this value of 7.4 is a lower limit for the ratio 
of absolute Cr/Co quantum yields. At 1 % Cr, 
the 'E,  state is therefore produced with a lower 
intersystem crossing yield or quenched to a 
significantly greater extent in the silver salts. 

Although these complexities have hindered 

the precise quanfitative study of these Ag,- 
[CrxCo(,-x,(CN),] salts, the work has still 
yielded useful information. Both the absorption 
spectra and emission spectrum show changes on 
formation of the silver salts and these are ex- 
plainable in terms of interaction of Agf with the 
N end of the cyanide ligand. As further evidence 
of such interaction, one finds that the concentra- 
tion dependence of the Cr emission intensity 
implies more extended interaction of Cr ions in 
the lattice. 

The authors wish to acknowledge the financial support 
of the Deutsche Forschungsgerneinschaft, the Schwei- 
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Magnetic interactions in the Mn(II)/cyanide system 

E. ROTLEVI AND D. R. EATON 
Department of Ct~etnistry, McMaster University, Hamilton, Otitario 

Received October 20, 1969 

A well-resolved electron spin resonance spectrum has been observed from frozen aqueous, methanol/ 
water mixtures, and acetonitrilelwater mixtures of potassium manganocyanide. Hyperfine splitting 
from at least two manganese atoms is present. The sharpness of the lines indicates that a rate process 
capable of averaging the anisotropic dipole-dipole interactions is operative. These results are discussed 
in terms of the known chemical and magnetic properties of Mn(I1)lcyanide systems. It is suggested 
that an  exchange process involving low-spin and high-spin manganese ions in the same molecule occurs. 

Canadian Journal of Chemistry, 48, 1073 (1970) 

Introduction K2Mn[Mn(CN),], analogous to the known 
Potassium manganocyanide is a well-charac- com~ound K2Fe[Fe(CN)61. The mag- 

terized material. It is one of the few manganese netic moment of 4.22 B.M. (4) is consistent with 

known which contain Mn(II) in its this formulation, since it is intermediate between 

low-spin form. The complex has a magnetic the value for low-~pin Mn(ll) 

moment of 2.18 B.M. (I), agreeing well with the '"paired electron) and that for high-s~in Mn(II) 

value expected for one unpaired electron. The (five unpaired electrons). The structure of Prus- 

electron spin resonance (e.s.r.) spectrum of a sian blue, K,Fe [Fe(CN),], has been investigated 

magnetically dilute single crystal containing by Robin (5). The essential structural feature is a 

K4Mn(CN)6.3H20 in the isomorphous diamag- lattice of iron ions, each octahedrally surrounded 

netic ferrocyanide has been examined by Baker, by 'yanide groups that both the and 
Bleaney, and Bowers (2). Owing to the short the nitrogen of each cyanide moiety is bonded to 
relaxation time, they were unable to observe a metal ion. Thus half the metal ions are bonded 
hyperfine structure at temperatures higher than the of 'yanide groups and to the 
12 OK and at this temperature they report lines of It has been 'hown by 'hriver, 'hriver, 

approximately 13 G half-width. They found sub- and Anderson (6) that when bonded through 
s t an t i a l  an i so t rop  i n  bo th  t h e  va lues  nitrogen, CN- is a relatively weak-field ligand. 
(g, = 2.624, gy = 2.182, and gz = 0.63) and the In its normal carbon bonded orientation it is of 
hyperfine coupling constant (A, = 84.5, Ay = course a strong-field ligand. The expectation that 
46.5, A, = 104 x 10-4 cm-'). As a consequence K2Mn[Mn(CN)61, assuming it has a Prussian- 
of these findings, one would not expect to be able blue structure, will have half of the manganese 
to observe an e.s.r. spectrum from a polycrystal- ions low-spin and half high-spin is therefore a 

line sample containing K 4 M n ( ~ ~ ) 6  at liquid- reasonable one. This situation should be dis- 

nitrogen temperature. tinguished from that obtaining in many Prussian- 

aqueous solution, K,M~(cN), is subject to blue structures which contain equal numbers of 

dissociation. chadwick and sharpe (3) state that metal ions in two different oxidation states (7). In 

it is soluble without decomposition in solutions of the present Paper, we wish to report e.s.r. spectra 
potassium cyanide ofat least 1.5 Mconcentration. which appear to be associated with interaction 
In the absence of excess cyanide ion, a product of between two manganese ions in different spin 

stoichiometry KM~(CN) ,  is precipitated. ~h~ states present in the same molecule. This type of 

same product can be obtained by reaction of situation does not appear to have been considered 

MnC1, with a limited amount of potassium previously. 

cyanide. There is some parallel here to the Results 
chemistry of the Co(I1)lcyanide system, in which The e.s.r. spectrum obtained from a frozen 
the stable species is CO(CN),~- rather than aqueous solution of potassium manganocyanide 
CO(CN),~-. The structure of KMn(CN), is un- at  liquid-nitrogen temperature is shown in Fig. 1. 
known, but it has been suggested (3) that it Very similar spectra, but with slightly better 
might well be more correctly formulated as resolution, are obtained from frozen methanol/ 
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(b)  4hk t r -  , -. l D D G  .... -. , 

FIG. 3.  Electron spin resonance spectrum of 
IOOG, "KMn(CN)3" in liquid ammonia. 

FIG. 1. (a) Electron spin resonance spectrum of 
solution of K,Mn(CN)6 in ice at 77 "K. (b) Electron spin 
resonance spectrum in frozen aq~~eous/niethanol solu- 
tion, 77 OK. The field increases from right to left in all 
spectra. 

I, 

FIG. 2. (a) Electron spin resonance spectrum of 
freshly prepared solution of K,Mn(CN), in frozen DzO 
at 77 OK. (b) Same sample after standing three days at 
Dry-Icelacetone temperature. The change in the spectrum 
is marked by the arrow. 

one paramagnetic chemical species is involved. 
The lines are slightly broader at  high concen- 
trations but no other concentration effect is 
observed. If the samples are allowed to warm 
from liquid-nitrogen temperature, the spectra 
diminish in intensity and eventually disappear. 
The disappearance is complete at temperatures 
well below the melting point of the matrix. The 
spectrum can also be suppressed almost com- 
pletely by adding an  excess of potassium cyanide. 

Qualitatively, the spectra of Fig. 1 contain at  
least eleven or twelve sharp lines together with 
some broader absorptions in the wings. The cen- 
ter of the spectrum is located at  g = 1.98. The 
spacing of the major lines is close to 40 G. This is 
about half of the usual 75-95 G isotropic splitting 
found in Mn(I1) compounds (8). The widths of 
the central lines are around 10 G. I t  should also 
be noted that these lines show a true derivative 
line s h a ~ e  rather than the half derivative charac- 
teristic of powder e.s.r. spectra. A frozen aqueous 
solution of Mn(1I) ions shows no resolvable 
hyperfine structure under comparable instru- 
mental conditions. It must be concluded that a 
mechanism is operative which averages out the 
anisotropic dipole-dipole interactions which 
usually broaden the e.s.r. spectra of polycrystal- 
line mixtures. Solid samples of the compound 
"KMn(CN)," prepared by the methods de- 
scribed in the literature show n o  resolvable e.s.r. 
spectrum. This material is slightly soluble in 
liquid ammonia and gives a six-line spectrum 
with a hyperfine splitting of 89 G, as illustrated 
in Fig. 3. As anticipated, only the high-spin 
Mn(I1) ions are contributing to the spectrum. 

water o r  acetonitrilelwater mixtures. Such a Discussion 

spectrum is also shown in Fig. 1. Some small, but Initially, it is apparent that the spectra of Fig. 1 
significant, changes in the relative intensities of are not produced from the starting material 
the lines can be observed in some of the spectra K,Mn(CN),. From the results of Baker, Bleaney, 
and these are illustrated in Fig. 2. These dif- and Bowers (2), spectra are not expected to be 
ferences suffice to demonstrate that more than observed from this compound under the experi- 
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ROTLEVI AND EATON: ON THE Mn(II)/CYANIDE SYSTEM 1075 

mental conditions used; there are too many lines 
in the observed spectrum and the measured para- 
meters do not agree with those reported. In addi- 
tion to these s~ectroscopic arguments, there is 
the chemical argument that the spectrum is sup- 
pressed by the addition of KCN, which should 
increase the concentration of M ~ ( C N ) , ~ -  ions. 

The proposition that the spectrum arises from 
the decomposition product "KMn(CN)," is also 
unattractive. By direct experiment, this latter 
material does not exhibit the observed s~ectrum 
in the solid phase. In liquid-ammonia solution 
the observed spectrum is that of solvated ~ n ' +  
ions. Neither does it seem feasible to explain the 
nature of the spectrum on a model based on an 
extended Prussian-blue type lattice such as has 
been proposed for KMn(CN),. We are therefore 
led to the conclusion that an intermediate (or 
intermediates) in the decomposition process 
gives rise to the spectra. In this context, it is 
interesting to note that precipitation of KMn- 
(CN), is not apparent until several minutes after 
preparing solutions of K,Mn(CN),, and that 
freezing of the freshly prepared, clear solutions 
produces the observed spectrum. 

It is reasonable to suppose that the initial step 
in the decomposition of M~(CN),,- is loss of a 
cyanide group and that this could be followed by 
formation of a cyanide bridge, i.e. 

M I I ( C N ) ~ ~ -  -> Mn(CN)53- + CN- 

Continued loss of cyanide groups and forma- 
tion of bridges leads to the Prussian-blue struc- 
ture. The analogous loss of a cyanide in the 
Co(1I) system has already been pointed out, and 
the formation of a cyanide bridge in the reaction 
of Co(CN),,- and Co(NH5),CN2+ has been 
demonstrated by Halpern and Nakamura (9). 
These authors showed that oxidation of the 
cobalt(I1) cyanide proceeds by an inner-sphere 
mechanism and that the resulting N-bonded 
cyanide complex rearranges to the thermo- 
dynamically more stable C-bonded complex with 
a characteristic half-life of around 1.6 s. 

We would like to propose that the e.s.r. spectra 
reported in the present paper arise from relatively 
low molecular weight species containing the 
-Mn-CEN-Mn grouping. It is further postu- 
lated that in such a grouping, one manganese 

atom will be high-spin and one low-spin. In 
bridged complexes of this nature, hyperfine coup- 
ling from both metal atoms may be observed, as 
has been demonstrated for a variety of copper 
complexes (10, 11). Further, as was first shown by 
Slichter (l2), it is expected that the magnitude of 
the hyperfine coupling will only be half as great as 
that found in the monomeric species, providing 
there is interaction between the two paramagnetic 
centers. Thus, for the above grouping, an eleven- 
line spectrum with relative intensities 1 :2 :3 :4:5 :- 
6:5:4:3 :2:1 and hyperfine coupling half of the 
usual manganese value is expected. These pre- 
dictions are in qualitative agreement with the 
observed spectra, although they do not account 
for all the lines present. The doubling of some of 
the lines with variable relative intensity illustrated 
in Figs. 1 and 2 can be readily ascribed to slightly 
different environments for different pairs of 
manganese atoms. Thus it is possible that in some 
cases, one or more cyanide groups might be 
replaced by solvent molecules on the high-spin 
manganese. The presence of trimers, tetramers, 
and higher polymers could serve to account for 
some of the additional broader lines observed in 
the wings of the spectrum. The observed g value 
is also consistent with this interpretation, since it 
is intermediate between the values expected for 
high-spin and low-spin Mn(I1). 

It should be noted that there is considerable 
precedent in the literature for cyanide bridges in 
structures other than Prussian blue. Perhaps the 
closest example to the present case is the com- 
pound 

Baa [(NC)5FeCNCo(CN)5]16H20 

discussed by Dows, Haim, and Wilmarth (13). 
Other papers have discussed cyanide bridges 
using X-ray (14) and infrared (15) methods of 
examination. Haim and Wilmarth (16) have re- 
ported several compounds involving cyanide 
bridges formed from cobalt pentacyanide, and 
Taube and Myers (17) have shown that reduction 
of ferricyanide by Cr(I1) occurs via a bridging CN 
and that the bridge persists in the product. There 
is also analogy between the e.s.r. spectra reported 
here and those observed for certain peroxy- 
bridged cobalt complexes. Thus Bayston, Looney, 
and Winfield (1 8) obtained a fifteen-line spectrum 
(corresponding to coupling with two cobalt ions 
with nuclear spin 712) from [(CN),Co-0-0- 
Co(CN),15-. In this case, the effect is attributed 
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to electron exchange between Co(II1) and Co(1V). 
Ebsworth and Weil (1 9) obtained similar results 
with [(NH,),co-o-O-CO(NH,)~]~+. 

However, the mere presence of the -Mn-Ce 
N-Mn grouping is not sufficient to account for 
the observed e.s.r. spectrum. The extremely 
narrow lines observed indicate that some mech- 
anism is present which effectively averages out 
the magnetic dipole-dipole interactions. Rotation 
of radicals such as CH,. in solid matrices can 
produce this effect and allow resolution of the 
hyperfine splitting. It is difficult to envisage free 
rotation of dimeric manganese cyanides in ice at 
liquid-nitrogen temperature. We wish to  suggest 
that the averaging is produced by rapid exchange 
between manganese ions in low-spin and high- 
spin states. Such a time-dependent phenomenon 
could result in averaging of the dipole-dipole 
interactions. Spin equilibria have previously been 
reported in Ni(I1) systems (20), Fe(I1) systems 
(21, 22), and Fe(II1) systems (23). It seems prob- 
able that changes in the spin state will usually be 
accompanied by relatively large changes in the 
bond lengths or geometry of the complex. Thus, 
in a crystal they usually cannot occur without 
disruption of the crystal (22). In the Prussian-blue 
structures, it appears that both the oxidation 
state and spin state of each metal atom are fixed 
(7). One would expect a great deal more flexibility 
in the relatively low molecular weight oligomers 
considered here, and hence easier spin exchange. 
Thus, one possible specific mechanism could be 
rotation of the bridging cyanide, i.e. 

which could result in exchange of the high-spin 
and low-spin manganese ions with consequent 
narrowing of the e.s.r. lines. However, other 
mechanisms can also be envisaged. Thus, a 
manganese ion surrounded by six carbon-bonded 
cyanides clearly has a low-spin ground state, 
whereas an ion surrounded by six nitrogen- 
bonded cyanides has a high-spin ground state. 
For intermediate situations, e.g., three C-bonded 
and three N-bonded ligands, the two states may 
be close in energy and rather modest changes in 
bond distances might suffice to convert one to the 
other. The present data does not suffice to  
establish a specific mechanism. 

In summary, the e.s.r. spectra reported in the 
present paper clearly show hyperfine interactions 
with at least two manganese atoms, and are 

thought to  arise from species intermediate be- 
tween the initial K,Mn(CN), molecule and the 
final insoluble polymeric decomposition product 
KMn(CN),. In proceeding from K,Mn(CN), to 
KMn(CN),, it is necessary to  convert half of the 
manganese ions from a low-spin state to a high- 
spin state. The abnormally sharp lines observed 
in the present e.s.r. spectra suggest that the inter- 
mediate is such as to allow rapid interconversion 
between spin-paired and spin-free states, although 
the present data is insufficient to  provide positive 
proof of this hypothesis. If correct, such an  
interconversion suggests facile ligand rearrange- 
ments in the intermediate. Such a conclusion is 
perhaps not surprising in view of the fact that 
Prussian-blue structures are apparently com- 
pletely ordered with respect to the cyanide 
groups; and if such a structure is to be formed by 
polymerization of manganocyanide ions, some 
reorganization of the cyanide ligands is inevitable. 

Experimental 
Samples of potassium rnanganocyanide were purchased 

from Alfa Inorganic Co. Electron spin resonance spectra 
were obtained using a JEOLCO spectrometer Model JES 
3BS equipped with a cylindrical cavity. 

We are indebted to the National Research Council of 
Canada for financial support of this research. 
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Radiolysis of ethane. I. Liquid phase at 195 O K  with added cyclopentene 

P. T. HOLLAND AND J. A. STONE 
Cllen~istry Departnze~zt, Qrreen's U~ziversity, Kingsto~z, Ontrrrio 

Received October 29, 1969 

The radiolysis of liquid ethane at 195 OK gives as major products H,, C2H4, and 12-C,H,,. Minor 
products are CH, and C,H8. The initial yields of H z  and CzH, can only be determined indirectly due to 
the high rate of H-atom addition to product ethylene. c-CSH8 in low concentration effectively scavenges 
H atoms and hence protects CzH,. The derived initial yields are: G(Hz) = 5.97, G(C,H,) = 2.96, 
G(CH,) = 0.44, and G(C,H8) = 0.55. The yields of scavengeable H atoms and .CzH, radicals are 2.29 
and 5.81, respect~vely. The problem of direct measurement of initial G(Hz) values for saturated hydro- 
carbons at low temperatures is discussed. 

Canadian Journal of Chemistry, 48, 1078 (1970) 

Introduction Experimental 

The radiation chemistry of liquid ethane has 
received scant study in comparison with that of 
higher hydrocarbons. Ethane does possess the 
advantage that, with only one C-C bond, the 
products at low dose are few in number and their 
analysis is comparatively easy. We have studied 
the radiolysis of ethane in the liquid phase at 
195 OK and in the fluid phase above the critical 
temperature (305 OK) to examine the effect of 
temperature on the radiolysis. This paper reports 
some of our results obtained at 195 OK. 

Gillis (1) irradiated liquid ethaneat 195 OK and 
observed product yields which were linear with 
dose over the range 2-10 x 1019 eV/ml. He 
argued that the absence of curvature in the yield- 
dose plots demonstrates an absence of observable 
competition between abstraction and addition to 
product olefin in the fate of radiolytic H atoms. 
He concluded that in the dose range studied, all 
H atoms are removed by ethylene, even when its 
concentrationis as low as 3 x lop4 M. Improved 
analytical techniques have allowed us to measure 
product concentrations obtained at doses down 
to 3 x 1018 eV/g. We find a region of non- 
linearity in the yield curves of H, and C2H4, in 
confirmation of Gillis' prediction of the role 
played by H atoms in ethane radiolysis. The pro- 
tective effect of another olefin, cyclopentene, 
has been used to obtain G(H.) = 2.29 and 
G(.C,H,) = 5.81. The former value is in excellent 
agreement with that recently reported by Bakale 
and Gillis (2) who used ethylene-d, to protect 
ethylene. We find further confirmation of G(H-) 
from H D  formation in the liquid ethane/D,S 
system. 

Phillips Research Grade Ethane (> 99.99% pure, but 
containing - 100 p.p.m. ethylene) was condensed a t  
77 "K onto 5A molecular sieve which had been heated 
under vacuum at 300-400 "C overnight. After several 
partial thawings and freezings to distribute the ethane 
more evenly throughout the sieve, the tube was immersed 
in a solid COz -acetone bath at 195 "K and left for 4 h. 
The ethane was then slowly distilled off under vacuum, 
the first small amount and the last third being rejected. 
Several trap-to-trap distillations with continuous pump- 
ing were carried out to remove traces of methane and air. 
Gas chromatography revealed the purified material con- 
tained less than 0.1 p.p.m. ethylene and 1 p.p.rn. methane. 

J. T. Baker cyclopentene contained 0.22 volume % 
cyclopentane as major impurity and was used as received. 
DzS (Stohler Isotopes, > 98% D) was also used as 
received. 

Samples were irradiated in thoroughly baked and de- 
gassed Pyrex tubes having long, narrow, easily breakable 
necks. One g of ethane was condensed under vacuum in 
each Bask. The appropriate amounts of cyclopentene 
(measured by micropipette) and DzS (measured by PVT) 
were degassed and introduced into the sample tubes which 
were then sealed off. The sample tubes were immersed in 
a solid COz-acetone bath at 195 "K and irradiated in a 
Gammacell 220 (Atomic Energy of Canada, Limited). 
The dose rate, measured by Fricke dosimetry, was 
6.3 x loL9 eV/g ethane h. 

After irradiation, the sample tubes were broken under 
vacuum and the contents were transferred to a 1 1 flask. 
Hydrogen and part of themethane were removed at 77 OK, 

measured volumetrically, and analyzed by mass spec- 
trometry (using an A.E.I. MSlO instrument). When D,S 
was present, the methane was a mixture of CH,, CH3D, 
and CHZDZ. Cracking patterns and relative sensitivities 
for these were obtained from A.P.I. tables. The 1 I flask 
was allowed to warm to room temperature and an  aliquot 
of its contents was injected into a gas chromatograph by 
means of a gas sampling valve. Ethylene and the re- 
mainder of the methane was determined using a $ in., 12 ft 
Porapak N column at 60 "C. Propane and butane were 
determined by temperature programing a ;5 in., 6 ft acti- 
vated alumina column from 60 to 180 OC. Mixtures of 
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HOLLAND AND STONE: RADlOLYSlS OF ETHANE 1079 

ethylene, methane, propane, and butane in ethane, with 
compositions closely resembling those obtained by 
radiolysis, were prepared for use as chrolnatographic 
standards. 

Results 
The major products from the radiolysis of pure 

liquid ethane which were studied in detail are 
hydrogen, methane, ethylene, propane, and n- 
butane. Acetylene was a minor product (G < 0.1) 
and apart from the initial determination of its 
presence and approximate yield no further 
measurements were made. Another product was 
detected with a yield less than that of acetylene. 
From its chron~atographic retention time, it was 
thought to be a butene. Again no further measure- 
ments were carried out. 

The effect of total dose in the range 0.3-6 x 
10'' eV/g on the yields of hydrogen and ethylene 
is shown in Fig. 1. Results were obtained up to 
9.5 x 1019eV/g, but the shorter dose range is 
presented in Fig. 1 to emphasize our observation 
of the marked change in slope of the yield curves 
at low dose which was forecast by Gillis (1). The 
upper broken line on the Hz curve represents an 
extrapolation of the curve at higher dose and 
gives G(H2) = 3.68 at high dose, which is in good 
agreement with the value of 3.78 reported by 
Bakale and Gillis (2) and the value of 3.75 5 0.15 
obtained by Stone, Quirt, and Miller (3). The 
initial yields of Hz  and C2H, derived as described 
later in this paper are represented by the broken 
lines at low dose. 

Figure 2 shows the effect of total dose on the 
remaining major products. The methane and 
propane yields are, within experimental error, 

0 2 4 6 8 

DOSE , eV g ( x I o - ' ~ )  

FIG. 1. H2 and C2H4 yields from irradiated liquid 
ethane at 195 OK. 

DOSE , eV g ( x  10-19) 

FIG. 2. CH4, C3Hs, and tz-C4HIo yields from liquid 
ethane at 195 OK. 

linear with dose, the G values being 0.44 and 0.55, 
respectively. The n-butane yield plot shows a 
slight curvature and gives G = 2.61 at low dose 
and 2.25 at the highest dose. 

At 5 x 1019 eV/g, the C:H ratio for the prod- 
ucts is 1 :3.05. It is improbable that any major 
product remains undetected. 

The effect of up to 1.7 mole % of cyclopentene 
on G(H2), G(C2H4), and G(C4H,,) is shown in 
Fig. 3. These yields are independent of dose in 
the range 1-5 x lOI9 eV/g. The yield of cyclo- 
pentane is also shown. The correction required 
for the cyclopentane impurity in the cyclopentene 
makes the accuracy of these points, particularly 
at the higher cyclopentene concentrations, rather 
low. G(C,H,) is reduced by - 0.2 units by cyclo- 
pentene, but G(CH,) remains unchanged. 

The yields of Hz, HD, and D, from solutions 
of D2S in liquid ethane are shown in Fig. 4. The 
G values are based on energy absorbed by the 
ethane alone. A correction has been applied to 
the D2 yield to account for direct radiolysis of 
D2S. 

Discussion 

The effect of total dose and of added cyclo- 
pentene on product yields will be discussed en- 
tirely in terms of the reactions of free radicals. 
These may, of course, have ionic precursors but 
we find no evidence for ionic reactions playing a 
major role in the phenomena under discussion. 

The major transient species observed by elec- 
tron paramagnetic resonance in irradiated liquid 
ethane is the ethyl radical (4). Small concentra- 
tions of methyl and vinyl radicals are also present. 
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Q I 
0 0.5 1.0 1.5 

rno l e "1. CYCLOPENTENE 
FIG. 3. The effect of cyclopentene on G(HZ), G(CzH4), 

and G(n-C4Hlo) for liquid ethane at 195 OK. (Dose = 
2 x l oL9  eV/g ethane.) 

5 

H2 

A C2 H4 

Although H atoms are not observed, this does not 
signify their absence from the system; rather it is 
most probable that their lifetime is too short for a 
detectable concentration to be present. We there- 
fore formulate our mechanism for radical reac- 

tions in pure liquid ethane in terms of H., CH, ,  
and C,H, as follows 

The decreases in G(H,) and G(C,H,) with in- 
creasing dose are explicable in terms of com- 
petition between reactions [I] and [2]. When the 
ethylene concentration is very low, i.e., at very 
low dose, reaction [ l ]  should predominate over 
reaction [2]. Information on this competition at  
195 OK is not available. Recourse must be made 
to extrapolation of data obtained at much higher 
temperature in the gas phase. Even here, very 
little information on the temperature dependence 
of the competition is available. Yang ( 5 )  has 
studied the gas-phase radiolysis of propane con- 
taining small concentrations of ethylene and 
propylene and has interpreted his results in terms 
of H-atom addition to olefin competing with 
abstraction of H from propane. Although this 
picture may be a little too simple by neglect of 
the probable occurrence of ion-molecule reac- 
tions, the results, when extrapolated to 298 OK, 
are in agreement with the isothermal ones re- 
ported by CvetanoviE and co-workers (6, 7) for 

On24 H10 [I I H + CzH, -> Hz + 'CzH5 

CC5 H1o [21 H. + CzH4 -> .CzH5 

Pa l  2'CzH5 -> ?z-C4H10 

[3bI + CzH4 + CzHs 

P a l  .CH3 + .C2H5 -> CH4 + CzH, 
3 -- 

[4bI -> C3Hs 

Total Hydrogen 
A H2 

HD 
O D2 

FIG. 4. Hz, HD, and Dz yields from liquid ethane at 195 "K containing D,S. (Dose = 2 x 10'' eV/g ethane.) 
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HOLLAND AND STONE: RADIOLYSIS OF ETHANE 1081 

photochemically generated H atoms. If Yang's 
temperature coefficients are used, and assuming 
no changes in either the pre-exponential factors or 
the differences in activation energies, then, as an 
approximation a t  195 OK we expect lc ,,,,,,,, 
k,,,i,ion to fall in the range 10-4-10-7. We shall 
later show that our results are consistent with such 
an assumption, i.e., H-atom addition to olefin 
will predominate over H-atom abstraction from 
paraffin when the olefin concentration exceeds - M. 

In the above reaction scheme, the only results 
of increasing dose, i.e., increasing ethylene con- 
centration, are decreases in G(H2) and G(C2H4). 
As reaction [2] supercedes reaction [l] ,  there is 
no change in the total number of ethyl radicals 
which react via reactions [3] and [4]. There is a 
small decrease in G(C4Hlo), but no change in 
G(CH4) or G(C3H,). The change in G(C4Hlo) is 
small and continuous over the whole dose range, 
unlike the more abrupt changes observed for 
ethylene and hydrogen. We therefore feel justified 
in ascribing the major cause of the changes in 
slope of the curves in Fig. 1 to  H-atom scavenging 
by product ethylene. This is confirmed by the 
results obtained when cyclopentene is added. The 
extra reactions to be considered are 

Only cyclopentane of the new products was 
detected and quantitatively determined. Dicyclo- 
pentyl and regenerated cyclopentene were not 
searched for. 

G(H2) is reduced to 3.6 by the addition of less 
than 0.1 mole % (- M )  cyclopentene. This 
value is essentially that (3.68) obtained from pure 
liquid ethane at high dose. Increasing olefin con- 
centration leads to a further, very gradual de- 
crease in G(H2). Accompanying the rapid de- 
crease in G(H,) is an immediate increase in 
G(CzH4) to a maximum value of 2.50 and a 
decrease in G(C4Hlo) to 1.15. Both product yields 
then decrease slowly with increasing cyclopentene 
concentration. G(cyc1opentane) assumes a value 
of 0.5 + 0.1 at the lowest cyclopentene concen- 

tration and, within experimental error, this value 
remains unchanged when the olefin concentration 
is increased by a factor of thirty. The abrupt 
changes in yields in the presence of a small amount 
of cyclopentene are readily interpreted as pro- 
tection of product ethylene by cyclopentene, 
which scavenges all freely diffusing hydrogen 
atoms, i.e., reaction [5] effectively supercedes 
reactions [ l ]  and [2]. Reactions involving hot 
hydrogen atoms or thermalized hydrogen atoms 
reacting in cages and spurs will not be affected a t  
these low olefin concentrations. 

The following equations describe the product 
balance in the formation of ethylene and butane. 
(In order to simplify the presentation we ignore, 
for the present, the disappearance of .C2H5 
radicals by reaction [4]. A correction is later 
applied for this omission.) A measured o r  partial 
yield of a final product is designated G, while the 
yield of a transient species is designated g. GM 
represents that portion of a product yield which 
is not affected by radical scavengers, i.e., that 
part formed by nonradical processes together 
with that from radical reactions occurring in 
spurs which are not altered by the low concentra- 
tion of the scavengers we employ. 

(a) In pure ethane a t  high dose when all H 
atoms are scavenged by product ethylene 

[I] G(C2H4) = 0.67 

[II] G(C4Hlo) = 2.45 = 4 -- 
(k3',?k3J 

G(C2H4) = 0.67 is obtained from the slope of 
the G(C2H4) line at high dose (Fig. 1). As noted 
earlier, the mechanism proposed in reactions [ I  ]- 
[4] should lead to  no change in G(C4Hlo) with 
increasing dose; experimentally a small change is 
noticed. Since we do  not know the cause of this, 
we take the value for G(C4Hlo) as 2.45, which is 
an  average of the value over the dose range shown 
in Fig. 2. The value is essentially that obtained a t  
a dose of 5 x 10'' eV/g when H-atom scavenging 
is complete. A value of G,(C4Hlo) = 0.51 is ob- 
tained when D2S is used as a radical scavenger (8). 
Bakale and Gillis (2) find k3,/k3, to be 0.41 f 
0.06 from their measurements of the yields of 
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labelled products obtained by radiolysis of C2D4 
in C2H6 at 195 OK. They note that this ratio is far 
larger than that observed in the gas phase; how- 
ever, it is consistent with the move to higher 
values which has been observed (9) in the liquid 
phase. 

(b) In the presence of cyclopentene when all the 
H atoms are scavenged by this solute 

The values of 2.60 and 1.20 for G(C2H4) and 
G(C4Hlo), respectively, are obtained by a linear 
extrapolation of the gently sloping portions of the 
yield curves to 0 mole % cyclopentene. Since 
simple H-atom scavenging should not be respon- 
sible for the decreasing C,H4 yields above 0.2 
mole % cyclopentene, other reactions must be 
assuming importance as the olefin concentration 
increases. The extrapolations should minimize 
any complications caused by these reactions. 

g(.C2H5), is the yield of ethyl radicals which 
react with cyclopentyl radicals in reaction [6]. 
The factor 0.13 in eq. [III] is Holroyd's estimate 
of the fraction of the total number of encounters 
between ethyl and cyclopentyl radicals which 
lead to ethylene production (10). 

Equations [I]-[IV] were solved to obtain 
the remaining four unknowns. The results 
are g(H.) = 2.29 f 0.2, g(C2H5) = 3.18 + 0.4, 
GM(C2H4) = 2.16 +_ 0.1, and g(.C2H5), = 1.23 
+ 0.5. The error estimates represent the ex- 
pected variation arising from the errors in 
measured product G values, which are thought 
to be accurate to 0.1 units. Inclusion of the esti- 
mated error limits of f0.06 in the ratio 
kdisproporLionation/kcornbination (2) 
would approximately double the stated limits. 

The value for g(H.) is supported by the H D  
yield in the C2H6/D2S system (Fig. 4). G(HD), 
which measures g(H.) (1 l), attains a maximum 
value of 2.4 at very low D2S concentrations when 
ion scavenging, whose magnitude is indicated by 
the D2 yield, plays only a small part. HD is 
formed in reaction [7], which competes effectively 

with reactions [1 ] and [2]. 

At very low dose, when all H atoms react by 
abstraction, the initial yield of hydrogen, ethyl 
radicals, and ethylene are as follows 

where g(-C2H5), is the yield of 'C2H5 which 
reacts with .CH3 as in reactions [4a] and [4b]; 
it can be estimated from experiments with D2S as 
scavenger. D2S (lo-' M) reduces G(C3H,) by 
0.3 units, after which further addition has a 
negligible effect. For methyl and ethyl radicals, 
kdisproporlionntion/~ccornbinntion = (2), making 
G(C2H5), = 0.34. Therefore, G(C2H5) = 5.81. 

Table 1 summarizes our results and compares 
them with those of Bakale and Gillis (2). It is 
gratifying to see that the agreement is very good. 

TABLE 1 

Product yields in the radiolysis of liquid ethane at 195 OK 

Measured yields This work Bakale and Gillis (2) 

G,(Hz) 3 .68k0.05 3.78 
G(CH4) 0 .44k0.05 0.39 
G(C,Hs) 0.55+0.05 0.52 
G(n-C4H,,) 2.6 k 0 . 1  2.45 
GM(CZH.J 0.67+0.05 -0.74 

-- 

Derived values This work Bakale and Gillis (2) 

*Calculated for infinitely small dose. 

Bakale and Gillis derive a competition equation 
which describes the dose dependence of ethylene 
concentration in terms of the ratio k2/kl and 
of the initial G values (Go) for ethylene and 
hydrogen atom. Taking G(H,) = 2.3, a best fit 
to the experimental curve for C2H4 production 
is obtained with k2/kl = 5 1 3 x lo5 and 
G0(C,H4) = 2.8 + 0.2. Using our derived values 
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HOLLAND AND STONE: RADIOLYSIS OF ETHANE 1083 

of G(H.) = 2.29 and G0(C2H4) = 2.96, we ob- H z  yield and the relatively small yields of H D  and 
tain a best fit to  our ethylene results (Fig. 1) with D,. Such a reaction should lead to a decrease in 
k2/kl  = 10 + 2 x lo5. The agreement between the C2H4 yield, since its productionvia neutraliza- 
the two ratios is excellent, considering the low tion of C2H6+ should be inhibited. Confirmation 
concentrations of ethylene which have to be of this decrease is hampered by the difficulty in 
measured a t  the lowest doses. With k2/kl = determining C2H4 in the presence of large 
10 + 2 x lo5, and assuming equal pre-exponen- amounts of C2D4. We have no such difficulty with 
tial factors, we obtain an  activation energy differ- C2H4 in the presence of c-C5H8, and Fig. 3 
ence of 5.4 + 0.2 kcal mole-'. Yang (5) obtained shows that as the concentration of the latter in- 
AE, = 4.4 kcal mole-' for the competition of creases, G(C2H4) decreases. The most abundant 
H + C,H4 and H + C3H8. Taking E, for H + initial ion must surely be C2H6+.  Possible exo- 
C2H6 as 9.9 kcal mole-' and for H + C3H8 as thermic reactions of this ion with cyclopentene 
8.4 kcal mole-' (12), then Yang's (5) results yield which might lead to a reduction in G(C2H4) are 
AE,= 5.9 kcal mole-' for the difference in activa- charge transfer, proton transfer, and Hz  transfer. 
tion energy between H + C2H4 and H + C2H6. We cannot distinguish between these, although 
Gas-phase rate-constant ratios for H-atom reac- the apparent constancy of G(c-C5Hl0) with in- 
tions appear to be equally applicable to the liquid creasing c-C5H8 would appear to rule out the 
phase. occurrence of H z  transfer. We are, however, sur- 

Our results emphasize the difficulty in experi- prised a t  the precision of our measurements of 
mentally determining initial product yields in the c-C5HIo concentration (Fig. 3), since a large 
studies of the radiolysis of saturated hydro- correction is applied for the presence of this com- 
carbons. These yields are only obtainable if they pound in the c-C5H, used. We therefore hesitate 
are measurable a t  a dose sufficiently low that to rule out the occurrence of this reaction. 
significant H-atom scavenging by product olefin 
is eliminated. A t  298 O K ,  when k2/kl - 2-4 x The authors thank the National Research Council of 
lo4, we require doses no higher than 1 x 1019 Canada, the Province of Ontario, and Atomic Energy of 
eV/ml. A t  195 O K ,  the dose will have to  be about Canada, Ltd., Comnlercial Products, for financial sup- 

100 times less. ~t the moment, product yield port. The authors thank Dr. H. A. Gillis for allowing 
measurenlents at sLlch doses are impracticable access the m a n ~ l s c r i ~ t  ref. prior 

publication. 
and therefore numerical analyses such as ours 
must be resorted to to obtain initial yields. 

It is of interest to  note that the initial hydrogen 1. H. A. GILL'S. J. Phys. Chem. 67, 1399 (1963). 
2. G .  BAKALE and H. A. GILLIS. J. Phys. Chem. 73, 

yield for ethane (5.97) a t  195 O K  is practically the 2178 (1969). 
same as we obtain a t  313 O K  (5.7) for ethane a t  a 3. J. A. STONE, A. R.  QUIRT, and 0. A. MILLER. Can. 

J. Chem. 44, 1175 (1966). of 0.45 g/nll. (8). The latter is an e x ~ e r i -  4, R. W. FESSENDEN and R, H. SCHULER. J, Chem. 
mental value obtained by extrapolation to  zero Phys. 39, 2147 (1963). 
dose and may therefore be slightly low. There is 5. K. YANC. J.  Anier. Chenl. Soc. 84, 719 (1962). 

6. R. K. JENNINCS and R. J .  CVLTANOVI~ .  J. Chem. 
therefore little, if any, change in G(H2) from Phys, 35, 1233 (1961). 
liquid ethane over a temperature range of more 7. G. R. WOOLLEY and R. J. CVCTANOVI?. J. Chem. 

Phys. 50, 4697 (1969). than loo O K ,  it may be that many of re- 8. p. T. HOLLAND and J, A. SToNE, ~ ~ ~ ~ b l i ~ h ~ d  
ported temperature coefficients of G(H2) for results. 
hydrocarbons(l3,14)simply reflecttheincreasing 9. p. S. DIXON, A. P. STLTANI, and M. SZWARC. J. 

Anier. Chern. Soc. 85, 2551 (1963). difficulty of experimentally obtaining true initial R. A. HOLROYD. J,  PhyS, Chem. 66, 730 (1962). 
yields as temperature decreases. 11. VON G. MEISSNCR and A. HENCLEIN. Ber. Bun- 

senges. Phys. Chem. 69, 264 (1965). Bakale ( 2 )  discuss the P ~ ~ ~ ~ ~ ~ ~ ~ ~ Y  of 12, B, A, THRUSH, progr, React Kinet, 3, 89 (19b5). 
occurring at the higher 13, T. J. HARDWICK. J. Phys. Chen~ .  66, 117 (1962). 

C2D4 concentrations. They suggest that charge 14. H. WIDMER and T.  GAUMANN. Helv. Chin?. Acta, 
46, 944 (1964). transfer from 'zH6+ to 'zD4 can the 

15. A. A. SCALA, S. G. LIAS, and P. Aus~oos .  J. Amer. 
concentration dependence of both the decreasing Chem, sot. 88, 5701 (1966). 
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Platinum-acetylene or -ethylene complexes with bridging or 
chelating ethylenediamine derivatives1 

T. THEOPHANIDES AND P. C. KONG 
Depart~ne~lt of Che~nistry, University of Montreal, Montreal 250, Quebec 

Received September 24, 1969 

The reaction intermediates of K[Pt(ac)X3] with ethylenediamine and its N-substituted derivatives 
have been studied in water and organic solvents. The general reaction is 

where ac = (CH3),C(Y)C=CC(Y)(CH3),, en = ethylenediamine, Y = OH, OCH,, and X = C1, Br. 
The five-coordinate intermediates 2 are isolated and characterized from conductivity data, molecular 

weight determinations, and infrared, nuclear magnetic resonance (n.m.r.), and ultraviolet (u.v.)-visible 
absorption spectra. The stability of complexes 2 (see equation above) in terms of alkyl substitution of 
the NH, groups is approximately 

where enMe, = (CH3)2N(CH2)2N(CH3)2, enMezEtz = CH3C2H5N(CH2)2NC2H5CH3, enHzMez = 
CH3HN(CH2),NHCH3, enEt4 = (C2HS)2N(CH2)2N(C~H5)~. In contrast to these reactions, the Zeise 
salt, K[PtC2H4C131, reacts with ethylenedlam~nes and gives only stable, bridged compounds of the 
formula (PtC2H4C12)z(en). Bridged compounds, (Pt(a~)Cl~)~(en) ,  are also obtained with K[Pt(ac)CI,], 
but only in the presence of a large excess of KC1 in the reaction solutions. 

Canadian Journal of Chemistry, 48, 1084 (1970) 

Introduction 

The tetramethylbutynendioltrichloro plat- 
inum(II), K [Pt(ac)Cl,], was first prepared by 
Bukhovets (I), and its molecular structure was 
discussed later by Chatt et al. (2) and Allen and 
Theophanides (3). 

Recently, the trans- [Pt(ButC~CBut)Cl2(p- 
toludine)] has been studied by X-ray diffraction 
(4) and it was confirmed that the acetylenic ligand 
is perpendicular to the plane of the molecule. Due 
to the high trans effect of the acetylenic bond, the 
trans chlorine in K [Pt(ac)Cl,] is strongly labilized 
and easily replaced by nucleophilic ligands such 
as amines. As a result of this high trans labiliza- 
tion, many zero-charged complexes have been 
made by direct substitutions (2,3,5). In a previous 
study, the reactions of Bukhovet's salt with 
ethylenediamines have been reported and a series 
of cationic complexes have been isolated (6). 

In the reactions of K[Pt(ac)Cl,] in organic 
solvents, the yellow solutions change immediately 
to an intense red color on addition of ethylene- 

'This paper was presented in part at the 52nd C.I.C. 
Conference, May 25-28, 1969, Montreal, Quebec. 

diamine and subsequently the color disappears 
to form the white product, [Pt(ac)(en)CI]Cl. 

The intermediate products Pt(ac)(en)X2 have 
been isolated and characterized. We report here, 
in detail, the preparation and chemical reactions 
of these complexes, which are five-coordinated 
if (ac) is considered as a monodentate ligand (4). 

Bridged ethylenediamine complexes of the 
general formula (Pt(ac)Cl,),(en) are also isolated 
and described. These complexes were prepared 
from water solution in the presence of excess 
KCl, and are similar to the ethylene analogs, 
(PtC2H4C12)2(en) (7). 

Results and Discussion 

The overall reactions of Bukhovet's salt with 
ethylenediamines are shown in Scheme 1. Various 
N-alkyl derivatives of ethylenediamine have been 
used to investigate the effect of alkyl groups on 
the stability and type of product obtained. 

When a solution of ethylenediamine in an 
organic solvent is added dropwise to a solution 
of K[Pt(ac)X,] (see Scheme 1) or to a solution 
of trans-[Pt(ac)(py)X,], also in organic solvent, 
a red spot first is observed around the drop. The 
lifetime of the red spot depends greatly on the 
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THEOPHANIDES AND KONG: Pt-C2H2 OR Pt-C2H4 COMPLEXES 

enH2Me2 enMe4 
Pt(ac)(enH2Mez)C12 4 K[P~(~c)cI , ]  - Pt(ac)(enMe4)Cl2 - [ P t ( a c ) ( e n ~ e ~ ) C l I ~ l  

- KC1 -KC1 T H F  
9 , I  5 6 

bulkiness of the N-alkyl groups. In the case of 
ethylenediamine itself, the initially red solution 
changes quickly and a white precipitate 3 is 
obtained. When N-tetramethyl-substituted ethyl- 
enediamine (enMe,) is used, the red solution 
persists longer and red complexes can be isolated 
having the formula Pt(ac)(enMe,)X,. These 
five-coordinate complexes rearrange in solution 
to the cationic complexes [Pt(ac)(enMe,)X]X 
(6) in about 2 h (see Fig. 3). 

The five-coordinate complexes seem to be 
intermediates in all these reactions (8). Com- 
pound 5 (see Scheme 1) in the presence of 
K [Pt(ac)X,] gives the bridged complex 7 which 
reverts to five-coordinate 5 in the presence of 
excess enMe,. A five-coordinate intermediate has 
also been isolated with enMe,Et,, which with 
excess K [Pt(ac)X,] reacts further and forms the 
bridged analogue (Pt(ac)X,),(enMe,Et,). This, 
however, does not give the reverse reaction with 
excess enMe,Et,, as in the case of complex 7. 

The five-coordinate intermediates are also ob- 

tained with enH,Me,, but they are very unstable 
at  room temperature and quickly rearrange into 
cationic complexes 10 which lose acetylene and 
give the yellow, stable precipitates 11 (see 
Scheme 1). Several attempts to prepare the com- 
plex Pt(ac)Cl,(enEt,) were unsuccessful. 

The physical properties, analytical data, and 
infrared characteristic group frequencies of the 
five-coordinate compounds with chelating ethyl- 
enediamine derivatives are given in Tables 1 
and 2. Similar data for the compounds with 
bridging ethylenediamines are given in Table 3. 
Plots of conductivity vs. time for the five- 
coordinate complexes in methanol, in the absence 
or presence of methyl iodide, are shown in 
Figs. 1-3. The conductivity measurements indi- 
cate that there is a dissociation of the five- 
coordinate complex into cationic species and that 
the methyl iodide does not alter the measure- 
ments. This indicates that the tetramethylethyl- 
enediamine is coordinated from both ends (9,lO). 
The steady increase in conductance due to 
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THEOPHANIDES AND KONG: Pt-C2HL OR Pt-C2H4 COMPLEXES 

TABLE 2 

Infrared characteristic frequencies of the five-coordinate complexes* 
--- -- - 

Frequency, cm-' 

*s =strong,  m = medium, w = weak, sh = shoulder, v = very; ac '  = (CHJ).C(OCH3)C=CC(OCH3)(CHJ)Z. 

quaternization of the -N(CH,), groups is not 
taking place ; cf. Figs. 1 and 2. F i g ~ ~ r e  2 shows the 
rate of conversion of Pt(ac)(enMe,)Cl, into the 
cationic compound [Pt(ac)(enMe,)CI]Cl. 

The ultraviolet-visible spectra of the five- 
coordinate complexes differ significantly from 

I I I I I 

0 2M) 4 00 600 

T l M E  ( 5 )  

FIG. I .  Conductivity changes of N,N,N',Nf-tetra- 
n~ethylethylenedian~ine in methanol (I mmole) with 
added CHSI (2%), at 25 "C. 

O l . m , j  I . 8 . . I . . . . I , . . . l  

0 '00 200 300 400 500 600 7W BOI 9W IOM 
TlME I s  ) 

FIG. 2. Conductivity changes of the five-coordinate 
co~nplex Pt(ac)(enMe,)CI, in methanol (I mmole) as a 
function of tillle at 25 "C: 0, with CH31 (2%); x ,  no 
CH31 was added. 

those of the square-planar complexes of plat- 
inum(I1). The low-frequency band at  3000 A 
(E = 1900) and the weak one at  3700 A (E = 280) 
do indicate a five-coordinate complex and suggest 
a local ligand geometry of trigonal-bypyramidal 
(1 1). In general, the colors, band intensities, and 
positions of these complexes are quite different 
from those of the square-planar complexes, e.g., 
K2PtC1,, K[Pt(ac)Cl,], and [Pt(ac)(enMe,)Cl]- 
C1. 

Nuclear magnetic resonance spectra of the 
complex Pt(ac)(enMe,)Cl, in chloroform show 
a single C H ,  signal shifted downfield by about 
0.6 p.p.m. from its uncomplexed, free (CH3),- 
NCH,CH,N(CH,), position, indicating that 
both nitrogens are coordinated. 

The infrared spectra of five-coordinate com- 
plexes show a strong band in the region 1900- 
1800 cin-l ,  which is assigned to the triple-bond 
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z 
TABLE 3 u k- " 

Analytical data and properties of the bridged complexes* 7 
Z 

Melting Calculated, % Found, % C 5 
point 56 

Compound Color ("c) C H N X Pt C H N X Pt 2 -- r 
(PtCzH4Cl2)~(en) Light 163 11.11 2.47 4.32 21.98 60.19 10.90 2.64 4.84 21.90 60.00 2 

vellow 
(PtC2H4C12)~(enH2Me2) Y;I~&.' 134 13.35 2.96 4.14 57.60 13.68 2.98 4.45 57.88 
(PtC2H4Cl~)2(enMe4) Yellow 115 17.05 3.41 3.98 55.40 17.19 3.73 4.33 54.25 5 
(Pt(ac)Cl,Men) Yellow 155 24.50 4.15 3.23 16.40 45.00 23.97 4.00 3.59 16.66 44.95 5 
( ~ t ( a c ) ~ l ; j ; ( e n ~ ~ ~ e ~ )  Bright 122 26.55 4.42 3.10 43.14 27.32 4.77 3.88 41.38 2 

yellow 
(Pt (a~)Cl~)~ (enMe~)  Yellow 124 28.33 4.72 3.00 41.85 28.63 4.94 2.94 

7 
42.16 . 

( p t C ~ H ~ B r ~ ) ~ ( e n )  Orange 153 8.73 1.94 3.39 38.70 47.22 9.52 2.56 3.46 39.00 47.02 2 . 
yellow 

*Analyses were done by Schwarzkopf Microanalytical Laboratory, 5 6 1 9 ,  37th Avenue, Woodside, New York 11377. P m 
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THEOPHANIDES A N D  KONG: Pt-C2H2 OR Pt-C2H4 COMPLEXES 

TABLE 4 

Infrared characteristic group frequencies of the din~~clear bridged complexes 

Frequency, cm-'" 

Compound VOH VNH VCEC VI.L-x 

3140s 
(Pt(ac)C12)2(enH2Me2) 3287vsbr 3171s 2 0 3 4 ~ ~  334s 
(Pt(ac)C12)2(enMe4) 3506sh 2040vw 338s 

3440s 324sh 
(Pt(a~)C1~)~(enMe~Et , )  3508s 2020vw 338vs 
(Pt(a~')Cl~)~(enMe,) 3515s 2036vw 340vs 

*s = strong, w = weak, sh = shoulder, v = very, br = broad. 

o ~ g l l ' s ~ t  

0 1 2 5 4 < 6 7 8 9 l O  
T I M E  ( h 1 

FIG. 3. Conductivity changes of the cationic complex 
[Pt(ac)(enMe4)C1] C l ( 0 )  and the five-coordinate complex 
Pt(ac)(enMe,)Cl, ( x )  in methanol (1 mmole) at 25 "C. 

stretching frequency v,,,, lowered on complexa- 
tion by 300-400 cm-' (see Table 2). These 
frequencies are lower by 150-200 cm-' than the 
frequencies of absorption of the v,,, in square- 
planar complexes (2, 3, 6) and the bridging 
ethylenediamine dinuclear complexes (see 
Table 4). The intensities ofv,,, absorption bands 
in five-coordinate complexes are also greatly en- 
hanced with respect to those of the square-planar 
or bridging complexes, where this absorption is 
very weak (see Fig. 4). 

The further lowering of the triple-bond absorp- 
tions in the five-coordinate complexes, and the 
strong intensity of the band, as compared to the 
square-planar and bridging complexes, reveal a 
stronger involvement of the triple bond with the 
platinum metal in n: bonding, due to a more 
negative pentacoordinate platinum atom. The 
high intensity of the band is no doubt due to an 
asymmetrical disposition of the acetylenic ligand 
with respect to platinum. The acetylenic bond, 
from kinetic substitution (12) considerations, 
should be in the trigonal plane. A deviation from 
this position towards the axial direction could 

0 1  I I I 1 I I 

2200 2000 1800 
F R E Q U E N C Y ,  cm-'  

FIG. 4. Comparison of the positions and intensities 
of the vcSc absorption of (0) the bridged complex 
(Pt(ac)Cl,),enMe, and (b) the five-coordinate complex 
Pt(ac)(enMe,)Cl,. 

lead to a rapid decrease in n: back-donation due 
to poor overlap of the orbitals in question. 

The OH groups absorb in the region 3450- 
3500 cm-' in solid samples. The experimental 
fact that the acetylenic glycol is recovered on 
decomposition in all these complexes excludes 
any Pt-0 bonding. 
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1090 CANADIAN JOURNAL O F  ( JHEMISTRY. VOL. 48, 1970 

The Pt-N stretchings are completely masked 
by the strong C-CEC-C skeletal modes and 
could not be assigned. The Pt-Cl stretching 
frequency gives one sharp band in the 330-cm-' 
region, which also indicates that the two chlorines 
are equivalent along the axial positions of the 
trigoiial bypyramid. 

The isolation and identification of five- 
coordinate complexes as intermediates in these 
platinum complexes is strong evidence of the 
bimolecular substitution mechanism in the 
square-planar complexes (12). In the first step of 
the reaction, one end of ethylenediamine rapidly 
replaces the highly labilized trans chlorine, 
followed by a fast chelation of the ethylene- 
diamine molecule to form a five-coordinate inter- 
mediate (8); this subsequently undergoes a bond 
rupture of Pt-C1, giving the cationic complex 3 
(see Scheme 2), which loses the acetylenic ligaiid. 
The chloride ion then enters the inner coordina- 
tion sphere by directly replacing the acetylenic 
ligand, or by means of a solvolytic mechanism, 
or both (8) 

5 
SCHEME 2 - 

where NN = ethylenediarnine derivative, S = solvent, 
X = CI, Br. 

This mechanism is similar to that proposed by 
Uguagliati et al. (13), except for the intermediate 
pentacoordinate complex 2. 

The reaction of Zeise's salt with ethylene- 
diamine and its N-derivatives, however, does not 
give stable five-coordinate intermediates and the 

cationic analogs of the acetylenic complexes (6). 
The reaction of PtC2H4C12(py) with ethylene- 
diamine in tetrahydrofuran gives a white precipi- 
tate immediately (no red spot is observed at all 
here) which is the catioiiic salt [PtC2H4(en)C1]- 
C1. Unfortunately, this compound does not ana- 
lyze well, as it is very unstable and changes rapid- 
ly into the non-ionic, yellow compound cis-PtC1,- 
(en). The same result is obtained will1 N-alkyl 
derivatives of ethylenediamine. The Zeise's-salt- 
in-water solution reacts rapidly with ethylene- 
diamiiie (7, 14) or its derivatives (15) and gives 
the bridged complexes. 

Complete infrared assigiimeiits for the di- 
nuclear bridging etliyleiiediami~ie complexes, 
(PtAX,),B, where A = CO, CZH,, or C2D4 and 
B = ethylenediamine or its N-alkyl derivatives, 
are published (15). Analytical data and physical 
properties of the bridged complexes (PtAX,),B, 
where A = ac or C,H,, are given in Table 3 and 
infrared characteristic group frequencies in 
Table 4. 

No chelation of ethylenediamine takes place 
when the Zeise's salt or the carbonyl analog (16) 
is used, and bridging complexes are always 
formed. When N-tetramethylethylenediamine is 
used, a yellow ionic precipitate is formed, of the 
formula 

which is easily identified by its infrared spectrum. 
The following reactions take place 

The platinum atom in the Zeise's salt apparently 
is not positive enough to attract and forin two 
coordinate bonds with the two nitrogens of the 
enMe4 molecule. 

The stabilization and isolation of five-coor- 
dinate complexes with the acetylenic ligands may 
also be due to the interaction of the oxygen atoms 
of the hydroxyl or methoxyl groups with platinum 
(3). Five-coordinate complexes were obtained 
only with the ligands (CH,),C(OH)C_CC(OH)- 
(CH,), and (CH,),C(OCH,)C=CC(OCH,)- 
(CH,),, but not with (CH,),CC_CC(CH,),. 

The apparent stabilities of the complexes for 
the above two ligands which gave five-coordinate 
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intermediates in terms of N-alkyl ethylene- 
diamine substitution are found to be in the order 

From this order, it is seen that an inductive 
effect is needed on the nitrogens in order to have 
a stable complex. The steric effect, however, also 
plays a great role in the formation of these 
complexes. The two nitrogen atoms apparently 
cannot effectively approach the platinum atom 
when two bulky ethyl groups are on them, and 
no reaction was observed with this ligand. 

Experimental 
Prrpar.atiotz of the Five-coorditlate Cotnplexes 

I. Pt  (ac) (en Me4) C12 
An ice-cold aqueous solution (2 n ~ l )  of 0.5 g 

K[Pt(ac)CI,] was added to 2 ml of ice-cold 50% aqueous 
solution of N,N,N',Nf,-tetramethylethylenediamine with 
continuous stirring, The deep-orange precipitate was 
crystallized by persistent rubbing against the walls of the 
beaker. This was left in an ice-bath for about 15 min and 
then filtered, washed with cold water, and dried in vacuo 
in the presence of P20s .  

2. Pt(ac) (enMe,) Br, 
An ice-cold water solution (5 ml) of K[Pt(ac)Br3] 

( - 0 . 5  g) was added slowly to a n  ice-cold 50% solution 
of N,N,N1,N'-tetramethylethylenediamine (2 1111). A 
deep-red precipitate appeared immediately. This was left 
in contact with an ice bath for 15 min, and agitated 
frequently. The precipitate was filtered, washed with cold 
water, and dried in vacuo over PzOS. 

3. Pt(ac) (enMe,Et,) C1, 
A n  ice-cold water solution of K[Pt(ac)CI,] (0.5 g) was 

slowly added to 2 ml of an ice-cold 50% solution of 
N,Nf-dimethyl-N,Nf-diethylethylenediamine. By stirring 
continuously and slightly scrubbing the walls of the 
beaker, after a few minutes a deep orange-red precipitate 
appeared. This was left in an ice-bath for about 15 min 
and then filtered, washed with cold water, and dried 
in vacuo in the presence of P20,. 

4. Pt(ac ') (enMe,) CI2, where ac' = (CH,) ,- 
C(OCH,) C=CC(OCH,) (CH,), 

An ice-cold solution (2 ml) of 0.5 g K[Pt(ac')CI,] (3) 
was added to 2 rnl of an ice-cold solution of N,N,N1,N'- 
tetramethylethylenediamine. A deep orange-red precipi- 
tate appeared immediately. This was left in contact with 
an ice-bath for 15 min and agitated frequently. The 
precipitate was then filtered, washed with cold water, 
and dried in vacuo over P,05. M.p. 90 "C. 

5. Pt(ac) (enHz Me,) C12 
An ice-cold 50% aqueous solution of N,N'-dimethyl- 

ethylenediamine was added dropwise to a solution (3 ml) 
of 0 .5g K[Pt(ac)Cl,]. At first a yellow precipitate 
appeared, then by continuing the dropwise addition of 
N,N'-dimethylethylenediamine solution and agitating 
frequently, the precipitate became deep red. The precipi- 
tate was then filtered and washed with cold water. This 

complex is very unstable at  room temperature and an 
elemental analysis could not be made. 

Preparation of the Bridged Ditt~rclear Cotnplexes 

I. (Pt(ac) C12), (en) 
(a) One g of K[Pt(ac)CI,] was dissolved in 2 ml of 

ice-co!d water and excess potassium chloride (1 g) was 
added. An 8 nil ice-cold aqueous solution (saturated with 
KCI) containing 0.06g of ethylenediamine was then 
added dropwise. A yellow precipitate was formed im- 
mediately and continued to precipitate until the solution 
became slightly yellow. More water was then added to 
dissolve all the potassium chloride and the precipitate 
was filtered off and washed with cold water, dried in a 
desiccator over calcium chloride, and recrystallized from 
THF*ther (1 :4). 

(b) An ice-cold aqueous solution (5 ml) of 0.48 g of 
K[Pt(ac)CI,] and 0.06g of ethylenediamine dihydro- 
chloride was made. To this a dilute solution (-0.1 N) 
of sodium bicarbonate was slowly added dropwise with 
agitation ~lntil a yellow precipitate was formed and the 
solution became slightly yellow. The solution was then 
treated as in la .  

2. (Pt(ac) C12) (etrH2 Me2) 
The complex was prepared as in l a  or Ib, but the 

reaction was carried out at room temperature. 
3. (Pt(ac) Cl,) , (enMe4) 
(a) A mixture of 0.968 g (2 mmole) of K[Pt(ac)CI,], 

0.188 g (1 mmole) of N,N,N',Nf-tetramethylethylene- 
dianiine dihydrochloride, and 0.168g (2mmole) of 
sodium bicarbonate was ground into a fine powder. The 
mixture was then cooled in an  ice-bath and a few drops 
of water added to make a paste. This was kept in a n  
ice-bath for about 30 min. The yellow precipitate formed 
was then washed with water, filtered, and dried at  66 "C 
under vacuum, over P205. 

(b) The five-coordinate complex, Pt(ac)(enMe4)C12, 
prepared from 0.5 g of K[Pt(ac)CI,], was added to an  
ice-cold aqueous solution (3 ml) containing 0.5 g of 
K[Pt(ac)CI,], and agitated for 30 min. The deep-red 
suspension changed into a yellow suspension, which was 
filtered off and treated as in a.  

4. (PtC, H4C12) 2(et~) 
This complex was prepared as in I b  (see also refs. 7 

and 14). 
5. (PtC, H4Cl,),(enH,Me,) 
The complex was prepared as in Ib. 
6.  (Pt C, H4Br,), (en) 
This complex was prepared by addition of aqueous 

ethylenediamine (20%) to a 5-ml solution of K[PtC,H,- 
Br,] (0.5 g). When the supernatant solution became 
slightly yellow, the precipitate was filtered, washed with 
cold water, and dried in vacuo over PzOS. 

7. (Pt C, H4C12) , (enMe4) 
Ethylene gas was passed through a suspension of 

(Pt(a~)Cl,)~(enMe,) (0.2 g) in 100 ml of ether. After 
30 min acetylene in the complex was displaced by 
ethylene, and the resulting ethylene complex was filtered 
off (the free acetylene was washed out with ether). The 
product was dried over P,05 under vacuum. This is one 
of the rare examples in which ethylene displaces acetylene 
in a complex. 
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Infrared spectra were obtained in Nujol m~rlls or KC1 
and KBr pellets in the region 4000-200 cm-', with a 
Perkin-Elmer Model 621 spectrophotometer. Ultraviolet- 
visible spectra were obtained at room temperature in 
methanol or in KBr disks with a Cary 14 spectrophotom- 
eter. Nuclear magnetic resonance spectra were obtained 
with a Varian A-60 spectrometer using tetramethylsilane 
(TMS) as the internal reference. Conductance measure- 
ments were done with 1-mmole solutions of the com- 
plexes; a type COM 2C No. 29477 Radiometer, Bach- 
Simpson, Ltd. and a type E365B Conductoscope, Met- 
rohm, Ltd. being ~rsed. 

We wish to thank the National Research Council of 
Canada for financial assistance. 

1. S. V. BUKHOVETS. IZV. Sekt. Platiny i Drug. 
Blagorod. Metal. Inst. Obshch. Neorg. Khim. Akad. 
Nauk. USSR, 29, 55 (1955). 

2. J. CHATT, R. G.  GUY, L. A. DUNCANSON, and D .  T. 
THOMSON. J. Chem. Soc. 5170 (1963). 

3. A. D .  ALLEN and T. THEOPHANIDES. Can. J. Chem. 
44, 2703 (1966). 

4. G. R. DAVIES, W. HEWVERTSON, R. H. B. MAIS, and 
P. G .  Ows- ro~ .  Cheni. Conlm~rn. 423 (1967). 

5. S. V. BUKHOVETS and K. A. MOLODOVA. Zh. 
Neorg. Khim. 2, 776 (1957). 

6. P. C. KONG and T. THEOPHANIDES. Can. J. Chem. 
45. 3193 (19671. 

7. A. 'D. GELMAN and E. A. MEILAKH. C. R. Acad. 
Sci. USSR, 51, (3), 207 (1946). 

8. J .  HUBERT and T. THEOPHANIDES. Inorg. Chim. 
Acta, 3, 391 (1969). 

9. G.  DYER. M. 0. WORKMAN. and D. W. MEEK. 
Inorg. ~l ,eni .  6, 1404 (1967). 

' 

10. R. C. TAYLOR, R. D o u s o ~ ,  and R. A. KOLODNY. 
Inorg. Chem. 7, 1886 (1968). 

11. M. J. NORGETT, J. H. M. THORNLEY, and L. M. 
VENANZI. J. Chern. Soc. A, 540 (1967). 

12. C. H. LANGFORD and H. B. GRAY. Ligand sub- 
stitution processes. W. A. Benjamin, Inc., New York. 
1965. Chap. 2. 

13. P. UGUAGL~ATI. UMBERTO BELLUCO. UGO CROATTO. 
and ROSARIO PIETROPAOLO. J. ~117~1.. Chenl. SOC: 
89, 1336 (1967). 

14. D. B. POWELL and N. SHEPPARD. J. Cherll. Soc. 
3089 (1959). 

15. P. C. KONG and T. THEOPHANIDES. Can. J. 
Spectrosc. 14, 105 (1969). 

16. P. C. KONG and T. THEOPHANIDES. To be published. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Preparation and some reactions of thiomethyl derivatives of aluminum 

J. M. LALANCETTE, Y. BEAUREGARD, AND M. BHEREUR 
Dipartemet~t de Chitnie, Faculti des Sciences, Ut~iversiti de Sherbrooke, Sherbrooke, Qlribec 
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The preparation of (CH3S)ZAICH3 and (CH3S),AI from trimethylaluminum and methanethiol is 
reported. The reaction of CO,, COS, and CS2 with (CH3S),A1CH3 yields (CH3S)3CTC(CH3S)3 and 
thiocarbonates respectively, besides dimethyl disulfide. With the same disubstituted alum~num derivative, 
phenylacetylene reacted to give C5H5C(SCH3)CH2. A study with deuterated phenylacetylene has 
permitted us to establish the mechanism of this reaction. 

Canadian Journal of Chemistry, 48, 1093 (1970) 

The reactions of boron derivatives incorporat- 
ing sulfur and other chalcogens (B,S,, (RS),B, 
NaBH,S,, NaBH,Te,) with various organic 
substrates have led to new reactions of great 
synthetic interest (1-4). We have extended this 
study to the lower elements of group IIIA in 
order to ascertain the chemistry of similar com- 
pounds with the main organic functions. This 
paper reports some aspects of the reactivity 
observed with derivatives of aluminum of general 
formula (CH,S), Al(CH,), where X + Y = 3. 

Preparation 
The literature mentions two preparative tech- 

niques concerning the formation of thiomethyl 
derivatives of aluminum. The first method from 
Davidson and Brown (5) calls for the direct action 
of methanethiol on trimethylaluminum. From 
these authors, this reaction leads to the formation 
of two compounds: (CH,),AlSCH, (as a dimer) 
and the adduct, (-CH,),S -> Al(CH,),. Although 
the mixing of these two reagents can be done on a 
small scale, using vacuum line techniques we have 
found that such a procedure cannot be used on a 
preparative scale since it is extremely hazardous. 
The second reference is a patent reporting the 
formation of compounds of formulae (RS)Al- 
(CH,),, (RS,)AlCH,, and (RS),Al when 1 mole 
of trimethylaluminum is treated with 1, 2, or 3 
moles of the appropriate mercaptan respectively, 
in a hydrocarbon solvent (6). We have repro- 
duced this experiment, following exactly the 
procedure described by the patent and we have 
never found the compound corresponding to the 
complete substitution of thiomethyl groups for 
the 3 methyl groups, even in the presence of a 
very large excess of methanethiol and prolonged 
reaction time. What was obtained, in the presence 

methyl bis(methylthio)aluminum designated in 
this text as the disubstituted compound. If ethyl 
ether was used as diluent, instead of a hydro- 
carbon solvent as specified by the patent, then a 
quantitative yield of the tris(methy1thio)alumi- 
num was obtained, the trisubstituted compound. 
Both compounds appeared as white solids de- 
composing around 150 "C without a sharp melt- 
ing point and completely insoluble in the usual 
solvents with which they do not react. Their 
composition was established by elementary anal- 
ysis for aluminum and when indicated, by deter- 
mination of the volume of methane evolved upon 
hydrolysis. The determination of aluminum 
(titrimetric and gravimetric) proved to be difficult 
because of the tendency of these compounds to 
retain solvent and excess methanethiol. But when 
the samples were thoroughly dried under high 
vacuum and when extreme precautions were 
taken to exclude water from the system, then 
both methods gave results in very good agree- 
ment with the proposed formulation : (CH,S),Al- 
CH, and (CH,S),Al respectively. In the case of 
the disubstituted derivative, the sole methyl group 
on the aluminum was determined as methane by 
hydrolysis, absorption of the mercaptan over 
silver nitrate and measurement of CH, over 
saturated potassium hydroxide. This measure- 
ment was also in accordance with the proposed 
formulation. The degree of polymerization of the 
di- and trisubstituted compounds has not been 
established since molecular weight measurements 
could not be performed for lack of solubility. 
These polymers must be relatively strongly 
bonded since upon heating there is no sublimation 
or distillation, decomposition occurring around 
150 "C as indicated before. 

of petroleum ether as diluent, was the compound Reaction with Some Gaseous Species 
in which 2 methyl groups were substituted: the Upon attempts to study the chemistry of 
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0 0 0 0 

C 
I1 II 
C-C 

I 8 
0 

I 
' 0  

[ I ]  Al ,Al -+ 7) \ + SCH3 + (cH~s),c-c(scH~)~ + CH3SSCH3 
,/ ! \szs I \,, \ A l 

' , I 1  I 

thiomethyl derivatives of aluminum it was noted 
that many common gases and solvents were 
reacting with these derivatives. It was first 
necessary to ascertain the nature of these reac- 
tions. The first gas tried was carbon dioxide. 
When the disubstituted derivative was treated 
with a stream of CO, at 55-57", hexathiomethyl 
ethane (CH,S),C-C(CH,S), and dimethyl di- 
sulfide (CH,S), were recovered. Those 2 com- 
pounds were identified by elementary analysis, 
infrared (i.r.), nuclear magnetic resonance 
(n.m.r.), and mass spectrometry. This reaction is 
heterogeneous and the very nature of the products 
formed suggests a radical mechanism. The forma- 
tion of the ethane derivative could be understood 
as a radical condensation proceeding in a similar 
fashion as the pinacol reaction (eq. [l]). A 
dimerization of the CH,S radical appearing in 
the course of the reaction would then explain the 
formation of dimethyl disulfide. 

In the case of carbon disulfide, 3 products were 
obtained from the reaction with the disubstituted 
aluminum derivative: dimethyl disulfide, methyl 
dithiocarbonate (CH,S),C=O, and methyl tri- 
thiocarbonate (CH,S),C--S. Those substances 
wereidentified by the usual measurements (n.m.r., 
i.r., and mass spectrometry) and by comparison 
with synthetic samples.' With carbon oxisulfide 
COS, only dimethyl disulfide and methyl trithio- 
carbonate were observed. The absence of dimeri- 

'The presence of the methyl dithiocarbonate is ex- 
plained by the easy oxidation of methyl trithiocarbonate, 
the reaction in that case being done in the presence of air. 

zation with carbon disulfide and carbon oxi- 
sulfide suggested a mechanism different from 
the one observed for CO,, although, probably 
still radicalar in nature because of the presence of 
dimethyl disulfide in large amounts in the reaction 
products. No reactions were observed, below 
100 "C, with carbon monoxide, ammonia, or 
hydrocyanic acid. 

Reactions with Alkynes 
The reaction of the disubstituted aluminum 

derivative with phenyl acetylene gave l-thio- 
methyl - 1 - phenylethene C,H,(CH,S)C=CH, 
with a yield of the order of 50%, even in the 
presence of a large excess of the disubstituted 
aluminum derivative (eq. [2]). The structure of 
the aromatic olefin was established through the 
usual measurements and the position of the 
S-CH, groups was confirmed by hydrolysis of 
the SCH, group, leading exclusively to aceto- 
phenone (eq. [3]). 

In relation with the mechanism of this reaction, 
the first point examined was the source of the 
hydrogen appearing on the a-carbon of the 
alkyne. Three sources are possible, a priori: from 
the methyl group on aluminum, from water in 
the course of the hydrolysis, or from a second 
molecule of phenylacetylene. From n.m.r. mea- 
surements, the presence of the methylene group 
in the reaction mixture can be established before 
hydrolysis. The reaction was repeated using 
dl-phenylacetylene. Under these conditions, even 
with hydrolysis by H,O, an olefin fully deuterated 
in the a position was obtained, indicating that 
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[41 2 C 6 H S C E C D  f ( C H ~ S ) ~ A I C H ~  2)  I )  H,O A C6HSC=CD2 + C6H5CECH + other products. 
I 
SCH3 

hydrogen must come from a second molecule of 
starting alkyne and neither water nor methyl 
group on  aluminum (eq. [4]). 

If the reaction mixture obtained with non- 
deuterated phenylacetylene is hydrolyzed with 
heavy water, the olefin does not contain deuterium 
but the unreacted alkyne then incorporates deu- 
terium. Under the experimental conditions used 
for the hydrolysis we have shown that less than 
5 % of the phenylacetylene exchanged with heavy 
water. Consequently, the formation of deuterated 
phenylacetylene in the course of the hydrolysis by 
D,O of the reaction mixture cannot be a mere 
exchange reaction. The 50% yield of olefin and 
the presence of deuterated phenylacetylene in the 
reaction products can be explained by the follow- 
ing mechanism (eq. [5]). 

A similar reaction was tried with I-phenyl-l- 
butyne, -1-hexyne, and 3,3-dimethyl-1-butyne 
but the starting material was recovered in all 
cases unaffected by the treatment. Consequently, 
it appears that both a terminal triple bond and 
activation by the aromatic group, as in phenyl- 
acetylene, are required to promote the reaction. 

Experimental 
Infrared measurements were made on a Perkin-Elmer 

spectrometer, model 257, in carbon tetrachloride solu- 
tions. The n.nI.r. measurements were performed with a 
Varian A-60 instrument, using tetramethylsilane as in- 
ternal reference. Mass spectrometric determinations were 
made with a Hitachi Perkin-Elmer machine, model 
RMV-6D. Melting points are not corrected; elementary 
analysis are from Schwarzkopf Microanalytical Labora- 
tory, New York. Vapor-phase chromatography (v.p.c.) 
measurements were made with a Microteck G-2000-R 
instrument. 

I .  Preparation of Tl~iotnetl~yl Derivatives of Alut~7it1um 

1.1 Preparation of Metl~yl Bi.~(tnetl7ylthio)alurni11um 
The reaction was performed in a 5 l flask bearing a 

pressure equilibrated adding funnel of I l capacity, a 
condenser operating at - 70" with Dry Ice and a system 
for introduction of trimethylal~~minun~. The whole system 
was flushed with nitrogen and dried by flame warming. 
After cooling, 2 I of dry pentane were introduced in the 
flask and 250 g of trimethylaluminum (K & K Chemicals) 
added in 1 portion to the diluent. Extreme caution must 
be exercised in the course of this experiment since 
trimethylaluminum inflames spontaneously in air and 
explodes violently upon contact with water. Methanethiol 
was then added to the so l~~ t ion  of trimethylaluminum. 
The mercaptan (1 kg, large excess) was diluted (50150 in 
volume) with pentane and was added over a period of 1 h, 
the reaction mixture being stirred magnetically and kept 
at  a temperature of 6-12" with an acetone/Dry Ice bath 
during the addition. After 2 h, the precipitation of a 
white solid began and the system was allowed to reach 
room temperature over a 24 h period. Pentane was then 
evaporated and the white solid lumps (433 g) broken 
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under nitrogen atmosphere, was methyl bis(methy1thio)- 
aluminum. This material decomposed without a sharp 
melting point around 150". It was insoluble in all common 
solvents, such as benzene, pentane, ether and gave 
reactions with solvents bearing carbonyl groups. The 
analysis for aluminum was not easily performed. First, 
the last traces of pentane and excess mercaptan proved 
very difficult to remove, except under high vacuum for 
24 h. Secondly, the slightest hydrolysis, the compound is 
extremely hygroscopic, produced aluminum oxide that 
could not be dissolved. So, the whole manipulation of the 
sample, even after weighing had to be carried out under 
nitrogen atmosphere. When these precautions were used, 
it was then possible to obtain reproducible results in 
accordance with the formulation proposed above. Two 
different methods for the evaluation of the aluminum 
were used. 

The first method was gravimetric, using hydroxy- 
quinoline as complexing agent (7). In a typical experi- 
ment, a 0.152 g sample was dissolved in 20 ml of con- 
centrated sulfuric acid. This solution was then diluted to 
250 ml and an aliquot of 25 ml analyzed for aluminum 
gave 20.6% AI. Calculated for A1 in (CH3S),AICH3: 
19.8%. 

The second method was titrimetric (8). The sample 
(0.134 g) was dissolved in concentrated sulfuric acid 
(20 ml) and diluted to 250 ml. A 20 ml aliquot was then 
adjusted at p H  3.0 with NaOH 0.1 N. The curve of the 
variation of p H  when titrating this solution with 0.05 N 
NaOH, against volume of NaOH was traced and the 
difference between the 2 p H  plateau was related to the 
aluminum content of the solution. Found for Al: 20.1 %. 

A third analysis was performed by hydrolysis of 
(CH3S),AICH3, measuring the methane evolved. The 
methanethiol and methane formed upon hydrolysis were 
carried by a stream of CO,. The mercaptan was absorbed 
by silver nitrate scrubbers and methane measured over a 
concentrated solution of potassium hydroxide, in a 
similar fashion as the Dumas determination of nitrogen. 
Volume of CH, calculated for 0.100 g of (CH3S),AICH3: 
16.4 ml. Found: 16.5 ml, 

1.2 Preparatiotr of Tris(tr~etlryltlrio)al~it~zitzzim 
Using a similar technique as described in 1.1, except 

that ethyl ether instead of pentane was used as solvent, 
the tris-methylthio derivative was obtained. It is a white 
solid, insoluble in common solvents and decomposing 
around 150". Calculated for (CH3S)3AI: A1 16.0 %. 
Found (gravimetric) 16.1 %; (titrimetric) 16.3 %. 
2. Reaction wit11 Carbo~r Dioxide 

A 5 g sample of the disubstituted derivative was treated 
by a slow stream of C 0 2  at  80" for 1 h. In the course of 
this reaction, the white solid aluminum derivative was 
slowly transformed in a viscous yellow liquid. After 
cooling, the reaction mixture was taken up with 150 ml 
of ether and hydrolyzed with 10 ml of water. The ether 
fraction was filtrated, dried over magnesium sulfate, and 
the solvent distilled. The residual material (2.50 g of a 
yellow oil) was fractionated by v.p.c. The first fraction 
(20%) was identified as dimethyl disulfide by conlparison 
of i.r. and n.m.r. with an authentic sample. The crude 
reaction mixture, by chromatography over aluminum 
oxide (Woehm, activity I in petroleum ether) gave 2.0 g 
of a white solid, m.p. 55-57": hexathiomethylethane. 

The following measurements on (CH3S),CC(SCH3), 
proved its structure: n.m.r. singlet at 2.15 6 ;  mass 
spectrum: m/e 153 ((CH3S),C), 91 (CH3S-C=S), 76 
(CS,), 47 (CH3S). 
Anal.Calcd.forCaHlaS2:C,31.37;H,6.22;S,62.41. 

Found: C, 32.81; H, 6.42; S, 60.89. 
The discrepancies between calculated and found values 

are explained by the very high percentage of sulfur in the 
compound, rending difficult the elementary analysis. 

3. Reaction witlz Carbotz Disulfide 
In a 250 ml flask, a 10 g sample of the disubstituted 

compound was treated by 20 g of CS2 in 100 ml of dry 
pentane. The reaction mixture was stirred at  room 
temperature for 25 h. The reaction products were ex- 
tracted with ethyl ether after hydrolysis. Filtration, drying 
of the solvent, and evaporation gave 6.3 g of a yellow oil. 
By v.p.c. analysis, the crude product contained 3 sub- 
stances, dimethyl disulfide (42 %), methyldithio carbonate 
(CH3S)2C=0 (36%), and methyl trithiocarbonate 
(CH3S)2C=S (22%). Dimethyl disulfide was identified 
as above. By chromatography over aluminum oxide 
(Woehm, activity I in petroleum ether) methyl dithio- 
carbonate and methyl trithiocarbonate were separated. 
The structure of these 2 thiocarbonates was established 
by comparingi.r., n.m.r., and mass spectrometry measure- 
ments on the reaction products with those on synthetic 
samples. Methyl dithiocarbonate was prepared by the 
action of methanethiol on phosgene (9). The n.m.r.: 
singlet at 2.41 6 ;  i.r.: bands at 1660 (strong), 1430 
(medium), 1380 (medium), 1250 (strong), 1055cm-' 
(strong); mass spectrometry: nr/e 122 ((CH,S),C=O), 
94 (CH3SSCH3), 75 (CH,SCO), 48 (CH,SH), 15 (CH3). 
Methyl trithiocarbonate was obtained by the reaction of 
methanethiol on thiophosgene (10). The n.m.r.: singlet 
at 2.61 6 ;  i.r.: bands at 1440 (strong), 1425 (medium), 
1100 (very strong), 1080 (strong), 985 (medium), 970 cm-' 
(medium); mass spectrometry: nz/e 138 ((CH3S),C=S), 
91 (CH3S-C=S), 76 (CS,), 48 (CH,SH), 15 (CH3). 

4.  Reactiotr ~vitlz Carbon Oxysrrlfide 
A 2.0 g sample of the disubstituted derivative was 

treated by a slow stream of COS at 160' for 48 h. After 
extracting the reaction mixture with ether, 0.50g of a 
yellow oil was obtained. From v.p.c. analysis, this oil 
was a mixture of dimethyl disulfide (20%) and methyltri- 
thiocarbonate (80,X). These products were separated by 
chromatography over alumina, as indicated above and 
physical measurements (n.m.r., i.r., and mass spectrom- 
etry) confirmed their identity. 

5.  Reactiotzs ~vitlr CO, NH3, H C N  
A 2.0 g sample of the disubstituted derivative was 

treated by a slow stream of CO at 25" and subsequently 
at  100". No  reaction was observed. A similar behavior 
was noted with ammonia and anhydrous hydrocyanic 
acid. 

6. Reaction wit11 Alkytres 
6.1 Reactiotz ~vitlr Plretrylacetyktre 
In a 250 ml flask, a suspension of 10 g of the disubsti- 

tuted derivative in 150 rnI of petroleum ether was 
refluxed for 48 h with l o g  of phenylacetylene. After 
hydrolysis by 10 ml of water at  0 "C, the solution was 
filtered, dried and the solvent evaporated. This way, 
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5.4 g of a liquid, b.p. 1 16-12O0/12 mm, was obtained. It 
was identified as I-thiomethyl I-phenyl ethene. Infrared 
bands at 1590 (medium), 1575 (medium), 1495 (strong), 
1450 (medium), 1230 (medium), 1070 (medium), 1030 
(medium), 850cm-I (strong); n.m.r.: singlet at 2.21 
(3H), singlet at 4.91 (lH), singlet at 5.36 (lH),  multiplet 
around 7.3 6 (5H); mass spectrometry: m/e 150 (molec- 
ular ion), 149 (C6H5C3H4S), 135 (CsH5C2H2S), 103 
(CsH~czHz) ,  91 (CsHSCHz), 77 (CsH5). 

6.2 Preporation of PJ~e~~ylacefylene-dl 
In a 500 rlil flask 12 g of NaNH, in the presence of 250 

ml of anhydrous ethyl ether were treated with 20 g of 
phenylacetylene. After a 2 h reflux, the reaction mixture 
was hydrolyzed with D20.  The usual operations gave a 
phenylacetylene 85% dl.  To increase this percentage, the 
partially deuterated compoi~nd was kept in contact with 
CaO in the presence of D 2 0  for 25 h. The usual oper- 
ations gave C6H5C=CD, 96 % d,. The i.r.: bands at 2595 
(very strong), 1480(very strong), 1445 cm-I (very strong); 
n.rn.r.: multiplet at 7.41 6; mass spectrometry rille: 103 
(C6H5-CrCD), 77 (C6H5). 

6.3 Reaction of P/~er~ylacetj~lene-d, 
Starting with C6H5C=CD and using a procedure 

similar as in 6.1, the reaction gave C6H5(CH3S)C=CD2 
exclusively, the hydrolysis being done with ordinary 
water. The i.r.: bands at 1670 (strong), 1590 (medium), 
1575 (medium), 1490 (medium), 1480 (strong), 1440 
(strong), 1260 (strong), 980 (medium), 780 (strong), 
750cni-I (very strong); n.nI.r.: singlet at 2.21 (3H), 
multiplet at 7.3 6 (5H); mass spectrometry nr/e: 152 
(molecular ion), 105 (C6H5C2D2), 77(C6H5). 

When the hydrolysis of the crude reaction mixture 
obtained in 6.1 was done with D 2 0 ,  C,H5(CCH3)C-CH2 
was the sole product of the reaction, by its i.r., n.m.r., and 
mass spectra. But the unreacted phenylacetylene was then 

incorporating more than 95% of dl.  In order to establish 
that the phenylacetylene-dl was not produced by an 
exchange reaction, ordinary phenylacetylene, D 2 0 ,  and 
the disubstituted derivative were placed simultaneously 
in ethyl ether and refluxed for 1 h, in conditions similar 
to those used in the course of the hydrolysis. Then, only 
5 %  of deuterium was introduced by the phenylacetylene, 
as indicated by i.r. and n.m.r. 

6.4 Reaction with Other Alkynes 
Attempted reactions with 1-phenyl-1-butyne, -I-hexyne, 

and 3,3-dimethyl-1-butyne according to the procedure 
as in 6.1 led to the quantitative recovery of the starting 
alkynes. 

We thank the National Research Council of Canada 
and the Defence Research Board of Canada (grant 
9530-30) for financial assistance. 
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Nuclear magnetic resonance studies. XX.' Structures and 'H nuclear magnetic 
resonance parameters of the bromination products of some substituted 

bicyclo[2.2.2]octenes 

M. GORDON, GURU DATA,^ AND J. B. STOTHERS 
Departnlent of Cl~etnistry, Unioersity of Western Ontario, London, Ontario 

Received October 27, 1969 

The stereochemical course of the reaction of some 7,8-dicarboxylate derivatives of 1,3,5,5-tetramethyl- 
bicyclo[2.2.2]oct-2-ene with bromine has been established. The proton magnetic resonance parameters 
of these products are discussed. 

Canadian Journal of  Chemistry, 48, 1098 (1970) 

Introduction 
In a recent investigation of the proton mag- 

netic resonance (p.m.r.) parameters of bicyclo- 
[2.2.2]octenes (1) a number of 7,8-disubstituted 
derivatives of 1,3,5,5-tetrarnethylbicyclo [2.2.2]- 
oct-2-ene (1) were synthesized. As confirmation 

of the assignments for the C-7, -8 carboxyl 
substituents, the bromination of these unsat- 
urated materials was examined since bromo- 
lactones are expected to form in those cases in 
which acarboxyl function is in anendo orientation 
with respect to the olefinic bond. It has been 
found that the stereochemical course of the 
bromination reaction depends on the orientation 
of these substituents and these results for 4 
bicyclic olefins, 2-5, are summarized in Scheme I .  
We wish to describe these experiments in the 
present paper and to compare the proton nuclear 
magnetic resonance (n.m.r.) parameters with 
those in the less strained bicyclo[2.2.2]octane 
systems. 

Experimental 
Infrared (i.r.) spectra were obtained with either a 

Beckman IR 5A or a Beckman IR 10 spectrophotometer. 

The n.m.r. parameters were determined from spectra 
obtained with a Varian HA 100 spectrometer. Com- 
parisons of these spectra with those calculated using the 
LAOCOON 111 program3 permitted complete analyses 
of the spectra for most compounds; the signs of the 
coupling constants are positive unless otherwise indi- 
cated. In a few cases a complete set of parameters could 
not be obtained because of overlapping multiplets. The 
precision of the data is judged to be within 0.01 p.p.m. 
for the shieldings and 0.1 Hz for the coupling constants. 
Elemental analyses were performed by A. Bernhardt, 
Mulheim, Germany. 

Preparation of 6 
( a )  Bromination of Anhydride 2 
Adduct 2 (1.0 g) was dissolved in a warm solution of 

potassium hydroxide (1.5 g) in water (25 ml) and bromine 
was added until a pale yellow color persisted. After 
acidifying, a crystalline precipitate formed which was 
separated and crystallized from methanol, m.p. 214-215". 
This material gave a positive test for bromine. Treatment 
with ethereal diazomethane in the usual fashion yielded 
the crystalline bromolactone ester 6. Recrystallization 
from either petroleuln ether or ether gave 6, m.p. 152- 
153", v (CHCI,) 1785, 1735 cm-'. 

Anal. Calcd. for C15HZ104Br: C, 52.18; H, 6.13 ; Br, 
23.15. Found: C, 52.04; H, 6.18; Br, 22.98. 

( 6 )  Bromitlatiot~ of cis-Diester 3 
Treatment of 3 (0.82 g), dissolved in acetic acid, with a 

solution of bromine in acetic acid until the color per- 
sisted afforded, after work-up, 6 (0.98 g) having physical 
constants identical to those noted above. 

Debromination of 6 
A solution of 6 (275 mg) in glacial acetic acid (10 ml) 

was refluxed with 200 mg of zinc dust for 15 min. A 
crystalline solid separated out on cooling and the rest 
was isolated by chloroforn~ extraction to yield a total of 
210 mg of crude product. After recrystallization from a 
petroleum ether - benzene mixture, the product was 

'Part XIX see ref. (7). ,We wish to thank Prof. A. A. Bothner-By and Dr.  S. 
'Petroleum Research Fund Predoctoral Fellow, Castellano for kindly providing a listing of their 

1964-1965; Ontario Graduate Fellowship 1966-1967. LAOCOON 111 program and Dr. John Wasson for his 
Present address, Department of Chemistry, Sir George assistance inadjusting the program to fit on the U.W.O. 
Williams University, Montreal, Canada. 7040 computer. 
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shown to be identical to the cis-endo anhydride 2 (1) by 
mixed melting point (99.0-100.0 "C) and its i.r. and n.ni.r. 
spectra. 

(n )  Isolntiotz of 8 
To a so l~~ t ion  of 7.3 g of 4 in ca. 50 rill of glacial acetic 

acid was added a 5 "/, (v/v) solution of bromine in glacial 
acetic acid dropwise with continuous stirring. When a 
pale orange color persisted, the addition was stopped and 
the reaction mixture allowed to stand for ca. 1 h. 

After dilution with water, the product was extracted 
with chloroform. After the usual work-up, the residue 
was cooled and a small amo~lnt  of anhydrous ether 
added; immediate crystallization of part of the product 
occurred. 

From a total crude yield of 8.8 g, 3.5 g of crystalline 
material was obtained. Recrystallization from diethyl 
ether gave 8, n1.p. 176-177'; v (CHCI,) 1786,1739 cm-'. 

Anal. Calcd. for C,,H2,0,Br: C, 52.18; H, 6.13; Br, 
23.15. Found: C,52.02;H, 6.04;Br,23.08. 

(b) Isolnfiot~ of 7 ntrd I2 
The mother liquors were chromatographed on a 

colunin niade froni silicic acid (Fisher) which had been 
heated at 135 "C for 5 days. Several fractions were eluted 
with ether-benzene (1 :9) to yield a total of 2.85 g of crude 

niaterial. These were grouped on the basis of their p.ni.r. 
spectra. 

Group 1 (1.2 g) comprised several components :vhich 
were inseparable while the second group (1.23 g) 
yielded crystalline 7 (from ether), m.p. 128" (decom- 
position); v (CHCI,) 1775, 1730 cm-'. 

Anal. Calcd. for C,,H,,O,Br: C, 52.18; H,  6.13; Br, 
23.15. Found: C, 52.05; H,  6.18; Br, 23.34. 

A third group yielded 195 mg of a white crystalline 
solid (froni ether) which was shown to be 12 (1). 

Pi.cpnmtiot~ of I2 from 4 
Co~iipound 4 (1 g) was dissolved in a few ml of glacial 

acetic acid and 100 ml of 5 "/, sulfuric acid added; a small 
amount of methanol was added to redissolve the solid 
which separated out. The mixture was warmed overnight 
on a steani bath. On cooling, starting material was 
recovered unchanged. 

The recovered niaterial was dissolved in 50 nil of 
glacial acetic acid and refluxed for about 1 h. The solvent 
was removed on a rotary evaporator and the residue 
dissolved in ether. After washing with 10% aqueous 
sodium carbonate followed by water, the neutral ether 
solution was dried over anhydrous magnesium sulfate. 

Renioval of drying agent and solvent yielded 0.7 g of 
a white crystalline material. Recrystallization from 
petroleum ether (35-60") gave a product, melting at 
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100.5-101.O0, whose i.r. spectrum and p.m.r. spectra 
were identical with those of 12 (1). 

Debromination of 7 and 8 
Bromolactone 8 (500 mg) was dissolved in 10 ml of 

methanol and 5 ml of glacial acetic acid was added 
followed by 200mg of zinc dust. The mixture was refluxed 
for 2 h. After cooling, the zinc was removed by filtra- 
tion, the filtrate diluted with water and extracted with 
several portions of chloroform. The work-up gave a 
syrupy liquid (350 mg) which crystallized on standing. 
Compound 10 melts at 148-149"; v (CHCI,) 1720, 1700 
cm-' and broad OH absorption. 

Anal. Calcd. for C,,H220,: C, 67.64; H, 8.33. Found: 
C, 67.72; H, 8.59. 

The above procedure with 7 gave identical results. 

shown by its i.r. absorption at  1783 cm-' in 
addition to that of the carbomethoxyl at 1735 
cm-'. Since all methyl groups give rise to singlet 
signals in the proton spectrum the point of 
attachment of the lactone must be C-3. The 
bromine atom is assigned the anti4 orientation 
since no long-range coupling is resolved in the 
absorption of the C-7 proton. That the C-2 
proton is long-range coupled (J = 2.2 Hz) to the 
exo proton on C-6 was established by a decoupling 
experiment in which the splitting of the C-2 
proton signal was eliminated by irradiation in 
the C-6 methylene region. Since the same bromo- 

Methylation of Cornpound 10 lactone is produced in very high yield from 
A solution of 100 mg of the half ester, 10, in anhydrous anhydride 2 and diester 3, in basic and acidic ether was cooled in an ice-bath and a slight excess of an 

ethereal of  diazomethane added dropwise. media, respectively, there is little likelihood o f  
Removal of excess diazomethane and eva~oration of e~imerization a t  C-7. Proof that skeletal rear- 
solvent gave a quantitative yield of 4, the identity of the rangement does not accompany bromination is 
2 compounds being established by mixed melting point, given by the regeneration of 2 from 6 by treat- 
i.r., and p.m.r. spectroscopy. ment with zinc dust. The formation of 6 ,  there- 
Broniir~atior~ of trans-Diester 5 fore, proceeds in the expected manner. 

The bromination was carried out in the manner de- 
scribed for the bromolactonization of4.  Reaction of 135 In contrast the bromination of 3, trans- 
mg of 7-endo-8-exo-diester gave 136 mg of crude product diester 4 gives 3 major products upon treatment 
(melting range 115-120 "C). After 2 recrystallizations with bromine in acetic acid, 2 of which, 7 and 8, 
from anhydrous ether, con~pound 9 melted at 127.5- 
129.5", v (CHCI,) 1730, 1620, 900 cm-'. 

Anal. Calcd. for C,6H2304Br: C, 53.49; H, 6.45; Br, 
22.24. Found: C, 53.88; H, 6.33; Br, 22.20. 

Ozot~olysis of 9 
The ozonolysis was carried out at -70 OC on 28 mg of 

the compound in ethyl acetate. Work-up with a formic 
acid - hydrogen peroxide (3:l) mixture gave 25 mg of 
crude product which was crystallized from chloroform. 
Its proton spectrum showed no peaks corresponding to 
CH3-C=O, -COOH, or -CHO while its i.r. spectrum 
showed absorption at 1725 cm-I. This ketone gave a 
2,4-dinitrophenylhydrazone, melting at 121-122". 

Results and Discussion 
The chemical and physical evidence necessary 

for the structural assignments of the bromination 
products 6 9  are described before a more detailed 
consideration of the proton parameters is 
presented. Some of the latter are mentioned 
briefly as a part of the structural elucidation and 
amplified in the final section. 

Treatment of the endo-adduct 2 in dilute base 
with bromine proceeds smoothly and virtually 
quantitatively to give a single crystalline product 
which is readily methylated to yield a crystalline 
bromolactone ester 6 .  The same compound is 
formed directly, and in comparable yield, by 
treatment of cis-diester 3 with bromine in acetic 
acid. The presence of the y-lactone function is 

contain bromine and both have a y-lactone ring 
as shown by their i.r. absorptions at 1775 and 
1786 cm-', respectively. The point of attachment 
again must be C-3 since the methyl signals are 
singlets for each. The bicyclo[2.2.2]0ctene 
skeleton has not rearranged since both com- 
pounds are readily converted back to the starting 
material by reaction with zinc dust to give 10, a 
half ester, which may be methylated with diazo- 
methane to 4. Thus, the orientation of the car- 
boxyl functions is not affected by this reaction 
sequence. Further confirmation of the exo-car- 
bomethoxyl grouping at  C-7 is provided by the 
C-7 proton pattern. This signal is an apparent 
"triplet" and was shown by spin-decoupling to 
be long-range coupled to both the endo-C-6 and 
C-8 protons. The orientation of the bromine 
atom in 7 and 8 is assigned on the basis of n.m.r. 
evidence. For 7, the C-2 proton absorption is 
similar to that in 6 having a long-range coupling 
to the exo-C-6 proton and the C-3 methyl signal 
appears at the same position in 6 and 7, 6 1.79, 

'For convenience, we distinguish the orientation of the 
bromine atom on C-2 by the terms syrr and anti with 
respect to the C-7,8 bond and the orientation of  sub- 
stiti~ents on the C-5,6 and C-7,8 bonds as eso or endo 
relative to the C-2,3 bond, by analogy with the bicyclo- 
octenes. 
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indicating that the C-2 bromine is anti. In the 
spectrum of 8, however, the C-2 proton appears 
as a singlet with no resolved long-range coupling 
constant, the C-3 methyl group appears at higher 
field, 1.61 p.p.m., while the C-7 proton is de- 
shielded by 0.17 p.p.m. relative to that in 7. On 
this basis, the C-2 bromine is assigned the syn 
orientation. An interesting feature of the bromi- 
nation of 4 is that 8 is the predominant product 
(ca. 50%) and it has the cis-arrangement for the 
bromine and lactone groups. The simplest view 
is that cis-addition occurs preferentially, although 
other routes may be envisaged. An indication 
that addition proceeds on the less-hindered side 
of the double bond in 4 is the fact that catalytic 
hydrogenation yields the corresponding saturated 
diester, i.e. that in which the C-3 methyl is anti(1). 

The third product isolated also contains a 
y-lactone ring, v (CHCl,) 1770 cm-', and an 
ester (1735 cm-') but no bromine. Again the 
lactone involves the C-3 position since the methyl 
signals are singlets. Structure 12 was assigned to 
this compound since it can be generated from 4 
by treatment with acid, as reported previously (1). 

A third variation in the course of the bromina- 
tion reaction of this series was found for trans- 
diester 5. A single crystalline product 9 was 
isolated in good yield (ca. 70 %). The presence of 
an olefinic bond is indicated by i.r. and proton 
spectra in CDCl, solution. The latter also shows 
that 2 carbomethoxyl functions are present (6 
3.67 and 3.70) as well as 3 methyl groups on 
quaternary carbons (6 0.85, 0.95, 1.12). The 
trans disposition of the carbomethoxyl groups is 
retained since the vicinal coupling of the C-7 and 
C-8 protons at 3.01 and 2.90 p.p.m. respectively 
is 7.9 Hz;  the latter is coupled, J = 1.8 Hz, to the 
bridgehead proton at 6 2.90. Two olefinic protons 
6 4.07, are readily attributed to an exo-methylene 
group at C-3, accounting for the "loss" of one 
methyl signal. The C-2 proton appears at 5.85 
p.p.m. The C-5 protons absorb at 0.96 and 1.32 
p.p.m. (JAB = - 12.7 Hz) with the former long- 
range coupled to the bridgehead proton, J = 3.6 
Hz. Comparison with the computed spectrum 
for the 6-spin system including the methine 
protons and the C-6 methylene group showed 
each line to be within 0.2 Hz of the observed posi- 
tion. The mass spectrum5 of 9 exhibits 2 almost 

'The mass spectrometry was performed by Prof. D. R. 
Bidinosti to whom we are indebted. 

equally intense peaks at  mle 358 and 360 consis- 
tent with the molecular formula C,,H,,O,Br. 
The formation of an allylic bromide from 5 
appears to be a reasonable consequence of the 
fact that the carbomethoxyl group on  C-8 is exo. 
Thus, the intermediate carbonium ion resulting 
from attack of Br' at  C-2 on the less-hindered 
side, preferentially loses a proton before any 
available nucleophile reacts at C-3. Skeletal 
rearrangement of the system to a bicyclo [3.2.1]- 
octane derivative is ruled out by the fact that 
there are only 3 methyl signals. 

Ozonolysis of 9 afforded a single crystalline 
product whose proton spectrum contained no 
signals attributable to acetyl, carboxyl, or  formyl 
protons. Its i.r. spectrum showed carbonyl 
absorption at 1725 cm-' and a 2,4-dinitrophenyl- 
hydrazone derivative formed readily. Structure 9 
is consistent with each of these observations. A 
similar result has been reported recently (2) for 
the bromination of exo-cis-3,6-endoxo-4-methyl- 
A4-tetrahydrophthalic anhydride (13); the exo- 
methylene derivative 14 was obtained in 91 % 
yield. 

The data extracted from the spectra of com- 
pounds 6-8 are collected in Tables 1 and 2. These 
were obtained in chloroform solution in all cases 
although a few were examined in carbon tetra- 
chloride or benzene as well. The parameters of 
the corresponding lactones lacking bromine are 
included for comparison although these have 
been discussed previously (1). The complete 
analysis of 12 has been carried out in the interim 
and these results are listed. 

As noted earlier, the shifts of the C-3 methyl 
protons indicate the orientation of the vicinal 
bromine. In  the cis configuration the bromine 
deshields these methyl protons by 0.2 p.p.m. 
(CDCl,), but by only 0.05 p.p.m. in the trans 
by comparison with the results for 11 and 12; 
similar comparisons show that the C-1 methyl 
absorption is shifted downfield by ca. 0.1 p.p.m. 
by the C-2 bromine. Undoubtedly the shieldings 
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TABLE 1 

Proton shifts in some substituted bicyclo[2.2.2]octyl y-lactones (p.p.m. from TMS, 5 mole % solutions) 

Proton positions 

C-2 C-6 C-7 
C- 8 

Compound Solvent syn anti C-4 exo endo exo etzdo exo C-1 Me C-3 Me C-5 Me OMe 

'Complex multiplets obscured by methyl absorption. 
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TABLE 2 

'H-'H Coupling constants of some substituted bicyclo[2.2.2]octyl y-lactones (Hz) 
- 

Vicinal* Long-range* 

Compound Gerninal J J4 .8  J 7 . a C x o  J 7 . 8 e n d o  J Z . ~ ~ X ~  J 2 . 7 e x o  J6 .7  J 2 . 4  

'Subscripts indicate location of coupled protons. 
tobscured by methyl absorption. 

of other protons are affected by the presence of 
the bromine atom but quantitative comparisons 
can be made for only a few. For the C-7 endo- 
proton in 7 and 8 a shift of - 0.17 p.p.m. is found 
for the anti -. syn change in orientation at C-2, 
for which a shift of + 0.42 p.p.m. is observed 
for the C-6 endo proton. These deshielding effects 
of the bromine atom on closely neighboring 
protons may be due to a dispersion effect (3) 
although the magnetic anisotropy of the C-Br 
bond can also contribute. Some evidence that the 
latter factor may be appreciable is given by the 
upfield shift of 0.36 p.p.m. found for the 6-exo 
proton in 7 relative to that in 8. The assignments 
of the C-6 methylene protons in 6 and 8 is 
straightforward since only one exhibits resolvable 
long-range coupling in each case and for 4-bond 
couplings via o-networks it is well-known that the 
interaction through a "W" pathway is the largest 
(4). In 7, however, both methylene protons are 
long-range coupled and, furthermore, absorb so 
closely that their pattern is an ill-defined multi- 
plet. Spin-decoupling experiments were employed 
for the assignments listed in Table 1. 

Another rather large shift difference is ob- 
served for the C-2 and exo C-6 protons in 6 vs. 7. 
A change in orientation of the 7-carbomethoxyl 
group from endo to exo moves the former signal 
upfield by 0.9 p.p.m. while the latter is shifted 
downfield 0.44p.p.m. Presumably this is primarily 
a result of the relative orientation of these protons 
with respect to the carbonyl bond; this contri- 
bution has been discussed in detail for closely 
related systems (1). The rest of the shielding data 
exhibit trends closely analogous to those de- 
scribed previously for the bicyclo [2.2.2]octenes 
2-5 and their sat~~rated derivatives (1). 

The coupling constants for these lactones 
(Table 2) are similar to those found for the 
starting materials. The geminal couplings are 
comparable to those reported for a variety of 
bicyclo[2.2.2]octane systems (1, 5) and indicate 
little strain in the system. The vicinal interactions, 
however, show some interesting deviations from 
the values found in similar systems lacking the 
lactone grouping. The J,,, values for 7,8,11, and 
12 are larger by ca. 2 Hz than the corresponding 
couplings in 3 and 4 while J7,, for 7, 8, and 12 are 
smaller (ca. 3.5 Hz) than J7,, in 4. These trends 
are consistent with the expected change in 
geometry caused by the formation of the y-lactone 
between C-3 and C-8. Closure of this ring tends 
to twist the exo-C8-H bond relative to the 
endo-C7-H and C4-H bonds such that the 
dihedral angles, 4, are reduced. In 4, these $ 
values will be very close to 120 and 60°, respec- 
tively, as in I, whereas in 7,8,  and 12 these angles 
are ca. 110 and 50°, (see II), as estimated from 
models. Thus it is expected that J7,, will decrease 
while J4,, increases on the basis of the well- 
known dependence of vicinal couplings on $ (6). 
The strain introduced by formation of the lactone 
ring may also affect the vicinal couplings so it 
would be unwise to estimate the dihedral angles 
from the n.m.r. results. Another indication that 
the lactone ring does indeed twist the bicyclic 
skeleton in these systems is the fact that the 
vicinal coupling J,,,, of 6 and 11 is 9.8 Hz or 1.2 
Hz less than the corresponding value for 3 (1). 
The long-range couplings are as expected for 
4-bond interactions through o-bonds (3) with 
values > 1 Hz for those following a "W" path. 

It is interesting that the orientation of the 
bromine atom apparently exerts some influence 
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COOMe of the bromine (cf. 11 vs. 6) which could be due clv c7 QH 

to both steric and electronic perturbations. 
In  summary it can be seen that the proton 

,; 4 ,/ 4 
spectra of the series 6-9 provide a reasonably 

4.' 
x straightforward means of elucidation of their 

H CS * structure and stereochemistry with the data 
la 1b giving some insight into the factors affecting the 

proton parameters. 

cl@: c4 

COOMe 

IIa IIb 

on these long-range couplings. For example, 
J, , ,  (endo-endo) changes from 1.4 to 2.1 Hz as 
the bromine atom moves from the anti to the syn 
position. This presumably could be due to slight 
variations in geometry. A comparable difference, 
1.6 to 2.2 Hz, is found for J, , ,  upon introduction 
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Ozonolysis of podocarpic acid 

R. A. BELL AND M. B. GRAVESTOCK 
Departtnent of Clzernistry, McMaster University, Hamilton, Ontario 
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Low temperature ozonolysis of methyl podocarpate in methanol - methylene chloride results in the 
formation in high yield of 813-hydroperoxy-8a-hydroxy-(13 -> 17)-pentanorlabd-9(11)-en-12,19-dioic 
acid 19-methyl ester 8 -> 12-lactone 4 .  Ozonolysis followed by hydrogen peroxide work-up gives the 
lactone-acid 140, whilst ozonolysis followed by reduction with sodium borohydride gives keto-acid 3a 
and lactones 16 and 17 derived from peroxide 4 together with &-lactone 19 possessing all 18 carbon atoms 
of methyl podocarpate. The lactone 16 is shown to possess an  dB-configuration by application of the 
nuclear Overhauser effect. 

Canadian Journal of Chemistry, 48, 1105 (1970) 

The partial ozonolysis of phenols has been of 
little use in synthetic organic chemistry. Phenol 
itself is completely degraded by ozone into one- 
and two-carbon fragments (1). The aromatic ring 
is more resistant to attack by ozone than a simple 
olefin1 but, once the aromaticity has been de- 
stroyed by the first mole of ozone, the residual 
diene is rapidly cleaved (3). Polycyclic aromatic 
phenols likewise suffer sequential destruction of 
the hydroxyl containing ring upon exposure to 
ozone. 2-Naphthol is typical and on limited 
ozonolysis in non-hydroxylic solvents (4) gives a 
mixture of 0-carboxycinnamic acid, phthalalde- 
hydic acid, and phthalic acid, whilst ozonolysis 
in the participating solvent methanol ( 5 )  results 
in the formation of 4-methoxy-2,3-benzodioxan- 
1-01 (1). To our knowledge, the only ring opening 
of a substituted benzene ring by a single mole of 
ozone which is of preparative value, is the 
example recorded by Woodward et al. (6) in their 
synthesis of strychnine. Here a ineta substituted 
catechol dimethyl ether was cleaved to a diene- 
diacid in good yield. The diene was apparently 
resistant to further attack by ozone because of 
the steric interactions resulting from the bulky 
iileta substituent. 

In connection with the synthesis of (13 + 17)- 
pentanorlabdane derivatives for the construction 
of a variety of bicyclic diterpenes (7), we con- 
sidered that ozonolysis of the phenolic diterpene, 
podocarpic acid2 2a, might lead to useful syn- 
thetic intermediates since the 11-position of 2 is 

'See for example the ozonolysis of isoeugenol to give 
vanillin (2). 

2The nomenclature used here is that proposed by the 
IUPAC Committee on Diterpene Nomenclature, July, 
1968. 

known (8) to be very hindered to electrophilic 
attack. We here report an examination of the 
ozonolysis of podocarpic acid and conditions for 
a high-yield, 2-step synthesis of the valuable keto- 
acid 3a, previously obtainable only by a 6-step 
sequence (9) from podocarpic acid. 

Discussion and Results 
Preliminary ozonolyses at moderate tempera- 

tures in hydroxylic or non-hydroxylic solvents 
showed that 2a or b were degraded to a multitude 
of products. However, slow ozonolysis at low 
temperatures in hydroxylic solvents was found to 
give relatively few products and the definitive 
experiments were therefore conducted at -78" 
using either methanol - methylene chloride or 
methanol-trichlorofluoromethane solvent mix- 
tures. The ozonolysis reaction mixtures were 
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worked up in 3 ways: (i) direct isolation; (ii) 
oxidation with basic hydrogen peroxide; and (iii) 
reduction with sodium borohydride. The experi- 
ments carried out are conveniently discussed 
under these categories. 

Direct Isolation 
Careful removal of all solvents and volatile 

materials from the crude ozonolysis products of 
2b resulted in the isolation of a crystalline ma- 
terial. The proton magnetic resonance (p.m.r.) 
spectrum showed the material to be 85-90% pure 
and a single crystallization gave the pure com- 
pound which has been assigned the lactone- 
hydroperoxide structure 4. This structure is an 
unusual product to obtain from the ozonolysis of 
a substituted phenol since, on the basis of pre- 
cedent (5), a more likely product would be a 
2,3-dioxolan derivative analogous to 1. However, 
the structure of 4 rests firmly on both spectral and 
chemical evidence. Thus in its infrared (i.r.) spec- 
trum, 4 showed typical absorptions for an 
hydroxyl group at 3500 and 3250 cm-' ,  and a 
strained, 5-membered unsaturated lactone at 
1765 and 1640 cm-'. There was also present a 
weak absorption a t  870 cm- ' which is considered 
(10) to be characteristic of the 0-0 bond 
stretching of a peroxide. The ultraviolet (u.v.) 
spectrum, which showed L,,,(CH30H) 218 m p  
(E 11 OOO), was also in agreement with the 
presence of an unsaturated lactone. The trisub- 
stituted nature of the conjugated double bond 
was shown by the presence of only one, very sharp 
(W,,, = 0.5 Hz) singlet a t  5.79 p.p.m. in the 
p.m.r. spectrum of 4. The appearance of the 
hydroperoxide proton signal at 9.08 p.p.m. is 
consistent with the chemical shift of other hydro- 
peroxides (1 1). 

Additional evidence for the presence of the 
9(11)-olefin could be inferred from the chemical 
shift of the C-20 methyl group. As has been noted 
previously, the central methyl group of terpenes 
and steroids is a sensitive probe of the functional 
groups and geometry of the A, B, and C rings (12). 

Thus the absorption of the C-20 methyl group of 
4 at 1.13 p.p.m. showed the geometrical and de- 
shielding influences of a 9(11)-double bond and 
a 12 + 8-lactone, and may be compared to the 
observed resonances of the C-20 methyl groups 
of the 9(11)-unsaturated compoullds 5 and 16 
which occur at 0.94 and 0.99 p.p.m. respectively. 
These latter absorptions are considerably de- 
shielded from their saturated counterparts which 
occur at 0.68 and 0.77 p.p.m. respectively (9). The 
slight deshielding of the C-20 methyl of 4 by 0.19 
and 0.14 p.p.m. in comparison with 5 and 16 is 
consistent with a p stereochemistry of the C-8 
hydroperoxide. An axial hydroperoxide can be 
expected to deshield a 3-axial methyl group to the 
same extent as an axial hydroxyl group3 and 
hydroxyl-methyl 1,3-diaxial interactions normal- 
ly result in the methyl group being deshielded by 
0.18 to 0.25 p.p.m. (12b, c, 13). 

0 

b 
FIG. 1. Conformation (a)  of 8p-hydroperoxide and 

(b) of 8cr-hydroperoxide. 

Additional evidence for the stereochemistry of 
the lactone-hydroperoxide derives from the 
absence of a nuclear Overhauser effect (n.0.e.) 
(14) between the C-11 vinylic proton and the 
C-20 methyl group. The two possible configura- 
tions for the C-8 hydroperoxide are depicted in 
Fig. 1. In the P-hydroperoxide (a), the planarity 
of the lactone ring constrains ring B to an almost 
classical chair conformation and the internuclear 
distance between the C-20 carbon atom and the 
C-11 proton is 3.88 A. The a-hydroperoxide (b) 
on the other hand can only exist with ring B in a 

3This statement is supported in the sequel by the 
observation that the resonance of the C-20 methyl group 
of 6 is indistinguishable from that of 4. 
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twist conformation4 and this places the C-20 
carbon and the C-11 proton 3.16 A apart. Since 
in 4 there was no observable n.0.e. between the 
C-20 methyl and the C-11 proton, their distance 
apart can be assessed as 3.6 A or greater (16) and 
this separation clearly invalidates stereochemistry 
(b) but is satisfied by (a). 

The structure of 4 was finally and unequiv- 
ocally established on chemical grounds. Thus, 
the iodide test for a peroxide was positive and 
1 mole-equivalent of iodine was released in less 
than 2 min (17). This indicates the presence of a 
hydroperoxide rather than a peroxide as the 
latter liberates iodine at a relatively slow rate.5 
The peroxide bond of 4 could also be selectively 
reduced by aqueous methanolic sodium sulfite to 
give a 98% yield of the unsaturated lactone- 
hemiketal6. Finally, palladium catalyzed hydro- 
genation of 4 or 6 at atmospheric pressure 
resulted in the formation in over 90% yield of the 
known (9,19) keto-acid 3a. Production of this 
compound is conclusive evidence for the carbon 
skeleton present in the lactone-hydroperoxide. 

A minor, but interesting point of comparison 
between the saturated keto-acid 3a and the un- 
saturated keto-acid 7 is the observation that 7 in 
non-polar solvents existed entirely in the lactone- 
hemiketal form 6 whereas 3a existed solely in the 
keto-acid form. The stereochemistry of 6 is as- 
signed on the basis of the similarity between its 
i.r. and p.m.r. spectra and those of hydroperoxide 

4The possibility of the lactone-hydroperoxide possess- 
ing structure (b) cannot be immediately dismissed on the 
grounds of its probable instability since the ketone (i) 
with an sp2-hybridized carbon at C-9 has been shown to 
preferentially exist in a twist conformation (15). 

4. The factors causing this change in equilibrium 
between the 2 keto-acids are most reasonably a 
combination of bond angle changes (20) intro- 
duced by the 9(11)-double bond and steric 
interactions between the C-11 H and hydrogens 
a t  C-1 (21). In 3a, rotation about the 9,ll-bond 
can enable the side chain to adopt suitable con- 
formations which minimize the C-1, C-1 1 hydro- 
gen interactions. However, keto-acid 7 has no 
such possibilities open to it and inspection of a 
molecular model places the C-11 H only 1.9 A 
away from the C-1 equatorial H and 2.3 A from 
the axial H (sum of the van der Waals radii of 
2 H's 2.4 A). This interaction with the C-1 
equatorial H is removed in the lactone-hemiketal 
form where the C-11 H is midway between the 
C-1 axial and equatorial H's and a t  distances of 
2.3 and 2.5 A respectively. 

Although there is precedent for electrophilic 
attack a t  the 13-position (8,22) and the 8-position 
(13) of methyl podocarpate, we consider that on 
the basis of previous work, ozone will attack 
initially ortho to the phenolic OH (13-position). 
A mechanism for the formation of the lactone- 
hydroperoxide 4 following this pathway is shown 
in Scheme 1. The initial molozonide 8 should 
cleave with breakage of the 11,12-bond prefer- 
entially towards the 12-position6 because of the 
inductive effect of the hydroxyl group (24) and 
attack of the Criegee zwitterion (25) by methanol 

'The alternative mode of cleavage of molozonide 8 may 
also possibly occur. The hydroperoxide ( iv)  on treatment 
with water would be unstable (23) and decompose to 
hydroperoxide 4. Although this process is quite reason- 
able, it is felt that it represents a minor pathway since 
there were no observable extra vinylic absorptions (other 
than the C-11 H of 4) in the p.m.r. spectrum of crude 4 
isolated by direct evaporation of the methanol -methyl- 
ene chloride solvent. (We thank a referee for pointing 
out this alternative reaction pathway.) 

C H 3 0  OOH 

8 - 
\ 

ii i i i  

5Compare also the lead tetraacetate test to differentiate 
peroxides and hydroperoxides (18). 

4 Q 
\ OOH 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

solvent will lead to the acid-hydroperoxide 9. Of 
the 2 remaining double bonds in 9 the 8(14)- 
double bond is relatively unencumbered and 
attack by a further molecule of ozone leads to the 
molozonide 10 which in turn can undergo break- 
age of the 8(14)-bond in either a concerted 
fashion, or in a sequential manner via the Criegee 
zwitterion and subsequent cyclization of the 
lactone ring to give 4. As only the 8P-hydroper- 
oxide was observed in the reaction mixture, the 
latter possibility is considered correct. Ozone 
attack of the 8(14)-double bond should prefer- 
entially occur from the or-face of 9.  Concerted 
reaction should therefore lead to a predominance 
of the or-hydroperoxide, but sequential reaction 
would give the Criegee zwitterion a finite lifetime 
and enable the carboxyl group to attack from the 
most favorable side, namely the or-face and give 
the P-hydroperoxide. The lack of reactivity of the 
9(11)-double bond under the reaction conditions 
must be attributed to steric shielding by the C-20 
methyl group and the hydrogens at C-1. This 
double bond was certainly attacked by ozone at 
higher temperatures (0") as was evidenced by loss 

of the C-11 H in the p.m.r. spectra of products 
from exploratory reactions. 

The fate of the 2 carbon unit 11 which is 
cleaved from methyl podocarpate was not in- 
vestigated in this study. However, on the basis of 
the work by Johnson and Bailey (26) the glyoxal 
derivative which is ejected during the fragmenta- 
tion of the molozonide 10 most likely undergoes a 
1,2-shift during warm-up to room temperature to 
give the intermediate 12 (Scheme 2) and finally, 
after proton transfer, a molecule of methyl for- 
mate and formic acid. 

Oxidative Treattnent 
When the ozonolysis reaction mixture was 

treated directly with hot aqueous H20,-NaOH, 
the lactone-acid 14a was isolated. This compound 
was characterized as its methyl ester 146 and the 
structure follows from its i.r. spectrum which 
showed absorption for an ester at 1720 cm-' and 
a 8-lactone at 1730 cm-', and its p.m.r. spectrum 
which showed the C-11 proton as a single, sharp 
signal at 6.22 p.p.m. and the 2 protons at C-7 as 
a multiplet at 4.20 p.p.m. In addition the U.V. 
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spectrum of 146 showed maxima at  214 m p  
(E 10 400) and 280 m p  (E 190). 

The origin of 14a is readily rationalized on the 
assumption that it is a rearrangement product of 
the hydroperoxide 4.  This was confirmed by sub- 
jecting pure 4 to H202-NaOH treatment when 
14a was obtained in 90% yield. A simple mech- 
anism for the formation of 14a can be depicted 
(Scheme 3 path a)  as a 1,2-shift (26) of the 7,8- 
bond of 4 followed by hydroxide ion attack a t  
C-8 and then proton loss and ring opening of the 
y-lactone to give the lactone-acid. The presence 
of hydrogen peroxide appears unnecessary in this 
mechanism, but reactions conducted in its ab- 
sence led to a high yield of the decalone 15 and 
smaller quantities of unidentified acidic materials. 
Presumably aqueous base alone results in attack 
at the y-lactone carbonyl of 4 to give 7 and 
hydroperoxide anion. Further base attack at C-1 1 
of 7 followed by a reverse aldol then gives 15. This 
mechanism was further substantiated when base 
treatment of the pure hemiketal 6 likewise gave 
15 in good yields. The rearrangement mechanism 
of 4 is therefore more likely to follow path b with 
the initial formation of keto-acid 7. Attack of 7 
by hydroperoxide anion then leads to 13 which 
subsequently undergoes rearrangement to 14a. 

proportions of each component varied with the 
temperature at which the reducing agent was 
added. Thus very low temperatures (-78") gave 
the unsaturated lactone 16 in yields as high as 
85%, whereas higher temperatures (refluxing 
ethanol) gave largely 3a and the known (19) 
saturated lactone 17. Small quantities of the diol 
18 resulting from more extensive reduction were 
also present. 

The structure of the unsaturated lactone 16 
Redzrctive Treatment follows from the presence of a single olefinic 

The major products formed by sodium boro- absorption a t  6.20 p.p.m. and a single proton 
hydride reduction of the ozonolysis reaction adjacent to  the lactone oxygen as an octet 
mixture are shown in Scheme 4. Their origin is (J,,,, = 11.5, J,,,, = 7.5, J,,, , = 1.5 Hz) at 
reasonably rationalized on the basis of the hydro- 4.86 p.p.m. in its p.m.r. spectrum and a band 
peroxide 4 being the sole precursor. The relative characteristic of a y-lactone at 1755 cm-'  in its 
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i.r. spectrum. The 8P-configuration assigned to 
16 is based on the coupling constants of the C-8 H. 
The long range allylic coupling with C-11 H 
( J8 , , ,  = 1.5 Hz) is more consistent with a 
p-orientation of C-8 since the dihedral angle be- 
tween the C-8 H bond and the C-l l H bond is 
closer to 90" for a p-orientation than ancr-orienta- 
tion (27). More definitively, there is an 18% n.0.e. 
at the C-8 H when the C-20 CH, is saturated and 
therefore the C-8 H must be on the same side of 
the molecule as the C-20 CH,; that is possess a 
p-orientation. 

The formation of keto-acid 3a in yields as high 
as 35% by reduction in hot ethanol can be ascribed 
to a 1,4-addition of borohydride (28) to the 
neutral lactone-hemiketal 6. The keto-acid was 
presumably preserved in the reaction medium as 
the carboxylate anion whilst the excess boro- 
hydride was destroyed by solvent. The lactone 17 
on the other hand, could either originate by 
reduction of 3a or by 1,4-reduction of 16. 

A minor component was obtained from reduc- 
tions of the crude ozonolysis product over the 
temperature range -55 to 0" in yields varying 
from 10-30% which, from its high resolution mass 
spectrum, had molecular formula Cl8HZ6O5. The 
proposed structure 1 9  for this compound is com- 
patible with the recorded spectroscopic data. 
Thus 19 showed in its p.m.r. spectrum the vinylic 
C-11 proton at 6.1 p.p.m., the C-17 proton as a 
triplet ( J  = 5.5 Hz) at 4.68 p.p.m. and the 
hydroxymethylene protons as a doublet (J = 
5.5 Hz) at 3.82 p.p.m. The coupling of the C-17 
proton and the hydroxymethylene protons was 
conclusively established by double resonance 
experiments. The i.r. spectrum of 1 9  showed an 
hydroxyl absorption at 3610 and 3500 cm- '  and 
the C-19 ester and (12 + 17)-lactone as an inteilse 
band at 1730 cm-' ,  and the U.V. spectrum showed 
a maximum at  214 m p  (E 10 000) characteristic 
of a 9,11 -unsaturated lactone system (cf. the 
maximum of y-lactone 16). The high resolution 
mass spectrum was also consistent with the pro- 
posed structure (Scheme 5) and the molecular ion 

(intensity temperature dependent) showed a n  
M- 18 peak which corresponded with the ion 20, 
CI8HZ4O4 indicating the loss of a molecule of 
water. The ion 20 in turn gave rise to an M-46 
peak (base peak) which corresponded t o  the ion 
21, C,  ,HZ40,. The stable, aromatic ion 21 results 
from the loss of a hydrogen atom and carbon 
monoxide from 20 and is a reasonable fragmenta- 
tion for a cyclic lactone (29). 

A rationale for the formation of the hydroxy- 
lactone 19 is not readily apparent and, in view of 
the lack of significant precursors to it from either 
the reductive, oxidative. or direct isolation experi- 
ments, a detailed mechanistic scheme is unwar- 
ranted at this point. The value of 19 in bicyclic 
diterpenoid syntheses is evident and it is reason- 
able that its yield can be increased by the use of 
solvents other than those used in this study. 

Summary 

The ozonolysis of methyl podocarpate 2b in 
methanol - methylene chloride at - 78" with a 
slight excess of ozone and direct isolztion at room 
temperature results in the formation of the hydro- 
peroxide 4 in high yield. The structure and  
stereochemistry of 4 are deduced from its spec- 
troscopic properties and its conversion on cataly- 
tic hydrogenation into the known keto-acid 3a. 
Direct oxidation of the methyl podocarpate 
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ozonolysis product gives the acid-lactone 14 in 
90% yield whilst direct reductive work up with 
sodium borohydride affords largely a mixture of 
intermediate reduction products of 4 together 
with a smaller quantity of a compound possessing 
all 18 carbon atoms of methyl podocarpate and 
assigned the hydroxy-lactone structure 19. 

Experimental 
Melting points were determined on a Kofler micro 

hot-stage apparatus and are uncorrected. Spectra were 
recorded in the following solvents and instruments: i.r. 
(CHCl,) Perkin-Elmer 337; 11.v. (MeOH) Carey 14; 
p.ni.r. (CDCI,) Varian Associates A-60 and HA-100, 
tetramethylsilane as internal standard; mass spectra, 
Hitachi Perkin-Elnier RMU-6A (at 80 eV) and C.E.C. 
21-110. Carbon, hydrogen, and oxygen niicroanalyses 
were performed by Spang Microanalytical Laboratories, 
Ann Arbor, Michigan, U.S.A. In the experiniental 
descriptions to follow tlie organic s~~bst ra tes  were isolated 
via extraction witli the appropriate solvent (2 x ) followed 
by washing of the combined solvent layer with water, 
saturated brine, and finally drying with anhydrous 
Na,SO,. The solvents were re~iioved by evaporation at 
reduced pressure on a Buchi Rotavapor. 

The ozonolysis experiments were conducted at -78" 
(Dry Ice- acetone bath)  sing dry air in a Welsbach 
model T408 ozonizer operating at  7-8 p.s.i. gas pressure, 
80 V priniary potential, and a flow rate of 0.5 s.1.p.m. 
These instrument settings gave an ozone concentration 
of 2 nig 03/1 gas. Excess ozone was always re~iioved fro111 
the reaction vessel by passing through a strea~ii of dry 
nitrogen for 20-30 min before further nianipulation of 
tlie product. 

8~-Hyrlropero,~)~-8~-11)~dro.~~~-(13 -> 17)-pet1tcit1orlcibc/- 
9(11)-et1-12,19-riioic Acid 19-fifetlryl Ester 
8a -> 12-Lncto~re ( 4 )  

Methyl podocarpate 2h, (ni.l~. 208-2103), 10.0 g 
(34.8 mmole) was dissolved by warming in 100 nil 
methylenechloride and 100 ml methanol (both dried over 
niolecular sieves) in a 250 1111 gas absorption vessel fitted 
with a fritted-glass bubbler and, after cooling to -78", 
treated with ozone for 6 h. A slight excess of ozone was 
present at  this point and after its removal the solution 
was transferred to a flask with the aid of methanol and 
the solvent removed ill vnclto at 30-40" to give the crude 
hydroperoxide 4 as a colorless solid. The solid was 
unstable in this state and was dissolved in 200 nil of 
chloroform and washed with 500 ml water, 200 nil brine, 
filtered through anhydrous Na,SO,, and evaporated 
it1 cncrro at 40" to give 10.75 g (100%) of 4 as a colorless 
solid of 80-90% purity by p.m.r. analysis. Recrystalliza- 
tion from 50ml of chloroforni and 100nil of hexane 
added at the boiling point gave 7.30g (68%) of 4, 
n1.p. 183-187" (d). One further crystallization from the 
same solvent gave tlie analytical sample as colorless 
prisms, m.p. 185-187< (d); 1.r. v ,,,,, 3500, 3250 (-OOH), 
1765 (r-lactone), 1725 (ester), 1640 (C-C), 870 c n - '  
(0-0); L I . ~ .  ), ,,,, 2 1 8 m ~ l  (E 11 000); p.ni.r. 6, 1.135 
(s, 3H, C-20 CH,), 1.22 (s, 3H, C-18 CH,), 3.72 (s, 3H, 

C-19 COOCH,), 5.79 (s, IH, vinylic H), 9.08p.p.m. 
(s, l H ,  W,,, = 2.0 Hz, OOH). 

Anal. Calcd. for C16H,,06: C, 61.92; H,  7.15; 0 ,  
30.93. Found: C, 61.86; H, 7.14; 0 ,  30.86. 

In  runs where trichlorofl~~oromethane (Freon 11 ) was 
substituted for methylene chloride similar yields of 4 were 
obtained although there were problems arising from 
decreased methyl podocarpate solubility. 

Iodonietric deternlination of peroxidic oxygen was 
carried out by the procedure of Wagner et a1 (17). One 
niole of 4 released 0.98 + 2 mole of active oxygen. The 
reaction was quantitative within a period of 2 min. 

8-Dilr)lrlr.oxy- (13 -> 17)-pet1tat1orlnbd-9(1I) -en-12,19- 
dioic Acid 19-Mef11)ll Ester 8a -> 12-Lacrot~e ( 6 )  

To a solution of 0.50 g of hydroperoxide 4 (m.p. 183- 
187") in 50 rnl of  95 % ethanol was added 0.5 g s o d i ~ ~ m  
sulfite in 20 n11 water and the niixture stirred at room 
temperature for 2 h. Dilution with 500 ml of water and 
isolation via benzene gave 465 nig (98%) of crystalline 
lactone henii-ketal 6 which 1I.ni.r. analyses showed to 
be > 95% pure. Recrystallization from 1 :1 chloroform- 
hexane gave 6 as colorless plates, m.p. 198-201" (d); i.r. 
v,,,., 3570, 3350 (-OH), 1760, (y-lactone), 1725 (ester), 
1640 cm-' (C=C); L I . ~ .  h ,,,,, 220 (E 11 200), 280 mp (sh) 
(E 19); p.m.r. 6, 1.125 (s, 3H, C-20 CH,), 1.22 (s, 3H, 
C-18 CH,), 3.71 (s, 3H, C-19 COOCH,), 4.1-4.9 (s, IH,  
W,,,, = 5 Hz, -OH), 5.63 p.p.ni. (s, lH ,  vinylic H). 

Anal. Calcd. for C16H22o5: C, 65.29; H, 7.53; 0 ,  
27.15. Found: C, 65.38; H, 7.47; 0 ,  27.15. 

8-0x0- (13 -> 17) -pet1tnt1orlahdat1-12,I9-dioic Acid 
19-Metl~yl Ester (30)  

Tlie hydroperoxide 4 (m.p. 183-187"), 7.3 g was added 
in 75 1111 95% ethanol to a pressure bottle containing a 
suspension of 0.7 g 5 % palladiuni-charcoal catalyst in 
75 ml ethanol which had been prehydrogenated for 
15 ~n in .  The ni ix t~~re  was shaken ~ ~ n d e r  3 atni of hydrogen 
overnight. Tlie reaction ni ix t~~re  was filtered through 
"Celite" with thorough washing of the filter pad and 
e>aporated ill cnclto to give 6.8 g (98 %) of keto-acid 3a 
as colorless crystals (95% pure by p.m.r. analysis). 
Recrystallization from 1 :2 ethyl acetate - hexane gave 3a 
as colorless needles, m.p. 171-172" (lit. (9), 171-172"). 

Hydrogenation of lactone-hemiketal 6 with 5 %  palla- 
di~~ni-cliarcoal also gave an almost quantitative yield 
of 30. 

7-H),dro.v)~- (13 -> 17) -penmt1or-7,8-secoInbrl-9 (11) -etl- 
8,12,19-trioic Acid 12,19-Diti1etl1y/ Ester 
7 -> 8-Lactoile (146) 

A solution of 10.0 g (36 niniole) methyl podocarpate 
in 100 n11 of 1 :l niethanol - methylene chloride was 
ozonized for 2.25 h. The reaction ni ix t~~re  was allowed 
to warm to room temperature and treated with 50 1111 
30% H z 0 2  and 100 nil NaOH and the whole heated at 
reflux for 30 niin. The cooled solution was acidified with 
2 N H2S0, and the organic material isolated via benzene 
to give 10.45 g O F  an oil. The 1l.m.r. spectrum O F  this 
showed the presence of ca. 70% 140. Tlie crude acid was 
nlethylated in ether with diazomethane and the ester 
chro~ilatograplied on 200g Florisil. Elution with 5 %  
ethyl acetate - benzene gave 4.46 g impure I I h  as an oil 
and elution with 20% ethyl acetate - benzene gave 4.61 g 
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pure 14b. Crystallization from 1 :10 ethyl acetate - hexane 
gave 14b as colorless prisms, m.p. 95-96"; i.r. v,,, 3040 
(C=C-H), 1742 (lactone), 1730 (C-19 ester), 1720 (C-12 
ester), 1640 cm-I (C=C); U.V. h,,, 214 (E 10 400), 
280 mp (sh) (E 190); p.m.r. (100 MHz) 6, 0.97 (s, 3H, 
C-20 CH,), 1.20 (s, 3H, C-18 CHa), 3.65 and 3.70 (s, 3H 
each, C-12 and C-19 COOCH,), 4.14 (m, 2H, CH2-0, 
unresolved at 30°, 3-line m at 40°, 4-line m at 50°, 6-line m 
at 70°), 5.85 p.p.m. (s, 1 H, vinylic H). 

Anal. Calcd. for C ~ ~ H 2 ~ 0 6 :  C, 62.95; H, 7.46; 0 ,  
29.60. Found: C, 63.09; H ,7 .28 ;0 ,  29.39. 

In another experiment 0.50 g of pure hydroperoxide 4 
in 25 ml methanol was treated with 10 ml 30% H20,  
and 25 ml of 10% NaOH for 30 min at reflux. Work-up 
gave 0.50 g (95%) of the acid-lactone 14a as colorless 
crystals. The p.m.r. analysis showed this to be > 95 %pure. 

Ifi-Carbomethoxy-la,IO~-ditt1etl1ylrl6-ot1e (15)  
To a solution of 0.200 g of hydroperoxide 4 (m.p. 183- 

187") in 10 ml of ethanol was added 10 ml of 1 N NaOH 
and the whole heated at  the steam bath under nitrogen 
for 4 h. The cooled reaction mixture was diluted with 
200 ml water and the organic material isolated via ben- 
zene to give 106 mg (70%) of 15 as  a colorless oil almost 
analytically pure. Crystallization from hexane at  - 20" 
gave 60 mg of 15 as colorless plates, m.p. 62-63" (softens 
54"); i.r. v,,, 1720 (ester), 1705 (ketone), 1460, 1240, 
1160, 1150, 1095, 985 cnl-I; U.V. A,,, 290 (E ca. 50); 
p.m.r. 6, 0.715 (s, 3H, C-10 CH,), 1.23 (s, 3H, C-4 CH,), 
3.55 p.p.m. (s, 3H, COOCH,); mass spectrum ttile, 238 
(M+), 223 (M-15), 179 (M-59); mol. wt. 238. 

Anal. Calcd. for C14H,,03: C, 70.55; H, 9.31. Found: 
C, 70.61 ; H, 9.46. 

The base soluble fraction from the above reaction was 
acidified and isolation via benzene gave 42 mg of color- 
less oil. The p.n~.r. analysis showed it to be a mixture 
of 45 % lactone-hen~iketal 6,  25 % of an unknown com- 
pound (C-20 CH, at 1.03 p.p.m.), and 30% of an 
unknown acid (C-20 CH, at 0.85 p.p.m.). 

Similar treatment of the pure 6 in aqueous ethanolic 
base at reflux for 6 h gave a 60 % yield of 15 and 30 % of 
the unknown acid. 

8a-Hydroxy- (13 -> 17) -pet~tat~orlabd-9 (I I )  -ell- 
12,19-rlioic Acid 19-Methyl Ester 
8a -> 12-Lnctotle (16) 

A solution of 2.00 g (6.9 mmole) of methyl podocarpate 
2b in 40 ml of 1 :1 methanol - methylene chloride was 
cooled to -78' and ozonized air passed through for 
55 min (slight excess of ozone). The cold solution was 
then treated with 1.5 g NaBH, in 20 ml of 50% aqueous 
ethanol and allowed to warm to room temperature with 
stirring. After further stirring at room temperautre for 
30 min the reaction mixture was poured into 200 ml 
water and the products isolated via benzene-ether (1 :3) 
extraction to give 1.70 g (90%) of the unsaturated lactone 
16 as colorless crystals (ca. 90% pure by p.m.r. analysis). 
Crystallization of 16 from 1:3 ethyl acetate - hexane 
gave colorless slabs, m.p. 144-145"; i.r. v,,, 1750 (y-lac- 
tone), 1720 (ester), 1635 cm-' (C=C); U.V. h,,, 218 
(E 18 OOO), 280 mp (E 40); p.m.r. (100 MHz) 6, 0.99 (s, 
3H, C-20 CH,), 1.22 (s, 3H, C-18 CH,), 3.66 (s, 3H, 
COOCH,), 4.86 (2 quartets, l H ,  J,,,, = 11.5 Hz, 

J7e.8 = 7.5 HZ, Js.11 = 1.5 HZ, C-8 pH), 5.53 p.p.m. 
(q, 1 H, Js,, , = 1.5 Hz, J7e, = 0.6 Hz, vinylic H); mass 
spectrum nz/e 278 (Mf) ,  263 (M-15), 248 (M-30), 234 
(M-49, 219 (M-59); mol. wt. 278. 

Anal. Calcd. for C16Hz204:  C, 69.04; H, 7.97. Found: 
C, 68.88; H,  8.22. 

The aqueous resid~ies from the above experiment were 
acidified with 2 N H2S0, and extracted with benzene. 
Isolation gave 0.25 g (11 %) of a n  oil which from its 
p.m.r. spectrum was largely the 6-lactone-alcohol 19 (see 
below). 

17-Hydro.uytt1et11ylet1e-l7-hydroxy- (13 -> 16)- 
tetratiorlabd-9(Il)-err-12,19-dioic Acid 19-Metl~yl 
Ester 12 -> 17-Lactot~e (19) 

In  an  identical manner to  the above preparation, a 
so l~~ t ion  of 1.00 g (3.45 mmole) methyl podocarpate 26 
in 20 ml of 1 :1 methanol - methylene chloride was 
treated with ozonized air for 28 min. The solution was 
allowed to warm to -50 to -20' and then a sol~ition of 
1.05 g NaBH, in 10 ml50% aqueous ethanol added. The 
stirred solution was allowed to warm to room tempera- 
ture, held there for 30 nlin and finally warnled at  the 
steam bath for 30 min. After solvent had been removed 
it1 vncllo the p r o d ~ ~ c t  was acidified with 5 %  NaH,PO, 
and isolated via benzene to give 0.80 g of a light yellow 
oil. The p.m.r. spectrum of this showed it to be largely 
keto-acid 30 together with 6-lactone-alcohol 19. The 
mixture was esterified with diazomethane and chro- 
matographed on Florisil. Elution with 5 %  ethyl acetate - 
benzene gave 400 mg of keto-ester 36 and elution with 
15% ethyl acetate - benzene gave 300 nlg (26%) of 19. 
Crystallization of 19 from 1 :9 ethyl acetate - hexane gave 
colorless micro-crystals, m.p. 119-120"; i.r. v,,, 3590, 
3410 (-OH), 1730 (6-lactone, ester), 1570, 1470, 1238, 
1068, 1036 cm-' ; 11.v. h,,,, 227 (E 8300), 280 I I I ~  (E 40); 
p.m.1. (100 MHz) 6, 0.92 (s, 3H, C-20 CH,), 1.23 (s, 3H, 
C-18 CH,), 3.64 (s, 3H, COOCH,), 3.82 (d, 2H, J = 
5.5 Hz, C-21 CH20) ,  3.5-5.5 (variable), (broad s, l H ,  
OH), 4.68 (t, l H ,  J = 5.5 Hz, C-17 H), 6.07 p.p.111. 
(s, l H ,  vinylic H); mass spectrum (80 eV) tn/e 322 (M+,  
calcd. for C18H~G05:  322.1793; found: 322.1780), 304 
(M-H,O, calcd. for ClSH,,O,: 304.1679; f o ~ ~ n d :  
304.1674), 291 (M-CH30, calcd. for C17H230J :  291.1607; 
found: 291.1596), 275 (M-H,O-HCO, calcd. for 
CI7H2,O3: 275.1647; found : 275.1660), 263 (M- 
COOCH,, calcd. for 263.1647; found: 263.1621). 

Anal. Calcd. for C18H2605: C, 67.06; H,  8.13. Found: 
C, 67.10; H, 8.31. 

Efi-H~ldrosy- (13 -. 17) -pet1mt1orl~brlnt1-12,19-dioic 
Acid / ~ - M c ~ / I J J /  Ester 8 + 12-Lnctot~e (16)  

The solution from the ozonolysis of I .OO g (3.45 minole) 
of methyl podocarpate 26 (see above) was allowed to 
warm to rooin temperature and treated with a solution 
of 1.5 g NaBH, in 20 ml 50% aqueous ethanol. The 
reaction mixture was stirred at room temperature for 
30min and then heated at reflux for 1 h. The cooled 
reaction mixture was diluted with water, extracted with 
benzene, and the aqueous layer then acidified with 
2 N H,S04 and further extracted with benzene. Isolation 
gave 540 mg neutral fraction which from its p.nl.1. spec- 
trum consisted of 16, 17, and 18 in the ratio of 2:2:1 
respectively. Chromatography on Florisil and elution 
with benzene gave 190 mg 16 and elution with 5% ethyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BELL AND GRAVESTOCK: OZOl VOLYSIS OF PODOCARPIC ACID 1113 

acetate - benzene gave 200 mg 17 as a colorless oil which 
crystallized on standing. Crystallization from 1 :9 ethyl 
acetate- hexane gave 17, m.p. 160-161" (lit. (19), 163- 
164"); i.r. 1775 (lactone), 1725 cm-' (ester); p.m.r. 6, 
0.77 (s, 3H, C-20 CH,), 1.23 (s, 3H, C-18 CH,), 2.5 
(m, 2H, C-11 CH,), 3.66 (s, 3H, COOCH,), 4.5 p.p.rn. 
(m, IH, C-8 H); mass spectrum rnle, 280 (M*), 262 (M- 
18), 248 (M-32), 234 (M-46), 221 (M-59); mol. wt. 280. 

Elution of the above column with 10% ethyl acetate - 
benzene gave 1 10 mg of 8,12-di/1yhoxy- ( I3  -> 17) - 
perztanor/abdan-19-oic acid 19-methjd ester 18 as a color- 
less oil. Crystallization from 1 :4 ethyl acetate - hexane 
gave 18 as colorless needles, m.p. 112-1 13"; i.r. v,,, 3615, 
3420, 1725 (ester), 1155, 1035, 1000cm-'; p.m.r. IS, 
0.83 (s, 3H, C-20CH,), 1 . 1 8 ( ~ ,  3H, C-18 CH,), 3.65 (s, 
3H, COOCH,), 3.75 (m, 2H, C-12 CH,O), 4.03 (m, l H ,  
C-8 H), 1.754.75 p.p.m. (concentration dependent, s, 
2H, W,,:2 = 5 HZ, OHS). 

Anal. Calcd. for CI6Hz8o4:  C, 67.57; H, 9.93. Found: 
C, 67.35; H,  10.25. 

We wish to thank the National Research Council of 
Canada for financial support of this work and for a 
Fellowship to Mr. M. B. Gravestock. We thank Mr. 
J. K. Saunders for the nuclear Overhauser effect experi- 
ments. 
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Correlation of the intramolecular nuclear Overhauser effect with 
internuclear distance 

R. A. BELL AND J. K. SAUNDERS 
Departtnetzt of Chemistry, McMaster Utziuersity, Hanziltot~, Ot~tario 

Received September 3 ,  1969 

A linear relationship between the intramolecular n~~c lea r  Overheauser effect (n.0.e.) and the sixth 
power of the internuclear distance for protons in reasonably compact organic niolecules in deuterio- 
chloroform solution is derived. Examples of H-H and CH,-H interactions from this work and the 
literature have been ~ ~ s e d  to demonstrate the validity of this relationship. It is shown that application of 
the observed n.0.e. between two protons or between a proton and a methyl group can be used to deter- 
mine internuclear distances in unknown structures. 

Canadian Journal o f  Chemistry, 48, 11 14 (1970) 

Since the first demonstration of the nuclear 
Overhauser effect (n.0.e.) in proton systems by 
Kaiser (I), and by Anet and Bourn (2), the 
phenomenon has been used with striking success 
in a wide variety of structural and conformational 
(3) problems in organic chemistry. It is the inten- 
tion of this paper to show that careful measure- 
ment of intramolecular n . 0 . e . ' ~  leads not only 
to qualitative structural information but also to 
quantitative information on internuclear dis- 
tances. Only proton systems have been studied 
and the molecules chosen possess unequivocal 
and fairly rigid structures. Although the theory 
advanced is based on simple principles and uses 
first order results, the internuclear distance 
information obtainable from n.0.e. measure- 
ments is remarkably accurate. 

Qualitatively, the n.0.e. experienced by a 
specific proton arises from changes in the 
proton's longitudinal relaxation time T I .  The 
factors which contribute to  the observed TI of a 
proton include intermolecular effects such as 
external dipoles, fluctuating magnetic fields, 
paramagnetic species etc., and intramolecular 
effects such as anisotropic bonds, time dependent 
scalar spin-spin interactions, and neighboring 
dipoles. The total TI can be computed from the 
reciprocal relationship (4) in eq. [I], where T,, 

TD, etc., are measures of the contribution of each 
specific type of relaxation mechanism open to the 
proton. In  many examples of organic molecules 
which are not undergoing chemical exchange, the 
dominant intramolecular contributor to TI 

appears to be the dipole-dipole interaction 
between a given proton and its nearest neighbors 
(4, 5). 

Q~~antitatively, the n.0.e. can be treated by 
considering the Bloch phenomenological equa- 
tions as derived by Solomon (6) and Abragam 
(7). For 2 weakly coupled and mutually interac- 
ting protons A and B, any perturbation of the 
system results in a return to equilibrium given 
by eqs. [2] and [3], where M,A is the instantaneous 

magnetization of proton A, M t  is the equi l ibr i~~m 
magnetization, TAA is the total of the intermolec- 
ular and the intramolecular contributions to the 
longitudinal relaxation time of proton A, and 
T,, is the specific contribution to the longitudinal 
relaxation time of A arising from the interaction 
of A with B. The terms involving the B proton are 
similarly defined. If we saturate the resonance 
signal of A, eq. [2] is no  longer valid, and M t  = 
0; and further, when the system has regained 
equilibrium, dMO/dt = 0 and eq. [3] becomes, 
on rearranging, eq. [4]. That is, the observed 
area of the B resonance signal will increase by the 
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fraction M;. &,/TAB and a knowledge of the expression is given by ( 9 )  eq. [ 9 ] ,  and if the A-B 
relative values of To,, and TAB can lead to an  
assessment of the area increase to  be expected for ~ 9 1  
the B signal.' In  the general case of 2 interacting 
nuclear dipoles of spins I  and S, the ratio of the 3 T r  
relaxation times in the limit of extreme narrowing -- 

is given by ( 9 )  eq. [ 5 ] .  For protons the maximum 

TI,  I ( I  + 1 )  + Tr 2 ~ 1  
C5l - - - 2 2 +  

T I ,  2 S ( S  + 1 )  
1 + O B  T r  1 + ( 0 ,  + w ~ ) ~ T ~ ~  

value of the ratio TBBITAB is and the m a x i m u m  dipolar interaction is the sole interaction present, 

area increase expected for the proton sigllal is then r  = rAB and in the limit ofextreme narrowing 

50%.  The tlleoretical assessment of T B B  and T A B  eq. 191 becomes eq. [ l o ] .  In  genera' sit'1ation 

can be carried out by expressingthe time constants 1 
in terms of transition probabilities (6 ,  8 )  which in [ l o ]  
turn can be expressed in terms of distances and in1r.1 

simple forces (9 ) .  Thus, provided the A-B dipolar where more thall one proton relaxes B, the con- 
interaction is the dominant intramolecular tributions to ( ~ / T , B B ) , ~ , , ,  can be approximated 
relaxation mechanism and that the solute mole- by adding additional like terms to eq. [ l o ]  where 
cules are spherical and the forces exerted on the adopts corresponding to the various 

are spherically symmetric, the time illternLlclear distances. This approximation 
constant T A B  can be evaluated as ( 9 )  shown in neglects cross relaxation terms which is con- 
eq. 161, where ~ A B  is the intern~lclear separation sidered ( 9 )  a valid approximation for solutes in 

1 3 2 ~ r  dilute solution. 
[6]  -- -. The intermolecular term in eq. [ 8 ]  is more 

+ ( ( ' ) A  + m ~ ) 2 T r 2  c o m ~ l e x  and. since we are concerned with a solute 

of protons A and B, T ,  is the isotropic molecular 
rotational correlation time, oA and w ,  are the 
resonance frequencies of A and B,' and the other 
symbols have their usual significance. In  the limit 
of extreme narrowing, that is when wA2 T: and 
wB2 T: << 1, a situation which is valid for dilute 
solution in non-viscous solvents, eq. [ 6 ]  reduces 
to eq. [ 7 ] .  

in dilute solution, we must take into account the 
relaxation effects of the solvent. A general 
expression for such a situation (lo), in the limit 
of extreme narrowing is eq. [ l l ] ,  where C 

'3 - 

i n t e r  

represents the sum over all possible solvent 
nuclei of spin S ,  r ,  is the distance between proton 
B and other solute protons, r  is the distance 
between proton B and all other solvent nuclei, b The time constant T B B  can be written as a Sum is the radius of closest approach, and is the 

of a n  intramolecular and an intermolecular isotropic translational correlation time. The first 
contribution, eq. [ 8 ] .  The first term in this term in this expression can be neglected for 

1 dilute solutions a s  the distance r ,  which refers 
PI to  distances between solute molecules will be 

i n t e r  m 

large. In  addition the summation C l /r6 can be 
'A signal decay technique can be readily used to deter- b 

mine T R ~  and T"*,(S). well approximated by l / b 6 ,  since solvent mole- 
2This forrnulat~on is true if A and B have different cules beyond those at the distance of closest chemical shifts where for a given field strength H,,, 

1 1  approach, the first solvation sphere of proton B,  
1% - "B 1 >> 77 (9). will contribute very little to the summation 
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because of the sixth power relationship. Hence 
eq. [l 1 ] can be expressed as eq. [12]. Substituting 

eqs. [ lo]  and [12] into eq. [8] gives eq. [13]. 

We can now write the ratio TAB/TBB from eqs. 
[9] and [13] as eq. [14]. Inspection of the terms 

4 1 z 
- -2'Cys2S(S + l), r,, 
5 YH T r  s b 

in brackets shows that for a given solvent, and 
temperature all the terms are constant with the 
exception of l/b6 and the ratio z,/z, which should 
be solute dependent. However, if we note that in 
the examples studied below all the protons are 
on the periphery of the solute molecule and the 
deuteriochloroform solvent molecules will be 
able to  approach these protons to  within approxi- 
mately the same distance. That is, we can reason- 
ably assume that the distance of closest approach 
of the deuteriochloroform to the protons of 
different solutes will be approximately constant. 
The correlation times T,  and z, both refer t o  
isotropic motion and when this is true, the ratio 
z,/z, is constant (7). However, very few organic 
molecules possess a spherically symmetric frame; 
work and the molecular reorientation rate should 
be considered independently along orthogonal 
axes. Hertz (9) has treated the case of a n  ellip- 
soidal molecule and has shown that, provided the 
molecule is not of the long chain type, the ratio of 
the reorientation times along the 2 ellipse axes 

is close to  unity. In all the examples studied below 
we are concerned with the relaxation of a proton 
on a fairly rigid and compact molecular system 
and hence the assumption of representing the 
molecular motion as isotropic would appear a 
valid approximation. This assumption receives 
some justification from the work of Zeidler (1 1) 
where the ratio of r,/z, for benzene, pyridine, and 
cyclohexane was found to  be approximately 
constant. Hence, to  first order the ratio of r , / t ,  
for different solutes of reasonably compact 
slruct~ire may be taken as constant and therefore 
the whole expression in brackets in eq. [ I  41 may 
be taken as approximately constant for different 
solutes. Thus rewriting eq. [4] as eq. [15] and 

substituting in eq. [14] gives eq. [16] where A is a 

constant. This relationship is however a com- 
bination of two separate equations which take 
into account the 50% maximum present in the 
dependence of a n  n.0.e. on the internuclear 
distance. When rAB assumes small values, less 
than some value roAB say, which must be experi- 
mentally determined, the n.0.e. approaches the 
limiting value of 112 and eq. [16] becomes 
simply eq. [16a]. When rAB has values greater 

than this distance yoAB, then eq. [16] must be 
represented as eq. [16b]. 

To  test the validity of this equation and t o  
assess its application t o  structi~ral problems, we 
have chosen a set of compounds where single 
proton-proton interactions can be examined, 
and where interactions between a proton and 
CH,-protons can be studied. T o  avoid problems 
arising from bond angle distortion compounds 
with H-H distances of the order of the sum of 
the van der Waals' radii of hydrogen (2.2-2.4 A) 
and greater have been selected. 
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BELL AND SAUNDERS: NUCLEAR OVERHAUSER EFFECTS 

TABLE 1 

Observed n.0.e. and internuclear distance for H-H interaction 

Proton Proton n.0.e. Internuclear 
No. Structure irradiated observed 

- -. - 
(%) distance (A) 

C7-H (ax.) C12-H 28 
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INTERNUCLEAR DISTANCE (i) 
FIG. 1. Plot of observed n.0.e. against internuclear distance for H-H interaction (logarithn~ic axes). 

CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

Results and Discussion Table 2 shows the results obtained for the 

7 0  

60 

SO 

The n.0.e. results obtained when irradiating CH3-H illteractiolls, these being represented 

and observing single protons are shown in Table 1 a plot in  Fig. 2- The slope of the straight line 

together with the internuclear distance as mea- obtained is again - 6. The internuclear d~stance 

sured from ~ ~ ~ i d i ~ ~  models. From these data a measured in this instance is that between the 

plot of n . ~ . e .  against internuclear distance single proton and the point defined by the inter- 

(logarithmic axes) has been constructed (Fig. 1). section of the 3-fold rotation axis of the C H 3  

The plot shows a l ine  of slope - 6 as grOLIP and the plane tllro~lgh tile 3 protons of 

predicted by eq. [16b]. Considering the errors CH3 group. This vector was taken sillce the 

possible, + 1 "/, in observed n.0.e. alld + 0.04 A of  the CH3 group will be very 

for the distance, points al l  fall well fast compared to the relaxation rate of the single 

the bounds ofex,,erimental error. The slope of the proton and the net effect at the single proton must 

- 
- 
- 
- 

line is further e;idence for the dominance of the 
dipole-dipole relaxation mechanism within an 
all proton system and for moderately dilute 
solutions the intramolecular interactions greatly 
predominate over intermolecular effects (12). 
The excellent linearity of the experimental points 
indicates that the gross approximations of taking 
T,/T, and l/b6 as constant for different solutes are 
either remarkably good approximations or 
alternatively, that there is perhaps a compensa- 
tion of the 2 effects. Clearly, from an experimental 
viewpoint, even though the solute molecular size 
and solvent properties (4, 13) are important 
factors in the absolute measurements of T,, in 
the measurement of n .0 . e . '~  they appear to play 
a very minor role. 

2 0  - 
0 Y 

2 
Y LO 

0 

lo - 

INTERNUCLEAR OISTANCE 1;) 

FIG. 2. Plot of observed n.0.e. against internuclear 
distance for CH,-H interaction (logarithmic axes). 
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BELL AND SAUNDERS: NUCLEAR OVERHAUSER EFFECTS 

TABLE 2 

Observed n.0.e. and internuclear distance for CH3-H interaction 

No. Structure 
Proton Proton n.0.e. Internuclear 

irradiated observed (%I  distance (A) 

OAc 

be averaged over this motion. In the most likely methyl conformations makes attempts at  
rigorous sense the length and direction of the more rigorous measurements unattractive and it 
internuclear vector s h o ~ ~ l d  be defined as averaged is felt that the vector used here is adequate for the 
over the specific conformations available to the accuracy of the current n.0.e. data. ApSimon 
CH, group and this may well place the end of the et al. (14) in a study of methyl group chemical 
vector at  some point off the methyl-3-fold axis. shift changes arising from neighboring aniso- 
However, the errors inherent in locating the most tropic bonds have measured distances to  the CH, 
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1120 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE 3 

Nuclear Overhauser effects for protons with more than one relaxation pathway 
-- -- 

Proton Proton n.0.e. Internuclear 
No. Structure irradiated observed (%) distance (A) 

CHO 
I 

CHO 

group in a similar manner and found the method 
to be quite satisfactory. 

As in the case of H-H interactions, the devia- 
tions of individual CH3-H interaction points 
from the straight line of Fig. 2 are remarkably 
small and carry similar implications about the 
assumptions made in deriving eq. [16] as were 
noted above. The constant, A,  of eq. [I61 has 
values for the H-H and CH,-H interactions 
of 1.8 x lo-' and 0.98 x lo-' respectively. The 
slightly lower value of A for the CH,-H interac- 
tion may perhaps be a result of the CH, group 
decreasing the solvent effect on the single proton 
by virtue of its size; that is causing an increase in 
the effective value of 6.  However, detailed inter- 
pretation of the specific value of A is considered 
to be unwarranted at this point in the absence of 
more extensive data on additional compounds 
and solvent systems. The most significant 
empirical implication of the data in Figs. 1 and 2 
is that it is possible by observing n .0 .e . '~  in an 
unkown structure, to deduce with reasonable 
accuracy the internuclear distance between 
individual protons and between protons and 
methyl groups. This knowledge should aid 
greatly in structure determination problems and 
also in conformational problems. 

Extrapolation of the plots of Figs. 1 and 2 
back to n .0 .e . '~  of the order of 5 %  shows that 
measurable H-H and CH,-H interactions 
should be present at distances of 3.4 A and 3.7 A 
respectively. However, this situation is valid only 
if a proton is relaxed solely by another proton or 
by a single methyl group. In most practical cases 
a proton will be relaxed by more than one proton 
or group of protons and then it may not be 
possible to observe n.O.e.'s at such large distances 
as deduced from the plots. In q~~antitative terms, 
if we have a proton A relaxed intramolecularly 
by protons B, C, . . . . then neglecting any cross 
terms, we have, from eq. [l] ,  eq. [17] which by 

application of eq. [16] gives eq. [18] with a maxi- 
mum n.0.e. (A) = 50 %. 

[18] n.0.e. (A) = n.0.e. (AB) 
+ n.O.e.(AC) + .. . . .  

Thus an observed n.0.e. can be less than 
indicated by Figs. 1 and 2 because of efficient 
relaxation by more than one proton. In Table 3 
this effect is illustrated by replacing the C-6 
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BELL AND SAUNDERS: NUCL .EAR OVERHAUSER EFFECTS 1121 

proton of 7 by the much less efficient relaxing 
bromine atom (compound 12) and comparing 
the difference in observed n.0.e. between the 
C,-OMe and the C,-H. In compound 12 the 
n.0.e.  is 40% whereas in 7, with the proton at  
C,, the observed n.0.e. is reduced to 25%. 
Another example of this effect is noted for the 
alkaloid ochotensimine (15) (Table 3). The inter- 
nuclear distance between C,,-HA and H B  is 
1.82 A with an observed n.0.e. at  HB of 40% 
which is less than the 50% expected from the 
graph. Irradiation of C,,-H results in an  8 %  
area enhancement in C,,-H,. In this situation 
with 2 nuclei very close to the proton H,, it is no 
longer possible to uniquely deduce each of the 2 
internuclear distances. However, it is possible to  
deduce a value for the ratio of the 2 internilclear 
distances from the n.0.e. data. Thus, if the dis- 
tance of H, from c,,-HA is taken as r, and the 
distance of H, from C13-H is taken as r., then 
the ratio l / r I6  : 111.26 has a value of 5.2: 1 and this 
compares favorably with the ratio of 5 : 1 observed 
for the 2 n .0 . e . '~  at  H,. The validity of this pro- 
cedure will be dealt with in a subseq~~en t  publi- 
cation. 

In the general case of multiple relaxation by 
unlike spins then, it is only possible to  directly 
obtain intern~~clear distances from the plots of 
Figs. I and 2 when the protons are beyond the 
sum of their van der Waals' radii and each of the 
n .0 . e . '~  is fairly small. In other cases where the 
protons closely approach one another only 
ratios of the internilclear distances are ob- 
ta i r~able .~  

31n many cases addi t~onal  o u t s ~ d e  information niay be 
available which w o ~ ~ l d  lead to an  assessment of ~ n d ~ v i d ~ ~ a l  
lntern~lclear distances. For example In the case of 
ochotcns~niine 13 above, the d~s tance  betwecn g e m ~ n a l  
protons is a well-established q~lanti ty and ~ t s  knowledge 
leads d~rect ly to an  estiliiate of the C,,-H, to C,,-H 
distance. 

A techniaue which call be very useful in deter- 
mining whether a particular proton is interacting 
with more than one other proton, is based on the 
non-equivalence of TBA with TAB (eqs. [2] and 
[3]). A typical example of this is found in ocho- 
tensimine 13, where irradiation of C,,-H causes 
an  8 %  11.O.e. a t  C,,-HB but reversal of the 
process causes a 2 4 m . O . e .  at  C13-H when 
C,,-H, is irradiated. This difference arises 
because both H B  and C,,-H have additional 
and different protons contributing to  their 
relaxations. 

I t  is important to note that in order to  obtain 
reliable n.0.e. data which may be applied to 
internuclear distance determinations, special 
care must be paid to sample preparation. There 
s l i o ~ ~ l d  be no traces of paramagnetic materials 
present; solid particles should be removed by 
filtration (fine sintered glass) and dissolved 
oxygen removed by at least 5 freeze-thaw cycles 
on a good high vacuum line. Care must also be 
taken during the doitble resonance experiment 
that the combined H ,  and H, r.f. fields d o  not 
cause sat~iration of the observed spectra1 lines 
and that the H, field is precisely positioned. 

Summary 
A linear relationship between the reciprocal of 

an n.0.e. between 2 protons and the sixth power 
of the internuclear distance has been constructed 
for conipoi~nds in dilute soliltion. Using a number 
of examples from this work and the literature, it 
has been shown that measurement of the n.0.e. 
between 2 protons or between a proton and a 
methyl group can be used to predict with reason- 
able accilracy the internuclear distance. With the 
methyl group the distance is measured from the 
center of the circle formed by rotation of the 3 
methyl protons. When more than one proton or 
group of non-equivalent protons relax a single 
proton, it is generally not possible to uniquely 
determine each internuclear distance but only 
their ratios. 

Experimental 
All compounds used were ofanalytical purity and were 

obtaincd from the following sources (references are given 
to structure proof where pertinent): 2,7-dirnethoxy-3- 
carboniethoxynapthalene ( I ) ,  P. K. Oommen (160); 11- 
acetonyl-deliydrocliekrytherine (2), D. B. MacLean (3i); 
12-acetoxy-6~-hydroxy-7-oxopodocarp-S,1 I ,13-triene-19- 
oic acid (6 -> 19)-lactone (4), E. N. C.  Osakwe (17a); 
fumarilice (5), D. B. MacLean (3a); methyl 14-isopro- 
pylidene-l2-metlioxypodocarp-8,11,13-triene-l9-oate (6), 
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P. K. Oornrnen (160, 18); veratraldehyde (7), Eastman 
Kodak Ltd.; methyl 12 - acetoxy - 6 c ~  - bronio - 7 -oxo- 
podocarp-8,11,13-triene-19-oate (lo), E. N. C. Osakwe 
(170, 19); 6-bromoveratraldehyde (12), C.-Y. Chen (20); 
ochotensimine (13), S. McLean (21). 

All spectra were recorded on a Varian Associates 
HA-100 spectrometer  sing frequency sweep mode. The 
second r.f. field was obtained by using a Hewlett Packard 
model 201 C audio generator. The strength of the r.f. 
field was measured on the oscilloscope incorporated in 
the instrument, calibration in units of mG being obtained 
as described by Baldeschweiler (22) using a degassed 
CHCI, in CCI, solution. 

The spectra of all compounds were run as filtered 
(fine sintered glass) and carefully degassed CDCI, solu- 
tions, the concentration varying between 5 and 10%. A 
small amount of TMS was added as an internal lock. 

The Overhauser effects were measured as area increases 
using the electronic integrator of the instrument. All 
area lneasurements were recorded with the second r.f. 
field on. The spectra were run with the oscillator at a 
position well away from any proton absorption to check 
that no saturation was occuring. The oscillator frequency 
was then placed at the required frequency to saturate tlie 
proton in question and the area recorded. The freq~lency 
and the strength of H2 were then optimized to give a 
maximum area increase. Finally H, was moved to a 
frequency greater than 30 Hz from any proton absorption 
to give a standard area. The area at each frequency was 
measured at least 10 times and after each area had been 
recorded, the system was allowed to return to eq~~ i l ib r~un i  
by waiting for a period of time, varying from 30 s to 5 
min depending on the proton being observed. The 
possibility of the position of Hz affecting the integral was 
checked and i t  was found that providing H2 was greater 
than 25 Hzaway fro111 HI  its position had no effect on tlie 
recorded standard area. 

It is felt that the above method is the most accurate 
available as results reproducible to _+ 1 % have been 
obtained by changing samples, instrument probes and 
operators. Some workers (3j) have measured intensities 
directly but this method can be slightly suspect particu- 
larly i f  small coupling occurs between the 2 protons in 
question. 

The internuclear distance measurenients were made 
with the aid of  Dreiding molecular nlodels (23) and are 
the average of several measurements on models assembled 
from direrent ~ ~ n i t s .  The CH,-H distances were mea- 
sured following the method of ApSimon el n/. (24). 

We thank the individuals named above for their 
generous gifts of samples and Professor J .  W. ApSimon 
for his gift of a CH3-H measurement device. We thank 
the National Research Council of Canada for financial 
support of this work and for a Fellowship to J .  K .  
Saunders. We wish to acknowledge the helpful criticism 
of the referees. 
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Structure of a galactomannan from seed of Crotalaria rnucronata 

A. M. UNRAU AND Y. M. CHOY 
Departnlerzt of Chemistry, Simorz Fraser Utliuersity, B~rrnaby 2,  British Coll~mbia 

Received August 21, 1968' 

A galactomannan, purified by repeated complexation with copper acetate, was shown to be composed 
of D-mannose and D-galactose in a molar ratio of 3:1. Methylation of the polysaccharide followed 
by hydrolysis gave 2,3,4,6-tetra-0-methyl-D-mannose, 2,3,4,6-tetra-0-methyl-o-galactose, 2,3,6-tri-0- 
methyl-D-mannose, 2,4,6-tri-O-methyl-~-n1annose, 3,4,6-tri-0-methyl-o-mannose (from 1-> 2-linkages), 
and 2,3-di-0-methyl-D-n~annose (molar ratio 1 :23 2 8 :  11 :4:26). Periodate degradation further indicated 
that the galactose units occupied single l ln~t  branch points linked (I -> 6). One in every 6 mannose units 
was resistant to periodate attack further suggesting the presence of (1 - 3)-linkages. An approximately 
eqilimolar occurrence of 2-O-(3-~-mannopyranosyl-~-erythrltol and O-B-D-nlann~pyran~~yl-(l -+ 3)-2- 
0-P-D-n~annopyranosyl-D-erythritol indicated a significant frequency of isolated and consecutive (I -> 3)- 
linkages. In conjunction with results from methylation experiments a relatively simple structure may 
be assigned. 

Canadian Journal of Chemistry, 48,  1123 (1970) 

Discussion was obtained. Hydrolysis of the polysaccharide 

A rather large l l ~ l m b e ~  of gLlms of varying corn- gave D-mannose and D-galactose in a ratio 

position and varying degrees of structLlral corn- of 3:1. The galactose content is higher than that  

plexity have been isolated from seed of legumes. found in some Of the commonly known 

Ordinarily, the neutral gums mostly found in the galactomannans such as guar gum ( I6% galac- 

endosperm are less complex strLlcturally (corn- tose), Carob bean "/, galactose), and Ken- 

posed of D-mannose and D-galactose in varying tucky coffee bean (20 % galactose), some 

ratios) than the acid pOlysaccharides which are galactomannans are known which have to 50 % 
more characteristically associated with seed coats galactose (4). 

and ~lsually contain more than just 2 building H ~ d r o l ~ s i s  Of the f u l l ~  gum gave 

~ ~ n i t s .  the following partially methylated sugars: 2,3,4,6- 

Extraction of broken seed of crotalaria n?t,- te t ra-0-methyl-~-galactose ,  2,3,4,6-tetra-O- 
cronatawith hot water in a highly viscous meth~l-D-mannose,  2~4~6-tri-0-methy1-D-man- 
solution upon coolillg. Usual alcohol precipita- nose, 2,3,6-tri-O-meth~l-~-~~~~~s~> 3,4,6-tri-0- 
tion resulted in a characteristic grey, stringy methyl-D-mannose, and 2,3-di-0-methyl-D-man- 

precipitate. The polysaccharide was pLlrified by nose, molar ratio 23 : 1 : 1 1 :28 :4:26 (from vapor 

repeated complexation with copper acetate (1, 2) phase (v.~.c.)). The presence Of 

([a1D22 6-100 i n  O.l NNaOH). This low value the above sugars is in agreement with the per- 

suggests that the glycosidic linkages i n  the main iodate oxidation res~llts, namely, a ~ ~ r o x i m a t e l ~  

chain have the p-anomeric config~~ration as has 1 of every 6 mannose units is linked (1 -> 3) and 

been found for numerous similar galactomannans the Occurrence Of a Of -t 2)- 
(3). since the galactomannan was unaffected by linkages is also indicated. All of the galactose 
prolonged treatment emulsill, pH7,0,22 "C, Units OccLIPY terminal, non-reducing "branch 
i t  would appear that  the galactose Llnits are point" positions since the ratio of tetra-o-methyl- 

attached by n-linkages.2 Ultracentrifugatioll galactose to di-O-meth~lmannose is 

showed a single peak and from the sedimentation 1 (the slightly lower tetra-O-methyl-~-galactose 

rate, an approximate molecular weight of 50 000 quantity, is probably due to inadvertent 
loss d ~ ~ r i n g  evaporation). The absence of 2,4-dl-0- 

'Revision received September 26, 1969. 
methyl-D-mannose indicated that no (1 + 3)- 

ZAmple evidence is cited i n  the literature regarding linked mannose unitswere associated with branch- 
specificity o f  the enzyrne(s) found In almond ernulsin. ing at  C-6. The approximate size of the repeating 
Ernillsin displays the combined ability found for the Llnit  based on the amount of te t ra-~-methylman-  separate enzymes P-glucosidase, P-galactosidase, B-D- 
fi~cosidase (see for example ref. 18). nose f o ~ ~ n d  was 80. Since from ultracentrifugation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1124 CANADIAN JOURNAL OF 

TABLE 1 
Vapor phase chromatography of TMS derivatives of 

partially methylated sugars 
-- ---- 

TMS derivative Retention time (min) Molar ratio 

2,3,4,6-M* 16.5 1 
2,3,4,6-Gal? 15.3 (a-anomer) 23 

an approximate molecular weight of 50 000 may 
be deduced, approximately 4 repeating units con- 
stitute 1 macromolecule. 

Treatment of the polysaccharide with per- 
iodate (4-5 "C) resulted in periodate consumption 
of slightly less than 1 mole per hexose unit. Re- 
duction of the polyaldehyde with borohydride 
followed by mild acid hydrolysis (Smith degrada- 
tion) gave glycerol, erythritol (no threitol), and 
2 non-reducing components with slower paper 
chromatographic mobilities than galactose. Anal- 
ysis of the hydrolysis mixture for intact hexose by 
the phenol - sulfuric acid method (5) indicated 
that 18-20% had survived periodate attack. No 
oligomeric fragments were found at the starting 
boundaries of the paper chromatograms. The 
relatively large amount of glycerol formed may be 
attributed to terminal, non-reducing mannose 
and galactose units, mostly the latter since 
galactose residues are ordinarily not linked 
(1 -> 4) or (1 -+ 6) along the main chain. Further- 
more, threitol, which was not present, would arise 
from galactose units consecutively linked (1 -> 4). 
The relatively major quantity of erythritol pro- 
duced shows that the main chain of the poly- 
saccharide is composed of mannopyranose units 
predominantly joined by P-(1 -> 4)-glycosidic 
linkages. The above findings indicate that the 
galactose units are present as single unit branch 
points primarily linked (1 -> 6) to approximately 
every third mannose unit of the main chain. The 
presence of the 2 non-reducing oligosaccharide 
fractions indicated that a smaller proportion of 
other than (1 -> 4)- and ( I  -> 4)-(1 + 6)-linkages 
existed. Hydrolysis ofcomponent 1, RMan = 0.61, 
gave mannose and erythritol in a molar ratio of 
1:l .  This finding indicates that a minor pro- 
portion of mannose units were linked (1 + 3) and 
these were flanked by (1 -+ 4)-linked units, e.g., 

CHEMISTRY. VOL. 48, 1970 

~-Manpl,#P~-Manpl,3P~-Manpl,4P. Oligosac- 
charide 11, RMan = 0.33, the molar ratio of I and 
I1 being approximately 1 : 1, when hydrolyzed, 
gave mannose and erythritol in a ratio of 2:l in- 
dicating a minor proportion of mannose units 
consecutively linked (1 ->3), e.g., D-Manpl ,#P~- 
Manpl,3P~-Manpl,3P~-Manpl,#P. A further 
Smith type periodate degradation of I1 gave a 
non-reducingcomponent (shown by hydrolysis to 
consist of mannose and glycerol, molar ratio 1 :I), 
glycerol, and formaldehyde. Formaldehyde would 
be expected from C-4 of the erythritol moiety of 
11, whereas glycerol would arise from the ter- 
minal, non-reducing mannose unit joined (1 -+ 3) 
to the subsequent "internal" hexose unit. The 
internal (1 -> 3)-linked mannose unit would be 
immune to periodate attack. 

From the methylation and periodate oxidation 
experiments, a reasonably simple structure for the 
particular galactomannan may be assigned with 
relative certainty, particularly since the poly- 
saccharide was immune to action of emulsin and 
the identity of the methylated sugars was defi- 
nitely established directly or through degradation. 
The structure shown in Chart 1 is consistent with 
the experimental results obtained. The low in- 
cidence of (1 -> 2)-linkages in the main mannose 
chain (4 in 70) is, due to complexity of representa- 
tion, not included in the above structural nota- 
tion. It is not intended that the structural notation 
given necessarily implies a regularized sequence 
since a more random sequence can also fit the 
results. 

Experimental 
All evaporations were carried out under reduced pres- 

sure. Melting points quoted are uncorrected. Solvent 
systems used in q~ali tat ive identification of sugars as 
well as in quantitative separations were: (A) ethyl 
acetate:acetic acid:water (8:2:2); (B)ethyl acetate: pyri- 
dine:water (8 :2:1); (C) butanone :water azeotrope; (D) 
butano1:ethanol:water (upper phase) (4:1:5); (E) ben- 
zene:ethanol:water (85:15:1). Chromatographic spray 
reagents used were F, p-anisidine-trichloroacetic acid (6) 
and G ,  Tollens solution (7). 

Isolatiotr of Galactomantratr 
Broken seed was slurried in boiling water for 3 to 4 h 

after which the solids were removed by centrifugation. 
The cooled, viscous solution was slowly poured with 
vigorous stirring into 4 volumes of alcohol whereupon a 
light grey, stringy precipitate formed. The solid material 
was removed by filtration, washed with acetone, and dried 
in a dessicator. 

Plirificatiorr of Galacton~atrt~atr ~vitlr Copper Acetate 
T o  a portion (2 g) of polysaccharide in 0.5 N NaOH 
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UNRAU AND CHOY: GALACTOMANNAN FROM CROTALARIA MUCRONATA 

(400 ml) was added with stirring 5 %  copper acetate (w/v) 
(75 ml). A gelatinous precipitate resulted which was re- 
moved by centrifugation. Addition of a further volume 
(75 ml) of copper acetate solution resulted in further pre- 
cipitation of a copper complex which was not further 
investigated at  this time. The gelatinous complex was 
suspended In alcohol and acid~fied with hydrochloric acid 
and after maceration in a Waring blendor, the light grey 
precipitate was removed by centrifugation and washed 
free of acid with alcohol. Complexat~on with CuZ+ was 
repeated twice more as described and resulting in no 
observable change in sugar ratlo (see succeed~ng section), 
yield 1.2 g, [aIDZ2 6-10" in 0.1 N NaOH (c, 0.3). 

Ultracetztrificgation 
Solutions of galactomannan (0.5 to 1 %concentration) 

in alkal~ (1 to 5 N NaOH) were centrifuged for 2 h, rotor 
speed 60 000 r.p.m., exposure intervals, 16 min. A sedi- 
mentation pattern (0.8 % galactomannan in 5 N NaOH) 
is shown in Fig. 1. 

Hydrolysis of Polysacclraride 

(a) With I N Srrlfriric Acid 
A small portion (250 nig) of the polysaccharide was 

refluxed (6 h) in ni~neral acid followed by neutral~zation 
(BaCO,) and paper (Whatman No. 1) chroniatography 
of the syrupy residue after evaporation of the filtrate. 
Mannose and galactose were identified as the only sugar 
components using solvents A and B, spray reagent E. 
Oxidation of a small portion (100 mg) of mixture with 
nitric acid gave niucic acid, n1.p. 219 "C. Separation 
(Whatman 3MM) of a further portion (I00 nig) of mix- 
ture using solvent B gave D-mannose, 60 mg, further char- 
acterized as the phenylhydrazone, n1.p. 199 "C [aIDZ2 33" 
in pyridine (c, 0.9) and D-galactose, 28 mg, [aIDZZ 80" in 
water, (c, 0.8). The niolar ratio of the 2 sugars was further 
confirmed by elution of each sugar from a single chroma- 
togram followed by analysis employ~ng the phenol - 
sulfuric acid method (5), and by v.p.c. of the mixture of 
trimethylsilyl derivat~ves (8) using a 5' x 1/4" stainless 
steel colunln packed with 20% SE 30 on HMDS treated 
chromosorb W. A mannose-galactose ratlo of 3:l was 
obtained in all cases. 

(b) Hydrolysis with Et?~~tlsitz 
To a sterile solution (15 ml), pH7.0, of galactomannan 

(25 mg) was added emulsin (10 mg). The solution was in- 
cubated at  25 "C for 3 days. No observable change in the 
reducing power (3,5-dinitrosalicylic acid reagent) was 
found. The solution was evaporated and the residue was 
shown, by paper chromatography solvents A and B, re- 
agents F and G, to contain no detectable galactose (or 
mannose) and no evidence of smaller oligomers. 

Metl~ylatior~ Ar~alysis 
A portion (2.0 g) of the galactomannan was initially 

treated with 30% NaOH and dimethylsulfate followed by 
extended treatment with silver oxide and methyl iodide. 
A fully methylated polymer (1.5 g) (no OH-absorption 
evident in the infrared (i.r.) spectrum) was dissolved in 
cold 75 % HzS04, 5 ml, (9) the mixture was held at room 
temperature for 1 h after which the solution was diluted 
with ice-water to approximately 2 N a n d  boiled for 7 h. 
The syrupy mixture (1.2 g) which was obtained after 
neutralization (BaCO,) and evaporation of the filtrate 
was analyzed by paper chromatography using solvents C, 
D,  and E. The molar ratio of the partially methylated 
sugars was determined by the phenol-HZS04 procedure 
and by v.p.c. of TMS derivatives (20% neopentylglycol- 
succinate on Gas Chromatograph 900, 3/16" by 12' 
colunln, 180 "C, flame ionization detector) (10). As is the 
case for ~~nsubstituted hexoses and pentoses where the 
difference in molar sensitivity to the phenol-H,S04 re- 
agent may be significant (e.g., glucose vs. galactose) (5) 
a similar variability exists when analyzing a mixture of 
partially methylated sugars (0-methyl glucoses and 
galactoses). The appropriate corrections were made in the 
usual standardization involving plots of absorbance vs. 
molar concentration. It has been shown that the molar 
response for isomeric tri-0- and di-0-methyl hexoses in 
v.p.c. analysis of the TMS derivatives varies (I I), con- 
sequently the detector response was firstly correlated with 
the phenol-HZS04 results and where authentic synthetic 
samples were available, the detector (thermal conduc- 
tivity and hydrogen flame) response was calibrated. Com- 
parison with published results (I 1) where similar although 
not identical v.p.c. conditions had been employed 
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UNRAU AND CHOY: GALACTOMANNAN FROM CROTALARM II~UCRONATA 1127 

indicated similar results. The mixture of partially methyl- 
ated sugars was separated using Whatman 3 M M  paper, 
solvent C, and the individual sugars characterized. 

Cornporrer~~ 1 was identified as follows: Authentic 
2,3,4,6-tetra-0-methyl-o-mannose was prepared by meth- 
ylation of methyl-a-D-mannopyranoside with N a H  in 
din~ethylsulfoxide (12) followed by hydrolysis (1.0 N 
H,SO,, 6 h) to generate the free tetra-0-methyl sugar. 
Component 1 and the synthetic tetra-0-methyl sugar 
showed identical R, (solvent C) 0.79 and R, (solvent E) 
0.96 and retention time of T M S  derivatives 16.5 rnin. 

Cor~iporrerrt 2, 38 mg, 118-' in water (c, 0.4), gave 
upon treatment with aniline in dry ethanol containing a 
trace of glacial acetic acid 2,3,4,6-tetra-0-methyl-N- 
phenyl-D-galactosylamine, n1.p. 190-191 "C, [aID2' 40" in 
acetone (c, 0.5) (13). Further confirmation of identity was 
established by synthesis, as  described for component 1. 
Component 2 and authentic 2,3,4,6-tetra-0-methyl-D- 
galactose showed identical R, (solvent C) 0.69 and R. 
(solvent E )  0.88 and retention time of T M S  derivatives; 
15.3 min a ,  18.9 min B. 

Corrrl~orrerrf 3, 18 mg, ca. 15" in water (c, 0.3), 
was treated with aniline as above to give 2,4,6-tri-0- 
methyl-N-phenyl-D-mannosylamine, m.p. 133-135 "C, 

-8" in methanol (c, 0.4) (14). The identity of conl- 
ponent 3 was further established by the following series 
of reactions. A sniall portion (about 10 mg) was subjected 
to sodi i~m borohydride reduction (24 h, room tem- 
perati~re) followed by treatment with methanol-HCI to 
remove borate. The  product was treated with periodic 
acid (0.5 ILI) for 16 h (room temperatilre). The solution 
(25 1111) was treated with bariturn chloride to remove 
iodate and periodate and after evaporation, the residue 
was hydrolyzed (100 "C) with 35% hydrobromic acid for 
30 rnin to effect demethylation. Mannitol was identified 
by co~nparat ive (i) paper chromatography, (ii) v.p.c., and 
(iii) physical constants of the hexaacetates. 

Corrrporler11 4, a portion (51 mg), [a],,22 -9" in water 
(c, 0.9), was dissolved in dry pyridine, a 10% molar excess 
p-nitrobenzyl chloride was added followed by heating to 
65 "C for 30 rnin. The mixture was cooled, saturated 
solution of NaHCO, added, followed by extraction of 
the suspension with chloroform. After recrystallization 
from methanol, the solid was identified as the 1,4-di-j~- 
nitrobenzoyl-2,3,6-tri-0-~~ictliyl-o-maoe and had ni.p. 
187-189 "C, [a]," + 33" in CHCI, (c, 1.0) (15). Coni- 
ponent 4 was further analyzed as follows. Thin-layer 
chromatography (t.1.c.) o n  silica gel, using solvent C ,  
showed 3 components with R, values of 0.78, 0.76, and 
0.68. In solvent E, 3 components were also evident with 
R, of 0.52, 0.50 and 0.45 t l i i~s indicating three tr i -0-  
methyl sugars. The  v.p.c. analysis of T M S  derivatives 
(conditions described previoi~sly) showed tlie presence by 
comparison with ai~tlientic compoi~nds,  of 2,4,6-tri-0- 
methyl mannose, 12.2 (minor proportion), 3,4,6-tri-0- 
methyl mannose, 10.6 (minor proportion), and 2,3 6-tri- 
0-methyl mannose, 13.5 min (major proportion). A por- 
tion (100 mg) ofcomponent 4 tvassi~bjected to the follow- 
ing series of reactions: (i) reduction with borohydride, 
(ii) oxidation with periodic acid, (iii) reduction with boro- 
hydride, (iu) demethylation with 35% liydrobromic acid, 
( u )  deionization, and (1,;) identification by paper and gas 
chromatography of degradation products. Ethylene glycol 

and erythritol were identified and would arise from 2,3,6- 
tri-0-methyl mannose. Arabinitol was identified by com- 
parison with authentic D-arabinitol obtained via the above 
series of reactions carried ou t  o n  3,4,6-tri-0-methyl-D- 
mannose prepared by a published procedure (16). The  
retention time of the T M S  derivatives of authentic D- 

arabinitol and that obtained from component 4 was 
identical (3.4 min, 170 "C, otherwise conditions a s  de- 
scribed previously), m.p. of pentaacetates 75-77 "C. D- 
Arabinitol woi~ld arise from 3,4,6-tri-O-methyl-man- 
nose (the same pentitol would arise from 2,3,4-tri-0- 
methyl-D-rnannose; however, the absence of this sugar 
wasestablished previoi~sly from v.p.c. results, seeTable2). 
Mannitol was identified by comparison with authentic 
con~pound,  the T M S  derivatives of  both having retention 
times of 4.4 min, (170 "C, otherwise conditions a s  de- 
scribed previously). Mannitol would be derived from 
2,4,6-tri-0-methyl-o-mannose via the above series of 
reactions. 

TABLE 2 

Paper chromatographic separation of partially methylated 
sugars 

Butanone- Butanol- 
H 2 0  EtOH- 

Corn- azeotrope H 2 0  Proposed Molar 
ponent R, R compoundt rat iot  

3 0 . 5 6  0 .82  2 , 4 ; 6 - ~  10 
4 0 . 5 0  0 .81  2.3.6- and 25 

*Mobility with reference to 2,3,4,6-letra-0-melliyl-D-glucosc. 
tFrom chrornnlograpliic rcsul!s i n  butnnonc-HrO azcolropc. 

Corr~por~errl 5, 51 mg, [aIDz2 IS0 in water (c, 1.0) gave 
upon treatment with 1,-nitrobenzoyl chloride, a s  above, 
1,4,6-tri-~~-nitrobenzoyl-2,3-di-O-methyl-~-niannose, m.p. 
192-194 "C, [s(]022 + 65' in CHCI, (c, 1.0) (4). The v.p.c. 
analysis of the T M S  derivative revealed the presence 
of one compound wliicli had the identical retention time 
of authentic T M S  2,3-di-0-methyl-D-mannose. 

Srrritlr Perioclote Degrcrclcrtiotr 
T o  a portion (500 mg) of galactomannan dissolved in 

water (200 ml) was added 0.5 iCf periodic acid ( I 0  ml) and 
tlie solution stored at 5 "C. Periodate consun~ption 
reached 0.95 moles per hexose unit in 2 days with little 
change thereafter. T o  the polyaldehyde was added 
NaBH, (500 mg) and the solution stored at  room tem- 
perature for I6 h. Analysis of the solution of polyalcohol 
with phenol-HZSO, indicated intact hexose to the extent 
of 18-20% (in terms of mannose) of the original poly- 
saccharide. Tlie sol~rtion was passed through a cation ex- 
change column (Ambcrlite IR 120), the acidic solution 
evaporated and borate removed by repeated evaporation 
with methanol. Tlie residue was dissolved in 0.5 N hydro- 
chloric acid (50 ml), stored at room (21-22 "C) ten?- 
perature for 8 11, followed by inorganic ion removal with 
cation and anion exchange resins. Paper chromatography, 
solvents A and B, indicated the presence of glycerol and 
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erythritol, molar ratio 1 :2 as determined by the per- 
iodate - chromotropic acid method (17) and 2 non- 
reducing components, R,,, = 0.61 (Component I) and 
R,,, = 0.33 (Component 11). The compounds were 
separated by paper chromatography (solvent B, Whatman 
3 MM paper) and characterized as follows: 

Glycerol (approximately 30 mg) was dissolved in dry 
pyridine, 10% molar excess p-nitrobenzoyl chloride 
added, and the mixture heated to 75 "C for 30 min. After 
cooling to room temperature, an excess saturated 
NaHCO, solution was added and the insoluble pre- 
cipitate collected and washed with water. The tri-p- 
nitrobenzoate, after recrystallization from alcohol had 
m.p. and mixed m.p. 191 "C. 

Erythritol (approximately 60 mg) was treated in the 
same manner as glycerol. The tetra-p-nitrobenzoate had 
m.p. and mixed m.p. 250 "C. 

Component I (approximately 5 mg) was hydrolyzed in 
1 N H,S04 (10 ml) (100 "C, 6 h) and the hydrolysate 
shown by paper chromatography, using solvents A and B 
and spray reagent G ,  to contain mannose and erythritol 
in a 1 :1 molar ratio (mannose, by phenol-H2S04; 
erythritol, by chromotropic acid). 

Component II (approximately 8 mg) a portion (4 mg) 
was hydrolyzed as I above and the hydrolysate shown to 
contain mannose and erythritol in a 2:l molar ratio. The 
remaining portion of I1 was degraded with periodate 
(Smith degradation) whereupon 1 molar proportion of 
formaldehyde was produced (analyzed before boro- 
hydride reduction) and glycerol and a non-reducing com- 
ponent (111) with slightly faster mobility than I were 
formed upon mild acid hydrolysis. Complete hydrolysis 
of 111, as described for I gave mannose and glycerol in a 
1 :I molar ratio. 

The authors gratefully acknowledge financial support 
from the National Research Council of Canada. 
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Infrared spectra and structure of methane - noble gas mixed crystals : the influence 
of temperature and methane concentration on the v 3  vibration band of methane1 

A. CHAMBERLAND, R. BELZILE, AND A. CABANA' 
DLpartement de cirirnie, Universitt? de Si~erbrooke, Sizerbrooke, QuPbec 

Received October 22, 1969 

The infrared spectra of CH,, at  low concentrations in the noble gases, were obtained at temperatures 
ranging from 4 "K up to the respective boiling points of argon, krypton, or xenon. It is concluded from 
this study that methane occupies substitutional cavities in these lattices. Furthermore, it is established 
that the potential hindering the rotation of the molecules perturbs the higher rotational levels to  a 
greater extent than the low lying levels. 

In a second series of experiments, the methane concentration was varied from 0.06 to 55 % for kryp- 
ton; narrower ranges were used for argon and xenon. The experimental results clearly demonstrate that 
the influence of the CH, concentration is different for the three systems and that the fine structure does 
not result from molecular aggregation. 

The spectrum of 0.06% CD, in solid krypton shows fine structure which confirms the rotational 
origin of the four components observed for CH,. The CD, spectra previously published were compli- 
cated with additional lines that probably arose from the nonhomogeneity of the samples. 

Les spectres infrarouges du CH, en faibles concentrations dans les gaz nobles furent enregistres a des 
temperatures allant de 4 "K jusqu'aux points d'ebullition de I'argon, du krypton ou du xenon. Cette 
etude nous a permis de conclure que le methane occupe des cavites substitutionnelles dans ces reseaux. 
On a de plus constate que le potentiel s'opposant a la rotation des molecules se manifeste a un plus haut 
degrC sur les niveaux de rotation eleves que sur les premiers niveaux. 

La concentration de methane fut ensuite variCe de 0.06 a 55 % pour le krypton; des domaines moins 
Ctendus furent utilists pour I'argon ou le xenon. Les rCsultats exptrimentaux obtenus dimontrent 
clairement que I'effet de la concentration en CH, est different pour les trois systemes et que la structure 
fine n'est pas causee par I'agglomCration des molCcules. 

Le spectre du CD, en solution a 0.06% dans le krypton montre une structure fine qui confirme la nature 
rotationnelle des quatre composantes observees pour le CH,. Les spectres de CD, publies antirieurement 
Ctaient compliquCs par des raies additionnelles probablement attribuables a I'inhomogtnCitC des Cchan- 
tillons. 
Canadian Journal of Chemistry, 48, 1129 (1970) 

Introduction 
Since the first report of molecular rotation of 

HCI in solid argon (I), the problem of the fine 
structure observed on the vibrational bands of 
small molecules isolated in noble gas crystals has 
been of considerable interest. The present work 
is an extension of the research on the infrared 
absorption spectra of CH, or CD, trapped in 
inert gas matrices (2) and in liquid solutions with 
the noble gases (3). The spectral features ob- 
served on the v, and v, bands were previously 
ascribed to the quantized molecular rotation. 
The Raman spectrum of a mixed crystal, grown 
from a melt, was also found to be consistent with 
the concept of rotation, although the resolution 
achieved was insufficient to permit a detailed 
analysis (4). The time dependence of the inten- 
sities of the spectral features of CH, in crystalline 

'Work supported, in part, by the Defence Research 
Board of Canada (Grant No. 951 1-67). 

'To whom all correspondence s h o ~ ~ l d  be addressed. 

argon has been taken as evidence of equilibration 
between the three possible spin species of CH, 
(5). These experimental studies have aroused in- 
terest in theoretical investigations on the nature 
of rotation in these solids, particularly for tetra- 
hedral molecules trapped in octahedral cavities 
(6). All these studies are based on the assumption 
that the host molecules replace noble gas atoms 
in undistorted face-centered cubic (f.c.c.) lattices. 
Although it is known that, at least in the low 
concentration range, CH, forms solid solutions 
with krypton (7) or argon (8), it appeared 
desirable to obtain additional data which could 
yield information on the nature of the sites 
occupied and on the distribution of the molecules 
over the available cavities. 

Two different sets of experiments seemed 
appropriate to the solution of the problem. In 
the first series, the effect of the temperature on 
the fine structure of the v, band was investigated 
in the range extending from 4 "K up to the boiling 
points of the noble gases used. In the second, the 
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influence of the solute concentration of the v, 
band was studied. The concentration was varied 
from 0.06 up to 55% in the case of the CH,- 
krypton system; fewer solutions and narrower 
ranges were investigated for the argon and xenon 
systems. The present study should bring support 
to the interpretation of the nature of the fine 
structure presented by Cabana et al. (2) and thus 
to the reported spin equilibration discussed by 
Frayer and Ewing (5). 

Experimental 
All the spectra were taken with a Perkin-Elmer Model 

125 prism-grating spectrometer; under the experimental 
conditions prevailing, the actual resolving power varied 
from 0.5 to 1.5 cm-', depending upon the spectral 
regions and the optical quality of our samples. The factory 
calibration was checked during each run by recording 
appropriate gas-phase spectra and comparing with the 
values given in the Tables of Wavenumbers (9). The 
frequencies quoted later are accurate to +0.3 cm-' for 
sharp peaks which are relatively free of overlapping. A 
conventional cryostat equipped with a variable pressure 
gas exchanger was used to obtain any selected temperature 
in the range 4 to 170 "K with liquid helium or nitrogen 
as the coolant. The control thus achieved was relatively 
rough but it could be improved by introducing small 
electrical heaters around the filling tube and the sample 
cell. The heater around the filling tube was found particu- 
arly useful to prevent clogging if the tube inadvertently 
touched the nitrogen shield; it also created a temperature 
gradient through the cell diameter and prevented the 
formation of bubbles in the middle of our samples. The 
temperature was measured with a copper-constantan 
thermocouple and a carbon resistor, both embedded in 
the cell body; the accuracy is better than + l o  above 
50 OK, but considerably worse at  the lowest temperatures, 
where it can be of the order of f 5". 

The gaseous mixtures were prepared in a Pyrex system 
previously pumped down to pressures lower than 1 x 
lo-' mm Hg and outgassed. Research-grade methane 
and noble gases (Matheson of Canada, Ltd.) were used. 
The samples were prepared by condensing the mixture to 
the liquid phase in the experimental cell and, whenever 
necessary, cooling through the freezing point. Various 
cooling rates were tried without any noticeable difference 
in the observed spectra. The samples were often kept for 
rather long periods of time at  temperatures close to their 
melting points; spectra recorded at different intervals were 
found identical. The crystals, which were perfectly 
transparent at  77 OK, had a tendency to crack upon 
further cooling. 

The thickness of the sample cell was of the order of a 
few microns for high methane concentrations and 2 nlm 
for the low concentrations; the small spacings were deter- 
mined approximately by counting the interference fringes 
(10). The window material was either sapphire or Irtran-2 
and the seals were achieved with 0.010 in. diameter 
indium wire squeezed between the windows and the cell 
body, which was copper. The design was such that the 

coolant surrounded the sample, thus providing lower 
temperatures. In addition, KBr windows were placed in 
the beam holes of the nitrogen shield and narrow-band- 
pass filters were used on the outside window; these two 
additional precautions helped in obtaining lower sample 
temperatures. 

Results 
The spectra of the 0.06% CH,-argon mixed 

crystal, 0.1% CH,-krypton crystal, and 0.06% 
CH,-xenon crystal are shown in Fig. 1; the 
frequencies are collected in Table 1. The tem- 
peratures at which the spectra were recorded are 
indicated on each tracing. The bottom spectrum 
of each set is that of the liquid solution. Only the 
v, vibration region was scanned. The low-tem- 
perature spectra of the three systems exhibit 
similar patterns, contrary to those reported 
previously (2). As the temperature is raised, the 
four lines gradually blend together and finally 
they form a continuous band more typical of the 
liquid state or of disordered crystals. It is observed 
that the intensities of the various components do 
not vary the same way as the temperature is 
raised. In particular, this effect gives rise to a 
shift of the band at temperatures, T ,  approaching 
40 or 50 OK. At higher temperatures, the shifts 
are smooth up to the melting points, where dis- 
continuities occur: a sudden high-frequency 
displacement for the xenon system, a slight low 
shift for krypton, and a larger downward shift 
for argon. 

The spectra of CH, at various concentrations 
in argon are given in Fig. 2; in krypton, Fig. 3;  
and in xenon, Fig. 4; the temperature during the 
runs was kept as close as possible to that of liquid 
helium. The frequencies at maximum intensity 
are collected in Table 2. In argon, the CH, con- 
centration ranged from 0.06 to 35%; in krypton, 
concentrations up to 55% were used; while in 
xenon only two solutions were prepared: 0.06 
and 20% CH,. It is readily seen that the influence 
of the solute concentration was very different for 
the three systems. Figure 5 summarizes the effect 
of the concentration on three lines of the v, 
vibration band of methane in krypton. The low- 
temperature spectrum ( T  < 10 OK) of 0.06% CD, 
in solid krypton is shown in Figs. 6 and 7. 

Discussion 
A. The Infuence of Temperature on the v, Absorp- 

tion Band 
The spectra recorded at low temperatures have 
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I 
I I I I f I I ' I I I  

I 

2950 3000 3050 
Frequency, cm-' 

FIG. 1. (Upper) Infrared spectra of 0.06% CH, in crystalline argon at various temperatures; at 95 OK, the solution 
is liquid. (Middle)  Infrared spectra of0.1% CH, incrystalline krypton at various temperatures; at 131 OK, the solution is 
liquid. (Lower)  Infrared spectra of 0.06% CH, in crystalline xenon at  various temperatures; at 158 OK, the solution 
is liquid. 
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TABLE 1 

Frequencies of the components of the v, vibration band of methane* 

Frequency, cm-' 
Temperature 

Matrix (OK) p( l )  Q R(1) 

*CH, concentration was 0.06% for  the argon and xenon systems and 0.10% for the krypton system. 
tLiquid state. 
tShoulder. 

TABLE 2 

Frequencies of the components of the v3 vibration band of methane; temperature 
lower than 10 "K 

- - - 

Frequency, cm-' 

% concentration System FYI) Q R(1) 

'Three lines are  observed; their nature is uncertain. 
tShoulder. 
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shown the time dependence ascribed by Frayer 
and Ewing (5) to spin equilibration. Our results 
agree with this; thus no further discussion 
regarding this particularity will be carried out 
here. 

Three aspects of these experimental results 
inevitably draw attention: (a) The observation 
of opposite shifts for the v3 vibration of CH, in 
xenon and in argon upon melting of the mixed 
crystals. (b) The different behavior of the inten- 
sities for the various components as the tempera- 
ture is increased. (c) The rapid broadening of the 
individual lines with increasing temperature. 
These observations will now be discussed in 

3000 3050 
Frequency, cm-I 

FIG. 3. Infrared spectra of CH, in solid krypton at 
8 OK. The concentrations, ranging from 0.06 to 55% 
CH,, are indicated on each spectrum. 

terms of the nature of the fine structure of the 
unsymmetrical stretching vibration band of 
methane and of the kinds of sites occupied by the 
molecules. 

The low-frequency displacements of the v3 
vibration band of CH, dissolved in liquid argon 
(-3 cm-'), krypton (-7 cm-I), and xenon 
(- 11 cm-') indicate that the predominant 
interaction between the molecules and the atoms 

Frequency, cm-' is attractive. Upon solidification of these solu- 
tions, shifts of +7.2, 2.3, and -2.5 cm-' are 

FIG. 2. Infrared spectra of CH, in solid argon at 
8 OK. The concentrations, ranging from 0.06 to 35% measured for the band in krypton, and 
CH,, are indicated on each spectrum. xenon, respectively. Thus, upon formation of the 
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withdrawing an atom from a lattice site are 3.8 A 
for argon, 4.0 A for krypton, and 4.4 A for xenon 
(1 l), as compared to 4.1 A, the diameter of the 
stationary CH, molecule. Thus, while the 
molecule inherits a larger cavity as xenon crys- 
tallizes. it is saueezed into smaller cavities in 
krypton and even more so in argon. Additional 
support for this arrangement of the molecules in 
the crystals is provided by the frequency shifts of 
the stretching vibration, which occur upon con- 
traction of the lattice as the temperature is 
lowered: + 6  cm-I for 75" lowering of tempera- 
ture in argon, + 4  cm-' for 100" in krypton, and 
no shift in xenon over 120". 

The relative intensity of the four lines observed 
in the v, vibration band a t  low temperature is 
altered as the temperature is raised (see Fig. 1). 
At the lowest temperature, the line labelled 
R(0) is the strongest component; gradually the 
line labelled Q, on the low-frequency side of 
R(O), gains intensity and finally around 50 OK it 
becomes the predominant feature. After the 
fine structure is lost, some information inay still 
be gained from the spectra by studying the band 

I I I I I I I 

3000 3040 
Frequency, cm-' 

FIG. 4. Infrared spectra of 0.06 and 20% CH, in 
solid xenon at 8 OK. 

Concentration ,% 

FIG. 5. Frequencies of the R(O), Q, and P(l) lines 
of methane in crystalline krypton as a function of the 
methane concentration, at 8 OK. 

lattice, the repulsive forces acting on the molecule 
augment in argon and in krypton, but diminish 
inxenon.This isprecisely what ispredictedfor these 
mixed crystals if a r?~olecule occupies a substitu- Frequency, cm-' 
tional cavity createdby the displacement of a noble 

FIG. 6, The v3 vibration band of 0.06% CD, in 
gas atotn. The diameters of the holes formed by crystalline krypton, at  8 OK. 
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CHAMBERLAND ET AL.: ON METHANE - NOBLE GAS MIXED CRYSTALS 

TABLE 3 
Intensities of the vibration-rotation transitions of freely rotating 

methane molecules 

Intensity 

With spin equilibration Without spin equilibration 

4.4"K 8 .8  "K 17.6 "K 17.6 "K 40.OoK 75 "K 

980 990 1000 

Frequency, crn- '  
FIG. 7. The v4 vibration band of 0.06% CD4 in 

crystalline krypton, at 8 OK. 

shape. At the higher temperatures, the bands are 
unsymmetrical, the high-frequency side being 
wider and more intense. Such an observation is 
consistent with the concept of rotation, since the 
R branchis always more intense than the P branch 

(see Table 3). There is, however, a difficulty: the 
band center grows too rapidly in comparison 
with the wings. There does not seem to be an easy 
answer to this problem, but several factors may 
contribute to this phenomenon if a barrier 
opposing rotation exists in these solids as indi- 
cated from earlier studies (2, 5). For example, 
theoretical calculations for a tetrahedral molecule 
undergoing rotation in an octahedral field indi- 
cate that the splitting of the rotational levels in- 
creases with increasing J and that some sublevels 
converge to the J = 0 state (6). Also of importance 
is the fact that, as the temperature is raised, the 
vibrational amplitude of the lattice increases, 
possibly modifying the interactions between the 
atoms and the molecules. Thus we can summarize 
by  stating that the molecules trapped in crystals 
of the noble gases undergo some type of quantized 
rotational motion; the departure from free rotation 
is certainly much inore evident at the higher tem- 
peratures, indicating that the levels having high 
J numbers are more perturbed than those with low 
J. Agreement between experimental and theo- 
retical (6) data is only qualitative. 

B. The Influence of the C H ,  Concentration 
Argon, krypton, xenon, and CH, all crystallize 

in the f.c.c. lattice, although it has been shown 
that the close-packed hexagonal structure can be 
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obtained as a metastable phase for pure argon, 
or as a stable phase, near the melting point, in 
certain argon-based solid solutions (12). For the 
methane-argon system, it was recently shown that 
the crystal structure is f.c.c. (8). At least for the 
mixed crystals with low CH, concentrations 
discussed in the previous section, it can be con- 
sidered established that the structure is f.c.c. and 
that the molecules occupy substitutional cavities. 
We wish now to find out what happens to  the f.c.c. 
lattice when the concentration of methane is 
increased and if possible find out something about 
the distribution of the molecules within the mixed 
crystal. The three systems under investigation 
have shown widely different behavior with 
respect to the concentration, as shown in Figs. 
2 to 5, although their spectra a t  low concentration 
have revealed identical structures. 

In the argon-methane system, the v, vibration 
band of CH4 clearly demonstrates that at  con- 
centrations of CH, as low as 3%, the solid has 
modified its structure; the lines resolved at  
0.06% have collapsed. The band shape and the 
frequency at  maximum intensity coincide with 
those of an amorphous solid of very low solute 
concentration, easily obtained with the spray 
technique by slow deposition at very low tempera- 
ture without annealing. At 20% CH,, and even 
more so a t  35%, the band narrows and the fre- 
quency at  maximum intensity moves close to that 
of pure solid CH,. It seems that microcrystals of 
pure CH, are being formed and that a two-phase 
system is obtained; this deduction is consistent 
with the results obtained from X-ray diffraction 
studies (8). 

The methane-krypton system shows a more 
intricate behavior. As the CH, concentration is 
increased in the range 0.06 to lo%, no modifica- 
tion of the spectrum was observed except for a 
small low-frequency shift (see Fig. 5). This shift 
arises from lattice expansion resulting from the 
introduction of slightly larger species in the 
matrix. In the range 10-14% CH,, the line labelled 
R(0) undergoes a very rapid displacement, while 
the three other lines are simply subjected to the 
low-frequency shift just discussed; it may seem 
that the Q line is subjected to a larger shift than 
R(1) or P(l), but closer examination reveals that 
this effect results frcm an increased overlapping 
of that line with the very strong R(0) component. 
In the range from 14 to 35% (and very likely up 
to 50%), all lines are again shifted slowly to lower 

frequencies as the lattice expands. An additional 
experiment with a crystal containing 55% CH, 
has yielded a spectrum showing major modifi- 
cations. 

We now have to justify why the R(0) line was 
influenced differently from the others. The an- 
swer to this question lies in the fact that this line 
and only this line (since the 0-0 transition is for- 
bidden) originates from nonrotating molecules 
in the ground vibrational state. I t  seems reason- 
able to  believe that these nonrotating molecules 
will interact with the surroundings differently 
from those in the J = 1 or higher states. In other 
words, these molecules may orient themselves 
in the direction of maximum interaction. Thus, a 
modification of the structure of the mixed crystal 
may very well manifest itself differently on R(0) 
than on R(1), Q(l), or P(1). 

For a random distribution of the molecules 
over the lattice sites, major modifications of the 
v, vibration band are expected in the low concen- 
tration range. This is contrary to our findings. I t  
has already been shown that while very few 
molecules are located on adjacent sites a t  a con- 
centration of 0.06% CH,, 25% of them are paired 
at  5% CH, (13). Molecules on adjacent sites 
would certainly have a different spectrum than 
those truly isolated. W e  are led to concl~lde that 
the distribution is tzot randoin and we have to $nd 
an array consistent with the observed spectral 
changes. It need not surprise us to find that the 
molecules are distributed in an ordered manner 
in these crystals since intuitively it appears to be 
an arrangement that minimizes the strain energy. 
Let us consider what happens when molecules 
enter the krypton crystal: the molecule, larger 
than the available substitutional cavities, will 
displace the surrounding atoms, creating strain 
in a given region of the crystal. If another 
molecule is introduced in the immediate vicinity 
of the first one, the strain introduced is expected 
to be larger than that created by the first molecule, 
since the crystal was already distorted in that 
region. On the contrary, if the molecule migrates 
to an undistorted portion of the solid, it will 
create a repetition of the first phenomenon. I t  
seems that the lowering of the repulsive forces 
obtained by this regular distribution is high 
enough to compensate for the loss in entropy. 

Something may be learned about the "orga- 
nized distribution" of the molecules over the 
lattice sites from a discussion of the observed 
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irregular displacements of the CH, R(0) line in 
the krypton crystal. Several arrays of the mole- 
cules could produce the spectral changes found 
at  a 12.5% CH, concentration, but if the structure 
of the mixed crystal remains f.c.c. at  these con- 
centrations, the molecules have to occupy fourth 
nearest neighbor sites separated by a distance 
2 J2ao (where a,  is the length of the cube edge 
of the primitive cell). After 12.5% of the sites are 
filled, the spectrum is expected to  be very sensitive 
to the introduction of more CH,, since each 
additional molecule creates six next-nearest 
neighbors which interact with each other. Such 
a model, although very attractive, has to be 
abandoned for the higher concentrations, since 
it predicts additional spectral changes a t  25% 
CH, and it fails to  account for those observed at  
50%. Amongst the structures consistent with a 
change at  a concentration of 50% CH,, the most 
appealing ones seem to be the sodium chloride 
and cesium chloride lattices, where the anions 
are the molecules and the cations the atoms or 
vice versa. In the sodium chloride lattice, the 
anions occupy a set of f.c.c. sites and the cations 
another set. The structure of the "mixed crystal" 
is simple cubic. The most usual way to  look at  it 
is to consider the chloride ions on a f.c.c. lattice 
and the sodium ions in its octahedral cavities. In 
the methane-krypton system, since both species 
have about the same diameter, the noble-gas 
lattice has to be expanded in order to accom- 
modate the molecules or a structural transfor- 
mation occurs and the structure becomes sim- 
ple cubic or body-centered cubic. In both cases, 
there are no pairs formed at  concentrations as 
high as 50%, but in the first case at exactly 50% 
CH, the molecules are surrounded by six atoms, 
while they are surrounded by eight in the second. 
These suggestions may be regarded as highly 
speculative; nevertheless the observed spectral 
changes taking place upon increasing the methane 
concentration require structural modifications. 
X-Ray diffraction studies of the CH,-Kr system 
seem most desirable and promise to be more 
informative than those on the CH,-Ar (8) or 
CH4-Xe mixed crystals. 

The CH,-Xe system was not as thoroughly 
investigated as the other two; nevertheless, the 
results obtained are interesting. The spectrum of 
the 0.06% CH, solution was identical to that of 
the 20%, except for a slight broadening of the 
lines which seems at  least partly responsible for 

the loss of the R(l )  feature. I t  is therefore believed 
that no major changes of structure occurred 
within that range of methane concentration. 
However, this spectrum is possibly less sensitive 
to structural modifications because the molecules 
fit loosely into the substitutional cavities. 

C. The "Additional Lines" Observed for Micro- 
crystals Forined by the Spray Technique 

In an earlier paper (2), "additional lines" 
were reported to be found in the v, vibration 
band of methane dispersed in argon and krypton 
crystals. In argon, a line was found at  3033 cm-' 
and a band with some structure appeared on the 
low-frequency side of the main components; in 
the krypton crystal, only one "additional line" 
was seen, at 3022 cm-'. None of these was ever 
detected when the crystals were grown slowly 
from the liquid, but instead the four-line pattern 
always showed up exclusively. 

We wish to discuss the origin of the additional 
features, starting with the prominent band of the 
argon system that develops (2) during the 
annealing process and which was believed to be 
caused by diffusion inside the matrix. In view of 
the results reported in this paper, it becomes 
clear that this interpretation is erroneous. Since 
this band is never found with closed cells, it 
appears to result from preferential sublimation 
of the most volatile component (argon) from the 
surface of the film when the temperature is raised 
to the temperatures of annealing. Thus we con- 
clude that this band results from microcrystals at  
the surface of the film. 

The nature of the 3022 cm-' line found in 
krypton and the 3033 cm-' line found in argon 
is certainly different from that of the prominent 
band. These two lines are likely to have the same 
origin. Their intensities and positions are not 
exactly reproducible from run to  run (ref. 14 and 
unpublished data from this laboratory). We 
have shown, in a previous section, that only the 
line labelled R(0) was highly sensitive to the 
methane concentration (see Fig. 5). Few experi- 
ments were carried out with the argon system, 
but a large number with the krypton system; the 
position of the additional lines was always in the 
range of the R(0) frequencies found with various 
CH, concentrations. Since the spectrum of the 
xenon system has been shown to be insensitive 
to methane concentration in the range 0.06-20%, 
it should not show the additional line when the 
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crystals are prepared from a spray. This is pre- 
cisely what is observed. I t  is thus concluded that 
the microcrystals obtained with the spray 
technique are inhomogeneous, some portions 
having high concentrations of molecules while 
others will have low concentrations. 

D. The Vibration-Rotation Band of CD, in the 
CD,-Krypton System 

The crystals grown from liquid solutions 
yielded reproducible spectra of higher quality 
than those resulting from films prepared from a 
spray. v, and v, now show identical features 
(Figs. 6 and 7), labelled from high to low frequen- 
cies, R(2), R(l), R(O), Q, P(1), and P(2). The 
measured intensities of the seven lilies agree 
rather well with those calc~tlated for a free 
rotator assuming complete spin equilibration 
and a temperature close to 5 OK. The discrepan- 
cies probably result from incomplete equilibra- 
tion. These spectra confirm the rotational nature 
of the fine structure proposed earlier. For this 
reason, it may be interesting to compare the 
frequency spacings observed in the matrix to 
those between the rotational levels of CD, in the 
gas phase. 

The gas-phase spacing for v, of CD, is about 
2B(1 - 5,) = 4.5cm-', while that forv,is 2B(1- 
5,) = 3.5 cm-'  (15). The measured values for v, 
of CD, in solid krypton are: R(2) - R(l) = 2.4 
cm-', R( l )  - R(0) = 1.9 cm-', R(0) - Q = 3.5 
cm-', Q - P(l) = 3.4cm-', and P(l) - P(2) = 
3.9 cm-'. Inv,, R(2) - R(1) = 2.4cm-', R(l) - 
R(0) = 1.6 cm-', R(0) - Q = 2.5 cm-', 
Q - P(1) = 2.5 cm-', and P(l) - P(2) = 2.5 
cni-'. Hence it is clear that the matrix does 
decrease the separations between successive 
rotational levels. However, it seems appropriate 
to correct for the effects of the Coriolis coupling 
in order to compare directly the gas-phase 
spacings to those observed in the matrix for the 
v, and v, vibration-rotation bands. This cor- 
rection will be carried out in the usual manner 
(16) with the approximation used previously (5). 
The following combination differences, written 
in a form appropriate for the gas phase are 
needed 

From these combination differences, appropriate 
corrections to tlie observed spacings in tlie matrix 
can be made and thus one obtains the energy- 
level differeiices for CD, in the matrix, free from 
Coriolis interaction. Table 4 summarizes the 
results. I t  can be seen that the energy-level 
differences as determined from either v, orv, are 
roughly equal for both vibrational states. The 
crystal field reduces all tlie spacings and it seems 
to be more important for the excited vibratioiial 
state than for the ground state. 

TABLE 4 
Rotational energy-level differences for CD4, 

corrected for Coriolis co~~p l ing  

Energy-level difference, cm-' 

Gas phase Matrix 

F,(J + 1)  - F,(J) v3 and v4 v3 v4 

Conclusions 
The methane molec~iles occupy substitutional 

cavities in any of the solid noble gases when the 
concentratioii of inethane is low enough; the 
limit of solute concentration is different for the 
three noble gases used. The temperature-depen- 
dence study shows that the motion of the mole- 
cules is more complex than free rotation and that 
the high rotational levels J 3 2 are more highly 
perturbed than the two lowest ones. The aggrega- 
tion of the molecules as a possible cause of the 
fine structure has to be definitively ruled out. The 
influence of the methane concentration on the 
structures of the three systems is different; this is 
likely the result of the strain energy, which is 
highly different in the three different mixed 
crystals. X-Ray diffraction studies of the 
methane-krypton system are needed; more 
information about intermolecular forces should 
be obtained from this system than from the 
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methane-argon or methane-xenon mixed crys- 
tals. As regards the thin films deposited on a cold 
plate suspended in vacuum, it has been shown 
that their composition or structure, or both, are 
not uniform over the entire sample. Raman 
spectra of solutions with low CH4 concentrations 
will be reinvestigated. Using the high-power 
lasers now available, it should be possible to 
obtain spectra of much higher quality than those 
reported previously (4). Because of the different 
selection rules, such spectra would certainly be 
very useful to the solution of the problems dis- 
cussed in this paper. 

Generous financial assistance from the National 
Research Council of Canada is acknowledged. We are 
grateful to Professor G. E. Ewing for helpfill discussions 
and to Professor S. Kimel for sending us preprints of 
his papers. 
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Thermal decomposition of methyl azidel 

M. S. O'DELL, JR.' AND B. DEB. DARWENT 
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The thermal decomposition of gaseous methyl azide has been investigated at conversions of less than 
1 % at 155, 170, and 200 "C. The reaction has been shown to be homogeneous and unimolecular, the 
first-order rate constant being k,,' = 2.85 x 1014 exp -(40 5001RT). The decomposition results in the 
formation of CH3N(X3Z-) and N2(X1Z,+). The CH3N(X3C-) d o  not react with CH3N3 to produce 
N2, but d o  form a polymer of composition similar to hexamethylene tetramine and also react wlth 
olefins. The major products are N2  and polymer; small amounts of H 2  and CH4, but no C2H6, are 
formed. 

Canadian Journal of Chemistry, 48, 1140 (1970) 

Introduction 
The early investigations (1, 2) of the thermal 

decomposition of methyl azide showed the reac- 
tion to be homogeneous and of the first order. 
However, those investigations were conducted at 
rather high conversions (20-60 %), and the com- 
plexity of the products (N,, NH,, C,H,, C,H,) 
was such that secondary reactions may have been 
important. It is therefore not clear whether the 
process is truly unimolecular or that short chains 
were not present. A subsequent investigation (3) 
was more concerned with the possibility of 
stabilizing the methyl imino radical (CH,N) than 
with the details of the decomposition. 

A recent investigation (4) of the photochemical 
decomposition showed that a short chain, carried 
by CH,N, was present and led to a quantum 
yield of two or slightly higher. 

The thermal decomposition of methyl azide 
has been re-investigated at low conversion and 
the effects of olefins, as free-radical scavengers, 
and of the surface studied. These experiments 
have shed light on the details of the thermal 
decomposition and the nature of the CH,N 
radicals. 

Experimental 
A. Apparatlis 

The apparatus was an all-glass, conventionally designed 
gas kinetic system. Special precautions were taken to  
exclude mercury from that portion of the system in which 

'This research was supported by the U.S. Army 
Engineer Research and Development Laboratories, Corps 
of Engineers, Fort Belvoir, Virginia under Contract No. 
DA-44-009-AMC-516 (T) with the Catholic University of 
America. 

2Abstracted from a Dissertation submitted by M. S. 
O'Dell, Jr., to the Graduate School of Arts and Sciences 
in partial fulfillment of the requirements for the Ph.D. 
degree of the Catholic University of America. 

the azide was to be handled, since contamination by 
mercury could lead to the formation of an easily detonated 
product (5). 

The reaction vessel was a Pyrex bulb of 397-m1 
capacity with a surface-to-volume ratio of 0.68 cm-I ; the 
temperature was maintained constant, to within 0.2 "C, 
by a temperature controller. These sections of the appa- 
ratus were evacuated by a three-stage oil diffusion pump 
backed by a rotary pump, and were capable of maintain- 
ing a vacuum of at least mm Hg. 

The analytical section was the only portion of the 
apparatus that contained mercury. I t  consisted of a 
Toepler pump - gas buret, a McLeod gauge, and a 
mercury manometer. A two-stage mercury diffusion 
pump backed by a separate rotary pump was used to 
evacuate this section. The analytical section connected 
through a trap and a stopcock to the low vacuum side of a 
single-stage oil diffusion pump, the high vacuum side of 
which connected to the reaction section of the mercury- 
free system. The stopcock was opened only after the trap 
had been immersed in liquid nitrogen (or C02-acetone 
mixture) and the diffusion pump turned on. 

A Bourdon-type Pyrex spiral gauge, having a sensitivity 
of k0.1 mm Hg and capable of withstanding + 1.0 atm 
differentials, was used as a null instrument in measuring 
the pressure of gases. A CEC Model 21 620-A mass 
spectrometer, a Perkin-Elmer infracord spectrometer, 
and a gas chromatograph were used for analysis and 
identification of products. 

B. Materials 
The methyl azide was prepared by the methylation of 

a slightly alkaline solution of sodium azide in a manner 
very similar to the original procedure of Dimroth and 
Wislicenus (6) and its modifications (3). I t  was found that 
yields were greatly facilitated if the azide was distilled 
from the alkaline medium in an  open system protected 
from the moisture of the atmosphere by a short tube con- 
taining anhydrous calcium chloride. The fraction distilling 
from a Vigreaux column at 20-21 "C was transferred to 
the purification section of the vacuum system, and further 
purified by trap-to-trap distillation. The middle third 
fraction distilling from a -78 "C bath was retained. The 
methyl azide was analyzed by both mass spectrometry 
and gas chromatography before use. Occasionally further 
distillation from -78 "C bath was necessary to remove 
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a n  impurity which appeared as a mass 44 peak. I t  was 
found that each of eight different preparations gave rates 
of production of nitrogen that were identical within 2 % 
under the same conditions. As a precautionary measure, 
only a small portion of a given preparation was stored on 
the vacuum system in a blackened bulb, while the re- 
mainder was stored in a separate flask at  -78 "C, away 
from the system and shielded from light. 

The carbon dioxide, ethylene, and propylene were 
Matheson research grade specimens and, after purifica- 
tion by trap-to-trap distillation and mass spectral analysis, 
were used without further treatment. 

C.  Techrzique and Analysis 
The required pressure of azide was transferred to  a 

precisely known and variable volume and then a portion 
was admitted to the reaction vessel. The amount of azide 
admitted was calculated from the change in pressure in 
the known volume. A similar technique was used for 
mixtures of azide and other gases and, in those experi- 
ments, analysis of the mixture before and after expansion 
showed that there had not been any detectable alteration 
in the composition of the mixture due, for example, to 
different diffusion rates of the components. 

At the end of the decomposition, the reaction vessel 
was opened to two traps in series, cooled in liquid 
nitrogen, and then to a small oil diffusion pump and the 
Toepler pump - gas buret. The traps were then isolated 
from the reaction vessel and their contents thawed and 
frozen until all the uncondensable gas had been removed. 

Synthetic mixtures containing nitrogen, hydrogen, and 
methane were prepared for calibration of the mass 
spectrometer. The ratios of the sensitivities of mass 
numbers 2:28 and 16:28 were calculated from the ob- 
served peak heights of the standard mixtures. The uncon- 
densable fractions were analyzed by the mass spectrom- 
eter, and the peak heights of mass numbers 2, 16, and 28 
corrected for their leak rates. With these measurements 
and the ratios of the sensitivities obtained from the 
standard mixtures, the ratios of hydrogenlnitrogen and 
methanelnitrogen in the products were calculated. 

The condensable fractions were warmed to - 155 "C, 
and the distillate collected at  liquid-nitrogen temperature. 
The container was transferred to  the gas chromatograph 
for analysis on a 3-ft silica gel column at 70  OC for the 
presence of any C2 fraction in the products. The residue 
from the -155 "C fractionation was then warmed to  
room temperature and the distillate collected a t  liquid- 
nitrogen temperature. The sample was analyzed on a 3-ft 
Silicone (Dow-Corning 203) - Chromosorb W column at 
25 "C. This column had previously been found satis- 
factory for the separation of all the expected products in 
the room temperature fraction from the decomposition 
of methyl azide. 

After several decompositions, a solid product was 
found in the trap nearest the reaction vessel. That trap 
was sealed off under vacuum and the product analyzed 
for carbon and hydrogen. 

The remaining procedure for the foreign gas mixtures 
was the same as in the case of the azide alone, except that 
with the azide-ethylene mixtures it was necessary to re- 
move traces of ethylene from the uncondensable fraction 
before final measurement in the gas buret. This was 
accomplished by admitting the gases to a small U-shaped 

trap immersed in liquid nitrogen and expanding back into 
the buret. With this procedure, no peak due to the 
presence of ethylene was observed in the spectra of the 
uncondensable fractions. 

Results 
A. Products 

The uncondensable gases were found to consist 
mainly of nitrogen, with small amounts of hy- 
drogen and methane. The hydrogen ranged from 
6 % of the nitrogen at the lowest pressure, to less 
than 1 % at the highest pressure studied. Methane 
was less than 2% of the nitrogen and this ratio 
remained essentially constant over the entire 
pressure range. 

Neither ethane nor ethylene was found in the 
- 155 "C distillate. Either would have been de- 
tected if it had been present to the extent of 5 % 
of the nitrogen. The residue of the - 155" frac- 
tionation yielded only a trace of a component 
identifiable as HCN by its retention time on the 
Silicone - Chromosorb W column, and then only 
after collecting the products from several low- 
pressure runs. Neither HN, nor NH, was de- 
tected chromatographically in the - 155" residue. 
While the column used was efficient in separating 
HN, and CH,N, in mixtures of proportions of 
1 :9 HN,/CH,N, in the presence of a very large 
excess of CH,N,, as was the case in these experi- 
ments, tailing of the CH,N, obscured the HN, 
peak. Hence HN, may have been produced in 
this reaction. 

Two white solid products were formed. One 
was found deposited on the walls of the trap into 
which the decomposition mixture was first ex- 
panded. It appeared to be of low vapor pressure, 
and remained on the walls after being pumped on 
at room temperature for several hours. It was not 
sublimed by a boiling water bath, but did decom- 
pose when warmed by a soft flame. The products 
of that decomposition were nitrogen, hydrogen, 
and methane in poorly reproducible ratios. The 
trap was sealed off under vacuum and the 
material subjected to elemental analysis. Assum- 
ing the material to consist solely of carbon, 
hydrogen, and nitrogen, the analysis was 53.06% 
carbon, 8.97% hydrogen, and, by difference, 
37.97% nitrogen. Since the amount of product 
obtainable for analysis was small (only 0.63 mg) 
the error in the analysis may be as high as 5 %. 
This sample was the accumulated product from a 
large number of runs. Further attempts to obtain 
stoichiometric results were abandoned when it 
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FIG. 1. The effects of concentration of azide, 0; increased surface, 0 ;  propene, A; and ethylene, 0, on the rate 
of formation of N, at 200 "C. [C3H,]/[CH3N3] = 1.0; [C,H,]/[CH3N3] = 0.10. 

FIG. 2. The effects of concentration of azide, 0; increased surface, 0 ;  propene, A; and ethylene, 0, on the 
rate of formation of HZ at 200 "C. [Olefin]/[azide] = 1.0. 

was observed that a portion of the polymer re- 
mained in the dead space of the reaction vessel. 

The other solid material was deposited on the 
walls throughout the sections of the apparatus to 
which the products of the decomposition were 
exposed. It was also deposited on the walls of the 
gas buret and so was more volatile than the solid 
found on the walls of the first trap. The analysis 
of this substance was not feasible. 

B. Rates 
The effect of time on the rates of formation of 

N,, CH,, and Hz was investigated at 22 mm of 
azide and at 200 "C. The rate of formation of N, 

was independent of time up to 20 min (4 % con- 
version) and the ratios H,/N, and CH4/N, were 
also independent of time; the values of these 
ratios were2.3 $. 0.2 x 10-,and 1.5 $. 0.2 x lo-,, 
respectively. 

The effects of concentration of azide (C), 
surface-to-volume ratio (S/ V), and free-radical 
scavengers (C,H4, C,H,) were investigated a t  
small conversion (< 1 %) at 200 "C. The results 
of these experiments are presented in Figs. 1 and 
2. From Fig. 1, it is evident that the rate of forma- 
tion of N, (R,,) is approximately directly pro- 
portional to C at  large C and deviates from 
linearity at  low C as expected for a unimolecular 
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TABLE 1 
Effect of concentration and surface/volume ratio on the rate of the thermal 

decomposition of CH3N, at 200 "C 

Decom- Rate (N,) 
Concentration position (wmolemi'.l [H2]/[Nz] [CHdI/[N2] kun! 
(wmole ml-') ( %) s-I x loG) ( x  lo2) ( x  lo2) (s-' x lo5) 

'Packed reaction vessel; S/V = 12.7. 

reaction in the "fallen-off" region; the rate is also 
independent of S/V, of the addition of C3H6 
equal to C, and of small amounts of C2H4. The 
addition of larger amounts of C2H4 increased 
RNI significantly. From these data we may con- 
clude that the reaction is homogeneous and that 
chains are unimportant. One noticeable effect of 
the addition of C,H4 was that the formation of 
polymer was suppressed. The fact that the poly- 
mer was not formed suggests that some other 
product, e.g., N-methyl ethylene imine, should 
have been produced. We were unable to detect 
such compounds, possibly due to the formation 
of the quaternary ammonium azide by reaction 
with the excess azide present. 

Although RN2 was unaffected by S/V or 
scavengers, the ratio H,/N, was drastically in- 
fluenced by these changes (Fig. 2). Thus H,/N, 
was decreased significantly by increasing C and 
S/V and by the addition of olefins. Although 
these data are not of the highest precision, it is 
evident that C,H, is more effective than C3H6 
and that the surface plays an important role in the 
formation of Hz. 

The ratio CH4/N, appeared to be completely 
unaffected by C or S/V, but it was reduced by the 
addition of olefins. 

These experiments were restricted to conver- 
sions of less than 1 %, so that C remained essen- 

tially constant and the rates were quite accurately 
the initial values. Accordingly, the order of the 
reaction could be determined by plotting log RN2 
against log C. Those plots (Fig. 3) are quite 
accurately linear and lead to reaction orders of 
1.08, 1.10, and 1.06 at 200, 170, and 155 "C, 
respectively, and suggest that the reaction is of 
first order at all temperatures investigated. The 
values on which these plots were based are given 
in Tables 1 and 2. 

The limiting values for k,, the defined first- 
order rate constant for the formation of N,, were 
determined by the method suggested by Johnston 
(7) in which k was plotted as a function of 1/C. 
These plots (Fig. 4) were satisfactorily linear at 
high C and gave values of 3.47 x 1.67 x 

and 3.21 x s-' for k, at 155, 170, 
and 200 "C, respectively. The Arrhenius plot of 
these values (Fig. 5) was also linear and leads to 
k, = 2.85 x 1014 exp -(40 800/RT). 

Although the reaction was not investigated 
over a very wide range of pressures (only between 
7 and 350 mm) the solution of Kassel's integral 
suggests that 11 + 1 oscillators were effective. 
This number did not change with temperature. 

Discussion 
The results of this investigation show that the 

thermal decomposition of methyl azide is quite 
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.4 4 0  obeyed, with more or less precision, at all three 
temperatures. 

Since an increase in S/ V decreases the value of 
- 1  0 0  - [H,]/[N,], it is evident that, if reactions [2] and 

[3] adequately explain the formation of polymer 
and H,, the combination of the radicals [2] must 

9 
M 

-1 1 0  - occur, at least partially, on the walls, but a t  a rate 
- that is second order in [CH,N] in the gas. One 

explanation of this requirement is that the surface 
d . O O  - be sparsely covered and that the combination 

occur between two adsorbed radicals. Polymer- 
ization may then proceed, not through the re- 

- 6 5 0  - peated addition of CH,N to (CH,N),(ads), but 

2 to 2 2 0  2 JO by repeated combinations of (CH,N),(ads). 
IO~IT,-X-'  The fact that no C2H6 could be detected 

FIG. 5. Arrhenius plot of k, vs. 1/T. analytically requires the CH, to be formed 
directly as such and not by reactions of CH, 

tion of the polymer suggests strongly that CH3N with, e.g., CH,N,. The reaction 
do not react with CH,N, to produce N,, as they 

CH3 f CH3Nj -+ CH4 f CH2N3 do in the photochemical decomposition of methyl 
azide (4), but combine with each other is expected to be slow, especially at the lower tem- 

[21 2CH3N -> (CHSN), peratures and pressures, so that some detectable 
C,H6 should have been formed under those con- 

with subsequent f~rmat ion  of the polymer, or ditions. Furthermore, the ratio [CH4]/[N2] is 
react with added olefins, possibly by addition to independent of T, C, and S/V, so that the CH, 
the double bond. This is consistent with the 
ability of olefins to inhibit the formation of the 

R -112 - V l  m l  ' R  ,I,, 

polymer. loo Zoo , 1~~ 4 0 0  300 

The most probable source of H, is the decom- 6 a 

position of CH,N 

[3 1 CH3N + Hz f HCN J o 

and this is supported by the fact that HCN was 
identified in the products, though in very small 

4 0 

amounts. The application of the usual steady- 
state assumption to the above three reactions 
leads to 3.0  - 
d[CH,N]/dt = 0 = klC - . Z" - 

- k, [CH3NI2 - k, [CH,N] 2 0  2 
3 0 0 

Even though the estimation of the polymer is not 
possible, the material balance requires that the 1 0  

rate of disappearance of CH,N to form the -; 2 0  

polymer be about equal to the rate of formation 5 O 

of N,, since the only other detectable products 
r 1 0  (H,, CH,) were much less than N,. Accordingly, Q 

reaction [3] will be much slower than reaction 
[2], so that [CH,N] z (k ,~ /k , ) ' /~  or o 

0 1 0 0  1 0 0 0  I 1 0 0  Z O O 0  

[41 RH,/RN, = (k3/k21/2)RN,- 
R -ve ,  *",-1/t ",I 112 , *, 

FIG. 6. The effect of concentration (RN2) on the ratio 
The [H21/[N21 is as a [v2][/N2]: 0, 200 "C; A, 170 Oc; 0, 155 O c .  Filled 
R ~ 2  

in Fig. 6 and eq. [4] is shown to be c~rcles: data from packed vessel at 200 "C. 
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TABLE 3 

Composition of the polymers formed by the thermal and photochemical decomposition of CH3N3 

Thermal 

Rice and 
Hexamethylene- Photochemical Grelecki Present 

Analysis for CH3N tetramine (ref. 4) (ref. 3) investigation 

must have been formed by a reaction of the same 
type and order as the principal means of dis- 
appearance of CH,N. This requires CH, to be 
formed by 

(wall) 
[4 1 2CH3N - CH4 + CH2N2 

where CH,N, may be diazomethane or diazirine 
or some absorbed species. This substance would 
have been formed in small amounts, approxi- 
mately equivalent to CH,, or 1.5% of the N,, 
and could easily have escaped detection. 

The elemental analysis (Table 3) shows that 
the polymer has the approximate composition 
(CH,),N, or a higher polymer of similar com- 
position. It is similar to that reported by Rice and 
Grelecki (3) but is obviously very different from 
the photochemically produced polymer. 

Some information concerning the details of the 
decomposition process [l ] and the nature of the 
CH3N may be obtained from the present data. 
Since there is no information about the bond dis- 
sociation energy of CH,N-N, and the triplet- 
singlet separations of CH,N, we assume that they 
are not very different from those in HN,. Adopt- 
ing the values given by Okabe (8) for HN, and 
assuming they are about the same for CH,N,, 
we have 

[la] CH3N3 J CH3N(X3Z-) + N2(X1Zs+) 
AH = 9.5 kcal mole-' 

[lb] CH3N3 J CH3N(a1A) + N2(X1Zg+) 
AH = 46.5 kcal mole-' 

[lc] CH3N3 J CH3N(b1Z+) + N2(X1Zg+) 
AH = 71.0 kcal mole-' 

The value of E (40.5 kcal mole-') found in the 
present experiments rules out the possibility of 
reaction [lc] but, in view of the uncertainty in 
transposing the values for HN, to CH,N,, we 
cannot eliminate reaction [lb] on the basis of 
energy, since AH for that process may well be as 

low as 40 kcal mole-'. However, even such a low 
value of AH would require the reverse reaction to 
have little or no activation energy, so that the 
reaction may exhibit some of the characteristics 
of a first-order reaction opposed by a second- 
order reaction. A mechanism based on reactions 
[I], [- 11, and [2], assuming a steady state 
in [CH,N] and also that k 2 [ C ~ , N I 2  >> 
k-, [CH,N] [N,], leads to 

If the rate of reaction [- I ] were at all comparable 
to that of reaction [I], the reaction should depart 
from first-order behavior at high conversion. The 
earlier work (2) did not show any detectable de- 
parture from first-order kinetics up to 60 % con- 
version. This suggests that reaction [- 11 is un- 
important and, if a rapid reaction [- 11 is a 
necessary consequence to reaction [lb], that the 
initial decomposition is by reaction [la], even 
though the process is spectroscopically forbidden. 

A more compelling reason for preferring reac- 
tion [la] to [lb] is obtained by contrasting the 
reactivities of CH,N produced thermally and 
photochemically (4). The photochemical radicals 
react readily with both CH,N, and C2H4, and the 
addition of quite small concentrations of C2H4 
decreased the quantum yield of N, by a factor of 
two. The thermal CH,N also react with olefins, 
since the polymerization is inhibited by C,H,, 
but do not react with CH,N, to produce N,, 
since the rate of N, is unaffected by small amounts 
of olefins. The selection rules are much more 
stringent for the photochemical than for the 
thermal process and much more energy (85-1 12 
kcal mole- ') was available in the former. Accord- 
ingly, the photochemical CH,N were very prob- 
ably (alA) or (blC+), and we conclude that the 
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O'DELL, JR. AND DARWENT: THERMAL DECOMPOSITION OF METHYL AZIDE 1147 

unreactive thermal radicals were in the (x3C-) 
ground state. 

The magnitude of the frequency factor (ca. 
3 x 1014 s-l)  appears, at first sight, to be in- 
consistent with a forbidden process. However, 
frequency factors in the range 1015-1017 s-'  have 
been reported for many unimolecular decom- 
positions, so that the frequency factor is not 
inconsistent with a value in the range 1 0 ~ ~ - 1 0 ' ~  
s -  l ,  coupled with a transmission coefficient in the 
range 10-'-10-3, as would be expected in a sys- 
tem of light atoms that reacts contrary to the 
selection rules. This suggests that the singlet sur- 
face of CH3N3, which connects with CH3N(a1A) 

and N,(XIC,+), is intersected by a triplet, prob- 
ably repulsive, surface at about 40.5 kcal above 
the zero-point energy of the ground state. 
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Oxidation of ascorbic acid by osmium(VII1) 

U. S. MEHROTRA AND S. P. MUSHRAN 
Departrne~zt of Chemistry, University qf Allahabad, Allahabad, India 

Received May 29, 1969 

Reduction of osmium(VII1) by ascorbic acid has been studied in the presence of hydrochloric acid. 
The reaction is found to be directly proportional to the concentration of ascorbic acid and osmium(VII1) 
and to the reciprocal of the hydrogen ion concentration. In the proposed mechanism, the reacting 
species have been shown to be perperosmic acid and ascorbate ion; this was supported by the negligible 
effect of the ionic strength. Influence of temperature was studied in the range 25-40 "C, and the energy 
and entropy of activation were calculated as 14.1 f 0.2 kcal mole-' and -8.6 + 0.1 e.u., respectively. 
Osmium(1V) was found to be a product of the reaction. 
Canadian Journal of Chemistry, 48, 1148 (1970) 

Introduction 

Osmium tetroxide has been extensively used as 
an oxidizing agent as well as a catalyst. Like all 
platinum metals, osmium(V111) has been found 
to catalyze many organic and inorganic oxidation 
processes. Solymosi and Csik (1) have described 
osmium tetroxide as a general catalyst for all 
oxidations involving hexacyano-ferrate(II1) as 
the oxidant. Its catalytic role has been explained 
through the intermediate formation of osmium- 
(VI) (2). 

Criegee (3) studied the oxidation by osmium- 
(VIII) of some organic compounds in alkaline 
media and showed that the oxidant was reduced 
to osmium(V1). Cook and Schoental (4) investi- 
gated the oxidation of anthracene by osmium 
tetroxide and found a brown ester complex 
formed in a slow process, as the product. 
Osmium(VII1) has been found to oxidize several 
pyrimidine nucleosides at different rates but no 
kinetic conclusion could be drawn from this 
investigation (5).  

Osmium tetroxide dissolves in an alkaline 
medium, giving a red-brown solution which 
becomes colorless in the presence of mineral acid 
due to the formation of perperosmic acid (6) 
(H,OsO,). In the present investigation, the 
kinetics of the reduction of octavalent osmium by 
ascorbic acid in an acidic medium has been 
reported. 

Experimental 
An aqueous solution of osmium tetroxide was prepared 

by dissolving a Johnson-Mathey sample of the reagent 
in 5 x lo-' M sodium hydroxide solution; it was 
standardized iodometrically using a starch indicator. An 
aqueous solution of ascorbic acid was prepared fresh 
from a G.R., S. Merck sample of the reagent; it was 
titrated against a standard iodine solution using a starch 

indicator. All other reagents were of analytical grade. 
Doubly distilled water from a glass still was employed. 
Reaction vessels were of Jena glass and were coated 
outside with Japan black to exclude all photochemical 
effects. 

Requisite amounts of osmium tetroxide and hydro- 
chloric acid were kept in a water thermostat; ascorbic 
acid was pipetted in to start the reaction. Perperosmic 
acid was reduced to hexachlorosmate ion (OsCI6'-), 
which develops a yellow color at a definite interval of 
time in the reaction mixture (7). Aliquots were with- 
drawn from the reaction mixture; the kinetics was fol- 
lowed by colorirnetrically estimating the amount of 
osmium(1V) formed, using a Klett-Summerson Photo- 
electric Colorimeter with blue filter No. 42 (transmission 
400-450 mp). 

Results 

It is reported that osmium(VII1) reacts with 
ascorbic acid to give dehydroascorbic acid and 
osmium(1V) (8), and that the yellow color de- 
veloped during the reduction is due to quad- 
rivalent osmium. Thus the reaction may be 
represented by the following stoichiometric 
equation 

2C6H806 + Os(VII1) = 2C6H6O6 + Os(1V) + 4 H f  

The reduction of Os(VII1) by ascorbic acid was 
studied at 30 "C with various concentrations of 
the oxidant, ranging from 2.43 x to 
7.29 x l op5  M with [ascorbic acid] = 8 x 

M and [HCl] = 0.8 M. This threefold 
change in [Os(VIII)] had no effect on the apparent 
first-order rate constants with respect to per- 
perosmic acid. The average value of this constant 
was (9.60 f- 0.02) x lop4 s-'. The order of the 
reaction with respect to ascorbic acid was ob- 
tained from experiments done at 30 "C with 
[Os(VIII)] = 3.64 x M and [HCl] = 
0.8 M. First-order plots of log (a/(a - x) )  vs. 
time were linear for experiments with [ascorbic 
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MEHROTRA AND MUSHRAN: OXIDATION O F  ASCORBIC ACID BY OS(VII1) 1149 ~ 

to [Os(VIII)] were 9.60, 9.60, 9.83, 10.0, and 
10.1 x s-', respectively. Clearly the sixfold 
increase in the ionic strength was insignificant. 

Measurements were made at 25, 30, 35, and 
40 "C. A linear plot of log k vs. l /T  was obtained 
which led to a frequency factor of (13.0 f 0.3) x 
10" 1 mole-' s-', E,,, = 14.1 f 0.2 kcal mole-', 
and thus, to ASt = -8.6 f 0.1 cal deg-' mole-'. 

Discussion 

Perperosmic acid is known to be a very weak 
acid (dissociation constant = 8 x 10-l3 mole 
1-' for the first hydrogen) (6) and so reacts as an 
unionized molecule rather than in the ionized 
state. From studies of the reduction of 
osmium(VII1) by hydrobromic acid, Krishman 
and Crowell (9) suggested that the reacting 
species in the rate determining step are perperos- 
mic acid, hydrogen ion, and bromide ion. Thus 
the following scheme may be proposed to account 
for the reduction of osmium(VII1) 

kl 
AH2 AH- f H+ 

k-1 
I I I I 

1.6 2.0 
This is the reversible ionization of ascorbic acid 

2 +  109 [ti'] (AH,) which is followed by the rate determining 
FIG. 1 .  Plot of log k, vs. log [H+] at (i) 25, (ii) 30, step [2] 

(iii) 35, and (iv) 40 "C. [ascorbic acid] = 8 x M, k 
[Os(VIII)] = 4.86 x lo-' M, k, = k,/[ascorbic acid]. [2] H20sO5 f AH- A 

acid] = 4.0, 8.0, 12.0, 16.0, and 20.0 x M; 
the second-order rate constants, calculated from 
the slopes of these plots and the concentrations 
of ascorbic acid, were 1.15, 1.20, 1.13, 1.14, and 
1.16 1 mole-' s-', respectively. These two sets of 
data show that the rate is first order in both 
[Os(VIII)] and [ascorbic acid]. 

It was observed that the rate depended strongly 
on the concentration of hydrochloric acid. A plot 
of log k vs. log [H+], where k is the second-order 
rate constant, is linear (Fig. l), with a negative 
slope of unity at all temperatures studied. Thus 
the rate of the reaction is proportional to the 
reciprocal of the hydrogen ion concentration. 

Variation of ionic strength was accomplished 
by addition of various amounts of potassium 
chloride in experiments done at 30 "C with 
[Os(VIII)] = 4.86 x M, [ascorbic acid] = 
8 x M, and [HCl] = 0.8 M. For [KCl] = 
0.02, 0.04, 0.06, 0.08, 0.10, and 0.12 M, the 
apparent first-order rate constants with respect 

A + H20sO4 f OH- 

The formation of ascorbate ion (AH-) has been 
supported by Khan and Martell (10). The 
hexavalent osmium formed reacts with another 
ascorbate ion in the fast step [3] to give the end 
product dehydroascorbic acid (A) 

[31 HzOs04 f AH- 
A f HzOsO3 + OH- 

[41 HzOs03 + 6HCI + 

O S C ~ ~ ~ -  + 3H20 + 2 ~ +  

Applying the steady-state condition to 
[H2OsO4] and [AH-] and assuming k- ,  [H+]  >> 
k,[H,OsO,], the rate of disappearance of per- 
perosmic acid may be represented as 

where kl/k-, = K. 
Equation [5] correctly predicts the observed 
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dependence of the rate of the reduction of per- 
perosmic acid on the concentration of osmium- 
(VIII), ascorbic acid, and the reciprocal of the 
concentration of hydrogen ion. 

In the proposed mechanism, the rate determin- 
ing step involves an interaction between a charged 
ion and an uncharged molecule, and thus should 
correspond to a negative entropy change and a 
negligible salt effect. This is also in complete 
accordance with the experimental data. 

The authors thank the Council of Scientific and 
Industrial Research, New Delhi, India for a Senior 
Research Fellowship to U.S.M. 
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A ref inement  of the crystal structures of K2ReC16, K2ReBr6, 
and K2PtBr6 

H. D. GRUNDY AND I. D. BROWN 
Irlstitlrte for Materials Researell, McMaster Urziversity, Hamiltorz, Ontario 

Received September 3, 1969 

The crystal structures of K2ReC16, K2ReBr6, and K2PtBr6 have been refined using data collected on a 
single-crystal X-ray diffractometer to give weighted agreement indices ranging from 0.026 to 0.054 for 75 
to 90 noneqi~ivalent reflections. The following bond lengths were obtained: Re-CI = 235 pm,' Re-Br 
= 248 PITI, Pt-Br = 246 pm, K-CI = 348 pm, and K-Br = 367 and 364 pm in the Re and Pt com- 
pounds, respectively. The differences in the root-mean-square angles of libration of the MXsZ- ions in 
these and a number of isomorphous crystals are discussed. 
Canadian Journal of Chemistry, 48, 1151 (1970) 

Introduction Dl l(X), DzZ(X), and Dl ,(K). Unobserved reflections for 

Since the determination of the cubic structure 
of K,PtCl, by Ewing and Pauling (1) in 1928, a 
large nuinber of compounds of the generic 
formula R2MX6 have been found to possess the 
same structure. Because of the simplicity of this 
structure, it has been customary to characterize 
these compounds by X-ray powder diffraction 
which yields a value for the unit cell length, ao, 
and in some cases the value of the parameter, x, 
giving the position of the halogen atom in the 
unit cell. With single-crystal X-ray diffraction 
methods, it is also possible to measure values for 
the four independent anisotropic temperature 
factors, as well as to obtain much more accurate 
values of x. Recently a nuinber of such deter- 
ininations have been reported (2-5). 

Experimental 
Clystals of the K2PtC16 type belong to space group 

Frt13111 (Oh5) with R in 8(c), M in 4(a), and X in 24(e) with 
x about 0.25. Regular octahedral crystals of K2ReC16, 
K2ReBr,, and K2PtBr6 having a n~aximum radius such 
that the spherical absorption term LIR was less than 1.0 
were selected. About 300 independent measurements of 
the intensities of 75 to 90 independent reflections from 
each crystal were made using a 8-28 scan on a General 
Electric automatic X-ray diffracto~neter with n~olybdenum 
radiation. After the application of spherical crystal 
absorption corrections, the intensities of equivalent 
reflections were averaged. An analysis of the standard 
deviations observed between such equivalent reflections 
indicated that the correct standard error to apply to any 
given intensity nleasurenlent was either one-tenth of the 
observed intensity or the standard crror calculated from 
the counting statistics, whichever was the larger. This 
standard error was used in weighting the intensities during 
a least-squares refinement of the scale factor, .r, D1,(M), 

'1 pm is equal to 1 x A. 

which F,,,,, > Fcnlcd and reflections obviously suffering 
from extinction were given zero weight in the final rounds 
of refinement. The results are summarized in Table 1. 
The errors quoted are those derived from random errors 
and do not take into account possible systematic errors. 
The structure factors are given in Table 2. The unit cell 
lengths, a,, were not measured in this study since accurate 
values of these have already been published. 

Discussion 

The values of x for K2ReC16 and K2ReBr6 
agree with the values given in earlier powder 
diffraction studies by Aminoff (6) and Templeton 
and Dauben (7), respectively, although Temple- 
ton and Dauben's measurement of the lattice 
parameter (1044.5 + 0.5 pm) is in considerable 
disagreement with most other measurements 
(8-lo), none of which differ significantly from 
1038.5 pm. No value for x has previously been 
determined for K2PtBr6. 

An examination of Table 1 shows that for all 
three compounds, the component of thermal 
vibration of the halogen atom parallel to the 
metal-halogen bond is similar to that of the metal 
atom, but the component perpendicular to the 
bond is much larger. Similar results have been 
found in other crystals of this type. If one assumes 
that these results can be interpreted as arising 
from a rigid-body libration of the MX6'- ion, it 
is possible to calculate the root-mean-square 
amplitude of libration of the ion and to 
correct the M-X bond lengths for this effect (1 1). 
Table 3 summarizes these values for a number of 
crystals. 

In  such an analysis of temperature effects, a 
variety of assumptions have to be made. The 
neglect of the internal modes of vibration of the 
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TABLE 1 

Crystallographic data for K2ReC16, KzReBr6, and K2PtBr6* 

Value 

Parameter K2ReC16 K2ReBr6 K2PtBr6 

R, (unweighted) 0.025 
R, (weighted) 0.026 

Bond lengths in pm 
(Re,Pt)-(C1,Br) 235.3k0.4 
K-(C1,Br) 347.9kO.l 

Root-mean-square thermal displacements in prn 
Re,Pt 13.3k0.3 
CI.Br (along bond) 14.4k0.3 

to bond) 
K 21.0k0.4 

'No allowance has been made for possible systematic errors in the standard errors quoted. 

MXG2- ion will have the effect of increasing the 
calculated value of Or,,,,., but probably not by 
more than the standard error. The corrected 
values of the bond length will also tend to be too 
short by an amount which could be as large as 
1 pm. The uncertainty in the values of the 
corrected bond lengths cannot, therefore, be less 
than this amount. It is also well known that the 
root-mean-square thermal displacements of an 
atom calculated from X-ray data are particularly 
susceptible to systematic error caused by such 
effects as the neglect of absorption and extinction 
or the use of peak height rather than integrated 
intensity measurements of the X-ray reflections. 
However, such errors will tend to increase or 
decrease the apparent mean square displacements 
of all the atoms in the crystal by the same amount, 
and since the estimates of the angle of libration 
and bond length corrections depend only on the 
differences between two such values, such sys- 
tematic errors will be minimal in the present case. 

In an earlier paper (12), one of us (I.D.B.) 
pointed out that crystals of the K2PtC1, type 
were liable to distort if the value of the radius 
ratio, defined as the size of the alkali metal atom 
in terms of the space available to it in the crystal, 
was less than unity. Crystals with radius ratios 
lying between 0.89 and 0.98 are found to be 
undistorted at  room temperature but have dis- 
torted structures at lower temperatures. Crystals 

3 1 I I I I I I 

0.8 0.9 1.0 1.1 1.2 13 1.4 1.5 16 

RADIUS RATIO 

FIG. 1. The r.m.s. libration angle of the MX6,- ions 
at room temperature plotted as a function of radius ratio. 

with a radius ratio less than 0.89 are distorted at 
room temperature. This distortion arises from a 
co-operative twisting of the MXG2- ions by an 
amount between 7 and 9" about one of the axes 
of the MX, octahedron. Since the librations of 
the MXG2- ion in the cubic crystals are rotational 
oscillations about these same axes, it is not 
surprising to find that the measured values of 

at room temperature also vary with the 
radius ratio. Figure 1 shows that for radius 
ratios greater than 1.0, root-mean-square libra- 
tion angles of about 33" are found. With a de- 
crease in radius ratio, the libration angle increases 
to a value of about 5", beyond which point 
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Observed and calculated s t ructure  fac tors  and standard er rors  used i n  the l e a s t  squares refinement" 

FCALC 
160.49 
17C.CC 
259.62 
lCL.9F 
266.45 
212.ee 
LE3.24 
14R. 37 
l lO.C2 
442.42 
153.16 
254.48 

94.7P 
155.16 
114.76 
90.24 

166.37 
7 4 - 3 6  
b 3.14 

3C2.P3 
23s.se 
239.4C 
146.75 

FCALC 
159.e7 
196.14 
2C3.86 
128.45 
143.55 
201.42 
134.29 
138.68 

93.94 
LC2.38 
9P.23 

- 1  3 8 - 8 0  
226.19 
-23.96 
156.71 

25.49 
L@5.15 
163.'48 
133.61 
LCL. 39 

11.91 
122.15 

32.7C 

FCALC 
99.39 
79.95 
35.57 

164.47 
176.11 
113.60 
129 .41  
176.99 
LZC. 12  
125.87 
85.26 
93 .87  
9C.64 

357.92 
1 3 8 . 7 1  
21P.98 

86.98 
127.07 
104 .67  

83.62 
145.82 

6 8 - 6 4  
58.HC 

SIGCA 
3.14 
2.47 
4.33 
8 .56  
5.2 7 
3.36 
3.77 
5.40 
2.49 
2.5e 
2.99 
2 .31  
3.59 

l R . 0 5  
4 .23  
6.3t  
3.24 
3.7R 
2.18 
2.39 
4.34 
2.63 
4. R5 

L 
5 
5 
5 
5 
5 
5 
6 1; 
6 
6 U 
6 
6 
6 U 
7 
7 
7 
8 
8 
R 
9 

LOU 

FCALC 
172.54 
121.31 
120.33 

88.72 
91.31 
85.32 
26.31 
98.17 
35.23 
79.94 
66.59 
34.30 
67'.57 
71.37 
67.89 

100.75 
54.24 
4 7 - 1 3  
61.34 
29.46 

SIGMA 
8.92 
3.63 
3.40 
3 - 1 5  
2.38 
3.72 

12.38 
3.17 
4.02 
3.55 
2.83 
5.28 
6.45 
3.62 
3.H8 
6.65 
4.82 
5.26 
8.11 

12.33 

1 4  K L F P F S  F C l L C  SLCf'b P K L F / 3 S  FCALC SIGF'A b K L FeRS FChLC SIGMA t K L FEHS FC4LC S IGH4 
2 0 C X 3 3 7 . 9 6  1 9 0 - 3 9  6.54 ? 3 1 162 .73  l t 4 .2R  3.73 3 3 3 1C2.04 113.99 5.60 9 Z 5 137.89 153 .41  6.54 
4 C C X 6 9 P - 5 2  9 C l - 4 5  21.47 5 1 L 230 .32  270 .32  2.RC 5 3 3 LP3.27 179.97 4.67 7 7 5 77.21 78.15 7.47 
P C C 451 .77  4 6 1 - 5 1  2 t . 1 4  7 3 1 LCr.0P 92.35 4.67 7 3 3 74.177 71.03 4.67 9 7 5 90.75 104.52 8.40 

1C 0 0 1 1 3  34 LC5 C5 12 14 5 3 1 184.67 L l H . I E  7.47 9 3 3 162.54 153.52 7.47 9 9 5 9 1 . 9 6  104.75 12.14 
2 2 C 14? :75  1 4 3 1 4 1  3 1 7 3  5 2 1 2 2 7  4 9  2 5 0  2P 4 t 7  5 5 3 219 .86  211.90 4.67 h 6 6 77.68 -47 .58  13.07 
4 2 C jC3.7C 3 1 5 - 7 F  5.tO 7 Z 1 1 3 2 : ~ ~  1 3 1 1 3 8  3173  7 5 3 L l C . 5 4  109.29 3.73 8 6 6 84.96 93.49 13.07 
6 2 C 114.E3 LCb.25 t - 5 4  9 5 1 l e 4 . 0 1  17V.12 7.47 9 Z 3 147 .51  156.67 5.60 LO 6 6 33.42 b.72 14.00 
8 7 C 221 .54  211.29 LC.77 1 2 2X 4C3.2C -47P.YP I I . 2 C  9 7 3 9 9  9 0  LO2 55 13  0 7  8 8 6 8 7  6 7  9 6  6 2  1 3  0 7  

1 0  2 C 19.64 75.39 t . 54  4 2 2 1 4 9 . 1 9  157.P7 3.73 4 4 4 x 5 3 2 1 7 1  55n:33 14:94 1 0  8 6 59 :94  6 5 1 9 7  1 2 1 1 4  4 4 C x  6 2 5 - 4 2  695.49 14.(C t 2 2 2 2 t . 6 e  -226.61 P -4C 6 4 4 191.48 178.79 6 - 5 4  LO LO 6 44.72 25 .71  9.34 6 4 C 2 1 2 . 2 1  L9P.95 7.47 F 2 2 146.76 1 4 t . 1 7  e.4C o 4 4 321.53 320.74 10.27 7 7 7 4 3 3 2  50.6R 11.20 
8 4 C 391.55 3 8 2 - 9 1  16.FO l r  7 2 75.67 -51.79 7.47 LC 4 4 8 3 - 5 6  92.85 8 .40  9 7 7 6 3 1 0 2  75.01 1 8 - 6 7  

10  4 c ICP.?C 99.ce r . s o  4 ; 2 t t . 7 3  2 7 1 . r ~  4 . ~ 7  6 6 4 ee.97 94.21 9.34 9 9 7 108 .48  7 8 . 2 8 2 3 . 3 4  LC 6 C 7C.95 69.PL 1b.67 6 113 .34  1 1 3 - 9 0  1.73 8 t 4 1 1 5 . 3 1  131 .37  10.27 8 8 8 110.16 128.81 14.94 
I I I X  3 ~ 2 . ~ 8  2 3 2 . 5 ~  t . 4 ~  e 4 2 1 ~ 6 . 8 0  1 9 6 . ~ 3  e.sc l o  t 4 6~ 5 3  7 r . 9 1  1 1 - 2 0  L O  8 8 47.61 5 9 - 8 0  8.40 
3 1 1 2 2 6 - 4 C  2 ? ? - 3 1  4 - 6 7  LC 4 2 76 .37  7P.92 6.54 P P 4 1 5 9 1 9 3  196.11 15.87 1 0  LO 8 54.80 48.89 28.01 
5 1 1 275.52 29C.23 5.tO F 6 2 l I C . 4 4  114.35 L l 2 C  LC e 4 6 5 - 2 7  75.19 1 1 - 2 0  9 9 9 7 5 - 0 6  72 6 4 2 6  14  
7 1 1 12P.37 111.53 6.54 l r  6 2 6 1 - 4 3  -13.1'4 1 1 : ~ ~  5 5 Z 231 .25  2 2 3 . 3 h  8.40 LO 1 0  LC 77 .77  2 7 1 7 9  12:14 
9 1 1 2 1 t . 2 2  107.@2 t . 4 r  LC h 2 ( l - .7p 76.95 l i . 1 4  7 Z Z 142.19 L29.6C 5.60 

FCALC 
91.97 

180.07 
129.31 
197.15 

e4.07 
174 -45  
LPl .95 
335.97 
732.5 1 
294.25 
6CO. 1 P 
2C6.07 
365.27 
113.46 

84.03 
24 t .24  
27P.52 
733.20 
240.63 
15C.75 
Le2.16 
226.27 
124.83 

FCDLC 
101.12 

- 1 1 7 . a ~  
lC6.43 
-52 .23  
107.21 

11.31 
8 o . l e  

150.39 
126.58 

67.89 
93 .79  
61.46 
93.40 

427.30 
173.52 
126.6R 
158.31 
273.60 
157.21 
238.52 
122.26 
163.45 

L! 1.49 

FBRS 
205.44 
141 .41  
122.42 
127.52 
156.06 
146.62 
132.40 
106 .68  

R4.76 
82.70 

125.56 
49.16 
63.27 

106.68 
95 .61  
93.00 
84.0C 
5 7 - 8 4  
94 .63  
77.49 
65 .99  

FCALC 
206 .10  
136.93 
122.46 
1 2  1.36 
150.49 
136.81 
1 3 2  - 5 2  
101.15 

97.68 
70.64 

125.52 
-14.02 

33'.66 
102.25 

91.Hl  
9R.71 
8 1 - 1 3  
25.00 
69.83 

R 
Unobserved ref lec t ions  are marked U and reflect ions suspected of suffering from extinction are  marked X .  
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TABLE 3 

Bond lengths and r.m.s. libration angles found in R2MXfi compounds at room temperature 

Metal-halogen bond (pm) 
r.m.s. angle of 

Crystal Uncorrected Corrected libration (deg) Radius ratio Reference 

(NH,),SiF, 168.8+0.3 169.6 3 .9+0 .2  1.53 4 

'This work. 

distorted structures are found. The distorted 
structure would then appear to be related to an 
instability in the librational modes of the cubic 
crystal. 

Recent nuclear quadrupole resonance studies 
of K,PtCl, (13) and K2PdC1, (14), both of which 
have radius ratios close to unity, have revealed a 
low-frequency lattice vibration which has been 
identified with this librational mode. Taking the 
root-mean-square libration angle as equal to 
(kT/Io2)1i2 and substituting the values of the 
effective moment of inertia ( I  =, 2.1. x..: lop4" 
kg m2) and frequency ( o  = 33 and 42 cm-l ,  
respectively) measured by Armstrong and his 
co-workers (13, 14), it is found that 0 ,,,,,, in 
these crystals at room temperature should be 4.0 
and 3.2", respectively, values which are in 
encouraging agreement with the values expected 
from Fig. 1. 
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Studies of specifically fluorinated carbohydrates. Part V1.l 
Some pentofuranosyl fluorides 

L. D. HALL AND P. R. STEINER' 
Department of Chemistry, The University of British Columbia, Vancouver 8, B.C. 

AND 

C. PEDERSEN 
Departnzent of Chemistry, The Techt~ical University of Dennzark, Lyngby, Denmark 

Received September 11, 1969 

Detailed analyses of the 'H and 19F nuclear magnetic resonance spectra of seven pentofuranosyl 
fluoride derivatives are reported. With the help of 'H-{lgF) heteronuclear decoupling experiments, 
some unexpectedly large 4J co~~pl ings  have been detected between F and H-4; when these substiti~ents 
are tmns the coupling is 5.5-7.9 Hz while the cis relationship gives couplings of 1.0-1.8 Hz. The 4J 
couplings between F and H-3 are sn~aller when these groups are tr.arzs (i 0.7 Hz) than when they are 
cis oriented (1.7-2.4 Hz). These, and the other coupling constants are discussed in terms of the favored 
conformations of these derivatives. The ring conformations of the anomeric tri-0-benzoyl-D-ribo- 
furanosyl fluorides differ from each other. 
Canadian Journal of Chemistry, 48. 1155 (1970) 

Introduction 

It has become apparent that the determination 
of f~lranose conformations (and configurations) 
by nuclear magnetic resonance (n.m.r.) spectros- 
copy is often a difficult task. Yet, the important 
role of the ribofuranose system in many bio- 
chemical processes, provides a compelling reason 
to persevere with such conformational studies 
since n.m.r. spectroscopy still constitutes the only 
method generally applicable to the liquid phase. 
In the previous paper of this series (1) we de- 
scribed studies of some "model" fluorinated 
furanose systems, which had been chosen in an- 
ticipation that they might have a reasonable 
degree of conformational "rigidity" (meaning 
that they have a limited number of degrees of con- 
formational freedom). We now describe attempts 
to use both 'H and 19F n.m.r. spectroscopy to 
study the conformations of furanosyl fluoride 
derivatives derived from D-ribose, D-arabinose, 
and D-xylose. The recent isolation (2) from natural 
sources of a nucleoside of 4-deoxy-4-fluoro-D- 
ribofuranose provided an additional impetus to 
our interest in fluorinated furanoses. 

Before discussing the problem at hand we feel 
it necessary to point out some of the general 
limitations inherent in all conformational studies 
of furanose sugars and, indeed, of other 5- 
membered ring systems. Although these com- 

'For Part V see ref. 1. 
'Recipient of a n  NRCC Scholarship, 1968-1969. 

ments apply regardless of the absolute accuracy 
of the method being used, we shall center our 
discussioil on the n.m.r. method. 

It has been calculated (3, 4) that for cyclo- 
pentane, the barrier for conformational inversion 
is in the range 3-4 kcal/mole. If it is valid to draw 
an analogy between the properties of a cyclo- 
pentane ring and those of a furanose ring,3 this 
low barrier implies that at any temperature ex- 
perimentally available at this time, conforma- 
tional inversion will be fast on the n.m.r. time 
scale. It follows that conformational studies of 
f~lranose derivatives bv n.m.r. methods are auto- 
matically limited to ;he determination of con- 
formations which are to a greater, or lesser, 
extent time-averaged. 

I t  is convenient to confine discussion solelv to 
those furanose conformations having a (nominal) 
symmetry relationship with the "C," and "C," 
conformations of cyclopentane (3), that is the 
"envelope" (V) and "twist" (T) conformations 
(5). These are related by the pseudorotational 
scheme4 (hereafter, Cyclops) shown in Fig. 1. For 

31t is clear that an  analogous comparison between the 
6-membered cyclohexane and pyranose rings is valid, 
since they both have approximately the same barrier for 
chair:chair interconversion. Interestingly the increased 
substitution on a pyranose ring does not appear to  sig- 
nificantly increase the barrier. 

4Strictly each of the symbols should include an indica- 
tion of the absolute configuration of the sugar being 
described, e.g. 'T,-(D). Since we are only concerned here 
with sugars in the D-series we shall consistently omit the 
D suffix. 
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1156 CANADIAN JOURNAL OF ( ZHEMISTRY. VOL. 48, 1970 

FIG. 1. CYCLe Of Pseudorotation (Cyclops) for fura- 
nose sugars. The symbols T and V designate the Twist 
and envelope conformations respectively. 

Numerical superscripts indicate the atom displaced 
above the reference plane defined by the remaining ring 
atoms while subscripts indicate an atom which is below 
the plane. Restricted sections of the overall cycle are rep- 
resented at the top and bottom of the figure. 

most substituted furanose sugars a combination 
of steric and dipolar interactions will significantly 
populate only a limited segment of Cyclops and 
the various conformations within that segment 
will freely interconvert. In this situation it is 
questionable whether it is possible to interpret 
any n.m.r. parameters in terms of a unique con- 
formation; this would only be appropriate if one 
particular conformation were to be excl~isively 
populated, as is likely for certain fused-ring sys- 
tems. Instead, discussions should generally be 
limited to a definition of which particular section 
of Cyclops is populated. 

The only situation not covered by the above 
treatment occurs, for example, when steric con- 
siderations populate one particular segment of 
Cyclops while dipolar (or other) considerations 
significantly populate some remote segment. 
Clearly in this situation the time-averaged con- 
formation determined by n.m.r. spectroscopy 

will bear no direct relation with those conforma- 
tions which are actually populated. It  is quite 
unlikely that this circumstance will arise for any 
fully esterified furanose system; however, it is 
likely to be important when hydrogen bonding 
and similar interactions can operate, as in 
nucleoside systems. 

We shall also be concerned in this study with 
developing a more rigorous formalism for evalu- 
ating furanose conformations on the basis of the 
somewhat uncertain accuracy of dihedral angles 
derived from vicinal couplings. It is necessary to 
make the following basic assumptions : 

(i) All the ring carbons have precise "tetra- 
hedral" symmetry, meaning that all 4 angles a t  
every carbon are equal to 109O28'. Clearly, any 
deviations from this idealized state will mean that 
dihedral angles between vicinal C-H bonds will 
no longer equal those between the corresponding 
C-C bonds which actually' define the ring 
geometry. Hendrickson's calculations (4) on the 
cyclopentane system indicate that the internal 
ring angle lies in the range 100-106". 

(ii) As in the development of Cyclops, only 
envelope and twist conformations are considered; 
in other words, our conformational evaluation is 
concerned with determining which of 20 possible 
conformers are favored. In view of the limited 
accuracy of the n.m.r. method (vide infra) it does 
not seem sensible to consider any ofthe conforma- 
tions between the envelope and twist forms. Thus, 
this assumption does not seriously prejudice or 
limit any discussions. 

(iii) "Maximal" puckering of the ring always 
occurs. This implies that an envelope conforma- 
tion will resemble one end of a cyclohexane, chair 
conformation. Having based a conformational 
assignment on this "maximal" basis it is a simple 
matter to consider the effect of a decrease in the 
extent of puckering. 

(iv) Coupling constants associated with C-1, 
C-2 will be somewhat smaller than those asso- 
ciated with other pairs of vicinal carbons. No nu- 
merical allowance will be made for this effect, 
rather a general tolerance will be applied (vide 
infra). 

Discussion 

The syntheses of the derivatives used in this 
study followed conventional procedures, and 
have been described previously (6). The n.m.r. 
spectra provided further proof of the structures. 
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HALL ET AL.: SPECIFICALLY FLUORINATED CARBOHYDRATES. VI 1157 

bH 16;". k q  
BzO OBz BzO OBz BzO OAc AcO OBz 

I I I I I I 

BzO OBz BzO 0 Ac 

Much of the pertinent information in the series 
of compounds (1-7) studied comes from the ano- 
meric pair of tri-0-benzoyl-D-ribofuranosyl fluo- 
rides 1 and 2. Hence we shall discuss their n.m.r. 
spectra and conformations in some detail. 

The normal 'H n.m.r. spectrum of the P- 
anomer (1) is shown in Fig. 2A, together with the 
"fluorine-decoupled" spectrum (Fig. 2B). The 
general assignment of the H-1, H-4, and H-5 
resonances was initially straightforward. The ob- 

servation that J, , ,  < 0.5 Hz immediately con- 
firmed the P-configuration. The H-2 and H-3 
resonances are closely coupled, with shifts at r 
4.04 and 3.98 respectively. The identity of the 
H-3 resonance was secured by observing the com- 
plex region centered about T 4.1 while simultane- 
ously irradiating both the 19F and H-4 resonances 
(7) ; the H-3 resonance collapsed to the anticipated 
doublet. The appearance of the H-2, H-3 reso- 
nances in the 19F decoupled spectrum (Fig. 2B) 

FIG. 2. Partial 'H n.m.r. spectra (100 MHz) of 2,3,5-tri-0-benzoyl-P-D-ribofuranosyl fluoride (1) in acetone-d6 
solution. (A) ,  normal spectrum. (B), spectrum obtained with simultaneous irradiation at  the 19F frequency (94.083, 
045 MHz). 
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FIG. 3. 'H n.ni.r. spectra (100 MHz) of the H-4 and H-5 resonances of 1 in acetone-& solution. (A), Computer 
simulated spectrunl using L A 0 C 0 0 N  111 with the SMASH plot-routine. (B), Normal spectrum. (C), deco~~pled 
spectrum. (D), As for (C) but with irradiation of the H-3 resonance. The transition at T 5.2 is partially obscured by a n  
audio-beat-signal. The first-order assignments are based on the coupling constants in Table 1. 

deserves comment at  this time, since the multiplet 
located about t 4.2 does not accord with expecta- 
tions based on the first-order assignment given 
above Fig. 2 A ;  indeed this multiplet cannot now 
be assigned on a first-order basis. We attribute 
this behavior to a decrease in the relative chemical 
shift separation between tlie H-2 and H-3 
resonances: this decrease in shift is induced by the 
temperature increase which attends tlie applica- 
tion of the high power-output (5 W) of the hetero- 
nuclear decoupler. These small, tenlperature- 
induced shifts are a common occurrence but are 

only a hazard wlien strongly coupled systems are 
being s t ~ d i e d . ~  The co~iiplicatio~is in tlie present 
case could be precisely simulated with a computer. 
Further support for the original assignment 
follows analysis of the spectrum of the configura- 
tio~ially identical compound 3. In this case the 
H-2 and H-3 resollances are separated by ca. 20 

5Subseq~~ent to this assignment, Mr. Robert Malcolm 
of this laboratory suggested that the H-2, H-3 resonances 
of compoi~nd 1 should be regarded as a special case (8) of 
a "deceptively-simple" (9) ABX-system. This attractive 
alternative does not, however, have to be invoked. 
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HALL ET AL.: SPECIFICALLY FLUORINATED CARBOHYDRATES. VI 

FIG. 4. Partial 'H n.m.r. spectra (100 MHz) of 2,3,5-tri-0-benzoyl-cc-D-ribofuranosyl fluoride (2) in chloroform- 
d solution. ( A ) ,  Normal spectrum. (B), Spectrum with irradiation of the fluorine (94.099, 115 MHz). The first-order 
assignment is indicated. Note the temperature induced changes in chemical shifts which accompany spin-decoupling. 

Hz and hence not subject to any ambiguity; 
straightforward analysis gives the same coupling 
coilstailts (see Table 1) as previously obtained 
for 1. 

Aside from the complications associated with 
the H-2, H-3 resonances of 1, the most interesting 
resonance of this spectrum is that of H-4; this is 
show11 in greater detail in Fig. 3. The H-5 reso- 
nances also shown, constitute the AB-part of an 
ABM-system and require no further comment. 
The H-4 resonance is clearly coupled to a number 
of other nuclei, which accounts for its "poor 
resolution" (Fig. 3B). Application of a powerful 
radiofrequency field to the ' 9 ~  resonance caused 
the band-width at half-height of the H-4 reso- 
nance to decrease by 6.6 Hz (Fig. 3C). Further 
simplification of this resonance occurs when the 
H-3 resonance is also strongly irradiated (Fig. 
30).  Now the H-4 resonance clearly has the form 
anticipated for the M-part of an ABM-~ys tem.~  

'The additional broadening of the H-4 transitions is 
likely d ~ ~ e  to the presence of unresolved long-range 
couplings from H-1 and H-2, together with the effects of 
incomplete 'H-'H decoupling. 

The observation of this large long-range coupling 
between F-1 and H-4 was a surprise to us, even 
though the 19F spectrum itself has indicated that 
one proton or other had a coupling of this mag- 
nitude. Nevertheless, its detection enabled 11s to 
complete successfully a computer-based simula- 
tion of the "normal" proton magnetic resonance 
(p.m.r.) spectrum of 1 ;  part of the simulated 
spectrum is shown in Fig. 3A. 

The general assignment of the p.m.r. spectrum 
of tri-0-benzoyl-a-D-ribofuranosyl fluoride (2), 
shown in Fig. 4, was very straightforward and 
does not require special comment. The tem- 
perature induced changes in chemical shifts at- 
tending the use of the strong "F decoupling 
field are obvious. The value of J,, ,  (3.2 Hz) in- 
dicated this to be the a-anomer. 

In view of the large ,J, F-1 to H-4 coupling 
observed previously for 1, the H-4 resonance of 
this spectrum was examined carefully; this is 
illustrated in Fig. 5. It was soon apparent that in 
this instance J,,, was much smaller (1.0 Hz) than 
before. The computer simulation (LA$C$$N 
I11 with SMASH plot routine) of the spectrum 
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TABLE 1 

First-order coupling constants for furanosyl fluorides (Hz) 

Compound* HIF HIHZ HzF H2H3 H3F H3H4 H4F H4H5, H4H52 H5,HS2 

CH20Bz w (a) 

61.5 < 0.5 4.8 4.8 2.2 5.8 6.6 3.9 5.2 -12.2 

(c) 61.2 < 0.5 4.9 4.9 2.2 6.2 7.3 3.9 5.2 -11.9 
OBz OBz 

(a) 60.9 < 0.5 4.7 4.7 2.4 6.9 6.7 3.5 4.6 -11.9 

(c) 61.4 < 0.5 4.8 4.7 1.9 6.7 6.8 3.8 5.6 -12.5 

(a) 61.6 < 0.5 4.5 5.0 1.7 5.0 7.9 4.5 5.4 -12.4 

OAc OBz (c) 61 - - - - - - - - - 

4 

(a) 61.3 < 0.5 4.9 4 .9  2.1 4.9 7.2 3.6 5.3 -12.1 

OBzOBz (c) 61.4 < 0 . 5  - - - - 3.8 5 .3  -12.2 

wF (a) 58.4 0.9 6 .4  i 0.5 < 0.7 4.4 1.5 3.3 5.8 -12.1 

I I 

OBz (c) 58.1 < 0.5 6.1 1 .O 0.5 3.5 1.0 3.0 6.5 -12.1 
6 

' OAc (c) 60.5 1.0 5 .2  < 0.5 < 0.5 5.5 5.2 5 .3  7.1 -11.4 
7 

*The compounds above are measured in (a) acctone-d6 and (c)  chloroform-d solutions. 
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L . l . i . l . i . i . l  
5.0 5.2 5.4 T 

FIG. 5. 'H n.ni.r. spectra (100 MHz) of the H-4 and 
H-5 resonances of 2 in chloroform-d solution. ( A ) ,  Spec- 
t r ~ ~ r n  simulated by computer (see text). (B), Normal 
spectrum. (C), Fluorine-decoupled spectrum. (D), As for 
(C), but with siniultaneo~~s irradiation of H-3. The first- 
order assignments are based on the co~~pl ings  listed in 
Table 1, and the room-temperature chemical shifts. 

was based on the ambient temperature chemical 
shifts listed in Table 2, whereas the ''normal" 
spectrum in Fig. 5B was of a sample which had 
previously been subjected to  a period of 19F 
decoupling. 

It was indeed fortunate that of the two anomers, 
1 and 2, the one giving the most complex ' H  
n.m.r. spectrum was also the one where con- 
f ig~~ratio~lally related compounds were available 
for compariso~l purposes. Analyses of the spectra 
of these derivatives (3, 4, and 5) confirmed the 
validity of parameters derived for 1 and, in par- 
ticular, the magnit~tde of the 4J, F-1 to H-4 
coupling (vide infra). 

I t  is convenient at this ju i lc t~~re  to coinplete a 
comparison of derivatives 1 and 2. The anomeric 
config~~ration of these derivatives was assigned 

originally on the basis of the values of J,,,; the 
near 90" dihedral angle required to give a near 
zero value for Jl ,, can only be obtained when H-1 
and H-2 are trans. Apparently the magnitudes of 
J,,, and of J,,, provide an  e q ~ ~ a l l y  unambiguous 
distinction for these anomers. Although there is 
only a small shift separation between the H-1 
resonances of 1 and 2, the 19F shift difference is 
17 p.p.m., with that of the a-anomer being t o  
higher field. 

Inspection of the vicinal 'H-'H couplings of 
these two derivatives indicates q~i i te  clearly that 
they have different ring conformations. The 
values of J2,, differ by ca. 30% while those of 
J,,, differ by 60%;  the latter difference is par- 
ticularly significant. We shall derive first the con- 
formation(~) favored by 1, using the limiting 
formalism outlined earlier. Table 3 shows the 
estimated dihedral angles (Dreiding models) pos- 
sible for all 20 of the possible "symmetric" con- 
formations of the furanose ring. Included also are 
the vicitlal co~~plingconstants together with a very 
conservative estimate of the corresponding di- 
hedral angles. Because it is so difficult to choose 
which conformation is in fact favored, we start by 
discounting those conforn~ations obviously at  
variance with one or more of the experimentally 
determined dihedral angles. 

Consider first the sinall value of J,,,, which 
corresponds to a dihedral separation of 80- 
100"; all of those confornlations requiring a di- 
hedral angle (+,,,) beyond this range are dis- 
counted. This iinmediately limits the allowed 
conforinations to  the sector of the Cjlclops be- . - 
tweeil4T0 and ,T,, inc l~~sive;  ifJ, ,, were precisely 
zero the V, or conformations would be in- 
dicated. If the value of J,,, is considered, only 
those conformations between the IT, and OT, 
sy~n~netr ies  are relevant. It is encouraging to ob- 
serve that these two evaluat~ons of "acceptable" 
segments of Cyclops have a single overlap, 
located in the region ' V ,  ' T ~ ,  V,. The overlap is 
not perfect, since the "best" fit for J,,, does not 
coincide with that for J, ,,; however, the effect of 
the second oxygen subst~tuent attached to C-1 
should increase the value of 4, ,, corresponding 
to a value of J, ,, ca. 0.5 Hz. 

A similar process of conformational assign- 
ment can be applied to the a-anomer (2) which 
leads to the concl~~sion that either of two segments 
of Cj,clops are populated, namely V,, 4 ~ 3  or 'V, 
'T,. We reject the latter assignment on symmetry 
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TABLE 2 
First-order chemical shifts (z and 4 values) for furanosyl fluorides 

Compound* F HI HZ H3 H4 H5, H5, OBz OAc 

c* (a) 

115.9 3.82 4.04 3.98 4.89 5.11 5.31 1.9-2.8 - 

OBz OBz (c) 116.1 4.04 4.54 4.43 5.10 5.26 5.43 1.9-2.8 - 

I I 
OBz OBz ( 4  133.6 3.86 4.53 4.16 5.10 5.23 5.41 1.9-2.8 - 

(a) 115.8 4.20 4.45 4.26 5.21 5.32 5.49 

(c) 116.0 4.21 4.24 4.38 5.23 5.29 5.48 

I I 

OBz 

OAc 

7 
*The compounds above are measured in (a) acetone-d6 and (c )  chloroform-d solutions. 
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TABLE 3 

Data for the evaluation of the 
favored conformations" of compound 3 

Table 3a 

Observed Dihedral 
J couplings (Hz) angle rangeso 

HIHZ <0.5 80-100 
HzF 4.8 30-50; 140-150 
H2H3 4.8 30-50; 130-150 
H3H4 6.0 20-40; 140-1 60 

Table 36 

Dihedral angle (degrees) 
Con- 

formation HlH2 H2F H2H3 H3H4 Evaluation 

V1 170* 50 30 120 X 

:$ 180* 60 50 100 X 
170* 50 50 90* X 

'T3 170* 50 60 90* X 
V3 150* 30 50 70 X 

4T3 140* 20 50 60 X 
4V 120 0* 30 70 X 
4T0 100 20 20 50 x 
vo 90 30 O* 90* X 

'To 70 50 20 loo* X 
' V 70 50 30 120 
T2 60 60 50 140 
v2 70 50 50 150 

3T2 70 50 60 170* X 
3V 90 30 50 170* X 
3T4 100 20 50 180* X 
Vq 120 0* 30 170* X 

0T4 140* 20 20 170* X 
OV 150* 30 0 150 X 
OT1 170* 50 30 150 X 

.A cross (X) In the "evaluation" column indicates that this con- 
former has been eliminated. An  aster~sk ind~cates the parameters 
having the maximum deviation for that particular conformation. 

grounds since it seems highly improbable that 1 
and 2 could have identical conformations and yet 
have different values of J,,, (5.8 and 2.3 Hz re- 
spectively). Nevertheless the "cos2 $" function 
in the Karplus relationship does make this pos- 
sible in principle. 

If these deductions are correct, then 1 and 2 
have ring conformations approximating to those 
depicted in A and B. Although it is not easy to 
define which positions have "axial" and which 
have "equatorial" character, it does seem that in 

B z o c y O ~ ~  oAx$z 
BzO 

both A and B the fluorine substituent occupies a 
"pseudo-axial" orientation. 

Application of a similar set of evaluations to 
the D-arabiizo and D-xylo derivatives 6 and 7, 
respectively, leads to the conformational assign- 
ments listed in Table 4. Direct application of the 
formalism outlined earlier led to an ambiguous 
assignment for 6; the former may be the correct 
assignment because it brings the J,,, value into 
line with those found for derivatives 1, 7, which 
also have a cis relationship between F-1 and H-2. 

OAc 

I 

F OAc 

C D 

TABLE 4 

The favored conformations of pentofura- 
nosyl fluoride derivatives, based on consid- 
erations of their vicinal 'H-'H and ''F-'H 

coupling constants 

Derivative Favored conformers 

'V, 'T2, V2 
V3, 4T3 

'TZ, V2, 3 ~ 2  

Vi, V3. 4T3 
Vz, 3T2, 3V 

Inspection of the conformation of 6 and 7, de- 
picted in C and D, shows again an apparent pref- 
erence of the fluorine substituent for a "pseudo- 
axial" disposition. In view of the uncertainty of 
the methods used for evaluating these conforma- 
tions, it would be most unwise to attempt to make 
a dogmatic statement on this point. However, 
such a preference already has a well documented 
precedent (10) in the pentopyranose system, 
where even the tri-0-acetyl-P-D-xylopyranosyl 
fluoride (E) favors the 'C, conformation. 

I I 

OBz OBz 

A B 
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TABLE 5 
Conformations of pentofuranose per-esters based on the vicinal 'H-'H couplings 

of Stevens and Fletcher (1 1) 

Conformation 

Compound Stevens and Bishop and 
tetraester Fletcher (1 1) This study Cooper (12) 

During the course of this work, Stevens and 
Fletcher (11) reported a study of a series of 
pentofuranose derivatives, and made the con- 
formational assignments listed in Table 5. It was 
of interest for us to re-evaluate their parameters 
using our formalism and this led us to the assign- 
ments also listed in Table 5. There is a satisfactory 
agreement between these two sets of evaluations 
except for the a-D-arabinofuranose system. We 
have also included in Table 5 the conformational 
assignments of Bishop and Cooper (12); there is 
a major disagreement in the assignment for the 
P-D-xylofuranose system. 

The conformations deduced by us for each 
pentofuranosyl peracetate and the corresponding 
pentofuranosyl fluoride, appear to be the same 
or nearly so. This is an interesting result, since 
even if our formalism for evaluating furanose 
conformations is incorrect, the identity of the 
two sets of conformations will remain. It is appro- 
priate to note at this juncture that the consensus 
of all n.m.r. and X-ray (13,14) studies of furanose 
conformations to date is that either C-2 or C-3 
(or both) are the out-of-plane atoms. This implies 
that the oxygen substituent contributes a lower 
interaction energy than a carbon atom, when it is 
required to be an in-plane atom. 

We shall now discuss the long-range (4J) 19F- 
'H couplings detected for these furanosyl fluoride 
derivatives. The configurational significance of 
these couplings is immediately obvious. When the 
F- 1 and H-4 substituents have a trans relationship, 
as in the P-rib0 and P-xylo derivatives 1, 3, 4, 5, 
and 7, the 4~ coupling is large (5.5-7.9 Hz); a cis 
relationship, as in thea-rib0 and a-arabino system, 
2 and 6,  gives a much smaller coupling (1 .O-1.8 
Hz). For the F-1, H-3 couplings the reverse 
situation pertains since the cis relationship (as 
in 1) gives a larger coupling (1.7-2.4 Hz) than 

does the trans relationship (2, 6,7) where the 
coupling is 0.7 Hz. It is questionable whether it 
is worthwhile discussing these couplings further 
until the signs of these couplings are known, 
which requires specifically deuterated derivatives 
not available at this time. It is interesting to note 
however, that the apparent specificity of the 4JF,3 
couplings parallels that already established for 
pyranose derivatives (15). 

After we had completed this work, Webb in- 
formed us (2) of his group's investigation of 
nucleodin 8 which is the first example of a nat- 
urally occurring nucleoside containing fluorine. 

The relevant coupling constants published for 
this derivative are listed in Table 6, together with 
those of derivative 2, which is configurationally 
related. The close agreement between the appro- 
priate pairs of couplings J,,,, J,,,; J2.33 J2,3; 

TABLE 6 
Coupling constants (Hz) for 

nucleodin (8)* and 2 

Nucleodint 2$ 

*Data from ref. 2. 
t l n  pyridine-d5 solution. 
$In chloroform-d solution. 
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J,,,, J,,,, and the absence of detectable splittings 
between F-4, H-1 and between F-4, H-2, pro- 
vides additional support for the claimed structure 
and further suggests that the furanose ring of 8 
favors conformers in the vicinity of the con- 
formation. 

The observation that for 8 the two Sr,F cou- 
pling constants are approximately equal, and 
relatively small (9.6 and 12.6 Hz), indicated that 
the favored rotamer about the C,', C,' bond is 
that shown in F. Interestingly, this positions the 
sulphonamide group over the furanose ring. 

While the formalism for evaluating furanose 
conformations, which is described in this paper 
has the advantage of enabling vicinal coupling 
constants to be used in a very conservative 
fashion, it is not without some disadvantages of 
its own. Most notable of these is the pre- 
supposition of a maximal-puckering model for 
the furanose ring. In practice the furanose ring 
will be less puckered than the maximal model 
would imply. It  is simple to allow for this effect. 
All cis couplings increase as the furanose ring 
becomes less puckered. The situation for trans 
couplings is more complex. For protons which 
are trans and "equatorial", the coupling con- 
stants increase as the ring becomes less puckered 
while coupling constants which are related to 
trans "diaxial" protons will decrease as the ring 
flattens. 

It  is interesting to note that generally, this 
formalism indicates that only one segment of the 
pseudorotational cycle is significantly populated, 
which seems a sensible conclusion. That we have 
evaluated other workers' vicinal 'H-'H couplings 
in terms of conformers somewhat different from 
those previously postulated (1 1) indicates that our 
current appreciation of the problems associated 
with furanose conformations is still not final. We 
plan to invoke computer techniques in an attempt 
to improve the unsatisfactory situation which 
now pertains to the n.m.r. approach. 

It  is obvious that some further experiments 
should be performed in order to determine the 
significance of the dipolar interactions associated 
with the anomeric center of furanose derivatives. 

Experimental 
The general methods used, followed those of earlier 

studies (1). Most of the furanosyl fluoride derivatives were 
available from other studies (6). 

2,3,5-Tri-0-acetyl-0-D-xylofuranosyl Fluoride (7) 
A sample of 7 was prepared by the reaction of 

D-xylofuranose tetraacetate (500 mg) with anhydrous 
H F  (1 ml) and diethyl ether (100 ml) in a poly- 
ethylene flask surrounded by an acetone - Dry Ice bath. 
The reaction mixture was swirled several times and then 
allowed to warm to room temperature (20 min). The 
mixture was poured into a beaker containing a saturated 
sodium hydrogen carbonate solution (100 ml) and diethyl 
ether (100 ml). Upon neutralization of excess hydrogen 
fluoride, the ether layer was separated, dried over Na2S04, 
and evaporated at reduced pressure to give a crude syrup 
7. Most impurities were removed by column chromatog- 
raphy (Silicar CC7) using 25 % ethyl acetate175 % petro- 
leum ether. The final product was an almost colorless 
syrup which ran as a single spot on thin-layer chromatog- 
raphy plates. The p.m.r. spectrum showed that while the 
product was substantially pure some minor impurities 
were present which gave resonance at ca. 7 8. Since these 
did not interfere with the n.m.r. analysis, no attempts 
were made to further purify this product. 

It is a pleasure for L. D. H. to thank the National 
Research Council of Canada for their generous financial 
support of this work, especially for an Equipment 
Grant (E 1338) which made available the heteronuclear 
decoupler. 
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NOTES 

Circular dichroism of some copper(I1) diamide complexes 

M. PARRIS AND A. E. HODGES 
Cl~emistry Departrnet~t, Car./etotz Utfiversity, Otta~va, Canada 

Received October 27, 1969 

The absorption spectra and circular dichroism spectra of some Cu(I1) N,Nf-diglycylethylenediamine 
analogues are interpreted in terms of a square-planar structure of the biuret type. 

Canadian Journal of Chemistry, 48, 1166 (1970) 

We wish to report the preparation of some 
dissymmetric diamides of formula H,N.CHR- 
CO.NH.CHR1.CHR". NH . CO . CHR NH,, 
together with the circular dichroism of their 
Cu(I1) complexes. These ligands are bis(glycy1)- 
or -(alanyl) amides of ethylenediamine (en), 
1,2-propanadiamine (pn), 2,3-butanediamine 
(bn), or 1,2-cyclohexanediamine (chxn) : 1, 
gly,(R)pn; 2, gly,(SS)bn ; 3, gly,(SS)chxn ; 
4, (S)ala,en; 5, (S)ala,(SS)chxn; 6, (S)ala,(RR)- 
chxn; 7, (S)ala,(RS)chxn; 8, (S)ala,(RS)bn. Our 
interest in these is concerned with their complete 
reduction to the corresponding 1,4,7,1 O-tetra- 
azadecanes, that is, to substituted triethvlene- 
tetramines which are stereospecific tetradentate 
ligands, as has already been shown for 1-4 (1, 2). 
Such ligands are potentially useful in the study 
of stereoselectivity in certain metal-catalyzed 
reactions (3 and references therein). The circular 
dichroism (c.d.) spectra of the 1 : 1 amide-Cu(I1) 
complexes (of the biuret type) are in themselves 
of interest in connection with octant or double- 
octant rules (4), however. 

These 1 : 1 amide-Cu(I1) complexes belong 
strictly to the point groups C, (1,7,8) and 
C2(2-6). However, so far as the donor-atoms' 
symmetry is concerned, they may all be considered 
as approximating to the group D,,, for the 
tetragonal distortion usual for a Cu(I1) complex 
will be heightened by the ligand geometry. Taking 
the z axis as the out-of-plane direction, we expect 
three transitions: 'B,, c ' A l g  (or dx2 - y2 + dz2), 
low in energy; 'B,, c 'B,, (or dx2-y2 t dxy), and 
'Big + ,Eg (or dX2-,, c d ,,, d,,), both higher in 
energy. 

Each transition is electric-dipole forbidden and 
only the two high-energy transitions are magnetic- 
dipole allowed. Coupling with the three u normal 

TABLE 1 
Species arising from vibronic coupling of the 'D terms 

in D4h 

Vibrational Repre- Polari- 
Transition mode sentation zation Rotation 

vibrations in D41,(a2,, b,,, and e,)  gives rise to 
only two transitions which can be simultaneously 
and collinearly electric- and magnetic-dipole- 
allowed: the degenerate d,2 - ,Z + dXZ, d,, 
transitions. The species arising from vibronic 
coupling are indicated in Table 1. E, and Eu 
(D,,,) correlate with B(C,), and so for these two 
transitions only will the rotational strength be 
non-zero. Only the d,2 - ,Z + d,,, dyZ absorption 
is expected to show strong optical activity. On the 
other hand, all transition moments are strictly 
electric- and magnetic-dipole-allowed in the 
group C,. If the complex becomes sufficiently 
distorted by conformational preference in the 
chelate rings, then all three absorption bands will 
show optical activity in this model. 

The absorption and c.d. spectra of the Cu(I1) - 
amide-complex solutions using ligands 2,558 are 
shown in Fig. 1. The spectra of the 1, 3, and 4 
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Wavelength (my) 

FIG. la .  Absorption spectra (-) and associated 
circular dichroism (---) for copper(I1) complexes of 
bis(glycy1)-SS-butanediamine (2) and bis(S-a1anyl)-RR- 
cyclohexanediamine (5). 

complexes have been previously published (5). 
It will be seen that the spectra fallinto two groups: 
those (3-8) in which optical activity is apparent 
over the whole of the visible absorption spec- 
trum, and those (1 and 2) in which circular 
dichroism appears mainly in the highest-energy 
component. The chirality of the complexes of 3, 
5, and 6 is determined by the cyclohexanediamine 
ring, conformation h for RR. It appears that the 
alanine likewise confers a strong preference for a 
dissymmetric structure to the 4 complex. By 
analogy with the cyclohexanediamine derivatives, 
this must involve a 6 conformation for the 
bridging ethylenediamine ring in the case of 
S-alanine; that is, the methyl groups are axial if 
the C-N-C-0 system is to be planar. These 
complexes are highly distorted from D,,,, 
whereas the remaining two (1 and 2) may be 
supposed to be much less so. I t  has been pointed 
out (6) that the methyl groups in 1 and 2 may 
be axial, as in 4, giving a h conformation 
for bridging R-propanediamine or RR-butane- 
diamine. However, comparison with the c.d. 
spectra of the cyclohexanediamine derivatives 
shows that the opposite is more likely, for the c.d. 
of 1 and 2 at ca. 530 mp is, if anything, negative. 

400 5 00 600 

Wavelength ( m y )  

FIG. lb. Absorption spectra (-) and associated 
circular dichroism (---) for Cu(I1) complexes of bis(S- 
a1anyl)-SS-cyclohexanediamine (6), bis(S-alany1)-RS- 
cyclohexanediarnine (7), and bis-(S-alany1)-RS-butane- 
diamine (8). 
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Finally, the lack of any specific abnormality 
associated with the C, symmetry of 1 is evidenced 
by the fact that the 7 and 8 complexes show a 
"normal" circular dichroism. 

Experimental 
Bis(glycy1) -R-propnnediarnir~e (I) 

The preparation procedure was adapted fro111 that of 
Sheehan and Frank (7). (-)Propanedian~ine dihydro- 
chloride (22.9 g), ialD, + 3.8 (5 %, aqueous) was slurried 
with magnesium oxide (40 g) in water (400 ml). The tem- 
perature was maintained at  5-10 "C during the slow (1 h) 
addition of phthaloylglycyl chloride (60.5 g) dissolved in 
p-dioxane (400 ml). The insoluble product was extracted 
into and crystallized from warm glacial acetic acid. The 
m.p. was higher than 300 "C. 

The bis(phthaloylglycyl)propanediamine (12.6 g) was 
refluxed for 2 h with hydrazine hydrate (3.5 g) in absolute 
ethanol (250 ml), and the solvent removed under vacuum. 
Concentrated HCI (50 ml) was added, themixturewarnled 
to 45 "C for 5 min, rapidly cooled, the phthalazine-1,4- 
dione filtered off, and the filtrate evaporated to dryness 
under vacuum over KOH. The hydrochloride was con- 
verted to the free base by ion exchange (Dowex I, O H  
form) and recovered from its aqueous solution by 
repeated evaporation with absolute ethanol. After re- 
crystallization from 11-butanol, the m.p. was 84-87 "C; 
lu l~,  - 13.7 (16%, aqueous). 

Anal. Calcd. for C7H,6N,02: C,44.7; H,  8.51 ; N, 29.8. 
Found: C, 44.3; H,  8.44; N, 29.6. 

Bis(glyc~~l)-SS-b1rtnnerlinmit7e (2) 
The same procedure was followed as for the propane- 

diamine compound, using (+)butmediamine dihydro- 
chloride (7.7g), IalD, -6.5 (7.5%, aqueous), MgO (9 g), 
H 2 0  (100 ml), phthaloylglycyl chloride (18.3 g), p- 
dioxane (100 ml). 

The bis(phthaloylglycyl)butanedian~ine (1.4g) was 
refluxed with hydrazine hydrate (0.28 g) in absolute 
ethanol (50ml). M.p., 176°C; lalo, -4.91 (1.6%, 
aqueous). 

Anal. Calcd. for C8HlsN40,:  C, 47.5; H,  8.91; N, 27.7. 
Found: C,47.0; H,8.89;N,27.6.  

Bis(g1ycyl) -RR-cyclohexnr~edian~ir~e (3) 
The same procedi~re was followed as for the propane- 

diamine and butanediamine compounds, using (-)trnns- 
cyclohexanediamine dihydrochloride (4.05 g), lalo. -15 
(I 5 %, aqueous), MgO (1 0 g), H 2 0  (1 50 ml), phtlialoyl- 
glycyl chloride (16 g), p-dioxane (100 ml). The bis- 
(phthaloylglycyl)cyclohexanediamine (2.5 g) was refluxed 
with hydrazine hydrate (0.6 g) in absoluteethanol (40 ml). 
After recrystallization from n-butyl ether, the m.p. was 
174 "C; la/,, +97.5 (4%, aqueous). 

Anal. Calcd. for C,0H20N402:  C, 52.6; H, 8.77; N, 
24.6. Found: C, 52.6; H, 8.74; N, 24.6. 

Bis(S-alanyl)et/~ylenediarr~ir~e ( 4 )  
The procedure was adapted from that of Erlanger and 

Brand (8). N-Benzyloxycarbonyl L-a-alanine hydrazide 
was prepared from L-a-alanine (Nutritional Biochemicals 
Corp., IalD, + 14.25 (2iL1, 2 N  HCI)). The carbobenzyl- 

oxyalanine hydrazide (40 g) was dissolved in glacial acetic 
acid (200 ml) and hydrochloric acid (800 ml, 0.6 M )  
added. Sodium nitrite (14.4 g) as a saturated aqueous 
solution was slowly added, the temperature being kept 
at -5 "C. The azide was extracted into cold ether (600 
ml), washed with water (200mI), sodiu~n bicarbonate 
solution (400 ml, 3 %), and water (200 ml). The cold 
soli~tion was dried over sodium sulfate for 15 min and 
ethylenediamine (10 g) in an ether: benzene mixture 
(20:80 v/v) was slowly added to i t  (30 nlin). The insoluble 
product was recrystallized from methanol. M.p., 185- 
188 "C. 

Anal. Calcd. for C24H2GN40G: C, 61.5; H,  6.4; N, 11.9. 
Found: C, 61.6; H. 6.8: N, 12.4. 

The bis(carbobenzyloxyalanyl)ethylenediamine (5g)  
was dissolved in methanol (200 ml) and hydrogenolyzed 
(6 11, room temperature, atmospheric pressure) using 
Palladiunl-black catalyst (1 g). The methanol was re- 
moved under vacuum and the residue recrystallized from 
THF. M.p., 140 "C; lalo, + 14.8 (4%, nletllanol). 

Anal. Calcd. for C8H18N402:  C, 47.5; H, 8.9; N, 27.7. 
Found: C, 47.0; H, 8.94; N, 26.9. 

Bis(~-fl/flrlj~/)-RR-c~~c/o/lesfllle~/in~~~i~~e (5)  
The procedure was adapted from that of Sheehan and 

Hess (9). (-)Transcyclohexanedianiine, (dihydrochloride, 
lalo, - 16.0 (3.8 %, aqueous)), (9.5 g), dissolved in 
~nethylene chloride (20 ml), was added to a cooled 
(-5") solution of phthaloyl-L-alanine (37.0 g) in methyl- 
ene chloride (100 ml). A solution of N,N'-dicyclohexyl- 
carbodinlide (35.2 g) in nlethylene chloride (25 ml) was 
slowly added (30 min) with continued cooling and the 
mixture stirred for 4 h. The N,N'-dicyclohexylurea (40 g) 
was removed by filtration and the filtrate evaporated to 
dryness. The residue was recrystallized from ethanol: 
water (75:25 v/v). Yield, 29.9 g; m.p., 232-233 "C; 
IaID, + 51 (O.5%, ethanol). 

The bis(p1~thaloylalanyl)cyclol~exanediamine (28.4 g) 
was refluxed for 4 h with hydrazine hydrate (6.0 g) in 
absolute ethanol (500 1111), and the solvent removed under 
vacuunl. HCI (100 ml, 0.2 M )  was added, the mixture 
warnied to 60 "C for 10 min, then cooled to 0 "C, and the 
phthalazine-l,4-dione (17.8 g) filtered off. After evapora- 
tion of the filtrate to dryness, the residue was recrystallized 
from ethano1:water (75:25 v/v). Yield, 16.5 g. 

The hydrochloride was converted to the free base in 
the same manner as I and recrystallized from absolute 
ethanol. M.p., 189-190 "C; lalo, +93 (1 %, aqueous). 

Anal. Calcd. for C12H,,N402: C, 56.2; H, 9.44; N, 
21.9. Found: C, 56.2; H, 9.36; N, 21.8. 

Bis(S-nlnt~yl) -SS-c~~clol~exnnedin~t~irre (6) 
The same procedure was followed as for the RR- 

cyclohexanediamine compound, using (+) trnns-cyclo- 
hexanediamine (7.3 g) (dil~ydrochloride, (aJ,, + 16.0, 
3%, aqueous), phthaloyl-L-alanine (28 g), N,N'-dicyclo- 
hexylcarbodiimide (27 g) in niethylene chloride (750 ml 
total volume). 

After removal of N,N'-dicyclohexylurea (26 g) and 
evaporation, the residue was recrystallized from ethanol. 
Yield, 26 g ;  m.p.,274-275 "C; lalo, + 11.7 (0.8 %,CHCI3). 

The hydrazinolysis was carried out upon the bis- 
(phthaloylalanyl)cyclohexanediamine (24.7 g) using hy- 
drazine hydrate (5.25 g) in absolute ethanol (500 ml) as  
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NOTES 1169 

before. Yield, 14.2 g. The hydrochloride was converted absorption at 510-520 mp had attained its maximum 
to the free base in the same manner as 1, then recrystal- value and the solutions were used immediately to record 
lized from absolute ethanol. M.p., 195-196 "C; jal,, their c.d. spectra. 
-78 (0.5 %, aqueous). Upon standing at room temperature for several hours, 

Anal. Calcd. for C,ZH24N402:C,56.2;H,9.44;N 21.9. the red colors gave place to blue, presumably due to the 
Found:C,56.3;H,9.39;N,21.7. amides' hydrolysis. This was not further investigated. 

Circi~lar dichroism spectra were recorded using a 
Bis(S-nlnt~yl)-RS-c~~clohesnr~edin~t~ine (7) Durri~m-Jasco ORD/UV/CD/5 with a cell length of 

The same procedure was follOwcd as for and 6~ 10 nlnl at a temperature of 28 f 1 "C, the instrument 
t~sing cis-cyclohexanedia~~~ine (6.6 g), phthaloyJ-~-alanine being standardized by means of camphorsulphonic acid, 
(25 g), N,N'-dicyclohexylcarbodiimide (24 g) in methyl- m,p, + 193 OC, AE (292 mLl) 2.3. Absorption spectra were 
ene chloride (250 ml total volume). recorded using a Cary Model 14 spectrophotometer, a 

After relnoval of N,N'-dicyclohexylurea (22.5 g) and cell length of  10 mnl, and a tenlperat~lre of 25 0.1 OC. 

evaporation, thc residue was recrystallized from ethanol. 
Yield, 24g; m.p., 159-160 "C; la!,, -2.6 (0.5 %, CHCI,). 

The hydrazinolysis was carried upon the his- We ~ o ~ l l d  like to express Our gratitude to Badische 
(pl~thaloylalanyl)cyclohexanedianiine (235 g) using hy- ll. Fabrik AG for a generous cyclO- 
drazine hydrate (4.6 g) in absolute ethanol (500 rill) as hexanediamine, to Dr.  P. Morand of The University of 
before, yield, 11.7 g, ~h~ free base was obtained from Ottawa for provision of c.d. facilities, and to the Ontario 
the hydrochloride by ion exchange as before, and Department of University Affairs for financial assistance. 
lized, with difliculty. M.p., 123-124 "C; Icrl,, +10.1 
(0.7 %, aqueous). 1. R. G. ASPERGER and C. F. LIU. Inorg. Chem. 4, 1395 

Anal. Calcd. for C,2H24N402:  C, 56.2; H, 9.44; N, (1965). 
21.9.Found:C,56.1; H,9.47;N,21.8.  2. M. GOTO, M. SABURI, and S. YOSHIKAWA. Inorg. 

Chem. 8, 35 (1969). 
Bis(S-nlatzyl) - RS-O~~tnt~ec/int~~it~e (8 )  3. D.  A. BUCKINGHAM, C. M. FOSTER, and A. M. 

The same procedure was followed as for 5-7. The yield SARGESON. J. Anier. Chem. Soc. 90, 6032 (1968). 
of bis(phthaloy1)butanediamine was 23 g ;  I I I .~ . ,  223- 4. R. B. MARTIN, J. M. TSANGARIS, and J. W. CHANG. 
234 "C; a!,, - 11.5 (1.6 %, aqi~eoils). The yield of free J. Anler. Chem. Sot. 90, 821 (1968). 
base was 6.5 g ;  174-175 OC; l a l D ,  + 13 (1 %, 5. M. PARRIS and E. A. Hoocts.  J. Amer. Chem. Soc. 
aqueous). 90, 1909 (1968). 

6. R. S. DOWNING and F. L. URBACH. J. Amer. Chem. 
Anal. Calcd. for CloH22N402: C, 52.1 ; H, 9.63; N, sot. go, 5344 (1968). 

24.3. Found: C, 50.9; H, 9.5; N ,  23.7. 7. J. C. SHEEHAN and V. S. FRANK. J. Amer. Chem. 

Cupric bis(ml1ide) cot11plexes SOC. 71, 1856 (1949). 
8. B. F. ERLAKGER and E. BRAND. J. Amer. Chem. Soc. 

Aqiieous solutions were prepared lo- ,  M in ct~pric 73, 3508 (1951). 
sulfate and M in ligand, and the p H  adjusted with 9. J. C. SHEEHAN and G. P. HESS. J. Amer. Chem. Soc. 
NaOH to lie between 10.0 and 10.5. At this pH, the 77, 1067 (1955). 

Spectrophotometric determination of the hydrolysis constant of 
bromine at 25 "C 

JUDITH M. PINK (MRS.) 
Depnrttrlellt of Clletrlistry, St .  Frmlcis Xnvier University, Alttigottis/~, Noua Scotin 

Received October 21, 1969 

A spectrophotometric determination of the equilibrium constant for the hydrolysis of bromine in 
water is described. 
Canadian Journal or Chemistry, 48, 1169 (1970) 

While carrying out a quantitative analysis of Kh was determined by Liebhafsky (1) to be 
some kinetic results of oxidations in bromine 5.8 x loe9 at 25 "C. This value, however, was 
water, it was found that no reliable value of Kh, questioned later. Eigen and Kustin (2), using a 
the hydrolysis constant of bromine water, was temperature jump relaxation technique, found 
available. the value to be 6.9 x loe9 at 20". Deno and 

Potter (3) used Eigen's value at 20" and Lieb- 
[HOBrIJ[H+][Br-] 

C 11 Kh = -- hafsky's temperature correction to calculate Kh 
[Brzl at 25" to be 9 x loT9. In a later publication, 
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While carrying out a quantitative analysis of Kh was determined by Liebhafsky (1) to be 
some kinetic results of oxidations in bromine 5.8 x loe9 at 25 "C. This value, however, was 
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Deno and Fruit (4) revised this to 6.7 x lo-', 
though the earlier computation appears to be 
correct. Since the value of Kh is a prerequisite for 
any quantitative study in the bromine water 
system, its determination at 25" was undertaken 
by the present author. 

The equilibrium constant, K,, for tribromide 
formation is known to be (5) 

and therefore Kh can be evaluated spectrophoto- 
metrically if the extinction coefficients for Br,, 
Br,-, HOBr, and OBr- are known. 

A new determination of the spectra of HOBr 
and of OBr- gave essentially the same results as 
obtained by previous workers (6, 7). However, 
no reliable set of extinction coefficients had been 
found for Br, in water for the same wavelength 
region. Earlier workers (8, 9) ignored both the 
hydrolysis reaction and tribromide formation. 
Since the tribromide absorption is high, even 
small amounts present may cause significant 
errors. The extinction coefficients of Br, and 
Br,- determined by the author are listed in 
Table 1. 

TABLE 1 

Extinction coefficients of Br, and of Br3- between 
390 and 250 mp 

Wavelength (mp) 

390 
380 
370 

In the spectrophotometric determination of 
the concentrations of the various species in eq. 
[ l ]  for bromine water solutions containing vary- 
ing amounts of bromide, any contribution from 
OBr- was neglected, since the solutions analyzed 
had a p H  between 3 and 5. The concentration 
terms listed in Table 2 are the average values of 
eight sets of simultaneous equations solved for 

each run. The values of Kh were calculated from 
eq. [ l ]  using these concentrations and the [H'] 
computed from the p H  reading of each solution. 

The values of Kh determined are expected to be 
more reliable at low bromide concentration than 
at  high values because of the strong absorption 
of Br,- relative to all the other species at all 
wavelengths studied. This is clearly confirmed by 
the greater deviations shown by runs 1 and 3 
(Table 2). On the basis of the other three runs, 
the average value of Kh is 9.6 x lo-'. This is in 
agreement with Deno and Potter's calculation 
(3) and also with the value 8.8 x lo-' recently 
estimated from kinetic considerations by Perl- 
mutter-Hayman and Weissmall (10). This latter 
value was found in solutions of fairly high ionic 
strength. 

Experimental 
British Drug Houses AnalaR-grade reagents were used 

and the water was doubly distilled. p H  measurements 
were made with a Radiometer TTTl titrator in conjunc- 
tion with a type PHA630T Scale Expander. The ultra- 
violet spectra were recorded on a Cary Model 14 spec- 
trophotometer. 

Broniine-water solutions were freshly made up by 
dissolving bromine either in distilled water or in a 
bromide solution of known concentration and equilibrat- 
ing the resulting solutions at  25". Sanlples were with- 
drawn for measuring their p H  and determining their 
oxidizing power iodometrically. Ultraviolet spectra of the 
remaining solutions were run against water or bromide 
solutions as references. 

Deterti~it~ntiot~ of the Tribrotr~irle Extit~ctioi~ Coejjiciei~t 
Solutions, all 2.75 x M in HC104 (in order to 

suppress hydrolysis) and containing varying amounts of 
known bromide, were prepared. The total oxidant con- 
centration, determined iodometrically, is given by 

[Ox] = [Br2] + [Br3-] 

This equation, in conjunction with eq. [2], was used to 
determine the equilibrium concentrations of Br, and of 
Br3-. The extinction coefficients were calculated by com- 
paring pairs of spectra at a chosen wavelength, assuming 
that the only absorbing species were Br2 and Br,- and 
that Beer's law was obeyed. 

Deter.inii~atiotz of the Coi~cet~tratioirs of the Variolts 
Species it1 Brot71iile Water 

The sin~ultaneousconcentrations of the different species 
were determined at  several wavelengths using pairs of the 
set of equations 

together with 

[Br,] + [Br3-] + [HOBr] = [Ox] 

where cnrZL designates the extinction coefficient of Br, and 
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NOTES 

TABLE 2 

Calculated hydrolysis constant for bromine water at 25 "C 

Run tH+l  [ox 1 [Br2 1 [Br-] [HOBr] &I 

NO. lo5 ,  ( M )  103, ( M )  x 103, ( M )  x lo4, ( M )  x lo3 ,  ( M I  x lo9,  w2) 
1 1.12 0.442 0.304 24.17 0.126 11.2 
2 2.74 5.520 3.469 5.938 2.016 9.46 
3 3.98 0.396 0.347 20.84 0.037 8.95 
4 15.1 3.441 2.255 2.053 1.182 9.55 
5 16.2 3.486 2.250 1.199 1.144 9.90 

[O.D.IL is the absorbance of the bromine solution, both 
at wavelength h. 

The computations were carried out on an IBM 1620 
computer. 

The author thanks the National Research Council of 
Canada and the St. Francis Xavier University Council for 
Research for grants, Miss K. Crouse for carrying out 
some of the measurements, and one of the referees for 
pointing out a serious typographical error. 
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The primary ionmassspectra of theC,H, isomers indene and 1-phenylpropyne were remarkably similar. 
Examination of ion and metastable peak intensities and their energy spectrum indicate that their common 
M-1 (C9H,+) fragment ion has the same structure. The mass spectra of several substituted phenyl- 
propynes were also similar to that of the parent hydrocarbon below mass r?r/e 115 but showed no 
substituent or kinetic effect. The mass spectra of 1-phenylpropyne-d, clearly shows HID randomization 
in the molecular ion and linear ion structures are proposed. 
Canadian Journal o f  Chemistry, 48, 1171 (1970) 

The electron impact induced fragmentations alcohol (1) and its C 7 H 8 0  isomer, benzyl 
and rearrangements of acetylenic compounds alcohol, give similar primary ion mass spectra 
tend to give fragment ions which are typically with identical metastable peaks. Moreover, both 
derived from aromatic systems (1-4). The acyclic a-d-benzyl alcohol and a-d-all-trans-hepta-2,4- 

dien-6-yn-1-01 show almost 100% HID random- 
ization in the C7H7+ ion (3). Aplin and Safe (2) . .  . 

'NRCC No. 11133 also showed that the mass spectra and metastable 
'Part I in the series "Aspects of acetylene chemistry". peakS ofthe C-10 polyacetylene (2) and indene (3) 3Part V in the series "Mass soectra of aromatic and 

acetylenic compounds". were similar. 
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TABLE 1 

[CgH7+ mle 1151 [68.9]* 
[CgH8+ mle 1161 [C7H5 + mle 891 

Compound 70eV 15eV 70 eVt 

Indene (3) 1.2 0.75 .02 
1-Phenylpropyne (4, X = H) 0.8 0.78 .02 

*Metastable peak for nrle 115 -C2H2 nz/e 89 fragmentation, 
tMetastable ions are too weak at  15 eV. 

CH3. CH=CH. CH=CH. CH2R 
(2, R = OH, OAc) 

In the present study the mass spectral frag- 
mentations of indene (3) and 1-phenylpropyne 
(4, X = H) and substituted 1-phenylpropynes 
were studied in order to investigate the fragment 
ion structures and particularly the ubiquitous 
C9H7' (b, m/e 115) ion. 

The similar primary ion mass spectra of the 
two CgH, isomeric hydrocarbons (3 and 4, 
X = H) are shown (Fig. 1). The molecular ion 
(a, nzle, 116) for (4, X = H) decomposes to give a 
strong M-1 ion at nzle 115 (b, C,H7') which in 
turn loses C,H, to give the C7H5' ion (c). Both 
of these fragmentations are accompanied by 
strong metastable ions at mle 112 and 68.9 re- 
spectively. The C7H5' ion (c) also expels acety- 
lene to give the C5H3' ion (d) and a weak 
metastable peak at mle 44.6. The fragmentation 
pathway described by 4 (X = H) (eq. [I]) is 
identical to that previously reported for indene 
(3) (2). Table 1 shows a comparison of the bla 

values obtained for both 3 and 4 (X = H) as well 
as their respective ratio of [metastable ion at 
nzle 68.9]/[(c)] for the fragmentation b -> c.These 
data indicate that at least a fraction of the decom- 
posing b ions for both hydrocarbons have the 
same structure and energy (5). 

The energy spectrum of the ion beam (6) im- 
pinging on the beam monitor electrode was re- 
corded by scanning the ion accelerating voltage 
at constant electrostatic voltage. The energy 
spectrum yields the relative concentrations of ions 
produced by "metastable" processes in the ion 
beam following acceleration of the ion beam and 
prior to its impinging on the beam monitor elec- 
trode. The energy spectrum for both 3 and 4 
(X = H) showed a major species in the ion beam 
having 77% of the accelerating energy. This 
species has the energy expected for the product of 
the reaction b -> c. Moreover the ratio of 
[daughter ion species, mle 8911 [total ion current] 
was 1.35 (f 1 %) x for both 3 and 4 (X = 
H). Therefore, it is likely that in the mass spectra 
of 3 and 4 (X = X) the CgH7' ion (b) is both 
formed and decomposed by identical processes. 

In order to further probe the breakdown of 1- 
phenylpropyne (4, X = H) a series of substituted 
analogs were prepared so that the presence (or 
absence) of a substituent or kinetic effect could be 
ascertained (7). The values obtained for [M+]/ 
[M+-XI (X = C1, Br, CH,, NO,) are similar 
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NOTES 

FIG. 1. A comparison of mass spectral fragmentation patterns. 

for all substituents (i.e., 0.70, 0.80, 0.90, 0.70 re- 
spectively). The result indicates rapid loss of the 
substituent to give ion b which then fragments as 
already described for 3 and 4 (X = H). The 
methoxyl derivative 4 (X = OMe) gives an 
anomalous result which is typical for strongly 
electron-donating groups (8) and the fragmenta- 
tion proceeds as shown (eq. [2]) (9). The fluoro 
group in 4 (X = F) acts as a heavy atom label 
(10) in which the ions a, b, c, and dare replaced by 
their corresponding fluoro analogs (CgH7F+, 
CgH,F+, C7H,F+, and C,H,F+ respectively). 
To a lesser extent, however, the fragmentation 
also proceeds as already described for the other 
substituted 1-phenylpropynes (4, X = Br, C1, 
CH,, NO,). The complexity of the spectrum of 
the fluoro derivative does not readily permit a 
quantitative estimate of the H/F randomization. 

The mass spectrum of the deuterated com- 
pound (5) provides f~lrther insight into the nature 
and mechanism of the formation of the CgH7+ 
ion (b). The results (eq. [3]) clearly show that the 
molecular ion e loses both hydrogen and deuter- 

ium with the ratio off (M+-H)/g (M+-D) being 
5:3. This is precisely the atomic HID ratio in 5 
indicating 100 % HID scramblingin the molecular 
ion e prior to fragmentation. The mass spectra of 
several other aromatic compounds [i.e., benzene 
(1 I), nitrosobenzene (12), halogenobenzene (5), 
pyridine (13), and benzonitrile (14)] also shows 
HID randomization in the molecular ion. 

It has been suggested (15) that the HID 
scrambling occurs via valence bond isomerism 
in which no C-H bond cleavage occurs (typical 
of photochemical processes). This mechanism 
clearly cannot be operative with l-phenyl- 
propyne (4, X = H) and indene (3) since the HID 
scrambling in the molecular ion necessitates 
C-H (d) bond rupture prior to the formation of 
the CgH7+ ion (6). A more likely structure for a 
and b is a linear ion formed by rupture of the 
benzene ring followed by rapid hydrogen ran- 
domization via processes analogous to proto- 
tropic rearrangement. It is also conceivable that 
the linear ion might reversibly recyclize. The 
existence of the linear C6H5+ ion has previously 
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been shown to result from the electron-impact 
fragmentation of benzene (16) and these non- 
cyclic ions may conceivably play a more impor- 
tant role in the mass spectra of aromatic and 
acetylenic compounds. 

Experimental 
Mass spectra were obtained on a Consolidated Electro- 

dynamics Corporation 21-llOB mass spectrometer op- 
erating at 70 eV and using electrical detection. Samples 
were introduced by a direct introduction technique using 
a low temperature probe (18) at - 50 to - 30" to avoid 
thermal reactions in the inlet system. 

All of the compounds were of analytical purity and, 
except for thep-nitro were prepared from the correspond- 
ing acetophenone by reaction successively with phos- 
phorus pentachloride, 3 moles of lithium amide, and a n  
excess of methyl iodide (17). In the case of 9, trideutero- 
methyl iodide was employed in the final step. Thep-nitro 
compound was prepared, most conveniently, from the 
reaction ofp-nitroiodobenzene with propynyl copper (17). 

The work at Queen's University was supported by a 
grant from the National Research Council of Canada and 
by the award of a Studentship to W. R. Pilgrim. The 
authors wish to thank Mr. D. Embree for his assistance 
in recording the mass spectra. 
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The ordinates of Figs. 1, 3, and 4 should be multiplied by lo9, and that of Fig. 2 should be 
multiplied by lo8. 
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Influence of inert gases on the catalytic oxidation of SO, 

A. A. YERAMIAN,' P. L. SILVESTON, AND R. R. HUDGINS 
Department of Cl~emical Engineering, University of Waterloo, Waterloo, Ontario 

ReceivedZ August 16, 1968 

A study was made of the influence of diluent gases on the reaction rate and activation energy of the 
oxidation of s u l f ~ ~ r  dioxide over vanadium pentoxide catalyst, an  effect noted by Baron, Manning, and 
Johnstone in 1952. Results confirmed the occurrence of the effect in a still lower temperature range 
(350470 "C). Using non-adsorbing gases, helium and argon, the effect was demonstrated to be free from 
chemisorption of the diluents. 

Data on activation energy vs. molecular weight of the gas phase, using helium and argon, were in 
qualitative agreement with predictions based on a momentum-exchange model of Baron et al. However, 
comparison of rates obtained with argon (monatomic) and nitrogen (diatomic) as diluents, combined 
with independent study of the rate controlling steps, casts doubt on the adequacy of the explanation 
offered by Baron et al. 

Canadian Journal of Chemistry, 48, 1175 (1970) 

Introduction 
Baron, Manning, and Johnstone (1) reported 

that the rates and activation energies for the 
oxidation of sulfur dioxide over vanadium pen- 
toxide depended upon the gas used to dilute the 
reactants. This curious discovery has not been 
mentioned further in the literature. Baron et al. 
postulated that the desorption of SO, must be 
one of the rate controlling steps and explained 
the effect through a momentum-exchange model 
in which the rates and the overall activation 
energy depended upon the average molecular 
weight of the gas phase. Helium, nitrogen, and 
carbon dioxide were used as diluents, and the 
activation energies observed with these gases 
were found to be in qualitative agreement with 
theory. 

The object of this study was to dissociate the 
Baron observations from both the complex re- 
actor model previously utilized and the possible 
chemisorption of nitrogen and carbon dioxide by 
employing the non-adsorbing gases helium and 
argon. In addition, an attempt was made to es- 
tablish the rate controlling step by the modelling 
approach of Yang-Hougen-Watson (2, 3) to 

'Present address: Facultad de Ciencias Exactax, 
Universidad Nacional de La Plata, La Plata, Argentina. 

'Revision received August 20, 1969. 

assist the interpretation of the inert gas effect. It 
was a further object of this study to obtain data 
free from transport effects, a pitfall which many 
of the previous investigators of SO, oxidation 
have takeil insufficient pains to avoid. 

The literature offers a variety of mechanistic 
and rate control proposals for SO, oxidation 
over vanadium oxide catalysts. The reaction over 
sodium promoted vanadium oxide was judged to 
be controlled by a surface reaction between ad- 
sorbed SO, and gas-phase oxygen by Calderbank 
(4), but others (5-7), using a potassium promoted 
catalyst, found the rate to be controlled by a sur- 
face reaction between chemisorbed 0 and SO,. 
Kubota et al. (8) found that over pure V205, be- 
low 450 "C, 0, adsorption controls, although 
this model is not satisfactory for data taken at 
low SO, pressure (9). Mathur and Thodos (lo), 
using a commercial potassium promoted catalyst, 
inferred a change of control from surface reaction 
at 372 "C to desorption of SO3 at 400 "C. Their 
conclusions have been criticized on several counts 
(1 1, 12). Peveney (13) measured the activity of 
several catalysts for SO, oxidation, including 
V205  promoted with BaO, and found a direct re- 
lation between catalyst activity and the rate of 
desorption of SO,. Mars and van Krevelen (14), 
and later Boreskov et al. (15), concluded that 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1176 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

oxygen uptake by the catalyst was the controlling 
step. Mars and Maessen (16) suggested that the 
strong inhibition of the reaction rate by SO, was 
related to the equilibrium SO, + V,O, + 
SO, + V,04. A molten phase has been reported 
as low as 400 "C (17) and attributed to an eutectic 
formed by vanadium pentoxide and the promoter 
(18). The melting point is sensitive to the com- 
position of the catalyst and the presence of SO, 
and SO3 dissolved in the molten phase. These 
findings indicate an interaction between the gas 
phase and the catalyst resulting in a change of 
catalyst composition and activity. They also cast 
doubt on the validity of much of the previous 
work, in which variation of gas composition was 
used to obtain kinetic models and postulate the 
rate controlling step. 

Recent papers (19-21) indicate that the mask- 
ing of the kinetics by mass transfer must be 
considered even for millimeter-sized catalyst par- 
ticles in the higher temperature ranges. Calder- 
bank's study (4) reported a sharp increase in site 
density when a very fine catalyst powder was used 
in place of the 10-14 mesh catalyst employed for 
most of his work. This result suggests pore dif- 
fusion interference. 

The existence of a long induction period for 
the catalyst, particularly in the lower tempera- 
ture ranges, has been found by different workers 
(9, 12, 22) and may have confounded the inter- 
pretation of previous kinetic studies (12). 

Experimental 
In our experiments, the problem of interaction of 

catalyst and gas phases was minimized by maintaining a 
constant SO,/O, mole ratio and by keeping the conver- 
sion low and relatively constant through adjusting the 
amount of catalyst. Also, the temperature range was 
chosen to avoid a molten catalyst phase at low partial 
pressures of SO,. 

As an independent investigation of the rate controlling 
step, four reaction models of the Langmuir-Hinshelwood 
type (2, 3) were considered. Rate controlling steps were 
taken as (i) adsorption of O,, (ii) adsorption of SO,, 
(iii) desorption of SO3, (iv) surface reaction between 
adsorbed SO2 and adsorbed oxygen. In all models, oxy- 
gen was assumed to dissociate upon adsorption. Models 
were compared for their goodness of fit to the data, as 
described in Modelling Studies below. 

Apparatus 
A detailed description of the apparatus is available 

elsewhere (23). Oxygen and diluent gases were passed 
through separate silica gel dryers and rotameters and 
mixed with SO, in a manifold. All SOz-carrying lines 
were heated to prevent condensation. The absolute pres- 

sure was measured behind the manifold. Adequate mixing 
of the feed gases was insured by using a manifold of twice 
the diameter of the feed lines and by allowing 350 tube- 
diameters in a preheater of 114 in. stainless steel tubing 
before the catalyst bed. The gas mixtures passed down- 
ward through the catalyst bed containing either 0.18 or 
9.31 g of catalyst in a 114 in. diameter stainless steel tube. 
Thermocouples clad in stainless steel were located im- 
mediately before and after the bed. The entire preheater 
and reactor were immersed in a Cole-Parmer fluidized 
sand bath. Temperatures between ends of the catalyst 
sample varied by not more than 1 "C during runs. Thus, 
the reaction took place isothermally. Reacted gas passed 
from the reactor via a heated tube to a sampling train. 

Materials 
Nitrogen (prepurified grade), oxygen (commercial 

grade), anhydrous sulfur dioxide, and high purity argon 
and helium were obtained from Matheson Co. Oxygen 
and the diluents were dried over silica gel, but no gases 
were refined further. The promoted V205 ("Aero") 
catalyst was obtained from Cyanamid of Canada, who 
supplied its typical analysis: V205 = 9.1 %, K 2 0  = 
10.1 % (both by weight), bulk density = 0.7 g/cm3, and 
specific surface = < 1 m2/g. The catalyst support was 
diatomaceous silica, and catalyst was received in the form 
of 118 in. x 118 in. cylindrical pellets. These were crushed 
and sieved and the 20130 mesh fraction, U.S. Sieve Size 
(averaging 0.7 mm diameter), was used for the rate 
measurements. 

Analysis 
Analysis was accomplished by collecting a gas sample 

and titrating. The procedure was developed after testing 
various methods reported in the literature (23). The sam- 
pling train consisted of two bulbs containing a measured 
quantity of isopropanol cooled in a Dry-Ice -acetone 
bath to -72 "C. Product gases passed through the sample 
train for a measured period, whereupon the bulbs were 
removed and analyzed. It was estimated that less than 2% 
of theeffluent SO3 escaped from the train with this system. 
A known quantity of deionized water was added to the 
conte~ts  of the collecting flasks while still cold and the 
solution was allowed to warm to room temperature. SOZ 
was partially purged using a stream of N,. Water served 
to keep the SO3 in the system during purging, which was 
done to reduce the error in chemical analysis by lowering 
the SO,/SO3 ratio. Total acidity of a sample was deter- 
mined by microburet titration. The SO, content inanother 
sample of purged solution was determined by titrating 
with iodine solution. The difference between the titers of 
NaOH and I,, corrected for a blank, was used to calculate 
the conversion to SO,. The method was checked for 
accuracy and found to be + 2 % of the known value. Pre- 
cision of a measurement was also + 2 %. 
Procedure 

In most runs, mass velocities were about 230 g/cm2 h, 
and conversions ranged from 0.1 to 2%. Thus, the reactor 
was differential with respect to conversion of SO, and 
oxygen, permitting rates to be calculated directly from 
conversions. Mole fractions of SO, averaged 0.168 and 
0, averaged 0.252, but varied between 0.16 to 0.17 and 
0.245 to 0.27, respectively. The remainder was diluent gas. 
Total pressures in the system were varied from 0.6 to 6.2 
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" , ~ I I I I I I I  
TABLE 1 

V Reaction rate for varying mean particle diameter* 

Mean particle diameter Reaction rate 
3 (mm) (g-mole/h g catalyst x loZ) 

6, TIME , h 

FIG. 1. Catalyst stabilization in a typical run. Con- 
ditions: temperature, 422 "C; total pressure, 1.03 atm; ?pRo2 exP (yPI(1 + P)) _ . 
flow rate, 1.20 mole/h; weight of catalyst, 0.314 g. Mole 6 1 
fractions: OZ = 0.25, SO2 = 0.17, N2 = 0.58. CsDeff 

atm to obtain the pressure dependence of the rate of 
reaction. Runs to find the temperature dependence were 
performed at about atmospheric pressure. During a run, 
operating conditions were maintained constant and, after 
two successive rate measurements which agreed to within 
the apparent standard deviation were obtained an hour 
apart, a stabilized condition of the catalyst was assumed. 
It usually required 6 h to obtain steady conditions (al- 
though at temperatures below 400 "C and with helium as 
a diluent, stabilization periods of up to 12 h were re- 
quired). Similar behavior has been observed by Kubota 
(9) and Boreskov (22). Figure 1 shows a sequence of rate 
measurements made in a run at 442 "C, 1.03 atm pressure, 
with mole fractions of SO,, oxygen, and nitrogen of 0.17, 
0.25, and 0.58, respectively. The flow rate was 1.20 g- 
mole/h over 0.314 g catalyst. 

The standard deviation of replicate measurements of 
the reaction rate was about 10%. 

In addition to the stabilization problem already noted, 
an induction period of 30 to 40 h of on-stream time was 
required to stabilize fresh catalyst. Thereafter, there was 
no apparent change in the stable catalyst activity with 
further use. 

Initially, considerable conversion was obtained from 
the metal surface in the empty reactor. After one week, 
however, the activity of this surface had fallen to a 
negligible level. 

Results and Discussion 

Transport Effects 
The absence of an internal diffusion contri- 

bution for the pressure used to study the inert-gas 
effect was verified experimentally by measuring 
rates at 442 "C, 1 atm, with catalyst particles of 
0.7 (20130 mesh) and 0.3 mm (40160 mesh) diam- 
eter. As shown in Table 1, there was no signifi- 
cant difference in the rates observed, despite a 
two-fold difference in size. This result could be 
anticipated from the low value of the specific 
surface (less than 1 m2/g). However, for this con- 
dition, the Weisz-Hicks criterion (24) 

(? = measured reaction rate, p = bulk density 
of a single catalyst pellet, Ro = pellet radius, 
C, = concentration of gaseous reactant at pellet 
surface, E = porosity within a pellet, AH = 
exothermicity of the reaction, K = thermal 
conductivity of pellet, T, = temperature at 
pellet surface, y = AHIRT,, R = gas constant) 
may be used to indicate the absence of concen- 
tration and temperature gradients within the 
catalyst. Substitution in the criterion gave 0.1. 
The only value which had to be assumed was the 
effective diffusivity, D,,,. This was calculated 
from the relation D,,, = D ,,,,,,, E/T assuming 
a tortuosity, T, of 2. This relation is believed to be 
a good approximation for a macro-pore system 
which the low specific surface suggests for our 
catalyst. The thermicity factor 

P = Den Cs AHI(KT,) 
was found to be about 0.02. This low value 
indicates that the catalyst pellets are isothermal 
(24). 

Estimates were also made of the concentration 
difference between the gas phase and the catalyst 
surface using actual rate data to see whether the 
mass transport to or from the catalyst was rate 
limiting. A mass transfer correlation of Sen 
Gupta and Thodos (25) was employed, using a 
conservative value of the exponent of the Rey- 
nolds number, as recommended by Boudart and 
Chambers (26). These calculations, employing 

' 

measured rates of reaction, indicated no appreci- 
able concentration or thermal gradients at the 
solid-fluid interface. 

Inert-Gas Effect 
An Arrhenius plot, Fig. 2, shows that the 

inert-gas effect is observed approximately 80 " 
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1 450 400 "C 
0.01 I I I I 

1.40 1.50 1.60 
IIT , O K  -' X lo3 

FIG. 2. Arrhenius plots for SO2 oxidation using 
different diluents. Total pressure = 1.03 atm. Mole frac- 
tions: 0, = 0.25, SO2 = 0.17, diluent gas = 0.58. Di- 
luent gas: 0, nitrogen; n, argon; A, helium. 

below the range studied by Baron et al. (1). 
Rates appear to converge towards similar values 
at about 470 "C, but to diverge at about 90" 
higher. Figure 2 shows considerable scatter, but 
only in the high temperature region beyond 
about 430 "Cis the scatter becoming clearly of the 
same order of magnitude as the difference in the 
effects. At lower temperatures, there is a differ- 
ence of 100% between the rates with He and 
with A, while the scatter in some cases is 25 to 
30 %. 

Experimental proof that the inert-gas effect is 
not due to diffusional control of reaction may be 
seen in that an increase in molecular weight of 
the gas phase increases the reaction rate. This 
result is opposite to what would be expected of a 
diffusion controlled process. 

The possibility of a change in the activation 
energy between low and high temperature regions 
is suggested by both the helium and the nitrogen 
data of Fig. 2. The break appears to be located 
near 420 "C, which is close to the observation of 
Mars and Maessen (16). However, there are in- 
sufficient data to establish a definite slope change. 
Therefore, the least-squares values of the activa- 
tion energy using the three diluent gases were 
obtained and are compared with those of Baron 
et al. in Table 2. Rather large differences are 
noted between the activation energies obtained 
in the two studies. However, different catalysts 
were used and the temperature ranges overlap 

only partially so that there may be different rate 
controlling steps for the two studies. With the 
exception of Baron's value for the CO, diluent, 
both sets of activation energies are within the 
ranges usually found for oxidation over V 2 0 5  
(16). 

The crucial observation is the difference in 
activation energies using helium and argon, two 
non-adsorbing gases. It is clear that the inert-gas 
effect may be explained without recourse to argu- 
ments involving competition for sites, or lateral 
interactions arising from chemisorption of the 
diluent gas. Baron et al. appear to have been 
wholly justified in looking elsewhere for an ex- 
planation of the diluent gas effect. 

Baron et al. (I) proposed the following model, 
postulating that the reaction was controlled by 
desorption of the product gas, where desorption 
occurs strictly as a result of momentuin exchange 
from impinging gas molecules. Assuming spher- 
ical gas and adsorbate molecules, the rate, r, is 
given by 

for 

where A refers to the molecule being desorbed 
from the surface through a collision with gas- 
phase molecule B, d is the sum of the molecular 
radii of A and B, a = mA/m,, m = molecular 
mass, p = pressure, P = steric factor, R = gas 
constant, T = temperature in OK, 0, = surface 
concentration of A, N = Avogadro's number, 
Ed = energy of desorption of A. Only when 
a = 1 will the measured activation energy be 

TABLE 2 

Comparison of activation energies for 
inert-gas diluents 

Activation energy, kcal/rnole 

370462 "C 450-550 "C 
Diluent (This study) (Reference 1) 

Helium 35.7 + 2.4 21.5 
Nitrogen 28.6, 1 . 4  15.8 
Argon 28.5 + 2.0 - 
Carbon dioxide - 9 .5  
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TABLE 3 
Predicted and observed activation energies 

EEI~IEx 

Predicted Observed, 
Diluent showing 95 % 
gas X M Ma , CI Eq. [I] Eq. [2] confidence interval 

equal to the actual energy necessary to desorb a 
molecule from the catalyst surface. 

Reasoning from Bodenstein's interpretation 
(27) of the mechanism, Baron et al. developed a n  
alternative model which assumed that the cata- 
lytic oxidation of SO, was controlled by surface 
diffusion of the adsorbed SO, to  reaction sites. 
Collision of impinging gas molecules with ad- 
sorbed SO3 then freed the sites for further reac- 
tion. This view led to the following modification 
of eq. [ I ]  

i r r r  

where lc" = a temperature-dependent constant, 
Ma, = average molecular weight of the gas 
phase, Ed = activation energy for desorption 
which is assumed equal to the activation energy 
of surface diffusion, and OSo2 = fraction of sur- 
face sites occupied by adsorbed SO,. 

Both eqs. [ I  ] and [2] predict that the activation 
energy decreases if nitrogen or argon are sub- 
stituted for helium. Our experiments verify this, 
as may be seen in Fig. 2 or Table 2. However, as 
shown in Table 3, the experimental ratios of 
E,,/EN2 and EE,,/EA with 95 % confidence inter- 
vals include the values predicted from both eqs. 
[ l ]  and [2]. Thus, no  discrimination between 
theories is possible from these results. 

Table 2 also shows that the activation energies 
obtained using argon and nitrogen were almost 
identical, although eq. [ l ]  predicts that the 
activation energy using the nitrogen diluent 
should have been about 7 % greater. The scatter 
in the Arrhenius plots results in an E ratio 
(EN2/EA = 1 .OO f 0.12) whose confidence limits 
are larger than this difference. 

Equation [ l ]  suggests that increasing the mo- 
lecular weight of the impinging spherical gas 
molecule should increase the reaction rate. This 
may be because d varies only slightly from one 
pair of molecules to  another, P remains constant 
for spherical molecules, and the exponential 
term for values of the physical parameters ex- 
pected in this reaction increases more rapidly 
with m, than the term m,-'I2 decreases. This be- 
havior was observed by Baron et al. (1). How- 
ever, Fig. 2 shows that the reaction rate decreases 
when argon (M = 39.9) is substituted for nitro- 
gen ( M  = 28.0). I t  may be, however, that this 
discrepancy occurs because nitrogen, being dia- 
tomic, transfers rotational and vibrational energy 
in addition to translational energy on colliding 
with an  adsorbed species. Since the momentum- 
transfer model was derived for colliding spheres, 
it is likely that helium and argon are closer to  
the assumed model than is nitrogen. The rota- 
tional and vibrational energy contributions of 
the reactants, SO, and O,, would also be ex- 
pected to cause some departure from the simple 
model. 

The interpretation of the activation energies 
reported above requires some comment. The 
values of E given in Table 2 are obtained from 
the slopes of Fig. 2. This procedure implies a 
power-law model of the form 

for the catalytic oxidation. Several variants of 
this general power-law model have been em- 
ployed in the literature to  correlate measure- 
ments over V 2 0 5  catalysts (28, 29, 4). Some 
recent researchers (5, 1) however, have favored 
models of the Langmuir-Hinshelwood type such 
as that shown in Table 4. 

Calculating E in the manner noted above can 
only be done if the following conditions are 
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TABLE 4 
Results of fitting kinetic models to data of Fig. 3* 

(a) Description of models 
p-.-pp--.p- ~~ . .... .. . 

Model number Controiling stage Equation 

I Oxygen adsorptioil r. = - k1Po2 
Ko,'12~so, (1 + - + Ks0,Pso2 + Kso,Pso, 

KpPso2 

111 SO, desorption )' = --------- 
~ ~ ~ I P S O ~ P O ~ ~ ~ ~  

1 + Ko,1i2~o,1'2 + K S O ~ P S O ~  + K ~ K S O ~ P S O , P O ~  112 

IV Surface reaction ~ ~ " P , O , P O , ~ ~ ~  - ,. = . -- 

(1 + Kso,Pso, + PO: /~  + KSO,PSO,)~ 

(b) Values of parameters 
--- 

Model k i  x lo2 Ko2 Kso, Kso, RSS x 10' 

'Units o f  the rate constants are: k t ,  k , , :  g-mole atm-1 h-1 g-catalyst-1; kill, k t":  g-mole atm-312 h-1 
g-catalyst-'. K, is the equilibrium constant in terms o f  partial pressures for the reaction 

At 442OC, K, was taken as  179 atrn-lI2. 

closely approximated: (i) the partial pressures 
p,, and pso2 are constant, (ii) either P,,, is con- 
stant or the reaction rate is insensitive to p,,,, 
(iii) the temperature dependence of any of the 
adsorption coefficients in the denominator of 
models such as those in Table 4 does not con- 
found the estimation of E under the reaction 
conditions used. Condition i is satisfied in that a 
constant ratio of 0, and SO, was used at about 1 
atm, and the conversions of SO, and 0, were 
differential. Condition ii was satisfied in that 
there appeared to be no sensitivity of the reaction 
rate to p,,,, as the following results indicate. 
Four runs, plotted in Fig. 3, were carried out at 
1 atm and with identical flows of reagents, using 
two different weights of catalyst. Conversions 
were, respectively, 0.41, 0.45, 0.78, and 0.80%, 
while the corresponding rates were 4.5, 5.0, 5.0, 
and 5.2 mg-mole/h g-catalyst. While conversion 
(and thusp,,,) almost doubled between the first 
and second pairs of runs, the rates did not differ 
significantly. Thus, the exponent q in eq. [3] may 
be assumed to equal zero. In addition, from 

TOTAL PRESSLIRE , atm 

FIG. 3. Reaction rate vs. total pressure. Tempera- 
ture = 442 "C; mole fraction: O2  = 0.25, SO2 = 0.17, 
N2 = 0.58; flow rate, 0.70 to 2.40 mole/h; weight of 
catalyst, 0.184 g (two runs with 0.314 g are shown as  e). 
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Table 4 it can be seen that the adsorption 
equilibrium constant Kso, at 442 "C was negligibly 
small in all models considered in this study. 
Using this result, it is now possible to determine 
whether condition iii was satisfied. 

Calderbank (4) measured adsorption equilib- 
rium constants and heats of adsorption for SO, 
and 0,. If we assume that these values can be 
used with the models of Table 4, an estimate of 
the change in the denominator for the experi- 
mental conditions used in this study may be 
made. As the temperature increases from 370 to 
442 "C, the denominator decreases by about 50 % 
in the worst case (Model IV), while the rate in- 
creases twenty-fold. This calculation suggests 
that the slopes of Fig. 2 give a satisfactory ap- 
proximation of the value of the activation energy. 

Modelling Studies 
With the object of examining the model 

postulated for the diluent gas effect by Baron et 
al. in eq. [I], data were taken on the effect of 
pressure on the oxidation rate, as shown in Fig. 
3, to identify the rate controlling step by means 
of model fitting (2, 3). The four models usually 
proposed for SO, oxidation are shown in Table 
4. These models were tested against the experi- 
mental data by means of a non-linear least- 
squares technique using a direct search of the 
sum-of-squares surface. To eliminate bias in 
selection, the best model was found by the use of 
likelihood ratios. This method, formalized by 
Barnard et al. (30, 31), makes use of the sums-of- 
squares of the residuals (that is, goodness-of-fit 
measurements) for each model, and results in the 
test 

where Li  is the likelihood function of Model i, 
where the error is normally distributed by a vari- 
ance oi2 whose value is unknown. L,  is a func- 
tion of o i2 ;  RSS,, the residual sum of squares 
calculated from the data and the predicted 
response for Model i ;  and N, the number of 
observations. The likelihood ratio, Li/Lj, or odds 
ratio, is a measure of the evidence for Model i as 
compared with Model j and may be considered 
the odds that Model i is the correct model 
rather than j. Results are given in Table 5. 

It can be seen from Table 5 that Model I1 may 
be rejected on the basis of an extremely small 

TABLE 5 

Likelihood ratios for Langmuir-Hinshelwood 
kinetic models* 

*See Table 4. 

probability, while Model I appears to be some- 
what less probable than Models I11 and IV. The 
standard deviations of Models I, 111, and IV are 
approximately the error in the measured rate; 
thus, these models provide a satisfactory fit of the 
rate data at 442 "C. The values of the adsorption 
constants (Table 4) obtained by fitting do not 
agree with those obtained by Calderbank (4) 
in static measurements (KO, = 9.35 atm-' and 
KSO2 = 7.1 atm-I). 

Our modelling studies consequently were not 
adequate to verify the rate controlling step as- 
sumed by Baron et al. in their explanation of the 
inert-gas effect. 

Conclusion 
Our experiments verify the previous observa- 

tion of an inert-gas effect associated with molec- 
ular weight on the rate and activation energy of 
the oxidation of SO, over a V,O, catalyst. 
Measurements reported extend the range of 
conditions over which this curious effect is ob- 
served. They also eliminate chemisorption of the 
inert gas and mass and heat transfer as grounds 
for the observation. However, our attempts to 
verify the explanation for the effect proposed by 
~ a r ~ n  et al.were unsuccessful and this remains 
an open question. 

The authors wish to acknowledge financial assistance 
provided for this study by the National Research Council 
of Canada. Catalyst was provided by Cyanamid of 
Canada, Ltd. 

The likelihood-ratio analysis was kindly directed by 
Professor P. M. Reilly and carried out by Messrs. S. 
Hawkins and W. G .  Rhodey. 
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Crystalline-field effects on the infrared and Raman spectra of powdered 
alkali-metal, silver, and thallous nitrates 

M. H. BROOKER AND D. E. IRISH 
Department of Chemistry, Urfiversity of Waterloo, Waterloo, Ontario 

Received August 7, 1969 

Infrared and Raman spectra have been recorded for room-temperature-phase, powdered samples of 
LiNO,, NaNO,, KNO,, RbNO,, CsNO,, AgNO,, and TINO,. For the trigonal systems, the nitrate 
pairs LiNO,, NaNO, and RbNO,, CsNO, give almost identical spectra. For the orthorhombic systems, 
AgNO, and TINO, give similar spectra, whereas that of KNO, is significantly different. Site and 
correlation field perturbations are considerably more pronounced in the antisymmetric stretching region 
(v, ca. 1400 cm-') than in the antisymmetric bending region (v4 ca. 700 cm-I). Although lifting of the 
degeneracy of E' modes was frequently observed, the reported split of the v4(E1) mode (ca. 716 cm-I) of 
the aragonite form of KNO, could not be confirmed. Multiple internal reflectance techniques have been 
employed to observe the extremely intense v,(E') infrared fundamental ca. 1400 cm-'. 

Canadian Journal of Chemistry, 48, 1183 (1970) 

Introduction studies of single crystals of aragonite KNO, (6-8) 

It has long been established that selection rules give contradictory evidence 'oncerning 

for solids do not conform to the free-ion ap- splitting of v,(E1). Newman and Halford (9) 

proximation but are related to the crystal- have described and interpreted infrared spectra 

lographic space group. Bhagavantam and Ven- of oriented single crystals of NH,NO, and 

katarayudu (1) first developed methods to Shultin and Karpov (lo) have made a 

deduce selection rules in molecular crystals by similar study with CsNO,. Infrared studies of 

considering the simplest unit cell as a super powdered ionic nitrates in organic mulling 
molecule on which a vibrational analysis could agents KBr pellets have been 
be performed. Halford's (2a) site symmetry (1 1, 12) but no multiplet structure was observed. 

analysis has proven useful, although it is not an These infrared methods are undesirable for ionic 

exact Later, Hornig (3) and Winston nitrates, since mulling agents obscure important 

and Halford (4) developed a factor group spectral regions, while KBr disks are prone to 

analysis which extended the site symmetry ion exchange. All of the above authors have 

treatment to include molecular coupling; results been obtain 'pectra for the 
analogous to those developed by Bhagavantam infrared-active v3 ca. 
and Venkatarayudu were obtained. The latter 1400 cm-'. 
treatlnent often predicts theoretically distin- Raman spectra nitrates (I3, 14) 
guishable frequencies which are indistinguishable to show any multiplet structurey but 

in practice, and the site symmetry approximation several authors (8, 15-1 8) have since observed 

adequately accounts for observations. splitting of v, in the aragonite form of KNO,. 

For complete spectral analysis, one should Recently, James alld Leong (8) have reported 

examine a single crystal with polarized light along extensive multiplet structure in the infrared and 

each of the crystallographic axes. However, Raman 'pectra of sing1e crysta1s of Group I 

considerable information can be obtained from nitrates. 

the spectrum of a solid powder, since the observed this laboratory we have observed the 

spectrum is an average, the result of all orients- illfrared and Raman of powdered 

tions. metal, silver, and thallous nitrate salts. Multiple 

schroeder et al. (5) have infrared internal reflectance (m.i.r.) techniques were use- 

spectra of single-crystal ionic nitrates a t  low ful for obtaining infrared spectra in the intense 

temperature but did not report splitting of v3 region ca. I4O0 Raman 'pectra were 
degenerate modes. Three independent infrared 'eco'ded0naCary Ramans~ectrO~hotometer  

- employing a conical sample cell similar to that 

'Also pertinent are the corrections of L. Couture (2b) described by Busey and Keller (19). This type of 
and Halford's reply in ref. 4. cell gives excellent spectra of solid powders with 
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signal-to-noise ratio and background superior 
to the pellet or tube methods described by 
Ferraro (20). The resulting infrared and Raman 
spectra show multiplet structure for both v, and 
v, frequencies of Rb, Cs, Ag, and T1 nitrates. 
For KNO,, splitting of v, is observed, whereas 
for Li and Na nitrates no multiplet structure is 
detectable. For LiNO, and NaNO,, the frequen- 
cies are best assigned on the basis of a factor 
group analysis, whereas for the other nitrates 
site group approximations are adequate. 

Recently, spectra obtained from molten salts 
(21-25) and concentrated aqueous solutions (26, 
27) have been interpreted in terms of local order 
or a perturbed lattice that exists for sufficient time 
to be observed spectroscopically. Vibrational 
analysis has been performed (24) on these quasi- 
lattice units. The present work on solid nitrates 
provides an indication of the magnitude of 
spectral changes expected in molten salts and 
concentrated solutions. 

Experimental 
The chemicals used were LiNO,, Fisher certified 

reagent; NaNO,, KNO,, and TINO,, B.D.H. analar 
reagent grade; RbNO,, Alfa Inorganics; CsNO,, K and 
K Laboratories 99.9%; AgNO,, Johnson Matthey and 
Mallory Ltd. The salts were recrystallized from aqueous 
solution after filtering the solution through fine sintered 
glass. Except for AgNO,, the powdered samples were 
dried at 110 "C for at least 12 h and loaded into the 
sampling devices in a drybox. AgNOa was dried over 
Pz05. Only for LiNO, is the drying procedure critical. 

Most Raman spectra were obtained from powdered 
samples in a thermostated (25 "C) conical cell sealed 
from the atmosphere, and recorded on a Cary 81 spec- 
trophotometer. Both 4358 A and 4046 A mercury lines 
were used as excitation. No filter solution was used with 
the 4046A line but the 4358 A line was isolated by 
removing ultraviolet radiation with either a Kodak 
Wratten 2A gelatin filter or 10 M aqueous KNOZ, while 
mercury lines in the visible region were removed with an 
ethyl-violet - o-nitrotoluene - isopropanol solution. Lines 
from the mercury lamp at 148 cm-' and 172 cm-' from 
4358 A occurred in most spectra. A slit width of 4 cm-' 
or less was used for all Raman spectra. Spectra for Rb, 
Cs, and AgNO, in the 1400cm-' region were also 
recorded with a Spex Double Monochrometer, Model 
1400, after excitation with a Spectra-Physics Model 140 
argon-ion laser. 

Infrared spectra were obtained from powdered solids 
pressed against the surface of a KRS-5 or AgBr prism 
cut with a face angle of 60°, placed in the Wilks Model 9 
m.i.r. attachment. AgN0, could not be used with KRS-5 
since a reaction occurs. There is no evidence of any 
exchange phenomena with any of the other nitrates. 
Infrared transmission spectra of the powders in the 
700-1100 cm-' region were also obtained after pressing 

(1000 p.s.i.) the powder into a thin disk or mechanically 
depositing the powder on a AgBr plate. No evidence of 
the Christiansen filter effect was observed (9). Single 
crystals of KNO, and CsN0, were grown from aqueous 
solutions of the salts. After polishing to about 0.5 
rnm thickness, the spectra were recorded with the z 
axis parallel to the slit entrance. Spectra were recorded 
on a Beckman IR-9 infrared (i.r.) spectrophotometer, 
using the double-beam mode with the reference beam 
attenuated. Transmission spectra for the thin films and 
single crystals were recorded at "standard" program 
slits (-1.5 cm-' at 700 cm-') and a scan speed of 1.6 
cmW'/min. The m.i.r. spectra were recorded at "3 times 
the standard" program slits and a scan speed of 8 cm-'/ 
min. The infrared spectra were recorded at the tempera- 
ture of the infrared beam, ca. 40 "C. The sample compart- 
ment of the spectrophotometer was purged with dry air 
and desiccated with Pz05. The extreme weakness of the 
water vapor bands, ca. 1600 cm-', attested to the dryness 
of the sample compartment. 

Williamson et a/. (24) make use of the very intense 
bands ca. 700 cm-'of carbon tetrachloride and benzene as 
a criterion for confidence in attenuated total reflectance 
(a.t.r.) spectra. The extinction coefficient, n ~ - ,  for carbon 
tetrachloride has maxima at 762 and 786 cm-', with the. 
latter intensity the greater. The nK curve for benzene has 
a symmetric maximum at 675 cm-' (28). The refractive 
index of most nitrates studied is similar to that of 
benzene and carbon tetrachloride, i.e. 1.5, but the nK 
maxima for nitrates are less than for benzene and carbon 
tetrachloride (24). If no distortion occurs in the observed 
spectra of benzene and carbon tetrachloride, then no 
distortion should be expected in the spectra of ionic 
nitrates under the same conditions. In our spectra of 
carbon tetrachloride and benzene using a small surface 
area centrally located on the AgBr and KRS-5 m.i.r. 
plates, no noticeable distortion or frequency shifts 
occurred. 

Although gratifying, these results seemed contradictory 
to both Devlin and co-workers (24) and Crawford and 
co-workers (28), who obtained distorted spectra for car- 
bon tetrachloride and benzene using a single-pass a.t.r. 
KRS-5 70" prism. To investigate the discrepancy, we 
recorded spectra for these organic compounds with a 
single reflection at 62" angle of incidence to a KRS-5 a.t.r. 
prism on a Beckman a.t.r. unit. The recorded spectra now 
showed both frequency shifts and reversal of relative 
intensities for the carbon tetrachloride doublet. It appears 
that single-reflection a.t.r. spectra are subject to more 
distortion than multiple-reflection spectra. In single- 
reflection spectra, the dispersion of the incident light may 
result in some components striking the surface with 
less than the prescribed angle of incidence. In m.i.r., 
compensation for the dispersion occurs on reflection, 
decreasing the possibility of distortion. 

Confidence in our m.i.r. data is enhanced by the 
excellent agreement between the m.i.r. and transmission 
frequencies and intensities. Slight line distortion is 
present in the TINO, m.i.r. spectrum due to the higher 
refractive index of TINO,, 1.7. 

A11 recorded frequencies are expected to be accurate to 
& 1 cm-', with the exception of the broad bands in the 
v3 region, which may only be accurate to + 5  cm-'. The 
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Beckman IR-9 i.r. spectrophotometer was calibrated 
with polystyrene or atmospheric water vapor and carbon L '  

dioxide. The Cary 81 spectrophotometer was calibrated 
with carbon tetrachloride and benzene. Raman intensities 
relative to the v l  symmetric stretch were obtained from 
band areas with a standard polar planimeter. Infrared 

NO 
intensities relative to the v2 mode were obtained from 
peak heights. No attempts were made to measure the 
intensity of the v3 infrared region, due to the band-width 
as well as baseline complications created by the order- 
break discontinuity at 1200 cm-'. 

Results 
Infrared and Raman frequency and intensity , 

data for the powdered alkali-metal, silver, and 
thallous nitrates are contained in Tables 1-4. 
Included are the far-infrared results of Ferraro 
and Walker (29), James and Leong (8), and 
Nakagawa and Walter (30). Photographs of 
m.i.r. spectra are shown in Fig. 1. Photographs 
of portions of infrared transmission spectra for 
the powders pressed into a disk are presented in 
Fig. 2, while the photographs of the v, region 
from spectra of KNO, and CsNO, single crystals 
are presented in Fig. 3. Photographs of portions 
of Raman traces are shown in Figs. 4 and 5. 

The unperturbed nitrate ion, D,,, symmetry, 
would generate the following spectrum: v1(Alr), 
Raman active, ca. 1050 cm- ; v2(AZu) infrared 
active, ca. 825 cm-l; v3(E1) and v,(E'), both 
Raman and infrared active, ca. 1380 cm-' and 
720 cm-', respectively. In all of our Raman 
spectra, the v, frequency appears as a single, 
sharp band with frequency that is cation depen- 

trum, v, can be seen as a single infrared band for 
KNO,, RbNO,, CsNO,, AgNO,, and TINO,, 
with frequency, within experimental error, equal 
to the Raman value. In all the Raman spectra and 
in the infrared spectra of KNO,, RbNO,, and 
CsNO,, a weak band was observed at (v, - 20) 

dent. Although forbidden in the infrared spec- 
A g  

cm-' which is due to the naturally abundant 
isotopic species 14N1602180- (31). 

In the infrared spectrum, v, appears as a 
single, sharp band with frequency that is cation 
dependent. A small band at (v, - 20) cm-' was 
present in all spectra and assigned to the naturally 
abundant isotopic species 5N160 3 - (31, 32). 
Both site and factor group analysis predict that 
v, should become Raman active for K, Rb, Cs, 

- 
1500 1300 1100 900 700 

Ag, and T1 nitrates; consequently this region was 
studied exhaustively. Only for solid AgNO, and Frequency, cm-' 

FIG. 1. Photographs of m.i.r. infrared spectra ob- did the v2 Raman active tained for powdered polycrystalline LiNO,, NaN03, 
(Fig. 4). KNO3, RbN03, CsN03, AgN03, and T1No3. 
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TABLE 1 

Vibrational analysis of crystalline LiNO,, NaN03;  calcite type, space group D&, 2 molecules per unit cell* 

Internal modes of NO3- 
v observed (cm-') 

Free-ion 
approximation, Site Factor LiNO, NaN03 
point group DSh group group 

v in cm-' 0 3  D3d Raman Infrared Raman Infrared 

Es (R) 1384 (0.25) - 
~ ~ ( 1 3 8 0 )  EJ  (R,I)-E 

E. (1) - 1.345 (vs) 

1386 (0.25) - 

A 1350 (vs) 

Als (R) 1071 (1 .O) - 1068 (1 .O) - 
~ ~ ( 1 0 5 0 )  A,' (R) - 

A,. (ia) - - - - 

A,, (ia) 
~z(825) A,'' (I) ---- 

A," (I) 

Lattice modes v observed (cm-') 

Point Site Factor LiNO, NaN03 
group group group 
D3h D3 D3d Raman Infrared Raman Infrared 

Inferred from nitrate site? 

Rotatory 
A,, (ia) - - - - 

A, (ia) -A, (I)< 
(1) - 96 (w)t - 89 (m, sp)t 

Es (R) 238 (0.78) - 186 (1 .O) - 

Elr  (R) - E (R,I)< 
E" (1) - 166 (m. S P ) ~  - 145t 

- - - - 
A," (I) - 

- 321 (s)t - 217 ( ~ ) t  

Es (R) 128 (0.05) - 100 (0.28) A 

E (R,I)-E (R,I)< 
E" (1) - 152 (w, sh)t - 173 6 ,  S P ) ~  
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Splitting of v3(Ef) is observable for K, Rb, Cs, 
Ag, and T1 nitrates in both infrared and Raman 
spectra, whereas Li and Na nitrates have only 
one band in this region (Figs. 1, 5). Infrared and 
Raman spectra (Figs. 2-4) show that v4 is clearly 
one band for Li, Na, and K nitrates, but two for 
Rb, Cs, Ag, and T1 nitrates. The intensity of v4 
for Ag and T1 nitrates shows a marked increase 
in both infrared and Raman spectra compared 
to the alkali-metal nitrates. A close similarity 
exists in the features of the infrared and Raman 
spectra for the pairs of salts LiNO,, NaNO, and 
RbNO,, CsNO,. 

Discussion 
LiN03, NaNO, 

Both crystals have the calcite structure (33-35), 
space group DZ,-R%, with two molecules per 
unit cell. The center-of-mass of the nitrate ion 
is on a D, site, while the cation is on a C3i site. 
Factor group analysis (1, 5, 36) indicates that 
there should be 6 active normal internal modes, 
viz. 3 Raman and 3 non-coincident infrared lines, 
as well as 7 active external modes, viz. 2 Raman 
and 5 non-coincident infrared lines. The observed 
frequencies conform to the factor group analysis 
(Table 1). Without the benefit of conclusions 

TABLE 2 
Vibrational analysis of crystalline KNOB;  aragonite type, space group D::, 

4 molecules per unit cell* 

Internal modes of NO3- 

Free-ion 
a~~roximation,  Site Factor v observed (cm-') 
point group ~~h group group 

v in cm-I C,bJz) Dzh Raman Infrared 

1375 (s) 

- 
1340 (sh) 

- 

~1(1050) Al' (R) - 

1051 (0.07) 

- - 
- - 

~ ~ ( 8 2 5 )  A," (I) - A' (R.1) 
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BROOKER AND W S H :  CRYSTAL-FIELD EFFECTS 

TABLE 2 (Concluded) 

Lattice modes 

Point Site Factor v observed (cm-') 
group group group 
D3h CS(Y~) DZ h Raman Infrared 

Inferred from nitrate sitet 
Rotatory 

126 (0.04) 
A2' (ia)- 

Au (ia) Bsu O 

Inferred front cation sitet 

Translatory 

2AJ (R>I)< 
(R) B3x (R)) 

2(B1u (1) Bzu (1)) 

*R = Raman active. I = i.r. active, ia = inactive, s = strong, sh = shoulder. Raman intensities relative 
to v, and infrared intensities relative to v2 are given in parentheses after the frequency. 

tAssignments are inferred from consideration of the particular ion and its symmetry group. Strictly all 
atoms may be involved in the motion. Where the species symbols for nitrate and cation translatory modes 
are the same (e.g. A,) both ions are involved in the motion. One each of B,., El,,, and B,. are assigned to 
acoustic modes. 

tobtained from refs. 8 and 29. 

TABLE 3 
Observed infrared and Raman frequencies for RbNO, and CsN03* 

v RbN03 (cm-I) v CsN03 (cp-  ') 

Raman Infrared Raman Infrared 

722 (0.05) 722 (0.01)' 717 (0.060j 717 (0.006) 
836 (1 .O) 833 (1 .O) 

1057 (1 .O) 1057 (1 .O) 1051 (1.0) 1051 (0.18) 
1352 (0.15) 1340 (s) 1347 (0.09) 1330 (s) 
1405 (0.15) 1395 (sh) 1395 (0.21) 1390 (sh) 

*sh = shoulder, sp  = sharp, br = broad, s = strong. Raman intensities relative to  v, 
and infrared intensities relative to  v2 are given in parentheses. 

tEstimated from ref. 52. 
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Observed infrared and Raman frequencies for AgNO3 and TINOS* 

v AgN03 (cm-') v TIN03 (an-') 

Raman Infrared Raman Infrared 

39 (0.03) 
44 (0.2) 49 (0.02) 

1316 (s) 
1360 (sh) 

699 (0.06) 
713 (0.09) 
819 (1 .O) 

1042 (0.5) 
1255 (vs) 

1350 (sh) 

*w = weak, sh = shoulder, s = strong, v = very. Intensities relative to v, (Raman) 
and v2 (i.r.) are given in parentheses. 

?Obtained from refs. 8, and 29. 

from vibrational analysis, the rotatory modes 
would be expected to lie at higher frequencies 
and be more intense than the translatory modes. 
The calculations of Nakagawa and Walter (30), 
however, suggest otherwise and their assignments 
are used. For LiNO,, Ferraro and Walker (29) 
and James and Leong (8) report a line at 152 
cm-'. This frequency is assigned to an Eu mode, 
as it is more compatible with the 128 cm-' E, 
mode than the 321 cm-' proposed by Nakagawa 
and Walters. Two distinct frequencies for the 
infrared external A,, and Eu modes of NaNO, 
have not been observed. Ferraro (private 
communication) reports that the 217cm-I 
infrared line splits with application of pressure 
into a line which remains at 217 cm-' and a line 
which moves toward -260 cm-'. Thus, the A,, 
and E, rotatory modes may be accidentally 
degenerate. Rousseau et al. (37), by careful 
isotopic studies, have assigned the Raman bands 
at 186 and 100 cm-' of NaNO, to the rotatory 
and translatory E, modes, respectively, of the 
nitrate ion. Miller et al. (38) have also confirmed 
assignment of the Raman bands at 237 and 
124 cm-I of LiNO, to E, modes, from de- 
polarization studies. 

An almost total lack of coincidence between 

the infrared and Raman spectra is consistent 
with the presence of a center of symmetry. The 
symmetric stretch v, remains only Raman active, 
while v, remains only infrared active. The 
difference between the two components of v, is 
about 30 cm-', whereas the components of v, 
are almost coincident. This fact indicates that v, 
is more sensitive to intermolecular coupling. 
Raman frequencies of Li and Na nitrates are in 
excellent agreement with the literature (14, 17, 
22, 38). Multiple internal reflectance frequencies 
are considered to be accurate and reproducible 
to k 5  cm-', which is an improvement on 
previously published data. Ketelaar et al. (39) 
have also reported v, at 1353 cm- ' in the infrared 
reflectance spectrum of NaNO,. 

KNO, 
At room temperature, KNO, has the aragonite 

crystal structure (35, 40, 41), space group 
D;:-~nrna, with 4 molecules per unit cell. Both 
the NO,- ions and the K +  ions are on C, sites. 
Factor group analysis (5-7) requires 30 Raman- 
active vibrations (12 internal NO,- modes and 
18 lattice modes) and 21 non-coincident infrared- 
active vibrations (10 internal NO,- modes and 
11 lattice vibrations). From Table 2, it is clear 
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I I 1 I I 1 I I 

Li , * 
K N 0 3  

CsNO, 

J 

I I 

730 720 710 7 0 0  

Frequency, cm" 

FIG. 3. Photographs of infrared spectra for the ca. 
700 cm-I region, obtained from single crystals of 
K N 0 3  and CsN03. 

that data are not sufficient to warrant a factor 
group analysis. Recent polarization studies on a 
single crystal of KNO, (7) show that for v, and 
v,, the correlation field splittings are of the order 
of 1 cm-I and are not detectable in this work. 

Site symmetry approximations predict 6 active 
internal NO,- vibrations coincident in the 
infrared and Raman spectrum, as well as 9 
coincident infrared- and Raman-active lattice 
modes. Although the agreement is better than 
with factor group analysis, the site group 
analysis is still not suitable. The v, mode is not 
observed in the Raman as predicted and splitting 

740 720 700 680 of the degenerate v, mode is not observed. 

Frequency , cm-'  However, Raman polarization studies (1 5,16, 18) 
FIG. 2. Photographs of infrared spectra for the ca. of single crystals of KNO, indicate that v, is split 

7 0 0 ~ m - ~  region, obtained from pressed pellets of into two accidentally coincident components. 
LiN03, NaN03, KNO3, RbNO3, CsNO3, AgNO3, and ~h~~~~ al. (6) reported splitting of v4 into TINO,. The atmospheric CO, band at 721 cm-I was 
recorded under identical spectral conditions. 3 components at 715, 719, and 729 cm-I for the 
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FIG. 4, Photographs of portions of Raman spectra (700 cm-I region) obtained from powdered polycrystalline 
LiN03, NaN03, KN03,  RbN03, CsN03, AgN03, and TIN03. 
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1430 1390 1350 1310 1270 1430 1390 1350 1310 1270 
FIG. 5.  Photographs of portions of Raman spectra (1300 cm-' region) obtained from powdered polycrystalline 

LiNO,, NaNO,, KNO,, RbNO,, CsNO,, AgNO,, and TINO,. 

room-temperature phase of a single crystal of from a single crystal of KNO, is shown in Fig. 3. 
KNO,. The bands were assigned to B,,, B,,, and The crystal orientation and spectrophotometer 
B,, species predicted by factor group analysis. conditions are as reported by Khanna et al. (6), 
James and Leong (8) reported components at except that dry nitrogen was used to  purge the 
700 and 713 cm-'. We were unable to verify infrared machine. Clearly, only one symmetric 
these observations. The spectral region obtained band centered at 716 cm-' is apparent. If the 
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nitrogen purge was not used then, under the 
high-resolution conditions necessary to obtain 
the spectrum of KNO,, an intense, well-resolved 
spectrum of the P, Q, and R branches of v, for 
carbon dioxide was observed (ca. 700 cm-') 
even on double beam operation, due to a slight 
difference in path length. An unusually strong 
line of carbon dioxide is observable at 720 cm-' 
(42). We propose that the band observed by 
Khanna et al. (6) at 719 cm-' was, in fact, the 
carbon dioxide band. We can offer no explana- 
tion for their report of the weakest component at 
729 cm-' or the convergence of the three 
components on heating. The band observed by 
James and Leong at 700 cm-' may be due to 
the naturally abundant ~ ' ~ 0 ~ ~ ~ 0 -  ion. Our 
observation of only one infrared component at 
716cm-' for the v,(E') mode of KNO, is 
consistent with the single-crystal, polarized 
infrared study of Karpov and Shulton (7). They 
observed two components at 715.2 and 714.5 
cm-'. I t  is also consistent with the single band 
observed in the Raman spectrum at 716 cm- '. 
RbNO,, CsNO, 

Early structural investigations of the room- 
temperature phases of RbNO, (33, 43) and 
CsNO, (44, 45) could not determine the nitrate 
positions, although they appeared to indicate 
isomorphous crystals, space group Cz,-P31nz, 
with 9 molecules per unit cell. However, recent 
work indicates much lower symmetry. Shultin 
and Karpov (10) conclude from optical activity 
of single crystals that CsNO, must crystallize in 
the space group Ci-P3. Two sites, C, and C,, 
are possible for the nitrate ion, but the same 
authors have used polarized infrared studies to 
show the site is C,. A general site is consistent 
with the splitting ofv, and v, and the appearance 
of v, in the infrared spectrum of CsNO, (Table 
3). Brown and McLaren (46) show from system- 
atic absences in X-ray patterns that RbNO, 
crystallizes in either Di-P3,12 or Dz-P3,12, 
with 9 molecules per unit cell. Possible sites for 
either space group are C, or C,. Either site will 
provide explanation of the observed splittings of 
v, and v,, as well as the appearance of v, in the 
infrared (Table 3). We tend to favor the general 
site, on the basis of almost identical infrared and 
Raman spectra for RbNO, and CsNO, (Figs. 
1, 2, 4, 5). The magnitude of the split in v, for 
RbNO, and CsNO, is similar to that observed 

for NH,NO,(V) (9), which has since been 
shown to have nitrate ions on general sites (47). 

A factor group analysis is not practical for 
these crystals, due to the large number of 
molecules per unit cell and the extremely low 
site symmetry. If one of the three Raman bands 
in the v, region is assigned to an overtone, a site 
group analysis is acceptable. 

The coincidence of the infrared and Raman 
frequencies is consistent with the lack of a center 
of symmetry in the crystals. Once again, v, fails 
to become Raman active even though other 
perturbations in the spectra are rather large. 

James and Leong (8) have proposed a two-site 
description for these crystals. The two sites 
suggested are C, and C,, (on the basis of C:, 
space group); the former twice as plentiful as 
the latter. As well as being in disagreement with 
the more recent structure determinations (10,46) 
described above, two bands necessary for the 
two-site description, ca. 810 and 1033 cm-', can 
more plausibly be assigned to isotopic species 
(31). 

AgNO,, TINO, 
Niggli (48) reported ~ : - , - ~ 2 2 2 , ,  -P2,2,2, 

-P2,2,2, as possible space groups for AgNO,, 
whereas Lindley and Woodward (49) give the 
space group as Di5,-Pcba, the difference being 
the presence of a center of symmetry reported by 
the latter authors. If the space group is D:?, 
the nitrate ions are on general sites; for D$-,, 
the possible sites are general or groups of non- 
equivalent C2 sites. The results of either would be 
consistent with our observations (Figs. 1, 2, 4, 5 
and Table 4). A factor group analysis would 
require lack of coincidence between the infrared 
and Raman spectra for a Di5, space group, 
but not for D:-,. From Table 4 it can be seen 
that considerable coincidence exists. This co- 
incidence does not rule out the possibility of a 
center of symmetry in AgNO,, since similar 
coincidence was observed for KNO,, which has 
a center of symmetry. 

The occurrence of v, in the Raman spectrum 
(Fig. 4) is noteworthy. In view of the magnitude 
of other crystallographic perturbations, the v, 
infrared frequency is surprisillgly feeble (Fig. 1). 

A structural study of thallous nitrate phase I11 
has been performed by Kennedy and Patterson 
(50). Again, some uncertainty exists concerning 
the correct space group. Two equally acceptable 
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structures are possible, each with 8 molecules 
per unit cell: Dii-Pnma, with nitrate ions on 
two sets of perpendicular C, planes; C;,-Pbn2,, 
with nitrate ions on general sites. Again, the data 
(Table 4) are consistent with either possible site, 
and the presence of a center of symmetry cannot 
be ascertained. Like AgNO,, the v, mode ca. 
820 cm-' appears in the Raman spectrum (Fig. 
4). There are, however, major differences in the 
v, region for the two crystals (Fig. 5). The band 
at 1292 cm-' may indicate substantial covalency 
or strong polarization in the TlNO, crystals. 
For AgN0, and TlNO,, marked increases in the 
relative intensities of the v, region are apparent 
in both the infrared and Raman spectra. 

Crystals us. Melts and Solutions 
Although the long-range order characteristic 

of the ionic lattice does not exist in the molten 
salt or the concentrated electrolyte solution, 
there is considerable evidence for the persistence 
of short-range order. Low-frequency bands, ca. 
200-400 cm-', in the infrared spectra of molten 
alkali metal nitrates have been assigned to lattice- 
like modes (5 1). Wegdam et al. (52) observed very 
little change in the far-infrared lattice modes of 
NaNO, and CsNO, on fusion of these salts. 
The authors conclude that "the liquid nitrates 
possess a phonon spectrum that is rather similar 
to the phonon spectrum of solid nitrates." Thus, 
a t  temperatures just above the melting point, 
order prevails. 

Although density of molten alkali metal nitrates 
decreases by about 30% on fusion, it has been 
shown that the metal-oxygen distances are not 
likely to increase, but may even decrease. X-Ray 
data (34,35) for the NaNO, crystal give a Na-0 
distance of 2.4 A, whereas X-ray distribution 
curves for molten NaNO, (53) suggest distances 
of 2.3 A. For fluids, some sort of ion cluster 
separated by holes is indicated. The frequency of 
the symmetric stretching mode, v1(Al1), always 
decreases on fusion. However, the decrease is 
irregular: LiNO,, 4 cm-'; NaNO,, 15 cm-' ; 
KNO,, 4cm-';  RbNO,, 11 cm-'; CsNO,, 9 
cm-'; AgNO,, 11 cm-'; TINO,, 6 cm-' (our 
crystal frequencies,. compared with melt fre- 
quencies in refs. 22 and 25). The melt frequencies 
correlate with polarizing power of the cations 
(22, 25, 54). Insensitivity of v, to temperature 
changes (22) is contrary to expectation if the 
change of frequency is related to change in free 

FIG. 6. The vl(Alf) nitrate frequency for the solids 
(s), molten salts (M), and aqueous solutions (plotted vs. 
XkI o,  the mole fraction water) of Li, 9; Na, 0; K, 0;  
~ b f  6; Cs, A ;  Ag, a; and TINO,, A. 

volume (17, 54). The decrease on melting is 
consistent with a lower force constant, possibly 
resulting from the shorter cation-anion distances 
in the melts. Knowledge of these distances is not 
available and thus further speculation is prema- 
ture. On addition of water, the frequency con- 
tinues to drop for the Li and Na salts, but 
increases for all the others and approaches the 
value 1049 cm-' in the limit of dilute solution 
(Fig. 6) (55). This value is characteristic of the 
aquated nitrate ion. 

For AgNO, and TINO,, the infrared and 
Raman spectra of the powders are very similar 
to those reported for the molten salts (23,25,56). 
In this laboratory, the weak v, band, ca. 820 
cm-', has also been observed in the Raman 
spectrum of concentrated aqueous solutions of 
AgNO, (27). The splittings of v, for LiNO,, 
NaNO,, and KNO, melts reported by William- 
son et al. (24) are of similar magnitude to some 
observed for solid nitrates, although the spectra 
of solid LiNO, and NaNO, show no splitting in 
this region. The same authors reported two 
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components for v, in the infrared spectra of 
molten LiNO, and NaNO,. We observe only 
one component for the crystalline nitrates. 

Conclusions 

Vibrational spectral changes due to crystal 
field ~erturbations of the nitrate ion are re~orted. 
Accurate infrared frequencies for the intense v, 
region have been obtained using m.i.r. techniques. 
Factor group analysis seems appropriate only for 
the calcite-type crystals, LiNO, and NaNO,. In 
the other crystals, the magnitude of the correla- 
tion field coupling is small and site group 
approximations allow at least partial interpreta- 
tion. Because of the small correlation field effects 
our data are insufficient to resolve the problem of 
whether or not AgNO, has a center of symmetry. 
The magnitude of the splitting of the degenerate 
v, antisymmetric bend, ca. 720 cm-', is similar 
for RbNO,, CsNO,, AgNO,, TINO,, and 
NH,NO,(V). A strong possibility exists that the 
NO,- ion resides on a general site in all of 
these crystals. 
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Vibrational frequency assignments of isotopically different forms of nitrate ion 
in ionic nitrate crystals 

M. H. BROOKER AND D.  E. IRISH 
Departmeilt of Chemistry, U~lioersity of Waterloo, Waterloo, 011tario 

Received August 7, 1969 

Infrared and Rarnan spectra of powdered ionic nitrates contain low intensity vibrational bands which 
are assigned to isotopically different species. Bands at  - (v, - 20) and - (v, - 13) cm-' are assigned 
to the '4N'602'80- ion whereas the band at - (VZ - 20) cm-' is assigned to the 15N1603- ion. Failure 
of the ratio of band intensities to agree with predicted isotopic ratios is discussed. 
Canadian Journal of  Chemistry, 48. 1198 (1970) 

Introduction 
In the course of current studies of the infrared 

and Raman spectra of powdered ionic nitrates 
(1, 2) we have detected several low intensity 
vibrational bands on the low frequency side of 
V, (A,'), v, (A,"), and v, (E'). The occurrence of 
bands at these frequencies has been observed by 
other authors but explanations of their origin 
differ. James and Leong (3) have assigned bands 
in the v, and v, regions to either site symmetry 
perturbation of the nitrate ion or an extraneous 
band due to reflection at the surface of the crystal. 
Schroeder, Weir, and Lippincott (4) assign series 
of weak bands observable at liquid nitrogen tem- 
peratures to  combinations involving fundamental 
and librational modes. Decius (9, Newman and 
Halford (6), Karpov and Shultin (7) have assigned 
bands1 at - (v, - 20) cm-' to the species 
15N160,-. Our interpretation is in agreement 
with the latter. We also assign bands a t  - (v, - 20) cm-l  in the infrared and Raman 
spectra and - (v, - 13) cm-' in the infrared 
spectra to the isotopic species '41~'60,180-.  
The assignments are in excellent agreement with 
the vibrational frequencies observed and cal- 
culated by Kato and Rolfe (9) for isotopically 
enriched NO,- ions in KBr crystals. 

Experimental 
Nitrates used were all reagent grade. Infrared spectra 

of  powders were recorded with a Beckman IR-9 spectro- 

'The abbreviation - (vZ - 20) etc. is used to signify 
the frequency of a line about 20cm-'  lower than the 
intense v, line of the most abundant isotopic form of 
NO3-. This nomenclature is convenient because the 
positions of the lines v,, v2, and v, differ for different 
salts but the isotopic shift is almost constant. The 
differences between the two observed frequencies are not 
expected to be given exactly by relations such as  - (vZ - 20) because of differences in the host lattices. 
See Results and Discussion section. 

photometer. The finely divided powders were either 
mechanically deposited on an AgBr plate or pressed 
(1000 p.s.i.) into an extremely thin pure disc. Raman 
spectra were recorded for powders contained in a conical 
cell similar to that used by Busey and Keller (8) o n  a 
Cary 81 Raman spectrophotometer. Raman intensities 
were determined from band areas. Infrared relative 
absorbance measurements were obtained from peak 
heights although some spectra were recorded on the 
absorbance scale and the relative absorbance ratio 
determined by areas. The two  neth hods were in good 
agreement. Because of the problem of comparing two 
bands of such unequal magnitude the observed ratios are 
estimated to have uncertainties of 0.001 for the Raman 
and 0.005 for the infrared. 

Results and Discussion 

The observed infrared and Raman frequencies 
for the v,, v,, and v, regions for a collection of 
ionic metal nitrates are given in Tables 1 to 3. 
The frequencies are expected to  be accurate 
to I 1  cm-'. Typical spectra are shown in 
Figs. 1-3. The v, region of nitrate is too broad a t  
room temperature to allow resolution of bands 
from naturally occurring isotopic species. 

From the Table of Natural Isotopes (10) it 
follows that '5N1603- ,  14N1602180-,  and 
14 N'60,170-  are the most naturally abundant 
isotopically substituted nitrate ions. The ratios 
of 1 5 N t 6 0  ,-, 14~160,180- ,  and 1 4 ~ 1 6 0  1 7 0 -  

2 

to '4N'603-  are 0.00366, 0.00613, and 0.001 1, 
respectively. Other isotopically different ions are 
present to less than 0.001%. No contributions 
from 14N1602170-  h ave been observed in the 
spectra reported here. Both 14Nt60,-  and 
l5NI60,-  belong to the point group D,, and 
consequently the 6 normal modes of vibration 
are v, (A,'), v, (A,"), v, (E'), and v, (E'). The 
14N'60, '80- ion belongs to the point group 
C,, and the 6 normal modes are now A,, B,, and 
2 (A1 + B,) which may be considered as derived 
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TABLE 1 

Vibrational frequencies of vl of nitrate 

Raman Infrared 

Intensity Absorbance 
Frequency (cm-') ratio Frequency (cm- ')* ratio ZNl6o2180- A~1fi0~180- - 

Nitrate NL60,-  N1602180-  1 ~ ~ ~ 0 ~ -  N160, - N160,180- A ~ 1 6 0 ~ -  

*vw = very weak. 

from the fundamental modes of the 14N160,- 
ion. 

Substitution with 15N should affect the fre- 
quency of the out-of-plane deformation v, much 
more than the symmetric stretch v, or the anti- 
symmetric bend v,. Decius (5) has shown that an 
observed shift of21.7 cm-' for the infrared active 
v, mode on substitution with 15N in NaNO, is 
in excellent agreement with the Teller-Redlich 
product rule. Kato and Rolfe (9), employing a 
general harmonic force field, calculate a change of 
22 cm-' forv, but only 1 cm-' for each ofv, and 
v, on "N substitution. 

Conversely, substitution of the nitrate ion with 
l8O should affect the symmetric stretch and anti- 
symmetric bend more than the out-of-plane 
deformation. Kato and Rolfe (9) calculate a 
19.5 cm-' frequency change for v, but only a 

TABLE 2 

Infrared vibrational frequencies of v2 of nitrate 

Absorbance 
Frequency (an-') ratio 

A15N03- 
-- 

Nitrate 14N03- 15N03- A~~No , -  

1051 1031 0.05 
1046 (vw) - - 
1042 - - 
1055 (vw) - - 
1047 (vw) - - 
1045 (vw) - - 

3.6cm-' shift of v, for 14N160,180-. Both 
frequency differences are in qualitative agreement 
with the Teller-Redlich product rule if one 
assumes that the '4N160,'80- gives one third of 
the shift of the completely substituted l4NI8O3- 
species. The asymmetric bend should split into 
A, and B, components in '4N'60,180-. Kato 
and Rolfe predict that these will be 10.9 and 
15.9 cm-l, respectively, from the v, (E') mode 
of the non-substituted species. If in fact the A, 
and B, components are not fully resolved one 
may expect to find the band for N'60, '80- at - (v, - 13) cm-'. 

From Tables 1 to 3 it can be seen that in all 
cases the agreement between our data and the 
proposed calculated frequency differences for 
bands generated from the various isotopically 
different nitrate ions is excellent. One should 
expect small differences between the designations - (v, - 20) etc. and the difference between the 
frequency of the line of 14N160,- and the line 
of the isotopically different form. The intense 
lines of the former arise from nitrate ions 

TABLE 3 

Infrared vibrational frequencies of v4 of nitrate 

Frequency (cm-') 
Absorbance 

Nitrate N1603- N1602180- ratio 

Sr 738 727 0.02 
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Frequency, cm-' 
FIG. 1. A portion of infrared spectrum of RbNO,, 

(a) vl, I4Nl6O3-; (b) (vI - 20) cm-', I4NI60 2 .  ''0- 

"coupled" throughout the lattice. These fre- 
quencies are affected by both the site and the 
correlation field effect; the magnitude of the per- 
turbation will be different for different lattice 
types. The dilutespecies (15N03- etc.) to a good 
approximation occupy the same sites but are 
partially "decoupled" and hence the correlation 
field effects are not operative to the same extent. 
The fact that, within a few wavenumbers, the 
designations (v, - 20) etc. satisfy the data 
indicates that the correlation field effects are 
either constant and/or small in these crystals. 
Previously it has been observed that coupling 
manifests itself most for LiNO, and is undetect- 

able for powdered nitrates containing heavy 
cations (1). 

Generally the ratios of band intensities are 
not in good agreement with the predicted ratios 
of the naturally occurring isotopic forms. In the 
infrared spectra the bands from 15N160,- and 
14~160,180- are more intense than predicted, 
indicating a substantial increase in the dipole 
moment change. Khanna et al. (1 1) have report- 
ed a decidedly greater intensity in the 15N region 
than in the 14N region for the v, mode of nitrate 
ion in a 50% mixture of K"NO, and K14N03 
at room temperature. Their system differs from 
ours in that all nitrate ions in their 1 :1 mixture 
were coupled. 

The infrared spectrum of Pb(NO,), shown in 
Fig. 2 does not show a band at 831 cm-' as 
reported by Newman and Halford (6). The 
presence of this band had caused these authors to 
doubt their assignment of bands at - (v, - 20) 

825 8 0 0  7 7 5  7 5 0  7 2 5  700  

Frequency, cm-' 

FIG. 2. A portiyn of infrared spectrum of Pb(N03)2r 
(a) (v2 - 20) cm- , I5NI60 -. , (b) -(v4 - 13) cm-l; 14N160 I8 - 2 0 .  
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Frequency, cm" 
FIG. 3. Portions of Rarnan soectra of AeNO-. 

(a) v,, 14NL603- (sensitivity 5); (b)' - (v, - 20)crn-~; 
14N1602180- (sensitivity 100). 

cm-' to 15N03- as they had done for other 
nitrates. It  is possible that an alkali metal impurity 
or ion exchange with the plate was responsible 
for the occurrence of this extraneous absorption 
band. 

The band due to N'602180-  at - (vl - 20) 
cm-' is expected in the infrared spectrum since 
it is allowed under C,, selection rules. The v1 
fundamental for 14N160,- is not infrared 
allowed under D,, selection rules and its appear- 
ance is usually attributed to perturbation by the 
environment. The crystals for which v, (I4N- 
160,-) is weak or absent in the infrared also do 
not show the isotopic analogue. In the Raman 
spectra the - (v, - 20) cm-' band occurs for 
all of the nitrates studied. The spectrum obtained 
for AgNO, in the 1050 cm-' region is shown in 
Fig. 3. The observed intensity ratios listed in 
Table 1 are less than predicted from isotopic 

abundances and probably reflect the loss of 
symmetry that accompanies the 180 substitution. 

In the infrared v, nitrate region (ca. 720 cm-') 
a band attributed to N1602180- is observable as 
a shoulder on the N160,- peak for Ba(NO,),, 
Sr(NO,),, and Pb(NO,), (Fig. 2). This band is 
probably only seen for these compounds because 
the v4(N160,-) band is single, sharp, and 
extremely intense. In  most other nitrates the band 
is much weaker and often split by lattice forces. 
The - (v, - 13) cm-' band was beyond the 
detectability limit of our Cary 81 Raman spectro- 
photometer. 

The assignment of bands at - (v, - 20) cm-' 
and - (v, - 13) cm-' to the species 14N'602- 
180- and the band at - (v, - 20) cm-' to the 
species '5N'603- in naturally occurring metal 
nitrates provides a realistic and consistent analy- 
sis of the vibrational spectra of solid metal 
nitrates. From this study it can be seen that con- 
siderable fundamental information relating to 
band intensities, dipole moments, and polariza- 
bilities can be obtained for the nitrate ion by 
comparing intensities of isotopically-enriched 
species. 

This work was supported by a grant from the National 
Research Council of Canada. A National Research 
Council Postgraduate Fellowship to M.H.B. is also 
gratefully acknowledged. 
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Raman, infrared, and proton magnetic resonance investigation of solutions 
of zinc nitrate in anhydrous methanol 

S. A. AL-BALDAWI, M. H. BROOKER,~ T. E. G O U G H , ~  AND D. E. IRISH 
Departnlent of Chetnistry, University of Waterloo, Waterloo, Otztario 

Received November 10, 1969 

Raman, infrared, and proton magnetic resonance spectra of solutions of zinc nitrate in anhydrous 
methanol are reported. It is concluded that above - 30 "C the zinc and nitrate ions can form contact ion- 
pairs, but that below - 30 "C association is limited to the formation of solvent-separated ion-pairs. The 
apparent solvation number of zinc, as determined by area measurements on the proton magnetic reso- 
nance spectra, decreases with increasing solute concentration, and an interpretation of this effect is given. 

Canadian Journal of Chemistry, 48, 1202 (1970) 

Introduction 
The determination of primary cationic solva- 

tion numbers through observation of the nuclear 
magnetic resonance (n.m.r.) spectra of solvent 
molecules bound to cations is now an accepted 
technique. The majority of reported solvation 
numbers are, within experimental error, equal 
to 6 (1-6), although lower values have been 
reported (7-lo), and assumed to reflect the 
replacement of solvent molecules by anions in the 
first coordination shell of the cation (9, 10). 

For example, for solutions of zinc perchlorate 
in methanol (10) at 0.2 M concentration, the 
measured solvation number was close to 6, but 
as the concentration was increased the solvation 
number decreased until at 1.5 M, values close to 
4 were obtained. Furthermore, as the concentra- 
tion increased, the resonance of the hydroxylic 
protons in the solvation shell of zinc shifted to 
higher fields, an effect compatible with the 
postulated contact between the zinc and perchlo- 
rate ions. 

Such association was chemically somewhat 
unexpected, but there seems to be no obvious 
microscopic experiment with which to test these 
conclusions, particularly since the Raman spectra 
of several perchlorates in solution show no 
evidence of perturbation by cations (1 1). HOW- 

From studies of metal nitrates in aqueous solu- 
tion, it has been proposed (12, 13) that the 
appearance of a band close to 740 cm-' is 
diagnostic of contact ion-pairing. Confirmatory 
evidence for such complexing of the nitrate ion 
usually exists in the form of new bands at slightly 
lower frequencies than the v, and v, free nitrate 
bands, and the appearance ofa t  least two maxima 
in the v3 region, usually separated by more than 
150 cm-' and resolvable into at least four lines 
(I 3-1 5). 

Accordingly, we have examined solutions of 
zinc nitrate in methanol, studying the infrared 
and Raman sDectra of the nitrate anion and the 
proton resonance spectrum of the methanol. 

Experimental 
Anhydrous zinc nitrate was prepared by the reaction, 

at  room temperature, between a block of zinc metal and 
nitrogen tetroxide (16). The reaction was performed in a 
cylindrical vessel with two side arms, one carrying a 
standard n.m.r. tube, and the other stopcocks for 
evacuating the vessel and for admitting nitrogen tetroxide. 
A drying tube containing phosphorus pentoxide was 
used to protect the contents of the vessel from atmos- 
pheric moisture and to vent evolved gases. When the 
dissolution of the zinc was complete, excess nitrogen 
tetroxide was pumped off under low vacuum, and the 
vessel was then connected to a high-vacuum line. The 
last traces of nitrogen tetroxide were removed by heating 
at  100 "C under a high vacuum to form a white solid, 

ever, the nitrate ion has been shown to be an stuck to the side of the vessel, which dissolved readily in 
spectroscopic probe with which to anhydrous methanol with the evolution of heat. Thorough 

removal of nitrogen tetroxide is important, since its investigate interactions' An presence colors the so]utions, interfering with the Raman 
nitrate ion with D3, symmetry generates four measurements, and also impairs the resolution of the 
vibrational frequencies: v , ,  1050 cm-' (Raman); n.m.r. spectra. 
v,, 825 cm- l (infrared); v;, 1380 cm-l (infrared, ~ n h i d r o u s  methanol was prepared as described 

R ~ ~ ~ ~ )  ; and v,, 7-20 cm- 1 (infrared, R ~ ~ ~ ~ ) .  previously (10) and distilled in vacuo onto the anhydrous 
zinc nitrate. A   or ti on of the resulting solution was 

'Present address: Department of Chemistry, University poured into the&n.m.r. tube and sealed- off, while the 
of Tennessee, Knoxville, Tennessee. remainder of the solution was analyzed to determine the 

'To whom all correspondence should be addressed. concentration of zinc (17). 
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Recording of the n.m.1, spectra, calibration of chemical 
shifts, measurement of temperatures, and the determina- 
tion of solvation numbers were performed as previously 
described (1 0). 

Infrared spectra were recorded on a Beckman IR-9 
spectrophotometer operated at three times the "stan- 
dard" slit program provided by the manufacturer. Trans- 
mission spectra were obtained using a thermostated cell 
("R.I.I.C." cell), equipped with silver bromide windows 
and a 0.025 mm teflon gasket, supplied by Research and 
Industrial Instrument Company. No  reference cell was 
used, but some attenuation of the reference beam was 
obtained by placing a sheet of silver bromide in it. A 
Haake constant-temperature circulator was used to 
obtain temperatures above 15 "C; temperatures below 
15 "C were obtained by passing a regulated stream of 
cold nitrogen gas through the outer jacket of the R.I.I.C. 
cell. Temperatures so obtained were determined with a 
copperxonstantan thermocouple attached directly to  the 
silver bromide windows. Frosting was prevented by 
purging the IR-9 instrument with dry nitrogen. 

For all infrared studies, the n.m.r. samples were 
opened in a drybox and the solution quickly drawn into 
the infrared cell and resealed. After each spectrum was 
recorded, the cell was flushed several times with dry 
methanol and finally with dry nitrogen. At the time of 
filling the infrared cells, a portion of the solution was 
withdrawn and analyzed for water by the Karl Fischer 
method. The highest water concentration found was 0.02 
M, and the majority of samples contained considerably 
less than this value. The complete infrared spectrum of 
1.5 M zinc nitrate in methanol was recorded using a 
Wilks Model 9 nlultiple internal reflectance attachment 
equipped with a silver bromide prism. 

The relative molar absorbance for uncomplexed 
nitrate was determined by recording spectra of a series 
of solutions of lithium nitrate (anhydrous Fisher certified 
reagent dried for 1 week at 110 'C) in methanol under 
the same conditions as the solutions of zinc nitrate. 

The Raman spectrum of a saturated solution (-1.3 M) 
of zinc nitrate in methanol was recorded using a Cary 81 
Raman spectrophotometer and the 4358 A mercury 
exciting line. Extraneous mercury lines were filtered with 
a 10 M potassium nitrite solution, or with an ethyl- 
violet - o-nitrotoluene solution; a slit width of 10 cm-' 
was used. A freshly prepared solution of zinc nitrate in 
anydrous methanol was filtered in vacuo through a fine 
sintered disk into a Raman cell by applying a slight 
pressure of dry nitrogen. The filled Raman cell was 
sealed, and removed from the vacuum line. The degrees of 
depolarization of the Raplan lines were estimated from 
spectra obtained with incident light polarized by concen- 
tric cylinders of polaroid film having their polarizing 
axes either perpendicular or parallel to  the axis of the 
Raman cell. 

Results 
Proton magnetic resonance spectra of solutions 

of zinc nitrate in methanol were recorded for 
solute concentrations up to 1.0 M at sample 
temperatures between - 90 and + 30 "C.  The 
results were, qualitatively, very similar to those 

FIG. I. The dependence of the chemical shift of 
hydroxylic protons upon solute rnolarity for solutions of 
zinc nitrate in anhydrous methanol. Shifts are in c.p.s. 
downfield from the methyl proton resonance. Sample 
temperatures: 0, 20; a, -6;  9, -26; 0, -58 "C. 

previously presented for solutions of zinc 
perchlorate in methanol (lo), and so only those 
results of interest to the following discussion 
are presented in detail. 

The addition of zinc nitrate to methanol causes 
a downfield shift of the resonance of the hydroxy- 
lic protons, linear with concentration (see Fig. 1). 
Below -60 "C the hydroxyl resonance experi- 
ences asymmetric broadening and below -75 "C 
it splits, as expected, into two separate absorp- 
tions, assigned conventionally as "bound" and 
"bulk" methanol. The chemical shift, with 
reference to the methyl resonance, of the bound 
hydroxylic protons is plotted as a function of 
concentration in Fig. 2, where for the purposes 
of discussion the corresponding results for soh-  
tions of zinc perchlorate in methanol (10) are also 
plotted. Both sets of measurements were recorded 
at a sample temperature of - 82 "C.  Unlike the 
resonance of bulk methanol (not shown), the 
resonance of bound methanol moves to higher 
fields as concentration increases. This shift to 
higher fields is much greater per mole of zinc 
perchlorate than per mole of zinc nitrate. 

From measurements of the relative areas of the 
two hydroxyl proton resonances and of the 
concentration of zinc nitrate, estimates were 
made of the average number of methanol mole- 
cules bound to each zinc ion (see Fig. 3). Measure- 
ments were made of the densities, at -78 "C,  of 
methanol and of methanolic solutions of zinc 
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M W I T Y  d SOLUTE 

FIG. 2. The dependence of the chemical shift of 
cationically bound hydroxylic protons upon solute 
molarity for solutions of 0, zinc perchlorate; and 0, 
zinc nitrate in anhydrous methanol. Shifts are in c.p.s. 
downfield from the methyl proton resonance. Sample 
temperature - 82 "C. 

nitrate in order to determine whether variations 
in sample density with concentration are responsi- 
ble for the observed trend in solvation numbers; 
such was not the case. 

The infrared and Raman frequencies, assign- 
ments, and polarizations are reported in Table 1. 
The most noteworthy features in the infrared 
spectra are the doublet in the 800 cm-I region 
(Fig. 4) and a new band at 754 cm-'. The relative 

TABLE 1 

Infrared and Raman frequencies for solutions 
of zinc nitrate in anhydrous methanol 

Frequency*, cm-' 

Infrared Ramant Assignment 

380 vw (p?) Zn-OHCH, 
715 m (dp) v4 free NO3- 

754 w 753 m (dp) bound NO3- 
817 m bound NO3- 
828 m v2 free NO3- 

3 1044 vs (p) vl free NO3- 
1310 m 1310 w (p) bound NO3- 

3 3 v3 free NO3- 
1500 sh? 3 bound NO3- 

*w = weak, m =medium, s = strong, sh =shoulder, 
v = very. 

t p  = polarized, dp = depolarized. 
f Region obscured by solvent. 

FIG. 3. The dependence of the measured solvation FIG. 4. Infrared spectra, in the 800 cm-I region, 
number of zinc upon solute molarity for solutions of for solutions in methanol of (a) 1.82 M zinc nitrate, (b) 
zinc nittate in anhydrous methanol. Sample temperature 0.76 M zinc nitrate, (c) 0.32 M zinc nitrate, (d) 1.0 M 
- 82 "C. lithium nitrate. 
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MOLARITY of NITRATE 

FIG. 5. Relative integrated absorbances plotted as 
f~~nct ions  of solute molarity for 0, 817 cm-I band of 
zinc nitrate; 0, 828 cm-' band of zinc nitrate; 0, sum 
of the 817 and 828 cm-' bands of zinc nitrate; and 8, 
the 828 cm-I band of lithium nitrate. Solvent, anhydrous 
methanol; sample temperature, 25 "C. 

integrated absorbances of the 817 and 828 cm-' 
bands were obtained through area measurements 
using a standard polar planimeter; the area of the 
828 cm-l band was determined on the assump- 
tion that the band is symmetric about its absorp- 
tion maximum, while the area of the 817 cm-I 
band was obtained by subtracting the area of 
the 828 cm-l band from the total area. The sum 
of the relative integrated absorbances of the bands 
at 817 and 828 cm-' is proportional to nitrate 
concentration, and, within experimental error, 
is equal to the relative integrated absorbance of 
the 828 cm-' band of lithium nitrate in methanol. 
Plots of relative integrated absorbances of the 
817 and 828 cm-' bands, and of their sum as a 
function of nitrate concentration, are given in 
Fig. 5. 

The band at 754 cm-' observed for a 1.5 M 
solution decreased in intensity and shifted to 
lower frequencies on dilution. Figure 6 shows the 
Ramail spectrum near 700 cm-' of a saturated 
solution of zinc nitrate in methanol; both of 
these bands were found to be depolarized. How- 
ever, Raman bands at 1044 and 13 10 cm- l were 
found to be polarized. A strong band due to 

methanol prevents detection of an expected 
nitrate Raman band near 1500 cm-l, while an 
infrared- and Raman-active band of methanol 
at 1020 cm-' partly obscures the Raman band 
at 1044 cm-' and precludes detection of any 
infrared absorption by nitrate in this region. The 
1200 to 1500 cm-' region is partially obscured 
by methanol bands in the infrared and Raman 
spectra. The infrared and Raman bands due to 
methanol in the solution of zinc nitrate were 
identical to those of pure methanol at 25 O C ,  and 
agreed well with the reported literature values 
(18). 

The infrared spectra were strongly temperature 
dependent (Fig. 7). A decrease in temperature 
causes a decrease in the relative absorbance of 
the band at 817 cm-' compared to that for the 
band at 828 cm-l. At - 30 "C, only the 828 cm-' 
band was observable; the band at 754 cm-" 
behaved as did the 817 cm-l band, becoming 
weaker as the temperature was decreased, and 
disappearing at - 30 O C .  

Discussion 

We accept, as the starting point for our dis- 
cussion, the postulate (l2,13) that the appearance 
of a band ca. 740 cm-I in the infrared and Raman 
spectra of the nitrate ion is diagnostic of contact 
between nitrate and, in the present case, zinc 

7 80 740  700 6 6 0  
FREQUENCY cm 

FIG. 6.  The Raman spectrum in the 700 cm-' 
region, of a saturated solution of zinc nitrate in methanol. 
Sample temperature 40 O C .  
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850 825 800 
FREQUENCY cm 

FIG. 7. Infrared spectra, in the 800 cm-' region, 
of a 1.2 Msolution of zinc nitrate in anhydrous methanol. 
Sample temperature: (a) 38, (b) - 10, (c)  - 3 0  "C. 

ions. Therefore, the observation of a band at 
754 cm- ' at temperatures above - 30 "C indicates 
the formation of contact ion-pairs of zinc nitrate 
in anhydrous methanol. Below - 30 "C, however, 
this species is not present in detectable amounts. 
Polarization of the Raman band at 1310 cm-' is 
evidence for monodentate bonding via oxygen 
of nitrate to zinc within the ion pair (19). For 
nitrate complexes having some covalence within 
their metal-oxygen interactions, Raman spectra 
exhibit a band ca. 270 cm-' attributed to the 
metal-oxygen stretching frequency (12, 14, 
20-22). Such a zinc-oxygen stretch was not 
observed for the present system, indicating that 
the bonding between the zinc and nitrate ions is 
largely electrostatic, as has already been reported 

for solutions of zinc nitrate in acetonitrile (23). 
The weak band observed at 380 cm-' is probably 
due to a zinc-oxygen stretch between zinc and 
methanol, since it is close to the 390 cm-' band 
reported for the aquo-zinc ion (24). 

Although the 754 cm-' absorption is a satis- 
factory qualitative indication of the presence of 
contact ion-pairs, its low intensity makes it 
unsatisfactory for quantitative studies. However, 
since the 754 and 817 cm-' bands have parallel 
dependences upon concentration and tempera- 
ture, it is possible to use the more intense 817 
cm-' absorption, assigned as the out-of-plane 
mode of associated nitrate, as the basis of a 
quantitative study. Since the sum of the areas 
of the 817 and the 828 cm-' bands for a solution 
of zinc nitrate equals the area, for the same 
nitrate concentration, of the 828 cm-' band of 
lithium nitrate, which we take to be fully dis- 
sociated, all three absorptions must have the 
same relative molar absorbance, which may be 
obtained from the slope of the straight-line plot 
in Fig. 5. Using the superscripts b and f to denote 
bound and free, respectively, C to  denote concen- 
tration, and assuming that the predominant 
associated species is ZnNO,+, a plot of CNo,-b 
vs. ( c , , ~ + ~ .  c,,,-~) should be a straight line, of 
slope equal to the association constant K,, 
passing through the origin. This plot is shown 
in Fig. 8, from which Kl at 25 "C = 3.00 f 
0.04 1 mole- '.A similar calculation assuming that 
the predominant associated species is Zn(NO,), 
gave a non-linear plot that did not pass through 
the origin. However, evidence for the stepwise 
formation of Zn(NO,), was found, especially at  
higher temperatures; for instance, at 60 "C, 
when the concentration exceeded 1.2 M, the 
average number of nitra.tes bound per zinc ion, 
C,,,- b/Cznz+, exceeded 1 .O. Assuming both as- 
sociated species to be present, treatment of the 
data as suggested by Rossotti and Rossotti (25), 
gave, at 25 "C, K, -- 2.6 and K2 -- 0.05 1 mole-'. 

The temperature dependence of the equilibrium 
is illustrated in Fig. 7 for a 1.2 M Zn(NO,), solu- 
tion. Below -30 "C no infrared evidence was 
found for the formation of contact ion-pairs. 
From the temperature dependence of K,, 
neglecting K2, AH' for the association was found 
to be approximately 3 kcal/mole. 

Knowledge of the extent of association of 
zinc nitrate under various conditions facilitates 
discussion of the n.m.r. data. Comparing the 
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AL-BALDAWI ET AL.: SOLUTIONS OF Zn(N03)z IN METHANOL 1207 

FIG. 8. Plot used to determine the association con- 
stant, K,, of zinc nitrate in methanol at 25 "C. For  
significance of axes labels see text. 

infrared and n.m.r. results obtained at room 
temperature, it is evident that a linear relation- 
ship between the hydroxylic proton resonance 
frequency and the concentration of electrolyte 
is not a reliable criterion for the absence of ionic 
association. 

The results of the experiments to determine 
the solvation number of zinc in solutions of zinc 
nitrate are analogous to those obtained for solu- 
tions of zinc perchlorate (10). However, in the 
light of the present Raman and infrared evidence, 
the interpretation of these concentration-depen- 
dent solvation numbers requires modification. 
It is obviously incorrect to invoke the presence, 
at - 80 "C, of contact ion-pairs in these systems. 
Nevertheless, because the hydroxyl resonance 
frequency of the cationically bound methanol 
depends upon the anion, and upon concentration 
(Fig. 2), the zinc ion must be forming solvent- 
separated ion pairs with the nitrate and perchlo- 
rate anions. The perchlorate ion of the solvent- 
separated species produces larger upfield shifts 
of the resonance of bound methanol than does 
the nitrate ion. (cf. total molar shifts for perchlo- 
rate and nitrate in water (26)). 

At - 80 "C, even though exchange between 
solvent and the primary solvation shells of cations 
is slow, exchange between solvent and the solva- 
tion shells of anions is rapid. Furthermore, 

exchange between sites within a cationic solvation 
shell is slow, as is shown by the observation of 
more than one "bound" resonance for cobalt 
(3) and magnesium (1) salts in aqueous methanol. 
Therefore, when solvent-separated ion pairs are 
formed, it is necessary to distinguish between 
three sites for solvent molecules: (i) bound 
between the cation and anion, (ii) bound a t  the 
remaining sites within the cation's solvation 
shell, (iii) bulk, where this last category includes 
any anionic solvation shells as well as solvent 
remote from any ion. At -80 "C, exchange 
between (i) and (ii), and between (ii) and (iii), is 
slow. The rate of exchange between (i) and (iii) is 
of importance to the determination of solvation 
numbers via area measurements. Should the 
exchange be slow, both (i) and (ii) will be counted 
as within the solvation shell, and the formation 
of solvent-separated ion pairs will have no effect 
on the measured solvation number. However, 
should the exchange between (i) and (iii) be 
rapid. then resonance (i) will not be counted as 
within the solvation sheli. Therefore, if the anion 
of a solvent-separated ion pair promotes rapid 
exchange between bulk solvent and that portion 
of the cationic solvation shell adjacent to the 
anion, the measured solvation numbers will 
decrease from the true value, even though the 
anion isnot displacing solvent from the solvation 
shell of the cation. 
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to M.H.B., and by the Gulbenkian Foundation in the 
form of a scholarship to S.A.Al-B. 

1. J. H. SWINEHART and H. TAUBE. J. Chem. Phvs. 
37, 1579 (1962). 

2. S. NAKAMURA and S. MEIBOOM. J. Amer. Chem. 
SOC. 89, 1765 (1967). 

3. Z. Luz  and S. MEIBOOM. J. Chem. Phys. 40, 1058 
(1964); 40, 1066 (1964); 40, 2682 (1964). 

4. A. FRATIELLO and D. P. MILLER. Mo1. Phvs. 11. 37 - .  
(1966). 

5. A. FRAT~ELLO and D. P. MILLER. Mol. P h y ~ .  12, 11 1 
(1967). 

6. A. FRATIELLO, R. E. LEE, V. M.  NISHIDA, and R .  E. 
SCHUSTER. J. Chem. Phys. 47, 4951 (1967). 

7. T .  J. SWIFT and H. H. Lo. J. Amer. Chem. Soc. 89, 
3988 (1967). 

8. R . ~ N . ' B U T ~ E R  and M. C. R.  SYMONS. Trans. Fara- 
day Soc. 65, 945 (1969). 

9. A. FRATIELLO, V. M. NISHIDA, R. E. LEE, and R. E. 
SCHUSTER. J. Chem. Phys. 50, 3624 (1969). 

10. S. A. AL-BALDAWI and T. E. COUGH. Can. J. Chem. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1208 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

11. R. E. HESTER and R. A. PLANE. Inorg. Chem. 3, 19. H. BRINTZINGER and R. E. HESTER. Inorg. Chem. 
769 (1964). 5, 980 (1966). 

12. D. E. IRISH, A. R. DAVIS, and R. A. PLANE. J. Chem. 20. R. E. HESTER, R. A. PLANE, and G.  E. WALRAFEN. 
Phys. 50, 2262 (1969). J. Chem. Phys. 38, 249 (1963). 

13. D. E. IRISH. G. CHANG. and D. L. NELSON. Inore. 21. A. R. DAVIS. Ph.D. thesis. University of Waterloo, 
Chem. 9, 425 (1970). ' 

- 
Waterloo, Ontario. 1967. 

14. A. R. DAVIS and D. E. IRISH. Inorg. Chem. 7, 1699 22. R. P. OERTEL and R. A. PLANE. Inorg. Chem. 7, 
(1968). 1192 (1968). 

15. A. R. DAVIS and R. A. PLANE. Inorg. Chem. 7, 23. C. C. ADDISON, D. W. AMOS, and D. SUTTON. J. 
2565 (1968). Chem. Soc. A, 2285 (1968). 

16. C. C. ADDISON and N. LOGAN. Preparative inor- 24. D. E. IRISH, B. MCCARROLL, and T. F. YOUNG. J. 

ganic reactions. Vol. I. Edited by W. L. Jolly. Inter- Chem. Phys. 39, 3436 (1963). 
science Publishers, Inc., New York. 1964. p. 141. 25. F. J. C. Rossorrr and H. Rossorrr. The determina- 

17. A. I. VOGEL. Textbook of quantitative inorganic tion of stability constants. McGraw-Hill Book Co., 
analysis. John Wiley and Sons, Inc., New York, Inc., New York. 1961. p. 91. 
1967. p. 433. 26. J. N. SHOOLERY and B. J. ALDER. J. Chem. Phys. 

18. G. HERZBERG. Infrared and Raman spectra of 23, 805 (1955). 
polyatomic molecules. D. Van Nostrand Co. 
(Canada), Ltd., Toronto. 1964. p. 335. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Reaction of CF, radicals with methylchlorosilanes 

T. N. BELL AND U. F. ZUCKER' 
Departnretrt of Cl~etnistry, Simon Fraser Utriuersity, B~rrnaby 2, British Col~rmbia 

Received November 14. 1969 

Arrhenius parameters have been measured for H abstraction from the alkylchlorosilanes CH3SiCI3, 
(CH3),SiC12, and (CH3),SiC1, and also for (CH3),Si 

k = 1011.3 e - 9 3 5 0 / R T  CH3SiCl3 
k = 10ll.8 e - 9 2 3 0 / R T  (CH3)2SiC12 

k = 1012.3 e - 9 1 3 0 / R T  (CH3),SiC1 
k = 10ll.9 e - 7 2 9 0 / R T  (CH3I4Si 

where lc is in ml mole-' s-'. Halogen abstraction does not occur with these compounds nor with Sic],. 
CF2CH2 is formed from the hot molecule produced when the silylmethyl radlcal combines with CF3 

M 
CF, + CH2SiX3 + CF3CH2SiX3* -> CF3CH2SiX3 

I- CF2CH2 + FSiX3 
Canadian Journal of Chemistry, 48, 1209 (1970) 

Introduction 
This work is a continuation of previous studies 

concerning the interaction of free radicals with 
volatile inorganic compounds. In the particular 
case of silicon compounds, a few such studies have 
been made (1-9). Introduction of a silicon atom 
profoundly modifies the molecule as compared 
with carbon analogues, probably through such 
factors as electronegativity, size, and d~c-pn: 
bonding involving empty Si d orbitals. These 
studies were undertaken to obtain further infor- 
mation on the parameters affecting the reactivity 
of molecules towards free-radical attack. 

Experimental 
Materials 

(a) Hexafli~oroacetone (Allied Chemical) was repeated- 
ly fractionated through traps at  -96, - 135, and - 196 "C. 
The fraction collecting at  - 135' was thoroughly degassed 
at that temperature and stored in a blackened bulb. 

(6) Methylchlorosilanes (Penninsular Chemical Re- 
search) were each distilled using a spinning-band column. 
Large head and tail fractions were rejected. A procedure of 
fractionation and degassing on the line then followed. 
SiCI, was similarly treated. 

Apparat~rs a t ~ d  Proced~rre 
This was as described previously (6). 

Results 
Trifluoromethyl radicals were produced (10) 

from the photolysis of hexafluoroacetone (HFA) 

'Present address: DuPont of Canada, Ltd., Central 
Research Laboratory, Maitland, Ontario. 

hv 
[I 1 HFA - 2CF3 + CO 

In the presence of the alkyl chlorosilanes the 
volatile products of reaction consisted of CO, 
C2F,, CF,H, and CF2CH2. No methane or 
CF3C1 was detected. Previous work (6) on the 
reaction of CF, radicals with the methylfluoro- 
silanes gave the same products which were 
established as arising from radical reactions. 

Hydrogen Abstraction 
Reactions [2] and [3] are proposed to account 

for the formation of CF,H and C2F, 

/ / 
[2] CF3 + CH3Si- -> CF3H + CH2Si- 

\ \ 

Assuming that the reaction between CF, and 
/ 

CH2Si- leads to insignificant amounts of CF,H, 
\ 

we have, from reactions [2] and [3] 

A test of this equation is seen in Fig. 1, where 
RcF3H/Rc2F6'12 is plotted against [silane], for a 
fixed HFA pressure of 20 mm at a temperature of 
200 "C. 

A determination of k2/k3'I2 was made for each 
of the silanes at various temperatures by the 
application of eq. [4] to the experimental results. 
The results are tabulated in Table 1. Variation of 
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X - 

P Silane (Torr)  
FIG. 1 .  Variation of RCF,H/R~,F,112 with p , ~ ~ ~ , , ~ .  

Temperature, 200 "C (Me4Si, ref. 6). 

the HFA pressure had no effect on k,/k3'12. 
Decomposition of the silane was kept to < 2 %. 

An Arrhenius plot of the results is shown in 
Fig. 2. Using Ayscough's (1 1) value for k3 = 2.3 
x lOI3 cm3 mole-' s-', a least-squares evalua- 
tion of the Arrhenius parameters yields the 
results given in Table 2. Included in Table 2 are 
the values obtained for k, by Cheng and Szwarc 
(5) at one temperature, 180 "C, and calculated 
from our results at that temperature. Reasonable 
agreement is seen. The Arrhenius parameters for 
H abstraction by CF, from the methylfluoro- 
silanes and tetramethylsilane (6) are also included. 
Chlorine Abstraction 

No evidence was obtained for CF3Cl formation 
with the methylchlorosilanes, nor has previous 
work shown this to occur (3, 5, 7). There is a 
possibility that the competitive H abstraction 
process completely precludes chlorine abstrac- 
tion. In an attempt to measure the Arrhenius 
parameters for this process, HFA was photolyzed 
in the presence of SiC1, at temperatures up to 
350 "C. No CF3Cl could be detected. 

We conclude that reaction [5] is unimportant 
under our experimental conditions 

/ / 
[5 I CF3 + CISi- -> CF3CI + Si- 

\ \ 
CF, CH, Fortnation 

All the methylchlorosilanes gave this product, 
as was also found (12) with the methylfluoro- 
silanes and (Me),Si. Two sources were apparent: 
(a) from a dark reaction observed only after 
periods of photolysis, and (b) from a much faster 
process during the photolysis of the HFA-silane 
systems. 

By analogy with our previous conclusions (12) 
on the methylfluorosilane system, we suggest the 
second source is from a radical combination pro- 
cess, reaction [6], leading to a hot molecule which 
may stabilize, reaction [7a], or decompose, reac- 
tion [7b] 

[6] CF3 + CH2SiX3 + CF3CH2SiX3* 

where X = C1 and/or Me. 

, 
1.6 2 .O 2.4 

(IIT) 103 

FIG. 2. Arrhenius plot, log k2/k3112 US. 1/T (Me4Si, 
ref. 6). 
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BELL A N D  ZUCKER: REACTIONS OF METHYLCHLOROSILANES 

TABLE 1 
Hydrogen abstraction from methyl chlorosilanes by CF3 

- - - -- -- -- - - - -- -- 

Temperature P silane Rc,r, x 10" RcrjH x 10'' kZ/k311Z 
("c) (Torr) (mole ml-' s-') (mole ml-' s-') (m111zmole-112 s-'IZ ) 

Substrate CH3SiC1, 

1.238 
0.227 

Substrate (CH3),SiClZ 
2.121 
2.201 
1.781 
2.134 
1.777 
1.174 
1.048 
1.583 
1.348 
1.149 
0.949 
0.655 
0.471 

Substrate (CH3),SiC1 

TABLE 2 
Arrhenius parameters for H abstraction from methyl-, methylchloro-, and methylfluorosilanes by CF, 

kz x kz x lo-' 
E (1 80 "C) ( 1  80 "C) 

(kcal/mole) (ml mole-' s-'*) (mlmole-' s-I*) Substrate log A 

*Reference numbers in parentheses. 
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I Discussion 

P (HFA + Silone) Torr 
FIG. 3. Variation of R,,,b/Rd ,,,,,, with total pressure. 

Temperature, 200 "C. O (CF3CH2SiCI3)*, 0 (CF3CH2- 
SF3)*. 

The dark production of CF2CH2 is considered 
to arise from pyrolysis of the product formed in 
reaction [7a] 

181 CF3CH2SiX, + CF2CH, + FSiX, 

This P-fluorosilane pyrolysis reaction is well 
established (13, 14). From reactions [7a] and [7b] 

A series of experiments were carried out to deter- 
. mine the ratio R,,ab/Rd,,omp for the system 

HFA + CH,SiCl, as a function of pressure, for 
equal amounts of each reactant at 200 "C. 
RdccOmp was determined from the CF,CH2 
formed during photolysis (the correction for the 
pyrolysis reaction [8] is negligible for the photol- 
ysis times of 2 min). R,,,, was measured in a 
separate experiment by pyrolyzing, at 300 "C, the 
CF,CH2SiC13 formed during photolysis, and 
determining the resulting CF2CH2. The results 
are plotted in Fig. 3 ;included here for comparison 
are the corresponding results for the HFA 
+ CH,SiF, system (12). 

In their earlier work, Kerr, Slater, and Young 
(1, 2) discussed silane reactivity in terms of 
abnormally high A factors. However, in view of 
more recent results, they (7, 8) conclude that 
normal A factors prevail. These conclusions are 
confirmed in the present work. The observed 
increase in A factor with decreasing chlorine 
substitution leads to changes in the rate constant 
such that k-)sicl - 3k7si,l, - 10k-sicl,. The 
same trend is apparent in H abstraction by CF, 
radicals from the fluorosilanes (6) and the chloro- 
methanes (15), also in the tabulated data of the 
reactions of methyl radicals with the halo- 
methanes (16, 17). It should be pointed out that 
the A factor for tetramethylsilane does not fit into 
this pattern, which result parallels the position of 
methane in abstraction from this and the halo- 
methanes. When normalized per methyl group or 
per hydrogen atom, the effect of variations in the 
A factor on the rate of reaction is considerably 
reduced. 

The activation energy differences between the 
chlorosilanes are slight, and have little effect on 
the silane reactivity. This is in marked contrast to 
our observations on hydrogen abstraction from 
the fluorosilanes (Table 2). Jn the latter case the 
variations in activation energy were linked to 
changes in electron density 011 the hydrogen atom, 
the lowest activation energy being associated with 
the H having the highest electron density. This 
polar effect involving attack by the electrophilic 
CF, radical would be expected to occur with the 
methyl chlorosilanes, where the inductive effect 
of the Cl atoms should decrease the H electron 
density with increasing chlorine substitution. 

We suggest that the inductive effect is offset to 
some extent by dn + pn bonding 1- nich is 
expected to be more important with chlo ine than 
with fluorine, when the orbitals invcived are 
considered. Gowenlock and Thomas (18) have 
suggested that this back-coordination reaches a 
maximum when three chlorine atoms are attached 
to silicon. On this basis, the effective inductive 
effect may well be approximately the same for 
mono-, di-, and tri-chloro substitution, leading to 
a similar electron density on the hydrogen atom, 
and thus a constant polar effect. 

The constancy of the observed activation 
energies would furthermore imply that the C-H 
bond strength is the same in the three chloro- 
silanes. This view is supported by the constancy 
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BELL AND ZUCKER: REACT101 VS OF METHYLCHLOROSILANES 1213 

of the activation energies observed (2) for methyl 
attack on the n~ethylchlorosilanes, where polar 
effects would be expected to be minimal. 

The activation energy difference Echlorosilane 
- Esi(Mcl, for CF, attack is approximately 
2 kcal, while the correspondi~lg difference for 
CH, attack is -1 kcal (2, 4, 8); presumably the 
latter is due to changes in the silane C-H bond 
energy term. 

We suggest that the greater difference in the 
CF, case is a result of this bond energy difference 
plus a polar effect, which should favor a lowering 
of the activation energy for compounds whose H 
atoms have greater electron density. In the case 
under discussion, the inductive effect of chlorine 
should decrease the electron density on the H 
atom, compared to the hydrogen atoms in 
Si(Me),. 

These results confirm the observation by 
Cheng and Szwarc (5) that increased chlorine 
substitution leads to a decrease in reactivity of the 
silanes, and that this correlates with the proton 
chemical shift. 

In support of the suggestion that dn + pn 
bonding is important is the observation that 
chlorine abstraction is not observed with the 
chlorosilanes nor with SiCl,. Such interactions 
would result in a strong Si-Cl bond; this has 
been estimated (19,20) at  between 82 and 120 
kcal. The absence of C1 abstraction at 350 "C 
would suggest an endothermic process for reac- 
tion [5], and supports the upper estimate for 
D~i -c l .  

The formation of CF,-CH, in all cases in- 
volving the methylchlorosilai~es and the methyl- 
fluorosilanes (6) points to the hot molecule 
rearrangement-elimination reaction being gen- 
eral (12) 

F-- - .  
F\& H'~\$ 

/ 4 F/ 
\ 

'h 

In Fig. 3, the results for (CF,CH,SiCI,)* are 
compared to those for (CF,CH,SiF,)*. In both 
cases the plots of Rs,,b/Rd,con,, are curved, which is 
suggestive of a multistage deactivation process 
(21, 22). This is to be expected if our estimate (12) 
for the excess energy above the activation energy 
is correct ((CF,CH,SiF,)* excess estimated 45 
kcal). This may well be less for (CF3CH2SiC13)'", 

where our pyrolysis measurements indicate a 
greater half-life for CF,CH,SiCl,, compared 
with CF,CH,SiF,. Indeed, if the fluorine transfer 
process i~lvolves interaction of the P fluorine 
atom with the silicon d orbitals, we would expect 
that significant amounts of back-bonding (pro- 
posed above) would make this transfer a more 
difficult process. 

This effect would alter the ratio Rs,,b/Rd,co,, in 
favor of the chlorosilane over the fluorosilane for 
a given pressure. That this is the case is shown in 
Fig. 3. A similar effect would of course occur if the 
effective number of oscillators is greater in the " 
case of chlorosilanes as against fluorosilanes. 

We thank the National Research Council of Canada for 
financial support and Mr. R. McDaniel for computer 
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Viscosity of associated liquids 

R. C .  MAKHIJA AND R. A. STAIRS' 
Departme~if of Chemistry, Trent University, Peterborough, Ontario 

Received November 13, 1969 

Viscosity data for ammonia, methylamine, and 1,2-diaminopropane have been obtained in the tem- 
perature ranges - 65 to - 35, - 65 to - 10, and - 35 to + 50 "C, respectively, using an Ubbelohde 
viscometer. The results were compared with existing data, and all the data were fitted to the Fulcher 
(Tammann-Hesse) equation by the method of least squares. The significance of the values of To in this 
equation for these and other associated liquids was considered. 

Les valeurs de viscosite pour I'ammoniac liquide, la methylamine et le 1,2-diaminopropane ont kt6 
obtenues dans les intervalles de temperature suivants: -65 a -35, -65 a - 10 et -35 a +50 "C, 
respectivement, utilisant un viscosimtttre Ubbelohde. Les r6sultats ont eteconipar~s aux valeurs existantes, 
et les constantes de I'dquation Fulcher (Tammann-Hesse) ont CtC trouvCes par la methode des moindres 
carres. La signification des valeurs de To dans cette Cquation a etC considerCe pour ces liquides contenant 
des liaisons hydrogttne et d'autres composes similaires. 

Canadian Journal of Chemistry, 48, 1214 (1970) 

In  the search for a simple equation to express 
the dependence of the viscosity, q, of liquids on 
absolute temperature, T,  over an  extended range, 
the equation apparently first proposed by Fulcher 
(1) 

and used by Tammann and Hesse (2), Prasad (3), 
Gu t~uann  and Simmons (4, 5), and recently by 
Miller (6), has been somewhat neglected. Part of 
this neglect may be due to the fact that it is not 
simply explicable in terms of an  "activation 
energy for flow." 

Gutmann and Simmons showed that eq. [l ] is 
obtained if the activation energy, Eo, varies with 
temperature as Eo/(a + b/T), where a and b are 
constants. This, however, is an  unsatisfying form, 
hard to relate to molecular o r  thermodynamic 
concepts. They also succeeded in deriving the 
equation from what they described as a quantum 
form of the Maxwell-Boltzmann distribution 
law, attributingthe deviation ofthe viscosity from 
the Andrade equation (7) 

Gutmann and Simmons have derived normal 
equations for least-squares fitting of eq. [ l ]  to  
data, but we prefer eqs. [3] for this purpose, as 
they throw less undue weight on the higher- 
temperature points. 

where y = log q, T = absolute temperature, D = 
B - AT,, and A, B, and To are the constants in  
eq. [ l l .  

Using a computer, we have fitted the Fulcher 
equation to data for the viscosity of several 
oxygen- and nitrogen-containing associated 
liquids. The results are listed in Table 3. Data for 
the alcohols, glycol, and glycerol were obtained 
from various literature sources (8-10). Data for 
ammonia in the literature were included with our 
own, and our own data were used for methyl- 
amine and 1,2-diaminopropane. 

where A' is a constant and R is the gas constant, Experimental t o  other causes than inconstancy of E. I t  must be 
The -/iscosities of liqtiid ammonia, methylamine, and admitted that the theoretical justification for eq. 1,2-diaminopropane were measured by capillary flow, 1 is uncertain, but it fit the data for diverse using Ubbelohde (suspended-level) viscometers, adapted 

liquids well, and is not too difficult to apply. for use in a closed system as shown in Fig. 1. The design 
permits introduction of sample without admission of air, 

 IT^^^^^^^^^ address L:ntil ~~~~~t 1, 1970: c/o Depart- by distillation or through the side-arm, and makes it un- 
nient of Chemistry, University of California, Berkeley, necessary to know the volume of the liquid; the working 
Calif. 94720. volume being that between the upper meniscus (moving 
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MAKHIJA AND STAIRS: VISCOSITY OF ASSOCIATED LIQUIDS 1215 

to Vocuum Line The gas used to move the liquids in the viscometer was 
hydrogen (Matheson, electrolytic) purified by passage 
over a "Deoxo" catalytic purifier and phosphorus 
pentoxide. 

Temperature control above 0 "C was achieved by a 
water-bath thermostat of conventional design, and tem- 
peratures in this range were measured by a mercury-in- 
glass thermometer, graduated to 1/10 degree, and cor- 
rected at ice point. Temperature control at  lower tem- 
peratures was achieved by a thermostat of special design. 

(for Breaker- Methanol contained in a large Dewar vessel was circu- 
Adaptor) lated through a copper coil, immersed in Dry Ice - 

V'4/35 
acetone in another vessel, by a centrifugal pump which 
was controlled by a YSI thermistor controller. By this 
means, the temperature could be controlled within 0.1 
degree at any point down to about - 70 "C. 

Bath Liq. In the present work, time was measured manually, 

Level using an electrical stop watch. 
The method employed yields the kinematic viscosity 

v = q/p, where q is viscosity and p the density of the 
liquid. The required densities for ammonia were taken 
from Johnson and Martens (1 1, 12), and for methylamine 
from Felsing and Thomas (13). Densities for 1,2-diamino- 
propane not being available, they were measured by 
means of a dilatometer fitted with a ground joint for 
attachment to the vacuum line and a stopcock. I t  was 
filled by distillation under vacuum with the diamine, 
purified as described. With the stopcock closed, it was 
removed from the line, weighed, and the position of the 
meniscus in the "Trubore" neck observed with a cath- 
etometer at  different temperatures. I t  was calibrated using 
distilled water. 

The observed times were related to viscosity through 
the equation 

FIG. 1. Viscometer for use with air-sensitive liquids 
and solutions. v = q / p  = At - B/t 

between the marks at  A and B) and the bottom of the 
capillary at  D. The viscorneters were calibrated against 
water in the temperature range 0-50 "C, using data for 
the viscosity and density of water from the Handbook of 
Chemistry and Physics (10). 

Ammonia (Matheson) was distilled from the cylinder 
onto sodium in the vacuum line. After allowing a portion 
to escape, together with any hydrogen formed, a further 
portion was subjected to two bulb-to-bulb fractionations, 
and finally distilled into the viscometer. Methylamine 
was similarly treated, except that lithium replaced sodium, 
and 24 h were allowed for reaction with water or any 
other reducible impurities. 

1,2-diaminopropane (various sources, including B.D.H., 
Ana Chimia, and BASF) was purified by refluxing over- 
night with potassium hydroxide, followed by distillation 
under nitrogen over sodium wire. It was again distilled 
and a middle fraction of boiling range 117.5-1 18.5 "C 
was retained. This distilled product was finally distilled 
under vacuum into a number of break-seal vials, which 
were then sealed off from the line where indicated in Fig. 
2a. The contents of a vial were transferred to the vis- 
cometer without access of air or entry of broken glass by 
means of the adaptor with fritted disk, illustrated in 
Fig. 26. 

where A and Bare  constants which we did not attempt to 
calculate absolutely, but obtained, by calibration with 
water and n-butanol at  a number of temperatures, from 
the intercept and slope of a plot of v/t vs. l / t z .  The 
values for the various viscometers used are listed in 
Table 1. 

Seal .Magnetic 
"hammer" 

( a  ( b )  
FIG. 2. (a) Break-seal vial. (6) Breaker-adaptor. 
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TABLE 1 value 0.2543 cP at - 33.5 "C found by Elsey (14). 
Calibration of viscometers Fitzgerald's value at this temperature appears to 

be nearly 5 % high (15). A large graph of log q vs. 
Viscometer Used with A lo3 BIA reciprocal temperature, on which all the available 

I Ammonia 1.288 data were plotted, made it apparent that the data 
11 Ammonia 3.128 4.77 of Pinevich (16) are inconsistent with the others, 

I11 Methylamine 2.69 
IV 1,2~Diaminopropane ::::: (negligible) being too high at his higher temperatures (30, 

60 "C) by as much as 25 %. The data of Carmichael 

Because of the disparity between the temperatures of 
calibration and measurement, the effect of thermal ex- 
pansion of the Pyrex glass of the viscometers was cal- 
culated, and found to be negligible. 

Results and Discussion 
The values of the viscosity of ammonia ob- 

tained in this work, together with some earlier 
measurements made using the same method by 
Stairs (unpublished), and our results for viscosity 
of methylamine and viscosity and density of 1,2- 
diaminopropane are collected in Table 2. The 
results for ammonia agree within 0.33% with 
those in the Handbook of Chemistry and Physics 
(lo), and support, by a short extrapolation, the 

and Sage (17) tend towards low values at higher 
temperatures (70, 100 "C), but this seems to be a 
real effect, due to the increasing specific volume 
of ammonia under its own vapor pressure at these 
temperatures. These two sets of data were accord- 
ingly excluded from those used to fit the Fulcher 
equation, which was not expected to be valid 
under conditions of grossly-varying specific 
volume. 

The only available data for methylamine were 
those of Fitzgerald (1 5), who gives q as 0.2364 cP 
at 0 "C, and of Berns et al. (18), who give values 
differing from that of Fitzgerald at 0 "C by 16 %. 
Our measurements agree with Fitzgerald at the 
highest temperature and with Berns et al. at the 

TABLE 2 
(a) Viscosity of ammonia and methylamine at various temperatures 

Ammonia Methylamine 

t ("C) rl (cP) t ("C) rl (cP) t r c )  rl (cP) 

(b) Viscosity and density of 1,2-diaminopropane at various temperatures 

t Cc)  rl (cP) P (glml) t Cc)  rl (cP) P (g/ml) 
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MAKHIJA AND STAIRS: VISCOSITY OF ASSOCIATED LIQUIDS 1217 

lowest. There seemed no way ofchoosing between 
them, so we used our results only to fit the Fulcher 
equation. The only data for 1 ,2-diaminopropane 
were estimates found in industrial bulletins (19, 
20), with which our measurements appear to 
agree. We again fitted the equation to our data 
alone. 

TABLE 3 

Viscosity of methylamine by 
Berns et al. (18) 

On examining the Fulcher equation constants 
in Table 4 for trends of possible significance, we 
noted that the quantity To (written as - C by 
some authors) is largest for those liquids in which 
very extensive hydrogen bonding is possible, 
leading to possible formation of chains or net- 

works. This is apparent in the sequence of water 
and the normal alcohols, where, as the hindrance 
to polymerization through hydrogen bonding due 
to  the bulk of the alkyl group increases, To tends 
rapidly to small values. In the sequence of com- 
pounds H(CHOH),H, however, the value of To 
tends to maintain the value (about - 120 to - 140) 
characteristic of water. At these temperatures, the 
quantity RT is about 1/10 of the energy of disso- 
ciation of a hydrogen bond between two oxygens 
(about 3 kcal/mole), and it appears that the 
liquids at these and lower temperatures are, in 
effect, brittle glasses. (The glass transition tem- 
perature, where it can be observed, seems to occur 
a few degrees above To. See, for example, refs. 2 
and 21 .) 

The tendency towards extensive polymerization 
is less apparent in ammonia, the value of To being 
less than half that of water, but in the diamine, 
the two hydrogen-bonding groups restore the 
tendency to polymerize. That methylamine shows 
a larger value of To than does methanol is puzzling, 
but the range of the measurements is not great 

TABLE 4 
Fit of viscosity of associated liquids to the Fulcher equation log q = A + B/(T - To) 

Constants in eq. [ I ]  

Liquid A B To Percent error of fit* Range ("C) 

Ammonia - 1 .7520 218.76 50.701 0.76 -69 to +40 
Methylamine - 1 .3634 126.389 102.886 0.32 -70 to -10 
1,2-Diaminopropane - 1 .0755 165.754 166.751 1.10 -35 to +50 
Methanol -1.6807 354.876 48.585 2.05 -98.3 to +50 
Water - 1 .5668 230.298 146.797 0.51 - 10 to +I60 
Ethanol - 2.4401 774.414 -15.249 2.66 -98.11 to +70 
Glycerin -2.8834 997.586 128.481 4.50 -42 to +30 
Ethylene glycol - 1.5923 438.064 141.617 0.18 +20 to+100  
n-Propanol - 2.4907 725.903 37.474 1.10 0 to +70 
n-Butanol -3.0037 1033.306 - 4.3828 0.80 -50.9 to +I00 

and the extrapolation is long, so the value of To The authors wish to thank DuPont of Canada, 

for methylamine may be in error. Limited, for the gift of a quantity of 1,2-diaminopropane. 

The significance of the other constants remains 1. G. s. FULCHER. J. Amer. Cerarn. Soc. 8,339 (1925). 
obscure. There is a tendency for B to increase with 2. G. TAMMANNand W. HESSE. Z. Anorg. Chem. 

156, 245 (1926). increasing molecular weight, but its significance 3. B. PRASAD. Phil. Mag. 16, 263 (1933). 
as proportional to an activation energy, which 4. F. GUTMANN and L. M. SIMMONS. Aust. J. Sci. 13, 

109 (1951). be in with this observation, is 5. F. GUTMANN and L, M. S I ~ ~ ~ ~ ~ .  J. APpl. PhyS. 
obscure, as was remarked above. The significance 23,977 (1952). 
of A ,  which in the Andrade equation can be 6. A. A. MILLER. Science, 163, 1325 (1969). 

7. E. N. DA C. ANDRADE. Nature, 125 (1930). as a "jump fact0r", is 8. International critical tables. Vols. 5 and 7, McGraw- 
obscure. Hill Book Co., Inc. 1930. 
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Synthesis of polymer intermediates containing the 
bicyclo[3.2.2]nonane ring 

LUDEK TAIMR' AND JAMES G. SMITH 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received October 8, 1969 

The preparation of 1,5-biscarbethoxybicyclo[3.2.2]nonane and 1,5-bis(hydroxymethyl)bicyclo[3.2.2]- 
nonane is described. The procedure ge~erally followed that reported for the analogous bicyclo[2.2.2]- 
octanes. However, certain differences in chemical behavior were observed and are reported. 

The alkylation of the sodium salt of diethyl succinylsuccinate produced the expected 1,5-biscarb- 
ethoxybicyclo[3.2.2]nonane-6,8-dione along with a by-product which was shown to be 1,5-biscarbethoxy- 
bicyclo[4.2.1]nonane-7,9-dione. It was also shown that this compound arose by isomerization of the 
bicyclo[3.2.2]nonane analogue after the alkylation occurred. 

Conversion of these compounds to thioketals with 1,3-propanedithiol was also examined in detail. The 
reaction between 1,3-propanedithiol and 1,5-biscarbethoxybicyclo[3.2.2]nonane-6.8-dione generated an 
equilibrating system of 4 compounds. Three of these are shown to be the monothioketal, the bisthioketal, 
and a mixed thioketal-vinylthioether. 

Canadian Journal of Chemistry, 48, 1219 (1970) 

For the purposes of continuing our study ( I ,  2) the former compounds had been documented 
into the relationship between the structure of (3, 4), syntheses for the latter compounds were 
condensation polymers and their physical prop- incomplete (4, 5) .  It seemed logical, however, 
erties, it became necessary to prepare bifunctional that the synthetic sequence employed for the 
bridgehead derivatives of bicyclo [2.2.2]octane bicyclo[2.2.2]octane system (3) would be equally 
and bicyclo[3.2.2]nonane. While syntheses for applicable to the bicyclo[3.2.2]nonane system 

(see Scheme 1). While broadly speaking this was 
'Dr. L. Taimr is a visiting scientist from the Institute of true, certain interesting differences have been Macromolecular Chemistry of the Czechoslovak Acad- 

emy of Sciences, Prague, Czechoslovakia. observed and these are described here. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1220 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

Alkylation of the sodium salt of diethyl 
succinylsuccinate (1) with 1,3-dibromopropane 
using the procedure of Wood and Woo (5) 
produced a n  acceptable yield of the expected 
product 1,5-biscarbethoxybicyclo [3.2.2]nonane- 
6,8-dione (2). From the filtrates a small yield of a 
second product crystallized which proved to have 
the same analysis as the main product 2 but a 
different melting point. The possibility that this 
second product was a different crystalline modifi- 
cation was eliminated by a mixture melting point 
and by the fact that the main product 2 and the 
by-product each gave a different thioketal with 
either 1,2-ethanedithiol or 1,3-propanedithiol. 

Isolation of this by-product was not accom- 
plished with equal facility in every preparation. 
However, its presence was demonstrated in every 
preparation either by its isolation through 
fractional crystallization or by the infrared (i.r.) 
spectrum of the mixture remaining after the 
majority of the main product was removed by 
crystallization. 

The close relationship of the structures of the 
main product 2 and the by-product was evident 
from their spectral properties. The i.r. spectra of 
these 2 compounds were very similar in overall 
appearance but differed in the position of several 
bands in the fingerprint region. In addition, both 
the nuclear magnetic resonance (n.m.r.) and 
mass spectra were very similar. Concerning this 
last observation, ring isomers have been reported 
(6) to  have similar fragmentation patterns. 

Efforts to remove the carbonyl groups from 
the by-product by thioketal formation and 
desulfi~rization were frustrated. Only a mono- 
thioketal could be prepared with either ethane- or 
propanedithiol. This behavior undoubtedly indi- 
cates,a steric hindrance of one of the carbonyl 
groups (9). 

Ring-opening reactions based on a reversed 
Claisen condensation were next examined. 

The chief product of the reaction with potas- 
sium hydroxide was a tricarboxylic acid which 
decarboxylated above 100" to  a dicarboxylic 

acid. Both these compounds had been described 
by Guha (4) as arising from the main product 2 
itself. This was confirmed; both the main product 
2 and the by-product gave the same tricarboxylic 
acid and the same dicarboxylic acid after decar- 
boxylation. Identity was established by m.p., 
mixture m.p., and i.r. spectra. Such a behavior 
was explained by assigning structure 5, 1,5- 
biscarbethoxybicyclo [4.2.1 Inonane-7,9-dione, to 
the by-product and the above reactions are shown 
in Scheme 2. The structure 5 also satisfied the 
requirement that one of the carbonyl groups be 
more sterically hindered than the other. 

The formation of compound 5 must occur by 
isomerization of the main product 2 after alkyla- 
tion. This isomerization can be p ic t~~red  as 
occurring through carbanionic intermediates 
formed under the influence of the base also 
present in the reaction. 

In order to test this mechanism, the main 
product 2 was treated with sodium acetate in 
refluxing ethanol and isomerization of the 
bicyclo [3.2.2]nonane system to  the bicyclo[4.2.1]- 
nonane structure of the by-product 5 did occur. 
The presence of 5 in the isomerized product was 
evident from the i.r. spectrum of the crude 
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TAIMR AND SMITH: POL .YMER INTERMEDIATES 1221 

crystallized reaction mixture. A comparison of 
this i.r. spectrum with the spectra of mixtures 
of 2 and 5 showed that this material contained 
only these 2 compounds in the ratio of 2 :  1. By 
fractional crystallization 5 was isolated to  further 
confirm its presence. In  addition t o  2 and 5, the 
isomerized product contained a non-crystallizable 
oil. 

This same oil was the only product (other than 
starting material) isolated in an  attempt to  
isomerize 5 to  2. The i.r. spectrum of this oil 
resembled that o f 2  and 5 but had its own charac- 
teristic features. Since compound 5 is capable of 
stereoisomerism, it is possible that this oil con- 
tains an  isomer of 5. Irrespective of this, its 
formation from both 2 and 5 suggested that the 
isomerization of the bicyclo[3.2.2]nonane ring 
system proceeded through 5 to  other, as yet 
unidentified, products. 

Thioketal formation with 1,Zethanedithiol 
was quite straightforward. The only difference 
between the reaction of the bicyclo[2.2.2]octane 
and bicyclo[3.2.2]nonane compounds was the 
considerably slower rate of reaction of the latter. 
However, when 1,3-propanedithiol was used, 
thioketal formation from the bicyclo[3.2.2] 
compound was much more complex than from the 
bicyclo[2.2.2] analogue. 

The reaction product from 1,5-biscarbethoxy- 
bicyclo[3.2.2]nonane-6,8-dione and excess 1,3- 
propanedithiol using toluenesulfonic acid as a 
catalyst contained 4 compounds, all well resolved 
o n  thin-layer or  paper chromatography. Of these 
products, only 2 were major. One of these proved 
to be crystalline and readily isolable. Its prop- 
erties established that it was the expected bisthio- 
keta l3  (Scheme 1). 

The remaining 3 were isolated by column 
chromatography but proved t o  be non-crystalliz- 
able at  the time. A repetition of this reaction 
using the 1,5-biscarbomethoxybicyclo [3.2.2]- 
nonane-6,8-dione gave the analogous mixture of 
4 products. These were separated chromato- 
graphically and one of the minor products was 
obtained crystalline. This was identified as the 
monothioketal on the basis of its analysis, n.nl.r., 
and i.r. spectra. The corresponding monothio- 
ketal of 2 (the diethyl ester) crystallized slowly 
on storage. 

The second minor product was not closely 
investigated. From the molecular weight of the 
dimethyl ester it would appear to  be a dimer 

resulting possibly through intermolecular thio- 
ketal formation. 

The second major product, both as diethyl or 
dimethyl ester, resisted all attempts to crystallize 
it. Its analysis, after purification by column 
chromatography, showed it t o  be isomeric with 
the crystalline bisthioketal, 3. Either of these 2 
isomeric bisthioketals o n  treating with excess 
1,3-propanedithiol and catalyst produced a 
mixture of both compounds; in the absence of 
the dithiol, a mixture of all 4 products was 
produced. 

The n.m.r. spectrum of the liquid bisthioketal 
showed one feature which clearly distinguished 
it from 3, the solid bisthioketal; a singlet a t  6.2 
indicative of a vinylic proton. In  addition, the 
presence of a mercapto group, while not visible 
in the i.r. spectrum, could be demonstrated by the 
reaction of the liquid bisthioketal with sodium 
and by the preparation of a nitrophthalate and a 
3,5-dinitrobenzoate derivative (both liquids). 

Desulf~irization of the bisthioketal, 3, the solid 
bisthioketal, produced 1,5-biscarbethoxybicyclo- 
[3.2.2]nonane (4). The liquid bisthioketal o n  
desulfurization produced the same product and 
consequently the carbon skeleton of both bisthio- 
ketals must be the same. 

Two possibilities exist for the structure of the 
liquid bisthioketal, either 6 or  7. Structure 7 may 
appear strange at  first glance but molecular 
models of it using either Dreiding or  Stuart- 
Briegleb models can be built with n o  difficulty. 
It also offers the advantage of explaining why 
co~nplex mixtures of thioketals are not obtained 
with 1,2-ethaneditl~iol. 

I t  thus appears that thioketal formation from 
1,3-propanedithiol and I ,5-biscarbethoxybicyclo- 
[3.2.2]nonane-6,8-dione is not a simple reaction. 
Four products are formed and these exist as a 
coillplex equilibrating system. The 2 main prod- 
L I C ~ S  are the bisthioketal and a mixed thioketal- 
vinylthioether. 
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The desulfurization of the 1,2-ethanedithiol 
thioketal of 1,s-biscarbethoxybicyclo [3.2.2]- 
nonane-6,8-dione was effected with Raney nickel. 
The reduction of the 1,s-biscarbethoxybicyclo- 
[3.2.2]nonaneso obtained with lithium aluminum 
hydride to 1,s-bishydroxymethylbicyclo [3.2.2]- 
nonane was uneventful. 

Experimental 
The melting ~ o i n t s  are uncorrected and were deter- 

mined in a n  d e n  capillary using a Mel-temp melting 
point apparatus. The n.m.r. spectra were recorded on a 
Varian T-60 spectrometer using a 10-15 % solution of the 
compound in chloroform-d. Chemical shifts are in p.p.m. 
downfield from the internal standard, tetramethylsilane. 
The i.r. spectra were recorded on a Beckmann IR-I0 
spectrophotometer using thin films or solutions in 
chloroform. Column chromatography was performed 
with 70-325 mesh silica gel supplied by E. Merck. 

Preco~ted silica gel sheets (Eastman Chromagram) 
were used for all thin-layer chromatography (t.1.c.) results 
reported. Ketoesters and thioketals were developed by 
benzene containing 4 %  of ethyl ether and the spots were 
detected by iodine vapor. A mixture of benzene (90 ml) 
methanol (16 ml) and glacial acetic acid (8 ml) was used 
for developing derivatives containing carboxylic groups 
(7). The developed silica gel sheets were dried 15 min at  
room temperature in vacuo to remove the acetic acid and 
the spots were detected by spraying with bromcresol 
green. 

1,S-Biscarbefhoxybicj~clo[3.2.2J11o1za1ze-6,8-dio1e (2) 
Diethyl succinylsuccinate (128 g, 0.5 mole, prepared 

according to (5), m.p. 129-130 "C) was added in small 
portions to the mixture of sodium hydride (1.11 mole, 
53.3 g of a 50% dispersion in mineral oil) and 700 n11 of 
dry n~onoglyme. The nlixture was refluxed 3.5 h until 
no more hydrogen was formed. Approximately 500 mI of 
monoglyine was removed by distillation (the temperature 
of oil bath was kept below 140 "C). Then 625 ml of 1,3- 
dibrolnopropane was added and the slurry was refluxed 
22 h. The mixture was filtered and the filtrate was distilled 
i~z UCICIIO. The residue was diluted with 75 n ~ l  of ethanol 
and allowed to crystallize. This product was isolated by 
filtration and washed with a small amount of ethanol and 
petrolei~m ether. After recrystallization from ethanol, 
52.5 g (35.4%) of pure 2, n1.p. 134 "C (lit. (4) m.p. 132", 
lit. (5) m.p. 130-132.5") were obtained. 

The i.r. spectrum of 2 (in CHCI,) showed 2 carbonyl 
bands at 1720 and 1740 cnl-'. In the 950-1200 region 3 
characteristic bands of medium intensity were observed 
a t  1040, 1100, and 1130 cnl-I. 

The n.m.r. spectrum of 2 showed a triplet centered at  
1.25 (CH,, J = 7 c.p.s., 6.0 H), a quartet at  4.22 (ethyl 
CH2, 3.9 H) and a complex assemblage of peaks from 
1.6-4.0 (10.2 H). A double doublet was visible in this last 
group centered at 2.7 and 3.4 ( J  = 19 c.p.s., 4.4 H) which 
was assigned to the non-equivalent -CH2-CO- 
protons. 

The ethanol filtrate from this main product on standing 
overnight deposited a small amount of a second material. 

This by-product after recrystallization from ethanol 
afforded 3.6 g (2.4 %yield) of a compound m.p. 97-98 "C. 
The mixture m.p. of both products was 85-92". 

Anal. Calcd. for C1,H2,Os (mol. wt. 296): C, 60.80; 
H,  6.80. Found (301): C, 61.04; H,  6.77. 

The i.r. spectrum of the by-product (in CHCI,) showed 
only one broad carbonyl absorption band at 1720-1740 
cm-I, a strong band at  1270 cm-I, and 3 characteristic 
absorptions of medium intensity at  1020, 1090, and 1115 
cm-I. 

The n.m.r. and mass spectra of the by-product were 
very similar to those of the main product 2. 

1,s-Biscarbornethoxybicyclo[3.2.2 ]nonane-6,8-di011e 
1,s-Biscarbethoxybicyclo [3.2.2]nonane-6,8-dione (10 g) 

was hydrolyzed by refluxing with 125 ml of 6 N hydro- 
chloric acid for 8 h (3). After cooling, the diacid was 
isolated by filtration (6.36 g, m.p. 239-241 "C with 
decomposition). The diacid (5.4 g, 0.0225 mole) was 
refluxed 18 h with 30 ml of thionyl chloride and 40 ml of 
dioxane. After removing the dioxane and excess thionyl 
chloride by distillation, the crude molten chloride was 
poured into 50 n ~ l  of methyl alcohol. After 10 min 
refluxing, the excess of methanol was distilled off and the 
residue crystallized by treating with petroleum ether. 
After washing with petroleum ether, a small amount of 
methanol, 2 N sodium hydroxide solution, and water and 
recrystallization from ethanol, 2.5 g of solid was ob- 
tained, m.p. 129 "C. 

The n.m.r. spectrum showed the methyl groups as  a 
singlet at  3.75 (5.8 H). A double doublet due to the 
-CH2-CO- groups was centered at 2.72 and 3.38 
( J  = 18 c.p.s., 4.6 H)  and the remaining trimethylene 
bridge protons generated a complex spectrum between 
1.6 and 2.5. 

Cleavage of Kefoesfers to 2-Carboxy~nefhylcyclo- 
l1epfarzo1ze-2,6-dicarboxylic Acid 

A 1 g sample of 1,s-biscarbethoxybicyclo [3.2.2]nonane- 
6,8-dione (2) o r  1,s-biscarbethoxybicyclo[4.2.l]nonane- 
7,9-dione (5) was dissolved in a solution of potassium 
hydroxide (1.5 g) in 99% ethanol (IS n ~ l )  and the mixture 
was refluxed and stirred for 30 min. The precipitated 
potassium salt was isolated by filtration, dissolved in a 
small amount of water, and acidified with hydrochloric 
acid. The mixture was dried 01 vaclro and the residue 
extracted with 99% ethanol (20 ml, 5 min refluxing). The 
oil (0.66 g) obtained after evaporating the ethanol was 
mixed with a small amount of ether and allowed to 
crystallize. Recrystallization of this isolated product 
from a n  acetone - petroleum ether nlixture gave 0.16 g 
of solid from 2, 0.27 g of solid from 5, (m.p.: at  about 
150 "C decarboxylation took place; m.p. of decarboxyl- 
ated product was 176-178 "C). 

The identity of the product from the 2 sources was 
established by the behavior of the 2 materials, and a 
mixture, on melting and by a n  identical behavior on t.1.c. 
The i.r. spectra (Nujol mull) of the 2 products were 
identical over the range 4000400 cm-' (AgCI windows); 
this included even the minor absorption bands which 
were recorded with thick samples. 

Anal. Calcd. for CIIH1407: C, 51.16; H,  5.46. Found: 
C, 50.56; H, 5.43. 
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Decarboxylarion of 2-Carboxymet/~ylcyclo/~eptanone- 
2,6-dicarboxylic Acid 

The acid (3.59 g) was decarboxylated by heating from 
140 "C to 185 "C within 20 min. The molten material 
solidified on  cooling to  room temperature and this solid 
(2.94 g, calculated 2.98 g assuming loss o f  1 mole o f  
carbon dioxide) was fractionally crystallized from 
acetone - petroleum ether mixture and 2 compounds o f  
m.p. 180-181" and 200-204" were isolated. The latter 
compound was obtained in only small quantities and in  
experiments performed o n  a 1 g scale could not be 
isolated. The con~pound o f  m.p. 180-181" was obtained 
on decarboxylation o f  the tricarboxylic acid from either 
2 or 5. Identity was established through i.r. spectra and 
mixture m.p. The i.r. spectra o f  the 180" dicarboxylic 
acid (Nujol mull) showed a broad asymmetric carbonyl 
band at 1700 cm-' and a broad band o f  medium strength 
at 950 cm-' due to the H-bonded dimer o f  the acid. The 
spectrum o f  the 200-204" acid was quite similar to that 
o f  the 180" compound. 

For the compound m.p. 180": 
Anal. Calcd. for C l o H 1 4 0 5  (mol.  wt. 214): C ,  56.07; 

H, 6.59. Found (248): C ,  56.23 ; H, 6.36. 
For the compound m.p. 200-204": 
Found (mol. wt. 242): C ,  53.20; H, 6.88. 
Guha (4)  reported the formation o f  3 compounds m.p. 

163", 181°, and 199-200". 

Isotnerizatiotz of Ketoesters 
(a) 1,5-Biscarbethoxybicyclo[3.2.2]nonane- 6,8-dione 

(2)  (1 g) and fused sodium acetate (0.2 g )  were dissolved 
in  absolute ethanol (25 ml) and the solution was refluxed 
21 h. Ethanol was distilled o f f  and the residue was mixed 
with water (50 ml) and allowed to  crystallize. The crude 
product (a mixture o f  solid and colorless oil, 0.82 g) was 
isolated by filtration. Crystallization from ethanol gave 
solid (0.4 g, m.p. 87-115 "C) which was shown by i.r. 
spectroscopy to  be a mixture o f  the starting ketoester 2 
and 1,5 - biscarbethoxybicyclo[4.2.1 Inonane - 7,9 - dione 
(5). A mixture o f  2 and 5 in the ratio o f  2:l  gave an i.r. 
spectrum identical t o  that o f  this crystalline material. The 
presence o f  the bicyclo[4.2.1]nonane derivative, 5,  in this 
crystalline mixture was further confirmed by fractional 
crystallization from ethanol whereby 0.06 g o f  5 was 
obtained and shown to  be identical (i.r. spectrum, 
mixture m.p.) to  an authentic sample. 

(6) 1,5-Biscarbethoxybicyclo[4.2.1 Inonane-7,9 - dione 
(5 )  (1 g) was treated with sodium acetate in the same way. 
Crystallization o f  the crude product (0.8 g) from etharlol 
gave pure starting material (0.45 g). From the filtrate a 
colorless oil (0.3 g) was obtained after evaporation o f  
ethanol. The i.r. spectroscopy suggested that the oil con- 
sisted predominantly o f  some material similar in structure 
to  both 2 and 5 but identical with neither. 

Preparatiotz of Tlrioketals 
Metlrod (a )  
The ketoester (1 mole, 296 g) was dissolved In 600 ml 

o f  chloroforn~, 1,2-ethanedith~ol or 1,3-propanedith~ol 
(4 mole), and boronfluoride ethyl ether (625 ml, approxi- 
mately 5 mole) were added at 10 "C, and the mixti~re was 
allowed to  stand at room temperature for 18 h. The mix- 
ture was diluted with d~ethyl etherand shaken twice with 
water, 3 times w ~ t h  2 N sodium hydroxide solut~on, again 

twice with water, and dried over anhydrous magnesium 
sulfate. Ocassionally, solid material crystallized during 
extraction; a small amount o f  chloroform was added to 
dissolve it. After removing the solvent by distillation itz 
vncrro, the crude product was obtained. 

Method (b )  
The ketoester (1 mole, 296 g), 1,2-ethanedithiol or 

1,3-propanedithiol (4 mole), and p-toluenesulfonic acid 
(100 g) were dissolved in  5000 n ~ l  o f  benzene by heating, 
and the mixture was refluxed 24 h. The evolved water was 
removed continuously by the benzene azeotrope. The 
product was isolated as described in  method (a). 

Bistlrioketal of I,2-Etlzaneditl~iol and 1,5-Biscarbetl~oxy- 
bicyclo[3.2.2]not1atze-6,8-diolre 

The crude product prepared from 0.1 mole o f  ketoester 
2 and 1,2-ethanedithiol using method (a) was recrystal- 
lized from ethanol to  give 38.6 g (86%) o f  solid, which 
was isolated in 2 crystalline modifications, m.p. 104 and 
115 "C respectively. 

Anal. Calcd. for C1gHza04S4 (mol. wt. 448.7): C ,  
50.86; H, 6.29; S,  28.58. Found (464): C ,  50.75; H, 6.23; 
S,  28.25. 

Using the method (b),  the same product was obtained 
in 76 %-yield. 

The i.r. s~ec t rum showed a carbonyl band at 1710 cm-' 
and bands i t  1250 and 1035 cm-' d i e  to the ester group. 
The n.m.r. spectrum showed the ethyl group as a triplet 
centered at 1.27 (CH,, J = 7 c.p.s., 6.1 H )  and a quartet 
at 4.05 (CH,, 4.1 H). The -SCH2-CH2-S- produced 
a singlet at 3.27 and the isolated CHZ-, a double doublet 
at 2.80 and 3.40 ( J  = 16 c.p.s.). The protons o f  the tri- 
methylene bridge appeared in  a co~nplex band from 1.6 
to  2.6. 

Tl~ioketals of 1,5-Biscnrbetlro.rybicyclo[4.2.1]rrot~ane- 
7,9-dione (5 )  

The thioketal was prepared from 0.01 mole o f  5 and 
1,2-ethanedithiol using method (a). After recrystallization 
from ethanol, 3.1 g (83 % yield) o f  product was obtained, 
m.p. 125-126". 

Anal. Calcd. for C,,H,,05S2 (mol. wt. 372.5): C ,  
54.82; H ,  6.49; S,  17.22. Found (382): C ,  54.59; H, 6.47; 
S. 17.35. 

Method (b) afforded the same product in 81 % yield. 
The i.r. spectrum showed 2 overlapping carbonyl bands 
at 1710and 1730 cm-'  and bands due to  the ester groups 
at 1030, 1270, and/or 1250 cnl-'. The  n.m.r. spectrum 
showed the ethyl groups as a triplet at 1.33 (CH,, J = 7 
c.p.s., 6.G H )  and a quartet at 4.30 ( C H I ,  3.9 H). The 
ethanedithiol nloiety appeared as a singlet at 3.40 (4.6 H)  
and the remaining protons as a complex spectr~~nl 
between 3.4 and 1.6. 

The related thioketal from 1,3-propanedithiol prepared 
by method (a) in 56% yield had a n1.p. 124.5-125.5" and 
depressed the melting point o f  the 1,2-ethanedithiol 
derivative. 

Anal. Calcd. for C l s H Z 6 0 5 S Z :  C ,  55.95; H ,  6.78; S ,  
16.59. Found: C ,  56.65; H, 6.96; S,  16.62. 

The i.r. spectrum was very si~nilar to  that o f  the 1,2- 
ethanedithiol derivative and showed two overlapping 
carbonyl bands at 1710 and 1730 cm- '  as well as bands 
due to the ester groups at 1030 and 1270 cm- ' .  The n.m.r. 
spectrum showed the ethyl groups as a triplet at 1.30 
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(CH,, J = 7 c.p.s., 5.9 H)  and a quartet at  4.17 (CH,, 
3.9 H). The remaining protons produced a complex 
spectrum in which a pair of overlapping triplets a t  2.90 
(4.0 H,  --S-CH2) could be distinguished. 
Reaction of l,5-Biscarbethoxybicyclo[3.2.2]tzonane- 

6,B-dione (2) with I,3-Propanedithiol 
Using method (a), only non-crystallizable gums were 

formed. Using method (b), 46.5 g of oil was obtained 
from 0.1 mole of starting ketoester. According to t.l.c., 
the oil consisted of 2 main products (A, B) and 2 minor 
products (C, D). Silica gel column chromatography 
using benzene containing4Z of ethyl ether as solvent was 
carried out. From fractions containing mainly B (18.9 g) 
a crystalline bisthioketal was obtained. Recrystallization 
from ethanol gave 7.3 g of pure substance, m.p. 146- 
147 "C. After a sample of solid B was available it was 
more convenient to  seed the crude oil diluted with a small 
amount of ethanol and to separate the crystallized solid 
before column chromatography of the filtrate. 

Anal. Calcd. for C21H3204S4 (mol. wt. 476.8): C, 
52.91; H,  6.77; S, 26.90. Found (500): C, 53.24; H, 6.89; 
S, 26.71. 

The i.r. spectrum (CCI4 solution) showed a carbonyl 
band at  1725 cm-', a band at  1040 cm-' attributed to  
the ester group and 2 prominent bands at  1210 and 1270 
cm-'. The n.m.r. spectrum showed the ethyl group as a 
triplet at  1.37 (CH,, J = 7 c.p.s., 6.0 H) and a quartet at  
4.18 (CH,, 3.9 H). Of the remaining protons only half the 
double doublet due to the isolated methylene groups of 
the bicyclo ring system could be distinguished, at 3.63 
(J = 16 c.p.s., 2.5 H). This crystalline bisthioketal has 
structure 3. 

From fractions containing mainly A (24.8 a). those 
fractions which were chroma~ographically' pure A'(8.5 g) 
were combined and dried several hours at  100 OC it1 vacllo 
(0.2 mm Hg): 

Anal. Found (rnol. wt. 482): C, 52.88; H, 6.70; S, 
26.98. 

The i.r. spectrum (CC14 solution) resembled that of the 
solid derivative B; a carbonyl band at  1735 cm-', an  
ester band at 1060 cm-I and 2 bands at 1220 and 1620 
cm-'. The n.m.r. spectrum showed 2 different ethyl 
groups as 2 triplets centered at  1.33 and 1.37 (CH,, J = 
7 c.p.s., 6.3 H) and 2 quartets at 4.17 and 4.20 (CH,, 4.0 
H). The vinylic proton appeared as a singlet at 6.23 (1.0 
H) and again the isolated methylene group of the bicyclo 
ring generated a double doublet of which one doublet 
only was clearly visible centered at  3.40 ( J  = 16 c.p.s., 
1.3 H) (note the decrease in the area of this signal com- 
pared with that of the solid derivative B). The remaining 
protons generated a con~plex spectrum between 1.6 and 
3.2. No  change was apparent in the spectrum after 
shaking the sample with deuterium oxide. 

Fractions containing the third product C were coni- 
bined and the solvent removed. The residue was an oil 
which finally crystallized after storing for 3 months, n1.p. 
72-74". 

Anal. Calcd. for Cl8HZ6O5SZ: C, 55.93; H,  6.78; S, 
16.95. Found: C, 55.41; H, 6.93; S, 17.48. 

The i.r. and n.m.r. spectra of this material were com- 
patible with the compound being a monothioketal of 2. 
Reaction of l,5-Biscarbotnethoxybicyclo[3.2.2]tzonatze- 

6,B-diotze \vitlz 1,3-Propat1editl1iol 
The reaction was carried out using 2 g of 1,5-biscarbo- 

methoxybicyclo[3.2.2]nonane - 6,8 - dione and method 
(a). The oily product (2.15 g) contained (t.1.c.) 2 main 
products (A', B') and 2 minor products (C', D') anal- 
ogous to those in the reaction mixture from the biscarb- 
ethoxy derivate (using method (b)). The products were 
separated chromatographically in the manner already 
described. The product A' did not crystallize (0.8 g). 
From fractions containing the product B', 0.46 g of solid 
was obtained after recrystallization from ethanol, m.p. 
164-165 "C. 

Anal. Calcd. for C19H2804S4 (mol. wt. 448.7): C, 
50.86; H,  6.29; S, 28.58. Found (452): C, 50.86; H, 6.27; 
S, 28.29. 

From fractions containing the by-product C'  (0.2 g), 
0.1 g of solid was obtained after recrystallization from 
ethanol, m.p. 168-169 "C. 

Anal. Calcd. for C16H2205S2: C, 53.61; H,  6.19; S, 
17.89. Found: C, 53.42; H,  6.52; S, 18.07. 

The product D '  did not crystallize (0.2 g). Found: S, 
21.40; mol. wt. 1198. The product D' was not further 
investigated. 

The n.m.r. spectra of a somewhat impure sample of A' 
(in CCI4) showed the vinylic proton as a singlet at 6.04 
(0.7 H)  and the methyl groups as a singlet at  3.65 (5.4 H). 
The remaining protons generated a complex spectrum 
between 1.1 and 3.2. A spectrum of the solid bisthioketal 
compound B' was equally complex. The only identifiable 
feature being a strong singlet at  3.70 (6.3 H) due to the 
methyl groups. The remaining protons generating a 
con~plex set of bands in the 1.5-3.5 region. Compound 
C', the mono thioketal, produced an equally complex 
spectrum with the methyl peak at  the same position and a 
complex band in the region 1.6-3.5. 

Acid Isornerization of Tl~ioketals 
The products A, B, and C (oil, chromatographically 

purified on a silica gel column) obtained from the reaction 
of 1,5 - biscarbethoxybicyclo[3.2.2]nonane - 6,s - dione 
with 1,3-propanedithiol were investigated in the following 
manner: 

(a) 0.2 g of the product was dissolved in 1 ml of 
chloroform, 0.5 ml of 1,3-propanedithiol, and 0.3 ml of 
boron fluoride ethyl ether were added and the mixture 
was allowed to stand at  room temperature 24 h. The 
solution was then diluted with ether, shaken with sodium 
hydroxide solution, and analyzed with the help of t.1.c. 

Mixtures of A and B approximately in the ratio of 1 :1 
were obtained from each of the 3 products. 

(b) This same procedure was repeated with omission 
of the 1,3-propanedithiol. Each of the 2 compounds A or 
B produced a similar mixture of A, B, D, and a small 
amount of C. On the other hand, product C did not 
change. 

Desufir.izatiotz of the Tl~ioketals 
The thioketal (0.03 mole) was added to  a mixture of 

200 g of Raney nickel slurry in 200 n ~ l  of ethyl alcohol. 
The mixture was stirred and refluxed for 48 h. After 
cooling, the catalyst was removed by filtration and the 
solvent by distillation. The residue was distilled under 
vacuum, to give 1,5-biscarbethoxybicyclo[3.2.2]nonane 
b.p. 96-98" at 0.05 mm, colorless liquid weighing 7.3 g 
(90 % yield). 

Anal. Calcd. for C15H2,04: C, 67.13 ; H, 9.01. Found: 
C, 67.18; H, 8.88. 

By a comparison of the i.r. spectra, identical products 
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TAIMR AND SMITH: POI ,YMER INTERMEDIATES 1225 

were obtained on desulfurizing the 1,2-ethanedithiol 
and both the solid (product B) and the liquid (product A) 
1,3-propanedithiol thioketals of l,5-biscarbethoxybicyclo- 
[3.2.2]nonane-6,8-dione. 

The i.r. spectrum (CCI, solution) showed a carbonyl 
band at 1730 cm-' and bands due to the ester groups at 
1050,1200, and 1260 cm-'. The n.m.r. spectrum showed 
the ethyl groups as a triplet at 1.20 (CH,, J = 7 c.p.s., 
6.5 H) and a quartet at 4.03 (CH,, 3.8 H). The remaining 
protons appeared as 2 closely spaced singlets at 1.78 and 
1.83 approximately equivalent to 4 H and 10 H respec- 
tively. 

3,5-Dinifrobenzoyl Tl~ioester of 1,3-Propanedithiol 
Tl~ioke f al, Product A 

A solution of 0.2 g of 3,5-dinitrobenzoyl chloride in 2 
ml of benzene was added to a solution of 0.4 g of 1,3- 
propanedithiol thioketal A in 1 ml of benzene and 1 ml 
of pyridine. The mixture was allowed to stand at room 
temperature 30 min then refluxed 30 min. After diluting 
the reaction mixture with ether, it was washed with 
water, 5% sulfuric acid, water, sodium bicarbonate 
solution, and water and then dried over magnesium 
sulfate. The solvent was evaporated and the product 
crystallized from ether at - 60" and dried at 110" under 
vacuum. The yellow, glassy product contained only 
traces of starting material as was demonstrated by t.1.c. 
(chloroform: petroleum ether (1 :1) as developing solvent). 
The i.r. spectrum (CCI, solution) showed aromatic CH 
at 3110 and 690 cm-'. The presence of the nitro groups 
was indicated by bands at 1550,1350, and 730 cm-'. An 
ester carbonyl band was visible at 1730 cm-' and a thiol- 
ester carbonyl band at 1675 cm-'. The n.m.r. spectrum 
showed the aromatic protons in a band 8.9-9.3 (3.2 H), 
the vinylic proton a singlet at 6.2 (1.1 H), the remaining 
protons (30 H) appeared in a complex pattern stretching 
from 1.04.6. Only the ethyl of the carbethoxy groups 
could be distinguished, the CH, (7.3 H) appearing as a 
triplet centered at 1.33 ( J  = 7 c.p.s.), the CH, (3.6 H) 
appearing as a double quartet centered approximately 
at 4.15. 

A second attempt at obtaining a solid derivative was 
made using 3-nitrophthalic anhydride (8). The product 
was again non-crystalline although t.1.c. clearly demon- 
strated that a derivative free of starting material had been 
obtained. 

Interaction of the 1,3-Propanedithiol Kefal A ,viflr Sodium 
In a test tube, freshly cut sodium (about 0.05 g) was 

covered with dry monoglyme (2 ml). When 0.1 g of the 

dry thioketal A was added, hydrogen gas was evolved 
in clearly observable amounts. 

A similar experiment carried out with the solid 1,3- 
propanedithiol thioketal B produced only a few bubbles 
of hydrogen. 

1,5-Bis(hydroxymefhy1) bicyclo[3.2.2]nonane 
A solution of 1,5-biscarbethoxybicyclo[3.2.2]nonane 

(5.4 g, 0.02 mole) in dry tetrahydrofuran (50 ml) was 
added dropwise to a mixture of lithium aluminum 
hydride (2 g) and tetrahydrofuran (50 ml) with stirring 
and refluxing. The mixture was then refluxed a further 
20 h. Tetrahydrofuran was removed by distillation. Wet 
ether followed by water was added to destroy the excess 
of lithium aluminum hydride. The mixture was then 
acidified with dilute sulfuric acid and the product 
extracted with ether. After drying over magnesium 
sulfate, removing the ether, and crystallization of the 
residue from benzene, a solid (2.8 g, 76% yield) was 
obtained. Recrystallization from benzene gave an analyt- 
ical sample, m.p. 102-103". 

Anal. Calcd. for C, IH2002:  C, 71.69; H, 10.94. Found: 
C, 71.48; H, 10.74. 

The i.r. spectr~~m of the diol showed hydroxyl bands 
at 3640 and 3460 cm-'. The n.m.r. spectrum showed a 
rather broad singlet at 1.47 (14.6 H) for the bicyclo ring 
protons, a singlet at  1.70 (1.6 H) for the hydroxyl groups, 
and a singlet at 3.17 (3.7 H) for the -CH,.O groups. 

The authors are indebted to the Defence Research 
Board of Canada for their financial support of this 
research. We also thank Mr. H. M. H. Ghonima for his 
assistance in some of the experimental work. 
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Sur la rkduction par LiAlH, de quelques dCriv6s du m6thylGne-3 camphre' 

JEAN-CLAUDE RICHER ET YVON P~PIN' 
Dkpartetnent de Chirnie, Urziversitk de Montrkal, B.P. 6128, Morltrkal, P.Q. 

R e ~ u  le 4 novembre, 1969 

L'action de LiAIH, sur le chloromCthylene-3 camphre, le pipCridinomCthyl8ne-3 carnphre, les Cthyli- 
dene-3 camphres cis et trans, et le furfurylidene-3 camphre a CtC examinCe. La nature des produits de ces 
reactions a Cte Ctablie. Les quantites relatives d'addition 1 :2 vs. 1 :4 de I'hydrure sur ces derives sont 
dCtermin6es; les rCsultats obtenus sont discutis en fonction de I'isomerie des substituants sur la double 
liaison et du caractere Clectroaffinitaire ou Clectrorepulsif des substituants. 

Canadian Journal of Chemistry, 48, 1226 (1970) 

Introduction 

I1 a t t t  Ctabli anttrieurement (1, 2) que la 
rtduction des mtthylitne-3 camphres substituts 
(1) par les hydrures complexes peut conduire A 
des quantitts variables d'addition 1 :2 et 1 :4 des 
hydrures sur le groupement carbonyle conjugut. 
Afin d'tvaluer d'une maniitre plus prCcise la 
nature des facteurs pouvant influencer le cours 
de ces rtactions, il s'avtrait inttressant d'examiner 
l'effet de divers substituants X;  les rtsultats de 
cette Ctude font l'objet de la prtsente communi- 
cation. 

Partie expkrimentale 
Les points de fusion sont dCterminCs sur un "Hot Stage 

Apparatus" de la compagnie Reichert (Autriche) et ne 
sont pas corrigCs. Les indices de rkfraction sont niesures 
sur un rCfractometre du type AbbC de la compagnie Karl 
Zeiss. Les indices de rotation ont BtC mesurCs a I'aide 
d'un polarimetre Bellingham et Stanley, modele A;  une 
moyenne de 10 lectures est effectuee pour chaque mesure 
et a moins d'indication contraire le benzene est utilisC 
comme solvant. Les poids molCculaires sont determinis 
au moyen d'un osmometre a pression de vapeur de la 
compagnie Hewlett-Packard, modele 301 A.3 Les 
spectres infrarouges (i.r.) sont pris sur un spectrophoto- 
metre Beckman, modele IR-8 a double faisceau, entre 2 
plaques de NaCI; a moins d'indication contraire, les 
spectres des solides sont pris comme emulsion dans le 
Nujol alors que ceux des liquides sont pris a 1'Ctat pur. 
Les spectres ultra-violets (u.v.) sont pris sur un spectro- 
photometre Bausch et Lomb, modele 505, en solution 
dans I'Cthanol 95%. Les spectres de resonance niag- 
nCtique nucliaire (r.m.n.) sont mesures pour des solutions 
dans le CCI, a I'aide d'un appareil Jeol, niod8le C-60-H; 
les diplacements chiniiques (6) sont exprimCs en p.p.m. 
et se rCferent au TMS utilise comme reference interne. 

'Les rCsultats rapportis dans cette communication 
sont extraits de la these presentee par M. Yvon PCpin en 
vue de I'obtention du grade de Ph.D. (Faculte des 
Sciences, UniversitC de Montreal, juin 1968). 

'Adresse actuelle: DCpartement de Chimie, UniversitC 
du QuCbec (constituante de Montreal). 

3Les auteurs remercient le Dr. Fliszar et ses collabora- 
teurs pour ces mesures. 

Les spectres de masse sont dCterminCs sur un spectro- 
metre Hitachi, modele RMU-6D a 70 CV. Les chromato- 
graphies en phase gazeuse (c.p.g.) sont effectuCes a I'aide 
d'un appareil Microtek a ionisation a flamme; les 
colonnes utilisCes sont: (a) 10% SE-52 sur Chrornosorb 
W, 10' x 114, 145 "C, N2/70 ml/min; (b) 15 % Polyester 
succinate de Craig sur Chromosorb P, 10' x 1/4", 
190 "C, N2/70 ml/min; (c) 15 % de diglycCrol sur Chromo- 
sorb W, 10' x 1/4", 100 "C, N,/40 ml/rnin; (d) 10 % de 
SE-30 sur Chromport XXX, 12' x 1/4", 200 "C, Nz/60 
ml/min. 

I Sur la re'drrction du chloronzkthylt?ne-3 catphre (Ib) 
I .I Produits de rkfkrence 
Le mCthyl8ne-3 camphre (If), les methyl-3 camphres 

(4f) sous forme de mClange d'isomeres, les mtthylene-3 
borneols (2f et 3f), et les niCthyl-3 born6ols (Sf) sont 
disponibles d'une Ctude precedente (2). 

1.1.1 C/1lororr1kt/gvl~11e-3 car?lphre (Ib) 
Prepare par action du chlorure de thionyle sur l'hy- 

droxymCthyl6ne-3 camphre (la), ce derive se prCsente sous 
fornie de liquide de p.6.: 101-102 "C/7 mm Hg (litt. (3) 
113 "C/12.5 nini Hg); nvZZ 1.5066; [ c ( ] ~ ~ ~  + 175.7' (litt. 
(3) + 180.28"); r.m.n.: proton vinylique a 7.07 p.p.m. 
sous forme de doublet J = 0.5 c.p.s.; i.r.: bandes a 1735 
(C=O) et a 1642 cm-' (C=C); L I . ~ . :  h,,,, a 243 nm, E: 

11 500; spectre de masse: ions parents a r?l/e de 198 et 
200 d'intensitks relatives 100:32. 

1.1.2 C/1lorornktl1j~lP1~e-3 borniols (26 et 36) 
La reduction de 3 g de la cttone l b  par 20 g d'isopropy- 

late d'aluminium dans I50 nil d'alcool isopropylique en 
Bliminant I'acCtone au fur et a niesure de sa formation 
conduit, apres extractions a la maniere habituelle, a 2.8 g 
(94% du rendenient thiorique) de produits qui contien- 
draient, d'aprts la c.p.g. I'aide de la colonne de polyester 
de Craig OLI par integration dans le spectre r.m.n. des 
protons carbinoliques, 30 % de I'alcool endo (36) et 70 % 
de I'alcool exo (26); le chlororntthyl8ne-3 isoborneol (2b) 
obtenu a I'Ctat pur presente les caracteristiques suivantes: 
p.f.: 39-41 "C; [aIDz8: + 122.9' (c, 1.36 g/100 ml); i.r.: 
bandes a 3630, 3500, 1656, et 1070 cm-'; r.m.n.: CHOH 

3.82 p.p.m. (doublet, J = 1.5 c.p.s.) et proton vinylique 
a 6.03 p.p.m. (quadruplet, J = 0.8 et 1.6 c.p.s.); spectre 
de masse: ions parents i m/e de 200 et 202 d'intensitis 
relatives de 100:34. 

1.1.3 Chloron1t?t/1y/-3 can~phres (46) 
Un mClange form6 de 5 ml de pyridine, 5 ml de chlorure 
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RICHER ET PEPIN: REDUCTION DE DE IRIVES DU METHYLENE-3 CAMPHRE 1227 

de sulfuryle et de 5 g d'hydroxymethyl-3 camphres (4a) 
disponibles d'une etude prCcCdente (2) est chauffe au 
bain-marie pendant une demi-heure et fourni, apres 
extractions a la maniere habituelle et purification par 
distillation, 2 g (36% du rendement theorique) de 
chloromethyl-3 camphres (46) de p.f.: 46-49 "C (litt. (4) 
53-54 "C); [r1IDZ4: + 103.8O (c, 1.99 g/100 ml); i.r.: bande 
a 1740~m-~;r.m.n.:picsa2.25,2.78,3.41,et3.85p.p.m.; 
spectre de masse: ions parents a m/e de 200 et 202 
d'intensites relatives de 100:33.9. 

1.2 Ridrrctions dn chloroniithylPne-3 can~phre (lb) 
par LiAIH, 

A 0.9 g (23.6 mmoles) de LiAIH, dans 100 ml d'ither 
anhydre, 1 g (5.04 mmoles) du derive chlorC l b  dissous 
dans 40 n ~ l  d'ether anhydre est ajoutC a la temperature de 
la piece puis port6 a reflux durant 2 h. Apres decorn- 
position de I'exces d'hydrure et des complexes interme- 
diaires a I'aide de 10 rnl d'une solution aqueuse de 
NaOH lo%,  I'extraction des produits par de I'Cther a la 
rnaniere habituelle conduit a 1.01 g (100% du rendement 
theorique) de produits. L'analyse par c.p.g. a permis 
d'etablir: l o  a I'aide de la colonne de SE-52 que le 
melange est constitue: (a) de 2.4% de methyl-3 carnphres 
(4f) et de methylene-3 borneols (2f et 3f), (b) de 1.6% 
d'un produit inconnu, et (c) de 96% de chloromCthylene-3 
borneols (26 et 3b) correspondant a plus de 96% d'addi- 
tion 1 :2 sur le systkme conjugue original; 2" a I'aide de la 
colonne de polyester de Craig que les chloromCthylene-3 
bornCols sont presents dans le rapport 90 % exo (2b)/10 % 
endo (3b). 

2 Sur la riduction dn pipPridirromPthylPne-3 
camphre (lc) 

2.1 SytrthPse des prodrrits de rifirence 
2.1.1 PipPridinomitlrylPne-3 ca~nphre (lc) 
Une solution de 15 g (80 rnrnoles) d'hydroxymCthylene-3 

carnphre (la) et 10 rnl de piperidine (102 rnmoles) dans 
150 ml de benzene anhydre est chauffi a reflux dans un 
ballon surmontC d'une trappe a eau. Lorsque la qualltite 
theorique d'eau est receuillie, le benzene est CvaporC et les 
produits (20 g, 97% du rendement theor~que) sont 
extraits a la rnaniere habituelle; apres recristallisations 
dans 1'8ther de petrole, le derive l c  se presente sous forrne 
de solide blanc: p.f.: 64-66 "C (litt. (5) 60-61 "C); 
[aIDz3: + 457" (c, 2.35 g/100 ml); i.r.: bandes a 1685, 
1590, et 955 cm-I; u.v.: h ,,,,: 320 nrn et E :  25 100; 
r.rn.n.: proton vinylique a 6.70 p.p.rn. (singulet); spectre 
de masse: pic parent a m/e de 247. 

2.1.2 PipPriditron~ithyl-3 carnplrres (4c) 
(a) Par lrydrogirration catalytiqrte de lc.  Une suspension 

de 9 rng de P t 0 2  dans 2.5 rnl d'ethanol contenant 0.085 
ml d'acide chlorhydrique concentre et 180 mg de la 
cCtone l c  est agitee en presence d'hydrogene pendant 1 h 
a pression et temperature normales. Lorsque I'absorbtion 
cesse, les produits (166 mg, 91 % du rendernent theorique) 
sont extraits a la maniere habituelle; apres recristall~sa- 
tion dans I'ether de petrole, les cetones 4c se presentent 
sous forrne de solide de p.f.: 53-56°C (Iitt. (6): 38-40 "C); 
[aIDz5: + 57.5" (c, 2.12 g/100 mi); i.r.: bandes de Bohl- 
rnann entre 2690 et 2800 cm-' et carbonyle a 1740 crn-'; 
spectre de Inasse: ion parent 6 m/e de 249. 

(b) Par oxydatiorr clrrornique des pipiridinomithyl-3 
borrriols (5c). L'oxydation de 3.1 g (12.3 rnrnoles) des 

alcools 5c (obtenus par reduction, voir section 2.1.3) par 
3 g d'anhydride chromique dans 30 ml de pyridine 
conduit avec un rendement de 66% a un produit ayant 
les m&mes caracteristiques que celui dicrit plus haut. 

2.1.3 Pipiridirzornithyl-3 borniols (5c) 
Le melange des produits basiques (5.9 g, 23.6 mmoles) 

obtenu lors de la reduction du piperidinornithylene-3 
camphre par LiAIH, (voir section 2.2.1) est traite par 
2 g (52 mmoles) de cet hydrure dans I'ether. Le melange 
riactionnel livre, apres hydrolyse a la maniere habituelle, 
5.6 g (95 % ~ L I  rendernent theorique) des alcools 5c qui se 
presentent sous forme de liquide de p.6.: 116-1 17 "C10.35 
mm Hg; i.r.: bandes hydroxyles faibles a 3685 et 3635 
cm-', bande hydroxyle forte a 3400 cm-' et bandes de 
Bohlmann entre 2800 et 2700 cm-'; r.m.n.: CHOH a 
3.68 et 3.83 p.p.m.; spectre de masse: pic parent a rr~/e 
de 251. 

2.2 Rirlrrctiorzs drr pipiridinon~PthylPne-3 
caniplrre (lc) 

2.2.1 Rirlnctior~ par  LiAIH, h r i s  I'ither 
(a) Aoec dicon~positiorz des irrtermidiaires par  de I'eau. 

A une suspension de 600 mg (15.8 mmoles) de LiAIH, 
dans 30 rnl d'ither anhydre sous atmosphere d'azote, 1 g 
(4.05 rnrnoles) de la cetone l c  en solution dans 10 rnl 
d'kther anhydre est ajoute goutte a goutte puis le tout est 
chauffe a reflux pendant 2 h. Apres refroidissement du 
melange riactionnel dans un bain de glace, les complexes 
intermediaires sont decomposes par addition de 10 ml 
d'eau puis 10 rnl d'une solution aqueuse de NaOH a 10 % 
et les produits extraits a I'ether; cette phase CthCree est 
lavie par 3 x 30 rnl d'une solution aqueuse d'acide 
chlorhydrique a 20%. La fraction neutre livre 256 rng 
(38% de rendement base sur I'obtention de methyl-3 
camphre 4f) de produits alors que les extraits acides 
fournissent, apres alcalinisation et extraction a Ether ,  
646 mg (64% du rendement thkorique) de produits 
basiques. La c.p.g. des produits neutres a I'aide de la 
colonne de polyester de Craig indique la presence de 
mCthyl6ne-3 camphre (1 f ) :  15%, de methyl-3 camphres 
(4 f ) :  40%, de methylene-3 borneols (2fet 3 f ) :  15% et de 
mCthyl-3 borniols (Sf): 30%. La chromatographie sur 
gel de silice des produits basiques permet d'ktablir, en 
isolant les produits, que les piperidinomethyl-3 camphres 
(4c) forrnent 52% du total pour 48% des pipkridi- 
nomethyl-3 borneols. Tous les produits, neutres et 
basiques, proviennent d'une addition 1:4 de I'hydrure 
sur le systerne conjugue initial. 

(b) Avec dicornposition des ir~termidiaires par l'acitate 
d'tthyle srtioie de base. La reduction de l c  utilisant un 
protocole experimental semblable a celui dicrit dans le 
paragraphe precedent, a I'exception du fait que les 
complexes intermediaires sont decomposes en premier 
lieu par addition d'acetate d'ethyle, conduit a 19% de 
produits neutres composes a plus de 95 % de rnethylene-3 
carnphre (1 f )  et a 81 % de produits basiques ne contenant 
que le pip6ridinornCthyl-3 carnphre (4c). 

2.2.2 RPduction par  LiAIH, dans le diglyme 
La reduction de 1 g (4.05 rnrnoles) de &tone l c  est 

effectuee a I'aide de 600 rng (15.8 mmoles) de LiAlH, 
chauffe a 100 "C pendant 24 h dans 50 ml de diglyrne. 
L'extraction des produits, en utilisant la technique 
dCcrite dans la section 2.2.1 (b), conduit a 96% de 
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produits neutres [formis de 89% de methyl-3 camphre 
(4f) et de 11 % de mkthylene-3 borndols (2fet 3f)l  et 4 %  
de produits basiques composes essentiellement de 
cetone 4c. 

3 Srrr la reduction des Ptlryliddrle-3 carnplrres cis (Ig) 
et trans (Id) 

3.1 Synthdse des produits de rifkrence 
3.1.1 Sy11th2se des dtlryliddne-3 car~~plrres cis (Ig) et 

trarrs (Id) 
La condensation de 38 g de chloromCthylkne-3 camphre 

(lc) et de 27.4 g d'acetoacetate d'ethyle en suivant les 
indications de Rupe et Burckhard (7) fournit 26.3 g (55 % 
du rendement theorique) des esters l h  et l i  qui sont 
hydrolyses I'aide de 100 ml d'acide chlorhydrique 
concentre pour conduire a 19 g (72% du rendement 
theorique) d'un melange des acides correspondants l j  
et l k ;  la recristallisation de ces acides dans de 1'Cther de 
pCtrole/benz6ne permet d'isoler un des isomtres: p.f.: 
105-107 "C (litt. (7) 106 "C); [aIDz5: + 135' (c, 1.37 
g/100 ml); i.r.: bande large a 2900 cm-' et bandes a 
1730, 1695, et 1675 cm-'; u.v.: h,,,: 239 nm, E:  9800; 
r.m.n.: pics 0.78, 0.92, et 0.97 p.p.m. (3 singulets dus 
aux methyles), 2.71 p.p.m. (H,, doublet, J = 3.5 c.p.s.), 
3.17 p.p.m. (CH,-CO-, doublet, J = 7 c.p.s.), 6.37 
p.p.m. (proton vinylique, triplet, J = 7 c.p.s.) et 11.3 
p.p.m. (proton acide, singulet); spectre de masse: pic 
parent a r~r/e de 222. La d6carboxylation, par chauffage 
a 160 "C sous un vide partiel de 13 mm Hg, de 16.3 g 
(73 mmoles) de I'acide l k  conduit 5 12.5 g (92% du 
rendement theorique) d'un produit qui serait forme, 
d'apres la c.p.g. l'aide de la colonne de diglycdrol, de 
54 % de lg ,  39 % de Id, et 7 % de vinyl-3 camphre (41). 
Le chauffage de ce mClange permet de transformer le 
vinyl-3 camphre en Cthylidbne-3 carnphres ( Id  et l g ) ;  
dans ces conditions, une partie de I'isomere cis l g  se 
transforme en isomere tratrs I d  et la coniposition du 
produit isomerist serait de 50% de lrl et 50% de lg.  La 
chromatographie de ce melange sur gel de silice utilisant 
le CCI, colnme Cluant pernlet d'isoler chacun des 
isomeres. 

(a) L'ithylidene-3 camphre tratrs (Id) se prtsente sous 
forme de solide de p.f.: 27-28 "C (litt. (3) 28-29 "C); 
[aIoZ4: + 172.2' (c, 1.95 g/100 ~ n l )  [litt. (3): + 178.581; 
i.r.: bandes a 1730, 1665, et 935 cm-I;  11.v.: h ,,,,: 240 
nm, E:  9600; r.m.n.: pics 6 0.76, 0.91, et 0.97 1J.p.m. 
(singulets dus ailx methyles), 1.75 p.p.m. (CH-CH3, 
doublet, J = 7 c.p.s.) 2.78 p.p.m. (H,, doublet, J = 3.5 
c.p.s.) et 6.34 p.p.m. (proton vinylique, q~ladruplet, J = 
7 c.p.s.); spectre de masse: pic parent a rn/e de 178. 

(b) L'Cthylidbne-3 camphre cis ( lg)  presente les 
caracteristiqi~es suivantes: p.C.: 81 "C/5 nlnl Hg; t ~ , ~ " :  

1.4905; [a]],": + 175.7" (c, 1.81g/100ml) [litt. (7): p.e.: 
101-102 "C/10 mm Hg; [a],: + 203.4"]; i.r.: bandes a 
1725, 1660, et 935 cm-'; 11.v.: h,,,: 241 nm, E :  9100; 
r.m.n.: bandes a 0.80, 0.89, et 0.92 p.p.m. (singillets dus 
aux methyles), 2.05 p.p.m. (CH-CH3, doublet, J = 7 
c.p.s.), 2.44 p.p.111. (H,, doublet, J = 4 c.p.s.) et 5.74 
p.p.m. (proton vinylique, quadruplet, J = 7 c.p.s.); 
spectre de masse: pic parent 6 n ~ / e  de 178. 

L'Cquilibration de ces cetones conjug~lies par chauffage 
dans de la potasse alcooliqile conduit a des melanges 
contenant 89 % de I'isombre trat~s (Id) et I I % de I'isombre 
cis (lg). 

3.1.2 Etlryl-3 carnphres (4d) 
L'hydrogknation catalytique de 5 g d'un melange 

d'ethylidene-3 camphres ( Id  et l g )  en presence de 3 g 
de nickel de Raney et 30 ml d'ethanol conduit a 4.3 g 
(86 % du rendement theorique) des ethyl-3 camphres (4d) 
de p i . :  11 1 "C/16 mm Hg (litt. (8): 108 "C/14 mm Hg) 
et [aIDzG: + 47' (litt. (8): + 44'). 

3.1.3 Les Ptl1ylid2ne-3 borntols 
(a) Les dtlrylirldne-3 borrriols trans (2d et 3d). La  

reduction de 0.5 g (2.8 mmoles) de citone I d  par 5 g 
d'isopropylate d'aluminium conduit a 0.47 g (95% du 
rendement theorique) des alcools desires qui, d'apres la 
c.p.g. sur la colonne de diglycerol, comporteraient 53 % 
de I'alcool exo ( 2 4  et 47 % de I'alcool errdo ( 3 4 .  

(b) Les itlryliddrre-3 borrrtols cis (2g et 3g). La  
reduction de 130 mg (0.73 mmole) de cetone 1 s  par 1.3 g 
d'isopropylate d'aluminium conduit a 110 mg (82% du 
rendement theorique) d'un produit qui serait fornii, 
d'apres la c.p.g. sur la colonne de diglycerol, de 15 % de 
cetone qui n'a pas rkagie, 63 % de I'alcool exo (2g) et 22 % 
de I'alcool errdo (3g). 

3.1.4 Rtd~rction des dtl~yl-3 car~rplrres. 
La reduction de 1 g des cetones 4d par 500 mg de 

LiAIH, dans 50 ml d'ether anhydre 6 temperature de 
la pibce pendant 1 h conduit a 937 mg (94% du rendement 
theorique) d'un melange qui comprendrait, d'apres la 
c.p.g. sur la colonne de diglycerol, les 4 ethyl-3 bornCols 
(5d) dans la proportion 70:21:7:2 (temps de retention 
croissants). 

3.2 Rdd~rctions des ttlryliddne-3 cartrplrres I d  et l g  
3.2.1 Rid~tctiotr rle I'itlryIidtrre-3 carrrphre trarrs (Id) 
La reduction de 200 mg (1.12 n ~ n ~ o l e )  de cetone I d  par 

170 mg de LiAIH, dans 5 ml d'ether anhydre conduit 
6 195 nig (97 % du rendelnent thiorique) d'un produit qui 
serait conipos6, d'aprbs la c.p.g. sur la colonne de 
diglycCro1, de 40% d'ethyl-3 camphres (4rl), 2 % d'ethyl-3 
borniols (Sd), 52 % d'tthylidbne-3 isoborneol trarrs (2d) 
et 6 % d'ethylidbne-3 borne01 trarrs ( 3 4  soit 58 % d'addi- 
tion 1 :2 sur le systeme conjugue initial. 

3.2.2 Ridrtctiorr de I'dtlrylirl6rre-3 catr~phre cis (Ig) 
Le produit de la reduction effectilee de la nlaniere 

decrite dans le paragraplie precedent serait form6 de 4 %  
d'ethyl-3 camphres ( 4 4 ,  I % d'ethyl-3 borneols (Srl), 78 % 
d'ethylidine-3 isoborneol cis (2g), et 17% d'ethylidene-3 
bornCol cis (3g) soit 95% d'addition 1 :2 sur le systeme 
conjuguC initial. 

4 Ridrrctiorr rlrr Jirr/lrrylirli.tre-3 cartrphre (le) 

4.1 Syrrtlrdse des prorlrrits cle r i  fdretrce 

4.1.1 FrtrJr,ylidi.tre-3 cainpl~re (le) 
Prepare avec un rendenlent de 50% h partir du fi~rfural 

et du camphre sod6 et en suivant les indications de Wolff 
(9), ce derive se prisente sous forme de solide de p.f.: 
50-52 "C (litt. (9): 64 "C); [crIDZ? + 326.4" (c, 3.65 g/lOO 
ml de tolui.ne) [litt. (9): + 339"]; i.r.: bandes a 1710 et 
1635 cm-';  L I . ~ . :  ~naxima i 208, 243, et 324 nm (E 
respectifs de 3600, 1400, et 25 400); r.ni.n.: pics 6 0.77 
(un ~i~ethyle), 0.96 (2 ~i~etliylcs), 3.32 (H,, doublet, J = 
3.5 c.p.s.), 6.92 (proton v~nylique, sing~~let)  et 6.41, 6.58, 
et 6.72 p.p.m. (protons du noyau furannc); spectre de 
masse: pic parent & rn/e de 230. 
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RICHER ET PEPIN: REDUCTION DE DERIVES DU METHYLENE-3 CAMPHRE 

4.1.2 F~rrfirryIiclPt~e-3 bort~iols (2e et 3eJ TABLEAU 1 
La reduction de 2 g (8.7 mmoles) de la cttone l e  par 

20 g (100 mmoles) d'isopropylate d'aluminium dans 150 
rnl d'alcool isopropylique conduit a 2 g d'alcools 2e et 3e 
qui, par chromatographie sur une colonne de gel de 
silice ~~til isant le benzene comme eluant, peuvent Etre 
isoler i I'ttat pur. Le furfiirylidene-3 borne01 (3e) se 
presente sous fornle de sol~de de p.f.: 92-93 "C; [a]D2': 
+ 352" (c, 1.79 g/100 nil); i.r.: bandes 6 3615, 3370, et 
1056 cm-'; 11.v.: maxima a 267, 274, et 286 nm (E 
respectifs de 15 500, 18 000, et 13 700); r.m.n.: pics a 
0.80,0.88, et 0.91 p.p.m. (singulets dus aux methyles), 2.92 
p.p.rn. (H,,doublet, J =  3.5c.p.s.),4.17 p.p.m. (CHOH, 
singulet), 6.20 p.p.m. (proton vinylique, singulet) et 
6.03, 6.20, et 7.25 p.p.ni. (protons du noyau furanne); 
spectre de masse: pic parent a tn/e de 232. Le furfury- 
lidhe-3 isoborntol (2e) prksente les caracteristiques 
suivantes: p.f.: 61-62 "C; [a]DZ4: + 280.3O (c, 1.74 
g/100 ml); i.r.: bandes a 3630, 3485, et 1066 cm-'; 
11.v.: nlsxlnia 266, 273.5, et 284.5 nm (E respectifs 
a 20 300, 24 200, et 16 800); r.1m.n. : pics a 0.85, 0.92, et 
0.95 p.p.m. (slngulets dus aux groupes mkthyles), 3.03 
p.p.m.(H,,doublet,J= 3.5c.p.s.),3.84p.p.n1.(CHOH, 
singulet), 6.25 p.p.m. (proton vinylique, singulet) et 5 
6.07, 6.25 et 7.27 p.p.m. (protons du noyau furanne); 
spectre de niasse: pic parent a m/e de 232. 

4.1.3 F~rrfirrylt?1it/1yl-3 canlplrres (4e) 
La reduction de 2 g de cetone l e  par 28 g d'amalgarne 

de sodium en suivant les indications de Wolff (9) conduit 
a 2 g (99% du rendement thCorique) de la cttone 4e de 
p.6.: 93-96 "C10.3 rnm Hg;'tlD2': 1.5053; [a]oZ4: + 88' 
(litt. (9): + 108.6" dans le toluene); i.r.: bande a 1739 
cm-I. 

4.2 R4drtctiotz drt furfurylid2ne-3 canlphre ( l e )  par  
LiAIH, 

La reduction de 1 g de la cttone l e  par 0.6 g de LiAIH, 
dans 40 ml d'ether conduit a 1.01 g (100% de   en dement) 
d'un produit q ~ ~ i ,  d'apres la c.p.g. sur la colonne de SE-30, 
serait compose uniquement des alcools insatures 2e et 3e; 
par comparaison dans 1e spectre r.m.n. des integrations 
des pics correspondants aux protons carbinoliques (3.84 
et 4.17 p.p.rn.) il est possible d'indiquer que l'isornere 
endo 3e forme 7 a 8 % du total pour 92 a 93 % de I'alcool 
exo 2e. L'oxydation de ces produits par le C r 0 3  dans la 
pyridine ne fournit que la cttone insaturee le. 

RCsultats et discussion 

Les resultats obtenus au cours du prCsent 
travail tant au point de vue des pourcentages 
d'addition 1:4 de l'hydrure sur le systkme con- 
jugut des mkthylkne-3 camphres substituCs (1) 
qu'au point de vue de la stkrCochimie de l'addition 
1:2 de l'hydrure sur le groupement carbonyle 
peuvent &tre resumCs dans le tableau 1 ; pour fins 
de comparaison, les rCsultats obtenus au cours de 
travaux prtcCdents y sont inclus. De ces rCsultats, 
il ressort qu'alors que les groupes Clectroaffini- 
taires comme le furanne, le chlore ou le N- 
mkthylanilino inhibent presque complktement 

Reductions par LiAIH, de methylene-3 
camphres substitues 

. - 

Mithylene-3 
canlphres O/, Addition 1 :4 % Addition erzdo 

-- 

X = Furanne pas observe 92 
X = Chlore 3 90 
X = N-MCthylanilino* 5 
X = Methyle (cis) 7 8 3 
X = Thiobutyle'F 23 
X = Methyle (trans) 42 90 
X = Hydrogene? 62 
X = Butoxyle* 90 
X = Piperidino 100 

'Voir reference I .  
tVoir rCfcrencc 2. 

les additions 1:4 sur le systkme conjuguk du 
mCthylkue-3 camphre, les groupes susceptibles de 
fournir facilement des Clectrons a ce systkme, 
comme le butoxy et le pipCridino, ont un effet 
contraire et la rkduction de ces dtrivCs fournit 
presqu'exclusivement des produits provenant 
d'une addition 1 :4 de l'hydrure sur le systkme 
conjuguC initial. Ces rCsultats pourraient &tre 
rationalisks en faisant l'hypothkse que les 
groupes ClectrorCpulsifs favorisent un dCplace- 
ment des Clectrons de la double liaison du 
groupement methylkne vers le cycle et le groupe- 
ment carbonyle laissant ainsi sur le carbone 
exocyclique une charge positive susceptible de 
rCaction avec un hydrure; les groupes Clectroaffi- 
nitaires ayant comme effet d'accumuler une 
charge nCgative sur le carbone mCthylCnique 
exocyclique rendraient cette rCactioil avec un 
hydrure moins facile. 
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RICHER ET PEPIN: REDUCTION DE DERIVES DU METHYLENE-3 CAMPHRE 1231 

par un mtcanisme favoris6 par une proximitt 
possible des tltments A tliminer. Les rtsultats 
obtenus lors de la rtduction de l c  par LiAlH, 
dans I'tther a temptrature de la piece suivie 
d'une hydrolyse des complexes intermtdiaires 
peuvent &tre rationalists en acceptant comme 
hypothese: (a) que la vitesse d'hydrolyse de ces 
intermtdiaires et de leur transformation en 
produits cttoniques est au moins aussi grande 
que la vitesse d'hydrolyse des hydrures en exces 
dans le milieu; (b) que les hydrures rtsiduels 
rtagissent normalement avec les produits 
cttoniques qui se forment. Tous les rtsultats 
obtenus pour la rtduction de l c  avec LiAlH, 
dans l'tther indiquent donc: (a) que cette rtaction 
se produit presqu' exclusivement par une addition 
1 :4 de l'hydrure sur le systeme conjugut initial 
qui conduit A l'intermtdiaire A et (6) que la 
diversit6 des produits obtenus reflete le cours des 
rtactions que peut suivre l'intermtdiaire B, son 
produit d'hydrolyse. Les rtsultats obtenus lors 
de la rtduction de l c  par LiAlH, dans le diglyme 

100 "C tout en indiquant que l'attaque initiale 
sur le systlme conjuguC se produit essentiellement 
en 1 :4 suggerent que la rtaction d'tlimination de 
LifAIR,(C,H,,~) qui n'intervient pas a la 
temptrature de la piece se produirait a 100 "C et 
donnerait ainsi naissance au mtthylene-3 camphre 
(1 f )  qui par rtduction substquente conduirait A 
tous les produits observts. 

I1 a donc t t t  ttabli maintenant que la nature de 
l'agent rtducteur (2, lo), le caractere Clectroaffi- 
nitaire ou tlectrortpulsif du groupement X 
portt par le groupe mtthylene (pour fins de 
comparaison, voir la rtftrence 11) et l'effet 

sttrique des substituants A proximitt du centre 
rkactionnel (travail actuel et rtftrence 1 1) peuvent 
influencer sur les quantitts relatives d'addition 
1 :2 vs. 1 :4 d'hydrure auxquelles peut donner lieu 
la rtduction de mkthylene-3 camphres substituts. 
Les rtsultats obtenus au cours du pr6sent travail 
ont aussi permis de mettre en tvidence le fait 
que dans des composts contenant le groupe 
-0-AIR,, ou un des R = H, l'hydrolyse du 
lien 0- lest au moins aussi rapide que l'hydro- 
lyse du lien A1-H. 

Les auteurs remercient vivement le Conseil National de 
Recherches du Canada et la Compagnie Shawinigan 
Chemicals du Canada pour I'aide financiere apportte 
sous forme d'octrois de recherches et de bourses d'ttude. 
L'un de nous (J.-C.R.) tient a exprimer sa gratitude a u  
Dr. Pierre Maroni et a Mlle Marthe Benoit de la FacultC 
des Sciences de Toulouse pour l'accueil et l'aide apportts 
au cours de la prdparation de ce manuscrit. 
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Radiation-induced oxidation of 2-propanol by hydrogen peroxide 
in aqueous solutions1 

C. E. BURCHILL AND 1. S. GINNS 
Departn~et~t of Clzetnistry, University of Manitoba, Witlnipeg 19, Marlitobn 

Received December 15, 1969 

The radiation-induced oxidation of 2-propanol by hydrogen peroxide in neutral deaerated aqueous 
solution has been investigated. 2-Propanol is oxidized to acetone, and hydrogen peroxide reduced in 
stoichiometrically equivalent high yields. The yields are independent of hydrogen peroxide concentration 
in the range 5 x to M and linearly dependent on alcohol concentration in the range 0.13 to 
1.05 M .  The reaction yields increased with decreasing dose rate. 

The results are explained by a chain mechanism in which initiation occurs via H-atom abstraction 
from 2-propanol to form either (CH,) ,COH (1) or CH3 CHOH CH2 (2). 1 reacts with H 2 0 2  in a chain 
propagating reaction 

1 + H201 -> acetone 4- H 2 0  + O H  
2 may abstract the a hydrogen from the parent alcohol 

2 + 2-propanol -t 2-propanol 4- 1 
or  undergo bimolecular termination. A lower limit of 53 + I0 1 mole-' s - '  is estimated for the rate con- 
stant for this radical conversion reaction. 
Canadian Journal of Chemistry, 48,  1232 (1970) 

Introduction 
The peroxidation of 2-propanol has been 

studied using a variety of radical initiation 
techniques. Merz and Waters (1) have studied the 
chain oxidation of 2-propanol using Fenton's 
reagent. The photolysis of hydrogen peroxide 
in aqueous solutions of 2-propanol has been 
investigated (2, 3). The reaction of H,O, has 
been studied in solution in pure 2-propanol using 
both photochemical (4) and thermal (5) initiation. 
The disappearance of hydrogen peroxide by a 
chain process during they irradiation of aqueous 
solutions of 2-propanol has been described by 
Allan and Beck (6). 

Mechanisms have been proposed for these 
oxidations and for the similar radiation-induced 
oxidation of ethanol by hydrogen peroxide in 
aqueous solution (7). During a preliminary study 
of the radiation-induced reaction of 2-propanol 
and hydrogen peroxide, we observed features of 
the dependence of the yields on solute concentra- 
tions which were inconsistent with the accepted 
mechanism. We now present the results of an 
extensive study of this reaction and a revised 
mechanism to explain them. 

Experimental 
2-Propanol (Fisher Certified Reagent) and hydrogen 

peroxide (30% unstabilized Fisher Certified Reagent) 

were used as received. Water was redistilled from alkaline 
K M n 0 4  solution and acidic KZCr2O7 solution. Analytical 
reagents were of reagent grade and used without further 
treatment. 

Solutions were prepared using freshly distilled water, 
irradiated, and analyzed on the same day. Ten-ml aliquots 
of the solutions were placed in 25 ml Pyrex bulbs fitted 
with demountable vacuum-seated stopcocks. Before 
irradiation the samples were degassed under vacuum by 
successive freeze-pump-thaw cycles. 

Most samples were irradiated a t  room temperature in 
a 60Co Gammacell 220 source (Atomic Energy of 
Canada, Ltd.) at an average dose rate of 1.70 x 1019 eV 
I- '  s-'. Lead shields supplied with the Gammacell were 
used to provide attenuation to a nominal 10%. For  
studies at lower dose rates, an Eldorado Model A 60Co 
source a t  the Manitoba Cancer Treatment and Research 
Foundation was used. Dose rates were estimated using 
the Fricke dosimeter and assuming G(Fe3+) = 15.6. Fo r  
all solutions it was assumed that the absorbed dose was 
proportional to the electron density, and the dose rates 
estimated for the solutions were adjusted for variations 
in electron density with solution composition. 

Acetone was determined spectrophoton~etrically using 
the salicylaldehyde method of Berntsson (8). Hydrogen 
peroxide was determined by the iodide method (9). 

Results 
The reduction of hydrogen peroxide during 

irradiation in the presence of a constant (0.52 M )  
concentration of 2-propanol is shown in Fig. 1. 
The figure is a composite of the results from a 
series of ex~eriments with different initial con- 
centrations of hydrogen peroxide. It is clear that - - A  

'This work was supported in part by the Defence the rate of hydrogen peroxide reduction is 
Research Board of Canada, Grant No. 9530-78, and in 
part by Atomic Energy of Canada, Limited, Commercial of i ts  concentration in the range 
Products Division. 5 x lo-* to M  H 2 0 2 .  G ( - H 2 0 2 )  is found 
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TABLE 1 

G(acetone) and G(- H202)  from 
water-2-propanol solutions* 

2-Propanol 
(mole I - ' )  G(acetone) G(- H202) 

Pure 16.3 

*Constant initial [H,02] = 0.01 M, dose rate = 1.70 x 
I O L g  eV I-' s-'. 

from the slope of this graph and is 51.8 + 2.0 for 
this concentration of 2-propanol. Additional 
G(-H20,) values for various concentrations of 
2-propanol are given in Table 1.  

Acetone formation yields for a constant initial 401i!!!c- 3 o 
concentration of 0.01 M H 2 0 2  and various con- o 0.5 I .o 1.5 

centrations of 2-propanol are also shown in 1 2 -  PROPANOLI (mole r1 I 

Table 1. The stoichiometric equivalence of the 
2. variation of yields wi th  bpropanol concen- 

tration. Initial [H20,] = 0.01 M, dose rate = 1.70 x 

5 0 i i /  10" eV I - '  I - ' .  0, G(-H20,); 0, G(acetone). 

acetone formation and peroxide reduction yields 
is evident for those systems in which both quan- 

4 0  - - tities were measured. This equivalence is also 
illustrated in Fig. 2, which further demonstrates 
that both yields increase linearly with increasing 

- alcohol concentration in the range 0.13 to 1.05 
- 3 0 -  - M 2-propanol. Extrapolation of both yields as - 
0 
E - shown in Fig. 2 leads to the result Go (H,02) = 

33.4 + 1.0 and Go (acetone) = 31.2 f 1.0 at $ 
- zero 2-propanol concentration. 
x 2 0 -  - As the 2-propanol coiicentration is increased 

,.7 beyond 1.05 M, the initial yield of acetone con- 
P tinues to increase but it is no longer a linear 

function of alcohol concentration. G(acetone) 
10- - reaches a maximum of -- 100 at a concentration 

of 2-propanol - 3.7 M and then decreases to 
16 f 1 in pure 2-propanol. Initial yields of 
acetone formation are shown as a function of 

o mole fraction 2-propanol in Fig. 3. 
0 2 0  4 0  60 The effect of varying dose-rate on the oxidation 

x DOSE l e v  I - '  I of 2-propanol by hydrogen peroxide is shown in 
FIG. 1. Radiation-induced reduction of H 2 0 2  in Fig. 4 for s o ~ u t i b n s o . o r ~  in H202 and 0.52 M 

deaerated aqueous 2-propanol (0.52 MI solutions. Dose i n  2-propanol. increase in  qacetone)  with rate = 1.70 x I O l 9  eV I - I  s-'. Initial [H202]: 0, 0.05; 
0, 0.03; n, 0.02; 0, 0.01; A, 5 x M. decreasing dose rate is clearly demonstrated. 
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I I I I I 
2 0  4 0  6 0  8 0  100 

MOLE PERCENT 2-PROPANOL 

FIG. 3. Initial acetone formation yields as a function 
of mole percent 2-propanol. Initial [H20,] = 0.01 M, 
dose rate = 1.70 x lOI9 eV I- '  s-I. 

Table 2 contains data demonstrating the effect 
of varying dose-rate for other concentrations of 
2-propanol. 

At concentrations of H202  < 10-3 M, the 
rate of peroxide reduction in the presence of 0.52 
M 2-propanol is dependent on the concentration 
of H202,  as is demonstrated in Fig. 5. The figure 
is again a composite of the results obtained from 
experiments with different initial concentrations 
of H202.  The peroxide concentration approaches 
a steady-state value of -- 3 x M. G(acetone) 
at the steady-state concentration of H202  is 0.97 
f 0.05. 

TABLE 2 

Dose-rate effect on G(acetone) from 
water-2-propanol solutions* 

-~ pppp-.--p- 

G(ace tone) 

2-Propanol Unattenuated Dose rate 
(mole I - ' )  dose rate attenuated to 26% 

FIG. 4. Variation of G(acetone) with dose rate. [2- 
Propanol] = 0.52, initial [H20z]  = 0.01 M. 

Discussion 
0-1.0 M 2-Propanoll.5 x 10- 2-10-3 M H,02 

In this concentration region, the significant 
features of the results are that the yields of 
acetone formation and hydrogen peroxide reduc- 
tion are essentially equal, linearly dependent 
upon the alcohol concentration, and independent 
of the peroxide concentration. The linear plot of 
G vs. 2-propanol concentration extrapolates to  a 
significant chain value at zero alcohol concentra- 
tion and the radiation-chemical yields show an 
inverse dependence upon dose rate. 

In this range of solute concentrations, we may 
assume without serious error that the y radiation 
interacts primarily with the solvent water to 
form the species e,,-, H, OH, H,O+, H202 ,  H,. 
The hydrated electron will react rapidly with the 
solute hydrogen peroxide 

I e,,- + Hz02 + .OH + OH- 56.5 
138.3 
73.7 Since 

Pure 2-propanol 16.3 22.0 
---- ~ O H + ( C H , ) ~ C H O H  > ~ O H + H , O ~  

'Initial [ H 2 0 2 ]  = 0.01 M ,  unattenualed dose rate - 1.70 x 10" 
eV 1-1 S-'. k~ + ( C H ~ ) Z C H O H  ' k ~ + H z O z  (lo) 
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lo-" x DOSE l e v  I" I 

FIG. 5. Reduction of HzOz at low concentrations. 
[2-Propanol] = 0.52 M, dose rate = 1.70 x 10'' eV 
I-'  s-'. Initial [H20,]: 0, 5 x .,2.5 x A, 
10-3; m, 3 x ~ o - ~ M .  

and 
[2-propanol] >> [H~o,]  

all H and OH will react with 2-propanol. Pre- 
vious authors (1-5) have assumed reactions 
proceed entirely by abstraction of an H atom 
from the ci position of the alcohol. 

[2 1 H + (CH3)2CHOH -> Hz + 1 

where 1 represents the radical (CH,),COH. The 
chain reaction has been attributed to the pro- 
pagating reaction [4] with termination of the 

chain by bimolecular reaction of 3 

This simple reaction scheme, however, may be 
shown to predict a first-order dependence of the 
reaction rate on the concentration of H202  and 
no dependence on alcohol concentration, whereas 
we have observed that the reaction rate under 
irradiation is independent of peroxide concentra- 

tion and linearly dependent upon the alcohol 
concentration. We propose the following modifi- 
cation of the reaction scheme to explain the 
observed results 

HzOl^rte , , - ,  H, OH, H 3 0 + ,  H20z ,  Hz 

[1 1 e,,- + HzOz -> OH- + OH 

[2] H + (CH3)ZCHOH + Hz + (CH~)ZCOH 
( C H ~ ) ~ C O H  = 1 

[7] H + (CH3)2CHOH -> Hz + C H ~ C H O H C H ~  
CH~CHOHCH~ = 2 

[3] OH + (CH3),CHOH + Hz0 + 1 

[8] OH + (CH3)2CHOH + Hz0 + 2 

[4 1 1 + H 2 0 z  + (CH3)2C0 + HzO + OH 

[9] 2 + (CH3)2CHOH + (CH3)zCHOH + 1 

[lo] 2 + 2 -> 2,5-hexanediol or 

(CH3)ZCO + (CH3)zCHOH 

The novel features of this proposal are the 
inclusion of abstraction reactions from the 
methyl groups of the alcohol, reactions [7], [S], 
and the radical conversion reaction [9]. 

The rate constants for reactions [3] and [7] 
have been assessed (lo), and it is clear from their 
values that the abstraction from the ci position 
is not entirely specific and that reaction [7] must 
be considered in addition to reaction [3]. No rate 
data are available for the abstraction of ci and P 
hydrogens from simple alcohols by OH radicals, 
although i t  might be argued that if abstraction 
by H atoms is not entirely specific to the ci 

position, that by OH radicals would be even less 
specific by virtue of its greater exothermicity. 
Allan and Beck (6) have suggested that the O H  
radical may not react specifically at the ci position 
of 2-propanol. More convincing evidence for the 
lack of specificity is provided by the observation 
of electron spin resonance (e.s.r.) spectra attri- 
buted to both radicals 1 and 2 in the photo- 
initiated reaction of H20,  with 2-propanol (1 1). 
These radicals, whose formation was attributed 
to OH radical abstraction of H atoms from the 
alcohol, were present in concentrations within 
the same order of magnitvde, and the spectrum 
attributed to radical 2 became increasingly 
prominent as the system was diluted with water. 
We therefore contend that the abstraction of H 
atoms from the p position of the alcohol cannot 
be neglected in any mechanistic description of 
these free-radical reactions. 
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The radical conversion reaction [9] was 
suggested, in part, by the form of the experimental 
results. The linear dependence of the radiolytic 
yields on alcohol concentration suggests that the 
chain length is determined by the competition 
between a radical terminating reaction and the - 
reaction of that radical with the alcohol. In view 
of the high rate of its reaction with the alcohol 
(10) and the large concentration of the alcohol, 
it is unlikely that the steady-state concentration 
of O H  is sufficient for it to play any role in chain 
termination. Chain termination involving radical 
1 would be in competition with the propagating 
reaction [4] and would lead to some dependence 
of chain length on H,O, concentration. There 
remains the possibility of reaction [9] as the 
rate-controlling propagation step in competition 
with reaction [lo] as the terminating step. While 
this reaction appears to predict the appropriate 
kinetic form of the results, this is not sufficient 
to conclude that the reaction occurs. Examination 
of the literature, however, has brought to light 
considerable evidence that such a reaction may 
occur. 

Thomas (12) has observed the reaction of 
methyl radicals with 2-propanol, presumably 
by abstraction of the a hydrogen of the alcohol. 
Radical 2, being an alkyl radical, may well un- 
dergo a similar reaction, although in view of the 
greater degree of ordering required in the forma- 
tion of a transition rate, the rate constant might 
well be less than the value 3.4 x lo3 M-' s-' 
observed for the methyl radical. Livingston and 

Zeldes (1 1, 13) observed the e.s.r. spectrum of 
radical 2 during the photolysis of H,O, in 
2-propanol-water mixtures, but its intensity was 
reduced in mixtures of high alcohol concentration 
and the spectrum was not observed in pure 
2-propanol. This may be argued as evidence for 
the occurrence of reaction [9]. With increasing 
alcohol concentration, the rate of reaction [9] 
would increase with a consequent decrease in the 
steady-state concentration of radical 2. It was 
also noted (1 1) that as the solution (75 "/, 2-pro- 
panol, 25 "/, H,O) was cooled from 30 to - 5 "C 
the suectrum of 2 was enhanced. This observation 
is also consistent with the occurrence of a reaction 
such as [9], a relatively slow reaction, with a 
significant energy of activation. With a decrease 
in temperature, the rate of the reaction would be 
reduced and the steady-state concentration of 2 
increased. Norman and West (14) have recently 
suggested reaction [9] to explain the variation in 
intensity of e.s.r. spectra with changing substrate 
concentration in the metal-ion catalyzed reaction 
of organic compounds with hydrogen peroxide. 

The presence of 2,5-hexanediol as a reaction 
product was demonstrated qualitatively by 
vapor-phase chromatography, using flame-ioni- 
zation detection and a 6 ft column (2 % Carbowax 
20 M on 60180 chromosorb W). 

Returning then to the proposed mechanism, 
we may derive an expression for the radiation- 
chemical yields in the system using the normal 
steady-state approximations 

Clll 
k2 (k3 + 1~8) k3 

+ GH{k, 
+ k, (Gcnq- + 

Gc,g- + G~ + G~~ 

I 
+ ('+ 2)k9( 2kl,D [2-p ropanol] 

(D is the dose rate in units of 6.02 x eV I - '  
s-'). G(acetone) differs only marginally from 
G(- H,O,), depending upon the exact stoichi- 
ometry of the terminating reaction, [lo]. 

Note that this mechanism predicts a linear 
dependence of the yields on 2-propanol concen- 
tration, no dependence on H,O, concentration, 
and a non-zero intercept at zero alcohol concen- 
tration corresponding to the first portion of the 
yield equation (in square brackets). This con- 

forms precisely to the experimental results as 
represented in Figs. 1 and 2. 

Equating the G(- H,O,) intercept from Fig. 2 
(33.4 +_ 1.0) to the portion of eq. [ I  I ]  in square 
brackets, we may estimate a value of k3/k8 using 
accepted values for the primary yields in irradi- 
ated water (1 5) and the literature values fork,, k,, 
and (k, + k,) (10). The ratio of k3/k8 so calcu- 
lated is 6.2. Assuming the value of k, + k8 to be 
1.4 x log l mole-' s- ' gives 
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The second part of eq. [ l l ] ,  as previously 
noted, predicts a linear dependence of radiation- 
chemical yields on 2-propanol concentration, 
and the coefficient of [2-propanol] corresponds 
to the slope of the line in Fig. 2. However, this 
coefficient includes a dose-rate dependent term 
which predicts an inverse square-root dependence 
on the dose rate and extrapolation to the zero- 
alcohol intercept at high dose rates. As seen from 
Fig. 4, the yield is not the predicted linear function 
of ( I / D ) & ,  although the yield decreases with 
increasing dose rate and the curve can, without 
difficulty, be extrapolated to the zero-alcohol 
intercept. The fact that there is a significant dose- 
rate effect confirms that there is a bimolecular 
termination, but the curvature of Fig. 4 indicates 
that there is, in addition, an apparent first-order 
termination which becomes increasingly impor- 
tant at low dose rates. If it is assumed that at the 
highest dose rate used (1.75 x 1019 eV 1-' s-'), 
termination is primarily by the bimolecular 
process [lo], then it is possible to estimate a 
lower limit for the rate constant of the conversion 
reaction [9]. Using k3/k, = 6.2, assuming that 
the bimolecular termination reaction has a rate 
constant 2k1, = 2.0 x lo9 1 mole-' s-' and 
using Buxton's (15) values for the primary 
radical yields, k, can be calculated from the 
slope of G(-H202) vs. [2-propanol] (Fig. 2). 
The lower limit of k, so estimated is 53 + 10 1 
mole-' s-'. This estimate is nearly two orders 
of magnitude less than the observed rate constant 
for the corresponding methyl-radical reaction 
(12), but this, in view of the highly ordered 
transition state required for such a reaction, may 
not be unreasonable. 

In the low dose-rate studies, a reduction in the 
yield of acetone was observed on increasing the 
concentration of hydrogen peroxide, suggesting 
that a reaction such as [12] may be the competing 
"first-order" terminating reaction. 

[12] CH3CHOHcHZ + HzOz + (CH3),CHOH 
+ HOZ 

High Propanol Concentration /0.01 M H202  
As the concentration of 2-propanol is increased 

to values greater than 1.0 M, the yield of acetone 
increases less rapidly, reaching a maximum in the 
region of 3.7 M. This levelling-off in the yield of 

acetone could be attributed to the increasing 
rate of reaction [9] with increasing alcohol con- 
centration. If reaction [9] becomes sufficiently 
rapid, it may no longer be exclusively rate con- 
trolling and the chain length would be determined 
in part by competition between reactions [4] 
and [6] 

This would result in a transition to a situation 
in which the reaction becomes inde~endent of 
alcohol concentration and first-order in hydrogen 
peroxide. In fact, in this region, the yield-dose 
curve for hydrogen peroxide reduction becomes 
non-linear, although at none of the higher 
alcohol concentrations is it completely first 
order. 

At alcohol concentrations in excess of 4.0 M, 
the chain yield of acetone decreases to a limiting 
value of 16 + 1 in pure 2-propanol. There are at 
least two possible explanations for this decrease. 
The argument presented above suggests that, 
with increasing alcohol concentration, the yield 
should increase to a maximum limiting value and 
then remain constant. This assumes, however, 
that the primary yields of free-radical inter- 
mediates remain unchanged, which is highly 
improbable as the system is changed from pure 
water as solvent to pure 2-propanol. A decrease 
in the primary yields with increasing alcohol 
concentrations could account for the decreasing 
yield. However in a study of the photo-induced 
reaction, Barrett et a[. (3) found an almost iden- 
tical change in the quantum yield for hydrogen 
peroxide reduction, although the primary quan- 
tum yield of peroxide homolysis is said to remain 
constant in this concentration range. The de- 
creasing yield was attributed by Barrett et al. to 
reaction of the product OH radicals with alcohol 
molecules in the "primary photochemical cage". 
The parallel between the radiation-chemical 
results reported here and the photochemical 
results makes this explanation unlikely, since the 
radiation chemical "spur" is not analogous to 
the photochemical "cage". We suggest that with 
increasing alcohol concentration, and consequent 
increase in the rate of reaction [9], reaction [4] 
becomes the principle rate-controlling propaga- 
tion step and that the rate constant for [4] 
decreases with increasing alcohol concentration 
as a result of the decrease in dielectric constant. 
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The reaction of the polar radical 1 with the polar relative rates of terminating and propagating 
molecule H,O, would involve the formation of reactions, but we found this quantity to be rather 
a polar transition state and would be expected to irreproducible, varying from one experiment to 
decreasein rate withdecreasing dielectricconstant another by as much as a factor of two. 
(16). 

At high 2-propanol concentrations, there is a Summary 
significant dose-rate effect on the yields of acetone The abstraction of hydrogen atoms from 

2). This dose-rate effect but 2-propanol by OH radicals is suggested to be less 
never equals, a simple inverse square-root depen- specific as to the site of reaction than previously 
dence, suggesting that even in pure 2 - ~ r o ~ a n o 1  believed. The ratio of the rates of abstraction at 
termination by reaction [lo] may still be signi- the a and position is 
ficant . 

Sherman (17) has reported the formation of k, /k ,  = 6.2 
methane and acetic acid in chain yields in 
addition to acetone in the radiation-induced It is proposed that the radical formed by abstrac- 

oxidation of alkaline 2-propanol by nitrous tion of a p hydrogen, CH3CHOHCH2, can 

oxide. The formation of methane and acetic acid react with 2-propanol to abstract the a hydrogen, 

was accounted for by the stoichiometric reaction forming the a radical (CH3),COH. A lower limit 
for the rate constant for this reaction is estimated 

[I31 (CHJ)~CHOH + N 2 0  -> CH3COzH as 53 + 10 1 mole-' S-'. + Nz + CH4 

We detected no significant formation of methane 
in the oxidation of neutral 2-propanol by hydro- 
gen peroxide, thus ruling out a reaction with 
H,O, analogous to reaction [13]. 

Aqueous bPropanol/< 10- M Hydrogen 
Peroxide 

At a constant concentration of 2-propanol 
(0.52 M), the rate of reduction of hydrogen 
peroxide becomes dependent on its concentration 
(Fig. 3) and becomes essentially first-order in 
H,O, below M. We take this to indicate that 
the rate of reaction [4] has become sufficiently 
slow to become rate determining at these low 
peroxide concentrations. 

When the concentration of H,O, reaches its 
steady-state value, the requirement of oxidation- 
reduction balance in the system predicts that 

[14] G(net oxidation) = G(net reduction) 

This latter value is expected to be of the order of 
1.0 (15), in good agreement with the experimental 
value of G(acetone) = 0.97 + 0.05. 

The magnitude of the steady-state concentra- 
tion of H,O, could be used to determine the 
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The preparation and characterization of the compounds Sea(SbZF1 and Sea(AsF6), are described. 
Both compounds are shown to contain the SeaZ+ cation. 
Canadian Journal of Chemistry, 48, 1239 (1970) 

In Part I of this series (1) it was shown that 
selenium dissolves in 100 % sulfuric acid, oleum, 
or fluorosulfuric acid to give green solutions 
which, with time or the addition of a suitable 
oxidizing agent, become yellow. From studies of 
the conductivities, freezing points, absorption 
spectra, and magnetic susceptibilities of these 
solutions, it was concluded that the green solu- 
tions contain the species SeS2+ and the yellow 
solutions contain the species Se,'+. In Part I1 (2) 
we described the preparation and characteriza- 
tion of some compounds of Se,". In this paper 
we describe the preparation of the compounds 
Se8(Sb2F1 ,), and Se8(AsF6),, and we show that 
they contain the Sea2+ cation and the anions 
Sb2Fll - and AsF6-, respectively. 

Results and Discussion 

In the preparation of the yellow compound 
Se4(Sb2Fl ,), by direct reaction of selenium and 
antimony pentafluoride (2), it was noted that the 
first product was a green material which on pro- 
longed heating at 100-140 "C changed to the 
final yellow product. By carrying out the reaction 
between powdered selenium and antimony penta- 
fluoride dissolved in liquid SO, at  -23 "C for 
several days, a green solid was obtained on pump- 
ing off the SO,. This solid was extracted several 
times with sulfur dioxide, leaving a white residue 
which was shown to be antimony trifluoride. A 
microcrystalline green solid was obtained from 
the sulfur dioxide solution which had an analysis 
consistent with the formulation Se8(Sb2Fll)2. 
The overall equation for the reaction may be 
written as follows 

8Se + 5SbF5 -> Ses(SbzFll)z + SbF3 

I t  was also found that selenium could be con- 
veniently oxidized to the green species by means 
of a solution of arsenic pentafluoride in an- 
hydrous HF. This reaction was carried out a t  0 "C 

over a period of a few days. Arsenic trifluoride 
was identified as avolatile product of the reaction. 
After removal of the solvent from the dark green 
solution, a semicrystalline green material was 
obtained in an amount corresponding to quanti- 
tative conversion of the selenium to the com- 
pound Sea(AsF6),, and this composition was 
confirmed by analysis. Thus the overall reaction 
may be formulated as follows 

8Se + 3AsF5 + Sea(AsF6), + AsF3 

Both compounds darken rapidly on exposure 
to moist air and instantly decompose to red 
selenium when added to water. They dissolve 
readily in 100 % sulfuric acid, oleum, and fluoro- 
sulfuric acid to produce green solutions. On 
heating in a sealed tube, Se8(AsF6), melted a t  
178-182 "C to form a green liquid and on further 
heating, black selenium was deposited. The other 
compound, Se8(Sb2Fl ,),, gave a yellow melt over 
the range 180-190 "C and finally black selenium 
was deposited at approximately 200 "C. Presum- 
ably the Sb2Fll - anion further oxidizes the SeS2+ 
cation to the yellow Se," cation on heating. 

The absorption spectra of solutions of both 
compounds in fluorosulfuric acid were identical 
with the spectrum reported for SeS2+ in Part I (1) 
with absorption maxima at 295,470, and 685 nm 
and an extinction coefficient for the 295 nm peak 
of 980 mole(Se)- ' 1 cm- ', which is in reasonable 
agreement with the value of 930 mole(Se)- ' lcm-' 
reported previously, showing that both com- 
pounds dissolve to give a quantitative yield of 
SeS2 + . 

The infrared spectrum of Se8(Sb2Fl ,), was 
essentially identical with that of CsSb2Fll over 
the range 450-1800 cm-' and, in particular, con- 
tained a broad band at 650-770 cm-' assigned 
to Sb--F stretching modes, and a weaker band at  
476 cm-' which appears to be characteristic of 
Sb2Fll -. This band has been observed previously 
at  523 cm-' in V02+Sb2Fll- (3), a t  485 cm-' 
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in Se,2+(Sb2F,,-), (4), and at 479 cm-' in 
Csf Sb,F,, - (5). The infrared spectrum of 
Sea(AsF6), had a strong absorption at 700 cm-l. 
Cesium hexafluoroarsenate has a similar strong 
absorption at 699 cm-' (6). 

The 19F nuclear magnetic resonance (n.m.r.) 
spectrum in SO, at  - 90 "C consisted of a multi- 
plet at 92 p.p.m., a doublet of doublets at 11 1 
p.p.m., and a quintet at 133 p.p.m. from external 
CFCI,. These chemical shifts agree well with those 
observed previously (7) for the Sb,F, ,- ion (1): 
multiplet Fa 89-91 p.p.m., doublet of doublets, 
Fb109-lllp.p.m.,andquintetF,, 131-135p.p.m. 
The coupling constants Jab = 60 and J,, = 102 
Hz are in good agreement with the values of 
Jab = 59 Hz and J,, = 102 Hz obtained pre- 
viously in SO, solution (7). In addition, a weak 
doublet was observed at 100 p.p.m. which is at- 
tributed to the complex SbF, .SO, which arises 
from a small amount of solvolysis of Sb,F,,-. 
The 19F spectrum of a solution of Se,(Sb,F,,), 
in fluorosulfuric acid had a broad peak Fd at  166 
p.p.m. which may be assigned to SbF6-, a doublet 
F, at 156 p.p.m., and a quintet Ff at 184 p.p.m. 
with a coupling constant of 100 Hz which may be 
assigned to the SbF,(SO,F)- anion (11) (8). The 
doublet arises from the four equivalent fluorines 
F, and the quintet from FJ. The relative areas of 
signals from Fd and F, were 5.914.0, in good agree- 
ment with the expected ratio of 6.014.0 for the 
formation of equal amounts of SbF6- and 
SbF,(SO,F)- according to the equation 

A weak spectrum due to Sb2Fll- was also 
observed, indicating that solvolysis of the anion 
was incomplete. 

The 19F n.m.r. spectrum of a solution of 
Sea(AsF6), in fluorosulfuric acid had only one 
broad signal at FCC,,, = 61.6 p.p.m., in addition 
to that from the solvent. A solution of Bu,N+- 
AsF,- in  fluorosulfuric acid gave a signal a t  

FCC,,, = 63 p.p.m., in addition to the solvent 
peak. The spectra remained essentially unchanged 
on cooling the solution to - 80 OC. 

It  is clear that the two compounds have the 
ionic structures Sea2 + ( S ~ , F , ,  -), and Seaz + - 
(AsF6-),. The structure of the Sea2+ cation is of 
great interest and low-frequency laser Raman 
studies and X-ray crystallographic investigations 
are in progress. 

NOTE ADDED IN PROOF: A preliminary report 
of an X-ray crystallographic study of the struc- 
ture of Se;+ has appeared since this paper was 
submitted for publication (11). 

Experimental 
Preparation of Ses (Sb, Fl ,) , 

In a typical experiment, antimony pentafluoride (0.015 
mole) was added to powdered selenium (0.025 mole) in 
SO, at -63 "C; the mixture was allowed to warm up to 
-23 "C and stirred for three days. A very dark green 
solution containing some dark solid was obtained which 
gave a green solid on pumping off the sulfur dioxide. The 
solid was extracted with approximately 30 ml of sulfur 
dioxide four times until the remaining solid residue was 
white. This white solid was identified as antimony tri- 
fluoride, which is insoluble in liquid sulfur dioxide. The 
Raman spectrum was identical with that of an authentic 
sample and the oxidation state of antimony was con- 
firmed by the Rhodamine-B test. The sulfur dioxide 
extract was evaporated under vacuum and a dark green 
microcrystalline solid was obtained. 

Anal. Calcd. for Ses(Sb2Fl1),: Se, 41.40; Sb, 31.60; 
F, 27.30. Found: Se, 40.4; Sb, 30.5; F, 28.7. 

Preparation of See (AsF,), 
In a typical experiment, arsenic pentafluoride (0.0095 

mole) was condensed onto powdered selenium (0.025 
mole) in anhydrous hydrogen fluoride at - 78 "C and the 
mixture was allowed to warm up to 0 "C over a period of 
3 days. A volatile product was condensed out in an ad- 
joining trap. This was identified as arsenic trifluoride by 
means of the infrared spectrum of the vapor. On removal 
of the solvent under vacuum, a semicrystalline dark green 
solid product was obtained, the weight of which corre- 
sponded to quantitative formation of Se,(AsF,), (0.0032 
mole). 

Anal. Calcd. for Se8(AsF,),: Se, 62.57; AsF,, 37.43. 
Found: Se, 63.1 ; AsF,, 37.0. 

Materials 
Commercially available pure selenium was dried in a 

vacuum desiccator over P,05. Antimony pentafluoride 
was obtained from Ozark-Mahoning Company and dis- 
tilled twice in glass apparatus immediately before use. 
Arsenic pentafluoride was obtained from the Ozark- 
Mahoning Co. Its purity was checked by gas-phase infra- 
red spectroscopy. Hydrogen fluoride (99.9%) was ob- 
tained from the Matheson Co. and was distilled directly 
from the cylinder. 
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Absorption Spectra tetraphenylarsonium hexafluoroarsenate from an acid 
These spectra were obtained on a Cary Model 14 solution and weighed as such after drying at 110 "C. 

spectrometer using 1 cm quartz cells and quartz inserts 
to give path length down to 0.005 cm. 

1 .  J. BARR, R. J. GILLESPIE, R. KAPOOR, and K. C. 
Itlfrared Spectra MALHOTRA. Can. J .  Chem. 46, 149 (1968). 

The infrared spectra of both compounds were obtained 2. J. BARR, D. B. CRUMP, R. J. GILLESPIE, R. KAPOOR, 
on the powder between silver chloride plates using a and P. K. UMMAT. Can. J. Chem. 46, 22 (1968). 
Perkin-Elmer Model 337 spectrophotometer. 3. J. WEIDLEIN and K. DEHNICKE. Z. Anorg. Allg. 

Nuclear Magnetic Resonance 
Chem. 348, 278 (1966). 

4. R. J. GILLESPIE and G. PEZ. Inorg. Chem. 8, 1229 
19F n.m.r. spectra were obtained at 56.4 Hz using a (1969). 

Varian DP-60 spectrometer. 5. P. A. W. DEAN and R. J. GILLESPIE. Unpublished 
results. Analysis 6. C. M. BEGUN and A. C. RUTENBERG. Inorg. Chem. 

The compound Ses(SbzFll)z was analyzed by Alfred 6, 2212 (1967). 
Bernhardt (5251 Elbach iiber Engelskirchen, Fritz-Pregl- 7. p. A. W. DEAN, J. BACON, and R. J. GILLESPIE. Can. 
Strasse, 14-16, West Germany). J. Chem. 47, 1655 (1969). 

8. R. C. THOMPSON, J. BARR, R. J. GILLESPIE, J. B. Selenium. Weighed quantities of each compound were M ~ ~ ~ ~ ,  and R. A. R ~ ~ ~ ~ ~ ~ ~ ~ ~ .  I ~ ~ ~ ~ .  Chem. 4, 
decomposed with water and dissolved in the minimum 1641 (1965). 
volume of warm nitric acid. The dilute solution was g. H .  M. DESS, R. W, PARRY, and G. L. VIDALL. J. 
warmed with an excess of hydrazine sulfate for 1 h, and Amer. Chem. Soc. 78, 5734 (1956). 
the resulting grey selenium was filtered, dried, and 10. H. H. WILLARD and H. DIEHL. Advanced quantita- 
weighed. tive analysis. D. Van Nostrand Company Ltd., 

London. 
AsF. - .  The method of Dess et al. (9, 10) was used to 11. R. K. MCMULLAN. D. J. PRINCE, and J. D. CORBELT. 

determine AsF6-, in which AsF,- was precipitated as Chem. Commun. 1438 (1969). 
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Anodic oxidation of copper in alkaline solution 

M. J. DIGNAM AND D. B. GIBBS' 
Department of Chemistry, Uriiversity of Toronto, Toronto 181, Ontario 

Received September 10, 1969 

The anodic formation of Cu,O on electropolished polycrystalline copper has been examined galvano- 
statically in a borate buffer solution over a range of current densities and temperatures. A model for film 
formation based on rapid formation of oxide nuclei followed by their lateral growth has been developed 
and shown to be in quantitative agreement with the data. According to this model, an oxygen-containing 
adsorbed intermediate, formed in an electrochemical step, reacts with metal at  the peripheries of oxide 
patches to form more oxide. Both one- and two-dimensional lateral growth mechanisms were considered, 
the former being found to represent the data appreciably better. Assuming the initial electrochemical 

k , 
step to be H 2 0  --• (OH), + Ha,+ + e, where (OH), represents the adsorbed intermediate, the first- 
order rate constant, ki, calculated at the equilibrium electrode potential, is given by kf = 
1013.3 exp (- 19 400/RT) s-'. 
Canadian Journal o f  Chemistry, 48, 1242 (1970) 

Introduction 
Since the early work of Muller (1) and others, 

potential steps on the galvanostatic charging 
curves for copper anodes in alkaline solution have 
been identified mainly with the formation of 
Cu,O, CuO, and Cu(OH),. Higher oxides, such 
as Cu,O,, have also been claimed. 

It is generally agreed (2-8) that the lowest oxide, 
Cu20, first forms on a clean copper anode, prob- 
ably according to the overall reaction 

However, this process has not been investigated 
in any detail. Considerably greater attention has 
been given in the literature to the formation of 
CuO and Cu(OH), (2-9), either or both of which 
may be associated with potential plateaus follow- 
ing that for Cu,O, and which probably result 
from oxidation of Cu-0.  

In spite of much introductory work on the 
behavior of the copper electrode, it remains true 
that little more than a qualitative understanding 
of the anodic processes on copper in alkaline 
solution exists at present. Quantitative experi- 
mental conditions and methods of surface prepa- 
ration which have been used by different workers 
make correlation of the various results difficult. 
However, it is clear that a study of the copper 
anode must begin with a good understanding of 
the initial oxidation process, namely the forma- 
tion of Cu,O. It is with this subject that the 
present paper is principally concerned. 

In this work, electropolished polycrystalline 
-- 

'Present address: Division of Chemistry, National 
Research Council of Canada, Ottawa, Canada. 

copper specimens of ultra-high purity were anod- 
ically oxidized at constant current in a borate 
buffer solution. Experiments were carried out in 
a carefully purified nitrogen atmosphere, with a 
pre-electrolysis procedure being used to reduce 
the concentrations of dissolved oxygen and other 
impurities to very low levels. The cell was de- 
signed to permit the transfer of each copper 
electrode from a hydrogen reduction furnace into 
the electrolyte without exposing it to air. 

Experimental 
Instrumentation 

An instrument for control of current or potential 
(three-electrode system) was constructed from Philbrick 
operational amplifiers. It functioned as a galvanostat for 
the experimental runs to be described, and as a poten- 
tiostat during pre-electrolysis. The potential of the work- 
ing electrode was monitored with either a recording 
potentiometer or a Tektronix oscilloscope and camera. 
An additional operational amplifier, connected as a 
limited-frequency differentiator, was used to follow the 
time derivative of the electrode potential. 

Materials 
Experiments were carried out under an atmosphere of 

nitrogen purified by passage first through Fieser's solution 
(lo), then through a five-ft column packed with finely dis- 
persed copper on Kieselguhr (I I)  and heated to 220 'C 
(after Nagayama and Cohen (12)). Before entering the 
cell, the nitrogen passed through a bubbler containing 
the experimental electrolyte solution. 

The 0.05 M borax solution was prepared by dissolving 
AR sodium tetraborate decahydrate in doubly-distilled 
water. Following transfer to the cell, purified nitrogen 
was bubbled through the solution for several h, followed 
by pre-electrolysis while passing nitrogen over the solu- 
tion and stirring with a magnetic stirring bar. 

The pre-electrolysis, using an auxiliary Pt electrode, 
was carried out a t  a potential just above that of the 
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DIGNAM AND GIBES: ANODIC OXIDATION O F  Cu 1243 

reversible hydrogen electrode, until the current density 
dropped to 0.25 pA/cm2. 

The test electrodes were punched from 99.999+ % 
copper sheet obtained from American Smelting and 
Refining Company. They were in the form of sheets 1.0 x 
0.25 x 0.050 in., with handles 1.5 in. long, and were sus- 
pended vertically in the cell so that the geometric area 
exposed to  the solution was 4.0 cm2. After a thorough 
degreasing in acetone or benzene, followed by a 10 s etch 
in 1 :I nitric acid, they were annealed in flowing hydrogen 
at  350 "C for 4 h, then electropolished in a phosphoric 
acid bath (13) to a very bright, smooth finish. 

Cell Design 
The cell was of conventional design and was provided 

with an outer jacket for temperature control. The counter 
electrode was a piece of copper foil shaped as a cylinder 
with elliptic cross section, and surrounding the working 
electrode. I t  was given a preliminary oxidation to ensure 
saturation of the solution with copper. The Hg/HgO 
reference electrode (14) was housed within the cell, in a 
compartment which terminated in a Luggin capillary. It 
was checked for accuracy against a hydrogen electrode 
and for stability, periodically, against a saturated calomel 
electrode. 

The cell was fitted with a n  air-tight lid into which was 
sealed an overhead vertical furnace. The working elec- 
trode, mounted on a polished stainless steel rod which 
emerged from the top of the furnace through a Teflon- 
plug seal, could be given a final reduction in hydrogen, 
and then after cooling be lowered directly into the electro- 
lyte solution out of contact with air. Cathodic reduction 
immediately following immersion of the electrode into the 
electrolyte gave no  indication of any film material re- 
ducible above the reversible hydrogen potential (15). 

In order to  maintain a low concentration of dissolved 
oxygen, pre-electrolysis with stirring was continued at  all 
times except during experiments. A11 runs were done in 
unstirred solution. 

The entire apparatus was enclosed in a box painted flat 
black inside to eliminate any possible photoelectric o r  
photochemical effects. 

Results 
Rest Potential 

Upon immersion in the electrolyte, the test 
electrode assumed an initial open-circuit potential 
of -0.50 to -0.55 V vs. the Hg/HgO reference 
electrode, but attained a steady value close to 
-0.40 V within less than a minute. Some twenty 
determinations of this rest potential were carried 
out. It was found that the same potential was 
reached from above or below; i.e., by a freshly- 
immersed electrode, or by open-circuit decay of 
an electrode on which some Cu20  had been 
anodically formed, or by a fresh electrode which 
was first polarized cathodically to approximately 
the reversible hydrogen electrode potential and 
then left to decay on open circuit. The mean value 
was -0.400 + 0.010 V vs. Hg/HgO. In the follow- 

ing sections, the anode potential will often be 
given with respect to this potential, and referred 
to as the overpotential for Cu20  formation. 

Oxidation and Reduction Curves 
We first examine the complete anodic charging 

curve, extending from the initial rest potential up 
to the steady oxygen evolution potential. Such a 
curve, obtained at acurrent density of6.7 pA/cm2, 
is shown in Fig. 1. The initial potential arrest, 
terminating at L, is believed to correspond solely 
to Cu20  formation. Beyond point L, a second 
potential arrest of about one-half the length of 
the first (possibly CuO formation) is followed by 
a long, steady rise before levelling off, due to 
oxygen evolution, at about f0.76 V vs. Hg/HgO. 
Just prior to reaching this value, the potential 
fluctuates erratically. 

We now turn to a more detailed study of the 
initial portion of this curve, which will be referred 
to as the "Cu2O formation" region. A series of 
charging curves for this region were recorded at 
various current densities covering a range of two 
decades. The results for runs at 25 "C will be 
described first. 

The characteristic inflection point at L, Fig. 1,  
was taken as indicating the onset of a new elec- 
trode process, most probably CuO formation. 
Provided oxidation was carried well beyond point 
L, its position could usually be determined graph- 
ically. In order to measure the current efficiency 
for oxidation up to point L, however, an alterna- 
tive method was used which allowed the current 
direction to be reversed, and cathodic reduction 
carried out, as soon as this point was reached. 
The method involved monitoring the time deriva- 
tive of the anode potential. Since the derivative 

Charge p a s s e d .  m C  

FIG. 1. Anodic polarization curve for copper, ex- 
tending from the Cu/Cu20 rest potential up to the oxygen 
evolution region. (Temperature 25 "C, current density 
6.7 pA/cm2.) 
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> -0.m 

\ 
Time + 

-0.60 

FIG. 2. Oxidation and reduction curves for Cu20. 
(Temperature 25 "C, current density 10.1 PA/ cm2, oxida- 
tion and reduction periods are each 90 s.) 

passed through a sharp maximum at L, cathodic 
reduction could be started as soon as it was 
evident that the maximum had been passed. 

A potential-time curve obtained in this man- 
ner is depicted in Fig. 2. The oxidation section 
consists of an initial rapid rise of potential with a 
small, rounded peak, followed by a long, more or 
less linear, region in which the potential increases 
gradually. Finally, a more rapid increase toward 
the inflection point L occurs. The reduction curve 
consists of only one plateau followed by a rapid 
drop to hydrogen evolution. All reductions were 
carried out at a current density of 10.1 pA/cm2. 
The reduction plateau was not always horizontal, 
particularly for films formed at high current 
densities, where there was instead a linear region 
of negative slope. 

Effect of Current Density 
The effect of current density on the shape of the 

oxidation curve is seen in Fig. 3. The amount of 
charge q, consumed during oxidation from zero 

FIG. 3. Polarization curves for Cu20 formation. 
(Temperature 25 "C; current densities of 4.7, 33.5, and 
101 pA/cm2.) 

I I I I I I 
'0 10 20 30 4 0  5 0  6 0  70 

On (current  densi ty ,  vA/crn2)  

FIG. 4. Dependence of the Iimiting oxidation charge 
for Cu20 formation on current density. (Temperature 

0- \ 

time up to point L is depicted as a function 
of current density in Fig. 4. A plot of q, vs. 
In (current density) appears to be approximately 
linear, and a least-squares straight line has been 
drawn through the points. It is clear that the 
reproducibility is poorer at the low current 
densities. 

The current efficiencies for Cu20  formation, 
measured from curves of the type shown in Fig. 2, 
were always 100 $- 2 %, even at the lowest current 
density. Hence, the mean limiting film thickness 
X, can be estimated from either the oxidation 
charge or the reduction charge, assuming a rough- 
ness factor of unity, and using the bulk density of 
Cu20, 6.0 g/cm3 (16). The thicknesses, X,, cal- 
culated in this manner range from about 5 to 15 A. 
No correction of X, for double-layer capacitance 
was made. Assuming the ionic double-layer 
capacitance to be of the order of 20 to 40 pF/cm2, 
the fraction of q, used in double-layer charging 
will be small, even at the highest current density. 
For example, withq, E 0.4 mC/cm2 and a poten- 
tial range of -200 mV, the double-layer charge 
amounts to  only 1 to 2 % of q,. 

Inflection Point, L 
As stated earlier, the marked increase of poten- 

tial in the vicinity of point L was taken to indicate 
the onset of a new electrode reaction. This inter- 
pretation is supported by the fact that whenever 
oxidation was carried past point L, an additional 
cathodic reduction plateau appeared at about 
-0.27 V vs. Hg/HgO, the associated charge for 
which depended on the amount of charge passed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DIGNAM AND GIBBS: ANODIC OXIDATION OF cu 1245 

-- I D 0  200 I 330 1 4 W  I 500 
I I 

T ime ,  r 

FIG. 5. Open-circuit potential decay curves starting 
at various points along the anodic polarization curve. 
(Temperature 25 "C, polarizing current density 6.7 PA/ 
cm2.) 

beyond point L during oxidation. Further sup- 
port comes from open-circuit potential decay ex- 
periments. Figure 5 shows an anodic polarization 
curve recorded at 6.7 pA/cm2 up to an overpo- 
tential of 400 mV, along with decay curves re- 
corded at four different starting overpotentials. 
The inflection point L occurs at an overpotential 
of about 145 mV. Curve A ,  which originates be- 
low this point, drops rapidly and approaches the 
zero overpotential line in a straightforward man- 
ner. However, curve B, which begins above the 
inflection point, displays a subtle kink near the 
beginning, a hint of the additional plateau which 
is shown with increasing prominence in curves C 
and D. The onset of the kink was observed to 
begin at an overpotential coinciding within ex- 
perimental uncertainty to the position of the in- 
flection point. 

Eflect of Teinpe~ature 
Two series of experiments similar to those de- 

scribed for 25 "C were carried out at temperatures 
of 14 and 36 "C, respectively. The overpotelltials 

FIG. 6. Dependence of the polarization curve for 
C u 2 0  formation on temperature. (Temperatures of 36,25, 
and 14 "C; current density 6.7 pA/cm2.) 

were determined with respect to  the Cu/Cu,O 
rest potential at the experimental temperature. In 
Fig. 6 are shown three curves recorded at the 
same current density, one at each temperature. 
Two trends with increasing temperature are ap- 
parent: the overpotential for oxidation decreases, 
and the amount of charge q, increases. This be- 
havior is observed at all current densities. 

Discussion 
One of the features of the anodic charging 

curves which must be accounted for by any pro- 
posed mechanism for Cu,O formation, is the 
existence of a limiting film thickness. Thus, any 
viable mechanism must account for the rapid in- 
crease of overpotential in the vicinity of point L 
followed by the onset of a new anodic process. 
A number of possible explanations were con- 
sidered, including rate control by ( I )  a diffusion 
process within a film assumed to be uniformly 
distributed over the surface, (2) electron tunnel- 
ling, and (3) diffusion of a reactant in solution. 
None of these approaches gave results consistent 
with the data. The proposed model, which was 
found to be in excellent agreement with the data, 
is described in the following sections. 

Nucleation; Two-Dimensional Growtlz 
We suppose that upon application of current, 

patches of oxide nucleate rapidly at energetically 
favorable sites on the metal surface, and that 
these nuclei subsequently grow laterally and even- 
tually coalesce to cover the surface. It is clear that 
for such a mechanism the measured film thickness 
X must be interpreted as a mean value. 

One mechanism which will give rise to this type 
of growth follows. The forward electrochemical 
step is assumed to involve the discharge of an 
hydroxyl ion at the bare metal surface to form a 
mobile surface species (OH), 

kr' 
[I'l OH,,- - (OH), + e 

This adsorbed intermediate can either undergo 
an electrochemical reaction which is the reverse 
of (1') 

kr 
[I1 I (OH), + e -4 OH,,- 

or it can move about the surface, periodically en- 
countering the growing oxide patches. Successful 
encounters lead to formation of metal oxide at 
the peripheries of the patches. For example 
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ks 
[In I (OH), + M -+ M-OH 

followed by a fast reaction such as 

[IVI M-OH + (OH), -+ MO + H,O 

where MO represents the oxide product. It is to 
be noted that this mechanism leads to lateral 
growth of the oxide patches, but not to an increase 
in their thickness. The oxide patches will therefore 
maintain essentially a constant thickness, X,, 
during their growth. Possible variations in the 
details of this mechanism will be discussed later. 

A DroDer treatment of this model must take . . 
account of impingement of growing oxide patches 
on one another. For this purpose, an adaptation 
(17) of an approach by Avrami (18) will be used. 
His result gives the fraction of the surface actually 
covered with oxide (X/Xo in the present case) as 

where we have assumed for simplicity that the 
patches (concentration N per unit area) are cir- 
cular cylinders of radius r. 

The radial growth rate of the centers will be 
proportional to the number of oxygen atoms in- 
corporated into the peripheries of the growing 
crystallites per unit time per unit peripheral 
length, which from reactions [111] and [IV] is 
given by k,[(OH),]. We can therefore write 

where Q is the volume of the oxide per oxygen 
atom. The current density i corresponding to film 
formation is clearly given by 

in which e is the charge on the proton. The factor 
2 is introduced since reaction [1'] must occur 
twice for each oxygen atom incorporated. Differ- 
entiating eq. [l ] with respect to t leads to the result 

Eliminating dX/dt, drldt, and r from eqs. [I  1, [2], 
[3], and [4] gives 

Now the rate of consumption of (OH,) per unit 
area of bare metal on the electrode via reaction 
[111] is given by 

The expression for the net rate of consumption of 
(OH), via reactions [I1], [11], and [111] can then 
be written (denoting by [OH,,-], the concentra- 
tion of hydroxyl ion in the pre-electrode layer) as 

Here we have made use of the usual equation 
relating current density and overpotential, q,  for 
an activation-controlled anodic process. 

Applying the steady-state approximation, i.e., 
setting d [(OH),]/dt - 0, and eliminating [(OH),] 
between eqs. [5] and [7] gives 

[8] i = i z y ( l  - X/X,)exp(eq/kT)/ 

(1 + azy. exp [(I - P)eqlkTl) 
where 

i, = 4e(kf'k,/kr)(Nn)1/2 [OH,, - 1, 
az = 4(~n)'/~(k,/k,) 

and 
y = [-ln (1 - X/X,)]~/~ 

Rearranging eq. [8], we obtain 

PI q = (kT/e){ln (ili,) 
+ In (y-I + a, exp [(l - P)eq/kT]) 

-In (1 - XlX,)) 

The first term is independent of thickness, while 
the second term varies with thickness in a com- 
plicated manner, both y and q being functions of 
X. This term will be important when Xi s  small, 
but the third term will clearly be the most im- 
portant one as X approaches X,. 

Nucleation; One-Dimensional Growth 
In the foregoing treatment, nucleation of oxide 

may be supposed to take place primarily at point 
heterogeneities on the metal surface. There is no 
reason, however, why growth of nuclei need be 
two-dimensional, and indeed one-dimensional 
growth, such as broadening of ribbon-like nuclei 
which have formed along linear heterogeneities 
(steps and/or grain boundaries) seems not un- 
likely. An equation for such a case can be derived 
in a manner similar to eq. [9]. In place of eq. [ l ]  
we write 

in which W is the total length of nuclei per unit 
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area, X, their thickness, and r the half-width of 
the growing nuclei in the direction in which 
growth occurs. Equations [2] and [3] are un- 
changed, but eq. [4] becomes 

[ I l l  dX/dt = 2W(X, - X) drldt 

This leads to the relation 

and we eventually obtain, analogous to eq. [9] 

[13] q = (kT/e) {In (i/i,) 
+ In (1 + a, exp [(l - P)eq/kT]) 

- ln (1 - X/Xo)} 
with 

il = 4 We(k,'k,/k,) [OH,,- 1, 
and 

a, = 4W(kslk,) 

This result is similar to eq. [9], differing only in 
the form of the second term. 

Test of Models 
An attempt was made to distinguish between 

the two types of growth by testing which equation 
best described the experimental results. The over- 
potential-thickness data for all runs were fitted 
to eqs. [9] and [13] by a non-linear least-squares 
method. The parameter P was set equal to 0.5, 
alternate values failing to give consistent improve- 
ment. The procedure amounted to choosing 
values of the three variables (In (ili,), a,, and X,; 
or In (ili,), a,, and X,) which minimized the 
variance in q. (Since q appears on both sides of 
the equations, an iterative method was used.) 

The standard deviations in q for the two 
equations are tabulated for runs at 25 "C in Table 
1. Comparison shows that in nearly all cases, eq. 
[13] gave a better fit to the data than did eq. [9]; 
in some cases the improvement is substantial. 
Similar results were found at 36 and 14 "C. 

Applying Snedecor's F-test at the 99% con- 
fidence level to the total variance in q on com- 
bining all the runs at a given temperature led to 
the result that the improved fit of eq. [13] over 
eq. [9] is statistically significant for the data at 
25 "C, but not for that at 14 or 36 "C. The data 
at 36 "C passes the test at the 95% confidence 
level, while that at 14 "C passes it at the 90% 
confidence level. To test the mechanisms further, 
we define C, and C, as follows 

TABLE 1 
Standard deviations in 11 for polarization data at 25 "C 

fitted in turn to eqs. [9] and [13] 

Standard deviation in 17 (mV) 
Formation current 
density (pA/cmZ) Equation [9] Equation [13] 

The important property of the Cj is that they are 
independent of the density of nuclei, a number 
which one would expect to vary considerably 
from specimen to specimen. The C, should there- 
fore display considerably less scatter than either 
the ij or aj, as indeed was found to be the case. 
Making use of the relationship 

the left-hand side of eq. [15] could be calculated 
for each run once the parameters In (i/ij) and aj 
had been found by the least-squares fitting pro- 
cedure. It follows that if either of the two mech- 
anisms is valid, a plot of the corresponding 
In (i/Cj) vs. In i must be linear with unit slope. 

The graphs of In (i/Cj) are shown for the runs 
at 25 "C in Fig. 7. The straight lines are least- 
squares lines of slope unity. The agreement is 
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2400 

I 
- 1  I I I I I 1 

1 2 3 4 5 6 

f n  ( i ,  ~ ~ / c r n ' )  

FIG. 7. Plots of (In i/C,) and (In i/Cz) vs. In iat 25 "C. 
(In both cases the slopes have been set equal to unity and 
the intercepts determined by least-squares.) 

clearly better for the one-dimensional growth 
mechanism, a result found to hold also for the 
corresponding plots at the other temperatures. 

Of course, the growth of nuclei need not be 
restricted to either one- or two-dimensions, but 
might instead be some combination of the two. 
The one-dimensional model, however, gives a 
consistently better fit, and one which is within 
experimental scatter. The remainder of the dis- 
cussion will therefore be concerned solely with 
this type of growth. 

Figure 8 illustrates how well eq. [13] is able to 
account for the form of the polarization curves. 
The agreement is excellent at low and medium 
current densities and quite good at the highest 
current densities. 

Calculation of kf and its Temperature 
Dependence 

From the expression for Cl 

[I61 Cl = kffe[OHaq-l, 

0 I I I I I I I 
2 4 6 8 10 12 

Film t h i c k n e s s ,  % 
FIG. 8. Comparison of experimental and calculated 

(eq. 1131) polarization curves using the least-squares 
parameters. The data are represented by open circles. 
(Temperature 25 "C.) 

it is apparent that a plot of In C, vs. 1/T will yield 
the Arrhenius activation energy for kf', provided 
that the temperature dependence of [OH,,-], 
may be neglected. If in place of the reaction step 
[1'], we write 

k f 
[I I HZO + (OH), + Ha,+ + e 

leaving the other steps unchanged, Cl will be 
given by 

where [H,O], is the surface concentration of 
water molecules in the pre-electrode layer. That 
the source of oxygen might be H,O rather than 
OH- seems not unlikely for the present system. 
In either event, however, the activation energy 
(corresponding to k,' or k 3  can be determined 
from the temperature dependence of C,. The 
value of In C1 at 25 "C is obtained directly from 
the intercept of Fig. 7, upper graph. Values for 
In Cl at 14 and 36 "C were obtained from similar 
plots for data at these temperatures, the three 
values being plotted against 1/T in Fig. 9. The 
points are collinear within experimental error, 
the vertical bars representing 95% confidence 
limits. The slope yields an activation energy of 
19.4 kcal/mole. 

In order to calculate the pre-exponential factor 
for k,' or k,, clearly we must choose between eqs. 
[16] and [17] (i.e., between reactions [I1] and [I]) 
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known. In the case of eq. [17], however, we may 
assume that the concentration of water in the pre- - 
electrode layer will be essentially that for bulk 
water, [H20], so that [H20], - [H20I2l3 = 

5 3 -  - 1.04 x 1015 molecules/cm2. This leads to 
- [18] k, = lo'3e3 exp (- 19 4 0 0 1 ~ ~ )  s-l 

which corresponds to an eminently reasonable 
2 - 

value for the pre-exponential factor (i.e., a value 
of the order of kT/h). 

'3 2 
I I 

3 3 3 4 35 
It should be noted that on replacing reaction 

lo'/ T [1'] with [I], the electrochemical step [11] is no 

FIG. 9. Arrhenius plot of C1 (Temperature in " K). longer the reverse of the forward electrochemical 
The vertical bars represent 95% confidence limits on Cl. step. Equation 1131 will apply to this case, there- 

fore, only if P has essentially the same value for 
and obtain an estimate of the relevant concentra- each of steps [I] and [11], a condition, neverthe- 
tion term. This is difficult to do in the case of eq. less, likely to be satisfied within experimental 
[16], since the relevant adsorption isotherm is not accuracy since P - 0.5. 

TABLE 2 
Least-squares parameters for the polarization data at 25 "C fitted to the one-dimen- 

sional growth equation, [13]* 

Formation current In il 
density, pA/cmZ (il in pA/cmZ) 

a! 
(dimensionless) 

*The numbers in parentheses are standard deviations. 
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Other changes in the details of the reaction 
mechanism may be made without bringing about 
any changes in the form of eq. [13]. For example, 
there are only mild restrictions on the nature of 
the surface intermediate and the solution species 
from which it is formed. Again, the fast reaction, 
[IV], may assume one of several forms. An alter- 
native to the one already suggested might be 

[IV'] M-OH + OH,,- -> MO + H,O + e 

in which case the expression for a, becomes 

Current Dependence of i,, a,, and Xo 
The least-squares parameters obtained on 

fitting the runs at 25 "C to eq. [13] (one-dimen- 
sional growth) are given in Table 2. In addition 
to the random scatter, a systematic variation of 
the parameters with the formation current density 
is evident, a result also found at 14 and 36 "C, as 
well as for the two-dimensional growth model. No 
systematic variation of i l /a ,  exists, however, as 
evidenced by the lack of any systematic deviation 
between the points and line of Fig. 7 (upper 
graph). This result is most easily accounted for by 
assuming that W, the total length of oxide nuclei 
on the surface, increases with increasing forma- 
tion current density, a result rather to be expected. 
That Xo, the thickness of the growing nuclei, 
should decrease with increasing formation current 
density is likewise not unexpected, since a more 
rapid lateral growth rate for the nuclei will pro- 
vide a shorter time for the maximum thickness 
to be achieved. On the basis of this explanation, 
a variation of Xo during a single galvanostatic 
run would also be expected, thus requiring a 
modification of eq. [13]. As Xo varies only slowly 
with i, however, its variation during a single run 
can be neglected to a first approximation. 

Concluding Rerlzarks 
The model has been shown to give an excellent 

quantitative account of the experimental data as 
well as providing an explanation for the extremely 
thin Cu,O films found. The slightly poorer agree- 
ment found for charging curves obtained at high 

current densities (Fig. 8) is probably due to the 
following: (I) no attempt has been made to allow 
for double-layer charging, (2) a steady-state ap- 
proximation has been made which will break 
down at sufficiently high current densities, and 
(3) the kinetics of formation of the nuclei have not 
been considered. 

The initial segments of the charging curves 
were not analyzed, since this would require de- 
tailed knowledge of the nucleation and double- 
layer charging processes. Furthermore, the 
steady-state approximation relating to the con- 
centration of (OH), could no longer be made. 

This work was supported by the National Research 
Council of Canada. One of us (D. B. Gibbs) also wishes 
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Ontario Graduate Fellowship and a National Research 
Council of Canada Studentship. 
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Complexes of stannic chloride and alkyl phenols and the influence of these 
complexes and of free phenol on the cationic polymerization of isobutene 

R. F. BAUER, R. T. LAFLAIR, AND K. E. RUSSELL 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received August 5, 1969 

The polymerization of isobutene in ethyl chloride solution at -78.5 "C has been studied using stannic 
chloride as catalyst and alkyl substituted phenols as cocatalysts. In preliminary experiments, the nature 
and extent of the complexing between phenols and stannic chloride was examined and it was shown that 
G-complexing occurs between the oxygen of the phenol and the stannic chloride. Equilibrium constants 
were determined over the temperature range 30 to -50 "C and were used, together with hydrogen 
bonding data, to estimate the concentrations of complex and free phenol in the polymerization mixtures 
at -78.5 "C. The active initiator in the polymerization is probably the G-complex but the free phenol acts 
as a chain terminating agent. This explains the ability of the cocatalyst to decrease the rate of polymeriza- 
tion under some experimental conditions. For isobutene concentrations up to 3 M and at constant 
dielectric constant the rate of polymerization and the molecular weight are proportional to the monomer 
concentration. A mechanism is proposed to account for the main features of the experimental results. 
Canadian Journal of Chemistry, 48, 1251 (1970) 

Introduction 
The low temperature polymerization of iso- 

butene to give a high molecular weight polymer 
can be effected by the addition of a variety of 
Lewis acids including aluminum chloride (I), 
boron trifluoride (2), titanium tetrachloride (2), 
and stannic chloride (3). Boron trifluoride, titani- 
um tetrachloride, and stannic chloride do not 
initiate polymerization by themselves but require 
a so-called cocatalyst to be present. The rate of 
polymerization varies with the nature of the 
catalyst and cocatalyst; the reaction is extremely 
rapid at low temperatures with boron trifluoride 
and water (4) but lower rates have been obtained 
with e.g. stannic chloride and water (3). The 
general field of cationic polymerization has been 
the subject of major reviews by Plesch (5), 
Pepper (6), and Kennedy and Langer (7) and 
these include critical summaries of recent work 
on isobutene polymerization. 

The influence of cocatalysts on the rates of 
other Lewis acid catalyzed reactions has also been 
studied, including the polymerization of a-methyl 
styrene (8) and the isomerization of 2-butene (9). 
It is generally agreed that initiation of polymeriza- 
tion occurs by transfer of a proton from the com- 
plex acid to the monomer to give a carbonium 
ion or ion pair. The exact nature of the complex 
acid is frequently not known but it is usually 
assumed to be a 1 : 1 or 1 :2 complex of catalyst 
and cocatalyst. Direct studies of complexing at 
room temperature show that, in some cases, at 
least 2 complexes coexist in solution. For ex- 

ample, Clayton and Eastham have studied the 
complexing between boron trifluoride and water 
in ethylene chloride solution (9) and have deter- 
mined the equilibrium constant for the reaction 
between boron trifluoride and its dihydrate to  
give the monohydrate at 25 "C. They show that 
the kinetics of isomerization of 2-butene may 
require the assumption that a third complex 
2BF,:H,O is the most active catalyst. 

In the present study we have chosen to use 
stannic chloride as catalyst because it gives rise to 
relatively low rates of polymerization of isobutene 
at low temperatures. In previous work with water 
as cocatalyst (10) it was found that the kinetics 
of polymerization at -78.5 "C in the solvent 
ethyl chloride could best be interpreted by as- 
suming that the initiator is a 1 :1 complex of 
stannic chloride and water, effectively all the 
water present being converted to this lowest 
hydrate if the stannic chloride concentration is 
sufficiently high. Very little evidence existed for 
5-coordinate tin at that time although Ulich et al. 
(I I) had suggested in 1932 that 1 : l  complexes of 
stannic chloride and ketones or ethers exist in 
equilibrium with 1 :2 complexes. More recent 
studies (12) have shown that 1 :1 complexes 
frequently occur in solutions of oxygen- and 
nitrogen-containing donors and that the equbili- 
rium constant for 1 :1 complex formation is 
generally greater than the equilibrium constant 
for 1 :2 complex formation from donor and 1 :1 
complex. The concentration of 1 :2 complex is 
usually low if the donor is weak or if complex 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1252 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

formation is subject to considerable steric hin- 
drance. It has been suggested that higher com- 
plexes of stannic chloride and acetic acid e.g. 
SnC1,-3CH,COOH, exist in solution at room 
temperature (13). Results for this system are 
however difficult to interpret and it is unlikely 
that significant concentrations of higher com- 
plexes exist in solutions of stannic chloride and 
the cocatalysts employed in the present work. 

It was known from earlier studies that although 
phenol is a more active cocatalyst than water, it 
gives measurable rates of polymerization at 
-78.5 "C. It was anticipated that the extent of 
complexing with stannic chloride could be con- 
trolled by use of ortho substituents in the phenol 
and that the effect of both catalyst complex and 
free phenol on the rate and degree of polymeriza- 
tion could be studied. The solubilities of phenols 
and their complexes with stannic chloride in ethyl 
chloride - isobutene mixtures are appreciable so 
that all reaction mixtures should be homogeneous. 

Phenol interacts with stannic chloride via the 
oxygen atom to form a o-complex and via n- 
electrons of the aromatic ring to form a n- 
complex; it also undergoes hydrogen bonding. In 
the present work the formation of o-complexes 
and hydrogen-bonded phenol dimers has been 
investigated by means of nuclear magnetic reso- 
nance (n.m.r.); the formation of n-complexes has 
been studied using ultraviolet (~1.v.) measure- 
ments. The concentrations of catalyst complex 
and free cocatalyst in the polymerization mix- 
tures were then calculated using the results of the 
preliminary equilibrium studies. Rates and de- 
grees of polymerization have been determined 
for a wide range of initial experimental conditions 
and a simple mechanism is proposed which 
accounts for the main features of the results. 

Experimental 
Materials 

Isobutene (99.6%, Phillips Petroleum Co.) and ethyl 
chloride (Ohio Chemical Co.) were subjected to 8-10 
bulb-to-bulb distillations from -78.5 to - 196 "C on the 
vacuum line and stored at - 78.5 "C. Isobutane (Matheson 
instrument grade) was dried over molecular sieves and 
distilled 4 times on the vacuum line. Stannic chloride was 
given 3 bulb-to-bulb distillations on the vacuum line 
before use in spectroscopic studies. For kinetic work, 
distillation was continued until a mixture of isobutene, 
ethyl chloride, and stannic chloride showed no observable 
polymerization over a period of 1 h. 

The 2,3,4,6-tetramethylphenol was recrystallized from 
an ethanol-water mixture. Other phenols were used as 
received from the Aldrich Chemical Co. Phenol-d was 

prepared by dissolving phenol in methanol-d and evap- 
orating the methanol under reduced pressure; the process 
was repeated. Reagent grade benzene, toluene, niesitylene, 
and methylene chloride were degassed on the vacuum line 
and stirred with Drierite for several hours. Diisobutylene 
(Eastman Kodak) was used as solvent in the determina- 
tion of intrinsic viscosities of polymer solutions. 

Procedure 
(i) Spectroscopic Studies 
Spectra in the near U.V. of solutions of stannic chloride 

and aromatic hydrocarbon or phenol in methylene 
chloride were obtained at room temperature using a DK-1 
spectrophotometer. Solvent and hydrocarbon or phenol 
were placed in a closed optical cell of 1 cm path length in 
an atmosphere of dry nitrogen and stannic chloride was 
added from a micrometer burette. The mixture was stirred 
with a motor-driven stirrer. Spectra at low temperatures 
were determined using a Unicam SP-800 spectropho- 
tometer. The cylindrical cell of 5.52 cm path length was 
similar in design to one used by Caldin and Trickett (14) 
for low temperature optical measurements. The cell was 
maintained at low temperatures by a surrounding bath of 
methanol which was cooled by Dry Ice and controlled to 
k0.1 "C by a thermistor unit. 

The n.m.r. spectra of solutions of stannic chloride and 
phenols were determined using a Varian A-60 spec- 
trometer equipped with a V-6040 variable temperature 
controller. Solutions were made up in an atmosphere of 
dry nitrogen and used immediately since the spectra 
changed over a period of a few days. The solvent was 
normally chloroform-d but in some experiments at very 
low temperatures a mixture of chloroform-d and methyl- 
ene chloride-& was used. The temperature of the probe 
was estimated from the separation of the methyl and 
hydroxyl proton peaks in pure methanol. Tetramethyl- 
silane was used as internal reference. 

(ii) Polynierization Teclrniqrre 
Polymerization mixtures were made up using a vacuum 

technique similar to that employed in earlier work (10). 
The reaction tubes were evacuated at about 300 "C and 
filled with dry nitrogen. A known amount of phenol was 
introduced by weighing or by nlicronleter burette and the 
tube evacuated while the phenol was cooled by liquid 
nitrogen. In some experiments with phenol and phenol-d, 
the reaction tube was evacuated and the phenol intro- 
duced by freezing down a known pressure from a bulb on 
the vacuum line. Stannic chloride and ethyl chloride were 
added and the mixture warmed until mixing occurred. 
The mixture was again frozen, isobutene was added, and 
the tube was sealed. 

For rate measurements at - 78.5 "C the reaction vessel 
consisted of a precision capillary tube with bulbs at each 
end. The frozen reagents in the larger bulb were warmed 
sufficiently to allow mixing to occur on shaking and the 
tube was then inverted and immersed in a Dry Ice - 
acetone mixture which had been prepared 3 h earlier in 
a strip-silvered Dewar flask. The level of the meniscus 
was determined using a cathetometer; it was found that 
non-reacting mixtures reached aconstant level after about 
70 s using this procedure. Rates of polymerization were 
determined from initial rates of change of height of 
meniscus knowing that 100% reaction gave rise to a 
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movement of 6.9 + 0.5 cm. The densities of isobutene 
and ethyl chloride at -78.5 "C are 0.708 g/ml (15) and 
1.027 g/ml(16) respectively. Initial rates of polymerization 
determined dilatometrically and by polymer precipitation 
agreed within the general reproducibility which was 
about + 8%. 

For molecular weight measurements and for rate 
studies at temperatures other than - 78.5 "C, the reaction 
vessel consisted of a simple tube of internal diameter 
10 mm. The frozen reactants in the sealed tube were 
warmed sufficiently to allow mixing t o  occur on shaking 
and the tube immersed in a Dry Ice - acetone mixture or 
placed in a thermostat whose temperature was controlled 
to + 0.2 "C. The polymerization was allowed to proceed 
for a measured length of time, the conversion being 
usually of the order of 15%, and the tube was then im- 
mersed in liquid nitrogen. Ethanol at -78.5 "C was 
stirred with the reaction mixture and the precipitated 
polymer was washed with ethanol, dried in a vacuum 
oven, and weighed. 

(iii) Molecular Weight Studies 
Molecular weight determinations were generally made 

by means of viscometry. Relative viscosities in diiso- 
butylene at 20.0 'C were determined using an Ubbelohde 
viscometer with a solvent flow time of 151.4 s. The 
average molecular weight AT was determined from the 
relationship (17) shown in eq. [I j. This equation was 

[1 1 log a = 5.376 + 1.56 log (In qJc) 

developed using fractionated polymers of narrow molec- 
ular weight range and the derived value of will only be 
close to the number average molecular weight, AT,,, if the 
polymer samples have a comparable molecular weight 
distribution. 

Gel permeation chromatography was used to obtain 
the molecular weight distribution and to afford a second 
estimate of average molecular weight. The Waters Asso- 
ciates instrument with a resolution of 998 plates/ft was 
calibrated using standard polystyrene and polypropylene 
glycol samples. The instrument was operated at 60 "C 
with a toluene flow rate of 1 ml/min and the polymer 
solution consisted of 0.005-0.01 g polyisobutene dissolved 
in 1 ml toluene. Molecular weights were calculated both 
by the Q factor method with Q = 21.7/i% and by the 
"universal" calibration technique of Grubisic et al. (18). 
Number average and weight average molecular weights 
were derived from the experimental data and viscosity 
average molecular weights were calculated using an a 
value of 0.64 (a is the exponent in the intrinsic viscosity - 
molecular weight relationship). 

Number average molecular weights for some of the 
polymer samples were determined using a Hewlett 
Packard Model 501 Membrane Osmometer with toluene 
as solvent. For low molecular weight samples (< 15 000) 
it was necessary to extrapolate the osmotic pressures to 
zero time to correct for a slight leakage of solute through 
the membrane. 

Results 
Complexes of Stannic Clzloride and Phenols 

The n.m.r. spectrum of a solution of an alkyl 
substituted phenol in chloroform-d is affected 

only slightly by the addition of stannic chloride 
at room temperature. With 2,6-dimethylphenol 
(0.52 M), for example, the addition of stannic 
chloride (0.21 M)  gives rise to a change in 6 for 
the OH proton from 4.57 to 4.67 p.p.m. At lower 
temperatures, stannic chloride causes a much 
larger change in the position of the OH proton 
resonance. At -46 "C the value of 6 for a 2,6- 
dimethylphenol solution (0.56 M)  is 4.92 p.p.m. 
but this changes to 5.40 p.p.m. on the addition 
of stannic chloride (0.21 M). No significant 
change in 6 is observed when stannic chloride is 
added to solutions of 2-t-butylphenol, 2-t-butyl- 
6-methylphenol, and 2,6-di-t-butyl-4-methyl- 
phenol. Each of these phenols possesses a t-butyl 
group in one of the positions ortho to the OH 
group and it appears that this large group strongly 
hinders the ability of the oxygen to enter into 
complex formation. It is concluded that com- 
plexing between the oxygen of the phenol and 
stannic chloride to give a o-complex is responsible 
for the increase in n.m.r. shift. 

In order to use proton shifts to estimate the 
amounts of o-complex present in solution, it is 
necessary to know equilibrium constants for 
dimerization of the phenols, ArOH, in chloro- 
form. 

The equilibrium constants were determined from 
n.m.r. data for phenol solutions in the tem- 
perature range 30 to - 50 "C. The results were 
interpreted by means of eq. [3], where 6,, 6, 

are the OH proton shifts for monomeric and 
dimeric phenol respectively and [P,], [P,] are 
the concentrations of phenol monomer and of 
total phenol in the solution. The assumption that 
hydrogen bonding leads only to dimers is prob- 
ably correct for all the ortho-substituted phenols 
but there is some evidence (19) that trimer is 
present in solutions of phenol itself. The equilib- 
rium constant for reaction [2], KH, is given by 
eq. [4]. 6, is obtained by extrapolating a plot of 

zObs vs. [P,] to zero concentration. Various values 
of 6, are then assumed and values of KH and 6, 
are chosen to fit the range of experimental data. 
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TABLE 1 

CHEMISTRY. VOL. 48, 1970 

TABLE 2 
Association constants, KH, at -40 "C and AH values for 

hydrogen bonding of phenols in chloroform 

KH AH 
Phenol (I/mole) (kcal/mole) 

Phenol 3.2 + 1.1 -4.2 f 0.5* 
2-see-Butylphenol 0.99 + 0.4 -4.6 + 1 .6  
2,6-Dimethylphenol 0.32 f 0.05 -2.2 + 0.5 
2,6-Diisopropyl- 

phenol 0.28 + 0.17 -5.6 f 1 .0  
2,3,4,6-Tetra- 

methylphenol 0.65 + 0.27 -2.2 + 0.5 
- 

*Quoted uncertainty takes into account uncertainty in individual 
values o f  KH and in slope o f  least squares line. 

The equilibrium constants at -40 "C and the 
values of AH for the dimerization are recorded 
in Table 1. 

The n.m.r. results for mixtures of stannic 
chloride and phenols are interpreted on the 
assumption that the only species present in solu- 
tion are the 1 :I o-complex of stannic chloride, X, 
the hydrogen bonded dimer of the phenol, and the 
free monomeric phenol. If the rate of exchange 
between these species is sufficiently rapid, the 
observed chemical shift for the OH proton, 6,,,, 
is given by eq. [5] where [P,] is the concentration 

of the phenol dimer; F,, 6, are known from 
hydrogen bonding studies. 6, was determined in 
the case of the 2,3,4,6-tetramethylphenol o-com- 
plex by cooling solutions of 2,3,4,6-tetramethyl- 
phenol and stannic chloride in a chloroform-d- 
methylene chloride-d, mixture to - 90 "C. 
Under these conditions an absorbance with a 
maximum shift of' 6 = 10.83 p.p.m. is observed 
in addition to absorptions associated with un- 
complexed phenol. The integrated area of the low 
field absorption is close to  that expected for the 
o-complex. The value of 10.83 p.p.m. was as- 
sumed for 6, for all o-complexes formed between 
stannic chloride and phenols. Values of [XI were 
derived using eq. [5]. Equilibrium constants Kx 
for the reaction 

Ar 

[61 ArOH + SnCI, S '0 + SnCI, 
/ 
H 

were determined over the temperature range 30 to 
-45 "C. Table 2 gives Kx at -40 "C and AHfor 
the complex formation. These values have been 

Equilibrium constants, Kx, at -40 "C and AHvalues for 
G-complex formation between stannic chloride and 

phenols 
-- 

Phenol 

Phenol 2.5 f 0.8 -7.5 + 1.0 
2-see-Butylphenol 2.0 + 0.5 -5.9 + 1.0 
2,6-Dimethylphenol 0.45 + 0.1 -3.6 f 1.0 
2,6-Diisopropyl- 

phenol 0.20 f 0.07 0 + 1 . 0  
2.3.4.6-Tetra- , , 

methylphenol 2.7 + 1.1 -5.0 + 1.5 

used to estimate the concentrations of complex 
and phenol monomer and dimer in solution at 
various temperatures; the results for a mixture of 
2,3,4,6-tetramethylphenol (0.027 M) and stannic 
chloride (0.185 M )  are shown graphically in Fig. 
1. With 2-sec-butylphenol, 2,6-dimethylphenol, 
2,6-diisopropylphenol, and 2,3,4,6-tetramethyl- 
phenol it is thought that the absolute concentra- 
tions of thevarious species at - 78.5 "Care known 
to better than + 20%. The assumptions that (i) 
phenol itself hydrogen bonds to give only dimer 
and (ii) complexes with stannic chloride to give 
only the 1 : 1 o-complex are probably not correct 
and the errors may be larger in this instance. 

An attempt has been made to estimate the effect 
of solvent on extents of complexing of stannic 
chloride and phenols. The n.m.r. spectra were 

dimeric 2,3,4,6-tetramethylphenol 

r" 
monomeric 

0 
U 

-80 - 6 0  -40 -20 - 0  
Temperature (OC) 

FIG. 1. Concentrations of monomeric and dimeric 
2,3,4,6-tetramethylphenol and of G-complex in chloro- 
form solution as a function of temperature. Initial stannic 
chloride concentration, 0.185 M; initial 2,3,4,6-tetra- 
methylphenol concentration, 0.027 M. 
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obtained of ethyl chloride solutions of 2-sec- 
butylphenol (0.75 M) and 2,3,4,6-tetramethyl- 
phenol (0.59 M) with and without stannic chlo- 
ride (0.2 M) in the temperature range 0 to - 50 "C. 
2-sec-Butylphenol hydrogen bonds to itself and 
o-complexes with stannic chloride to a lesser 
extent in ethyl chloride soluticn than in chloro- 
form solution. 2,3,4,6-Tetramethylphenol forms 
hydrogen bonded dimers and o-complexes with 
stannic chloride to about the same extent in the 
two solvents. Most of the polymerization experi- 
ments however were performed with a 3.2 11.1 
solution ofisobutene in ethyl chloride. The n.m.r. 
studies of tetramethylethylene-chloroform solu- 
tions of 2,3,4,6-tetramethylphenol and stannic 
chloride suggest that the extent of o-complexing 
may be slightly lower in polymerization mixtures 
than in ethyl chloride solution. The actual con- 
centrations of o-complexes in polymerization 
mixtures are thus probably overestimated when 
the assumption is made that they are the same 
as in chloroform solution ; the true concentrations 
are probably between 75 and 95% of the esti- 
mated values. 

In u.v. studies of solutions of stannic chloride 
(0.02-0.12 M) and phenols (0.02-0.1 M) in the 
solvent methylene chloride, it is found that the 
absorbance a t .  355 mp increases linearly with 
stannic chloride concentration at 25 "C for all the 
phenols studied. The absorbance is of the same 
order as that observed for alkyl benzenes such as 
toluene and mesitylene (13) and increases as the 
number of alkyl substituents is increased. The 
absorbance in the near u.v. of solutions of alkyl 
benzenes and stannic chloride has been ascribed 
to the formation of weak n-complexes and it is 
probable that a similar explanation applies to 
phenol - stannic chloride solutions. As the tem- 
perature is lowered, the extent of complex forma- 
tion slowly increases whether the donor is an 
aromatic hydrocarbon or a phenol. At -50 "C 
for a given stannic chloride concentration, the 
absorbance falls off slightly as the concentration 
of 2,6-dimethylphenol is increased but this is 
probably due mainly to the incidence of o-com- 
plex formation rather than to an appreciable 
proportion of the stannic chloride being con- 
verted to n-complex. In general the extent of n- 
complexing between phenol and stannic chloride 
appears to be small and its effect on the con- 
centrations of o-complex and free phenol has 
been neglected in this work. 

Polymerization Rates 
In the absence of a cocatalyst, stannic chloride 

does not initiate the polymerization of a solution 
of isobutene (3.2 M)  in ethyl chloride at - 78.5 "C. 
Addition of small amounts of phenol, 2-sec-butyl- 
phenol, 2,6-dimethylphenol, 2,6-diisopropyl- 
phenol, or 2,3,4,6-tetramethylphenol results in 
rapid polymerization with half lives of the order 
of 114 h. Reactions proceed to completion and 
the conversion of monomer to polymer follows 
an approximately first order curve when the 
polymer is soluble in the reaction medium. Ad- 
dition of the more hindered phenols, 2-t-butyl- 
phenol, 2-t-butyl-6-methylphenol, and 2,6-di-t- 
butyl-4-methylphenol, does not lead to polymer- 
ization and these phenols are therefore not con- 
sidered to be cocatalysts in this reaction. 

The cocatalytic action of the unsubstituted 
phenol has been investigated over a wide con- 
centration range (0.001-0.070 M )  and it is found 
that the rate of polymerization first increases with 
phenol concentration, reaches a maximum, and 
then decreases as more cocatalyst is added (Fig. 
2). In the low concentration range (0.001-0.01 M )  
replacement of the phenolic hydrogen atom by 
deuterium decreases the overall rate of polymer- 
ization by a factor of 2.5 +_ 0.5. Some of the 
results of the effect of phenol and stannic chloride 
concentration on the rate are given in Table 3. 
In the range of concentrations of 2,6-dimethyl- 
phenol and 2,3,4,6-tetramethylphenol convenient 
for dilatometric study (0.00LC0.02 M) the rate in- 
creases with increasing amount of cocatalyst. 
With 2-sec-butylphenol and 2,6-diisopropyl- 
phenol however it was convenient to use a con- 
centration range of 0.03-0.14 M and, under these 
conditions, the rate decreases with increasing 
cocatalyst concentration. The rate of polymeriza- 
tion rises when the stannic chloride concentration 
is increased (Table 3). 

The effect of monomer concentration on the 
polymerization rate at -78.5 "C when the con- 
centrations of stannic chloride and the cocatalyst 
2-sec-butylphenol are maintained at 0.185 and 
0.071 M respectively is shown in Fig. 3. The rate 
of polymerization reaches a maximum value of 
about 0.0025 mole11 s when the monomer con- 
centration is 2.3 M and decreases to about 1/10 
of this value when the monomer concentration is 
7 M. If however the dielectric constant of the 
medium is maintained constant by addition of 
isobutane, the overall rate of polymerization is 
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TABLE 3 

The effect of phenol and stannic chloride concentration on the rate of polymerization 
at -78.5 "C* 

Phenol Stannic chloride Polymerization 
concentration concentration rate x lo4 

Phenol (mole/l) (mole/]) (mole/l s) 

Phenol 

'3.2 M Isobutene in ethyl chloride. 

found to be proportional to the monomer con- 
centration for concentrations up to 3.2 M (Fig. 3). 
The results emphasize that the medium may exert 
a considerable effect on the rate of the cationic 
polymerization of isobutene. 

Molecular Weight Studies 
The polymer isolated with phenol, 2-sec-butyl- 

phenol and 2,6-diisopropylphenol as cocatalysts 
generally has an average molecular weight in the 
range 6000 to 60 000 under theconditions of these 
experiments (Table 4). Analysis by gel permeation 
chromatography shows that the molecular weight 
distributions of polymer samples are relatively 

- - 
narrow, values of M J M ,  being normally between 
1.3 and 1.6. When2,6-dimethylphenol and 2,3,4,6- 
tetramethylphenol are used as cocatalysts at low 
concentrations, the molecular weights determined 
by the viscosity method vary from 80 000 to 
300 000 and the values of R,/B, range as high 
as 2.8. Most of the polymer samples obtained in 

2 Phenol concentration x 10 (M) 

FIG. 2. Dependence of rate of polymerization at 
-78.5 "C on the concentration of added phenol. Initial 
stannic chloride concentration, 0.185 M; isobutene con- 
centration, 3.2 M. 
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this investigation are of narrow distribution and 
the viscosity method gives a fair estimate of the 
required &!in value; this has been confirmed ex- 
perimentally in the cases where comparative : 
measurements have been made with the mem- 
brane osmometer. For the samples of high 
molecular weight however, the quoted values are 
significantly higher than values of a,. 

The results in Table 4 show that the molecular 
weight decreases with increasing 2-sec-butyl- 
phenol concentration when the stannic chloride 
concentration is 0.185 M and the initial isobutene 
concentration is 3.2 M. Increasing the stannic 
chloride concentration at constant cocatalyst con- 
centration causes a small increase in molecular 
weight. Similar effects are observed when phenol, 
2,6-dimethylphenol, 2,6-diisopropylphenol, and 
2,3,4,6-tetramethylphenol are used as cocatalysts 
(Table 4). 2 4 6 8 

The influence of isobiltene concentration on Isobutene concentration (M) 

FIG. 3. Dependence of rate of polymerization on the polymer weight was determined monomer concentration; 0, dielectric constant decreases 
with a stannic chloride concentration of 0.185 M with increasing [MI; 0, constant dielectric constant. 

TABLE 4 
The effect of phenol and stannic chloride concentration on the molecular weight 

at -78.5 "C* 

Phenol Stannic chloride 
concentration concentration Molecular 

Phenol (molell) (mole/l) weight 

Phenol 

'3.2 M Isobutene in ethyl chloride. 
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TABLE 5 
Dependence of molecular weight on conversion* 
--- 

Stannic chloride 
concentration Conversion Molecular 

Phenol (rnole/l) (%) weight 

Phenol 0.037 
0.037 
0.037 

2,6-Dimethylphenol 0.185 
0.185 
0.185 

2,3,4,6-Tetramethylphenol 0.185 
0.185 
0.185 

*3.2 M Isobutene in ethyl chloride; approximate phenol concentration 0.02 M .  

and a 2-sec-butylphenol concentration of0.07 1 M. 
The molecular weight is proportional to the 
monomer concentration for [MI < 3 M but it 
reaches a maximum at 4 M isobutene and falls 
sharply beyond about 8 M isobutene (Fig. 4). If 
the dielectric constant of the medium is main- 
tained effectively constant through the addition 
of isobutane, the molecular weight results for 
isobutene concentrations up to 3.2 M are the 
same within experimental error as those observed 
when isobutane is not added to the system. 

The molecular weight does not vary greatly 
with extent of reaction for conversions up to 50 %. 
The results of some experiments are given in 
Table 5. 

2 4 6 8 10 
Monomer concentrat ion(M) 

FIG. 4. Dependence of molecular weight on monolner 
concentration. Initial stannic chloride concentration, 
0.185 M; 2-sec-butylphenol concentration, 0.071 M. 

Discussion 

Phenol, 2-sec-butylphenol, 2,6-dimethylphenol, 
2,6-diisopropylphenol, and 2,3,4,6-tetramethyl- 
phenol act as cocatalysts in the stannic chloride- 

catalyzed polymerization of isobutene in ethyl 
chloride solution at -78.5 "C. The hindered 
phenols, 2-t-butylphenol, 2-t-butyl-6-methyl- 
phenol, and 2,6-di-t-butyl-4-methylphenol show 
no cocatalytic behavior. All of these phenols form 
n-complexes with stannic chloride as judged by 
the development of an absorbance in the near U.V. 

but only the unhindered phenols are able to form 
o-complexes with the oxygen atom as donor 
center. It is thus likely that n-complexes of 
phenols and stannic chloride are not polymeriza- 
tion initiators and that o-complexing is necessary 
before an active initiator is developed. The n.m.r. 
experiments at -90 "C give a 6 value of the OH 
proton of 10.83 p.p.m. for the 2,3,4,6-tetramethyl- 
phenol - stannic chloride complex; this compares 
with a value of 12.42 p.p.m. for the BF,.H,O 
complex dissolved in acetone (20). The value for 
the monomeric 2,3,4,6-tetramethylphenol is 4.42 
p.p.m. and the large change is presumably asso- 
ciated with a considerable increase of acidic 
character when the phenol forms a o-complex 
with stannic chloride. 

The rate of polymerization of isobutene a t  
-78.5 "C with low co~lcentrations of phenol is 
reduced by a factor of 2.5 0.5 when the phenol 
is deuterated. The rate constant for propagation 
is probably not affected by deuteration of the CO- 
catalyst and i f  one of the rate constants for ter- 
mination is reduced there should be an increase in 
overall rate of polymerization. The observed iso- 
tope effect can therefore be interpreted as strong 
evidence that the initiation reaction involves 
proton transfer from the catalyst-cocatalyst com- 
plex to a monomer molecule. Water cocatalysis 
probably leads to a similar initiation process, for 
the overall rate of polymerization is reduced by a 
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factor of 1.7 f 0.3 when water is replaced by 
heavy water (23). 'he molecular weight of the 
polymer is simultaneously increased by a factor 
of 2 so that the isotope effect on the initiation rate 
is probably greater than 1.7. An isotope effect was 
observed in the polymerization of cr-methyl- 
styrene initiated by stannic chloride - water mix- 
tures at  55 "C (8) and was taken as evidence that 
the initiation step in this reaction also involves 
proton transfer. 

The kinetic studies give further information 
concerning the initiation process. The overall 
order of reaction with respect to  monomer is 
1.0 + 0.2 when isobutane is added to  ensure that 
the dielectric constant does not vary significantly. 
This order may be slightly less than the true order 
because replacement of isobutane by isobutene 
may affect the extent of o-complexing of stannic 
chloride and phenol. If the overall reaction is first 
order with respect to monomer and the polymer 
molecular weight is proportional to monomer 
concentration, the rate of initiation is independent 
of monomer concentration. Two mechanisms 
(eqs. [7a,b]) can be considered (7, 21). It is some- 

[7bl SnC14.CH2=C(CH3)2 + ArOH -> 

(CH3),C+ . o A ~ . s ~ c I ,  
what more plausible to  consider transfer of a 
proton from the strongly acid complex of stannic 
chloride and phenol to a x-complexed monomer 
molecule. The alternative reaction [7b] is not 
excluded with phenols as cocatalysts but it seems 
the less likely alternative with water as cocatalyst 
a t  - 78.5 "C. The ion pairs formed in the initiation 
reaction may be partly dissociated into free ions; 
conductivity studies of polymerizing mixtures 

indicate that the concentrations of such free ions 
must be verv low. 

The rate Bnd molecular weight results can be 
discussed in terms of the propagation reaction [8] 
and the termination reactions [9] and [lo]. It is 
recognized that reaction [9] can also give rise 
to  -CH=C(CH,), end groups and possibly 
C-[OAr] groups. The square brackets around 
the OAr in the C-[OAr] end groups indicate that 
the OAr group may be attached to  the polymer 
chain through the oxygen or through a carbon- 
carbon bond to the aromatic ring. 

The number of polymer molecules produced is 
usually only a small fraction of the number of 
molecules of catalyst-cocatalyst o-complex or of 
cocatalyst present in the reaction system. The 
molecular weight of the polymer produced does 
not increase with time (Table 5). I t  thus seems 
likelv that a steadv state concentration of car- 
bonium ion pairs is attained. The above kinetic 
scheme leads to  the following expression for R,,  
the overall rate of polymerization, 

where k , ,  k , ,  k t , ,  and kt, are the rate constants for 
reactions [7a], [8], [9], and [lo]. Experimentally 
it is observed that the rate of polymerization is 
propartional to  the monomer concentration for 
[MI < 3 M when [XI, [P,], and the dielectric 
constant of the medium are essentially constant. 
The kinetic results are thus consistent with a rate 
of initiation which is independent of monomer 
concentration. Further information is however 
required before the detailed nature of reaction [7] 
can be establisl~ed. 

Equation [I I ] may be written as eq. [12]. The 

I I 
~ C H ~ - ~ + ~ O ~ \ ~ . S ~ C I ~  + ArOH --+ -CH~-C-[OA~~ + SnC14.ArOH 

I 
CH3 CH3 
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FIG. 5. Plot of [X]/Rp vs. concentration of free nlonomeric phenol, [P,]. Initial isobutene concentration, 3.2 M. 

mechanism therefore requires that plots of [XIIR, 
vs. [P,] should be linear if the initial monomer 
concentration is constant. Approximately linear 
plots are obtained for all the phenols studied over 
a wide range of catalyst and cocatalyst concentra- 
tions; Fig. 5 shows the plot for phenol as  co- 
catalyst. This is taken as strong support for the 
mechanism and in particular for the importance 
of a termination step involving attack of the 
growing polymer chain on the free phe1101. Under 
some conditions, increase of cocatalyst concen- 
tration may cause [P,] to increase much inore 
rapidly than [XI and in this way give rise to the 
decrease in rate with added phenol which is ob- 
served with 2-sec-butylphenol, 2,6-diisopropyl- 
phenol, and phenol at  high concentrations. 
Values of /ct,/k,lci, derived from the slopes of 
[XIIR, vs. [P,] plots, are given in Table 6. These 
results apply to  the polymerization of 3.2 M in 
ethyl chloride at -78.5 "C and over ranges of 
catalyst and cocatalyst concentrations typified 
by the values in Table 3. 

to  be proportional to the monomer concentration 
under conditions when [P,] and [XI are essen- 
tially constant provided that [MI does not exceed 
3 M (Fig. 4). At higher isobutene conce~ltrations 
the molecular weight reaches a maximum and 
e v e ~ l t ~ ~ a l l y  decreases with [MI. This result has 
been observed with certain other initiators and 
has been interpreted by Plesch (22) in terms of 
chain-breaking impurities in the system. If im- 
purities are the cause of the rapid drop in molec- 
ular weight at  high [NI 1, their concentration must 
increase very rapidly with monomer concentra- 
tion. The intercept of the plot of IIDP vs. 1/[M] 
is clo.se to  zero if only monomer concentrations 
up to  3 M are considered (Fig. 6). This i~nplies 
that the transfer reaction between growing poly- 
mer cation and isobutene proceeds at a negligible 
rate at - 78.5 "C. 

TABLE 6 
Values of lc,-/lcik, and /c,,//c,, for the stannic chloride- 
catalyzed pol>mer~zation of isobutene in ethyl chloride 

at - 78.5 "C 
~ ~~ ~~~ ~ --. .. ~ . ." 

The mechanism predicts that the n~imber  ~'henol 28000 + 5000 0.45 + 0.15" 
average degree of po]ymerization, Dp, varies 2 - S W - B L I ~ Y I ~ I I ~ ~ O I  9 600 ? 3 000 0.22 + 0.06 

2,6-Dimethylphenol 730 k 300 0.05 k 0.02* 
with isobutene and phenol concentrations accord- ~ , ~ - ~ i i ~ ~ ~ ~ ~ ~ ~ l -  
ing to eq. [13]. The D P  is found experimentally phenol 2200 2 500 0.19 ? 0.05 

2,3,4,6-Tetraniethyl- 
1 1 phenol 20OOk 500 0.04 0.01" 
- [13] - -  - (k, + kt2[P,I) ~ 

D P  /;,[MI *Estimated errors based o n  least squares lines. Absolute errors 
probably greater (see test). 
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0.2 0.4 l,y.61 0.8 1.0 

FIG. 6. Plot of l /DPvs. l /[M]. Initial stannicchloride 
concentration, 0.185 M; 2-sec-butylphenol concentration 
0.071 M. 

For reactions in which the initial monomer 
concentration is the same, plots of l / D P  vs. [P,] 
give fairly good straight lines over the range of 
phenol and stannic chloride concentrations 
studied. Figure 7 is the plot for the cocatalyst 
2-sec-butylphenol. Linear plots are not obtained 
when l /DP is plotted against [XI (Fig. 8) showing 
that attack on the o-complex is not the major 
chain-breaking process. The results are therefore 
consistent with the assumption that the main 
mode of termination at  the relatively high free 
phenol concentrations of the present work in- 
volves attack by the growing polymer chain on 
the free monomeric phenol; a simultaneous 
attack on the free phenol dimer is not however 
excluded. Values of kt2/lc,, derived from the plots 
of 1/DP vs. [P,] are given in Table 6. Errors in 

FIG. 7. Plot of 1/DP VS. concentration of free rnono- 
rneric 2-sec-butylphenol, [P,]. Initial isob~~tene concen- 
tration, 3.2 M .  

the values of DP used in these plots may be par- 
ticularly large with 2,6-dimethylphenol and 
2,3,4,6-tetramethylphenol as cocatalysts because 
of the use of the viscosity method in estimating 
the average molecular weight, and values of 
k,,/k, for these phenols must be regarded as 
approximate. Combination of the results of rate 
and molecular weight measurements leads to 
rough estimates of k,, assuming that initiation 
proceeds by way of reaction [7a]. These rate 
constants are of the order of 10-5s- ' .  

The kinetic and molecular weight results do not 
distinguish between propagation by free ions and 
by ion pairs. A change in dielectric constant 
which greatly affects the rate of polymerization 
has practically 110 effect on the molecular weight. 
The lack of dependence of molecular weight on 
dielectric constant implies that the propagation 
rate and overall termination rate are affected to 
about the same extent. The higher rate of poly- 
merization in a medium of slightly higher di- 
electric constant must then be due to a higher rate 
of initiation of polymerization. The dielectric 
constant of the medium can affect concentrations 
of both ion pairs and free ions and the part they 
play in the initiation process remains unclear. 

The concentrations of free phenol and o- 
complex in the polymerization mixtures are not 
accurately known because of the uncertainty in 
Kx and ofthe simplifying assumptions concerning 
the nature of the o-complex and the hydrogen 
bonded polymers of phenols. Nevertheless the 
simple mechanism presented here explains the 

FIG. 8. Plot of IIDP vs. concentration of o-complex 
of 2-sec-butylphenol and stannic chloride. Initial iso- 
butene concentration, 3.2 M. 
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main features of the kinetic and molecular weight 
data. It predicts that a fraction of the 
contains end groups derived from the cocatalyst. 
The fraction of end groups derived from the 
phenol has been estimated for the cocatalysts 2- 
sec-butylphenol and 2,6-diisopropylphenol from 
U.V. absorption spectra of polyisobutene samples 
in chloroform solution. It is found that a high 
proportion of the polyisobutene molecules con- 
tain aromatic end groups when the concentration 
of free cocatalyst is of the order of 0.1 M. The 
mechanism also predicts the shapes of the plots 
of polymerization rate vs. phenol concentration 
for high concentrations of the cocatalysts 2,6- 
dimethylphenol and 2,3,4,6-tetramethylphenol. 
These predictions will be examined in future work. 
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Hydrogen bonding and long-range proton coupling constants in some ortho 
disubstituted aniline derivatives. Intramolecular proton exchange and degree 

of nonplanarity of the amino group 

R. WASYLISHEN AND T. SCHAEFER 
Cliet??islvy Depn1.1177e111, Utliuer.sily of iMrr17ifobn, Witltlipeg, Mntziloba 

Received October 22, 1969 

Long-range spin-spin c o ~ ~ p l i n g  constants over five bonds between the two amino protons and  the ring 
protons are reported for some ortho d is~~bs t i tu ted  aniline derivatives in cyclohexane and  benzene-d6 
solutions. Equal c o ~ ~ p l i n g  of both amino protons to fhe nieta protons in unsymmetrically ortho disubsti- 
t ~ ~ t e d  aniline derivatives indicates the occurrence o f  intramolecular exchange of the amino protons. 
The  absence of any observable c o ~ ~ p l i n g  over six bonds t o  the para proton places an  upper limit on the 
degree of nonplanarity of tlie aniino group in the 2,6-dibromo- and 2,6-dichloroanilines. A relatively 
basic compo~lnd  like 2,4,6-trimethylaniline does not display long-range couplings of the aniino protons, 
very likely because inter~iiolecular proton exchange occurs. 

Canadian Jou rn i~ l  oTChernistry, 48. 1263 (1970) 

Introduction 
Indirect spin-spin coupling constants of 

protons in a substituent to ring protons in 
toluene (I), benzaldehyde (2), and their deriva- 
tives (3-9) are well known. The coupling to a ring 
proton in the para position over six bonds, 6J, is 
apparently dominated by a o-n mechanism and 
its magnitude is therefore at  a maximum when 
the C-H bond in the side-chain lies per- 
pendicular to the plane of the benzene ring 
(10, 11). The coupling over five bonds to the 
meta proton, ,J, appears to have contributions 
from both o and o-7c mechanisms (9, 12). It is 
largest when the two C-H bonds are arranged 
as in 1 (X = C, N,  or 0 )  and is smallest in 2 
(8, 9, 12-14). Neither 'J nor ,J are markedly 

&, o., 
sensitive to the electronic nature of other ring 
substituents (1, 3, 7, 9) but may be influenced 
by the steric effects of the substituents on con- 
forn~ational preferences. 

Phenolic protons couple to ring protons in the 
meta position (13, 15, 16), particularly when an  
intramolecular hydrogen bond determines a 
planar conformation 1. The hydrogen-bond pre- 
vents rapid intermolecular exchange of the 
phenolic protons (16). Such exchange renders the 

coupling unobservable in a slow-passage single 
resonance experiment. 

Similarly, 5J:.NH = 0.7 Hz in N-methyl-2,4- 
dinitroaniline (17), where hydrogen bonding 
between the amino proton and the 2-nitro group 
results in a conformation 1 for the N-H and 
relevant C-H bond. No  coupling is observed to 
the other meta proton (H,). The presence of the 
N-H . . O  bond in ortho nitro aniline deriva- 
tives can be inferred from the low shielding of the 
amino proton (I 7-21), the infrared (i.r.) stretching 
frequencies (22-28), and the coplanarity of the 
nitro group as determined by X-ray measure- 
ments in the solid state (29). 

Spin-spin coupling between ring protons and 
both protons in the unsubstituted amino group 
has not been previously reported. We here report 
the observation of such couplings in a number of 
ortho disubstituted aniline derivatives. The 
occurrence of intramolecular exchange of the 
amino protons is inferred from the experimental 
data and a limit is placed on the degree of non- 
planarity of the amino group involved in intra- 
~nolecular hydrogen bonds. 

Experimental 
The aniline derivatives were obtained from Aldrich 

Chemical Company and were used without further 
purification. The  presence of small amounts of impurities 
is of no  importance as long as they d o  not lead to inter- 
molecular exchange of the aniino protons. Such exchange 
would render the long-range couplings unobservable. 
However, it is clear from the results that intermolecular 
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TABLE 1 

Amino and ring proton chemical shifts and spin-spin coupling constants in some ortho disubstituted anilines 
-- 

Chemical shift* Coupling constants.1 
Solvent -- 

Compound (concentration)$ Amino H3,5 H4 J::.N'4 Others 

2-Br-4,6-diN02 C61-I,, (insoluble) - - - 
csD6 (< 1) 5.93 7.871 (H3) 

8.540 (H5) 

'Ring proton chemical shifts are precise to at least 0.003 p.p.m. while amino proton shifts are precise to 0.01-0.02 p.p.m.; to low held of 
interns1 T M S .  . . . . -. . . -. - . . - - . 

tcoupling constants in Hz between ring protons are precise to at least 0.05 Hz while J"-N" are precise to 0.02 Hz. 
$Concentration of aniline derivative in mole %. 
§Unobserved. 

exchange was absent in all but the solutions of 2,4,6- 
trimethylaniline.' 

The anilines were normally prepared as 3 mole % 
solutions in cyclohexane or in benzene-d6 if their solu- 
bility allowed. Tetramethylsilane (TMS) served as an 
internal reference and locking signal in the measurement 
of the proton magnetic resonance (p.m.r.) spectra of the 
degassed solutions at 30 "C on a DA60I Varian spec- 
trometer operated in the frequency sweep mode. Peak 
positions were calibrated by reading sweep and manual 
oscillator frequencies at intervals of a few Hz. 

Results 
In Table 1 the proton chemical shifts relative to 

internal TMS and the observed proton-proton 
coupling constants are given. Complex spectra 
were analyzed as ABX, or AB2X,, not ABXX' 
o r  AB,XX1, cases. Line widths at half-height of 
the amino proton peaks varied between 13 and 
25 Hz at 60 MHz (14N quadrupole relaxation 
effects). 

The chemical shifts in benzene solution, 
although accurately measured, are sensitive to 
the concentration of the internal reference. At 

'Some authors (17, 30) have performed extensive 
purifications of solvents and m i n e s  but have not always 
observed long-range couplings. The solvents themselves 
may compete with the ortho substituents in forming 
hydrogen bonds with the amino group. Of course, that is 
the reason for using benzene-d6 and cyclohexane as 
solvents in the present study. In previous work in this 
laboratory we have carefully purified aniline but have 
never succeeded in observing long-range coupling of its 
amino protons. 

low concentrations of TMS the shifts depend 
linearly on TMS concentration. Our measure- 
ments show that the shifts in Table 1 lie within 
0.3 to 0.5 Hz (at 60 MHz) of the shifts extrapolated 
to zero concentration of TMS. For our Dresent 
purposes these deviatioi~s are of no i n t e r e ~ t . ~  

In the cyclohexane solutions the concentra- 
tions of TMS are not at all critical. 

In Fig. 1, the ring proton spectrum of an 11.8 
mole % solution (near saturation) of 2,6-di- 
bromoaniline in benzene-d, demonstrates the 
resolution attainable with a degassed solution of - 
an aniline derivative. Note the absence of observ- 
able coupling of amino protons to proton 4. The 
linewidth at half-height of the antisymmetric 
transition of proton 4 in this spectrum is less than 
or equal to 0.17 Hz. 

The sign of 5 J i , N H  in Table 1 is unknown. The 
analogous couplings in toluene, benzaldehyde, 
and phenol derivatives (3, 8, 13, 32) are positive. 
It is highly likely that 'J;lNH is also positive. 

Discussion 
The ring proton chemical shifts and the 

coupling constants between ring protons in 

2However, in the studies of solvent shifts induced by 
aromatic solvents (ASIS) the internal concentrations of 
TMS are seldom reported (31). For an ASlS of 1 p.p.m., 
relatively small differences in TMS concentrations could 
easily lead to differences of 0.03 p.p.m. in the ASIS 
values reported by different workers. 
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Table 1 are of interest in studies of substituent The observation of equal coupling of both 
effects and solvent effects on these parameters amino protons to any meta proton in Table 1 
and will eventually be fully discussed in connec- indicates an intramolecular exchange of the two 
tion with similar data on many benzene amino protons. This conclusion is reached as 
derivatives. follows. As discussed in the introduction. 'JHvNH 

I. 'J;sNH and Intramolec~~lar Hydrogen Bonding 
The absence of an  observable long-range 

coupling in 2,4,6-trimethylaniline3 implies the 
occurrence of intermolecular proton exchange. 
This implication is in agreement with the work of 
Rae (20), who shows that in substituted N-methyl- 
anilines the coupling between the amino proton 
and the methyl protons becomes unobservable 
due to rapid intermolecular proton exchange 
when pK, > 3.5 for the aniline derivative. The 
pK, of 2,4,6-trimethylaniline is greater than 3.5 
(33). On the other hand, the other compounds in 
Table 1 are clearly much less basic than the 
trimethylaniline. The observation of SJ:2NH and 
the implied lack of appreciable proton exchange 
in the other compounds, is probably related to 
the small fraction of amine molecules existing as 
the conjugate acid under the present solvent 
conditions. 

Consequently, the observation of 5 ~ ; . N H  in 
Table 1 does not prove the existence of intra- 
molecular hydrogen bonding. However, the 
relatively large deshielding of the amino protons 
caused by ortho halogen or  nitro substituents in 
Table 1 (the amino proton shift of aniline in 
cyclohexane is 3.35 p.p.m. from TMS (34)) is 
best interpreted (34) in terms of the formation of 
nonlinear N-H . . X  bonds when X = C1, Br, 
or  NO,. The N-H stretching frequencies in 
ortho substituted anilines have been variously 
interpreted (22,24-28) but have also been used as 
evidence in favor of intramolecular hydrogen 
bonds when X = C1, Br, or NO, (22). 

2. Intramolecular Exclzange of the Amino Protons 
An increase in the concentration of 2,6-di- 

bromoaniline to 1 1.8 mole % in benzene-d, and 
an increase in temperature to 60 "C produced no 
broadening of the ring proton peaks. Hence the 
mean lifetime before intermolecular exchange 
must be greater than 1 s even under these 
 condition^.^ 

3Decoupling of the 4-methyl protons leads to a septet 
for the ring protons, the peaks of which have widths at 
half-height of 0.25 Hz. 

4Long-range coupling of the amino protons was not 
observed in a recent study (35) of this compound as a 
20 weight % solution in carbon tetrachloride. 

, ,,. 
is stereospecific and in conformation 1 is equal to 
0.7 Hz but is near 0 Hz in 2. If 1 and 2 were inter- 
converting a t  a rate greater than about 0.7 s- '  
and were equally populated, the observed coup- 
ling to both meta protons would be (0.7 + 0.0)/ 
2 = 0.35 Hz (spin state of amino proton con- 
served during interconversion). In Table 1 the 
observed couplings are all near 0.35 Hz. 

However, in the presence of two, identical 
ortho substituents, a n  apparently equal coupling 
of the amino protons to both meta protons does 
not necessarily imply intramolecular exchange of 
the amino protons. For example, for 2,4,6-tri- 
chloroaniline the proton spectrum corresponds 
to the case AA'XX' in the absence of intra- 
molecular exchange. The four-bond coupling 
between the meta protons in the ring must be 
2.0 f 0.2 Hz, as follows from known additivity 
schemes for the effect of substituents on J(36) and 
from J;,H = 2.1 f 0.2 Hz in 1,3,5-trichloro- 
benzene (37). Hence, set JAAI = 2.1, JAx = J A I x 1  

= 0.7, and JAx, = JAIx = 0 Hz. Direct calcula- 
tion (38) then shows that for 'JHgNH = JXXI ,= 0 
Hz, the A region consists of a 1 :2:1 triplet w ~ t h  a 
spacing of 0.35 Hz. However, if JxxI = +_2 Hz, 
the A region consists of a 3:2:3 triplet with a 
spacing of 0.35 Hz. When J x x I  = + 3  T 1 o r  
f 1 T 1 Hz, the A resonance is more complex. 

In ammonia, J2JH,HI M 10Hz (39). In theaniline 
derivative, the hybridization state of the nitrogen 
atom probably lies between sp2 and sp3 (see 
below) in which case the coupling may well be 
lower than 10 Hz  in magnitude (compare 

H,H = - 12.5 Hz in methane (40) and 2JH,H = J 
2.5 Hz in ethylene (41)). In the absence of intra- 
molecular exchange, the observed 1 :2:1 triplet 
with a spacing of 0.35 Hz in 2,4,6-trichloroaniline 
would therefore exclude ' J H s N H  values lying be- 
tween the limits of f 3 T 1 and +_ 1 T 1 Hz. 
Therefore the observed triplet can arise either 
from certain reasonable values of 2 ~ H , N H  or  from 
intramolecular exchange which occurs with a rate 
constant, Ic > 0.7 n/ JZ  s-'. 

If the two ortho substituents are not identical, 
absence of intramolecular exchange entails dif- 
ferent chemical shifts of the two amino protons 
(compare 2,6-dichloro- and 2,6-dibromoaniline 
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in Table 1). For instance, in 2,4-dibromo-3,6- 
dichloroaniline a shift difference of 0.1 p.p.m. 
between the amino protons would, in the absence 
of exchange, give rise to a resolvable quartet in 
the ring proton spectrum instead of the observed 
triplet (this conclusion assumes an ABX spectrum 
with JAB I 14, J,, = 0.7, J,, = 0.0 Hz). Hence 
intramolecular exchange very probably occurs in 
this compound (the amino proton resonance is 
too broad to yield information on amino proton 
shift difference). 

In 2-bromo-4,6-dinitroaniline an equal coup- 
ling of 0.40 * 0.02 Hz to the two ring protons is 
again observed. An amino proton placed ortho 
to a nitro group has a shift of about 8 p.p.m. 
(18-21). The shift of an amino proton situated 
ortho to a bromine substituent is about 4 p.p.m. 
in benzene-d6 (Table 1). Rapid intramolecular 
exchange, with a mean lifetime prior to exchange 
of about lop3  s then causes an observed proton 
shift of about 6 p.p.m. in a2-bromo-6-nitroaniline 
derivative. The observed shift in our compound 
is 5.9 p.p.m. Consequently, both the long-range 
coupling magnitude5 and the observed shift are 
consistent with an intramolecular exchange of 
the amino protons in 2-bromo-4,6-dinitroaniline 
in benzene-d6 solution. Rapid intermolecular 
exchange would average the amino proton shifts 
but would also lead to apparently zero long-range 
coupling constants. Hence intramolecular ex- 
change is a necessary and sufficient condition for 
the observation of an averaged amino proton 
shift together with an averaged, non-zero long- 
range coupling of the amino and meta protons. 
The present data set an upper limit on the lifetime 
before exchange of amino protons. There is no 
reason to believe that intramolecular exchange 
does not also occur in the other hydrogen bonded 
anilines in Table 1. 

The intramolecular exchange may simply occur 
by rotation about the C-NH, bond. The N-H 
bond itself may be disrupted during the exchange 
(although this seems unlikely) without a loss in 
long-range coupling; as long as it breaks and 
reforms in a time short compared to the lifetime 
of the spin state of the protin. 

51n N-n-butyl-2,4-dinitroaniline in benzene-d6 solution 
we have observed 5J:5*NH = 0.78 f 0.02 HZ, suggesting 
that nitro groups increase the magnitude of 5J,H.NH over 
that observed for halogen substituents. The observed, 
averaged 5J,H*NH = 0.40 k 0.02 HZ, in 2-bromo-4,6- 
dinitroaniline is consistent with this suggestion. 

3. Planarity of the Amino Group 
In the gas phase the angle between the bisector 

of the HNH angle (1 14") and the extension of the 
C-N bond of aniline is 39" (42). Consequently 
the angle between the ring plane and the plane 
defined by the nuclei in the C-N-H bond is 20". 
When the amino protons are involved in intra- 
molecular bonds this angle may decrease. Infrared 
data (22) suggests an HNH angle of 115" in 
2,4,6-tribromoaniline and 2,4,6-trichloroaniline 
but an angle of 120" in 2,6-dinitroaniline. 
Coplanarity of the amino group and the aromatic 
ring is therefore indicated in the latter compound. 

The following arguments place a plausible 
upper limit on the degree of nonplanarity of the 
amino group in 2,6-dibromoaniline and 2,6- 
dichloroaniline. From the linewidth of the 
transition between the antisymmetric spin states 
in these compounds we conclude that 6 ~ : v N H  < 
0.07 Hz. 

J:8CH3 in toluene(1) and Jf.CHO in benzaldehyde 
(9) derivatives are evidently proportional to 
cos2 0 (x electron mechanism) where O is the 
angle between the H-C-C, plane and the px 
orbital on the C, carbon atom of the aromatic 
ring. Furthermore, as many as four halogen 
substituents do not significantly affect J:9CH3 (43). 
Turning to 5J::.NH in Table 1, their magnitude of 
0.35 $. 0.04 Hz compares with 0.37 $. 0.02 Hz in 
benzaldehyde (2) and a number of its halogen and 
nitro derivatives (9), and with 0.36 Hz in toluene 
(1) and some of its derivatives (3,4, 12,43). In all 
these cases, 5~:*XH is evidently largely inde- 
pendent of the state of hybridization of X or of 
the substituents in the ring. 

J?CHO = -0.03 Hz in benzaldehyde (2), a 
planar molecule (44). Furthermore, J : ~ ~ ~ ~ ' ~  z 0 
Hz in a,a,2,6-tetrachlorotoluene at -40 "C 
when the C-H bond of the dichloromethyl group 
lies in the plane of the ring (14). On the plausible 
assumption that J:,XH magnitudes depend pri- 
marily on geometry we write 

where J(n/2) and J (0 )  are the respective J values 
for coplanar and orthogonal conformations of 
the amino group relative to the plane of the 
aromatic ring. The methyl group in toluene 
rotates freely (45) and hence (cos2 8) = 112. 
But JH3CH3 = -0.62 Hz in toluene (1) and fhere- 
fore S$C'" = - 1.2 Hz for 0 = 0. 
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Hydrogen abstraction from toluene by methyl radicals and the 
pressure dependence of the recombination of methyl radicals 

A. N. DUNLOP,' R. J.  KOMINAR,~  AND S. J.  W. PRICE 
Depmttrletit of Ctlen~istry, Utlicersitjl of  Windsor, Wir~dsor, Ot~tario 

Received August 28, 1969 

Using diniethylzinc, dimethylmercury, and trimethylbismuth as sources of methyl radicals, values of 
kl/k2112 

have been calculated from 338 to 610 "C over the pressure range 4.5-204 mm. M is predoniinantly 
toluene. The observed pressure dependence of reaction [2] is in agreement with that found when M = 
benzene, but is somewhat greater, and the fall-off occurs at higher pressures, than for ethane dissociation. 
However, reasonable agreement is obtained if it is assumed that the efficiency of toluene as a third body 
in reaction [2] is abo~l t  1110th that of ethane. 

Extrapolation to infinite pressure, whereit is assumed that E2 = 0 and A2 = 1013.34 cm3 mole-' s - ' ,  
gives E, = 8.0 0.3 kcal mole-' and A ,  = 101'.07 cm3 mole-Is- ' .  

Canadian Journal of  Chemistry, 48, 1269 (1970) 

Introduction 

Previous investigations of the abstraction of 
hydrogen from toluene by methyl radicals have 
given activation energies from 7.3-9.5 kcal 
mole-' over the temperature range 100-300 "C 
(1-5). Previous discrepancies are discussed and 
the values reported are considered as a possible 
example of the temperature dependence of 
Arrhenius parameters. 

The pressure dependence of the recombination 
of methyl radicals and of the dissociation of 
ethane have been the subject of many investiga- 
tions. Eleven of these have been discussed in a 
review article (6). A further study by Trenwith (7) 
is included in results of the ethane dissociation 
discussed by Lin and Laidler in a theoretical 
paper (8). Using the classical Kassel theory, 
Loucks (9) found a value of s between 8 and 9 
best fitted his data for methyl-radical recombina- 
tion (200-300 "C). Grotewold et a/. (10) suggest 
that the observed pressure dependence of methyl 
radical recombination indicates a semirigid acti- 
vated complex and that, as a result, the commonly 
accepted A factor for this reaction at infinite 
pressure, 10'3,34 cm3 mole-' s-', is at  least an 
order of magnitude too large. These conclusions 
are not confirmed by other investigations and 

'Present address: Department of Applied Chemistry, 
University of Toronto, Toronto, Ontario. 

'Present address: Department of Chemistry, Waterloo 
Lutheran University, Waterloo, Ontario. 

seem unfounded. In particular, the results of 
Hole and Mulcahy (1 1) and the discussions of 
Lin and Laidler (8) indicate a rather loose 
complex. 

Experimental 
Mat eriats 

(a)  Dimethylnierc~lry was prepared by adding methyl 
magnesium iodide to an ether slurry of mercuric chloride 
(12). 

(b) Dimethylzinc was prepared by refl~~xing excess zinc 
metal with dimethylnierc~lry under a nitrogen atmosphere. 
After refluxing for 12 h, the fraction boiling at 41 "C a t  
712 Inn1 was removed. The reflux was allowed to continue 
for an additional 4 h, at which time the fraction boiling 
at 42 "C at 722 mm was collected. The alkyl was degassed 
and stored under its own vapor pressure at -78 "C. The 
diniethylzinc had a vapor pressure of 122 mm at 0 "C, 
which is in agreement with the literature (I 3). 

(c) Trimethylbismuth was prepared by adding an- 
hydrous bismuth trichloride to methyl magnesium iodide 
(14). The addition was carried out under a nitrogen 
atn~osphere over a period of 3 h. The mixture was refl~~xed 
for an additional 3 h. The excess Grignard was hydrolyzed 
by pouring the solution over an ice-water mix t~~re  con- 
taining ammonium chloride. The ether layer was sepa- 
rated, washed three times with distilled water, and dried 
over sodium sulfate. The ether fraction was removed at  
reduced pressure and the remaining solution fractionally 
distilled under a nitrogen atmosphere. The fraction 
boiling at 52 to 53.5 "C at 120mm was collected and 
stored under its own vapor pressure at -78 "C. Small 
fractions were discarded until the vapor pressure agreed 
with the literature value of 104 mm at 0 "C (15). 

((i) Toluene from sulfonic acid (Eastnian Organic 
X325) was prepared for use by refl~~xing over sodium 
under vacuum for 24 hand  then degassing twice by bulb- 
to-bulb distillation. 
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Apparatus and Procedure 
The experiments were carried out using the same plug- 

flow system previously used in studying the decom- 
position of dimethylmercury in a benzene carrier (12). 
The gaseous products which passed a trap at - 120 "C 
were analyzed using a Perkin-Elmer Model 154 gas 
chromatograph equipped with a 114 in. x 6 ft silica gel 
column. The column was maintained at 80 "C and a 
helium flow rate of 20 cm3/min was used. 

The liquid products which condensed along with the 
toluene in an  acetone -Dry Ice trap were analyzed using 
a Perkin-Elmer Model 800 gas chromatograph equipped 
with a 150 ft x 0.02 in. (inside diameter) Golay column 
coated with poly(propy1ene glycol) (isothermal operation 
at 50 "C; inlet pressure of N, carrier, 7 Ib). 

Results and Discussiqn 
The reactions of methyl radicals generated by 

the thermal decomposition of metal alkyls in the 
presence of a large excess of toluene may be 
represented by the following scheme 

At the temperatures used in the present work, 
338-610 "C, the C7H7 formed in reaction [ l ]  is 
predominalitly C,H,CH2. The work of Cher et al. 
(5) shows that El and Esid, should be virtually 
identical, while A, should be about 10°.04 greater 
than Asid, Therefore, although the Arrhenius 
parameters obtained in the present work refer to  
the overall abstraction process, they should not 
differ significantly from those associated with 
abstraction from the side chain of toluene. 

The experimental results are given in Table 1, 
and Arrhenius plots at various fixed pressures are 
shown in Fig. 1. The observed pressure effect is 
assumed to arise solely from the third-body re- 
quirements of reaction [2]. The infinite-pressure 
curve was obtained by extrapolation based pri- 
marily on the curves for the four highest pressures, 
using the procedure suggested by Oref and 
Rabinovitch (16). 

The pressure dependence agrees with that ob- 
served when M = benzene (17). If it is assumed 
that the efficiency of benzene and toluene as third 
bodies in reaction [2] is only about I/lOth that of 
ethane, then the present results agree very well 
with those of Trenwith (7), but show a somewhat 
stronger pressure dependence than suggested by 
Lin and Laidler (8). 

The Arrhenius curves of k,/k21/2 a t  infinite 
pressure and 4.5 mm may be represented, respec- 
tively, by 

TABLE 1 

Variation of ~ , / I C , ~ / ~  with temperature and pressure 
-- 

Total Tern- Number 
Radical pressure peiature of runs 
source mm K k,/k2'/2 averaged* 

'Number of runs averaged to obtain the given value of k 112. 

Variation in individual runs < ? 10% in the  value of k,,k21/2.1'k2 

(kl/k21/2), = 2.5 x lo4 exp (- 8000 
f 300/RT) mole- 'I2 ( ~ r n ~ ) ' ' ~  s- ' I 2  

and 
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DUNLOP ET AL.: ON METHYL RADICALS 1271 

(kl/k2"2),,, = 1 x lo6 exp (- I 1  900 
+ 300/RT) mole-'I2 (cm3)'I2 s-'I2 - 

If E l  is independent of pressure, then E2 at 
4.5 mm is -7.8 kcal mole-'. This is consistent 
with the results of Hole and Mulcahy (1 1) who 
estimate that in the third-order region E2 = - 13 
kcal mole-'. 

In Fig. 2, the present results are compared with 
previous studies of reaction [I]. The work of 
Trotman-Dickenson and Steacie (1) agrees quite -- 
well with that of Mulcahy et al. (4) and of Cher ?, 
et al. (5), but has been omitted because of the - 
uncertainty in correction for isotopic impurity. r 

The latter two studies give El = 9.2 and 9.5 kcal $ - 
mole-', respectively. Over their concurrent tem- 
perature range, these two studies can be ade- 
quately represented by a single curve, the solid 
portion for curve 2 in Fig. 2. This may be some- 
what fortuitous since the results of Mulcahy et al. 
may be in a pressure dependent region and should 

I O ~ / T  

FIG. 1. Arrhenius plot of k1/k2'J2 at various pres- 
sures. Numbers beside the points indicate number of 
runs averaged to obtain the point. Full points are from 
curves of k,/kZu2 vs. pressure and are usually coincident 
with experimental points. Pressure: 0 , 4 . 5 ;  A, 24; 0 , 5 0 ;  
V ,  106; 0, 204 mm; I = infinite pressure; length of bar 
ind~cates estimated uncertainty in the extrapolated value. 

FIG. 2. Arrhenius plots of abstraction of hydrogen 
from toluene by methyl radicals. All values based on 
k - 1013.34 

2 - mole-' cm3 s-'. I, this work, bars indicate 
estimated uncertainty; 2, composite of results of Cher, 
Hollingsworth, and Sicilio (5) and of Mulcahy, Williams, 
and Wilmshurst (4); dashed curve indicates the additional 
temperature range covered by Cher et a1 (5); 3, Burkley 
and Rebbert (3); 4, Rebbert and Steacie (2). 

probably be decreased by about 0.1 log units, 
putting them more in line with those of Burkley 
and Rebbert (3) (curve 3, Fig. 2). 

The present results are basically in agreement 
with previous investigations, although the activa- 
tion energy obtained is 1.2-1.5 kcal below the 
most recent results at lower temperatures (4, 5). 
At least part of this difference may be real. 
Marshall and Purnell (18) predict a minimum 
temperature dependence of T - ' / ~  for the activa- 
tion energy of the abstraction reaction. This leads 
to an expected minimum difference of 0.3 kcal, 
compared to the experimental difference of 1.4 + 
0.6 kcal. Whether the actual temperature de- 
pendence could explain the complete difference 
is uncertain. 

The calculations of Marshall and Purnell also 
indicate that the A factor for reaction [2] a t  
infinite pressure should decrease by at least 0.15 
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log units from room temperature to 475 OK and 6. K. J. LAIDLER and D. J. MCKENNEY. IJZ The chem- 
istry of the ether linkage. Edited by S. Patai. Inter- then should show little variation from this tern- science publishers, rnc,, ~ ~ ~ d ~ ~ ,  1967, p, 193. 
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(1966). fore> that the curves shown in Fig' be 8. M. C. LIN and K,  J. LAIDLER. Trans. Faraday Sot. 

lowered by at  least 0.08 log units. This effect 64. 79 (1968). 
would also explain at  least a significant part of the 9. L.'F. ~ o u c ~ s .  can .  J. cllem. 45. 2775 (1967). 

curvature in the Arrhenius plot of k , , k 2 ~ / z  10. J. G. GROTEWOLD, E. A. LISSI, and M. G. NEUMANN. 
J. Chem. Soc. A, 375 (1968). 
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Radiolysis of ethyl iodide - chloromethane mixtures 

R. M. LEBLANC AND M. A. WEST' 
Dnvy Fnrnrlay Research Laboratory, Royal Itutitutiotr, Lotrdotl, W.1. 

AND 

J. A. HERMAN 
Ddpartetvet~t de chitnie, Utliversitd Laval, Qlrdbec 10, Qrrdbec 

Received November 7. 1969 

Mixtures of ethyl iodide with chloroform, carbon tetrachloride, and dichloronlethane have been 
irradiated with 60Co y-radiation. Reduced yields of iodine, hydrogen iodide, and hydrogen chloride from 
ethyl iodide - chlorofornl and ethyl iodide - dichloromethane mixtures and of chlorinated ethanes 
from ethyl iodide - chloroforn~ are attributed to radical scavenging by iodine and dissociative electron 
capture by the chlorinated methane. 

Electron capture by carbon tetrachloride followed by ion-molecule reactions between ethyl iodide 
cations and ethyl iodide, or neutralization of these cations by chlorine anions, explains iodine yields 
observed at low ethyl iodide concentrations in carbon tetrachloride greater than those expected on the 
basis of partition of absorbed energy. In this mixture, neutralization of an ethyl iodide cation by a 
chlorine anion gives rise to an enhanced hydrogen chloride yield. 

Canadian Journal of Chemislry, 48, 1273 (1970) 

Introduction 
Initial experiments to study the radiation- 

induced rearrangement of 2-phenylethyl iodide 
in solution in chloroform and carbon tetra- 
chloride indicated that solutions in the two 
solvents behaved quite differently (I) ,  although 
the physical properties of the solvents are similar. 
The role of these solvents in the radiolysis of a 
simpler iodide, ethyl iodide, was examined. In the 
solid phase, radiolysis of mixtures of ethyl iodide 
and carbon tetrachloride indicated that the 
iodine was produced by a sensitization mech- 
anism (2), and it was decided to examine the 
results with the same system in the liquid phase. 
The radiolysis of liquid ethyl iodide (3-5), 
chloroform (6,7), and carbon tetrachloride (7, 8) 
separately has been studied quite extensively,,and 
binary mixtures of chloroform and carbon tetra- 
chloride (8) and ethyl iodide with hydrocarbons 
(e.g. ref. 9) have been irradiated. 

In the present experiments, the yield of a major 
product from each component of the mixture 
irradiated was estimated and then plotted as a 
function of the composition of the mixture. The 
products determined were I, and HI from C,H,I; 
HCl from CHCI,, CCl,, and CH,Cl,; C,Cl, 
from CHC1, and CCl,; and a mixture of other 

'To whom all correspondence should be addressed. 

chlorinated products from CHCI, (the main 
components of the mixture are believed to be 
1,1,2,2-tetrachloroethane and pentachloro- 
ethane). 

Experimental 
The purification of ethyl iodide and carbon tetra- 

chloride has already been described (2). Chloroform 
(Fisher Certified Reagent) and dichloromethane (B.D.H.) 
were stirred successively with concentrated sulfuric acid, 
distilled water ( x  2), sodium bicarbonate solution, and 
distilled water ( x  2); then dried over anhydrous calcium 
chloride, and fractionated using either a preparative gas 
chromatograph (Wilkins Autoprep) or a column of 40 
theoretical plates. Middle fractions were collected and 
stored over phosphorus pentoxide in the dark until 
needed. 

Trichloroiodomethane was prepared by the method of 
Dehn (10). The colorless product (b.p. 140-142 "C/ 
760 mm) darkened rapidly and quantitative analysis was 
not feasible. Gas chromatography of the liquid using a 
flame ionization detector gave a major peak, assumed to 
be CCI,I, and a minor peak having the same retention 
time as C,C16. 

Samples of about 3 ml, prepared by weighing the 
components, were irradiated in Pyrex tubes. Air was 
removed by repeating cycles of freezing, pumping (to 
about 5 Torr), and thawing or by trap-to-trap distillation. 
Irradiations were carried out at room temperature 
(20-30°C) in 60Co "Gammacell 220" irradiators 
(A.E.C.L.) at doses ranging from 2 x 1019 to 5 x 10'" 
eV g- '  and a dose rate of -3 x loL7  eV min-'. 

Yields are reported relative to G = 15.6 for the Fricke 
dosimeter, but corrections were made for the low-energy 
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components in the cylindrical 60Co irradiator, which 
cause a significant increase in the energy absorbed by the 
iodine atoms (1 1). 

Chemical analysis of HCI and HI by spectrophotom- 
etry has already been described (2). Iodine was deter- 
mined spectrophotometrically. Standard solutions of I2  
in mixtures of the halogenated methanes were prepared 
to determine the wavelength of maximum absorption and 
the extinction coefficient of 1, in the solvent mixture used. 

The chlorinated ethanes were determined by gas 
chromatography using a Wilkins 204 chromatograph 
equipped with a flame ionization detector. Product peaks 
were identified by peak reinforcement using authentic 
samples of the substituted hydrocarbon. 1,1,2,2-Tetra- 
chloroethane and pentachloroethane (Aldrich) had the 
same retention time, and the peak due to these com- 
pounds is referred to as "CI4 + CIS product" and 
assumed to have the molecular weight of C2HC15. 

Results 
Irradiation of pure C,H,I, CHCI,, CCl,, and 

CH,Cl, gave yields of major products consistent 
with yields reported by other workers (3-7). 

Yields of I, from degassed mixtures of C,H,I- 
CHCl,, C,H,I-CCl,, and C,H,I-CH,Cl, are 
plotted in Fig. 1 against the electron fraction of 
ethyl iodide in the mixture. Figure 2 illustrates 
the effect of mixture composition upon the yields 
of chlorinated ethanes from CHCI, and CCl,. 
Figures 3 and 4 show the yield of HCl and HI, 
respectively, from the three mixtures. Most 
points represent the average of several determina- 
tions and the broken line represents the yield 
expected if the components of the mixture had 
no effect upon each other and if absorbed energy 
is partitioned between the components of the 
mixture in proportion to their electron fractions. 

The yield of I, and HI from C,H,I is rapidly 
reduced by added CHCl, or CH,Cl,, and almost 
no I, is released if the mixture contains an 

00 0.2 0.4 0.6 0.8 I .O 
ELECTRON FRACTION E T H Y L  IODIDE 

0.0 0.2 0.4 0.6 0.8 1.0 
ELECTRON FRACTION E T H Y L  IODIDE 

FIG. 2. Yield of C2C16 (0) and "CI4 + product" 
(@) from C2H51-CHC1, mixtures and yield of C,CI, 
(0) from C2HsI-CCI4 mixtures as a function of electron 
fraction ethyl iodide. 

electron fraction less than about 0.55 C,H,I. 
Similarly, added C2H,I rapidly reduces the yield 
of chlorinated ethanes and HCl from CHCl, and 
the yield of HCl from CH,Cl,. 

Addition of CCl, to C,H,I reduces the yield 
of I,, but only to a limiting value of G(1,) z 0.7, 
which is maintained until the proportion of 
C,H,I in the mixture falls below an electron 
fraction of -- 0.1. Carbon tetrachloride reduces 
the yield of HI from C,H,I more efficiently than 
CHCl, or CH,C12. Addition of C,H,I to CCl, 
has apparently no effect upon the yield of C,Cl,. 
Addition of small amounts of C,H,I to CCl, 
produces an initial large HCl yield (G(HC1) x 

0.0 0.2 0.4 0.6 0.8 I .O 
ELECTRON FRACTION E T H Y L  IODIDE 

FIG. 1. Yield of I, from C2HsI-CHCI, mixtures FIG. 3. Yield of HCI from C2H51-CHCI, mixtures 
(O), C2H51-CCI4 .mixtures (O), and C2H5I~CH,CI2 (O), C2H51-CCI4 mixtures (O), and C2HSI-CH2C12 
mixtures (A) as a function of electron fractlon ethyl mixtures (A) as a function of electron fraction ethyl 
iodide. iodide. 
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I 

ELECTRON FRACTION ETHYL IODIDE 

FIG. 4. Yield of HI from C2H51-CHCI, mixtures 
(O), C2H51-CCI4 mixtures (@), and C2H51-CH2C12 
mixtures (A) as a function of electron fraction ethyl 
iodide. 

8.5) which then falls, as more C,H,I is added, in 
a manner similar to the reduction in G(1,) upon 
addition of CC1, to C,H,I. 

Figure 5 shows the dependence of I, production 
on dose for various mixtures of C,H,I and CCl,, 

- - 
0.0 1.0 2.0 3.0 

A B S O R B E D  D O S E  (eV/ml x lot9) 

FIG. 5. Formation of molecular I, in C2H51-CCI, 
rnixt~~res as a function of absorbed dose. 0, pure CzHSI; 
@, 95 e %  C2H51; 0, 62 e% C2H51; A, 9 e% C2H51. 

IODIDE - CHLOROMETHANE MIXTURES 1275 

FIG. 6. Disappearance of molecular I2 in 1,-CCI, 
mixtures as a function of absorbed dose. 

and Fig. 6 shows the consumption of I, in 
irradiated mixtures of I, in CC1, as a function 
of dose. 

Discussion 
Four primary processes occur in mixtures of 

C,H,I with a chloromethane, RX, represented in 
this work by CHCl,, CCl,, and CH,Cl, 

Pal RX -A-> RX+ + e- 

[2b l -> RX* 

Further reaction of these ions and excited 
molecules occurs by capture of thermalyzed elec- 
trons, charge transfer, ion-molecule reactions, 
and decomposition of the neutral excited mol- 
ecules. These processes have already been de- 
scribed in detail (2) and are mentioned briefly 
below. 

Electron capture processes of organic halides 
are described by the following reactions 
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Positive charge transfer processes (eq. [5]) are 
possible since the ionization potential of RX is 
higher than that of ethyl iodide (12) 

Ion-molecule reactions involving the cation of 
ethyl iodide are possible, and one of the transient 
absorption bands observed in the pulse radiolysis 
of alkyl iodides has been attributed to either 
R21f or (RI), + (13), e.g. 

[6al C2H51+ + CzH51 -> (C2H51),+ 

[6bI + (CzHs)21+ + I 

The decomposition of C2HsI* and RX* can 
be represented by the following scheme 

Val CzH51* -> (CzH5 + I) 
1761 -> (C2H4 + HI) 

[81 RX* -> (R + X) + R + X 

The products of these reactions may react 
together or with the solvent, either in the spurs 
in which they are formed or after escaping from 
the spurs. The formation of HI in the radiolysis 
ofpure liquid C,H,I is explained by the following, 
in-spur, disproportionation reaction 

while iodine molecules arise from dimerization 
of iodine atoms both in the spurs and after spur 
expansion (5). 

Charge neutralization and radical recombina- 
tion processes are described below and correlated 
with the stable products observed. 

Some attempt has been made with the mixed 
halide systems studied' in this work to correlate 
"non-linear" effects with the electron attachment 
coefficients of the mixture constituents. In the 
solid phase, the calculated dissociative capture 
cross sections give a ratio oc-l,/oc,,51 of 16 (2), 
a value similar to the coefficients determined in 
the gas phase (14). It is reasonable to assume that 
in the liquid phase this ratio should be of the same 
order of magnitude as in the solid phase. In the 
gas phase, the electron attachment coefficient for 
CCl, is 9.0; C2HsI, 0.5; CHCl,, 0.6; and 
CH,Cl,, 5 x low3 (14), indicating that electron 
attachment by C,H,I is likely to be important 
in the radiolysis of C,H,I-CH,Cl, mixtures and, 
conversely, that electron attachment by CCl, will 
be important in the radiolysis of C,H,I-CC1, 
mixtures. (Although the electron attachment 
coefficients for I, and HI are significant (15), 

electron capture by these compounds can be 
neglected at the low concentrations present in our 
systems.) 

Chloroform and ethyl iodide have almost the 
same electron attachment coefficient, and the 
radiolytic behavior of a mixture of these two 
halides has thus been used as a model for com- 
parison with the mixture C2HsI-CCl, (and to a 
lesser extent, the mixture C,H,I-CH,Cl,). 

Radical Reactions at High Clzlorofortn 
Coizcentrations 

Radicals escaping from the spurs in irradiated 
pure CHC1, will be mainly C1 and CHC1, (which 
may also be produced by electron attachment) 
and they will react in the following manner (6,7) 

[9 I Cl + CHCI, -> HCI + CC13 

[lo] CHCIz + CHC13 -> CHzClZ + CCI3 

1 1 CHClz + CC13 -> CzHC15 

In the presence of ethyl iodide, free radicals 
from CHC1, may react with I,. These reactions 
include 

[I31 CI + Iz -> ICI + I 

[I41 CHCIz + Iz -> CHClzI + I 

and would lead to a reduction in both iodine and 
chlorinated ethane yields compared with the 
yields expected on the basis of the partition of 
absorbed energy. 

At high CHC1, concentrations (60.2 electron 
fraction C2HsI), reactions [13]-[15] would be 
expected to reduce the yield of C,Cl, formed by 
secondary radicals (CC1,) more rapidly than the 
yield of "Cl, t- C15 product" formed by primary 
radicals (CHCI,), as is observed (Fig. 2). A rough 
estimate (9) of molecular product yields based on 
free-radical mechanisms indicates that this mech- 
anism is consistent with the observed absence of 
I, at low C2H51 concentrations and ofchlorinated 
ethanes at high concentrations of C2H51. Since 
G(1) is about 10.2 for pure C2H51 (16) and 
G(radica1) is 11-12 for pure CHCI, (7), the net I, 
production would be expected to fall to zero for 
solutions where the electron fraction of C,H,I 
was less than 0.75. 

At the higher concentrations of CHCI,, the 
reaction of primary radicals from CHCI, with 
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C,H,I might be expected to reduce yields of the 
higher chlorinated compounds by reactions [16] 
and [17] 
1161 C1 + CzHsI -> HCI + CzH4.I 

[17] CHClz + CzHSI -> CHzC1z + CzH4.I 

If this were the case, small amounts of C,H,I 
would not change G(HCl), since reaction [16] 
would replace reaction [9] without effect upon 
the hydrogen chloride yield. The decrease in 
G(HC1) observed when C,H,I is added to 
CHCI, shows that these two reactions can be 
neglected. Since G(C1) z G(CHC1,) = 5.6 (7), 
the higher chlorinated products derived from 
CHCl, radicals cannot be reduced by reaction 
1171. 

In the C,H,I-CH,Cl, mixtures, no I, is 
observed at high concentrations of the chloro 
compound. A similar mechanism involving rad- 
ical scavenging by iodine atoms explains this 
result. 

Enhanced Iodine Yields at High Carbon 
Tetracl~loride Concentrations 

The absence of I, from mixtures of CHC1, and 
CH2C1, with small amounts of C2H51 contrasts 
with the enhanced iodine yield observed from 
C2H51-CCI, mixtures (Fig. 1). Trichloroiodo- 
methane, the expected radical scavenging product 
(eq. [15]), was not detected in irradiated C,H,I- 
CCl, mixtures. A peak tentatively assigned to 
this compound, or possibly dichloroiodomethane 
(b.p. of CC1,I is 142 "C and that of CHC1,I is 
132 "C (17)), was observed when irradiated mix- 
tures of CHC1, and C,H51 were analyzed by gas 
chromatography. This observation suggests that 
the reduction in iodine yield due to radical 
scavenging by iodine might be offset in part by 
subsequent reaction of the rather unstable CCI,I 
and ClI ill C2H51-CCI, mixtures (eq. [18]) 

[I81 C1 + CClJ (or CII) -> I + CC14 (or CI2) 

Bimolecular reaction of CC1,I to produce I, and 
C,Cl, is unlikely at the low radiolytic conversions 
used in this work. 

The iodine production vs. dose plot (Fig. 5) 
for C,H,I-CCI, mixtures gives some insight into 
the importance of reaction [18]. At low C,H,I 
concentrations, plots of I, concentration vs. dose 
consist of two parts: a non-linear region at doses 
less than 0.5 x 1019 eV/ml followed by a steeper 
linear region up to doses of 4 x 1019 eV/ml. 
Between 0.1 and 0.8 electron fraction C2H51 in 

CCl,, G(1,) increases from 0.3 to 0.7 as the 
absorbed dose is increased from 0.5 x 1019 to 
1019 eV/ml. The induction period is also present 
in plots of the disappearance of I, from I,-CC1, 
mixtures upon irradiation (Fig. 6). The initial 
rapid loss of I, is presumably due to radical 
scavenging. G(radica1s) from CCI, calculated 
from initial slopes in Fig. 6 is 17 and agrees with 
values found by Bouby et al. (18) and Chapiro 
(19) of 18.3 and 19 +_ 1, respectively. On the 
other hand, graphs of I, concentration vs. dose 
were perfectly linear for all mixtures studied (at 
an equivalent dose) of C,H,I-CHC1, and C,H, I- 
CH,Cl,. There seems to be good evidence, 
therefore, that reaction [18] explains the change 
of slope observed and consequently explains why 
CC1,I could not be detected by gas chromatog- 
raphy at doses of -5 x 1019 eV/ml in C,H,I- 
CCl, mixtures. 

The enhanced I, yields at low concentrations 
of C2H51 in CCl, cannot be accounted for on the 
basis of radical reactions [13]-[15], and are 
possibly due to energy transfer from ionized 
(eq. [5]) or excited (eq. [19]) CCl, molecules to 
C2H51 

1191 RX* + C2H51 -> RX + CzH51* 

and subsequent reaction of the "activated" 
C2H51 molecules to eventually give I,. However, 
these reactions (eqs. [5] and [19]) can also occur 
with CHC1, and CH,Cl,, which do not yield 
iodine when mixed with low concentrations of 
C,H,I and irradiated. If G(radica1) for these 
three chlorinated compounds is about the same, 
some other mechanism must be involved in the 
CCI, system. 

An alternative explanation for the I, produc- 
tion in CCl, mixtures at low concentrations of 
C,H51 is as follows: ejected electrons, reaction 
[2a], are removed by dissociative electron attach- 
ment by CCl, with the formation of C1-. Since 
the positively charged molecule RX' can migrate 
(20) (eq. [20]), C,H51 having a low ionization 
potential would be expected to trap the charge 
(eq. [5]) and subsequently take part in ion- 
molecule (eq. [6]) and neutralization (eq. [21]) 
reactions 

[21] CzHSI+ + C1- -> HCI + CzH4 + I 
Either reaction would result in a net yield of 
molecular I,. Although a similar process could 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1278 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

occur with the other two chlorinated compounds, 
their lower electron affinities would reduce its 
importance. In addition, CCl, radicals produced 
from CC1, by electron attachment are much less 
reactive towards I, than the primary radicals 
derived from CHC1, and CH,Cl,. 

Hydrogen Chloride Formation at High 
Concentrations of Chloronzethanes 

Extrapolation of G(HC1) from CCl, to zero 
electron fraction C2H51 (Fig. 3) gives a value of 
-8.5. The high HCl yield at low C2H51 con- 
centrations cannot be explained by reaction [16], 
but may arise through electron attachment 
(eqs. [4al, [21 I). 

Figure 3 suggests a "plateau" value for 
G(HC1) from reaction [21] of -4 and the 
g-value for eq. [16] will be given by g(C1) = 
g(HC1) = 8.5 - 4 = 4.5. This figure agrees 
with G(C1)cc,4 of 4.6 (21) and 3.5 4 0.35 (22). 

Increasing the electron fraction of C2H51 in 
CCl, from 0.01 to 0.1 causes a decrease in 
G(HC1) (Fig. 3). This result can be explained by 
the fact that the yield of chlorine atoms decreases 
as C2H51 is added, due to energy transfer 
processes (eqs. [5] and [19]). 

In the C2H51-CHCl, and C2H51-CH,Cl2 
mixtures, electron capture processes involving 
the chlorinated compounds are less important 
and the initial G(HC1) lower. In this, a decrease 
in G(HC1) due to energy transfer processes to the 
C2H51 (eqs. [5], 1191) is expected as the propor- 
tion of C2H51 is increased; this would not reduce 
G(HC1) to zero since HCl is also produced by 
reaction [21]. The importance of this reaction is 
governed by the relative electron affinities 
CCl, > CHCl, > CH,CI,, in agreement with the 
trend G(HC1)cc14 > G(HCl)c~cl, > G(HC~)CH,C,~ 
seen in Fig. 3. 

Reduced Iodine and Hydrogen Iodide Yields at 
Low Concentrations of Chloromethanes 

With all three chlorinated compounds, their 
addition in small quantities to C2H51 results in a 
decrease in the yield of both I, and HI and the 
appearance of HC1. At high concentrations of 
C2H51 (0.8-1.0 electron fraction C2H51), the 
energy is absorbed mainly by C2H51 and energy 
and charge transfer from the chloromethane to 
C2H51 will be slight. However, there will be com- 
petition'for thermalized electrons, the importance 
of capture decreasing in the series CCl, > 
C,H51 z CHCl, > CH,Cl,. The decrease in 

G(1,) with added chloromethane is observed to 
be in the same order as that of the importance of 
electron capture, suggesting that competition for 
thermalized electrons is the process responsible 
for the disappearance of molecular iodine. This 
explanation for the decrease in G(1,) is also 
consistent with the observed decrease in G(H1). 

Yield of Hexachlorot~7ethane in Carbon 
Tetrachloride Mixtures 

The yield of C2C16 from CCl, appears largely 
unaffected by the factors which govern the yield 
of I, from these mixtures (Fig. 2). One explana- 
tion is that C2C16 is formed only in spur reactions 
where radical scavenging by iodine is unlikely. 

Alternatively, the observed linear yield may be 
the result of competition between two reaction 
schemes which involve an ion-molecule reaction 
and a positive charge transfer process, respec- 
tively. At high CCl, concentrations, dissociative 
electron capture (eq. [4]) will give rise to an 
enhanced CCl, yield. At these concentrations, 
C2H,If ions (arising from positive charge trans- 
fer from CCl,+) cannot take a significant part 
(23) in the ion-molecule reaction (eq. [6]) but 
disappear by a charge transfer process which 
effectively removes CCl, radicals (eq. [23]), since 
the CC1,' ion produced will not give rise directly 
to C2C16 (the relative ionization potentials of 
C,H,I and CC1, are consistent with reaction 
[23 1). 
[23] C2H51+ + CCI3 -. CC13+ + C2HSI 

As the concentration of C2H51 is increased, 
reaction [23] will be reduced in importance 
because of the diminished yield of CCl, radicals 
(from consideration of energy absorption) and 
the gradual disappearance of C2H51f ions by 
reaction [6]. 
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Synthesis of an analog of ochrobirine 

R. H. F. MANSKE AND QUAZI A. AHMED 
Departtnet~t of Cl~emistry, Ut~iuersity of Wnierloo, Waterloo, Ontnrio 

Received November 18, 1969 

An analog of ochrobirine in which one of the rnethylenedioxy groups is absent has been synthesized. 

Canadian Journal  of Chemistry 48, 1280 (1970) 

In recent years several papers have appeared 
on the synthesis of ochotensine (1, 2) (I), ocho- 
tensimine (1, 3) (2), and their related analogs {mNH, (1,3,4). These alkaloids have various substituents o 
on the aromatic rings such as hydroxy, methoxy, 4 s 
or methylenedioxy besides an exocyclicmethylene 
or hydroxy (5) or  carbonyl (5) group in the 
5-membered ring. Recently Manske et al. (6) have 
reported the isolation and structure elucidation 
of ochrobirine (3) which possesses the spiro- 
structure with two hydroxy groups at  C-9 and 
C-14 of the 5-membered ring. 

We are interested in the total synthesis of 3 
which is the first example of an alkaloid possess- 
ing a spiro-structure in the naturally occurring 
benzylisoquinoline alkaloids having two hydroxy 
groups in the 5-membered ring. Moreover, its 
synthesis would add further confirmation to the 
structure given. Before proceeding with the 
synthesis of ochrobirine (3), we prepared a model 
compound 8, which the present communication 
describes. 

Homopiperonylamine (4) was treated with 

ninhydrin (5) in absolute ethanol at  0" for 25 min. 
The reaction mixture was then cooled to about 
-78" (Dry Ice - acetone) and dry hydrogen 
chloride gas bubbled over the surface of the 
mixture until a clear solution was obtained. 
Workup of the reaction mixture afforded the 
crystalline hydrochloride of 6 in 86% yield. The 
hydrochloride, on treatment with ammonium 
hydroxide, gave the free amine 6'  in 93% yield 
as yellow crystalline flakes, m.p. 164-165". The 
infrared (i.r.), nuclear magnetic resonance 
(n.m.r.) spectra, the analytical data of the amine 
6, and all the succeeding compounds were con- 
sistent with the assigned structures (see Experi- 
mental). The free amine was converted to the 

'After we independently obtained the desired Pictet- 
Spangler condensation product 6 by reacting homo- 
piperonylamine with ninhydrin, we became aware of a 
similal. condensation made by treating ninhydrin with 
3-hydroxy-4-methoxyphenethylamine to give 3-hydroxy- 
2-methoxyochotensinan-8,13-dione (a) in low yield 
(16.5 %). 
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MANSKE AND AHMED: A N  ANALOG OF OCHROBIRINE 1281 

N-methylamine 8 by refluxing with an aqueous 
mixture of formic acid and formaldehyde for 
5 min. The sodium borohydride reduction of the 
N-methylamine 7 in tetrahydrofuran-methanol 
for 24 h gave an oil. Chromatography of this 
product over neutral alumina afforded a di- 
hydroxy-N-methylamine in 75% yield. The i1.m.r. 
spectrum revealed it to be a mixture of 8 and 9 in 
the ratio 1 :2. Several attempts to separate 9 from 
8 on thin-layer chromatography over silica or 
alumina using different solvent systems were un- 
successful because of identical R, values of the 
compounds. The mixture shows a singlet of area 
3 at  2.60 6 assigned to the N-CH, group while 
a complex of area 4 at  2.70-3.45 6 is attributed to 
the protons at C-5 and C-6. A sharp singlet of 
area 1 at  4.74 6 is assigned to the proton geminal 
to the hydroxyl group at  C-9 (6) and two broad 
singlets of area 0.33 and 0.66 at  5.28 and 5.47 6 
are due to the protons geminal to the hydroxyl 
group a t  C-14 of 8 and C-14 of 9 (6). A singlet of 
area 2 at 5.74 6 corresponds to the methylene- 
dioxy group. The two singlets of area 1 a t  5.84 
and 6.55 6 are assigned to the aromatic protons 
at  C-1 and C-4 respectively; the other aromatic 
protons in ring D appear as a singlet of area 4 a t  
7.33 6. The synthesis of ochrobirine is in progress 
in our laboratories and will be the subject of a 
future communication. 

Experimental 
All melting points were taken on a Thomas Hoover 

apparatus and are uncorrected. Infrared spectra were 
determined on a Perkin-Elmer model 237B recording 
spectrophotometer in chloroform solution i~nless other- 
wise noted. Ultraviolet (11.v.) spectra were observed in 
95 %ethanol on a Cary model 14 spectrophotometer. The 
n.m.r. spectra were determined in deuteriochloroform 
containing tetramethylsilane as internal reference with a 
Varian A-60 spectrometer. 

Mnteriols 
3,4-Methylenedioxy-p-nitrostyrene was prepared em- 

ploying the method of Gensler and Sanloilr (8). Its 

reduction to homopiperonylamine (4) was carried out 
according to the procedure of Erne and Ramirez (9). 

At fen~pted Corzdensafion 
(I) The procedure of Beckett and Kelly (4) was 

followed. A mixture of the hydrochloride of 4 (0.20 g, 
0.99 mmole) and ninhydrin (0.177 g, 0.9 mmole) in 10 ml 
of ethanol and 3 ml of concentrated hydrochloric acid 
was heated to reflux over a period of 15 min, then 
allowed to reflux for 40 min. The reddish solution on 
cooling deposited colorless needles of the hydrochloride 
of 4 in almost quantitative yield (0.18 g); identified by 
m.p., mixed m.p., and i.r. spectrum. 

(2) A solution of the amine 4 (0.148 g, 0.89 mmole) 
in 5 ml of absolute ethanol was added to a stirred solution 
of ninhydrin (0.158 g, 0.89 mmole) in 5 ml of absolute 
ethanol in presence of 5 %  hydrochloric acid and the 
mixture was kept at 50-60" for 1 h. Work-up of the 
reaction mixture gave hydrochloride of 4 (0.13 g); 
identified by m.p. and i.r. spectrum. 

(3) A solution of ninhydrin (2.75 g,  15.4 mmole) in 
50 ml of absolute ethanol was placed in a 500-ml three- 
necked flask equipped with a mechanical stirrer, pressure 
equalized dropping funnel, and condenser provided with 
a calciun~ chloride guard-tube. The flask was cooled to 
0" in an ice-water bath and a solution of the amine 4 
(2.55 g, 15.4 mmole) in 25 nil of absolute ethanol was 
added over a period of 2 min from the dropping funnel 
under a nitrogen atmosphere. A white precipitate 
separated within 3 min and 50 n ~ l  more of absolute 
ethanol were added to facilitate the stirring of the 
mixture. After vigorously stirring the mixture for 25 min, 
the ice-water bath was replaced by a Dry Ice - acetone 
bath. The contents of the flask were stirred for an 
additional 5 min after which dry hydrogen chloride gas 
was bubbled over the surface of the mixture until all the 
precipitate had dissolved giving a clear slightly dark red 
solution. The Dry Ice bath was then removed and the 
solution slowly heated to 80-85" on a water bath and 
kept at this temperature for about 7 min with stirring. 
Most of the solvent was removed in a Buchi rotary 
evaporator under reduced pressure and the solution 
allowed to cool when crystals separated. The crystals 
were filtered and recrystallized from ethanol to yield 
5.3 g (86%) of the hydrochloride of 6 as light yellow 
needles, n1.p. 221-223" (sintering a t  219'); i.r. 
h,,,,(Nujol) 2733-2393 (ammonium bands), 1753, and 
1718 cm-' (carbonyl groups); U.V. 226.5, 252.5 (sh), and 
293.8 n ~ p  (log E 4.72, 4.22 and 3.71). 

Anal. Calcd. for Cl,H,,N04CI: C, 62.90; H, 4.10; 
N, 4.07. Found: C, 62.81; H, 4.01; N, 3.91. 

The hydrochloride (3.0 g) was placed in 50 n ~ l  of 
chloroform and the suspension cooled in an ice-water 
bath. A solution of 50 ml of an~n~onium hydroxide (5 %) 
was added with stirring and the organic layer separated. 
The alkaline aqueous solution was extracted once more 
with 25 n ~ l  of cl~loroform. The combined organic extracts 
were washed with water, dried over anhydrous sodium 
sulfate, and the solvent was removed in a rotary evap- 
orator under reduced pressure. Crystallization of the 
residue from a methylene chloride -methanol mixture 
afforded 2.5 g (93 %)of free base 6 as shiny yellow flakes: 
n1.p. 164-165"; i.r. 7 ,,,, (KBr) 3288 (NH), 1748, and 
1718 cnl-I (carbonyl groups); 11.v. 227, 252.5 (sh), and 
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293.7 mp (log E 4.62, 4.05, and 3.65); n.m.r. 6 1.95 (IH, 
s, NH), 2.78 (2H, t, J = 6 Hz, NCH,), 3.44 (2H, t, 
J = 6, benzylic CHZ), 5.80 (2H, s, methylenedioxy), 5.96 
( lH ,  s, H at CI), 6.66 (1H, s, H at Ca), and 7.77-8.23 
(4H, complex, H at C-10, 11, 12, 13). The NH proton 
at 1.95 p.p.m. exchanged with DzO. 

Anal. Calcd. for ClsHl ,N04:  C, 70.35; H, 4.26; 
N, 4.56. Found: C, 70.69; H,  4.55; N, 4.31. 

Preparation of N-Metliylatnine 7 
A solution of amine 6 (0.20 g, 0.65 mmole) in 2 ml 

each of 90% formic acid and 40% formaldehyde was 
refluxed with stirring for 5 min. The solution was then 
cooled and diluted with 5 nil of water and basified with 
concentrated ammonium hydroxide solution. The mix- 
ture was extracted twice with 25-1111 portions of methylene 
chloride. The organic layers were combined, washed with 
water, dried over anhydrous sodium sulfate, and evap- 
orated to dryness under reduced pressure. The product 
was twice crystallized from a mixture of methylene 
chloride and methanol to afford 0.085 g (40%) of 7 as 
yellow-orange needles, m.p. 174-175"; i.r. h,,,(KBr) 
1738 and 1708 cm-I (carbonyl groups); no absorption 
due to N-H around 3200-3400cm-I was observed; 
U.V. 228.6, 252.5 (sh), and 293.7 mp (log E 4.64, 4.07, and 
3.59); n.m.r. 6 2.36 (3H, s, NCH,), 3.0 (2H, t, J = 6 Hz, 
NCH?), 3.36 (2H, t, J = 6 Hz, benzylici -CHz), 5.80 
(2H, s, methylenedioxy), 5.90 (lH, s, H at C,), 6.70 ( lH ,  
s, H a t  C,), and 7.76-8.29 (4H, complex, H at (2-10, 11, 
12, 13). 

Anal. Calcd. for C l9HlSNOj :  C, 71.02; H, 4.71; 
N, 4.36. Found: C, 71.17; H, 4.79; N, 4.46. 

Red~rctiotz of N-Methylamitre 7 by Sodimr Borohydride 
Sodium borohydride (0.15 g) was slowly added to a 

stirred solution of N-methylamine 7 (0.20 g, 0.62 mmole) 
in 10 ml of tetrahydrofuran and 10 nil of methanol over 
a period of I0 niin. The color of the solution soon started 
to fade and after about 1 h, an additional amount of 
sodium borohydride (0.05 g) was added to the reaction 
mixture. After 24 h, the colorless solution was cooled in 
an ice-water bath and acidified with acetic acid. Removal 
of most of the solvent in a rotary evaporator under 

reduced pressure left a semi-solid residue which was 
basified with concentrated ammoni~lm hydroxide solu- 
tion. The precipitates were extracted into two 25 nil 
portions of chloroform and the combined organic 
extracts washed with water, dried over anhydrous 
sodium sulfate, and the solvent was removed under 
reduced pressure. The oily product was dissolved in 5 ml 
of ethyl acetate and passed through a 1.4 x 2 cni column 
of neutral alumina (100-200 mesh, Bio-Rad Labora- 
tories). The column was eluted with 25 ml of ethyl acetate. 
This fraction on concentration followed by addition of 
ether deposited 0.15 g (75%) of a mixture of 8 and 9, 
m.p. 207-213". Recrystallization from a mixture of 
methylene chloride and ether yielded minute white 
crystals; m.p. 209-214"; i.r. 3565 (s) and 3265cm-I 
(m, b); no carbonyl absorption was observed; 11.v. 202.5, 
238.7, and 292.5 mp (log E 4.56, 3.44 and 3.54). 

Anal. Calcd. for CI9Hl9NO4: C, 70.14; H, 5.89; 
N, 4.30. Found: C, 70.08; H, 5.97; N, 4.27. 

This research was supported in part by grants from 
the National Research Council of Canada. 
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Lemon-peel pectin. 11. Isolation of homogeneous pectins and examination of some 
associated polysaccharides 

G. 0. ASPINALL AND I. W. COTTRELL 
Department of Chemistry, Trent University, Peterborough, Ontario, Canada 

Received November 7. 1969 

Two electrophoretically homogeneous pectins have been isolated from dried lemon-peel under con- 
ditions of minimum degradation by extraction with cold water and with disodium ethylenediaminetetra- 
acetate. Some properties of polysaccharides which occur in association with the pectins are reported. 

Canadian Journal of Chemistry, 48, 1283 (1970) 

Previous studies on dried lemon-peel (1) have 
shown that extraction under the mildest possible 
conditions, namely with water at room tempera- 
ture, furnishes pectin A which, after chromatog- 
raphy on diethylaminoethyl-Sephadex, may be 
obtained in chemically homogeneous form as 
pectin C. This pectin was shown to contain 75 % 
of galacturonic acid residues, of which approxi- 
mately 80% were esterified. Neutral sugars, 
including galactose, arabinose, rhamnose, xylose, 
and fucose, were present as constituents, and 
characterization of oligosaccharides formed on 
depolymerization provided direct evidence for 
the structural role of rhamnose and xylose 
residues in the acidic polysaccharide. The water- 
extracted pectin, however, accounts for only 
about a third of the total pectin in the peel, and 
we now report the extraction of a second homo- 
geneous pectin, under non-degradative con- 
ditions, together with an examination of certain 
structural features of polysaccharides which 
occur in association with pectin C. 

Dried lemon-peel was extracted with water at 
room temperature, as described previously (I), 
to give pectin A together with a polysaccharide 
fraction from which polysaccharide F was 
isolated. Pectin A gave a single peak on electro- 
phoresis in pyridine - acetic acid buffer (Fig. I), 
but two minor peaks were detected in addition to 
the main peak in borate buffer (Fig. 2). Fractiona- 
tion of pectin A by chromatography on diethyl- 
aminoethyl-Sephadex furnished electrophoretic- 
ally homogeneous pectin C (Fig. 3), and small 
amounts of polysaccharide fractions D and E. 
Partial acid hydrolysis of pectin C afforded inter 
alia acidic oligosaccharides with the chromato- 
graphic mobilities of 2-0-(a-D-galactopyranosyl- 
uronic acid) - L - rhamnose, 4- 0 - (p - D - glucopy- 
ranosyluronic acid)-L-fucose, and 6-0-(P-D-glu- 

copyranosyluronic acid) - D - galactose, thus 
providing further evidence that these oligosac- 
charides were genuine fragments from the pectin 
and did not arise solely from associated poly- 
saccharides. 

Samples of water-extracted lemon-peel were 
further extracted at 90" with (i) water acidified 
to p H  2.1, (ii) disodium ethylenediaminetetra- 
acetatelsodium lauryl sulfate at p H  5,' and (iii) 
sodium hexametaphosphate at p H  4.2 to give 
pectins G, H, and J (see Table 1). Pectins G and H 
were essentially identical in composition, but in 
each case electrophoresis showed that the major 
component was contaminated with a component 
of the same mobility as pectin C. Control experi- 
ments showing that treatment of pectin A under 
extraction conditions (i) and (ii) caused no change 
in electrophoretic mobility indicated that the two 
components in pectins G and H are not artifacts 
arising from the extraction procedures. Pectin J, 
however, had a much higher electrophoretic 
mobility and the much lower methoxyl content 
suggested that the extraction conditions had 
caused partial saponification. Treatment of 
pectins with alkaline reagents (3) and even with 
hot phosphate buffer a t  pH6.8 (4) causes not only 
de-esterification but also base-catalyzed p-elimi- 
nation resulting in rupture of glycosidic linkages 
and in the formation of unsaturated uronic acid 
residues. A control experiment showed that 
pectin A when treated with sodium hexameta- 
phosphate at  p H  4.2 underwent de-esterification 

'The assumed role of EDTA in the extraction of 
pectins is to complex divalent metal ions such as calcium, 
and complexing is normally most effective at ca. p H  7. 
Nevertheless, the isolated yields of pectins are not 
markedly lowered when extractions are conducted at p H  
4.5-5 (2) when the chelating efficiency of EDTA is very 
low. Our extractions were carried out at p H  5 in order to 
avoid inadvertent base-catalyzed degradation. 
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C) 

TABLE 1 * 
z * 

Isolation of lemon-peel pectin fractions !! 
- -- 

Electrophoretic mobility (p x lo5)* 
5 

Galac- z 
turonic Pyridine - acetic s 

Pectin Method of isolation acid (%I OMe (%I  ID" Borate buffer acid buffer z * 
r 

A (1) Extraction of peel with H 2 0  at room temperature 75 10.5 + 206 (4.1) (6.3) 11.2 5.4 o 
C Chromatography of pectin A 75 10.1 +212 11.3 +ri 

G (2) Residual peel from (1) extracted with H 2 0  at p H  C) 

2.1 at 90" 80 10.3 + 220 (5.4) 5.9 z - - ~~~ - 

H (3) Residual peel from (1) extracted with EDTAIsodium 
lauryl sulfate at 90' 83 10.3 + 212 

J (4) ~es idua l  peel from (1) extracted with sodium 
hexametaphosphate at 90" 82 2.2  + 237 

K (5) Residual  eel from (1) extracted with water at 50' 83 9.1 +210 
(6) Residual peel from (I) and (5) extracted with EDTA at 84 p H 5 . 0 a t  90" 

'Figures in parentheses indicate mobilities of minor components. + w 
4 0 
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ASPINALL AND COTTRELL: LEMON-PEEL PECTIN. I1 

FIG. 1. Electrophoretic pattern of pectin A. Buffer: FIG. 3. Electrophoretic pattern of pectin C. Buffer: 
pyridine (1 %, v/v) - acetic acid (0.4%, v/v), 220 V, 13 0.05 M sodium tetraborate, 150 V, 13 mA, 155 min. 
mA, 95 min. 

and that the formation of unsaturated uronic 
acid residues could be detected by light absorption 
at 235 mp. However, no apparent de-esterifica- 
tion as judged by the absence of change in 
electrophoretic mobility was detected when 
pectin A was heated with sodium hexameta- 
phosphate buffer at pH  3.7. 

The following procedure was adopted for the 
large scale isolation under conditions of minimum 
degradation of a second homogeneous pectin. 
Water-extracted lemon-peel was treated with 
water at 50" to give pectin K, which was shown 
by electrophoresis to contain components with 
the mobilities of pectins C and L (Fig. 4). Sub- 
sequent extraction of the peel with disodium 
ethylenediaminetetraacetate at p H  5 gave homo- 
geneous pectin L with the same electrophoretic 
mobility as the major components of pectins G 
and H (Fig. 5). Analysis of pectin L showed that 
it had a higher galacturonic acid content (84%) 
and a lower methoxyl content (8.8 %) than those 
(75 and 10.1 %) of pectin C. When both pectins C 
and L were chromatographed on diethylamino- 
ethylcellulose using stepwise elution (5), in each 
case more than one polysaccharide fraction was 
obtained (Fig. 6). In the light of subsequent 
experiments on the fractionation of the derived 
pectic acids (6) and of the electrophoretic homo- 
geneity of the pectins we consider that these 

fractionations probably indicate variations in 
degree of esterification within each preparation. 

In the following paper it is shown that the 
pectic acids formed on saponification of pectins 
C and L contain slightly different average pro- 
portions of galacturonic acid residues, but that 
analyses of the sub-fractions derived from these 
preparations indicate overlap in galacturonic 
acid content of molecules within each spectrum 
of molecular species. The differences between the 
parent pectins are therefore compounded of 
differences in galacturonic acid content and in 
methoxyl content as a measure of the degree of 
esterification. The combined differences, when 
expressed in these terms, do not seem large, but 
when expressed as percentages of rzon-esteriJied 
galacturonic acid residues, 25 and 41 % in 
pectins C and L respectively, the differences 
between the two pectins appear to be more 
substantial. These latter differences are indicated 
in the relatively low degree of overlap in elution 
pattern when the two pectins were chromato- 
graphed on diethylaminoethylcellulose (Fig. 6). 
Inasmuch as the physical properties of pectins 
(7) may be markedly influenced by both esterifi- 
cation of galacturonic acid residues and inter- 
ruptions in the structural regularity of the linear 
galacturonan portion of the molecule by neutral 
sugar residues inserted in the main chain, e.g. 

FIG. 4. Electrophoretic pattern of. pectin K. Buffer: 
FIG. 2. Electrophoretic pattern of pectin A. Buffer: pyridine (1 %, v/v)- acetic acid (0.4%, v/v), 220 V, 13 

0.05 M sodium tetraborate, 150 V, 13 mA, 174 min. mA, 105 min. 
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was obtained as an arabinogalactan devoid of 
galacturonic acid residues. Chromatographic 
identifications showed that the main cleavage 
products from the methylated polysaccharide 
included 2,3,5-tri- and 2,3-di-0-methylarabinose, 
and 2,3,6-tri-0-methylgalactose. Minor cleavage 

FIG. 5. Electrophoretic pattern of pectin L. Buffer: 
pyridine (1 %, v/v) -acetic acid (0.4%, v/v), 220 V, 13 
mA, 108 min. 

rhamnose, and attached in side-chains, e.g. 
arabinose, galactose, and xylose, the observed 
differences in composition between pectins C and 
L probably account for the differences in ease of 
extraction and may reflect differences in biological 
function in the plant. 

During the extraction and fractionation of 
lemon-peel pectin C three polysaccharide frac- 
tions containing high proportions of neutral 
sugars were isolated. Although pectins are 
especially susceptible to inadvertent degradation 
involving, for example, hydrolysis of acid-labile 
arabinofuranosidic linkages or base-catalyzed 
p-elimination from methyl galacturonate resi- 
dues, the mildest possible conditions were used 
throughout and we regard these polysaccharides 
as genuine components of the peel. Since only 
small quantities of these fractions were obtained, 
information on structure was limited to that 
obtained from small-scale experiments using 
chromatographic procedures for identification. 

Fractionation by chromatography on diethyl- 
aminoethyl-Sephadex of the mother liquors 
from the precipitation of pectin A furnished an 
arabinan.- his arabinan h a d  a high negative 
specific rotation ([a], - 140") typical of other 
arabinans associated with pectins, e.g. that from 
mustard seeds (S), and the highly branched 
nature of the polysaccharide was established by 
the detection of 2,3,5-tril, 2,3-di-, and 2-0- 
methylarabinose as cleavage products from the 
methylated derivatives. 

Previous studies (1) have shown that fractiona- 
tion of lemon-peel pectin A by chromatography 
on diethylaminoethyl-Sephadex gives two minor 
polysaccharide fractions D and E, both con- 
taining galactose and arabinose as major con- 
stituents, but with different proportions of 
galacturonic acid residues. When this separation 
was repeated we found that polysaccharide D 

products included 2-0-methylarabinose and 
2,6-di-0-methylgalactose, but these results do 
not permit a distinction to be made between 
polysaccharide D as an arabinogalactan and as a 
mixture of polysaccharides, e.g. an arabinan and 
a galactan. 

Electrophoresis showed that polysaccharide 
fraction E was heterogeneous, but insufficient 
quantities were available for further separation. 
However. evidence for the nature of the neutral 
sugar constituents was obtained by the detection 
inter alia of 2,3,5-tri- and 2,3-di-0-methylarab- 
inose, and 2,3,4,6-tetra-, 2,3,4-, 2,3,6-, and 2,4,6- 
tri-, and 2,4-di-0-methylgalactose as cleavage 
products from the methylated derivative, and by 

FIG. 6. Chromatographic elution patterns of (1) 
pectin C and (11) pectin L from diethylaminoethylcellu- 
lose using 0.025 M, 0.10 M, 0.25 M, and 0.50 M phos- 
phate buffer at pH 6, and (*) 0.50 M sodium hydroxide. 
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the chromatographic identification of 3-0-, 4-0-, 
and 6-0-galactopyranosylgalactose as products 
of partial acid hydrolysis. The presence of 
branched arabinogalactans in which galactose 
residues are joined by 1 -> 3 and 1 -> 6 in addition 
to the 1 -z 4 linkages commonly associated with 
pectic substances may be inferred. Small quan- 
tities of branched arabinogalactans have also 
been encountered in association with pectins 
from alfalfa (9) and suspension cultured sycamore 
cells (10). 

Experimental 
Arralyses 

Galact~~ronic acid contents were determined by (i) a 
modified carbazole - sulfuric acid procedure (I I), (ii) 
potentiometric titration with 0.1 N sodium hydroxide, 
and (iii) decarboxylation (12). Electrophoresis of poly- 
saccharide solutions (1 %) was performed in either 0.05 
M sodium tetraborate buffer at pH 9.25 or pyridine (1 %, 
V/V) - acetic acid (0.4%, v/v) buffer at pH 5.5, using a 
Tiselius type, Spinco Model H apparatus with Schlieren 
optics, and currents of 13 niA were maintained. Poly- 
saccharide samples were hydrolyzed in N sulfuric acid in 
sealed tubes at 100' for 12 h. Paper chroniatography was 
carried out in the following solvent systems (v/v): (A) 
ethyl acetate - pyridine - water (10:4:3): (B) ethyl 
acetate - acetic acid - formic acid - water (18:3:1 :4); 
(C) ethyl acetate - acetic acid - formic acid - water 
(18:8:3:9); and (D) butanone - water - ammonia 
(200:17:1). Gas-liquid partition chromatography was 
carried out on colunins of (a) dichlorodimethylsilane 
treated Celite coated with 5 % by weight of neopentyl- 
glycol adipate polyester at 165", (b) Chroniosorb W 
coated with 10% by weight of Carbowax 20M at 190°, 
and (c) dichlorodimethylsilane treated Celite coated 
with 5 %  by weight of silicone gum XE-60 at 125 and 
150". Unless otherwise stated, optical rotations were 
observed for aqueous solutions at ca. 18'. 
Isolariotz of Pecritl C nnd Polysnccl~aricie Frncriotls D, E, 

a r ~ d  F 
Powdered lemon-peel (700 g) was extracted with water 

at room temperature to give pectin A (56 g) as described 
previously (1). Electrophoresis of pectin A in borate 
buffer showed the presence of a major and two niinor 
polysaccharide components (see Table I). The super- 
natant solutions froni the precipitations of pectin A with 
acetone were combined and concentrated. During the 
concentration polysaccharide fraction 2 (1 g) separated 
as a fine precipitate and was renioved by centrifugation. 
Hydrolysis of the fraction gave glucose as the main 
product with traces of galacturonic acid, galactose, 
arabinose, xylose, and rhaninose. The above concentrated 
solution was poured into acetone (25 volumes), the 
resulting sticky precipitate was dissolved in water, and 
the solution was extracted with chloroform in a liquid/ 
liquid extractor for 48 h to reniove coloring matter and 
saponins, and then freeze-dried to give polysaccharide 
fraction 3 (10 g), [a], + 10" (c, 0.24). Hydrolysis of 
fraction 3 gave arabinose as the niajor product with 
smaller amounts of galacturonic acid, galactose, glucose, 
xylose, and rhamnose. 

Polysaccharide fraction 3 contained 25 % of carbohy- 
drate [estimated as arabinose by the phenol - sulfuric 
acid method (13)l. Aqueous 7 %  cupric acetate (100 nil) 
was added slowly with stirring to the polysaccharide 
fraction (10 g) in water (I00 ml) and the further addition 
of ethanol (3 volumes) gave a precipitate which was 
renioved by centrifugation. The supernatant liquid was 
concentrated to reniove ethanol, dialyzed to remove 
copper salts, and freeze-dried to give fraction 3A (0.62 g), 
[all, - 9" (c, 1.2) [Found: uronic acid residues (i), 19 %I. 
Hydrolysis of fraction 3A gave arabinose as the main 
neutral sugar. The copper precipitate was dispersed in 
water containing 1 % of hydrochloric acid and poly- 
saccharide was precipitated by the addition of ethanol 
(3 volunies). This procedure was repeated four times, 
and the resulting precipitate was redissolved in water, 
precipitated with ethanol, and freeze-dried to give 
polysaccharide fraction 3B (0.88 g), [aID + 181" (c, 1.42) 
[Found : uronic acid residues (i), 76 %I.  The supernatant 
liquid froni the above precipitations was dialyzed and 
freeze-dried to give polysaccharide fraction 3C (0.50 g), 
[all, +83" (c, 0.86) [Found: uronic acid residues (i), 
46x1. Hydrolysis of fractions 3B and 3C gave arabinose 
as the niajor neutral sugar, but the fractions were not 
examined further. Polysaccharide fraction 3A (600 mg) 
was adsorbed on a colunin (8 g) of diethylaminoethyl- 
Sephadex A-50 (forniate form). The column was eluted 
with water (500 ml), the eluate was concentrated and 
poured into ethanol (10 volumes), and the precipitate 
was dissolved in water and freeze-dried to give poly- 
saccharide F (322 mg), [aID - 140" (c, 0.50), which gave 
only arabinose on hydrolysis. 

Pectin A (12 g) was fractionated by chromatography 
on diethylaniinoethyl-Sephadex A-50 (formate forni) 
as described previously (1) and in a typical separation 
furnished polysaccharide fraction D (0.44 g), [all, + 10" 
(c, 0.74) [Found: uronic acid residues, nil], polysac- 
charide E (0.275 g), [aID + 7 l 0  (c, 0.36) [Found: uronic 
acid residues, 25; OMe, 4.7%], and pectin C (7.522 g). 
Chromatography of pectin C on diethylaminoethyl- 
cellulose (5) (Fig. 6) showed that neutral polysaccharide 
was absent. Electrophoresis of pectin C in borate buffer 
gave a single peak (Fig. 3). 

Pectin C (500 nig) was hydrolyzed with N sulfuric 
acid on a boiling-water bath for 5.5 h. Insoluble degraded 
polysaccharide was renioved by centrifugation and 
hydrolysis gave only galacti~ronic acid. The supernatant 
liquid was neutralized with barium carbonate, and the 
solution was filtered, treated with Aniberlite resin IR- 
120 (H), concentrated, and adsorbed on a colun~n (5 g) 
of diethylaminoethyl-Sephadex A-25 (formate form). 
The colunin was eluted successively with water, 0.05 N 
forniic acid, a gradient of 0.05-0.4 N forniic acid, and 
0.5 N formic acid. Fractions were collected, concentrated, 
and examined by chroniatography in solvents B and C. 
Acidic sugars with the mobilities of galacturonic acid, 
2-0-(galactopyranosyluronic acid)rhaninose, 4-0-(gluco- 
pyranosyluronic acid)fi~cose, 6-0-(glucopyranosyluronic 
acid)galactose, galacturonobiose and galacturonotriose 
(1) were detected. 

Polysncclrarirle D 
Polysaccharide D (200 mg) was niethylated with methyl 

iodide and sodium hydride in din~ethylsulfoxide as 
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described by Sandford and Conrad (14), and furnished 
methylated arabinogalactan (82 mg), [a]D -65" (c, 0.31 
CHCI,) [Found: OMe, 40.1 %I. A sample of the rnethy- 
lated polysaccharide was methanolyzed and gas-liquid 
chromatography (g.1.c.) on columns n and b showed the 
presence of components with the retention times of 
methyl glycosides of 2,3,5-tri- (+ + +) and 2,3-di-0- 
methylarabinose (+ +), and 2,3,4,6-tetra- (+), 2,3,6-tri- 
(+ + +), and 2,6-di-0-methylgalactose (+). A sample 
of the mixture of methyl glycosides was hydrolyzed with 
N sulfuric acid and, in addition to the above-mentioned 
sugars, small amounts of arabinose and 2-0-methyl- 
arabinose were detected by paper chromatography in 
solvent D. 

Polysaccharide E 
Electrophoresis of polysaccharide E in pyridine - acetic 

acid buffer gave a single broad peak (p, 3.2 x cmZ 
V-' s-I), but examination in borate buffer showed two 
peaks (p, 5.7 and 10.3 x lo5 cm2 V-' s-' ). After saponi- 
fication (7) electrophoresis of the polysaccharide in 
borate buffer showed three peaks (p, 2.7,4.2, and 10.2 x 
lo-' cmZ V-' s-I). A sample of the polysaccharide (50 
mg) was partially hydrolyzed in 0.5 N sulfuric acid (12 
ml) on a boiling-water bath for 6 hand paper chromatog- 
raphy of the hydrolysate in solvents A and B showed the 
presence of oligosaccharides with the mobilities of 3-0-, 
4-0-, and 6-0-13-D-galactopyranosyl-D-galactose. 

Polysaccharide fraction E (500 mg) was methylated 
with methyl iodide and sodium hydride in dimethyl- 
sulfoxide (14) and furnished methylated arabinogalactan 
E' (292 mg), [a]D -95" (c, 0.48 CHCI,) [Found: OMe, 
40.2%]. A sample of the methylated polysaccharide was 
methanolyzed and g.1.c. of the methanolysate on columns 
a and c showed the presence of components with the 
retention times of methyl glycosides of 2,3,5-tri- (+ + +), 
and 2,3- (+ +) and 2,s-di-0-methylarabinose (+), 
2,3,4,6-tetra- (+), 2,3,4- (+ +), 2,3,6- (+ +), and 2,4,6- 
tri- (+), and 2,4-di-0-methylgalactose (+ +). A sample 
of the mixture of methyl glycosides was hydrolyzed and, 
in addition to the above-mentioned sugars, small amounts 
of arabinose and 2-0-methylarabinose were detected by 
paper chromatography in solvent D. 

Polysacchnride F 
Polysaccharide F (160 mg) was methylated with methyl 

iodide and sodium hydride in dimethylsulfoxide (14) to 
give methylated arabinan (144 mg), [a], - 153" (c, 1.44 
CHCI,) [Found: OMe, 37.9%]. A sample of the methy- 
lated polysaccharide was methanolyzed and g.1.c. of 
the methanolysate on columns n and b showed the pres- 
ence of components with the retention times of methyl 
glycosides of 2,3,5-tri- and 2,3-di-0-methylarabinose in 
approximately equal proportions. Although no methyl 
glycosides of 2-0-methylarabinose were detected, paper 
chromatography of the hydrolysate from the methylated 
arabinan showed the presence of 2,3,5-tri-, 2,3-di-, and 
2-0-methylarabinose in approximately equal proportions 
with traces of arabinose and 3-0-methylarabinose. 

Further Exfracfiotl of Wafer-eslrncfed Lenrotf-peel 
Dried lemon-peel (500 g) was extracted four times with 

water at room temperature and gave pectin A (49 g). 
The residual peel was divided into three portions. The 

first portion was extracted with water acidified to p H  
2.1 with hydrochloric acid at 90" for 3 h. Peel was removed 
by centrifugation and acetone (1.5 volumes) was added 
to the supernatant liquid. The resulting gelatinous 
precipitate was removed at  the centrifuge, washed 
several times with acetone-water (7:3), dissolved in water, 
and freeze-dried to give pectin G (23 g). The second 
portion of  the peel was extracted with aqueous 2 %  
disodium ethylenediaminetetraacetate containing 0.2 M 
sodium lauryl sulfate (pH 4) at 90" for 3 h. The peel was 
removed a t  the centrifuge, and the supernatant liquid 
was dialyzed to remove EDTA and freeze-dried. The 
resulting solid was stirred in butanone-water (9:l) to 
dissolve sodium lauryl sulfate, and the residue was 
dissolved in water, precipitated by the addition of acetone 
(1.5 volumes), redissolved in water, and freeze-dried to 
give pectin H (21 g). The third portion of peel was 
extracted with aqueous 1 % sodium hexametaphosphate 
(pH 4.2) at  90" for 3 11. The supernatant liquid was 
dialyzed for several days to remove inorganic salts and 
concentrated, acetone (1.5 volumes) was added, and the 
resulting precipitate was dissolved in water and freeze- 
dried to give pectin J (26 g), Chemical and physical 
properties of pectins G, H, and J are given in Table 1. 
Hydrolysis of the three pectin samples gave galacturonic 
acid (+ + +), arabinose (+ +), galactose (+ +), xylose 
(+), and rhamnose (+). 

Trenftnet~f of Pecfitz A under Condifiot~s of Further 
Exfracfiotz 

Samples (ca. 1 g) of pectin A were heated for periods 
of 40 min in solutions similar to those for the above 
three extractions. Recovery of the polysaccharide samples 
gave respectively pectins G', H', and J' which were 
examined by electrophoresis in pyridine - acetic acid 
buffer (p, 5.2, 5.4, and 8.3 x lo-' cm2 V-' s-' ). The 
decreased methoxyl content [Found: OMe, 5 2 x 1  of 
pectin J '  also indicated that de-esterification had taken 
place. The U.V. spectrum of pectin J' showed significant 
absorption at 235 mp indicative of unsaturated uronic 
acid residues (4) which absorption was absent in pectin A. 
When a sample of pectin A was heated with a solution of 
sodium hexametaphosphate in which the pH was adjusted 
to 3.7 the recovered polysaccharide showed no change in 
electrophoretic mobility (2). 

Isolnfiotz of Pectit~ L 
Lemon-peel (500 g), which had been exhaustively 

extracted with cold water, was stirred twice with water 
(8 000 ml) at 50" for 4 h. The peel was removed by centri- 
fugation and acetone (1.5 volumes) was added to the 
combined supernatant liquids to give pectin K (12.5 g). 
Electrophoresis of pectin K in pyridine - acetic acid 
buffer gave two peaks (p, 5.4 and 6.2 x cmZ V-' 
s-I) (Fig. 4). The water-extracted peel was extracted 
twice by stirring with aqueous 2% disodium ethylenedi- 
arninetetraacetate (pH 5) at 80" for 4 h. The combined 
aqueous extracts were poured into acetone (1.5 volumes), 
the precipitate was dissolved in water, and the solution 
was dialyzed for several days and freeze-dried to give 
pectin L (62 g). Chemical and physical properties of 
pectins K and L are given in Table 1. Hydrolysis of 
pectin L gave galacturonic acid (+ + +), arabinose 
(+ +), galactose (+), and rhamnose (+). A sample of 
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pectin L was chromatographed on diethylaminoethyl- 
cellulose (5) (Fig. 6). Electrophoresis in pyridine - acetic 
acid buffer gave a single peak (Fig. 5). 

The authors wlsh to acknowledge financial support 
from the National Research Council of Canada and, 
during the early stages of the investigation, fro111 Unilever 
Research L~rn~ted.  Thanks are also expressed to Dr. C. T.  
Greenwood and Dr. C. T. Bishop for the provis~on of 
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Lemon-peel pectin. 111. Fractionation of pectic acids from lemon-peel and lucerne 
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The pectic acids formed on saponification of lemon-peel pectins C and L have been fractionated by 
graded precipitation with sodium acetate. The results of analytical and electrophoretic studies on the 
pectic acid fractions have been interpreted as being typical of those of the fractionation of chemically 
homogeneous polydisperse systems. Similar fractionations of lucerne polysaccharides have indicated 
the presence of a single component in pectic acid A and of two components in pectic acid B. The nature 
of polysaccharide heterogeneity in pectic acid preparations is discussed. 

Canadian Journal of  Chemistry, 48, 1290 (1970) 

Previous investigations (1, 2) have shown that 
two homogeneous pectins may be isolated from 
dried lemon-peel. The two pectins show slight 
differences in uronic acid content and in degrees 
of esterification and it has been suggested that the 
higher proportion of non-esterified galacturonic 
acid residues in pectin L than in pectin C accounts 
for the differences in ease of extraction from the 
peel (2). In order to compare the two poly- 
saccharides and to assess the homogeneity of 
each in respects other than the degree ofesterifica- 
tion of galacturonic acid residues, the pectins 
have been saponified under the mildest possible 
conditions (3) to give acid-insoluble pectic acids 
C and L. Similar pectic acids have been prepared 
from pectins A and B isolated from lucerne 
(alfalfa) by extraction with disodium ethylene- 
diaminetetraacetate (4) and with water alone (5). 

As indicated by the compositions of the parent 
lemon-peel pectins, analysis showed that pectic 
acid L contained a higher proportion of galac- 
turonic acid and a correspondingly lower pro- 
portion of neutral sugar residues than pectic acid 
C (see Table 1). Bhattacharjee and Time11 (6) have 
isolated from Amabilis fir bark a polysaccharide 
preparation which may be separated into a galac- 
turonan and a pectic acid with galacturonic 
acid as the dominant sugar but with neutral 
sugars as integral constituents. Zitko and Bishop 
(7) have similarly interpreted the results of frac- 
tionations of various pectic acids by graded pre- 
cipitation with sodium acetate as indicating the 
presence of two such polysaccharides in other 
pectins. Lemon-peel pectic acids C and L were 

therefore fractionated in the same way in order 
to see if the differences in composition of the two 
pectic acids could be accounted for by the pres- 
ence in each of two polysaccharides, but in 
different proportions. Similar fractionations have 
been performed on the lucerne pectic acids. 

Lemon-peel pectic acid C was electrophoretic- 
ally homogeneous in both borate and pyridine - 
acetic acid buffers. Graded precipitation with 
sodium acetate gave four polysaccharide fractions 
and a fifth fraction was obtained by precipitation 
with ethanol. Table 1 shows some of the proper- 
ties of these fractions and those from pectic acid 
L, and Figs. 1-8 show some typical electropho- 
retic patterns. Pectic acid fractions C 1-5 con- 
tained varying proportions of galacturonic acid 
residues, but all gave neutral sugars on hydrolysis. 
Pectic acid C 1 with the highest galacturonic acid 
content (94%) gave on partial hydrolysis acidic 
oligosaccharides with neutral sugar constituents 
which were more fully characterized previously 
from the less rigorously fractionated pectin A (1). 
Despite differences in composition the pectic acid 
fractions all gave a single peak of the same mobil- 
ity on electrophoresis in pyridine - acetic acid 
buffer (Fig. 1). Similarly all (see Fig. 2) except 
fraction C 3 (Fig. 3) gave single electrophoretic 
peaks in borate buffer. This fraction represented 
ca. 40 % ofpectic acid C, but for reasons discussed 
below we consider the detection of two peaks, 
which were not detected in the unfractionated 
pectic acid, to be due to causes other than poly- 
saccharide heterogeneity. 

Pectic acid C 3 was treated again under the 
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TABLE 1 
Fractionation of lemon-peel pectic acids 

.- - 

Electrophoretic mobility 
(p x los)* in 

Galac- 
Pectic acid turonic Pyridine - acetic Borate % of Parent 

fraction Precipitant ( M )  acid (%I [nIoo acid buffer buffer pectic acid 
. 

C 84 + 242 13.9 11.8 
C 1 sodium acetate (0.12) 94 + 288 14.6 n.d. 5 
C 2 sodium acetate (0.14) 88 + 265 15.1 10.8 24 
C 3 sodium acetate (0.14) 8 5 + 257 15.9 (11.6) 12.3 40 
C 4 sodium acetate (0.22) 82 + 240 14.9 10.8 12 
C 5 ethanol 68 + 186 15.3 11.0 8 
L 87 +251 14.5 10.9 
L la sodium acetate (0.10) 93 + 285 n.d. 11.1 5 
L l b  sodium acetate (0.12) 89 + 278 14.2 11.1 67 
L 2 sodium acetate (0.14) 84 + 257 14.6 1 1 . 1  3 
L 3 sodium acetate (0.18) 76 + 224 12.3 14.1 9.7 10.6 

-- 
16 

'Figures in parentheses indicate mobilities o f  minor components. 

conditions used for pectin saponification. Al- 
though the polysaccharide was recovered in only 
50% yield re-examination of the pectic acid by 
electrophoresis in borate buffer showed a single 
peak. Selective recovery of one component may 
have occurred, but we consider it more likely that 
some unexplained 'aging' phenomenon had been 
observed. Pectic acid C 3 had been stored as a 
freeze-dried solid for 3 months before examina- 
tion in borate buffer. Pectic acid L 1 b (see Table 1) 
gave a single peak when a freshly prepared sample 
was examined by electrophoresis in borate buffer, 
but on re-examination after 3 months, the sample 
showed two peaks similar to those observed for 
pectic acid C 3. No similar multiplicity of peaks 
was observed on electrophoresis of these pectic 
acids in pyridine - acetic acid buffer. 

Pectic acid L also gave single peaks on electro- 
phoresis in both buffers. Graded precipitation 
with sodium acetate gave three polysaccharide 
fractions. The first fraction was sub-fractionated, 
but fraction L l a  with the highest galacturonic 
acid content (93 %) still contained the character- 

istic neutral sugar constituents. Fraction L 3 gave 
a second peak on electrophoresis in both buffers 
(Figs. 4 and 5) indicating the presence of a minor 
component amounting to approximately 5 % of 
the whole which had not been detected in pectic 
acid L. 

Aside from showing that pectic acid L contains 
a second minor polysaccharide component, the 
results from these fractionation experiments point 
to the presence of single homogeneous poly- 
saccharide components in lemon-peel pectic acids 
C and L. No evidence was obtained for the 
presence in either pectic acid preparation of a 
galacturonan devoid of neutral sugar residues. 
We consider that the results point to the sub- 
fractionation of polydisperse systems in which 
each contains a continuous spectrum of closely- 
related molecular species. Pectic acids C and L 
contained slightly different average proportions 
of galacturonic acid residues, but the analyses of 
the sub-fractions derived from these preparations 
indicate a substantial degree of overlap in galac- 
turonic acid content of molecules within each 

FIG. 1 .  Electrophoretic pattern of lemon-peel pectic FIG. 2. Electrophoretic pattern of lemon-peel pectic 
acid C. Buffer: pyridine ( 1  %, v /v )  - acetic acid (0.4%, acid C 4. Buffer: 0.05 M sodium tetraborate, 150 V, 13 
v/v),  220 V ,  13 mA, 50 min. mA, 161 min. 
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FIG. 3. Electrophoretic pattern of lemon-peel pectic FIG. 6. Electrophoretic pattern of lucerne pectic acid 
acid C 3. Buffer: 0.05 M sodium tetraborate, 150 V, 13 B. Buffer: 0.05 M sodium tetraborate, 150 V, 13 niA, 141 
mA, 138 min. min. 

spectrum of molecular species. Since the parent 
pectins were distinct polysaccharides with a 
relatively low degree of overlap when chromato- 
graphed on diethylaminoethylcellulose (2) it is 
probable that the differences between the pectins 
are due more to differences in degree of esterifica- 
tion than to sugar composition. 

Previous studies (4, 5) on the pectic substances 
from lucerne (alfalfa) have shown that the main 
pectin component may be extracted with am- 
monium oxalate or disodium ethylenediamine- 

saccharides and protein. Pectins A and B were 
saponified to give the corresponding pectic acids 
which were sub-fractionated by graded precipita- 
tion with sodium acetate to give fractions whose 
properties are recorded in Table 2. 

Pectic acid A gave single symmetrical peaks on 
electrophoresis in both pyridine - acetic acid and 
borate buffers. Since pectic acid A contained ca. 
81 % of galacturonic acid units and previous 
studies had shown neutral sugars to be integral 
constituents, it appeared improbable that a galac- 

FIG. 4. Electrophoretic pattern of lemon-peel pectic FIG. 7. Electrophoretic pattern of lucerne pectic acid 
acid L 3.  Buffer: 0.05 M sodium tetraborate, 150 V, 13 B 3. Buffer: 0.05 M sodium tetraborate, 150 V, 13 mA, 90 
mA, 122 min. min. 

tetraacetate. This pectin (A), which contains 73 % turonan was present in admixture with a second 
of galacturonic acid residues and has a low degree acidic polysaccharide carrying neutral constitu- 
of esterification (5), is similar to lemon-peel ents. Pectic acid fractions A 1 to A 5 had pro- 
pectin C in having integral neutral sugar con- gressively lower proportions (92 to 78%) of 
stituents. Extraction of lucerne with water alone galacturonic acid units, all gave neutral sugars on 
yields, in addition, small amounts of pectin B hydrolysis, but electrophoresis in pyridine - 
which were separated from associated poly- acetic acid buffer indicated the presence of single 

FIG. 5. Electrophoretic pattern of lemon-peel pectic FIG. 8. Electrophoretic pattern of lucerne pectic acid 
acid L 3. Buffer: pyridine (I %, v/v) - acetic acid (0.4%, B 5. Buffer: 0.05 Msodium tetraborate, 150 V, 13 mA, 90 
v/v), 220 V, 13 mA, 68 min. min. 
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T A B L E  2 
Fractionation o f  lucerne pectic acids 

-- - 
-- 

-- 

Electrophoretic mobi l i ty  
( p  x lo5)* i n  

Galac- 
Pec t~c  acid turonic Pyridine -acetic Borate % o f  Parent 

f r a c t ~ o n  Precipitant (IM) acid (%) [ci]D0 
- - 

acid butTer 
- --- - 

bu f f e r  
-- 

pectic acid 

A 8 1 + 239 14.7 12.2  
A 1 s o d ~ u m  acetate (0.12) 92 + 268 15.1 (11.0) 11.9 6 
A 2 sod ium acetate (0.14) 87 + 255 14.5 (11.3) 12.0 14 
A 3 sod ium acetate (0.18) 84 + 248 14.9 11.6 9 
A 4 sod ium acetate (0.22) 83 + 244 14.7 12.3 17 
A 5 ethanol 78 + 236 14.6 (9.5) 11.6 35 
B 8 1 + 227 n.d. (10.5) 11.1 
B 1 sod ium acetate (0.12) 94 + 267 14.2 11.7 23 
B 2 sod lum acetate (0.14) 90 + 254 n.d. n.d. 3 
B 3 sod ium acetate (0.16) 87 + 237 n.d. 12 2 13 
B 4 sod iu~ i i  acetate (0.18) 83 + 230 n.d. n.d. 1 
B 5 et llano1 61 + 170 11.9 1 4 2  10.7 11.6 28 

- . - 
*F~pures in parentheses ~ndlcnte mobllitles o f  mlnor components. 

components of essentially the same mobility in 
each fraction. The results of electrophoresis in 
borate buffer were somewhat less simple, but 
indicated the presence of the same polysaccharide 
as the sole component of fractions A 3 and A 4, 
and as the dominant component of fractions A 1, 
A 2, and A 5. Electrophoresis of pectic acids A 1 
and A 2 showed the presence of a shoulder on the 
trailing side of the main peak. Since these poly- 
saccharide fractions contained higher proportions 
of uronic acid residues than pectic acids A 3 and 
A 4 which were electrophoretically homoge- 
neous, we consider it more likely that these 
shoulders represent artifacts of the type observed 
in lemon-peel pectic acid C 3 rather than genuine 
polysaccharide contaminants. In  contrast, pectic 
acid A 5, which was of markedly lower ~ ~ r o n i c  
acid content, showed a second component of 
significantly lower mobility. This second compo- 
nent, however, probably amounted to less than 
5 % of the total pectic acid preparation. 

The presence of two polysaccharide com- 
ponents in lucerne pectic acid B was shown by 
electrophoresis oftheoriginal preparation (Fig. 6). 
Graded precipitation of the pectic acid afforded 
three main fractions. The two main fractions (B 1 
and B 3) of higher uronic acid content were elec- 
trophoretically homogeneous (see Fig. 7) and 
therefore consisted of a single polysaccharide 
essentially similar to that in pectic acid A. The 
second polysaccharide component was concen- 
trated in the third main fraction (B 5) (see Fig. 8 )  
which was of substantially lower acid content. 
Although pectic acid B 5 was not obtained in 

sufficient quantity to  permit the isolation of the 
second component, the mode of isolation of the 
parent pectin and the electrophoretic mobility of 
the second polysaccharide indicate that it must be 
acidic. We conclude therefore that pectic acid B 
consists of two acidic polysaccharides both of 
which contain neutral sugars but in markedly 
different proportions. 

Our results from the fractionations of pectic 
acids are in general agreement with those of 
Zitko and Bishop (7) in that pectic acids of higher 
galacturonic acid content are preferentially pre- 
cipitated by sodium acetate. Although no details 
are supplied of the extraction procedure which 
was used for the isolation of their sample of citrus 
pectin from mixed oranges and lemons, fractiona- 
tion ofthe derived pectic acid (7) gave surprisingly 
similar results to those reported in this paper. 
Two main fractions, amounting to 89% of the 
total, were electrophoretically homogeneous and 
contained neutral sugar residues. In this instance 
we find no compelling reason to  support their 
conclusion that the unfractionated pectic acid 
consisted of a mixture of two distinct molecular 
species, one a galacturonan and the other a 
'pectic acid' which contained all the neutral sugar 
residues. On the contrary, we regard those frac- 
tionations of pectic acids, such as those of Zitko 
and ~ i s h o ~ ' s - c i t r u s  and apple pectic acids, our 
citrus pectic acids, and lucerne pectic acid A, 
which give electrophoretically homogeneous sub- 
fractions of differing acid content, as typical of 
polydisperse systems rather than indicative of 
chemical heterogeneity. 
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Gibbons (8) has suggested the termpolydisperse 
to describe natural polymer preparations in 
which the variations of all measurable param- 
eters, e.g. relative proportions of neutral and acid 
units, and degrees of branching, are continuous 
or uninzodal. Provided the variation is not great, 
a sample may be termed homogeneous. The 
molecules in such a preparation are not identical 
but constitute statistically a single population. On 
the other hand, if the variation of any parameter 
is bi- or poly-modal, i.e. discontinuous, the 
preparation is heterogeneous. Inasmuch as two 
electrophoretically separable components are ob- 
servable in our unfractionated lucerne pectic acid 
B, and in the less readily precipitable fractions 
from lucerne pectic acid A, lemon-peel pectic acid 
L, and Zitko and Bishop's citrus and apple pectic 
acids, we consider that it is probable that both 
polysaccharides contain neutral sugars, but in 
markedly different proportions. While molecules 
within each polysaccharide species may be ex- 
pected to show relatively small but continuous 
variations in the proportions of neutral and acid 
sugar residues, the variations in these proportions 
between polysaccharide species would be dis- 
continuous. 

The presently available evidence suggests that 
pure galacturonans devoid of neutral sugar 
residues are of infrequent natural occurrence. 
The pectic acid from sunflower heads (7, 9) is in 
our opinion the only example of such a galac- 
turonan, which, to date, has been fully authenti- 
cated. The galacturonan isolated by Bhattacharjee 
and Time11 (6) from Amabilis fir bark rnay provide 
a second example. This pectin, however, was ex- 
tracted from bark which had been treated pre- 
viously with hot potassium acetate (6). In the light 
of Barrett and Northcote's observations that 
homogeneous apple pectin may be degraded on 
heating with phosphate buffer a t  p H  6.8 to give 
two structurally dissimilar degraded polysac- 
charides, one of them a galacturonail (lo), the 
occurrence of a native undegraded galacturonan 
in Amabilis fir bark remains open to doubt. 

The general experimental procedures were as described 
in Part I1 (2). Lemon-peel pectins C and L were isolated 
as described in Part I1 (2). Since previous investigations 
(4, 5) had shown no discernible differences between corre- 
sponding polysaccharide fractions isolated from lucerne 
leaves and stems, lucerne pectin A was isolated a s  am- 
monium pectinate after extraction of the whole plant with 

disodium ethylenediaminetetraacetate (4). Water-ex- 
tracted lucerne leaf polysaccharide fractions 5-9 and 
stem polysaccharide fractions 5-8 (5) were combined as 
lucerne pectin B. 

Saponification of Letnotz-peel Pectin C and 
Fractionatiotz of Pectic Acid C 

Sodium hydroxide (1 N) was added dropwise with 
stirring to pectin C (20 g) in water (2000 ml) at Oo ~lnti l  
p H  12 was reached. The solution was kept at 0" for 2 h 
while the p H  was maintained at 12. Aqueous 18 % hydro- 
chloric acid was added dropwise with stirring to the clear 
solution. When precipitation of polysaccharide was corn- 
plete the pectic acid gel was squeezed through a linen 
cloth and washed successively with ethanol-water (3:2, 
containing 5 ml of concentrated hydrochloric acid per I), 
ethanol-water (3:2), ethanol, and ether. The poly- 
saccharide was dispersed in water and freeze-dried to give 
pectic acid C (15.3 g) (see Table I). The supernatant liquid 
was poured into ethanol (5 volumes), and the precipitate 
was removed by centrifugation, washed with ethanol- 
water (3:2), dissolved in water, and freeze-dried to give 
acid-soluble polysaccharide (0.4 g), [aID + 100" (c, 0.31) 
[Found: uronic acid residues (method i), 36x1, which 
gave galactose and arabinose as the main neutral sugars 
with traces of xylose and rhamnose. 

Pectic acid C (14 g) was dissolved by dispersion in 
water (1400 ml) followed by the addition of N sodium 
hydroxide to give a solution of p H  6.5. Sodium acetate 
(2 M, 90 ml) was added with vigorous stirring and the 
solution was kept at 0' for 18 h. The resulting precipitate 
was removed by centrifugation and washed with 0.12 M 
sodium acetate. The sodium pectate was dissolved in 
water and precipitated as pectic acid by the addition of 
acidified ethanol (1 volume; containing 4 %  of acetic 
acid). The precipitate was removed by centrifugation, 
washed free of acetic acid with ethanol-water (1 :I), dis- 
persed in water, and freeze-dried to give pectic acid C I 
(0.7 g). Pectic acid fractions C 2 (3.3 g), C 3 (5.6 g), and 
C 4 (1.7 g) were isolated in a similar manner after pre- 
cipitation of the sodium pectates by the further addition 
of 2 M sodium acetate (10, 20, and 20 ml) to the super- 
natant liquids from the previous precipitations. Addition 
of more sodium acetate gave no further precipitates and 
pectic acid fraction C 5 (1.2 g) was isolated after addition 
of ethanol (1 volume) to the final aqueous solution. The 
pectic acid fractions were analyzed for galacturonic acid 
content (methods i and/or ii), the specific rotations of the 
sodium salts were determined, and the electrophoretic 
mobilities were determined (for summary of results see 
Table 1). Hydrolysis of all pectic acid fractions gave 
galacturonic acid as the main component together with 
small amounts of galactose, arabinose, rhamnose, and 
xylose. 

Fiirt/zer Electroplzoretic Exat?~itzation of Pectic Acid 
Fractiotzs 

Electrophoresis of pectic acid C 3 in borate buffer 
(Table 1) showed two peaks, whereas only one peak was 
shown by pectic acid fractions C 2 and C 4 in the same 
buffer. Both peaks were observed when mixtures of 
fractions C 2 + C 3, and C 3 f C 4 were examined by 
electrophoresis in borate buffer. The electrophoretic pat- 
terns showed that the faster-moving component of frac- 
tion C 3 corresponded to the single components of both 
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fractions C 2 and C 4. The parent pectic acid was 
'reconstituted' by admixture of the fractions and electro- 
phoresis showed the presence of the slower-moving com- 
ponent from fraction C 3 which had not been observed 
in the original pectic acid C. Since electrophoresis in 
borate buffer was carried out 3 months after electro- 
phoresis in pyridine - acetic acid buffer, an  'aging' phe- 
nomenon was suspected, but reexamination of fraction 
C 3 in the latter buffer again showed a single synlmetrical 
peak. A sample of pectic acid C 3 was re-saponified as 
described previously and electrophoretic examination of 
the regenerated pectic acid (recovered in 50% yield) in 
borate buffer then showed a single peak corresponding to 
the peaks given by fractions C 2 and C 4. 

Partial Acid Hydrolysis of Pectic Acid C I 
Pectic acid C 1 (500 mg) was hydrolyzed with Nsulfuric 

acid on a boiling-water bath for 5.5 h. Acidic sugars were 
fractionated as described previo~lsly [for pectin C (2)] by 
chromatography on diethylaminoethyl-Sephadex A-25 
(formate form). Sugars with the mobilities of galacturonic 
acid, 2-0-(galactopyranosyluronic acid)rhamnose, 4-0- 
(glucopyranosyluronic acid)fucose, 6-0-(glucopyranosyl- 
uronicacid)nalactose, galacturonobiose, and galacturono- 
triose weredetected by paper chromatography. 

Lemon-peel Pectic Acid L 
Saponification of pectin L (20 g), as described above, 

afforded pectic acid L (18.5 g) and acid-soluble poly- 
saccharide (0.4 g), [a], + 36" (c, 0.48) [Found: uronic 
acid residues (i), 28x1. Pectic acid L was fractionated by 
graded precipitation with sodium acetate as described for 
pectic acid C to give pectic acid fractions L 1 (13.2 g), L 2 
(0.5 g), and L 3 (2.75 g) which were precipitated respec- 
tively with 0.12, 0.14, and 0.18 M sodium acetate. Frac- 
tion L 1, which had [aID +279" (c, 0.30; as sodium salt) 
[Found: uronic acid residues (i), 90x1,  was refractionated 
to give fractions L l a  (0.8 g) and L lb (12 g) which were 
precipitated with 0.10 and 0.12 M sodium acetate. Hy- 
drolysis of all pectic acid fractions gave galacturonic acid 
as the main component together with small amounts of 
arabinose, galactose, and rhamnose. Analyses for uronic 
acid content, specific rotations of the sodium salts, and 
electrophoretic mobilities of freshly prepared pectic acids 
are shown in Table 1. Reexamination by electrophoresis 
in borate buffer of a sample of pectic acid L 16, which had 
been stored as a freeze-dried solid for 3 months, showed 
two peaks in addition to the single peak observed in the 
freshly prepared sample. 

Llrcertte Pectic Acid A 
Saponification of pectin A (10 g) furnished pectic acid 

A (8.3 g). Pectic acid A (8 g) was fractionated to  give 

pectic acid fractions A 1 (0.45 g), A 2 (1.1 g), A 3 (0.7 g), 
A 4 (1.38 g), and A 5 (2.3 g), which were precipitated re- 
spectively with 0.12, 0.14, 0.18, and 0.22 M sodium 
acetate, and with ethanol. All fractions gave on hydrolysis 
galacturonic acid as the main component, together with 
small amounts of galactose, arabinose, rhamnose, and 
xylose. Analyses and physical constants are shown in 
Table 2. 

Lricert~e Pectic Acid B 
Pectin B (3.4 g) was dissolved in water (400 ml) and 

insoluble material (0.23 g, largely protein) was removed 
by centrifugation. Saponification of the soluble pectin 
furnished pectic acid B (2.4 g) and acid-soluble poly- 
saccharide (0.14 g), [a], + 86" (c, 0.4) [Found: uronic 
acid residues (i), 38x1. Fractionation of pectic acid B 
(2 g) gave pectic acid fractions B 1 (0.45 g), B 2 (0.05 g), 
B 3 (0.25 g), B 4 (1.016 g), and B 5 (0.55 g), which were 
precipitated respectively with 0.12,O. 14,O. 16, and 0.18 M 
sodium acetate, and with ethanol. All fractions gave on 
hydrolysis galacturonic acid as the main component, to- 
gether with small amounts of galactose, arabinose, 
rhamnose, and xylose. Analyses and physical constants 
are shown in Table 2. 
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Solvation differences in the hydrolysis of certain alicyclic bromides1 

H. S. GO LINK IN,^ D. M. PARBHOO,~ AND R. E. ROBERTSON" 
Divisiorz of Chemistry, Nntiorlal Research Col~ncil of Cnnncln, Ottmvn, Cnlznda 

Received November 3, 1969 

A detailed study of the hydrolysis in water of the cis and trnrzs cyclopentyl and cyclohexyl bronlo- 
hydrins reveals significant differences in the apparent heat capacity of activation (AC,*). The cis isomers 
have values of AC,* -. 68 ? 6 cal deg-' mole-'; the same value as found for cyclopentyl bromide, 
but more negative by 10 cal deg-' mole-' than that found for the hydrolysis of cyclohexyl bromide. 
By contrast, the corresponding value for fra~zs isomers was about -45 cal deg-' mole-'. The differences 
in AC,* can be explained in terms of different niechanisnis. Secondary p-deuteri~~ni isotope effects of 
2.28 for the cis-2-bromocyclopentanol-I-d and 2.45 for cis-2-bromocyclohexanol-I-d confirm hydrogen 
participation in these cases. The corresponding ketones were the only products detected. 

Canadian Journal of Chemistry, 48, 1296 (1970) 

Introduction 

In a recent paper, Blandamer and co-workers 
(1) reported a study of the effect of substituting 
-OH, -OMe, and -SMe on the mechanism of 
hydrolysis of alkyl halides in water and on the 
accompanying solvent reorganization. Particular 
attention was given to the latter as indicated by 
the temperature coefficient of AH* (AC,'). In 
one sense, the present paper represents a; exten- 
sion of this earlier study of the alicyclic systems, 
but the more rigid structure of the cyclic com- 
pounds, cyclope~tyl and cyclohexyl bromohyd- 
rin, and the new and different mechanistic alter- 
natives available to cis and trans conformers 
introduce factors in the activation process which 
were not present, or were present but to a limited 
degree, in the corresponding straight-chain com- 
~ o u n d s .  

For the trans chloro conformers, Mousseron 
and co-workers (2,3) propose a mechanism 

We accepted their findings as a general frame- 
work of reference. Hence our ~roblem. aside 
from those attending the kinetic study, was to 
attempt to account for the determined values of 
AC,* in terms of our working hypotheses. 

Experimental 
~ ~ ~ I ~ ~ - ~ - B ~ O I I ~ O C J ~ C ~ O ~ ~ I I ~ ~ I ~ O I  

The compound was prepared according to the general 
method used by Winstein and Buckles (4) by the addition 
of N-bronios~~ccinimide to cyclopentene; b.p. 41-48 "C 
at 1 nim. 

Anal. Calcd. for C5H90Br: C, 36.39; H, 5.50; Br, 
48.42. Found: C, 36.02; H, 5.73. 

cis-2-Bror11ocyclope11tn11oI 
Bromopentanone was prepared by the addition of 

bromine in chloroforni to cyclopentanone (5). The crude 
mixture of bromopentanones in ethereal solution was 
added dropwise to a slight excess of LiAIH, in ether 
cooled with Dry-Ice - MeOH mixture. The product was 
recovered by the usual method to give a product, b.p. 
40-44 "C at 1 mni. This material did not give a linear 
first-order plot on hydrolysis, hence the 18 g of product 
was added to 50 nil water at 90 "C with stirring for - 
10 min; 2.9 g of the bromopentanone was recovered and 

where S is solvent, while that for the cis con- passed through A1,03 (Fisher for Adsorption); this 
formers involved hydrogen participation, hydro- material showed acceptable kinetic purity; b.p. 49-51 "C 
gen transfer, and the loss of a proton from the at 7 mm. 

hydroxyl group trn~u-2-Bror~zocyclol~exnrzol 
This was a very pure sample supplied by Dr. R. A. A. B. 

Bannard of the National Defence Research Laboratories. 
'NRCC No. 11 176. 
'Postdoctorate Fellow, 1966-1968. cis-2-Brornoc~~cloI1e~~a11ol 
3Postdoctorate Fellow, 1967-1969. The same method was followed as for the C-5 com- 
SPresent address: Department of Chemistry, The Uni- pound. The product was stirred for 19 h with 750 1111 of 

versity of Calgary, Calgary, Alberta. 0.1 % Na2C03 to destroy the trnrzs isomer. 
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TABLE 1 
E~iipirical constants for the rate-temperature relation defined by eq. [ I ]  

- - - 
.- - -- 

Conlpound -A - B  C tzTIT2* 
- - 

Cyclopentyl bromide 9 722.079 32.2738 110.6865 475075 
cis-Broniocyclopentanol 10455.0154 33.5433 112.3863 4OsOa6 
tratu-Broniocyclopentanol 8 774.536 1 22.0975 77.9905 37~0" 
Cyclohexyl bromide 9 723.659 28.6960 98.02657 4 1 ~ 7 . 5 ~ ~  
cis-Brornocycloliexanol 1 1  489.689 34.3886 114.8969 385478 
tratrs-Broniocyclohexanol 8 951.000 19.879 72.051 1 636,' O 0  

-- -- -- 
*,I gives the number ofreplicatc runs a t  a given temperature. T I  and T ,  indicate theupper  and lower limits of the experimental 

temperature range. 

Anal. Calcd. for CBHllOBr: C, 40.24; H,  6.19; Br, 
44.63. Found: C, 40.42; H,  6.13; Br, 44.68. 

cis-2-Brot~~ocyclopet~tatrol-l-d ntld cis-2-Brot~~ocyclo- 
hexntrol-I-d 

The same method was used as for the protiuln coni- 
pounds, with the exception that LiAID, was ~ ~ s e d  in tlie 
reduction of the ketone and theexcess was destroyed with 
D20. 

Anal. Calcd. for CSH80DBr: C, 36.17; H, 4.86; Br, 
48.12. Found: C, 36.02; H,  4.8; Br, 48.3; D,  0.95 
mole/niole. 

Anal. Calcd. for C6HloODBr: C, 40.00; H, 5.59; Br, 
44.36. Found: C, 40.20; H, 5.4; Br, 44.0; D, 0.91 
niole/niole. 

Kit~efic Procedltre 
In all cases, satisfactory conformance of tlie hydrolysis 

rates to first-order linearity was regarded as the test for 
acceptable p ~ ~ r i t y  of the compounds used for kinetic 
studies. Rate determinations, temperature control and 
measurement, and calci~lations were the same as used 
previously in this laboratory (6,7). The reaction solutions 
were made LIP in distilled water by dispersing about 2 11ml 
of the solute on Kieselguhr and adding the latter to 
50 1111 distilled water containing 0.001 M KBr as backing 
electrolyte. After shaking, this reaction mixture was 
forced into the reaction cells through a s~~ i t ab le  filter. 

Prodrcf Atmlysis 
The fact that the trnt?s-glycol results from the hydrol- 

ysis of the tratrs-halohydrins had been established by 
Mousseron and co-workers (2) for hydrolysis in 50150 
dioxane-water. This was accepted as the course of 
reaction here, where reaction conditions favoring the 
tratls-glycol were more favorable. Since Mousseron pro- 
posed a mechanism involving hydrogen participation for 
the cis compound, product analysis under our conditions 
was considered significant. Fifty p1n1 of the cis-2-Br- 
pentanol and of the cis-2-Br-hexanol were dissolved in 
2 ml water. The mixture was stirred at 65 'C for 12 Ihalf- 
lives and then extracted 10 times with 1 nil of methylene 
chloride. The extract was analyzed by gas-liq~~id chroma- 
tography, using an 8.5 ft x 114 in. (i.d.) column of 40% 
duodecylphthalate on Chromosorb W at 120 "C, flow 
rate 100 ml min-'. Control experiments indicated 
95-100% ketone product. This result is in agreement with 
the results reported by Mo~~sseron for the solvolysis of 
the corresponding chloride in 50150 dioxane-water (2). 

Rate Data 
The rate data obtained for this series showed a teni- 

perature dependence which, consistent with past experi- 
ence, could be fitted to an equation of the form 

[1 1 logk  = A / T +  B l o g T +  C 

using the transformations previously described (7). The 
corresponding constants determined by the least-mean- 
squares method are given in Table 1. The smoothed rates 
calculated from these temperature-rate relationships 
agreed in all cases with the determined values within 
experimental reprod~cibil i ty.~ 

By making the usual assumptions with respect to the 
differentiability of log It  with respect to T, and accepting 
as valid the formalisni of transition-state theory and the 
further assumption that dAC,*/dT= 0, the quasi- 
ther~iiodynamic parameters characterizing the hydrolysis 
of these compounds can be derived. These are given in 
Table 2. We do not intend to imply that dAC,+/dT 
actually is negligible (e.g. see ref. 8), but rather, for the 
purpose of this paper, we choose to regard i t  so. In any 
case, if dAC,+/dT # 0, the value of AC,' at the mid 
temperature range will be the same as if we assumed 
dAC,*/dT = 0. From Table 2, i t  will be readily appar- 
ent how the calculated errors in the derived terms 
increase for temperature removed from the midpoint 
of the experimental range. 

Discussion 

With the exception of cis-2-Br-cyclohexai~ol, 
we find the qualitative effect of a cis and trm7s 
-OH substituent for hydrolysis of the bromide 
in water gives rise to the same pattern O F  rates as 
was reported earlier by Mousseron and co- 
workers (2) for solvolytic displacement of the 
corresponding -C1 in the poorer ionizing med- 
ium 50150 dioxane-water. Quantitative differ- 
ences exist, as will be apparent from a comparison 

5The experimental rates have been placed in the 
Depository of Unpublished Data. Photocopies may be 
obtained free of charge, upon request, fro11i: Depository 
of Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada. 
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z 

TABLE 2 P 
0 

Quasi-thermodynamic parameters for the hydrolysis of a series of cyclic halides 5 
2 

Temperature AG* AH* AS* -ACp* 106k, 50 "C 2 
Compound PC) (cal mole-') (cal mole-') (cal deg-' mole-') (cal deg-' mole-') s 1  o 

3 5 23 2 9 9 i 0 . 4  23 498k 11 0 .84k0.04 P 
1 Cyclopentyl bromide 6 8 k 1  1269 P 

50 23 251 k 0 . 8  22 475 k 28 -2 .40 i0 .09  
50 25 104k1.3 25 670 42 1 .75k0.18 8 

2 cis-2-Bromocyclopentanol 70 25 111 k 0 . 9  24 297+ 19 6 9 i 3  70.84 o -2 .37 i0 .05  
50 25 791k1 25 319 i44  -1.4 k 0 .  13 % 

3 trans-2-Bromocyclopentanol 70 25 848k0.7 24 399 k 13 -4.22k0.04 4 6 k 2  24.34 

4 Cyclohexyl bromide 50 24 991 k 0 . 4  25 422 k 8 1 .33k0.02 5 9 i  1 84 2 
70 25 000_+0.8 24 245 k 28 -2 .2  kO.08 j 

5 cis-2-Bromocyclohexanol 50 25 807k2.6 26405k 121 1 . 8 5 i 0 . 4  
70 25 812k0.8 25 OOOk 31 -2 .37k0.09 7 0 k 7  23.83 is 
50 27 148k4 27 549 k 84 1.24f 0.34 P 6 trans-2-Bromocyclohexanol 4 2 k 3  2.93 co 70 27 149k0.8 26 304k 16 -1.25+0.09 - 

D 
4 0 
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GOLINKIN ET AL.: HYDROLYSIS OF CERTAIN ALICYCLIC BROMIDES 1299 

TABLE 3 (1 1). For acetolysis of the cis- and trans- 
Comparison of rates of hydrolysis of a series 0S02C6H4Br, where participation is unlikely, 

of alicyclic halides (X) k,/kH (k, = k substituted) is about 7 x in 

Relative rate, X = 
both cases (10). A very different relationship is 
apparent in Table 3. Mousseron and co-workers 

CI Br 
(50150 dioxanelwater, (Water, 

Compo~~nd  RX 100 "C) 50 "C) 

Cyclohexyl X 
-trarzs -OH 
-cis -OH 

Cyclo~entyl X 

of the relative effectiveness of the -OH substitu- 
tions, in Table 3. 

The substitution of -OH on a carbon adjacent 
to a center from which a halogen is to be displaced 
introduces both steric and inductive considera- 
tions, the latter resulting in a rate reduction of 
about lo-' (9). For trans substitution, the rate 
reduction for the hydrolysis of cyclohexyl bro- 
mide is about the same (1130) as was found for 
2-bromoethanol (I), suggesting that, while the 
presence of the -OH might forestall rearside 
nucleophilic attack of water, leading to the cis 
glycol, anchimeric assistance as such was small. 
Under the somewhat poorer ionizing conditions 
used by Mousseron (2, 3) the importance of 
neighboring-group effects became accentuated 
and the retarding inductive effect of the trans 
-OH was largely cancelled out in the cyclohexyl 
case, but to a much lesser degree in the cyclopentyl 
series. In the latter, anchimeric assistance is much 
less important in the activation process. In neither 
example was there evidence of strong internal 
nucleophilic interaction as was found in the 
acetolysis for trans-acetoxy (10) or the trans 
chloro, bromo, and iodo tosylates (11). The 
question of anchimeric effects on relative rates 
has been discussed repeatedly in the past (9, 12). 
In this respect, the present work merely provides 
further quantitative data for a particular system, 
supplementing earlier work by Winstein and his 
co-workers. In one respect there is a difference 
which may be unique for hydrolysis in aqueous 
systems. Thus, in the acetolysis of cyclohexyl 
p-Br-benzenesulfonate, it is normal to expect P- 
substituents to reduce the rate, the effect being 
greater for the cis than for the trans if there is any 
possibility of participation. Thus, k, = 1; 
k ,,,,, (-2-OAc) = 0.30; kc,,(-2-OAc) = 4.5 x 

aiiribute the enhanced rates for the cis-OH sub- 
stituted compounds to hydrogen participation, 
analogous to that found by Winstein and Taka- 
hashi (12) for the solvolysis of 3-methyl-2-butyl 
tosvlate in acetic acid. 

is not unexpected that this alternative mech- 
anism gives evidence of enhanced anchimeric 
effects for displacement from cyclohexyl corn- 
pared to cyclopentyl. The cyclopentyl system is 
more readily activated, hence will be less affected 
by supplementary assistance. This differential 
behavidr will be more apparent in the poorer 
ionizing solvent, where greater charge separation 
is required at the transition state. 

In both series, the corresponding ketones were 
the only products reported by Mousseron (2, 3) 
for the hydrolysis of the cis-OH chloro com- 
pounds. We have shown by gas-liquid chroma- 
tography that the same ketones are the only 
products obtained for the hydrolysis of the cor- 
responding bromides in water. 

To confirm the postulate of P-hydrogen 
participation advanced by Mousseron, we syn- 
thesized the corresponding deuterated com- 
pounds and found the rate constant at 67.5 "C 
to be 2.44 x lop4  s-', leading to a value of 
kH/kD = 2.28, for the cyclopentyl compounds. The 
corresponding rate for the cis-cyclohexyl bromo- 
hydrin was k,,,, = 8.06 x s-', resulting 

in a value of kH/kD = 2.45. The first ratio repre- 
sents about the same degree of hydrogen partici- 
pation as was found by Winstein and Takahashi 
(12) for the solvolysis of 3-methyl-2-butyl tosylate 
in acetic acid, and as found by Inomoto and 
co-workers (13) for the hydrolysis of the corre- 
sponding mesylate in water. It is worth noting 
that acceleration of the rate of hydrolysis by an 
electron-withdrawing substituent appears to be a 
property of the cyclic series (contrast the rate 
reduction of 1/30 for 2-bromoethanol(1)) and of 
-OH compared to such substituents as AcO-, 
Br-, C1-, and 0S02C6H5Br (9); hydrogen 
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participation does not seem to be brought about 
by any of the latter. Further contrast is provided 
by the fact that in the acetolysis of 3-Me-2-butyl 
tosylate and in  the hydrolysis of the correspond- 
ing mesylate, hydrogen participation seems to  be 
brought about by the electron-releasing 3-methyl 
group. When displacement occurs at  a secondary 
carbon atom, judging from the rate ratio of 
hydrolysis, k(n-propyl)/k(isobutyl) = 1.5 (for the 
iodide (14)), no similar enhancement is induced 
for displacement from a primary carbon. This 
rate data does not exclude the above possibility 
but rather indicates that SN2 nucleophilic dis- 
placement is the preferred mode of reaction. The 
elaboration of these differences is postponed 
until data from allied systems and for hydrolysis 
in D,O are available. 

The relation of the observed ACp* values to  
the probable contributions from solvent reorga- 
nization and to the above indications of mech- 
anistic change seem relatively straightforward. 

The more negative value of ACp* normally 
found for those molecules which react by a so- 
called ionizing mechanism (SN1), compared to  
the value of this coefficient found for those 
compounds reacting by an  SN2 mechanism, is 
attributed to the requirement for a more extensive 
disruption of the solvent about the formingcation 
a t  the first transition state (15). There we may 
assume that the exothermic solvation of the 
anion has proceeded to some indeterminate 
degree from the well-known sensitivity of such 
reactions to the ionizing properties of the solvent 
medium (16). As a working hypothesis, we assume 
that the level of charge on the quasi-cation a t  the 
transition state for the SN1 reaction will be such 
that 

water-water interaction = water - anion 
interaction 

Accordingly, where charge is distributed over a 
large ion (e.g. t-butyl, cyclobutonium) extensive 
solvent disruption would be expected at  the 
transition state and reflected in larger negative 
values of ACp* and more positive values of AS* 
(6).6 While we feel relatively confident with 
respect to the first inference, the second is less 
certain, and it is just on  this point that the Albery 
and Robinson deduction (15), as extended and 

6The assumption that the contribution from this 
source can be regarded as zero (15) is noted but is not 
considered here. 

developed by Scott (17), may very well contribute 
in a n  important way to our  understanding of the 
apparent values of the derived quasi-thermo- 
dynamic parameters. Where charge development 
on the cation is more localized, we anticipate that  
the transition state will be reached a t  a lower net 
charge separation; in a series of solvents of differ- 
ing ionizing power, such compounds will show a 
lesser dependency o n  the ionizing properties of 
the solvent. I t  follows that for solvolysis in water, 
the contribution to the observed AC-* values 
arising from solvent reorganization wrll be less 
negative than for cations which are larger and  
hence have the effect of charge development more 
dispersed (20). An examination of the AC,*values 
derived from the temperature dependence of the 
rates of hydrolysis for the compounds reported in 
this study show that cyclopentyl bromide, cis- 
bromocyclopentanol, and -cyclohexanol have 
AC,* values about -68 cal deg-' mole-'. 
Cyclohexyl bromide has a somewhat more posi- 
tive value (-59 cal deg-' mole-'), about the 
same as found for the hydrolysis of 2-bromo- 
propane (1 8). 

T o  understand the mechanistic significance of 
these iildications of similarity with respect to the 
extent of solvent reorganization in the activation 
process, it is necessary to  examine brieily the 
implications of P-deuterium substitution o n  the 
same rates of hydrolysis. We have already noted 
that in the case of the cis-cyclopentyl and -cycle- 
hexyl halohydrins, a relatively large secondary 
deuterium isotope effect was determined in such 
reactions. The overall secondarv deuterium iso- 
tope effect for the hydrolysis of cyclopentyl 
2,2,4,4-d4 bromide was 1.60 (19). This compares 
with a value of 1.56 for the hydrolysis of iso- 
propylmethanesulfonate-d, and 1.34 for the 
corresponding bromide (17). Saunders and Finley 
(21) reported a value of 2.34 for the acetolysis of 
cyclohexyl 2,2,6,6-d4 tosylate under conditions 
where a higher degree of charge separation may 
be assumed at  the transition state. Shiner and  
Jewett (22) provide proof of hydrogen participa- 
tion in the solvolysis of the cis-4-t-butylcyclo- 
hexyl brosylate. In their view, "Since this 
participation is from a secondary hydrogen to a n  
adjacent secondary solvolytic center, it is difficult 
to conceive of any driving force for it except the 
formation of a stabilized, bridged, nonclassical 
intermediate carbonium ion". They calculate that 
the secondary deuterium isotope effect associated 
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with this bridging hydrogen is kH/kD = 2.2, 
comparable to the values determined for the 
cis-halohydrins, but higher than were observed 
for the more mobile cyclohexyl or cyclopentyl 
compounds. No similar analysis of secondary 
deuterium isotope effects has been made for the 
unsubstituted cyclohexyl or cyclopentyl com- 
pounds under our reaction conditions. What the 
present work shows is that the solvent reorganiza- 
tion as indicated by AC," is about the same for 
the unsubstituted and for the cis-OH compounds, 
and quite different from the corresponding value 
found for the trans-OH compounds. 

The large degree of hydrogen participation 
accompanying hydrolysis of the cis-OH com- 
pounds effectively predicates an  SN1 mechanism. 
In water, we assume that the transition state 
corresponds to that point where a combination of 
thermal activation and internal factors (in the 
present case, H-participation), coupled with some 
degree of interaction between the solvent and the 
quasi-anion, results in a critical charge density on 
the quasi-cation. Localization of the charge near 
the seat of reaction can result in less solvent 
reorganization than for a dispersed charge. This 
is the hypothesis proposed to account for the 
difference in the value of AC," for cyclobutyl 
chloride (AC," = - 103) and cyclopentyl bro- 
mide (AC," = -68). Supplementary evidence 
will be required to extend this argument to 
account for the value of AC," = - 59 found for 
the hydrolysis of cyclohexyl bromide. An alter- 
native would be that the more positive value for 
the latter is evidence of "mixed kinetics". Our 
conclusion is that the values of AC," for com- 
pounds 1, 2, 4, 5 (Table 2) are all characteristic 
of an SN1 displacement of Br from a secondary 
carbon. 

The AC," values calculated for the trans- 
cyclohexyl and -cyclopentyl compoundsare about 
the same, and much less negative than values 
found for the four related compounds noted 
above. Conformation probably excludes the 
-OH from having much effect on the water 
structure about the bromide in the unactivated 
molecule and so modifying water structure in that 
area (I). While it seems unlikely that any strong 
anchimeric interaction is established at the rear 
of the C-1, it seems highly probable that sufficient 
interaction occurs between the -OH group and 
the empty orbital at the rear of C-1 in the activated 
molecule to exclude either nucleophilic attack or 

reduce the possibility of hydrogen participation 
from a P-H. A reasonable alternative, consistent 
with the fact that the trans-bromohydrin leads to 
the trans-glycol, would be nucleophilic displace- 
ment of -OH from C2 to C, by water. The AC," 
then would correspond to that characteristic of 
an SN2 displacement reaction, as is found 
(AC," = -43 cal deg-' mole-'). Mousseron 
and co-workers have proposed that an equi- 
librium is set up involving the formation of the 
cis-epoxide which reacts to give the trans-glycol 
(3). The double-labelling experiments required to 
distinguish between these two mechanisms have 
not yet been done. If the hypothesis advanced by 
Mousseron proves correct, then the observed 
value of AC," (which is just about what would be 
expected for the hydrolysis of a bromide by an 
SN2 mechanism) must be regarded as an in- 
teresting coincidence. 
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Reactions of nitro sugars. XVII. Koenigs-Knorr syntheses1 
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Starting from methyl 3-deoxy-3-nitro-p-D-glucopyranoside (I), the free sugar 3-deoxy-3-nitro-a-D- 
glucopyranose (2), its tetraacetate (3), and 2,4,6-tri-0-acetyl-3-deoxy-3-nitro-a-~-glucopyranosyl bromide 
(4) were prepared. Another sequence of reactions commencing with 1 gave the 6-0-trityl (6), the 2,4-di- 
0-acetyl-6-0-trityl(7), the 2,4,6-tri-0-acetyl(8), and the 2,6-di-0-acetyl (10) derivatives of 1, whereas the 
2,4-di-0-acetyl derivative (9) could not be isolated in pure form because of acetyl group migration. 
Reaction of the bromide 4 with water, methanol, and benzyl alcohol, respectively. led to 2,4,6-tri-0- 
acetyl-3-deoxy-3-nitro-p-D-glucopyranose (5) and the corresponding methyl and benzyl p-D-glycosides 
(8 and 11). Condensation of 4 with 1,2,3,4-tetra-O-a~etyl-p-~-gl~~0pyran0~e (12), and condensation of 
tetra-0-acetyl-a-D-glucopyranosyl bromide (14) with the trityl compound 6, furnished derivatives of 
gentiobiose having a deoxynitro function at C-3' (13) and C-3 (IS), respectively. 

Canadian Journal of Chemistry, 48, 1302 (1970) 

The synthesis of nitro sugar derivatives and 
their use as versatile intermediates for preparative 
purposes has been much investigated in recent 
years (1, 2). Interest in this class of compounds 
will doubtless receive further stimulation by the 
first discovery (3) of a nitro sugar, evernitrose, 
in nature. Although various aspects of the special 
reactivity conferred upon sugars by the acti- 
vating and directing effects of a nitro substituent 
have already been studied and reviewed (2), 
certain common reactions widely employed in 
general carbohydrate chemistry have seldom or 
not at all been performed with nitro sugars in 
particular. This applies to the Koenigs-Knorr 
reaction, one of the most useful methods for the 
synthesis of glycosides and disaccharides (4). It 
was felt that an investigation in this area was 
warranted, with a view to expanding the poten- 
tial utility of nitro sugars. We report here on the 
preparation of suitable reactants for, and on the 
performance of, some Koenigs-Knorr syntheses 
involving 3-deoxy-3-nitro-D-glucose. 

3-Deoxy-3-nitro-a-D-glucose and Some 
Derivatives 

The hitherto unknown reducing sugar 3-deoxy- 
3-nitro-D-glucose (2) was obtained by acid 
hydrolysis of its methyl P-glycopyranoside (1). 
Although this hydrolysis required more vigorous 
conditions (6 N HC1 at 100") than are ordinarily 
needed for the cleavage of glycosides, it afforded 2 
in high yield and in crystalline form (as the 
downward-mutarotating a-anomer). In order 
to verify that no unexpected structural or con- 

'For part XVI in this series see ref. 19. 

figurational change had occurred in the reaction, 
2 was hydrogenated catalytically, and the crystal- 
line product isolated after N-acetylation proved 
to be identical with the known 3-acetamido-3- 
deoxy-P-D-glucose. 

Boron trifluoride-catalyzed acetylation (5) 
of 2 gave 1,2,4,6-tetra-0-acetyl-3-deoxy-3-nitro- 
a - ~ - ~ i u c o ~ ~ r a n o s e  (3). Alternatively, 3 was 
produced by sulfuric acid-catalyzed acetylation, 
with concomitant acetolysis, of the glycoside 1. 
Treatment of the tetraacetate 3 with hydrogen 
bromide in glacial acetic acid furnished a 77% 
yield of 2,4,6-tri-0-acetyl-3-deoxy-3-nitro-a- 
D-glucopyranosyl bromide (4), the key compound 
for the Koenigs-Knorr reactions ~ l a n n e d . ~  
Debromination of 4 with silver carbonate in 
aqueous acetone gave crystalline 2,4,6-tri-0- 
aietyl-3-deoxy-3-nitro-~-~-g~ucopyranose (5). 

Next, a partially protected nitro sugar having 
a free hydroxyl group at C-6 was desired as a 
component for the synthesis of a disaccharide. 
The glycoside 1 was therefore selectively tritylated 
on its primary hydroxyl group. The 6-0-trityl 
derivative (6), which was obtained without 
serious difficulties, was to be acetylated and, 
subsequently, detritylated to give, in turn, methyl 
2,4-di-0-acetyl-3-deoxy-3-nitro-6-O-trityl-~- 
D-glucopyranoside (7) and methyl 2,4-di-0- 
acetyl-3-deoxy-3-nitro-P-D-glucopyranoside (9). 

2This glycosyl bromide appeared to be quite stable as 
it could be stored in a desiccator for several weeks without 
showing signs of decomposition. One attempt was made 
to prepare it directly from the free sugar 2 by the method 
of Barczai-Martos and Korosy (6), but this was unsuc- 
cessful, and the tetraacetate 3 was the only product 
isolated. 
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1 
CH20Tr 

- AcO QMe 

OAc 

CH20Ac 

QMe - 
AcO 

OAc 

8 

CH20H 

QMe 
AcO 

OAc 

CH20Ac 

Qo Ac AcO 

OAc 

3 

1 
CH20Ac 

QBr AcO 

OAc 

4 

1 
CH20Ac 

@ 
AcO 

OAc 

CH20Ac 

+ HO QMe 

OAc 

However, acetylation of 6 with acetic anhydride 
in ether-pyridine at + 5O, or with acetic anhy- 
dride and sodium acetate at + 25O, afforded 7 in 
moderate yields only and always accompanied 
by large proportions of an unidentified, yellow 
by-product. The latter exhibited a strong ultra- 
violet (u.v.) absorption band at h,,,, 360 mp, 
lacked carbonyl frequencies in the infrared (i.r.), 
and appeared to possess a nitro group situated 
on an unsaturated system (v,,, 1525 cm-I). It is 
recalled that in the pyridine-catalyzed acetylation 
(5) of 1 a similar, yellow by-product arose; the 
latter was revealed (7) to be an isochromene 

derivative whose formation was due to a com- 
plicated sequence of reactions initiated by an 
extremely facile dehydroacetylation of the acety- 
lated nitro glycoside. The inference may be 
drawn that the yellow compound now encoun- 
tered resulted from an analogous aromatization. 

When the trityl ether 6 was acetylated with 
acetic anhydride containing a catalytic amount 
of boron trifluoride,, the trityl group was split 
off and the known methyl 2,4,6-tri-0-acetyl-3- 
deoxy-3-nitro-P-D-glucopyranoside (8) was pro- 
duced instead of 7. A satisfactory way of 
preparing 7 was eventually found when 6 was 
treated with acetyl chloride in the presence of 
triethylamine. 

The detritylation of 7 was readily effected by 
ethereal hydrogen chloride. However, spectral 
evidence indicated that the crude product 
obtained, which presumably was the 2,4-diacetate 
9, underwent a structural change during recrys- 
tallization. Thus, the 0-acetyl proton resonances 
(in CDCI, solution) were observed at T 7.92 and 
7.97 before, but at T 7.84 and 7.93 afterwards, 
and in the i.r. spectrum the carbonyl stretching 
absorption changed from a single peak (1730 
cm-') to a double peak (1730, 1750 cm-'). The 
recrystallized product was methyl 2,6-di-0- 
acetyl-3-deoxy-3-nitro-~-~-g~ucopyranoside (lo), 
resulting from acetyl migration in 9. Acetyl 
migrations have long been known to occur in 
partially acetylated sugars (9), but the great ease 
of reaction observed in the present case seems 
noteworthy. The assignment of the 2,6-diacetate 
structure (10) was based on the analysis of ring 
proton signals in the 100 MHz nuclear magnetic 
resonance (n.m.r.) spectrum (in CDCI,) of 10, 
aided by a comparison of the spectra of the 
precursors 6 and 7. In the non-acetylated trityl 
ether (6), the ring proton signal appearing at 
lowest field (T 5.50) was a symmetrical triplet 

- 10 Hz), (1 H) assignable to H-3 (J2,, = J,,, - 
and the signal following upfield (T 5.78) was a 
doublet (lH) due to the anomeric proton (J, ,, = 
8 Hz). In the acetylated trityl ether (7), the 
corresponding 1-proton signals were shifted 
slightly downfield, to T 5.30 (H-3; J2,, = J?,, = 
10 Hz) and T 5.56 (H-1; J, ,, = 8 Hz), respect~vely, 
and at even lower field there appeared a quartet 
centered at z 4.52 and superimposed by a triplet 

3Glycoside, benzylidene acetal, and ordinary ether 
linkages had been found (5, 8) to remain unaffected by 
this reagent. 
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at T 4.50. These two signals (combined intensity, 
2H) were attributable to H-2 and H-4, respectively 
(J,,, = 8 Hz, J,,, = 10 Hz;J,,, = J,,, = 10 Hz). 
Compound 10 also exhibited a symmetrical 
triplet (1H) for H-3 at T 5.32 (J2,, = J,,, = 10 
Hz) and a doublet (1 H) for H-1 at 5.55 (J, ,, = 8 
Hz), but farther downfield there was only a 
single, 1-proton signal (T 4.65), which indicated 
that only one of the positions 2 and 4 carried an 
acetoxyl group. The signal was a quartet assign- 
able to H-2 ( J , , ,  = 8 Hz, J,,, = 10 Hz). 

Koenigs-Knorr Reactions 
The Koenigs-Knorr reaction of 2,3,4,6-tetra- 

0-acetyl-a-D-glucopyranosyl halides is well- 
known to proceed with inversion of the anomeric 
configuration (4). When the "acetobromo" 
sugar 4 was condensed with methanol in the 
presence of silver carbonate, the known methyl 
P-D-glycoside 8 was obtained, and this provided 
chemical proof for the structure and configura- 
tion of 4. By reaction with benzyl alcohol we also 
prepared the corresponding benzyl P-D-glycoside 
11, in a yield of 65%. The synthesis of 11 was 
undertaken in view of its potential usefulness for 
work requiring a subsequent hydrogenolytic 
rather than hydrolytic glycoside cleavage. 

+ ROH 

d 

Ag2O 

OAc OAc 

tetra-0-acetyl-a-D-glucopyranosyl bromide (14) 
with the nitro glycoside 2,4-diacetate 9. This 
project had to be postponed when 9 could not 
be isolated in pure form because of its spon- 
taneous isomerization to 10. However, an 
alternate approach to such a disaccharide was 
successful. It consisted of condensation of the 
bromide 14 with the trityl ether 6 in nitromethane 
solution in the presence of silver perchlorate, 
according to Bredereck and associates (10). We 
thus obtained in 14% yield a partially acetylated 
methyl P-glycoside of 3-deoxy-3-nitro-gentio- 
biose, namely, methyl 6 - 0 - (2,3,4,6 - tetra - 0- 
acetyl- P - D  -glucopyranosyl) - 3 - deoxy -3-nitro- 
P-D-glucopyranoside (15). 

CH20Ac 

OAc OH 

The specific rotations of the new disaccharides 
13 and 15 in chloroform solution, [a] ,  - 7.8" 
and -25.6", respectively, confirm the p-con- 
figuration ofthe 1 + 6linkages, the corresponding 
values calculated on the basis of Hudson's rules 
of isorotation being [a] ,  -7.5" for 13 and 
- 18.5" for 15 (see Experimental). 

Only a few disaccharides that contain nitro 
sugars had previously been synthesized. The 
first one was a sucrose-type compound obtained 
by nitromethane cyclization ( l l ) ,  and two 
anomeric methyl glycosides of a 1 + 2 linked 
disaccharide related to sophorose as well as 
several 2 -> 2 linked methyl glycosides (bisgly- 
cosidyl ethers and bisglycosidylamines) have 
been obtained more recently by way of nucleo- 
philic addition reactions (8, 12). 

Experimental 

condensation of 4 with 1,2,3,4-tetra-~-acetyl- Melting points were taken in capillaries in an electric 
aluminum block apparatus. Infrared spectra were ob- P-D-gluco~~ranOse (I2) furnished in 25 % yield a tained from Nujol mulls with a Beckman IR-8 instrument, 

3'-deox~-3'-nitro derivative of gentiobiose, and significant data are r e~or t ed  as v,,, values (in cm-I). - .... 

namely, 6 - 0 - (3 - deoxy - 3 -nitro - P - D - glucopy- Nuclear magnetic resonance spectra were taken in 
ranosy~)-~-~-g~ucopyranose heptaacetate (13). chloroform-d solution, with internal tetramethylsilane 

we had planned to synthesize in similar fashion standard, on a Varian HA 100 Spectrometer. Optical 
rotations were determined at about 25" by use of a 

a gentiobiose derivative having a nitro group in Perkin-Elmer 141 automatic ~olarimeter.  Thin-laver 
the other monosaccharide unit, by condensing chromatography (t.1.c.) was performed on silica gel G 
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plates with 2:3 (v/v) ethyl acetate - petroleum ether (b.p. (b)  By Acetol~~sis of I 
30-60'). unless otherwise indicated. Sulfuric acid (0.2 ml) was added to  a solution of the 

3- Deo,vy-3-~1itro-a-~-g/~icopy1'ntiose (2) glycoside 1 (200 mg) in glacial acetic acid (3 ml) and 

A solution of the ni t ro  glycoside 1 (13, 14) (300 nlg) in acetic anhydride (3 ml). The mixture was allowed to 

half-concentrated hydrochloric acid (50 nll) was heated stand at room tenlperature. The t.1.c. revealed that, after 

on a steam bath for 1 h. The solution was then evaporated, h l  was replaced by a product travelling 

and the residue was coevaporated several times with slightly faster than 3, and that, after 5 days, this product 
water and thereafter recrystallized fronl ethyl acetate - was in turn replaced by 3.' The mixture was then diluted 
ether, to give  (223 mg, ~h~ point with chloroform, the sulfuric acid was removed by 
(169-[72', decolnp.) was raised to 176-177" (deconip.) shaking the solution with Dowex-1 X8 (C0,2- fornl) 

by one recrystallization from acetone-ch~o~oform and anion exchange resin, and the filtrate therefrom was 
then constant, + 9 9 . 6 ~  (6 ,,,in) -, +73.90 evaporated with several consecutive additions of toluene. 

(130 nlin, constant) ((., in water); v,,,, ( c m - ~ )  3530, The residue was recrystallized from ethyl acetate-petro- 

3340 (OH), 1545 (NO,), 1140, 1090, and 1050-1010 leum ether to give 3 (226 nlg, 67%), m.P. 111-1 12", 

( fo i~r  bands). which was identified with 3 from (a) by i.r. spectra and a 

Anal. Calcd. for C6H, ,N0,  (209.2): C, 34.40; H, mixture point. 
5.32;N,6.70.Found:C,34.22;H,5.45;N,6.60. 

When hydrolyses of 1 were attempted with N hydro- 
chloric acid or  N sulfi~ric acid, the starting material was 
recovered. 

Hyclroget~atiot~ of' 2 
A solution of 2 (700 mg) in 0.1 N hydrochloric acid 

(40 ml) was hydrogenated with platinum catalyst (200 
mg of PtOz, prehydrogenated). The uptake of hydrogen 
(230 nil, ca. 3 molar equiv) was complete after 5 h. 
Evaporation of the filtered solution yielded a colorless 
syrup that crystallized upon coevaporation with ethanol. 
The slightly hygroscopic crystals of 3-atnit~o-3-deoxy-D- 
gli/cose hydrochloride exhibited in paper chromatography4 
one main spot (RGN I . I)  and two very minor contaminants 
(R,, 0.6 and 2.4). The hydrochloride was N-acetylated 
(14) to give crystalline 3-acetatnido-3-deo.~)~-~-~-gIii~ose, 
n1.p. 201-203" (deconip.), in a yielci of 72 % (based on 2). 
The i.r. spectrum of the N-acetyl derivative was identical 
with that of an authentic sample (14), and a mixture 
melting point was 200-202" (decomp.). 

1,2,4,6-Tetra-O-acety/-3-deo.ry-3-t?itro-s(-~- 
gliicopyrnt~ose (3) 

(a) By Acetylation of 2 
The nitro sugar 2 (700 nig) was acetylated (5) with 

acetic anhydride (14 nil) and boron trifluoride etherate 
(5 drops). After completion of the reaction (30 min at 
room temperature), the mixture was evaporated with the 
addition of several small portions of toluene, and the 
remaining syrup was crystallized froni ethyl acetate - 
petroleumether to give3 (953mg, 75.6%): 1n.p. 112-1 13"; 
[a],, +95.5" (c, 0.7 in I,2-dichloroethane); v,,,, (cm-') 
1770, 1745 (ester C=O), 1558 (NO2), 1240 and 1215 (all 
strong), 1035 (broad), 1138, 1100, 952, 896 and 656 
(medi~ln~).  

Nuclear magnetic resonance data: T 3.58, doi~blet 
(H-I) with JIy2 = 3.5 Hz; ~ 4 . 4 5 ,  triplet (H-4) with J,,, = 
J,,, = 9.8 Hz; T 4.48, quartet (H-2) with J,., = 3.5 Hz 
and J2,, = 10.5 HZ; T 5.02, triplet (H-3), J ca. 10 Hz; T 

5.6-6.0, overlapping lnultiplets (H-5, H-6,6'); T 7.82, 
7.91, 7.93, 7.99, singlets (acetyl). 

Anal. Calcd. for C14H1,N01, (377.3): C, 44.56; H, 
5.08; N, 3.71. Found: C, 44.80; H, 5.25; N, 3.83. 

'By the descending technique in ethyl acetate- pyri- 
dine - water - acetic acid (5:5:3:1, v/v) according to 
Fischer and Dorfel (15); R,, = niobility relative to 
2-an1ino-2-deoxy-~-glucose hydrochloride. 

2,4,6-Tri-O-ncetyl-3-deoxy-3-t1it1'o-a-~-gl~1copyrat~osy/ 
Brotnide (4) 

The tetraacetate 3 (3.90 g) was dissolved in glacial 
acetic acid (80 ml) that had been saturated a t  0" with 
hydrogen bromide. The reaction mixture was kept a t  
room temperature for 2.5 h. After ren~oval of part of the 
hydrogen bromide by aeration with a stream of nitrogen, 
the solution was poured into ice water (I 1). After brisk 
stirring for 10 niin the white precipitate was isolated, 
washed with cold water, and dried it1 uaclro (24 h a t  0.1 
mm) over potassium hydroxide. The yield was 3.80 g 
(92.5%) of 4 showing [a], + 190.0" (c, 0.95 in cliloro- 
form) and m.p. 118-1 19" (unchanged after storage for 
3 weeks over KOH). The conipound had v.,,, 1740 
(ester C=O), 1565 (NO,), 1245, 1222, and 1045 (strong), 
11 15 and 898 (medi~lm), 1160, 1085, 940, 863, and 679 
cm- ' (moderate or  weak). 

Nuclear magnetic resonance data: r 3.30, doublet 
(H-I) with J,,, = 4 Hz; T 4.42, triplet (H-4) with J,,, = 
J,,, = 10 Hz; T 4.70, quartet (H-2) with J1,2 = 4 Hz and 
JzV3 = 10 Hz; T 5.0-5.9, m~~ltiplets (H-3, H-5, H-6,6'); T 

7.90, singlet corresponding to 9 protons (3 acetyl groups). 
Anal. Calcd. for ClZHl6BrNO9 (398.2): Br, 20.07. 

Found: Br, 20.08. 
When the preparation of 4 was attempted by treatment 

of the free sugar 2 (1.70 g) with acetic anhydride and 
perchloric acid followed by addition of red phosphorus 
and bromine, as described (6) for the preparation of 14, 
the crude product isolated (1.95 g) contained only 2.7% 
of bromine. It showed n1.p. 105-107" and [a], f93.5"  
( c ,  0.8 in 1,2-dichloroethane). After recrystallization 
froni ether-pentane i t  melted at 112" and was free from 
bromine, and its i.r. and n.m.r. spectra revealed i t  to be 
the tetraacetate 3. 

2,4,6-Tri-O-acety/-3-c/eo~vy-3-t1itt~o-~-~-g/1icop~~ra11ose (5) 
The bromide 4 (410 nig) was dissolved in acetone (15 

ml), water (10 ml) and silver carbonate (700 mg) were 
added, and the ~nixture was stirred for 90 niin at room 
temperat~~re.  Upon filtration, partial evaporation, and 
cooling (I h a t  So), the solution yielded a white precipitate 

SPres~~mably the intermediary product was the glyco- 
side triacetate 8. This assunlption received support when, 
in a separate experiment, the niixti~re was worked up 
after 3 h and found to contain methoxyl (n.m.r. singlet 
at T 6.55). 
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(251 mg), m.p. 165". Recrystallization from chloroform - 
petroleum ether gave fine needles with an unchanged 
melting point. [a],  t 9 .6"  (5 min) + + 14.0" (1 h) -> 
t47.0" (24 h) + +65.5" (72 h) -> 4-70.5" (96 h, con- 
stant) (c, I in methanol); v,,, 3525 (OH), 1745 (ester 
C=O), 1568 (NO,), 1242, 1220, 1 155, 1065, 885 cm-'. 

Anal. Calcd. for C12H17N010 (335.3): C, 42.99; H, 
5.11; N,4.19. Found: C, 43.03; H, 5.09; N, 4.03. 

Metlryl3-Deoxy-3-t~itro-6-0-trityl-~-~-glucopyra11oside 
(6) 

Trityl chloride (2.40 g, freshly recrystallized from 
benzene containing a small amount of acetyl chloride) 
was added to a solution of the glycoside 1 (1.60 g) in 
pyridine (15 ml, dried over calcium hydride). After 
standing for 24 h at room temperature, the reaction mix- 
ture was poured into vigorously stirred ice-water to give 
a white precipitate that became crystalline within 30 min. 
The dried material was extracted with petrole~~m ether 
by repeated, careful trituration, and recrystallized from 
ethanol to give 6 (2.40 g), m.p. 99-102". The product 
was shown by t.1.c. to contain a small amount of triphenyl- 
carbinol. The latter was difficult t o  remove by recrys- 
tallization. An analytical sample was purified by 
preparative t.1.c. using silica gel H F  254 (E. Merck A.G., 
Darmstadt). Zone extraction with chloroforn~ furnished 
pure 6 which was recrystallized once from ethanol-water 
before analysis. For preparative purposes, the crude 
material was purified by passage through a column (2.5 
cm x 50 cm) of silica gel (70-325 mesh), with the t.1.c. 
solvent mixture serving as eluant. The fast-moving 
triphenylcarbinol was thus removed easily, and 2.26 g 
(65 %) of pure 6 was obtained. 

When the analytical sample, m.p. 106-107" and [a] ,  
-39.9" (c, 1 in chloroform), was dried itr uaclro at 25" 
it retained 1.5 moles of water of crystallization. 

Anal. Calcd. for Cz6Hz7N07.1.5 H 2 0  (492.5): C, 
63.73; H, 5.89; N, 2.51. Found: C, 63.40; H, 5.94; N, 
2.81. 

The sesquihydrate showed v,,, 3300 (OH, broad), 
1565 and 1550 (NOZ), and it had a detailed fingerprint 
spectrum with strong peaks a t  1100, 1050, 765, 755, 720, 
and 705 cm-' (in Nujol). A spectrum in chloroform 
exhibited a single peak (1560 cm-I) for NOZ. Drying of 
the sample at 64" caused a loss in weight corresponding 
to 1.3 moles of water. The i.r. spectr~lm in Nujol then 
showed a single, sharp nitro band also (1560 cm-I), but 
considerable band broadening occurred in the fingerprint 
region. 

Nuclear magnetic resonance data: r 2.5-2.8, multiplet 
(trityl); r 5.50, triplet (H-3) with J,., = J,,, = 10 Hz); 
r 5.78, doublet (H-1) with J,,, = 8 Hz; r 6.08, quartet 
(presumably H-2) with splittings of 8 and 10 Hz; r 6.25- 
6.75, multiplets for the remaining ring protons, and 
singlet ( r  6.47) for OCH,. There were broad signals in 
the r 7 region (OH) which disappeared on deuterium 
exchange. 

Methyl 2,4-Di-O-aceryl-3-deoxy-3-nitro-6-O-trityl- 
a-D-glucopyranoside (7) 

Acetyl chloride (0.93 ml) was added with stirring and 
cooling (0") to a sollition of triethylamine (1.5 ml) in 
dry ether (30 ml). To this mixture was added a chilled 
solution of 6 (500 mg) in ether (5 ml). After continued 

stirring for 40 min the white precipitate was dissolved 
by addition of water (25 ml). Subsequent evaporation of 
the ether caused 7 to separate from the mixture as a solid 
which was filtered off, washed thoroughly with cold water, 
and dried. Recrystallized from ethanol, 7 (372 mg, 67 %) 
melted at 165-166" and showed [a] ,  t 9 . 0 "  (c, 1.0 in 
chloroform); v,,, 1750 (C=O), I555 (NO,), 790-690 
cm-' (6 bands, trityl). 

Nuclear magnetic resonance data: T 2.45-2.75, multi- 
plet (trityl); T 4.50, triplet (H-4) with J3.4 = J4,5 = 10 
Hz; T 4.52, quartet (H-2) with J,,, = 8 Hz and J 2 . 3  = 10 
Hz; r 5.30, triplet (H-3) with 5 2 . 3  = J3.,  = 10 HZ;  r 
5.56, doublet (H-1) with J,,, = 8 Hz); r 6.42, singlet 
(OCH,) superimposed on multiplet (H-5); 6.75, inultiplet 
(H-6,6'); 7 7.94, 8.25, singlets (acetyl). 

Anal. Calcd. for C3oHalNOs (549.6): C, 65.60; H, 
5.69; N, 2.55. Found: C, 65.51; H, 5.60; N, 2.64. 

Tlre Yellobv RJI-Product 
A solution of 6 (200 n~g),  acetic anhydride (0.8 ml), 

and pyridine (2 ml) in ether (10 ml) was stored overnight 
at 5". The mixture was extracted twice with 3 ~ n l  of water, 
then with dilute acetic acid until the aqueous phase 
showed acidic reaction, and finally, twice more with 
water. The ether phase was dried (Na2S04) and evapo- 
rated to give a syrup that crystallized in part from 
ethanol. A crop of 7 (47 mg, 19.5 %) melting a t  162-164" 
was isolated. The t.1.c. of the mother liquor indicated the 
presence, besides additional 7, of a large proportion of a 
faster-moving product, a part of which could be isolated 
by concentration of the ethanolic solution. (In one 
experiment, only this product and no 7 was obtained.) It  
formed yellow crystals, n1.p. 183-1 85", h,,,, 360 mp (in 
methanol). The i.r. spectrum lacked carbonyl absorption 
but showed a nitro band (1525 cm-') as well as bands 
attributable to unsat~~ration and to the trityl group (1650, 
1600, 750, and 700 cm-'). Treatment of 6 with acetic 
anhydride and anhydrous sodium acetate (24 h at 25") 
also gave mixtures of 7 and the yellow by-product as 
revealed by i.r. spectra and t.1.c. 

Metllyl 2,4,6-Tri-O-acetyl-3-deo,~j~-3-tritro-~-~- 
glucopyratroside ( 8 )  

(a) Frotn the Bronride 4 
A solution of the bromide 4 (85 mg) in methanol (10 

ml) was stirred for 2 h with silver carbonate. The filtered 
solution was evaporated to give a crystalline residue that 
was at once recrystallized from aqueous ethanol. The 
colorless prisms so obtained (38 mg) melted at 152-1 53". 
Comparison of i.r. spectra, and an undepressed mixture 
melting point with an authentic sample, proved the 
product to be the known (5) glycoside 8. 

(b) Fronr rlre Trityl Etlrer 6 
An ice-cooled mixture of 6 (200 mg), acetic anhydride 

(3 ml), and boron trifluoride etherate (2 drops) was 
stirred for 15 min and then poured into ice water. The 
solid precipitate was washed with water and recrystallized 
from ethanol to give 8 (1 17 mg, 78%), n1.p. 153-154". 

Merl~yl 2,6-Di-0-acetyl-3-deoxy-3-nitro-b- 
glucopyratroside (1 0) 

The compound 7 (100 mg) was dissolved in anhydrous 
ether (10 ml) saturated with hydrogen chloride. After 30 
min the solvent was evaporated, and two portions of 
ethanol were subsequently evaporated from the residue. 
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The residue was then dissolved in ether, and addition o f  
petroleum ether (b.p. 60-80") produced an  off-white 
solid (48 mg). The i.r. spectrum of this crude material 
showed a single, sharp carbonyl band (1730 cm-') and 
two bands in the hydroxyl region (3500 and 3250 cm-I), 
and the n.m.r. spectrum exhibited 0-acetyl signals at r 
7.92 and 7.97. The compound was presumed to be the 
2,4-diacetate 9. 

Recrystallization of 9 from water gave crystals (40.5 
mg, 72%) of the 2,6-dincetate 10; m.p. 107-108", [a ] ,  
-45" (c, 1.0 in chloroform), v.,,, 3400 (single OH peak), 
1750 and 1730 (two C=O bands), 1560 cm-' (NO,). 

Anal. Calcd, for C,,H,,NO9 (307.3): C, 43.00; H ,  
5.58; N, 4.56. Found: C,  43.24; H ,  5.54; N, 4.42. 

Nuclear magnetic resonance data: r 4.65, quartet 
(H-2) with JlV2 = 8 HZ and J,,, = 10 Hz;  r 5.32, triplet 
(H-3) with Jz,, = J , , ,  = 10 Hz; r 5.55, doublet (H-1) 
with JlV2 = 8 HZ;  r 6.48, singlet (OCH,); r 7.84, 7.93, 
singlets (two 0-acetyl groups). The remaining protons 
gave signals in the reglon r 5.35-6.0 and near r 6.4; 
assignments could not be made although the integration 
of the spectrum was correct. 

Betlzyl 2,4,6-Tri-O-acet~~l-3-deoxy-3-11itro-~-~- 
gl~rcopyrnttoside ( I  I) 

A mixture of dried, redistilled nitromethane (5 ml), 
benzyl alcohol (100 mg), Drierite (0.5 g), and freshly 
prepared (16) silver carbonate (0.3 g) was stirred, in the 
dark, for 30 min. The bromide 4 (200 mg) was then added, 
and stirring was continued overnight. The mixture was 
filtered through a layer of Celite, and the filtrate was 
evaporated to yield a crystalline residue. Recrystallization 
from ethanol containing a small proportion of water 
gave 11 (139 mg, 65%) as white needles, n1.p. 104-105" 
[a] ,  -53.6" (c, 1.0 in chloroforni), v.,,, 1755, 1735 
(C=O), 1555 (NOz), 760, 705 cm-' (aryl). 

Anal. Calcd. for Cl9HZ3NOl0 (425.4): C, 53.65; H, 
5.44, N, 3.29. Found: C, 53.71; H, 5.24; N, 3.39. 

1,2,3,4-Tetra-0-acetyl-6-0- (2,4,6-tri-0-acetyl-3-deoxy- 
3-1~itro-~-~-gl~rco~yra1iosyl)-~-~-glucopyratiose ( 1 3 )  

A solution of the tetraacetate 12 (17) (162 mg) in dry, 
ethanol-free chloroform (4 ml) was stirred for 1 h together 
with silver oxide (120 mg) and Drierite (0.5 g). Then a 
few small crystals of iodine and a solution of the bromide 
4 (165 mg) in chloroform (4 ml) were added, and stirring 
was continued, in the dark, for 18 h. The t.1.c. revealed 
that 4 had been coliipletely consumed by that time, and 
that two slow-moving products had been formed. Filtra- 
tion of the niixture was aided by the addition of Celite, 
and evaporation of the filtrate resulted in a foaniy residue 
which crystallized partially on trituration with ethanol. 
The crystals (70 mg, 25%) were collected, washed with 
ethanol, and dried; m.p. 203-205" (203-204" upon 
recrystallization from ethanol), [a ] ,  -7.8" (c, 0.96 in 
chloroforni), v,,, 1750 (C=O), 1560 cni-' (NO2). 

Anal. Calcd. for C2GH35N019 (665.6): C, 46.90; H ,  
5.30; N, 2.10. Found: C, 47.01; H, 5.39; N, 2.06. 

Methyl 6-0-(2,3,4,6-Tetrn-0-ncetyl-0-D-gl~rcopy,.n)- 
3-deoxy-3-t~itro-~-~-g/~rcopy,.n,iosi& ( 1 5 )  

A suspension of silver perchlorate (103.6 mg) and 
Drierite (0.5 g) in nitroniethane (10 nil) was stirred for 
15 min, after which the trityl compound 6 (275 nig) was 
added and the mixture was cooled to 0". A solution of 

the bromide 14 (6) (207.5 mg) in nitromethane was then 
added, which produced a volun~inous precipitate. The 
reaction mixture was vigorously stirred for 5 min and 
then filtered. The filter residue was washed with nitro- 
methane and the filtrate was extracted once with cold 
sodium hydrogen carbonate solution and twice with 
water. Triphenyl carbinol crystallized during these 
washing procedures and was removed. The washed 
nitromethane solution was diluted with chloroform 
(15 ml), dried (Na2S0,), and evaporated to give a 
crystalline residue that was dissolved in ethanol. Addition 
of some water furnished another crop of triphenyl 
carbinol, m.p. 161-1 62'. The aqueous-alcoholic mother 
liquor was brought to  dryness, and crystallization of the 
residue from ethyl acetate - ether finally gave 15 (45 mg, 
14%) as white crystals, m.p. 184-186", [ a ] ,  -25.6" (c, 
0.9 in chloroform), v,,, 3470 (OH), 1753, 1725 (C=O), 
1555 cm-' (NO2). 

Anal. Calcd. for C21H32N01G (554.5): C, 45.50; H,  
5.83; N, 2.53. Found: C, 45.60, H, 5.93; N, 2.53. 

Calc~l ln t io~~ of Optical Rotntions 
The niolecular rotations calculated for 13 and 15 are 

MI3  = MA - Mn + M c  = -5002', 

M I 5  = M,, - M, + M E  = -10252O 

where, M,, = -3394" (molecular rotation of P-gentio- 
biose octaacetate, from mol. wt. 678.8 and [a] ,  -5.O0, 
ref. 17); M, = -6775" (molecular rotation of methyl 
P-D-glucopyranoside tetraacetate, from mol. wt. 362.3 
and [a ] ,  - 18.7", ref. 18); Mc = -8383" (molecular 
rotation of 8, from mol. wt. 349.3 and [a ] ,  - 24", ref. 5); 
Mo = +4180° (niolecular rotation of 12, from niol. 
wt. 348.3 and [ a ] ,  +12", ref. 17); and M E  = -2678" 
(molecular rotation of I, from mol. wt. 223.2 and [ a ] ,  
- 12", ref. 13). 

The specific rotations following from M I S  and M I ,  
are -7.5" (found, -7.8") and - 18.5" (found, -25.6") 
for 13 and 15, respectively. All [a],, values used refer to 
chloroforni solutions, with the exception of that of 1, 
which refers to an aqueous solution and may therefore 
be a factor causing the slight discrepancy in the values 
calculated and found for 15. 

The authors are grateful to the National Research 
Council of Canada for the support of their work. F. 
Kienzle thanks the Ogilvie Flour Mills Co. for a post- 
graduate fellowship. 
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Etude cinCtique de la rkduction des ozonides de styrhes substituks dans le 
noyau par la triphCnylphosphinel 

J. CARLES ET S. FLISZAR 
Diparten7enr de Chimie, Utlioersifi de Monrrial, Montrial, Qlribec 

Rep1 le 20 octobre 1969 

Les vitesses de reduction k[ozonide][triphenylphosphine] ont ete etudikes, dans le chloroforme, pour 
ilne serie d'ozonides de styrtnes substituks dans le noyau. Les constantes k de deuxieme o.rdre satisfont 
I'equation de Hamrnett, avec p = 0.72, ce qui confirnie le caractere nuclkophile de I'attaque de la 
triphenylphosphine sur les ozonides. La formation d'un oxyphosphorane cyclique intermediaire instable 
senible constituer l'ttape cinetique dkterrninante en raison de I'effet de solvant pratiqilenient nu1 sur k. 

The rates of reduction k[ozonide][triphenylphosphine] have been studied, in chloroform solution, 
for ozonides of ring-substituted styrenes. The second order rate constants k fit the Harnniett equation 
with p = 0.72, thus confirming that the reduction proceeds via a nucleophilic attack of the triphenyl- 
phospliine on the ozonide ring. The absence of any significant kinetic solvent effect indicates that the 
rate deter~iiining step is in the formation of an unstable six-membered ring oxyphosphorane inter- 
mediate. 

Canadian Journal of Chemistry, 48, 1309 (1970) 

L'ttude de la rkduction des ozonides par la 
triphCnylphosphine, effectuCe par Lorenz et 
Parks (1) dans le cas de quelques ozonides ali- 
phatiques, a montrt  que cette reduction est 
quantitative et qu'elle se pr&te B des fins analyti- 
ques en vue de la dCtermination de quantitts 
inconnues d'ozonide (2). De  plus, la nature de 
l'ozonide soumis B la rCduction peut &tre deter- 
minCe par l'identification des composCs car- 
bonylCs engendres lors de cette rtaction. Par 
analogie avec la rtaction de la triphtnylphosphine 
avec lessulfures (3), il a Ctt supposC que l'attaque 
de la triphCnylphosphine se produit selon un 
processus nuclCophile sur l'un des oxygenes 
peroxydiques du cycle ozonique (1). 

Une recente Ctude (4) de la rtduction, par la 
triphtnylphospliine, des ozonides du styrene, 
stilbene, P-niCthylstyri.ne, et du triphCnylCthy- 
lene, marquis B I'aide d'oxygtne-18 dans la 
position Cther, a montrC que I'attaque a lieu tres 
stlectivement sur les atomes d'oxyg6ne en posi- 

'Extrait du nibnioire de Doctorat de M. J .  C. 

tion peroxydique. Les effets sttriques semblent 
jouer un r61e important lors de la distribution des 
points d'attaque (0-1 ou 0-2), ce qui est montrt  
par l'abstraction trks stlective de I'atome d'oxy- 
gkne 0 - 2  lors de la rtduction de l'ozonide 
du triphCnylCthylene (R, = R, = R, = Ph) 
(schtma I). 

Eli ce qui a trait B la distribution des positions 
d'attaque (0-1 ou 0-2), les effets tlectroniques 
dus aux substituants semblent iouer un r61e 
moins prononcC que les facteurs sttriques. Ainsi, 
par exemple, lors de la rtduction de l'ozonide du 
styrene, environ 55% de l'attaque a lieu sur 
I'atome d'oxygeiie 0 -1  ; dans le cas de I'ozonide 
du P-mtthylstyrene, sous l'influence combinte 
des groupements phenyle (attracteur d'tlectrons) 
et mtthyle (donneur d'Clectroiis), I'attaque en 
0-1 est favoriste, mais ne s'eleve qu'B 60% en- 
viron (4). Ces rksultats iudiquent que des groupe- 
ments attracteurs d'tlectrons, rattachts a un 
atome de carbone du cycle ozonique, favorisent 
l'attaque par la triphenylphosphine sur I'oxygine 
peroxydique adjacent A cet atome de carbone, C
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TABLEAU 1 
Spectres de risonance magnitique nucliaire des ozonides 1 4 *  

-- --- 

R T ~ ,  78,. 
T 8 ~  Turorn=tisuc Jort~mi ,X TCH,S: VC-0-cII 

~~~~~ 

p-CH3O 4.62 4.75 4.10 H(3) H(5) 3.12 9 . 0  6.18 1069 H(2) H(6) 2.57 

P - C H ~  4.80 4 .90 4.17 H(3) H(5) 2.75 0 6 .70 1067 
H(2) H(6) 2.75 

H 4.89 4.94 4.19 H(2) H(6) 2.78 0 - H(3) H(5) 2.78 1064 

p-C1 4.80 4.85 4 .16 H(3) H(5) 2 .72 0 - 1068 H(2) H(6) 2 .72 

m-C1 4.77 4 .82 4 .12 - 1066 H(2) H(6) 2.73 
H(3) H(5) 2 .73 0 

P-NOZ 4.67 4 .70 3.90 8 . 0  - 1073 
H(2) H(6) 2.36 
H(3) H(5) 1 .76 

'Les valeurs de T sont donnees en p.p.m., avec le TMS comme rdfkrence, dans le CCI4. 
tLes constantes de couplage sont exprimdes en c.p.s. 
SSeules les constantes de couplage ortho peuvent ktre determinies. 
$Protons du CH, du substituant. 
J/Frequence i.r., en crn-'. 

tandis que des groupements donneurs d'tlectrons 
agissent en sens contraire. 

Le but du present travail est de prCciser, au 
moyen d'ttudes cinttiques, les effets tlectroniques 
dus aux substituants ainsi que la nature de la 
rtaction entre ozonides aromatiques et la tri- 
phtnylphosphine, en solution dans du chloro- 
forme. 

Ozonides utilisks 
Les ozonides de styrenes substituts dans le 

noyau suivants ont t t t  utilisks. 

Les caracttristiques des spectres de rtsonance 
magnttique nucltaire (r.m.n.) et de spectroscopie 
infrarouge (i.r.) des composCs 1 2 6 sont rtsumtes 
dans le tableau 1. 

L'examen de ce tableau indique qu'il ne se 
produit, en r.m.n., aucun couplage i travers le 
cycle ozonique, puisque les protons H,, H,,, et 
HI, apparaissent tous sous forme de singulet. Ce 
fait se retrouve tgalement dans les ozonides 
aliphatiques (9, ainsi que dans les ozonides du 
p-mtthoxy-cinnamate de mCthyle (6). On observe 
aussi que les protons mCthyl6niques H, et H,, 
apparaissent comme deux singulets sCparCs, ce 

qui est en bon accord avec les observations de 
Murray et Williams (7). La constante de couplage 
gtmint est nulle, fait que l'on retrouve dans de 
nombreux hkttrocycles oxygtnts. La position 
(cis ou trans) de H, (ou de Ha,) par rapport au 
cycle aromatique n'a pu Stre prtciste 2 partir des 
prCsentes donntes exptrimentales. 

En ce qui concerne les protons aromatiques, 
on observe pour les ozonides ayant des groupe- 
ments moyennement donneurs ou attracteurs 
d'tlectrons (R = p-CH,, H, p-C1, m-C1) que les 
influences du cycle ozonique et du substituant du 
noyau aromatique se compensent. Dks lors, un 
seul signal peut Stre observt pour les protons 
aromatiques. Par contre, dans le cas de I'ozonide 
du p-mtthoxystyr6ne, porteur d'un groupement 
fortement donneur d'tlectrons, on observe un 
blindage des protons H-3 et H-5 qui donnent un 
signal a un champ suptrieur 2 celui des protons 
H-2 et H-6. Dans le cas de l'ozonide du p-nitro- 
styrene, porteur d'un groupement fortement 
attracteur d'tlectrons, l'effet de dtblindage dQ au 
groupement NO, est tres net pour les protons 
H-3 et H-5 qui donnent un signal 2 un champ plus 
faible que les protons H-2 et H-6. Les constantes 
de couplage observtes correspondent bien i un 
couplage ortho. 

En spectroscopie i.r. on reconnait, pour chacun 
des ozonides ttudits, la bande .d'absorption 
caracttristique, vers 1060-1070 cm- ' , due i la 
vibration du groupement C-0-C. Le substi- 
tuant R n'affecte que faiblement la frtquence 
d'absorption de cette bande. 
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CARLES ET FLISZAR: REDUCTION DES OZONlDES DE STYRENES SUBSTITUES 131 1 

Etude cine'tique de la rgrluction 
La rCduction des ozonides par la triphCny1- 

phosphine a ete etudiee a tempCrature contr61Ce, 
en solution dans le chloroforme, par l'observa- 
tion de la formation, au cours de la reaction, de 
l'aldehyde aromatique. Cette formation d'aldt- 
hyde a etC suivie en spectroscopie i.r. par 1'Cvolu- 
tion de la bande d'absorption due B la vibration 
de son groupement carbonyle. 

La stoechiomttrie de la reaction a Ctt vCrifiCe 
par des analyses des melanges rkactionnels. Aprks 
hn temps de rCaction de 48 h, a 25 "C, la reduction 
de l'ozonide du styrkne (0.1 M) par la triphtnyl- 
phosphine (0.1 M) est pratiquement quantitative 
(> 99% de reaction), d'aprks les analyses d'aldC- 
hyde benzoi'que et d'oxyde de triphCnylphosphine 
formb. L'aldChyde formique, qui est Cgalement 
un produit de cette reaction, n'a pas pu &re dost, 
en raison de sa grande volatilitt. I1 a CtC vCrifiC, 
dans le cas de l'ozonide du styrene, que la rCduc- 
tion d'une mole d'ozonide conduit B la formation 
d'une mole d'aldkhyde aromatique et d'une mole 
d'oxyde de triphCnylphosphine. Dans 4 expt- 
riences independantes, 0.997, 0.998, 0.996, et 
0.998 mmole de Ph3P0 et, respectivement, 0.998, 
0.996, 0.998, et 0.995 mmole de PhCHO ont Cte 
formCs lors de la reduction de 1.0 mmole d'ozo- 
nide de styrkne par 1.0 mmole de Ph3P, dans 
10 ml de CHCI,, B 25", aprks 48 h de rtaction. 

En admettant, par constquent, que la reaction 
est du deuxieme ordre, soit du premier ordre par 
rapport B chacun des react~fs, la formation 
d'aldChyde aromatique (ArCHO) est dCcrite par 
17Cquation [I]. 

Dans toutes les expkriences, des concentrations 
initiales Cgales en ozonide et en triphenylphos- 
phine ont CtC utilisies. Si a dbigne ces concentra- 
tions initiales et x la concentration en aldehyde 
arornatique form6 au temps t = t, il s'ensuit, 
d'aprks la stoechiomCtrie de la reaction, que 

[2 1 dxjdt = k(a - x ) ~  

[3 I x /a(a - x) = k t  

En adrnettant la loi de Lambert-Beer, la 
densitt optique D de l'aldthyde aromatique 
engendrk est 

avec E = cotfficient d'extinction moltculaire de 
I'aldChyde et I = longueur de la cellule. Lorsque 
l'ozonide cst quantitativement rCduit, donc pour 
x = a, la densitt optique de I'aldChyde aroma- 
tique est 

En divisant, I'une par l'autre, les expressions [4] 
et [5] il rksulte 

16 I x = aD/Dm 

et, en rempla~ant cette dernikre expression pour x 
dans l'equation [3], 

Par un rearrangement de I'Cquation [7], on 
obtient I'Cquation [8] qui permet une analyse 
facile des mesures expCrimentales des densitCs 
optiques en vue du calcul de la constante de 
vitesse k. 

Les mesures de densites optiques (D) de 
I'aldChyde au cours de la rCaction permettent de 
tracer la courbe 11D en fonction de Ilt. On , 
vCrifie ainsi que la &action est bien du deuxikme 
ordre, ainsi que postule 1'Cquation [2], par 
I'obtention d'une droite satisfaisant I'tquation 
[8]. La pente de cette droite permet le calcul dc 
la valeur de la constante de vitesse k. L'ordonnte 
A l'origine (Ijt -t 0) permet Ic calcul de Dm. La 
valeur de Dm calculte B partir de donntes cineti- 
ques peut &re ainsi facilement contr61Ce par des 
mesures directes de D, obtenues soit par sa 
determination aprks un temps de r~action suffi- 
samment long, soit par la comparaison avec une 
solution d'aldehyde de concentration x = a 
(fig. 1). 

La constante de vitesse de rCaction k peut &tre 
Cgalement calculke directement ti partir de 
1'Cquation [8], en y insCrant les valeurs de D 
observees aux temps t .  L'exemple donne par le 
tableau 2, qui se rapporte a la rCduction de 
I'ozonide du stvrene a 15 "C. illustre bien la 
constance de k jusqu'h un fort degrt d'avance- 
ment de 16 rCaction. 

Les Cquations cinCtiques utiliskes ont Cgalement 
C t t  vCrifiCes, dans le cas de la rCduction de 
l'ozonide du styrene, par des mesures des temps 
de demi-&action t,,, observCs pour des solutions 
de diffirentes concentrations initiales (a) en 
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50 TABLEAU 3 

FIG. 1. Application de I'Cquation [8] 6 I'etude de la 
cinitique de red~~ction de I'ozonide du styrene a 15 "C. 

ozonide et en triphtnylphosphine. Les rtsultats 
rapport& au tableau 3 montrent bien laconstance 
des valeurs de lc ainsi calcultes (k = l / a t L j 2 ) .  

Lors de chaque t tude cinttique, la constante 
de vitesse a t t e  determinee au moins 5 fois, par 
des exptriences indtpendantes. Les rtsultats re- 
tenus a partir des determinations independantes 
de lc sont exprimts avec une limite de confiance 
de  95%. 

RCsultats et discussion 

Les constantes de  vitesse de rtduction, h 25 "C, 
des ozonides de styrenes substituts dans le noyau 
sont indiqutes dans le tableau 4. La dependance 
de  k en fonction de la temperature a kt6 t tudite 
pour la rtduction des ozonides du styrene et du 
p-mtthoxystyrene (tableau 5, fig. 2). Ainsi que 
I'indique la fig. 2, la loi d'Arrhenius est bien 

TABLEAU 2 

Reduction de l'ozonide du styrene a 
15°C; a = 0.1 M 

Reduction de I'ozonide du styrene par la 
triphenylphosphine 6 25 "C 

- -- 

a (M)" t112 (s) k (I S-') 

0.05 302 6.62 lo-? 
0.10 152 6.57 
0.15 101 6.60 
0.20 75 6.66 

*a = concentration initiale en ozonide. 
= concentration initiale en triphknylphosphine. 

suivie et conduit a des tnergies d'activation de  
12.7 kcal/mole pour la rtduction de l'ozonide 
du styrene et de  10.4 dans le cas de I'ozonide du  
p-mtthoxystyrene. 

L'examen des rtsultats du tableau 4 permet 
]'etude de l'influence des substituants R du noyau 
aromatique sur les constantes de vitesse k. I1 
rtsulte, notamment, que l'equation de Hammett 

[9 I log (klk,) = Po 

est bien vtrifiee, ainsi que I'illustre la fig. 3. 
La pente positive de la droite de Hamlnett 

(p  = 0.72) indique que les ozonides posstdant un  
substituant R attracteur d'Clectrons dans le noyau 
aromatique se rtduisent plus rapidement que les 
ozonides comprenant un groupement donneur 
d'ilectrons. Ce rtsultat confirme donc les obser- 
vations prtctdentes (l ,4) qui indiquent que l'atta- 
que de  la triphtnylphosphine se fait selon un  
processus nucltophile. 

Les experiences cinttiques rapportees ne per- 
mettent cependant pas de  prtciser la position 

L I I 
3 3 3 3 3 4 

2 
3 5 

lo"/ 
FIG. 2. Application de la loi d'Arrhenius : log k vs. 

I/T, pour les ozonides du styrene (1) et du p-rnethoxy- 
styrene (2). 
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FIG. 3. Application de I'equation de Hammett : log k 
vs. cr de Hammett (25 "C). 

d'attaque (0-1 ou 0-2) sur la moltcule d'ozonide. 
I1 convient, B cet tgard, de considtrer les possi- 
bilites suivantes: 

(i) L'attaque de la triphtnylphosphine pourrait 
s'effectuer par un processus unique, par une Ctape 
oil les deux atomes d'oxygene peroxydique sont 
simultantment mis en jeu, cette Ctape contralant 
la cinttique (schCma 2). Le processus impliqut 
pourrait alors correspondre B la formation d'un 

TABLEAU 4 

Constantes de vitesse de red~~ction des 
ozonides de styrenes substitues dans le 

noyau, a 25 + 0.1 "C, dans le 
chloroforme 

Substit~~ant 102k (1 mole-' s-') 

TABLEAU 5 
Constantes de vitesse de reduction des ozonides du 

styrene (k,) et du p-methoxystyrene (kcH30) a diverses 
temperatures, dans le chloroforme 

-- 

Temperature lo2 kH lo2 ~ C H  o 

PC) (I mole-' s-') (I mole-I 

produit d'addition intermtdiaire instable, sem- 
blable B l'oxyphosphorane suggtrt par Adam 
et al. (8) pour la rtduction de ~-peroxylactones 
par des nucltophiles de phosphore trivalent. La 
formation d'oxyphosphoranes lors de la rtaction 
de phosphites t~subs t i tu t s  avec les peroxydes a 
tgalement CtC mise en tvidence par Denney et 
Jones (9). 

L'intermediaire se dtcomposerait ensuite tres 
rapidement selon les 2 voies possibles : la voie 1, 
conduisant B l'incorporation de l'oxygene du 
pont tther dans 1'aldthyde aromatique, et la 
voie 2, oh cet oxygene se retrouverait dans le 
formaldthyde. 

Un tel mtcanisme serait en accord avec les 
tquations cinttiques [I], [2], et 181, donc avec 
les rtsultats exptrimentaux, et ne sont pas 
contredits par l'observation d'une droite de 
Hammett, d'apres 1'Cquation [9]. 11 est B noter 
que certains oxyphosphoranes, ne prCsentant pas 
de pont tther, sont relativement stables (10). Des 
Ctudes cristallographiques aux rayons X ont 
montrC que les angles des liaisons 0-P-0 et 
P-0-C peuvent subir de grandes distorsions 
et que les interactions de non-liaison peuvent 
dtterminer des stabilitts et des modes de rupture 
difftrents pour des oxyphosphoranes prtsentant 
de forts encombrements stCriques (1 1). Un tel 
argument pourrait Etre invoquC ici pour expliquer 
les effets sttriques marquts, mentionnts prtct- 
demment (4), qui interviennent lors de la distribu- 
tion des sites d'attaque (0-1 ou 0-2). 

(ii) La rtduction des ozonides peut avoir lieu 
par deux mtcanismes paralleles (schtma 3), l'un 

\ I  / 
1 2  I o/P\o 2 A~CHO* + HCHO + Ph3P0 

/O-O\ Ph3P 
Ar-CH 

/ 
CH2 Ar-CH 

\ v' 
\&/ \a/cH2 

ArCHO + HCHO* + Ph3P0 
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Ar-CH- CH2 P ~ C H O *  + HCHO + Ph3P0 

"0' 

d'entre eux s'effectuant par une attaque sur de triphtnylphosphine. Des lors, k,,,]k,,, - 
I'oxygeneO-l (avecunevitessev, et uneconstante 0.45 kl0.55 k - 0.82. I1 parait raisonable de  
de vitesse k , )  et l'autre ayant lieu par une attaque supposer que les effets tlectroniques dus a R sont 
sur l'oxygene 0 - 2  (avec une vitesse u, et une plus prononces sur l'atome d7oxyg&ne 0-1,  adja- 
constante k,). cent au carbone porteur du groupement arornati- 

Dans cette hypothese, la vitesse de rtaction que, que sur 0 - 2  et que, des lors, p, > p,. Par 
observte exptrirnentalement deviendrait ailleurs l'influence relativement faible des facteurs 

tlectroniques sur la distribution des sites d'atta- 
[ lo]  = '1 + v2 = (kl + k2)[0z0nide1[Ph3P1 que (4) indique que p, et p, devraient Etre assez 
En appliquant i k ,  et k, l'tquation de Hammett 
[9], les expressions suivantes sont obtenues : 

qui, A I'aide des tquations [l ] et [lo], conduisent 
B l'tquation [12]. 

Cette derniere tquation peut Etre rtarrangte 
comme suit : 

I1 paraitrait, ii premiere vue, que les processus 
(i) et (ii) devraient pouvoir Etre distinguts I'un 
de I'autre du fait que, dans l'hypothese de l'appli- 
cabilitt de  la relation de  Hammett i cette rtaction, 
le processus (i) demande une relation lintaire 
entre k et o (tq. [9]), tandis que (ii) irnplique une 
relation non lintaire entre k et 0 (tq.  [13]). 

L'examen de l'tquation [13] montre, cepen- 
dant, que les mtcanismes (i) et (ii) ne sauraient 
Etre distinguks par un tel critere. On connait, en 
effet, d'apres les experiences effectuees avec 
l'ozonide du styrene marque par 0 -1  8 (4), qu'en- 
viron 55% de l'oxygtne 0 - 1  et, par constquent, 
45% de l'oxygene 0-2,  se retrouvent dans l'oxyde 

semblables. Or, en instrant dans l'tquation [13] 
k,,,]k,,, = 0.82 et p, - p, = -0.5, on vtrifie 
facilement que le terme logarithmique, figurant 
dans [13] i c6te de  p,o, est quasi lintairement 
relit ii 0. MEme en admettant cette difference 
relativement importante entre p, et p,, la cour- 
bure est, en effet, trop faible pour t tre significa- 
tive lorsqu'elle est  c o m p a r t e  aux erreurs  
exptrimentales entachant les valeurs de k qui 
sont utilistes pour l 'ttude de k = k(o). Pour des 
difftrences moindres entre p, et p,, la courbure 
s'atttnue encore et, a la limite p, = p,, le terme 
logarithmique devient constant. En conclusion, 
la relation linCaire entre les constantes de  vitesse 
k et les constantes dc Hammett o ,  telle qu'elle a 
t t e  observte experirnentalement, ne saurait Etre 
invoqute pour favoriser le mecanisme (i) par 
rapport B (ii). 

Par contre, la comparaison des etapes cintti- 
ques supposees pour les mtcanisrnes (i) et (ii) 
indique que l'intermkdiaire intervenant dans le 
mtcanisme (ii) possede un caractere netternent 
plus polaire que celui postult pour le rntcanisme 
(i). Des lors, I'etude de l'effet du solvant sur les 
constantes de vitesse peut perrnettre la distinction 
entre les deux mtcanismes. Les rtsultats rap- 
portts au tableau 6 indiquent que les constantes 
de  vitesse de rtaction dependent tres peu des 
solvants utilises. En conclusion, ce faible effet de  
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CARLES ET FLISZAR: REDUCTION DES OZONIDES DE STYRENES SUBSTITUES 1315 

TABLEAU 6 

Constantes de vitesse de reduction de I'ozonide du 
styrene, a 25 F 0.1 "C, dans diffkrents solvants 

-- -- 

Constante 
diklectrique loZ k 

Solvant (25") (1 mole-' s-I) 

solvant semble nettement favoriser le mCca- 
nisme (i). 

Priparafiotz des ozonides 
L'ozonide du styrene a CtC prepare d'apres la rnethode 

exposee preckdernment (12). Quant aux ozonides des 
styrenes cornportant un substituant dans le noyau aro 
rnatique, leurs analyses Clernentaires et propriCtCs 
physiques sont rCsurnCes dans le tableau 7. Les rnicro- 
analyses ont Cte effectuees, par le Dr.  C. DaesslC (Organic 
Microanalyses, Montreal). 

Ozor7ide du p-mdfhoxystyrPr~e 
Cinq rnillirnoles (670 rng) de p-rnethoxystyrene, en 

solution dans 25 rnl de pentane, ont CtC ozonCs a la tern- 
pCrature de la piece avec 90% de la quantitC theorique 
d'ozone. Apres evaporation du solvant par un courant 
d'azote sec, I'ozonide est isole par chrornatographie sur 
colonne en utilisant 300 g de silica gel Baker. L'olCfine 
non consornrnCe et les aldehydes forrnes sont eluCs avec 
du tetrachlorure de carbone. L'ozonide est Clue avec un 
melange de benzene-hexane (55145). La fraction con- 
tenant I'ozonide est Cvaporee a sec, perrnettant ainsi de 
receuillir un solide blanc. La recristallisation dans le 
methanol s'avere difficile. Aprts recristallisation dans 
1'Cther ethylique, on obtient 25 rng d'ozonide (rende- 
rnent : 10%). 

Ozonide d ~ r  p-nzithy/sf~~r&ne 
Dix rnillirnoles (1.18 g) de p-rnCthylstyrene, en solution 

dans 25 rnl de CCI,, sont ozonees a 0 "C avec 80% de la 
quantitC theorique d'ozone. Apres evaporation du solvant 
sous un courant d'azote sec, I'ozonide est is016 par 

chrornatographie sur colonne en utilisant 300 g de silica 
gel Baker. L'ozonide est Clue avec un melange 50/50 de 
benzene-hexane. Apres purification par une nouvelle 
chrornatographie, on a obtenu 245 mg d'ozonide (rende- 
rnent : 15%). Lors d'une experience sirnilaire, dans 
laquelle le tetrachlorure de carbone a ttC rernplack par 
le pentane, on a obtenu 288 rng d'ozonide purifiC. 

Ozorzide du p-chlorosfyr2rze 
Dix rnillirnoles (1.385 g), en solution dans 25 rnl de 

CCI,, ont CtC ozonCes a la temperature de la piece avec 
80% de la quantitC thtorique d'ozone. L'ozonide a CtC 
isole et purifiC dans les conditions employees pour 
I'ozonide du p-rnCthylstyrtne (rendernent : 180 mg). Le 
produit se prisente sous forrne d'un liquide visqueux. 

Ozonide du m-chlorostyrPne 
Cet ozonide a CtC prepart cornrne son isornere para. 

I1 a etC obtenu un rendernent de 201 rng d'ozonide purifie 
a partir de 10 mrnole d'olefine (1 1 %). 

Ozonide du p-nifrosfyrdne 
Une solution de 2.08 rnrnole (300 rng) dep-nitrostyrene 

dans 25 rnl de CCl, a ete ozonte a 25" avec 8&90% de 
la quantitC thkorique d'ozone. Apres evaporation de la 
rnajeure partie du solvant par un courant d'azote sec, 
l'ozonide est isole par chrornatographie sur colonne en 
utilisant 500 g de silica gel Baker. L'olCfine n'ayant pas 
rCagi avec l'ozone est CluCe avec le CCI4 et l'ozonide est 
Clue au rnoyen d'un melange 1 :I de benzene-hexane. La 
fraction contenant I'ozonide est CvaporCe a sec. Le solide 
blanc ainsi obtenu est recristallist 3 fois dans le rnCthanol. 
I1 a ainsi etC obtenu un rendernent de 33 rng d'ozonide 
(17 %), de couleur blanche. 

Mes~rres cinBtiques 
Les solutions d'ozonide (0.2 M )  et de triphenylphos- 

phine (0.2 M), dans le chloroforrne, ont ete preparees par 
pesee. Pour chaque etude cinetique, des volumes Cgaux 
des deux solutions ont ete melanges, apres equilibration 
de la temperature. Le melange (0.1 M en chacun des 
reactifs) est rnaintenu dans un thermostat a i 0 . 1  "C. 
Aux intervalles de temps appropries, des prilevernents 
sont analyses rapidernent en spectroscopie i.r., au rnoyen 
d'un appareillage Perkin-Elmer 621. Les densites opti- 
ques ont Cte rnesurks aux frequences correspondantes 
aux vibrations de valence C-0 dues aux aldehydes 
arornatiques engendrCs par la reaction, entre 1704 et 
1717 crn-'. Les courbes de calibration pour les aldehydes 
et l'oxyde de triphenylphosphine ont etC etablies de 
rnaniere sirnilaire. 

TABLEAU 7 
Analyses et propriCtCs physiques (indices de refraction nDZ5 et points de fusion) 

des ozonides de styrenes substitues dans le noyau arornatique 
-- ---- - 

Calculi (%) TrouvC (%) 
Point de 

R C H N C1 C H N CI tzDZ5 fusion 
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Electron spin resonance spectra of nitric oxide adsorbed on zeolitesls2 

C. L. GARDNER AND M. A. WEINBERGER~ 
Defence Research Establishment Ottawa, Ottawa 4, Canada 

Received4 June 9, 1969 

Electron spin resonance (e.s.r.) spectra of NO adsorbed on the 4 zeolites Linde 4A, 5A, 13X, and 
hydrogen mordenite were measured at 77 OK. N o  e.s.r. signal was observed for NO on silica gel. By use 
of expressions for the line shapes of polycrystalline samples, assuming axially symmetric g-tensors, and 
taking into account also isotropic coupling, values of g,, ,  g,, and line width were derived by an iterative 
procedure. From these, the crystal field splitting, A, of the 2pz levels, which become non-degenerate on 
adsorption, were calculated. By relating A to the interaction of the non-axial components of the quadru- 
pole moment with the corresponding electric field gradients, the non-axial component of the latter is 
estimated for the surface fields of the zeolites. 

Canadian Journal of Chemistry, 48, 1317 (1970) 

Introduction 

Experimental evidence has indicated intense 
electrostatic fields at the surface of both ionic 
and covalent insulator materials. Sheppard and 
Yates (1), for example, have estimated the electro- 
static field a t  a porous glass surface by measuring 
the infrared intensity of adsorbed H,. Their 
results showed a field of 7 x lo6 V/cm. The 
structure of zeolites is known to consist of an 
open, negatively charged network with cations 
on the surface of this open network structure. 
Extremely intense electrostatic fields exist in the 
cavities due to the poor shielding of the cations. 
For instance, Monod et al. (2) estimate this 
field, from the heat of adsorption of helium, to be 
1.6 x 10' V/cm in faujasite. Calculations of 
Dempsey (3, 4) also indicate fields of this order 
of magnitude. 

The influence of electrostatic fields of this order 
of magnitude on the mechanism of catalytic 
reactions has been shown by the calculations of 
Hoijtink (5, 6). He has shown that the difference 
in structure of the products obtained by homo- 
geneous reduction and catalytic hydrogenation 
of aromatic hydrocarbons can be explained in 
terms of the influence of the electric field of the 
electrical double layer at the catalyst-solution 
interface on the electronic structure of the inter- 
mediately formed dinegative ions. 

The electron spin resonance (e.s.r.) spectrum 
of NO is known in the gas phase (7). Early 

attempts (8) to detect NO trapped in rare-gas 
matrices were unsuccessful. The reason for this 
failure was believed to be due to partial quenching 
of the orbital momentum. Partial quenching of 
the orbital angular momentum of NO adsorbed 
on silica gel has been indicated by magnetic 
susceptibility measurements (9, 10). Electron 
spin resonance spectra have been reported (1 1, 
12) of what has been assigned as NO trapped in a 
crystal in a 'C state. Recently, Lunsford (14) 
has reported the spectrum of NO adsorbed on 
MgO, ZnO, and several zeolites in a 'II state in 
which the orbital momentum has been substan- 
tially quenched by the surface fields. The results 
we report for NO on zeolites are in essential 
agreement with those of Lunsford. 

The purpose of the present work has been to 
identify those parameters characteristic of the 
surface field that can be determined from this 
type of experiment, and to study quantitatively 
how these vary from one material to another. 
The zeolite systems were chosen as these materials 
are well characterized structurally as compared 
to many catalyst systems. 

Experimental 
In these experiments, samples of the zeolites (Linde 4A, 

5A, 13X, and hydrogen mordenite)' as well as silica gel 
(Fisher) were degassed for about 15 h at 300 "C and a 
pressure less than mm. Nitric oxide (Matheson 
research grade) was allowed to adsorb onto the sample 
at 10 cm pressure. The sample tube was then sealed and 
the e.s.r. measurements made at 77 OK. The e.s.r. spectra 

'D.R.E.O. No. 609. 
'Presented in part at the 3rd Catalysis Symposium, 'we  are indebted to Dr.  G .  R. Findlay of Norton 

Hamilton, Ontario, 1967. Company for providing us with a sample of hydrogen 
3Present address: Defence Research Analysis Estab- mordenite, to Dr.  J. R. Morton for samples of Linde 4A 

lishment, Ottawa 4. Canada. and 5A molecular sieves, and to Union Carbide Corpora- 
4Revision received November 4, 1969. tion for a sample of Linde 13X molecular sieve. 
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TABLE 1 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Line width and g-tensor values for N O  
adsorbed on zeolites* 

Line width 
Zeolite 6 J. g II ((3) 

Faujasite 1 .970 1.786 71.6 
Mordenite 1 ,967 1.773 65.8 
Linde 5A 1.990 1.859 44.5 

'Isotropic hyperfine interaction: 17.0 G in all cases. 

did not change from the initial recording to one made 
several weeks later. During the cooling process, the 
faujasite (Linde 13X) and mordenite samples became 
brown and purple, respectively. 

Electron spin resonance spectra were recorded for 
N O  adsorbed on all four zeolites investigated. N o  e.s.r. 
spectrum was observed for NO on silica gel. The e.s.r. 
spectra were obtained with a Varian spectrometer 
(V4500). They were digitized with a Gerber scaler, and 
each was then fitted6 with a calculated curve based on a 

showed that they were almost identical. This validates 
the use of empirical linewidths. Figures la-lc show com- 
parisons of the digitized e.s.r. spectra (points) with the 
calculated curves, and Table 1 gives the derived param- 
eters. The fit of the calculated curves to the experimen- 
tal curve is not too good in most cases. It seems likely, 
however, that the variation is in part caused by the 
inclusion in the linewidth of the effects of anisotropic 
hyperfine interactions, which in addition make the line- 
widths quite large. Lunsford (14) has given a number of 
other causes for line broadening in the e.s.r. spectrum 
of NO adsorbed on N a y  zeolites. 

Discussion 
( a )  g- Values 

Nitric oxide in its ground state is a regular 'II 
state. The splitting (17) between the 'nIl2 and 
the low lying 2n312 state is 121 cm- '.Theg-values 
of a 'II state in an electrostatic field depend on 
the relative magnitudes of h, the spin-orbit 

Lorentzian lineshape and an  axially symmetric g-tensor. coupling constant. and A and E. ~arameters  - ~ -  ..---. -. - - 
The theoretical expression used was that of sear1 et a!. difine the cr;stal field ofthe 2p(3* 
(29) for polycrystalline samples, which is applicable if and 2pn orbitals (Fig. 2). the anisotropies are small. The expression was modified 
to include the 14N isotropic hyperfine interaction, for Kanzig et a / .  (18-20) have derived equations 
which a value of 17 G was assumed (13). I m ~ o r t a n t  for the principal a-values of a 'n state. such as 
anisotropic interactions are undoubtedly present (14), 
but the corresponding hyperfine lines were either not 
resolved in the spectra or were very rudimentary (Fig. Ib). 
Instead of attempting to  guess the magnitude of these 
interactions, the problem was circumvented by including 
the effect of the interactions in an  empirical linewidth. 
Since the disposition of the underlying hyperfine lines is 
symmetrical, the g-value assignments should not be 
affected. An iteration procedure (15) was applied to  
deduce the optimal values for the linewidth and g-tensor 
in each case, the calculations being programmed for a 
CDC 3200 computer. For faujasite, the more accurate, 
but much more complicated, treatment of Ibers and 
Swalen (16) was also used. Although this yielded the same 
parameters as  the simpler procedure, the fit to the 
experimental "points" was better. A comparison of the 
calculated curves with curves calculated using the data 
in Tables 1 and 2 and assuming the anisotropic hyperfine 
tensor for NO given by Ohigashki and Kurita (13) 

6 ~ o  fit was made for the e.s.r. spectrum of NO on 
Linde 4A, as this spectrum, shown in Fig. Id, is compli- 
cated and not understood completely. 

0,-, which has-a 'II,/, ground state. Their 
equations, modified because of the change of 
sign of h, become for NO 

h 

h J  A h 1 - " d m +  j m + l (  

21h 
c31 gzz = ge - F+T 

where g, = free-electron g-value, 1 = effective 

TABLE 2 
Calculated values of parameters 

(3- a ? ! )  x 10-1. 
A x 1 0 - ~  E x ax2 ay2 ,, 

Zeolite (cm - ') (cm-') ~ X X  - ~ Y Y  (V 

Faujasite 1.11 
Mordenite 1.05 
Linde 5A 1.69 
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GARDNER AND WEINBERGER: EAR. SPECTRA OF NO 1319 

FIG. 1. Calculated (line) and digitized experimental (points) e.s.r. spectra of NO adsorbed on (a)  faujasite, 
(b) mordenite, (c)  Linde 5A, ( d )  Linde 4A zeolite. 

g-factor for the orbital contribution (I = 1 for 
the free molecule but may change on adsorption). 

The determination of the parameters A, E, and 
1 from our experimental data is ambiguous, as we 
have only two experimentally determined g- 
values. The work of Kanzig et al. (18-20) and 
Vanotti and Morton (21) indicates, however, 
that the value of 1 may be expected to be close 
to unity, and we assume this value here. The 
apparent axial symmetry must be the result of 
h /E  being small, but the theory indicates that 
some deviation from axial symmetry should 
exist. The polycrystalline spectrum of a species 
with an anisotropic g-tensor is well known (22). 
In this case, an infinite singularity occurs 

(assuming a &function line shape) a t  gyp, and we 
conclude that the experimentally determined 
g-values are gyy and g,,. We are unable to  deter- 
mine g,,, because of the small deviation from 
axial symmetry. The values of A and E derived 
using the experimental g-values and eqs. [I]-[3] 
are given in Table 2. Also included in this table 
are the calculated values ofg,, - gyy. In all cases, 
this is seen to be less than the linewidth, giving 
support to the procedure used. The values of 
A for the zeolites are only about one-half the 
value of Lunsford for MgO. This is not surprising, 
since the values of A for 0,- on Na-Y zeolite 
and MgO (14) are similarly related. 

It is interesting to note that the calculations 
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c density, p ..(R). Hence (23) 

FIG. 2. Energy levels of NO when adsorbed on 
surface. 

indicate that, on adsorption, the 'C state is 
shifted much closer in energy to the 'rI state. 
In the free molecule, this separation (17) is 
4.4 x lo4 cm-l. In the case of faujasite and 
mordenite, the predicted position of the *C state 
should give a transition in the red or near infrared. 
Experimentally, at 77 OK these samples were 
purple and brown, respectively, in reasonable 
agreement with the prediction. 

( 6 )  The Surface Field 
In this section we wish to see what information 

can be obtained about the surface from the mag- 
nitude of the splittings A and E. 

We define orbital energies ciO which are 
eigenvalues of the free-molecule Hamiltonian 
Ho with eigenfunctions $,O. In the presence of 
the surface field, the energies, to first order, are 
given by 

where r and R are taken to have origin at the 
molecular center of mass. 

Expansion of Illr - R( ,  in terms of the usual 
normalized spherical harmonics, enables separa- 
tion of the terms relating to surface (lower case) 
and molecule (capitals). Thus 

Instead of the continuous charge distribution 
ps(r), we assume for the surface a discrete set of 
charged particles, e,. For the molecule, p(R) will 
be described by the wave functions $,. The Hamil- 
tonian operator equivalent to eq. [5] may then be 
written as 

Substitution in eq. [4] yields 

where 

Assuming rhombic symmetry, the first terms 
in the expansion of eq. [6] are 

where 2' is the Hamiltonian representing the + (A~-'B?' + A,'B2-') + . . . - 
perturbation due to the surface environment. The spherical harmonics necessary to  evaluate Classically, the energy W corresponding to this 
Hamiltonian can be considered as arising from these terms are (24) 

r 

the interaction of the charge distribution due to ylo(e, 4) = d-& cos e 
the surface, p,(r), with the molecular charge 
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GARDNER AND WEINBERGER: EAR. SPECTRA OF NO 1321 

Noting that V = xie i r i - '  is the potential of 
the charged particles responsible for the surface 
field, we can interpret the terms in the expansion 
[7.1] as follows 

x (e($iOIR cos 

This term represents the interaction of the surface 
field with the dipole y,, = e (2) of the NO 
molecule. 

This term gives the interaction of the axial com- 
ponent of the quadrupole moment 

strength. Interaction with the axial component 
of the quadrupole moment and polarizability 
terms will also contribute to this alignment. In 
the discussion that follows. we therefore assume 
that the molecular axis and field direction 
coincide. 

Moffitt (26) has discussed the contributions 
of the a and n electrons to the total dipole 
moment of CO (p = p, + p,). He finds that the 
a dipole moment is of opposite sign but almost 
equal in magnitude to the n dipole moment. This 
explains the observed small dipole moment 
(0.11 8 D) of CO. Moffitt suggests that a similar 
explanation holds for NO, where the dipole 
moment is also relatively small. 

If we consider the effect of the electric field 
term [7-21 on the orbital energies of NO, it is 
clear that the interaction with the field will not 
remove the degeneracy of the n levels (i.e. the 
n, and ny orbitals have the same dipole moment). 

The axial component of the quadrupole 
moment will be the same for the n, and n, 
orbitals, and hence the term [7-31 will not 
remove the degeneracy of the n levels. The non- 
axial component, Q,, - Q = + (X2 - 
Y2), on the other hand, will G f t  the n, and ny 
orbitals by an equal amount but with opposite 
sign, and hence the degeneracy is removed. The 
energy separation caused by this interaction is 

Qzz = ((3Z2 - R2)/2) given by 
x 2 - y 2  a2v a2v 

with the axial component of the field gradient. 181 A = -e( 2 )(- - v) 
Finallv 0 

gives the interaction of the non-axial component 
of the field gradient with the non-axial component 
of the quadrupole moment 

Qxx - Qyy = <<x2 - Y2)/2) 

Experimentally (25), NO has a dipole moment 
of 0.158 D. Monod et al. (2) have estimated the 
electric field in the interior of faujasite to be about 
1.6 x 10' V/cm. It is very likely that the interac- 
tion of this dipole with the field will orient the 
molecule in the field direction, the energy of the 
interaction being -- 400 cm-I for a field of this 

To estimate the quadrupole moment of a n, 
orbital we make the crude approximation that 
the p, orbitals may be replaced by a point model, 
where a half unit charge is placed at an average 
distance di/2 from the nucleus. The values of di 
for nitrogen and oxygen, dN and do, were obtained 
from the approximation used by Parr (27). He 
approximated the p orbital by two tangential uni- 
form spheres of diameter di = 4.597 2,-' x lo-' 
cm, where Z ,  is the effective nuclear charge as 
defined by Slater's rules (28). We place the half 
unit charge at the center of these spheres. 

Using this method the following values for 
Qzz and Q,, - Qyy are evaluated 

Q,, - Qyy = (X2 ; ") = 0.30 x 10-l6 ern2 
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where the values 
rl, = 1.18A 
6 = 1.02A 
re = NO bond distance = 1.15 A 

have been used. The values given for Q,, and 
Q,, - Qyy cannot be expected to be accurate, 
but may at least provide a rough estimate. Using 
these values and eq. [8], an estimate can be made 
of the non-axial component of the field gradient. 
These results are included in Table 2. 

The only contributions we have considered 
so far are the first-order contributions to the 
electrostatic interaction between the molecule 
and the surface. While they will not be discussed 
in detail, it is perhaps worthwhile to  make a few 
comments about the second-order contributions. 
I t  appears that, since the polarizability tensor 
will be axially symmetric, the interaction of the 
electric field with the induced dipole moment will 
not remove the degeneracy of the n levels. It is 
not clear to us, however, what the effect of dis- 
persion forces might be. 

A discussion of the terms contributing to A is 
simplified to a large extent by symmetry restric- 
tions. The same is not true, however, when 
discussing E, and in this case any sort of quantita- 
tive discussion is difficult. The C-Il separation 
will in fact be affected by the first-order electric 
field -dipole and axial field gradient - quadru- 
pole interactions, as well as  the second-order 
electric-field-induced dipole contribution. It 
seems likely that all these terms may be roughly 
of the same order of magnitude. 

L The authors are indebted to Dr. E. J. Casey and Dr. 
R. A. McIvor for valuable advice and encouragement. 

We are grateful to Dr. P. Raghunathan for calculating 
the spectra based on the anisotropic g and hyperfine 
tensors for us. 
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Pyrochlores. VI. Preparative chemistry of sodium and silver antimonates and 
related compounds1 
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A number of pyrochlore-structure antimonates MSbyOz (M = Na, Ag, K) have been prepared by 
dry-firing methods. Each M forms a series of compounds which adopt the pyrochlore structure up to a 
niaximum ratio of M:Sb; the ratio depends on M. Antimony in these compounds is usually present 
simultaneously in trivalent and pentavalent states. 

The preparation of the above antimonates by wet methods was also examined. The products obtained 
were found to depend on the p H  of the solution. In acid solution a polyantimonate ion exists which on 
addition of M salts leads to compounds of formula MSb30,, while in alkaline solution the Sb(OH)6- 
ion exists and MSb(OH), antimonates are obtained. 

A previous literature claim that NaSbO, occurs with the pyrochlore structure has been disproved. It 
has been shown that NaSbyO, pyrochlore phases exist only for Na:Sb less than 1 :1.5. 

The preparation of antimonates in the presence of C1- and from hydrated reactants was carried out. 
It was concluded that neither C1- nor OH- or H 2 0  play a significant part in causing an antimonate of 
Na, Ag, or K to adopt the pyrochlore structure. 
Canadian Journal of Chemistry, 48, 1323 (1970) 

Introduction 

The work reported in this paper began as an 
extension of previous work (1-5) which examined 
in detail complex oxides having the pyrochlore 
structure and containing various combinations of 
trivalent and tetravalent cations (3-4 pyro- 
chlores). It was hoped to complete this survey of 
oxide pyrochlores by investigating the analogous 
2-5 and 1-5 pyrochlores. However, the prepara- 
tion of some of these compounds introduced 
several complications that had not been an- 
ticipated. Also, it was found that the existence 
field of the 1-5 pyrochlores is considerably more 
extensive than was previously thought. Because 
of these factors, only 1-5 pyrochlores2 are dis- 
cussed in this paper; the 2-5 pyrochlores will be 
dealt with in a subsequent publication. 

The only compounds previously reported to be 
1-5 pyrochlores, other than the poorly defined 
hydrated antimonates described below, are the 
antimonates AgSbO, (6-8,27) and NaSbO, (6,7). 
However, while silver antimonate has always been 
found to have a pyrochlore structure, regardless 
of the method of preparation, NaSbO, has been 
obtained with the pyrochlore structure only by 
treating "antimonic acid", in solution or as a 

'For Part V, see ref. 5. 
2Since detailed structure determinations have not as 

yet been made for all compounds whose preparations are 
reported in this paper, the term "pyrochlore" is used to 
denote any compound that gave an X-ray powder pattern 
consistent with the space group and dimensions of  the 
classical pyrochlore structure. 

suspension, with excess of a sodium salt (6, 7).3 
All other methods gave a product having the 
ilmenite structure (6-10). In view of the known 
ability of C1-, F-, and OH- to stabilize the 
pyrochlore structure: the question arises: does 
the wet method yield sodium antimonate of the 
pyrochlore type because introduction of C1- 
(from the SbCl, used in the preparation of the 
"antimonic acid" or from NaCl) or H 2 0  into the 
antimonate causes stabilization of the pyrochlore 
structure? 

The method which yields the pyrochlore an- 
timonate is also distinguished from the others in 
that it is the only one involving antimonic acid as 
an intermediate. Therefore, even if the pyrochlore 
structure is not stabilized by C1- or H,O, a 
further question may be asked: is it some property 
of antimonic acid in solution that causes the 
antimonate to adopt the pyrochlore structure? 

It was the aim of this investigation to answer 
these questions, and also to find whether other 
1-5 pyrochlore-type oxides could be prepared. 

The hydrated sodium antimonate, stated to 
exist with the pyrochlore structure (6-9),' can 
be obtained only in a poorly crystalline state 

,This product was called p2-NaSbO, by Schrewelius 
(6, 7). It gives a sharp X-ray powder pattern of the 
pyrochlore type. 

4The mineral pyrochlore contains F- and OH-, and 
the fluoride ion. for example, has been shown to stabilize 
the pyrochlore- structure in calcium antimonate even 
when present in only small concentrations (11, 12). 

5This is the PI-NaSbO, of Schrewelius (6, 7). It gives 
a diffuse X-ray powder pattern of the pyrochlore type. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1324 CANADIAN JOURNAL OF ( 

as an intermediate during the dehydration of 
NaSb(OH),. Prolonged heating of the latter com- 
pound at 200-400 "C in air is necessary to produce 
ihe pyrochlore X-ray pattern, and on heating 
above 400 "C the ilmenite pattern develops. 
Montmory et al. (9) consider the pyrochlore to 
have the formula Na2Sb20,(OH),, but it has been 
suggested that the representationNa2Sb206(H20) 
is more likely (8). 

Schrewelius (6) has reported the preparation of 
a potassium antimonate which gave an X-ray 
powder pattern containing a number of weak and 
diffuse lines that correspond to a pyrochlore 
pattern. He prepared it by repeated evaporation 
and rehydration of a saturated solution of 
KSb(OH),, followed by prolonged heating at 
110 "C. Again, it is likely that water or OH- 
participate in the structure. 

Experimental 
The following methods have been used in the past to 

prepare metal antimonates: (a) firing of a mixture of an 
antimony oxide and a metal salt (6-8, 13); (6)  precipita- 
tion of the metal antimonate from a solution of 
"KSb(OH)," by adding the appropriate metal salt 
(6-8, 14, 15); (c) oxidation of an  alkaline solution of 
SbzS3 using H 2 0 z ,  followed by addition of an  alkali 
hydroxide (16); (d) precipitation of the metal antimonate 
by adding the appropriate metal salt to colloidal "anti- 
monic acid" (6, 7, 17); (e) oxidation of Sb20,  in alkaline 
solution using K M n 0 4  (18) or H 2 0 2  (17); ( f )  firing 
antimony metal with saltpeter and leaching the product 
with water (1 5). 

Of these methods, only (d) has been found to yield an  
antimonate with the pyrochlore structure (6, 7). This is 
an  indirect method since the "antimonic acid" must first 
be prepared. The term "antimonic acid" is used loosely 
to denote both the antinionate ion in solution and the 
solid that precipitates when the concentration of the 
sparingly soluble antimonate ion is increased. The pre- 
cipitated material has also been referred to as a "hydrated 
antimonic oxide", which is probably a more correct 
description. The term is used in its looser meaning here. 
Antimonic acid can be prepared by acidification of 
"KSb(OH)6" solutions, hydrolysis of SbCI,, or  oxidation 
of SbzS3 with fuming nitric acid followed by hydration 
with water. According to refs. 19 and 20, the best way of 
obtaining the acid free of electrolytes (which adsorb 
strongly on the solid) is to drop SbC15 into iced water. 
This method was used primarily in this work, but 
acidification of "KSb(OH)6" solution was also used 
because it did not involve C1-. 

Materials 
For the wet preparations, either SbC15 (Baker and 

Adamson Reagent) or "KSb(OH)S" (B.D.H. AnalaR 
Reagent) was used. The former was checked by titration 
with KMnO, for Sb(II1) content, which was found to be 
negligible. However, the commercial "KSb(OH)," was 

found to be better represented as KSbO, .II H 2 0 ,  where 
11 was always less than the value of three necessary to give 
a formula of KSb(OH)6; the AnalaR Reagent material 
analyzed to KSbO3.(2.77 H20) .  Each batch was there- 
fore checked by thermogravimetric analysis (t.g.a.) and 
titration with standard AgNO, solution before use. 

In the dry preparations, SbzO, (Fisher Certified 
Reagent) was always used because analysis of the avail- 
able conin~ercial "antimony pentoxide" chemicals showed 
one (Baker Analyzed Reagent) to be amorphous, with an  
approximate formula of Sbz04.,, and another (Fisher 
Certified Reagent) to have an X-ray powder pattern of 
the Sb204 type and an oxygen content close to this 
formula. Where an  antimony(V) oxide was required for 
a preparation, it was obtained by hydrolysis of a weighed 
amount of SbCI,. 

Other materials used in this investigation were: Baker 
Analyzed Reagent NaZC03, AgNO,, and Na2C204; 
B.D.H. AnalaR Reagent KNO,; B.D.H. Reagent 
AgzC03 and Bi203;  Baker and Adamson Reagent 
Li2C0,; Koch-Light RbNO, (3 N); and CIBA optical- 
grade reagent Ta205  (> 3 N). 
Preparation of At~til~~ot~ates:  Wet Methods 

(i) SbC15 was added to crushed ice giving a white 
semicolloidal precipitate of antimonic acid. This precipi- 
tate could be filtered only with difficulty because of the 
fine particle size and had to be passed a number of times 
through the porous porcelain filtering crucible before a 
clear filtrate could be obtained. The precipitate was 
washed with cold water until the washings showed no 
trace of C1- when tested with AgNO,. After drying a t  
room temperature, the antimonic acid was shaken with 
distilled water to form a suspension, to which the appro- 
priate metal ion was added. Boiling this mixture for some 
hours produced a crystalline precipitate of the metal 
antimonate. 

(ii) SbCI, was hydrolyzed as above and the appropriate 
metal ion added directly to the semicolloidal solution, 
which was then boiled until a crystalline product resulted. 
This method avoided the tedious separation of the anti- 
monic acid precipitate required in (i), but meant that 
precipitation of the metal antimonate occurred in 
strongly acid solution containing C1-. 

(iii) Antimonic acid was prepared from KSb(OH), 
solution by precipitation with acid and treated according 
to (i). 

(iu) Antimonic acid obtained from KSb(OH)6 as in 
(iii) was reacted directly with metal ions as in (ii). 

(u) The appropriate iiietal ion was added directly to a 
solution of KSb(OH), and the precipitate filtered as 
described in (i). 

The antimonates obtained by methods (i)-(u) were 
finally dried to constant weight either at  room tempera- 
ture or at  500-700 "C. In each case, the temperature 
necessary to achieve an anhydrous product without 
causing decomposition was previously determined by 
t.g.a. using a small amount of the sample dried at room 
temperature. 
Preparatior~ of At~timonntes: Dry Methods 

Either Sbz03  or antimonic acid of known Sb content 
was mixed with the appropriate weight of a metal 
carbonate, oxalate, nitrate, or acetate. The reagent 
powders were then ground and mixed in an agate mortar 
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TABLE 1 
Dry preparation of antimonates 

Product? 
Preparation 

No. Reactants Heat treatment* Type Composition ao(P), A% 
91 Na2C03 + 5Sbz03 410135, 550119, 830121, 1000/17 P  NaSb"'3.7sSbvl.z50g.z5 10.290 3 
99 Nazox + 3Sbz03 41 5/21, 750116, 850117, 840126, 880167 P  NaSb1"l.lzSbV1.~~06.s~ 10.291 
33 Nazox + 3Sbz03 680117, 1010/23 P NaSb11'l.ogSbv1.9106.gl 10.291 
77 2NazC03 + 5Sbz03 24513 1, 51 0122, 750145, 940122 P  NaSb11'o.70SbV~.~006.0s 10.291 

S 
76 Na2C03 + 2Sb203 24513 1, 5 10122, 750145, 940122 P  NaSb1'10.soSbvl.500s.oo 10.289 

2 
86 2NazC03 + 3Sbz03 460122, 640122, 990117, 900119 P + I  (NaSb"'0.3~Sb~~.~~0~.91)§ 10.281 
34 Nazox + Sb2o3 760119, 1035166 I  NaSbl.oo02.95 
49 NaSb(OHL 107018 I  NaSb, nnO7 oa 

6 
E 

N ~ , C O ~  + antimonic acid 
2KNO3 + 5SbzO3 
KSb(OH)6 + Sbz03 
KNOB + Sbz03 
2KNO3 + Sbz03 
KSb(OH)6 
2AgN03 + 3Sbz03 
59c 

P  
P Uncertain 10.278 

'410135 stands for 410 "C for 35 h. 
tP ,  pyrochlore; I, ilmenite. The empirical formulae have been normalized to 1 M (M = Na, K, Ag). Errors in the formulae arise mainly from impurity of reactants and handling losses during 

firing. These factors probably cause errors of up to +0.2% in the overall weight of product obtained. For example, the composition of preparation No. 91 would be Nal.ooio.02Sb1~~3.75io.oa- 
Sbv1.25i0.0309.25i0 and similar error margins are to be applied to the other compositions. 

$The uncertainty ih the oo(P) values is k0.001 A. 
§Overall composition of product. 
IlThe same value (+_ 0.002 .&) was obtained by Sleight (27) for all his preparations, while Schrewelius (6,7) reported a value of 10.25 A (converted from kX). C
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TABLE 2 
Comparison of analytical methods 

Wt. % oxygen 

W t. Vacuum 
Compound measurement fusion Theory 

and placed in a sintered alumina or zirconia crucible for 
firing in an  electric muffle furnace in air. Table 1 sum- 
marizes the various heat treatments. A preliminary firing 
at  about 400 "C was found necessary, particularly for 
mixtures of Sb203  and Na carbonate or oxalate, to avoid 
fusion of the mixture. After each firing the sample was 
checked for weight change, reground, weighed again, and 
returned to the furnace for further firing, until reaction 
appeared to have ceased. 

Chemical Analysis 
Wet Preparations 
Antimony present in the sample was taken to  be that 

added either as SbCI, or as KSb(OH),. A check for . .. 

dissolved Sb (using ~ 1 a n d  back titration with Na2SZO3 
after oxidation with H,O,) showed no significant 
amounts were present in the filtrates. The Ag or Na 
content of each antimonate was determined as the 
difference between the weight added and that remaining 
in the filtrate. A flame-spectrophotometric method was 
used to  determine the Na content of filtrates, while Ag 
was analyzed for by a standard gravimetric method 
(AgCI). 

Dry Preparations 
A11 attempts to  dissolve the antimonates were un- 

successful, so that standard analytical methods could not 
be used. It was therefore necessary to calculate the com- 
position of each product from the weights of reactants 
used. The oxygen content could be calculated from the 
difference between the mass of the product and the 
calculated weight of metal atoms. From the amount of 
oxygen present, the relative proportions of Sb(II1) and 
Sb(V) in the antimonate were then calculated. As a check 
on the accuracy of this procedure, two of the preparations 
were analyzed for oxygen by vacuum fusion. The results 
obtained were in excellent agreement with those from the 
weight measurements (Table 2). 

b ~ s t r u m e ~ ~ t a l  Analysis 
Details of the t.g.a., X-ray diffraction, and infrared 

techniques are given in refs. 1 and 3. Analysis of sodium 
was made on a Cary Model 511 spectrophotometer using 
the Na emission line at  5889.965 A. A graph of emission 
peak height vs. concentration was prepared using a set of 
standard Na  solutions, and the concentrations of samples 
were estimated by measuring the emission intensities and 
interpolating on the graph. 

Results and Discussion 
Sodium Antimonates: Wet Preparations 

Table 3 summarizes the compositions of these 
products. In all experiments in which Na' was 

added to acidic solutions of antimonate ion, the 
anhydrous product obtained after drying at 
600 "C for 24 h contained an Na:Sb ratio of close 
to 1 :3, except where insufficient Na was added to 
realize this ratio. These products gave X-ray 
powder patterns of the pyrochlore type. 

Addition of Na' to solutions of p H  > 8 always 
gave a precipitate of ~asb(OH), . ,  On firing this 
material to about 400 "C, the ilmenite-type 
NaSbO, resulted, confirming that it contained an 
Na:Sb ratio of 1 : 1. No matter what p H  was tried, 
a precipitate of the ilmenite phase could not be 
obtained directly. 

The results of the wet preparations indicate 
that different ions exist in antimonate solutions, 
dependingon the pH. In acid solution a polymeric 
species of formula Sb,,O,H,,"- appears to exist, 
which on addition of metal ions, yields salts of 
formula M,1Sb3,0ZH,,.7 On drying, compounds 
of formula MSb,O, are formed with an M:Sb 
ratio of 1 :3. ~nvesti~ations by various authors of 
the formula of the polymeric species have pro- 
duced results that are not in good agreement with 
each other. Souchay and Peschanski (21) propose 
the formula HSb,0,72-, while Ricca et al. (22) 
suggest HSb60,,,-. If these ions were present in 
acid solution, the products upon addition of 
metal ions should contain M :Sb ratios of 3:5 or 
2:3, respectively, which we did not obtain. How- 
ever, the ionic weight of 960 measured by Jander 
and Joachim (23), who suggest a hexaantimonate, 
is close to that of, e.g., Sb60,,2- (ionic weight 
955), and this would lead to a compound of 
Na:Sb = 1 :3, in agreement with our results. 

There .is good agreement amongst various 
authors (21, 23-25) that, as was observed in this 
investigation, the ion present in solutions of high 
p H  is Sb(OH),-. The addition of metal ions to 

,As described for "KSb(OH),", this formula can only 
apply if sufficient water is present in the material. The 
product obtained after several days at room temperature 
had an empirical forn~ula close to NaSb(OH), 
(= NaSb03.3H20),  but in general a better representa- 
tion would be NaSb03. 11 H 2 0 ,  where n is often less than 
3. Material with 11 i 3 still showed only X-ray lines of 
NaSb(OH),. Since the NaSb(OH), structure cannot be 
retained for less than 3 molecules of water per NaSbOB 
unit, it appears that a mixture of NaSb(OH), and an 
amorphous component of formula NaSb03. (3 - x)H20 
must be formed. 

7The hydrogen included in this formulation is not 
intended to represent an acidic hydrogen, but rather 
hydrogen present as covalent OH or H 2 0 .  The hydrogen 
in the formulae of refs. 21 and 22 is, however, considered 
acidic. 
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TABLE 3 
Pyrochlore antimonates prepared by wet methods* 

Product Sb Na or Ag Product a0 (PI 
Method Reactants No. (M) (M) composition (A) 

Sodirrm antinlonates 
i SbCI, + H 2 0  + NaCl 

ii SbCI, + H 2 0  + NaCl 

ii SbCI, + H,O + NaOH 

iii KSb(OH)6 + H +  + NaCl 

iii KSb(OH)6 + H +  + NaN03 
iv KSb(OH), + H +  + NaCl 

iv KSb(OH)6 + H +  + NaN03 

v KSb(OH), + NaCl 

Silver antimonates 

(Ilmenite) 
(Ilmenite) 

*The compositions were determined after firing the reaction products to constant weight at  500-700 'C. They are expressed relative to 3 Sb 
or 1 Sb. The uncertainties in the empirical formulae are estimated to be t 0.1 for Na, ? 0.05 for Sb, _c 0.5 for oxygen in the sodium antlmonates; 
f 0.02 for Ag, f 0.05 for Sb, and ? 0.35 for oxygen in the silver antimonates. The uncertainties arise partly from the analysis errors and partly 
from errors caused in separating the fine precipitates of products from solution. The larger errors in the oxygen figures arise because oxygen was 
determined by difference to 100%. Thus the errors in the metal figures are compounded in the oxygen value and magnified because of the small 
atomic weight of oxygen compared to those of the metal atoms. For each compound, the error in the oxygen figure is therefore dependent on 
the other two errors. The uncertainty in the oo(P) values is f 0.001 A. 

?Insufficient sodium was added to realize a Na:Sb ratio of I:3. 
$The oxygen figures are erroneously high owing to contamination by potassium impurity. 

alkaline solutions therefore yields compounds 
with Na:Sb ratios of unity. 

The interconversion of the Sb,,O,H,,"- and 
Sb(OH),- ions with changing p H  could be 
verified by (a) titration of a suspension of 
NaSb(OH), with acid, and (6) titration of a sus- 
pension of NaSb,O, with NaOH. These titrations 
were followed with a p H  meter. Whilst the poly- 
merization of the Sb(OH),- ion occurred rapidly, 
even in cold solution, the depolymerization of 
the Sb,,O,H,"- ion was very slow, even at 100 "C. 
The powder pattern of the precipitate obtained 
after titration (6) contained lines of the pyrochlore 
antimonate as well as those of NaSb(OH),, even 
though the solution had been boiled for more 
than 10 h. 

Antimonic acid prepared from KSb(OH), ap- 
parently adsorbed potassium ions from solution. 
Thus, addition of NaCl yielded a sodium an- 

timonate that spectrographic analysis showed to 
contain as much as 1 % K for a Na content of 3 %. 
The presence of potassium in products 13-20 
(Table 3) is reflected in an erroneously high figure 
for oxygen content. This arises because after 
determination of the Na and Sb contents of the 
preparations, the remaining weight was taken to 
be entirely oxygen and no potassium was allowed 
for. 

Other Antimonates: Wet Preparations 
Because K antimonates are appreciably soluble, 

no attempt was made to prepare them by wet 
methods. However, the products obtained on 
adding an Ag salt to an antimonate solution were 
analogous in composition to those obtained on 
addition of Naf (see Table 3). 

Dry Preparations 
Table 1 summarizes the dry preparations of 
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FIG. I .  Products of preparation of MSb,,O, antimonates by dry methods (Table 1). Open circles: a ho~nogeneous 
pyrochlore phase MISb"',Sbv,-,O, (r  = 0.5 + 2.5 y - t )  is the sole product; full circles, other results. The estimated 
existence fields o f  the homogeneous pyrochlore phases are shaded grey. The phase and structural relationships along 
the line Sbl"-Sbv are not considered here. 

metal antimonates. For each of the systems Ag- 
Sb-0, Na-Sb-0, and K-Sb-0, a range of M :Sb 
ratios gave compounds with the pyrochlore struc- 
ture. The ranges of composition that yielded 
pyrochlore phases were different for each system, 
as shown in Fig. 1. In all the systems, the M:Sb 
ratio of 1 :3 was included in the pyrochlore field, 
but otherwise no special compositional stability 
was attributable to phases having this ratio. It 
must therefore be concluded that the pyrochlore 
products of the wet methods form with an M :Sb 
ratio of 1 :3 entirelv because of the structure of the 
antimonate ion in acid solution, and not from any 
special stability that distinguishes this ratio. In 
confirmation of this coi~clusion. when the me- 
cipitated antimonic acid is removed from solution 
before being reacted dry with excess Na,CO, 
(see No. 89, Table l), an ilmenite-type NaSbO, 
is obtained rather than the pyrochlore NaSb30z 
which was obtained in solution. That a pyro- 
chlore-type product is always obtained when an 
Ag salt is added to an antimonate solution, irre- 
spective of the pH, is clearly because the Ag:Sb 
ratio of 1 :1, as well as that of 1 :3, is included in 
the pyrochlore existence field. 

Since in this work controlled atmospheres were 
not used, it was not possible to control the 
Sb(III):Sb(V) ratio in the products, although, at 
a given temperature, a particular ratio could 
usually be maintained. The Sb(lll):Sb(V) ratios 
for the various antimonates in Table 1 are there- 
fore merely the ratios that resulted for the firing 
schedules quoted, and not necessarily equilibrium 
values. The reduction of Sb(V) to Sb(lI1) did not 
appear to have any significant effect on the 
stability of the pyrochlore structure since for the 

same M :Sb ratio products could be prepared with 
different Sb(III):Sb(V) ratios. 

As shown in Fig. 1, the magnitudes of the com- 
position ranges for which the metal antimonates 
exist with the pyrochlore structure follow an order 
Ag > Na > K. Since the stability of the pyro- 
chlore structure has been shown, for the 3-4 
pyrochlores at least, to depend on the relative and 
absolute sizes of the cations involved (cf., for 
example, refs. 3-9, it might be expected that the 
above order would be K > Ag > Na, i.e. the 
same as the sequence of ionic radii.' It thus ap- 
pears that the different electronic structure of Ag, 
compared to K and Na, must be important in 
causing silver antimonate to adopt a pyrochlore- 
type structure. Perhaps Ag enters into a different 
bonding arrangement than Na and K, such as 
bonding via d orbitals, that would not be possible 
with these latter ions. However, it is also possible 
that some of the structural features of the Ag 
antimonates, such as cation distribution and site 
occupancy, ditrer from those of the Na and K 
compounds. A detailed investigation of the 
crystal structures of the antimonates is therefore 
necessary before justifiable conclusions can be 
drawn. Work with this aim is in progress. 

Table 4 summarizes a number of attempts to 
prepare mixed-metal antimonates. These prepa- 
rations were tried to investigate the effect of ionic 
size of the metal combined with Sb and, where Bi 
was substituted for Sb, the effect of trivalent ions 
in place of pentavalent ions. However, none of 

BThe Shannon and Prewitt (26) ionic radii for six- 
coordination are 1.38 A for K+, 1.15 A for Ag+, and 
1.02 A for Na+.  
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TABLE 4 
Preparation of mixed antimonates and related phases* 

Product 
Preparation 

No. Reactants Heat treatment TY pe Overall composition 

78 LizC03 + 3SbZo3 550125, 930121, 1000/21 Not P LiSb308.0 
73 2RbN03 + 3Sbz03 41 5/21, 830132, 970123, 

1000117 P + ? RbSbl"n 56SbV, LAO, AL - . . . . . . . 
97 Na2C03 + 2AgN03 + 2Sbz03 425148,' 680123, 850118 P + I ~ a ~ g ~ b ~ ~ ~ ~ . ~ ~ ~ b ~ ~ . ~ ~ 0 ~ . ~ ~  
87 Na2C03 + 2KN03 + 2Sbz03 460122, 640122, 990/17, 

900/19, 935117, 
1 120127, 1000/22 P + I NaKSb1110.50SbVl.5005.50 

98 KNOs + AgN03 + Sbz03 680123, 850118, 920118 P + ? KAgSb1110.50SbVl.5005.50 
92 Na2C03 + Biz03 + 2Sb2O3 450122, 650170, 740121, 

1000/27, 1000/22, 
1030123, 1090/+ P + ? NaBiSb1110.64SbV1.3606.36 

90 Ag2CO3 + Taz05 415123, 615123, 680121, 
990/17, 900/19, 1015122 t AgTa02.87 

96 AgzC03 + 2KN03 + 2Taz05 450118, 550125, 930121, 
1000121. 1 14017 Not P AgKTazOs.83 - - 

*See footnotes to Table 1. 
?Cubic perovsk~te (cf. refs. 28 and 29). 

the preparations yielded single-phase pyrochlore 
products. existence. If a pyrochlore of definite formula does 

exist, then the thermal decomposition product of 
Efect of Anion Substitution NaSb(OH),, which gives a pyrochlore-type X-ray 

The pyrochlore antimonates obtained by wet powder pattern, must be a mixture containing, 
methods in which C1- was present during pre- besides the pyrochlore of definite formula, an 
cipitation did not show any enhanced stability, amorphous component of indeterminate com- 
either structural or thermal, in comparison with position. The proportion of the latter increases 
products obtained free of chloride. Also, infrared 
and t.g.a. methods showed that the pyrochlore 
structure was stable without any detectable water 
or OH- being present. Furthermore, an attempt 
to introduce OH- or H,O into the antimonate 
by reacting antimonic acid (hydrated antimony 
pentoxide) with Na,CO, (No. 89, Table 1) re- 
sulted in the ilmenite-type NaSbO, and not a 
pyrochlore antimonate. 

The hydrated Na antimonate ("PI-NaSbO,") 
described by Schrewelius (6, 7), Montmory et al. 
(9), and Brisse (8) does not seem to be a compound 
of fixed water content, since the weak X-ray lines 
of the pyrochlore phase persist throughout suc- 
cessive firings, even though a weight loss can be 
observed on each occasion. Rather than attempt- 
ing to ascribe a definite formula of Na2Sb,0,- 
(OH), or Na,Sb,O,(H,O), it appears that the 

with temperature, and at constant temperature 
very slowly with time, thus accounting for the loss 
in weight. Presumably this amorphous com- 
ponent is the precursor of the ilmenite NaSbO,. 

A recent investigation by Sleight (27) of the 
role of C1-, F-,  and OH- in the AgSbO, struc- 
ture led him to conclude that these ions are not 
important, in agreement with the results of this 
work. 

It must therefore be concluded that only the 
M:Sb ratio is of importance in determining 
whether or not a pyrochlore structure is adopted 
in a given M-Sb-0 system. 

General Observations 
Although wet method i is the same as that by 

which Schrewelius (6, 7) claimed to have prepared 
NaSbO, with the pyrochlore structure ("P2- 

compound should be regarded as a reaction inter- NaSbO,"), the product we obtained always con- 
mediate of formula NaSbO,. xH,O, where x de- tained an Na:Sb ratio of 1 :3. Furthermore, the 
creases with increasing heating time and tem- dry preparations confirmed that whilst NaSb,O, 
perature. Because the rate of transformation from has the pyrochlore structure, the ilmenite struc- 
NaSb(OH), to NaSbO, is very slow at tem- ture is obtained for a Na:Sb ratio of unity. Also, 
peratures around 350 "C, the pyrochlore-like Schrewelius described how firing the pyrochlore 
intermediate structure appears to have a finite antimonate (P,) to 1000 "C caused it to convert 
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partially to the ilmenite structure, but not en- 
tirely, even on prolonged heating. This is con- 
sistent with an antimonate containing a high pro- 
portion of Sb, since a disproportionation could 
occur, for example 

2NaSb307 -t NaSbO, + NaSbsOl 

Schrewelius's observation cannot, however, be 
explained if the pyrochlore had the formula 
NaSbO,, unless a loss of Na by volatilization had 
occurred at 1000 "C. To the contrary, our experi- 
ments showed that high temperatures caused a 
loss of Sb oxide rather than Na. Prolonged firing 
of a pyrochlore antimonate at 1300 "C eventually 
caused complete conversion to the ilmenite struc- 
ture, and crystals of Sb203 and Sb20, could be 
collected from the cooler parts of the furnace 
tube. The conclusion then is that Schrewelius was 
mistaken in assigning the formula NaSbO, to the 
pyrochlore antimonate ("P2-NaSbO,") he pre- 
pared, and that no pyrochlore of this formula 
exists. 

An implication of the composition-structure 
fields of Fig. 1 is that compounds of formula 
M1,~b"',~bv,-,o, ( z  = 0 . 5 ~  + 2.5y - t )  adopt 
the pyrochlore structure even when x is very 
small. Pyrochlore-type potassium antimonates 
with as little as 1 wt. % K have already been re- 
ported by Schrewelius, and similar compounds 
were prepared in this investigation. Further dis- 
cussion of this aspect is reserved for a subsequent 
publication. 

The variation of the lattice parameter a, with 
composition of the antimonates obtained by dry 
methods is shown in Fig. 2. Because of the in- 
creasing reduction of Sb(V) and accompanying 
loss of oxygen that occurs as the proportion of 
Sb(II1) increases, a simple linear relationship be- 
tween a, and composition would not be expected. 
However, despite the effect of the Sb(III):Sb(V) 
ratio, there is, in general, an increase in a, of 
MSb,O, (M = Na, Ag, K) antimonates with in- 
creasing ionic size of M (for the same M :Sb ratio) 
as would be expected. 

The a,(P) values of the single-phase sodium 
antimonate products obtained by dry methods 
do not vary significantly with change in Na:Sb 
ratio. Nor is there any large variation between 
a,'s of wet preparations. The slight variation that 
does occur is probably due to differences in an- 
nealing of different samples. 

In contrast to the Na antimonates, a change in 
Ag:Sb ratio caused a marked variation in a, of 

the Ag antimonate unit cell (Fig. 2). This is illus- 
trated by preparation 59d (Table l ) ,  obtained 
from 59c (AgSb,O,,,,) by firing a further 70 h at 
1010 "C. The loss of Sb caused by this treatment 
resulted in a decrease in a. from 10.296 A (59c) 
to 10.278 A (59d). Wet preparations of silver 
antimonates also resulted in products of differing 
a, values, sensitive to variation in Ag:Sb ratio. 
An unexpected result was the a, of the wet- 
prepared AgSb,O,, which was 10.269 A rather 
than 10.296 A as was found for the antimonate 
prepared by the dry method. Wecannot at present 
offer any explanation for this discrepancy. 

The curves drawn in Fig. 2 would be expected 
to extrapolate to Sb205 (or Sb20,) when the ratio 
of M:Sb becomes zero. However, literaturevalues 
for the a, of Sb20, and other antimony oxides 
with the pyrochlore structure vary considerably, 
from 10.305 A (30) to 10.281 A (31), 10.26 A (32), 
and 10.23-10.27 A (33)., It is almost certain that 
this variation is due to differences in preparation 
of the various samples and probably also to the 
presence of impurities (metal ions) in the prepara- 
tions. In addition, the proportion of Sb(II1) in 
these "Sb205" and "Sb3060H" samples is un- 
known. At present, therefore, attempts at ex- 
trapolation are impractical. 

Conclusions 

(I) Contrary to a previous report by Schrewelius 
(6, 7), NaSbO, can be prepared only with the 
ilmenite structure. Dry methods (Nos. 34 and 89, 
Table 1) yield NaSbO, directly, as does thermal 
decomposition of NaSb(OH), when carried to 
complete removal of water (No. 49, Table 1 ; Nos. 
21 and 22, Table 3; cf. also refs. 6-10). X-Ray 
powder photographs of the ilmenite phase are 
well defined, with sharp lines. 

(2) Wet conversion of "antimonic acid" (meth- 
ods i-iv) does not yield a pyrochlore with the 
formula NaSbO,. Instead, pyrochlore products 
of approximately 1 :3 sodium-to-antimony ratio 
are obtained, which on drying in air give X-ray 
powder patterns of the pyrochlore type, with well 
defined lines. Heating these products above 
500 "C results in anhydrous products which give 
very sharp X-ray patterns of the pyrochlore type. 

(3) The pyrochlore structure of the antimonates 
does not appear to be stabilized by the substitu- 
tion of C1- or OH- for oxygen. 

9The last three values have been converted from kX. 
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1 . -  As 
Na antirnonates 

A K 

M:Sb ratio 
FIG. 2. Variation of a, with the M:Sb atomic ratio for homogeneous pyrochlore antimonates MISblll,Sbv,-,O, 

(z  = 0.5 + 2.5 y - t )  (Table 1). Full circles: literature values (reference number inside circle) of the lattice parameter 
of the pyrochlore phase(s) of limiting composition (M:Sb -> 0 ;  see text). 

(4) Sodium, potassium, and silver do not form 
pyrochlore-type antimonates with a unique for- 
mula. Instead, M,Sb,O, systems (M = Ag, Na, 
K) exist, where the M:Sb ratio has a definite 
maximum for each M. The maximum ratio for 
Ag antimonates is 1 : 1, while for Na it is approxi- 
mately 1 :1.5, and for K it is closer to 1 :2. The 
antimony is usually present in both valence states, 
and the limiting ratios M :Sb depend on the ratio 
of Sb(II1) to Sb(V). The minima in the com- 
position fields are bordered by compounds of 

such small M contents that their formulae are 
close to Sb,O,; the departure of z from the value 
of five depends on the amount of Sb(II1) present. 

(5) Silver antimonates are anomalous in com- 
parison with the sodium and potassium com- 
pounds. Apparently, either the cation distribu- 
tions (or site occupancies, or both) in the Ag 
antimonates are different from those in the two 
alkali antimonates, or else the bonding of the Ag 
atom in the pyrochlore structure differs from that 
of Na and K. 
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(6) Incomplete thermal decomposition of Na- 
Sb(OH), leads to an intermediate hydrated com- 
pound of uncertain formula which gives a weak 
pyrochlore X-ray powder pattern. The pyro- 
chlore structure persists only as long as water is 
present. 

(7) From the formulae of the antimonates ob- 
tained by wet conversion of "antimonic acid" it 
appears that the antimonate ion in acid solution is 
a polymeric species with a formula Sb,,O,H,,x-. 
In alkaline solution, the ion present is Sb(OH),-. 
Thus, addition of M +  ions to an acid solution of 
antimonate yields products of formula M,Sb,,- 
OzH,,, while addition of M +  to an alkaline solu- 
tion produces MSb(OH), compounds. 

(8)  Preparation of antimonates from acid 
solutions in which potassium is present can lead 
to products containing considerable potassium 
impurity. This is apparently a consequence of the 
marked ability of antimonic acid to adsorb metal 
ions (see refs. 19 and 20). 

The present work is a continuation and extension of a 
preliminary study of pyrochlore antimonates initiated in 
this laboratory by Dr  F. Brisse (8). 

We are indebted to D r  C. R. Masson and Mr J. Uher 
for oxygen analyses by vacuum fusion, and to Dr  P. J. 
Wangersky for the use of a flame spectrophotometer. 

Financial support of this investigation by the National 
Research Council of Canada and by the Geological 
Survey of Canada through grants in aid of research is 
hereby acknowledged. 
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NOTES 

Photosensitization by Cd 3 P ,  atoms. I. Decomposition of acetone 

B. L. KALRA AND A. R. KNIGHT 
Department of Clreniistry and Chemical Engineering, U~ziversify of Saskatche~van, Saskatoon, Saskatchewarl 

Received November 20, 1969 

The photodecomposition of acetone vapor at 255 "C sensitized by Cd 3P, atoms has been investigated. 
On irradiation of the Cd-acetonesystem at 3261 A, both direct and sensitized reaction occur. CO and CH, 
are the only significant volatile products, and their yield is decreased by addition of SF, as inert quenching 
gas. The required participation of triplet acetone molecules in the sensitized reaction and the virtual 
identity of the direct and sensitized decompositions provide additional evidence for the importance of 
this excited species in direct photolysis. 

Canadian Journal of Chemistry, 48, 1333 (1970) 

Introduction 
To initiate a series of investigations of the 

reactions of Cd 3P1 atoms, we have examined 
briefly the sensitized decomposition of acetone 
vapor. The purpose of the study was to establish 
that the experimental approach to be used in the 
series is appropriate and to obtain data on this 
previously uninvestigated aspect of acetone 
photochemistry. 

Two previous studies of acetone are partic- 
ularly relevant to the present work. Lossing and 
co-workers (1, 2) determined that the primary 
process in Hg 3P1 sensitization is the same as in 
direct photolysis. Shaw and Toby (3) recently re- 
examined the effect on the direct photolysis of 
temperature between 121 and 298 "C over a pres- 
sure range of 0.1 to 220 Torr. 

Experimental 
A conventional vacuum system was employed. The 

reaction cell was a Pyrex cylinder, 11.5 cm in length and 
3.5 cm 0.d. with a side-arm containing Cd metal. The cell 
and side arm were enclosed in separate furnaces with in- 
dependent temperature control. In sensitization experi- 
ments the side arm was maintained at 245 + 2 "C while 
the temperature of the cell was set 10 "C higher to prevent 
cadmium vapor deposition on the cell windows. The light 
source was a Phillips 93107E Cd-spectral lamp. A Corning 
0160 filter, together with the Pyrex cell window, excluded 

At each acetone pressure, experiments were performed 
initially with the cadmium-containing side-arm at room 
temperature to determine the extent of direct photolysis. 
Subsequently, the arm was heated and the product yields 
for the combined and direct decompositions measured. 
Reaction cell temperature was the same in both cases. 
Because of the relative concentrations and extinction 
coefficients of Cd and CH,COCH3 at 3261 A, direct 
absorption by the substrate is significant. A higher 
operating temperature would have increased the pro- 
portion of the sensitized reaction but made less meaning- 
ful comparisons with results obtained over the normally 
investigated temperature range in direct photolysis. The 
contribution of the sensitized decomposition here, how- 
ever, is sufficient to detect any appreciable changes in 
product distribution attributable to sensitization. 

Results and Discussion 
The only significant volatile products from 

both the direct and sensitized decomposition are 
carbon monoxide and methane. Trace amounts 
of ethane could be detected only in the sensitized 
reaction. CO and CH, rates for the direct and 
combined decompositions are shown in Fig. 1. 
As the acetone pressure is increased, the fraction 
of incident radiation being absorbed by Cd atoms, 
and hence that leading to photosensitization, de- 
creases. At 20 Torr the latter accounts for about 
64 % of methane production and about 22 o/, at 
160 Torr. 

wavelengths less than ca. 3000 A. The rate of formation of these two products 
Baker reagent acetone was employed after degassing 

and trap-to-trap distillation at reduced pressure. SF, 
due to the sensitized deconlposition can be deter- 

(Matheson) was degassed at -196 "C before use. The milled by difference from the curves of Fig. 1. 
cadmium metal was Aloha Inorganics. Inc.. 99.999X Both products show an increase in rate to a more - . - 
purity. or less coilstant value at about 70 Torr acetone. 

Reaction products were routinely measured in a gas ~h~ rise i n  rates would correspond to increasing 
buret and analyzed by gas chromatography. The substrate 
and possible products condensable at  - 196 "C were quenching of Cd 3Pl 

analyzed using a carbowax 20 M column. Table 1 presents the rate data obtained in the 
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0v 20 40 60 80 I00 120 I40 I60 
I L I 1 I I I 1 I I I I I I  

ACETONE PRESSURE, Torr 

FIG. 1. Rate of production of CO and CH, for the 
direct photolysis at 3261 A (open symbols) and the com- 
bined direct and Cd 3P1 sensitized photolysis (filled sym- 
bols) of acetone at 255 "C as a function of substrate 
pressure. Exposure time was 120 min. 

presence of SF,, expected to act as a quencher of 
excited species, in the sensitized reaction. Both 
direct and combined photolyses were carried out 
and the rates shown in the table calculated. This 
addend decreases product yields, and at high con- 
centrations prevents completely the sensitized 
mode. For the direct photolysis there is also a 
decline, but the effect is less pronounced. 

The primary process in the cadmium sensitized 
decomposition of acetone must involve the forma- 
tion of triplet acetone, which subsequently would 
be expected to yield CH, and CH,CO radicals as 
in direct photolysis. The average value observed 
for R,,,/R,, 1.82, in the sensitized case, indi- 
cates that unimolecular decomposition accounts 
for at least 90 % of the acetyl radicals. The decom- 
position of triplet acetone under these conditions 
thus effectively produces CO and two CH, 

TABLE 1 
Rate of CO and CH, production in the 
Cd-sensitized decomposition of acetone 

in the presence of SF,* 

P(SFd, Torr Rcn,t Rco'i 

410 Trace Trace 

*Acetone pressure, 52 Torr; exposure time, 120 
min. 

t(ltmoles/min) x 103. 

radicals directly. CH, presumably arises via H- 
atom abstraction from the substrate.' 

The effect of SF, may be due to competitive 
quenching of Cd atoms, deactivation of triplet 
acetone molecules, or both. Since rates decline in 
both direct and sensitized systems, it would 
appear that triplet acetone deactivation makes at 
least some contribution to the sensitized reaction. 

Further investigations of this system will re- 
quire data on quenchingcross sections for acetone 
and possible addends, and the development of a 
suitable actinometer. A variety of fundamental 
investigations on Cd-sensitized reactions will be 
necessary to obtain data of that type. To this end, 
studies with some hydrocarbon substrates are 
currently underway in this laboratory. 

The authors gratefully acknowledge the financial assis- 
tance of the National Research Council of Canada in 
this work. 
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'The CH,COCH3 radicals formed in this process could 
give rise to several nonvolatile products. In view of the 
small amount of these products (of the order of 1 pmole 
total, even at high pressures) and the probability of their 
being adsorbed in the vacuum system, it is not surprising 
that they were not detected here by thermal conductivity 
gas chromatography. 
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Reaction of azide ion with 9-[2,3-anhydro-5-0-(p-tolylsu1fonyl)- 
p-D-lyxofuranosyl]adeninel 

MICHEL HUBERT-HABART AND LEON GOODMAN 
Life Sciences Research, Stanford Research Institute, Menlo Park, California 94025 

ReceivedZ April 17, 1969 

The reaction of 9-[2,3-anhydro-5-0-(p-tolylsulfonyl)-~-~-Iyxofuranosy]adenine (7) with sodium azide 
afforded 9-(2,5-anhydro-3-azido-3-deoxy-~-~-arabinofuranosyI)adenine (11) rather than the anticipated 
5'-azido-2',3'-anhydrolyxoside (8). Treatment of the azide 11 with sodium benzyl mercaptide resulted 
in formation of the Schiff base 15 via the 3'-amino-2',5'-anhydroarabinoside (12). Compound 12 was 
also formed directly by hydrogenation of the azide 11. 

Canadian Journal o f  Chemistry, 48, 1335 (1970) 

The opening with nucleophilic reagents, of 
epoxide rings in the sugar moieties of nucleosides 
has provided important biochemicals or pre- 
cursors of them. For example, ring openings, with 
ammonia,  of 2-methylmercapto-6-dimethyl- 
amino-9-(2,3-anhydro- P-D-lyxofuranosyl)purine 
was a key step in one of the syntheses of the 
antibiotic puromycin (1). Further, the action of 
sodium benzoate in N,N-dimethylformamide on 
9-(2,3-anhydro-P-D-1yxofuranosyl)adenine (1) 
provided the first synthesis (2) of 9-(P-D-arabino- 
furanosy1)adenine (2), a compound with anti- 
tumor (3) and antiviral (4) activity. The epoxide 1 
could also be opened smoothly with sodium azide 
in aqueous 2-methoxyethanol at  80" t o  give 
mainly the 3-azidoarabinoside 3 with a small 
yield of the 2-azidoxyloside 5.3 Reaction of 1 with 
sodium benzyl mercaptide in refluxing methanol 
furnished excellent yields of the ring-opened 
products 4 and 6 in a ratio of about 5 : 1 (5). Based 
on the results with 1 we reasoned that similar 
opening of the epoxide ring of the 5'-amino 
analog 9 of 1 would provide a group of interesting 
nucleosides. This note describes the unexpected 
results of our efforts toward this goal. 

The tosylation of 1 was straightforward and 
gave a good yield of the anhydronucleoside 7. In 
comparison to  most 5'-sulfonate esters of the 
9-(P-pentofuranosy1)adenines which form 33'-  

'This investigation was partly supported by the Cancer 
Chemotherapy National Service Center, National Cancer 
Institute, National Institutes of Health, Public Health 
Service, Contract No. PH-43-64-500. M. H-H, from 
I.N.S.E.R.M., Paris, France, was the holder of an 
Eleanor Roosevelt International Cancer Fellowship 
awarded by the International Union Against Cancer. 

'Revision received December 9, 1969. 
'A. P. Martinez and W. W. Lee. Unpublished work. 

cyclonucleosides readily (6), compound 7 was 
very stable. On being heated at  95" in dimethyl- 
formamide for 24 h there was evidence for 
cyclization but 37% of the starting material was 
recovered. When the temperature was raised to  
105", all of the epoxide (7) was converted to the 
3,5'-cyclonucleoside, a hygroscopic solid with the 
typical (6) ultraviolet (u.v.) absorption at  272 m p  
(pH 1 and 7). Reaction of 7 with sodium azide 
gave good yields of a compound which we 
assumed t o  be the azidoepoxide 8 and which 
could be smoothly converted to  an amino com- 
pound, presumed to  be the aminoepoxide 9, by 
catalytic hydrogenation. All attempts to  open 
the expected epoxide ring of the aminonucleoside 
gave negative results. Both sodium benzoate and 
sodium azide in dimethylformamide at  135-140" 
gave back starting material. Similar employment 
of sodium benzyl mercaptide resulted in recovery 
of most of the starting material accompanied by 
a small amount of a Schiff base. Nucleophilic 
attack on the compound assumed to  be 8 was 
also studied and again sodium benzoate and 
sodium azide under vigorous conditions failed to 
effect reaction. Sodium benzyl mercaptide with 
the azido compound gave the Schiff base men- 
tioned above which could also be formed by 
reaction of the aminonucleoside with benzalde- 
hyde and which was best characterized as a 
dimethylaminomethylene derivative (7). When 
sodium ethyl mercaptide was allowed to react 
with the azidonucleoside, reduction again occur- 
red to  give the aminonucleoside. 

The anomalous behavior to  nucleophiles of the 
aminonucleoside and the azidonucleoside made 
their formulation as 2',3'-anhydronucleosides 
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s ~ s p e c t . ~  Isomeric 2',5'-anhydronucleoside struc- 
tures would provide a logical explanation for the 
observed chemistry and such structures would 
result ifazide attack on 7 took place preferentially 
at  C-3' rather than at C-5', with intramolecular 
displacement of the 5'-tosylate by the initially 
formed anionoid oxygen of the intermediate 10 
following. The reduced accessibility of C-5' to 
S,2 displacement correlates with the stability of 7 
towards 3,5'-cyclonucleoside formation. The 
azidonucleoside then would be 11, the amino- 
nucleoside 12, the Schiff base 15, and its dimethyl- 
aminomethylene derivative 14. 

That this latter reaction course is the correct 
one was demonstrated spectrally and chemically. 

'Our initial asstl~nptions were that the reaction product 
from 7 was the 2',3'-anhydronucleoside 8 which was then 
converted to the aminonucleoside 9; we were ~lnable to 
explain the lack of reactivity of these conlpounds to 
nucleophiles. Drs. B. A. Otter, K. A. Watanabe, and 
J. J. Fox of the Sloan-Kettering lnstiti~te for Cancer 
Research suggested the alternative (and correct) 2',5'- 
anhydroni~cleoside for~ni~lation and the mechanistic 
rationalization (10) for such a result. We wish to express 
our appreciation to Drs. Otter, Watanabe, and Fox for 
resolving our dilemma. 

An authentic 2',5'-anhydroarabinoside was pre- 
pared by conversion of 9-(P-D-arabinofuranosy1)- 
adenine 2 to its 5'-tosylate 13 which, by treatment 
with methanolic sodium methoxide, gave a good 
yield of the 2',5'-anhydro sugar 16.' The nuclear 
magnetic resonance (n.m.r.) spectra of 16 showed 
patterns for the sugar protons that were repro- 
duced in the spectra of 11 and 12 when considera- 
tion was given to the changes in chemical shift 
of the proton at C-3' in the three compounds and 
which were markedly different from the sugar 
proton pattern in the 2',3'-epoxide 1. In particular 
the 5'-protons of 1 appeared as a triplet at  .r 6.37 
while those of 11, 12, and 14 appeared as pairs 
of doi~blets centered a t  .r 5.75-5.94. When the 
3'-azido derivative 32 was treated analogously, 
tosylation gave the 5'-tosylate 18, accompanied 
by a s~~bstant ia l  amount of the ditosylate 19. 
Reaction of 18 with sodium hydride in dimethyl- 
formarnide afforded in very low yield, 11, shown 
to be identical to the product from 7 by thin-layer 

*The preparation of 13  and its conversion to 16 were 
first carried out by Dr. E. J. Reist in connection with 
another problem. We are grateful to Dr. Reist for the 
detailed directions for these conversions. 
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chromatographic (t.1.c.) comparison. Reaction foxide solution showed initially a mixture of  18 
of 3 with methanesulfonyl chloride in pyridine a n d  17 tosylate which qui te  rapidly became the 
gave the cyclonucleoside 17, characterized by its spectrum of  17 tosylate. This instability t o  cyclo- 
p H  7 U.V. maximum a t  271 m p ,  a s  the only nucleoside formation may be responsible fo r  the 
isolable product.  T h e  5'-tosylate 18 was s o  easily low yield of  11 from 18. 
converted to  cyclonucleoside 17 (as its tosylate A plausible rationalization for  the formation 
salt) that  the n.m.r. spectrum in dimethylsul- of the Schiff base 15 from the reaction o f  11 a n d  
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sodium benzyl mercaptide would seem to be 
reduction to 12 by the mercaptide followed by 
reaction with thiobenzaldehyde to give 15. The 
conversion of sodium benzyl mercaptide to 
thiobenzaldehyde is analogous to the formation 
of benzaldehyde from sodium benzyloxide (8). 

Experimental 
Melting points, taken on the Fisher-Johns apparatus 

are uncorrected. Thin-layer chromatograms were run 
(detection by U.V. light) on silica gel H F  (solvents a,  b,  
and c) and paper chromatograms on Whatman No. 1 
paper (solvents d and e with adenine as a reference) and 
the spots detected with U.V. light. The solvent systems 
were: a,  chloroform-methanol (9:l); b, ethyl acetate- 
methanol (9:l); c, ethyl acetate - methanol (7:3); d,  
1-butanol - acetic acid - water (4:l :I); e ,  5 % aqueous 
sodium dihydrogen phosphate. All evaporations were 
done in vacuo, either with a water aspirator or a vacuum 
pump, keeping the bath temperature below 50". 

9 - ( 2 , 3 - A n l 1 y d r o - 5 - 0 - ( p - t o l y l s u l f o n y l ) - ~ l )  - 
adenine (7)  

A mixture, protected from moisture, of 0.499 g 
(2 mmoles) of 9-(2,3-anhydro-0-D-lyxofuranosy1)adenine 
(I), 1.52 g (8 mmoles) of p-toluenesulfonyl chloride, and 
200 ml of dry pyridine was stirred at room temperature 
for 24 h, then was treated with a small piece of ice. The 
pyridine was evaporated and water was added to the 
residue. The insoluble material was filtered and crystal- 
lized from 175 ml of 95% ethanol to give 0.614 g (68%) 
of white solid, m.p. 187-189", + 3.0 (0.73% in . - .- . . .  

dimethylformamide), chromatographically homogeneous 
in solvents a and b with R, 0.22 and 0.41. res~ectivelv. 

Anal. Calcd. for c,,H,;N,o,s . 23 H,o:'c, 45.53; 
H, 4.94; N, 15.62; S, 7.15. Found: C, 45.51; H, 4.70; 
N, 15.87; S, 7.05. 

9-(2,5-Anhydro-3-nzido-3-deoxy-~-~-arabinofurattosyI)- 
adenine (11) 

( a )  From the Tosylate 7 
A stirred mixture of 1.12 g (2.5 mmoles) of the tosylate 

7, 0.32 g (5.0 mmoles) of sodium azide and 250 ml of dry 
N,N-dimethylformamide was maintained at 5CL6Oo for 
24 h. The solvent was evaporated. The residue was 
thoroughly triturated with three 50-ml portions of boiling 
chloroform, then the combined extracts were evaporated 
and the remaining solid was slurried with lOml of acetone 
and filtered to give 0.545 g (78%) of a colorless solid that 
was suitable for further reactions and was homogeneous 
in solvents a and c with R, 0.47 and 0.78, respectively. 
It showed the typical azide infrared (i.r.) absorption at 
4.7 p. A small quantity of the azide was crystallized from 
methanol to give colorless crystals, m.p. 204-206', 
[crIDz0 + 23.7" (0.92% in water). The 100 MHz n.m.r. 
spectrum in deuterated dimethylsulfoxide with tetra- 
methylsilane showed singlet resonances at T 1.69 and 1.87 
(Hz and Ha), 2.76 (broad, NH,), 3.63 (H,') and 5.20 
(Hz'). Proton H4' and H3' appeared as quartets centered 
at 5.36 and 5.26, respectively, and H,' as a pair of 
doublets centered at 5.83. 

Anal. Calcd. for C10H10N802 . 114 HzO: C, 43.09; 
H, 3.80; N, 40.20. Found: C, 43.21; H, 3.59; N, 40. 50. 

(b )  From the Tosylate 18 
A suspension of 0.123 g of the tosyl nucleoside 18 in 

5 ml of dry dimethylformamide was stirred, with exclu- 
sion of moisture, at 0' and 14 mg of a suspension of 
sodium hydride (58%) in mineral oil was added. The 
now red solution was stirred at 0" for 21 h, then poured 
into 20 ml of ice-water giving a solution. The solution 
was neutralized with glacial acetic acid and was allowed 
to evaporate spontaneously to dryness. The residue was 
triturated with 5 ml of water which left about 5 mg of 
solid which was filtered. The t.1.c. of this residue in 
solvents a and c showed it to move identically with 11. 
The i.r. spectrum of this solid run in Nujol, showed 
absorption bands that agreed with all the major bands 
in the spectrum of crystalline 11, but, because of the 
amorphous nature of the residue, this comparison does 
not provide a proof of identity. There was insufficient 
solid for recrystallization. 

9-(3-Atnino-2,5-anh~~dro-3-deoxy-~-~-arabbtofitra11osyl) - 
adenine (12) 

( a )  By Hydrogenation 
A suspension of 0.548 g (2.0 mmoles) of the azide 11 

and 0.030 g of palladium black in 200 ml of water was 
stirred a t  room temperature under one atmosphere of 
hydrogen for 24 h. The mixture was filtered through 
Celite and the filtrate was evaporated to dryness giving 
0.377 g (76%) of a colorless solid whose i.r. spectrum 
showed the loss of the 4.7 p absorption. The material 
was chromatographically homogeneous in solvents c and 
e with Rr 0.21 and R,, 0.75, respectively. The analytical 
sample was obtained by twocrystallizations from absolute 
ethanol, m.p. 256-258", + 61.5" (0.85 % in water). 
The 100 MHz n.m.r. spectrum in deuterated dimethyl- 
sulfoxide with tetramethylsilane as internal standard 
showed singlet resonances at T I .72 and 1.88 (Hz and Ha), 
2.79 (broad, exchangeable, purine NH,), 3.42 (H,'), 
5.63 (H,') and 7.89 (broad, exchangeable, sugar NH,). 
Proton H4' appeared as a multiplet at 5.81, H3' as a 
doublet at 6.30, and H,' as a pair of doublets centered 
at 5.94. 

Anal. Calcd. for C ,oH,2N602:  C, 48.39; H, 4.88; 
N, 33.86. Found: C, 48.18; H, 4.90; N, 33.70. 

(b )  Front Attenipted Epoxide Opet~itlg with 
Sodiunt Ethyl Mercaptide 

A mixture of 0.441 g (7.1 mmoles) of ethanethiol, 
0.324 g (6.0 mmoles) of sodium nlethoxide, 0.200 g 
(0.71 mmole) of the azide 11 and 200 rill of methanol was 
heated at reflux, under nitrogen for 24 h. The solution 
was evaporated and the residue was partitioned between 
20 ml each of water and ether. The aqueous layer was 
evaporated and the residue was extracted with five 
10-ml portions of boiling chloroform. Evaporation of the 
chloroform extracts left 0.099 g (56%) of solid which was 
identical with the 3'-aminonucleoside 12, described above. 

9-(2,5-Anhydro-3-benzylidenin1ino-3-deoxy-~-~- 
arabinofuranosy1)adenine (15) 

(a )  Frorn tlte Aminonucleoside 12 
A mixture of 0.100 g (0.40 mmole) of the 3'-amino- 

nucleoside 12, 0.048 g (0.45 mmole of benzaldehyde) and 
100 ml of dry N,N-dimethylformamide was stirred at 
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l0(rllO0 for 24 h, under nitrogen. The solvent was 
evaporated and the residue stirred in water, filtered, and 
washed with ethanol to give 0.1 I5 g (85 %) of a colorIess 
solid, chromatographically homogeneous in solvent a 
with R, 0.47. Recrystallization from N,N-dimethylforma- 
mide gave the analytical sample, m.p. > 295". 

Anal. Calcd. for C l7Hl6N6o2 :  C, 60.71 ; H, 4.80; 
N, 24.90. Found: C, 59.93; H, 5.04; N, 25.08. 

(b) Frotn Attenlpted Ritrg-opening of tlre 
3'-Azidotrrrcleoside 11 or of the 3'-Anrinotrucleoside 12 

A solution of0.164 g(3.0 mmoles) of sodium methoxide 
and 0.446 g (3.6 mmoles) of a-toluenethiol in 5 ml of 
methanol was stirred for a few minutes, then evaporated 
to dryness. The residue was dissolved with 15 ml of dry 
N,N-dimethylformamide, 0.092 g (0.33 mmole) of the 
3'-azidonucleoside 11 was added and the mixture heated 
at  10O0, under nitrogen, for 4+ h. The solvent was evap- 
orated, water (200 ml) and ether (250 ml) were added, and 
the crystalline material (0.066 g, 59%) was collected. It 
was identical in all respects with the Schiff base prepared 
above. When the 5'-aminonucleoside 12 was treated 
similarly with sodium benzyl mercaptide for 21 h, 10% 
of the Schiff base 15 was isolated. Chromatographic 
examination of the residues showed them to consist 
mainly of the starting material 12 accompanied by a small 
amount of an  unknown, u.v.-absorbing material that 
moved faster than 9 in solvent c. 

N-6-(Ditt~ethylaminomethylene)-9- (2,5-anl~ydro-3- 
benzylidenitnitro-3-deoxy-0-D-arabitrofuranosyl) - 
adetrine (14) 

T o  a suspension of 0.050 g (0.15 mmole) of the Schiff 
base 15 in 10 ml of dry N,N-dimethylformamide was 
added 0.5 ml (large excess) of the dimethyl acetal of 
N,N-dimethylformamide. After it had been stirred at  
room temperature for 2 h, protected from moisture, the 
mixture became homogeneous and was kept at  room 
temperature for 15 h. The solvent was evaporated and 
the residue stirred with dry ether. The crystalline solid, 
0.047 g (80%) was collected and dried, m.p. 186-189". 
The 100 MHz n.m.r. spectrum obtained in chloroform-d 
with tetramethylsilane as the internal standardphowed 

/ singlet resonances a t  r 1.02 (N=CH-N, ), 1.47 

(c,H,cH=N), 1.42 and 1.60 (HZ and Ha), 3.26 (HI'), 
6.74 and 6.82 [N(CH,),] with phenyl protons as multi- 
plets at r 2.1-2.3 and 2.45-2.65, HZ'  and H,' at  5.32-5.37, 
and H,' as  a doublet at 5.63 with H5' as a partially- 
obscured quartet centered at  5.78. 

Anal. Calcd. for Cz0HZ1N7Oz: C, 61.36; H, 5.41; 
N, 25.05. Found: C, 60.88; H, 5.60; N, 24.93. 

9-[5-0-(p-Tolylsulfonyl) -a-D-arabinofirranosyl]- 
adenirre (13) 

A stirred suspension of 0.50g (1.87 mmoles) of arabino- 
furanosyladenine 2 in 15 ml of pyridine was chilled to Oo, 
then 0.75 g (3.95 mmoles) of p-toluenesulfonyl chloride 
was added and the mixture was stirred at 0-5" for 18 h 
with all the solid slowly dissolving. A few drops of water 
were added to the yellow solution at 0" and, after 1 h, 
the solution was poured onto 50 ml of ice and water 
giving a white precipitate which was filtered, washed with 
water, then chloroform to give 0.44 g (56% yield) of 13 

which softened at  145-148" and liquefied with decomposi- 
tion at 220". 

9-(2,5-Anlgvdro-0-D-arabinofuratrosy1)aclenitre (16) 
The tosylate 13 (0.25 g) was suspended in 5 ml of 

absolute ethanol. Excess sodium methoxide (0.1 g) was 
added and the mixture was stirred at  room temperature 
for I h to dissolve all the solids. The mixture was re- 
frigerated for 18 h, then neutralized with glacial acetic 
acid and evaporated itr vaciro. Water was added to  the 
residue to  give 0.14 g of a white solid which was recrystal- 
lized from water to give crystals which darkened near 
220" and liquefied with decomposition at  300". The 
I00 MHz n.m.r. spectrum in deuterated dimethylsulfoxide 
with tetramethylsilane as internal standard showed 
singlet resonances at r 1.72 and 1.90 (Hz and Ha), 2.80 
(broad, NH2), 3.50 (HI1) and 5.60 (Hz1). Proton H3' 
appeared as a triplet at  5.46, H,' as  a multiplet centered 
at  5.77, H,' as  a pair of doublets centered at 5.91 and the 
hydroxyl proton as a doublet at 3.98. When 16 was 
converted to the 3'-0-acetate with acetic anhydride - 
pyridine, the resulting solid showed singlet resonances 
at  3.56 (H,') and 5.25 (Hzf) with a doublet at  4.64 (H,'), 
a multiplet at 5.35 (H,') and a pair of doublets centered 
at  5.79 (H,') in addition to the purine, amino and acetyl 
methyl protons. 

Anal. Calcd. for C l o H I I N 5 0 3  . 114 HzO:  C, 47.5; 
H, 4.56; N, 27.6. Found: C, 47.7; H, 4.57; N, 27.8. 

For  comparison the n.m.r. spectrum of 1 in deuterated 
dimethylsulfoxide showed singlet resonances at r 1.82 
and 1.87 (Hz and H,), 2.68 (broad, exchangeable, NH2) 
and 3.76 (HI1). The O H  proton was an exchangeable 
triplet centered at  5.02, protons Hz', HS' and H,' were 
found under two groups of signals centered at 5.72 and 
5.87 while H,' was a triplet, collapsed to a doublet after 
exchange, centered at 6.37. 

9-j3-Azido-3-deoxy-5-O-(p-toIyIsulfonyl)-~-~- 
arabinofur.at~osyl]adenitre (18) and 9-13-Azido-3- 
deoxy-2,5-di-O-(p-tolylsulfo~1yl) - p-D-arabino- 
furat~osylladenirre (19) 

A stirred suspension of 0.75 g (2.57 mmoles) of the 
azide 3 in 20 ml of dry pyridine was chilled to  0" and 
1.28 g (6.70 mmoles) of p-toluenesulfonyl chloride was 
added. (When 1.5 moles of tosylchloride/mole 3 were 
employed, the rate of solution of 3 was much slower and 
the reaction product contained much unchanged 3.) The 
suspension was stirred at  0-5" for 43 h with exclusion of 
moisture, by which time all the solid had dissolved. The 
dark solution was processed as in the preparation of 13 
giving 0.83 g of tan solid which was a mixture of 18 and 
19. This solid was stirred for I h at  0' with 40 ml of 
acetonitrile and the suspension was filtered leaving 0.30 g 
(26 %) of 18 as a yellow, crystalline solid, m.p. 230-232", 
dec. 

Anal. Calcd. for Cl7HI8N8O5S:  C, 45.7; H, 4.06; 
N, 25.1. Found: C,45.6; H, 3.92; N, 25.2. 

The acetonitrile filtrate from 18 was evaporated 
irr vacrro to give a brown residue that was crystallized 
from isopropyl alcohol then recrystallized from the same 
solvent to  give a solid that melted indistinctly in the range 
140-1 50". 

Anal. Calcd. for C2,Hz4N~O7SZ:  C, 48.0; H, 4.03; 
N, 18.7. Found: C, 47.7; H, 4.07; N, 18.6. 
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Partition coefficients and ultraviolet absorption maxima for the 
cinnamoyl derivatives of some long-chain and large-ring amines 
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Cl~et~listry Sectiot~, Defetlce Reseorch Esmblis/~t~ietrt S~f / ie ld ,  Rolstotz, Alberta 

Received October 10, 1969 

Partition coefficients of the title cornpounds in the system cyclohexane-water do not increase steadily 
with increasing chain length or ring size but level off to a limiting value. Reasons are advanced to account 
for this observation. Absorption niaxinia, on the other hand, are not influenced by the size of the ring or  
the length of the chain but are dependent only upon the degree of s~~bsti tution on the amide nitrogen atom. 

Canadia~i  Journal of Chemistry, 48, 1340 (1970) 

In developing n values for atonls and groups 
(1) it was found that the n-value concept breaks 
down for 1,4-naphthoq~~inoiies witli a long alkyl 
chain, as present in vitamin K, .  This anomaly 
prompted the examination of the partition coeffi- 
cients of a series, 1, of trans-cinnamoyl derivatives 
of some long-chain and large-ring amines, pre- 
pared by the method of Papa et al. (2), to deter- 
mine the effect of these hydrophobic groups L I ~ O I I  

partition coefficient. 

(a)  (b) 
R = H, R1 = alkyl, 01. 
R = R1 = alkyl or 
R-R1 = polymethylene 

1 

Logarithms of the partition coefficients, log K, in 
cyclohexane-water were determined by methods 
previously described (1,3,4), and these values are 
listed in Table 1, along with those calculated from 
es. 111. 
[ l ]  log K = C n + C n interaction - 1.30 

The ternis n and n interaction of eq. [I], as 
recorded in refs. 1, 3, and 4, are, respectively, 
substituent- and interaction-constai~ts for the 
co~npo i~en t  groups in the molecule. Since this 
paper deals only with the change in log K witli the 
introduction of n-CH, groups into the R group 
or groups in the carboxyamide group, for this 
purpose it is sufficient to say that n,, = 0 and 
nCH3 = 0.65 log units. 

log K values for the N-alkyl (1, R = H, R' = 
alky1)- and symmetrical N,N-dialkyl (1, R = 
R' = alky1)-derivativesofcini~amamideincreased 
steadily as the total number of carbon atoms 
in R and R' increased from 1-8, when a 
plateau was reached. In general, log K values for 
the cinnamoyl derivatives of primary cycloalkyl- 
amines and of secondary polymethyleneimines 
1 (R-R' = 11-CH,) were approximately the 
same as those for the cinnamoyl derivatives of 
acyclic amines containing one less carbon atom, 
1 (R = alkyl, R' = H) or 1 (R = R' = alkyl). 
The platea~i in the log K values probably stems 
from intramolecular solvation of the carboxy- 
amide group by the coiled alkyl group or groups 
or the puckered cycloalkyl or  polymethylene 
groups. 
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Partition coefficients of the title cornpounds in the system cyclohexane-water do not increase steadily 
with increasing chain length or ring size but level off to a limiting value. Reasons are advanced to account 
for this observation. Absorption niaxinia, on the other hand, are not influenced by the size of the ring or  
the length of the chain but are dependent only upon the degree of s~~bsti tution on the amide nitrogen atom. 

Canadia~i  Journal of Chemistry, 48, 1340 (1970) 

In developing n values for atonls and groups 
(1) it was found that the n-value concept breaks 
down for 1,4-naphthoq~~inoiies witli a long alkyl 
chain, as present in vitamin K, .  This anomaly 
prompted the examination of the partition coeffi- 
cients of a series, 1, of trans-cinnamoyl derivatives 
of some long-chain and large-ring amines, pre- 
pared by the method of Papa et al. (2), to deter- 
mine the effect of these hydrophobic groups L I ~ O I I  

partition coefficient. 

(a)  (b) 
R = H, R1 = alkyl, 01. 
R = R1 = alkyl or 
R-R1 = polymethylene 

1 

Logarithms of the partition coefficients, log K, in 
cyclohexane-water were determined by methods 
previously described (1,3,4), and these values are 
listed in Table 1, along with those calculated from 
es. 111. 
[ l ]  log K = C n + C TC interaction - 1.30 

The ternis n and TC interaction of eq. [I], as 
recorded in refs. 1, 3, and 4, are, respectively, 
substituent- and interaction-constai~ts for the 
co~npo i~en t  groups in the molecule. Since this 
paper deals only with the change in log K witli the 
introduction of n-CH, groups into the R group 
or groups in the carboxyamide group, for this 
purpose it is sufficient to say that n,, = 0 and 
zCH3 = 0.65 log units. 

log K values for the N-alkyl (1, R = H, R' = 
alky1)- and symmetrical N,N-dialkyl (1, R = 
R' = alky1)-derivativesofcini~amamideincreased 
steadily as the total number of carbon atoms 
in R and R' increased from 1-8, when a 
plateau was reached. In general, log K values for 
the cinnamoyl derivatives of primary cycloalkyl- 
amines and of secondary polymethyleneimines 
1 (R-R' = 11-CH,) were approximately the 
same as those for the cinnamoyl derivatives of 
acyclic amines containing one less carbon atom, 
1 (R = alkyl, R' = H) or 1 (R = R' = alkyl). 
The platea~i in the log K values probably stems 
from intramolecular solvation of the carboxy- 
amide group by the coiled alkyl group or groups 
or the puckered cycloalkyl or  polymethylene 
groups. 
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TABLE 1 

Melting points, analytical figures, and partition coefficients for some cinnamoyl derivatives of some long-chain 
and large-ring amines 

Percent N log partition coefficient 
Melting point* 

R R1 ("c) Calcd. Found log K Z R - 1.30 
- -- - 

cyclo-C3H5 H 117.0-117.6 7.48 7.65 -0.62 -0.60 
cvclo-C.Ho H 145.0-145 6 6.50 6.56 +0.82 +0.70 

H 179.2-1 80.2 Prepared previously (4) 1.39 1.35 
H 192.2-192.8 5.75 5.80 2.04 2.00 
H 186.0-186.5 5.44 5.34 2.48 2.65 

*Unless stated otherwise, the compounds were crystallized from ethanol. 
tcrystallized from benzene-hexpne mixture. 
$Anal. Calcd. for C2,H,,0N: C, 79.95; H, 10.54. Found: C, 80.22; H, 10.23. 

In order to mathematically describe the limiting 
value of log K as a function of the number of 
carbon atoms in the chain or ring, a discontin~~ous 
function must be employed such as Heavysides' 
he nit step function, U(t - a)  (5). In this connection, 
U(t - a) is defined as 1 for t > a and 0 for t < a. 
Therefore, the values of n, for compounds with 
R = C,,H2,,+,, R' = H are given by eq. [2] 

[2] x, = 0.6511 - U(n - 8)[0.65(n - 8)] 
Similarly, the n values for the substi t~~ents in 
symmetrically substi t~~ted amides, 1 (R = R1 = 
alkyl), n, + n,,, are given by eq. [3] 

M) of the solubility in cyclohexane of 1 com- 
po~lnds (Table 2) where R1 = H and R varies 
from CH, to n-C,Hl, requires that changes in 
the partition coefficients with increase in the 
number of carbon atoms in the substituent chain 
must be due, primarily, to variation in their 
solubilities in water. Accordingly, calculations of 
the water solubilities (Table 2) of the above series 
of compounds gave values from 1 x l o p 2  to 
-2 x M. These solubility relationships 
were just reversed for cinnamamides derived from 
secondary amines containing two identical alkyl 
groups. 

[3] n, + 7 ~ ~ 1  = 0.65(1? + 17') The n ~ ~ m b e r  of carbon atoms in the chain or 

- U(n + rzl - 8)[0.65(17 + rz' - 8)] ring of N-monos~~bstituted cinnamamides do  not 
materially alter the ultraviolet absorption spectra 

Finally, the n values for substit~lents in cinnam- from that of cinnamami,je, 1 (R = R' = HI, 
amides colltailling c ~ c l o ~ l k ~ l  groups, (R = when recorded in ethanolic so1~1tion.l For ex- 
c ~ c l o a l k ~ l ,  R1 = H), or ~ o l ~ m e t h ~ l e n e  groL1ps, ample, ~,,i,xc2t150tl (mp) and (E) for cinnamamide 
1 (R, R1 = 11-CH,), nRRl are given by eq. [4]. are -298 (-),2 272 (21 OOO), 222 (15 600), 216.2 
[4] nRRl = 0.65(n - 1) - U(n - 9) - -- 

IThe concentration ranged from 5 x to 1 x 
x [0.65(1z - 911 10-3 M. 

2Evaluation of this fig~ire was rendered difficult by 
The relative constancy (7 x to 7 x virtue of the peak being a shoulder on another peak. 
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TABLE 2 

Solubilities of some cinnamoyl derivatives of some long-chain and large-ring amines 
in cyclohexane and water 

Solubility, mole per 1 in 

R1 Cyclohexane Water 

(18 OOO), -210 (-), 204.6 (14 800), while those 
for the N-monocycloalkyl derivatives of 1 (R = 
H, R1 = CnHZn-,) are -300 (-), 274 (24 500), 
223.8 (14 600), 217.7 (17 OOO), 212.2 (14 300), 
206 (14 900), and those for the N-monoalkyl 
derivatives of 1 (R = CnHZn+, ,  R' = H) are 
-298 (-), 273 (24 400), 222.7 (1 5 000), 21 6.5 
(17 900), -212 (-), 205 (15 600). Unless the 
conjugated system in cinnamamide is skewed, 
then the above results suggest that the planarity 
of the -CH==CH-C--0 group in these series 
is maintained despite changes in the size of R. 
The absorption spectra of the N,N-disubstituted 
cinnamamides, on  the other hand, differ markedly 
from those above, but again are constant within 
the series. The h,,,CZH"H and ((E) for these com- 

pounds are 281-282 (22 OOO), 225 (12 500), 219.4 
(45 400), -214 (-), 206.5-208.8 (13 800). This 
difference in the spectra of the N-monosubstituted 
cinnamamides and of the N,N-disubstituted cin- 
namarnides may stem from interference between 
the R and/or R1 group with the benzylic hydrogen 
atom. T o  relieve steric strain in the N,N-di- 
substituted cinnamamides, the molecule may 
assume the conformation l b  rather than the la  
of cinnamamide. 

If the above is true, then the variation in the 
water solubility of the N-monosubstit~~ted cin- 
namamides must be ascribed to the rotationofthe 
-NHR group about the C-N bond of the 
carboxyamide bond to a position less favorable 
for hydration than the planar structure shown in 
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NOTES 1343 

za.3 Conformation l b  for the N,N-disubstituted Determination of the partition coefficients by Mr. C. E. 
Lough and of the analytical figures for the new com- cinnamamides is free from the above restriction pounds by Mr. R. P. ~ i ~ k ~ n  is gratefully acknowledged. 

and so hydration of 2b will occur independently 
of the size of R and R', while increase in R and 
R' will favor solubility in cyclohexane. 

3This rotation of the -NHR group about the C-N 
bond of the carboxyamide bond should manifest itself in 
other properties. Rotation about the C-N bond would 
damp the contribution of the polar form of 3 to amide 
resonance and lead to lower melting points and increased 
solubility in cyclohexane. 

It is interesting then to find a linear relationship between 
the solubilities of .these compounds in cyclohexane 
and their melting points. They fit in equations of the 
form y = rnx + b, where y = log [1],,,1,1 ,,,,,,, x = melt- 
ing point in "C. For  N-alkylcinnamamides and N,N- 
dialkylcinna~~~aniides, m = - 0.01 72, -0.0344; b = - 1 . I  6, + 1.68, respectively. The slope of the line for the disubsti- 
tuted aniides is greater than that for the monosubstituted 
analogs by a factor of 2 and this is in accord with ex- 

1. D. J. CURRIE, C. E. LOUGH, R. F. SILVER, and H. L. 
HOLMES. Can. J. Chem. 44, 1035 (1966). 

2. D. PAPA, E. SCHWENK, F. VILLANI, and E. KLINGSBERG. 
J. Amer. Chem. Soc. 72, 3885 (1950). 

3. C. E. LOUGH, R. F. SILVER, and F. K. MCCLUSKY. 
Can. J. Chem. 46, 1943 (1968). 

4. A. D. DELANEY, D. J. CURRIE, and H. L. HOLMES. 
Can. J. Chem. 47, 3273 (1969). 

5. H .  S. CARSLAW and J. C. JAEGER. Operational 
methods in applied mathematics. 2nd ed. Oxford 
University Press, London. 1953. p. 7. 

6. B. A. HUNTER. Iowa State Coll. J. Sci. 15,223 (1941); 
C.A. 36,4474 (1942). 

pectation that two alkyl groups on the amide nitrogen 
atom are more effective than one in altering the con- 

0 
I1 

formation (i.e. l a  or lb) or the rotation about the C-N 
bond. 

Similar linear relationships obtain for 1 compounds 
where R = cycloalkyl, R1 = H and for compounds 
where R-R1 are polymethylene groups. The slopes of 
these lines are, respectively, - -0.0063 and -0.0217. 
Fusion of the alkyl group with itself in 1 compounds 
(R = alkyl, R' = H) to give N-cycloalkylcinnamamides, 
or fusion of the two alkyl groups in 1 (R = R' = alkyl) 
to give N,N-polymethylenecinnamamides restricts the 
spatial gyrations of these atoms. Since this probably re- 
duces the interference between the nitrogen substituents 
and the benzylic hydrogen atom, it would in part account 
for the decrease in the slopes of the melting point - solu- 
bility lines, relative to the unfused analogues. It follows 
that the corresponding steric effects would be greater in 
the N,N-dicycloalkylcinnan~aniides, 1(R = R1 = cyclo- 
alkyl), than in the N-cycloalkylcinnamamides, 1 (R = 
cycloalkyl, R' = H). In accord with this, a slope greater 
for the former than for the latter is found. 

Signs of long-range amino proton -ring proton coupling constants 
in N-ethyl-4-chloro-2-nitroaniline 

T. SCHAEFER AND R. WASYLISHEN 
Cltetnisfry Deparfment, Uttiuersify of Mattifoba, Witttlipeg, Mattifoba 

Received Decem bet I 1. 1969 

In N-ethyl-4-chloro-2-nitroaniline there exists a measurable indirect spin-spin coupling constant of 
+0.39 f 0.03 Hz between the n~ethylene protons and ring proton 6. The amino proton is coupled to 
ring protons 5 and 6 and also to the n~ethylene protons. Consequently, although the amino proton 
resonance is broad due to incompletely relaxed coupling to "N, normal n ~ ~ ~ l t i p l e  resonance experiments 
show that 5J,,"3Nk' = 0.67 + 0.03 Hz and 4J0".NH = -0.35 t 0.03 Hz. 

Canadian Journal of Chemistry, 48, 1343 (1970) 

I )  Spectrunz Analysis a n d s i g n  Deterininations protons in toluene and its derivatives (1-3), 
The signs of the indirect, spin-spin coupling aldehydic protons in benzaldehyde and its deriva- 

constants between ring protons and methyl tives (4-7), and hydroxyl protons in phenol 
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za.3 Conformation l b  for the N,N-disubstituted Determination of the partition coefficients by Mr. C. E. 
Lough and of the analytical figures for the new com- cinnamamides is free from the above restriction pounds by Mr. R. P. ~ i ~ k ~ n  is gratefully acknowledged. 

and so hydration of 2b will occur independently 
of the size of R and R', while increase in R and 
R' will favor solubility in cyclohexane. 

3This rotation of the -NHR group about the C-N 
bond of the carboxyamide bond should manifest itself in 
other properties. Rotation about the C-N bond would 
damp the contribution of the polar form of 3 to amide 
resonance and lead to lower melting points and increased 
solubility in cyclohexane. 

It is interesting then to find a linear relationship between 
the solubilities of .these compounds in cyclohexane 
and their melting points. They fit in equations of the 
form y = rnx + b, where y = log [1],,,1,1 ,,,,,,, x = melt- 
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bond. 

Similar linear relationships obtain for 1 compounds 
where R = cycloalkyl, R1 = H and for compounds 
where R-R1 are polymethylene groups. The slopes of 
these lines are, respectively, - -0.0063 and -0.0217. 
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(R = alkyl, R' = H) to give N-cycloalkylcinnamamides, 
or fusion of the two alkyl groups in 1 (R = R' = alkyl) 
to give N,N-polymethylenecinnamamides restricts the 
spatial gyrations of these atoms. Since this probably re- 
duces the interference between the nitrogen substituents 
and the benzylic hydrogen atom, it would in part account 
for the decrease in the slopes of the melting point - solu- 
bility lines, relative to the unfused analogues. It follows 
that the corresponding steric effects would be greater in 
the N,N-dicycloalkylcinnan~aniides, 1(R = R1 = cyclo- 
alkyl), than in the N-cycloalkylcinnamamides, 1 (R = 
cycloalkyl, R' = H). In accord with this, a slope greater 
for the former than for the latter is found. 
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In N-ethyl-4-chloro-2-nitroaniline there exists a measurable indirect spin-spin coupling constant of 
+0.39 f 0.03 Hz between the n~ethylene protons and ring proton 6. The amino proton is coupled to 
ring protons 5 and 6 and also to the n~ethylene protons. Consequently, although the amino proton 
resonance is broad due to incompletely relaxed coupling to "N, normal n ~ ~ ~ l t i p l e  resonance experiments 
show that 5J,,"3Nk' = 0.67 + 0.03 Hz and 4J0".NH = -0.35 t 0.03 Hz. 
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derivatives (8), are known. These couplings, 
when observable, are negative over four or six 
bonds and are positive over five bonds. The six- 
bond couplings are apparently dominated by a 
o-x mechanism (2, 6, 9-12), which also con- 
tributes to the coupling over four or five bonds 
(1 1, 12), but for these a o mechanism is probably 
also important (12-1 5). 

Coupling over five bonds, J,nHpNH, between 
amino protons and ring protons in the meta 
position has been observed in a number of aniline 
derivatives (16, 17). The observation of the 
coupling evidently depends on the presence of 
proton accepting substituents which form intra- 
molecular hydrogen bonds, N-H . . . X, and 
thereby hinder intermolecular exchange of the 
amino protons. The amino proton resonance is 
normally broad and featureless (width at  half- 
height = 10-20 Hz). Consequently, even fairly 
sophisticated multiple resonance experiments (8), 
when confined to the proton spectrum, cannot be 
used to determine the sign of J , , ,~ ,~~ .  

When N-ethyl-4-chloro-2-nitroaniline (1) is 
studied as a 3.8 mole % solution in benzene-d,, 
its proton magnetic resonance (p.m.r.) spectrum 

at 30 "C displays coupling between H6 and the 
amino proton, 4~0H.NH, between H6 and the 
methylene protons, 5JH7CH2, and between H, and 
the amino protons, 5Jn,H,NH. It follows that 
normal, multiple, homonuclear resonance experi- 
ments (18, 19) can be employed to determine the 
signs of 5J,,,H7NH and 4J0H3NH even though the 
spin-lattice relaxation time of 14N is such that 
the amino proton resonance cannot be directly 
used in these experiments. 

Weak irradiation with a second radiofrequency 
field of selected transitions of H, and observation 
of the relevant H, transitions (18) showed that 
JmH,NH/~oH,NH < 0. Decoupling of H3  with simul- 
taneous weak irradiation of the appropriate 
transitions of the methylene protons while ob- 
serving the resonance of H, proved that 
J,H,NHI~JNH,CHZ < 0. 

TABLE 1 

Refined spectral parameters 

Chemical shifts (~ .p .m.)  C o ~ ~ p l i n g  constants (Hz) 

Vicinal proton coupling constants involving 
the fragments H-C-C-H (20), H-C-0-H 
(21), H-C-S-H (22), and H-C-P-H (23) 
are known to be positive. There is no reason to 
believe that such is not the case for the fragment 
H-C-N-H. Furthermore, the couplings in the 

I I 
fragments H-C-N-H and H-C-N-H in 
N-methylformamide are positive (24-26). There- 
fore we set JOHgNH < 0. The coupling between the 
ring protons were of the same sign and are 
positive. 

Other decoupling experiments simplified the 
H, multiplets sufficiently well to determine the 
spacings caused by the long-range couplings from 
H,. At 60 MHz the proton resonance spectrum 
is nearly first-order. Refinement of the first-order 
parameters by means of LAOCN3 (27) yielded 
the chemical shifts relative to internal tetra- 
methylsilane and the proton-proton coupling 
constants (quoted errors about eight times larger 
than probable errors) (Table 1). 

.2) Long-range Coupling Constants 
The signs of the coupling constants between 

the amino and ring protons in the ortho and meta 
position are the same as the corresponding 
couplings in toluene (1-3), phenol (8), and 
benzaldehyde ( 6 7 )  derivatives. The five-bond 
coupling, 5JH3NH, displays the stereospecificity 
expected from the zig-zag rule (8, 28) and its 
magnitude lies in the range 0.4-0.8 Hz observed 
for couplings of this type. The coupling over four 
bonds, 4JHpNH = -0.35 $. 0.03 Hz is the first to 
be observed in aniline derivatives. Its sign is the 
same but its magnitude is greater than the 
analogous coupling in a series of para substituted 
benzaldehydes (13). In the latter the magnitude 
of 4JH,CH0 depends on the double bond character 
of the C-CHO bond (13). A similar situation 
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NOTES 1345 

may prevail for 1 because 2 will clearly contribute Decoupling of the amino proton also had no effect on the 

both to the strength of the intramolecular linewidth of the ethyl proton peaks. It is likely that the 
breadth is caused by incompletely relaxed coupling to hydrogen bond and to the double bond character 
1 4 ~ .  

of the C,-NH bond. On the other hand, steric 

+ We are grateful to  the National Research Council of 
Et-N-H...O- Canada for financial assistance. 
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Orientation in nitration and sulfonation of 2,5-dimethylbenzoic acid1 

ALLAN N. FUJIWARA AND EDWARD M. ACTON 
Life Sciences Research, Stanford Research Institute, Menlo Park, California 94025 

Received November 7, 1969 

Nitration of 2,5-dimethylbenzoic acid was only 29% at the rnera2 position vs. 41 % at the ortho, in 
contrast to sulfonation which was 85 % mera vs. 15 %para. Identity of the products (and of their derived 
amino esters and phenolic esters) was determined from the nuclear magnetic resonance spectra and con- 
firmed by chemical means. 

Canadian Journal of Chemistry, 48, 1346 (1970) 

In some synthetic studies related to alkaloids, 
we required the meta-substitution2 products from 
the nitration and sulfonation of 2,5-dimethyl- 
benzoic acid (3). When carried out, these reac- 
tions showed striking differences in orientation 
effects, illustrative of the complex interplay of 
electronic and steric influences in reactions of a 
poly-substituted benzene. Nitration of 3 with 
fuming nitric acid occurred mainly in the ortho2 
position, despite the considerable steric hin- 
drance, to form a mixture of meta- and ortho- 
nitro acids, 1 and 2 (in 29 and 41 % yields, 
respectively). In contrast, sulfonation of 3 with 
oleum afforded mostly the meta sulfonate (about 
85 %, isolated as the sodium salt 4) accompanied 
by about 15 % of the para isomer 5. This sulfona- 
tion was previously reported (1) to form only the 
meta product 4, but inspection of the n.m.r. spec- 
trum readily disclosed the presence of the para 
i ~ o m e r . ~  In the nitration of 3, the ratio of isomers 
closely resembled that reported (2a) for nitration 
of 2,5-dimethylacetophenone. Other, similarly 
substituted benzenes have also given predomi- 
nantly o-nitration (2b). 

The m-nitro acid 1 was separated from the 
mixture of 1 and 2 by crystallization. The o-nitro 
acid 2 was then purified after treatment with 
methanolic hydrogen chloride, which selectively 

'This work was carried out under the auspices of the 
Cancer Chemotherapy National Service Center, National 
Cancer Institute, National Institutes of Health, Public 
Health Service, Contract No. PH-43-64-500. The opinions 
expressed in this paper are those of the authors and not 
necessarily those of the Cancer Chemotherapy National 
Service Center. 

'The terms ortho, meta, and para refer to the carboxyl 
as point of reference. 

3Though no ortho sulfonation was detected, a referee 
has pointed out the likelihood that the ortho position may 
be the site of kinetically governed reaction, but that, since 
sulfonation is a re,versible reaction, the more thermo- 
dynamically stable meta and para products were obtained 
under conditions used. 

COOH 
CH3 

esterified 1 and left the hindered ortho isomer 
unchanged. This o-nitro acid 2 could be esterified 
successfully only with diazomethane or with 
methanol - sulfuric acid (3). The sulfonation 
product (mixture of 4 and 5) was subjected to 
alkali fusion (I), and the nuclear magnetic 
resonance (n.m.r.) spectra showed that the meta 
to para ratio of phenolic acids 6 and 7 was 
essentially the same as the ratio of sodium 
sulfonates 4 and 5. Separation of isomers was 
possible only after esterification of 6 and 7, when 
the predominant meta methyl ester 11 could be 
purified by fractional crystallization; a small 
sample of the para ester 12 was obtained from 
the mother liquors. 
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NOTES 

The compounds could be readily identified 
from the n.m.r. spectra by observing splitting 
patterns of the 2 aryl protons in each isomer. 
Characteristic coupling constants (4) were 
J,,,, < 1 Hz, J,,,,,, = 2-3 Hz, and J, ,,,, , = 7.5 Hz, 
determined respectively from sharp singlets, 
broad singlets partially resolved, and an AB 
quartet. Spectra of the nitration products were 
best studied after esterification and reduction of 
1 and 2 to form the amino esters 8 and 9, because 
(a) the distinctly differentpara isomer 10, methyl 
4-amino-2,5-dimethylbenzoate, was then avail- 
able (5) for comparison, and (6) in the o-nitro 
compounds (2 and its methyl ester) the aryl 
protons had identical resonances so that the 
resultant 2-proton singlets gave no information 
as to the orientation. The p-hydroxy ester 12 
exhibited proton chemical shifts nearly identical 
to those for the corresponding protons in the 
p-amino ester 10. Chemical shifts of the aryl 
protons were generally as predicted from sum- 
mation of known shielding effects (6) of the 
various substituents. Although no attempt was 
made in the present work to study spectra at high 
dilutions or with rigorously calibrated instrumen- 
tation, the additive shielding parameters de- 
veloped by several workers (6) could usually 
be applied to the assigned structures. 

For instance, the large differences in shielding 
of the aryl protons for the p-amino ester 10 
(6,-, - 6,-, = 1.27 p.p.m.)and thep-hydroxy 
ester 12(6,-, - 6,-, = 1.14 p.p.m.) were pre- 
dictable. Relative to benzene (6 7.32) as standard 
(or top-xylene, 6 7.05), the C,-protons in 10 and 
12 (6 6.43 and 6.58) were shifted upfield by the 
adjacent 4-NH, and 4-OH (shielding) but were 
little affected by the meta-oriented COOCH, 
(deshielding); the COOCH, shifted the adjacent 
6-H's downfield (6 7.70 and 7.72), with little 
effect on the 6-H's from the meta-oriented OH 
or NH,. In contrast, the m-amino and m- 
hydroxy esters 9 and 11 showed little difference 
in the aryl protons (6,-, - 6,-, = 0.45 and 

0.38 p.p.m., respectively). Upfield shift of the 
4-H's (6 6.55 and 6.85) by the adjacent NH, 
and OH was still observed, though somewhat 
lessened perhaps by the COOCH, now para 
to these 4-H's. Surprisingly, the 6-H's (6 7.00 and 
7.23) in 9 and 11 were little affected by the 
1-COOCH, (deshielding expected) or were per- 
haps at the same time shielded by a strong para 
effect of the 3-NH, or 3-OH. A strong shielding 
effect by p-NH, seemed to be evident in the 
o-amino ester 8, where 1 proton (apparently 
H-5, para to the 2-NH,) was as far upfield 
(6 6.47) as the proton in 10 (6 6.43) that was 
ortho to the NH,. The other proton in 8 (H-4, 
6 6.98) seemed to be as much affected by the 
m-NH, (shielding) as by the p-COOCH,. 

Similar substituent effects were seen on 
resonances of the aryl methyl groups, i.e., the 
shielding tendency of an adjacent amino group, 
the deshielding tendency of an adjacent methoxy- 
carbonyl. This was clearly observed with the 
p-amino ester 10. The 5-CH, (6 2.12) was 
shielded relative to the CH,'s inp-xylene (6 2.30) 
by the adjacent 4-NH,, and the ZCH, (6 2.52) 
was deshielded by the 1-COOCH,. In the ortho 
isomer 8, the 3-CH, (6 2.12) was shielded by the 
adjacent 2-NH,, but the 6-CH, was only slightly 
deshielded by the adjacent COOCH,, perhaps a 
reflection of steric restriction on the COOCH, at 
this crowded position, interfering with its free 
rotation or its planarity with the ring., In the 
m-amino isomer 9, the NH, and COOCH, 
groups are ortho to the 2-CH, and are meta to 
the 5-CH,; the opposing effects were nearly 
cancelled out, and the methyl resonances were 
nearly coincident (6 2.26 and 2.20). 

4Some further chemical evidence of steric crowding in 
the orrllo series was the difficulty of N-acetylating the an- 
thranilic acid obtained on reduction of 2. Only a low 
yield of N-acetyl product was obtained with refluxing 
acetic anhydride overnight, though yields in the analo- 
gous tnera and para series were quantitative after a few 
hours. We are indebted to Mr. Nasser Sadri for this 
observation. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1348 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

Experimental 
Melting points were determined on a Fisher-Johns 

micro hot stage and are uncorrected. The n.m.r. spectra 
were determined with a Varian A-60A spectrometer on 
25-30% (w/v) solutions in chloroform-d (4% internal 
tetramethylsilane as standard, 6 = O), and, with external 
tetramethylsilane, in dimethylsulfoxide-d6 (DMSO) and 
in D 2 0 .  Signals were observed as singlets (s) or doublets 
(d). Accuracy was k0.07 p.p.m. for chemical shifts, 
k0.2 Hz for coupling constants. Signals exchangeable 
with D 2 0  are not recorded. 

Paper chromatography was done by the descending 
technique on Whatman No. 1 paper, in I-butanol - 
ethanol - 15 M ammonium hydroxide - water (4:l :I :4), 
spots detected under ultraviolet (u.v.) light. 

2,5-Di1neflgvl-3-nifrobenzoic Acid (1) 
To 150 ml of red fuming nitric acid (d 1.50) at 5' were 

added, with stirring, 25.0 g (0.167 mole) of 2,5-dimethyl- 
benzoic acid (Eastman) in portions, over 35 min, while 
the temperature was maintained at 5-10". The solution 
was allowed to stand another 60 min at 10" and was 
poured onto 1.5 kg of ice with stirring. The white pre- 
cipitate was collected on a filter and washed with water 
(in a typical experiment, the dried weight amounted to a 
75% yield). Paper chromatography showed 2 isomers 
were present, R, 0.51 (2) and R, 0.59 (1). The damp solid 
was recrystallized from 225 nil of hot ethanol by adding 
375 ml of water; after 15 h at room temperature, 7.5 g of 
the mefa isomer 1 was collected, m.p. 130-160'. Re- 
crystallization from 150ml of benzene then afforded 
6.4 g (2073, n1.p. 178-181" with a crystal transition at 
165-175" (lit. (2a) m.p. 168-17O0), chromatographically 
homogeneous with R, 0.59; n.m.r. (DMSO-d6) 6 7.86 
broad s (H-4, estimated J4,, ca. 2 Hz), 7.62 broad s (H-6, 
e ~ t i m a t e d J ~ , ~  ca. 2 HZ), 2.57 sand 2.39 (aryl CH3's). The 
yield was consistently 20%, even on 10 times the scale. 
An analytical sample melted at 180-181.5° with crystal 
transition at 163-175'. 

Anal. Calcd. for C9H9N04:  C, 55.4; H, 4.65; N, 7.18. 
Found: C, 55.8; H, 4.64; N, 7.00. 

3,6-Dimethyl-2-nifrobetrzoic Acid (2) 
The combined mother liquors from 1 were evaporated 

to yield a mixture of the isomers (ca. 50% based on 3; 
estimated 41 % 2 and 9 % 1, from n.m.r.). A 15 g sample 
of the solid mixture was refluxed with 175 ml of saturated 
anhydrous methanolic hydrogen chloride overnight. The 
solution was concentrated to a residual solid, which was 
suspended in 150 ml of dichloromethane and extracted 
with 2 100-mI portions of 5% aqueous sodium hydroxide. 
Acidification of the combined extracts to p H 2  with 
12 M hydrochloric acid afforded 10.1 g (34 % based on 3) 
of precipitated 2-nitro acid 2, m.p. 143-145". An analyt- 
ical sample, previously obtained (16 % yield) by recrystal- 
lization of the crude mixture of acids from benzene- 
methanol, then methanol-water, melted at 141-143'; 
n.m.r. (DMSO-d6) 6 7.23 s (H-4 and H-5), 2.27 s and 
2.18 s (aryl CH,'s). 

Anal. Calcd. for C9H,N04: C, 55.4; H, 4.65; N, 7.18. 
Found: C, 55.6; H, 4.72; N, 7.27. 

The extracted dichloromethane solutioncontained 3.8 g 

of a syrupy mixture of the tn-nitro and 0-nitro esters, in a 
ratio of 2:l as estimated from the n.m.r. spectrum. 

Mefhyl3,6-Dit~zefhyl-2-i1i1,.abetzzoate 
This compound was obtained (a) in quantitative yield 

by esterification of the acid 2 in tetrahydrofuran with 
diazomethane in ether (7), and (b) in 47% yield with 
100% sulfuric acid and niethanol (3). The syrup crystal- 
lized on standing, m.p. 3640"; n.ni.r. (CDCI,) 6 7.24 s 
(H-4 and H-5), 3.82 s (COOCH,), 2.39 sand  2.35 s (aryl 
CH3's). 

Anal. Calcd. for CloH, ,N04:  C, 57.4; H, 5.30; N, 
6.70. Found: C, 57.6; H, 5.19; N, 6.71. 

MeIhyl3,6-Ditnefl1yl-2-nnIbrobet1zon1e (8)  
This compound was obtained by hydrogenation with 

platinum oxide in methanol, as a syrup in quantitative 
yield; n.m.r. (CDCI,) 6 6.98 d (H-4, J,,, = 7.5 Hz), 
6.47 d (H-5, J4,, = 7.5 Hz), 3.88 s (COOCH,), 2.40 s and 
2.10 s (aryl CH,'s). 

Anal. Calcd. for CloH13N0,: C, 67.0; H, 7.31; N, 
7.82. Fonud: C, 66.7; H, 7.20; N, 7.97. 

Mefhyl2,5-Dimefl1yI-3-11irrabe~rzonfe 
This compound was obtained from 1 by esterification 

with refl~~xing anhydrous ~nethanolic hydrogen chloride 
and was recrystallized from methanol (5 ml/g), n1.p. 
57-58" (81 %); n.ni.r. (CDCI,), 7.78 broad s (H-4, esti- 
mated J,,, ca. 2 Hz), 7.63 broad s (H-6, estimated J4.6 ca. 
2 Hz), 3.91 s (COOCH,), 2.54 s and 2.39 s (aryl CH,'s). 

Anal. Calcd. for C10H14N04: C, 57.4; H, 5.30; N, 6.70. 
Found: C, 57.4; H,  5.30; N, 6.58. 

,tlef/~yl 2,5-Ditt~eflryl-3-nt~1it1obeirzo~e (9)  
This conipound was obtained by hydrogenation of the 

nitro ester with platinum oxide in methanol, as a syrup in 
quantitative yield; n.m.r. (CDCI,) 6 7.00 broad s (H-6, 
estimated J4,, ca. 2 Hz), 6.55 broad s (H-4, estimated J4.6 

ca. 2 Hz), 3.81 s (COOCH,), 2.26 s and 2.20 s (aryl 
CH3's). 

Anal. Calcd. for Cl0Hl3NO2: C, 67.0; H, 7.31; N, 
7.82. Found: C, 66.7; H, 7.36; N, 7.75. 

S~~lfanafioiz of 2,5-Diine~hylbenioic Acid (3) 
This acid, when prepared as described by Charles- 

worth and Levene (I), yielded quantitatively the mixture 
of sodium sulfonates 4 and 5 ;  n.ni.r. (D20) 6 7.85 broad 
s (H-4 of 4, estimated J4.6 ca. 2 HZ), 7.53 broad s (H-6 
of 4, estimated JdB6 ca. 2 Hz), 2.63 s and 2.31 s (aryl 
CH,'s of 4); contamination with ca. 17 % of the pnra- 
substituted isomer 5 was indicated by singlets at 6 7.72 
and 7.76 (H-3 and H-6) and at 2.52 and 2.43 (aryl 
CH3's). 

Potassium Hydroxide Frlsion (I) 
Fusion of the niixture of 4 and 5 at 210' for 1.5 h 

afforded the niixture of hydroxy acids 6 and 7, isolated by 
acidification with concentrated hydrochloric acid and re- 
precipitated from a bicarbonate solution. The yield was 
61 %, m.p. 162-164" (lit. (1) 163-165'); n.m.r. (DMSO) 
6 6.95 broad s (H-6 of 6, estimated J4.6 ca. 2c.p.s.), 6.71 
broad s (H-4 of 6, estimated J4.6 ca. 2 c.p.s.), 2.22 s and 
2.08 s (aryl CH3's of 6); singlets at 7.59 (H-6) and 6.57 
(H-3), and at 2.37 and 2.01 (aryl CH,'s) indicated the 
presence of 12% of the 4-hydroxy isomer 7. 
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NOTES 1349 

Metl~yl2,5-Dimethyl-3-l1ydroxybenzoate (11) Anal. Calcd. for C10H12O3: C, 66.6; H, 6.71. Found: 
This benzoate was obtained from the mixture of 6 and C, 66.6; H, 6.69. 

7 with refluxing anhydrous methanolic hydrogen chloride 
after 2 h;  the residual oil crystallized on standing and was l-he authors are indebted to D ~ .  joseph 1. D ~ G ~ ~ ~  for 
washed with water (97% yield), m.P. 61-74". Most of the initial studies of the nitration, to Dr. Carol Mosher for 
4-hydroxy isomer 12 (ca. 15 % estimated by n.m.r.) was preparation of compound 9, to Mr. Osborne Crews and 
removed by recrystallization from benzene - petroleum Mr. R, B. Bicknell for large scale nitrations and sulfona- 
ether (1 :1, 15 ml/g), then from carbon tetrachloride (4 tions, and to Dr. Leon Goodman for helpful suggestions. 
ml/g), to yield 58 % of 11 (96% purity), m.p. 77.5-79.5". 
Further fractional recrystallization from benzene afforded 
an analytical sample (free of 12), m.p. 79-79.5"; n.m.r. I. E. H. CHARLEsWoRTH and L. LEvENE. Can. J. 

41, 1071 (1963). (CDCI3) 6 7.22 broad s (H-6, J4.6 estimated 2 Hz), 6.78 2. (a) C. A. H~~~ and A. HOWE, J. them. sot. 6064 
broad s (H-4, J4,6 estimated 2 Hz), 3.91 s (COOCH3), (1963); (b) C. A. HOWE, A. HOWE, C. R. HAMEL, H. 
2.41 s and 2.23 s (aryl CH3's). W. GIBSON, and R. R. FLYNN. J. Chem. Soc. 795 

Anal. Calcd. for CloH1203: C, 66.6; H, 6.71. Found: (1965): C. D. JOHNSON and M. J. NORTHCOTT. J. Org. ~~ - - 
C, 66.6; H, 6.66. ~hem. '32,  2029 (1967). 

3. M. S. NEWMAN. J. Amer. Chem. Soc. 63, 2431 
Methyl 2,5-Dimethyl-4-l1ydroxyber1zoate (12) (1941). 

This compound was obtained from the mother liquors 4. R. M. SILVERSTEIN and G. C. BASSLER. Spectrometric 
of 11 as light white needles, along with the dense prisms of identification of organic compounds. 2nd ed., John 
11, and was separated and recrystallized from benzene - Wiley and Sons, New York, 1967. p. 145. 
petroleum ether (1:1), m.p. 116-117"; n.m.r. (CDC13) 5. A. N. E. M. and L. 

J. Heterocycl. Chem. 5, 853 (1968). 6 7.72 s (H-6), 6.58 s (H-3), 3.80 (COOCH3), 2.49 and 6. Reviewed by J. W. EMSLEY, J. FEENEY, and L. H. 
2.19 s (aryl CH3's). The sample was identical to an SUTCLIFFE. High nuclear magnetic reso- 
authentic sample, m.p. 116-117", obtained by diazotiza- nance spectroscopy. ~ 0 1 .  2, Perganlon Press, New 
tion of 2,5-dimethyl-4-aminobenzoic acid (5), hydrolysis York, 1966. pp. 749-767. 
of the diazonium salt, and esterification of the resultant 7. 7. Org. Syn., coll. Vol. 11, p. 166, note 3. 
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Effect of the structure of phosphylating agents on their reaction with 
ethanolamine, an ambident nucleophilef-3 

R. GREENHALGH,~ R. M. HEGGIE, AND M. A. WEINBERGER~ 
Defence Research Establishrrier~t Ottawa, Defence Rrsenrch Board, O~to~vn ,  Coriarln 

Received November 3. 1969 

The reactions of a series of phosphylating agents (RRIP(0)X) with ethanolamine have been examined, 
and relative yields .of the products from the nucleophilic amino and hydroxyl moieties determined. 
In general the amount of 0-phosphylation increased as R and R' were changed from dimethylamino 
t h r o ~ ~ g h  alkoxy to methyl and as the leaving group (X) was changed from OP(0)RR' to CN. The only 
exceptions occurred when R was dimethylamino and X was CI. When X was F, only 0-phosphylation 
was observed. Thus, a wide range of essentially continuously varying selectivities was found. 

The results are disc~lssed in terms of the amount of charge transfer involved in the forn~ation of the 
transition state which is assumed to be determined by the electrophile. When the charge transfer is 
small, the contributions to the activation energy of ~ L I C ~  factors as solvation and ionization potential 
of the n~~cleophile are most important, resulting in N-phosphylation. As the alnount of charge transfer 
increases, the energy of bond formation becomes the dominant factor and 0-phosphylation is preferred. 

Canadian Journal of Chemistry, 48, 1351 (1970) 

Introduction Results 
In an earlier study (1) it was shown that, when 

reacted with ethanolamine in chloroform solu- 
tion, phosphofluoridates give exclusively O- 
phosphylation whereas phosphochloridates give 
mainly N-phosphylation. This study has now 
been extended to  examine the reactions of 
ethanolamine with a wider variety of phosphylat- 
ing agents (RRIP(0)X). The compounds studied 
included phosphorodiamides (R = R' = Me,N), 
phosphoramidates  (R = Me,N, R '  = EtO) ,  
phosphates (R = R '  = Pr'O),  phosphonates 
(R = priO, R'  = Me), and phospliinic com- 
pounds (R = R'  = Me) in which tlie leaving 
group (X) was changed from F t o  CI, CN,  and 
OP(0)RR1. 

The percentages and 31P chemical shifts of the 
various compo~ielits of the reaction mixtures .are 
shown in Table 1. 

In most reactions examined the products were 
also isolated and, in Table 2, the percentage yields 
as determined by 31P nuclear magnetic resonance 
(n.m.r.1 analysis and isolation are compared. 

The 31P n.1n.r. method of product analysis has 
certain deficiencies. For reactions which do not 
go to completion, its lack of sensitivity has to  be 
considered when no other products are reported. 
In addition "P n.m.r. does not differentiate be- 
tween an 0,N-diphosphylated product and niix- 
tures of tlie 0 -  and N-pliosphylated compounds. 
Isolation of the products by chromatography did, 
however, distinguish between these possibilities. 
The only occasion when any diphosphylated 

'D.R.E.O. Report No. 613. 
Zpresented at the5Znd of the ,-hemica, Institute c o m p o ~ ~ n d  was isolated was from the reaction of 

of Canada, Montreal, Quebec, May, 1969. ethanolamine with dimethylphosplii~iic chloride. 
3 ~ h e  term phosphylation is used in this Paper to cover However, because of the losses involved in isola- phosphorylation, phosphonylation, and phosphinylation. 
4Present address: Analytical Chemistry Research Ser- tion of the products, the yields as deterlnined 

vice, Canada Department of Agriculture, Central Experi- n.m.r. are considered to  be more accurate and 
mental Farm, Ottawa 3, Canada. 

SPresent address: Defence Research Analysis Establish- these will be used in discussing the results of this 
ment, Ottawa 4, Canada. study. 
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TABLE 1 
0 e 

Reaction conditions and products from the reaction of ethanolamine with phosphylating agents 2 E 
Phosphylating agent 31P Chemical shifts (p.p.m.) and % material at end of reaction 

(RR'P(0)X) Chemical Reaction conditions 5 
shift N-Phosphyl 0-Phosphyl d 

R R' X (P.P.~.)  derivative derivative RR'P(0)OH Other products Time (h) Temperaturet ' z 
Me,N Me,N C1 -29.7 -23.6 (22%) -19.0 (3.5%) 24 R.T. - r - -. 

E ~ O  M ~ ; N  C1 -16.9 -18.8 (842 j  -11.1 (11%)"' -30.9 (2%), -7.2 (3%) 28 R.T. v 
U 

EtO Me2N OP(0)RRf 0 -18.6 (4%) +12.7 (1%) 24 Reflux 0 
EtO Me2N F -5.2* -11.9 (13%) 120 R.T. 
PriO PriO OP(0)RRf + 15 -7.9 (44%) +2 .0  (3%) +2 .0  (50%) +9.6 (3%) 72 R.T. 

E 
PriO PriO CN +24 2 -8 1(22%) +2.5(78%) 56 R.T. i 

72 R.T. 
48 R.T. 

2 
5 

2 R.T. < 
24 R.T. 

*Doublet. 
tR.T. stands for room temperature. 
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GREENHALGH ET AL.: ON PHOSPHYLATING AGENTS 

TABLE 2 

Comparison of product analysis by 31P n.m.r. and isolation 
- 

% Yield of product 

Nuclear magnetic 
Phosphylating agent (RRIP(0)X) ' resonance analysis Isolation 

R R ' X N-P 0-P N-P 0-P 

EtO Me2N C1 84 11 7 1 10 
PriO PriO OP(0)RR' 88 7 72 - 
Pr'O Pr'O CN 22 78 10 68 
Pr'O Me OP(0)RRf 86 8 74 - 

TABLE 3 

Chemical shifts and coupling constants (CDC13) for the methylenic protons in the N- and 0-phosphyl derivatives 
of ethanolamine 

X = NHCHzCHzOH X = OCHzCHzNHz 
Product 

RRIP(0)X r (p.p.m.1 .I (Hz) r (p.p.m.) J (Hz) 

R R' P-NCHz CHz0 CHzCHz PNCH2 P-0CH2 CH2N CH2CH2 POCH, 

PriO Me2N 6.98 6.36 4.9  10.2 6.04 7.08 5.75 7.7  
Pr'O PrtO 6.96 6.36 4.75 9.7 5.98 7.06 5.30 7.1 
Pr10 Me 6.98 6.34 4.75 9.3  6.00 7.08 5.42 7 .0  

The reaction products were identified by com- 
parison of the 31P chemical shifts with those of 
known products (1) and this identification was 
confirmed, in most cases, by isolation. In the 
phosphinyl series, where no authentic products 
were available, characterization was by proton 
n.m.r. only. The reliability of this method of 
identification is demonstrated in Table 3 which 
shows that, irrespective of the substituents on 
phosphorus, the chemical shifts and coupling 
constants of the methylenic protons are quite 
characteristic and different for the N- and 0- 
phosphylated compounds. 

It was found that the phosphinyl group under- 
goes a facile N + 0 migration on heating, as 
shown by 31P n.m.r. spectra of N-2-hydroxyethyl- 
P,P-dimethylphosphinamide before distillation, 
-41.4 p.p.m. (P-N, 100%); after distillation, 
-54 p.p.m. (P-0, 58%), -41 p.p.m. (P-N, 
2273, and -34 p.p.m. (20 %). To ensure that 
migration had not occurred during the re- 
action with ethanola,mine, a blank run was per- 
formed. Over a 6 h period no change was observed 
in the 31P spectrum of N-(2-hydroxyethy1)-P,P- 

dimethylphosphinamide in chloroform contain- 
ing triethylamine. It was thus concluded that no 
migration took place under the reaction condi- 
tions employed. This had already been demon- 
strated for phosphoryl and phosphonyl deriva- 
tives of ethanolamine (1). 

The fact that the hydroxyl and amino moieties 
of ethanolamine function as two separate entities 
is shown by the products of the reaction of diiso- 
propyl phosphorocyanidate with an equimolar 
mixture of n-propylamine and n-propyl alcohol 
in chloroform in the presence of triethylamine as 
acid acceptor. The percentage yields of each 
product (76 % P-0 and 24 % P-N) were almost 
identical to those obtained with ethanolamine. 

Discussion 
Various hypotheses (e.g. 2, 3) have been put 

forward to explain the change in selectivity to- 
wards two nucleophiles as the structure of the 
electrophile is changed. The results of the present 
study will be discussed in terms of the semi- 
empirical treatment of Hudson (3). When there 
is no charge transfer involved in the transition 
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TABLE 4 

Variation in selectivity with phosphylating agent (RR'P(O)X) 

selectivity ( ~ n  ?%$i:~g) 
Sum of Hammett a values 

R R' of R and R' X = Cl OP(O)RR' CN F 

Me2N Me2N -1.2 1.8 - - - 
MezN EtO -0.85 2.04 - 1 .  15 < -4 
Pr'O PriO -0.57 3.13 2.68 -1.27 < -4 
PriO Me -0.46 2.35 2.37 1 -4 < -4 
Me Me -0.34 1.39 0.02 - - 

P-X Bond Energy (kcal) (21) 80 96 80.5* 120 

'Value for P-CHI. 

state (S,1 reaction), no selectivity is to be ex- 
pected if statistical and entropy factors are the 
same for both nucleophiles. For small charge 
transfer the more easily polarized nucleophile is 
preferred. However, as the charge transfer is in- 
creased the energy required from the bond formed 
becomes more important and a faster reaction is 
observed with the less easily polarized nucleo- 
phile, which forms the stronger nucleophile to 
electrophile bond. In this treatment it is assumed 
that the amount of charge transfer is determined 
almost exclusively by the electrophile and that the 
changes from nucleophile to nucleophile are 
small. This is presented schematically in Fig. 1, 
where the charge transfer is shown as a function 
of the natural logarithm of the ratio of the rate 
constant for the more easily polarized nucleo- 
phile (N,) to that for the more difficultly polariz- 
able one (N,). 

Assuming that the mechanisms of the reaction 
of the amino and hydroxyl functions of ethanol- 
amine with any one phosphylating agent are 
similar, the product ratio can be used to rep- 
resent the velocity constant ratio. This still re- 
mains true if the mechanism changes between 
phosphylating agents, providing that both the 
amino and hydroxyl moieties are similarly 
affected. Dostrovsky and Halmann (4) deduced 
that diisopropyl phosphorochloridate reacts by 
the same mechanism with amines and alcohols. 
In Table 4 the natural logarithms of the product 
ratios obtained in this and the previous study (1) 
are given for comparison with Fig. 1. 

Considering first the effect of changes in R and 
R', for a constant leaving group, it can be seen 
(most clearly from the results with the cyanidates 
and pyro compounds) that the preference for the 
less polarizable nucleophile (hydroxyl) increases 
as the substituents are changed from dimethyl- 

- 
CHARGE TRANSFER 

FIG. 1. Variation in selectivity with charge transfer in 
the transition state (3). 

amino through alkoxy to methyl. The effect of 
these substituents on the character of the phos- 
phorus atom will depend on the sum of their in- 
ductive and mesomeric effects. For the inductive 
effect alone the positive nature of the phosphorus 
will increase in the order C < N < 0. Inter- 
actions of the x electrons of the substituent with 
the d orbitals of the phosphorus to give p,dn 
bonding results in the phosphorus becoming 
more positive in the order N < 0 < C. Since 
this latter effect is important in pentavalent phos- 
phorus compounds (5 ) ,  an increase in the positive 
nature ofthe phosphorus atom would be expected 
as we descend the table. The same order of in- 
crease in the positive nature of the phospl~orus 
would be predicted from the Hammett o values 
(6) for the substituents. These values are also 
shown in Table 4. This increase in the positive 
character of the phosphorus would be expected 
to lead to greater charge transfer in the transition 
state and, as observed, a preference for the less 
polarizable nucleophile. In addition, the rate of 
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reaction with nucleophiles should increase as we 
descend Table 4 and this has been observed (7). 
Attempts to correlate the charge on phosphorus 
with ground state phenomena, such as 31P 
chemical shifts, P-F coupling constants and the 
infrared absorption of the P -> 0 bond were not 
successful. 

When the leaving group (X) is varied, increased 
0-phosphylation is observed in the order C1 < 
OP(0)RR1 < CN < F. In considering these re- 
sults the energy of the bond broken during the 
reaction must be taken into account. In an earlier 
paper (1), the exclusive 0-phosphylation obtained 
with phosphofluoridates was explained by as- 
suming that, because of the strength of the P-F 
bond, a significant part of the driving force for 
the reaction is derived from the energy of the 
bond formed. This results in a need for high 
charge transfer in the transition state. It should 
be noted that the effect of pn-d, overlap between 
the leaving group and phosphorus is included in 
the strength of the bond broken. However, al- 
though the relative energies of the bonds broken 
can explain the increased selectivity for the hy- 
droxyl moiety in going from chlorides to pyro 
compounds and fluorides, the high preference for 
phosphylation of oxygen shown by cyanidates 
cannot be explained on this basis. The position of 
the cyanidates in Table 4 may be explained by the 
high electron-withdrawing power of the cyano 
group resulting in a highly positive phosphorus 
atom. The value of Taft o* which is a measure of 
the electron-withdrawing power is + 1.3 for CN 
as compared to + 1.05 for F and + 1 .O1 for Cl(8). 

An examination of all the results in Table 4 
which were obtained with a series of closely 
analogous compounds shows that they cover a 
large part of the selectivity curve in Fig. 1. The 
chloro compounds span the portion of the curve 
where maximum selectivity for the more polariz- 
able amino function is observed. The pyro com- 
pounds studied fall in the range from maximuni 
selectivity for the amino function to the point 
where the rates of phosphylation of the two 
nucleophiles are virtually identical. The cyanid- 
ates show reversal of selectivity and the fluoridates 
demonstrate, within experimelital error, com- 
plete 0-phosphylation. A similar wide range of 
essentially continuously varying selectivities or 
charge transfers cannot be observed with closely 
analogous carbon compounds. Here the selec- 
tivity variation is restricted to the narrow ranges 

carbon in sp3 or sp2 hybridization. The sp3 
transition state for substitution at a carbonyl 
function is akin to an addition intermediate and 
involves strong binding. Nucleophilic attack at a 
saturated carbon center results in only weak 
bonding and a low charge transfer. Some studies 
of the relative rates of reaction of different nucleo- 
philes at an aromatic center suggest that these 
reactions may involve an intermediate degree of 
charge transfer (3a). Thus, although in carbon 
chemistry the whole raiige of charge transfer can 
be spanned, it is by 110 means as coiitinuous a 
variation as observed with phosphorus. The tran- 
sition state for the reactions examined in this 
study is sp3d, and the stability of compounds with 
this hybridization state i11 phosphorus clieniistry 
is highly dependent 011 the nature of the sub- 
stituents. Stable compounds of this type are 
known but only with highly electronegative sub- 
stitueiits (9). It is, therefore, not surprising that 
a wide raiige of selectivities and charge transfers 
is observed in nucleophilic substitutioii at a 
pentavalent phosphorus center. 

In phosphorus clieniistry SN1 reactions are few, 
since they require a substituent on phosphorus 
with very high electron density (e.g. a negatively 
charged group) to stabilize the required ineta- 
phosphate intermediate (10). Hall (1 1) suggested 
that N,N,N1,N'-tetramethylphosphonic chloride 
hydrolyzed by an SN1 mechanism. The selectivity 
value of 1.8 obtained for this compound in the 
present study suggests a low charge transfer but 
does not indicate a pure SN 1 reaction. 

The Bronsted coefficient (z) is directly related 
to charge transfer under specific reaction condi- 
tions (3). Our results would therefore suggest that 
the Bronsted coefficient would decrease in the 
order 

fluorides > cyanides > pyro compounds > chlorides 

Green et al. (12) quoted a value of 0.82 for the 
reaction of hydroxamic acids with isopropyl 
methylphosphonofluoridate. Although hydrox- 
amic acids are a-nucleophiles (13), the high 
Bronsted coefficient does confirm that a high 
degree of charge transfer is associated with 
nucleophilic attack on phosphofluoridates. Bron- 
stedcoefficients for ethyl N,N-dimethylphosphor- 
amidocyanidate (0.55) and tetraetliyl pyroplios- 
phate (0.7) are lower (l2), and it is concluded that 
selectivity reversal for the nucleophilic moieties 
of ethanolaniine occurs in the range of z = 0.5 

characteristic of the charge transfer allowed to a to 0.7. However, the present data suggest that, 
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under our experimental conditions at least, the 
Bronsted coefficient for cyanides will be higher 
than that for the corresponding pyro compounds. 
No Bronsted coefficients have been reported fcr 
chlorides but a low value has been measured in 
these laborator ie~.~ 

To summarize, it has been shown that, by 
changing the substitution on phosphorus, the 
amount of charge transfer in the transition state 
can be varied predictably with consequent 
changes in the selectivity for phosphylation of the 
amino and hydroxyl moieties of ethanolamine. 
Because of the comparative stability of the sp3d 
transition state of phosphorus a wide range of 
selectivities/charge transfers are observed. A 
similar wide range cannot be observed with 
closely analogous carbon compounds. Our results 
lead us to believe that, for any one series, the 
values for the Bronsted coefficient will be in the 
order F > CN > OP(0)RR1 > C1. 

Experimental 
Efhanolamine 

This compound was distilled before use, b.p. 171-172". 

Triefhylamine 
This was distilled from KOH prior to use, b.p. 89-90". 

Phosphor~rs Compo~rnds 
The chloro compounds were prepared by standard 

methods: ethyl N,N-dimethylphosphoramidochloridate, 
b.p. 51°/0.01 mm, lit. 73"/4 mm (14); diisopropyl phos- 
phorochloridate, b.p. 84"/10 mm, lit. 93"/15 mm (15); 
isopropyl methylphosphonochloridate, b.p. 81 "11 5 mm, 
lit. 83"/22mm (16); and dimethylphosphinic chloride, 
m.p. 67-69", lit. 68-72" (17); tetramethylphosphodiamidic 
chloride, b.p. 106-109"/10 mm, lit. I 1O0/10 mm (1 8). 

Using these chloro compounds, the pyro analogs were 
prepared by the method of Toy (19), and the fluoro by 
the procedure of Goldwhite and Saunders (20) with am- 
monium fluoride substituted for sodium fluoride. The 
cyano analogs were prepared by the reaction of cyanogen 
bromide with tervalent phosphorus esters (14). The purity 
of each compound was established by ,'P, 'H n.m.r. and 
infrared spectra. 

Nuclear magnetic resonance spectra were determined 
on a Varian 4300B/HA60IL spectrometer operating at 
60 MHz for protons and 24.288 MHz for phosphorus. 
All the phosphorus spectra were referenced to 85% 
H3P04 and determined in a non-spinning 15 mm tube. 
For proton spectra the internal lock signal was provided 
by tetramethyl silane. Infrared spectra were obtained 
using a Perkin-Elmer 421 spectrophotometer. 

Reaction of Pl~ospl~ylafi~lg Agents with Ethanolarnine 
With the exception of the dimethylphosphinic com- 

pounds, the phosphylating agents were reacted with 

6R. Greenhalgh and M. A. Weinberger. Unpublished 
results. 

ethanolamine according to the procedure previously re- 
ported (1). Equimolar amounts (0.025 M) of agent and 
ethanolamine were reacted in the presence of a slight 
excess of triethylamine in chloroform as solvent. The 
alcohol was removed from the chloroform prior to use by 
passing it through a column of silica gel. During the 
addition of agent to ethanolamine, the temperature was 
maintained at 10-15', after which the conditions were as 
recorded in Table 1. A ,'P n.m.r. spectrum was obtained 
on the crude product remaining after removal of the tri- 
ethylamine salt and solvent. The relative amounts of 
phosphorus in different environments was determined by 
peak area measurements (square count). 

Reaction of Dimefhylphosphinic Chloride with 
Efhanolamine 

Dimethylphosphinic chloride (5.6 g) was weighed in a 
dry box and dissolved in chloroform (35 ml). This solution 
was added with stirring to ethanolamine (3 g) and tri- 
ethylamine (15 ml) in chloroform (30 ml), in a nitrogen 
atmosphere. The reaction temperature was kept below 10" 
during the addition, and then allowed to rise to room 
temperature. After 2 h the solvent was removed by a 
stream of dry nitrogen,and the resultingmixture of oil and 
crystals filtered. A ,'P n.m.r. spectrum of the crude oil 
showed the presence of three major products: -55.7 
p.p.m. (IS%), -41.1 p.p.m. (61 %), -33.3 p.p.m. (21 %), 
but no starting material (-62.0 p.p.m.). 

An aliquot (4.6 g) of the crude product was chromato- 
graphed on alumina (Woelm, basic 111). An oil (882 mg) 
was eluted with chloroform-ether (2:1), and distilled at 
125-13O0/0.05 mm. The ,'P n.m.r. spectrum of this oil 
showed 2 peaks: -56.8 p.p.m. (53%) and -42.5 p.p.m. 
(4773, which suggested it was a mixture of 0,N-bis-  
dimethylphosphinyl ethanolamine and a small amount of 
2-aminoethyl dimethylphosphinate. 

The second fraction was also an oil (2.07 g), which was 
eluted with methanol~hloroform (1 :I). This material in 
chloroform showed a single peak at -43.1 p.p.m. (3'P 
n.m.r.). Prot0nn.m.r. (CDCI,): PCH,, doublet (r  = 8.49, 
JpH = 13.9 Hz); NCH,, multiplet, (r  = 6.90, JP-NCH2 = 
10.4 Hz); OCH,, triplet (r = 6.36, JcHlcHZ = 4.85 Hz). 
Infrared (film): 3370 and 3250 cm-I, OH and NH; 1304 
cm-', P-CH,; 1180 cm-', P + 0 ;  1110, 1020, and 945 
cm-', P-C and P-N. This compound was assigned the 
structure N-2-hydroxyethyl-P,P-dimethylphosphinami- 
date on the basis of its spectral characteristics. 

Attempts to distil this oil at 120-130"/0.05 mm resulted 
in decomposition as illustrated by the ,'P n.m.r. spectrum 
before distillation, -41.1 p.p.m. (100%); and after, - 54 
p.p.m. (58%), -40 p.p.m. (2273, and -34.5 p.p.m. 
(20 %). 

Reaction of Teframefhylphosphinic Anhydride with 
Efhanolamine 

Tetramethylphosphinic anhydride (8.5 g) in chloroform 
(25 ml) was added to a solution of ethanolamine (3 g) and 
triethylamine (I5 ml) in chloroform (35 ml). The reaction 
was carried out in a dry nitrogen environment at room 
temperature for 24 h. Removal of the solvent gave a clear 
oil, the ,'P n.m.r. spectrum of which showed three peaks: 
-54.4 p.p.m. (19%), -39 p.p.m. (22%), and -33.9 
p.p.m. (59%). The absence of a peak at -51.5 p.p.m. 
indicated that all the starting material had reacted. 
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Chromatography of the crude product on alumina 
(Woelm, basic 111) did not result in the separation of pure 
compounds. Three fractions eluted with chloroform, 
whose ,'P n.rn.r. spectra showed the presence of a corn- 
pound at -56.2 p.p.rn. (CHCI,) in amounts greater than 
80%, were combined and distilled. The bulk of the 
material which distilled at 80-85"/0.05 rnrn was an oil, 
whose ,'P n.m.r. spectrum showed a single peak at 
-56.1 p.p.rn. (CHC13). Proton n.rn.r. (CHCI,): PCH,, 
doublet (T = 8.48,JP-c~, = 14.1 HZ); NCH,, triplet (T = 
7.06, JcHZ-CHZ = 5.35 Hz); OCH,, double triplet (T = : 
6.01, J C H ~ C H ~  = 5.35, Jp-ocH2 = 7.5 HZ). Infrared (film) 
3440 and 3360 crn-', NH,; 1302 crn-', P-CH,; 1205 
crn-', P - > 0 ;  1010,940, and 870 crn-', P-CandP-N. 

Anal. Calcd. for C,H,,NO,P + H,O: C, 31.00; H, 
9.02; N, 9.02. Found: C, 31.35; H, 8.71; N, 9.28. 

The elemental analysis and spectral characteristics of 
this compound are consistent with it being 2-aminoethyl 
dirnethylphosphinate. The original product, therefore, 
consisted of 19% P-0, 22% P-N, and 59% acid. 

The authors wish to thank Miss P. M. Lutley for n.m.r. 
spectra and product analyses and Mr. Y. Marois for the 
infrared spectra. Mr. N. Gibson assisted with some of the 
synthetic and kinetic experiments. 
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Mechanism of the reaction of sarin with methanol in the presence of amines' 

M. A. WEINBERGER,~ R. GREENHALGH,~ AND P. M. LUTLEY   MISS)^ 
Defence Researclr Estab/is/zment Ottatva, Dcfe~~ce Researcll Board, Ottnrva, Cn~rada 

Received November 3, 1969 

In pyridine or 2-methyl-2-propanol solution, the kinetics of the reaction of sarin with methanol in the 
presence of amines to produce the ester, methyl isopropyl methylphosphonate, is shown to be of first 
order with respect to each of the three components. By varying the amine it was deduced that the amine 
acts as a general base catalyst but the catalysis is subject to large steric effects. 

Canadian Journal of Chemistry, 48, 1358 (1970) 

Introduction 
I t  has previously been shown (1) thatalcohol- 

amine mixtures react with sarin (isopropyl 
methylphosphonofluoridate) to form esters, in 
contrast to the production of amides when the 
chloridate is used as the phosphylating agent. 
The presence of amine is, however, apparently 
required for ester formation to proceed. This 
reaction has now been examined in further 
detail by kinetic methods. 

Experimental 
Sarin is extremely toxic and quite volatile. It is nor- 

mally handled only in a highly efficient fume-hood with 
the operator showing no exposed skin and wearing a 
gas mask. 

(a) Method 
The course of the reaction was followed by determining, 

at various times, the nuclear magnetic resonance (n.m.r.) 
spectra (Varian HA60IL spectrometer operating in HR 
mode) of the reaction mixtures in the regions charac- 
teristic of OMe and PMe protons. The development of 
the ester POMe doublet vs. the disappearance of the 
methanol OMe singlet served as an index of reaction 
progress, as did, independently, the appearance of the 
ester PMe doublet compared with the disappearance of 
the sarin PMe quartet. This double determination of the 
extent of reaction was not possible with those amines 
whose proton spectra obsci~red the PMe region. Inte- 
grated spectra and, in some cases, peak heights were used 
to determine the relative concentrations of the reagents. 

The choice of solvent was limited by the requirements 
of non-reactivity and a non-interfering n.m.r. spectrum. 
The effect of varying the amine was examined in 2-methyl- 
2-propanol, in which all components remained in solu- 
tion, but in which the PMe peaks appeared on the 
shoulder of the large solvent peak. 2-Methyl-2-propanol 

'D.R.E.O. Report No. 614. 
'Present address: Defence Research Analysis Estab- 

lishment, Ottawa 4, Canada. 
'Present address: Analytical Chemistry Research 

Service, Department of Agriculture, Central Experi- 
niental Farm, Ottawa, Canada. 

4Present address: Dalhousie University, Halifax, Nova 
Scotia. 

did not react with sarin in the time allotted to the experi- 
ments. Attempts to use deuterated 2-methyl-2-propanol 
led to irreproducible fesults, as the commercially available 
samples appeared to contain a non-removable component 
which interfered with the reaction. The system on which 
the detailed kinetic evaluations were made consisted of 
sarin-d6 [(CD,),CHOP(O)(CH,)F], methanol, with 
ethylene diamine as the amine and pyridine as the solvent. 
Use of sarin-d6 ensured a clear view of the PMe protons, 
and all the required n.m.r. peaks were well separated 
from one another. However, the amine salt precipitated 
during the reaction. Pyridine, even at  the high concentra- 
tion in which it is present as the solvent, is ineffective as a 
base for the sarin-methanol reaction and can be con- 
sidered inert. 

The reactions were studied in n.m.r. tubes at 29 OC. T o  
determine reaction order, runs were made with the 
reagents in equimolar proportions at three concentrations 
(0.37, 0.48, and 0.68 M). The relative proportions of the 
reagents were also varied (sarin, 0.74; MeOH, 0.37; 
(CH2NHZ),, 0.37 M). These high concentrations were 
required because of the lack of sensitivity of the n.m.r. 
method. The ratio of the total integrated OMe to PMe 
peaks was averaged over the run and used to correct the 
nominal methanol concentration. 

The preparation of the reaction mixtures was com- 
plicated by the precautions which had to be taken because 
of the toxicity of sarin and to protect the reagents from 
moisture. The operations were carried out in a glove box 
(dry nitrogen atmosphere) inside a fume-hood. Quan- 
tities of reagents (30-60 PI) were measured by micro- 
pipet into a mixing vessel, before transfer to a 5 mm 
n.m.r. tube which was closed with a tightly fitting 
neoprene cap. 

( b) Materials 
Snr i~ l -d~  
This was prepared by the reaction of 2-propanol-d6 

[(CD,),CHOH] (Merck, Sharp and D o h ~ n e  of Canada 
Ltd.) with a mixture of methylphosphonic dichloride and 
niethylphosphonic difluoride (2). The product, b.p. 42 "C/ 
0.9 mm, was characterized by its ' H  and "P n.m.r. and 
infrared spectra. 

Metha1101 
This was stored over moleci~lar sieve (Linde type 3A) 

and distilled from calciuni hydride; b.p. 65 "C. 
Pyridine 
This was stored over KOH and fractionated; b.p. 

115 "C. 
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WEINBERGER ET AL.: REACTION OF SARIN WITH METHANOL 

TABLE 1 
Kinetics of the sarin-methanol-ethylene diamine reaction 

- p-pp.-p 
pp-p- .- 

Co Relative concentrations Kinetic l ~ ~ k ' ' ' ~ ~ ~  10'k"' 
(M) Sarin:MeOH :en equation (s-l) (M-2 S-I) 

2-Met/lyl-2-propntrol 
This was distilled from calcium hydride; b.p. 81-82 "C, 

m.p. 24-25 "C. 
Atnit~es 
Ethylene diamine, triethylarnine, diethylamine, piperi- 

dine, and collidine were stored over KOH and distilled 
prior to use. 1,4-Diazabicyclo[2.2.2]octane and quinucli- 
dine5 were purified by recrystallization. 

(c) Base Stretrgtl~s it1 2-Methyl-2-propfl1101 
The base (0.5 M )  in 2-methyl-2-propanol saturated 

with KC1 was half neutralized with a solution of trifluoro- 
acetic acid in KCI-saturated 2-methyl-2-propanol. From 
the potential difference, E, measured between calomel 
and glass electrodes immersed in the solution (Metrohm 
p H  meter), the relative base strengths of quini~clidine and 
1,4-diazabicyclo[2.2.2]octane with respect to triethyl- 
amine were calculated by ApK = (F12.303 RT)AE. 

Results 
The ~ r o d u c t  of the reaction was shown to be 

methyl isopropyl methylphosphonate by com- 
parison of its n.m.r. and infrared spectra with 
those of an authentic sample. There was no n.m.r. 
evidence for the formation of isopropyl P-methyl- 
phosphonamidates or isopropyl methylphos- 
phonic acid. However, it must be borne in mind 
that n.m.r. is not a very sensitive method for 
detecting impurities. 

In the runs with ethylene diamine (en) its 
hydrofluoride precipitated from the pyridine 
solution and this degraded the quality of the 
n.m.r. spectra. If the salt is only involved in 
the reaction mechanism as a final product, the 
kinetics will not be affected. The ratio of the 
integrated peaks due to OMe to those from PMe 
protons was constant to +_ 3-4 % during each run. 
This ratio was used to correct the nominal 
methanol concentration which, because of the 
method of addition and the volatility of methanol, 

5The authors thank Dr. D. H. Rosenblatt, Edgewood 
Arsenal, Maryland for donating this amine. 

was most likely to be in error. The extents of 
reaction at a given time, as measured by the 
relative distribution of OMe and PMe among 
reagents and products were almost identical, 
except in the runs at lowest concentration (0.37- 
0.38 M), where the methanol disappearance 
lagged somewhat behind the sarin consumption. 

The results obtained in pyridine solution were 
analyzed by applying the relevant relation for 
third-order kinetics. In the case of equimolar 
concentration (c,) of two reagents, with the third 
reagent concentration slightly different at c, + 6c, 
the simple third-order expression 

is modified by a correction term to give 

where k"' is the third-order rate constant and c 
is the concentration at time t .  

When the proportion of reactants is 2:1:1, the 
relation is 

where c, and c are the concentrations of the 
reactants present in smaller quantity. No con- 
centration corrections were applied in this case. 
Typical plots against time of the left-hand side of 
eq. [I], evaluated for three concentrations of 
equimolar reaction mixtures, are shown in Fig. 1. 
Values of k"'cO2 derived from the slopes of these 
plots and those of eq. [2] are shown in Table 1. 
A plot with least-square constraint of k"'co2 vs. 
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0 50 100 150 200 250 

TIME,  rnin 
FIG. 1. Plots to 65-70% reaction of left-hand side of eq. [ I ]  vs. time. 

co2 yielded a line through the origin of slope 
k"' = 1.45 + 0.08 x M - 2  S-l. 

Third-order rate constants for the reactions 
with various amines in 2-methyl-2-propanol solu- 
tion are shown in Table 2, which is arranged 
according to increasing base strength in water. 
Reaction mixtures were usually 1 : 1 : 1 in reagents, 
each at a concentration 0.45-0.5 M. The pK, 
values of the bases in water and the differential 
pK, values with respect to triethylamine in 
2-methyl-2-propanol are also shown. 

Discussion 

In considering these results, it should be 
remembered that n.m.r. is not capable of giving, 
in the present experiments, highly accurate kinetic 
measurements. The results are, however, ade- 
quate to establish that the reaction kinetics are 
overall third order. A second-order expression 
does not fit the data as well as the third-order 
expression used and, furthermore, the values of 
k"co which can be deduced from the second- 
order (co/c vs. t )  plots do not lie on a line through 
the origin when graphed against c,. I t  should also 
be remembered that no reaction occurs when 
either methanol or amine is missing from the 
reaction medium. 

The following three mechanisms were con- 

sidered in order to explain the function of the 
amine. Only the third was found to be consistent 
with all the kinetic and other reaction data. 

(a) Specific catalysis or nucleophilic attack by 
amine 

sarin + amine + [-P-N-] 

[-P-N-] + MeOH + ester + amine. H F  

This mechanism is unlikely, because when 
amidates rather than esters are produced by a 
suitable change of the leaving group (e.g. from 
F to Cl), they are found to be stable. For ex- 
ample, when ethanolamine is reacted with the 
chloro analogue of sarin, a high yield of the 
N-phosphylated product is isolated in contrast to 
the reaction of ethanolamine with sarin which 
results in 0-phosphylation (1). I t  has also been 
shown that diethylamine hydrofluoride neither 
reacts with sarin nor catalyzes the conversion of 
N-phosphylated ethanolamine to  O-phosphyla- 
ted ethanolamine. Furthermore, a tertiary amine 
would lead to a positive nitrogen in a phosphon- 
amidate intermediate, yet the rate constant with 
quinuclidine is not too different from that with 
diethylamine. 

(6) The amine reacts with methanol in a fast 
equilibrium reaction to produce the true nucleo- 
phile, methoxide ion, probably present in an ion 
pair, the attack of methoxide ion on sarin being 
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WEINBERGER ET AL.: REACTION OF SARIN WITH METHANOL 

TABLE 2 

Rate constants of the sarin-methanol-amine reaction in 2-methyl-2-propanol 
-- 

1 n4k"/ 
Amine PK. ( a d  pKa (t-BuOH) &--" s- l )  

-- 

Collidine 7 .6  0.0017 
1,4-Diazabicyclo [2.2.2]octane 8 .9  -0.85 0.76 
Quinuclidine 10.7 +0 .4  3.8 k 0 . 2  
Triethylamine 10.8 ref 0.73+0.02 
Diethylamine 11 .O 5.8 k 0 . 7  
Piperidine 11.2 10.7 k 0 . S  

the rate-determining step (c) The amine acts as a general base catalyst by 

K facilitating the removal of the hydroxyl proton in 
amine + MeOH =3 MeO- + amine. H +  the transition state of the reaction between sarin 

k and methanol. All the facts given above are 
MeO- + sarin -> ester + F- consistent with this mechanism. A similar mech- 

anism has been suggested by Dudek-and West- 
At first sight, it would appear that this mechanism heimer (4) for the propanolysis of tetrabenzyl 
cnuld be immediately eliminated on kinetic pyrophosphate in the presence of lutidine or 
grounds for, on the assumption thatK<< 1, it does collidine and by Hudson and Greenhalgh (5) for 
not lead to third-order kinetics but, for equal ini- the catalysis by butylamine of the hydrolysis of 
tial reactant concentrations, to 112 [(co/c) - 1 l2 = diisopropyl phosphorofluoridate. General base 
kKcOt' This expression does not fit the data' catalysis subject to steric effects is perhaps not a 

since it was found that universally accepted phenomenon, but it has been 
diamine hydrofluoride is sparingly soluble in and used by Covitz and Westheimer (6) to explain the 
precipitates from pyridine solution, third-order hydrolysis of ethylene methyl phosphate. The 
kinetics may still result as long as supersaturation third-order rate constant reflects interaction of 

Occur (k"' = kKI JKs7 where K+. = the base with a large organic transition state 
[amine. H+:l[Fd]). complex at the moment when a proton is trans- 

This mechanism however, be "led Out '' ferred from one to the other. It is reasonable to 
grounds. Firstly, the reaction suppose that this interaction is subject to different 

third-order kinetics in 2-methyl-2-propanol, steric conditions from those which affect the 
where the salt stays in solution. Secondly, the ionization constant of the base. When steric con- 
effect of the base on the rate of the reaction should ditions are similar, as in quinuclidine and 1,4- 
be controlled by its strength, since it is involved ~~aza~icyc.o[2~2~210ctane, it can be seen from 
only in a non-rate-determining proton transfer Table 2 that the rate constants follow the 
equilibrium. However, a comparison (Table 2) of basicities with an indicated Br6nsted coefficient 
the results with triethylamine with those with to 0.6. 
quinuclidine suggests that factors other than base 
strength are involved. There is a fivefold increase 
in velocity constant with quinuclidine over tri- The authors are grateful to Dr. R. M. Heggie for 

ethylamine although the pK, values for the two advice and encouragement. 

amines are virtually identical in aqueous solution 
and differ bv a factor of only 2.5 in 2-methyl-2- 1. R. GREENHALGH and M. A. WEINBERGER. Can. J. 
propanol solution. The amino group of quinucli- Chem. 45, 495 (1967). 

2. B. M. ZBFFERT, P. B. COULTER, and H. TANNENBAUM. dine is not sterically hindered. It is well known J. Amer. them, g2, 3842 (1960). 
that triethylamine exhibits considerable steric 3. R. u. LEMIEUX and D. R. LINEBACK. Can. 3 .  Chem. 

43, 94 (1968). hindrance as compared to diethylamine (see, for 4. G. O.  DUDEK and F. H, WESTHEIMER. J. Amer. 
example, Lemieux and Lineback (3)). It would them. so,, 81, 2641 (1959). 
appear, therefore, that the reaction mechanism S. R. F. HUDSON and R. GREENHALGH. J. Chem. Soc. 

B, 325 (1969). must be one which involves steric hindrance in 6. F. CovrTz and F. H. WESTHEIMER. J. Amer. Chem. 
the function of the amine. SOC. 85, 1773 (1963). 
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Mass spectral studies of metal chelates. V. Mass spectra and appearance 
potentials of some fluorine-substituted acetyla~etonatesl,~ 

C. REICHERT,, G. M. BAN CROFT,^ AND J. B. WESTMORE 
Depa~fment of Chemistry, Utriuersity of iblatritoba, Wit~tzipeg, Manitoba 

Received July 10, 1969 

The mass spectra of the hexafluoroacetylacetonates (hfacac) and trifluoroacetylacetonates (tfacac) of 
AI(III), Cr(llI), Fe(III), Fe(Il), Cu(II), and Zn(1I) are reported. The main features of the spectra are 
discussed. Compared with the spectra of the acetylacetonates (acac), substitution of CF, for CH, in 
these complexes leads to more extensive fragmentation of the niolecular ions. For example, ions corre- 
sponding to loss of .CF3 radicals are more abundant than those corresponding to loss of .CH3 radicals. 
Theappearance potentials (a.p.'s)of the niolecular ions and, where possible, of fragment ions formed from 
the molecular ion by loss of .CF3, .CH3, or ligand radicals are reported. The a.p.'s of the molecular ions 
are more sensitive to the nature of the ligand than to the metal. Thus, for the metal chelates studied here 
the a.p.'s of the molecular ions from ML, and ML, (L stands for ligand) were 9.95k0.25 V for L= hfacac, 
9.05 k 0.35 V for L = tfacac, and 8.3 k 0.35 V for L = acac. The energy required to dissociate a .CF, 
or .CH3 radical from the niolecular ion is sensitive to the nature and valency of the metal M, being low 
(relatively) for AI(II1) and Fe(III), and high (relatively) for Cr(l1I) (inferred) and Fe(1I). This variation 
is discussed in terms of the effect of substituent, and of interaction of metal d orbitals with the ligands. 

Canadian Journal of Chemistry, 48, 1362 (1970) 

Introduction 
Although the metal acetylacetonates have long 

been studied, there still remains much to  be under- 
stood about the bonding in these molecules. There 
is general agreement that, in those coinplexes in 
which coordination to the metal occurs through 
the oxygen atoms, the chelate ring is planar and 
the 7t electrons are partially delocalized over the 
chelate ring (2). Other conclusions are less certain. 
Substantial progress has been made in the inter- 
pretation of their electronic spectra. Although 
Barnum (3) has obtained good agreement between 
calculated and observed energies for spectral 
transitions of a n~lmber of octahedral acetyl- 
acetonates, there is still considerable disagree- 
ment over the band assignments. 

Recent mass spectral studies of metal P-di- 
ketonates have been ~~se f i i l  in elucidating the 
bonding in  these compounds (4-9). However, 
differences in appearance potential values, al- 
though they should be easier to  assess than 
changes in absorption spectra (4), were not in 
agreement with those expected on the basis of 
Barnum's simple molecular orbital calculations 
and assuming Koopmans' theorem (10) to  hold. 

'See ref. 1 for Part IV. 
'Presented, in part, at the 51st Conference and Exhibi- 

tion, Cheniical Institute of Canada, Vancouver, May, 
1968. 

,Present address: Mass Spectron~etry Center, Univer- 
sity of Kentucky, Lexington, Kentucky. 

'Present address: University Che~nical Laboratory, 
Lensfield Road, Cambridge, England. 

Yet the results have been consistent with the loss 
of a n  electron from an orbital localized mainly o n  
the ligand, and the changes in appearance poten- 
tials for a number of substituted acetylacetonates 
(5) could be correlated with the bonding proper- 
ties of the various substituents to a ring which has 
aromatic character. 

In this paper, we report mass spectra of a 
number of bis and tris chelates formed from hexa- 
fluoroacetylacetone (CF,COCH,COCF,) and 
trifluoroacetylacetone (CF3COCH2COCH3). Al- 
so recorded are the appearance potentials of the 
molecular ions and other selected ions. These 
results are again consistent with the loss of an 
electron from a molecular orbital localized mainly 
on the ligand. The large variation in C-CF, and 
C-CH, bond dissociation energies (from the 
molecular ion) from compound t o  compound is 
discussed in terms of relative stabilization of the 
molecular and fragment ions. 

Experimental 
All the metal chelates, with the exception of Fe(tfacac),, 

were prepared using the aqueous solution synthesis de- 
scribed by Fernelills and Bryant ( 1  1). Iron(I1) trifluoro- 
acetylacetonate was prepared using a modification of the 
method of Buckingham et 01. (12). Trifluoroacetylacetone 
was added to a solution of FeS04 in deoxygenated water 
containing a few drops of H,S04 and a few drops of 
hydrazine to reduce any iron(II1) impurities present. The 
precipitate was filtered off and washed with a largevolunie 
of deoxygenated water. It was dried in vacuo. All coni- 
pounds were purified by fractional sublimation at reduced 
pressure. 
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REICHERT ET AL.: MASS SPECTRAL STUDIES OF METAL CHELATES. v 1363 

TABLE 1 

Relative intensities of metal-contain~ng ions in the mass spectra of the trls-complexes of fluormated acctylacetonates, 
at an electron energy of 50 V and an ~onizat~on chamber temperat~lre of 150 "C* 

--- -- 
~ p ~ ~ ~ - ~ ~ ~ - - ~ p  - - -- - -- - - 

Relative lntenslty of daughter ion from 

Ion or elm Cr(t facac), Fe(t facac), 

LM+ (i) 
(LMF-CF2)+ ( j )  
(LM-CF,)+ (k )  

'Identified metastable transitions are indicated by superscripts which relate the daughter ion to its precursor as labelled in column I. (The 
relative intensities of the ions in the lower part o f  the table, which do not conlain a metal atom, are indicated qualitatively by s = strong. 
m = medium, w = weak.) 

tlncorreclly reported in ref. 5. 
$Temperature = 80 "C. 

The mass spectra were obtained on a Hitachi Perkin- 
Elmer RMU-6D single focussing mass spectrometer. The 
samples were introduced via the heated inlet system 
(150 'C). The masses of the high-mass ions were verified 
by the simultaneous introduction into the ion source of 
perfluorokerosene, which gives ions of known mass, at 
sn~all mass intervals, to masses beyond 1000. Appearance 
potentials were determined, as described previously (4), 
by the semi-logarithmic method (13) using xenon as a 
standard. 

Results and Discussion 
Mass Spectra 

The relative intensities of all metal-con.taining 
ions (except for very minor.peaks, i.e. less than 
1 % relative intensity) in the mass spectra of the 
tri- and hexa-fluoroacetylacetonates of AI(III), 
Cr(III), Fe(III), Fe(II), Cu(II), and Zn(I1) are 
given inTables 1 and 2. Also present in the spectra 

were ligand fragments, and only the most im- 
portant of these are reported in the tables. They 
were of variable intensity and possibly could arise 
from ionization and fragmentation of the metal 
chelate or  a thermal decomposition product, al- 
though, except for the Fe(II1) chelates, evidence 
of thermal decomposition was minimal. In some 
cases, however, the presence of a metastable peak 
confirmed that these non-metal-containing ions 
did arise from metal-containing precursor. These 
cases will be discussed later. 

It is first appropriate to point out some general 
features of the spectra. Compared with the spectra 
of the acetylacetonates (4, 6), it is apparent that 
substitution of CF, for CH, in these complexes 
leads to a more extensive fragmentation of the 
molecule under electron impact. There is a 
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TABLE 2 

Relative intensities of metal-containing ions in the mass spectra of the bis-complexes of fluorinated acetylacetonates, 
at an electron energy of 50 V and an ionization chamber temperature of 150 "C* 

Relative intensity of daughter ion from 

Ion or elm Fe(hfacac), Cu(hfacac), Zn(hfacac), Fe(tfacac), Cu(tfacac), Z n ( t f a c a ~ ) ~  

*Identified metastable transitions are indicated by superscripts which relate the daughter ion to its precursor as labelled in column 1. (The 
relative intensities of the ions in the lower part of the table, which do not contain a metal atom, are indicated qualitatively by s =strong, 
m = medium, w = weak.) 

?See text for interpretation of this ion. 

decrease in relative intensity (compared with the 
total ion current) of the molecular ion, and a 
consequent increase in the number and intensity 
of the fragment ion peaks in the spectra of the 
fluorinated species. The greater fragmentation of 
the fluorinated chelatescan be attributed to (a) the 
relative instability of the molecular ion due, for 
example, to weak C-CF, bonds in the molecular 
ion, (b) the relative stability of fragment ions in 
which rearrangement allows formation of strong 
metal-fluorine bonds, and (c) the destabilization 
of a C-CH, or C-CF, bond owing to the in- 
crease of positive charge on the carbon atom via 
the electron withdrawing power of the CF, sub- 
stituents. Evidence to support (a) is given by the 
appearance potential measurements to be dis- 
cussed in this paper, and to support (b) is given 
later in this section. Evidence in favor of (c) has 

already been discussed (5). It is noteworthy that 
observation (c) is consistent with the relative 
stabilities of benzylic bonds meta or para to an- 
other functional group in the mass spectra of 
benzene derivatives and in which correlations 
with Hammett sigma constants have been made 
(14). Thus, in analogous compounds of the same 
metal, the peak corresponding to loss of a .CF, 
radical is always considerably more intense than 
the corresponding peak due to loss of a .CH, 
radical. Indeed, the latter peaks are very small or 
undetectable in the spectra of most of the tri- 
fluoroacetylacetonates presented here. This sug- 
gests that, in the molecular ion, the C-CF, bond 
is weaker than the C-CH, bond. This is con- 
firmed in the cases of Zn(tfacac), and H(tfacac), 
in which the appearance potentials of both 
(P-CF,)' and (P-CH,)' could be measured 
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REICHERT ET AL.: MASS SPECTRAL STUDIES OF METAL CHELATES. v 1365 

TABLE 3 
Appearance potentials of selected ions in the mass spectra of fluorinated acetylacetonates* 

Appearance potential, V 

Compound P + (P-CF3)+ (P-CH3)+ (P-L)+ A(CF3) A(CH3) A(L) P+(lit.) 

*P = parent molecular ion. Ionization chamber temperature = -150 "C. Experimental error = k0.1 V unless otherwise stated. Error in A 
values = +_ 0.2 V in most cases. 

?See ref. 7. 
$Photoionization value, see ref. 36. 
§May be low because of the possibility of thermal decomposition to the bischelate in the ion source. 

(Table 3) and a direct comparison of the bond There are many metastable peaks which aid in 
dissociation energies in the same molecular ion the interpretation of the mass spectra. These are 
can be made assuming that the excess energies due recorded in Tables 1 and 2. Of notable interest 
to kinetic and excitation effects are the same. are the peaks due to the following metastable 

The general features of the mass spectra can transitions in which a neutral, metal-containing 
be interpreted in terms of the relative stabilities species is eliminated 
of odd--or even-electron ions, and the tendency 
of the metal to undergo valency change (4-6). 
Thus, if, as we propose (5) ,  an electron is re- 
moved from the n-system of a chelate ring, the 
elimination of neutral odd-electron species 
( a  F, .CF,, . CH,, . acac, tfacac, hfacac) will 
produce a relatively stable, even-electron frag- 
ment ion. Further elimination of odd-electron 
neutral species from this fragment ion will not 
occur readily unless a valency change (reduction) 
of the metal occurs, and consequently these 
reactions occur most readily for the Fe(II1) 
and Cu(I1) chelates, and least readily for the 
Al(II1) chelates, consistent with the familiar 
facile reduction of Fe(II1) to Fe(I1) and Cu(I1) 
to Cu(1) in the general chemistry of these metals. 
Even-electron ions tend to lose even-electron 
neutral species (CF,, CH,CO, L-F), and no 
valency change of the metal is required in these 
reactions. 

(FM(hfacac)-CF2)+ + MF3 + CF,COCHCO+ 
for M = Al, Cr 

There are a number of noteworthy transitions, 
involving loss of CF, or (L-F), in the spectra. 
The corresponding loss of CH, was not observed 
in the spectra of the acetylacetonates (4, 6). In 
many cases, a one step process is indicated by the 
presence of a metastable peak for the transition. 
A mechanism for the elimination of CF, has been 
proposed previously (5) and involves the rear- 
rangement of a fluorine atom to the metal. The 
elimination of L-F would also involve rearrange- 
ment of a fluorine atom to the metal. That metal- 
fluorine bonds are indeed formed is confirmed by 
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the observations of Clobes et al. (15), who 
observed metastable peaks for the elimination of 
neutral metal fluorides from fragment ions in the 
mass spectra of hexafluoroacetylacetonates of 
Cr(III), Fe(III), and Co(III), and also by our own 
observations given above. Additionally, King 
(16) has reported elimination of neutral FeF, in 
the mass spectra of some transition-metal fluoro- 
carbon complexes. 

The formation of metal-fluorine bonds is thus 
well documented. Since a strong carbon-fluorine 
bond must be broken in the reaction, the process 
should be favored when the metal-fluorine bond 
energy is high. From recent data, the mean bond 
energies, in kcal/mole, in the following com- 
pounds are computed: AlF,, 140 (17); CrF,, 
119 + 4 (18); CrF,, 113.5 f 2 (19); FeF,, 
110 + 6 (18); FeF,, 115 + 5 (20); CoF,, 111.5 
(21); CuF,, 90(21); ZnF2,92 (21); CF,, 117.5 + 1 
(22). Thus, for Al, Cr, Fe, and Co the metal- 
fluorine bonds are almost as strong as, or stronger 
than, the carbon-fluorine bond. For Cu and Zn 
the metal-fluorine bonds are 25-30 kcal/mole 
weaker than the carbon-fluorine bond. No 
evidence for Cu-F bond formation is observed 
in the mass spectra of the copper chelates, but 
elimination of CF, is apparently a very favorable 
process in the zinc chelate fragmentations. It is 
apparent that, if the metal-fluorine bond is not 
too weak, the odd- or even-electron character of 
the ion, and the ability of the metal to change 
valency, are of prime importance. 

Since CF, is an even-electron species, it would 
preferentially be eliminated from even-electron 
ions rather than from odd-electron ions. Elimina- 
tion of CF, has not been observed from the 
molecular ions of any of the trischelates (i.e. 
(L,M-CF,)' ion peaks have not been detected), 
either because the L,M+ ions are odd-electron 
species or because the concerted mechanism 
proposed (5) may be sterically hindered. (L,M- 
CF,)+ ion peaks are observed for all the tris- 
chelates and also for Fe(hfacac), and Fe(tfacac),. 
For these latter two compounds the L,M' ion 
is an odd-electron species unless metal-to-ligand 
electron transfer occurs, i.e. oxidation of the 
metal occurs. It is just in the case of Fe(I1) that 
oxidation of the metal should occur most readily. 
(LM-CF,)' ion peaks are observed in most of 
the spectra but are absent from the spectra of the 
Cu(I1) chelates. Elimination of CF, seems to 
occur more readily in fragmentation of the 

hexafluorochelates than the trifluorochelates, 
possibly because of the greater statistical proba- 
bility of occurrence (twice as many CF, groups). 

The elimination of CF, has also been observed 
in organometallic compounds (23, 24) and 
organic compounds (25, 26). In organic com- 
pounds, the elimination of CF, has been attribu- 
ted to the comparative stability of CF,, although, 
until recently, reliable thermochemical data were 
not available. The latest data (22) give the average 
bond energy in CF, as 124 f 3 kcal/mole, 
indicating a slight strengthening of the carbon- 
fluorine bonds with respect to CF,, so that the 
energy gain, from this contribution alone, on 
elimination of CF, from an ion is quite small. 

In the spectra of Cu(hfacac),, Zn(hfacac),, and 
Cu(tfacac), are fragment ions labelled as 
(L,M-138)'. These could be due to loss of 
2 .CF, radicals from the molecular ion or of loss 
of CF,COCHCO (or .CF, + COCHCO). By 
using ligands deuterated at the central carbon 
atom, it was established that for Cu(hfacac), this 
ion corresponded to loss of 2 -CF,  radicals from 
the parent ion. At the same time, the assignment 
of the base peak in this spectrum to (Cu(hfacac)- 
CF,)' rather than to (Cu(hfacac),--4CF,)+ was 
confirmed. For Cu(tfacac),, both processes occur 
with equal probability (within the accuracy of 
the determination). Owing to the broadness of 
the metastable peak, it was not possible to deter- 
mine whether, in the spectrum of the deuterated 
compound, the daughter ion of the metastable 
transition was (L,M-138)' or (L2M-139)'. In  
the formation of the (Cu(tfacac),-2CF3)' ion, 
the CF, substituents are lost from different 
chelate rings, a reaction which can rarely be con- 
firmed. The (Cu(tfacac),-CF~COCHCO)' ion 
corresponds to ((tfacac)Cu.CH,)', and migra- 
tion of a methyl group to copper is indicated. 
Further support for the methyl migration is given 
by the observation of a metastable peak given 
above for a transition in which ileutral CuCH, is 
eliminated. 

The identity of the (~n(hfacac),-138)' ion 
was not established, since it is a minor peak. 

The simplicity of the negative-ion mass spectra 
supports the foregoing rationalizations. For 
example, at 70 eV, the only negative ions with 
relative intensity greater than 0.5% of the base 
peak in the mass spectrum of Cu(tfacac), were 
CuL,- (loo"/,), L- (69%), and (L-CH,)- 
(273. Under these conditions CF,- and CH3- 
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were not detected. Thus, although -CF, likely 
has a high electron affinity, it seems that the 
reaction 

P + e -> (P-CF3)+ + CF3- + e 

is not important in these spectra, and that the 
CF, substituent is preferentially eliminated from 
the molecular ions as a radical rather than as a 
negative ion. 

Appearance Potentials 
( a )  Molecular Ions 
The appearance potentials of the molecular 

ions depend much more upon the nature of the 
ligand than upon the nature of tlie metal. Thus, 
for all the bis- and tris-hexafl~~oroacetylacetollates 
listed here (Table 3), the appearance potentials 
lie within the range 9.95k0.25 V ;  for the bis- and 
tris-trifl~~oroacetylacetonates, within the range 
9.05 -t 0.35 V ;  and for the bis- and trisacetylace- 
tonates, within the range 8.3 5- 0.35 V. Thus, 
replacement of a CH, substituent by a CF, sub- 
stituent increases the appearance potential by 
0.6 to 1.1 V. It should also be noted that the values 
for the complexes always lie appreciably below 
those of the parent ligand, HL. These generaliza- 
tions are thus consistent with our previous obser- 
vations, and support the suggestion that the 
electron removed on ionization of the molecule 
comes from an orbital which has mainly ligand 
character, i.e. a 7~ orbital localized mainly 011 the 
ligand (4, 5). In  addition, for some copper P- 
diketonates, recent data (9, 27) also show the 
dominating effect of tlie ligand upon the appear- 
ance potential values. 

The appearance potentials of some of the coiii- 
plexes st~tdied here have been reported by 
Schildcrout, Pearson, and Stafford (7) (see Table 
3). In most cases, the agreement between the two 
sets of results is within 1-0.3 V, even though they 
used a different method (vanishing current 
method) for their determinations. They also infer 
that ionization of the complexes involves an 
orbital concentrated 011 the ligand and suggest 
either that Koopmans' theorem (10) is not valid 
for these complexes, or that possibly inversion of 
the e, and the 7~ orbitals occurs Lipon ionization. 

Recently, another simple Hiickel treatment has 
been applied to the metal(Il1) trisacetylacetonates 
(28). These authors claim that some aspects of 
Barnum's original treatment (3) are incorrect, but 
also fail to reproduce even q~lalitatively tlie trends 
in the electron impact appearance potentials, and 

suggest that the approximations inherent in the 
Hiickel approach and the apparent non-applica- 
bility of Koopmans' theorem do not allow a inore 
quantitative description of the trends in the 
appearance potentials. 

(b )  Fragment Ions 
In some of the chelates studied here it was 

possible to measure the energy required to dis- 
sociate a .CF, or .CH, radical from the molec- 
ular ion. (The dissociation of a neutral radical 
rather than a negative ion is assumed because of 
the non-detectability of CF,- or CH,- in the 
negative-ion mass spectrum. The difference in 
energy between the dissociation of a radical or a 
negative ion is a constant amount, namely, the 
electron affinity of the radical, and will not alter 
any trends as the metal atom is varied.) These 
energies, for the following reactions, vary widely 
froin compound to compound 

ML3+ -> (ML3-CF3)' + 'CF3 
for L = hfacac or tfacac 

ML3+ -> (ML3-CH3)+ + 'CH3 
for L = tfacac or acac 

The energy of dissociation of . CF, or . CH, from 
the molecular ion is represented as A(CF,) or 
A(CH,) in Table 3. The values are obtained fro111 

and 

for a given compound. It is assumed that the 
excess energy associated with the ionization pro- 
cesses is small, or, for comparison purposes, at 
least constant from compo~~nd to compound. In 
principle, contributions to A(CF,) and A(CH,) 
can be divided into o and 7~ bond energy terins 
(29), but the situation is actually more com- 
plicated than this. For example, in the molecule 
RR', when the R-R' bond is breaking, adjust- 
ments of the other bonds (lengths and angles) in 
the product radicals may occur. This contribution 
has been called the "reorganizational energy". 
To minimize this difficulty, the assumption is 
made that the o bond energy term in D(R-R') is 
identical to that in an analogous system which 
iiivolves no 7~ conjugation, and the difference 
between the D values for the two systems is 
associated mainly with the i~ energies as the bond 
is broken. The i~ contribution to D(R-R') is 
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often appreciable when compared with typical o 
bond energies and can be positive or negative 
depending upon whether the greater n energy 
(stabilizaticn) is associated with RR'  or the 
product radicals. 

For molecules in which the n contributions are 
expected to be small, the bond dissociation ener- 
gies, in kcal/mole, available (30) are: D(CF3- 
CF3) = 86, D(CH3-CH,) = 88, D(CF3-H) = 
106, D(CH3-H) = 104. These values suggest 
that the o contribution to D(Csp3-Csp3) is about 
85-90 kcal/mole for H or F substituents. The o 
contribution to D(C,,2-Csp3) is expected to be 
about 5 kcal/mole higher (31), and hence the 
energy required to dissociate a .CH, or .CF3 
radical from the chelate ring in the neutral metal 
chelates under study here should be about 90-95 
kcal/mole (about 4 eV/molecule), since, again, 
the n contribution should be small; i.e. an 
unoccupied, low-energy n orbital in which to 
place the unpaired electron is not available. We 
expect that the o contribution to the energy re- 
quired to dissociate a .CH3 or .CF3 radical 
from the molecular ions also has a value of about 
4 eV/molecule, since we have assumed that the 
positive charge is delocalized over the chelate ring. 
However, it is not essential to our argument to 
assume this value, since similar values of the 
o contribution to A(CH3) and A(CF3) would be 
expected for the molecular ions of all metals, and 
the la-rge variations in these quantities can safely 
be attributed to differences in n contributions. 
The values of A(CH3) and A(CF3) are always 
lower than 4 eV/molecule, usually much lower. 
This indicates that the molecular ions are less 
n-stabilized than the fragment ions. The smaller 
the value of A(CF,) or A(CH3), the smaller is the 
relative n stabilization of the molecular ion. 

An explanation for the variations in A(CF3) or 
A(CH3) must be sought in the structures and 
bonding of the molecular and fragment ions. 
Upon ionization of the molecule, an electron is 
removed from the n system of one of the chelate 
rings to give 1. Homolytic dissociation of a ,  
from the ring will leave an unpaired electron on 
the ring carbon atom, as in 2, which may then 
transfer to the vacancy in the partially delocalized, 
bonding molecular orbital on the chelate ring 
to give 3. This should give considerable n 
stabilization to 3 with respect to 1. Furthermore, 
little structural or geometrical rearrangement 
should accompany this process. This stabilization 

will lead to small values of A(CF3) and A(CH3), 
i.e. values appreciably lower than 4 eV. The metal 
should have little effect on the n stabilization 
of 3, and we assume that the large variations in 
A(CF,) observed are due to different n stabiliza- 
tions of the molecular ion. The smallest values of 
A(CF3) are observed with Al(III), Fe(III), and 
Zn(II), and the largest value with Fe(I1). For the 
Cr(II1) chelates, no values could be obtained due 
to the low relative intensities of the (L3M-CF3)+ 
and (L3M-CH,)' peaks. This probably means 
that the energy required to dissociate a .CF, or 
C H ,  group from the molecular ion is high, i.e. 
A(CF3) and A(CH,) are large, indicating a large 
n stabilization of the molecular ion. 

We propose that the stabilization of the molec- 
ular ion by the metals is accomplished by expan- 
sion of the metal d orbitals into the positively 
charged chelate ring, thus further delocalizing the 
positive charge. The amount of stabilization will 
clearly depend upon the symmetry of the molec- 
ular ion. For the nearly octahedral trischelates, 
the metal orbitals allowed by symmetry to interact 
with the ligand n orbitals are the metal t , ,  
orbitals. Thus, for Al(II1) (do) the chelate molec- 
ular ion cannot be stabilized by this type of 
interaction and consequently the reaction 1 -+ 3 
occurs readily (low A(CF,)). For Cr(III), (t,:) 
stabilization of the chelate molecular ion by 
metal d orbital expansion can cccur, which 
should make reaction 1 -> 3 more difficult (high 
A(CF,) and A(CH,)). For Fe(III), ( t , :  e:) ex- 
pansion of the t,, orbitals should occur, but little 
stabilization of the molecular ions is apparent. 
Possibly this is an effect due to the antibonding 
e, electrons, since the e, orbitals are expected to 
contract when the t , ,  orbitals expand. It is 
perhaps worth noting that metal d orbital ex- 
pansion should parallel the ease of oxidation of 
the trivalent metals. In the first transition series, 
the stability of the + 4 oxidation state decreases 
in the sequence Ti through Co. Thus, Fe(IV) is 
less stable than Cr(IV), consistent with the rela- 
tive stabilization of the molecular ions of their 
chelates. 

The structures of the bischelates have been dis- 
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+ 
F3C-C=CH-C=O 

I 
F~C-CZCH-C=O+ + 

I I 
OH 1 i- .CF3 

OH CF3 F~C-C=CH-C=O+ I 
OH 

4 5 

cussed in a review (2). The structures of the Fe(I1) pounds studied here, A(L) is significantly larger 
and Zn(I1) complexes have not been determined for the bischelates than for the trischelates. 
in the gas phase, but are said to be tetrahedral (2). In principle (see ref. l), the values of D(FeL,- 
Cu(acac), is planar in the gas phase (32). For the L) can be obtained from 
Fe(I1) chelates, the high values of A(CF,) suggest 
stabilization of the molecular ion, 1, presumably D(FeL2-L) = FeL3) 
by metal d orbital expansion. This is in agreement - a.p.(FeLZf from FeL,) 
with the wellknown ready conversion of Fe(I1) 
to ~~ (111 ) .  oxidation of ~ ~ ( 1 1 )  and ~ ~ ( 1 1 )  occurs assuming that a ligand radical is eliminated from 
much less readily and, in agreement with this, FeL3'. The values obtained from   able 3 are 
much lower values of A(CF,) and A(CH,) are 0.5, 0.45, and 1.3 eV for L = hfacac, tfacac, and 
observed. might be expected, it seems that aCaC, respectively. NO significance is attached to 

metal d orbital expansion is slightly easier for these values, since (a) negative-ion formation 

Cu(I1) than for Zn(I1). may accompany formation of FeL,+, (b) it is 
Although the data are rather limited, it appears likely that the a.P. FeL2f FeL3 is 

that when the electronegative CF, group remains low, since some Fe(lll) P- 
attached to the chelate ring in the fragment ion, diketonates to Fe(I1) chelates in the ion source 

greater stabilization of the fragment ion results has been (49 7). 
than when the CH, group remains. For example, It have been interest the 
A(CF,) is 1.7 V for Cu(hfacac), and 2.45 V for ~ .P . ' s  of CF,', CH,', and from the various 
Cu(tfacac), ; it is 1.3 V for Zn(hfacac), and 1.9 v chelates. Unfortunately, for CF, +, the ionization 
for zn(tfacacl2; A(CH,) is 2.3 v for both efficiency curves showed extreme tailing and had 
Zn(tfacac), and Zn(acac)2. It seems that elec- ~everal inflexions, suggesting that ~everal ioniza- 

tronegative groups on the ring enhance tr2nsfer tion processes were involved. A similar problem 

of the unpaired electron from the ring carbon of would be encountered for CH,'. The intensities 
2 to the n system. This observation is consistent the L+ currents were low for a.P. 
with arguments given previously (5) in the measurements and here, again, the L +  ion may 
interpretation of the mass spectra of substituted arise a sing1e Process. 
chromium acetylacetonates, and also earlier in ( c )  Structures of tlze Ions 
this paper. There has been much debate over the "charge 

Substantial stabilization energies are involved localization" concept in mass spectra, and many 
in the dissociation of .CH3 or .CF, from the ion decomposition reactions have been rational- 
HL' species. This reaction is well known (33) ized in terms of this concept (33). Shannon and 
and is illustrated for H(hfacac)+. co-workers proposed ion decomposition reac- 

It is more difficult to assess the significance of tions for metal acetylacetonates (6) and other 
the A(L) values. Apart from electronic reorgani- chelates (34) based on charge localization, as we 
zation, there may be, and probably are in many ourselves have also done (4). We now believe 
cases, structural rearrangements, and, for small that the energetic data presented here invalidate 
metal atoms, steric relaxations to consider. the structures proposed for some of the ions. For 
Furthermore, since L- ions are present in the example, the (P--CH,)' ions were assigned (6) 
negative-ion mass spectrum of Cu(tfacac),, it is the resonance stabilized structure, 6. Formation 
possible that some (P-L)' ions are formed by of ions such as this from the proposed molecular 
ion-pair production in addition to loss of ligand ion (1) would require breaking of a metal-oxygen 
radicals from the molecular ion. For the com- bond, disruption of the n system, and possibly 
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Studies in isoxazole chemistry. 111.' The preparation and lithiation of 
3,5-disubstituted isoxazoles 

R. G. MICETICH AND C. G. CHIN 
R & L Molecular Research Ltd., 8045 Argyll Road, Edn~onton 82, Alberta 

Received October 20, 1969 

3-Arylisoxazol-5-ones and 5-arylisoxazol-3-ones were prepared and converted to  the N-methyl and 
O-methyl derivatives by reaction with diazomethane. The halogen in 3-phenyl-5-chloroisoxazole was re- 
placed by several alkoxy and thioalkoxy groups. The 3,5-disubstituted isoxazoles thus obtained reacted 
with n-butyllithium to  form the 4-lithio derivatives, as shown by conversion to  4-carboxylic acids and 
4-iodocompounds. 3-Methoxy-5-phenylisothiazole was also lithiated at  the 4-position. 

Canadian Journal of Chemistry, 48, 1371 (1970) 

Reaction of certain isoxazole acid chlorides 
with 6-aminopenicillanic acid has been shown 
(1) to give isoxazolylpenicillins with useful anti- 
bacterial activity. In an attempt to prepare 
3-phenylisoxazole-5-carboxylic acid, 3-phenyl- 
5-chloroisoxazole (7a) (2) was reacted with 
n-butyllithium and carbon dioxide. The acid 
isolated from this reaction in 80% yield was, 
surprisingly, 3-phenyl-5-chloroisoxazole-4-car- 
boxylic acid ( l l a )  (2). The lithio derivative of 7a 
also reacted with methyl iodide to give a 74% 
yield of 3-phenyl-4-methyl-5-chloroisoxazole (2), 
and with iodine to give a 73 % yield of the pre- 
viously unknown 3-phenyl-4-iodo-5-chloroisoxa- 
zole. The facility of these reactions led us to 
investigate the feasibility of preparing by similar 
methods a variety of isoxazole carboxylic acids 
with potential value in penicillin synthesis. 

The lithiation of various five-membered 
heteroaromatic compounds has been described 
(3-7), and that of thiophene has been studied in 
detail (8). Bowden and co-workers have recently 

reported (9) that 3-methoxy-5-methylisoxazole 
on reaction with butyllithium and carbon 
dioxide gave 3-methoxyisoxazole-5-acetic acid 
as the major product, along with 3-methoxy-5- 
methylisoxazole-4-carboxylic acid. We have 
found that the reaction of 3-phenyl-5-alkoxy or 
-thioalkoxyisoxazoles 8a-h or 3-alkoxy-5-phenyl- 
isoxazoles 3a-c with n-butyllithium and carbon 
dioxide gave the 4-carboxylic acids 10a-h and 
5a-c. 

3-Alkoxy-5-phenylisoxazole-4-carboxylic Acids 
(5a-c) 

These acids were prepared by the reactions 
illustrated in Scheme 1. 

The 3-hydroxy-5-phenylisoxazoles 2a-c (10) 
on treatment with diazomethane gave an 
approximately 1 :1 mixture of the -0-CH, 
3a-c and -N-CH, 4a-c isomers (1 1). The 3- 
methoxy-5-phenylisoxazoles 3a-c with butyllith- 
ium and carbon dioxide formed the 3-methoxy-5- 
phenylisoxazole-4-carboxylic acids 5a-c. 

3a-c 
2) coz 
3) H30+ ' 

a R = Ph; b R = 2-CIPh; c R = 2,6-diC1Ph 

-- 
SCHEME 1 

'For paper I1 in this series see ref. 29. 
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R R COOH 
1) n-BuLi 

For 8 and 10 
a R = Ph:Y = OCH, e R = Ph: Y = OCH(CH,h 
b R = 2-61~h;  Y = O C H ~  
c R = 2,6-diC1Ph; Y = OCHJ 
d R = Ph; Y = 0C2H5 

f R = phi Y = OC(CH~);'- 
g R = Ph; Y = SCzH5 
h R = Ph; Y = SC(CH3)3 

3-Phenyl-5-alkoxy or thioalkoxyisoxazole-4- 
carboxylic Acids (IOU-h) 

Scheme 2 outlines the procedures used in 
preparing these acids. 

The 3-phenylisoxazol-5-ones 6a,b were made 
by the action of hydroxylamine on the P- 
ketoesters 12a,b (12), or by treating the 3-phenyl- 
5-aminoisoxazoles with sulfuric acid (13). The 
3-phenyl-5-aminoisoxazoles were prepared from 
the benzoylacetonitriles 13a,b and hydroxyl- 
amine, using the procedure of Obrtgia (14). The 
isoxazol-5-ones 6a,b on reaction with diazo- 
methane gave a 6:l mixture of the -0-CH, 
8a,b and -N-CH, 9a,b isomers. 

The key compounds in the preparation of 
these acids however were the 3-phenyl-5- 
chloroisoxazoles 7a-c. Compounds 7a and 7b 
were made from 6a,b by the procedure of 
Adembri and Tedeschi (2). Subsequently a new 
method of preparing 5-chloroisoxazoles 7a-c 
was found. This synthesis will be described in a 
later publication. 

Nucleophilic displacement of the chlorine in 
the 3-phenyl-5-chloroisoxazoles 7a-c, produced 

the 5-alkoxy or -thioalkoxy compounds 8a-h, 
which were converted to the 4-carboxylic acids 
10a-h by treatment with n-butyllithium followed 
by carbon dioxide. The importance of this 
method lies in the fact that these acids were not 
obtained by hydrolysis of the esters. The 5- 
methoxy group of ethyl 3-phenyl-5-methoxy- 
isoxazole-4-carboxylate, for example, proved to 
be more acid labile than the ester group (1). 

The structure of each acid 5a-c and 10a-h was 
confirmed by its infrared (i.r.) and nuclear 
magnetic resonance (n.m.r.) spectra, its neutrali- 
zation equivalent, and by its elemental analysis. 
In addition, the acid obtained by the carboxyla- 
tion of 3-phenyl-5-methoxyisoxazole was con- 
verted to its methyl ester by treatment with 
diazomethane. This ester was identical (m.p., 
mixed m.p., i.r. and n.m.r. spectra) with the 
product from the reaction of diazomethane with 
methyl 3 -phenylisoxazol- 5-one-4-carboxylate. 
The latter compound was made by a procedure 
similar to that described for the preparation of 
the ethyl ester (15). 

All these acids, except 10S, reacted with thionyl 
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chloride at room temperature to form the acid 
chlorides. The crude acid chlorides were used to 
make the penicillins by established procedures 
(1). The lithium salt of 3-phenyl-5-tert-butoxy- 
isoxazole-4-carboxylic acid (lOf), on standing at 
room temperature or on heating in aqueous 
solution, was converted to 3-phenylisoxazol-5- 
one (6a). 

This reaction is not limited to the isoxazoles, 
since 3-methoxy-5-phenylisothiazole (16) gave a 
95 % yield of 3-methoxy-5-phenylisothiazole-4- 
carboxylic acid (17, 18) by this method. The 
4-lithio derivatives also reacted with iodine to 
form the 4-iodo compounds (see ref. 19). 

Experimental 
Melting points were taken on a Fisher-Johns apparatus 

and are uncorrected. Infrared spectra (v,,, cm-') were 
measured on a Perkin-Elmer Model 137 spectrophotom- 
eter as Nujol mulls. A Varian Associates Model A-60 
spectrometer was used for recording n.m.r. spectra 
Chemical shifts are given in T-values and refer to  spectra 
measured in the solvent indicated with TMS as an internal 
reference. Elemental analysis (C, H,  and N) where speci- 
fied were within *0.4% of the calculated values, and are 
filed in the Depository of Unpublished Data, National 
Science Library, National Research Council of Canada, 
Ottawa, Canada. 

3-Hydroxy-5-phet~ylisoxazole (2a) 
Compound 2a m.p. 162-163" (CHCI,), (88%) was pre- 

pared as described in the literature (10). The i.r. 2600 (w), 
1610, 1516, 1510 (s); n.m.r. (acetone-d6) 3.53 (s, lH),  
2.15 (m, 2H), 2.49 (m, 3H). 

Reported m.p. 163-165" (10). 

3-Hydroxy-5-o-chlorophetrylisoxazole (2b) 
Methylo-chlorophenylpropiolatewas made from methyl 

o-chlorocinnamate according to the procedure used for 
the ethyl ester (20). The fraction boiling at 103-1 12"/0.4 
mm (91%) was used to  make 3-hydroxy-5-o-chloro- 
phenylisoxazole, m.p. 179-180" (CHCI,), 83%. The i.r. 
2600 (w), 1620 (s); n.m.r. (acetone-d6) 3.37 (s, lH),  
1.9-2.7 (m, 4H). Anal. (CgH6CIN02). 

3-Hydroxy-5-(2',6'-dichlorophenyl)isoxazole (2c) 
A solution of 2,6-dichlorobenzaldehyde (21) (58 g, 

0.33 mole) and carboethoxymethylenetriphenylphosphor- 
ane (22, 23) (1 18 g, 0.34 mole) in methylene chloride 
(400 ml) was left at  room temperature overnight, then 
concentrated and the residue extracted with hexane. The 
hexane extract was concentrated and the residue distilled 
under reduced pressure to  give 70 g (86%) of ethyl 
2,6-dichlorocinnamate, b.p. 126"/0.2 mm. This com- 
pound was converted to  ethyl 2,6-dichlorophenylpro- 
piolate, m.p. 57-57.5" (loo%), which gave 3-hydroxy-5- 
(2',6'-dichlorophenyI)isoxazole, m.p. 179-183" (CHCI,), 
(85%) by the procedure used above. The i.r. 2650 (w), 
1630, 1530 (s); n.m.r. (acetone-d6) 3.70 (s, lH),  2.1-2.7 
(m, 3H). Anal. (C9H,C12N02). 

3XAZOLE CHEMISTRY. I11 1373 

3-Phenylisoxazol-5-one (6a) 
Compound 6a, m.p. 157-158" (benzene), (80%) was 

prepared as described in the literature (12) except that 
methanol was used in place of ethanol. The i.r. 1800 (s), 
1550 (s); n.m.r. (acetone-&) 5.85 (s, 2H), 2.25 (m, 2H), 
2.45 (m, 3H). 

Reported m.p. 151-152" (12). 

3-o-Cl1lorophen1ylisoxazol-5-ot1e (6b) 
The ethyl o-chlorobenzoylacetate (12b) required for 

this preparation, was made by two routes. Ethyl o- 
chlorobenzoylacetoacetate, made by the action of 
o-chlorobenzoyl chloride on the sodio derivative of 
acetoacetic ester in tetrahydrofuran, on treatment with 
ammonical ammonium chloride (25) gave a 25 % yield of 
ethyl o-chlorobenzoylacetate, b.p. 110-1 12O/O.l mm. 
Alternatively, this compound could be obtained in 64% 
yield by the condensation of methyl o-chlorobenzoate 
with ethyl acetate using sodium hydride. The ethyl 
o-chlorobenzoylacetate was converted to 3-o-chloro- 
phenylisoxazol-5-one, m.p. 65-67" (ethyl acetate- hexane) 
in 81 % yield by reaction with hydroxylamine hydro- 
chloride in the presence of 2 equ. of sodium meth- 
oxide in methanol. The i.r. 1800 (s), 1580 (w), 1560 (w); 
n.m.r. (CDCI,) 5.97 (s, 2H), 2.1-2.8 (m, 4H). Anal. 
(C9H6C1N02). 

3-o-Clrlorophen1yl-5-an1itroiso.~azole 
The o-chlorobenzoylacetonitrile (136) required for this 

preparation was obtained in 30% yield by the procedure 
of Long (26). The following modification however raised 
the yield to  61.5 %. 

A mixture of methyl o-chlorobenzoate (341 g, 2 moles) 
and dry acetonitrile (82 g, 2 moles) was added dropwise 
to a stirred suspension of sodium hydride (50% in oil, 
115.2 g, 2.4 moles, prewashed in hexane) in refluxing dry 
tetrahydrofuran (600ml), and the heating continued 
for 1 h after the gas evolution had ceased. Ether was 
added to  the cooled reaction mixture and the resulting 
solid filtered off, washed with ether, and dried. The solid 
was dissolved in water, the solution acidified to ca. p H  6 
with 6 N hydrochloric acid and the precipitated solid 
filtered and dried to  give 221 g of o-chlorobenzoyl- 
acetonitrile, m.p. 55-56". 

ObrCgia's procedure (14) gave 3-o-chlorophenyl-5- 
aminoisoxazole, m.p. 75-75.5" (CH2CI,), (62%). The i.r. 
1620 (s), 1580 (m), 1560 (w); n.m.r. (CDCI,) 2.2-3.0 
(m,4H), 4.52 (s , lH) ,  5.30 (broad,2H). Anal. 
(CgH7CIN20). 

3-o-Clrlorophenylisoxazol-5-one (6b) from 
3-o-Clrlorophenyl-5-anlir~oisoxazole 

3-o-Chlorophenyl-5-amir~oisoxazole (39 g, 0.2 mole), 
6 N sulfuric acid (200 ml), and methanol (200 ml) were 
heated under reflux for 112 h. The mixture was then 
concentrated to half its volume, extracted with ethyl 
acetate (3 x IOOml), and the combined ethyl acetate 
layers back extracted with 6 N sodium hydroxide (50 ml). 
The alkaline solution was brought to p H  ca. 1 with con- 
centrated hydrochloric acid and extracted with ethyl 
acetate (4 x 50 ml). The combined ethyl acetate layers 
were dried with magnesium sulfate, filtered, and solvent 
removed under reduced pressure, when 29.5 g, (75 %) of 
3-o-chlorophenylisoxazol-5-one, identical to  the com- 
pound made by the alternate route, was obtained. 
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Increasing the period of reflux resulted in an increase in 
the formation of a by-product, o-chloroacetophenone 
oxime, m.p. 103-104", identical with an authentic sample. 

General Procedrm for Preparing -0-CH3 (3u-c, 8u,b) 
anrl -N-CH, (4a-c, 9a,b) lsoxazoles 

An ethereal solution of diazomethane (0.30 mole) was 
added slowly to a stirred mixture of the isoxazolone 
(2a-c, 6a,b) (0.25 mole) in dry tetrahydrofuran or ether 
(100 ml), cooled in an ice-bath. The reaction mixture was 
stirred for 112 h after the gas evolution ceased, concen- 
trated under reduced pressure, and chromatographed on 
an alumina column (2.5 1, Fisher grade adsorption alumi- 
na). The -0-CH, isomers (30-c, 8a,b) were eluted with 
benzene, while the -N-CH, isomers were eluted with 
ethyl acetate - methanol (1 :I)  (4a-c) or methanol (9a,b). 

3-Metho.xy-5-p/1enyIisoxazo/e (3a) The n1.p. 67-68' 
(hexane), (51 %). The i.r. 1610 (s), 1590 (s), 1570 (s), 
1510 (s); n.m.r. (CDCI,) 3.88 (s, IH), 6.00 (s, 3H), 2.30 
(m, 2H), 2.58 (m, 3H). 

Reported m.p. 69-71" (24). 
3-Metl1o,xy-5-o-chlorop/1et1ylisoxazole (36) The m.p. 

33.5-34" (hexane), (54%). The i.r. 1610 (s), 1590 (s), 1560 
(ni), 15 10 (s); n.nl.r. (CDCI,), 3.43 (s, 1 H), 5.97 (s, 3H), 
2.05 (m, IH), 2.60 (m, 3H). Anal. (CloH8CIN02). 
3-Metl1osy-5-(2',6'-dicl1/oropl1e11yl)isoxazole (3c) The 

m.p. 34.5-35" (hexane), (53 %). The i.r. 1625 (s), 1570 (sh), 
1550 (s), 1510 (s); n.m.r. (CCI,)4.00 (s, IH), 5.97 (s, 3H), 
2.70 (m, 3H). Anal. (CloH7C12N02). 
3-Pl1e~1yl-5-~~1etlroxyisoxazole (8a) The m.p. 69-71" 

(CCl,),(84%).The i.r. 1600 (s), 1570 (sh); n.m.r. (CDCI,) 
4.52 (s, IH), 6.05 (s, 3H), 2.32 (m, 2H), 2.61 (m, 3H). 

Reported m.p. 65-67" (27, 28). 
3-o-Cl1loropl1e~1yl-5-1~1etI1o~'iyisoxazole (86) The m.p. 

58.5-59" (hexane), (84%). The i.r. 1610 (s), 1560 (w-sh); 
n.m.r. (CDCI,) 4.42 (s, IH), 6.05 (s,3H), 2.20-2.90 
(m, 4H). Anal. (CloH8C1NO2). 

2-Methyl-5-pl1er1ylisoxazo/-5-one (4a) The m.p. 1 15- 
116" (benzene-hexane), (44%). The i.r. 1660 (s); n.m.r. 
(CDCI,) 4.00 (s, IH), 6.43 (s, 3H), 2.48 (ni, 5H). 

Reported n1.p. 1 14" (1 1). 
2-Metl1yl-5-o-chlorop/1enylisoxazol-5-o1e (4b) The m.p. 

68-68.5" (ether), (40%). The i.r. 1650 (s); n.m.r. (CDCI,) 
3.62 (s, IH), 6.40 (s, 3H), 2.15-2.75 (m, 4H). Anal. 
(C I oH~ClN02). 
2-Merl1yl-5-(2',6'-dic/1loropl1e11yl) isoxazol-5-one (4c) 

The m.p. 110-11 l o  (ether-hexane), (42%). The i.r. 1650 
(s); n.m.r. (CDCI,) 4.05 (s, IH), 6.40 (s, 3H), 2.57 (s, 
3H). Anal. (CloH7C12N02). 

2-Methyl-3-phenyliroxazol-5-o~e (90) The b.p. 139"/0.1 
mm, n1.p. 3940" (hexane), (14%). The i.r. 1740 (s), 1600, 
1580 (ni); n.ni.r. (CCI,) 4.57 (s, lH), 6.72 (s, 3H), 2.48 
(s, 5H). 

Reported n1.p. 4345" (28). 
2-Mefl1yl-5-o-chloropl1e~1y1isoxarol-5-one (9b) The b.p. 

142-145"/0.08 mrn, (16%). The i.r. (film) 1750 (s), 1610 
(rn); n.m.r. (CC14) 4.68 (s, IN), 6.81 (s, 3H), 2.30-2.70 
(ni, 4H). Anal. (Cl0H8CINO2). 

3-Plrenyl-5-clrloroisoxazole (7a) 
The procedure of Adembri and Tedeschi (2) was sim- 

plified as follows. A mixture of 3-phenylisoxazol-5-one 
(145 g, 0.9 mole) and phosphorous oxychloride (805 g, 
482 rnl) was stirred in an ice-bath and triethylamine 

(140 ml, 1 mole) added slowly, maintaining the tem- 
perature below 25". After the addition was completed, 
the stirred mixture was heated on an oil bath at 120" for 
2% h, after which the excess phosphorous oxychloride was 
removed under reduced pressure. The brown residue was 
triturated with ice-water (3 1) and the resulting yellow 
solid filtered, taken up in ethyl acetate, and dried over 
magnesium sulfate. After filtration and removal of solvent, 
the brown residue was distilled under reduced pressure to  
give 135.6 g (84%) of  a light yellow oil, b.p. 10O0/1 mm, 
which crystallized, m.p. 4547"  on scratching. 

Reported m.p. 51-51", yield 48% (2). 
It is necessary to keep the temperature of the bath 

below ca. 120" during the distillation otherwise decorn- 
position of the 3-phenyl-5-chloroisoxazole takes place. 

3-o-Cl1loropl1e~~l-5-cl1/oroisoxazole (7b) 
The b.p. 90-9l0/0.5 mm, m.p. 27-28", 35%. Anal. 

(CsHSC12N02). 

General Procedure for Preparing 3-Phenyl-5-alkoxy 
(or -Thioalko.ry) Isoxazoles 

The alcohol or mercaptan (0.072 niole) was added to a 
suspension of sodium hydride (50% in oil, 3.1 g, 0.072 
mole prewashed with hexane) or potassium (2.8 g, 0.072 g 
atom) in dry tetrahydrofuran (150 ml) and the mixture 
heated under reflux until the reaction was complete. (Ex- 
cess of the respective alcohol could also be used as solvent 
in place of tetrahydrofuran.) The reaction mixture was 
cooled to room temperature, 3-phenyl-5-chloroisoxazole 
7a-c (0.06 niole) added, and the mixture left at room 
temperature for 50 h, after which it was heated under 
reflux for 6 h and concentrated under reduced pressure. 
The residue was shaken with ice-water (I00 n11) and 
extracted with ether (3 x 60 ml). The combined ether 
extracts were dried over magnesium sulfate, fijtered and 
the solvent removed. The residue if solid was crystallized 
from hexane, and if liquid was distilled under reduced 
pressure. The i.r. spectra of the alkoxy colnpounds 
showed a strong band at 1590-1610 with a shoulder at 
1550-1 570, while the thioalkoxy conipounds had a band a t  
1530-1 540 with a shoulder at 1500. The n.m.r. parameters 
were consistent with the assigned structures. 

3-(2',6'- Dich/oropl1e~1yl)-5-~etl10x~~isosazoIe (8c) The 
m.p. 124-126', (93%). Anal. (CloH7CI2NO2). 

3-Pl1e11yl-5-erl1oxyisoxazo/e (8d) The m.p. 75-77", 
(75 %). Anal. (C, ,H,  ,NOz). 

3-Pl1e11yl-5-isopropoxyisoxazo/e (8e) The n1.p. 35-36", 
(98 %). Anal. (C,2H,,N02). 
3-Pl1e11yl-5-terf-butoxyisoxasole (8f) The b.p. 11O0/0.8 

mm, (81 %). Anal. (Cl3HISNOz). 
3-Pllenyl-5-thioethoxyisoxazole (8g) The b.p. 120- 

12Z0/0.5 mm, n1.p. 22', (96%). Anal. (C, ,H,  ,NOS). 
3-Pl1erryl-5-tl1io-tert-butoxyisoxazole (811) The b.p. 

120-122"/0.4mm, m.p. 51-53", (65%). Anal. (C13HlS- 
NOS). 

General Proced~rre for Preparing Acids, (5a-c, Ion-11, I l a )  
11-Butyllithium (12.5 nil of 1.6 M solution in hexane, 

0.02 mole) was added slowly to a solution of the isoxa- 
zole (0.018 mole) in dry tetrahydrofuran (50 ml) at 
- 70 to - 65' in a nitrogen atmosphere. The mixture was 
stirred for 30 min, poured onto excess Dry Ice and 
allowed to warm to room temperature. The solvent was 
removed at reduced pressure, the resultant powder 
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triturated with dry ether, filtered, and dried. The lithium 
salt thus obtained was dissolved In water (50 ml) and the 
acid prec~pitated by ac~dification w ~ t h  hydrochloric acid. 
The cooled solution was filtered, the acid dissolved in hot 
ethyl acetate, the solution dried with nlagneslilln sulfate, 
and the solvent removed. The acid thus obta~ned in certain 
instances was pure, since recrystallization did not raise the 
melting point. Equivalent weights of the acids were within 
I % of the theoretical values. The n.m.r. parameters were 
consistent with the assigned structures. 

3 - . M e t l i o x y - 5 - p l 1 e 1 1 y l i s o , r a z o l e - 4 - ~ ~ ~  Acid (5a)  
The m.p. 227-228" decomposition (ethyl acetate), (99 %). 
The i.r. 1700 (s), 1580, 1570, 1550, 1510 (s). Anal. 
(Ci L H P N O ~ ) .  

3-Met~loxy-~-o-c/l/orol~/~etiy/isoxnzo/e--carbo.~j/ic Acid 
(50) The n1.p. 204-205" (ethyl acetate), (62%). The i.r. 
1730 (s), 1630, 1580, 1530 (s). Anal. (C, ,H,CINO,). 

3-Metlloxy-5- (2',6'-rlicl1loropl1etrj~/) isoxazole-4-carboxy- 
tic Acid (5c)  The n1.p. 180-181 " (benzene), (75 %). The 
i.r. 1725 (s), 1640 (s), 1575 (n~) ,  1560 (w), 1520 (s). Anal. 
(CI 1H,CIzNO4). 

3 - P l 1 e t 1 j ~ l - 5 - t r r e t l 1 0 ~ r j ~ 1 s o x a z o / e - 4 - ~ ~  Acid (ZOa) 
The m.p. 166-167" decon~position (ethyl acetate), (99%). 
The i.r. 2700(broad), 1720(s), 1600(s).Anal. (C, I H ~ N O ~ ) .  

3 - o - C l 1 l o r o p l 1 e r ~ ~ ~ / - 5 - r 1 1 e t 1 1 o , r y i s o x ~ i c  Acid 
(IOb) The n1.p. 180-182" (ethyl acetate - hexane), (97 %). 
The 1.r. 2700 (broad), 1710 (s), 1590 (s). Anal. (CllH8- 
CINO,). 

I 3-(2',6'- Dicl~loropl~et~pl) -5-~11etl1osyisoxazo/e-4-cnuboxy- 
tic Acid (IOc) The m.p. 176-178" (benzene), (89%). The 
i.r. 2700 (broad), 1720 (s), 1610 (s), 1550 (sh). Anal. 

I (CI ,H,ClzNO,). 
I 3-P/1e~~y/-5-et~1o,~y1~ox~zo/e-4-cn,boxyic Acid (10d )  
I The 1n.p. 167-169" decomposition (ethyl acetate), (81 %). 

The i.r. 2700 (broad), 1690 (s), 1600 (doublet). Anal. 
(C12H1 INOL). 
3-P/1er1yl-5-isopropoxyisoxnzole-4-cnr.boxyIic Acid ( I  Oc) 

The m.p. 176-180" decomposition (benzene), (77 %). The 
i.r. 2600 (broad), 1680 (s), 1580 (doublet). Anal. 
(Cl,Hi,NO,). 

3-Pllerlyl-5-tert-b~losyisoxazole-4-c* Acid (IOf) 
The m.p. 124-125" gas evolution and remelts at 142" 
(benzene), (75 %). The 1.r. 2600 (broad), 1680 (s), 1570 
(doublet). Anal. (C1,H,,N04). 
3-Pl1et1yl-5-tl1ioetI1oxyisoxazole-4-ca~ Acid (106) 

The n1.p. 180-182" (CCI,), (73%). The i.r. 2600 (broad), 
1650 (s), 1500 (s). Anal. (C12Hl,N03S). 
3-Pl1et1yl-5-tl1io-reur-bi1to.~yisoxazoe-4-carbo~ic Acid 

(1011) The m.p. 187-188" (CCI,), (85%). The i.r. 2600 
(broad), 1660 (s), 1500 (doublet). Anal. (C14HI,N03S). 

3-Pliet1yl-5-chloroisoxnzo/e-4-carbox~ Acid (1Za)The 
m.p. 176-179" (CHCl,), (80%). The i.r. 2600 (broad), 
1690 (s), 1550 (s). Reported n1.p. 168-170" (2). 

Metliyl 3-pl1et1ylisoxazol-5-ot1e-4-cnr.boxy/ate The pro- 
cedure of dlAlcontres and co-workers (15) was modified 
as follows. 

Dimethyl malonate (327.4 g, 2.48 moles) was added 
slowly to a well-stirred suspension of sodium hydride 
(58 % in oil, 102.7 g, 2.48 moles, prewashed with hexane) 
in dry tetrahydrofuran (1400 ml). After ca. 314 of the 
malonate had been added, the reaction mixture became 
a volun~inous, wh~te,  spongy mass. The rest of the 
malonate was added and the mixture heated under reflux 
on a water bath for 30 ~ n i n  and then cooled to room 

temperature and enough methanol added to facilitate 
stirring. Benzohydroxamyl chloride (1 92 g, 1.24 moles) 
dissolved in methanol (600 ml) was added slowly to the 
reaction mixture, when the temperature rose to 50'. The 
mixture was stirred at ambient temperature for a further 
30 min and concentrated under reduced pressure. Ice- 
water (ca. 500 ml) was added, the resulting solid filtered, 
washed with ether, and dried, when 260.4g (78%) of a 
white solid (the probable intermediate sodium salt) was 
obtained. The solid was stirred with water (2 I) and ca. 
1.3 1 of the water removed by distillation. The hot solution 
was made acid with hydrochloric acid, and extracted with 
ethyl acetate (5 x 200 ml). The combined ethyl acetate 
layers were dried over ~nagnesiun~ sulfate, filtered, and 
solvent removed, when 190.2g (70%) of methyl 3- 
phenylisoxazol-5-one-4-carboxylate, 1n.p. 155-160" de- 
composition was obtained. The i.r. spectrunl was similar 
to that of the ethyl ester (15) and had two strong bands 
at 1700 and 1650 and a broad band at ca. 2600 c n - I :  
n.m.r. (DMSO-(1,) -2.33 (s, IH), 2.35 (s, 5H), 6.3; 
(s, 3H). 

Metlgvl 3-pliet1yl-5-t~tetl1oxyisoxazole-4-c~rbo~~yIate 

( I )  F~.otr~ Metliyl3-Pl~etzylisoxazol-5-otle-4- 
cnrboxylate 

Ethereal diazon~ethane (1.7 equ.) was added to  a 
stirred suspension of this compound (1 equ.) in tetra- 
hydrofuran and after 1 h the mixti~re was concentrated 
and the residue crystallized from methanol. White 
microneedles, 111.p. 102-104", (80%) were obtained. The 
i.r. 1710 (s), 1600 (s); n.1n.r. (CDCI,) 2.57 (m, 5H), 5.78 
(s, 3H), 6.30 (s, 3H). Anal. (C12HllN0,). 

( 2 )  Frotrr 3-Pl1ri1yl-5-rrretlroxy)iiroxazo/e-4-ca1~bo.rylic 
Acid 

Ethereal diazomethane (1.1 equ.) was added to  a 
stirred solution of the compound (1 equ.) in methanol, 
the resulting solution concentrated, and the residue 
crystallized from methanol. White microneedles, n1.p. 
104-105", (93 %) were obtained. This compound was 
identical (mixed nxp., i.r., and n.nl.r. spectra) with the 
product by route 1. 

Ger~ernl Proceditre for tlre Prepmation of tlte 4-Ioclo 
Corr~pouttds 

The 4-lithio compounds were made in the same way 
as described before. Iodine (1.1 equ.) dissolved in dry 
tetrahydrofuran was added in one lot and the reaction 
mixture allowed to warm to room temperature. The 
solvent was removed under reduced pressure, water 
added, and the mixture extracted with ethyl acetate. The 
combined ethyl acetate layers were washed with aqueous 
sodium thiosulfate, followed by water, and dried over 
magnesium sulfate. Renloval of solvent gave the 4-iodo 
conlpounds which were crystallized from hexane. 

3-Pl1et1yl-5-chloro-4-iodoisosnzo/e The n1.p. 129-13O0, 
(73 %). Anal. (C9HSC11NO). 
3-Metl1oxy-5-pl1er1y/-4-iodoiso.rnzole The n1.p. 95-97", 

(87 %). Anal. (CloHsINO2). 
3-Plret1yl-5-~11e1hoxy-4-iodoisoxnzole The m.p. 89-91", 

(88 %). Anal. (CloH81N02). 
3-Metl1oxy-5-phoiyl-4-iodoisot11iazole The m.p. 86-88", 

(90%). Anal. (CIoH81NOS). 
3-Pl1er1yl-4-i~retl1yl-5-cI1lor.oisoxnzole The 4-lithio com- 

pound was made as described before and methyl iodide 
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(2 equ.) added in one lot. The reaction mixture wascon- 
centrated under reduced pressure, water added, and 
extracted with ethyl acetate. The organic layer was dried 
over magnesium sulfate, filtered, concentrated, and the 
residue distilled under reduced pressure to give 3-phenyl- 
4-methyl-5-chloroisoxazole, b.p. 103"/1 mm, (74%). 

Reported b.p. 85"/0.5 mm (2). 

The authors wish to thank Professor R. U. Lemieux 
for his guidance and encouragement and Messrs. R. A. 
Fortier, R. Thomas, S. Cherwonka and A. Vanson for 
their technical assistance. We also wish to thank Hooker 
Chemical Corp. for very generous supplies of thionyl 
chloride and phosphorus oxychloride, F. M. C. Corpora- 
tion for ethyl benzoylacetate, and Heyden New port Chem. 
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Preparation of antidotes for anticholinesterase poisoning. IV. Synthesis and 
protective effectiveness of 2'-(cis- and trans-2"-hydroxycyclohexyl)aminoethyl 

1-phenylcyclopentanecarboxylate hydrochlorides1 

R. A. B. BANNARD AND J. H. PARKKARI 
Defence Research Establishment Ottawa, Ottawa, Canada 

Received November 14, 1969 

The syntheses of cis- and trans-2-aminocyclohexanols and of cis- and trans-2-ethylaminocyclohexanols 
are described. The cis isomers were prepared by treatment of the corresponding trarzs-2-acetamido- 
cyclohexanols with thionyl chloride followed by hydrolysis of the resulting intermediate oxazolines. The 
2-aminocyclohexanols were converted to 2'-(cis- and trans-2"-hydroxycyclohexyl)aminoethyl I-phenyl- 
cyclopentanecarboxylate hydrochlorides (1 and 2, R = H) by treatment with 2'-bromoethyl I-phenyl- 
cyclopentanecarboxylate, but attempts to convert the 2-ethylaminocyclohexanols to 1 and 2 (R = C,H,) 
by a similar reaction were unsuccessful. The anticholinesterase activities of several of the compounds are 
discussed, as are the potencies of 1 and 2 (R = H) in protecting   nice and rats from sarin poisoning. 

Canadian Journal of  Chemistry, 48, 1377 (1970) 

In connection with our continuing studies on 
the effectiveness of Parpanit (2'-diethylamino- 
ethyl 1-phei~ylcyclopentanecarboxylate hydro- 
chloride) and its analogues as substitutes for, 
or adjuncts to, atropine in the treatment of 
rodents which have been poisoned with organo- 
phosphorus anticholinesterases (1-5) it was 
desired to examine compounds containing a 
hydroxyl group close to and in known stereo- 
chemical relationship with the amino group in 
Parpanit. To  this end the synthesis of compounds 
of the type 1 and 2 (R = C,H, or H) has been 
briefly examined and the in vivo protective 
effectiveness of compounds 1 and 2 (R = H) was 
determined. It was hoped by the use of these 
compounds to obtain an indication of whether 
intramolecular interactions between the hydroxyl 
and amino groups would affect the activity or 
whether the hydroxyl group would contribute to 
secondary binding to the receptor. Friess and 

'Issued as DREO Report No. 615. 

co-workers (6 ,  7) have shown that cis-2-hydroxy- 
cyclohexyltrimethylammonium iodide is almost 
twice as potent a reversible cholinesterase 
inhibitor as its trans analogue and it was thus 
also of interest to  examine the anticholinesterase 
activity of several of the compounds prepared 
in this work. 

We have previously examined methods for the 
synthesis of Parpanit and its analogues (8-10) 
and considered that the most expedient route to  
the desired compounds would likely be provided 
by the interaction of a 2'-haloethyl l-phenyl- 
cyclopentanecarboxylate with the requisite trans- 
and cis-2-aminocyclohexanol. Before embarking 
on the synthesis of the desired compounds, 
optimum conditions for the reaction between 
2'-bromoethyl 1-phenylcyclopentanecarboxylate 
and diethylamine in benzene were determined and 
the resultant yield of Parpanit was 80 %. 

trans-2-Aminocyclohexanol was prepared from 
1,2-epoxycyclohexane and ammonia following 
the method of Hawkins and Bannard (11). The 
hydrochloride of the cis isomer was obtained by 
acid hydrolysis of the oxazoline salt which is 
formed in much improved yield by the addition 
of a solution of trans-2-acetamidocyclohexanol 
in anhydrous chloroform to  thionyl chloride 
in the same solvent at 0" (cf. 12, 13). Attempted 
preparation of the same compound under the 
same reaction conditions, but using trans-2- 
acetamidoacetoxycyclohexane (13) as the starting 
material, led to recovery of 90% of the latter 
after removal of the solvent and excess reagent 
in vacuo. This result indicates that the acetoxy 
group is not a sufficiently good leaving group to  
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permit the formation of an oxazoline salt with 
inversion of configuration at  the oxygen-sub- 
stituted carbon atom, and has important implica- 
tions from the standpoint of the selective inver- 
sion of hydroxyl groups in polyhydroxylated 
aminoalcohols by partial esterification. 

The interaction of 1,2-epoxycyclohexane and 
ethylamine in ethanol in a stainless steel bomb a t  
110" for 4 h furnished 92% of trans-2-ethyl- 
aminocyclohexanol (cf. Brunel (14) and Taguchi 
and Nakayama (15)). Attempted preparation of 
the N-acetyl derivative of the latter compound by 
treatment with acetic anhydride a t  room temper- 
ature (cf. Hawkins and Bannard (1 1)) led to a 
mixture of 0- and N-acetyl derivatives judging 
from its infrared (i.r.) spectrum. Since an 
attempted inversion of trat~s-2-ethylacetamido- 
acetoxycyclohexane by means of thionyl chloride 
in chloroform led to quantitative recovery of the 
starting material, the successful preparation of 
cis-2-ethylaminocyclohexanol by the inversion 
route selected required the development of a 
method of preparation for trans-2-ethylacet- 
amidocyclohexanol, substantially uncontamin- 
ated with the 0-acetyl or 0,N-diacetyl derivatives. 
This result was achieved in three ways: (a), by 
the treatment of trans-2-ethylaminocyclohexanol 
with acetyl chloride in dry benzene (67%); (b), 
by the selective hydrolysis of trans-2-ethylacet- 
amidoacetoxycyclohexane with aqueous sodium 
hydroxide (77 %); aild (c), by the alkali-induced 
0 -> N migration of the acetyl group in trans- 
2-ethylaminoacetoxycyclohexane hydrochloride 
(98 %, cf. Fodor and Kiss (16)). The last men- 
tioned of these methods was the most satisfactory. 
The inversion of trans-2-etl~ylacetamidocyclo- 
hexanol with thionyl chloride furnished cis-2- 
etl~ylaminocyclohexanol hydrochloride in 83 % 
yield, a method which is clearly superior to that 
described by Taguchi and Nakayama (15) in 
which cis-2-aminocyclohexanol was alkylated 
with ethyl bromide. 

2'-Bromoethyl I-phenylcyclopentanecarboxyl- 
ate was prepared in 85 %yield by the interaction of 
1-phenylcyclopentanecarbonyl chloride (8) and 
2-bromoethanol in anhydrous benzene. This 
compound is unstable on storage even under 
anhydrous conditions, slowly decomposing to 
form 1-phenylcyclopentanecarboxylic acid (8). 
The chloro analogue was prepared in a similar 
manner in 82% yield and is not nearly so prone 
to decomposition on storage. 

The preparation of 2'-(tmzs-2"-hydroxycyclo- 
hexy1)aminoethyl l-phenylcyclopentanecar- 
boxylate hydrochloride (1, R = H) by the inter- 
action of 2'-bromoethyl l-phenylcyclopentane- 
carboxylate and trans-2-aminocyclohexanol was 
examined. Optimum conditions were provided by 
the use of four moles of amine per mole of ester, 
heating the reactants in 95 "/,than01 in a sealed 
tube at 1 10" for 20 11, and furnished the compound 
in 39% yield. Identical experimental conditions 
with the substitution of cis-2-amii~ocyclohexanol 
for the trans-isomer gave 2'-(cis-2"-hydroxy- 
cyclohexyl)aminoethy1 l-phenylcyclopentanecar- 
boxylate hydrochloride (2, R = H) in 37 % yield. 
Numerous changes in molar ratios, solvent, 
reaction times, and temperatures failed to 
improve the yield. Attention was then turned 
briefly to the reaction of cis- and trans-2-ethyl- 
aminocyclohexanol with 2'-bromoethyl I-phenyl- 
cyclopentanecarboxylate. However, under a 
variety of experimental conditions, in our  hands, 
the desired Parpanit analogues were not obtained, 
presumably due to unfavorable steric factors 
involved in the alkylation reaction since dicyclo- 
hexylamine under similar reaction conditions 
also failed to yield a Parpanit analogue. 

The cholinesterase-inhibitory potencies of 
compounds 1 and 2 (R = H) were determined by 
a method described earlier (17, 18) together with 
those of cis- and trans-2-aminocyclohexanol 
hydrochloride, cis- and trans-2-ethylaminocyclo- 
hexanol hydrochloride and cis- and tians-2- 
aminocyclopentanol hydrochloride. The results, 
which are shown in Table 1, indicate that com- 
pounds 1 and 2 aild the hydrochlorides of other 
cis-2-aminocyclanols display the approximately 
twofold greater cholinesterase-inhibitory poten- 
cies over their trans analogues previously observed 
by Friess and co-workers (7) for the trimethyl- 
ammonium quaternary analogues. It should also 
be noted that conversion of the 2-aminocyc!o- 
hexanols to 1 and 2 has little effect oil the cholin- 
esterase-inhibitory potency, although substitution 
of an ethyl group on the nitrogen atom decreases 
the activity approximately fivefold. The com- 
pounds are weak cholinesterase inhibitors (cf. 
pliysostigmine, I,, = 6.1 x lo-' (17)). 

The in vivo effectiveness of compounds 1 and 2 
(R = H) as substitutes for or adjuncts to atropine 
sulfate and N-methylpyridinium-2-aldoxime 
methanesulfonate in the treatment of mice and 
rats poisoned with sarin was evaluated by 
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BANNARD AND PARKKARI: ANTIDOTES FOR ANTICHOLINESTERASE POISONING. IV 1379 

TABLE 1 

Cholinesterase inhibitory potencies of aminocyclanols and Parpanit analogues 
-- - 

Effectiveness as Effectiveness as 
substitutes for atropine* adjuncts to atropine* 

Compound Zs0 x 10, Mouse Rat Mouse Rat 
-- 

cis-2-Aminocyclohexanol hydrochloride 6.1 
trans-2-Aminocvclohexanol hvdrochloride 11.0 
cis-2-~thylanii~oc~clohexano~ hydrochloride 30.1 
tratn-2-Ethylaminocyclohexanol hydrochloride 53.7 
cis-2-Aminocyclopentanol hydrochloride 7 1 
trans-2-Aminocyclopentanol hydrochloride 150 
cis-2-Hvdroxvcvclohcxyltrimcthylammonium iodide? 1.1 
trat1s-2-~~vdrb~vcvclohkxvltrimethvlammonium iodide? 2.1 
2 '-~ieth~iaminbeihyl 1-phenylcyclbpentanecarboxylat~ 

hydrochloride 1 .5  3.29 6.111 4 .6  14.7 
2'-(cis-2"-Hydroxycyclohexy1)aminoethyl 

I-phenylcyclopentanecarboxylate hydrochloride 6 .8  1.2 1 . O  4 .2  6 . 3  
2'-(trans-2"-Hydroxycyclohexyl)aminoethyl 

I-phenylcyclopentanecarboxylate hydrochloride 13.5 1.7 1 .6  4.8 15.0 

*Given as Protective Ratio where PR = 2 5 0 s : ~ ~ ~  in  lreated animal 
LDS0 sarln In untreated controls (See refs' '' 2)' 

?See ref. 7. 
$See refs. 1, 18. 
5PR atropine = 2.03. 
IJPR atropine = 4.2. 

methods described previously (1, 2). The results 
given in Table 1 show that the substitution of a 
cis- or trans-2-hydroxycyclohexyl moiety on the 
nitrogen atom of Parpanit produces compounds 
which are, at best, marginally effective as sub- 
stitutes for atropine and that their activities as 
adjuncts to atropine are no better than that of 
Parpanit. However, the results suggest that the 
more potent anticholinesterase (1) provides 
poorer protection as both a substitute for and an 
adjunct to atropine than does the less potent 
inhibitor. Because of the low protective activity 
of both compounds it was not possible to draw 
any definite conclusion about the effect of the 
orientation of the hydroxyl group relative to that 
of the amino group on biological activity. 

~,~-trans-2-El/zy~arninocyc~o/1exano~ 
A solution of 1,2-epoxycyclohexane (25.6 g, 0.26 mole) 

and ethylamine (100 g, 2.2 mole) in ethanol (100 ml) was 
heated in a stainless steel bomb at 110' for 4 h. After 
cooling to room temperature, the solution was trans- 
ferred quantitatively to a flask and distilled to remove the 
ethanol and unreacted ethylamine. Fractionation of the 
residue irz uacuo gave 34.2 g (92%) of trans-2-ethyl- 
aminocyclohexanol, b.p. 106"/14mm; m.p. 43-44". 
Brunel (14) reports b.p. 220-223". 

'All melting points and boiling points are uncorrected. 
3Microanalyses were performed by J. G. Helie of these 

laboratories. 

trans-2-Ethylaminocyclohexanol hydrochloride was 
prepared in 94% yield, m.p. 157-158", after recrystalliza- 
tion from methanol - petroleum ether. Mousseron and 
Granger (19) report m.p. 155". 

Anal. Calcd. for C,H,,ONCI: C, 53.47; H, 10.10; 
N, 7.79; C1, 19.73. Found: C, 53.45; H, 9.97; N, 7.73; 
C1, 19.78. 

D,L-trans-2-Etlzylacetanzidocyclohexanol 
(a) A solution of acetyl chloride (1.96 g, 0.025 mole) 

in sodium-dried benzene (10 ml) was added dropwise 
with stirring to a solution of trans-2-ethylaminocyclo- 
hexanol (7.16 g, 0.05 mole) in dry benzene (20 ml) in an 
apparatus protected from entry of moisture. The reaction 
mixture was heated with stirring for 3 h during which 
massive precipitation occurred. The precipitate, trans-2- 
ethylaminocyclohexanol hydrochloride, 4.20 g (93 %) was 
collected and washed with ether. The filtrate was distilled 
to remove ether and benzene. A solid, unreacted trans-2- 
ethylaminocyclohexanol, appeared in the residue and 
was removed by sublimation. The residue, trans-2- 
ethylacetamidocyclohexanol, contaminated with a small 
amount of an acetoxy compound (as shown by a small 
band at 1734 cm-' in its i.r. spectrum (20)), was twice 
distilled irz uacrro, yielding 3.13 g (67%) of colorless oil, 
b.p. 116-1 17"/0.1 mm. 

Anal. Calcd. for C,oH,e02N: C, 64.83; H, 10.34; 
N, 7.56. Found: C, 64.74; H, 10.33; N, 7.46. 

(b)  A solution of trans-2-ethylacetamidoacetoxycyclo- 
hexane (2.27 g, 0.01 mole) in carbonate-free distilled 
water (10 ml) and carbonate-free 1 N sodium hydroxide 
(11 ml, 10% excess) was shaken for I h then taken to 
dryness in uaczro. The residue was extracted with ether in 
a Soxhlet extractor for 16 h. The extract was dried 
(MgSO,), filtered and taken to dryness in uacuo. The 
residue was distilled in uacuo, yielding 1.42 g (77%) of a 
colorless, viscous oil, b.p. 116-1 17"/0.1 mm, which was 
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shown by i.r. analysis to be the pure N-acetyl derivative 
(strong band at  1620 cm-' but none a t  1734 cm-I). 

(c) A solution of trans-2-ethylaminoacetoxycyclo- 
hexane hydrochloride (2.22 g, 0.01 mole) in carbonate- 
free water (10 ml) was shaken with 1 N aqueous sodium 
hydroxide (11 ml, 0.011 mole) for 1 h. The reaction 
mixture was taken to dryness in vacuo, Celite and absolute 
ethanol were added to the oily residue, and the evapora- 
tion was repeated. The residue was extracted with ether 
in a Soxhlet extractor for 16 h. The extract was dried 
(MgSO,), filtered, and taken to  dryness it2 vacuo. The 
residue was shown by comparison of i.r. spectra to be 
trans-2-ethylacetarnidocyclohexanol uncontaminated with 
the 0-acetyl analogue. Yield 1.82 g (98 %). 

(d) Acetic anhydride (50 ml) was added rapidly with 
stirring to  trans-2-ethylaminocyclohexanol (7.16 g, 0.047 
mole) and the resultant solution was stirred until the 
temperature had returned to ca. 25" (20 min). Water 
(25 ml) was added and the solution was evaporated to 
dryness irz vacuo. Absolute ethanol was added to the 
residue and the evaporation was repeated. This process 
was repeated twice more, following which the residue was 
distilled in vacuo. The distillate, b.p. 116-117"/0.l mm, 
was shown by i.r. analysis to be a mixture of 0- and 
N-acetyl compounds, since it showed strong bands a t  
1734 cm-' and 1620 cm-' (20, 21). 

Attempts to  prepare the pure N-acetyl compound by 
the action of aqueous alkali o r  Amberlite IRA-400 (OH-) 
resin on the mixture of 0- and N-acetyl compounds ob- 
tained by method (d) were not as successful in our hands 
as method (c). 

D,L-trans-2-Etlzylacetamidoacetoxycyclohexane 
A mixture of trans-2-ethylaminocyclohexanol (14.3 g, 

0.10 mole) and acetic anhydride (50 ml) was heated under 
reflux with stirring for 3 h. Water (25 ml) was added with 
stirring and the solution was taken to dryness in vacuo. 
The residue was taken up in absolute ethanol and the 
solution was again taken to  dryness. This process was 
repeated twice and the dark residue was distilled in vacuo, 
yielding 20.4 g (90%) of trans-2-ethylacetamidoacetoxy- 
cyclohexane, b.p. 83-84"/0.03 mm, as a colorless oil. 

Anal. Calcd. for C12HZ103N: C, 63.41; H,  9.31; 
N,6.16.Found:C,63.64;H, 9.47; N,6.28. 

D,L-trans-2-Ethylaminoacetoxycyclohexane Hydrochloride 
A solution of acetyl chloride (3.92 g, 0.05 mole) in 

sodium-dried benzene (20 ml) was added to  a mixture of 
trans-2-ethylaminocyclohexanol hydrochloride (8.99 g, 
0.05 mole) in benzene (40 ml) in an  apparatus protected 
against the entry of moisture. The mixture was heated 
under reflux with stirring for 2 h, during which the solid 
dissolved. The benzene was removed by distillation and 
the residue crystallized on standing. Recrystallization 
from methanol-ether furnished 9.67 g, (87%) of trans- 
2-ethylaminoacetoxycyclohexane hydrochloride, m.p. 
158-159". 

Anal. Calcd. for CloH2002NCI: C, 54.16; H, 9.09; 
N, 6.34; C1, 15.99. Found: C, 54.12; H, 9.11; N, 6.33; 
C1, 15.98. 

Tlzior~yl Chloride Inversion Reactions 
(a) A solution of trans-2-acetamidocyclohexanol (7.84 

g, 0.05 mole) in anhydrous chloroform (25 ml) was added 

to a stirred solution of thionyl chloride (14 ml, ca. 0.19 
mole) in chloroform (25 ml) at  - 5 to  0' over a period of  
15 min in an  apparatus protected against the entry of 
moisture. The resultant pale yellow oil was kept at room 
temperature for 3 h, following which the excess thionyl 
chloride and chloroform were removed by distillation 
at  20 mm pressure. The viscous pale pink residue was 
treated with chloroform (10 ml) and the solution was 
added dropwise with stirring to anhydrous ether (500 ml). 
The oil which separated crystallized on standing over- 
night at 4' and the almost colorless crystals of crude 
oxazoline hydrochloride (cf. 12, 13), were collected and 
washed with anhydrous ether, yield 8.64g (98%), m.p. 
98.5-100.5'. The oxazoline salt was hydrolyzed by heating 
it under reflux with 10% hydrochloric acid (250 ml) for 
1 h. Removal of the aqueous phase by distillation in vacuo, 
followed by recrystallization of the residue from ethanol- 
ether furnished 6.83 g (90%) of cis-2-aminocyclohexanol 
hydrochloride, as colorless platelets, m.p. 189-191" (cf. 
13). 

(b) A solution of trans-2-acetamidoacetoxycyclohexane 
(1.99 g, 0.01 mole) in anhydrous chloroform (5 ml) was 
added to thionyl chloride (2.8 ml, ca. 0.038 mole) in 
anhydrous chloroform (5 ml) over a period of 5 rnin so 
that the temperature did not rise above 0". The product 
was isolated in the usual manner used for the oxazoline 
intermediate anL the resultant solid, on recrystallization 
from ether, proved to be unchanged trans-2-acetamido- 
acetoxycyclohexane, m.p. 116.5-1 18'. Yield, 1.79 g (90 %). 

(c )  trans-2-Ethylacetamidocyclohexanol (1.85 g, 0.01 
mole) in anhydrous chloroform (5 ml) was added to 
thionyl chloride (2.8 ml, ca. 0.038 mole) in anhydrous 
chloroform (5 ml) at 0" over a period of 10 min. The 
oxazoline intermediate was not isolated but was hydro- 
lyzed directly to the amine hydrochloride with 10% 
hydrochloric acid after removal of the excess thionyl 
chloride and chloroform in vacuo. Recrystallization of the 
crude product from ethanol-ether furnished 1.50 g 
(83%) of cis-2-ethylaminocyclohexanol hydrochloride, 
as colorless crystals, m.p. 194-195". Taguchi and Naka- 
yama (15) report m.p. 189'. 

Anal. Calcd. for C8H180NCI: C, 53.47; H, 10.10; 
N, 7.79; C1, 19.73. Found: C, 53.18; H, 10.08; N, 7.62; 
C1,19.60. 

(d) The procedure was identical with that given in (b) 
above except that trans-2-ethylacetamidoacetoxycyclo- 
hexane (2.27g, 0.01 mole) was used, and recovered 
quantitatively on application of the usual method for 
isolation of the intermediate oxazoline. 

~,~-~is-2-Aminocyclo/1exano[ 
cis-2-Aminocyclohexanol hydrochloride was converted 

to  the free base, m.p. 75.5-77S0, by the method of 
Bannard (1 3). 

D,L-cis-2-Ethylaminocyclolzexano~ 
cis-2-Ethylaminocyclohexanol hydrochloride was con- 

verted to the free base in 89 % yield by the method referred 
to  above, and was purified by sublimation at  60' a t  

mm pressure, m.p. 64.5-65". Taguchi and Naka- 
yama (15) report m.p. 63-65". 

2'-Bromoetl~yl I-Phenylcyclopentanecarboxylate 
A solution of I-phenylcyclopentanecarbonyl chloride 
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(8.34 g, 0.04 mole) prepared by the method of Bannard 
et al. (9) and freshly-distilled 2-bromoethanol (12.5 g, 
0.10 mole) in sodium-dried benzene (25 ml) was heated 
under reflux with stirring for 3 h in an apparatus protected 
against the entry of moisture. The solvents were removed 
by distillation, the residue was stirred for 10 min with a 
small amount of potassium carbonate and Celite, then 
filtered, and the residue was washed with anhydrous 
ether. The ether was removed in vncuo during which 
operation a small amount of l-phenylcyclopentane- 
carboxylic acid, 0.34 g (4.5%) separated. The latter 
substance was collected and identified by its i.r. spectrum. 
The filtrate was fractionated in uacrro. After a small fore- 
run, which was discarded, 2'-bromoethyl l-phenyl- 
cyclopentanecarboxylate, b.p. 114-1 15"/0.l mm; nDZ5 
1.5398, was collected as a colorless oil. Yield, 10.1 g 
(85 %). 

Anal. Calcd. for Cl4Hl7OZBr: C, 56.58; H, 5.77; Br, 
26.89. Found: C, 56.70; H ,  5.78; Br, 26.94. 

This compound is unstable even on storage under an- 
hydrous conditions. 1-Phenylcyclopentanecarboxylic acid 
was identified as one of the decomposition products by 
i.r. spectroscopy and a mixed m.p. determination with an 
authentic sample. 

2'-Cl~loroetlryl I-Pl~enylcyclopentanecarboxylate 
I-Phenylcyclopentanecarbonyl chloride (e.34 g, 0.04 

mole) in sodium-dried benzene (25 ml) was added drop- 
wise, with stirring, to  redistilled 2-chloroethanol (8.04 g, 
0.10 mole) in benzene (25 nil). The reaction mixture was 
heated under reflux with stirring for 1 h. The benzene 
was removed by distillation and the residue was dissolved 
in ether (25 ml). The ether solution was extracted with 
water (10 ml), separated, dried over potassium carbonate, 
filtered, and the ether was removed it1 uacuo. The residue 
was fractionated yielding 2'-chloroethyl l-phenylcyclo- 
pentanecarboxylate as a colorless oil, b.p. 170-171.5"/10 
mm, t1DZ5 1.5268. Yield, 8.27 g (82%). 

Anal. Calcd. for C14H1702C1: C, 66.53; H, 6.78; CI, 
14.03. Found: C, 66.72; H, 6.74; CI, 14.00. 

This compound was stable even after storage for 4 years 
as indicated by no  change in either its i.r. spectrum or its 
refractive index. 

Esters of I-Plrenylcyclopentat~ecarboxylic Acid 
(a) Parpanit 
A mixture of 2'-bromoethyl I -phenylcyclopentane- 

carboxylate (1.49 g, 0.005 mole), redistilled diethylamine 
(1.46 g, 0.02 mole), and benzene (2 ml) was heated in a 
sealed tube at 110" for 16 h. The resultant solution was 

(b) 2'-(trans-2"- H y c l r o x y c y c l o h e . r y l ) a n l  I -  
P/~enylcyclopenra~~ecarbox~~late Hydrochloride 
(I, R = H) 

A mixture of 2'-bromoethyl l-phenylcyclopentane- 
carboxylate (1.49 g, 0.005 mole) and tratu-2-amino- 
cyclohexanol (2.30 g, 0.02 mole) in 95 % ethanol (25 ml) 
was heated in a sealed tube at l loo for 20 11. The light 
brown reaction mixture was decanted and taken to dry- 
ness in uacuo. The residue was stirred with water (25 ml) 
and ether (25 ml). The layers were separated and the 
aqueous phase was extracted with ether (2 x 10 nil). The 
aqueous layer was taken to dryness it1 U ~ C I ~ O  and recrystal- 
lization of the residue from methanol-ether furnished 
trat~s-2-aniinocyclohexanol hydrobromide, m.p. 192-193", 
0.66 g (67% of theoretical bromide ion). Hawkins and 
Bannard (1 1) report m.p. 191-192'. 

The ether extract was dried (MgSO,), filtered, and taken 
to dryness 01 uacuo, during which the sniall amount of 
residual tratls-2-aminocyclohexanol was removed by 
sublimation. The residue was taken LIP in methanol, 
treated with charcoal, filtered through Celite, saturated 
with anhydrous hydrogen chloride, and again taken to 
dryness it1 uacuo. Two recrystallizations from methanol- 
ether furnished 2'-(tratw-2"-hydroxycyclohexyl)amino- 
ethyl 1-phenylcyclopentanecarboxylate hydrochloride, as 
colorless needles, m.p. 171.5-172". Yield, 0.72 g (39%). 

Anal. Calcd. for CzoH3003NCI: C, 65.29; H, 8.22; 
N, 3.81; Cl, 9.64. Found: C, 65.33; H, 8.01; N, 3.89; 
CI, 9.91. 

(c) 2 ' - ( c i s - 2 " - H y r l r o ~ ~ ~ ~ c y c l o l 1 e . r y l ) a o l  I- 
Pl~enylcyclopet~tanecarI~oxylate Hy~lrochlorirle 
(2, R = H )  

The procedure was identical with that given in (b) above 
except that cis-2-aminocyclohexanol was used instead of 
the tratls isomer. The product was also isolated as de- 
scribed in (6) and0.75 g (76%) of cis-2-aminocycloliexanol 
hydrobromide, m.p. 167.5-168.5", was isolatcd as by- 
product. 

Anal. Calcd. for C6H140NBr: C, 36.75; H, 7.20; N, 
7.19; Br, 40.75. Found: C, 37.26; H ,  7.04; N ,  7.18; Br, 
40.80. 

2'-(cis-2"-Hydroxycyclohexyl)aminoethyl l-phenylcy- 
clopentanecarboxylate hydrochloride was obtained as 
discolored needles, m.p. 147.5-149". Yield, 0.70 g (37 %). 

Anal. Calcd. for C20H3003NC1: C, 65.29; H ,  8.22; 
N, 3.81; CI, 9.64. Found: C, 65.50; H, 8.34; N, 3.70; CI, 
9.50. 

The i.r. spectra of the trans and cis iso~iiers were 
distinctly different in the fingerprint region. 

taken to dryness ilr uacrio and the crystalline residue was 
recrystallized from methanol-acetone-ether. The i.r. We are indebted to  Mr. J. G. Helie for measuring thc 
analysis of the product suggested the presence of Par- in vitro cholinesterase inhibitory potencies reported in 
panit hydrobromide and diethylammonium bromide, Table 1 and to Dr. I. W. Coleman and Mr. G. Patton for 
and the mixture was stirred with water (20 ml), the solu- determining the in vivo protective effectiveness of the 
tion was made basic (to p H  10) with sodium hydroxide, compounds. 
and extracted with ether (2 x 25 ml). The extract was 
dried (MgSO, and Celite),'filtered, and taken to dryness 
6 1  uacuo. The residue was dissolved in methanol (5 ml), 
saturated with hydrogen chloride, and taken to dryness 
in uacuo. Recrystallization from methanol-ether furnished 
2'-diethylaminoethyl I-phenylcyclopentanecarboxylate 
hydrochloride, m.p. 144-145". Yield, 1.31 g (80%). 
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Synthesis of the substituted and crosslinked glucoses corresponding to the 
structural units in a cotton cellulose modified with 

N-methylbis(2-chloroethy1)amine 

E. J. ROBERTS AND S. P. ROWLAND 
Southern Regional Research Laboratory, Southern Utilization Research and Deueloprnet~t Divisiotl, Agricrrltrrral 

Research Service, U.S. Departtnetlt of Agricrrlture, New Orleatfs, Lorrisiana 70119 

Received November 4, 1969 

The syntheses of simple substituted glucoses (i.e., 2-0-, 3-0-, and 6-0-[(N-methyl-N-2-hydroxy- 
ethylamino)ethyl]-D-glucopyranoses) and simple crosslinked glucoses (i.e., N-methylaminobis[O- 
(N-2-ethyl)-D-glucopyranoses]) with glucose linkages at 2,2'-0-, 3,3'-0-, 6,6'-0-, 2,6'-0-, and 3,6'-0- 
positions are described. These result from the reactions of "blocked" glucdses with N-methylbis- 
(2-chloroethyl)amine. The new derivatives were characterized by gas-liquid chromatography and 
electrophoresis. Cotton cellulose modified with N-methylbis(2-chloroethyl)amine to incorporate 0.034 
mole of reagent per D-glucopyranosyl unit was hydrolyzed to glucose and substituted glucoses; the 
substituted glucoses were identified by chromatographic and electrophoretic comparisons with the 
foregoing authentic glucose derivatives. The relative distribution of (N-methyl-N-2-hydroxyethy1amino)- 
ethyl groups among' the 2-0-, 3-0-, and 6-0-positions was 2.30:0.28:1.00. The distribution of cross- 
linkages among the 2,2'-0-, 2,6'-0-, and 6,6'-0-positions was 2.10:3.72:1.00; these are the only 
crosslinked derivatives found. The monofunctionally substituted fraction (having a single reagent unit 
in the substituent group) accounted for 42.6% of the nitrogen; the crosslinked fraction (having a single 
reagent unit in the crosslink) accounted for 25.8%; complex products accounted for the remainder 
of the nitrogen of the crosslinked cotton. 

Canadian Journal of Chemistry, 48, 1383 (1970) 

Introduction 

The crosslinking of cotton cellulose by reac- 
tions with di- or poly-functional reagents is 
probably the most important reaction involved in 
the production of wash-wear or permanent press 
cotton fabric. The literature on the effect of cross- 
linking of cotton cellulose upon the performance 
properties of the finished fabric is voluminous. 
However, no information is available on the 
efficiency of difunctional reagents as crosslinking 
agents or on the sites of reaction and distribution 
of linkages among the 2-0-, 3-0-, and 6-0- 
positions of the D-glucopyranosyl units of the 
cotton cellulose. 

This paper describes the preparation of simple 
substituted glucoses and simple crosslinked glu- 
coses (each containing a single reagent residue) 
which correspond to the structures expected in 
crosslinked cotton cellulose. Cotton cellulose was 
crosslinked with N-methylbis(2-chloroethy1)- 
amine and the disposition of reagent residues in 
the hydrolyzed product was determined: i.e., the 
extent of simple crosslink formation versus simple 
substituent formation versus complex product 
formation. In addition, the distribution of link- 
ages between the reagent and glucose was deter- 
mined for both the simple substituted and simple 
crosslinked glucoses. 

Experimental 
Preparation of Sitnple Srrbstitrrted and Sbnple Crosslinked 

Ghrcoses 
Step I .  The appropriately blocked glucose was dis- 

solved in 250 n ~ l  of dry dioxane. The required amount of 
reagent, N-methylbis(2-chloroethyl)amine, a quantity of 
powdered potassium hydroxide equal to the weight of the 
blocked glucose and 10 g of Drierite were added. The 
mixture was refluxed with stirring for 5 h. The solid 
material was removed by filtration and was washed with 
dioxane. The combined filtrate and washings were 
evaporated under reduced pressure. 

Step 2. Benzyl and benzylidene blocking groups were 
removed by hydrogenolysis as described by Roberts and 
Rowland (1). 

Step 3. Acid labile blocking groups were removed with 
2 N sulfuric acid as described by Roberts and Rowland 
(1). The products were freeze-dried yielding amorphous 
solids. 

Results. A summary of the preparation of the simple 
substituted and simple crosslinked gIucos&s along with 
yields and analyses of the reaction products are shown in 
Table 1. 

Redrrctiotl of Srrbstitrrted atrd Crosslit~ked Glrrcoses to the 
Corresponding Sorbitols 

T o  0.50 g of the substituted or crosslinked glucose 
dissolved in 20 ml of water was added 0.20 g of sodium 
borohydride in 10 ml of water. The solution was allowed 
to stand overnight. T o  this solution was added 10 ml of 
50% (vlv) acetic acid. The so l~~ t ion  was evaporated to 
dryness below 60". Then 100 ml of absolute methanol was 
added and the solution was evaporated to dryness under 
reduced pressure. This procedure was repeated with five 
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TABLE 1 
Preparation of simple substituted and simple crosslinked glucoses 

-- 

Results 0 
P z 

Yield of Yield of & 
crosslinked chlorine 

Starting compound product terminated 
Reagent Reaction Yield N C1 based on N product 5 

Derivative* Name Moles (moles) (steps) weight (%) (%) ( %) ( 7;) ( %) c 
w 

I Methyl 3-0-benzyl-4,6-0- z + 
benzylidene-a-D-glucopyranoside 0.043 0.024 1,2,3 100 2.30 1.53 73 13 r 

I1 1,2;5,6-Di-o-isopropylidene- % 
a-D-glucofuranose 0.50 0.027 1,3 100 3.03 1.10 97 10 B 

V Methyl 3-0-benzyl-4,6-0- e m 

benzylidene-a-D-glucopyranoside 0.027 1,2,3 100 1.79 0.11 57 1 - 
6-0-Acetyl-1,2;3,5-di-0- w 0.25 -J 

methylene-a-D-glucofuranoset 0 

'I = 2-O-subs~ituted and 2,2'-O-crosslinked glucoses. 11 = 3-O-substituted and 3.3'-O-crosslinked glucoses. 111 = 6-O-substituted and 6,6'-O-crosslinked glucoses. 1V = 3.6'-O-crosslinked 
glucoses. V = 2,6'-O-crosslinked glucoses. 

?This compound was prepared by the method of Hough el 01. (2). The acetyl group was removed prior to reaction as described by Roberts and Rowland (1). 
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ROBERTS AND ROWLAND: SUBSTITUTED AND CROSSLINKED GLUCOSES 1385 

additional 100 ml portions of absolute methanol to 
remove the borate. The residue was then dissolved in 
5-10 ml of water and freeze dried to yield an amorphous 
product. 

Modificatiorl of Cotton Cellrtlose with N-Methylbis- 
(2-chloroerl~yl) amir~e 

The fabric used in this study was a desized, scoured, 
bleached, 80 x 80 print cloth (ca. 3.5 oz/yd2). An 
8" x 16" sample weighing 7.7 g was treated in a 1 M 
solution of N-methylbis(2-chloroethy1)amine hydro- 
chloride. The sample of fabric was given two immersions 
and two passes between squeeze rolls to a weight gain of 
120%. The wet fabric was then immersed in 100 ml of 
2 N sodium hydroxide for 45 min with occasional agita- 
tion. The fabric was then washed free of reagents with 
flowing tap water and was allowed to dry in air. The 
fabric showed a weight gain of 3.9% and contained 
0.29% of nitrogen and 0.08% of chlorine. The nitrogen 
content corresponds to a degree of substitution of 0.034, 
calculated as if the reagent reacted as a monofunctional 
agent (i.e., 0.034 mole of agent per D-glucopyranosyl unit 
of the cotton). 

Hydrolysis of the C/zemically Modified Cottor1 Cell~tlose to 
Substituted and Crosslinked Glucoses 

The sample of fabric was ground in a Wiley Mill to 
pass a 20-mesh screen and was hydrolyzed by the proce- 
dure described by Roberts and Rowland (1). The removal 
of sulfuric acid and the isolation of the mixture of 
glucose, substituted glucoses, and crosslinked glucoses 
was carried out as described in the same reference. There 
was obtained an amorphous solid containing 0.22% 
nitrogen and approximately 0.10% chlorine. 

Separatiorl of Glucose, Simple Substituted Glucoses, and 
Sirnple Crosslir~ked Gl~tcoses by Electrophoresis 

The paper electrophoresis separations were carried out 
on Whatman 3MM paper in 0.75 M formic acid at  75 V 
per cm for 30 min as described by Roberts and Rowland 
(3). 

Separation of Glucose, Simple Substituted Glucoses, and 
Simple Crosslinked Glucoses by Gas-liquid 
C/zromatography 

The gas-liquid chromatograms (g.1.c.) were obtained 
with an  Aerograph model 1520 instrument equipped with 
a hydrogen flame ionization detector.' The column used 
for the separations of the simple substituted glucoses was 
1 %  SE-30 on Chromosorb W (hexamethyldisilizane 
treated, 80-100 mesh); the column was 1/8" 0.d. x 6' in 
stainless steel tubing and was obtained from the Perkin- 
Elmer Instrument Company.' It was operated isother- 
mally at  185" with a carrier gas flow of 20 ml/min. 

The column employed for the separation of simple 
crosslinked glucoses was composed of 2 %  OV-3 on 
Chromosorb W (60-80 mesh); this was 1/8" 0.d. x 5' in 
stainless steel tubing. The column was operated iso- 
thermally at  245" with a carrier gas flow of 20 ml/min. 

All glucose derivatives to be analyzed were equilibrated 
overnight in pyridine prior to trimethylsilylation. 

Results 

Preparatiot7 and Identification of Simple 
Substituted a17d Simple Crosslinked Glzrcoses 

In order to identify the structure of the reagent 
residues in cotton cellulose modified with N- 
methylbis(2-chloroethyl)amine, it is necessary to 
prepare a series of authentic derivatives of glucose 
to serve as the basis of coinparisoil (through 
electrophoresis and g.1.c.) with the components of 
the hydrolyzate from the modified cotton. All of 
these derivatives of glucose were obtained as 
mixtures of the simple substituted glucose (for 
example, 3-0-[(N-methyl-N-2-hydroxyethyl- 
amino)ethyl]-D-glucopyranose, 1 of Fig. 1) to- 
gether with the crosslinked glucose (for example, 
N-methylaminobis [3-0-(N-2-ethyl)-D-gluco- 
pyranose], 2 of Fig. 1). 

The preparation of the simple substituted and 
simple crosslinked glucoses is illustrated in Fig. 1 
in the case of the 3-0-substituted glucose and the 
3,3'-0-crosslinked glucose. 

The Sitnple Substituted Glucoses 
A paper electrophoregram of the mixture of 

3-0-substituted and 3,3'-0-crosslinked glucoses 
is reproduced in Fig. 2, electrophoregram A.  
Three spots other than glucose were shown by 
spraying the paper with aniline phosphate solu- 
tion. Spot 2 appeared in a position very similar to 
tha t  of 0-(2-diethylaminoethyl)-D-gluco- 
pyranoses, which were studied previously (I), an 
indication that this spot represents the 3-0- 
substituted glucose (1 of Fig. I). Elution of the 
component in spot 2 followed by g.1.c. of the 
trimethylsilyl derivative (prepared from the 
freeze-dried sample) confirmed this. 

The mixture of 3-0-substituted and 3.3'-0- 
crosslinked glucoses was converted to trim'ethyl- 
silyl derivatives for g.1.c. under the conditions 
employed in preceding studies of 3-0-(2-diethyl- 
aminoethy1)-D-glucopyranose (1). Each of the 
products designed to prepare a simple substituted 
glucose and a symmetrically crosslinked glucose 
yielded two peaks on the SE-30 column. These 
pairs of peaks are interpreted to be the alpha and 
beta anomers of each of the 2-0-, 3-0-, and 

'Mention of a company and/or product by the U.S. 6 - 0 -  [ ( ~ - m e t h ~ l - ~ - 2 - h ~ d r o x ~ e t h ~ l a m ~ i n o ) -  
Department of Agriculture does not imply approval or e t h y ~ ] - ~ - g ~ U c O p y r a n ~ S e s ~  This is confirmed by recommendation of the company or product to the 
exclusion of others which may also be suitable. the ratios of these peaks (alphalbeta) which are 
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ROBERTS AND ROWLAND: SUBSTITUTED AND CROSSLINKED GLUCOSES 

ELECTROPHOREGRAM A 

-STARTING LINE 

ELECTROPHOREGRAM B 

+*- 
+---STARTING LINE 

FIG. 2. Electrophoregrams of samples which were applied along the starting line as follows: (a) the hydrolyzed 
product from the reaction of 1,2;5,6-di-0-isopropylidene-a-D-glucopyranose and N-methylbis(2-chloroethyl)amine; 
(b) the hydrolyzate of the chemically modified cotton from reaction with N-methylbis(2-chloroethyl)an~ine. 

TABLE 2 
Anomer ratios of the isomers of O-[(N-methyl-N-2-hydroxyethylamino)ethyl]-~-glucopyranose (I) 

and other substituted glucoses* 

2-0- 3-0- 6-0- 

Substituted 1st 2nd 1st 2nd 1st 2nd 
glucose anomer anomer anomer anomer anomer anomer Reference 

*I is identified in the title; I1 = 0-12-(diethylamino)ethyll-D-glucopyranose 111 = 0-(2-aminoethy1)-D-glucopyranose; 
and  IV = 0-(2-hydroxyethy1)-D-glucopyranose. 

summarized in Table 2. It is evident that the ratios 
of the anomer pairs for these new substituted 
glucoses are identical to those of a series of 
related substituted glucoses, which have been 
studied and described previously. 

The Simple Crosslinked Glucoses 
Spot I in electrophoregram A of Fig. 2 appears 

in a location consistent with that expected for a 
crosslinked glucose: i.e., less mobile than the 
simple substituted glucose due to higher molec- 
ular weight with the, same single amine group 
per molecule. Elution of this spot from the paper 
followed by freeze drying, silylation, and g.1.c. 

showed the presence of only the 3,3'-0-cross- 
linked glucose, as discussed in the following 
paragraph. 

By operating at higher temperatures in g.1.c. 
there were obtained additional peaks from the 
trimethylsilyl derivatives of the 3-0-substituted 
and 3,3'-0-crosslinked glucoses. These were best 
observed on an OV-3 column operated at 245O, 
indicating that these components were substan- 
tially higher in molecular weight than the simple 
substituted glucoses which have been described 
in the preceding section. Three peaks were ob- 
tained for each of the symmetrically crosslinked 
glucoses. This is consistent with expectation of 
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three anomers in these cases: i.e., alpha-alpha, 
alpha-beta (same as beta-alpha),and beta-beta. 
These are expected to elute in the order indicated. 
The predominance of the second peak (a com- 
bination of alpha-beta and beta-alpha) provides 
some confirmation of this. The elution time for 
these peaks increased, as is normal with glucose 
derivatives, from the 3,3'-0- to the 2,2'-0- to 
the 6,6'-0-compound. The number and pattern 
of anomeric peaks which were the same for all of 
these isomeric compositions, are considered posi- 
tive evidence that the reagent residue is linked to 
two independent glucose units. The total evidence 
indicates that these are crosslinked glucoses. 

The product of the reaction designed to 
prepare the 2,6'-0-crosslinked glucose contained 
considerable quantities of the 2,2'-0- and 6,6'-0- 
isomers with the 2,6'-0-crosslinked glucose pre- 
dominating. The product of the reaction for 
preparation of the 3,6'-0-crosslinked glucose 
contained considerable quantities of 3,3'-0- and 
6,6'-0-isomers with the 3,3'-0-crosslinked glu- 
cose predominating in this instance. 

In order to facilitate the analysis of mixtures of 
these crosslinked glucoses, each reaction product 
was subjected to reduction with sodium boro- 
hydride to obtain the corresponding sorbitol 
derivative. The number of peaks for each cross- 
linked glucose was reduced to one. 

More Complex Substituted or Crosslinked 
Glucoses 

While more complicated derivatives of glucose 
are expected to be formed in the reactions in- 
volving cotton cellulose, they are not likely to be 
formed in the reactions of the blocked glucoses 
with N-methylbis(2-chloroethy1)amine in anhy- 
drous media. Nevertheless, a faint spot was 
observed in some electrophoregrams (see spot 5 
of electrophoregram A of Fig. 2) of these prod- 
ucts. These faint spots were not identified, but it is 
considered that they may represent a glucose unit 
bearing an extended chain substituent composed 
of two reagent residues. 

Analysis of the Cl7emically Modified Cotton 
Cellulose 

The Simple Substituted Glucose Fraction 
The cotton fabric which had been reacted with 

N-methylbis(2-chloroethy1)amine was hydro- 
lyzed to a mixture of glucose, substituted glu- 
coses, and crosslinked glucoses. The trimethyl- 
silylated derivatives of this mixture of materials 

in g.1.c. showed the presence of simple 2-0-, 3-0-, 
and 6-0-substituted glucoses. These were identi- 
fied by comparison of retention times and by 
peak enhancement with the corresponding known 
derivatives. 

The ratio of peak areas, calculated by triangula- 
tion and the sum of the areas of the anomeric 
peaks, is expressed in terms of unity for the 
amount of substitution at the 6-0-position. The 
ratio of substituents at the 2-0-, 3-0-, and 
6-0-positions was found to be 2.30:0.28:1.00. 

The ratio of 2-0- to 6-0-substitution, as noted 
above, is considerably higher than has been 
found for reactions of cotton cellulose with most 
monofunctional reagents. 2-Chloroethyldiethyl- 
amine, which is closely related to the reagent 
employed in this study, reacted at  the 2-0-, 3-0-, 
and 6-0-positions in the ratio of 2.05:0.21:1.00 
under comparable conditions employing 2 N 
sodium hydroxide (4). 

The Simple Crosslinked Glucose Fraction 
Chromatographic analysis for simple cross- 

linked glucoses (following borohydride reduction 
and silylation of the hydrolyzate) on the OV-3 
column showed 3 peaks. These peaks were 
identified as the 2,2'-0-, 2,6'-0-, and 6,6'-0- 
crosslinked products by retention times and peak 
enhancement with the corresponding known 
crosslinked glucoses. Although the 2,6'-0- and 
3,6'-0-crosslinked glucoses exhibited very similar 
retention times, the second peak in the hydro- 
lyzate was identified as the 2,6'-0-compound by 
the fact that only this authentic crosslinked 
glucose in peak enhancement showed no change 
in retention time and no broadening or distortion 
of the peak. Chromatographic analysis of the 
second peak of the hydrolyzate on several 
columns showed no evidence of the presence of 
more than one component in the peak. 

The area of each peak in the crosslinked frac- 
tion of the components from the chemically 
modified cellulose was determined by triangula- 
tion. On this basis, the distribution of the 
crosslinkages among the 2,2'-0-, 2,6'-0-, and 
6,6'-0-positions is indicated to be 2.10:3.72:1.00. 
The substitution in the 6,6'-0-position serves as 
the basis for comparison (and unity in the above 
ratio). 

Fractions of Reagent Residues in the Various 
Structural Forms 

A paper electrophoregram of the components 
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ROBERTS AND ROWLAND: SUBSTITUTED AND CROSSLINKED GLUCOSES 

FIG. 3. Proposed mechanisms of reaction of N-methylbis(2-chloroethy1)amine with cellulose or blocked glucose. 
R represents the remaining portion of the blocked glucose or R represents cellulose in which the OH indicated is 
one of many. R' represents the glucose after removal of the blocking groups or cellulose after hydrolysis to glucose 
units. 

from the chemically modified cotton cellulose N-methylbis(2-chloroethy1)amine is believed to 
(refer to Fig. 2, Electrophoregram B) shows 5 proceed in two steps: one end of the reagent 
spots. In addition to the spot representing glucose molecule undergoes conversion to the aziridinium 
(G), spot I was identified as the simple crosslinked ion form and this reacts with a hydroxyl group of 
glucose fraction (all isomers). Spot 2 was identi- a D-glucopyranosyl unit of the cellulose. At this 
fied as the simple substituted glucoses (all isomers 
containing a single reagent residue). The identities 
were established by comparison of mobilities of 
the unknowns with those of the authentic 
materials described earlier. The structures of the 
compounds responsible for spots 3 and 4 were not 
identified; these could represent glucose units 
containing more than one substituent group, 
glucose units bearing an extended-chain sub- 
stituent group from more than one unit of 
reagent, and/or crosslinked glucose units where 
the crosslink is composed of more than one 
reagent residue. These are referred to as "complex 
glucose derivatives" throughout this paper. 

For information regarding the amount of 
reagent residues in the form of simple substituent, 
simple crosslink, or complex structures, separa- 
tions were obtained by electrophoresis and spots I 
and 2 were eluted separately. The quantities of 
simple substituted ducoses and simple cross- 
linked glucoses were determined by the hypo- 
iodite oxidatioil procedure of Hirst et al. (5). The 
simple substituted glucose fraction accounted for 
42.6 % of the total nitrogen, and the simple cross- 
linked glucoses accounted for 25.8 % of the total 
nitrogen. The remaining 31.6% of the nitrogen is 
attributed to complex glucose derivatives. 

point the other end ofthe reagent has opportunity 
to form the aziridinium ion through the same 
nitrogen atom and this may react with another 
hydroxyl group of cellulose. These steps are 
illustrated in eq. [A] of Fig. 3. It may be noted 
that if both aziridinium ions react with the 
hydroxyl groups of cellulose, a simple crosslink 
is formed; if one of the aziridinium groups reacts 
with water, a simple substituent is formed, and if 
one end of the reagent fails to react, a chloro- 
terminated substituent group may result. 

It might be expected that the simple sub- 
stituent groups in cotton cellulose would contain 
chloroethyl groups on the unreacted end of the 
reagent. Some chlorine was detected in the 
chemically modified cellulose, but the chlorine 
was not found in the simple substituted glucoses 
after the hydrolysis of the chemically modified 
cellulose to glucose, substituted glucoses, and 
crosslinked glucoses. It  has been shown that 
N-methylbis(2-chloroethy1)amine is converted to 
N- methyl- N-2 -chloroethylaziridinium chloride 
(the reactive species) in aqueous solution (6). 
Since the 0-[(N-methyl-N-2-hydroxyethyl- 
amino)ethyl]-D-glucopyranoses were the only 
products found in the monofunctionally reacted 
fraction, it is proposed that the chloro groups that 
may be present in the cotton on the unreacted end 

Discussion of the reagent prior to acid hydrolysis are con- 
The crosslinking of cotton cellulose with verted to hydroxyl groups as shown in Fig. 3. 
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The chloride ion is probably replaced by a sulfate 
ion, which forms a sulfato group that is subse- 
quently hydrolyzed to a hydroxyl group. 

In the preceding section it was shown that the 
reagent residues were present in the chemically 
modified cotton cellulose as follows: 42.6% as 
simple substituents, 25.8 % as simple cross- 
linkages, and 31.6 % in more complex structures. 
I t  may then be calculated from other foregoing 
data that the percentages of reagent residues as 
simple 2-0-, 3-0-, and 6-0-substituents are 27.4, 
3.3, and 11.9; that the percentages as simple 
2,2'-0-, 2,6'-0-, and 6,6'-0-crosslinks are 7.9, 
14.0, and 3.8; and that the percentage as complex 
structures is 31.6. The predominance ofthe simple 
substituted glucoses and especially of the 2-0- 
substituted glucose is impressive. Among the 
simple crosslinked glucoses, the predominance of 
the 2,6'-0-structure is generally consistent with 
the fact that the hydroxyl groups a t  C-2 and C-6 

CHEMISTRY. VOL. 48, 1970 

are substantially more reactive than those at  C-3. 
However, the predominance of 2,6'-0-crosslinks 
over 2,2'-0-crosslinks suggests that there is a 
spatial factor in the cotton cellulose structure 
which favors crosslink formation in the 2,6'-0- 
location. The general predominance of the sub- 
stituted glucoses may be a further reflection of 
spatial requirements which must be satisfied in 
order to complete a crosslinkage. 

1. E. J. ROBERTS and S. P. ROWLAND. Can. J. Chem. 
45, 261 (1966). 

2. L. HOUGH, J. K. N. JONES, and M. S. MAGSON. J. 
Chem. Soc. 1525 (1952). 

3. E. J. ROBERTS  and.^. P: ROWLAND. Carbohyd. Res. 
5. 1 (1967). 
- 7  - I-- - 

4. S. P. ROWLAND, E. J. ROBERTS, and C. P. WADE. 
Text. Res. J. 39, 530 (1969). 

5. E. J. HIRST. L. HOUGH. and J. K. N. JONES. J. Chem. 

6. J. R. SOWA a id  C. C. PRICE. J. Org. Chem. 34, 474 
(1969). 

7. E. J. ROBERTS and S. P. ROWLAND. Can. J. Chem. 
47, 1571 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Reactions of norbornen-7-one with Grignard reagents 

J. WARKENTIN 
Department of C/~ernistry, McMaster University, Hamilton, Ot~tario 

Received December 3, 1969 

The relative importance of addition and reduction, as well as the sytz:antiselectivity of those processes, 
were determined for the reactions of five Grignard reagents with norbornen-7-one. Reduction is important 
or dominant in the reactions of Grignard reagents having B-hydrogen and there is a strong preference 
for the hydride transfer to occur from the sytl face of the carbonyl group. Addition shows the analogous 
stereochemical preference with higher selectivity than reduction. 

Canadian Journal of Chemistry, 48, 1391 (1970) 

Introduction Grignard and norbornenone was supported by 

In con~lection with other work a number of 
7-alkylnorbornen-7-01s were required. Treat- 
ment of the readily-available norbornen-7-one 
(1) with the appropriate alkyl lithium or Grig- 
nard reagents looked attractive as a route to such 
compounds. Although it was recognized that 
bulky Grignard reagents are prone to reduce 
ketones by hydride transfer from the 0-position 
(2, 3), the fate of norbornen-7-one could not be 
predicted readily. The high reactivity (4) of that 
strained ketone and the lack of free rotation 
might make it relatively insensitive to steric 
factors and therefore less prone to reduction 
than, for example, diisopropyl ketone. A second 
interesting question concerned the stereochem- 
istry of addition and reduction. A general prefer- 
ence for reaction fram the sy12 face was antici- 
pated, based on the report that the syn:anti 
product ratio from reduction of the ketone with 
borohydride is 15% (4). 

To determine the selectivities of some of its 
reactions, norbornen-7-one was treated with 
four alkyl Grignard reagents in which the extent 
of a-branching varied, and with a P-branched 
Grignard reagent. 

Results and Discussion 

The products of carbonyl reduction of nor- 
bornen-7-one are known compounds which were 
readily characterized from their physical and 
spectral properties (4, 5). Addition products 
obtained in this study were readily identified 
as 7-alkylnorbornen-7-01s from the close re- 
semblance of their nuclear magnetic resonance 
(n.m.r.) spectra to those of the known products 
of reduction. Assignment of "anti-01" stereo- 
chemistry to the major product from methyl 

converting the alcohol to the bromide with 
thionyl bromide under conditions which norm- 
ally lead to retention of configuration.' The 
product was shown (n.m.r.) to be the isomer of 
the known syn-7-bromo-7-methylnorbornene 
(6) .2 Other addition products were assigned the 
same stereochemistrv-on the basis of their n.m.r. 
spectra and analogy, for there is no reason to 
expect a change in structure of the Grignard 
reagent to reverse the sense of the stereochemical 
selectivity of addition. Proton resonance spectra 
and other properties of the products are recorded 
in Table 1. 

Table 2 lists the ~ r o d u c t  distributioils from the 
reactions of Grignard reagents with norborne- 
none in ether at 35'. I t  is noteworthy that the 
ethyl and isopropyl reagents are both less 
selective, as expected for reactions with a highly 
reactive ketone, than they are in reactions with 
an unstrained model, diisopropyl ketone (7). 
For the latter the additi0n:reduction ratio from 
ethyl Grignard reagent is 3.7 (7) while isopropyl 
Grignard fails to add (7). The high stereoselectiv- 
ity of reduction makes tertiary butyl Grignard 
reagent, for example, a better choice than boro- 
hydride (4) for the synthesis of anti-norbornen-7- 
01 from the ketone. As a synthetic route to 
tertiary, anti-norbornen-7-ols, addition of Grig- 
nard reagents is clearly most effective if the latter 
lack P-hydrogen. 

The high preference for attack on the syn 
face mav be the  result of smaller non-bonded 
interactions between reagent and two carbon 

'The alcohol was refluxed for 3 h with SOBr, in 
carbon tetrachloride. I am indebted to Mr. F. R. S. Clark 
for the conversion of alcohol to bromide. 

,A gift of the syn bromide, from Dr. E. C. Sanford, 
is gratefully acknowledged. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE 1 
syn-7-R-Norbornen-7-01s (1) and anti-7-R-norbornen-7-01s (2) 

Compound 

- 
- 

Melting Proton magnetic resonance (6, CCI,, internal TMS)t$ 
point 
("C) %C* 

oil 78.21 
78.24 

oil 78.89 
78.09 

51-51.5 79.94 

*Calculated values in upper rows; analytical results in lower rows. 
?Determined with a Varian HA-100 instrument. 
$The numbering system is: H I  - H, = bridgehead, H Z  = H, = vinyl, H, = cxo, H6 = endo, H 7  - C7-H, etc. Signals from the OH group 

are not tabulated. 
§Tentative assignment of this structure is based o n  the n.m.r. spectrum of the mixture of  methyl compounds. Some of  the signals expected 

for 2 (R = CH3) were probably obscured by the spectrum of 1 (R  = CH,). 

bridge in the transition states from syn attack. 
Although partial rate factors for reduction of 
norbornen-2-one led to the ~ o s t u l a t e  that the 

TABLE 2 
Products from norbornen-7-one and RMgX 

Product distribution (relative %)t$ etheno bridge has a larger steric requirement 
than the ethano bridge (4), there are at  least two 
thermodynamically-controlled systems in which 

Addition Reduction 
R of 

RMgX* syns antis syrzs antis 

CH 3 4" 96 none none 
CH3CHz - 5 1 4 45 
(CH3)zCH - 10 2 - - 88 
(CH313C 2 - 

98 
(CHd3CCHz > 98 none 1 7  

the larger 7-substituent of a norbornene prefers 
the syn configuration (8,9). Addition may have 
a larger steric requirement than reduction be- 
cause addition appears to be bimolecular in 
Grignard reagent Weak complexing 
between the metal and the x-system is not - 

*Grignard reagents are written as  RMgX although R Z M g  is usually 
present also in such solutions. 

t A  dash is used where the compound in question, an unknown, was 
not indicated in the n.m.r. spectrum of the crude product. Without a n  
authentic sample with which to calibrate thechromatogram it was not 
possible to rule out  a small quantity of such a compound. 

$The errors in the small numbers are probably at  least 5 0 %  of their 
values. Higher percentages ( > 4 0 )  are subject to  an uncertainty o f  
about  5 parts per 100, except the entrles for R = CH2CH, a n d  
CH(CH,),, which have about twice that error. The uncertainty was 
estimated from the scatter of  the results of  two to  four runs. 

$Labels (syn, onti) refer to the hydroxyl group. 
JIIdentity inferred from the n.m.r. spectrum of the mixture. 
VReduction was probably caused by traces of  other Grignard 

reagents. The neopentyl chloride had two impurities in it, totalling 
about  3 %. 

excluded as a factor determining the preferred 
syn attack. 

Experimental 
Prodlrct At~alyses 

Crude product mixtures were analyzed by gas-liquid 
partition chromatography (g.l.p.c.), using a 5' x 1/4" 
column packed with 15% Carbowax 20M on 60-80 
mesh Chromosorb W (column A) and a 5' x 1/4" 
column packed with 20% SE-30 on the same support 
(column B). With column A (125", helium flow rate = 50 
cc min-') relative retention volumes were (7-substituent 
other than O H  listed): anti-H, 0.51; artti-CH3, 0.35; 
syrl-CH3, 0.58; syn-CHZCH3, 0.78; S Y ~ - C H ( C H ~ ) ~ ,  
0.82; S ~ ~ - C H ~ C ( C H , ) ~ ,  1.40; syn-H, 1 .OO (reference). 
From column B the 7-alkylnorbornenols were eluted after 
the products of reduction. Analytical samples were ob- 
tained by preparative g.l.p.c., using column A. An 
Aerograph 90P-3 instrument, with thermal conductivity 
detector, was used throughout. 

Relative yields were determined by integration of the 
g.1.p.c. traces with a Dupont Model 310 Curve Re~o lve r .~  
Thermal conductivities of isomers were assumed to be 
the same. Peak areas corresponding to the ethyl and 
isopropyl addition products were reduced by the factor 
1.2. That factor was determined with weighed mixtures 
prepared from pure anti-norbornen-7-01 and syn-7- 
ethylnorbornen-7-01 and it was assumed to apply ade- 
quately to the isopropyl compound also. 

"he molecularity of the corresponding reduction has 
not been established, it seems. The effects of large changes 
in conceniration and temperature on the distribution of 
products from norbornenone are under investigation. 

4The peaks did not overlap and the instrument was used 
as an integrating device only. 
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Grignard Rea.yents 
The following description is typical of all preparations 

except that involving neopentyl Grignard reagent. 
Ethyl iodide (0.31 g, 2.0 mmoles) was added all at once 

to Grignard-quality magnesium turnings (0.24 g, 10.0 mg 
atom) covered with 10 ml of anhydrous ether. The mix- 
ture was stirred and refluxed for one hour before nor- 
bornen-7-one (0.1 1 g, 1.0 mmoles) in 2 ml of ether was 
added by drops to the boiling solution. When all the 
ketone had been added heating was continued for I5 rnin 
more before the solution was cooled and saturated, 
aqueous ammonium chloride solution was added grad- 
ually. The ether layer was decanted and d r~ed  over CaSO, 
before it was concentrated with a rotary evaporator. Care 
was taken not to evaporate the last traces of ether, to 
minimize loss of product components. 

In a run on 4.63 times the above scale the yleld of 
ether-free alcohols was 0.51 g (89%, calculated on the 
basis of the product distribut~on in Table 2). 

Neopentyl chloride (4.34 g, 45.0 mmoles), in 20 ml of 
ether, was heated at  60' in a sealed tube with magnesium 
(1.08 g, 45.0 mg atom). After about 8 h the solution 
became grey and turb~d,  suggesting that reaction had 
begun. In a further 16 h period about half of the metal 
reacted. The solution above the residue was pipetted from 
the tube into a flask fitted with magnetic stlrrer and heater. 
The solution was brought to reflux and norbornen-7-one 
(1.0 g, 9.3 rnmoles) in 5 rnl of ether was gradually added. 
After addition was complete the mixture was stirred and 
heated for I h. Hydrolysis with saturated NH,CI solutlon 

I was strongly exothermic, Indicating the presence of 
I excess Grignard reagent. Drying the ether layer and 

evaporation of ether left an oil which crystallized 
spontaneously in a few minutes. The yield of crude syrl- 
7-neopentyl-onti-norbornen-7-01 was 1.47 g (88.5 %). It 
contained, in addition to a small amount of rrrrti-nor- 
bornen-7-01, about 6 %  (assuming comparable thermal 
conductivity) of an  impurity which was not identified 
but which was shown by infrared to be free of OH groups. 
Purification to  m.p. 51-51.5" was acconlplished by 
sublimation. 

Financial assistance was provided by the National 
Research Council of Canada. Brian Sayer and Ian 
Thompson obtained the n.m.r. spectra for the author. 
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Reactions of some 2-aminophenyl- and 2- and 4-nitrophenyl sulfones in aqueous 
sodium hydroxide solution1 

K. B. SHAW AND R. K. MILLER 
Defence Research Establishtneizt Ottnwa, Deferzce Research Board, Ottawa 4, Ontario 

Received November 6. 1969 

When 2-aminophenyls~~lfonylacetic acid (3) was heated under reflux in an excess of dilute sodium 
hydroxide solution, the only product identified was 2-methylsulfonylaniline (6). When 2-nitrophenyl- 
sulfonylacetic acid was treated under the same conditions, the major products identified were 2-methyl- 
sulfonyfnitrobenzene (7), 2-nitrophenol (a), and orthanilic acid (13); minor products of this reaction 
were 6 and 3-n~ethylsulfonyl-3'-nitro-4-amino-4'-hydroxybiphenyl(12). The same products wereobtained 
although the yields were different when 7 was boiled with alkali, but the reaction of 4-methylsulfonyl- 
nitrobenzene (15) with alkali was less complex and 4-nitrophenol (16) was the only major product. The 
biphenyl 12 was also formed in small yield when N-(2-methylsu1fonylphenyl)hydroxylamine (19) was 
treated with alkali and its formation in these reactions was investigated in detail. It was concluded that 
12 arises from 7 and 19, but it could also be prepared from 19 and 2-chloro- or better, 2-fluoronitroben- 
zene, in alkaline solution, and based on all these observations, a mechanism for its formation is sug- 
gested. The genesis of the various other products is also discussed. Reference is made to the infrared 
spectra of sulfones. 

Canadian Journal of Chemistry, 48, 1394 (1970) 

Introduction Because of this protection afforded against 

It has been reported (1) that certain cyclic 
hydroxamic acids, among them 1 and 2, are 
powerful reactivators in vitro of acetylcholin- 
esterase inhibited by diisopropylphosphorofluo- 
ridate (DFP). All the compounds were said to 
be more potent reactivators than pyridine 
2-aldoxime methiodide (2-PAM), and 1 was 
said to be more than twice as potent as 2-PAM 
and less than half as inhibitory. In view of these 
claims, it was necessary to extend the reactivation 

studies to cholinesterase inhibited by other 
organophosphorus compounds. However, we2 
were unable to demonstrate any significant 
reactivation by 1 or 2 of acetylcholinesterase or 
serum cholinesterase after inhibition by isopropyl 
methylphosphonofluoridate (Sarin), although 
these compounds, in conjunction with atropine, 
were found to afford some protection to mice 
against poisoning by Sarin above that afforded 
by atropine alone.3 

'Issued as DREO Report No. 612. 
'K. B. Shaw and R. K. Miller. Unpublished work. 
31. W. Coleman. Personal communication. 

Sarin poisoning, it has  of interest to study the 
chemistry of some of these hydroxamic acids 
and the benzothiazine derivative 1, was selected 
for this work. Compound 1 was unaffected by re- 
fluxing 10 % hydrochloric acid, but when a solu- 
tion of 1 in dilute sodium hydroxide was heated 
under reflux for several hours a multitude of 
products was formed. Before this reaction was in- 
vestigated further, it seemed desirable to study 
the action of sodium hydroxide on some related 
sulfones in order to gain background information 
which might help in understanding the reaction 
of 1 with alkali. In this respect however, the infor- 
mation gained from these reactions, some of 
which were also rather complex, was of limited 
value. Nevertheless, interesting results were ob- 
tained and these form the subject of this and 
another paper (2). The reaction of 1 with sodium 
hydroxide is imperfectly understood and is not 
reported here. 

Results and Discussion 
It was decided initially to study the action of 

sodium hydroxide on 2-aminophenylsulf~nyl- 
acetic acid (3). Although 3 could be prepared in 
solution, the acid could not be isolated owing to 
the ease with which it cyclized to the lactam, 
3,4-dihydro-3-0x0-2H- 1,4- benzothiazine- 1 , l -  
dioxide (4) (3, 4). Several attempts to prepare 3 
by the published method ((5) reduction of 2-nitro- 
phenylsulfonylacetic acid (5) with ferrous sulfate 
and ammonia) or by reduction of 5 with sodium 
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borohydride and palladium charcoal (6) gave 4 
as the only identifiable product. The lactam 4 
was also obtained in poor yield by the reduction 
of 5 with iron and hydrochloric acid (7) but could 
be prepared in good yield by this method from 
the methyl ester of 5 since this avoided difficulties 
arising from the formation of iron salts. The 
lactam has maxima in the ultraviolet (u.v.) (in 
water) at 251 and 295 mp in the p H  range 1 to 
about 10. At higher p H  however, the maxima 
are at 257 and 305 mp, when 4 presumably exists 
as the salt of 3. The lactam 4 was recovered in 
high yield after being heated for 4 h with 1 molar 
equivalent of 0.1 N sodium hydroxide, but when 
the experiment was repeated using 2 molar 
equivalents of alkali, 2-methylsulfonylaniline 
(6) (7, 8,9) was obtained in about 20 % yield. The 
yield of 6 was increased to about 30 % after a 7 h 
reaction period and to about 75 % after 24 h. In 
addition, 4 was also recovered and another 
product appeared (u.v.) to be present but there 
was no evidence that orthanilic acid was formed 
in this reaction (see below). 

When 2-nitrophenylsulfonylacetic acid (5) was 
heated under reflux in 1 molar equivalent of N 
sodium hydroxide the sole product isolated, in 
50-60 % yield, was 2-methylsulfonylnitrobenzene 
(7) (8) and this decarboxylation in alkaline 
solution is a general reaction of 2-nitrophenyl- 
sulfonylacetic acids (10). A somewhat cleaner 
product was obtained in rather higher yield when 
the decarboxylation was carried out in 0.1 N 
sodium hydroxide for 3 h, but 7 was not the only 
product of this reaction (cf. (lo)), since the reac- 
tion mixture showed maxima in the u.v., whereas 
neither 5 nor 7 shows a maximum in the u.v. 
Subsequently, it was found that the decarboxyla- 
tion of 5 takes place almost quantitatively when 
the acid is heated under reflux for 3 h with only 
10% of 1 molar equivalent of dilute sodium 
hydroxide solution; but when the reaction was 
carried out in water for the same time, the yield 
of 7 was less than 20 % and the remaining 5 was 
recovered. It is apparent from these results that 
in alkaline solution, the nitro acid 5 loses carbon 

dioxide much more readily than the amino acid 
3. Compound 7 could also be prepared in very 
high yield by heating under reflux for 20 h a 
solution of 5 in methanol containing a little 
piperidine, the method used by Coutts and Smith 
(11) for the preparation of 7 from the methyl 
ester of 5. 

The reaction of 5 with two molar equivalents 
of alkali was complex. Although in a number of 
runs the yields of the various products were not 
exactly reproducible, the variations were not 
large and the same products were obtained. The 
reaction was carried out by heating a solution of 
5 in 0.1 N sodium hydroxide under reflux for 7 h. 
During this time, ammonia was evolved and the 
solution became deep red (cf. (10)). From this 
solution 7 could be isolated in about 20% yield 
by extraction with ether and a very small quantity 
of 6 was also detected in this fraction. After the 
solution had been acidified, steam distillation 
gave a yellow solid which was readily identified 
as 2-nitrophenol (8) (lo%), and then extraction 
with ether gave a semi-solid which was not com- 
pletely soluble in methanol. 

Although no pure compound could be isolated 
from the methanol-soluble part of this fraction, 
the methanol-insoluble portion was an orange- 
red solid which crystallized readily from ethanol- 
acetone. Elemental analysis indicated an 
empirical formula Cl,H12N,0SS which was 
confirmed as the molecular formula by a mass 
spectrum (mol. wt. 308). The infrared (i.r.) 
spectrum was very informative and showed 
peaks ascribable to NH,, bonded OH, aromatic 
NO, and S0,Me. In addition, peaks at 1580, 
1505, 850, and 815 cm-' were suggestive of a 
1,2,4-substituted benzene (12a). The sharp NH 
stretching bands and the slightly broad and weak 
OH stretching band were well defined, and it 
seemed unlikely that the amino and hydroxyl 
groups in the unknown were ortho, since 2-ami- 
nophenol (9) shows broad absorption between 
about 3200 and 2300 cm-I. The position and 
intensity of the OH absorption in the unknown 
resembled that in 2-nitrophenol. The presence 
of nitro and methylsulfonyl groups was further 
confirmed by peaks at mle 292 (M - 16) and 262 
(M - 46) and at mle 229 (M - 79) in the mass 
spectrum, which was consistent with a substituted 
biphenyl. Hence the part structure 10 accounts 
for all the atoms present. The nuclear magnetic 
resonance (n.m.r.) spectrum of the aromatic 
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protons in the unknown (Fig. 1) showed peaks 
in the regions A, B, and C (total 5.3 H); not 
shown in Fig. 1 are a peak at 6.78 T (3.OH) 
assigned to  the protons in a methylsulfoi~yl 
group and a broad peak centered at 3.7 r (1.9H), 
assigned to  an amino group. The spectrum was 
also consistent with a biphenyl structure and an 
inspection of the line positions and coupling 
patterns allowed the following conclusions to be 
drawn: (i) Each ring contains an electron- 
withdrawing and an electron-donating substit- 
uent. (ii) In each ring there is a proton adjacent 
to the electron-donating substituent, and it is 

5 00 4 00 
A B C Hz from 

T. M. 5. 

FIG. 1. The nuclear magnetic resonance spectrum of 
the aromatic protons in the biphenyl 12. 

split by an ortho proton but not by a meta proton 
(region C). (iii) In each ring, there is a proton 
adjacent to the electron-withdrawing substituent, 
but it is split only by a meta proton (regions A 
and B). The o~ily structures which satisfy these 
requirements, and which are in accord with the 
previous observatioils are 11 and 12. However, 
11 may be rejected since the starting material did 
not contain adjacent nitrogen atoms and thus 12 

is the structure of the biphenyl. The yield of 12 
was about 2 %. 

After the dark aqueous solution remaining 
after removal of the ether-soluble material had 
been decolorized, it showed maxima in the U.V. 

a t  238 and 295 mp, unchanged when the solution 
was made alkaline. This spectrum recalled that 
of 2-aminobenzenesulfonic acid (orthanilic acid) 
(13) (13) and the yield of this acid was estimated 
from the U.V. spectrum to be about 27 %. In one 
experiment 13 was isolated and its identity was 
confirmed by U.V. and i.r. spectra and by elemental 
analysis. 

When 2-methylsulfonylnitrobenzene (7) was 
treated with dilute sodium hydroxide solution, 
the products identified above were again obtained, 
but the yields (allowing for recovered starting 
material, ca. 10%) were different. It appeared 
that more ammonia was evolved during the re- 
action, and the yields of 6 (ca. 5 %), 8 (22 %), and 
12 (8 %) were all higher than in the reaction of 
5 with alkali whereas the yield of 13 (13 %) was 
lower. The methanol-soluble fraction from which 
12 was isolated was shown by chronlatography 
on alumina to  be a mixture of several compounds. 
Although no pure compound was isolated, there 
was con~pelling evidence (comparison of i.r. and 
U.V. spectra in neutral and in alkaline solution 
with those of an authentic sample) that one 
fraction was 2-methylsulfonylphenol (14) (about 
1 % yield) and another fraction which showed 
NH,, OH, SO,Me, and possibly NO, absorp- 
tions in the i.r. may have been an  isomer of 12 
(see below). 

The course of the reactions which occur when 
5 or 7 is treated wit11 alkali is not completely 
clear but a number of points can be made. The 
fact that the same products were isolated from 
5 and 7 suggests that the decarboxylation of 5 is 
the first step in the reaction of that compound 
but, since the yields of the various products of 
the two reactions were dissimilar, this may not be 
completely true. In ally event, 5 should be 
susceptible to the same reactions which lead to  
8 and 13 from 7 (see below) and the different 
yields of 8 in particular, in relation to the 
quantity of 7 recovered, may be a reflection of 
the different concentrations of hydroxide ion 
throughout the two reactions. Thus it seems 
unwise to emphasize these differences in yields 
unduly and the discussion will be concerned 
with the reactions of 7. Although it is well known 
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that certain substituents, e.g. nitro and chloro 
ortho to a nitro group,are susceptible to nucleo- 
philic attack (14), it was uncertain whether or not 
the methylsulfonyl group in 7 could be displaced 
by a nucleophile. However the formation of 8 in 
the reaction of 7 with alkali indicates that such 
a reaction can occur and the ready displacemeilt 
of the methylsulfonyl group in a number of 
nitrogen heterocycles by various nucleophiles, 
has been demonstrated recently (15). The 
vulnerability of a substituent ortho to a methyl- 
sulfonyl group to nucleophilic attack is very 
much less than that of the same substituent ortho 
to a nitro group (16), and 2-methylsulfonyl- 
phenol (14) was only a very minor product of the 
reaction of 7 with alkali. The formation of 14 
generates nitrite ion, reduction of which would 
give ammonia (cf. 17) ; it is unlikely that amn~onia 
was formed as a result of dis~lacement of an 
aromatic amino group since both 13 and 6 were 
unaffected by dilute sodium hydroxide solution. 

The activating effect of the ortho-nitro group 
in 7 is apparent in the formation of 8 (and in the 
ease of decarboxylation of 5 compared to 3) and 
the genesis of 8 is straightforward. However, 
the formation of orthanilic acid (13) is less easily 
explained. Although several routes to 13 can be 
envisaged, it seems likely that ortho-substituent 
interactions (18) are involved in the formation of 
13, and also the numerous unidentified products 
obtained after treatment of 7 with alkali. 

The ready reduction of nitro compounds under 
alkaline conditions is unexceptional (18 and 
references therein) but it is often debatable 
whether an external reducing agent is involved, 
and if so, what that agent is. A possible reducing 
agent in the reaction of 7 with alkali was methyl- 
sulfinate ion but this idea seemed im~robable 
after an examination of the action of alkali on 
4-methylsulfonylnitrobenzene (15, prepared by 
a series of reactions analogous to that used for 7). 
In 15, ortho-substituent interactions are not 
possible and the reaction of this compound with 
alkali was much less complex than that of 7. The 
sole product isolated ( > 70 % yield) was 4-nitro- 
phenol (16), and there was no evidence that 
sulfanilic acid (17) or other primary amines, e.g. 
4-methylsulfonylaniline (18), were formed. In 
view of the high yield of 16, and hence presumably 
methylsulfinate ion, 17 and 18 might have been 
expected if methylsulfinate ion was acting as a 
reducing agent. 

The formation of the biphenyl 12 during the 
reaction of 5 or 7 with sodium hydroxide was 
quite unexpected and some experiments were 
performed in an effort to understand its mech- 
anism of formation. The biphenyl 12 was not 
formed when 8 and 6 were boiled in sodium 
hydroxide solution for several hours (both com- 
pounds were recovered in high yield), and, when 
the reaction of 7 in alkali was carried out in the 
presence of one mole of 6, the yield of 12 was 
again about 8 %  and 6 was recovered quantita- 
tively. Hence it seemed unlikely that 6 was 
involved directly in the formation of 12. If it is 
assumed that two different molecules are impli- 
cated in the formation of 12 (rather than, for 
example, dimerization of 7 with subsequent elab- 
oration of the substituents) and considering what 
other compounds might be formed, but which 
could not be isolated during the reaction of 7 with 
alkali, one of the possible intermediates in the 
formation of 12 was N-(2-methylsulfonylphenyl)- 
hydroxylamine (19). Furthermore 19 is a part 
structure of the hydroxamic acid 1, thus it was 
relevant to know what products were obtained 
when 19 was treated with dilute sodium hydrox- 
ide solution. 
N-(2-Methylsulfonylphenyl)l~ydroxylamine 

(19), prepared by Claasz (8) by reduction of 7 
with zinc and 40% acetic acid, was described as 
an oil. However, when 7 was reduced with zinc 
and ammonium chloride (19), 19 was obtained 
as a solid which crystallized readily. The reactions 
of 19 in alkali were studied in some detail and 
are reported elswhere (2). Here it is sufficient to 
state that 12 was one of several products ob- 
tained when 19 was treated with alkali, altl~ough 
the highest yield was about 6 %. The isolation of 
12 from this reaction did not prove that 19 itself 
was involved in the formation of 12, in view 
of the numerous oxidation - reduction reactions 
which occur when 7 or 19 is treated with alkali 
but the result was at least suggestive. The nitro 
compound 7 was isolated in some cases after 
treatment of 19 with alkali (2), and since in all 
likelihood 19 might be formed when 7 was 
treated with alkali, there seemed a good possibility 
that these two compounds were the precursors of 
12, especially since the more obvious possibilities 
had been eliminated. This idea was strengthened 
by two facts. First, 19 is soluble in alkali in which 
presumably it is present in large part as the anion 
which might be a good nucleophile, and second, 
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TABLE 1 

Experiments on  the formation of 12" 

Aqueous 
Experiment 19 7 0 . 1  N NaOH 12 Isolated 

no. (mmoles) (mmoles) (mmoles) (mmoles) 

*All reaction mixtures contained 3 ml of ethanol (to increase the solubility of 7) and were heated 
under reflux 15 min. 

t o n  10 times the scale, the yield of 12 was 0.072 mmoles. 
$Reaction done in presence of 0.3 mmoles of potassium acetate. 

the carbon atom bearing the methylsulfonyl 
group in 7 is susceptible to nucleophilic attack. 
Thus, attack by the anion, RNHO-, of 19 on 7 
would lead to a reaction intermediate (20) which 
is resonance-stabilized. If this intermediate then 
rearranges in the manner indicated in Scheme 1, 
the biphenyl is produced. Alternatively, if 20 
merely lost the methylsulfonyl group, an N,O- 
diphenylhydroxylamine (a type of compound 
which does not appear to be known, see below) 
would result, and this might also rearrange to 12. 
Although other modes of joining the two rings 
are probably less favorable for steric reasons, it 
might be expected that isomers of 12, e.g. a 2,2'- 
or a 2,4'-biphenyl, would also be formed. Such a 
possibility cannot be ruled out. In one experiment 
(reaction of 7 with sodium hydroxide), chroma- 
tography of the methanol-soluble fraction from 
which 12 was isolated, gave a fraction which had 
a similar i.r. spectrum to that of 12 but which 
could not be crystallized. 

In an attempt to acquire some support for the 
foregoing ideas, numerous small-scale experi- 

ments were carried out using 7 and 19. These 
experiments are summarized in Table 1. In each 
case the reaction mixture was worked up to 
isolate 12 only and no attempt was made to 
identify the other products. The following points 
about these results can be made: (a) Both 7 and 
19 are involved in the formation of 12 (experi- 
ments 1-3).4 (b) When one equivalent of sodium 
hydroxide was used, the yield of 12 was approxi- 
mately the same when the quantities of 19 and 7 
were 1 :l (experiment 3), 1 :2 (experiment 6), or 
2:1 (experiments 8 and 9). (c) When two equiv- 
alents of sodium hydroxide were used, and the 
quantities of 19 and 7 were 1 : 1 (experiment 5) 
or 1 :2 (experiment 7) the yield of 12 was almost 
the same as in the experiments mentioned under 
(b). However, when the quantities of 19 and 7 
were 2:l (experiment 10) the yield of 12 was 
about twice that obtained in the other experi- 
ments. This marked difference in yield between 
experiments 8 and 9, and experiment 10, clearly 
demonstrates that the anionic form of 19 is the 
important one in the formation of 12. In addi- 
tion, if the first stage of the above mechanism is 
correct, 19 should react with other appropriate 
2-substituted nitrobenzenes in alkaline solution 
to give 12, and indeed, when 2-chloronitroben- 
zene (22) was used instead of 7 under the con- 

41t should be noted that although 12 is one of the 
products obtained when 19 (3 mmoles) is boiled in dilute 
sodium hydroxide solution for 15 min (2), the amount 
expected (by extrapolation) on  a 0.3 mmole scale (experi- 
ment 2) would be too small to  isolate. However 12 was 
not isolated from any experiment in which 7 was bolled 
in alkali for only 15 min. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHAW AND MILLER: SOME 2- AND 4-SUBSTITUTED SULFONES 1399 

ditions of experiment 3,12 was obtained, but the 
yield was lower than in experiment 3. However, 
when 2-fluoronitrobenzene (23) was used instead 
of 7 in experiments analogous to 3, 6, and 10, the 
yields of 12 were 0.068, 0.068, and 0.14 mmoles 
respectively, and in addition, because of the more 
favorable solubility of 23 compared with 7, it was 
possible to carry out a reaction involving 23 
(experiment 3) at room temperature (48 h) when 
the yield of 12 was 0.077 mmoles. 

In an attempt to prepare N,O-diphenyl- 
hydroxylamine via its N-acetyl derivative (24), 
Cox and Dunn (20) treated N-acetylphenyl- 
hydroxylamine (25) with diphenyliodonium 
hydroxide, but the main product of this reaction 
was 4-acetyl-4'-hydroxybiphenyl (26) containing 
some of the 2'-hydroxy isomer. Cox and Dunn 
considered that the most likely explanation of 
their results was that 25 was phenylated to give 
24 which then spontaneously rearranged intra- 
molecularly to the observed products. The 
experiments discussed above provide good 
evidence that the first stage in the formation of 
12 is nucleophilic attack by the anion of 19 on the 
carbon atom bearing the methylsulfonyl group 
in 7 (and that bearing the halogen atom in 22 and 
23) and an intermediate analogous to 20, is also 
likely in the formation of 26. In the absence of 
any evidence for the formation of an N,O- 
diphenylhydroxylamine, either in this or the ear- 
lier (20) work, we prefer to regard the rearrange- 
ment as proceeding in the manner outlined 
above. We also obtained some evidence that 12 is 
formed in the alkaline solution and not (e.g. by 
an acid-catalyzed process) during workup (cf. 
(20)). After completion of the reaction between 
19 and 7 (e.g. experiment 3 above) the alkaline 
reaction mixture had a maximum in the U.V. at 
286 mp, changing to 276 mp after acidification, 
and the peak at 286 mp persisted after extraction 
of the alkaline solution with chloroform. In 
aqueous alkali 12 has a peak at 288 mp, changing 
to 278 mp on acidification. However, the reaction 
cannot be quite as straightforward as outlined 
above. If this was so, it would be expected that, 
in the small-scale experiments described above, 
doubling the quantity of 7 (experiments 6 and 7), 
or 19 and sodium hydroxide (experiment lo), 
would lead to an increase in the yield of 12 over 
that obtained when the reactants were 1 :1 
(experiment 3), whereas only when 2 parts of 19 
and sodium hydroxide were used, was an increase 

in the yield of 12 observed. A possible explanation 
of this is that the anion of 19 functions as a base 
in some other manner e.g. by facilitating the 
removal of the protons from 21 (cf. (21)). How- 
ever, other bases e.g. hydroxyl ion (experiment 5) 
and acetate ion (experiment 4) do not act 
similarly. 

Injured Spectra 
During the course of this and other work, 30 

sulfones were available for study. In all these 
compounds, the sulfur atom was attached to a 
benzene ring. Nineteen of these compounds con- 
tained a methylsulfonyl group, nine contained 
the group -S02CH2-, either in a six-membered 
ring (e.g. as in 4) or as in 3, and the remaining two 
compounds contained the group -S02CH=. 
All the compounds were solids and their i.r. 
spectra were recorded in potassium bromide 
disks, and in some cases also in solution. Of the 
19 compounds containing the methylsulfonyl 
group, 18 showed a medium to strong band in 
the region 950-970 cm-' (very fine splitting was 
observed with two compounds) and one com- 
pound showed two bands in this region. Eight 
compounds showed a medium-strong to strong 
band in the region 950-960 cm-' in solution. Of 
the 11 compounds not containing a methylsul- 
fonyl group four showed a weak band in the 
region 945-970 cm-', one showed a band of 
medium intensity at 980 cm-' and six did not 
show any absorption between 910 and 1000 
cm-'. As an extension of these observations, an 
inspection of the i.r. spectra of more than 60 
sulfones recorded on DMS cards revealed that 
of 20 compounds containing a methylsulfonyl 
group, 18 also showed a medium to strong band 
in the 950-970 cm-' region and two compounds 
showed a band 5 cm-' outside this range. Of 
the remaining compounds, only one (a salt) 
showed any significant absorption in this region. 

Sheppard has stated (22) that the CH, rocking 
modes in compounds containing the group 
CH,-X, in which the atom X is in Period I11 or 
higher of the Periodic Table, give rise to strong 
bands in the region 700-1000 cm- ' ; and Momose 
et al. (23) have assigned bands in the 950-980 
cm-' region of the i.r. spectra of phenyl methyl- 
sulfones to methyl rocking vibrations in methyl- 
sulfonyl groups. This assignment is clearly 
supported by the observations recorded here. 
Furthermore, the spectra on DMS cards indicate 
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that the assignment may be extended to include 
also alkyl methylsulfones. Since all sulfones show 
strong SO, stretching vibrations in the region 
1350-1290 and 1160-1100 cm-' (12b), the pres- 
ence of an additional medium to strong band in 
the 950-970 cm-' region of the spectrum of a 
sulfone of unknown structure is strong evidence 
for the presence of a methylsulfonyl group, 
although it should be noted that aliphatic N- 
oxides and trans- l,2-disubstituted olefines also 
absorb in this region (12c, 12d). 

Experimental 
Infrared spectra are for potassium bromide disks except 

where noted otherwise. The micro analyses were per- 
formed by J. G. Helie and the mass spectrum was by 
Morgan-Schaffer Corporation, Montreal. 

2-Nitrophenylsulfonylacetic Acid (5) 
This compound was prepared by oxidation of (2-nitro- 

pheny1thio)acetic acid (24, cf. also 25) (25 g) in glacial 
acetic acid (200 ml) with 30% hydrogen peroxide (75 ml) 
for 5 h at 70". (When less peroxide was used the product 
was not readily purified). The reaction mixture was con- 
centrated to small volume, the crude product was 
separated, washed with water, and then crystallized from 
water to give the pure acid (80-85%), m.p. 175-176" 
(lit. (3) m.p. 173-174"); v,,, 1720 (C=O), 1535 and 1355 
(NO,), 1335 and 1145 cm-' (SO2). 

Anal. Calcd. for CsH7N06S: C, 39.18; H, 2.86; N, 
5.71; S, 13.07. Found: C, 39.36; H, 2.97; N, 5.66; S, 
13.04. 

Methyl (2-Nitrophetgvlsrrlfonyl)acetate 
This ester, prepared by the method of Coutts et al. 

(25) in > 90% yield, was recrystallized (thimble) from 
methanol, m.p. 121-122" (lit. (27) m.p. 119-120"; (11) 
m.p. 120-121'); v.,,, 1745 (C=O), 1530 and 1360 (NO2), 
1330 and 1150 cm-I (SO,). 

Anal. Calcd. for C9H9N06S: C, 41.71; H, 3.51; N, 
5.40. Found: C, 41.82; H, 3.71; N, 5.15. 

2-Metl~yls~rlfonylnitrober~ze~~e (7) 
(a) A mixture of 2-nitrophenylsulfonylacetic acid (2.45 

g) and 0.1 N sodium hydroxide (10 ml, 10% of 1 molar 
equ.) was heated under reflux for 3 h and then cooled in 
ice. The solid was separated and crystallized from 25 % 
(v/v) ethanol-water giving 7 as pale yellow plates (1.86 g: 
93%), m.p. 106-107" (lit. (7, 8, 9) m.p. 105-106"); v,,, 
1540 and 1355 (NO2), 1300,1150 and 955 cm-' (S02Me). 

Anal. Calcd. for C7H7N04S: C, 41.78; H, 3.51; N, 
6.96.Found: C,41.97;H,3.48;N,7.15. 

(b) A solution of 2-nitrophenylsulfonylacetic acid 
(32.8 g) in 95 % methanol (300 ml) containing piperidine 
(5 ml) was heated under reflux for 20 h. The hot solution 
was poured into water (600 ml) at ca. 60" and then left 
to cool. The crystalline solid was separated and washed 
with dilute methanol, (25.0 g, 93 %), m.p. and mixed m.p. 
105-106". 

3,4-Di/~ydro-3-oxo-2H-1,4-benzothiazine-,-dioxide (4) 
A mixture of methyl (2-nitrophenylsulfonyl)acetate 

(5 g) and iron powder (12.5 g) in 50% (v/v) aqueous 
methanol (150 ml) containing concentrated hydrochloric 
acid (1 ml) was heated under reflux with stirring, for 21 h. 
The hot solution was filtered (Celite), the filtrate was 
adjusted to p H  1 and then concentrated to small volume. 
The white solid was separated (2.6 g, 68 %, m.p. 206-208") 
and crystallized from ethyl acetate - hexane and then, for 
analysis, from aqueous methanol, m.p. 208.5-209.5" (lit. 
(3) m.p. 207-208"; (4, 28) m.p. 208-209"); h,,, (H20) (a) 
p H  1 : 251 and 295 mp (log E 3.91 and 3.67); (b) p H  > 10: 
257 and 305 mp (log E 3.92 and 3.49); v,,, 3290 (NH), 
1695 (C=O), 1295 and 1155 and 1120 cm-' (SO2). 

Anal. Calcd. for CsH7N03S: C, 48.72; H, 3.58; N, 
7.10; S, 16.26. Found: C, 48.93; H, 3.80; N, 6.72; S, 
16.33. 

2-Methyls~rlfonylani~ili~~e (6)  
(a) 2-Methylsulfonylnitrobenzene (5 g) was reduced 

following the method of Cava and Blake (7). When the 
concentrated reaction mixture was cooled, the product 
separated (80-90%, m.p. 83-84") and extraction with 
chloroform was unnecessary. Recrystallization from 
benzene - light petroleum gave white prisms, m.p. 
84.5-85.5" (lit. (7) m.p. 53.5-54.5"; (8) m.p. 85-92"; (29) 
m.p. 65-66"; (9) m.p. 84-85"); h,,, (EtOH) 245 and 313 
mp (log E 3.93 and 3.58); v,,, 3470 and 3370 (NH,), 
1280, 1125 and 955 cm-' (S02Me). 

Anal. Calcd. for C7H9N02S: C, 49.10; H, 5.30; N, 
8.18. Found: C, 49.09; H, 5.42; N, 7.96. 

(b) 3,4-Dihydro-3-0x0-2H- 1,4-benzothiazine- 1,l- 
dioxide (1 g) in 0.1 N sodium hydroxide (100 ml) was 
heated under reflux for 24 h. Extraction of the solution 
with chloroform gave an oil (660 mg, 76%) which solidi- 
fied, m.p. and mixed m.p. with the foregoing product, 
83-84". 

N-(2-MetlzylsulfonylpIze~~yl) hydroxylamine (19) 
2-Methvlsulfonvlnitrobenzene (5 e)  in ethanol (140 ml) 

and wate; (10 ;I) was reduced with zinc ( 1 7 ' ~ )  and 
ammonium chloride (3 g) following the method of 
Martinez et al. (19). The crude product (4.0 g) was 
crystallized twice from benzene giving nearly white 
crystals, m.p. 102-104". Further recrystallization from 
benzene (charcoal) gave white needles m.p. 103.5-105"; 
h,,, (H20) 241 and 303 mp (log E 3.78 and 3.49), un- 
changed when the solution was acidified; h,,, (NaOH) 
296 mp (log E 3.74), the peak disappeared in 15 min; 
v,,, 3400 (OH), 3280 (NH), 1300, 1140 and 1125, and 
960cm-' (S02Me); v,,, (CHCI,) 3610 (OH), 3315 (NH), 
1310 and 1290, 1140 and 1130, 960 cm-' (S02Me). 

Anal. Calcd. for C7H9N03S: C, 44.91; H, 4.85; N,  
7.48; S, 17.13. Found: C, 44.90; H, 4.98; N, 7.26; S, 
17.14. 

2-Methylsulfot~ylphe~zol (14) 
2-(Methylmercapto)phenol (Aldrich) (5 g) in glacial 

acetic acid (50 ml) containing 30% hydrogen peroxide 
(25 ml) was kept at 60-70' for 3 h. The mixture was 
concentrated to small volume, diluted with water, and 
extracted with ether to give hydrated 2-methylsulfonyl- 
phenol as pale yellow prisms (3.7 g, 60%), m.p. 87-90.5" 
(lit. (30) m.p. 87.5"). A sublimed sample was still partly 
hydrated and was exposed to a moist atmosphere, giving 
the pure monohydrate, white prisms, m.p. 85-87"; I,,, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHAW AND MILLER: SOME 2- AND 4-SUBSTITUTED SULFONES 1401 

(EtOH) 285 mp (log E 3.60); I,,, (EtOH + I drop 
NaOH solution) 245 and 318 mp (log E 3.99 and 3.81). 
This spectrum in alkaline solution is rather similar to 
that of 6 in neutral solution (cf. (31)). v,,, 3200-2500 
(broad, hydrogen bonded OH), 1280,1140 and 1120, and 
970 (SO,Me), 3530, 3490, and 1640 cm-' (H20);  v,,, 
(CHC13) 3350 (OH), 1315 and 1295, 1 130 and 1 120, and 
955 cm-' (S0,Me). 

Anal. Calcd. for C7H803S.H,0: C ,  44.20; H, 5.30. 
Found: C, 44.00; H, 5.00. 

(4-Nitrophenylfhiojacefic Acid 
This compound was prepared from I-chloronitroben- 

zene and thioglycolic acid by the method used (24,25) for 
the 2-isomer. The crude product was heated with ethanol, 
the mixture was filtered (the insoluble material was 
mainly di-(4-nitrophenyl)disulfide and the filtrate was 
diluted with water to turbidity. The product was obtained 
as yellow crystals (50%) m.p. 151-153", raised to 155.5- 
156.5" after 2 recrystallizations from aqueous ethanol 
(lit. (26) m.p. 149-151"; (32) m.p. 156.7"); v,,, 1695 
(C=O), 1575 and 1330 cm-' (NO,). 

Anal. Calcd. for C8H7N04S: C, 45.08; H, 3.31; N, 
6.57; S, 15.02. Found: C, 45.13; H, 3.42; N, 6.53; S, 
15.13. 

4-Nitroplzenylsulfonylacetic Acid 
This compound was made by oxidation of the fore- 

going thioacid by the method used for the preparation 
of 3. The product (80-90%) after crystallization from 
water had m.p. 172-173" (lit. (33) m.p. 167"; (26) m.p. 
171-172"); v,,, 1730 (C=O), 1530 and 1350 (NO,), 1310 
and 1145 cm-' (SO,). 

Anal. Calcd. for C8H7N06S: C, 39.19; H, 2.86; N, 
5.71; S, 13.07. Found: C, 39.33; H, 2.94; N, 5.69; S, 
12.93. 

4-Methylsulforzylnitrobenzene (15) 
The foregoing acid was decarboxylated using method 

(b) described above for the preparation of 7. The product 
(ca. 90%), m.p. 140-142", crystallized from the reaction 
mixture and it was not necessary to add water. Recrys- 
tallization from methanol gave pale yellow needles, m.p. 
142-143" (lit. (34) m.p. 139"; (11) m.p. 143"); v,,, 1525 
and 1345 (NO,), 1300, 1150, and 960 cm-' (S0,Me). 

Anal. Calcd. for C7H7N04S: C, 41.78; H, '3.51; N, 
6.96. Found: C, 41.91; H, 3.70; N, 6.97. 

Reactions of 2-Nitrophenylsulfonylacetic Acid in Sodium 
Hydroxide Solution 

A solution of 2-nitrophenylsulfonylacetic acid (4.9 g) 
in 0.1 N sodium hydroxide (400 ml, 2 molar equ.) was 
heated under reflux 7 h, during which time the solution 
became deep red and ammonia was evolved (Nessler's 
Reagent). The cooled solution was extracted several 
times with ether, giving a pale yellow solid which was 
crystallized from 25 % aqueous ethanol giving 2-methyl- 
sulfonylnitrobenzene (7) (850 mg), m.p. and mixed m.p. 
104-105.5". The mother liquors from the crystallization 
were evaporated to dryness and the remaining solid (80 
mg) was shown by U.V. and i.r. spectra to be 7 containing 
ca. 10% of 2-methylsulfonylaniline (6). The total yield 
of 7 was 23 %. The aqueous solution was then acidified 
with concentrated hydrochloric acid and steam distilled. 

The distillate was extracted with ether giving a yellow 
solid (276 mg) shown by m.p. and mixed m.p., 45-46", 
(lit. (35a) m.p. 45"), and i.r. to be 2-nitrophenol (10%). 
The aqueous solution was then extracted repeatedly 
with ether giving a sticky orange-red solid (368 mg), to 
which was added 2-3 ml of methanol. The insoluble 
material was separated (68 mg; 2.2%), and crystallized 
from ethanol-acetone giving 3-methylsulfonyl-3'-nitro-4- 
amino-4'-hydroxybiphenyl (12) as orange-red rods, m.p. 
213-215"; I,,,, (EtOH) 282 and ca. 447 mp (log E 4.47 
and 3.34); h,,. (EtOH + 1 drop NaOH solution) 292 
and ca. 458 mp (log E 4.51 and 3.79); v,,,, 3420 and 3340 
(NH,), 3210 (bonded OH), 1530 and 1310 (NO,) 1285, 
1130, and 960 cm-' (SOzMe); n.m.r. (60 MHz)(DMSO- 
d6) T 2.18 (H-2), 2.96 (H-5), and 2.25 p.p.m. (H-6), J,,, 
0.2, J,,, 2.4, J,,, 8.0 Hz. T 1.88 (H-2'), 2.76 (H-57, and 
2.15 p.p.m. (H-6'), J,,,,, 0.2,J2,,68 2.3, Js,.sr 8.8 Hz. 

Anal. Calcd. for Cl3H,,N2O5S: C, 50.64; H, 3.92; N, 
9.09; S, 10.40. Found: C, 50.50; H, 3.91; N, 9.18; S, 
10.27. 

The acetate of 12 (pyridine and acetic anhydride, over- 
night at room temperature, the use of elevated tempera- 
ture gave a mixture of the acetate and its N-acetyl 
derivative) crystallized from ethanol as yellow needles, 
m.p. 162-163"; v,,, 3465 and 3370 (NH,), 1770 (C=O), 
1535 and 1345 (NO,), 1180 (C-0), 1290, 1135, and 955 
cm-' (S0,Me). 

Anal. Calcd. for C1,H14N,06S: C, 51.42; H, 4.03; 
N, 8.00; S, 9.15. Found: C, 51.48; H, 4.33; N, 7.95; S, 
9.31. 

The original aqueous solution was treated several 
times with charcoal until it was pale yellow. It was 
estimated by U.V. spectroscopy to contain 960 mg of 
orthanilic acid (27 %). 

In one experiment the orthanilic acid was isolated as 
follows. The aqueous solution was evaporated to dryness 
in vacuo, the resulting dark sticky solid was rubbed well 
with absolute ethanol (20 ml) and the mixture was 
filtered giving a brown solid (3.08 g). (The filtrate, after 
removal of the solvent, gave a dark tar which was not 
investigated further.) The brown solid was dissolved in 
water (40 ml) and passed through a column of AG 
50W-X8 cation exchange resin, hydrogen form, (Bio. 
Rad. Laboratories, Richmond, Calif.) (30 ml) which had 
been previously washed with water, dilute hydrochloric 
acid, and then water. The column was developed with 
water and 10 ml fractions were collected. Fractions 2, 3, 
and 4 showed h,,. 238 and 295 mp and were combined 
and taken to dryness, giving a brown solid (740 mg). A 
portion of this solid was dissolved in water and treated 
three times with charcoal. The solvent was removed 
leaving a pale yellow solid which crystallized from a 
small volume of water giving orthanilic acid m.p. > 300" 
(lit. (356) decomposition 325"), i.r. spectrum identical 
to that of an authentic sample. 

Anal. Calcd. for C,H7N0,S: C, 41.62; H, 4.08; N, 
8.09; S, 18.55. Found: C, 41.47; H, 4.06; N, 7.79; S, 
18.52. 

Reactions of 2-Methylsulfonylnitrobenzene in Sodiunz 
Hydroxide Solution 

A mixture of 2-methylsulfonylnitrobenzene (5 g) and 
0.1 N sodium hydroxide (550 ml, 2.2 molar equ.) was 
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heated under reflux 7 h. Ammonia was detected within 
15 min of the start of the reaction and was still being 
evolved at the end when the solution was deep red. The 
reaction mixture was worked up as described for the 
reaction of 5 in sodium hydroxide to give: (a) A sticky 
yellow solid (768 mg) which was crystallized from 25% 
aqueous ethanol, giving starting material 7 (475 mg), 
m.p. 104-106". The mother liquors from the crystalliza- 
tion were taken to dryness giving a pale yellow solid 
(215 mg), shown by U.V. and i.r. spectra to be 2-methyl- 
sulfonylaniline (6), containing ca. 10% of 7. Thus the 
recovery of 7 was ca. 10% and the yield of 6 (allowing for 
recovered 7) ca. 5%; (b) 2-nitrophenol (680 mg, 22%) 
m.p. and mixed m.p. 45-46"; and (c), the biphenyl 12, 
(275 mg, 8%), m.p. 213-215", after crystallization from 
ethanol-acetone. The aqueous solution remaining, after 
treatment as before with charcoal, was estimated by U.V. 

spectroscopy to contain 500 mg of orthanilic acid (13 %). 
One attempt was made to purify the methanol-soluble 

part of the fraction from which 12 was isolated. The 
mixture (a red oil, 370 mg) was chromatographed in 
chloroform on alumina (acid 2). The major orange band 
passed rapidly through the column and was collected in 
3 fractions which were combined (230 mg, fraction A), 
h,,, 278 and 320 mp. Following the major band, 2 frac- 
tions were obtained (total 46 mg), which showed A,.. 
285 mp; h,,, (EtOH + I drop NaOH solution) 245 and 
318 mp; v,,, (CHCI3) 3340 (OH or NH), 1315 and 1295, 
1130 and 1120, and 955 cm-' (S0,Me). These spectral 
data are identical with those of 14. Fraction A was 
rechromatographed on alumina (acid 2) in benzene. 
From the appearance of the column and the spectroscopic 
properties of the various fractions collected, it was clear 
that fraction A was a mixture of several compounds, and 
no pure compound was isolated. Most fractions contained 
S0,Me (i.r.), and some also showed the presence of NH,, 
OH, and possibly NO, and may have been (an) isomer(s) 
of 12. 

Reactiotzs of 4-Methylsulfonybzitrobenzene it2 Sodirtin 
Hydroxide Solution 

A mixture of 4-methylsulfonylnitrobenzene (2.0 g) and 
0.1 N sodium hydroxide (220 ml, 2.2 molar equ.) was 
heated under reflux 6: h and then left overnight. The 
solid which had separated was filtered off and washed 
with water giving starting material (15) (359 mg) m.p. 
141-142". A further quantity (101 mg) of rather less pure 
15 was obtained from the alkaline reaction mixture by 
extraction with ether. The reaction mixture was then 
acidified and extracted with ether to give an orange solid 
(977 mg) whose spectral properties closely resembled 
those of 4-nitrophenol, but which did not melt sharply. 
The material was therefore chromatographed on alumina 
(Acid 3) in acetone-hexane (1 :3) and the main yellow 
band was collected giving 4-nitrophenol (764 mg, 72% 
allowing for recovered IS), m.p. and mixed m.p. 109- 
11 lo, (lit. (35a) m.p. 114"). The remaining aqueous solu- 
tion showed only weak absorption in the U.V. and was 
not investigated further. 

Preparation of 1 2  
The experiments summarized in Table 1 were carried 

out as follows. A mixture of the appropriate quantities 
of 7,19,0.1 N sodium hydroxide, and ethanol (3 ml) was 

heated under reflux 15 min. The deep red solution was 
cooled, diluted with sodium hydroxide solution, filtered, 
and washed with chloroform. The solution was then 
acidified and extracted with ether giving a mixture of red 
solid and oil, which was treated with a little methanol 
and filtered, giving 12 as a red solid, m.p. in the range 
206-212". The i.r. spectra of the various crude samples 
of 12 were virtually the same as the spectrum of the pure 
compound. 

We are particularly grateful to Dr.  M. A. Weinberger 
for recording and interpreting the nuclear magnetic 
resonance spectrum of the biphenyl. We would also like 
to  thank Professor R. T. Coutts for useful discussions, 
and Dr.  R. M.  Heggie for his interest and wise counsel 
throughout the course of this work. 
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Reactions of N-(2- and 4-methylsulfonylphenyl)hydroxylamines and 
2-methylsulfonylnitrosobenzene in dilute aqueous sodium hydroxide solution1 

K. B. SHAW, R.  M. HEGGIE, AND R. K. MILLER 
Defence Research Establisliment Otta,sa, Defence Research Board, Ottawa 4,  Ontario 

Received November 6 ,  1969 

When N-(2-methyls~11fonylphenyl)hydroxylamine (4) was treated with dilute sodium hydroxide solu- 
tion the major product was always 2,2'-di(methylsulfonyl)azoxybenzene (5) .  At room temperature other 
significant products were 2-hydroxy-2'-methylsulfonylazoxybenzene (6a) and 2-methylsulfonylnitroben- 
zene (2), while 6a was also formed at  reflux together with small amounts of 2-hydroxy-2'-methylsulfonyl- 
azobenzene (S), 2-methylsulfonylaniline (7),  3-methylsulfonyl-3'-nitro-4-amino-4'-hydroxybiphenyl (3), 
and 2. The compounds 5 ,  6a, and 7 were also obtained when 2-n~ethylsulfonylnitrosobenzene (9) was 
boiled with alkali. The decomposition of N-(4-n~ethylsu1fonylphenyl)hydroxylamine (16) in dilute alkali 
at  room temperature gave a quantitative yield of 4,4'-di(methylsulfonyl)azoxybenzene (17) and at reflux, 
mixtures of 17 and 4,4'-di(methylsulfonyl)azobenzene (18) were obtained. The modes of formation of 
the various products from the two hydroxylamines are discussed. 
Canadian Journal of Chemistry, 48, 1404 (1970) 

Introduction 

In an earlier paper (1) the reactions of 2-nitro- 
phenylsulfonylacetic acid (1) and 2-methylsul- 
fonylnitrobenzene (2) in dilute sodium hydroxide 
solution were described. In connection with the 
genesis of the most unusual product of these 
reactions, i.e. 3-methylsulfonyl-3'-nitro-4-arnino- 
4'-hydroxybiphenyl (3), the effect of alkali on 
N - (2 - metl~ylsulfonylpheny1)hydroxylamine (4) 
was studied. The biphenyl 3 was one of the 
products obtained when 4 was treated with alkali 
and as a result of this observation, and some 
additional work, a mechanism for the formation 
of 3 was suggested. However the reactions of 4 
were not described in detail earlier (1) and are 
reported here. Although the experiments with 
the nitrosulfones were carried out at 100" (1 was 
unaffected by dilute alkali, and 2 was insoluble in 
dilute alkali, at room temperature) 4 was soluble 
in, and decomposed by, cold alkali, and the 
reactions occurring under these conditions, as 
well as those at 10O0, were studied. 

Results and Discussion 
The decomposition of 4 i n  0.1 N sodium 

hydroxide yielded a number of products. Those 

'Issued as DREO Report No. 617. 

identified were 2-methylsulfonylnitrobenzene (2), 
the biphenyl (3), 2-methylsulfonylaniline (7), and 
three other compounds. The first of these other 
compounds was shown by elemental analysis 
and by infrared (i.r.) and nuclear magnetic 
resonance (n.m.r.) spectra to be 2,2'-di(methy1- 
sulfony1)azoxybenzene (5) (2). The i.r. spectrum 
of the second indicated that it was probably a 
1,Zdisubstituted benzene containing a hydroxyl 
group and a methylsulfonyl group, and its color 
suggested an azoxybenzene. The empirical 
formula C1,Hl2N2O4S was shown by mass 
spectrometry to be the molecular formula (mol. 
wt. 292) and thus it was probable that the com- 
pound was a 2(2')-hydroxy-2'(2)-methylsulfonyl- 
azoxybenzene i.e. 6a or 6b (other isomers can be 
neglected since the starting material was ortho- 
disubstituted). In a recent paper (3) it was con- 
cluded that the position of the N-oxide link in 
unsymmetrically substituted azoxybenzenes can 
always be determined because base peaks in the 
mass spectra of such compounds are produced by 
C-N cleavage a to the N-oxide group. The base 
peak in the mass spectrum of 6 was at mle 93 
(C6H,0) and the peak at mle 155 (C6H4S0,Me) C
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TABLE 1 

Yields of various products after decomposition of 4 in 0.1 N sodium hydroxide 

% Yield 
4 Reaction Reaction 

(moles) time (h) temperature 2 3 5 7 6a 8 

0.0029 6.5 Room 20 < 1 41 - 25 - 
0.0029 6.5 100" - 6 35 Trace ca. 18 ca. 3.5 
0.0029 0.25 100" Trace 6 48 Trace ca. 18 ca. 3.5 
0.005 6.5 100" - 3 28 Trace 22 

was very weak suggesting that 6a was the correct 
structure. The spectral data on the third com- 
pound indicated that it was the azo compound 
corresponding to 6 and this structure (8) was 
confirmed by synthesis from 2-methylsulfonyl- 
nitrosobenzene (9) and 2-aminophenol. Some 
evidence (ultraviolet (u.v.) and i.r.) was obtained 
for the presence of orthanilic acid (10) after the 
decomposition of 4 at 100". The yields obtained 
of these various products under different con- 
ditions are summarized in Table 1. 

It is well known that phenylhydroxylamine 
(and its homologues) is easily oxidized by air in 
aqueous solution (4a, 5a). The main product is 
azoxybenzene, formed by condensation of 
nitrosobenzene, the first oxidation product, with 
phenylhydroxylamine, and hydrogen peroxide 
is also formed. In alkaline solution, azoxybenzene 
and nitrobenzene but no hydrogen peroxide are 
obtained; the last compound is used up in the 
oxidation which leads to the nitro compound 
(5a), although peroxide may also oxidize phenyl- 
hydroxylamine to azoxybenzene (6). Thus in the 
reaction of 4 in alkali in air, the initial transforma- 
tion product must be 9; reaction of this inter- 
mediate with 4 gives 5 and, at room temperature, 
further oxidation of 9 gives 2. At 100" any 
hydrogen peroxide formed presumably decom- 
poses readily and only a small quantity of 2 was 
detected after a 15 min reaction time. However, 
another possible source of 9, which is potentially 
important in the reaction under reflux when air 
has less access to the reaction mixture. is the 
disproportionation reaction of phenylhydroxyl- 
amines (5a): 2 RNHOH -> RNO + RNH, + 

H 2 0 .  It is possible in the case of 4 that this 
reaction requires an elevated temperature because 
the amine 7 was not formed from 4 at room 
temperature, but even at 100" the yield of 7 was 
small and unless some was lost by reaction with 
other compounds in the mixture it seems likely 
that the disproportionation reaction was not a 
significant source of 9. Hence the formation of 
2 and 5 was unexceptional but the same cannot 
be said of 6a. There appear to be four possible 
modes of formation of 6a: (I) displacement of a 
methylsulfonyl group in 5 by hydroxide ion; 
(2) from 9 and 2-hydroxyaminophenol (11); (3) 
from 4 and 2-nitrosophenol (12), and (4) loss of 
a methylsulfonyl group from a 'bimolecular' 
precursor of 5. 

The first and most obvious route to 6a is 
untenable. The azoxy compound 5 was unaffected 
by dilute alkali at room temperature and when 
the suspension was boiled for several hours 5 was 
recovered (80%), the U.V. spectrum of the 
aqueous solution, alkaline or acid, differed from 
that of 6a in alkali or acid and 6a was not isolated 
(the products of this reaction were not identified). 
In addition when 5 was boiled for 15 min with 
dilute alkali containing sufficient ethanol or 
n-propanol to ensure that all solid was in solution 
at the boiling point, 5 was again recovered 
(80-90 %) and 6a was not isolated. It should also 
be noted (Table 1) that the main difference 
between the reaction mixtures obtained when 4 
was boiled in alkali for 15 min and 6 h was that, 
in the latter reaction, the yield of 5 was only about 
75 % of that obtained in the former, whereas the 
yield and composition of the mixture of 6a and 8 
were approximately the same in both cases. 

The mechanism of formation of azoxybenzenes 
from a nitrosobenzene and a phenylhydroxyl- 
amine in alkali (7) involves a one electron trans- 
fer (eq. [I]) and the formation of free radicals 
(eq. [2]). If the hydroxylamine and the nitroso 
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[I] RNHOH + 2 OH- + (RN0)'- + 2 H,O 

[2] (RN0)'- + RNO 2 (RNO .)- 

compound are differently substituted (e.g. 11 and 
9), two different anion-radicals are produced 
(eq. [2]). The same pair is also produced if the 
substituents in the reactants are transposed (e.g. 
as in 4 and 12) and thus it might seem that routes 
2 and 3 to 6a are indistinguishable. This is of 
course true in the later stages of the formation of 
6a, but initially, two different pairs of reactants 
must be involved and the real problem is whether 
11 or 12 is formed. There appeared to be two 
possible pathways to 11 and 12 from 4 or 9 and 
these are depicted in Scheme 1. It was realized 
however that since both 4 and 9 were present in 
the reaction mixture it would not be possible to 
differentiate between routes 2 and 3, or between 
the various pathways to 11 and 12, in the absence 
of additional experimental results. 

Reaction 2a (Scheme 1) was thought to be 
feasible through an intramolecular general base- 
catalyzed mechanism. However, when nitrogen 
was passed through a solution of 4 in dilute 
alkali for several hours and the solution then 
acidified, 4 was recovered (ca. 85 %) and the U.V. 

spectrum of the aqueous solution was the same as 
that of 4. Thus reaction 2a was improbable. 

The formation of 12 directly from 4 (reaction 
3b, Scheme 1) would involve a simultaneous 
oxidation and hydrolysis, and although a precise 
mechanism for such a reaction was difficult to 
formulate it could not be ruled out. Thus it was 
relevant to know what happened when 4 was 
treated with alkali at 100" in the absence of 
oxygen when an alternative means of formation 
of 9, i.e. by disproportionation of 4 was available. 
Unfortunately this reaction was unexpectedly 
complex. The major product was again 5 (ca. 
20 %) although this time it did not separate from 

solution during the reaction and it was more 
deeply colored than all previous samples. The 
extract which in earlier experiments had con- 
tained only 6a and 8 was a mixture of several 
compounds from which 6a and 8 were isolated 
in small yield by chromatography. Several other 
colored fractions had U.V. spectra which had not 
been encountered before in this or earlier (I) 
work. One fraction was tentatively identified 
(i.r., u.v., and mass spectra) as 2'-methylsulfonyl- 
azoxybenzene (13) and there was spectroscopic 
evidence that azoxybenzene was also formed 
during the reaction. The mode of .formation of 

these compounds in which a methylsulfonyl 
group has apparently been replaced by a hydrogen 
atom posed additional problems (see below). A 
likely reason for the lower yield of 5 in the present 
reaction compared with the corresponding one in 
air is that 9 is formed less readily by dispropor- 
tionation than by aerial oxidation. As a result, 
more of 4 would be lost by other modes of 
decomposition (cf. the many unidentified trans- 
formation products). The formation of 6a under 
conditions where oxidation is excluded implies 
that reaction 3b is not followed. However the 
yield of 6a was low and thus the result was not 
conclusive (although 6a was difficult to isolate 
and may have been formed in higher yield) and 
it was felt that an examination of the behavior of 
9 in dilute alkali might be rewarding. 

The oxidation of phenylhydroxylamine to 
nitrosobenzene by chromic acid is carried out at 
0" (8) but 4 was too insoluble in dilute sulfuric 
acid at this temperature and the oxidation to 9 
was carried out at about 25". When 9 was heated 
under reflux with dilute alkali for several hours 
the products identified were 5 (34 %), 7 (ca. 6 %), 
and 6a (ca. 20%) containing only a trace of 8. 
No biphenyl (3), nitro compound (2), or orthanilic 
acid (10) was isolated but there was spectroscopic 
evidence that 10 was formed (ca. 6 %). When the 
reaction was repeated under nitrogen a similar 
mixture of products was obtained in comparable 
yield although 8 was not detected in the fraction 
containing 6a. 

Nitroso compounds are dimeric in the solid 
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state and although reversion to the monomer 
usually occurs on dissolution, some compounds, 
particularly those with ortho-substituents, can 
exist as dimers in solution (5b). A chloroform 
solution of 9 was deep green demonstrating that 
a considerable part of it was monomeric in this 
solvent. When 9 was boiled with water the liquid 
was pale green but in dilute alkali at 100" no 
green color was detected, indicating either that 9 
dissolved as the dimer or that, more probably, 
the monomer was converted into other com- 
pounds as it was formed. The dimeric form of 9 
(14) is analogous to 5 which, as noted earlier, 
is rather insoluble in boiling dilute alkali and 
there is no reason to expect that 14 would be any 

more soluble. In addition, the extent of dissocia- 
tion to monomer increases with temperature (9) 
and at 100" would be very high. Thus it seems 
more reasonable to interpret the reactions of 
2-methylsulfonylnitrosobenzene on the basis of 
the monomeric structure 9. 

Clearly, at 100" in dilute alkali, 9 is readily 
reduced to 4 (cf. the formation of 5) although the 
mechanism of this reduction is obscure. Nitroso- 
benzene is reduced to phenylhydroxylamine, or 
its anion, by alcohol and a base and the mech- 
anism of this reduction has been established (lo), 
but alcohol was absent in the present reactions. 
When 9 was boiled in water alone 5 was not 
produced (9 was recovered ( > 90 %)), and when 
9 was stirred in dilute alkali for 14 days at room 
temperature, ca. 50% of it was recovered and the 
only other identifiable product was 2. There was 
no evidence that 5 or 6a was formed, and thus it 
appeared that the reduction of 9 to 4 requires 
alkali and an elevated temperature. The reduction 
should not be affected by an inert atmosphere, 
and this was apparently the case, but even more 
important, in contrast to reaction 3b, reactions 
3a and 2b, Scheme 1, should not be affected either, 
and as noted, the yield of 6a was, within experi- 
mental error, the same in air or under nitrogen. 
This is good evidence that 9 is the precursor of 
11 or 12. The formation of 11 from 9 (reaction 
2b) would involve two steps and a mechanism 

for this reaction is difficult to visualize and thus 
the formation of 12 from 9 (3a) seems most 
likely. In view of the formation of 6a when 4 was 
treated with dilute alkali at room temperature, 
the reaction 9 -> 12 must be facile and it might 
be expected in the reaction of 9 with alkali, in 
which 4 was formed, that the yield of 6a would be 
higher than actually observed. However, the 
relative ease of the numerous reactions which 
occur when 9 (or 4) is treated with alkali is 
unknown and the insolubility of 9 in dilute alkali 
at room temperature, together with the apparent 
ease of the reaction 9 -> 4 at 100°, prevented any 
assessment of the facility of the reaction 9 -> 12. 

It has been noted already that 9 is unaffected by 
boiling water, and when a mixture of 9 and 4 was 
refluxed in water, 5 was obtained (82%) and 6a 
was not isolated. Thus hydroxide ion has a role 
in the formation of 6a that involves more than 
the catalysis of the reaction between a nitrosoben- 
zene and a phenylhydroxylamine and clearly 
such a role could be in the conversion of 9 into 12. 
The precise mechanism of this reaction is not 
known, but methylsulfonyl is a good leaving 
group (11) and it is likely that the reaction 
involves nucleophilic attack by hydroxide ion on 
the carbon atom bearing the methylsulfonyl 
group in 9. Good evidence that the methylsulfonyl 
group in 9 can be displaced by a nucleophile was 
obtained when benzofurazan (15), identified by 
U.V. (12) and n.m.r. spectra (13) was isolated in 
small yield after treatment of 9 with sodium azide 
in water at 100" (cf. (14)). This reaction clearly 

SOzMe 

a : > o  $I 
NHOH 

15 16 

involved attack by azide ion on 9 to give 2- 
azidonitrosobenzene, which then cyclized with 
loss of nitrogen to give 15; however the reaction 
was not investigated in detail and the optimum 
conditions for the formation of 15 were not 
established. 

In order to determine to what extent ortho 
effects were important in the reactions of 4 and 9, 
the effect of alkali on N-(4-methylsulfonyl- 
pheny1)hydroxylamine (16) was studied. When 
a solution of 16 in 0.1 N sodium hydroxide was 
stirred at room temperature for several hours, 
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the solution became pale yellow and a solid 
gradually separated. This solid was identified as 
4,4'-di(methylsulfonyl)azoxybenzene (17) (1 5) 
(96%) and no other compound was isolated. 
When 16 was treated with alkali at 100°, mixtures 
of 17 and 4,4'-di(methylsulfonyl)azobenzene (18) 
were obtained in high yield (80-90%) together 
with traces of 4-methylsulfonylaniline (19) (16), 
but, as in the experiment at room temperature, 
compounds analogous to 6a and 8 were not 
isolated. The constitutions of the mixtures of 17 
and 18 depended somewhat on the experimental 
conditions, and were estimated by U.V. spectro- 
scopy. Thus, when a cold solution of 16 in dilute 
alkali was heated to 100" and then boiled for 15 
min, the solid obtained, after removal of a small 
amount of ethanol-soluble material, was a 
mixture of 18 and 17 in the approximate ratio 
3:l. On the other hand, when 16 was added to 
dilute alkali at > 90" and the solution then boiled 
for 15 min the ratio of 18 to 17 in the solid 
obtained was about 5:l. In all experiments the 
ethanol-soluble solid had spectroscopic prop- 
erties very similar to those of the mixture of 17 
and 18, but it melted considerably lower and was 
not identified. Similar mixtures to those just 
described were obtained when the respective 
experiments were carried out under nitrogen but 
the combined yield of 17 and 18 was slightly 
lower (ca. 75%). The formation of 18 is con- 
sidered below but 4-methylsulfonylnitrosoben- 
zene (20) must be an intermediate in the 
formation of 17. Since 4-nitrosophenol was 
apparently not formed from 20 the inference is 
that an ortho effect was operating in the forma- 
tion of 12 from 9. However the evidence is incon- 
clusive because condensation reactions (e.g. 
azoxybenzene formation) probably proceed so 
readily in the para series owing to the absence 
of steric hindrance, that other reactions e.g. 
displacement of a methylsulfonyl group (or 
oxidation of 20 to 4-methylsulfonylnitrobenzene 
(21)) cannot occur to any significant extent. 

Two further points which merit comment are 
that the azoxybenzene (6a) was apparently not 
contaminated with its isomer 6b and that 2,2'- 
di(hydroxy)azoxybenzene (22) was not isolated 
after treatment of 4 or 9 with alkali. The mech- 
anism of azoxybenzene formation (7) mentioned 
above readily explains why condensations 
between a nitrosobenzene and a differently 
substituted phenylhydroxylamine usually yield 
mixtures of azoxybenzenes (e.g. (17)), since each 
anion-radical can react with itself as well as with 
the other. However the vields of the various 
possible products probably depend on several 
factors, particularly the nature of the reactants 
(cf. (1 8)) and their relative concentrations. Thus 
the apparent absence of one possible product, 
e.g. 22, is not surprising, and indeed 22 may have 
been formed when 4 or 9 was treated with alkali, 
although at room temperature especially, it 
could only have been formed in very small yield. 
The combination of the anion-radicals referred 
to above gives the intermediate (23) which then 
loses hydroxide ion after protonation of one of the 
oxygen atoms. If R, # R,, two azoxybenzenes 
should result. However in the intermediate (24) 
from 9 and 12, hydrogen-bonding between one 
oxygen atom and the hydroxyl group favors 

elimination of the other oxygen atom. The 
presence of hydrogen-bonding in 6a was indicated 
by the appearance of the hydroxyl absorption in 
its i.r. spectrum and by the fact that it was 
extracted with chloroform from the alkaline 
solution in which it was formed. 

The fourth possible mode of formation of 6a 
considered at the beginning of the discussion was 
the loss of a methylsulfonyl group from a 
bimolecular precursor of 5; the only such pre- 
cursors are 23, R, = R, = S0,Me and its 
protonated form. This possibility is difficult to 
prove or disprove and is probably not excluded 
by the experimental results. A mechanism for 
such a reaction, especially one which was inappli- 
cable in the para case, is difficult to envisage (e.g. 
a reaction in which 23, R, = R, = SO,Me, 
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functions as a general base is excluded since 6a 
was not formed from 4 and 9 in water) and 
although this reaction route to 6a cannot be 
rejected, it does seem improbable. 

The mode of formation of the azo compounds 
8 and 18 will now be considered. The known (5a) 
disproportionation reaction of phenylhydroxyl- 
amines to nitrosobenzenes and anilines, with 
subsequent condensation of these products to 
azobenzenes would appear to be a feasible route 
for the formation of 18. Although unsymmetrical 
azo compounds are usually prepared from a 
nitrosobenzene and an aniline in acetic acid (4b), 
the reaction between nitrosobenzene and aniline 
apparently does proceed in alkali [quote in ref. 
(7)]. In view of the high yields of 18 obtained 
when the hydroxylamine (16) was boiled in alkali 
azobenzene formation appears to be a more 
facile reaction than azoxybenzene formation. 
However this may be only a reflection of the ease 
with which 16 disproportionates (cf. the similar 
mixtures of 17 and 18 obtained in air or under 
nitrogen). The yield of 17 in the reaction in which 
16 was heated from room temperature to reflux 
was higher than in the reaction carried out from 
ca. 90" to reflux because 17 was formed from the 
nitroso compound (20), produced by aerial 
oxidation of 16, before the temperature was 
reached at which disproportionation (and hence 
formation of 18) became significant. 

A similar explanation cannot be accepted a 
priori for the formation of the hydroxyazoben- 
zene (8) which was formed in small yield when the 
hydroxylamine (4) was treated with alkali at 
100" but not at room temperature. The reaction 
between a nitroso compound and an aniline is 
inhibited by bulky groups in the ortho positions 
of the reactants, and the amine (7) and the 
nitroso compound (9) did not yield 2,2'- 
di(methylsulfonyl)azobenzene under optimum 
conditions, i.e. in glacial acetic acid. In addition, 
when 7 and a molar equivalent of 9 [a precursor 
of 2-nitrosophenol (12)] were boiled in dilute 
alkali very little, if any, 8 was formed. These 
results contraindicated condensation of a nitro- 
sophenol with an aniline as the mechanism of 
formation of 8 although it should be noted that 
8 was formed by condensation of 9 and 2-amino- 
phenol (25) in acetic acid. An alternative route 
for the formation of 8 is the reduction of the 
azoxybenzene (6a). The possibility was considered 
that the hydroxylamine acted as the reducing 

agent and was itself oxidized to the nitroso com- 
pound. However, the hydroxylamine (16) did 
not reduce azoxybenzene itself (26). When 16 
was boiled in alkali in the presence of a molar 
equivalent of 26, the mixture of 17 and 18 pro- 
duced was the same as that in the absence of 26; 
26 was recovered in high yield and no azobenzene 
was detected. This result does not completely 
exclude reduction of 6a as a source of 8. The re- 
duction may be facilitated by the presence of the 
hydroxy function in the ortho position or may be 
due to a reducing agent formed by unknown de- 
composition pathways of the hydroxylamine (4). 
It is probably significant that 8 was virtually 
absent after the treatment of 9 with alkali at 
100" when 4 was not present in excess. 

2-Methylsulfonylazoxybenzene (13) and azoxy- 
benzene (26) were the only compounds isolated 
during the work described in this, or the earlier 
report (1) in which a methylsulfonyl group had 
apparently been replaced by a hydrogen atom. 
'However, 26, azobenzene (27), and 2-methyl- 
sulfonylazobenzene (28) (19) were obtained in 
small yield after treatment of 3,4-dihydro-4- 
hydroxy - 3 - 0x0 - 2H - 1,4 - benzothiazine - 1,l- 
dioxide (29) (cf. (1)) with alkali2 but their modes 
of formation were not elucidated, although it was 
concluded that they were products of the action 
of sodium hydroxide on 29 and, for example, 
had not been formed from impurities, e.g. 
nitrobenzene or phenylhydroxylamine, in the 
hydroxamic acid. It seems inconceivable in 
experiments carried out in alkaline solution that 
a substituent, e.g. a methylsulfonyl group, on 
an aromatic ring, could be displaced, and 
replaced by a hydrogen atom, and a seemingly 
more reasonable route to compounds such as 
13,26,27, and 28 in the above reactions, was that 
an intermediate sulfinic acid lost sulfur dioxide 
in a reaction analogous to the decarboxylation 
of a carboxylic acid. Although the desulfination 
of sulfinic acids is a known reaction (20) it does 
not appear to have been carried out in alkaline 
solution, and indeed 2-aminobenzenesulfinic 
acid and azobenzene-2-sulfinic acid are stable 
in refluxing ethanolic sodium hydroxide solution 
(19,21). However, the formation of sulfinic acids 
themselves in the above reactions poses problems, 
and hence the modes of formation of 13 and 26, 

'K. B. Shaw and R. K. Miller. Unpublished work. 
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and 26, 27, and 28 in the respective reactions more than once and after pure 6a and 8 had been ob- 

remain a mystery. tained, the constitutions of some of the mixtures of 6a 
and 8, and the purity of 6a obtained in the reaction at  

Summary room temperature, were estimated from the intensity of 
the peak at  330 mp in the U.V. (6a and 8 had E: 308 and 

In N-(2- 612 respectively at 330 mp). Thin-layer chromatography 
methylsulfonylphenyl)hydroxylamine (4) is (t.1.c.) of the mixtures of 6a and 8 was carried out o n  
readily oxidized by air to 2-methylsulfonylnitro- activated (220-230" for 3 h) Gelman Type A absorbent 
sobenzene (9) and at room temperature the (alumina gel and micro glass fibers) with the solvent 

system chloroform-hexane (2:l). Spots were detected 
hydrogen peroxide produced in this reaction with Nsodium hydroxide. 
converts 9 into 2-meth~lsulfon~lnitrobenzene (2). (a) A solution of 4 (540 mg) in 0.1 N sodium hydroxide 
In  addition, 9 is also produced, together with (60 ml; 2.1 molar equ.) was stirred at  room temperature 
2-methylsulfonylaniline(7) by the disproportion- for 6 h. Fraction A (269 mg, m.p. ca. 18C21Oo) was 

ation of 4 at 1000. ~h~ hydroxylamine 4 reacts washed well with ether and the solid was filtered off 
giving 2,2'-di(methylsulfonyl)azoxybenzene (5) (202 mg, 

with to give the (3)(1), and with 40%), m.p. 229-23l0, which crystallized from ethanol 
give 2,2'-di(methyl~~lf~nyl)a~~~ybe~~~ene (5). containing a little acetone, as very pale yellow prisms, 
The displacement of the methylsulfonyl group in m.p. 232-233" (lit. (2) m.p. 222"); h,,, (EtOH) 307 "': 
9 by hydroxide ion gives 2-nitrosophenol (12) (log E 4.02); vma, 1310, 1150 and 1120, and 950 cm- 

(S02Me); n.m.r. (60 MHz) (DMSO-d6) 500450 Hz, which reacts with to give 2-h~drox~-2 ' -meth~1-  max at  480 Hz from TMS (intensity 8H), 7 6.73 and 6.57 
sulfonylazoxybenzene (6a). The corresponding (each intensity 3 ~ ) .  
hydroxy azo compound (8) is also formed, Anal. Calcd. for C14H14N205S2: C, 47.44; H,  3.98; 
perhaps by reduction of 6a, but the reaction of N, 7.91; S, 18.09. Found: C, 47.38; H, 4.10; N, 7.74; 

and to give 2>21-di(meth~1su1fon~1)azobenzene S y ~ ~ ~ t h e r - s o l u b ] e  portion of fraction A (59 mg, m.p. 
is not observed (steric hindrance). At 100" in 101-10p) and fraction B (60 mg, m.p. 99-103") were 
dilute alkali 9 is readily reduced to 4, and then 5 slightly impure 2 (ca. 20%). Fraction C (113 mg) was a 
and 6a are formed as before. yellow solid, m.p. 106-109", estimated to be > 95% 6a 

N - (4 - Methylsulfonylphenyl)hydroxylamine (26%). but 8 was absent. It was crystallized three times 
from ethanol giving 2-hydroxy-2'-methylsulfonylazoxy- 

(I6) in is air to benzene (6a) as ye]]ow needles, m.p. 111-1120; h,,, 
4-meth~lsulfon~lnitrosobenzene (20), which is (EtOH) 243, 282, and 330 mp (broad) (log E 3.91, 3.85, 
also formed, together with 4-methylsulfonyl- and 3.95); (EtOH + 1 drop NaOH solution) 234 and 288 
aniline (19), by the facile disproportionation of mP (1% E 4.32 and 3.90); v,,, ca. 3200-3100 (weak, 
16 at 1000. ~h~ nitroso compoun~  20 reacts with bonded OH), 1295, 1165, and 970 (S02Me), and 750 

cm-' (1,2-disubstituted benzene). 
l6 give 4,4'-di(meth~1su1fon~1)az0x~benzene Anal. Calcd. for Cl3HlzN,O4S (mo]. wt. 292): C, 
(17), and with 19 to give 4,4'-di(methylsulfony1)- 53.42; H, 4.14; N, 9.59; S, 10.97. Found (292 (mass 
azobenzene (18); neither the oxidation of 20 to spectrum)): C, 53.64; H,  4.36; N, 9.79; S, 11 23. 

Fraction D (35 mg) was treated with a few drops of 4-meth~1su1f0n~1nitr0benzene nor the loss and filtered giving the biphenyl (3.5 mg, 
of the methyls"lfonyl group from with the 0.8%), m.p. 209-21Io, i.r. spectrum identical with that 
subsequent formation of a compound analogous an sample (1). 
to 6a, is observed. (b) A stirred solution of 4 (540 mg) in 0.1 N sodium 

hydroxide was heated under reflux 6 h. Fraction A was 
Experimental 5 (180 mg, 3573, m.p. 230-232" and was not contami- 

Infrared spectra are for potassium bromide disks. nafed with 2. Fraction B was a pale yellow oil (15 mg) 

Microanalyses were performed by J. G .  Helie and the containing some 7. Fraction C was an orange solid (94 
mass spectra were by ~ ~ ~ ~ ~ ~ - ~ c h a f f e ~  Corporation, mg), m.P. ca. 106-108", which was a mixture of 60 and 8 
Montreal. (ca. 22%) in the approximate ratio 5:l. The solid, after 

crystallization to constant m.p., 110-1 12", was 6a contain- 
Reactions of N-(2-Metlzylsulfonylpher1yl)hydroxylar~1ine ing a trace of 8 (elemental analysis and t.1.c.). Fraction 

(4) in Aqueous Sodiun~ Hydroxide Solution D was a sticky red solid (97 mg), which after treatment 
The preparation of 4 has been described (1). The experi- with methanol as before gave 3 (26 mg, 6%), m.p. 207- 

ments were carried out as indicated below and the 212", raised to 211-214" after crystallization from 
reaction mixtures were worked up as follows. The solid ethanol. The methanol-soluble material (70 mg) was a 
was filtered off (fraction A) and the solution was washed mixture of several compounds, none of which was 
once with ether (fraction B), and then several times with identified. 
chloroform (fraction C). The aqueous solution was (c) A stirred solution of 4 (540 mg) in 0.1 N sodium 
acidified with hydrochloric acid and again washed with hydroxide was heated under reflux 15 min. Fraction A 
ether (fraction D). Each experiment was carried out (261 mg, m.p. 227-230" with previous softening) was 
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washed with ether giving 5 (247 mg, 48 %), m.p. 23 1-233". previous samples. The ether-soluble material (209 mg) 
Fraction B (27 mg) was an orange oil containing 2 and 7. was chromatographed on alumina (Neutral 2) in chloro- 
Fraction C (84 mg), m.p. 102-107", was a mixture of 6a form-hexane (1 :I) and the following fractions were 
and 8 similar to that obtained under (b). Fraction D (93 collected: (i) An orange oil (52 mg) which solidified when 
mg) after treatment with methanol as before gave 3 (22 rubbed with a little ethanol, m.p. 82.5-83.5, raised to 
mg, 5 %), m.p. 209-212". 83.5-84.5" after crystallization from methanol; h,,, 

(d) A stirred solution of 4 (935 mg) in 0.1 N sodium (EtOH) 239 and 326 (E: 423 and 587 respectively); v,,, 
hydroxide (105 ml) was heated under reflux 6 h. Fraction 1300, 1150, and 955 (S02Me), 760 cm-' (1,2-disubsti- 
A was washed with ethanol giving 5 (253 mg, 28%) m.p. tuted benzene); molecular formula (mass spectroscopy) 
231-233". Fraction B (52 mg) was an orange oil con- C13H12N203S (mol. wt. 276). This compound was tenta- 
taining 6a, 7, and 8. Fraction C was an orange solid tively identified as 2'-methylsulfonylazoxybenzene (13). 
(154 mg) m.p. ca. 125-130°, and was chromatographed (ii) A yellow oil (68 mg) which was a mixture of at least 
on alumina (Neutral 2) in chloroform-hexane (4:l). A 3 compounds none of which was identified. (iii) A red- 
fast moving red band which was closely followed by, and brown solid (35 mg), A,,, 244 and 3 19 mp, v,,, 1300,1150, 
not cleanly separated .from, a light orange band, was and 950 cm-', which was not identified. (iv) An orange- 
collected giving an orange solid (93 mg) m.p. ca. 142- red solid (15 mg) which did not melt sharply but which 
14S0, which was a mixture of 8 and 6a in the approximate had U.V. and i.r. spectra similar to those of 8. The column 
ratio 4:l. The column was extruded and a broad yellow was extruded and treated in the same way as under (d) 
band was washed off the alumina with 10% acetic acid above giving 6a (ca. 7 mg) m.p. 108-111". 
in methanol. The resulting solid, in chloroform-hexane 
(1 :2), was chromatographed on alumina (acid 3) and the 2-Methy1sulfotr~1nitr0sobenzene f9)  
main yellow band was collected, giving a yellow solid N-(2-Meth~lsulfon~l~hen~l)h~drox~lamine (2 g) was 

(29 mg) m.p. 110-1110, which was a mixture of6a and 8 dissolved with gentle warming in a mixture of water 

in the approximate ratio 13 :I. The solid was crystallized (300 ml) and concentrated sulfuric acid (27 ml). The 

from methanol but its melting point and constitution vigorously stirred solution was cooled to 25 "C, a solu- 
were not changed. The main fraction above was rechro- tion of sodium dichromate dihydrate (1.07 g) in water 
matographed on alumina (Neutral 2) but the various (1 ml) was added and then the mixture was cooled (ice 
fractions were still mixtures of 8 and 6a. The from bath) for 15 min. The precipitate was filtered off, washed 

the combined fractions was crystallized three times from with water b'~ m.p. 162-1630)7 and crys- 
giving 2-hydroxy-2'-methylsulfony~azobenzene tallized from methanol containing a little chloroform 

(8) as small orange needles, m.p. 149.5-1500; h,,, giving 9 as very pale tan prisms (1.2 g, 61 %I, m . ~ .  163.5- 
(EtOH) 246, 330, and 388 mp (log E 3.99,4.23, and 3.92); 165" (green liquid), unchanged on recrystallization; h,,, 
(EtOH + 1 drop NaOH 236 and 335 mp (log (CHCL) 288, 311, and ca. 775 mp (log E 3.82, 3.65, and 

E 4.17 and 4.03); v,,, 1290, 1140, and 950 (SO,Me), 760 1.45); vmax 1320 and 1280, 1155 and 965 cm-' (S02Me). 

cm-' (1,Zdisubstituted benzene). Anal. Calcd. for C7H,N03S: C, 45.39; H, 3.81; N, 
Anal. Calcd. for C,,H12N203S (mol. wt. 276): C, 7.56; S ,  17.31. Found: C, 45.59; H, 3.92; N, 7.52; S, 

56.51: H. 4.38: N. 10.14: S. 11.60. Found (276 (mass 17.38. 
spectiumj): C, 56.52; H, 4:50; N, 9.99; S, 11.86. 

. 

Fraction D (143 mg) after treatment with methanol as 
before gave 3 (25 mg, ca. 3%), m.p. 211-213" after 
crystallization from ethanol-acetone. The remaining 
aqueous solution was decolorized (charcoal) and evapo- 
rated to dryness and the residue (in water) was passed 
through a column of AG SOW-X8 cation exchange resin 
(15 ml). The first three fractions collected (30 ml) had 
similar U.V. spectra and were evaporated giving a sticky 
solid (108 mg). The U.V. and i.r. spectra of this material 
were very similar to those of orthanilic acid (cf. (I)). 

(e) Reaction (b) above was repeated under nitrogen. A 
yellow material (ca. 15 mg) in the condenser was washed 
out with ethanol and appeared (u.v. and i.r.) to be 
azoxybenzene. Virtually no solid separated from the 
aqueous solution hence there was no fraction A. Fraction 
B (30 mg) contained some 7. Fraction C was a sticky red 
solid (367 mg) which was rubbed well with ether and 
filtered giving a yellow solid (117 mg) m.p. 216-226", 
with an i.r. spectrum very similar to that of 5. The solid 
was crystallized twice from ethanol containing a little 
acetone giving golden yellow prisms, m.p. 230-232O, 
mixed m.p. with 5, 231-233", i.r. and U.V. spectra iden- 
tical with those of 5. Found: C, 47.37; H, 4.16; N, 7.78. 
It was not clear why this product did not separate during 
the reaction or why it was more deeply colored than 

2-Hydroxy-2'-methylsulfonylazobenze~ze (8)  
A solution of recrystallized 2-aminophenol (44 mg) in 

glacial acetic acid (I5 ml) was added to a solution of 
2-methylsulfonylnitrosobenzene (74 mg) in acetic acid 
(15 ml) and the mixture, which became deep red in ca. 
5 min, was stirred at room temperature 48 h. The mixture 
was poured into water, adjusted to p H  8-9 and extracted 
several times with chloroform, giving a red oil (101 mg) 
which was chrornatographed on alumina (acid 3) in 
chloroform-hexane (1 :I). The main orange band which 
was not completely separated from faster moving 
material was collected and the resulting oil was rechro- 
matographed as before, again giving an oil which 
crystallized from aqueous methanol as orange needles 
(55 mg, SO%), m.p. 144-146". Four recrystallizations 
from the same solvent system raised the m.p. to 148.5- 
149.S0, mixed m.p. with 8 obtained from 4 149-150"; 
A,,, (EtOH) 246, 330, and 388 mp (log E 4.02, 4.24, and 
3.93); (EtOH + 1 drop NaOH solution) 236 and 335 
mp (log E 4.18 and 4.03); i.r. spectrum identical with that 
of the earlier sample. 

Anal. Found: C, 56.78; H, 4.12; N, 9.91. 

Reactions of 2-Methylsulfonylnitrosobenzene in Aqueous 
Sodium Hydroxide Solution 

The reaction mixtures were worked up as described 
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above under the reactions of 4 in alkali, except that the 
solution was adjusted to p H  8-8.5 before it was washed 
with chloroform. 

(a) A vigorously stirred mixture of 2-methylsulfonyl- 
nitrosobenzene (555 mg) and 0.1 N sodium hydroxide 
(60 ml, 2 molar equ.) was heated under reflux 4 h. Frac- 
tion A was 5 (181 mg, 3473, m.p. 231-232". Fraction B 
(34 mg) was mainly 7 and did not contain any 2. Fraction 
C (85 mg), m.p. 99-104", was mainly 6a (ca. 20%) con- 
taining only a trace of 8. Fraction D (24 mg) was not 
investigated. The remaining aqueous solution was - - 

treated 3 times with charcoal, when it showed A,,, 
(NaOH) 236 and 294 mp, and probably contained 
orthanilic acid (ca. 6 %) (cf. (1)). 

(b) The foregoing experiment was repeated under 
nitrogen. Fraction A was 5 (201 mg, 38%), m.p. 228- 
230". Fraction B (34 mg) was mainly 7. Fraction C (82 
mg), m.p. 100-106" was mainly 6a (ca. 19%). There was 
a trace of another compound (which did not move on 
t.1.c.) but 8 was not detected. Fraction D (18 mg) was not 
investigated. The aqueous solution probably contained 
orthanilic acid (ca. 3 %). 

(c) A mixture of 9 (555 mg) and 0.1 Nsodium hydroxide 
(60 ml) was stirred at room temperature 14 days. Fraction 
A (366 mg) was clearly a mixture (i.r., wide m.p. range) 
and was rubbed well with ether. The insoluble portion 
(238 mg), m.p. 162-165" (green liquid) was 9 (43 % 
recovery). The ether-soluble portion (1 17 mg), m.p. 
101-105" was 2. Fraction B (60 mg) was 2 (total yield ca. 
50% based on recovered 9) containing a trace of 7. 
Fraction C (13 mg) was also a mixture (white solid (2) 
and yellow oil). Fraction D ( < 5 mg) was not investi- 
gated. 

Reaction of N-(2-Methyls11lfonylphenyl)/1ydroxylamine 
(4) and 2-Methylsulfonylnitrosobenzene (9) 
in Water 

A mixture of 4 (170 mg), 9 (165 mg), and water (20 ml) 
was heated under reflux 2 h. The solid was filtered off 
giving slightly impure 5 (265 mg, ca. 82%), m.p. 225-227". 
The yellow aqueous solution was washed with chloro- 
form (aqueous now colorless) giving a mixture of white 
solid and yellow oil (29 mg), A,,, 245 and 308 mp, which 
was not investigated further. 

When 9 (250 mg) was heated under reflux 2 h in water 
(20 ml) the liquid was pale green at the boiling point, 
and after the mixture had cooled, 9 was recovered (228 
mg, 91 %), m.p. 164-166". The aqueous solution was 
washed with chloroform giving a mixture of yellow and 
white solids (9 mg), u.v, spectrum similar to that of 9. 
The remaining aqueous solution showed no  maximum 
in the U.V. 

The Fornlation of Benzofurazarz from 2-Methylsulfonyl- 
nitrosobenzene 

(a) A stirred mixture of 2-methylsulfonylnitrosoben- 
zene (9) (500 mg) and water (50 ml) containing sodium 
azide (1 g) was distilled for ca. 50 min. The distillate was 
washed with ether, giving a pale yellow solid (A, 18 mg). 
The reaction mixture was cooled giving a brown solid 
(292 mg), m.p. 165-168", identified as 9. 

(b) A mixture of 9 (100 mg) and water (25 ml) containing 
sodium azide (200 mg) was heated under reflux several 
minutes. The solid which collected in the condenser was 

washed out with ether, then the reaction was continued 
and the solid removed in the same way. The material 
from four such experiments (18.9 mg) together with solid 
A above, was identified as benzofurazan (15), m.p. 
51.5-52" (lit. (22) m.p. 53"; (23) m.p. 51.5-52"); A,,, (cf. 
(12)) (H20)  254 sh, 259,264, 269,275,280,287, and 302 
mp (log E 3.28, 3.38, 3.51, 3.55, 3.65, 3.59, 3.64, and 
3.49); n.m.r. (cf. (13)) (CCI,) AA'BB' spectrum, T 2.20 
(2H), 2.65 (2H), J + J' = 10.0 Hz. The yield of 15 under 
(a) above, allowing for recovered 9, was 13 %; no attempt 
to recover starting material was made in experiment (b). 

N-(4-Methylsulfonylp11enyl)hydroxylarnine (16) 
4-Methylsulfonylnitrobenzene (1) (5 g) was reduced by 

the method described earlier (1) for the 2-isomer. The 
crude product (4.1 g) was crystallized from ethyl acetate - 
hexane giving pale pink crystals (2.53 g, 54 %), m.p. 154" 
(decomp.). Two further crystallizations from the same 
solvent mixture gave small pale pink needles, m.p. 
157.5-158.5" (decomp.); h,,, (H20)  263 mp (log E 4.14); 
A,,, (NaOH) 252 m p  (log E 3.79); v,,, 3360 (OH), 3295 
(NH), 1280, 11 35, and 970 cm-' (S0,Me). 

Anal. Calcd. for C,H9N0,S: C, 44.91 ; H, 4.85; N, 
7.48; S, 17.13. Found: C, 45.10; H, 5.12; N, 7.39; S, .- . . 

Reactions of N-(4-MethylsulfonylpRe~zyl)hydroxylamine 
(16) in Aqueous Sodium Hydroxide Solrition 

(a) A solution of 16 (540 mg) in 0. l N sodium hydroxide 
(60 ml; 2.1 molar equ.) was stirred at room temperature 
for 6 h. The initial pale yellow solution did not change 
color during the reaction period but a solid gradually 
separated. The mixture was filtered giving 4,4'-di(methy1- 
sulfonyl)azoxybenzene (17) (494 mg, 96 %), m.p. 295-297" 
(decomp.). Crystallization from ethanol-dimethylform- 
amide (DMF) gave 17 as pale orange needles, m.p. 
295-296" (decomp.), (lit. (15) m.p. 264"); A,,, (DMF) 
325 mp (log E 4.20); v,,, 1295, 1140, 960, and 955 cm-' 
(S0,Me). 

Anal. Calcd. for C14H14NZ05S2: C, 47.44; H, 3.98; 
N, 7.91; S, 18.09. Found: C, 47.63; H, 3.89; N, 7.94; S, 
18.21. 

(b) Compound 16 (270 mg) was added to 0.1 N sodium 
hydroxide (30 ml) at 95" and the mixture was heated 
under reflux 15 min and then cooled. The pale orange 
solid which separated (216 mg, m.p. ca. 280-290") was 
crystallized four times from D M F  giving 4,4'-di(methy1- 
su1fonyl)azobenzene (18) as orange prisms (75 mg), m.p. 
305-306" (decomp.). A,,, (DMF) 323 m p  (log E 4.37); 
v,,, 1295, 1140, 960, and 955 cm-' (S0,Me). The i.r. 
spectrum of 18 differed slightly from that of 17. In  
particular the intensities of the bands near 960 cm-' in 
18 (955 > 960) were reversed in 17 (955 < 960), and 
although both compounds showed a band at 1455 cm-', 
it was much more intense in 17. 

Anal. Calcd, for C14H14N204S2: C, 49.68; H, 4.17; 
N, 8.28; S, 18.95. Found: C ,  49.52; H, 4.10; N, 8.18; S, 
19.22. 

When (b) was repeated on twice the scale the crude 
product (442 mg) was washed with ethanol leaving a n  
orange solid (404 mg), m.p. ca. 295-299", E: 654, which 
was a mixture of 18 and 17 in the estimated ratio 5:l. 
The ethanol solution, which showed h,,, 322 mp, 
unchanged when the solution was made alkaline, gave a 
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pale orange solid (31 mg), m.p. ca. 135-140' (decomp.). 1. K. B. SHAW and R. K. MILLER. Can. J. Chem. 
Its i.r. spectrum was rather similar to that of the mixture This issue. 
of 17 and 18 but it was not identified. The same reaction 2. M. CLAAsz. Ber. 457 

under nitrogen gave a similar mixture of 17 and 18 (E: 3' J. H. R. G' &OKs, and G. E. 
J. Chem. 20, 1601 (1967). 

651) in somewhat hJwer yield (369 mg after r~moval of 4, Chemistry of carbon compounds. vol. 3 ~ .  Edited 
the ethanol-soluble portion, 50 mg). The mixture was by E. H. Rodd. Elsevier Publishing Co., New York. 
crystallized from aqueous DMF giving an orange solid 1954. (a) p. 153; (6) p. 320. 
(326 mg), m.p. 304-306", E: 680, which was mainly 18. 5. N. V. SIDGWICK. The organicchemistry of nitrogen. 

(c)  A solution of 16 (540 mg) in 0.1 Nsodium hydroxide Revised and rewritten by T. W. J. Taylor and W. 
(60 ml) was heated under reflux 15 min and then cooled Baker. Clarendon Press, Oxford. 1942. (a) P. 163; 
and filtered. The crude product was washed with ethanol (b) P. 206 ff. 
leaving an orange solid (444 mg), m . p  298-299' ;: 5. ~ " A " M ~ ~ ~ : ~ ;  2r23j .1gE(27); .  Amer. Chem. (decomp.), E: 625, which was a mixture of 18 and 17 in Sot. 87, 122 (1965). 
the estimated ratio 3:l. The ethanol-soluble material 8. G. H. coLEMAN, C. M. M ~ c ~ ~ ~ ~ ~ ~ ,  and F. A. 
(28 mg) was similar to that obtained earlier. The original STUART. Organic syntheses, Coil. Val. 3. Edited by 
aqueous solution was washed with chloroform giving a E. C. Horning, John Wiley and Sons, Inc., New 
yellow oil (12 mg) whose U.V. and i.r, spectra were the York. 1955. p. 668. 
same as those of 4-methylsulfonylaniline (16). The 9. C. K. ~ J G ~ L D  and H. A. P~GGOTT. J. Sot. 
aqueous solution was acidified and washed with chloro- 
form giving an oil (6 mg), Lmax 268 and 360 mp, which lo. fi&!8",y and W. Sot. B3 I9l 
was not identified. 11. G. B. BARLIN and W. V. BROWN. J. Chem. Soc. C, 

(d) 16 (540 mg) was added to a vigorousl~ stirred 2473 (1967) and references therein. 
mixture of azoxybenzene (580 mg) and 0.1 N sodium 12. A. J. BOULTON, P. B. GHOSH, and A. ri. KATRITZKY. 
hydroxide (60 ml) at > 80' and the whole was heated J. Chem. Soc. C, 971 (1966). 
under reflux, under nitrogen, 2 h. The mixture was cooled, 13. R. K. HARRIS, A. R. KATRITZKY, S. ~ K S N E ,  A. S. 
shaken well with ether (which had also been used to BAILEY, and W. G. PATERSON. J. Chem. Soc. 197 
wash out the condenser), and the contents of the separa- (1963). 
tory funnel were filtered giving an orange solid (369 mg), 14. A. J- BOuLTON~ P. B. GHOsHl and A. R. KATRITzKy. 

m.p. 302-3050, E: 654, which was crystallized from J. Chem. Soc. B, 1004 (1966); Tetrahedron Lett. 25, 
2887 (1966). 

aqueous DMF giving 18 (331 mg, 68 %) m.P. 305-306', 15. TH. ZINCKE and p. J ~ R G .  Ber. 44, 614 (191 1). 
raised to 306-307" after recrystallization. Anal. Found: 16. E. A. F E H N E ~  and M. cARMACK. J. Amer. Chem. 
C, 49.68; H, 4.13; N, 8.20; S, 19.19. The ether solution SOC. 72, 1292 (1950). 
gave an orange oil (580 mg) which was chromatographed 17. Y. OGATA, M. TSUCHIDA, and Y. TAKAGI. J. Amer. 
on alumina (Basic 3) in benzene-hexane (2:l). A yellow Chem. Soc. 79, 3397 (1957) and references therein. 
band passed rapidly through the column and was collected 18. W. ANDERSON. J. Chem. Sot. 1722 (1952). 
giving azoxybenzene (517 mg, 90% recovery). An orange 19. M. P- CAvA and C. E. BLAKE. J. Amer. Chem. 

78, 5444 (1956). band was eluted with benzene giving a pale orange solid 20. N. KHARASCH, W. KING, and T. C. BRUICE. J. (33 mg) m.p. ca. 137-145', which was similar to the A ~ ~ ~ .  Chem. Sot. 77, 931 (1955). 
ethanol-soluble material obtained in the earlier 21. G. B U ~ M E R  and F. G. M ~ ~ ~ .  J. them. sot. 680 
experiments. (1 945). 

22. R. J. GAUGHRAN. J. P. PICARD. and J. V. R. 
Thanks are offered to Dr. M. A. Weinberger for the 23. fTy~~~p';:  nuclear magnetic resonance spectra and to Professor can. J. them. 

R. T. Coutts for useful discussions. 

Amer. 
AK, 
47, 2482 ( 

Chem. S O C . ' ~ ~ ,  2233 (1954). 
P. A. FORTE, and D. D. LENNOX. 

1969). 
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Study of iaon(I1) complexes with halides and thiocyanate in acetonitrile 

BYRON KRATOCHVIL AND ROBERT LONG' 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received September 11, 1969 

In acetonitrile, iron(I1) forms stable 1 :1 complexes with chloride, bromide, and iodide and both 1 :1 
and 1 :2 complexes with thiocyanate. Stepwise formation constants for the complexes were determined 
spectrophotometrically by a mole-ratio method. The log K values are: FeCI+, 5.8; FeBr+, 5.5; FeI+, 4.3; 
Fe(SCN)+, 5.5; and Fe(SCN),, 3.7. 
Canadian Journal of Chemistry, 48, 1414 (1970) 

The stability of metal complexes in solution is 
greatly affected by the nature of the solvent. 
According to present theories of nonaqueous 
coordination chemistry, nonaqueous complexa- 
tion is considered to be primarily a competition 
between solvent and ligand for bonding sites 
on the cation (ref. 1, pp. 12-20). In this picture 
the major considerations are the relative donor 
strengths of the solvent and ligand; other 
properties of the solvent, such as the dielectric 
constant, are neglected. Although this simplifi- 
cation appears to be generally useful in predicting 
trends, it is susceptible to variations caused by 
specific solvent effects such as hydrogen bonding, 
polarizability, and steric hindrance arising from 
the size and shape of the solvent molecule. 

With few exceptions, accurate quantitative 
data on the formation of metal complexes in 
nonaqueous solvents are lacking. As part of a 
study of iron(II1) and iron(I1) in acetonitrile, 
the formation constants of iron(I1) with chloride, 
bromide, iodide, and thiocyanate were measured. 
The observed values are reported here and com- 
pared with trends predicted on the basis of 
solvent effects and the relative donor strengths of 
the ligands. 

Experimental 
Acetonitrile was purified by the method of O'Donnell, 

Ayres, and Mann (2) and Long (3) with minor modifica- 
tions. The product from the final distillation was 
monitored spectrophotometrically; the absorbance of 
the fraction used was less than 0.01 at 225 mp and less 
than 0.1 at 200 mp. The water content as determined by 
Karl Fischer titration was about 2 x M. The solvent 
was deaerated with argon immediately before use to 
avoid air oxidation of iodide or iron(I1) in the presence 
of chloride or bromide. Anhydrous hexakisacetonitrile 
iron(I1) perchlorate, Fe(C104),.6CH3CN, was prepared 
by azeotropic distillation of solutions of hydrated iron(I1) 

perchlorate in acetonitrile under reduced pressure in the 
presence of Linde 3A molecular sieve, followed by 
removal of excess solvent under vacuum at room tem- 
perature. The product, white with a pale-blue cast, is 
stable to 125 "C; above this temperature it slowly 
decomposes. Solutions of iron(I1) perchlorate in aceto- 
nitrile are stable to at least 50 OC. (NOTE: Safety precau- 
tions should always be taken when heating perchlorate 
salts in the presence of organic material.) Analysis of the 
salt by titration with aqueous potassium dichromate 
gave a purity of 100.3 %. 

Tetrabutylammonium perchlorate was precipitated 
from a boiling aqueous saturated solution of tetrabutyl- 
ammonium iodide. Deaeration of the solutions was 
necessary to prevent air oxidation of iodide to triiodide, 
the tetrabutylammonium salt of which is insoluble. (Use 
of the bromide salt instead of the iodide would avoid 
this problem.) The precipitated perchlorate salt was 
recrystallized from water until an approximately 1 M 
solution did not absorb above 200 mp. 

Tetraethylammonium chloride, tetrabutylammonium 
bromide, and tetrabutylammonium iodide (Eastman 
Organic Chemicals, white label) were recrystallized or 
extracted once, dried under vacuum over magnesium 
perchlorate, and analyzed gravimetrically by precipita- 
tion of the silver halide. Tetraethylammonium chloride, 
because of its low solubility in organic solvents, was 
purified by extraction with acetone in a Soxlet extractor; 
analysis gave a purity of 99.9%. Tetrabutylammonium 
bromide was recrystallized from ethyl acetate with 
stirring to prevent supersaturation; analysis gave a 
purity of 100.0%. Tetrabutylammonium iodide was 
recrystallized from a deaerated solution of 10% aceto- 
nitrile in water and found to be 99.9 % pure. Potassium 
thiocyanate (Fisher Certified Reagent Grade) was dried 
for 2 ha t  100 "C and found to be 100.1 %pure by Volhard 
titration with silver nitrate. 

A Unicam SP800 ultraviolet-visible spectrophotom- 
eter was used for the spectrophotometric measure- 
ments. The absorbance accuracy of the instrument was 
& 0.02 and the reproducibility f 0.005 absorbance units. 
All solutions were prepared by weight in a drybox, 
removed in closed containers, and thermostatted at  
25 & 0.1 "C during measurement. All were made 0.01 M 
in tetrabutylammonium perchlorate to maintain constant 
ionic strength. and concentrations were converted to 
molarities i n  the basis of the density of 0.01 M tetrabutyl- 

'Present address: Analytical Laboratory, Sylvania ammonium perchlorate in acetonitrile, 0.7785 g/ml. 
Electric Products, Towanda, Pennsylvania 18848. To mix separate anhydrous solutions and make 
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KRATOCHVIL AND LONG: STUDY OF IRON(1I) COMPLEXES 1415 

BRASS 
FITTING SILICONE RUBBER 

INJECTION SEPTUM 

FIG. 1. Spectrophotometric cell used in determination 
of formation constants. 

spectral measurements on the resulting mixtures without 
exposure to the atmosphere, the apparatus shown in Fig. 
1 was constructed. A 200-ml volumetric flask was modi- 
fied by addition of a side arm to which a conventional 
1-cm rectangular quartz cell was connected by a lapped 
standard-taper joint. The flask stopper was machined 
with a standard taper from Teflon and contained a 
silicone-rubber septum through which solutions could 
be injected. A 100-p1 Hamilton gas-tight syringe with a 

Teflon-tipped plunger, Chaney adapter, and platinum 
needle was used for the injections. With thermostatted 
solutions the reproducibility of delivery for the syringe 
was f 2 parts per 1000. 

Treatment of Data 
The formation constants were determined by a mole- 

ratio method. Absorbance measurements were taken at 
the wavelength of maximum absorbance of the com~lex 
species and a plot of absorbance vs. ligand concentration 
was made. The molar absorptivity of the first complex 
was calculated from the slope of the straight-line portion 
obtained at small ligand-to-metal ratios, and the concen- 
tration of the complex at large ratios. An IBM 360167 
computer program was written to calculate concentra- 
tions from the experimental data, fit the best straight line 
to the first portion of the curve by a linear least-squares 
method, and calculate the molar absorptivity and forma- 
tion constant for each complex. 

Since the absorption maxima of the 1:l bromide, 
iodide, and thiocyanate complexes were well separated 
from those of free iron(I1) and ligand, correction for 
absorbance of these species was not necessary. For 
chloride, however, the wavelength of maximum absorb- 
ance for the FeClf complex, 227 mp, fell on the shoulder 
of a broad iron(I1) absorption maximum at 205-215 mp 
and a correction for free iron(I1) absorption became 
necessary. 

The formation constant for the second thiocyanate 
complex was determined in the same general way as for 
the first except that the thiocyanate concentration was 
held constant while that of the iron(I1) was slowly 
increased by injections of a solution of iron(I1) perchlo- 
rate. The second stepwise formation constant was ob- 
tained from the expression 

The data were handled by computer in the same general way as before. 

TABLE 1 
Data for determination of formation constants 

(a) FeCI+ complex (h  = 227 mp) 

[Fe(II)I [Fe(II)I [Fe(II) I 
[ a -  1 A log K [ a -  1 A log K [ a -  1 A log K 

[Fe(II)] = 2.44 x [Fe(II)] = 2.55 x [Fe(II)] = 2.78 x 
Molar absorptivity = 4700 Molar absorptivity = 4700 Molar absorptivity = 4710 
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Results and Discussion 

Data obtained for the systems are given in 
Table 1, and the formation constants calculated 
from these data in Table 2. The error estimates 
are standard deviations of values for two to five 
trials. The mole-ratio method was found to be a 
satisfactory quantitative technique as long as the 
formation constants do not exceed about 10'. 

Beer's law was followed for all of the systems 
studied. Although the method used here is some- 
what tedious and not highly precise, a direct 
measurement of the free ligand or metal concen- 
trations by spectrophotometric or potentiometric 
methods was not possible for these systems. 

Iron(I1)-Chloride System 
Evidence for only one chloride complex, 

TABLE 1 (Continued) 

(b) FeBr+ complex (h = 265 mp) 

[Fe(II)I [Fe(II) I [Fe(II)I 
[Br- I A log K [Br- I A log K [Br- I A log K 

[Fe(II)] = 3.04 x 
Molar absorptivity = 3150 

26.8 0.037 
13.41 0.071 
8.94 0.106 
6.70 0.140 
5.36 0.179 
4.47 0.219 
3.83 0.257 
2.98 0.323 
2.44 0.392 
2.06 0.461 

[Fe(II)] = 4.75 x [Fe(II)I = 3,,14 x 
Molar absorptivity = 3170 Molar absorpt~vity = 3120 

25.0 0.062 20.53 0.049 
12.5 0.120 10.26 0.095 
8.32 0.180 6.84 0.140 
6.24 0.244 4.10 0.243 

(c) FeI + complex (h = 326 mp) 

[I- I [I- I [Fe(II)I 
[FeoI A log K [Fe(II)] A log K [I- 1 A log K 

[I-] = 8.61 x lo-4 [I-] = 1.03 x lo4 [Fe(II)] = 1.25 x 
Molar absorptivity = 1500 Molar absorptivity = 1870 Molar absorptivity = 1290 
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KRATOCHVIL AND LONG: STUDY O F  IRON(I1) COMPLEXES 

TABLE 1 (Concluded) 

(d) Fe(SCN)+ complex (h = 299 mp) 

[Fe(II)I [FeOI) I 
[SCN-] A log K [SCN- ] A log K 

[Fe(II)] = 5.65 x [FeOI)] = 4.96 x 
Molar absorptivity = 5130 Molar absorptivity = 5290 

(e) Fe (SCN)2 complex (h = 289 mp) 

[SCN- ] [SCN- ] 
[FeOI)I A log K [Fe(II)] A log K 

[SCN-] = 1.50 x [SCN-] = 1.23 x 
Molar absorptivity = 10 620 Molar absorptivity = 10980 

FeCl', was found spectrophotometrically in 
acetonitrile. However, the presence of further 
complexes with weak absorption maxima hidden 
under the uncomplexed iron(I1) or chloride 
peaks cannot be ruled out. In this work exclusion 
of oxygen was found necessary, as chloride 
lowers the potential of the iron(II1)-(11) couple 
by strongly complexing iron(II1). The presence 

of iron(IIItch1oride species is readily detected 
by their intense ultraviolet absorption spectra in 
acetonitrile (4, 5). 

From the log formation constant of FeC1' in 
water, 2.81 (6) ,  a qualitative prediction of the 
formation constant in acetonitrile can be made 
based on the nonaqueous coordination model 
of Gutmann (ref. 1, pp. 12-20). Such a prediction 
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TABLE 2 
Summary of spectrophotometric data for iron(I1)-anion 

complexes in acetonitrile 

log of stepwise Wavelength of Molar 
formation maximum absorption absorptivity at 

Complex constant of complex (mp) h,,, (I/rnole cm) 

FeCl + 5.820.1 227 4 70528 
FeBr + 5.5k0.1 261 3 148k26 
FeI + 4.3k0.2 326 1 553 294 
Fe(SCN) + 5.520.1 299 5 252_+57 
Fe(SCN)2 3.7k0.1 289 10 802 k 308 

requires estimation of the relative donor strength 
of acetonitrile and water toward iron(I1). Spectro- 
photometric measurements of the crystal field 
splitting energy of iron(I1) in acetonitrile and in 
water indicate that acetonitrile has greater donor 
strength toward iron(1I) than has water; there- 
fore the predicted formation constant in aceto- 
nitrile would be less than 2.8. We postulate that 
the larger value found experimentally arises in 
that a simple coordination model does not take 
into account the effect of the difference in the 
dielectric constants of water, 81, and of aceto- 
nitrile, 36. A solvent of lower dielectric constant 
cannot stabilize an ion of plus-two charge so well 
as one of higher dielectric constant. Complexa- 
tion of a solvated cation with a neutral ligand 
would not be expected to depend significantly on 
the dielectric constant of the solvent. However, 
coordination of a cation of plus-two charge with 
an anion will result in partial neutralization of the 
charges that should make a significant contribu- 
tion to the stabilization energy of the complex. 
Thus, the extent of complexation depends not 
only on the relative donor strength of the solvent 
but also on the dielectric constant of the solvent 
and the charge on the ions. As a result, signifi- 
cant complexation may be observed even in sol- 
vents in which solvent-cation interaction is large. 

Iron (11)-Bromide System 
Only one bromide complex, ~ e B r + ,  was 

observed spectrophotometrically in acetonitrile. 
No evidence for complexes of higher order was 
seen. Again a distinctive intense spectrum similar 
to that observed with the iron(I1)-chloride 
system is obtained when oxygen is not rigorously 
excluded ; apparently a stable iron(II1)-bromide 
species is formed. 

Values of the formation constant for FeBr + in 
water are not available for comparison, but the 

log formation constant of 5.5 found in aceto- 
nitrile correlates with the weaker donor strength 
of bromide relative to chloride found for other 
metal-halide complexes in water. 

Iron (11) -Iodide System 
Only one iodide complex, FeI', was observed. 

The formation constant was determined from 
both directions, that is, from measurements 
taken by adding iodide to iron(I1) and vice versa. 
The results obtained by both methods were 
identical, so iodide complexes of higher order, 
and polynuclear iron species, are not significant. 
Again traces of oxygen caused relatively large 
experimental deviations because of air oxidation 
of iodide to the stable triiodide ion (the formation 
constant for 1,- from I, and I-  in acetonitrile is 
107.40 (7)). Spectral interference from triiodide 
was not completely eliminated despite efforts to 
minimize oxygen contamination. The value of 
the formation constant for this system also fits 
the expected trend in halide-donating power. 

Iron(I1)-Thiocyanate System 
This was the only system for which two com- 

plexes, Fe(SCN)+ and Fe(SCN),, were found. 
No evidence for further complex formation was 
observed. 

The log of the first iron(I1)-thiocyanate 
formation constant, 5.5, is slightly lower than 
that of the chloride complex. By comparison, in 
water iron(I1) appears to complex with thio- 
cyanate either only slightly or not at all (8). The 
second thiocyanate complex, calculated from 
spectrophotometric measurements at 289 mp, 
has a stepwise log formation constant of 3.7. 

A check for formation of polynuclear iron(I1)- 
thiocyanate complexes was made by repeating 
the mole-ratio measurements over iron(I1) 
concentrations from 0.50 x to 2.15 x 
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M. The molar absorptivities remained constant 1. V. GUTMANN. Coordination in nonaqueous solu- 
tions. Springer-Verlag, Vienna, Austria. 1968. 

throughout, indicating pol~nuclear species were 2. J. F. O'DONNELL, J. T. AYRES, and C. K. MANN. 
absent. Anal. Chem. 37, 1161 (1965). 

3. R. LONG. Ph.D. Thesis, University of Alberta, 
Edmonton, Alberta. 1969. 

In summary,  iron(I1) fo rms  1 :1 complexes i n  4. B. J. HATHAWAY and D. G. HOLAH. J. Chem. SOC. 

acetonitrile with chloride, bromide, and iodide 2408 (1964). 
5. V. GUTMANN and W. LUX. Monatsh. Chern. 98, 

wi th  formation constants  o f  appreciable magni- 276 (1967). 
tude. A 2:l complex is  also formed wi th  thio- 6. J. DAUPHIN, S. DAUPHIN, D. CHATONIER, and M. T. 

VIALAWE. Bull. Soc. Chirn. France, 2588 (1964). cyanate' No evidence for anionic was 7. J. DESBARRES. Bull. Soc. Chirn. France, 502 (1961). 
seen with a n y  o f  the ligands studied. This  is  8. L, G. SILLEN and A. E. MARTELL. Stability con- 
somewhat unexpected, f o r  anionic species have stants of metal ion complexes. 2nd ed. Special 
been reported in acetonitrile for chloride and Publication No. 17, The Chemical Society, London, 

1964. p. 119. 
thiocyanate with nickel(I1) and cobalt(I1) and f o r  
chloride wi th  iron(III), copper(II), manga- 
nese(II), and chromium(111) (ref. 1,  pp. 161-1 68). 
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A physical and chemical investigation of the nature and properties of the 
species formed in the Hg(63Pl)-C0 system 

G. LONDON, A. C. VIKIS, AND D. J. LE ROY 
Lash Miller Chemical Laboratories, University of Toronto, Toronto, Ontario 

Received November 3, 1969 

An investigation of the H g ( 6 3 P l t C 0  system by physical measurements (emission, pressure studies) 
relevant to the reported Hg*CO species have yielded no additional evidence of its formation. 

Chemical experiments on the decomposition of ethylene and Hz  are in accord with formation of a long 
lived (> s) species. The relative quenching rate constants of the species by CzH4, Hz, and C O  are 
1:0.10-0.18:0.023, respectively. 

The reliability of the "carbon monoxide effect" as a criterion for distinguishing the nature of the 
quenching process is discussed in the light of a CO enhancement effect (- 30%) observed in the Hg(63Pl) 
photosensitized decomposition O F  hydrogen in the presence of CO and at conditions of incomplete 
quenching. An alternative to Hg*CO excimer formation is also discussed. This approach is based on the 
possible formation of Hg(63Po) atoms in quantities in excess of those currently accepted, when Hg-CO 
mixtures are irradiated with 2537 Pi light. 

Canadian Journal of Chemistry, 48, 1420 (1970) 

Introduction 
In a number of recent reports, various authors 

(1-8) have emphasized the importance of com- 
plex formation as an intermediate in the quench- 
ing of excited metal atoms, primarily Hg(63Pl) 
and Na(3'P), by a ground state molecule, M, 

where M' indicates a physically excited or a dis- 
sociated molecule. 

The proposed lifetimes of these complexes, 
often called excimers, vary from 10-l3 to s. 
They have been mainly deduced on the basis of 
theoretical considerations, pressure dependence, 
quenching of emission, and product distribution 
studies. Complex formation of an unspecified 
lifetime was also assumed in the early theoretical 
attempts to explain the mechanism of the 
quenching process. The work of Laidler (9), 
Magee (lOa), and Magee and Ri (lob) on excited 
sodium and mercury atoms is a typical example. 
However, it is only recently that attempts have 
been made towards a more quantitative inter- 
pretation. Some of these latter attempts are dis- 
cussed in the present work. 

The conditions for long-lived complex forma- 
tion have been discussed by Nikitin (1). Such 
complexes are anticipated when the potential 
energy surface for the excited atom and the 
quencher are characterized by significant attrac- 
tion, such as chemical bond formation. Assum- 
ing that the rate of crossing into products is the 

slow process, an order of magnitude estimation 
of the complex lifetime, T-,, is obtained (1) by 
eq. PI. 

E - D s+(p/2)-1 

C2l ~/T-~=P[,] 

where 6 is the probability that excimer will cross 
from the reactant state into the complex state 
(or the reverse), v may be approximated to the 
Hg*-M vibrational frequency, E and D are the 
excimer energy and bond dissociation energy 
respectively, and S, P are the active vibrational, 
rotational degrees of freedom. A long lifetime is 
thus predicted for complex molecules (high S )  
that exhibit significant bonding with the excited 
atom. An investigation (2) of the ~a (3 'P )  + N 2  
system showed that although a significant attrac- 
tion between ~ a ( 3 ' P )  and N, could exist 
(Na+N2- formation), energy transfer could 
occur within the lifetime of a collision. In the 
H ~ ( ~ ~ P ,  ,,)-CO and Hg(63~ ,  ,,)-NO systems, 
studied by Karl et al. (3) by observing the infra- 
red chemiluminescence of the quencher, evidence 
for long-lived complex formation is discussed. 
The high cross sections for electronic to vibra- 
tional transfer were attributed to formation of a 
long-lived complex that permits the system to 
make, during its lifetime, several approaches to 
the crossing point leading into products. A 
Hg*CO excimer of a lifetime of the order of 

s was postulated by Homer and Lossing 
(4) as the species responsible for the enhance- 
ment in the Hg(63Pl) photosensitized decom- 
position of ethylene in the presence of small 
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amounts of CO. The CO effect was observed 
when the reactions were carried out at incom- 
plete quenching conditions. 

Penzes et al. (5) were able to observe Hg*HR 
excimer emission in the quenching of Hg(63Pl) 
atoms by the alkanes. The excimer emission 
appears at the long wavelength side of the 2537 A 
Hg(63Pl) emission line, indicating significant 
attraction between the alkanes and Hg(63Pl). 
The lifetime of the Hg*C3H, excimer was esti- 
mated to be < s on the basis of pressure 
studies. The Hg*HR emission studies constitute 
the first direct evidence of excimer formation 
and of a lifetime estimate. 

Based on the latter and also on the apparent 
dependence of the quenching cross section on 
the alkane structure and C-H bond strength (cf. 
isotope effects, oZprim < aZsec < aZtert), Vikis 
and Moser (6) have looked for a correlation be- 
tween the quenching cross sections of Hg(6'P1), 
Hg(63Pl), and Hg(63Po) by the alkanes and the 

I unimolecular HgH-R decomposition lifetimes 

I calculated by the R.R.K.M. method. Their ap- 
proach was also based on formation of a long- 
lived complex on an intermediate surface con- 
necting the initial reactant and the final product 

I surface 

1 [3] Hg* + HR + Hg*HR + HgH + R 

An interesting aspect of their studies was the 
fact that good correlations among structurally 
differed alkanes, as well as various C-H bond 
strengths, were obtained only when the energetics 
of the Hg*HR excimer were adjusted such that 
decomposition lifetimes of < s were ob- 

i tained. This corresponded to Hg*HR potential 
minima with respect to Hg(63Pl) + HR of < 20 
kcal/mole. 

Homer and Lossing's (4) finding of a rather 
long-lived (- s) Hg*CO excimer appears 
surprising and worthy of further investigation. 
It was observed (4) that the postulated Hg*CO 
excimer would have to possess a minimum 
energy in excess of 90 kcal/mole in order to in- 
duce the decomposition of C,H, into Hz  and 
C2H2. The problem of stabilization of the ex- 
cimer to lifetimes of the order of lo-' s at overall 
pressures of a few Torr of He remains unsolved. 

I Normally one would expect lifetimes with respect 
1 to decomposition to the original reactants to be 
I of the order of < s for a triatomic molecule 

such as Hg*CO, at Hg*-CO bond dissociation 

energies of 1&20 kcal/mole. A lifetime of lo-' s 
with respect to emission is also very long in com- 
parison with Hg*HR lifetimes of the order of 
< 10-9 s. 

In addition, the Hg*CO excimer appeared to 
exhibit a peculiarity in its reactivity. It was ob- 
served by Homer and Lossing (4) and Jones and 
Lossing (1 1) that molecules known to quench via 
a triplet mechanism, e.g. ethylene 

showed an enhancement in the rate of decom- 
position in the presence of a few microns of CO, 
when the reactions were run at incomplete 
quenching conditions. Molecules known to 
quench via a chemical mechanism, e.g. the 
saturated hydrocarbons 

[51 Hg* + RH + HgH + R + Hg + H + R 

[6] Hg* + RH + Hg + H + R 

did not show an enhancement effect or showed a 
decrease in their rate of decomposition under 
similar conditions. The regularity of the phe- 
nomenon with known reactions was extended 
(11, 12) to a number of reactions in which the 
"carbon monoxide effect" was used as a criterion 
in distinguishing the nature of the quenching 
process. 

In the present work we report a number of 
independent attempts to obtain additional evi- 
dence regarding the physical and chemical prop- 
erties of the assumed Hg*CO excimer. These 
attempts are centered about five types of experi- 
ments: A, an investigation into the pressure 
dependence of the quenching cross section of 
~ g ( 6 ~ P , )  by CO; B, pressure broadening of the 
Hg(6lS0) -+ H g ( 6 3 ~ l )  absorption in the presence 
of CO, Ar, N,, and He; C,  attempts to observe 
spontaneous or resonance emission from the 
Hg*CO excimer; D, a reinvestigation of the CO 
enhancement effect of the ethylene decomposi- 
tion; E, the Hg(63Pl) photosensitized decom- 
position of hydrogen in the presence of CO. 

Experimental 
The experiments were carried out in flow systems 

employing Ar or He as the carrier gas at flow rates 
varying from 4 to 27 cc/min as stated in each individual 
experiment. Small partial pressures (10-3-2Torr) of 
added gases (C2H4, HZ, CO, N2) were introduced to the 
main flow through calibrated capillaries. The gases were 
saturated with mercury at the desired pressure by passage 
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through a thermostated mercury saturator. The tempera- 
ture of the latter was controlled to k0.2 "C and could 
be varied from - 10 to 30 "C. With the exception of the 
type B experiments, the light sources used were low- 
pressure, d.c. operated, cold cathode, U-shaped mercury 
resonance lamps. The electrode temperature of the lamps 
was maintained at 31 + 0.2 "C by circulating water. 

The gases employed and their purity were as follows: 
Matheson ultra pure argon (99.999%) and carbon 
monoxide (99.95%); Matheson high purity helium 
(99.995 %), Matheson prepurified nitrogen (99.997 %). 
With the exception of the type B experiments, the above 
gases were passed through quartz tubes packed with 
copper turnings and heated to a temperature of -- 500 "C, 
in order to eliminate any oxygen impurity. Liquid 
nitrogen or dry ice- acetone traps followed the above 
treatment. In type B experiments the above gases were 
used without further purification. The rest of the gases 
were hydrogen (Linde, 99.95 %) passed through a Deoxo 
catalytic purifier before use, and Phillips research grade 
(99.98 %) ethylene additionally degassed by freezing at 
77 "K and pumping. 

The procedure pertaining to each individual kind of 
experiment, A through E, is outlined below. 

Type A 
A cylindrical quartz cell, 5.0 cm in length, 3.1 cm i.d. 

was used for these studies. The irradiations were carried 
out by two U-shaped lamps, placed parallel to the cell. 
The mercury saturation pressures were 1.66 x and 
6.76 x lo-' Torr. The carrier gas flow rates were varied 
from 10 to 27 cclmin. Emission was observed perpen- 
dicularly to the direction of irradiation. Radiation 
scattered from the lamps in the direction of the phototube 
was eliminated by a series of slits and collimator lenses. 
A Westinghouse type WL-775 photodiode at a 90 V 
potential was used as a detector of the emitted 2537 A 
radiation. The photodiode wavelength response, as stated 
by the manufacturers, was maximum at 2400 A with 
upper and lower limits of 3000 and 2000 A, respectively. 
The photodiode current was measured with a Keithley 
model 417 high speed picoammeter. 

Type B 
The cell was a cylindrical quartz tube, 5.0 cm i.d. and 

6.3 cm in length (6.0 cm path length). A circular beam 
of 2537 A light (1.0 cm in diameter) was obtained from 
a GE G4T4.1 germicidal lamp which was maintained at 
31.1 + 0.1 "C in a thermostated distilled water bath. 
The ratio, a, of the emission half-width to the Doppler 
half-width of the lamp was 2.28. The light beam was 
split into two, an analytical beam passing through the 
cell, and a reference beam. Light intensities were mea- 
sured by two Westinghouse type WL-775 photodiodes 
coupled to a Hewlett-Packard Model 740B d.c. standard/ 
differential voltmeter. The mercury saturation pressure 
in these studies was 1.7 x Torr. The cell tempera- 
ture was that of the room (- 24 O C ) .  

Type C 
A Hilger and Watts Model E517 spectrograph was 

used in these experiments. Kodak type 103-F and 103-0 
spectroscopic plates were used interchangeably. The 
resonance cell was a quartz tube 2.2 cm i.d. and 25 cm 

in length, ending in a light trap on the end remote from 
the spectrograph. Besides the low pressure mercury light 
sources, a low pressure argon-mercury cold cathode 
discharge was employed. The latter was constructed so 
that argon and carbon monoxide could be flowed through 
at various partial pressures. Mercury saturation pressures 
of to Torr were employed in this section. 

Types D and E 
The experiments were run in a flow system employing 

Ar as the carrier gas at flow rates of 27 cc/min and a 
total pressure of 20 Torr. The Hz reactions were carried 
out in a quartz tube 2.2 cm i.d. and 11 cm in length 
(irradiated portion). A single U-shaped mercury res- 
onance lamp, placed parallel to the reaction vessel, was 
employed as the source of 2537 A radiation, for the 
experiments on the decomposition of hydrogen. The 
experiments on the decomposition of ethylene were car- 
ried out in a cylindrical quartz cell consisting of an inner 
tube, 20 cm long and 3.1 cm i.d., surrounded by an outer 
tube, 28 cm long and 5.5 cm 0.d. Nickel sulfate filter 
solution at 25 "C was circulated in the outer tube in order 
to remove radiation in the 4000 A region. The central 
region of this cell, 14 cm in length, was illuminated by 
two U-shaped mercury resonance lamps placed parallel 
to the reaction cell. The gases were saturated with 
mercury at a temperature of -3 "C, corresponding to a 
mercury pressure of 1.3 x Torr, before entering 
the reaction cell. 

The analyses were performed with a katharometer type 
detector consisting of two matched thermistors embedded 
in a copper block which was maintained at 0 "C with an 
ice slush bath. One of the thermistors was connected to 
the reaction cell inlet and served as a reference (sensing 
everything entering the cell); the other was connected to 
the outlet (sensing everything leaving the cell). This 
detector was found to be particularly sensitive to hydro- 
gen due to its high thermal conductivity. Thus the pro- 
gress of the reaction was monitored by following the rate 
of hydrogen production in the experiments on the decom- 
position of ethylene, or the rate of hydrogen consumption 
upon irradiation in the presence of ethylene, which served 
as an H-atom scavenger, in the experiments on the decom- 
position of hydrogen. In the latter experiments, the 
ethylene partial pressure was maintained at 2% of that 
of the hydrogen, so quenching by ethylene was negligible. 
The detector response was found to be linear with the 
rate of Hz production or consumption over the con- 
centration ranges used in the present work.' 

Type A, the Pressure Dependence of the Quenching 
Cross Section of Hg(63P,) by CO 

The quenching of Hg(63Pl) by diatomic molecules can 
be assumed (1, 13) to proceed via formation of a complex 

'The sensitivity of the detector to ethylene or acetylene 
is expected to be - 10% of the sensitivity to hydrogen, 
based on their respective thermal conductivities. Also, 
addition of hydrogen atoms to ethylene in the HZ 
decomposition experiments is expected to give primarily 
the lower hydrocarbons (C2-C4) that are of comparable 
sensitivity to that of ethylene. Therefore the change in the 
detector response can, to a good approximation, be 
attributed to the change in hydrogen concentration. 
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of some duration in equilibrium with the reactants. For 
instance, the quenching of Hg(63Pl) by CO may be rep- 
resented by eq. [7] 

The slow step in the quenching process is assumed to be 
the decomposition of the complex into products, which 
are in this case a ground state mercury atom and a 
vibrationally and translationally excited CO molecule. 
The relevant potential energy surfaces shown in Fig. 1 
are in accord with refs. 2 and 13. 

FIG. 1. Schematic potential energy surfaces for the 
quenching of Hg(63Pl) by CO. 

On the basis of the above, eq. [8] can be derived for 
the overall quenching rate constant, kQ, 

where 5 and 5' are the probabilities that the system would 
remain on surface B at the crossing points a and b (see 
Fig. l), respectively. A similar equation was proposed by 
Yang (14) to explain the quenching of Hg(63Pl) by the 
alkanes. An equation of this form was also employed by 
Vikis and Moser(6) in establishing a relationship between 
HgH-R decomposition lifetimes and quenching rate 
constants. Thus one should expect to see a pressure de- 
pendence in the quenching cross section if the lifetime of 
the excimer, I/&-, in this case, is within the range of 
kinetic collision lifetimes (10-7-10-9 s) attainable at 
ordinary pressures. A pressure dependence can be realized 
in terms of collisional deactivation of the excimer to the 
bottom of the potential well, whence the rate of crossing 
into the products or the reactants would be s l o ~ e r . ~  
Because quenching cross sections are usually obtained at 
low pressures (1 to 2 Torr in the case of CO), any pressure 

'A lack of pressure dependence could also be realized 
in this mechanism i f  both the forward and the reverse 
steps are accidentally equally influenced by pressure. A 
comparison of the quenching cross section, 5.8 AZ, with 
the gas-kinetic cross section, 10.8 A2, would indicate that 
~'k,/k,, z 0.5. So a lack of pressure dependence could 
occur ~f 5' z 0.5. 

dependence in the quenching cross section would not have 
become apparent previously. 

An order of magnitude estimation of the rate constant 
k - l  can be obtained from eq. [2]. For a triatomic 
molecule formed by an excited atom and a ground state 
diatomic molecule, such as Hg*CO, k-  is given by (1) 
eq. [91 

[9 I k- , ~ V ( D / ~ T ) - ~ / ~  
where v is a frequency factor and D is the dissociation 
energy of the excimer into Hg* and CO. Considering a 
reasonable set of v and D, of 1012"'3 s- and 10 to20 kcal/ 
mole, respectively, lifetimes of the order of lo-' to 10-'O s 
are ~ b t a i n e d . ~  This seemed encouraging in the search for a 
pressure dependence in the quenching cross section, 
despite Homer and Lossing's (4) conclusion that lifetimes 
of the order of lO-'s are involved (i.e. a collisionally 
stabilized complex at pressures of a few microns). 

Results and Discussion 
The results of this study are shown in Fig. 2. The 

quenching rate constant at each individual pressure was 
determined by varying the CO partial pressure while 
maintaining the overall pressure constant. This was done 
in order to eliminate any pressure broadening effects that 
might have appeared as an increase or a decrease of the 
quenching cross section with pressure. The Stern-Volmer 
type expression for the ratio Zo/Z of the 2537 A emission 
in the absence to the presence of CO is given by eq. [lo] 

where kQ is the quenching rate constant by CO, T is the 
effective Hg(63P1) lifetime, and kQ,p is the quenching rate 
constant by the rare gas or any impurities in it. 

In order to eliminate the remote possibility that 
quenching by the rare gas (expected to be negligible) or 
impurities in it would counter-act a possible increase in the 
quenching rate constant (kQ) with pressure, two rare 
gases, He and Ar, were used as carriers (variation of kQVp) 
at two different mercury concentrations (variation of the 
effective T by radiation imprisonment). 

The results in Fig. 2 do not indicate any apparent 
pressure dependence. The somewhat larger deviations in 
Curve A may have been coincidental with a slight 
variation in the experimental conditions over the length 
of time that these data were obtained. The slopes of the 
curves in Fig. 2 are consistent with a kQ of 5.78 + 0.06 x 
loL3 and 5.95 + 0.22 x 1013 cm3 mole-' s-' for the 
cases where helium and argon are used as pressure gases. 
These values are to be compared with the generally 
accepted kQ of 5.59 x 1013 cm3 mole-' s-' (15). The 
effective Hg(63Pl) lifetime was calculated by eq. [ l l ]  
shown to be a good approximation at low imprisonment 
conditions (16). 

[11] z = zo(l + 0.284 x 10-"pHgp) 

where TO is the Hg(63Pl) lifetime (1.09 x lo-' s), P,, is 

3The lifetime of the complex with respect to dissociation 
to the reactants is given by l/Ck-,. However, the mini- 
mum value of 5 should be 0.5 according to eq. [8] 
and a comparison of the gas kinetic cross section with 
the quenching cross section. 
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FIG. 2. Stern-Volmer plots of the 2537 A Hg(63Pl) emission as a function of CO at various rare gas total pressures. 
(A, the carrier gas was argon and the Hg saturation pressure was 1.66 x Torr; the total pressures were: 0, 10 
Torr; .,50 Torr; 0 ,100  Torr; A, 150 Torr; A, 200 Torr. B, the carrier gas was helium and the Hg saturation pressure 
was 6.76 x Torr; the total pressures were: A, 10 Torr; 0, 50 Torr; A, 100 Torr; 0 ,  200 Torr.) 

the partial pressure of mercury in Torr, and p (2.5 cm in 
the present case) is the average distance the 2537 A 
photons travel before escaping the cell in the direction of 
the phototube. 

In conclusion, within the limitations of our assump- 
tions, we can exclude a Hg*CO lifetime in the range of 
lo-' to s. An alternative approach would have 
been that t'k, >> 5k-l, with 5 % 0.5 and kQ independent 
of pressure. At the present there is no evidence that would 
exclude this latter possibility. 

Type B, the Pressure Broadening Cross Section of the 
Hg(6'So) + Hg(63Pl) Absorption 

Zemansky's method of obtaining Lorentz's halfwidths, 
AvL, has been described elsewhere (17, 18) and it will be 
omitted here for the sake of brevity. Pressure broadening 
cross sections, aL2, are obtained from eq. [12] 

where n is the number of foreign gas atoms per cm3 and 
the rest of the symbols have their conventional meaning. 

Pressure broadening cross sections have been correlated 
by a number of theories (18, 19) to the nature of the 
foreign gas-excited atom potential. Assuming a potential 
V(r) of the form, V(r) = -C/r" s s 2, Yang (18) 
related aL2 to the force constant C in the form of eq. [13] 

where O(s) is a function of s only. A linear correlation 
between aL2 and C2lS was obtained (18) for s = 6 for a 
variety of molecules. The pressure broadening cross 
section of CO which was reinvestigated with He, Ar, and 
N2 serving as standards is shown in Table 1. It is evident 
that there is nothing unusual about the CO pressure 
broadening cross section (too high for instance) to suggest 
a much stronger intermolecular potential in the upper 
state than would correspond to a simple van der Waals 
attraction, at least over the intermolecular d~stances in 

TABLE 1 
Pressure broadening cross sections 

Cross section (cm2 x 1016) 

Gas This work Reference 18 Reference 17 

which aL2 is effective. Any long-lived Hg*CO complex 
would probably be formed at very close intermolecular 
distances of the order of the quenching radius of the 
Hg(63PltC0 system and most likely on a different 
potential energy surface than the initial Hg(63PltC0 
surface. 

Type C, an Attempt to Observe Spontaneous or 
Resonance Emission from Hg*CO 

A close search was made for a Hg*CO emission con- 
tinuum in the range of 2000 to 4000 A, particularly in 
the region of 2500 to 3000 A, over a range of CO pres- 
sures to a few Torr), in the presence and in the 
absence of Ar or He carrier gases. The experiments were 
of three types: (a) Observation of the emission from the 
reaction cell under illumination with 2537 A light; (b) 
observation of the emission spectrum of a low pressure 
mercury lamp designed so that the carrier gas (Ar) could 
be flowed through at various CO partial pressures; 
(c) observation of the emission spectrum of the reaction 
cell under simultaneous illumination with a low pressure 
mercury lamp and flow lamp employed in (b). A range of 
CO pressures (10-3-10-2 Torr for the lamp, and to 
1 Torr for the reaction cell) were employed. The latter 
experiments were done in an attempt to obtain Hg*CO 
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LONDON ET AL.: SPECIES FORM ED IN THE Hg(63P,)-CO SYSTEM 1425 

emission from any allowed state(s) populated by res- 
onance excitation from the flow lamp. 

All three types of experiments failed to give any 
evidence of Hg*CO formation. Hg*Ar and Hg*He 
excimer emission previously observed by a number of 
workers (20, 21, 5), was also observed strongly in our 
spectra. The Hg*Ar emission extended from a few 
angstroms before the 2537 8, Hg(63Pl) emission up to 
2600 8,, while the Hg*He emission, which was much less 
intense, was distributed within a few angstroms about the 
2537 8, Hg(63P1) emission line. The Hg*Ar emission at - 2560 A was studied in the type (a) experiments as a 
function of CO. The results shown in Fig. 3 .gave a 
normal Stern-Volmer plot with the absence of any 
second power dependence in CO and a slope of 2.7 Torr-' 
accounted for in terms of quenching of the Hg(63Pl) 
precursor of Hg*Ar by CO. A Hg*Ar lifetime <lo- '  s 
can be estimated from this experiment. 

FIG. 3. Stern-Volmer plot of the Hg*Ar emission at 
2650 8, vs. CO pressure. 

The absence of any excimer emission of the type seen 
in the Hg(63P1) - rare gas systems could suggest the lack 
of any significant equilibrium concentration, Hg(63Pl) + 
CO F? Hg*CO, because of a fast depletion by process [14] 

This could also explain the lack of a pressure dependence 
in the quenching cross section, i.e. kQ - 5kl - 0.5k1, 
discussed in case A.  The limited number of Hg(63Pl) or 
Hg*CO emitters, because of fast quenching by CO, 
cannot account for the lack of any observed Hg*CO 
emission. No emission was observed with much longer 
exposure times, sometimes of the order of lo3 times 
longer than the Hg*-rare gas emission exposures, 
which were obtained within a few minutes. 

Type D, a Reinvestigation of the CO Enhancement Effect 
in the Hg(63P1) Photosensitized Decomposition 
of Ethylene 

The failure to obtain any independent evidence of 
Hg*CO formation in the experiments described led us 
to reinvestigate the ethylene decomposition reaction 
studied by Homer and Lossing (4). An attempt is made 

to confirm their results under different experimental con- 
ditions and also to obtain a more quantitative fit of the 
proposed mechanism. 

In addition, the properties of the Hg*CO excimer 
regarding its relative specificity towards ethylene and the 
alkanes (4, 11) were very reminiscent of Hg(63P,) 
properties studied by Vikis and Moser (6) in comparison 
with Hg(63P1), namely, a relatively high quenching cross 
section for the alkenes, and a relatively low quenching 
cross section for the alkanes. Homer and Lossing's (4) 
exclusion of Hg(63Po) as the species responsible for the 
enhancement effect observed in the presence of CO was 
on the basis of Scheer and Fine's (22) determination of 
the Hg(63P1) -> Hg(63Po) quenching rate constant of 
C0.4 The latter concluded on the basis of relative experi- 
ments with N2 and CO, that CO is 1.35 times as efficient 
as N2 in quenching Hg(63Pl) atoms to the Hg(63Po) 
state. Since the total quenching rate constant for Hg(63P1) 
is much greater for CO than for N2, one would conclude 
that the relative efficiency of CO to quench Hg(63Pl) 
atoms to the ground state as opposed to quenching to 
the Hg(63Po) state is favored - 10:l. Before Scheer and 
Fine's determination, it was considered that both N2 and 
CO quench primarily to the Hg(63Po) state (24). Karl 
et al. (3a) have measured absolute Hg(63Po) and Hg(63Pl) 
concentrations in N2 and Ar, in the presence of equal 
amounts of CO, by following the absorption of 4047 and 
4358 A light. Their data (cf. Table 3, ref. 3a) indicate 
that the Hg(63Po) concentration is only a factor of 7.1 
higher in 2.38 TOIT of N2 than in 2.54 Torr of Ar. The 
Hg(63Pl) concentration was the same in both gases. The 
CO pressure was < 1.0 x lo-' Torr (25). Argon does 
not quench Hg(6Vl) or Hg(63Po) (3a, also see type A 
experiments). On the basis of the above it would follow 
that [kN(N2) + kCO(CO)]/kCO(CO) z 7.1, where kN and 
kco are the N2 and CO rate constants of quenching to 
the Hg(63Po) state. Thus one can obtain (kco/kN) z 39. 
This order of magnitude would be more than adequate 
to explain the "CO effect" in terms of Hg(63Po) rather 
than Hg*CO. The authors of ref. 3a estimate that their 
absorption concentration relationship should be reliable 
within a factor of 

We have also investigated the decomposition of 
ethylene in the presence of nitrogen under the same 
experimental conditions in an attempt to determine a 
Hg(63Po) lifetime with which to compare the lifetime of 
the species present in CO. 

Res~rlfs and Discussion 
The results on the decomposition of ethylene in the 

presence of CO and N2 are shown in Figs. 4 and 5. The 
mechanism which fits our data with CO is similar to the 

4The peculiarities of metal detectors used to detect 
Hg(63Po) atoms reported by a number of workers (22,23) 
is perhaps one of the reasons to be cautious of Scheer and 
Fine's (22) result. Pressure broadening effects as well as 
radiation imprisonment effects (15) in their system could 
have also been more effective than as discussed by ref. 22. 

51n view of the factors discussed above we considered 
it worthwhile to compare the properties of the X* species 
in parallel with the expected properties of Hg(63Po) in the 
work that follows. 
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FIG. 4. The rate of Hz production as a function of CO pressure at various CZH4 pressures. (The C2H4 pressures 
were: 0 ,  3.7 + 0.6 x Torr; A, 18.4 + 1.0 x Torr; A, 43.2 + 1.5 x Torr; e, 67.8 f 1.8 x 
Torr; 0, 108 f 2 x Torr. The solid line was obtained from eq. [25]; the dotted line from eq. [26].) 

one proposed by Homer and Lossing (4) with the excep- kco' 
tion that Hg*CO is labelled X* and the addition of [201 X* + CO- (Hg + CO) + CO 
reaction [20] which is required by our data. 117' 
~ 1 5 1  Hg + hv (2537 A) + Hg* P I  1 X* - (Hg + CO) + hv' 

117 where, Hg and Hg* denote Hg(61So) and Hg(63Pl), 
[I61 Hg* - Hg + hv (2537 A) respectively. The rate constants for the excimer are 

k, primed. Step [2] ] includes in addition to emission any 

[I71 Hg* + CzH4 + Hg + CzHz + HZ reaction that would appear first order under our experi- 
mental conditions, i.e., collisional deactivation in the gas 

kco phase or on the walls, quenching by Hg, Ar, or impurities 
[I81 Hg* + CO - X* (+Hg + CO) in Ar, which are held fixed. The ratio (S/So)co of the rate 

ICE' of HZ formation in the presence to the rate in the absence 
[I91 X* + C2H4 - (Hg + CO) + CZHZ + HZ of CO is given by eq. [22] 

where I$, and 4,' are factors c 1 which allow for the 
possible deactivation of the excited ethylene initially 
formed in reactions [I71 and [19], respectively, and kcoX 
is the rate constant for quenching to the state X*, as 
opposed to k o  which represents the total quenching rate 
constant of Hg(63Pl) by CO. The denominator of eq. 
[22] is comprised of known quantities. The effective life- 
time, T, of Hg(63Pl) for the cell and mercury concentra- 
tion employed in these studies was 1.83 x s, deter- 
mined by the photosensitization of ethylene in the absence 
of CO and in accord with eq. [23] 

[231 = ( l / + ~ I a )  [l f l / ~ k E ( ~ 2 ~ 4 ) ]  

where So is the rate of Hz formation and I, is the rate of 
2537 A light absorption by Hg(6'So). A value of 3.6 x 
loL4 cm3 mole-' s-I (15) was used for k,. To determine 
the unknown rate constants in the numerator of eq. [22], 
the following procedure was adopted. Equation [22] was 
rearranged to 
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LONDON ET AL.: SPECIES FORMED IN THE Hg(63P,)-CO SYSTEM 

FIG. 5. The rate of Hz production as a function of Nz at various CZH4 pressures. (The ethylene pressures were: 
0, 3.7 + 0.6 x Torr; A, 5.0 + 0.7 x Torr; A, 6.3 + 0.7 x Torr; 0, 11.0 + 0.8 x Torr; 
0, 13.6 + 0.9 x Torr. The solid lines were obtained from eq. [34]; see discussion in the text for dotted line.) 

where 
A = ($E~E)/($E'~CO~), 

B = ($EkEkCO')/($~'k~'k~~X) 
and 

= ($EkE>/($E'kE'k~~X7') 
The left hand side of eq. [24], called F, consisted of known 
or experimentally determined quantities; kc0 = 5.59 x 
1013 cm3 mole-' s-', (15); z = 1.83 x 10-' s, determined 
experimentally by taking k, = 3.6 x 1014 cm3 mole-' s-' 
(15). Plots of Fvs. CZH, at constant CO, and Fvs. CO at 
constant C2H4 gave the constants A, B, and C. The 
averaged (over all CO and all CzH4) constants A, B, and 
Care given in the numerator of eq. [25] which was used 
to obtain the solid lines in Fig. 4. 

was introducing significant errors. Thus, the constants 
of the best fit and the estimated tolerances given in 
parenthesis are 

A = 5.7 (30%) 

B = 0.15 (20%) 
and 

c = 0.02 (100 %) 
The large error in C comes as a result of errors in deter- 
mining A and B. Assuming that + E / ~ e '  % 1, then A = 
kE/kcox = 5.7, which is comparable to 6.44 (15). Thus 
CO must quench Hg(63P1) almost totally (within the 
experimental errors) to the X* state. 

The decomposition of ethylene as a function of Nz 
pressure was studied previously (6). At low nitrogen 
pressures (< 2 Torr), the following reactions are of im- 
portance 

[27] Hg + hv (2537 A) - Hg* 

where the partial pressures are in Torr. A better fit at low 
CO pressures (dotted line) was obtained by using a 17 % 
lower kE (also increasing z by 17 %since z was determined 
on the basis of k,). The expression for the latter fit is 

In both eqs. [25] and [26] the results at 3.7 x Torr 
of C2H4 are ignored, because our analytical technique 

112 
128 1 Hg* - Hg + hv (2537 A) 

kEO 
1311 HgO + C2H4 -'Hg + C2H2 + Hz 

1/70 
1321 H ~ O  - Hg + hvO etc. 

where HgO denotes Hg(6'Po). The relevant Hg(690) rate 
constants are denoted by superscript 0. Step [32] includes 
again the equivalent of step [21] in the CO mechanism. 

The ratio, (S/&)N, of the rate of H, production in the 
presence of N2 to that in the absence of Nz, is given by 
eq. [33], an expression similar to eq. [22]. 
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A similar procedure to that adopted for the experiments 
with CO was also used here for the determination of the 
unknown constants in the numerator of eq. [33]. The 
value of 0.39 x IOl3 cm3 mole-' s-' (26) was used for kN. 
This value is a factor of 1.5 higher than the one given in 
ref. 15, proc. 11. However, either value introduces no 
significant changes because the term kN(N2)/ [kE(C2H4) + 
(1/?)] is less than 0.10 at the nitrogen pressures used here. 
The solid curves in Fig. 5 were obtained from eq. [34] 

where the partial pressures are in Torr. The results at 
2.7 x Torr of C2H4 agree with a 14% lower value 
(which is within the experimental error) for the coefficients 
in the numerator of eq. [34] (dotted curve). The unknown 
constants in the present case are: A' = (+EkE/+EOkN) = 
160 (30%) and C' = (l$Ek~/I$lEOkEOk~?O) = 0.83 (20%). 
The ratio, is unity at a total pressure of 20 Torr 
of Ar (6); therefore, A' should be equal to kE/kN. The 
presently determined ratio is closer to a ratio of 138 ob- 
tained from the data of ref. 15, proc. 11, than the ratio of 
92 obtained using kN of ref. 26. 

Assuming that the X* species formed in the presence of 
CO is Hg(63Po), the following ratios should be com- 
parable: A'IC' = rOkEO = 1.93 x lo2 Torr-l, AIC = 
rlkE' = 2.85 x 10' Torr-'. This latter ratio is com- 
parable to the one determined by ref. 4, i.e. if  the same 
assumption is made that k,' = k,, r '  = 1.5 x lo-' s. A 
value of r '  = 3.0 x lo-' s was determined by ref. 4. 
Also the ratio AIB = kE'/kco' = 38.0, which is least in 
error from our experimental results, should be com- 
parable to kEO/kcoO = 21.4, determined by Callear and 
Williams (27). These values are comparable within a 
factor of two, and while this does not confirm the identi- 
fication of X* with Hg(63Po) (even if  the values were in 
exact agreement), it makes it worthy of consideration. 
Additional results that probe more into this comparison 
are outlined in Case E. 

Type E, the Ei~/~ar~cemer~t of the Hg(QP,) Pllotoser~sitized 
Decot?~positiot~ of Hz ir~ the Preserrce of CO. 

The relative trends in (S/So)co obtained by ref. 11 
for ethylene and some alkanes are shown in Table 2. 
These values are compared to calculated (S/So)co values 
assuming that X* = Hg(63Po) and using the Hg(63Po) 
quenching data of ref. 6. The experimental conditions 
are those of refs. 4 and 11. On the basis of these results, 
which indicate a rough correlation of X* with Hg(63Po), 
it was decided to test the applicability of a Hg(63Po) 

CHEMISTRY. VOL. 48, 1970 

TABLE 2 

A comparison of calculated (S/So)co ratio* with those 
obtained by the CO method 

(S/So)co 

M kM/kMOt Calculatedf Observed6 

C;H, 176 0.68 slight $crease 
C3Hs 224 0.58 
i-C4H 140 0.81 
n-C4H o 352 0.45 
c-C3H6 3800 0.24 
n-C7HI6 36311 0.48 

*Assuming X* = Hg (6 3P0). 
?Reference 6. 
SCalculated on the basis of refs. 4, 1 1  experimental conditions. 
$Reference 11. 
\/This ratio is not available experimentally. It was estimated from 

the Hg(63Po) quenching cross section of n-CaHlo assuming quench- 
ing cross section additivity (U,,.C,H~, = 4uscc-c-~  and U , , - C , H ~ ~  = 
10 05~0-C-H). 

proposition in the case of hydrogen. Under our experi- 
mental  condition^,^ it was calculated that a relatively 
large (20 to 60%) increase in the decomposition of 
hydrogen was to be expected in the presence of small 
amounts of CO and under conditions of incomplete 
quenching, if the X* species were a Hg(63Po) atom. 

Hydrogen is also known to quench Hg(63Pl) atoms via 
a chemical mechanism (28-31) 

[35] Hg(63P1) + Hz -+ HgH + H + Hg(6'So) + 2H 

rather than by a physical mechanism 

[37] Hg(63P1) + Hz -> Hg(6'So) + Hz* (triplet) 

Thus one would not expect an enhancement effect if X* 
has a specificity towards molecules that are known to 
quench via an excited molecule mechanism (4, Il), a 
conclusion which was used as diagnostic of the nature of 
the quenching process in a number of cases (11, 12). 

Results and Discussion 
The results of this study are shown in Figs. 6 and 7. 

A mechanism similar to the one proposed for the 
decomposition of ethylene is also employed here 

[38] Hg + hv (2537 A) ---, Hg* 

1 Ir 
[391 Hg* Hg + hv (2537 A) 

6 0 n  the basis of an expression similar to eq. [22], for a 
general quencher M, one can show that at conditions of 
(M) + 0, (S/SO)co > 1 if  r'/z > kY/kMf, where the nota- 
tion is the one used in text. Thus, ~t can be seen that the 
magnitude of (S/So)co is also a function of z which can 
be varied by radiation imprisonment to achieve a maxi- 
mum (S/SO)CO. 
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Kco 
[41 I H ~ *  + co + X* (+ H~ + CO) 

kH' 
[421 X* + HZ + (Hg + CO) + 2H i 

0 
kco' 

[43 1 X* + CO + (Hg + CO) + CO 

117' 
[44 I X* + (Hg + CO) + hv' etc. 

ksc 
[45 1 H + sc + Hsc :1-8_ I ,I 

5 where sc is the ethylene scavenger, always 2 %  of the n 
hydrogen pressure so that quenching of X* or Hg* Oo 20 40 60 

by ethylene could be neglected. The rest of the symbols (HYDROGEN PRESS. Torr I-' 
have the same meaning as in type D experiments. 

FIG. 6. A plot of the reciprocal of the rate of hy- This mechanism yields the following steady state drogen consumption vs. the reciprocal of hydrogen 
equation for the rate of H z  consumption (-S) pressure in the absence of CO. 

[46] ( -S)- '= [(l/~) + k c o ( c 0 )  + k ~ ( H 2 )  
Ia(H2) I H atom scavenging. This is indeed the case, as shown in 

Fig. 6. The ratio of the slope to the intercept of this plot, 

[ +H'kH'kcox(CO) I -1 0.288 Torr is l / ~ k ~ .  The value of 117 = 4.75 x lo6 s-I 
was determined under identical conditions, but employing 

OHkH + (l /T1) + kH1(H2) + kCo1(CO) the Hg(63P,) photosensitized decomposition of ethylene 
to yield CzHZ and Hz, and following the rate of Hz 

where, 4~ and 4,' are factors s 2  which allow for the production, so, with the same detector, A value of 
possible production of hydrogen species other than 3.6 1014 cm3 s-l (15) was used for the quench- 
atomic hydrogen in eqs. [401 and [421, respectively. ing rate constant, k,. The rate constant k ,  is thus deter- 
is the rate of excitation of Hg(6lS0) to Hg(63Pl). mined to be 3.07 x 1014 cm3 mole-' s-', in good agree- 

In the absence of CO the above expression reduces to me,t with the accepted value of 2.90 1014 cm3 

eq. [471 S-I  (15). 

[471 = (lIra+~)[l + 1/rk~(H2)1 The results at three different carbon monoxide con- 
centrations are shown in Fig. 7. It can be seen that at the 

A plot of (-So)-' vs. (Hz)-' should give a straight line low hydrogen pressures (incomplete quenching by 
assuming linearity of the detector response and efficient hydrogen), there is a small net increase in the rate of 

3.0 

I I I / '  I 1 , 
- 0,. - 

/ 

z .  
0 U 

IL 1.0- 

(HYDROGEN PRESS. Torr )-' 

FIG. 7. Experimental and calculated plots of the reciprocal of the rate of hydrogen consumption vs. the reciprocal 
of hydrogen pressure, at various CO partial pressures. Curve A is taken from Fig. 6 and corresponds to zero CO; 
to estimate the reproducibility a few extra points were taken at a later date. Curves B, C, and D are calculated 
reciprocal rates assuming competitive quenching by CO but no X* formation eq. [48] for 0.045,0.365, and 0.924 Torr 
of CO, respectively; I, 1, and [show the CO effect predicted on the assumption that X* = Hg(63Po) at 0.045,0.305, and 
0.924 Torr of CO, respectively. The corresponding experimental points are shown by A, @, and 0. 
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hydrogen decomposition even when there is competitive 
quenching by CO. When we compare the observed rates 
with the calculated rates of hydrogen decomposition 
(see Fig. 7), assuming competitive quenching of Hg(63P1) 
by Hz and CO, but no X* formation (eq. [48]) 

it leaves no doubt that there is a definite CO effect in the 
Hg(63P1) photosensitized decomposition of hydrogen. 

It has been previously pointed out by Scheer and Fine 
(22) that CO can add H atoms to form formaldehyde and 
glyoxal in the Hg(63Pl) photosensitized decomposition 
of CO-Hz mixtures, although the rate constant for this 
reaction is not known. This however cannot be the reason 
for the observed increase in Hz consumption, because the 
phenomenon appears only at incomplete quenching 
conditions. Also the ethylene scavenger was shown to be 
quite efficient in removing H atoms in the experiments 
with no C0.7 

Also shown in Fig. 7 are the calculated reciprocal 
rates assuming that the X* is a Hg(63Po) atom. These 
values were obtained by substituting kEkCof/k~' and 
kE/kEf7', obtained from the decomposition of ethylene, 
with kHkco'/kHO and kH/kHo7', assuming @E = @E' and 
4, = @,O. The upper limits were obtained using k ~ k ~ ' /  

7The linearity of the plot in Fig. 6 as well as the correct 
value of kH are the best indications that efficient scaveng- 
ing is achieved over the range of CZH4 and Hz pressures 
employed here. The efficiency, e, of scavenging by C2H4 
vs. wall first order recombination and second order gas 
phase recombination, is 

Since the C2H4 pressure was 2% of HZ, one can write 

e = 2 x 10-2k,,(H,)/[2 x 10-2k,,(Hz) + k,(Ar)(H) + k,] 

The plot of Fig. 6 is in accord with e not being a function 
of HZ and thus e = 1. One can realize this by comparison 
of the various rates of H consumption. The rate of 
scavenging is 1.94 x 1OZ(Hz) s-I, where Hz is in Torr. 
A value of 1.8 x 10" cm%ole-I s-' (32) was used for 
k,,. The rate of recombination in the gas phase in the 
presence of 20Torr of argon is 1.22 x 10Z(H) s-'. A value 
of 23 x 1014 cm6 mole-z s-' (33) was used for kc. The 
calculation of k, is perhaps the least dependable. A value 
of 5 x S-I  can be estimated for afirst order diffusion 
controlled wall recombination rate constant, employing a 
recombination coefficient of 1.8 x (34). Values as 
high as and as low as were reported in the 
literature. At the lowest hydrogen pressures, 1.2 x 
Torr, where scavenging by ethylene would be the least 
efficient, wall recombination could thus be neglected, and 

because H << Hz. A maximum H atom pressure of 
Torr was estimated based on the light intensities 

employed and 

kEkHo = 8.05 (27), and the lower limits using kHkEo/ 
kEkHO = 4.7 (6). The experimental results lie within these 
limits. 

An alternative would be to postulate a Hg*CO excimer 
which is quenched by Hz with a small but finite quenching 
cross section, in line with the conclusions of Homer and 
Lossing (4, 11). A physical type of energy transfer, as 
in the case of ethylene, would require that the species 
possess a minimum energy in excess of 104 kcal/mole. 
A minimum energy of 90 kcal/mole was previously 
estimated from the decomposition of ethylene (4). Thus 
the probability of stabilization of Hg*CO to lifetimes of 
the order of s in a potential well of 8 kcal/mole 
at pressures of 10 to 20 Torr becomes more remote. 
However, it is more likely that in the present case, the 
quenching proceeds via a chemical mechanism 

in analogy to the Hg(63P1)-Hz system.' 
Regarding the dependability of the "CO enhancement 

effect" in predicting the nature of the quenching process 
the following can be said. First, the method is dependent 
on the experimental conditions (cf. footnote 6). Second, 
an enhancement effect is observed in molecules that pos- 
sess a low kM/kMf ratio, which can be due to either a high 
kM' (most probable) or a low k,. An examination of the 
quenching cross sections of various excited species by a 
number of molecules would reveal that, in general, 
molecules which are good quenchers for one excited 
species are usually good quenchers for another. Thus the 
"CO enhancement effect" observed by ref. 4 for molecules 
that are known to quench via physical mechanism, e.g., 
the olefins, may have been coincidental. It is perhaps 
worthwhile in this regard to look for enhancement effects 
in other molecules known to be good quenchers. For 
instance, the RCI molecules which are known to be good 
quenchers of Hg(63P1) (IS), but quench via a chemical 
mechanism (8) (CI abstraction), offer a good test of this 
proposition. 

Conclusions 

The limited number of ~hvsical measurements 
described (pressure depenheke of the quenching 
cross section, pressure broadening, emission) 
have failed to give any indication of long-lived 
Hg*CO formation. However, this cannot be 
considered as evidence for its exclusion, because 
there is always a possibility that the species may 
not respond to these probes. 

The chemical results on the decomposition of 
ethylene and hydrogen at incomplete quenching 
conditions and in the presence of CO are in 
accord with Homer and Lossing's (4) conclusion 
of a long-lived species formation. In addition, 
we have obtained quenching rate constants of X* 
by CO and Hz relative to C2H4. A comparison 

Hmax = [Rlkc(Ar)l'lZ 
'The authors are indebted to Dr. F. P. Lossing for 

where R is the rate of H atom production. pointing out to them this latter alternative. 
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of the reactivity of the excimer towards C2H4, 
RH, CO, and Hz, indicates that the species be- 
haves like a Hg(63Po) atom. This similarity plus 
other evidence mentioned in conjunction with a 
high Hg(63Po) population in the Hg(63Pl)-C0 
system, we feel, is enough to warrant a re- 
examination of the quenching rate constant for 
the process 

Hg(i j3PI)  + CO + Hg(63Po) + CO 

It was furthermore shown by the enhancement 
effect of CO in the decomposition of Hz that the 
"carbon monoxide effect" may not be a depend- 
able means of predicting the nature of the 
quenching process. 

Addendum 

It has come to our attention since originally 
submitting this paper that Horiguchi and 
Tsuchiya (35) have re-examined the quenching 
of Hg(63Pl) to form Hg(63Po) and Hg(6'S0) with 
both N, and CO using an optical method. Their 
results differ considerably from those of Scheer 
and Fine (22): CO quenches Hg(63P,) pre- 
dominantly (78 %) to the H ~ ( ~ ~ P , )  level rather 
than to the Hg(6'S0) level. Their results therefore 
give substantial support for X* being Hg(63Po) 
rather than Hg*CO. 

The authors gratefully acknowledge the financial sup- 
port received from the National Research Council of 
Canada. 
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Modification of Pascal's triangle for calculating size distributions in polymers1 

S. G. WHITEWAY 
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Pascal's triangle, which is well known to yield all solutions to the factorial part of the Bernoulli binomial 
probability function, is modified to yield the correct factorial term in expressions for the molecular size 
distribution in polymers. This approach provides an alternative concept of the meaning of these factorial 
numbers. 
Canadian Journal of Chemistry, 48, 1432 (1970 

It has been shown recently (1) that for multi- ALL 

chain polymers formed by self-condensation of ROW S U M  

the monomer RAJ the mole fraction of x-mer, 
N,, is given by 0 2. 

(fx - x)! 1 2' 

C11 Nx = (fx - 2x + l)!x! 2 zZ 

3 z3 
x (PAA)X-l(l - pAA)JX-2X+1 

4 z4 
where pAA = af/2( f - l), and a is defined as the 
fraction of A groups, originally present, that have 5 Z5=32 

condensed to form AA groups. Equation [I ] was Q@F; - 0  6 z6 

obtained from the Bernoulli binomial probability Q !-.; FAVORABLE 0 .- 
function, modified to take into account conditions ,*-I !.A , ONE FAVORABLE 

; ', 
peculiar to the process of polymerization. The \- 1 

unmodified probability function is ALL UNFAVORABLE 

n! FIG. 1. Unmodified Pascal's triangle. 
C21 P = - plr r!(n - r)! positions, each of which, in turn, has numbered 

where P is the probability that in n trials an event positions it, and on. Each 

will be favorable (n - r) times and unfavorable r number is the sum of the two above, 

times, the probability that each trial is favorable positions outside the triangle being counted zero. 

being p. All solutions to the factorial part of eq. Horizontal rows are numbered 0, 1, 2, 3, . . - 
[2] are contained in Pascal's triangle, which be- starting at the apex. The sum of the numbers in 

comes a convenient mnemonic for these solutions. the mth row, S,, is 2". 

One purpose of this paper is to describe modi- This triangle is used commonly to predict the 

fications to Pascal,s triangle so that it provides results of coin-tossing, and other games of chance. 

numbers equal to the factorial part of eq. [L]. To illustrate, the numbers in row 5 give the prob- 

This factorial part was derived also by Flory (2), abilities that a coin, if tossed 5 times, will behave 

and in his terminology, represents the number of in stipulated ways. For example, the probability 

configurations of an x-mer; the second purpose that 2 heads (favorable) and 3 tails (unfavorable) 

of this paper is to provide an alternative concept will occur is 10 in 32. This result agrees with eq. 

of the meaning of these factorial numbers. [2] as, when p = 112 

Unmodijed Pascal's Triangle 
5! 10 

P = -- (1/2)~(1/2)~ = - 
A portion of an unmodified Pascal's triangle is 3!2! 32 

shown in Fig. 1. Arranged diagonally below the  he factorial part, 5 !/3 !2 ! = 10 is given by the 
starting position at the apex are two numbered number in Fig. 1 which is in the position boldly 

outlined. I t  should be noted that, beginning at 
'NRCC No. 1 1 224. the apex, there are 10 different pathways, each of 
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WHITEWAY: MODIFICATIO N OF PASCAL'S TRIANGLE 1433 

5 steps, by which this position may be reached. 
One of these is shown by arrows in Fig. 1. It is a 
property of Pascal's triangle that the number 
attached to a position represents the number of 
pathways from the apex to that position. 

In the derivation (1) of eq. [I], it was noted that 
a simulated x-mer results from a decision-making 
game, analogous to coin-tossing, which involves 
choices between A and AA groups. For example, 
a chain molecule built from RA, structural units 
is specified as a trimer if in such a game it is de- 
cided by 6 trials in succession that it contains 2 
AA groups and 4 A groups. (These are in addition 
to the one A group known to start the molecule; 
its existence is not subject to the vagaries of the 
game, for without it there is no molecule to con- 
sider. In this respect it resembles the apex of 
Pascal's triangle.) 

We may now establish the rules of a game 
which corresponds to the building of multichain 
polymers. To obtain all information relevant to 
an x-mer, (fx - x) trials must be made. We de- 
fine a favorable outcome to be that of selecting 
an AA group in a choice between AA and A 
groups. Polymers which contain no rings are 
specified by x - 1 favorable and fx - 2x + 1 
unfavorable outcomes. The example given above 
(f = 3, x = 3) is shown in Fig. 2. The six posi- 
tions where decisions were made are lettered; the 
four established by unfavorable outcomes are 
denoted by U, and the two by favorableout- 
comes F. 

The specifications given above correspond to 
definite locations in Pascal's triangle. Our object 
is to  find the number associated with each, for 
these numbers are the factorial part of eq. [I]. 

FIG. 2. Trimeric molecule, f = 3, specified by 2 favor- 
able (F) and 4 unfavorable (U) trials. 

ModiJied Pascal's Triangle 
At this point we note a fundamental difference 

between the coin-tossing problem solved by Fig. 
1, and our polymer-building problem. A "head" 
that occurs once can occur again; however, struc- 
tural units that are incorporated in, for example, 
trimer molecules are never available for possible 
incorporation in tetramer, and larger, molecules. 
Hence in the modified Pascal triangle pathways 
can extend up to, but not beyond, positions which 
correspond to molecules. Numbers which occur 
in such positions must be considered as zero when 
calculating numbers for positions diagonally below. 

ROW 
ONE UNFAVORAeLE 

7 m  

FIG. 3. Modified Pascal's triangle, f = 2, for chain 
polymers. 

Figure 3 shows the modified triangle for the 
trivial case when f = 2. For each x-mer x trials 
must be made, so that positions for monomer, 
dimer, trimer, . . . occur in rows 1, 2, 3, . a ,  re- 
spectively. Within each of these horizontal rows 
the required position is that corresponding to 
x - 1 favorable ( or 1 unfavorable) outcomes. 
The positions that correspond to these specifica- 
tions are boldly outlined. The numbers in these 
positions are the sum of the two numbers diago- 
nally above, except that numbers in outlined posi- 
tions are counted as zero. Thus for f = 2 the 
numbers are always unity, an elementary result 
that agrees with the factorial part of eq. [I]. 

Figure 4 shows the modified triangle for f = 3. 
For each x-mer 2x trials are required, so that 
positions for monomer, dimer, trimer, . - .. occur 
in rows 2, 4, 6, . . . Within each of these hori- 
zontal rows the required position is that corre- 
sponding to x - 1 favorable (or x + 1 unfavor- 
able) outcomes. Again these positions are boldly 
outlined, and numbers are assigned according to 
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TWO FAVORABLE 0 - 

\ I -. 
FOUR UNFAVORABLE 

ROW 

0 

I 

2 

3 

4 

5 

6 

7 

8 

4 

10 

f = 3 
FIG. 4. Modified Pascal's triangle, f = 3, for chain 

polymers. The location for trimer is doubly outlined. 

the above scheme. The location for trimer is 
doubly outlined. Figure 5 shows the modified 
triangle for f = 4. Again, the location for trimer 
is doubly outlined. In each case the numbers in 
the outlined positions equal those given by the 
factorial part of eq. [I]. In addition any such 
number is equal to the number of pathways from 
the apex to that position, with the restriction that 
pathways cannot extend through a boldly-out- 
lined position but must terminate there. 

We see that simulated chain polymers of the 
systems f = 2, 3 ,  4, . . . occupy only a few posi- 
tions of Pascal's triangle, and it is interesting to 
note that cyclic polymers correspond to some of 
the others. For example, when f = 3, molecules 
with a single ring are specified by 2x - 1 trials 
comprised of x favorable and x - 1 unfavorable 
outcomes. Positions which correspond to these 
specifications alone are shown in Fig. 6, and the 
trimer position is doubly outlined. Numbers have 
been assigned in the usual manner although they 
have little practical significance, as chain poly- 
mers have been artificially excluded from con- 
sideration. In addition it should be noted that, 

2 FAVORABLE 

0 7 

FIG. 5. Modified Pascal's triangle, f = 4, for chain 
polymers. The location for trimer is doubly outlined. 

2 UNFAVORABLE 

----7 0 

3 FAVORABLE 

/ = 3  

FIG. 6. Modified Pascal's triangle, f = 3, for polymers 
that contain one ring. The location for trimer is doubly 
outlined. 

although formally present in Fig. 6, a cyclic 
monomer is not possible; similarly the existence decreased opportunity for interaction between 
of a cyclic dimer is questionable. Also it has been two ends of a molecule. 
suggested (3) that cyclization of chains becomes The simple schemes shown in Figs. 4 and 6 may 
more difficult as they become long, because of the be combined provided assumptions are made re- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



WHlTEWAY: MODIFICATION OF PASCAL'S TRIANGLE 1435 

garding the above points. Figure 7 shows the 
effect of superimposing on the triangle for chain 
polymers the possibility of having cyclic trimers 
and tetramers. The numbers in the outlined 
positions, obtained as before, are solutions to a 
composite factorial term. If we assume that p ~ ,  
for cyclization is equal topAA for chain extension, 
then mole fractions can be obtained by an obvious 
application of eq. [I] 

Nmonomer = (1 - PAA)~  

Ndimer = 2(PAA)(1 - PAA)~ 

Ncyclic trimer = g(PAA)3(1 - PAA)~ 

Nchain trimer = 5(PAA)2(1 - pAd4 

N c y c l i c  tetramer = l0(PAAI4(l - PAA)~ 

Nchain tetramer = 5(PAA)3(1 - pA.4)' 

Mole fractions for these molecules are shown in 
Fig. 8 as functions ofp,,. (Calculations were not 
performed for values ofpAA > 0.5 because at this 
point, the summation of mole fractions becomes 

CHAl N POLYMERS 1 t CYCLIC POLYMERS 

FIG. 8. Mole fractions of polymer species as afunction 
of p,,, when f = 3. The numbers of the curves refer to x.  
Trimers and tetramers that contain one ring occur along 
with chain polymers. Solid curves are for chain molecules, 
dashed curves are for ring. 

divergent; for f = 3,pA, = 112 is a critical point.) 
It is interesting to note that chain polymers are 
predicted to predominate over cyclic polymers of 
the same size at low values of pAA, while the 
situation is reversed at high values of p,,. Such 
predictions, of course, depend upon the relative 
values ofpAA for the two processes, chain exten- 
sion and cyclization, and should not be regarded 
as general. The obvious complexity of ring-chain 
equilibria (for example, ref. 4) makes it likely that 
each system would have to be considered as a 
particular case. It is possible that specific experi- 
mental data might be usefully interpreted on the 
basis of the diagrams shown here. 

The author is grateful to Drs. A. G. McInnes and I. B. 
Smith for helpful comments and discussions. 
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Cyclobutanes in organic synthesis. Part I. Fragmentation to 
1,4-dicarbonyl compounds. General considerations 

N. R. HUNTER, G. A. MACALPINE, H. J. LIU, AND Z. VALENTA 
Department of C/temistry, U~ziversity of New Brutiswick, Fredericton, New Brunswick 

Received October 15, 1969 

Photo-cycloaddition of vinyl acetates to 2-cyclohexenones followed by hydrolysis of the acetate group 
and by oxidative fragmentation leads to 2-alkyl-2-cyclohexenones in which the newly introduced alkyl 
group bears a 2'-carbonyl group. A similar, less generally applicable method, involving photo-cyclo- 
addition, bromination, and heterolytic fragmentation is also described. Possible applications of this 
sequence in organic synthesis are discussed. 

Canadian Journal of Chemistry, 48, 1436 (1970) 

Intramolecular photo-cycloaddition of a 
double-bond to a cyclohexenone by Ciamician 
and Silber (I), Sernaggiotto (2), and Biichi 
and Goldman (3), followed by an extension of 
this cyclobutane formation to an intermolec- 
ular case by Eaton (4), introduced an im- 
portant new reaction into the field of organic 
synthesis. In recent years, many relatively diffi- 
cult syntheses of natural products and strained 
compounds of theoretical interest have been ac- 
complished in a significantly simplified manner 
by the use of this method; some of these have 
been achieved with retention (5-10) and some 
with modification (1 1-1 5) of the cyclobutane 
ring. We now wish to report a fragmentation 
of suitably substituted cyclobutanes which 
promises to have wide synthetic utility. 

In the course of our studies on the synthesis of 
Ormosia alkaloids (15) it became necessary to 
transform 1 into 2 in which the newly introduced 
side-chain would possess a reactive function at 
its terminus and in which the cyclohexenone 
double-bond would be retained. Clearly, a 
normal alkylation could not be used since the 
cycloalkenone function in 1 does not possess an 
enolizable y-hydrogen atom. Bearing in mind the 

mode of photo-cycloaddition of unsymmetrical 
olefins to cyclohexenones (16, 17), and antici- 
pating an easy fragmentation (18, 19) of a 
suitably substituted cyclobutane ring, we have 
been able to convert 1 into 2 in the following 
simple manner. 

Irradiation of keto lactam (1) in vinyl acetate 
and tetrahydrofuran gave a 60% yield of crude 
keto acetate (3), which proved to be homogeneous 
on silica thin-layer chromatography (t.1.c.). Sub- 
seauent transformations revealed 3 to be a 
mixture of four stereoisomers, the major one of 
which could be recrystallized to a constant m.p. 
of 200-201 "C. Since none of the keto alcohols 
obtained by a basic hydrolysis of 3 underwent 
a reverse aldol reaction to a keto aldehyde, and 
since all of them gave a cyclobutanone on 
oxidation, it became clear that all components of 
the mixture possess structure 3. Bromination of 
3 with pyridinium bromide perbromide in 
glacial acetic acid gave a mixture of four stereo- 
isomeric bromo ketones (4) in 78 % yield. These 
could be chromatographically resolved and 
characterized; since all four stereoisomers could, 
however, potentially give the desired product, 
the mixture was used in the subsequent reaction. 
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HUNTER ET AL.: CYCLOBUTANES IN ORGANIC SYNTHESIS. I 

Treatment of 4 with aqueous sodium carbonate 
in methanol at room temperature, followed by 
chromatography on silica gel, gave the pure keto 
aldehyde (2) in 76 % yield and the corresponding 
acetal (5) in 15 % yield. The structures of 2 and 5 
follow unambiguously from spectroscopic data 
(see Experimental), from the conversion of pure 
2 into 5 on prolonged treatment with methanolic 
sodium carbonate, and from further conversions 
of 2 (19.' The fragmentation could also be 
achieved in acidic media. Treatment of 4 in 

toluenesulfonic acid gave the bisdioxalane (6) 
in 70 % yield. 

Photoaddition 
The success and ease of these initial trans- 

formations led us to consider the general 
applicability of the reaction sequence A + B + 
C -> D. Concerning first the nature of A, it is 
well known that 2-cyclopentenones and 2- 
cyclohexenones normally undergo smooth cyclo- 
addition and that substitution at various posi- 

boiling benzene with ethylene glycol and p- tions of A, with the exception of C-2, does not 

-+ 
*' OAc 

R 

A B 

J !? 

lTotally synthetic alkaloid ormosanine has now been prepared from 2 in our laboratory. 
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TABLE 1 
Photo-cycloadditions 

Cyclohexenone En01 acetate Photo adducts and yields (%) 

(2 isomers 63%) (11%) 

(2 isomers 96%) 

(4 isomers 55%) (-10%) 

Me 
Me 

OAc 

(64%) 

OAC M e B M e  + .?bMe 
Me 'Me OAc 

H H OAc 

(2 isomers after hydrolysis, 90%) 

(2 isomerj 55% after (-5%) 
hydrolysis and extensive 

chromatography) 
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seriously affect the addition (16,20, 21). It is also 
known that vinyl acetate adds preferentially in 
the desired sense (16, 17); as far as its sub- 
stitution is concerned, our preliminary evidence 
listed below indicates that the cycloaddition 
takes place in good yields with a methyl group at 
C-2' and lower yields with two methyl groups at 
C-1' (see Table 1). The yields of photo adducts 
from the cycloaddition vary considerably and 
we have not made a systematic study to optimize 
conditions. In general, low concentrations of 
cycloalkenone and the use of aprotic solvents 
gives little or no cycloalkenone dimer and leads 
to cleaner photo products. Work described in 
this communication deals exclusively with cyclo- 
hexenones; extension to cyclopentenones will be 
reported later. 

Activation for Fragmentation 
The bromination step B -> C proved to be 

highly efficient in all cases in which enolization 
of the keto group towards C* was not possible 
because of substitution or because of strain 
(cf. 3 -> 4). However, we have so far been unable 
to achieve a preferential introduction of a leaving 
group into the desired position in B when C* 
was also reactive. This is clearly a serious 
limitation to the generality of the above sequence 
since most synthetic intermediates of the type B 
will obviously have a reactive C*. This difficulty 
can furthermore not be circumvented by the 
photoaddition of vinyl acetates to a-bromo- 
cycloalkenones. Our results in this respect are 
completely negative, although such an addition, 
in an intramolecular case, has been achieved (8) 
and although a-acetoxycycloalkenones have been 
found to react (22-24).2 

One can, however, ask the interesting question 
whether the presence of a leaving group is in fact 
essential for the desired transformation B -> D. 
Formally, at least, one can readily visualize an 
oxidative fragmentation indicated in E, operating 
by an electron flow opposite to that encountered 
in the heterolytic fragmentation C -> D and 
leading directly to D without the benefit of a 
conventional leaving group. 

We now find that a number of methods are in 

gives yields of fragmentation products obtained 
on treatment of three keto alcohols with various 
oxidizing agents. Our results using Ce4+ are 
particularly encouraging. Thus, reaction of keto 
alcohol 7 with ceric ammonium nitrate in 75 % 
acetic acid solution, until the characteristic 
reddish color due to the Ce4+ -alcohol complex 
(25) had disappeared, followed by treatment with 
aqueous mineral acid for several hours, gave an 
86 % yield of diketone 9, while a similar oxidation 
of 8 furnished the desired keto aldehyde 10 in a 
71 % yield. Additional oxidation results make it 
clear that the method works equally well with 
unblocked substrates without oxidation of the 
resulting cyclohexenone to a phenol. 

Published work on oxidations with ceric ion 
(26,27) makes it very likely that two consecutive 
one-electron oxidations are involved, the first 
leading to radical 11, the second creating a 
carbonium ion at position C-3 to give l Z 3  
Experimentally, we have found varying amounts 
of nitrate esters (13) (33) in the reaction product 
mixture, but this mixture was cleanly converted 
to 9 (or 10) by treatment with aqueous mineral 
acid without requiring separation. 

The recent observation of RoCek and Rad- 
kowsky (28) on the oxidative cleavage of 
cyclobutanol with Cr4+ offers an alternative 
procedure to the Ce4+ oxidation but suffers from 

fact available for this transformation and that 
3During the preparation of this manuscript, the Iowa the fragmentation of the ketO alcohols State University group reported further results of their 

(E) thus represents a general solution to the general study of oxidations with cerium(1V). In their 
problem. ~ ~ b l ~  2 summarizes our findings and interesting new report (33, the successful fragmentation 

of bicyclo[2.2.1]-2-heptanols and of bicyclo[2.2.2]-2- 
octanol, as well as the mechanism involving two one- 

'We thank Professors de Mayo and Eaton for a useful electron processes and the formation of nitrate esters, 
exchange of correspondence on this topic. are discussed. 
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11 12 13 

the requirement of in situ generation of cr4+ and transformation B -+ D. In analogy to rearrange- 
the acidic medium used. ments encountered. with a-substituted ketones 

We are presently studying the question whether (29, 30), a vinylogous fragmentation of ketones F 
the following additional methods could be through the corresponding en01 or enolate could 
applied in special circumstances for an efficient take place as indicated in G .  We have so far not 

TABLE 2 
Homolytic fragmentations 

Yield 
Keto alcohol Method Product(s) (%) Reference 

0 0 
P ~ ( O A C ) ~ / C ~ C O ~ / C ~ H ~  

at reflux 

h e  k e  
HgO/12/hv/CC14 at reflux Me ,, 

Pb(OAc),/pyridine at room 
temperature 67 37 

Ceric sulfate175 % CH3CN 
at reflux 66 38 

Ce(NH4)2(N03)6/75 % 
CH3CN at reflux 65-75 26 

Ce(NH4)2(N03)6/75 % 
HOAc at room 
temperature 86 27 

M e  & O H  M e  H Pb(OAc),/pyridine M e  bL' M e  + Me&o M e  65 37 

-1:l 

C ~ ( N H ~ ) Z ( N O ~ ) ~ / ~ ~  % 
HOAc 70 27 

H 
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H 'g 

OAc 

OH- 

been able to achieve this transformation with 
haloketones F in which R' = H. The study of 
systems with R' = alkyl in which the enolization 
must take place in the required direction will 
show whether the. geometry of the relevant 
orbitals in G allows the desired fragmentation. 

Based on reported reactions (21, 31), D could 
furthermore possibly be prepared by the 
sequence A + H + I + J + D in which the 
required "leaving group" is introduced into the 
olefin rather than into the alkenone. 

In summary, a large variety of dicarbonyl 
compounds of the type D can now be produced 
often in very high yields, by photo-cycloaddition 
followed by an oxidative fragmentation of the 
corresponding keto alcohols E with ceric ion. A 
second high-yield method, bromination followed 
by a heterolytic fragmentation, is available for 
photo adducts B which do not enolize in the 
direction of C*. 

Direction of Fragmentation 
The somewhat surprising fact that all frag- 

mentations studied by us so far proceeded in 
only one sense, although two pathways, (a) and 
(b), are in fact available, must now be discussed. 

Considering first the probable intermediate 11 
of the one-electron oxidative methods, the 
formation of the more stable secondary radical 
can be used as a plausible explanation. Further 
study involving additional substitution at C-I' 
and at C-3 should provide important information 
in this connection. Specifically, higher substitu- 
tion at C-1' should make pathway (b) more 
favorable if this explanation is correct. 

The heterolytic fragmentation C -> D was 
studied on a large number of cycIohexanones 
(Table 3) and was found to proceed invariably in 
a very high yield. No detectable trace of frag- 
mentation product K was found in any of the 
studied cases, including one with a gem-dimethyl 
group at C-1'. Furthermore, study of pairs 
epimeric at C-2' has shown that D is formed 
exclusively, regardless of the relative configura- 
tion of the bromine and the acetoxyl group in C. 
Although this specificity is of obvious preparative 
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value, the full explanation for it has to await 
further study. It appears unlikely that the 
cyclobutane ring would in all cases possess an 
unsymmetrical conformation fulfilling the geo- 
metrical requirements for a concerted fragmenta- 
tion reaction (18, 32) in only one direction. 
Rather, it can probably be assumed that both 
pathways are geometrically allowed and that 
pathway (a), involving the formation of an 
endo double-bond, proceeds via a transition 
state of lower energy. In this connection, the 

behavior of cyclopentanones and strained ring- 
systems will be of special interest. 

Potential Applications 
In most general terms, the reactions described 

above provide a synthetically attractive method 
for the addition, to the cc-position of an a,P- 
unsaturated cyclohexanone (and presumably also 
cyclopentanone), of a single carbon chain 
possessing a carbonyl function. The position of 
double-bond in the cycloalkenone fully deter- 

TABLE 3 
Heterolytic fragmentations 

Yields 
Substrate Fragmentation media Product (%) 

Me%e OAc 

(Mixture of isomers) 

OAc 

NazC03/aqueous MeOH 92 

(From keto 
acetates) 

NaOH/aqueous MeOH 83 

KOH/aqueous MeOH Me 98 

95 

KOH/aqueous MeOH 
H H 

(Mixture of isomers) 
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TABLE 3 (Concluded) 

Yield 
Substrate Fragmentation media Product ( 23 

Br" NaOH/aqueous MeOH 
0 

Me 'Me 

BrY@ Spontaneous loss of HBr 
0 

Me Me 

Br $0 Na2C03/aqueous MeOH 

O :H : H 
Me Me Me Me 

(Mixture of isomers) 

(From keto 
alcohol) 

92 
(From keto 

alcohol) 

(From crude 
bromo keto 

alcohols) 

mines the site of addition and, rather important- 
ly, an enolizable hydrogen atom in the y-position 
of the starting ketone is not required. Un- 
saturated and, after appropriate reduction, 
saturated 1,Cdicarbonyl compounds are thus 
produced. 

In principle, chains of arbitrary length (longer 
than one-carbon) and branching can be added 
either directly or by subsequent reactions of the 
side-chain carbonyl group. The relative position 
of the carbonyl groups furthermore permits a 
wide variety of special applications. 

Five-membered carbocyclic rings can, for 

Experimental 
General 

The infrared (i.r.) spectra were recorded on Perkin- 
Elmer Infracord or Perkin-Elmer model 237B spectro- 
photometers. The mass spectra were determined on a 
Hitachi Perkin-Elmer model RMU-6D spectrometer. 
The nuclear magnetic resonance (n.m.r.) spectra were 
recorded on a Varian Associates 56.4 Mc.p.s. instrument 
using tetramethylsilane as internal standard. A Kofler 
hot stage apparatus was used to determine the melting 
points which are uncorrected. Photolysis was carried out 
using one of the following lamps depending on the 
reaction scale: Hanovia High-Pressure Quartz Mercury 
Vapour Lamps, 100 W, Type SOL:608A36; 200 W, Type 
S:654A36 or 450 W, Type L:679A36. 

instance, be formed by aldol condensations while General Procedure for Pltoto-cycloadditions 
The apparatus used for the photochemical reactions the saturated ,CdicarbOn~l 'Om- consisted of a cylindrical Pyrex reaction vessel with a pounds are suited for the preparation nitrogen bubbler which served to agitate the solution, 

of furanes, pyrroles, and thiophenes. We further- a side-arm for a condenser. and a neck to accommodate a 
more find ;hat a conversion of the side-chain quartz-iacketed water-cooled immersion well which could 
carbong group in into a leaving group be fitteh with Pyrex or Corex filters and any of the lamps 

used in the procedure. The cycloalkenone used for the an attack with a nucleo~hile photoaddition was dissolved in hexane (or other appro- 
leads to a high-yield production of u - c ~ c l o ~ r o ~ ~ l  priate, aprotic solvents) such that the concentration of 
ketones. alkenone was less than 0.05 M. The en01 acetate to be 

I Special applications of the sequence as well as used for the photoaddition was usually added in a large 

and stereochemical details of the excess (20 to 50% of the solvent used). The vessel was 
covered with aluminum foil and, with a good flow of water 

described are under further and through the water-jacket, the reaction vessel was immersed 
will be reported later. in an  ice-bath. The system was flushed by bubbling 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1 444 CANADIAN JOURNAL OF ( ZHEMISTRY. VOL. 48. 1970 

nitrogen through and then irradiated under nitrogen 
flow to facilitate mixing. The progress of the reaction 
was followed by evaporating aliquots and measuring the 
i.r. absorption. In some cases, t.1.c. was also used. 

At the completion of photolysis, the solvent was 
removed by distillation under reduced pressure and the 
photo adducts were purified either by distillation under 
reduced pressure or  by chromatography on silica gel. 
In some cases, the best purification was achieved by 
hydrolysis of the keto acetate photo adducts to the 
corresponding alcohol followed by chromatography on 
silica gel. 

Photoadditio~t of Vinyl Acetate to Keto Lactam (1)  
T o  a solution of the keto lactam (1) (1.37 g) in tetra- 

hydrofuran (65 ml), was added vinyl acetate (65 ml). The 
solution was irradiated with a 100 W lamp, using a Pyrex 
filter, for 1 h at  0 "C and 2 h at  20 "C. The solution was 
evaporated to dryness under reduced pressure to give a 
viscous oil which contained polymeric compounds. The 
oil was chromatographed on silica gel; the polymeric 
conlpounds were eluted with benzene and the photo 
adduct 3.(1.073 g) was eluted with ether. The photo 
adduct crystallized from ether to give colorless crystals, 
m.p. 200-201 "C. The i.r. spectrum showed acetate 
absorption a t  1735 and ketone stretching at  1710 cm-'. 
The n.m.r. spectrum was completely consistent with the 
assigned structure. 

Anal. Calcd.: C, 68.46; H, 6.56; N, 7.60. Found: 
C, 68.95; H, 6.60; N, 7.59. 

Brominatiort of Photo Adduct 3 
T o  a solution of the four-membered ring acetate (3) 

(1.66 g) in glacial acetic acid (50 ml) was added pyridinium 
bromide perbromide (1.71 g) and 46 % aqueous hydro- 
bromic acid (1.5 ml). The solution was stirred at room 
temperature for 16 h. The solution was then basified with 
saturated aqueous sodium bicarbonate and extracted 
with chloroform. After drying over magnesium sulfate, 
filtration, and evaporation in vacrto to dryness, the chloro- 
form solution afforded an oil (1.72g) which by t.1.c. 
showed mainly four compounds. Column chromatog- 
raphy on silica gel resulted in separation of these four 
compounds (total 1.58 g). They showed identical i.r. 
spectra and the mass spectra gave mle 448 and 446. These 
four compounds were thus four stereoisomers of the 
bromo acetate (4). The isomeric mixture was used in the 
subsequent reaction. 

General Procedure for Bromination of the Photo Adducts 
The keto acetate photo adduct (1 mmole) was treated 

with bromine (1.1 mmole) in 20 ml of Reagent Grade 
carbon tetrachloride. The time required for bromination 
varied considerably (usually several hours); the progress 
of the reaction could be conveniently followed by t.1.c. 
on silica gel. The organic solution was washed with water, 
dried over sodium sulfate, and evaporated to dryness 
in vacuo to give the bromo keto acetate in high yield and 
purity. The bromo keto acetates were homogeneous on 
t.1.c. and gave i.r., n.m.r., and mass spectra completely 
consistent with the structures assigned in Table 3. 

Heterolytic Fragmentatio~z of Bromo Acetate (4 )  
To a solution of the isomeric mixture of bromo acetates 

(4) (4.244 g) in methanol (50 ml) was added saturated 
aqueous sodium carbonate (10 ml). After stirring a t  
0 "C for 1 h, the mixture was poured into water (500 ml) 
and extracted with chloroform. The chloroform solution 
was dried over magnesium sulfate, filtered, and evapor- 
ated in vacuo to dryness yielding an oil (3.31 g). Column 
chromatography of the crude product on silica gel gave, 
in addition to recovered starting material (0.825 g), two 
new products. The acetal (5) (0.408 g) was obtained o n  
elution with ether as a foam; its i.r. spectrum showed a 
saturated ketone stretching absorption a t  1725 cm-'. 
Elution with methanolather (1 50 )  gave the unsaturated 
keto aldehyde (2) as a foam. Molecular weight (by mass 
spectrometry): 324. The i.r. spectrum indicated char- 
acteristic aldehyde absorptions at 2730 and 1730 cm-' 
and unsaturated ketone stretching absorption at 1680 
cm-'. In the n.m.r. spectrum, the aldehydic proton was 
recorded a t  0.32 T. 

I n  general, the heterolytic fragmentation proceeded 
cleanly on base treatment of the bromo keto photo 
adducts to give the corresponding dicarbonyl compounds 
(Table 3) in high yield and purity. The dicarbonyl com- 
pounds could be further purified by chromatography on  
silica gel when necessary. Their spectral and analytical data 
were completely consistent with the assigned structures. 

Preparative Scale Ceric Ammonium Nitrate Oxidation of 
Keto Alcohol (7)  

To the keto alcohol (7) (1.1 199 g; 6.15 mmole) in40 ml 
of 75% aqueous acetic acid at room temperature was 
added ceric ammonium nitrate (8.439 g; 15.4 mmole) in 
one portion. The initial red color of the Ce4+-alcohol 
complex disappeared after several minutes and the 
reaction mixture was stirred an additional 1.5 h. To this 
reaction mixture was added concentrated hydrochloric 
acid (2 ml) and the solution was allowed to stand at room 
temperature for 3.5 h. Saturated salt solution (150 ml) 
was added to the reaction mixture and the resulting 
solution was extracted with methylene chloride (2 x 50 
ml) and ether (2 x 50 ml). The combined organic ex- 
tracts were washed with 10% sodium bicarbonate and 
saturated salt solution, dried (MgS04) and evaporated 
to dryness to yield the diketone (9) as a pale yellow oil 
(0.9584 g; 5.27 mmole; 85.7%). The i.r. spectrum 
indicated carbonyl absorptions at 1720 and 1677 cm-'. 
The n.m.r. spectrum showed signals at 8.9 (6H), 7.88 (3H), 
7.8 (2H), 7.75 (2H, d), 6.85 (2H), and 3 . 4 5 ~  ( lH ,  t). The 
mass spectrum gave the molecular ion peak at  mle 180. 

Oxidative Preparation of Diketone 9 and Nitrate 13 
(R = c&) 

The keto alcohol (7) (0.6793 g; 3.73 mmole) was dis- 
solved in 75 ml of 75% aqueous%etonitrile at  reflux and 
ceric ammonium nitrate (4.1 10 g; 7.50 mmole) was added 
in one portion. The mixture was stirred at  reflux for 25 
min during which time the color changed from orange 
to pale yellow. The solvent was partially removed under 
reduced pressure and water was added; the mixture was 
then extracted with ether and methylene chloride. The 
organic extract was washed with 10% sodium bicarbonate 
and saturated salt solution, dried (MgS04) and the solvent 
removed under reduced pressure. The mixture of diketone 
(9) and nitrate (13) (0.6484 g) was obtained as a pale 
yellow oil. Chromatography on silica gel (60 g) gave on 
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elution, with 2 %  ether in benzene, compound 13 (R = 
CH3) (0.0651 g; -10%). The i.r. spectrum of 13 
indicated strong absorptions at 1720, 1640, 1280, and 
860 cm-l. The n.m.r. spectrum showed a characteristic 
methyl absorption at 7.80 7. Further chromatography 
yielded the diketone (9), the spectra of which were super- 
imposable with those of 9 obtained in the preparative 
scale reaction. 

Oxidation of Keto Alcohol (7)  in Lead Tetraacetatel 
Pyridine Solution 

The keto alcohol (7) (1.9816 g; 10.88 mmole) was 
dissolved in 10 ml of benzene and 40 ml of pyridine. 
To this solution was added lead tetraacetate (9.659 g; 
21.8 mmole) and the mixture was heated under reflux 
for 3.5 h (the oxidation at room temperature was about 
five times slower), 1.5 ml of ethylene glycol was added 
to destroy the excess lead tetraacetate and the mixture 
was stirred until it had cooled to room temperature. The 
p H  was adjusted to "2 with 10% HC1 and the flocculent 
precipitate was filtered off and washed with water, ether, 
and chloroform. The acidic aqueous filtrate was extracted 
with ether (3 x 100 ml) and chloroform (3 x 100 ml). 
The ether and chloroform extracts were combined, 
washed with 10% sodium bicarbonate and water, dried 
(MgSO,), and evaporated in vacuo to dryness to give 
1.2312 g of product. The acidic solution was continuously 
extracted with ether for 16 h. This ether extract upon 
similar work-up yielded an additional 0.2906 g of product. 
The i.r. spectrum of the product indicated that some 
a-acetoxy ketone was present, probably from addition of 
acetate anion or radical to the carbonium ion 12 or 
radical 11. When these fractions were combined and 
treated overnight in a 50:50 solution of 10% hydrochloric 
acid:tetrahydrofuran, and worked-up in the usual way, 
the diketone 9 (1.3136 g; 7.30 mmole; 67.1%) was ob- 
tained as a dark yellow oil. The spectra of 9 obtained 
from 7 by this method were identical in all respects to 
those of 9 obtained by ceric ion oxidation of 7. 

Support of this work by the National Research Council 
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Synthesis of 1,2,3,4,7,8,9,1O-octahydrodicyclohepta[de,ijJnaphthalene 

A. FISCHER AND D. R. A. LEONARD 
Department of Chemistry, University of Victoria, British Columbia 

AND 

Department of Chemistry, University of Canterbury, Christchurch, New Zealand 

Received July 24, 1969 

Benzosuberone (5) has been converted via the tricyclic ketone 3-0x0-1,2,3,7,8,9,10,10a-octahydro- 
cyclohepta[de]naphthalene (7) and the tetracyclic ketone 1-0~0-1,2,3,4,4a,5,6,6a,7,8,9,lO-dodecahydro- 
dicyclohepta[de,ij]naphthalene (14) into 1,2,3,4,7,8,9,10-octahydrodicyclohepta[de,ij]naphthalene (16). 

Canadian Journal of Chemistry, 48, 1446 (1970) 

Gilmore and. Horton (1) synthesized tetra- 
hydrocyclohepta[de]naphthalene (4) in two ways 
(Scheme 1). In the preferred method the seven- 
membered ring was built up by adding a four- 
c a r b o n  s ide  c h a i n  t o  a - t e t r a l o n e  v ia  a 
Reformatsky reaction with methyl y-bromo- 
crotonate; subsequent dehydration, hydrogena- 
tion, ester hydrolysis, and ring closure of the acid 
gave the tricyclic seven-membered ring ketone 2. 
Reduction of the ketone to the octahydrocyclo- 
heptanaphthalene 3, followed by dehydrogena- 
tion, gave the tetrahydrocycloheptanaphthalene 
4 in 35 % overall yield. The alternative synthesis 
started with benzosuberone (5) as the functional 
bicyclic compound and the required six-mem- 
bered ring was built up via a Reformatsky 
reaction using ethyl bromoacetate; subsequent 
dehydration, reduction, conversion to halide, 
extension of the chain via Grignard formation 
and carbonation, and ring closure, gave the 
tricyclic six-membered ring ketone 7. Reduction 

of this ketone gave the same octahydrocyclo- 
heptanaphthalene as obtained above and de- 
hydrogenation of this gave the tetrahydro- 
naphthalene in 3.8 % overall yield. Our synthesis 
of the octahydrodicyclohepta[de,ij]naphthalene 
(16) (Scheme 2) started with benzosuberone 5 as 
the key bicyclic compound. Construction of the 
six-membered ring gave the tricyclic six-mem- 
bered ring ketone 7. The second seven-membered 
ring was built on through the tricyclic ketone 
following the general method used by Gilmore 
and Horton in synthesizing the tricyclic seven- 
membered ring ketone 2. Two points were clear 
at the start. First the synthesis required substan- 
tial quantities of benzosuberone. This was ob- 
tained from cinnamaldehyde by aldol condensa- 
tion with acetone, followed by oxidation with 
hypochlorite to cinnamylideneacetic acid (2), 
then hydrogenation to 6-phenylvaleric acid and 
subsequent ring closure. Second, a much im- 
proved method of obtaining the tricyclic ketone 7 
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I was required since Gilmore and Ilorton's method 
I gave it in only an 11 % overall yield. The poorest 

yielding steps in their synthesis were those asso- 
ciated with extending the length of the side chain 
of the acid and we chose to insert the required 
three-carbon side chain in a single step. 

Stobbe condensation (3) of benzosuberone 
with diethyl succinate gave the olefinic half-ester 8 
in good yield when potassium t-butoxide was 
used as the condensing agent. Use of sodium 
hydride gave lower yields of 8. Hydrolysis and 
simultaneous decarboxylation of 8 gave a mixture 
of the olefinic acid 9 (48%) and the isomeric 
lactone 10 (36%). The olefinic acid 9 was 
hydrogenated to the acid 6. Acid 6 was also 
obtained by reduction of the lactone 10 with red 
phosphorus and iodine. Polyphosphoric acid- 
catalyzed cyclization of the acid 6 gave the tri- 
cyclic ketone 7, 61 % from benzosuberone. 
Reformatsky reaction of ketone 7 with ethyl 
y-bromocrotonate gave crude unsaturated car- 

1 
I bin01 ester 11 which underwent dehydration when 
, it was hydrolyzed to give the diene-acid 12. The 

diene-acid 12 was hydrogenated to acid 13 and 

the latter was cyclized with polyphosphoric acid 
to the tetracyclic ketone 14. Dodecahydrodicyclo- 
hepta[de,ij]naphthalene (15) was obtained from 
ketone 14 by Clemmensen reduction and was 
then aromatized to form 1,2,3,4,7,8,9,10-octa- 
hydrodicyclohepta[de,ij]naphthalene (16). The 
octahydrodicycloheptanaphthalene was obtained 
in 7.3 % overall yield from benzosuberone. 
Clemmensen reduction of the tricyclic ketone 7 
gave the octahydrocyclohepta[de]naphthalene 3 
which was aromatized to the tetrahydrocyclo- 
heptanaphthalene 4, obtained in 44 % overall 
yield from benzosuberone. 

Cook et al. (4) cited the m.p. 170-173" for the 
olefinic half-ester 8 but they added that they 
could not obtain a satisfactory analysis. We 
could not induce the half-ester to crystallize. 
From the ratio of the integrated intensity of the 
triplet at 3.95 T, attributed to the single olefinic 
proton of the endo isomer 8, to that of the 
multiplet a t  2.85 T, attributed to the aromatic 
protons of both 8 and its exo isomer, we calculated 
that exo isomer could have constituted up to one- 
third of the mixture. We confirmed that the 
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Hydride 

shift 

predominant product was the endo olefinic half- 
ester by hydrolysis of the carbethoxy group and 
isolation of the endo olefinic diacid. The nuclear 
magnetic resonance (n.m.r.) spectrum of the 
hydrolysis product, which showed a triplet at 
3.8 z which integrated for one proton, a multiplet 
at 5.96 z (one proton), and a multiplet at 8.16 z 
(two protons) established that it was the endo 
diacid. The absorption at 3.8 z was assigned to 
the vinylic proton split into a triplet by the 
adjacent methylenic protons. The absorption at 
5.96 z was assigned to the proton at C-2 which is 
both allylic and u to a carboxyl group. The 
absorption at 8.16 z was attributed to an alicyclic 
methylene. The exo isomer has no vinylic protons. 
It has two protons both allylic and u to a carboxyl 
group and has four alicyclic methylene protons. 
Although the exo isomer has the double bond 
u,P to a carbethoxy group which also brings the 
carbethoxy group into conjugation with the 
benzene ring, it is apparently less stable than the 
endo isomer which has the double bond P,y to 
carbethoxy. Presumably the dominant factor is 
the greater relative stability of the seven-mem- 
bered ring containing the endo double bond. 

In the mass spectrum of the acids 6 and 13 the 
predominant cleavage of the molecular ion was 
that in which the side chain was lost and a secon- 
dary cyclic carbonium ion, of mass 145 and 185 
respectively and stabilized by the adjacent 
aromatic ring, was formed. A similar favored 
cleavage to give a fragment of mass 143 occurred 
in the unsaturated acid 9 even though, formally, 
this would lead to a carbonium ion with the 
charge located on an unsaturated carbon atom. 
The lactone 10 also underwent cleavage to gen- 
erate an assumed similar carbonium ion of mass 
143 and in this case a hydrogen atom was 
eliminated with the lactone "side chain". The 
spectra of acids 6 and 9 also showed the loss of a 
fragment of mass 60. In the case of 6 this was 
demonstrated by precise mass measurement to be 
acetic acid and its formation may be explained as 

a McLafferty rearrangement product in which 
the charge remained with the larger (hydro- 
carbon) fragment. The predominant fission in the 
molecular ion of ketone 7 was that in which a 
fragment of mass 42 (ketene) was lost. Ketone 7 
has the required substituent a t  the y-carbon atom 
(5). Ketone 14 has a 6 rather than a y substituent 
and did not show a marked loss of mass 42 from 
the molecular ion. Loss of a mass 42 (C,H,) unit 
occurred from the molecular ion of hvdrocarbon 
15. Fission of one of the seven-membered rings at 
a bond one removed from the benzene ring and at 
a second bond attached to the six-membered 
ring seems likely. A similar fission occurred in the 
fragment of mass 185 in the spectrum of 13. Loss 
of fragments of mass 42 also occurred from the 
ion of mass 183 in the spectrum of 14 and from 
the ion of mass 221 in the spectrum of 16. 
Appropriate metastables were observed for all of 
the cited transitions. A proposed fragmentation 
of the unsaturated acid 12 is depicted in Scheme 3. 

Experimental 
Infrared (i.r.) spectra were determined on a Perkin- 

Elmer model 337 spectrometer calibrated with poly- 
styrene. The n.m.r. spectra were determined on Varian 
A-60 or HA-60-IL spectrometers using tetramethylsilane 
as internal standard. Mass spectra were determined o n  
AEI MS-902 instruments. Microanalyses were by Dr. 
A. D .  Campbell, University of Otago, Dunedin, New 
Zealand. 

3-Carbethoxy - 3-(1',2'-benzocyclohepta-I',3'- dien-3'-yl) - 
propanoic Acid ( 8 )  and 1',2'-Benzocyclohepta-lf,3'- 
dien-3'-yl-butandioic Acid 

Benzosuberone (160 g, 1.0 mole) and diethyl succinate 
(261 g, 1.5 mole) were added to  a solution of potassium 
t-butoxide, prepared from potassium (43 g, 1.1 mole) and 
t-butyl alcohol (1.2 dm3), under nitrogen. The solution 
was heated under reflux for 40 min and then allowed to  
stand at  room temperature for 24 h. The mixture was 
acidified with hydrochloric acid, the solvent removed, and  
the residue taken up in ether. After washing with water, 
the product half-ester was extracted into bicarbonate and  
the bicarbonate solution washed with ether. The product 
was extracted back into ether from the acidified bi- 
carbonate solution and the ether removed yielding the 
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carbethoxybenzocycloheptadienylpropanoic acid 8 (4) 
presumably contaminated with the exo isomer, as a clear 
oil (261 g, 90%); i.r. 1740 (ester C=O), 1710 cm-' (acid 
C=O); n.m.r. (CCI,) T 2.85 (m, 4, C6H4), 5.95 (t, 0.6, 
CH=C). Benzosuberone (13 g, 8 %) was recovered. 

The carbethoxypropanoic acid 8 (2 g) dissolved in 
methanol (50 g) and water (50 g) containing potassium 
hydroxide (50 g) was stirred at room temperature for 10 
days. The solution was acidified with hydrochloric acid 
and the diacid was extracted with dichloromethane. 
After treating the extract with norite the solvent was 
removed and the residue was recrystallized from aqueous 
methanol and then sublimed. The sublimate, which 
melted and resolidified at about 70" and then remelted at 
159-16l0, was recrystallized from benzene containing a 
little methanol to give 1',2'-benzocyclohepta-1',3'-dien- 
3'-yl-butandioic acid; m.p. 159-159.5"; i.r. (KBr) 1710 
(shoulder), 1700 cm-' (acid C=0); n.m.r. (CDCI3) 
r -1.75 (s, 2, C02H), 2.72 (m, 4, C6H4), 3.8 (t, 1, 
CH=C), 5.96 (m, 1, C=C-C(H)C02H), 7.05 (m, 2, 
C6H4CH2), 7.5 (m, 2, CH2CO2H), 7.8 (m, 2, C=CH- 
CH2), 8.16 (m, 2, CH,CH,CH2); mass spectrum (70 eV) 
m/e (relative intensity) 260.1046 (27, Mr (1ZC151H16'604) 
= 260.1049), 242.0942 (28, Cl5HI4O3), 214 (23), 201 
(38), 155 (47), 143 (loo), 141 (42). 

Anal. Calcd. for C15H1604: C, 69.21 ; H, 6.20. Found: 
C, 69.16; H, 6.29. 

3-(1',2'-Benzocyclohepta-l',3'-dien-3'-yl)propat1oic Acid 
(9) and the Lactone of3-(If,2'-Benzo-3'-hydroxy- 
cyclohepta-1'-en-3'-y1)propanoic Acid (10) 

The carbethoxypropanoic acid 8 (516 g, 1.79 mole) 
was heated under reflux for 48 h in a solution of acetic 
acid (3 dm3), hydrochloric acid (1.5 dm3), and water 
(2.2 dm3) (3). The mixture was concentrated by distilla- 
tion under reduced pressure and the acid taken up in 
benzene. The benzene solution was washed with water 
and the acid was extracted with saturated carbonate 
solution which was in turn extracted with dichloro- 
methane and the dichloromethane and benzene solutions 
were then combined. The carbonate solution was acidified 
and the liberated acid extracted with dichloromethane. 
The solution was dried, the solvent removed, and the 
residue recrystallized from 5% benzene-ligroin to yield 
the unsaturated acid 9 (98 g, 25%); m.p. 71.5-72"; i.r. 
(nujol) 1705 cm-' (acid C=O); n.m.r. (CC14) r - 1.83 
(s, 1, CO2H), 2.89 (m, 4, C6H4), 4.03 (t, 1, CH=C), 
7.0-8.2 p.p.m. (m, 10); mass spectrum (70 eV) m/e (rela- 
tive intensity) 216.1124 (40, M, (1ZC141H161602) = 
216.1152), 156 (31), 143 (loo), 141 (43), 115.0546 (43, 
C9H7). 

Anal. Calcd. for C14H1602: C, 77.75; H, 7.46. Found: 
C, 77.60; H, 7.52. 

A residual acidic oil (171 g) was also obtained. 
The combined benzene-dichloromethane neutral solu- 

tion was dried, the solvent removed, and the residue 
recrystallized from 5% benzene-ligroin to yield the 
lactone 10 (79 g, 21 %); m.p. 132-132.5" (lit. (6) 134"); 
i.r. (nujol) 1775 cm-' (lactone C=O); n.m.r. (CDCI,) 
T 2.83 (m, 4, C6H4), 7.13 (m, 2, CH2C6H4), 7.53 (s, 4), 
7.93 (m, 6); mass spectrum (70 eV) m/e (relative intensity) 
216.1 161 (100, Mr('ZC141H16'602) = 216.1 161), 187.0737 
(15, Ci,HllO,), 161.0972 (50, CllH130), 143.0861 (59, 
C I ~ H I I ) ,  141 (9). 

Anal. Calcd. for C14H1602: C, 77.75; H, 7.46. Found: 
C, 77.73, H, 7.47. 

A residual fraction (53 g) was obtained which was 
combined with the residual acid Craction and re- 
hydrolyzed for 5 days and the olefinic acid 9 and the 
lactone 10 isolated as described above. The residues were 
subjected to a third hydrolysis and at this stage the total 
yield was 84% consisting of acid and lactone in the 
ratio of 4.3. 

3-(1',2'-Bet1zocycloAept-1'-e11-3'-yl)propatroic Acid (6)  
(a) Fro171 rhe Bet~zocycloheptadiet~ylp1'opor2oic Acid 9 
The acid (28.3 g, 0.13 mole) was dissolved in acetone 

(1 50cm3)and hydrogenated over 5 % palladium-on-carbon 
(2 g) in a shaking autoclave at 8 MN n l rZ  for 4 h. The 
catalyst was filtered off and the solvent removed under 
reduced pressure to give the benzocycloheptenyl- 
propanoic acid 6 (25.8 g, 90.5 %) as a clear oil. 

( 6 )  From the Lactone 10 
The lactone (79 g, 0.37 mole) was heated under reflux 

for 6 h in acetic acid (1 dm3) with red phosphorus (60 g, 
1.9 mole), iodine(20g, 0.16 mole), and water (20 cm3) (7). 
The phosphorus was filtered off, the solution concentrated 
by distillation under reduced pressure and poured into 
5 % sodium bisulfite solution (2 dm3). The organic layer 
was taken up in benzene+ther and the acid extracted 
with saturated sodium carbonate solution which was then 
acidified and extracted with dichloromethane. The di- 
chloromethane solution was dried and the solvent 
removed yielding the benzocycloheptenylpropanoic acid 6 
(66 g, 82%). The residual benzene-ether solution was 
dried and the solvent removed to leave unreacted lactone 
10 (12 g, 16%). 

The acid 6 was distilled under reduced pressure and 
recrystallized from methanol; b.p. 164-168"/0.7 mm 
(lit. (8) 140-147"/0.3 mm); m.p. 52.5-53.5"; i.r. 1705 
cm-' (acid C=O); n.m.r. (CCl4) r - 1.98 (s, 1, CO, H), 
3.03 (m, 4, C&4), 7.20 (m, 3, CH2C6H4CH), 7.74 
(m, 4), 8.24 p.p.m. (m, 6); mass spectrum (70 eV) m/e 
(relative intensity) 218.1310 (100, M, (1ZC14'Hls1602) = 
218.1307), 200 (2), 158.1080 (29, C12H14), 145.1012 (100, 
CllH13), 143.0852 (26, CllHll), 129.0694 (28, Cl,H9), 
117.0698 (27, C9H9), 115.0546 (36, C9H7), 91.0530 
(C7H7). 

Anal. Calcd. for Cl4HlSO2: C, 77.03; H, 8.31. Found: 
C, 77.06; H, 8.37. 

3-0xo-1,2,3,7,8,9,10,10a-octal~ydrocyclolrepta[de]- 
naphthalene (7) 

The benzocycloheptenylpropanoic acid 6 (1 16 g, 0.53 
mole) was heated on a steam bath, with a solution of 
phosphorus pentoxide (1.5 kg) in 95% orthophosphoric 
acid (780 cm3) for 2 h. The mixture was poured into 
ice-water (3 dm3) and the ketone 7 extracted with 
benzene (4 x 250 cm3). The benzene extract was washed 
with saturated sodium carbonate solution, dried, and the 
solvent removed. On distillation of the residue the oxo- 
octahydrocycloheptanaphthalene 7 was obtained as an 
oil (99.6 g, 93.5%) which was crystallized from methanol 
at -70"; b.p. 160-170"/1.3 mm; m.p. 59-60" (lit. (1) 
43-44'); i.r. 1685 cm-' (aromatic C=O); n.m.r. (CC14) 
r 2.25 and 2.89 (m, 1 and 2, C6H4), 7.12 (m, 3, CH2C6- 
H4CH), 7.55 (m, 2, CH2CO), 8.16 p.p.m. (m, 8, 
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CH,CH2CH2CH,CHCH,CH,CO); mass spectrum (70 
eV) mle (relative intensity) 200.1204 (73, M, (lZC14- 
'H16160) = 200.1201), 172 (I]), 158.1109 (100, ClZH14). 

Anal. Calcd. for C14H160: C, 83.96; H, 8.05. Found: 
C, 83.84; H, 8.21. 

4-(1',2',3',7',8',9',1O',lO'a-Octahydrocyclohepta/de]- 
napkthalen-S f-ylidene) but-2-enoic Acid (12) 

Ethyl y-bromocrotonate (95 g, 0.48 mole) was added 
to a mixture of zinc dust (50 g) and the tricyclic ketone 7 
(96 g, 0.48 mole) dissolved in benzene (250 cm3) and ether 
(250 cm3), and a crystal of iodine added to initiate the 
reaction. More crotonate (70 g, 0.36 mole) and zinc dust 
(140 g) was added over 24 h. The mixture was stirred and 
heated under reflux for the initial I2 h and stirred at room 
temperature for a further 48 h. The reaction mixture was 
added to ice and dilute acetic acid and the aqueous and 
organic layers separated. The aqueous layer and the zinc 
remaining in the reaction flask were extracted with 
ether-benzene and the combined organic layers washed 
successively with 1 % ammonia, water, and saturated 
brine. The solution was dried and the solvent removed 
giving crude hydroxy ester 11; i.r. 3505 cm-' (OH). The 
ester was dissolved in ethanol (2 dm3) and stirred over- 
night with 50% potassium hydroxide solution (600 cm3). 
The solution was then diluted with water and extracted 
with benzene-ether which was in turn extracted with 
saturated sodium carbonate solution. The combined 
aqueous layers were acidified and extracted with benzene- 
ether. ~ f t e r  removal of the solvent from the acidic 
extract the residue was repeatedly recrystallized from 
methanol to give the vellow octahvdrocvclohe~ta- 
naphthalenylide~ecrotonic-acid 12 (35 -g, 26%); 
215-217" (with sublimation); i.r. (nujol) 1675 cm-I 
(conjugated acid C=O); mass spectrum (70 eV) mle 
(relative intensity) 268 (61, M, (ClsHzoOz) = 268), 223 
(loo), 167 (49). 

Anal. Calcd. for C18H2002: C, 80.56; H, 7.51. Found: 
C, 80.62; H, 7.51. 

4-(1',2',3',7',8',9',10',IO'a-0ctahydrocvclohetafde 7- - .  - 
naplrthalen-3'-y1)butanoic   did (2.3) 

In a typical reduction the diene-acid 12 (5.1 g) was 
dissolved in warm acetic acid- benzene solution (1 50 cm3) 
and shaken in an atmosphere of hydrogen at 5 MN m-Z 
for 4 h. The catalyst was filtered off and the solvent 
evaporated. The residue was taken up in hot ligroin and 
filtered. The crystals which were deposited on cooling 
were recrystallized ( x  3) yielding the octahydrocyclo- 
heptanaphthalenylbutanoic acid 13 (4.7 g, 91 %); m.p. 
11 1.5-1 12.5"; i.r. (nujol) 1690 cm-I (acid C--0); n.m.r. 
(CCI,) r 3.12 (m, 3, C6H3), 7.28 (m, 4, CH2C6H3- 
(CH)CH), 7.66 (m, 2, CH2C02H), 8.28 p.p.m. (m, 14, 
alicyclic and acyclic CH,); mass spectrum (70 eV) mle 
(relative intensity) 272 (27, M, ( ~ ~ 8 ~ ~ ~ 0 ~ )  = 272), 185 
(100). 143 (15). 
' ~ n a l .  c i c d .  for C18HZ402: C, 79.37; H, 8.88. Found: 
C, 79.47; H, 8.95. 

1 -Oxo-l,2,3,4,4a,5,6,6a,7,8,9,IO-dodecahydrodicyclo- 
hepta/de,ijJ7nnphthalene (14) 

The acid 13 (7.1 g) was heated with a solution of 
phosphorus pentoxide (250 g) in 95 % orthophosphoric 
acid (240 g) for 2 h. The mixture was worked-up as 
described above for the tricyclic ketone 7. The distilled 

tetracyclic ketone (6.0 g, 90%) was recrystallized from 
pentane; b.p. 210-220"/2 mm; m.p. 73.5-74.5"; i.r. 1678 
cm-' (aromatic ketone C=O); n.m.r. (CCI,) r 2.92 
(q, 2, J = 8 Hz) 6.9-7.5 (m, 6, CH~CBH,(CH)CH, 
CH2CO) 7.9-8.7 p.p.m. (m, 14, alicyclic CH,); mass 
spectrum (70 eV) mle 254 (100, M, (ClsHZ,O) = 254), 
236 (24), 226 (30), 198 (30), 183 (46), 141 (46). 

Anal. Calcd. for C18HZZO: C, 84.86; H, 8.72. Found: 
C, 85.05; H, 8.87. 

1,2,3,4,4a,5,6,6a,7,8,9,1O-Dodecahydrodicyclohepta- 
/de,(i]naphthalene (15) 

Zinc dust (5 g) and mercuric chloride (0.5 g) were 
swirled with dilute hydrochloric acid for a few minutes 
and the acid then decanted off. The tetracyclic ketone 14 
(1.0 g) in toluene (5 cm3) was added to the amalgamated 
zinc followed by acetic acid (30 cm3) and concentrated 
hydrochloric acid (12 cm3) and the mixture heated under 
reflux for 24 h. The reaction mixture was diluted with 
water and extracted with ether (5 x 25 cm3). Theethereal 
extract was washed with saturated sodium bicarbonate 
solution, dried, and the solvent removed. The residue was 
chromatographed on alumina (Brockmann 1) with 
petroleum ether as eluant. Benzene was used to elute a 
trace (0.03 g) of the ketone. The hydrocarbon 15 (0.85 g, 
91 %) obtained from the eluate was recrystallized from 
pentane; m.p. 52-52.5"; n.m.r. (CCI,) r 3.33 (s, 2, C6H,), 
7.27 (m, 6, CH,(CH)C,H,(CH)CH,), 7.9-8.7 p.p.m. 
(16, alicyclic CH,); mass spectrum (70 eV) nz/e 240 (100, 
M, (CisHz,) = 240), 198 (21), 183 (34). 

Anal. Calcd. for ClsH,,: C, 89.94; H, 10.06. Found: 
C. 90.00. H. 10.29. , , 

1,2,3,4,7,8,9,10-Octa/~drodicyclohepta/de,ijJ'- 
naphthalene (16) 

The dodecahydro compound 15 (4.1 g) was heated 
under an atmosphere of nitrogen with 30% palladium-on- 
carbon (0.3 g) in a Claisen flask fitted with a cold finger 
and placed in a silicone-oil bath. Hydrogen evolution 
started at 260' and continued for about 4 h as the 
temverature was slowly raised to 310". At the latter 
temperature hydrogen eiolution was minimal and heating 
was discontinued. Polymerization occurred above this 
temperature. The products were isolated by taking the 
reaction mixture up in a small amount of benzene and 
chromatographing it through a short (17 x 2.5 cm) 
column of alumina using petroleum ether as eluant. 
Under ultraviolet (u.v.) light three bands were revealed. 
The first fraction obtained was unreacted dodecahydro 
compound 15 (1.48 g, 36%), the second the desired 
octahydro compound 16 (2.45 g, 61 %), and the third 
an unidentified high molecular weight compound which 
was eluted with benzene. The octahydrodicyclohepta- 
naphthalene was recrystallized from pentane; m.p. 143- 
144"; n.m.r. (CCI,) r 3.15 (s, 4, aromatic CH) 6.90 
(broad, 8, benzylic CH,), 8.04 p.p.m. (m, 8, alicyclic 
CH2); mass spectrum (70 eV) mle 236 (100, M, (C18H,o) 
= 236), 221 (8), 208 (4), 207 (5), 179 (9). 

Anal. Calcd. for C18HZO: C, 91.47; H, 8.53. Found: 
C, 91.34; H, 8.75. 

1,2,3,7,8,9,1O,lOa-Octahydrocyclohepta/de]naphthalene 
(3) 

The tricyclic ketone 7 (10 g) was reduced by the 
Clemmensen procedure described for the reduction of 
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the tetracyclic ketone 14 and gave hydrocarbon 3 (7.8 g, 
84%); b.p. 78-80"/0.3 mm (lit. (2) 155-158123 mm), i.r. 
3065 and 3020 (aromatic C-H), 2920 and 2850 (alicyclic 
C-H), 1590 (aromatic ring) 1465 and 1445 (CH,), 785, 
778, 768, 746 cm-'. 

Some unchanged tricyclic ketone (0.7 g, 7%) was 
recovered. 

7,8,9,10-Tetrahydrocyclohepta[de]naphthalene (4 )  
The hydrocarbon 3 (7 g) was heated at 300", under 

nitrogen, with 30% palladium-on-charcoal (0.4 g) for 4 h. 
The product was taken up in benzene, the catalyst 
filtered off, and the benzene removed. The residue, 
obtained in essentially quantitative yield, was shown to 
consist of the product tetrahydro 4 and reactant octa- 
hydro 3 compounds in the ratio of 85:15. The tetra- 
hydrocycloheptanaphthalene 4 was obtained on re- 
crystallization from ethanol as rhombic crystals; m.p. 
54.5-55.5O (lit. (1) 55.5-57'); i.r. (nujol) 3060 and 3035 
(aromatic C-H), 1595 and 1580 (aromatic ring), 832, 
819,794, 771 cm-'; n.m.r. (CDCI,) .s 2.7 (m, 6, aromatic 
CH) 6.77 (m, 4, benzylic CH2) 7.95 (m, 4, alicyclic CH2). 

We thank the Research Committee of the University 
Grants Committee (New Zealand), the National Research 
Council of Canada, and the University of Victoria 
(Canada) for grants, and Dr. R. Hodges and Dr. G. J. 
Wright for mass spectrometric measurements. 
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Kinetic deuterium isotope effect in the reaction of methyl iodide with thiosulfate 
ion in aqueous solution' 

ALFRED V. WILLI AND CHONG MIN WON 
College ofPhartnaceutica1 Sciences, Columbia University, 115 West 68th Street, New York, New York 10023 

Received November 18, 1969 

The kinetic deuterium isotope effect in the reaction of methyl iodide with thiosulfate ion in aqueous 
solution has been determined as follows: k,/k, (per 3D) = 0.966 (+0.02"), 0.968 (+10.0O0), 0.970 
(+ 19.98"). Kinetic experiments have been carried out In reaction vessels with no gas phase. The experi- 
mental data are compared with results of model calculations of isotope effects from force constants. 
Excellent agreement between experimental and calculated isotope effects may be obtained with the 
following values of the transition state bending force constants: fHCl = 0.295 mdyn A, f ~ c s  = 0.300 
to 0.320 mdyn A. These values are equal to 50-65 % of the corresponding bending force constants in 
stable molecules. 
Canadian Journal of Chemistry, 48, 1452 (1970) 

Introduction 
In a previous publication (I), the authors of 

this paper reported results of deuterium isotope 
effect determinations for the reaction of methyl 
iodide with cyanide ion in aqueous solution from 
0 to 40O.' The work was done in comparison to 
computer calculations of isotope effects from 
vibrational force constants, with the purpose of 
gaining information on the transition state of the 
reaction (2). Reasonable assumptions were made 
concerning the CC and CI stretching force 
constants and the interaction force constant f,, 
(interaction between the CC and CI stretches) in 
the transition state. The sum of the transition 
state bending force constants, f,,, + f,,,, was 
adjusted to fit the experimental isotope effect at 
one temperature, and good agreement between 
experimental and calculated isotope effects then 
was obtained for the whole temperature range of 
the experimental data. 

It may be expected that the bond orders of the 
reacting bonds in the transition state are affected 
by the nucleophilic power of the attacking 
reagent (3, 4). Force constants referring to 
reacting bonds are dependent on the bond orders. 
According to the Swain-Scott scale (5 ) ,  thio- 
sulfate ion is the nucleophilic reagent with the 
greatest nucleophilic power. Therefore, it may be 

'Taken from a part of the thesis of Chong Min Won, 
to be submitted to the Faculty of Pure Science of Colum- 
bia University, New York, New York, in partial fulfill- 
ment of the requirements for the degree of Doctor of 
Philosophy. 

*Brief reviews on previous isotope effect work on SN2 
reactions of alkyl halides are given in refs. 1 and 2. 

interesting to study kinetic isotope effects in the 
reaction of methyl iodide with thiosulfate ion and 
to try to evaluate transition state force constants 
from the experimental data. Alpha-deuterium 
isotope effects for this reaction in aqueous solu- 
tion are reported in.this work. In the same way as 
in the previous work on the reaction of methyl 
iodide with cyanide ion, the kinetic experiments 
have been done in reaction vessels with no gas 
phase. 

The kinetics of the reaction of CH31 with 
S2032-  have been investigated previously by 
Slator (6) and by Prasad and Godbole (7). It was 
found that the reaction follows the second order 
law and essentially goes to ~omplet ion.~ 

Starting materials and solvent were purified as 
described in the previous paper (1). 

Also, the reaction vessels with no gas phase 
were identical with those described previously 
(1). In a similar way as in the previous study, 
kinetic experiments of the reactions of CH31 
with S203,- and of CD31 with were 
done simultaneously, in two equal apparatuses 
immersed in the same thermostated water bath. 
Samples were taken out at suitable time intervals, 
and unreacted thiosulfate ion was titrated with 
iodine solution. The initial methyl iodide con- 
centration was computed from the initial thio- 
sulfate concentration and the thiosulfate con- 
centration at "infinity time". 

Second order rate constants were calculated 

3Unfortunately, a comparison of the rate constants 
with those found in this study is not possible as the 
dimension of the rate constants in ref. 7 is unclear. 
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from the experimental data with the aid of the 
equation 

For each kinetic run, the best straight line was 
fitted to the experimental points of log [(S2032 -)/ 
(CH,I)] vs. t ,  using an electronic digital computer 
with a least squares program. 

Results and Discussion 
In all experiments, the initial concentration of 

methyl iodide or methyl-d, iodide, respectively, 
is ca. 1 x M and that of thiosulfate ion is 
ca. 2 x M. Results of second order rate 
constants and isotope effects, obtained at three 
different temperatures, are collected in Table 1. 

TABLE 1 
Rate constants and isotope effects in the reaction of 

methyl iodide (RI) with thiosulfate ion in water 

10 kZ (s-' M-') 
Temperature 

("c) R = C H 3  R = C D 3  ~ H I ~ D  

Each rate constant or isotope effect value is the 
average of 5 determinations. At temperatures 
higher than 20°, the reaction is too fast for precise 
measurement with the equipment used in this 
work, since the reaction vessels require a relatively 
long filling time. 

Arrhenius parameters and their estimated 
errors are given as follows 

CH,I + S2032- 

A = 2.73 x 1013(f 20%) 

E, = 20.38(f 0.25) kcal 

CD,I + S2OS2- 

A = 2.69 x 10l3(f 20%) 

E, = 20.35(10.25) kcal 

Isotope effect 
AH/AD = 1.026(f 0.030) 

EaH - EaD = 33 cal 

As these experiments are extended over a tem- 
perature interval of 20" only, the results of the 
temperature dependence of the isotope effect are 
not as precise as those of the previous work on the 
reaction with cyanide ion (1). 

According to the results of this study, the 
reaction of methyl iodide with thiosulfate ion 
exhibits a small inverse deuterium isotope effect. 
An inverse deuterium isotope effect has been 
found previously for the reaction of methyl 
iodide with cyanide ion (kH/kD = 0.913 per 3D 
at 20"). For the reactions of methyl bromide and 
methyl p-toluenesulfonate with thiosulfate ion, 
however, Leffek (8) and Jackson and Leffek (9) 
observed normal deuterium isotope effects 
(kH/k, = 1.03 and 1.12, respective<y per 3D 
at 25". 

Some model calculations of the deuterium 
isotope effect in the reaction of methyl iodide 
with thiosulfate ion have been carried out in this 
work, using the cut-off method suggested by 
Stern and Wolfsberg (10). In these calculations, 
the geometry and the force constants of the model 
of the reactant are the same as in previous 
calculations (1) (2). In the model for the transition 
state, the central CH, group is planar, with 
LHCH = 120°, LHCI = LHCS = 90°, and 
the following bond lengths and angles 

r,, = 2.03 A 
LCSS = 107" 

The S203 moiety is represented by two points, the 
one being the outer S atom, the other one the SO, 
group whose mass is located in the model at the 
position of the inner S Atom (cut-off method). 
Transition state force constants are chosen as 
follows 

fss = 2.5 mdyn/A (1 1) 

f,,, = 0.1 mdyn A 
and 

fHcss = 0.1 mdyn A (torsion) 

The values of the force constants for the CH 
stretching ( fcH = 5.05 mdyn/A in all calculations 
in this paper), HCH bending, and CH, out-of- 
plane bending motions, as well as interactions 
among these motions are the same as in previous 
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TABLE 2 
Calculated isotope effects* 

Experimental results 0.966 0.968 0.970 

'Stretching force constants are given in mdyn/A and bending force constants are given in mdyn A. 

TABLE 3 
Transition state bending force constants 

Transition state Stable 
molecule 

Reaction Reference ~ H C I  + ~ H C Y  ~ H C Y  FHCY 

CH31 + *I- 2 0.590 0.295 0.55 (15) 
CHSI + CN- 1 0.695 0.400 0.64 (11) 
CH31 + SzOs2- This work 0.595 0.300 0.525 (1 6) 

calculations for other transition state models of 
the type I .  , .CH3. . .Y (1,2). 

The remaining 5 force constants are related to 
reacting bonds. Sample calculations are done 
with 3 different sets of values for fcs, f,,, and f,, 
(interaction between the CS and CI stretches, see 
Table 2). The bending force constant fHcI is kept 
constant at 0.295 mdyn (the value found for 
the transition state I .  - .CH3. . -I) while for each 
of the 3 sets off,,, f,,, and f,, the bending force 
constant fHcs is adjusted to fit the experimental 
isotope effect. 

The 3 sets of stretching force constants have 
been selected on the following bases 

(I) fcs = fc, = 0.2 mdyn/A, f,, = 1.5 mdyn/A 
(no particular theoretical model). 

(2) The force constants are calculated from a 
semi-empirical model of the energy barrier with 
the aid of an equation which corresponds to that 
suggested by Johnston (12). The model has been 
described recently (1 3). Starting from V, = V, = 
37.2 kcal, p, = 2.26, p, = 1.717, the following 
values are obtained: n = 0.526 (bond order of 
bond to be broken) and F*  = 1.87 mdyn/A 
(force constant describing the curvature of the 
energy barrier). 

(3) The same model is applied, but it is assumed 
that V, > V,, as the equilibrium of the reaction 
is far on the side of the products. The values of 

V, = 37.2 kcal, V, = 45.7 kcal, p, = 2.26 lead 
top, = 1.978, n = 0.560, and F*  = 2.22mdyn/A. 

The force constants of sets (2) and (3) are 
calculated from n and F*  with the aid of eqs. [2] 
and [3] 

[2a I fcs = Fcs (1 - n) 

[2b I fcr = F c ~ n  

Fcs = 3.00 mdyn/A (14) and Fc, = 2.25 mdyn/A 
(1 5) are the values ofthe stretchingforce constants 
in stable molecules. 

P I  f,, = LfC,C2 + fcs + (1 + C2>F*l/2C 

C = (1 - n)/n 

According to the results of isotope effect 
calculations collected in Table 2, the experi- 
mental value for kH/k, is obtained if the transition 
state bending force constant fHcs is adjusted to a 
value in the range 0.300-0.320 mdyn A. In all 
3 examples, calculated and experimental isotope 
effects agree within experimental error, at all 
3 temperatures. 

In Table 3, transition state bending force 
constants involving one reacting bond are com- 
pared with bending force constants for the same 
bonds in stable molecules. In all 3 examples 
which are available today, the transition state 
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bending force constant is equal to 50-65 % of the 
bending force constant for the stable molecule. 

NOTE ADDED IN PROOF: Previous kinetic work 
on the reaction of methyl iodide with this sul- 
fate ion has been done by Moelwyn-Hughes (17) 
and Hasty and Sutter (18). The agreement with 
the results of this work is good. 

The authors are pleased to acknowledge financial 
support of this work by the U.S. Atomic Energy Corn- 
mission through Contract No. AT(30-1)-3796. 
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Activities and ionic distributions in liquid silicates: application of polymer theory1 

C. R. MASSON, I. B. SMITH, AND S. G. WHITEWAY 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

Received December 15, 1969 

Theoretical expressions derived previously for molecular size distributions in multichain polymers are 
applied to binary silicate melts. The treatment is an  extension of a previous approach which was limited 
to the consideration of linear chains. When all configurations of the chain molecules are taken into con- 
sideration, the predicted variation of thermodynamic activity with composition agrees with experiment 
for all binary systems for which data are available. The effect of allowing for all chain configurations is 
largely to  improve the fit between theory and experiment at high silica contents. Calculated ionic dis- 
tributions for the system 'Fe0'-Si02 d o  not differ markedly from those previously reported. The mean 
chain length is unaffected. The results support previous views that principles of polymer chemistry can 
be applied usefully to silicate melts and glasses. 

Canadian Journal of Chemistry, 48, 1456 (1970) 

Introduction 

In a previous paper (1) theoretical expressions 
were derived for the most probable distribution 
of molecular sizes in branched polymers formed 
by the self-condensation of a multifun~tional 
monomer. We now apply this theory to the cal- 
culation of activities and ionic distributions in 
binary silicate melts. Knowledge of the constitu- 
tion of these melts is important in understanding 
the thermodynamic behavior of metallurgical 
slags and interpreting the physical and chemical 
properties of glasses. 

'NRCC No. 11 225. 

General 

Consider a binary silicate melt MO-SiO,. 
Apparently such melts contain, in addition to 
cations M2+ and free oxygen ions 0'-, a dis- 
tribution of monomeric and polymeric silicate 
anions in dynamic equilibrium. The distribution 
may be calculated approximately by polymer 
theory from the thermodynamic properties of the 
melt. 

In the following treatment it is considered that 
liquid silicates may be treated as condensation 
polymers derived from the "monomer" Si0:-. 
All configurations of the polyionic chains are 
considered to be allowed. The assumptions in this 
treatment are identical with those made in con- 
ventional polymer theory. These are (a) that 
intramolecular condensation may be neglected 
and (b) that all functional groups of the same 
kind are chemically equivalent (principle of equal 

reactivity). In addition it is assumed (c) that ion 
fractions may be related to thermodynamic activ- 
ities by the Temkin equation, as discussed below. 

The first assumption implies that the silicate 
ions consist exclusively of linear and branched 
chains of general formula SinO:J;"++l')-. As shown 
previously (2) the distribution of anions in such 
a system may be considered in terms of the equi- 
librium between the ion Si0:- and any species of 
chain length n to yield the next higher member 
and a free oxygen ion 

In previous work the approximation was made 
that the equilibrium ratios kln for reaction [ I ]  
were independent of n. This treatment resembled 
a theoretical approach first outlined by Graner 
and Sillen (3). A similar treatment was developed 
also by Tobolsky and Eisenberg (4) and Tobolsky 
(5). Although an oversimplification for silicate 
melts, the method proved valuable in interpreting 
activity-composition relationships for many bi- 
nary systems in regions of high basicity. It also 
allowed ionic distributions to be calculated ap- 
proximately from thermodynamic activities and 
showed how they were related to the standard 
free energies of formation of the pure crystalline 
silicates. 

It is now clear that this simple approach holds 
only for a system comprised exclusively of linear 
polymers, as would be derived from a bifunctional 
monomer. For linear polymers, chain growth by 
reaction of monomer can occur at only two sites, 
namely the ends of the chain. Similarly, de- 
polymerization by scission of monomer from 
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the chain can occur at only two locations. Hence 
the equilibrium constant for reaction [l ] is inde- 
pendent of chain length, equal reactivity of 
functional groups being assumed. For multi- 
functional condensations, however, the number 
of sites available for growth and degradation by 
reaction [ I ]  varies with n. Hence the equilibrium 
ratios k,, are not identical, but depend on the 
chain length. Calculating how kin varies with n is 
equivalent to calculating the configurational 
aspect of the molecular size distribution in poly- 
functional condensations. 

When intramolecular condensation is neglected, 
the correct theoretical expression (1) for the 
molecular size distribution in polymers derived 
from a tetrafunctional monomer is 

where N, is the mole fraction of x-mer and a is the 
fraction of functional groups that have reacted. 
The factorial term in this expression refers to the 
number of configurations (6, 7) of an x-mer. 
Strictly, eq. [2] was derived for addition polymers, 
whose repeating unit is that of the monomer itself, 
or to condensation polymers in which the product 
of condensation is removed from the system and 
is therefore neglected in the expression for mole 
fractions. In the self-condensation of silicate ions, 
however, the product of condensation, free oxy- 
gen ion 0 2 - ,  accumulates in the system until 
equilibrium is attained and its presence cannot be 
ignored in the evaluation of ion fractions. In this 
case the exact theoretical expression (1) for the 

size distribution becomes 

x (1 - Noz-) 
where NO2- is the ion fraction2 of free oxygen 
ions in the system at equilibrium and N, is that 
of any silicate ion of chain length x. 

Activities 
To calculate activities, we need consider only 

one of the equilibria represented by reaction [I], 
and choose the simplest, for n = 1. If the value of 
k t ,  is known, or can be determined, the equilib- 
rium ratio for any other reaction is defined. These 
remarks apply, of course, for the ideal situation in 
which the principle of chemical equivalence of 
functional groups is assumed to hold. 

From reaction [ l ]  with n = 1, we have, by 
definition 

[4 I ki t  = N2Noz-IN: 
where ion fractions are used in place of activities. 
As shown previously (9), this does not necessarily 
imply ideal mixing of anions but, more logically, 
ideal mixing of polyionic segments. 

Substituting for N, and N2 from eq. [3] and 
simplifying, we obtain 

Now the mole fraction of silica may be ex- 
pressed in terms of the ion fractions of the con- 
stituents of the melt by the equation 

C61 
moles SiO, from silicates 

N s ~ o ~  = moles moles MO moles S i02  
"free" MO + from silicates + from silicates 

2As in previous work, the Temkin (8) method of rep- Similarly, for the anions Si0:-, Silo:-, etc. 
resenting ion fractions is used, whereby anions and 
cations are considered separately. Thus No?- is given by Nl - "SIO:- 

xnnnlonr  

For the cations 

- nsl,o?- 
2-- 

Enantons 
etc. - - 8."- 

n ~ z +  no'- + nslo:- + ?rs120: - + . . a &2+ = - 
Encations 

where 1 2  is the number of ions of the species indicated. and, for a binary system M O S i 0 2 ,  NM2+ is unity. 
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Dividing numerator and denominator by C N ,  
and noting that the mean chain length X, is given 
by C xN,/C N,, eq. [6] becomes 

As silicate and oxygen are the sole anionic species 
in the melt, the sum of their ion fractions equals 
unity 

Substituting for C N, from eq. [8] in eq. [7], one 
obtains 

Introducing the general expression (6) for the 
mean chain length in anf-functional condensation 

we obtain, for f = 4 

Equation [I 1 ] can be expressed in terms of the 
activity of MO by introducing the Temkin 
equation 

As NM2+ is unity for a binary system, we obtain, 
from eqs. [I I ] and [12] 

From eqs. [5] and [12] 

Substituting for a in eq. [13] 

FIG. 1. Theoretical curves of activity of MO against 
mole fraction of Si02 for various values of kt,. 

Equation [15] is our desired expression for the 
activity of MO as a function of composition. 
Theoretical curves of a,, against NSioz for 
various values of kll  are presented in Fig. 1. 

In contrast to the curves derived previously (2), 
and as a consequence of allowing for all configura- 
tions of the silicate chains, the curves in Fig. 1 no 
longer pass through zero activity of MO at the 
metasilicate composition (Nsio, = 0.5). The 
differences are most marked for high values of 
kl l ,  as expected. 

Comparison with Experiment 
In the following, a value of kll was chosen to 

fit experimental data at one composition. Arbi- 
trarily, a value was chosen which gave the best 
fit in the region 0.45 > Nsio2 > 0.3. The theo- 
retical curve for the selected value of kl l  was then 
compared with the data for other compositions. 
Deviations at lower silica contents may be due to 
the inadequacy of the principle of chemical 
equivalence of functional groups for the smallest 
anions; deviations at high silica contents might 
be due to our neglect of intramolecular con- 
densation. 

( I )  The System CaO-Si02 
Due to the low value of kll and consequently 

the almost complete absence of polymeric species 
in melts more basic than the orthosilicate, there is 
little difference between the curve based on eq. 
[15] and that derived in previous work. As shown 
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in Fig. 2, the curve for k, ,  = 0.0016 fits the data 
at all compositions. The experimental points 
were obtained from Darken's (10) free energy of 
mixing curve by the method of intercepts, as de- 
scribed previously (2), and the deviations from the 
line in Fig. 2 are within the error in drawing the 
tangents. 

(2) The System PbO-SiO, 
Activities of PbO in this system were measured 

recently by Charette and Flengas (1 1). Their 
results are in reasonable agreement with the 
earlier data of Richardson and Webb (12) and of 
Sridhar and Jeffes (13). The data of all three sets 
of investigators are reproduced in Fig. 3. The 
solid line corresponds to eq. [15] with k, ,  = 
0.196 and fits the data over the entire range up to 
silica saturation. 

Included in Fig. 3 is the line based on the pre- 
vious treatment for linear chains, using the same 
value of k, , .  The curves do not differ significantly 

FIG. 2. Activity of CaO plotted against mole fraction 
of Si02 for the system CaOSiOz at 1600 "C. 0, from 
integral molar free energies of mixing (Darken). The line 
corresponds to eq. [15] with kll = 0.0016. 

I J I I 1 
0.2 0.4 0.6 0.8 1 .O 

N ~ b ~  

FIG. 3. Activity plotted against mole fraction of PbO 
for the system PbO-Si02 at 1000 "C. 0, Richardson and 
Webb; 0, Sridhar and Jeffes; x ,  Charette and Flengas. 
The solid line corresponds to eq. [15] with k,, = 0.196; 
for N p b p  < 0.5 it is shown as a broken line, as eq. [15] is 
not valid in this region. The line -.-.- is the theoretical 
line for linear chains, using the same value of k,,. 

for Npb0 > 0.7, and in this range both treatments 
fit the data equally well. 

(3) The System MnO-SiO, 
Figure 4 is derived (2) from the experimental 

data of Abraham, Davies and Richardson (14). 
The curve for k, ,  = 0.25 fits the data reasonably 
well. In particular, the modified theory yields a 
better representation of the data at high silica 
contents. 

(4) The System 'Fe0'-SiO, 
This system is not a true binary but is more 

properly regarded as the ternary, FeO-Fe 0 - 
SiO,, with Fez+ and Fe" cations. As N~~:+ 1s 
not unity,, aFeo cannot be substituted directly for 
No,- in eq. [ll] .  Instead, No,- is replaced by 
aEeo/NEe2+, as given by eq. [12], and a,, in eq. 
1'151 becomes aEeo/NFe2+. The ion fraction of 
ferrous iron, NFez +, is determined experimentally 
by chemical analysis. 

A further complication is the necessity for con- 
verting the measured activities to stoichiometric 
FeO as the standard state. As discussed pre- 
viously (2) this requires a knowledge of N:e2+, the 
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I .o 

0.8 

0.6 

9 
z 
0 

0.4 

0.2 

0 

N of the phase diagram, were extrapolated 
linearly to t.he temperature of interest to yield 

- values of N:e2+ for the standard state at each - 

temperature 
Fez+ + Fe3+ 

- - r = 
Fe2+ 

- - i t F e 2 +  + nFe3+ 
- 

n ~ e 2 +  

- - 1 - -  
N:&+ 

- - These values of Nge2+ were used to convert the 
measured activities to stoichiometric FeO as 
standard state in the manner described previously. - - 

In Fig. 5, aFeo/NFe2+ is plotted against Nsioz 
for both sets of data. The line corresponds to eq. 

- - [15] with k,, = 0.7. Again there is a good fit be- 

N ~ i ~ ,  

FIG. 4. Activity of MnO plotted against mole fraction 
of SiOz for the system MnO-Si02 at 1500-1600 "C. a, 0.6 
Abraham, Davies, and Richardson, calculated to 11quld $ 
MnO as standard state. The line corresponds to eq. [15] 2 with kll = 0.25. 

\ 
0 

G 
ion fraction of Fe2+ in the non-stoichiometric 

0.4 
oxide of composition corresponding to the 
standard state. 

Activities of 'FeO' in this system were 
measured by Schuhmann and Ensio (15) and 
Bodsworth (16). Both authors chose, as standard 

0.2 
state, supercooled liquid 'FeO' in equilibrium 
with y-Fe at the temperature of the melt. The 
composition of this standard state is most readily 
visualized as an extrapolation of the line CN in 
the phase diagram of Darken and Curry (17). It 
varies with temperature. 

0 
I 

- k, ,  = 0.70 

- 

- 

- - 

- 

- 

/ 
/ 

/ 
/ 

- - 

I I I 

0.6 0.4 0.2 o 

1.0 - 

- - 

In Table I11 of ref. (17), Darken and Gurry give , N ~ i  o., 
values of r = (Fez+ + Fe3+)/Fe2+ at various FIG. 5. Values of aF,,/iV,,2+ plotted against mole 
temperatures for liquid "FeO" in equilibrium fraction of Si02 for the system 'F~o'-s~o~ at 1257- 
with liquid iron, i.e. for compositions along the, 1406 "C. 0, Schuhmann and Ensio; a, Bodswofth. The 

line CN. ~ h ~ ~ ~ ,  along with values of calculated experimental points were recalculated to stolchlometr~c 
FeO as standard state. T h ~ l i n e  corresponds to eq. [15] 

from the exad compositions at points C, G, and with aMo replaced by aFCo/NF,z+ and kll = 0.70. 

,,,raa 
3 .  . - 

I I I I I 
0.8 

0.6 0.5 0.4 0.3 0.2 0.1 0 
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tween theory and experiment over a wide range 
of silica contents. The slightly poorer fit at low 
levels of SiO, is in the direction expected if the 
principle of chemical equivalence of functional 
groups did not hold exactly and the smaller ions 
were more reactive. 

(5) The system COO-SiO, 
Activities in this system have not been measured 

experimentally. Approximate values of a,,, were 
calculated (9) from the phase diagram (18) using 
an assumed value for the heat of fusion of COO. 
These are plotted in Fig. 6 along with the curve 
for kll = 2.0. In view of the uncertainties, the 
fit is as good as can be expected for this system. 

(6) The Systenz SnO-SiO, 
Activities of SnO in this system were deter- 

mined by Kozuka, Siahaan, and Moriyama (19). 
Their results are compared in Fig. 7 with the 
curve for kl l  = 2.55. The excellent fit over a wide 
range of silica contents confirms the theory for a 
system with a high value of kl l .  

Ionic Distributions 
Expressions may be derived readily for N, in 

terms of any pair of the dependent variables k,,, 
a,,, Nsio2, and a. Thus, from eqs. [3] and [12] 
we obtain Nx in terms of a and a,, 

If a is expressed in terms of aMo and NSi02, we 
can obtain Nx as a function of aMo and Nsio,. 
Thus from eq. [I31 

[18] a = 
2 

Substituting for a in eq. [17] 

FIG. 6. Activity of COO plotted against mole fraction 
of SiOz for the system COO-SiOz at 1407-1700 "C. The 
points were calculated from the phase diagram of Masse 
and Muan. The line corresponds to eq. [I51 with kll = 
2.0. 

Equation [19] may be used to evaluate ion frac- 
tions directly from activity<omposition relation- 
ships. 

A third useful expression is obtained by solving 
for Nx in terms of kll and a,,. Substituting for a 
from eq. [I41 -in eq. [17] 

1" Equations [17], [19], and [20] are of equal 
utility for calculating ionic distributions. The 
equation for Nx in terms of kll and Nsio, is less 

Z X +  1 useful as it involves solution of a quadratic 1 - + 2 a ~ o  expression. 

" (K~ ) (' 
'MO) As illustration of these equations, ionic dis- 

tributions were calculated for the system 'Fe0'- 
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1.0 1 Substituting for a from eq. [14] 

For the mean chain length, Zn, of silicate ions 
we have, from eq. [lo] 

0.6 

z 
0 

V, 

FIG. 7. Activity of SnO plotted against mole fraction 
of SiO, for the system SnO-Si0, at 1100 "C. @, Kozuka, 
Siahaan and Moriyama. The line corresponds to eq. [15] 
with kll = 2.55. 

SiO, at 1530-1680 OK. Values of a,, corre- 
sponding to various values of Nsioz were cal- 
culated from eq. [15] with k,, = 0.70. These were 
inserted in eq. [20] to yield the ion fractions of 
various species up to the decamer, SiloO$?-, at 
each silica content. The results are presented in 
Fig. 8. 

The distributions closely resemble those cal- 
culated previously (2).  In particular, each of the 
ion fractions of SiOl-, Si,O$-, Si301i-, . . . 
passes through a maximum at compositions cor- 
responding to the formulae Fe2Si04, Fe3Si20,, 
Fe4Si3Ol0, . . , respectively. The refinement of 
allowing for all configurations results in slightly 
higher values for Nsiot- at all compositions and 
slightly lower values for the other species. As 
shown in the following, the mean chain length is 
unaffected. 

Mean Chain Lengths 

0.8:- k, ,  1- = 2.55 

- 

- - 

- Re/ - 
#.GR 
- - 

This is identical with the expression derived 
previously (9). 

It  should be noted that Xn as defined above 
refers to the silicate ions only. The oxygen ions, 
which are in general also present in the system, 
are not included in the expression for the mean 
chain length. Of course, if oxygen ions are in- 
cluded, the mean chain length of all anions is 
independent of the degree of polymerization and 

[22] =- x 1 n - - 1 - - 1 3 f kll(l 1 a - MO ~ M O )  

Equation [22] allows the mean chain length to be 
evaluated directly from the activity if k,, is 
known. 

Alternatively, the mean chain length may be 
expressed in terms of aMo and Nsio, by substitut- 
ing for a from eq. [18] in eq. [21] 

FIG. 8. Ion fractions of SiOt-, Si,Oq-, Si,0,8;, 
Si40:!-, Si5O:;-, and SiloO::- plotted against mole 
fraction of silica for the system 'FeO'SiO, at 1530- 
1680 OK. 
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3 0 1 , , , , , , , , ,  TABLE 1 

Variation of k1. with n for various binary systems 

Oxide kl kl z k13 k14 kl, 

CaO 0.0016 0.0021 0.0024 0.0026 0.0036 
PbO 0.196 0.261 0.299 0.324 0.441 . .- 

MnO 0.25 0.33 0.38 0.41 0.56 
FeO 0.70 0.93 1.07 1.16 1.575 
COO 2.0 2.7 3.1 3.3 4.5 
SnO 2.55 3.40 3.89 4.22 5.74 

Values of k,,, k,,, k13, k14, and k,, for the 

0.1 0.2 0.3 0.4 0.5 
experimental systems are presented in Table 1. 

N ~ i ~ ,  The limiting ratio k, ,/k,, is 914. 
It is interesting to evaluate also the equilibrium 

FIG. 9. Mean chain length F,, of silicate ions plotted 
against mole fraction of SiO, for the system 'FeO1$iOz k n , n , n + l  for redistribution reactions 
at 153&1680 OK. the type 

[28] Si,,O$F$:)- + Si,OZ("+"- 3 n + l  F? Sin+lOz(n+z)- 3 n + 4  

is determined solely by the composition of the 
melt + Si,,-10:;:2 

~ 2 4 1  
1 

- 
1 

2 Substituting for N,, Nn +, , and Nn-, from eq. [3] 
(2n)al l  anions N s ~ o ~  in the expression for the equilibrium constant 

we obtain 
The mean chain length of silicate ions in the 

- system 'FeOY-SiO,, as calculated by eq. [23], [29] k, , , , ,+ ,  - 
(3n + 2)(3n + 1)(2n + 1)n 

is plotted against the mole fraction of silica in (3n - 2)(3n - 1)(2n + 3)(n + 1) 
Fig. 9. These values may be used in conjunction 
with the ion fractions in Fig. 8 to calculate dis- 
tributions as percentages by weight as described 
previously (9). 

Variation of k,, with n 

Using ion fractions in place of activities, the 
equilibrium ratio k,, is given by 

[25 I kln = Nn+1No2-/N1Nn 

The values of k,,,,,+, rapidly converge to unity 
as n increases. This may be contrasted with the 
situation for linear polymers, where k,,,,,,, is, in 
theory, equal to unity for all values of n. 

Discussion 

It must be emphasized that the ionic distribu- 
tions derived above represent "ideal" distribu- 
tions based on the simplifying assumptions out- 

Substituting for Nl, Nn, and Nn+, from eq. (31 lined initially. Of these, the principle of chemical and simplifying, we obtain eauivalence of functional groups, widely used in 
2a/3 N02 - polymer theory, should not beAexpected to hold 

C261 kl, = 1 - 2 a / 3  1 -No,- rigorously, particularly for the smallest species. 
This limitation probably accounts for much of 

X 
3(3n + 1)(3n + 2) the deviation between theory and experiment for 
2(2n + 3)(n + the melts of high basicity in Figs. 4 and 5. 

Substituting for No2/(l - No,-) from eq. [5] 

Equation [27] allows the value of k,, to be 
calculated for any value of n if kll  is known. 

3Note on terminology: as discussed elsewhere (9), we 
use either k,, ,,,, or k ,,,,,- to indicate the equilibrium 
ratio for reaction [28]. In general, three subscripts are 
required to indicate precisely the equilibrium ratios of 
redistribution reactions of this type. We reserve the use of 
k,, for the special case in which an oxygen ion is 
eliminated 

Sin + Sin F? Sizn + OZ- 
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The assumption that Temkin's law is valid for 
binary silicate melts is probably less serious as this 
law holds for many systems with a common 
cation or anion. 

A significant feature of the results is that. for 
those lystems for which experimental data' are 
available, the theory provides a good representa- 
tion of the activity vs. composition data over the 
entire range of applicability of the theory in spite 
of the neglect of intramolecular condensation. 
Thus, eq. [15] was derived for melts more basic 
than Nsio2 = 0.5. At this composition, the value 
of a is 112. (That this is true for all values of k,, 
and hence for all values of a,, may be verified 
directly from eq. [13].) The value of a = 112 
corresponds, in the theory, to a,,, = 2/f and is 
the maximum allowable value of a for a tetra- 
functional condensation if intramolecular con- 
densation is ~ostulated not to occur. 

The close agreement between theory and ex- 
periment over the entire range of polymerization 
up to a,,, suggests that intramolecular con- 
densation,<lthoigh it must occur to some extent, 
does not occur extensively in binary silicate melts, 
even close to silica saturation. In some instances 
(Figs. 3, 4, 7) theoretical activities in good agree- 
ment with experiment were derived beyond 
Nsio2 = 0.5, i.e., strictly beyond the range of 
applicability of the theory. These portions of the 
theoretical curves are indicated by broken lines. 
The stoichiometry requires that intramolecular 
condensation must occur in these regions. 

It is tempting to conclude that silica saturation, 
with the appearance of a solid phase, corresponds 
to the onset of extensive intramolecular condensa- 
tion. This is, however, an oversimplification. 

Thus, for the system 'Fe0'-SiO, at 1350 "C, 
silica saturation occurs at Nsio2 = 0.43 whereas 
for SnO-SiO,, with a higher value of k, ,, satura- 
tion occurs at Nsio, > 0.6 at the same tem- 
perature. Hence the cation must influence the 
solubility of SiO, beyond its effect in determining 
the magnitude of k,, . 
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Etude spectroscopique de I'intermkdiaire des migrations d'acyle 0 + N 
dans le p-kthyl triacktyl-3,4,6 dksoxy-2 amino-2 D-glucoside 

GABOR FODOR,' FRANCINE LETOURNEAU, ET NAGABHUSHANAM MANDAVA' 
Dkpartement de Cliirnie, Universitk Laval, Quebec, QuP. 

R e ~ u  le 12 septembre 1969 

La migration d'acyle du 13-ethyl triacktyl-3,4,6 desoxy-2 amino-2 D-glucoside (1) en 13-ethyl triacktyl- 
2,4,6 desoxy-2 amino-2 D-glucoside 3 passe par un intermediaire (2). La structure orthoester-amide de 
celui-ci fut prouvee par spectroscopic infrarouge et resonance magnetique nucltaire, et conlirmee par' la 
dispersion optique rotatoire. 

Canadian Journal of Chemistry, 48, 1465 (1970) 

La migration rtversible d'acyle 0 s 0  intens6 
ment ttudite dans le domaine des sucres indique 
la prtsence d'un orthoester comme intermtdiaire 
(1). La sttrtosptcificitt de la migration de groupe- 
ments acyles N s O ,  connue en outre chez les 
pseudo-tphtdrines (2), les aminocyclanols (3, 4), 
et les tropanes ( 5 )  a tgalement confirmt l'hypo- 
thgse (2, 4, 6, 7) d'un orthoacide-ester-amide B 
savoir (meso-) (p) hydroxy oxazolidine ou un 
ttat de transition semblable comme intermt- 
diaire. Un essai de synthgse (8) d'un tel intermt- 
diaire en partant de ( f )  thrto mtthyl-4 phtnyl-5 
oxazolidone-2 et de bromure phtnylmagntsien a 
en effet donnt un produit d'addition dont le 
comportement (action d'un acide donne un 
aminoester, celle d'une base par contre, une 
benzamide) ttait en harmonie avec celui qu'on 
avait prtvu pour un sel d'un tel orthoacide. avec 
lYorganomagnCsien. Une lacune de ces travaux 
est l'ttude spectroscopique du sel ; ttude devant 
confirmer que le mttal est attach6 B l'oxygkne et 
non B l'azote. Plus rtcemment Welsh (9) a 
compart la migration d'acyle N->O avec inver- 
sion et celle avec retention de configuration dans 
H,180. I1 a pu dtmontrer qu'il y a incorporation 
de l'oxyggne dans l'aminoester seulement dans 
le premier cas, ce qui prouve que la rtaction avec 
retention est intramoltculaire et que les m&mes 
oxyggnes restent dans la moltcule. 

Un autre fait B considtrer comme preuve cir- 
constantielle (10) pour l'existence d'un ortho- 
acide-ester-amide comme intermtdiaire est le 
changement considtrable du pouvoir rotatoire 
sptcifique (a, + 3.5" -t - 3 1 .So) de l'tthyl triact- 

'Prtsente adresse: Department of Chemistry, West 
Virginia University, Morgantown, W.Va. 26506. 

'Presente adresse : U.S. Department of Agriculture, 
Crops Research Division, -Beltsville, Maryland. 

tyl-3,4,6 dCsoxy-2 amino-2 D-glucoside (1) dans 
l'acttone ; le produit obtenu par tvaporation du 
solvant se comportait comme le produit de 
dtpart ; par exemple, il formait une base Schiff 
avec l'anisaldehyde etc. D'autre part, par chauf- 
fage avec le tolugne, le m&me compost a pu &tre 
transpost en P-tthyl N-acttyl-diacttyl-4,6 dt- 
soxy-2 amino-2 glucoside (3), produit final d'une 
migration d'acyle. Dans la rtftrence 10 nous 
avons confirmt les valeurs a, et les points de 
fusion des composts mentionnts. 

Lorsque les glycosides ne montrent aucune 
mutarotation (ils ne peuvent pas s'anomtriser) 
on en conclu que dans l'acttone l'tquilibre entre 
l'orthoester-amide (2) et l'amino-ester (1) est 
dtplact vers l'intermtdiaire (2) mais, qu'il est 
inverst par des rtactifs tel le phtnylisocyanate 
vers 1. Une ttude spectroscopique du produit 
suppost &tre 2 nous parait ntcessaire d'autant 
plus qu'une t tude  rtsonance magnttique 
nucltaire (r.m.n.) tout rtcemment publite par 
Horton et al. (1 1) concernant la migration 
d'acttyl 0, -t N du tttraacttyl-1,3,4,6 glucosa- 
mine en dtrivt tttraacttyl-2,3,4,6 n'a pas fourni 
la preuve de l'existence d'un orthoester comme 
intermtdiaire lors de la migration d'acyle. La mise 
au point de nos rtsultats actuels semble donc 
encore plus iustifite. 

( I )  Mesures de la dispersion optique rotatoire 
La courbe dispersion optique rotatoire (d.0.r.) 

du dtrivt (1) triacttylt en 3,4,6 montre, dans le 
chloroforme une courbe positive sur laquelle se 
superpose un effet Cotton fortement positif 
(maximum B 270, minimum B 238 mp). Le pro- 
duit intermtdiaire, tgalement soluble dans le 
m@me solvant, donne par contre une courbe 
ntgative ayant un minimum ti 280 mp. L'amide 
(3) et le dtrivt tttraacttylt en 2,3,4,6 (5) (obtenu 
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FIG. 1. Courbes d.0.r. dans le chloroforme : 1 triacktyl-3,4,6 (3-kthyl dksoxy-2 amino-2 D-glucoside, c : 4.180% ; 
2 intermediaire diacktyl-4,6 (3-kthyl dCsoxy-2 amino-2 D-glucoside 2,3-orthoacetate, c : 1.288% ; 3 triacktyl-2,4,6 
p-ethyl dksoxy-2 amino-2 D-glucoside, c : 0.974% ; 5 tetraacktyl-2,3,4,6 a-kthyl dksoxy-2 amino-2 D-glucoside, 
c : 3.985%. 

par l'action de l'anhydride acttique sur 1 dans 
la pyridine) sont solubles dans le chloroforrne et 
rnontrent des courbes negatives ayant des minima 
a 244 mp pour 3 et a 258 et 240 rnp pour 5 
(Fig. 1). Kiss et Burkhardt (12) ont aussi trouvt 
un effet Cotton ntgatif a 257 rnp pour certains 
N-acttyl glucosarnines lorsque l'hydroxyle gly- 
cosidique est libre. Listowsky et al. ont observe 
une courbe nkgative (minimum 220, maximum 
200 rnp) pour le rntthylacetarnido-2 dtsoxy-2 P- 
D-glucopyranoside (13). 

La difference entre les quatre courbes d.0.r. 
prouve que les 3 composts ont des structures 
distinctes. 

On a pris la courbe d.0.r. du produit de depart 
dans l'acttone 2 rnin aprQ dissolution compl2te, 
puis a des intervalles rtguliers pendant une 
ptriode de 150 min. Les courbes sont presque 
paralldes. L'absorption de l'acttone dans l'ultra- 
violet (u.v.) a ernp&cht l'observation de la courbe 
au-dessous de 300 rnp mais le changement est 
tout de rn&rne rapide et considtrable. 

(2)  Spectres infrarouge 
L'arnino-ester (1) montre une absorption '2 

1605 crn-' (NH dtforrnation) et l'arnide (3) B 
1630 (CO-N). Par contre, l'interrntdiaire ne 
montre pas d'absorption dans la rtgion 1570- 
1640 crn-'. Ceci sernble indiquer que 1 s'est 
transform6 en un nouveau dtrivt cyclique. De 
plus, l'absorption 2 3480 crn- rnontre une seule 
bande assez large, ce qui correspondrait a une 
structure cyclique prtsentant une seule liaison 
N-H et une liaison 0-H type acide. Se basant 
sur les valeurs ci, de la solution acttonique, on 
pourrait encore supposer que c'est un mtlange 
de 77% d'arnide et 23% d'ester. Mais, il a Ctt 
prouvt que le spectre infrarouge (i.r.) d'un tel 
rntlange est tout a fait diffkrent de celui de 
l'intermkdiaire. 

(3)  Spectres r.m.n. 
Le spectre r.m.n. de l'intermtdiaire (tableau 1 

et Fig. 2) rnontre quatre signaux dans la rtgion 
1.9-2.07 6 au lieu des trois signaux observts pour 
les 9 protons de 1. De plus, nous avons un 
couplage de 2 Hz qu'on peut attribuer au 
couplage d'un des mkthyls avec un autre proton. 
Ce couplage peut &tre tlirnint par adjonction 
d'une quantitt minirne de D,O A la solution dans 
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FODOR ET AL.: ETUDE SPECTROSCOPIQUE 

TABLEAU 1 
RBsonance magnktique des protons* 

MBthyl MBthyl 
p-Ethyl dCsoxy-2 dans dans 

amino-2 D-glucoside ethyl acBtyle OH et NHt 

1 Triaktyl-3,4,6 1 .27 (t) 2.00 (s) (3H) 1.55 (s) 
J = 6.5 Hz 2.07 (s) (6H) pour NH, 
1 .28 (t) 1 .90 (d) (3H) 1.60$ 
J =  6.0Hz J = 2 H z  pour NH 

2.00 (s) (3H) 4.20 
2.07 (s) (3H) pour OH 

1.09 (t) 1.82 (s) (3H) 4.05 (m)§ 
J = 6.5 Hz 2.01 (s) (3H) pour NH et OH 

2.08 (s) (3H) 
4 Diacttyl-4,6 1 .25 (t) 2.07 (s) (3H) 2.58 (m) 

J = 7.0 Hz 2.10 (s) (3H) pour NH, et OH 
5 TBtraacBtyl-2,3,4,6 1.21 (t) 1.96 (s) (3H) 6.69 (d) 

J = 7.0 HZ 2.02 (s) (6H) pour NH 
2.07 (s) (3H) ( J  = 9 Hz) 

* L a  spectres r.m.n. de 1 ,2 ,3 ,4  et 5 furent mesures dans le chloroforme-d; pour 3 on a aussi utilis6 I'acbtone-d6 
et le DMSO-dB. Les valeurs rapportees pour 3 sont celles obtenues dans le DMSO-d6. 

tSingulet = s ;  doublet = d; triplet = t ;  mulliplet = m. 
fCe signal est t r b  large (9 Hz, base); il montre plusieurs petites inflexions qui ne sont pas presenles dans le 

spectre de 1 et 3. 
BLe compose 3 montre les hydrogbnes de NHet OH a 2.8 dans I'acetone-dB. 

I --T-+--T -7-7 

I 2.0 1.0 - r - ' - - - T  2 .o -7- 2.0 1.0 1 
P W  (6) PRVI (G) PRVI(8) I 

FIG. 2. Spectres r.m.n. des composBs 1, 2, 3 (dans CDC13). 
I 
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le chloroforme-d. Pour un orthoacttate cyclique 
le OH ou le NH devrait &tre coup16 avec le 
mtthyle adjacent ce qui s'est avtrt  exact. Un tel 
fait n'est pas observt pour les amino-esters 1 et 4 
et les amides 3 et 5. 

I1 est difficile de dtcouvrir la multiplicitt de 
OH ou de NH qu'on attendrait s'il y avait un 
tel couplage. Le signal NH est trks large (9 Hz) 
dans 2 et il y a plusieurs inflexions ce qui indique 
en effet une multiplicitt (Fig. 2). Le NH doit &tre 
couplt avec H-2 et encore avec le mtthyl pour 
former un sextet. Mais dans les composts 1 et 4 
le signal NH, ne montre pas un couplage 
apprtciable avec H-2. 

Si par contre on accepte la proposition3 que 
ce signal mtthyl consiste en effet de deux sin- 
gulets diasttrtotopiques due a la formation d'un 
nouveau centre d'asymttrie, on devrait prtvoir 
l'apparition de 2 signaux eux-m&mes diasttrto- 
topiques pour l'hydroxyl, attacht au m&me 
carbone, m&me s'ils ne sont pas couplts avec les 
protons mtthyl. Donc la multiplicitt de l'hy- 
droxyle ne permettrait pas de choisir entre les 
deux explications pour la duplicitt du signal 
mtthyl. De plus, la coalescence du mtthyl dans 2 
sous l'action de l'eau lourde semble favoriser la 
premiere interprttation-sauf si l'eau cause le 
clivage du cycle. 

Le mtthyle de l'acttyle primaire est observt a 
2.00 p.p.m. et celui de l'acttyle secondaire a 
2.07 p.p.m. L'hydrogkne de la liaison N-H a 
1.60 p.p.m. disparait aprks addition de D,O. La 
position de cet hydrogkne est sensiblement 
voisine de celle pour les 2 hydrogknes du NH, 
observte a 1.55 p.p.m. du P-tthyl triacttyl-3,4,6 
amino-2 dtsoxy-2 glucoside (1). Le signal d'un 
hydrogkne a 4.20 p.p.m. disparart aprks addition 
de D,O ; ce gli'ssement chimique est attribuable 
a l'hydrogkne du groupe hydroxyle. 

Un autre produit de type voisin : un ortho- 
diester-amide fut isolt (14). Sa structure fut 
vtrifite tgalement par r.m.n. Ce compost ne 
contient pas de mtthyle attacht au carbone de 
l'orthoester-amide cycliques. Donc le seul glisse- 
ment chimique du C-mtthyl que l'on peut 
comparer avec le n6tre est celui de l'orthoacttate 
de mtthyle (6 1.35). 

3Les auteurs aimeraient exprimer leur reconnaissance 
B I'un des examinateurs pour sa suggestion de cette 
deuxiime alternative. 

(4) Observations chimiques et spectronze'trie 
de masse 

Ainsi que nous l'avons d t j i  mentionnt (lo), 
l'ester amint 1 donne dans l'alcool mtthylique 
ou tthylique un produit dtsacttylt en C-3. Cette 
stlectivitt de l'alcoolyse peut &tre interprttte 
comme ttant facilitte par une liaison de l'acttyle 
en C-3 avec la fonction amine en C-2 dans la 
formation d'un orthoester-monoamide cyclique 
qui est beaucoup plus facilement susceptible a 
l'action du mtthanol ou de l'tthanol que l'est un 
ester (( normal D. 

A partir de l'amino-ester 1 ou de l'intermtdiaire, 
on peut synthttiser la m&me phtnylurte, a savoir 
le P-tthyl triacttyl-3,4,6 N-phtnylcarbamyle dt-  
soxy-2 amino-2 D-glucoside (6). 

Par distillation sous 0.1 mm, l'intermtdiaire a 
donnt 1 comme seul produit. La fragmentation 
du produit intermtdiaire dans le spectromktre de 
masse a montrt le m&me schtma que l'ester 
amint de dtpart. Le P-tthyl triacttyl-2,4,6 
dtsoxy-2 amino-2 D-glucoside (3) a donnt par 
contre avec le phtnylisocyanate un dtrivt P-tthyl 
triacttyl-2,4,6 phtnylcarbamyle-3 D-glucoside (7) 
dont le point de fusion, la valeur a, et les spectres 
i.r. et de masse ttaient difftrents de ceux du 
P-tthyl triacttyl-3,4,6 N-phtnylcarbamyle dt- 
soxy-2 amino-2 D-glucoside (6) trouvts prtct- 
demment. 

En travaillant avec l'acttone comme solvant, 
on a fait les constatations suivantes : (a) si le 
produit n'ttait pas stcht suffisamment, on 
observait dans i.r. une bande d'absorption a 
1680 cm-l ; (b) l'analyse tltmentaire correspon- 
dait a la formule brute Cl,H,gO,gN, soit 1 
contenant une mole d'acttone. Afin d'tlucider 
ce point, on a prtpart l'intermtdiaire dans 
l'acttone deuttrte et on a ttudit le spectre i.r. 
aprks des intervalles rtguliers de stchage. On a 
constatt que, si le produit n'est pas stcht suffi- 
samment, il y a incorporation d'acttone deuttrte. 
Ceci a t t t  mis en tvidence par l'absorption a 
1680 (C=O) et a 2100 cm-l (C-D). Mais, ces 
bandes disparaissent progressivement en stchant 
plus longtemps et, sous lo-' mm, le produit 
obtenu de cette manikre donne une courbe d.0.r. 
totalement difftrente de celle du produit (1) de 
dtpart. 

Discussion et conclusions 
Les mesures d.0.r. indiquent un changement 

fondamental de structure lors de la dissolution 
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FODOR ET AL.: ETUDE SPECTROSCOPIQUE 

C H NCO I \L5 

de l'ester aminC 1 dans l'acCtone, changement 
qui devient plus important aprCs 150 min. La 
ressemblance de l'allure des courbes de 2 et 3 
indique la participation de l'azote par formation 
d'une liaison C-N. Le produit obtenu aprCs 
Cvaporation complCte de lYacCtone prCsente un 
spectre i.r. dCpourvu de NH, ou NHCOCH,. Le 
spectre r.m.n. Cgalement montre un des mCthyls 
comme Ctant couplC avec le NH (ou OH), ou 
bien deux signaux diastCrCotopiques ; l'une et 
l'autre de ces 2 explications militent en faveur de 
la structure 2 d'un orthoacide-ester-amide. La 
transformation de celui-ci en amide 3, par chauf- 
fage avec le toluCne (10) et la transposition en 
ester anlink 1 par distillation, bien que trCs sur- 
prenante, confirment la structure de cet inter- 
mCdiaire. On a essay6 d'y ajouter une preuve 
chimique supplCmentaire ; celle de la mkthylation 
de l'orthoacide par le diazomkthane. Malheu- 
reusement on n'a pas pu obtenir un produit 
0-mCthylC bien dCfini. 

C'est la premiCre fois qu'on a is016 un ortho- 
ester-acide-amide, composC qu'on avait souvent 
supposC etre l'intermkdiaire de la transposition 
intramolCculaire d'acyles. La rCversibilitC 1$2 

est probablement due a la position diCqua- 
toriale-trans de l'hydroxyle acCtylC en C-3 et de 
la fonction amine en C-2. 

On va Ctendre cette observation a d'autres 
modCles de squelettes diffkrents, en utilisant des 
dCrivCs acCtylCs 170C. 

Hydrobromlrre de I'ace'tobromo-glucosamine 
L'hydrobromure de I'ac8tobromo-glucosamine a BtB 

prepare suivant la methode de Irvine et al. (15), en 
traitant le (+) D-glucosamine-hydrochlorure (1 mole) 
par le bromure d'acktyle (5 moles) pendant 3 jours i 
environ 40 "C. La masse solide a BtB dissoute dans le 
chloroforme et le bromo-triacetyl-3,4,6 d6soxy-2 amino-2 
D-glucoside-hydrobromure (80.4%) p.f. 150-151 "C est 
precipite par l'ether anhydre; a~ + 147.8" dans I'acktone. 

B-Ethyl triace'tyl-3,4,6 dksoxy-2 arnino-2 
D-glucoside-lzydrobromure 

Une solution de 20.4 g (0.0440 mole) d'acktobromo- 
glucosamine-hydrobromure (10, 15) dans 300 ml 
d'Cthanol absolu et 4 ml de pyridine anhydre est main- 
tenue sous vide pendant 1 h i ternpiratwe ambiante et 
i I'abir de I'humiditC. Apres 10 h, la solution est mise au 
rCfrigCrateur pour une journie. Le B-ethyl triacityl-3,4,6 
D-glucosaminide-hydrobromure (66.4%) est ensuite filtre 
et recristallise de l'ethanol. Le produit devient brun i 
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254 "C et forme des stalactites 275 "C ; a, + 13.6" 
(c, 0.76 dans 1'6thanol). 

P-Ethyl triacdtyl-3,4,6 disoxy-2 D-glucoside (I) 
A une solution de 8.285 g (0.02 mole) du P-ethyl 

triacktyl-3,4,6 D-glucosaminide-hydrobromure dans 75 ml 
de chloroforme absolu, on ajoute 11.75 ml d'kthylate de 
sodium 1.70 N (0.01975 mole) en agitant. On centrifuge 
le bromure de sodium et on recristallise dans I'ether 
anhydre. Rendement 50%, p.f. 136" ; a, f8 .25 (c, 3.925 
dans le chloroforme), a, + 3.5 (c, 2.020 dans I'acktone). 
Spectre de masse 333 (MC), 273 (M-60), 255 (M-78), 
212 (M-121), 185 (M-148), 171 (M-162), 166 (M-167), 
140 (M-193), 126 (M-207), 114 (M-219), 101 (M-232), 
98 (M-235), 80 (M-253), 72 (M-261), 59 (M-274), 43 
(M-290). 

Transposition du P-ithyl3,4,6 triacityl disoxy-2 
amino-2 D-glucoside (I) datrs I'acitone 

Une solution de 2 %  de P-ethyl 3,4,6 triacetyl dksoxy-2 
amino-2 D-glucoside (1) dans I'acktone est agitee pendant 
2 jours et le pouvoir rotatoire mesure regulierement par 
I'appareil de d.0.r. On Bvapore ensuite le solvant, on lave 
le residu plusieurs fois avec du chloroforme et de 1'8ther 
et on seche le produit pendant 12 h sous vide a 25" p.f. 
92". L'analyse correspond a un produit contenant une 
mol6cule d'acttone de cristallisation. 

Anal. calcule pour C17HZ9N09 : C, 52.0 ; H, 7.4 ; 
0, 36.8. Trouv6 : C, 52.2 ; H, 7.0 ; 0 ,  36.7. 

On ajoute du toluene a ce produit et on chasse le 
solvant ti 1'6vaporateur rotatif. On prkcipite le produit de 
depart par l'ether, et evapore le solvant. Si on repete 
deux fois cette operation et si on maintient le ballon a 
25" sous vide (2.10-2 mm) pendant 48 h on obtient un 
produit qui ne contient plus de solvant. 

Anal. calcule pour Cl4HZ3NO8 : C, 50.5 ; H, 6.9 ; 
0 ,  38.4. Trouve : C, 50.5 ; H, 7.2 ; 0 ,  37.7. 

Bandes i.r. : 3480 (NH, OH, Blongation), 1760 (C=O), 
pas d'absorption a 1605 ; 1460 (deformation), 1240 cm-I 
(C-0). Les glissements chimiques sont compris dans le 
tableau 1 et dans la Fig. 2, la courbe d.0.r. dans la Fig. 1 ; 
ils rnontrent qu'il s'agit d'un produit different de celui 
de depart. Spectre de masse : identique A celui obtenu 
pour 1. 

Transformations de I'orthoacitate-2,3 du diacityle-4,6 
amino-2 disoxy-2 P-ithyl D-glucoside 

(a) En amino-ester I par distillation 
L'intermkdiaire est distill6 sous vide (0.1 mm Hg 90 "C). 

On obtient un solide blanc, p.f. 135". Les spectres i.r. et 
r.m.n. coincident avec ceux du 13-ethyl triacetyl-3,4,6 
d6soxy-2 amino-2 D-glucoside (1). 

Anal. trouve : C, 50.9 ; H, 7.1 ; 0, 37.7. 

(b) En phitrylurie 6 
Cornrne dCcrit (10) prkckdemment, 0.3 g de 2 dans 4 ml 

acetone anhydre donne avec 0.2 rnl de phenyl-isocyanate 
pendant 24 h (87%) de P-ethyl triacttyl-3,4,6 N-phknyl- 
carbamyl D-glucosaminide, p.f. 233". Le m&me produit 
fut obtenu avec le m&me rendement (6) 9 partir de 0.50 g 
de I'amino-ester 1 et de 0.18 ml de phknyl-isocyanate. 

The i.r. : 3300 (m), 2950 (f), 1760 (F), 1660 (m), 1560 
(m), 1500 (f), 1445 (m), 1320 (m), 1240 (F), 1050 (F) cm-I. 

L'action du phknyl-isocyanate provoque une ouverture 

du cycle de 2 donnant un derive de I'amino-ester "libre"; 
cette reaction est analogue 5 la scission thermique. 

(c) En triacityl-2,4,6 disoxy-2 amino-2 P-ithyl 
D-glucoside (3) 

L'opkration decrite auparavant (10) semble Ctre trks 
delicate. Pour completer cette transposition on procede 
de la maniere suivante. Le meme produit N-acCtyl6 a BtB 
prepare selon (lo), en partant du triacetate 1, dont 
I'alcoolyse partielle a conduit au P-ethyl diacktyl-4,6 
D-glucoside (4) p.f. 161" ; spectres i.r. : 3300, 3350, 3100 
(NHzOH) 1755 (CO ester), 1580 cm-' (NH). Spectres 
r.m.n. voir Fig. 2 et tableau 1. 

Spectre de masse : 291 (M), 245 (M-46), 218 (M-73), 
204 (M-87), 199 (M-92), 185 (M-106), 176 (M-115), 
148 (M-143), 145 (M-146), 130 (M-161), 126 (M-165), 
114 (M-177), 101 (M-190), 72 (M-219), 59 (M-232). 

Celui-ci fut N-acBtyl6, selon le procede decrit (10) a 
I'aide d'anhydride acetique dans I'alcool. Le produit 
triacBty16-2,4,6 a un p.f. 186" et un a, -41.9" ; les spectres 
infrarouge 3400, 3300 (NH, OH), 1740 (CO ester) 1630 
(CO-N), 1260 cm-' (C-0), les spectres r.m.n. dans le 
tableau 1 de m&me que la fragmentation dans le spectro- 
metre de masses sont completement diffkrents de ceux de 
I'amino-ester 1 et de I7orthoac6tate 2. 

Spectre de masse de 3 288 (M-45), 274 (M-59), 
260 (M-73), 241 (M-92), 218 (M-115), 214 (M-119), 
199 (M-134), 181 (M-152), 172 (M-161), 157 (M-176), 
141 (M-192), 130 (M-203), 116 (M-217), 101 (M-232), 
84 (M-249), 59 (M-274), 43 (M-290). 

Le dirivi phinylcarbamyli 
Prepare selon la methode decrite (10) montre p.f. 182' 

et un spectre i.r. different du derive N-phBnylcarbamylC 
(5), 3425 (F), 3300 (F), 3100 (f), 2950 (f), 2850 (f), 1630 
(F), 1565 (F), 1450 (m), 1370 (F), 1320 (f); 1255 (F), 
1230 (F), 1170 (m), 1130 (m), 1090 (f), 1040 cm-' (F). 

P-Ethyl titraacityl-2,3,4,6 D-glucosaminide 
Le compose p.f. 165", aDZ0 - 19.8 (chloroforme) qui 

sert de comparaisons spectroscopiques, fut prepare selon 
Fodor et Otvos (10) par N-acktylation de 1. Les spectres 
i.r. : 3300, 3150, 3000 (OH, NH), 1770 (CO-ester), 1670 
(CO, amide) 1250 cm-I (C-0). Les spectres r.m.n. sont 
compris dans le tableau 1, la courbe d.0.r. dans la Fig. 1. 

Spectre de masse : 375 (M), 316 (M-59), 302 (M-73), 
256 (M-119), 242 (M-133), 214 (M-161), 199 (M-176), 
183 (M-192), 165 (M-210), 143 (M-232), 140 (M-235), 
114 (M-261), 101 (M-274), 59 (M-316), 43 (M-332). 

Les spectres de masse ont ttC mesurks avec I'appareil 
Varian M-66 les mesures d.0.r. ont kt6 faites avec 
I'appareil JASCO Model 5 ORD/UV, et les spectres 
r.m.n. avec le Varian A-60. Les microanalyses ont BtB 
faites par Mme E. Beetz, Germany. 

Nous desirons remercier la compagnie Chemcell pour 
l'aide financitre apportee en accordant une bourse a un 
des auteurs (F.L.) pendant la realisation de ces travaux 
et le Conseil National de Recherches du Canada 
(Bourse No. 2839) sur laquelle Dr. N. M. fut engage. 

1. A. B. FOSTER et M. STACEY. Advan. Carbohyd. 
Chem. 7,266 (1962). 
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NOTES 

Influence of Lewis acids on the Diels-Alder reaction. 111. Rearrangement of 
dimethyl N-carbomethoxy-7-azabicyclo[2.2.1]2,5-heptadiene-2,3-dicarboxylate 

adducts to dimethyl N-carbomethoxy-3-aminophthalates'~2 

R. C. BANSAL,~ A. W. MCCULLOCH, AND A. G. MCINNES 
Atlantic Regior~al Laboratory, National Research Council of Cal~ada, Halifax, Nova Scotia 

~eceived December 16, 1969 

Aluminum chloride accelerates the Diels-Alder reactions of 2- or 2,5-substituted N-carbomethoxy- 
pyrroles with dimethyl acetylenedicarboxylate, and also catalyzes rearrangement of the N-carbomethoxy- 
7-azanorbornadiene adducts to 6- and 4,6-substituted dimethyl N-carbomethoxy-3-aminophthalates. 
Aromatization of the corresponding adduct of N-carbomethoxypyrrole only occurs on prolonged treat- 
ment with BF3. The procedure promises to be a convenient route for the synthesis of polysubstituted 
anilines. 

Canadian Journal of Chemistry, 48, 1472 (1970) 

We have previously reported (1) that Lewis 
acids accelerate the formation of 7-oxabicyclo- 
[2.2.1]2,5-heptadiene-2,3-dicarboxylate adducts, 
and also catalyze their rearrangement to alkyl- 
and aryl-substituted 3-hydroxyphthalates. Since 
the latter were obtained in high yield this pro- 
cedure offers a promising synthetic route to 
polysubstituted phenols. In this note we wish to 
report the analogous accelerated formation of 
alkyl-substituted 7-azabicyclo adducts 2, and 
their rearrangement to the N-carbomethoxy-3- 
aminophthalates, 3. This procedure likewise 
promises to be of value in the synthesis of poly- 
substituted anilines. 

We have prepared both 2b and 2c thermally 
(ca. 75% yield) by refluxing 1 with dimethyl 
acetylenedicarboxylate for 7-8 days in benzene 
(solution 0.125 M in addends); they can be 

TABLE 1 
Conditions for conversion of 0.03 M solutions of 2 in CHzClz to 3 

Yield (%) 
Compound based on 2 Lewis acid Temperature Time 

3a 90 BF3 (saturated) 25" 5 days 
36 85 A I C I ~  (0.09 M) 40" 4 h  
3c 90 AICI, (0.03 M)  40" 30 min 

'Issued as NRCC No. 11206. 
'This work was reported at the 52nd Annual Con- 

ference of the Chemical Institute of Canada, which was 
held in Montreal on May 25-28th, 1969. 

3NRCC Postdoctorate Fellow, 1967-1969. 
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TABLE 2 

Physical constants and spectral data for 2 and 3 

Melting r and JD,(CDC13) 
point PC) Molecular ion hh,,, mu (6) 

Compound or n,Z4 m/c v,.. cm-' (CCI,) (EtOH) C02CH3 N-C02CH3 CHa NH H4, H5, HS 

Zb 1.5794 - - - 6.15, 6.23 6.34 8.01 - A(H5) B(H6) X(H4) H5HG octet centered 
at 3.0 r ;  H4 quartet centered at 4.47 r. 
AvIG = 13.7, J 5 6  = 5.3, J4, = 2.8, 
J46 = 0.8 HZ 

2c* 81-82 - - - 6.20 (GH) 6.34 - Hs, H6 3.20 r (s) 8.00 (6H) 2: 

3ot 50-51 267 3370 (NH), 240 (50 OOO), 6.12 (GH)$ 6.23 - 1.28 A(H5) B(HS X(Hd 0 

1740 (C==O), 302 (3300) H4H5 octet centered at 2.59 r ;  H6 2 
1713 (-...HN) quartet centered at 1.64 r. Av,, = 

10.4, J4, = 7.8, J5,j = 8.5, 545 = 
1.2Hz 

3bt 68-69 28 1 3340 (NH), 243 (50 OOO), 6.13 (6H)$ 6.24 7.72 0.45 A(H,) B(H4) 
1739 (C==O), 312 (4100) Quartet centered at 2.18.~. Av4, = 56.3, 
1703 (-..'Ifl\T) JJ5 = 8.7 Hz H4 at lower field than HI 

3ct 80-81 295 3400 (NH), 234 (65 OOO), 6.17 (6H)$ 6.30 7.66, 2.82 H, 2.80 r (broad s) 
1740 (-), 286 (1850) 7.73 H5 long-range coupled to CHa groups at 
1720 (C==O.. .HN) C-4 and C-6 

'Crystallized from ethyl acetate - petroleum ether (b.p. 60-80'). 
tCrystallized fronr ether - petroleum ether (b.p. 60-80'). 
$Ester 0CH3 fortuitously magnetically equivalent; separate resonances were observed in benzene-dti. 
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prepared, however, in only 30 min at 0" by inter- 
action of the addends in the presence of five molar 
equivalents of AlCl, in CH2C12 (2b, 50-60%; 
2c, 85-90% yield), as previously described for the 
preparation of 2a (2). 

Compounds 3b and 3c can be formed either 
directly by a one-step synthesis (i.e. AlC1,- 
promoted formation of 2b and 2c at 0" followed 
by in situ rearrangement at 40") or indirectly by 
first isolating the adducts and then rearranging 
them under the conditions outlined in Table 1. 
Aromatization of 2a, as with the corresponding 
oxanorbornadiene (I), is more difficult and can 
only be carried out by the two-step procedure 
and use of a solution saturated with BF, (Table 1). 

resonance (p.m.r.) spectra (Table 2) which were 
analogous to those reported for the correspon- 
dingly substituted 7-oxanorbornadienes and 
3-hydroxyphthalates (1, 3). Infrared (i.r.), ultra- 
violet, and mass spectral data for 3 are also given 
in Table 2. 

The detailed mechanism of the Lewis acid- 
promoted formation of 2 and the applicability 
of this procedure to the preparation of com- 
pounds of type 2 and 3 carrying substituents 
other than those reported in this note are under 
investigation. 

We thank D. J. Embree for the mass spectra, P. F. Seto 
for i.r. spectra, and J. van Ingen for p.m.r. measurements. ., . 

Derivatives and were purified preparative 1 .  A. W. McCuLLocH, B. S T ~ ~ o v ~ ~ ~ ,  D. G. SMITH, and 
thin-layer chromatography on silica gel G A. G. MCINNES. Can. J. Chem. 47,4319 (1969). 
[ethyl acetate - petroleum ether (b.p. 60-80") = 2. R. C. BANSAL, A. W. MCCULLOCH, and A. G. 

MCINNES. Can. J. Chem. 47,2391 (1969). 3:71. Their structures were deduced 3. P, VOGEL, B.  WILL^^^^, and H. PRINZBACH. Helv. 
their mode of formation and proton magnetic Chim. Acta, 52, 584 (1969). 

Some reactions of 4,4'-dimercaptooctafluorobiphenyl 

K. LANGILLE AND M. E. PEACH 
Department of Chemistry, Acadia University, Wolfville, Nova Scotia 

Received October 16, 1969 

The reactions of 4,4'-dimercaptooctafluorobiphenyl, HSC6F,C6F,SH, have been studied and 
compared with those of other thiols. Various metallic and non-metallic derivatives have been prepared 
and characterized. Polymerization occurred on oxidation or reaction with a multifunctional group or 
multivalent atom. 
Canadian Journal of Chemistry, 48, 1474 (1970) 

While the properties of pentafluorothiophenol 
(1) and tetrafluorobenzene-l,2-dithiol (2) have 
been studied, this paper continues our studies on 
fully halogenated aromatic thiols and describes 
the reactions of 4,4'-dimercaptooctafluorobi- 
phenyl, HSC6F4C6F4SH. This thiol differs from 
the other thiols investigated in having the two 
SH groups in the para positions on biphenyl 
rings and polymerization can occur readily. 
Oxidation causes polymerization. Polymerization 
can also occur when the thiol reacts with a 
multifunctional group or a multivalent atom, 
forming presumably a macromolecular polymeric 
species, e.g. attempts to prepare a derivative of 
phosphorus(II1) always resulted in the formation 
of a polymeric product. 

The thiol reacts with a variety of heavy metal 
ions in acetone-water mixtures to form pre- 

cipitates of the corresponding metal mercaptides, 
analogous reactions are observed with penta- 
fluorothiophenol (1); it was possible to prepare, 
in this way, derivatives of Ag(I), Tl(I), Cu(1) (from 
Cu(II)), Pd(II), Hg(II), Pb(II), and Cd(I1). All 
these mercaptides can be assumed to be poly- 
meric as they are insoluble in common solvents 
and the extent of polymerization cannot be 
estimated due to their insolubility. The penta- 
fluoro-phenylthio derivatives of Ag(I), TI(I), 
Cu(I), and Pd(I1) are considered to be poly- 
meric containing M-S-M bridges, whereas 
the derivatives of Hg(II), Pb(II), and Cd(I1) are 
somewhat more soluble and are ionized in 
various solutions (1). 

The thiol is weakly acidic and will react with a 
suspension of tri-n-butyltin oxide in acetone to 
form tlie compound (n-Bu3SnSC6F4),; this is a 
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prepared, however, in only 30 min at 0" by inter- 
action of the addends in the presence of five molar 
equivalents of AlCl, in CH2C12 (2b, 50-60%; 
2c, 85-90% yield), as previously described for the 
preparation of 2a (2). 

Compounds 3b and 3c can be formed either 
directly by a one-step synthesis (i.e. AlC1,- 
promoted formation of 2b and 2c at 0" followed 
by in situ rearrangement at 40") or indirectly by 
first isolating the adducts and then rearranging 
them under the conditions outlined in Table 1. 
Aromatization of 2a, as with the corresponding 
oxanorbornadiene (I), is more difficult and can 
only be carried out by the two-step procedure 
and use of a solution saturated with BF, (Table 1). 

resonance (p.m.r.) spectra (Table 2) which were 
analogous to those reported for the correspon- 
dingly substituted 7-oxanorbornadienes and 
3-hydroxyphthalates (1, 3). Infrared (i.r.), ultra- 
violet, and mass spectral data for 3 are also given 
in Table 2. 

The detailed mechanism of the Lewis acid- 
promoted formation of 2 and the applicability 
of this procedure to the preparation of com- 
pounds of type 2 and 3 carrying substituents 
other than those reported in this note are under 
investigation. 

We thank D. J. Embree for the mass spectra, P. F. Seto 
for i.r. spectra, and J. van Ingen for p.m.r. measurements. ., . 

Derivatives and were purified preparative 1 .  A. W. McCuLLocH, B. S T ~ ~ o v ~ ~ ~ ,  D. G. SMITH, and 
thin-layer chromatography on silica gel G A. G. MCINNES. Can. J. Chem. 47,4319 (1969). 
[ethyl acetate - petroleum ether (b.p. 60-80") = 2. R. C. BANSAL, A. W. MCCULLOCH, and A. G. 

MCINNES. Can. J. Chem. 47,2391 (1969). 3:71. Their structures were deduced 3. P, VOGEL, B.  WILL^^^^, and H. PRINZBACH. Helv. 
their mode of formation and proton magnetic Chim. Acta, 52, 584 (1969). 

Some reactions of 4,4'-dimercaptooctafluorobiphenyl 

K. LANGILLE AND M. E. PEACH 
Department of Chemistry, Acadia University, Wolfville, Nova Scotia 

Received October 16, 1969 

The reactions of 4,4'-dimercaptooctafluorobiphenyl, HSC6F,C6F,SH, have been studied and 
compared with those of other thiols. Various metallic and non-metallic derivatives have been prepared 
and characterized. Polymerization occurred on oxidation or reaction with a multifunctional group or 
multivalent atom. 
Canadian Journal of Chemistry, 48, 1474 (1970) 

While the properties of pentafluorothiophenol 
(1) and tetrafluorobenzene-l,2-dithiol (2) have 
been studied, this paper continues our studies on 
fully halogenated aromatic thiols and describes 
the reactions of 4,4'-dimercaptooctafluorobi- 
phenyl, HSC6F4C6F4SH. This thiol differs from 
the other thiols investigated in having the two 
SH groups in the para positions on biphenyl 
rings and polymerization can occur readily. 
Oxidation causes polymerization. Polymerization 
can also occur when the thiol reacts with a 
multifunctional group or a multivalent atom, 
forming presumably a macromolecular polymeric 
species, e.g. attempts to prepare a derivative of 
phosphorus(II1) always resulted in the formation 
of a polymeric product. 

The thiol reacts with a variety of heavy metal 
ions in acetone-water mixtures to form pre- 

cipitates of the corresponding metal mercaptides, 
analogous reactions are observed with penta- 
fluorothiophenol (1); it was possible to prepare, 
in this way, derivatives of Ag(I), Tl(I), Cu(1) (from 
Cu(II)), Pd(II), Hg(II), Pb(II), and Cd(I1). All 
these mercaptides can be assumed to be poly- 
meric as they are insoluble in common solvents 
and the extent of polymerization cannot be 
estimated due to their insolubility. The penta- 
fluoro-phenylthio derivatives of Ag(I), TI(I), 
Cu(I), and Pd(I1) are considered to be poly- 
meric containing M-S-M bridges, whereas 
the derivatives of Hg(II), Pb(II), and Cd(I1) are 
somewhat more soluble and are ionized in 
various solutions (1). 

The thiol is weakly acidic and will react with a 
suspension of tri-n-butyltin oxide in acetone to 
form tlie compound (n-Bu3SnSC6F4),; this is a 
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NOTES 1475 

standard method for the preparation of thiol 
derivatives of organotin compounds (3). Similar 
experiments starting with di-n-butyltin oxide 
resulted only in the formation of a polymer. The 
derivatives of triphenyl-tin and -lead could not be 
formed from the corresponding oxide and the 
thiol, but were prepared by treating an acetone 
solution of the triphenylmetal chloride with the 
lead mercaptide, Pb(SC6F4),. Attempts to pre- 
pare the sodium salt from sodium hydroxide in 
ethanol with the thiol or the lithium salt from the 
thiol and n-butyllithium always gave a product 
that was very readily hydrolyzed, as would be 
expected from the salt of a weak acid and a 
strong base. 

Various non-metallic derivatives of the thiol 
have been prepared. Simple derivatives were 
formed of the type RSC6F4C6F4SR, where 
R = Me, MeCO, PhCO, and C1. Attempts to 
prepare derivatives where R was multifunctional, 
e.g. P,(SC6F4C6F4S), always resulted in the 
formation of intractable polymers; such re- 
actions were observed with PCl,, POCI,, or 
AsC1, and the thiol in the presence of triethyl- 
amine to act as a hydrogen chloride catcher. 

The 'H and 19F nuclear magnetic resonance 
(n.m.r.) spectra of the thiol have been examined. 
The proton n.m.r. spectrum shows a single 
resonance in acetone solution at -4.43 p.p.m., 
using tetramethylsilane (TMS) as an internal 
standard; this is of the same order of magnitude 
as the proton n.m.r. spectrum of pentafluoro- 
thiophenol (neat) where the resonance occurs at 
-3.70 relative to TMS as an internal standard. 

The fluorine n.m.r. in acetone solution has two 
multiplet chemical shifts at 137.6 and 139.4 
p.p.m. relative to CC1,F as internal standard. 
An assignment of these two resonances is im- 
possible without a complete analysis of the 
spectrum. The chemical shifts of the ortho 
fluorines in decafluorobiphenyl occur at 137.9 
p.p.m. (CHC1, solvent) (4) and in pentafluoro- 
thiophenol the ortho fluorines have a chemical 
shift of 138.1 p.p.m. (neat) (3) or 135.8 p.p.m. 
(CHC1, solution) (4), making it impossible to 
assign by inference the two chemical shifts in 
4,4'-dimercaptooctafluorobiphenyl. 

The infrared (i.r.) spectrum of the thiol is 
similar to that of pentafluorothiophenol (3). 
The C-S frequency may appear as a shoulder at 
708 cm-' on a stronger peak at 720 cm-l, or 
it may be masked by this stronger peak. The 
S-H stretching frequency appears at 2602 (m) 
cm-l, although there is also a weak doublet 
present at 2580, 2570 cm-l, which could be the 
S-H frequency. The C-S and S-H frequen- 
cies in pentafluorothiophenol have been assigned 
at 716 and 2620 cm-' respectively (5). It is 
difficult to assign any M-S frequencies in the 
metal derivatives with confidence, as there are 
several peaks in the 500-300 cm-I region where 
these would be expected. In the acetyl and ben- 
zoyl derivatives the carbonyl frequencies occur 
at 1720(s), 1741(s) (doublet) and 1694(s) cm-' 
respectively. These are very different from the 
carbonyl frequencies in the corresponding acid 
chloride, and are similar to those in the corre- 
sponding aldehydes ; the carbonyl frequencies are 

TABLE 1 
Main frequencies characteristic of the -SC6F4C6F4S- group in RSC6F4C6F4SR 

R = H  C1 Me MeCO n-Bu3Sn Ag H g  
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TABLE 2 c 
Products and analyses 

Found (%) Calculated (%) 
Melting point 

E 
Product Color ("(3 C H S C H S Solubility* Yield Method a 6 

White >300 
Yellow >300 
Brown >300 
White >300 

25.9 0.0 11.0 25.0 0.0 11.1 Nil 
18.7 0.0 8.4 18.7 0.0 8.3 Nil 
30.3 0.0 14.4 30.9 0.0 13.7 Nil 
26.0 0.0 11.3 25.7 0.0 11.4 Nil - "  - ,  - - . - 

P~~$?C;F,C,F,S) Yellow >300 26.0 0.0 11.0 26.4 0.0 11.3 Nil 92 A 3 -.- --  - - "  --, - ~ - . -  --.. - .. . - . . 

C ~ ( S C ~ F ~ C ~ F ~ S )  yellow > 300 31.0 0.0 13.4 30.5 0.0 13.6 Nil 33 A @ 
n-Bu3SnSC6F4C6F4SSnn-Bu3 Yellow b.p. 130/0.l rnrn 46.4 5.7 - 46.0 5.8 - 2, 5 75 

- - 
B 

Ph3SnSC6F4C6F4SSnPh3 Yellow 135.5-137.0 54.6 2.6 54.4 2.8 
- - 2, 3,4, 5 21 c 5 

PhnPbSChFaCsFSPbPh, Yellow 185-187 46.0 2.4 46.6 2.4 2. 3.4. 5 31 C ?d, 
C~SC,F,C,F,SC~ Yellow 85.5-87.0 33.4 0.0 16.5t 33.4 0.0 16.4t 31415. 93 D 7  
M ~ S ~ ~ F ~ C ~ F ~ S M ~  White 92-94 42.8 1.4 16.0' 43.1 1.5 16.4' 1; 2; 3,4, 5 64 C e  
MeCOSC6F4C6F4SCOMe Yellow 136-141 43.6 1.5 14.0 43.1 1.4 14.4 2, 3,4, 5 41 E . 8 
PhCOSC6F4C6F4SCOPh Yellow 204-207 53.5 1.7 11.5 52.8 1.8 11.7 2,3,4, 5 58 c P .,, 

*Solubilities: 1 = methanol; 2 = acetone; 3 = diethyl ether; 4 = chloroform; 5 = benzene. - 
tpercentage C1. V1 

.J 0 
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NOTES 1477 

similar to those observed in other thiolesters (6). Method D 
One mmole of the thiol was allowed to react with 2.2 In other the i'r' 'pectra of the new 'Om- rnmoles of chlorine in a sealed tube. Rapid reaction 

pounds peaks characteristic of the ensued at room temperature and the tube was opened 
-SC6F4C6F4S- group, which are tabulated in after 1 h. The HCI and the excess chlorine were removed 
Table 1 (only relatively intense peaks) and of by vacuum distillation, leaving the pale yellow sulfenyl 

their functional groups. chloride. 
Method E 

Experimental An excess of acetyl chloride was added to a solution of 
3 mmoles of the thiol in ether and refluxed for 2 h. An 

All reagents were available commercially. Infrared excess of Et3N was added and refluxing continued for 
spectra were recorded on a Perkin-Elmer 457, either as 3 h. The Et3NH.HC1 was filtered off, and the pale 
mulls with Nujol or hexachlorobutadiene, or as liquid yellow solid left after evaporation of the solvent was 
films. The n.m.r. spectra were recorded on a Varian A60. purified by sublimation. 
Microanalyses were performed by Mikroanalytisches Attempts to prepare derivatives from PCl,, POCl,, and 
Laboratorium Beller, Gottingen, Western Germany. AsCI,, using modifications of method E, or the bromine 
Analytical data for the new compounds are shown in oxidation of the thiol in carbon tetrachloride resulted in 
Table 2. the formation of an intractable gummy polymer. 

The i.r. spectrum of the thiol has the following peaks 
Method A in the 4000-250 cm-' region (KBr disc): 2924 w, 2602 m, 

A solution of approximately 1 mmole of the thiol in 2578 w, 2571 w, 1731 w, 1642 m, 1560 w, 1506 ~ h ,  
acetone was added to a stoichiometric amount of the 1500 sh, 1486 S, 1472 S, 1466 S, 1452 sh, 1441 m, 1407 W, 
metal ion in aqueous solution. The precipitated mer- 1384 W, 1372 W, 1241 S, 1231 sh, 1178 W, 1131 W, 1044 W, 
captide was filtered off, washed with acetone, water or 1034 sh, 1028 s, 1020 S, 976 w, 931 m, 903 s, 850 W, 759 W, 
dilute acid to remove excess of the reactants, and dried. 755 w, 721 s, 706 w, 596 m, 432 w, 365 w, 321 m, 310 w, 

286 w. 
Method B 

1.0 mmoles of (11-Bu3Sn),0 and 1.0 mmoles of the thiol 
in acetone were stirred and refluxed for 3 h. After removal The Research of Canada is thanked 
of the solvent the oily product was purified by distillation, for generous assistance. 

b.p. 130°/0.1 mm. A similar reaction starting with n- 
Bu,SnO yielded an intractable gum. 1. M. E. PEACH. Can. J. Chem. 46, 2699 (1968). 

2. A. CALLAGHAN, A. J. LAYTON, and R. S. NYHOLM. 
Method C J. Chem. Soc. D, 399 (1969). 

Approximately 1 mmole of Pb(SC6F,), was added to 3. E. PEACH. Can. J. 467 211 
an acetone or ethanol solution of the stoichiometric :: F' ~ ~ ~ ~ ~ ' M ~  ~ ~ ~ ~ ~ 0 ~ . A S ~ , " , ~ E ~ ~ 6 ~ ~ d  J. C. 
amount of the appropriate metal or non-metal halide. TAT LO^. J. them. sot. 4754 (1960). 
After filtering off the lead chloride the solvent was 6. L. J. BELLAMY. Advances in infrared group fie- 
evaporated and the residue recrystallized from i-BuOH, quencies. Methuen and Co. Ltd., London, 1968. pp. 
or sublimed (Me derivative). 170-172. 
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COMMUNICATION 

Novel electrophilic reaction of dichlorodicyanobenzoquinone 

HANS REIMANN AND ROBERT S. JARET 
Natural Products Research Department, Schering Corporation, Bloomfield, New Jersey 07003 

Received February 16, 1970 

The reaction of some steroid 1,3,5-trien-3-01 benzoates with dichlorodicyanobenzoquinone affords 
6~-(4'-benzoyIoxy-2',3'-dichloro-5',6'-dicyanophenoxy)-l,4-dien-3-ones in addition to the expected 
1,4,6-tr~en-3-ones. 
Canadian Journal of Chemistry, 48, 1478 (1970) 

We wish to report the observation of an electro- 
philic C-0 bond formation involving quinone 
oxygen in the reaction of some steroid 1,3,5- 
trien-3-01 benzoates (1) with dichlorodicyano- 
benzoquinone (DDQ) (2). When 16a-methyl- 
9a,ll  p - dichloro - 1,3,5 - pregnatriene - 3,17a,21- 
triol-20-one 21-acetate 3-benzoate (1) (m.p. 
169-1 73"; [a],-81"; hmaX(MeOH) 229 (E 20 loo), 
31 1 nm (E 6200); h(Nujo1) 2.80, 5.72, 5.76, 
6.1 1, 6.21, 6.28, 7.86, 8.05 p),' prepared from 
16a - methyl - 9a, 11 p - dichloro - 1,4 - pregnadiene- 
17~~,21-diol-3,20-dione 21-acetate (3), was heated 
with DDQ in dioxane, two major steroidal prod- 
ucts were isolated. The first of these was the 
expected (4) 1,4,6-trien-3-one 2 (m.p. 215-216" 
dec.; [a], + 93"; hmaX(MeOH) 223 (E 10 800), 
248 (E 8800), 298 nm (E 11 100); h(Nujo1) 3.04, 
5.70,5.75,6.04,6.13,6.23,8.05 p), while the novel 
structure 3, 6P-(4'-benzoyloxy-2',3'-dichloro-5',- 
6' - dicyanophenoxy) - 16a- methyl - 9a, l l  P - di- 
chloro- 1,4-pregnadiene- 1 7 ~ ~ 2 1 -  diol- 3,20-dione 

lNew compounds gave satisfactory microanalytical 
values. Rotations are in chloroform. Nuclear magnetic 
resonance (n.m.r.) spectra are recorded for deuterio- 
chloroform solutions in p.p.m. downfield from TMS 
internal standard on a Varian A-60 A instrument. Phys- 
ical measurements were under the direction of Mr. M. 
Yudis. 

21-acetate, was assigned to the second product2 
on the basis of the following evidence. 

Compound 3 (m.p. 232-234"; [a], + 25"; 
h,,,(MeOH) 230 (E 62 700), 322 nm (E 3700), 
h,,,(NaOH) 250 nm) showed bands in the 
infrared (i.r.) at 2.82, 5.68, 5.75, 8.1 (corticoid 
side chain), 5.98, 6.12, 6.25 (conjugated dienone), 
4.47 (nitrile), 7.96, 8.20 p (benzoate ester) and an 
additional low wavelength carbonyl super- 
imposed on the 5.68 p band (phenol benzoate). 
The n.m.r. spectrum exhibited peaks at 6 0.96 
(d, J = 7 Hz, 16a-CH,), 1.23 (s, 18-H,), 2.05 (s, 
19-H,), 2.16 (s, COCH,), 4.5-5.3 (6a-H, 1 la-H, 
21-Hz), 6.45 (q, J = 10 and 1.5 Hz, 2-H), 6.53 
(4-H), 7.29 (d, J = 10 Hz, 1-H) and 7.5-8.4 
(COC,H,). The presence of the intact corticoid 
side chain in 3 was supported by perchloric acid 
catalyzed methanolysis to give the 21-alcohol 4 
(m.p. 192-194"; [a], + 16"; h,,,(MeOH) 230 
(E 59 800), 322 nm (E 3400); h(Nujo1) 2.85, 4.45, 
5.65, 5.85, 5.99, 6.16, 6.22, 7.95, 8.17 p). Treat- 
ment of 3 with zinc in methanolic acetic acid 
resulted in elimination of the 9a,llp-dichloro 
system as well as in reductive deconjugation of the 
1,4-dien-3-one with elimination of the 6-sub- 
stituent (5) to afford the 1,5,9(11)-trien-3-one 5 
(acetone solvate, m.p. 189-190"; [a], + 69"; 
hmaX(MeOH) 223 nm (E 12 500); h(Nujo1) 2.84, 
5.72, 5.77, 5.90 (acetone), 5.98, 6.20, 8.1 p) and 
the monobenzoate of dihydro-DDQ (m.p. 219- 
221" ; hmaX(MeOH) 224 (E 36 OOO), 235 (E 36 OOO), 
335 nm (E 5600); h(Nujo1) 3.10, 4.44, 5.67, 7.92, 
8.22 p) which was prepared independently from 

ZCompounds 2 and 3 were isolated in yields of 19 and 
45 %, respectively. 
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COMMUNICATION 1479 

dihydro-DDQ. Acid-catalyzed isomerization of 
5 gave 16a-methyl- 1,4,9(11)-pregnatriene- 17% 
21-diol-3,20-dione 21-acetate, identical with an 
authentic sample (6). 

CHIOR 

assignment of the P-configuration to the sub- 
stituent at C-6 is supported by the downfield 
shift (about 20 Hz) of the C-19 methyl protons vs. 
the parent structure, and is consistent with the 
usual P-attack on steroid 3,5-dien-3-01 deriva- 
tives. 

The formation of 3, which involves an unusual 
benzoyl transfer, presumably proceeds via a 
species such as A, produced either in one step or 
by coupling of a prior charge-transfer complex (7). 

Oxidation of 4 with manganese dioxide in 
chloroform3 afforded the 17-ketone 6 ( m . ~ .  
185-1880; + 6O0; Lmax(MeoH) 2'0 I& Similar were obtained with gO,l 18- 
65 400), 321 nm (& 4200) ; L(NujO1) 4.46, 5.65, dichloro - 1,3,5 - pregnatriene - 3,17a,21-trio1 - 20- 
5.73, 5ag8, 6.12, 6.24, 7.97, 8.17 P) whose n.m.r. one 21 -acetate 3 -benzoate and gel -fluoro - 16P- 
spectrum permitted a further assignment of methyl- 1,3,5 - pregnatriene- 3,11 P, 17a,21 -tetrol- 
pertinent protons, 6 1.1 1 (d, J = 7 Hz, 16a-CH3)7 20-one 21-acetate 3-benzoate. 
1.37 (s, 18-H,), 2.06 (s, 19-H3), 4.83 (q, J = 2.5 
and 4 Hz, 1 1 a-H), 5.15 (mult., J,,, - 6 HZ, 6a-H), 
6-47 (q, J = 10 and 1.5 Hz, 2-H), 6.52 (4-H), We thank Dr. Leon Mandell for helpful advice in the 

7-25 (d, J = 10 Hz, 1-H), 7.5-8.4 (COC,H,). The interpretation of the n.m.r. spectra. 

N C  OBz 

3H. Reirnann and 0 .  Z. Sarre. Manuscript in prepara- 
tion. 

CF. Belg. Pat. 596 946 (1960). 
For a comprehensive review on DDQ and its reac- 
tions, see: D. WALKER and J. D. HIEBERT. Chem. 
Rev. 67, 153 (1967). 
C. H. ROBINSON, L. E. FINCKENOR, R. TIBERI, and 
E. P. OLIVETO. J. Org. Chem. 26, 2863 (1961). 
CF. S. K. PRADHAN and H. J. RINGOLD. J. Org. 
Chern. 29, 601 (1964). 
A. L. NUSSBAUM, G. BRABAZON TOPLISS, T. L. POPPER, 
and E. P. OLIVETO. J. Arner. Chern. Soc. 81, 4574 
(1959). 
E. P. OLIVETO, R. RAUSSER, L. WEBER, A. L.NUSSBAUM, 
W. GEBERT, C. T. CONIGLIO, E. B. HERSHBERG, S. 
TOLKSDORF, M. EISLER, P. L. PERLMAN, and M. M. 
PECHET. J. Amer. Chern. Soc. 80, 4431 (1958). 
CF. H.-D. BECKER. J. Org. Chem. 34, 1203 (1969). 
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Synthesis and characterization of cyclam complexes of rhodium(II1) 

E. J. BOUNSALL AND S. R. KOPRICH 
Department of Cl~et?iistry, U)~iuersity of Witzdsor, Witzdsor, Otztario 

Received November 26, 1969 

A series of complexes of the type Rh(cyclam)X,+ and Rh(cyclam)XYn+ have been prepared and 
characterized, where cyclam represents 1,4,8,11-tetraazacyclotetradecane and X and Y represent OH-, 
H,O, CI-, Br-, I - ,  Ns- ,  NCS-, and NOz-. The infrared and electronic spectra are discussed with 
respect to assignment of the cis and trolls isomers, the linkage isomers, and the Rh-ligand stretching 
frequencies above 250 cm-'. The thermodynamic tratls effect is related to shifts in the Rh-ligand 
stretching frequencies. The intensities of the d-d transitions are related to distortion of the octahedral 
field to support the cis and tram assignments, and compared to show the decrease in bond constraint 
for propylene linkages in place of ethylene. Steric constraint accounts for the single case of stereo- 
isomerization by cis-Rh(cyclam)12 +. 
Canadian Journal of  Chemistry, 48, 1481 (1970) 

I Introduction 

I Macrocyclic quadridentate ligands such as 
I 1,4,8,11-tetraazacyclotetradecane (cyclam) and 

1,4,7,10-tetraazacyclododecane (cyclen) have be- 
come important since they provide a substrate 

1 for octahedral substitution mechanistic studies 
1 with some advantages over the more commonly 
, studied bis(ethy1enediamine) systems, and they 

are also much simpler than naturally occurring 
cyclic ligands such as the porphyrins. Several 
trans-Co(cyclam)XZi complexes (1) and a few 
Ni(cyclam)X, complexes (2) were prepared by 
Tobe and co-workers. Collman and Schneider 
(3) prepared some cis-Co(cyclei~)X,~ complexes 
and cis-Rh(cyclen)Cl, +.  cis-Cr(cyclam)ClZi, as 
well as the cyclam complexes of several other 
metals, Cu(II), Zn(II), Cd(II), and Pd(I1) have 
been prepared by Allen and Pedwell (4). Poon 
and Tobe (5) have recently prepared more cis- 
and trans-Co(cyclam)X,+ and some Co(cyc1am)- 
XY complexes and have used them to study the 
mechanism and steric course of octahedral acid 
hydrolysis. The linear quadridentate analogs of 
cyclam have also received recent study. The 
triethylenetetramine (trien) complexes of Co(II1) 
and Rh(II1) were reported by Gillard and 
Wilkinson (6) and also by Sargeson and co- 
workers (7). 1,4,8,11-Tetraazaundecane (2,3,2- 

tet), an even more similar analog of cyclam, was 
studied by Hamilton and Alexander (8) and 
Gillard and co-workers (9). Gillard and co- 
workers termed these open-chain ligands as 
facultative, based on their ability to assume 
different configurations. The two possible cis 
configurations, as opposed to one for cyclain, 
make these systems more complicated and less 
desirable as a simple substrate for mechanistic 
studies. 

The rigidity of the quadridentate cyclic struc- 
ture is a barrier to isomerization, and for Rh(II1) 
only the cis-diiodo complex isomerizes at reflux 
temperatures. This is due to the steric preference 
of the large iodo ligands for the tm7s con- 
figuration. 

The greater number of different Rh(II1) com- 
plexes of cyclam compared to the bis(ethy1ene- 
diamine), (en),, analogs enlarges the scope for 
trans effect and mechanistic studies which will be 
reported in a later paper. The cyclam complexes 
are more inert than the bis(ethy1enediamine) 
analogs and the substitution reactions can be 
measured by conventional spectrometric tech- 
niques. The larger enthalpies of activation for 
cyclam complexes support the prediction that 
their increased rigidity resists stereochemical 
rearrangement in the transition state, relative to 
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1482 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

(en),. Another factor causing the destabilization 
of the transition state is the decrease in solvation 
with increasing chelation (10). 

Results and Discussion 
Stereoisomers 

The cis and trans isomers of the Rh(cyc1am)- 
XY"+ series were assigned on the basis of a 
comparison of the wavelengths and extinction 
coefficients of the absorption maxima of their 
electronic spectra (Tables 1 and 2). I t  is readily 
apparent that the trans isomers exhibit electronic 

tary dispersion (0.r.d.) spectrum showed a very 
small specific rotation (cf. resolution of cis- 
[Rh(cyclam)Cl,]Cl, below). Racemic cis-[Rh- 
(en),Cl,]Cl has been successfully resolved (11) 
and the optical rotation of the I-cis isomer was 
measured ([u],,,,, = - 58"). The relatively 
small rotation of the cyclam optical isomer could 
have been the result of poor separation of the 
diastereoisomers or the increased symmetry of 
the cyclam cis isomer over the corresponding 
cis-(en), . 

The relative extinction coefficients of the 
transitions of lesser energy and lesser intensity stereoisomers provide further evidence for the 
than those for the cis compounds. This observa- assignments. Distortion of the octahedral field 
tion was used to assign the cyclam complexes for around the central metal ion tends to remove the 
which there is no (en), analog. center of symmetry with respect to vibrations and 

The cis-Rh(cyclam)Cl, + isomer was confirmed the d6 states lose some of their g character 
by the resolution of the racemic mixture with through vibronic coupling (12). This provides a 
d-u-bromocamphor-n-sulfonate. An optical ro- mechanism for increasing the intensity of the d-d 

TABLE I 
Electronic spectra o f  Rh(cyclam)XYn+ (absorption maxima) 

Complex 

cis-C1, + 

trans-C1, + 

cis-Br, + 

trans-Br, + 

cis-1, + 

trans-1, + 

cis-(N3), + 

trans-(N3), + 

~ i s - ( N o , ) ~  + 

trans-(NO& + 

cis-(NCS), + 

trans-(NCS)> + 

trans-CI(0H) + 

trans-C1(H,O)Z + 

trans-Br(0H) + 

trans-Br(H20)" 
trans-I(0H) + 

tran~-I(H,O)~ + 

trans-N3(OH)+ 
tran~-N,(H,O)~+ 
cis-(OH)(H,O)" 
t r a n ~ - ( O H ) ( H ~ o ) ~  + 

trans-CIBr + 

trans-CII + 

trans-CI(N3) + 

trans-CI(NCS)+ 

E ( 1  cm-' mole-') 

223. 308. 33900 

- 

'sh = shoulder. 
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BOUNSALL AND KOPRICH: ON CYCLAM COMPLEXES O F  RHODIUM(II1) 

TABLE 2 

Electronic spectra of [Rh(en),XY]+ (absorption maxima) 

Complex (mp)* E (I cm-' mole-') Reference 

*sh = shoulder. 

TABLE 3 

Electronic spectra (maxima) of some [Rh(amine)Cl2]+ complexes 

Complex h (mp) E (1 cm-' mole- ') Reference 

trans- [Rh(NH,),CI,] + 412 66 11 
t ran~-[Rh(en)~Cl~] + 406 75 11 
trans- [Rh(cyclam)C1, ] + 406 78 This work 
cis-[Rh(en),Cl,] + 352 155 11 
cis-[Rh(cyclam)Cl2] + 354 22 3 This work 
cis- [Rh(trien)Cl,] + 352 250 11 
cis- [Rh(trien)Cl,] + 370 300 3 
cis- [Rh(cyclen)Cl2] + 365 535 3 

t ransi t ions.  The  two spin-allowed bands  
('TI,.+ 'A,,, IT,, c 'A,,) are easily observed 
and are obscured by charge-transfer bands only 
for nitro complexes with their large ligand field 
strengths. An increase in steric constraint would 
be expected to cause greater distortions and 
thereby greater intensities in the visible absorp- 
tion of the complexes. Collman and Schneider (3) 
discuss this principle with respect to a cis- 
Rh(amine)X,+ series. The center of symmetry is 
removed in a cis isomer relative to a trans, con- 
sidering the primary effects of the N donors and 
ignoring the secondary effects of the ethylene and 
propylene linkages. As a result, larger extinction 
coefficients for the d-d transitions are predicted 
for the cis isomers. Table 1 shows that this 
prediction is consistent with the assignment of 
stereoisomers. It is especially clear in the case of 
cis-[Rh(cyclam)I,]I, which has the additional 
distortion resulting from the size of the iodo 
ligands. The lower energy d-d transition is about 
20 times as intense for the cis isomer. In addition, 
as noted, the steric effect of the iodo ligands make 

this the only complex in the series which under- 
goes stereoisomerization at reflux temperature. 

A comparison of some of the Rh(amine)Cl,+ 
complexes shows this trend very clearly (Table 3). 
This effect is more pronounced in the cis series 
than the trans. The table also shows that the 
larger size and greater flexibility of the cyclam 
ring relative to the cyclen ring results in less 
distortion of the octahedral field. The d-d transi- 
tion intensity is less than that of complexes with 
only ethylene linkages. Therefore, the presence of 
the two propylene bridges in cyclam removes 
some of the steric constraint in the cis series of 
isomers. 

The infrared (i.r.) spectra also provide evidence 
for the increased distortion of the octrahedral 
field in the cis series. The lower symmetry of the 
cis complexes results in greater detail in the 
spectrum (Table 4). The v(N-H) and v(Rh-N) 
modes and the CH, rocking modes appear as 
single bands in the trans and double bands in the 
cis series. In addition, the bands due to v(N0,) 
and v(NCS) are resolved in the cis complexes. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1484 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE 4 
Some details of the infrared spectra of diacidocyclamrh~dium(III) complexes* 

. ~- - ~ ~ - - ~  . ~~ .~~~ ~ . - - . -. . - - -- 

Frequency, cnl- ' 
Complex v(CN or  CC), s v(Rh-N), m Other 

1053 505 
1017 459 
1001 
1020 493 
1052 477 

*r = rocking vibration, s = strong, m = medium, assigned according to ref. 15. 
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BOUNSALL AND KOPRICH: ON CYCLAM COMPLEXES OF RHODIUM(III) 1485 

Linkage Isotners The sharp infrared band near 820 cni-' is 
The thiocyanate ion was bonded in the iso- diagnostic of a nitro isomer (20). It should not be 

I 
I thiocyanato form (N-bonded) as determined confused with a broad peak near 860 cnl-' found 

from its spectra. A medium band near 835 cm-' in both nitro and nitrito isomers. 
was observed for each thiocyanate complex The greater stability of the isothiocyanato and 
(Table 4). Turco and Pecile (16) reported the the nitro isomers over the thiocyanato and nitrito 

/ range 780-860 cm-' for the C-S stretching isomers tends to indicate the hardness (21) or 
frequency in isothiocyanato complexes, as op- "class a" character (22) of the Rh(cyclam) sub- 
posed to 690-720 cm-' in thiocyanato complexes. strate. This principle is clearly illustrated by the 
In this work, no i.r. bands were observed in the triad Zn(II), Cd(II), and Hg(I1): class a Zn(I1) 
690-720 cm-' range. A more reliable assignment bonds with N, borderline Cd(1I) bonds with N 
can be made on the basis of the G(NCS) fiinda- or S, and class b Hg(I1) bonds with S (ref. 10, 
mental mode, which occurs in the 460-490 cm-' p. 297). 
range for M-NCS, while the corresponding band 
for M-SCN occurs from 410 to 440 cm-' (16). Trans Bond Weakelzillg 
In this work, a single weak band was present near The o-inductive theory of the trans effect 
460 cm- ', which supports the isothioc~anato accounts for tt.arzs activation through coinpetition 
assignment. This is a necessary confirmation, for the ox molec~ilar orbital (ref. 10, p. 372), or 
since the first overtone of the GCNCS) funds- repulsion of electrons in the metal p, orbital. 
mental, which would occur for both M-SCN Therefore, the theory predicts that trans de- 

l 
and M-NCS, is a band between 800 and 880 stablization is related to trans labilization, pro- 
m-' with an intensity comparable to the vided n: effects are not important. The assumption 
v(C-S) mode, and therefore may be mistaken as that the changes in v(Rh-X) can be correlated 

I diagnostic of isothiocyanato. The most reliable with changes in bond strength is probably safe 
I criterion for M-NCS bonding is a broad band in for a series of related compounds. Although there 

the vicinity of 2000 cm- ', while M-SCN gives a is no necessity that this assumption be so, due to 
1 very sharp band in the same region in the spec- tlie more complex bond strength relationships of 
I trum of the solid (17). Again, the isothiocyanato coupled modes, the decrease in v(Pt-X) in 
1 assignment for all the complexes prepared, in- trans-Pt(PEt,),LCI (23) was found to be related 
I volving the thioc~anato ion, was indicated by a to the increasing trans effect of L, provided that 

characteristically broad band in the range n: bonding is not a complicating factor. In addi- 
I 2080-2 100 cm - ' . tion, a similar correlation has been found for 

The electronic spectrum was in agreement with v (p t -~ )  in ci,y-PtX2(NH3)2 (24) and in trans- 
this assignment. According to Schaffer (18) and P~(NH,)LCI, (25); and for ~ ( p t - ~ )  in trans- 
Jorgensen (191, thioc~anato should fit close to PtA,LH, where A is As(Et), and a series of 
chloro and bromo in the spectrochemical series, substituted phosphines (26). Similarly, the trans 
while isothiocyanato should fit along with destabilization effect can be inferred from the 
stronger ligands, such as azido, at  lower wave- shifts in the v(Rh-X) frequencies. In each of the 
lengths. Comparing the lower energy d-d transi- cis complexes, a different group is trans to a 
tion ofthe thiocyanato, azido, and halo complexes cyclam nitrogen. Therefore, shifts in the 
(Table l), it is evident that thiocyanato has a v(Rh-N) freq~lencies provide a basis for order- 
ligand field strength very close to that of azido. ing the tralzs ligands according to their bond 

The ~lltraviolet (u.v.) spectra of the dinitro weakening influence. From the data in Table 4, it 
complexes show that the linkage iS0mers contain is clear that the order of tram bond weakening 
nitro rather than nitrito ligands. Nitrito has a ability is 
ligand field strength near that of hydroxo, whereas 

N02- > I -  > Br- > CI- - N 3  > N(cyclam) > NCS- nitro is close to the strongest ligands in the 
I spectrochemical series. The absorption maxima N(cyc1am) was positioned on the basis of the 
I for the nitro complexes are tlie farthest in the U.V. trans complexes in which N(cyc1am) is trans to 

and are observed as shoulders, d ~ l e  to the each Rh-N bond. The order is expected on 
I proximity of the charge transfer peaks. All the comparison with the trans-effect orders of other 

comparable hydroxo maxima are further in the octahedral systems, except for azido. However, 
visible region. azido is a good n donor, and as such has an 
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additional mechanism for trans activation, which 
is related more to the transition state than the 
ground state (27). The same relative order of 
trans bond weakening is observed for v(Rh-N,) 
in trans-Rh(cyclam)L(N,)+ and for v(Rh-OH) 
in trans-Rh(cyclam)L(OH)+, where L is a halo 
or azido ligand. 

Preparations 
The preparation of cyclam was carried out 

according to the method of Tobe and co-workers 
(1) with two modifications which simplified the 
procedure and improved the yield. The product 
was precipitated directly from the reaction solu- 
tion rather than being sublimed along with an 
added amount of 1,9-diamino-3,7-diazanonane. 
Secondly, the crude product was purified by 
vacuum sublimation rather than recrystallization 
from dioxane. The method of Stetter and Mayer 
(28) is more elegant but was not used because of 
its length and similar yield. However, the m.p. 
of 186-188 "C (sealed tube) was closer to that 
reported by Stetter and Mayer (185 "C) than that 
by Tobe and co-workers (173 "C). Recrystal- 
lization from dioxane was also used by Stetter and 
Mayer for purification. 

Cyclam was observed to be very stable in air. 
It was quite soluble in water, in contradiction to 
the observation of Stetter and Mayer. However, 
the infrared spectrum corresponded exactly with 
their spectrum. 

The preparation of the 1,5,9,13-tetraazacyclo- 
hexadecane analog of cyclam was attempted, 
since it is a more symmetric ring with four 
propylene linkages. While a crude product was 
isolated, it was not stable in air, turning brown, 
and it was quite viscous. Apparently the stability 
and high m.p. of cyclam are not shared by this 
analog. Other close analogs also have low melting 
points (1,3,7,10-tetraazacyclododecane, 35 "C;  
1,4,8,11-tetraazacyclotridecane, 41 "C). 

The stability of cyclam is explained by Tobe as 
the result of diagonal hydrogen bridging by two 
of the amine hydrogens. This structure leaves two 
lone pairs available for direct protonation, which 
agrees with the two pairs of steps involved in the 
protonation according to Curtis (29). In com- 
parison, the protonation of the open chain 
follows a regular four-step sequence. 

The preparation of the dichloro complex from 
RhC13.3H,0 and cyclam in water gave almost 
entirely the cis isomer. On the other hand, if the 

CHEMISTRY. VOL. 48, 1970 

same preparation was carried out in methanol, 
the trans isomer predominated (60 % trans, 30 % 
cis isolated). When the reaction was carried out 
in a NaBr solution, sufficient trans isomer was 
produced to be separated, but the impure yield 
(17%) was much lower than the reaction of the 
dichloro complex with Br- reported below. A 
NaI solution gave an even greater percentage of 
trans isomer, however, it could not be separated 
from the cis. 

All the cis- and trans-Rh(cyclam)X,+ com- 
plexes were prepared from the respective cis or 
trans dichloro complex by heating at reflux tem- 
perature in an aqueous solution of the desired 
anion for extended periods of time. This was 
possible since only the cis-diiodo complex showed 
any tendency to isomerize. However, even the 
cis-diiodo complex could be prepared by care- 
fully limiting the reflux period. 

Since these preparations were time consuming, 
a catalytic approach was attempted. Gillard et al. 
(30) have suggested several catalysts for Rh(II1) 
reactions. NaBH, was found to be ineffective. 
The solutions of NaBH, were basic, causing 
interference by the predominating base hydrol- 
ysis reaction. No further work was done with 
catalysis since base hydrolysis itself was found 
to be a convenient pathway for the desired mixed 
complexes. 

The cyclam complexes of Rh(II1) were very 
sensitive to base hydrolysis and gave complete 
dihydroxo formation in less than 1 h in approxi- 
mately 0.1 M NaOH, with indications of the 
usual second-order rate dependence. The bis- 
(ethylenediamine) analogs, on the other hand, 
were not as susceptible to base hydrolysis and 
formed the dihydroxo complex at rates slower 
than the usual substitution rates, which are 
limited by the acid hydrolysis rate. The rapid 
formation of hydroxo complexes provided an 
excellent pathway for the preparation of Rh- 
(cyclam)XYn+. By carefully limiting the reflux 
period from 3 to 10 min, it was found that the 
solution contained only the mono- and di- 
hydroxo products, and the monohydroxo product 
could be precipitated in very pure form (yields : 
approximately 50%) since the dihydroxo could 
not be precipitated with perchlorate. The mono- 
hydroxo complex was acidified to give the mono- 
aquo, which was readily anated with several 
different anions to give the desired mixed XY 
complexes. 
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Experimental 
RhCI, .3Hz0 from J. Bishop and Co. Platinum Works 

was used without further purification. Pure methanol 
(99.9 mole %) and ion-exchanged distilled water were 
used as solvents. Reagent grade sodium salts were used as 
a source of the anions for substitution and precipitation. 

Electronic spectra were recorded on a Bausch and 
Lomb S~ectronic 505. using water as the solvent for all 

in the solution. After filtration, the yellow solution was 
evaporated to dryness. The yellow residue was recrystal- 
lized from 75 ml water and 25 ml concentrated HCI, 
washed with acetone and ether and dried under vacuum 
for 2 h (5.8 g, 50%). 

Anal. Calcd. for [Rh(CloHz4N4)CIz]CI: C, 29.32; H, 
5.91; N, 13.68; CI, 25.97. Found: C, 29.38; H, 5.89; N,  
13.68; C1, 26.17. 

. - 
sarnples except those with a hydroxo ligand. Hydroxo cis-[Rh(cyclam)Clz]C104 
complexes were recorded in 0.1 M NaOH. Infrared R ~ C I , . ~ H ~ O  (2.0 g, 7.6 mmoles), cyclam (1.5 g, 7.6 
spectra were recorded on a Beckman IR 10 using mmoles), and NaCl (2.0 g, 34 mmoles) were added to 
approximately 1 % KBr pellets. The 0.r.d. spectra were 50 ml water and heated under reflux for 30 min, during 
recorded on a Cary 60 instrument. which the red mixture changed to a yellow solution. 

1,4,8,11-Tetraazacyclotetradecane (Cyclam) HC1O4 (5 ml, 70%) was added to precipitate the product. 

The open-chain intermediate, 1,9-diamino-3,7-diaz- The yellow product (2.4 g, 70%) was 

anonane, was prepared according to the method of Van repeating the procedure' 
Alphen (31). 1,3-Dibromopropane (250 g, 1.2 moles, Anal. Calcd. for [Rh(CloHz4N4)CIz]C104: C, 25.36; 

126 ml) was added dropwise to ethylenediamine (360 g, H, 5.11; N, 11.83; C1, 22.46. Found: C, 25.57; H, 5.29; 

6.0 moles, 400 ml) in 300 ml ethanol. The yellow solution N' ; 22'47' 
was heated unde; reflux for 1 h. KOH (300 g, 5.3 moles) 
was added and the reaction mixture was stirred for 30 
min. The KBr and excess KOH were removed by filtra- 
tion. The ethanol and excess ethylenediamine were re- 
moved by distillation (1 1 6 1  17 "C). The 1,9-diamino- 
3,7-diazanonane was separated by vacuum distillation 
(138 "C, 4 mm Hg) as a clear viscous liquid (90 g, 0.56 
mole, 47% yield). 

Cyclam was prepared according to Tobe and co- 
workers (1) with some modifications. 1,3-Dibromo- 
propane (50 g, 0.25 mole) and 1,9-diamino-3,7-di- 
azanonane (40 g, 0.25 mole) were added to 4 1 ethanol and 
heated under reflux for 24 h. during which the solution 
turned yellow. Three liters of ethanol were removed by 
distillation. KOH (35 g, 0.62 moles) was added and the 
volume was reduced to about 500 ml by distillation. The 
solution was cooled and the KBr was removed by 
filtration. The volume was reduced to 150 ml, during 
which the excess KOH was removed by decantation. The 
viscous yellow solution was cooled overnight to precipi- 
tate the white product (3.0 g, 673, which was filtered, 
washed with acetone, and purified by vacuum sublimation 
(120 "C, 2 mm Hg). The melting point in a sealed tube 
was 186 "C. 

Anal. Calcd. for C10HZ4N4: C, 59.95; H, 12.08; N, 
27.97. Found: C, 59.93; H, 12.24; N, 27.93. 

cis-[Rh (cyclam) CI,]CI 
RhCl3.3Hz0 (7.5 g, 28 mmoles) and cyclam (7.5 g, 

37 mmoles) were dissolved in 300 ml methanol and heated 
under reflux for 5 min, during which the red mixture 
turned to a yellow solution with a yellow precipitate. The 
reaction mixture was cooled and filtered. The yellow 
product (3.1 g, 27%) was washed with ethanol and ether 
and dried under vacuum for 2 h. 

Anal. Calcd. for [Rh(CloHz4N4)CIz]CI: C, 29.32; H, 
5.91; N, 13.68; C1, 25.97. Found: C, 29.26; H,  5.99; N, 
14.02; C1, 25.80. 

trans-[Rh(cyclam) CI,]CI 
The filtrate from the preparation of cis-[Rh(cyclam)- 

CIZ]CI in methanol was treated with 25 ml concentrated 
HCI to precipitate the excess cyclam as the tetrahydro- 
chloride (analyzed as 3.5 HCI), and any cis isomer left 

cis-[Rh (cyclam) Brz]Br 
cis-[Rh(cyclam)Cl,] (500 mg, 1.22 mmoles) and NaBr 

(2.5 g, 24 mmoles) were dissolved in 50 ml water and 
heated under reflux for 3 h. The solution turned from 
yellow to orange, with the formation of an orange 
precipitate. The reaction mixture was cooled to precipi- 
tate the orange product, which was recrystallized by 
repeating the procedure (450 mg, 6879, washed with 
ethanol and ether and dried under vacuum for 2 h. 

Anal. Calcd. for [Rh(CIOHz4N4)BrZ : C, 22.12; H, 4.46; 
N, 10.32; Br, 44.15. Found: C, 22.26; H,  4.47; N, 10.34; 
Br, 43.86. 

trans-[Rh(cyclam) Brz]Br 
Using the trans-dichloro compound, the procedure was 

the same as for the cis isomer with a 5 h reflux period and 
NaBr (4.6 g, 44 mmoles) in 50 ml water. The trans isomer 
(240 mg, 41 %) was also orange. 

Anal. Calcd. for [Rh(CloHZ4N4)Brz]Br: C, 22.12; H, 
4.46; N, 10.32; Br, 44.15. Found: C, 22.28; H, 4.43; 
N, 10.50; Br, 43.92. 

cis-[Rh (cyclam) Z2]Z 
cis-[Rh(cyclam)C1,]C1 (500 mg, 1.22 mmoles) was 

dissolved in 0.33 M NaI and heated under reflux for 
30 min. The solution turned from yellow to orange. It 
was cooled to precipitate the orange product, which was 
recrystallized by repeating the procedure twice. The 
orange product (370 mg, 45 %) was washed with ethanol 
and ether and dried under vacuum for 2 h. 

Anal. Calcd. for [Rh(CloH24N4)12]I: C, 17.56; H,  
3.54; N, 8.19; I, 55.66. Found: C, 18.07; H,  3.77; N, 
8.43; I, 55.66. 

trans-[Rh (cyclam) ZZ]Z 
trans-[Rh(cyclam)CI2]C1O4 (504 mg, 1.06 mmoles) and 

NaI (3.2 g, 21 mmoles) wkre added to 150 ml water and 
heated under reflux for 3 h, during which a brown pre- 
cipitate was formed. The solution was cooled and the 
brown product was recrystallized by heating in 2 1 water 
and NaI (3.2 g, 21 mmoles) for 3 days, followed by 
slow evaporation to 200 ml. The product (610 mg, 84 %) 
was washed with ethanol and ether and dried under 
vacuum for 2 h. 
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Anal. Calcd. for [Rh(Cl0H2,N4)I2]I: C, 17.56; H, 
3.54; N, 8.19; I, 55.66. Found: C, 17.38; H, 3.54; N, 
8.20; I, 55.74. 

cis-[Rlr(cyc.lat~r) (N3)2 ]C/O4 
cis-[Rh(cyclam)C12]CI (500 rng, 1.22 nimoles) and 

NaN3 (1.0 g, 15 mmoles) were dissolved in 25 rnl water 
and heated under reflux for 3 h. The yellow solution 
became golden. HCIO, (5 rnl, 70%) was added to 
precipitate the yellow product, which was recrystallized 

solution was heated under reflux for 50 h. NaCI04 .H20  
(10 g, 72 mrnoles) was added to precipitate the product. 
The pale yellow complex was added to 50 ml 1.0 M 
NaSCN, heated under reflux for 10 h, and precipitated 
with NaC10,. The product (72 mg, 34%) was washed 
with ethanol and ether and dried under vacuum. 

Anal. Calcd. for [Rh(CloH24N4)(NCS)2]C104: C, 
27.78; H, 4.66; N, 16.20; S, 12.36. Found: C, 27.56; 
H,  4.57; N, 15.96; S, 12.44. 

by repeating the procedure. The product (460 mg, 78%) tra~rs-[Rh(cyclatn)CI(OH)]CIO, 
was washed with ethanol and ether and dried under trar~s-[Rh(cyclarn)C1~]C1 (306 mg, 0.747 mmole) and 
vacuum for 2 h. The product was protected from light to NaOH (1 pellet, -2.5 mmoles) were dissolved in 20 ml 
prevent deconiposition to a brown compound. water and heated under reflux for 5 min. NaC104.H20 

Anal. Calcd. for [Rh(CloH24N4)(N3)21C1O4: C, 24.68; (5.0 g, 36 mmoles) was added to precipitate the white 
H,  4.97; N, 28.78; C1, 7.28. Found: C, 24.70; H, 5.12; complex (153 mg, 4573, which was washed with ethanol 
N, 29.02; CI, 7.40. and ether and dried under vacuum. 

t ~ f l ~ l ~ - [ R f z ( c j ~ c ~ f l t ~ ~ )  (N3) ,]C/O4 
The trans iso~iier was prepared using the same proce- 

dure as for the cis compound. The yellow product 
(390 mg, 73 %) was protected from light. 

Anal. Calcd. for [Rh(CloH24N4)(N3)2]C104: C, 24.68; 
H,4.97; N,28.78. Found: C, 24.88; H,4.96; N,28.73. 

cis-[RII (cyclar17) (NO2) ,]C104 
cis-[Rh(cyclam)C12]CI04 (500 mg, 1.05 mmoles) and 

NaN02 (1.7 g, 24 mmoles) were dissolved in 50 rnl water 
and heated under reflux for 3 h. The solution turned 
paler yellow. HCIO, (5 rnl, 70%) was added to precipitate 
the product, which was recrystallized by repeating the 
procedure. The pale yellow product (400 mg, 76%) was 
washed with ethanol and ether and dried under vacuum. 

Anal. Calcd. for [Rh(CloH24N4)(N02)2]C104: C, 
24.28; H, 4.89; N, 16.99. Found: C, 24.44; H, 4.93; 
N, 16.64. 

tra~rs-[Rh(cyclar~~) (NOz)z]CI04 
trn~rs-[Rh(cyclam)C12]C1 (719 mg, 1.75 mmoles) and 

NaNO, (3.5 g, 51 mrnoles) were added to 50 ml water 
and heated under reflux for 20 h. HCIO, (5 ml, 70%) was 
added to precipitate the product, which was recrystallized 
by repeating the procedure. The white powder (484 mg, 
58%) was washed with ethanol and ether and dried under 
vacuum. 

Anal. Calcd. for [Rh(CloH24N4)(N02)2]C104: C, 
24.28; H, 4.89; N, 16.99; 0,25.87. Found: C, 24.56; H, 
4.97; N, 17.00; 0 ,  25.59. 

cis-[Rh(cyclorr~) (NCS) 2]CI04 
tmtrs-[Rh(~yclam)(OH)(H~O)](Cl0,)~ (375 mg, 0.697 

mmole), NaSCN (2.0 g, 25 m~iioles), and NaCI04.H20 
(10 g, 72 rnrnoles) were dissolved in 25 ml water and 
heated under reflux for 2 h during which the solution 
became darker yellow. The solution was cooled to 

Anal. Calcd. for [Rh(CloH2,N,)CI(OH)]C10,: C, 
26.39; H, 5.54; N, 12.31; C1, 15.58. Found: C, 26.36; 
H, 5.48; N, 12.07; CI, 15.71. 

tratzs-[Rfz(cycla~~z) CI(H20)l(CI04) 
trans-[Rh(cyclam)CI2]C1 (510 mg, 1.24 mmoles) and 

NaOH (I pellet, -2.5 mmoles) were dissolved in 25 ml 
water and heated under reflux for 4 min. The pale yellow 
solution was cooled on ice and slightly acidified with 
dilute HCIO,. NaCI04 .H20  (10 g, 72 mmoles) was 
added to precipitate the yellow product (387 mg, 56%), 
which was washed with ethanol and ether and dried 
under vacuum for 2 h. 

Anal. Calcd. for [Rh(CloH,4N4)CI(H20)](C104)2: C, 
21.62; H, 4.72; N, 10.08; C1, 19.14. Found: C, 21.46; 
H, 4.35; N, 10.07; C1, 19.30. 

trans-[Rh(cyclat~~) Br(OH)]CIO, 
trans-[Rh(cyclam)Br2]Br (203 mg, 0.374 mmole) and 

NaOH (1 pellet, -2.5 mmoles) were dissolved in 15 ml 
water and heated under reflux for 3 min, during which the 
solution turned paler yellow. NaCIO,.H,O (5.0 g, 36 
mmoles) was added to precipitate the pale yellow complex 
(95 mg, 51 %), which was washed with 1:l ethanol and 
ether and dried under vacuum. 

Anal. Calcd. for [Rh(CloH2,N4)Br(OH)]CI04: C, 
24.04; H, 5.04; N, 11.21; Br, 15.99; C1, 7.10. Found: C, 
24.23; H, 4.94; N, 11.12; Br, 16.04; C1, 7.08. 

trans-[Rf~(cyclarn) Br(H20)](C104)2 
rrnrrs-[Rh(cyclam)Br,]Br (214 mg, 0.394 mmole) and 

NaOH (I pellet, -2.5 mmoles) were dissolved in 15 ml 
water and heated under reflux for 3 min. The yellow 
solution was cooled and acidified with dilute HCIO,. 
NaCI04.H20 (5.0 g, 36 mrnoles) was added to precipi- 
tate the pale orange complex (127 mg, 5473, which was 
washed with I:] ethanol and ether and dried under 

precipitate the product. The yellow-white product (165 vacuum. 
mg, 46%) was washed with ethanol and ether and dried Anal. Calcd. for [Rh(CloH24N4)Br(H2~)](~~~4)2: C, 
under vacuum. 20.01; H, 4.37; N, 9.34; Br, 13.32; CI, 11.82. Found: C, 

Anal. Calcd. for [Rh(CloH24N4)(NCS)2]C104: C, 20.42; H, 4.18; N, 9.49; Br, 12.94; C1, 11.66. 
27.78; H, 4.66; N, 16.20; S, 12.36. Found: C, 27.84; H, tra~u-~Rh(cyclam)l(OH)lCI04 
4.57; N, 16.20; S, 12.29. trans-[Rh(cyclam)12]I (268 mg, 0.392 mmole) and 
trans-[Rh (cycln~n) (NCS) ,]CIO, NaOH (I pellet, -2.5 mmoles) NaOH were added to 
tratrs-[Rh(~yclam)(OH)(H~O)](Cl0~)~ (218 mg, 0.405 15 ml water and heated under reflux for an additional 

mmole) and NaSCN (1.0 g, 12 mmoles) were added to 5 min. NaCI04 .H20  (5.0 g, 36 mmoles) was added to 
25 ml water and 5 drops of dilute HCIO,. The yellow precipitate the orange complex (51 mg, 24%), which was 
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washed with 1:l  ethanol and ether and dried under 
vacuum. 

Anal. Calcd. for [Rh(CloH2,N,)I(OH)]C10,: C, 
21.97; H, 4.61; N, 10.25; I, 23.22; CI, 6.49. Found: C, 
22.12; H,  4.49; N, 10.10; I, 23.16; CI, 6.39. 

trans-[Rh(cyclarn) r(H20)](C104) 
trar~s-[Rh(cyclam)12]I (292 mg, 0.427 mmole) and 

I NaOH (I pellet, -2.5 mmoles) were added to 25 ml 
water and treated according to the trans iodohydroxo 
preparation. The yellow solution was cooled on ice and 
slightly acid~fied with dilute HC104, whlch made the 
solution red. NaC1O4.H2O (5.0 g, 36 mmoles) was 
added to precipitate the red complex (75 mg, 27%), 
which was washed with 1 :I ethanol and ether and dried 
under vacuum. 

Anal. Calcd. for [Rh(CloH,4N4)I(H20)](C104)2 : C, 
18.56; H,  4.05; N, 8.65; I, 19.61; CI, 10.96. Found: C, 
18.31; H , 4 . l l ;  N, 7.99; I, 19.55; CI, 11.04. 

trans-[Rh(cyclam) (N3) (OH)]C104 
trans-[Rh(~yclam)(N~)~]ClO~ (203 mg, 0.417 mmole) 

and NaOH (1 pellet, -2.5 mmoles) were dissolved in 
25 ml water and heated under reflux for 10 min, which 
made the solution paler yellow. NaC104.H20 (5.0 g, 
36 mmoles) was added to precipitate the pale yellow 
complex (76 mg, 36%), which was washed with 1:1 
ethanol and ether, dried under vacuum, and protected 
from light. 

Anal. Calcd. for [Rh(CloH24N4)(N3)(OH)]C104: C, 
26.01; H,  5.46; N, 21.24. Found: C, 26.17; H,  5.39; 
N, 20.96. 

trans-[Rh(cyclarn) (N3) (Hz0)1(C104) 
trans-[Rh(cyclarn)(N3),]CI04 (233 mg, 0.458 mmole) 

I was treated with NaOH as described for the hydroxo 
I preparation. The yellow solution was cooled on ice and 
I slightly acidified with dilute HCIO,. NaCIO,.H,O 

(5.0 g, 36 mmoles) was added to precipitate the yellow 
complex (140 mg, 54%) which was washed with 1:l 
ethanol and ether, dried under vacuum, and protected 
from light. 

Anal. Calcd. for [Rh(CloH24N4)(N3)(H20)](C104)2: 
C, 21.36; H,  4.66; N, 17.44. Found: C, 21.45; H,  4.42; 
N, 17.27. 

cis-[Rh(cyclan~) (OH) (H20)1(C104) 
cis-[Rh(cyclam)CI,]CI (496 mg, 1.21 .mmoles) and 

NaOH (2 pellets, -5 mmoles) were added to 25 ml water 
and heated under reflux for 5 min, during which the 
solution turned paler yellow. NaC104.Hz0 (10 g, 72 
mmoles) was added and the solution was neutralized 
with dilute HClO4 to precipitate the very pale yellow 
product (429 mg, 0.798 mmole, 66 %), which was washed 
with ethanol and ether and dried under vacuum. 

neutralized with dilute HCIO,. The pale yellow precipi- 
tate (610 mg, 67%) was washed with ethanol and ether 
and dried under vacuum. 

Anal. Calcd. for [Rh(CloH24N4)(OH)(H20)](C104)2: 
C, 22.32; H,  5.24; N, 10.41; CI, 13.18. Found: C, 22.09; 
H,  5.19; N, 10.21; CI, 13.10. 

trans-[Rh(cyclarn) CIBr]C104 
trans-[Rh(cyclam)C12]Cl (218 mg, 0.531 mmole) and 

NaOH (I pellet, -2.5 mmoles) were dissolved in 25 ml 
water and heated under reflux for 5 min, during which the 
solution turned paler yellow. Concentrated HBr (10 ml, 
87 mmoles) and 10 ml 70% HCIO, were added and the 
solution was heated at  55 "C for 20 h, during which a 
yellow precipitate was formed. The product (1 18 mg, 
43%) was recrystallized from water, washed with ethanol 
and ether, and dried under vacuum. 

Anal. Calcd. for [Rh(CloH24N4)CIBr]C104: C, 23.19; 
H,  4.67; Br, 15.42; CI, 13.69. Found: C, 23.36; H, 4.70; 
Br, 15.35; CI, 13.76. 

trans-[ Rh (cyclatn) CII] C/O4 
trans-[Rh(cyclam)12]I (200 mg, 0.292 mmole) was 

dissolved in 400 ml 0.1 M NaCl and heated at 60 "C in a 
constant-temperature bath for 2 days. HC10, (25 ml, 
70%) was added to precipitate the complex, which was 
purified by repeating the procedure. The orange product 
was washed with ethanol and ether and dried under 
vacuum. 

Anal. Calcd. for [Rh(CloH24N4)CII]C104: C, 21.26; 
H, 4.28; I, 22.46; CI, 12.55. Found: C, 21.55; H,  4.60; 
I, 22.39; C1, 12.84. 

trar~s-[Rh (cyclarn) CI(N3)]C104 
trarrs-[Rh(~yclam)(N~)~]CIO~ (232 mg, 0.476 mmole) 

was added to 50 ml 1.0 M HCI and heated at 85 "C for 
6 h. HC1O4 (5 ml, 70%) was added to precipitate the 
complex, which was recrystallized from 40 ml water and 
2 ml 70% HCIO,. The yellow product (140 mg, 61 %) 
was washed with ethanol and ether and dried under 
vacuum. 

Anal. Calcd. for [Rh(CloH24N4)CI(N3)]C104: C, 
25.10; H,  5.16; N, 20.42; C1, 14.76. Found: C ,  25.15; 
H,  4.95; N, 20.29; C1, 14.81. 

trans-[ Rh (cyclam) CI(NCS)] C/O4 
trans-[Rh(cyclam)C1(HzO)J(C104)2 (134 mg, 0.242 

mmole) and NaSCN (1.0 g, 12 mmoles) were dissolved in 
15 ml water and heated under reflux for 15 min. 
NaC104.H,0 (5.0 g, 36 mmoles) was added to precipitate 
the yellow complex (73 mg, 61 %), which was washed 
with ethanol and ether and dried under vacuum. 

Anal. Calcd. for [Rh(CIoH2,N4)CI(NCS)]ClO4: C, 
26.62; H, 4.88; N, 14.11; C1, 14.29; S, 6.46. Found: C, 
26.56: H. 4.81: N, 13.84: C1. 14.33: S. 6.46. . . . . . . . . 

Anal. Calcd. for [Rh(CloH24N4)(OH)(H,0)](C104),: 
C, 22.32; H, 5.24; N, 10.41 ; C1, 13.18. Found: C, 22.42; trat1s-[Rh(cyclam)Br11C104 

H, 5.15; N, 10.44; C1, 13.20. trans-[Rh(cyclam)12]I (280 mg, 0.410 mmole) and 
NaOH (1 pellet, -2.5 mmoles) were added to 50 ml water 

trans-[Rh(cyclam) (OH) (H20)](C104)2 and heated under reflux for 15 min. The yellow solution 
trafrs-[Rh(cyclam)CI2]CI (698 mg, 1.70 mmoles) and was filtered, concentrated HBr (4.0 ml, 35 mmoles) was 

NaOH (5 pellets, -12 mmoles) were dissolved in 20 ml added, and the solution was heated at  70 "C for 5 min. 
water and heated under reflux for 100 min during which The volume was increased to 500 ml to dissolve the 
the solution became very pale yellow. NaC104.H20 bromide. HC10, (50 ml, 70%) was added to precipitate 
(10 g, 72 mmoles) was added and the solution was the perchlorate. The orange crystals (158 mg, 63 %) were 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1490 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

washed with ethanol and ether and dried under vacuum. Anal. Calcd. for [Rh(CloHz4N4)(N3)(NCS)]C1O4: 
Anal. Calcd. for [Rh(CloHZ4N4)BrI]CI04: C, 19.71; C, 25.77; H, 4.72; N, 21.85; S, 6.25. Found: C,  25.97; 

H, 3.97; N, 9.19; Br, 13.11; I, 20.82. Found: C, 19.70; H, 4.72; N, 21.97; S, 6.27. 
H, 3.80; N, 9.01; Br, 12.90; I, 20.92. 

Resolrrtion of cis-[Rh(cyclam)CIz]CI 
trans-[Rh(cyclam) Br(N3) ]CD4 cis-[Rh(cyclam)Clz]C1 (500 mg, 1.22 mmoles) and 
tran~-[Rh(cyclam)(N~)~]C10~ (149 mg, 0.306 mmole) d-ammonium a-bromocamphor-x-sulfonate (0.90 g, 2.7 

was added to 25 ml 1.0 M HC104 and heated under mmoles) were dissolved in 15 ml water and frozen for 
reflux for 5 h. NaBr (2.6 g, 25 mmoles) was added and the 1 week. The mixture was melted and filtered. The pale 
yellow solution was heated at 70 "C for 1 h. HC104 yellow precipitate was washed with a few drops of ice 
(5 ml, 70%) was added to precipitate the product, which cold water and ground thoroughly with 2 ml of 1 :1 :I 
was recrystallized from 25 ml water and 2 ml 70% ethanol, concentrated HCI, and ether. The I-cis- 
HC1O4. The orange crystals (1 10 mg, 69 %) were washed [Rh(cy~lam)C1~]C1 was filtered (149 mg, 60%). 
with ethanol and ether, dried under vacuum, and pro- Using a mercury and sodium lamp, the rotation of a 
tected from light. 0.58 % solution was too small to measure on a Rudolph 

Anal. Calcd. for [Rh(CIOHz4N4)Br(N3)]C1O4: C, polarimeter. 
22.90; H, 4.61; N, 18.69; Br, 15.23; C1, 6.76. Found: C, The 0.r.d. spectrum of a 1.13% solution was recorded 
22.76; H, 4.74; N, 18.55; Br, 15.08; C1, 6.78. and exhibited zero rotation at 353 and 300 mp, which 

corresponds to the absorption maxima of the cis isomer. 
trans-[Rh(cyclanz) Br(NCS)]CI04 There was a positive rotation (0.0007") at 325 mp and a 
trans-[Rh(c~clam)Br(HzO)I(C104)~ (214 mg, 0.340 negative rotation (0.00070) at 370 mp. 

mmole) and NaSCN (1.0 g, 12 mmoles) were dissolved in 
15 ml water and heated under reflux for 10 min, which 
made the solution turn from orange to yellow. 
NaCI04.HZ0 (10 g, 72 mmoles) was added to precipitate - - 
the yellow compl~x (144 mg, 7879, which was washed 
with ethanol and ether and dried under vacuum. 

Anal. Calcd. for [Rh(CIOHz4N4)Br(NCS)]C1O4: C, 
24.64; H, 4.47; N, 12.95; Br, 14.78; C1, 6.56. Found: C, 
24.82; H, 4.39; N, 12.97; Br, 14.59; C1, 6.70. 

trata-[Rh (cyclam) I(N3) ]CI04 
trans-[Rh(cyclam)IZ]I (306 mg, 0.447 mmole) and 

NaOH (1 pellet, -2.5 mmoles) were added to 200 ml 
water and heated under reflux for 5 min. The yellow 
solution was filtered and NaN, (20 g, 310 mmoles) was 
added. Then the solution was neutralized with dilute 
HC1O4, during which it turned orange. HClO4 (50 ml, 
70%) was added to precipitate the orange product 
(81 mg, 32%), which was washed with ethanol and ether 
and dried under vacuum. 

Anal. Calcd. for [Rh(CloHZ4N4)I(N3)]C1O4: C, 21.01 '; 
H, 4.23; N, 17.15; I, 22.20. Found: C, 21.26; H, 4.21; 
N, 17.09; I, 22.31. 

trans-[Rh (cyclam) I(NCS) ]C/o4 
trans-[Rh(~yclam)I(H~O)](C10~)~ (289 mg, 0.466 

mmole) and NaSCN (1.0 g, 12 mmoles) were dissolved in 
25 ml water and heated under reflux for 15 min, which 
made the solution turn from red to orange. NaCI04.Hz0 
(10 g, 72 mmoles) was added to precipitate the pale 
orange complex (227 mg, 87 %), which was washed with 
ethanol and ether and dried under vacuum. 

Anal. Calcd. for [Rh(CloHz4N4)I(NCS)]CIO4: C, 
22.48; H, 4.12; N, 11.92; I, 21.59; C1, 6.03. Found: C, 
22.60; H, 4.03; N, 11.95; I, 21.74; C1, 5.94. 

trans-[Rh(cyclatn) (N,) (NCS)]CI04 
trans-[Rh(cy~lam)(N~)(H~O)](C10~)~ (243 mg, 0.432 

mmole) and NaSCN (1.0 g, 12 mmoles) were dissolved in 
20 ml water and heated at 70 "C for 75 min, during which 
the solution remained yellow. NaCI04.H,0 (10 g, 72 
mmoles) was, added to precipitate the yellow complex 
(142 mg, 64%), which was washed with ethanol and ether 
and dried under vacuum. 
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Free-radical reaction of cyanogen bromide with alkanes 

DENNIS D. TANNER, G .  LYCAN, AND N. J. BUNCE' 
Deparrmerlr of Cl~emis~ry, U ~ ~ i ~ e r s i l y  of Alberta, Edlnonton, Alberta 

Received September 15, 1969 

The photolysis of cyanogen bromide with cyclohexane yielded cyclohexyl bromide, hydrogen cyanide, 
and small amounts of cyanogen, while the benzoyl-peroxide-promoted reactions of cyanogen bromide 
with various alkanes yielded approximately equal amounts of alkyl bromides and alkyl cyanides, often 
in high yields. Both hydrogen cyanide and hydrogen bromide were shown to react with benzoyl peroxide 
and an added hydrocarbon to yield the corresponding alkyl cyanide and alkyl bromide. Possible reaction 
mechanisms for these reactions are discussed. 

Canadian Journal o f  Chemistry, 48, 1492 (1970) 

Introduction 

Tn a recent paper (1) we reported the results of 
some studies of the free-radical cyanation of 
alkanes by cyanogen chloride. The mechanism 
of the reaction was shown to be the reversible 
sequence shown in Scheme 1 

CI' + R H  + R' + HCI 
R' + ClCN R 

- - 

R 
\ 

C=N' RCN + C1' 

As a preparative method for nitriles, however, 
the following difficulties were encountered. 
Photochemical initiation of the reaction gave 
only low yields of cyanides, for the products are 
themselves sensitive to the short wavelength light 
necessary to excite cyanogen chloride and initiate 
the reaction. When benzoyl peroxide was used as 
a free-radical chain initiator, mixtures of alkyl 
cyanides and alkyl chlorides were produced; the 
chlorides were subsequently shown to arise 
through the oxidation by benzoyl peroxide of the 
hydrogen chloride formed by hydrogen abstrac- 
tion (2). This side reaction makes the isolation of 
the desired alkyl cyanides difficult on a prepara- 

~ ~ 

tive scale. 
Miiller and Huber (3), however, have reported 

that cyanogen bromide may also be used as a 
reagent for free radical cyanation. Their report 
gives no details about the reaction except that it 
may be photoinitiated. We decided therefore to 
investigate the reaction of cyanogen bromide 

'Killam Memorial Postdoctoral Fellow, 1967-1969. 

with alkanes, both to study the mechanism of the 
reaction, and in the hope that it would lead to a 
preparative method for alkyl cyanides superior to 
that of using cyanogen chloride. 

Results and Discussion 

Our first experiments were an attempt to 
reproduce the conditions used for cyanation by 
Miiller and Huber (3). The photolyses were 
conducted in quartz equipment using a full 
mercury arc to excite the absorption of cyanogen 
bromide (A,,,, 229 mp). In our hands, however, 
the reaction between cyanogen bromide and 
cyclohexane failed to yield any cyclohexyl 
cyanide, but gave cyclohexyl bromide instead. 
Among the gaseous products were found hydro- 
gen cyanide and small quantities of cyanogen, 
but much cyanogen bromide remained unreacted 
even after a prolonged irradiation. 

The reaction between cyanogen bromide and 
cyclohexane was repeated, using benzoyl peroxide 
as a free-radical initiator. Preliminary experi- 
ments indicated the formation of both alkvl 
bromides and alkyl cyanides in comparable 
amounts, together with considerable quantities 
of benzoic acid. Initiation of the reaction with 
catalytic quantities of benzoyl peroxide allowed 
the chain length of the reaction to be determined; 
for cyclohexane the chain length was very short, 
approximately 2. A series of reactions using 
ratios of benzoyl peroxide to cyanogen bromide 
in the range 04 .5  indicated that at high initial 
concentrations of benzoyl peroxide, very good 
yields (>80%) of both alkyl bromides and alkyl 
cyanides could be obtained. At all initiator con- 
centrations, approximately equal quantities of 
the bromide and the cyanide were produced 
(see Fig. 1). 
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TANNER ET AL.: REACTION O F  CYANOGEN BROMIDE WITH ALKANES 

BENZOYL PEROXIDE (mole X )  

FIG. 1. The reaction between benzoyl peroxide, cyanogen bromide, and cyclohexane at 95 OC. 

Very similar results were obtained when 2,3- 
dimethylbutane was the substrate, and once again 
approximately equal quantities of alkyl bromides 
and alkyl cyanides were produced. Of the possible 
isomeric bromides and cyanides, those produced 
as a result of abstraction of tertiary hydrogen 
atoms were formed almost exclusively, suggesting 
that a very selective radical was involved in the 
hydrogen abstraction step. The yields of alkyl 
bromides and alkyl cyanides formed under opti- 
mum conditions from various hydrocarbon sub- 
strates are collected in Table 1. 

Although the data in Table 1 shows that 
n-butane gives rise to both possible isoineric 
bromides and cyanides, it is not possible to 
obtain meaningful selectivity data concerning 
the radical involved in hydrogen abstraction in 
this reaction. This is because the short chain 
length of the reaction necessitates having such 

large quantities of initiator that abstraction by 
radicals derived from the initiator contributes 
significantly to the total abstraction. This sug- 
gestion was validated by the observation that 
appreciable amounts of benzene (see Fig. 1) and 
traces of bromobenzene were formed under the 
reaction conditions necessary for high conversion 
of cyanogen bromide to products. 

Mechanisin of the Reaction 
The reaction of cyanogen chloride with alkanes 

in the presence of benzoyl peroxide (1) takes 
the overall course shown in Scheme 2 (X = Cl). 

RH + XCN -> RCN + HX 

RH + HX + (PhCO2)2 + 2PhC02H + RX 

The evidence for this scheme was that photo- 
initiation of the reaction gave only alkyl cyanides 

TABLE 1 

Reaction of cyanogen bromide with alkanes at 95 "C in the presence of benzoyl peroxide 
- 

- 

Benzoyl 
BrCN peroxide 

( M )  (Mole %)* Substrate Products (%).I 

0.29 190 Cyclohexane Cyclohexyl cyanide (86) 
Cyclohexyl bromide (100) 

0.79 80 Toluene Benzyl bromide (12) 
Benzyl cyanide (3) 

'Benzoyl peroxide necessary to produce optimum yields of products. 
tBased upon initial moles BrCN. 
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and that hydrogen chloride may be oxidized 
quantitatively to alkyl chlorides in the presence 
of benzoyl peroxide and an alkane. With cyano- 
gen bromide, however, the photoreaction gives 
alkyl bromide rather than the cyanide, and so a 
second overall mechanism must be considered 
(Scheme 3). 

R H +  X C N + R X +  HCN 

HCN + RH + (PhCOz)z J 2PhCOZH + RCN 

Because of the divergence between the observed 
behavior of cyanogen chloride and cyanogen 
bromide with alkanes, it was decided to investi- 
gate the mechanism of the reaction of the latter 
reagent in more detail. 

In an attempt to distinguish between the alter- 
native reaction schemes 2 and 3, hydrogen 
bromide and hydrogen cyanide were each allowed 
to interact with benzoyl peroxide and cyclo- 
hexane under the conditions used for the reaction 
of cyanogen bromide. In the case of hydrogen 
bromide, a quantitative yield of cyclohexyl 
bromide was obtained, together with 2 moles of 
benzoic acid per mole of cyclohexyl bromide. 
I t  is presumed that this oxidation follows a course 
analogous to that recently proposed for the 
corresponding reaction of hydrogen chloride (2) 

[I ]  HBr + (PhCO2), -> PhCOzH + PhCOzBr 

[2] HBr + PhCOzBr J Brz + PhCO2H 

[3 1 R' + BrZ J RBr + Br' 

14 I Br' + RH -t R' + HBr 

When hydrogen cyanide was oxidized by ben- 
zoyl peroxide under similar conditions, either in 
pure cyclohexane or with acetonitrile as co- 
solvent, cyclohexyl cyanide was produced, but 
in no case was the yield (<20 %) as great as that 
obtainable with cyanogen bromide. The limited 
success of this oxidation reaction suggests a 
similar intermediate to that formed in the 
oxidation of the halogen acids, namely, an acyl 
cyanate 

[5] HCN + (PhCOz)2 -> PhCOzH + PhCOzCN 

[6] R' + PhCOzCN J RCN + PhCOz' 

Reaction [6] is suggested by analogy with the 
displacement of an alkyl radical on cyanogen 
chloride (Scheme I), while the isolation of benzo- 
nitrile and cyclohexyl cyanide from reactions of 
hydrogen cyanide, benzoyl peroxide, and cyclo- 

hexane supports the feasibility of this reaction. 
Although we have also found that hydrogen 
bromide reacts rapidly and completely with 
cyanogen bromide (reaction [7]) 

[7 I HBr + BrCN J Brz + HCN 

this cannot be a very important pathway in the 
reaction of cyanogen bromide, benzoyl peroxide, 
and cyclohexane because of the demonstrated 
inefficiency of the oxidation of the hydrogen 
cyanide produced in the reaction. This would not 
give the observed high yields of alkyl cyanides. 
The failure to obtain high yields of alkyl cyanides 
from these reactions eliminates Scheme 3 as a 
major pathway for the benzoyl-peroxide-pro- 
moted reaction of cyanogen bromide with al- 
kanes. However, the fact that photochemical 
initiation of the reaction gives alkyl bromide 
rather than alkyl cyanide equally excludes 
Scheme 2. 

To try to resolve this difficulty, the reaction 
between cyanogen bromide and cyclohexane was 
studied in the presence of another initiator, 
phenylazotriphenylmethane, to determine 
whether, in the absence of an oxidizing initiator, 
alkyl bromide or alkyl cyanide would form. 
Unexpectedly, the reaction with cyclohexane 
gave no products that were not directly derived 
from the initiator; namely, nitrogen, triphenyl- 
methane, tetraphenylmethane, and benzene. 
None of these products appears to involve cyano- 
gen bromide at all. 

On the basis of this evidence and considering 
the extreme inefficiency of the photochemical 
bromination, it seems questionable whether 
cyanogen bromide itself undergoes any free- 
radical chain reaction with alkanes. Since cyana- 
tion reactions are observed only in the presence 
of benzoyl peroxide, the possibility that benzoyl 
peroxide reacts directly with cyanogen bromide 
was investigated. This proposal involves benzoyl 
peroxide as a reactant, rather than merely as a 
free-radical initiator. 

Cyanogen bromide and benzoyl peroxide were 
therefore allowed to interact in cyclohexane 
solution at 60 "C. If, for example, reaction [8] 
occurred, it was hoped that the products would be 
trapped by addition to cyclohexene (2). 

[8] BrCN + (PhC02)z -t PhCOzBr + PhCOzCN 

At 60 "C, the thermal decomposition of benzoyl 
peroxide is relatively slow, and neither benzoyl 
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peroxide nor cyanogen bromide reacts with the 
solvent. It was found that after 1 h at 60 "C, 
almost all the initial quantity of benzoyl peroxide 
could be recovered from the reaction mixture. A 
similar result was obtained when acetic acid was 
added as a possible acid catalyst for the reaction. 
These experiments indicate that if an (ionic) reac- 
tion between benzoyl peroxide and cyanogen 
bromide occurs, it must have an activation 
energy comparable with that for the thermal 
decomposition of benzoyl peroxide. 

Control experiments show that only traces of 
benzoic acid are produced when benzoyl peroxide 
is decomposed in a hydrocarbon solvent. Bearing 
in mind the high yield of benzoic acid obtained 
in the reaction between cyanogen bromide, 
benzoyl peroxide, and an alkane, the intermediary 
of an acyl hypobromite and/or acyl hypocyanite 
can be speculatively proposed as intermediate 
in this reaction. Unfortunately, at this time no 
detailed mechanism for this reaction can be given 
until further work is completed. 

In the photoreaction of cyanogen bromide with 
cyclohexane, hydrogen cyanide is a major pro- 
duct. However, knowing that reaction [7] is a 
favorable reaction, we propose that, rather than 
the reaction sequence [9]-[l l ] 

hv 
[9 I BrCN 4 Br' + CN' 

[lo] CN' + RH -. HCN + R' 

[ I l l  R' + BrCN -> RBr + CN' 

being the mechanism of photobromination by 
cyanogen bromide, the sequence seen in Scheme 
4 is more likely to represent the reaction mech- 
anism. 

hv 
BrCN 4 Br' + CN' 

Br' + RH 4 HBr + R' 

HBr + BrCN 4 Brz + HCN 

R' + Br2 4 RBr + Br' 

This is compatible with the observation that the 
phenylazotriphenylmethane-initiated reaction of 
cyanogen bromide with cyclohexane gives no 
products derived from cyanogen bromide, indi- 
cating that an alkyl radical is capable of displacing 

neither the cyano nor the bromine moiety of 
cyanogen b r ~ m i d e . ~  

Bromination has previously been found to 
follow a similar course when N-bromosuccini- 
mide is the brominating agent (5). The participa- 
tion of reaction [7] represents another divergence 
from the chemistry of cyanogen chloride, in 
which the analogous process is not observed. 
This is, however, in keeping with the fact that 
whereas cyanogen chloride is a positive cyano- 
compound and does not react with potassium 
iodide solutions, cyanogen bromide is a positive 
halogen compound and can be estimated iodo- 
metrically (6). 

Experimental 
Materials 

The hydrocarbons cyclohexane, 2,3-dimethylbutane, 
and n-butane were Phillips research grade and were used 
as supplied. Toluene (Fisher Scientific Co.) and aceto- 
nitrile (J. T. Baker Chemical Co.) were distilled from 
phosphoric oxide. Cyanogen bromide was supplied by 
Eastman Kodak or, alternatively, was prepared by the 
action of bromine on aqueous sodium cyanide solution 
(7). Hydrogen cyanide was prepared by the action of 
sulfuric acid on sodium cyanide, and dried by passing it 
through a column of granular calcium chloride. Benzoyl 
peroxide (Fisher Scientific Co.) was used as supplied 
(assay by iodometric titration > 98 %). 

Procedures and Analytical 
Solutions of hydrogen bromide and hydrogen cyanide 

were estimated by titration with standard base; cyanogen 
bromide was analyzed iodometrically (6). Experimental 
procedures have been described previously ( I ) .  Gas-liquid 
phase chromatographic (g.1.p.c.) analyses were carried 
out using an Aerograph Model 1520 instrument, equipped 
with 10 ft x 114 in. stainless steel columns, and a suitable 
stationary phase supported on acid-washed 60180 
Chromosorb W. Quantitative g.1.p.c. analyses were 
carried out in the usual manner (2). In this work, all 
g.1.p.c. analyses were carried out with temperature 
programing, usually from 50 to 200 "C. Gas chromatog- 
raphy in conjunction with mass spectrometry (g.c.1m.s.) 
has been described previously (2). Products were isolated 
from the reaction mixtures by preparative g.1.p.c. and 
were identified by comparison of their infrared (i.r.) and 
nuclear magnetic resonance (n.m.r.) spectra with those 
of authentic samples, wherever possible. 

2Bond energy calculations (ref. 4; see also ref. 1) 
suggest that displacement on cyanogen bromide to give 
alkyl bromide should be endothermic by about 4 kcall 
mole for cyclohexane, whereas alkyl cyanide formation 
should be highly exothermic ( A H %  -30 kcal/mole). 
However, in the case of the attack of an alkyl radical on 
cyanogen chloride (Scheme I), it was deduced (1) that 
the activation energy for this process must be quite high. 
Similar reasoning would explain the inability of an alkyl 
radical and cyanogen bromide to produce alkyl cyanide. 
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TABLE 2 
Reaction of cyanogen bromide with 2,3-dimethylbutane and benzoyl peroxideat 95 'C 
-- -- -- 

Renction of Cymlogen Bromide with Cyclohexat~e 
A solution of cyanogen bromide (0.62 M )  in cyclo- 

hexane (6 ml) was irradiated in a quartz ampoule for 17 h. 
The gaseous products of the reaction (38.3 ml at  294 OK, 
221 mm) were vacuum transferred out of the solution, 
which was maintained at  -41 'C with an acetonitrile 
slush bath. Mass spectral examination of this fraction 
showed it to  be mainly hydrogen cyanide (exact mass, 
27.0109; found, 27.0107) with a smaller quantity of 
cyanogen (exact mass, 52.0062; found, 52.0061). Gas- 
liquid phase chromatographic analysis of the residual 
liquid (10 % SE30) showed that cyclohexyl bromide (I 1 %) 
was present. It was identified by g.1.p.c. retention time 
and comparison of the i.r. spectrum of an  isolated sample 
with that of authentic material. Repetition of the reaction 
using a 0.42 M solution of cyanogen bromide in cyclo- 
hexane (10 ml) gave the same gaseous products, together 
with cyclohexyl bromide (7%) and unreacted cyanogen 
bromide (81 %). Photosensitization with benzene or 
benzophenone likewise gave low yields of cyclohexyl 
bromide as the only liquid product. 

A solution of cyanogen bromide (0.24 M )  in cyclo- 
hexane (10 ml) with benzoyl peroxide (0.27 mmole) was 
heated to  75 "C for 50 h. After the reaction, cyanogen 
bromide (0.18 M )  remained. Gas-liquid phase chromato- 
graphic analysis showed that cyclohexyl bromide (12%) 
and cyclohexyl cyanide (8 %) had been produced. Isolated 
samples of these compounds were identified by i.r. and 
n.rn.r. spectra. 

In a preparative-scale reaction, cyanogen bromide 
(3.46 mmoles), benzoyl peroxide (4.00 mmoles), and 
cyclohexane (20 ml) were heated to  95 'C for 18 h. A 
similar analytical procedure gave cyclohexyl bromide 
(84%) and cyclohexyl cyanide (81 %; both yields were 
determined by g.l.p.c.), and samples of the products were 
isolated and identified spectroscopically. The reaction 
mixture could be extracted with a solution of sodium 
bicarbonate, and upon acidification, benzoic acid (5.74 
mmoles) was isolated by filtration. 

Solutions (5 ml) of cyanogen bromide (0.17 M or  
0.29 M )  in cyclohexane with quantities of benzoyl 
peroxide in the range 4-460 mole % were heated to 

95 "C for 29 h. The products, cyclohexyl bromide and 
cyclohexyl cyanide, were quantitated by g.l.p.c., and the 
results are plotted in Fig. 1. 

Reactiotz of Cymzogen Bronzide with 2,3-Dit~etlzylbntane 
Solutions of cyanogen bromide in 2,3-dimethylbutane 

(5 ml) with varying quantities of benzoyl peroxide were 
heated to 95 'C for 49 h. G.1.p.c. analysis (5 % Ucon polar 
50 HB 2000) indicated the presence of both isomeric 
bromo-2,3-dimethylbutanes, and of 2-cyano-2,3-di- 
methylbutane, in the yields indicated in Table 2. Samples 
of the major products (2-substituted-2,3-dimethyl- 
butanes) were isolated by preparative g.1.p.c. and 
identified spectroscopically. 

Renctiorz of Cya~logetz Bronzide with tz-Butane 
Mixtures of cyanogen bromide, n-butane (4 ml), and 

benzoyl peroxide in thick-walled ampoules were heated to 
76 "C for 17 h. An analytical procedure similar to that 
above gave the isomeric bromobutanes and cyanobutanes 
in the quantities indicated by Table 3. Samples of the 
major components were isolated and identified spectros- 
copically. 

Reactiotz of Cymtogetz Bronzide with Tolitene 
A solution of cyanogen bromide (0.88 M )  in toluene 

(10 ml) was irradiated at 0 'C in a quartz ampoule for 
17 h. After the reaction, cyanogen bromide (0.50 M )  
remained. The reaction mixture was examined by g.1.p.c. 
(10% neopentylglycol succinate); benzyl bromide 
(0.21 M )  was present; a sample was isolated and identified 
by i.r. 

A solution of cyanogen bromide (0.88 M )  in toluene 
(10 ml) with benzoyl peroxide (0.30 mmole) was heated to 
75 'C for 55 h. After the reaction cyanogen bromide 
(0.74 M )  remained. Gas-liquid phase chromatographic 
analysis as above indicated that benzyl bromide (0.081 M )  
and benzyl cyanide (0.019 M )  were present; samples 
were isolated and identified by i.r. 

At high concentrations of benzoyl peroxide, large 
amounts of the decomposition products of benzoyl 
peroxide were formed, and, in particular, 2-methylbi- 
phenyl could not be separated from benzyl cyanide on any 
column used. In a typical experiment, cyanogen bromide 
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TABLE 3 

Reaction of cyanogen bromide with n-butane and benzoyl peroxide at  76 "C 
-- 

Benzoyl 
BrCN peroxide % ~ r  x "1 C N  

(mmole) (mmole) ( %) ( %) ( %) Y / L  

(0.79 M )  in toluene (5 ml) and benzoyl peroxide (3.14 
mmoles) were heated to  95 "C for 19 h. The reaction 
mixture was maintained at - 15 "C (ice-salt mixture) and 
the gaseous products were vacuum transferred and ex- 
amined by i.r. Carbon dioxide (2.14 mmoles) was present, 
but neither cyanogen nor hydrogen cyanide was detected. 
Gas-liquid phase chromatographic analysis of the 
involatile material showed that benzyl bromide (12%) 
was present. A sample of the mixture of benzyl cyanide 
and 2-methylbiphenyl was isolated, and was shown by 
n.m.r. to be 37% benzyl cyanide (3 % of initial BrCN). 

Oxidation of Hydroget1 Bromide 
A solution of anhydrous hydrogen bromide (0.26 M )  

in cyclohexane (10 ml) was heated to 95 OC for 10 h in 
the presence of benzoyl peroxide (3.99 mmoles). Gas- 
liquid phase chromatographic analysis (SE30) indicated 
the formation of cyclohexyl bromide (0.28 M),  while base 
extraction of the reaction mixture followed by re-acidifi- 
cation gave benzoic acid (4.99 mmoles), m.p. 119-120 "C. 

Oxidation of Hydrogen Cyanide 
Measured volumes of hydrogen cyanide (0.865, 2.11 

mmoles) were condensed onto mixtures of cyclohexane 
(5 ml) and benzoyl peroxide (2.97, 2.90 mmoles). The 
mixtures were sealed in degassed ampoules and heated 
to 92 "C for 16 h. Analysis by g.1.p.c. showed that 
cyclohexyl cyanide (0.13, 0.22 mmole) was the only 
product. A sample was isolated for identification, and 
checked by g.c.1m.s. 

Solutions of hydrogen cyanide (0.24 M )  in acetonitrile 
(10 ml) with cyclohexane (4ml) and benzoyl peroxide 
were heated to  75 "C for 10 h. Cyclohexyl cyanide was 
formed; the amounts are shown in Table 4. In some, but 
not all, of the reactions carried out in acetonitrile, benzo- 
nitrile was also a product. Its yield was variable, but 
always less than that of cyclohexyl cyanide. 

Preparation of Phenylazotripherzylmefhane 
This compound was prepared from triphenylmethyl 

TABLE 4 
Reaction of hydrogen cyanide with benzoyl 

peroxide in acetonitrile at 75 OC* 

Benzoyl peroxide Cyclohexyl cyanide 
(mmole) (mmole) 

*Hydrogen cyanide 0.40 M, 2.1 1 mmoles. 

chloride by the method of Cohen and Wang (8), with the 
modification that the intermediate hvdrazocom~ound 
was oxidized with 30% hydrogen rathe; than 
with nitrous fumes. 
Phenylazotriphetzylmc?thane-initiated Reaction of Cyanogen 

Brotnide with Cyclohexatze 
Solutions of cyanogen bromide (0.28 M )  in cyclo- 

hexane (5 ml) with phenylazotriphenylmethane (0.766, 
0.669 g) were heated to  77 "C for 4 h. The reaction mix- 
tures were analyzed by g.1.p.c. (5 % Carbowax 20 M) and 
were found to contain benzene, triphenylmethane, and 
tetraphenylmethane as the only volatile products other 
than nitrogen. Neither cyclohexyl bromide nor cyclohexyl 
cyanide was produced. The identities of the products were 
ascertained by g.c.1m.s. 
Interaction of Cyatzogetz Bromide, Berzzoyl Peroxide, arzd 

Cycloltexetze 
A mixture of benzoyl peroxide (2.5 g), cyanogen bro- 

mide (1.15 g), and cyclohexene (30 ml) was stirred a t  
60 "C for 1 h. The reaction mixture was cooled, and the 
precipitated white crystals (2.1 g) were collected (rn.p. 
105.5-106 "C with evolution of gas). The reaction was 
repeated on twice the scale in the presence of acetic acid 
(0.05 ml); benzoyl peroxide (4.50 g, 1n.p. 105-106 "C) 
was recovered. 
Itzteraction of Hydrogerz Bromide and Cyarzogetz Bromide 

A solution of cyanogen bromide in benzene (0.19 M )  
was saturated with anhydrous hydrogen bromide 
(0.31 M). The solution immediately turnedreddish brown, 
and ultraviolet (u.v.) analysis showed that bromine 
(h,,,, 412 mp) had been formed quantitatively. 

The authors wish to thank the University of Alberta 
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Kinetic laws for solid-supported enzymes 
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Enzymes behave differently when attached to solid supports for four main reasons: (I) their conforma- 
tions when they are supported may differ from those in free solution, (2) they act upon substrates in a 
different environment, (3) there will be partitioning of substrate between the support and the free 
solution, and (4) there will be effects due to diffusion of the substrate in the support. The present paper 
examines effects (3) and (4) and shows how rates will vary with substrate concentration. If factors ( I )  
and (2) do not enter, rates in the limit of high substrate concentrations will be the same for the supported 
enzyme as in free solution. At low substrate concentrations, rates will be less for the supported enzyme 
if the substrate is less soluble in the support than in free solution, and the apparent Michaelis constant, 
K,,,(app.), will be greater; conversely, for higher solubility in the support, rates will be greater and 
K,,,(app.) smaller. Effect (4) leads to  lower rates and higher K,(app.) values, except in the limit of high 
substrate concentrations. At a sufficiently low thickness of the support, depending upon the activity of 
the enzyme, the kinetic behavior becomes identical with that in free solution. 
Canadian Journal of Chemistry, 48, 1498 (1970) 

Introduction 

During recent years there has been considerable 
interest in the kinetic behavior of enzymes which 
are not in free solution but are attached to solid 
supports (1-4). Aside from certain practical 
applications, studies of these systems are of 
importance in leading to an understanding of the 
in vivo behavior of enzymes, where they are 
attached to membranes and other supporting 
materials. It is of importance to develop theoret- 
ical treatments of the way in which such supports 
affect the kinetics. 

There are four main reasons why an enzyme 
may behave differently when supported than 
when present in free solution: 

(I) The enzyme may be conformationally 
different. Kinetic behavior depends very critically 
on enzyme conformation, certain changes leading 
to a complete loss of activity. 

(2) In the support, the interaction between the 
enzyme and the substrate takes place in a different 
environment from that existing in free solution. 
Studies of enzyme reactions in different solvents 
have shown that environmental effects can be 
very profound (5-7). Some of these effects have 
been explained satisfactorily (8) in terms of the 
influence of the dielectric constant of the medium 
on the electrostatic interactions; such explana- 
tions are, however, undoubtedly too simple. 

(3) There will be partitioning of the substrate 
between the support and the free solution, so that 
the substrate concentration in the neighborhood 

'Present address: Computing Centre, University of 
Victoria, Victoria, British Columbia. 

of the enzyme may be different from what it is in 
free solution. For example, a relatively non-polar 
substrate will be more soluble in a support which 
contains a number of non-polar groups than in 
aqueous solution. In addition, profound effects 
may arise if both the substrate and the support 
are electrically charged; this particular situation 
has been considered in some detail by Goldstein, 
Levin, and Katchalski (9). 

(4) The reaction in the solid support may be 
to some extent diffusion-controlled. In homo- 
geneous aqueous solution even the fastest of 
enzyme-catalyzed reactions are usually not dif- 
fusion-controlled, but this is no longer the case 
when the substrate has to diffuse towards the 
enzyme through the solid support. Only in the 
case of an exceedingly slow enzyme reaction or a 
sufficiently thin membrane will the reaction be 
other than diffusion-controlled. 

Little information is at present available about 
factors 1 and 2 for solid-supported enzymes. The 
kinetic effects of partitioning of substrate 
between support and solution have been con- 
sidered by Katchalski and co-workers (9), but 
onlv for the case of electrostatic interactions. 
These workers have also given a treatment of the 
diffusion problem in a number of special cases; 
they did not, however, consider the limiting 
behavior at high substrate concentrations. 

The present paper is concerned with the theory 
of the overall kinetics obtained with an enzyme- 
containing membrane with a substrate solution 
at each surface. To a good approximation this 
treatment will also apply to disks suspended in 
the substrate solution, provided that the diameter 
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SOLUTION - - - - - - - -  - -  [ I ~  no Steady reactson state [sf SOLUTION 

0 ----. --..- 0 

x = o  x = l  

FIG. 1. Schematic representation of the variations in 
substrate concentration when an  enzyme-containing 
support, of thickness I, is immersed in a substratesolution 

, of concentration [S]. 

is large compared with the thickness. Computer 
solutions.are given for special cases which illus- 
trate some important general principles. Explicit 
solutions are given for the limiting behavior at 
low and high substrate concentrations. 

Once the partitioning and diffusional situations 
are properly understood for a given enzyme 
system, the way will be open for an understanding 
of factors I and 2, and ultimately to an under- 
standing of the factors influencing enzyme 
behavior in the living cell. 

I ~ Theoretical 
The variation of substrate concentration 

through an enzyme-containing support is shown 
schematically in Fig. 1. The substrate concentra- 
tion in the free solution is [S] ; the ratio [S]'/[S] 
is the partition coefficient P for the substrate 
between the two phases. After a short period of 
time t,, the concentration will fall sharply to zero 
close to each interface; after a longer period of 
time, the variation may be as shown by the curve 
marked t,. Eventually a steady state will be 
reached. If no reaction were occurring, the steady 
state would correspond to a horizontal line, and 
this situation is approached if the enzyme is 
extremely inactive or the membrane very thin. 

Attainment of the Steady State 
We consider first the time it takes for steady 

, state to be essentially established. An exact 
solution of the pre-steady-state diffusion equa- 
tions, for the case in which reaction is occurring 
as well as diffusion, does not seem to be possible. 

A reasonably reliable estimate of the time for the 
establishment of equilibrium will, however, be 
given by a treatment in which only diffusion is 
occurring. The non-steady-state solution (10) for 
the system represented in Fig. 1 is that the con- 
centration s of substrate within the membrane 
varies with distance from the surface x and the 
time t according to the equation 

Dn2n2t 
x sin ('F) exp (- 7)] 

where D is the diffusion constant. At the larger 
t values at which the steady state is more or less 
established, the leading term, with n = 1, will be 
most important, so that approximately 

4 
~ 2 3  s = [sl'[1 - ; sin (7) exp (- DT)] 
where 1 is membrane thickness. In order to have 
an arbitrary criterion for the establishment of the 
steady state, we ask at what time, at x = 112, does 
the concentration s differ by 10% from the 
steady-state value [S]'. This time T is defined by 

which reduces to 
l2 

C41 T = 0.257 - 
D 

A typical value of D for a low-molecular-weight 
substrate is 3 x cm2 s-', whence 

If the membrane is 1 cm thick, the time to come 
within 10% of steady-state conditions is thus of 
the order of lo5 s, or - 28 h. For a membrane 
1 mm thick, the time required is lo3 s, or - 17 min. 

When chemical reaction is occurring as well, 
the times will not be as great, since the steady- 
state concentrations that are attained in the 
membrane are not so high. It seems safe to 
conclude that under ordinary circumstances, with 
membranes less than 1 mm thick, steady state 
will be essentially established within a few 
minutes. With membranes much thicker than 
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this, however, it is unsafe to assume that steady- 
state conditions apply. 

Slow Enzyn~atic Reaction 
If the enzymatic reaction is slow (i.e. the 

enzyme is very inactive, or is present in low con- 
centrations) there will be little depletion of 
substrate through the support and the reaction 
will not be diffusion-controlled. The rate of 
reaction per unit volume of support is 

~c'CE1mCSI1 - 1 - 1 [6] = 
K,' + [S]' 

where [El, is the number of moles of enzyme 
present per liter of support, and kc1 and K,' are 
the true catalytic constant and Michaelis con- 
stant, respectively, for the reaction within the 
membrane (they may differ from the values of 
kc and K, in the free solution because of factors 
I and 2. Suvvose that E is the total number of 

A 

moles of enzyme present in a support of thickness 
I cm and cross-sectional area A cm2; [El, is then 
1 0 3 E I ~ I  moles I- ' .  and the total rate of reaction 
in thi support of volume A1 cm3 is given by 

kC'[E],[S]'A1/1O3 
[7] v' = - - 

K,' + [S]' 
icC1E[S]' -- moles s - ' 

K,' + [S]' 

[lo1 vhight = kct E 

so that the rate will be the same on the supported 
enzyme as in free solution, provided that kc1 is 
the same as kc. 

Systems of this kind, where the enzyme is of 
low activity (this can always be realized by having 
it at  sufficiently low concentrations), will be 
valuable for studying the influence of factors 
I and 2 on the activity of the enzyme. 

More Active Enzyine Systems 
If the rate of the enzymatic reaction is greater 

(enzyme more active, or present at  higher con- 
centrations), there will be a significant variation 
in substrate concentration through the support, 
and the effects of diffusion will then be more 
important. According to Fick's second law of 
diffusion, the rate of accumulation of substrate 
at any cross-section, due to diffusion, is given by 

where D (cm2 s-') is the diffusion constant, and 
the concentration s is in moles per liter. In the 
steady state this must exactly balance the rate of 
removal of substrate by reaction, which is equal to 

kc'CEl,s [12] v = moles 1 - I s - l 
K m l + s  

The equation to be solved is therefore 
The concentration [S]' is equal to P [S], where P 
is the partition coefficient; the rate is thus kc' [Elms [13] D - = 

kc' ECS] = -- moles s-' 
(:Is)* K d  + s 

C81 
K,' An explicit solution of this equation cannot be 
-- + CSl P obtained except in the limiting cases s << K,' and 

s >> K,'. These limiting solutions will be obtained 
The apparent Michaelis constant is thus Kml/P. first, after which some numerical solutions will 
The rate at  low substrate concentration is be given. 

Case I. Low Substrate Concentrations 
When s << K,' eq. [13] may be written as 

If the same amount of enzyme were distributed ~ 1 4 1  
a2 s 
Q = ci2s 

in 1 1 of free solution, the rate at low substrate 
concentrations would be kcE[S]/Km; the rate on 
the support thus differs by the factor P, the parti- where ci (units of cm-I) is equal to (kc'[E],/ 

tion coefficient, apart from differences between DK,')"~. The solution of this, subject to the 

kc1 and kc, and between K,' and K,, brought boundary conditions x = 0, s = [S]' and x = I, 

about by factors I and 2. s = [S]', is 

At high substrate concentrations, on the other ~ 1 5 1  
= [S]' sinh cix + sinh ci(1 - x )  

hand, eq. [8] leads to the result that sinh crl 
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SUNDARAM ET AL.: KINETIC LAWS FOR SOLID-SUPPORTED ENZYMES 1501 

a L 
FIG. 2. The function F = 2(cosh a1 - I)/al sinh a1 

plotted against al. 

The gradients dsldx at x = 0 and x = 1 are 

d s cosh cll - 1 
C16I = 7 dCSI' -sw- 
The rate of entry of substrate at each of the 
surfaces is therefore 

coshcll - 1 
[lS] = clAD[S]' 

sinh a1 

This is equal to the rate of exit of product, since 
in the steady state there is no accumulation of 
substrate or product within the membrane; the 
net rate of formation of product in a membrane 
of cross-sectional area A is thus 

coshcll - 1 
[I91 v' = 2clAD[SI1 

sinh a1 

The rate per unit volume of support is 

v' 2aD[S11 cosh cll - 1 
[20] - = -- 

A 1 1 sinh a1 

K,' [El, 2 cosh a1 - 1 
[21] = ---- ' [S]'--;- 

Km cll sinh cll 

An equivalent equation has previously beell 
obtained, in a different way, by Goldman, 
Kedem, and Katchalski (11). The function 
F = 2(cosh crl - 1)lcll sinh cll is shown plotted in 
Fig. 2; it has its maximum value of unity when 
cll approaches zero. The maximum rate attainable 
when a given amount of enzyme is present in unit 

volume of support is thus obtained when the 
thickness 1 approaches zero, and is equal to  

If, instead, this amount of enzyme were present 
in unit volume of free solution, and the substrate 
concentration were sufficiently low that the 
kinetics were first order, the rate would be 

The limiting rate for the supported enzyme, when 
the membrane is made thinner, therefore differs 
from that in homogeneous solution by the factors 

kc' Km - - CSl ' p = - 
k c '  K," CSl 

The value of Fis  very close to unity (within 1%) 
for a1 values less than about 0.3, after which there 
is a substantial fall. The value of 0.3 for cll there- 
fore represents something of a critical value, 
below which the rates on the supported enzyme 
will correspond closely to those in free solution 
(apart from factors 1 and 2), and above which 
they will have substantially lower values. The 
quantitative significance of this is discussed 
below. 

Case II. High Szrbstrate Concentrations 
When s >> K,', eq. [13] becomes 

where p (units of moles ~ m - ~ )  is equal to 
kc' [E],/D. The solution of this subject to  

the boundary condition x = 0, s = [S]' and 
x = 1, s = [S]' is 

The concentration gradients at x = 0 and x = 1 
are 

The rate of entry of substrate through area A at 
each side of the support is therefore 

The total rate of product formation in a mem- 
brane of cross-sectional area A cm2 is thus 
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[ sl 
FIG. 3. Plot of v' against substrate concentration in 

the free solutions. The rate v' is the rate when E moles of 
enzyme are present in unit volume of support. F is the 
function 2(cosh a1 - I)/al sinh al;  it approaches unity as 
the thickness of the membrane is decreased (cf. Fig. 2). 

where 

[33 I kc(app.1 = kc' 

and 

C341 
K,' 

Km(app.1 = -- PF 

The K,(app.) extrapolated to low membrane 
thickness is thus K,']P, and if P is measured 
directly, K,' can be evaluated and compared with 
the value in free solution. 

Numerical Solutions 

Solution of eq. [I31 can be carried out numer- 
ically by reducing the equation to two first-order 
equations. The equation can be written as 

[28] v' = PAD1 moles s-I where a is kc'[E],]D and b is K,'. Making the 
substitution z = dsldx leads to 

[29 I = k,' [E],AI moles s-I 

The rate per liter of support is thus [361 i z 2  = r b ;  -- s d s  + I 
" 

[30] v' = kc' [El, = kc' E moles 1- ' s- ' 
where I i s  a constant of integration. This equation 

If the same amount of enzyme is present in 1 1 of can be integrated directly and gives 
solution, the rate is 

ds  
[311 v = k , ~  molesl-'s-' 1371 z = - 

dx 
The limiting high-substrate-concentration rates 
now differ only by the factor kc']kc. Experimental = + 2112[as - ab  in (1 + i) + I]Li2 
studies at high substrate concentrations will thus 
reveal this factor, uncomplicated by the parti- This can be integrated numerically over the 
tioning effect. required interval of x, subject to the boundary 

conditions 
The General Case 

Solutions of the general eq. [13] can only be 
obtained by numerical means. One can, however, 
infer the approximate form of the dependence of 
the rate on the substrate concentration, on the 
basis of the solutions for Cases I and 11. This is 
shown schematically in Fig. 3. The limiting rate 
at high substrate concentrations is kc'E (eq. [30]) 
and that at low is k,'PFE[S]]K,', where P is the 
partition coefficient and F the function plotted in 
Fig. 2. If Michaelis-Menten kinetics are obtained 
for the supported enzyme, the rate expression will 
therefore be 

x = 0, s = [S]' and x = I, s = [S]' 

Since these do not permit the evaluation of A in 
eq. [37], a rough estimate of dsldx at x = 0 is 
made, and eq. [37] is integrated until x = I. The 
initial value dsldx can then be adjusted, by trial 
and error, until [S]',=, = [S]',=, to the desired 
degree of accuracy. 

For computational purposes the negative sign 
in eq. [37] is taken until dsldx = 0, after which 
the positive sign is used; the changeover point is 
taken as that value of x at which the argument of 
the square-root term in eq. [37] becomes negative. 
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10-I M 

lo - 

0 4 I 
0 5 1 .o - 5  - 4  -3 -I 0 

x (mm 1 log K) [:]I 

FIG. 4. Computer solutions for a membrane 1.0 mm thick, and using the constants given in the text. The left-hand 
curves show substrate concentration variations through the membrane, for the four surface concentrations indicated. 
The rates in the right-hand figure correspond to 1 1 of support containing lo-' mole of enzyme. 

x i m m ~  1.9 10 El1 
FIG. 5. Similar plots to those shown in Fig. 4, for a membrane 0.1 mm thick. 

A number of computer calculations have been 
carried out, and they confirm the general con- 
clusions drawn above. Examples are shown in 
Figs. 4 and 5; the left-hand curves show concen- 
tration-distance profiles, and the right-hand 
curve is a plot of rate against the logarithm of 
[S]', the substrate concentration just inside the 
surface. Figure 4 relates to the following condi- 
tions 

I = 1  mm 

K,' = 10-3 M 

a = 0.85 moles C C - ~  

The latter condition corresponds, for example, 
to the following 

kc' = 8.5 s-' 

[El, = M 

D = cm2 s-? 

It is to be seen from this figure that if the substrate 
is equally soluble in the support and in the solu- 
tion, the K,(app.) value would be 1.26 x M, 
i.e. slightly greater than K,'. The kc(app.) value, 
however, is 8.5 s-', exactly the same as kct. The 
rate constant at low substrate concentrations, 
kc(app.)/Km(app.) is 6.75 x lo3 M- '  s- l, slightly 
less than the value of 8.5 x lo3 for the enzyme in 
free solution. If the partition coefficient is not 
unity but is P, the K,(app.) values will be reduced 
by the factor P, and the kc(app.)/Km(app.) values 
raised by the factor P. 

Figure 5 shows the results of similar calcula- 
tions for a membrane of thickness 0.1 mm, but 
with other conditions the same. In line with the 
earlier discussion, the K,(app.) value (for P = 1) 
is now much closer to the K,' value; it is indeed 
almost exactly 10- M. Similarly, the kc(app.) 
and kc(app.)/Km(app.) values are indistinguish- 
able from the values for the enzyme in free 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1504 CANADIAN JOURNAL OF CHEMISTRY VOL. 48, 1970 

solution. Again, if P is other than unity, the 
kc(app.) value remains unchanged, but K,(app.) 
is reduced and k,(app.)lK,(app.) increased by 
the factor P. 

The computer solutions confirm the general 
conclusion that cil = 0.3 represents something of 
a critical value. The value of ci for the parameters 
used in the examples given above is about 
30 cm-', so that the critical 1 value should be 
about 0.3130 = 0.01 cm. The computer calcula- 
tions did in fact show that at  0.1 cm the limit had 
not quite been reached, but that at 0.01 cm it 
had been reached. 

Significance of the Partition CoefJicient, P 
Two situations are to be distinguished with 

reference to the partition coefficient P: that in 
which the support can be regarded as homo- 
geneous; and that in which it is heterogeneous, 
the enzymatic action taking place in only one part 
of the support (e.g. in pores). 

No particular problem arises in the homo- 
geneous case. The magnitude of P can be deter- 
mined directly by separate experiments with the 
support to which no enzyme has been attached. 
The im~ortance of electrostatic effects has been 
emphasized, with examples, by Goldstein, Levin, 
and Katchalski (9); this and other aspects will be 
discussed in a forthcoming review (12). 

When the support is heterogeneous, certain 
complications arise. Suppose that a fraction 0 of 
the support consists of pores and the remainder 
of inert material. If E moles of enzyme are 
attached to A1 cc of support, the effective con- 
centration will be lo3 E/OA1. This factor alone 
will produce an enhancement in rate, as compared 
with the homogeneous case, by a factor of 110. 
However, the fact that the substrate is present 

only in the pores leads to a reduction in rate by 
the factor 0. The two effects exactly cancel. Thus, 
the rate in a porous support will be the same as 
in a homogeneous support of the same dimen- 
sions if the composition of the material in the 
pores is the same as that in the homogeneous 
support. 

The partition coefficient P to be used, however, 
must relate to the distribution between the 
sol~ition and the pore phase, and not between the 
bulk solution and the support as a whole. The 
effective coefficient PC,, will be equal to OP; P can 
therefore be found if P,,, and 0 are measured. 

We are grateful to Professor E. M. Crook for reading 
the manuscript and for valuable discussions. 
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Radiation chemistry of gaseous oxygen: experimental and calculated yieldsL 

C .  WILLIS, A. W. BOYD, AND M. J. YOUNG 
Physical Cl1ernistr.y Branch, Cllalk River N~rclear Laboratories, Atomic Energy of Canada Limited, 

Cl~alk River, Ontario 

AND 

D. A. ARMSTRONG 
Departmerrt of Chemistry, Utrioersity of Calgary, Calgary, Alberta 

Received December 12, 1969 

The yield of ozone from the radiolysis of gaseous oxygen has been measured at 1026-1027 eV g-I s-I 
to be G(O3) = 12.8 ? 0.6, in reasonable agreement with the value of 13.8 of Ghormley, Hochanadel, 
and Boyle ( 2 2 ) .  At 101%V g-I s-' , our results and re-examination of previous data give G(03) = 6.2 + 
0.6. The same value is obtained at the high dose rates by the addition of electron scavengers. The 
difference in yields on going from high to low dose rates and the decrease with electron scavengers at 
the high dose rate is explained by differences in ion neutralization processes. These are supported by 
co~nputer calculations. The mechanism of the neutralization steps is discussed in ternis of the applica- 
bility of the electron jump theory and the effect of clustering of the ions. 

The proportion of energy lost to ionization, excitation, and subexcitation electrons is calculated. 
This is based on the Wvalue, relative cross sections for ionization, and the potential energy curves for 
0 2 +  ions. A predicted yield on this basis is G(O,) = 14.0 + 0.9, in fairly good agreement with the 
experimental yield. 

Canadian Journal of Chemistry, 48, 1505 (1970) 

Introduction 
We have recently given a preliminary report of 

measurements of ozone yields from the radiolysis 
of oxygen at low and high dose rates and a mech- 
anism for these yields (1). This paper extends the 
results and the mechanism, and presents calcula- 
tions of the yield of ozone from oxygen based on 
ionization cross sections and the known potential 
energy levels of the excited and ionic states of 
oxygen. 

This work was undertaken to confirm and 
explain the yield of ozone of G(O,) = 13.8 
obtained at high dose rates (- eV g- '  s-') 
by Ghormley, Hochanadel, and Boyle (2a).2 
These workers suggested that their result is not 
significantly different from the low dose rate 
(1016 eV g-' s- ' )  value. The most reliable values 
for gaseous oxygen at low dose rates appear to be 
those of Kircher et al. (3), Johnson and Warman 
(4), and Sears and Sutherland (5) .  Kircher et al. 
obtained a maximum yield of G(O,) = 9 at 
temperatures of 195 and 283 OK using ferrous 

'AECL No. 3574. 
'An isolated value of G(03) = 10.5 for the pulse 

radiolysis of pure oxygen at 560 Torr has been reported 
by Meaburn et a/. (2b) for dose rates of - 2 x loz5 eV 
g-Is- ' .  This value was based on G(N2) = 10.0 for 
nitrous oxide dosimetry. Correcting this to G(NZ) = 12.4 
gives G(03) = 13.0, in good agreenient both with the 
present work and that of Ghormley et a/. (2a). 

sulfate dosimetry. Johnson and Warman obtained 
an initial yield of G(0,) = 10.2 at both 90 and 
200 OK using N 2 0  dosimetry (taking G(N2) = 
10.0 instead of the value they used of G(N2) = 
12.5). Sears and Sutherland also used ferrous 
sulfate dosimetry and obtained a maximum 
differential yield of G(O,) = 10.5 at 77 OK, but 
at this temperature and also at 195 and 283 OK 
their initial yield is G(O,) z 6. In refs. 3 and 4, 
0, was determined by the iodide method, 
assuming one molecule of 1,- is produced per 
molecule of ozone. However, we have shown 
that one molecule of ozone produces 1.53 + 0.11 
molecules of 1,- at pH7.0 (1) and the yield 
reported in ref. 3 should therefore be G(O,) = 5.9; 
and in ref. 4, G(0,) = 6.7. In ref. 5, ozone was 
determined by absorption spectrophotometry 
using the well-established value for the extinction 
coefficient of 0, at 254 nm (6, 7). The best value 
for low dose-rate irradiations then appears to be 
G(0,) z 6. We have also obtained values in 
agreement with this at low dose rates at 77 OK. 

At high dose rates, we obtained G(O,) = 12.8, 
in reasonable agreement with the value of 
Ghormley et al. (2a). 

As we have pointed out, the difference between 
the low and high dose-rate yields can be attributed 
to the contribution of ionic neutralization pro- 
cesses (I). I t  is therefore of interest to compare 
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calculations of the contributions of ions and confirmed by Griggs (71, who obtained 132 cm-I S.T.P. 
excited molecules with these experimental yields. 

To do this we have used the recent electron 
impact cross section data of Watson et al. (8) and 
the potential energy curves of Gilmore (9), and 
combined these with the mechanisms proposed 
by Fueki and Magee (lo), Johnston et al. (1 l), 
and Johnson and Warman (4). 

Experimental 
The high dose-rate irradiations were done with a 

Febetron 705 pulsed electron source and the low dose- 
rate irradiations with a Gammacell 220. 

The procedure and quartz cells used in the Febetron 
irradiations have been already described (12, 13). The 
dose absorbed in the cells was determined by nitrous 
oxide dosimetry, taking G(N2) = 12.4 for.Febetron dose 
rates (14-16). With the Febetron, oxygen was irradiated 
a t  three different dose rates. The highest, 1.6 Mrad per 
pulse z 2 x loz7 eV g-I s-', was obtained with the 
window of the quartz cell 2 cm from the Febetron tube 
window. The two lower dose rates were obtained by 
putting a 0.005 cm tantalum foil at  1 cm from the 
Febetron tube and varying the distance between the cell 
and the foil. At 2.0 cm, the dose was 0.7 Mrad per pulse 
and at 6.0 cm, 0.06 Mrad per pulse. 

The low dose-rate irradiations were done at 77 OK. 
The absorbed dose was determined by nitrous oxide 
dosimetry, taking G(N2) = 10.0 (17). 

The amount of ozone formed was determined both by 
the optical method used by Sears and Sutherland (5) and 
the iodide method used by Johnson and Warman (4). 

In the optical method, the irradiation cell was con- 
nected to an evacuated 10 cm absorption cell. The ozone 
concentration was determined with a Perkin-Elmer 
Model 450 spectrophotometer, using the extinction 
coefficient of 135 cm-' S.T.P. at  254nm. This was 
established absolutely by DeMore and Raper (6) and 

It was found that the ozone concentration was the same 
with either Kel F (halogenated hydrocarbon) or Dow 
Corning (silicone) grease in the stopcocks. I t  was also 
the same for times of 5 to 15 min allowed for mixing and 
for diffusion between the irradiation and absorption 
cells. 

Irradiations of oxygen with added SF6 and perfluoro- 
cyclobutane (c-C4F8) were carried out at high dose rates. 
The SF6 and perfluorocyclobutane (Matheson) were used 
as received after thorough outgassing. The iodide method 
gave much lower values for O3 in the mixtures with SF6 
than did the optical method. This was attributed to 
reduction of 13- due to the presence of sulfur compounds 
(perhaps S032-). 

Relative yields of 0, with these additives were obtained 
by irradiations in an optical absorption cell. The cell, 
the light source, the optical system, and the detection 
system have been described (18). The ozone absorption 
at  254 nm was measured several milliseconds after the 
pulse, when the absorption had reached a limiting value. 
The absorbed dose in this cell was - 0.2 Mrad per pulse. 

Results 
The data from the Febetron irradiations of 

pure oxygen are given in Fig. 1. Each value is for 
a single Febetron pulse and therefore the total 
absorbed energy for a given dose rate is directly 
proportional to pressure. The maximum ab- 
sorbed energy is for 800 Torr of oxygen at a dose 
per pulse of 1.6 Mrad. As can be seen, the ozone 
yield is independent of pressure from 30-800 Torr 
and of dose rate from to lo2' eV g-' s-'. 
The straight line in this figure gives G(0,)  = 

13.8 + 0.6. This yield was also independent of 
dose at the lowest dose rate eV g-' s-') 
between 0.05 and 0.35 Mrad (1-7 pulses). 

I I I I I I I I I I 
14 - 

G(0,) = I 2 . B k O . 6  

-- I 2  - 
0 - 
v, I 0  - 
u 

0 8 -  
5 
0 u 

e 6 -  - 
Lu 

- 

- 

I 2 3 4 5 6 7 8 9 1 0  

ABSORBEO ENERGY ( e Y  1 1 0 " )  

FIG. 1. Ozone production in Febetron irradiation of oxygen by single pulses: 0, 2 x loz7 eV 
pressure 30-800 Torr; x , 0.8 x loz7 eV g-' s-', oxygen pressure 200-800 Torr; 0, 0.08 x loz7 
point is the average of 10 determinations at  800 Torr). 

g-' s-' , oxygen 
eV g-' s-' (this 
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I 
ABSORBED ENERGY ( e v  r 10") 

I 
FIG. 2. Ozone production in low dose rate irradiation 

of oxygen: 0, results taken from ref. 4 both for 77 and 
195 OK; D, results taken from ref. 5 both for 77 and 
195 OK; x ,  present work at 77 OK. 

Our low dose-rate values are compared with 
those of Sears and Sutherland (5) and Johnson 
and Warman (4) in Fig. 2. The values given in 
ref. 4 have been corrected using G(N2) = 10.0 
and 1.53 molecules of 1,- formed per moleccle 
of 0, absorbed. In all these irradiations the 
pressure was 100-760 Torr and the range of 
absorbed dose is from 0.05 to 0.3 Mrad. 

Sears and Sutherland (5) found little or no 
effect of electron scavengers on O3 yields at low 
dose rates. The effect of the additives SF, and 
c-C4F8 at - loz7 eV g-I s-I is shown in Fig. 3. 
The plateau value of G(03) = 6.3 is the same 
within experimental error as the low dose-rate 
yield in pure oxygen. 

Discussion 
There is a large and significant difference 

between the measured ozone yields in the high 
and low dose-rate radiolysis of gaseous oxygen. 
Between 1026-1027 eV g-l s-l ,  G(03) = 12.8 + 
0.6 and at 1016 eV g-' s- l  G(03) = 6.2 + 0.6. 
There is also a significant difference in the effects 
of electron scavengers. At high dose rates the 
yield of ozone is reduced from G(03) = 12.8 to 
G(03) = 6.3 + 0.6 by the addition of SF, and 
c-C4F8, while at low dose-rates electron scaven- 
gers have little or no effect. 

In pulse radiolysis studies at loz6 eV gdl  s- l ,  
the ozone is observed to grow in over a period 
of - 10 ps (2, 19). The mean lifetime of the ions 
at this dose rate is - s (see below). There- 
fore ozone cannot be formed in appreciable yields 
from ion-molecule or ion-neutralization reac- 
tions, and the immediate precursor of ozone in 
irradiated oxygen is almost certainly an atom of 
oxygen in the 3P or l D  state, as in the vacuum- 
ultraviolet photolysis of oxygen (20) 
11 I 0 + 202 + 0 3  + 0 2  

These oxygen atoms must result from neutraliza- 
tion reactions of ionic precursors or dissociative 
excitation. 

M O L E  P E R C E N T  A O O l T  I V E  

FIG. 3. Effect of electron scavengers on ozone yield: 0, SF,; x ,  c-C,F,. All points below 0.5% additive are 
for 700 Torr oxygen. Above 0.5 %, points are for both 400 and 700 Torr. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1508 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, I970 

Ion-Neutralization Reactions 
We have suggested (1, 16) that the difference 

in ozone yields a t  high and low dose rates is due 
to a difference in the yield of oxygen atoms from 
ionic processes. At low dose rates the ion- 
recombination time is of the order of s, and 
simple, straightforward calculations show that 
for any significant absorbed dose reaction [2a], 
which is highly exothermic, can occur prior to 
ion-combination. 

[ ~ u I  0,- + 0, -> 0, + 0 3 -  A H  = -56 kcal mole-' 

Therefore the predominant neutralization is 
probably reaction [3] 

[3] O,+ + 0'- -> 0 + 20,  A H  = - 187 kcal mole-' 

which makes no net contribution to the ozone 
yield. 

Clustering of the oxygen ions may also affect 
the extent of dissociative neutralization. As n 
increases in reaction [2b] 

[2b] 0,+ . (0,)" + 0,- . (O,),, -> products 

dissociative neutralization becomes less likely. At 
low dose rates there is sufficient time for clusters 
to reach equilibrium size, and .recent data from 
high-pressure mass spectrometry (21-23) imply 
that a t  77 OK, both the positive and the negative 
ions will be clustered on the average by four 
oxygen molecules. 

To  determine the lifetime and the extent of 
clustering of the ions at Febetron dose rates, we 
have done computer calculations a t  two pres- 
sures. In these, the concentrations of the possible 
species are obtained as a function of time during 
and following the Febetron pulse, using the 
known reactions for the species p r e ~ e n t . ~  The 
rate constants for the reactions which were 
included in the program are given in Table 1. 

The primary yields assumed for these calcula- 
tions are: G(O+) = 0.10, G(02+)  = 3.17, G(e) = 
3.27, and G(0) = 6.10. The electron yield is 
derived from the W value, which is 30.6 eV per 
ion pair in oxygen (35, 36). The mass-spectral 
abundance of O +  relative to 1.00 for 0,+ with 
70 V ionizing electrons is 0.03-0.05 (37,38). High 

'Clustering of positive and negative ions beyond 0, 
has not been explicitly considered. Preliminary calcula- 
tions have shown that for 83 Torr oxygen at 298 OK, 

ions of a molecular weight greater than 0 4  make no 
contribution to the neutralization reactions, and even at 
830Torr the contribution is not large. We have not 
included ions above O4 in the present calculations. 

TABLE 1 

Reactions of importance in irradiated oxygen 

Reaction 
Rate constant 

M-1 s - l  

4 .2  x 10loa 
1 .2  x lolob 
2 .0  x 
4.2 x 10lod 

-2.0 x 1 0 ~ ~ ~  
1.2  x 1oL5f 
1.2 x 10i5f 
1 . 0  x 1 0 ~ 4 ~  
1.2 x 1 0 ~ 5 ~  
1.2 x 1oL5f 
1.0 x 1014= 
1 . 2  x 1olsf 
1 .2  x 1015f 
1.8 x l o n a  
1 .2  x 1ot5f 
8 .0  x lo6" 
4.0 x 10'' 
6 .0  x 106j 

- 

0A rate constant for 02+ + 110, is given in ref. I0  as  7.4 x 10-10 
cm3 molecule-I s - I ;  these authors discuss this as an equilibrium reac- 
tion with a very fast rate constant for the dissociation of  the complex. 
Reference 24 gives 7 x 10-l2 cm3 molecule-1 s-' as the limiting two- 
body rate constant at  1.0 Torr  with helium as third body. 

bTlie rate constants for this reaction are summarized in ref. 25. 
T h i s  isa two-body equivalent rateconstant for 830Torr  0, a t  25 'C. 

The three-body rate constant is given as 1.4 + 0.2 x (300/T)exp 
(-600/T)cm6 molecule-2 s-' for oxygen as the third body (26. 27). 

'This is assumed to  be equal to  the rate constant for reaction [ 5 ]  as 
suggested in ref. 10. 

*See refs. 28 and 29. 
,See refs. 30 and 3 1. 
sSee ref. 32. 
T h i s  is the two-body equivalent rate constant for 830Torr  O2 at  

25 "C. See refs. 33 and 34 for discussion of  values of this rate constant. 
'This is the two-body equivalent rate constant for 830 Torr  O2 at 

25 "C. See refs. 33 and 34for  discussion of values of  this rate conslant. 
)See refs. 33 and 34. 

values in the range 0.15-0.25 have been reported 
(1 1, 39). However, these are not consistent with 
photoionization measurements, which imply a 
fractional abundance of less than 0.05 for 0' 
(40-43). We have used 0.03. 

The yield of 0 atoms is the experimental low 
dose-rate value of G(O,) = 6.2 less the small 
contribution of 0 ' .  

The computer program is based on that of 
Schmidt (44). The Febetron pulse was approx- 
imated by a step function with 2 ns steps (16). 
The dose used of 1.061 x loZ0 eV g-' is the 
maximum dose averaged over the cell volume. 

The calculated time dependence of the con- 
centrations of both neutral and ionic species for 
irradiation at 830 and 83 Torr is shown in Figs. 4 
and 5, respectively. These exhibit large differences 
in the concentrations of the ionic species be- 
tween the two pressures. Table 2 gives results 
of detailed calculations of the contributions of 
the various ion neutralization reactions. The 
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ns 
T lME  

FIG. 4. Calculated ionic and neutral concentration during and following Febetron pulse at  830 Torr pressure 
and 25 "C. Total dose = 1.06 x loZ0 eV g-'. The upper half of the figure gives concentration of neutral species 
and the lower half, concentrations of ionic species. The pulse intensity can be taken from the ordinate axis. Ten units 
correspond to 2 x loz7  eVI-I s-l ,  so that the maximum intensity is 6.16 x l oZ7  eV I-' s-'. 

10 ZO 30 40 50 60 70 80 90 100 ZOO 300 400 500 600 700 
"5 

TlME 
P 5 

FIG. 5. Calculated ionic and neutral concentration in oxygen during and following a Febetron pulse at  83 Torr 
pressure and 25 "C. The upper half of the figure gives concentration of neutral species and the lower half, concentra- 
tions of ionic species. The pulse intensity units are the same as given in Fig. 4. 

- 
+. 2 0 .5 -  - z - 

main change in going from 830 to 83 Torr pres- tralization of 0,' by an electron increases from 
sure is the neutralization of the positive ions by an almost negligible amount at 830 Torr to 
electrons instead of by 0,- and 0,-. Reaction nearly 15% at 83 Torr. Finally, as can be seen 
[16], which accounts for over 50% of the charge from the figures, reaction [2a] can be neglected 
neutralization at 830 Torr, is largely replaced by at Febetron dose rates, since for single pulses 
reaction [I41 at 83 Torr. Similarly, direct neu- virtually no ozone is present during the lifetime 

e 

IONIC 

SPECIES 
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TABLE 2 
Ion recombination reactions at a mean dose rate 

of 2 x lo2' eV g-I s-I 

Proportion O F  
neutralization 

AH, kcal mole-', processes, % 
to form 

Reaction two 0 atoms 830 Torr 83 Torr 

[I61 04' + 04- - 131 57.13 9.68 
04' + 02- - 143 19.64 12.18 

[I31 02' + 04- - 181 11.64 1.06 
[I41 04+ + e - 151 4.74 58.90 
[2] O2+ + 02- - 151 4.42 2.42 
[I21 02+ + e - 161 1.08 14.34 
[Ill* O +  + 04- 0.92 0.09 
[lo]* O +  + 02- 0.34 0.20 
[9]* O +  + e 0.09 1.13 

"Of the 3 % 0' in the system, at both pressures, about half is neutralized in reactions 
[91-[I 1 I and about half undergoes the ion-molecule reaction 

[61 O +  + 0 2  = 0 2 +  + 0 

of the ions and the rate of the reaction is much 
too slow for it to compete with the neutralization 
reactions. 

If the neutralization reactions [2] and [12] to 
[16] gave different products, for example, if 

and 

[16al 04+ + 0,- -+ 40, 

the decrease in pressure from 830 to 83 Torr 
would be reflected by a significant increase in the 
experimental ozone yield. This was not observed. 
Consequently one must conclude that these 
reactions each give two 0 atoms, as shown in 
Table 1. Only on this basis do the computed 
limiting concentrations of ozone at both pres- 
sures correspond to the experimental yield of 
G(O,) = 12.8 molecules per 100 eV. 

The above conclusion regarding the formation 
of oxygen atoms from combinations of 0,' and 
0,- is perhaps a little unexpected. However, the 
exothermicity of each of the reactions is large and 
there is no problem on this basis. Chan (45) has 
considered reactions [2] and [12] from a the- 
oretical point of view. He concludes that highly 
excited 0," molecules are produced from the 
positive ion in both cases. For reaction [2], the 
electron has a high probability of tunnelling 
across from 0,- to 0,' while the ions are 
orbiting each other at an appreciable distance. 
The excited oxygen molecules are in dissociative 
states and once they are formed neutralization is 
complete. If one assumes that 0,' splits up on 

accepting an electron to produce one oxygen 
molecule in a dissociative state, reactions [15] 
and [14] can be looked upon as occurring in a 
similar way to reactions [2] and [12]. 

The electron jump mechanism envisaged above 
for neutralizations involving 0,- is not likely to 
be as facile with more complex ions, where the 
molecular configurations of the negative ion and 
parent molecule differ. (Note the long lifetimes 
for autodetachment from SF6- (46) and fluoro- 
carbon negative ions (47)) Under these circum- 
stances, neutralization may not be complete until 
the negative and positive ions coalesce to the 
point where energy transfer can occur. This is 
almost certain to be the case for the combination 
of clustered 0,' . (O,), and 0,- - (0,)" ions at 
low dose rates. Indeed, spectroscopic evidence 
shows that the equilibrium bond angles of 
O,(Q = 117") and 0,-(0 = 100") (48) differ, and 
even without clustering this would make the 
electron jump process much more difficult than 
for 02-. Hence reaction [20] 

is very unlikely. 
To summarize, since at high dose rates the 

much shorter ion lifetimes preclude reaction [2a] 
and limit the extent of clustering, recombination 
reactions such as 

[21 Oz+ + 0 2 -  +20 + 0 2  

and 

[I21 02+ + e+20 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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FIG. 6. Stern-Volmer plot for reduction in ozone 
yields as a function of electron scavenger: 0, SF6; 
x , C-C4Fs. 

replace combinations of clustered species like 
0 3 -  . (02)11, 0,- . (02),,, and 02+ - (o,),,, taus- 
ing the increase in the ozone yield of AG(0,) = 

6.6 ) 0.9 - 2G(e) on going from 1016 to lo2, eV 
g-I s-'. 

Effects of Electron Scavengers 
A reduction of the ozone yield at high dose 

The ratio of rate constants for both electron 
scavengers to that of oxygen, i.e. (kc+,,,,,)/ 
(kc+o2) obtained from the slope in this figure and 
the Stern-Volmer equation, is (5 f 2) x lo3 
for both SF, and c-C4F8. This is in fairly good 
agreement with the values reported for kc+,,, = 
1.8 x 1014 M - I s - '  (49)and kc+,, = 1.8 x 10'' 
M-1 s - l  (26,27) at 700 Torr and 25 "C. 

Electron Balance Calculations 
The data required from any fundamental 

calculation of ozone yields in the radiolysis of 
oxygen are basically the yields of ions and neutral 
excited species. An independent calculatioil from 
first principles would require precise knowledge 
of the spectrum of the ionizing radiation and the 
energy dependence of the cross sections for all 
possible processes. At the present time these data 
are not available. However, from the W value. 
the ion-pair yield is immediately available. I A  
oxygen this can be equated to a part of the ob- 
served product yield at high dose rates as we have 
shown. Also, there are fairly detailed electron 

rates was observed when the electron scavengers 
SF, and c-C,F8 were added, its magnitude being 
equal to 2G(e). 

Again this is consistent with the view that 
reactions [23] and [24] 

do not occur, due to reduced ability of the elec- 
tron to tunnel across to 0,'. Neutralization 
probably involves bond breaking and the forma- 
tion of oxygen-containing products from the 
SF,- and c-C4F8- ions. 

In Fig. 6, l/AG(03) is plotted against the ratios 
of [02]/ [SF,] and [O, :I/ [c-C4F8]. From the 
slope of the straight line in this figure, the ratio 
of rate constants is obtained from the expression 

20 4 0  6 0  8 0  100 200 400  600 1000 

1 1 
I 

ELECTRON ENERGY ( e V )  

FIG. 7. Fractional cross sections for production of 
various electron states of 0,' in electron bombardment 

for 700 Torr 02. This is based on the assumption of O X V E ~ ~ .  calculated from the data of Watson er nl. (81. 
that no secondary electron transfer or other The G v e s  quoted by electronic states are due to direct 
reactions between 0,- and the scavengers are ionization. Those quoted with the prime notatlon are 

for pre-ionization (auto-ionization) where a' is equ~valent 
I occurring. to a411, state and so on. 
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TABLE 3 

Calculation of average ionization energy, I?,,,, for OZ 

Energy of state 
Fractional Energy 

Electronic state cross section Vibrational Energy fraction 
of ion at 100 eV level. v eV eV 

B state 
(Probably C4X,- and 0.063 0 24.6 1.55 

CZXs-) 
Sub-total neglecting 0.771 

pre-ionization 
Average ionization energy based on above values, Ei,,, = 17.3 eV 

Energy of state, Energy 
Pre-ionization Fractional assumed to be as fraction 
contributions cross section above eV 

a' (= a4n,) 
A' (= Azn,) 
b' (= b4X,-) 
B' (= B state) 
Average ionization energy based on all above values, Eio, = 17.5 eV 

impact cross sections for the production of 
various states of the ions. From these and the 
potential energy curves for these states, it is 
possible to calculate an average energy of 
ionization. By subtracting this average energy of 
ionization from the W value, we have the energy 
per ion pair available for excitation. This can be 
compared with the experimentally observed yield 
attributable to non-ionic processes. 

The relative electron impact cross sections for 
the known states of 0,' are given as a function 
of electron energy in Fig. 7. These values are 
calculated from the data of Watson et al. (8). 

From theoretical considerations (50), it has 
been shown that over 80% of all ionizations in a 
typical gas-phase radiolysis are caused by elec- 
trons in the "optical energy range" above 100 eV. 
Reference to Fig. 7 shows that above this energy 
the variatioils in the relative ionization cross 
sections are small. Therefore, we have combined 
the relative ionization cross sections for an 
electron energy of 100 eV with the potential 
energy curves of Gilmore (9) to estimate the 
average ionization energy Eion as shown in 
Table 3. This estimate is based on the equation 

where oi is the cross section for the ith electronic 

level and Ei is the energy required to form it. 
Rigorously, oi is a function of energy, however, 
as we have discussed above, for the important 
optical energy range, oi/Cioi is virtually in- 
dependent of energy. The fractional cross section 
to each given state summed over all energies is 
given by Watson et al. (8). Using their values to 
calculate a mean ionization energy gives 
Eion = 17.18, which is not significantly different 
to that given in Table 3. 

The high Rydberg states of oxygen are pre- 
sumably responsible for the formation of 0,' 
states by pre-ionization. At the present time the 
potential energy curves of these Rydberg states 
are not known. In Table 3 we have therefore 
assumed that the mean energy for pre-ionization 
to a given ionic state is the same as that for direct 
ionization. The minimum average ionization 
energy may be slightly lower than the value 
obtained in this way. The maximum average 
ionization energy, i.e. that calculated assuming 
pre-ionization to the highest vibrational level of 
each state below the dissociation energy to Of 
and 0, is 17.8 eV. Thus, provided no emission 
occurs concurrently with ionization, the range of 
values of 17.3-17.8 eV for the average ionization 
energy should be correct. The value of Eion does 
depend upon the cross sections of Watson et al. 
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(8). However, these are supported by a recent 
publication of independent measurement of the 
cross-section for formation of 02+(b4Z,-) (51). 

The total amount of energy remaining for 
excitation is then 

The average energy of subexcitation electrons, 
E,, has been estimated for oxygen to be 
2.5 f 0.5 eV (10). 

The energy available to produce excitation, 
E,,, = W - (Eion + E,) = 10.6 f 0.8 eV. Taking 
the average energy required to produce dis- 
sociative excitation by transition to the and 

states of oxygen as 9.0 f 0.5 eV (52), the 
yield of 0 atoms per 100 eV should be 

while the lowest levels of the other gases are 
repulsive. 

Conclusions 

The difference in yields between high and low 
dose rates can be explained in terms of differing 
ion neutralization reactions. At high dose rates, 
the ion neutralization reactions give two mol- 
ecules of ozone per ion pair. At low dose rates, 
where the predominant negative ion is expected 
to be 0 , - ,  neutralization leads to no net ozone 
production. If this is due merely to the pre- 
dominance of 0,- as the negative ion in the 
neutralization complex, the initial yield (when 
the ozone concentration is very small) at all dose 
rates should be G(0,) = 12.8, and then the 
absorbed dose at which the yield change from 
12.8 to 6.2 occurs would depend upon the ion- 
recombination time and hence the one-half power 
of the dose rate. If the reduction in yield is due to 
more extensive clustering of the ions, then this 

This is consistent with the observed yield attrib- would not depend on theabsorbed dosk but upon 

utable to non-ionic processes. The total yield of pressure and the mean ion lifetime with respect 

ozone from all processes is then to neutralization, and hence dose rate. 
For the foregoing reasons, an estimate of the 

2(1 + 1.15 f 0.15) (1001 W) = 14.0 f 0.9 low dose-rate limit of 12.8 is not a t  present 

This is in good agreement with the observed high 
dose-rate yield, to which both ions and excited 
molecules contribute. 

Comparison with High Dose-Rate Radiolysis 
of Other Gases 

We have previously reported anomalously high 
yields at low pressures for the very high dose- 
rates available with the Febetron (53). These were 
attributed to acceleration of secondary electrons 
by the transient electric fields present at the high 
charge-density in the electron pulse. Over the 
range of pressure 500-50 Torr, increases between 
40% and > 100% for N 2 0 ,  HC1, HBr, and NH, 
were observed. N o  dependence on pressure down 
to 30 Torr was observed in the present work on 
oxygen. 

We have no explanation for the lack of an 
increase in G(0,) at low pressures in oxygen, 
except possibly that secondary electrons lose their 
energy in the excitation of alA, and blZ,+ states 
of oxygen. Transitions to these levels are spin 
forbidden, but could occur near threshold energy 
by spin-exchange excitation. A11 important differ- 
ence between these and the lowest levels of the 
hydrogen halides is that they are bound states, 

possible. However, the suggestion made by 
Ghormley et al. (2a) that the ozone yield is a 
good optical dosimeter appears valid for the 
dose-rate range 6 x - 2 x eV g-I sK1 
and probably to higher dose rates. 

Computer calculations indicate that clustering 
of the ions does not affect the yields a t  high dose 
rates where all of the important neutralization 
reactions give two oxygen atoms per ion pair. 
This must be so since the ozone yield is indepen- 
dent of pressure, and at 400-700 Torr the reduc- 
tion in yield on addition of electron scavengers 
is equal to 2G(e). 

Energy balance calculations based on the cross 
sections for ion yields for the average ionization 
energy and on electron scattering spectra for the 
average excitation energy give a calculated yield 
of G(0,) = 14.0 + 0.9, in good agreement with 
the experimentally measured yield of G(O,) = 
12.8 f 0.6. 
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Radiolysis of air and nitrogen-oxygen mixtures with intense electron pulses: 
I 

determination of a mechanism by comparison of measured and computed yields' 

C. WILLIS, A. W. BOYD, AND M. J. YOUNG 
Physical Chernistry Brancll, Cl~alk River N~tclear Laboratories, Atorr~ic Erlergy of Carrnrln Lirjrifed, Cl~alk River, Or~tnrio 

Received January 6, 1970 

Air and other mixtures of nitrogen and oxygen containing from 0.1 to 100% oxygen have been irradi- 
ated with single, 0.12 Mrad electron pulses at a dose rate of 2 x lo2' eV g-ls-l. The major product 
formed in these irradiations is ozone. For air from 400-1 500 Torr, G(03) = 10.3 + 0.5, the addition of 
SF6 reduces this by 5.8 + 0.5 G units. The yield of ozone from other nitrogen-oxygen mixtures varies 
with the concentration of oxygen. At both 700 and 1500 Torr total pressure for 1 Torr of 0 2 ,  G(O3) =: 4. 
This increases with oxygen concentration to a maximum of G(0,) = 12.8 for pure oxygen. For all the 
above conditions the yield of nitrogen dioxide is below the limits of detection. 

A mechanism is proposed based on known possible ionic and neutral reactions and their rate con- 
stants. Detailed computer calculations using this mechanism give results which compare well with the 
experimental yields. These results are consistent with an assunled yield or  G(N) = 6 from processes 
involving neutral species in the radiolysis of pure nitrogen. 

Canadian Journal of Chemistry, 48, 1515 (1970) 

Introduction 
In previous work we have shown that single 

pulse irradiations of gases and liquids at high 
dose rates give results that can generate an 
understanding of the mechanism involved with- 
out the added complication of product inter- 
ference (1-6). This paper is a report of the 
application of this technique to the radiolysis of 
air and other nitrogen-oxygen mixtures. 

There have been many studies of the low dose 
rate radiolysis of nitrogen-oxygen systems 
including extensive work by Harteck and 
Dondes (7-12), Dmitriev (13), and Dmitriev 
and Pshezhetskii (14-18). The major product 
observed by these workers was nitrogen dioxide 
with G(N0,) z 0.72 for 1 : 1 N,-0, mixture at 
1 atm, increasing with pressure to G(N0,) z 5.6 
above 100 atm. (16). Smaller amounts of O,, NO, 
and N,O have also been reported. 

Some complex pressure changes as a function 
of absorbed dose were observed in early work by 
Cloetens (19). These have been explained in 
terins of NO, and N,O, both by Harteck and 
Dondes (1 1) and, in a more complete theoretical 
treatment, by Moseley (20). The latter author gave 
a general overall mechanism and this has been 
developed and discussed in various reviews (12, 
21-23). A detailed mechanism has been difficult 
to establish due to lack of knowledge of specific 
rate constants. Recently, with the large increase 
of interest in aeronomy, many of the rates of 
reactions in ionized and non-ionized nitrogen- 

'AECL No. 3575. 

oxygen systems have been measured. These, 
coupled with the simplified conditions of single 
p ~ ~ l s e  irradiations, have allowed us to do detailed 
computer calculations and compare the results 
of these with our experimental measurements. 

Experimental 
The pulsed radiation source used is a Febetron 705. 

The irradiation procedures have been reported elsewhere 
(3, 4, 24). Single pulses from this accelerator irradiated 
the gaseous mixtures contained in a multiple reflection 
cell fitted with a White mirror system. The cell arrange- 
ment is capable of better than 100 light passes but a 
maximum of four were used in the present experiments. 
The ozone was determined optically using the standard 
pulse radiolysis technique. The analyzing light was a 1600 
W xenon arc which was pulsed to increase its intensity 
and enhance its stability. Ozone was analyzed by the light 
absorbed at  254 nm. The light from the xenon arc, after 
passage through the cell, was dispersed by a 314 m Spex 
Czerny-Turner monochromator. The appropriate wave- 
length was monitored by a IP28 photoniultiplier (R.C.A. 
Corp.). An interference filter with transmission peak at 
250 nrn was used to eliminate scattered light from the 
monochromator. The light absorbed at 254 nm was 
measured 10-20 rns after the irradiation pulse. More 
complete details of the apparatus are given elsewhere (25). 

The mean dose absorbed over the cell volume was 
determined using oxygen at various pressures. The yield 
of ozone in pure oxygen is G(0,) = 12.8 + 0.6 (5, 6, 26). 
For the conditions of the present experiment, the mean 
absorbed dose measured in this way was about 0.12 
Mrad per pulse delivered at a dose rate of approximately 
2 x loz6  eV g-I s - I .  The extinction coefficient for ozone 
used (27, 28) was 

E~~~~~ = 135 cm-' S.T.P. 

The oxygen used was Matheson C.P. grade. The nitro- 
gen was Matheson prepurified grade. The air was Linde 
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I I I I I 

A I R  

12 

X 
I I I I I I 

100 ZOO 3 0 0  4 0 0  500 6 0 0  700 

PRESSURE (TORR) 

FIG. 1. Ozone yields in irradiated air: 0, pure air; x ,  air + 0.5-2.0% SF,; -, calculated yield. 

14 7 0 0  TORR PRESSURE 4 

P A R T I A L  PRESSURE OF OXYGEN (TORR) 

FIG. 2. Ozone yields in irradiated oxygen-nitrogen mixtures at  700 Torr pressure: 0, N2-O2 mixtures; x , N2-0, 
mixtures + 0.5-2.0 % SF, ; -, calculated yield. 

dry pumped, oil-free quality. All these gases were used 
directly from the cylinder. Sulfur hexafluoride (Matheson 
C.P. grade) was degassed prior to use. All gas mixtures 
were thoroughly mixed by thermal cycling before 
irradiation. 

Nitrogen dioxide was measured by the method of 
Shinn (29). The NOz was converted to nitrate-nitrite by 
0.1 N NaOH and the nitrite determined by aqueous 
sulfanilamide and N-(I-napthyl) ethylene-diamine hydro- 
chloride reagents. The red azo dye color was nleasured 
at  540 nm using an equivalent molar extinction coefficient 
for nitrite of 53 200 cnl-'. 

Results 
Figure 1 shows the ozone yield for single pulse 

irradiations of air as a function of pressure. The 
effect of 0.5-2% SF, on this yield is also shown. 
Above 400 Torr, for pure air, G(03) = 10.3 + 
0.5. Addition ofSF, reduces this yield to G(03) = 
4.5 + 0.5. Below 400 Torr, the yield of ozone 
from air both with and without SF, decreases as 
the pressure is reduced. 

Figure 2 shows the ozone yield for single pulse 
irradiations of nitrogen-oxygen mixtures a t  a 
total pressure of 700 Torr as a f~lnction of the 
partial pressure of oxygen. The ozone yield 
slowly decreases from G(03) = 12.8 for pure 
oxygen to  G(03)  z 10.0 for 50 Torr oxygen 
(i.e. N 2 / 0 2  = 1311). Below - 20 Torr partial 
pressure of oxygen, the ozone yield decreases 
more rapidly and drops to G(03) = 5 for 1 
Torr 0, (i.e. N 2 / 0 2  = 70011). The ozone yield 
in the presence of SF, shows a similar trend as a 
function of oxygen partial pressure, in all cases 
being about 50 % lower than the yield observed in 
its absence. 

The solid lines drawn in Figs. 1 and 2, both 
with and without SF,, are the results from the 
computer calculatioils discussed below. 

Figure 3 shows the ozone yield for single pulse 
irradiations of nitrogen-oxygen mixtures a t  a 
total pressure of 1500 Torr as a function of the 
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1 5 0 0  TORR P R E S S U R E  

12 

P A R T I A L  PRESSURE OF OXYGEN ( T J S R )  

FIG. 3. Ozone yields in irradiated oxygen-nitrogen mixtures at 1500 Torr pressure: 0, N2-O2 mixtures, X ,  
N2-O2 mixtures plus 0.5-2.0% SF6. 

partial pressure of oxygen. The results are 
qualitatively similar to those observed at 700 
Torr. 

In all cases any nitrogen dioxide formed was 
below the limits of detection of the analytical 
procedure. Irradiations for these determinations 
were carried out in quartz cells (3). At a dose of 
1.6 Mrad per pulse (i.e. 10 times that obtained 
in the optical cell), a limiting yield was estimated 
to be G(N0,) < 0.15. Multiple pulse irradiations 
gave yields considerably larger but these will be 
reported elsewhere. 

I Discussion 
I For single pulse experiments the yields of 

nitrogen dioxide are very low and the yields of 
ozone large. This is in contrast to the yields 
observed from continuous irradiations at low 
dose rates. There is a large ionic contribution to 
the observed ozone yield, demonstrated by the 
decrease in yield on the addition of s u l f ~ ~ r  hexa- 
fluoride. 

Ionic Processes 
Possible ion reactions2 that are of importance 

in irradiated air and nitrogen-oxygen mixtures 
are given in Table 1. 

'Nz+, 02+, and 02- can all react to yield N4+, Of+, 

i and 0,-, and also more heavily clustered specles. 
Preliminary calculations for oxygen (6) have shown that 
clustering beyond 0,+ and 0,- can be neglected for 
Febetron pulse-type irradiations. N,+, 04+, and 0,- 

( will be formed in quantities depending upon the prevail~ng 
I conditions. In general, however, for reactions pertinent 

to the present work, those of the X, type ions are sim~lar 
in both stoichiometry and reaction rate to those of the 
X2 type ions. N2+ and N4+ undergo almost identical 

The predominant primary ions in irradiated 
nitrogen-oxygen mixtures will be N,' and 0,'. 
Formed with these ions will be an equivalent 
yield of electrons. The yield of 0' ions from 
oxygen is small (6) and the yield of N' ions from 
nitrogen will probably also be small (12). 

The N,' ion, depending on the dose rate and 
oxygen concentration can, in single pulse experi- 
ments, either undergo charge exchange with 
oxygen as in reaction [I], or be neutralized by an 
electron or a negative ion as in reactions [9] 
and [lo]. 
[I I N2+ + 02->N2 + 0 2 +  

[9 I N 2 + + e + N + N  
[lo] N2+ + 02- + N + N + Oz 

The products of neutralization of N,' by 0,- 
are not known. We have assumed these to be 
nitrogen atoms and 0, rather than two NO 
molecules or oxygen atoms and N,. This assump- 
tion is based on the electron jump mechanism 
for which the products of neutralization are 
largely independent of the nature of the negative 
ion. As we have discussed elsewhere (6), 0,- can 
neutralize in this way. 

Reactions of N,' or 0,' to yield other ionic 
species, e.g., NO' or NO,' will not be important 
for single pulse experiments. Reactions of the type 

charge exchanges with oxygen as shown by reactions [ l ]  
and [4]. The neutralization reactions of 04+ and 0,- are 
apparently indistinguishable from those of 02+ and 
0 2 -  (6). 

No further discussion of X, type ions will be presented. 
A more complete discussion of these and also of the more 
heavily clustered species is given for oxygen in ref. 6.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1518 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE I 
Ion-molecule reactions in N2-O2 irradiated mixtures 

Reaction 
Rate constant 

(cm3 molecule-I s-l) Reference 

1 . 4 ~  lo-" (y)  exp ( 
1 . 0 ~  10-31 

4 x  lo-" 
1 .3  x 10-31 

[I61 0 3 -  + NO -> NOz- + 0 2  8~ 10-lo 
[17] 0 3 -  + NOz -> NOz- + 0 3  7 x 10-lo 
[I81 NOz- + 03 + N o s -  + 0 2  1 x lo-" 
[I91 NO- + 0 2 - > 0 2 -  + NO 9 x 10-lo 

*The rate constants for these reactions have three body units, i.e., cm6 molecule-2 s-1. 
PThis is the "limiting" two body rate constant, see ref. 41. 

involving coalescence of the two molecules and 
considerable rearrangement, are very much 
slower than charge transfer reactions and will 
not compete. When products are present during 
irradiation, such as for multiple pulse experiments 
or continuo~~s irradiation, other ions can be 
formed by charge transfer reactions, e.g. 

In fact, for low dose rate continuous irradiation 
the stationary state concentration of NO should 
be sufficient for NOf to be the predominant 
positive ion participating in the neutralization 
reaction in nitrogen-oxygen mixtures, even at 
vcry low concentrations of oxygen. 

I11 the absence of significant amounts of NO 
and NO, then, the only fate of NZf is charge 
exchange with 0, or neutralization, the only fate 
of the OZf is neutralization 

Thus the reactive products of all ionic reactions 
are N atoms and 0 atoms. 

Neutral Processes ar7d Cornputer Calculations 
Table 2 shows reactions of N atoms and 0 

atoms in nitrogen-oxygen mixtures. Under 
continuous irradiation all of the listed reactions 
probably occur and it is not immediately apparent 
which are really important to the radiolysis 
mechanism even for single pulse experiments. 
To determine this we have used computer cal- 
culations to investigate the importance of the 
various reactions. 

The program used was that originally written 
as W R  16 by Schmidt (73). We have previously 
used this program in other extensive calculations 
of this type (2, 4, 6). The input data required are 
the yields of the various initial species, the rate 
constants of all reactions and the radiation 
pulse shape. We included both ionic and neutral 
reactions. The Febetron pulse was approximated 
by a step function with 2 ns steps. The yield input 
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TABLE 2 

Neutral-neutral reactions in N2-0, irradiated mixtures 

Rate constant 
Reaction (cm3 n~olecule-' s-') Reference 

2.33 x 10-l1 exp 61 

6200 
1 .2  x 10-11 exp (- -) 62 

[34] O + NOz + NO + O2 3.2 x lo-" exp 70 

1.5 xl0-"exp (- %) 63 

[35]* O2 + 2 N 0  + 2 NO2 1 x I O - ~ ~  7 1 

[36] O3 + NO + NO2 + O2 0.95 x lo-" exp (- s) 63,72 

*The rate constants for these reactions have three-body units. 

data used were: for pure nitrogen, G(N,+) = 2.9, 
G(N) = 6.0; for pure oxygen, G(0,') = 3.3, 
G(0) = 6.1. This gives for air; G(N',') = 2.40, 
G(0,') = 0.66, G(e) = 3.06, G(N) = 4.80, G(0) 
= 1.24, assuming the absorbed dose in each of 
the constituents is proportional to its electron 
density. G(N) and G(0) are the yields of these 
atoms formed by dissociation of excited mole- 
cules. The values of G(N,+) and G(0,') are 
derived from the W values; W,, = 34.7 eV per 
ion pair (74) and W,, = 30.6 eV per ion pair 
(75). The value of G(N) = 6.0 is that recom- 
mended by Harteck and Dondes (12). The yield 
of N atoms given from experiments on the radia- 
tion induced isotopic exchange of N, (76-78) 
is ambiguous since the exchange mechanism 

is not clearly established. However, using the 
arguments given by Anbar and Perlstein (78), 
a value of G(N) = 5.8 can be obtained from the 
work of Dawes and Back (77). The agreement 
which we obtain below between experiment and 
calculation substantiates a value of close to  
G(N) = 6.0. The value of G(0) = 6.1 for oxygen 
radiolysis is that given by us from pulsed experi- 
ments with oxygen (6). 

The calculated concentrations of species as a 
function of time for a single pulse in air are given 
in graphical form in Fig. 4. As can clearly be 
seen, the predominant charged species are 0,+ 
and the electron with smaller concentrations of 
N,+ and 0,-. The right hand side of the figure 
shows the concentrations of neutral species after 
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I ,-,FEBETRON PULSE I 1 
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!J 5 
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- 

NEUTRAL SPECIES x 2 . 0  - ' ' - 
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- 

NO 
\NO1 - I I ,  

10 20  3 0  40  5 0  6 0  7 0  8 0  90  5 0 0  1000 1500 2000 2500 3000 

FIG. 4. Calculated concentrations of ionic and neutral species during and after a Febetron pulse in air at  830 Torr: 
total dose, 1.06 x 101%V g-I ;  Febetron pulse intensity can be taken from ordinate axis with units 0.5 x eV 
I-'  s-', i.e. peak intensity 6.2 x eV 1-I s-I. 
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the pulse. The concentration of 0 atoms existing 
immediately after the pulse decreases very rapidly 
whereas the concentration of N atoms falls much 
more slowly. This slower decrease in N atom 
concentration controls the build up of ozone in 
the later stages. The concentrations of NO and 
NO, are small. On a time scale longer than that 
of the figure the NO concentration decreases by 
reaction-with ozone 

and the ozone concentration decreases and the 

the dose rates used in our experiments are 

NO, concentration increases appropriately. The 
yield of ozone calculated when the NO concen- 
tration has fallen to zero can then be compared 
with the experimentally observed values. 

The calculated yields of ozone and nitrogen 
dioxide do not depend critically upon the rate 
constants used for the reactions of the ionic 
species. The value of k, relative to both kg and 
k,, does affect the yield to some extent, particu- 
larly ~ ~ i l d e r  other conditions of dose rate as we 
shall see, but all of these rate constants are fairly 
well established. The value of k, used was 1.5 x 
lo-'' cm3 molecule-' s f '  as given in a review 
by Fite (79). 

The calculated yields are more dependent on 
the rate constants chosen for the reactions of both 
N atoms and 0 atoms. The reactions of N atoms 
which most affect the calculations, at least for 

and 

Using the rate constants given in Table 2, a good 
fit cannot be obtained. For example, the cal- 
culated ozone yield for 700 Torr air is G(03) = 
8.6. This is too low even considering the experi- 
mental errors involved. Changing any one of the 
rate constants for the above three reactions can 
give a fit for G(03) in 700 Torr air. The value for 
the rate constant for reaction [22], however, is 
well established for 298 OK and although this 
reaction does have a significant activation 
energy, our knowledge of the ambient tempera- 
ture during irradiation is almost certainly better 
than + 10 "C. Reaction [24] is the standard for 
N atom determinations and the rate constant 
must be accepted. The weight of evidence for 
k,, is less and we have chosen to vary it. Phillips 
and Schiff (63) give k,, = 5.7 + 1.4 x 10-l3 
cm3 molecule-' s-'. Taking a value one third of 
this, i.e. 2 x 10-l3 cm3 molecule-' s-', at 25 "C, 
the fit shown by the solid lines in Figs. 1 and 2 is 
obtained. The fit to G(03) = 10.3 for air above 
400 Torr is very good. This uses k,, = 5.0 x 

cm3 molecule-' s-'. 
An alternative to decreasing k,, is to decrease 

the rate of ozone formation by decreasing kZ9 
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TABLE 3 

Importance of various reactions in irradiated N2-O2 mixtures as a function of 0, partial pressure* 
-- 

% of N2+ reaction when Po? (Torr) = 

Reaction 
- 

1 10 50 100 140 250 450 

[I] N2+ + 0 2  14.3 69.1 88.3 93.2 95.3 96.8 97.6 
[9] N2+ + e 85.6 35.2 8.6 3.9 2.1 1 .O 0.4 
[lo] N2+ + 0 2 -  0 .1  3.9 3.1 2.9 2.6 2.2 2.0 

-- 

% of N atom reaction when Po, (Torr) = 

Reaction 1 10 50 100 140 250 450 

1221 N + 0, 5.8 16.4 31.1 38.2 43.3 50.2 60.0 

- - 
- 

% of 0 atom reaction when Po, (Torr) = 

Reaction 1 10 50 100 140 250 450 

[29] 0 + 0 2  70.3 96.2 99.3 99.7 99.8 99.9 100.0 
[20] 0 + N 29.7 3.8 0.7 0 .3  0.2 0.1 0 .0  

Value when P02 (Torr) = 

Parameter 1 10 50 100 140 250 450 

G(N02) (calculated) 0 0.02 0 .2  0.3 0 .4  0.6 0.8 
G(O3) (calculated) 2.0 6.0 9 .0 10.0 10.3 11.2 12.0 
G(03) (observed) 5.0 8.0 - 10.2 10.3 12.2 12.6 

"Pressure of system = 700 Torr. 

However, in our calculations we have used the 
value of Sauer (65) and Sauer and Dorfman (66) 
which is probably a lower limit. 

To help in understanding the mechanism 
involved in pulse irradiated nitrogen-oxygen 
mixtures, Table 3 gives the results of detailed 
calculations of the contributions of the most 
important reactions as a function of 0, partial 
pressure in N,-0, mixtures at 700 Torr. 

Conditions for maximum ozone production 
would be: ( I )  complete charge transfer from all 
N, + to 0, ; (2) neutralization of the 0, + ion to 
yield two 0 atoms; (3) half the N atoms reacting 
with 0, by reaction [22] and the other half with 
the NO by reaction [24], thus preventing reaction 
[36]; (4) the 0 atoms forming ozone via reaction 
[29]. This would give for air G(N0,) = 0 and 
G(03) = 2G(e) + G(N) + G(0) = 2(3.06) + 

I 4.80 + 1.24 = 12.16. As can be seen, the con- 
ditions of 140 Torr 0, nearly approximate to this 
and account for the large yield of G(0,) = 10.3 
observed. 

As the partial pressure of 0, is reduced, less 
charge transfer to  oxygen occurs and more N,+ 
is directly neutralized giving N atoms. At the 
same time fewer N atoms react with 0, by reac- 
tion [22] and more undergo atom combination 
reactions [20] and [21] 

These changes lead to reduced ozone yields. 
Other neutral reactions given in Table 2 but 

not referred to in Table 3 contribute less than 1 % 
to the reaction mechanism for single pulse, 
Febetron-type experiments. 

The effect of SF, addition is presumably due 
to electron capture and subsequent suppression 
of dissociative neutralization reactions (6). In 
general this will not be a direct function of the W 
value since not all charge neutralizations lead to 
ozone (since not all N atoms yield ozone). How- 
ever for air, at 700 Torr, this is near enough the 
case and it is encouraging to see that for 0.5-2 % 
SF,, for air between 400 and 760 Torr, AG(0,) = 
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(10.3 f 0 
less than 
proposed 

ROGEN DlOXlOE 

10" 10'5 10'8 10" 10'1 1019 

OOSE RATE ( e V  g ' r - ' )  

Calculated yields of ozone and nitrogen dioxide in single pulse irradiations of air at 700 Torr. 

.5) - (4.5 f 0.5) = 5.8; which isslightly also yield ozone. The N atoms in the system will 
2 G(e) = 6.12, in agreement with the all react with 0, by reaction [22] to give equal 
mechanism. amou~lts of NO and 0. 

A reasonable fit of experimental results to t!ie [221 N + 0 2 - > N O + O  
calculated yields has been obtained for the variety The 0 atoms formed in this reaction will yield 
of conditions given in Figs. 1, 2, and 3 and this ozone which will then react with the N O  in reac- 
gives fair confidence in both the inechanisin and tion [36] giving only NO, and no net ozone yield 
the specific rate constailts used. The fit to low from atoms, The lilniting yields should be 
pressures of air, Fig. 1 ,  is not as good as elsewhere 
and we have no explanation for this. However, G(0,) = 2G(e) + G(0) = 7.36 
experiments in this region do encounter experi- and 
mental problems which could enlarge the errors. G(N02) = G(N) = 4.80 

Calculation of Yields as a Amcrion of Dose Rate 
There are o b v i o ~ ~ s  dose rate dependent reac- 

tions in single pulse irradiations of air (and 
nitrogen-oxygen mixtures) and it would be very 
interesting to investigate these. Unfort~inately 
it is difficult to do this experimentally, but it can 
be done by calculation. Figure 5 shows the 
calculated yields of ozone and nitrogen dioxide 
in air at  700 Torr as a f~~nc t ion  of dose rate for 
single irradiation pulses from 1023-4 x lo2' eV 
g-' s-I. Each is for a constant pulse length and 
therefore as the dose rate increases the dose per 
pulse increases proportionately. 

At the low dose rates, the ozone yield is tending 
to G(0,) = 7.4 and the nitrogen dioxide yield 
to G(N0,) = 4.8. Here, all N,+ ions undergo 
the charge transfer reaction [I ]  and the 02+ ions 
are neutralized by 0,-. The yield of 0 atoms from 
these reactions will be 2G(e) = 6.12 and all will 
yield ozone. All initially formed 0 atoms will 

As the dose per pulse is increased, reaction 
[24] will compete with reaction [22] for N atoms; 
the ozone yield should increase to a maxirnum 
and the nitrogen dioxide yield should decrease as 
shown in Fig. 5. 

Further increase of the dose rate reduces the 
yields by the introduction of two types of com- 
petition which are the same as those occurring 
at  low partial pressures of oxygen. Direct 
ileutralization of N,' to yield N atoms will 
compete with the charge transfer reaction [I]. 
At the same time less ozone will be produced by 
the N atoms due to the increase in atom com- 
bination reactions [21] and [20]. 

The useful dose rate range available with the 
Febetron using our optical techniques for ozone 
is i-30 x eV g-' s-I. This corresponds to 
the region of the maximum in Fig. 5 and thus 
does not allow us to test our proposed mech- 
anism. 
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An additional test of the mechanism would be of ozone has built up and some nitrogen dioxide 
provided by measurement of the initial NO, has been produced, the predominant N atom 
yields at lower dose rates and also by measure- reactions occurring will be 
ment of NO, yields in multiple pulse irradiations 

[231 N + 0 3  -> NO + 0 7  
at Febetron dose rates. This work is being carried 
out and will be re~orted later. [25 I N + NO* -> N20 + 0 

1261 N + NOz -> 2 N 0  
Low Dose Rate Mechanism 

[27 I N + NO2 -> N2 + 0 2  
( a )  Ionic Processes 
At low dose rates, where ion recombination is [28] N +  N 0 2 + N 2 + 2 0  

slow, the neutralization processes will involve the 
thermodynamically most stable positive and 
negative ions. Table 4 gives the ionization poten- 
tials and electron affinities of the appropriate 
molecular species that can be present in irradiated 
nitrogen-oxygen mixtures. The species with the 
lowest ionization potential is NO and that 
with the highest electron affinity is NO,. None 
of the reaction rates given in Table 1 preclude 
formation of these and thus the predominant ion 
neutralization process under continuous low 
dose rate irradiation will probably be reaction 
P71. 

[37] NO+ + NO2- -> products 

We do not know the products of this neutraliza- 
tion reaction. In all probability it will lead to no 
net yield of ozone or nitrogen dioxide. More- 
over, neutralization steps at low dose rates 
involve clustered ions with reduced probability 
of dissociative neutralization. We havk discussed 
this with regard to neutralization steps in the 
radiolysis of oxygen (6) and the argument given 
there can be applied to nitrogen-oxygen mixtures. 

(b) Neutral Processes 
As soon as a low stationary state concentration 

TABLE 4 

Ionization potentials and electron affinities 
of molecular species present in irradiated 

N2-0, mixtures 
---- 

Ionization Electron 
Species potentials affinities 

--- 
*See ref. 80. 
tSee ref. 81. 
iSee ref. 82. --.~ - ~ ~ .  
BSee ref. 83. 
!(Since SF' reduces the yields in irradiated nitrous 

o x ~ d e  (see ref. 4), the electron affinity of N 2 0  must be 
less than that of SF, (84). 

with 

and 

[351 0 2  + 2 N 0  -> 2N02 

accounting for final removal of nitric oxide. 
Production of NO, and N205  transients has 
been discussed elsewhere (1 1, 20). 

Thus, with no ionic contribution to the nitro- 
gen dioxide yield, the maximum yield should be 
close to G(N) + G(0) = 6, for air. The maximum 
yield observed by Dmitriev (16) at pressure in 
excess of 150 atm. of G(N0,) z 5.0 is in fair 
agreement with this. Lower values of G(N0,) 
were observed at lower pressures. This pressure 
effect can be explained by the reactions involving 
oxygen atoms. 

Higher pressures will favor reaction [29] yielding 
0, for reaction [23]. Reaction 1341 gives no net 
NO, for the loss of an oxygen atom. 

Con~parison with Previozls Ozone Determinations 
There have been no other directly parallel 

studies published. Most irradiations of nitrogen 
and nitrogen-oxygen mixtures have been carried 
out at low dose rates and usually, in the case of 
nitrogen-oxygen mixtures, to relatively high 
absorbed doses to explore the possibilities of 
nitrogen fixation by radiation. 

One yield of ozone at low doses for low dose 
rates has been reported. Johnson and Warman 
(85) give an initial yield of G(O,) = 12 for 
nitrogen-oxygen mixtures at about 800 Torr 
pressure. This yield is numerically incorrect, as 
we have discussed elsewhere (5), and must be 
corrected for the dosimetry and also for the 
stoichiometry used for the ozone analysis. A 
corrected yield is G(0,) z 6. This is very close to 
the yield of G(O,) = 7.4 for initial yields at low 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1524 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

dose rates predicted in Fig. 5. However, most of 
this calculated yield is due to  ionic precursors and, 
as we have pointed out (5, 6) for oxygen systems 
in low dose rate irradiations no ozone is produced 
from ionic processes (at any significant dose). 
Thus the predicted measurable yield at low dose 
rates is only that formed from 0 atoms, i.e. 
G(0,) = 7.4 - 6.1 = 1.3. The high value of 
G(O,) = 6 of Johnson and Warman can perhaps 
be explained in terms of the iodide analytical 
procedure used for ozone determinations. The 
NO, interferes with the iodide method and must 
be eliminated by the addition of sulfanilic acid 
reagent (86). The authors do not report that this 
is done. 

We should like to thank Professor D. A. Arrnstrong, 
University of Calgary, for his critical review of the 
manuscript and his helpful comments. 
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Acetone-sensitized photodimerization of 3-carene-2,5-dionel 

IAN W. J. STILL,' C .  J. MACDONALD, AND (MRS.) Y.-N. OH 
Department of Cl~etnistry, Universily of Toronto, Toronto 181, Ontario, Canada 

Received August 15, 1969 

Ultraviolet irradiation of 3-carene-2,5-dione 1 in acetone has been found to yield three cyclobutane- 
type photodirners. A detailed spectroscopic study of these compounds has shown that the two most 
abundant dirners possess the head-to-head orientation. The head-to-head dirners have been shown to 
possess the at~ti-anti-anti and syn-allti-syn structures 10 and 8 respectively, while the minor, head-to-mil 
product has one of the corresponding structures 9 or 11. In all three cases, the cyclobutane and cyclo- 
hexane rings are cis-fused. Nuclear Overhauser effects enable structures 8 and 10 to be specifically 
assigned to dirner B and dimer A, respectively. 

Canadian Journal of Chemistry, 48, 1526 (1970) 

As part of a general study of the reactions of 
3-carene-2,5-dione 1 and related bicyclo [4.1.0]- 
heptane derivatives (cf. ref. I), we earlier ob- 
served that photochemical addition reactions 
between the title compound and various alkenes 
and alkynes led almost exclusively to the forma- 
tion of cyclobutane (and cyclobutene) adducts 
(2). That is, the preferrec! niode of addition is 
to the carbon-carbon double bond of the 
enedione system. We now wish to report the 
isolation of three crystalline photodimers of 
3-carene-2,5-dione, all of which are of the 
cyclobutane type (2 or 3), and to describe the 
detailed orientational and stereochemical assign- 
ment for these photodimers. 

The formation of such cyclobutane-type 
dimers is now a well established phenomenon in 
the case of olefins, a,P-unsaturated ketones and 
carboxylic acid derivatives, and quinones (3, 4) 
but has not previously been reported to our 
knowledge for an enedione system such as is 
present in 3-carene-2,5-dione. This enedione 
system also incorporates the structural feature 
of a cyclopropane ring in conjugation with the 
carbonyl groups. The photochemistry of con- 
jugated cyclopropyl ketones has also been the 
subject of considerable study (5, 6) but we have 
obtained no evidence for photochemical opening 
of the cyclopropane ring either in the starting 
monomer 1 or in its photodimers. 

The irradiation of a 10 % solution of 3-carene- 
2,5-dione in acetone in a quartz vessel could 
conveniently be monitored by the disappearance 

'The work described in this paper is based on the 
M.Sc. thesis of Y.-N. Oh, University of Toronto, May, 
1969. 

ZAuthor to whom all correspondence should be 
addressed. 

of the characteristic infrared (i.r.) bands of the 
enedione at 6.00 and 6.15 p, and the appearance 
of a new, unconjugated carbonyl band at 5.93 p, 
indicative of dimer formation. The reaction was 
stopped after 33 h, and the solid mixture ob- 
tained on evaporation was separated by chroma- 
tography into three pure components : photo- 
dimer A (25%), m.p. 250-251"; photodimer B 
(21 %), m.p. 248-249'; and photodimer C ( 6 7 9 ,  
m.p. 325-326". In addition, appreciable quan- 
tities of 1 were recovered. A fourth product was 
also obtained, the nuclear magnetic resonance 
(n.m.r.) spectrum of which clearly showed it to 
be different from dimers A, B, and C. However, 
all attempts to further purify this material have 
so far been without success. and the extreme 
complexity of the n.m.r. spectrum, as well as 
serving to distinguish it from those of A, B, and 
C, is strongly suggestive of a mixture, rather than 
a single substance. 

Before proceeding to discuss the gross struc- 
tural assignments of A, B, and C, it should be 
mentioned that several previous attempts to 
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STILL ET AL.: PHOTODIMERIZATION OF 3-CARENE-2,s-DIONE 1527 

photodimerize 1 by direct or sensitized irradia- 
tion in solvents such as methanol or 1,4-dioxan 
were unsu~cessful.~ The irradiation of 1 in 
benzene containing acetophenone, on the other 
hand, has been found to  produce small quantities 
of photodimers B and C (but no A) in a ratio 
different to  that obtained in acetone. Although 
Liu et al. (7) have reported similar effects in 
flexible systems, the much greater rigidity of the 
present system might require a more subtle 
explanation: such as ground-state complexing. 

Turning to  the gross structural features of the 
present dimers, attempts were made to  lactonize 
the carbonyl-containing rings present in struc- 
tures such as 2 and 3, as has been carried out 
successfully for some other cyclobutane dimers 
(8). However, this technique, and other de- 
gradative procedures, did not afford useful 
products in the present instance, and we have 
thus relied mainly on spectral data for estab- 
lishing the structures of A, B, and C. All three 
dimers showed the expected molecular ion peaks 
at mle 328 in the mass spectra. Their i.r. spectra 
each showed a single carbonyl band, in the range 
5.90 to  5.93 p, while the ultraviolet (u.v.) 
spectrum of B, h,,,(MeOH) 213 (E, 15 100) and 

1 300 ( E ,  420) nm typifies all three dimers, and is 
in accord with expectation for a compound 

1 containing four saturated carboilyl groups, each 
I coiljugated with a cyclopropane ring (9). The 
I n.m.r. spectra of A, B, and C also showed 

marked general similarities. Dimer A,  for 1 example, revealed singlets of equal intensity at F 
(in CDCI,) 1.30, 1.33, and 1.37 p.p.m., each 
corresponding to a pair of methyl groups; an 
AB quartet (Av = 3.0 Hz, J = 7.3 Hz) centered 
a t  2.39p.p.m., corresponding to the four 
cyclopropyl bridgehead protons; and a singlet 
a t  3.03 p.p.m., representing the two cyclobutyl 
methine protons. The n.m.r. spectra of B and C 
are reported in full in the Experimental. The 
relative simplicity of all three n.m.r. spectra, 
indicative of a high degree of symmetry and the 
absence of vinyl proton signals in all three cases, 
along with the U.V. spectral data clearly rule out 
other, less symmetrical dimeric structures, such 
as those involving oxetane ring formation, for A, 
B, and C. In addition, the absence of molecular 

31. W. J. Still and D. T. Wang, unpublished findings. 
4We are indebted to one of the referees for this 

, suggestion. 

rearrangement during the photodimerization of 1 
was revealed by the fact that all three dimers 
could be reconverted t o  3-carene-2,5-dione in 
more than 85% yield, by heating briefly a t  
temperatures slightly above their melting points. 

Thus, having established that A, B, and C have 
structures conforming to  the general types repre- 
sented by 2 and 3, we turned our attention to  the 
more complex problems associated with the 
orientation (head-to-head vs. head-to-tail) and 
stereochemistry of the dimers. 

The question of the stereochemistry at the 
cyclobutane ring junctions was simplified by the 
finding that all three photodimers were recovered 
completely unchanged after refluxing with 
sodium methoxide in methanol. The absence 
of epimerization in such cases has been generally 
accepted (10, 11) as requiring cis-fusion of the 
cyclobutane and cyclohexane rings. This inter- 
pretation was substantiated by noting the dis- 
appearance of the low field cyclobutane proton 
signals in the n.m.r. spectra (and an approxi- 
mately 20% reduction in intensity of the cyclo- 
propyl bridgehead proton signals) on refluxing 
the dimers in D,O-pyridine, thus confirming that 
enolate ion formation actually occurred on base 
treatment of A, B, and C. 

The important question of orientation in A, 
B, and C was now considered, i.e. which dimers 
are represented by gross structure 2 and which 
by 3. Examination of the natural abundance 13C 
satellite signals of the low field (cyclobutane) 
protons in the n.m.r. spectra at high concentra- 
tions (12, 13) led to JlsCPH coupling constants of 
138, 142, and 143 Hz for A, B, and Crespectively. 
These values lie within the range 126 t o  153 H z  
reported for a variety of cyclobutane systems 
(1 3, 14). Proton-proton coupling constants of 
J = 6.0, 3.0, and < 1.5 Hz were observed for A, 
B, and C, respectively. These results, in addition 
to  confirming the existence of the cyclobutane 
ring in each dimer, enable us t o  conclude that 
A and B possess vicinal cyclobutane protons 
( J  values ranging from 2-11 Hz have been 
reported (1 5)) and are therefore head-to-head 
dimers of the type indicated by 2. Dimer C on 
the other hand, which does not reveal a coupling 
constant within the above range must necessarily 
be a head-to-tail dimer as indicated by 3. The 
reasons for the heavy preponderance (A + Bl 
C = 4616) of head-to-head orientation are not 
immediately obvious. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48. 1970 

TABLE 1 

Possible symmetric products of photodimerization of 3-carene-2,5-dione 

Cyclopropyl- 
cyclobutyl Symmetry 

rings situated Structure element 

A. Syn fusiorz of cyclohexane rings 

Plane 

C, Axis 

Plane 

C, Axis 

B. Antifirsion of cyclohexarze rings 

Head-to-head 
Syn-anti-syfz 

0 0 

C, Axis 

Center 

C, Axis 

Center 
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STILL ET AL.: PHOTODIMERIZATION OF 3-CARENE-2,s-DIONE 

TABLE 2 

Nuclear Overhauser effects in dimer B (8a) 
. 

Observed Irradiated % Area Internuclear 
protons F (p.p.m.)* protons F (p.p.rn.) increase? distance (A)$ 

-- 

Cyclobutyl 2.91 CH3 (A) 1.49 24 2.2 
Cyclobutyl 2.91 CH3 (B) 1.28 0 5.5 
Cyclobutyl 2.91 CH3 (C) 1.11 0 2.8 

Cyclopropyl 2.19 CH3 (A) 1.49 0 2.9 
Cyclopropyl 2.19 CH3 (B) 1.28 18 2.3 
Cyclopropyl 2.19 CH3 (C) 1.11 0 3.6 

"Tetramethylsilane as tnternal standard. ~ tReproduc~b~ltty < f 2%. 
$Closest distance of approach as measured from Dreid~ng molecular models. 

In Table 1 are shown the eight possible cis- 
fused structures available for A, B, and C. 
(Other, less symmetrical arrangements, such as 
anti-anti-syn were ruled out by virtue of the 
degree of symmetry implied by the n.m.r. 
spectra.) From the evidence presented in the 
previous paragraph, A and B must be assigned 
two of the structures 4, 6, 8, or 10. The size of 
the vicinal proton coupling constants for the 
cyclobutane rings in A and B (J = 6.0 and 
3.0 Hz, respectively) is an indication that they 
are in the trans-relationship, since Fleming and 
Williams (15) have reported values around 

I J = 1 1 Hz for vicinal cyclobutane protons having 
a cis-relationship. This observation, together 
with evidence obtained froin a study of Dreiding 
models of the various conformations of 4, 6, 8, 
and 10 provides a very strong argument in favor 
of an anti-relationship about the central cyclo- 
butane ring in A and B. It was found with respect 
to the models of structures 4 and 6 that the 
presence of severe strain or the absence of the 
necessary elements of symmetry in a particular 
conformation made these structures unlikely. 
Thus, we have assigned structures 8 and 10 to the 
head-to-head dimers A and B. A similar process 
of reasoning leads us to suggest structure 9 or 11 
for the head-to-tail dimer C. 

The foregoing having established the com- 
pounds A and Bas possessing structures 8 and 10, 
further discrimination was sought from steady- 
state nuclear Overhauser effect (n.0.e.) data 
(16, 17). In the case of compound B, the methyl 
signals are sufficiently well separated to allow 
unequivocal identification of all these signals. 
For compound A, the closeness of the resonances 
necessitated additional data from offset irradia- 
tions. 

Table 2 records the n.0.e. data for compound 
B, together with the internuclear distances 
between observed and irradiated protons in 
structure Sa. Area changes, found for a carefully 
degassed -0.2 M solution in CDCI,, are ex- 
pressed as a percentage of the total area for each 
signal. Table 3 records similar data for com- 
pound A and structures 10a and lob (other 
conformations were eliminated on symmetry 
considerations). 

Since the n.0.e. is a function of internuclear 
distance, it is apparent that in compound B, the 
methyl resonances at F = 1.49, 1.28, and 1.1 1 
are due to the cyclobutyl, and the cisoid and 
transoid5 cyclopropyl methyl resonances respec- 
tively. The data also indicate no intramolecular 
relaxation effects between the trar~soid cyclo- 
propyl methyls and the cyclobutyl methine 
protons. 

The data for compound A indicate that the 
resonance at F = 1.30 p.p.m. is due to the cisoid 
cyclopropyl methyls. No relaxatioil effects on 
the cyclopropyl ring protons due to the other 
types of methyl protons are apparent (regular fall 
off of area change on each side of the signal at 
F = 1.30 p.p.m.). Similar considerations indicate 
that the methyl groups with signals at F = 1.33 
and 1.37 p.p.m. both contribute to the relaxation 
of the cyclobutyl ring protons. Specific assign- 
ment of these signals to the cyclobutyl methyls 
and the transoid cyclopropyl methyls does not 
appear possible. 

Reference to molecular models indicates that 
in 8, only the linearly spread conformer 8a is 

5The terms cisoid and transoid describe the relationship 
of the cyclopropyl bridgehead protons and the cyclo- 
propyl methyl groups about the plane of the cyclopropane 
ring in each case. 
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TABLE 3 
Nuclear Overhauser effects in dinier A (10a and lob) 

Internuclear Internuclear 
Observed Irradiated % Area distance$ distance$ 
protons 6 (p.p.m.)* protons 6 (p.p.m.) increase? 10a lob 

Cyclobutyl 
Cyclobutyl 
Cyclobutyl 
Cyclobutyl 
Cyclobutyl 
Cyclobutyl 
Cyclopropyl 
Cyclopropyl 
Cyclopropyl 
Cyclopropyl 
Cyclopropyl 
Cyclopropyl 

*Tetramethvlsilane as internal standard. 
tReproducibility < ? 2%. 
tclosest'distance of approach as measured from Dreiding molecular models. 
§As pointed out in the discussion, the n.0.e. evidence does not permit the unambiguous distinction of methyl groups (A) and (B). 

likely, severe non-bonded interactions precluding expected (1 8, 19) since in lob the transoidmethyls 
other conformers. On the other hand, Dreiding are held substantially in the plane of the adjacent 
models of structure 10 suggest the possibility of carbonyl groups, whereas the transoid cyclo- 
two conformers, 10a and lob. since the n.0.e. 
data on compound A show that the transoid 
cyclopropyl methyl groups do approach the 
cyclobutyl ring protons closely, compound A 
must be represented by structure 10. The two 
instances in Table 3 where the internuclear dis- 
tances vary widely from conformer 10a to con- 
former lob, together with the n.0.e. actually 
observed, strongly suggest a preference for the 
latter. 

This assignment is compatible with the single 
resonance spectra, and helps to explain some of 
its features. For example, if the dimers existed as 
the linearly spread conformers 8a and 10a, in 

propyl methyl groups in 8a are held above the 
carbonyl groups and would thus be significantly 
shielded in the n.m.r. 

In summary, consideration of the evidence 
available from Dreiding model studies, chemical 
shift data, and n.0.e. enables us to assign 
structure 8 to dimer B and structure 10 to dimer A, 
and to predict that 8a and lob will be the preferred 
conformations. 

Unfortunately, since only one head-to-tail 
dimer (C) is available, it is not possible to use 
such methods in arriving at a definite decision 
between structures 9 and 11 for this dimer. Both 
the syn-anti-syn structure 9 and the anti-anti- 

which the chemical environments of correspond- anti structure 11 have a high degree (center) of 
ing protons are very similar, the significant symmetry as the high melting point (325") and 
variations in chemical shifts actually found would insolubility observed for C would suggest, and 
be hard to explain. The observed variations are we feel that no distinction can be made on the 
consistent with the assignment given above. It is 
perhaps worth noting that the cisoid cyclopropyl 
methyls in conformer lob have environments 
practically identical to the corresponding methyl 
groups in conformer 8a in agreement with the 
observed chemical shifts (6 = 1.30 and 1.28 
p.p.m. respectively), whereas the transoid cyclo- 
propyl methyls in lob and 8a are in substantially 
different environments (6 = 1.33 or 1.37, and 
1.11 p.p.m., respectively). The chemical shift dif- 
ference in this latter case is in the direction 

basis of the evidence available. 
The photodimerization of 3-carene-2,5-dione 

has been found to proceed with an unexpected 
degree of regiospecificity to produce a preponder- 
ance of head-to-head dimers. No evidence has 
been found for the presence of trans-fused dimer, 
although at least one instance of this has been 
reported previously (13). Each of the three 
photodimers obtained undergoes ready thermal 
decomposition to  regenerate the starting 
enedione. 
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Experimental 
Infrared spectra were recorded (in CHCI,) on Perkin- 

Elmer 237B or 257 spectrophotometers, and the U.V. 

spectra were recorded on a Unicam SP800 spectro- 
photometer. Nuclear magnetic resonance spectra were 
obtained on Varian HA-100 instruments, with tetra- 
rnethyls~lane as  the internal standard. Mass spectra 
were obta~ned using an AEI MS-902 spectrometer. The 
elemental analyses were carried out in the Mlcro- 
analytical Laboratory of A. B. Gygl~, Toronto. 

S~lica gel used for chromatography was Davison 
Chemical Grade 923, 100-200 Mesh. All irradiations 
were carried out in degassed solvents, under nitrogen, 
using a 125 W Engelhard-Hanovia medium-pressure 
mercury arc lamp. Melting points were determined on a 
Fisher-Johns microhot stage, or in capillary tubes in a 
Gallenkamp m.p. apparatus, and are uncorrected. 

3-Carene-2,5-&one ( I )  
This compound was prepared starting from carvone 

and proceeding via eucarvone and 3-carene-2,s-dione 
5-oxime in a modification of the original method of 
Corey and Burke (20, 21). 

Photodir~lerizatiotl of 3-Caretle-2,5-diorle 
A 10% solution of 3-carene-2,s-dione in acetone 

(50 ml) was irradiated at  25' for 33 h. Evaporation of the 
solvent led to  the appearance of a sticky solid mass which 
was then subjected to chromatography. Starting monomer 
(68% recovery) was first eluted with 3% acetone in 
methylene chloride. 

I Dimer A (10) was obtained on elution with 5 to 6 %  
acetone in methylene chloride as a white crystalline solid 

(25% based on monomer consumed), m.p. 250-251" 
(95 % EtOH). The i.r. spectrum showed a carbonyl band 
at  5.93 p. The n.m.r. spectrum (CDCI,) showed signals 
at  6 1.30, 1.33, and 1.37 (singlet, each 6H), 2.39 (4H, 
AB quartet, Av = 3.0 Hz, J = 7.3 Hz), and 3.03 (2H, s) 
p.p.m. The mass spectrum revealed a molecular ion a t  
tn/e 328 and all the fragment ion peaks from nl/e 164 
downwards characteristic of 3-carene-2,s-dione, indicat- 
ing considerable reversion to  monomer in the mass 
spectrometer. The 11.v. spectrum showed h,,,,(MeOH) 
212 (E, 15 370) and 295 nm (E, 244). 

Anal. Calcd. for C ~ ~ H ~ 4 0 4 :  C, 73.18; H, 7.32. Found: 
C, 73.41 ; H, 7.56. 

Closely following dimer A was the mixture referred to  
in the Discussion. Attempts to  purify this mixture by 
recrystallization from a variety of solvents failed due to 
decomposition, poor recovery, or a combination of both. 
Dimer C (9 or 11) was eluted with 6 %  acetone in methyl- 
ene chloride as a white solid (679, m.p. 325-326" 
(CHCI,). The i.r. spectrum showed a strong carbonyl 
band at  5 . 9 2 ~ ( ,  while the U.V. spectrum revealed 
h,,,(MeOH) 212 (E, 17 450) and 300 nm (E, 525). The 
n.m.r. spectrum (CF,COOH) had signals at  6 1.36, 1.43, 
and 1.55 (singlets, each 6H), 2.67 (4H, AB quartet, 
Av = 4.5 Hz, J = 6.4 Hz), and 3.51 (2H, s) p.p.m. The 
mass spectrum showed the expected molecular ion peak 
at  rrr/e 328 and a fragmentation pattern characteristic of 1 
below tn/e 164. 

Anal. Calcd. for C20H240,: C, 73.18; H, 7.32. Found: 
C, 72.86; H, 7.17. 

The third dimer B (8) was isolated from the fractions 
containing 7-10% acetone in methylene chloride as a 
white crystalline solid (21 %), m.p. 248-249" (95 % EtOH). 
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The i.r. spectrum showed a carbonyl band at 5.90 and 
the U.V. spectrum absorptions at  h,,,(MeOH) 213 
(E, 15 088) and 300 nm (E, 415). The expected molecular 
ion peak at  mle 328 was present in the mass spectrum, 
which was again, as with dimers A and C, virtually 
identical with that of 3-carene-2,5-dione 1 in the region 
below m/e 164. Indeed, in this case, the base peak 
(m/e 164) was that corresponding to reversion to  
monomer. The n.m.r. spectrum (CDCI,) showed signals 
at 6 1.1 1, 1.28, and 1.49 (singlets, each 6H), 2.19 (4H, 
AB quartet, Av = 2.5 Hz, J = 6.8 Hz) and 2.91 (2H, s) 
p.p.m. 

Anal. Calcd. for CzoHz4O4: C, 73.18; H,  7.32. Found: 
C, 73.10; H,  7.30. 

Pyrolysis of Photodimer A 
Dimer A (20 mg) in a narrow bore glass tube was 

inserted into the thermometer socket of a Gallenkamp 
melting point apparatus, after the temperature had been 
raised to 270". Heating for 3 min a t  this temperature 
produced a yellow liquid which solidified on cooling to  
25". Pure 3-carene-2,5-dione was obtained in 85 % yield 
by sublimation of the yellow solid at  77" under reduced 
pressure. The identity of the monomer thus obtained 
with an authentic sample of 1 was shown by i.r., m.p., 
and mixture m.p. comparisons. Similar procedures gave 
monomer in high yield from dimers B and C also. 

Attempted Base-catalyzed Epimerizatiorz of 
Pllotodi~ners A, B, and C 

The method used was similar to the procedure em- 
ployed in a similar situation by Yates et al. (8a). 

Er~olizatiot~ of Photodirner A wit11 Base 
A saturated solution of dinier A in 10% DzO/pyridine 

was refluxed for 2 h. The n.m.r. spectrum showed com- 
plete disappearance of the cyclobutane proton signal at 
6 3.03 p.p.m. and partial disappearance of the cyclo- 
propane proton signal at  6 2.39 p.p.m. The relative 
intensity of the cyclopropane proton signal and the 
methyl proton signal was 3:18, compared to 4:18 in the 
starting material. This experiment confirms that anion 
formation does occur on base treatment, predominantly 
on the cyclobutane side of the carbonyl groups. Again, 
similar results were observed with B and C. 

We wish to  acknowledge generous support of this 
work by the National Research Council of Canada. I t  is 
a pleasure to  record our thanks to Dr.  R. A. Bell of 
McMaster University for valuable assistance in inter- 
preting the nuclear Overhauser effects. 
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Anodic oxidation of organic compounds. V. Electrochemical oxidation of t-butyl 
hydroperoxide in presence of tetracyclone1 

N. L. WEINBERG 
Chemical Department, Central Research Division, Arnerican Cynnarnid Cornpany, Stamford, Connecticut 06904 

Received November 18, 1969 

A ring expanded lactone is obtained on electrochemical oxidation of t-BuOOH in presence of tetra- 
cyclone. The same product is formed on chemical oxidation of a mixture of t-BuOOH and tetracyclone 
with ceric ammonium sulfate or o n  heating the mixture to dryness. 

Canadian Journal of Chemistry, 48, 1533 (1970) 

The electrochemical oxidation of hydroper- 
oxides has not been reported previously, although 
their chemical oxidation and thermal decom- 
position reactions are well-known (2-4). A study 
of the anodic electrochemistry of hydroperoxides 
should supplement our knowledge of the oxida- 
tion reactions of these compounds. 

Electrochemical oxidation of t-BuOOH in 
presence of tetracyclone (1) has been found to 
give a lactone in a Baeyer-Villiger-type reac- 
tion. The infrared (i.r.) spectrum of this product 
exhibited carbonyl absorption at 1780 cm-' 
(unsaturated lactone). Elemental and nuclear 
magnetic resonance (n.m.r.) analyses were con- 
sistent with structure 2 or 3. 

It was shown that the reaction product was 
not formed as a result of electro-oxidation of 
tetracyclone by carrying out an electrolysis at a 
stirring rate such that two distinct layers were 
formed (t-BuOOH is only slightly soluble in the 
reaction medium). The upper layer, containing 

'For part IV see ref. 1. 

the tetracyclone, was not in contact with the 
electrode. Again the lactone was formed. In 
addition, controlled potential electrolysis of a 
homogeneous solution of tetracyclone in aceto- 
nitrile containing t-BuOOH at 2.0 V vs. s.c.e. did 
not give the lactone product.' 

Some evidence for provisional assignment of 
2 as the structure of the product was derived 
from the mass spectrum. Scheme 1 indicates 
two routes of decomposition of 2 which provide 
the observed ions of higher mass. Thus while 4 
could readily undergo concerted fragmentation 
to cis-dibenzoylstilbene (5) a similar reaction of 
the analogous intermediate derived from 3 could 
not give 5. u 

In an effort to determine the relative positions 
of the t-butyl hydroperoxy groups by chemical 
means, the lactone product was heated in 
refluxing xylene solution. cis-Dibenzoylstilbene 
was obtained in 79% yield. Reduction of the 
lactone with Zn/HOAc gave a 72% yield of the 
hydrogen-bonded alcohol 6 (i.r., 3542 cm- '). The 
latter compound is probably derived from the 
lactone by reduction to the epoxide 7 and sub- 
sequent hydrolysis. An attempt to reduce the 
peroxide linkage with KI/HOAc proved unsuc- 
cessful, perhaps because of the highly hindered 
position of the peroxide group. 

It is interesting that the lactone could be readily 
generated from a mixture of t-Bu0,H and 
tetracyclone in 60 % yield by chemical oxidation 
with ceric salt, and in 31 % yield on prolonged 
heating of a mixture of the two reactants to dry- 
ness. The lactone was not formed, however, 

2Tetracyclone in acetonitrile containing 0.1 M 
(nBu),NC104 exhibits an  anodic wave at  E,,, = 1.52 V 
vs. s.c.e. at  a rotating platinum microelectrode. Attempts 
to determine the oxidation potential of t-BuOOH were 
unsuccessful. 
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I- J 1 - .02rBu n ~ / e  489 (Not found) 

position of hydroperoxides proceed via one 
electron transfer of the metal ion with the hydro- 
peroxide, forming radicals (eqs. [ I ]  and [2]). 
Radical induced chains are thus initiated (eqs. 
[3] and [4]). Electrochemical oxidation as well 
as homolytic decomposition of t-Bu0,I-I at 
higher temperatures (eq. [5]) would be expected 
to lead to similar products if t-butyl hydroperoxy 
radicals are common to all three methods of 
producing 2. On this basis, the mechanism of 
formation of 2 could proceed through the adduct 
8 (eq. [5]), which could undergo a free radical 
displacement on the 0-0 bond in a reaction of 
the type that results in epoxides from olefins and 
hydroperoxides (5). 

when treated under conditions similar to those [I 1 ce+4 + RO,H + c ~ + ~  + RO,. 4- H+ 
employed in the electrochemical procedure, but 
without passage of current. [Z] Ce+3 + R0,H -t Ce+4 + RO. + OH- 

Hiatt et al. (4) have reviewed the subject of 
[31 R O + R O Z H + R O H + R O z ~  

homolytic decomposition of hydroperoxides. 
They conclude that metal ion-catalyzed decom- [4] RO,. + RO,. + 2 ~ 0 .  + 0, 
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WEINBERG: ANOD 1IC OXIDATION. V 1535 

Experimental 
The electrochemical equipment has been described 

previously (6). Melting points are uncorrected. 

I )  Preparation of the Lactone 
(a)  By Electrochemical Syrzthesis 
The anode compartment of a 3-compartment cell was 

charged with a mixture of 120 ml of 90% t-Bu02H 
(Lucidol), 80 ml of water, 18 g of tetramethylammonii~m 
hydroxide pentahydrate (Eastman), and 3.845 g (0.0100 
mole) of tetracyclone (Aldrich). Electrolysis was carried 
out at 15' at  a pyrolytic carbon anode (mercury pool 
cathode) at 2.9 V vs. s.c.e., and the mixture was stirred 
magnetically? After 3150 C had been passed the original 
color of the deeply wine-colored solution was almost 
completely discharged and a colorless solid was suspended 
in solution. After a total of 4800 C, the anolyte was con- 
centrated in vacuo at 3540"  (15 mm Hg) to a volume 
of about 75 ml. T o  this were added 200 ml of water and 
the mixture was extracted with 4 x 100 ml of benzene. 
The combined organic extract was washed with water, 
dried over anhydrous MgSO,, filtered, and concentrated 
leaving about 50 ml of an  oil smelling strongly of 
t-Bu02H. This was taken up in 150 ml of ethanol and 
treated with water until cloudy. After several hours a 
colorless solid was filtered off and dried in air, 4.7 g ;  
m.p. 110-1 17". After two recrystallizations from ethanol- 
water, 2.11 g (0.0038 mole; 38%) of the lactone 2 was 
obtained, m.p. 140-140.5". 

Anal. Calcd. for C,,H3805: C, 79.00; H,  6.82. Found: 
C, 78.78, 78.93; H,  6.79, 6.88. 

The n.m.r. spectrum showed aromatic and t-butyl 
group (a single band) hydrogens in a ratio of 20:18 
respectively, while the i.r. spectrum in Nujol exhibited 
a strong absorption at 1780 cm-', consistent with the 
unsaturated lactone structure. A mass spectrum of the 
compound obtained at 130" had a weak molecular ion 
at  mle = 562 and other maior fraements a t  mle = 73. 

(c)  By Heating to Dryness 
Into a mixture of 20 ml of 90% t-Bu02H, 40 ml of 1 N 

aqueous NaOH solution, and 1.0 g (0.0026 mole) of 
tetracyclone was bubbled a finely dispersed stream of air. 
The mixture was heated for 4 days on a steam bath until 
evaporation was complete. The colorless solid residue 
was taken up in 50 ml of water and extracted with 100 ml 
of chloroform. From the organic extract, a solid was 
isolated, which on crystallization from ethanol-water 
gave 0.45 g (0.00080 mole; 31 %) of the lactone 2, m.p. 
142-142.5". A mixed melting point was undepressed and 
the i.r. spectrum was identical to that of the product of 
section l a .  
2)  Tliermal Deconipositiorz of the Lactone 

A solution of 0.530 g (0.00094 mole) of the lactone in 
50 n11 of purified p-xylene was refluxed under nitrogen 
for 1 h. The solution was cooled to room temperature 
and treated with 50 n11 of hexane. The solid, which slowly 
crystallized, was filtered, washed with hexane, and dried 
in air, giving 0.288 g (0.00074 mole; 79%) of cis-diben- 
zoylstilbene, m.p. 213-214.5". The i.r. spectra of this and 
a n  authentic sample were identical. 

Anal. Calcd. for C,8H2002: C, 86.58; H, 5.19. Found: 
C, 86.87; H, 5.18. 
3)  Redltctio~z wit11 Zinc in Acetic Acid 

A mixture of 0.1 80 g (0.00032 mole) of lactone in 25 ml 
of glacial acetic acid containing 1.1 g of zinc dust was 
magnetically stirred at  room temperature for 24 h. The 
mixture was filtered, concentrated to 5 ml in vacuo, and 
diluted with 200 ml of water depositing a solid. Crys- 
tallization from ethanol-water afforded 0.095 g (0.00023 
mole; 72%) of the alcohol 6 .  

Anal. Calcd. for C2,Hz203: C, 83.22; H, 5.30. Found: 
C, 83.28, 83.13; H, 5.37, 5.33. 

The i.r. (a solution in methylene chloride exhibits a 
band at  3542 cm-' for -OH in agreement with a hydro- 
gen-bonded lactone structure) and n.m.r. spectra were 
consistent with the proposed structure 6.  

77, 105, 146, 178, 255, 267, 583, 372, 388, 400,461, and 4) Reaction of the Lactone with Potassiunz Iodide in 
473. Acetic Acid 

A blank run was carried out by magnetically stirring A mixture of 0.164 g of the lactone in 40 ml of glacial 
a mixture of the same composition as above for 48 h at  acetic acid containing 1.0 g of potassium iodide was 
10-15" without passage of current. The mixture was not stirred magnetically at room temperature for 24 h. The 
decolorized and work-up gave only tetracyclone. strongly iodine colored solution was concentrated itz 

(b)  By Clzeniical Oxidation 
vacua at 50" to  about 5 ml. The residue was treated with 
a little aqueous sodium thiosulfate, diluted with water A stirred mixture Of loo m1 of 90% and the precipitate filtered, and dried in air. Crystalliza- t-BuO2H and 40 ml of water containing 0.22 g (0.00057 tion from provided O.ll of starting mole) of tetracyclone was cooled with an  ice-bath, while material, m.p. 143-1440  decomposition)^ a slurry of ceric ammonium sulfate (150 g in 300 ml of 

water)-was added over a period of 19 h by means of a The author is indebted to Dr. Balwant Singh for 
long-stem funnel extending to  the bottom of the flask. participating in several useful discussions, and to Pro- 
After a further 112 h of stirring, 200 ml of benzene were fessor R .  Hiatt of Brock University for his valuable 
added and the organic layer was separated, washed with comments. 
water, dried over anhydrous M~SO,, filtered, and con- 
centrated in vacuo at 50-603, 15-20 mm Hg. The residua] 1. N. L. WEINBERG. J. Org.  hem. 33, 4326 (1968). 
oil was taken up in 15 ml of ethanol and treated dropwise 2. M;?,KHARASCH and A. FONO. J' Org' 247 72 

( IYJY) .  with water until just cloudy. The solid which slowly 3. J. A. H~~~~~ and K. U. J. A ~ ~ ~ .  them. 
precipitated was filtered and recrystallized from ethanol- sot. go, 1056 (1 968). 
water to  give 0.19 g (0.00034 mole, 60%) of lactone, m.P. 4. R. HIATT, T. MILL, and F. R. MAYO. J. Org. Chem. 
138.5-140" (deconlposition). The i.r. spectrum was 33, 1416 (1968). 
identical to that of the solid obtained in section la .  5. D .  E. VAN SICKLE, F. R. M'AYO, E. S. GOULD, and 

R. M. ARLUCK. J. Amer. Chem. Soc. 89,977 (1967); 
W. F. BRILL. J. Amer. Chem. Soc. 85, 141 (1963). 

3The electrolysis current, about 30 mA, remained 6. N. L. WEINBERG and T. B. REDDY. J. Amer. Chem. 
almost constant throughout the reaction. SOC. 90, 91 (1968). 
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Infrared study of the state of water in the hydration shell of DNA' 

MICHAEL FALK, A. G. PO OLE,^ AND C. G. GOYMOUR~ 
Arlarrtic Regional Laboratory, Natiotral Research Corttrcil of Ca~rada, Halifax, Nova Scotia 

Received November 24, 1969 

The state of water in the hydration shell of DNA was studied by infrared spectroscopy. The stretching 
bands of isotopically dilute HDO adsorbed on DNA have nearly the same band profiles as those of HDO 
in liquid water. This indicates a distribution of hydrogen-bond strengths similar to that in liquid water. 
At low temperatures, the spectra show that an inner layer of about 10 water molecules per nucleotide is 
incapable of crystallization, even when the surrounding water crystallizes into ice I. The biopolymer 
hydration shells are not "ice-like" in the sense of crystalline ordering into an ice-like structure. 

Canadian Journal o f  Chemistry, 48, 1536 (1970) 

Introduction 

The state of water which surrounds DNA and 
other biopolymers is of interest as this water 
often controls the biopolymer conformation. 
An additional interest arises from the practical 
problems connected with the biological effects 
of desiccation and freezing, intimately connected 
with the state of the water layer next to the 
biopolymer surface. 

The object of the present study was to obtain 
information on the state of the hydration shell 
surrounding DNA at room temperature, the 
ability of this water to crystallize at lower tem- 
peratures, and the identity of the crystalline 
phase or phases. Our study was based on the OH 
and OD stretching bands of isotopically dilute 
HDO in the infrared (i.r.) spectra of hydrated 
and partially deuterated films of DNA. The 
profiles of these bands were studied as a function 
of water content and temperature. The advan- 
tages of studying the bands of isotopically dilute 
HDO in preference to those of isotopically pure 
H,O or D 2 0  are: (i) HDO bands have simple 
profiles related to the distribution ofenergies 
(1,2) and geometries (3) of hydrogen bonds; 
(ii) HDO bands of liquid water are very different 
from those of ice (Fig. 1); (iii) The HDO bands 
have characteristic frequencies and half-widths 
for various crystalline forms of ice (4, 5) and of 
amorphous ice (6). These advantages allowed us 
to detect and follow the crystallization of a part 
of the hydration shell and to establish the nature 
of the water phases present at low temperature. 

Experimental 
DNA Films 

Several samples of calf-thymus DNA and salmon 

'Issued as NRCC No. 11 190. 
'I.A.E.S.T.E. Scholar, summer 1967. 
31.A.E.S.T.E. Scholar, summer 1968. 

sperm DNA were purchased from Sigma Chemical 
Company as the sodium salt. The purity and molecular 
integrity of the samples were checked by spectroscopic 
means (7-9). Films of 5 to 10 pm thickness were prepared 
by spreading about 3 mg of dry DNA on an i.r.-trans- 
parent window of silver chloride or calcium fluoride, 
adding a drop of distilled water, and allowing the DNA 
to form a gel covering about I cm x 2 cm. The excess 
of water was evaporated overnight at 4". 

Room Temperature Study 
The calcium fluoride plate with the DNA film was 

cemented into a hygrostatic cell shown in Fig. 2A. The 
reservoir was filled with about 1 g of a solution made up 
of D2S04, D,O, and H 2 0  so as to maintain both the 
relative humidity and the H:D ratio at the desired level. 
The exposure to the vapors above the sulfuric acid 
solutions did not appear to have any adverse effect on the 
DNA films. After a period of equilibration of about 24 h, 
during which the hygrostatic cell was gently shaken, it 
was inserted into the spectrophotometer (Perkin-Elmer 
model 521). An identical con~pensating cell, containing 
the same D2S04-D20-H20 mixture, was placed in the 
reference beam. The spectrum was scanned in small 
sections, spaced about 15 min apart, so as to avoid local 
heating of the film by the i.r. beam, which would cause 
the evaporation of a part of the water (8). 

The mixtures of sulfuric acid and water were prepared 
by weight so as to possess vapor pressures (10) corre- 
sponding to 100, 93, 82, 62, 33, and 3 % relative humidity 
and at the same time to contain 94.0 mole % D and 6.0 
mole % H. The possible slight differences between the 
relative humidities over H2S04-H20 and D2S04-D20 
mixtures were neglected. The H:D ratios for stock D2SO4 
and for all the mixtures were determined by proton 
magnetic spectroscopy. A Varian A-60 nuclear magnetic 
resonance (n.m.r.) spectrometer was used, with benzene 
as an external standard. 

The spectra in the OH stretching region were taken in 
sequence, starting with the film exposed to 100% relative 
humidity (i.e. to an H20-D20 mixture with no si~lfi~ric 
acid added), and progressing to lower humidities. 

Low Tet?iperatrtre Strtdy 
In the low-temperature experiments we used low 

degrees of deuteration and observed the OD stretching 
band of HDO. This minimized the effect of hydrogen- 
deuterium exchange with atmospheric moisture during 
film transfer. Also, any traces of H 2 0  ice which some- 
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FALK ET AL.: INFRARED STUDY OF WATER ADSORBED ON DNA 
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FIG. 2. A, Hygrostatic cell for room-temperature studies. B, The sealed-plate arrangement for low-temperature 
studies. 
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FIG. 1. Comparison of the absorbance profiles of H 2 0  and of isotopically dilute HDO in the O H  stretching 
in water and ice. Spectra recorded as in refs. 1 and 2 and replotted to linear absorbance. 

times condensed on the cold AgCl windows would affect 
the base line, but not the shape of the OD bands. 

A silver chloride plate with the DNA film was cemented 
to the hygrostatic cell as before and exposed to a 
saturated solution of one of the salts listed in ref. 7 in a 
mixture of about 95 mole % H 2 0  and 5 mole % D 2 0 .  
When the i.r. spectrum showed that the hydrogen- 
deuterium equilibrium had been attained, usually within 
24 h, the plate was quickly withdrawn from the hygro- 

static cell and sealed with a gasket of Apiezon Q grease 
to another silver chloride plate. This transfer was per- 
formed in an  atmosphere of 100% relative humidity. The 
sealed plates, shown schen~atically in Fig. 2B, were in- 
serted into the inner holder of a low-temperature i.r. cell, 
model VLT-2, manufactured by the Research and 
Industrial Instruments Company, London. Two or three 
silver chloride plates were placed in the reference beam. 
The cell was evacuated and cooled at a controlled rate by 
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HDO 

I I I I I I I I I 

3800 3600 3400 3200 3000 

FREQUENCY (CM- '1  

FIG. 3. Comparison of the OH stretching profiles of 1 mole % of HDO in D,O: (a) liquid water a t  4 and 95", 
(6) adsorbed water on DNA at room temperature (difference profile correspor~ding to HDO desorbed between 93 and 
3 % relative humidity). 

small additions of Dry Ice or liquid nitrogen. The rate of 
cooling was about 1" per min. The tightness of the seal 
was tested by recording the i.r. spectrum of the sample 
before and after leaving it in the evacuated cell for a few 
hours a t  room temperature. Any leaks would cause the 
evaporation of some of the water, detected as a diminu- 
tion of the OH and O D  stretching bands. Provided the 
seal was vapor-tight, the room-temperature spectrum 
was reproduced when the cell was reheated after the 
low-temperature experiments. 

The water content of DNA films at relative humidities 
below 84% was calculated from the relative humidity 
values, assuming that hydration equilibrium had been 
attained and using the data of Fig. 1 in ref. 7. For DNA 
exposed to relative humidities above 84%, small losses of 
water often occurred during the film transfer after the 
equilibration. The water content of these films was deter- 
mined from the measured absorbances at 3400 (due to 
OH groups), a t  2500 (due to OD groups), and a t  1220 
cm-' (due to phosphate groups of DNA). We have used 
the linear relation 

which we found to hold to within about 5 %  for DNA 
films of several origins and of varying thickness. In the 
above equation n is the number of water molecules per 
nucleotide and for undeuterated films R = A3400/AIZZ~,  
where A's are the observed absorbances. For partly 
deuterated films the value of R was taken to be R = 
(A3400 + 1 . 2 3 A ~ ~ ~ ~ ) / A ~ ~ ~ ~ .  The factor 1.23 is the ratio 
of absorptivity a t  3400 cm-' to that a t  2500 cm-' in 
liquid HDO (11). 

Results and Discussion 

State of Water in the Hydration Shell at Room 
Temperature 

Differences between spectra of a DNA film 
at two values of relative humidity yield the 
spectral profile of the water desorbed from DNA 
in that range of relative humidity (r.h.). The 
only other i.r. absorption in the OD stretching 
region arises from the stretching of ND groups 
of the partially deuterated DNA. This absorp- 
tion is small because DNA contains an average 
of about 2 NH groups per nucleotide, compared 
with about 6 OH groups of adsorbed H,O at  
33 % r.h. and 40 OH groups at 93 % r.h. (7). 
Also, the i.r. intensity is greater for OH (or OD) 
stretching than for N H  (or ND) stretching 
vibrations. Thus only a very drastic change in 
the hydrogen bonding scheme of the NH, and 
NH groups of DNA upon dehydration would 
have an appreciable effect on the difference 
spectrum. 

In Fig. 3 a typical difference profile in the O H  
stretching region of DNA between 93 and 3 % 
r.h. is compared with the corresponding absor- 
bance profiles of HDO in liquid water recorded 
by the method of ref. 1. The difference spectrum 
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0 

3800 3600 3400 3200 3000 

FREQUENCY (CM-'1 

FIG. 4. Difference profiles in the OH stretching region, corresponding to HDO desorbed from DNA in the relative 
humidity ranges of 93 to 82% (A), 82 to 62 % (B), 62 to 33 % (C), and 33 to 3 % (D). A, B, and C have been displaced 

I upward by 0.05, 0.1, and 0.25 absorbance un~ts,  respect~vely. 

for DNA between 93 and 3 % relative humidity 
corresponds to a cross-section of the hydration 
shell, including water molecules closely asso- 

I ciated with the biopolymer and others removed 

1 by several molecular diameters from the bio- 
polymer surface. The general similarity between 

I the spectral profiles of water of hydration and 
of liquid water confirms the absence of regions 
of ordered water in the hydration shell of DNA 
(8). The distribution of OH stretching frequen- 
cies of HDO is related to the distribution of 
hydrogen-bond strengths (1). Evidently these 
distributions differ very little for the bulk of 
water of hydration and for liquid water at the 
corresponding temperature. 

In Fig. 4 we have plotted the sequence of four 
difference profiles corresponding to the spectrum 
of HDO desorbed in the intervals between 93, 
82, 62, 33, and 3% r.h. The peak frequencies of 
these difference profiles, averaged from mea- 
surements on four DNA films, are 3411 
11, 3417 f 6, 3414 f 7, and 3399 _f I1 cm-l. 
The large standard deviations are due to the 
uncertainty in the peak position of these broad 
bands. Within the experimental uncertainty, 
the peak frequencies are the same for the 
different r.h. intervals, and so are the band 
widths. This shows that consecutive layers of 
water surrounding the macromolecule have 
similar distributions of hydrogen-bond strengths. 
It should be noted that even at 3 % r.h. DNA 
still holds one molecule of water per nucleotide 

and possibly more (12). We had no way of 
recording a difference spectrum of HDO corre- 
sponding to this innermost hydration layer, as 
it was not possible to hold DNA at 0 %  r.h. 
without altering the H :D  ratio. However, the 
residual OH band at 3 % r.h. is similar to that 
at higher humidities. Thus the hydrogen bonding 
of the water remaining on DNA at 3 %  r.h. 
cannot differ greatly from that of the succeeding 
layers of adsorbed water. The bonding may be 
somewhat stronger, as shown by a small (30 5- 
14 cm-') downward frequency shift of the 
peak of the OH stretching band of adsorbed 
H2O (8). 

We must stress that the i.r. spectra provide 
information on the strength of intermolecular 
bonding but not on molecular mobility. Even 
though hydrogen-bond energies of water- 
biopolymer and water-water interactions are 
comparable, the mobility of water molecules 
near the biopolymer surface may be expected to 
be lower than in bulk water, because the bio- 
polymer surface will act as a momentum sink 
for thermal fluctuations. 

State of Water in the Hydration Shell at Low 
Temperature 

Figure 5A shows the effect of slow cooling on 
the spectrum in the OD stretching region for a 
typical film of partially deuterated DNA of low 
water content (about 9 water molecules per 
nucleotide). The band shape varies gradually and 
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I I I I I I I I I I I 

FREQUENCY ( C M - ' 1  
FIG. 5. Effect of slow cooling on the O D  stretching band of HDO adsorbed on DNA. A, Sample of lower water 

content (76% relative humidity, about 9 water molecules per nucleotide). B, Sample of higher water content (86.5% 
relative humidity, about 14 water molecules per nucleotide). 

i reversibly with temperature, showing complete 
absence of crystallization. The peak intensity 

i increases, the half-width decreases, and the peak 
I frequency shifts downward with decreasing 
I 
I temperature. These changes are in the usual 
I 

I direction for water in condensed phases. The 
peak frequency is about 50 cm-' higher than 
that of ice a t  corresponding temperatures (Fig. 

I 6). This implies average hydrogen-bond strength 

I considerably weaker than in ice. The half-widths 
are about 160 to  190 cm-' in the temperature 

I 
region studied, compared with 20 to  40 cm-' for 
ice (Fig. 7). This suggests a wide distribution of 
hydrogen-bond strengths, characteristic of the 
liquid and amorphous states of water. 

Figure 5B shows the effect of cooling on the 
spectrum of a DNA film of a son?ewhat higher 
water content (about 14 water molecules per 
nucleotide). In this case, the band shape under- 
goes a sudden change upon cooling, usually 
between - 10 and -20°, corresponding to 
crystallization of a part of the water. A new sharp 
band appears a t  the expense of the broad band, 
with a peak frequency corresponding within a 
few cm-' to that of pure ice I a t  the correspond- 

1 ing temperature (Fig. 6). The half-width of the 
sharp band is difficult to  estimate because of the 

, overlap with the broad band, but it appears to be 

about the same as for ice I (Fig. 7). This in- 
dicates that the crystalline regions correspond to  
local pockets of ice I. The ice band appeared upon 
cooling for all D N A  films with a water content 
greater than about 13 molecules of water per 
nucleotide, the relative intensity of the band 
being approximately proportional to  the water 
present in excess of that amount. The residual 
broad band, corresponding to  uncrystallized 
water, had the same frequency and half-width 
a t  low or high water contents, i.e. independent 
of whether the ice band appeared. 

Spectra of DNA with less than 10 molecules of 
water per nucleotide never showed the ice band, 
even after standing for several weeks a t  Dry-Ice 
temperature. Those of DNA with more than 13 
molecules of water per nucleotide always showed 
the ice band, regardless of the rate of cooling. 
Spectra of DNA with intermediate water con- 
tents of 10 to  13 molecules per nucleotide 
usually showed no ice band, but sometimes a 
small ice band appeared when the films had been 
cooled very slowly or if they had been left a t  
Dry-Ice temperature for several days. The above 
water contents are accurate to  about one water 
molecule per nucleotide. 

These results suggest that an  inner hydration 
layer of about 10 water molecules per nucleotide 
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0  I I I I I I I I I  1 1 1 1  

-200 -100 0  100 
TEMPERATURE (OC) 

2500 
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FIG. 7. Half-widths of the broad band (full circles) and of the sharp band (opencirc1es)in the OD stretchingregion 
of HDO adsorbed on DNA as a function of temperature. The solid lines are for H D O  in liquid water (1) and in ice (2). 

is incapable of crystallization, even when the In What Sense are Biopolyiner Hydration SlzeIls 
surrounding water crystallizes into ice I. An "Ice-like" ? 
additional intermediate layer of about 3 water The hydration shells surrounding macro- 
molecules per nucleotide crystallizes with diffi- molecules are often described as "ice-like" 
culty and tends to supercool if the cooling rate is (13-19). This may lead to some confusion since 
high. there are distinct aspects of ice-likeness that have 

TEMPERATURE (OC) 

FIG. 6. Frequencies of the broad band (full circles) and of the sharp band (open circles) in the O D  stretching 
region of HDO adsorbed on D N A  as a function of temperature. The solid lines are for H D O  in liquid water (1) and 
in ice (2). 
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not been always clearly distinguished (20). Ice 
differs from water in the reduced molecuIar 
motion and in the perfect order of its crystal 
lattice. The motion and the order of water 
molecules are largely independent. This is best 
shown by the example of vitreous ice (6), which 
preserves the molecular disorder of liquid water 
in spite of a drastic reduction in molecular 
motion. 

There is n.m.r. (14, 21-26) and dielectric 
(13, 17-19, 27) evidence that the translatory and 
rotatory motion of water molecules in the 
hydration shells of biopolymers, including DNA, 
is reduced with respect to that in liquid water. 
A reduction of molecular motion is to be ex- 
pected because of the interaction of water 
molecules with the polar sites on the surface of 
the biopolymer. On the other hand, the term 
"ice-like" also seems to imply to many authors 
a quasi-crystalline ordering of the hydration 
shell into a lattice corresponding to ice I struc- 
ture. The formation of such a lattice has been 
specifically postulated by some authors (13-1 5), 
even though there appears to be no direct evi- 
dence for it (23). The present results demonstrate 
that, at least for DNA, there is no such ordering. 
The innermost, least mobile part of the hydration 
shell is in fact entirely incapable of crystallizing 
into the ice structure. Evidently, the preferred 
configuration of water next to the biopolymer is 
incompatible with the structure of ice. There 
is no spectral evidence of "quasi-crystallization" 
of any part of the hydration shell at room 
temperature, and at low temperatures it is the 
water far from the biopolymer surface which 
freezes into ice. The hydration shell of DNA is 
definitely not "ice-like" in the structural sense. 

Haly and Snaith recently coilcluded from their 
calorimetric studies of keratin (28) and of 
polyethyleneterephthalate (29) that sorbed water 
consists of "freezing water" and "non-freezing 
water". The existence of an inner, non-crystal- 
lizable, and an outer, crystalilzable, hydration 
shell may thus be a general phenomenon, not 

limited to DNA. To test this, we intend to apply 
the present technique to the study of hydration 
of other biopolymers. 

We wish to acknowledge the technical help of Mr. P. F. 
Seto. 
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Reactions of iron pentacarbonyl with compounds containing the N-0 linkage 

HOWARD ALPER' 
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Amine oxides, azoxybenzenes, and nitrones are deoxygenated in good yields by iron pentacarbonyl 
in hot butyl ether. Substituted nitro- and nitrosobenzenes are reduced under these conditions to azo 
and/or amino compounds, depending on the nature and location of the substituents; some evidence for 
nitrene or nitrene-like intermediates in these reactions is presented. 

On a enleve I'oxygene des molCcules d'oxydes d'amines, des composes azoxy, et des nitrones par le 
pentacarbonyl de fer dans E the r  butylique chaud. Les nitro- et nitroso-benzenes substitues donnent 
les cornposes azo ou amino ou les deux, rnoyennant la nature et la position des substituants; on presente 
1'Cvidence pour les intermediaires nitrenes ou sernblable aux nitrenes dans ces reactions. 

Canadian Journal of Chemistry, 48, 1543 (1970) 

Oximes react with iron pentacarbonyl in boiling 
butyl ether containing a catalytic amount of 
boron trifluoride to give the parent carbonyl 
compounds (1); the fate of the nitrogen atom is 
not known. This unusual reaction has prompted 
us to study the reaction of iron pentacarbonyl 
with six other types of compounds (amine oxides, 
azoxybenzenes, nitrones, nitro- and nitroso- 
compounds, and nitrosamines) containing the 
nitrogen-oxygen band. 

In all cases deoxygenation of the compounds 
took place, sometimes followed by other reac- 
tions; in no case was any reaction resembling the 
enigmatic reaction of oximes encountered. 

Amine oxides (aliphatic, aromatic, and hetero- 
cyclic2) are deoxygenated by iron pentacarbonyl 
in boiling butyl ether to amines, azoxybenzenes to 
azobenzenes, and cc-phenyl-N-phenylnitrone to 
N-benzylidene aniline. The general applicability 

of the method was shown in the deoxygenation of 
brucine N-oxide hydrate; evidently the presence 
of water and of the lactam and olefin functional 
groupings did not interfere with the reaction. 
Yields were good, although no systematic study 
of optimum conditions was made, and the method 
is more convenient than many others reported in 
the literature (3) for recovering amines from 
amine oxides. 

It was found that one mole of carbon dioxide 
was formed for each mole of pyridine N-oxide or 
azoxybenzene deoxygenated. A plausible mech- 
anism for the reaction is shown in eq. [I  1. 

The attack of nucleophilic oxygen upon the 
carbonyl group, shown as the first step in the 
reaction, finds analogy in the reaction of hydrox- 
ide (4) (eq. [2]) or methoxide ion (followed by 
water) (5) (eq. [3]) with iron pentacarbonyl. 
Other nucleophiles (e.g., ammonia (6), piperidine 

'Holder of NRCC Studentships, 1965-1967. 
'Hieber and Lipp (2) mentioned briefly that pyridine N-oxide reacts with iron pentacarbonyl at a high tem- 

perature to form pyridine and iron oxide, but have never published experimental details. 
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(7), and other amines (8), organolithium com- 
pounds (9)) react with iron pentacarbonyl by 
attacking a carbonyl carbon, and mechanisms 
similar to those of eqs. [I]-[3] may be written for 
the reactions. 

Nitrosobenzene (1 ; Ar = Ph) reacted with one 
molar equivalent of iron pentacarbonyl in boiling 
butyl ether to give one mole of carbon dioxide and 
a 75 %yield of azobenzene (5; Ar = Ph). At room 
temperature nitrosobenzene (1 ; Ar = Ph) exists 
to a minute extent in equilibrium with its dimer 
( 0 - N P ~ - k ~ h = 0 )  (lo), deoxygenation of 
which could give successively azoxybenzene and 
azobenzene. However, the concentration of 
dimer is likely to be extremely small at the 
temperature of the reaction, and in any case 
deoxygenation takes place from nitroso com- 
pounds which are little dimerized (see below). 
Consequently, it seems more likely that reaction 
of the monomeric nitroso compound (1 ; Ar = Ph) 
with iron pentacarbonyl (Scheme 1) generates a 
nitrene (cf. ref. 11) (either free (3; Ar = Ph) or 
complexed (2; Ar = Ph)). This intermediate can 
react with more nitrosobenzene to give the azoxy 
compound (4; Ar = Ph), which (as was shown 
above) can be deoxygenated inqurn to azo- 
benzene (5; Ar = Ph). 

p-Nitrosophenol exists only to the extent of 
14-17% in the nitroso form (6; R, = R, = H) 
in dioxan solution, the remainder being in the 

quinone-monoxime tautomeric form 7 (R, = 
R, = H) (12); dimerization of the nitroso form 
should be negligible (13). However, reaction of 

this compound with iron pentacarbonyl in boiling 
dioxane (in the presence or absence of a small 
amount of boron trifluoride (1)) gave 4,4'-dihy- 
droxyazobenzene as the only isolable product, no 
p-benzoquinone from deoximation of 7 (R, = 
R, = H) (cf. ref. 1) being detected. Evidently 
deoxygenation of the nitroso group proceeded 
much more rapidly than deoximation of the 
oxime group. However, from 5-methyl-4-nitroso- 
2-isopropylphenol (6; R, = i-Pr, R, = Me), 
which exists almost solely in the quinone mon- 
oxime form 7 (R, = i-Pr, R, = Me) (14) two 
products were obtained: 5-isopropyl-2-methyl- 
1,4-benzoquinone (1 1 % yield), from deoximation 
of 7 (R, = i-Pr, R, = Me), and 5-methyl-4- 
amino-2-isopropylphenol (18 % yield), from re- 
duction of 6 (R, = i-Pr, R, = Me). No azo 
compound was obtained, possibly because con- 
centration of the nitroso tautomer 6 (R, = i-Pr, 
R, = Me) is so low that the reaction: 2 or 3 + 
nitroso compound -+ 4, becomes no longer 
competitive with hydrogen abstraction from the 
solvent (cf. ref. 15) by 2 or 3 to give the substituted 
aniline. When a small amount of boron trifluoride 
was present in the reaction mixture, the yield of 
quinone increased and that of amine dropped. 

Nitrosobenzene reacted with diiron nona- 
carbonyl to give a complex, probably 8, previously 
prepared by Pauson et a/. (16) by ultraviolet (u.v.) 
irradiation of azobenzene with iron penta- 
carbonyl, and shown to have the structure 8 by 
Baikie and Mills (17). 

The deoxygenation of nitrosamines (9) would 
be expected, from analogy with the reactions of 
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ALPER AND EDWARD: REACTIONS OF IRON PENTACARBONYL 

R I RI 
\ 
/ 

N-NO Fe(CO)r + \&=N + C 0 2  + Fe(CO)4 
/ 

R2 R2 

9 10 

Rl 
\ /RL 

R1 
\ 

/N-N\ 
N-H + .S 

R2 R2 
/ 

R2 
13 14 

SCHEME 2 

1 C-nitroso compounds, to give tetrazenes (11) via 
1 the intermediate azamine (10) (18) (Scheme 2). ' Tetrazenes are decomposed at 80-120" to sec- 

ondary amino radicals (12) (19); and diphenyl- 
nitrosamine (9; R, = R, = Ph) when treated 
with a boiling solution of iron pentacarbonyl in 

I isooctane gave tetraphenylhydrazine (13; R, = 
I R, = Ph) in 52% yield, presumably from the 
1 coupling of the diphenylamino radicals 12 

(R, = R, = Ph). Diphenylamine (14; R, = 
R, = Ph) was also obtained in this reaction (27 % 
yield), by hydrogen abstraction from the solvent 
(SH). When the reaction was conducted in butyl 
ether, from which hydrogen abstraction should 

I occur more readily than from isooctane (20), only 
diphenylamine was ~ b t a i n e d . ~  Several other 
aromatic nitrosamines were converted by iron 
pentacarbonyl in butyl ether into secondary 
amines in 85-92 % yields (see Experimental). 
However, under these conditions the aliphatic 
nitrosamines, N-nitrosopiperidine and N-nitroso- 
morpholine, gave the tetrasubstituted ureas 15 

3Tetraphenylhydrazine (13; R1 = R2 = Ph), which is 
known to be partially dissociated into diphenylamino 
radicals 12 (Rl = R2 = Ph) (19), abstracted hydrogen 
from boiling butyl ether to give diphenylamine in 88% 
yield. 

(X = CH, and 0). It is probable that the 
secondary amines were first formed and then 
reacted with iron pentacarbonyl to forin the 
ureas, a reaction observed previously with am- 
monia itself (6).4 

From the U.V. or 60~o-y-radiation of various 
substituted nitrobenzenes in iron pentacarbonyl, 
von Gustorf et al. (21) obtained monoineric or 
dimeric complexes of the nitrosobenzene and iron 
tricarbonyl, but up to now the thermal reaction 
of nitrobenzenes with iron pentacarbonyl seeins 
not to have been investigated. We found that I .O 
mole of nitrobenzene was reduced by 1.0 mole of 
iron pentacarbonyl to azoxybenzene (containing 
a little azobenzene), and by 1.4 mole of iron 
pentacarbonyl to azobenzene in 76 %, yield. Using 
the latter proportions, good yields of azobenzeiles 
were obtained from several nitrobenzeiles sub- 
stituted with meta or para electron-releasing 
snbstituents, as shown in Table 1. However, 
ortho-substituents favored the formation of 
anilines, perhaps because of their steric effect in 
retarding the competing reaction leading to the 
azo compound (see Scheme 1). Anilines were also 
favored by electron-attracting para substituents. 
(The dimethylamino group probably falls in this 

4At room temperature, piperidine reacts slowly with 
iron pentacarbonyl, by nucleophilic attack a t  the carbonyl 
carbon, to give N-formylpiperidine and other con~pounds 
(7). 
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TABLE 1 
Products from the reaction of substituted nitrobenzenes (1.0 mole) with iron pentacarbonyl 

(1.4 mole) in hot butyl ether 

Substituent Product 
Yield Melting point 
( %) (boiling point) ('C)* 

Azobenzene 76 6 6 6 8 t  
2,2'-Dimethylazobenzene 67 55-56? 
o-Toluidine 13 (196198)t 
3,3-Dimethylazobenzene 48 52.5-53.5t 
m-Toluidine 6 (199-201)t 
4,4'-Dimethylazobenzene 67 142-144t 
2,2'-Diethylazobenzene 39 47-483 
o-Ethylaniline 3 5 (213-216)t 
o-Methoxyaniline z;tt (222-224)t 
3,3'-Dimethoxyazobenzene 74.5-75.58 
4,4'-Dimethoxyazobenzene 43 161-16311 
4,4'-DiRuoroazobenzene 67 100-1017 
4,4'-Dicyanoazobenzene 20 266268** 
p-Aminobenzonitrile 11 8 6 8 9 t  
2,2'-Diaminoazobenzene 11 11 8-120t 
3-Amino-N,N-dimethylaniline 60 (265-267)t 
4-Amino-N,N-dimethylaniline 77 38-41? 
2-Aminobiphenyl 5 8 47-49? 
Carbazole 15 244-246t 

-- 

*Melting and boiling points are in good agreement with literature values given in the indicated references. 
?Reference 30. 
$Reference 35. 
$Reference 326. 

t t Y ~ e l d  reduced to 5 8 %  when n-octane used instead o f  butyl ether as solvent. 
$$Mole ratto o f  iron pentacarbony1.0-dinitrobenzene was 3.0:l. 

class because of complexing with iron penta- 
carbonyl). 

%-Nitrobiphenyl gave 2-aminobiphenyl as the 
major product, together with a small amount of 
carbazole (Table 1). The formation of the latter 
can be considered as evidence for a nitrene inter- 
mediate (cf. refs. 1 1, 15). 2,2-Dinitrobiphenyl, on 
the other hand, gave benzo[c]cinnoline (the azo 
compound) and no amine. I-Nitronaphthalene 
(sterically fairly hindered) gave a 70% yield of 
1-aminonaphthalene, but 1,8-dinitronaphthalene 
gave only a trace of 1,8-diaminonaphthalene. 

Most of the products obtained from these 
reactions of nitro compounds with iron penta- 
carbonyl are also obtained from their reaction 
with carbon monoxide, at higher temperatures 
and very much higher pressures, in the presence 
of a catalytic amount of iron pentacarbonyl(22), 
and Buckley and Ray (23) reduced nitrosoben- 
zene, nitrobenzene, and azoxybenzene with car- 
bon monoxide alone at 250 "C and 3000 atm to 
azobenzene. (The possibility of small amounts of 
iron carbonyls being formed from the steel 
apparatus under these conditions cannot be 
excluded). 

4-Nitropyridine I-oxide gave 4,4-azoxypyridine 

in 22% yield and traces of 4,4-azoxypyridine 
1,l -dioxide and 4-nitropyridine. Evidently the 
metal carbonyl exhibits no great selectivity be- 
tween the amine oxide and nitro groups of this 
compound. 

When treated with a large excess of iron 
pentacarbonyl in hot butyl ether, or with 1.4 mole 
of diiron nonacarbonyl in dioxane, nitrobenzene 
gave the complex 8. 

Experimental 
Materials 
N,N-Dimethyldodecylamine N-oxide (m.p. 127-1 29') 

and N,N-dimethylaniline N-oxide (m.p. 150-153') were 
prepared by oxidation of the corresponding amines with 
t-butyl hydroperoxide in t-butanol using molybdenum 
hexacarbonyl as catalyst (24). Brucine N-oxide hydrate 
was prepared by oxidation of brucine according to 
Hirayama (25). N-Nitrosomorpholine was prepared ac- 
cording to Zimmer et al. (26). N-Nitrosodiphenylamine, 
N-nitroso-N-phenylbenzylamine, and N-nitroso-N- 
methylaniline were prepared by standard procedures 
(27); other chemicals were commercial products. All had 
melting points agreeing closely with reported values. For 
general procedures, see ref. 28. 
General Procedure for N-Oxides 

A mixture of the N-oxide (20-60 mmole) and iron 
pentacarbonyl (1 :I mole/mole .of N-oxide)' in dry butyl 

1.4: 1 mole/mole of brucine N-oxide. 
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ether (35-60 ml) was refluxed with stirring under nitrogen 
for 17 h.6 The mixture was filtered to remove insoluble 
inorganic matter, and the amine isolated (a) by distilla- 
tion, when the boiling point of the amine was substan- 
tially different from that of butyl ether, as in the case of 
quinoline, or (b) by bubbling in dry hydrogen chloride 
and collecting the crystalline hydrochloride by filtration. 
The hydrochloride was then treated with aqueous 
bicarbonate, and the amine taken up in ethyl ether, dried, 
and distilled. In the case of brucine, the reaction mixture 
was fil tered through Celite 545, and the amine precipitated 
by addition of petroleum ether (b.p. 30-60") to the 
filtrate; a small additional amount of brucine was ob- 
tained by washing the Celite with methanol. 

The amines were identified by m.p. o r  b.p. and by 
spectral comparison with authentic samples. Yields of 
pure amines from their N-oxides were: pyridine, 79%; 
2-picoline, 62%; 4-picoline, 78%; 4-methoxypyridine, 
52 %; quinoline, 60 %; N,N-dimethyldodecylamine, 46 %; 
N,N-dimethylaniline, 66%; brucine, 51 %. 

The evolution of one equivalent of carbon dioxide in 
the deoxygenation of pyridine N-oxide was shown by 
bubbling the nitrogen stream through barium hydroxide, 
removing barium carbonate by filtration, and titrating 
the excess barium hydroxide with standard acid. 

General Proced~ire for Azoxv-Comoounds 
A mixture of theazoxy c o k p o u ~ d  (30-65 mmole) and 

iron pentacarbonyl (0.8-1.0 mole/mole of azoxy com- 
pound) in dry butyl ether (50-60 ml) was refluxed with 
stirring under nitrogen for 24 h. The mixture was cooled 
and filtered and the solvent removed from the filtrate at 
30 mm. The residue was dissolved in petroleum ether 
(b.p. 38-54") and chromatographed on Florosil. The azo 
compound formed a colored band which was eluted with 
ether, recovered by evaporation, and identified by m.p. 
and mixed m.p. with an authentic specimen. Azobenzene 
was obtained in 77 % yield, and 2,2-dimethylazobenzene 
in 65 % yield. 

Deoxyget1afion of a-Phenyl-N-phenylnifrone 
A mixture of the nitrone (1.52 g; 7.73 mmole) and iron 

pentacarbonyl (1.14 ml; 8.50 mmole) in dry butyl ether 
was refluxed as  above for 24 h. Work-up by the procedure 
described for azoxy compounds gave an oil which 
crystallized from carbon disulfide as pale yellow needles 
of N-benzylideneaniline (0.85 g ;  61 %), m.p. 50-52" (lit. 
m.p. 51-52") having an infrared (i.r.) spectrum identical 
to that reported by Nakanishi (29). 

Reaction of Nifrosobenzetles with Irotz Penfacarbonyl 
A mixture of nitrosobenzene (3.13 g, 29.2 mmole) and 

iron pentacarbonyl (3.93 ml, 29.2 mmole) in dry butyl 
ether (55 ml) was refluxed for 24 h while being stirred 
under nitrogen. The solution was cooled, filtered, and 
concentrated at  30 mm. The residue, recrystallized twice 
from 95 % ethanol, gave azobenzene (2.01 g; 75 %), m.p. 
and mixed m.p. 66-68'. By bubbling the nitrogen stream 

61n the case of N,N-dimethyldodecylamine N-oxide, 
N,N-dimethylaniline N-oxide, and brucine N-oxide 
hydrate, 4 h. It is possible that a shorter time would 
suffice. 

through barium hydroxide solution it was found that 
about 2 moles of carbon dioxide were evolved per mole 
of azobenzene formed. 

p-Nitrosophenol (2.43 g, 19.7 mmole), treated in the 
same way with iron pentacarbonyl in anhydrous dioxane 
(65 ml), gave a solid from which, by chromatography in 
ether on Florosil, 4,4-dihydroxyazobenzene was obtained 
as green crystals (0.86 g, 41 %), m.p. 212-214" (lit. m.p. 
216" (30)). Further elution with ether gave p-nitroso- 
phenol; however, the yield of azo compound was not 
improved by increasing the reaction time, using more 
iron pentacarbonyl, or adding a catalytic amount of 
boron trifluoride etherate. 

Similar treatment of 5-methyl-4-nitroso-2-isopropyl- 
phenol (3.1 1 g) in dry butyl ether (50 ml) gave a solid 
which partially dissolved in petroleum ether. The in- 
soluble residue, crystallized from benzene, gave white 
needles of 5-n1ethyl-4-amin0-2-isopropylphenol (0.50 g, 
18 %), m.p. 177-179" (1:t. m.p. 178-179" (31)), v .,,, (KBr) 
3455, 3390 cm-' (N-H). The petroleum ether extract on 
concentration deposited yellow plates (0.31 g, l l %) of 
5-isopropyl-2-n1ethyl-l ,4-benzoq~~inone, m.p. 42-44" (lit. 
n1.p. 45.5" (30)). When the reaction was repeated in the 
presence of 0.15 g of boron trifluoride etherate, the 
aminophenol was obtained in 6 %  yield and the quinone 
in 19% yield. 

Diirotl Hexacarbonyl Cot71plex 8 
(a) Frot?~ Ni/rosobenzene atld Diirotz Notmcnrbotryl 
A mixture of nitrosobenzene (1.49 g, 13.9 mmole) and 

diiron nonacarbonyl (5.08 g, 13.9 mmole) in anhydrous 
tetrahydrofuran (55 ml) was stirred under nitrogen for 
12 h at  room temperature. The solution was filtered and 
concentrated at  30 mm, and the residue extracted with 
petroleum ether. The extract was chromatographed on 
Florosil. Elution with petroleum ether gave the co~nplex 8 
(0.35 g, 11 %), n1.p. 158.5-159", v .,,, (KBr) 3375 cnl-' 
(v N-H), 2070, 2035, 1996, 1971, 1956 cm-I (v C=O), 
774 and 687 cm-I (out-of-plane bending of five adjacent 
C-H on Ph) and 743 cm-' (four adjacent C-H on 
benzo ring). Pauson el 01. (8) report n1.p. 163-164O, 
v,,, (CCI,) 3362 cm-I (v N-H), v .,,, (KC]) 2072, 2040, 
1998, 1975, and 1960 cnl-' (v C=O). 

Further elution with petroleum ether gave traces of 
azobenzene. 

(b) Froti1 Nitrobenzene and Diirotz Notmcnrbotryl 
The same procedure was used with nitrobenzene, 

except that the mole ratio of diiron nonacarbony1:nitro- 
benzene was 1.4:1, and gave the same yield of complex. 

Reacfiotz of N-Nifrosoan~ines with Iron Penfacnrbotryl it1 
Bufyl Ether 

Reaction was carried out essentially as described for 
nitrosobenzene, usinga mole ratio of iron pentacarbonyl: 
nitrosamine of 1.1 :1 and a reaction time of about 16 h. 
Solid amines were identified by m.p. and mixture m.p.; 
liquid amines by b.p.; and ureas by n1.p. and i.r. spectrum 
(v,,, (KBr) 1645-1660 cnl-I). N-Nitrosodiphenylamine 
gave diphenylamine in 91 % yield; N-nitroso-N-phenyl- 
benzylamine gave N-phenylbenzylamine, 85% yield; 
N-nitroso-N-methylaniline gave N-methylaniline, 90% 
yield; N-nitrosocarbazole gave carbazole, 92% yield; 
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N-nitrosopiperidine, carbonyldipiperidine, 48 % yield;7 
and N-nitrosomorpholine, carbonyl dimorpholine, 57 % 
yield.' 

Reaction of N-Nitrosodiphet7ylamine with Iron Penta- 
carbonyl in Isooctar~e 

The reaction was carried out as above, with substitution 
of isooctane for butyl ether. Filtration of the mixture 
after reaction removed a solid which dissolved partially in 
benzene. Concentration of the benzene solution gave 
crystals of tetraphenylhydrazine, m.p. 147" (decomposi- 
tion) (lit. m.p. 147-149" (decomposition) (19)) in 56% 
yield. The isooctane filtrate on concentration deposited 
diphenylamine, obtained in 27% yield after recrystal- 
lization from aqueous ethanol, m.p. 52-54" (lit. m.p. 
52.8" (30)). 
Reaction of Tetrapher~ylhydrazine with Blrtyl Ether 

A solution of tetraphenylhydrazine (1.78 g) in an- 
hydrous butyl ether (40 ml) was boiled under reflux while 
being stirred in a nitrogen atmosphere for 18 h. The 
solution was cooled, filtered, and concentrated at  30 mm. 
The residue was treated with petroleum ether, the 
resultant suspension filtered, and the filtrate concentrated 
to give diphenylamine (1.57 g, 88%), m.p. 52-54". 
Reaction of Nitro Conlpollnds with Iron Pentacarbonyl it7 

Blrtyl Ether 
The yields shown in Table 1 were obtained by essen- 

tially the same procedure as described above for the 
reduction of nitrosobenzene. In some cases (e.g., from the 
reaction of o-niethoxy- and of rrl-dimethylamino-nitro- 
benzene), a substituted aniline was obtained by distillation 
of the reaction mixture after filtration. In other cases the 
residue from this filtrate was taken up in petroleum ether 
or  (if insufficiently soluble, as in the case of the p-cyano 
compounds) in benzene, and chromatographed on 
Florosil. The azo compound was eluted first, followed by 
the amino compound; the latter, when liquid, was further 
purified by distillation. The u.v. absorption peaks of the 
azo compounds in ethanol were at the wavelengths, and 
had intensities agreeing with values reported in the litera- 
ture when these were available (32); 4,4'-dicyanoazo- 
benzene showed h,,, (log E,,,, in parentheses) at 230 
(4.13), 375 (4.37), 340 (shoulder) (4.29) and 441 nm 
(2.98), and 2,2'-diaminoazobenzene at  450 nm (4.05). 

The following cases are additional to those reported in 
Table 1. 

(a) Reaction of Equbnolar Quantities of Nitrobenzene 
nrld Iron Pentncarbonyl in B11ty1 Ether 

The product was chromatographed on Florosil. 
Elution with petroleum ether gave first 3 % of azobenzene, 
m.p. and mixed n1.p. 66-68", and then 64% of azoxy- 
benzene, m.p. and mixed m.p. 35-36" (lit. n1.p. 36" (30)). 

(b) Reactioiz of 2,2-Ditiitrobiphenyl 
Reaction of 2,2-dinitrobiphenyl (3.55 g, 14.6 mmole) 

and iron pentacarbonyl (5.87 ml, 43.7 mmole) in butyl 
ether (55 ~nl),  under the usual conditions, gave yellow 
blades of benzo [clcinnoline (1.70 g, 65 %), m.p. 155-1 56" 
(lit. m.p. 155-157" (30)), h ,,,, (EtOH) at  282 (log E 4.58), 
308 (log E 3.98) and 355 nm (log E 3.28), in agreement 
with reported spectrum (33). 
-- 

70btained by chromatography of reaction products on 
Florosil, and elution with petroleum ether- benzene 
(1 :1) and then with benzene-acetone (5:l). 

(c) Reaction of 1-Nitronaphthalene 
Reaction of 1-nitronaphthalene (3.20 g, 19.5 mmole) 

with iron pentacarbonyl (3.48 ml, 25.9 mmole) in butyl 
ether (50 ml) under the usual conditions gave a solid 
which was chromatographed in acetone on Florosil to 
give crude 1-aminonaphthalene (2.05 g, 7773, m.p. 
44-46". This was decolorized with charcoal and re- 
crystallized from aqueous ethanol to give l-amino- 
naphthalene (1.85 g, 70%) melting at 49-50" (lit. m.p. 
49-50" (30)). 

(d) Reaction of 1 3 -  Dinitronnphthalene 
1,8-Dinitronaphthalene (3.02 g, 13.8 mmole) was re- 

duced by iron pentacarbonyl (5.59 ml, 41.5 mmole) in 
butyl ether to give 1,8-diaminonaphthalene (0.02 g), 
m.p. 63-65" (lit. m.p. 66.5" (30)). Yields were not irn- 
proved by using a smaller amount of iron pentacarbonyl, 
by shortening the reaction time to 10 h, or by increasing 
it to 50 h. 

(e) Reactiotz of 4-Nitropyridine 1-Oxide 
4-Nitropyridine I-oxide (3.00 g, 21.4 mmole) was 

treated with iron pentacarbonyl (3.17 ml, 23.6 mmole) in 
butyl ether (40 ml) for 17 h under the usual conditions. 
The reaction product in benzene was chromatographed 
on Florosil and gave orange-yellow needles of 4,4-azoxy- 
pyridine (0.47 g, 22%), m.p. 123-125" (lit. m.p. 125-126" 
(31)), h,,, 291 nm (log E 4.20 in ethanol). Further elution 
removed traces of 4,4-azoxypyridine 1,l-dioxide and 
4-nitropyridine, identified by comparison of their U.V. 

spectra with those reported by den Hertog et al. (34). 
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Pyrrole chemistry. X. Friedel-Crafts alkylation of some pyrrole and furan 
derivatives 
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Department of Chemistry, Memorial University of Newfoundland, St. Johtz's, Newfolrndland 

Received November 19. 1969 

The FriedelLCrafts t-butylation of methyl 2-pyrrolecarboxylate and of 2-acetylpyrrole have been 
investigated. The results are found to be consistent with the mechanistic pathway suggested in earlier 
isopropylation papers. Evidence is presented that alkylation of similarly substituted furans may be 
interpreted in the same way. 

Canadian Journal of Chemistry, 48, 1550 (1970) 

Earlier papers in this series (1, 2) described the 
Friedel-Crafts isopropylation of methyl 2-pyr- 
rolecarboxylate, 2-pyrrolecarbaldehyde, and 2- 
acetylpyrrole under a variety of experimental 
conditions. A mechanistic pathway was proposed 
where 4-isopropylation was sometimes followed 
by a rearrangement to the 5-position and di- 
alkylation. 

It seemed likely that the t-butyl group might 
rearrange more readily than the isopropyl from 
the 4- to the 5-position of the 2-ester. It might 
also rearrange in alkylation reactions with the 
2-ketone or the 2-aldehyde when the isopropyl 
group did not. 

Methyl 2-pyrrolecarboxylate was t-butylated 
under the same conditions used for the isopro- 
pylation experiments but at room temperature. 
The reaction mixture was worked up in the usual 
way and, after separation and identificatioii of the 
products, most subsequent mixtures were an- 
alyzed by gas-liquid partition chromatography 
(g.1.p.c.). Even the use of a large excess of t-butyl 
chloride did not produce any of the dialkylated 
ester. However, both 4- and 5-t-butyl-2-ester were 
formed. 

The results of a series of alkylation experiments 
are show11 in Table 1. The behavior observed 
appeared consistent with the proposed mech- 
anistic pathway. At ice-bath temperature alkyla- 
tion was too slow to be useful. When the AlCl, 
concentration was low the 4-:5-ratio was greater 
than 1 :1 but the overall alkylation was also less. 

Methyl 4- t -  butyl-2-pyrrolecarboxylate was 
found to rearrange very easily to the 5-isomer in 
carbon disulfide in the presence of AlC1, and HCl 
gas, and even in the absence of the H C ~  gas and 
at room temperature (Table 2). Under HC1/ 
AlCl,/refluxing conditions the 5-t-butyl isomer 
was unchanged after 21 h. 

When attempts were made to dialkylate either 
the 2-ester or the 5-t-butyl-2-ester a small amount 
of 4-t-butyl-2-ester was formed. Thus, in the 
presence of a large amount of the t-butyl car- 
bonium ion, an equilibrium may arise between 
the 4- and 5-isomers which disappears when this 
ion is used up. 

The results of the t-butylation of 2-acetylpyr- 
role are shown in Table 1. This compound was 
similar in reactivity to the 2-aldehyde but less 
susceptible to destruction (2). A 4- to 5-isomer 
rearrangement took place but much less readily 
than for the corresponding ester derivative above. 

This rearrangement was markedly influenced 
by the aluminum chloride used in these experi- 
ments. Aluminum chloride from a partly empty 
bottle promoted rearrangement much more than 
AlCl, of the same manufacture and quality from 
a freshly opened bottle. The usual preparation 
involved rapid weighing of catalyst in the 
laboratory. when dry-box weighing, anhydrous 
conditions, and aluminum chloride from a 
freshly opened bottle were used, the alkylation 
almost ceased. However, experiments where 
small amounts of water were added produced no 
consistent results. The "ageing" of the AICI, 
depends not only on the absorption of water but 
on other factors such as the amount of HC1 
present. 

The results of these t-butylation and isopro- 
pylation experiments with pyrrole derivatives are 
similar to earlier observations made in the furan 
series and may be used to explain the latter. Thus, 
while isopropylation of furfural gave only the 
4-isomer (3,4) in low yield, t-butylation gave only 
the 5-isomer (5). Both isopropylation and t-bu- 
tylation of methyl 2-furancarboxylate also gave 
only the 5-isomer (3a, 6). 2-Acetylfuran was also 
5-t-butylated (7). All these alkylations were 
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ANDERSON AND HUANG: PYRROLE CHEMISTRY. X 1551 

TABLE 1 
t-Butylation of 2-substituted pyrroles* 

Product (mole %) 
Temperature Conversion 

Compound Catalyst? PC) Time(min) (mole%) 4- 5- 

60 trace - trace 
10 5 2.5 2.5 
20 56 15 41 

'Molar ratio of substratelr-butyl chloride was 1 : I .  
tMolar ratio of substratelcatalyst. 
$Product isolated by column chromatography and weighed: 4-isomer 7%, 5-isomer 64%. 

carried out using similar conditions and over 
long periods (18-24 h). Acheson has remarked 

; that isopropylation of furfural "is perhaps the 
) only recorded case of a substituent entering the 

furan ring entirely at a 3- or 4-position when there 
is a free 5-position available" (8). These results 
may be explained by the same mechanistic path- 
way described for the pyrrole derivatives. The 
rearrangement of entering isomeric butyl groups 
to the t-butyl isomer (5, 9) is also in agreement 
with the carbonium ion mechanism. 

The isopropylation of methyl 2-furoate (3a, 6) 
has been repeated and the products analyzed by 

TABLE 2 

4-t-Butyl isomer rearrangement experiments 

Isomer ( %) 

Compound Time (min) HCI 4- 5- 

270 trace 100 ~ ~ 

1 Yes 48 52 
3 19 81 
5 10 90 

30 trace 100 
2-Ketone 0 Yes 95 5 

5 81 19 
10 51 49 

g.1.p.c. Three products were found, together with 
unreacted starting material. Samples of these 
products were collected and identified by proton 
magnetic resonance (p.m.r.), and by hydrolysis to 
the corresponding acids, as methyl 4- and 5-iso- 
propyl-2-furoate and methyl 4,5-diisopropyl-2- 
furoate. The amount of 4-isopropyl-2-ester fell, 
and that of the 5-isopropyl isomer rose as the reac- 
tion proceeded. The behavior of the2-ester during 
Friedel-Crafts alkylation appears similar to that 
observed for the corresponding pyrrole ester 
reactions. It has been reported that 4-t-butyl-2- 
furancarbaldehyde does not rearrange with 
aluminum chloride in carbon disulfide at room 
temperature (5), although no conditions were 
given. It may be that very dry aluminum chloride 
was used and no HCl was admitted. In many of 
the early alkylation experiments in the furail 
series several products probably were present in 
the reaction mixture, but only the predominant 
one was isolated. Yields were often very low. 

The only comparable alkylations in the thio- 
phene series were the isopropylation or the 
2-acetyl derivative (10) and, under somewhat 
different conditions, of the 2-acid (11). The 
former gave a mixture which was usually 90% 
4-isopropyl-2-acetothienone while only the 
5-isomer was obtained in the latter experiment. 
As these results appeared to fall into the same 
pattern it seemed useful to see whether t-butyla- 
tion would produce mostly 5-alkylation with 
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thiophene derivatives. However, a preliminary 
trial showed that, under similar conditions, 
t-butylation of 2-acetylthiophene gave almost the 
same ratio of 4- to  5-isomers as reported for 
isopropylation and it did not seem to alter with 
time. Separation problems have prevented further 
experiments in this field. 

Experimental 
General 

Melting points are uncorrected. Elemental analyses 
were determined by Alfred Bernhardt, Miilheim (Ruhr), 
Germany. 

The p.m.r. spectra were determined on a Varian A-60 
spectrometer at 60 Mc.p.s. The chemical shifts are in 
p.p.ni. from tetramethylsilane as internal reference and 
are recorded on the T scale. The proton on the pyrrole 
nitrogen was decoupled by addition of a few drops of 
deuterium oxide. 

Analyses of reaction mixtures were carried out by 
(g.1.p.c.) using an 18 in. column packed with Apiezon L 
on firebrick. Analyses were accurate to about 2%. 
Reference 2 gives data on the pyrrole substrates. Alumi- 
num chloride was Fisher Reagent Grade. 

General Procedure for Pyrrole Alkylation 
(a) A mixture of methyl 2-pyrrolecarboxylate (0.625 g, 

0.005 mole) and aluminum chloride (as in Table 1) was 
stirred in carbon disulfide (10 ml) for 1 h at 50'. The 
temperature was then adjusted and t-butyl chloride 
(0.45 g, 0.005 mole) in 5 ml carbon disulfide was added 
at once. After stirring for the required period the reaction 
was quenched in ice and worked-up as described in 
reference 2. 

(b) A mixture of 2-acetylpyrrole (2.18 g, 0.02 mole) and 
aluminum chloride (as in Table I) was stirred in carbon 
disulfide (10 ml) for 30 min at 50". The temperature was 
then adjusted and t-butyl chloride (1.85 g, 0.02 mole) 
added at once. After stirring for the required period the 
reaction was quenched and worked-up as in reference 2. 

Zsolatiotz of Alkylarion Prodircts 
As in reference 2, structures of the isomeric t-butylated 

esters and ketones were established by p.m.r. spectra. 
Correspondence with the spectra of the analogous 
isopropyl derivatives ( l , 2 )  was unequivocal in each case. 

Methyl 4-t-butyl-2-pyrrolecarboxylate, n1.p. 121.5- 
122" from chloroform-cyclohexane; p.ni.r. (CCI,): H-3 
and H-5, 3.3; CH30-, 6.18; (CH&C-, 8.77, J3.5 
(CDCI,), 1.7 C.P.S. 

Anal. Calcd. for ClOH1,NO,: C, 66.27; H, 8.34; 
N, 7.73. Found: C, 66.49; H, 8.44; N, 7.74. 

Methyl 5-t-butyl-2-pyrrolecarboxylate, m.p. 128-128.5' 
from chloroform-cyclohexane; p.m.r. (CCI,) : H-3, 3.32; 
H-4,4.12; CH30-, 6.18; (CH3),C-, 8.66,J3,4 3.8c.p.s. 

Anal. Calcd. for Cl0Hl5NO2:  C, 66.27; H, 8.34; 
N, 7.73. Found: C, 66.34; H, 8.55; N, 7.85. 

4-t-Butyl-2-acetylpyrrole, m.p. 133-134' from hexane; 
p.m.r. (CC14): H-3, 3.28; H-5, 3.10; CH3CO-, 7.62; 
(CH3)3C-, 8.78, J3.5 1.6 C.P.S. 

Anal. Calcd. for CIoHl5NO: C, 72.69; H, 9.15; 
N, 8.48. Found: C, 72.94; H, 9.01; N, 8.68. 

5-t-Butyl-2-acetylpyrrole, m.p. 88-89" from aqueous 
methanol; p.m.r. (CCI4): H-3,3.34; H-44.12; CH3CO-, 
7.68; (CH3)3C-, 8.65, J3.4 4.0 C.P.S. 

Anal. Calcd. for C,,Hl0NO: C, 72.69; H, 9.15; 
N,8.48. Found: C, 72.69; H,9.15;N,8.38. 

Rearrangement of Methyl 4-t-Butyl-2-pyrrolecarboxylate 
(a) Methyl 4-t-butyl-2-pyrrolecarboxylate (1.0 g, 

0.0055 mole) was added at once to a stirred mixture of 
aluminum chloride (2.21 g, 0.0165 mole) in 15 ml carbon 
disulfide at room temperature. After the appropriate time 
the reaction mixture was worked-up in the usual manner 
and analyzed by g.1.p.c. See Table 2 for results. 

(b) As in (a), but a stream of dry hydrogen chloride 
gas was admitted throughout the course of the reaction. 
See Table 2 for results. 

(c) The rearrangement was attempted using dry 
hydrogen chloride gas in the absence of aluminum 
chloride. There was no observable change in the starting 
material after 60 min. 

Attempted Rearrangement of Methyl 5-t-Blrtyl-2- 
pyrrolecarboxylate 

Methyl 5-t-butyl-2-pyrrolecarboxylate (2.0 g, 0.01 1 
mole) and aluminum chloride (4.428, 0.033 mole) in 
20 ml carbon disulfide was stirred at 50" for 21 h while 
passing through it a stream of dry hydrogen chloride gas. 
After working-up in the usual manner no change was 
found in the starting material. 

Rearrangett~erzt of 4-t-Butyl-2-acetylpyrrole 
This rearrangement was carried out in the same manner 

as procedure (b) for the 4-r-butyl-2-ester. The results are 
given in Table 2. Attempts to carry out the rearrangement 
by procedures (a) and (c) failed. 

Attempted Rearratzget~lent of 5-t-Butyl-2-acetylpyrrole 
Attempts to accomplish this rearrangement by the 

various procedures used for the 4-t-butyl-2-ester all 
failed. 

Attempted Preparation of Metl1yl4,5-Di-t-butyl-2- 
pyrrolecarboxyla te 

(a) A mixture of methyl 2-pyrrolecarboxylate (2.5 g, 
0.02 mole) and aluminum chloride (8.65 g, 0.065 mole) 
in 40 ml carbon disulfide was stirred at 50" for 1 h. 
t-Butyl chloride (4.6 g, 0.05 mole) was added at once. 
After 2 h the reaction mixture was worked-up and an- 
alyzed in the usual manner. About 3 %  of methyl 
4-r-butyl-2-pyrrolecarboxylate was present, but the 
remainder was entirely the 5-t-butyl isomer. 

(b) Using methyl 5-t-butyl-2-pyrrolecarboxylate as 
substrate and proceeding as in (a) the mixture was 
analyzed at several time intervals and showed no dialkyl 
product. An amount of 4-t-butyl isomer, rising from a 
trace after 10 min to a roughly constant 3-4 % after 1 h, 
was present. 

Attempted Preparatiotz of 4,5-Di-t-blrtyl-2-acetybyrrole 
Attempts were made using an excess of t-butyl chloride 

to dialkylate: (a) 2-acetylpyrrole (b) 5-t-butyl-2-acetyl- 
pyrrole (c) 4-t-butyl-2-acetylpyrrole. 

Nonewere successful inproducingany of the dialkylated 
compound. 
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Zsopropylation of Methyl 2-Furoate 
(a) Using the method of Gilman and Calloway (3a), 

a solution of methyl 2-furoate (0.010 mole) and isopropyl 
chloride (0.010 mole) was added dropwise to aluminum 
chloride (0.0125 mole) in 40 ml carbon disulfide. After 
stirring 24 h at room temperature the mixture was 
worked-up as described in the pyrrole alkylation section 
above. The product was analyzed by g.1.p.c. 

Starting material, 28%; 5-isopropyl-2-ester, 32%; 
4-isopropyl-2-ester, 20%; 4,5-diisopropyl-2-ester, 20%. 

(b) The method was modified by using the same volume 
of methylene chloride as solvent. 

Starting material, 26%; 5-isopropyl-2-ester, 27%; 
4-isopropyl-2-ester, 20 %; 4,s-diisopropyl-2-ester, 27 %. 

(c) The same as method (a) but refluxed during addition 
and for 30 min, then worked-up. 

Starting material, 51 %; 5-isopropyl-2-ester, 10%; 4- 
isopropyl-2-ester, 16 %; 4,s-diisopropyl-2-ester, 22 %. 

Product identification was obtained by collecting 
samples of the effluent gas corresponding to each peak 
of the g.1.p.c. These samples were dissolved in carbon 
tetrachloride and examined by p.m.r. Each sample was 
then hydrolyzed (3a) and the melting point of the 
corresponding acid was determined. 

Methyl 5-isopropyl-2-furoate; p.m.r. (CC!,): H-3,3.03 ; 
H-4,3.98 ; CH,O--, 6.20; =CH-, 7.1 ; (CH3)ZC-, 8.69; 
J3,, 3.5 C.P.S. See reference 12 for p.m.r. spectrum of 
ethyl 5-methyl-2-furoate. Corresponding acid m.p. 65- 
67", literature m.p. 66-67" (13). 

Methyl 4-isopropyl-2-furoate; p.m.r. (CCI4) : H-5,2.74; 
H-3, 3.02; CH30-, 6.19; =CH-,7.1 ;(CH3),C-, 8.78, 
J3,, 0.9 c.p.s. Corresponding acid m.p. 75-76", literature 
m.p. 76-77" (3a). 

Preparatiorz of Metlzy14,5-Diisopropyl-2-furoate 
As in (c) above, but used 3 molar equi. of isopropyl 

chloride and 2 molar equi. of aluminum chloride while 
heating for 6 h. Product was 63 % diisopropyl derivative 
and the rest unreacted. Distillation gave methyl 4,5-di- 
isopropyl-2-furoate, b.p. 116-1 18" at 6 mm; p.m.r. 
(CCI,): H-3, 3.07; CH30-, 6.21; =CH-, 7.1; 
5-(CH3),C-, 8.70; 4-(CH3),C-, 8.81. Corresponding 
4,5-diisopropyl-2-furoic acid m.p. 107-107.5" (hexane). 

Anal. Calcd. for C11H1603: C, 67.32; H, 8.22. Found: 
C, 67.56; H, 8.45. 

Rearrangement of Metl1y/4-Zsopropyl-2-furoate 
The product ratio from isopropylation reaction of 

type (a) was determined by analysis of a small sample 
after 8 h. Then a further 0.0125 mole aluminum chloride 
was added to the product mixture and, while keeping at 
reflux for a further 2 h, dry hydrogen chloride gas was 
admitted. A further analysis showed that the ratio of 
4-isopropyl- to 5-isopropyl-2-furoate changed from 0.72 
to 0.49 during this period while the proportions of starting 
material and diisopropyl-2-ester did not change greatly. 

The authors acknowledge with thanks the continued 
financial support of the National Research Council of 
Canada. They are also indebted to Mr. F. D.  Smailwood 
for technical assistance in preparations. 
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Synthesis of pinosylvin and related heartwood stilbenes 
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Departrtzent of Chemistry, University of Calgary, Calgary 44, Alberta 
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Pinosylvin dimethyl ether and three other stilbene ethers were prepared by condensing the appropriate 
diethylbenzylphosphonates with an aromatic aldehyde. Cleavage of pinosylvin dimethyl ether with boron 
tribromide gave in good yield the monomethyl ether, while fusion with pyridine hydrochloride yielded 
pinosylvin. 
Canadian Journal o f  Chemistry, 48, 1554 (1970) 

Introduction 
The heartwood tissues of members of the genus 

Pinus L., (1) as well as sapwood cells which have 
died slowly as a result of mechanical injury to 
the cambium (2) or of fungal attack (3) contain 
variable amounts of pinosylvin (la) and pinosyl- 
vin monomethyl ether (lb). Both of these stilbenes 
are known to have fungistatic and fungitoxic 
properties (4-7). However, the extracellular 
fungal enzyme laccase is not sensitive to pinosyl- 
vin monomethyl ether and catalyzes its trans- 
formation into presumably non-inhibitory 
compounds (8). 

a RI = R3 = OH; R2 = R4 = R, = H 
b R I = O H ; R ~ = O C H ~ ; R ~ = R ~ = R , = H  
c RI = R3 = 0CH3;  RZ = R4 = RS = H 
d R 2 = O C H 3 ; R 1 = R 3 =  R 4 = R 5  = H  
e R2 = OH; R, = R3 = R4 = R5 = H 

f RI = R2 = R3 = 0CH3;  R4 = R5 = H 
g R1 = R2 = R4 = RS = 0CH3; R3 = H 

Pinosylvin (la), pinosylvin monomethyl ether 
(lb), and pinosylvin dimethyl ether (lc) occur 
together in the hard pine group with other 
heartwood constituents such as pinocembrin 
(2) and pinobanksin (3) and are rarely obtained 
in a pure state. We wished to obtain larger quan- 
tities-of the pure pinosylvin for fungicidal studies. 
In particular we wished a good synthetic method 
which we could later apply to the synthesis of 

'Canadian Forestry Service summer research assistant. 

labelled compounds in order to trace the fate of 
pinosylvin and pinosylvin monomethyl ether 
after transformation by laccase. We have 
achieved this goal and applied it to the synthesis 
of a number of other naturally occurring heart- 
wood stilbenes or their methyl ethers. 

2 3 

In 1941 Spath reported multi-step syntheses 
for pinosylvin (9) and pinosylvin monomethyl 
ether (10) based on Perkin condensations and 
decarboxylation of the a-phenylcinnamic acids 
formed. His yields were of the order of 6% in 
both cases. Aulin-Erdtman and Erdtman 
reported a similar synthesis of pinosylvin dimethyl 
ether (1 I). 

Attempts to prepare pinosylvin dimethyl ether 
via a Wittig reaction between triphenylbenzyl- 
phosphonium bromide and 3,5-dimethoxyben- 
zaldehyde were singularly unsuccessful. We 
therefore turned to the modified Wittig reaction 
using the phosphonate intermediate (12, 13). 
Diethylbenzylphosphonate (4), prepared from 
benzyl bromide and triethyl phosphite reacted 
with 3,5-dimethoxybenzaldehyde (5) in dimethyl- 
formamide under forcing conditions to give 
pinosylvin dimethyl ether (lc) in good yield 
(eq. [I. I). 

The use of the phosphonate esters has the 
advantage of giving exclusively the trans isomer 
(12) in contrast to the phosphonium ylids which 
give mixtures of isomers (14). Only one product 
was detected in the above synthesis. The reverse 
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BACHELOR ET AL.: PINOSYLVIN AND RELATED HEARTWOOD STILBENES 

addition of 3,5-dimethoxybenzyldiethylphospho- 
nate to benzaldehyde gave the same product but 
in poorer yield. 

An attempt to demethylate the dimethyl ether 
with boron tribromide gave a 90% yield of the 
monodemethylated product (eq. [2]). Further 
attempts to cleave the second ether with boron 
tribromide gave only good yields of recovered 
ether. Although examples of selective cleavage 
of polyethers on aromatic nuclei with boron 
trihalides are known, (15, 16) these have always 
involved the participation of a neighboring 
carbonyl group. The use of boron tribromide to 
completely demethylate polymethoxy aromatics 
apparently only gives good yields when the 
methoxyl groups are adjacent or in different 
rings (17-19). However, when the methoxyls are 
separated and in the same ring poor yields are 
obtained. For example, the demethylation of 
3,5-dimethoxybenzyl cyanide gives the diphenol 
in only 39 % yield (18). 

Complete demethylation of pinosylvin di- 
methyl ether was accomplished by fusing with 
pyridine hydrochloride, a superior reagent for 
cleaving aromatic ethers (20), to give pinosylvin 

. . . .  . . . . .  . . . . . .  I in good yield (eq. [2]). This compound was 
. . . . : . . . . . . . . . . . .  . . . . . . .  i . . . . .  . . . .  . . . . . .  
. . . . . . . .  . . - . . : identical in all respects to an authentic sample. 

. . . . . . . . . . . .  . . . .  . . . . . . . .  . . . .  j We have applied this synthesis to the prepara- 
I tion of 4-methoxystilbene (Id) and 4-hydroxy- 
1 stilbene (le), which occur in Pinus gri@thii (21), 
1 as well as 3,4,3',5'-tetramethoxystilbene (lg) 
I which occurs as the unmethylated phenol in 
1 Vouacapoua macropetala (22). We have also 

prepared 3,4,5-trimethoxystilbene (1 f )  from 
3,4,5-trimethoxybenzyl bromide and benzalde- 
hyde. It is suspected that the parent phenol of 
this compound may be the first product in 
detoxification by laccase. 

Experimental 
Melting points are uncorrected. Analyses were per- 

formed on ; Hewlett-Packard Model 185 CHN analyzer. 
Gas chromatoara~hic analvses were done on a Hewlett- 
Packard ~ o d e l  402 ~iochkmical Gas Chromatography 
Instrument using a 4 ft analytical column containing 
3.8% SE-30 on Chromosorb W. 

3,5-Dimethoxybenzylbromide 
An ether solution (500 ml) of 3,s-dimethoxybenzoic 

acid (25 g) was stirred with lithium aluminum hydride 
(5.2 g in 250 ml ether) for 20 h at room temperature. 
After this time the excess LAH was decomposed with wet 
ether and the suspension acidified with dilute HCI. The 
layers were separated and the ether layer washed with 
water and dilute NaHC03. The ether solution was dried 
(MgSO,) and the solvent removed in vacuo leaving a pale 
yellow oil which crystallized on addition of a small 
amount of petroleum ether. The white crystals of 3,s- 
dimethoxybenzyl alcohol collected by filtration amounted 
to 20.5 g (89% yield), m.p. 44-47", and were used without 
further purification. 

The alcohol (20 g) was dissolved in dry benzene (250 
ml) and excess dry HBr was bubbled into the solution 
with stirring over a 20 min period and the solution was 
refluxed for 2 h. Evaporation of the benzene gave a 
quantitative yield of slightly colored crystals of 3,s- 
dimethoxybenzylbromide. Recrystallization fromaqueous 
methanol gave pure material melting at 71-72" [lit. 
71-72" (23)]. 

3,4, PTrimethoxybenzylbromide 
Gallic acid (7.0 g) in 250 ml of dry acetone was treated 
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with an  excess of diazomethane in ether at room tem- 
perature for 24 h. Removal of the ether and acetone in 
ucrcuo gave a quantitative yield of 3,4,5-trimethoxy- 
methylbenzoate. Yield 9.3 g (100%); m.p. 82-83" [lit. 
80-82" (24)]. 

The ester (6.6 g) was reduced with excess LAH as above 
to give 3,4,5-trimethoxytjenzyl alcohol. Yield, 5.1 g 
(84%). The alcohol was converted directly to 3,4,5- 
trimethoxybenzylbron~ide with HBr in dry benzene. 
Yield, 6.35 g (95.5 %). Analysis by gas,chromatography 
indicated the bromide was better than 99 %pure. Attempts 
to crystallize this con~pound were unsuccessful and it 
was used without further purification. 

3,5-Dit~ietho,uystilbe~ie ( I c )  (Pirrosylvh Dir,rethyl Ether) 
Benzyl bromide (3.1 g) was heated with excess triethyl- 

phosphite (5 ml) to 130' until the evolution of ethyl bro- 
mide had ceased. Excess triethylphosphite was removed 
by distillation it1 ucrcr~o and the residual diethylbenzylphos- 
phonate (4.1 g) used directly. The diethylbenzylphos- 
phonate was added to 25 ml of dry dimethvlformamide 
containing 1 g of sodium methoxide and cooled to  0". To 
this was added 3,5-dimethoxybenzaldehyde (2.0 g) and 
the niixture allowed to stand at  room temperature for 
1 h. The reaction mixture was then heated on a steam 
bath for 1 h a n d  then allowed to  stand overnight at  room 
temperature. Water-methanol (2:l ;  40 ml) was added 
and the precipitated stilbene was collected by filtration 
and washed with water. A second crop was obtained 
from the combined filtrate and wash water. The 33-di- 
met hoxystilbene was recrystallized from methanol-water. 
Yield, 2.65 g (91.5%); m.p. 55-56" [lit. 56-57" (l l)] .  

3-Hyri,o,uy-5-r,retlroxj~srilbene ( Ib )  (Pitrosylvitr 
Motrotnetlrj~l Ether) 

Boron tribromide (2 g) was dissolved in 10 ml of dry 
dichloromethane and a solution of 3,5-din~ethoxystilbene 
(1 .l g in 10 nil of CH,CI,) added at - 80". The mixture 
was allowed to come to room temperature and stand 
overnight. The yellow borate ester was decomposed by 
shaking the si~spension with 10% KOH. The reaction 
was then acidified with HCI and the mixture extracted 
with dichloroniethane. The dichloromethane solution 
was dried (MgSO,) and the solvent removed it2 vacrro to 
leave a solid residue which was approximately 80% 
3-hydroxy-5-methoxystilbene by gas chromatography 
analysis. Two crystallizations from benzene yielded 
3-hydroxy-5-methoxystilbene. Yield 0.5 g, (50%); m.p. 
118.5-1 19.5" [lit. 122-123" (lo)]. 

Purification by column chromatography on silica gel 
also readily separated the dimethyl ether and pinosylv~n 
from the monomethyl ether. 

3,5- Dilzy~lroxystilbetze ( l a )  (Pinosyluin) 
Excess pyridine hydrochloride (5.0 g) and 3,5-dimeth- 

oxystilbene (1.0 g) were mixed and heated to 190' for 
3 h. The hot dark syrup was poured into 25 ml of 2 N 
HCI and the reaction niixture extracted with ether. The 
ether solution was dried (MgSO,) and the solvent 
removed it1 racrro. Two crystallizations from benzene 
gave pinosylvin as shiny plates. Yield, 441 rng (50%); 
m.p. 155-155.5" [lit. 155.5-157" (9)]. 

4-Metlzo.ryst ilbene ( Id )  
4-Methoxystilbene was prepared from 2.1 g of 4- 

methoxybenzaldehyde and 3.3 g of benzyldiethylphos- 
phonate in the same manner as 3,5-dimethoxystilbene. 
The product was recrystallized from methanol to give 2.6 
g (84%) of colorless crystals, m.p. 135-136" [lit. 136-137" 
(21)l. 

4-Hydroxystilbene ( l e )  
4-Methoxystilbene (1.0 g) and pyridine hydrochloride 

(5.0 g) were heated together at  180" for 5 h. The melt was 
poured into 200 ml of ice water containicg 25 ml of 
concentrated HCI. A precipitate was formed which was 
extracted into ether. The acidic layer was washed with 
two additional portions of ether. The combined ether 
extracts were extracted twice with 2 N NaOH and the 
basic extracts neutralized with 250 ml of cold dilute HCI. 
The precipitate was collected by filtration and dried. The 
yield of 4-hydroxystilbene was 441 mg (77X based o n  
recovered 4-methoxystilbene); m.p. 182-185"Iit. 185- 
186" (21)l. 

 ohc cent ration of the ether extracts yielded 386 mg of 
unreacted 4-methoxystilbene. 

3,4,3',5'-Tetrametl~oxysfilbene ( Ig )  
Condensation between 3,5-dimethoxybenzyl bromide 

(3.7 g) and excess triethylphosphite (5 ml) yielded 3,5- 
dimethoxybenzyldiethylphosphonate which was then 
coupled with 3,4-dimethoxybenzaldehyde (3.2 g) as  
described above. The crude product was purified by 
chromatography o n  silica gel and crystallized from 
petroleum ether (30-6O0)/methanol to give 2.1 g (41 %), 
m.p. 6667"  [lit. 68-69" (22)] of 3,4,3'5'-tetramethoxy- 
stilbene. 

3,4,5-Trimethoxystilbene (1 f) 
3,4,5-Trimethoxybenzyl bromide (4.0 g) was treated 

with triethylphosphite (10 ml) as above and the phos- 
phonate coupled with benzaldehyde (2.0 g) according 
to the described procedure. The dark oily product 
crystallized on scratching and was collected by filtration. 
Recrystallization from methanol yielded 2.1 g of white 
crystals (50%); m.p. 108.5-109.5"; nuclear magnetic 
resonance (n.m.r.) (CDC13) r 6.12 (s) 9H (OCH,), 2.5-3.25 
(m) 9H (aromatic and olefinic CH). 

Anal. Calcd. for CI7Hl8O3: C, 75.54; H,  6.71. Found: 
C, 75.96; H, 6.93. 

We wish to thank the Canadian Department of 
Fisheries and Forestry for the support of this work. 

1. H. ERDTMAN in K. KRATZL and G .  BILLEK. Bio- 
chemistry of wood. Pergamon Press, London, 1959. 
p. 1. 

2. E. VON RUDLOFF and E. JORGENSEN. Phytochem. 
2, 297 (1963). 

3. L. SHAIN. Phytopathol. 57, 1034 (1967). 
4. H.  ERDTMAN and E. RENNERFELT. SV. Papperstidn. 

47, 45 (1944). 
5. E. RENNERFELT. SV. Bot. Tidskr. 37, 83 (1943). 
6. E. RENNERFELT. SV. Bot. Tidskr. 39, 311 (1945). 
7. E. RENNERFELT and G .  NACHT. Sv. Bot. Tidskr. 

49, 419 (1955). 
8. H. LYR. Flora, 152, 570 (1962). 
9. E. SPATH and F. LIEBHERR. Ber. 74, 869 (1941). 

10. E. SPKTH and K. KROMP. Ber. 74, 1424 (1941). 
1 1. G .  AULIN-ERDTMAN and H. ERDTMAN. Ber. 74,50 

(1941). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BACHELOR ET AL.: PINOSYL,VIN AND RELATED HEARTWOOD STILBENES 

12. W. S. WADSWORTH, JR., and W. D. EMMONS. J. 19. D. L. MANSON and 0 .  C. MUSGRAVE. J. Chem. 
Amer. Chem. Soc. 83, 1733 (1961). SOC. 1011 (1963). 

13. E. J. SEUS and C. V. WILSON. J. Org. Chem. 26, 20. R. FILLER, B. T. KHAN, and C. W. MCMULLEN. J. 
5243 (1961). Org. Chem. 27, 4660 (1962). 

14. U. SCHOLLKOPF. Angew. Chem. 71,260 (1959). 21. V. B. MAHESH and T. R. SESHADRI. J. Sci. Ind. Res. 
15. W. SCHAFER and B. FRANCK. Ber. 99, 160 (1966). (India), 13B, 835 (1954). 
16. A. J. BIRCH and J. J. WRIGHT. Chem. Commun. 22. F. E. KING, T. J. KING, D. H. GODSON, and L. C. 

788 (1969). MANNING. J. Chem. Soc. 4477 (1956). 
17. F. L. BENTON and T. E. DILLON. J. Amer. Chem. 23. A. BHATI. Tetrahedron, 18, 1519 (1962). 

SOC. 64, 1128 (1942). 24. M. U. TSAO. J. Amer. Chem. Soc. 73, 5495 (1951). 
18. J. F. W. MCOMIE and M. L. WATTS. Chem. Ind. 

1658 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Application of proton magnetic resonance to rotational isomerism 
in halotoluene derivatives. 11. a,a,2,4,6-Pentachlorotoluene 

B. J. FUHR,' B. W. GOODWIN,' H. M. HUTTON,' AND T. SCHAEFER 
Chemistry Department, University of Manitoba, Winnipeg, Manitoba 

Received November 3, 1969 

At temperatures below -40 "C the proton magnetic resonance of a,a,2,4,6-pentachlorotoluene in 
toluene-d8 or methylcyclohexane is an ABX spectrum where X is the methine proton. The C-H bond 
of the dichloromethyl group lies in the plane of the ring and its proton couples to one ring proton only. 
As the temperature increases the mean lifetime before interconversion of the "mirror image" isomers 
decreases and at 70 "C the proton spectrum is A2X. A density matrix formalism is used to calculate 
the line shape as a function of the lifetime before exchange. The free energy barrier to rotation of the 
dichloromethyl group is 15.0 + 0.1 kcal/mole in both solvents. In toluene-d8 the entropy of activation 
is near zero. The high energy transition state is very likely one in which the C-CI bonds of the ring 
and the dichloromethyl groups are eclipsed. 

Canadian Journal of Chemistry, 48, 1558 (1970) 

Introduction 

Extensive nuclear magnetic resonance (n.m.r.) 
studies of the rotational isomers of halogenated 
ethanes are described in the recent literature (1-4). 
Reliable thermodynamic parameters for the 
isomers in their ground state as well as rotational 
barriers are only obtainable if the n.m.r. spectra 
of the individual isomers can be observed (1, 2). 
In common with the halogenated ethanes, toluene 
derivatives present the problem of rotation about 
an essentially single carbonxarbon bond. In 
toluene itself the sixfold barrier to rotation of the 
methyl group lies well below 200 cal/mole in the 
gaseous and solid states (5, 7) but it has become 
clear that in toluene derivatives containing halo- 
gen atoms both in the methyl groups and in the 
ortho ring positions (7),3 the barrier to rotation 
can be large enough for convenient study by 
dynamic n.m.r. (d.n.m.r.) methods (4). 

In this laboratory a series of such compounds 
are under investigation. Previous studies were 
confined to fluoromethyl toluene derivatives in 
which the n.m.r. spectra of individual rotamers 
were not observed (8). In this paper we describe 
the analytical techniques involved in our studies 
and report the barriers to rotation about the 
C-C bond of a,a,2,4,6-pentachlorotoluene 
(PCT) in toluene-d8 (C,D8) and in methyl cyclo- 
hexane (C6HllCH,). 

Experimental 
I) Synthesis of a,a,2,4,6-Pentachlorotoluene 

Meta toluidine was chlorinated by passing a continuous 

stream of chlorine into an acetic anhydride solution for 
6 to 8 h (9). 2,4,6-Trichloro-3-amino toluene was prepared 
from the acetylated product by addition of sulfuric acid, 
followed by steam distillation. A solution of ethanolic 
sodium nitrite was added to the trichloro-m-toluidine 
and, after several hours, the mixture was steam distilled 
(10). The purity of the 2,4,6-trichlorotoluene, m.p. 
25-27 OC, was checked by the appearance of the n.m.r. 
spectrum in carbon disulfide. The methyl group of this 
compound was chlorinated by passing chlorine gas 
through the liquid in the presence of ultraviolet (u.v.) 
light until its weight indicated the completion of di- 
chlorination. The PCT was triply distilled and its proton 
resonance spectrum indicated a small amount of 
a,a,a,2,4,6-hexachlorotoluene (HCT)." Its presence aided 
the rate study because its proton resonance peak provided 
a convenient estimate of effective T, values at most 
temperatures. 

2) Preparation of Solutions and Nuclear Magnetic 
Resonance Measurements 

Fifteen mole % solutions in C7D8 and C,H,,CH,, 
respectively, containing small amounts of tetramethyl- 
silane (TMS) and cyclopentane (C5H1,) were thoroughly 
degassed by the freeze-pump-thaw technique. The con- 
centrations were dictated by considerations of signal to 
noise problems and of solubility limits a t  low tem- 
peratures. 

Proton magnetic resonance (p.m.r.) spectra were 
measured on a DA60I Varian spectrometer in the 
frequency sweep mode. Peak positions relative to the 
TMS lock signal were repeatedly measured by counting 
manual and sweep oscillator frequencies. Radiofrequency 
intensities in the analytical channel were kept well below 
saturation levels and sweep rates were never larger than 
0.02 Hzls. Excessive filtering at the dc stage was avoided. 
Linewidths at half height (W+) were determined for all 
peaks, including that due to cyclopentane. The solutions 
contained very small amounts of a,a,a,2,4,6-hexachloro- 
toluene and the W+ was measured for this peak as well. 

'Holder of an NRCC bursary, 1968-1969. 
'Brandon University, Brandon, Manitoba. 
"eference 7 is paper I of this series. 

4An increase in chlorination time led to an increase in 
intensity of the single peak assigned to HCT and to a 
decrease in the intensity of the peaks due to PCT. 
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FUHR ET AL.: ROTATIONAL ISOMERISM. I1 

FIG. 1. The proton magnetic resonance spectrum at 60 MHz of a 15 mole % solution of a,a,2,4,6-pentachloro- 
toluene in toluene-d8 at -40 "C. Shifts are given in p.p.m. to low field of internal tetramethylsilane. The peak assign- 
ment is given with respect to I in the text. The smallest peak near the pair of doublets at 6.6 p.p.m. arises from a 
small amount of a,a,a,2,4,6-hexachlorotoluene. 

The sample temperature was calibrated using methanol 
in the usual way. The temperatures found in this way 
were checked by thermocouple measurements on a 
dummy sample of C,D8 and are absolutely accurate to 
f 1 OK. Temperature intervals between dial settings on 
the temperature controller (V4343) are more accurate, 
however, because of the linear relationships between 
thermocouple readings and dial readings. This means 
that in Arrhenius plots the slope, which determines the 
activation energy, is obtained more reliably than the 
intercept which yields the frequency factor. In other 
words, enthalpies of activation probably suffer less from 
systematic errors in our experiments than do entropies 
of activation. 

FIG. 2. As in Fig. 1 but for a 15 mole % solution in 
, methylcyclohexane at - 37 "C. 

I Results and Discussion 
I )  Peak Assignments 

In Figs. 1 and 2 the low temperature spectra of 

PCT are displayed. They are understandable in 
terms of I or 11. There exists a coupling between 
HA and H,, JAx = 0.52 f 0.02 Hz while JBX is 
undetectable. The magnitude ofJAx is very similar 
to that found for hydroxyl (11), amino (12), and 
aldehydic protons (13) situated in bonds whose 
stereochemical relationship to a meta C-H bond 
is defined by I (extended zig-zag rule). The HA is 
deshielded relative to HE very probably because 
of the steric interaction between the C-C1 bonds 
in the ring and in the dichloromethyl group of I. 
The deshielding must arise in a way very similar 
to the deshielding of ring protons caused by 
ortho-ortho interactions in 1,2-dihalobenzenes 
(14, 15). The resonance of Hx in I occurs over 
1 p.p.m. to low field from its resonance in 
dichloromethyl toluene and can be understood in 
terms of the diamagnetic effect of the aromatic 
ring on the shift of a coplanar proton and in 
terms of the deshielding caused by perturbations 
arising from time-dependent electric fields origi- 
nating in the proximate C-Cl bond in the ring 
(in I the H,. . . C1 distance is less than the sum of 
the van der Waals radii of hydrogen and chlorine). 

At high temperature the proton spectra appear 
as in Fig. 3. The mean lifetime before rotation of 
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7.379 7.264 7.300 6.880 RPM. 
Ho- 

a b 

FIG. 3. As in Figs. 1 and 2 but at (a) 72 "C in methylcyclohexane and (b) at 73 "C in toluene-d,. 

the dichloromethyl group in I or I1 is now much 
shorter than the reciprocal of the chemical shift 
between HA and H B .  In the resultant A2X spec- 
trum JAx = 0.31 + 0.02 Hz. Comparison of JAx 
at low and high temperatures suggests J B x  I 0.1 
Hz in I (the tacit assumption is made that only I 
and I1 are appreciably populated at all tempera- 
tures under study). In Table 1 the results of the 
ABX and A2X analyses are presented. 

2) Derivation of Preexchange Lifetimes 
At intermediate temperatures the characteristic 

broadening of the ring proton resonance caused 
by exchange processes is observed (see Fig. 4). Of 
course, in the present instance, the ring protons 
do not exchange sites. They exchange Larmor 

TABLE 1 

Proton chemical shifts* and coupling constants for the 
high and low temperature spectra of 15 mole % solutions 
of a,a,2,4,6-pentachlorotoluene in toluene-d, and in 

methylcyclohexane 

Spectrum Toluene-d8 Methylcyclohexane 

ABX -40 "C - 37 "C 
VA (P .P .~ . )  6.61 1 k0.003 7.282 
V a  6.374 7.171 

*In p.p.m. lo low field of internal tetramethylsilane. Parameters are 
quoted with r.m.s. errors. 

frequencies each time the dichloromethyl group 
rotates through n radians. In contrast the methine 
proton does move from site I to site I1 but has 
the same Larmor frequency in both sites. There- 
fore its resonance peaks remain sharp as the 
temDerature increases. The 1 :I doublet at low 
temperatures is transformed into a 1 :2:1 triplet 
at high  temperature^.^ 

( a )  Line Shape Analysis 
The Bloch equations cannot be used here 

because the A and B nuclei are not even approxi- 
mately independent of one another. Therefore 
the density matrix method (16-18) was used to 
derive the line shape function for the ABX case. 
The exchange and relaxation terms were intro- 
duced in the usual way (4). Terms in T2, defining 
the effective linewidth determined by magnetic 
inhomogeneity, were carried through the deriva- 
tion of the line shape function. Slow passage 
conditions were assumed. 

The imaginary part of the final expression gives 
the absorption spectrum. A program in Fortran 
IV was written (B.W.G.) for an IBM 360165 
computer. It calculates peak positions by search- 
ing the line shape function for maxima. The posi- 
tions of the half-heights of each peak (on either 
side of the peak) are located and the half-height 
linewidths are calculated on both sides of the 
peak. Provision is made for overlapping peaks. 

'These changes are not reproduced here because the 
very small peak separations do not allow a reliable fit to 
spectra computed as a function of exchange rate. 
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FUHR ET AL.: ROTATIONAL ISOMERISM. 11 

FIG. 4. Experimental and calculated resonance spectra of the ring protons of a,a,2,4,6-pentachlorotoluene in 
toluene-& solution at various representative temperatures and preexchange lifetimes, r. The sharp impurity peak due 
to  hexachlorotoluene indicates the homogeneity of the external magnetic field. 

The input parameters include z, T2, J ,  and shift 
values, the scale in Hz and a scaling factor for 
peak heights to be plotted. Optional parameters 
of stepsize in z and number of steps are included. 
For example, if stepwise = 0.01 and number of 
steps = 10, ten spectra are output with lifetimes 
ranging from z - 0.05 to + 0.05 s. In this way an 
optimum z value for a given experimental width 
is obtained. The resulting spectrum is plotted on 
a Calcomp plotter and can be compared with the 
experimental one. 

The maxima are located to an accuracy of 0.001 
frequency units. The half-heights are accurate to 
at least 0.5 %. If peaks overlap the half-heights of 
the overlapping peaks are calculated. The values 
of the peaks, peak-heights, and half-heights as 
well as the overlap heights and widths are output 
and can be compared with experimental data. As 
the simplest example the printed output, after 
searching, for the toluene solution of PCT (dis- 
cussed below) at temperatures where only a single 
broad peak exists is 5.81 (5.82), 4.42 (4.43), 3.63 
(3.64), 1.14(1.14),0.83(0.83),and0.70(0.70)Hz. 
The experimental linewidths are given in brackets 
and, in this case, correspond to z values of 0.0227, 
0.0184, 0.0157, 0.00419, 0.00200, and 0.00071 s, 
respectively. Thus, time-consuming plotting pro- 
cedures can be minimized. Storage required is 

about 26 K. Total execution time required for 
500 trial values of r is about 1.5 min. 

(b) Clzemical Shift and T2 Effects on Line 
Slzapes 

The computed spectrum is a function of the 
internal shift, vAB, in the absence of exchange; of 
the linewidths in the absence of exchange, given 
by the "effective" T2; of JAB, JAx, and JBx;  and 
of r,  the mean lifetime before exchange. The 
coupling constants were assumed to be inde- 
pendent of temperature. For example, JAB = JE,H 
in 3,5-dichlorosalicylaldehyde is independent of 
temperature over 100" within experimental error 
in nonpolar solvents (19). The temperature inde- 
pendence of JAx and JBx is not proven but the 
high temperature value of their mean (Table 1) 
shows that a negligible error will be introduced by 
the assumption (an increase of JBx by 0.1 Hz had 
no significant effect on most of the computed 
spectra). 

The W+ values for cyclopentane were always 
about 0.1 Hz larger than those for HCT, showing 
that their application in the determination of T, 
values is incorrect. On the other hand, the small 
peak due to the ring protons of the HCT arises 
from protons whose relaxation times must be 
very nearly equal to those of the PCT. The use of 
W+ for this peak in determining effective T2 
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TABLE 2 
Temperature dependence of the internal chemical shift* 
of the ring protons of a,a,2,4,6-pentachlorotoluene in 

toluene-d8 solution (15 mole %) - 
Temperature Shift Temperature Shift 

("C) OIz) ("C) (Hz) 

'Shifts were measured in the left hand column and were obtained 
by linear extrapolation in the right hand column. These numbers were 
used in fitting the experimental spectra to calculated spectra. 

values seems fully justified. In C7D8 solution W+ 
of HCT was equal to 0.23 Hz within experimental 
error for all spectra used in the line shape analysis. 
Its corresponding value in C6H1 ,CH3 was 0.20 
Hz. In other words the resolution of the spectrom- 
eter could be held nearly constant over the im- 
portant temperature range. 

The internal ring proton shift in C6HllCH3 
solution was apparently independent of tempera- 
ture in the region of slow exchange. In C7D8, the 
well known solvent effects (20) can clearly have a 
different temperature dependence for HA and HB. 
The ring proton shifts were measured as a func- 
tion of temperature in the region of slow exchange 
and the internal shift was a linear function of 
temperature. Extrapolation procedures gave the 
"true" internal shifts in the absence of exchange 
at all temperatures of interest and are given in 
Table 2.6 

( c )  Fitted Spectra 
In Fig. 4 the experimental and computed 

spectra for the C,D8 solution are displayed for a 
representative set of temperatures. The agree- 
ment is apparently satisfactory. A constant T2 
was assumed over the whole temperature region 
in each solution (1.38 s for C7D8 and 1.59 s for 
C6H12CH3). This assumption is consistent with 
constant W+ values for the impurity peak. The 
mean preexchange lifetimes are given in Table 3. 

3)  Activation Parameters and Errors 
The pseudo first order rate constants k = l/z 

were used to obtain activation parameters in a 
variety of ways. In Fig. 5, an Arrhenius plot of 
log k vs. 1/T is shown for the C7D8 solution. The 

'In a 10 mole % solution of 3,s-dichlorosalicylaldehyde 
the internal shift of the ring protons is a linear function of 
temperature between 30 and 95" C (21). 

activation energies and frequency factors are 
given in Table 4. Activation enthalpies and 
entropies were derived from plots of ln(k/T) vs. 
1/T as well as from the equivalent plots of 
activation free energies7 vs. T(4). These quantities 
are also given in Table 4. 

The errors in the activation parameters in 
Table 1 were estimated in a number of ways. The 
standard errors and the 90 % confidence limits in 
EA and AH* were based on the standard error in 
estimating the slope of the straight line in the 
least squares analysis. The statistical errors in 
log A and AS* were based on the standard error 
in the intercept while those in AG* depended upon 
the standard error in estimating log k. 

In an attempt to account for systematic errors, 
the maximum and minimum slopes of the straight 
lines which can be drawn through a set of error 
bars were estimated as follows. Assuming that all 
input parameters are correct, the error in the 
lifetime, z, would arise from errors in obtaining 
the widths of the various peaks in the experi- 
mental spectra. These standard deviations in the 
experimental widths gave the maximum un- 
certainty in log k values needed to fit calculated 
to experimental line shapes. The temperature was 
assumed to be accurate to + 1 "C (in Fig. 4, error 

TABLE 3 
Preexchange lifetimes, r ,  from fitted spectra for 

a,a,2,4,6-pentachlorotoluene 

Toluene-d8 Methylcyclohexane 

Temperature Temperature 
TC) .r 6 )  ("C) .r 6 )  

bars obtained in this way are indicated). The total 
uncertainty is represented by a rectangle. Two 
straight lines, pivoting about the coalescence 
temperature and passing through the rectangles, 
gave two different slopes and intercepts. The 

7A transmission coefficient of 112 was assumed in 
calculating AG*. See below. 
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FUHR ET AL.: ROTATIONAL ISOMERISM. I1 

FIG. 5. A plot of log k vs. the reciprocal absolute temperature for the toluene-d8 solution of a,a,2,4,6-penta- 
chlorotoluene. The error bars were obtained as discussed in the text. 

difference in these parameters was taken as a from n.m.r. line shapes (relatively small range of 
"maximum" error and is given in Table 4. temperatures and relatively large errors in log k 

Variation of T2 values over a reasonable range values at either extreme) we feel that our 
(20%) led to line shape fits from which we con- "maximum" errors are more reliable estimates 
cluded that T2 errors generally fall within the than are the statistical ones. 
"maximum7' errors for spectra of good quality 
(inhomogeneity in magnetic field not much 4) Barrier to Rotation in cr,cr,2,4,6-Pentachloro- 
different from 5 x lo-' G, proper phase settings toluene 
in detector stages etc.). The rotational barrier is best discussed in 

Given the nature of straight-line plots derived terms of the conformations 1 to 5 (1 and 5 have 

TABLE 4 
Activation parameters for a,a,2,4,6-pentachlorotoluene 

Toluene-d8 Methylcyclohexane 

Parameter Value Errors* Value Errors* 

EA (kcal/mole) 15.2 0.2, 0.5, 1.4 14.3 0.6, 1.2, 1.3 
loe A 12.7 0.2. 1.0 12.0 0.5. 1.7 
AE* (kcal/mole) 14.9 (304 OK) 0.1; 0.1 15.0 (304 OK) 0.1, 0.1 
AH* (kcal/mole) 14.6 0.2, 0.5, 1.4 13.7 0.6, 1.2, 1.3 
AS* (calldegree mole) -1.1 0.7, 4.4 -4.4 2.2, 7.8 . - 

*When three errors are given for a parameter the first one refers to  the standard error in the linear least squares fit, the second 
to the 90% confidence limit, the third to the "maximum" error as discussed in the text. When only two errors are given the 90% 
confidence limit has been omitted. 
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been differently portrayed above). The low tem- 
perature spectra of PCT were interpreted above 
in terms of 1 and its mirror image 5. That 1 (or 5) 
and not 3 is the stable rotational isomer is 
obvious from the ABX spectra obtained at low 
temperature (3 would give an A,X spectrum). In 
view of the stereospecificity of the five-bond 
coupling discussed above it is also likely that 4 is 
not energetically favored over 1 or 5. This likeli- 
hood is borne out by preliminary potential 
energy calculations8 based on modified Bucking- 

ham and/or van der Waals potential functions 
(22,23). Conformation 4 is very clearly indicated 
to be of highest energy (transition state) because 
of steric interactions between the eclipsed C-C1 
bonds. Relative to 1, conformation 3 has 0.7 of 
the potential energy of 4. Identification of 4 with 
the barrier of between 14 and 15 kcal/mole 
derived from the n.m.r. studies, rationalizes the 
absence of a detectable population of 3 at the 
temperatures involved in these studies and also 
justifies the use of a transmission coefficient of 
112 in our calculations of AG* (24). 

Evidence favoring 4 as the transition state also 
comes from the existence of the strongly de- 
stabilizing "parallel 1 :3 interactions" of C-Cl 
bonds in chlorinated propanes (25). The steric 

'We are grateful to Mr. Brian Barber for these calcu- 
lations. 

relationship of the eclipsed C-Cl bonds in 4 is 
very similar to  that in the relevant conformers in 
the chloropropanes. 

5) Solvent Eflects on the Barrier 
The activation parameters in the two nonpolar 

solvents are equal within "maximum" experi- 
mental error.g There appears to be no very good 
reason why AS* for internal rotation should be 
significantly different from zero (4). On that basis 
the parameters in C7D8 might be slightly pre- 
ferred. However, there exists evidence (20) for the 
presence of solute-solvent interactions amounting 
to about 1 kcal/mole in aromatic solvents and it 
is tempting to speculate that the somewhat 
larger EA and smaller AS* magnitudes in the 
C7D8 solution are caused by solvation effects. 
This temptation should be firmly resisted, in our 
opinion, even if our statistical errors were the 
correct ones. 

An attempt to study the effect of a polar 
solvent (26) like acetone on the activation param- 
eters was unsuccessful because solubility prob- 
lems prevented the measurement of the internal 
shift as a function of temperature. In carbon 
disulfide solution, the proton resonance of PCT 
is a very tightly coupled ABC spectrum at - 50 "C 
(and would be so at 220 MHz). The temperature 
dependence of this spectrum presents a challenge 
to  the analytical procedures recently developed 
by Binsch (27). We are attempting to fit calculated 
and experimental spectra by his methods. 

We thank Dr. C. J. Macdonald for help with the 
synthesis of PCT, Dr. A. Mannschreck for helpful 
correspondence, and the National Research Council of 
Canada for financial assistance. 
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Carcinogenicity of lactones. IV.' Alkylation of analogues of DNA 
guanine groups such as imidazole, N-methylimidazole, and guanosine 

by a, P-unsaturated acids2 

J. BRYAN JONES AND JOHN M.  YOUNG^ 
Lash Miller Chemical Laboratories, Department of Chemistry, University of Toronto, Toronto 181, Ontario 

Received October 30, 1969 

Studies on the reactions of carcinogenic y-lactones and related compounds with analogues of guanine 
DNA residues indicate that the lactones themselves will not effect permanent alkylation of the guanine 
N-7 position since the Michael addition reactions involved would be readily reversible. In contrast, the 
a,p-unsaturated acids resulting from hydrolysis of such lactones are effective guanine N-7 alkylating 
agents owing to zwitterionic stabilization of the corresponding Michael addition products. 

Canadian Journal of Chemistry, 48, 1566 (1970) 

Previous studies (1) have shown that, of a 
number of y-lactones which have been tested for 
carcinogenicity (2), a distinction of possible in 
vivo significance between active and inactive 
lactones can be made in that carcinogenic lactones 
such as 4-hydroxypent-2-enoic acid lactone (1) 
and 4-hydroxyhexa-2,4-dienoic acid lactone (2) 
behave as alkylatii~g agents whereas noncar- 
cinogenic lactones are acylating agents (1). 

0 C H F H  CH3 
1 

& 0 0 0  

2 3 

trans 
cH~(CH=CH)~COOH oG 

4 5 

It is now generally accepted (3, 4)4 that one of 
the properties of carcinogenic alkylating agents 
responsible for their cancer-inducing effects is 
their capacity to effect genetic mutation by 
alkylating selectively at the N-7 positions of 
guanine residues ofdeoxyribonucleic acid (DNA). 
Accordingly it became of interest to determine 
whether or not the reactions of the alkylating 
carcinogenic lactones and related compounds 
with DNA would follow the same pattern. 

Guanosine (6)  has been widely used as a model 
compound for the guanine residues of DNA 
(5-7) but, to our surprise, our attempts to effect 
reaction of the lactones 1 and 2 and of structurally 

related carcinogens such as.maleic anhydride (3) 
and sorbic acid (4) with guanosine under a wide 
variety of conditions5 were all unsuccessful. That 
the above failures to effect alkylation were not 
the result of a defective experimental technique 
was demonstrated by the successful repetition 
of the reaction, carried out earlier by Roberts 
and Warwick (5) of P-propiolactone (5) with 
guanosine; this gave, after hydrolytic work-up, 
the reported N-7-(2-carboxyethy1)guanine (8) in 
71 % yield (see Chart 1). Attempts to isolate the 
intermediate nucleoside 7 in a pure form were 
unsuccessful since it appeared from paper 
chromatographic analysis that some P-pro- 
piolactone modification of the ribose moiety had 
also occurred. 

From a detailed study of the above reaction 
and of the limits of detectability of compounds 
such as 7 and 8 by paper chromatographic 
analysis, the possibility that the reactions of 1 
and 2 with guanosine were producing significant 
amounts of the N-7 alkylated products was 
excluded. 

In view of the facility with which the carcino- 
genic lactones 1 and 2 had previously effected 
alkylation of various nucleophiles (1) their 
inability to modify guanosine was at first some- 
what disturbing. However, a consideration of the 
pathways and intermediates which would be 
involved in such a reaction provided a rationale 
for the ineffectiveness of the lactones as alkylating -- 

'For Paper I11 see ref. 1. agents of the guanine tertiary N-7 at;m. AS 
'Abstracted from ref. 20. Presented in part at the 52nd 

Canadian Chemical Conference, Montreal, June, 1969. 5These included heating in aqueous solution at several 
3Research Fellow of the National Cancer Institute hydrogen ion concentrations in the pH range 5-9 and in 

of Canada, 1966-1969. dimethylformamide at 150' for several hours. In all cases 
4A more complete discussion of the evidence is con- guanosine, or guanine in the case of a reaction carried 

tained in ref. 20. out at acid pH, was recovered almost quantitatively. 
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O CH2CH2COO- 
o Q o  H N ~ N ;  - H+ + A\ 2 

N H2 I 
~ i b o s e  Ribose 

I 
H 

6 7 8 

CHART 1 

Chart 2a indicates, the Michael reaction of 
lactones such as 1 (or 2) with a tertiary base would 

1 be expected to be unfavorable to product forma- 
tion when the equilibrium is considered in terms 
of the relative acidities and basicities of the 
starting compounds and products involved. On 

, the other hand, with other alkylating agents (5, 
6), including P-propiolactone as illustrated in 
Chart 26, formation of the product would be 

1 favored by its stabilization as a normal or 
I zwitterionic salt. Furthermore it was noted that 
' the zwitterionic product stabilization factors 

operating in the S,2 reaction of P-propiolactone 
wit11 tertiary amines would also obtain for the 
addition of such nucleophiles to cr,j3-unsaturated 
acids such as acrylic acid (9) (see Chart 2b) and 
that such stabilization might well be sufficient 
to ensure the accumulation of significant amounts 
of the Michael addition product. 

In view of the difficulties experienced with the 
guanosine reactions with respect to product 
purification, spectral interpretations etc., it was 
decided to test the validity of the above stabiliza- 
tion hypotheses with simpler model compounds 
containing the guanine N-7 type of function. 
Purine was considered first but was discarded 
since its reaction with P-propiolactone led to a 

I 

multiplicity of products. Fortunately however, 
I the even simpler guanine model compounds, 

imidazole (10a) and N-methylimidazole (lob), 
proved satisfactory and initially attention was 
concentrated on the reactions of these two 

compounds. Unfortunately, N-methylimidazole, 
which is the better model of the latter two since it 
has one nitrogen atom substituted in a manner 
analogous to N-9 of guanine nucleotides, 
effected polymerization of both j3-propiolactone 
and acrylic acid, and it was necessary to use the 
less satisfactory model imidazole in order to 
obtain any characterizable products. 

That the tertiary nitrogen atom of imidazole 
was in fact a suitable model for N-7 in guanosine 
was demonstrated by its facile reaction with one 
equivalent of P-propiolactone (5) in diethylether 
to give the products of mono- and bis-alkylation, 
11 (54%) and 12 (16%) respectively (Chart 3). 
When acetonitrile, in which 11 is soluble, was 
used as the solvent the yield of 12 was increased 
to 50 % and on addition of a second equivalent of 
P-propiolactone the yield of 12 became quanti- 
t a t i ~ e . ~  

The charged nature of the imidazolium ring of 
11 and 12 was confirmed by the downfield shift 
in the proton magnetic resonance (p.m.r.) spectra 
of both compounds of the vinylic protons of the 
imidazole rings (6 7.51, C-4 and C-5 H and 8.75 
p.p.m., C-2 H) relative to those of imidazole (6 
7.15 and 7.71 p.p.m.) and N-methylimidazole 
(6 7.23 and 7.77 p.p.m.) respectively. 

Extension of the model work to acrylic acid (9) 
(Chart 3) confirmed that zwitterionicstabilization 
- 

'Similar reactions of this lactone have been observed 
with pyridine (8), 2-aminopyridine (9), and trialkyl- 
amines (10). 
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cis 
HOOCCH=CHCOB 

of the Michael addition products of reactions of 
a,P-unsaturated acids as illustrated in Chart 26 
was important since the bis-adduct 12 was indeed 
formed when imidazole was treated with two 
equivalents of acrylic acid in methanolic or 
aqueous solution. Although the reaction pro- 
ceeded somewhat more slowly than with p-pro- 
piolactone, a good (54 %)yield of 12 was obtained 
after several hours reaction at steam bath tem- 
perature. 

This demonstration of the importance of 
zwitterionic stabilization in the Michael addition 
of the guanine N-7 type of nucleophile to a,P- 
unsaturated compounds raised the possibility 
that, since the carcinogenic lactones and related 
compounds did not react with DNA, their 
carcinogenic properties might obtain from their 
initial in vivo hydrolysis to a,p-unsaturated acids 
which could then effect alkylation of DNA at the 
guanine N-7 position. 

The discovery of the literature report that 
maleic acid (13, B = CH), the hydrolysis product 
of the carcinogenic maleic anhydride, reacted 
with pyridine in aqueous ethanol (1 1) to give the 
betaine 14a provided a further indication that 
such a rationale for the in vivo carcinogenic 
action was reasonable and the subsequent 
investigations were designed to evaluate the 
generality of such reactions and of the likelihood 
of their occurring in vivo. 

The reaction of N-methylimidazole with 
maleic acid proceeded smoothly in methanol 
solution to give 2-(N-methylimidazolium)suc- 
cinic acid betaine 146 in 65 % yield. In the p.m.r. 
spectrum of the compound the succinic acid 
protons appeared as an ABX system and the 
imidazolium vinylic protons again showed the 

downfield shifts to be expected if the ring was 
positively charged. 

3-Carbomethoxyacrylic acid (maleic acid 
moilomethyl ester; 13, B = OCH,) was evaluated 
next since this could be regarded as a model for 
the products of in vivo attack of maleic anhydride 
by any in vivo nucleophiles other than water. 
Again a ready reaction with N-methylimidazole 
was observed and the product 14c was isolated 
in 57% yield. The p.m.r. spectrum included the 
characteristic patterns noted above for 146. The 
assignment of structure 14c to the compound, 
rather than that of the isomeric product which 
would have resulted from Michael addition in 
the opposite sense, was made on the assumption 
that the carbomethoxy group would have a 
greater directing influence than carboxyl particu- 
larly since under the reaction conditions the 
latter would exist predominantly as the con- 
jugate base. However, the isomeric structure 
cannot be rejected entirely. 

In order to evaluate the influence of the stereo- 
chemistry of the double bond on such Michael 
additions the reaction of fumaric acid with 
N-methylimidazole in aqueous solution was 
examined. In contrast to the facile room tempera- 
ture addition observed with the cis isomer maleic 
acid, with fumaric acid the product 146 was 
formed much less readily and even after heating 
the reactants for several hours at temperatures 
in excess of lop, a yield of 18% only was 
obtained. Nevertheless, although the trans acid is 
clearly much less reactive, significant addition 
does occur.' 

'This estimate of the effect on this particular type of 
Michael reaction of the geometry of the ethylenic linkage 
was valuable since some subsequent reactions were car- 
ried out on the more conveniently prepared trans analo- 
gues of in vivo compounds in which the corresponding 
unsaturation would be cis. 
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/CH3 
of the base peak for 16c. This corresponds to 
ionized N-methylimidazole and its subsequent 

63 fragmentation pattern was common to all three 
N spectra. In addition the total mass spectrum of 

RCOCH=CHCOOH 
I 

RCOCH2CHCOO- each was compatible with thermal decomposition, 

15 16 
involving a reverse Michael reaction, into the 

a R = CH2CH3 a R = CH2CH3 respective reactants having occurred prior to 
b R = C H 3  b R = C H 3  i0nization.l 
c R = c ~ H .  c R = C ~ H ~  That Michael reactions with unsaturated acids 

w 2 u 2 

The compounds considered next were those 
related to the hydrolysis product, cis-4-oxohex-2- 
enoic acid (15a), of carcinogenic lactone 2.8 
trans-Acetylacrylic acid (15b), being readily 
prepared from levulinic acid, was selected as a 
suitable analogue of 15a but unfortunately its 
reaction with N-methylimidazole produced only 
intractable gums from which none of the desired 
compound 166 could be isolated. Accordingly 
trans-benzoylacrylic acid (1%) was substituted9 
and from the reaction with N-methylimidazole 
in methanol solution the expected zwitterionic 
product was obtained in 66 %yield. The structure 
was assigned as 16c, although again the isomeric 
formula could not be wholly excluded on the 
basis of the available data. The p.m.r. spectrum 
was as expected for 16c but unlike those of 14b 
and 14c the C-2 and C-3 protons appeared as an 
A2X pattern. 

Compounds 14b, 14c, and 16c were extremely 
hygroscopic and satisfactory elemental analyses 
could only be obtained for the succinic acid 
derivatives 14b and 14c.1° As a result of these 
difficulties the structural assignment of 16c rests 
primarily on the similarities of the infrared (i.r.) 
and p.m.r. spectra of the three compounds. 
Recourse was had to mass spectroscopy in an 
attempt to establish molecular weights for the 
three compounds but in no case was a molecular 
ion observed. However, the spectra (70 eV) of 
14b,14c, and 16c were strikingly similar showing 
base peaks at mle 82 for 146 and 14c and a 40 % 

'The acid derived from lactone 1 itself was not studied 
at this stage since it was felt that the reactions of acrylic 
acid were sufficiently representative of this type of func- 
tion. Furthermore analogues of the hydrolys~s product of 
the more potent carcinogen 2 were of more immediate 

I interest. 
gEase of preparation was again a factor in the choice 

1 of trans-benzoylacryl~c acid as an appropriate model. 
In addition, its M~chael reactions with, for example, 
cysteine (12) had been studied previously. Although it 
possesses considerable biolog~cal activity in its own rlght 

1 (13) it has not yet been evaluated as a carcinogen. 
I ''This compound formed a hydrate which was rela- 

tively stable. 

are not facile for all conjugated unsaturated acids 
was demonstrated by the total failure of the 
carcinogen sorbic acid (4), or of trans-but-2-enoic 
acid (crotonic acid), to react with N-methyl- 
imidazole even at tek~eratures  in excess of 150". 
In these cases, however, the lack of reaction may 
be ascribed to the trans-stereochemistry of the 
ethylenic linkages and also to the fact that the 
adverse electronic effects of the methyl vinyl and 
methyl groups respectively serve to increase the 
electron density at the P-carbon atom thereby 
making nucleophilic attack less facile than on 
acrylic acid itself. For acetyl- and benzoylacrylic 
acids the electron-withdrawing P-substituents 
facilitate Michael addition in the opposite 
direction. 

Although the above results with imidazole and 
N-methylimidazole provide a strong indication 
that the u,P-unsaturated acid hydrolysis products 
of the carcinogenic lactones are capable of 
alkylating guanine N-7 positions, the data are 
obviously not extrapolatable to nuclear DNA 
without many reservations. Accordingly the 
experiments were repeated using guanosine in 
aqueous solution as a closer model for the in vivo 
situation and the results obtained are summarized 
in Chart 4. 

The first reaction attempted was that with 
acrylic acid since it was expected that the products 
would be identical with those obtained with 
P-propiolactone and for which isolation and 
purification procedures had been established. 
Guanosine and acrylic acid were heated12 in 
aqueous solution at 80" for 3 h and after hydroly- 
tic work-up of the reaction mixture a 59 % yield13 
of N-7-(2-carboxyethy1)guanine (8) was obtained 
which was identical with the P-propiolactone 
product obtained previously. As in the previous 
imidazole studies the reaction of acrylic acid with 

"A detailed analysis of the mass spectral data and 
fragmentation pathways is given in ref. 20, p. 119-124. 

lZHeating was necessary in order to bring the guanosine 
into solution. 

13Based on reacted guanosine. 
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guanosine was much slower than for P-propio- 
lactone but nevertheless proceeded quite readily. 

Equally encouraging results were obtained 
when guanosine was reacted under similar 
aqueous conditions with the model of the hydro- 
lysis acid of lactone 2, acetylacrylic acid (15b), 
and a 29 % yield13 of the N-7 alkylated guanine 
18a was obtained following the hydrolytic work- 
up procedure. The material proved somewhat 
difficult to handle and no satisfactory elemental 
analyses were obtained. The structural assign- 
ment was made on the basis of the i.r. and p.m.r. 
spectra and of the relative ultraviolet (u.v.) 
absorptions in 1 N aqueous hydrochloric acid, 
1 N aqueous sodium hydroxide, and p H  7 phos- 
phate buffer solutions which were as required for 
an N-7 alkylated guanine (5, 6). 

The reaction of benzoylacrylic acid with 
guanosine was also investigated but a trace only 
of the desired product 18b was detectable.14 
Although the compounds 18 are undoubtedly 
produced via the intermediacy of compounds 17, 

14The much poorer yields obtained with acetyl- and 
benzoylacrylic acids compared with acrylic acid itself 
are probably largely due to the presence of the less 
favorable trans double bond geometry in 156 and c. 

no attempt was made to isolate the latter since 
such zwitterionic guanosine derivatives are 
known to be very susceptible to hydrolysis of the 
glycosidic linkage (6). 

Disappointingly, maleic acid appeared to be 
such an excellent catalyst for the hydrolysis of 
the guanosine glycoside link that no guanine N-7 
alkylation could be achieved prior to the for- 
mation of the insoluble hydrolysis product 
guanine.15 

Not unexpectedly, in view of the negative 
N-methylimidazole results, sorbic acid and 
crotonic acid failed to react with guanosine even 
under the forcing conditions of heating under 
reflux in N,N-dimethylformamide solution. 

Summary and Conclusions 
The total data suggest that for lactones 

analogous to 1 and 2, and for related compounds 
such as maleic anhydride, it may well be the 
unsaturated acids, or their derivatives, resulting 
from in vivo hydrolysis that are the proximate 
carcinogens. This suggestion is still in accord 
with the alkylating-acylating distinction (1) 
drawn between carcinogenic and non-carcino- 
genic lactones and on this basis a plausible, albeit 
at the present time speculative, rationale of their 
possible in vivo effects can be presented. 

Acylation damage by inactive lactones to 
protein and other cellular nucleophiles should 
be, in general, non-specific16 and thus no one 
site should be selectively or extensively attacked. 
Furthermore such acyl derivatives, and also the 
lactones themselves, are susceptible to hydro- 
lysis17 to give readily metabolizable ketoacids. 
In the cases ofthe alkylatingcarcinogenic lactones 
it is envisaged that they also will react initially 
with protein nucleophiles since our experience 
(I) is that such Michael additions should be more 
rapid than any other in vivo process.16 However, 
the reversible nature of these reactions will allow 
at  least some of the active lactone to proceed, 
under thermodynamic control, from one nucleo- 

"However, this evidence does not exclude the possi- 
bility of alkylation of DNA by maleic acid under in vivo 
conditions. Furthermore, attack by a cellular nucleophile 
other than water would give rise to compounds such as 
13 which are analogous to the oxoacrylic acids for which 
the reactions with guanosine were observed. 

'=Studies with other carcinogenic alkylating agents 
have given similar indications (5, 14). 

"A broad spectrum of proteolytic enzymes could 
assist in this hydrolytic repair process. 
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philic site to another and in this way it could 
eventually reach the nucleus of the cell. (Further 
nucleophilic attack at the carbonyl group of the 
Michael addition products is also a possibility). 
Hydrolysis at any stage during such migration 
would produce the corresponding a,p-unsatu- 
rated acid which if formed in the vicinity of the 
nuclear DNA would be capable of effecting its 
essentially irreversible alkylation. 

The somewhat circuitous route to DNA that 
the above hypothesis implies may account in part 
for the relatively low carcinogenic potencies and 
non-cumulative effects of many of the lactone 
group of compounds evaluated by Dickens et al. 
(2) since it provides ample opportunity for the 
compounds or their derivatives to enter the 
normal metabolic or detoxification pathways. 
Thus conjugated unsaturated acids, or their 
derivatives or precursors, are likely to be potent 
carcinogens only if their structures are such that 
metabolic degradation etc. does not provide for 
their adequate elimination from the cell prior to 
reaching the nucleus. Many further studies 
involving biological testing of selected com- 
pounds of this type are required and these are to 
be carried out. 

Sorbic Acid 
An important exception to the above rationale 

is sorbic acid which has been recorded (2) as a 
fairly potent carcinogen. Our current and pre- 
vious (1) inability to demonstrate any alkylating 
capacity for sorbic acid1' indicates strongly that 
it is not itself a carcinogen. Its acceptance as a 
food additive following thorough testing on dogs 
(16) is also interesting in this regard. Without 
further testing (which would now appear to be 
very desirable) it will not be possible to rationalize 
these conflicting data (2, 16). However, it appears 
very likely that upon oral administration sorbic 
acid is metabolized via the normal fatty acid 
pathway. On the other hand, when subcutane- 
ously injected, sorbic acid probably does not 
enter the normal metabolic pathways but remains 
in the region of application where it exerts its 
carcinogenic effect either because of its unsatu- 
rated acid nature or possibly as a result of its 
conversion to other carcinogenic compounds. 
This latter possibility deserves further investiga- 

lsUnder very forcing conditions (150" under pressure) 
sorbic acid does react with amines (15). 

tion since it has been shown (17) that sorbic acid 
can undergo autooxidation at the C-4,5 double 
bond, giving rise to 4-acylacrylic acids of a type 
expected to be carcinogenic on the basis of the 
data presented in this communication. 

Experimental 
The instruments and conditions used for spectral, 

m.p., etc. determinations are as listed previously (1). 
Paper chromatography was carried out on Whatman #1 
filter paper with 1-propanol-water (5:2) as the ascending 
developing solvent. A Mineralight UVS-11 lamp was 
used for the detection of fluorescent compounds on paper 
chromatograms. 

Compounds 
4-Hydroxypent-2-enoic acid lactone (1) and 4-hydroxy- 

hexa-2,4-dienoic acid lactone (2) were prepared as 
described previously (1). Maleic anhydride, maleic acid, 
fumaric acid, sorbic acid, P-propiolactone, acrylic acid, 
imidazole, and N-methylimidazole were obtained from 
Fisher or Aldrich and guanosine was purchased from 
Sigma. Where necessary the commercially supplied 
compounds were recrystallized or redistilled immediately 
prior to use. 3-Acetylacrylic acid, m.p. 124-126" (lit. (18) 
m.p. 125-126"), and 3-benzoylacrylic acid, m.p. 95-96" 
(lit. (19) m.p. 96-97'), were prepared according to the 
literature methods. 

Attempted Reactions of 4-Hydroxypent-2-enoic Acid 
Lactone (I) and 4-Hydroxyhexa-2,4-dienoic Acid 
Lactone (2) with Guanosine (6) 

Solutions of guanosine (1 mole equ.) and the lactones 
(1-5 mole equ.) in water or 50% aqueous N,N-dimethyl- 
formamide of different pH's in the range 5-9 (adjusted 
with aqueous hydrochloric acid or sodium hydroxide 
respectively) were kept for varying periods (2-24 h) at 
temperatures ranging from 25 to 100". In all cases 
unreacted guanosine or its hydrolysis product guanine 
were recovered to the extent of > 95 %. 

Reaction of P-Propiolactone with Guanosine 
A mixture of guanosine (0.4 g, 1.4 mmole) and P-pro- 

piolactone (0.5 g, 7 mmole) in water (4.5 ml) was warmed 
to 80' at which temperature complete solution took 
place. The solution was then rotary evaporated at 25" to 
give a colorless viscous oil. (No attempt was made to 
purify this material further since paper chromatographic 
analysis indicated the presence of five compounds, 
including guanosine (Rf 0.43; dark blue fluorescence) 
and 8 (Rf 0.5 (light blue fluorescence)). Hydrolysis with 
1 N hydrochloric acid (10 ml) at 100" for 1 h followed by 
neutralization with concentrated aqueous ammonium 
hydroxide, afforded a precipitate which was filtered, 
washed with water, and dried in vacuo over P,05. Paper 
chromatographic analysis of the solid obtained showed 
only a single spot (light blue fluorescence) of Rf 0.5 and 
recrystallization from 40% aqueous N,N-dimethylform- 
amide (70 ml) gave 7-(2-carboxyethyl) guanine, (0.23 g), 
m.p. > 290' (lit. (6) n1.p. > 290°), i.r. (NujoI) 1741 (sh), 
1725, 1695, and 1650 cm-'; p.m.r. (2 N NaOD) F 2.77 
(2H, t, J = 7 Hz, CH,COO-), 4.50 (2H, t, J = 7 Hz, 
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CH2CH2COO-), 5.00 (HOD) and 7.83 p.p.m. (lH, s, 
guanine C-8 H). 

Reaction of P-Propiolactone \vith Zmidazole 
(a) 61 Diethyl Ether 
0-Propiolactone (1.0 g, 13.9 mmole) was added drop- 

wise with stirring to iniidazole (1.0 g, 14.7 mrnole) in 
diethyl ether (40 ml) at 20'. Within 10 min a crystallizing 
oil began to separate and after keeping overnight the 
mixture was filtered. The solid obtained (1.71 g) was 
fractionally recrystallized from rnethanol~hloroform 
solution to give I-(2-carboxyethyl)irnidazole (11) as leafy 
plates (1.06 g) m.p. 152.5-153"; i.r. (Nujol) 3180, 2400, 
1900 and 1715 cm-I ; p.m.r. (D20) 6 2.81 (2H, t, J = 6.5 
Hz, CHZCHZCOO-), 4.50 (2H, t, J = 6.5 Hz, CH,CHZ- 
COO-), 4.89 (HOD), 7.50 (2H, broad s, NCH=CHN) 
and 8.75 p.p.m. (IH, broad s, N=CHN). 

Anal. Calcd. for CsH8N20Z: C, 51.25; H, 5.75; N, 
19.99. Found: C, 51.23; H, 5.92; N, 19.89. 

Also obtained was 1,3-bis (2'-carboxyetl~yl) imidazolium 
betaine (12) as fine needles (0.24 g) m.p. 203-204"; i.r. 
(Nujol) 3180,3100, 1710 and 1640 cm-' ; p.m.r. (D,O) 6 
2.90 (4H, t, J = 6.5 HZ, CHzCH,COO-), 4.49 (4H, t, 
J = 6.5 HZ), CHzCHzCOO-), 4.82 (HOD), 7.56 (2H, 
d, J = 1.5 Hz, NCH=CHN) and 8.85 p.p.m. (IH, broad 
s, N=CHN). 

Anal. Calcd. for C9HlZN204: C, 50.94; H 5.70; N, 
13.20. Found: C, 51.00; H, 5.80; N, 13.06. 

(b) In Acetonitrile 
When the above reaction was repeated in acetonitrile 

(50 ml), the bis-addition product 12 was obtained in 50% 
yield. When two equ of 0-propiolactone were used, the 
recrystallized yield of 12 was increased to 92%. 

The Reactiot~ of Acrylic Acid with Itnidazole 
Acrylic acid (4 g, 55 mmole) and imidazole (2.0 g, 29 

mmole) were dissolved in methanol (40 ml) and the solu- 
tion was slowly concentrated to 10 ml during 3 h by 
heating on a steam bath. Rotary evaporation of the con- 
centrate afforded a solid which on recrystallization from 
aqueous methanol gave 3.13 g of 1,3-bis(2-carboxyethy1)- 
imidazolium betaine (12) identical in all respects to that 
obtained previously from the P-propiolactone reaction. 

The Reaction of Maleic Acid rvith N-Methylimidazole 
Maleic acid (2.32 g, 20 mmole) was dissolved in a mix- 

ture of diethylether (50 ml) and methanol (10 ml) and 
N-methylimidazole (1.62 g, 20 mmole) was then added 
with stirring. An oil began to separate which became 
crystalline following removal of the solvent at 90". 
Recrystallization of the solid from 50% aqueous ethanol 
(40 ml) gave 2-N-(N'-t~1ethyli~71idazoli1itn)succi11ic acid 
betait~e (140) as needles, (2.53 g) m.p. 232-233" (decom- 
position); i.r. (Nujol) 3300-2400, 1700 (COOH) and 
1650-1550 cm-' (COO-); p.m.r. (2 N NaOD) 6 2.94 
(HA, d of d, JAB = 16.5 HZ, Jax = 10 HZ, CHxCHAHn- 
COOH), 3.18 (calcd.) (HB, d of d, JBA = 16.5 Hz, J B X  = 5 
HZ, CHxCHAHnCOOH), 3.92 (3H, S, CH3N), 4.70 
(HOD), 5.23 (Hx, d of d, JxA = 10 HZ, JxB = 5 HZ, 
CHXCHAHBCOOH), 7.52 (2H, AB q, NCH=CHN), 
and 8.84 p.p.m. (lH, broad s, N=CHN). 

Anal. Calcd. for C8H,oNZ04: C, 48.49; H,  5.09; N, 
14.14. Found: C, 48.33; H, 5.18; N, 14.04. 

The Reaction of Maleic Acid Monotnethyl Ester wit11 
N-Methylimidazole 

A solution of maleic anhydride (2.0 g, 20 rnmole) in 
methanol (50 ml) was refluxed for 10 min and N-methyl- 
imidazole (1.62 g, 20 mrnole) was then added. The 
solution was evaporated slowly on the steam bath during 
3 h and the resulting solid was recrystallized from 
chloroform-ethanol. 2 - N- (N' - Methylirnidazolium) - 3- 
carbometl~oxypropionic acid betaine (14c) separated as 
needles (2.42 g), m.p. 157-158" (decomposition); i.r. 
(Nujol) 3530, 3190, 3075, 1730 (COOCH,), and 1645- 
1600 crn-' (COO-); p a r .  (DzO), 6 3.35 (HAHB, 
approaching d, JAx = 8 Hz, JBX = 6 HZ, CHxCHAHB- 
COOCH,), 3.74 (3H, S, OCH,), 4.00 (3H, s, NCH,) 4.70 
(HOD), 5.37 (Hx, d of d, JxA = 8 HZ, JxB = ~ H z ,  NCHx- 
CHAHB), 7.60 (2H, m, NCH = CHN), and 8.96 p.p.m. 
(IH, broad s, N=CHN). 

Anal. Calcd. for 2 C9H12N204.1 HZO: C, 48.86; H, 
5.92; N, 12.66. Found: C, 48.73; H, 6.14; N, 12.84. 

The Reaction of 3-Benzoylacrylic Acid with 
N-Metl~ylimidazole 

A solution of N-methylimidazole (1.62 g, 20 mmole) 
and 3-benzoylacrylic acid (3.52 g, 20 rnmole) in methanol 
(50 ml) was kept at 50" for 1.5 h and was then rotary 
evaporated. The residue was recrystallized from chloro- 
form-methanol (10:1, 40 ml) and 2-N-(N'-metl1yl- 
ir~~idazolium)-4-oxo-4-pher1ylb~itanoic acid betait~e (16c) 
separated as a microcrystalline powder (3.40 g) n1.p. 
95-106"; i.r. (Nujol) 3450, 3375, 3260,3130, 3050 (sharp 
bands), 1685 (CO), and 1640-1625 cm-I (COO-); 
p.m.r.(Dz0)64.12(3H,s,NCH3),4.20(2H,d,J= 6Hz, 
CHCH2COPh), 5.00 (HOD), 5.72 (IH, t, J = ~ H z ,  
CHCH2COPh), 7.5-8.2 (5H, 2H, complex m, CsH5- 
NCH=CHN), and 9.20 p.p.m. (N=CHN). 

Reaction of Acrylic Acid with G~ianosine 
Guanosine (0.40 g, 1.4 mmole) and acrylic acid (0.53 

g, 7 mmole) were dissolved in water (6 ml) at 80". The 
temperature was maintained at this level for 1.5 h and 
the solution was then kept at room temperature over- 
night. The unreacted guanosine (0.17 g) was removed by 
filtration and the filtrate was diluted with an equal volume 
of 2 N aqueous hydrochloric acid and heated under 
reflux for 1 h. After cooling the solution and neutraliza- 
tion with concentrated aqueous ammonium hydroxide, 
7-(2-carboxyethy1)g~lanine (0.11 g) separated which was 
identical in all respects with the material obtained from 
the guanosine-P-propiolactone reaction. 

The Reaction of 3-Acetylacrylic Acid wit11 Guarlosit~e 
Guanosine (2.83 g, 10 mmole) in water (50 ml) was 

heated on a steam bath (90") until complete solution had 
occurred. 3-Acetylacrylic acid (1.78 g, 15 mniole) was 
then added and the mixture was maintained at a tem- 
perature of 90". The progress of the reaction was mon- 
itored by paper chromatographic analysis which indicated 
that several compounds were formed and that the 
optimum reaction time was 5 h. After this time the 
guanine (0.36 g) which had precipitated was filtered off 
from the hot solution and the filtrate was cooled and 
seeded with guanosine. After keeping overnight at O", 
the mixture was again filtered to give guanosine (0.86 g) 
and the colored filtrate was treated with charcoal and 
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TABLE 1 

Ultraviolet data for 7-(2'-acetyl-1 '-carboxyethyl) guanine 

Solvent Lax E hmln ~ 2 8 0 / ~ 2 6 0  

1 N HCI 251 7610 270 5760 230.5 0.68 

1 N NaOH 244 5050 
279 5820 257 

was then evaporated. The solid residue obtained was 
digested with ethanol (75 ml) under reflux and the 
ethanolic solution obtained was kept at 0' until precipi- 
tation of the product was complete (12 h). Filtration 
afforded 7-(2'-acetyl-l'-cnrboxyethyl)g~ta11i11e (0.36 g), 
m.p. > 200" (decomposition); i.r. (Nujol) 3500-2500 and 
1725-1550 cm-' (broad, diffuse bands); p.m.r. (2 N 
D2S04) 6 2.28 (3H, S, CH3CO), 3.52-3.78 (3H, AA'X d 
of d, JAx = 7.3 Hz, JAzx = 5 Hz, JAA, not observed, 
CH3COCHAHBCHxN-7), 5.16 (HOD), 5.97 (Hx, d of d, 
J X A  = 7.3 HZ, JxA, = 5 HZ, N-~CHXCH~HBCOCH~),  
and 8.60 p.p.m. (IH, s, guanine C-8H). The U.V. data are 
tabulated in Table 1. 
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Carcinogenicity of lactones. V.' The reactions of 4-hydroxypent-2-enoic acid 
lactone with a-toluenethiol, benzylamine, methylamine, imidazole, and guanidine2 

J. BRYAN JONES AND JILL N. BARKER 
Lash Miller Laboratories, Department of Chemistry, University of Toronto, Toronto 181, Ontario 

Received October 30. 1969 

The Michael additions of a-toluenethiol, methylamine, and benzylamine to 4-hydroxypent-2-enoic 
acid lactone have been confirmed to be facile. The analogous additions of imidazole and glycine amide 
are much less readily accomplished and no stable Michael addition product could be detected with 
guanidine as the base. In the p H  range 6-9, subsequent lactone ring opening reactions of the Michael 
addition products were observed only when methylamine (pK, 9.3) and benzylamine (pK, 10.6) were 
used as nucleophiles. 
Canadian Journal o f  Chemistry, 48. 1574 (1970) 

Introduction 
During previous investigations related to the 

carcinogenicity of lactones (1) it was noted that 
all the carcinogenic y-lactones studied chemically 
(1, 2), of which 1 may be regarded as representa- 
tive, had proven to be alkylating agents and it 
was concluded (I) that the most probable initial 
in vivo sites of alkylation would be the nucleo- 
philic functional groups of proteins. It was also 
noted that the products of such Michael addition 
reactions, for example 2a-f, still allowed the 
possibility of subsequent in vivo nucleophilic 
attack at the lactone carbonyl group to give 
products of the type 3a-d (eq. [I I). 

The amino acid residues which were considered 
to be the most readily alkylatable by the lactones 
were those containing the thiol (cysteine), 
imidazolium (histidine), and primary amino 
(N-terminal and lysine etc.) functions. As a 
preliminary step towards delineating the types 

'For Part IV see ref. I .  
2Abstracted from the M.Sc. thesis of J.N.B., University 

of Toronto, Toronto, Ontario, 1968. 

and selectivities of the ~ermutations and com- 
binations possible for such carcinogen-nucleo- 
phile reactions we have examined the reactions 
of lactone 1 with some s im~le  model com~ounds  
containing the above functional groups. Since a 
purely chemical survey only was intended at this 
stage little effort was made to duplicate physio- 
logical conditions except that whenever feasible 
reactions were carried out in aqueous solution 
within the pH range 6-9. 

Results and Discussion 
(a) Michael Addition Reactions 

Attention was first directed towards the reac- 
tion of lactone 1 with a-toluenethiol. Selection 
of the latter as a simple model for a cysteine thiol 
residue was dictated largely by its easy recog- 
nition in the proton magnetic resonance (p.m.r.) 
spectra of the expected products (3). However, its 
low solubility in the preferred solvent, water, 
required the reactions to be carried out in 
ethereal or alcoholic media. As expected, the 
Michael addition of a-toluenethiol to lactone 1 
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proceeded extremely smoothly in ether solution 
(containing triethylamine as catalyst) at room 
temperature to give 3-benzylthio-4-hydroxypen- 
tanoic acid lactone (2a) in 89 % yield. This result 
confirmed the earlier data (2) that reactions of 
carcinogenic &-lactones with cysteine-like thiol 
groups are facile. 

The reaction considered next, of the histidyl 
analogue imidazole with 1, proved more complex 
than in the above and related studies (3). On 
mixing lactone 1 with one equivalent of imidazole 
in aqueous solution at 20°, Michael addition to 
give 26 did occur but owing to the relatively 
lengthy reaction times required at room tempera- 
ture to ensure significant conversion of the 
starting compounds to products, several further 
and competitive reactions took place. The total 
situation, which was deduced mainly from 
periodic p.m.r. analyses, is summarized in 
Chart 1.  

The desired product 26 and the zwitterionic 
compound 4 were both isolable from the reaction 
mixture. The carboxylate 5 and levulinic acid (7) 
were not isolated but were identified in the mix- 
ture by comparison of the relevant p.m.r. peaks 
with those of authentic spectra. 

The complications encountered with imidazole 
can be largely attributed to its well documented 
assistance of ester and lactone hydrolysis and to 
its general base catalytic properties (4). Thus 

less favored thermodynamically, its greater 
susceptibility to nucleophilic attack (3) by water, 
either alone or assisted by imidazole, would 
ensure a steady accumulation of levulinic acid 
(7). Some representative p.m.r. data indicating 
the composition of the mixture as the reactions 
proceeded are recorded in Table 1. A further 
p.m.r. monitored study showed that treatment of 
either the Michael product 26 or the zwitterion 4 
with dilute hydrochloric acid afforded a 1 :1 
equilibrium mixture of both compounds together 
with a trace of levulinic acid. The use of more 
concentrated hydrochloric acid as a catalyst 
resulted only in the formation of increased 
amounts of levulinic acid. Dilute sodium hydrox- 
ide solution effected the conversion of both 2b 
and 4 into the imadazolium carboxylate 5. 

TABLE 1 

Yields of products of the reaction of irnidazole with 
4-hydroxypent-2-enoic acid lactone (1) as a 

function of time* 

Percentage present in 
reaction mixture$ 

8 (p.p.m.).f - 
Product of C-5 CH, 24 h 45 h 250 h 500 h 

the rate of of 2b be expected 'Reactions carried out at 20" in aqueous solution 1.5 A4 in each 

to be enhanced by the presence of imidazole sodium 3-(trimethylsilyl)propane sulfonate as the internal 
as also would the equilibration of 1 and its standard. 

$Calculated from the area of the C-5 CH3 peak in the 60 MH2p.m.r. 
isomeric lactone 6. Although the latter is much spectrum. 
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Owing to the difficulties encountered during 
the work-up procedures for compounds 2b and 4, 
the isolated yields were not as high as might have 
been expected from the concentrations known to 
be present in the reaction mixture (cf. Table 1). 
Furthermore, during the work-up process secon- 
dary reactions, including reverse Michael pro- 
cesses, occurred and in addition a certain amount 
of artefactual material, for which the chemical 
shifts of the imidazolium vinylic protons in the 
p.m.r. spectrum at 6 7.6 and 9.14 p.p.m. were 
considered indicative of the hydrolyzed bis- 
addition product 8, was always f ~ r m e d . ~  

The complexity of the reaction of 1 with 
imidazole under the conditions surveyed make it 
impossible to draw any conclusions pertinent to 
the in vivo situation. However, it is apparent that 
alkylation of histidine residues by carcinogenic 
y-lactones is a distinct possibility. 

Attention was next directed towards the 
reactions of the primary amino group. The facile 
Michael reactions of amines analogous to lysine 
side chains (pK, 9.4-10.6 (5)) such as benzylamine 
(pK, 9.3 (6)) and methylamine (pK, 10.6 (6)), 
with lactone 1 to give 2c and 2d respectively had 
been well documented previously (3) and no 
further work in this area was carried out. 

It is of interest to compare the ease with which 
the Michael addition product can be isolated 
from the primary amine reactions with the 
situation encountered with the secondary amine 
of markedly less basicity and nucleophilicity, 
imidazole. In the latter case the attainment of 
equilibrium in the Michael addition reaction 
appears to be relatively slow, thereby allowing 
significant isomerization of 1 to the P,y-unsatu- 
rated lactone 6 to occur. In  contrast to the 
apparently sluggish Michael addition capabilities 
of such secondary amines, their capacity for 
nucleophilic attack at the carbonyl group of 6, 
once the latter is formed, is much superior and 

3The formation of such a product would not be un- 
expected in view of the ease with which p-propiolactone 
and acrylic acid are known to form such bis-adducts on 
reaction with imidazole (1). 

accordingly the products of the latter reactions 
build up under conditions of kinetic control (7). 

It was noted that the above primary amines 
could not be regarded as good models for 
N-terminal amino groups (pK, 7.6-8.4 (5)). A 
more suitable model for the latter appeared to be 
glycine amide and accordingly a study of its 
reaction with 1 in aqueous solution was carried 
out. The reactions which occurred turned out to 
be similar to, but much less facile than, those 
encountered with imidazole as a nucleophile and 
in view of the very slow rate of formation of the 
Michael addition product 2e it may be concluded 
that extensive in vivo alkylation of N-terminal 
amino groups by 1 would be improbable. 

Of the remaining amino acid functions known 
to be readily susceptible to chemical modifica- 
tion (8) only the guanidinium (of arginine) group 
was considered further in this preliminary survey. 
It was included on the basis of the abundance of 
arginine residues in many histones although, in 
view of its quoted pK, range of 11.6-12.6 (5), 
it was not regarded as a serious in vivo lactone 
alkylation possibility. 

Guanidine (pK, 13.65 (6)) was taken as the 
simplest analogue. The reagents, guanidine 
hydrochloride and 1, were mixed in aqueous 
solution and in order to achieve reasonable 
rates of reaction it was found necessary to main- 
tain the p H  of the solution at values > 10. None 
of the hoped for Michael addition product 2f 
could be isolated from the reaction mixture and 
on the basis of a combination of p.m.r. and 
infrared (i.r.) analyses of the amide products it 
was concluded that the sequence of reactions 
indicated in Chart 2 was occurring with the 
initial step again being guanidine base-catalyzed 
isomerization of 1 to the p,y-unsaturated lactone 
6.  That the latter compound would in fact then 
react very rapidly with guanidine was established 
by mixing guanidine with 6 in either aqueous or 
methanolic solution. The product from the 
aqueous reaction showed an i.r. red carbonyl 
absorption at 1660 cm-' compatible with the 
amide structure 9 but, presumably as a result of 
its susceptibility to subsequent nucleophilic 
attack, it could not be purified. However, the 
structure assignment was corroborated by the 
observation that on treatment with aqueous 
hydrochloric acid, the product hydrolyzed very 
rapidly to give levulinic acid and guanidinium 
hydrochloride. Furthermore, on attempted prep- 
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aration of the same compound 9 under anhydrous 
methanolic conditions the expected products, 
methyl levulinate (10) and guanidinium hydro- 
chloride, were isolated. 

(b )  Szrbsequent Reactions of the Initially 
Formed Michael Products 

As outlined at the beginning of this communi- 
cation, in principle each of the Michael addition 
products obtained above is susceptible to further 
attack at the carbonyl group by each of the 
nucleophiles evaluated. However, of the com- 
plete permutation of possible reactant combina- 
tions of the Michael products 2a-d with all of the 
above model protein nucleophiles, very few ring 
opening reactions were observed. In fact at 20' 
in aqueous or aqueous methanolic solutions in 
the p H  range 6-9, the only compounds for which 
formation of compounds 3 could be satisfactorily4 
demonstrated were for the primary amine 
analogues of the E-amino group of lysine; the 
products 3a-d of reaction of 2a-d with benzyl- 
amine and methylamine were produced in 
50-80 % yields. 

Experimental 
The instruments used for spectral etc. determinations, 

were as listed previously (9). 

4Guanidine also reacted with compounds 3 and 
although spectral data indicated that attack at the car- 
bony1 group was occurring, this could not be fully sub- 
stantiated. 

Compout2ds 
4-Hydroxypent-2-enoic acid lactone (1) and 3-benzyl- 

amino-4-hydroxypentanoic acid lactone (2c) were pre- 
pared by the literature methods (3); all other materials 
used were purchased from Fisher or Aldrich. 

The Reaction of 4-Hydroxypetzt-2-etzoic Acid Lactone 
with a-Toluene Tliiol 

A solution of 4-hydroxypent-2-enoic acid lactone (2.0 
g, 20 mmole), a-toluene thiol (2.54 g, 20 rnmole), and 
triethylamine (2.06 g, 20 mmole) in diethyl ether was 
stirred for 1 h at  20". The solvent was then removed by 
rotary evaporation at 20" and the residual oil distilled 
to give 3-bet~zylthio-4-liydroxypenra,1oic acid lacrotre (2a) 
(4.0 g), b.p. 160-161" (0.7 mm); i.r. (CHCI,) 1780 cm-'; 
p.m.r. (CDCI,) 6 1.26 (3H, d, J = 6.5 Hz, CH,CH), 2.6 
(2H, m, CHCH,CO), 2.9 ( lH ,  m, CHCH(S)CH), 3.73 
(2H, s, SCH2C6H,), 4.3 ( lH,  m, CH,CH(O)CH), and 
7.30 p.p.m. (5H, s, C6H5). 

Anal. Calcd. for C12H1402S: C, 64.90; H,  6.30; S, 
14.40. Found: C, 65.29; H, 6.08; s, 14.53. 

The Reaction of 3-Benzylfl~io-4-hydroxypet~fanoic Acid 
Lactone wit11 Mefl~ylamitie and Betlzylamitze 

(a )  With Methylamine 
A solution of 3-benzylthio-4-hydroxypentanoic acid 

lactone (2.04 g, 9 mmole), aqueous methylamine (1 ml, 
9 mmole CH3NH2) in 85% aqueous methanol (14 ml) 
was stirred for 16 ha t  20" and was then rotary evaporated. 
The p.m.r. analysis indicated the presence of 80% of 
3-benzylthio-4-hyrlroxy-N-t~iefI1y~et1fat1oat~1ide (3a) at  this 
stage but all attempts, including distillation, to effect 
further purification resulted in a reverse Michael reaction. 
The spectral data obtained were: i.r. (CHCI,) 1668 
cm-';  p.m.r. (CDCI,) 6 1.21 (3H, d, J = 6.5 Hz, 
CH3CH), 2.47 (2H, m, CHCH,CO), 2.75 (3H, d, J = 4.5 
Hz, CONHCH,), 3.2 ( lH,  m, CH.CH(S)CH,), 3.42(1H, 
s, OH), 3.78 ( lH,  m, CH,CH(OH)CH), 3.80 (2H, s, 
SCH2C6H5), 6.2 ( lH ,  m, CONHCH,), and 7.3 p.p.m. 
(5H, s, C6H5). 

(b) Wit11 Benzylatnine 
3-Benzylthio-4-hydroxypentanoic acid lactone (0.51 g, 

2 mmole), benzylamine (0.25 g, 2 rnmole), and 85% 
aqueous methanol (3 ml) were stirred together for 24 h 
at 20' and the solution was then rotary evaporated. The 
residual solid was chromatographed on Florisil (75 g, 
column prepared in chloroform) and chloroform-acetone 
(I :I)  elution gave a fraction containing 3-ber1zyltlrio-4- 
l~ydroxy-N-bet~zylpenfat~oat~~icle (3b). Recrystallization 
from benzene-cyclohexane afforded 0.38 g of material 
n1.p. 76-77"; i.r. (CHCI,) 1668 cm-';  p.m.r. (CDC13) 6 
1.17 (3H, d, J = 6.5 Hz, CH,CH), 2.42 (2H, rn, CHCH2- 
CO), 3.05 (2H, rn, O H  and CHCH(S)CH,), 3.75 (2H, s, 
SCH2C6H5), 3.75 (IH, rn, CH,CH(OH)CH), 4.38 (2H, 
d, J = 6.0 Hz, CONHCH2C6H5), 6.1 (IH, m, 
CONHCH,), 7.22 (5H, s, SCH2C6H5), and 7.25 p.p.m. 
(5H, S, NHCH2CeHS). 

Anal. Calcd. for ClsH2,N02S: C, 69.30, H, 7.02; N, 
4.25; S, 9.72. Found: C, 69.38; H, 7.20; N, 4.29; S,9.72. 

The Reacfiotl of 4-Hydroxypent-2-etroic Acid Lactotze 
with Itnidazole 

(a) A solution of 4-hydroxypent-2-enoic acid lactone 
(1.44 g, 15 mmole) and imidazole (1 .O1 g, I5 n~mole) in 
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water (10 ml) was kept for 3 weeks at 20'. The precipitate 
(0.55 g) of  3-imidazolyl-4-hydroxypentanoic acid betaine 
(4) was collected and the aqueous filtrate concentrated 
by rotary evaporation at  20'. Trituration of the residue 
with chloroform-benzene afforded a further 0.47 g of the 
zwitterion 4. Recrystallization of a portion from water- 
acetone afforded a sample, m.p. 185°,5 i.r. (KBr) 1600 
cm-' (COO-); p.m.r. (DZO) 6 1.17 (3H, d, J = 6.5 Hz, 
CH3CH), 2.9 (2H, m, CHCHzCO), 4.15 (IH, m, CHCH- 
(N)CHz), 4.65 (IH, m, CH,CH(OH)CH), 7.54 (2H, m, 
NCH=CHN), and 8.88 p.p.m. ( lH ,  m, N=CHN). 

Anal. Calcd. for CsHIZN2O3: C, 52.16; H,  6.57; N, 
15.21. Found: C, 52.36; H, 6.68, N, 15.14. 

No further compounds could be isolated in a pure 
form from this reaction (see Discussion). 

(6) 4-Hydroxypent-2-enoic acid lactone (1.5 g, 15 
mmole) and imidazole (3.3 g, 45 mmole) were dissolved 
in water (15 ml) and the solution was stirred for 21 h at 
20". Water (10 ml) was then added and the aqueous 
solution was extracted with chloroform (4 x 25 ml). The 
dried (MgSO,) chloroform extracts were evaporated 
(20") and 2 N aqueous hydrochloric acid (10 ml) was 
added to the glassy product. Rotary evaporation at  20' 
afforded 3-itt~irlnzol)~l-4-/1ydroxypen~oic acid lactone 
11)~drochlorirle which on recrystallization from aqueous 
methanol gave needles (0.4 g), m.p. 162-164"; i.r. (KBr) 
1784 cm-I ;  p.m.r. (D20)  6 1.53 (3H, d, J = 6.5 Hz, 
CH3CH), 3.35 (2H, m, CHCH2CO), 5.12 (2H, m, 
CH3CHC(0)CH and CHCHO\J)CH2), 7.65 (2H, m, 
NCH=CHN), and 8.96 p.p.m. ( lH ,  m, N=CHN). 

Anal. Calcd. for C8HIIC1NZ02: C, 47.41; H,  5.47; C1, 
17.49; N, 13.82. Found: C, 47.48; H,  5.62; CI, 17.44; N, 
13.82. 

3-Itt7idazolyl-4-Hydroxypetztanoic Acid Lactone 
Hydrochloride from the Z~i t ter ion 4 

3-Irnidazolyl-4-hydroxypentanoic acid betaine (4, 0.38 
g, 2 mmole) was treated with 2 N aqueous hydrochloric 
acid a t  60' for 30 min and the solution was then rotary 
evaporated. Recrystallization of the residue from aqueous 
methanol gave the desired lactone hydrochloride m.p. 
162-164" which was identical in all respects with the 
product obtained above. 

Tile Reaction of 3-Zmidazolo-4-hydroxypentanoic Acid 
Lactot~e with Benzylatnine 

A solution of 3-imidazolo-4-hydroxypentanoic acid 
lactone hydrochloride (0.17 g, 9 mmole) and benzylamine 
(0.25 g, 27 mmole) in water (5 ml) was stirred for 3 h at 
20" and was then filtered. (The filtrate was evaporated 
and the solid obtained recrystallized from acetone - 
petroleum ether (b.p. 40-60") to give benzylamine hydro- 
chloride (0.11 g, 8 mmole) m.p. 245-248"). The residue 
was recrystallized from aqueous acetone to yield 3-imid- 
azolyl-4-hydroxy-N-benzylpentatioamide (3c) (0.17 g), 
m.p. 156-158"; i.r. (KBr) 1635 cm-'; p.m.r. (D20)  6 
1.18 (3H, d, J = 6.5 Hz, CH3CH), 2.88 (2H, m, CHCHZ- 
CO), 4.22 (2H, s, NDCHzC6H5), 4.25 (IH, m, CHCH- 
CH2), 5.1 5 (IH, m, CH3CHCH), 7.50 (2H, m, 

5At this temperature a change of crystalline form 
occurred which was followed by sublimation at  200'. 

NCH=CHN), 7.51 (5H, s, C6H5), and 8.67 p.p.m. (IH, 
m, N=CHN). 

Anal. Calcd. for Cl,Hl,N30z: C, 65.91 ; H, 7.01; N, 
15.37. Found: C, 65.82; H, 7.20; N, 15.37. 

Reactiotz of 4-Hydroxypent-3-etloic Acid Lactone (6) 
with Guanidine 

(a) It1 Aq~reous Solution 
To a solution of 4-hydroxypent-3-enoic acid lactone 

(1.74 g, 18 mmole) and guanidine hydrochloride (1.65 g, 
18 mmole) in water (3 ml) was added 1 Naqueous sodium 
hydroxide solution (18 ml, 18 mmole). Spectroscopic 
analysis after 15 min at 20' indicated that complete 
reaction had occurred to give mainly N-guanidyl-4-0~0- 
pentanoan~ide (8)6 [i.r. 1660 cm-I, p.m.r. (H20),  6 2.20 
(3H, s, CH3CO), 2.41 (2H, m, CH,COCHzCHzCO), and 
2.74 p.p.m. (2H, m, CH3COCHzCHzCO)]. The mixture 
was concentrated at 20°, ethanol (10 ml) added, and the 
precipitated sodium chloride filtered off. Aqueous hydro- 
chloric acid 2N (10 ml) was added to the filtrate and the 
solution was again rotary evaporated and the residue 
was extracted with acetone. The remaining solid (0.86 g) 
m.p. 184-186" was identified as guanidine hydrochloride 
and the acetone solution, after evaporation and distilla- 
tion, gave levulinic acid (7) (0.89 g), b.p. 84-86" (0.12 
mm) which was identical with an  authentic sample. 

(b) In Methanol Solution 
When the above reaction was carried out in anhydrous 

methanol (5 ml) solution6 containing sodium methoxide 
(19 mmole, from sodium 0.45 g), the products isolated 
were guanidine hydrochloride (0.51 g), m.p. 184186" 
and methyl levulinate (10, 0.72 g), b.p. 44-45" (15 mm) 
identical with an  authentic sample. 
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Heats of mixing in the system acetone - acetic anhydride - carbon disulfide, 
and the corresponding binary systems, at room temperature 
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A simple calorimeter has been devised by means of which the heats of mixing (molar excess heats) of 
the following systems have been determined at 22 "C: acetone - acetic anhydride; acetone - carbon 
disulfide; acetic anhydride-carbon disulfide; and a pseudo-binary section of the ternary system 
acetone - acetic anhydride -carbon disulfide. From these data the partial molar excess heats have been 
obtained. All systems are very non-ideal except the system acetone - acetic anhydride, which is almost 
ideal. 

For the partially miscible system acetic anhydride - carbon disulfide, the excess thermodynamic quan- 
tities of mixing, GE, HE, and TSE, have been calculated, 

Canadian Journal o f  Chemistry, 48, 1579 (1970) 

Introduction 
In a previous paper (I), we have dealt with 

various physical properties of the system ace- 
tone - acetic anhydride - carbon disulfide at  
25 "C, and we now report on the heats of mixing. 

I In our previous paper, we reported that the large 
i values of excess volume of mixing, V E ,  and excess 

molar polarizations led us to conclude that the 
1 system acetone - carbon disulfide was very non- 

ideal and might beexpected to exhibit a miscibility I gap, an expectation which was realized at  -73'. 
The system acetone - acetic anhydride is almost 
ideal, and exhibits small negative V E  values. The 

I system acetic anhydride - carbon disulfide ex- 
hibits a solubility gap at  25", as does the ternary 
system acetone - acetic anhydride - carbon di- 

I sulfide; these systems are therefore very non-ideal 
and exhibit large, positive V E  values. In con- 
formity with this, one would expect, and indeed 

1 it is thermodynamically necessary, that the sys- 
tem acetone - acetic anhydride would exhibit 
small negative heats of mixing and all the other 
systems, large positive heats of mixing. In order 
to deal with the ternary system, we coilsidered it 
as a pseudo-binary system and we always used 
solutions lying on a straight line parallel t o  the 
tie-lines in the heterogeneous area (cf. ref. 1). As, 
however, the temperature during an experiment 
sometimes fell as much as 5" in the calorimeter, 
as a result of the large positive heats of mixing, 
and because the miscibility gap widens rapidly 

1 

with fall of temperature, it was impossible for us 
to work along the straight line touching, or  

1 almost touching, the gap at  the plait point. In  
I 
I 'Revision received January 19, 1970. 

other words, the fall of temperature caused the 
mixture in the calorimeter to become hetero- 
geneous. We were therefore obliged to study a 
pseudo-binary system containing much more 
acetone than in our previous work (I). 

Experimental 
The sources and purification of our materials are de- 

scribed in a previous communication (1). 
Our previous work (2) was done with a somewhat 

crude calorimeters that did not entirely prevent evapora- 
tion. We have therefore designed a new, but still very 
simple, calorimeter which obviates the error due to 
evaporation. This calorimeter is not to be compared 
with those of Watts, Clarke, and Glew (3) or of Bennett 
and Benson (4). The advantages of our calorimeter are 
its extreme simplicity and cheapness of constr~~ction. 
Figure 1 shows the construction of the calorimeter, 
which is in two parts, with a ground-glass joint at e .  
The right-hand compartment A contains a magnetic 
stirrer, heating coil, and tubulure for the insertion of 
a thermistor. One of the pure liquids is forced into 
the right-hand chamber, previously weighed, and the 
apparatus weighed again. The second liquid is placed 
in the left-hand chamber, B, which is fitted only with a 
thermistor well. The capacities of both chambers are 
about 200 ~ 1 1 1 ~ .  The two chambers are then connected by 
the ground-glass joint e. The air trapped in e is then 
removed by opening cocks k and g, keeping cock 11 
closed, and applying suction at k. Bat) chambers are 
then placed in a 3-1 Dewar flask, packed with cotton wool 
and left overnight. The amount of the second liquid in 
the mixture is obtained at the end of the experiment by 
weighing chamber A .  

Because of the practical i~~lpossibility of obtaining 
completely matched thermistors, we use only one ther- 
mistor, which is transferred from one to the other 
chamber, to determine whether identity of t e ~ ~ ~ p e r a t u r e  
has been attained. Our thermistor had a sensitivity such 
that one small division of the chart paper of a Brown- 
Minneapolis recorder corresponded to 0.01'. 'he range 
of the recorder was 10 mV and the chart paper was 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. I .  Construction of the mixing calorimeter: a, thermistor wells; b, magnetic circulator; o, resistance coil; 
d, overflow trap; e, ground-glass joints to allow filling from bottom;f, cotton wool and 3-1 Dewar. 

graduated in 300 divisions; in other words, 1 division 
corresponded to 0.033 mV. It is unlikely that complete 
temperature identity will be obtained, but it is allowable 
to apply a small correction, knowing the difference in 
temperature of the two chambers (which should not 
exceed 0.05 "C), the specific heat, and the weight of 
liquid involved. 

Some of the liquid in B is forced into A by air pressure 
until it is completely full. In the short time (10 s) required 
for this operation, no evaporation of the entering liquid 
can occur. The water equivalent of mixture and calorim- 

detectable, and should be practically the same in the 
mixing and in the determination of water equivalent. It is 
true that the error appears in a ratio 

AH/CEf = (AT, + dTl)/(ATZ + dT2) 

but dT  is neglible in comparison with AT. The tempera- 
ture of measurement was that of the room (air-condi- 
tioned), which is fairly constant at  about 22 "C. 

Results and Discussion 
eter was determined electrically, in the usual way. The our direct experimental results are to be found 
temperature was returned to approxinlately its original 
value by electrical heating. The source of electrical energy in  the Depository Data.2 The 
was a 12-V storage batterv. current was determined as heats of mixing can be represe~lted by the Redlich ... . , - 
the drop in potential over a standard resistance, and the and Kister equation (9, viz. 
potential drop over the heating coil potentionietrically. A 
standard 2-to-1 shunt was used to reduce the values to H~ = X1 X2[A + B(X1 - X2) 
the potentiometer range. The radiation correction was 
made graphically by the usual method. The small ex- + C(X, - x 2 ) 2  + . . . ]  
pansion chamber d allows for expansion during the 
electrical heating; alternatively, a small bubble of vapor- 
saturated air can be left below the (closed) cock. 

To test our apparatus, we repeatedly determined the 
heat of mixing of carbon tetrachloride - benzene. The 
variation fro111 the literature value amounted 1 3  J in 
100 J, for mixtures around 0.5 mole fraction. In some of 
the mixtures dealt with in this paper, the heat of mixing 
amounted to 1500 J, and here the experimental error is 
very slight, but with the system acetone - acetic an- 
hydride, where the maximum value of the heat of mixing 
amounts to -25 J, the error is proportionately greater. In 
separate (blank) experiments, we investigated the heat 
developed by the action of the stirrer. This is barely 

where X, equals the mole fraction of the com- 
ponent first named. The constants for the above 
equation were determined from our data, using a 
least-squares fit, on the computer. The program 
was essentially that of Myers and Scott (6). The 
constants, together with the o values (devia?ions 
of the constants), are given in Table 1. While the 
accuracy of the experimental work permits the 

ZPhotocopies may be obtained free of charge, upon 
request, from Depository of Unpublished Data, National 
Research Council of Canada, Ottawa, Canada. 
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CAMPBELL ET AL.: HEATS OF MIXING 1581 

TABLE 1 

Calculated constants, A, B, and C, of the Redlich and Kister equation and t h e ~ r  deviations, o 
-- -- - - - - . -  - - - - - -- 

- -- - -- 

A B C 
Subscript 1 

System stands for Value o Value o Value cr 

1. Acetone - acetic anhydride Acetone 

2. Carbon disulfide - acetic anhydride Carbon 
disulfide 

3. Acetone - carbon disulfide Acetone 

4. Pseudo-binary Carbon 
A 34.15 mole % acetone, d~sulfide 

65.85 mole % acetic anhydride in absence 
(HE = -22 J/mole) of acetone 

B 4.95 mole % acetone, 
95.05 mole % carbon disulfide 
(HE = 260 J/mole) 

- - -- - -- - 

use of three constants for the systems acetic 
anhydride - carbon disulfide and acetone - car- 
bon disulfide, the system acetone - acetic an- 
hydride, where the heat of mixing is very small, 
allows only one. In calculating the results for the 
pseudo-binary system, the heats of mixing of the 

Mole Fraction Acetone 
FIG. 2. Molar heat of mixing (Jlmole). (a )  Acetone - 

carbon disulfide. (6)  Acetone - acetic anhydride (AH = 
negative). 

pseudo-binary components (A and B) were added 
algebraically to  the experimental effect. Figures 
2, 3, and 4 show the plots of the Redlich and 
Kister equation, as continuous curves, together 
with the individual experimental values. 

Mole Fraction CS, 

FIG. 3. Molar heat of mixing (J/niole), carbon di- 
sulfide - acetic anhydride. 
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Mole Froction Acetone 

FIG. 5. Partial molar heat of mixing (Jlmole), acetone 
- carbon disulfide. 

results. A quantitative relation between these 
quantities cannot, however, be expected, since 
these liquid pairs are far from normal. The large 
positive HEvalue for the system acetic anhydride - 
carbon disulfide is to be expected, since this 
system is known to show a miscibility gap at 
25 "C, and this large positive value of HE persists 
even in the presence of rather large amounts of 
acetone (pseudo-binary system). We were not 

Mole Fraction CS2 in Absence of Acetone surprised to find a large positive HE for the 
system acetone -carbon disulfide, since we had FIG. 4. Molar heat of mixing (Jlmole), pseudo- 

binary system (A + B). previously found (1) a large excess molar polariza- 
tion for this system and an extensive miscibility 
gap at  - 73 "C. 

Using the Redlich and Kister constants, the We have utilized the data of this paper on heats 
partial molar excess heats can be calculated from of mixing, together with that of a previous paper 
the equations on the compositions of congruent solutions (8) 
B," (1 - XJ2[A + B(4X1 - 1) to calculate GE and TSE for the system acetic 

+ C(2X1 - l)(6X1 - 1) 
80 + D(2X1 - 1 ) 2 ( 8 ~ 1  - l ) ]  

and 70 1 

R2" X12[A + B(4X1 - 3) + C(2X1 - 1) 

x (6X1 - 5) + D(2Xl - 1)2(8X1 - 7)] B 50- - 
The results are expressed graphically in Figs. 5,6, P ! 40- 

7, and 8. L 7 0 - - 
30- All heats of mixing are strongly positive, except 2 

those of the system acetone - acetic anhydride, ;. 20- 

which are very sligl~tly negative. The results of 2 
our previous study (1) show that acetone - acetic 
anhydride is an almost ideal system. The treat- 
ment of Hildebrand and Scott (7), shows that a Mole Froction Acetone 

positive A V  must be associated with a positive FIG. Partial molar heat of - 

AH and conversely, and this is borne out by our acetic anhydride. 
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C A M P B E L L  ET AL.: HEATS OF M I X I N G  1583 
BOO0 

X 
.- 
a 
, 5000- 
0- / 

/ - 0 
E 4000- 

/ 
1.. /' 
L 7 0- / 

/ ' 
- // 
.P - 2000- 
L 

B ' \ L -3 

'1. 
u - 3000- --. -- . 

0;o o i o  0;o 0 . b  0 2  1.00 - 
.- " 2000- Mole Froction Carbon Disulfide + 

FIG. 7. Partial molar heat of mixing, carbon disulfide 
- acetic anhydride. 

anhydride - carbon disulfide. To calculate GE, 
we have used three methods (all to the third 
order) due to van Laar (9), to Margules (lo), and Mole Fraction CS, in Absence of Acetone 

to Scatchard and Hamer (11). The equations are FIG. 8. Partial molar heat of mixing, pseudo-binary 
system (A + B). 

van Laar 

G E  = 2 . 3 0 3 ~ ~  [XI + X ,  (!!)I lCl(l - on the calculated quantity, in this case GL, is not 
great. The formulae for A and B bzcome inac- 

where curate in the neighborhood of the critical region 
1 kl  = 

and, since the critical temperature for this system 
is 29.7 "C, it may well be that our values of GE,  
and therefore of TSE,  have only qualitative 
significance. 

Margules We have calculated the values of H~ from the 
GE = 2.303RTX1X2[BXl + AX2] Redlich and Kister equation ( 9 ,  using the con- 

stants given in our previous paper (1). Both the 
Scatchnrd and Hamer GE and H E  calculations have been made for mole 

fractions x, of 0.1, 0.2, . . . , 0.9, 0.95. Knowing 
GE and HE, TSE follows at once. These results are 
reproduced in Table 2, and shown graphically in 
Fig. 9. For the purposes of the derived quantities 
and the graph, we have used the results according 

All the above equations can be derived from 
Wohl's equation (12). We have calculated the A ,,,. 
and B constants, using our data for congruent 
compositions, from equations due to the above 3w- 

authors and reproduced in ref. 13; these equa- 
tions are too long and cumbrous to reproduce 
here. The symbols have their usual significance, 

-_+---*--- z, and z, being the volume fractions. In the cal- 
culation of the values of A and B, we used our 
data for 25.3 "C. Our data for 26.4 "C give ,AD,, Frosl,.n h..l,c Anhydi ,d .  

different for A and B, as FIG. 9. Thermodynamic quantities calculated for 
pointed out by Hala et al. (ref. 13, p. 96), the effect mole fraction X, = 0.1, 0.2, . . . ,0.9, 0.95, at  25.3 "c. 
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TABLE 2 

Thermodynamic functions of the system acetic anhydride - carbon disulfide, at 25.3 "C 
-- - 

- - - - -. 

GE, cal, derived from equation of 
Mole 

fraction Scatchard 
acetic van Laar Margules and Hamer 

anhydride (9)' -(lO).i (1 I)$ HE, cal TSe, cals 

* / I  = 1.207, B = 0.649. 
t.1 = 1.093, B = 0.341. 
2.1 - 1.129, B , =  0.927. 
$Calculated u s ~ n g  value of GC derived from Scatchard and Hamer equation. 

to Scatchard and Hamer. Had we used the GE 
values from the equations of van Laar or of 
Margules, the TSE results would not have been 
greatly different (Table 2). These equations differ 
only in the approximations they make. According 
to these results, the maximum value of GE lies at  
xl = 0.5. For HE, we find a flat maximum lying 
between x ,  = 0.4 and x ,  = 0.5. The maximum 
in the TSE curve is displaced to the left ofx ,  = 0.5 
and lies at  x = 0.3. T S ~  is positive throughout. 

If one considers Scatchard's formula for the 
excess free energy of mixing, viz. 

it is obvious that, since GE is positive, y, and y, 
must be greater than unity; in other words, the 
observed partial vapor pressures must be greater 
than those calculated by Raoult's law, and this 
is demonstrably true. 
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A structural model for magnesium chloride-containing melts 

Department of Metallurgy atrd Materids Sciet~ce, University of Toronto, Toronto 181, Ontario 

Received October 23, 1969 

A structural model for MgC12-containing melts has been developed, based upon the assumption of 
MgCI,,- complex anions. For the five MgCI, -alkali chloride and for the MgCI2-AgCI systems, the 
model gives quantitative, o r  nearly quantitative, agreement to the experimental enthalpies of mixing 
in all six systems; to the partial entropies of mixing of alkali chloride in the four systems for which data 
are available; and to both sides of the phase diagrams in the three systems for which data are available. 
This is accomplished with the use of only one adjustable parameter for each system, and one other 
adjustable parameter for all the systems taken together. The same model also quantitatively accounts 
for the enthalpies of mixing in the five NiCI, -alkali chloride systems. 

Canadian Journal of Chemistry, 48. 1585 (1970) 

Introduction 
There has recently been much interest in the 

concept of complex ions in molten salts. The 
MgCI, - alkali chloride systems have received 
much attention as prototypes of complex-forming 
systems. 

Flood and Urnes (1) obtained good fits to the 
liquidus lines on the alkali chloride-rich sides of 
the MgC12-NaC1, MgC12-KCI, and MgC1,- 
RbCl systems by assuming that these melts 
were ideal Temkin solutions of the four ionic 

I 
species: Mg2+, Alk', C1-, and the tetrahedral 
complex anions MgCI,,-. Kleppa and McCarty 
(2) measured the enthalpies of mixing in all the 

1 MgCI, - alkali chloride systems, and in all but 
the LiCl case they found a very marked dip in 

I 
the "interaction parameter", AHIX(1 - X), a t  
XMgCl, = 113, which is the concentration corre- 
sponding to the formula Alk2+MgC12-. This 
was taken to indicate that there is a stabilization 
of these melts due to the formation of MgC142- 
complexes. In a more recent publication (3) on 
the NiCl, - alkali chloride systems which exhibit 
the same behavior, Papatheodorou and Kleppa 
semi-quantitatively explain the dip at XMgc12 = 
113 on the basis of the existence of these com- 
plexes. 

Recent electromotive force (e.m.f.) data of 
0stvold (4) show that there is a most unusual 
behavior of the partial entropies of mixing in the 
MgC1, - alakali chloride systems at  XMgC,, = 

, 113. This also suggests the possibility of a 
I stabilization of the melts due to the formation of 

MgC12- complexes. The very low ionic mobility 

'Present address: Department of Metallurgy. McGill 
Univers~ty, Montreal, Quebec. 

of magnesium in the MgC1,-KC1 system (5), 
can be taken to suggest the existence of com- 
plexes. Also, positive excess molar volumes of 
mixing peaking a t  about XMgc,, = 113 have been 
observed (6) in the MgC1,-KC1 system, and this 
is also consistent with the assumption of large 
tetrahedral complexes. 

As the alkali cation is changed up the periodic 
table from Cs' to Li' in these systems, the 
tendency in all the experimental data (enthalpy, 
entropy, phase diagrams) is for the stabilization 
effect a t  XMgcl, = 1 /3 to become less pronounced, 
and for ideality to be approached. This has been 
explained qualitatively by all authors (1-4, 7) as 
being indicative of the progressive dissociation 
of the MgC142- complexes as the field strength 
of the alkali cation increases. This effect was not 
quantitatively taken into account, however, by 
Flood and Urnes (I), o r  by Papatheodorou and 
Kleppa (3) who assumed complete complexing. 
Neil et al. (7) wrote an  equilibrium constant for 
the dissociation reaction 

They estimated equilibrium constants from their 
partial free energy data in the MgC1,-NaC1 and 
MgC1,-KC1 systems, and then proceeded to 
calculate partial free energies for MgC1, over 
the entire composition range by assuming an 
ideal Temkin model for the entropy, and by 
ignoring the enthalpy of mixing. In a qualitative 
way, the data could be fitted in this manner, but 
in view of the large enthalpies measured by 
Kleppa and McCarty (2), the value O F  the treat- 
ment is now questionable. 

In  the present study, a structural model for 
these melts will be developed, based upon the 
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TABLE 1 

Amounts of ionic species present in magnesium chloride - alkali chloride melts, 
based on the "discrete con~plex anion" model* 

Ion Moles of ion per mole solution Cationic o r  anionic fracrion, N 
- - - - --- - . ppp 

- - 
*Where A represents Cs, Rb, K, Na, Li, or Ag; X is mole fraction. 

assumption of tetrahedral complex formation. 
This model gives quantitative, or  nearly quan- 
titative, agreement with all the experimental data. 
Furthermore, only one adjustable parameter for 
each system, and one other adjustable parameter 
for all the systems taken together, are required. 

Discrete Complex Anion Model 

Partial complexing to form MgCI4,- complex 
anioiis is assumed. The concept of "complex 
formation" as ~ ~ s e d  here is taken to mean that 
at  any time a certain fraction of the magnesium 
present forins strong bonds to a fixed number of 
chlorines to form a ''complex anion" which may 
b e  considered to be a statistical entity. The 
reniaiilder of the magnesium is not preferentially 
bondcd to anv fixed number of chlorines. and 
for the purpose of statistical calculations exists 
as independent ~ g , '  cations. 

This situation is taken to hold true at all con- 
centrations LIP to and including pure MgCI?. 
Some of the magnesium in the pure molten salt 
exists as inde~endent  cations. and some is 
bonded prefere;~tially to fo~ l r  cl~lorines to form 
complex M g ~ 1 , ~ -  anions. 

Let H,,,,~ and n,,, be the n ~ ~ m b e r  of nloles of 
MgCI, and ACI (where A = Cs, Rb, K,  Na, 
Li, or Ag) present in solution. Let X,,,,, and 
X,,, be the corre~pondiny mole fractions. That 
is 

121 
X ~ g ~ 1 2  = n ~ g ~ 1 2 / ( n ~ p ~ 1 2  + nACI) 

X ~ ~ l  = l l ~ ~ l / ( l l ~ g ~ I 1  + nA~I) 
Let a12 be the fraction of magnesium which is 

present in the ~ g C 1 , ~ -  complexes, and (1 - 
4 2 )  the fraction which is present as independent 
Mg2+ cations. I n  Table 1 are listed the four ionic 
species present, and the number of moles of each 
in one mole of solution. 

Let E X +  and E X -  be the number of moles of 
cations and of anions, respectively, in one mole 
of solution. That is 

131 E X +  = 1 - aXMgcl,/2 

[41 C X -  = 1 + X M , ~ , ,  - ~ ~ X M , C I ~ / ~  
The cationic or  anionic fractions (N,,,,, NA+,  
NM,cl,,2-, Ncl-) of the four ionic species are also 
listed 111 Table I .  

The maximum possible value of a ,  a,,:,,, may 
be calc~~lated as follows: for X,,gcl, < 1/3, 
a,,,, = 2. That is, a ,,:,, is the value of a for which 
all the magnesium is complexed. For  Xb,,cl, 2 
113, a,,, is the value of a at which all the chlorine 
is complexed, and may be found by setting 
Ncl- = 0. T ~ L I S  

[ 5  I 
a,,,, = 2 [X~gc , ,  < 1/31 

a m a x  = + XMg~1~)/2X~g~1z 
[XM,CI, 2 1/31 

In pure MgCl,, for instance, a,,;,, = 1. 
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PELTON AND THOMPSON: A STRUCTURAL MODEL 1587 

Randonz Mixing Approximation to work much better for charge-asymmetric 
As a first approximation, random mixing was molten salt systems than other models such as 

assumed. The Temkin (8) model is used, in "vacancy" models and "equivalent fraction" 
which the Mg2+ and A+  cations are randomly models. The configurational entropy of one 
arranged over CX, cation "sites", and the C1- mole of solution (which contains C X +  moles of 
and MgC142- anions are randomly distributed positive ions and CX-  moles of negative ions) 
over the CX-  anion "sites". As discussed by is then given by 
Furland (9), the Temkin model has been found 

where the subscript r on S, refers to the fact that this is for the random mixing approximation. 
Equation [6] may be expanded as follows 

If a0 is the value of a in pure MgCl,, then the molar configurational entropy, S~,,,,, of pure 
MgCl, is given by setting X,,,,, = 1 in eq. 171, with the result that 

For pure ACI, the configurational entropy, An expression for that part of the enthalpy of 
Sic,, is zero. Assuming that vibrational con- mixing resulting from complexing may be deter- 
tributions to the entropy of mixing may be mined as follows. Let Ae, be the energy of forma- 
neglected, the entropy of mixing, AS,, in the tion of a inole of MgC142- complexes in pure 
random mixing approximation, is given by MgCl,, and let Ae, be the energy of formation of 

The enthalpy of mixing can be separated illto 
two terms: a term related to the changes in 
number and energy of formation of the complex 
ions, and a term resulting from residual coulom- 
bic and polarization interactions not accounted 
for in the previous term. Papatheodorou and 
Kleppa (3) have discussed this with respect to the 
NiCl, -alkali chloride systems, but only for the 
case of total complexing, and with no account 
taken of the effect of the alkali cation upon the 
energy of formation of the complexes. 

a mole of ~ ~ ~ 1 2 :  complexes at infinite dilution 
in pure ACl, 

[ l o ]  MgZ+ + 4C1- -> MgCIJZ- (in MgCI,) Ae, 

[ I l l  Mg2+ + 4C1- -> MgCIJ2- (in ACI) Ae, 

Ae, and Ae2 are different because the energy 
of formation of a complex depends upon its 
surroundings. The major factor affecting the 
energy of formation of a complex anion will be 
the type of cation in its first coordination shell. 
In pure MgC12, each MgCla2- ion is surrounded 
only by Mg2+ ions. In pure AC1, each complex 
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is surrounded only by A +  ions. Thus, if A+ is 
a large cation such as Cs' with a low field " 
strength and, therefore, good ligand donor 
properties, it would be expected that Ae, < Ae,. 
If A' is a small cation like Li' with a high field 
strength, or if A +  is an ion like Ag' which has a 
tendency to form covalent bonds, then A' is a 
poor ligand donor, and it is expected that Ae, 
would be approximately equal to, or even greater 
than, Ae,. 

In general, the energy of formation of a mole 
of complex ions should vary between Ae, and 
Ae,, depending upon the cationic fractions of 
Mg2+ and A'. As a first approximation, a linear 
variation was assumed. That is 

Since the pressure-volume work of mixing is 
negligible, the enthalpy of mixing, AH, may be 
taken to be equal to the change in internal energy 
on mixing. Since there are aXMgc12/2 moles of 
complexes in one mole of solution, and a0/2 
moles in one mole of pure MgC1, 

yy2) [I31 AH, = (NMg2+Ae, + N,+Ae,) 

where the subscript r again refers to the fact that 
the calculation has been made on the assumption 
of random mixing. Let us define 

b, = Ae, 
[I41 

b, = Ae, - Ae, 

where b, and b, are the adjustable parameters 
in the model, and are taken to be independent 
of temperature and concentration. The param- 
eter b, is independent of the nature of A + .  The 
parameter b2 will have a different value for each 
binary system. Equation [I31 can be rearranged 
as follows 

It is also advantageous for the purpose of later 
calculations to define H, and H i g C l 2  as the 
portions of the molar enthalpies of the solution 
and of pure MgCl, resulting from the formation 
of the complexes. That is 

Much of the energy changes upon mixing due 
to coulombic and polarization interactions will 
be included in the energy of complex formation 
as in eq. [15]. It is difficult to determine an  
expression for the residual changes in coulombic 
and polarization interaction energies not included 
in eq. [I 51. A major difficulty in any such calcula- 
tion is the fact that anion and cation coordination 
numbers change with concentration in an un- 
known manner in these charge-asymmetric sys- 
tems. A basic physical assumption of the present 
model is that these residual effects are small, and 
that the total enthalpy of mixing is well rep- 
resented by eq. [15]. The justification for this 
assumption in the final analysis, of course, is that, 
as will be shown, good agreement with experi- 
ment is obtained when it is made. 

Calculation of a 
Equation [7] gives an expression for S,  as a 

function of a ,  and eq. [I 61 gives H, as a function 
of a, b,, and 6,. The value of a which actually 
occurs is that which minimizes the free energy of 
the system. That is, the value of a may be calcu- 
lated from 

Substituting eqs. [7] and [16] into eq. [19], 
performing the differentiations, and rearranging 
terms yields the equation 
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If values of b ,  and b, are chosen, eq. [20] may be 
solved numerically with the aid of a digital com- 
puter to give a numerical value of a. This value 
may then be substituted back into eqs. [7] and 
[I61 to give numerical solutions for S, and H,. 
This method of obtaining u is, in effect, the 
Lagrange multiplier technique. 

Similarly, for pure MgCl,, u0 may be found 
by setting 

Upon differentiation and rearrangement of 
terms, an  equation exactly the same as eq. [20] 
with u = a0 and XMgcl, = 1 is obtained 

This equation may be solved numerically, and 
the value of u0 obtained can be substituted into 
eqs. [8] and [I71 to give numerical solutions for 
H4,C12 and S4,CI2 .  

Complete numerical solutions for AS, and 
AH, a t  all compositions can, therefore, be ob- 
tained. 

It may be noted that eq. [20] may be written 

The argument of the logarithm is the ionic con- 
centration ratio for the formation of complex 
ions according to reaction [I]. This ratio will be 
a constant independent of concentration (as 
Neil et al. (7) assumed) only if b, = 0. Only in 
this case can the ionic activities in the "equi- 
librium constant" for reaction [ I ]  be equated 
to ionic concentrations. 

In Fig. 1, experimentally measured "inter- 
action parameters", AH/XMgcl,XACl, as measured 
by Kleppa and McCarty (2) for six binary 
systems, are plotted. Curves calculated using the 
present random mixing approximation are also 
plotted. In the AgC1, LiCl, and NaCl systems, 
the agreement is very good. In the KC], RbCI, 
and CsCl systems, the agreement is very good 
on  the ACI sides of the systems over to  about 
XMgcl, = 0.6. For  higher values of X,,,,,, the 
calculated interaction parameters fail t o  "drop 
off" as do the experimental curves. This dropping 
off, however, may be explained as being due to 
deviations from random mixing, and this prob- 
lem may be treated by the quasi-chemical 
approximation, as will be discussed shortly. 

Recently, Papatheodoro~~ and Kleppa (3) have 
measured enthalpies of mixing in the NiC1,-ACI 
systems (where A = Li, Na, K, Rb, Cs) for 
concentrations from XNic,, = 0 to  about 0.5. The 
experimental interaction parameters are nearly 
exactly the same as those for the corresponding 
MgCI, systems. Experimental curves are shown 
in Fig. 2. Curves calculated from the present 
model using the parameters b, = -3.0 kcal; 
and b, = -16.0, - 13.5, - 11.0, -4.5, and 
- 1.5 kcal for the CsCl, RbCI, KCI, NaCI, and 
LiCl systems, respectively, are also shown. 

The Quasi-chemical Approximation 
In  the MgCIz-KC], MgC1,-RbC1, and MgC1,- 

CsCl systems, the substitution of an  A' ion for 
an  Mg2' ion in the first coordination shell of an  
MgCl4'- complex would stabilize the complex 
and thus would lower the enthalpy of mixing. 
Such a substitution would also give a negative 
contribution to  the entropy of mixing. The actual 
extent to which the first coordination shell of a 
complex is preferentially occupied by A' ions is 
that which gives the best balance between the two 

TABLE 2 
Values of b1 and b2 which give best fi t  to experimental 

Coniparison to Entl~alpy of Mixing Data data in the six MgC1,-ACI systems 
Numerical for AH, and AS, were ~ . - . . p.pp-..p....--.-.- --- - 

obtained in the manner discussed above. Good System Temperature, "C bz (kcal)* 
-- .~~ .~ 

fits to the enthalpy of mixing data of Kleppa and MgCI,-CsCI 730 -15.0 
McCarty (2) were obtained with b, = - 3.0 kcal, M ~ C I ~ - R ~ C I  730 - 12.5 
and with the values of b, listed in Table 2. These MgCIz-KCl 800 - 10.5 

MgC12-NaCI 810 -5.5 
values of 6, and b, may be seen to  be quite Mg,-I,-LiCI 730 - 1 . 0  
reasonable in view of the physical significance MgCI,-AgCI 730 f 1 . 5  

pppp 

attached to these parameters by the model. * b ,  = -3.0 kcal. 
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-24 
I 1,. j I I 

ACl 0.2 0.4 0.6 0.8 MgCIZ 

X M ~ C I ~  
FIG. 1. Interaction parameters, A H / X M ~ ~ ~ , X ~ ~ ~ ,  in 

MgC1,-ACI systems. - from experimental data of 
Kleppa and McCarty (2), at temperatures as shown in 
Table 2;  ... calculated from model using random mixing 
approximation; - - -, calculated from model using quasi 
chemical approximation with z- = 6. 

effects. (That is, that which minimizes the free 
energy.) In the KC1, RbC1, and CsCl systems, 
AH is very negative, and so a large stabilization 
would be achieved bv the non-randomness 
mentioned above. Therefore, this non-random- 

ness should occur to an appreciable extent, 
making AH lower than the calculated AH, for 
random mixing. However, on the AC1 side of 
these systems, for XMgc,, < 113, it will be shown 
later that the model predicts that ct is nearly 
equal to its maximum possible value of 2. That is, 
virtually all the magnesium is complexed. 
Therefore, virtually all the cations i~ the first 
coordination sphere of a complex ion are A' 
ions anyway, and so no further stabilization due 
to non-randomness is possible. On the AC1 side 
of these systems, then, AH, should be a good 
approximation to the actual AH. It may be seen 
that these arguments qualitatively explain the 
observations in the KC1, RbCI, and CsCl 
systems. 

In the NaCl, LiC1, and AgCl systems, AH is 
not so negative, and so the random mixing 
approximation should be quite good, even for 
large values of XMsc,,, as, in fact, it seems to be. 

A general approach to obtain a quantitative 
estimate of the effect of this type of non-random- 
ness is the quasi-chemical approximation of 
Guggenheim (10). The applications of this 
method to simple molten salt systems have been 
discussed by Fsrland (11). A variation of this 
approach may be applied to the present problem. 

Consider the following equation, which 
represents the exchange of one mole of nearest- 
neighbor ions 

The molar energy change for this exchange is 
b,/z- where z- is the anion coordination num- 
ber. This is obvious if it is realized that b, is the 
energy change when all z- nearest neighbors of a 
complex are changed from Mg2' to A'. 

In the random mixture, the probability of a 
pair of nearest neighbors being an (MgCl,,- - 
A') pair is (NM,c142-NA+). In the non-random 
mixture, the number of such pairs is taken to be 
(NMsc142-NA+ + y) where y defines the deviation 
from the random distribution. The mass action 
law is now applied to reaction [24]. This gives 
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ACI 0 - 2  0 4 0 6  ACI 0 . 2  0 4  0 6  

' N ~ C I ~  

FIG. 2.  Interaction parameters, AH/XNscIZXACI, in 
NiC1,-ACI systems. - , from experimental data of 
Papatheodorou and Kleppa at 810 "C (3); - --, calculated 
from model. 

If y is not too large compared to any of the 
products of a cationic and an anionic fraction, 
it has been shown by Flarland (11) that an 
approximate solution for y is 

In the following calculations, this equation for y 
was used, but calculated values of y were always 
checked against eq. [25]. Equation [26] was 
found to give satisfactory results in all cases 
except for small values of XMgclZ (XMgc, ,  < 0.25 
or so) in the KCl, RbCl, and CsCl systems. But 
for low values of XMgCl,  in these systems, as will 
be shown, the entire correction for non-random- 
ness is negligible anyway. 

The fraction of nearest neighbor cations of a 
complex which are A+ ions is now seen to be 
(NA+ + y/NMgc1,,-) ,  and the fraction which are 
Mg2+ ions is now (NMg2+ - y /NMgC14Z- ) .  Thus 

That is : 

[28 1 AH = AH, + AH' 

where 

AH' is the additional enthalpy of mixing due 
to  non-randomness, and is always negative. 

Similarly, AS' may be defined 

[3O I AS = AS, + AS' 

From the Gibbs-Helmholtz relation, it is easily 
shown that 

AS' is also always negative. 
Equations [29] and [31] may be used directly 

to account for the non-randomness. To be 
strictly correct, however, it must be noted that 
the non-randomness affects the value of a .  
That is 

aG 
[32] - = ($2 - T g) 

a a  

Analytical expressions for a(AH1)/aa  and 
a(AS')/aa are easily calculated. The final result is 
that there is an additional small, but rather 
complicated, term on the right-hand side of 
eq. [20]. This extra complication can be shown 
to produce negligible difference in the final 
result, and is probably meaningless anyway in 
view of the oversimplified nature of the quasi- 
chemical approximation. In the following cal- 
culations, the correction was employed, however, 
for the sake of completeness. 
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0.6 I I I I 

ACI 0.2 0.4 0.6 0.8 MgC12 

X ~ g ~ ~ 2  

FIG. 3. Plot of a vs. composition, using b1 and bz 
parameters from Table 2 and z- = 6. 

The only additional adjustable parameter 
introduced by the quasi-chemical approximation 
is z-.  A reasonable value for z- is probably 
about z -  = 6. Using z- = 6 and the same 
parameters 6, and 6, as in Table 2, the inter- 
action parameters were recalculated. Results are 
shown in Fig. 1. It is seen that for the AgC1, LiCl, 
and NaCl systems, negligible difference from the 
random mixing case has occurred. To an in- 
creasiilgly greater extent in the KCl, RbCl, and 
CsCl systems, the quasi-chemical approximation 
has accounted for the "dropping off" of the 
curves at large values of XMgc12, while leaving 
the curves essentially unchanged for small 
values of XMgCl, .  The results are thus in agree- 
ment with the qualitative predictions made 
earlier. (For the NiC1,-AC1 systems shown in 
Fig. 2, the correction for non-randomness made 
negligible difference in the AC1-rich composition 
range where XNic12 < 0.5, where measurements 
were available.) 

The curves were recalculated for z- = 4, 8, 
and 10. It was found that the results were 
reasonably insensitive to the choice of z- over 

this range. Undoubtedly, z- varies with con- 
centration. It is impossible to say exactly what 
effect this has upon the calculations. However, 
it seems reasonable to presume that this would 
not qualitatively affect the predictions greatly. 

The entire quasi-chemical correction for non- 
randomness is, of course, fraught with many 
such approximations. However, it is meant only 
to explain small second-order effects, and it is 
presented here as only a qualitative explanation 
of the observed trends. 

In Fig. 3, the calculated values of ct for the six 
systems are plotted vs. composition for the case 
where z- = 6. A similar plot for the random 
mixing case showed negligible difference for the 
AgCl, LiC1, and NaCl systems, and a very slight 
difference for the KCl, RbCl, and CsCl systems 
at larger values of XMgc12. Also shown in Fig. 3 is 
a plot of a,,, from eq. [5]. There are several 
noteworthy features of this plot. Firstly, ctO for 
pure MgC1, is about 0.75, which means that 314 
of the chlorine and 318 of the magnesium in pure 
MgC1, is complexed. Secondly, in the KCl, 
RbCl, and CsCl systems, virtually complete 
complexing occurs for X,,,,, < 113, but in the 
NaCl system there is marked dissociation of the 
complexes even at very low values of XMgc12.  
Thirdly, even in the AgCl system in which 6, is 
positive and AH is nearly ideal, ct nevertheless is 
seen to increase significantly with added ACl. 

Comparison to Partial Entropy Data 
0stvold (4) has recently measured the partial 

free energies of mixing of ACl in the NaC1, KCl, 
RbC1, and CsCl systems using e.m.f. concentra- 
tion cells with glass membranes. Using these free 
energies and the partial enthalpies of mixing 
calculated from Kleppa and McCarty's data (2), 
0stvold calculated the partial entropies of mixing 
of AC1 in these systems. His results are shown in 
Fig. 4. The ideal partial entropies of mixing, 
- R l n  XAcl,  are also shown. Very unusual 
behavior is seen near XMgc12 = 113 in all but the 
NaCl system. 

Partial entropies of mixing were calculated 
using the present model and using the values of 
6, and b, in Table 2. (It was found that the best 
way to calculate partial entropies of mixing was 
to do so "graphically" on the computer from the 
calculated integral entropy of mixing curves, 
since the analytical formula for ASAc, turned out 
to be quite unwieldy.) Calculated curves are also 
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I 
- 2 . 0 ' 1 1 1 1 1 1  

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 

X ~ g ~ 1 2  

FIG. 4. Partial molar entropies of mixing of ACI in 
MgC12-ACI systems. -, from experimental data of 
0stvold (4); ..., calculated from model; -, ideal curves. 

shown in Fig. 4. There was negligible difference 
between the random-mixing and the non-random 
cases over the composition range of interest. 
The fits are seen to be very good in all cases. 

Partial free energies of mixing of MgC1, in 
some of the systems have been measured by Neil 
et al. (7) using formation cells, and by Markov 
et al. (12) using both concentration cells and 
formation cells. The two sets of data are in poor 
agreement with one another and it is difficult to 
assess the errors in partial entropies calculated 
from these data. The experimental partial 
entropies and those calculated on the basis of the 
present model are in good qualitative agreement, 
however. The general tendency is for the cal- 

culated values to be somewhat less positive than 
the experimental. 

Comparison to Phase Diagram Data 
Phase diagrams for the MgC1,-NaC1, MgC1,- 

KCI, and MgC1,-RbCl systems have been 
determined by Klemm et al. (13, 14). No solid 
solubility is evidenced anywhere in these systems, 
and so the van't Hoff relationship in the follow- 
ing form holds along the AC1 and MgC1, liquidi 

where AG,,l,,,t is the partial molar free energy of 
mixing of the solvent at TL, AH, is the heat of 
fusion of the solvent at T, TL is the liquidus 
temperature, T, is the fusion temperature of pure 
solvent. 

Analytical expressions for AGAcl and AGMgC,, 
are derived in the Appendix. Using these ex- 
pressions, numerical solutions for AGAcl and 
ACMgCl, could be obtained at any TL. 

Values of fusion temperatures, heats of fusion, 
and liquid and solid heat capacities for the alkali 
chlorides were taken from Blander's (15) 
tabulation, which is based mainly upon the 
measurements of Dworkin and Bredig (16). For 
MgCl,, the data was taken from the compilation 
of Wicks and Block (17). The dependence of 
AH, upon temperature was taken into account 
in all cases except for RbC1, for which heat 
capacity data are lacking. 

Equation [33] could then be solved numeri- 
cally to give calculated liquidi. 

In Fig. 5 are shown the calculated liquidi on 
the ACl sides of the phase diagrams. The values 
of b, and b, from Table 2 were used. The effect 
of non-randomness was negligible in these AC1- 
rich solutions. Also shown in Fig. 5 are the 
experimental points of Klemm et al. (13, 14) and 
the ideal liquidi calculated using AGAC1 = 
RT In XAcl. The fit is seen to be good in all cases, 
although at higher concentrations the fit to the 
RbCl liquidus is somewhat in error. 

Flood and Urnes (1) calculated these liquidi 
on the assumption that a = a,,, = 2 (i.e., 
complete complexing), and that A B A C I  = 0. 
Their fit was not too good for the NaCl case. As 
shown by the present model, this results from 
the fact that there is not complete complexing 
in this case. For the KC1 and RbCl liquidi, Flood 
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I 
NaCI 01 0 2  0 3  0 1  KCI 01  0 2  0 3  

* M S C I ~  

800 
RbCl 

R I C I  0 1  0 2  0 3  0 4  

Xuqcl2 

FIG. 5. ACI sides of phase diagrams of MgC1,-ACI 
systems. Points shown are experimental, from data of 
Klemm et al. (13, 14). -, calculated from model; 
--- , ideal liquidus. 

and Uriles obtained fits nearly coincident with 
those shown in Fig. 5. (In the RbCl case they 
used a heat of fusion of RbCl of 4400 cal. If 
the more recent value of 5670 cal (1 5) had been 
used, their calculated liquidus would have been 
about tlie same as the one calculated by the 
present model.) As shown in Fig. 3, the present 
model predicts that a is nearly equal to its 
maximum value of 2 up to XMgCl2 = 113 in both 
these systems. Also, up to XMgCl2 = 0.2, 
AHAcl is indeed very small, as shown by experi- 
ment (ref. 2) and also as predicted by the present 
model. This, then, explains why Flood and Urnes 
obtained good agreement up to XMgClt = 0.2. 
For X,,,,, > 0.2, however, AHAc, rap~dly be- 
comes very negative (as shown both by experi- 
ment (ref. 2) and by the present theory.) At the 
same time, ASAcl drops off rapidly (4), whereas 
the model of Flood and Urnes predicts that 
ASAc, should continue increasing markedly with 
increasing XMgClz. The agreement obtained by 
Flood and Urnes for XMgCI2 > 0.2 must thus be 
regarded as fortuitous. 

In Fig. 6 are shown the experimental liquidus 
points of Klemm et 01. (13, 14) on the MgC1, 
sides of the three phase diagrams. Also shown 
are liquidi calculated using values of b, and b, 
from Table 2, and a value of z -  = 6. In the 
NaCl case, there was negligible difference be- 

tween the random mixing and the non-random 
cases, but in the KC1 and RbCl cases, there was 
a difference, the correction for non-randomness 
giving somewhat better fits. Also shown in Fig. 6 
is the "ideal" liquidus calculated using 

AGlvlgc12 = RTln XM,CI, 

The fit is very good in the NaCl case, and is 
reasonable in the KC1 and RbCl cases. 

Flood and Urnes (1) also calculated these 
liquidi. Although their model was based upon the 
assumption of MgC12- complexes, their treat- 
ment differed substantially from the present 
model. The liquidus calculated by Flood and 
Urnes for the NaCl case was not particularly 
good. For the KC1 and RbCl cases, they ob- 
tained good agreement with experiment but 
only by introducing what was essentially an 
adjustable heat of mixing parameter for each 
case. 

Calculations of the partial enthalpy of mixing, 
ARM,,,,, from the data of Kleppa and McCarty 
(2) indicate that the negative deviations from 
ideality in these liquidi are mainly an enthalpy, 
and not an entropy, effect. (That is, using the 
ideal partial entropy and the experimental 
partial enthalpies will give quite good fits to the 
liquidi.) The present calculations can be shown 
to be consistent with this. Calculated partial 
entropies of MgCl,, AS,,,,,, are actually even 
somewhat less than ideal in this composition 
region. Flood and Urnes treatment, however, 
takes the major portion of the negative deviations 

a NOCI 1 K c ,  
0 RbCl 

FIG. 6 .  MgC!2 sides of phase diagrams of MgC1,- 
ACI systems. Polnts shown are experimental, from data 
of Klelnm et 01. (13, 14). -, calculated from model; 
--- , ideal liquidus. 
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PELTON AND THOMPSON: A STRUCTURAL MODEL 1595 

to be due to a positive excess entropy of mixing, 
and their treatment is thus not consistent with the 
experimental enthalpy data. 

It may also be noted that the present model 
predicts a limiting slope at XMgC12 = 1 equal to 
the ideal slope. Flood and Urnes (1) claim that 
the experimental liquidus in the NaCl case 
exhibits this limiting slope, but that the liquidi 
in the KC1 and RbCl cases exhibit twice this 
slope. This statement does not seem justified on 
the basis of the experimental data, however. 
Accurate cryoscopic data in the very dilute 
region could be revealing. 

Discussion 
It does not seem possible at present to decide 

which of the assumptions in the model is most 
responsible for the remaining discrepancies with 
the experimental data. Since any attempts to 
improve the fits will necessitate the introduction 
of additional adjustable variables, the validity 
of such attempts cannot be demonstrated. 

One such correction, however, which probably 
has some validity and is worth mentioning, is a 
correction to account for the residual part of the 
enthalpy of mixing due to changes in coulombic 
interactions upon mixing not included in eq. [15]. 
This additional term might, to a first approxi- 
mation, be expected to be of the form AH,o,,o,,i, 
= XM,c,2XA,,b3. The parameter b3 would be 
expected to be of the order of - 2 or - 3 kcal, 
which is about thevalue of interaction parameters 
found for mixtures of simple ionic salts. For 
example, in the MgC1,-RbCI system with b, = 
-3.0, b, = -10.5, and b, = -3.0 kcal, sub- 
stantial improvements in the fits with all the 
experimental data (enthalpy, entropy, phase 
diagrams) were found. The correction is small, 
however, and the data are well fitted without 
the necessity of introducing the additional 
adjustable parameter. 

The fact that a structural model explains 
experimental data does not, of course, prove that 
the physical assumptions of the model are 
correct. Possibly the data could be explained on 
the basis of other physical assumptions. It must 
be left to the reader to decide, on the basis of 
the accuracy of the fits, the diversity and com- 
plexity of the data explained, and the number of 
assumptions and adjustable parameters required, 
how much reality he wishes to attach to the 
model. 

Summary 

A structural model for MgC1,-AC1 liquid 
solutions (where A = alkali or Ag) has been 
proposed. A fraction, 4 2 ,  of the magnesium 
is considered to form strong bonds to  four 
chlorines to form the complex anions. MgC1,2-, 
which may be considered as statistical entities. 
This occurs at all concentrations up to and 
including pure MgCl,. Entropies are calculated 
using the Temkin model in which C1- and 
MgC1,2- anions are randomly distributed over 
anion "sites", and Mg2+ and A t  cations are 
randomly distributed over cation "sites". The 
enthalpies of mixing are considered to result 
mainly from the changes in number and energy 
of formation of the complexes. The energy of 
formation of a complex is taken to vary linearly 
as the cationic fraction of Mg2+ and A+  ions in 
the first coordination shell of the complex. 

One overall adjustable parameter related to 
the energy of formation of complexes in pure 
MgC1,; and one other adjustable parameter for 
each binary system, related to the stabilization of 
the complexes by added A+  ions, are all that are 
required in the model. These parameters are 
independent of concentration and temperature. 
The value of c~ actually assumed by the melt may 
be calculated as that which minimizes the free 
energy. Thus, no "equilibrium constant" is 
required. The quasi-chemical theory may be 
used to yield a small correction for non-random- 
ness. This introduces no further adjustable 
parameters except an anion coordination num- 
ber. The results are quite insensitive to the value 
of this coordination number. 

The model yields quantitative or nearly 
quantitative fits to  the enthalpies of mixing, 
partial entropies of mixing, and to both sides of 
the phase diagrams for all MgC1,-AC1 systems 
for which data are available, and also to the 
enthalpies of mixing in the NiC1,-alkali chloride 
systems. 
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Appendix 

In this Appendix, analytical expressions for AGAcl and AGMgClZ will be calculated. 
If AG is the extensive integral free energy of mixing, then 

But, by eq. [I91 

[A-2 I 
Therefore 

[A-31 

and by a similar argument 

That is, the derivatives of the integral property may be taken at constant u. 
Let AGAcI(,) and AGMgFlt(,) be the partial molar free energies of mixing calculated on the 

assumption of random mixlng, and let AGacl and AGigCl2 be the corrections resulting from 
non-randomness. That is 

[A-5 I A%ACI = A ~ A C I ( , )  + AGLcI 
AGMgC12 = AGMgC12(r) f AGf*lgC12 

Using the relationship 

[A-61 AG = (nAcl + nMgC,,)[(AHr + AH')  - T(ASr + AS')] 

the differentiations in eqs. [A-31 and [A-41 may be performed with the results shown below C
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PELTON AND THOMPSON: A STRUCTURAL MODEL 1597 

It may be noted that analytical expressions for partial molar enthalpies and entropies are not 
as easily calculated as the partial free energy expressions, since relationships analogous to eq. 
[A-21 cannot be written for enthalpies and entropies. 
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Etude quantitative des rkactions d'ozonolyse. XIII. Sur la structure du zwitterion 
de Criegee 

G. KLUTSCH, J. GRIGNON, J. RENARD, ET S. FLISZ~R 
Dkparternent de Chimie, Universitk de Montrdal, Montrial, Qudbec 

Recu le 3 decembre 1969 

Les hydroxyperoxydes R2CH(OOR1)OH avec Rl  = CH,, C2H, ;  Rz = CH,, i-C3H7, examines en 
polarographie, peuvent &tre facilement reconnus a cBte de leurs alcoxyhydroperoxydes R2CH(OOH)- 
O R ,  isomeres. Ces hydroxyperoxydes ne se retrouvent pas parmi les produits d'ozonolyse, en presence 
de methanol ou d'kthanol, du  tram methyl-4 pentene-2. On en conclut h la non-participation de la 

\ 

structure zwitterionique 'c(o+)o- au micanisme de formation des ozonides. 
/ 

The hydroxyperoxides RzCH(OORI)OH ( R ,  = CH,, C2H,;  Rz = CH,, i-CBH,) and their isomeric 
alkoxyhydroperoxides R2CH(OOH)OR1 can be differentiated by their polarographic. behavior. These 
hydroxyperoxides are not produced in the ozonolysis of tram 4-methyl-2-pentene in the presence of 

\ 

methanol or ethanol. It is concluded that the zwitterionic structure 'C(O +)O- does not participate in 
the mechanism of ozonide formation. / 
Canadian Journal of Chemistry, 48, 1598 (1970) 

D'aprbs le mtcanisme d'ozonolyse propost 
par Criegee et Wenner (l), l'ozonide primaire 
(trioxolane-1,2,3) engendrt par l'addition d'une 
moltcule d'ozone sur une double liaison carbone- 
carbone se scinde en zwitterion (1-3) et compost 
carbonylt. A cat6 des structures (1-2) gtnkrale- 
ment admises pour les zwitterions, Criegee (2) a 
aussi envisagt la structure 3. 

1 2 3 
(syn et anti) 

De rtcents travaux ont montrt que la stoe- 
chiomttrie de la rtaction procede bien selon le 
schtma de Criegee en Ctablissant dans de nom- 
breux cas (3-9, que l'ozonolyse d'une mole 
d'oltfine, en prtsence de mtthanol ou d'tthanol, 
conduit B la formation d'une mole de mClange 
d'alcoxyhydroperoxydes (4a, b), issus de 1 t, 2, 
et d'une mole du mtlange d'aldthydes (eq. [ L ] ) .  

La publication de nouvelles vues concernant 
le mtcanisme de formation des ozonides a induit 
divers laboratoires A ttudier I'incorporation 
d'oxygtne-18 dans les ozonides produits lors 

d'ozonolyses d'oltfines en prtsence d'aldt- 
hyde-180 (6, 7). D'une part l'ozonolyse d'une 
strie de phtnyltthylbnes en prtsence d'aldthyde 
b e n z o ~ q u e - ~ ~ ~  a montrt sans ambiguitt que 
l'oxygbne aldthydique est incorport exclusive- 
ment dans la position tther des ozonides pro- 
duits, en accord avec le mtcanisme de Criegee 
(6); la non-participation de la forme 3 du 
zwitterion est clairement dtmontrte dans ce cas, 
car l'intervention d'une telle structure aurait dti 
conduire a une incorporation d'oxygbne aldt- 
hydique (180) en position peroxyde dans le cycle 
ozonique. D'autre part, l'ozonolyse du trans 
diisopropyltthylbne en prtsence d'acttaldthyde 
semble conduire a une incorporation partielle de 
l'oxygkne-18 en position peroxyde (7). Ce rtsultat 
est interprttt par Story et al. en faveur du mt- 
canisme, rCsumt dans le schtma 1, propost par 
ces auteurs (8). Un autre mtcanisme a cependant 
t t t  rtcemment envisagt, capable d'expliquer 
l'incorporation d'oxygtne aldthydique en posi- 
tion peroxyde dans l'ozonide final (9). 

En raison de l'inttret des techniques de mar- 
quage avec l'oxygbne-18 en relation avec les 
ttudes mtcanistiques sur l'ozonolyse, il apparait 
souhaitable que la non-participation de la struc- 

+ - 

2 RICHOO + R2CH0 R 1 - C H ( O ~ ) O O ~  

I I 
4a 

RI-CH-CH-R2 ~ ~ 6 ~ 0 6  + RICHO -+ ROH RI-CH(0R)OOH 

4b 
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KLUTSCH ET AL.: REACTIONS D'OZONOLYSE. XI11 

ture 3 soit clairernent ttablie. Bien que n'ayant 
pas joui de la faveur des divers auteurs, cette 
forrne n'a pas ttC rtfutte de mani6re convain- 
cante. 

Le principe du present travail peut &tre re- 
sum6 cornme suit: par analogie avec la reaction 
aboutissant B la formation d'alcoxyhydro- 
peroxyde B partir de zwitterion et d'alcool, on 
suppose que la prtsence (parrni les produits 
d'ozonolyse) d'un zwitterion de structure 3 se 

I manifesterait par la formation d'hydroxy- 
I 

peroxyde 5 (eq. [2]). L'absence d'hydroxy- 

; peroxyde 5 parmi les produits d'ozonolyse, en 
1 prtsence d'alcool, serait, dks lors, interprttte en 

terrnes de la non-participation d'une structure 3 
au rnkcanisme d'ozonolyse. 

1 

[21 
\ /Of ROH \ /'OR 

C - C 
/ \o- / \OH 

5 

PropriCtCs des hydroxyperoxydes 

Les hydroxyperoxydes 

ont t t t  prtparts et identifits par leurs spectres 

de rtsonance magnttique nuclCaire (r.m.n.) 
(tableau 1). 

Les spectres r.m.n. ne perrnettent cependant 
pas de difftrencier de faqon certaine les alcoxy- 
hydroperoxydes 4 des hydroxyperoxydes 5. En 
raison de la faible solubilitt de ces composts dans 
le tttrachlorure de carbone, les spectres r.rn.n. 
ont t te  etudits en solution dans le chloroforme 
deuttrt. Dans ce solvant les protons des groupe- 
ments OH et OOH sont rapidernent Cchangts et 
ne peuvent donc pas &tre observts dans les 
spectres. Par ailleurs, les protons qui correspon- 
dent aux groupements OR et OOR ne sont 
stpares que de 0.1 p.p.rn., ce qui rend l'interprt- 
tation des spectres rnalaiste. 

La polarographie s'ttant rtvtlke un moyen 
efficace pour distinguer les hydroxyperoxydes de 
leurs isomkres, les alcoxyhydroperoxydes, Line 
br6ve Ctude de la rCduction polarographique des 
hydroxyperoxydes a t t t  effectute. Les alcoxy- 
hydroperoxydes ont dtjB fait I'objet d'une rC- 
cente Ctude (5) polarographique. 
Processus d'e'lectrode 

Par analogie avec le rnCcanisme de rtduction B 
1'Clectrode des alcoxyhydroperoxydes (5) et des 
hydroperoxydes d'alcoyle (lo), le micanisme 
suivant, impliquant 2 tlectrons lors du processus 
de rtduction 2 l'tlectrode, parait raisonnable 
(schema 2). 

L'examen des oscillo-polarograrnmes i = f (E)  
rnontre bien, pour tous les hydroxyperoxydes 

TABLEAU 1 

Spectres de resonance magnetique nucltaire et temperatures d'Cbullition de quelques hydroxyperoxydes 
-- 

-- 

TempCrature d'ebullition 
PC/mm Hg) 

R 1 R2 Dtplacements chimiques (S)* TrouvC Litt:f -- -- -- 
CH3 CH3 3.90 (s); 5.35 (q); 1 .2  (d) 42-44/55 25-2711 7 

i-C3H7 3.90 (s); 4.95 (d); 1.8 (m); 1.0 (d) 42-44/50 - 
CZHS CH3 4.10 (q); 5.35 (q); 1 . 2  (d); 1 . 0  (t) 36-3811 8 48-52/65 

i-C3H7 4.10(q);  4.95 (d); 1 .8  (m); l.O$ - 
-- 

45-46/43 

*s = Slngulet, d = doublet, t = triplet, q = quadruplet et m = rnult~plet. 
tVolr  les refs. 20 et 21, ~ndlquees dans  la partle experlmentale. 
:On d~stlnpue, a cBte d'un doublet, egalernent u n  trlplet q u ~  l u ~  est presque superpose, a 6 1.0. 
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Infience du p H  FIG. 2. Influence du p H  sur I'intensitC du pic 
L'influence du p H  sur les potentiels de demi- polarosraphisue, dans le tampon McIlvaine, a 23 "C. 

(1) R1 = CZH5, R2 = i-C3H7; (2) R1 = CZH5, R2 = 

3 4  CH3; (3) RI = R2 = CH3; (4) Rl = CH3, R2 = i-C3H7. 

/ O W  
/O- 

vague et les courants limites a t t t  ttudiCe, au 
R2-CH + 2 e -  + R2-CH + R,O- moyen du Tampon Mcllvaine, dans le domaine 

"OH 'OH de p H  compris entre 3 et 8. Le p H  n'a pratique- 
ment pas d'effet sur le potentiel de demi-vague. 

1 2  H+ En effet, par rapport au potentiel de demi-vague 
observt au pH 7, les variations des potentiels 

/OH 
n'atteignent que 0.1 V aux limites de p H  consi- 

R ~ C H O  -t H 2 0  R2-CH RlOH dtrtes (pH 3 et 8). La sensibilitt au p H  est, par 
'OH contre, bien marqute en ce qui a trait aux 

SCHEMA 2 intensitts des courants limites (Fig. 2). Dans le 
tampon McIlvaine, les intensitts des courants 

ttudits, l'irreversibilitt complete du processus limites accusent une diminution de I'ordre de 
d'tlectrode, tout au moins en ce qui concerne le 25 B 30 % auxpH 3 et 8, par rapport aux intensitts 
phtnomene global de la rtduction polarographi- observtes au p H  7. Les polarogrammes des 
que. On ne saurait, cependant, conclure B partir hydroxyperoxydes enregistres B p H  7, apres un 
de ces donntes exptrimentales B l'irreversibilite repos de plusieurs heures dans le tampon 
complete du processus d'tlectrode lui-m6me. Ce McIlvaine, n'accusent pas de modification. 
rtsultat est confirm6 par l'analyse logarithmique 

FIG. I. Courbes intensitt-potentiel: log[(I, - I)/I] 
vs. potentiel E. (1) RI = C2H5, RZ = i-C3H7; (2) 
R, = C2H5, R2 = CH3; (3) R, = CH3, R, = i-C3H7; 
(4) R1 = CH,, R, = CH,. McIlvaine, p H  7, 25". 

des courbes intensit6-potentiel au moyen de 
l'tquation 

E = El,, - (RTlanF) ln [1/(11 - I)]  16 

Pour les hydroxyperoxydes avec R, = C2H, 
on observe deux droites. Le coefficient de trans- 

I rnox 
fert, a ,  qui a ttC calcult a partir des valeurs des 
pentes des droites est, compte tenu des deux 8 
Clectrons mis en jeu, de 0.06. Par contre, avec les 
hydroxyperoxydes oh R, = CH, on observe une 
ltgere courbure (Fig. 1) qui permet ntanmoins 

Injuence de la vitesse de balayage 
Les courants maximums des oscillo-polaro- 

grammes i = f(E) ont t t t  ttudits pour des 
vitesses de balayage comprises entre 1.0 et 
20.0 V/s. Ainsi que l'indique la Fig. 3, une relation 
linCaire est obtenue, pour tous les hydroxyperoxy- 
des examines, entre i,,, et la racine carrte de la 
vitesse de balayage. D'aprks Delahay (11) et 
Matsuda et Ayabe (12), un tel comportement est 
caracttristique pour un courant de diffusion d'un 
processus irrtversible 

- 

c i  <: : 
c 4e> 3 

- 

Injzience de la ternpe'rature 
La dtpendance du courant maximum observt 

en polarographie en courant alternatif en fonction 

de conclure une irreversibilitt, du moins LJ 4 n4' 6 8 
partielle, du processus d'tlectrode. 

pH 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KLUTSCH ET AL.: REACTIONS D'OZONOLYSE. XI11 

FIG. 3. Variation du courant maximum i,,, (wA) en fonction de la racine carree de la vitesse de balayage (VS-')"~. 
(1) RI = Rz = CH3; (2) R1 = C2H5, RZ = i-C3H7; (3) R1 = CZH5, R2 = CH3; (4) R1 = CH3, Rz = i-C3H7. 

de la temptrature a t t t  ttudite dans le domaine 
de 10 B 40 "C. Pour tous les hydroxyperoxydes 
ttudits, l'intensitt du courant limite croit lintaire- 
ment avec la temptrature (Fig. 4). Les pentes 

, observtes pour les divers hydroxyperoxydes sont 
1 indiquees au tableau 2. 

I TABLEAU 2 

Coefficients de temperature 

Coefficient de 
temperature 

RI  Rz ( %I0C) 

peroxyde, dans le tampon McIlvaine au pH7.  
Ainsi que l'indique la Fig. 5, les intensitts des 
courants enregistrts en polarographie en courant 
alternatif sont lintairement relites aux concen- 
trations en hydroxyperoxyde. Dans le tampon 
McIlvaine au p H  7 les rtsultats sont t r b  repro- 
ductibles et se pr&tent B des fins analytiques. Les 
courbes de calibration reprtsenttes par la Fig. 5 
ont t t t  obtenues en ajoutant 1 ml de solution 
d'hydroxyperoxyde dans le mtthanol, de concen- 
tration comprise entre 0.01 et 0.12 M, B 25 ml de 
solution tampon. 

Ainsi que Yindiquent les rtsultats du tableau 2, 
dans tous les cas les coefficients de temptrature 
sont inftrieurs B 1.8% par "C, cette derniere 
valeur ttant, d'apres Zuman (13), la valeur du 
coefficient de temptrature caracttristique d'un 
courant contr6lt par diffusion. Cette faible 
valeur, par rapport a 1.8 % par degrt, pourrait 
&tre expliqute en considtrant que le processus 
global est contralt partiellement par la rtaction 
d'tlectrode (coefficient de temptrature nul) et par 
la vitesse de diffusion du dtpolariseur (coefficient 
de temptrature : 1.8 % par "C). 

Influence de In concentration en dkpolariseur 
L'intensitt des courants limites a t t t  ttudite 

en fonction de la concentration en hydroxy- 

FIG. 4. Influence de la temperature sur I'intensitC du 
pic polarographique (i,,,, wA) dans le tampon McIlvaine, 
pH7, h 25'. (1) R1 = CH3, Rz = i-C3H7; (2) R1 = 
CzH5, Rz = CH3; (3) R1 = Rz = CH3; (4) R1 = C2H5, 
RZ = i-C3H7. 
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FIG. 5. Intensit6 des pics polarographiques (BA) vs. concentration c (M) des hydroxyperoxydes, dans le mCthanol. 
Tampon McIlvaine, pH 7, a 25 + 0.1 "C. (1) Rl = C2H5, R2 = i-C3H7; (2) Rl = C2H5, R2 = CH,. Les courbes 
des compos6s avec Rl = CH3 et R2 = CH3 ou i-C3H7 sont pratiquement identiques a la courbe (I). 

Ozonolyse du trans mkthyl-4 pentGne-2 en 
prCsence d'alcool 

La comparaison des rtsultats obtenus avec les 
hydroxyperoxydes 5 et les alcoxyhydroperoxydes 
4 (5) montre que la polarographie en courant 
alternatif est une mtthode analytique approprite 
en vue d'~ine distinction entre ces com~os t s  
isom2res. En effet, la rtduction du groupement 
OOH s'effectue k des potentiels beaucoup moins 
ntgatifs que celle des groupements OOR. Le 
tableau 3 permet la comparaison des potentiels de 
demi-vague, mesurts dans le tampon McIlvaine 
au p H  7 B 25 "C, des hydroxyperoxydes 5 avec 
ceux des alcoxyhydroperoxydes 4. 

Les Figs. 6 et 7 illustrent bien, avec R, = CH, 
ou i-C,H,, la possibilitt de mettre en tvidence les 
hydroxyperoxydes B c6tt des alcoxyhydro- 
peroxydes correspondants. A l'aide des courbes 
de calibration (Fig. 5) ttablies pour les hydroxy- 
peroxydes avec R, = C,H, et R, = CH, ou 
i-C,H,, ainsi que des courbes de calibration 
ttablies pour les alcoxyhydroperoxydes corres- 
pondants ( 9 ,  il est facile de vtrifier que la 

prtsence, dans le mtlange rtactionnel, d'une 
proportion de 1 % d'hydroxyperoxyde B cBti de 
99 % d'alcoxyhydroperoxyde peut Etre facilement 
dtcelte. Cette observation est, par ailleurs, 
tgalement valable en ce qui a trait B la difftren- 
ciation des hydroxyperoxydes avec R, = CH, 
des mtthoxyhydroperoxydes correspondants. 

L'examen polarographique des solutions de 
trans mtthyl-4 penthe-2 ozontes en solution 
dans le tetrachlorure de carbone, en prtsence de 
mtthanol ou d'tthanol 3 M, B 25 "C, n'a en 
aucun cas permis de dtceler les pics polarogra- 
phiques pouvant correspondre aux hydroxy- 
peroxydes attendus. Cette observation semble 
permettre, dis  lors, de conclure B la non-partici- 
pation d7une forme zwitterionique 3. 

I1 a t t t  observt, cependant, qu'une diminution 
de la concentration en alcool dans le solvant 
utilist lors de I'ozonolyse se traduit par la forma- 
tion de quantites insuffisantes d'alcoxyhydro- 
peroxydes, par rapport B la quantitt d'olkfine 
consommte (tableau 4). 

L'effet de la diminution de la concentration 

TABLEAU 3 
Potentiels de demi-vague (El12) dans le tampon McIlvaine, pH 7, 25 "C 
-- ---- ----- 

El12 (V) 
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- 0 94 - 0  5 
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FIG. 6. Comparaison polarographique des hydroxyperoxydes et des alcoxyhydroperoxydes. (1) CH3CH(OOC2H5)- 
OH; (2) CH3CH(OOH)OCZHs. Concentrations (M): 0.051 (1) et 0.024 (2), dans le mithanol. Tampon McIlvalne, 
p H  7, a 25". 

FIG. 7. Cornparaison polarographique des hydroxyperoxydes et des alcoxyhydroperoxydes. (1) i-C3H7CH- 
(OOC2Hs)OH (0.047 M ) ;  (2) i-C,H7CH(OOH)OCzHs (0.09 M ) .  Tampon McIlvaine, p H  7, a 25". 

d'alcool sur la distribution des produits d'ozo- 
nolyse a CtC CtudiC en envisageant la possibilitC 
qu'une augmentation de la durCe de vie du 
zwitterion dans le mClange riactionnel pouvait 
Cventuellement entrainer la formation de la 
forme zwitterionique 3. Cependant, m&me dans 
ces conditions expkrimentales, aucune trace 
d'hydroxyperoxyde n'a pu etre dCcelCe, par voie 
polarographique, dans les milanges rkactionnels. 

A cet Cgard, il parait intCressant de relever le 
point suivant. L'ozonolyse d'une solution 0.1 M 

de trans mCthyl-4 penthe-2 dans l'adtate 
d'Cthyle - mCthanol (3 M) A 25 "C conduit A la 
formation d'un total de 1 mole de mCthoxy- 
hydroperoxyde par mole d'olifine ozonCe. La 
distribution des deux mCthoxyhydroperoxydes, 
ainsi qu'elle a CtC dtterminCe par analyse polaro- 
graphique (5), est indiquCe par le schema 3. Par 
ailleurs, ces proportions de clivage ne dCpendent 
ni de la temperature d'ozonolyse, ni du solvant 
utilisC (CCI,, hexane, acCtate d'ithyle, Cther, 
mCthanol, ou tthanol) (14). 
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TABLEAU 4 
Ozonolyse de 1 rnrnole de trans rnCthyl-4 penthe-2, en prtsence de rnithanol ou d'Cthanol 

Olefine Hydroperoxyde Hydroperoxyde 
TernpCrature consornrnCe form6 

ROH ( M )  PC) (rnrnole) (rnrnole) OlCfine (%) 

Les rendements en alcoxyhydroperoxydes, 
observts lors des ozonolyses prisentant un dCfaut 
dans la quantitC totale d'alcoxyhydroperoxyde, 
peuvent donc &tre calculCs par rapport aux 
quantitts attendues d'apris les proportions indi- 
quCes dans le schCma 3. Dans une premi6re 
exptrience, 1.0 mmole de trans mtthyl-4 pen- 
tine-2 en solution dans 10 ml d'acttate d'tthyle - 
mCthanol 0.5 M a CtC ozonCe partiellement, a 
0 "C. D'apris le dosage de llolCfine non con- 
sommCe, en chromatographie en phase gazeuse 
(c.p.g.), 0.56 mmole d'oltfine a CtC consommte. 
La quantitC totale du mtlange des deux mkthoxy- 
hydroperoxydes, d'apris le dosage iodomCtrique 
selon Lohaus (15), s'est ClevCe a 0.445 mmole, 
soit 79% par rapport a l'olCfine consommCe. 
D'apris le dosage polarographique des mCthoxy- 
hydroperoxydes, 0.352 mmole de CH,CH- 
(OCH,)OOH et 0.090 mmole de i-C,H,CH- 
(OCH,)OOH, soit un total de 0.442 mmole, ont 
t t t  engendrCs, ce qui est en bon accord avec la 
valeur trouvte par iodomitrie. D'apris le 
schCma 3, les quantitCs attendues pour l'ozono- 
lyse de 0.56 mmole d'olCfine sont 0.398 mmole 
de CH,CH(OCH,)OOH et 0.162 mmole de 
i-C,H,CH(OCH,)OOH. On conclut, d'apr6s 
cette experience, que 88 % du zwitterion 
CH,C+HOO- se retrouvent dans le melange 
final sous forme de son mCthoxyhydroperoxyde, 

mais seulement 55.5% du zwitterion i-C3H7- 
C+HOO-. Une expCrience similaire a CtC effec- 
tuCe A 25 "C, dans une solution 1 M e n  methanol 
dans l'acktate d'tthyle. L'analyse iodomktrique 
des mtthoxyhydroperoxydes a conclu a la forma- 
tion de 0.395 mmole (0.398 mmole par polaro- 
graphie) pour l'ozonolyse de 0.481 mmole 
d'olCfine, soit 82% de la quantitC attendue. 
L'analyse polarographique a montrt la forma- 
tion de 0.304 mmole de CH,CH(OCH,)OOH 
(attendu : 0.341 mmole) et de 0.094 mmole de 
i-C,H,CH(OCH,)OOH (attendu : 0.140 mmole). 
Ainsi, 89 % du mCthoxyhydroperoxyde CH,CH- 
(OCH,)OOH et 67 % de i-C,H,CH(OCH,)OOH 
ont CtC retrouvCs dans le melange reactionnel 
final. 

L'examen, en c.p.g., de ces solutions n'a pas 
permis de dCceler l'alcool isobutyrique. Dis lors, 
le defaut marquC en zwitterion i-C,H,C+HOO- 
ne semble pas devoir &tre attribuC a une ozonolyse 
"anormale". I1 a Ctt Cgalement ttabli qu'il ne 
se forme pas d'isobutyrate de mtthyle, qui aurait 
pu se produire selon un processus de Pasero (1 6), 
comme cela a dCji Ctt dCcrit par Diaper (17) dans 
certains cas particuliers. Par contre, l'ozonide 
normal ainsi que l'ozonide de croisement cor- 
respondant au diisopropylCthyl6ne ont pu Ctre 
mis en Cvidence. I1 n'a cependant pas CtC possible 
de dtceler l'ozonide de croisement correspondant 
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au but?ne-2. 11 est, par ailleurs, probable que la tension alternative a CtC de 60 Mc/s et son amplitude de 

formation d~ozonides impliquant la r~action de 50 mV. L'tlectrode a goutte de mercure Ctait constituke 
par un capillaire assurant un temps de goutte de 116 s 

I'isobutyraldCh~de est favoriske Par rapport pour un flux de mercure de 0.9 mgls. L'Clectrode de 
celle impliquant 1'acCtaldChyde car, d'api-6~ le rkfkrence etait une electrode AglAgCl commerciale et 
schCma 3. ~'isobutvrald~hvde est form6 dk facon IyClectrode auxiliaire, une 6lect;de de tungstene. Un 
prCpondC;ante d u  -,-Iivage de l 'ozo~ide oscillo-polarographe Chemtrix SSP-2, utilisant un 

primaire. balayage simple par tension triangulaire, a permis I'en- 
registrement des oscillo-polarogrammes; les electrodes 

En l'ensemble des rCsultats ex- ktaient les mCmes que celles dCcrites ci-dessus. Le temps 
pods ,  notamment en ce qui a trait B l'absence de goutte avait kt6 amen6 a 3 s. 
d'hydroxyperoxyde dans tous les m6langes rCac- Pour les mesures, 1 ml de la solution ozonCe dans 

tionnels, conduit 2 rejeter la dlune I'acCtate d'ethyle - mCthanol (ou ethanol) a Ctt ajoutC a 
25 ml de solution tampon McIlvaine au p H  7. La solution forme zwitterionique autre que 1 et 2 au mica- a etC degazCe par un courant d,azote pendant min, 

nisme d'ozonolyse. 11 semble, en effet, difficile puis agitee Cnergiquement afin d'assurer une bonne 
d'admettre aue  la structure 3 ~ u i s s e  contribuer homogCnCitC de la solution. a l'aide d'un agitateur 
seulement B la formation d'ozonide, donc rCagir 
uniquement avec I'aldChyde, sans Ctre capable de 
rCagir Cgalement avec l'alcool pour engendrer 
l'hydroxyperoxyde. 

Technique d'ozonation 
La technique d'ozonation a Ctt dkcrite precCdernment 

(4). Des dCbits d'ozone compris entre 0.07 et 0.2 mmole/ 
min ont CtC utilises, en limitant I'ozone rnoins de 80% 
de la quantitt thCorique pour tviter l'autoxydation des 
aldehydes. 

Dosage iodornetriqrre des I~ydroperoxydes 
Les hydroperoxydes engendres lors des ozonolyses 

effectuies en presence d'alcool ont CtC dosCs en suivant 
une mkthode approchant celle dCcrite par Lohaus (15). 

Dosages en chromatograpl~ie en phase gazeuse 
Lors des ozonolyses du trans methyl-4 penthe-2 en 

prCsence d'alcool, les proportions d'olefine n'ayant pas 
rCagi, ainsi que les traces d'ozonide qui ont CtC formees 
dans certains cas, ont CtC dCterminCes au moyen d'un 
c.p.g. F et M, modele 5750, avec un dCtecteur a flarnme 
ionisante, comprenant une colonne de 6 pieds de silicone 
rubber UCW 98 ou de nitrile-silicone (10%) sur chromo- 
sorb P. La temptrature du four a etC maintenue a 30 "C, 
ce qui a prevenu la decomposition des alcoxyhydro- 
peroxydes. Apres chaque ozonation le solvant CvaporC a 
CtC soigneusement remplacC et 5 pl d'Cchantillon ont ttC 
inject& dans le chromatographe. Les intensitCs des pics 
chromatographiques ont etC mesurCes au moyen d'un 
planimetre et les surfaces ainsi obtenues ont CtC com- 
parees a celles obtenues dans les mCmes conditions par 
injection de solutions de rCfCrence appropriees. I1 a CtC 
Cgalement vCrifiC que la presence, parmi les produits 
d'ozonolyse, d'alcool isobutyrique ou d'isobutyrate de 
methyle aurait pu Ctre dCcelCe facilement. 

Analyse polarograplrique 
Les courbes intensite-potentiel ont Ctt enregistrtes a 

l'aide d'un polarographe Metrohm E-261-R qui offre la 
double possibilite d'une analyse par voltage continu 
croissant lineairement ou d'une analyse a I'aide d'une 
tension alternative de faible amplitude, superposke au 
voltage continu d'analyse (18, 19). La frtquence de la 

rnagn&ique. Lors de l'utilisation du ~ ~ l , - m ~ t h a ; o l  (ou 
ethanol) comme solvant, la solution ozonee a CtC soumise 
a une Cvaporation. Le residu a etC ensuite dissous dans 
le methanol (ou l'ethanol) et analysk comme il est 
indiqut ci-dessus. 

Spectres de rksonarlce niagnktiqlre nrrcleaire 
Les spectres r.m.n. ont etC determines au moyen d'un 

spectrometre Jeolco 60 H, en solution dans le chloro- 
forme, en utilisant du tCtramCthylsilane comrne reference 
interne. 

Prkparation des Izydroxyperoxydes 
Les syntheses ont etC effectuCes en deux Ctapes selon 

la mCthode dCcrite par Rieche (20, 21). La premiere 
etape consiste en une alkylation du peroxyde d'hydrogtne 
par du sulphate de dimCthy1 ou de diCthyl, qui conduit 2 
la formation des hydroperoxydes d'alcoyle ROOH cor- 
respondants. Les rendements ont CtC amCliores a 40-50% 
[litt. (20,21) : 18-20x1 probablement gr2ce a l'utilisation 
d'un appareil a extraction continue, pendant une semaine, 
lors de I'extraction des hydroperoxydes de leurs melanges 
rCactionnels. 

Les hydroxyperoxydes ont CtC obtenus par la condensa- 
tion des hydroperoxydes d'alcoyle avec les aldChydes 
appropriCs, en agitant pendant 24 h une solution des 
rCactifs dans I'ether, a la tempirature de la piece. Les 
rendements sont faibles (10 a 15%), mais l'hydroperoxyde 
d'alcoyle n'ayant pas rCagi peut Etre facilement rCcupCr6. 
Ce mode de preparation evite les reactions secondaires, 
notamment des reactions de polymerisation. La con- 
densation d'hydroperoxyde d'alcoyle avec I'aldChyde 
benzoyque a Cchoue, m&me en prolongeant le temps de 
rCaction a 3 jours. Les hydroxyperoxydes ont CtC purifies 
par distillation sous pression reduite. Leurs points 
d'ebullition, ainsi que leurs spectres r.m.n. sont exposes 
au tableau 1. 

Nous remercions le Conseil National de Recherches 
du Canada pour un octroi qui a permis ces recherches. 
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Spectrofluorometric studies. VIII. The effect of CO, and CHCI, on the 
photochemistry of monofluorobenzene 

M. E. MACBEATH AND I. UNGER 
Departtnent of Chemistry, University of New Brunswick, Fredericton, New Brunswick 

Received November 26, 1969 

The sensitized emission of biacetyl technique was used to  study the effect of CHCI, and CO, on the 
triplet quantum yields of both benzene and monofluorobenzene. 

The rnonofluorobenzene was studied at h excitation (h,,) of 2470, 2590, and 2670 A. At 2470 A, the 
triplet yield increased by over 40% with both added gases; at h,, 2590 A, by around 30%; and at  h,, 
2670 A, about 20%. CHCI, is slightly more effective than CO, in enhancing the biacetyl phosphorescent 
yield. The quantum yield of fluorescence was unchanged with these added gases. Using a slightly im- 
proved technique, the comparison irradiation of a benzene-biacetyl mixture at h,, 2540 A with added 
CHCI, was repeated. The results confirmed that the biacetyl phosphorescent yield decreased with 
increasing pressures of CHCI,, but suggest that the effect is not as great as previously reported. At the 
same wavelength, the triplet yield is unaffected by the addition of CO,. The quantum yield of fluorescence 
of benzene is virtually unaffected by the added gases. The data suggest that in the monofluorobenzene 
case the CO, and CHCI, are quenching vibrationally excited triplet fluorobenzene molecules. 
Canadian Journal o f  Chemistry, 48,  1607 (1970) 

Introduction 

Of the several techniques for detecting and 
I 

I estimating the triplet yield of organic molecules 
that do not exhibit phosphorescence, the two 
most commonly used in vapor-phase studies are 
the sensitized emission of biacetyl (BiA) technique 
(1) and the isomerization of olefins technique, 
first descr~bed by Cundall et al. (2, 3). Both tech- 

' niques have certain limitations (4). In addition to 
the limitations discussed in ref. 4, the isomeriza- 
tion of olefins technique may have other draw- 
backs, thus it was recently reported that cis- 
butene-2 at low pressures will isomerize due to 
direct absorption (5) of 2537 A radiation. Simi- 
larly, it has been shown that the irradiation of 
either isomer of 1,3-pentadiene at 3660 A leads 

1 to isomerization with quantum yields greater 
than unity (6). In the present study the sensitized 
emission of BiA technique was used to monitor 
the triplet yield of monofluorobenzene (FB) ex- 
cited at  various wavelengths. When applying this 
technique to molecules which absorb more 
strongly than benzene, it is often desirable to use 
lower total pressures than those used by Ishikawa 
and Noyes (1). The method should st111 yield 
reliable results provided a sufficient quantity of 
some transparent inert quencher is added to the 
system to deactivate vibrationally hot FB mol- 
ecules. If this precaution is not taken, the FB 
molecules in high vibrational levels of the triplet 

1 state can, on collision, create BiA molecules with 

enough energy to dissociate (7). In a previous 
study of the photochemistry of FB (8), this pre- 
caution was not taken and hence we believe the 
triplet yields given in ref. 8 to be artificially low. 
The vibrational quenchers employed were CHCI, 
and CO,. 

It has been reported that triplet benzene is 
quenched by CHCl, (9),  since the present study 
shows that the addition of CHCI, increases the 
triplet yield of FB, a molecule whose basic photo- 
chemistry is very similar to that of benzene (10- 
13), the effect of CHCI, as well as that of CO, on 
the singlet and triplet yields of benzene excited at 
2540 A was re-examined. 

Experimental 
Monofluorobenzene, obtained from the Aldrich 

Chemical Company, was used without purification after a 
vapor phase chronlatography (v.p.c.) check showed it t o  
contain less than 0.03 %impurities. The biacetyl, obtained 
from the same company, was stored in a dark reservoir 
and purified by bulb-to-bulb distillation in vacuo prior 
to use. Both the chloroform and benzene were fluoro- 
metric grade obtained from the Hartmann-Leddon Corn- 
pany. Chromatographic analysis showed the chloroform 
to be 99.7% pure and the benzene, 99.95% pure. The 
CO, was obtained by allowing Dry Ice to sublime from 
one bulb to  another in vacuo, only the middle portion 
being retained; all materials were thoroughly outgassed 
prior to  use. 

A grease- and mercury-free high vacuum system em- 
ploying Hoke packless diaphragm metal valves was 
used in this study. A cuvette type flow-through cell 
1 crn x 1 cm x 4.5 cm high and polished on four sides 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1608 CANADIAN JOURNAL OF ( :HEMISTRY. VOL. 48, 1970 

was used. The mixtures of gases were circulated through 
the cell by means of an  all-glass pump constructed at  the 
National Research Council of Canada in Ottawa. 

When mixing was complete, as evidenced by a constant 
reading for light intensity passing through the cell, the 
pump was turned off during the recording of the phos- 
phorescent emission spectrum. Unless this precaution 
was taken, an  artificially low phosphorescent yield was 
observed. This effect is undoubtedly due to the relatively 
long lifetime of biacetyl triplet (1.8 x s) (14). A 
certain fraction of the triplet biacetyl species being formed 
in the cell was being swept past the viewing slit before it 
had time to emit, this fraction being a function of pump 
efficiency. A spiral gauge, also made at NRCC, was used 
in conjunction with a silicone oil manometer in taking 
pressure measurements. Pressures below 3 Torr were 
obtained by expansion into previously calibrated sections 
of the vacuum line. 

A modified (15) Aminco-Bowman spectrophoto- 
fluorometer (s.p.f.), obtained from the American Instru- 
ment Company, Inc., was employed for emission and 
absorption measurements. Experimental details concern- 
ing light source, absorption measurements, and correction 
factors have been given previously (15, 8). 

The intensity of emission was measured using an  
E.M.I. 9652B photomultiplier tube whose response was 
displayed on a Kiethly Instruments' 610A electrometer. 
The response was recorded on a Mosely Autograph X-Y 
Recorder, Model 7030AM. 

The entrance slit of the excitation monochromator was 
set a t  0.5 mm and the exit slits were 1 .O, 0.5, and 1.0 mm. 
This slit arrangement gave excitation spectra with the 
following characteristics for the wavelengths used in this 
study 

Maximum Half band 
Setting Range intensity width 

(A) (A) at (A) 

The two entrance slits to  the emission monochromator 
were both 1 mm and the exit slit was also 1 mm. A 
relative method, described elsewhere ( I  I), was used to 
obtain the quantum yields of fluorescence and intersystem 
crossing. In order to obtain sufficient light intensity to  
give satisfactory results for the calibration, it was found 
necessary to use a 1.0 mm entrance slit to the excitation 
monochromator. An analysis of the exciting light with h 
excitation set at 2540 A (the h excitation used in previous 
studies reported from our laboratory) (8, I I) showed that 
the wavelengths ranged from 2500 to  2535 A, peaking at 
2524 A, and that 53 %of  the light was below 2520 A, with 
13% below 2510 A. Since the fluorescent efficiency of 
benzene is constant from 2520 to 2610 A (16), the h 
excitation (h,,) for calibration was changed to 2580 A 
where, with a 1 mm excitation slit, the spectral distribu- 
tion of the exciting light was from 2550 to 2630 A, with 
11 % above the 2610 A limit. With a 0.5 mm excitation 
slit the distribution is between 2557 and 2607 A, peaking 
at  2580 A. Both 1 and 0.5 mm excitation slits were used 

for calibration at 2580 A, and results were the same within 
experimental error. 

Results and Discussion 
The addition of CO, or CHCl, to mixtures of 

20 Torr of benzene and 0.15 Torr of BiA has no 
effect on the fluorescent yield of benzene; CHCI, 
does, however, reduce the triplet yield of benzene, 
while CO, has no effect on this yield (Fig. 1). 
These results confirm the previously reported 
work on the CHC1,-benzene system (9), although 
the data indicate that the reduction in the triplet 
yield is somewhat smaller than that given in the 
earlier work. 

The singlet and triplet yields for mixtures of 
10 Torr of FB and 5 Torr of BiA excited at 2470, 
2590, and 2670 A were redetermined using the 
improved calibrating technique given in the ex- 
perimental section of this paper. The data are 
summarized below 

hex, A @f at 

where @, i s  fluorescence quantum yield and cD, is 
triplet quantum yield. 

The addition of CHCl, to 10 Torr of FB or to 
mixtures of 10 Torr of FB and 5 Torr of BiA 
excited at  various wavelengths has no effect on 
the singlet yield of FB (Table 1). It does, however, 
increase the triplet yield of FB; the increase is 
47,36, and 28 % at A,, = 2470,2590, and 2670 A, 
respectively; the data are shown graphically in 
Fig. 2. Plots of 110, vs. 1/M, where M represents 
total pressure, are linear (Fig. 3). 

The effect of CO, on the photochemistry of FB 
is remarkably similar to that of CHCI,. Thus CO, 
has no effect on the fluorescence yield of FB when 
that material is present alone, nor does it have 
any effect on the fluorescence yield of FB in 
mixtures of FB and BiA at any of the exciting 
wavelengths examined (Table 2). Addition of 
CO, does, however, increase the triplet yield of 
FB;  the percent increase is dependent on the 
exciting wavelength, and is found ,to be 42, 29, 
and 20% when A,, = 2470, 2590, and 2670 A, 
respectively (Fig. 3). Plots of MI@, vs. M are 
again found to be linear (Fig. 4). The equations 
of the lines given in Fig. 3 are summarized in 
tabular form (Table 3). Using the maximum in- 
creases in triplet yield given for CHCl,, the total 
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MAcBEATH AND UNGER: SPECTROFLUOROMETRIC STUDIES. VIII 

I 1 
0 20 40  60 80 100 

P r e s s u r e  V o r r  

FIG. 1. The effect of CHCl?, m, and C02,  0, on the fluorescence and triplet yields of benzene excited at 2540 A. 
Benzene pressure = 20 Torr, BIA pressure = 0.15 Torr. 

TABLE 1 
Effect of chloroform on the fluorescent quantum yield of FB and on that .of FB-BiA mixtures at 

various exciting wavelengths 

he, 2470 A he, 2590 A he, 2670 A 
CHC13 CHC13 CHC13 

pressure, pressure, pressure, 
Torr* @ f Torr* @ I Torr* @ I 

CHC13 
pressure, 

Torrt @ I 

he, 2590 A he, 2670 A 
CHC13 CHC13 

pressure, pressure, 
Torrt @I Torrt @I 

*FB pressure = 10 Torr, no BiA added. 
tFB pressure = 10 Torr, BiA pressure = 5.0 Torr. 
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P r e s s u r e  F o r r )  
FIG. 2. The effect of CHC13, @, and CO,, 0, on the triplet yield of FB at excitation wavelengths of 2470, 2590, 

and 2670 A. FB pressure = 10 Torr, BIA pressure = 5 Torr. 

quantum yield of singlet plus triplet at he, 2470 A 
is 0.70; at he, 2590 A, 0.80; and at he, 2670,0.78. 

The mechanism given below is consistent with 
our experimental observations and known photo- 
chemistry of BiA (1 7) 

FB + hv + 'FBI' I, 

[I 1 'FBZ1 + N + 'FB,' + N 

[2 1 'FB,' + BiA + FB + 'BIAII 

PI 'FB,' + BiA + FB + 'BIA" 

[4 1 ' FB,' -> 3FB,1 

[5 1 'FB,' + N -> 'FBol + N 

[61 'FBol + FB -+ 2FB 

[7 I 'FBol + FB + hvr 

[8 1 'BIA" -> Dissociation 

[9 1 3FBz1 + M -> 3FBx1 + M 

[lo] 3FB,1 + BiA -+ 3BiA,' + FB 

[I 1 1 3FBx' + BiA + 3BiA,' + FB 

[I21 3FB,' (+ M) + FB (+ M) 

[I31 3BiA,' + Dissociation 
[I41 3BiA,' + N + 3BiAo1 + N 

[Is] 3BiAo1 + BiA + hv, 

[I61 3BiAo1 + BiA 

In the above mechanism, Arabic numerals denote 
spin multiplicity while Roman numerals are used 
to represent first or second excited states, z is a 
vibrational level which is higher than the vibra- 
tional level x which is in turn higher than the 
ground vibrational level 0. The energy gap be- 
tween z and 0, and between x and 0, will depend 
on the wavelength used for excitation. M is any 
molecule which can act as a vibrational quencher, 
while N is total FB and BiA. In this mechanism, 
some steps such as intramolecular rearrangement 
of either singlet or triplet FB, which are known 
to occur (18-20) for benzene and substituted 
benzenes, have been omitted since these steps 
have very small quantum yields (21). Application 
of the steady-state treatment to the mechanism 
yields 
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MAcBEATH AND UNGER: SPECTROFLUOROMETRIC STUDIES. VIII 

TABLE 2 

Effect of carbon dioxide on the fluorescent quantum yield of FB and on that of FB-BiA mixtures at  
various exciting wavelengths 

he,,, 2470 A h,, 2590 A h,, 2670 A 

coz coz coz 
I pressure, pressure, pressure, 

Torr* @ f Torr* @ r Torr* @ r 

0.0 0.134 0.0 0.165 0.0 0.172 
5.7 0.133 6.0 0.165 5.4 0.173 

102.6 0.137 103.4 0.161 101.6 
-- 

0.170 

hex 2470 A h,, 2590 A h,, 2670 A 

coz co2 co2 
pressure, pressure, pressure, 

Torrt @C Torrt @ c Torrt @ c 

'FB pressure = 10 Torr, no BiA added. 
tFB pressure = 10 Torr, BiA pressure = 5.0 Torr. 

For constant pressures of FB and BiA, eq. [17] 
predicts that plots of I/@, vs. 1/M should be 
linear; this prediction is confirmed experimentally 
(Figs. 3 and 4). Equation [17] also allows the 
evaluation of kg/klO at various wavelengths 

[18] intercept/slope = kg/kl0 [B] 

Values of these ratios are listed below 

kg lk~o  

kc,, A CHC13 added COZ added 

Our data indicate, then, FB intersystem 
crossover from the first singlet to the triplet may 
occur from a variety of vibrational levels, de- 
pending on the wavelengths of the incident 

radiation. Consequently, the triplet BiA mol- 
ecules, produced by energy transfer between 
triplet FB and ground state BiA, will have a range 
of vibrational energies also dependent on the 
excitation wavelength. Thus, unless some inert 
gas is present in the system which can deactivate 
hot triplet FB molecules, vibrationally hot triplet 
BiA molecules will be produced, some of which 
may dissociate (17), which will in turn lead to 
artificially low triplet yields. Our data also show 
that singlet and triplet energy transfer from FB 
to either CO, or CHCI, is not significant. This is 
somewhat surprising, at least for the FB and 
CHCI, system, in view of the work of Denschlag 
and Lee (22) on the benzene-cyclobutanone sys- 
tem, wherein it was shown that singlet benzene 
transfers 96 kcal/mole of energy to cyclobutanone 
and that the triplet transfers between 80 and 85 
kcal/mole. 
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FIG. 3. Plots of I / @ :  vs. 1 / M .  FB pressure = IOTorr, 
BiA pressure = 5 Torr, M = total pressure of FB + 
BiA + CHC13. 

In the benzene-CO, and benzene-CHC1, sys- 
tems studied in this report, the benzene pressure 
was sufficiently large and the BiA pressure so 
small that most benzene triplets would be quickly 
deactivated to fairly low vibrational levels before 
energy transfer collisions with BiA could occur. 
Rough calculations (considering only the relative 
numbers of molecules present in the two systems) 
indicate that the collision frequency of triplet 
benzene with benzene is -200 times that for 
triplet benzene with BiA molecules. On the other 
hand, in the FB-BiA system the collision fre- 
quency of triplet FB with FB is only two times 
that for triplet FB with BiA. Hence reactions of 
type [13] and [lo] would be unimportant for the 
benzene systems. Also, our data indicate that 
reactions of the type 

3Benzene + CO, + (Benzene-C02) 

TABLE 3 
Equations of lines of I /@, ,  reciprocal quantum yield of 
triplet, vs. 1 / M ,  reciprocal total pressure, at various 
exciting wavelengths, for FB-BiA mixtures with added 

CHCI3 or C02*  

CHC13 added 

Pressure range 
LC,, A CHC13, Torr 

Equation,? 
I / @ ,  = 

2470 0-93 1.58 + 15.29(1/M) 
?C 1.09 %, max. 3.76 % 

2590 0-94 1.44 + 10.34(1/M) 
?C 0.92 %, max. 2.46 % 

2670 0-52 1.64 + 6.28(1/M) 

- 
k 0.97 %, max. 2.22 % 

C 0 2  added 

Pressure range  quat ti on,^ 
I.,, A COz. Torr I / @ ,  = 

2470 0-61 1.94 + 10.56(1/M) 
? 1.79 %, max. 3.77 % 

2590 0-84 1.63 + 7.84(1/M) 
+ 1.63 %, max. 2.58 % 

2670 0-33 r84 + 3.60(1/M) 
?C 1.22 X ,  max. 2.40 % . ". 

*FB pressure = 10 Torr, BiA pressure = 5 Torr. 
tThe first percentage (f) is the average difference o f  experimental 

values from values a, each corresponding pressure o n  a least square 
plot. The second percentage (max.) is the difference o f  the experimen- 
tal value whose deviation is greatest from its corresponding point (at 
the same pressure) on  the least square plot. 

)/M x lo2 

FIG. 4. Plots of I / @ ,  vs. 1 /M.  FB pressure = 10 Torr, 
BiA pressure = 5 Torr, M = total pressure of FB + 
BiA + CO,. 
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MAcBEATH AND UNGER: SPECTROFLUOROMETRIC STUDIES. VIII 1613 

which have been recently shown to occur for the 
SO2-CO, system (23) cannot be significant here. 
The reduction in the triplet yield of benzene on 
the addition of CHCI, is likely due to energy 
transfer from the triplet of benzene to CHCI, with 
the resulting decomposition of the latter (9). 

The authors wish to thank Dr. G. P. Semeluk of this 
department for many useful discussions. 
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NOTES 

Nuclear recoil reactions in organomanganese compounds. 
IV. Fulvalenehexacarbonyldimanganese 

I. G. DEJONG AND D. R. WILES 
Chemistry Department, Carleton University, Ottawa, Canada 

Received December 2. 1969 

The chemical effects of neutron capture have been studied in fulvalenehexacarbonyldimanganese, in 
order to determine whether or not the ring-ring bond survives nuclear recoil. Retention in the parent 
form (9.1 %) is comparable to that in other organomanganese compounds, while the radiochemical 
yield of c ~ M n ( C 0 ) ~ ,  the r mono me^", is very much lower (0.2%). This suggests that the inter-ring 
bond is not broken under the conditions in the reaction zone. The formation of radiomanganese com- 
pounds with several carbonyl ligands (4.7%) is in accord with mass spectrometric evidence, which 
suggests that CO may be readily available in the reaction zone. 

Canadian Journal of Chemistry, 48, 1614 (1970) 

Our study of nuclear recoil reactions in 
organometal compounds (1-5) has led us to the 
conclusion that the nuclear reaction often causes 
fragmentation, but not atomization, of the mole- 
cule. The reconstitution of the molecules, in- 
corporating the radioactive metal atom, must 
then occur by a process of reassembling the 
fragments. The question then is: To what extent 
does fragmentation occur? 

Studies of methylcyclopentadienylmanganese 
tricarbonyl (CH,CpMn(CO),) showed (2, 3, 5) 
that the parent compound is reformed, and also 
CH,Mn(CO), is formed. From this, two im- 
portant conclusions can be drawn: the CH,-Cp 
bond is sometimes, but not always, broken; the 
Mn-CO bond is frequently also broken in 
neighboring molecules to give a carbonyl-rich 
medium. 

Further to our previous studies, we now report 
on recent experiments on fulvalenehexacarbony1- 
dimanganese. This compound was recently re- 
ported by Rausch, Kovar, and Kraihanzel (6), 
who deduced it to have the following con- 
figuration 

It seemed possible that the manganese atom, 
recoiling following neutron capture, might cause 

rupture of the bond joining the two rings. This 
would then give rise to the formation of CpMn- 
(CO), rather than of the fulvalene compound. 

Experimental 
A sample of fulvalene-Mn2(CO), was kindly supplied 

by Professor Rausch, and was used without further 
purification. The irradiated sample (-20 mg) was dis- 
solved in 2 ml of a 4:l petroleum ether~hloroform 
solution which contained about 5 mg of I2 (to scavenge 
HMn(CO), and Mn(CO),). Carriers were added for 
IMn(CO),, C P M ~ ( C O ) ~ ,  and Mn2(CO),,, and the solu- 
tion was chromatographed on silica gel to separate the 
components. Mn2(CO)lo was removed with 1 % benzene 
in petroleum ether, c ~ M n ( C 0 ) ~  with 10% benzene in 
petroleum ether, and IMn(C0)5 with 20-25 % benzene in 
petroleum ether. The fu l~a lene-Mn~(C0)~  was finally 
removed with chloroform. In one case some of the 
fulvalene compound came along with the IMn(C0)5 and 
was leached out with petroleum ether, in which the 
fulvalene compound is not soluble. Determination of 
chemical recovery was done spectrophotometrically, 
except for the fulvalene compound, which was weighed 
directly. 

Separate tests showed that no reaction occurs between 
I2 and fulvalene-Mn2(CO), in petroleum ether within 
30 min. In particular, no conversion (i.e., ~ 1 % )  to 
IMn(CO), was detectable. 

Neutron irradiations were done using the S b B e  
neutron source (7) at the Commercial Products Division, 
A.E.C.L. Measurement of the radioactivity was done by 
NaI scintillation counting, using the 0.84 MeV photopeak 
of ',Mn. 

Results and Discussion 
The results of the measurements are given in 

Table 1, which also quotes corresponding data 
for CpMn(CO),. The data show clearly that 
while some radioactive CpMn(CO), is formed, it 
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NOTES 

TABLE 1 
Retention and yield data for neutron irradiated fulvalene-MII,(CO)~ 

and corresponding data for CpMn(CO),* 

Yield of ( %) 

Retention (%) CpMn(C013 Mn2(CO) IO l M n ( C 0 ) ~  t 

7.5 0.16 0.21 6.1 

Ave. 9.1 0.20 0.25 4.4 

CpMn(C0) 3 3  

7.0 0.3 7.0 

'Retention and yield refer to the fraction of  the total radioactivity found in the parent 
compound and in other species, respectively. 

?The reason for the large deviations in these data is not immediately known,.but 
doubtless lies in the difficulty of recovering the IMn(CO), free from the fulvalene 
complex. 

$Data from ref, 3. 

occurs only to a small extent, indeed the yield of 
this compound is only about 1/50 of the retention 
in the parent compound. This observation sug- 
gests that the inter-ring bond is not easily broken 
under the conditions prevailing in the recoil zone, 
or perhaps that the inter-ring bond may be 
broken and rapidly re-formed by a radical-cage 
recombination process. The mass spectrometric 
evidence (6) is in keeping with the former. 

The yields of 1 5 6 ~ n ( C O ) 5  and 56Mn,(CO),, 
compare reasonably well with the corresponding 
yields in CpMn(CO),. This comparison shows 
that the formation of these carbonyl-rich species 
is not particularly sensitive to the structure of the 
target compound. The evident ready availability 
of CO is also in keeping with the mass spectro- 
metric data (6, 8) for both the fulvalene and the 
simple cyclopentadienyl complexes, which show 
that the carbonyl groups are very easily removed 
from the molecules. The high retention of 56Mn 

sion of low-energy y transitions. Both processes 
occur, but it is not known which gives rise to 
those radioactive atoms which remain in chemical 
surroundings suited to the reconstitution of the 
observed molecules. The experiment of Carlson 
and White (9) showed that in gaseous Pb(CH,),, 
ionization by X-rays bombardment led to subse- 
quent multiple ionization and to virtually com- 
plete atomization of the molecule with almost no 
recoil energy being given to the lead atom. This is 
contrary to our observations on various man- 
ganese compounds; hence we believe that the 
fragments occurring in our system result from 
primarily thermal effects. 

We are very grateful to Professor Rausch for giving us 
his last 100 mg of the fulvalene complex, and to the 
Commercial Products Division, A.E.C.L. for the use of 
their neutron source. The work was supported in part by 
the National Research Council of Canada. 

in the parent molecule is pe;haps surprising. One 
would expect that the greater bulk of the fulvalene '. ~ , ~ ~ ~ i ~ J . ~ ~ ~ ' ~ ~ ;  g5 ztg.Ev> and ". 
would give rise to a much smaller reformation of 2. I. C. YANG and D. R. WILES. Can. J. Chem. 45,1357 
this molecule than is found (3) for the simpler (1967). 

3. I. G. DEJONG, S. C. SRINIVASAN, and D. R. WILES. CpMn(CO),. That this is not the case suggests, Can. J. them. 47, 1327 (1969). 
then. that the reformation mav in both cases 4. w. H. WONG and D. R. WILES. Can. J. Chern. 46. 

3201 (1968). On the of the Mn atom rather 
5 S. C. SRINIVAsAN, D. R WILES, and 1. C. YANG: 

than on that of the ring ligand. Inorg. Nucl. Chern. Lett. 2, 399 (1966). 
A further question is as to the detailed origin of 6. M. D. RAUSCH, R. F. KOVAR, and C. S. KRAIHANZEL. 

the fragmentation, whether it is caused primarily 7. ~ * ~ r . ~ , " ~ ~ s  S ~ ' i 9 ~ ~ 1 2 1 s  Nucl  Appl. 
by thermal effects ("impulse pyrolysis") resulting Techno]. 7,466 (1969). 
from the atom's recoil following high-energy y 8. J. M ~ ~ L L E R  and M. HERBERHOLD. J. Organornetal. 

Chern. 13, 399 (1968). emission or rather as a result of the extensive g. T. A. CARLSON and R. M. WHmE. J. Chem. Phys. 
i Auger ionization which follows internal conver- 48,5191 (1968). 
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Nuclear magnetic resonance study of proton exchange in the 
water - Zpropanol system 

K. C. TEWARI AND N. C. LI 
Department of Chemistry, Duquesne University, Pittsburgh, Pennsylvania 15219 

Received October 28, 1969 

The specific rate constants for the reaction 

ROH + *HOH + ROH* + HOH 

where ROH is 2-propanol, have been determined at four different temperatures. The activation energy 
has been calculated to be 10.4 kcal/rnole. In addition, the effect of the presence of several electron donors 
on the kinetics of the reaction has been noted. 
Canadian Journal of Chemistry, 48, 1616 (1970) 

Nuclear magnetic resonance (n.m.r.) measure- 
ments on proton-exchange kinetics in aliphatic 
alcohol - water solutions have been reported by 
several authors (1-5). The protolysis reaction is 
found to be both acid and base catalyzed. 
Recently, Fukumi et al. (5) have reported specific 
rate constants for different processes in the water- 
2-propanol system. They calculated a value of 
2.0 1 mole-' s-' at 28 "C for the rate constant, k, 
of proton exchange between 2-propanol and 
water with no externally added acid or base 

111 ROH + *HOH + ROH* + HOH 

where R = i-C,H,. This value is to be compared 
with Ic = 0.35 f 0.06 1 mole-' s-I at 42O, 
reported by Paterson (3b). In view of the wide 
disagreement, we report here the specific rate 
constants for reaction [I], determined at four 
different temperatures, as well as the energy of 
activation. In addition, the effects of the presence 
of several electron donors on the kinetics of 
reaction [ I ]  are reported. 

Experimental 
Materials 

All reagents used were Fisher reagent grade, dried and 
doubly distilled by the usual methods. De-ionized, 
doubly distilled water was prepared; its p H  varied 
between 6.7 and 7.0. The alcohol-water solutions were 
prepared by weight and the concentrations in moles/l 
calculated from the known density data at various tem- 
peratures (6). Since the solutions slowly leach impurities 
from the glass (3), a given set of n.m.r. measurements 
were done on the same day that the materials were 
distilled. 

Nuclear Magnetic Resonance Measurements 
Spectra were obtained with a Varian A-60 spectrom- 

eter. Care was taken to keep the radiofrequency power 
level well below saturation and the field homogeneity 

such that a resolution of 0.3 Hz or better was attained. 
During the recording of the spectra the temperature 
remained constant to -I lo. The precision in the n.m.r. 
measurements varied from 0.02 to 0.05 Hz, depending on 
signal shape. All measurements were an average of at 
least six determinations. 

Results and Discussion 

In neat 2-propanol at 31°, the -OH signal was 
a sharp doublet with spacing 4.22 Hz. In the 
alcohol-water solutions used in the present 
study, the -OH signals in 2-propanol and water 
are quite well separated; thus at 31°, for [H20] = 
7.2 M, [2-propanol] = 11.2 M, the two -OH 
signals are separated by 44.6 Hz. The linewidth 
of the water signal, however, could not be mea- 
sured accurately because of interference from 
the methine proton signal, and this has also been 
reported by Paterson (3b). 

The specific rate constant, k, for reaction [ l ]  
was calculated from the relation (1, 3) 

where zR0, is the mean lifetime of a hydroxyl 
proton on a 2-propanol molecule ROH before 
exchange with a proton on a water molecule. 

In order to evaluate successfully the mean 
lifetimes, it is necessary to know two experimen- 
tally determinable parameters: ( I )  the transverse 
relaxation time, T2, in the absence of exchange 
and (2) the peak separation of the O H  doublet 
in neat 2-propanol, which is due to spin-spin 
interaction, Sm. Transverse relaxation time, T2, 
was considered to be governed chiefly by mag- 
netic field inhomogeneities, and was estimated 
from the linewidth of a degassed spectrograde 
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cyclohexane or purified water sample, by the 
equation 

13 1 T2 = 2/So+ 

where So+ is the full width, rad s-l, of the signal 
at half-height. As has been found by Paterson (3), 
the cyclohexane and water samples gave identical 
T2 values within experimental error. The values 
of So and T2 are slightly temperature-dependent 
and are listed in Table 1. 

The theoretical spectra were calculated from 
eq. [41 (7) 

where So, is the peak separation of the O H  
doublet in the presence of water, under con- 
ditions of slow exchange, and the other terms are 

The values of .c were evaluated by interpolating 
from graphs of So,/Sw vs. l/.cSw. Figure 1 gives 
plots of 11.c vs. [H20],  moles/l, at four different 
temperatures. From eq. [2], the slopes of the 
lines are the specific rate constants, k. These 
values are listed in the last column of Table 1. 
The point scatter in Fig. 1 is probably due to 
small traces of impurity, to which the exchange 
process is very susceptible (3b). 

TABLE 1 
Experimentally determined exchange parameters for 

2-propanol and specific rate constants for proton 
exchange'with water 

Temperature, 661, k ,  
"C rad s-' Tz, s I mole-Is-' 

Our value of k at 40.5" is in fair agreement with 
ref. 3b, where the temperature is 42 + lo. The 

FIG. 1. Plots O F  l / ~  vs. [H20] ,  mole/l at  (1)  31.0, 
(2 )  38.0, (3) 40.5, (4) 47.5 "C. 

activation energy, E,, for 2-propanol is calculated 
from a log k vs. l/Tplot to be 10.4 kcal/mole. It is 
interesting to compare this value with the approxi- 
mate values of 10.0 and 7.6 kcal/mole quoted by 
Paterson (3) for the activation energy of proton 
transfer between ethanol and water. Paterson 
(3b) has shown that on the basis of inductive 
effects, ethanol is more acidic than 2-propanol 
and that the rates of proton exchange are actually 
in the order C2H,0H-H20 > i-C3H70H-H20. 
The larger activation energy found for the 
i-C3H70H-H20 system,therefore, is in line with 
the above. 

The identification of k as the specific rate 
constant for reaction [l ] is valid only ifthere is no 
other exchange process. Paterson (3b) has shown 
this to be true for R = n-C3H7 and i-C3H7, in 
view of the extremely small ionic conceiltrations 
in neutral alcohol-water solutions and the fact 
that there is no observable proton exchange in 
pure alcohols.' In our experiments, the p H  of 
the water varied between 6.7 and 7.0, and suggests 
that the solutions used were approximately 
neutral. 

'Dr. E. Grunwald has suggested the possibility that 
reaction [ I ]  is catalyzed by a weakly buffered species at  
low concentrations, presumably the Iyonium ion that 
results from the self-ionization of the solvent, and there- 
fore the rate constants are pseudo constants and the 
activation energy is a composite quantity. Studies of the 
p H  dependence of the exchange rate would throw more 
light on  the interesting suggestion. The qualitative 
interpretation of Table 2, however, remains unchanged, 
since the effects of different electron donors would 
presumably be in the same relative order. 
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Efects of Electron Donors 
It is known that hydrogen bonding of alcohol 

and water with electron-donors increases the 
lifetime of the -OH proton in the molecule. The 
phenomenon has been used in the detection of 
spin-spin multiplets in methanol containing 
acetone (8). Chapman and King (9) have used 
dimethyl sulfoxide as a solvent for the classifica- 
tion of alcohols in n.m.r. studies. Table 2 gives 
the effects of different electron-donors in de- 
creasing values of l/z. The data show that of the 
three electron-donors used, the ability to depress 
l/z increases in the order acetone, tetrahydro- 
furan, and dimethyl sulfoxide. This order is the 
same as the order of increasing electron-donor 
strength. Thus, for the reaction OH, .D + D = 
OH,.D,, the equilibrium constants in mole 
fraction units are 0.9 (36" in cyclohexane (lo)), 
1.4 (35" in cyclohexane (lo)), and 2.9 (35" in 
CC14 (1 1)) for D = acetone, tetrahydrofuran, 
and dimethyl sulfoxide, respectively. 

TABLE 2 

Values of 117 in 2-propanol - H 2 0  systems at 32 "C 

Concentration Electron donor and 
of H20 ,  M concentration, M 117 

8.4 None 2.80 
8.4 Acetone, 5.0 2.28 
8.4  Tetrahydrofuran, 5.0 1.96 
8.4  Dimethyl sulfoxide, 5.0 1.27 

The -OH proton signal is shifted to higher 
field when neat 2-propanol is diluted with an 
electron donor. The extent of the over-all upfield 
shift caused by the presence of electron donors 

increases in the order: dimethyl sulfoxide, tetra- 
hydrofuran, and acetone. Since shift to higher 
field indicates a decrease in hydrogen bonding, 
this order is in line with the order of decreasing 
hydrogen-bond strength 

Drinkard and Kivelson (12) have reported the 
same phenomena for methanol and water as 
hydrogen donors to acetone and dimethyl 
sulfoxide. 

The authors thank the National Institute of General 
Medical Sciences, U.S. Public Health Service, for support 
under PHS Research Grant No. GM-10539-07. 
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Erratum: Pulse radiolysis of nitric oxide in aqueous solution1 

W. A. SEDDON AND M. J. YOUNG 
Pl~ysical Cl~etnistry Branch, Atomic Eizergy of Canada Limited, Clzalk River N~rclear Laboratories, Chalk River, Ontario 

Received March 3, 1970 

(Ref.: Can. J. Chem. 48, 393 (1970)) 

Canadian Journal of Chemistry, 48, 1618 (1970) 

On p. 393, second column, the ordinate of Fig. 1 should read GE x l op3  and not E x loe3. 

1 
A.E.C.L. No. 3491. 
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NOTES 1619 

The CdO-CdF, system: X-ray diffractogram, infrared spectrum, and density 
of Cd0.2CdFz 

P. RAMAMURTHY AND E. A. SECCO 
Chemistry Department, St. Francis Xavier University, Antigonish, Nova Scotia 

Received January 5 ,  1970 

The CdO-CdF2 system has been studied by differential thermal analysis (DTA), X-ray powder diffrac- 
tion, and infrared spectroscopy. 

The results show a distinct X-ray diffractogram and infrared spectrum for the CdO-CdF, mole ratio 
1:2. orefused and annealed. suggesting the existence of the comoound CdO.ZCdF,. The comoound 
undeigoes a transformation'at 633 "C, characterized by a low h e a t ' a b ~ o r ~ t i o n  sugge$ing an order-dis- 
order phenomenon. 
Canadian Journal of Chemistry, 48, 1619 (1970) 

Introduction 

No study of the reaction between CdO and 
CdF, has been reported in the literature to date. 
A recent study (1) on the decomposition of 
CdOHF by DTA revealed an unknown endo- 
therm at 687 "C which was tentatively assigned 
to CdF,-quartz interaction, analogous to ZnF, 
behavior, forming a silicate. This endotherm 
was later observed to be present in CdOHF 
decomposition carried out in platinum lined 
sample tubes and furthermore, appeared sporad- 
ically in curves of prefused CdO-CdF, mixtures. 

The purpose of this note is to clarify the origin 
of the 687 "C endotherm and report on a study 
of the CdO-CdF, reaction over an extended 
composition range. 

Experimental 
CdO and CdF, use in this work were Fisher Certified 

reagent grade and A. D. MacKay, Inc. C. P. grade, 
respectively. The physical mixtures of various compo- 
sitions were prepared by thorough manual grinding. Each 
composition sample was prefused at  1000 "C in a platinum 
crucible in a well-type electric furnace with an ambient 
atmosphere of dry N, (Matheson Prepurified Grade with 
stated impurity of 0.003 % oxygen). The fusion pretreat- 
ment enhanced the reproducibility of our measurements 
and dry N2  precluded the oxidation of CdF,. The fused 
mass was recovered by drilling; samples of this drilled 
powder were subjected to investigation. 

All DTA curves were recorded on a duPont thermal 
analyzer, d.t.a.-900 using the 1200 "C cell with platinum- 
lined platinuni cup holders and at  a heating rate of 
20 "C/min. The CdO-CdF, system is very reactive in the 
molten state; the liquid attacks the ceramic sleeve of the 
Pt thermocouple, and reduces the lifetime of the thermo- 
couple. 

The X-ray diffractograms and infrared spectra of the 
specimens were recorded as previously described (2). 

Results and Discussion 

Heating and cooling DTA curves at selected 
compositions to illustrate the pertinent features 
of thermal behavior with composition are shown 
in Fig. 1. The peak temperatures obtained from 
such curves were used to construct the reduced 
phase diagram given in Fig. 2. The diagram as 
presented resembles a binary system with partial 
miscibility in the liquid state with a monotectic 
evident at 970 "C and 20 % CdO. 

The appearance of the 690 "C endotherm for 
CdO-CdF, mixtures is dependent on the thermal 
history of the sample. This novel endotherm will 
only appear in the curve of CdO-CdF, mixtures 
after prefusion of the mixture at 1000 "C as shown 
in Fig. 3 ;  the corresponding exothermic effect 
near 690 "C is absent on the cooling cvcle. After 
prefusion of the mixture at 1000 "YC,> the DTA 
curve shows a broad exotherm in the region of 
550-650 "C which is always followed by the 
endotherm at 690 "C. The broad exothermic 
effect is interpreted in terms of a sluggish 
rearrangement of the oxide-fluoride components 
leading to an ordered structure. The ordered 
structure may resemble (i) a defect-type com- 
pound, (ii) anionic substitution compound, or 
(iii) a super-lattice structure of the Au-Cu alloy 
type. The breakdown of the ordered structure 
is accompanied by the endothermic effect at 
690 "C. The low heat effect involved in this break- 
down is taken as strong evidence for an order- 
disorder phenomenon. 

It should be reiterated that the decomposition 
DTA curve of CdOHF or CdODF always showed 
the 690 "C endotherm, suggesting that the ordered 
structure is a direct product of decomposition. 
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L I I I I I I 
260 640 965 

TEMPERATURE, O C  

FIG. 1. Heating curves of CdO-CdF, mixtures, 
prefused at 1000 "C, at different compositions to illustrate 
pertinent features as a function of composition (% by 
weight). A, 100% CdF,; B, 90% CdFz, 10% CdO; C, 
50% CdFz,50% CdO; D, 30% CdFz, 70% CdO; E, 20% 
CdF2, 80% CdO; F, 10% CdF,, 90% CdO. D', B', C' 
are cooling curves for the glven composltlons. 

The X-ray diffractogram of the residue immedi- 
ately after the dehydroxylation step, 400 "C, 
confirmed the presence of the satellite peaks 
identified with the ordered structure, Fig. 4. 

The X-ray diffractograms and infrared spectra 
in Figs. 4 and 5 reveal novel features, which 
attain a maximum for mixtures of 2:l mole ratio 
of CdF2-CdO suggesting the existence of the 
compound Cd0.2CdF2. Untreated room tem- 
perature preparations exhibit only CdO and 
CdF, characteristics as do samples pretreated 
at 1000 "C. Further annealing of the 1000 "C 
pretreated powder, however, at 500-600 "C for 
1 h yields a novel infrared spectrum and a maxi- 
mum in the diffractogram characteristics. The 

Cd F2 CdO 
W t  % 

FIG. 2. R~,duced phase diagram for the CdO-CdF, 
system determined by differential thermal analysis. 0, 
heating cycle; x , cooling cycle. 

low temperature annealing, below the melting 
point of the sample, identifies the formation of 
the compound as a solid-state reaction. 

TEMPERATURE, O C  

FIG. 3. Heating and cooling curves for 2:l mole 
ratio CdFz-CdO mixture. A,  first heating cycle; B, 
second heating cycle. The dotted portion in B represents 
a broad exotherm preceding the 690 "C endotherm. 
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NOTES 

FIG. 4. X-Ray powder diffractograms of 2:l CdF,-CdO molar mixture, recorded at room temperature 
following heat treatment. I, fused at 1000 "C; 11, after heating at 500 OC for 112 h; 111, after heating at 500 "C 
for 1 h; IV, after heating at 500 "C for 13 h; V, after heating at 500 "C for 2 h. 
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FIG. 5. Infrared spectra: A, CdF,; B, 2:l molar 
ratio of CdF2-CdO mixture after fusion at 1000 "C in 
N, atmosphere; C, fused sample (B) after annealing at 
600 "C for 30 rnins. 

The X-ray diffractograms for the compound 
and for the physical mixture are strikingly similar ; 
compound peaks appear as satellites to the 
original peaks of CdF, and CdO until the latter 
are completely replaced for the 2: 1 mole ratio of 
CdF,-CdO. These satellites originate because (i) 
both CdO and CdF, crystallize in a cubic lattice 
structure, (ii) the radii o f 0 2 -  and F- are reported 
as 1.40 and 1.36 A, respectively (3), (iii) both ions 
are isoelectronic, with equal values for the 
scattering factors fo2- and SF-. These structural 
similarities can be expected, from above con- 
siderations, to permit the substitution of 0,- for 
F -  in a predominant fluoride lattice with a 

minimum of distortion or alteration of the 
original lattice structure. 

The densities of the 2:l CdF,-CdO samples 
at various stages of treatment are presented in 
Table 1. The density of the sample was deter- 
mined by the displacement method a t  25 "C using 

TABLE 1 
Densities of 2:l CdF2-CdO samples at various stages 

of treatment 

Density 
Stage of treatment (glml) 

Physical mixture (untreated) 7.14 (calcd.) 
Mixture heated at 1000 "C for 1 h 6.89k0.02 
Fused mass annealed at 550 "C for 1 h 6.07 & 0.03 

benzene as displacing fluid. The calculated den- 
sity for untreated mixture was from 6.64 and 8.15 
g/ml for CdF, and CdO, respectively. The density 
decrease in Table 1 furnishes strong support to 
the occupancy of normal anion F-  sites by 0 , - ,  
but for every 0,- in the crystal there must be 
incorporated also an anion vacancy (F- omis- 
sion) to maintain charge neutrality in the crystal 
as a whole, i.e. 

The alternative lattice interpretation of 0- 
occupying F -  sites to maintain charge neutrality 
cannot be accommodated to the density decrease. 
If the compound Cd0.2CdF2 is, in fact, a defect- 
type compound, it is expected to possess 
semiconductor properties. Conductivity measure- 
ments of this compound is to be the subject of a 
future study in this laboratory. 

The authors are indebted to the National Research 
Council of Canada for financial support and to Dr. 
Michael Falk, of Atlantic Regional Laboratory, Halifax, 
for providing infrared facilities. 
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NOTES 1623 

Reactions of acid chlorides with ethers in the presence of iron pentacarbonyl 

Department of Chemistry, McGill University, Montreal, Quebec 

Received September 9, 1969 

Iron pentacarbonyl catalyzes the cleavage of alkyl ethers by acid chlorides to form alkyl chlorides 
and alkyl esters. 

On catalyse avec le pentacarbonyle du fer la rupture des Cthers alkyliques par les chlorures des acides 
carboxyliques, pour donner les chlorures et les esters alkyliques. 

Canadian Journal of Chemistry, 48, 1623 (1970) 

Iron pentacarbonyl has proved a remarkably 
versatile reagent in organic chemistry, effecting 
deoximation (I), diene rearrangement (2), de- 
hydration (3), and deoxygenation (4), and we have 
now found it to be effective in catalyzing the 
cleavage of alkyl ethers by acid chlorides. The 
last reaction is more effectively catalyzed by Lewis 
acids such as titanium, stannic, or zinc chlorides 
(3, but occasionally it may prove advantageous 
to use iron pentacarbonyl as a slower but milder 
catalyst. 

Butyl ether was cleaved by octanoyl, benzoyl, 
and p-methoxybenzoyl chlorides in the presence 
of an equimolar amount of iron pentacarbonyl 
to give the corresponding butyl esters. (No 
attempt was made to isolate n-butyl chloride, 
presumably the other reaction product.) In 
similar fashion, benzoyl chloride (1; X = H) and 
p-methoxybenzoyl chloride (1; X = OMe) re- 
acted with tetrahydrofuran (2; R = H) to give 
the chloroesters 3 (R = H, X = H, and OMe), 
and p-methoxybenzoyl chloride reacted with 
2-methyltetrahydrofuran (2; R = Me) to give 
the chloroester 3 (R = Me, X = OMe). No 

attempt was made to study the mechanism of 
these reactions; however, it was shown that it 

'Holder of NRCC Studentships, 1965-1967. Present 
address: Department of Chemistry, State University of 
New York at  Binghamton, Binghamton, New York 
13901, U.S.A. 

did not involve catalysis by ferric chloride, 
produced in some way from iron pentacarbonyl, 
because in the presence of anhydrous ferric 
chloride tetrahydrofuran reacted withp-methoxy- 
benzoyl chloride to give not the chloroester 3 
(R = H, X = OMe), but a high-boiling oligo- 
mer. This was shown by its nuclear magnetic 
resonance (n.m.r.) spectrum to be produced by 
the reaction of several tetrahydrofuran molecules 
for each acid chloride molecule. In the absence 
of the acid chloride, tetrahydrofuran was un- 
affected by ferric chloride (cf. ref. 6). 

Experimental 
Reaction of Acid Cl~lorides 1uit11 Butyl Ether in Presence of 

Irotz Pentacarbonyl 
A mixture of the acid chloride (20-40 mmole) and iron 

pentacarbonyl (1.1 n~ole/mole of acid chloride) in dry 
butyl ether (40 ml) was boiled under reflux while being 
stirred under nitrogen for 17 11. The mixture was cooled, 
filtered to remove insoluble inorganic material (shown to 
contain ferrous chloride by a blue coloration with potas- 
sii1111 ferricyanide), and concentrated at  30 mm. Distilla- 
tion of the residue gave the butyl ester, identified by b.p. 
and infrared (i.r.) spectrum; yields and b.p.'s were: butyl 
octanoate, 75%, b.p. 243-245" (lit. b.p. 245" (7)); butyl 
benzoate, 67%, b.p. 248-250" (lit. b.p. 247" (7)); butyl 
p-methoxybenzoate, 66%, b.p. 165-167" at  20 mm (lit. 
b.p. 186-187" at  40 mm (7)). 

Reaction of Acid Chlorides with Tetral~ydrofirran and 
2-Metl1yItetral1yyrlrn in Presence of Iron 
Pentacarbonyl 

A mixture of benzoyl chloride (5.25 g; 37.3 mmole) and 
iron pentacarbonyl (5.52 ml; 41.1 mmole) in dry tetra- 
hydrofuran (40 ml) was refluxed while being stirred under 
nitrogen for 40 h. The mixture was worked up as above, 
and yielded 4-chlorobutyl benzoate (3; X = R = H)  
(7.98 g; 8673, b.p. 142-144" at 5 mm (lit. b.p. 140-143"at 
5 mm (5)). 

By the same procedure, p-methoxybenzoyl chloride in 
tetrahydrofuran gave 4-chlorobutyl p-methoxybenzoate 
(3; R = H, X = OMe) (78%), b.p. 160-162" at 1 mm, 
positive test for C1, v,,, 1717 cm-I (neat liquid). Nuclear 
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magnetic resonance spectrum (in CCI,):' triplet at  6 4.20 under nitrogen and then worked up by the usual pro- 
(CH, adjacent to. -0COR); triplet at  6 3.50 (CH, cedure. A liquid boiling at  295-298" (0.4 mm) was ob- 
adjacent to CI); multiplet a t  6 1.82 (remaining CH2CH,). tained showing an n.m.r. spectrum similar to that of 3 

Anal. Calcd. for Cl,HlS03C1: C, 59.4; H, 6.2. Found: (R = H, X = OMe), but having weaker aromatic and 
C, 59.8; H, 6.4. OMe signals. 

Similarly, p-methoxybenzoyl chloride in 2-methyl- 
tetrahydrofuran gave 4-chloro-1-pentyl p-methoxyben- 
zoate (3; R = Me, X = OMe) (76%), b.p. 147-149" at  
0.5 mm, positive test for C1, v,,, 1720 cm-' (neat). 
Nuclear magnetic resonance spectrum:' triplet at  6 4.17 
(CH, adjacent to OCOR); multiplet at  6 4.05 (CHCI); 
doublet at  6 1.43 (CH,); multiplet at  6 1.77 (remaining 
CH2CH2). 

Anal. Calcd. for Cl,H1703CI: C, 60.8; H, 6.7. Found: 
6, 61.1; H,  6.8. 

Reactiotz of p-Methoxybenzoyl Chloride wit11 Tetrahydro- 
fitratl in Presence of Ferric Clrloride 

A mixture of p-methoxybenzoyl chloride (43.9 mmole) 
and anhydrous ferric chloride (48.3 mmole) in dry 
tetrahydrofuran (40 ml) was refluxed for40 h with stirring 

ZAron~atic and OMe protons gave signals at the ex- 
pected frequencies. 

We are grateful to the National Research Council of 
Canada for financial support. 
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Ononin, formononetin-0-p-D-glucopyranoside, was isolated from Thermopsis rhombifolia (Nutt.) 
Richards. It seems very probable that this is the substance A which Marion and Manske isolated from 
this plant, and that their substance B was forrnononetin itself. 

Canadian Journal of Chemistry, 48, 1624 (1970) 

The legume Tliermopsis rhonibifolia (Nutt.) 
Richards, known commonly as Buffalo- or 
Golden-bean,' is a conspicuous early-flowering 
prairie plant the seeds of which have long been 
recognized as poisonous (l), a property due to 
the presence of toxic quinolizidine alkaloids 
(2,3). 

In the course of their pioneering studies of the 
alkaloids of this plant, Marion and Manske 
described two crystalline, non-basic substances, 
A and B, which they isolated from dried plant 
tops. The two substances werz characterized (2) 
by their solubility properties, melting points, 
and microanalytical data; thus A was sparingly 
soluble in water, but could be conveniently 
recrystallized from aqueous-dioxane or -pyridine, 
-- 

'The plant blooms in spring at the time when the buffalo 
used to leave their wintering grounds and move out 
across the prairie and it is said that the Blackfoot Indians 
named it wudzi-eh-kay: the buffalo-flower (1). 

had m.p. 218-220°, and was assigned the com- 
position Cl,H,,O,o (no methoxyl groups); 
B was similarly very sparingly soluble in water, 
but was more~soluble-than A in cold dioxane, 
and recrystallization from aqueous dioxane 
afforded colorless needles, m.p. 257", with 
apparent composition C22Hl,06 (one methoxyl 
group). 

In an attempt to  establish the identity of these 
substances; we reexamined Tllermopsis rhombi- 
folia, and from fresh plant tops we isolated 
material which seems ti correspond to Marion 
and Manske7s substance A; we comment here 
on its nature, as well as on the probable identity 
of substance B. 

Our compound, like substance A, was spar- 

2We hoped that, taken together with the alkaloid 
pattern, these cotnpounds might provide chemical CO- 
ordinates for use in a study of  the effect of environment o n  
Tlternzopsis rllombifolia populations. 
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(CH, adjacent to. -0COR); triplet at  6 3.50 (CH, cedure. A liquid boiling at  295-298" (0.4 mm) was ob- 
adjacent to CI); multiplet a t  6 1.82 (remaining CH2CH,). tained showing an n.m.r. spectrum similar to that of 3 

Anal. Calcd. for Cl,HlS03C1: C, 59.4; H, 6.2. Found: (R = H, X = OMe), but having weaker aromatic and 
C, 59.8; H, 6.4. OMe signals. 

Similarly, p-methoxybenzoyl chloride in 2-methyl- 
tetrahydrofuran gave 4-chloro-1-pentyl p-methoxyben- 
zoate (3; R = Me, X = OMe) (76%), b.p. 147-149" at  
0.5 mm, positive test for C1, v,,, 1720 cm-' (neat). 
Nuclear magnetic resonance spectrum:' triplet at  6 4.17 
(CH, adjacent to OCOR); multiplet at  6 4.05 (CHCI); 
doublet at  6 1.43 (CH,); multiplet at  6 1.77 (remaining 
CH2CH2). 

Anal. Calcd. for Cl,H1703CI: C, 60.8; H, 6.7. Found: 
6, 61.1; H,  6.8. 

Reactiotz of p-Methoxybenzoyl Chloride wit11 Tetrahydro- 
fitratl in Presence of Ferric Clrloride 

A mixture of p-methoxybenzoyl chloride (43.9 mmole) 
and anhydrous ferric chloride (48.3 mmole) in dry 
tetrahydrofuran (40 ml) was refluxed for40 h with stirring 

ZAron~atic and OMe protons gave signals at the ex- 
pected frequencies. 
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Ononin, formononetin-0-p-D-glucopyranoside, was isolated from Thermopsis rhombifolia (Nutt.) 
Richards. It seems very probable that this is the substance A which Marion and Manske isolated from 
this plant, and that their substance B was forrnononetin itself. 

Canadian Journal of Chemistry, 48, 1624 (1970) 

The legume Tliermopsis rhonibifolia (Nutt.) 
Richards, known commonly as Buffalo- or 
Golden-bean,' is a conspicuous early-flowering 
prairie plant the seeds of which have long been 
recognized as poisonous (l), a property due to 
the presence of toxic quinolizidine alkaloids 
(2,3). 

In the course of their pioneering studies of the 
alkaloids of this plant, Marion and Manske 
described two crystalline, non-basic substances, 
A and B, which they isolated from dried plant 
tops. The two substances werz characterized (2) 
by their solubility properties, melting points, 
and microanalytical data; thus A was sparingly 
soluble in water, but could be conveniently 
recrystallized from aqueous-dioxane or -pyridine, 
-- 

'The plant blooms in spring at the time when the buffalo 
used to leave their wintering grounds and move out 
across the prairie and it is said that the Blackfoot Indians 
named it wudzi-eh-kay: the buffalo-flower (1). 

had m.p. 218-220°, and was assigned the com- 
position Cl,H,,O,o (no methoxyl groups); 
B was similarly very sparingly soluble in water, 
but was more~soluble-than A in cold dioxane, 
and recrystallization from aqueous dioxane 
afforded colorless needles, m.p. 257", with 
apparent composition C22Hl,06 (one methoxyl 
group). 

In an attempt to  establish the identity of these 
substances; we reexamined Tllermopsis rhombi- 
folia, and from fresh plant tops we isolated 
material which seems ti correspond to Marion 
and Manske7s substance A; we comment here 
on its nature, as well as on the probable identity 
of substance B. 

Our compound, like substance A, was spar- 

2We hoped that, taken together with the alkaloid 
pattern, these cotnpounds might provide chemical CO- 
ordinates for use in a study of  the effect of environment o n  
Tlternzopsis rllombifolia populations. 
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NOTES 1625 

ingly soluble in water but could be recrystallized 
from aqueous dioxane to yield fine, felted 
needles, m.p. 218-219". An analysis of spectro- 
scopic data, provided in the Experimental section, 
rapidly established that our compound was an 
isoflavone hexoside, almost certainly ononin, 
formononetin-0-P-D-glucopyranoside (4) ; a con- 
clusion that was verified by comparison of our 
compound with authentic ononin. 

We did not encounter anything resembling 
substance B, but acid hydrolysis of ononin gives 
formononetin, m.p. 257", and we find the 
correspondence of m.p. and solubility properties 
of B and formononetin most suggestive. 

Unfortunately the original specimens of sub- 
stances A and B are no longer available so we 
lack the unequivocal test of their identity which 
comparison with authentic materials would have 
provided; however, we believe that Marion and 
Manske's substance A was ononin, and that their 
substance B was formononetin possibly formed, 
or increased in amount, by enzymatic hydrolysis 
of the glucoside during the drying p r o ~ e s s . ~  

The occurrence of ononin in Thermopsis 
rhornbifolia is not untoward: isoflavones are 
now considered to be a phytochemical char- 
acteristic of the sub-family Papilionatae, to 
which Thermopsis belongs. 

Experimental 
Melting points are corrected. Infrared (i.r.) and ultra- 

violet spectra were recorded on Perkin-Elmer 337 and 202 
spectrophotometers, respectively. Proton magnetic spec- 
tra were recorded on a Varian A-60 spectrometer with 
tetramethylsilane as an  internal standard. The mass- 
spectrum was measured at  the University of Alberta, 
Edmonton, using an  AEI-MS9 spectrometer. 

Isolariorz of Ononirz 
Fresh above-ground parts of T. rhornbifolia, collected 

a t  the commencement of blossoming, were macerated in 
methanol (Waring blender) and the slurry filtered. The 
residue was similarly thrice reextracted with methanol, 
and after being air-dried amounted to  235 g. 

The combined methanol extracts were evaporated 
(Cyclone) to  small bulk, then diluted to  ca. 1 1 with 1 N 
aqueous sulfuric acid and extracted with hexane (3 x 250 
ml). The acid solution was then brought to pHca.  13 with 
ammonium hydroxide and extracted with chloroform 
(5 x 150 ml). The aqueous solution was then brought to  
p H  ca. 8 with 6 N aqueous sulfuric acid and allowed to  
stand at  room temperature. 

31nterestingly, Harborne has noted that he has found 
I formononetin to  be present in five (unidentified) species 

of Thermopsis (5), but it is not clear whether fresh, o r  
dried, plant material was used in these studies. 

The yellowish solid which separated was collected, 
washed with water, and recrystallized from aqueous 
dioxane to  yield fine colorless felted needles, m.p. 
218-219" (370 mg); v,,, (KBr) 3406(br., str.), 1645 and 
1630cm-I (d., str.); r (pyridine-d,) 6.27 (3H) (s) (OCH,), 
5.65 (ca. 7H) (br. m.) (glucose C-H), 4.20 (1H) (br. d., 
J c a .  7Hz) (anomeric H), 2.97 and 2.82 (2H) (d, J = 9Hz) 
(H-3'and -5', partly obscured by a solvent peak at  r 2.75), 
2.60 (ca. 2H) (br. ni.) (H-6 and H-8, part of the H-6 
signal was also masked by the solvent peak a t  r 2.75), 
2.31 and 2.16 (2H) (d, J = 9Hz) (H-2' and -6') 1.85 ( IH)  
(s) (H-2), and 1.70 and 1.55 (1 H) (d, J = 9Hz) (H-5); 
I,,, (90% v/v aqueous EtOH) 265 (E ca. 22 000) and 
293 nm (inflex., E ca. 12 000).4 The i.r. spectrum was 
superimposable upon that of authentic ononin and the 
mixed melting point was undepressed. 

Acetylation (pyridine- acetic anhydride) of our gluco- 
side gave a rerraacerare, m.p. 180" (lit. (5, 7) m.p. 183- 
184"), colorless needles from ethanol; nl/e 598 (M', 
C30H30013) (45%) (base peak, nl/e 331, tetraacetyl- 
hexopyranosyl cation); r (CDCI,) 7.93 (12H) (4 x 
CH,COO-), 6.17 (3H) (s) (OCH,), 5.90 (1H) (br. s.) 
(glucose H-5), 5.75 (2H) (m) (glucose H-6), 4.70 (4H) 
(br. s.) (glucose H-1,2,3,4), 3.0 (4H) (br. m.) (H-3',-5',-6 
and -8), 2.55 and 2.40 (2H) (d, J = 9Hz) H-2' and -6'), 
2.05 (1H) (s) (H-2), and 1.83 and 1.68 (1H) (d, J = 9Hz) 
(H-5). 

Hydrolysis of our glucoside (50 mg) was achieved by 
dissolving it in methanol (5 ml) to which concentrated 
hydrochloric acid (1.5 ml) had been added and refluxing 
the solution for 3 h. The crystals which separated had 
m.p. 257-258", undepressed on admixture with authentic 
formononetin; the i.r. spectra of these two compounds 
were superimposable. 

We are grateful to  Dr. Gernot Schultz and Professor 
Ph. Lebreton for samples of authentic ononin and 
formononetin, as well as spectroscopic data. 
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reported for ononin by Lebreton et al. (6). 
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COMMUNICATIONS 

Reaction of conjugated enones with divinylcopperlithium tri-n-butylphosphine 
complex. A new preparation of r,6-unsaturated ketones 

Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received February 16, 1970 

A new synthesis of y,S-unsaturated ketones is reported, based on the reaction of a,B-unsaturated 
ketones with a vinyl ate complex. 

Canadian Journal of Chemistry, 48, 1626 (1970) 

The discovery of lithium dimethylcuprate, 
(CH3),CuLi, by Gilman and coworkers (1) has 
sparked renewed interest in the properties and 
reactions of ate complexes (2). Reagents of the 
type R,CuLi, or analogs in which an alkyl (or 
aryl) copper reagent is stabilized by complexation 
with phosphorus- or sulfur-containing ligands 
possess considerable synthetic value for the 
construction of new carbon-carbon bonds (3-6). 
Recently, several vinyl ate complexes have also 
been prepared and demonstrated to undergo a 
coupling reaction with organic halides (5,7), as 
well as oxidative and thermally-induced dimeriza- 
tion to dienes (8). 

We wish to report that vinyl ate complexes 
efficiently transfer a vinyl group to the P-carbon 
atom of conjugated enones to provide good 
yields of y,S-unsaturated ketones. The reagent, 
formulated (merely for convenience), as 
(CH,=CH),CuLiP(n-C4H,),, is easily and 
rapidly prepared by the addition of two 
equivalents of a solution of vinyllithium in tetra- 
hydrofuran (THF) to one equivalent of tetra- 
kis[iodo - (tri - n - buty1phosphine)copper (I)] (9) 
dissolved in THF at -78" under n i t r ~ g e n . ~  
Addition of a conjugated enone to the resultant 
deeply colored mixture gives, after suitable pro- 

'Holder of a 1967 Science Scholarship. 
'We intend no structural implications by employing 

this designation; rather, this formulation is used for 
sin~plicity and by consideration of stoichiometry and 
analogy (2, 5). 

3Alternatively, the phosphine-free species, (CH,= 
CH),CuLi, may be prepared by treating vinyllithium 
(two eauivalents) with cuorous iodide (one eauivalent). 
 he rate of formation of: this reagent; and iis rate of 
reaction with enones, however, is considerably slower 
than the phosphine-complexed species. 

cessing, good yields (6549%) of the conjugate 
addition product. The reaction is usually com- 
plete in ca. 30 min at -78", although P,P-disub- 
stituted enones react more slowly. Some typical 
transformations are depicted in eqs. [I]-[6]. 
In all instances the products were analyzed by 
gas-liquid partition chromatography (g.l.p.c.), 
isolated, and characterized by infrared (i.r.), 
nuclear magnetic resonance (n.m.r.), and mass 
spectroscopy, as well as satisfactory combustion 
analysis. 

Of particular note is the high yield obtained 
in the case of isophorone (eq. [6]). Although we 
have not undertaken any detailed systematic 
comparisons between the efficiency toward 
conjugate addition of vinylic copper ate com- 
plexes vs. the Kharasch-Michael4 procedure 
(copper-catalyzed Grignard reaction), we have 
observed a maximum of 8 % yield of 1,4-addition 
product when isophorone was treated with 
vinylmagnesium chloride using cuprous iodide 
catalysk5 This striking difference not only 
illustrates that different intermediates are 
involved in each case, but also points to the 
possible synthetic advantages of employing 
pre-formed ate complexes in certain structural 
situations. 

Although the mechanistic details of either 
process are not yet fully understood, recent work 
has discounted the intermediacy of free radicals, 
carbanions, or a pathway involving a cyclic 

4We suggest this name combination as a succinct way 
of expressing "the copper-catalyzed 1,4-addition of 
Grignard Reagents to a,P-unsaturated carbonyl com- 
pounds", without any implications regarding mechanism. 

5Also, mesityl oxide gives a maximum of 7 % yield of 
conjugate addition product under similar conditions. 
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COMMUNICATIONS 

six-centered transition state (3). The current 
hypothesis is that either partial or complete 
electron transfer from organometallic to enone 
occurs to give rise to, respectively, either a 
charge-transfer complex, or an ion radical (3). 
An observation we have made which lends some 
credence (but certainly offers no definitive proof) 
to the validity of this notion is the isolation, 
using the Kharasch-Michael reaction on iso- 
phorone, of ca. 7 % of the dimer 1. 

1 

The experimental procedure is illustrated for 
the preparation of 3-vinyl-3,5,5-trimethylcyclo- 
hexanone. A solution of vinyllithium6 (90 
mmole) in THF was slowly added to a cooled 

60btained from Alfa Inorganics, Inc. 

(-78"), stirred, THF  solution of 45 mmole 
tetrakis [iodo - (tri - n - butylphosphine)copper(I)] 
(9) to yield a blue-black mixture. A solution of 
isophorone (22 mmole) in THF was added (20 
min), the resultant solution was allowed to warm 
to 0°, then maintained at 0" for 1 h. The mixture 
was poured into a saturated ammonium chloride 
solution, and extracted with ether (3 x 50 ml). 
After removal of solvent from the combined, 
dried (Na,SO,) extracts, g.1.p.c. analysis indi- 
cated an 85 % yield of product. Chromatography 
of the crude mixture on silicic acid (elution with 
chloroform), and subsequent distillation of the 
carbonyl-containing fraction afforded 1.56 g 
(60 %) of 3-vinyl-3,5,5-trimethylcyclohexanone, 
b.p. 132-135"(34 mm); nDZs 1.4655; i.r. (liquid 
film) 1710(C=0), 910,1635,3080~m-~ (-CH= 
CH,); n.m.r. (CDCI,) 4.2(-CH=CH,, l,m), 
5. I(-CH=CH2,2,m), 7.62(-COCH,C(CH,)- 
CH=CH,, 2, q), 7.85(-COCH,C(CH,),, 2,s), 
8.31 ((CH,),C-CH,C(CH,)CH=CH,, 2, s), 8.92 
(-CH3-CCH=CH,, 3 ,~ ) ,  8.99 ((CH,),C, 3 ,~) ,  
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9.02 z ((CH,),C, 3,s); mass spectrum (70 eV) 
M +  166. 

We wish to thank the National Research Council of 
Canada for financial support of this work. 
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Cycloaddition reactions. Thermal addition of dimethyl 
acetylenedicarboxylate to 1-methoxyindene 
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The cycloaddition of I-methoxyindene 2 to dimethyl acetylenedicarboxylate to form a fused cyclo- 
butene system 3 is discussed. Photochemical ring enlargement of 3 leads to a benzocycloheptatriene 
system 5 while reduction yields a dihydro derivative 4. Saponification of 3 followed by photochemical 
ring expansion yields the diacid 7 which is subsequently hydrolyzed and decarboxylated to ketoacid 8. 

Canadian Journal of Chemistry, 48, 1629 (1970) 

I ~ Introduction Results and Discussion 
The reactions of cyclic enamines with activated 

, acetylenes to form fused cyclobutenes, which 
I subsequently ring expand, have been extensively 

studied (1). The corresponding reactions of en01 
ethers have not been examined in the same detail 
(2). Recently the photochemical cycloadditions 
of diphenylacetylene (3a) and dimethyl acetylene- 
dicarboxylate (36) to dihydropyran have been 
reported. Several groups have shown that 
benzyne reacts with en01 ethers to form benzo- 
cyclobutenes (4). 

We would now like to report on the thermal 
2 + 2 cycloadditionl of dimethyl acetylene- 
dicarboxylate to 1-methoxyindene and some sub- 
sequent transformations of the adduct. 

'In their original form the Woodward-Hoffman rules 
forbid 2 + 2 multicenter cycloadditions (5). However, 
cycloaddition reactions of acetylenes and heterocumulenes 
with olefins may also be regarded as 2 + 2 + 2 cyclo- 
additions which are thermally allowed processes (2, 6) 
e.g. 

1-Methoxyindene (2) was prepared in 87% 
yield from 2-bromo-1-methoxyindane2 by de- 
hydrobromination with potassium t-butoxide 
(Scheme 1). 

Equivalent amounts of 2 and dimethyl ace- 
tylenedicarboxylate were refluxed in toluene for 
5 h. The reaction course was readily followed by 
monitoring the disappearance of the olefinic 
proton of 1-methoxyindene at 4.68 -c in the 
nuclear magnetic resonance (n.m.r.) spectrum. 
Distillation of the residue after evaporation of 
the toluene afforded 1-methoxy-6,7-dicarbo- 
methoxybenzo [2,3] bicyclo(3.2.0)hepta -2,6-diene 
(3) in 73 % yield. 

The adduct 3 absorbed one equivalent of 
hydrogen on hydrogenation over platinum to 
yield 1-methoxy-6,7-dicarbomethoxybenzo [2,3]- 
bicyclo[3.2.0]hept-2-ene (4) in 93% yield. The 
stereochemistry of this dihydro product has not 
been determined. 

The Woodward-Hoffmann rules (6b) governing 
electrocyclic reactions predict that ring opening 
in 3 should be photochemically allowed and 
thermally forbidden. Our results are in accord 

ZThe 2-bromo-1-methoxyindane was prepared in 84% 
yield from the sulfuric acid catalyzed reaction of indene, 
methanol, and N-bromosuccinin~ide according to 
Iovchev (7). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1630 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

HCI, 120" 

98% 

with this prediction. We have found that when 
3 was irradiated at room temperature a smooth 
conversion of 3 to its ring-expanded isomer 5 
resulted. In contrast, the thermal conversion of 3 
to 5 required temperatures in excess of 200 "C. 

Saponification of the adduct 3 gave l-meth- 
oxybenzo[2,3]bicyc10(3.2.0)hepta-2,6-dien- 6,7- 
dicarboxylic acid (6) in 97 % yield. Irradiation of 
the diacid 6 converted it into the isomeric acid 
1 -methoxybenzo(6,7)-5-H-cycloheptatrien-2,3- 
dicarboxylic acid (7) in 88% yield again in 
accord with the prediction that such a photo- 
chemical ring opening should occur (6b). 
Attempts to prepare diacid 7 by the saponifica- 
tion of diester 5 failed. 

Acid treatment of dicarboxylic acid 7 afforded 
the decarboxylated product benzo(6,7)cyclo- 
hepta-3,6-dien-1-one-3-carboxylic acid (8) in 
98 % yield. The position of the double bond out 
of conjugation with the ketone was shown by the 
n.m.r. spectrum of 8 (Table 1). 

Summary 

We have shown that 1-methoxyindene (2) 

These reactions may prove of synthetic utility 
in the preparation of multifunctional medium 
ring compounds. 

Experimental 
The infrared (i.r.) spectra were recorded on a Unicam 

SP-2OOG grating i.r. spectrometer. The n.m.r. spectra 
were determined on a Varian A60-A spectrometer using 
tetramethylsilane as an internal standard. Melting points 
are uncorrected and were determined on a Gallenkamp 
melting point apparatus. The analyses were performed by 
Micro-Tech Laboratories, Skokie, Illinois. 

I-Methoxyitzdene (2) 
To 41 g (1.05 g atoms) potassium metal dissolved in 

750 ml of t-butanol was added 226.0 g (1.0 mole) 2- 
bromo-1-methoxyindane (7) at such a rate as to maintain 
a vigorous reflux (as the bromo compound was added a 
deep blue-black color developed). When all of the 
bromide had been added, the t-butanol was removed by 
distillation. To the residual slurry was added 500 ml of 
methylene chloride. The suspension was filtered and the 
filter cake washed with methylene chloride. The filtrate 
was distilled to yield 126.0 g of 2 (87 %), b.p. 101-104"/15 
mm. 

Anal. Calcd. for CloHloO: C, 82.16; H, 6.89. Found: 
C, 82.30; H, 6.85. 

The i.r. spectrum (neat) )c=c< 1620, 1605, 1578 
cm-l. 

undergoes a thermal 2 + 2 cycloaddition reac- 
tion with dimethyl ace ty~ene~~car~oxyla te  to I-Methox~-6,7-dicarbomethox~benzo(2,3)bic~clo/3.2.01- 

hepta-2,6-diene (3) 
form a fused c~clObutene 3. Irradiation this In 500 ml of toluene were placed 73.0 g (0.5 mole) of 
adduct led to the ring-expanded product 5. I-methoxyindene and 71 g (0.50 mole) dimethyl acetylene- 
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TABLE 1 
Nuclear magnetic resonance chemical shifts in r-units relative to internal TMS* 

Benzylic and 
Benzene Vinyl allylic Methyl ether Methyl ester 

Compound hydrogens hydrogen hydrogens hydrogens hydrogens 

2 2.2-2.9 (m, 4H) 4.68 (t, 1H) 6.70 (d, 2H) 6.14 (s, 3H) 
J = 2.5 Hz J = 2.5 Hz 

3 2.2-2.9 (m, 4H) 6.1-6.25(m,lH) 6.63(s,3H)t 6.18(s,6H)$ 
6.8-7.0 (m, 2H) 

4 2.2-2.9 (m, 4H) 5 6.8-7.0 (m, 2H) 6.95 (s, 3H) 6.49 (s, 3H) 
6.56 (s, 3H) 

511 2.3-3.0(m,4H) 3.17( t , lH)  6.91 (d, 2H) 6.31 (s, 3H) 6.43 (s, 3H) 
J = 7.5 Hz J = 7.5 Hz 6.46 (s, 3H) 

67 2.3-3.0 (m, 4H) 6.5-7.0 (m, 2H) 6.67 (s, 3H) 
6.22 (q, 1H) 
Jl = 7 HZ 
Jz = 4 H z  

7**tt 2.3-2.8 (m, 4H) 3.08 (t, 1H) 6.83 (d, 2H) 6.46 (s, 3H) 
J = 7.5 Hz J = 7.5 Hz 

8$$55 1.90 (m, lH)  2.33 (t, 1H) 5.90 (s, 2H) 
2.35-2.75 (m, 3H) J = 7.2 HZ 5.96 (d, 2H) 

partly obscured by J = 7.2 Hz 
aromatic protons 

*Recorded in CDCI, unless otherwise noted. 
?Shifted to 6.86 T in benzene. 
tin benzene two signals are seen at 6.62 and 6.65 T. 
§The three aliphatic protons appear as a multiline pattern at 6.0-6.7 T. 

1 ~ ~ ~ ~ k o t o n  at -0.85 T (s). 
**In DMSO-d6. 

1 ttAcld protons at -0.40 T (s). 
SSIn acetone-ds. 
§§Acid proton at 4.8 T (broad band). 

dicarboxylate. The solution was refluxed for 5 h at the 
end of which time all of the 1-methoxyindene 2 had been 
consumed (as determined by n.m.r.). The toluene was 

I removed at reduced pressure (15 mm) and the residue 

1 was distilled to yield 105 g of 3 (7373, b.p. 160-175'/0.1 
mm. 

Anal. Calcd. for Cl6Hl6O5: C, 66.66; H, 5.59. Found: 
C, 66.20; H, 5.58. 

The i.r. spectrum (neat) C=O 1725 cm-', C=C 1640 
cm-'. 

in 1 1 of cyclohexane was irradiated at room temper- 
ature under nitrogen with a 450 W Hanovia high 
pressure lamp through a pyrex filter. After 3 h all of the 
starting material had been consumed (as determined by 
monitoring the disappearance of the ether methyl protons 
of 3 at 6.63 T in the n.m.r. spectrum). The cyclohexane was 
evaporated at reduced pressure to yield 2.88 g of essen- 
tially pure product. Distillation proceded with some 
decomposition to yield 2.0 g (70%) of 1-methoxy-2,3- 
dicarbomethoxybenzo(6,7)-5-H-cycloheptatriene 5, b.p. 
170-180"/0.05 mm. 

I-Methoxy-6,7-dicarbomethoxybenzo(2,3) bicyclo- Anal. Calcd. for C16H1605: C, 66.66; H, 5.59. Found: 
[3.2.0]hept-2-ene (4) C, 66.74; H, 5.42. 

To 0.5 g of prehydrogenated platinum oxide in 50 ml Thei.r. spectrum 1725 cm-~,)c=C< 
of methanol was added 2.88 g (0.01 mole) 1-methoxy-6,7- 1595, 1582 cm-l. 

/ - 
dicarbomethoxybenzo(2,3)bicyclo [3.2.0]hepta-2,6-diene. 
The sample was stirred under hydrogen at atmospheric (b) Thermal 
pressure. After 30 min, 0.01 mole of hydrogen had been A vial containing 2.88 g (0.01 mole) of cycloadduct 
absorbed. The solution was filtered and evaporated. Dis- placed into a sand bath maintained at 220 OC. 

tillation of the resultant oil gave 2.70 of the dihydro After 30 min isomerization was essentially complete (as 
derivative 4 (93 %), b.p. 140-145"/0.05 mm. determined by n.m.r.). Distillation yielded 1.90 g (66 %) of 

Anal. Calcd. for Cl6HlsO5: C, 66.19; H, 6.25. Found: the desired ring-enlarged compound, b . ~ .  175-185"/0.10 

I C, 65.85; H, 6.20. mm. 
The i.r. spectrum (neat) C=O 1725 cm-'. 

I-Methoxvbenzol6.7 7-5-H-cvcloheutatriene-2.3-di- 
Ring Expansion of I-Methoxy-6,7-dicarbomethoxy- carbixylic kcid-('/) 

benzo(2,3) bicyclo[3.2.0]hepta-2,6-diene (3) (a) Saponification of 3 
(a) Photochemical To 5.70 g (0.142 mole) sodium hydroxide in 100 ml 
A solution of 2.88 g (0.01 mole) of cycloadduct 3 of water was added 20.4 g (0.0708 mole) pure cyclo- 
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adduct 3 in 20 ml methanol. The solution was heated at 
80 "C for 20 min after which time all of the oil had gone 
into solution. The solution was cooled and acidified to 
p H  2 with concentrated hydrochloric acid. The mixture 
was extracted with 150 ml of methylene chloride in three 
portions. The extracts were dried over magnesium sulfate 
and concentrated to yield 18.00 g (97%) of an oil. The 
n.m.r. spectrum of this oil was compatible with that to be 
expected from 1-methoxybenzo(2,3)bicyclo[3.2.0]hepta- 
2,6-diene-6,7-dicarboxylic acid 6 (Table I)., The i.r; 

spectrum (CHCI,) C=O 1740, 1680 cm-', >C=C( 
1635 cm-'. 

(b) Ring Expansion of 6 
The oil from the saponification of 3 (18.0 g) was taken 

up in 1 1 of methylene chloride. It was irradiated at room 
temperature with a 450 W Hanovia high pressure lamp 
through pyrex for 16 h. As photolysis proceeded a white 
precipitate formed. At the end of the reaction, the sus- 
pension was filtered yielding 16.5 g of a cream colored 
solid. Evaporation of the mother liquor to 50 ml and 
filtration yielded an additional 1.7 g, m.p. 195-197 'C, 
(87%). The n.m.r. spectrum indicated this compound to 
contain methylene chloride of crystallization. 

Anal. Calcd. for Cl4Hl2O5.1/2 CH2C12: C, 57.53; H,  
4.33. Found: C, 57.25; H, 4.24. 

The i.r. spectrum (Nujol mull) \C=O 1670 crn-'. / 
Be~~zo[6,7]cyclolrepta-3,6-dien-l-one-3-carboxylic 

Acid (8) 
To 20 ml of concentrated hydrochloric acid was added 

18.1 g (0.06 mole) of the 1-methoxybenzo[6,7]-5-f1- 

CHEMISTRY. VOL. 48, 1970 

cycloheptatriene-2,3-dicarboxylic acid containing methyl- 
ene chloride of crystallization. The suspension was heated 
on a steam bath until carbon dioxide evolution ceased. 
To this, 100 ml of water was added and the solution was 
heated for 1 h and then cooled. The suspension was 
filtered and the filter cake washed five times with 20 ml 
portions of water and then air dried to yield 11.90 g of 
acid (98%), m.p. 186-187 "C, recrystallized from meth- 
anol. 

Anal. Calcd. for Cl2H10O3: C, 71.28; H, 4.98. Found: 
C, 70.95; H, 4.82. 

The i.r. spectrum (KBr) C==0 1675 cm-',)C==C< 
1635, 1590 cm-I. 

1. For reviews see: (a) C. D. GUTSCHE and D. REDMORE. 
Carbocyclic ring expansion reactions. Academic Press 
Inc., New York, 1968. (b) E. WINTERFELDT. Angew. 
Chem. Int. Ed. 6 ,  423 (1967). 

2. For a review of cycloadditions to en01 ethers see: 
F. EFFENBERGER. Angew. Chem. Int. Ed. 8, 295 
(1 969). 

3. (a) H. M. ROSENBERG and P. SERVE. J. Org. Chem. 
33, 1653 (1968). (b) R. P. GANDHI and V. K. CHADHA. 
Indian J. Chem. 6, 402 (1968). 

4. L. FRIEDMAN, R. J. OSIEWICZ, and P. Q. RABIDEAU. 
Tetrahedron Lett. 5735 (1968) and references therein. 

5. R. HOFFMANN and R. B. WOODWARD. J. Amer. 
Chem. Soc. 87,2046 (1965). 

6. See also: (a) R. B. WOODWARD and R. HOFFMANN. 
J. Amer. Chem. Soc. 87, 395 (1965). (b) R. HOFFMANN 
and R. B. WOODWARD. Accounts Chem. Res. 1, 17 
(1968). 

7. A. &JCHEV. IZV. Inst. Org. Khim. Bulg. Akad. Nauk., 
2, 67 (1965), Chem. Abstr. 64: 11076~. 
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Cycloaddition reactions. Addition of dimethyl acetylenedicarboxylate 
to 1-dimethylaminoindene 

TERRENCE W. DOYLE 
Bristol Laboratories of Canada Limited, 100 Industrial Boulevard, Candiac, Quebec 

Received November 26, 1969 

The cycloaddition of 1-dimethylaminoindene (2) to dimethyl acetylenedicarboxylate to form a fused 
cyclobutene system 3 is discussed. Compound 3 underwent two modes of ring opening to yield either 
the indene-maleate system 4 or the benzocycloheptatriene system 5 depending on reaction conditions. 
The synthesis of a number of multifunctional benzotropones from 5 is discussed. 

Canadian Journal of Chemistry, 48,1633 (1970) 

Introduction 

In the accompanying paper (1) the thermal 
cycloaddition of dimethyl acetylenedicarboxylate 
to 1-methoxyindene has been reported. This 
reaction gave a fused cyclobutene system which 
was subsequently ring expanded. 

We would now like to report on the corre- 
sponding reaction between I-dimethylamino- 
indene (2) and dimethyl acetylenedicarboxylate. 

I 
1 The reactions of enamines with activated 
I acetylenes (2) have been extensively studied in the 

past several years (3-6). The usual reaction course 
in the case of enamines derived from cyclic 
ketones is the formation of ring expanded prod- 
ucts via the fused cyclobutene systems. In a 
number of cases it has been possible to isolate the 
cyclobutene intermediate (3, 4). 

(i) (ii) 

Results and Discussion 
1-Dimethylaminoindene (2) was prepared in 

77 % yield from 1-indanone (1) according to the 
method of White and Weingarten (7). Treatment 
of the enamine 2 with one equivalent of dimethyl 
acetylenedicarboxylate at -15 "C in benzene 
gave on evaporation of the benzene l-dimethyl- 
amino-6,7- dicarbomethoxybenzo(2,3)bicyclo- 
[3.2.0]hepta-2,6-diene (3) in quantitative yield 
(as determined by nuclear magnetic resonance 
(n.m.r.)). When the reaction between the enamine 
2 and dimethyl acetylenedicarboxylate was al- 
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lowed to proceed at reflux in benzene the ring 
expanded product dimethyl l-dimethylamino- 
benzo(6,7)- 5-H-cycloheptatriene-2,3-dicar- 
boxylate (5) was obtained in 90% yield after 
chromatography of the crude reaction mixture. 
Alternatively 5 could be prepared by refluxing the 
fused cyclobutene 3 in benzene for 1 h. 

The ease with which 3 undergoes thermal ring 
expansion to yield 5 (Scheme 1) is in contrast to 
the difficulty with which the related methoxy 
compound (ii) ring expands (1); this latter reac- 
tion requiring temperatures in excess of 200 "C 
for completion. One explanation of this difference 
could be that the transition state leading to 
product involves a polarization of the bond being 
broken and that the amino compound is better 
able to stabilize this transition state (i). Some 
recent results reported by Huisgen (8) on the 
addition of ketenes to vinyl ethers and enamines 
may lend some support to this hypothesis; e.g. 
the authors report a relative rate difference of lo6 
for the reactions of 1-ethoxyisobutene and 
1-pyrrolidino-isobutene with diphenylketene pre- 
sumably due to the ability of the amino group to 
stabilize positive charge in the transition state. 

When an attempt to purify compound 3 by 
column chromatography was made 3 was in- 
advertently converted into the isomeric dimethyl 
1-dimethylamino-2-indenemaleate (4) by stand- 
ing for 24 h at room temperature on the column 
(Scheme 1). The n.m.r. spectrum of compound 4 
showed a singlet at 4.11 r for the olefinic proton 
and a singlet at 6.55 r for the benzylic protons 
(Table 1). The ultraviolet (u.v.) spectrum of 4 
was also consistent with the assigned structure.' 
Hydrolysis of compound 4 gave dimethyl indan- 
1-one-2-ylidenesuccinate (6) in 73 % yield (eq. 
[l I). The n.m.r. spectrum of 6 showed two singlets 
at 5.67 and 5.80 r for the two methylenes. The 
position of the double bond was further con- 
firmed by the U.V. spectrum of 6.' 

Hydrolysis of compound 5 (eq. 121) gave 
dimethyl 1-hydroxybenzo(6,7)-5-H-cyclohepta- 
triene-2,3-dicarboxylate (7) in 98 % yield. Com- 
pound 7 exists entirely in the enolic form (as 
determined by integration of the enolic proton in 
the n.m.r. spectrum of 7) and gives a deep purple 
color on treatment with ferric chloride solution. 
The compound is quite acidic and dissolved 
readily in sodium bicarbonate. 

All attempts to hydrolyze the ester functions in one-3-carboxylic acid 8 in low yield (25 %).3 The 
compound 7 under basic conditions failed. Bose position of the double bond out of conjugation 
(6) has reported failure to hydrolyze a similar with the ketone function was shown by the n.m.r. 
enolic diester. Treatment of 7 under acidic condi- spectrum of 8 (1). 
tions yielded benzo(6,7)cyclohepta-3,6-dien-1- Attempted conversion of compound 7 to the 

'Brannock and co-workers (4c) report asimilar ring opening reaction for methyl 1-dimethylaminobicyclo[3.2.0]hept- 
6-en-7-carboxylate (iii) to  methyl 2-dimethylamino-1-cyclopenten-1-acrylate ( iv) .  

N(CH3l2 

*C02cH3 Room temperature 
1 l days 

'Huebner et al. (3) have shown that hydrolysis of ethyl 1-dimethylaminobicyclo [3.2.0]hept-6-ene-7-carboxylate gave 
ethyl cyclopentan-1-one-2-ylidenepropionate. 

3A more convenient synthesis of 8 is reported in the accompanying communication (1). 
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DOYLE: CYCLOADDITION REACTIONS 1635 

TABLE I 
The n.m.r. chemical shifts in T-units relative to internal TMS* 

BenzyIic Methyl Methyl 
Benzene Vinyl and allylic amine ester 

Compounds hydrogens hydrogen hydrogens hydrogens hydrogens 

5.67(s, 2H) 
5.80 (s, 2H) 
6.7-7.0(m, 2H) 

'All spectra were determined in CDCI3 unless otherwise stated. 
t I  n CCI,. 
SEnolic proton a t  -3.10 T. 
5Enolic proton a t  -3.33 T. 
IlEnolic proton a t  -3.33 T. 
TlEther methyl at 6.13 T. 
"Methylene resonancemcentered at 6.03 (m, 2H) and 6.95 T (m, 2H). 
ttRecorded in DMSO-d9. 

corresponding benzotropone 10 by treatment 
with chloranil failed. The conversion was effected 
by treating 7 with N-bromosuccinimide followed 
by base induced elimination of hydrogen bromide 
to give 10 in 94 % yield (Scheme 2). In addition, a 
small amount of a monobromination product 9 
was isolated from the mother liquors from 
several preparations of 10. The benzotropone 10 
could be reconverted smoothly to the en01 diester 
7 by hydrogenation over 10% Pd/C. 

Hydrolysis of compound 10 under either basic 
or acidic conditions gave the anhydride 11 as the 
sole product in each case. Attempts to effect de- 
carboxylation of 10 failed, the anhydride forma- 
tion being favored. When the anhydride was 
treated with P-phenethylamine the corresponding 

imide 12 was produced in moderate yield 
(Scheme 2). 

Treatment of the benzotropone diester 10 with 
sodium methoxide gave the Michael addition 
product 13. This compound existed in the en01 
form. It gave a strong purple color with ferric 
chloride. The n.m.r. spectrum of 13 further bears 
out this structural assignment showing the enolic 
proton at -3.13 z (integrates for 1H) and the 
olefinic and benzylic protons as doublets at 3.28 
and 5.49 z respectively. 

Experimental 
The infrared (i.r.) spectra were recorded on a Unicam 

SP-200G grating i.r. spectrometer. The n.m.r. spectra 
were determined on a Varian A60-A spectrometer using 
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tetramethylsilane as an internal standard. Melting points 
are uncorrected and were determined on a Gallenkamp 
melting point apparatus. The analyses were performed by 
Micro-Tech Laboratories, Skokie, Illinois. 

Addition of Dimethyl Acetylenedicarboxylate to 
I - Dimethylaminoindene (2) 

(a) I-Dimethylaminoindene (2) 
To 6.60 g (0.05 mole) of 1-indanone in 300 ml of dry 

benzene was added 18 g (0.40 rnole) dimethylamine in 
50 ml of benzene. The solution was cooled to ice bath 
temperature (CL5 "C). To this a solution of 0.95 g (0.05 
moles) of titanium tetrachloride in 50 ml of benzene was 
added,dropwise. The solution was stirred for 18 h at 
room temperature and filtered through Celite. The solu- 
tion was concentrated at reduced pressure to yield an oil 
which was distilled to yield 6.1 g (77%) of 2, b.p. 126- 
128 "C/16 mm. The oil was unstable and rapidly darkened 
on standing. The i.r. spectrum (neat), C=C 1610, 1600, 
1575 cm-l. The n.m.r. spectrum was compatible with the 
assigned structure (Table 1). 

(6) I - Dimet f~ylamino-6,7-dicarbomethoxybenzo (2,3) - 
bicyclo[3.2.0]hepta-2,6-diene (3) 

A solution of 6.1 g (0.0384 mole) l-dimethylamino- 
indene (2) in 250 ml of benzene was cooled to - 5 "C 
(the solution became a slurry at this temperature). To this 
was added 5.46 g (0.0384 mole) dimethyl acetylene- 
dicarboxylate in 50 ml of dry benzene over 10 min. A 
deep red-brown color developed. The solution was 
allowed to come to room temperature and was stirred 
under nitrogen for 4 h. The benzene was removed at 
reduced pressure yielding 12.0 g of 3. The i.r. spectrum 
(neat) C==O 1725, C=C 1650 cm-'. The n.m.r. spectrum 
of this oil was compatible with the assigned structure 
(Table 1). 

Zsomerizntion of I-Dimethylamino-6,7-dicarbomethoxy- 
(2,3)bicyclo[3.2.0]hepta-2,6-diene (3) 

(a) To Dimethyl I-Dimethylaminobenzo(6,7) -5-H- 
cycloheptatriene-2,3-dicarboxylate ( 5 )  

A solution of 8 g (0.0292 mole) of crude 3 in 50 ml of 
dry l p z e n e  was refluxed for 1 h. The n.m.r. spectrum of 

a small aliquot of the solution indicated the complete 
disappearance of 3 at the end of this interval. The 
remainder of the solution was evaporated at reduced 
pressure. Trituration of the oil which resulted gave an 
oily crystalline solid. This solid was redissolved in 20 cc 
of benzene and chromatographed on Florisil (Fisher 
Scientific Co., 6CL100 mesh, 40 g) with benzene. Evapora- 
tion of the eluent yielded 7.205 g (90%) OF 5, pale yellow 
needles from benzene-hexane, m.p. 124-126 "C. 

Anal. Calcd. for Cl,Hl9NO,: C, 67.76; H, 6.36; N, 
4.65. Found: C, 67.75; H, 6.47; N,4.33. 

The i.r. spectrum(CHC13)C==O 1715,1685crn-l;(3=C 
1630,1601,1580 cm-l. The U.V. (EtOH, 7.3 x lo-' M ) ;  
h 349 mp (E,,, = 10 500); 258 mp (s) (E,,, = 13 400); 
239 mp (s) (E,,. = 16 200); 21 1 mp (E,., = 20 400). See 
Table 1 for the n.m.r. spectrum. 

(b) To Dimethyl I-Dimethylamino-2-indenemaleate (4) 
A mixture of 9.0 g of compounds 3 and 5 (isomer ratio 

-- 7:3 as determined by n.m.r.) waschromatographed on 
300 g Florisil using hexane and thereafter hexane- 
benzene as eluent (the solvent was changed 2% in com- 
position every 200 ml until a 1:l mixture had been 
achieved and 5 % thereafter until pure benzene was being 
used). The first fractions from the column yielded 3.0 g 
of 5. The chromatography was then stopped and the 
compound allowed to stand on the column for 20 h at 
room temperature. When elution was continued 5.2 g of 
dimethyl 1-dimethylamino-2-indenemaleate were col- 
lected, intense yellow crystals from benzenecyclohexane, 
m.p. 121-123 "C. 

Anal. Calcd. for Cl7Hl9NO4: C, 67.76; H, 6.36; N, 
4.65. Found: C, 67.71; H, 6.21; N, 4.53. 

The i.r. spectrum (CHCI,) C=O 1725; C=C 1590 
cm-l. The U.V. (EtOH, 7 x M) 332 mp (E,,, = 
16 800); 254 mp (E,,, = 7150); 246 mp (E,,, = 7700), 
208 mp (E,.. = 16 550). 
Hydrolysis of Dimethyl I-Dimethylamino-2-indenemaleate 

(4) 
To a solution of 2.0 g (0.0066 rnole) of 4 in methanol 

(10 ml) was added 1 ml of concentrated hydrochloric acid 
in 20 ml of water at room temperature. After 2 h the 
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solution was poured into 100 ml of water and extracted 
with three 20 ml portions of ether. The extracts were 
washed once with water, dried over anhydrous mag- 
nesium sulfate, and concentrated to yield 1.3 g of dimethyl 
indan-1-one-2-ylidenesuccinate (6) (73 %), m.p. 101- 
103 "C. 

Anal. Calcd. for C15H1405: C, 65.69; H,  5.15. Found: 
C, 65.74; H, 5.19. 

The i.r. spectrum (CHC1,) C=O 1740, 1725, 1690 
cm-'; C=C 1635, 1610, 1590 cm-'. The u.v: (EtOH, 
4.5 x lo-' M )  275 mp (E,,. = 14 200), 209 mp (E,,. = 
11 900). 

Hydrolysis of Dimethyl 1-Dimethylaminobenzo(6,7)-5-H- 
cycloheptatriene-2,3-dicarboxylate (5) 

A solution of 52.0 g (0.17 mole) of 5 in 100 ml of 
methanol was treated with 100 ml of hydrochloric acid 
(6 N). The solution became warm and changed from deep 
to  pale yellow in color. The solution was stirred an 
additional 30 min. An oil separated which solidified. 
Extraction with ether and evaporation of the extracts 
yields 43.0 g (98%) of pure crystalline dimethyl l-hy- 
droxybenzo(6,7)-5-H-cycloheptatriene-2,3-dicarboxylate 
(7), m.p. 92.5-94 "C. The compound 7 could be re- 
crystallized from ethanol. 

Anal. Calcd. for Cl5H14O5: C, 65.69; H,  5.15. Found: 
C, 66.01; H, 5.24. 

The i.r. spectrum (CHCI3) C=O 1715, 1727 cm-', 
C=C 1659, 1635, 1610, 1590, 1565 cm-'. The U.V. 

(EtOH, 7 x lo-' M )  293 mp  (E,,. = 9700); 237 mp 
(E,,. = 13 600); 215 mp (E,,. = 12 800). 

Benzo(6,7)cyclohepta-3,6-dien-l-o11e-3-carboxylic Acid 
(8)  

A solution of 5.08 g (0.02 mole) dimethyl l-hydroxy- 
benzo(6,7)-5-H-cycloheptatriene-2,3-dicarboxyate (7) in 
50 ml of glacial acetic acid and 10 ml of concentrated 
hydrochloric acid was refluxed for 24 h. The acetic acid 
was removed at  reduced pressure and the residue was 
extracted with methylene chloride. The extracts were 
dried over anhydrous magnesium sulfate and concen- 
trated to yield 3.0 g of a brown gum. Trituration of this 
gum with toluene and filtration gave 1 .O g (25%) of 8, 
m.p. 184-186 "C. The sample could be recrystallized 
from toluene, m.p. 186-187 "C [literature m.p. 1 8 6  
187 "C (I)]. 

Dimettzyl Benzo(6,7)tropone-2,3-dicarboxylate (10) 
A solution of 13.6 g (0.05 mole) dimethyl l-hydroxy- 

benzo(6,7)- 5-  H-cycloheptatriene-2,3-dicarboxyate (7) 
and 8.90 g (0.05 mole) N-bromosuccinimide in 125 ml of 
carbon tetrachloride was refluxed for 1 h. A rapid 
evolution of hydrogen bromide gas was observed. The 
solution was cooled and filtered to yield 4.9 g (95%) of 
succinimide. The solution was then evaporated at  reduced 
pressure and the resultant oil taken up in 100 ml of ether. 
To this, 5.05 g (0.05 mole) triethylamine was added. 
There was an immediate formation of triethylamine 
hydrobromide which was removed by filtration. The 
mother liquor was washed with 10% hydrochloric acid 
and then water. The extracts were dried over magnesium 
sulfate and concentrated to yield 13.5 g of a pale yellow 
solid. Trituration of this solid with 20 ml of ether and 
filtration gave 12.8 g (94%) of pure 10, m.p. 92.5-94 "C. 

Anal. Calcd. for C15H1205: C, 66.17; H,  4.44. Found: 
C, 65.93; H,  4.41. 

The i.r. spectrum (CHCI3) C=O 1728, 1738 cm-', 
C=C 1634, 1620, 1593, 1573, 1550 cm-'. 

Dinzethyl 4-Bromo-I-hydroxy-benzo(6,7)-5-H-cyclo- 
heptatriene-2,3-dicarboxylate (9) 

After the mother liquors from five runs of the above 
preparation of compound 10 had been standing for 3 
months, it was observed that the oil had partially crystal- 
lized. The crystals were filtered and carefully washed with 
ether to give 1.15 g (1.3% based on 68.0 g of starting 
material 7) of 9, m.p. 136134.5 "C. 

Anal. Calcd. for CI5Hl3BrO5: C, 51.01; H, 3.71; Br, 
22.62. Found: C, 51.28; H, 3.77; Br, 22.44. 

The i.r. spectrum (melt) C=O 1743, 1730 cm-', 
C=C 1661, 1620, 1592, 1560 cm-'. 

Benzo(6,7)tropone-2,3-dicarboxylic Acid Anhydride (11) 
Method A 
To 10 ml of 4 N sodium hydroxide and 50 ml of water 

were added 2.72 g (0.01 mole) of dimethyl benzo(6,7)- 
tropone-2,3-dicarboxylate (10). The solution was heated 
at reflux until all of the solid material had gone into 
solution (5 min). The solution was cooled to 50 "C and 
acidified with hydrochloric acid to p H  2 at which time a 
suspension of orange crystals formed. Filtration gave 
1.60 g of an orange solid (73%), m.p. 184-186 "C. The 
sample could be recrystallized from acetonitrile, m.p. 
198-201 "C (decomposition). 

Anal. Calcd. for C13H604: C, 69.08; H,  2.99. Found: 
C, 68.92; H,  2.94. 

The i.r. spectrum (KBr disc) C=O 1885, 1848, 1770 
cm-'. 

Method B 
A solution of 500 mg (0.00184 mole) dimethyl 

benzo(6,7)tropone-2,3-dicarboxylate (10) and 600 mg of 
p-toluenesulfonic acid hydrate in 10 ml of formic acid 
was heated for 15 min at reflux then at 100 "C for 1 h. 
The solution was let stand 18 h. The excess formic acid 
was removed at  reduced pressure. The residue was taken 
up in 50 ml of methylene chloride and washed with water. 
The extract was dried over magnesium sulfate and 
concentrated. Trituration of the residue with 5 ml of ether 
and filtration yielded 300 mg (72%) of the anhydride, 
m.p. 196195 "C. The i.r. and n.m.r. spectra were identical 
with those of the previously prepared material. 

N-Pt~enethylinzide of Benzo (6,7) tropone-2,3-dicarboxylic 
Acid (12) 

A solution of 226 mg (0.001 mole) of compound 11 and 
121 mg (0.001 mole) a-phenethylamine in 25 ml of 
benzene was refluxed for 1 h. The solvent was removed at 
reduced pressure to give 325 mg of a yellow solid. Re- 
crystallization from benzene gave 150 mg (45%) of 
compound 12 m.p. 173-174 "C. 

Anal. Calcd. for CZ1H15N03: C, 76.58; H, 4.25; N,  
4.59.Found: C,76.26;H,4.15;N,4.56.  

The i.r. spectrum (Nujol) C=O 1780, 1710 cm-'. 

Diinetlzyl I-Hydroxy-5-methoxybenzo(6,7)-5-H-cyclo- 
heptatriene-2,3-dicarboxylate (13) 

To 0.55 g (0.002 mole) of compound 10 in 20 ml of 
methanol was added 10 ml of a solution of sodium 
methoxide (0.2 g sodium added to 10 n11 of methanol). 
The solution was acidified with dilute hydrochloric acid 
and extracted into 100 ml of ether. The extracts were 
dried over magnesium sulfate and concentrated to yield 
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0.50 g of compound 13 (84%). The sample was re- 
crystallized from methanol, m.p. 143-144 "C. 

Anal. Calcd. for Cl6Hl6O6: C, 63.15; H, 5.30. Found: 
C, 62.84; H, 5.08. 

The i.r. spectrum (CHC13), C-0 1725, 1660 cm-I, 
C=C 1610, 1590, 1567 cm-'. 

Reduction of Dimethyl Benzo(6,7)tropone-2,3- 
dicarboxylate (10) 

A solution of 2.72 g (0.01 mole) of compound 10 in 
50 ml of methanol was stirred under hydrogen over 0.3 g 
of 10% Pd/C at atmospheric pressure and temperature. 
When 0.01 mole of hydrogen had been absorbed the 
solution was filtered and concentrated to give 2.75 g of 
puredimethyl 1-hydroxybenzo(6,7)-5-H-cycloheptatriene- 
2,3-dicarboxylate (5),  m.p. 92-94 "C. 
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The kinetics of formation of ruthenium(I1) nitrogen complexes 

CLIVE M. ELSON, I. J. ITZKOVITCH, AND JOHN A. PAGE 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received January 19, 1970 

The formation of nitrogen monomers by the reaction of R U ( N H ~ ) , ( H ~ O ) ~ +  and C ~ S - R U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  
with N, has been shown to be first order in Nz and second order overall. The formation of brldglng N2 
dimers by the reaction of the ruthenium(I1) pentaammine and tetraammine with the monomers has been 
shown to be second order overall. 

The reactions were studied in a H2S04-K2S04 electrolyte p H  3 . 3 , ~  = 0.30. The ruthenium(I1) species 
were prepared by controlled potential reduction of known ruthenium(II1) species at -0.50 V at a Hg 
cathode. The reactions of the reduced species with Nz or the monomers were followed spectrophoto- 
metrically. 

The second order rate constant at 25 "C and the activation energy for the substrate R U ( N H ~ ) ~ ( H ~ O ) ~ +  
with the respective nucleophiles are: NZ, 8.0 x M-I S-', 22.0 f 0.1 kcal/mole; R U ( N H ~ ) ~ N , ~ + ,  
3.6 x lo-, M-I s-'. 19.9 + 0.5 kcallmole: RU(NH~L(H,O)N,~+.  2.7 x M-' s-'. 20.4 + 0.8 , - ,  
kcal/mole. For th; s ~ b s t r a t e - c i s - ~ u ( ~ & ) ~ ( ~ ~ ~ ) ~ ~ +  ii;e\vdues are: Nz, 1.0 x lo- '  M-I 's-', 2074 f 
0.2 kcal/mole; Ru(NH3),Nzz+, 6.8 x M-I s- ', 18.2 f 0.1 kcal/mole; R U ( N H ~ ) ~ ( H ~ O ) N ~ ~ + ,  
7.2 x M-I s-' , 17.1 f 0.2 kcal/mole. 

Canadian Journal of Chemistry, 48, 1639 (1970) 

Introduction 
In a previous study (I), the formation of 

ruthenium(I1) nitrogen complexes was examined 
at a single temperature. In this paper we report 
on an extended study of the rate and energetics 
of the formation of the mono- and bi-nuclear 
nitrogen complexes of ruthenium pentaammine 
and tetraammine, and of the mixed penta- 
ammine-tetraammine binuclear nitrogen com- 
plexes. 

The only other work of direct interest reported 
since the initial paper was a study of the formation 
and decomposition of nitrogen complexes of 
ruthenium(I1) chloride by Shilova and Shilov (2). 
This study was carried out over a range of tem- 
perature in a tetrahydrofuran solvent. In addi- 
tion, Armour and Taube (3) reported on the 
kinetics of substitution of a number of ligands, 
other than N2, into ruthenium(I1) aquopenta- 
ammine. 

Experimental 
The starting material for the preparation of the penta- 

ammines and tetraammines was pure Ru(NH3)&13 
obtained from Johnson Matthey Chemicals Limited 
(Lot B/8). The salt Ru(NH3),CI.CIZ was prepared from 
the hexaammine by the method of Gleu and Rehm (4), 
while the C ~ S - R U ( N H ~ ) ~ C ~ ~ . C ~  was prepared from the 
pentaamrnine by the method of Gleu and Cuntze (5). 
The ruthenium(I1) nitrogen pentaammine was prepared in 
turn from the chloropentaammine ruthenium(II1) using 
sodium azide according to the procedure of Allen et al. 
(6), while the C ~ S - R U ( N H ~ ) ~ ( H ~ O ) N ~ . C ~ ~  was prepared 
from the dichlorotetraammine, again using azide 
according to the method of Allen et al. (7). These nitrogen 

products were found to contain about 10% unreacted 
ruthenium(II1); this was separated by forming the soluble 
ruthenium(II1) hydroxy complexes. This was accom- 
plished by dissolving the solid complexes in a minimum 
of warm (50 "C) 1 M NH3 in the case of the pentaammine 
or warm (50 "C) 1 M NaOH in the case of the tetra- 
amrnine. The complexes were then reprecipitated by the 
addition of solid KC1 and cooling, and were then recrys- 
tallized from warm water until the pink tinge of the 
hydroxy species was not apparent upon dissolution of the 
nitrogen complexes. 

The purity of the products was established by infrared 
spectra, by the coulometric results on the reduction of 
dissolved ruthenium(II1) ammine salts, and by agreement 
with published extinction coefficients where available. 
The extinction coefficients actually used in this work are 
reported in Table 1. 

The studies were carried out in a base electrolyte that 
was 0.099 M in K2SO4 and 0.001 M in added H2S04 
giving a p H  of 3.3 at 25 "C (other anions absorbed 

TABLE 1 

Extinction coefficients of ruthenium(I1) species* 

Extinction coefficient 

Species 222 nm 262 nm 

'In KISOI-HIS04 electrolyte, p H  = 3.3, values for pentaammine 
species from ref. 1. 

tCoulometric reduction of cis-[Ru(NH3).,CI21CI. 
$Pure C~S-[RU(N~H,)~~(H~O)N~CI~. 
§Equated lo extlnctlon coefficlenl of dimer at 302 nm. 
IIDerived from ratio of decrease in absorbance at  222 nm lo increase 

in absorbance a t  262 nm when monomer reacted with reduced species. 
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strongly at the wavelengths of interest). In some cases, 
the p H  was varied by adding HzS04  or KOH to the 
electrolyte but the ionic strength was maintained constant 
(p = 0.30). The controlled potential reductions were 
carried out in a H-type double diaphragm cell. The 
working electrode was a mercury pool (13 cm2) and the 
total volun~e of solution electrolyzed was 75 ml. A 
Wenking 61 RS potentiostat was used to control the 
electrode potential relative to a Metrohm EA 402A 
saturated calomel reference electrode. The electrolysis 
current was integrated using an operational amplifier 
with capacitance feedback (8). Spectra were recorded on 
a Bausch and Lonib Spectronic 505 using the flow system 
previously described (I) .  The electrolysis cell and flow 
system were water jacketed and the cell compartment of 
the spectrophotometer was equipped with a constant 
temperature block. Temperature regulation to ? 0.1 'C 
was achieved by circulating water froni a thermostat. 

Dissolved air was purged fro111 the solutions using 
argon (Linde, high purity). The nitrogen and mixed 
nitrogen-argon gases used in the kinetic runs (Linde, less 
that 10 p.p.ni. oxygen) were purified by passage over hot 
(100 "C) BASF catalyst R-3-11. The gases were then 
saturated with vapor by bubbling through base electro- 
lyte before use. 

In the experiment designed to follow the displacement 
of C1- on reduction of the RufNH,LCI,+. an Orion - 
Model 94-17-00 Chloride ~pecific'lon ~lect rode was used FIG. Rate of reaction with k2 at 25 OC. Reaction 
in a cell with an Orion Model 90-02-00 Double Junction at 1 atnl with pure N,, 49% N~ - 51 % A ~ ,  or 25% N, - 
Reference Electrode. The K2S04-H2S04 electrolyte was 7 % Ar. A, R U ( N H ~ ) , ( H ~ O ) ~ + ,  CAO = 1.76 x M ;  
used in the bridge and the potentials were measured on an 0, c ~ s - R u ( N H , ) ~ ( H ~ O ) ~ ~ + ,  CAO = 1.18 x M. 
Orion Model 801 meter. 

Kinetics 
The reactions were studied by first preparing the Ru(I1) 25 OC (Fig. The effect of temperature On kM was 

species by a controlled potential reduction of the appro- examined and the are given in Table 2. The 

priate R u ( I ~ ~ )  arnnline a t  -0.50 v under Ar. The reduc- Axhenius plots were found to be linear (Fig. 2) and the 

tion was clean and rapid and the electrode was parameters, determined by least squares fitting, are listed 

maintained at this potential throughout the subsequent in Table 3. 

reactions. Ditner. Fornrntior~ 
Monot~ler Formatioit The formation of the pentaammine-pentaammine, 
The formation of the pentaamlnine and tetraammine tetraanimine-tetraamniine, and niixed pentaammine- 

nlononlers (M) was studied by with relatively tetraanlmine dinlers (Dl were studied by adding pure 
low concentrations of the Ru(I1) species (A) and satu- "lid nlOnOnler the Ru(ll) species 

rating the solution with Nz gas 

~ C M  -- = kMCACN2 = kM'CA (N, saturated) 
dt 

The formation of the monomer was simply followed by 
the increase in absorbance at 222 nm. The first order rate 
constant, k,' was determined froni plots of In (CAO - 
CM) vs. time. The plots were linear for the first 30% con- 
version of A to M but showed a positive curvature at long 
tinies due to the forniation of significant amounts of 
dinier. Least squares fits were niade over the initial linear 
portion. Values of the second order rate constants were 
then calculated using tabulated values for the solubility 
of N, at 1 atm pressure (9). The reactions of both the 
tetraaniniine and pentaaniniine were demonstrated to be 
first order with respect to N, by determining khl' with a 
fixed CAO at various concentrations of dissolved N2 at 

The formation of the dimer was followed by the decrease 
in absorbance at 222 nm. The second order rate constant 
was evaluated from plots of (CAO - CMO)-I In [(CAO - 
CM) CMO/(CMO - CM)CAO] vs. time. The plots were linear 
over about 30% conversion of M to D, but showed 
curvature past this point as the back reaction became 
significant. Least squares fits were made on the initial 
linear portion. The value of k, for the reaction of each of 
the two monomers with each of the two RLI(II) substrates 
was determined over a range of temperature and the 
results are given in Table 4. The Arrhenius plots were 
linear (Fig. 3) and the parameters are listed in Table 3. 

The effect of p H  on kM and kD for each of the penta- 
amniine and tetraammine was also examined at 25 "C. 
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ELSON ET AL.: ON RUTHENIUM(I1) NITROGEN COMPLEXES 

TABLE 2 

Rate constants for monomer formation* 

Temperature C A O  CN khl Number of Correlation 
("c). M x lo4 M x 'lo4 M-I s-l x 10 points coefficient 

cis-: 

*In K2SO4-H2S04 electrolyte, pH = 3.3. 

FIG. 2. Effect of temperature on rate of formation of 
monomers. A, R U ( N H ~ ) ~ ( H ~ O ) ~ +  + N2; 0, cis- 
R U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  + NZ; NZ at 1 atm. 

Over the p H  range 2.3 to 10.7 it was found that the rate 
constants decreased only slightly with increasing pH; the 
change being less than 15 %. 

Discussion 
The composition and stereochemistry of the 

reactants is relatively clear. In  the case of the 
pentaammine, the reacting Ru(I1) species would 

appear to be R U ( N H ~ ) , ( H ~ O ) ~ ~ .  Endicott and 
Taube (10) have reported that the reduction of 
both Ru(NH,),(H,O)~ + and Ru(NH3),CIzf 
with Cr(I1) in aqueous media give the same 
product. The Ru-NH, bonds were shown to 
remain intact and the product was considered to 
be Ru(NH,),(H,O)~+. In the case of the electro- 
lytic method used to prepare the Ru(I1) in this 
work, the reduction of the Ru(NH3),C12+ in the 
sulfate electrolyte gave a solution with an absorp- 
tion spectrum identical to that reported by Armor 
and Taube (2) for Ru(NH,),(H,O)~+. The 
reduction was carried out at various p H  values, 
ranging from 2 to 11, and the spectrum of the 
reduced species was identical in each case and 
characterized by a broad weak absorption band 
centered at 260 nm. The reduction was also 
carried out in an aqueous NaBF, electrolyte and 
this again yielded a solution with an absorption 
spectrum identical to that of the product formed 
in the presence of sulfate. While these observa- 
tions do not eliminate the possibility of a sulfate 
species in the sixth coordination site of the Ru(II), 
water should be preferred since sulfate is not a 
strong n acceptor ligand. 

In the case of the tetraammine, the reacting 
species would appear to be cis-Ru(NH,),- 
(H20),2f.  Experimentally, the complete dis- 
placement of both chlorides from the inner co- 
ordination sphere of the starting cis-Ru(NH,),- 
ClZf was observed during the electrolytic reduc- 
tion in the sulfate media. This was found by using 
a specific ion electrode to follow the increase in 
the free C1- concentration during the electrolysis. 
This displacement is in agreement with the work 
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TABLE 3 
Arrhenius parameters for monomer and dimer formation at 25.0 "C 

kM or kD M-1 s-l  Ea* AS* t 
System x 10 kcal/mole log A e.u. 

R U ( N H ~ ) ~ ( H ~ O ) ~ +  + N2 0.80 22.0k0.1 15.0 10k1.5 
C ~ S - R U ( N H ~ ) ~ ( H ~ O ) ~ ~  + + N2 1.04 20.4k0.2 14.0 6k 1 
Ru(NH,),(H,O)~+ + Ru(NH3),NZ2+ 0.36 19.9+_0.5 13.1 220 .5  
Ru NH3)5(H20)Z+ + c ~ s - R u ( N H ~ ) ~ ( H ~ O ) N ~ ~ +  h 0.27 20.4k0.8 13.4 3k0.5  
cis- U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  + Ru(NH3),NZ2+ 0.68 18.2k0.1 12.2 -3k0.5  
C ~ S - R U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  + cis-Ru(NH3)4(H20)NZZ+ 0.72 17 .120.2  11.4 -7k1 

*Uncertainty in En is standard deviation in least squares fit. 
tuncerlainty in A* based on 5 % error in k.  

TABLE 4 
Rate constants for dimer formation 

Temperature CA" CM" k~ Number of Correlation 
"C M x lo4 M x lo4 M-' s-' x 10 points coefficient 

R U ( N H ~ ) , ( H ~ O ) ~ +  + Ru(NH3),NZ2 + 

12.0 5.19 0.597 0.070 14 0.999 

of Movius and Linck (11) who state that the 
reduction of cis-Ru(NH3),Cl2+ with Cr(I1) in an 
aqueous p-toluenesulfonic acid electrolyte gives 
Ru(NH,),(H~O),~+. It is again possible that 
sulfate from the electrolyte may replace the 
chloride in the electrolytic reduction, but this can 
be discounted, for it was observed that a product 
with an identical absorption spectrum was ob- 
tained when the reduction was carried out in a 
sulfate free methanesulfonic acid electrolyte. The 
reduced species was characterized by a broad 
weak absorption band centered at 258 nm. With 
regard to stereochemistry, Ford and Sutton (12) 
have shown that there is no isomerization in the 
reduction of either cis- or trans-Ru(II1) tetra- 

ammines with zinc amalgam. This was confirmed 
in this work by a cyclic experiment. The starting 
cis-Ru(NH3),Cl2+ was electrolytically reduced 
at -0.50 V then reoxidized at -0.10 V. The 
absorption spectrum of the resultant Ru(II1) 
after chloride anation indicated only a cis- 
Ru(1II) tetraammine. Thus the Ru(I1) species in 
the kinetic runs would be the cis-isomer. 

In the case of the nitrogen complexes, the 
pentaammine monomer is Ru(NH3),NZ2+ (6),  
while Allen et al. have shown that the tetra- 
ammine nitrogen monomer formed in either 
aqueous methanesulfonic or sulfuric acid electro- 
lytes is Ru(NH3),(H20)NZ2+ (7). Since the 
substitution reactions of Ru(I1) are highly 
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ELSON ET AL.: ON RUTHENIU M(I1) NITROGEN COMPLEXES 1643 

3.14 3.24 3.34 3.44 3.54 

lo& 
FIG. 3. Effect of temperature on rate of formation of 

dimers, A, R u ( N H ~ ) ~ ( H ~ O ) ~ +  + R u ( N H ~ ) ~ N ~ ~ +  ; -A- 
Ru(NH~)~(H*O)'+ + c ~ s - R u ( N H ~ ) ~ ( H ~ O ) N ~ ~ +  ; 0, 
C ~ ~ - R U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  + c ~ s - R u ( N H ~ ) ~ ( H ~ O ) N ~ ~  + ; 
-0- C ~ S - R U ( N H ~ ) ~ ( H ~ O ) ~ ~ +  + R U ( N H ~ ) ~ N ~ ' + .  

stereospecific (12), the cis-nitrogen compound is 
probably formed from the starting cis-tetra- 
ammine. This also follows in that cis-Ru(NH,),- 
C1, +, after reduction with zinc in a dilute aqueous 
sulfuric acid electrolyte reacts with CO to give 
c~~-Ru(NH,),(H,O)(CO)~ + (7). 

The formation of both the pentaammine and 
tetraammine monomers was found to be first 
order in both Ru(I1) and dissolved N,. This can 
be interpreted in terms of either a second order 
displacement mechanism (SN2), such as 

or as a dissociative mechanism (SN1) 

In the latter case, the reaction will not appear to 
be second order unless k - ,  >> k,. CN2 and then 
k, = (k,/k-,)k, (13). Shilova and Shilov (2) 

have previously stated that Ru(I1) chlorides 
react with N, by an SN1 mechanism involving a 
five coordinate Ru(I1) species but their arguments 
are not clear. 

Armor and Taube (3) have investigated the 
reaction of Ru(NH,),(H,O)~+ with a variety of 
other substituents including N,O, CO, pyridine, 
and isonicotinamide. These authors also found 
overall second order kinetics, but their values for 
the specific rate constants in each case do not 
differ much from those observed here with N,. 
This does not distinguish between the two possible 
mechanisms, but indicates that all the ligands 
have about the same nucleophilicity for Ru(II), 
be it in the SN2 displacement or the k, step of the 
SN1 dissociation. In the formation of the tetra- 
ammine monomer, the stereospecificity observed 
in other Ru(I1) substitution reactions (12) would 
require either a square pyramidal intermediate 
in the dissociative pathway or a cis attack in the 
associative mechanism. 

The formation of the dimers was also found 
to follow second order kinetics, with the rate 
constants significantly smaller than those for the 
reaction of the given substrate with N,. It can be 
argued that N, has two equivalent nucleophilic 
sites, while a monomer species has only one 
nucleophilic site. This is in qualitative agreement 
with the fact that (except for 6 "C) the rate con- 
stants for monomer formation were found to be 
1.5 to 3.0 times greater than those for dimer 
formation on a given substrate. 

Another feature of the dimer results is the 
grouping of the Arrhenius plots according to the 
substrate with the c ~ ~ - R u ( N H , ) ~ ( H , O ) , ~ ~  reac- 
ting twice as fast with either monomer as the 
RU(NH,) , (H,O)~~.  While a statistical argument 
(14) could be made to explain this result, the 
corresponding ratio of rates was not found in the 
case of monomer formation, although the 
Ru(NH,)~(H,O),~ + did react somewhat faster 
than the Ru(NH,),(H,O)~+. 

It  was also found that for a given substrate, the 
activation energy for monomer formation was 
somewhat greater than that for dimer formation, 
but the entropy of activation for dimer formation 
was more negative than that for monomer forma- 
tion. This is consistent with a more highly charged 
activated complex in dimer formation involving 
a higher degree of solvation with respect to 
reactants than is the case in monomer formation 
(1 5). 
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Pulse radiolysis of ethanol1 
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Chalk River, Ontario 
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The radiation chemistry of ethanol has been investigated by pulse radiolysis with emphasis on  the 
decay kinetics and yield of the solvated electron, e - , , ~ ~ ,  in neutral and alkaline solution. Computer 
calculations show that the experimental data are most consistent with a yield G(ecEloH) = 1.7 molecules/ 
100 eV, and a pseudo first-order half life for e-E,oH, t+ x 6 ps, which corresponds to  a second-order 
rate constant k@- + EtOH) = 7 x lo3  M-' s-' 

Rates of reaction of the electron with acetaldehyde and CsF12 have been determined to be 4.0 + 
0.5 x 10' and 2.5 + 0.5 x 109M- '  s-' , respectively. 

The empirical square root formula for spur scavenging kinetics 

is obeyed for scavenging of the radiation produced positive ion. 

Canadian Journal of Chemistry, 48, 1645 (1970) 

Introduction 

Much effort has been devoted to determining 
the natural lifetime of the hydrated electron in the 
pulse radiolysis of water ( I ) ,  but very little 
research in this direction has been done using less 
polar media such as ethanol. In part, this is due 
to the lack of relevant rate constant and yield 
data in ethanol compared to that which is avail- 
able in the aqueous system. 

Pulse radiolysis data (2) have indicated that 
the electron decay (t+ z 3 ps) is faster by a 
factor of lo4 in ethanol than in water. However, 
electrons produced in the alcohols by other than 
radiation chemical methods have a much longer 
half life. Feldman et al. (3) have found that with 
ethylenediamine as solvent the reaction rate of 
the solvated electron with alcohol is not very 
different from that with water (tt = ms). In this 
case the electron was produced by the reaction 
of sodium with ethylenediamine. Photolytically 
produced electrons (4) have been found to have 
a half life of z 3 0  ps in ethanol which is a factor 
of 10 larger than that previously found by pulse 
radiolysis (2). Walker and co-worker (5) have 
suggested that if the electron decays by proton 
abstraction from the solvent, the rate of decay 
would decrease with decreasing acid strength of 
the solvent. The relative acid strengths of the 
polar solvents are CH,OH z H,O > CH,CH,- 
OH > NH, (6). On this basis the half life for the 

'AECL No. 3533. 

electron in ethanol should be between that of 
water and ammonia. This has not been found 
experimentally. 

The pulse radiolysis value for the half life (2) 
was determined without special purification 
techniques or removal of the radiolytically 
formed positive ion. In view of these apparent 
discrepancies, a further look at the factors 
affecting the electron decay seemed desirable. 
High solvent purity was ensured by special tech- 
niques. Alkaline solutions were used to remove 
the radiolytically formed positive ion and prevent 
its reaction with the electron. Computer calcula- 
tions have been used to take into account the 
effect of dose and dose rate on the experimentally 
observed half life, and to obtain an accurate rate 
constant for the decay of the electron. 

Experimental 
(a)  San?ple Preparotiotr 

The anhydrous ethanol was obtained from Commercial 
Alcohols Ltd. with the following specifications: < 0.1 
volume % H 2 0 ,  < 2  x lo-' Illaldehyde, < 5 x M 
benzene. 

Acetaldehyde is the impurity of most concern and 
although less than 2 x lo-' as received, its concen- 
tration will be higher if the ethanol has been exposed to 
oxygen. The acetaldehyde as determined by gas chro- 
matography was reduced to less than 5 x M with 
a high efficiency spinning band distillation column. The 
distillation flask was continuously purged through a 
sinter with hydrogen which had been purified by a 
palladium catalyst "Deoxo" unit and the head of the still 
continuously flushed with a stream of 99.97 % nitrogen. 
To  prevent oxygen contamination, ethanol samples which 
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FIG. 1. Oscilloscope trace of the electron decay in ethanol; the solid line superimposed on the trace shows the 
computed first order decay. The difference between the horizontal traces corresponds to the light intensity (100 mV/div). 
Dose = 6 x 1019 eV/I, [EtO-] = 5 x M, and t* = 5 ps. 

did not contain electron scavengers were transferred Results and Discussion 
directly from the distillation flask t o  the pulse radiolysis ~ h ,  absorption spectrum of the electron in 
cell in a completely air-tight glass system. 

When electron scavengers were added, the ethanol was ethanol has been previously determined (9) and 
transferred for sample preparation via a glass line to an has a maximum of 700 nm. The electron decay 
oxvaen-free drv box. Alkaline s a m ~ l e s  were ~ r e ~ a r e d  bv was monitored at 625 nm and obeyed good first- - - . .-. 
the addition bf sodium metal tb form the ethoxidk order decay kinetics except when the sample was 
negative ion. Samples containing acetaldehyde were irradiated to a higher dose (, 3 10zo e ~ / l ) .  A 
prepared just prior to irradiation, since in neutral solu- 
tions acetaldehyde slowly decomposes to hemiacetal and decay curve is in Fig- with the 
acetal which have slower rates of reaction with electrons, solid line being the calculated first-order decay 
and in alkaline solutions decomposes by the aldol curve. 
condensation reaction. The acetaldehyde was obtained 
from Eastman Organic Chemicals and the C,F,, from f a )  Dose Stur'y 
Aldrich Chem. Co. The observed electron half life in pure solution 
(b) Pulse Radiolysis System is dependent on the dose per pulse as shown in 

The techniques used were similar to those adequately Fig. 2. The half life decreases with increasing dose 
described in the literature (7). Samples contained in a per pulse. At the higher doses where the decay 
2 cm (optical path length) cell were irradiated at room curve is not first order, the half life 
temperature (25 "C) with 0.5 fis pulses of electrons from 
a 2 MeV Van de Graaff accelerator. Most samples were is determined from the part of the 
given a dose of 6 x IOI9 eV/I in ethanol. Dosimetry was Curve- The points shown are all individual 
done using an oxygen-saturated, 2 x M K S C N  determinations with fresh solutions for each 
aqueous solution as a primary standard (G(oH) = 2.9, pulse. 
E~~~ = 7350, the average of ref. 8). The charge collected on ly  an approximate zero dose half life can 
either on a platinum wire in solution or on a metal back 
plate was used as a secondary standard. be estimated by inspection of the half life vs. dose 

curve (Fig. 2), however, a more precise value can 
( c )  Treatment of Pulse Radiolysis Decay Curves 

The original oscilloscope photograph was enlarged, be derived computer The line 
traced on graph paper, and analyzed by computer in Fig. 2 is calculated from a computer program 
calculations. This computer program has been written to based on one written by Schmidt (10). The 
give the rate constant and yield, from a weighted least- program uses the reactions and rate constants 
squares treatment of the experimental decay curve. In 
addition the program presents a calculated decay curve, given in ' 9  yields per loo eV given in 
which can be compared directly with the experimentally Table 2, and the dissociation constant of 
obtained curve, to check for self-consistency of the data. ethanol = 2.4 x lo-'' (19). It is found that the 
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d I I I I 

I 2 3 4 5 6 7 

DOSE ( 1oZ0ev/~ E ~ O H )  

FIG. 2. Effect of dose on electron half life in pure ethanol; points are single measurements on fresh solutions, 
the solid line is calculated assuming the pseudo first-order rate constant is 1.2 x lo5 s-'. 

TABLE 1 
Reactions and rate constants of species in irradiated liquid ethanol 

Reaction* 
Rate constant 
M s Reference 

e - ~ t o ~  + EtOHZ+ -+ H + EtOH 2 x 1 0 l 0  11 
e-,,,, + acet + acet- 4 x lo9? 

e-EtO, f EfOH + EtO- f H 7 x l o 3 t  
H + EtOH -> Hz + EtO 2 x lo7 12 

 ELOH OH + e - ~ t o ~  + H Z  + 2Et0- 5 x i o 9 f  
EtO- + EtOHZ+ -> 2EtOH 7 x 10IO§ 

EtO + EtO + acet + EtOH 4.4 x 10sll 
EtO + Ety  + dimer 5.6 x 10sl/ 

acet- + EtOHz + EtO + EtOH 1 0 1 0 ~  
acet + EtOH2+ -> acetal 1.6 x lo0 13 

- 

*EtOH = CH3CH20H, EtO = CH3CHOH, acet = CH3CH0. 
?Determined in this work. 
fHigh  dose rate studies (17). 
SBriere and Gaspard (14) have calculated the rate o f  recombination in ethanol t o  b e  one 

half that in water. Eigen and de Maeyer(l5a) have found the rate in water t o  be 1.43 x 10". 
This value has recentlv been checked bv Schmidt (156). 

.'The rate constant-for the disappenrance o f  the ethanol radical was determined by 
Dorfmiln dnd co-workers (16). The  relarive rate o f  disproportionation to dimeri7n11on a a s  
delerm~ned from the y~e ld  o f  acetaldehyde and 2,)-butanediol determined in steady-slate 
radiolysis (17). 

TlEslimated (18). 

two predominant reactions which affect the 
electron decay are 

[I 1 e-EtoH f EtOHz+ + H f EtOH 

[2 1 e - ~ t o ~  + CH3CH0 + CH3CHO- 

The best fit is obtained using a second order rate 
constant k ( , -  +,,,,, = 7 x l o3  M-' s-'. This 
value is approximately one half the rate pre- 
viously obtained by pulse radiolysis (2), and 
earlier conventional steady-state competition 
studies (20), but similar to a more recent value 

TABLE 2 
Primary homogeneous radiolytic yields in ethanol 

Species G Reference 

 ELOH OH 1.7* 
EtOHv + 1.7 
~ c e t a f d e h ~ d e  

(unscavengable) 1.8 (20) 
CH3CHOH 6.5t 
HZ (unscavengable) 4.2 (20) 

*This work and y-radiolysis steady state values to  be published. 
tDeduced from chemical analyses o f  products after y-radiolysis. 

using G(dirner) = 2.3 and  G(scavengab1e acetaldehyde) = 1.9 (17). 
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FIG. 3. Effect of ethoxide ion on electron half life; points are single measurements on fresh solutions, the solid 
line is calculated (dose = 6 x 10" eV/I). 

Z 

q 4.0- 
a 
1 
> - 
Z 
W 
I 
4. 

5 3.0- 
I- . 
I - - 
0 
W 

a, - 2.0- - 
w 

log [ E ~ o - ]  ( M )  

FIG. 4. Effect of ethoxide ion on electron and terphenyl anion yield; solid line calculated assuming G,,,, = 1.7, 
G(,,, = 2.6, cc = 6; dotted line calculated assuming GCf,, = 1.0, G!,,, = 3.3, cc = 1; points on this curve are the 
average of several measurements, 0, electron yield, 0, terphenyl anlon yield. 

calculated from steady-state competition studies 
(21). On this basis the calculated dose dependence 
curve (solid line, Fig. 2) gives a very good fit with 
the experimental values. This dose dependence 
cannot be explained if the true half life is in fact 
of the order of milliseconds as found by Feldman 
et al. (3). The long half lives found by Feldman 
et al. may arise from the electron being initially 
solvated in ethy1enediamine.The rate of reaction 
of the electron solvated in ethylenediamine will 
be less than in ethanol. Walker (5b) has suggested 
that the rate controlling step could be the rate of 
alcohol solvation. 

e-elhvlcncdlnrnlne + B-E~OH 

(b) Eflect of Addition of Ethoxide Ion 
The normally observed half life and electron 

yield are both increased by the presence of 
sodium ethoxide as shown in Figs. 3 and 4. 
Similar effects have been observed in methanol 
(22). 

The observed half life is increased due to the 
removal of the radiation produced positive ion 
in the bulk of the solution. 

[3 1 EtOH,+ + EtO- -> 2EtOH 

The solid line in Fig. 3 is obtained from computer 
calculated decay curves using the reaction data 
and yields in Tables 1 and 2. 
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FLETCHER ET AL : PULSE RADIOLYSIS OF ETHANOL 1649 

The yield of the electron as a function of 
ethoxide concentration, shown in Fig. 4, is 
approximately doubled. This increase is attrib- 
uted to scavenging of the geminate positive ion 
by ethoxide (square brackets indicate that the 
reaction is in the spur). 

by reducing the importance of reaction [5] 

I 151 [e- + EtOHz+] + H + EtOH 

and allowing a larger percentage of the electrons 
to become solvated 

As expected, a similar increase in yield is noted 
when a scavenger anion is observed instead of 
the electron. The results obtained in a 5 x 
p-terphenyl solution with added ethoxide are also 
shown in Fig. 4. The terphenyl anion (23) was 
observed at the absorption maximum 467 nm. 
The majority of the electrons are solvated before 
reaction with the terphenyl, therefore the yield 
curve should be identical to that observed for the 
electron. 

The curve in Fig. 4 fits an empirical square root 
spur scavenging equation similar t o  that 
originated at the Mellon Institute (24). 

where G(,,, = yield of free electron, G(,,, = yield 
of geminate electron, s = scavenger concentra- 
tion, and a = a fitting constant. The empirical 
square root relationship has been applied to 
electron scavengers in which the electron yield is 
followed by measuring the yield of a stable 
anion or a secondary 

[7 I e- + scavenger + scavenger- + SP 

stable product SP formed from the transient 
anion (scavenger-). However, in this paper the 
electron or the transient anion are observed 
directly. The kinetics of scavenging a positive or 
a negative species in the spur should be of the 
same type, so that one would expect a similar 
equation to describe both cases. Freeman (25,26) 
has considered that the mathematical treatment 
for scavenging of positive and negative ions 
would be very similar. The solid curve in Fig. 4 
which gives the best fit with the data is obtained 
by using the following values 

G,,,, = 1.7, G ,,,, = 2.6, and a = 6 

The total electron yield = G(,,, + G(,,, = 4.3 
gave a good fit and has been used by others 
(24b, 26). 

An attempt to fit this data using G(,,, = 1.0, 
the lower value that is often quoted (24b, 26), and 
G,,,, = 3.3 (24b), is shown as a dotted line in 
Fig. 4 and is not as good a fit as the solid line. It 
requires that an a value of 1 be used in the 
calculation. 

The a value is related to the relative rate of 
reaction of the scavenger (24a). Values of a 
between 20 and 2 are found (24), with the larger 
values being related to  reactions having the 
larger rate constants. The rate of reaction [4] is 
faster than the rate of reaction [7] for any of the 
usually used electron scavengers. This would lead 
to a large value of a as is found when we take 
G(,,, = 1.7. Conversely, the small value of a and 
the poor fit with the experimental values asso- 
ciated with G(!,, = 1 would indicate that  
G(,,, > 1. The hlgher value of G(,,, is also sub- 
stantiated by the recently reported values with 
ethanol (216, 26) or methanol (21a, 27) as the 
solvent and using N 2 0  as the scavenger. 

Freeman (21b, 26) has incorporated spur 
scavenging kinetics in the treatment of the 
results using N 2 0  as a scavenger. The spur 
scavenging curve obtained at high N,O concen- 
trations is similar to our scavenging curve shown 
in Fig. 4. In order to  observe the spur scavenging 
kinetics for electrons in neutral solution the 
N 2 0 -  must be short lived in comparison with the 
neutralization reaction [8] in the spur 

If the negative ion is long-lived with respect to  
charge neutralization, then spur scavenging 
kinetics will not be observed in the form of an 
increase in ion or SP yield but will give a plateau 
value of G(,,, with increasing scavenger concen- 
tration due to the neutralization reaction 

[9 I [R- + EtOH2+] -t [RH + EtOH] 

The latter type of result was observed for 
R = biphenyl by Sauer et al. (9). 

The absolute rate constants for reaction of 
acetaldehyde and C,FI2 with solvated electrons 
in ethanol were determined in the usual manner 
by pulse radiolysis for application in the com- 
puter calculations and to compare with those 
obtained by steady-state competition kinetics. 
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TABLE 3 
Absolute rate constants 

Absolute 
rate constants x 

Method CH,CHO CSFI 2 Reference 

Pulse radiolysis 4 + 0 .5  2.5 + 0.5 This work 
Steady state 4 4 To be published 

1.6 (28) 
Pulse radiolysis 

in H 2 0  5.4 

The results are given in Table 3. The rate constant 
obtained by Adams and Sedgewick in the com- 
petition scavenging experiments (28) might be 
low due to the slow removal of acetaldehyde to 
form hemiacetal(l7). The rate constant obtained 
for C6FI2 by steady-state competition kinetics 
was outside expected experimental error. The 
reason for this is not known but the higher 
scavenger concentrations used in steady-state 
competition kinetic studies sometimes lead to 
high values. 

Conclusions 

These data indicate that the yield of the free 
electron G(,,) = 1.7, and that the second order 
electron decay constant is 7 x lo3 M-I  s-I.  
These conclusions are substantiated further by 
steady-state radiolysis studies in preparation for 
publication. 

The results indicate that scavenging of the 
positive ion in the spur obeys the same type of 
kinetics as are observed for the electron. These 
results for spur scavenging can be compared with 
the results obtained in solutions containing 
nitrous oxide where the N 2 0 -  is short-lived. No 
scavenging of the electron in the spur will be 
observed in neutral solution when the anion is 
relatively long-lived and reactive with EtOH, '. 

The assistance of Mr. M. J. Young in the design and 
operation of the electronics in the pulse radiolysis system 
is greatly appreciated. 
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Some further reactions of pyrrylthiol esters 

E. BULLOCK, T.-S. CHEN, C. E. LOADER, AND A. E. WELLS 
Department of Chemistry, Memorial University, St. John's, Newfoundland 

Received November 6, 1969 

Reduction of pyrrylthiol esters with Raney nickel will yield, under specified conditions, the correspond- 
ing hydroxyrnethyl- or rnethylpyrroles. Evidence for at least two reduction mechanisms is presented. A 
convenient synthesis of a previously difficultly accessible pyrrole (If) related to the coproporphyrins is 
described. 
Canadian Journal of Chemistry, 48, 165 1 (1970) 

Desulfurization of thiol esters by Raney nickel 
normally gives the corresponding formyl or 
hydroxymethyl derivatives (la, b). The conver- 
sion of pyrrylthiol esters to aldehydes has been 
described (2), and recently the catalytic de- 
carbonylation of pyrrylthiolcarboxylates has 
been reported (3). In this paper, conditions are 
described (Scheme ,1) which will convert pyrryl- 
thiol esters to hydroxymethyl- or methylpyrroles 
in high yield. 

At room temperature, using W-2 Raney nickel 
(4) the pyrrylthiol ester l a  may be converted 
almost quantitatively to the hydroxymethyl 

W-2 Ni 25" 

COOEt 
I 

CH2 COOEt 

R 
I I 

I FZ 7 ?Hz 

a R = COSEt a R = -COSEt 
b R = CHO b R = -CHZOH 
c R = CHZOH c R = -CH20COCH3 
d R = CH20COCH3 
e R = CH2CI 
f R = CH3 

W-2 Ni 1 M e ~ ~ ~ c o o E t  Me COOEt 

Ref. 6 - 
COOEt Me 

derivative lc. As conditions are made more 
severe (especially at higher temperatures) an 
impurity can be detected by thin-layer chroma- 
tography (t.1.c.). This proved to be the methyl- 
pyrrole If. High yield conversion of l a  to If 
can be achieved with a very active Raney nickel 
(W-5) used at high temperature and pressure. 
Similar reductions were observed for the thiol- 
ester 2a. 

Pyrrole 1 f was also prepared in high yield from 
the hydroxymethyl compound l c  by conversion 

of the latter to the chloromethyl derivative l e  
followed by reductive removal of the halogen 
atom over palladium black. 

Since the reduction of acylpyrroles (including 
aldehydes) to the corresponding alkyl derivatives 
is well-known (see e.g. 5, 6) attempts were made 
to see if a sequential reduction (viz. Scheme 2) 
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was occurring. In separate experiments, each of 
the reduction steps envisaged above can be 
accomplished with Raney nickel and hydrogen 
(e.g. l a  + l b  + l c  + If). However, a high yield 
conversion at step (c) requires vigorous condi- 
tions. Table 1 shows that even under mild con- 
ditions, with an active catalyst, very rapid 
desulfurization occurs. Not surprisingly, the 
aldehyde is rapidly removed, but the initial yield 
of the hydroxymethyl compound slowly declines 
also, achieving a nearly constant level after 
about 14 h. Although the activity of the catalyst 
has clearly declined as the desulfurization pro- 
ceeds, separate experiments to test s t ep  (c) 
suggest that even with active catalysts, only a 
very slow conversion of hydroxymethyl to 
methyl occurs a t  70" and 4 atm. Thus, the rapid 
formation of the methyl compound initially 
(Table 1) probably represents either direct 
reduction of the thiol ester, or  a pathway from 
the aldehyde which does not involve a primary 
alcohol intermediate. 

In the Experimental section (Table 2) con- 
ditions for formation of l c  and lf in good yield 
are given. The conversions shown in the figure 
are described. No evidence of decarbonylation 
under the conditions given in  (3) has been 
observed. 

Experimental 
Infrared (i.r.) spectra were recorded on a Perkin-Elmer 

237B instrument, ultraviolet (u.v.) spectra on a Perkin- 
Elmer 202 and nuclear magnetic resonance (n.m.r.) 
spectra on a Varian A-60 spectrometer. 

Ethyl 2-Methyl-4-(2'-carbethoxyethy1)-5-carbethoxy- 
pyrrole-3-thiolcarboxylate (la) 

A solution of methyl rj-oxoadipate (21.6 g) (7) in glacial 
acetic acid (30 ml) was cooled in ice whilst sodium nitrite 
(6.9 g as saturated water solution) was added, with 
stirring, keeping the temperature below 20". After warm- 
ing to room temperature (3 h) the solution was added 
dropwise to a mixture of ethyl acetothiolacetate (14.6 g), 
glacial acetic acid (45 ml) and zinc dust (6 g) with stirring. 
The temperature was kept at about 70" during the addition 
of more zinc dust (15 g). The mixture was held at 80" 
for 1 h then poured into iced water (2 1) and allowed to 
stand for 4 h. The precipitate was collected and recrystal- 
lized from ethanol to give colorless prisms (16.8 g, 49 %), 
m.p. 94-95". The U.V. absorption (95 % ethanol), maxima 
at 231, 285 mp (log,, E,,, 4.33, 4.22). The i.r. spectrum 
(CHC13) maxima at (inter alia) 1725 (C=O, CH2CHZ- 
COOEt), 1682 (C==O, CO.OEt), 1639 cm-' (C=O, 
COSEt). The n.m.r. spectrum (CCI4) showed absorptions 
 at^ -0.5(broad,NH), 5.68and 5.89(quartets-OCHz-), 
7.01 (quartet, -SCHz-), 6.68 and 7.49 (A2B2 multiplet, 
-CHZCHZCO-), 7.42 (singlet -CH,), and 8.62, 8.68, 
8.75 (triplets, ester CH3). 

Anal. Calcd. for Cl6HZ3NO,S: C, 56.30; H, 6.79; 

N, 4.10; S, 9.39. Found: C, 56.47; H, 6.75; N, 4.27; 
S, 9.45. 

Progressive Reduction of Thiol Ester 
(a) Ethyl 2-methyl-4-(2'-carbethoxyethy1)-5-carbethoxy- 

pyrrole-3-thiolcarboxylate (2 g; la) in absolute ethanol 
(100 ml) was reduced with Raney nickel (10 g;  W-5) in a 
Parr hydrogenator in an atmosphere of hydrogen at 
55 p.s.i. and 70 "C. Samples were removed every 30 min 
for 3 h and a final sample after 11 h. The samples were 
analyzed on an Aerograph 1520 gas chromatograph under 
the following conditions: column, Apiezon L; flow rate, 
24 ml/min of He; column temperature, 230 "C; detector 
temperature, 305 "C; injection temperature, 275 "C; 
sample volume, 3 pl. Results are shown in Table 1. 

(b) Table 2 gives results of separate experiments using 
l a  in attempts to define the best preparative conditions 
for the formation of l c  and If. The pyrrole (0.5 g) in 
ethanol (75 ml) was reduced under the specified con- 
ditions. 
Ethyl 2-Methyl-3-hydroxymethyl-4-carbethoxymethyl- 

pyrrole-5-carboxylate (26) 
Ethyl 2-methyl-4-carbethoxymethyl-5-carbethoxypyr- 

role-3-thiolcarboxylate (Za, 4g), Raney nickel (30 g, 
W-2), and ethanol (100 ml) were shaken together for 6 h 
at  room temperature. The catalyst was removed (over 
Celite) and the filtrate evaporated to dryness in vacuo. 
The residue was recrystallized from benzene-ligroin to 
give colorless needles (2.76 g, 84%) m.p. 116.5-117". The 
U.V. absorption (95% ethanol), maxima at  210, 282 mp 
(log,, E,,, 3.78, 4.26 respectively). The i.r. spectrum 
(CHCI,) showed strong bands at 3432, 171 1, 1684, 1144 
inter alia. The n.m.r. spectrum (CDCI,): 0.31 (broad, 
NH), 5.55 (singlet, CH20H), 5.70 and 5.84 (quartets, 
0-CHZ-), 6.08 (singlet -CHzCO), 7.12 (OH), 7.72 
(singlet -CH3), 8.66 and 8.74 (triplets, ester CH3). 

Anal. Calcd. for C13H19N05: C, 57.98; H, 7.11; N, 
5.20. Found: C, 57.85; H, 7.12; N, 5.27. 

The acetate 2c, m.p. 100-101 "C, was formed from 2b 
by treatment with acetic anhydridelpyridine. It was 
recrystallized from ether - petroleum ether. 

Anal. Calcd. for Cl5HZ1No6: C, 57.87; H, 6.80; N, 
4.50. Found: C, 57.90; H, 6.84; N, 4.49. 

Ethyl 2-Methyl-3-hydroxymethyl-4-(2'-carbethoxyethy1)- 
pyrrole-5-carboxylate (lc) 

(a) This substance was prepared according to the 
method for 26 above. The compound (lc), m.p. 94- 
94.5" was recrystallized from benzene/petroleum ether. 
The U.V. absorption (95 % ethanol) maxima a t  210, 282 
mp (loglo E,,, 3.89, 4.29). The i.r. spectrum (CHC13), 
maxima (inter alia) at 1720 (C=O, -CH,CH,COOEt) 
and 1683 (C==O, COOEt). The n.m.r. spectrum (CDCI3) 
T, 0.50 (broad, NH), 5.50 (singlet -CH20H), 5.69 and 
5.91 (quartets, -OCH,-), 6.96 and 7.24 (A,B2 multi- 
plets, -CHZ.CH2CO-), 7.22 (singlet, -OH), 7.71 
(singlet, CH3), 8.65 and 8.80 (triplets, ester -CH3). 

Anal. Calcd. for Cl4HZ1NO5: C, 59.36; H, 7.47; 
N, 4.95. Found: C, 59.18; H, 7.30; N, 4.75. 

The acetate (see preparation of 2c above) formed 
colorless needles from ether, m.p. 126-127". 

Anal. Calcd. for Cl6HZ3No6: C, 59.08; H, 7.12; N, 
4.31. Found: C, 59.38; H, 7.22; N, 4.23. 

(b) A mixture of the aldehyde lb, Raney nickel (W-2, 
5 g), and ethanol (30 ml) was shaken under hydrogen at 
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BULLOCK ET AL.: REACTIONS OF PYRRYLTHIOL ESTERS 

TABLE 1 

Progressive reduction of the pyrrylthiol ester (la) 

Time (min) 3-COSEt (la) 3-CHO (lb) 3-CHzOH (lc) 3-CH3 (If) 

0 100 
30 8 23.5 2 1 47.5 
60 4 5.5 15.5 75 
90 8* 14 78 

120 < 5 12 86 
150 trace 12 88 
180 trace 10 90 
660 trace 10 90 

*Retention times of these two products are so similar that resolution is lost at low concentrations. 

TABLE 2 
Reduction of l a  under specified conditions. 

Products (%) 
Ni added Temperature Hz pressure Time 

(g) ("c) ( a m  (h) 3-CHzOH 3-CH3 

5 (W-2) 25 4 3 > 95 trace 
5 (W-2)* 70 4 3 64 36 
1.5 (W-5) 100 

I 100 2 undetected > 95 
I *Pretreated with acetone at room temperature for 3 h. Optimum conditions for formation of the aldehyde (lb) 

have been reported (2). 

55 p.s.i. and 70" for 3 h. The catalyst was filtered off and above. Recrystallization of the product from aqueous 
the solvent removed in uacuo. The product (from which ethanol yielded 1 f (0.52 g, 72%) as colorless plates, m.p. 

' l c  m.p. 94-95.5' was readily isolated) contained at least 89.5-91 "C. 
90% of l c  with some If (less than 10% as the minor (c) Ethyl 2-methyl-3-chloromethyl-4-(2'-carbethoxy- 
product). ethyl)-pyrrole-5-carboxylate (6 g, le) and anhydrous 

Ethyl 2-Methyl-3-chloromethyl-4-(2'-carbethoxyethyl) - 
pyrrole-5-carboxylate (Ie) 

Thionyl chloride (8 ml) was added dropwise to a cooled 
solution of the hydroxymethyl pyrrole (lc) (15 g) in dry 
ether (100ml) with stirring. The solvent and excess 
thionyl chloride were removed in uacuo below 20°, and 
three 50 ml portions of dry ether were successively added 
and removed in the same way. The residual solid was 
recrystallized from dry ether - petroleum ether to give , 
almost colorless needles (15.6 g, 9479, m.p. 126-129'. 
The compound was unstable in moist air, but the n.m.r. 
spectrum (CDCl3) confirms its identity: T, -0.04 (broad, 
NH), 5.36 (singlet, CHzCI), 5.62 and 5.81 (quartets, 
-OCHz), 6.90 and 7.34 (AZB2 multiplet, -CHzCHZ- 
CO-), 7.66 (singlet, CH3), 8.62, 8.74 (triplets, ester, 
-CH3). 

Ethyl 2,3-Dimethyl-4- (2'-carbethoxyethy1)-pyrrole-5- 
carboxylate (If) 

(a) Ethy 12-methyl-4-(2'-carbethoxyethy1)-5-carbethoxy- 
pyrrole-3-thiolcarboxylate was reduced under conditions 
specified in Table 2. 

After cooling at 200 p.s.i., the residual solution was 
filtered through Celite and the solvent removed to give an 
almost colorless crystalline residue. Recrystallization 
from aqueous ethanol gave If (3.4 g, 87 %) as colorless 
plates, m.p. 89.5'-91' (lit. m.p. 88-89' (6)). 

(b) Ethyl 2-methyl-3-hydroxymethyl-4-(2'-carbethoxy- 
ethyl)-pyrrole-5-carboxylate (lc) (0.75 g) in ethanol (150 
ml) was reduced over Raney nickel (15 g, W-5) as in (a) 

sodium-acetate (1.7 g) ;n glaciafacetic acid (40 ml) was 
reduced by hydrogen over palladium black (300 mg) at 55 
p.s.i. and 50-60 "C for 3 h. The reaction mixture was 
poured into iced water (400ml). The precipitate was 
washed with water after filtration, then recrystallized 
from aqueous methanol to give colorless crystals (5.2 g, 
92%), m.p. 87-88", of the corresponding 3-methyl 
pyrrole derivative If. 

The authors are grateful to Memorial University and 
the Province of Newfoundland for Fellowships (to C.E.L. 
and A.E.W.) and to the National Research Council of 
Canada for financial support. 
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Stability constants for some 1 : 1 metal-carboxylate complexes 

JOHN W. BUNTING AND KAIN MEN THONG 
Department of Chemistry, University of Toronto, Toronto 181, Ontario 

Received October 1, 1969 

Stability constants have been measured for the formation of 1 :1 cornplexes between eight divalent 
metal ions and six carboxylate anions. For each anion the stabilities of the cornplexes follow the order 
Pb2+ > CuZ+ > CdZ+ > Znz+ > NiZ+ - CoZ+ > CaZ+ - MgZ+. The stabilities of the complexes 
with each metal ion are directly related to the basicities of the anions, and little or no bidentate 
chelation occurs between these metal ions and acetoxyacetic acid or N-acetylglycine. 

Canadian Journal of Chemistry, 48, 1654 (1970) 

In connection with another studv, we wished to hkuerin~ental Procedure - - 
compare stability constants for 1 : 1 complex for- 
mation between various divalent metal ions and 
carboxylate anions. While stabilities of metal 
ion - acetate complexes have been well studied 
(I), comprehensive data are not available for 
complexes involving other carboxylate anions. 
The data that are available come from a number 
of different sources, and are often not directly 
comparable since widely differing conditions of 
temperature and ionic strength have been used in 
their determination. In particular, we were in- 
terested in the possibility that N-acetylglycine and 
acetoxyacetic acid might act as bidentate ligands 
when entering into complex formation with some 

bissociation constants of the carboxylic acids and 
stability constants of the 1 :1 metal-carboxylate complexes 
were determined by potentiometric titration at 30" and 
ionic strength 0.4. The ionic strength was adjusted with 
suitable concentrations of sodium nitrate. 

An aqueous solution (40ml) containing the metal 
nitrate (0.1 M )  and carboxylic acid (0.01 M)  was titrated 
with one equivalent (ten aliquots; each 0.4 ml) of po- 
tassium hydroxide solution (0.1 M). The pH of the solu- 
tion was noted, after the addition of each aliquot of 
alkali, on a Corning Model 12 p H  Meter, which had been 
previously standardized against 0.05 M potassium 
hydrogen phthalate solution (error in p H  reading 
20.002). The titration was carried out in a water- 
jacketed reaction vessel, thermostated at 300, and 
nitrogen was continuously bubbled through the solution. 

Acid dissociation constants were determined by a 
divalent ions. Such bidentate complex for- similar titration in the absence of divalent metal ions. 

The concentrations of free metal ion [MZ+], free 
mation be to in greater carboxylate anion [L-] and 1:1 metal-]igand complex 
stabilities for these complexes than would be pre- [ML+ 1, were calculated from equations for the total 
dicted from the basicities of the carboxvlate concentration of metal-containing soecies. total con- - * 

anions. centration of ligand-containing species, ele~troneutralit~ 

we wish to report stability constants, which and the dissociation constant of the carboxylic acid. 
Hence at each point in the titration, a value for the 

were measured under constant experimental con- stability constant 
ditions, for the formation of 1 :1 complexes be- 
tween eight divalent metal ions (lead, cadmium, 

[ML+ I 
= IM2+ 1IL- 1 - -. 

copper, zinc, nickel, cobalt, calcium, and mag- 
for the formation of a 1 :1 complex could be calculated. nesium) and the anions of six carboxylic acids AllSreported values for log K are averages of 7-10 values, 

(acetic, benzoic, formic, chloroacetic, and a&- and the reported error is the greatest deviation from this 
oxyacetic acids and N-acetylglycine). value. 

Since the stabilities of these complexes are quite low, 
Experimental relatively large concentrations of the metal ions were 

Metal Salts required in order to shift the equilibria towards the com- 
Solutions of divalent metal ions were made UP from the species. ~ l t h ~ ~ ~ h  this makes possible the formation 

best commercially available grade of the metal nitrates. of 2:1 metal-ligand complexes, it is considered extremely 
These solutions were standardized by titration with unlikely that such comp~exes will occur to any appreciable 
EDTA by the usual procedures (2). extent in the systems which are reoorted in this work.This 
Carboxylic Acids assumption that only 1:l complexes are present, is 

Acetoxyacetic acid, chloroacetic acid, benzoic acid, and supported by the constancy of the stability constants for 
N-acetylglycine were recrystallized to constant melting these cornplexes over the ten-fold variation in ligand 
point. Acetic and formic acid solutions were standardized concentration which occurs during the course of the 
by titration with standard aqueous alkali. titrations. 
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BUNTlNG AND THONG: METALCARBOXYLATE COMPLEXES 1655 

TABLE 1 
Values of log K for 1 :1 metal-carboxylate complexes* 

Acetoxy- Chloro- 
Metal Acetic Benzoic Formic N-Acetyl- acetic acetic 
ion acid acid acid glycine acid acid 

'At 30°, ionic strength 0.4. 
tFor H+, log K = pK.. 
$Maximum deviation greater'than 0.1. 

Results and Discussion 

Stability constants (as log K) for 1 :I complexes 
of divalent metal ions and carboxylate anions are 

I given in Table 1. The acid dissociation constants 
I , for each of the carboxylic acids are also included 
, in this table. In general, the order of the stability 

constants for a particular metal ion with the 
carboxylate anions is the same as the order for 
the basicities of these anions. 

Stability constants which have been reported 
previously for complex formation between these 
metal ions and carboxylate anions are collected in 

, Table 2. These constants were measured under a 
I variety of conditions, temperatures range be- 
I tween 15 and 35", and ionic strengths from 0 to 
I 

3.0. A literature search did not reveal any reports 
of stability constants for the association of di- 

, valent metal ions with N-acetylglycine or acetoxy- 
acetic acid. In general, the stability constants in 

I Tables 1 and 2 are in reasonable agreement. 
I Deviations between the two sets of constants can 

be traced to different experimental conditions. 
We believe that Table 1 represents the most com- 
prehensive data that are available on the stabil- 
ities of these metal-carboxylate complexes under 
constant experimental conditions. 

For each ligand, the stabilities of the metal 
complexes follow the order Pb2+ > Cu2+ > 
Cd2+ > zn2+  > ~ i ~ +  % Co2+ > c a 2 +  % Mg2+. 
The order of the stabilities of the complexes of 
cobalt, nickel, copper, and zinc is as expected on 
the basis of the Irving-Williams order (Co < 
Ni < Cu > Zn) (3). 

Abnormally high stability constants for asso- 
ciation of substituted carboxylate anions with 

TABLE 2 
Literature values for log K for 1 :1 complexes between 

divalent metal ions and some carboxylate anions*,t 

Chloro- 
Metal Acetic Benzoic Formic acetic 

ion acid acid acid acid 

- 
'From ref. 1, p. 357,364,374,530. 
tTemperature range 15-35"; ionic strength range C-3.0. 

metal ions have been used by other workers as 
indications of chelate formation, which involves 
both the carboxylate group and another ligating 
center in the same molecule. Examples of such 
bidentate chelation by the anions of carboxylic 
acids are: 

(a) a-oxy-substituted carboxylic acids with di- 
valent manganese, copper and zinc ions, e.g. 
hydroxyacetic acid, tetrahydrofuran-2-carboxylic 
acid (4) ; 

(b) a-thio-substituted carboxylic acids with the 
cupric ion, e.g. S-carboxymethyl ethyl mercaptan 
(4) ; 

(c) some dicarboxylic acids with divalent lead, 
copper,, cadmium, zinc, and nickel ions, e.g. 
malonic acid, maleic acid (5). 
In each case the stability constants for complex 
formation are much greater than would be ex- 
pected from the basicity of the anion. 

The data in Table 1 indicate that the association 
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constants for the anions of acetoxyacetic acid and 
N-acetylglycine with these metal ions are of the 
order expected from the basicities of these lig- 
ands. This indicates that association of the metal 
ions with these two ligands probably takes place 
only with the carboxylate group and does not 
involve appreciable bidentate chelation, such as 
would result from the association of the metal 
ions with both the carboxylate group and the 
acetoxy or acetamido groups through oxygen or 
nitrogen atoms. However, the presence of small 
amounts of chelated species, in equilibrium with 
the major monodentate complex, are not ex- 
cluded by these data. 

Investigations of various peptide - metal ion 
complexes have revealed that some metal ions are 
capable of co-ordinating with peptide ligands via 
a deprotonated amide nitrogen atom (6-9). Ion- 
ization constants for deprotonation of an amide 
nitrogen atom in a complexed peptide range from 
pK, = 3.90 in Cu2+-glycylglycine (6) to pK, = 
9.35 in Ni2+-glycylglycine (9). 

An attempted investigation of the abilities of 
various metal ions to form species of the type I 
(M = divalent metal ion) was not productive. 
The insolubilities of the metal hydroxides and the 
low stabilities of the metal-carboxylate mono- 
dentate complexes precluded the study of the 
formation of I by the titration procedures used in 

this study. Even at low metal ion concentrations 
(0.001 M), attempts to show the presence of these 
species by pH-titrations were foiled by the pre- 
cipitation of the metal hydroxides. 

We thank the National Research Council of Canada 
for a research grant in support of this work. 
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Yield of free-ions in the radiolysis of formamide, a liquid of 
very high dielectric constant 

D. A. HEAD' AND D. C. WALKER 
Chemistry Department, University of British Columbia, Vancouver, British Columbia 

Received January 20, 1970 

Solutions of N 2 0  in liquid formamide (dielectric constant 109) gave a yield of N2 during y-radiolysis 
of G(N,) = 3.3 f 0.3. Competition between N 2 0  and other scavengers, including water, ethanol, acids, 
AgN03, and Cd12 strongly resembled the pattern of reactivity characteristic of solvated electrons found 
in other polar liquids. Furthermore, the yield obtained (3.3) was consistent with the high dielectric con- 
stant and predicted for the free-ion yield by Freeman's model assuming a total ionization of 4.7. However, 
the absence of an absorption band in nanosecond pulse radiolysis experiments suggests that solvated 
electrons were not present s after the passage of the ionizing radiation. It is quite possible that in this 
system "solvent anions" (or other reactive reducing ions) were formed in yield equal to the "free-ion" 
yield. This presupposes that formamide anions readily reduce N 2 0  and Ag+, are inactivated by H +  and 
do not react with water and alcohols. 

The high dielectric constant apparently leads to large yields of comparatively long-lived (> s) 
reducing ions (free-ion yield of 3.3) accompanied by rather small yields of H atoms and simple molecular 
decomposition products. In these respects the radiolysis decomposition of forrnamide resembles that 
of water. 
Canadian Journal of Chemistry, 48, 1657 (1970) 

Introduction 

Of the several molecular properties which 
govern the radiolysis yield of solvated electrons 
(e,-) the static dielectric constant (E) is probably 
the most important. A high dielectricconstant will 
tend to increase the free solvated electron yield, 
firstly, by diminishing the coulombic attraction 
between positive ions and thermalized electrons 
and thus reducing geminate recombination (and 
random neutralization) and secondly by, in 
general, facilitating the solvation process. These 
dependences have been recognized and treated 
theoretically by several authors and in a variety 
of ways (e.g. 1-7). Furthermore, the general 
trends found for G(e,-) and E,,,, (the energy of 
the optical absorption band maximum of the 
solvated electron) as a linear function of E have 
been reviewed respectively by Holroyd (8) and 
Dorfman (9). 

However, water (E = 78) is the only liquid 
having a dielectric constant greater than about 40 
for which data are currently available. Thus we 
have endeavoured to obtain the yield of solvated 
electrons for a liquid of much higher E. Of the 
four common liquids with E > 78 at 25 "C, form- 
amide, which has E = 109, seemed best suited to  
this study. 

Recently, two other studies on aspects of the 

'Present address: Materials Science Division, Atomic 
Energy of Canada Ltd., Whiteshell Nuclear Research 
Establishment, Pinawa, Manitoba. 

radiation chemistry of formamide (HCONH,, 
referred to as FA for brevity) have been reported 
briefly but neither presents an evaluation of the 
yield of solvated electrons. Fel' et al. (10) have 
investigated the absorption spectra of transient 
species produced in FA by pulse radiolysis and by 
irradiation as a glassy solid (containing 15% 
water) at 77 OK. They found an absorption band 
centered at 550nm attributed to es- but concluded 
it had a very small yield in the aqueous glass, G - 
0.03. Lichtin and Matsumoto (1 1) have examined 
the gaseous and high-boiling stable products 
formed in the y-radiolysis of FA and deutero- 
formamide and their results for H, and CO are 
compatible with our data. We know of no study 
of solutions of alkali metals in formamide which 
could be of significance here. Boden and Back 
(12) have investigated the photochemistry and 
free-radical reactions in formamide vapor and 
there are reports on the sensitized photodissocia- 
tion of the liquid (13). N,N-Dimethylformamide 
is a much more commonly studied liquid, for 
which radiation chemical data are available (14), 
but not G(e,-) unfortunately. However, since its 
physical and chemical properties (e.g. E = 38) are 
widely different from FA any close correspon- 
dence in products or yields would be entirely 
unexpected. 

Holroyd (8) has drawn attention to the observa- 
tion that with electron scavengers at very high 
concentrations even non-polar liquids such as 
cyclohexane and benzene, as well as the polar 
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ones, tend to show total electron yields of -4.5 + 
0.5. High yields for very short periods of time are 
also implied by certain nanosecond pulse radiol- 
ysis experiments (15, 16). It should be noted that 
this high concentration limit of G(e,-) is sig- 
nificantly greater than 100/W(,,,, for many of 
these liquids. In some environments the electrons 
will remain essentially free, in others they will 
interact to varying extents with the solvent to 
become quasi-free, solvated, or trapped species. 
In any of these states a fraction of the electrons 
will undergo neutralization with their concom- 
itant positive ion or ions originating in the same 
spur, these being termed "geminate" ions, whilst 
others will escape to participate in random 
diffusion and reaction, these being termed "free" 
ions. An important difference between these two 
types of electrons is their mean lifetime and hence 
the scavenger concentration needed to capture 
them. Media of high dielectric constant might be 
expected to produce a high ratio of "free" to 
"geminate" electrons. 

In cases where the solvent molecule has a suit- 
able electron affinity the electron formed by 
radiation may become attached to one molecule 
and thus form a solvent anion. This attachment 
may precede or follow solvation of the electron by 
the bulk solvent and could involve only the elec- 
trons destined to become "free" rather than the 
total ion yield. Little is known about reactivity of 
these anions towards N,O and other commonly 
used solvated electron scavengers. 

Experimental 
Irradiations were performed on samples of the pure 

liquid and dilute solutions of various solutes in deoxy- 
genated liquid formamide. Purification of FA (obtained 
from B.D.H. Ltd.) was performed by drying over 4 A 
molecular sieves and anhydrous magnesium sulfate and 
by low pressure fractional distillation. The consequences 
of remnant impurities on the radiation chemical yields 
were examined by studying the dose dependence of the 
yields and by deliberately adding small amounts of 
suspected impurities, in particular ammonia, formic acid, 
ammonium formate, and water (for details see ref. 17). 
FA is undoubtedly difficult to obtain in high purity; but 
our results show no indication of interference by impu- 
rities and since our conclusions are based on absorption 
spectra taken within 3 ns and the results of competition 
between pairs of scavengers at high concentrations, we 
feel that the purity of our material was adequate. NZO 
was purified by trap-to-trap distillation under vacuum; 
the other chemicals were Reagent Grade or better. 

Irradiations were performed on a 4000 Ci 60Co 
Gammacell at a dose rate of -- 6.4 x 1015 eV g-l s-l 

FIG. 1. Irradiation cell, also used for deoxygenation 
and injection of volatile products into v.p.c. column. 

and total doses up to about loZ0 eV g-'. Typically 20 ml 
liquid samples were irradiated in a cell similar to that 
sketched in Fig. 1. By bubbling high purity helium 
through the sintered glass disc the FA could be deoxy- 
genated prior to irradiation and after irradiation volatile 
products could be flushed directly into a sensitive vapor 
phase chromatograph (v.p.c.) for analysis. Generally a 
Poropak Q pre-column at 25 "C was used to trap out N 2 0  
and FA ahead of the 20 ft 13X molecular sieve column 
at 95 "C which was used for separation of permanent 
gases. The working lower limits (corresponding to about 
10% errors) by this technique were approximately HZ 

mole, N, lop7 mole, 0, 5 x mole, CH4 
mole and CO mole. AlthoughNH3 was detectable as a 
radiation product difficulty was experienced in extracting 
and estimating it quantitatively. Higher molecular weight 
products were not analyzed. During the v.p.c. injection 
various flushing times were adopted so that it was possible 
to estimate with known reproducibility the fraction of 
each gas which would be extracted by 3 min of the 
bubbling (normally 90-95%). For N 2 0  solutions, after 
flushing with He to remove oxygen the liquid was equil- 
ibrated with N 2 0  at a predetermined pressure. Dosimetry 
was performed in the cell sketched in Fig. 1 using the 
Fricke solution, taking for Fe3+ ions C((304) = 2174 and 
G(Fe3+) = 15.5, and converting to the appropriate 
dose-rate expected in FA by multiplying by 1.05, the 
ratio of electron densities of the FA and dosimeter solu- 
tions. 

Some pusle radiolysis experiments were performed on 
pure liquid formamide using the 3 ns pulse of 0.5 MeV 
electrons from a Febetron accelerator. Absorption 
spectroscopy studies included the use of laser photometry 
(16) and nanosecond spectrographic analysis by a tech- 
nique which will be described elsewhere (18). 
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Results 

Purified liquid formamide under y-irradiation 
produced H, and CO as the principal volatile 
products. For doses < 5 x lo t9  eV g-' the 
amount was proportional to the dose and gave 
G(H,) = 0.94 f 0.08 and G(C0) = 0.77 f 0.06. 
At much larger doses the radiation yield decreased 
significantly. However these same yields (0.94 and 
0.77) were obtained during a small dose following 
a very large one (at the end of which volatile 
products were removed), suggesting that an in- 
hibition is caused by the build up of volatile radia- 
tion products. Of the other products for which we 
have meaningful data G(N,) < 0.004, G(0,) < 
0.002, and G(CH,) < 0.01. 

N,O concentrations were evaluated from the 
partial pressure used for equilibration and the 
measured solubility of N,O in FA which was 
found to be 6.8 x lo-' molar per Torr partial 
pressure at 25 "C. Figure 2 shows the gas yields as 
a function of dose for a N,O concentration of 0.04 
M. From these linear plots the following values 

FIG. 3.  Radiation yields of Nz, Hz, and CO as a 
function of NzO concentration in for~naniide solutions 
irradiated to doses < 5 x 10" eV g - ' ;  A, Nz;  I?, H Z ;  
and a, CO. 

- were obtained: G(N,) = 3.2 f 0.3, G(H,) = 
ln 
w - 0.75 5 0.05, and G(C0) = 0.75 f 0.05. Thus 

E addition of N,O was seen to decrease G(H,) 
3 40- slightly, leave CO unaffected, and produce co- 

n pious quantities of N,. The dependence of these 
_I yields upon N,O concentration is shown in Fig. 3. 
W_ 
> N,O at < 0.01 M was enough to reduce G(H,) by 

its full 0.2 diminution. 
v, 
a In order to determine the nature of the species 
C3 

20- 
with which N,O was reacting, various second 
scavengers were added to a 0.04 M solution of 
N,O in formamide. The data obtained for the 
radiation yields of N,, Hz; and CO are reported 
in Table 1. Each entry represents the mean of at 
least two experiments and the maximum possible 
errors are about 10%. Thus it is seen that none of 

0 I I I I the second scavengers affect G(H,) significantly 
0 2 4 whereas G(C0) increased with high concentra- 

DOSE (eV/ml x lo-'') tions of all scavengers other than water and 
ethanol, in fact whenever the G(N,) was reduced 

FIG. 2. Gas yields as a function of radiation dose: 
0.04 M NzO solution in formamide. A, NZ; HZ;  and (0.19 did affect any 
a, CO. the yields in the N,O solution suggesting either 
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TABLE 1 

Radiation yields from irradiated formamide containing 
0.04 M NzO plus the second scavenger indicated in 

colun~n 1 at concentration given in column 2 

Concen- 
tration 

2nd Scavanger (M) G(NZ) G(H2) G(C0) 

None - 
Water 0.19 
Ethanol 0.103 
HCOOH(anhy- 

drous) 0.133 
HCI 0.28 
HzS04(anhy- 

drous) 0.18 
0.02 

that it cannot compete with the precursors of N,, 
H,, and CO or that even the driest sample of FA 
used contained enough water for its effect to be 
fully felt. 

No optical absorption was observed in either 
pulse radiolysis experiment. The product of 
radiation yield times optical extinction coefficient 
throughout the wavelength range 450 to 850 nm 
for species produced during the pulse must have 
been less than about 5000, a limit set by com- 
parable observations on glycol (18). Using laser 
photometry at 632.8 nm, any absorption during 
the instant of the pulse and up to 450 ns thereafter 
must have had an optical density of <0.07. 

Discussion 

In a study of the nature of an intermediate 
through inferential evidence, as in this case, one 
is confronted with the need to draw one's con- 
clusions from general analogies with systems 
which are well understood. Drawing, in par- 
ticular, on the aqueous system one might expect 
the scavengers used to behave in the following 
ways: N,O to react very much more efficiently 
with solvated electrons than H atoms, that H,O 

might react only with positive ions, ethanol to 
react only with H atoms, H +  with e,-, Ag' and 
NO3- with e,-, Cd2+ with e,- and I -  to react 
with oxidizing species, be they positive ions or 
free-radicals. 

It certainly appears that G(H2) = 0.75 can be 
attributed to "molecular" processes which may 
include molecular detachment of H,, ion- 
molecule or hot-atom reactions occurring on 
every collision or a high probability thermal 
radical reaction involving the solvent molecules. 
If the reaction of H atoms with FA to give H2 is as 
fast in the liquid as found in gas phase photolyis 
(12), then this might be the source of non- 
scavengable H,, in which case G(H) < 0.75. 
G(C0) = 0.75 appears also to be non-scaveng- 
able. The increase in CO with many of the 
second scavengers suggests that they react with a 
species which otherwise inhibits the formation of 
CO; perhaps they interfere with a back reaction 
such as that between NH, and HCO, thus per- 
mitting HCO to lead to CO. These yields compare 
quite well with the results of Lichtin and Matsu- 
mot0 (11) who find G(H,) = 0.87 f 0.16 and 
G(C0) = 0.61 + 0.14. 

Nitrogen could be formed in the N,O solutions 
by one or more of the reactions [ I ]  to [4], the 
analogues of which are known to occur in other 
polar media 

[2 I H + NzO + Nz + OH 

[3 1 R. + NzO + Nz + RO. 

[4 1 FA* + NzO + Nz + other species 

where R' is a free radical species and FA* an 
electronically excited formamide molecule. In 
water the ratios kl/k2 and kl/k3 exceed lo4 and in 
several other solvents these ratios are known to be 
quite large. Thus one would expect reaction [ l ]  
to occur at much lower concentrations of N,O 
than reaction [2] (19). The following arguments 
can be advanced, based on the data of Table 1, 
to support the view that the yield of N, of 3.3 
could arise predominantly, if not entirely, from 
reaction [I], and consequently that this yield 
could represent G(e,-). 

(i) The fact that excess ethanol reduced G(N,) 
by only 10% suggests that at most G(N,) = 0.4 
arises from reaction [2] or 131. It should also be 
noted that just 0.3% acetone impurity in the 
ethanol would probably cause a decrease in G(N,) 
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HEAD AND WALKER: ON RADlOLYSIS OF  FORMAMlDE 1661 

of 0.4 by reaction with e,-, so that too much sig- 
nificance should not be attached to the small drop 
observed. 

(ii) All threeacids, HCOOH, HCI, and H2S04, 
strongly inhibit N, formation, indeed essentially 
eliminate it completely. Such an effect is quite 
contrary to expectation if reactions [2] and [3] 
were involved but entirely consistent with reaction 
[l ] because of the competitive reaction [5]. 

PI eS- + Hs+ -> "H" - 
a reaction which is well authenticated and known 
to have very high rate constants in many systems. 
It also implies that the N, which ethanol could 
inhibit did not arise from "H", the product of 
reaction [5]. It should be noted that for the 
sulfuric acid mixture a nuclear magnetic res- 
onance (n,m.r.) examination revealed that a 
proton was formed in these solutions, probably 
in the solvated form HCONH3+. For a simple 
competition between reactions [I]  and [5] and 
assuming that e,- reached a steady-state con- 
centration, the following equation would apply 

FIG. 4. Plot of 1/G(N2) as a function of 2[H,S04]/ 
Figure 4 presents a plot of l/G(Nz) against [NzO]. Data taken from Table 1. 
2 [H2S04]/[N20] which is seen to be linear. From 
the intercept and slope the following data could However, the transient monovalent Cd+ ion 
be obtained formed in reaction [7] could have a high expecta- 

This value of G(e,-) is in good agreement with the 
data of Fig. 3. The ratio k5/k, is about 10 times 
larger that the equivalent ratio of rate constants 
in water (20). This could mean that k ,  is sub- 
stantially less than the diffusion controlled limit 
in FA, or it may represent an argument against 
solvated electrons being involved. 

(iii) Ag+ and/or NO3- compete successfully 
with N 2 0  for the precursor of N,. This is also in 
accord with reaction [I ] being largely responsible 
for N, because in aqueous solution both Ag+ and 
NO3- react very much more efficiently with en,- 
than with H. 

ti011 of reacting with N,O according to reaction 
[8], when the latter is present at 0.04 M. 

In fact, the concentration data presented in Table 
1 are consistent with a reaction scheme involving 
reactions [1], [7], [8], and [9] 

[9 I Cd+ + products 

in which k,/k, = 1.0 x lo-' M. (A similar 
charge transfer mechanism involvi~ig reactions 
[lo] and [1 1 ] 

( j u )  Apparently CdI, does not compete with can also account well for the concentration de- 
N,O for the precursor of N, in a simple manner. pendence of the AgNO3 data.) Clearly the de- 
This is at first sight another argument against tailed features of these systems may be rather 
solvated electrons because in aqueous solution complex and certainly involve mallY unknowlls; 
the analogue of reaction [7] however, the fact that excess I- did not drastically 

[7 I 
diminish the N, yield is important because it 

CdZ+ + e,- + Cd+ means that N, is probably not generated by re- 
has a very fast, diffusion controlled, rate constant. action of N,O with the concomitant oxidizing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1662 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

species, be it positive ion or free radical, nor from TABLE 2 
the 0- formed in reaction [I]. Buxton and Calculated values of G(e,., -) for 
Dainton (21) have shown that in aqueous solution various values of  G(tota1 ioniza- 

I -  scavenges 0- and OH very efficiently. Thus tion) using the model and meth- 
od of Freeman and Fayadh 

the CdI, data strongly suggest that reaction [12] (6, 22) 

[I21 0- + NzO -, Nz + 0 2 -  
G(tota1 ionization) G(er I -) 

~ .... , 

does not contribute to the N, formed in this 
4 . 0  system and consequently each e,- does not lead 2.8  
4.3 3 . 0  

to the generation of two N, molecules. 4 . 5  3 .2  
There are no compelling reasons to suspect con- 4.6 3.25 

4 .7  3 .3  
tributions to G(N,) from reaction [4], but within 
the limitations of the experiments, excited form- 
amide molecules could contribute a G ofabout 0.4 
providing the second scavengers which react 
effectively with e,- also react with FA'k. 

Applying the model and method of Freeman 
and Fayad h (6, 22) one can calculate an expected 
solvated electron yield for formamide. According 2 
to Freeman's scheme for calculating the fraction 
of ion pairs which become free, it is necessary to 
know the distribution of initial separations, in 
particular the number of ion pairs N(y) with 
initial separation y since 

0 20 40 60 80 100 120 

G(ef.i.-) - J N(Y)+(Y) dy 
E 

- FIG. 5. Plot of the published values of "free" electron 
G(t0t2l ions) J N(y) dy yields, G(e,-), as a f~~nc t ion  of static dielectric constant for 

a variety of liquids. Data taken largely from refs. 6 and 8 
where +(Y) is the probability that an ion will b ~ ~ t  including error bars to cover the spread of experin~en- 
escape geminate recombination as given by the tal data: A refers to hydrocarbons, alkyl halides, and 

onsager +(y) = e - r ~ ~  (,. is the effective ethers, . is liquid ammonia at various temperatures, x 
represents aliphatic alcohols, 0 is H,O, is D 2 0  and 

recombination distance equal to q 2 / E k ~  for ions A is the formanlide data of this work. 
each of charge g in a medium of dielectric constant 
E). We have computed a separation spectrum of 
N(y) as a function of y using the step function for 
water (22) but correcting the electron range in FA 
relative to that in water. Taking E = 109, the 
values reported in Table 2 were calculated for 
various values of G (total ionization). Since 4.7 
seems to be a reasonable yield of total electrons 
(8), it is evident that an observed free electron 
yield of 3.3 would be entirely consistent with this 
model. Figure 5 shows the general trend of G(eSp) 
as a function of dielectric constant for a number of 
liquids for which data are available, including 3.3 
for formamide. 

Our pulse radiolysis results with FA are all 
negative and hence must be viewed with some 
reservations. The absorption spectrum taken 
rl~~ring the 3 ns radiation pulse places an upper 
limit ofG x ct < 5000 M- '  cm-I (100 eV)-I on 
species which may absorb light within the range 
450 to 850 nm, where ct is the molar decadic 

extinction coefficient. Kinetic studies by laser 
photometry also show that at 633 nm G x ct 

< 1300. If one assumes that G(e,-) = 3.3, 
then either ( i )  the maximum extinction co- 
efficient of e,- within this wavelength range is 
< 1500 M - I  cm-' or (ii) that only a small frac- 
tion of the solvated electrons are formed during 
the pulse. Scavenger studies showed that e,- 
would not decay measurably within 3 x l op9  s 
and hence to accept (ii), one must conclude they 
were being formed only slowly. Conclusion (i) 
would be contrary to the findings of others (10, 
116) and to general analogies with other solvents 
and theoretical or semi-empirical predictions (9). 
Conclusion (ii) would be rather startling and thus 
must await more direct evidence since it implies 
that solvated electrons were produced slowly in 
formamide; perhaps as a result of secondary re- 
actions during the chemical stage of interaction, 
> lO-'s after passage of the charged particle. 
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HEAD AND WALKER: ON RADIOLYSIS OF FORMAMIDE 1663 

Although the pattern of reactivity shown in 
Table 1 conforms very well to the behavior of 
hydrated electrons, for whose identity there is 
overwhelming evidence, one cannot be sure that 
formamide anions (HCONH2-, or some other 
reactive reducing species which may be a disso- 
ciation product of this ion) were not responsible 
for our data.' Such anions would probably not 
have a strong absorption band in the visible but 
might nevertheless easily reduce N 2 0  and Ag+ 
and may be inactivated by H + .  They may arise 
rather rapidly (half-life < 10-1°s) through cap- 
ture and stabilization in a molecular orbital of 
FA, but perhaps only from solvated electrons or 
"free" electrons, thus accounting for the N, 
yield fitting to the Freeman picture. Perhaps 
further pulse radiolysis and electron spin res- 
onance (e.s.r.) studies will reveal their true 
identity. 

Conclusions 

In many respects this highly polar liquid shows 
a close resemblance to water in its general pattern 
of decomposition under high energy radiations: 
a large yield (G = 3.3 5 0.3) of comparatively 
long-lived reducing ions (either solvated electrons 
or solvent anions), little evidence of much decom- 
position into small neutral free radical species 
(G(H) was very probably < 0.75), and small 
yields of simple non-scavengable molecular de- 
composition products. The yield of N, produced 
in irradiated N 2 0  solutions may be equated with 
the free-ion yield and fits the Freeman model 
adequately for a total ionization yield of about 
4.7. The pattern of reactivity towards scavengers 
suggested the free negative ions appeared as 
solvated electrons, but this was not in accord with 
the absence of an absorption band during nano- 
second pulse radiolysis. Since 0.01 M N 2 0  
scavenged just 50% of the reducing ions it follows 
that their half-life must exceed lo-' s, because 
H +  was shown to be 30 times more reactive than 
N 2 0  and the reaction of H+ would be restricted 
to the diffusion controlled limit -3 x 10'' M-' 

ZComments on this point made by a referee and by 
Dr. N. N. Lichtin are very much appreciated. 

s-I. Evidently the alternative fate of these ions 
was neither geminate recombination (they were 
too long-lived for this) nor charge neutralization 
by homogeneous reaction with positive ions pro- 
duced by the radiation (they were too short-lived 
for this at the dose rates used). 

The authors are most grateful to Dr.  N. N. Lichtin for 
providing unpublished data, to Miss G.  A. Kenney and 
Mr. S. C. Wallace for performing the pulse radiolysis 
experiments reported, to the National Rescarch Council 
of Canada for financial support, and to the H. R. 
MacMillan Family for the award of a Graduate Fcllow- 
ship to D.A.H. 
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Photochemistry of nitroso compounds in so1ution.l XV. Configuration and 
conformation of the enone oximes obtained from photoaddition of 

N-nitrosopiperidine to conjugated dienes 

Y. L. CHOW, C. J. C O L ~ N ;  AND D. W. L. CHANG 
Department of Chemistry, Simon Fraser Uniuersity, Burrlaby 2, British Columbia 

Received November 27, 1969 

In the presence of an acid, N-nitrosopiperidine photolytically adds to conjugated dienes to give 1 :1 
adducts in excellent yield. While the major products are the syn- and anti-isomers of piperidino a,P- 
unsaturated oxime derived from 1,4-addition, similar types of oximes derived from 1,2-addition are also 
obtained. The ratio of syr2- and anti-oximes is determined by the relative configurational and the con- 
formational stabilities of the two forms. The nuclear magnetic resonance (n.m.r.) chemical shifts and 
coupling constants provide useful information for the determination of the configuration and conforma- 
tion of the oximes. A comparison of the n.m.r. data from a$-unsaturated oximes indicates that the 
a-proton generally resonates at a lower field than the a-proton in contrast to the chemical shifts of a$- 
unsaturated carbonyl compounds. The photoaddition of nitrosopiperidine to cycloheptatriene gave 
tropone oxime, probably through the elimination of piperidine from the 1 :1 adduct. 
Canadian Journal of Chemistry, 48,1664 (1970) 

Results 
When a mixture of N-nitrosopiperidine and a 

conjugated diene was irradiated in a methanol 
solution in the presence of hydrochloric acid, 1 :1 
adducts of the nitrosamine to the diene were 
obtained in a good yield. As in the photoaddition 
to an olefin (2, 3), the reaction was carried out in 
a Pyrex apparatus at  the vicinity of 0" and its 
progress was traced by following the disappear- 
ance of the nitrosamine absorption at 340 mp. 
The control experiments showed that in the 
absence of an acid or of irradiation, this absorp- 
tion band remained unchanged, demonstrating 
the similarity of the present photoaddition to 
that of an olefin (2). 

The photoadditions were investigated using 
symmetrical conjugated dienes, such as butadiene, 
cyclopentadiene, 1,3-cyclohexadiene, and cis,cis- 
1,3-cyclooctadiene, as the substrate. In every 
case, the 1,4-adduct was produced in a major 
amount. Two of the 1,4-adducts further gave 
pairs of syrz-anti isomers (1 and 2, and 5c and 6c) 
while others (5a and 5b) gave only one isomer. 
The minor components of the photoadditions 
were syn- (4 and 8) and anti-isomers (3 and 7) of 
the 1,2-adducts which could be separated on a 
silicic acid column. The primary photoadduct to 
an olefin has been shown to be a C-nitroso com- 
pound (2, 3). Since the tautomerization of a 
C-nitroso compound yields syn, anti, or both 
oximes in a secondary process (2), the formation 

'For Part XIV of this series, see ref. 1. 

of the oximes is controlled by the stabilities of the 
transition states leading to these oximes (3,4) and 
will be discussed below. 

The structural elucidation of those adducts 
were greatly facilitated by the analyses of their 
nuclear magnetic resonance (n.m.r.) spectra. A 
set of examples is given in Fig. 1. In addition the 
infrared (i.r.) spectra of all these adducts exhib- 
ited a set of multiple absorptions in 900-1000 
cm- ' range which were the typical N-0 stretching 
modes for the oximino group. While all the 1,4- 
adducts (1,2,5, and 6) showed that the H, signal 
(the proton at carbon carrying piperidino ring) 
was coupled to the olefinic protons (H, and H,), 
it was established, either by visual analysis of the 
coupling pattern or by decoupling experiments, 
that H, was not coupled to Ha and H, in the 1,2- 
adducts (3,4,7, and 8). This information provided 
an unequivocal decision between 1,2- and 1,4- 
adducts. Where both syn- and anti-isomers were 
obtained, the assignments of syn- and anti-con- 
figuration were readily decided by the differ- 
ences in the n.m.r. chemical shifts in which the 
cis protons to the oximino group were more 
deshielded by the well-understood anisotropic 
effects of an oximino group (5-7). Thus Ha and 
H, signals of the syn-oxime of 1,4-adducts (2 and 
6c) generally resonate at  a lower field than H, 
and H, of the corresponding anti-oxime (1 and 
5c). In the 1,2-adducts, the signals due to H, of 
syn-oximes (4 and 8) resonate at  a lower field than 
that due to the corresponding H, of the anti- 
oxime (3 and 7) and the chemical shifts of the 
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. . 
3.30 3.58 6.10 

FIG. 1. The n.m.r. spectra of 5a, 7a, and 8a in CDCI, (60 MHz). 

corresponding olefinic protons (H, and H,) 
displayed the opposite trend in agreement with 
the anisotropic effects of an oximino group (5-7). 

The 1,4-adduct from butadiene gave pre- 
dominantly the anti-oxime (1) and some syn- 
oxime (2); the latter could not be isolated in pure 
form but was detected by n.m.r. spectroscopy. 
That both isomers 1 and 2 have trans-configura- 
tion at the olefinic bond was shown by the 
coupling constants, 15.5 and 14 Hz respectively 
for Jab, which were obtained by the analysis of the 
spectra with first order approximation. The 1,4- 
adducts from cis,cis-1,3-cyclooctadiene con- 
tained nearly equal amounts of two isomers, from 
which only the syn-oxime (6c), but not the 
anti-oxime (5c), was isolated in pure state. A 
small amount of 4-piperidino-2-cyclooctenone 

(9), apparently derived from hydrolysis of 5c and 
6c, was also isolated. The 1,4-adducts to cyclo- 
pentadiene and 1,3-cyclohexadiene gave only, 
in each case, one isomer to which anti-configura- 
tion (5a and b) was assigned for steric reasons 
(vide inpa). 

The 1,Zadducts from butadiene, 3 and 4, 
exhibited well defined 12 line ABX signals for 
the olefinic protons in their i1.m.r. spectra. 
Further, a mixture of 3 and 4 was hydrogenated 
to a mixture of syn- and anti-l-piperidino-2- 
butanone oximes which showed the ethyl groups 
as two sets of triplets and quartets in the n.m.r. 
spectrum. In the photoaddition to cyclic dienes, 
both syn- (8) and anti-oximes (7) of the 1,2- 
adducts were isolated in every case and were 
assigned on the basis of the chemical shifts of the 
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1 (anti) 2 (sy,l) 3 (anti) 4 (syn) 

olefinic (H,,,H,) and the methine (H,) protons as 
discussed above. 

Adducts 5-8 showed an AB coupling pattern 
for the olefiiiic protons and each signal was 
further coupled to H, in the 1,4-adducts and to 
a methylene group in the 1,2-adducts. Since the 
higher field signal was coupled more strongly to  
either H, or the metliylene proton than the lower 
field proton (except in 5a and b), the former is 
assigned to H, and the latter to H,. From the 
splitting pattern of the olefinic protons in the 
adducts 1-4, it is also clear that the higher field 
signal corresponds to H, and the lower field 
signal to Ha. It appears to be a general tendency 
that the P-hydrogen (H,) resonates a t  a higher 
field than the a-hydrogen (Ha) in an a,p-unsatu- 
rated oxime system. This is exactly the reverse to 
the chemical shift pattern of a conjugated enone 
system (8). That this reversal of the chemical 
shifts was due to the anisotropic effects of the 
oximino group but not to the piperidine ring was 
verified by the n.m.r. data of 4-piperidino-2- 
cyclooctenone (9). The corresponding p-olefinic 
proton now showed a chemical shift at a lower 
field ( t  3.7) than that of the corresponding 
a-proton (7 3.98). 

When the photoaddition of N-nitrosopiperidine 
(eq. [I]) was run with cycloheptatriene under the 
same conditions, a strong new absorption peak 
at 300-500 mp developed rapidly, interfering 
with further irradiation. The product was found 
to  be tropoiie oxime (10) (9) and what appeared 
to be a mixture of 1 :1 adducts. The adducts 
gradually decomposed to give tropone oxime 
which was identified as the picrate and hydro- 
chloride. 

The mass spectra of these adducts usually 
showed a strong peak equivalent to an elimination 
of a molecule of water or OH group which 
appeared to  be the major fragmentation pathway. 
The mass spectra of a pair of syiz- and anti- 
isomers, where they were available, showed a 
similar pattern except the relative intensity of the 
major peaks, e.g., the mass peaks of 176, 11 1, 
1lO,96, and 94 in 76 and 8b and those of 204, 164, 
and 124 in 7c and 8c. Certain oximes, such as 1 
and 7b, exhibit unusually strong M f  + 1 mass 
peak in comparison to the respective molecular 
ion peak. It is believed that the M f  + 1 peak is 
derived from thereactionof M f  + M ->(Mf + 1) 
+ (Mf - 1) in the ionization chamber. This re- 
action as well as the fragmentation pathways 
require some careful studies that may lead to a 
correlation between structure of oximes and the 
fragmentation patterns. 

Discussion 

It is generally recognized that a conjugated 
diene undergoes addition reaction more readily 
than does an isolated double bond (10). In the 
present case, N-nitrosopiperidine also shows a 
remarkable facility to add to a conjugated diene 
system similar to the general reactivity pattern. 
Thus the reaction exhibits a potential utility for 
the synthesis of a,P-unsaturated oximes. The 
photoaddition is regiospecific (1 1) in its orienta- 
tion in which the piperidino group always attaches 
itself to the 1-position of the symmetrical diene 
system while the nitroso group goes to either the 
2-position or the 4-position. A free radical addi- 
tion to a conjugated diene generally gives more 
1,4-adducts than 1,2-adducts (12-14), while the 
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trend is reversed if a metal ion is involved during 
the addition (15, 16). However, there is no pre- 
dictable pattern on the mode of addition in an 
ionic mechanism (10). Although nitrosopiperi- 
dine preferentially adds to the symmetrical 
conjugated dienes in a 1,4-mode, this information 
alone does not allow a decision to be made on the 
reaction mechanism. 

That the C-nitroso compounds (11 and 12) are 
the primary photoadducts is shown by the 
typical blue color developed during the photo- 
addition to cyclopentadiene. An attempt to trap 
the C-nitroso compounds 11 and 12 as the corre- 
sponding dimers (3) by performing the photo- 
addition at -70" gave a dark blue solution which 
turned to a tar on continuing irradiation. When 
the photolysis was run at room temperature the 
oximes 5a, 7a, and 8a were obtained in good 
yields although a pale blue color was still observed 
during the reaction. At this temperature 11 and 
12 probably tautomerize very rapidly due to the 
allylic nature of the migrating hydrogen (2), 
which may account for the good yields of 5-8. 
A similar situation has been encountered in the 
photoaddition to simple olefins (3). With a high 
concelltratioil of 11 and 12 at a low temperature 
and under the photolysis conditions, an unknown 
secondary reaction of 11 and 12, probably photo- 
lytic in n a t ~ r e , ~  prevails leading to a tar forma- 
tion. Although the photolysis condition was 
varied in order to divert the C-nitroso compouild 
11 and 12 to the corresponding N-nitrosohy- 
droxylamine3 by reacting with HNO (generated 
in situ), such attempts have not met with success. 

The tautomerization of the C-nitroso com- 
pounds to syn- or anti-oximes is governed by the 
-- 

ZFor the reactions of C-nitroso compounds see ref. 3 
and references cited therein. 

3A C-nitroso con~pound (R-NO) reacts with HNO 
to form N-nitrosohydroxylan~ine [R-N(NO)OH] if 
R-NO can be acc~~mulated in a reasonably high con- 
centration (see ref. 3). 

energetics of the transition states along the reac- 
tion axis to the respective oximes (4) and very 
much related to conformational problems in 
a,P-unsaturated oximes. The requirement of 
coplanarity in the cyclohexenone oxime system 
in 6b causes the OH group to experience a severe 
interaction with C-2 olefinic proton (Ha) and 
thus destabilizes the syn-oxime 66 greatly in 
comparison to the anti-oxime (see 13). The only 
1,4-adduct obtained is therefore assigned the 
anti-configuration (5b). In agreement, the C-6 
equatorial proton resonates at z 6.78 which is 
comparable to the chemical shift of the cis-a- 
equatorial proton (r 6.61) in t-butylcyclo- 
hexanone oxime (7). The sole 1,4-adduct obtained 
from cyclopentadiene is also assigned the aiiti- 
configuration 5a for similar but even more severe 
steric reasons. 

The syn-cyclohexenone oxime 86 must have 
the forced conformation 14 with the axial orienta- 
tion of the piperidine ring since a severe Alp3 
interaction (17, 18) would not allow an equatorial 
orientation of piperidine ring in the alternative 
conformation. Though the severe A l s3  interaction 
no longer exists in anti-oxime 7b, the coupling 
constants of H, (z 6.98) do not clearly indicate 
the orientation of this proton. It is possible that 
76 possesses two rapidly equilibrating conformers 
15 and 16 which results in an average coupling 
constant. An analogous situation can be found in 
anti-2-piperidinocyclohexanone oxime4 which 
exhibited the proton corresponding to H, as a 

4The corresponding proton in atlti-2-piperidinocyclo- 
hexanone oxime shows the chemical shift at T 7.24 (see 
ref. 4). 
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narrow band (W, = 10 Hz)(4). This appears to 
indicate an overwhelming contribution of the 
conformation with the piperidine ring in the 
axial position (conformation 16 with saturated 
double bond). Conformation 15 is probably 
destabilized by an interaction of the two long 
pair electrons of the amine and oxime nitrogen. 
Such interaction is very similar to the anomeric 
effect observed in carbohydrate chemistry (19). 
It should be pointed out that there exists an 
interaction between the OH group and C-2 ole- 
finic proton (H,). Due to these unfavorable 
strains imposed on the configurations, the actual 
shapes of 7b and 8b are probably distorted to 
relieve the strains. The distortion is indicated by 
the coupling pattern of the C-6 proton in 7b  (6 
and 3 Hz) and 8b (5 and 3 Hz) which are far 
from the expected values for axial and equatorial 
protons. 

The coupling constants between H, and two 
olefinic protons 5a and 5b merit a discussion in 
connection with the conformations. If the 
assignments of the olefinic n.m.r. signals to Ha 
and H, are accepted from the correlation shown 
above, the allylic coupling J,, in 5b and a (2.5 
and 2 Hz, respectively) turns out to be equal to or 
larger than the vicinal coupling constant J,, (2.5 
and 1.5 Hz, respectively). Such a situation can 
arise only where the C-H, bond orients itself 
perpendicular, or nearly so, to the plane defined 
by C,-C,-C, in 13. In this case the maximum 
allylic coupling and the minimum vicinal coupling 
are achieved (20, 21). An analogous situation is 
conceivable in 5a. 

It is also interesting to mention that cis,cis-1,3- 
cyclooctadiene is not isomerized to cis,trans- 
1,3-cyclooctadiene by a sensitization of photo- 
excited nitrosopiperidine either in the presence 
or in the absence of an acid during photolysis. 
This rules out the possibility that nitrosopiperi- 
dine adds to the strained and reactive cis,trans- 
diene in the dark (22). 

Experimental 
General Procedure 

Unless specified otherwise the n.m.r. spectra were 
recorded with a Varian A56160 spectrometer in CDC13 
solution using TMS as the internal standard. Some n.m.r. 
spectra were taken with a Varian HA-100 spectrometer 
through kind assistance from Dr. K. R. Kopecky, The 
University of Alberta, Edmonton, Alberta. A Perkin- 
Elmer RMU-6E mass spectrometer was used to record 
the mass spectra. The i.r. spectra were recorded with a 
Perkin-Elmer 457 in Nujol mulls. A Unicam SP-800 UV 

visible spectrophotometer was used to follow the pro- 
gress of the reaction. Butadiene of CP grade (Matheson) 
was used as supplied. The cyclic dienes were freshly dis- 
tilled before the reactions. 

The procedure described for the photoaddition 
involving a simple olefin in the previous report (2) was 
followed. The adducts were separated by silicic acid 
column chrqmatography using thin-layer chromatog- 
raphy (t.1.c.) to check the purity of each fraction. The 
t.1.c. also aided in identifying the syn- and anti-oximes of 
1,2-adducts in which the anti-oximes moved slower and 
stained with iodine darker than the syn-oximes (4). 
Photoadducts 

trans,anti-4-Piperidino-2-butenal oxime (1, 57 %) was 
recrystallized from cyclohexane and was sublimed: m.p. 
97-99"; i.r. 3200, 1620, 1150, 1108, 1046, 990, 960, and 
870 cm-l;  n.m.r. (100 MHz) 7, -l.O(OH), 2.28 
(-CH=N,d, J =  8 . 5 H z ) , 3 . 1 8 ( H a , J =  15.5and 8.5 
Hz),3.62(Hb,J= 15.5,6.1 and 1 Hz),6.91 ( H , , d , J =  6 
Hz), 7.54 (4H, m), and 8.47 (6H, m); mass spectrum m/e 
(%) 169(6), 168(M +,4), 167(13), 151(38), 149(77), 134(24), 
122(100), 1 lO(42) and 98(85). 

Anal. Calcd. for C,Hl6N2O: C, 64.25; H, 9.59; N, 
16.65. Found: C, 64.35; H, 9.60; N, 16.84. 

A crude 1,4-adduct fraction from chromatograph 
showed a weak doublet at 7 2.9 ( J  = 8 Hz) and another 
set of multiplet at 7 2.70-3.30 ( J  = 14.5, 8 and 5 Hz) in 
the 100 MHz n.m.r. spectra. The minor component was 
trans,syn-4-piperidino-2-butenal oxime (2). 
anti-1-Piperidino-3-buten-2-one oxime (3, 16%) was 

distilled in small scale at llOO/O.l mm to give an oil; i.r. 
3300, 1610, 1120, 1040, 1020, 995, 950, 918, and 870 
cm-';n.m.r. 72.0(OH, broad), 3.02,4.02, 4.50 (Ha and 
Hb 12 lines ABX system, J = 11, 18 and 1.5 Hz), 6.82 
(H,, s), 7.60 (m,4H), and 8.54 (m,6H). 

syn-l -Piperidino-3-buten-2-one oxime (4, 10 %) was 
sublimed to white crystals: m.p. 87-90"; i.r. 3150, 1630, 
1110, 1040,985, 925,908, and 890 cm-'; n.m.r. 7 - 1.80 
(OH, broad), 3.50, 4.60, and 4.72 (H, and H b  12 lines 
ABX system, J = 17, 11 and 0.5 Hz), 6.56 (H,,s), 7.52 
(m,4H) and 8.48 (m,6H); mass spectrum m/e (%) 168 
(M+,51), 167(30), 151(34), 99(49), 98(53), 85(38), and 
84(100). 

anti-4-Piperidino-2-cyclopentenone oxime (Sa, 56 %) 
was recrystallized from a mixture of benzene - petroleum 
ether: m.p. 101-104"; i.r. 3200, 1648, 1000, 960, and 950 
cm-'; n.m.r.7 1.6(OH, broad), 3.42(H,,d o f d , H  = 5.5 
and 2Hz), 3.74(Hb, d of d, J = 5.5 and 1.5 Hz), and 6.07 
(H,,m); mass spectrum, m/e (%) 194(M +,47), 193(16), 
179(25), 178(16), 177(65), 149(15), 139(9), 138(1 l), 
137(24), 122(100), 1 lO(16). 

Anal. Calcd. for CloH16N20: C, 66.62; H,  8.95; N, 
15.55. Found: C, 66.52; H, 8.98; N, 15.41. 

anti-2-Piperidino-4-cyclopentenone oxime (7a, 18 %) 
was recrystallized from 2-propanol to give white crystals: 
m.p. 130-132"; i.r. 3200, 1630,1100-918 (multiple peaks), 
870, and 750 cm-'; n.m.r. 7 1.0 (OH), 3.30 (Ha, t of d, 
J = 6 and 2 Hz), 3.54 (Hb, m of d, J = 6 Hz), and 6.09 
(H,, d of d, J = 6.5 and 3.5 Hz). 

syn-2-Piperidino-4-cyclopentenone oxime (Sa, 7 %) 
was recrystallized from cyclohexane: m.p. 103-105"; i.r. 
3200, 1625, 1000-905 (multiple peaks), 875, and 750 
cm-'; n.m.r. 7 -2.0 (OH), 3.62 (H,, d of d, J = 6 and 2 
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Hz), 3.84 (H,, m of d, J = 6 Hz), and 5.72 (H,, J = 7 and 
4 Hz). 

anti-4-Piperidino-2-cyclohexenone oxime (56, 61 %) 
was recrystallized from 2-propanol: m.p. 140-142"; i.r. 
3150, 1618, 1166, 1050-880 (multiple peaks), and 8.15 
cm-l;  n.m.r. (in pyridine at 100 MHz) T 3.53 (Ha, d of d, 
J = 10 and 2.5 Hz), 3.88 (H,, d of d, J = 10 and 2.5 Hz), 
6.58 (lH, t of d, J = 17 and 4.5 Hz), 6.78 (H,, q of d, 
J = 2.5 and 5 Hz), 7.60 (m, 4H), and 8.61 (m, 6H). 

Anal. Calcd. for C l lHlSN20:  C, 68.01; H, 9.34; N, 
14.42. Found: C, 68.13; H, 9.12; N, 14.01. 

anti-2-Piperidino-5-cyclohexenone oxime (76, 2 %) 
was sublimed to give white crystals: m.p. 132-134"; i.r. 
3290, 1638, 1100, 985, 978, 937, and 778 cm-l;  n.m.r. T 
2.53 (OH, broad), 3.28 (Ha, t of d, J = 10 and 1.5 Hz), 
3.78 (H,, t of d, J = 10 and 4.5 Hz), and 6.98 (H,, d of d, 
J = 6 and 3 Hz); mass spectrum tn/e (%), 194 (M+,l),  
176(82), 160(7), 11 1(32), 110(34), 96(36), 94(55), and 
84(100). 
syn-2-Piperidino-5-cyclohexenone oxime (86. 2 %) was 

recrystallized from petroleum ether and was sublimed: 
m.p. 111-1 13"; i.r. 3130 1635, 1095, 998, 970, 958, 943, 
920, and 870 cm-I ; n.m.r. (in pyridine) T 3.61 (H,, m of 
d, J = 11 Hz, each signal was further broadened), 4.00 
(H,, t o f d ,  J = 11 and4.5Hz), 5.95(HC, d o f  d, J = 5 
and 3 Hz); n.m.r. T -4.1 (OH); mass spectrum m/e 
194(M +,9), 177(16), 176(100), 164(1), 147(1), 11 1(41), 
110(22), 96 (28), and 84(13). 

syn-4-Piperidino-2-cyclooctenone oxime (6c), was 
recrystallized from 2-propanol and was sublimed: m.p. 
153-156"; n.m.r. (in pyridine) T 3.42 (H,, d, J = 12.5 Hz, 
each peak was slightly broadened), 4.22 (H,, d of d, 
J = 12.5 and 7 Hz), and 6.34 (H,, m); mass spectrum 
m/e (%) 204 (9), 186(32), 119(53), and 84(100). 

Anal. Calcd. for C13H22N20:  C, 70.23; H, 9.97; N, 
12.60. Found: C, 70.33; H, 10.08; N, 12.75. 

From a column chromatograph, a mixture of syrz (6c) 
and anti (5c) isomers was obtained as crystals which 
could not be separated by various methods. The n.m.r. 
of this mixture showed, in addition to the signal described 
above, the ABX system at T 3.79 (Ha, d, J = 12.5 Hz), 
4.12 (H,, d of d, J = 12.5 and 6 Hz), and 6.5 (H,, m). 
Total yield of 5c i- 6c is 85 % and syrz:anti ratio is about 
1:l. 

anti-2-Piperidino-7-cyclooctenone oxime (7c, 9 %) was 
recrystallized from 2-propanol: n1.p. 162-164"; i.r. 3080, 
1660, 1620, 1080, 980, 960, 940, and 870 cm-I ; n.m.r. 
(in pyridine) T 3.81 (H,, t of d, J = 13 and 1.5 Hz), 4.18 
(H,, t of d, J = 13 and 3.5 Hz), and 6.57 (H,, m); mass 
spectrum m/e (%) 222 (M+,  I), 204 (22) and 164 (100). 
syrz-2-Piperidino-7-cyclooctenone oxime (8c, 2 %) was 

recrystallized from 2-propanol: m.p. 11 1-1 15"; i.r. 3200, 
1620, 1100, 1090,980,940, and 760 cm-I ; mass spectrum 
m/e (%) 222 (M+,  I), 204 (31), 164 (30), and 124 (100); 
n.m.r. T 3.9 and 6.1. 

4-Piperidino-2-cyclooctenone (9) was obtained as an 
oil and was distilled at 10O0/0.1 mm: i.r. 1665, 1460, 1100, 
and 760 cm-'; n.m.r. 3.71 (IH, d of d, J = 10 and 5 Hz), 
3.98 (lH, d, J = 10 Hz, each signal was slightly 
broadened), and 6.38 (IH, m, J = 5 Hz); mass spectrum 
m/e (%) 207 (M+,  lo), 178 (25), and 150 (100). 
Hydrogenation of a Mixture of 2 and 3 

A chromatographic fraction containing 2 and 3 (350 

mg) was hydrogenated in ethanol in the presence of 5% 
Pd/C (50 mg) for 1 h. The crude product was distilled at 
120°/0.01 mm to give an oil: n.m.r. T 8.91 (t, J = 7.5 Hz, 
CH3CH2), 6.71 and 7.65 (q, J = 7.5 Hz, CH3CH2), and 
6.71 and 7.05 (s, CH2-N). 

Photolysis of N-Nitrosopiperidine in the Presence of 
Cycloheptatriene 

A solution of the nitrosamine (5 g) and a freshly dis- 
tilled cycloheptatriene (b.p. 112-1 13") and concentrated 
hydrochloric acid in methanol (200 ml) was photolyzed 
for 9 h. The photolysate turned to a dark red color and a 
strong absorption appeared at the 300-500 mm region. 
The basic fraction (1.88 g) was chromatographed to 
aff0rd.a red oil and a fraction which showed the presence 
of piperidine ring and oximino group in its i.r. and n.m.r. 
spectra. On sublimation of the latter fraction, it gave the 
red oil which gave crystalline tropone oxime hydrochlo- 
ride, m.p. 142-145", and picrate, m.p. 173-176" (lit. m.p. 
149 and 179") (9). 

The authors are grateful to the National Research 
Council of Canada for its generous support of this project. 
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A series of 2-aminomethyl-benzhydrols (3) was prepared byadifferent methods; starting with sub- 
stituted isoindolines (I), phthalides (4), or  cyanobenzophenones (7). 
Canadian Journal of Chemistry, 48, 1670 (1970) 

In the course of our studies on the ring cleavage In line with the results obtained with l-aryl- 
of suitably substituted heterocycles, we in- tetrahydro-P-carbolines (I), l-aryl-tetrahydro- 
vestigated the reaction of I-aryl-N-alkylisoin- isoquinolines (2), and l-aryl-dihydroisobenzo- 
dolines (1) with acetic anhydride (eq. [ I  I). furans (3) this reaction yielded 0,N-diacetyl-2- 

aminomethylbenzhydrols (2). Rather unexpected- 
/R ly, these compounds exhibited anorexigenic 

activity (4) which was especially pronounced in 
I l l  CH-OAc the secondary amines (3) resulting from saponifi- 

cation of 2. This property was so far attributed 
only to derivatives of phenethylamine (5). This 

X x interesting finding caused a detailed study of 

1 2 alternate pathways of synthesis (see Scheme 1) as 
well as a study of structural modifications. 

Method A LiAIH, \ OH/ Method B T 

3 

(1) CICOOCzHS 
( 2 )  LiAIH, \ (R = CH3) Method C 
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A rather general method for the preparation of 
3 comprises the reaction of phenylphthalides (4) 
with amines and subsequent reduction of the 
amides (5) with lithium aluminum hydride 
(method A). This procedure fails, however, with 
ammonia. 

In cases where the benzoylbenzoic acid neces- 
sary for the preparation of the phthalide (4) was 
not easily accessible, as for example, for the 
preparation of 3i, (X = 3CF,, 4-C1; Y = H) the 
original isoindoline cleavage proved advan- 
tageous (method B). The isoindolines (1) were 
obtained via standard procedure from phthali- 
mides and phenylmagnesium halides, followed by 
reduction of the 1-aryl-1-hydroxy-3-oxoisoin- 
dolines (6). On refluxing with acetic anhydride, 
the isoindoline ring was opened to the N,O- 
diacetyl compounds (2), which were generally 
saponified with potassium hydroxide without 
purification to yield 3. Ring cleavage could not be 
achieved with the unsubstituted l-phenyl-2- 
methylisoindoline. 

Method B is also unsuitable for the preparation 
of the primary amines (3t and u). 

These compounds were obtained via Sandmeyer 
reaction of o-amino-p'-chlorobenzophenone and 
lithium aluminum hydride reduction of the nitrile 
(7) (method C). Compound 3t could be converted 

to 3c with chloroformate and subsequent re- 
duction. 

Table 1 indicates the methods used for the 
preparation of a number of substituted amino- 
methyl-benzhydrols (3). 

Recently, a further method for the preparation 
of similar compounds was described (10); this 
procedure is limited to the preparation of tertiary 
amines, which exhibit anti-inflammatory proper- 
ties according to the patent claims. 

Compound 3c was separated into the enan- 
tiomers with di-p-toluoyl tartaric acid as de- 
scribed in the experimental section. 

On partial saponification of 8 the carbamate 9 
was obtained. 

Ring cleavage of the diazocine (10) did not yield 
the acetylaminoethyl derivative (11); instead, 
2 and the isoindoline (1) were isolated as the only 
reaction products (eq. [2]), most likely due to a 
Hoffman-Type elimination of N-vinyl-N-methyl- 
acetamide. 

Compounds 12 to 15 were prepared by standard 
procedures to obtain information on the struc- 
ture-activity relationship, which will be discussed 
elsewhere (4). 

Experimental 
Melting points were taken on a Fisher-Johns apparatus 

and are uncorrected. The microanalyses were performed 
by Dr. C. DaesslB, Montreal, and Dr. A. B. Gygli, 
Toronto. 

Method A 
(a) The appropriate phthalide 4 (8) (0.05 mole) was 

dissolved in 500 ml of benzene, saturated with methyl- 
amine, or containing a 5 times molar excess of the corre- 
sponding larger amine. The mixture remained at room 
temperature until no more starting material could be 
identified on thin-layer chromatography (t.l.c.), generally 
48 h, and was then evaporated to dryness in vacuo. The 
residue was crystallized. 

(6) The amide 5 (0.05 mole), dissolved in 100 ml of 
tetrahydrofuran/50 ml of ether, was added to a refluxing 
suspension of 0.1 mole of lithium aluminum hydride in 
200 ml of ether. After 3 h of reflux, sodium hydroxide 
and water were added and the liquid phase removed by 
suction. The cake was repeatedly washed with ether. The 
ether was dried over potassium carbonate and evaporated 
to dryness in vacuo. The ethanol solution of the residue 
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TABLE 1 

Preparation and properties of 2-an~inomethyl-benzhydrols 
p-p-p--.....-p-p-.- ~ p ~ ~ - . . - . p ~ ~ . . ~ . . . . - ~ ~  .~ ~ ...,. ~ ~ -p-...--p..- ~ 

~ .. ~ . - .. -p-...---p.--.pp- 

Analysis 

Melting Crystal- 
point lization 
("C) solvent Formula 

Calculated Found 

C H N C I F S C H N C I F S  

68.30 6.88 5.31 13.44 - - 68.54 7.06 5.44 13.50 - - 

Y Method 

224-225 Ethanol C I S H I ~ N O  
. HCI 

231 Ethanol ClSH16FN0 
. HCI 

226-227 Ethanol/ C15H16CIN0 
Ether .HCl 

Ethanol/ C15H16CIN0 
Ether .HCI 

Ethanol/ C15H16CIN0 
Ether .HCI 

Meth- Cl5H1,BrNO 
an011 .HCI 
Ether 

Ethanol/ CI6Hl6F3NO 
Ether/ .HCI 
Pet. ether 

Ethanol/ CI6Hl,NOS 
Ether .HCI 

Ethanol/ C16H15CIF3N0 
Ether .HCl 

Ethanol/ Cl6H1,NO 
Ether .HCI 

Ethanol/ C16H19N02 
Ether .HCI 

Meth- CllHlsCINO 
an011 .HC1 
Ether 

Ethanol/ ClsHzzCINO 
Ether .HCI 

Ethanol/ CIIH,,CINO 
Ether .HCI 
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TABLE 1 (Concluded) 

Analysis 

Melting Crystal- Calculated Found 
Yieldt point lization 

3' R X Y Method (%) ("C) solvent Formula C H N C I F S  C H N C I F S  
- 

p HOCH2CH2 4CI H A 42 157-161 Ethanol/ C16H18C1N02 58.55 5.84 4.27 21.60 - - 58.38 6.39 4.42 21.37 - - 
Ether . HCI 

q CH3 4C1 H A 40 184187 Ethanol/ C18H,,CIN30 53.15 6.43 10.33 26.15 - - 53.39 6.79 10.16 25.78 - - 

\ Ether .HCI 2 
NNHCH2CH2 2 
/ R 

4C1 H A 42 200-202 Ethanol/ C2~H,,C1NO 67.39 5.65 3.74 18.94 - - 67.65 5.84 3.81 18.70 - - 
8 
0 

Petro- .HCI 2: 
leum ether 

0 
!! 

4C1 H A 47 198-201 Ethanol/ C20H24CIN0 65.63 6.88 3.82 19.37 - - 65.64 7.16 3.81 19.29 - - 
Petro- .HCI k 
leum ether 

4C1 H C 82 194196 Ethanol/ Cl4H1,CINO 59.17 5.32 4.93 24.95 - - 
Ether .HC1 

u H H 5CI C 54 169-170 IPA/ C14HI,CIN0 59.17 5.32 4.93 24.95 - - 59.18 5.42 5.03 25.03 - - 2 
Ether .HCI r 

W 
H 5CI C 818 190-192 Ethanol/ C15H17CIN0 60.42 5.75 4.70 23.78 - - 

Ether . HCI 

IV CH3 C1 4',5' A 60 190-192 Ethanol/ C17HloCIN03 51.00 5.91 3.91 19.80 - - 51.20 5.89 3.67 19.61 - - U 
di-0CH3 Ether . HCI 0 9 

x H H H " 59" 216 Ethanol/ C14H15N0 67.30 6.47 5.61 14.20 - - 67.36 6.50 5.70 14.08 - - k i  
Ether . HC1 

3 
tcalculated for the sequences 5 e 3 (Method A), 1 e 3 (Method B) and 7 e 3 (Method C). 
i92 % from 3t + 3c. 
$81 % from 3u + 3u. 
llHydrogenolysis of 3r;  see experimental section. 
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was acidified with hydrogen chloride in ether. The 
material was recrystallized from appropriate solvents 
(see Table 1). 

Method B 
(a) The appropriate I-aryl-N-~nethylisoindoline (1) (7) 

(0.2 mole) was refluxed in 500 rnl of acetic anhydride for 
16 h.  he solution was concentrated it] vncuo and left to  
crystallize at 0 OC. The diacetate was filtered by suction, 
washed with ether, and dried. 

(b) The diacetate (0.1 mole) was refluxed for 1 h in 
125 rnl of 50% aqueous potassium hydroxide/250 ml of 
ethylene glycol. The solution was cooled, diluted with 
1000 g of ice and extracted five times with 200 rnl of 
ether. The combined extracts were washed with sodium 
carbonate solution, dried over magnesium sulfate, and 
evaporated to dryness it1 vaciro. The ethanol solution of 
the residue was acidified with hydrogen chloride in ether. 
The material was recrystallized from appropriate solvents. 

Method C 
The substituted 2-cyanobenzophenone (7) (9) (0.02 

mole). dissolved in 125 nil tetrahvdrofuran. was added 
dropwise to a refluxing suspension bf0.05 mile  of  lithium 
alurninuni hydride in 150 1111 of ether. After 2 h refluxing, 
sodium hydroxide solution (2 N)  was added and the liquid 
phase removed by suction. The cake and the aqueous 
phase were repeatedly washed with ether. The ether 
extracts were combined, dried over potassium carbonate, 
and evaporated to dryness itr uacrro. The residue was 
dissolved in ethanol and acidified with hydrogen chloride 
in ether. The material was recrystallized from ethanol/ 
ether. 

4-C/1loro-2'-~t1et/1yIat~~irrot~1etl1yl-bet1z/1ydrol (3c) fro171 3t 
atrcl 5-Cl1lor.o-2-tt1ethylat~1i~~ott1et/1yl-bet1z/1ydrol (3v) 
bonr 311 

(a) Ethyl chloroformate (0.1 mole) was added drop- 
wise, with external cooling, to  the solution of 0.01 mole of 
the primary a~nines 3t and 11, as free bases, in 200 rnl of 
pyridine. After 2 h at  roorn temperature the pyridine was 
removed it1 unclro and the residue chromatographed on 
silicic acid. The major fractions eluting with 2.5% 
chloroform in benzene were combined, filtered through a 
glass sinter funnel, evaporated to dryness, and dried in 
high vacuum. The oil was homogeneous on t.l.c., and 
analyzed properly. 

(O) The carbonate-urethane (0.03 mole) in 100 nil of 
ether was added dropwise to a refluxing suspension of 
0.1 mole of lithium aluminu~ii hydride in 200 rnl of ether. 
After 4 h of refluxing, the hydrochloride was isolated in 
the usual way (properties see Table 1). 

Separation of' 4 - C / ~ l o r o - 2 ' - n 1 e t l 1 y I a m i n o t t 1 e t l r y l - ~ o l  
(3c) itzto Etratrtiotners 

The hot concentrated solution of 90 g of di-p-toluoyl-l- 
tartaric acid in ethanol was added to a hot concentrated 
solution of 61 g of 4-chloro-2'-methylaminomethyl- 
benzhydrol in ethanol. The mixture was left to crystallize 
overnight at room temperature. The crystals were filtered 
by suction and the mother liquors were concentrated. A 
second crystalline fraction was obtained. The first 
fraction was recrystallized from ethanol. The mother 
liquors of this fraction were used for the recrystallization 
of the second fraction. 

This procedure was systematically repeated 4 times. 
The final two crystalline fractions were combined and the 
free base was liberated with 2 N sodium hydroxide solu- 
tion and extracted with ether. After drying and evapora- 
tion of the ether, the residue was recrystallized 4 times 
from ether/petroleurn ether. Yield: 13 g (43 %), m.p. 
71-74"; [a],25" = +78.4" (ethanol). 

Anal. Calcd. for CI,HI,CINO: C, 68.81; H, 6.16; 
N, 5.35. Found: C, 69.36; H, 6.46; N, 5.60. 

The mother liquors of the above recrystallizations were 
combined, evaporated to dryness, and the base was 
liberated with 2 N sodium hydroxide solution and ex- 
tracted with ether. The ether solution was dried over 
potassium carbonate and evaporated to  dryness, 27 g of 
resin remained as residue. 

The hot concentrated solution of 40 g di-p-toluoyl-d- 
tartaric acid in ethanol wasadded to  the hot concentrated 
solution of 27 g resin in ethanol. The same procedure was 
repeated as described for the first enantiomer. Yield: 
10.6 g(35 %), m.p. 71-74 "C; [ ~ t ] ~ ? ~ "  = -80.1" (ethanol). 

Anal. Calcd. for C15HI,CINO: C, 68.81; H, 6.16; 
N, 5.35. Found: C ,  68.55; H, 6.43; N,  5.43. 

2-Atninon~et/ryI-be11z/rycIrol (3x) 
Palladium-on-charcoal (573, (2 g), was added to  a 

solution of 8 g 4-chloro-2'-(benzylarnino1nethy1)-benz- 
hydro1 (3r). The mixture was shaken in an at~iiosphere of 
hydrogen at roo111 temperature. When the hydrogen 
uptake came to a standstill after about 48 11, the catalyst 
was removed by filtration and the solution was evapor- 
ated itr oacrio to dryness. The resulting residue was 
chromatographed on a silica column using chloroform- 
methanol-a~iinionia (90:9.5:0.5) as eluant. The main 
fraction was converted to  the hydrochlorideand recrystal- 
lized from ethanollether (properties see Table 1). 

5-C/1lor.o-2-etho.~~~~a~Oot1~~!ntnit1ot~ret/1yl-Oet1z/1ycIrol ( 9 )  
5-Cliloro-O-ethoxycarbonyl-2-etl~oxycarbonylaniino- 

methyl-benzhydrol (1 7.3 g) (8) (preparation see 3u from 
3u, step (a)), was dissolved in 25 ml of 95% ethanolic 
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VOMETHYL-BENZHYDROLS 1675 

2 N sodium hydroxide solution. After 2% at room 
temperature the mixture was diluted with water, adjusted 
to p H  6 with 1 N hydrochloric acid, and extracted 3 times 
with chloroform. The combined chloroforn~ extracts were 
dried over sodium sulfate and evaporated to dryness 
in vacuo. The residue was chromatographed on silicic acid. 
The major fractions eluting with 1 % methanol/benzene 
were combined, treated with charcoal, filtered through a 
glass sinter funnel, evaporated to dryness, and dried in 
high vacuum. 10.7 g (76%) of a colorless oil remained. 

Anal. Calcd. for C17HlsCIN03: C, 63.84; H, 5.67; 
N, 4.38; C1, 11.08. Found: C, 64.05; H, 6.13; N, 4.27; 
C1, 10.81. 

1-(p-Cl~lorophel~yl) -2,5-n'in1etl1yl-l,2,3,4,5,6-kexakydro- 
2,5-berlzodiazocine (10) 

A mixture of 2.7 g 1-(p-chloropheny1)-1,2,3,4,5,6- 
hexahydro-2,5-benzodiazocine (6), 4 m1 40% form- 
aldehyde solution, and 10 ml formic acid was heated to 
reflux for 6 h. The solution was poured over ice and made 
baslc with concentrated ammonia. The mixture was 
extracted with three 100 ml portions of ether. The com- 
bined ether extracts were washed, dried over magnesium 
sulfate, and evaporated to dryness. The residue was 
converted to the dihydrochloride by add~tion of ethereal 
hydrochloric acid and recrystallized from ethanollwater. 
Yield: 2.4 g (65%), m.p. 265-266". 

Anal. Calcd. for Cl,H21C1N2.2HC1: C, 57.85; H, 6.21 ; 
C1, 28.45; N, 7.50. Found: C, 58.16; H, 6.52; C1, 27.99; 
N, 7.45. 

The free base, liberated from the dihydrochloride, 
could be crystallized from hexane and melted at 83'. 

4-Cl1loro-2'-(N-1~1etl~yl-N-acetyIa111i11011~etl1yl) -0-acetyl- 
benzbydrol (2, R = CH,, Y = H, X = 4-CI) 

The free base 10 (10 g) was heated to reflux in 100 ml 
of acetic anhydride for 12 h. The mixture was poured on 
ice-ammonia and extracted with three 200 ml portions 
of ether. The combined ether extracts were washed with 
4 N hydrochloric acid. The aqueous, acldlc layer yielded, 
after basification and extraction, a small amount of 
crystals which were identical in all respects wlth 1-(4- 
chloropheny1)-2-methyllsoindoline (1, R = CH,, Y = H, 
X = 4-Cl). The ether layer was drled over magnesium 

sulfate and evaporated to dryness. The o~ ly  residue 
crvstallized from ethanol. Yield: 8 g  (69%), n1.p. 
132-1350, 

Anal. Calcd. for C19H20C1N03: C, 66.01; H, 5.78; 
N, 4.05. Found: C, 66.07; H, 5.75; N, 4.20. 

4-Cl1loro-2'-~~1etl1yla111i11on1etl1yl-dl1eyl1etl1ae (12) 
o-(p-Chlorobenzy1)-benzoic acid (49 g) was refluxed 

for 2 h with 75 ml of thionyl chloride. Excess reagent was 
removed in vaclro and the residue dissolved in 500 1x1 of 
benzene. Metl~ylan~ine was introduced in excess under ice 
cooling. The mixture remained at room temperature for 
2 11 and was then distributed between water and benzene/ 
chloroforn~. The organic layer was washed wlth water, 
dried over sodium sulfate, and evaporated ill oaciro to a 
crystalline slurry. The amide was recrystallized from 
ethanol. Yield: 36.5 g (70%). 

The above amide (29 g) was dissolved in 250 1111 of 
tetrahydrofuran and added dropwise into a refluxing 
suspension of 12 g lithium aluminuln hydride in 350 ml 

of tetrahydrofuran. The mixture was refluxed for 8 h. 
Excess lithium aluminum hydride was destroyed with 2 N 
sodium hydroxide. The solids were filtered by suction 
and washed repeatedly with tetrahydrofuran. The filtrate 
and the washings were combined and dried over potas- 
sium carbonate and evaporated to dryness in vacrro. The 
resulting resin was dissolved in ethanol, and hydrogen 
chloride was introduced under ice cooling. On addition of 
ether, crystals separated, which were recrystallized from 
ethanollether. Yield: 17.4 g (63.5%), m.p. 201-205". 

Anal. Calcd. for Cl,H16C1N.HC1: C, 63.82; H, 6.07; 
N, 4.96; C1, 25.13. Found: C, 64.00; H, 6.17; N, 5.03; 
C1, 25.18. 

4-Chloro-2'-[(N-methyl-N-erhoxycarbonyhmino) - 
methyl]-berzzhydrol (13a) 

4-Chloro-2'-(methylaminomethyl)- benzhydrol (3c) 
(5.1 g) was dissolved in 50 ml of dry pyridine and ethyl 
chloroformate (2.1 g) was added under external cooling. 
The mixture was allowed to stand at room temperature 
for 24 h and was then evaporated to dryness. The residue 
was dissolved in ethyl acetate and the solution was washed 
with dilute hydrochloric acid, water, sodium carbonate 
solution, and finally dried over magnesium sulfate. The 
solvent was removed it1 vacuo. The oily residue crystallized 
from cyclohexane/petroleum ether, (b.p. 40-60"). Yield: 
3.6 g (55 %), m.p. 87-88". 

Anal. Calcd. for C,,H20C1N03: C, 64.69; H, 6.05; N, 
4.19; C1, 10.63. Found: C, 64.59; H, 5.93; N, 4.27; CI, 
10.62. 

4-Fluoro-2'-[(N-metlzyl-N-etkoxycarbonylarnino) - 
1net11yyU-benzl~ydrol (136) 

This compound was prepared in the same way as 13a. 
Pure material (4 g) was obtained from 5.8 g of compound 
36 (53%). The oil did not crystallize but showed the 
expected properties in the infrared (i.r.) (3330 cm-l, 
1675 cm-') and nuclear magnetic resonance (n.m.r.) 
spectrum, which were known from the chloro analogue. 

Anal. Calcd. for C18H20FN0,: C, 68.15; H, 6.32; 
N, 4.42; F, 6.00. Found: C, 68.51; H, 6.48; N, 4.44; F, 
6.17. 

4-Chloro-2'-(di~netl1ylarninometl1yl)-benzhydrol (14) 
A mixture of 4-chloro-2'-(methylaminomethy1)-benz- 

hydrol, (3c) (12g), 5 ml 40% aqueous formaldehyde 
solution and 40 1-11198 % formic acid was heated to reflux 
for 15 min. After cooling, the mixture was poured over 
icelconcentrated ammonia and the reaction product 
extracted with three 100 ml portions of ether. The com- 
bined ether extracts were washed with water, dried over 
magnesium sulfate, and evaporated to dryness. The 
residue was transformed into the hydrochloride with 
ethereal hydrochloric acid and recrystallized from 
ethanollether. Yield: 11.5 g (80%), m.p. 203". 

Anal. Calcd. for C16H18C1N0.HC1: C, 61.55; H, 6.09; 
N, 4.48. Found: C, 62.03; H, 6.20; N, 4.42. 

-benzhydrol Ethyl 
Ether (15) 

The solution of 4-chloro-2'-(methylaminomethyl)- 
benzhydrol hydrochloride (3c) (6 g) in 200 ml of ethanol 
was saturated with hydrogen chloride at room tempera- 
ture and then heated to reflux for 1 h. The solution was 
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kept at 0" for 12 h and the crystalline precipitate collected 
and recrystallized from water. Yield: 4.5 g (69%), m.p. 
231". 

Anal. Calcd. for C,,H2,C1NO~HC1: C, 62.65; H, 
6.45;N,4.29.Found: C, 62.80;H, 6.20;N,4.42. 

The authors are indebted to Mrs. A. Thomas, Miss E. 
Dubois, and Mr. K. Grozinger for their enthusiastic 
assistance. 

1. K. FRETER, H. H. HUBNER, H. MERZ, H. D. 
SCHROEDER, and K. ZEILE. Liebigs Ann. Chem. 684, 
159-187 (1965). 

2. K. FRETER. Unpublished results. 
3. K. FRETER, E. DUBOIS, and A. THOMAS. J. Hetero- 

cycl. Chem. 7, 159 (1970). 

4. K. FRETER, M. GOTZ, and J. T. OLIVER. J. Med. 
Chem. In press. 

5. C. K. CAIN. Annual Reports in Medicinal Chem- 
istrv. 1967. Dane 47. Academic Press. N.Y. 1968. , -  - 
~ e <  'however, page 50. 

6. T. S. SULKOWSKI, M. A. WILLE, A. MASCITTI, and 
J. L. DIEBOLD. J. Org. Chem. 32, 21 80 (1967). 

7. G. Wrrrrc and H. STREIB. Liebigs Ann. Chem. 584, 
1 (1953). 

8. G. E. RISINGER and J. A. THOMSON. Rec. Trav. 
Chem. 82, 801 (1963). 

9. F. BELL and J. A. GIBSON. J. Chem. Soc. 3560 
(1955). 

10. A. G. SANDOZ. Fr. Pat. 1 549 342, December 13, 
1968. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Mossbauer spectra and electric dipole moments of organotin(1V) 
complexes with organic ligands 

F. PATRICIA MULLINS 
Department of Chemistry, Mount St. Vincent U~ziversity, Halifax, Nova Scotia 

Received December 18, 1969 

Mossbauer spectra, electric dipole moment, and infrared data are reported for several complexes of the 
type (i) RSnX3(AA) and (ii) RSnX(AB), (where R = C4H9, CGH5; X = C1, NCS; AA = cc,a'-dipyridyl, 
o-phenanthroline, 8-aminoquinoline; AB = oxinate, 2-pyridinethiol I-oxide). Quadrupole splittings and 
dipole moments indicate a similar octahedral structure is present in all the complexes studied; in type (i) 
two X groups are trans and in type (ii) the R and X groups are cis to each other. Isomer shifts reveal an 
order of bond polarity Sn-0 z Sn-NCS > Sn-C1 > Sn-S. 
Canadian Journal of Chemistry, 48, 1677 (1970) 

Introduction 

In recent years, many Mossbauer studies have 
been undertaken on organotin complexes of the 
type R2SnX2, several on R,SnX complexes, but 
to date little seems to have been published on 
RSnX, complexes (1, 2). A follow-up of some 
of the di-n-butyltin, diphenyltin dichloride, and 
diisothiocyanate complexes with nitrogen, oxy- 
gen, and sulfur donor ligands was undertaken, 

1 using, as before (3,4), a comparison of Mossbauer 

1 data indicating the relative polarities of the 

, Sn-ligand bonds and the electron asymmetry 

i surrounding the tin nucleus and electric dipole 
moments which are a measure of the molecular 
electron distrib~~tion, including the unshared 

1 electrons. It had been noticed in some of the 
compounds that substitution of phenyl for the 
n-butyl group effected a change from the trans- 
butyl to a cis-phenyl configuration (4). Therefore, 
it was of interest to ascertain the position of the 
R group in RSnX,(AA) complexes, whether the 
R-Sn bond is in the plane of the chelating ligand 
or perpendicular to it. It is also of interest to 
ascertain the configuration of RSnX(AB), type 
compounds, as well as the relative electron releas- 
ing properties of various donor atoms. Since this 
investigation was completed, Mossbauer data 
have been reported on a number of organotiil 
oxinates (I), in excellent agreement with the 
results reported i l l  Table 3. Four of the complexes 
were too insoluble in benzene to allow for dielec- 
tric constant measurements; the low solubilities 
of several of the other compounds limit the pre- 
cision of the dipole moments to f 0.1 and f 0.2 
D. The Mossbauer spectra of C,H,SnCl, and 
C,H,SnCI, have been included for purposes of 
comparison as previous parameters reported for 
these compounds are not in agreement (2, 5-9). 

Experimental 
Preparation of Corr~porrr~ds 

Phenyltin and 11-butyltin trichloride were obtained 
from Alfa Inorganics Inc. With the exception of the 
sodium salt of 2-pyridinethiol I-oxide, purchased from 
Matheson, Coleman and Bell, all ligands and solvents 
were Baker Analyzed Reagents. Thiophene-free benzene 
was refluxed over phosphorus pentoxide for several hours 
before being distilled. 

The method of Seyferth and Rochow (10) was followed 
for the preparation of n-butyltin and phenyltin triisothio- 
cyanate by mixing hot absolute ethanol solutions of 
n-butyltin and phenyltin trichloride and potassium or 
sodium thiocyanate in a 1 :3 ratio. The cc,cc'-dipyridyl and 
0-phenanthroline coniplexes of RSnX, (R = C4H9, 
CGH5;  X = C1, NCS) were prepared by mixing absolute 
ethanol solutions of RSnX3 and the ligand in a 1 :1 ratio. 
Whitc precipitates formed quickly. Absolute ether was 
used as the solvent for the 8-aminoquinoline (8-AQ) 
ligand, and in this case a buff precipitate was obtained. 
These and the other precipitates were filtered under 
vacuum, washed with absolute ethanol and petroleum 
ether (b.p. 30-6O0), and dried under vacuum at 56' for 
several hours. 

The bisoxinate coniplexes of RSnX, were obtained by 
adding stoichionietric amounts of RSnX, to absolute 
ethanol (for R = C4H9) or absolute methanol (for 
R = C,H,) solutions of 8-hydroxyquinoline to which an 
alcoholic solution of sodium hydroxide had been pre- 
viously added. In all cases yellow crystals were obtained 
either fro111 evaporation of a benzene solution of the 
filtrate (for the butyl complexes) or as precipitates. 

The bis(2-pyridinethiol I-oxide) (2-SPyO) coniplexes 
of RSnCI, were prepared sinlilarly by adding RSnC13 to  
alcoholic solutions of the sodium salt of 2-pyridinethiol 
1-oxide. The butyl complex was obtained as a creamy 
powder from an evaporated benzene solution of the 
filtrate; the phenyl con~plex formed as a white precipitate. 

Analytical data and melting points for the complexes 
are given in Table 1. 

Mossbarrer Spectra 
These were obtained with an  Austin Science Associates 

Model S3, constant acceleration transducer type Moss- 
bailer spectrometer drive with S4 flyback module, a 
Reuter Stokes Model RSG-61 counting tube with 
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TABLE 1 

Analyses and melting points of RSnX, complexes 

Analysis (%) 

Found Calcd. Melting points 

Complex C H S C H S Experimental Literature* 

*Reference numbers in parentheses. 

krypton -carbon dioxide fill gas, a Tetronix oscilloscope, 
Model 531A, a Nuclear Chicago modified Model 31-24A 
preamplifier, Model 5315 single channel analyzer, Model 
55-6 time base generator with a 1 MHz scaler, Model 
24-2 four hundred channel analyzer with Model 23-4 
analog digital converter with buffer, Model 99-24-A 
punch type matrix with Model 80016 typewriter drive for 
teletype readout. A 5 mC Ba11gmSn03 source obtained 
from New England Nuclear Corporation was used at  
room temperature. The finely divided solid absorbers 
were placed between mylar windows covered with silicone 
grease or between collodion-coated aluminum foil; the 
liquid samples were mixed to form a silicone grease mull 
and placed between collodion-coated aluminum foil. The 
samples were then mounted in a copper sample holder 
suspended in a glass Dewar automatically filled with 
liquid nitrogen. Data were accumulated until at  least 
4 x lo5 counts per channel were collected to  minimize 
statistical error. The data thus obtained were treated by 
computer analysis to better fit a theoretical Lorentzian 
curve, using NBS Mossbauer Spectra Program, Technical 
Notes No. 404, September 30, 1966, in which ER (ratio 
convergence criteria) was set to normal value of 0.001. 

The spectrometer was calibrated periodically against a 
New England Nuclear 80% enriched S n 0 2  (5 mg/cm2) 
and an NBS Reference Na2Fe(CN)5N0.2H20. The 
parameters were read from the plotted curves and the 
error between replicate measurements was less than 0.05 
mm s-I. 
Dielectric Consrants 

These were obtained as in previous investigations (1 1) 
using an oscillator similar to that described by Estok 
(12). The relative precision for the values listed in Table 2 
is considered to be & 0.0005. The h ~ / l v f ~  ratios listed in 
Table 3 are average values for the concentrations studied. 
Electric moments were calculated by the method of 
Higasi (13), using a value of 0.8481 for (14). 

Infrared spectra of potassium bromide discs were 
obtained with a Perkin-Elmer 521 spectrometer. 

TABLE 2 

Dielectric constants of benzene solutions a t  25 "C 

l o o o ~ f ~  E lo0lvf2 E 

Discussion of Results 

The isomer shifts relative to SnO,,,quadrupole 
splittings, and dipole moments obta~ned for the 
compounds studied are listed in Table 3. A small 
Goldanski effect was noted in the Mossbauer 
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MULLINS: ON ORGANOTIN(1V) COMPLEXES WITH ORGANIC LIGANDS 1679 

TABLE 3 

Isomer shifts (6) relative to SnOz, quadrupole splittings (AEQ), and electric moments (B) at 25 "C 

Compound 
6* AEQ* % 

No. (mmls) (mm/s) absorption A~/lvf~ PH (D) 

f 0.05 rnmls. 
?Literature values from ref. 30. 

spectra of five compounds. The programmed 
data yielded intensity ratios (area of peak llpeak 
2); 6(1.12), 8(1.20), lO(1.1 I), 13(1.15), and 
16(0.87). All line widths were less than 0.7 mm/s. 
Previous comparisons of dipole moments ob- 
tained by calculations of Higasi with those from 
the LeFevre and Vine modification of the 
Hedestrand equation indicate that density and 
index of refraction measurements are unnecessary 
(3,4). 

RSn X3 Conzpounds 
Thiocyanates (M-SCN) are expected to have 

sharp, well-formed CN stretching frequencies 
above 2100 cm-', CS stretching frequencies 
between 690-720 cm- ', and several NCS bending 
vibrations from 400460 cm-'; isothiocyanates 
(M-NCS) have relatively broad, more intense 
CN stretching frequencies around or below 2100 
cm-', CS stretching frequencies from 780-860 
cm-', and a single NCS bending vibration from 
450-490 cm-'. Bridging NCS groups have CN 
frequencies 30-80 cm-' higher than terminal 
groups (15-18). According to these criteria, 
complexes 7-10 and 12-13 are isothiocyanates. 
All have absorptions which can be assigned as 
follows: (i) broad CN stretching frequencies in 
the 2025-2037 cm-' region, (ii) stretching fre- 
quencies for CS between 828-852 cm-', and (iii) 
NCS bending vibrations between 465-482 cm-'. 
The relatively low CN stretching frequencies 
eliminate the possibility of bridging NCS groups 

which for similar compounds have been found 
above 2065 cm-' (4, 18). The 8-aminoquinoline 
complex is the only one in this series of investiga- 
tions with tin(1V) having a neutral bidentate 
ligand containing an NH, group. The ligand 
shows NH, stretching frequencies at 3450 and 
3345 cm- '. Coakley (1 9) found that these absorp- 
tions shifted to lower frequencies in complexes 
of the type MCI,.8-AQ; for example, in ZnC1,.8- 
AQ peaks at 3270 and 3170 cm-' are assigned to 
NH, stretching vibrations and one at 1080 cm-' 
to NH, wagging, not found in the ligand. In the 
BuSnC1,.8-AQ complex, absorptions found at 
3 180 sh and 3160 cm-' are attributed to NH, 
stretching and one at 1082 cm- ' to NH, wagging. 

The quadrupole splittings obtained are inter- 
preted according to the conclusions of Parish 
and Platt (9), who suggest that (a) the magnitude 
of the quadrupole splitting in tin compounds is 
governed primarily by imbalance in the polarity 
of the tin-ligand B-bonds, (b) that structural 
effects may in some cases supplement this effect, 
and (c) that K-bonding is a secondary factor. This 
same trend in the various factors controlling the 
quadrupole splitting in tin compounds had been 
noticed in previous work (3, 4). The decrease in 
isomer shift and quadrupole splitting of RSnX, 
compounds on replacing butyl by phenyl groups 
reflects the greater electron releasing power of the 
former, resulting in (i) greater electron density 
around the tin in butyl compounds and (ii) 
decreasing asymmetry of the electron cloud 
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about the tin atom in the phenyl compounds as 
the difference in the polarity of the C-Sn and 
Sn-ligand bonds is reduced. As expected from 
a study of the diisothiocyanates (4), the triisothio- 
cyanates have lower isomer shifts and larger 
quadrupole splittings than the corresponding 
trichlorides, revealing the greater polarity of the 
Sn-NCS bond. Comparison of the isomer shifts 
in 3 and 5 with 11 indicates equivalent electron 
release by pyridine nitrogen and the NH, group. 

Electric moments were calculated for con- 
figurations of RSnX,(o-phen) and also for 
RSnX(ox),, assuming 90" bond angles, although 
it is recognized that there is a distortion from a 
regular octahedral arrangement. Values of bond 
and group moments derived previously for similar 
octahedral configurations were used (3, 4, 25, 
26): 2.8 D for Sn-0, 5.0 D for Sn-NCS, 4.2 
D for the oxine-Sn resultant (exclusive of the 
Sn-0 moment), 3.4 D for octahedral Sn-CI, 
and 6.5 D for the phenanthroline-Sn resultant. 
The contribution of the small Sn-C bond mo- 
ment was neglected and a difference of approxi- 
mately ) 0.4 D for butyl vs. phenyl was expected, 
enhanced in some cases by varying distortions 
from octahedral symmetry. Calculations for the 
phenanthroline complexes of RSn(NCS), gave a 
value of 10.5 D for a configuration having two 
NCS groups trans, and 16 D for one having three 
cis NCS groups. The trans coilfiguration is indi- 
cated by the experimental dipole moments. From 
the moment obtained for BuSn(NCS),(dipy), 
10.2 D, a value of 9.1 D is calculated for BuSnC1,- 
(dipy) with two chlorine atoms trans. The esti- 
mated value for the cis configuration is 11.8 D. 
A comparison with the experimental value, 9.8 D, 
suggests a trans configuration for this compound 
also. 

A comparisoil of the electric dipole moments 
and quadrupole splittings for R,SnX, complexes 
with o-phenanthroline and dipyridyl (3, 4) 
indicates similar configurations in benzene solu- 
tion and in the solid state. The configurations of 
the corresponding RSnX, complexes cannot at 
present be inferred from the magnitude of the 
quadrupole splittings; by analogy they are con- 
sidered to be similar to the configurations in 
solution. The similarity of the quadrupole 
splittings obtained for the four RSnCl, com- 
plexes suggests a similar configuration for all four 
complexes; it is concluded that they have a trans 
configuration. 

RSnX(AB), Compounds 
In their studies on organotin oxinates, Okawara 

and co-workers (20, 21) have assigned a strong 
infrared absorption at about 520 cm-' to Sn--0 
vibrations and a band of medium intensity near 
400 cm- to Sn-N stretching frequencies. 
Compounds 12-15 have strong absorptions at 
about 523 cm-' and broader medium bands at 
397 cm-'. This latter absorption is also present 
in the dipyridyl and phenanthroline complexes 
of the triisothiocyanates, but was not present in 
the corresponding trichloride complexes. In a 
study of tin(1V) pyridine N-oxide complexes, 
Kawasaki and co-workers (22) have assigned a 
strong band in the 300-400 cm-' region to the 
Sn-0 vibration and have suggested that the 
frequency depends considerably on the substit- 
uents of the tin atom, with greater values denoting 
increasing covalent character to the Sn-0 bond. 
Medium strong bands in the spectra of the 
2-pyridinethiol 1-oxide complexes at 355 cm-' 
are attributed to Sn-0 stretching vibrations. 
The N-0 stretching vibrations of similar com- 
pounds (23) have been compared to the value of 
1248 cm-' reported for 2-benzylthiopyridine 
1-oxide (24) and values significantly lower than 
this, about 1197 cm-' for 16, 17, taken as indic- 
ative of 0 -> Sn dative bonding. If the oxygen 
atoms have a cis arrangement about the tin atom 
in a bis complex, two peaks are anticipated in this 
region associated with the antisymmetric and 
symmetric stretching vibrations. Although a 
barely resolved doublet is present in the strong 
absorption in 15 and a broad band in 17, no 
positive consistent spectroscopic evidence for a 
cis-oxygen configuration for the RSnX(AB), 
complexes can be deduced. 

Differences in the polarity of the Sn-S bonds 
in the bis(2-pyridinethiol I-oxide) complexes and 
the N -> Sn bonds in the bisoxinates could explain 
the more positive isomer shifts in the former com- 
pounds, but similar electron asymmetry around 
the tin atom in (i) the solid state and (ii) in benzene 
solution is suggested by the very small differences 
in (i) quadrupole splittings and ( i i )  dipole 
moments in the two sets of compounds. A com- 
parison of isomer shifts in 7-10 and 12-13 
indicates that the Sn-0 and Sn-NCS bonds 
have about the same polarity in complexes of 
RSnX, ; this contrasts with the values obtained 
for R,SnX, complexes which indicated that the 
Sn-0 bond was more polar (4). 
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O \  N \  N Y  r N  X X 
R\ I,N R\ I /O X\ I ,O 0, I,R 

Sn Sn Sn 
X/'In\N X/ 1 \ N  R/ 1 \ N  O/  I \ X  

o-' 0' 0' '-N R R 

FIG. 1. Possible configurations for R S ~ X ( O X ) ~ .  
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Thermal [2 + 31 cycloaddition of N-trichloroacetyldiphenylcyclopropenimine 
to 3-aroylaziridines and 3-carbomethoxyaziridines 

J. W. LOWN, R. WEST WOOD,^ AND J. P. MOSER 
Depar.tmetit of C/~emistry, Utziuersity of Alberta, Edmonton, Alberta 

Received October 20, 1969 

N-Trichloroacetyldiphenylcyclopropenimine reacted with either cis- or  trarzs-3-benzoyl-1-cyclohexyl- 
2-m-nitrophenylaziridine in a [2+ 31 cycloaddition to the C=N bond of the imine to form (a)  5-benzoyl- 
2-m-nitrophenyl-4-(spirodiphenylcyclopropene)-3-(trichloroacetylhydrate)-imidazolidine and (b)  l-cyclo- 
hexyl-4-(cis-1,2-diphenylvinyl)-3-dichloroacetyl-2-n-nitrophenylimidazoline. Similar reactions with 
other 3-aroylaziridines gave analogous irnidazolidines and imidazolines. Isolation of an unhydrated imi- 
dazolidine of type (a) in the corresponding addition with 3-carbomethoxy-1-cyclohexyl-2-phenylaziri- 
dine gave direct spectroscopic proof for the cyclopropene moiety in these adducts. The orientation of the 
1,3 dipolar additions was confirmed by a reaction using a specifically 3-deuterated aziridine. 

The isolation of these adducts of type (a)  strongly supports the previously suggested intermediacy of an 
oxazolidine in the analogous addition of 3-aroylaziridines to diphenylcyclopropenone. 

Canadian Journal of Chemistry, 48, 1682 (1970) 

Diphenylcyclopropenone reacts with 3-aroyl- 
aziridines to form 4-aroyl-4-oxazolines (1). This 
reaction is most plausibly interpreted as pro- 
ceeding by an initial [2 + 31 cycloaddition of an 
azomethine ylide (derived from the thermal 
cleavage of the aziridine (2-6)) to the carbonyl 
group of the diphenylcyclopropenone, followed 
by rearrangement (eq. [I 1). Although [2 -1-31 
cycloaddition of bicyclic aziridines to the car- 
bony1 group of p-nitrobenzaldehyde has been 
reported (7) and addition of activated aro- 
matic aldehydes to 3-aroylaziridines gives4-aroyl- 
oxazolidines 3 in good yield (8) (eq. [2]), more 
direct evidence for the intermediacy of the 
oxazolidiile species 1 was lacking. The prepara- 
tion of iminocyclopropenes was recently re- 
ported by Paquette et al. (9, 10). We have 
shown that the C=N double bond of imines and 

sulfonylimines reacts readily with aroylaziri- 
dines to form imidazolidines (I I). When the 
C=N bond of the imine is activated by an 
electron-withdrawing group in the latter reaction, 
the product is obtained quantitatively with only 
one orientation of addition (eq. [3]). Therefore 
the N-trichloroacetyldiphenylcyclopropenimine 
was reacted with an equimolar quantity of 
1 -cyclohexyl-3-p-nitrobenzoyl-2-phenylaziridine 
in refluxing acetonitrile for 24 h (eq. [4]). Chro- 
matographic separation afforded two crystalline 
products to which structures 5 and 6 have been 
assigned in 50 and 6 %  yields respectively. 
Compound 5 analyzed for C3,H,,N30,C13, 
corresponding to a 1 :I  addition product plus a 
molecule of H,O. By comparison with product 6 
and other ~roducts  in this series it is evident that 
the water molecule has added to the trichloro- 

P h Ph Ph 
L J  

\ / 
[ I1 N + 0 I 

H I COPh 
Ph H I COPh 

Ph-CH-CH-COAr H 
\ N / 0=C-C6H4pN02 03:~4p~02 

I 
C6Hl1 

). Ph+N 
H I COAr 

C6Hll 

'NRCC Postdoctoral Fellow, 1967-1969. 
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acetyl carbonyl group. The infrared (i.r.) spec- 
trum showed one sharp OH band at 3360 cm-' 
(unaffected by dilution and therefore assigned to 
an intramolecular hydrogen bond) and a broad 
OH band at 3440 cm-' (diminished by dilution 
and therefore assigned to intermolecular hydro- 
gen bonding) (12). These assignments were 

1 supported by the nuclear magnetic resonance 
(n.m.r.) spectrum which showed two (1H) 

I singlets at 6 5.8 and 8.5 both exchangeable with 
deuterium oxide and assigned to inter- and 
intramolecularly bonded OH protons respec- 

I tively. The n.m.r. spectrum also showed two 
non-exchangeable singlets at F 4.2 and 5.9 due to 
the 5- and Limidazolidine protons respectively 
(vide infra). 

The imidazolidine 7 was prepared by the reac- 
tion of N-trichloroacetyldiphenylcyclopropen- 
imine with 3 - carbomethoxy - 1 - cyclohexyl - 2- 
phenylaziridine in anhydrous acetonitrile. The 
product analyzed for C33H3,N,03Cl; i.e. a 1 :1 
adduct without hydration of the trichloroacetyl 

carbonyl. The compound showed a normal 
cyclopropene ultraviolet (u.v.) absorption spec- 
trum with maxima at 292 mp (E, 8790) and 222 
mp (E, 14 870). The i.r. spectrum confirmed that 

5 6 

no hydration of the amide carbonyl had taken 
place and showed a band at 1735 cm-' due to the 
saturated ester carbonyl and at 1725 cm-' due 
to the free amide carbonyl(l3). The n.m.r. spec- 
trum of 7 showed two singlets at F 5.47 and 4.95 
assigned to the 2- and 5-imidazolidine protons 
respectively. 

The u.v. spectra of5 and the similar compounds 
8 and 10 in this series unlike 7 show two principal 
maxima in the range (267-260) mp and at 225 mp 
(sh). The U.V. spectra of some related cyclopro- 
penes illustrated in Table 1 show two major 
absorptions in the region 306-297 and 228-223 
mp with additional shoulder bands. 

TABLE 1 
Ultraviolet spectra of some cyclopropene derivatives 

Compound Solvent A,,, E Reference 
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N-Trichloroacetyldiphenylcyclopropenimine 
shows a principal absorption maximum at 
278-286 mp in isooctane and at 288 mp in 
acetonitrile (9) compared with the principal 
maximum in diphenylcyclopropenone at 297 mp 
in acetonitrile (16). Therefore we anticipated a 
principal maximum in 5 around 290-285 mp as 
observed in 7. The observed lower value of 267- 
260 mp of the principal absorption in 5 and 9 
may possibly be associated with the effects of 
intramolecular hydrogen bonding of the type 
shown in structure 5 (17-19). Precedents exist in 

the literature of intramolecular hydrogen bonds 
between hydroxyl groups and n-electrons as 
bases from (i) olefins (20) (ii) acetylenes (21a), 
and (iii) aromatic sextets (21). While the observed 
lack of hydration of the chloroacetyl group in 6 
and similar structures would tend to support this 
proposal, its tentative nature must be emphasized. 

Reaction of N-trichloroacetyldiphenylcyclo- 
propenimine separately with stereoisomerically 
pure cis- and trans-3-benzoyl- 1 -cyclohexyl-2-m- 
nitrophenylaziridine afforded the identical imi- 
dazolidine 8 and imidazoline 9. Similar lack of 
stereospecificity with respect to the aziridine was 
observed in the addition of cis- and trans-2-aryl- 
3-aroylaziridines (with N-alkyl substituents) to 
imines and sulfonylimines to form imidazolidines 

(11) and to aryl aldehydes and chloral to form 
oxazolidines (8). This may be attributed to 
equilibration of the cis- and trans-azomethine 
ylide intermediates (22) (derived from the thermal 
conrotatory ring opening of the trans- and cis- 
aziridines respectively (5)) prior to addition 
leading to 1,3-dipolar addition exclusively via the 
more stable trans-azomethine ylide (22). 

The U.V. spectrum of compound 6, C,,H,,- 
Cl,N,O, shows a band at 280 mp (E, 17 450) 
typical of cis-stilbene absorption and at 238 mp 
(E, 35 800). The n.m.r. spectrum showed the 
2-imidazoline proton at 6 5.55 and the side-chain 
vinyl proton at the characteristic position of 6 
7.95 (23). The i.r. confirms that the side-chain 
aroyl group has been removed. 

Compound 6 may arise from base-catalyzed 
elimination of the aroyl group of 5 either during 
the reaction or during the work up procedure as 
shown in Scheme 1. The reaction is analogous to 
the deacylation involved in the last step of the 
Knorr pyrrole synthesis (24) (eq. [5]), and also 
the observed dehydrogenative elimination of an 
aroyl group from a 2-iminothiazolidine by the 
action of quinones in acetic acid (25), which 
resembles decarboxylative dehydrogenation (26) 
(eq. [61). 

In support of Scheme 1, in similar reactions 
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between N - trichloroacetyldiphenylcyclopropen- 
imine and 3-benzoyl-1-cyclohexyl-2-phenylaziri- 
dine, the products were 10, a new imidazolidine 
analogous to 5, and 11, the imidazoline which 
was identical in all respects to the second product 
6 obtained in the first reaction. Compound 10 

I just like 5 also showed hydration of the trichloro- 
, acetyl carbonyl and intramolecular hydrogen 

C I " - C ~ ~ ,  

Ph 
~ h - j l N  

H  I COPh 
C a l l  

bonding. In a similar reaction of l-cyclohexyl- 
2-phenyl-3-p- toluoylaziridine and N- trichloro- 
acetyldiphenylcyclopropenimine, compound 6 
was the only product isolated, confirming that in 
all these reactions the 5-aroyl group of the 
intermediate imidazolidine has been removed. 

When the 2-aryl substituent on the aziridine 
ring is not common, then the imidazoline ob- 
tained is different from 6 ,  as in the case of 9 above, 
as expected. While this interpretation appears 
plausible, the exact conditions for the above 
conversion of 5 to 6 have not as yet been estab- 
lished. 

The orientation of the thermal [2+3] cyclo- 
addition of sulfonylimines to 3-aroylaziridines to 
produce 24 imidazolidines with structures like 4 
was always in the direction indicated (1 1). It is 
reasonable therefore to assume a similar orienta- 
tion in the addition of the iminocyclopropene to 
the 3-aroylaziridines to form 5 and 10 and their 
elimination product 6. The Zimidazolidine pro- 
ton in 4 appears in the n.m.r. at F 5.8, so the two 
singlets in the n.m.r. of 5 observed at F 5.82 and 

4.18 were tentatively assigned to the 2- and 
5-imidazolidine protons respectively. The above 
assumption was justified and the line positions 
confirmed by reaction of the specifically 3-deu- 
terated aziridine 12 (1 1) with the iminocyclopro- 
pene to form 13 (eq. [7]). Examination of the 
n.m.r. spectrum of 13 after deuterium oxide 
exchange showed singlets at F 5.82 (1H) and 4.18 
(0.5H). The reduction in the integral of the latter 
proton due to partial deuteration confirmed the 
line position assignments proposed above. 

Inconclusion, it may be stated that the observed 
[2 + 31 cycloaddition of 3-substituted aziridines 
(via the azomethine ylide) to the C=N bond of 
iminocyclopropenes and isolation of the resulting 
imidazolidine lends credence to the previously 
suggested intermediacy of an oxazolidine in the 
analogous addition of 3-aroylaziridines to 
diphenylcyclopropenone. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The i.r. spectra were 
recorded on a Perkin-Elmer model 421 spectrophoto- 
meter, and only the principal, sharply defined peaks are 
reported. The n.m.r. spectra were recorded on Varian 
A-60 and A-100 analytical spectrometers. The spectra 
were measured on approximately 10-15 % (w/v) solutions 
in CDCI,, with tetramethylsilane as a standard. Line 
positions are reported in parts per million (p.p.m.) from 
the reference. Absorption spectra were recorded in 
"spectra"-grade solvents on a Beckman DB recording 
spectrophotometer. Mass spectra were determined on 
an Associated Electrical Industries MS-9 double-focusing 
high resolution mass spectrometer. The ionization 
energy, in general, was 70 eV. Peak measurements were 
made by comparison with perfluorotributylamine a t  a 
resolving power of 15000. Kieselgel DF-5 (Camag, 
Switzerland) and Eastman Kodak precoated sheets were 
used for thin-layer chromatography (t.1.c.) Microanalyses 
were carried out by Dr. C. Daesslt, Organic Micro- 
analysis Ltd., Montreal, Quebec and by Mrs. D.  Mahlow 
of this department. 
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Synthesis of Aziridirres 
The 3-aroylaziridines and 3-carbomethoxyaziridine 

required in this work were prepared by the Gabriel 
synthesis employing standard procedures described by 
Cromwell and Caughlan (27). 

N-Triclrloroacetyldiphenylcycloproper2ie 
N-Trichloroacetyldiphenylcyclopropenimine was pre- 

pared in 70 %yield by the method of Paquette and Horton 
(10) and had a m.p. 171"-174" (lit. (10) m.p. 169-171"). 

Reaction betweer1 3-Benzoy/-l-cyclo/texyl-2-p~1e1ry~- 
aziriciirre and N-Trich/oroncetyldip/~enylcyclopr~- 
penirnine 

A solution of 3.06 g (0.01 mole) of 3-benzoyl-I-cyclo- 
hexvl-2-~henvlaziridine (28) and 3.4 g (0.01 niole) of . . 
~-t~ichloroacet~ldi~hen~lc~clo~ro~eni~ine in 50 ml of 
acetonitrile was heated under reflux for 24 h. The solvents 
were removed from the resulting dark red solution itr 
uacrio leaving a deep red oil. Chromatography of this oil 
on alumina (BDH) with benzene gave as the first fraction 
(a) 5-benzoyl- l -cyclohexyl-2-phenyl-4-(spirodiphenyl- 
cyclopropene) - 3 - (N-  trich1oroacetylhydrate)- imidazoli- 
dine, 0.551 g (10% yield as a white solid m.p. 153-155" 
(from hexane)). 

Anal. Calcd. for C,8H35C13N203: C, 67.70; H, 5.25; 
N,4.15.Found:C,67.80;H,5.30;N,4.10. 

Mol. Wt. Calcd. (mass spectrum) for C3,H3, 35C13- 
N2O3, 672.1715. Found 672.1710. 

The i.r. spectruni: v,,, (CHCI,), 3450 (broad, inter- 
molecularly bonded (OH), 3370 (sharp, itrtramolecularly 
bonded OH), 1720 cm-' (C=O). The n.m.r. spectrum: 
ZiTMS (CDC13): 0.7-1.3, and 3.8 ( I IH,  multiplet, cyclo- 
hexyl protons); 4.2 ( lH,  singlet, 5-imidazolidine proton); 
5.9 (IH, singlet, 2-imidazolidine proton); 8.5 and 5.8 
(1H each, singlets, exchangeable with deuterium oxide, 
intra- and intermolecularly bonded OH protons respec- 
tively), 7.2-8.0 (20H, multiplet, aromatic protons). 
Absorption spectrum (CH30H): h,,, 260 mp (sh) (E, 
12 620), 225 m p  (E, 19 700). 

(b) Further elution of the colunin with chloroform gave 
0.283 g (5 %yield) of a dark red solid, which was purified 
by recrystallization from ethyl acetatelhexane to give 
white crystals m.p. 252-253" of I-cyclohexyl-4-(cis-1,2- 
diphenylvinyl)-3-N-dichloroacetyl-2-phenyl-imidazoline. 

Anal. Calcd. for C31HsoC12N20: C, 71.95; H, 5.84; 
N, 5.41. Found: C, 71.99; H, 5.43; N, 5.28. 

The i.r. spectrum v,,, (CHCI3) 1625 cm-' (amide). 
The n.ni.r. spectrum 8TMS (CDCI3): 1.8-2.0 (IOH, multi- 
plet, cyclohexyl protons), 4.0 ( lH,  multiplet, CH-N-); 
5.65 (lH, singlet, 2-iniidazoline proton), 7.0-7.8 (16H, 
aromatic and vinyl protons); 8.05 (IH, singlet, cis-1,2- 
diphenylvinyl proton). Absorption spectrum (CH30H): 
h,,, 320 mp (E, 9250); 280 mp (E, 17 450), and 238 mp 
(E, 35 800). 

Reactiorr betweerz l-Cyclolrexyl-3-p-rtitrobenzoyl-2- 
phettylaziridine and N-Trichloroacetyldiphenyl- 
cycloproper~irnine 

A solution of 3.50 g (0.01 mole) of l-cyclohexyl-3-p- 
nitrophenyl-2-phenylaziridine (25) and 3.49 g (0.01 mole) 
of N-trichloroacetyldiphenylcyclopropenimine in 50 ml 
of acetonitrile was heated under reflux for 24 h. The dark 
red solution obtained was evaporated to dryness to give a 
viscous red oil. Column chromatography of this oil on 
BDH alumina using benzene as eluant gave 

(a) 3.6 g (50% yield) of I-cyclohexyl-5-p-nitrobenzoyl- 
2 - phenyl - 4 - (spirodiphenylcyclopropene) - 3 - (trichloro- 
acety1hydrate)-imidazolidine, as a pale yellow solid. 
Recrystallization of this product from benzenelhexane 
gave white crystals, m.p. 177-180". 

Anal. Calcd. for C3RH34C13N305: C ,  63.5; H, 4.75; 
N, 5.85. Found: C, 63.9; H, 5.05; N, 5.65. 

Mol. Wt. Calcd. (mass spectrum) for C3,H3, 35C13- 
N 3 0 5 :  717.1564. Found, 717.1550. 

The i.r. spectrum v,,, (CHCI3), 3440 (broad, irtter- 
niolecularly bonded OH); 3360 (sharp, intramolecularly 
bonded OH); 1710 (aroyl C=O), 1500, 1345 cm-' 
(aromatic NO2). The n.m.r. spectrum: F T M s  (CDCI,): 
0.8-1.6 (IOH, multiplet, cyclohexyl protons); 4.0 (IH, 
multiplet, CHN-); 4.2 (IH, singlet, 5-imidazolidine 
proton); 5.82 (IH, singlet, 2-imidazolidine proton); 8.45 
and 5.7 (1H each, singlets, exchangeable with D 2 0  
irztra- and ir~terniolecularly bonded OH respectively); 
7.2-8.2 (19H, multiplet, aromatic protons). Absorption 
spectrum (CH30H): h,,, 265 mp (E, 18 600); 225 m p  
(sh) (E, 19 620). 

(b) Further elution of the column with chloroform gave 
0.339 g (6% yield) of a white solid, m.p. 248-250" of 
I -cyclohexyl-4-(cis- 1,2-diphenylviny1)- 3 -N-dichloro- 
acetyl-2-phenylimidazoline which had a superimposable 
i.r. spectruni and was otherwise identical with the com- 
pound similarly obtained in the previous reaction with 3- 
benzoyl-I-cyclohexyl-2-phenylaziridine described above. 

Reaction betweetr 1-~~clolrex~l-2-~hen~l-3-~-tolu~yl- 
aziriditre atrd N-Trichloroacetylrliphenylcyclo- 
proper~itnirre 

A solution of 3.505 g (0.01 niole) of N-trichloroacetyl- 
diphenylcyclopropenimine and 3.19 g (0.01 mole) of 
I-cyclohexyl-2-phenyl-3-p-toluoylaziridine (28) in 50 ml 
of acetonitrile was heated under reflux for 24 h. The dark 
red solution obtained was evaporated to dryness and the 
residual red oil subjected to chromatography on BDH 
alumina. Elution of the column with benzene gave a 
yellow oil which resisted all attempts at crystallization. 
Elution of the column with chloroform gave a red oil 
which solidified on trituration with hexane, 1.345 g (24% 
yield). Recrystallization from ethyl acetate gave l-cy- 
clohexyl-4-(cis- l,2-diphenylviny1)-3-N-dichloroacetyl-2- 
phenyliniidazoline, m.p. 252-253". 
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Anal. Calcd. for C3,H30C12Nz0: N, 5.41. Found: N, trar1s-3-benzoyl-l-cyclohexyl-2-1n-nitrophenylaziridine in 
5.28. 25 ml of acetonitrile was heated under reflux for 21 h. 

This material was identical in all respects to that The dark red solution obtained was concentrated in vaclro 
obtained in the previous experiments described above. and the residual oil subjected to chromatography on 110 

g of BDH alumina. Elution of the column with benzene 
Reaction of I-Cyclohexyl-3-deirtero-2-phenyl-3-p- gave 

nitrobenzoylazirirline and N-Trichloroacetyl- (a) 1.85 g (54.5 yield) of l-cyclohexyl-5-benzoyl-2-n~- 
diplzenylcycloprope~~imi~ze nitrophenyl-4-(spirodiphenylcyclopropene)-3-(trichloro- 

The reaction of 1.17 g (0.0°33 l -c~clOhex~l-  acety]hydrate)-in~idazolidine, as a tan solid m.p. 9&9z0 
3-deuter0-2-pheny1-3-~-nitrobenzoylaziridine (1 1) (60% from ethyl acetate - hexane. 
deuterium incorporation at position 3 by n.m.r.) and 1.17 ~ ~ ~ 1 .  calcd. for : C, 63.5 ; H, 4.75 ; 
g (0.0033 mole) N-trichloroacetyldipl~enylcyclopropen- N, 5.85. ~ ~ ~ ~ d :  C, 63.28; H, 4.77; N, 5.72, 
imine was carried out in exactly the manner described ~ ~ 1 .  wt. calcd. (mass spectrum) for c~~~~~ 3sCI3- 
for the protium conlpound above affording 0.749 g (31 % ~ ~ 0 ~ :  699.1459. ~ ~ ~ ~ d :  699.1443. 
yield) of 1 -cyclohexyl- 5 - deutero- 5 -P-  nitrobenzo~l-2-  he i.1. spectrum v,,, (cHc~,), 3440 (broad, inter- 
~hen~l-4(s~irodi~hen~lc~clo~ro~ene)-3-(trichloroacet~l- molecularly bonded OH); 3360 (sharp, irl~ramo~ecu~arly 
hydrate)-imidazolidine which recrystallized from hexane bonded OH), 1710 (aroyl c=o), 1530, 1352 c m - ~  
as a white solid m.p. 177-180". Examination of the n.m.r. (aromatic ~ 0 ~ ) .  ~h~ n.m.r. 6 ,,,, ( c ~ c I , ) :  
spectrum showed the position and extent of deuterium 0.64-2.22 (11H, mu]tiplet, cyclohexy] protons), 4.2 ( lH,  
incorporation. The product was identical in all other singlet, 5-imidazoline proton); 5.85 ( IH,  singlet, 2-i,ni- 
respects to the protium analogue described above. dazoline proton); 8.47 and 5.68 (1H each, singlet, 

The n.m.r. Vectrum 6 ~ ~ s  (CDC13): 0.8-1.6 (IoH, exchangeable with D 2 0  irltra and intern~olecularly 
multi~]et,  c ~ c l o h e x ~ l  protons); 4.0 (IH, m u l t i ~ l e t ,  bonded OH respectively); 6.7-8.4 (19H, mu]tip]et, are- 
CHN-); 4.2 (0.54 H, singlet, 5-imidazolidine proton); matic protons). Absorption spectrum ( C H 3 C ~ ) :  limn. 
8.45 and 5.7 (1H each, singlets, exchangeable with D 2 0  262 (sh) (E, 20 3001, 248 mp (E, 22 200). 
infra- and ijlfermolecularl~ bonded OH respectively, (b) Further elution of the column with ch]orofornl gave 
7.2-8.2 (19H, multiplet, aromatic protons). 0.183 g (5.4% yield) of a tan solid, m.p. 243-247' of 1- 
Reaction of 3-Carbometlroxy-l-cyclolrexyl-2- cyclohexyl-4-(cis- 1,2- diphenylviny1)-3-dichloroacetyl-3- 

plrer~ylaziridi~~e and N-TriclrloroacetyldipI~e~~yl- m-nitrophenylimidazoline. 
cyclopropenin~it~e Anal. Calcd. for C31H29C12N303: C, 66.20; H, 5.19; 

A solution of 1.33 g (0.00514 mole) of 3-carbomethoxy- N, 7.47; C1, 12.60. Found: C, 66.28; H, 4.68; N, 7.40; 
1-cyclohexyl-2-phenylaziridine (25) and 1.80 g (0.00514 C1. 12.55. 
mole) of N-trichloroacetyldiphenylcyclopropenimine in The i.r. sPectrun1 v,,. (Nujol) 1625 cm-' (anlide). 
50 ml of anhydrous acetonitrile was heated under reflux The n.nI.1. spectrum 6 ~ ~ s  [ (cD~)~so]:  0.7-2.4   OH, 
for 16 h. The solvents were removed in vacrro (< 40') and multi~let, c ~ c l o h e x ~ l  protons), 3.5-4.0 (1H, nlultiplet, 
the residual brown oil subjected to chromatography on CH-N-); 5.64 (1H, singlet, 2-imidazoline proton); 
100 g of BDH alumina in hexane. Elution with hexane 6.8-8.8 (14H, multiplet aromatic protons). ~bsorp t ion  
afforded 1.35 g of a yellow oil which upon dissolution in Spectrum (CHC13): A,,, 312 n ~ p  (E, 9130) 352 n11~ (E, 
5 ml of heptane and chilling gave 5-carbomethoxy-1- 960°). 
cyclohexyl - 4-  (spirodiphenylcyclopropene) - 2 - pheny] - 3- A similar reaction between 1.70 g (0.005 mole) of 
trichloroacetylin~idazolidine 0.363 g (44% yield based on N-trichloroacet~ldi~hen~lc~clo~ro~enimine and 1.70 g 
unrecovered aziridine), nl.p. 179-181° (from heptane). (0.005 mole) of cis-3-ben~0~l-l-~~~l0he~yl-2-~-nitr0- 

Anal. Calcd. for C, 64.98; H, 5.12; phenylaziridine in 25 ml of acetonitrile, refluxed for 21 h 
N, 4.59; c], 17.44. Found: C, 65.01; H, 5.34; N, 4.51 ; gave after chromatographic separation on alumina 1.78 g 
C1, 18.08. (52.3 % yield) of the identical l-cyclohexyl-5-benzoyl-2- 

Mol. Wt. Calcd. (mass spectrum) for C33H31NZ03 ~-~~t~~ph~~yl-4-(spirodiphenylcyclopropene)-3-(trichlo- 
35C13: 608.1402. Found: 608.1399. roacety1hydrate)-imidazolidine n1.p. 91" and as the 

The i.r. spectrum: v,,, (cHc~,) 1738 (ester c=o); second component 1-~y~l0hexyl-4-(cis-1,2-diphenylvinyl)- 
1725 cm-1 (amide C=O (13)), no OH bonds in the region 3 - dichloroacetyl - 2 - nz - nitrophenylimidazoline 0.403 g 
3400 cm-'. The n.m.r. spectrunl: STMS (CDCl,): 0.33- (11.8% yield) m.p. 245-248". Both compounds were 
2.67 ( 1 1 ~ ,  multiplet cyclohexyl protons), 3.77 ( 3 ~ ,  identical in all respects to those obtained in the reaction 
singlet, COOCH,), 4.95-5.46 (1H each, singlets, 5- and with the trans aziridine. 
2-imidazolidine protons ~.espectively), 6.68-8.0 (15H, 
multiplet, aromatic protons). Absorption spectrum This research was supported by a National Research 
(CH,OH) I,,, 292 mp (E, 8790), 222 mp (sh) (E, 14 870). Council of Canada grant to J. W. Lown. We thank Mr. 

Evaporation of the solvents from the filtrate of this R. Swindlehurst and Dr. A. Hogg for the n.m.r. and 
fraction- gave unreacted 3-carbomethoxy-1-cyclohexyl- mass spectra, respectively. 
2-phenylaziridine (0.98 g) identified by the n.m.r. spec- 
trum. 1. J. W. LOWN, R. K. SMALLEY, and G. DALLAS. 

Chem. Commun. 1543 (1968). Reaction between cis- and trans-3-Berzzoyl-I-cyclohexyl- 2. H. W. R. E. PEAVY, and A. J. DURBETAKI. 
2-nz-nitrophenylaziridi~zes and N-Triclrloroacetyl- J. Org. Chem. 31, 3924 (1966). 
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The Hantzsch pyrrole synthesis1 

M. W. ROO MI^ AND S. F. MACDONALD 
Biochemistry Laboratory, National Research Council of Canada, Ottawa, Canada 

Received November 27, 1969 

Ethyl esters of 2-alkyl- and 2,4-dialkylpyrrole-3-carboxylic acids are obtained generally by extensions 
of the Hantzsch synthesis, benzyl and t-butyl esters when the 2-alkyl group is methyl. Hemopyrrole is 
obtained from butanal and ethyl acetoacetate in three steps. Pyrroles bearing higher alkyl groups or 
carbobenzoxy groups are reductively alkylated like the corresponding methylpyrroles and carbethoxy 
derivatives; t-butyl esters d o  not survive. 

Canadian Journal of Chemistry, 48,1689 (1970) 

Introduction 

Numerous alkyl pyrroles were required to 
identify by gas-liquid partition chromatography 
(g.1.p.c.) those resulting from the reduction of 
porphyrins and their meso-alkyl derivatives cf. 
(1). Many of the pyrroles are now easily obtained 
(2) but the assembly suggested some deficiencies 
in the methods of pyrrole ring synthesis and a 
review of their possibilities. 

The most generally useful pyrrole synthesis is 
that form of Knorr's which gives 2,4-dialkyl- 
pyrrole-3,5-dicarboxylic esters from two acyl- 
acetic esters, one of them nitrosated (3a); this will 
be referred to simply as the Knorr synthesis. Both 
alkyl groups are frequently desired but, if other 
than methyl, derive from less accessible acyl- 
acetates. 

The other pyrrole ring syntheses (3a, 3b, 4), in- 
cluding other forms of Knorr's, are used when the 
above Knorr products are not appropriate inter- 
mediates, and in special, although important, 
cases. Their limitations are usually inherent: the 
intermediates inay be less accessible (a-amino- 
ketones), must be symmetrical to avoid ambiguity 
(1,3-diketones), or the products may be too 
specialized (2,5-dialkylpyrroles, N-substituted 
pyrroles). 

As the Hantzsch pyrrole syilthesis (3a) was an 

exception among these, having the formal gener- 
ality of the Knorr synthesis, we questioned its 
apparent limitations. In it, ammonia and ethyl 
acetoacetate condensed with a-halo derivatives 
of acetaldehyde (5, 6) or of ketones (7, 8) giving 
2-methyl-3-carbethoxypyrrole (the only generally 
useful product (6, 9)) or its 5-alkyl- and 4,5- 
dialkyl derivatives. The 5-position was thus an 
embarrassment: permanently blocked if alkylated 
or, if not, complicating the introduction of a 4- 
alkyl group. Further, the 2-methyl group seemed 
virtually obligatory for, when acylacetates other 
than methyl or ethyl acetoacetate had been used, 
the expected product was isolated in only one 
case: in 2 % yield from oxalacetic ester, 2-chloro- 
cyclohexanone and ammonia (10; cf. 5,8, 11, 12). 
Apparently only eight or nine pyrroles had been 
made by the Hantzsch syilthesis (contrast (3a)). 

We find that neither of these limitations exists 
in principle, first because a-halo derivatives of 
aldehydes other than acetaldehyde may be used, 
and second because acylacetates other than 
methyl or ethyl acetoacetate may be used if, as in 
Hantzsch's original procedure (7), the crude 
products are purified by washing with both acid 
and alkali. Ethyl esters of 2-alkyl- and of 2,4- 
dialkylpyrrole-3-carboxylic acids are then ob- 
tained generally, benzyl and t-butyl esters, when 
the 2-alkyl group is methyl, eq. [ I  1. 

Using chloroacetone, we also obtained the appropriate components than the ketones used 
analogous ethyl and beilzyl but not t-butyl esters heretofore. Normal aldehydes to C12 are com- 
of 2-alkyl-5-methylpyrrole-3-carboxylic acids. mercial products, they are halogenated unam- 
Aldehydes, however, are in all respects more biguously, and their halo-derivatives give both 

'Issued as NRCC No. 11229. more useful pyrroles and higher yields than do 
'NRCC Postdoctoral Fellow 1968-1970. halo-ketones. 
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TABLE 1 
Pyrroles by the Hantzsch synthesis 

- 

Product 

Substituents Melting Melting Anal. Calcd. (Found) 
Yield point point 

Components (%) Code 2 3 4 5 ("C) lit. ("12) c 13 N 

Chloroacetone and 
ethyl acetoacetate 
methvl acetoacetate 
r-but91 acetoacetate 
benzyl acetoacetate 
ethyl propionylacetate 
ethyl butyrylacetate 

COOEt 
COOMe 

8 1.3 Me C O O C H ~ C ~ H S  
9 1.4 Et COOEt 
2 1.5 CH2CHzCH3 COOEt 

MeCHBrCOEt and ethyl acetoacetate 7 2.1 Me COOEt Me Et 107.5-108 106107 (15,2) 67.66 (67.53) 8.78 (8.86) 7.17 (7.23) 2 
CICH,CHCI(OEt) and ethyl acetoacetate 40 (5) 5.1 Me COOEt 

P 
0 

BrCH,CHBr(OAc) and V 
ethyi acetoscetaie 
I-butyl acetoacetate 
benzyl acetoacetate 
ethyl prop~onylacetate 
ethyl butyrylacetate 

45 (6) 5.1 Me COOEt 
36 5.2 Me COOCMe3 
12 5.3 Me COOCH2C6HS 
29 5 .4  Et COOEt 
20 5.5 CH2CHzCH3 COOEt 

EtCHClCHO and ethyl acetoacetate 30 6.1 Me COOEt Et 77-79 
EtCHBrCHBr(0Ac) and 

ethyl acetoacetate 40 6.1 Me COOEt Et 77-79 
EtCHBrCHO and 

ethyl acetoacetate 
I-butyl acetoacetate 
benzyl acetoacetate 
ethyl propionylacetate 
ethyl butyrylacetate 

Me COOEt 
Me COOCMe3 
Me C O O C H Z C ~ H ~  
Et COOEt 

CHzCH2CHs COOEt 

CH3(CH1)4CHBrCHBr(OAc) and 
ethyl aceroacetate 45 6 .6  Me COOEt (CHzLCHs 69-7 1 

CHI(CHz)4CHBrCH0 and 
ethyl acetoacetate 
ethyl propionylacetate 

55 6.6 Me COOEt (CHZ)ICH~ 69-7 1 
49 6.7 Et COOEt (CHACH3 52-53 
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ROOMI AND MACDONALD: HANTZSCH SYNTHESIS 1691 

It will be noted that the principal limitation on 
the related pyrrole synthesis of Feist could not be 
avoided in this way for 2,5-dimethyl-3-carb- 
ethoxypyrrole resulted when P-aminocrotonic 
ester was condensed with either hydroxyacetone 
or lactaldehyde in hot acetic acid (13). 

Table l 3  shows some products of conventional 
Hantzsch syntheses, 1.1, 1.2, 2.1, and 5.1 and 
those now obtained by the above extensions, 
using one mole of each organic component under 
uniform conditions. Particularly when the yields 
were low, these conditions were not ideal, for 
when the mixtures were refluxed for 1 h after the 
spontaneous reaction was over, the yield of 6.5 
was 24% instead of 16 % although that of 6.1 
(45 %) was unchanged (cf. (8)). Also, the cheaper 
component should presumably be in excess. 

To choose between equivalent halo-aldehydes 
and derivatives, all were first condensed with 
ethyl acetoacetate and ammonia. Neither 2- 
bromo-1,l -diethoxybutane nor 1,2-dibromo- l-  
ethoxybutane gave pyrroles whether or not the 
mixtures were heated. The best yields (45-55 %) 
were obtained using 1,2-dibromoethyl acetate, 
2-bromobutanal, and 2-bromoheptanal. These 
three, also obtained directly and more easily than 
their alternatives, were then used with other 
acylacetates. The yields were then more various 
(1249%) and no pyrroles were obtained using 
benzyl propionylacetate, ethyl pivalylacetate, 2,4- 
pentanedione, nor the sodium salt of oxalacetic 
ester or of ethyl acetopyruvate. Chloroacetone 
(except when used with ethyl acetoacetate) and 
2-bromo-3-pentanone both gave lower yields of 
pyrroles than did the three preferred halo- 
aldehyde derivatives (Table 1); similarly, the 
yield of the pyrrole from 3-chloro-2-butanone and 
ethyl acetoacetate was only 26 % (8). 

Scheme 1 represents the Hantzsch products 
(1, 2, 5, 6), related Knorr products (7), the more 
useful pyrroles derived from these (9, 10, 11, 14), 
and some reactions connecting them. As specified 
in Table 2 we have carried out many of these 
reactions on the Hantzsch products to confirm 
the structures of the new ones of types 1 and 6, to 
provide a basis for comparing the Hantzsch 
products 5 and 6 with the Knorr products 7 as 
intermediates, and to further define the scope of 

31n Table 1 and Table 2 the units figure in the code 
identifies the pyrrole type, as defined in Scheme 1, and 
the decimal numbers distinguish individual pyrroles 
within it. 

reductive alkylation. These reactions were carried 
out under standardized conditions and the only 
failures encountered are discussed below. 

Discussions of the Hantzsch synthesis have 
emphasized that pyrroles are formed from 
halo-ketones as in eq. [ l ]  (R5 for H on 5) 
rather than with R4 and R5 interchanged, and 
all our products were formulated accordingly. 
The only evidence in support of this was that 2,5- 
dimethyl-3-carbethoxypyrrole, 1.1, was obtained 
from chloroacetone, ethyl acetoacetate, and am- 
monia (7). In the 2,4-dimethyl-3-carbethoxyfuran 
formed concurrently, R4 and R5 were inter- 
changed (11). The only other evidence was that 
ethyl P-bromolevulinate, ethyl acetoacetate, and 
ammonia give the diethyl ester of 2,4-dimethyl-3- 
carboxypyrrole-5-acetic acid, a pyrrole in which 
R4 and R5 are interchanged (14). In view of this, 
all the doubtful structures of new Hantzsch 
produc'ts (types 1, 2, and 6) were confirmed, 
and eq. [ I ]  evidently does represent the prod- 
ucts from ~~ncomplicated halo-aldehydes and 
-ketones. The pyrrole 2.1 was known (1 5, 2); 
although it is confused in the literature with its 
isomer 2.14 of the same m.p. (15, 3c), their mix- 
ture m.p. is depressed. The remainder, of types 1 
and 6, were systematically related to products of 
the Knorr synthesis, 7, including the new 7.7. 
With two exceptions, 6.6 and 6.7, ethyl and benzyl 
esters 6 were authenticated by conversion to 
Knorr products, 7 (Scheme 1). Pyrroles 1 and 6 
with R and R2 in common were then related 
through 2. When two pyrroles, 6, differed only in 
R4 (6.1 and 6.6, or 6.4 and 6.7), only one was 
confirmed through 7 for both could be related to 
the same 1 through a pyrrole of type 2. Less 
systematically, the s t ruct~~re of 6.1 also follows 
from its conversion to the known pyrroles 2.14, 
3.1, 10.1, 15.1, 14.4and 14.5,andthatof6.4from 
its conversion to 14.2. To avoid a Knorr synthesis, 
the structure of the t-butyl ester 6.2 was confirmed 
by reducing it to 10.1 which was identified as the 
solid 14.4, a known pyrrole also obtained from 
the corresponding ethyl and benzyl esters, 6.1 and 
6.3. Similarly, although without the structural 
significance, the ethyl and benzyl esters 5 were 
related to 6 and, except in one instance, to 1 
through pyrroles of type 2. The t-butyl ester 5.2 
could not be reductively alkylated, but it was 
reduced like the corresponding ethyl and benzyl 
esters, 5.1 and 5.3, to 9.1 which was identified as 
the solid 13.1. 
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TABLE 2 
Pyrroles from Hantzsch products 

Starting 
pyrrole 

Substituents Melting 
Yield point 
(%) ("C) 

Melting 
point 

lit. r C )  

Anal. Calcd. (Found) 

Method Code 

Reductive alkylation (a) 
Reductive alkylation (a) 

COOMe 
COOMe 
COOMe 

COOCH,C,H, 
COOCH2C6Hs 
COOCH2C6Hs 

COOEt 
COOEt 
COOEt 
COOEt 

Reductive alkylation (a) 
Reductive alkylation (a) 

Reductive alkylation (a) 
Reductive alkylation (a) 
Reductive alkylation (a) Below 

(34 9) 
114 (34 

Above 

Above 
Above 

Above 

]16(3f) 
(3r, 16) 
79 (16) 
78 (17) 

62-63 (1 8) 

82-83 (19) 

105-107 (2) 
104-106 ( I )  

69 (3h) 
115 (3f) 

(3;) 
(3)) 

Above 
86 (3k) 
97 (31) 
Above 
75 (3111) 

COOEt 
COOEt 

COOCMe, 
COOCMe, 

Me 

Reductive alkylation (a) 

COCI2 (a) 
LiAIH, 
COCI, (b) 

COOEt 

COOEt 

Reductive alkylation (a) 
Reductive alkylation (a)  
COCll (a) 
LiAIH, 
COCI, (b) 

Me Me 
Et Et 

COOEt 

COOEt 

Reductive alkylation (a) 
Reductive alkylation (a) 
COCll (a) 
Reductive alkylation (a) 
LiAIHn 
COCI, !b) 
Reductive alkylation (a) 
Reductive alkylation (a) 

Me Me 
Et Et 

COOEt 
Me COOEt 

COOEt 
Me COOEt 

Me 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 

Me 
Me 
Me 

COOEt 
COOEt 
COOEt 

Me 
COOEt 

Me 

Et COOEt 

Reductive alkylation (a) 
Reductive alkylation (a) 
COCll (a) 
Reductive alkylation (a) 
LiAIH, 
COCIz <b) 
Reduct~ve alkylation (a) 

Me Me 
Et Et 

COOEt 
Me COOEt 

COOEt 
Me COOEt 
Et 

Reductive 
Reductive 
Reductive 
COCll (a) 
LiAIHI 
NaOH 
H S O I  
COCIZ (b) 
COCI, !b) 
Reductive 
Reductive 

alkylation (a) 
alkylation (a) 
alkylation (c) 

- 

Et Me 
Et Et 
Et Me 
Et COOEt 
Et 
Et 
Et 
Et COOEt 
Et COOEt 
Et COOEt 
Et COOEt 

alkylation (a) 
alkylation (d) 
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TABLE 2 (concltrded) 

Substituents Melting Melting Anal. Calcd. (Found) 
Starting Yield point point 
pyrrole Method Code 2 3 4 5 (%) r c )  lit. r C )  C H N 

C] 

6.2 Me COOCMe, Et % 
COCIZ (a) 
LiAIH, 
COCl, (b) 

COOEt 

COOEt 

Me 
Et 

COOEt 

COOEt 

Me 
Et 

COOEt 

COOEt 

Me 
Et 

COOEt 

Me 
Et 
Me 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 

Me 

64.03 (63.91) 
Above 77.99 (77.80) 
Above 

Reductive alkylation (a) 
Reductive alkylation (a) 
COCIZ (a) 
LiAIH, 
COCIZ (b) 

Above 74.68 (74.51) 
Above 75.24 (75.42) 

127-129 (18) 68.55 (68.41) 
Above 77.99 (78.10) 

Me 
COOEt 
COOEt 
COOEt 

Above 

Reductive alkylation (a) 
Reductive alkvlation (a) 

Above 68.86 (68.88) 
Above 69.92 (70.10) 
97 (311) 62.90 (63.07) 

(30) 78.77 (78.83) 
Above 68.86 (69.03) 

COOE~ 
Me 
Me 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 

Me 
Me 

COOEt 
COOH 

Me 
Me 

COOEt 
COOEt 

Reductive alkylation (a) 
Reductive alkylation (a) 
COCl, (a) 

Above 69.92 (70.03) 
Above 70.85 (70.93) 

See Experimental 64.03 (64.19) 

Reductive alkylation (a) 78-79 (2) 

Above 

Reductive alkilation (a) 
Reductive alkylation ( c )  

Reductive alkylation (a) Above 71.67 (71.71) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ROOMI AND MACDONAl ,D: HANTZSCH SYNTHESIS 1695 

We had used methylpyrroles and their carb- 
ethoxy derivatives to determine sets of conditions 
suitable for the reductive alkylation of rep- 
resentative types of pyrroles, and the limitations 
of these methods (2). The alkylations now carried 
out (Scheme 1 and Table 2) now show that the 
generalizations made then are equally applicable 
to pyrroles bearing higher alkyl groups, and to 
their carbethoxy or carbobenzoxy derivatives. 
The only exception was the dicarboxylic ester 4.2 
which was too insoluble to be methylated at room 
temperature, and its carbobenzoxy group was dis- 
placed by a methyl group at  45" (see Experi- 
mental). The t-butyl esters, however, did not 
survive at room temperature. In detail, the ethyl 
esters 1.4, 4.3, 4.4, 5.4, 5.5, 6.1, 6.4, 6.5, 6.6, 6.7, 
13.2, 13.3, 15.1, 15.2 were methylated, 1.4, 1.5, 
5.4,5.5,6.1,6.4,6.5,6.6, 13.2, 15.1 wereethylated, 
and 1.4 was converted into its n-pentyl derivative; 
like their lower homologue (2), 4.3 and 4.4 were 
not ethylated. The benzyl esters 1.3, 5.3, and 6.3 
were both methylated and ethylated ; the methyla- 
tion of 4.2 is discussed above and its ethylation, 
like that of 4.3 and 4.4 was not to be expected. At 
100°, when no difficulty was expected as carb- 
alkoxy groups are replaced, both 6.1 and 6.6 were 
completely C-methylated. 

In conclusion, the Hantzsch synthesis and the 
Knorr synthesis in its various forms have the 
same formal generality but that of the latter is 
more fully realized, particularly because 4-acetic 
and 4-propionic acids are obtained directly, the 
choice of acylacetates providing the 2- and 3- 
substituents is wider, and 1,3-diketones may re- 
place acylacetates. The Hantzsch synthesis has 
advantages when its use permits a commercial 
aldehyde (halogenated) to replace a higher acyl- 
acetate (nitrosated), and also when 4-free pyrroles 
are required or when the final products are to be 
3-methyl derivatives. Thus the 2-alkyl- and 2,4- 
dialkyl-3-methylpyrroles 9.2, 9.3, 10.1 (hemo- 
pyrrole), 10.2, 10.3 are now obtained (as was 
2,3-dimethylpyrrole, 9.1 (9)) in three steps from 
aldehydes and acylacetates, hemopyrrole (12%) 
from butanal and ethyl a~e toace ta te .~  The 
Hantzsch synthesis also provides attractive routes 
to 14 (R3 = Me): 10.1, 10.2, 10.3 -> 14.4, 14.2, 
14.6 respectively, 13.2 -> 14.1 and 14.2, or 13.3 + 
14.3. More generally, 14 (R3 = Me) was ob- 

4The bromine required costs six times as much as these 
cabalistic starting materials. 

tained through 6.1 -> 11.1 + 15.1 -> 14.4 and 
14.5, or 6.6 -> 7.8 + 12.1 -> 15.2 -> 14.6. 

I t  was necessary to  clear up confusion over the 
m.p. of 2,3-dimethyl-5-carbethoxypyrrole, 13.1 
(16,4). Fischer and Fink applied their "modified 
Knorr" synthesis (eq. [2b]) to 3-formyl-2- 
butanone and identified the product, m.p. 12S0, 
as 13.1. They concluded, without further evidence, 
that the lower m.p., 114" (3e), of earlier prepara- 
tions was due to the presence of some of the N- 
carbethoxypyrrole. The N-carbethoxy derivative 
may contaminate products from pyrrylmagne- 
sium halides and ethyl chloroformate (3a), and its 
presence here would reflect on the purity of all 
the products we obtained by the phosgene 
method. We found,5 however, that Fischer and 
Fink's product is a mixture of 13.1, m.p. 114- 
116", with 10-30 % of 2,3,4-trimethyl-5-carb- 
ethoxypyrrole, m.p. 126-129", into which it was 
resolved by preparative g.1.p.c. ; conversely, mix- 
tures of these two pyrroles had the same nuclear 
magnetic resonance (n.m.r.) spectrum and m.p. 
(128-130") as the product of Fischer and Fink. 
Evidently, Knorr syntheses with 1,3-dicarbonyl 
compounds can take a third course (eq. [2c]) 
(possibly six if the dicarbonyl compound is un- 
symmetrical) which was foreshadowed by the 
equivalence of acetylacetone and its oxymeth- 
ylene derivative in the normal Knorr syilthesis 
(eq. Pal)  (16). 

Experimental 
Melting points are corrected. The assigned structures 

were consistent with the n.m.r. spectra. Pyrroles gave 
negative Beilstein tests for halogen and positive Ehrlich 
reactions. Those encountered more than once had 
identical n.m.r. spectra and their mixture n1.p.'~ were not 
depressed. 

The following were obtained by methods in the 
literature: t-butyl acetoacetate (20), benzyl acetoacetate 
(21), ethyl and benzyl propionylacetate, ethyl butyryl- 
acetate (18), 2-bromo-3-pentanone (22), 1,2-dibromo-1- 
ethoxybutane (23), -2-chlorobutanal (24), 2-bromo- 
butanal and 2-bromoheptanal (25), and 1,2-dibron~o-1- 
acetoxyheptane (26). 2-Bromo-1,l-diethoxybutane, b.p.,, 
86-88", and 1,2-dibromo-1-acetoxybutane were obtained 
like the corresponding pentane (27) and heptane (26) 
respectively. Hydriodic acid (d = 1.94) and 50% hypo- 
phosphorous acid were used. 

Standard (not Optir~~al) Conditions for the Hantzscl~ 
Syntheses in Table 1 

Aqueous ammonia (50 ml O F  28 %, 50 ml of water) was 
added to the acylacetate and halo-compound (0.1 mole of 
each) and the mixture was stirred for 2 h while the tem- 

5With D. T. Krajcarski. 
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MeCO CH2COMe Knorr Me COMe 
I + I E t O O ~  C=N.OH COMe (Z~-ACOH),  E t 0 0 c r j ~ e  

N 
H 

Me Me 
MeCO + O H C + C H M ~  , E~OOCLJM~ 

I 
EtOOC C=N.OH C O M ~  I (Zn-AcOH) H 

perature rose to about 60" then fell. Next day the product 
was extracted into ether and the extract was washed with 
10% NaOH, with water, with 5 %  HCI, and again with 
water. Ether was removed from the dried (Na2S04) 
extract in vacuo. The products 1.3, 1.4, 2.1, 5.2, 5.3, 6.1, 
6.2, 6.3, 6.4, 6.5, 6.6, 6.7 crystallized from the residues 
after a few hours at room temperature and 1.5 crystallized 
at OD. These were recrystalliz~d from ether-pentane and 
then, if necessary, decolorized by sublimation (ca. 90°, 
0.5 mm). In the case of 5.4 and 5.5, the distilled residues 
crystallized at 0"; 5.4 was then drained on cold tile and 
redistilled, 5.5 was recrystallized from pentane. 

Standard Conditions for the Reactions Detailed in 
Table 2 as Designated There and in Scheme I 

LiAIH,. 3-Methylpyrroles from 3-Carbethoxypyrroles: 
9 and 10 from 5 and 6 cf .  ( 9 )  

A solution of the pyrrole (0.01 mole) in 20 ml of dry 
tetrahydrofurane was dropped into a stirred solution of 
LiAlH, (0.8 g) in 20 ml of tetrahydrofurane over 112 h. 
The solution was then refluxed for 18 h, cooled, and 
ordinary ether (20 ml) added followed by enough 10% 
NaOH (ca. 100 ml) to redissolve the initial precipitate. 
The mixture was extracted with ether, the dried (Na2S04) 
extract was evaporated (rotary), and the residue was dis- 
tilled at ca. 90" (10 mm). 

CO C12. 5-Carbethoxypyrroles 
( a )  From 3-Carbethoxypyrroles: 4 and 7 from 5 and 6 
A solution of the pyrrole (0.01 mole) in 25 ml of toluene 

and 1.2 g of dirnethylaniline was cooled in an ice-salt bath 
and stirred while a solution of phosgene (1 g) in toluene 
(10 ml) was dropped in over 15 min. After standing over- 
night, the mixture was refluxed for 2 h. Absolute ethanol 
(10 ml) containing dimethylaniline (1.2 g) was then 
dropped in at room temperature and the mixture stirred 
and heated for 1 h. Toluene was removed at room tem- 
perature in vacrro (rotary), and the residue poured into 
dilute hydrochloric acid (10 ml concentrated and 100 ml 
water). The solid which separated was crystallized from 
ether-pentane. 

Reductive Alkylatiorr cf. ( 1 , 2 )  
( a )  Using Hydriodic Acid at Roorn Temperature: 2 from 

1, 5,  or 6 ;  7 (R4  = Me, R = Et) from 4 ( R  = Et ) ;  
14 from 13; 14(R3 = Me) from 15 

The pyrrole (0.004 mole) in acetic acid (10 ml), hydri- 
odic acid (10 ml), hypophosphorous acid (2 ml), and the 
aldehyde ( l x  - 5x  theory) were stirred for 2 h at room 
temperature. The solution was poured into 200 ml of 
water, the mixture made alkaline with ammonia, and the 
precipitate was recrystallized from ether - n-pentane. 

( b )  Using Hydriodic Acid at 4 j0 ,  with Loss of 
Benzyloxycarbonyl Groups: 2,3,4-Trimethyl-5- 
carbethoxypyrrole from 2-Methyl-3-benzyloxy- 
carbonyl-5-carbethoxypyrrole, 4.2, or from its 
4-Methyl Derivative (28) 

The pyrrole (0.574 g) in acetic acid (10 ml), hydriodic 
acid (5 ml), and hypophosphorous acid (1 ml) was stirred 
for 2 h at 45" with 0.3 g of paraformaldehyde. The 
product (75 %), m.p. 127-129", was isolated as under (a )  
above. 

Anal. Calcd. for C10H15N02: C, 66.27; H, 8.34; N,  
7.73. Found: C, 66.44; H, 8.51; N, 7.57. 

( c )  Using Hydriodic Acid at 100°, with the Loss of 
Carbethoxy Groups: 3 from 6 

The pyrrole (0.01 mole), 25 ml of acetic acid, 25 ml of 
hydriodic acid, 5 ml of hypophosphorous acid, and 0.6 g 
of paraformaldehyde were heated for 3 h under nitrogen 
at 100". The cooled solution was poured into water, the 
mixture was made alkaline with ammonia, and the 
product was extracted into ether. Ether was removed from 
the extract and the residue was distilled at ca. 95" (10mm). 

( d )  Using HCI-AcOH-Zn: 14.5 (i.e. R3 # Me) 
from 15.1 

Acetic anhydride (20ml) was added to 5 ml of con- 
centrated hydrochloric acid with cooling. The pyrrole 
15.1 (0.004 mole), paraldehyde (0.008 rnole) and 10 g of 
zinc amalgam (20 mesh) were added to this at 25' and 
stirred for 25 min. The zinc was then separated and the 
product was isolated as under (a) above. 

( b )  From Purely Alkyl Pyrroles, cf. ( 6 ) :  13, 14, and f fzSo4 
15.1 from 9 ,  10, and 11.1 ( a )  Removal of Carbethoxy Groups cf. (3p):  11.1 

The pyrrole (0.01 mole), in dry ether (25 ml) and di- from 6.1 
methylaniline, was treated as in (a)  but without any 2-Methyl-4-ethyl-3-carbethoxypyrrole (9.05 g) in 24 ml 
heating. of concentrated sulfuric acid and 10 rnl of water was 
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ROOMI AND MACDONALD: HANTZSCH SYNTHESIS 1697 

heated for 3 h on the steam bath. The mixture was then 3. H. FISCHER and H. ORTH. Chemie des Pyrrols. Vol. 
made alkaline with 20% NaOH at < 15". The product, 1. Akademischer Verlag, Leipzig, 1934. (a) pp. 2 ff, 
2-methyl-4-ethylpyrrole, was extracted into ether then 231 ff; (b) P. 177 ff; (c) P. 248; (d)  P. 41; (e) P. 238; 
distilled at ca. 86" (20 mm). (f) p. 257; (g) p. 47; (h) p. 54; (i) p. 51; (j) p. 46; 

(k)  p.240; (1) p. 242; (m) p. 243; (n)p. 258; (0) p. 57; 
(b) Partial Hydrolysis cf. (3g) : 12.1 from 7.8 (p) p 4 2  (q) p. 239. (r) p. 255 ff. 
2-Methyl-4-n-pentyl-3,5-dicarbethoxyp~rrole (7.8) (2 g) 4, R. A. NICHOLAUS gnd R. SCARPATI. Sugli Acidi 

was stirred for 1 h at 40" in 4 ml of concentrated sulfuric Pyrrolici. Stabilimento Tipografico Guglielmo Geno- 
acid. The product was precipitated by water and dissolved vese, Naples, 1962. p. 13. 
in aqueous NaOH which was then washed withether.The 5. E. BENARY. Chem. Ber. 4,495 (191 1). 
product, 2-methyl-4-n-pentyl-5-carbethoxypyrrole-- 6. A. TRE~BS and W. Om. Ann. Chem. 615, 137 (1958). 
carboxylic acid (12.1) was reprecipitated by acid and re- 7. A. HANTzscH. Ber. 239 1474 
crystallized from ethanol as tiny colorless plates. 8. G. KORSCHUN. Chem. Ber. 37, 2196 (1904); 38, 

1125 (1905). 
NaOH. Removal of Carbethoxy groups cf. (3i): 9. R. L. HINMAN and S. THEODOROPULOS. J. Org. 

11.1 from 6.1 Chem. 28, 3052 (1963). 
2-Methyl-4-ethyl-3-carbethoxypyrrole (9.05 g) was 10. A. TREIBS. Ann. Chem. 524, 285 (1936). 

heated for 6 h at 175" with 40 ml of 10 % aqueous NaOH 1. F. FEIST. C h m .  Ber. 35, 1539, 1545 (1902). 
in a Teflon lined screw-capped metal tube. The product, 12. H. FISCHER and H. H~FELMANN.  Z. P ~ Y s ~ o ~ .  Chem. 

251, 218 (1938). 2-rneth~l-4-eth~l~~rrole, was extracted into ether then 13. C. D, NENnzEscu, I. NEcsoIu, and M. ZALMON. 
distilled at ca. 86" (20 mm). Comun. Acad. Rep. Sop. Rom. 7, 421 (1957). 

250". Decarboxylation cf. (3q): 15.2 from 12.1 14. H. KONDO, S. ONO, and S. IRIE. J. Pharm. Soc. 
2-Methyl-4-n-pentyl-5-carbethoxypyrrole-3-carboxylic Japan, 57, 78 (German) (1937). 

acid (12.1) was decarboxylated at 250". The product, 2- 15. L. KNoRR and K. HESS. Chem. Ber. 4,2762 (191 1); 
methyl-4-n-pentyl-5-carbethoxypyrrole, 15.2, was sub- 459 2626 
limed at ca. 60' (0.05 mrn) then recrystallized from ether- E2Tf"z~ and 'INK. Z. P h ~ s i o l  283y 

pentane as prisms. 17. H. FISCHER and H. HOFELMANN. Ann. Chem. 533, 
Knorr. Ring Synthesis of 7.7 cf. (3r) 216 (1938). 
Ethyl propionylacetate (5.12 g) in 25 rnl of acetic acid 18. J. L. ARCHIBALD, D.  M. WALKER, K. B. SHAW, A. 

was nitrosated at < 5" with 2.46 g of sodium nitrite in a MARK~VAC,  and S. F. MACDONALD. Can. J. Chem. 
little water. After 15 h at O0, 5.63 g of ethyl n-butyryl- 447 345 
acetate in 25 ml of acetic acid were added. The solution 19. LABORATORIEs IN'. (by K. ScHOEN and I. J. 
was stirred while 10 g of zinc dust were added at 65" PACHTER) Belg. Pat. 670, 796; cf. Chem. Abstr. 65, 

16943 (1966). 
Then, after 1 h at 85" the solution was decanted into. 20. A. T~~~~~ and K. H ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  them. B ~ ~ .  87, 
water. The 2-n-propyl-4-ethyl-3,s-dicarbethoxypyrrole 1167 (1954). 
which separated was recrystallized from 50% ethanol 21. R. F. BACON. Amer. Chem. J. 33, 68 (1905). 
then twice from n-pentane as long colorless needles (25 %), 22. H. PAULI. Chem. Ber. 34, 1771 (1901). 
rn.p. 8486" and 99-101". 23. H. SEIFERT. Monatsh. Chem. 79, 198 (1948). 

Anal. Calcd. for C,,H,,O,N: C, 64.03; H, 8.24; N, 24. A. K R A ~ I G E R .  Bull. Sot. Chim. France, 20, 222 
4.98. Found: C, 64.20; H, 8.41; N, 5.02. (1953). 

25. J. J. RIEHL. C. R. 245, 1321 (1957). 
26. P. Z. BEDOUKIAN. J. Amer. Chem. Soc. 66, 1325 

I. B. V. GREGOROVICH, K. S. Y. LIANG, D. M. CLUGS- (1944). 
TON, and S. F. MACDONALD. Can. J. Chern. 46, 27. R. K ~ N  and C. GRUNDMAN. Chem. Ber. 70, 1898 
3292 (1968). (1937). 

2. M. W. ROOMI and S. F. MACDONALD. Can. J. 28. S. F. MACDONALD. J. Chem. Soc. 4176 (1952). 
Chern. 48, 139 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Appareil pour la mesure de moments dipolaires 

C .  BARBEAU, L. RICARD ET J. TURCOTTE 
Dipartement de C/iitnie, Utziversitk Laval, Qriibec 

R e p  le 31 decembre 1969 

On dicrit un systeme qui permet la mesure d'un moment dipolaire a partir d'aussi peu que mole 
d'uoe substance de moment dipolaire tgal a 1.0 D. La constante diklectrique d'une solution est mesurCe 
a +0.000008 unite. Un systeme de dilution permet d'effectuer la determination de p a  partir d'une seule 
peste. Les differcntes methodes de calcul du moment dipolaire ont etC comparees et il est propose une 
methode, deduite de celle de Guggenheim, qui permet d'obtenir, de la seule mesure des constantes 
ditlectriques, une valeur de moment dipolaire tres voisine de celle donnee par la mtthode classique. 

A system isdescribed which enables the determination of dipole moments of magnitude 1.0 D from as 
little as mole of substance. The dielectric constant can be measured with a precision of +0.000008 
unit. Only one weighing is necessary. A modified Guggenheim method, in which only the values of the 
dielectric constant are required, is used to calculate the dipole moments. 
Canadian Journal of Chemistry, 48, 1698 (1970) 

Introduction 
Les appareils pour la mesure de moments 

dipolaires en solution exigent normalement une 
quantitt de solutt de l'ordre de mole et ne 
sont pas pourvus d'un systkme de dilutions 
successives ou de protection contre l'oxygkne 
atmosphtrique et l'humiditt. L'emploi d'un 
solvant tel que le cyclohexane, pour tviter des 
effets de solvant, ne permet pas gtntralement des 
concentrations tlevtes en solutt lorsqu'il s'agit 
de composts organo-mttalliques. Nous avons 
tlabort un systkme pour la dttermination des 
moments dipolaires de ces composts organo- 
mttalliques, qui sont trks sensibles l'oxygkne 
atmosphtrique, dont la solubilitt est tres faible 
et qui ne sont obtenus qu'en tres petite quantitt. 

Les difficultts relites a la mesure de densitt des 
solutions et l'imprtcision sur la mesure de I'indice 
de rtfraction de solutions trks dilutes nous ont 
poussts a comparer les mtthodes de calcul des 
moments dipolaires, selon Guggenheim (I), 
Higasi (2), et Halverstadt-Kumler (3). Nous 
dtsirions vtrifier si le terme relit h la polarisation 
tlectronique, P,, dans l'tquation de Guggenheim, 
pouvait s'obtenir a partir de la mesure des indices 
de rtfraction dans le benzene ou pouvait Ctre 
calcult a partir des rtfractions atomiques. 

Description dri Systbme 
Le systeme utilise dans la determination du moment 

dipolaire consiste, en un appareil pour la mesure de la 
constante dielectrique E, en un refractomttre, et en un 
circuit pernlettant d'effectuer, sous atmosphere d'azote, 

les dilutions et les montees des solutions dans le con- 
densateur liquide. 

L'appareil pour la mesure de la constante dielectrique 
se fonde sur la methode dite "htttrodyne" et emploie 
deux oscillateurs Franklin (4), l'un fixe, pilot6 par un 
quartz piezo-electrique oscillant a 1.5 MHz, l'autre 
variable, constitue par quatre condensateurs (Cl-C4) en 
parallele et une bobine d'induction. C, et C2 sont deux 
condensateurs variables a air, General Radio 1422, de 
1100 pF  et 250 pF respectivement. C3 est un condensateur 
cylindrique constitue par une t&te de micrometre p in t -  
trant l'inttrieur d'une gaine de laiton et dont la capacitt 
maximale est de 2.5 pF. Les condensateurs C, et Cp sont 
graduts a l'aide du condensateur C3 qui presente 2500 
divisions. C4 est le condensateur liquide qui sert de  
cellule a constante dielectrique. I1 a ete construit d'aprts 
le modtle de Meredith et Wright (5). La constante de la 
cellule a 25 "C est de 270 pF. Grbce aux nombreuses 
divisions des condensateurs C,, C2, et C,, on peut 
mesurer E sur une gamme de quatre unites avec une 
precision de +0.000008 unite. Les condensateurs sont 
places dans une cage hermttique en plexiglas dont la 
temperature est maintenue a 25.0 k 0.05 "C grbce a un  
Clement chauffant de 500 W et un systeme de refroidis- 
sement a l'eau. La cellule est placee dans un manchon 
metallique dont la temperature est rigoureusement 
maintenue a k0.01 "C l'aide de deux bains thermo- 
regularists. La tension de 250 V aux bornes des con- 
densateurs de m&me que la source d'alimentation de 6.3 V 
ntcessaire aux diffkrentes lampes du circuit sont stabi- 
lisees de facon a tviter toute fluctuation au cours d'une 
mesure. Deux condensateurs variables a air C, et C6 dont 
la capacite maximale est de 800 p F  peuvent &tre sub- 
stituts au condensateur C4 au moyen d'un relais actionnC 
par un interrupteur sans capacitance. En cours de mesure, 
cette substitution permet de verifier la stabilite du circuit 
Clectrique et d'effectuer, si necessaire, une correction sur 
la lecture du condensateur liquide C4. 

Le refractometre est du type "Bausch & Lomb Dipping 
Refractometer" auquel on a ajoutt une cellule permettant 
l'entrte et la sortie du liquide. Cette cellule est egalement 
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BARBEAU ET AL.: APPAREIL POUR LA MESURE DE MOMENTS DIPOLAIRES 1699 

FIG. 1. Systkme de dilution sous atmosphere inerte. 

maintenue k0.01 "C gr2ce a deux bains thermo- 
rCgularisCs. L'indice de refraction peut t tre mesure a 
+_0.00004 unite. La lunette du refractometre est situCe a 
l'exterieur de la cage de plexiglas et la cellule ainsi que la 
lampe au sodium se retrouvent a l'interieur de la cage 
( ~ i g .  1). 

Toutes les dilutions sont rCalisCes en transferant, sous 
pression d'azote, une quantitt connue de solvant, d'un 
reservoir au recipient contenant le solute. G r k e  a une 
colonne de spheres graduees, reliees entre elles par des 
tubes capillaires, la quantite de solvant introduite dans la 
solution est precise a +0.02%. Le courant d'azote, qui 
pousse la solution dans le refractometre et le conden- 
sateur liquide, entraine les gouttelettes restant sur les 
parois des spheres. Pour que les monties vers les cellules 
soient uniformes et reproductibles, le courant d'azote est 
rigoureusement contr6lC par un debitmetre (Matheson, 
No. 610) relie a un cylindre d'azote. 

Lors d'une mesure on procede de la faqon suivante. La 
substance pesCe est plac6e dans le recipient K (Fig. 1);  
l'ensemble du systeme est complktement purge d'air et 
rempli d'azote; le robinet a voie double E est place de 
faqon a permettre au solvant de monter en F sous la 
pression d'azote arrivant en D ;  la colonne remplie au 
niveau desire, le robinet E est inverse en direction de K; 
sous la poussCe d'azote arrivant en H, la solution monte 
dans les cellules C4 et R qui sont reliees aux robinets A 
et B ouverts a l'air lors des montees; les cellules remplies, 
la pousske de I'azote est interrompue et les robinets B et 
C sont fermCs; apres lectures des valeurs de E et 11, la 
pression de l'azote est liberee en dirigeant les robinets B 
et A vers H et en ouvrant le robinet G sur un barboteur I 
relie a l'air. 

Le volume minimum requis est de 40 ml. La montde 
dure environ 3 min et 4 ou 5 mesures par dilution sont 
suffisantes. Un agitateur magnetique place au fond de K 

permet un melange tres rapide et un manchon chauffant 
place au-dessus du niveau du liquide dans K evite toute 
condensation de solvant sur les parois. 

Rksultats et discussion 
(a) Syst2me de mesure 

La mesure de la constante ditlectrique de 
solutions tr&s dilutes est facilement fausste par un 
ltger changement soit dans la tempkrature des 
composantes Clectriques de l'appareil, soit dans' 
le remplissage de la cellule liquide, soit dans la 
prtparation des solutions. Ainsi nous avons 
constatt qu'une variation de f 0.5 "C dans 
l'enceinte contenant les condensateurs diminuait 
la prkcision sur la mesure de E A +0.0001 unitt. 
D'autre part, la montte non-uniforme du liquide 
dans le condensateur rtsulte en une baisse 
apprtciable de la reproductibilitt des mesures. 
Finalement, nous avons constatt que la valeur E,, 
obtenue en changeant le rtcipient K pour la 
mesure du solvant pur, ttait toujours difftrente 
de la valeur obtenue par extrapolation a dilution 
infinie. On peut donc conclure que la prtparation 
des solutions a difftrentes concentrations s'effec- 
tue dans des conditions identiques seulement dans 
un syst6me fermt. La technique de dilution con- 
tinue presente d'autre part le double avantage de 
permettre la dttermination, dans un temps court, 
d'un moment dipolaire d'une substance peu 
soluble ou d'une substance disponible en tres 
faible quantitt. 

Les rtsultats du tableau 1 montrent qu'en 
dkpit d'une variation d'un facteur 10 dans les 
dilutions initiales, la valeur ds12/df2 de la bi- 
phtnylamine dans le cyclohexane demeure 
inchangte. Cette valeur donne la pente de la 
droite obtenue par moindres carrts lorsqu'on 
porte graphiquement la constante ditlectrique de 
la solution E,, en fonction de la fraction molaire 

f2 du solutk. Les condensateurs de rtfkrence se 
sont avtrts tr&s importants lors de la mesure 
effectuke A partir de 14.7 mg et ont permis 
d'obtenir une valeur de ds12/df2 (= a) prtcise a 
10%. Dans la rtgion d e  tr6s faible dilution nous 
n'avons constatt aucune variation significative 
sur la valeur ds12/df2 comme en font foi les 
rksultats de la mesure effectute sur 0.2699 g de 
biphknylamine. 

Les mesures effectutes dans le benz6ne mon- 
trent, qu'en dtpit d'une faible polarisation totale 
P, et d'une polarisation tlectronique P, tlevte 
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TABLEAU 1 
Moment dipolaire (D) de la biphknylamine, C12HIlN t~ 25 "C 

Benzene Cyclohexane 

*Quantit6 de C l z H I I N  = 1.1301 g; valeurs extrapol6es: E I  = 2.26489; nlD2 = 2.24644; y = 0.83 + 0.02; a = 2.43 + 0.02; 
wG = 1.07 ? 0.01; y '  = 0.84; PE = 51.73 cm3; wH = 1.32; pG' = 1.07; wc = 1.08. 

tQuantit6 de C I Z H I I N  = 0.2699 g; valeurs extrapol6es: EL' 5 2.01511; E I I I  = 2.01487; E~~~~ =2.01496; a1 = 1.87 + 0.01; 
a> 1.87 ? 0.01: a"' = 1.81 2 0.04; 7' = 0.60; P E  = 51.73cm3; wH1 = 1.36; wH1' = 1.36; w H I I 1  = 1.33; w'G1 = 1.12; 
II = 1.12; p'G"l = 1.09. 

tQuantit6 de C , ~ H I ~ N  = 0.2221 6 ;  valeurs extrapol6es: E I  = 2.27191; nlDZ = 2.24648; y = 0.85 + 0.02; a = 2.56 + 0.04; 
w~ = 1.11 + 0.03; y '  = 0.84; P, = 51.73 cm" ;,I = 1.35; wG' = 1.11; pc = 1.08. 

BQuantitk de ClzHllN = 0.01473 g; valeur extrapoke: E I  = 2.01499; a = 2.0 ? 0.2; y '  = 0.60;PE = 51.73 cm3; wH = 1.40; 
wG = 1.17. 

pour la biphtnylamine, la limite de confiance sur 
les lectures de n12 est atteinte bien avant celle 
sur les lectures de E,,. En effet la quantitt initiale 
minimale pour observer une variation dnlZ2/ 
df, = (y) est dixfois suptrieure B celle permettant 
une dttermination acceptable de d ~ , , / d f ~ .  

(b) Me'thodes de caIcuI 
La mtthode dYHigasi (2) telle que vtrifite et 

dtcrite par Krishna et Srivastava (6, 7) permet 
le calcul de p h partir de d&,,/df2. 

oh k = constante de Boltzmann; T = temptra- 
ture absolue; M = masse moltculaire; N = 
nombre dYAvogadro; d = densitt h 25 "C. 

La mtthode de Guggenheim (1) a t t t  presentee 
sous plusieurs versions par Smith (8) et une 
equation modifite peut se lire 

Pour les solvants tels que le cyclohexane et le 
benzene oh n12 x la difftrence entre les 
equations [I]  et [2] rtside dans le terme y qui 
exprime le degrt de polarisation tlectronique P,. 

La polarisation tlectronique d'un solutt peut 
s'obtenir B partir de la somme des polarisations 
Clectroniques de liaison telles que compiltes par 
Le Fevre et Steel (9). Nous avons trouvt que la  
relation [4] 

donnait des valeurs de dnlZ2/df, = (y') tr&s voi- 
sines de celles mesurtes. 

A dtfaut d'obtenir la pente expirimentale y, 
nous avons introduit la valeur y' dans l'tquation 
P I .  

Dans le benzene, on constate (tableau 2), que les 
valeurs des moments dipolaires calcults selon 
[5] et [2] sont tres semblables et voisines des 
valeurs p, obtenues B partir de donntes sur les 
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TABLEAU 2 
Comparaison des moments dipolaires, h 25 "C, calcults selon les equations [I], [2] et [5]* 

E' 

ComposCs 
PE eq. [I1 eq. [21 eq. [ , I  

Solvant a Y E 
Y' (cm3) H PC PG PC pc - pcf pc - pc' Reference p 

Dimethyl-3,4 mtthoxy-5 isoxazole 
Dimethyl-3,4 N-methylisoxazoline one-5 
Methyl-3 phenyl-4 N-m~thylisoxazoline one. 
BiphCnylamine 
Cyclohexanone 
Chloropyridine-4 
Cyanopyridine-2 
Chlorobenzene 
Tribromopyridine-3,4,5 
Tribromopyridine-2,3,6 
p-Dichlorobenzene chrome tricarbonyle 
Hexamethyl benzene chrome tricarbonyle 
p-Xylene molybdene tricarbonyle 
Molybdene pentacarbonyle 

triphenylphosphine 

Benzene 8.34 
Benzene 45.09 

-5 Benzene 45.30 
Benzene 2.43 
Benzene 12.97 
Benzene 1.02 
Benzene 38.17 
Benzene 3.57 
Benzene 1.12 
Benzene 14.04 
Benzene 24.533 
Benzene 58.503 
Benzene 55.15 

Benzene 43.59 3.01 3.27 112 5.57 5.42 5.40 - 
Benzene molybdene dicarbonyle m 

triphenylphosphine Benzene 32.05 3.48 3.60 120.5 4.79 4.55 4.54 - 0.01 - 2 
Hexamethyl benzene molybdtne tricarbonyle Benzene 75.57 1.32 1.82 76 7.35 7.33 7.30 - 0.03 - 

g 
14 

Cyclopentadienyl manganese dicarbonyle 
dimethyl-sulfoxyde Benzene 14.17 0.77 0.79 50.5 3.13 3.12 3.11 3.01 0.01 -0.10 15 E 

Iodoforme Benzene 2.021 - 0.513 43.4 1.163 - 1.031 0.993 - -0.04 g 
Dibromoethylene Benzene 1.98 - -0.22 25.35 1.17 - 1.26 1.40 - 0.14 
Dichloro acktamide Dioxanne 16.76 - 0.10 23.87 3.45 - 3.45 3.46 - 0.01 

; O 

- - 
16 3 

Trichloro acetamide Dioxanne 21.74 0.03 28.59 3.93 - 3.94 3.94 0.00 
- - 16 3 

Trifluoro acitarnide Dioxanne 25.53 -0.45 14.16 4.26 - 4.31 4.33 0 .02 16 
ChloroacCtaldChyde Dioxanne 4.79 - -0.43 14.79 1.84 - 1.93 1.99 - 0.06 16 u 
Dimethyl-3,4 methylisoxazoline one-5 Dioxanne 48.41 0.25 0.28 32.55 5.86 5.97 5.97 5.84 0.00 -0.07 10 
Phenyl-3 mkthoxy-5 isoxazole Dioxanne 22.15 0.74 0.85 46.84 3.97 3.98 3.97 3.90 0.01 -0.07 10 
Dimethyl-3,4 methoxy-5 isoxazole Dioxanne 9.01 0.11 0.29 32.82 2.53 2.60 2.54 2.52 0.04 -0.02 10 k 

g *al: dioxanne = 2.2090, benzine = 2.2740; nl:  dioxanne = 1.4246, benzkne = 1.4982; d l :  dioxanne = 1.0280, benzdne = 0.8738; a:  pente de la courbe donnant alz en fonction de la fraction vl 
molaire f z ;  y: pente de nlzz en fonction de fz; y': valeur de dnlZ2/df2 obtenue selon [4]; PE: somme des polarisations de liaison; pc: moment dipolaire calculk selon la mdthode d'Halverstadt- 
Kumler; p :  moment dipolaire exprimk en D. 

tValeur tirde de (17). 
SValeurs 3 20 'C.  
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indices de rCfraction, les densitCs et les constantes 
ditlectriques. 

La mCthode d'Higasi donne par contre un 
moment dipolaire plus CloignC du moment 
dipolaire p, calculC selon Halverstadt-Kumler. 
I1 est interessant de noter que les deux composCs 
qui faisaient exception dans la strie calculCe 
par Krishna et Srivastava (7) prCsentent des 
moments dipolaires acceptables si le calcul 
s'effectue selon [5]. 

La mCthode basCe sur un calcul grossier de la 
polarisation Clectronique permet d'obtenir avec 
une prCcision satisfaisante le moment dipolaire 
de composis organo-mktalliques contenant des 
groupements volumineux. 

Dans un solvant tel que le dioxanne, ofi i l l 2  est 
diffkrent de on remarque Cgalement une grande 
similitude entre les moments dipolaires calculCs 
selon [2], [5] et la mtthode classique. 

Nous nous croyons donc justifits d'employer, 
lorsqu'il s'agit de moments dipolaires ClevCs, la 
polarisation Clectronique P, obtenue soit par 
addition des polarisations de liaison, soit par 
1'Cquation [4] (si la valeur y est connue dans un 
solvant), pour calculer le moment dipolaire d'une 
substance a partir de la seule mesure de a. 

Puisqu'il est gCnCralement admis (18) que les 
valeurs-de p obtenues A partir de solutions sont 
imprCcises A f 0.05 D, 1'Cquation [5] permet donc 
de dtterminer un moment dipolaire dont la valeur 

CHEMISTRY. VOL. 48, 1970 

est aussi acceptable que celle obtenue par la 
mCthode classique. 

Nous remercions le Conseil National de Recherches du 
Canada pour une subvention et une bourse (L.R.). 
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The silver-indium system: thermal analysis, photomicrography, electron 
microprobe, and X-ray powder diffraction results 

A. N. CAMPBELL AND R. WAGEMANN 
Departnlenr of Cl~en~istry, Utliuersity of Manitoba, Winnipeg, Manitoba 

AND (in part) 

R. B. FERGUSON 
Departrnenf of Earth Sciences, Universiry of Mat~itoba, Witlt~ipeg, Manitoba 

Received' June 18, 1969 

In the system Ag-In, the isothermal phase transformation at  281 "C previously assumed by Weibke 
and Eggers has been found not to exist. Metastability of they phase and of the indium phase is persistent 
at room temperature. The boundaries of the intermediate phases have been redetermined. At room tem- 
perature, the equilibrium y phase (hexagonal) exists between 71.0 and 70.3 % silver. At 325 "C and 
higher temperatures, the y-phase region extends to higher indium concentrations than those given by 
Weibke and Eggers. The order-disorder transforn~ation of the y phase, postulated by Hellner, does not 
appear to exist. The liquidus is found to lie approximately 8 "C higher than that determined by Weibke 
and Eggers. 

At room temperature, the E phase exists between 67.5 and 65.0% silver. At these compositions, the 
cubic cell edges of the E phase are o = 9.878 + 0.004 and 9.887 0.004 A, respectively. The y/(y + E) 
phase boundary has been redetermined and extended. 

A new a' phase is claimed to exist at  approximately 73.8 wt. % silver. It is formed by a peritectoid 
phase reaction at 187". In the a' phase the silver atoms occupy the face-centered positions and the 
indium atoms, the corner positions of the cubic lattice. The intensities of diffraction lines were cal- 
culated using such a model and were found to be in reasonable agreement with the observed intensities 
of the a' phase. The cell edge of the a' phase is 4.144 + 0.004 A, at room temperature, and this is 
identical, within experimental error, with that of the a phase. 

A new phase diagram for the Ag-In system has been constructed. 
Canadian Journal of Chemistry, 48, 1703 (1970) 

Introduction photomicrography, and thermal analysis. Hume- 

a preliminary to an experimental investiga- Rothery et a[. (4) investigated the silver-rich 
tion of the ternary alloy Al-In-Ag, we examined region only, with the primary aim of establishing 
the literature of the component binary systems. more precisely the solubility limit of indium in 

~h~ system A I - A ~  is well established and we saw silver as a function of temperature. Morris and 

no reason to doubt the results for the relatively Williams (5) determined the lattice parameter of 

simple A]-In system. The system ~ g - I n ,  how- the P phase by high-temperature X-ray diffraction 

ever, is complicated and the literature conflicting, and found it be 3.3682 A at 684 OC. (6) 
and we therefore thought it advisable to re- and Hellner and Laves (7), who investigated the 
examine this system as a preliminary to work on system to determine the crystal structure and the 

the ternary system. A very brief survey of the extent of the regions of homogeneity of the inter- 

existing literature follows. mediate phases, found that an alloy of 26.6 wt. % 
Goldschmidt (I) found a hexagonal close- of indium, corresponding to Ag3In9 was homo- 

packed phase ( A ~ , J ~ ,  ? or ?!, having lattice geneous both at 600 and 150 "C with no funda- 

constants a = 2.950 kx, = 4.769 kx). Frevel mental difference in crystal structure occurring. 

and Ott (2) found three intermediate phases at The diagram Weibke and 
room temperature, in addition to the two ter- Eggers is given in Fig. 

minal solid solutions. Two of these intermediate According to Weibke and Eggers, and Our- 

phases they reported to be hexagonal and the selves, a heat effect 
third, face-centered cubic and "very in occurring at 204 "C without, however, any change 

indium=. weibke and E~~~~~ (3) were the first occurring in the X-ray pattern. To explain this, 

to investigate the system completely and system- Weibke and Eggers (3) postulated without exper- 

atically by means of powder diffraction, imental proof an order-disorder transformation 
E' G E  and this supposition was retained by 

'Revision received November 20, 1969. Hellner and Hellner and Laves, (6, 7). The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1. Phase diagram of Ag-In system by Weibke and Eggers (3). 

a-phase boundary (Fig. 1) was very carefully 
determined by Owen and Roberts (8) over the 
entire temperature range; their results are in good 
agreement with those of Hume-Rothery (4) and 
of Weibke and Eggers (3), so that this part of the 
system can be considered as well established, but 
in the composition range 23 to 40 atom % 
indium, the data of the previous investigations 
(3, 6) are in conflict in several respects. 

Experimental 
The techniques used in this work were differential 

thermal analysis (DTA), X-ray powder diffraction, 
photomicrography, and electronmicroprobe analysis. All, 
except perhaps the last, are well known and little need be 
said, except insofar as the methods have been modified to 
suit the exigencies of our work. 

Silver was obtained from the Matheson, Coleman, and 
Bell Company and was claimed to be 99.999% pure. 
Indium, claimed to be 99.99% or better, was presented 
to us by the Consolidated Mining and Smelting Company 
of Canada. All compositions are expressed in wt. % 
unless otherwise stated. Alloys of the desired composition 

were prepared by accurately weighing the pure com- 
ponents in the required proportions. Prior to any heat 
treatment o r  DTA, all alloys were homogenized in an  
electrical induction coil under helium atmosphere in the 
cell shown in Fig. 2. The alloy samples were contained 
in a quartz thimble within a boron nitride cylinder; 
quartz has no action on silver or indium under the 
conditions in question. In the molten state, at approxi- 
mately 1000 "C, the alloy was stirred vigorously by 
induced currents; this could be observed clearly when 
the supporting cylinder was not covered. After 5 to 10 
min of stirring in this fashion, the alloy was allowed to  
cool, after which it was subjected to heat treatment o r  
DTA. In  the latter case the alloy was transferred to the 
DTA cell shown in Fig. 3.  The copper cylinder sewed as 
the reference body. It contained the smaller boron nitride 
cylinder which in turn contained the small quartz thimble 
with the sample. Prior to DTA analysis the cell was 
evacuated, filled with helium, evacuated again, and finally 
filled with purified helium. Water, if present as an im- 
purity, was removed from the gas by passing it through 
liquid nitrogen traps. The same procedure was followed 
in filling the homogenization cell with helium. 

Alloys to  be used for X-ray diffraction and photo- 
micrography were melted as described. The small ingot 
was cut into three or four pieces which were sealed 
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CAMPBELL ET AL.: ON THE SILVER-INDIUM SYSTEM 1705 

INDUCTION COIL- 
STAMLESS STEEL 

RON NITRIDE NSERl 

FIG. 2. Homogenization cell. 

individually into evacuated quartz ampoules and an- 
nealed. Differential thermal analyses and annealing were 
carried out in a well-insulated, vertical-tube furnace 
within a 4 in. central zone which had a temperature 
variation of less than 0.5 "C over this distance. Com- 
position change within the alloy due to a temperature 
gradient was considered to  be negligible. The main 
source of variation in composition was volatilization of  
alloy during melting and DTA. Two representative alloys 
were subjected to  ten repeated melting and DTA cycles 
and were then analyzed for silver by the Vollhard 
method. The change in composition was only 0.03 to  
0.04%; therefore the weighed-in compositions are con- 
sidered to  be the compositions of the alloy, to a sufficient 
degree of accuracy. 

Microsections were prepared by grinding with a suc- 
cessively finer grit of diamond paste and briefly polished 
with chromic oxide. Considerable difficulty was ex- 
perienced in obtaining scratch-free surfaces of hetero- 
geneous alloys, due to  the large difference in hardness of 
the constituents of such alloys, which consisted of hard 
and brittle intermetallic phases embedded in a very soft 
matrix of nearly pure indium. Similar difficulties were 
encountered in etching these alloys. The soft matrix was 
attacked by all etching reagents tried, while the inter- 
metallic phases showed great chemical resistance to  most 
reagents. The most suitable etching reagent for hetero- 
geneous alloys was an ammonium persulfate solution, 
which had the property of coloring the 4 phase brown 
whenever it was present, and it thus served to  identify 
this phase under the microscope. Alloys which did not 
contain the soft indium matrix were dip-etched in nitric 
acid. 

The sample temperature and temperature difference 
were measured with chromel-alumel thermocouples and 
a Honeywell Electronic 15 two-pen multirange recorder. 
All external cables in the measuring circuit were metal 
shielded to  minimize interference from stray potentials. 
Prior to each experiment the recorder was checked 

FIG. 3. Differential thermal analysis cell. 

against accurately known potentials. The thermocouple 
was recalibrated after each four to eight DTA cycles, 
depending on the working temperature. The principal 
errors in temperature measurement were estimated to be 
+ 1.0 "C due to uncertainty in measuring potential and 
+ 0.5 "C due to uncertainty in reading the calibration 
graph, giving a total estimated error of + 1.5 "C. 

The furnace temperature was varied with an auto- 
transformer which was driven by an electric motor at  a n  
appropriately slow rate. The current for the furnace coil 
was drawn from the autotransformer. The rate of tem- 
perature change in DTA work was 0.8 to 0.5 "C per min, 
giving a very nearly linear variation of temperature with 
time. 

For X-ray work, the hard and brittle alloys were ground 
in a n  agate mortar. Filings were taken from other alloys, 
using a new file for each alloy. Diffraction patterns were 
obtained with a cylindrical Debye-Scherrer camera of 114 
mm diameter, using Cu K, radiation. The film used was 
KK industrial X-ray film. The samples .were mounted on 
a thin glass fiber which had been dipped in silicone grease 
and rolled in the alloy filings or p o ~ d e r . ~  For high 
temperature work, a Unicam (19 cm radius) camera was 
used. The samples were sealed into evacuated quartz 
capillaries of 0.3 mm diameter, to  prevent oxidation. The 
samples were equilibrated in the camera for at  least 24 h, 
a t  the desired temperature, prior to diffraction. 

Where calculated intensities were compared with 

ZThe powder data for the different phases are to be 
found in ref. 10. 
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TABLE 1 

Annealing history and composition of indium-silver 
alloys 

Anneal- Quenched* 
Corn- Time ing tem- from tem- 

Alloy position annealed perature perature of 
No. (% Ag) (h) ("c) P-3 
11 76.69 168 325 

336 165 165 

*Samples were quenched in liquid nitrogen. Where no quenching 
temperature is indicated, the samples were allowed to come t o  room 
temperature by spontaneous cooling in air, after they were removed 
from the furnace. 

observed intensities, the multifilm technique was em- 
ployed. The intensities were assigned values of 1 to 100 
and were normalized to  the same exposure time. These 
intensities are thus all relative to the same basis and are 
self-consistent. Table 1 gives the annealing history and 
composition of In-Ag alloys used. 

Results and Discussion 

Dzfferential Thermal Analysis 
The system was investigated in the region of 

composition lying between pure indium and 75% 
silver. The region 75-100% silver was well estab- 
lished previously and was not investigated by us. 
In order to be able to present the phase diagram 
on a sufficiently expanded scale, it is reproduced 

in two parts, in the temperature ranges 700 to 
400 "C and from 300 "C to room temperature, 
in Figs. 4 and 5, respectively. 

Our liquidus agrees very well with that of 
Weibke and Eggers (3) below 450 "C. At high 
temperatures, the agreement is not so good, our 
liquidus lying approximately 8 "C above that of 
Weibke and Eggers. Points indicated by x in 
Fig. 4 are those of Weibke and Eggers. 

The homogeneous y-phase region was found 
to extend to much higher indium concentration 
than was previously claimed by Weibke and 
Eggers. The high-temperature y solidus was 
established by DTA and the low-temperature 
y solidus on the basis of X-ray work and by 
extrapolation of the high-temperature data. 

No temperature arrest was observed at 281 "C. 
This is in agreement with the X-ray diffraction 
data, which show that the y phase continues to 
exist as an equilibrium phase below 281 "C. If 
the 281 "C "isotherm" really existed (3) but was 
not observed by us, then the phase rule would 
require the existence of a new fourth intermediate 
phase in the composition range in question; such 
a phase appears not to exist. Examination of the 
data of Weibke and Eggers shows that almost all 
the heat effects they observed, and which they 
attributed to a constant temperature reaction at 
281 "C, occur close to the &-phase region. We 
also observed these heat effects but they did not 
occur at a constant temperature, independent of 
composition; neither were the peaks on the DTA 
curves characteristic of an isothermal transforma- 
tion. These heat effects are due to the phase 
transformation y + E ,  as was shown by X-ray 
diffraction. No experimental basis exists for the 
assumption of a constant-temperature trans- 
formation at 281 "C. 

On the silver-rich side of the E phase, Weibke 
and Eggers (3) observed similar heat effects, which 
they attributed to an order-disorder transforma- 
tion of they phase. We also observed these heat 
effects, but again X-ray diffraction showed that 
they were due to they + E phase transformation. 
Above the temperature at which these effects 
occurred, only y phase was present, while below 
it, both y and E phases were present. No experi- 
mental evidence exists to justify the claim for an 
order-disorder transformation. 

We redetermined all the other "isotherms" 
(halt points) of Weibke and Eggers, except one. 
Our results agree within 3 "C (Table 2). 
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0 A t  In 100 

0 50 100 

A  g W t  O/' I n I n  
FIG. 4. Phase diagram of Ag-In system in the range 400-700 "C. 

TABLE 2 tectic reaction occurs twice in this system. The 
Comparison of isotherms with thoseof Weibke 205 "C metatectic reaction manifests itself as 

and Eggers intergrain liquefaction of alloys which are cooled 

Temperature ("C) 

Weibke and Nature of 
This work Eggers transformation 

1 44 141 Eutectic 
166 166 Peritectic 
205 204 Metatectic 
660 660 Metatectic 
670 667 Peritectoid 
69 5 69 3 Peritectic 

The transformation at 205 "C is a rare case, 
found in few metal systems. The transformation 
is, in general, as follows 

i.e. a solid melts partially as the temperature falls. 
We call such a transformation "metatectic" (9), 
but the name has sometimes been applied to a 
peritectoid reaction. This relatively rare meta- 

rapidly frok above 205 "C. 
We observed the eutectic temperature arrest, 

which occurs at 144 "C, at compositions at which 
it should not occur, viz. at compositions lying 
between the E- and +-phase regions. These effects 
were due to the presence of metastable liquid, 
which finally froze at the eutectic temperature. 
The occurrence of these DTA peaks in alloys of 
compositions such that they should not be 
present under equilibrium conditions leads to an 
apparent lengthening of the 144 "C eutectic 
isotherm; this occurs even with very slow cooling 
rates. The photomicrograph (Plate 1) shows the 
trapped eutectic (surrounded by + phase). Plate 2 
shows an alloy that was subjected to DTA only, 
without heat treatment. The substantial amount 
of y phase (metastable) surrounded by a narrow 
rim of $ phase (grey) and the large amount of 
dark-grey indium-rich matrix are clearly visible. 
After annealing at a temperature of 135 "C 
(Plate 3), the amount of y phase has clearly 
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0 A t  O/! I n  100 

FIG. 5. Phase diagram of Ag-In below 300 "C: V, a + y; 0, E + y; 0, E ;  H, E + +; A, y; A, a + a' (y phase 
metastable); V, Q; 0, DTA. 

diminished, as well as that of the indium-rich 
matrix, while the + phase has increased in 
amount. Since the y phase is disappearing with 
time, and since it is not in physical contact with 
the matrix, it is metastable with respect to the 
matrix and the + phase. 

Plate 4 reproduces the electron microprobe 
analysis of an alloy of overall composition 
34.00% silver. The areas AB, EF, GH, and KL 
had the same composition, viz. 33.2% silver. The 
reaction zones BC, DE, and HJ had essentially 
the same composition as the areas surrounding 
them, viz. 33.0% silver. The "islands" CD and JK 
had an average composition of 70.6% silver. Due 
to heterogeneity and surface unevenness, the 
area FG (matrix) could not be analyzed quan- 
titatively, but qualitatively it was established that 
it was nearly pure indium. Within experimental 
error, the compositions of the areas AB, EF, GH, 
and KL and reaction "rims" corresponded to 
the composition of the + phase (AgIn,) and the 

islands had an average composition correspond- 
ing to they phase. 

Plate 5 gives the electron microprobe analysis 
of an alloy of overall composition 62.50% silver. 
Areas AB and E F  had the same composition, 
viz. 66.1% silver; areas BC and D E  both con- 
tained 32.3% silver. Within experimental error, 
the areas AB and EF. and BC and DE, corre- 
sponded to E phase and + phase, respecti;ely. 

Plate 6 is a photomicrograph of the same alloy 
as shown in Plate 5. The traverse of the electron 
beam is shown. The distinct brown color ex- 
hibited by the + phase, after etching with am- 
monium persulphate solution, is characteristic 
and confirms the electron probe results. 

The electron probe analysis showed that an 
alloy of overall composition 62.50% silver con- 
sisted at room temperature of the stable phases E 

and + and that an alloy of overall composition 
34.00% silver consisted of the stable phase +, an 
indium-rich matrix, and metastable y phase, 
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PLATE 1. Composition, 61.04% Ag; magnification, 
-100 x . "Trapped" In phase (dark grey at top) can be 
seen surrounded by + phase. Major constituent is E phase. 

which exists at room temperature even after 
prolonged annealing at a temperature at which 
this phase is not stable. The metastable y phase 
("island" of Plate 4) is surrounded by a zone of + phase. The latter phase increases with time, 
while they phase decreases. 

Within the range of error of the electron probe, 
the composition of the + phase can be designated 
by the formula AgIn, (3 1.97% Ag), as suggested 
by Hellner (6). 

The E Phase and Adjoining Regions 
An alloy containing 68.68% Ag is heter- 

ogeneous, consisting of y and E phases, since lines 
from both phases appear strongly in the diffrac- 
tion pattern. An alloy of 66.50% Ag is homo- 
geneous E phase. From the intensities of 
diffraction lines of E and y phases, respectively, 
we estimated that the boundary of the E phase lies 
at 67.5% Ag, on the silver-rich side. An alloy 
containing 70.15% Ag contains small amounts 
of E phase, since the four strongest lines of the 
E phase still appear, but the amount of E phase is 
near the limit of detection; we estimate the 

PLATE 2. Composition, 34.00% Ag; after DTA with 
no further annealing; magnification -80 x . Reaction rim 
of the + phase surrounding the "islands" of y phase 
(light area) can be seen. 

amount to be 4 or 5% and this places the indium- 
rich boundary of the y phase at approximately 
70.3% Ag, at room temperature. Alloys contain- 
ing 65.28 and 66.50% Ag were both homogeneous 
E phase. Photomicrographs also failed to reveal 
any second phase in these alloys. 

An alloy containing 62.85% Ag is heter- 
ogeneous and consists of + and E phases. Plate 7, 
a photomicrograph, shows a small amount of + phase. Therefore, the indium-rich boundary of 
the E phase must lie between 65.28 and 62.85% Ag. 
We estimate it to lie at 65.0% Ag. These boundary 
compositions are valid for 135" but, since the 
boundaries are very nearly vertical between 135" 
and room temperature, they apply fairly accu- 
rately at room temperature. The extent of the 
homogeneous E phase is approximately 2.5% at 
room temperature. The compound Ag,In cor- 
responds to 65.28% Ag and this is within the 
homogeneous E-phase range, as Hellner (6) had 
previously found. Weibke and Eggers (3) esti- 
mated the range of homogeneous E phase to lie 
between 66.9 and 66.5% Ag, as against our 67.5 
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PLATE 3. Composition, 34.00% Ag; annealed 2 weeks 
at 135 "C; magnification, -100 x . Metastable y phase 
(speckled islands) within the 4 phase (bright areas) can 
be seen; the black area is In phase. 

and 65.0% Ag. If the E phase is assumed to be the 
stoichiometric compound Ag21n, then obviously 
the basic primitive cubic lattice will tolerate a 
variation in concentration of indium and silver 
atoms without a fundamental change of lattice, 
but with cell edge variation. To obtain the cell 
edges of the limiting phases, viz. at 67.5 and 
65.0% Ag, the d values in the range 1.645 A >, 
d >, 0.9252 A of two heterogeneous alloys of 
68.68 and 62.85% Ag, respectively, were used to 
calculate a, from the equation a, = d(lz2 + 
k2 + 12)*. The resultant values at room tempera- 
ture are 

Hellner's value of a, = 9.885 + 0.005 A at 
Ag21n (65.28% Ag) falls within the range of our 
values. 

The maximum temperature at  which the 
E phase is stable, viz. 3 12 "C, as found by Weibke 
and Eggers, is in agreement with our observation 

PLATE 4. Characteristic X-ray picture of electron 
microprobe scan; magnification, -350x ; composition, 
34.00 % Ag. 

of the phase transformation E + y taking plclce 
between 250 and 350 "C. High-temperature 
X-ray powder diffraction photos of alloys con- 
taining 66.50 and 65.28% Ag showed that a t  
250 "C only the E phase was present and at  
350 "C only the y phase was present. Thus, heat 
effects observed by DTA in this composition and 
temperature range are due to the phase trans- 
formation y + E. These heat effects were pre- 
viously attributed by Weibke and Eggers to 
an order-disorder transformation of the E phase, 
although, as they themselves pointed out, X-ray 
diffraction did not support this explanation. Our 
work has shown that these heat effects observed 
by Weibke and Eggers are due to a phase trans- 
formation and not an order-disorder transforma- 
tion of the E phase. 

The a'  Phase 
We have discovered a primitive cubic phase, 

which we designate a', existing below 187", at 
approximately 73.8 wt. % Ag. In the X-ray pow- 
der diffraction photographs, weak reflections 
with (lzkl) indices not all even or all odd as 
required by the F lattice of the a phase definitely 
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i PLATE 5. Characteristic X-ray picture of electron 

I microprobe scan; magnification -350x ; composition, 
I 62.5 % Ag. 

: exist, and therefore this new phase must have a 
1 primitive lattice with the same cell edge as the 

a phase. We were unable to obtain a pure 
a' phase. In addition to a', y phase and possibly 
a phase were always present, but the latter phase 
could not be identified by X-ray diffraction when 
a' phase is present, since a and a' both have the 
same cell edge. They phase is present metastably 
in the alloy containing 76.69% Ag. 

The cell edge of the a' phase (and of the 
a phase) is 4.144 + 0.004 A, an average calcu- 
lated from the different diffraction lines in the 
range 2.395 A 3 d 3 0.798 1 A of the alloy con- 
taining 73.82% Ag. The cell edge of the a phase 
at maximum solution, viz. 4.1447 A, as given by 
Owen and Roberts (4), and that of the a' phase 
are the same. 

We think that the a' phase is an ordered form 
of the a solid solution, where one indium atom 
occ~~pies the corner position (0,0,0) of the cubic 
cell and the three silver atoms the face-centered 
positions (0,1/2,1/2, etc.). Such an atomic 
arrangement results in a primitive cubic lattice 

1 and this would account for the observed diffrac- 
tion lines not allowed by the face-centered lattice. 

PLATE 6. Composition, 62.5% Ag; magnification, 
-100 x . Areas of the 4 phase (dark grey) are traversed by 
electron beam as indicated. 

This simple structure could only have the space 
group Pm3m. Such an atomic arrangement would 
also account for the equal lattice parameters of 
the a and a' phases. The structure consists of two 
different types of atoms with different radii. On 
purely geometric grounds, an interchange. of one 
type of atom from the corner position to the 
face-centered position and vice versa, would not 
be expected to change the cell edge, if it is 
assumed that the spherical atoms touch only in 
the direction of the face diagonal in each case. 

The proposed structure introduces a composi- 
tion restriction, viz. three silver atoms to one 
indium atom per unit cell (73.82% Ag). It was at 
this composition that the diffraction lines with 
indices f ~ k l  not all odd or all even were observed 
to be strongest when compared with the same 
diffraction lines at other compositions, for 
example, 76.96 and 72.1 1% Ag. For this simple 
structure we calculated the intensities of some of 
the powder diffraction lines resulting from such 
an atomic arrangement and compared these 
calculated intensities with the observed inten- 
sities. The results are shown in Table 3, which 
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PLATE 7. Composition 62.85 % Ag; annealed 2 weeks 
at 135 "C; magnification - 100 x . Small amount of 4 
phase (darker areas) present, main constituent is E phase. 

calls for some explanation. As indicated above, 
the a' phase always occurs with the y phase and 
possibly also always with the a phase. Thus in 
Table 3, the X-ray powder data for a sample with 
composition 73.82% Ag containing a', y, and 
possibly a phases are given, the d(obsd.) values 
in column 1 and the I(obsd.) in column 4. The 
d(ca1cd.) and hk.1 values for the y phase are 
given in column 2, and the d(ca1cd.) and hkl values 
for the(af + a) phases in column 3. By comparing 
columns 1 and 4 with columns 2 and 3, it is 
possible to ascribe certain of the reflections in the 
mixed-phase sample to either the (a' + a) phases 
or to the a' phase alone, the latter being those 
free of y phase and with 11, k, and I not all odd or 
all even. These reflections are shown in column 3 
and are marked with an asterisk. Column 5 then 
shows, for the a' phase, the relative intensities, 
I(calcd.), calculated for the first ten possible 
reflections, assuming the simple ordered primitive 
structure described above. For the weak reflec- 
tions due only to the a' phase (column 3, starred 
indices), the I(ca1cd.) values (column 5) are in 

reasonable agreement with the I(obsd.) values 
(column 4). However, for the strong reflections 
that could be due to both the a and a' phases, 
the table shows that the I(ca1cd.) values-are all 
much greater, in relation to the weak reflections, 
than the I(obsd.) values. This suggests that the 
a' phase is present without the a phase, but even 
on this assumption, the I(ca1cd.) values are too 
great for the strong reflections. We have no 
explanation for this, but it may relate to the 
difficulty of estimating by eye the relative inten- 
sities on the powder photographs of reflections 
that differ very widely in intensity. Despite this 
discrepancy, we feel that the results provide 
reasonable evidence for our proposed ordered 
structure for the a' phase. At 165 "C and 
76.69% Ag, the a' phase still exists but at 325 "C, 
this phase does not exist as far as could be deter- 
mined by X-ray diffraction, although the a phase 
still exists. According to Weibke and Eggers (3), 
a new phase occurs at 187 "C on cooling. It 
follows from the above observations that this is 
the a '  ~ h a s e .  We were unable to establish the 
extent o f  the homogeneous existence of the 
a' phase, which probably corresponds to Ag,In, 
i.e. to approximately 73.8% Ag. The a and 
a' phases were indistinguishable microscopically. 

They Phase and Adjoining Regions 
The boundaries of they phase were established 

by DTA and X-ray powder diffraction. The latter 
technique showed that alloys of 70.50 and 
68.68% Ag are both heterogeneous at 129 "C, 
consisting of (E + y) phases, but are both homo- 
geneous (y) at 165 "C. Therefore, the y/(y + E) 
boundary must lie between 165 and 129 "C in this 
composition range. Based on the intensities of 
the diffraction lines of the two phases (y + E )  of 
the heterogeneous alloys, the indium-rich bound- 
ary of they phase lies at approximately 70.3% Ag. 
High-temperature X-ray diffraction in the range 
300-500 "C showed that these alloys remain 
single-phased (y) throughout this temperature 
range. 

At 325 "C, they phase has a very wide range of 
homogeneity. Alloys of 55.63 and 62.85% Ag 
were heterogeneous when quenched from 225 "C 
(y + E); but were homogeneous (y) when 
quenched from 325 and 275 "C. This was evident 
from photomicrographs of these alloys. Electron 
microprobe analysis confirmed the identity of 
these phases. Prior to quenching, the alloys were 
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CAMPBELL ET AL.: ON THE SILVER-INDIUM SYSTEM 1713 

TABLE 3 
Comparison of calculated and observed relative intensities (I) for the a '  phase of the Ag-In system 

(a' + Y) y phase (a' + a) phases 
phases* - (a' + Y) 

d(obsd.), d(calcd.)t, d(calcd.)$, phases* a '  phase 
8, A hk.1 A hkl I(obsd.) I(ca1cd.) 

- 4.794 00.1 - - - - 
4.09 - - 4.144 1005 10 1.25 
2.92 - - 2.930 1105 10 1.11 
2.546 2.533 10.0 - - 200 - 
2.395 2.397 00.2 2.393 111 1000 3269 
2.255 2.253 10.1 - - 900 - 
2.072 - - 2.072 200 500 1794 
1.786 - - 1.853 2105 5 0.63 
1.748 1.748 10.2 - - 100 - 
- - - 1 ,692 21 15 - 0.43 
- 1.598 00.3 - - - - 

1.466 1.474 11.3 1.465 220 700 1003 
- 1.409 11.1 - - - - 
- - 1.381 3005 - 0.56 

1.353 1.355 10.3 - - 150 - - - - 1.310 3105 - 0.19 
1 .270 1.277 20.0 - - 5 - 
1.251 1.256 11.2 1 .250 311 750 1162 
1.233 1.234 20.1 - - 40 - 
1.196 1.199 00.4 1.196 222 90 - 
- - - 1.149 3205 - - 

1.129 1.1267 20.2 - - 20 - 
- - - 1.108 321 5 - - 
- 1.085 10.4 - - - - 

1.084 1.084 11.3 - - 30 - 
1.0350 - - 1.0360 400 20 - 
- - - 1.0051 410 100 - 

0.9963 0.9974 20.3 - - - - 
- - - 0.9768 41 1 - - 
- 0.9650 21.0 - - - - 

0.9491 0.9507 21.1 0.9507 331 100 - 
0.9277 0.9299 11.4 0.9266 420 150 - 
0.8969 0.8951 21.2 - - 80 - 

'73.827 Ag. 
td(calcb) obtained for hexagonal y phase using a = 2.961 A, c = 4.778 A. 
$d(calcd.) obtained for cubic (a' + a) phases using a = 4.144 A. 
§a'-phase reflections permitted by P lattice but not permitted by the F lattice of the a phase. 

equilibrated for 168 h at the respective tempera- 
tures. Therefore, in this composition range the 
y/(y + E) boundary must lie between 275 and 
225 "C. The y + E transformation was detected 
in this temperature range by means of DTA. At 
room temperature these alloys were heterogen- 
eous but the phases were ( E  + +) at equilibrium. 
The y phase decomposes by a metatectic phase 
reaction, y + E + L, at 205 "C in the composi- 
tion range of 65.6 to 52.5% Ag, which is followed 
by the peritectic reaction E + L + + at 166 "C. 
Alloys within this composition range which had 
been quenched from temperatures above 205 "C 
showed intergrain liquefaction, as can be seen in 
Plate 8, one of many such. The dark lines between 

I grains and the triangular areas at the grain 
junctures can be seen clearly as a second phase 
which is very soft, almost pure indium. When an 

alloy of such a composition is quenched from 
above 205 "C, some melting takes place because 
of the metatectic reaction at this temperature. 
During the relatively short time required to 
traverse the temperature interval between 205 
and 166 "C, when the alloy is quenched, only a 
small amount of liquid can form. Melting occurs 
first at the grain boundaries as in normal melting, 
as can be seen in Plate 8. As far as we could 
ascertain, the + phase does not form under these 
drastic conditions, and the liquid remains as such 
until it freezes to the indium-rich intergrain phase 
seen in the photomicrograph. The y phase 
solidus was established by DTA and X-ray dif- 
fraction, which showed that at 55.63% Ag and 
325 "C the alloy is homogeneous (y), and that it 
remains as such in the temperature range 325 to 
555 "C. These findings, together with DTA data, 
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PLATE 8. Composition 55.63 % Ag; quenched from 
325 "C; magnification 100 x . Intergrain liquefaction is 
evident. Dark lines between grains are due to solidified 
indium phase produced by metatectic reaction. 

convince us that the y solidus must be at a con- 
centration lower than 55.63% Ag at 325 "C, viz. 
52.5% Ag, as compared to 66.3% Ag according 
to Weibke and Eggers (3). 

On the silver-rich side of the y phase, X-ray 
diffraction of alloys of 76.69, 73.82, and 
72.11% Ag, which were annealed at 129 "C for 
three weeks or longer, showed that these alloys 
were heterogeneous, consisting of (a' + y) phases. 
The intensities of diffraction lines belonging to 
the a '  phase were lowest for the 72.11% Ag alloy, 
though the a '  phase was still present in small 
amount in this alloy at 129 "C. The silver-rich 
boundary of the y phase is estimated to lie at 
71.0% Ag at room temperature. Since the indium- 
rich boundary is at approximately 70.3% Ag, 
the composition range of they phase must be less 
than 1% at room temperature. At 325 "C the 
76.69% Ag alloy contained some a phase but no 
a'  phase, while the 72.1 1% Ag alloy consisted of 
y phase only. The latter observations are in agree- 
ment with those of other investigators (3, 6). The 

CHEMISTRY. VOL. 48, 1970 

high-temperature phase boundary of the y phase 
on the silver-rich side down to 187 "C must be 
essentially correct as previously established (3). 

Hellner (6) had found that an alloy of composi- 
tion corresponding to Ag,In (73.82% Ag) was 
homogeneous (y) at room temperature. As men- 
tioned previously, we found that an alloy of this 
composition is heterogeneous at 129 "C, consist- 
ing of (a' + y), when sufficiently annealed. On 
the other hand, when this alloy was annealed for 
only one week at 165 "C, the alloy was homo- 
geneous (y). The same result was obtained by 
annealing at 129 "C for one week. The metastable 
y phase is thus easily retained at room tempera- 
ture. Hellner's observation is readily explained 
in terms of insufficient annealing. 

According to our phase diagram, an alloy of 
76.69% Ag should not contain y phase below 
187 "C. In practice, even after three weeks of 
annealing at 129 "C, y phase was still present. 
That the y phase is not stable at this overall 
composition at room temperature can be seen 
from a comparison of the photomicrographs in 

PLATE 9. Composition 76.69% Ag; annealed 21 days 
at 129 "C; magnification - 100 x . Shows presence of y 
phase, a' phase, and probably also a phase. 
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CAMPBELL ET AL.: ON THE SILVER-INDIUM SYSTEM 1715 

TABLE 4 

Comparison of cell edges of y phase at room temperature 
-- 

Value (A) 

Source Composition a c 

Goldschmidt (1) A g J n  2.956+0.003 4.779&0.005 
(2.950 kx) (4.769 kx) 

Hellner (6) Ag6,1ns2 (66.63 % Ag) 2.983 4.789 
This work 70.3 % Ag 2.961+0.002 4.778+0.004 - . . pp - -. - - - - - - - - - - - - - -- -- 

PLATE 10. Same alloy as Plate 9; left for 2 months 
at room temperature; magnification N 100 x , y phase 
reacting at grain boundaries. 

Plates 9 and 10. Plate 9 is a photomicrograph of 
the alloy after annealing for three weeks at 129 "C. 
Plate 10 is a photomicrograph of the same alloy 
after it had been left for two months at room 
temperature. It is obvious that the y phase is 
slowly transforming, particularly at the grain 
boundaries, presumably to the (a + a') phases. 
(The latter two phases cannot be differentiated 
by X-ray diffraction when both are present in the 
alloy.) 

The diffraction lines of the hexagonal y phase 
were indexed and the best cell dimensions were 
determined. The a and c values are 

These cell dimensions were calculated from the 
powder diffraction pattern of an alloy containing 
70.15% Ag, using the d values in the range 
2.263 A 3 d 3 0.9298 A. This alloy contained 
some E phase and therefore the calculated cell 
edges apply to the indium-rich phase boundary 
of they phase, viz. at 70.3% Ag. Since this phase 
has a very small composition range at room 
temperature (less than I%), the cell edges will be 
very nearly the same at both boundaries. The cell 
edges determined by Goldschmidt (1), Hellner (6), 
and ourselves are given in Table 4. 

The substantial difference in the cell dimensions 
obtained by Hellner and ourselves suggests 
further that it is difficult to bring the y phase to 
thermodynamic equilibrium at room tempera- 
ture, and that this has not always been realized 
before. This conclusion is further supported by 
the fact that we found an alloy of 73.82% Ag to 
be heterogeneous, consisting of (y + a') phases 
at room temperature, whereas Hellner found the 
same alloy to be a homogeneous (y) phase. 
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Rbactions photochimiques de la cafbine avec les bthers 

S. JERUMANIS ET A. MARTEL 
Dipartement de chimie, Uniuersiti de Sherbrooke, Sherbrooke, Quibec 

R e p  le 22 juillet 1969 

Les auteurs ont Ctudie la reaction photochimique de la cafiine avec le dioxane, le tetrahydrofuranne, 
le tetrahydropyranne, I'anisol, et ]'ether ethylique. Par l'irradiation ultraviolette d'une solution aqueuse 
de la cafeine et d'un ether cyclique en prtsence de la benzophenone ou de l'acetophCnone, on observe la 
substitution de I'hydrogene en position 8 de la cafeine par le radical Cther. La reaction photochimique 
de la cafeine avec 1'6ther ethylique donne la (ethoxy-1 ethyl)-8 cafeine et l'tthyl-8 cafeine tandis qu'en 
presence de I'anisol la cafeine se revele inerte. Les structures des composCs obtenus ont Bt6 determinkes 
par la spectroscopie infrarouge, la resonance magnetique nucleaire, et la spectrosmktrie de masse. 

The photoreaction of caffeine with dioxane, tetrahydrofuran, tetrahydropyran, anisole, and ethyl 
ether has been studied. Ultraviolet irradiation of aqueous solutions of caffeine and cyclic ethers in the 
presence of benzophenone or acetophenone using a pyrex filter yields substitution products. Substitu- 
tion occurs at the 8-position of caffeine. The photoreaction of caffeine with ethyl ether gives 8-(1- 
ethoxyethy1)-caffeine and 8-ethylcaffeine while in the presence of anisole caffeine has been found to 
be completely inert. The structures were determined by infrared, nuclear magnetic resonance, and 
mass spectrometry. 

Canadian Journal of  Chemistry, 48, 1716 (1970) 

Introduction 

Dans la litttrature rCcente, les ttudes de la 
xanthine et de ses dtrivCs au point de vue photo- 
chimique se retrouvent en nombre restreint. En 
1964 M. I. Simon et H. Van Vanukis (1) consta- 
tent que l'oxygtnation photosensibiliste de la 
thtophylline donne lieu a la formation de la 
dimtthyl-1,3 allantoi'ne. Egalement, une rtaction 
analogue se prtsente dans le cas de la xanthine 
(2) oh l'on remarque que cette derniere est 
dtgradte en allantoine en passant par le peroxyde 
cyclique. 

Dans le cadre d'une ttude systtmatique des 
reactions photochimiques des derivts de la 
xanthine avec divers types de molCcules organi- 
ques, nous avons concentrt notre attention sur les 
rCactions de la caftine avec les Cthers cycliques, 
aliphatiques, et aromatiques tels le dioxane, 
le titrahydrofuranne, le tetrahydropyranne, 
l'anisol, et l'tther Cthylique. 

ConsidCrant d'une f a ~ o n  gtnCrale la rCaction 
photochimique des ethers en prtsence des com- 
posts insaturb, on remarque que 1'Cther peut 

s'additionner sur une double liaison carbone- 
carbone isolte ainsi que sur une double liaison 
conjugute pour donner les Cthers a alkylCs 
correspondants (3-5). 

On observe un autre type de rtaction avec la 
phtnanthrenequinone (6) donnant lieu a une 
addition 1,4 sur des oxygtnes quinoniques. 

D'autre part, il fut possible rtcemment 
d'obtenir un compost de substitution par la 
rtaction d'un Cther sur une double liaison 
conjugute avec un groupement carbonyle. Ainsi 
la photolyse de la naphthoquinone-1,4, en 
utilisant un filtre de verre Wertheimer, en 
prtsence de dioxane donne le dioxanyl-2, 
naphthoquinone-1,4 (7). 

Pour etudier le comportement photochimique 
de la cafkine toutes les reactions ont t t t  effectutes 
en milieu aqueux en prtsence de la benzophknone 
ou de l'acttophtnone comme initiateur et sous 
atmosphere d'azote. En gtntral, l'irradiation 
ultraviolette (u.v.) d'une solution aqueuse de 
cafkine et d'tther cyclique en prtsence de la 
benzophtnone ou de lYacCtophCnone donne un 
produit de substitution (eq. [l I). 
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Au cours de cette rtaction l'tther se fixe en 
position a sur le carbone 8 de la caftine et la 
cttone subit une rtduction en pinacol. Toutefois 
dans le cas d'tther aliphatique on obtient 
tgalement le produit de substitution mais aussi 
un autre produit de rtaction l'tthyl-8 caftine, 
provenant de la rupture de la liaison C-0 de 
l'tther. L'anisol par contre, ne donne pas de 
reaction avec la caftine quelles que soient les 
conditions, c'est-&-dire le solvant et l'initiateur 
utilist. Toutefois il faut remarquer que l'initiateur 
employt, soit la benzophtnone ou l'actto- 
phtnone, est rtduit en pinacol. Egalement, la 
rtaction s'avtra ntgative m&me dans le cas 
d'irradiation directe, car l'on retrouve toujours 
la caftine intacte. 

Resultats et discussions 

Re'action de la cafe'ine avec le dioxane 
Une quantite tquivalente de caftine et de 

benzophtnone dissous dans un melange de 
dioxane et d'eau, prealablement dtsoxygtnt, est 
exposte 2 la lumikre U.V. a travers le filtre de 
pyrex. Aprb  quelques heures d'irradiation un 
solide blanc se forme dans le milieu rtactionnel. 
La rtaction terminte, ce solide blanc est filtrt et 
identifit comme ttant le benzopinacol. En effet 
son point de fusion 186-188 "C, le spectre de 
masse 2 m/e 366, indiquant un ion moltculaire, 
le spectre de rtsonance magnttique nucleaire 
(r.m.n.), et infrarouge (i.r.) confirment la 
structure du pinacol. Aprks l'tvaporation du 
solvant a une temperature peu elevte le rtsidu 
est alors chromatographit sur l'oxyde d'alu- 
minium en couche mince. De cette fagon il est 
possible d'isoler un solide blanc, p.f. 200.5-202 
"C, avec un bon rendement. Le m&me solide 
blanc est isolt en le faisant prtcipiter par l'acktone 
dans les eaux meres concentrees. Dttermination 
de la structure de cette substance par les mesures 
spectroscopiques montre qu'il y a une substitu- 
tion d'hydrogtne au cours de la rtaction sur le 
carbone 8 de la caftine par le radical dioxanyle 
pour donner ainsi la dioxanyl-8 caftine. Sur le 
spectre i.r. on observe toutes les bandes carac- 

ttristiques de la caftine et tgalement l'apparition 
de bandes CH, aliphatique dans la rtgion de 
2850 a 3000 cm-l.  La nouvelle bande prenant 
naissance a 11 15 cm- ' confirme la prtsence du 
lien C-0-C. 

De plus, ttant donnt que les bandes carac- 
ttristiques des carbonyles conjugut et non 
conjugut de la caftine demeurent inchangtes a 
1705 et 1660 cm-l, de m&me que les bandes des 
liens C=C et C=N 1605 et 1545 cm-I sont 
presentes nous pouvons conclure que la caftine 
a rtagi sans subir une transformation apprtciable 
de sa structure. 

Par le spectre de r.m.n. on note la disparition 
de l'hydrogene en position 8 de la caftine, qui 
apparaissait sous forme de singulet i 7.55 6. 
Toutefois, l'apparition d'un multiplet entre 3.75 
et 3.95 6, represente les protons des carbones 6' 
et 5' du dioxanyle, l'inttgrale confirmant la 
prksence de quatre protons par rapport aux 
singulets des mtthyles de la caftine; ces derniers 
ttant dkplacts de quelques c.p.s. vers les bas 
champs. Par la suite on remarque un doublet i 
4.10 6 ( J  = 6 c.p.s.) dont l'inttgrale confirme les 
deux hydrogenes en position 3'. Finalement un 
triplet 2 4.80 6 ( J  = 6 c.p.s.) est interprttt 
comme ttant le signal du proton sur le carbone 
2' du dioxanyle. 

Dans le spectre de masse on observe un ion 
moltculaire a mle 280 et l'on peut tgalement 
identifier le fragment de la cafeine a m/e 193. 

Re'action de la cafe'ine auec le te'trahydrofuranne 
U H F )  

L'irradiation de la caftine dans un mtlange 
d'eau et de tktrahydrofuranne (THF), a l'aide 
d'une lampe au mercure a pression moyenne, 
utilisant un filtre de pyrex et en prtsence de la 
benzophtnone, devrait donner lieu a une rtaction 
d t j i  observte avec la caftine et le dioxane. En 
effet, apres Cvaporation totale du solvant et 
stchage sur le sulfate de magnbium, il est 
possible d'isoler, par la chromatographie sur 
alumine, un solide blanc, p.f. 127-128 "C, le 
tttrahydrofuryl-2',8 caftine. 

En premier lieu, considtrant le spectre i.r., 
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on doit noter que l'apparition de nouvelles 
bandes plus fortes entre 2870 et 3000 cm-' 
confirment la prtsence du groupe CH, alipha- 
tique. Aux environs de 1050 cm-I on remarque 
les bandes dues aux vibrations du lien C-0-C. 
Les absorptions correspondant aux vibrations 
des liens C=C et C=N ainsi qu'aux groupes 
carbonyles conjugut et non conjugut demeurent 
inchangtes. 

L'examen du spectre de r.m.n. dtnote la 
disparition du singulet dii B l'hydrogkne en 
position 8 de la caftine tandis qu'a 5.05 6 
apparait un triplet ( J  = 6 c.p.s.) qui est caust par 
le proton en position 2' de la tttrahydrofuryle- 
caftine. On peut noter, dans le cas du THF,  que 
les protons en ct de l'oxygkne donnent un signal 
B 3.92 6 et dans le produit de rtaction, le proton 
en position 2' subit un dtplacement vers les bas 
champs de 1.13 6. Une remarque similaire 
s'effectue pour le proton en ct de l'oxygkne dans 
le dioxane qui subit un dtplacement de 1.10 6 
vers les bas champs lorsqu'il se retrouve en 
position 2'. Les protons sur le carbone 5' 
apparaissent sous la forme d'un triplet B 3.92 6 
(J = 6 c.p.s.) et on observe alors un dtplacement 
de 0.19 6 par rapport aux m&mes hydroghes du 
THF. Concernant enfin les hydrogknes sur les 
carbones 3' et 4', ces derniers sont indiquts par un 
multiplet complexe se situant entre 1.75 et 2.80 6 
et dont l'inttgrale est 4. 

La structure de ce produit est confirmte 
davantage par le spectre de masse rtvelant l'ion 
moltculaire ?I n ~ / e  264 de m&me que le fragment 
significatif ?I nl/e 193. 

Re'action de la cafe'ine avec le te'tralzydropyrmzne 
(THP) 

La photolyse d'un mtlange de caftine en 
prtsence de l'acttophtnone et de THP, utilisant 
l'eau et l'alcool butylique tertiaire comme 
solvant, est effectute ?I travers le pyrex B l'aide 
d'une lampe au mercure B 450 W grande pression. 
Au terme de la rtaction, on isole un compost 
blanc, p.f. 156-157 "C, lequel par les mtthodes 
spectroscopiques d'analyse est identifit comme 
Ctant le tttrahydropyranyl-8 caftine. 

Tout d'abord le spectre i.r. de ce compost fait 
voir l'apparition de nouvelles bandes B 2990, 
2940, et 2820 cm-l ,  de m&me qu'une absorption 
a 1440 cm-' beaucoup plus intense en comparai- 
son B celle de la cafCine. Cette strie de bandes 
suggkre l'existence de CH, aliphatique. De plus, 
la prtsence d'une nouvelle bande B 1085 cm-' 
confirme les vibrations du lien C-0-C. 

Le spectre de r.m.n. montre un multiplet 
complexe entre 1.52 et 2.28 6 dii B l'existence des 
protons en positions 3', 4', et 5'. Les deux protons 
en position 6' sont responsables d'une absorption 
entre les deux singulets dus aux protons des 
mtthyles de la caftine apparaissant respective- 
ment B 3.45 et 3.62 6. Le signal du proton en 
position 2' donne un multiplet situt entre 4.45 
et 4.75 6. I1 subit un dtplacement de 0.96 6 vers 
les bas champs par rapport aux hydroghes en 
ct du THP. 

En dtterminant le poids moltculaire par la 
spectromttrie de masse, on distingue l'ion 
moltculaire a nzle 278 et le fragment de la 
caftine B m/e  193. 

Re'actioiz de la cafkine avec I'e'ther e'tlzylique 
Nous avons constatt que l'tther tthylique, 

dans les conditions dtcrites pour la rtaction avec 
le T H P  rtagit avec la cafeine de deux f a ~ o n s  
differentes. Une rtaction proctdant selon le 
mode dtjii indiqut, a savoir la substitution de 
l'hydrogkne par le radical tther donne la (tthoxy- 
1 Cthy1)-8 caftine (eq. [2]), p.f. 1 15-1 16 "C, tandis 
que la seconde rtaction conduit 2 l'tthyl-8 
caftine, p.f. 187-188.5 "C (litt. p.f. 189.5-191 "C) 
(8). La proportion relative de ces deux produits 
est 3:l .  

I .  La (e'tlzoxy-1 Ctlzy1)-8 cafe'ine 
Le spectre i.r. de ce compost fait apparaitre 

une bande d'absorption a 2980 cm-', un tpaule- 
ment 2 2940 cm- ', une bande faible a 2880 cm- ' 
en plus d'une absorption plus intense a 1460 
cm-' prouvant ainsi l'existence des groupes 
CH, et CH, aliphatiques. Une absorption ?I 

1 l lOcm-I  confirme les vibrations du lien 
C-0-C. 

Un  triplet 2 1.20 6 ( J  = 6 c.p.s.) dans le 
spectre de r.m.n. est dG l'absorption des 
protons du mtthyle de l'tthoxyle. Le doublet 
apparaissant B 1.60 6 ( J  = 7 c.p.s.) suggkre 
I'existence des protons du mtthyle 2' tandis que 
les protons des deux mtthyles de la caftine 
absorbant a 3.38 et 3.55 6, masquent partielle- 
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JERUMANIS ET MARTEL: REACTIONS DE LA CAFEINE AVEC LES ETHERS 

0 CH3 

c H 3 f ~ F - C H 2 - C H 3  O N N  

(433 

ment le quadruplet ( J  = 6 c.p.s.) des protons du 
CH, de 1'Cthoxyle. On remarque Cgalement un 
singulet a 4.08 6 (3 protons) et un quadruplet 2 
4.76 6 (J = 7 c.p.s.); ce dernier est interprCtC 
comme Ctant dti au proton en position 1 qui set 
coup16 avec les protons du mCthyle adjacent. 

La spectromCtrie de masse rCvitle un ion 
molCculaire mle 266 de m&me que des fragments 
trits significatifs a mle 25 1, 221, et 45. 

2. Produit secondaire 
Ce composC est caractCrisC dans i.r. par des 

bandes d'absorption des CH, et CH, aliphatiques 
et par les absorptions des C 5 ,  C=N et C=C 
dont les positions restent inchangkes. Le spectre 
de r.m.n. montre un triplet a 1.35 6 ( J  = 7 c.p.s.) 
correspondant aux protons du mCthyle en 
position 1, lesquels sont couplCs avec les hydro- 
gitnes du CH, apparaissant sous la forme d'un 
quadruplet a 2.76 6 ( J  = 7 c.p.s.). Par spectro- 
mCtrie de masse on note un ion molCculaire a 
mle 222 et un fragment a m/e 193. 

Partie expkrimentale 
Les spectres i.r. ont t t t  pris sur un spectrophotornetre 

Perkin-Elmer modtle 257 en solution de CHCI, a 10% 
dans les cellules de KBr 0.1 mm dlCpaisseur. 

Les mesures de r.m.n. ont t t t  effectutes a l'aide d'un 
appareil "Varian" modkle A60. Le tttramtthylsilane 
servant de rtfkrence interne, le solvant utilisC fut le 
CDC1,. 

Les points de fusion ont Ctt dttermints en tubes 
capillaires au moyen d'un appareil Biichi et ne sont pas 
corrigks. 

Les analyses Cltmentaires ont CtC effectutes par 
"Schwarzkopf Microanalytical Laboratory" de New 
York. 

Les spectres de masse ont Ct6 enregistrts par un 
appareil Hitachi-Perkin-Elmer modkle RMU-6D. 

I .  Riac tion de la cafkine auec le dioxane 
Dans un ballon de Pyrex, on solubilise 1.0 g de caftine 

et 1.0 g de benzophinone dans une solution composCe 
de 500 ml d'eau et 300 ml de dioxane. Le mtlange est 
alors dCsoxygtnt en faisant barboter durant 30min, 

sous bonne agitation, un courant d'azote. Ensuite, ayant 
constamment une atrnosphtre d'azote dans le systtme, 
on irradie la solution avec une lampe Hanovia "MPL" 
de 140 W durant 30 jours. 

1.1 Identification d~c benropinacol 
Le prtcipitt blanc form6 au cours de la reaction est 

filtrt et recristallist deux fois dans un melange benztne - 
Cther de pitrole 2:l. On retrouve ainsi des cristaux blancs, 
p.f. 185-188 "C, rendement 100%. Spectre i.r.: bandes 
3550, 3050, et 3000 (moyennes), 1590 (faible), 1490 et 
1445 (fortes), 1165, 1030, et 700 cm-' (fortes). Le spectre 
de r.m.n.: doublet aromatique a 7.25 (20H) et singulet a 
3.05 6 (2H); le rapport Ctant 10:l. Le spectre de masse: 
nzle 366: [(C6H5)2COH-COH(C6H5)2] t ; inle 348 : 

( c ~ H ~ ) ~ c - c o H ( c ~ H ~ ) ~ ;  m/e 183 : ( c ~ H ~ ) ~ c o H ;  
m/e 77: C6H5 + . 

1.2 Identification d~c dioxanyl-8 cafiine 
Le filtrat est alors CvaporC presqu'au complet et le 

rtsidu dissous dans le chloroforme puis stchC sur MgSO,. 
Apres I1Cvaporation du CHCI, on retrouve un produit 
orange. Le spectre de r.m.n. de ce dernier indique 
qu'environ 50 % de la cafeine a rtagi et on n'observe plus 
de benzophenone. Ensuite ce produit orange est chroma- 
tographie sur la silice en plaque mince en tluant avec le 
CHCI,. Sur la plaque on observe quatre produits qui 
sont extraits avec le mtthanol. Toutefois il est possible 
d'en identifier seulement deux: la cafkine et la dioxanyl-8 
caftine. Le produit de rtaction est is016 en tvaporant 
completement le MeOH puis en solubilisant le rtsidu 
dans le CHCI,. Le solide blanc ainsi obtenu est recristal- 
lisC dans un mtlange d'acttone et de chloroforme. 
Poudre blanche, p.f. 200.5-202 "C (rendement 60-70% 
de la thCorie, en fonction de la benzophenone utiliste). 
Spectre i.r.: bandes a 3000, 2970, 2930, et 2860 (moyen- 
nes), 1705 et 1660 (tres fortes), 1605 (faible), 1545, 1440, 
et 1340 (moyennes), 1090 et 1075 (fortes), 1040cm-' 
(moyenne). Le spectre de r.rn.n.: multiplet entre 3.75 et 
3.95 (4H), doublet a 4.10, J = 6 c.p.s. (2H), un triplet a 
4.80, J = 6 c.p.s. (lH), singulet a 3.40 (3H), 3.57 (3H) 
et 4.08 6 (3H). 

Anal. calculC pour C12H16N404: C, 51.43, H, 5.75; 
0 ,  22.83. TrouvC: C, 51.24; H, 5.94; 0 ,  23.00. 

t 
Spectre de masse: m/e 280: I-D; m/e 251 : 11-D; 
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2. Riactiolz de la cafiine avec le tdtrahydrofura~~~le 
En utilisant une larnpe Hanovia 140 W a pression 

rnoyenne et un filtre de Pyrex, on irradie durant 30 jours 
et sous atmosphere d'azote une solution desoxygCnee 
de 400 ml de THF et 450 rnl d'eau contenant 1.0 g de 
cafkine et 1.0 g de benzophtnone. On rernarque que 
pendant la reaction le pinacol ne prkcipite pas. Toutefois 
il est skpare sous forrne de gornrne insoluble dans l'eau 
i la fin de la reaction lorsque le THF est evapork. Le 
liquide restant est ensuite CvaporC puis le rCsidu est 
solubilisC dans le CHCI, et sCcht sur MgSO,. Le spectre 
de r.m.n. de ce produit brut indique seulernent une 
trace de cafeine non rCagie. Par chrornatographie en 
couche mince sur alurnine, on visualise avec un melange 
d'iode, de KI, de HC10.25 %, et d'ethanol, deux produits 
dont l'un n'a pu &tre identifie. Le second est stpare et 
isole par cette rnethode a 1'Cchelle preparative, utilisant le 
CHC1, cornrne Cluant. Ainsi apres I'extraction avec 
l'alcool rnethylique et recristallisation dans 1'Cther on 
obtient 0.4 g (66% de rendernent thborique) d'un produit 
blanc, p.f. 127-128 "C. Le spectre i.r.: bandes a 3000, 
2950, et 2870 (rnoyennes), 1705 et 1660 (tres fortes), 
1605 (faible), 1545 et 1445 (rnoyennes), 1410 (rnoyenne), 
1053 (Cpaulernent), 1040 cm-' (rnoyenne). Spectre de 
r.rn.n.: rnultiplet cornplexe entre 1.75 et 2.80 (4H), 
triplet a 3.92, J = 6 c.p.s. (2H), triplet a 5.05, J = 6 
c.p.s. (1H) et les singulets 3.40, 3.55, et 4.05 6 dont les 
inttgrales respectives representent 3 protons. 

Anal. calculk pour Cl2Hl6N4O3: C, 54.97; H, 6.07. 
Trouvt: C, 54.45; H, 6.21. t 

Spectre de rnasse: m/e 264: I-THF; m/e 234: 11-THF, 
+ 

m/e 193: i; m/e 82: CH~-N=C-GN-CH,; m/e 
+ + 

7 1 : THF; m/e 67 : NEC-C=N-CH3. 
3. Riaction de la cafiine avec le tdtrahydropyranne 

Un melange rkactionnel cornposC de 475 rnl d'eau, 
475 rnl de butanol tertiaire, 100 rnl de THP ainsi que 3 rnl 
d'acCtophCnone et 1.0 g de cafeine est irradik durant 11 
jours i l'aide d'une larnpe Hanovia 450 W grande 
pression i travers le pyrex. Apres Sevaporation du 
THP et du butanol tertiaire le pinacol prtcipite sous 
forme d'une gornme insoluble dans l'eau et qui est alors 
stpare par decantation. De la solution restante, le 
solvant est CvaporC et ce qui en rtsulte est solubilisC dans 
le CHC1, et sCcht sur MgSO,. Par chrornatographie en 
couche mince sur alurnine et en Cluant avec le CHC13, 

on vCrifie qu'il n'y a qu'un produit principal. Apres le 
sCchage le chloroforrne est Cvaport et le produit obtenu 
est recristallise deux fois dans un melange methanol- 
ether 10:l. Le precipite se prCsente alors sous la forrne 
d'une poudre blanche, p.f. 156-157 "C, rendernent 65 %. 
Le spectre i.r. : bandes a 3005, 2980, et 2860 (rnoyennes), 
1705, 1660 (tres fortes), 1545, 1445 (moyennes), 1085, 
1040 crn-I (rnoyennes). Spectre de r.rn.n.: rnultiplet 
cornplexe entre 1.52 et 2.28 (6H), singulets a 3.45 (3H), 
absorption de 3.45 a 3.62 (SH), singulet a 4.10 (3H), 
rnultiplet entre 4.45 et 4.75 6 (1H). 

Anal. calculC pour C13H18N403: C, 56.09; H, 6.52; 
N, 20.13. Trouve: C, 55.65; H, 6.82; N, 19.31. 

+ 
Spectre de rnasse: n7/e 278: I-THP; m/e 221 : 111-THP; 

+ 
m/e 194: IV-THP; n ~ / e  193 : I ;  ln/e 82: CH3-N=C- 

+ + 
C2N-CH3; )n/e 67: N-C-&N-CH,; ~ n / e  55: 
[N=EN-CH3] + . 

4. Riaction de la cafiine avec I'ither ithylique 
Un melange reactionnel cornprenant 1 g de cafkine, 

5 rnl d7acCtophCnone et 150 rnl d'ether Cthylique est 
solubilise dans 950 ml d'eau et de butanol tertiaire 1 : l .  
L'irradiation de la solution est effectuee a l'aide d'une 
larnpe Hanovia 450 W grande pression utilisant un 
filtre de pyrex. Apres 180 h d'exposition a la lumiere 
u.v., on chasse le butanol tertiaire et l'ether sous pression 
rCduite, a temperature peu ClevCe. L'acttophtnone 
reduite prtcipite. On le separe, et apres l'kvaporation de 
l'eau on retrouve un produit blanc qui est alors redissous 
dans le chloroforrne et stcht sur MgSO,. Par chroma- 
tographie en couche mince sur la silice et Cluant avec un 
melange acttone - tttrachlorure de carbone 1 :1 on 
observe deux produits qui sont alors isolCs en travaillant 
a l'tchelle preparative, rendernent global: 50-60%. 

4.1 Identification de la (ithoxy-I kthy1)-8 cafdine 
Le premier produit est d'abord recristallist dans un 

melange de chloroforrne - Cther de petrole - ether 
Cthylique 1 :1:10 puis dans un melange Cther Cthylique - 
ether de pbtrole 10:l. On obtient ainsi une poudre 
blanche, p.f. 116-1 17 "C. Spectre i.r. : bandes a 2970 
(rnoyenne), 2880 (faible), 1705, 1660 (tres fortes), 1605 
(faible), 1545, 1455 (fortes), 1230 (rnoyenne), 11 10 
(forte), 1045 crn-' (rnoyenne). Spectre de r.rn.n.: triplet 
a 1.20, J = 6c.p.s. (3H), doublet a 1.60, J = 7 c.p.s. 
(3H), singulets 3.38 (3H), 3.55 (3H), 4.07 (3H), 
quadruplet a 3.46, J = 6 c.p.s. (2H), quadruplet a 4.76 6 ,  
J = 7 c.p.s. (1H). 

Anal. calculk pour C12H18N403: C, 54.12; H, 6.81; 
N, 21.04. Trouvt: C, 54.28; H, 6.99; N, 21.19. 

+ 
Spectre de rnasse: m/e 266: I-CH(CH,)OCH,CH,; 
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+ + 
N-CH,; m/e 67: N=C-C=N-CH,; m/e 55: une solution de 425 rnl d'eau et 500 rnl de butanol 

[N=C=N-CH,]+; m/e 45: CH3-CH20+; m/e 29: tertiaire. L'irradiation se fait a I'aide d'une larnpe 

CH3-CH, +. Hanovia grande pression 450 W durant 130 h. 
L'initiateur Btant s e ~ a r e  de facon habituelle. on le 

4.2 Identification de l'kthyl-8 cafkine 
Le second produit est recristallis~ dans un melange 

ether ethylique - chloroforrne 5 : l .  On retrouve une 
poudre blanche, p.f. 187-188.5 "C, (litt. (8) p.f. 189.5- 
191 "C) representant 25 % du rendernent global. Spectre 
i.r.: bandes a 2975 (rnoyenne), 2875 (faible), 1705, 1660 
(trks fortes), 1605 (faible), 1545 (forte), 1460 (rnoyenne), 
1380crn-' (faible). Spectre de r.rn.n.: triplet a 1.35, 
J = 7 c.p.s. (3H), quadruplet a 2.76, J = 7 c.p.s. (2H), 
singulet a 3.37 (3H), singulet a 3.55 (3H), singulet a 

t 
3.90 6 (3H). Spectre de rnasse: m/e 222: I-CH2CH3; 

+ + 
m/e 207: I-CHI; m/e 193: I et 11-CHI-CH3; m/e 82: 

+ 
CH,-N=C-c=~-cH, ; m/e 67 : N=C-GN- 
CH3; m/e 55: [N=C=N-CH3]+. 

5.  Rdaction de l'anisol auec la cafdine 
Un melange reacti6nnel cornprenant 1 g de cafeine, 

5 rnl d'acktophenone et 150 rnl d'anisol est dissous dans 

retrouve reduit a la fin de la reaction. Apres l'kvaporation 
du solvant la presence de la cafeine intacte est confirrnee 
par r.rn.n. On observe egalernent la formation d'un 
compose arornatique cornplexe qui n'est pas identifit. 

La rnCrne reaction est effectuee par photolyse directe, 
rnais la cafkine se revele inerte. 

Les auteurs rernercient le Conseil National de Recher- 
c h e ~  du Canada pour le subside de recherche accord6 
(S.J. octroi No 4200-4). 

L'un de nous (A.M.) exprirne sa reconnaissance 
vis-a-vis du Conseil National de Recherches du Canada, 
qui lui a alloue une bourse d'etudes sup6rieures. 
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Vapor absorption spectra of benzoxazole, benzimidazole, and 
benzothiazole near 2850 

R. D. GORDON AND R. F. YANG 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received January 19, 1970 

Sharp vapor absorption spectra, with origins at the frequencies listed, have been observed for 
benzoxazole (36 493 cm-I), benzimidazole (36 023 cm-I), and benzothiazole (34 327 cm-I). In each 
case the origin is the strongest band, and excited state fundamentals of approximately 700,950, and 1225 
cm-I are prominent. The vibrational structure is similar to that of related heterocyclic compounds 
and some substituted benzenes. There is no evidence of a (n*-n) transition. 

Canadian Journal of Chemistry, 48,1722 (1970) 

Introduction 

The six benzo-derivatives of five-membered 
heterocycles listed in Table 1 have similar ultra- 
violet (u.v.) spectra in solution. Absorption begins 
with a moderately intense system near 2850 A, 
and stronger bands are observed at higher ener- 
gies. The near U.V. spectra of the compounds 1 
must record (n*-n) transitions. The solution 
spectra of compounds 2 are similar, and probably 
of (n *-n) type, although (n *-n) transitions might 
also be expected in these aza-substituted mol- 
ecules. 

In interpreting these spectra, some authors 
have emphasized analogies to the spectra of sub- 
stituted benzenes (1,2). Others have assumed 
sufficient delocalization over both rings that 
naphthalene (3) or the indenyl anion (4) is a 
better model, while some theoretical treatments 
use both approaches (5, 6). 

Hollas (7) has reported a vibrational analysis 
of the sharp bands observed near 2850 A in the 
vapor absorption spectra of the compounds 1. 
This paper reports the results of a similar study 
of compounds 2. It was carried out to determine 
whether the vibrational structure typical of the 

TABLE 1 
Some benzo-derivatives of five-membered heterocycles 

Structure 
Compound number 

Benzo [blfuran 1 ; A = O  
Indole l ; A = N H  
Benzo [blthiophene 1 ; A = S  1 

Benzoxazole 2 ; A = O  
Benzimidazole 2; A = N H  
Benzothiazole 2 ; A = S  2 

compounds 1 would persist in their "azalogues" 
2; to seek for evidence of a possible (n'k-n) transi- 
tion; and to see whether a detailed study of the 
sharp vapor spectra might support one of the 
interpretive approaches described above. 

The spectrum of benzothiazole vapor has been 
reported previously (8), but under lower resolu- 
tion than in the present study. A self-consistent 
field treatment of the electronic spectrum of 
benzoxazole has recently been published (9). 

Experimental 
Benzoxazole and benzothiazole were distilled under 

reduced pressure, and benzimidazole was recrystallized 
from alcohol. 

The absorption spectra illustrated in the figures were 
obtained in a 1 m fused silica cell at  the lower of the tem- 
peratures listed below. Temperatures up to  the maxima 
shown were used to develop the hot bands: benzoxazole, 
-35 to  100"; benzimidazole, 140 to 170"; benzothiazole, 
30 to  100 "C. Spectra were photographed in the second 
order of a 1.5 m grating spectrograph with a dispersion 
of 7.4 A mm-'. The spectrum of an iron hollow cathode 
lamp was recorded for wavelength calibration. Sharp 
bands were measured on the films with a J. E. 0. L. Com- 
parator, while weaker features were measured less ac- 
curately from enlarged prints. The former measurements 
should be accurate to  2 cm-'. 

Solution spectra were obtained o n  a Unicam SP. 800 
Spectrophotometer using Spectrograde solvents. T h e  
infrared (i.r.) spectra of thin liquid films of benzothiazole 
and benzoxazole were measured on a Beckman I R  10 
Spectrophotometer. 

Results 

The sharp 2850 A vapor absorption bands of 
the three compounds 2 are illustrated in Figs. 1 
and 2, and vibrational assignments of some 300 
observed bands are given in Tables 2, 3, and 4. 
Strong bands at  36 493 (benzoxazole), 36 023 
(benzimidazole), and 34 327 cm-I (benzothia- 
zole) are assigned as the electronic origins. 
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GORDON AND YANG: VAPOR ABSORPTION SPECTRA 

FIG. 1. The 2850 A vapor absorption bands of benzimidazole and benzoxazole. 

BENZOTHIAZOLE 

FIG. 2. The 2850 A vapor absorption bands of benzothiazole. The wavenumber scale is not the same as in Fig. 1. 

In each of the spectra the origin band group is 
the strongest, while other strong bands record 
excited state fundamentals of approximately 700, 
950, and 1225 cm-l. No long progressions are 
observed, although some weak bands are assigned 
to (2-0) or (3-0) transitions. The spectra become 
too diffuse to measure some 2500 cm-' from the 
origins. 

A number of hot bands were observed, and as 

shown in Table 5 many of the ground state funda- 
mentals agree well with i.r. frequencies. A tenta- 
tive correlation with excited state modes of 
similar frequencies and relative intensities has 
also been made in some cases. 

Extensive sequence structure is found on the 
low energy side of the stronger bands, especially 
in benzimidazole whose spectrum had to be re- 
corded at a high temperature to obtain sufficient 
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TABLE 2 

Vibrational analysis of the 2850 A vapor absorption bands of benzoxazole 

Intensity* A v t  Assignrnentf A§ Intensity* Avt  Assignment1 A§ 

VVW 
VW 
VW 
VW 
VVW 
VW 
VW 
VVW 
VW 
VW 
v.w 
VW 

VW 
W 
W 
VVW 
VW 
W 
VVW 
VW 
W 
VW 
W 
VW 

VW 
W 
W 
W 
W 
W 
W 
vv W 
VVW 
VVW 
VW 
W 
W 
W 
W 
W 
W 
W 
VVW 
W 
VW 
VW 

VW 
VVW 
W 
w ' 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
W 
rns 
W 
W 
ms 
VW 
rns 
rns 

VW 
VS 
VS 
W 
W 
VS 
VS 
VVW 
VVW 

-114 A, b, c 
- 77 A, a, c 
- 62 A, c 
- 52 A, b 
- 30 A, 2a 
- 15 A, a 

(36 493) A, Origin 
28 D, D 
47 

0 vw 575 E, a, 2c + 2 
0 w 587 E, 2c - 1 - w 596 E, b, c - 2 
- rns 649 E, c - 1 
0 w 661 F, c - 2 - w 67 1 G, 4c - 1 
- s 712 E - 
- 1 w 725 F - 

w 734 G. 3c 0 
. - 

VVW 11 1 w 783 ~;a:c +2  
VVW 187 B, 2c - 1 s 796 G, 2c 0 
vw 247 B, c - 3 w 807 G, b, c + 1 
vw 259 c, 4c - 1 w 844 G, a, c + 1 

- w 312 B s 858 G. c 0 
VW 
W 
VW 
W 
VVW 
W 
VW 
W 

C, 3c -2 w 863 GI b 
C, 2c - 1 rns 907 G, a 
C ,  b, c + 5 s 920 G 
c, c 0 W 943 1, c 
E, B 0 w 964 H - C w 1006 I 
D, a + 2 w 1040 J, c - D w 1087 J, a. 

rns 1105 J - ms 1635 E, G + 3 
- ms 1119 K w 1641 F, G -4 

rns 1162 L, C - 1 w 1702 2G,a,2c + l  
w 1179 M, c - 2 w 1717 2G, 2c + 1 
w 1188 N, c + 1 w 1726 2G, b, c 0 
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GORDON AND YANG: VAPOR ABSORPTION SPECTRA 

TABLE 2-Continued 

Intensity* Avt Assignment1 A Intensity* Avt Assignment1 A§ 
ms 1225 L - w 1730 c, L - 3 
w 1243 M - w 1781 2G, c - + 3 
w 1249 N ms 1842 2G + 2 
vw 1272 0 ,  C 0 w 1847 
vw 1279 D, E - 2 w 1923 
vw 1314 p, C + 2 w 2029 G, J + 4 

- w 1334 0 w 2044 G, K + 5 
vw 1359 Q, 2c + 4 vw 2098 G , M , c  -3 
w 1374 P - vw 2108 G, N, c + 1  
w 1417 Q, c 0 w 2148 G, L + 3 
vw 1437 E, F 0 VVW 2161 G, M - 2 
w 1479 Q - vw 2171 G, N + 2 
w 1498 E, G, a, 2c + 5  VVW 2555 E, 2G + 3 
w 1505 E, G, 2c - 3 vvw 2761 3G + 1 
vw 1538 B, L + I  vvw 3070 2G, L + 5 
w 1572 E, G, c + 2 

*The intensities of the hot bands are relative to others observed at the same elevated temperature. 
tobserved separation from the origin in cm-'. Fundamentals are italicized. The wavenumber of the origin is also given 

in this column. 
$The origin and excited state fundamentals are designated by capital letters, and the ground state fundamentals by 

itallc~zed capitals. Lower case letters designate the sequence intervals a = - 15, b - -52, c = -62, and d = -148 
cm-'. Thus, for example, 2G,A,a,2c represents 2 x 920 - 206 - 15 - 2 x 62 = 1495 cm-'. 

§A = (Av,~.. - Avcrncd.) in cm-I. 

TABLE 3 
Vibrational analysis of the 2850 8, vapor absorption bands of benzimidazole* 

Intensity Av Assignment A Intensity Av Assignment A 

vw -1133 D, C 0 vs - 63 A, c - 
vw - 1070 D - vw - 54 A, b - 
vvw - 1009 C - vw - 22 A, 2a 0 
vvw - 960 B, 3c o vs -11 A, a - 
vw - 900 B, 2c - 3 vs (36 023) A, Origin - 
vw - 836 B, c - 2 vvw 98 B, 2c - 2 
vw - 771 B VVW 155 B, c - 8 - 
vw - 421 A vw 226 B - - 
w - 347 A, 3c, d -4 vw 301 C - 
ms - 281 A, 2c, d - 1 vw 513 D, c, d 0 
w - 267 A, a, 4c -4 vw 537 D, 3c -4 
w - 254 A, 4c - 2 s 594 D, a, 2c + 1 
ms -218 A, c, d - 1 s 602 D, 2c - 2 
ms - 204 A, a, 3c - 4 s 656 D, a, c 0 
ms - 190 A, 3c - 1 s 666 D, c - 1 
vw - 177 A, b, 2c + 3 s 718 D, a - 1 
ms - 154 A, d - s 730 D - 
VS - 137 A, a, 2c 0 w 764 E, 3c - 7 
vs - 127 A, 2c - 1 w 804 E, d -2 
vw -112 A, b, c + 5 w 815 E, a, 2c - 8 
vw - 85 A, 2a, c 0 w 828 E, 2c - 6 
VS - 74 A, a, c 0 s 883 E. a. c - 3 

*The notes to Table 2 also apply here. The sequence intervals are a = -11; b = -54; c = -63; and d = -154 cm-I. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 4 
Vibrational analysis of the 2850 A vapor absorption bands of benzothiazole* 

Intensity Av Assignment A Intensity Av Assignment A 

W 
VW 
VVW 
VVW 
w 
W 
W 
W 
W 
W 

W 
ms 
W 
W 
W 

rns 
W 
rns 
W 

rns 
W 
W 
ms 

W 
W 
W 
W 
W 
W 
rns 
W 
ms 
ms 
ms 
ms 
S 
ms 
VS 
ms 
ms 
sh 
VS 
VW 
VW 
VW 

A ,  4c 
A,  3c 
A,  2c 
A ,  a, c 
A,  c 
A,  a 
A 
A, 6c 
A, 5c 
A, 4c 
A, 3c 
A, a, 2c 
A, 2c 
A, b, c 
A, a, c 
A, c 
A, b 
A, a 
A, Origin 
D, A 

B 

VW 
W 
VW 
V W  
W 
W 
n1s 
W 
W 
n1s 
W 
rns 
W 

n1s 
ms 
S 
VVW 
W 

W 
Ins 
n1s 
S 

1800 G, J -10 vw 2146 H, L - 
1856 {%2C + - 2 2 VVW 2178 

w 1901 {EJ  + 3 
- 1 VVW 2228 

vw 1937 G, 2H + 9 VVW 2235 D, H, J + 2 
vw 1958 D. H, I 0 VVW 2252 
vw 1986 G; K; c - 2 VVW 2317 
vw 2033 G, K + 1 VVW 2422 1, L - 6 
vw 2097 E, H, I - 11 VVW 2509 D, 1, J - 3 

*The notes to  Table 2 also apply here. The sequence intervals are a = - 12; b = -29; and c = -44 cm-1. 
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TABLE 5 TABLE 6 

Comparison of ground state Solvent shifts of the origin bands of the 2850 A systems 
fundamentals with infrared (cm- ') 
and excited state frequencies 

(cm- ') Solvent shifts* 
Voo 

Ground state Compound Cyclohexane Methanol Water 

Hot Excited Benzo [blfuran 35 525 + 40 - 
bands Infrared state Indole 34 810 -110 + 120 

Benzo[b]thiophene 33 580 + 65 - 
Benzoxazole Benzoxazole 36 025 + 180 - 

206 - - Benzimidazole 35 585 +255 +410 
212 - - Benzothiazole 33 865 + 80 + 400 
404 419 - 
540 537 508 * ~ [ r n c t h > n o l  or wotcr) - v[cyslohcxrnc) 

623 617 569 
779 777 712 might be found for the compounds 2. As shown 

1002 1007 920 
1073 1072 - in Table 6, there is a moderate shift to higher 
1241 1240 1225 energies with increasing solvent polarity in all six 

Benzimidnzole compounds. The red shift found for indole be- 
421 425* - tween cyclohexane and methanol is reversed when 
771 7707 730 water is the solvent. No appreciable loss of fine 

1009 10077 - 
1070 - 960 structure was observed. Comparable blue shifts 

are observed for the first (n *-n) bands of benzene 
Benzothiazole 

295 - - (1 I), pyrimidine (12g), and pyrazine (12h), but 
529 - 485 much larger blue shifts, accompanied by loss of 
662 667 - fine structure, are found for the ( ~ ' ~ - n )  bands of 
716 725 672 
755 757 - the latter two compounds. 

Discussion 

*The assignment OF this mode to out-of- The spectra of the aza-substituted heterocycles 
plane torsion (10) may be mistaken. 

?Assigned to in-plane ring bending (10). 2 are strikingly similar to each other and to the 
spectra of the compounds 1. The resemblance 

vapor pressure. The sequence intervals, which are 
listed at the foot of Tables 2, 3, and 4, are similar 
in all three molecules. 

The spectrum of benzimidazole is simpler than 
that of the other two compounds; the vibrational 
analysis requires only three strong and three weak 
fundamentals. Other weak fundamentals may be 
hidden by the strong sequence bands, but the 
simplicity of the spectrum probably reflects the 
fact that of the three Cs molecules, benzimidazole 
is the closest to possessing C,, symmetry. 

Under the medium resolution conditions used, 
the bands appear to be sharp, single-headed, and 
degraded to longer wavelengths. In benzothiazole 
they are slightly less sharp. The doubling of the 
benzimidazole peaks which can be seen in Fig. 1 
is too great to be attributed to rotational fine 
structure. Rather it is due to an 11 cm-' sequence. 

between their solution spectra extends to the 
vibrational structure of their sharp vapor bands 
and to the solvent dependence of their spectra in 
solution. Where small changes occur, they vary 
in a regular way with the hetero group. Data for 
comparison are listed in Tables 6 and 7. 

Only (n*-n) transitions are expected to occur 
in the near U.V. spectra of the compounds 1, and 
contour analysis of the 2850 A bands in indole 
(19) and benzo[b]thiophene (20) shows that they 
are polarized in the molecular plane as expected. 
The similarities noted above leave little doubt 
that the 2850 A systems in all six of the hetero- 
cycles record (n*-n) transitions of a similar 
nature. 

No features were observed in the vapor spectra 
of the aza-substituted compounds 2 which could 
not be assigned to this (n*-n) transition.' If 

The solution spectra of the six heterocycles 
'A weak band reported at 3275A in the solution were measured in different see whether spectrum of benzothiazole (18d) could not be reproduced 

behavior characteristic of (n *-n) transitions in this or other (2) studies. 
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TABLE 7 

Origins, intensities, and prominent totally-symmetric excited state fundamentals of the longest wavelength electronic transitions in some 
related molecules 

V ( 0 - 0 )  
(cm-') E,,, 0 

Compound (vapor) (soh) Prominent fundamentals (cm-l) Reference* > 

Benzene 38 086 250 - - 925 S - - 13, 12a i; 
F 

935 S 2 
Phenol 36 352 2000 475 M 783 S { 958 MS 1273 M 1566 w 14, 126 8 

975 MS c 
0 

Thiophenol 34 980 400 380 M 750 w 970 S 1070 S - 15, 12c 5 
Styrene 34 761 570 - 

Aniline 34 032 1400 492 S 798 S 953 S 1307 M - 17, 12e 0 z 
rn 

Benzo [blfuran 35 952 2770 - {z S 939 S 1317 MS 1538 MS 7, 18a 5 
Y 

Benzo [blthiophene 34 058 3050 - 

m 

Benzoxazole 36 493 3240 { z z :  712 S 920 S 1225 MS - 1 ? w 

s 
Benzimidazole 36 023 5200 - 730 S 960 S 1256 MS - 12ft 

Benzothiazole 34 327 1350 { 672 S 951 S 1226 S - 2 i  485 MS 
584 MS 

'The first reference is to the vapor and the second to the solution spectrum. 
tThis work. 
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(n *-n) transitions do occur, they must therefore 
be hidden beneath the intense absorption at 
shorter wavelengths. This is not surprising. 
Mason (4) has predicted that a (n *-n) transition 
involving a lone pair electron on a nitrogen atom 
in a five-membered ring should be stronger, and 
occur at higher energies relative to the (n*-n) 
bands than the corresponding transition involving 
nitrogen in a six-membered ring. No longer being 
the lowest singlet-singlet transition, a (n*-n) 
transition would lose its characteristic sharpness 
(21), and would easily be buried under other in- 
tense transitions. 

Many analogies can be pointed out between 
the 2850 A transitions of the six heterocycles and 
the corresponding transitions in a number of 
substituted benzenes. Relevant features of the 
latter spectra are included in Table 7. 

Relative to the 2600 A bands of benzene, the 
first systems in benzoxazole and benzo [blfuran 
are intensified and shifted to lower energies by 
about the same amount as in phenol. A smaller 
intensification and a larger bathochromatic shift 
are found in benzothiazole and benzo[b]thio- 

I phene as is the case for styrene and thiophenol. 
; The spectra of benzimidazole and indole resemble 
1 each other, but are not too closely related to the 
/ spectrum of aniline. 
I In the context of the present work, a com- 

parison between the vibrational structures of the 
various spectra is more appropriate. The strength 
of the origin bands, and the absence of long pro- 
gressions in the spectra of the heterocycles sug- 
gest that the geometrical changes accompanying 
excitation are small. This is consistent with the 
small decrease in the rotational constants mea- 
sured for indole (1 9) and benzo [blthiophene (20). 

The similarity of the prominent fundamental 
frequencies in the six heterocycles, despite large 
changes in the masses and electronegativities of 
the hetero groups, suggests that these geometrical 
changes are similar in each molecule, and are 
largely confined to the benzene ring, the only 
common structural unit. In fact these prominent 
frequencies are close to those which Brand et al. 
(17) has listed as being the most active in the 
spectra of many substituted benzenes, viz. the 
symmetric ring stretching mode (ca. 950 cm-l) 
and three substituent-sensitive modes (ca. 480, 
750, and 1275 cm-I). 

The comparisons above provide a useful frame- 
work for a discussion of the spectra of the six 

heterocycles. They suggest, but by no means 
prove, the hypothesis that the 2850 A transitions 
in these compounds are localized in the benzene 
ring. Resemblances to the 3200 A spectra of 
naphthalene (22) can also be noted. For example, 
the prominent totally symmetric fundamentals in 
the latter system (viz. 501 S, 702 vw, 987 VS, 1147 
M, 1389 M, and 1435 S cm- l )  are not unlike those 
listed in Table 7. 

The authors are grateful to the Ontario Department of 
University Affairs and to the National Research Council 
of Canada for research grants. One of us (R. F. Y.) thanks 
the National Research Council of Canada for the award 
of a Postgraduate Scholarship. 
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Fluorocarbon-bridged ditertiary phosphine derivatives of 
rhodium carbonyl halides 

W. R. CULLEN AND J. A. J. THOMPSON 
Departmetlf of Chenzistry, Utliuersity of Bririsll Colutnbia, Vatlcouver 8, Bririslz Col~itnbia 

Received December 12, 1969 

The ditertiary phosphines, ( c ~ H ~ ) ~ P c = c P ( c ~ H ~ ) ~ ( c F ~ ) , , c F ~  (r2 = 1, 2) react with [Rh(CO),X], 
(X = CI, Br) via unsymmetrical cleavage of the halide bridges to give ionic con~plexes [(P-P),RblC 

[cis-(C0)2RhX2]-. However the diarsine, (CH~) ,ASC=CAS(CH~),CF~CF~ (ffars) reacts in an 
anomalous manner to give the neiltral dimer, [(ffars)Rh(CO)CI],. With an excess of the phosphines, 
(12 = 1, 2 o r  3) the ionic complexes [(P-P),RhICCI- are obtained. The physical and spectroscopic 
properties of the new compounds and the tendency of the ions, [(P-P),Rh]+, not to undergo facile 
oxidative-addition reactions are discussed. 

Canadian Journal of  Chemistry, 48,1730 (1970) 

Introduction 

Recent work in the field of homogeneous 
catalysis has spurred interest in the synthesis of 
new complexes of the platinum metals in their 
lower oxidation states. In particular, phosphine 
derivatives of Rh(1) have come under a great 
deal of scrutiny. 

Ditertiary phosphine complexes of Rh(1) 
derived from rhodium carbonyl halides, [Rh- 
(CO),X],, were first reported in 1964 by Sacco 
and Ugo (1). These were a number of salts of 
the type [Rh(diphos),]X (diphos = 1,2-bisdi- 
phenylphosphinoethane, X = Cl, ClO,, B(C,- 
H,),) and were obtained by reaction of excess 
ligand with the carbonyl chloride. Hieber and 
Kummer (2) found that variation of ligand and/or 
reaction conditions resulted in bridged, chelated, 
or polymeric products. For example, under mild 
conditions, diphos and [Rh(CO),Cl], provided 
the bridged complex, 1, whereas more stringent 
conditions gave the chelated structure, 2. 

Thus, the earlier reports have demonstrated 
that ditertiary phosphines having saturated 
hydrocarbon bridging groups react with [Rh- 
(CO),Cl], to give a symmetric cleavage of the 
chlorine-bridged dimer. Recently, however, it 
was shown (3) that 1,2-bisdiphenylphosphino- 
ethylene which contains an unsaturated linkage 

gave complexes of the type [Rh(P-P),+- 
[Rh(CO),X,]- (X = C1, Br); i.e. complexes 
derived from asymmetric cleavage of the halide 
bridges. 

As part of our continuing study of the reactions 
of fluorocarbon-bridged ditertiary phosphines 
and arsines (4-8), 3, we have prepared a number 
of Rh(1) complexes which present some interest- 
ing parallels with and differences from earlier 
studies. Herein we report the results of this work. 

(a) L = (C6Hs)zP, 72 = 2, f f 0 ~  
(b) L = (CbHs)zP, I 1  = 3, f6 f0~  
(c) L = (CsHs)zP, 11 = 4, fsfos 
(d) L = (CH,),As, 17 = 2, Ears 

Experimental 
Physical properties and analytical data for new 

compounds are given in Table 1. 
The carbonyl halides [Rh(CO),X], were prepared by 

the method of McCleverty and Wilkinson (9). The 
ligands ffos (lo), f6fos (5), fsfos (S), and ffars (1 1) (3 
(a)-(d)), were prepared by published procedures. All 
reactions were carried out under a nitrogen atmosphere. 

Infrared (i.r.) and 19F nuclear magnetic resonance 
(n.m.r.) spectra were obtained using a Perkin-Elmer 
457 Spectrometer and a Varian Associates HA-100 
Spectrometer, respectively. 

Analyses and ~nolecular weights were performed by 
Mr. P. Borda of this Department and by the Pascher 
Mikroanalytisches Laboratorium, Bonn, West Germany. 

Conductivity measurements were made using a 
Wayne-Kerr Universal Bridge, Model B221A. The 
petroleum ether used had b.p. range 30-60". 
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Preparation of [( f 6 fos) 2 Rh] + [cis-(CO) 2 RhClJ 
To an ethanol solution (20 ml) of [Rh(CO),CII2 (195 

mg, 0.5 mmole) was added 0.54 g (1 mmole) of f6fos. 
The solution immediately became darker yellow and CO 
was evolved. Within 2min  a yellow precipitate had 
formed. The mixture was stirred for 45 min, then filtered 
by suction. The filtrate (596 mg, 84%) was washed with 
ethanol and diethyl ether. The crude material was 
recrystallized from dichloromethane-hexane to give 
bright yellow crystals. v(C0) (CH2C12 solution): 2076 (s) 
and 1985 (s) cm-I. 

Preparatiotz of [(fos) Rh] + [cis- (CO) 2 RhC12]- and 
[( f 6  f~s)~Rh]+[cis-(CO)~RhBr~]- 

Both complexes were obtained in a manner analogous 
to that of  the above f6fos derivative. The yield of 
[ ( f f ~ s ) ~ R h ] +  [ci~-(CO)~RhC1,1- was 500 mg (76%). It 
was recrystallized from dichloromethane - petroleum 
ether and had v(C0) (KBr disc) at  2076 (s) and 1987 (s) 
cm- ' . The yield of [(f6fos)2Rh]+ [ c i ~ - ( C O ) ~ R h B r ~ l -  
(from [(C0)2RhBr]2) was 80%. It was recrystallized 
from dichloromethane - petroleum ether and had v(C0) 
(CH2C12 solution) at  2068 (s) and 1991 (s) cm-'. 

Preparation of [(P-P) 2Rh]' X- (P-P = fos and 
f6 fos; X = Cl, Br, B ( C6H5)4) 

A typical reaction is described. F6fos (1.09 g, 2 
mmoles) was added as the solid to a 95% ethanol 
solution of [Rh(CO),CI], (195 mg, 0.5 mmole). The 
mixture was stirred while being warmed gently in a 
water bath. The initial precipitate of [(f6fos)2Rh]+ [cis- 
(C0)2RhC12]- dissolved gradually to give an  orange 
solution containing a small amount of suspended solid. 
The solution was filtered after I h and solvent was 
removed. Yellow crystals formed as the volume decreased 
and addition of diethyl ether enhanced precipitation. 
The solid was filtered and washed with ether to  give 
1.15 g (93 %) of the product which was recrystallized 
from dichloromethane-hexane. 

The tetraphenylborate derivative, [( f 6 fos) zRh] +-  

[B(C6H5),]-, was obtained by addition of a methanol 
solution (5 ml) of excess Na+B(C6H5),- to  a solution of 
the chloride 124 mg (0.1 mmole) in the same solvent 
(10 ml). Yellow crystals began forming within 30 s. 
After 1 h the product was filtered and washed with ether. 
Yield, 128 mg (85 %). Recrystallization was accomplished 
by addition of methanol to a dichloromethane solution 
(concentrated) of the product. 

In the case of [( f, fo~)~Rlr]+CI- ,  594 mg (1 mmole) 
of the ligand was added to 98 mg (0.25 mmole) of 
[Rh(C0)2CI]2 in 20 ml of benzene at  room temperature. 
Evolution of CO was rapid and the solution became 
red-brown. After 25 min, a yellow solid was precipitated. 
The mixture was warmed briefly (water bath) and 
petroleum ether was added. Filtration and washing with 
petroleum ether yielded 574 mg (87%) of the product. 
Addition of petroleum ether to an acetone solution of 
the product initially provided an oil which crystallized 
upon standing. 

Preparation of [(furs) Rh(C0) CI], 
Ffars (429 mg, I .3 mmoles) in 10 ml of 95 % methanol 

was mixed with 250 mg (0.65 mmole) of [Rh(CO),CI], 
in 15 ml of the same solvent. The solution immediately 
became bright cherry red and CO was evolved. Reaction 

was complete within 5 min after which time solvent was 
removed at  reduced pressure to give 569 mg (78%) of  
the red, crystalline product. Recrystallization from 
boiling hexane afforded small dark-red needles, v(C0) 
(CsHl2 solution): 1971 (s), 1972 (sh), 1959 (w), 1995 (vw) 
cm-'. 

Attenzpted Preparation of 
[(fa fo~;l~Rh]+[cis-(CO)~RhCI~]- 

(A) A solution of f,fos (596 mg, 1 mmole) in 15 ml 
of 95% ethanol was added to an  ethanol solution 
(15 ml) of [Rh(CO)CII2 (195 rng, 0.5 mmole). The 
solution quickly became darker and an orange precipitate 
formed. The mixture was stirred for -0.5 h then filtered 
and washed with ether and petroleum ether to yield 
500 mg of an  orange powder. Attempts at  recrystalliza- 
tion resulted in complete decomposition of the complex. 
v(C0) (CH2CI2 solution): 2044 cm-I. 

(B) T o  a solution of [Rh(C0)2C1]2 (195 mg, 0.5 
mmole) in hexane (20 ml) was added 600 mg of fafos as  
the solid. Carbon monoxide was evolved slowly over a 
15 min period during which a fine orange solid was 
deposited. The mixture was stirred for 0.5 h and warmed 
gently in the last 5 min. Filtration followed by washing 
with ether gave 721 mg (-100% assuming fafosRh- 
(C0)CI) of a solid whose i.r. spectrum was identical with 
that of the material obtained in (A). 

Reactior~ of [(fos) .? Rh] + CI- with HCl  
The rhodium complex (100mg, 0.09 mmole) was 

dissolved in 15 ml of CH2C12. Anhydrous HCI was 
bubbled through the stirred solution which rapidly 
became lighter yellow. After 5 min, the solvent was 
removed at  reduced pressure. The pale yellow solid so  
obtained was dissolved in HC1-saturated CH2C12, 
concentrated under a stream of nitrogen, and finally 
petroleum ether was added. Fluffy crystals of [(fos12- 
RhHCI]+ CI- were obtained. v(Rh-H) (KBr disc) : 
-2080 cm-' (vw). 

In  an identical reaction involving (f6fos),Rh+CI- a 
similar color change was observed. After work-up, 
however, the yellow material which was isolated was 
found to be the starting complex. 

Results and Discussion 

[cis- (CO) RIICI,]- Complexes 
The present work involving reactions between 

the fluorocarbon-bridged chelating ditertiary 
phosphines 3 (a)-(c) and [Rh(CO),X], (X = C1, 
Br) was begun in hopes of preparing simple 
mono-carbonyl complexes of the type 4; that is, 
compounds similar to those reported by Hieber 
and Kummer (2). Subsequently the ability of 4 
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TABLE 2 

19F n.m.r. data* 
-- 

Compound 6 (~.p.m.) re]. CFCI, 

[ ( f fo~)~Rh]  + [(CO),RhC12]- 110 (singlet) 
[(f6fos)2Rh]+ [(C0)2RhCI,]- 108 (triplet), 128 (quintuplet) 
(f6fos)zRh+B(C6H5)4- 109 (triplet), 129 (quintuplet) 
[ ( f far~)Rh(CO)Cl]~~ 107 (singlet) 

-- 
*CH2CI, Solutions. 
t1H Spectrum: r,,,, = 8.15 (CDCI, soln., TMS internal standard). 

to undergo oxidative-addition reactions was to 
be investigated. 

Reaction of ffos or f,fos at room temperature 
with [Rh(CO),X], in a 2:l mole ratio in benzene 
or alcoholic solutions leads to almost immediate 
precipitation1 of bright yellow solids, which 
analyze correctly for the stoichiometry of 4. 
However, assignment of this structure is ruled 
out on the basis ofthe i.r. and n.m.r. spectroscopic 
data. In the carbonyl stretching region of the i.r. 
spectrum two bands (X = C1: 2076 and 1989 
cm-I; X = Br: 2068 and 1991 cm-') are 
observed. These values agree with those reported 
by Vallarino (1 2) for [(C,H,),N ] [cis-(C0,- 
RhX,] and by Mague and Mitchener (3) for 
{[cis-(C6H5),PCH=CHP(C6H,),],Rh) [cis- 
(CO),RhX,]. Further, l g F  n.m.r. spectra ob- 
tained (Table 2) for the chloro-compounds are 
almost identical with those of the free ligands 
indicating a symmetrical arrangement of the 
ligands about the central metal atom. On the 
basis of the above data we assign the structure, 
5, to the new complexes. The ionic formulation 
is substantiated by equivalent conductance 
measurements, which indicated that the com- 
pounds are 1 :1 electrolytes (-24 mhos cm-' 
mole-', M nitrobenzene solutions). In 
addition, reaction in alcoholic suspension of 
[(f,fos),Rh:l [cis-(CO),RhCl,] with sodium tetra- 
phenylborate produced a yellow precipitate of 
[ ( f6 f~~)2Rh] f  [B(C6H5)4]- (vide infra). 

The new ionic complexes, 5, are air-stable, 
yellow solids which decompose slowly without 
melting upon heating above 200". They are 
readily soluble in chlorinated solvents and 
acetone but insoluble in alcohols and hydro- 
carbons. In solution decomposition occurs with- 
in 2-3 h. Recrystallization is accomplished by 

'In the reaction between ffos and [Rh(CO)2CI]2, in 
benzene solution the precipitate is slowest in appearing. 
It  is preceded by a clear, dark red solution, possibly due 
to an intermediate involving coordination of only one 
phosphorus atom in the ligand. 

addition of petroleum ether or alcohol to fresh 
solutions of the complexes. 

In contrast to ffos and f6fos, the ligand f8fos, 
3 (c) reacts with [Rh(CO),CI], under identical 
conditions to give an orange powder which 
exhibits only one i.r. absorption in the carbonyl 
stretching region at 2044 cm-I. All attempts to 
purify this material were fruitless, apparently 
because of high instability in any solvent in 
which it was soluble. Elemental analysis, though 
not good, would indicate that a complex having 
the formula (f,fos)Rh(CO)Cl was present. The 
insolubility of the solid in alcohol and its lack of 
volatility suggest a polymeric, 6, or dimeric 
structure. Compounds of this type have been 
formed (3) with trans-(C,H,),PCH=CHP(C,- 
H,), (polymer) and with (C,H,),As(CH,),- 
As(C,H,), (possibly a dimer like 7.) However, 
in the former case chelation is prevented by the 
trans-structure of the ligand. 

6 

A monomeric structure, 6, for the f8fos 
complex might be suggested also by the i.r. 
value which, although somewhat higher (due to 
the electron withdrawing effect of the fluoro- 
carbon bridge), is near that (2010 cm-') for the 
diphos complex, 2, of Hieber and Kummer (2). 

The formation of 5 represents a departure 
from the normal course of reaction between 
phosphines or arsines and rhodium(1) carbonyl 
halides. That is, symmetric cleavage of the 
chloride bridges usually occurs as in the well 
known (13) case of (C,H,),P (reaction [I]). 
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Reaction between the fluorocarbon-bridged di- 
tertiary phosphines results in an unsymmetrical 
cleavage of the bridges as shown in reaction [2]. 

OC 
ROH 

01 + 2P-P + 5 t 2 c o  
oc/ I \co 

A similar cleavage may be regarded as occurring 
when, for example, 1,2-bis(dimethy1arsino)-ben- 
zene (diars) reacts with PdCl, to give [(diars),- 
Pd] [PdCl,] (14). Recently unsymmetrical cleav- 
age reactions have been reported involving a 
chelating ditertiary phosphine and the carbonyl- 
bridged dimer [TC-C,H,F~(CO)~], (1 5). 

A less novel but equally plausible alternative 
reaction route cannot be ignored. This would 
involve the formation of two [Rh(P-P),]+ ions 
from one molecule of [Rh(CO),Cl], followed by 
attack of thedisplaced C1- on another [Rh(CO),- 
Cl], to give [Rh(CO),Cl,]- anions. 

The Complex [(ffars) Rh(C0) Cl], 
Reaction of the chelating ditertiary arsine, 3 

(d) (ffars), with [Rh(CO),Cl], in ethanol pro- 
duced a clear, bright red solution. Subsequent 
work-up provides a red crystalline complex in 
good yield which bearsno resemblance, physically 
or spectroscopically, to the phosphine com- 
plexes discussed above. From elemental analysis 
and molecular weight measurements (Table l), 
i.r. and n.m.r. data (Table 2) we have made a 
dimeric formulation [(ffars)Rh(CO)Cl], to which, 
because of its similarity to complexes obtained 
from (C6H5),MCH,M(C6H5), (M = P, As) (3, 
16),we can assign the structure 7. 

In the case of those complexes reported by 
Mague and Mitchener (3) and Mague (16) the 
change in function of the ligands (i.e. chelating 
to bridging) is believed to be a consequence of 

shortening the length of the hydrocarbon chain, 
effectively cancelling the chelating ability of the 
ligand. In the present case, however, the central 
structure of the molecule remains unchanged 
but the donor atoms are different. The ligand 
Ears shows a surprising reluctance to form the 
chelate complex (ffars)Fe(CO), although deriva- 
tives of this type are known for ffos, f,fos (6), 
and f,fos (17). However, all the ligands, 3, form 
complexes of the sort (chelate)Mo(CO),. There is 
at this time, however, no reasonable explanation 
for these differences in coordinating properties 
for the two types of ligand. 

The complex [ffarsRh(CO)Cl], is air-stable as 
the solid and in solution. It is quite soluble in 
most organic solvents and is easily recrystallized 
from hot hexane. 

Because of its greater solubility an infrared 
spectrum was obtained in cyclohexane solution. 
Increased resolution in this solvent permitted 
additional carbonyl bands to be observed. Spectra 
of [ ( C ~ H ~ ) ~ M C H ~ M ( C ~ H ~ ) Z R ~ ( C O ) X I ~  (M = 
P, As; X = C1, Br) (3) were measured as Nujol 
mulls and they showed one main band ca. 1970 
cm-I with a shoulder at ca. 1930 cm-I. The 
spectrum of 7 shows four bands (two weak) 
which might be explained by coupling of vibra- 
tional modes between the two carbonyl groups. 

Both the 19F and 'H n.m.r. spectra (Table 2) 
of this complex are compatible with the structure 
7. Single resonances for -CF,- and CH3- 
groups indicate symmetrical environments for 
the 19F and 'H nuclei. 

[(P-P) ,Rh]X Cotnplexes 
As part of this study we investigated the 

reactions of the ligands ffos, f,fos, and f,fos 
with [Rh(CO),X], in a 4:l mole ratio. In warm 
alcoholic solution, an initial precipitate of the 
(CO),RhX,- salt gradually dissolves as the 
anion reacts with excess of the ligand and a clear 
orange solution is obtained. Concentration of the 
solution and addition of ether gives a precipitate 
of the chloride or bromide, [(P-P),Rh]X, which 
is recrystallized from dichloromethane-hexane 
or acetone-hexane mixtures. 

The tetraphenylborate derivatives are obtained 
by metathetical replacement of the halide ion 
using NaB(C,H,), in alcoholic solutions. 

The halides and tetraphenylborates are bright 
yellow crystalline solids which all decompose 
without melting in the range 200-300". The 
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halides are soluble in all polar solvents whereas 
the tetraphenylborates are insoluble in alcohols. 
Their greater stability in solution indicates that 
the anion [cis-(CO),RhCl,]- is the unstable 
component of 6 .  A similar instability was noted 
by Vallarino (12). 

It has been known for some time (18) that 
cationic square planar Rh(1) complexes with 
ditertiary phosphines will undergo oxidative- 
addition reactions with hydrogen chloride to 
give octahedral Rh(II1) species (eq. [4]). 

CHzCIz 
[4] [Rh(diph~s)~]Cl + HCI - 

[RhHCl(diph~s)~]Cl 

More recently, the diarsine complex [Rh- 
(vdiars),+Cl- (vdiars = cis- (C,H,),AsCH= 
CHAs(C,H,),) (19) was shown to readily under- 
go a series of reactions involving hydrogen 
halides, halogens, allyl chloride or methyl iodide 
to give trans adducts. The complex was found to 
react reversibly with hydrogen under mild con- 
ditions. It was therefore of interest to investigate 
the ability of the new cations (P-P),Rh+ to 
undergo simiIar reactions and hopefully relate 
them to catalytic applications. 

In dichloromethane solution, anhydrous hy- 
drogen chloride reacts rapidly with [(ffos),- 
Rh]+Cl- at room temperature and pressure, 
producing a pale yellow solid which analyzes for 
[(ffos),RhHCl+]Cl-. The i.r. spectrum shows a 
very weak absorption at ca. 2080 cm-' which is 
possibly due to the Rh-H stretch and is just a 
little higher than values for the analogous diphos 
compounds (18). Surprisingly, although HC1 
reacts with [(f,fos),Rh]+Cl- in CH,Cl, solution, 
we were unable to isolate a product which gave 
the expected analysis and instead obtained only 
starting material (shown by i.r. spectrum and 
melting point). This would indicate that the 
Rh(II1) compound if formed is too unstable and 
reverts easily to the Rh(1) complex. 

Further evidence for the high stability of the 
metal atom in the lower oxidation state was 
obtained from some hydrogen uptake experi- 
ments. These showed that even at 60' in benzene 
solution, little or no hydrogen was taken up to 
form the [(f,fos),RhH,]+ cation (20). Test 

experiments on a small scale were carried out 
with CO and allyl chloride. No indication of 
reaction was noted. Thus it is concluded that 
under mild conditions, at least, the new Rh(1) 
cation complexes are highly stable to oxidation. 
Qualitatively, the stability can be attributed to 
the electron withdrawing nature of the ligands, 
which would tend to stabilize rhodium in the 
lower oxidation state. 

The complex [(f,fos),Rh]+Cl- does undergo 
rapid reaction with reducing agents. With NaBH, 
in absolute ethanol, or LiAIH, in tetrahydro- 
furan a dark green solution is produced. Subse- 
quent work-up provides dark green crystals 
which are highly unstable even at low tempera- 
tures in a vacuum. Attempts to characterize 
this material further were unrewarding. 

We thank the Defence Research Board of Canada for 
financial support. 
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Basicities in the naphthyl azoxy series1 

A. DOLENKO, K. MAHENDRAN, AND E. BUNCEL 
Department of Chemistry, Q~reetz's University, Kingston, Ontario 

Received November 10, 1969 

The pK, values of the conjugate acids of the six known phenyl-naphthyl and naphthyl-naphthyl azoxy 
derivatives have been measured by spectrophotom.etric methods in sulfuric acid solutions. Trends within 
the series are discussed in ternis of delocalization and structural effects. The azoxy bases deviate slightly 
from Hammett base behavior. 

Canadian Journal of Chemistry, 48, 1736 (1970) 

Determination of the base strengths of the 
series of known phenyl-naphthyl and naphthyl- 
naphthyl azoxy derivatives has been undertaken 
as a preliminary to a kinetic study of the re- 
arrangement of these compounds in acidic media, 
the Wallach rearrangement (1). The compounds 
investigated are the following:' P-l-phenyl- 
azoxynaphthalene (I), a-2-phenylazoxynaphtha- 
lene (2), P-2-phenylazoxynaphthalene (3), 1,l'- 
azoxynaphthalene (4), P-1,2'-azoxynaphthalene 
(5), and 2,2'-azoxynaphthalene (6). Previous 
studies on the protonation behavior of other 
aryl azoxy cpmpounds have been confined to 
azoxybenzene (3-5) and a number of mono- and 
disubstituted azoxybenzenes (4, 5). The measure- 
ments of refs. 3 and 4 refer to aqueous acid while 
those of ref. 5 to 80% aqueous H2S04 - 20% 
ethanol. 

Experimental 
Preparntiot~ of Azoxy Con~polrrrds 

The azoxy compounds were obtained upon oxidation 
of the corresponding azo conlpounds with nr-chloro- 
perbenzoic acid or perbenzoic acid, using essentially the 
procedures outlined in ref. 2. 1, m.p. 82-83 "C (lit. n1.p. 
84 "C (2)); 2, m.p. 124-125 "C (lit. m.p. 125 "C (2)); 3, 
11i.p. 117.5-118°C (lit. m.p. 117°C (2)); 4, n1.p. 124- 
125 "C (lit. m.p. 127 "C (2)); 5, n1.p. 139.5-140 "C (lit. 
m.p. 137 "C (2)); and 6 ,  m.p. 168-168.5 "C (lit. rn.p. 
164-166 "C (2)). All melting points were obtained on a 
Fisher-Johns melting point apparatus and are uncor- 
rected. During the preparation and subsequent manipu- 
lation of the azoxy compounds precaution was taken to 
avoid exposure to light in order to prevent a photochem- 
ical rearrangement (6). 

S~rljirric Acids 
SulFuric acid solutions ranging from 53 to 86% by 

weight H2S04 were prepared by diluting Fisher or C.I.L. 

'Part IX in series on the Wallach rearrangement. Part 
VIII, see ref. 18. 

'The naming of the compounds is according to ref. 2. 

Reagent Grade 96% sulfuric acid and analyzed by 
standard methods. 

Preparation of Sollrtiotls for Spectroscopic E,~anzinatior~ 
Due to the limited solubility of the azoxy compounds 

in these acid solutions it was necessary to employ an 
organic co-solvent. As dictated by the solubility charac- 
teristics of a particular azoxy compound, the measure- 
ments were carried out in aqueous H2S04  containing 
0.5% by volume ethanol or 5.0% by volume dioxane. 
In the former case the small amount of ethanol added 
was considered to act merely as a diluent (7) and the H, 
values given, by Jorgenson and Hartter (8) for purely 
aqueous acids were employed for the resulting solution. 
In the latter case the H, values due to Noyce and Jorgen- 
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DOLENKO ET AL.: BASICITIES 

son (9) applicable to the aqueous dioxane medium were 
used. Even with the use of these co-solvents solubility 
difficulties were encountered in the lower acid concentra- 
tions thus limiting the range of study. Further restrictions 
for the 95.0% aqueous H2S04  - 5.0% dioxane medium 
were imposed due to Ijrecipitation of the dioxane sulfate 
salt in acid concentrations greater than 80% H2S04.  

pK, Determinations 
The spectral measurements were performed on a 

Unicam SP800B spectrophotometer at  room temperature 
(ca. 25 "C). For  determination of the pK, values in 95% 
aqueous H2S04 - 5.0% dioxane the solutions were pre- 
pared by adding 2.25 ml of freshly purified dioxane (10) 
to  a series of 50 ml A Grade volumetric flasks. The flasks 
were then cooled in an ice-water bath and approximately 
40 ml of H2S04 of the appropriate concentrations added. 
This procedure was followed to dissipate heat developed 
on mixing and hence minimize decomposition of dioxane 
under acidic conditions (9). The solutions were allowed 
to  come to room temperature and a 0.25 ml aliquot 
(lambda pipet) of a 1.00 x M solution of the sub- 
strate in dioxane was added to each. After making up to  
the mark with the appropriate stock acid solution the 
contents were transferred immediately to  a 10 cm silica 
cell and the spectrum recorded (usually within 3 to 4 min 
after the addition of substrate). The 99.5% aqueous 
H2S04  - 0.5 % ethanolic solutions were prepared using 
0.25 ml aliquots of a 1.00 x M stock solution of 
substrate in ethanol and making up with acid in 50 ml 
volumetric flasks. 

In a number of cases, particularly at the higher acid 
concentrations, spectral changes (characteristic of re- 
arrangement) were occurring and hence the spectra were 
recorded at regular time intervals and the desired optical 
density was obtained by extrapolation to  zero time. In  the 
most extreme case, 4 in 79.00% aqueous H2S04 - 5.0% 
dioxane, the extrapolated optical density (0.d.) value was 
within 9 % of the first recorded value. 

In the case of 6 it was required to obtain o.d.'s for 
some acid concentrations in which the substrate was not 
completely soluble. Since the substrate appeared to be 
completely dissolved upon initial preparation of the acid 
solution (only such solutions were used) the spectrum was 
recorded as soon as possible after mixing and the decrease 
in absorption (uniform over the' spectral region) which 
accompanied precipitation of the substrate was followed 
as a function of time. Extrapolation to zero time gave an 
estimate of the initial 0.d. (within 8 %  of the value first 
recorded at  the maximum). 

Treatment of Data3 
Plots of E a t  A,H+m"x and a t  ABmaX against the appro- 

priate H,, values gave the usual sigmoid type curve and 
pK, values were estimated from the mid-point of the 
linear portion. The ex~inction data were also treated by 

3The original extinction data obtained for compounds 
1 to  6 in the sulfuric acid solutions have been submitted 
to the Depository of Unpublished Data, National Science 
Library, National Research Council, Ottawa, Canada. 
Photocopies may be obtained on request. 
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the methods of Davis and Geissman (1 1) and Arnett and 
Wu (12).4 The latter method was particularly applicable 
to  the present study since in addition to a pK, value it 
provides an estimate of the molar extinctions E, and 
EBH + of the substrate forms, which in most cases could not 
be obtained experimentally due to the confinement to a 
relatively narrow acid concentration range for the reasons 
previously mentioned. Using these values for E, and 
EBH + (obtained at the ionization ratios were 
calculated from the relation I = [BH+]/[B] = E, - 
E/E - EBH+ for values of log [BH+]/[B] ranging between 
+ l  and -1. 

Results and Discussion 

Spectral Features and Hammett Behavior 
The spectral characteristics of the azoxy com- 

pounds are given in Table 1. It is seen that the 
neutral forms of the azoxy compounds under 
consideration show fairly strong absorption 
maxima in the region 323-390 m ~ ' ( n *  c n 
transition, often referred to as the K band (13)). 
With the exception of 6 all show a well-defined 
peak for both the neutral and the protonated 
form, separated by 50-100 mF. Whereas the 
spectrum of neutral 6 showed a more or less 
symmetrical band at 350 mp, the spectrum of 
the protonated form showed an unsymmetrical 
band with hB,+m"X at 41 0 mF and a broad shoulder 
at 450 mp. 

Figure 1 for P-1-phenylazoxynaphthalene (1) 
in 99.5% aqueous H2S04 - 0.5% ethanol is 
illustrative of the spectral changes occurring on 
protonation in this series. In Fig. 2 the extinctions 
at hBmax and h,,+""" are given as a function of H,. 
The failure to obtain a well defined isosbestic 
point in Fig. 1 is probably indicative of a medium 
effect (14). Due to the very broad shapes of the 
absorption bands a small shift in the position of 
the band will not incur a large change in the value 
of E. 

The slopes of log I vs. H, plots are given in 

4The Davis-Geissman procedure (1 1) consists of 
plotting the difference in extinctions at  two selected 
wavelengths (usually ADm"' and AD,,+""" against H,; a 
sigmoid curve is obtained with the pK, as  its inflection 
point. This method is valuable in minimizing effects due 
to solvent-induced lateral shifts in the absorption bands. 

The Arnett-Wu procedure (12) is an iterative method. 
An approximate K, value is used in the equation 

and on plotting ~ ( h ,  + Ka) vs. h,, values of ED,,+ and ED 

are obtained. Using the latter, one plots log(ionization 
ratio) vs. H,,, which yields an improved value of p k .  
This procedure usually gives a constant pK, value after 
one such cycle. 
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TABLE 1 

Spectral characteristics of aryl azoxy compounds 
. --- -- - 

Range of acid Xm,,,$ J.,,,s ~ ~ ( e ~ p t ; ) l l  E ~ I ,  +(exp$.)I ~~(calcd. ) l !  EBII +(calc$)TI Slope log I 
Con~pound concentration? B BH + x 10- x 10- x x 10- vs. H,** fl?? 

p-I-Phenylazoxy- 59.95-85.501j: 390 470 0.940 7.25 0.460 9.22 0.94_+0.02 19 
naphthalene 1 60.54-76.73ss 392 478 0.700 7.61 0.262 9.12 0 .8620.05 11 

p-1,2'-Azoxynaphthalene 5 62.78-76.5755 396 482 2.40 10.84 0.640 13.14 0 . 9 8 t 0 . 0 7  8 
1,l'-Azoxynaphthalene 4 59.85-76.585s 380 480 1.24 8.68 0.120 9.62 0.93_+0.08 8 
a-2-Phenylazoxy- 52.62-82.5911 344 398 4.84 14.20 4.78 16.38 0 .93+0.08 15 

naphthalene 2 
0-2-Phenvlazoxy- . . - 
. naphthalene 3 
2,2'-Azoxynaphthalene 6 59.85-76.56ss 3 50 410 9.70 16.30 5.56 16.94 0 . 8 4 t 0 . 0 5  

- 
10 

Azoxybenzene* 41.1 -96.5 323 383 - - - 0 . 9 7 t 0 . 1 0  - g ,,, 
*Values taken from ref. 3. 
tPercent H2S0, after mixing with co-solvent. 
$The observed in lowest acid concentration. 

5 
BThe h-.. observed in hichest acid concentration. 5 
n ~ x n e r i ' G n t a l  values obtained at h...+""' . V - 

- ~ ~~~ .- ~~ 

i'rl;ise \,aluca 3rc c3Iculated by the ;;;Sthod o r  Arnett and W.1(12) at  ?.I,,,-"','.. I t  is noted that in many cases therc is a conciderable discrepancy bct\\,ccn these and the cxpcrimcntal \al.~es, rvllicl~ is ' 
a t  least in part the rccult of  t.ie cxper~mcnlnl d a l ; ~  not being obtained in suffic~cntly dilute or  co~lccntraled acid sol.~tions. 'Thic is indicated by the Fact 11131 the experimental \,slues for  c,, u!?.I,Il-,L'Jc 2 
as obtained in neutral media are  closer t o  the calculated values. A medium effect may also be involved. 

**Values o f  slopes and error limits a re  obtained from least square plots. - V) . . 
t t N u m b e r  of eiperimental data points. 
$$Data obtained in 99.5% aqueous H,SO., - 0.5% ethanol. 
$$Data obtained in 95.0% aqueous H2SOJ - 5.0% dioxane. 
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Wavelength (mu) 

FIG. 1. Ij-1-Phenylazoxynaphthalene (1) in 99.5 % aqueous H2SO4 - 0.5 % ethanol over range of acid concentra- 
tions from 64.82 (curve 1) to 76.92 % H2SO4 (curve 7). 

FIG. 2. Ij-I-Phenylazoxynaphthalene (1) in 99.5 % aqueous H2SO4 - 0.5 % ethanol: plots of extinction at 390 mp 
(0)  and at 470 mp (0) versus H,. 

Table 1 and an illustrative example is shown in 
Fig. 3. It is seen that the slope values are close to 
unity, indicating only slight deviation from the 
H, acidity function. It is interesting that in deter- 
mining the basicities of a number of substituted 
pyridine N-oxides, which may be considered 
somewhat ailalogous to the azoxy compounds, 
Johnson et al. (15) found that their ionization 
ratios could be better correlated with the HA (14) 
acidity function. 

Comparison of pK, Values 
The pK, values obtained by the methods 

described are summarized in Table 2. The last 
column but one (pK, experimental) records the 
average of the values obtained by the four 
methods. Following the practice of Noyce and 
Jorgenson (16) the pK, data obtained in 95% 
aqueous H,SO, - 5 % dioxane have been cor- 
rected (last column) to purely aqueous acid by 
an amount (0.15-0.2 H, units) equivalent to the 
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-0.80- 
- 5.0 - 5 .5  -6 .0  -6.5 

H o 

FIG. 3. Plot of log I vs. H. for 13-1-phenylazoxynaphthalene (1). 

difference in the H, scales of purely aqueous acid 
and the 5 % dioxane medium at a given concentra- 
tion of acid. The pK, data in 99.5% aqueous 
H2S04 - 0.5 % ethanol are assumed (7) to hold 
in purely aqueous medium. The validity of these 
assumptions is indicated by the agreement 
between the experimental and the corrected pK, 
values for compound 1. While structural changes 
within the series are seen to have only a small 
effect on the relative basicities of these com- 
pounds, nevertheless a definite trend is apparent. 
Thus azoxy compounds containing a I -naphthyl 
group are weaker bases than those containing 
only 2-naphthyl and/or phenyl groups. 

In their study of the basicities of several 4- and 
4'-mono- and disubstituted azoxybenzenes in 
80 % aqueous H2S04 - 20 % ethanol Hahn and 
Jaffk (5) likewise reported a small variation in 
pK, values. For the mono-substituted compounds 
the extremes were - 6.04 for 4-methoxyazoxy- 

benzene and - 7.01 for 4-bromoazoxybenzene ; 
4-nitroazoxybenzene was the only exception 
having a pK, of -9.83. The pK, values for the 
disubstituted azoxy compounds showed a spread 
of about 2.5 pK, units. Another interesting 
feature of these authors' work is the apparent 
insensitivity of the pK, values to shifting a sub- 
stituent from the 4- to 4'-position. For example, 
pK, values of - 6.04 and - 6.14 are reported for 
4- and 4'-methylazoxybenzene respectively. Hahn 
and Jaffk were able to make a satisfactory correla- 
tion of the pK,'s with o and o- values (p = 2.5 
for the 4-substituted compounds and p = 1.7 
for the 4'-substituted compounds). The studies 
of Duffey and Hendley (4) in aqueous H2S0, 
medium extended to 3- and 3'- substituted 
azoxybenzenes but in these systems Hammett 
correlations did not hold well. However there 
was again only a slight difference in pK, between 
3- and 3'- substituted azoxybenzenes. A similar 
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TABLE 2 

pK, Values obtained by various methods 

Method 

P K ~  
Davis- PK, aqueous 

Compound EB VS. H, E B H +  VS. H, Geissman Arnett-Wu (exptl.)$ H2S0.45 

a-1-Phenylazoxynaphthalene I* -5.77 - 5.53 -5.75 -5.80 -5.71 -5.71 
a-1-Phenylazoxynaphthalene 1.1 - 5.90 -5.78 -5.92 -5.96 -5.89 -5.71 
a-1,2'-Azoxynaphthalene 5t -6.00 -5.54 -5.80 -5.70 -5.82 - 5.64 
1,l '-Azoxynaphthalene 4t  -5.76 -5.69 -5.70 -5.72 -5.72 -5.53 
a-2-Phenylazoxynaphthalene 2* -5.09 -4.90 -5.07 -5.04 -5.03 -5.03 
a-2-Phenylazoxynaphthalene 3* -5.10 -4.88 -5.07 -4.96 -5.00 -5.00 
2,2'-Azoxynaphthalene 67 -5.12 -5.20 -5.10 -5.08 -5.13 -4.98 
Azoxybenzene -5.15 

'Data obtained in  99.5 % aqueous HISOJ - 0.5 % ethanol. 
?Data obtalned In 95.0% aqueous H2S0, - 5.0% d~oxane. 
SMean value of four methods. 
IpK, Values corrected for difference between Ho scale for 95% aqueous HISOJ - 5 %  d~oxane  and purely aqueous HISOJ. The data for 

99.5 % aqueous HISOl - 0.5 % ethanol are unchanged. 

result is observed in the present work, in that 2 0- 

and 3 have closely similar pK, v a l ~ e s . ~  
We are concerned here not with substituent 

effects as such but with the effects of various 
aryl rings, and their position of attachment, on 

0 0 
the availability of electron density for protona- DL-, 

, tion. The relative basicities of the azoxy com- - + 8 - - 
pounds should then reflect the extent of delocali- 
zation of an unshared electron pair of electrons \ / 

from the azoxy oxygen throughout the aryl rings. CHART 1 
A qualitative estimate of this delocalization may 
be obtained by examination of the main con- that in 2 6 delocalization of the oxygen 
tributing resonance Structures in the series. electron-pair is directed into the 2- 
Considering first P-l-~hen~lazox~na~hthalene naphthyl system, but now only one such canonical 

an pair the Oxygen can be structure retains aromaticity in one of the fused 
delocalized into the n a ~ l l t l l ~ l  system (but not rings of this 2-naphthyl moiety. Lastly, compound 
into the adjacent ~ h e n ~ l )  and there are two such 3 will have the electron-pair delocalized into the 
canonical structures in which aromaticity of one phenyl group, analogously to azoxybenzene 
of the fused rings is retained (Chart 1). Corre- itself. 
s~onding structures can also be written for According to the above argument one would 

and 5. predict that 1,4, and 5 would have approximately 
equal basicities, which is closely followed experi- 

'A more stringent test would be to compare the pK, mentally. The slightly higher basicity of is 
values of 1 with the isomeric azoxy structure 7, and of 5 probably due to steric interactions inhibiting 
with structure 8 (we thank a referee for drawing this to cOplanarity and hence conjugation. ~ ~ ~ t h ~ ~ ,  our attention). However, unfortunately, neither 7 nor 8 
have as yet been prepared. compounds 2 and 6 should also have about equal 

base strengths; however, the basicities of 2 and 6 
should be greater than of 1, 4, and 5, since the 
extent of delocalization of the oxygen electron- 

e>&8 ".a pair This should also is be borne smaller out with experimentally. the former two Lastly bases. 

while 3 is observed to have about the same 
\ / basicity as azoxybenzene, as anticipated, it is 

7 perhaps s~~rprising that these pKa values should 
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not differ significantly from those of 2 and 6.6 
Apparently the phenyl and 2-naphthyl moieties 
have about equal capacity to delocalize the 
oxygen electron-pair. 

Discussion of the basicities of the azoxy com- 
pounds would be incomplete without considera- 
tion of electronic effects in the conjugate acids 
of these bases. Now charge delocalization from 
the protonated oxygen would lead to structures 
with two adjacent positive charges, which is 
energetically unfavorable. Hence the base 
weakening effect in this series is concluded to 
result from delocalization effects in the neutral 
substrates as considered above. 

The preceding discussion involving delocaliza- 
tion considerations receives support from molec- 
ular orbital theory. The conjugative power of a 
carbon center on an aromatic ring has been 
defined by Coulson and Longuet-Higgins (1 7) as 
equal to P times the self-polarizability of that 
position, with the following values being assigned 
(17): phenyl, 0.398; 2-naphthyl, 0.405; 1- 
naphthyl, 0.443. This leads to the prediction that, 
in the first order of approximation, the basicities 
in the present series-will fall into two groups: 
those compounds which allow conjugation 
between the azoxy-oxygen and a 1-naphthyl 
group (1,4, and 5) and those in which conjugation 
will occur with a 2-naphthyl or a phenyl group 
(2, 3, 6, and azoxybenzene). The former three 
should be the weaker bases, since increased 
conjugation will lead to decreased electron den- 
sity on the oxygen. These predictions coincide 
almost exactly with the experimental observa- 

tions. Badger et al. (2, 13) were able to make 
correlations between conjugative ability (17) and 
electron availabilitv. as reflected in activation < ,  

parameters in oxidation and in the frequency of 
the K-absorption band of the aryl azo compounds 
corresponding to the present azoxy series. 

Financial support from the National Research Council 
of Canada is gratefully acknowledged as is the award of 
an Ontario Graduate Fellowship to A.D. 
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"Ideal" intensities of supersonic molecular beams 
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A general equation is derived to predict ideal supersonic beam intensities, allowing for an 
ellipsoidal local speed distribution at the skimmer. With suitable approximations this is found to 
reduce to all of the previously derived results. A new approximate equation is presented. This can 
accurately reproduce the intensities predicted by the general equation, provided only that the speed ratio 
in the radial direction at the skimmer is much greater than 312. It is found that a relatively broad speed 
distribution in the radial direction can result in an increase in the centerline beam intensity. This increase 
is only weakly dependent on the nozzle-skimmer separation, and it decreases as the skimmer radius is 
increased. 

Canadian Journal of Chemistry, 48,1743 (1970) 

Skimmer interference and other non-ideal 
effects (ref. 1 and references therein) complicate 
the interpretation of experimental supersonic 
beam intensities. If such effects are ignored, 
"ideal" intensities can be readily calculated. 

None of the available intensity equations (2-8) 
allows for a general anisotropic distribution of 
local velocities in the free jet at the-skimmer. 
However, a relatively broad residual speed dis- 

I31 f(v,0)dv d o  = n - 3 / 2 ~ l , - 1 ~ I - 2  e-" 

Here v is the molecular speed, 0 is the angle which 
a particle's trajectory makes with the streamline2 
at the point where it enters the skimmer, v, is the 
average velocity of the beam particles in the 
radial direction, and d o  is the element of solid 
angle. ell and c, are reference velocities, defined 
by 

c,, = (2kT,,/rn)'/' 
and 

c, = (2kT,/m)'/' 

tribution is found in the radial direction down- 
stream of the onset of translational freezing 
(6, 9, lo), and this can influence the centerline 
beam intensity. To investigate the importance of 
this effect, we derive here a generalized intensity 
equation. 

The distribution of molecular speeds at the 
skimmer may be approximated near the center- 
line by the ellipsoidal function (6, 9, 11) 

parallel and perpendicular temperatures respec- 
tively, at the skimmer. These temperatures are 
respectively the "temperatures" of one and two 
dimensional Boltzmann distribution functions 
which describe the local speed distributions in the 
radial direction and in the plane perpendicular 
to the radial direction. 

The flow is assumed to be free molecular 
downstream of the plane bounded by the skim- 
mer lip. Thus the beam intensity at a centerline 
detector, due to particles which cross the skimmer where m is the mass of a beam particle, k is the opening through a ring of radius and width dr Boltzmann constant, and TI, and T, are the (cf. Fig. l), is 

sin 0, 
d~~ = lo* (2ns' - 

cos3 en cos 0, dBn) & cos3 0,) nuf(u,0) du/Ad/12 

'NRCC Postdoctoral Fellow, 1968-1970. 
2To an excellent approximation the streamlines may be considered to be straight lines radiating from the nozzle 

throat (12). 
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NOZZLE 

SKIMMER / 

FIG. 1. Schematic representation of the beam defining elements. 

n and f(v,0) are, respectively, the number density appearing in eq. [2]  are defined in Fig. 1. Note 
and the velocity distribution function in the that the intensity is expressed per unit of solid 
plane of the skimmer at a distance r from the angle, where solid angles are measured from the 
centerline. Their values are assumed below to be center of the skimmer opening. Substituting 
constant over the skimmer orifice, and are set f(v,B) from eq. [I ] and integrating over the 
equal to the values on the centerline at a distance skimmer area (from 8, = 0 to 8,  = us = arctan 
s from the nozzle throat. Other quantities (r,/s)), eq. [2]  yields the ideal intensity equation 

where 
F(b) = J(1  + b2) e-b2 

n1 f2b  + (3 + b2)[1 + erf (b)]  

b r S I I  [ I  + (ell tan 8 / ~ , ) ~ ] - ' / ~  
and 

sII vblcll 
If the divergence of the flow at  the skimmer 

can be neglected (8,  z 0, cos 8, z cos 8,  z 1, 
and sin 8,  z sin 8 z tan 8 z 8, << 1/S,, where 
S ,  r vb/c,), eq. [3]  may be reduced directly to 
the early intensity equations presented by Parker 
et al. (3)  and by French (4). For isentropic flow 
to the skimmer (ell = c,), eq. [3]  becomes equal 
to the result of Parker et al. 
C ~ I  I. z t ~ v ~ r ~ ~ ( $  + s 2 )  

3These results, in common with all simple intensity 
equations, make use of the assumption that SII is large 
enough that F(b) z n1l2b(9 f b2). 

where S = S I I  is the speed ratio at the skimmer. 
If for the same skimmer the flow suddenly 
"freezes" translationally at a distance x ,  from the 
source (c,/cll = x,/s), eq. [ 3 ]  reduces to French's 
expression (5)  

[51 I. z nqvbrs2(+ + s I l 2 )  
where 

n,  = n ( s / ~ , ) ~  

The intensity equations presented by Anderson 
and Fenn (6)  and by Hagena and Morton (7) take 
into account the divergence of the flow at the 
skimmer. The former result 

x - exp [- 
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0.0 1 I I I I I I I I I 
0 40 80 120 160 200 

s / D  - 
FIG. 2. Comparison of the ideal intensity equations. The points ( 0 ,  A, 0 )  are calculated from eq. [3], the solid 

and broken curves from eq. [7], and the dotted curves from eq. [6]. At each skimmer radius results are presented for 
(a) isentropic flow to the skimmer ( 0 ,  -- -); (b) a sudden translational freezing at x, ( 0 ,  -, . . . .  .), and (c) a slow 
transition from collision dominated to free molecular flow, downstream of the onset of translational freezing 
(A,  -.-.-). The assumed beam parameters are recorded in Table 1. 

only applies if the flow suddenly freezes trans- skimmer radius, ranging from very small (r, = 
lationally at x,. However, in this case it repro- 0.005 cm) to large enough (r, = 0.1 cm) that the 
duces eq. [3] very well, provided only that skimmer is saturated, i.e. that further increasing r, 
SI1 >> 312. Hagena and Morton's e q ~ a t i o n , ~  does not significantly affect I,. For each skimmer, 

intensities were calculated from eq. [3] assuming 
[7] I, x nv,s2(1 - cos3 a, e-S~2"n2 ) isentropic flow to the skimmer (circles), free 

also reproduces eq. [3] very well, provided that molecular flow downstream of x, (squares), and 

I >> s and the local speed distribution at the a slow transition from isentropic to free molec- 

skimmer is isotropic. ular flow downstream of x, (triangles). To obtain 

Intensities calculated from eqs. [6], [7], and these latter results we set TII = T,, and calculated 

the general eq. [3] are compared in Fig. 2. The TL from eq. [2] of ref. 1, using B = 0.4 and 

assumed beam parameters are recorded in Table C = 2.5, Hagena and Morton's equation (solid 

1. Intensities are presented as a function of the and broken curves) assumes I >> s, and thus over- 

nozzle-skimmer separation for three values of the estimates eq. [3] if the skimmer and nozzle- 
skimmer separation are large. However, when 

4Equation [7] differs slightly from eq. [6] of ref. 7, rs and/or s are small, eqs. [31 and [71 agree quite 
because of a typographical error in the latter. well. The apparent discrepancies at s = x, 
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TABLE 1 

Beam parameters 
-. 

Parameter Value 

Geometric nozzle exit diameter (D)* 0.0266 cm 
Skimmer-detector distance 99.6 cm 
Beam gas argon 
Source pressure 50 Torr 
Source temperature 295 "K 
Distance from the nozzle at  which 

translational freezing begins (x,)i 0.16 cm 
Density at  x ,  (n,) 6.8 x lo i5  particleslcc 
Local temperature at  x, (T,) 7.6 "K 
Beam velocity downstream of x ,  (v,)$ 5.47 x lo5  cm/s 

*The nozzle discharge coefficient is assumed to be unity. 
tx is calculated from the "terminal mach number" M using Ashkenas and 

SherAan's fitting formula (12) for the centerlinc mach num4der in a free jet. M, is 
taken from Anderson and Fenn's empirical relation for argon expansions (6). 

Sub = Mq[(5 /3 )kTq /~~ i ] ' I~ .  

FIG. 3. Increase in centerline beam intensity due to a relatively broad distribution of local speeds in the radial 
direction at  the skimmer. Arrows indicate asymptotic values calculated from eq. [ lo] .  Beam parameters are recorded 
in Table 1. Perpendicular temperatures (2.9 and 0.029 "K respectively for s / D  = 10 and 100) were calculated assuming 
a sudden freeze at  x,. 

reflect minor differences in the assumptions used over the whole range of integration. Then if the 
in deriving the two equations. Anderson and condition 
Fenn's result (dotted curves) only applies when 
the flow becomes suddenly free molecular at x,, [8 1 rs << S ~ I / c ~ ~  

but in this case it always agrees with eq. [3]  
within 2 %. 

It is convenient to reduce eq. [3] to a simplified 
expression, which can be used to predict center- 
line beam intensities in the case of an anisotropic 
local speed distribution at the skimmer. We 
assume that as is sufficiently small that 

cos 0, w cos 0, w 1 

sin 0, w 0, 
and 

sin 0 w tan 0 w 0 On(l + $11) 

is satisfied, eq. [3] is accurately approximated by 

This expression reproduces all the predictions of 
eq. [3] in Fig. 2 within 2 %. 

We have compared eqs. [3] and [9]  for isen- 
tropic flow to the skimmer. Here condition [8]  
becomes rs << s, and in agreement with this we 
find that eq. [9] approaches more and more 
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closely to eq. [3] as the nozzle-skimmer separa- 
tion is increased. However, for such isentropic 
flow, the two expressions never deviate from one 
another by more than +%, provided that the 
nozzle-skimmer separation is greater than the 
skimmer diameter. 

In the limit of a very small skimmer ( r ,  -+ 0), 
the effect of a relatively high value of TI,  is 
readily derived from eq. [9]. The centerline beam 
intensity is increased. Compared to the intensity 
which would be observed if the local speed 
distribution were isotropic corresponding to a 
temperature T = T,, this increase is 

Similarly for a finite skimmer, the percentage 
change in intensity due to temperature anisotropy 
is defined as 

[ll] A = 1 0 0  [,:;T; "J - 1 1  % 

where intensities are calculated from eq. [3]. 
A is plotted as a function of the skimmer radius 

in Fig. 3, for two values of TI I  and two values of 
the nozzle-skimmer separation. Perpendicular 
temperatures are calculated from the parameters 
of Table 1, assuming a sudden freeze at x,. 

I t  is apparent from Fig. 3 that eq. [lo] repre- 
sents an upper limit on the effect of anisotropy on 
centerline molecular beam intensities. The in- 
tensity "gain" decreases as the skimmer radius 

is increased, until it becomes slightly negative, 
passes through a minimum, and approaches zero. 
For a very large skimmer (r ,  -> a), the ideal 
intensities calculated assuming anisotropic and 
isotropic local speed distributions become iden- 
tical, as they must. 

We are grateful to Dr. Otto Hagena for helping us to 
understand the ideal intensity equation. This work was 
supported by the U.S. Atomic Energy Commission 
(Contract AT(30-1) 1957). 
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Application of the Hammett equation to non-aromatic unsaturated systems. VIII. 
Ionization potentials 

MARVIN CHARTON 
Department of Chemistry, School of Engineering and Science, Pratt Institute, Brooklyn, New York, 11205 

Received October 23, 1969 

Ionization potentials of substituted ethylenes, trans-I-substituted propenes, and several sets of 
substituted carbonyl derivatives have been correlated with the extended Hamrnett equation. The 
electrical effect in the case of the ethylenes and propenes is characterized by a value of E z 2.0, whereas 
the carbonyl derivatives show values of E in the range 0 to  0.4. This difference in the composition of the 
electrical effect is ascribed to  loss of a n electron from the ethylenes and propenes and of an  n electron 
from the carbonyl derivatives. For purposes of comparison, several sets of ionization potentials of 
substituted benzenes were also correlated with the extended Hammett equation. Values of E ranged 
from 1 to 3; thus the substituted benzenes are comparable in their behavior to the ethylenes and propenes. 

Canadian Journal of Chemistry, 48, 1748 (1970) 

The Hammett equation (1) has previously been 
shown to apply to equilibrium constants, reaction 
rates, and dipole moments of cis- and trans- 
vinylene, vinylidene, cis- and trans-heterovinyl- 
ene and heterovinylidene sets (2-6). In this 
paper the application of the extended Hammett 
equation 

to the ionization potentials of vinylene and 
heterovinylene sets is considered. Data from the 
literature have been correlated with eq. [ l ]  by 
linear multiple regression analysis; data used in 
the correlations are given in Table 1. The sources 
of the a, and o, constants are reported in previous 
papers of this series. 

A number of previous correlations of ioniza- 
tion potentials for substituted benzenes (7-9), 
benzyl (lo), phenoxy (1 l), and alkyl(l2) radicals, 
and substituted pyridines (13) with the simple 
Hammett equation 

have been reported. No studies of this type have 
appeared for substituted ethylenes or carbonyl 
compounds, however. For purposes of com- 
parison, we have correlated ionization potentials 
of substituted benzenes and pyridines with eq. [I]. 
The data used are also given in Table 1. 

The justification for the correlation of the 
ionization potentials of disubstituted carbonyl 
compounds (set 8, Table 1) with eq. [ l ]  is set 
forth in the previous paper of this series (6), in 
which it was shown that, in general, ignoring 
interaction terms, the effect of the substituents 
X' and X2 is given by 

PI Qx = a~o , , x l  + a2~1,xz + PIoR,xl 
+ PZoR,Xz + 

and as 
XI r x2 

then 

equivalent to eq. [ l ]  with 

Results 
Results of the correlations of ionization 

potentials with eq. [ l ]  are presented in Table 2. 
Very good results were obtained for the sub- 
stituted ethylenes (set 1, Table 2). Exclusion of 
the values for X = C2H,, Ac, F, H, OAc from 
the set gave excellent results (set 1A). The trans-l- 
substituted propenes gave a very poor correla- 
tion. Omission of the value for X = H gave good 
results. 

A very good correlation was obtained for the 
XCHO (set 3). Some improvement resulted from 
the omission of X = H and NH, from.the set 
(to give set 3A). Excellent results were obtained 
for XMeCO (set 4). Exclusion of the point for 
X = H gave some improvement (set 4A). A very 
poor correlation was obtained with XEtCO (set 
5). Omission of the value for X = H (set 5A) 
gives results which do not seem to be any more 
meaningful, as is shown by "t" tests for the 
significance of a and P. This is probably due to 
there being only two types of substituent (alkyl 
and alkoxy or hydroxy) in the set. The magnitude 
of r, the partial correlation coefficient of o, on o,, 
shows that no good separation into localized and 
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delocalized effects is possible in this set. Very [6] E = B/CY 
poor results were obtained for X(0Et)CO (set 6); 
no improvement results from the exclusion of the 
point for X = H (set 6A). Excellent correlation 
was obtained for the XPhCO (set 7); on omission 
of the value for X = H no significant improve- 
ment in the correlation resulted (set 7A). .The 
X,CO gave fair correlation (set 8); exclusion of 
the point for X = H resulted in a significant 
improvement (set 8A). With the exception of the 
4-substituted anilines (set 12), the results obtained 
for the substituted benzenes (sets 9-11, 12) and 
pyridines (set 14) are very good to excellent. 
Exclusion of the point for X = H not only does 
not result in any significant improvement in the 
correlation, but in most of these sets the correla- 
tion became poorer (sets 9A-14A). Those sets 
which include a hydroxyl substituent are generally 
very much improved by the omission of the value 
for this group from the set (sets 9B, 10B, 13B). 

Discussion 

Composition of the Electrical EfSect 

Values of E for the sets studied are presented in 
Table 3. The composition of the substituent effect 
in the substituted ethylenes and propenes includes 
a significantly larger resonance contribution than 
is observed for the substituted benzenes and 
toluenes and very much larger than that for the 
substituted pyridines. The substituted pyridines 
and substituted acetophenones could be corre- 
lated fairly well with eq. [2] by means of the o, 
constants (for which E = 1.0); the substituted 
ethylenes, propenes, toluenes, and benzenes by 
the o,+ constants (for which E = 1.6). The sub- 
stituted anilines and phenols are not well corre- 
lated by eq. [2] with any of the available simple 
o constants. The substituted formyl, acetyl, and 
disubstituted carbonyl compounds may be corre- 
lated with eq. [2] by means of the o,,, constants 
(for which E = 0.33). 

The enormous difference in E between the 
substituted vinylene and arylene sets on the one 
hand and the substituted carbonyl compounds on  
the other is undoubtedly due to the loss of a n 

To further our discussion of the composition of electron in the former and an n electron in the 
the electrical effect, we make use of latter case. The loss of the n electron makes 

TABLE 2 

Results of correlations of ionization potentials with eq. [ I ]  

Seta a a h Rb Fc rd &stC smC s p a  she  
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CHARTON: HAMMETT EQUATION AND NON-AROMATIC UNSATURATED SYSTEMS 

TABLE 2 (Concluded) 

Seta nf C.L.g tmh C.L.,l toh C.L.oi thh C.L.2 

S e e  Table 1 and text for comoounds included in sets. 
~r . ...~..- ~-~~ ~ ~ - ~ ~ ~ ~ ~ - ~ ~ . .  

'F test for significance of regression. 
"artial correlation coefficient of a, on a,. 
'Standard error of the estimate, a, 8, or  h, as indicated by subscri~t.  
,Number of points in set. 
gconfidence level for regression. 
h"Student's I" test for significance of a, 8, or  h, as indicated by subscript. 
'Confidence level for a, 8, or  h, as indicated by subscript. 

TABLE 3 
Values of E for some non-aromatic unsaturated systems*? 

Set E Set E Set E 

is about the same as that obtained for the 
4-substituted toluenes. 

The values of a obtained for the carbonyl com- 
pounds are generally much larger than those for 
the substituted ethylenes, benzenes, and pyridines, 
being in the range 2.42-3.81. The only exception 
is that of the carbethoxyl derivatives, for which 
a = 0.910. Although it seems likely that this 
difference in magnitude of the electrical effect is 
due to the ionization of an n electron in the 
carbonyl compounds as compared with a n 
electron in the ethylenes, benzenes, and pyri- 
dines, we are unable at the present time to pro- 
pose a detailed explanation for this difference in 
susceptibility. 

It is instructive to compare the values of a for 
ionization potentials with values observed for 
other phenomena. To make such comparisons 
we must multiply the observed a values by a 
conversion factor from eV to kcal/mole of 23.061. 
Values ofa obtained for sets of rate or equilibrium 
data must then be multiplied by the conversion 

'Values of E have not been calculated from those sets which do 
not have significant values of p. 

?See Table 1 and text for compounds included in sets. 

possible a large resonance effect in comparison 
with the magnitude of the localized effect. 

Magnitude of the Electrical Effect 
The value of a (or p) serves as a measure of the 

magnitude of the electrical effect. The substitut'ed 
ethylenes are more susceptible to substituent 
effects than are the substituted benzenes or the 
4-substituted pyridines, a for the former being 
1.32; for both the two latter systems, a = 1.04. 
The value of a for the trans-1 -substituted propenes 
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TABLE 4 

Correlations of aXz and BX2 with eqs. [8] and [9]* 

Set ml t m2S ma 5 R 11 FII rll s I I  sml I I  s m 2  I I  

Set sm311 rill C.L.11 mill C.L.11 f m 2 1 1  C.L.11 tm31i C.L. 1 1  
A 0.104 5 90.0 0.036 20.0 3.866 90.0 9.08 98.0 
B 0.0192 5 97.5 9.795 98.0 3.343 90.0 76.60 99.9 

'Data from sets 9B, 10B, 11, 12, and 13 were used. See Table 1 and text for compounds included in these sets. 
t a l l  or XIZ. 
t B , ,  or Y , , .  
$a;-or pya-- 
IlSee footnotes to Table 2 for definition of term. 

factor 2.3RT if meaningf~~l comparisons are to be 
made. If a for the ionization potentials of sub- 
stituted benzenes is compared in this manner 
with a for the rates of bromination in water - 
acetic acid at 25 "C of substituted benzenes (1 5), 
it is seen that they are comparable in magnitude, 
the former being about 1.3 times the latter. 

Anomalous Szrbstituent Effects 
The inclusion of the value for X = H in the 

ethylene and carbonyl sets leads to poor correla- 
tion. This is not true of the substituted benzenes 
or pyridine sets. We are at present unable to 
account for this behavior. 

For the case of the extended Hammett equa- 
tion, the corresponding equations are 

Correlations of aX2 and Px2 from sets 9B, 10B, 
11, 12, and 13 were correlated with eqs. [8] and 
[9]. The results are set forth in Table 4. The cor- 
relation of a with eq. [8] is not significant (set 
A, Table 4). The results show that a,, is not 
significant. Correlation with the equation 

The inclusion the h ~ d r O x ~ l  group in sub- gave the following results: a, = 0.943, x,, = 
stituted benzene sets leads to poorer correlations. 0.732, = 0. 28, s, = 0. 54, = 0.939, = 4.741, 
The OH group behaves as a much poorer donor C.L. = 98.0. 
than might have been It may The results obtained for the correlation of PX2 
be argued that the and used here for with eq. [9] (set B, Table 4) are good. We conclude 
the OH group were determined in protonic that in the case of sets of ionization potentials 
vents and are to a Process Occur- involving a constant substituent, rneaningfL1l 
ring in the vapor phase. In that event however, interaction terms are encountered. 
anomalous behavior should have also been 
observed for the methoxy and, in particular, for 
the amino groups. The peculiar behavior of the 
OH group has been reported previously (16, 17). 

Efect of Constant Substituents 
We have previously shown (18) that for cor- 

relations with eq. [2] for sets having a constant 
substituent X2 (in addition to a variable sub- 
stituent X1) 

where p,, is the value of p obtained for the set 
bearing the constant substituent, pH is the value 
for the unsubstituted set, and p12 is the coefficient 
of the interaction term. 
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Remarkable stereoselectivity in the hydrolysis of dioxolenium ions 
and orthoesters fused to anchored six-membered rings 

J. F. KING AND A. D. ALLBUTT 
Department of Chemistry, University of Western Ontario, London, Ontario 

Received October 2, 1969 

Hydrolysis of dioxolenium (acyloxonium) ions fused to anchored six-membered rings gives almost 
exclusively that hydroxyester in which the ester function is axial (and the hydroxyl group equatorial). 
With the exception of the orthoformate, a group of related orthoesters reacted similarly. The potential 
utility of these observations in stereoselective synthesis is suggested by the following examples. (a) With 
trans-decalin-cis-2,3-diol (21) formation of the mono-benzoate via the orthoester leads to the axial 
ester (23d) in good yield; this procedure is complementary to reaction with benzoyl chloride and pyridine, 
which gives the equatorial ester (24d) as the only isolated product. (b) The action of silver acetate and 
iodine in wet acetic acid (the Woodward-Prkvost reaction) on trans-A'-octalin gives the axial acetate - 
equatorial alcohol (236) again as the only significant product. The generality of this stereoselectivity is 
further supported by a number of individual examples drawn from the chemistry of carbohydrates. 
A rationalization is offered which qualitatively accounts for the observed stereoselectivity and its 
absence in the hydrolysis of the orthoformate, and which is based on the differences in steric strain 
among the possible transition states that fulfil the stereoelectronic requirements of dialkoxycarbonium 
ion formation. 
Canadian Journal of Chemistry. 48, 1754 (1970) 

Introduction scope, considers its ramifications with respect to 

We have recently described the synthesis of the hydrolysis of orthoesters and the course of 

dioxolenium ions fused to  anchored six- the Woodward-PrCvost synthesis of cis-1,2-diols, 

membered rings (e.g. 1) and noted their prefer- and finally includes a rationalization of the 

ence for forming the diaxial product (2) rather observed stereoselectivity. Some of these results 

than the diequatorial isomer (3) when allowed to have been outlined already in a preliminary 

react with halide anions (1). A number of nucleo- communication (2). 
\ ,  

philic reagents, however, form products derived 
from attack on C-1 rather than C-3 or C-4 of the 
dioxolenium ring; alcohols yield orthoesters and 
water gives the hydroxy-ester resulting from 
opening of the normally unstable "orthoacid" 
intermediate (e.g. 4). When the dioxolenium ring 
is fused to an anchored cyclohexane system one 
oxygen is in an equatorial configuration and the 
other axial. As in the cleavage with halide ions, 
two products may in principle result from the 
hydrolysis, one from cleavage adjacent to the 
axial oxygen, the other by breaking of the bond 
to the equatorial oxygen. This is shown in 
Scheme 1, in which the dioxolenium salt (1) may 
yield either 5, in which the hydroxyl group is 
equatorial and the acyloxy function axial, or 6, 
the "axial alcohol - equatorial ester". 

In  the course of our work with dioxolenium 
salts we found that the hydrolysis of species such 
as 1 is remarkably stereoselective, the "axial 
ester - equatorial alcohol" (e.g. 5) constituting 
more than 99.5% of the hydroxy-ester mixture 
obtained on hydrolysis. In this account we 
describe our study which rigorously proves the 
steric course of the hydrolysis, illustrates its 

Results and Discussion 

Hydrolysis of the Dioxoleniun.~ 
Hexafluoroantimonates 

The dioxolenium hexafluoroantimonates (1, 7, 
and 20) were prepared by reaction of the corre- 
sponding diaxial bromohydrin esters with silver 
hexafluoroantimonate as described previously 
(1). The hydrolyses were normally carried out 
with aqueous acid, though in one experiment 
with 1, aqueous basewas used with essentially the 
same result. Examination of the hydrolysis prod- 
ucts by thin-layer chromatography (t.1.c.) showed 
the presence of one major product plus a very 
small amount of a material running somewhat 
ahead of the main product. I t  is commonly, 
though not invariably, observed that axial 
alcohols run faster than their equatorial isomers. 
This suggested that if the two spots corresponded 
to the two readily derivable esters (e.g. 5 and 6)  
then the ester formed in the greater amount had 
the hydroxyl group equatorial (as in 5). That this 
was so was proved by the chemical correlations 
summarized in Scheme 2. 

The essential features of this proof may be 
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KING AND ALLBUTT: STEREOSELECTIVITY IN HYDROLYSES 

0, ,o c ' 
R 

I 
R 

2 3 
Major product Minor product 

summarized with reference to the product (8) 
from the hydrolysis of the 2a,3a-anisoxonium 

, hexafluoroantimonate 7. Saponification of 8 gave 
5a-cholestan-2a,3a-diol ( l l ) ,  showing the oxygen 1 functions to be both on the alpha face of the 
molecule. Oxidation of 8 with Jones' reagent gave 

I the a-anisoxyketone (9) which, on reduction with 
zinc and acetic acid yielded 5a-cholestan-2-one 
(10). Since the keto-f~~nction in 10 derives directly 
from the hydroxyl group in the product from 
the hydrolysis of the dioxolenium salt 7, that 
hydroxyl group must be on C-2 and hence the 
ester function on C-3. Since the stereochemistry 
is already known from the formation of 11, if no 
rearrangement has occurred the major hydrolysis 
product from 7 must have structure 8. Analogous 
treatment of the major product obtained from 
the 2P,3P-anisoxonium salt 20, gave respectively 
5a-cholestan-2P,3P-diol(16), 2P-anisoxy-5a-cho- 
lestan-3-one (18), and 5a-cholestan-3-one (17), 
thereby showing it to have very probably the 
axial ester - equatorial alcohol structure also, in 
this case structure 19. 

Treatment of the 2a,3a-hydroxyester 8 with 
camphor- 10-sulfonic acid in benzene led to partial 
conversion to the isomeric ester 12, derived by 
migration of the anisoyl function from the 3a- to 
the 2a-oxygen. This material showed the same 
behavior on t.1.c. as the faster moving component 
of the mixture from hydrolysis of 7. Structure 12 

for this product follows from (a) the formation 
of the 2a,3a-diol (11) on saponification, and (6) 
production of 2a-anisoxy-5a-cholestan-3-one 
(14) on Jones' oxidation. The same material (14) 
was obtained by acid-catalyzed epimerization 
of 18. 

Starting with either 8 or 12 we obtained from 
the camphor-10-sulfonic acid treatment a mixture 
in which 12 predominated, showing that the 
equatorial ester-axial alcohol (12) is the more 
stable of the two isomers. This observation also 
demonstrates that the hydrolysis of the dioxolen- 
ium salt (7) is subject to kinetic rather than 
equilibrium control. The acid-catalyzed trans- 
esterification reactions 8 -> 12 and 12 -> 8 were 
not run. to the point of obtaining a true equilib- 
rium mixture owing to formation of by-products, 
but it can be estimated that 12 would constitute 
60-75 % of the ester mixture at equilibrium. 

Similar acid treatment of the 2P,3P-ester- 
alcohol (19) gave 15, which also apparently 
predominates at equilibrium, and which also 
shows the same behavior on t.1.c. as the faster 
moving material obtained from the hydrolysis 
of 20. Oxidation of 15 gave 13, identical with a 
specimen obtained in low yield along with 9 in 
the Jones' oxidation of 8. Except for this instance 
the Jones' oxidation procedure took place with- 
out migration or epimerization of the anisoxyl 
group. Fear of such an occurrence in the usual 
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media for chromic acid oxidation had prompted 
us to use dimethyl sulfoxide-acetic anhydride as 
the oxidizing agent in some of our earlier experi- 
ments. This reagent worked well with 15 and 19, 
but oxidation of 8 gave in addition to 9 a signifi- 
cant portion of an unidentified material. 

The stereochemistry of the four keto-anisates 
(9, 13, 14, and 18) follows not only from their 
mode of synthesis but also from their optical 

rotatory dispersion (0.r.d.) and nuclear magnetic 
resonance (n.m.r.) spectra. The 0.r.d. spectra 
could not be observed below about 280 nm 
owing to the strong ultraviolet (u.v.) absorption 
of the anisoxyl group, but enough of the spectrum 
was measurable to show that the two keto-esters 
in which the anisoxyl group is axial (9 and 18) 
had large positive Cotton effects (amplitudes 
greater than 217 and 149, respectively), whereas 
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the two compounds with equatorial anisoxyl 
functions (13 and 14) showed much smaller 
positive Cotton effects (amplitudes 47 and 23, 
respectively). These findings are in excellent 
agreement with predictions based on the octant 
rule (3), though somewhat different from the 
observations reported by Williamson and 
Johnson (4). Because of the low solubility of our 
keto-esters in methanol, which was the solvent 
used by Williamson and Johnson, our 0.r.d. 
spectra were obtained with methylene chloride 
solutions; the two sets of results may not be 
comparable. The n.m.r. spectra of the keto- 
anisates, however, were in good agreement with 
those described for the corresponding keto- 
acetates (4), the characteristic absorption patterns 
of the pr.oton on the carbon bearing the ester 
function1 being strikingly similar to those 
observed by Williamson and Johnson and inter- 
preted by them as showing considerable distor- 
tion of ring-A from the normal chair conforma- 
tion in 2P-acetoxy-5a-cholestan-3-one. 

It is clear that the chemical interconversions 
summarized in Scheme 2 taken together with the 
spectroscopic properties found for compounds 
9 to 18 allow no possibility of any kind of 
rearrangement or epimerization being the major 
course of any of these reactions, and that struc- 
tures 8 and 19 are therefore established beyond 
question. The n.m.r. spectra of 8 and 19 (see 
Experimental) are in excellent agreement with 
these formulations and would provide strong 
independent support for the structures if any were 
needed. In the compounds derived from the 
decalin dioxolenium salt (1) it should be noted 
that no chemical proof of structure analogous to 
that summarized for the steroidal materials is 
possible owing to the symmetry of the decalin 
system. The proofs of the structures of the decalin 
hydroxy-esters rest on a comparison of physical 
data, notably n.m.r. spectra, with those obtained 
with the analogous steroids. In view of the virtual 
identity of the relevant parts of the n.m.r. spectra 
of the decalin hydroxy-esters to those from the 
steroid series it can be concluded that the struc- 
tures of the decalin hydroxy-esters described in 
both this and subsequent sub-sections are also 
established beyond doubt. For the reaction which 
corresponds most directly with that of the 
steroidal materials, namely the hydrolysis of the 

'This portion of the spectra is reproduced elsewhere (5). 

decalin dioxolenium salt 1, the product also 
proved to be almost entirely the axial ester - 
equatorial alcohol (5) with only a trace of a 
material presumed to be 6, which showed the 
same R, value on t.1.c. as the compound obtained 
by acid-catalyzed rearrangement of 5. 

H 

OEt 
21 22-ex0 22-endo 

-1 

Hydrolysis of Orthoesters of trans-Decalin- 
2P73P-diol 

~ ia lkox~carbonium ions have long been re- 
garded as intermediates in the acid-catalyzed 
hydrolysis of orthoesters ; theevidence supporting 
this notion has recently been summarized bv 
Cordes (6). For orthoesters derived from trans- 
decalin-2P,3P-diol (21) such an intermediate 
could (though it does not have to) be the dioxolen- 
ium ion, and therefore the hydrolysis of the 
corresponding orthoesters might well be expected 
to yield the axial ester - e-quatorial alcohol to the 
almost complete exclusion of the equatorial 
ester - axial alcohol. To test this simple extension 
of the results that we had obtained with the 
crystalline dioxolenium salts, we prepared the 
ethyl orthoesters 22a-c, by reaction of, respec- 
tively, ethyl orthoformate, ethyl orthoacetate, 
and ethyl orthopropionate with a solution of the 
diol(21) in benzene containing a small amount of 
camphor-10-sulfonic acid. Upon vacuum distil- 
lation the orthoesters were obtained as liquids 
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which gave satisfactory analyses and showed no 
hydroxyl absorption in their infrared (i.r.) 
spectra. The n.m.r. spectra were in agreement 
with the orthoester formulation but suggested 
that each of the orthoester preparations was in 
fact a mixture of the two orthoesters epimeric at 
the.orthoester carbon (22 exo and 22 endo) in 
which one epimer was present in much greater 
amount than the other. In the spectrum of the 
ethyl orthoformate 22a, the orthoformyl proton 
region showed two singlets, at  5.73 and 
5.79 p.p.m. (relative areas roughly 4: l), while the 
methylene of the ethoxyl group appeared as a 
quartet at 3.60 p.p.m. ( J  = 7 Hz) superimposed 
on a correspondingly smaller quartet a t  
3.65 p.p.m. ( J  = 7 Hz). Similarly, the spectrum 
of the orthoacetate 22b shows two methyl 
singlets, the larger one at 1.61 p.p.m., the smaller 
at 1.52 p.p.m., and the orthopropionate 22c dis- 
plays a quartet at 3.53 p.p.m. ( J  = 7 Hz) together 
with what appears to be another quartet at 
3.62 p.p.m. 

Perlin has found that formation of ortho- 
acetates under the conditions of the Konigs- 
Knorr synthesis leads to a mixture of epimers as 
demonstrated both by n.m.r. spectroscopy and 
actual isolation of the individual epimers (7). The 
major component of the mixture was suggested 
to have the alkoxyl group exo to the pyranose 
ring on the basis of the n.m.r. spectra and an 
earlier suggestion by Lemieux and Cipera (8) that 
the exo product would be expected to predomin- 
ate because of the more facile approach of the 
alcohol to the side of the acetoxonium ion remote 
from the pyranose ring. Lemieux and Morgan (9), 
in another preparation of orthoesters believed to 
take place via the dioxolenium ion, also found 
the predominance of one isomer which was 
assigned the exo structure primarily on the basis 
of a cogent argument based on an imposing array 
of n.m.r. data. 

Both the mode of preparation and the basic 
skeleton in our compounds are different from 
those of these authors, and it would not be 
surprising if the nature of our orthoester mixture 
proved to be different from theirs. Nonetheless 
using their correlations to interpret our n.m.r. 
data leads to the suggestion that the products that 
we obtain in the larger amount have the exo 
configuration of the ethoxyl group. This assign- 
ment is tentative because it is hard to be certain 
that the n.m.r. signals described above derive 
from one and the same minor component. 

The hydrolysis of the orthoesters 22a-c was 
effected by dissolving in methanol, adding 
aqueous acetic acid, and letting the mixture stand 
at room temperature for 10-15 min. The ortho- 
acetate (22b) and orthopropionate (22c) gave 
almost quantitative yields of the axial ester - 
equatorial alcohol (23) with only a very small 
amount of the isomer with the acyl function on 
the other oxygen (24). Both 23b and 23c under- 
went the acid-catalyzed transesterification to give 
24b and 24c respectively. The structures of all of 
these compounds follow from analyses and the 
close correspondence of their spectra with those 
of the analogous materials already described (see 
Experimental). 

Hydrolysis of the orthoformate 23a, however, 
gave a distinctly different result. The n.m.r. 
spectrum of the product showed the character- 
istic absorption of the axial ester - equatorial 
alcohol (in this case, 23a), but in addition there 
were equally characteristic bands indicating the 
presence of about 40 % of the equatorial formate- 
axial alcohol (24a). The axial formate (23a) was 
obtained crystalline and characterized in the 
usual way but attempts to obtain a pure specimen 
of the equatorial formate (24a) failed. Thin-layer 
chromatography on silica gel led to rapid equi- 
libration of the twoesters, acharacteristicstreaked 
double spot being obtained starting with either 
the mixture or with crystalline 23a. The ease with 
which 23a is converted to 23b on t.1.c. suggested 
the possibility that the mixture from the hydrol- 
ysis of 22a might merely be the product of a 
subsequent equilibration rather than that result- 
ing from kinetic control of the reaction, as was 
the case with the other hydrolyses. The axial 
formate (23a), however, was found to be com- 
pletely stable to the conditions of the original 
orthoester hydrolysis. The orthoformate (22a) is 
therefore also giving the kinetically controlled 
product which contains a much larger proportion 
of the equatorial ester - axial alcohol than the 
products of any of the other hydrolyses described 
in this paper. This observation is believed to be 
of significance in the rationalization of the steric 
course of these hydrolyses that is offered later in 
this account. 

In  addition to the orthoesters 22a-c, we also 
attempted to obtain the ethyl orthobenzoate 22d, 
following the same procedure as for the others. 
It was found, however, that distillation of the 
crude product led to extensive decomposition. 
The i.r. spectrum of the undistilled reaction prod- 
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c\"3 

CH3 /c=o 
AcO CH20CH2Ph y&2ph Ohh 

-0Me * 
+ 

HO 

0 H0 OMe H0 OMe 
25 26 27 

OAc 

CH3 CH3 

28 29 30 

uct indicated that the material consisted primarily 
of the orthoester (22d), and it was therefore 
hydrolyzed in the usual way. The t.1.c. showed 
the only significant components of this product 
to be the axial ester (23d) and recovered diol(21); 
these were subsequently isolated in yields of 72 % 
(88% based on reacted diol) and 18%, respec- 

I tively. 
It  is interesting to compare this method of 1 preparing a monobenzoate ester of 21 with direct 

I esterification. When the diol(21) was treated with 
one equivalent of benzoyl chloride in the presence 
of pyridine, the other ester (24d), in which the 
benzoyl group is attached to the equatorialoxygen 
was obtained in 93 % yield (based on reacted diol). 
The complementary stereoselectivity of these 
methods of forming a mono-ester of such a 
cis-1,2-diol should prove useful in organic 
synthesis. 

Stereoselective Hydrolysis of Carbohydrate 
Dioxolenium Ions 

Reactions proceeding via dioxolenium ions 
have been used to a considerable extent in carbo- 
hydrate synthesis but the generality of the strong 
preference for forming axial esters on hydrolysis 
has not been pointed to. The following examples 
indicate that stereoselective hydrolysis does in 
fact occur with substituted pyranoses more or 
less anchored in one conformation. Buchanan 
and Fletcher (10) found that 80% acetic acid 
converted the anhydro sugars 25 and 28 to 27 and 
30, respectively, presumably via the acetoxonium 
ions 26 and 29. Making the reasonable assump- 
tion that 26 and 29 have the C1 conformation as 

shown, these results are examples of the prefer- 
ential formation of axial esters by hydrolysis of 
dioxolenium ions.' Perlin (7, 11) has shown that 
certain mannopyranose 1,2-orthoesters lead to  

the axial ester, as for example in the reaction 31 
to 32. It  could perhaps be argued that in the case 
of a dioxolane ring incorporating the anomeric 
carbon, the reaction may proceed via a different 
mechanism and that our observations on di- 
oxolenium ions fused to cyclohexane rings are 
not relevant to the pyranose 1,2-orthoesters. One 
of the more likely alternative mechanisms would 
involve cleavage of the bond between the 
anomeric carbon and the dioxolenium oxygen, 
assisted by the electrons on the oxygen of the 
pyranose ring. Lemieux and Morgan (12), how- 
ever, have shown that tetra-0-acetyl-P-D-glu- 
copyranosyl chloride (33) with silver acetate in 
wet acetic acid, gives (presumably via 34) the 
1-acetyl derivative 35. This result would suggest 

2 N o ~ ~  ADDED IN PROOF: The formation of an axial 
acetate following neighboring group participation of an 
equatorial acetoxyl function has also been encountered 
with steroidal systems; S. Julia and R. Lorne have re- 
cently (Comptes Rerzdrrs268 C ,  1617 (1969)) used theresults 
given in our preliminary communication (2) to help to 
rationalize these observations. 
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+ 
AcO AcO 

that the direction of cleavage of pyranose 1,2- 
orthoesters is not controlled by electronic influ- 
ences associated with the anomeric carbon but 
rather by the stereochemical factors common to 
dioxolenium systems fused to six-membered 
rings. An instance of an unselective opening of 
an acetoxonium ion has been described by 
Paulsen and co-workers (13) who report that an 
acetoxonium derivative of arabinopyranose 
gives both possible hydroxyacetates. It is unlikely, 
however, that the arabinopyranose system is 
anchored, and hence would not be expected to 
show the stereoselectivity found with species 
which are. 

Stereochemistry of the Hydroxy-ester from the 
Woodward-Pre'vost Reaction 

The reaction of an olefin with iodine and silver 
acetate in wet acetic acid (14), often referred to 
as the Woodward-PrCvost reaction, is another 
process which is believed to proceed via a 
dioxolenium species, specifically an acetoxonium 
ion. If this is indeed the case, it would be expected 
that the hydroxy-acetate obtained as the direct 
product of the reaction, prior to the usual 
saponification to the glycol, would have the 
hydroxyl group equatorial and the acetoxyl func- 
tion axial. We were unable to find any examples 
on searching the literature, all such hydroxy- 
acetates having been hydrolyzed directly to the 
glycols without any examination of their stereo- 
chemistry. We therefore investigated the product 
of the reaction with trans-2-octalin. The t.1.c. of 
the crude product showed it to consist almost 
entirely of one compound. After the usual 
workup we obtained a 79% yield of 23b, the 
major product obtained from hydrolysis of the 
orthoacetate 22b. 

Origin of the Stereoselectivity Observed in the 
Hydrolysis of the Dioxolenium Ions 
and Orthoesters 

According to current informed opinion (6) the 
hydrolysis of dialkoxycarbonium ions requires at 
least the steps shown in Scheme 3. In addition 
to the above minimum number of intermediates, 
conjugate a ~ i d  forms of both the "orthoacid" and 
ester species are probably involved, though 
proton loss or addition concerted with another 
bond formation or cleavage is regarded as pos- 
sible (6). By representing the conjugate acids as 
discrete species and thereby multiplying the 
number of steps in the reaction sequence, each 
individual step becomes simpler and may be 
represented more easily. The stereochemical 
argument is essentially the same, however, 
whether or not addition or loss of a proton is 
concerted with another process. 

Hydrolysis of an orthoester requires, of course, 
another step leading to formation of a dialkoxy- 
carbonium ion. With the orthoesters incorpor- 
ating a dioxolane ring, this step may yield either 
a dioxolenium ion or one in which the dioxolane 
ring has been opened. In the latter case the ring 
opening reaction leading to such a species would 
be stereochemically virtually identical with the 
second step of the sequence given above, i.e. the 
formation of the ester (or its conjugate acid). It 
follows then, that starting with an orthoester the 
reaction sequence either joins the same path as 
if it had started at the dioxolenium ion stage, or 
else it follows a parallel route that is sterically 
very closely related and which does not require 
additional special comment. 

In our view the origin of the stereoselectivity 
observed with all of the substrates in this study 
except the orthoformates, is to be found in a 
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combination of steric and stereoelectronic effects. 
The latter effect is perhaps most clearly illustrated 
in terms of a nucleophilic attack on a hydroxy- 
alkoxycarbonium ion, a reaction which is the 
reverse of the cleavage of an "orthoacid". We 
will first consider an unstrained system as in 36, 
and its reaction with ROH. Simple theoretical 
considerations which are supported by the 
results of n.m.r. studies (15-20), require that all 
six of the atoms indicated in 36 and the localized 
non-bonding electrons on the oxygen atoms lie 
in a common plane; structure 36 depicts one of the 
possible arrangements which satisfies this require- 
ment (the others may be obtained by successive 
interchange of the positions of the localized non- 
bonding electrons and the R group on each 

1 oxygen). Attack of ROH will take place on a line 
running through the charged carbon orthogonal 

I to the common plane. This will lead through a 
transition state imagined to look like 37, to the 
product in the conformation shown in 38. For 
the reverse reaction 38 to 36, which is the 
generalized version of the reaction which forms 
the basis of this paper, it is evident that in order 
to achieve maximum stabilization of the positive 
charge on carbon by the electrons on the two 
oxygen atoms, one free electron pair on each 
oxygen must be anti (or at least anti-periplanar) 
to the leaving group R O H . ~  If one now considers 
a specific version of this reaction with the cor- 
responding species derived from a dioxolenium 
ion fused to an anchored six-membered ring, it 
is apparent from inspection of molecular models 
that the fusion of the five- and six-membered 
rings places restrictions on how to achieve a 
conformation even approaching one in which a 
pair of free electrons on each oxygen is anti- 
periplanar with the leaving group (as in 38). For 
example, the endo electron pair on the axial 
oxygen (shown in 39) can become anti-periplanar 
with the equatorial oxygen (which would be the 

3A good example of this requirement has very recently 
been given by Eliel and Nader (21). 

leaving group in the formation of the equatorial 
alcohol - axial ester by this route) only by 
introducing severe steric strain, either by dis- 
torting the five-membered ring or alternatively 

by flipping the six-membered ring into a boat 
conformation. Similarly the exo electrons of the 
equatorial oxygen can also only become anti- 
periplanar to the axial oxygen by introducing a 
good deal of strain. As is shown in 40, however, 
the exo electrons of the axial oxygen can com- 
paratively readily become anti-periplanar to the 
equatorial oxygen. Similarly as indicated in 41, 
the endo electrons of the equatorial oxygen and 
the axial oxygen can also be so arranged, but in 
so doing the endo substituent on C-2 (shown as R 
in 41) moves very close to the nearest axial 
hydrogen of the cyclohexane ring (H in 41).4 It  
would be expected that all species in which the 
endo function is either an aryl, alkyl, alkoxyl, or 

41n the mannose derivatives studied by Perlin (7, 11) 
the non-bonding interaction is not with an axial hydrogen 
but rather a free electron pair of the pyranose oxygen. 
This interaction resembles the syn-axial non-bonded 
interaction between a t-butyl group and the free electron 
pairs in 2-alkyl-5-t-butyl-l,3-dioxanes, and which has 
been found by Eliel and Knoeber (22) to be much smaller 
than the analogous interaction between an axial t-butyl 
group and an axial hydrogen. This would suggest that 
the stereoselectivity with the mannose derivatives (though 
not with compounds 25, 28, and 33) should be distinctly 
smaller than that found with the cyclohexane derivatives. 
Perlin (7) has noted the formation of a little of the 
1-acetate from 31, and has informed us (private com- 
munication) that in the hydrolysis of the fully acetylated 
orthoacetate from mannose he has found "almost 
equimolar yields of both products". We thank Professor 
Perlin for telling us of these results and for kindly giv- 
ing permission to mention them here. 
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hydroxyl group, the interaction of the endo group 
with the neighboring axial hydrogen would make 
the transition state derived from 41 of much 
higher energy than the one derived from 40. It is 
concluded from this argument that except when 
the endo substituent on C-2 is a hydrogen atom, 
the route derived directly from 40 would have 
much the lowest energy of the possible pathways. 
Such a route, of course, leads to the axial ester - 
equatorial alcohol, which is found experimentally 
in these cases to be the predominant product by 
a large measure. 

When one endo group on C-2 is a hydrogen 
atom, the compound is an orthoformate ester (or 
the derived "orthoacid"). From the work of 
Lemieux and Perlin described earlier, it would 
appear that the major portion of a sample of 
orthoformate or of its derived "orthoacid" 
should in fact have the C-2 proton in the endo 
configuration. When the endo C-2 substituent is 
hydrogen one would expect that the transition 
states derived from 40 and 41 be not nearly as 
different in energy as when the substituent is 
larger than hydrogen. It is therefore not surprising 
in the context of this argument to find that the 
hydrolysis of the orthoformate ester (22a) ap- 
parently gives nearly as much of the axial 
alcohol - equatorial ester (24) as of its isomer 
(23). 

51t might perhaps be mentioned that the mechanism 
of hydrolysis of orthoformates is believed to be essentially 
the same as that of the other orthoesters (6) ,  and that 
any rationalization of the loss of stereoselectivity with 
the orthoformates must, as is the case here, be in terms 
of this same mechanism. 

Another factor which may contribute in some 
measure to the stereoselectivity of hydrolysis is 
the greater ease of protonation of an equatorial 
oxygen (leading to the equatorial alcohol - axial 
ester) vs. protonation of an axial oxygen (leading 
to the axial alcohol - equatorial ester). In  general 
an axial ion is of somewhat higher energy than 
its equatorial epimer, presumably because of 
poorer solvation of the axial ion resulting from 
the less open environment of an axial substituent 
(cf. ref. 23). An analogous, though perhaps 
smaller, energy difference would presumably be 
found between the transition states from the 
axially and the equatorially protonated species 
as well. Data for the relative basicities of axial 
and equatorial oxygen do not seem to be at hand 
but the difference between axial and equatorial 
amino groups is comparatively small: cis-4-tert- 
butylcyclohexylamine (axial NH,) is less basic 
than the trans (equatorial NH,) isomer by only 
0.25 pK units in 80 % methylcellosolve-water 
(24). Unless oxygen behaves quite differently 
from nitrogen in such cases, this factor alone 
could not account for the degree of stereoselec- 
tivity observed in the hydrolysis of dioxolenium 
ions. nor for the behavior of the orthoformates. 
Its effect, however, may be to increase the amount 
of the axial ester - equatorial alcohol to some 
extent. 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected. Infrared spectra were obtained with 
Beckman IR-5 or IR-10 spectrophotometers using 
sodium chloride cells, and were determined on chloroform 
(Fisher Spectranalyzed grade) solutions. Rotations (at 
the D line) were determined on approximately 1 % solu- 
tions in chloroform with a Rudolph model 80 polarimeter. 
Optical rotatory dispersion measurements werecarried out 
with a Jasco ORD/UV-5-CD spectropolarimeter. Nuclear 
magnetic resonance spectra were run on CDCI, solutions 
using a Varian A-60 spectrometer. "Half-width" in the 
description of n.m.r. bands refers to the width of the band 
(in Hz) along a line midway between the baseline and the 
top of the band, cf. ref. (25). Refractive indices were 
determined with a thermostatically controlled Bausch 
and Lomb refractometer. Thin-layer chromatography 
was carried out using Camag silica gel D F  5. Petroleum 
ether refers to the fraction of boiling range 30-60'. 
Organic extracts were dried with anhydrous magnesium 
sulfate. 

Acid-catalyzed Hydrolysis of Acyloxonium 
Hexafluoroantin7onates 

A solution of the acyloxonium salt in methylene 
chloride (10ml) was shaken with aqueous acetic acid 
(10 ml, 10%) for several minutes. The reaction mixture 
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was then washed with dilute sodium bicarbonate solution, 
water, dried, the solvent evaporated under reduced 
pressure, and the residue treated as indicated below. 

To obtain a semi-quantitative estimate of the com- 
position of the reaction mixture, the product was dis- 
solved in chloroform to give a suitable concentration 
for t.1.c. Standard mixtures of the two possible hydrolysis 
products were prepared, i.e. of the equatorial alcohol - 
axial ester and axial alcohol -equatorial ester com- 
pounds, and were dissolved in chloroform to give the 
same concentration as that of the hydrolysis product. 
A standard number of drops of each solution (from the 
same dropping pipette) were applied to t.1.c. plates which 
were then eluted with ether-benzene (1:l). The plates 
were sprayed with 30% sulfuric acid and charred, and the 
intensities of the resulting spots were compared. 

In the products from 5cc-cholestan-2a,3a-p-anisoxon- 
ium, 5cc-cholestan-2B,3!3-p-anisoxonium, and 913,lOcc- 
decalin-213,313-p-anisoxonium salts the amount of axial 
alcohol -equatorial ester was in each case estimated at 
less than 0.5% of the product. 

(a) 5cc-Cholestan-2a,3a-p-anisoxonhrm 
Hexafluoroantimonate (7) 

A solution of the salt (1) (370mg) in methylene 
chloride was treated as described above. The t.l.c., 
eluting with ether-benzene (1 :I), showed the product 
(255 mg) to consist of almost entirely one compound 
(R, 0.54) together with a trace of a second compound 
(R, 0.64). both being visible under u.v. light as well as 
upon charring. Crystallization from acetone-water gave 
2cc-hydroxy-5a-cholestan-3cc-yl p-anisate (8); m.p. 146- 
148"; [ccID f 4 5 " ;  v,,, 3580, 1700 cm-'. The n.m.r. 
spectrum showed signals at 0.82 (s), 2.47 (s, OH), 3.80 (s), 
a broad band at 3.87 (half-width 20 Hz), a narrow band 
at 5.29 (half-width 6 Hz) and a signal interpreted as an 
AB quartet: 6 ,  6.87, 7.96 p.p.m., Jan 9 Hz. These 
signals were assigned to the C-19 methyl group, the 
hydroxyl group, the methoxyl group, the C-2 hydrogen 
(axial), the C-3 hydrogen (equatorial), and to the 
aromatic hydrogens respectively. 

Anal. Calcd. for C35H5404: C, 78.01; H, 10.10. 
Found: C, 77.68; H, 10.08. 

(b )  5cc-Cholestan-213,313-p-anisoxoniiim 
Hexafluoroantimonate (20)  

A solution of the salt (1) (250 mg) in methylene 
chloride was treated as above. The t.l.c., eluting with 
ether-benzene (1 :I), showed the product (180 mg) to 
consist of almost entirely one compound (Rr 0.64), to- 
gether with a trace of a second compound (R, 0.85), both 
spots being visible under U.V. light as well as on charring. 
Crystallization from acetone - petroleun~ ether gave 
3P-hydroxy-5a-cholestan-2~-yl p-anisate (19); m.p. 132- 
133"; [ccID -22"; v,,, 3570, 1700 cm-'. The n.m.r. 
spectrum had bands at 0.98 (s), 2.48 (s, OH), 3.78 (s), 
a broad band at 3.87 (half-width 22 Hz), a narrow band 
at 5.29 (half-width 8 Hz) and a quartet: 6 ,  6.82, 6 ,  
7.93 p.p.m., J A B  9 HZ, assigned to the C-19 methyl gloup, 
the hydroxyl group, the methoxyl group, C-3 hydrogen 
(axial), C-2 hydrogen (equatorial), and the aromatic 
hydrogens respectively. 

Anal. Calcd. for C3,HS4O4: C, 78.01; H, 10.10. 
Found: 77.73; H, 9.95. 

(c) 9P,lOcc-Decalin-2~,3~-p-anisoxoniu1~~ 
Hexafliroroantimonate ( I )  

A solution of the salt (1) (500 mg) in methylene chloride 
was treated with aqueous acetic acid as outlined above. 
The t.l.c., eluting with ether-benzene (1:l) showed the 
product (286 mg) to  consist of almost entirely one com- 
pound (Rf 0.32) together with a trace of a second com- 
pound ( R ,  0.50). Crystallization from ether - petroleum 
ether gave 3B-hydroxy-9~,1Occ-decalin-2~-ylp-anisate (5); 
m.p. 92-94"; v,,, 3580, 1700 cm-'. The n.m.r. spectrum 
showed bands at 2.88 (s, OH), 3.71 (broad band, half- 
width 21 Hz), 3.77 (s), 5.30 (narrow band, half-width 
7 Hz), and a quartet 6 ,  6.85, 6 ~  7.94 p.p.m., JAB 9 HZ. 
These bands were assigned to the C-3 hydroxyl group, 
the C-3 hydrogen (axial), the methoxyl group, the C-2 
hydrogen (equatorial), and to the aromatic hydrogens 
respectively. 

Anal. Calcd. for ClsH2404: C, 71.03; H, 7.95. Found: 
C, 70.90; H, 7.87. 

(d) 9~,l0cc-Decali1i-2~,3~-be1izoyloxo1ii~im 
Hexafliroroantirnonate 

A solution of the benzoyloxonium salt (1) (100 mg) in 
methylene chloride (10 ml) was treated with aqueous 
acetic acid as desclibed above. The t.l.c., eluting with 
benzene-sther (1:1), showed the product (52 mg) to be 
almost entirely one compound. Crystallization from 
ether-pentane gave 3~-hydroxy-9P,lOa-decalin-213-yl ben- 
zoate (23d); m.p. 105-107"; v,,,, 3600, 1705 cm-'. The 
n.m.r. spectrum had signals at 2.40 (s, OH), 3.78 (broad 
band, half-width 21 Hz), 5.37 (narrow band, half-width 
7 Hz), 7.42, and 8.05 (both multiplets). These signals were 
assigned to the C-3 hydroxyl group, the C-3 hydrogen 
(axial), the C-2 hydrogen (equatorial), and the phenyl 
hydrogens respectively. 

Anal. Calcd. for C17HZZ03: C, 74.40; H, 8.09. Found: 
C, 74.34; H, 7.83. 

Reaction of 913,IOcc-Decalin-213,313-p-anisoxoniuni 
Hexafl~ioroantirnor~ate ( I )  with Base 

A solution of the decalin anisoxonium salt (200 mg) 
in methylene chloride (10 ml) was shaken with aqueous 
potassium hydroxide solution (10ml; 5%) for 2 min. 
The methylene chloride was washed several times with 
water, drikd, and evaporated under reduced pressure. 
The t.l.c., eluting with benzene-sther (I:I), showed the 
product to consist of one compound with the same R, 
value as 3~-hydroxy-9~,10a-decalin-2~-yl p-anisate (5). 
Crystallization from ether - petroleum ether gave 313- 
hydroxy-9~,10cc-decalin-2~-yl p-anisate (1 12 mg) identi- 
fied with an authentic specimen by m.p., mixed m.p., 
and i.r. spectra. 

Alkalirie Hydrolyses of Hydroxyanisates 
A solution of the hydroxyanisate (50-100mg) and 

potassium hydroxide (200-300 mg) in methanol (5 ml) 
and ether (1 ml) was allowed to react overnight at room 
temperature. The reaction mixture was diluted with water 
and extracted with ether. The ether extract was washed 
several times with water, dried, and evaporated under 
reduced pressure, and further purified as described below 
for each reaction. 

(a) 2a-Hydroxy-5cc-cholestan-3wyl p-Anisate ( 8 )  
This compound gave a product which was recrystallized 
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from chloroform-acetone; m.p. 222-224"; [a], +3l0. 
Henbest and Smith (26) have prepared 5a-cholestan- 
2a,3a-diol (11) and report m.p. 212-214" and [a], + 32". 
Repetition of their procedure gave a sample melting at 
214217" and which on admixture with the material from 
the saponification, melted at 223-225". 

(b) 3a-Hydroxy-5a-cholestan-2a-yl Anisate (12) 
Upon hydrolysis as described above, this anisate gave 

a material which on recrystallization showed essentially 
the same properties as the 5a-cholestan-2a,3a-diol (11) 
prepared from 8: m.p. 225-226", [a], +29", and mixed 
m.p. with an authentic specimen 224226". 

(c) 2P-Hydroxy-5a-cholestan-3p-yl Anisate (15) 
Compound 15 was hydrolyzed similarly; the product 

was recrystallized from ether-methanol; m.p. 174176"; 
[a], +40"; mixed m.p. with an authentic sample of 
5a-cholestan-2P.313-diol (16) (prepared as described 
below) 177-179". 

(d) 3~-Hydroxy-5a-cholestan-2P-y1 Anisate (19) 
On hydrolysis as above, 19 gave a product which on 

recrystallization from ether-methanol melted at 1 7 4  
176"; [a], +42"; mixed m.p. with an authentic specimen 
of 5a-cholestan-2P,3P-diol (16) (see below) 175-177". 

(e) 2P-Hydroxy-9~,IOa-decali1i-3P-yl Anisate (6) 
Compound 6 gave a hydrolysis product which was 

recrystallized from benzene - petroleum ether to give a 
sample melting at 140-141"; mixed m.p. 139-140" with 
an authentic specimen of 9P,lOa-decalin-2P,3P-diol (21), 
prepared by the method of Henbest et al. (27). 

(f) 3~-Hydroxy-9~,IOa-decalin-2~-yl Anisate (5) 
On similar treatment, 5 gave a product which after 

recrystallization melted at 141-142"; mixed m.p. with an 
authentic sample of 9P,lOa-decalin-2P,3P-diol (21) (27), 
141-142". 

Sa-Cholestan-2~,3P-diol (16) 
This compound was prepared from cholest-2-ene by 

the method of Henbest and Smith (26), with the exception 
that the reaction mixture was heated for 39 h at 80". The 
product, after alkaline hydrolysis, was purified by t.l.c., 
eluting with ether-benzene (1:l); m.p. 177-180" and 
[a], + 37"; reported m.p. 174177" and [a], +43" (26). 

Oxidation of the Steroid Hydroxyanisates with 
Dirnethyl Sulfoxide and Acetic Anhydride 

(a) 3~-Hydroxy-5a-cholestan-2~-ylp-Anisate (19) 
A solution of the hydroxyanisate (19) (147 mg) in 

dimethyl sulfoxide (2 ml) and acetic anhydride (2ml) 
was allowed to react at room temperature for 36 h. The 
reaction mixture was diluted with ether and washed with 
dilute sodium bicarbonate solution, several times with 
water, dried, and the ether evaporated. Crystallization 
from ether-pentane gave 5a-cholestan-3-one-2P-yl 
p-anisate (18) (124mg), m.p. 68-74"; [a], +51°; 
v,,, 1705 cm-'. The n.m.r. spectrum had bands at 
0.95 (s), 3.81 (s), 5.52 (apparent triplet, J 7.75 Hz) and a 
quartet, S A  6.88, SB 8.00 p.p.m., JAB 9 Hz. These bands 

> 149. Ultraviolet spectrum in methylene chloride, A,,. 
257 nm, log E 4.35. 

Anal. Calcd. for C35H5204: C, 78.30; H, 9.77. Found: 
C, 77.96; H, 9.92. 

(b) 2a-Hydroxy-5a-cholestan-3a-yl p-Anisate (8)  
The hydroxyanisate (8) (304 mg) was treated with 

dimethyl sulfoxide (3 ml) and acetic anhydride (3 ml) as 
described in (a) above. Attempted crystallization of the 
product from several solvent mixtures failed. The t.l.c., 
single elution with ether-benzene (1 :I), showed only one 
spot; however, two successive elutions with ether-benzene 
(5:95) showed two compounds to be present having Rf 
values of 0.53 and 0.49, respectively, and which were 
separated by preparative t.1.c. 

The slower running of the two proved to be the major 
product (192 mg) and on recrystallization from ether - 
petroleum ether gave 5a-cholestan-2-one-3a-yl p-anisate 
(9), m.p. 86-88"; [a], +88"; v,,, 1720cm-'. The n.m.r. 
spectrum showed bands at 0.80 (s), 3.83 (s), 5.05 (narrow 
band, half-width 5 Hz) and a quartet SA 6.90, SB 7.96 
p.p.m., J A B  9 Hz. These bands were assigned to the C-19 
methyl group, the methoxyl group, the C-3 hydrogen 
(equatorial), and to the aromatic hydrogens respectively. 
Optical rotatory dispersion in methylene chloride 
(c, 0.039): [a]650 + 100, [a15~g + 100, [a]32o + 1715, 

0, and -2330'; amplitude > 217. 
Anal. Calcd. for C35H5,04: C, 78.30; H, 9.77. Found: 

C, 78.55; H, 9.96. 
The material of Rf value 0.53 above (85 mg) was 

recrystallized from ether - petroleum ether; m.p. 108- 
110"; [a], +65"; v,,. 1700cm-'. The n.m.r. spectrum 
showed bands at 0.90 (s), 3.83 (s), 4.66 (half-width 11 Hz), 
5.50 (half-width 8 Hz) and a quartet: SA 6.88, SB 7.97 
p.p.m., J A B  9 HZ. Qualitative tests for halogen and sulfur 
were negative. 

(c) 2~-Hydroxy-5a-cholestan-3~-yl p-Anisate (15) 
The hydroxyanisate (15) (134 mg) was treated with 

dimethyl sulfoxide (2 ml) and acetic anhydride (2 ml) for 
72 h, and the product was isolated as described in (a) 
above. This oxidation appeared to be slower than the 
previous ones as t.l.c., eluting with ether-benzene (1 :9) 
showed that besides the keto-anisate (Rf 0.66) a small 
amount of starting material was present. The keto-anisate 
was purified by L1.c. using ether-benzene (1 :9) and the 
product (77 mg) was recrystallized from chloroform - 
petroleum ether, giving 5a-cholestan-2-one-313-yl 
p-anisate (13), m.p. 178-179"; [a], +45"; v,,, 1725, 
1705 cm-'. The n.m.r. spectrum had bands at 0.82 (s), 
3.80 (s), 5.4 (broad diffuse band), and a quartet: SA 6.88, 
SB 8.03 p.p.m., JAB 9 HZ. These signals were assigned to 
the C-19 methyl group, the methoxyl group, the C-3 
hydrogen (axial), and to the aromatic hydrogens respec- 
tively. Optical rotatory dispersion in methylene chloride 
(c, O.04): [a1650 + 37, [a1589 +44, [a1310 + 700, [a1292 0, 
[a],,, - 175, and [a],,, O"; amplitude 47. 

Anal. Calcd. for C35H5204: C, 78.30; H, 9.77. Found: 
C, 78.52; H, 9.53. 

were assigned to the C-19 methyl,- the methoxyl group, Oxidation of the Steroid Hydroxyanisates with 
the C-2 hydragen (equatorial), and to the aromatic Jones' Reagent 
hydrogens respectively. Optical rotatory dispersion in The oxidizing agent used in these experiments con- 
methylene chloride (c, 0.04): [a]G5o +25, [a]58g +50, sisted of a solution of sodium dichromate (13 g) and 

+ 950, [a],90 0, and [a],,, - 1825"; amplitude concentrated sulfuric acid (8.7 ml) in water (30 ml). To a 
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stirred solution of the hydroxyanisate (15C250 mg) in 
acetone (1C25 ml), at room temperature,, was added a 
few drops of the above oxidizing agent (usually 0.3 ml) 
so that the solution was a red-orange color. After 3 min 
a dilute aqueous solution of sodium metabisulfite 
(Na2S205) was added to the reaction mixture until a 
blue-green color was obtained. After dilution with water, 
the reaction mixture was extracted with ether. The ether 
extracts were washed with dilute sodium bicarbonate 
solution and water, and then dried and the ether evap- 
orated under reduced pressure. 

(a) 2a-Hydroxy-5a-c/zolestan-3a-yl p-Anisate (8) 
The hydroxyanisate (8) (214 mg) in acetone (10 ml) on 

oxidation as described above gave 195 mg of crude 
product. The t.l.c., eluting with ether-benzene (5:95) 
showed that there was very little starting material present 
and that the product consisted of almost entirely one 
compound (Rf 0.48) with a small amount of a second 
product running slightly ahead of the main spot. Prepara- 
tive t.1.c. separated the material into two fractions 
weighing respectively 15 mg and 150 mg. Recrystalliza- 
tion from methylene chloride - petroleum ether gave 
materials identified by melting point, mixed m.p. with 
an authentic specimen and i.r. spectra as respectively 
5a-cholestan-2-one-3~-yl p-anisate (13) and 5ci-cholestan- 
2-one-3a-yl p-anisate (9). 

(b) 3a-Hydroxy-5a-cltolestan-2a-yl p-Atlisa te ( 1  2) 
The hydroxyanisate (12) (180 mg) in acetone (15 ml) 

was oxidized as described above. The crude product 
(176mg) showed no OH peaks in the i.r. spectrum. 
Crystallization from pentane gave 5a-cholestan-3-one- 
2a-yl p-anisate (14); m.p. 148-150"; [aID f105" ;  
v,,, 1725, 1705 cm-'. The n.m.r. spectrum had bands at  
1.17 (s), 3.78 (s), a doublet of doublets at 5.50 (JAB 6.5 HZ, 
JA, 12.5 Hz, presumed to  be due to coupling with the 
equatorial and axial protons on C-1, respectively) and a 
quartet: 6, 6.88, 6B 8.00 p.p.m. (JAB 9 HZ). These bands 
were assigned to the C-19 methyl group, the methoxyl 
group, C-2 hydrogen (axial), and the aromatic hydrogens 
respectively. Optical rotatory dispersion in methylene 
chloride (c, 0.04): [a],,, +50, [a],,, + 100, [a],,, f 5 5 0 ,  
[ ~ ] 2 ~ ~  + 125, and [a]z8o + 625'; amplitude 23. 

Anal. Calcd. for C35H5204: C, 78.30; H, 9.77. Found: 
C, 77.97; H, 9.68. 

(c) 3P-Hydroxy-5a-cholestan-2P-yip-Anisate (19) 
The hydroxyanisate (19) (215 mg) in acetone (15 ml) 

was oxidized as described above. The t.l.c., eluting with 
ether-benzene (5 :95), showed the crude product to con- 
sist mainly of one compound (Rf 0.52) together with a 
small amount of starting material. Purification by t.1.c. 
gave 5a-cholestan-3-one-2P-yl p-anisate (18) (139 mg) 
which was recrystallized from ether-pentane; m.p. 65- 
75". The i.r. spectrum was identical to that of the product 
obtained by oxidation of 3P-hydroxy-5a-cholestan-2P-yl 
p-anisate (19) with dimethyl sulfoxide and acetic 
anhydride. 

(d) 2P-Hydroxy-5a-cholestarz-3~-yl p-Artisate (15) 
The hydroxyanisate (15) (233 mg) in acetone (25 ml) 

was oxidized as described above. The t.l.c., eluting with 
ether-benzene (1:9), showed the presence of two 
materials. The slower moving of these was obtained as 
an  oil (60 mg) with bands in the i.r. at  1740 and 1700cm-I 

and was not further characterized. The faster running 
material (130 mg) on recrystallization melted at 18&18l0, 
and was shown by m.p., mixed m.p., and i.r. spectrum 
to be identical with the specimen of 5a-cholestan-2-one- 
313-yl p-anisate (13) obtained from the dimethyl 
sulfoxide - acetic anhydride oxidation of 2e-hydroxy-5a- 
cholestan-313-yl p-anisate (15). 

@imerizatiorz of 5a-Cholestan-3-one-213-yl p-Anisate 
(18) to 5a-Cl~olestan-3-otle-2a-yl p-Anisate (14) 

A solution of 5a-cholestan-3-one-2!3-yl p-anisate (18) 
(35 mg) and D-10-camphorsulfonic acid (5 mg) in benzene 
(5 ml) was refluxed overnight. The reaction mixture, after 
dilution with ether, was washed with dilute sodium 
bicarbonate solution and water, dried, and the solvent 
removed by evaporation under reduced pressure. The 
crude product had an i.r. spectrum very similar to that 
of 5a-cholestan-3-one-2a-yl p-anisate (14). The product 
was purified by t.1.c. eluting with ether-benzene (1:9); 
two r:crystallizations from ether-pentane gave 5a-cho- 
lestan-3-one-2a-yl p-anisate (14), m.p. 146-148"; mixed 
m.p. with an  authentic sample 146148". The i.r. spectrum 
was also identical with that of 5a-cholestan-2-one-2a-yl 
p-anisate (14). 

Redrrction of 5a-C/zolestan-3-one-2~-yl p-Anisate (18) 
with Zinc and Acetic Acid 

T o  a solution of the keto-anisate (18) (69 mg) in ether 
(4 ml) and acetic acid (1.5 ml) was added zinc dust (1.0 g); 
the mixture was refluxed for 4 h. More ether was added 
to the mixture, which was then filtered through Supercel. 
The filtrate was washed with dilute sodium carbonate 
solution and water, dried, and the ether evaporated 
under reduced pressure. The t.l.c., eluting with ether- 
benzene (1:9), showed the product to consist of one 
compound which had the same RI value as Sa-cholestan- 
3-one (Rf 0.56) and differed from 5a-cholestan-2-one 
(Rf 0.66) and from the keto-anisate (Rf 0.61). Recrystal- 
lization from ether-methanol yielded 5a-cholestan-3-one, 
(30mg), m.p. 128-129". Mixed m.p. with authentic 
sample of 5a-cholestan-3-one, 127-129"; mixed m.p. with 
authentic sample of 5a-choIestan-2-0ne,~ 103-1 18". 

Reducfiorz of 5a-Clzolestarz-2-orie-3a-yl p-Anisafe (9) 
with Zinc and Acetic Acid 

2a-Hydroxy-5a-cholestan-3a-yl p-anisate (8) (150 mg) 
was oxidized with dimethyl sulfoxide (2ml) and acetic 
anhydride (2 ml), as described above. The crude keto- 
anisate (123 mg) was dissolved in acetic acid, zinc dust 
(2.5 g) was added, and the mixture was refluxed for 3 h. 
The product was isolated as described for the 5a-cho- 
lestan-3-one-213-yl p-anisate reduction. The t.l.c., eluting 
with ether-benzene (5:95), showed the product to consist 
of more than one compound. The major reaction product 
had the same Rf value (0.45) as 5a-cholestan-2-one, which 
differed from that of 5a-cholestan-3-one (R(0.37). 
Separation of the major product by t.1.c. yielded 5ci-cho- 
lestan-2-one (10) (42 mg) which on recrystallization from 
ether-methanol melted at  128-130"; mixed m.p. with 
authentic 5a-cholestan-2-one 129-131"; mixed m.p. with 
5a-cholestan-3-one 103-123". 

6We thank Professor E. W. Warnhoff for the specimen 
of 5a-cholestan-2-one. 
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9p,lOa- Decalit~-2p,3~-diyl Etl~yyl Ortrfhoforrnate (22a) 
A solution of 9p,lOa-decalin-2p,313-diol (21), prepared 

by the method of Henbest et al. (27) (2.02 g), triethyl 
orthoformate (Eastman Practical grade) (1.75 g) together 
with a few crystals of D-lo-camphorsulfonic acid in 
benzene (10 ml) was refluxed for 15 min. The benzene 
and alcohol produced by the reaction were distilled off 
at atmospheric pressure, a few crystals of calcium car- 
bonate were added, and the residue distilled under 
vacuum. The product (1.75 g) distilled at 108-109° 
(0.5 mm), nDZ5 1.4755. The n.m.r. spectrum showed 
signals at 1.22 (triplet, J 7 Hz), 3.60 (quartet, J 7 Hz), 4.2 
(broad band), 4.25 (narrow band, half-width 7 Hz), 5.73 
(s) and 5.80 p.p.m. (s); the last two peaks were in the 
ratio 2:7. These signals were assigned to the methyl and 
methylene of the ethoxyl group, the C-3 and C-2 
hydrogens of the decalin ring, and the formyl hydrogens 
(of the two epimers) respectively. 

Anal. Calcd. for Cl3HzzO3: C, 69.05; H, 9.82. Found: 
C, 68.97; H, 9.65. 

9~,IOa-Decalin-2~,3~-diyl Ethyl Orthopropionate (22c) 
A solution of 9p,lOa-decalin-2p,3[1-diol (21) (27) 

(2.0 g), triethyl orthopropionate (Eastman practical 
grade, 2.17 g), and a few crystals of D-10-camphorsulfonic 
acid in benzene (10 ml) was refluxed for 30 min. The 
benzene and alcohol were distilled off slowly at atmo- 
spheric pressure and, after the addition of a few crystals 
of sodium carbonate, the residue was distilled under 
vacuum. The product (1.23 g) distilled over at 112" 
(0.6 mm), tzDZ5 1.4735. The n.m.r. spectrum showed in 
addition to a complex multiplet in the region 0.8 to 1.3 
an apparent quartet centered at 3.52 (J7 Hz) with a smaller 
multiplet (quartet?) superimposed, a broad band centered 
at approximately 4.17 (half-width 12 Hz) and a narrow 
band at 4.38 p.p.m. (half-width 7 Hz). These bands were 
assigned to the methylenes of the two ethyl groups, and 
the C-3 and C-2 hydrogens of the decalin ring respectively. 

Anal. Calcd. for C,,H2,03: C, 70.84; H, 10.30. 
Found: C, 70.76; H, 10.37. 

9~,10a-Decalitz-2~,3~-diyl Ethyl Orthoacetate (226) 
This compound was prepared as described above from 

9p,lOa-decaIin-2@,3p-diol (21) (27) (1.53 g) and triethyl 
orthoacetate (Eastman practical grade) (1.62g). The 
product (1.77 g), distilled at 106-108" (0.6 mm), 
noz5 1.4717. This compound had n.m.r. bands at 1.18 
(triplet, J 7 Hz), 1.62 (s), 3.57 (quartet, J 7 Hz), 4.17 
(broad band), and 4.38 (narrow band, half-width 7 Hz). 
These bands were assigned to the methyl of the ethoxyl 
group, the acetate methyl, the methylene of the ethoxyl 
group, and the C-3 and C-2 hydrogens of the decalin ring 
respectively. 

Anal. Calcd. for C14H2403: C, 69.97; H, 10.07. 
Found: C, 70.21 ; H, 10.12. 

Hydrolysis of 9~,10a-Decalin-2~,3~-diyl  Etlzyl 
Orthoformate (22a) 

The orthoformate (150mg) in methanol (5 ml) was 
treated with a few drops of aqueous hydrochloric acid 
(50%). The reaction solution was allowed to stand at 
room temperature for 10 min, diluted with water and 
extracted with ether. The ether extract was washed with 
dilute sodium bicarbonate solution and water, dried, and 
the ether removed under reduced pressure. The t.l.c., 

eluting with ether-benzene (1 :9), showed the product to 
be mainly 9P,lOu-decalin-2[3,3p-diol (21). 

In a second experiment the orthoformate (22a) 
(829 mg) in methanol (10 ml) was treated with aqueous 
acetic acid (5 ml, 10%) for 10 min at room temperature. 
The reaction was diluted with water and extracted with 
ether, and the ether extract was washed with dilute 
sodium bicarbonate solution and water, dried, and the 
solvent removed under reduced pressure. The t.l.c., 
eluting with ether-benzene (1:1), showed the product 
(700 mg) to consist of two compounds in roughly equal 
proportions. The i.r. spectrum had bands at approxi- 
mately 3580 (m), 1720 (s), 1165 (m), 1145 (m), 1130 (m), 
1000 (w), 980 (m), 970 (w), 960 (m), and 938 cm-I (w). 

Separation of these two materials was attempted by 
t.1.c. One half of the hydrolysis product was applied to 
t.1.c. plates (silica gel) which were then eluted with 
ether-benzene (1 :I). The material was detected on the 
plates with iodine vapor and showed up as a broad band. 
This band was divided in half and each half was removed 
from the plates and extracted with ether. The i.r. spectra 
of the two fractions were identical to each other and to 
that of the original hydrolysis product. Upon further 
t.1.c. using ether-benzene (1 :I), each fraction showed 
two spots, the same as were found in the originalmaterial. 
Thin-layer chromatography upon alumina was also 
unsuccessful. 

The remaining half of the original hydrolysis product 
was crystallized from pentane and gave 30-hydroxy- 
9p,lOa-decalin-2p-yl formate (23a) (237 mg); m.p. 7& 
72"; v,,, 3580 (m), 1720 (s), 1165 (m), 1145 (m), 1130 (w), 
1000 (w), 970 (w), 938 cm-' (w). The n.m.r. spectrum 
had bands at 2.45 (s, OH), 3.70 (broad multiplet, half- 
width 21 Hz), 5.22 (narrow multiplet, half-width 6 Hz) 
and 8.15 (s). These bands were assigned to the C-3 
hydroxyl group, the C-3 and C-2 hydrogens, and to the 
formyl hydrogen respectively. 

Anal. Calcd. for CllH1803: C, 66.65; H, 9.13. Found: 
C, 66.27; H, 9.14. 

A sample of crystalline hydroxyformate (23a) was 
chromatographed upon silica gel as described above. The 
product was recovered by extraction of the silica gel and 
was found to have an i.r. spectrum identical to that of the 
hydrolysis product, and contained the two extra peaks 
at 980 and 960 cm-'. 

In a third experiment the orthoformate (501 mg) was 
hydrolyzed as above. The product (433 mg) had an i.r. 
spectrum identical to that obtained previously. The 
n.m.r. spectrum included the following signals: 3.13 
(s, OH), 3.70 (broad band, half-width 22 Hz), 4.07 
(narrow band, half-width 7 Hz), 4.87 (broad multiplet), 
5.20 (narrow band, half-width 7 Hz), 8.08 and 8.17 (both 
singlets). The signals at 3.70, 5.20 and 8.17 were assigned 
to the C-3 (axial) and C-2 (equatorial) hydrogens and to 
the formyl proton respectively of 3p-hydroxy-9p,lOa- 
decalin-213-yl formate (23a). The signals at 4.07, 4.87, 
and 8.08 were assigned to the C-2 (equatorial) and C-3 
(axial) hydrogens and to the formyl proton respectively 
of 2~-hydroxy-9~,10a-decalin-3~-yl formate (24a). 

Stability of 3~-Hydroxy-9~,lOa-decaIin-2~-yl 
Forrnate (23a) to Hydrolysis Conditions 

The hydroxyformate (23a) (49 mg) in methanol (10 ml) 
was treated with aqueous acetic acid as described pre- 
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viously. The residue had an i.r. spectrum identical with Anal. Calcd. for C35H5404: C, 78.01; H, 10.10. 
that of the starting material. Found: C, 78.08; H, 9.86. 

9!3,lOa-Decalin-2!3,3P-diy/ Ethyl Orthopropionate (22c) 
The orthopropionate (22c) (267 mg) in methanol 

(10 ml) was treated wRh aqueous acetic acid (5 ml; 10%) 
for 15 min as described above. The t.l.c., eluting with 
ether-benzene (1 :I), showed that the product (235 mg) 
consisted of almost entirely one compound (Rf 0.44) with 
only a slight trace of a second material (Rf 0.53). Crys- 
tallization from petroleum ether gave 3P-hydroxy- 
9P,lOa-decalin-2P-y1 propionate (23c); m.p. 45-48"; 
v,,, 3580, 1720 cm-'. The n.m.r. spectrum: 1.15 (triplet, 
J  7 Hz), 2.38 (quartet, J  7 Hz), 2.57 (s, OH), 3.77 (broad 
band, half-width 20 Hz), and 5.17 (narrow band, half- 
width 8 Hz). These bands were assigned to the methyl 
and methylene of the propionate ethyl group, the C-3 
hydroxyl, and to the C-3 (axial) and C-2 (equatorial) 
hydrogens respectively. 

Anal. Calcd. for C13Hzz03: C, 68.98; H, 9.81. Found: 
C, 69.08; H, 9.81. 

The second material in the hydrolysis product had the 
same Rf value as 2P-hydroxy-9(3,10a-decalin-3P-yl 
propionate (24c) (see below). 

9P,IOa-Decalin-2~,3~-diyl Ethyl Orthoacetate (22b) 
The orthoacetate (214 mg) in methanol (5 ml) and 

ether (1 ml) was treated with a few drops of aqueous 
acetic acid (50%) as described previously. The t.l.c., 
eluting with ether-benzene (1 :I), showed the product 
(188 mg) to consist of almost entirely one compound 
(RI 0.39) together with a slight trace of a second material 

I (RI 0.45). Crystallization from ether-pentane gave 3P- 

1 hydroxy-9P,lOa-decalin-2P-yl acetate (23b), m.p. 73-75", 
v,,, 3570, 1720cm-'. The n.m.r. spectrum showed 

1 absorption at 2.10 (s), 2.67 (s, OH), 3.70 (broad band, 
I half-width 21 Hz) and 5.13 (narrow band, half-width 

7 Hz). These signals were assigned to the acetate methyl 
group, the C-3 hydroxyl group, and to the C-3 (axial) 

I and C-2 (equatorial) hydrogens respectively. 
I Anal. Calcd. for C12H2003: C, 67.89; H, 9.51. Found: 
I C, 68.23; H, 9.45. 

Acid-catalyzed Rearrangement of the Hydroxyesters 
A solution of the hydroxyester and D-10-camphor- 

sulfonic acid in benzene was refluxed overnight. The 
products of the reaction were separated by t.l.c., eluting 
with benzene, the compounds being detected under U.V. 

light. In all cases, the compounds with an equatorial 
alcohol group ran slower than the compounds with an 
axial alcohol group, and were easily separated. 

(a) 2a-Hydroxy-5a-cholestar2-3a-ylp-Anisa ( 8 )  
A solution of the hydroxyester (8) (142mg) and 

D-10-camphorsulfonic acid (14 mg) in benzene (15 ml) 
was treated as described above and gave starting material 
(48 ~ng) and 3a-hydroxy-5a-cholestan-2a-ylp-anisate (12) 
(48 mg), which was recrystallized from chloroform- 
methanol; m.p. 186-188"; [a], +61°; v,,, 3590, 
1700 cm-'. The n.m.r. spectrum showed signals at 0.90 
(s), 2.25 (s, OH), 3.78 (s), 4.13 (narrow band, half-width 
6 Hz), 5.1 (broad band, half-width 21 Hz), and a quartet: 
SA 6.82, SB 7.93 p.p.m. and JAB 9 HZ. These signals were 
assigned to the C-19 methyl group, the hydroxyl group, 
the methoxyl group, the C-3 (equatorial), and C-2 (axial) 
hydrogens, and to the aromatic hydrogens respectively. 

In two other rearrangements the following results were 
obtained: (i) the hydroxyanisate (372 mg) gave starting 
material (8) (93 mg) and 3a-hydroxy-5a-cholestan-2a-yl 
p-anisate (12) (147 mg); (ii) from the hydroxyanisate 
(456 mg) was obtained starting material (155 mg) and the 
rearranged hydroxyanisate (222 mg). 

(b) 3~-Hydroxy-5a-cholestan-2~-yl p-Anisate (19) 
The hydroxyester (19) (416 mg) and D-10-camphor- 

sulfonic acid (17 mg) in benzene (5 ml) gave starting 
material (211 mg) and 2(3-hydroxy-5a-cholestan-3!3-y1 
p-anisate (15) (168 mg), which was recrystallized from 
chloroform~yclohexane; m.p. 210-212"; [aID + 27"; 
v,,, 3560, 1700cm-'. The n.m.r. spectrum had bands 
at 1.07 (s), 1.87 (s, OH), 3.75 (s), 4.18 (narrow band, 
half-width 6 Hz), 4.95 (broad band, half-width 21 Hz), 
and a quartet: 6 ,  6.82, S B  7.93 p.p.m., J A B  9 HZ. These 
bands were assigned to the C-19 methyl group, the C-2 
hydroxyl group, the methoxyl group, the C-2 hydrogen 
(equatorial), the C-3 hydrogen (axial), and the aromatic 
hydrogens respectively. 

Anal. Calcd. for C35H5404: C, 78.01; H, 10.10. 
Found: C, 78.10; H, 10.37. 

(c) 3a-Hydroxy-5a-cholestan-2a-yl p-Anisate (1 2) 
The hydroxyanisate (12) (63 mg) plus D-10-camphor- 

sulfonic acid (3 mg), in benzene (3 ml) gave starting 
rnaterial (12) (46 mg) and 2a-hydroxy-5a-cholestan-3a-yl 
p-anisate (8) (13 mg), both compounds being identified 
by t.l.c., Rf values, and i.r. spectra. 

(d) 2P-Hydroxy-5a-cholestan-3~-ylp-Arzisate (15) 
From this hydroxyester (15) (57 mg) plus D-10-cam- 

phorsulfonic acid (3 mg) in benzene (2 ml) was obtained 
starting material (40 mg) and 3P-hydroxy-5a-cholestan- 
2P-yl p-anisate (19) (15 mg), both identified by t.l.c., Rf 
values, and i.r. spectra. 

(e) 3~-Hydroxy-9~,IOa-decalin-2P-ylp-Anisate (5) 
The hydroxyanisate (5) (404 mg) plus D-10-camphor- 

sulfonic acid (67 mg) in benzene (5 ml) gave starting 
material (130 mg) and 2P-hydroxy-9P,lOa-decalin-3P-yl 
p-anisate (6) (170 mg), which was recrystallized from 
ether - petroleum ether; m.p. 96-98"; v,,, 3600, 
1700 cm-'. The n.m.r. spectrum had signals at 2.62 
(s, OH), 3.75 (s), 4.13 (narrow band, half-width 6 Hz), 
4.95 (broad multiplet) and a quartet: 6 ,  6.81, 
68  7.94 p.p.m., JAB 9 HZ. These signals were assigned to 
the methoxyl group, the C-2 (equatorial) and C-3 (axial) 
hydrogens, and to the aromatic hydrogens respectively. 

Anal. Calcd. for Cl,Hz404: C, 71.03; H, 7.95. Found: 
C, 70.71 ; H, 7.80. 

In addition to the above two materials, a third fraction 
(139 mg) was isolated from the t.1.c. plates which ran 
faster than eithel: of the hydroxyanisates. The i.r. spec- 
trum had absorption at 1745 and 1710 cm-'. Thin-layer 
chromatography, eluting with benzene, showed this 
rnaterial to consist of at least three compounds; it was 
not investigated further. 

(f) 213-Hydroxy-9P,IOa-decalin-313=yl p-Anisate (6)  
From the hydroxyester (6) (59 mg) plus D-lo-camphor- 

sulfonic acid (7 mg) in benzene (3 ml) was obtained star- 
ting material (6) (43 mg) and 3P-hydroxy-9!3,1Oa-decalin- 
2P-yl p-anisate (5) (15 mg), both compounds being identi- 
fied by t.l.c., Rf values, and i.r. spectra. 
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( g )  3[3-Hydroxy-9P,IOa-decalin-2P-y1 Acetate (236) 
From the hydroxyacetate (236) (641 mg) and D-10- 

camphorsulfonic acid (50mg) in benzene (10 ml) was 
obtained -starting material (225 mg) and 2P-hydroxy- 
9P,lOa-decalin-3P-y1 acetate (246) (236 mg), which was 
recrystallized from ether-pentane; m.p. 81-83"; v,,, 3500, 
1720 cm-'. The n.m.r. spectrum: 2.07 (s), 2.38 (s, OH), 
4.08 (narrow band, half-width 7 Hz), and 4.8 (broad 
nlultiplet). These bands were assigned to the acetate 
methyl group, the hydroxyl group, the C-2 hydrogen 
(equatorial) and the C-3 hydrogen (axial), respectively. 

Anal. Calcd. for C12H2003: C, 67.89; H, 9.51. Found: 
C, 67.89; H, 9.40. 

(11) 3P-Hydroxy-9~,10a-decolitz-2P-yl Propionate (23c) 
The hydroxypropionate (23c) (400 mg) and D-10-cam- 

phorsulfonic acid (22 mg) in benzene (4 ml) gave starting 
material (159 mg) and 2P-hydroxy-9p,lOa-decalin-3P-yl 
propionate ( 2 4 )  (213 mg), which was recrystallized from 
ether-pentane; m.p. 59-61"; v,,, 3590, 1730 cm-l. The 
n.m.r, showed bands at 1.13 (triplet, J 7 Hz), 2.18 (s, OH), 
2.35 (quartet, J 7 Hz), 4.05 (narrow band, half-width 
6 Hz), and 4.8 (broad multiplet). These bands were 
assigned to the methyl group, the C-2 hydroxyl group, 
the propionyl methylene group, the C-2 hydrogen 
(equatorial) and the C-3 hydrogen (axial), respectively. 

Anal. Calcd. for Cl3HZ203: C, 68.98; H, 9.81. Found: 
C, 69.18; H, 9.74. 

(i) 3P-Hydroxy-9~,IOa-decalin-2P-yl Benzoate (23d) 
The hydroxybenzoate (23d) (820 mg) and D-10-cam- 

phorsulfonic acid (40 mg) in benzene (10 ml) gave starting 
material (345 mg) and 2P-hydroxy-9p,lOa-decalin-3p-y1 
benzoate (24d) (433 mg), which was recrystallized from 
ether-pentane; m.p. 102-103"; v,,, 3580,1700 cm-l. The 
n.m.r. showed signals at 2.23 (s, OH), 4.18 (narrow band, 
half-width 5 Hz) and 5.0 (broad multiplet), assigned to 
the C-2 hydroxy group, the C-2 hydrogen (equatorial) 
and to the C-3 hydrogen (axial) respectively, and also 
complex aromatic absorption centered at 7.47 and 
8.03 p.p.m. 

Anal. Calcd. for Cl,H2,03: C, 74.40; H, 8.09. Found: 
C, 74.53; H, 8.19. 

Preparation of 3P-Hydro,uy-9P,lOa-decalin-2~-yl 
Benzoate (23d) from the Diol (21) via the 
Orthoester (22d) 

A solution of 9P,lOa-decalin-2P,3P-diol (500 mg) and 
trimethyl orthobenzoate (28) (567 mg) together with a 
small amount of D-10-camphorsulfonic acid in benzene 
(5 ml) was refluxed for 30 min. The benzene was distilled 
off at atmospheric pressure leaving an oily product with 
only small absorption in the hydroxyl and carbonyl 
regions of the i.r, spectrum. A solution of the residue in 
methanol (20 ml) and ether (5 ml) was treated with 
aqueous acetic acid (5 ml, 20%) for 15 min, after which 
the reaction mixture was extracted with ether, and the 
ether solution was washed with dilute sodium bicarbonate 
solution, water, dried and the solvent removed under 
reduced pressure. The t.l.c., eluting with ether-benzene 
(1 :I), showed the product (799 mg) to consist mainly of 
the hydroxybenzoate (23d) together with some decalindiol 
(21). These two materials were separated by column 
chromatography (B.D.H. silica gel, 3 g), the hydroxy- 
benzoate (23d) (597 mg)'being eluted with ether-benzene 

(1 :9) and the diol (93 mg) with ether. The hydroxyben- 
zoate was identified as 3P-hydroxy-9P,lOa-decalin-2~-yl 
benzoate (23d) by m.p., mixed m.p. with authentic 
sample prepared from the benzoyloxonium salt (above), 
and i.r. spectrum. 

Preparation of 2 P-Hydroxy-9P, lOa-decalin-313-yl 
Benzoate (24d) from the Diol (21) 

9P,lOa-Decalin-2P,3P-diol (21) (250mg) in pyridine (5 
ml) was treated with benzoyl chloride (209 mg) overnight. 
The t.l.c., eluting with ether-benzene (1:l) showed the 
crude product (310 mg) to consist of a mixture of the 
hydroxybenzoate and unreacted diol. Separation by t.1.c. 
gave 275 mg of the hydroxybenzoate (24d) which was 
recrystallized from ether-pentane; m.p. 102-104"; mixed 
m.p. with an authentic sample (prepared by acid- 
catalyzed rearrangement of 23d, above) 101-103". 
9P,lOa-Decalin-2P,3P-diol (66 mg) was also recovered 
from the t.1.c. plates and was identified by m.p. and 
mixed m.p. 

The Woodward-Pre'vost Reaction with AZ-9P,IOa-Octalin 
To a solution of AZ-9P,10a-octalin (2.0 g) in glacial 

acetic acid (300 ml) was added silver acetate (6.2 g). The 
mixture was stirred vigorously and powdered iodine 
(3.3 g) added slowly over 30 min. After a further 30 min, 
when no iodine was visible, the mixture was treated with 
aqueous acetic acid (4 ml, 80%) and then stirred over- 
night. A solution of sodium chloride (6.4 g) in water 
(20 ml) was added and the stirring stopped. After a few 
minutes the mixture was filtered and the filtrate evap- 
orated. The residue was dissolved in ether and washed 
with dilute sodium bicarbonate solution, dilute sodium 
bisulfite solution, water, dried, and the ether removed by 
evaporation. The t.l.c., eluting with benzene+ther (1 :I), 
showed the product (2.96 g) to be nearly all one com- 
pound, with the same Rf value as 3P-hydroxy-9p,lOa- 
decalin-2P-yl acetate (236). Column chromatography 
using silica gel and eluting with ether-benzene gave 
3P-hydroxy-9P,lOa-decalin-2P-y1 acetate (236) (2.46 g); 
this was recrystallized from methylene chloride - petro- 
leum ether and identified by m.p., mixed m.p. with 
authentic sample, and i.r. spectrum. 

We gratefully acknowledge the financial support of the 
National Research Council of Canada and the Alfred P. 
Sloan Foundation. 

1. J. F. KING and A. D. ALLBUTT. Can. J. Chem. 47, 
1445 (1969). 

2. J. F. KING and A. D .  ALLBUTT. Tetrahedron Lett. 

- W. KLYNE, and C. DJERASSI. J. kmer. Chem. SOC: 
83, 4013 (1961). 

4. K. L. WILLIAMSON and W. S. JOHNSON. J. Amer. 
Chem. Soc. 83, 4623 (1961). 

5. A. D. ALLBUTT. Ph.D. Thesis. Universitv of 
Western ~ n t a r i o ,  London, 0ntario; 1967, p. 72: 

6. E. H. CORDES. In Progress in physlcal organic 
chemistry. Vol. 4. Edited by A. Streitwieser and 
R. W. Taft, Interscience Publishers Inc., New York, 
1967. p. 1. 

7. A. S. PERLIN. Can. J. Chem. 41, 399 (1963). 
8. R. U. LEMIEUX and J. D. T. CIPERA. Can. J. Chem. 

34, 906 (1956). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KING AND ALLBUTT: STEREOSELECTIVITY IN HYDROLYSES 1769 

9. R. U. LEMIEUX and A. R. MORGAN. Can. J. Chem. 
43, 2199 (1965). 

10. J. G. BUCHANAN and R. FLETCHER. J. Chem. Soc. 
6316 (1965). 

11. C . 4 .  GIAM, H. R. GOLDSCHMID, and A. S. PERLIN. 
Can. J. Chem. 41, 3074 (1963). 

12. R. U. LEMIEUX and A. R. MORGAN. Can. J. Chem. 
43, 2190 (1965). 

13. H. PAULSEN, W. P. TRAUTWEIN, F. GARRIDO 
ESPINOSA, and K. HEYNS. Tetrahedron Lett. 4137 
(1966); H. PAULSEN, F. GARRIDO ESPINOSA, W. P. 
TRAUTWEIN, and K. HEYNS. Chem. Ber. 101, 179 
(1968). 

14. R. B. WOODWARD and F. V. BRUTCHER, JR. J. 
Amer. Chem. Soc. 80, 209 (1958). 

15. T. BIRCHALL and R. J. GILLESPIE. Can. J. Chem. 
43, 1045 (1965). 

16. H. HOGEVEEN, A. F. BICKEL, C. W. HILBERS, E. L. 
MACKOR, and C. MACLEAN. Chem. Commun. 898 
(1966). 

17. M.-BROOKHART, G. C. LEV, and S. WINSTEIN. 
J. Amer. Chem. Soc. 89, 1735 (1967). 

18. G. A. OLAH and A. M. WHITE. J. Amer. Chem. 
Soc. 89, 3591 (1967). 

19. H. HART and D. A. TOMALIA. Tetrahedron Lett. 
3383 (1966); D. A. TOMALIA and H. HART. Tetra- 
hedron Lett. 3389 (19661. 

20. F. M. BERINGER and S. A. GALTON. J. Org. Chem. 
32, 2630 (1967). 

21. E. L. ELIEL and F. NADER. J. Amer. Chem. Soc. 
91, 536 (1969). 

22. E. L. ELIEL and M. C. KNOEBER. J. Amer. Chem. 
SOC. 90, 3444 (1968). 

23. C. W. BIRD and R. C. COOKSON. J. Chem. Soc. 
2343 (1960). 

24. M. TICHY, J. JoNAB, and J. SICHER. Coll. Czech. 
Chem. Commun. 24, 3434 (1959). 

25. A. HASSNER and C. HEATHCOCK. J. Org. Chem. 29, 
1350 (1964). 

26. H. B. HENBEST and M. SMITH. J. Chem. Soc. 926 
(1957). 

27. H. B. HENBEST, M. SMITH, and A. THOMAS. J. Chem. 
SOC. 3293 11958). 

28. S. M. MCELVAIN and J. F. VENERABLE. J. h e r .  
Chem. Soc. 72, 1661 (1950). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Thermochemistry of copper compounds : Cu(OH),, CuCl,, Cu(IO,), H,O, 
and Cu(I03), 

L. M. GEDANSKY,' P. J. PEARCE,, AND L. G. HEPLER 
Departtnetzt of C/~emistry, The Ut~iuersity of Lethbridge, Lethbridge, Alberta 

Received January 5, 1970 

Calorimetric measurements have led to AHrO values for solid Cu(OH)z, CuCI,, C U ( I O ~ ) ~ . H ~ O ,  and 
C L I ( I O ~ ) ~ .  These AHiO values have been used with data from earlier investigations in evaluating AGrO a_nd 
SZ9,0 values for these compounds. All of these quantities are based on "best" AGrO, AHrO, and SzO 
values for Cu2+(aq) derived in this paper. 

Canadian Journal  of Chemistry, 48, 1770 (1970) 

Introduction All chemicals used in preparation of cupric hydroxide 

Therlnodynamic data presently per- and iodate were reagent grade, as were all chemicals 
used for preparation of solutions used in subsequent 

 nit calculation of reliable AG,', AH,', and S20 calorimetric measurements. 
values for Cu2+(aq). We use these val~les with Cupric chloride was Fisher Certified Reagent. Run 1 
results of our calorimetric measurements and was made with a sample taken directly from the reagent 

eqLlilibrium data from the literature to evaluate bottle. For Runs 2 and 3, samples from the same bottle 
were dried for 2 and 8 h, respectively, at 115 "C. A 

the thermodynamic properties of "lid Cu(0H)23 sample that was recrystallized from distilled water and 
CuCI,, CU(IO,)~.H~O, and Cu(IO,),. then dried for 10 h at  115 "C was used for Runs 4 and 5. 

Experimental 
The calorimetric apparatus was similar to that pre- 

viously described (I). All results are reported in terms of 
the defined calor~e (4.184 J) and refer to 25.00 + 0.10 "C. 

After several trials, the following procedure for 
preparation of calorimetric saniples of Cu(OH), was 
adopted. One liter of 0.1 M CuSO, solution was treated 
with 150 rnl of 5 M NH, solution, which was sufficient 
to redissolve the C U ( O H ) ~  that was initially precipitated. 
After this solution was warmed to 40-50 "C, 130 ml of 
1.5 M NaOH solution was slowly added with continuous 
stirring. The resulting blue precipitate of Cu(OH), was 
allowed to settle and then washed several times by 
decantation with distilled water. After the washed 
precipitate was air dried for 1 day, it was further dried 
under vacuum over concentrated sulfuric acid for several 
days. During this period the solid was gently ground 
once. The final blue solid was found by iodometric 
analysis to contain 97.5 + 0.2 % of the theoretical amount 
of copper. 

Anhydrous CuSO, was prepared by heating CuS04.5- 
H 2 0  at 250-"C for several days. 

Two different samples of cupric iodate "n~onol~ydrate" 
were prepared as described by Ramette and Bronian (2). 
After the resulting blue samples were air dried at -40 OC, 
iodometric analyses and determination of weight loss o n  
heating indicated stoichiometric coiiiposition of both 
samples to be C L I ( I O ~ ) ~ ~ ~ I H ~ O  with 11 = 0.90; that is, a 
n i ix t~~re  of C L I ( I O , ) ~ ~ H ~ O  and C U ( I O ~ ) ~ .  Anhydrous 
Cu(I03), was prepared by heating the "monohydrate" at 
250 "C for several days. Iodometric analysis indicated a 
purity of 100.0 + 0.2%. 

Results and Calculations 

Since we use the standard thermodynamic 
properties of cu2+(aq) for all calculations with 
our calorimetric data, we first derive the "best" 
values for these quantities. 

Electrochemical data for the C u / ~ u ~ + ( a q )  
couple have been reviewed by deBethune, Licht, 
and Swendeman (3). Reported potentials range 
from E 0  = -0.337 to -0.3448 V, which corre- 
spond to AGiO values from 15.5 to 15.9 kcal 
mole-' for Cu2+(aq). Enthalpy and entropy 
data (4) have led to AGf0 = 15.9 kcal mole-', and 
thence to a calculated E0 = -0.34, V. On the 
basis of estimates of uncertainties in the data 
and a weighted average, we adopt E0  = -0.34, V 
and the corresponding AGiO = 15.7 kcal mole- ' 
for Cu2+(aq). 

There are several paths to AH,' and 5,' for 
Cu2+(aq). We choose as best the S20 = -23.6 
cal deg-' mole-' for Cu2+(aq) that has been 
derived (4) from the thermodynamics of solution 
of CuS0,.5H20. Then we obtain AH,' = 15.6 
kcal mole-' for Cu2+(aq) from this S20 and the 
AGiO cited above. This value is in good agreement 
with AH,' = 15.7 kcal mole-' derived (4) from 
the heat of solution of CuSO,(c) and also with a 

7 .  , 
'Present address: Scott Paper Co., Philadelphia, less certain value from the temperature coefficient 

Pennsylvania. 
'Present address: Department of Chemistry, Yale the potential of the (3)' 

University, New Haven, Connecticut. Heats of solution of solid Cu(OH), in per- 
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GEDANSKY ET AL.: THERMOCHEMISTRY OF COPPER COMPOUNDS 1771 

TABLE 1 TABLE 2 

Heats of solution of Cu(OH), in perchloric acid Heats of precipitation of Cu(OH), 
-- 

-AH2 -AHZ0 
Moles C ~ ( o H ) ~ / 9 5 0  ml -AHl Moles Cu2 + 1950 Moles (kcal (kcal 

x lo3 HC104 (M) (kcal mole-') ml x 103 OH- added mole-') mole-') 

2.560 0.0238 14.56 6.72 0.018 11.73 11.2 
4.281 0.0595 14.36 6.42 0.018 11.74 11.2 
3.801 0.119 14.28 6.36 0.018 11.73 11.2 

3.65 0.018 11.64 11.2 
6.29 0.048 11.66 11.1 

chloric acid of indicated molarity are given in 
Table 1. We have estimated small heats of TABLE 3 

dilution (5. 6) to obtain the desired AH.' = Heats of solution of CuC12(c) 
\ T  , 

- 14.6 + 0.5 kcal mole-' for the reaction 
represented by eq. [I ] Moles CuCI2/950 -AH (kcal 

Run ml x lo3 mole-') 

[I]  Cu(OH),(s) + 2 H+(aq) $ Cu2+(aq) + H20(liq) 1 4.891 11.90 
The indicated total uncertainty contains con- 2 5.200 12.08 

3 5.179 12.12 
tributioils from calorimetric measurements, sam- 4 5.310 12.15 
ple composition, and estimated heats of dilution. 5 4.751 12.09 

Another a ~ ~ r o a c h  to the thermodynamic . . 
properties of cupric hydroxide is by way of its 
beat of precipitation, which was determined by 
adding 2-5 ml of 6 M NaOH to 950 ml of dilute 
CuSO, in the calorimeter. A small excess of 
NaOH was used in each measurement, and the 
mass of CuSO, in the solution was accurately 
known. Separate determination of the (small) 
total heat due to bulb breaking and dilution of 
the NaOH permitted calculation of the experi- 
mental results in terms of 

[2] CuS04(dilute) + 2 NaOH(di1ute) 

We combine our AH,' = - 14.6 kcal mole-' 
with twice the heat of ionization of water (7), 
AH0 = 13.34 kcal mole-', to obtain the desired 
AH,' = 12.1 kcal mole-'. Since reaction [4] is 
the reverse of reaction [3], our heats of precipita- 
tion lead to AH,' = 1 1.2 kcal mole- '. We adopt 
an average AH,' = 11.6 kcal mole- ' for further 
calculations. First, combination of this AH,' 
with AH,' values for Cu2+(aq) from this paper 
and for OH-(aq) (8) gives us AH,' = - 105.9 
kcal mole-' for solid Cu(OH),. We also use this 

= Cu(OH),(s)+ Na2S04(dilute) AH4' with AG,' = 26.3' kcal-mole-' from the 
solubility product equilibrium constant (9) and 

Heat of dilution data (5, 6) have been used with entropy values for CLl~+(aq )  from this paper and 
the AH2 values given in Table 2 to yield the for OH-(aq) (8) to obtain S2,,~ = 20., cal 
standard heat of reaction values also listed there deg- mole- for solid CLl(OH)2. We also 
~lnder AH,', which refers to the reaction calculate AG~ '  = -85.8 kcal mole-' for 

The value AH,' = - 11.2 + 0.4 kcal mole-' is 
adopted, in which the indicated total uncertainty 
includes contributions from the calorimetric 
measurements, heats of dilution, and the state of 
the precipitated cupric hydroxide. The precipita- 
tion reaction in the calorimeter produced a 
flocculent blue precipitate that later turned green 
and then black on standing; that is, precipitated 
hydroxide changed to oxide. 

We consider the calorimetric results for 
Cu(OH), in terms of the reaction 

[4] Cu(OH),(s) $ Cuz+ (aq) + 2 OH-(aq) 

Cu(OH),(s). 
Heats of solution of CuC12(c) are given in 

Table 3. Combination of these AH values with 
small heats of dilution estimated from data (5) 
for other MC12 compounds gives us AH' = 
- 12.27 +_ 0.1 kcal mole-' for the standard heat 
ofsolution of CuC12(c). Results ofearlier workers 
(5, 10) lead to AH0 values ranging from about 
- 11.9 to about - 12.5 kcal mole-'. While our 
measurements were in progress, we learned of a 
AH0 = - 12.29 kcal mole-' reported by 
Shchukarev, Vasil'kova, and Barvinok (1 l), 
which is in excellent agreement with our value. 
We combine AH0 = - 12.3 kcal mole-' for the 
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standard heat of solution of CuC12(c) with AH,' 
for Cu2+(aq) from this paper and AHfO for C1-- 
(aq) (8) to obtain AH,' = - 52.0 kcal mole-' for 
CuC12(c). This AHfO is combined with the third 
law S2,,0 for CuC12(c) from Stout and Chisholm 
(12) to yield AGfO = -41.4 kcal mole-' for 
CuC12(c). 

In our investigation of the thermodynamics 
of CU(IO,)~.H~O(C) and Cu(IO,),(c) we have 
studied reactions [5]-[8] calorimetrically and 
report the results in Tables 4 7 .  

For the following calculations we need AH 
values for reactions [5]-[8] at some common 
concentration for which we choose M = 0.0035. 
The data in Tables 4 7  lead to the following: 
AH, = -10.66 kcal mole-', AH, = - 13.98 
kcal mole-', AH, = -33.70 kcal mole-', and 
AH8 = - 16.97 kcal mole-', all for M = 0.0035. 
Although we have written reactions [5]-[7] 
specifically in terms of CU(NH,),~+, our calcula- 
tions with AH values referring to solutions con- 
taining identical concentrations of copper and 

TABLE 4 
Heats of solution of C~(I03)~.0.90- 

H 2 0  in 0.32 M NH3 

Moles Cu2+/950 - A H ,  (kcal 
ml solution x lo3 mole-') 

TABLE 5 

Heats of solution of Cu(I03), in 
0.32 M NH3 

Moles Cu2+/950 -AH6 (kcal 
ml solution x lo3 mole-') 

TABLE 6 
Heats of solution of CuSO, 

in 0.32 M NH3 

Moles Cu2+/950 - A H ,  (kcal 
ml solution x lo3 mole-') 

3.318 33.71 

TABLE 7 
Heats of solution of CuS04 in H 2 0  

Moles CuZ+/950 - A H ,  (kcal 
ml solution x lo3 mole-') 

ammonia make our derived results independent 
of assumptions about the species in solution. 
Equilibrium data suggest that CU(NH,),~+ is 
the principal species, with lesser concentrations 
of CU(NH,),~+ and CU(NH,),~+ also present. 

For the heat of solution of the 0.90 hydrate in 
water we have 

and AH, = AH, - AH, + AH, = 6.07 kcal 
mole-' for M = 0.0035. Similarly, for the heat 
of solution of Cu(IO,),(c) at M = 0.0035, we 
have 

and AHlo = AH, - AH, + AH, = 2.75 kcal 
mole-'. Now the heat of solution of the mono- 
hydrate for M = 0.0035 as in the equation 

is calculated by way of 

Equation [12] gives us AHll = 6.43 kcal mole-'. 
Heat of dilution data (5, 6) combined with our 

AH,, and AH,, values for M = 0.0035 give us 
AHlO0 = 2.5 + 0.2 kcal mole-' and AHl10 = 
6.2 1 0.3 kcal mole-' corresponding to M = 0. 
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Solubility data cited by Sillen and Martell (13) 
are in reasonable agreement with results reported 
by Ramette and Broman (2), from whom we 
adopt the solubility product K,, = 7.4 x lo-' 
for CU(IO,)~.H~O(C) at 298 OK. We use the 
corresponding AGO = 9.73 kcal mole-' with our 
AGfO of Cu2+(aq) and earlier (8) AGfO values 
for 10,-(aq) and H,O(liq) to obtain AGfO = 

- 11 1.9 kcal mole- for Cu(IO,).H,O(c). 
Although K,, values at three temperatures (2) 
lead to a calculated AH0 = 6.8 kcal mole-' for 
the standard heat of solution of Cu(IO,),.H2O (c), 
we adopt our AH,,' = 6.2 kcal mole-' to com- 
bine with our AHfO for Cu2+(aq) and AH,' 
values for 10,-(aq) and H20(liq) from the 
N.B.S. (8) to obtain AHfO = - 164.7 kcal mole-' 
for CU(IO,)~.H~O(C). The AHfO and AGfO values 
reported here lead to S2,,0 = 61 cal deg-I 
mole-' for CL~(IO,)~.H~O(C). 

Our AHloO in combination with AHfO values 
for Cu2+(aq) and 10,-(aq) g i v e s ~ ~ f O  = -92.7 
kcal mole-' for Cu(IO,),(c). We have no low 
temperature data to lead to s,,,~ nor equilibrium 
data to lead to AGfO for this compound, so we 
follow Latimer's guides (14) and estimate 
S2,,0 r 52 cal deg-' mole-' and combine with 
the experimental AHfO to obtain AGfO E' - 53.6 
kcal mole-' for Cu(IO,),(c). The AGfO values 

, for CU(IO,)~.H,O(C), Cu(IO,),(c), and gaseous 
water (8) lead to a calculated equilibrium vapor 
pressure of water equal to about 2 x lo-,  atm 
at 298 OK, a quantity subject to direct experimen- 
tal measurement. 
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NOTES 

Reaction of nitrogen atoms with sulfur monoxide1 

A. JACOB, AND C. A. WINKLER 
Department of Chemistry, McGill University, Montreal, Quebec 

Received3 June 20, 1969 

The reaction sequence of N atoms with SO appears to be SO + N -+ NO + S, followed by NO + 
N -+ N, + 0 ,  with a rate constant at 27 "C of about 0.8 x lo-'' cc molecule-' s-'. 
Canadian Journal of Chemistry, 48, 1774 (1970) 

In a previous note from this laboratory, it was 
reported that SO, may be decomposed by active 
nitrogen from a "poisoned" condensed dis- 
charge, but not by that from a microwave dis- 
charge (I). Accordingly, the reaction was 
attributed to energy transfer from excited 
nitrogen molecules, rather than attack by N 
atoms. On the other hand, it has been possible 
to study the reaction of the monoxide, SO, with 
active nitrogen from a microwave discharge, as 
outlined in the present study. The intention was 
to enable its presence during the decomposition 
of SO, to be taken into account in the analysis 
of further data that have now been obtained for 
the SO, - active nitrogen reaction (2). 

Experimental 
The apparatus in which the reaction of SO with active 

nitrogen was studied was essentially similar to that used 
in the previous study with SO2 (1). In addition, an 
auxiliary reactor was provided, in which SO was gen- 
erated by the quantitative reaction of COS with 0 atoms 
at 225 "C (3).4 The 0 atoms required for the reaction 
were obtained by partially dissociating a controlled flow 
of N2 in a microwave discharge, and titrating the N 
atoms so formed with NO near the top of the auxiliary 
vessel to yield an equivalent flow of 0 atoms. These 
reacted with a stream of COS introduced about 3 cm 
below the NO inlet to form SO, which then passed into 
the main reactor where its reaction with active nitrogen 
from a microwave discharge was studied. The reactions 
involved in the preparation of SO were NO + N -+ 

'This work received financial assistance from the 
National Research Council of Canada and the Defence 
Research Board. 

,Present Address: Trapelo Division of L. F. E. Cor- 
poration, 1601 Trapelo Rd., Waltham, Mass. 

3Revision received January 26, 1970. 
40bservations by electron spin resonance have in- 

dicated that the reaction yields CO and SO in their 
ground states when neither reactant is in an excited state 
(4). 

N2 + 0 ,  followed by COS + 0 + SO + CO. Since CO 
does not react significantly with active nitrogen (5), any 
reaction that occurred in the main reactor was attributed 
to SO. 

Results and Discussion 
The reaction of COS with 0 atoms did not 

seem to occur appreciably at room temperature. 
When the auxiliary reactor was unheated, and 
the effluent from it was passed through a liquid 
nitrogen trap, the condensate appeared to be only 
COS. When this was introduced into active 
nitrogen in the main reaction vessel, the yellow 
afterglow was only slightly weakened. A pale 
blue flame was then observed for COS flow rates 
in excess of the active nitrogen flow, and a 
transparent yellow, non-crystalline product, pre- 
sumably sulfur nitride, was f ~ r m e d . ~  However, 
when the auxiliary reactor was heated to 225 "C, 
and the effluent from it passed directly into a 
trap at liquid nitrogen temperature, SO was 
condensed as a yellow-orange solid (6). When the 
trap was warmed to room temperature, SO, was 
produced, and only a faint yellow deposit 
remained on the wall of the trap. This deposit 
was not analyzed, but was almost certainly 
sulfur, a product of the disproportionation of 
SO above - 50 "C (6,7) 

2S0 -+ SO, + S 

As with a film of sulfur (8, 9), the deposit could 
be removed completely by prolonged passage 
of active nitrogen or atomic oxygen through the 
system. When the auxiliary reactor was a t  

sBy titrating the residual N atoms with NO, a rate 
constant of the order 4 x 10-l3 cc molecule-' s-' was 
evaluated for the COS + N reaction on the assumption 
that the probable reaction products, CO + NS, did not 
react appreciably with N atoms. 
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225 "C, and the flow rates of 0 atoms and COS 
were adjusted to give an SO flow rate equivalent 
to one-half the flow rate of N atoms in the main 
reactor, the yellow afterglow in the main reactor 
was completely quenched. Presumably the N 
atoms were entirely removed under these con- 
ditions. The yellow afterglow could be made to 
reappear by merely reducing the 0 atom or COS 
flow rate below that corresponding to darkness 
in the main reactor. When the SO flow was 
insufficient to quench the yellow afterglow com- 
pletely, an emission of ill-defined color (mauve?) 
was observed very close to the SO inlet, possibly 
a P-band emission of NO and a blue SO, 
emission superimposed on residual yellow after- 
glow of active nitrogen. An equivalent small 
flow of CO or COS did not noticeably affect the 
yellow afterglow. 

The yield of SO from the COS + 0 reaction 
has been shown mass spectrometrically to be 
essentially quantitative (10). The same con- 
clusion may be drawn from some experiments 
in the present study, based on the observation 
that NO, reacts even more rapidly with SO 
than it does with 0 atoms (1 1). Carbonyl sulfide 
was added to 0 atoms produced in the auxiliary 
reactor (at 225 "C) until the emission of the SO, 
afterglow was almost extinguished. The products 
were then titrated with NO, about 2 to 3 cm 
downstream in the auxiliary reactor, on the 
assumption of a reaction sequence 

[1 l6 COS + 0 + C O  + SO 

The flow rate of NO, that gave complete extinc- 
tion of the blue emission from the slow reaction 
(2) was compared with the NO, flow rate required 
for complete consumption of 0 atoms in the 
absence of COS. The two titration values agreed 
within 5%. It would appear, therefore, that the 
yield of SO from the COS + 0 reaction was 
approximately quantitative, and that the SO 
was relatively stable at the temperature of 
225 "C at which it was prepared. This stability 
is suggested also by the relatively long duration 
and intensity of emission of the SO, afterglow 
during oxidation of CS, vapor or H,S gas (12). 
The essentially quantitative production of SO by 

6An activation energy of the order 4.5 to 6 kcal mole-' 
has been determined for this reaction (15). 

reaction (1) suggests that the possible side 
reaction COS + 0, + SO + CO, was not sig- 
nificant (the formation of 0, must have been 
negligible in the short time between the forma- 
tion of 0 atoms and their reaction with COS), 
and that the reaction COS + 0 + S + CO, did 
not occur appreciably at 225 "C, as indicated also 
by the virtual absence of sulfur on the wall of the 
auxiliary vessel at this temperature. Mass 
spectrometric studies have shown that the yields 
of CO and SO from reaction (1) are about 1000 
times more abundant than those of CO, and S 
at room temperature (10). 

The reaction of SO with N atoms in the main 
reactor yielded sulfur in a narrow band close to 
the SO inlet. This indicated a fairly rapid reac- 
tion 

Apparently, the reaction of N atoms with S 
atoms was not sufficiently rapid to prevent their 
deposition on the wall (cf. ref. 8). 

When the 0 atom (or COS) flow rate in the 
auxiliary reactor was less than one-half the N 
atom flow rate in the main reactor, titration of 
the residual N atoms with NO showed that their 
consumption was equal to twice the flow rate of 
0 atoms (or COS), i.e. twice the SO flow rate. 
On the other hand, the 0 atom (or COS) flow 
rate, i.e. the SO flow rate, required to quench the 
yellow afterglow completely in the main reactor 
was one-half the flow rate of N atoms in that 
vessel. 

Table 1 summarizes the data obtained at a 
reaction temperature of 27 "C, for different flow 
rates of SO, with some variations also in N 
atom flow rate, in reaction time, in total pressure, 
and in temperature of the auxiliary reactor and 
its distance from the main reactor. 

Rate constants were calculated for the reaction 
sequence 

on the assumption that the second step is 
sufficiently faster than the first that the rate of 
the overall process may be represented by the 
second-order rate expression 

Since reaction of each molecule of SO leads to 
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TABLE 1 
Reaction of active nitrogen with sulfur monoxide* 

Flow rates (mole s-' x lo6) 
Auxiliary reactor P Reaction time kq x 1012 
temperature (OC) (Torr) (ms) NZ S O 0  NO N, (CC molecule-I s-') 

- 

'Reaction temperature = 27 O C .  

?Two-fold change in length of flowline between auxiliary and  

the consumption of two N atoms 

and 

CNlo(2Csolo - CNlo + CNIt) x ln  - 
2CSOIoCN1, 

where the subscripts 0 and t refer to the initial 
concentration and concentration at time t ,  
respectively. The values of [N], and [N], were 
determined by the NO titration. With appro- 
priate conversion of flow rates to concentration 
units, the values of k ,  in Table 1 were obtained. 

The rate constants were satisfactorily con- 
cordant with changes in the SO and N flow rates 
for each temperature at which the SO was pre- 
pared and at a given total pressure. The NO 
titration for stopping the reaction would there- 
fore seem to be vindicated. 

On the other hand, it would appear that a 
decrease in the rate constant did accomDanv an 

A d 

increase in one or more of the total pressure, the 
temperature at which SO was prepared, and the 
distance from the auxiliary to the main reactor. 
It seems likely that the decrease in k ,  is due 
mainly to loss of SO as disproportionation 

main reactors. 

becomes significant at the higher temperature 
(400 "C) in the auxiliary reactor. It was calculated 
that a decrease in [Sol0 of about 14% would 
account for the observed decrease in k ,  at 400 "C 
relative to the value at 225 "C. With a linear 
velocity of approximately 600 cm s-' through 
the heated portion (ca. 6 cm) of the auxiliary 
vessel, it was further estimated that the rate 
constant for the disproportionation reaction 
should have an upper limit of about 3 x 10-l3 cc 
molecule-' s-' at 400 "C. This assumes that 
all the loss of SO is attributable to dispropor- 
tionation, whereas an increase in the rate of the 
reaction COS + 0 -t CO, + S, at the higher 
temperature, might also have contributed to a 
loss of SO. The upper limit indicated above for 
the rate constant of the disproportionation 
reaction at 400 "C may be compared with other 
recorded values at room temperature, of 
4 x 10-l2 cc molecule-' s-' (3), an upper 
limit of 6 x 10-l5 cc molecule-' s-' (13), and, 
quite recently, 1 x 10-l3 cc molecule-' s-' (14). 
It is possible that the highest estimate might be 
attributed to removal of SO by the large excess 
of COS used in the earlier investigation, in one 
or more of several possible exothermic reactions. 
On the other hand, the lowest estimate is con- 
cordant with the rate constant of about 3 x 
10-l6 cc molecule-' s-' determined for the 
analogous process, SO + 0, -t SO, + 0 ,  which 
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NOTES 1777 

is about twice as exothermic as the dispropor- 
tionation of SO (1 3). 

No attempt was made to determine an activa- 
tion energy for the SO + N reaction, owing to 
its high rate even in an unheated vessel. It is 
likely, however, that this reaction, like the 
corresponding NO + N reaction, has practically 
zero activation energy. 
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The electric discharge reactions of five hydrocarbons, ethylene, ethane, propylene, cyclopropane, and 
propane, were investigated in the presence of a rare gas. Three types of products were formed: hydrogen, 

l 
a mixture of relatively simple hydrocarbons, and polymeric deposits. The deposition of the polymeric 

~ films occurred most readily with olefins. The reactions occurring under the influence of an electric 
discharge appear to be comparable to the processes taking place in radiolysis. 
Canadian Journal of Chemistry, 48, 1777 (1970) 

The investigations of the action of an electric 
discharge on hydrocarbons date back into the 
eighteenth century, as documented by Glockler 
and Lind (1). In the present study, a series of 
five hydrocarbons, ethylene, ethane, propylene, 
cyclopropane, and propane, was investigated. 
An attempt was made to select relatively few, 
simple materials to determine the effects of 
structural characteristics, such as branching and 
unsaturation, upon the polymer formation and 
the composition of the volatile condensibles. The 
predominant action of the electric discharge was 
the production of hydrogen, which is to be ex- 
pected. This note deals mainly with the volatile 
condensibles; the polymeric materials will be 
discussed in a later publication. The experimental 
data and results are summarized in Tables 1 and 
2. 

'Present address: Dynamic Science, 2400 Michelson 
Drive, Irvine, California 92664. 

It is evident from Table 2 that acetylene con- 
stituted the bulk of the products obtained from 
the discharge treatment of ethylene (Exps. 1 and 
2). It has been found (2, 3) that excited ethylene 
decomposes to acetylene by two primary pro- 
cesses without contribution from ionic moieties, 
i.e. 

[1 1 C2H4* -> CzH2 + Hz 

[2 1 C2H4* -> CzHz + 2H 

The presence of rare gas should further em- 
phasize this process, due to energy transfer 
reactions (4). Propane, ethane, and the butanes 
are most likely derived from radical reactions (5). 
The relative ease of polymerization of ethylene 
was shown by the large amount of material 
deposited on the cold plate. In the case of 
propylene (Exp. 3), relatively high powers in 
conjunction with very low hydrocarbon flow rate 
resulted in a very small quantity ofhighly cross- 
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~ films occurred most readily with olefins. The reactions occurring under the influence of an electric 
discharge appear to be comparable to the processes taking place in radiolysis. 
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The investigations of the action of an electric 
discharge on hydrocarbons date back into the 
eighteenth century, as documented by Glockler 
and Lind (1). In the present study, a series of 
five hydrocarbons, ethylene, ethane, propylene, 
cyclopropane, and propane, was investigated. 
An attempt was made to select relatively few, 
simple materials to determine the effects of 
structural characteristics, such as branching and 
unsaturation, upon the polymer formation and 
the composition of the volatile condensibles. The 
predominant action of the electric discharge was 
the production of hydrogen, which is to be ex- 
pected. This note deals mainly with the volatile 
condensibles; the polymeric materials will be 
discussed in a later publication. The experimental 
data and results are summarized in Tables 1 and 
2. 
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It is evident from Table 2 that acetylene con- 
stituted the bulk of the products obtained from 
the discharge treatment of ethylene (Exps. 1 and 
2). It has been found (2, 3) that excited ethylene 
decomposes to acetylene by two primary pro- 
cesses without contribution from ionic moieties, 
i.e. 

[1 1 C2H4* -> CzH2 + Hz 

[2 1 C2H4* -> CzHz + 2H 

The presence of rare gas should further em- 
phasize this process, due to energy transfer 
reactions (4). Propane, ethane, and the butanes 
are most likely derived from radical reactions (5). 
The relative ease of polymerization of ethylene 
was shown by the large amount of material 
deposited on the cold plate. In the case of 
propylene (Exp. 3), relatively high powers in 
conjunction with very low hydrocarbon flow rate 
resulted in a very small quantity ofhighly cross- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1778 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 

Summary of reaction data, electric discharge reactions of ethylene, ethane, propylene, cyclopropane, and propane in 
the presence of rare gas* 

Condensible (%) 
Pressure (p) 

Reaction Flow rate Power Starting 
Exp. No. system (mg/h) (w) Hz Rare gas H2:CH4 materials Products 

I Ar, C2H4 1433 23 90 25 22 72 28 
2 He, C2H4 453 59 110 38 40 27 73 
3 He, C3H6 243 81 53 45 108 74 26 
4 He, CJHCI 1477 5 1 6 1 42 47 72 28 
5 He. cvclo-CqHA 1524 53 67 42 73 87 13 
6 ~ r , ,  cyclo-C;H, 2166 42 75 25 52 88 12 
7 He. C,H, 207 55 69 39 77 82 18 -, ----" 
8 He, CZH, 
9 Ar, C3H8 

10 He. C3H8 . - -  

'For steady-state experimental conditions; the percentages are normalized with respect to  the carbon atoms in the starting material. 

TABLE 2 

Composition of product condensibles, electric discharge reactions of ethylene, ethane, propylene, cyclopropane, and 
propane in the presence of rare gas* 

Condensible, mole 

Exp. No. C2H6 C2H4 C2H2 C3H8 C3H6 Cyclo-C3H6 C4HI0 CJH12 C6H14 Unsaturates 

0.01 
0.07 
0.30 
0.67 
S.m. 
S.m. 

Trace 
Trace 
0.79 
1 .oo 

'For experimental conditions, see Table 1. 
?Normalized with respect to  the starting material (based on  carbon, not hydrogen). S.m. = starting material. 
$An additional 23 mole %, which includes C6 and higher saturates and unsaturates, was obtained by vacuum trap-to-trap distillation. This  

material, however, was not separated further intoits components. I t  is noteworthy that cyclobutane accounted for 0.36 mole %of  the condensible 
products. 

§An additional 9.40 mole % was obtained which includes C1 and higher saturates and  unsaturates. 

linked, unsaturated polymer and, under these 
conditions, acetylene was the major product in 
the condensible volatiles. 

Increasing the propylene flow about six-fold 
without a change in total pressure (propylene 
and rare gas), and somewhat decreasing the 
power (Exp. 4), reduced the proportion of C, 
species to negligible values and gave as the main 
products butanes, C,, C6, and highly unsaturated 
species. The chromatographic procedure used 
did not allow the separation of C, and C6 olefinic 
materials from C, acetylenic and allenic com- 
pounds, which should be formed in high pro- 
portion. 

Based on the mass spectral pattern, one would 
expect cyclopropa~~e and propylene to give the 
same distribution of products, yet this was found 

not to be the case (6) in the photolysis studies, 
where cyclo-C,H6 was found to yield ethylene 
whereas C3H6 gave mainly acetylene (6, 7). 
Our studies with cyclo-C3H6 (Exps. 5 , 6 )  afforded 
C3H6 as the major product. Examination of 
Scala and Ausloos' data (7) shows that radiolysis 
definitely results in much higher relative yields 
of propylene (with respect to ethylene) than does 
photolysis. Secondly, if one compares the yields 
at 1470 and 1048-67 A, in the same publication, 
in the absence of the scavenging agent, the 
increase in C3H6 at the higher energy is two-fold 
over that at the lower energy. Thus, it would 
appear that at higher energies more C3H6 is 
formed. 

The relative composition of the condensible 
volatiles obtained on the discharge treatment of 
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ethane differs significantly from that reported 
for the photolysis (8, 9) and radiolysis (10-12) 
investigations. The most striking difference is the 
high yield of propylene in the discharge treat- 
ment, which seems to be enhanced at lower con- 
versions (higher hydrocarbon flows, lower 
powers) (cf. Exps. 7, 8). Another surprising 
fact is the low yield of the butanes. In Exp. 7, 
conducted at higher power and lower ethane 
flow rate, acetylene was the main product (in the 
condensible volatiles). 

The predominant formation of propylene 
from the electric discharge action on propane 
(Exps, 9, lo), in conjunction with the relatively 
low yield of ethane, tends to indicate that 
propylene originates mainly from either the 
molecular elimination of the superexcited mole- 
cule, as postulated by Rebbert and Ausloos (13), 
or from stepwise hydrogen elimination. The 
hydride transfer from C,H, to C,H,+ (14, 15) 
followed by neutralization and hydrogen atom 
elimination does not seem to be of great im- 
portance here, in view of the relatively low yield 
of ethane. It is noteworthy that the yields of 
hexanes are higher than 10% of the produced 
propylene. This would imply a high population 
of propyl radicals. Furthermore, the relatively 
high yields of butanes (70% isobutane) and 
pentanes point to the presence of ethyl radicals, 
since it is safe to assume that these species are 
produced mainly by free-radical processes. 

Experimental 
The rare gases, helium and argon, used in these 

investigations were obtained from Liquid Carbonic 
Corporation. The purity was 99.995 %. The hydrocarbons 
were Matheson research grade. The gas chron~atograms 
indicated a purity greater than 99.9 % for all the hydro- 
carbons with the exception of cyclopropane, where the 
purity was 99.6 %. 
Ztzstrrtn~entntiotz 

The apparatus used was a bell jar reactor equipped 
with two aluminum electrodes separated by 8 cm. 
Between the electrodes was placed a hollow metal plate 
(electrically floating, liquid nitrogen cooled) to which 
glass plates (for polymer film collection) were attached. 
All the connections and gas inlets were made through a 
stainless steel header. The chamber was connected to a 
high-vacuum pumping system via 3 liquid-nitrogen 
cooled traps (for collection of condensible volatiles) and 
to a by-pass leading directly to a residual gas analyzer 
(calibrated for each of the reactant gases and the non- 
condensible products). The bell jar reactor was situated 
in an  inert atmosphere enclosure to allow, after the con- 
clusion of an experiment, the scraping of the polymeric 
films without exposure to air or moisture. 

The electrical system for establishing and maintaining 
the a.c. discharge reaction at  60cps utilized a low 
impedance, high voltage transformer (Model No. T21-P83 
Thordarson Electric Manufacturing Division, Chicago, 
Illinois) with an  output of 1250-0-1250 V at up to 
200 ma from a 1 kW constant voltage power supply. 

Operntiotl atlcl Prorlfrct Ztluestigntior? 
T o  allow for sufficient product accun~ulation, each 

discharge reaction was carried out for 3 h. The voltages 
varied between 450-800 V, whereas the current stayed 
between 70-80 mA. Thus, the powers given in Table 1 
reflect the voltages employed. The volume of the bell jar 
was 65 1, the average flow of the non-condensible gases 
(Hz, CH4, and rare gases) was 195 ? 10 cm3/h. 

In  a typical run, first the rare gas, then the reagent gas 
flow was adjusted. Subsequently, the collection plate and 
the traps were cooled with liquid nitrogen and the 
discharge was initiated. Steady-state was usually reached 
within ca. 20 min. Values given in Table 1 are for the 
steady state. 

The condensible volatiles collected were transferred to 
a vacuum-line fractionation train, fractionated, and 
measured. Each fraction was examined by infrared 
spectroscopy and gas phase chronlatography. A Loenco 
Model 70 chromatograph equipped with a calibrated 
inlet loop, valve-vacuum assembly, a manometer, and 
flame ionization detector was en~ployed with a two- 
column system. (Column 1 : 6 ft long, 118 in. diameter, 
packed with 10% NaCl on A1203; column 2 was the 
above column in series with 1 ft long, 118 in. diameter 
column packed with 10% AgN03 on Al2O3.) 

This investigation was supported by the U.S. Air Force 
Rocket Propulsion Laboratory under contract F04611- 
67-C-0084. The authors are indebted to Dr. L. P. Quinn 
for helpful suggestions and discussions and Miss 
Jacquelyn Kaufman for technical assistance. 
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Department of Chemistry and Chemical Engineering, The University of Saskatchewan, Saskatoon, Saskatchewan 

and 
The Cookridge High Energy Radiation Research Center, The University, Leeds, England 

Received November 7, 1969 

The effects of photobleaching and thermal decay at 77 and 87 "K on the electron spin resonance 
spectra of gamma irradiated acetonitrile are reported. 
Canadian Journal of Chemistry, 48, 1780 (1970) 

In an investigation of gamma irradiated 
acetonitrile Ayscough, Collins, and Kemp (1) 
found that the main species detected by electron 
spin resonance (e.s.r.) at 77 OK was .CH2CN 
with a small amount of methyl radicals. When the 
samples were exposed to light an increase in the 
concentration of methyl radicals was observed, 
but it was reported that these were removed by 
continued exposure to light. We wish to report 
results which are not in total agreement with 
these but do extend those reported by Bonin, 
Tsuji, and Williams (2). 

Samples of acetonitrile gamma irradiated and 
examined in the dark at 77 OK gave spectra 
similar to that in Fig. la. When the sample was 
exposed to light the spectrum in Fig. lb  was 
obtained. This spectrum consists of a quartet of 
intensity ratios approximately 1 :3 :3 : 1 with 
linewidths of 2.6 G and a hyperfine splitting of 
21.8 k 0.2 G. The central peak is due to the 
-CH2CN radical previously identified by Ays- 
cough et al. (I), having a linewidth of 3.4 G.The 
line shapes were all gaussian. Clearly there has 
been a large increase in the intensity of the 
quartet spectrum when the samples were photo- 
bleached. We observed that the quartet decayed 
thermally at 77 OK and unlike previous workers 
(I), we could find no enhancement of this decay 
during exposure to light. The decay was first 
order with half-lives of 21.4 min at 77 OK and 
8.0 min at 87 OK (liquid argon). This decay was 
paralleled by an increase in the intensity of the 
central .CH2CN peak. Since the lines are gaus- 
sian and the separations large compared to the 

'For Part 11, see ref. 8. 
'NRCC Postdoctorate Fellow 1965-1967, Science 

Research Council of Great Britain and Tenovus Fellow 
at Leeds 1967-1969. Present address: Materials Science 
Branch, Atomic Energy of Canada Ltd., Whiteshell 
Nuclear Research Establishment, Pinawa, Manitoba. 

linewidths, this increase is real and not due to 
line overlap effects. The thermal decays were 
found to be irreversible, i.e., subsequent exposure 
to light did not regenerate the quartet. 

Examination of the gamma irradiated samples 
in the dark at very low microwave power levels, 
i.e., less than 50 pW indicated the presence of a 
singlet in the e.s.r. spectrum which was irrever- 
sibly removed by exposure to light; however, this 
was partially obscured by the MI = 0 .CH2CN 
line. Incorporation of electron scavengers such as 
terbutyl chloride did not produce a very high 
yield of scavenger radicals and these did not 
increase when the samples were photobleached. 
Using thin optical cells it was possible to deduce 
the optical absorption spectrum of the photo- 
bleachable entity in gamma irradiated aceto- 
nitrile which had a maximum at about 530 nm. 

Discussion 

The thermal decays of the quartet at 77 and 
87 OK imply an energy activation of 1.3 kcal. Since 
these decays are paralleled by an increase in the 
.CH2CN radical, i t  is very tempting to assign the 
quartet to methyl radicals and the decay to 
reaction [I] 

However, the gas phase data (3) indicate an 
energy of activation of 10 kcal for reaction [I]. In 
addition the quartet splitting of 21.8 G is lower 
than the 23 G usually encountered for methyl 
radicals, although lower values have been re- 
ported for some systems, e.g., CH,. on porous 
glass surfaces (4). An alternative is that the 
quartet is not due to methyl radicals but to an 
acetonitrile anion as proposed by Bonin et al. (2) 
for gamma irradiated deuteroacetonitrile. From 
the differences in the nuclear magnetic moments 
the quartet of 21.8 G from three equivalent 
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NOTES 

FIG. 1. The e.s.r. spectra of gamma irradiated acetonitrile at 77 OK: (a) 5 min after removal from the gamma 
source, in the dark, gain setting 320, (b) immediately after photobleaching, gain setting 160. 

protons would correspond to a septet of 3.3 G for 
the deuterated species, which is in excellent agree- 
ment with the value reported for [CD3CN]-. 
However, if we assign our quartet to [CH3CNIp 
the methyl group interaction appears to be much 
larger than expected from the isoelectronic 
CH3C0 - radical (5.1 G) (5), whereas H ~ O  and 
[HCNI- have comparable hyperfine interactions 
(6,  7). 

If we assume that the quartet is due to 
[CH3CNI7, then the thermal decay leading to a 
.CH2 containing species could involve a molec- 
ular rearrangement where the apparent low 
energy of activation might well represent a bond 
rotational barrier. The question arises why this 
irreversible loss of the anion occurs in acetonitrile 
but not in deuteroacetonitrile? We suggest that 
this difference may be explained if a primary 
kinetic isotope effect is assumed, i.e., AD/AH = 1 
and ED - EH = 1.2 kcal. The corresponding 
half-lives for the irreversible loss of the deutero 
anion in CD3CN would then be 933 h at 77 "K 
and 141 h at 87 OK. This process would be much 
too slow to compete with the reversible process 
reported by Bonin et al. (2). 

The photobleachable entity observed in aceto- 
nitrile with A,,, at 530 nm did not give a distinct 
e.s.r. spectrum because of the presence of the 
.CH2CN radical. With so little evidence it is 
difficult to conclusively identify this species; we 

believe it to be an electron associated with more 
than one acetonitrile molecule, e(CH3CN),, 
where N could quite well be two as shown for the 
species in CD3CN (2). Since inclusion of electron 
scavengers was not particularly effective in re- 
moving this entity and since no additive scavenger 
radicals were produced on photobleaching, we 
conclude that either photobleaching does not 
involve the production of a mobile electron or 
else that the cross section for the reaction of 
acetonitrile with mobile electron is very high. 

Dr. T. E. Lantz is gratefully acknowledged for assist- 
ance with the optical spectra and Drs. P. B. Ayscough, 
G. V. Buxton, F. S. Dainton, F.R.S., and Ffrancon 
Williams for helpful and constructive discussions. 

The National Research Council of Canada, the 
Science Research Council of Great Britain, and the 
University of Leeds and Tenovus are acknowledged for 
financial support. 
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Pyrolysis of ethane in the presence of hydrogen sulfide. Rates of formation of 
ethylene, hydrogen, and methane' 

P. R. MCLEAN AND D. J. MCKENNEY 
Department of Chemistry, University of Windsor, Windsor, Ontario 

Received February 24, 1969' 

Rates of formation of ethylene, hydrogen, and methane have been measured at 630 "C for the thermal 
decomposition of ethane at  pressures between 100 and 620 Torr, with various pressures (approximately 
1 to  100 Torr) of added hydrogen sulfide. The effect of the H2S was to  increase the rate of methane 
formation and to decrease the rate of ethylene and hydrogen formation. Rates of formation of all three 
of these gases decreased with increasing hydrogen sulfide pressures. The quantitative data obtained 
and the partial product analysis indicate that a complex mechanism is operative. Possible qualitative 
explanations for the observations are discussed. 

Canadian Journal of Chemistry, 48, 1782 (1970) 

Introduction 

The H2S accelerated pyrolysis of various or- 
ganic compounds can be attributed (1-5) to re- 
placement of the relatively slow reaction 

a 
R'  + RH- R'H + R 

by the rapid sequence 

b 
R '  + HZS - R'H + HS 

When olefins are involved, addition reactions 
complicate the mechanism (5). H2S has also been 
used as a free-radical scavenger (reaction b) in 
photolysis and radiolysis experiments (6). HS 
radicals are removed by recombination processes. 

The mechanism of the thermal decomposition 
of ethane is fairly well understood (7-1 1). The 
radicals involved should readily react with H,S. 
A few experiments using C,H,-H,S mixtures 
indicated that the mechanism was very complex 
and precise estimates of rate constants could not 
be obtained. Hence work on this system was dis- 
continued. Nevertheless the data revealed several 
interesting features worth reporting. 

Experimental 
Two quartz cylindrical reaction vessels were used in a 

conventional static system. The "unpacked" vessels (277 

'Based on part of a thesis submitted by P. R.  McLean 
to  the Faculty of Graduate Studies at the University of 
Windsor in partial fulfillment of the requirements for the 
Master of Science degree. 

'Revision received January 8, 1970. 

cm3) had a surface/volume (slv) ratio of 1.3 cm-', while 
the packed vessel (204 cm3) had a s/v ratio of 7.8 cm-'. 
Each had a 114 in. i.d. thermocouple well. The furnace, a 
5 in. diameter steel, Ni-plated block 12 in. long, was 
heated electrically (10.25 "C) by a Sunvic controller. 
Temperature gradients within the vessel were estimated 
to  be less than f 0.5 "C. 

Pressure changes were monitored using a differential 
pressure transducer in conjunction with a d.c.-converter, 
amplifier, and recorder. 

The purified reactants were mixed ,- 20 min prior to  a 
"run". The reaction vessel was evacuated to < 5 x 
Torr between "runs". Initial conditioning of the reaction 
vessels involved three rinsings with hot concentrated 
H N 0 3 ,  and pumping for several hours. 

Ethane (Matheson c.p. grade [99.0%]) and hydrogen 
sulfide (c.p. grade [99.6 %I) were purified by at least three 
trap-to-trap distillations under vacuum at liquid nitrogen 
temperature. Chromatographic analysis of the "purified" 
ethane showed no evidence of impurities, while the 
hydrogen sulfide still contained a slight trace (<< 1 %) of 
CO'. 

After reacting a mixture for a measured time interval, 
the contents of the reaction vessel were expanded into two 
traps at  liquid nitrogen temperature and the non- 
condensible products (CH,, Hz,  and a trace of CzH4) 
collected in calibrated volumes using a Toepler pump. 
HZ was removed by circulating the mixture through a 
CuO tube a t  285 "C. CH, was then analyzed by gas 
chromatography (g.c.) (Model 700, F and M) using a 
thermal conductivity detector and a 6 ft, 114 in. i.d. 
column a t  30 "C packed with Type Q Porapak. The H 2  
yield was obtained by difference. Small corrections were 
made for the CzH4 present. Warming the two traps to  
-160 "C (isopentane slush bath) allowed the C2Hs, 
C2H4, and HzS to evolve. These were analyzed on the 
same column a t  45 "C. An attempt was made to analyze 
the remaining products on the Porapak column at 100 "C, 
on a 6 ft column containing 20% 1,2,3-tris(2-cyano- 
ethoxy) propane on a Diatoport S: on a S.E. 30 (silicone 
oil) 118 in. i.d., 8 ft column, and on a Perkin-Elmer R 
(polypropylene) capillary column 150 ft in length and 
0.02 in. i.d. The last two columns were used in a Varian 
1200 instrument with an  electron capture detector. 
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These products, and also ethanethiol, ethylene 
sulfide, and propylene, were identified by coin- 
cidence of product and standard sample g.c. 
peaks. The sulfur-containing compounds were 
detected on the Varian 1200 instrument using an 
electron capture detector and R column. A 
whitish-yellow deposit which accumulated in the 
traps was assumed to be elemental sulfur. Two 
other minor products, representing << 1 % of the 
sulfur-containing products were not identified. 
Six other "peaks" of doubtful significance 
(- within the noise level) were observed. 

Rates in the packed vessel were lower than in 
the unpacked vessel. A six-fold increase in s/v 
ratio decreased the rates of formation of hydrogen 
and ethylene by a factor of approximately 2.5; 
the methane rate was reduced by a factor of about 
1.3. 

Rates of formation of H,, C2H4, and CH, 
at 50 s reaction time were calculated (i.e. 
[Product],=,,/50). In the case of CH, and Hz, 
these rates differed only slightly from initial rates 
since the yields were approximately a linear 
function of time at very low conversions. In the 
case of ethylene, however, the rate decreased 
rapidly with increasing reaction time. Plots of 
(C,H,)/time vs. time showed considerable curva- 
ture, and extrapolations to determine initial rates 
involved a rather large uncertainty. As a result, 
rates at 50 s were used throughout, and these are 
estimated to be - 10-20% lower than the initial 
rates of production of ethylene. 

Results l l l l t , ,  

To test for reproducibility, manometric rates 
were obtained in the unpacked vessel using pure 
ethane at 582, 610, 624, 635 "C. The rates com- 

'1 
pared favorably (within - 5 %) with those ob- 
tained by Laidler and Wojciechowski (12) and 
Quinn (lo). .ii 

Both in the presence and absence of H2S, the q*'6- 0 
a 

major products were hydrogen and ethylene. to,,- 

The rates of formation bf C2H4, H,, and CH, 
at varying H2S pressures and various constant 
pressures (P) of C2H6 at 630 "C, relative to their 
rates in the absence of H,S, are shown in Figs. 1, 
2, and 3, respectively. Values of v0 (rate in pure 
ethane) were calculated from the results of Lin 
and Back (7). Rates of Hz and C2H4 production 
are inhibited by H,S. Hydrogen rates appear to 
be reduced by approximately the same amount at 
all pressures of ethane. Probably the same result 

Methane was produced in relatively low yield. >" 

FIG. 1. Relative rate of ethylene formation as a func- 
tion of hydrogen sulfide pressure. a, 620 Torr C2H6; 
0, 464 Torr C,H6; 0, 235 Torr C,H,; 0, 102 Torr 
CzHs. 

0 0  0 

FIG. 2. Relative rate of hydrogen formation as a func- 
tion of hydrogen sulfide pressure. 0, 620 Torr C2H6; 
a, 464 Torr C2H6; 0, 235 Torr C2H6; 0,  102 Torr 
GHs. 

applied to ethylene inhibition, but in this case the 
data are scattered to a greater extent. Rates of 
ethylene production are greater than hydrogen 
production in the presence of H,S. The ratio 
VC,,,/VH, is 1.20 + 0.16 at PC,,, = 620 Torr, 
and 1.88 + 0.17 at PC,,, = 102 Torr (average of 
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FIG. 3. Relative rate of methane formation as a func- 
tion of hydrogen sulfide pressure. a, 620 Torr C2H6; 
Q, 464 Torr CzH6; 0, 235 Torr CzH6; 0, 102 Torr 
CzHs. 

5 runs). There were no clear trends with increasing 
P ~ 2 ~ .  

The relative rate of methane production ap- 
pears to increase to a sharp maximum at very low 
H2S pressures and then decrease to an approxi- 
mately constant value which depends on the 
ethane pressure. The scatter in the experimental 
data in this case is large and there is also a large 
uncertainty in the ratio v/vO, since v0 is calculated 
from work done elsewhere. 

Discussion 
Darwent and Roberts (13) have shown that at 

high temperatures (> 600 "C) the pyrolysis of 
H2S is second order and homogeneous. Below 
600 "C the reaction was surface dependent. Here, 
630 "C was chosen as the working temperature in 
order to .minimize the heterogeneous decom- 
position of H2S and yet remain within the tem- 
perature range in which the pyrolysis of ethane 
has recently been studied (7-9). 

Results obtained using the packed vessel sug- 
gest that methane is produced primarily by 
homogeneous reactions, but some significant 
heterogeneous processes effectively inhibit the 
production of hydrogen-and ethylene. This heter- 
ogeneous process does not occur to any great 
extent in the absence of hydrogen sulfide. A sur- 
face reaction involving H2S, or HS, or S with 
C2H5 radicals probably occurs. 

Clearly, speculation on a complete mechanism 
for this system would be premature. Nevertheless, 
certain qualitative conclusions can be made re- 
garding the homogeneous formation of C2H4, Hz, 
and CH,. 

The main source of ethylene is probably by 
decomposition of the ethyl radical 

[1 I CzHS + CzH4 + H 

In the presence of H2S, the decrease in the ethyl 
radical concentration, principally by 

[2 1 CzH5 + HzS + CzHs + HS 

would account for the reduction in ethylene yield 
with increasing pressure of hydrogen sulfide. 

The decrease in the rate of Hz formation with 
increasing PH2, (Fig. 2) can also be explained by 
the decrease in [C2H5] by reaction [2]. Because 
Hz is produced by abstraction from C2H, and 
H2S by H atoms, and because reaction [I] is the 
predominant source of the atoms, reaction [2] 
will decrease Hz formation. 

It is more difficult to explain the fact that the 
rate of production of C2H4 is greater than the 
rate of production of Hz in the presence of H2S. 
Most of the H atoms must yield molecular 
hydrogen. Combination reactions are not ex- 
pected to effect the [Hz] significantly. Addition 
of H atoms to C2H4 is clearly not responsible for 
this effect. This suggests that the disproportiona- 
tion 

[3 1 CzH5 + HS -> CzH4 + HZS 

is much faster than the corresponding process 

and/or that [HS] >> [C2H5] even at low pressures 
of H2S. 

The rate of formation of CH, is increased in 
the presence of H2S, but decreases with increasing 
pH,,. This effect is more pronounced at low 
pressures of ethane (Fig. 3). 

We have no satisfactory explanation for the 
increased rate in the presence of H2S. CH, is 
formed by CH, radicals abstracting H atoms 
from C2H6 and H2S, the only source of methyl 
radicals initially being decomposition of ethane. 
Secondary processes producing CH, in the ab- 
sence of H2S are not very significant at low con- 
versions (10). However, Trenwith (14) found that 
in the presence of Hz, there was a marked increase 
in secondary CH, formation. Perhaps H2S be- 
haves in a similar way, but this does not appear 
to be the case judging from the shapes of our yield- 
time plots. Since the rates decrease slightly in the 
packed vessels, the enhanced rate cannot be 
attributed to heterogeneous effects. 
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I Oxidation products of 2,3,6,7-tetramethoxy-9,lO-dimethylphenanthrene 

J. M. EDWARDS AND ULRICH WEISS 
National Instit~zte of Artl~ritis and Metabolic Diseases, National Institutes of Health, Bethesda, Maryland 20014 

Received October 15, 1969 

Depending upon the conditions of solvent and temperature, oxidation of the readily accessible 2,3,6,7- 
tetramethoxy-9,lO-dimethylphenanthrene (3) with Na2Cr207 gave 2,3,6,7-tetramethoxyphenanthrene- 
9,lO-dicarboxylic acid anhydride (I), 2,2'-diacetyl-4,4',5,5'-tetramethoxybiphenyl (4), or the new 
aldehyde 5. Compounds 1 and 4 have been obtained previously only by oxidative degradation of the 
alkaloid tylophorine (2); their ready availability may be of value for the synthesis of pharmacologically 
active compounds related to 2. 

Canadian Journal of Chemistry, 48,1785 (1970) 

For synthetic work in progress in our labora- 
tory, an efficient method for the preparation 
of 2,3,6,7-tetramethoxyphenanthrene-9,lO-dicar- 
boxylic acid anhydride (1) was needed; it seemed 
likely that a simple synthesis of 1 (and perhaps 
potentially of analogous methoxylated phen- 
anthrene-9,lO-carboxylic acid anhydrides) from 
commercially available reagents might also pro- 
vide a convenient starting material for the 
elaboration of alkaloids of the tylophorine type, 
many of which have powerful and interesting 
pharmacological properties (1,2). 

A compound assigned structure 1 was obtained 
by Govindachari et al. (3) on oxidative degrada- 
tion of the alkaloid tylophorine (2) (Scheme I), 
but attempts by these authors to prepare 1 
through oxidation of 2,3,6,7-tetramethoxy-9,lO- 
dimethylphenanthrene (3), now readily accessible 
from veratrole, biacetyl, and 70 % H2S04 by the 
method of Manson and Musgrave (4), were 
unsuccessful (5). We have now found that 1 is 
easily obtained, in 54% yield, if 3 is oxidized 

with Na2Cr,07 in aqueous solution at 180" 
(Scheme 1); this general method was worked 
out by Friedrnan (6) for the oxidation of 2,3- 
dimethylnaphthalene to 2,3-naphthalenedicar- 
boxylic acid at 250". The lower temperature 
required for the oxidation of 3 reflects the greater 
sensitivity of the methoxylated aromatic system; 
at 250" a complex mixture of products is formed. 
The m.p. of our product agrees with that given 
by Govindachari et al. (3), and through this 
two-step reaction sequence 1 becomes an easily 
available substance. 

Products different from 1 were obtained when 3 
was oxidized with Na2Cr,07 in solvents other 
than H,O (Scheme 1). Use of a 20% solution of 
H2S04 in aqueous dioxane (1:l) gave 2,2'- 
diacetyl-4,4',5,5'-tetramethoxybiphenyl (4), 
which like 1 has been prepared previously only 
during the degradation of 2 (3). Finally, oxidation 
of 3 with Na,Cr,O, in boiling HOAc gave a new 
compound CZ2Hz2O7, m.p. 215-216", for which 
the structure 5 was established by chemical and 
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I Oxidation products of 2,3,6,7-tetramethoxy-9,lO-dimethylphenanthrene 
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Depending upon the conditions of solvent and temperature, oxidation of the readily accessible 2,3,6,7- 
tetramethoxy-9,lO-dimethylphenanthrene (3) with Na2Cr207 gave 2,3,6,7-tetramethoxyphenanthrene- 
9,lO-dicarboxylic acid anhydride (I), 2,2'-diacetyl-4,4',5,5'-tetramethoxybiphenyl (4), or the new 
aldehyde 5. Compounds 1 and 4 have been obtained previously only by oxidative degradation of the 
alkaloid tylophorine (2); their ready availability may be of value for the synthesis of pharmacologically 
active compounds related to 2. 

Canadian Journal of Chemistry, 48,1785 (1970) 

For synthetic work in progress in our labora- 
tory, an efficient method for the preparation 
of 2,3,6,7-tetramethoxyphenanthrene-9,lO-dicar- 
boxylic acid anhydride (1) was needed; it seemed 
likely that a simple synthesis of 1 (and perhaps 
potentially of analogous methoxylated phen- 
anthrene-9,lO-carboxylic acid anhydrides) from 
commercially available reagents might also pro- 
vide a convenient starting material for the 
elaboration of alkaloids of the tylophorine type, 
many of which have powerful and interesting 
pharmacological properties (1,2). 

A compound assigned structure 1 was obtained 
by Govindachari et al. (3) on oxidative degrada- 
tion of the alkaloid tylophorine (2) (Scheme I), 
but attempts by these authors to prepare 1 
through oxidation of 2,3,6,7-tetramethoxy-9,lO- 
dimethylphenanthrene (3), now readily accessible 
from veratrole, biacetyl, and 70 % H2S04 by the 
method of Manson and Musgrave (4), were 
unsuccessful (5). We have now found that 1 is 
easily obtained, in 54% yield, if 3 is oxidized 

with Na2Cr,07 in aqueous solution at 180" 
(Scheme 1); this general method was worked 
out by Friedrnan (6) for the oxidation of 2,3- 
dimethylnaphthalene to 2,3-naphthalenedicar- 
boxylic acid at 250". The lower temperature 
required for the oxidation of 3 reflects the greater 
sensitivity of the methoxylated aromatic system; 
at 250" a complex mixture of products is formed. 
The m.p. of our product agrees with that given 
by Govindachari et al. (3), and through this 
two-step reaction sequence 1 becomes an easily 
available substance. 

Products different from 1 were obtained when 3 
was oxidized with Na2Cr,07 in solvents other 
than H,O (Scheme 1). Use of a 20% solution of 
H2S04 in aqueous dioxane (1:l) gave 2,2'- 
diacetyl-4,4',5,5'-tetramethoxybiphenyl (4), 
which like 1 has been prepared previously only 
during the degradation of 2 (3). Finally, oxidation 
of 3 with Na,Cr,O, in boiling HOAc gave a new 
compound CZ2Hz2O7, m.p. 215-216", for which 
the structure 5 was established by chemical and 
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L 
1 

Reference 3 
Na2Cr207 
~ ~ 0 1 1 8 0 "  

CH30 
/CH3 Na2Cq07, H2S04 

R Dioxane-H20 ' 
\ C H ~  

3 
CH30 

0CH3 

spectroscopic observations. Presence of the alde- 
hyde group was suggested by spectroscopic find- 
ings (v = 1678 cm-', 6 10.90) and confirmed by 
the formation of an anil, and by BH,- reduction 
(with simultaneous hydrolysis of the acetoxy 
group) to the diol 6,  further characterized as its 
diacetate. The other groups in 5 were established 
by the infrared (i.r.) (v = 1738 cm-', acetate) 
and nuclear magnetic resonance (n.m.r.) spectra 
(see Experimental). 

The strong dependence of the products formed 
on dichromate oxidation of 3 uDon solvent and 
temperature is unusual, as are the formation of 
the acetoxy compound (5), and the loss of this 
acetyl group on hydride reduction. In view of the 
unsatisfactory state of our knowledge of the 
intimate mechanisms of dichromate oxidations 
(7), attempts to explain in detail the striking 
effects of solvent and physical conditions upon 
the oxidation of 3 would be unjustified. However, 

the formation of 4 in a strongly acidic medium 
is consistent with the ring opening which has been 
observed in similar cases (7); as to 5, the corre- 
sponding alcohol is presumably formed by 
reaction of 3 with three moles of chromic acid in 
the normal manner (7), and one could assume 
that a mixed anhydride of chromic and acetic 
acids acts as the acetylating species in the 
subsequent formation of 5. 

Experimental 
Melting points, determined on a Reichert hot-stage 

microscope, are uncorrected. Infrared spectra were 
recorded in CHC1, on a Perkin-Elmer 257 instrument; 
only the major bands are reported. Ultraviolet (u.v.) 
spectra in absolute methanol were recorded on a Cary 14 
spectrophotometer, and n.m.r. spectra in deuteriochloro- 
form with a Varian Associates A-60 instrument. Mass 
spectra were obtained on a L.K.B. 7000 niass-spectrom- 
eter. 

2,3,6,7-Tetramethoxy-9,10-din1etI1ylpI1ena1tlrene (3) 
Compound 3 was prepared in 72 % yield by the method 

of Manson and Musgrave (4); m.p. 224" (lit. (4) 223"). 

2,3,6,7-Tetramethoxy-phenanil1rene-9,10-dicarboxylic Acid 
Anhydride ( I )  

2,3,6,7-Tetrarnethoxy-9,lO-dimethylphenanthrene (0.33 
g, I mmole) was heated with Na2Cr207 .2H20  (0.66 g, 
2.2 mmole) and water (50 ml) for 18 h at 180' in a steel 
bomb. After cooling, the mixture was filtered, acidified, 
and extracted with chloroform. Evaporation gave a 
yellow solid which was recrystallized from dioxane to  
give 1 (0.2 g, 54%) as bright orange crystals; m.p. 312- 
316"; v,,, 1820 s, and 1770 s cm-' (anhydride bands), 
6 7.62 (2H) and 7.17 (2H), aromatic protons, 4.08 (6H) 
and 4.00 (6H), -0Me; h,,, 408 sh, 365, 320, 287, 262, 
and 225 nm (log E 4.0, 4.4, 4.8, 5.4, 5.6, and 5.2). 

Anal. Calcd. for CZ0HL6o7  (mol. wt. 368): C, 65.22; 
H,  4.38. Found (368 (mass spectrometry)): C, 65.38; 
H,  4.60. 

2,2'-Diaceiyl-4,4',5,5'-~methoxybipl1enyl(4) 
A solution of Na2Cr207 . 2 H 2 0  (0.94 g, 3.1 mmole) in 

water (10 ml) was added dropwise over a period of 15 min 
to  a boiling solution of 3 (0.5 g, 1.52 mmole) in 100 ml 
of a 20% solution of H2S04  in aqueous dioxane (1 :I). 
After refluxing for a further 30 min, the solution was 
cooled and extracted with CHCl,. Evaporation of the 
solvent gave 4 in 48% yield; pale-yellow crystals; m.p. 
212-213" (lit. (3) 212") from dioxane-water; v,,, 1680 s 
cm-l ;  6 7.30 (2H) and 6.58 (2H), aromatic protons, 
3.90 (6H) and 3.80 (6H), -OMe, 2.02 (6H), -COCH,. 

Anal. Calcd. for C20HZ2O6 (mol. wt. 358): C, 67.03; 
H, 6.19. Found (358 (mass spectrometry)): C, 67.25; 
H,  6.29. 

2,3,6,7-Tetrametlroxy-9-formyl-l0-aceto.~yinethyl- 
plrenanthreire (5) 

A solution of Na2Cr207.2H20 (0.94 g, 3.1 mmole) 
in acetic acid (10 ml) was added dropwise over a period 
of 15 min to 3 (0.5 g, 1.52 mmole) in refluxing acetic 
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acid (40 ml). The resulting green solution was cooled, 
poured into water (200 ml), and extracted with CHC13. 
After removal of the solvent the crude yellow product was 
recrystallized from dioxane-water to yield 5 (0.23 g, 
40%); m.p. 215-216"; v,,, 1738 s (acetate), 1678 (CHO), 
and 1620 s cm-I; 6 10.90 (1H) CHO, 8.20 (lH), 7.56 
(2H), and 7.42 (lH), aromatic protons, 5.70 (2H), 
-CHI-0, 4.05, 4.00 (singlets, 6H each) -OMe, 2.02 
(3H), -COCH3; A,,, 345, 288, 270, and 243 nm (log 
~ 4 . 7 ,  5.2, 5.2, and 5.0). 

Anal. Calcd. for C2ZH2207 (mol. wt. 398): C, 66.30; 
H, 5.60. Found (398 (mass spectrometry), 400.3 (osmo- 
metric)): C, 66.50; H, 5.90. 

The aldehyde (5) (0.1 g) was refluxed in ethanol (20 ml) 
with aniline (0.2 g) for 2 h. On cooling the anil was 
precipitated, which, on recrystallization from ethanol, 
gave yellow crystals, m.p. 210-213". 

Anal. Calcd. for CZ8Hz,NO6 (mol. wt. 373): C, 71.02; 
H, 5.75; N, 2.96. Found (373 (mass spectrometry)): 
C, 70.74; H, 6.05; N, 2.89. 

2,3,6,7-Tetramethoxy-9,10-dihydroxymetlzy~he~~anthrene 
(6) 

The aldehyde (5) in methanol was reduced with an 
excess of sodium borohydride at room temperature. 
Normal work-up gave 6 as white crystals, m.p. 225-227' 
from methanol. 

Anal. Calcd. for CzoHz2O6 (mol. wt. 358): C, 67.00; 
H, 6.20. Found (358 (mass spectrometry)): C, 66.80; 
H, 6.11. 

Compound 6 was acetylated with acetic anhydride and 
sulfuric acid; normal work-up gave the diacetate as white 
crystals from methanol; m.p. 226-228"; v,,, 1738 s 
(ester), and 1628 s cm-'. 

Anal. Calcd. for CZ4HZ6o8 (mol. wt. 442): C, 65.15; 
H, 5.92. Found (442 (mass spectrometry)): C, 65.10; H, 
6.20. 
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Hexanor-cucurbitacin D, a degraded cucurbitacin from 
Begonia tubevhybvida var. albal 

RAYMOND W. DOSKOTCH AND CHARLES D. HUFFORD~ 
Division of Natural Products Clremistry, College of Pharmacy, The Ohio State University, Colut?lbus, Olrio 43210 
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A compound isolated from Begonia tuberhybrida has been shown to have the structure of hexanor- 
cucurbitacin D (3). Its diacetate is identical to the periodate cleavage product of cucurbitacin B diacetate. 

Canadian Journal of Chemistry, 48, 1787 (1970) 

The cytotoxic activity of the alcoholic extract 
residue from tubers of Begonia tuberhybrida Voss 
var. alba has recently been traced to the presence 
of cucurbitacin B (1) (1). That this unusual tetra- 

5 R I = R 2 = A c  

'Antitumor Agents. Part V. Previous paper R. W. 
I Doskotch and F. S. El-Feraly. J. Org. Chem. In press. 

2NIH Predoctoral Fellow. 

cyclic triterpene was found in a source botanically 
removed from its more common producers (2) 
required further examination of additional con- 
stituents. Cucurbitacin D (2) and dihydrocucur- 
bitacin B (side-chain double bond reduced) were 
subsequently isolated and identified. In addition 
a fourth unknown substance, designated com- 
pound A, was obtained in very low yields and 
was assigned the molecular formula C24H3405 
on the basis of elemental analysis and high resolu- 
tion mass spectrometry. We wish to report the 
identification of this material as hexanor-cucur- 
bitacin D (3), a new natural occurring degraded 
cucurbitacin. 

The carbonyl region in the infrared (i.r.) spec- 
trum of hexanor-cucurbitacin D was consider- 
ably simplified in comparison with the other iso- 
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acid (40 ml). The resulting green solution was cooled, 
poured into water (200 ml), and extracted with CHC13. 
After removal of the solvent the crude yellow product was 
recrystallized from dioxane-water to yield 5 (0.23 g, 
40%); m.p. 215-216"; v,,, 1738 s (acetate), 1678 (CHO), 
and 1620 s cm-I; 6 10.90 (1H) CHO, 8.20 (lH), 7.56 
(2H), and 7.42 (lH), aromatic protons, 5.70 (2H), 
-CHI-0, 4.05, 4.00 (singlets, 6H each) -OMe, 2.02 
(3H), -COCH3; A,,, 345, 288, 270, and 243 nm (log 
~ 4 . 7 ,  5.2, 5.2, and 5.0). 

Anal. Calcd. for C2ZH2207 (mol. wt. 398): C, 66.30; 
H, 5.60. Found (398 (mass spectrometry), 400.3 (osmo- 
metric)): C, 66.50; H, 5.90. 

The aldehyde (5) (0.1 g) was refluxed in ethanol (20 ml) 
with aniline (0.2 g) for 2 h. On cooling the anil was 
precipitated, which, on recrystallization from ethanol, 
gave yellow crystals, m.p. 210-213". 

Anal. Calcd. for CZ8Hz,NO6 (mol. wt. 373): C, 71.02; 
H, 5.75; N, 2.96. Found (373 (mass spectrometry)): 
C, 70.74; H, 6.05; N, 2.89. 

2,3,6,7-Tetramethoxy-9,10-dihydroxymetlzy~he~~anthrene 
(6) 

The aldehyde (5) in methanol was reduced with an 
excess of sodium borohydride at room temperature. 
Normal work-up gave 6 as white crystals, m.p. 225-227' 
from methanol. 

Anal. Calcd. for CzoHz2O6 (mol. wt. 358): C, 67.00; 
H, 6.20. Found (358 (mass spectrometry)): C, 66.80; 
H, 6.11. 

Compound 6 was acetylated with acetic anhydride and 
sulfuric acid; normal work-up gave the diacetate as white 
crystals from methanol; m.p. 226-228"; v,,, 1738 s 
(ester), and 1628 s cm-'. 

Anal. Calcd. for CZ4HZ6o8 (mol. wt. 442): C, 65.15; 
H, 5.92. Found (442 (mass spectrometry)): C, 65.10; H, 
6.20. 
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A compound isolated from Begonia tuberhybrida has been shown to have the structure of hexanor- 
cucurbitacin D (3). Its diacetate is identical to the periodate cleavage product of cucurbitacin B diacetate. 

Canadian Journal of Chemistry, 48, 1787 (1970) 

The cytotoxic activity of the alcoholic extract 
residue from tubers of Begonia tuberhybrida Voss 
var. alba has recently been traced to the presence 
of cucurbitacin B (1) (1). That this unusual tetra- 

5 R I = R 2 = A c  

'Antitumor Agents. Part V. Previous paper R. W. 
I Doskotch and F. S. El-Feraly. J. Org. Chem. In press. 
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cyclic triterpene was found in a source botanically 
removed from its more common producers (2) 
required further examination of additional con- 
stituents. Cucurbitacin D (2) and dihydrocucur- 
bitacin B (side-chain double bond reduced) were 
subsequently isolated and identified. In addition 
a fourth unknown substance, designated com- 
pound A, was obtained in very low yields and 
was assigned the molecular formula C24H3405 
on the basis of elemental analysis and high resolu- 
tion mass spectrometry. We wish to report the 
identification of this material as hexanor-cucur- 
bitacin D (3), a new natural occurring degraded 
cucurbitacin. 

The carbonyl region in the infrared (i.r.) spec- 
trum of hexanor-cucurbitacin D was consider- 
ably simplified in comparison with the other iso- 
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lated cucurbitacins, showing one intense some- Hexanor-cucurbitacin D(3) 

what broadened band at 17 10 cm- 1 in place of The isolation method and some physical properties of 
hexanor-cucurbitacin D (3), m.p. 21&218", obtained the multiplicity Of peaks. in the from Begonia fuber/lybrida Voss var. a/ba in a yield of 

Olefin region was restricted to a weak band at 0.0003% have been reported (1). The c.d. curve exhibits 
1670 cm- ' and strong absorption at 3600 and a maximum at 296 mp, [O] + 19 000. The mass spectrum 
3470 cm-' was evidence for hydroxyl groups. showed peaks at mle 402 (M+, 12%), 387 (M-CH,, 6%), 

384 (M-H20, 679, 364 (M-CH3-HZO, 9%), 359 (M- The magnetic resonance (n'm'r') 'pet- 
COCH3, 2%), and 43 (COCH3, 100 %). 

trum exhibited five three-proton singlets at 6 0.69, 
1.08, 1.30, 1.37, and 1.43 assigned to tertiary Hexanor-curc~rbitacin D Diacefafe ( 4 )  

A 10 mg sample of hexanor-cucurbitacin D (3) was groups and another sing1et at 2'20 (3H) dissolved in 0.5 ml of pyridine and 0.1 ml'of acetic anhy- 
was due to a ketone. The latter was 'On- dride was added. After 24 h at room temperature the 
firmed by a positive iodoform test and by the solution was diluted with water and extracted with 
presence in the mass spectrum of the base peak at diethyl ether. The combined ether layer was washed with 

m/e 43 (CH3C--0). 3 N HCI, 2% NaHC03, and water, then dried (Na2S04) 
and evaporated. The residue crystallized from diethyl 
ether to give 7 mg of the acetate 4, m.p. 202-204", [a],'' + 94" (c 0.075); h,,, 290 mp ( E  180); v,,, 1730 (broad), 
1710, 1695, and 1200-1300 (broad) cm-' [lit. (3), m.p. 

RO 202-205", [aID + 112" (c 1.06 in CHCI,); h,,, 288 mp 
( E  200); v,,, 1730 (broad), 1700, and 1240 cm-'I. The 
compound gave a positive iodoform test (4). 

0 
Conversiorz of Cucurbitacin B ( I )  to Hexanor- 

3 R = H  cucurbitacin D Diacetate (4) 
4 R=Ac Curcurbitacin B (1) was acetylated to give the amor- 

phous diacetate 5 in quantitative yields according to 
Acetylation of hexanor-cucurbitacin D gave Schlegel et al. ( 3 ,  and a 500 mg sample of the product 

a diacetate 4 that lacked absorption in the hy- was dissolved in 10 ml of dioxane and treated with 700 
mg of periodic acid dissolved in 8 ml of water. After 72 h droxyl region Of the i.r. 'pectrum and showed in at room temperature the solution was adjusted to p H  7 

the n3I.r. spectrum two sharp peaks at 6 2.03 with NaHCO, and the dioxane removed by evaporation 
(3H) and 2.15 (3H) in addition to the methyl at reduced pressure. The concentrate containing a white 
ketone at 6 2.18. The physical properties of the solid was diluted with water, acidified to p H  3 with dilute 

acetate corresponded very closely with those re- HCI, and extracted with chloroform. The chloroform 
extract was washed with 2 %  NaHCO, and water, then 

ported for hexanor-elatericin A (hexanor-cu- dried (Na2S04). The 397 mg of residue remaining after 
curbitacin D) diacetate (4), obtained by periodate evaporation of solvent was chromatographed on a 
cleavage of cucurbitacin D diacetate (3). We pre- partition column (200 g diatomaceous earth) prepared 

pared a sample of hexanor-cucurbitacin D di- from 100 ml of formamide as stationary phase and 

acetate (4) by a similar cleavage of cucurbitacin B benzene - petroleum ether ( b . ~ .  60-70") as 
phase. The fraction emerging between 150-300 ml of 

diacetate (5) and the product was identical (ultra- effluent, after the holdup volume, yielded on crystalliza- 
violet (u.v.), i.r., n.m.r., [a],, mixture m.p.) to the tion from diethyl ether, 107 mg of hexanor-cucurbitacin 
diacetate of the substance isolated from the D diacetate, m.p. 200-20l0, undepressed when admixed 

~~~~~i~ tubers. l-his is the first report of a de- with the diacetate of hexanor-cucurbitacin D isolated 
from Begonia. The acetates also showed identical i.r., graded cucurbitacin found in nature and which ..,., and n.m.r. spectra, and specific rotation. 

bears an analogy to the pregnane skeleton in the 
steroid series. This investigation was supported by Public Health 

Experimental Service Research Grant No. CA-08133 from the National 
Cancer Institute. 

Melting points are uncorrected. The i.r. spectra were 
determined in chloroform at 8-10% concentration on a 1. R. W. DOSKOTCH, M. y. MALIK, and J. L. BEAL. 
Perkin-Elmer Infracord 237 or 257 spectrophotometer. Lloydia, 32, 115 (1969). 
The U.V. spectra were taken in methanol on a Cary model 2. G .  P. Moss. Planta Med. 14 (Suppl.), 86 (1966). 
15 spectrophotometer. Optical rotations and circular 3. D. LAVIE and Y .  SHVO. J. Amer. C%em. Sot. 82, 
dichroism (c.d.) curves were obtained on a Jasco ORD/ 966 
UV-5 instrument in methanol. The n.m.r, spectra were 4' N. D. CHERONIS. and semimicro methods. 

Vol. VI. In Technique of organic chemistry. Edited by taken in deuterochloroform on a Varian A-60A instru- A. Weissberger, Interscience Publishers, Inc., New 
ment with tetramethylsilane as internal standard and the york, 1954. p. 465. 
chemical shifts reported in 6 (p.p.m.) values and J in Hz 5. W. SCHLEGEL, A. MELERA, and C. R. NOLLER. J. 
units. Org. Chem. 26, 1206 (1961). 
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COMMUNICATIONS 

The permeation of electrolytic hydrogen through lead1 

IVAN ~ADERSK?, BANSI L. MUJU, AND FRANK R.  SMITH^ 
Cl~enzistry Department, Memorial University of Newfoundland, St. John's, Newfoundland 

Received February 12, 1970 

Conclusive evidence is reported for the permeation of electrolytic hydrogen through lead. The diffusion 
coefficient at 25 "C lies between and cmZ s-' while the bulk concentration of dissolved hydro- 
gen is indicated to be g-atom cm-3 at current densities of 10 to 50 mA cm-'. 

Canadian Journal of Chemistry, 48, 1789 (1970) 

Smith (1) in 1948 concluded that hydrogen 
diffusion through lead occurs only at tempera- 
tures close to the melting point, the earlier 
evidence3 for diffusion of hydrogen produced by 
electrolysis being considered too slender to 
accept. More recently Heath (2) and Wahlin and 
Naumann (3) both failed to observe electrolytic 
permeation through lead. 

Electrolytic permeation currents of 0.5 to 5 
pA cm-2 have been observed using lead foils 
cathodized in hydrogen (Matheson prepurified, 
BASF-BTS catalyst-treated) stirred 1 M HCIO, 
(Reagent Grade, plus 3 x distilled water) at 10 
to 100 mA ~ m - ~ ,  on one side and potentiostatted 
in hydrogen-saturated 0.2 M KOH (Reagent 
Grade, plus 3 x distilled water) at +200 mV vs. 
a hydrogen electrode, also in 0.2 M KOH. Fisher 
lead (L27, ca. 99 % pure) and Goodfellow Metals 
(99.9 % pure) lead gave comparable results when 
degreased in boiling benzene, chemically 
polished in 60% HC10, and washed with 3 x 
distilled water before use. Cathodic protection 
currents of 30 pA cm-2 applied to the cathode 
side were without effect on the diffusion side, 
where background anodic currents were ca. 1 
pA cm-'. 

Figure 1 shows typical data plotted according 
to Devanathan and Stachurski (4) with the 
experimental points lying on reasonably straight 
lines which for 10 and 25 mA have the 
theoretical intercept of log,, 2 at t = 0. The 

'This research was supported, in part, by the Defence 
Research Board of Canada, Grant number 5401/09. 

'To whom correspondence should be addressed. 
3References 906, 1091, 1092, 1266, 1268, and 1269 

cited in ref. 1. 

diffusion coefficients DH may be calculated from 
the experimental slopes (4). 

An improved method of treating the data is 
due to McBreen, Nanis, and Beck (5). A theoret- 
ical curve for the ratio of flux, J, ,  at time t to the 
steady state flux, J,, was derived by Laplace 
transformation with appropriate boundary con- 
ditions. The first-order approximation is 

where z is the dimensionless parameter D~/L', L 
being the foil thickness. This curve, plotted in 
Fig. 2, and the experimental curves should be of 
identical shape up to JJJ, z 0.95, ifthe boundary 
conditions are applicable. D is then calculable 
from the z and t values appropriate to the chosen 
value of JJJ,. Experimental curves for 10 and 
25 mA conform to expectations for JJJ, > 
0.2, whereas those for 2 50 mA cmP2 are anom- 
alous. Calculated diffusion coefficients for atomic 
hydrogen in 99.9% pure polycrystalline lead at 
25 5 2  "C are given in Table 1. 

Agreement is good between the calculated 

TABLE 1 
Diffusion coefficient for H in lead at 25 "C 

DH x lo7 (cmZ s- l )  

Fig. 2 t  for JJJ,  = 
2eathodle 

(mA cm-') Fig. l *  0 .2  0.3 0 .5  0.8 

*L  = 0.15 mm, DM = 2.3L1KIn1. 
t L  = 0.15 mrn, DH = rLZ/t. 
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t (5)  
FIG. 1. Successive permeation transients in cathodization at 10 mA cm-2 (circles), 25 mA (crosses), and 50 

mA cm-2 (triangles), plotted according to Devanathan and Stachurski (4). J, ,  J ,  are anodic current densities ( P A  
cm-') above background, at time t after application of cathodic current and at steady state, respectively. Transients 
observed on one foil in order 1, 2, 3 with ca. 15 min at 30 pA ~ m - ~  between cathodization. K's are best straight line 
slopes. 

FIG. 2. Rising transients of Fig. 1 treated according to McBreen, Nanis, and Beck (5). J ,  and J ,  as in Fig. 1. 
Numbers refer to Fig. 1 except 4 which is the theoretical curve of eq. [I]. 
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values at 10 and 25 mA cmP2 but DH apparently Thanks are due to the National Research Council of 

depends on the applied current, presumably Canada and to the Defence Research Board for their 

because of a dependence on the bulk concentra- 

of in the (ca. g-atom I .  D. P. SMITH. Hydrogen in metals, Univ. of Chicago 
cmP3). Gileadi, Fullenwider, and Bockris (6) Press. Chicago, 111. 1948. p. 286. 
observed an increasing D, in successive permea- 2. H. R. HEATH. Brit. J. APP~.  Phys. 3,13 (1952). 

3. H. B. WAHLIN and V. 0. NAUMANN. J. Appl. Phys. tions through platinum. Their suggestion of 24,42 (1953). 
hydrogen concentrated in regions of strain being 4. M. A. V. DEVANATHAN and Z. 0. J. STACHURSKI. 

Proc. Roy. Soc. London, Ser. A, 270, 90 (1962). less free to diffuse may here 
5. J. MCBREEN, L. NANIS, and W. BECK. J. Electro- 

the formula PbHo.ooooz differs by of chem. SOC. 113, 1218 (1966). 
magnitude from Wells and Roberts' PbH,.,, 6. E. GILEADI, M. A. FULLENWIDER, and J. O'M. 

BOCKRIS. J. Electrochem. Soc. 113, 926 (1966). 
achieved exposure of lead 'lms 7. B. R. WELLS and M. W. ROBERTS. Proc. Chem. 
to atomic hydrogen (7). Hence the lead is unlikely SOC. 173 (1964). 
to have become saturated in the present work. 

Total synthesis of DL-glucose 

U. P. SINGH' AND R. K. BROWN 
Department of Cf~emistry, University of Alberta, Edmonton, Alberta 

Received February 20, 1970 

The stereoselective synthesis of DL-glucose has been accomplished in 34% overall yield starting from 
1,6:2,3-dianhydro-4-dexoy-[3-~~-ribo-hexopyranose (I), a compound obtainable from the Diels-Alder 
condensation of acrolein. 
Canadian Journal of Chemistry, 48, 1791 (1970) 

The compound 1,6:2,3-dianhydro-4-deoxy-P- lithium at room temperature following the known 
DL-ribo-hexopyranose (I), obtained from acro- reaction of oxiranes with the organolithium 
lein dimer according to published directions (I), reagent (2). Treatment of 2 with m-chloroperoxy- 
was converted into 1,6-anhydro-3,4-dideoxy-P- benzoic acid in methylene chloride at room 
DL-erythro-hex-3-enopyranose (2) with n-butyl- temperature for 24 h gave the expected 1,6:3,4- 

'Postdoctoral Fellow 1969-1971. 
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dianhydro - P - DL - a110 - hexopyranose (3). The 
reaction with 10 % aqueous barium hydroxide at 
80" for 16 h under nitrogen (3) converted 3 into 
1,6 - anhydro - P - DL - gluco - hexopyranose (4, 
R = H), which yielded the triacetate 4 (R = 
CH3CO) with pyridine and acetic anhydride. 
Hydrolysis of 4 (R = H) with 1 N aqueous 
hydrochloric acid gave u,P-DL-glucose (5, R = 
H) as a solid which shrinks at 44" but melts at 
113-1 15".' Acetic anhydride and pyridine con- 
verted 5 (R = H) into its pentacetate 5 (R = 
CH3CO) which was an approximately 1:l 
mixture of the u and p anomers. 

Elemental analyses all agreed very well with 
the calculated values. The infrared (i.r.) and 
proton magnetic resonance (p.m.r.) spectra of 

2Reference 4 reports the melting point of a 1 :1 mixture 
of D- and L-glucose as 112-1 13.5". 

all of these compounds supported the assigned 
structures. Furthermore the i.r. and p.m.r. 
spectra of compounds 4 (R = CH,CO) and 5 
(R = H and CH,CO) were identical with those 
of authentic 2,3,4-tri-0-acetyl-1,6-anhydro-0-D- 
glucopyranose, u,P-D-glucose, and u,P-D-glucose 
pentacetate respectively. 

We wish to thank the National Research Council of 
Canada for the financial support which permitted the 
pursuit of this work. 

1. F. SWEET and R. K. BROWN. Can. J. Chem. 46,2289 
(1 968). 
\-- - -1 -  

2. H. NOZAKI, T. MORI, and R. NOYORI. Tetrahedron, 
22, 1207 (1966). 

3. G .  CHARALAMBOUS and E. PERCIVAL. J. Chem. Soc. 

4. M. L.- W O ~ F R O M  and B. H. WOOD. J. Amer. Chem. 
SOC. 71, 3175 (1949). 
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Transient-phase studies of a trypsin-catalyzed reaction 

H. P. KASSERRA' AND K. J. LAIDLER 
Department of Chemistry, University of Otta~va, Ottawa, Canada 

Received November 6, 1969 

The stopped-flow technique has been used to study the pre-steady-state kinetics of the hydrolysis of 
N-carbobenzoxy-L-alanine-p-nitrophenyl ester catalyzed by trypsin. By working under conditions such 
chat the enzyme concentration is much greater than that of the substrate, it has been possible to measure 
k2, the rate constant for the conversion of the enzyme-substrate complex into the acyl enzyme. The p H  
dependence of 4, reveals a pKbl value of 6.9 for the conversion of complex into acyl enzyme, in agreement 
with deductions from steady-state investigations. The pHdependence of R* (equal to (k-, + k2)/k,) has 
also been determined. The results provide direct evidence for the existence of an enzyme-substrate com- 
plex for this reaction. 

The work has bzen done in various mixtures of water and isopropyl alcohol. The logarithms of the rate 
constants L2 and k2/R* vary linearly with 1/D, showing a decrease with increasing alcohol concentration; x* increases with alcohol concentration. The solvent results suggest that addition of alcohol affects the 
hydrophobic bonding in the protein and leads to unfolding of the enzyme. 

Canadian Journal of Chemistry, 48, 1793 (1970) 

i Introduction 
I 
i Previous work in this laboratory has been 

concerned with the steady-state kinetics of reac- 1 tions catalyzed by chymotrypsin (1, 2) and 
trypsin (3, 4). The present paper describes a 

I study, using the stopped-flow technique, of the 
pre-steady-state kinetics of the hydrolysis of 

I 
N- carbobenzoxy -L-  alanine -p- nitrophenyl ester 
(CANE) catalyzed by trypsin. The work has been 
done over a range of p H  values and in various 
mixtures of isopropyl alcohol and water. 

There have been several previous investigations 
of the transient (pre-steady-state) phase of 
reactions catalyzed by proteolytic enzymes. 
Hartley and Kilby (5, 6) studied the hydrolysis 
of p-nitrophenyl acetate by chymotrypsin, and 
demonstrated for the first time that the mech- 
anism involves three distinct steps 

k k3 
E + S & E S 2 ' E S ' + E + P 2  

k-I PI  

Later Gutfreund and Sturtevant (7) obtained a 
value for the rate constant k, for the very rapid 
combination of enzyme and substrate. Step 2 in 

'Present address: Central Research Laboratory, 
DuPont of Canada Ltd., Kingston, Ontario. 

the above scheme is a rapid liberation ofp-nitro- 
phenol (P,), and step 3 is a slow, zero-order, 
release of acetate ions. Further, more detailed, 
transient-phase studies of this reaction have been 
made (8-1 1) and it has been concluded that the 
acylation rate constant k, is p H  dependent with 
a pK value of approximately 6.8. 

Transient-phase studies on trypsin have been 
carried out by Stewart and Ouellet (12) who 
used p-nitrophenyl acetate as substrate, and by 
Bender et al. (13) who used the specific substrate 
a-N-carbobenzoxy-L-lysine-p-nitrophenyl ester 
hydrochloride. The former workers concluded 
that the acylation rate constant k, was p H  
independent, in contrast to the situation with 
chymotrypsin. A value of k, at one p H  (2.66) was 
obtained by Bender et al. (13); however, a p H  
study is difficult to carry out by conventional 
stopped-flow techniques, because of the high 
values of the acylation rates with the amino-acid 
substrates. One of the objectives of the present 
studies was the elucidation of the pH-dependence 
of acylation in the case of an amino-acid sub- 
strate. 

Another object of the present work was to 
verify the reaction order of the acylation process 
and to obtain direct evidence for a Michaelis 
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complex. Faller and Sturtevant (14) and Milstein 
and Fife (15) reported that the acylation of 
a-chymotrypsin by p-nitrophenyl esters followed 
simple second-order rather than Michaelis- 
Menten kinetics; i.e., no evidence was obtained 
for a Michaelis complex. However, as was 
appreciated by these workers, earlier investigators 
had analyzed their results on the basis of a pre- 
steady-state treatment for the case of high 
substrate concentrations, and in order for the 
treatment to be applied to the data the following 
conditions. had to be satisfied: (a) deacylation is 
rate-limiting (k, >> k,); (b) the substrate con- 
centration is much greater than (k-, + k2)/kl; 
this ratio will be referred to as K*. Condition (a) 
was satisfied, but not (b). This second condition 
is difficult to realize, since the ordinary Michaelis 
constant, K,, applicable to steady-state con- 
ditions, is large for these systems. The steady- 
state solution for this mechanism is 

and 

Since for these systems k2 >> k,, K* greatly 
exceeds K,, which is large, so that it is virtually 
impossible to work at substrate concentrations 
greater than K*. Failure to meet condition (b) 
means that the Michaelis complex ES becomes 
experimentally undetectable, so that the acylation 
is strictly second order. On the other hand, 
KCdzy and Bender (10) have worked at high 
enzyme concentrations withp-nitrophenyl acetate 
and have obtained Michaelis-Menten kinetics 
with a K* of - M. 

It is shown in the next section that if the enzyme 
concentration is in excess of that of the substrate 
the value of k2 can be obtained directly without 
any conditions having to be satisfied. The present 
stopped-flow studies were therefore made under 
these conditions. 

Transient-Phase Theory for Excess Enzyme 
Concentration 

Treatments of the theory of pre-steady-state 
kinetics have been given by Laidler (16), Ouellet 
and Laidler (17), Gutfreund (1 8), Gutfreund and 

CHEMISTRY. VOL. 48, 1970 

Sturtevant (8), Ouellet and Stewart (19), Peller 
and Alberty (20), and Darvey (21). The present 
treatment is confined to developing the equations 
relevant to excess enzyme concentration. 

If, for the scheme given above, eo is the total 
enzyme concentration, so the total substrate 
concentration, and y,, y2, p,, and p2 are the con- 
centrations of ES, ES', P,, and P2 at time t, the 
concentrations of free enzyme and substrate at 
time t are 

When eo >> so the concentration of free enzyme, 
e, is close to eo and we may write the following 
differential equations 

Differentiation of eq. [5] and elimination of j2 
and p2 by use of eqs. [6] and [8] leads to 

where 

[lo] P = k,(eo + K*) 

The general solution of eq. [9] is, if the roots are 
real, 

where F and G are given by 

The boundary conditions t = 0, y, = 0 lead to 

Substitution of eq. [13] into eq. [7], and integra- 
tion with the boundary condition that at t = 0, 
p, = 0, gives 
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kzN of the reaction. For a certain period of time eGt 
k2M (eFt - 1) + -- (eGt - 1) c171 PI = G z 0 while eFt is not. A Maclaurin series expansion 

of eF', using the first two terms only (since t is 
When t is sufficiently large this equation reduces small at the beginning of the reaction), reduces 
to eq. [17] to 

Equations [17] and [18] show that for a system 
in which the enzyme concentration is in excess, 
and therefore constant, the steady state is never 
established, p, exponentially approaching a con- 
stant value at large ?. 

A schematic plot of the function represented by 
eq. [17] is shown in Fig. 1. The initial exponential 
rise is due to the term ( k 2 ~ / ~ ) ( e G t  - l), and is 
followed by an exponential fall-off to zero rate 
due to the term (k2~/E')(eFt - 1). The individual 
behavior of the two terms is also shown in Fig. 1. 
Their relative magnitudes depend on the relative 
magnitudes of F and G. As all the quantities 
involved are positive, G will usually be larger 
than F, and eGt will approach zero more rapidly 
than eFt, while the coefficient of eGt will be 
smaller than the coefficient of eFt. This.condition 
suggests that experimentally the eFt term will be 
easier to detect than the eG' term. 

I 
I Extrapolation of the portion of the curve in 
, Fig. 1 which is due to the term in F(cf. eq. [17]) to 

the time axis yields a quantity z which may be 
conveniently referred to as the induction period 

When p, = 0, substitution for the value of G 
yields the expression 

This expression for the induction period is the 
same as that for the system involving a single 
intermediate (16-18) with eo replacing so. Thus, 
provided that z is measurable, the rate constant 
k, (and k-, if k, is known) for the reversible 
formation of the Michaelis complex can be deter- 
mined. However, in those cases where the three- 
step mechanism could apply, the induction 
period appears to be immeasurably small (7,22). 
This result implies that the term eGt is negligibly 
small even at the beginning of the reaction. 

Substitution of the appropriate values of P 
and Q into eqs. [14] and. [15] gives 

[21 I F = - k,eo/(eo + K*) 

[22 1 G = -k,(eo + K*) 

Together with the values for M and N from eq. 
[16], eq. [17] becomes 

+ So (eG' - 1) 
II k,(eo + K*), - 1 

/ 
b e 0  

I t  is reasonable to assume that k, >> k,, and for 
the condition that eo is very large, since eGt 
approaches zero very rapidly, eq. [23] reduces to  

[24 I p1 = so(l - eF') 

where F is defined by eq. [21]. If therefore p, or 
a physical property proportional to p, can be 
measured, k, and K* can be evaluated from the 
values of k,eo/(eo + K*) at different concentra- 
tions of enzyme. 

TIME At the beginning of the reaction, the series 
FIG. 1 .  Schematic plot of the rate of formation of development of the exponential term in eq. [241 product PI according to eq. [17]. The dashed curves 

show the variations of the functions shown. would give a good approximation of the function. 
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The initial rate of production of the product pl 
is then described by 

and approximate values of k, and K* can be 
obtained from initial rate data. 

Experimental 
Materials 

N-Carbobenzoxy-L-alanine-p-nitrophenyl ester (Lot 
No. K-5538-R) was purchased from Cyclo Chemical 
Corporation and recrystallized from ethyl acetate - 
hexane, twice in the presence of charcoal and once with- 
out, with slight warming. The product was stored dry 
and frozen, since it tends to decompose on standing. 
Trypsin (twice crystallized, salt-free, Lot No. TRL 8CA) 
was obtained from Worthington Biochemical Corpora- 
tion and used without further purification. 

Sodium phosphate buffer solutions were prepared with 
"Baker Analyzed" Reagent Grade materials. Isopropyl 
alcohol (Fisher Certified A.C.S. Spectranalyzed) was 
dried and stored over Linde molecular sieve previously 
reactivated by heating at 350 "C for several hours. Water 
was doubly distilled, deionized, and freed of carbon 
dioxide. 

Stopped-Flow Spectrophotometer 
The pre-steady-state rates of hydrolysis of N-carboben- 

zoxy-L-alanine-p-nitrophenyl ester(CANE)weremeasured 
with a Durrum-Gibson Stopped-Flow Spectrophotometer 
manufactured by the Durrum Instrument Corporation, 
Palo Alto, California. 

Equal volumes of substrate in 2-propanol - water 
solution and enzyme in an appropriate buffer solution 
are hydraulically forced through the mixing jet into the 
cuvette and hence into the stop syringe. Just before the 
plunger hits a mechanical stop, it makes contact with a 
trigger switch which actuates the horizontal time-basis 
sweep for the oscilloscope display. Since the flow of 
sample is stopped immediately after mixing, the reaction 
in the cuvette takes place with a minimum of interference 
caused by turbulence or flow artifacts. The monochro- 
matic light obtained from the monochromator passes 
through the mixed solution in the cuvette and the 
resultant variation in light intensity is sensed by the photo- 
multi~lier tube. The ~hotomultiplier output, proportional 
to th; instantaneous light intensity transmitted by the 
reacting solution, is applied to the vertical axis of the 
oscilloscope. The display on the storage oscilloscope, 
which indicates percentage transmittance vs. time, in 
general started just before the reaction began and ended 
according to a preselected time-base setting. All measure- 
ments were made at 400 mp. The reaction system was 
maintained at 25.0 _+ 0.1 "C by means of a thermostat- 
ically controlled water bath. 

Kinetic Procedure 
Stock solutions of CANE were made up in dry iso- 

propyl alcohol and were stored in sealed bottles in the 
refrigerator. Just before use the alcohol solution was 
diluted with gas-free water to a final concentration of 

1.0 x M substrate in 1-20% (vlv) isopropyl alcohol 
as required. Dilution had to be done slowly and with 
cooling to avoid aeration of the solution caused by the 
evolution of heat during mixing. A fresh stock solution 
of trypsin in 0.1 M phosphate buffer was prepared every 
day. The enzyme solution was first centrifuged for 30 min 
at 7000 r.p.m. in a Sorvall Superspeed RC2-B refrigerated 
centrifuge to remove water-insoluble impurities. Protein 
concentrations were determined with a Perkin Elmer 
Model 350 Spectrophotometer at 280 mp using a value 
of 14.4 for the extinction coefficient (23). The solution 
was then diluted with the appropriate buffer to give 
dilutions ranging in concentration from 0.14 to 1.4 x 

M enzyme. The p H  of the trypsin solution was 
measured to k 0.05 units at the beginning and end of 
each series of runs and was found to remain constant 
for that period of time. 

Prior to a typical series of runs, the oscilloscope was 
calibrated for 100 % transmittance with substrate solution 
and the appropriate buffer solution in the drive syringes. 
The calibration was repeated for different settings of 
amplifier gain and zero offset to give a satisfactory record 
of the reaction to be studied. For this purpose the zero- 
offset circuit of the Durrum-Gibson Spectrophotometer 
was modified to include a calibrated ten-turn potentio- 
meter. The buffer solution was then replaced by enzyme 
solution buffered to the same pH, and approximately 
0.15 ml each of enzyme and substrate solution were 
injected into the cuvette. At least 10 min of thermostatting 
time was allowed each time after the drive syringes had 
been filled with reactants. 

After four of five traces reflecting the rate of hydrolysis 
of CANE had been reproduced on the oscilloscope 
screen, a polaroid photograph of the stored display was 
taken. Runs lasted from 0.5 to 5 s. An oscilloscope photo- 
graph from a typical experimental run is shown in Fig. 2. 

Analysis of Results 
Attempts were made initially to analyze the results 

using the Guggenheim method (24, 25) but this proved 
unsatisfactory; the matter is further considered in the 
Appendix. In view of this, the parameter F in eq. [23] 
was obtained by a least-squares method, as follows. 

If the Lambert-Beer law applies (see below) the product 
concentrationp, is related to absorbance A by 

where E is the molar extinction coefficient and I the 
thickness of the absorbing medium. Together with eq. 
[24] this gives 

However, base-line instability and electrical drift of the 
stopped-flow equipment used in this study made it 
necessary to introduce a correction factor AA into eq. 
[27], which becomes 
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KASSERRA AND LAIDLER: TR YPSIN-CATALYZED REACTION 1797 

FIG. 2. Typical oscilloscope trace for the trypsin- 
catalyzed hydrolysis of CANE. Vertical scale: 50-100% 
transmittance; horizontal scale: 0.5 s/division; time 
constant: 5 ms. 

If the logarithmic term is expressed as B, then 

[30] Z = sum of p deviation^)^ = Z(B - FtI2 

Differentiation gives 

[311 6Z/6F = Z[-2 t (B  - Ft)]  

To satisfy the condition that Z (B - Ft)' is minimized, 
eq. [31] is put equal to zero and solved for F, which gives 

The restrictions on eq. [29] are that AA cannot be larger 
than the smallest value of A and that Q must be larger 
than the largest value of (A - AA). 

A digital computer program involving multiple 
iterations with given values of Q and AA was written to 
calculate the best value of F by the method of least 
squares. It should be noted that two minima in E (B - 
Ft)Z exist: (i) the desired minimum square deviation for 
finite values of Q and F, and (ii) a trivial solution under 
the conditions that A = co and F = 0. 

Since the analysis of results depends on the fact that 
the Lambert-Beer law is obeyed over the full range of 
product concentrations at all p H  values, the relationship 
was tested directly. Linearity between absorbance and 
concentration of p-nitrophenol existed up to an optical 
density of 2.0. In this work the highest measured optical 
densities did not exceed 0.1. The least-squares-fit method 
does not require conversion of the experimentally mea- 
sured absorbance data to concentrations of product. It is 

therefore not necessary to take account of the fact that, 
over the p H  range studied, the product exists partially 
as p-nitrophenol and partially as p-nitrophenoxide ion. 
At 400 mw the extinction coefficients of these two species 
are 81.4 and 18 330, respectively. 

Input data for the least-squares-fit computer program 
were obtained from enlargements of the oscilloscope 
pictures in arbitrary units of transmittance and time. 
The program was written in Fortran IV for the IBM 
360165 computer. In general an approximate fit for F was 
first obtained by using intervals of 0.001 and 0.0001 
between successive values of Q and AA in the iteration 
procedure. This was followed by a final fit with appro- 
priately smaller intervals for Q and AA. The program 
includes a modification which selects and prints out for 
every value of Q only those values of AA and F which 
give a minimum in E (B - Ft)'. The "best" values of Q, 
AA, and Fwere then chosen from the computer print-out 
on the basis of the lowest minimum square deviation. 

Details of the least-squares-fit computer program will 
gladly be provided by H.P.K. 

Results 

pH Dependence of the Acylation Process 
Typical curves for the pre-steady-state rate of 

production of product PI in terms of rate of 
change of absorbance are shown in Fig. 3. Only 
one-half of the 18 experimental points usually 

I I I I I 
0 10 2 .O 3.0 4.0 

T I M E  ( s )  

FIG. 3. Experimental curves showing change of 
absorbance with time for the pre-steady-state hydrolysis 
of CANE catalyzed by trypsin at high enzyme concen- 
tration. 
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TABLE 1 
Pre-steady-state data for the trypsin-catalyzed hydrolysis 

of CANE in 1 % (v/v) isopropyl alcohol and 0.05 M 
phosphate buffer at 25.0 "C and so = 1 x M 

Values of F (s-') 
[El x lo4 

(M) p H  = 5.91 p H  = 6.41 p H  = 7.41 

used for the computer fit have been plotted. The 
intercept on the absorbance axis is equal to the 
"best" value of AA obtained from the least- 
squares-fit analysis for F. The value of AA can 
safely be assumed to be constant for the duration 
of an experimental run and therefore does not 
contribute to any absolute error in F. It does, 
however, contribute to the precision in fitting F, 
since it represents a third parameter in eq. [28], 
which describes the ex~onential variation of 
absorbance with time. 

The pH-dependent constants K* and E2 
corresponding to the formation of the Michaelis 
complex and the acyl enzyme have been evaluated 
from Lineweaver-Burk plots (26) of the com- 
puter-fitted results for F as a function of enzyme 
concentration. In Table 1, three representative 
sets of results for the transient phase of the 
tryptic hydrolysis of CANE are reported at 
different p H   value^.^ These data are plotted in 
Fig. 4. For this as for all other linear plots in this 
study the intercepts and slopes have been ob- 

TABLE 2 
Kinetic parameters for the trypsin-catalyzed hydrolysis 

of CANE in 1 % (vlv) isopropyl alcohol and 0.05 M 
phosphate buffer at 25.0 "C 

ZThe values of F, k2, and Z?* given in the tables are 
based on the assumption that the enzyme is 100% pure. 
Studies at high substrate concentrations suggest that ~t 
is in fact about 80 % pure. 

tained by a least-squares fit. The values of k2 
andK* obtained in this way from the Lineweaver- 
Burk plots are given in Table 2. The kinetic 
parameters are average values based on three 
runs covering the full range of enzyme concen- 
trations. The p H  dependencies of these para- 
meters are shown in Figs. 5 and 6. 

The curve in Fig. 5 is the theoretical curve 
3 6r 

I I I I I 
0 0.4 0.8 1.2 1.6 

I [E ]  ( M-I) x 104 

FIG. 4. Lineweaver-Burk plots for the pre-steady- 
state hydrolysis of CANE catalyzed by trypsin at high 
enzyme concentration. 

r - - - - - - - -  

*N 1.4 ,/ i 
1 

8 1.2 l ! l  1.0 , P I  I I I 

0.8 

I 

I 

- do 
I ,  I I 

5.5 6.0 6.5 
j/fpKbm69 7.0 7.5 I 

p H  

FIG. 5. Variation of loglo Lz with p H  for the pre- 
steady-state hydrolysis of CANE in 0.05 M phosphate 
buffer at 25.0 "C. 
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TABLE 3 

Kinetic parameters for the trypsin-catalyzed hydrolysis of CANE in 0.05 M 
phosphate buffer at 25.0 "C and pH  6.90 

[2-Propanol] 
Dielectric Rz X* x lo4 R2/X* 

( %> (M) constant D (s-') (M) (M-I s-l) 

1 0.130 77.8 3.55 1.19 29 800 
8 1.04 72.8 2.40 1.37 17 500 

15 1.95 67.7 1.59 1.65 9 600 
20 2.60 64.1 1.16 2.13 5 400 

Extrapolated for water 78.5 3.66 1.14 32 300 

FIG. 6. Variation of pX* with pH  for the hydrolysis 
of CANE in 0.05 M phosphate buffer at 25.0 "C. 

obtained by a reiterative process which gives 
the closest fit to the experimental points. It 
corresponds to the equation 

I I 

Kbl 

with k2 = 7.5 s-I and pK,' = 6.9. The shape of 
the log,, k2-pH curve in Fig. 5 suggests the 
participation of a single basic group in the 
process of acylation, with pK,' = 6.9. The same 
conclusion was drawn on the basis of the steady- 
state studies on the trypsin-catalyzed hydrolysis 
of N-benzoyl-L-alanine methyl ester, as described 
in a previous publication (3). 

The constant I?* is shown in Fig. 6 to be con- 
stant over the p H  range studied, with an average 
value of 1.14 x M. It appears therefore that 
both k, and k-, are pH-dependent quantities in 
this region; they are, however, too large to be 
measured by the stopped-flow technique. 
Solvent Efects 

Table 3 shows the results obtained in the 
various solvent mixtures ; the dielectric constants 
are taken from Akerlof (27). 

Discussion 

The present results demonstrate without any 
doubt that the acylation process shows Michaelis- 
Menten kinetics and not second-order kinetics, 
and therefore provides direct evidence for the 
enzyme-substrate complex. As has been noted 
in the Introduction, Faller and Sturtevant (14) 
observed second-order kinetics for the acylation 
process. This result can now be attributed to the 
fact that condition (b), referred to above, could 
not be satisfied in the studies using excess of 
substrate. This difficulty has been avoided in the 
present work with enzyme in excess. 

The acylation rates with specific ester sub- 
strates of trypsin are so high that they cannot be 
directly measured by stopped-flow methods at 
optimum p H  values. Although not a specific 
substrate, since it lacks a positive center on the 
side chain, CANE is more like a specific substrate 
than p-nitrophenyl acetate, its acylating group 
resembling that of a specific substrate. 

The variation of the acylation rate constant 
i2 with p H  (Fig. 5) demonstrates an ionizing 
group of pK - 6.9. This result agrees with the 
conclusions from the steady-state studies (3). 
The group involved is undoubtedly the imidazole 
ring of histidine-46, as we have discussed in a 
previous paper (4); acylation requires the imid- 
azole residue to be unprotonated. Similar con- 
clusions have been drawn for the acylation of 
a-chymotrypsin by p-nitrophenyl acetate (10, 
11). 

The present result is, however, at variance with 
that of Stewart and Ouellet (12) for the trypsin- 
catalyzed hydrolysis of p-nitrophenyl acetate, 
which suggests an apparent p H  independence of 
k",. However, under the experimental conditions 
of these authors condition (b) was not satisfied. 

The present work shows that pK, is p H  
independent (Fig. 6) over the range from 5.9 to 
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7.4. This agrees with the conclusion of other 
workers (10, 11) for trypsin and N-kenzoyl-L- 
argininamide. The present results for k2 and I?* 
require that the p H  profile of log,, k",/I?* would 
reveal the pK of a basic group (pK, - 6.9) which 
is free to ionize in the free enzyme. Complex 
formation between trypsin and CANE is there- 
fore unaffected by the protonation of histidine-46 
in the free enzyme. This result is again consistent 
with the steady-state studies (3,4). 

Solvent EfSects 
It is to be seen from Table 3 that k2/I?*, relating 

to complex formation, and R2, relating to acyla- 
tion, both decrease with increasing alcohol con- 
centration. On the other hand I?* increases with 
increasing alcohol concentration. Faller and 
Sturtevant (14) noted a similar effect on R2/I?* 
for the chymotrypsin-catalyzed hydrolysis of 
p-nitrophenyl acetate. 

Plots of the logarithms of these rate parameters 
against 1/D are shown in Figs. 7 to 9 to be essen- 
tially linear. Extrapolation of the lines gives a 
good estimate of the rate constants in pure water, 
which cannot be obtained directly because of the 
low solubility of the substrate. These pure-water 
rate constants are included in Table 3. 

It is also possible to regard solvent effects as 
due to inhibition or activation (see, for example, 
refs. 14,28, and 29). However, the kinetic param- 
eters obtained in the present work did not yield 
straight lines when their reciprocals were plotted 

FIG. 7. Variation of log,, L,/R* with the reciprocal 
of the dielectric constant of isopropyl alcohol -water 
mixtures at pH 6.90 and 25.0 "C. 

, , , \ \ _  
0 

1.2 I / D H 2 0 ' 7 8  I 3  1.4 1.5 1.6 

I O O / D  

FIG. 8. Variation of log,, L, with the reciprocal of the 
dielectric constant of isopropyl alcohol - water mixtures 
at pH 6.90 and 25.0 "C. 

FIG. 9. Variation of log,, X* with the reciprocal of 
the dielectric constant of isopropyl alcohol - water mix- 
tures at pH 6.90 and 25.0 "C. 

against alcohol concentration, according to 
Dixon's method (30). On the other hand, plots 
of the reciprocal rate constants varied quite 
linearly with the square of the alcohol concentra- 
tion. Faller and Sturtevant (14) obtained a 
linear relationship by plotting (~?*/k",)~/~ against 
alcohol concentration, and suggested an explana- 
tion in terms of inhibition by alcohol at two 
identical but independent sites on the enzyme. 
However, we prefer to believe that these relation- 
ships are fortuitious, and that a more satisfactory 
explanation for the effects is to be found in terms 
of the conformation of the enzyme molecule. 

Present evidence on the conformations of 
protein molecules in non-aqueous solvents (31, 
32) suggests that three interdependent factors 
determine protein conformations: ( i )  electro- 
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static interactions, (ii) hydrogen bonds between 
peptide linkages, and (iii) hydrophobic interac- 
tions. In addition, conformational entropy 
changes may contribute to the total free energy 
of the protein in solution. 

A very simple view of the electrostatic interac- 
tions is provided by considering the protein 
molecule as a sphere of radius r and net charge 
Ze. According to Debye-Hiickel theory its 
electrostatic free energy is equal to 

where K is the reciprocal of the thickness of the 
ionic atmosphere and a is the distance of closest 
approach of the macroion and its counterion. 
Addition of alcohol reduces D and therefore 
increases the electrostatic free energy of the 
protein. This effect would favor some disordering 
of the molecular structure of the protein. 

The effect of solvent on the hydrogen-bonding 
contribution to the conformation of the protein 
molecule is probably only slight. Hydrogen bonds 
play an important role in the formation of helical 
structures in proteins, but the evidence is that 
such bonds between protein side chains play only 
a very minor role (33-36). It therefore seems likely 
that isopropyl alcohol, which is an "unreactive" 
organic solvent (37) and has a low proton- 
donating capacity relative to the N-H group, 
induces little alteration in intrapeptide hydrogen 
bonding of the trypsin molecule. 

Protein conformations are determined to a 
considerable extent by hydrophobic interactions, 
and these will be considerably affected by change 
in solvent. Conformational stabilization by 
hydrophobic bonding is considerably reduced in 
a non-aqueous solvent. By analogy with chymo- 
trypsin (3840, 4) it is to be expected that most 
of the non-polar residues in trypsin are in the 
interior of the molecule. Increasing concentration 
of organic solvent should therefore lead to sub- 
stantial unfolding of the enzyme. 

I t  follows from the preceding discussion that 
the strongest effect of solvent on protein con- 
formation should be related to hydrophobic 
bonding. The net effect of adding isopropyl 
alcohol is therefore expected to cause an unfolding 
of the enzyme. This effect is probably adequate 
to explain the results of the present work, namely 
a decrease, on adding alcohol, of the rate con- 

stants and an increase in Michaelis constant; the 
latter corresponds to a decrease in substrate 
binding. 

Appendix 

Analysis of Results 
Guggenheim Method 

The Guggenheim method (24) has previously 
been used to analyze experimental results 
obtained for the transient phase of three-step 
enzymatic reactions (8, 12). This method has 
been suggested as being useful for reactions for 
which the initial or final concentrations are 
unknown, and where the relative readings taken 
during the course of a reaction cannot be con- 
veniently converted to concentrations. It has 
been extended to second-order reactions (41). 

Applications of the method to a reaction 
obeying eq. [23] is made as follows. If A,, A,, 
and A, are any series of readings directly pro- 
portional to the amount of product p, at times 
t,, t, + At, and t, + 2At respectively, where At 
is a fixed interval of time, then 

[a] A, + A, - 2A2 = -s,(eF'l)(eFA'- 1)2 

and 

[b] log (A, + A, - 2A2) = log constant 
+ Ftl/2.303 

With the use of this linear equation it is possible 
to determine F from the slope of a plot of log 
IA, + A, - 2A2 1 vs. t,. 

In order to obtain reliable results on the basis 
of this method it is necessary that the interval 
At be large; it is suggested (24) that At should be 
3 or 4 times the half-life of the reaction. In 
addition, however, the magnitude of an accept- 
able At is strongly dependent on the relative 
precision with which A can be measured. We 
suggest, in fact, that a more realistic criterion for 
At is that the differences between successive 
A, + A, - 2A2 terms should be at least equal to 
twice the expected precision of the A values. 

Our attempts to obtain the rate parameters on 
the basis of Guggenheim's method were by no 
means satisfactory. Choice of different At values, 
and shifts in the portion of the curve analyzed, led 
to quite widely divergent answers. When the data 
were smoothed on the basis of the least-squares 
fit, the Guggenheim method gave results which 
were self-consistent and were consistent with 
those obtained from the least-squares method. 
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Biophys. Acta, 38, 64 (1960). and 0'00001 between successive Q and AA 29. G. E. CLEMENT and M. L. BENDER. Biochem. 2, 
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Electrqn spin resonance studies of irradiated nitrous oxide1 

Physical Chemistry Branch, Atomic Energy of Canada Limited, Chalk River Nuclear Laboratories, 
Chalk River, Ontario 
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The y-radiolysis of N 2 0  at 77 O K ,  or vapor phase irradiation with 1 MeV He+ ions followed by con- 
densation at 77 OK, results in the formation and trapping of at least 4 paramagnetic species. Using 
isotopically labelled N 2 0  these are identified as N20+,  NO,, NO3, and N. The latter assignment is rea- 
sonable on spectroscopic grounds but since this species arises exclusively from the central nitrogen of 
N 2 0  it is difficult to describe its formation from established chemical reactions. The addition of H,O to 
the vapor phase experiments resulted in the trapping of 0 - ,  while the addition of tetranitromethane or 
NO indicated the existence of 0,- and 0 atoms, respectively. Possible reaction mechanisms are 
indicated. 

Canadian Journal of Chemistry, 48, 1803 (1970) 

Introduction 

Nitrous oxide has been studied extensively in 
the field of chemical kinetics, particularly via 
radiation chemistry of the pure gas (1, 2) or 
liquid (3), by mass spectrometry (2), and photo- 
chemistry (4). In radiation chemistry N 2 0  has 
been used predominantly as an electron scavenger 
(5, 6), and gas phase dosimeter (7, 8), but our 
knowledge of the overall radiolysis mechanism 
remains incomplete.' To obtain more informa- 
tion on the free radicals involved we have investi- 
gated by electron spin resonance (e.s.r.), the 
paramagnetic species produced directly by 
y-radiolysis at 77 OK, and also after vapor phase 
irradiation followed by rapid condensation at 
77 OK. The latter "crossed beam" technique 
(9-1 l), has previously demonstrated that species 

and "NH4"N03 (96%), obtained from Isotopes Inc. 
and M.S.D., respectively. After decomposition a trace 
of oxygen was added to convert any NO to NO, and the 
sample repeatedly distilled to and from traps at -78, 
- 196 "C and molecular sieve (Type 3A), to remove 
water and NO,. Solid samples for y-radiolysis were 
prepared by slowly condensing N 2 0  into a 3 mm i.d. 
spectrosil e.s.r. tube. This did not form a homogeneous 
sample, the N 2 0  apparently condensing in regions partly 
glassy and partly amorphous. Such samples were irradi- 
ated in a 60Co Gammacell 220 to a total dose of about 1.4 
Mrads. The technique for the "crossed beam" experi- 
ments has been described previously (9-11). 

X-Band e.s.r. spectra were obtained with a Varian 
V-4502-04 spectrometer using standard dual cavity 
techniques and X- Y recording. Spectroscopic g values 
were obtained by comparison with the Varian "strong 
pitch in KCI" standard (g = 2.0028), and the aid of a 
Hewlett-Packard X532-B wavemeter. Samples were 
thermally annealed, utilizing a Varian variable tempera- 
ture accessory. 

can be trapped in the matrix and are sometimes Results 
different from those observed low Representative spectra are presented in Figs. 
temperature y-irradiation. For example, by this 2, 3, and 4. Figure shows a wide scan first 
method trapped electrons are observed in neutral derivative spectrum obtained from 14N20. 
ice at 77 "K (10, 12-14). Figures 2,3, and 4 show second derivative spectra 

A recent note (I5) discusses the of narrower scan and low modulation amplitude 
formation of N2°', this paper reports in (- 0.5 G) to enhance the resolution in the central 

Our observations On the other region of each spectrum. These were obtained 
radicals observed in irradiated N20. from l4N,O, 15N14N0, and 15N,0, respectively. 

Experimental 
Figure 3 was shown in ref. 15 b i t  is repeated in 
this Daper for convenience. S~ectral   att terns 

14N20 and 14N15N0 (96%) were obtained from definiteiy characterized are indicated by stick 
Matheson and Merck, Sharps and Dohme Ltd., (M.S.D.), diagrams and numbered to designate each 
respectively. "N14N0 and 15N,0 were synthesized by 
thermal decomposition (16), from 15NH4'4NO3 (96.1 %) 'pecies. we are to assign 

several strong and weak lines. However, those 
identified represent the major fraction of the 

'AECL No. 3545 
'References 1-8 are merely recent examples and are not Observed yield Of sum- 

intended to be a comprehensive survey of the literature. marizes the e.s.r. data. 
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SMITH AND SEDDON: E.S.R. STUDIES OF IRRADIATED N 2 0  

I 2 

FIG. 4. Second derivative e.s.r. spectrum observed at 77 "K from y-irradiated 15N20. Arrow denotes g = 2.0028. 

TABLE 1 
Electron spin resonance parameters of radicals trapped in N 2 0  

Structure and hyperfine couplings (G) 

g I ~ N , O  I4Nl5NO 15N14N0 1 5 ~ 2 ~  Species Identity 

3 triplets 3 doublets 2 triplets 2 doublets 
2.0041 5 . 3  7.1 5 . 3  7.1 1 N 2 0 + *  

37.5 37.5 52.5 52.5 
One triplet One doublet One triplet One doublet 

2.0025 6.8  9 . 6  6 .8  9 . 6  2 N 
3 triplets 3 doublets and 3 triplets 3 doublets 

1.9904 49.5 68.2 49.5 68.2 1 2.0013 73.5 102.5 73.5 102.5 3 
2.0052 53.2 75.6 53.2 75.6 f NO2 

2.015 Asymmetric singlet Asymmetric singlet Asymmetric singlet Asymmetric singlet 4 
2.05 Wide singlet Wide singlet Wide singlet Wide singlet 5 0 - 

NO,? 

*For N 2 0 f ,  the largest coupling, A arises from the terminal nitrogen and the smallest coupling arises from the central nitrogen (15). The 
g value must be gll..The AL, gL featurdi'have not been identified. 

tThis line underl~es some resolved but unidentified lines. 
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(a )  y-Radiolysis of Solid N,O at 77 OK 
After irradiation the sample was colored red, 

the glassy regions being more intense in color. 
Electron spin resonance lines due to species 1,2,  
and 3 were also observed. Species 3 is readily 
identified as NO, (see later) and radiolysis of 
14N15N0 or 15N14N0 forms in each case 
approximately equal amounts of l4NO2 and 
15N0,. Post irradiation ultraviolet (u.v.) photol- 
ysis (2537 A) bleached the red color, removed 
1 (N,O+) (15), and slowly reduced all spectral 
intensities. Post irradiation annealing at 100 OK 
again removed the red color and species 1 in 
about 10 min. 

(b)  Crossed Beam Experiments 
In this case, species 1, 2, 3, and 4 were ob- 

served. The lines due to 3 were significantly 
weaker relative to the total yield of radicals and 
could only be detected using high gain and 
modulation amplitude. Again, however, l5NO2 
and 14N0, are formed in approximately equal 
amounts from both 15N14N0 and 1 4 ~ 1 5 N 0 .  
In contrast to the y-irradiated samples, the 
deposit was pale blue in color. Subsequent U.V. 

photolysis removed species 1 and 2 while species 
4 remained and species 3 was greatly enhanced. 
In the singly 15N labelled samples similar photol- 
ysis formed equal quantities of 15N0, and 
14N02. Prolonged photolysis gradually dimin- 
ished all spectral intensities. Annealing at 
100 OK again removed species 1. On warmidg to 
130 OK, species 2-4 also disappear but we are 
unable to interpret such changes, the spectra 
becoming poorly resolved and anisotropic. 

In the crossed beam method homogeneous 
mixtures are readily prepared and one can 
examine the effect of additives. Experiments 
were conducted with mixtures of N,O containing 
either 1 % H,O, D,O, tetranitromethane (TNM), 
or 0.7% NO. Both H,O and D,O reduced 
species 4 and at the same time resulted in the 
formation of species 5. The latter gave a broad 
line centered at g = 2.05 and is identified as the 
g, feature of 0 - ,  (17). We have not detected the 
gll feature of 0 -  presumably because it is 
masked by other spectra and is of lower inten- 
sity. No lines attributable to OH or OD were 
detected. In the presence of NO species 2 increased 
slightly, 4 disappeared, 1 remained unaffected, 
and a large yield of 3 was produced. The addition 
of TNM removed 1 and again produced a large 

yield of 3. We were unable to ascertain the effect 
on 2 and 4. Deposits containing 0.1 and 2 % NO, 
in N,O were prepared for purposes of identifica- 
tion and gave spectra typical of NO,, although 
the lines were broadened due to electron-electron 
dipolar interaction. 

Discussion and Conclusions 

Identity of the Radicals 
Radical 1 has been identified as N,O+, in an 

earlier publication (15). The largest hyperfine 
constant represents the maximum value of the 
hyperfine tensor due to the terminal nitrogen, 
while the small coupling arises from the central 
nitrogen due to adjacent atom spin polarization 
effects. The unpaired electron occupies a 7c 

anti-bonding molecular orbital such that p 
character unpaired spin density is located only 
on the terminal atoms. Hence the terminal nitro- 
gen s$litting is largely anisotropic and the 
central nitrogen splitting small and isotropic. 
The unusual line intensities and shapes are 
explained in terms of a spectral envelope (15). 
The data for N,O+ in Table 1 and in ref. 15 must 
be A ,, for the terminal nitrogen and g We have 
not succeeded in identifying the A,, g,  feature^.^ 

Solely on the basis of the spectrum from 14N,0 
it is reasonable to assign radical 2, a 6.8 G 
triplet, to trapped N atoms (18). However, the 
15N labelled compounds show that this species 
always contains the central nitrogen from N,O, 
a 6.8 G 14N triplet or 9.6 G 15N doublet being 
observed with irradiated 15N14N0 or 14N15N0. 
The complete absence of N atom splittings from 
the terminal nitrogen isotopes suggests alternative 
assignments, but these are eliminated as follows. 
The species NO,, NO,'-, and NOS2- are 
excluded since their 14N isotropic hyperfine 
couplings are known to be about 55,14, and 41 G,  
respectively (19). N,O- is possible, but being 
isoelectronic with NO, and C0,-, should 
exhibit hyperfine interaction with both nitrogen 
nuclei and must also be ruled out. The most 
logical assignment on chemical grounds is NO. 
Nitric oxide is a known product of the radiolysis 
of N,O (20). Photolysis of N,O (21) produces 
NO predominantly by cleavage of the N-N 
bond. Available e.s.r. data for NO trapped in 
single crystals of NH30HC1 (22), gives g, = 

- 

3We regret that this point was apparently not clear to 
readers of ref. 15. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SMITH AND SEDDON: E.S.R. S1 ~UDIES OF IRRADIATED N ~ O  1809 

1.998, g, = 1.999, g, = 1.886, A, = 36.4 G, 
A, = 5.4 G, and A,  = 11.5 G. Our spectrum 2 is 
in poor agreement with the g, and A, values and 
attempts to prepare "blanks" containing NO in 
N,O did not give an e.s.r. spectrum. Furthermore, 
the narrow lines of spectrum 2 are characteristic 
of trapped atoms rather than a molecular 
radical. We must therefore identify radical 2 as 
the nitrogen atom. The fact that it is formed 
exclusively from the central nitrogen of N,O 
makes it impossible to devise a mechanism based 
on established chemical  reaction^.^ 

Radical 3 is easily identified as NO,. The g and 
A parameters in Table 1 were derived using the 
analysis of Schaafsma et al. (23). Our data give 
Aisotropic (14N) = 60.9 G and an O N 0  bond 
angle 8 = 129" for NO, in N,O, compared to 
55.3 G and 130.5" for NO, trapped in N,04 (23). 
It is interesting to note that Atkins and Symons 
(24) were unable to detect NO, from rapidly 
frozen solutions of NO, in contrast to the work 
of James and Marshall (25). Our method indi- 
cates an easy way of trapping NO, in a wide 
variety of matrices to study the variation in 
hyperfine parameters. 

Species 4 we identify as the NO, radical 
(26-29). The observed g = 2.01 5 is low compared 
to the values 2.019 (27) and 2.01 8 (28), but agrees 
with 2.015 obtained by Ayscough and Collins 
(29). Spectra obtained from the 15N labelled 
samples show that the three weak lines super- 
imposed on the wide NO, singlet are due to two 
other unidentified species formed in low yield. 
Such lines prevent us from identifying any struc- 
ture due to NO, with any certainty. Species 5 as 
mentioned earlier is identified as the g ,  feature 
of 0- (17). 

Reaction Mechanisms 
Although not all the spectral features have 

been assigned we believe the major fraction of the 
radicals have been identified. We will therefore 
comment briefly on their possible modes of 

40ne referee has made the novel suggestion that a 
bimolecular or concerted reaction can occur in the con- 
densed phase, with the nitrogen atom arising from the 
central atom of N20,  e.g. 

formation using 15N14N0 as an example where 
necessary. 

The primary processes of ionization and 
excitation are well accepted and established from 
mass spectrometry and radiation chemistry. 

The parent ion N,Of is detected in both the 
crossed beam and y-irradiated samples while the 
electrons are expected to react with N,O pre- 
dominantly by the dissociative electson capture 
process 

The 0- ion presumably disappears in pure N,O 
via reactions [3] and [4] (30, 3 1). 

Alternative modes of decomposition of the 
parent ion or excited molecules as in reactions 
[51, [61, and [71 

[5 I l5N14NO* -> 15N + 14NO 

can occur (2, 21) and subsequent condensed 
phase radical reactions of N and 0 are expected 
in part to give N, and 0,. Clearly the different 
physical circumstances between the two kinds of 
irradiation (10, 12) can affect the relative ratio 
and nature of the species finally observed. This 
is seen in the formation of NO, and the very low 
concentration of NO, observed from the crossed 
beam experiment. Possible reactions for the 
formation of NO, in the condensed phase are 
reactions [8] and [9] 

The addition of NO prevents the formation of 
NO, and at the same time produces a large yield 
of NO, indicating the transient existence of 
oxygen atoms and the occurrence of reaction 
[lo] to form NO,. The absence of NO, may be 
explained by reactions [lo] and [ l l ]  replacing 
reactions [8] and [9]. 

An alternative mode of formation of NO, must 
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also exist since roughly equivalent amounts of Some reactions such as [lo], [12], and [13] are 
I4NO2 and 15N02 were always observed from required to explain the formation of 14N02 and 
either I5Nl4NO or l4NI5NO. We suggest reac- l5NO2 in approximately equal amounts. 
tions [12] and [13] We feel that some 0- is probably present in 

[I21 5N + O2 -> 15N02 all samples although undetected in pure N,O 
on account of its low concentration and wide 

[I31 1 4 ~ o t  + 0- -> 14N02 e.s.r. line. The radical ion 0- was only easily 

together with reaction [lo] to account for this observed in the presence of added H,O or D,O. 

observation. This is puzzling but may be due to the formation 

The addition ofTNM also results in the produc- of an inhomogeneous sample with zones of water 

tion of NO, and this indicates the presence of capable of trapping 0- very efficiently in com- 

0,- and occurrence of reaction [14] (32), rather petition with its reaction with N,O. 

than [15], which should not compete effectively 
with reaction [2] 1. C. WILLIS, A. W. BOYD and D. A. ARMSTRONG. Can. 

J. Chem. 47. 3783 (1969). 

Clearly, some of our reactions appear con- 
tradictory. Our observation of N 2 0 f ,  and of N 
atoms arising exclusively from the central atom 
of N,O, precludes reactions such as [5, 6, 9, 12, 
131. However, formation of 1 5 ~ 0 ,  and 14N02 
requires reactions such as [I21 and [13]. It is 
possible that N atoms produced by such pro- 
cesses are simply not trapped. These are inter- 
esting problems for future study. 

Miscellaneous 
The difference in color between the y-irradiated 

sample (red) and the crossed beam (pale blue) 
probably arises from two sources. In the former 
case significantly higher concentrations of N,O + 

and NO, are present while the latter contains 
NO,. Samples containing N20f  might be 
expected to absorb in the region of 350400 nm 
(33). The NO, radical absorbs in the 550-650 nm 
region and should appear blue (34-36). 

Photolysis (2537 A) of the crossed beam 
sample does not affect NO, but removed N20f 
and N and produces NO,. Similar periods of 
photolysis of the y-irradiated sample have little 
effect other than to remove N 2 0 f .  

Dissociation of N 2 0 f ,  reaction [16], may in 
each case represent the initial process 

This might then be followed by reaction [I21 
along with reactions [I71 and [I31 

2. R. GORDEN,~R., and p. ~ u s ~ o o s .  J. Res. of the Nat. 
Bur. of Stand. (A) 69, 79 (1965). 

3. M. G. ROBINSON and G. R. FREEMAN. J. Phys. 
Chem. 72, 1394 (1968). 

4. J. R. MCNESBY and H. OKABE. Advan. Photochem. 
3. 157 (1964). 

5. W. J. HOLTSLANDER and G. R. FREEMAN. J. Phys. 
Chem. 71, 2562 (1967). 

6. J.  M. WARMAN and R. W. FESSENDEN. J. Chem. 
Phys. 49, 4718 (1968). 

7. F. T. JONES and T. J. SWORSKI. J. P h ~ s .  Chem. 70. 
1546 (1966). 

8. A. W. BOYD, C. WILLIS, and 0. A. MILLER. Can. 
J. Chem. 47, 351 (1969). 

9. D. R. SMITH and J. C. TOLE. Can. J. Chem. 45, 
779 (1967). 

10. W. A. SEDDON, D. R. SMITH, and P. E. BINDNER. 
Can. J. Chem. 46, 1747 (1968). 

11. W. A. SEDDON and D. R. SMITH. Advan. Chem. 
Ser. No. 82, Radiat. Chem. 11, 163 (1968). 

12. P. WARDMAN and W. A. SEDDON. Can. J. Chem. 47, 
2149 (1969). 

13. P. WARDMAN and W. A. SEDDON. Can. J. Chem. 
47, 2155 (1969). 

14. R. MARX, S. LEACH, and M. HORANI. J. Chim. 
Phys. 60, 726 (1963). 

15. D. R. SMITH and W. A. SEDDON. Chem. Phys. 
Lett. 3, 640 (1969). 

16. L. FRIEDMAN and J. BIGELEISEN. J. Chem. Phys. 
18, 1325 (1950). 

17. M. J. BLANDAMER, L. SHIELDS, and M. C. R. SYMONS. 
J. Chern. Soc. 4352 (1964). 

18. P. B. AYSCOUGH, R. G. COLLINS, and F. S. DAINTON. 
Nature, 205, 965 (1965). 

19. H. J. BOWER, M. C. R. SYMONS, and D. J. A. TINLING. 
In Radical ions. Edited by E. T. Kaiser and L. Kevan. 
Interscience Publ. Inc., New York. 1968. Chap. 10 and 
references therein. 

20. See G. R. A. JOHNSON. Strahlenchemie. Edited by 
K. Kaindl and E. H. Gravl. 1967. p. 592. 

21. J. P. DOERING and B. H. MAHAN. J. Chem. Phys. 
36, 1682 (1962). 

22. H. OHIGASHI and Y. KURITA. J. Phvs. Soc. J ~ D .  
24, 654 (1968). 

23. T. J. SCHAAFSMA, G. A. V. D. VELDE, and J. KOM- 
MANDEUR. Mol. Phys. 14, 501 (1968). 

24. P. W. ATKINS and M. C. R. SYMONS. In The struc- 
ture of inorganic radicals. Elsevier Publ. Inc., New 
York. 1967. D. 128. 

25. D. W. ~AMEsand R. C. MARSHALL. J. Phys. Chem. 
72, 2963 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SMITH AND SEDDON: E.S.R. STUDIES OF IRRADIATED N20 1811 

26. R. M. GOLDING and M. HENCHMAN. J. Chem. 31. J. M. WARMAN. Nature, 213, 381 (1967). 
Phys. 40, 1554 (1964) and references therein. 32. J. RABANI, W. A. MULAC, and M. S. MATHESON. J. 

27. D. E. WOOD and T. M. PIETRZAK. J. Chem. Phys. Phys. Chem. 69, 53 (1965). 
46, 2973 (1967). 33. I. E. DAYTON, F. W. DALBY, and R. G. BENNETT. 

28. E. HAYON and E. SAITO. J. Chem. Phys. 43, 4314 J. Chem. Phys. 33, 179 (1960). 
(1965). 34. M. DANIELS. J. Phvs. Chem. 70. 3022 (1966). 

29. P. B. AYSCOUGH and R. G. COLLINS. J. Phys. Chem. 35. R. BROSZKIEWICZ. -1nt. J. App. kadia; 1so{op. 18, 
70, 3128 (1966). 25 (1967). 

30. G. R. A. JOHNSON and J. M. WARMAN. Nature, 203, 36. T. W. MARTIN, A. HENSHALL, and R. C. GROSS. J. 
73 (1964). Amer. Chem. Soc. 85, 113 (1963). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A determination of W and G(H,) values for methyl fluoride and fluoroform 

MARIO SACA AND R. A. LEE 
Puerto Rico Nuclear Center, College Station, Mayaguez, Puerto Rico 

Received December 12, 1969 

Methyl fluoride and fluoroform have been irradiated with gamma rays from a 1200-Ci 60Co source. 
Ionization currents were measured using a Pyrex parallel-plate-type ionization chamber. W values of 
27.2 and 28.0 eV were determined for the two gases, CH3F and CHF3, respectively. The method em- 
ployed was a comparative one, making use of the Bragg-Gray theory of cavity ionization. G(H,) yields 
of 4.20 and 1.25 for CH3F and CHF,, respectively, were then calculated from the above W values and 
the measured ion-pair yields for hydrogen. The formation of hydrogen is probably due to the fact that 
the C-H bonds in these compounds are weaker than the C-F bonds. 

Canadian Journal of Chemistry, 48,1812 (1970) 

Introduction 

There are usually two simple methods available 
for determining G values (the number of mol- 
ecules destroyed or formed per 100 eV of energy 
absorbed) in the radiolysis of gases. One method 
makes use of the equation 

where M/Nis the ion-pair yield (that is the ratio of 
the number M of molecules formed or destroyed 
to the number N of ion pairs produced) and W is 
the energy required to form an ion pair. The other 
method involves a comparison of the energy 
absorbed in a standard gas with the test gas. The 
G value for the standard gas must have already 
been well established and correction for the 
difference in the stopping powers of the test and 
standard gas must be made. 

The method employed in this work is the 
former, which requires a knowledge of W values 
for the gases methyl fluoride (CH,F) and fluoro- 
form (CHF,). These values are non-existent in 
the literature; however, they may be determined 
from the equation 

where t refers to either of the gases CH,F or 
CHF,, and s refers to a standard gas whose W 
value has been well established; J represents the 
saturation ionization current per unit pressure of 
gas in the ionization chamber; osL is the ratio of 
the energies absorbed per unit pressure in the test 
and standard gases. At ambient room tem- 
perature and pressures below atmospheric, where 
deviations from ideal gas behavior are negligible, 
the ratio osL may be considered as the ratio of the 
energies absorbed per molecule in the test and 

standard gases. This approach to the W deter- 
mination is similar to that described by Arm- 
strong and co-workers (1,2). 

Experimental 
Materials 

Methyl fluoride and fluoroform, both of a t  least 99.0% 
purity, were obtained from Matheson. These were further 
purified by several bulb-to-bulb distillations in a vacuum 
line. The middle fraction, obtained by distilling from a 
Dry Ice - alcohol bath to a liquid nitrogen bath, was 
collected and used. This fraction submitted to mass 
spectrometric analysis was found to  be free of impurities 
(< 0.05 %). 

Air was passed slowly through a U-tube, kept at  dry ice 
temperature to remove water vapor, and used without 
further purification. 

Research grade krypton (99.995 % purity) was obtained 
from Matheson, and used without further purification. 

Apparatus 
A conventional type vacuum line capable of maintain- 

ing Torr was employed for the purification and 
preparation of samples for irradiation. 

Another vacuum line containing a Toepler pump, 
McLeod gauge, and a palladium thimble which could be 
heated, was used for determining hydrogen yields (2). 

A detailed description of the Pyrex parallel-plate-type 
ionization chamber used for measuring ionization cur- 
rents and hydrogen yields has already been reported (3). 

Method 
The ionization cell was evacuated for several hours to  

lo-' Torr and then filled with the test gas at  the desired 
pressure. The pressure was measured by means of a 
diaphragm gauge by equilibrating the pressure on either 
side of the diaphragm and reading off the pressure from 
a mercury manometer. The cell was then placed in a 
cylindrical steel container lined with a plastic sheet. 
Coaxial cables, which were connected to the cell, passed 
through the lid of the steel container into a 1 in. diameter 
tygon tubing. The whole system was now lowered into a 
pool type 60Co gamma-ray irradiator. The tygon tubing 
kept the coaxial cables from getting wet and was con- 
nected to  the lid in such a way as to prevent water from 
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SACA AND LEE: W A N D  G(H2) VALUES FOR CHJF AND CHF3 1813 

entering the steel container. The gamma-ray irradiator 
consisted of 12 60Co pencils (each of about 100 Ci) 
arranged in a circle. Immediately after the steel container 
had been lowered into position, ionization currents were 
read from a Keithley 410C micro-microammeter while 
the applied voltage (supplied by a Hamner N413 power 
supply) was varied. After the cell had been irradiated for 
the desired time, ionization current measurements were 
again obtained, and the cell connected to a vacuum line 
for hydrogen analysis. 

Results and Discussion 

Figure 1 shows typical plots of ionization 
currents vs. voltages at different gas pressures. It 
can be seen that saturation is only attained at 
pressures below 300 Torr, and hence the tech- 

I FIG. 1. Plots of ionization currents vs. applied 
voltage at different pressures. 

I 

nique (4) of plotting l / i  vs. i/v2 has been used to 
obtain the saturation ionization currents (is). By 
an extrapolation of this plot to i/v2 = 0, is can be 
determined. Saturation above 300 Torr has been 
obtained by decreasing the dose rate appreciably. 
Figure 2 shows J values plotted as a function of 
pressure for a roughly constant dose rate. 

In eq. [2], which has been developed from the 
Bragg-Gray theory of cavity ionization, the value 
of o,' (calculated from the Bethe (5) stopping 
power equation) is reasonably constant over the 
electron energy range from 0.02 to 1.00 MeV 
(Table 1). The mean energy of electrons emanat- 
ing from the Pyrex walls is about 0.50 MeV 
(method of Fano (6)) and values of o,' at this 
energy have been used. 

Since these values vary with pressures (Fig. 2), 
it was necessary to choose Jvalues at gas pressures 
equivalent in mean stopping power to  air at 650 
Torr. The reason for this has been discussed by 
Davidow and Armstrong (1). W values were 
calculated for CH,F and CHF, from eq. [2], 
using W = 33.8 and 24.0 eV, respectively, for the 
standard gases air and krypton. As shown in 
Table 2 they were quite similar in magnitude. 

The ion pair yields (MIN) were obtained by 
measuring the saturation ionization currents and 
the total number of hydrogen molecules formed 
after a given time. These are given in Table 3 along 
with values of G(H2) calculated from eq. [I]. The 
dose rate was purposely varied from one deter- 
mination to the next. The hydrogen yield for 
CH,F is seen to be -3 times larger than for 
CHF,. 

In a paper by Fessenden and Schuler ('i'), which 

TABLE 1 
Results of the calculation of molecular stopping 
power ratios of CH3F and CHF3 to air and Kr 

for electrons at d~fferent energles 

E 
(Mev) G~~~~~~~ o~~~~~~ CJAlrCHF3 oKrCHF3 

PRESSURE (cm ~ g )  0.90 1.266 0.600 3.317 1.097 

FIG. 2. Variation of I, per unit pressure with pressure. 1.00 1.266 0.598 2.317 1.094 
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TABLE 2 
Results of W for CH3F and CHF3* 

Pressure J, x lo3 
Standard (Torr) (pA/Torr) ~ ~ t d . ~ ~ ~ ~  ~ s t d . ~ ~ ~ ~  WCH,F (ev) WCHF. (ev) 

Air 650 2.30 1.27 2.31 27.4 28.1 
Krypton 260 6.65 0.61 1.11 27.1 27.8 

' J c  for CH3F (510) = 3.60 X 10-3 pA/Torr; Jt for CHF3 (270) = 6.40 x 10-3 @/Torr. 

TABLE 3 

Results of G(H2) for CH3F and CHF, 

Total Total 
number of number of 

P is ion pairs Hz molecules Time 
Gas (Torr) (PA) x 10-l7 x 10-l7 (h) M/N G(Hz) 

'Mean G(H2) for CH3F = 4.20 + 0.2. 
?Mean G(H2) for CHF3 = 1.25 ? 0.1. 

deals with the identification of radicals by electron 
spin resonance (e.s.r.), they have observed the 
presence of both the CH,F and CH, radicals, 
when CH,F is frozen in a 2 % mixture with either 
Kr or Xe and irradiated at - 188 "C with X-rays. 
In the case of CHF,, the chief radical observed 
was CF,. In these irradiations, these radicals 
would be expected as a result of either or both 
excitation and ionization transfer from the inert 

The C-H bonds in both of these compounds are 
weaker than the C-F bonds (8) and hence 
hydrogen abstraction is preferred to fluorine. 
These hydrogen atoms may arise from the initial 
ionization and excitation processes. 

This work was supported by the U.S. Atomic Energy 
Commission through Contract AT(40-1)-1833 to the 
University of Puerto Rico. 

gas molecules to the fluoride molecules' The 1. R. S. DAVIDOW and D. A. ARMSTRONG. Rad. Res. 
radicals observed should be the same as if these 28, 143 (1966). 
fluorides were irradiated individually, since the 2. R. A. LEE, R. S. DAVIDOW, and D. A. ARMSTRONG. 

Can. J. Chem. 42, 1906 (1964). initial act expected would be ionization and ex- 3. R. A. LEE and D. A+ ARMSTRONG. Int. J. App. Rad. 
citation of these molecules. There should be a   so top. 19, 585 (1968). 
difference in the subsequent reactions of these 4. P. B Scorn and J. R. GREENING. ~ h y s .  ~ e d .  Biol. 

8, 1, 51 (1963). radical intermediates due to a difference between 5. H. A. B ~ ~ ~ ~ .  Experimental nuclear physics. vol. 1. 
gaseous and solid phase irradiations. With this in Edited by E. Segre. 1953. p. 254. 
mind, one would expect hydrogen gas to be : : ~ ~ s s E ~ ~ i ~ ~ k 9 ~ . ~ ~ ~ ~ ~ ~ ~ ~ .  J.Chem.Phys. 
formed by the reaction of hydrogen atoms with 43,2704 (1965). 
the original molecules, thus 8. (a) J. H. SIMONS. Fluorine chemistry. Vol. 1. Aca- 

demic Press Inc., New York. 1950. (b) G. 0. PRIT- 
H + CH3F -> Hz + CHzF CHARD and R. L. THOMARSON. J. Phys. Chem. 68, 
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Triethylenetetraamineruthenium(I1) complexes containing bridging 
molecular nitrogen 

R. 0. HARRIS AND MISS B. A. WRIGHT 
Chemistry Department, Scarborough College, University of Toronto, West Hill, Ontario 

Received December 5, 1969 

Reaction between a reduced solution of cis-[Ru(trien)Br2]Br.2H20 and gaseous nitrogen yields the 
dimeric species [(trien)RuXN2XRu(trien)]X2 where X = added anion I, Br and trien = triethylene 
tetraamine. In solution, the halides undergo solvolysis, before bridge splitting occurs, giving the mono- 
meric [ R ~ ( t r i e n ) N ~ H ~ O ] ~ +  ion. The rate of formation of monomer is p H  dependent, being faster in base. 

Canadian Journal of Chemistry, 48,1815 (1970) 

Introduction 

Since the first report of the nitrogen-containing 
complex ion [Ru(II)(NH,),N,]~+ (I), several 
similar complexes have been made in which the 
ammine ligand has been altered (2, 3) to see if 
this affects the bonding ability of the nitrogen. 
Preparation of these is by one of two principal 
methods. The first is by decomposition of a 
corresponding ruthenium(II1) azide complex (4) 
by a redox mechanism to the ruthenium(I1) 
nitrogen complex. For example, it was earlier 
reported (5) that cis-[R~(1II)(trien)(N,),]~, 
where trien = triethylenetetraamine, does decom- 
pose to a nitrogen complex, which, however, 
proved difficult to obtain pure. We now report 
attempts to make this nitrogen complex by the 
second method, initially reported by Harrison 
and Taube (6), in which there is direct formation 
of the required complex in water between molec- 
ular nitrogen and a suitable ruthenil~m(I1) 
species. 

Experimental 
Materials 

Ruthenium trichloride used as starting material for the 
ruthenium compounds was supplied by Johnson Matthey 
and Co., Ltd. It was then converted to potassium 
trisoxalatoruthenium(111) tetrahydrate (7). Triethylene- 
tetraamine, reagent grade, was from Fisher Scientific Co. 
All other chemicals were reagent grade or better. 

cis-Dibromo (triethylenetetraamine) ruthenium (222) 
Bromide Dihvdrate 

This salt was prepared in a completely analogous 
manner to that described for cis-dichloro(triethy1ene- 
tetraamine)ruthenium(III) chloride dihydrate.(8). Hydro- 
bromic acid (5 N) was added to triethylenetetraamine 
(3.6 ml) until a p H  3 solution was obtained. This was 
added to K3 [Ru(Ox),] .4H20 (6.0 g) in 15 ml water and 
the resulting solution heated on a steam bath for 1 h. The 
white precipitate was filtered off, and the filtrate allowed 
to stand for several hours when red-orange crystals of 
product were deposited. These were filtered off and 

recrystallized from dilute HBr solution. The crystals 
were washed with alcohol and ether and dried under 
vacuum at 80" for 1 h ;  yield 0.51 g, 10%. 

Anal. Calcd. for C6H,,N402Br3Ru: C, 13.8; H, 4.20; 
N, 10.7; Br, 45.9; Ru, 19.3. Found: C, 14.2; H, 4.54; 
N, 10.9; Br, 45.6; Ru, 20.6. 

Iodo (triethylenetetraamine) ruthenium (22) -p-nitrogen- 
iodo(triethylenetetraamine)ruthenium(II) Di-iodide 

Argon gas was bubbled for 1 h through a slurry of 
[Ru(trien)Br2]Br .2H20 (0.11 g, 2 x mole) in 0.1 M 
sulfuric acid (10 ml) containing amalgamated zinc (2 g), 
during which time the complex dissolved. The zinc was 
filtered off and then nitrogen gas bubbled through the 
solution for about 20 h. Addition of solid potassium 
iodide (1 g) to this solution under argon gave an immedi- 
ate yellow precipitate which was washed with methanol 
and ether. The product can be recrystallized from 0.1 M 
sulfuric acid. The light yellow powder was dried under 
vacuum over P2O5 at 61"; yield 0.1 g, 90%. 

Anal. Calcd. for C12H36N1014R~2: C, 14.0; H, 3.49; 
N, 13.6; I, 49.3; Ru, 19.6. Found: C, 14.0; H, 3.57; N, 
13.6; I, 49.6; Ru, 19.3. 

Bromo (triethylenetetraamine) rutlrenium(II) -p- 
nitrogen-bromo (triethylenetetraamine)rrrthenirrm (22) 
Dibromide Dihydrate 

The preparation of this salt was exactly the same as 
that for the iodo complex except that the reaction mix- 
ture was concentrated to 5 ml before potassium bromide 
(4 g) was added to precipitate the product. The yellow 
powder was washed and dried as before, yield 20%. 

Anal. Calcd. for C12H40N1002Br4R~2: C, 16.4; H, 
4.55; N, 15.9; Br, 36.4; Ru, 23.0. Found: C, 16.6; H, 
4.53; N, 15.7; Br, 36.6; Ru, 22.7. 

Attempts to prepare the corresponding chloro com- 
pound by a similar method were unsuccessful, extremely 
small yields of product being obtained. Addition of 
potassium thiocyanate at the appropriate stage to give a 
thiocyanato complex produced an off-white powder 
whose infrared spectrum showed co-ordinated thio- 
cyanate. Analyses of this product gave consistently low 
carbon, hydrogen, and nitrogen results. Decomposition 
of this compound, with loss of molecular nitrogen, took 
place within 24 h. 

Apparatus 
Vibrational spectra were recorded on a Perkin-Elmer 

521 grating spectrophotometer in the range 4000-200 
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cm-'. Solid samples were prepared as Nujol mulls on 
KRS-5 plates or on polystyrene film. Electronic spectra 
were measured on a Bausch and Lomb 505 spectrophoto- 
meter using 1 cm fused silica cells. Magnetic measure- 
ments by the Gouy method were carried out on an Alpha 
Scientific Laboratories S2 magnetic susceptibility appa- 
ratus. Conductivities were recorded at 25' using a 
Beckmann Model RC-18 bridge system with BBl dip cell, 
cell constant 1.0 cm-l. 

Gas samples were collected by a method previously 
described (4). The mass spectra of such samples were 
analyzed on an AEI-MSlOc2 mass spectrometer at 70 eV, 
trap current 50 PA, and a scan time of 2000 s. 

Microanalyses were carried out by A. B. Gygli, 
Toronto. Halide analyses were determined potentiometri- 
cally, and metal by reduction in a stream of hydrogen. 

Results 

The bromo- and iodo-p-nitrogen complexes 
were found to be diagmagnetic, as required for 
low-spin ruthenium(I1) complexes, and relatively 
air-stable. Loss of molecular nitrogen occurs 
slowly over a period of days to give ill-defined 
red-brown products. Dry heating of these com- 
pounds produces a non-condensible gas which 
mass spectra showed to be > 95 % nitrogen, the 
amount collected being > 90 % of that expected 
theoretically. 

Infrared (i.r.) spectra of the products are largely 
similar to that of the starting material, cis- 
[Ru(trien)Br2]Br.2H,O. The iodo-complex is 
slightly different in that it does not contain a band 
for lattice water which occurs in the starting 
material at 1635 cm-', and in the bromo com- 
plex at 1647 cm-I. The differences that do occur 
can be attributed to coordinated nitrogen. Nitro- 
genruthenium(I1) complexes, with one excep- 
tion, are characterized by a strong absorption in 
their infrared spectra at about 2150 cm-', 
assigned to v(N=N) (4). The exception is in the 
bridged nitrogen ion [(Ru(NH,),),N,]~+, first 
reported by Taube and co-workers (9), where 
only a small, weak absorption occurs at about 
2060 cm-I for the fluoroborate salt. This weak 
absorption is also found in these bridged com- 
plexes, at 2068 cm-I in the iodo salt, and at 2060 
cm-I in the bromo salt. A new intense band 
appears in the spectra at 501 cm- for [(Ru(trien)- 
Br),N,]Br,-2H,O and at 497 cm-' for [(Ru- 
(trien)I),N,]I, (Fig. 1). The position and relative 
intensity of this band are very similar to that 
reported for v(Ru-N,) in monomeric ruthe- 
nium(I1) complexes (4). For example, it is found 
at 489 cm-I in [Ru(NH,),N,]I,. This band was 

I I 

FIG. 1. Infrared spectra in the region 600-300 cm-l of 
some ruthenium-triethylenetetraamine complexes: ---, 
[Ru(trien)Br2]Br2H20; -,[(R~(trien)I)~N~]I; - - -, 
[ (R~( t r ien)Br)~N~]Br~ .  2H20. 

observed to decrease with time as the bridged 
complexes lose nitrogen. 

The conductivities of these salts were compared 
against those for similar electrolytes in dimethyl 
sulfoxide over the concentrations used. It  was 
found that the conductivity of their solutions 
increased slowly with time (Fig. 2). After a period 
of about 2 days, a maximum value is obtained. 
Thereafter, the solutions begin to cloud, the 
readings becoming erratic. When the maximum 
conductivity readings are plotted against concen- 
tration (Fig. 3), they correspond to an electrolyte 
greater than 1 :3. Complete solution of the two 
bound halides would give a 1 :4 electrolyte. By 
extrapolation of these conductivity vs. time 
graphs, it is possible to estimate a conductivity a t  
zero time. The values obtained for the iodo dimer 
correspond to a 1:2 electrolyte in dimethyl 
sulfoxide, but those for bromo complex are 
somewhat high. The high result could be ex- 
plained by either more rapid hydrolysis in this 
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HARRIS AND WRIGHT: TRlETHYLENETETRAAMINERUTHENIUM(I1) COMPLEXES 1817 

FIG. 3. Conductivity of some complexes of ruthenium 
in dimethyl sulfoxide at 25 "C. A, [ ( R ~ ( t r i e n ) I ) ~ N ~ l I ~ ,  
extrapolated values; ., [(R~(trien)Br)~N,]Br,.2H~O, 
extrapolated values; 0, [(Ru(trien)12N2]I,, after 4 days; 
x , [(R~(trien)Br)~N~]Br,.2H,O, after 4 days. 

= 
E 
0 . 

ion has an absorption band at this wavelength. 
Moreover, most of the absorption at this point is 
expected to come from free iodide ion in solution 
since, as is observed in the bromo-complex case, 
there is minimum absorption at this wavelength 
from the complex cation. The molar extinction 
of iodide ion at 225 nm is reported (10) to be 
approximately 1.35 x lof  so that the absorption 
found corresponds to four iodide ions per dimer 
in solution. Secondly, the band at 267-268 nm 
in all three complex ions is moved to 273 nm in 
base (dilute sodium hydroxide or ammonia) and 
returns to 267-268 on re-acidification of the 
solution, which strongly suggests an acid-base 
reaction with coordinated water. Solvolysis in 
water is therefore much faster than the same 
reaction in dimethyl sulfoxide. 

Data in Table 1 can be used to distinguish 

[(Ru(trien)X),N2l2+ 4 [Ru(trien)SNzlz+ 
+ [Ru(trien)S2I2+ + 2X- 

in which bridge breaking precedes or is con- 

TABLE 1 

A= - current with the solvolysis process. However, 
5 12.0 - 
,g spectral work (see later) shows that bridge - splitting does occur, but only after solvolysis of 
m 

10.0 - the halide ions has taken place. 
.- - .- 0 

Data from the electronic spectra of these and 
&. a 
V) similar compounds are collected in Table 1. 

There are several pieces of evidence that suggest 

I I I I I I 
that the spectra of the trien-p-nitrogen complexes 

o 0.25 0.5 1.0 o 10 30 50 in water are all that of the solvated ion. The first 
is that bridged complexes are distinguished by a 

Tirne(h) single strong sharp absorption band at 267-268 
FIG. 2. Changes in specific conductivity with time nm, except in the case of the iodo complex, which 

of a 7.9 x lo-' M solution of [(Ru(trien)Br~Ntl- has an additional absorption band at 225 with a BrZ.2H20 in dimethyl sulfoxide at 25 "C. 
molar extinction coefficient of 5.4 x lo4. Iodide 

Visible and ultraviolet absorption maxima (A) 
case, making the error in the extrapolation more and intensities (E,,,) of some ruthenium 
significant, or by the salt containing some aquo complex ions in water 

complex. Both would have the effect of giving a 
high initial reading; considering the difficulty in Complex h, nm E,,, x 

preparing the salt, both seem equally likely. cis- [RuBr2(trien)l2 + 407 0.13 
The conductivity results have been explained 340 0.12 

306 0.10 
by a solvolysis reaction [ R ~ O H ~ ( t r i e n ) N ~ ] ~ +  225 2.2 

[RuOHzen2N2I2+ 220* -1.3t 
2s  + [(Ru(trien)X),NZI2+ [RU(NH~)SNZI~+ 22 1 1.61 

+ [ ( ~ u ( t r i e n ) S ) ~ N ~ ] ~ +  + 2X- [(Ru(trien)Br),N2I2+ 268 4.4 
[(R~(trien)I),N,]~ + 268 4.5 

However, ruthenium-p-nitrogen complexes have 225 5.4 
been reported to undergo bridge splitting (9), [ (RU(NH~)S)ZNZ]~+ 262 4.71 
and the conductivity results could be explained *en = ethylenediamine. 

?Reference 2. equally well by the following reaction $Reference 9. 
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FIG. 4. (a) Decomposition of [(R~(trien)Br)~N~]Br~.2H~O (1.38 x M, 273 nm) in dilute ammonia at 25 "C. 
The reaction times for the decreasing absorption at 273 nm are 0, 3, 7, 10, 15, 18, 21, 30,40 min, respectively. Final 
reading (---), 2.5 h. (b) Decomposition of [(Ru(trien)Br),N2]BrZ . 2 H 2 0  (1.4 x M, 268 nm) in water at 25 "C. The 
reaction times for the decreasing absorption at 268 nm are 0, 0.75, 2.0, 3.0, 4.0, 5.0, 10, 25, 55 h, respectively. 

between monomeric and dimeric nitrogen com- 
plexes. The spectra of monomers have a less 
intense band some 50 nm higher in energy than 
the dimer band, at about 220 nm. Taube and 
co-workers have already reported (9) that, in 
solution, there occurs an interconversion between 
the two species. Itzkovitch and Page (11) have 
measured the rate of formation of the ammonia 
dimer from monomer in dilute acid. Figure 4a 
shows the conversion of the trien dimer to 
monomer under argon at room temperature in 
dilute ammonia. Disappearance of the dimer 
band at 273 nm is accompanied by a corre- 
sponding increase of the monomer band at 225 
nm, the presence of an isosbestic point at 239 nm 
showing a simple reaction to be taking place. 
Reaction occurs fairly rapidly, being essentially 
complete after one hour. The molar extinction 
coefficient calculated for the monomer at this 
time is 2.2 x However, from Fig. 4a, it 
appears as if a position of equilibrium is reached, 
so that absorption from residual dimer would 

tend to raise this value from the correct one. 
Decomposition of the monomer with loss of 
nitrogen subsequently takes place. The reading 
taken after 2.5 h clearly shows decrease in 
monomer absorption and, moreover, it does not 
pass through the isosbestic point. 

This instability of the monomer to loss of 
coordinated nitrogen is demonstrated more fully 
when the dimer is allowed to decompose in water 
under argon at room ,temperature (Fig. 4b). The 
rate of disappearance of the dimer band at 268 
nm is now very much slower. The isosbestic point 
at 238 nm is maintained for about 4 h but the 
absorption due to formation of the monomer 
never fully develops. Eventually, a much weaker 
band at approximately 320 nm appears. 

In their reactions toward acids, the complexes 
behave similarly to other ruthenium nitrogen 
complexes. When the dimer is heated in 5 N 
hydrochloric acid in air, the resulting yellow 
solution contains absorption bands at 352 and 
310 nm characteristic of cis- [~u(trien)Cl,]+ ion 
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(8). Similarly, hydrobromic acid produces bands Taube and co-workers (9) also report fairly rapid 
at 407, 339, and 306 nm characteristic of cis- dissociation of [ ( R u ( N H , ) , ) ~ N ~ ~ ~ +  in a p H  10.4 
[Ru(trien)Br,]+. This behavior has been used to solution. The dissociation of [ (Ru(NH,) , ) ,N~]~~ 
produce [Ru(NH,),C~]~ + from [Ru(NH,),- in acid has not been measured directly. Itzkov~tch 
N2I2+ (4). When the same experiments are and Page, who give a value of 4.2 x lo-' cm-' 
carried out under argon, unidentified blue solu- s-' at  26 "C for the formation of [(Ru(NH,)&- 
tionscharacteristic of ruthenium(I1) are obtained. N2I4+ from [RU(NH,),H,O]~~ and [Ru(NH3),- 
The same reaction was reported for [Ru(NHJ4- N2]2f in a pH  2.6 solution, state that the reverse 
H20N2]2+ (3). reaction is very slow compared to the rate of 

Discussion dimer formation. 
For the monomers, [Ru~,O(tr ien)N,]~+ loses 

The presence of halide ions within the coordi- nitrogen more readily than [Ru(NH3),N2 12 +. 
nation these seems When the preparation of the latter ion, by direct 
to have little effect upon their overall stability in formation between [Ru(NH ) 2 + and N2 3 5  2 1 air. The main feature of the halide ligands is their in neutral solution, is followed by spectral 
rapid solvolysis before any noticeable disruption changes (6), the monomer band at 221 
of the nitrogen bridge takes place. Solvolysis is grows out of the dimer band at 260 nm for up to 

upon dissolving [(Ru(trien)I)ZN2 14+ 6 h. From Fig. 36. it is evident that, under similar 
in water, whereas in dimethyl sulfoxide, the same conditions, [ R ~ H ~ o ( ~ ~ ~ ~ ~ ) N ~ ~ ~ +  is losing nitro- 
reaction takes over a day at room temperature. gen at almost the same rate that it is being 
The Same lability of anionic ligands is found in produced in solution. The kinetic behavior of 
monomeric nitrogen complexes, where it has these and similar complexes is being studied 
already been noted (5) in the salts cis- [Ru(trien)- further. 
N2N3]I and in other ruthenium(I1) ammine 

i complexes that also contain a ligand capable of 
Grateful acknowledgment is made to the National 

bonding with the (35 12, 13)' In these Research Council of Canada for support of this research. 1 examples, the labilized group is trans to the n We should also l i b  to thank Mr. Garfield Purdon for 
ligand. In the trien complexes, the replaced running the mass spectra. 
halide is assumed to be cis to coordinated nitro- 

I 
gen. Supporting evidence that retention of con- 1. A. D. ALLEN and C. V. SENOFF. Chern. Cornrnun. 
figuration is maintained during reduction is 621 (1965). 
found in the carbonyl ammine series, where 2. L. A. P. KANE-MAGUIRE, P. S. SHERIDAN, F. BASOLO, 

and R. G. PEARSON. J. Arner. Chern. Soc. 90, 5296 
cis- [Ru(NH3),C121f gives rise to cis- [RuCO- (1968). 
(NH, ) ,H ,~ ]~+  and t r a n s - [ ~ u ( ~ ~ 3 ) , ~ 1 2 ] 2 f  3. A. D. ALLEN, T. ELIADES, R. 0. HARRIS, and P. 

REINSALU. Can. J. Chern. 47, 1905 (1969). gives trans-[RuCo(NH3)4H2012f. low-~pin 4. A. D. ALLEN, F. BOTTOMLEY, R. 0. HARRIS, V. P. 
d6 octahedral cobalt(II1) ammine complexes, REINSALU, and C. V. SENOFF. J. Arner. Chern. Soc. 

89, 5595 (1967). BasO1o and have proposed a mechanism 5. T. ELIADES, R. 0. HARRIS, and P. REINSALU. Can. 
(14) of trans-ligand labilization when there is a J. chern. 47, 3823 (1969). 
n-accepting ligand in the molecule. Although the 6. D. E. HARRISON and H. TAUBE. J. Arner. Chern. 

SOC. 89, 5706 (1967). mechanism shows the trans ligand to be partic- 7. R,  CHARRONET. Ann. Chirn. Fr. 16, (1931). 
ularly sensitive to replacement, it also requires 8. J. A. BROOMHEAD and L. A. P. KANE-MAGUIRE. 

that a similar but less pronounced effect will J. Chern. Sot. 546 (1967). 
9. D. F. HARRISON, E. WEISSBERGER, and H. TAUBE. occur with the cis ligand. If this is the reason for science, 159, 320 (1968). 

lability of the halide in these nitrogen complexes, lo. J. W. MELLOR. Comprehensive treatise on inorganic 
then one might also expect complexes of the type and theoretical chemistry. Val. 11, SUPPI. 1. Long- 

mans, Green and Co., Ltd., London. 1962. p. 934. 
trans- [RuN2(NH3)4H20l2+. So far, these have 11. J. ITZKOVITCH and J. A. PAGE. Can. J. Chern. 46, 
not been reported. 2743 (1968). 

12. K. GLEU, W. BREUEL, and K. REHM. Z. Anorg. Rate of decomposition of the nitrogen bridge Chern. 235, 201 (1938). 
clearly depends upon the p H  of the solution, 13. K. GLEU and I. BUDDECKER. Z. Anorg. Allg. Chern. 
faster decomposition taking place in base. 268, 208 

14. F. BASOLO and R. G. PEARSON. Mechanisms of 
Disappearance of the dimer absorption band is inorganic reactions. 2nd ed. John Wiley and Sons, 
about 20 times faster in dilute base than in water. Inc., New York. 1967. Ch. 3. 
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A quantum-chemical study of some properties and reactions of 
Hz CN- , Hz CN+ , H, CNH, + , Hz CNH, and HCN, using small and 

intermediate-sized sets of basis functions 

J. B. MOFFAT 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received October 6, 1969 

It is suggested that given two molecules potentially capable of being involved in the same reaction, one 
as a product and one as a reactant, it seems reasonable that the calculated difference in energy between 
these molecules may become relatively constant with smaller basis sets than the calculated energies 
themselves. T o  examine this suggestion, and a t  the same time to  provide information on small molecules 
containing bonds related to the nitrile bond, a number of linear combination of atomic orbitals-molec- 
ular orbitals-self consistent field (1.c.a.o.-m.0.-s.c.f.) calculations using small or intermediate sizes of 
basis sets of Gaussian orbitals were performed on H2CNH, H2CN-, H2CNH2+, H2CN+, and HCN. 
The change of energy in passing from one molecule to another is shown to converge to a reasonably 
constant value for smaller basis sets than are required for convergence of individual molecular energies. 
Canadian Journal of Chemistry, 48,1820 (1970) 

Introduction 
The chemist is interested not only in the 

properties of molecules themselves, but also in 
the reactions of these molecules. Many atoms 
and molecules are being studied using quantum 
mechanical methods, but it is only recently that 
much work has been done on computations 
involving reactions. Clementi (ref. 1, and subse- 
quent papers in the series) has pioneered in the 
use of ab initio calculations involving Gaussian 
functions for the study of chemical reactions. 
There have been, of course, a number of papers 
describing semi-empirical calculations on simple 
reactions. 

While on the one hand the semi-empirical 
studies on reactions are conveniently done with 
relatively small consumption of machine time, 
they often suffer from the disadvantage of being 
unpredictably inaccurate. On the other hand, ab 
initio calculations on reactions are quite expensive 
since copious quantities of computer time on 
relatively sophisticated machines are required. 
Of course, ab initio calculations on reactions can 
be made quite accurately provided sufficient care 
and substantially sized basis sets are employed. 

Ideally, for the chemist interested in reactions, 
some reasonable compromise would be worth- 
while. From this point of view, it seemed of value 
to attempt a study of some simple reactions using 
a relatively small basis set in an ab initio type of 
calculation. From earlier studies (see, for ex- 
ample, ref. 2 and references therein) on the effect 
of size of basis set and exponent optimization 
on the accuracy of the calculated wavefunction, 

certain extensions seemed apparent. It was hoped 
that it might be shown that the change in energy 
involved when one molecule was transformed to 
another is insignificantly altered by employing 
larger basis sets and/or different exponents, 
provided a reasonable size of basis set had been 
initially chosen. Obviously this cannot be 
rigorously so, but it was hoped that the size of the 
basis set would not need to be too large before 
this was valid to an accuracy reasonable enough 
for rough chemical work. It seemed not un- 
reasonable to suggest that some, and hopefully a 
substantial amount, of the deviation from the 
Hartree-Fock energy would be cancelled out in 
the calculation of the change in energy in passing 
from one molecule to another. Consequently, if 
so, it might well be expected that the calculated 
change of energy for a particular reaction would 
become relatively constant for smaller sizes of 
basis set than would the energies of the reactant 
or product molecules themselves. 

Snyder and Basch (3) have recently published 
the results of some interesting work in which 
heats of reaction are calculated on the assumption 
that correlation energy does not change when 
closed-shell reactants react to form closed-shell 
products where the number of electron pairs is 
conserved. This type of assumption is, of course, 
implicit in the present work. 

As a consequence of the previous work on 
nitriles in this laboratory (4), it appeared to be 
desirable to examine reactions involving the 
C=lu bond or the related C=N bond. Simple 
reactions involving H,CNH, H,CN+, H,CN-, 
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and H,CNH,+ were selected for study. Some 
results obtained previously (5) for HCN are also 
employed here. The first theoretical studies of 
some of these molecules, namely, the first three 
listed above, were done by Brown and Penfold 
(6, 7) who examined the x-electron distributions 
and reported the total x-electron energies for 
these molecules. Julg et al. (8) applied his im- 
proved 1.c.a.o. method to a calculation on 
H,CNH,+. The third and most recent theoretical 
work on any of these molecules appears to be 
that of Lehn and Munsch (9) who performed 
1.c.a.o.-m.0.-s.c.f. calculations using Gaussian 
orbitals on methyleneimine (H,CNH). 

There is a further advantage in the selection of 
these molecules already mentioned for the present 
study. Since the previous work in this laboratory 
has concentrated on organic compounds in- 
volving the C=N group, it appeared reasonable 
to extend such studies to the C=N and C-N 
group in order to permit comparisons among 
these types of bonds. In addition, the results of 
our work involving energy partitioning of nitrile 
molecules (9) suggest that it would be desirable 
to expand these studies to molecules involving 
bonds closely related to the CEN bond. 

I 
i Method 

Calculations by the 1.c.a.o.-m.0.-s.c.f. method 
using basis sets of Gaussian orbitals were per- 
formed on H,CNH, H,CN-, H,CNH,+, and 
H,CN+. The nuclear coordinates chosen for the 
various molecules are given in Tables 1 and 2. 
The coordinates for H,CNH given as set I in 
Table 1 are taken from the work of Brown and 
Penfold (7), while those of set 2 in Table 1 are 
those of Lehn and Munsch (9) for their geo- 
metrical configuration of lowest total energy. 
The bond lengths and angles for methyleneirnine 
which were used by the latter workers were taken 
from those for the molecule H,CNCH, (10). 

The nuclear coordinates for H,CN+ given in 
Table 1 represent only part of a complete study 
of the protonation of HCN which will be reported 
later (11). The coordinates for HCN are taken 
from previous work ( 9 ,  and those for H,CN- 
and H,CNH,+ represent estimates obtained 
from the work of Brown and Penfold (7) and of 
Lehn and Munsch (9). It should be emphasized 
that the nuclear coordinates for H2CN+, 
H,CN-, and H2CNH,+ do not necessarily 

TABLE 1 

(a) Nuclear coordinates (a.u.) for HzCNH 

Nuclear coordinate 
Set 

number Atom X Y Z 

(b) Nuclear coordinates (a.u.) for HzCNC 

Nuclear coordinate 
Set 

number Atom X Y Z 

TABLE 2 

Nuclear coordinates for HCN, H2CN-, and HzCNHz 

Nuclear coordinate 
Molecule/ 

ion Atom X Y Z 

HCN C 0.0 0.0 0.0 
H -2.000 0.0 0.0 
N t-2.187 0.0 0.0 

represent equilibrium configurations. The present 
molecular geometries have been employed to 
permit comparison with previous work, and with 
the realization that the major postulate of the 
present work may be tested on any nuclear 
configurations. 

The values for the exponents used in this work 
are displayed in Table 3. Exponent sets I to 3 are 
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TABLE 3 
Exponents used in the calculations 

Exponent 

Function Set 1 Set 2 Set 3 Set 4 

those used previously for HCN (5) and are 
essentially those of Reeves (12) and Huzinaga 
(13). Set 4 is taken from the work of Csizmadia 
et al. (14). 

Calculations were performed on the molecules 
mentioned using various sizes of basis sets and 
various sets of exponents. However, an attempt 
was made in each case to employ a basis set 
consistent with one of those used previously for 
HCN. Thus, for example, previous calculations 
of HCN had involved a basis set of 24 basis 
functions (b.f.) of the type (20156156) indicating 
2 S-type functions on the H atom with 5 S-type 
and 6 P,-type on both the C and N atoms. Hence, 
in the present work, for example, a calculation on 
H,CN- using 26 b.f. of the type (40156156) was 
done for comparison. 

In addition, previous work (5) on HCN had 
shown that a basis set of 28 functions of type 
(20176176) gave a reasonably good energy 
(- 116.1327 a.u. compared with - 116.4236 a.u. 
as obtained with a minimal basis set of Slater 
orbitals (15)). Although of course larger basis 
sets produced lower energies in general, the 28 
function set appeared to be a reasonable compro- 
mise between accuracy and computer time. 
Hence, the largest calculations on the molecules 
described in the present work were in general 

done with basis sets analogous to the 28 function 
set for HCN. 

Results and Discussion 

Results of the calculations are presented in 
Tables 4 to 7. In each of these tables the size of 
basis set and the numbers and types of Gaussian 
functions are identified. The exponent set is 
given, followed by a listing of the orbital energies. 
The occupied and unoccupied n-orbitals are 
labelled as n and n*, respectively. All energies 
shown are reported in Hartree units. The nuclear 
repulsion energy, electronic energy, and total 
energy are listed, the latter being the sum of the 
two former energies. The calculated dipole 
moment in Debyes and the separation between 
the occupied and unoccupied n-orbitals are also 
shown. In the case of Table 6, the position of the 
second H atom with respect to HCN is identified 
by means of the number of the nuclear configura- 
tion set. 

Before examining the later tables it is of 
interest to comment on some of the features of 
the results given in Tables 4 to 7. For comparison 
purposes some results obtained previously (3) 
for HCN are shown in Table 8. The results given 
in run 5 of Table 8 have not been reported 
previously. It should be noted here that no 
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attempt was made in any of the present calcula- 
tions to minimize the individual orbital energies. 
Further, it must be kept in mind during these 
discussions that while the wavefunctions which 
have been obtained in this work are expected to 
be reasonably good, the energies which are 
obtained are, of course, not the Hartree-Fock 
energies. Hence, our considerations must be 
taken as semi-quantitative at best. 

The lowest total electronic energies obtained 

for each of the molecules studied may be seen 
from an inspection of Tables 4 to 8. As has been 
mentioned, ab initio calculations have been 
performed previously for only one of the present 
molecules, namely H2CNH, for which Lehn and 
Munsch (9) obtained a total energy of -93.9473 
a.u. which is substantially lower than the best 
value reported here. The first ionization potential 
for H2CNH was calculated on the basis of 
Koopmans' Theorem (17) to be 11.63 eV. This 

TABLE 4 
Orbital energies, electronic energies, and total energies" for H,CN- 

Nuclear Dipole 
Run Exponent Orbital repulsion Electronic Total moment Energy 
No. set energies energy energy energy (Dl n-n* 

1 1 - 15.7027 26.0669 -112.7742 - 86.7074 4.6287 0.5995 
(14 b.f.) - 11.0131 
(20133133) -0.4047 

-0.2152 
-0.2051 
-0.0836 (n) 

I 0.0499 
1 0.2507 

0.5159 (n*)b 

-0:2519 
+0.0189 (n) 

0.0729 
0.2968 
0.6390 (n*)b 

0.0360 (n) 
0.1023 
0.2635 
0.6686 (n*)b 
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TABLE &Concluded 

Nuclear Dipole 
Run Exponent Orbital repulsion Electronic Total moment Energy 
No. set energies energy energy energy @) n-X* 

6 4 - 15.2882 26.0669 -118.8797 -92.8128 - 0.5907 
(30 b.f.) -11.0439 
(40176176) -0.8172 

-0.5109 
-0.3153 
-0.1395 
-0.0681 (n) 

0.0213 

-0.4668 
-0.4370 
- 0.2270 (n) 
-0.1446 
-0.0962 + 0 .  3496b 

'All energies are in Hartrees. 
'Energy of the first unoccupied orbital. 

TABLE 5 
Orbital energies, electronic energies, and total energiesa for H2CNH2+ 

Nuclear Dipole 
Run Exponent Orbital repulsion Electronic Total moment Energy 
No. set energies energy energy energy (Dl X-n* 

-1 .I431 
- 1.0941 
-1.0044 
- 0.8984 
-0.8371 (n) 
- 0.1480 (a*)b 
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TABLE 5-Concluded 

Nuclear Dipole 
Run Exponent Orbital repulsion Electronic Total moment Energy 
No. set energies energy energy energy (D) n-n* 

-0.9601 
-0.7899 
- 0.7839 (n) 
-0.6322 
- 0.0887 (n*)b 

. . 

"All energies are in Hartrees. 
bEnergy of the first unoccupied orbital. 
=HS exponents 0.8000, 1.3320. 

compares quite well with the experimental value 
of 1 1.9 eV (1 8). 

It is interesting to note that, in contrast with 
the other species, where the orbital energies are 
all negative, the calculation which produced the 
lowest energy for H,CN- displays one anti- 
bonding orbital for this molecule. The same run 
provides an energy of -0.1361 a.u. for the 

occupied n-orbital, which is quite similar to the 
value - 0.13 + 0.02 a.u. reported for the highest 
filled n-orbital energy of OCN- and SCN- by 
Clementi and Klint (16) quite recently. These 
authors made note of the constancy of the n- 
orbital energy for molecules containing the 
nitrile bond while drawing attention to the 
difference of this energy between charged and 
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TABLE 8 
Orbital energies, electronic energies, and total energiesa for HCN 

Nuclear 
Run Exponent Orbital repulsion Electronic Total Energy 
No. set energy energy energy energy n-n* 

-0.3550 (nj 
+0.0540 (n) 
+0.3651b + 0.4099 (n*)' 

+ 0.2092 (n* j' 

"All energies are in Hartreer. 
bEnergy of  first unoccupied orbital. 
eEnergy o f  second unoccupied orbital. 
WS exponents 0.8000, 1.3320. 

neutral molecules. In general the occupied n- - 0.76, - 0.48, - 0.44, and -0.14 a.u. for 
orbital energies are of the same order of magni- H,cN+, H,CNH,+, HCN, H,CNH, and H,- 
tude for all the calculations on a given molecule CN-, respectively. Clementi and Klint quote a 
(at least for the larger basis sets), the major value of -0.49 a.u. for neutral nitriles. It is not 
exception being that of H,CN- where both the unexpected that the n-orbital energies for the 
sign and magnitude change. The occupied molecules, other than HCN, would be con- 
n-orbital energies are approximately -0.90, siderably different from the value expected for a 
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nitrile since it is immediately obvious that the 
addition of the hydrogens substantially alters 
the CN bond in each of these molecules. 

With all the molecules examined the n-n* 
separations remain relatively unchanged from 
one calculation to another for a given molecule. 
These separations are approximately 0.71, 0.71, 
0.63, 0.59, and 0.59 a.u. for HCN, H,CN+, 
H,CNH,+, H,CN-, and H,CNH, respectively. 

In all cases the dipole moments fluctuate 
substantially from calculation to calculation with 
a given molecule, reflecting their sensitivity to the 
"goodness" of the wavefunction. 

Brown and Penfold (6, 7) report a total n- 
electron energy of approximately -23 eV (-0.8 
a.u.) and - 62.7 eV (-2.3 a.u.) for H,CN- and 
H,CNH,+, respectively, based on their n-elec- 
tron calculations. These may be compared with 
-0.12 and -1.5 a.u., respectively, from the 
present work. One may speculate that perhaps 
the discrepancy between their value and that 
given here is related to the inaccuracy of the 
assumption of o-n separability. In this connection 
it is interesting to note that the highest occupied 
orbital is a n-orbital in the case of H,CNH,+, but 
not for H,CN-. 

The results for H,CN+ given in Table 6 
represent different nuclear configurations and 
therefore reflect such differences in the number of 
occupied n-orbitals. Calculations involving linear 
structures, that is, where the second H atom is 
colinear with the HCN molecule, yield results 
involving two n-orbitals whereas with a planar, 
but nonlinear, molecule, only one n-orbital 
exists. 

Table 9 illustrates the differences between the 
total energies (electronic energy plus nuclear 
repulsion energy) of molecules where the calcula- 
tions have been done with analogous basis sets 
and the corresponding sets of exponents. The 
notation (i, j) will refer to the sizes of the basis 
sets used in the calculations to obtain the sub- 
tracted energies. Thus (28, 30) indicates that an 
energy obtained with a basis set of 30 functions 
was subtracted from that found with 28 functions, 
where the former set was used with H,CN-, the 
latter with HCN, for example. 

The differences in total energy between HCN 
and H,CN- are 0.3711, 0.3346, 0.4430, and 
0.4387 a.u. with basis sets of (20, 22), (24, 26), 
(28, 30), and (28, 30) functions, respectively, as 
seen from the first four rows of Table 9. How- 

ever, the individual energies calculated with the 
24- and 26-function sets are about 2.5 a.u. larger 
than with the 28- and 30-function sets. Hence, a 
change of approximately 0.1 1 a.u. in AE is as- 
sociated here with a change of about 2.5 a.u. in 
energy itself. It should be noted that the runs 
whose energies are subtracted involve the same 
exponent set, but the AE values which are 
compared involved either different sizes of basis 
sets and/or different exponent sets. It should be 
recalled that one Hartree (a.u.) is equivalent to 
627.7 kcal per mole so that small differences in 
Hartree units can make substantial differences in 
kilocalorie units. However, it does appear that, 
at least for the data presented in the first part of 
Table 10, the change in AE is much less than the 
change in the energy itself. In addition, there is 
some evidence that, in the present case, the total 
energy difference has become relatively constant 
for the (28, 30) results even though the energy 
itself is still changing. 

As can be seen from second part of Table 9, the 
differences between the energies of H,CNH,+ 
and HCN are given as 1.4515, 1.4796, 1.5320, 
1.5793, and 1.8061 a.u. for basis sets (28, 34), 
(28, 34), (24, 30), (20, 26), and (14, 20). The 
energies obtained with the largest basis sets and 
exponent set 2 for a given molecule are about 2.3 
a.u. lower than those with the next smallest basis 
set. However, the energy differences, as displayed 
in column 5 are separated only by approximately 
0.05 a.u. The total energies obtained for the 
molecules under discussion as found with the 
smallest sets are about 3 a.u. higher than those 
obtained with the next largest basis sets, while 
the energy difference is about 0.3 a.u. Hence, it 
may be seen that the AE values do appear to be 
reaching more constant values with much smaller 
basis sets than the values of total energy. 

The last part of Table 9 illustrates the energies 
obtained for H,CN- and H,CNH,+ as the size 
of the basis set is increased. The values of AE, 
the difference in total energy between these two 
molecules, as shown in the fourth column, 
change in a manner somewhat different from the 
cases discussed previously. In the present case 
the values of AE increase as the total energy of 
either H,CN- or H,CNH,+ decreases. With 
further decrease in the energy of either of these 
molecules, AE passes through a maximum and 
then falls off relatively slowly as the energy 
continues to decrease. It appears that a further 
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TABLE 9 
Comparison of total energy differences (a.u.) for the various molecules 

as a function of size of basis set 

Total energy (a.u.) 
Total energy 

HCN HzCN- H2CNH2 + difference (a.u.) 

-89.3506 -89.7217 
(20136136) (40136136) 
Exponent 3 Exponent 3 

-89 .8996 - 90.2342 
(20156156) (40156156) 
Exponent 3 Exponent 3 
- 92.2565 - 92.6995 
(20176176) (40176176) 
Exponent 2 Exponent 3 
- 92.3741 -92.8128 
(20176176) (40176176) 
Exponent 4 Exponent 4 
- 85.9552 
(20133133) 
Exponent la 
- 89.3506 
(20136136) 
Exponent 3 
- 89.8996 
(20156156) 
Exponent 3 
- 92.2565 
(20176176) 
Exponent 2 
- 92.3741 
(20176176) 
Exponent 4 

- 86.7074 
(20133133) 
Exponent 1 
- 88.0373 
(40136136) 
Exponent 1 
- 88.8324 
(40156156) 
Exponent 1 
- 89.7217 
(40136136) 
Exponent 3 
- 90.2342 
(40156156) 
Exponent 3 
- 92.6995 
(40176176) 
Exponent 2 
-92.8128 
(40176176) 
Exponent 4 

-87.7613 
(80133133) 
Exponent la 
-90.9299 
(80136136) 
Exponent 3 
-91.4316 
(80156156) 
Exponent 3 
-93.7361 
(80176176) 
Exponent 2 
- 93.8256 
(80176176) 
Exponent 4 
- 88.4833 
(40133133) 
Exponent 1 
-90.0685 
(80136136) 
Exponent 1 
-90.8891 
(80156156) 
Exponent 1 
- 90.9299 
(80136136) 
Exponent 3 
-91.4316 
(80156156) 
Exponent 3 
-93.7361 
(80176176) 
Exponent 2 
-93 .8256 
(80176176) 
Exponent 4 

'HS exponents 0.8000, 1.3320. 
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TABLE 10  

Changes in total electronic energy for various hypothetical reactionsa 

H I H C N  
( f  0.03 a.u.) H 

+H+ 

 electronic energies for H-, HZ+,  HZ, and H3+ are taken from refs. 19,20,21, and 
22, respectively. 

increase in the size of basis set is not likely to 
change AE by more than 0.1 a.u. However, a 
disconcerting feature of the behavior of the 
energies of the molecules under discussion is the 
apparently erratic change of AE in the region of 
small basis sets. No convenient method for 
explaining this is apparent at the moment. How- 
ever, the results of the calculations using the four 
largest basis sets show that the value of AE 
changes by only 0.2 a.u. while the energy itself 
changes by approximately 3 a.u. Hence, with 
these two molecules H2CN- and H2CNH,+, the 
AE values again appear to change relatively little 
as the energy decreases substantially, at least for 
reasonably sized basis sets. 

I t  is interesting to attempt to calculate the 
changes in electronic energy which would be 
associated with some hypothetical processes in- 
volving the molecules discussed here. The re- 
actions considered and the energy changes are 
shown in Table 10. The electronic energies for 
H-, H, +, Hz, and H,' were taken from the work 

of various authors, and are listed at the bottom 
of Table 10. The changes in energy for the re- 
actions are, in general, quite small. Since these 
changes have been obtained by the subtraction of 
two relatively large numbers, which may be in 
error by as much as 0.1 a.u., it is, of course, 
dangerous to attach much significance to these 
values. On the other hand, since the present work 
seems to indicate that changes in AE will become 
small quite rapidly as the size of basis set is 
increased, it is hoped that the values of AE for 
the complete reactions would at least be of the 
correct order of magnitude. Of course, the values 
of AE so obtained are relevant only for the 
particular nuclear configurations used for the 
various molecules in this work. Further, no 
energies associated with motions of the nuclei 
have been considered so that it is not possible to 
relate the estimated changes in electronic energy 
with the thermodynamic heats of reaction. 

Finally, it has appeared worthwhile to con- 
sider the present results in the light of more 
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detailed examination of the paper by Clementi 
and Klint (16). These authors examined the effect 
of bringing various positive or negative point 
charges up to various distances from the carbon 
atom in CN-. In all cases the point charges were 
placed along the CN axis. In addition, the 
calculations were repeated for the isocyano 
group, which was simulated by bringing the point 
charges up to various distances from the nitrogen 
atom in CN-. The results of these calculations 
were displayed in the form of the orbital energies 
and total energies for each value of the charge 
selected and for each separation of the point 
charge involved. 

It appears to the present author that an 
interesting semi-quantitative extrapolation of the 
results of Clementi and Klint could be made such 
that some applicability could be seen to the 
results of the present work. It seems not un- 
reasonable to suggest that, for example, HzCN+ 
might be thought of as a point charge (Hz2+) 
placed approximately 1 a.u. from the carbon 
atom of CN-. In the same way HzCN- could 
perhaps be considered as a point charge (Hz0) 
situated approximately 1 a.u. from the carbon 
atom of CN-. Finally HzCNH,+ might be 
taken as CN- with a point charge (Hz+) approxi- 
mately 1 a.u. from the carbon of the CN- and 
another point charge of Hz+ approximately 1 
a.u. from the nitrogen atom. 

Clementi and Klint have performed calcula- 
tions for point charges of k0.2 and k0.4 at 2,3, 
and 5 a.u. from the carbon atom, and similarly 
for the point charges placed in respect to the 
nitrogen atom. The effect of bringing a point 
charge of k0.4 from a distance of 5 a.u. to a 
distance of 2 a.u. from the carbon atom can then 
be observed. Variations of the energy of the 
x-orbital, for example, as a result of such changes 
can then be considered. From the tables of 
Clementi and Klint it is estimated that a change 
of 1 a.u. closer to the carbon atom of CN- 
increases the value of the negative of the energy 
of the x-orbital (-E,) by 0.013 a.u. For example, 
a charge of +0.4 when brought from 2 a.u. to 
1 a.u. from the carbon atom causes -E, to in- 
crease from 0.3034 to approximately 0.316 a.u., 
the latter being an extrapolated value. Further, 
an increase of the positive charge from 0.2 to 0.4 
produces an increase of -E, by 0.0345, 0.0484, 
and 0.0561 a.u. for distances of 5, 3, and 2 a.u. 
of the positive charge from the carbon atom of 

CN-. Hence, it is estimated that an increase of 
the charge by 0.2 at a distance of 1 a.u. from the 
carbon atom should increase -E, by 0.06 a.u. 
Therefore an increase of the charge from its 
value of +0.4 given above to + 2.0 (for Hz+) at 
a distance of 1 a.u. from the carbon atom should 
increase -E, by 0.48 a.u., which when added to 
the previous value of 0.316 a.u. yields approxi- 
mately 0.801 a.u. for -E,. It is interesting to 
compare this with the x-orbital energy of -0.84 
a.u. obtained for HzCN+ in run 4 (Table 6). 

In the same way, a value of - 0.74 a.u. may be 
estimated for the x-orbital energy of HzCNHz+ 
to be compared with a value of approximate- 
ly -0.76 a.u. found in run 6 (Table 5) for 
HzCNH2+. The estimated value was based on a 
model of a + 1.0 charge approaching CN- from 
both sides. For HzCN- a value of -0.19 a.u. can 
be estimated for the x-orbital energy and may be 
compared with - 0.07 a.u. from run 12 (Table 6). 
Finally by bringing a charge of + 1.0 up to 
HzCN- from the right, the x-orbital energy for 
HzCNH may be approximated to be - 0.46 a.u. 
which compares favorably with -0.44 a.u. and 
found in run 4 (Table 7). 

It is readily seen that in all the cases discussed 
here, except that of HzCN-, the value of the 
x-orbital energy estimated from the work of 
Clementi and Klint agrees with the calculated 
values reasonably well considering the simplicity 
of the model employed. Even in the case of 
HzCN- the direction of the change of the 7c- 

orbital energy is reproduced. These semi-quanti- 
tative calculations suggest that the extension of 
these ideas to other molecules may well be 
worthwhile. Of course, assuming the agreement 
obtained is not fortuitous, such results also lend 
support to the idea that a significant amount of 
the variation of orbital energies in series of 
similar molecules may be ascribed to charge 
effects. It must be emphasized that the extra- 
polation of the results of Clementi and Klint are, 
at best, semi-quantitative. The assumptions that 
their work can be extrapolated from 2 a.u. to 
distances of much less than this, and further, that 
molecularly-sized species may be considered as 
point charges are obviously difficult to support. 
However, the justification here lies entirely in the 
agreement obtained between the results so ob- 
tained and the values reported from the calcula- 
tions in the present work. Finally, it must be 
recalled that these extrapolations have been 
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applied to nuclear configurations not all of which 
have been shown to represent equilibrium 
structures. 

The work discussed in the present paper has 
presented some calculations on similar molecules 
using relatively small basis sets and has demon- 
strated that it may not be unreasonable to suggest 
that differences between Hartree-Fock energies 
and those calculated using such small basis sets 
may indeed to a significant extent cancel out in 
the calculation of energy changes on reaction. 

This suggests that 'there may be some hope of 
performing ab initio calculations on chemical 
reactions with relatively small basis sets. Ob- 
viously a substantial amount of additional work 
is required to support such a contention. Finally, 
some highly speculative extrapolations of a point 
charge model produce results which suggest that 
it may be possible, at least in part, to account for 
variations in orbital energies through the use of 
such a model. 
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Stereospecific synthesis of two epimeric 2-chlorodeoxy pentoses involving 
anomeric chlorine participation' 

H. J. JENNING~ 
Biochemistry Laboratory, National Research Council of Canada, Ottawa, Canada 

Received December 4, 1969 

A simple procedure has been developed for the stereospecific synthesis of some 2-chloro-2-deoxy 
pentoses. Treatment of P-D-xylopyranosyl chloride 2,3,4-tri(ch1orosulfate) with aluminum chloride 
(> 1 mole equivalent) resulted in specific chloro-displacement of the C-2 chlorosulfate group via a 
mechanism involving anomeric chlorine migration, which occurred to the extent of almost 100%. The 
resultant crystalline 2-chloro-2-deoxy-a-D-lyxopyranosyl chloride 3,4-di(chlorosulfate) when treated 
with sodium iodide yielded crystalline 2-chloro-2-deoxy-D-lyxose. Similarly a-D-lyxpoyranosyl chloride 
2,3,4-tri(chlorosulfate) yielded 2-chloro-2-deoxy-a-D-xylopyranosyl chloride 3,4-di(chlorosulfate) from 
which pure 2-chloro-2-deoxy-D-xylose was obtained by a modified procedure. The structures of these 
compounds have been confirmed and the mechanism is discussed. 

Canadian Journal of Chemistry, 48,1834 (1970) 

Introduction in yields of almost 100 %, exclusively to C-2 thus 

Although a number of syntheses of 2-chloro- avoiding the formation of epimeric and isomeric 

deoxy glycoses have been reported (I), in no products. To our knowledge this is the first re- 

recorded case has a stereospecific synthesis been ported incidence of chlorine migration in carbo- 

devised. These syntheses are usually best achieved hydrate chemistry although it is probable that 

by the &lorination of 1,2-glycal acetates first participation does Occur to 

carried out by Fischer et al. (2). This reaction has degrees in the chlorination of glycal acetates (3,5) 
recently been shown to yield a diastereoisomeric and in some exchange in- 
mixture of 2-chlorodeoxycglycosyl chlorides (3-5) volving the 2-chlorodeoxy substituents of glycosyl 

from which 2-chlorodeoxy glycoses have been chloride derivatives (10). 
obtained by anomeric dechlorination (6) and 
acid-catalyzed deacetylation (7). Another method Discussion 
that has been utilized is the scission of 2,3- Previous attempts to anomerize P - ~ - ~ ~ l o ~ ~ -  
anhydro gl~cosides with hydrogen chloride (8) ranosyl chloride 2,3,4-trichlorosulfate (1) with 
which yields a mixture of 2- and 3 - C ~ ~ O ~ O ~ ~ O X Y  aluminum chloride (0.25 mole equ.) had given 
isomers exclusively in the 2,3-trans configuration. very poor yields of the crystalline U-D-anomer (2) 
The best approach to a stereospecific synthesis (1 1) (Scheme 1). A study of the proton magnetic 
would seem to be via a direct displacement ( S N ~ )  resonance @.m.r.) spectrum at 60 MHz of the 
of a suitable leaving group at C-2 by chloride ion, crude reaction product indicated that the poor 
but none have been reported presumably due to yield was due to both incomplete anornerization, 
the inactivity of a leaving group at this site. How- and to the simultaneous formation of another 
ever, displacements of 2-sulfonate estershave been product to which the structure 4 was assigned. By 
achieved through the agency of participating epi- gradually increasing the mole ratio of aluminum 
thiosulfide groups (9) whereby the opening the chloride in this reaction and following the ratio 
cyclic epithiosulfonium ion yields a mixture of of products by p.m.r. spectroscopy it was found 
2- and 3-chlor~deoxy isomers exclusively in the that with 1.5 mole equ. of aluminum &loride 
2,3-trans configuration. The method we now re- that 4 became the exclusive product of this 
Port probably falls into this latter category reaction (Table 1). This was also found to be the 
ch10r0-substitution via vicinal group participa- case when 2 was treated with aluminum &loride 
tion but has the attractive feature of involving in a similar manner. The structure of crystalline 4 
anomeric chlorine participation. This results in was consistent with its elemental analysis, spec$c 
the subsequent migration of anomeric chlorine, rotation, and p.m.r. parameters. The k s t  order 

coupling constants J, ,, 1.8, J, ,, 3.5, J3 ,, 9.6, J4,5e 
'NRCC No. 11244. 5.9, J,,,, 10.0, and J,,,,, 12.0 Hz obtained from 
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JENNINGS: SYNTHESIS OF EPIMERIC PENTOSES 

TABLE 1 
Approximate percentage (%) of 1, 2, and 4 obtained by 
treating 1 with different mole ratios of aluminum chloride 

and titanium tetrachloride 

Moles % Products in 
Reaction re- reaction mixtures 

time agent/ 
Reagent (min) moles 1 1 2 4 

the p.m.r. spectrum of 4 (Fig. 1) are consistent 
with its a-D-lyxopyranosyl structure (C~(D) con- 
formation). Also the coupling constants are al- 
most identical to those obtained from the p.m.r. 
spectrum of 3 (1 I), a configurational analogue of 
4 differing only in the nature of the C-2 sub- 
stituent. This introduction of the less electro- 
negative chloro-group on C-2 of 4 is probably 

responsible for the considerable upfield shift (12) 
of the H-2 signal (quartet at r 5.15) compared 
with the signal previously assigned to H-2 in the 
p.m.r. spectrum of 3 (1 1). That the H-2 proton of 
4 was assigned correctly was confirmed by field 
swept spin decoupling experiments at 60 MHz. 
When the quartet at r 5.15 was irradiated (6 + 
78.5 Hz) the low field anomeric doublet at r 3.83 
collapsed to a singlet. Conversely when the 
anomeric signal was irradiated (6 - 78.5 Hz) the 
quartet at r 5.15 collapsed to a doublet with a 
spacing of 3.6 Hz. This confirmed the value of the 
J2 , ,  coupling constant which is consistent with 
the axial orientation of the C-2 chloro-group in 4 
(C~(D) conformation). Further evidence for the 
structure of 4 was obtained by the methanolysis 
of 4 and subsequent dechlorosulfation of the 
product to give a syrupy mono-chloro-methyl 
glycopyranoside (8) (Scheme I), which slowly 
consumed 1 mole of periodate with subsequent 
overoxidation. The uptake of periodate indicated 
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FIG. 1. Proton magnetic resonance spectrum at 60 MHz of 2-chloro-2-deoxy-a-D-lyxopyranosyl chloride 3,4- 
di(chlorosu1fate) (4) in deuteriochloroform. 

the presence of vicinal hydroxyl groups as it has 
been previously demonstrated that 3-chlorodeoxy 
glycopyranosides are resistant to periodate oxida- 
tion (13, 14). The P-D-configuration was assigned 
to 8 by virtue of its high negative specific rotation, 
but gas-liquid chromatographic (g.1.c.) analysis 
of the syrupy product revealed the presence of a 
small quantity of the a-D-anomer. That this small 
component was in fact the a-D-anomer of 8 was 
ascertained by the methanolysis of the syrupy 
product, which yielded the same two components 
but with a preponderance of the a-D-anomer in 
this case (g.1.c. analysis). The treatment of 4 with 
sodium iodide yielded crystalline 2-chloro-2- 
deoxy-a-D-lyxose (6) (Scheme 1) which on meth- 
anolysis yielded a mixture of 8 and its a-D- 
anomer (g.1.c. analysis). The slow mobility of 6 on 
paper electrophoretograms was indicative of a 
2-chloro substituted glycose (15) and also elim- 
inated the only other expected alternative prod- 
ucts that could result from the mono-chloro 
substitution of 1 or 2, namely, 4-chloro-4-deoxy- 

L-arabinose (16) or the corresponding D-xylose 
derivative (1 5). Authentic samples of these com- 
pounds had a considerably faster mobility than 
6 on paper electrophoretograms. 

The reaction of aluminum chloride with 3 
yielded a syrupy product which resisted crystal- 
lization. The p.m.r. spectra of the syrupy product 
at 60 and 100 MHz (Fig. 2) indicated one major 
component exemplified by its anomeric signal 
(doublet) at T 3.84, to which the structure 5 was 
assigned. Small quantities of impurities in the 
syrupy product were also detected by other weak 
signals in the p.m.r. spectra (Fig. 2), some of 
which were found to be characteristic of the 
signals of unreacted 3 (1 I). Despite the extraneous 
signals a first-order analysis was made of both 
the 60 and 100 MHz spectra of 5 and the coupling 
constants (J,,, 3.7, J2,, 9.6, J,,, 9.6, J,,,, 6.0, 
J,,,, 9.8, and J,,,,, 1 1.7 Hz) are consistent with 
its a-D-xylopyranosyl structure in the C~(D) con- 
formation; and are almost identical to those 
obtained from the p.m.r. spectrum of a con- 
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H5e H5o 

I FIG. 2. F'roton magnetic resonance spectra of 2-chloro-2-deoxy-a-D-xylopyranosyl chloride 3,4-di(chlorosu1fate) 
I (5) in deuteriochloroform, (a) at 60 MHz, (b) high-field part of the 100 MHz spectrum. I 

figurational analogue (2) (11). The quartet 
I 
I centered on z 5.78 was assigned to H-2 of 5 by 

analogy with the assignment of the H-2 proton 
of 4. That the H-2 signal of 5 was assigned 
correctly was substantiated by decoupling experi- 
ments (100 MHz), when irradiation of the 
anomeric doublet of 5 (z 3.84) caused the collapse 
of the highest field line of the H-2 quartet. The 
fact that an easily recognizable doublet was not 
produced was due to the complex overlap of some 
of the lines of the H-2 and H-5a signals (Fig. 2). 
Methanolysis of 5 and the subsequent dechloro- 
sulfation of the syrupy product gave a syrupy 
mixture of methyl glycosides from which 9 was 
obtained crystalline. Crystalline 9 consumed 
periodate at an almost identical rate to that of 8 
and was assigned the P-D-configuration by virtue 
of its negative specific totation. Crystalline 9 was 
shown to be homogeneous by g.1.c. analysis and 
both 9 and its a-D-anomer were detected in the 
mother liquors obtained from its recrystallization 
(g.1.c. analysis). Methanolysis of crystalline 9 
gave two components with identical retention 

volumes to those found in the mother liquors 
above. 

The treatment of 5 with sodium iodide by the 
same procedure used in the conversion of 4 to 6 
yielded an approximately equimolar mixture of 
the two epimeric 2-chloro-deoxy pentoses (6 and 
7) (paper electrophoresis and g.1.c. analysis). The 
loss of asymmetry at C-2 during this procedure 
can best be explained in this case by the simul- 
taneous dechlorosulfation and dehydrochlorina- 
tion of 5 to give a 2-chloro-xylal intermediate. 
This intermediate would then undergo hydroxyla- 
tion of the double.bond yie1ding.a mixture of 2- 
chlorodeoxy epimers (6 and 7). The trans-diaxial 
orientation of the anomeric chloro-group and the 
proton on C-2 of 5 are a prerequisite for such a 
facile elimination process (17), whereas this 
orientation of these substituents cannot be 
achieved in the case of 4. The possibility that 5 
was originally a mixture of 4 and 5 was discounted 
by the absence of some of the characteristic p.m.r. 
signals of 4 in the spectrum of 5 (Fig. 2) and by the 
fact that methanolysis of 5 did not yield any 
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detectable quantity of 8 or its a-D-anomer (g.1,~. 
analysis). A further possibility of epimerization 
of the product (7) during the dechlorosulfation 
procedure was also discounted because no evi- 
dence of this type of elimination was encountered 
following replacement of the anomeric chlorine 
of 5 by a hydroxyl group, and this modification 
enabled pure 7 to be obtained from 5. The purity 
of 7 was established by g.1.c. analysis and paper 
electrophoresis. 

It would appear on the evidence obtained by 
p.m.r. spectroscopy and g.1.c. analysis that the 
crude reaction products which yielded 4 and 5 
were essentially free of their respective 2-chloro 
epimers. Thus the mechanism of this reaction 
would have to explain 2-chloro substitution of 
both 1 and 3 with exclusive inversion of con- 
figuration. It would also have to be consistent 
with the fact that the C-2 chlorosulfate group was 
preferentially substituted when under normal S,2 
conditions it has been demonstrated that 1 in the 
presence of chloride ion was preferentially sub- 
stituted at C-4, to give 4-chloro-4-deoxy-L- 
arabinopyranosyl chloride 2,3-di(chlorosu1fate) 
(16). The mechanism therefore involves a con- 
siderable activation of the C-2 chlorosulfate 
group as a leaving group coupled with a localiza- 
tion of nucleophilic chlorine in the vicinity of the 
anomeric center. The simplest mechanistic inter- 
pretation would be an intramolecular displace- 
ment of the C-2 chlorosulfate group involving 
participation of anomeric chlorine. The heterol- 
ysis of the (C-2)--0 bond of 1 probably occurs 
with the simultaneous participation of the 
anomeric chlorine as represented in 10 to give the 
chloronium ion (11) (eq. [l I). Then preferential 
addition of chloride ion to the more highly 
reactive anomeric center of 11 would result in net 
inversion of configuration at C-2 of 1 to yield 4. 
An analogous argument could be presented for 
the conversion of 3 to 5 with the minor modifica- 
tion of further anomerization of the initial 1,2- 

trans product discussed below. The chlorosulfate 
groups are probably activated by the co-ordina- 
tion of their oxygen atoms with aluminum 
chloride and this would account for the reagent 
dependence of the reaction where the weaker 
Lewis acid (TiC1,) was less efficient in promoting 
2-chloro substitution than aluminum chloride 
(Table 1). Evidence for this type of co-ordination 
involving adduct molecules of aluminum chloride 
and sulfonyl chlorides is well established (18). It is 
interesting to note that exclusive 2-chloro- 
displacement occurs in 1 and 3 despite the 
presence of other accessible chlorosulfate groups 
in both molecules. It seems unlikely that this 
specificity could be attributed to the enhanced 
activation of the C-2 chlorosulfate group, and it 
is more likely that a predominant factor in this 
specificity is the preference of chlorine to migrate 
through a 1,2-cyclic ion. Any alternative mech- 
anism involving the direct formation of the P- 
chlorocarbonium ion (13) is highly unlikely as 
this would again require the enhanced activation 
of the C-2 chlorosulfate group over the other 
chlorosulfate groups in these molecules. Also in 
these circumstances 2 and 3 would have yielded 
an identical ion (13) whereas each gave a different 
epimerically pure product (4 and 5 respectively). 
The fact that chlorine migration occurred to the 
extent of almost 100% in these reactions is 
worthy of mention because chlorine has generally 
been shown to have poor participating properties 
(3, 19, 20). However, these migrations are not 
without precedent as it has been more recently 
established that 1,2-chlorine shifts can be ob- 
tained in comparable yields by the trifluoro- 
acetolysis of 2-chloro-propyl p-nitrobenzoate- 
sulfonate (21) and also by the methanol quenching 
of 1,2-chloronium ions generated in antimony 
pentafluoride - sulfur dioxide (22). Firm evi- 
dence for the existence of the chloronium ion has 
also been obtained by p.m.r. spectroscopy (23). 

The proposed mechanism requires a 1,2-trans 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JENNINGS: SYNTHESIS OF EPIMERIC PENTOSES 1839 

arrangement of the groups and both 1 and 3 are 
already in preferred conformations where this 
requirement is met. The fact that 2 also yielded 4 
can readily be explained by the continual equil- 
ibration (anomerization) of 2 to a small amount 
of the reactive p-anomer (1) in the presence of a 
Lewis acid. The proposed mechanism should 
also yield a 1,Ztrans product whereas in the case 
of 3 a 1,Zcis product (5) was predominant. This is 
due to the anomerization of the thermodynam- 
ically less stable p-anomer of 5 (initial 1,Ztrans 
product) to the more stable 1,Zcis product (5) 
and demonstrates the contribution of carbonium 
ions of type 12. 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected, and optical rotations were measured 
at 21 + 3". Solutions were concentrated below 50" under 
diminished pressure. Thin-layer chromatography (t.1.c.) 
was performed on silica gel (Adsorbosil-1) coated plates 
with solvent systems (vlv); (a) chloroform-methanol 
(9:1), (6) light petroleum (b.p. 30-60") -ether (2:1), (c) 
benzene - n-propanol (2:l). Paper electrophoresis was 
carried out on Whatman 3MM filter paper using 0.05 M 
borate as the buffer solution and the rates of movement 
of the individual glycoses are given relative to that of 
D-glucose (M,). The glycoses were detected on paper 
electrophoretograms by p-anisidine hydrochloride (24) 
and by alkaline silver nitrate (25) spray reagents. 

An F and M (model 420) chromatograph was used for 
g.1.c. with a 10% Neopentylglycol Sebacate on Gas 
Chrom A (100-120 mesh) column at 165". Retention 
volumes are given relative to that of xylitol (Rx). The 
p.m.r. spectra were obtained from Varian A-60A and 
HA-100 spectrometers, using deuteriochloroform as the 
solvent and tetramethylsilane (z = 10.0) as the internal 
standard. Chemical shifts and coupling constants were 
obtained by first-order analysis and field swept spin de- 
coupling at 60 MHz (6 = +frequency separation in Hz) 
was carried out using a Varian V-6058 spin decoupler. 
Decoupling experiments at 100 MHzwere carried out with 
the spectrometer being operated in the frequency-sweep 
mode. 

2-Chloro-2-deoxy-a-D-lyxopyranosyl Chloride 
3,4-Di(ch1orosulfate) (4) 

Crystalline 1 (20 g, 0.043 mole) was dissolved in ab- 
solute chloroform (400 ml) and the solution was heated 
to 60". Aluminum chloride (9 g, 0.067 mole) was added to 
the solution in three equal portions at 15 min intervals. 
Vigorous mechanical stirring was maintained throughout 
the additions to prevent excessive decomposition, and 
was continued for a further 15 min following the last 
addition of aluminum chloride. The chloroform solution 
was then washed with water, saturated sodium bicarbon- 
ate solution, and dried over anhydrous sodium sulfate. 
Following clarification with charcoal the solution was 
filtered, and concentrated to a syrup which crystallized. 
Recrystallization from ether - light petroleum (b.p. 30- 

60") gave large crystals (12.0 g, 73 %) of m.p. 59-60" and 
[ale +28.6" (c, 2.07 in chloroform). 

Anal. Calcd. for CSH6O7Cl4Sz: C, 15.64; H,  1.57; C1, 
36.92; S, 16.70. Found: C, 15.81; H, 1.43; C1, 36.86; S, 
16.48. 

The p.m.r. spectrum of the crude reaction product was 
almost identical to that of pure 4 shown in Fig. 1. 

Crystalline 2 (0.5 g, 0.0011 mole) was treated with 
aluminum chloride (0.225 g, 0.0017 mole) using identical 
conditions to those described above. Crystalline 4 (0.35 g, 
85 %) was isolated from the reaction mixture by the pro- 
cedure previously described and identified by its m.p. 
59-60", undepressed on admixture with authentic 4. The 
p.m.r. spectrum of the crude reaction product was again 
almost identical to that of pure 4. 

The quantity of aluminum chloride used in the above 
reactions that was found to give the best yield of 4 was 
determined by a previous series of experiments using 1. 
The quantity of aluminum chloride was varied in each 
case but the reaction conditions were otherwise identical 
to those described above. The only components of all 
these reaction mixtures were found to be unchanged 1 
and compounds 2 and 4 (p.m.r.). The approximate per- 
centage of the individual components in each reaction 
mixture was determined by integration of the anomeric 
signals of 1 (z 3.74) (1 I), 2 (z 3.54) (1 I), and 4 (7 3.83), in 
the p.m.r. spectrum of each reaction mixture. These per- 
centages are listed in Table 1 together with similar data 
obtained from a previous experiment where 1 was treated 
with titanium tetrachloride (1 1). 

Merhyl 2-Chloro-2-deoxy-0-D-lyxopyranoside (8)  
Crystalline 4 (10.0g) was refluxed in anhydrous 

methanol (50 ml) for 16 h, following which the solution 
was concentrated to half volume and poured into chloro- 
form (200 ml). The chloroform solution was washed with 
water, saturated sodium bicarbonate solution, and then 
dried over anhydrous sodium sulfate. Filtration of the 
chloroform solution gave a clear filtrate which was con- 
centrated to a syrup which was immediately dechloro- 
sulfated with sodium iodide in aqueous acetone in the 
presence of barium carbonate (14). The solution was 
filtered free of insoluble barium salts, concentrated to 
small volume, and continuously extracted with chloro- 
form for 12 h. Concentration of the chloroform solution 
yielded syrupy 8 (3.5 g, 74.5%) which was shown to be 
homogeneous by t.1.c. analysis in solvent (a) and had 
[&ID - 96O (c, 1.3 in chloroform). 

Anal. Calcd. for C,H,,CIO,: C, 39.40; H,  6.00; CI, 
19.50. Found: C, 39.31; H, 6.02; C1, 19.77. 

Syrupy 8 (20 mg) was oxidized with 0.012 M sodium 
metaperiodate (25 ml). Samples were withdrawn at inter- 
vals and the moles of periodate consumed (26) were as 
follows: 0.52 (4 h); 0.76 (7 h); 1.13 (11 h); 1.35 (23 h); 
1.45 (31 h); 1.75 (48 h). The syrup was shown to contain a 
small quantity of the a-D-anomer of 8 as it was resolved 
into two components by g.1.c. analysis of its trimethyl- 
silylated derivative. The major component (Rx 1.60) was 
assigned to 8 and the minor component (Rx 1.48) to its 
a-D-anomer by virtue of the large negative value of the 
specific rotation of the mixture. This was confirmed by 
refluxing the syrupy mixture in 3 % methanolic hydrogen 
chloride for 10 h (constant specific rotation). The solution 
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was neutralized (silver carbonate), filtered, and con- 
centrated to a syrup, the trimethylsilylated derivative of 
which gave two components (g.1.c. analysis) with identical 
retention volumes to those quoted above but with a 
reversal of intensities (major component at Rx 1.48). 

2-Chloro-2-deoxy-a-D-lyxopyranose (6) 
Crystalline4 (8 g) was dissolved in aqueous acetone and 

treated with sodium iodide (100 mg) in the presence of 
barium carbonate as previously described (14). The solu- 
tion was filtered, concentrated to dryness, and the residue 
was left in a desiccator over phosphoric oxide overnight. 
The residue was then extracted ( x  4) with hot acetone 
and the acetone extracts were combined and concen- 
trated to a syrup which crystallized. Recrystallization 
from acetone-ether gave crystalline 6 (2.4 g, 68 %) of 
m.p. 157-159" and [a], -0.5" (c, 1.03 in methanol) + 
- 15.5" (equilibrium). 

Anal. Calcd. for C5HgCI04: C, 35.60; H, 5.40; C1, 
21.00. Found: C, 35.40; H, 5.58; C1, 21.00. 

Paper electrophoresis of the above crystals indicated 
one component at MG 0.06, whereas 4-chloro-4-deoxy-D- 
xylopyranose and 4-chloro4deoxy-L-arabinopyranose 
had MG 0.25 and 0.39 respectively. The trimethylsilyl 
derivative of the above crystals indicated one component 
at Rx 1.36 (g.1.c.). The above crystals were equilibrated in 
methanol solution, and after concentration of the solution 
the trimethylsilyl derivative of the equilibrated product 
gave two peaks at Rx 1.36 (a-D-anomer) and 1.70 (P-D- 
anomer). Methanolysis of the above crystals in 2% 
methanolic hydrogen chloride and subsequent trimethyl- 
silylation of the product gave two peaks with identical 
retention volumes to those cited previously for 8 and its 
methyl a-D-anomer. 

2-Chloro-2-deoxy-a-D-xylopyranosyl Chloride 
3,4-Di(ch1orosulfate) (5) 

Crystalline 3 (20g) (9) was treated with aluminum 
chloride (9 g) using identical conditions to those de- 
scribed previously in the preparation of 4 from 1. The 
chloroform soluble product was a light brown syrup (12 g, 
72.3%) which did not crystallize and had [a], +79" 
(c, 3.2 in chloroform). The p.m.r. spectrum of the syrup 
(Fig. 2) indicated that the major component was 5 
(anomeric doublet at r 3.84), but showed the presence of 
impurities including some of the starting compound (2) 
(anomeric doublet r 3.69 (1 1)). 

Methyl 2-Chloro-2-deoxy-P-D-xylopyranoside (9) 
The syrupy product above (2 g) was shaken for 48 h 

with silver carbonate (6 g), silver perchlorate (0.2 g), 
drierite (3 g) in anhydrous methanol (40 ml). The solution 
was filtered, clarified with charcoal, and concentrated to 
a clear syrup which did not crystallize. The syrup was de- 
chlorosulfated and the product was continuously ex- 
tracted from aqueous solution by chloroform using 
identical procedures to those previously described above 
in the synthesis of 8. Concentration of the chloroform 
solution gave a syrup (0.7 g, 50%) which slowly crystal- 
lized. Recrystallization from chloroform - light petroleum 
(b.p. 30-60") gave crystalline 9 (0.4 g, 28 %) of m.p. 136- 
137" and [a], -21" (c, 1.5 in methanol). 

Anal. Calcd. for C,HllCIOd: C, 39.40; H, 6.00; C1, 
19.50. Found: C, 39.13; H, 6.30; C1, 19.60. 

A periodate oxidation of the crystals was carried out as 
previously described for 8 and the moles of periodate 
consumed (26) were as follows: 0.45 (4 h); 0.65 (7 h); 0.97 
(12 h); 1.40 (23 h); 1.50 (31 h); 1.88 (48 h). The trimethyl- 
silyl derivative of 9 gave one peak at Rx 2.50 (g.1.c. 
analysis). This peak was also detected in the g.1.c. analysis 
of the trimethylsilylated residues of the mother liquors of 
9 together with another large peak at Rx 1.95 which was 
assigned to the a-D-anomer of 9. This assignment was 
confirmed when a small quantity of 9 was refluxed in 2 % 
methanolic hydrogen chloride for 24 hand g.1.c. analysis 
of the trimethylsilylated syrupy product indicated two 
major components with identical retention volumes to 
those given by the trimethylsilylated residues of the 
mother liquors of 9 above. 

2-Chloro-2-deoxy-D-xylopyranose (7) 
Syrupy 5 (10 g) was treated with sodium iodide and the 

product was isolated by identical procedures described 
previously in the formation of 6 from 4. The acetone 
extracts were concentrated to a syrup (3.5 g) which was 
shown to be one major product with two minor im- 
purities by t.1.c. in solvent (c). The impurities were re- 
moved, from the major product by silica-gel column 
chromatography using solvent (c). The fraction corre- 
sponding to the major component was concentrated to a 
syrup (2.9 g) of [a], +23" (c, 1.0 in methanol) which was 
shown to be an approximately equimolar mixture of both 
6 and 7. Paper electrophoretograms indicated two re- 
ducing components of equal intensity which had identical 
mobilities to 6 and 7. This was also confirmed by g.1.c. 
analysis of the trimethylsilylated syrupy product which 
gave three peaks with identical retention volumes and 
approximately equivalent areas to those given by an 
authentic equilibrated mixture (1 :1) of 6 and 7. Therefore 
a modified procedure was used for the synthesis of 7. 

Syrupy 5 (12 g) was dissolved in chloroform (60 ml) and 
refluxed for 18 h with silver carbonate (16 g) and water 
(5 ml) essentially by the method described by Vargha and 
Kuszmann (7) for the replacement of anomeric chlorine 
by a hydroxyl group. The reaction was followed by t.1.c. 
in solvent (b) by the gradual disappearance of the faster 
moving component (5). The chloroform solution was 
filtered, dried over anhydrous sodium sulfate, and con- 
centrated to a syrup. The dechlorinated syrupy product 
(7.8 g) was then dissolved in aqueous acetone and 
treated with sodium iodide (100 mg) as described pre- 
viously in the formation of 6 from 4. Concentration of the 
acetone extracts gave a syrup which was shown to con- 
tain by t.1.c. analysis in solvent (c), one major component, 
preceded and followed by minor components. These 
minor components were removed by the application of 
the mixture to a silica-gel column using solvent (c) as the 
eluant. Concentration of the fraction of the eluant con- 
taining the major component gave a colorless syrup 
(2.5 g, 48%) of [a], +63" (c, 1.2 in methanol). 

Anal. Calcd. for C5HgCI04: C, 35.60; H, 5.40; C1, 
21.00. Found: C, 35.80; H, 5.70; C1,21.00. 

Paper electrophoresis indicated one component (7) at 
MG 0.16, and no spot corresponding to 6 (MG 0.06) could 
be detected in this case. This was also confirmed by g 1.c. 
analysis of the trimethylsilylated syrupy product which 
gave two peaks at Rx 1.70 (a-D-anomer) and 2.50 ( P a -  
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anomer). Although the a-D-anomer of 7 was shown to 
have an identical retention volume to the p-D-anomer of 
6 no peak corresponding to the a-D-anomer of 6 (Rx 1.46) 
could be detected in the syrupy product above. Syrupy 7 
did yield a few crystals on long standing which had 
[aID + 103.5' -t + 63' (equilibrium) (c, 1.0 in methanol) 
but these were shown to be still a mixture of 2-chloro-2- 
deoxy-a-D-xylopyranose (7) and its p-D-anomer, enriched 
with 7 (g.1.c. analysis as above). 

Independent Synthesis of 2-Chloro-2-deoxy-D-lyxose (6) 
3,4-Di-0-acetyl-D-xylal (14g) (27) was dissolved in 

carbon tetrachloride and treated with chlorine (2, 5). The 
mixture of epimeric mono-chloro-pentoses was then ob- 
tained using methods described by Vargha and Kuszmann 
(7). The mixture of 1,2-dichloro derivatives was dissolved 
in carbon tetrachloride and refluxed with silver carbonate 
and water to remove the anomeric chlorine and the 
resultant mixture of acetates was deacetylated by refluxing 
them in 0.1 N hydrochloric acid. The syrupy product 
crystallized on seeding with 6 and recrystallization from 
methanol-ether gave crystals (3.5 g, 29.6%) of m.p. 157" 
undepressed on admixture with authentic 2-chloro-2- 
deoxy-a-D-lyxopyranose (6). Both 6 and 7 were detected 
in the mother liquors of the recrystallization by paper 
electrophoresis and g.1.c. analysis as previously described. 

The author wishes to thank Dr. 0. E. Edwards for 
helpful discussions, Mrs. B. McLean for technical assis- 
tance and Mr. A. E. Castagne for determination of the 
microanalyses and the 60 MHz p.m.r. spectra. 
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Photocyclization reactions of aryl polyenes. The photocyclization of 
1-substitutedphenyl-4-phenyl-1,3-butadienes 

CLIFFORD C. LEZNOFF AND ROGER J. HAYWARD 
Department of Chemistry, York University, Downsview, Ontario 

Received January 16, 1970 

Irradiation of 1-p-substitutedphenyl-4-phenyl-1,3-butadienes gave mixtures of l-p-substituted- 
phenylnaphthalenes and 7-substituted-1-phenylnaphthalenes. Photocyclization of l-m-substituted- 
phenyl-4-phenyl-1,3-butadienes gave 1-m-substitutedphenylnaphthalenes, 6-substituted-1-phenylnaph- 
thalenes, and 8-substituted-1-phenylnaphthalenes. Characterization of the photoproducts was achieved 
through synthesis by an independent method. 

Canadian Journal of Chemistry, 48,1842 (1970) 

The photochemical cis-trans isomerization of 
stilbenes has been extensively investigated in 
recent years and the detailed mechanism of the 
reaction has been discussed by several groups 
(1). The concurrent photochemical cyclizations 
of stilbene and substituted stilbenes to phen- 
anthrene and substituted phenanthrenes have 
also been studied both from preparative (2) and 
mechanistic (3) points of view.' Stilbene-like 
photochemical cyclizations have recently been 
utilized in the synthesis of a wide variety of 
interesting polycyclic compounds (4). 

Photochemical cyclizationsi of 1,Cdiphenyl- 
1,3-butadienes have received scant attention 
since Fonken showed that 1,4-diphenyl-1,3- 
butadiene undergoes a photochemical cyclization 
to give I-phenylnaphthalene (5). The present 
paper describes the photocyclization of l-sub- 
stitutedphenyl-4-phenyl-l,3-butadienes. 

The 1 -substitutedphenyl-4-phenyl- 1,3-buta- 
dienes (la-e and 2a-e) were prepared by one of 
two possible Wittig reactions (6). Either a solu- 
tion of triphenylcinnamylphosphonium bromide 
and a monosubstituted benzaldehyde in meth- 
anol was reacted with lithium methoxide 
(method A) or a solution of cinnamaldehyde 
and a monosubstitutedbenzylphosphonium ha- 
lide in methanol was treated with lithium meth- 
oxide (method B). Although the yields of these 
reactions were only moderate (Table I), the 
ready availability of the starting materials and 
the simplicity of the reactions favored the use of 
Wittig reactions in the synthesis of 1,Cdiaryl- 
1,3-butadienes. 

'The photochemical cyclization reaction of stilbenes 
gives dihydrophenanthrene intermediates, which are very 
readily oxidized to phenanthrenes. Hence the term 
"photocyclization" shall include both the cyclization and 
oxidation steps. 

Compounds la-e and 2a-e were readily 
characterized by their spectral data (Table 2) 
and by comparison with known 1,4-diaryl-1,3- 
butadienes. Mass spectroscopy revealed the 
presence of strong parent ions for la-e and 2a-e. 
The ultraviolet (u.v.) and infrared (i.r.) spectra 
clearly showed the presence of the butadiene 
m ~ i e t y . ~  

Irradiation of 1 x M solutions of l-p- 
substitutedphenyl - 4 - phenyl - 1,3 - butadienes 
(la-e) in dry benzene containing 2 x M 
iodine gave, after 3-6 days, mixtures of l-p- 
substitutedphenylnaphthalenes (3a-e) and 1- 
phenyl-7-substitutednaphthalenes (4a-e). As 
shown in eq. [I], photocyclization of la-e can 
occur to the unsubstituted phenyl ring to give 
3a-e and to the substituted phenyl ring to give 

Similarly, irradiation of I - m - substituted - 
phenyl-4-phenyl-1,3-butadienes (2a-e) gave mix- 
tures of 1-m-substitutedphenylnaphthalenes (5a- 
e), 1-phenyl-6-substitutednaphthalenes (6a-e), 

21t is assumed that the trans-trans butadienes are 
formed from the method of preparation and the i.r. 
spectral data of la-e and 2a-e show absorption peaks 
for trans double bonds. 
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LEZNOFF AND HAYWARD: PHOTOCYCLIZATlONS O F  ARYL POLYENES 1843 

TABLE 1 
1-Substitutedphenyl-4-phenyl-1,3-butadienes 

Analysis (%) 
- - .  

Method Found Calculated 
Melting of Yield Molecular 

Compound Substituent point ("C) synthesis (%) formula C H C H 

TABLE 2 
Spectral characteristics of 1-substitutedphenyl-4-phenyl-l,3-butadienes 

Compound Substituent 
Ultraviolet spectra 

kmaz(nm)(~) 

Mass spectra 
m/e, M+ 

Infrared spectra (% of 
v(cm-l) base peak) 

2e m-cyano 353 (28 100) ' 335 (43 iooj 326 (39 700j 2280; 1615; 1580; 1010 231 (lob) 

and 1-phenyl-8-substitutednaphthalenes (7a-e). 
Photocyclization of 2a-e can thus occur to the 
unsubstituted phenyl ring to give 5a-e and to 
the substituted ring to give 6a-e and 7a-e 
(es. PI). 

The photochemical reactions of la-e and 
2a-e gave the substituted-1-arylnaphthalenes in 
6 to 12 % yield, along with the formation of some 
dimeric and polymeric products which were not 
further investigated. 
Substituted-I-arylnaphthalenes were synthe- 

sized by an independent route and shown to be 
identical to the photoproducts of la-e and 2a-e, 
when compared by vapor phase chromatography 
(v.p.c.) (see Experimental). The syntheses of 
3a-e and 5a-e were accomplished by the reaction 
of a-tetralone with the appropriate substituted- 
phenylmagnesium bromide (7). The first-formed 

tertiary alcohol was readily dehydrated to give 
3,4-dihydro-1-arylnaphthalenes, which were not 
isolated. Subsequent dehydrogenation with di- 
chlorodicyanoquinone (DDQ) gave 3a-d and 
5a-d. 

In order to prepare the 7-substituted-1-phenyl- 
naphthalenes (4a-d), it was necessary to syn- 
thesize 7-substituted-a-tetralones. The reaction 
of succinic anhydride with anisole, toluene, 
chlorobenzene, or fluorobenzene gave the respec- 
tive I-p-substitutedbenzoylpropionic acids ($a-d) 
(8). Reduction of the acids, $a-d, with zinc in 
hydrochloric acid (Scheme 1) gave y-p-substi- 
tutedphenylbutyric acids (9a-d) (9). Subsequent 
treatment of 9a-d with thionyl chloride gave the 
respective acid chlorides, which on cyclization 
with aluminum chloride yielded 7-methoxy (10a) 
(lo), 7-methyl (lob) ( l l ) ,  7-chloro (10c) (12), 
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0 0 
HO\II HO\II 

(1) sot,, R& 
(1) PhMgBr "q Zn.HC1 "a (2) Dehydration 
F 40-d 

(2) AICI, (3) DDQ 

0 

8 9 10 

and 7-fluoro-a-tetralones (10d) (13). The 7- 
substituted-a-tetralones, 10a-d, were reacted 
with phenylmagnesium bromide and dehydrated 
upon workup to give 7-substituted-3,4-dihydro- 
1-phenylnaphthalenes, which were not charac- 
terized but were treated with DDQ to give 
4a-d directly. 

One example of a 6-substituted-1-phenylnaph- 
thalene, 6a, was prepared in a similar manner, 
using the commercially available 6-methoxy-a- 
t e t r a l~ne .~  

The syntheses of 1-p-cyanophenylnaphthalene 
(3e), 7-cyano-1-phenylnaphthalene (4e), and 1- 
m-cyanophenylnaphthalene (5e) were achieved 
by treatment of the corresponding chloro-l- 
phenylnaphthalenes, 3c, 4c, and 5c respectively, 
with cuprous cyanide at 230" (14) (eq. [3]). 

The substituted-1-arylnaphthalenes were char- 
acterized by their physical and spectral data 

(Table 3). All substituted-1-arylnaphthalenes 
exhibited parent ions in their mass spectra and the 
U.V. absorption spectra were typical of l-phenyl- 
naphthalene (15). The i.r. spectra were consistent 
with the assigned structure. 

The mixtures of substituted-l-arylnaphtha- 
lenes, 3a-e and 4a-e, formed in the photocycliza- 
tion of la-e were analyzed by v.p.c. (Table 4) 
and shown to be identical to 3a-e and 4a-e 
synthesized above. It can be readily seen that the 
photoproducts having substituents in the phenyl 
ring, 3a-e, have higher retention times than the 
photoproducts having substituents in the naph- 
thalene ring, 4a-e, under the given v.p.c. 
conditions. 

The mixtures of substituted-l-arylnaphtha- 
lenes 5a-e, 6a-e, and 7a-e, produced in the 
irradiation of 2a-e, were resolved by v.p.c. into 
peaks having the retention times shown in 

3Purchased from Aldrich Chemical Co. 
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TABLE 3 

Physical and spectral properties of synthesized substituted-l-arylnaphthalenesk 

Spectra 
r Analysis (%) 

Ultraviolet 
Mass in 

m/e M +  9 
( % o f  ; 

base peak) 

Found Calculated 
Molecular 
formula C H C H 

Boiling point 
CC(mm)) Compound Substituent 

nMelting point. 
*Lit. (12) m.p. 116-1 16.5'. 
CLit. (23) b.p. 148-150" (0.15). 
dLit. (24) b.p. 151-155' (0.4). 
=Lit. (24) m.p. 71-72'. 
JMelting point 25'. 
#Lit. (25) b.p. 145-150' (1.0). 
Kit. (12) m.p. 77-78'. 
'Lit. (23) b.p. 140-145' (0.15). 
%it. (26) b.p. 158-162' (0.1). 

&The general structure is: 0: C
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TABLE 4 
The v.p.c. retention times of substituted-l- 
arylnaphthalenes from photocyclization of la-e 

Retention Relative 
Compound Substituent time (min) yield (%) 

TABLE 5 
The v.p.c. retention times of substituted-l- 
arylnaphthalenes from photocyclization of 2a-e 

Compound Substituent 
Retention Relative 
time (min) yield (%) 

Table 5. Compounds, 5a-e, synthesized above 
were shown to have identical retention times to 
one of the long retention time peaks. Compound 
6a was shown to be identical to the other long 
retention time peak observed in the v.p.c. of the 
photoproducts of 2a. The short retention time 
peaks were thus assigned to 7a-e (see below). 

TABLE 6 
Assignment of methoxy and methyl protons 

in the n.m.r. spectra of substituted-l- 
arylnaphthalenes 

Peak 
Compound Substituent (D.D.~ . )  

The relative yields of the substituted-l-aryl- 
naphthalenes 5a-e, 6a-e, and 7a-e, were deter- 
mined by measurement of the areas under the 
peaks in the v.p.c. The assignments of the peaks 
having the shortest retention times to 7a-e are 
consistent with the fact that 7a-e are produced 
in the lowest yield. Photocyclization of 2a-e 
ortho to the substituent of the phenyl ring giving 
7a-e would be sterically unfavorable compared 
to photocyclization of 2a-e para to the substit- 
uent of the phenyl ring giving 6a-e.4 

The nuclear magnetic resonance (n.m.r.) 
spectra of the mixture of substituted-l-aryl- 
naphthalenes produced by the irradiation of 2a 
and 26 was extremely informative and aided us 
in affirming the assignment of 6a, 7a  and 66, 76 .  
From Table 6 it is seen that the n.m.r. spectrum 
of the mixture of 5a, 6a, and 7 a  obtained in the 
photocyclization of 2a gives us three absorption 
peaks representing the methoxy protons of 5a, 
6a, and 7a. Two of these peaks have been 
absolutely assigned to 5a and 6a by comparison 
with the pure synthesized products. The third 
absorption peak at 3.27 p.p.m. has been assigned 
to the methoxy protons of 7a, which thus 
exhibit an upfield shift of 0.4 p.p.m. relative to 
the methoxy protons of 6a. This upfield shift of 
the methoxy protons of 7a  is expected, due to the 
shielding effect of the phenyl group at the 

4The yields of 6d and 7d  are very close and hence a firm 
assignment based on product yield is not possible. The 
retention times of 6d and 7d are very similar and thus the 
given assignments to these peaks are only tentative. 
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1-position of 7a (16) and substantiates the 
assignment of the peak at 3.27 p.p.m. to the 
methoxy protons of 7a. Similarly, the absorption 
peak at 1.85 p.p.m. exhibited in the n.m.r. 
spectrum of the mixture of 5b, 6b, and 7b 
obtained from the photocyclization of 2b sub- 
stantiates the presence of 7b. 

Thus n.m.r., v.p.c., and product yield 'data 
strongly indicate the formation of 7a-e in the 
photocyclization reactions of 2a-e. 

The product distribution data of Table 4, 
showing the relative yields of 3a-e and 4a-e from 
the photocyclization of la-e and the data from 
Table 5 showing the relative yields of 5a-e7 6a-e, 
and 7a-e from the photocyclization of 2a-e 
clearly show that a substituent on a phenyl ring 
of 1 ,4-diphenyl-l,3-butadiene does not appre- 
ciably influence the direction of photocyclization. 
The major exception to this finding is the 
photocyclization of Id and 2d which gives 
mainly photoproducts 3d and 5d. The fluoro 
substituents cause cyclization to occur to the 
unsubstituted phenyl ring. The photocyclization 
of l e  gives a slight preponderance of 4e over 3e 
(2 : 1). 

The possibility that some of the substituted-l- 
arylnaphthalenes were undergoing photo-decom- 
position could not be overlooked in evaluating 
the relative yields of the photoproducts. All 
substituted-1-arylnaphthalenes were irradiated 
under conditions identical to those for la-e and 
2a-e and found to be unchanged even after 
6 days irradiation. 

Thus selective photo-decomposition of the 
minor photo-products 4d, 6d, and 7 d  in the 
photocyclization reactions Id and 2d cannot be 
the reason for the high relative yield of 3d and 5d 
and the correct explanation must await further 
studies. 

Although a detailed mechanistic study of the 
parent 1,4-diphenyl-1,3-butadiene has not yet 
been undertaken, the closely related fulgicides 
have been shown to proceed through a 1,2- 
dihydronaphthalene intermediate which on de- 
hydrogenation gives a 1-phenylnaphthalene type 
compound (17). In all probability the mechanism 
of photocyclization of la-e and 2a-e proceeds 
through similar intermediates. Further studies 
on the detailed mechanism of the photocycliza- 
tion of 1-substitutedphenyl-4-phenyl-173-buta- 
dienes and related diary1 polyenes are currently 
in progress. 

Experimental 
All melting points were determined on a Kofler hot 

stage and are corrected. The i.r. spectra were recorded on 
a Perkin-Elmer 257 i.r. spectrophotometer using KBr 
discs. The U.V. spectra were measured using a Cary 14 
U.V. spectrometer and 95% ethanol as solvent. The n.m.r. 
spectra were measured on a Varian A60 spectrometer 
using tetramethylsilane as an internal standard (6 = 0 
p.p.m.) and deuterochloroform as solvent. Mass spectra 
were recorded on a Hitachi-Perkin-Elmer RMU-6D 
mass spectrometer. Column chromatography was per- 
formed using Woelm alumina, activity 11-111; silica gel 
was used for thin- and thick-layer chromatography. All 
photochemical reactions were carried out in a Rayonet 
photochemical reactor using RPR 3500 A lamps. Micro- 
analyses were performed by Dr. C. Daesslk of Montreal. 

Vapor Phase Chromatography 
Vapor phase chromatographic measurements were 

made under standard conditions. A Hewlett-Packard 700 
gas chromatograph equipped with a 6 ft stainless steel 
column packed with silicone rubber SE-30 810 was used 
for product analysis. The column temperature was pro- 
grammed at 30 "C per min from 70 to 250 "C and then 
maintained at the upper limit until all compounds had 
been eluted. Flow rate was kept constant at 40 ml per min 
of helium. The detector and injection port temperatures 
were maintained at 275 "C. All analyses were run in 
diethyl ether solution and retention times are measured 
with reference to the ether peak. 

Synthesis of I-Monosubstitutedphenyl-4-phenyl- 
1,3-butadienes 

Method A 
A typical example is given for the preparation of l-m- 

methoxyphenyl-4-phenyl-1,3-butadiene. To a mixture of 
11.5 g of (0.025 moles) triphenylcimamylphosphonium 
bromide and 3.5 g (0.026 moles) of m-methoxybenzalde- 
hyde in 100 ml methanol, was added 130 ml of 0.2 M 
lithium methoxide. The mixture was allowed to crystallize 
overnight after which crystals of 1-m-methoxyphenyl 
4-phenyl-1,3-butadiene were filtered off. 

Method B 
The remaining 1-substitutedphenyl-4-phenyl-1,3-buta- 

dienes were prepared by reacting a monosubstituted- 
benzylphosphonium bromide andcinnama~deh~de by a 
procedure identical to method A (Table 1). 

Preparation of Benzyltrip/zenylphosp/~onium Bromides 
All substitutedbenzyltriphenylphosphonium bromides 

were synthesized in a manner identical to that of p- 
methylbenzyltriphenylphosphonium bromide described 
previously (6). A mixture of 25.0 g (0.135 moles) of 4- 
bromo-p-xylene and 44 g (0.17 moles) of triphenylphos- 
phine in 160 ml dimethyl formamide was refluxed over- 
night. After cooling to room temperature, the salt 
crystallized out of the solution and was filtered. The 
physical data for the phosphonium salts used in method 
B is described in Table 7. 

~rradiation of I-Substitutedphenyl-4-phenyl-1,3-butadienes 
The photochemical experiments were carried out at 

concentrations of 1 x M in 1,3-butadiene and 
2 x M iodine in 500 ml of dry benzene under a 
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TABLE 7 
Substitutedbenzyltriphenylphosphonium bromides* 

Analysis (%) 

Found Calculated 
Melting point Yield 

Substituents PC) ( %) C H C H 

R 1 = H ,  R = C N  -350 68.42 4.75 68.26 4.59 
R' = CN, R = H -350t 68.38 4.53 68.26 4.59 
R' = H, R = Me 293-295$ - - - - 
R' = Me, R = H 267-2699 - - - - 

*The compound has the following general structure: 0 0 
Llt. (21) m.p. 31 1-320'. ~ - f - J - a ~ - P p h ~ B ~  
Lit. (6) m.p. 276-277'. I ' 

$Lit. (27) m.p. 271-272". R' 

nitrogen atmosphere. For irradiation of l-methoxy- 
phenyl-4-phenyl-1,3-butadienes concentrations of 5 x 

M were used to minimize polymer formation. The 
reactions were followed by U.V. spectroscopy, aliquots 
being taken from the reaction vessel at selected times. 
The characteristic absorption peaks of the l-substituted- 
phenyl-4-phenyl-l,3-butadienes gradually disappeared 
over 3 days (6 days when the substituents were cyano 
group) and A,,, = 220 mp characteristic of phenylnaph- 
thalenes appeared. 

After the photochemical reaction was complete the 
benzene solution was washed with aqueous sodium 
thiosulfate and dried over anhydrous magnesium sulfate. 
The benzene solution was concentrated and passed 
through an aluminum column (20 g) to remove polymers. 
The phenylnaphthalenes were isolated by preparative ~. . 

thickIlaye; chromatography (t.1.c.) using hexane as eluant. 
All phenylnaphthalenes moved faster than the starting 
1,3-butadienes on t.1.c. Compounds moving slower than 
the startcng material invariably turned out to be dimeric 
products as shown by mass spectroscopy. The mixtures 
of phenylnaphthalenes obtained in this manner were 
analyzed by v.p.c. to give two substituted-l-arylnaph- 
thalenes in the case of the photocyclization of l-p- 
substitutedphenyl-4-phenyl- 1,3 - butadiene (la-e) and 
three substituted I-arylnaphthalenes for the photo prod- 
ucts of 1-rn-substitutedphenyl-4-phenyl-l,3-butadienes 
(2a-e) . 

The total yields of phenylnaphthalenes varied from 
642%.  

Preparation of Substituted-a-tetralones 
The substituted-a-tetralones were prepared essentially 

as described in reference 13. A typical synthesis of an 
a-tetralone is represented by the following synthesis of 
7-fluoro-a-tetralone. A mixture of 16.0 a of o-fluoro- 

had ceased, the mixture was slowly warmed to the boiling 
point. After heating and shaking for 10 min the reaction 
was complete. The reaction mixture was cooled .to 0 "C 
and the aluminum chloride complex was decomposed by 
careful addition of 50 g of ice. To this mixture was now 
added 12 ml of concentrated hydrochloric acid. The mix- 
ture was then separated and extracted with ether. The 
combined ether -carbon disulfide layer was separated, 
dried over magnesium sulfate, and vacuum distilled to 
give 7-fluoro-a-tetralone (104 b.p. 93-96" (1.4 mm). On 
cooling the oil crystallized to give 10d, m.p. 6668" in 
69 % yield. 

Anal. Calcd. for CloH9FO: C, 73.18; H, 5.49. Found: 
C, 73.15; H, 5.55. 

Synthesis of Substituted-I-arylnaphthalenes 
Substituted-1-arylnaphthalenes were prepared by re- 

action of a suitably substitutedphenyl Grignard to a 
suitable a-tetralone as previously described (7,12) to give 
a substituted-3,4-dihydro-1-arylnaphthalene. The dihydro 
compound was dehydrogenated with an equivalent 
amount of 2,3-dichloro-5,6-dicyanobenzoquinone P D Q )  
in refluxing benzene for 15 h. The resulting substituted- 
1-arylnaphthalene was purified by t.1.c. The cyano 
substituted phenylnaphthalenes were not prepared by 
this method. 

Preparation of Cyano Substituted Phenylnaphthalenes 
A typical procedure is given for the synthesis of l-p- 

cyanophenylnaphthalene. A mixture of 0.3 g (0.0012 
moles) of 1-p-chlorophenylnaphthalene and 0.25 g (0.028 
moles) of cuprous cyanide was refluxed for 24 h at 230 "C 
with the exclusion of moisture. The reaction product was 
purified on preparative t.1.c. onelution with hexane:ben- 
zene (1 :1) to give 1-p-cyanophenylnaphthalene, b.p. 
167-171" (0.2 rnrn) in 58 %yield. 

phenylbutyric acid (18) and 10ml (0.13mole~) of re- 
distilled thionyl chloride under dry nitrogen was warmed The authors wish ackoowledge the the 
until the acid melted. The reaction proceeded for 30 min National Research Council of Canada for a grant in aid 
without further heatinrr. The mixture was then heated for this research. 
10 min on a steam batih. The excess thionyl chloride was 
removed by distillation under reduced pressure from a & ~ ~ ~ ~ A ~ ~ ' 9 ~ ~ ~ ~ $ ~ b $ $ f  ~ s ~ ~ ~ d  water pump. To the flask, cooled in an ice bath and fitted zAFWOU, E. D. M E G ~ ~ ~ ~ ~ ,  and A. A. LAMOLA. 
with a reflux condenser was added 80 ml of carbon J. Amer. Chem. Soc. 90,4759 (1968). 
disulfide and 15 g (0.1 15 moles) of anhydrous aluminum 2. C. S. WOOD and F. B. MALLORY. J. Org. Chem. 29, 
chloride. After the rapid evolution of hydrogen chloride 3373 (1964). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



LEZNOFF AND HAYWARD: PHOTOCYCLIZATIONS OF ARYL POLYENES 1849 

3. H. GUSTEN and L. K~Asrnc. Tetrahedron, 24, 5499 
(1968); K. A. MUSZKAT and E. FISCHER. J. Chem. 
Soc. (B) 662 (1967); F. B. MALLORY, C. S. WOOD, 
and J. T. GORDON. J. h e r .  Chem. Soc. 86, 3094 
(1964); W. M. MOORE, D. D. MORGAN, and F. R. 
STEIMETZ. J. Amer. Chem. Soc. 85, 829 (1963); 
M. V. SARGENT and C. J. TIMMONS. J. h e r .  Chem. 
SOC. 85, 2186 (1963). 

4. W. H. LAARHOVEN, TH. J. H. M. CUPPEN, and 
R. J. F. NIVARD. Rec. Trav. Chim. 87, 687 (1968) 
and references therein. 

5. G. J. FONKEN. Chem. Ind. 1327 (1962). 
6. R. N. MCDONALD and T. W. CAMPBELL. J. Org. 

Chem. 24, 1969 (1959). 
7. F. G. BADDAR, L. S. EL-ASSAL, and M. GINDY. J. 

Chem. Soc. 1270 (1948). 
8. L. F. SOMERVILLE and C. F. H. ALLEN. Organic 

syntheses. Coll. Vol. 11. John Wiley and Sons, Inc., 
New York, N.Y. 1961. p. 81. 

9. E. L. MARTIN. Organic syntheses. Coll. Vol. 11. 
John Wiley and Sons, Inc., New York, N.Y. 1961. 
p. 499. 

10. D. G. THOMAS and A. H. NATHAN. J. h e r .  Chem. 
SOC. 70, 331 (1948). 

11. A. J. M. WENHAM and J. S. WHITEHURST. J. Chem. 
SOC. 3857 (1956). 

12. F. G. BADDAR, L. S. EL-ASSAL, and N. A. Doss. 
J. Chem. Soc. 1027 (1959). 

13. E. L. MARTIN and L. F. FIESER. Organic syntheses. 

Coll. Vol. 11. John Wilev and 
N.Y. 1961. p. 569. 
M. S. NEWMAN. J. Amer. 
f 1977) 

Sons, Inc., New York, 

Chem. Soc. 59, 2472 
\ - - - ' I .  

15. R. A. FRIEDEL. Appl. Spectrosc. 11, 13 (1957). 
16. L. M. JACKMAN. Nuclear magnetic resonance suec- 

troscopy. Pergamon Press ~td.,- ond don, 1959. p. i25. 
17. A. SANTIAGO and R. S. BECKER. J. Amer. Chem. 

SOC. 90, 3654 (1968). 
18. L. F. FIESER, M. T. LEFFLER, and co-workers. J. 

h e r .  Chem. Soc. 70, 3197 (1948). 
19. A. V. DOMBROVSKII. Dokl. Akad. Nauk. S.S.S.R. 

111. 827 (1956). 
20. F. BERGMANN; J. WEIZMAN, and D. SCHAPIRO. J. 

Org. Chem. 9,408 (1944). 
21. B. R. BAKER and E. H. ERICKSON. J. Med. Chem. 

12, 408 (1969). 
22. B. M. MIKHAILOV. L. S. POVAROV. and G. S. TER- 

SARKISYAN.  hem. Abstr. 56, 4443 (1963). 
23. F. BERGMANN and A. WEIZMANN. J. Org. Chem. 9, 

352 (1 9441. 
\ - -  . -,- 

24. F .  BERGMANN and J. S z ~ u s z ~ o w ~ c z .  J. h e r .  
Chem. Soc. 70,2748 (1948). 

25. A. OHTA, Y. OGIHARA, K. NEI, and S. SHIBATA. 
Chem. Pharm. Bull. 11. 754 (1963). 

26. F. BERGMANN, J. SZMUSZKOWICZ', and G. FAWAZ. 
J. Amer. Chem. Soc. 69, 1773 (1947). 

27. C. E. GRIFFIN and M. GORDON. J. Organometal. 
Chem. 3,414 (1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Some potentially physiologically active _P,P-diphenylethylamines derived 
from adrenaline1.2.3 

JANET E. FORREST, S .  K A S P ~ E K , ~  AND R. A. HEACOCK 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scotia 

AND 

T. P. FORREST 
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia 

Received December 16, 1969 

The reaction that occurs between adrenaline (1) and phenols, in the presence of hydrochloric acid, to 
form potentially physiologically active p,p-diphenylethylamine derivatives, is described. The products 
obtained include adrepine (7), formed from 1 alone, and others obtained by the interaction of 1 with a 
second phenolic component, such as epinine or 4-methylcatechol. The nuclear magnetic resonance and 
mass spectroscopic data obtained for these products and a number of related compounds are presented 
and discussed. 
Canadian Journal of  Chemistry, 48, 1850 (1970) 

It has been suggested (1,2) that two of the new 
compounds which are formed by treating 
adrenaline (1) with 10 N hydrochloric acid and 
then detected by chromatography (in a phenol - 
0.1 N HCl system) were identical with the com- 
pounds previously described as "diadrenaline 
ether" (2) (3, 4) and adnamine (i.e. 5-methyl- 
aminomethyl-2,3,7,8 - tetrahydroxydibenzo [a,e]- 
cycloheptatriene, 3) (5). The compounds 2 and 3 
have been obtained as crystalline solids by the 
action of hydrochloric acid on 1 under the appro- 
priate conditions (3-5). The formation of different 
types of products including P-phenylnaphthalene 
derivatives (6, 7) and phenylacetaldehyde and 
phenylacetone derivatives (8-10) by the action of 
strong mineral acids on P-phenylethanolamines 
in general has also been reported. Furthermore 
it is well known that in the presence of acids, 
aliphatic alcohols form ethers with the secondary 
alcohol function of some P-phenylethanolamines 
(3, 4, 11-14). 

In view of the large number of products which 
can possibly be formed from 1 by the action of 
hydrochloric acid it was decided to investigate 
further the nature of some of these compounds. 

The compound described as "diadrenaline 
ether" (i.e. 2), which was identified chromato- 

graphically as one of the products formed by the 
action of 10 N HCl on 1 (1) was synthesized by 
one of the methods described in the literature 
(cf. 4). The nuclear magnetic resonance (n.m.r.) 
spectrum of this compound indicated that the 
previously assigned symmetrical ether structure 
(i.e. 2) (3,4) could not possibly be correct. Micro- 
analytical data confirmed that the empirical for- 
mula of this compound (which is usually isolated 
as its dihydrochloride), for which we have pro- 
posed the trivial name adrepine, (cf. footnote 3) 
was C18H2,0,N2.2HC1. The compound was, in 
fact, isomeric with 2, i.e. it was derived from two 
molecules of 1 by the elimination of one molecule 
of water. All attempts to observe the molecular 
ion in the mass spectrum of this compound were, 
however, unsuccessful; the highest mass fragment 
ion was observed at mle 299. 

Adrepine forms two different acetyl derivatives 
depending on the conditions of acetylation used. 
Acetylation with acetic anhydride and pyridine 
gives a heptaacetate (C,2H,8N2012), whilst with 
acetic anhydride in aqueous sodium bicarbonate 
a hexaacetate (C3,H3,N2Ol1) is obtained. The 
hexaacetate can be converted to the heptaacetate 
on further acetylation with acetic anhydride and 
pyridine. It is known that by acetylation with - ~ 

acetic anhvdride and ~vridine. adrenaline (1) 
1 - . , 

'Issued as NRCC No. 11239. 
ZPresented in part at the 52nd Annual Conference of gives a tetraacetate (4) (15), however, a triacetate 

the Chemical Institute of Canada, Montreal, Quebec, of 1 (i-e. 51, in which the P-OH group in the side 
May 1969. chain is not acetylated is obtained with acetic 

3For a brief preliminary report of part of this investiga- anhydride and aqueous sodium bicarbonate (16). tion see reference 23. 
WRCC Postdoctorate Fellow 1965-1967. The above evidence suggested that an adrenaline 
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FORREST ET AL.: DIPHENYLAMTNES DERIVED FROM ADRENALINE 

,NHCH3 
OAc 
I 

N 
/ \ 

CH3 AC 

type P-ethanolamine side chain, containing a 
free secondary alcoholic OH group, is present in 
the adrepine molecule and that this OH group is 
not acetylated in the hexaacetate. The infrared 
(i.r.) spectrum of adrepine hexaacetate shows a 
broad absorption at ca. 3300 cm-I due to the 
aliphatic OH group, and peaks are observed in 
the carbonyl region at 1770 and 1630 cm-I due 
to the phenolic ester and amide carbonyl groups 
respectively. Adrepine heptaacetate however 
exhibits no absorption in the OH/NH stretching 
region, but shows an extra carbonyl peak at 1735 
cm-I, presumably due to the aliphatic ester 
carbonyl group. 

In the mass spectrum of hexaacetyladrepine 
the highest mass peak was observed at mle 582 
(i.e. [M-H,O]). The mass spectrum of hepta- 
acetyladrepine also showed the presence of an 
ion at mle 582 (i.e. [M-60]), due in this case to 
the loss of acetic acid, which was observed as a 
strong peak at mle 60. The peak at mle 60 was 
absent in the mass spectrum of the hexaacetyl 
derivative. The mass spectra of these two com- 
pounds are shown in Figs. 1 and 2. Similar frag- 
mentations were observed in the mass spectra of 
tri- and tetraacetyladrenaline (i.e. 5 and 4) as 
shown in Fig. 3. The strong peak at mle 60 
[CH,COOH] is visible in the spectrum of 4, but 

absent in the spectrum of 5. The decomposition 
of tetraacetyladrenaline (4) on attempted high 
vacuum distillation has been described (15). 
Acetic acid is eliminated from the side chain with 
the reported formation of N- [2-(3,4-diacetoxy- 
phenyl)vinyl]-N-methylacetamide (6) (15). It is 
not unreasonable to assume that analogous 
decompositions would occur under the con- 
ditions used to obtain the mass spectra of 4 and 
heptaacetyladrepine. The mass spectral evidence 
obtained from these four acetyl derivatives con- 
firms the presence of an adrenaline-type side chain 
in adrepine. 

The n.m.r. spectra of the tri- and tetraacetyl 
derivatives of adrenaline and the hexa- and 
heptaacetyl derivatives of adrepine also suggest 
that an adrenaline-type side chain is present in 
adrepine. The signal due to the methine proton 
in triacetyladrenaline (5) (i.e. a compound where 
the benzylic OH group is not acetylated) is 
observed as a multiplet at T 5.10. However, on 
acetylation of this OH group, i.e. in the tetraacetyl 
derivative 4, the signal due to the methine proton 
is observed at T 4.05. A similar difference of 
approximately 1 p.p.m. is observed between the 
peaks due to the corresponding methine protons 
in the n.m.r. spectra of hexaacetyladrepine (T, 
4.75) and heptaacetyladrepine (T, 3.75). 
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FORREST ET AL.: DIPHENnAMINES DERIVED FROM ADRENALINE 

m /e 

FIG. 3. Mass spectra of triacetyladrenaline (5) and tetraacetyladrenaline (4). 

I The n.m.r. spectrum of adrepine in D,O/DCl 
1 showed the presence of five aromatic protons 
, between z 2.85 and 3.30; two N-methyl groups 
1 at z 7.12 and 7.32 respectively; an A2X system, 

containing a two proton doublet at z 6.28 (JAx = 
8.0 Hz) and a one proton triplet at z 5.40 and an 
ABX system with the A and B protons seen at z 
7.56 and 6.91 and the X proton at z 4.70 (JAB = 
13.0 HZ; JAx = 3.5 HZ; JBx = 10.0 HZ). 

In the light of the above evidence the molecule 

must contain two different >CH-CH,- sys- 

tems, one of which, on the bisis of the evidence 
presented above for the acetates, must form part 
of an adrenaline-type side chain. This is the ABX 
system. Evidence in support of this assignment 
will be presented later in the discussion. 

The presence of only five aromatic protons 
indicates that one of the aromatic rings in 
adrepine is tetrasubstituted. The problem of the 
structure of adrepine is, therefore, reduced to 
deciding firstly between a one carbon linkage 
joining the two aromatic rings, as in 7, or a two 
carbon linkage, as in 8, and secondly to deciding 
the substitution pattern of the tetrasubstituted 
aromatic ring. Analysis of the mass spectra of 
adrepine and its acetyl derivatives permitted the 
assignment of a structure of type 7 to this 
compound. 

The most intense peak in the mass spectrum 
of adrepine (see Fig. 4) occurred at mle 44 

+ 
[CH,=NHCH,]. This ion could theoretically 
arise from cleavage P to either nitrogen atom. 
The relatively large peak which is observed at 
mle 286 [M-H,O-441 could however only arise 
from a structure of the type 7 and not from struc- 
ture 8. The formation of a fragment ion by the 
loss of water and the -CH,NHCH, group (mle 
44) from the same side chain is not possible. In 
the mass spectrum of adrenaline (17) the base 
peak was observed at mle 44, arising from frag- 
mentation occurring p to the nitrogen atom. The 
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rn/e 

FIG. 4. Mass spectra of adnamine (3) and adrepine (7). 

[M-441 peak at m/e 139 and the [M-181 peak at 
m/e 165 were observed but no peak was present 
at m/e 121 [M-H,O-441 due to tlie loss of both 
water and the -CH,NHCH3 fragment. The ion 
at m/e 286 in the mass spectrum of adrepine is 
therefore due to the elimination of water from 
the adrenaline-type side chain and loss of the 
-CH,NHCH3 group from another part of the 
molecule. Structure 7 would permit the ready 

loss of -CH,NHCH, from the )CHCH,- 
NHCH, system including the bridge carbon 
atom, but structure 8 would not. Analogous 
fragmentation patterns were observed in the 
mass spectra of the two adrepine acetates. In 
these cases, fragmentation P to the nitrogen 

atom gave rise to peaks at m/e 86 [CH,=N- 
(COCH3)CH3] and at m/e 496 i.e. [M-H,O-861 
in the case ofthe hexaacetate and [M-CH3COOH- 
861 in the heptaacetate. 

Supporting evidence for the assignment of a 
one carbon, as opposed to a two carbon, linkage 
between the two aromatic rings in adrepine was 
obtained by consideration of the major fragmen- 
tations of two simple model compounds: 2,2- 
diphenylethylamine and 1,2-diphenylethylamine. 

The mass spectrum of the former showed strong 
+ 

peaks at m/e 30 [CH,=NH,] and m/e 167 
[M-301 due to fragmentation P to the nitrogen 
atom. These ions were not observed in the latter 
case. The mass spectrum of 2,2-diphenylethyl- 
methylamine showed the expected peaks at m/e 
44 and m/e 167 due to an analogous fragmenta- 
tion. 

The dibenzocycloheptatriene derivative ad- 
namine (3), a substance with an established 
structure (5, 18,19),can be readily obtained from 
adrepine either by heating the solid above its 
melting point or by heating it in solution in 10 % 
hydrochloric acid at 90-95" for several hours 
(20). This easy conversion of adrepine into 
adnamine (3) strongly indicates that the free 
ethanolamine side chain in adrepine must be in a 
position ortho to the carbon atom linking the 
two aromatic rings. 

The cumulative evidence presented above 
proved that adrepine has the structure 7 [i.e. 
6 - (3',4' - dihydroxy - a - methylaminomethyl- 
benzy1)adrenalinel. 

Solid products were often obtained when 
solutions of adrenaline in 20% hydrochloric 
acid, containing an excess of a second phenolic 
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FORREST ET AL.: DIPHENYLAMINES DERIVED FROM ADRENALINE 1855 

component, were allowed to stand at 40" for 24 h 
or more. In this manner crystalline compounds 

, were obtained by the interaction of adrenaline 
and the following phenolic components : phenol, 
4-methylcatechol and epinine. 

The product obtained from phenol and adren- 
aline is derived from one molecule of each and 
has been shown to be P-(p-hydroxypheny1)- 
epinine, i.e. 4-hydroxyphenyl-3',4'-dihydroxy- 
phenylmethylaminomethylmethane (9) (21), i.e. 
the same product as one of the solvent derived 
artifact spots observed when solutions of , 
adrenaline in hydrochloric acid are chromato- 
graphed in solvents containing phenol (21). 

The analogous products 10 and 11 were 
obtained by the interaction of adrenaline with 
4-methylcatechol and epinine respectively. All 
the spectral data obtained for these compounds 
were consistent with the structures indicated. 
The mass spectra of the products 9,10, and 11 all 
showed intense peaks at mle 44 due to the 
expected cleavage P to the nitrogen atom. 

The assignment of the ABX system in the n.m.r. 
spectrum of adrepine 7 to the ethanolamine (i.e. 
adrenaline-type) side chain is confirmed by com- 
parison with the n.m.r. spectra of the compounds 
3, 10, and 11 all of which contain an analogous 
P,P-diphenylethylamine syste~n but no ethanol- 
amine side chain. The ABX system which can be 
clearly seen in the spectrum of 7 is absent in the 
spectra of the others. The n.m.r. spectra of 7 and 
11 (i.e. the product obtained by the interaction 
of adrenaline and epinine in the presence of 
hydrochloric acid) are shown in Fig. 5. 

With regard to possible explanations of the 
mode of formation of adrepine and the related 

FIG. 5. The n.m.r. spectra of adrepine (7) hydro- 
chloride and epinine (11) hydrochloride in D,O with 
TMS as an external reference. 

products, described in this paper, it is most 
probable that the carbonium ion 12 is formed by 
the action of strong mineral acids on adrenaline 
(see Scheme 1) and that compounds of the 
adrepine type and other P,P-diphenylethylamines 
are formed by electrophilic attack on a second 
aromatic ring by this cation. 

The reactions discussed here are examples of 
those which occur when P-3,4-dihydroxyphenyl- 
ethanolamines, such as adrenaline, are dissolved 
in acids, either alone or in the presence of a 
second phenolic component. The basic reaction 
appears to be of a general nature, in which 
various phenols may be used, thus permitting the 
synthesis of a large variety of potentially physi- 
ologically active compounds. 

Experimental 
The melting points were determined on a Thomas- 

Hoover capillary melting point apparatus and are un- 
corrected. The i.r. and ultraviolet (u.v.) spectra were 
recorded on Perkin-Elmer model 237 and Beckman DK-2 
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recording spectrophotometers respectively. The n.m.r. 
spectra were obtained on a Varian A-60-A instrument 
using tetramethylsilane as an internal (or external) 
reference. The mass spectral data were obtained on Bell 
and Howell/C.E.C. instruments (Models 21-1105 or 
21-1049. 

Adrepine Hydrochloride [i.e. 6-(3',4'-Dihydroxymethyl- 
aminomethylbenzy1)adrenaline (7) Hydrochloride] 

A solution of DL-adrenaline (20 g) in 20%' aqueous 
hydrochloric acid (200 ml) was maintained at 40' for 
24 h. The white crystalline preci'pitate which formed was 
removed by filtration and washed in turn with ice-cold 
water and ice-cold ethanol. A second crop of crystalline 
material was obtained after the mother liquors had been 
maintained at 40" for a further 24 h. A total yield of 14 g 
of crude product (m.p. 180-182° with decomposition) 
was obtained. Pure adrepine hydrochloride dihydrate 

5Atlantic Regional Laboratory. 
6Dalhousie University. 
'Concentrated HCI (570 ml) and water (430 ml). 

(m.p. 185", with decomposition) was obtained in colorless 
prisms on repeated recrystallization of the crude product 
from 70 % ethanol. 

Anal. Calcd. for ClsH26N205C12 .2H20: C, 47.40; 
H, 6.61; N, 6.13; C1, 15.50. Found: C, 47.59; H, 6.39; 
N, 6.48; C1, 15.45. 

Anhydrous adrepine hydrochloride (m.p. 212", with 
decomposition) was obtained when the hydrate was 
dried in vacuo at 120' for 1 h;  h,,,(EtOH): 285 mp; 
E,,,(E~OH): 6800. 

Anal. Calcd. for ClsH26N~05C12: C, 51.27; H, 6.30; 
N, 6.62; C1, 16.87. Found: C, 51.29; H, 6.22; N, 6.68; 
C1, 16.83. 

The n.m.r., (D20) :  2.80-3.30 (5H, m, aromatic); 
4.70 (1 H, dd, X of ABX, JAx = 3.5 HZ, J B X  = 10.0 HZ, 
methine H of -CH(OH)CH2-); 6.91 (IH, dd, B of 
ABX, JAB = 13.0 HZ); 7.75 (IH, dd, A of ABX, JAB = 
13.0 Hz); 5.40 (lH, t, X of A2X, JAX = 8.0 HZ, methine 

\ H of /CHCHz-); 6.28 (2H, d, A of AzX, JAx = 8.0 

Hz); 7.12 (3H, s, >N-CH,); 7.32 (3H, s, 'N-CH~. / 

Heptaacetyladrepine [cf. Acetylation of Adrenaline (IS)] 
A solution of adrepine hydrochloride (0.4 g) in a mix- 

ture of anhydrous pyridine (4 ml) and acetic anhydride 
(4 ml) was heated at 70", under reflux, for 1 h. The solu- 
tion was then poured dropwise, with stirring, into 
ice-water. The resulting aqueous reaction mixture, was 
neutralized with solid sodium bicarbonate and extracted 
with chloroform (5 x 50 ml). The combined chloroform 
extracts were washed with water, dried (Na2S04), and 
evaporated to dryness in vac2o below 40". The resulting 
oil was treated with 2 N hydrochloric acid until the p H  
reached 5. The solution was then reextracted with chloro- 
form (5 x 50 ml); the combined chloroform extracts 
washed with 2 % aqueous sodium bicarbonate (2 x 50 
ml) and water (2 x 50 ml); dried (Na2S04), and con- 
centrated to dryness in vacuo below 40" to give a pale 
yellow oil which crystallized on trituration with light 
petroleum (b.p. 35-60"). Pure heptaacetyladrepine was 
obtained as a whitecrystalline solid (0.45 g) m.p. 167-170" 
on recrystallization from ethyl acetate; L.,(EtOH): 268; 
274 mp; v,.,(Nujol): (C==O) 1775; 1755; 1735; 1640 
cm-l. 

Anal. Calcd. for C32H38N2012 (mo1. wt. 642): C, 
59.80; H, 5.96; N, 4.36; COCH,, 46.9. Found (645): C, 
59.95; H, 6.09; N, 4.27; COCH,, 47.06. 

The n.m.r., T(CDCI,): 2.60-3.05 (5H, m, aromatic); 
3.85 (IH, m, methine -CH(OAc)CH2-); 4.95 (lH, m, 

/ methine >CHCH~-), 6.00-6.80 (4H, m, -CH2N ). 
\ 

Hexaacetyladrepine [cf. Acetylation of Adrenaline (16)] 
Acetic anhydride (15 ml) was added in four equal 

portions to a vigorously stirred suspension of adrepine 
hydrochloride (0.5 g) in 15 % aqueous sodium bicarbonate 
(200 ml). The vigorous foaming which ensued was con- 
trolled by the periodic addition of small quantities of 
diethyl ether. The solution was stirred until evolution 
of carbon dioxide ceased, allowed to stand for 5 min, and 
extracted with chloroform (6 x 100 ml). Evaporation 
of the combined, dried (NaZS04) chloroform extracts to 
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FORREST ET AL.: DIPHENYLAMIN 'ES DERIVED FROM ADRENALINE 1857 

dryness in vacuo gave hexaacetyladrepine as a pale yellow 
oil, which solidified on trituration with light petroleum 
(b.p. 35-60'). This substance was difficult to p ~ r i f y , ~  
however some purification of the product was effected 
by its repeated precipitation from solution in ethyl 
acetate by the addition of light petroleum (b.p. 60-80"); 
h,,,(EtOH): 272, 263 mp; v,,,(Nujol): (OH), 3300 
(broad); (CLO), 1770, 1630 cm- l. 

Anal. Calcd. for C30H36NZOll (mol. wt. 600.6): C, 
59.97; H, 6.00; N, 4.67; COCH,, 43.03. Found (623): 
C, 59.23; H, 5.80; N, 4.76; COCH,, 43.88. 

The n.m.r., 7(CDC13): 2.55-2.98 (5H, m, aromatic); 
4.75 (lH, m, methine H -CH(OH)CHZ-); 5.25 (lH, m, 

methine H, )CHCH,-); 6.13 (2H, m, methylene 
/ ' \CHCH,N ); 6.72 (2H, m, methylene, -CH(OH)- 

/ \ 
CH2-). 

P-(2-Methyl-4,5-dihydroxypheny1)-P-(3',4'- 
dihydroxyphenyl)ethylmethylamine (10) 
Hydrochloride 

A solution of 4-methylcatechol (13.2 g) and L-adren- 
aline (6.8 g) in 20% aqueous hydrochloric acid (200 ml) 
was maintained at 40" for 48 h. The crystalline precipitate 
which formed afforded P-(2-methyl-4,5-dihydroxypheny1)- 
p - (3',4' - dihydroxyphenyl)ethylmethylamine hydrochlo- 
ride (14 g, m.p. 282', with decomposition) in colorless 
prisms on recrystallization from 70% aqueous alcohol; 
h,.,(EtOH): 285 mp, &,,,(EtOH): 7100. 

Anal. Calcd. for Cl6Hz0NO4C~: C, 58.96; H, 6.18; N, 
4.24; C1, 10.88. Found: C, 58.94; H, 6.03; N, 4.20; C1, 
10.67. 

The n.m.r., 7(D20): 2.90-3.25 (5H, m, aromatic); 
5.54 (lH, t, methine, J = 8.0 Hz); 6.34 (2H, d, methy- 

\ lene); 7.17 (3H, s, >N-CH,); 7.78 (3H, s, /C-CH,). 

P-(6-Epinyl)epinineg Hydrochloride [i.e. P-(2-P'- 
Methylaminoethyl-4,5-dilzydroxyphenyl) -P- 
(3',4'-dihydroxypheny1)-N-methylethylamine (11) 
Hydrochloride] 

A suspension of epinine hydrochloride (0.75 g) and 
L-adrenaline (0.25 g) in 20 % aqueous hydrochloric acid 
was maintained at 40" for 48 h. During this time the 
initially insoluble' epinine hydrochloride slowly dissolved 
and a clear solution resulted. The colorless crystalline 
precipitate (platelets; 0.23 g; m.p. 144146') which sub- 
sequently slowly formed in the reaction mixture was 
removed by filtration. L-Adrenaline (250 mg) was added 
to the mother liquors and the reaction mixture was 
allowed to stand at 40' for a further 24 h. A second crop 
of impure crystalline product (257 mg; m.p. 140-142') 
was obtained. 

A pure sample of P-(6-epiny1)epinine hydrochloride 
was obtained in colorless plates (m.p. 144146') on 
recrystallization of the crude material from 70% aqueous 
ethanol. 

8Possibly due to the fact that DL-adrenaline was 
originally used and the product was a mixture of isomers. 

gThe trivial name "epepinine" is suggested for this 
compound. 

Anal. Calcd. for ClEHZ6NZO4CIZ: C, 53.34; H, 6.47; 
N, 6.91; C1, 17.49. Found: C, 53.06; H, 6.44; N, 6.84; 
C1, 17.52. 

The n.m.r., 7(D2O): 2.80-3.15 (6H, m, aromatic); 5.41 
(lH, t, methine H, J = 8.0 Hz); 6.19 (2H, d, -CH,- of 

/ -CH,CH ); 6.93 (4H, broad s, -CH,-CH,-); 7.04 
\ \ 

(3H, s, >N-CH,); 7.17 (3H, s, 7-CH,) .  

Tetraacetyladrenaline (4) 
Tetraacetyladrenaline (4) was prepared by the method 

of Bretschneider (15). The n.m.r., 7(CDC13): 2.80 (3H, 
broads); 4.05 (lH, m, methine); 6.40 (IH, m, methylene); 

\ 
7.10 (3H, s, /N-CH,); 7.26 (6H, s, aromatic 

-0-COCH,); 7.95 (3H, s, side chain -0-COCH,); 

8.00 (3H, s, >N-COCH,). 

03,04,N-Triacetyladrenaline (5)  
03,04,N-Triacetyladrenaline (5) was prepared by the 

method of Welsh (16). The n.m.r., 7(CDC13): 2.70-2.82 
(3H, m, aromatic); 5.08 (lH, m, methine); 5.40 (lH, 
broad s, OH); 6.45 (lH, m, methylene); 7.17 (3H, s, 

>N-CH,); 7.25 (6H, s, -0-COCH,); 7.96 (3H, s, 

Adnamine (3) 
Adnamine (3) was prepared by the method of Forrest 

et al. (20). The n.m.r., 7(D2O): 3.18 (4H, d, aromatic); 
3.42 (2H, s, olefinic); 5.98 (lH, t, methine, J = 8.5 Hz); 

6.94 (2H, d, methylene); 7.53 (3H, s, >N-CH,). 

Thin-layer Chromatography 
The Rr values of a number of the compounds described 

in this investigation were determined on Eastman 
"Chromagram" Cellulose sheets, using n-butanol 
saturated with 3 N HCI as running solvent. The spots 
were located on the developed chromatograms either by 
exposing them to ammonia fumes or by spraying with 
the 4-aminoantipyrene reagent (cf. 22). The Rr values 
obtained are as follows: 1 (0.35); 7 (0.14); 3 (0.56); 10 
(0.60); 9 (0.70); 11 (0.22). 

The authors wish to express their thanks to: (a) Mr. 
J. van Ingen (A.R.L.) for recording some of the n.m.r. 
spectra; (6) Mr. D. Embree (A.R.L.) for recording some 
of the mass spectra and to Dr. W. D. Jamieson (A.R.L.) 
for useful discussions of the mass spectroscopic data and 
(c) Dr. R. Baltzly of the Wellcome Research Laboratories 
(New York) for a generous gift of epinine hydrochloride. 
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Preparation of an aromatic hydroxylamine and some cyclic hydroxamic 
acids, and their reaction with hydrochloric acid 

R. T. COUTTS AND N. J. POUND 
Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta 

Received November 18, 1969 

The reduction of 2,3-dimethyl-4-(o-nitrophenylthio)-l-pheny-3-pyrazoin-5-one by sodium borohy- 
dride and palladium-charcoal gave the corresponding hydroxylamine. The action of hydrochloric acid 
on this hydroxylamine gave the p-chloroamine. In a similar manner, treatment of some 2H-1,4-benzo- 
thiazine and -benzoxazine hydroxamic acids with hydrochloric acid resulted in the formation of 
7-chloro-2H-l,4-benzothiazine and -benzoxazine lactams. 

Canadian Journal of Chemistry, 48,1859 (1970) 

Reduction of aromatic nitro-compounds by 
sodium borohydride catalyzed by palladium- 
charcoal gives the corresponding amines rapidly, 
and in good yields (1). No intermediate com- 
pounds are isolated (1) although evidence is 
available that the reduction proceeds via the 
hydroxylamine; reduction of various (o-nitro- 
pheny1thio)acetates and related compounds by 
means of sodium borohydride and palladium- 
charcoal gives derivatives of the N-hydroxy 
compound, 3,4-dihydro-4-hydroxy-2H-1,4-ben- 
zothiazine (2-4). 

R''cx'"Me NHR 0 y N \ M e  

Ph 
2 

R R' 
a H  H 
b Ac H 
c H C1 
d Ac C1 
e OH H 

In the present study an aromatic nitro- 
compound, with a bulky substituent in the ortho- 
position, was reduced with catalyzed sodium 
borohydride and an aromatic hydroxylamine 
has been isolated. Reduction of 2,3-dimethyl-4- 
(0-nitrophenylthio) - I -phenyl-3-pyrazolin-5-one 
(1) gave two products of which the amine (2a) 
was the minor one. In contrast, the same amine 
was the only product obtained when 1 was re- 

duced using iron and ferrous ammonium sulfate. 
The major product of the catalyzed sodium boro- 
hydride reduction of 1 was a chlorine-contain- 
ing compound, C,,H,,ClN,OS. The introduc- 
tion of the chlorine atom occurred during the 
work-up procedure in which hydrochloric acid 
was added to decompose the unreacted sodium 
borohydride. A structure (2c) has been assigned 
to this product. Its formation suggested that the 
reduction of 1 had proceeded only as far as 
the hydroxylamine, 2e, which was subsequently 
attacked by the chloride ion to yield 2c as illus- 
trated in Scheme 1. 

The location of the chlorine atom in 2c was 
inferred (a) from the ample literature evidence 
that when hydrochloric acid and other nucleo- 
philic reagents react with aromatic hydroxyl- 
amines, p-substituted amines are the major 
products (5-7); (b) from the nuclear magnetic 
resonance (n.m.r.) spectrum of the aromatic 
protons in the chlorinated ring (Fig. l), (c) from 
the observation that only p-substitution was 
observed in related reactions described below; 
and (d) from the report (8) that 6-chloro-l- 
hydroxy-4-quinolones are formed when o-nitro- 
benzaldehyde reacts with ethyl acetoacetate and 
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FIG. 1. The n.m.r. spectrum (aromatic ring protons) of 4-(2-amino-5-chlorophenylthio)-2,3-dimethyl-l-phenyl-3- 
pyrazolin-5-one (2c). 

related compounds in the presence of hydro- pound (3) was the product of the oxidation of the 
chloric acid. hydroxylamine (2e) by hydrogen peroxide. 

It was apparent that if hydrochloric acid was 
excluded from the reaction, reduction of 1 should 
yield 2e. Reduction of 1, therefore, was repeated 

&x=N-$J except that acetic acid was used in the work-up 
procedure, and 4-(0-hydroxylaminopheny1thio)- 3 
2,3-dimethyl-1-phenyl-3-pyrazolin-5-one (2e) was 
obtained. This structure was assigned for the 
following reasons. The compound analyzed R = 

satisfactorily for C17H17N,02S; its mass spec- o ~:"\.e 

trum showed weak M' and TM-21' ions and an P h 

[M- 161 ' ion of appreciable gbunhance, charac- 
teristic of an aromatic hydroxylamine (9); NH 
and OH stretching bands were observed in the 
infrared (i.r.) spectrum, and the product readily 
reduced Tollen's reagent. 

Another reduction of the pyrazolone (1) by 
means of sodium borohydride and palladium- 
charcoal was performed in which the filtrate from 
the reaction was not acidified. The major product 

In view of the findings just described, the 
reduction of (0-nitropheny1thio)acetic acid (4) by 
means of sodium borohydride and palladium- 
charcoal was reinvestigated. Previously (3) we had 
concluded that an unexpected product of this 
reduction was the sulfone, 3,4-dihydro-3-0x0-2H- 
1,4-benzothiazine-1, I-dioxide (5). Its melting 
point, i.r. spectrum, and analytical data were all 

isolated then was the azoxy compound,-namely 
2,2'-bis [4-(2,3-dimethyl-1 -phenyl-3-pyrazolin-5- SCHzCOOH 

onyl)thio]azoxybenzene (3), the structure of uNo2 
which was confirmed by means of elemental H 
analysis and i.r. and mass spectra. The same corn- 4 5 7 
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COUTTS AND POUND: AROMATIC HYDROXYLAMINE AND HYDROXAMIC ACIDS 

consistent with such a conclusion. However, the 
possibility of the product being a chloro-com- 
pound was not considered at that time. A mass 
spectrum of this product has now been recorded 
and this has revealed that the compound was 
not 5; it had a molecular formula C,H,ClNO,S. 
Its n.m.r. spectrum showed a complex signal for 
the aromatic protons, the pattern of which 
(Fig. 2) was consistent with a 1,2,4-trisubstituted 
benzene derivative. The product, therefore, was 
suspected to be 7-chloro-3,4-dihydro-3-oxo-2H- 
1,4-benzothiazine (6). The possibility that the 
product was the isomer (7) was very unlikely but 
as the m.p. of the product isolated by us and that 
of 7 were identical, it was necessary to prepare a 
sample of 6-chloro-3,4-dihydro-3-oxo-2H-1,4- 
benzothiazine (7) for direct comparison with our 
product. Reduction of (4-chloro-2-nitrophenyl- 
thio)acetic acid with sodium hydrosulfite, using 
the reported (10) method, gave the required 
lactam (7) which was shown by a comparison of 
i.r. and n.m.r. spectra (Figs. 2 and 3) and a mixed 
melting point to differ from 6. 

The formation of 6 can be explained in a 

FIG. 2. The n.m.r. spectrum (aromatic ring protons) 
of 7chloro-3,4dihydro-3-oxo-2H-1,4-benzothiazine (6). 

FIG. 3. The n.m.r. spectrum (aromatic ring protons) 
of 6-chloro-3,4dihydro-3-oxo-2H-1,4benzothiazine (7). 

manner similar to that described for 2c. It  
apparently involves the nucleophilic attack of a 
chloride ion on the protonated hydroxamic acid 
as illustrated in Scheme 2. The authenticity of this 
mechanism was substantiated when it was found 
that the lactam (6) was the product isolated in 
81 % yield when 3,4-dihydro-4-hydroxy-3-0x0- 
2H-1,4-benzothiazine (8) was treated with 
hydrogen chloride. 
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This novel reaction offers a means of preparing 
7-chlorobenzothiazines which are not readily 
available by conventional reductive methods of 
synthesis. Such methods would require (2-nitro- 
5-ch1orophenylthio)acetic acid as a starting 
material for the preparation of 6, but this acid is 
not available by the action of thioglycolic acid on 
2,4-dichloronitrobenzene, because of the reac- 
tivity of both chlorine atoms. 

In the same way, the action of hydrogen 
chloride on 6-chloro-3,4-dihydro-4-hydroxy-3- 
0x0-2H- l,4-benzothiazine (9) gave an excellent 
yield of 6,7-dichloro-3,4-dihydro-3-oxo-2H-1,4- 
benzothiazine (10). The structure of 10 was 
readily deduced from its n.m.r. spectrum which 
indicated the absence of ortho- and meta- 
coupling in the aromatic signal (1-proton singlets 
at z 2.80 and 2.32) and which verified that the 
attack of the chloride ion was at the ring position 
para to the nitrogen function. 

This new synthetic method is not restricted to 
the preparation of benzothiazines. Related ben- 
zoxazines can also be obtained in the same way. 
Thus, reduction of methyl o-nitrophenoxyacetate 
gave the zinc complex of 3,4-dihydro-4-hydroxy- 
3-0x0-2H-1 ,4-benzox~zine (11). Treatment of this 
complex with hydrochloric acid gave the expected 
hydroxamic acid (12) (Scheme 3) but, in addition, 
a neutral compound was isolated. Its mass and 
i.r. spectra and elemental analysis were con- 
sistent with this compound being 7-chloro-3,4- 

dihydro-3-oxo-2H-l,4-benzoxazine (13). The 
same product (13) is formed in 79 % yield by the 
action of hydrochloric acid on the hydroxamic 
acid (12). Similarly, a solution of 2-ethyl-3,4- 
dihydro-4-hydroxy-3-0x0-2H- 1,4- benzoxazine 
(14) in sodium carbonate solution, on acidifying 
with hydrochloric acid, gave a chloro-compound, 
presumably 7-chloro-2-ethyl-3,4-dihydro-3-oxo- 
2H-1,4-benzoxazine (15). 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

recorded as Nujol mulls. Mass spectra were measured 
with an A.E.I. MS-9 spectrometer, and n.m.r. spectra 
were recorded on a Varian A-60 spectrometer using 
DMSO-d6 as solvent. Chemical shifts are expressed in 
7 units with TMS as standard. 

Reduction of 2,3-Dimethyl-4-(0-nitropheny1thio)-I- 
phenyl-3-pyrazolin-5-one ( I )  

(i) A solution of sodium borohydride (1.02 g) in water 
(15 ml) was added in three equal portions at 5 min 
intervals to a suspension of the title compound (11) 
(2.01 g) and 10% palladium-on-charcoal (0.11 g) in 
dioxane (100 mI) through which nitrogen gas was 
bubbled. After 15 min, the suspension was filtered and 
the colorless filtrate was acidified with dilute hydrochloric 
acid, then reduced in volume to near dryness. Chloroform 
(50 ml) was added and the resulting pale brown solution 
was extracted repeatedly with dilute hydrochloric acid. 
The combined acid extract (250 ml) was made alkaline 
with 50% sodium hydroxide solution over ice then 
extracted with chloroform. Evaporation of the dried 
chloroform solution gave a pale brown solid (1.41 g) 
which, when crystallized from benzene then ethanol, gave 
4-(2-amino-5-chlorophenylthio) -2,3-dimethyl-I-phenyl-3- 
p vrazolin-5-one (2c) as a colorless solid, m.p. 180-181 O. 

The i.r. spectrum: 3400, 3320 (NHZ); 1642 (-0); 
812 (CH) cm-'. The n.m.r. spectrum: 7.58 and 6.80 
(3-proton singlets) (CH3); 4.26 (2-proton broad singlet) 
(NH,); 2.30-3.50 (8-proton aromatic signal) (Fig. 1). 
Mass spectrum: 345 ( M + ,  62 %) 347 (25 %). 

Anal. Calcd. for Cl,H16CIN30S: C, 59.04; H, 4.66; 
N, 12.15. Found: C, 59.41; H, 5.12; N, 11.60. 

Treatment of 2c (0.17 g) with acetic anhydride in the 
usual manner gave the acetate(2d) (0.14 g) which crystal- 
lized from benzene as a colorless solid, m.p. 202-203'. 
The i.r. spectrum: 3320 (NH); 1700 and 1641 (C=O); 
812 (CH) cm-'. 

Anal. Calcd. for Cl9HI8CIN3OZS: C, 58.83; H, 4.68; 
CI, 9.14; N, 10.83. Found: C, 59.08; H, 5.09; Cl, 8.90; 
N, 10.41. 

(ii) Reduction (i) was repeated on the title compound 
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(2.24 g) except that the filtrate was acidified with acetic 
acid. Evaporation of the acidified filtrate gave a brown 
oil which, when triturated with ethanol then washed with 
water, left a yellow solid (1.5 g). Crystallization from 
ethanol gave 4-(0-hydroxylaminophenylthio)-2,3-dimethyl- 
I-phenyl-3-pyrazolin-5-one (2e) as a bright yellow solid, 
m.p. 156-158" (dec.) which reduced Tollen's reagent. The 
i.r. spectrum: 3245 (broad, NH and OH); 1619 (C=O) 
cm-'. Mass spectrum: 327 (M+, 1 %), 325 (573, 311 
(25 %). 

Anal. Calcd. for C17H17N302S: C, 62.36; H, 5.23; 
N, 12.84. Found: C, 62.28; H, 5.34; N, 12.92. 

(iii) Reduction (i) was repeated on the title compound 
(1.01 g). The filtrate was not acidified. It was evaporated 
to dryness and the resulting semi-solid extracted with hot 
ethanol (3 x 10 ml). On concentration of the ethanol 
solution, 2,2'-bis[4-(2,3-dimethyl-1-phenyl-3-pyrazolin-5- 
onyl) thio]azoxybenzene (3) (0.48 g) separated as an orange 
solid and had m.p. 272-273.5" (dec.) when crystallized 
from dimethylsulfoxide-ethanol. The i.r. spectrum: 1668 
(C=O) cm-l. Mass spectrum: 634 (M+, 0.3%), 618 
(2 %). 

Anal. Calcd. for C34H30N603S2: C, 64.33; H, 4.76; 
N, 13.24. Found: C, 63.63; H, 4.39; N, 12.71. 

(iv) Powdered iron (2.07 g) and ferrous ammonium 
sulfate (0.57 g) were suspended in a solution of the title 
compound (1.01 g) in ethanol (80 ml) and the mixture 
was heated under reflux for 90 min. The hot solution was 
filtered with the aid of Celite. Evaporation of the colorless 
filtrate gave an off-white solid (0.82 g). Crystallization 
from ethanol gave 4-(0-aminopheny1thio)-2,3-dimethyl-1- 
phenyl-3-pyrazolin-5-one (24) as a colorless solid, m.p. 
204-207", which on diazotization and coupling with 
rj-naphthol gave a red dye. The i.r. spectrum: 3400,3318 
(NH,); 1642 (C=O) cm-'. Mass spectrum: 311 (M+, 
63 %). 

G a l .  Calcd. for C17H17N30S: C, 65.57; H, 5.50; 
N, 13.50. Found: C, 65.55; H, 5.84; N, 13.41. 

Treatment of 24 (1.05 g) with acetic anhydride in the 
usual way gave the acetate (2b) (0.89 g), m.p. 162-164' 
(from ethanol). The i.r. spectrum: 3250 (NH); 1700 and 
1650 (C=O) cm-'. 

Anal. Calcd. for Cl9Hl9N3O2S: C, 64.52; H, 5.42; 
N, 11.89. Found: C, 64.49; H, 5.81; N, 11.48. 

Oxidation of Hydroxylamine (2e) 
4-(0-Hydroxylaminophenylthio) -2,3 -dimethyl-1- 

phenyl-3-pyrazolin-5-one (0.48 g) was suspended in 
dioxane (30mI) and 30% hydrogen peroxide solution 
(5 ml) was added gradually with stirring. Reaction was 
continued for 18 h during which time the starting material 
dissolved and a yellow precipitate (0.17 g) formed. 
Recrystallization from DMSO-ethanol gave the azoxy 
compound (3), m.p. 272-275" (dec.), the i.r. spectrum of 
which was superimposable on that of the product ob- 
tained in the reduction of 1 (method (iii)). 

6,7-Dichloro-3,4-dihydro-3-oxo-2H-l,4-benz0thiazine (10) 
Hydrogen chloride was bubbled through a methanolic 

solution (10 ml) of 6-chloro-3,4-dihydro-4-hydroxy-3- 
0x0-2H-1,4-benzothiazine [prepared by the literature (3) 
method] (0.22 g) for 2 min at 5". The solution was set 
aside at room temperature for 3 h then evaporated to 

dryness. The resulting grey solid (0.23 g) was crystallized 
from ethanol to yield the title compound, m.p. 249-251'. 
The i.r. spectrum: 3170 (NH), 1678 (C=O) cm-'. The 
n.m.r. spectrum: 6.47 (2-proton singlet) (CH,); 2.80 
(1-proton singlet) (C5-H); 2.32 (I-proton singlet) (C8-H); 
-0.75 (I-proton broad singlet) (NH). 

Anal. Calcd. for C8H5C12NOS: C, 41.04; H, 2.15; 
N, 5.98. Found: C, 40.94; H, 2.42; N, 5.99. 

Reduction of (0-Nitropheny1thio)acetic Acid (4) 
The title compound was reduced with sodium boro- 

hydride and palladium~harcoal in dioxane as described 
previously (3). The product, m.p. 208-209" was 7-chloro- 
3,4-dihydr0-3-0~0-2H-l,4-benzothiazine (7), lit. (12) m.p. 
206". The i.r. spectrum: 3180 (NH), 1688 (C=O) cm-'. 
Mass spectrum: 199 (M+, loo%), 201 (35%). The n.m.r. 
spectrum : 6.50 (2-proton singlet) (CH,) ; 2.45-3.10 
(3-proton aromatic signal) (Fig. 2); -0.68 (1-proton 
broad singlet) (NH). 

Anal. Calcd. for C8H6CINOS: C, 48.13; H, 3.03; 
N, 7.02; S, 16.06. Found: C, 48.55; H, 3.03; N, 6.92; 
S, 16.00. 

6-Chloro-3,4-dihydro-3-oxo-2H-I,4-benzothiazine (7) 
This compound was prepared by the reported method 

(10). The i.r. spectrum: 3185 (NH), 1670 (C=O) cm-'. 
The n.m.r. spectrum: 6.50 (2-proton singlet) (CH,); 
2.48-3.10 (3-proton aromatic signal) (Fig. 3); -0.67 
(I-proton broad singlet) (NH). 

Action of Hydrochloric Acid on the Zinc Complex of 
3,4-Dihydro-4-hydroxy-3-0x0-2H-I ,4-benzoxazine 
(11) 

The crude zinc complex was prepared from ethyl 
o-nitrophenoxyacetate by a previously reported method 
(14). The sample was purified by dissolving it in dimethyl- 
sulfoxide, filtering off the insoluble zinc, then repre- 
cipitating the complex by pouring the filtrate into 
ethanol. Crystallization from ethanol gave a flocculent 
white precipitate, m.p. 1360'. The i.r. spectrum: 
1631 cm-' (chelated -0). 

Anal. Calcd. for C16HlZN~06Zn:  C, 48.82; H, 3.07; 
N, 7.12. Found: C, 48.99; H, 2.81; N, 7.04. 

A suspension of the zinc complex (0.15 g) in dilute 
hydrochloric acid (5 ml) was stirred for 2 h and the 
resulting light brown suspension was extracted with 
chloroform. Evaporation of the chloroform gave a brown 
solid (71 mg) which was redissolved in chloroform. This 
solution was extracted with 10% aqueous sodium 
carbonate, dried and evaporated to yield 7-chloro-3,4- 
dihydro-3-oxo-2H-1,4-benzoxazine (13) (40 mg), as a 
white solid, m.p. 197-200" when crystallized from 
methanol. Infrared spectrum: 3175 (NH), 1684 ( G O ) ,  
800 (CH) cm-'. Mass spectrum: 183 (M+, loo%), 185 
(35%). The n.m.r. spectrum: 5.42 (2-proton singlet) 
(CH,); very broad signal centered at 4.25 (NH); 2.90- 
3.12 (3-proton aromatic signal). 

Anal. Calcd. for C8H6ClNo2: C, 52.34; N, 3.29; 
N, 7.63. Found: C, 52.67; H, 3.52; N, 7.67. 

The aqueous sodium carbonate solution described 
above was acidified with glacial acetic acid and extracted 
with chloroform. Evaporation of the chloroform extract 
gave 3,4-dihydro-4-hydroxy-3-oxo-2H-1,4-benzoxazine 
(12) (15 mg) as a white solid, m.p. 165-166' [lit. (13) 
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m.p. 168-1 69"J. Its infrared spectrum was superimposable The authors acknowledge meaningful discussions with 
on that of an authentic sample. Dr. R. A. Abramovitch, and thank Mrs. S. Li, Mr. 

The benzoxazine (13, 0.61 g) was also obtained by E. Mah, and Mr. W. F. Dylke for technical assistance. 
heating under reflux a suspension of 3,4-dihydro-4- 
hydroxy-3-oxo-2H-l,4-benzoxazine (12) (0.7 g) in dilute 1. T. N ~ ~ ~ ~ ~ ~ ,  H. C. S. wooD, and A. G. WYLIE. 
hydrochloric acid (15 ml) for 2.5 h. The cooled mixture J. Chem. Soc. 371 (1962). 
was extracted with chloroform: the latter was washed 2. R. T. COUTTS. H. W. PEEL. and E. M. SMITH. Can. 
with sodium carbonate solution, then water, and evap- 
orated to give 13, m.p. 195-199". 

Action of Hydrochloric Acid on 2-Ethyl-3,4-dihydro-4- 
I~droxy-3-oxo-2H-l,4-benzoxazine (14) 

A solution of the title compound (10 mg) in aqueous 
sodium carbonate (20 ml) was acidified with concentrated 
hydrochloric acid and allowed to stand for 15 h. The 
crystalline product (5 mg), m.p. 143-144", was 7-chloro- 
2-ethyl-3,4-dihydro-3-oxo-2H-I,4-benzoxazine (15). The 
i.r. spectrum: 3190 (NH), 1696 (C=O), 798 (CH) cm-l. 
Mass spectrum: 21 1 (M+,  67 %), 21 3 (20 %). 

Anal. Calcd. for C,oHloCIN02: N, 6.62. Found: 
N, 6.30. 

The award of a Medical Research Council of Canada 
Studentship (to N.J.P.) and other M.R.C. financial 
assistance (grant No. MA 2993) is greatly appreciated. 

lK. W. Hindmarsh carried out this reaction. 
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Studies on the decomposition of tetra-alkylammonium salts in 
solution. Part 111. Interpretation of Hammett correlations 

E. C. F. KO AND K. T. LEFFEK 
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia 

Received October 31,  1969 

Harnmett free energy correlations are reported for the decomposition reactions of tetra-alkylam- 
rnoniurn halides in chloroform and acetone solution. All the salts contained a substituted benzyl group 
attached to the nitrogen atom and decomposed to yield a benzyl iodide and dirnethylaniline as the only 
products. 

The curved Harnrnett plots for para-substituted benzyl compounds are compared to the linear plot 
found previously for a series of salts each containing apara-substituted phenyl group, and it is concluded 
that curved Harnrnett plots cannot be used as evidence for a change of mechanism, unless direct con- 
jugative effects between substituent and reaction site are absent. 

Canadian Journal of Chemistry, 48,1865 (1970) 

Introduction 
In the previous paper of this series (1) a p 

value of + 1.4 was found for para-substituted 
phenyl groups for the decomposition reaction of 
phenylbenzyldimethylammonium iodides. These 
salts all decompose completely and cleanly to 
yield benzyl iodide and a tertiary amine and 
follow first-order kinetics when the calculations 
are made with respect to the concentration of the 
ammonium ion (2). Therefore, the reaction is 
considered to be a decomposition of the am- 
monium ion involving a transfer of the charge 
from the nitrogen atom to the benzyl carbon 
atom, to yield a tertiary amine and a carbonium 
ion, which is probably associated as an ion-pair, 
since it is most likely that the original ammonium 
ion is associated as a triple-ion in poorly ionizing 
solvents (2). The carbonium ion-pair then 
collapses to yield the benzyl halide. By an ex- 
tension of the current terminology, this mechan- 
ism was called an ionic internal nucleophilic 
substitution (2). 

In this paper the Hammett correlation for the 
same reaction is studied for para-substituted 
benzyl groups. In this case, in contrast to the 
para-substituted phenyl group, the electrons 
move away from the benzene ring during the 
reaction, so that a negative value of p would be 
expected (3). The decomposition reaction is 
really a nucleophilic substitution of a sub- 
stituted benzyl compound with a C,H,N+(CH,), 
leaving group. Jaffe has reported a number of 
Hammett correlations for this type of reaction of 
benzyl compounds (4), based on data most of 
which was obtained in the 1930's. Nearly all of 
these correlations gave negative p values, al- 

though a few gave positive values. Some of these 
correlations have been recalculated by Wells (5 )  
who imposed further restrictions to improve the 
fit, but the benzyl compound correlations have 
as their common feature quite low correlation 
coefficients. Thus the p values obtained for 
benzyl compounds have large uncertainties and 
these are transferred from the experimental 
results to the interpretation. For example, 
Swain and Langsdorf (6) discussed Hammett 
correlations for benzyl compounds and reached 
the conclusion that there is a single concerted 
mechanism for nucleophilic substitutions, where- 
as Wiberg (3) used the p value of - 2.2 for benzyl 
chloride solvolyses as evidence for the S,2 nature 
of the reaction. These different conclusions are 
made from essentially the same experimental 
data. 

Since the decomposition of benzyl containing 
tetra-alkylammonium salts is not an S,2 reaction 
(2), it provides a good test case for the inter- 
pretation of the Hammett correlations. 

Results and Discussion 
Rate constants at 40 "C for the decomposition 

of a series of ammonium bromides and iodides 
containing para-substituted benzyl groups in 
two solvents are given in Table 1 and are plotted 
as log,, k, vs. o, the Hammett substituent con- 
stant, in Fig. 1. Also included in Fig. 1 is a 
similar graph for a series of iodides containing 
para-substituted phenyl groups. The rate con- 
stants for this series and the value of p equal to 
+ 1.4 are taken from the previous paper of this 
series (1). 

The curvature of the plot (concave upwards) 
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FIG. 1. Correlation of the logarithm of the first order specific rate of the decomposition of 4-X,benzylphenyl- 
dimethylammonium salts and the Hammett o constant; I) iodide in chloroform solution; 2) iodide in acetone solution; 
3) bromide in acetone solution; 4) bromide in chloroform solution. The dashed line (open triangles) represents a 
similar graph for para-substituted-phenylbenzyldimethylammonium iodide in chloroform solution (1). 

TABLE 1 

Specific first-order rate constants for the decomposition 
of tetra-alkylammonium halides in solution at 40 "C 

104kl ( s - ~ )  
p-Substituted benzylphenyl- 
dimethylammonium halide Chloroform Acetone 

Iodide 
p-Me~ 24.7 11.4 
p-Me 6.04 2.91 
P-H 3.18 1.59 
p-Br 3.25 2.51 
P -NO~ 5.94 3.28 

for the para-substituted benzyl series is qualita- 
tively very similar to that obtained by other 
workers for nucleophilic substitutions on benzyl 
compounds (6), although the present results 
show a definite minimum. Swain and Langsdorf 
explained the curved plots in terms of resonance 
interaction and argued for a single mechanism of 
reaction. On the other hand, Jaffe (4) considered 
the same resuIts to indicate the presence of two 
reaction mechanisms with different p values 
which combined to yield the curved plot. In 
the present study, the nature of the transition 

state is deduced by means of a Hammett cor- 
relation in which the substitution of different 
groups is made in two separate benzene rings, 
within the parent compound, which are chem- 
ically different but symmetrically arranged with 
respect to the bond which is breaking during the 
reaction. The two separate results which are 
obtained from substitution in the benzyl ring in 
the one case and in the phenyl ring in the other, 
should give essentially consistent indications of 
the type of transition state occurring in the 
reaction because the kinetics, which clearly 
indicate the major aspects of the mechanism (2), 
are the same for all the compounds studied. This, 
together with the fact that the substituents on 
the phenyl ring apparently do not change the 
mechanism, leads to the conclusion that the 
curved plot obtained for the para-substituted 
benzyl series does not indicate a change of 
mechanism. 

Therefore, an explanation of the curvature 
similar to that of Swain and Langsdorf is pre- 
ferred. The Hammett o values refer to reactions 
in which the electron transfer process from the 
aromatic ring to the reaction site is governed by 
the inductive effect alone. In a reaction such as 
the decomposition under study, in which a 
positive charge is being developed on the benzyl 
carbon atom, a para-substituted methoxy group 
may release electrons by direct conjugation, 
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which would be a much stronger effect than its 
inductive electron withdrawal. Similarly, a 
para-methyl group may release electrons by 
hyperconjugation in addition to its inductive 
electr~n release. Thus, compounds with these 
substituents would be expected to give ab- 
normally fast rate constants, if the Hammett 
plot is assumed to be the normal specific rate. 
Therefore, although a precise estimate of p 
cannot be made, it may be estimated to be 
0.25 f 0.2 from the right-hand side of the plots 
in Fig. 1. Alternatively, the Hammett plot could 
be constructed using of values for the sub- 
stituents which release electrons by direct con- 
jugation. This has the effect of spreading out the 
o scale on the negative side and thus gives a curve 
which is more U-shaped. It is then possible to 
calculate a p value from either arm using three 
points in each case, so that either a negative 
value of about - 1.2 may be obtained for p or 
the positive quoted above. 

According to the usual interpretation of 
Hammett p values, this parameter measures the 
sensitivity to change of electron availability at 
the reaction center. The sign of the substituent o 
values is such that in a reaction in which positive 
charge accumulates adjacent to the benzene ring, 
p is negative, and when negative charge accu- 
mulates it is positive. Thus, the value of + 1.4 
found (1) for the substituted phenyl series con- 
firmed the fact that the central nitrogen atom 
adjacent to the phenyl ring had a reduced 
positive charge in the transition state. The 
U-shaped curve for the substituted benzyl series 
is not inconsistent with this, but because of the 
conjugative electron release of some sub- 
stituents and of the almost zero value obtained 
from the plots in Fig. 1, it might be concluded 
that very little positive charge accumulates on 
the benzyl carbon atom during the activation 
process. Therefore, either this positive charge is 
extensively dispersed from the central nitrogen 
atom on to the benzyl carbon atom in the initial 
state, or the transition state is reached very early 
on the reaction co-ordinate, or both of these 
effects are present. When added to the evidence 
obtained from the activation parameters of the 
para-substituted phenyl reactions (I), the reac- 
tion is most easily envisaged as involving both 
effects simultaneously. 

In conclusion, it may be seen that the evidence 
from the study of tetra-alkylammonium salt 

decompositions shows that curved Hammett 
plots may result from direct conjugative effects. 
Therefore, such curved plots should not be used 
as evidence for a change of mechanism, unless 
direct conjugative effects are clearly absent from 
the system under study. 

Experimental 
Materials 

The tetra-alkylammonium bromides and iodides were 
made as outlin'ed previously (1). Excess (3- to 4-fold) of 
purified dimethylaniline was added dropwise, with 
stirring, to the appropriate cold benzyl halide without any 
solvent. The stirring was continued for 2 h at room tem- 
perature, after which the solid product was filtered, 
washed a few times with ether, and dried under vacuum. 
The salts were purified by repeated recrystallization until 
their purities, determined by potentiometric titration of 
halide ions with standard silver nitrate solution, were 99 % 
or better. The yield was quantitative. For the hygroscopic 
salts, the whole operation of purification was carried out 
in an atmosphere of dry nitrogen. A summary of the 
recrystallization conditions and the melting points of the 
products is given in Table 2. 

Commercial benzyl bromide was distilled, b.p. 82-83 "C 
at 3 mm and 4-nitrobenzyl bromide was recrystallized 
from ethanol, m.p. 98.5 "C. 4-Methoxybenzyl bromide, 
b.p. 110-1 12 "C at 2 mm, was made by bubbling dry 
hydrogen bromide into a solution of 4-methoxybenzyl 
alcohol in AR benzene as described by Lapworth and 
Shoesmith (7). 4-Bromobenzyl bromide, m.p. 60-61 "C 
(recrystallized from ethanol), was prepared by bromina- 
tion of 4-bromotoluene (8). 4-Methylbenzyl bromide, 
m.p. 33-36 "C (recrystallized from benzene), was made 
from p-xylene and N-bromosuccinimide in carbon 
tetrachloride containing a trace of benzoyl peroxide (9). 

4-Nitrobenzyl iodide was purchased from Koch-Light 
Laboratories and used without further purification. Benzyl 
iodide, m.p. 24-25 "C (from ether), 4-methoxybenzyl 
iodide, m.p. 32-33 OC (from ether), 4-methylbenzyl 
iodide, m.p. 49-50 "C (from ether), and 4-bromobenzyl 
iodide, m.p. 70-71 "C (from ethanol), were made from 

TABLE 2 
Recrystallization and physical data for 4-X,benzyl- 

phenyldimethyl N+Y- compounds 

Medium for recrystallization Melting 
X Y (by volume) point (OC) 

MeO Br Methanollether (1 : 10) 
I Ethanol/petroleum ether (1 :15) 

Br Ethanol/acetone (1 :2) 
I Ethanol 

Br Br Ethanollether (1 :5) 
I Ethanol 

Br Ethyl acetate 
I Ethanol 

Hygroscopic 
Hygroscopic 
127-128 
121-123 

154-156 
148-150 
145-146 
129-131 

146147 
136137 
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the corresponding benzyl bromides or chlorides by the 
action of sodium iodide in acetone as described by 
Gardner and Noyes (10). 

The chloroform solvent was Matheson, Coleman, and 
Bell chromatoquality reagent as used previously (1). 
Acetone was purified by refluxing first with potassium 
permanganate, then over anhydrous calcium sulfate, 
followed by fractional distillation, b.p. 57.5 "C, according 
to the method of Taft et al. (11). 

Kinetics 
The procedure for the kinetic measurements was, in 

general, as described in earlier papers (1,2). Resistances 
were measured on a Wayne-Kerr conductivity bridge. 
The precision and accuracy of the rate constants are the 
same as those reported in part I of this series (2) in which 
a number of experimental comparisons were made and 
illustrative runs quoted from which these figures of merit 
may be estimated. 

Because of solubility limitations, the concentration 
range of the solution was 0.005-0.09 M in chloroform 
and 0.002-0.035 M in acetone. Solutions were made by 
weight dilution and in the case of sparingly soluble 
salts, saturated solutions were used. 

Reaction Products 
Reaction mixtures of the decomposition reactions in 

chloroform, after equilibration for 15 to 20 half-lives, 
were analyzed by vapor-phase chromatography on an 
A-700 Autoprep chromatograph. The column (20' x a" 
0.d.) was packed with silicone gum rubber SE 30 on 
HMDS chromosorb mesh size 80-100. Dimethylaniline 
and the appropriate benzyl halide were identified with 

authentic samples in each case and no other products 
were found. Dimethylaniline and most of the 4-sub- 
stituted benzyl halides were conveniently determined at 
column temperatures 200-225 OC, but 4-bromo, 4- 
methyl, and 4-methoxybenzyl iodides were found to be 
unstable at such high temperatures. Good separations for 
these compounds were achieved at column temperatures 
150-170 "C. 

The authors are grateful for financial support by the 
National Research Council of Canada. 
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Reactions of pentachlorothiophenol. I. Preparation of some simple 
metallic and non-metallic derivatives 

C. R. L u c ~ s  AND M. E. PEACH 
Department of Chemistry, Acadia University, Wolfville, Nova Scotia 

Received January 12, 1970 

The preparation and properties of simple metal derivatives of pentachlorothiophenol are described: 
MSC6C15 (M = Na, K, Rb, Cs, Tl, Cu, Ag, Au, Ph,Sn, n-Bu3Sn, Ph,Pb, Ph4As), M(SC6C15)2 (M = Zn, 
Cd, Hg, Ni, Pd, Pb, n-Bu2Sn, Sn), Ge(SC6C15)4, and Pt(SC6Cl5),C1. Non-metallic derlvat~ves of group V, 
M(SC6CI,), (M = P, As, Sb) and PhP(SC6C15)Z have also been prepared from Pb(SC6C15)2 and the 
corresponding non-metallic chloride. The infrared spectra of these compounds and the mass spectra of 
C6C15SH and (C,C15S)2 have been examined. 

Canadian Journal of Chemistry, 48,1869 (1970) 

This paper is an extension and amplification of 
work described previously in a short communica- 
tion (1). The preparation and properties of 
various derivatives of the main group elements 
and transition metals are described. 

While the chemistry of pentafluorothiophenol 
and its derivatives has been studied in some detail 
(2, 3) little is known about the chemistry of 
pentachlorothiophenol (4). Commercially avail- 
able pentachlorothiopheno1 contains about 40 % 
of bis(pentach1oro-phenyl)disulfide, from which 
it may be separated by dissolution in basic 
solution. Pure pentachlorothiopheno1 has a 
m.p. 241.5-242'. In basic solution thiols are 
readily oxidized to disulfides. Polymerization is 
observed to occur in basic solutions of penta- 
fluorothiophenol in air, but not in a nitrogen 
atmosphere (3, 5); pentachlorothiophenol in air 
will not polymerize in basic solution. The 
polymerization of pentafluorothiophenol prob- 
ably involves initial oxidation, giving bis(penta- 
fluoro-phenyl)disulfide, which is subsequently 
attacked nucleophilically by the C6F5S- ion. 
That a similar reaction does not occur with 
pentachlorothiopheno1 must be due either to the 
poor properties of the C6C15S- ion as a nucleo- 
phile, or to the low susceptibility to nucleophilic 
attack of the C6C15 nucleus. Pentachlorothio- 
phenol is readily oxidized to the disulfide. 

Simple Derivatives 
The thiols, in general, show properties of the 

type classified as hydrogen pseudohalide, and are 
somewhat acidic. The pK, of pentachlorothio- 
phenol is 5.21 t- 0.04 in 50 % dioxane-water. The 
acidity can be utilized in various synthetic 
reactions. Pentachlorothiophenol reacted in 

ethanol with some oxides, such as ZnO, PbO, 
PbO,, and Cu,O, but did not react with MnO, 
and GeO, ; similar reactions have been observed 
with pentafluorothiophenol (3). The thiol dis- 
solves in aqueous sodium or potassium hydrox- 
ides, from which the sodium or potassium salt 
can be isolated on removal of the solvent. The 
thiol also forms salts with rubidium and cesium 
carbonates. The acidic properties of the thiol were 
shown in its reaction with n-butyllithium forming 
n-butane and the lithium salt. All the alkali metal 
salts are soluble in water forming basic solutions, 
as would be expected from the salt of a weak acid 
and a strong base. 

Several metal mercaptides are insoluble in 
water or ethanol (6). Using pentachlorothio- 
phenol, ethanol is a more convenient solvent as 
both the thiol and some metal salts are soluble. 
Precipitation is effected by mixing the two solu- 
tions; in this way derivatives were prepared of 
Tl(I), Ph3Sn, Ph3Pb, Pb(II), Ag(I), Cu(I), Cd(II), 
Hg(II), and Pt(1V). In a similar reaction (7) pal- 
ladium(I1) mercaptide, Pd(SC6C15),, was pre- 
pared by shaking a benzene solution of the thiol 
with an aqueous solution of the metal ion causing 
precipitation of the metal mercaptide in the 
aqueous phase. 

Thiol derivatives of the non~metals may be 
prepared by two general techniques (8). In one, 
the thiol is allowed to react with a non-metallic 
halide in a suitable solvent; when the product is 
susceptible to attack by the hydrogen halide 
generated, a hydrogen halide acceptor, such as 
triethylamine is added. In the other technique the 
reaction of a lead mercaptide with a non-metallic 
halide totally eliminates the need for a* hydrogen 
halide acceptor as lead(I1) halide is formed 
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(eqs. [ I ]  and [2]). Using these methods it was triphenylbismuthine and none with triphenyl- 

[ l ]  GeCI4 + 4 Et3N + 4 C6C15SH + Ge(SC,CI,), stibine. 

+ Et,NHCI Redox Reactions 
If pentachlorothiophenol acts as a hydrogen 

[2] 2 PC13 + 3 Pb(SC,CI5), + 2 P(SC6CIS)3 pseudohalide it ought to be fairly readily oxidized 
+ 3 PbCI, to the disulfide. Conversely the disulfide should 

possible to prepare derivatives of Ge(IV), Sn(I1) 
(from SnCl,), P(III), PhP(III), As(III), Sb(III), 
and Bi(II1). The triethylamine method can be 
applied to some of the earlier transition metal 
halides, such as titanium tetrachloride where a 
very unstable product was isolated. No reactions 
were observed with trimethylchlorosilane, phos- 
phoryl chloride, and vanadium and tungsten 
trichlorides, but partial reaction occurred with 
silicon tetrachloride and boron trichloride. 

The Sn-S bond in organotin compounds such 
as R,Sn(SRf),, is susceptible to fracture by metal 
halides in methanol (9) and has been found to be 
fractured by germanium tetrachloride, but not 
silicon tetrachloride (eq. [3]). This type of reac- 
tion is of more synthetic utility than a similar one 

involving the fracture of the Si-S bond in the 
alkyl(alky1thio)silanes (10) as the corresponding 
organotin thiol derivatives are not hydrolytically 
sensitive and are easily prepared from the 
organotin oxide and the thiol (11). Trimethyl- 
(pentafluoro-pheny1thio)silane can be prepared 
by refluxing hexamethyldisilazane and penta- 
fluorothiophenol in benzene (5) (eq. [4]). A 

similar reaction did not occur with pentachloro- 
thiophenol and hexamethyldisilazane. The in- 
ability to prepare fully substituted derivatives of 
silicon parallels observations noted in the 
chemistry of pentafluorothiophenol(5), and may 
be due to the inherent thermal instability of the 
higher molecular weight orthothiosilicates (12), 
or due to their extreme hydrolytic sensitivity. This 
latter is undoubtedly the reason for the inability 
to prepare B(SC,Cl,), since several orthothio- 
borates are known (13). 

Triphenylbismuthine reacts with thiophenol in 
refluxing xylene to form Bi(SPh), (14). Little 
reaction was observed to occur in refluxing 
benzene between pentachlorothiophenol and 

act as an oxidizing agent. NO oxidizing properties 
of bis(pentach1oro-phenyl) disulfide have been 
observed, and only very few reactions are known 
in which an organic disulfide acts as an oxidizing 
agent (1 5). 

Pentachlorothiophenol is similar to other 
thiols in being readily oxidized by iron(III), 
copper(II), and gold(II1) ions and lead dioxide; 
except with iron(II1) ions an insoluble mercaptide 
is formed with the metal ion in its lower valence 
state (3). Phosphorus pentachloride oxidizes the 
thiol forming the disulfide and P(SC,Cl,),. Two 
features are different from those observed with 
other thiols; no tin(1V) mercaptide was formed, 
and a platinum(1V) mercaptide was prepared. 
Tin(1V) mercaptides are generally stable (1 6), but 
all successful attempted preparations of tin(1V) 
mercaptide yielded tin(I1) mercaptide and the 
disulfide, the reaction probably proceeding via 
an unstable tin(1V) mercaptide, (eq. [5]). The 

[5] Sn(SC6C15)4 -> Sn(SC6C15)2 + (C&lSS)2 

reaction of a solution of platinum(1V) chloride 
with a thiol usually produces platinum(I1) 
mercaptide and the corresponding disulfide, the 
reaction presumably proceeding via an unstable 
platinum(1V) mercaptide. In the reaction of 
platinum(1V) chloride with pentachlorothio- 
phenol Pt(SC,Cl,),Cl was isolated and showed 
no signs of thermal instability. 

Chlorine and bromine react with the thiol in 
an inert solvent to give pentachlorobenzene- 
sulfenyl chloride and bromide respectively (4). 

Structures 
Various nickel mercaptides have a polymeric 

R 

/ \ 
structure involving Ni Ni bridges (17). This 

\ /  
S 
R 

type of structure is fairly general in the insoluble 
transition metal mercaptides, where bridges of 

R 
the type -M-S-M- may also be formed. I t  
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LUCAS AND PEACH: PENTACHLOROTHIOPHENOL. I 1871 

TABLE 1 
Assignment of some i.r. frequencies (cm-l) 

c-C c-C c-S c-CI 
Compound ring ring stretching stretching 

C,CI,SH 1338 s 1288 m 872 w 668 S: 679 s 
1330 s 1308 s 870 m 672 m; 688 s 
1335 s 1306 s masked 681 s; 692 s 
1332 s 1305 s 872 m 680 s; 691 s 
1325 s 1280 s 870 vw 678 s 

*See ref. 1. 

Ratlo rnle 

FIG. 1. Mass spectrum of pentachlorothiophenol: direct introduction, block temperature 143". 

would be expected with the class B metals (18) 
where the partially filled d orbitals on the metal 
atom can form back n bonds by overlapping with 
the empty d orbitals on the sulfur. 

The effect of the d orbitals of the metal ion may 
account for the non-preparation of the mercap- 
tides, by the methods described, of titanium(II1 
and IV), vanadium(III), chromium(III), man- 
ganese(II), and iron(I1 and 111), where the 
d orbitals are only partially occupied. The actual 
stable transition metal mercaptides and complex 
ions prepared (1, 2) are restricted to the latter 
transition elements, which have d7, dB, and dl0 
configurations and the d orbitals involved in 
metal to ligand n bonding are filled. Chromium 
and molybdenum mercaptides, M(SR),, have 
recently been prepared from the carbonyls and 
the disulfides (19, 20), both presumably having 
d3 configurations. The two slightly different 
nickel mercaptides formed may be different types 
of polymer. 

It can be assumed that the alkali metal mercap- 
tides, and the tetraphenylarsonium salt, are all 

ionic in the solid state; they are partially 
hydrolyzed in aqueous solution. The non-metallic 
derivatives have properties that are typical of 
covalent compounds, i.e. solubility in organic 
solvents and ease of hydrolysis. 

Spectra 
The infrared (i.r.) spectra of all the products 

have been recorded; various frequencies charac- 
teristic of the C6C15S group are shown in Table 1. 
The ionic species show a relatively strong 
adsorption between 121 5 and 1200 cm-l, that is 
either weaker or totally absent in compounds with 
other types of bonding. The detailed spectra of a 
selection of compounds are tabulated in the 
Experimental section. 

The mass spectra of the thiol and the disulfide 
are shown diagrammatically in Figs. 1 and 2. 
No metastable peaks were observed, so jt is not 
possible to predict a specific decomposition 
mechanism. The mass spectra of (C6F5S), 
(indirect introduction, sample sublimation < 84", 
inlet reservoir 100°, ionization chamber 205") (5) 
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TABLE 2 

Products and analyses 

Melting Found ( %) Calculated ( %) 
point* Yield 

Product ("c) Color C H M S  C H M S  ( %)* Solubilityt 
0 

LiSC,CI, .2H,O > 300 none 22.4 2.0 22.2 1.3 94 5. 6 2 
none 24.3 0.0 23.7 0.0 75 112.6 2 --.... 

none 22:i 010 22.5 0.0 60 1 ;2 ;6  b 
none 19.2 0.0 19.6 0.0 63 1 ,2 ,6  5 
none 17.8 0.0 17.4 0.0 25 1,. 2, 6 
pale yellow 15.1 0.0 6.2 14.8 0.0 6.6 60 n ~ l  5 
none 23.8 0.0 10.4 24.1 0.0 10.7 58(a). 67(b) nil 8 

P ~ ; s ~ ~ c ~ c I ~  218-219 none 45.9 2.3 
n-Bu3SnSC6Cis b.p. 19510.4 mm none 38.1 4.8 
~ - B U ~ S ~ ( S C ~ C I ~ ) ~  104-105 none 30.4 2.5 
Sn(SC6CIs)~ > 300 light yellow 21.3 0.0 16.8 
Ph3PbSC6CIs 214 (decomp.) none 40.7 2.1 
Pb(SC,CI,b > 300 vellow 18.7 0.0 
P ( S C ~ I ~ C  - 223-224 none 24.6 0.0 10.6 24.7 0.0 11.0 96' ' " - .. 

P ~ P ( s c ~ c ~ ~ ) ~  
- 

249-250 none 31.4 0.7 9.6 32.2 0.7 9.6 49 
As(SC~CIS)J 260 (decomp.) pale yellow 22.5 0.0 10.5 23.5 0.0 10.5 82(e), 94(n 
Ph4AsSC6CIs > 300 orange 53.4 2.9 54.2 3.0 99 
Sb(SC6C15h 245 (decomv.) yellow 22.3 0.0 10.1 22.4 0.0 10.0 47(b), 73(f) 

A .  

zniSCiCL'% > 300 none 22.8 0.0 22.9 0.0 88. - -  .- 

C~(SC~CI;~;  > 300 none 21.7 0.0 21.4 0.0 89 
Hg(SC6CI~)2 > 300 none 19.6 0.0 18.9 0 .0  88(e), 97(4 
C U S C ~ C ~ ~  > 300 grey-green 20.4 0.0 20.9 0.0 35(e), 86(4 
AgSC6Cls > 300 yellow 18.6 0.0 18.5 0.0 48 
AuSC6Cl 265 (decomp.) brown 15.8 0.0 15.1 0.0 74 
Ni(SC6CIS)2 282(d), > 300(g) black 23.3 0.0 23.2 0.0 39(d), 43(g) 
P~(SC~CIS)Z > 300 brown 21.1 0.0 21.5 0.0 22 
Pt(SC6CIs)3CI > 300 flesh 20.1 0.0 18.1 9.3 20.1 0.0 18.1 9.0 65 

*(a) = from ~ - B U ~ S ~ ( S C ~ C I ~ ) ~ ;  (6) = from CbC15SH + Et3N; ( c )  = from Pb02; (d) = from Mn+; (e) = from MO.; (f) = from Pb(SC6CI5)2; (g) = anhydrous media. 
tsolubilities: 1 = water; 2 = ethanol (95%); 3 = benzene; 4 = petroleum ether; 5 = ether; 6 - acetone. 

4, 5, 6 & 
3, 4, 5, 6 $ 
3, 4, 5, 6 
nil $ 
3, 5, 6 
nil P 
3, cc14 
3, 5, C C I ~  i; 
3, cc14 2 
2, 3, 6 9 
3 < 
2 
nil 

p 
nil f 
nil - w 
nil 4 0 

nil 
6 
nil 
nil 
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LUCAS AND PEACH: PENTACHLOROTHIOPHENOL. I 

Rat10 mle 

FIG. 2. Mass spectrum of bis(pentach1oro-pheny1)disulfide: direct introduction, block temperature 152". 

and (C6C15S), (direct introduction, block tem- 
perature 152") are quite different. In the chloro- 
compound the C-6 nucleus is retained and C1, or 

I multiples thereof, are split off, whereas in the 
fluoro-compound the C-6 nucleus is only found 
in the C6F4Sf ion with molecular weight less than 
C6F5Sf and is decomposed by loss of CF, 
CSF, etc.; metastable peaks indicate the de- 
compositions C6F5Sf + C5F5+  + CS and 
C6F5S+ + C5F3S+ + CF,. The chloro-com- 
pound rearranges with loss of sulfur, i.e. ions 
such as C12Cl,Sf and C6C16S+ are found; there 
are no corresponding ions formed in the decom- 
position of the fluoro-compound. In the fluoro- 
compound the S-S bond is retained in various 
ions, C12F,S2+, C6F5SZf, C5F4SZf, C5F3S3+, 
but there is only one ion, other than the parent 
ion, containing two S in the chlorocompound, 
C6C13S2 +.  Similarly a comparison of the spectra 
of the thiols C6F5SH (indirect introduction, 
sample sublimation d 105") and C6C15SH (direct 
introduction, block temperature 143") shows that 
the C-6 nucleus is retained and sulfur lost in many 
more ions from the chloro-thiol than from the 
fluoro-thiol. 

Experimental 
All reagents were available commercially. Micro- 

analyses were performed by Mikroanalytisches Labora- 
torium Beller, Gottingen, Western Germany. Analytical 

data for the new compounds prepared are shown in 
Table 2. All experiments were performed using approxi- 
mately 1 to 2 mmoles of reagents; products were purified, 
where possible, by recrystallization or distillation. The 
i.r. spectra were recorded as mulls with Nujol or hexa- 
chlorobutadiene, or as thin films, on a Perkin-Elmer 457. 
Mass spectra were recorded on a Consolidated Electro- 
dynamics Corporation 21-llOB high resolution mass 
spectrograph. 

Pentachlorothiophenol and Bis(pentach1oro-pheny1)- 
disulfde 

Technical grade pentachlorothiophenol was extracted 
three times with aqueous caustic soda; the insoluble 
residue was mainly bis(pentach1oro-phenyl)disulfide, 
together with traces of hexachlorobenzene. Acidification 
of the filtrate precipitated the thiol, which was filtered off, 
washed with water, and dried. The thiol was further 
purified by decolorizing with charcoal in benzene and 
recrystallizing. Any disulfide formed in this step was re- 
moved by dissolving the product in ammoniacal 50% 
aqueous ethanol and filtering; the thiol reprecipitated on 
acidification. The white thiol has a m.p. 241.5-242" and 
sublimes readily at 100°/0.4 mm. Its molecular weight 
was confirmed from its mass spectrum. It was soluble 
in organic solvents such as carbon tetrachloride, chloro- 
form, petroleum ether, ethanol, methanol, and aromatic 
hydrocarbons. In hot or basic solutions it is susceptible 
to air oxidation to the disulfide. 
Bis(pentach1oro-pheny1)disulfide was obtained from 

the insoluble residue left after dissolution of the impure 
thiol in aqueous base; it was further purified by recrys- 
tallization from benzene or chlorobenzene. It is an 
orange solid, m.p. 234-235", soluble in petroleum ether 
and sublimes at 170"/0.4 mm; its molecular weight was 
confirmed from its mass spectrum. 
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The pK, of pentachlorothiophenol in 50% dioxane- 
water was found, by conventional spectroscopic tech- 
niques (21), to be 5.21 k0.04 at ionic strength 0.5 and 
22.5". 

Attempts to polymerize the thiol by fusing with solid 
sodium hydroxide in a platinum crucible produced a 
violent reaction at about 300" giving off a pungent gas 
and leaving a black solid. The water extract of this solid 
contained C1- ions, and on acidification HZS wasevolved; 
the black solid remaining was carbon. 

Reactions Due to the Acidity of the Thiol 
A 95 %ethanol solution of the thiol was stirred with sus- 

pensions of various oxides (Cu(I), Zn, Hg(II), n-Bu3Sn(IV) 
(in C6H6), n-Bu,Sn(IV), Pb (I1 and IV) and As(II1) 
(NH3 added)). The precipitated mercaptide was isolated. 
The Zn, As(III), and n-Bu3Sn(IV) products were isolated 
after removal of the solvent. In the Pb(1V) oxide reaction 
Pb(SC6C15)2 precipitated leaving the disulfide in solution. 
Under similar conditions Ge02 and MnOz did not react. 
LiSC6C15.2H20 precipitated on mixing stoichiometric 
amounts of n-butyllithium (hexane) and the thiol (ben- 
zene); the water was not removed by drying in uacuo 
over PZ05  at room temperature, but thermogravimetric 
analysis showed the loss of 2.3 ?0.1 moles of water per 
mole of thiol at 203 + 5". 

The MSC6C15 was obtained either from the thiol and 
the hydroxide in ethanol (Na, K) and isolated on removal 
of the solvent, or precipitated on shaking a saturated 
aqueous carbonate solution (Rb, Cs) in a nitrogen 
atmosphere with the thiol in benzene. On standing in air 
the alkali metal mercaptides slowly decomposed to the 
hydroxide and the disulfide. 

Precipitation of Mercaptides 
Various insoluble metal mercaptides were formed by 

mixing ethanol solutions of the thiol and a metal salt 
(Tl(I), Ag(I), Pb(II), Cd(II), Pt(IV) (10 % in 1 M HCI + 
Pt(SC6Cl5),CI), Ph3M (M = Sn, Pb, from Ph3MCI)). 
Oxidation occurred and precipitation of the metal in its 
lower valence state as its mercaptide with Cu(I1) + Cu(I), 
Au(II1) + Au(I); Fe(II1) was reduced to Fe(II), but no 
mercaptide formed. No reaction was observed with salts 
of the metals Mg, Ca, Sr, Ba, Al, Cr(III), Mn(I1) and 
Be (in C6H6). A product of uncertain composition was 
obtained from Ph2PbClz; the compounds Ph2Pb(SR)2 
are known to be unstable (22), decomposing to Pb(SR)2, 
RSSR, and Ph3PbSR. 

Two somewhat different Ni mercaptides were obtained 
from Ni(I1) in ethanol through which dry NH, was 
bubbled, or in ethanol to which aqueous NH, had been 
added; on evaporation of the solvent black crystals were 
recovered in each case. Under similar conditions Fe(I1) 
did not react, but Co(I1) gave an impure green product. 

Reactions Using Pb(SC6C15) 
The reaction of a non-metallic chloride, MCI,, with 

suspension of Pb(SC6C15), in refluxing benzene formed 
PbClz and M(SC6C15), (M = P(II1) (from PCI3, or 
PC15 + P(SC6C15), + (C6C15S),), PhP(III), As(III), and 
Sb(II1)). With BCI3 in a sealed tube with no solvent a very 
hydrolytically sensitive white product was extracted with 
CCI4; analysis for boron, after complete hydrolysis, via 
the mannitol method, was about half that required for 

B(SC6C15)3. No reaction was observed with Me3SiC1, 
SnCI,, or SnC14. 

Reactions Involving Trietlrylamine 
A chloride (MCI,) was -reacted with the thiol in a 

suitable solvent to which Et3N had been added, forming 
Et3NHCI (removed by washing with HCCI,) and 
M(SC,Cl,), (M = Ge(IV), Sn(I1) (from Sn(IV)), and 
Sb(II1)). The BiO(SC6C15) formed using BiC1, and TiCI4 
gave an extremely air and water sensitive red product, 
m.p. about 184". No reaction was observed when 
M = Al, PO, V(III), and Ti(II1). 

Miscellaneous Preparations 
Hydrolytically sensitive Ge(SC6C15), precipitated from 

a mixture of GeCI, and ~ - B U ~ S ~ ( S C ~ C ~ ~ ) ,  in ether, but 
no reaction occurred using SiCl4 in place of the GeCI,. 

No reaction occurred between (Me3Si),NH and 
C6C15SH in refluxing benzene, or Sn and (C6C15S)2 in 
benzene through which HCI gas was bubbled (a standard 
technique for the preparation of Sn(SR), (23)). The 
Ph3Sb did not react with the thiol in refluxing benzene,. 
but partial reaction occurred with Ph,Bi. 

The M(SC6C15) (M = Ph4As+, Et3NH+) precipitated 
on addition of Ph4AsC1 or Et3N to a solution of the thiol 
in aqueous base or benzene respectively. 

Infrared Data 
The i.r. absorption peaks in the region 4000 to 250 

cm-l of a selection of compounds are listed below: 
C6C15SH: 2582 W, 2573 W, 1338 s, 1288 m, 1229 W, 

1100 w, 945 w, 934 w, 921 w, 872 w, 688 s, 679 s, 608 w, 
390 vw, 375 vw. 

C6C15SSC6CIS: 1510 m, 1330 s, 1308 s, 1215 w, 1205 w, 
1170 m, 1100 s, 870 m, 688 s, 672 m, 599 w, 399 w, 319 w. 

KSC6C15: 1505 w, 1470 w, 1320 s, 1288 s, 1278 m, 
1202 s, 1170 m, 1085 vw, 969 vw, 920 vw, 872vw, 688 s, 
394 vw, 370 vw, 320 w. 

Ge(SC6C15)4: 1508 w, 1335 s, 1306 s, 1210 vw, 1180 w, 
1120vw, 1100m, 692s, 681s, 422m, 400w, 348w, 
318 w. 

Sn(SC6C15)2: 1330 s, 1300 m, 688 m, 679 m, 385 w, 
335 w, 309 vw. 

A s ( S C ~ C ~ ~ ) ~ :  1505 VW, 1330 S, 1299 8, 1210 W, 1170 
vw, 1095 w, 965 vw, 935 vw, 870 w, 688 s, 678 s, 590 vw, 
380 m, 338 m, 312 m. 

CuSC6C15: 1328 s, 1318 vw, 1290 s, 870 vw, 688 m, 
678 m, 590 vw. 
[(C~H~)~AS]~[C~(SC~CI~)~CI] (1): 3045 W, 1505 W, 

1479 m, 1435 s, 1322 s, 1290 s, 1210 m, 1181 w, 1160 w, 
1080 s, 1020 w, 995 s, 930 vw, 870 w, 835 w, 740 s, 680 s, 
610 vw, 478 m, 460 m, 395 vw, 350 m, 320 w. 

Mass Spectra 
In the mass spectra the ions with relative abundance 

nreater than 5 X are: 
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Reaction of carbon disulfide with nickel(I1)-amine complexes 

B. JACK MCCORMICK AND ROY I. KAPLAN 
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The reaction of carbon disulfide with a variety of nickel(I1)-amine complexes has been carried out. 
It has been found that dithiocarbamate complexes are readily formed under the proper conditions, and 
the synthetic procedures presented provide a convenient and direct route to such compounds. Complexes 
having hydroxyl and mercaptide groups in addition to  amine groups have been found to give exclusively 
dithiocarbamate complexes, rather than xanthates or trithiocarbonates. The infrared and optical spectra 
of the complexes have been measured and are discussed in terms of the proposed structures of the 
complexes. 
Canadian Journal of Chemistry, 48, 1876 (1970) 

Introduction 
While N,N-dialkyldithiocarbamate complexes 

of nickel(I1) and other transition metal ions have 
been known for many years (I), most of them 
have been prepared by metathetical reactions 
between a salt of a transition metal and that of 
a N,N-dialkyldithiocarbamic acid. Very recently 
there have been a few reports on the preparation 
of dithiocarbamate complexes by carbon disulfide 
insertion reactions, viz. 

Bradley and Gitlitz (2, 3) have made use of the 
carbon disulfide insertion reaction to prepare a 
number of interesting complexes of early transi- 
tion metals. In a review (4) Lappert has sum- 
marized the results of studies concerned with the 
insertion of carbon disulfide into several types of 
metal-nitrogen bonds. 

In view of the possible synthetic utility of 
carbon disulfide insertion reactions, we have 
investigated the reaction of CS, with a variety 
of nickel(I1)-amine complexes involving: (I), a 
monodentate amine; (11), bidentate primary 
amines; (111), bidentate amines in which one 
donor nitrogen atom is in a pyridine ring; (IV), 
bidentate amines containing hydroxyl and mer- 
captide functional groups; and (V), a tridentate 
amine. Six of the complexes prepared have not 
been reported previously. Studies of selected 
properties of the complexes have been made, and 
the results are discussed in relation to the 
structures of the complexes. 

Experimental 
All of the amine complexes were prepared by known 

or modifications of known procedures (5). Dimethyl 

sulfoxide was distilled under nitrogen before use, and 
solution spectra were measured in Fisher "Spectro- 
analyzed" solvents. 

Reaction Procedures 
Several solvents for the insertion reactions were 

examined. Among these were water, methanol, ethanol, 
acetone, and N,N-dimethylformamide. While the reac- 
tions did proceed in these solvents, they were very slow, 
requiring 3 to  4 days. In many cases the slow rate of 
reaction undoubtedly was due to  the lack of mutual 
solubility of the metal amine and carbon disulfide in the 
solvent. The most suitable solvent found was dimethyl 
sulfoxide (DMSO), in which most of the reactions were 
complete in 30 min. The reactions were done under a n  
atmosphere of N,, and the reaction products were not 
exposed to  air until they had been partially dried. I n  
general, the reactions were carried out by dissolving 
and/or suspending 0.05 mole of the amine complex in 
50 ml of DMSO, to which was added 0.5 mole of carbon 
disulfide dissolved in lOml of DMSO. Typically the 
solutions underwent a series of color changes, and after 
30 min, 250 ml of water was added to the reaction 
mixture, whereupon a precipitate formed immediately. 
The precipitate was separated by filtration, washed with 
500 ml of warm water and 200 ml of methanol, dried in 
a stream of nitrogen, and then dried at  64' in vacuo over 
P4OI0. The yields were high in all cases except system Ia. 

The reaction with bis(2-mercaptoethylamine)nickel(II) 
proceeded very slowly a t  room temperature owing to  the 
insolubility of the complex in DMSO, and the above 
general procedure was modified in that the reaction was 
carried out in a sealed, heavy walled glass tube at  70". 
Under these conditions the reaction was complete in 6 h. 
The analytical sample was recrystallized from DMSO. 
Special procedures also were necessary for the reaction 
of dichloro(l,l,7,7-tetraethyldiethylenetriamine)ni~kel(II) 
with carbon disulfide. In this reaction, 0.03 mole of the 
amine complex in 50 ml of absolute ethanol was treated 
with 0.03 mole of CS,. The solution quickly turned from 
a deep red to  a bright green color. After 20 min a green 
precipitate was filtered off, washed with ethanol, and air 
dried. Recrystallization from absolute ethanol followed 
by drying over P4OlO provided a n  analytically pure 
sample. 

Given in Table 1 are the systems studied and the 
products formed from each system. The systems are 
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TABLE 2 

Analytical data for dithiocarbamate complexes 
- 

Carbon Hydrogen Nitrogen Sulfur Nickel 

Product* Calcd. Found Calcd. Found Calcd. Found Calcd. Found Calcd. Found 

IIa 17.9 18.2 2.25 2.51 10.4 10.5 - - 21.8 21.5 
IIb 17.9 18.5 2.23 2.70 - - - - 
IIc 21.2 21.6 2.83 3.22 9.90 9.84 - - 20.8 20.3 
IId 21.2 21.8 2.83 3.12 9.90 9.94 - - 20.8 20.4 

IIIa 39.5 39.1 3.32 3.41 - - 30.2 29.6 - - 
IIIb 42.4 42.5 4.01 4.11 12.4 12.6 - - 13.0 12.8 
IVa 20.1 20.2 2.68 2.89 9.37 9.59 - - 19.6 19.2 
IVb 19.8 20.0 3.33 3.57 7.71 7.37 - - - - 
Va 39.8 39.7 7.70 7.89 10.7 10.5 - - - - 

*The product numbers correspond to the systems and reactions given in Table 1 .  

designated by numbers which correspond to those given 
in the Introduction for the various types of amines. 

Elemental analyses for all of the compounds are given 
in Table 2. Carbon, hydrogen, nitrogen, and sulfur 
analyses were done by Galbraith Laboratories, Knox- 
ville, Tenn., but the nickel analyses were done in our 
laboratory by conductometric titrations with EDTA (5). 

Measurements 
Infrared spectra were recorded with Beckman IR-8 

and IR-12 spectrometers using the Nujol mull technique. 
Solution spectra were measured with a Cary Model 14 
Spectrophotometer; diffuse reflectance spectra were 
measured with the same instrument and a Model 1411 
reflectance attachment. The proton nuclear magnetic 
resonance (n.m.r.) spectrum was obtained with a Varian 
Model HA-60 Spectrometer using TMS as a reference. 
Spectral data are summarized in Table 3. 

Results and Discussion 
General Aspects of Reactions 

Reaction of carbon disulfide with amine 
complexes of nickel(I1) provides a direct and 
convenient route to nickel(I1) dithiocarbamate 
complexes. This technique also should be suitable 
for the preparation of complexes of other transi- 
tion metals. In many cases it is synthetically 
advantageous to  use the direct method rather 
than a metathetical reaction. since the latter 
procedure requires the preparation of a dithio- 
carbamate salt, which frequently is unstable or 
difficult to prepare and isolate. 

While the detailed mechanism is not known. 
two mechanistic aspects of the reactions deserve 
comment. First, there is some indication that 
DMSO serves as a reactant, as well as a solvent. 
In all cases the initial product from the reactions 
is soluble in DMSO, and the addition of water 
is required for the precipitation of the desired 
complex. However, in several cases the complex 
precipitated is not soluble in DMSO. This may 

indicate that the initial species formed is a mixed 
ligand complex involving coordinated DMSO as 
well as dithiocarbamate. The second point con- 
cerns the fate of the proton displaced from the 
amine during the course of the reaction. In 
systems Ia through IVa, the protons, no doubt, 
react with excess amine displaced during the 
reaction, viz. 

R = alkyl, hydrogen 

In the case of Ni(mea), and Ni(tedt)Cl,, basic 
sites are maintained on the coordinated dithio- 
carbamate which accommodate the displaced 
protons. 

Specific Reactions, Properties, and Structures 
la. The reaction of carbon disulfide with 

N~(NH,),'+ is, in principle, the most simple 
system studied, and it was established from 
infrared studies that Ni(S,CNH,), is formed. 
However, the product obtained was not pure. 
This finding is not surprising since dithiocar- 
bamic acid, its salts, and complexes are not 
stable (1). 

IIa-IId. The four starting complexes in this 
group involve bidentate diamine ligands, and 
there are two conceivable types of reaction 
products. Reaction can occur at one amine group 
of a given ligand, with the released proton 
reacting with the remaining amine group to give 
a zwitterion, or both amine groups can react to  
give a bisdithiocarbamate. Ethylenediamine 
forms a monodithiocarbamate zwitterion in the 
absence of added base (6) and a bisdithiocar- 
bamate in the presence of sodium hydroxide (7). 
In the four cases studied here, bisdithiocarbamate 
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TABLE 3 
Infrared and electronic spectral data* 

- 
Vm,, 

Compound V(C=N) Reflectance DMSOt 

IIa( = IIb) 1496 15.7 16.3 (127) 
2 3 . 3 s h  2 3 . 5 ( 1 3 2 0 ) s h  
26.1 26 .1  (4520) 
- 3  1 .1 (23000) 

IIc 1500 15.9 15.8 (126) 
2 4 . 0 s h  2 4 . 1 ( 1 5 3 0 ) s h  
26 .3  26.1 (3590) 
- 31.5 (23200) 

IId 1494 15.9 15.8 (68) 
2 2 . 6 s h  2 3 . 3 ( 1 6 2 0 ) s h  
25.8 2 6 . 0  (5560) 
- 30 .9  (28200) 

IIIa 1543 15 .9  15.7 (85) 
2 0 . 8  2 0 . 8  (234) 
23.4 sh 23 .8  (1400) sh 

IIIb 1551 15.6 16 .0  (113) 
2 0 . 8  2 0 . 8  (220) 
24.4 sh 2 3 . 8  (1420) sh 

IVa 1520 15.9 16.1 (68) 
2 4 . 2 s h  2 3 . 5 ( 1 3 9 0 ) s h  

I 26 .5  2 6 . 0  (3860) 

*Electronic data is in kilokaysers (kK); sh ~ndicates a shoulder. 
Infrared data is in cm-1. 

?Extinction coefficients (1 mole-' cm-1) are given in parentheses. 

ligands are formed, and the resulting insoluble, 
green complexes are undoubtedly polymeric, as 
indicated in Table 1. If zwitterionic ligands were 
involved, the complexes should show a degree of 
solubility in water, as well as infrared frequencies 
characteristic of quaternary ammonium groups. 
Similar complexes prepared by metathetical 
reactions have been reported previously (8). 

The structures given in Table 1 are idealized 
in the sense that only chelating dithiocarbamate 
groups are shown. Bridging ligands may be 
important, but such detailed structural features 
cannot be ascertained at this time. Aside from 
their polymeric nature, the complexes appear to 
be very similar to the many nickel(I1) dithio- 

carbamates that have been previously studied. 
The complexes are diamagnetic and show a 
characteristic (9) C=N stretching frequency in 
the 1495-1500 cm-I region. The electronic 
spectra, as given in Table 3, are identical to that 
reported previously by Jorgensen (10) for 
bis(N,N-diethyldithiocarbamato)nickel(II), ex- 
cept that the band at ca. 21 kK is not resolved. 

IIIa,b. In these chelating diamines there is one 
amine group that can react with carbon disulfide 
and one ring nitrogen atom that is not expected 
to enter into reaction with carbon disulfide. It 
was of interest to determine whether the pyridine 
nitrogen atom would remain coordinated after 
the primary amine had undergone reaction with 
carbon disulfide. The results indicate that the 
pyridine moiety is displaced from the coordina- 
tion sphere by the dithiocarbamate formed from 
the primary amine group to give the usual type 
of dithiocarbamate complex. In contrast to the 
polymeric complexes formed in system 11, these 
green, diamagnetic monomers are somewhat 
soluble in a variety of polar organic solvents. The 
magnitude of the C=N stretching frequency 
suggests that double bond character increases in 
the (S,)C-N bond (1 1) in going from system I1 
to system 111. Electronic spectra measured at 
room temperature are identical to those that have 
been reported previously (10) for nickel(I1) 
dithiocarbamates. 

Since Coucouvanis and Fackler (11) have 
shown that certain nickel(I1) dithiocarbamates 
form adducts at low temperatures with nitro- 
genous bases, it was of interest to determine 
whether the present complexes enter into intra- or 
inter-molecular association with the uncoor- 
dinated pyridine groups. That such association 
can take place in solution with the concomitant 
formation of pseudo-octahedral nickel(I1) com- 
plexes was indicated by low temperature spectral 
studies. An acetone solution of system IIIb at 
room temperature exhibited the same absorption 
bands as those given in Table 3. As the solution 
was cooled to - 12", the color became lighter and 
a weak absorption band appeared at 10.2 kK. 
Further cooling to -80" resulted in a very pale 
green solution (no precipitation) with a moder- 
ately intense band at 10.2 kK. These spectral 
changes are in close agreement with those 
reported by Coucouvanis and Fackler (10) for 
bis(N,N-diethyldithiocarbamato)nickel(II) in 
pyridine at temperatures from -80 to 20". 
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IVa. Ethanolamine, HOCH2CH2NH2, reacts presence of a sulfhydryl group was provided by 
with carbon disulfide under room conditions to an n.m.r. study in DMSO-d,, where a resonance 
provide the dithiocarbamate rather than the due to the proton on the sulfur atom was located 
xanthate, HS2COCH2CH2NH2, which goes to at 6.60 T. 
2-mercaptooxazoline on standing (12). Hence, it Va. The tedt complex reacted quite readily to 
was of interest to determine the course of reaction give a complex of a positively charged dithio- 
of carbon disulfide with a coordinated amine carbamate ligand. This complex, prepared by an 
containing an -OH group. In principle, it is alternate route, has been discussed elsewhere (15). 
possible to form a dithiocarbamate, a xanthate, 
or a mixed dithiocarbamate-xanthate complex. This work was supported by the National Science 
~h~ results indicate that reaction takes place Foundation through Grant NO. GP-6671 and through a 

grant that supported the purchase of the IR-12 Spec- exclusively at the nitrogen atoms to provide a trometer. 
polymeric complex having the structure shown in 
Table 1. The color, solubility, magnetic, and 1. G. D. THORN and R. A. LUDWIG. The dithio- 
electronic spectral properties of the complex were carbamates and related compounds. Elsevier Publ. 

Co., New York. 1962. essentially identical to those shown by the com- 2. D. C. BRADLEY and M. GITLITZ. Chem. 
plexes in Group 11. The C L N  and OH stretching Commun. 289 (1965). 
frequencies were located at 1520 and 3375 cm-l, 3. D. C. BRADLEY and M. H. GITLITZ. J. Chem. Soc. 

A, 1152 (1969). 
and there were no bands in the 4. M. F. LAPPERT. Advances in organometallic 

1000-1250 cm-' region that could be attributed chemistry. Edited by F. G. A. Stone and R. West. 
Academic Press, Inc., New York. pp. 291-292. 

a 'anthate (I3)' The was 5. R. I. KAPLAN. Ph.D. Thesis, West Virginia Univer- 
stable and did not decompose to provide a sity, Morgantown, West Virginia. 1969. 
2-mercaptooxazoline. 6. A. W. HOFMAN. Ber. 5, 240 (1872). 

IVb. 2-Mercaptoethylamine is known to react 7' A' Y. YAKUBoVICH and V. A. KLIMovA. J. 
Chem. U.S.S.R., 9, 1777 (1939). 

with carbon disulfide to give the trithiocarbonate 8. L. c. A. THOMPSON and R. O. MOYER. J. Inorg. 
zwitterion (14), but it was found in this work that Chem. 277 2225 (1965). 

coordinated mea reacts to give the dithiocar- 9. J. CHATT, L. A. DUNCANSON, and L. M. VENANZI. 
Suomen Kem. B29, 75 (1956). 

bamate. Upon displacement from the coordina- 10. C. K. JORGENSEN. J. Inorg. Nucl. Chem. 24, 1571 
(1962). sphere the mercapto becomes 11. D. COUCOUVANIS and J. P. FACKLER, JR. Inorg. 

protonated to provide a monomer of the type Chem. 6,2047 (1967). 
shown ,in Table 1. This reaction represents a 12. P. G. SERGEEV and S. N. IVANOVA. J. Gen. Chem. 

U.S.S.R., 7, 1495 (1937). distinct example of the mediation of an organic 13. G. W. WATT and J. MCCORMICK. Spectrochim. 
reaction by a metal ion. Complex IVb is green, Acta, 21, 753 (1965). 
slightly soluble in polar organic solvents, and 

l 4  ~ p f k ~ ~ ~ ~  ii, ~ i 6 ~ ~ ~ ~ ~  and J- MICKLES. diamagnetic. CzN and weak S-H 15. B. J. MCCORMICK, B. P. STORMER, and R. I. KAPLAN. 
stretching frequencies were found at 1502 and Inorg. Chem. 8, 2522 (1969). 
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Asymmetric syntheses of optically active a-amino acids by 
hydrocyanic acid addition to the optically active Schiff base1 
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The syntheses of L(+) and D(-) enantiomers of a-amino acids, norvaline, norleucine, and leucine, 
as their hydrochloride salts have been achieved in almost 100% optical purity and 4 0 4 0 %  overall yield. 
Canadian Journal of Chemistry, 48,1881 (1970) 

Nonenzymatic asymmetric syntheses of 
a-amino acids from the corresponding a-keto 
acids have been described previously (1-8). How- 
ever, all these syntheses involve a method of 
catalytic hydrogenation of the optically active 
Schiff bases of a-keto acids with L(-) and 
~(+)a-alkylbenzylamine. The optical purities of 
the a-amino acids produced by this method range 
between 12 and 91 %. The catalytic addition of 
hydrogen to the Schiff bases has not yet led to 
optically pure amino acids. 

Harada and Fox (9, 10) have reported the 
asymmetric synthesis of optically active alanine 
by the Strecker synthesis. Their method involved 
the reaction of optically active L(-)a-methyl- 
benzylamine with a racemic aldehyde cyano- 
hydrin, followed by hydrolysis and subsequent 
hydrogenolysis of the resulting a-amino nitrile. 
The overall yield of amino acid produced was 
17 %, and optical purity ranged from 86-99 %, 
after one recrystallization. 

We now report the alternative Strecker syn- 
thesis, i.e., the asymmetric synthesis of optically 
active a-amino acids by the addition of hydro- 
cyanic acid (HCN) to the optically active Schiff 
bases. Good yields of amino acids in high optical 
purity were obtained. - - 

Our total method of asymmetric synthesis 
involves: (a) preparation of a Schiff base from 
optically active L(-) and ~(+)a-methylbenzyl- 
amine and aliphatic aldehydes, (1); (b) addition 
of hydrocyanic acid to the Schiff base obtained 
from (a), (2); (c) acid hydrolysis of the amino 
nitrile obtained from (b), (3); and finally, 
( d )  removal of a-methylbenzyl residue by catalytic 
hydrogenation over 10 % palladium on carbon 

'Contribution No. 477 from the Research Council of 
Alberta, Edmonton, Alberta. 

catalyst, (4). These four steps for the synthesis 
are schematically represented in Fig. 1. The 
L(+) and D(-) isomers of a-amino acids, 
norvaline, norleucine, and leucine, have been 
synthesized by this method. The crude products 
as isolated from the reaction solution were used 
in the successive steps of the synthesis. 

The overall yields of these synthesized amino 
acids were 40-60 % (based on starting amine) and 
the optical purities were >98 % without recrys- 
tallization. It has been observed that the addi- 
tion of hydrocyanic acid (HCN) to the Schiff 
base has resulted in the exclusive formation of 
one isomer. The possibility of selective elimina- 
tion of the minor isomer during the isolation of 
the intermediate compound (3) is excluded by the 
fact that D(-) and L(+) isomers of a-amino 
acids have been obtained in high optical purity 
from the corresponding D(+) and L(-) isomers 
of the starting amine.' Furthermore, the amino 
acids produced had the same configuration as 
that of the starting amine. Thus, ~(+)a-methyl- 
benzylamine gave D(-) amino acids and L(-)a- 
methylbenzylamine gave L(+) amino acids. The 
reaction mechanism of this synthesis has not 
been studied. 

'The possibility of fractionation having occurred is 
extremely unlikely, since in the case of  leucine cine, when 
the intermediate compound (3) and final amino acid were 
isolated using ion exchange resin (AG50, H+ form) 
column, rather than precipitation, the results were very 
similar to those obtained using precipitation as an 
isolation procedure. [e.g., The desalted crude mixture 
was applied to resin column (2 x 25 cm), washed with 
water, then 3 was eluted with 1 N aqueous ammonia, 
eluate evaporated to dryness under reduced pressure at 
30-40 "C, residue suspended in absolute alcohol, filtered, 
washed with anhydrous ether, dried, and specific rotation 
measured. L(-)N-(a-Methylbenzy1)-leucine [aIDZ5 
-23.0" (cf. -22.2");  leucine cine [aIDZ5 -15.0" (cf. 
- 15.6")]. 
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CH3 
I 

CH3 
I 

C,H,-*C-NHz + CHO-R + C6H5-*C-N=CH-R 
I 

H 
I 

H 
Schiff Base I HCN 

CH3 CH3 
I * conc. HCl I * 

C6H5-*C-NH-CH-R a C6H5--*C-NH-CH-R 
I I I I 

N-Substituted amino 
acid 

3 

Amino nitrile 
2 

I 

COOH 
Ethyl a-Amino 

benzene acid 
4 

FIG. 1. Asymmetric syntheses of optically active a-amino acids. *Asymmetric carbon; R = alkyl. 

TABLE 1 
Elemental analysis for intermediate N-(a-methylbenzyl) amino acid and final amino acid hydrochloride salt 

Name of acid % c  % H  % N  % c l  

Calcd. 
Found 
Calcd. 
Found 

Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 

Calcd. 
Found 
Calcd. 
Found 
Calcd. 
Found 

Calcd. 
Found 

Calcd. 
Found 
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TABLE 2 5 
Asymmetric syntheses of a-amino acids $ 

N-(a-Methylbenzyl) 
$ 
tJ 

Schiff base a-Amino nitrile amino acid a-Amino acid hydrochloride $ 
0 

Overall [ a l ~ ~ ~ " ( +  2') Overall [aID25"(+ 2') Overall [a],ZS0 Overall 20) optical 
R in yield [c, 3 4 ,  in yield [c, 3 4 ,  in yield [c. 2-3, in yield [c, 2-3, in purity5 $ 

R-CHO Amine* (%I CH3OHlt (%) CH3OHl (%) 6 N HCI] Name ( %) 6 N HCllt  (%) 5 
m 

i-C,Hp- Me (-1 95.1 - 79 94.3 -160 56.1 -22.2  leucine cine 49.3 +15.0(+15.2) 99 2 
*Me(+), ~(+)a-Methylbenzylamine [ a 1 ~ ~ 5 "  +39.7' (neat); Me(-), L(-)a-methylbenzylamine [aIDZ3" -40.6' (neat) [Lit. (i) [al,250 -39.2-39.7' (11); (ii) [or]D250 -40.3'. Theilacker and 

Winklev ( 1  711 - . . .. . ... -. , . -, , . 
tspectroscopic grade methanol has been used. 2 
$Percentage concentration is calculated for neutral amino acid. 0 
§Optical purity 7 [a], observed/[al~ literature. NOTE: Specific rotations for the intermediate Schiff base and a-amino nitrile are given for the crude products as isolated from the reactions 

without further purification. 
//Numbers in brackets indicate the literature values used for calculation of the optical purity. 

b 
H 
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Ex~erirnental~ (50m1, sp. gr. 1.38) was stirred at room temperature 

The D(+) and L(-)a-methylbenzylamine were ob- 
tained from commercial racemic amine (ll).4 The 
commercial aldehydes, n-butyraldehyde, n-valeraldehyde, 
and isovaleraldehyde were dried over anhydrous mag- 
nesium sulfate (MgS04) and distilled prior to use. 

Preparation of Schiff Base: L(-)a-Methylbenzylamine, 
N-Butylidene ( I )  

To 2.425 g (0.020 mole) of L(-)a-methylbenzylamine 
(b.p. 184-185 "C), precooled to 15 "C, was added 
1.442 g (0.020 mole) of n-butyraldehyde (b.p. 75 "C) with 
stirring over a period of 15-20 min. During the addition 
of aldehyde the reaction temperature was maintained at 
0 "C. The stirring was discontinued, and the reaction 
solution was cooled to -10 OC prior to the addition 
of ca. 15-20 g of anhydrous calcium sulfate as a desiccant. 
(Note: ~ddf i ion  of CaS04 raises the temperature from 
- 10 "C to 10 OC.) The reaction mixture was allowed to 
stand at room temperature overnight (15-20 h), an- 
hydrous ether (25 ml) was added, ether solution was 
filtered, and the desiccant washed with ether (4 x 25 ml). 
Evaporation of the filtrate under reduced pressure 
(rotary evaporator) at room temperature yielded 1, 
3.50 g. The infrared (i.r.) spectrum (neat, liquid film) of 
the product showed a st:ong absorption band at 

\ 1660 cm-', attributed to ,C=N, and absence of 

primary -NH2 band at 3500-3400 cm-'. The product 
was used for the next reaction without further purifica- 
tion. 

Preparation of admino Nitrile: L(-)2-Amino-N(a- 
methylbenzy1)-vnleronitrile (2) 

The Schiff base ((I), 3.07 g) in absolute alcohol 
(50 ml) at - 10 "C was treated with an excess (3 g) of 
HCN gas (12) under constant stirring. The reaction 
mixture was stirred overnight (20 h) at room temperature 
and excess reagent and solvent were removed under 
reduced Dressure at room temperature to yield 2, 3.50 g. 
The i.r.-spectrum (neat, liq;id film) o i  the product 
showed absorption bands at 2210cm-', attributed 

to - D N ,  at 3310cm-', due to secondary >NH, 
\ 

and absence of )C=N band at 1660 cm-'. This product 

was used in the next experiment. 

Acid Hydrolysis: L(-)N-(a-Methy1benzyl)-norvaline (3) 
The a-amino nitrile ((2), 3.40 g) in concentrated HCIS 

3All temperature measurements were uncorrected. All 
optical rotations were performed with a Perkin-Elmer 
polarimeter, Model 141. Elemental analyses were carried 
out by Alfred Bernhardt Microanalytical Laboratory, 
West Germany. Hydrogenolysis experiments were carried 
out by using a high-pressure hydrogenator (rocking type). 

4The values of overall yields, specific rotations, and the 
elemental analyses are omitted from the experimental 
text and are reported only in Tables 1 and 2. 

SDuring initial addition of the HCI, the reaction 
mixture should be maintained at 0-5 "C. 

(2-4 h) and -inally heated under reflux on a steambath 
for 16-20 h. The excess hydrochloric acid was removed 
under reduced pressure, water (3 x 10 ml) was added 
to the residue and the solution evaporated to dryness to 
remove last traces of HCI. The residue in absolute 
alcohol (50 ml) was kept at 0 "C (3 h) and filtered to 
remove ammonium chloride (NH,CI). The filtrate was 
neutralized to p H 6  with pyridine, and evaporated to 
dryness under reduced pressure. The residue was dis- 
solved in water and 3 was precipitated by addition of 
an equal volume of absolute alcohol, kept at 5 "C 
(ca. 15 h), filtered, washed with water followed by alcohol 
and dried. Yield, 1.80 g. The i.r. spectrum (0.3 % KBr) of 
the product showed a strong absorption band at 1550- 
1600 cm-' and also at 1280-1300cm-', due to ionized 
carboxyl, C=O stretching, and a series of continuous 

I 

bands at 3030-3500 cm-', attributed to NH3. The m.p., 
sublimed above 228 "C. 

Hydrogenolysis: Preparation of L( + ) Norualine- 
hydrochloride (4) 

L(-)N-(a-Methylbenzy1)-norvaline ((3), 1.23 g) in 
absolute ethanol (20 ml) containing 1 equ. of concen- 
trated hydrochloric acid was hydrogenolyzed over 10 % 
palladium on carbon catalyst (250 mg), at 1000 p.s.i. and 
30 "C for 6 h. The catalyst was filtered off, washed with 
absolute alcohol, the filtrate evaporated to dryness under 
reduced pressure, 1 N HCI (5 ml) was added to the 
residue and the solution evaporated to dryness. The 
resulting solid was dissolved in absolute alcohol, filtered, 
and 4 was precipitated by addition of anhydrous ether, 
collected under suction, washed with ether, and dried. 
Yield, 0.76 g. The melting point and i.r. spectrum of the 
amino acid were identical to those of the authentic 
sample. 

The experimental results for the synthesis of the 
D(-) isomer of norvalinehydrochloride and other amino 
acids are summarized in Tables 1 and 2. 

1. F. KNOOP and C. MARTIUS. Z .  Physiol. Chem. 258, 
238 (1939). 

2. (a) R. G HISKEY and R. C. NORTHROP. J. Amer. 
Chem. Soc. 83.4798 (1961). (b) ibid. 85. 1753 (1965). 

3. A. KANAX and S. MITSU~. 'J.  hem.' Soc. Japak, 
Pure Chem. Sec. 87, 183 (1966). 

4. K. HARADA and K. MATSUMOTO. J. Org. Chem. 32, 
1794 (1967). 

5. K. MATSUMOTO and K. HARADA. J. Org. Chem. 31, 
1956 (1966). 

6. K. HARADA. 'J. Org. Chem. 32, 1790 (1967). 
7. K. HARADA. Nature, 212, 1571 (1966). 
8. K. MATSUMOTO and K. HARADA. J. Org. Chem. 33, 

4526 (1968). 
9. K. HARADA. Nature, 200, 1201 (1963). 

10. K. HARADA and S. W. Fox. Naturwiss. 51, 106 
(1964). 

11. A. H. BLAIT. Organic syntheses. Coll. Vol. 11. 
John Wiley and Sons, Inc., New York, N.Y., 1943. 
p. 506. 

12. A. H. BLAIT. Organic syntheses. Coll. Vol. I. 
John Wiley and Sons, Inc., New York, N.Y., 1941. 
D. 314. 

13. W. THEILACKER and H. WINKLER. Chem. Ber. 87, 
690 (1954). 
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Reaction of bis(trifluoromethy1)diazomethane with 

The reaction of a diazomethane RRfCN2 with 
an inorganic compound has proved to be a useful 
means of inserting a one-carbon fragment into an 
M-X bond (X = H, halogen, oxygen) (eq. [I j). 

trimethyl-3,3,3-trifluoropropynyltin, trimethyltin hydride, and related compounds 

W. R. CULLEN AND M. C. WALDMAN 
Chemistry Department, University of British Columbia, Vancouver, British Columbia 

Received January 30, 1970 

Bis(trifluoromethyl)diazomethane (1) reacts with the compounds (CH,),MCkCCF, (M = Ge, Sn) - 
to give the cyclopropenes (CH3)3MC==C(CF3)C(CF3),. Cyclopropenes are also obtained from the 
reaction of 1 with the acetylenes RC%CCF3 (R = H, CF,) but the main products are the isopyrazoles 

I I 
RC=C(CF,)N=N-C(CF,),. Ccmpound 1 reacts easily with (CH,),SnH to give (CH,),SnC(CF,),H 
and a similar insertion reaction takes place with (CH,),AsH. Compound 1 does not insert into Si-H, 
Ge-H, Ge-Br, Ge-Ge bonds. It reacts with (CH,),As-As(CH,), to give (CH,),ASC(CF,)~H. 
Bis(trifluoromethy1)diazirine also reacts with (CH3) ,GeeCCF3 to give the cyclopropene. 
Canadian Journal of Chemistry, 48, 1885 (1970) 

R ' 
I 

[I ] M-X + RR'CN, -+ M-C-X + N, 
I 

The earlier literature has been reviewed by 
Seyferth (I), and since 1955 a number of investiga- 
tions of this "insertion" reaction have been made 
(e.g. 2-7). Moreover, there has been considerable 
interest in the reactions of diazomethanes with 
organometallic systems in the hope of preparing 
novel compounds (e.g. 6, 8-10). 

Bis(trif1uoromethyl)diazomethane (1) has 
recently been reported (11) and a few of its 
reactions have been studikdp(6, 7, 11-14). Those 
reactions that have been investigated have been 
interpreted in three ways: (a) as attack by the 
diazo compound acting as a 1,3-dipolar reagent, 
(6, 12); (b) as involving bis(trifluoromethy1)car- 
bene (6, 11, 12) the main intermediate in both 
the thermal and photolytic decompositions of 1 ;  
or (c) as radical attack on the terminal nitrogen 
of 1 (13). The diazo compound was of primary 
interest in the present investigation as a 1,3- 
dipolar reagent and as a source of the carbene 
C(CF3)2. 

Experimental 
Volatile reactants and products were manipulated in a 

vacuum system. Unless otherwise indicated reactions 
were carried out in thick-walled Pyrex Carius tubes. 
Vapor-phase chromatography (v.p.c.) separations were 
carried out using an Aerograph A-90-P gas chromato- 

graph. The columns used for a particular separation are 
given in the experimental details below. Molecular 
weights were determined using Regnault's method. 
Nuclear magnetic resonance (n.m.r.) spectra were run 
using Varian A-60 ('H spectra in p.p.m. with respect to 
external TMS), and Varian HA-100 (19F spectra in 
p.p.m. with respect to internal CFCI,) spectrometers; 
positive values of chemical shift being to higher field. 
Infrared (i.r.) spectra were recorded using a PE 457 
spectrometer. 

Microanalyses were performed by Mr. Peter Borda of 
this Department. 
Bis(trifluoromethy1)diazomethane and bis(trifluor0- 

methy1)diazirine were prepared from hexafluoroacetone 
(the kind gift of the Allied Chemical Company) according 
to the methods described by Gale et al. (11). The purity 
of the diazomethane was checked by i.r. spectroscopy and 
by its molecular weight of 177 (Calcd. for C3F6NZ: 178). 
The diazirine was found to be only 95 % pure on the basis 
of its 19F n.m.r. spectrum but was used without further 
purification. 

I )  Reaction with 3,3,3-Trifluoropropyne 
3,3,3-Trifluoropropyne (1.395 g, 14.8 mmoles) and 

bis(trifluoromethyl)diazomethane (1.187 g, 6.66 mmoles) 
were heated for 20 h at 150". The v.p.c. separation (20% 
SE-30 at 55") of the volatile fraction which condensed 
at -78" showed five components but only the second and 
third fractions could be collected and identified. The first 
eluted major component was identified as 3,3,5-tris(tri- 
fluoromethy1)isopyrazole (0.776 g), micro b.p. 52" (atm). 

Anal. Calcd. for CBHFSINZ: C, 26.45; H, 0.37; F, 62.90. 
Found: C, 26.58; H, 0.43; F, 62.50. 

The i.r. spectrum (vapor): 3060 (w), 2009 (w), 1738 
(vw), 1323 (rn), 1300 (m), 1281 (s), 1271 (s), 1231 (w), 
1200 (s), 1180 (m), 1120 (m), 978 (m), 973 (m), 852 (w), 
805 (vw) cm-'. The 'H n.m.r. spectrum showed a 
complex but well defined multiplet at -5.99 p.p.m. 
(see Fig. 1). The lgF n.m.r. spectrum showed two peaks, 
each a doublet, centered at 61.39 (=CCF3) (JF-H = 

I 
5.7 c.p.s.) (area 1) and 61.81 p.p.m. (-C(CF,),) (JF-, = 

I 
2.4 c.p.s.) (area 2). 
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FIG. 1. The l H  n.m.r. spectrum of the isopyrazole 
obtained from the reaction of H G C C F ,  with 
(CF3)zCNz. 

The second component was identified as 1,3,3-tris(tri- 
fluoromethyl)cyclopropene (0.201 g), micro b.p. 56.9" 
(atm). 

Anal. Calcd. for C6HFg: C: 29.53; H, 0.41; F, 70.01. 
Found: C, 29.55; H, 0.62; F, 69.66. 

The i.r. spectrum: 3185 (w), 1814 (w), 1321 (s), 1291 
(m), 1262 (s), 1246 (m(sh)), 1215 (s), 1195 (s) ,  1005 (w), 
961 (m), 772 (w), 708 (m) cm-l. The 'H n.m.r. spectrum 
showed a poorly defined complex multiplet at -7.02 
p.p.m. The 19F n.m.r. spectrum showed two multiplets 
centered at 62.0 p.p.m. (=CCF3) (JF-H = 1.3 c.P.s.; 

I 
JF-P = 1.2 c.P.s.) (area 1) and 67.65 p.p.m. (-C(CF3)2) 

I 
(JF-H = 1.0 c.P.s.) (area 2) (see Fig. 2). 

The fraction which passed through the -78" bath was 
identified as slightly impure 3,3,3-trifluoropropyne 
(0.728 g). 

In another reaction, the trifluoropropyne and the diazo 
compound were heated at 150" for 21 h and then 
examined to determine the ratio of the products. From 
the v.p.c. and 'H n.m.r. integrations of the - 78" fraction, 
it was determined that the isopyrazole and the cyclo- 
propene together comprised 30 % of the products based 
on propyne consumed, and that the ratio isopyra- 
zole:cyclopropene was 2.45 : 1. 

When the reaction was carried out under ultraviolet 
(u.v.) light (450 W U.V. source) for 21 h the n.m.r. 
spectrum indicated that the isopyrazole and cyclopropene 
comprised 65.5% of the products, based on propyne 
consumed, and that the ratio isopyrazole:cyclopropene 
was 2.04:l. 

2a) Reaction with Hexafluorobutyne-2 
Hexafluorobutyne-2 (0.424 g, 2.66 mmoles) and bis(tri- 

fluoromethyl)diazomethane (0.466 g, 2.62 mmoles) were 
heated at 150" for 20 h. A small amount of the starting 
butyne (0.086 g) was recovered. The fraction which 
condensed at -78" was separated by v.p.c. into 5 com- 
ponents (20% silicone GE-SS-96 at 51"). Only the f i s t  
and third eluted fractions were identified. The first 
(-0.07 g) was identified as tetrakis(trifluoromethy1)- 
cyclopropene (see section 26 below). 

The second fraction was identified as 3,3,4,5-tetrakis- 
(trifluoromethyl)isopyrazole (0.262 g, 35% yield) micro 
b.p. 81" (atm). 

Anal. Calcd. for C7FlzNz: C, 24.72; F, 67.04. Found: 
C, 24.92; F, 66.6. 

The i.r. spectrum (vapor): 2392 (vw), 1672 (vw), 
1356 (s), 1302 (s), 1269 (vw), 1227 (vw), 1197 (vs), 
1149 (m), 1050 (w), 1004 (w), 980 (m), 952 (s), 941 (w), 
772 (w), 755 (vw), 737 (m), 672 (w) cm-'. The 19F n.m.r. 
spectrum showed an A3M3X6 pattern where A3 was the 
4-position CF3 group (&(A) = 56.2 p.p.m.1, M3 was the 
5-position CF3 group (6(M) = 63.25 p.p.m.), and X6 was 
the two, 3-position CF3 groups (6(X) = 64.45 p.p.m.) 
(JA-M = 8.5c.p.s.; JA-* = 6~.p.~.)(seeFig.  3). 

26) Pyrolysis of3,3,4,5-Tetrakis(trifluorornethyl)pyrazole 
The pyrazole (0.903 g, 2.68 mmoles) was heated at  

300" for 72 h. The product, tetrakis(trifluoromethyl)- 
cyclopropene (0.7648, 92% yield), was purified by 
repeated passes through a trap at -78'. 

Anal. Calcd. for C7Fl2 (mol. wt. 312): C, 26.93; 
F, 72.90. Found (308): C, 27.23; F, 72.60. 

The i.r. spectrum: 1919 (w), 1321 (s), 1303 (~(sh)), 
1246 (s), 1225 (s), 1200 (s), 1030 (m), 961 (m), 765 (vw), 
709 (m), 666 (m), 641 (w) cm-l. The 19F n.m.r. spectrum 
showed two septets, at 61.2 p.p.m. (CF3(==CCF3) and 

I I 
67.5 p.p.m. (-C(CF3)2) (JF-F = 1.15 c.P.s.). A linear 

I 
plot of logp against 103/Twas extrapolated to give a b.p. 
of 34.9" (760 mm). 

3) Reaction with 3,3,3-Trifluoropropytzyltrirnethylgerrnane 
3,3,3-Trifluoropropynyltrimethylgermane (0.779 g, 3.69 

rnmoles) and bis(trifluoromethyl)diazomethane (1.076 
g, 6.05 mmoles) were heated at 150" for 29 h. A non- 
condensible gas, presumably nitrogen, was produced. 
The fraction which condensed at -78' was exa- 
mined by v.p.c. (20% Kel-F grease at 72"). The two 
major components were identified as, in order of their 
elution: 3,3,5-tris(trifluoromethyl)isopyrazole, of known 
i.r. spectrum (see 1 above) and 2,3,3-tris(trifluoromethy1)- 
cyclopropenyltrimethylgermane (0.179 g, 12.3 % yield), 
micro b.p. 124.5" (atm). 

Anal. Calcd. for C,HgFgGe: C, 29.95; H, 2.50. 
Found: C, 29.37; H, 2.46. 

The i.r. spectrum (vapor): 2995 (w), 2915 (w), 1837 (w), 
1420 (vw), 1358 (w), 1320 (vs), 1295 (s), 1269 (vs), 1228 
(~(sh)), 1209 (vs), 1183 (vs), 1163 (~(sh)), 1104 (vw), 
1080 (vw), 997 (w), 958 (s), 841 (s), 841 (m), 768 (w), 
710 (m) cm-'. The 'H n.m.r. spectrum showed a singlet 
a t  -0.35 p.p.m. The 19F n.m.r. spectrum showed a 
septet andguartet centered at 62.0 p.p.m. and 66.9 p.p.m. 
with J = 1.2 c.p.s. in both splitting patterns. The area 
ratio of the low field to high field absorptions was 1:2 
(Calcd. 1 :2). 
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CULLEN AND WALDMAN: BIS(TRIFLUOR0METHYL)DlAZOMETHANE 

L 
62.0 pprn 

FIG. 2. The 19F n.m.r. spectrum of the cyclopropene obtained from the reaction of H G C C F ,  with (CF3)2CNz. 

i 
I 

L 
56 2 apm. 

1 1  
63 25 wrn 64 5 F ~ F  

FIG. 3. The I9F n.m.r. spectrum of the isopyrazole obtained from the reaction of C F , G C C F ,  with (CF3)2CN2. 

4 )  Reaction with 3,3,3-Trifluoropropynyltrimethyltin 
3,3,3-Trifluoropropynyltrimethyltin (1.178 g, 4.59 

, mmoles) and bis(trifluoromethyl)diazomethane (1.424 g, 
8.02 mmoles) were heated at 165" for 29 h. There was 
considerable decomposition. No free propyne was 
detected but a non-condensible gas, presumably nitrogen, 
was produced. The -78" fraction was separated by v.p.c. 

I 
(20% Kel-F grease at 100') into many components but 
only the last eluted component could be collected as a 
single, uncontaminated product. It was identified as 
2,3,3-tris(trifluoromethyI)cyclopropenyltrimethyltin 
(0.140 g, 7 % yield). The i.r. spectrum (vapor): 3000 (vw), 
2925 (vw), 1820 (w), 1358 (w), 1321 (s), 1290 (m), 1266 (s), 
1209 (s), 1181 (s), 1000 (vw), 982 (vw), 958 (m), 788 (vw), 

763 (vw) cm-I. The 'H n.m.r. spectrum showed a singlet 
- at -0.3 p.p.m. with tin satellite peaks (JI17sn-CH3 - 

58.2 c.p.s.; JIl9 ,.-,,, = 61.0c.p.s.). The I9F n.m.r. 
spectrum showed two sets of peaks: a septet at 62.55 
p.p.m. (-CF,) and a quartet at 66.9 p.p.m. (-C(CF3)2) 

I 
( J F - ~  = 1.25 c.p.s.), (area ratio, septet:quartet = 1:2 
(Calcd. 1:2)). The compound decomposed in a glass 
isotenoscope at -67'. The b.p. is estimated from the 
data collected below this temperature to be -99". 

5)  Reaction with Trimethylsilane 
Trimethylsilane (0.40 g, 5.4 mmoles) and bis(trifluor0- 

methy1)diazomethane (0.250 g, 1.4 mmoles) did not 
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appear to react after 1 day at 20". The mixture was heated 
at 100" for 72 h after which the volatiles were examined 
by 'H n.m.r. spectroscopy. The spectrum showed only 
one multiplet at -3.25 p.p.m. ( J  = 3.7 c.p.s.) which 
corresponded with the original trimethylsilane. 

6)  Reaction with Trimethylgermane 
Trimethylgermane (0.356 g, 3.0 mmoles) and bis(tri- 

fluoromethy1)diazomethane (0.761 g, 4.27 mmoles) did 
not appear to react after 1 day~at  20". The mixture was 
heated at 135" for 50 h. The 'H n.m.r. spectrum of the 
volatiles showed three high field absorptions and a septet 
centered at -2.64 p.p.m. ( J  = 9.5 c.p.s.). However, the 
'H n.m.r. spectra of the major V.P.C. separated products 
(20% Kel-F grease at 90") showed that the septet was due 
to a compound which did not have any high field methyl 
absorptions and thus, not due to (CH,),GeC(CF,),H. 
The v.p.c. separated products were not further studied. 

7 )  Reaction with Trimethyltin Hydride 
Trimethyltin hydride (0.633 g, 4.0 mmoles) and bis(tri- 

fluoromethyl)diazomethane (0.741 g, 4.2 mmoles) reacted 
upon warming to 20" with evolution of gas and loss of 
color. A white precipitate had formed after 2 h. After 
3 days a brown decomposition product was observed. 
After 3 weeks at 20" the volatiles were fractionated by 
trap-to-trap distillation. The fraction which condensed 
at -78" was purified by v.p.c. (20% Kel-F grease at 
95") and identified as 1,1,1,3,3,3-hexafluoroisopropyltri- 
methyltin (0.611 g, 51 % yield), micro b.p. 129.5" (atm). 

Anal. Calcd. for C6H9F7Sn: C, 22.89; H, 3.20; 
F, 36.21. Found: C, 23.06; H, 3.20; F, 35.91. 

The i.r. spectrum (vapor): 3000 (w), 2939 (w), 1766 (w), 
1363 (s), 1282 (vs), 1250 (m), 1220 (vdbr)), 1195 (s), 
1130 (w), 1079 (m), 1050 (m), 970 (vw), 900 (w), 870 (w), 
787 (m), 674 (w) cm-l. The 'H n.m.r. spectrum showed 
a singlet at -0.30 p.p.m. (-CH,) with tin satellite peaks 
(J1175n-CH3 = 51.5c.p.s.; J119,,-c,, = 56.5c.p.s.) and a 
septet at -2.54p.p.m. (-CH(CF3)~)(JF-H = 11.5 c.P.s.). 
The two absorptions integrated in the ratio 9.3:1, 
respectively (Calcd. 9:l). ThelgFn.m.r. spectrum showed 
a doublet of septets centered at 56.1 p.p.m. (JF-,,- = . - 

0.5 c.P.s.). 
The material which passed through the -78" bath was 

identified as mostly p&fluoropropene by its known i.r. 
spectrum. 

8)  Reaction with Trimethylgermanium Bromide 
Trimethylgermanium bromide (0.713 g, 3.60 mmoles) 

and bis(trifluoromethy1)diazomethane were miscible at 
20". The mixture was opaque after 1 day. After 48 h at 
100" a brown decomposition product had formed. A 
small amount of perfluoropropene (< 0.1 g) was isolated. 
The fraction which condensed at -78' was separated 
into two major components by V.P.C. (20% silicone 
GE-SS-96 at 90"). The first fraction (0.1 10 g) showed i.r. 
absorptions at 7.9, 8.05,. and 13.81 p.' It was not 
identified. The second component was identified as 
trimethylgermanium bromide (0.278 g) by comparison of 
its i.r. and 'H spectra with that of a known sample. 

9)  Reaction with Dimethylarsine 
Dimethylarsine (0.374 g, 3.54 mmoles) and bis(tri- 

'This spectrum was run on a Perkin-Elmer Infracord. 

fluoromethyl)diazomethane (0.799 g, 4.48 mmoles) were 
miscible at 20". No evidence of reaction was observed 
after two days. After 48 h at 100" a brown decomposition 
product had formed. The fraction which condensed at 
-78" was purified by v.p.c. (20% Kel-F grease at 95") 
and identified as the insertion product, 1,1,1,3,3,3- 
hexafluoroisopropyldimethylarsine (0.605 g, 67% yield), 
micro b.p. 110.5" (atm). 

Anal. Calcd. for C5H7F6As: C, 23.45; H, 2.75; 
F, 44.52. Found: C, 23.63; H, 2.84; F, 44.22. 

The i.r. spectrum (vapor): 3025 (w), 3000 (w), 2939 (w), 
1424 (~(br ) ) ,  1358 (s), 1296 (vs), 1241 (vs), 1213 (s), 
1142 (m), 1090 (s), 1075 (~(sh)), 909 (m), 975 (w), 960 (w), 
679 (m) cm-'. The 'H n.m.r. spectrum showed a broad 
singlet and a septet at -1.0 p.p.m. (CH,) and -2.67 
p.p.m. (-CH(CF3),), respectively (JF-H = 10 c.P.s.). 
The 19F n.m.r. spectrum displayed a doublet of septets 
centered at 55.90 p.p.m. (JF-,H3 = 0.95 c.P.s.). The 
lower boiling fraction was identified by i.r. spectroscopy 
as a mixture of starting diazo compound and perfluoro- 
propene. 

10) Reaction with Hexamethyldigermane 
Hexamethyldigermane (0.726 g, 3.09 mmoles) and 

bis(trifluoromethy1)diazomethane (0.742 g, 4.17 mmoles) 
were miscible at 20". There was no visible evidence of any 
reaction after one day at 20'. The mixture was heated at 
100" for 24 h. The fraction which condensed at -78" was 
examined by v.p.c. (20% silicone GE-SS-96 at 132"), and 
found to be 82 % hexamethyldigermane. 

Anal. Calcd. for C6HlsGe: C, 30.85; H, 7.72. Found: 
C, 30.63; H, 7.65. 

The fraction which passed through the -78" bath was 
found by its i.r. spectrum to be a mixture of tetramethyl- 
germane, perfluoropropene, and the starting diazo 
compound. 

11) Reaction with Tetramethyldiarsine 
Tetramethyldiarsine (0.940 g, 4.5 mmoles) and bis(tri- 

fluoromethy1)diazomethane (0.893 g, 5.0 mmoles) were 
miscible at 20". No evidence of reaction was observed 
after two days at 20'. The mixture was heated at 100' for 
48 h. The volatile fractions which condensed at -63" 
were combined and separated by v.p.c. (20% Kel-F 
grease at 100'). One of the two major components was 
identified as 1,1,1,3,3,3-hexailuoroisopropyldimethylar- 
sine (0.185 g). This was the last compound to elute from 
the column and was characterized by comparing its i.r. 
spectrum with that of a known sample (see section 9 
above). 

Reaction of Bis(trifluoromethyl)diazirine with 
3,3,3-Trifluoropropynyltrimethylgermane 

Bis(trifluoromethy1)diazirine (0.924 g, 5.17 m o l e s )  
and 3,3,3-trifluoropropynyltrimethylgermane (0.683 g, 
3.24 mrnoles) were heated at 165' for 13 h. The fraction 
of the reaction mixture which condensed at -78" was 
examined by V.P.C. (20% Kel-F grease at 72"). The major 
component was identified as 2,3,3-tris(trifluoromethy1)- 
cyclopropenyltrimethylgermane (0.241 g, 20% yield) by 
its i.r. spectrum (see section 3 above). A small amount of 
3,3,5-tris(trifluoromethyl)isopyrazole was also identified 
by its known i.r. spectrum (see section 1 above). 
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CULLEN AND WALDMAN: BIS(TRIFLUOR0METHYL)DIAZOMETHANE 

Results and Discussion 
Reactions with Acetylenes 

The 1,3-dipolar nature of diazo compounds in 
general, and of 1 in particular, arises from the 
fact that the structure of a diazo compound can 
be represented as a number of canonical forms, 
la-ld.  In the case of 1 it is predicted that the 
canonical forms l b  and l c  (a 1,3-dipole) will 
predominate due to the stabilizing effect of the 
strongly electron-withdrawing trifluoromethyl 
groups. 

Numerous investigations of 1,3-dipolar addi- 
tions of diazo compounds to  alkynes have been 
reported (15); however, only one reaction of 1 
with an alkyne has been described (12) (eq. [2]). 

The isopyrazole2 eliminates nitrogen at 400" to 
give the cyclopropene according to eq. [3]. 

We have now found that bis(trifluoromethy1)- 
diazomethane reacts with 3,3,3-trifluoropropyne 
either at 150" or under the influence of U.V. light 
(h > 2850 A) to give as major products: 3,3,5- 
tris(trifluoromethyl)isopyrazole (2) and 1,3,3- 
tris(trifluoromethyl)cyclopropene (3) (eq. [4]). 
When the reactants are heated at 150°, 2 and 3 
together comprise 30 % of the products based on 
propyne consumed and are in the ratio 
2:3 = 2.45:l. Under photolytic conditions a 
slightly lower ratio, 2.04: 1, is obtained; however, 
the overall yield is higher, namely, 65.5 %. 

'The ring structure QN has the parent name 

"pyrazole"; however, no systematic nomenclature has 

yet been accepted for the ring structure C N  . This 
& 

latter structure has been called ~ ' . ~ - ~ y r a z o l e  (16), 
pyrazolenine (17), 3-H-pyrazole (12), and isopyrazole 
(18). In this paper the parent name isopyrazole will 
be used. 

The structure of the isopyrazole 2 is indicated 
mainly by its n.m.r. spectra. Thus by using the 
coupling constants derived from the 19F spec- 
trum the complex multiplet displayed in the l H  
spectrum can be satisfactorily assigned as shown 
in Fig. 1. This isopyrazole is apparently the only 
one formed (1,3-addition (1 5) could take place in 
the opposite direction to give a second isomer) 
and the direction of addition corresponds with 
addition of l c  to the acetylene polarized in the 

6+ 6- 

direction H G C  + CF,. This polarization has 
been observed in other studies (19). It is interest- 
ing to note that 3,3,3-trifluoropropyne reacts with 
2,2,2-trifluorodiazoethane to give two isomeric 
pyrazoles, the predominant one corresponding to 
addition in the same sense as 2 (16). 

The structure of the cyclopropene 3 is con- 
firmed by its i.r. and n.m.r. spectra. The 'H n.m.r. 
spectrum shows a single complex peak at 

1 

- 7.02 p.p.m. similar to that of HC=C(CF,)CF, 
(-7.37 p.p.m.) (20). A small upfield shift might 
be expected in the present case since the vinylic 
fluorine atoms have been replaced by less electron- 
withdrawing CF, groups. The 19F n.m.r. spec- 
trum shows two sets of peaks as shown in Fig. 2 
and the coupling constants can all be assigned 
on a first order basis. 

In a similar way 1 reacts with hexafluoro- 
butyne-2 to give 3,3,4,5-tetrakis(trifluoromethy1)- 
isopyrazole (4) and a small amount of tetrakis- 
(trifluoromethyl)cyclopropene (5) (eq. [5]). 
Under the conditions studied, 4 and 5 comprise 
50 % of the products (based.on butyne consumed) 
and are in the ratio 4:5 = 3.8:l. As in the 
reaction described by eq. [3], 4 loses nitrogen 
on heating (300") to give the cyclopropene 5. The 
structure of 4 is shown immediately by its 
19F n.m.r. spectrum, Fig. 3, and confirmed by 
elemental analysis for carbon and fluorine. The 
three peaks in the 19F n.m.r. spectrum integrate 
in the ratio 1 :1:2, as expected, and the splitting 
patterns can be completely analyzed on a first 
order basis. The structural proof of the cyclo- 
propene 5 is provided by its 19F n.m.r. spectrum 
which shows two septets (J = 1.15 c.p.s.) of 
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TABLE 1 , , 
Infrared spectra of cyclopropene derivatives RC=C(CF3)C(CF3)2* 

Derivative Peak values (cm-I) 

*Main bands only. 

(CH313M 

(CF312CN2 + (CH3)3MC=CCF3 

M= Ge, Sn cF3 'JZcF3 
equal intensity at chemical shift values similar to 
those of the cyclopropene 3 (Table 2). The i.r. 
frequency associated with the C=C stretching 
vibration occurs at 1914 cm-' and is thesecond 
highest recorded C=C frequency of a cyclo- 
propene. The highest frequency, 1945 cm-l, 
occurs in perfluorocyclopropene (21). These i.r. 
spectra are further discussed below. 

The reaction of 1 with the Group IV tri- 
fluoropropynyl derivatives at 165" gives the 
corresponding Group IV 2,3,3-tris(trifluor0- 
methy1)cyclopropenyl derivative (eq. [6]). A small 
amount of 2 is also produced in the reaction 
involving the propynyl germanium derivative 
which probably results from the reaction of 1 
with HCECCF,. The latter has been detected 
in the products of thermal reactions involving 
(CH3),GeC~CCF3 (22). 

The proposed structures of the compounds 6 
(M = Ge, Sn) are based primarily on the similar- 
ity of their i.r. and n.m.r. spectra to those of 

I 

H&=c(cF,)c(cF,), (Tables 1 and 2). Analyt- 
ical data for the germanium compound are 

somewhat over the margin of experimental error. 
However the proposed structure is confirmed by 
the finding that the i.r. spectrum of the major 
product of the reaction of (CH,),GeC_CCF, 
and bis(trifluoromethyl)diazirine (CF,),- 
I 

C-N=N is identical with the spectrum of the 
germanium derivative produced in the reaction 
given by eq. [6]. Thermal decomposition of the 
diazirine at temperatures 2 150" is known to 
produce only C(CF,), as a reactive species (12) 

and thus (cH,),G~c=c(cF,)c(cF,), is the ex- 
pected product. It is notable that some of the iso- 
pyrazole 2 is also produced in the reaction 
of (CH?)?GeGCCF, with the diazirine. This 
is surprising since the diazirine is not expected to 
produce isopyrazole products; however, the 
diazirine used was only 95 % pure and one of the 
impurities may have been 1. 

The cyclopropenes 3,5, and 6, could have been 
formed either by elimination of nitrogen from 
the corresponding isopyrazoles or by the direct 
addition of C(CF,), to the C _ C  bonds. Neither 
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CULLEN AND WALDMAN: BIS(TRIFLUOR0METHYL)DIAZOMETHANE 

TABLE 2 

Nuclear magnetic resonance parameters of some cyclopropene derivatives 

possibility can be excluded with the present 
experimental results. However, in one experiment 
which we have been unable to repeat, the product 
from the reaction of 1 with the trifluoropropynyl- 
germane was the isopyrazole (14) which suggests 
that this might be the intermediate. 

The i.r. spectra of all the cyclopropenes show 
a weak high frequency C=C stretching band and 
a very similar pattern of bands in the C-F 
stretching region (Table 1). Although it is 
recognized that the C=C stretching vibration of 
cyclopropenes is not a very "pure" vibration (23) 
it is worth noting the frequency increase of this 
vibration as more electronegative groups are 
substituted in the vinylic positions. Thus we have 

The n.m.r. parameters listed in Table 2 also 
show a high degree of internal consistency. 

"Insertion" Reactions 
Bis(trifluoromethy1)diazomethane (1) reacts 

easily with dimethylarsine and trimethyltin 
hydride (eqs. [7] and [8]). Nitrogen is eliminated 
and the C(CF,), group is inserted into the M-H 
bond giving the 1,1,1,3,3,3-hexafluoroisopropyl 

I 

for series (CF,),C-CX=Cy: X = Y = CH,, derivatives. The 'H n.m.r. spectra of both prod- 
1745 cm-' (12): x = H. Y = CF,, 1814 cm-'; ucts show broad singlets due to the CH, groups . ,, ". 
X = Y = CF,, 1919 cm-'; and for the series and a septet (JHPF = 11 c.P.s.) due to the - isopropyl hydrogen atoms. The broadness of the 
F,C-CX=CY: X = H, Y = CF,, 1730 cm-' CH, absorption is due to coupling with the 
(20);X = Y = CF,, 1820cm-'(20);X = Y = F, fluorine atoms since the 19F spectra show a 
1945 cm-' (21). This is probably due to coupling doublet of septets for 7 (JCH,-, = 1 1.p.s.) and 
with the C-F or C-CF, stretching vibrations. a doublet of multiplets (at least 7) (JCH3-, = 
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0.5 c.p.s.) for 8. Similar insertion products have indebted to Dr. D. E. McGreer for many helpful 

been obtained from the reaction of 1 with 
pentacarbonyl(hydrido)manganese (20") and a 
platinum hydride (120") (6). The low temperature 
reactions (20") probably proceed via attack of a 
molecule of 1 to form an intermediate complex 
which then rearranges with elimination of nitro- 
gen to give the final product (1). It is possible that 
the platinum and arsenic hydride reaction in- 
volves the free carbene (6). Compound 1 does 
not react with trimethylsilane (100°), trimethyl- 
germane (1 35"), or trimethylgermanium bromide 
(1 10") with insertion into the Si-H, Ge-H, or 
Ge-Br bonds. I t  does, however, insert into the 
Pd-CI bond of (C,H,CN),PdCI, (7). The 
carbene CF,CH, from CF,CHN,, inserted into 
the Si-H and C-H bonds of (CH,),SiH (3). 

Dicobaltoctacarbonyl reacts with 1 at 20" as 
indicated by eq. [ 9 ]  (6). This reaction can be 
regarded as an initial addition of 1 across the 
Co-Co bond followed by loss of CO and N, 
and formation of a new Co-Co bond. Therefore 
it was of interest to see what would happen if a 
compound such as tetramethyldiarsine which 
contains a very reactive As-As bond (24) were 
mixed with 1. One of the main products of this 
facile reaction is the isopropyl derivative 7, 
indicating that any intermediate adduct is not 
very stable. A similar reaction occurs when 1 is 
heated with [n-c',H,F~(co),], (eq. [lo]). In this 
case the additional hydrogen atom comes from 
the solvent (6). Hexamethyldigermane does not 
react easily or cleanly with 1 at 100". The 
analogous ditin compound would be expected to 
be more easily cleaved. 
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Biosynthesis of lycopodine from lysine and acetate. The pelletierine hypothesis1 

Department of Chemistry, McMaster University, Hamilton, Ontario 
Received January 28, 1970 

The biosynthesis of lycopodine (5) was studied in intact plants and in excised shoots of the clubmoss 
Lycopodium tristachyum Pursh. Specific incorporation of label from lysine and from acetate was demon- 
strated by partial degradation. The observed distribution of activity was incompatible with a polyketide 
origin of lycopodine. The incorporation pattern is consistent with the hypothesis that lycopodine is a 
modified dimer of pelletierine (4), which, in turn, is derivable from lysine and acetate. 
Canadian Journal of Chemistry, 48, 1893 (1970) 

Introduction 

Of the various structural types found amongst 
the Lycopodium alkaloids (2), it is the CI6N2 
skeletons (1 and 2 respectively) of the lycodine- 
obscurine and of the cernuine groups which are 
most revealing from a biogenetic point of view. 
These structures lend themselves to visual dis- 
section (dotted lines) into two halves whose 

i skeleton, in turn, corresponds to that of the C,N 
1 piperidine alkaloids, of which coniine (3) and 

pelletierine (4) are prominent examples. 
I 
1 If structural relations be a guide to biogenesis, 
I the C16N2 skeletons of the lycodine-obscurine 
I group and of the cernuine group of alkaloids 

might be thought to originate by dimerization of a 
suitably functionalized C,N monomer. 

The C16N Lycopodium alkaloids might, in 
turn, be derived from C16N2 intermediates by 
loss of nitrogen. A C16N2 intermediate of the 
lycodine-obscurine type (1) may give rise (I), 
by C-N cleavage, followed by extrusion of 
nitrogen and recyclization, to the lycopodine (5) 
skeleton, C16N, from which other C16N skeletal 
types (e.g. annotinine (3) and serratinine (4)), 
might be derived by oxidative C-C cleavage and 
recvclization. 

It is suggestive that in every one of the struc- 
tural variants of the C16N group of alkaloids an 
oxygen function is present at C-5, the site of 
attachment of a nitrogen atom in the C16N2 
skeleton of the lycodine-obscurine type. 

If lycopodine (5) and the other C16N Lyco- 
podium alkaloids were indeed derived from a 
C16N, intermediate with a lycodine-obscurine 
skeleton, all the bases could be regarded as modi- 
fied dimers of a precursor related in structure to 

'A preliminary report of part of this work has been 
published (1). 

C,N piperidine alkaloids such as coniine (3) or 
pelletierine (4). 

The biosynthesis of these piperidine alkaloids 
has been studied during the past five years, and 
precursor-product relationships have been estab- 
lished. Even though the carbon-nitrogen skele- 
tons of coniine and pelletierine are identical, the 
two alkaloids originate by entirely different 
routes. 

Coniine (3) (5) and related hemlock alkaloids 
(5, 6) are of polyketide origin. This conclusion 
rests on the results of unambiguous degradation 
of a sample of coniine, isolated from hemlock 
plants which had been infused with 1-14C-acetate. 
One-quarter of the activity of the intact alkaloid 
was located at each of C-2, -4, and -6 of the 
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6 

SCHEME 1 

Biosynthesis of coniine 

SCHEME 2 

Biosynthesis of N-methylpelletierine 

piperidine nucleus and C-2' of the sidechain. The 
other four carbon atoms were unlabelled. This 
result suggests that a tetraacetyl chain (6) is an 
intermediate on the route between acetate and the 
C8N skeleton of coniine (Scheme 1). Biosyn- 
thesis of a Lycopodium alkaloid by dimerization 
of a coniine type monomer, i.e. derivation from 
two tetraacetyl chains, as postulated by Conroy 
(7), would be predicted to lead to a characteristic 
incorporation pattern of label from 1-14C- and 
2-14C-acetate (Scheme 3a). 

The C8N skeleton of N-methylpelletierine (9) 
is formed in an entirely different fashion. Its 
piperidine nucleus is derived from a C,N chain 
which originates from lysine (7) in a nonsym- 
metrical manner (8, 9). A derivative (8) of 
A'-piperideine (14) is a likely intermediate. The 
propanone sidechain is specifically derived from 
acetate (9-11) (Scheme 2). Biosynthesis of a 
Lycopodium alkaloid by dimerization of a 
pelletierine (4) type monomer would be predicted 
to lead to non-random entry of label from lysine, 
as well as to specific incorporation of activity from 
1-14C- and 2-14C-acetate in a manner (Scheme 3b) 
entirely different from that demanded by the 
coniine-polyketide hypothesis. 

In the present investigation of the biosynthesis 
of lycopodine it was our objective to test these 
alternative hypotheses. 

Methods and Results 
The species chosen for experiment was 

Lycopodium tristachyum Pursh. We are indebted 
to Dr. J. S. Pringle, Royal Botanical Gardens, 
Hamilton, Ontario, for the taxonomic identifica- 
tion of the species used in our experiments. A 
voucher specimen of the experimental plant is de- 
posited in the herbarium of Algonquin Provincial 
Park, Ontario. It is unfortunate that an erroneous 
designation of the species used in our work was 
reported in our preliminary communication (I). 
Lycopodine (5) is the major alkaloid (12) and 
lycodine has now been found to be a minor com- 
ponent of L. trystachyum. This species, having a 
subterranean stem, is firmly rooted and therefore 
suitable for wick-feeding (13). 

This method for the administration of labelled 
compounds to intact plants was employed in all 
but three of the present experiments. In the other 
experiments cuttings of the plant were kept in 
contact with tracer solution (14). These methods, 
outlined in the Experimental, were used to study 
the mode of incorporation of activity from 
specifically labelled samples of acetate, lysine, and 
cadaverine into lycopodine. A summary of these 
experiments is presented in Table 1. 

The labelled samples of lycopodine obtained 
from individual feeding experiments were de- 
graded, by reactions fully described in the Experi- 
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CASTILLO ET AL.: BIOSYNTHESIS OF LYCOPODINE 1895 

If lycopodine were a coniine-polyketide type If lycopodine were a pelletierine-type dimer: 
dimer : 

Each of eight carbon atoms derived from 1-I4C- Each of two carbon atoms derived from 1-14C- 
acetate ( a )  should carry 12.5 % of the activity of acetate ( a )  should carry 50% of the activity of the 
the intact alkaloid. intact alkaloid. 

Each of eight carbon atoms derived from 2-14C- Each of four carbon atoms derived from 2-I4C- 
acetate (*) should carry 12.5 % of the activity of acetate (*) should carry 25 % of the activity of the 
the intact alkaloid. intact alkaloid. 

i Predicted incorporation patterns of 1-I4C-acetate ( a )  and 2-14C-acetate (*) into lycopodine 

Degradation of lycopodine (numbers refer to carbon atoms of lycopodine) 

mental, into the degradation products shown in 
Scheme4. Thespecificactivities of the degradation 
products are listed in Tables 2,-3, and 4 (indicated 
limits are standard deviation of the mean). 

The samples of lycopodine, derived from 
I-14C-acetate (experiment 1) and from 3-14C- 
acetoacetate (experiment 8), yielded acetic acid 
(corresponding to C-15, -16) which, within ex- 
perimental error, contained one-half of the 
activity of the intact lycopodine. Benzoic acid 
(C-5) derived from 1-14C-acetate lycopodine was 
inactive. Lycopodine samples obtained from 

2-14C-acetate (experiment 2) and from 4-I4C-p- 
hydroxybutyrate (experiment 9), gave acetic acid 
(C-15, -16) which contained a little less than one- 
quarter of the activity of the intact alkaloid 
(Table 2). 

One-quarter of the activity of the lycopodine 
samples derived from 2-14C-lysine (experiments 3 
and 6), from 6-14C-lysine (experiments 4 and 5), 
and from 1 ,5-I4C-cadaverine (experiment 1 1) was 
recovered in benzoic acid (C-5), and one-quarter 
in formic (C-9). One-half of the total activity was 
recovered in 7-methyl-5,6,7,8-tetrahydroquino- 
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TABLE 1 
Incorporation of labelled compounds into lycopodine !? 

? 
S 

Nominal - a- 

Experiment 
no. 

Compound 
administered 

specific 
activity 
(mCi/ Mode of. 

mmole) admlnistratlon Date 

Lycopodine 
Weight of specific activity 8 
dry plant Yield (counts min-I $ 

(g) (mg) mmole-') x 

1 Sodium I-14C-acetate* 2.0 Wick July 1966 160 6.12k0.11 :: 
2 Sodium 2-14c-acetate* 2.0 Wick JUIY 1966 450 3ghH 1.84k0.07 0 

?1 
8 Sodium 3-14C-acetoacetate*§ 4.2 Wick June 1968 35 95 16.9 k0.65 0 
9 Sodium 4-14C-DL-0-hydroxybutyratet 8.6 Wick August 1968 95 205 8.61k0.22 
3 2-14C-DL-Lysine* 3.3 Wick September 1967 300 54011 2.88k0.05 

8 
6 2-14C-DL-Lvsine* 3.3 Cuttings Seotember 1967 70 230 13.0 +0.29 k 

9.2 w i c g  ~&tember  1967 220 380 0.91 I 0 . 0 3  
9.2 

2 * 2.9 103 Cuttings September 1967 430 (Fresh weight) 350 12.2 k0.29 (14C) ; 
3.2 Cuttings June 1969 36 100 728' + 15 9 

*New England Nuclear Corporation. 
tRadiochemical Centre. 
$Commissariat a 1'Energie Atomique, France. 
S e e  Experimental. 
llIsolated by column chromatography (see Experimental). 
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TABLE 2 
Incorporation of polyketide precursors into lycopodine 

Product 
Predicted RSAt of acetic acid 

Acetic acid (as on the basis of: 
a-naphthylamide) 

Lycopodine (C-15, -16) Polyketide Pelletierine Intact 
Experiment hypotheses hypotheses incorporation 

Precursor no. SA* RSAt SA* RSAt (c.f. Scheme 3a) (c.f. Scheme 3b) of C,-unit 

*Specific activity (counts min-1 mmole-1) x 
?Relative specific activity: percent (lycopodine = 100). 
$Obtained by recrystallizing a mixture of 66 mg lycopodine, specific activity (16.89 t 0.65) x 103 counts min-1 mmole-I, and 50 mg carrier lycopodine. 

TABLE 3 
Incorporation of lysine into lycopodine 

Precursor 2-14C-~~-Lysine 6-14C-~~-Lysine 

Experiment no. 3 6 4 5 

Product SA* RSAt S A RSA S A RSA S A RSA S A RSA 

Lycopodine 
Benzoic acid - 

(C-5) 
Formic acid - - 0.63k0.02 22k1 0.23k0.01 2 5 k l  - 
(as a-naphthylamide) (C-9) 
7-Methyltetrahydroquinoline 1.35 + 0.08 47 _+ 3 - - - - 
hydrochloride (C-7 to -16) 
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1898 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 4 

Incorporation of cadaverine into lycopodine. 
Experiment 11 

S A* RS A t  

Lycopodine 30.76+6.20$ 100+2 
Benzoic acid 7.73k0.38 2 5 1 1  

tc-5) 
Formlc acid 7.55k0.21 24+ 1 
(as a-naphthylamide) 

(C-9) 
'Specific activity (counts min-1 mmole-1) x 10-3. 
?Relative specific activity: percent (lycopodine = 100). 
fobtained by approximately 25-fold dilution of the lycopodine, 

specific activity (7.28 f 0.15) x 10' counts min-1 mmole-I, with 
inactive lycopodine. 

line (11) (C-7 to -16) (Tables 3 and 4). Lyco- 
podine, derived from a sample of 4,5-3H,, 
6-14C-lysine (3H/14C 10.7 f 0.2) (experiment 5) 
showed a 3H:14C ratio (3H/14C 8.4 _t 0.1) which 
was 22 % lower than that of the doubly labelled 
precursor. 

Discussion 

Incorporation of Polyketide Precursors 
Biosynthesis of lycopodine, by the polyketide 

or by the pelletierine route, is expected to lead to 
incorporation of acetate into the alkaloid. The 
distribution pattern of radioactivity within the 
lycopodine samples derived from Lycopodium 
plants to which 1-14C- and 2-14C-acetate had been 
administered should be characteristic of the 
biosynthetic route (Scheme 3). 

Kuhn-Roth oxidation of lycopodine yields 
acetic acid from C-15 and C-16. The fraction 
of the activity within the Kuhn-Roth acetate, 
obtained from the labelled lycopodine samples 
derived from 1-14C- and 2-14C-acetate, is diag- 
nostic of the labelling pattern of these lycopodine 
samples, and hence indicative of the biosynthetic 
route whereby they originate. 

According to the polyketide hypothesis the 
Kuhn-Roth acetic acid should carry one-eighth 
(12.5%) of the activity present in lycopodine, 
regardless of whether 1-14C-acetate or 2-14C- 
acetate were the precursors (Scheme 3a). The 
pelletierine hypothesis predicts an entirely differ- 
ent labelling pattern. The Kuhn-Roth acetate 
should contain one-half or one-quarter, re- 
spectively, of the activity of the labelled lyco- 
podine, depending on whether the latter had been 
derived from 1-14C-acetate or from 2-'"C-acetate 
(Scheme 3b). The results of experiments 1 and 2, 
presented in Table 2, are in agreement with the 

predictions of the pelletierine hypothesis. The 
Kuhn-Roth acetate from 1-14C-acetate-derived 
lycopodine contained 47 2 %, that from 2-14c- 
acetate-derived lycopodine 21 -t 1 % of the activity 
of the intact alkaloid. Since the pelletierine 
hypothesis demands that the non-acetate derived 
carbon atoms of lycopodine originate from lysine, 
and since acetate can serve as a precursor of lysine 
(15), the slight deviation of the observed from the 
predicted values is not inconsistent with the 
hypothesis. 

Additional experiments with 3-l4C-acetoace- 
tate and 4-14C-P-hydroxybutyrate (experiments 
8 and 9) complement the results obtained with 
acetic acid. The pelletierine hypothesis demands 
the intact incorporation into lycopodine of two 
C3-units derived by decarboxylation of aceto- 
acetate (Scheme 2), and predicts entry of label 
from 3-14C-acetoacetate exclusively and equally 
into C-7 and C-15, and of label from 4-14C- 
acetoacetate (and therefore also from 4-14C-P- 
hydroxybutyrate) exclusively and equally into 
C-8 and C-16 of lycopodine. 

Whereas the predicted pattern of incorporation 
of activity from 3-14C-acetoacetate is thus ex- 
pected to be identical with that from 1-14C-acetate 
and cannot therefore serve to establish intact 
incorporation of a C3-unit, the predicted mode of 
incorporation of 4-14C-P-hydroxybutyrate differs 
from that of 2-14C-acetate and would thus be 
diagnostic for intact entry of a C3-moiety (Table 
2). The results of experiments 8 and 9 (Table 2) 
show that, as expected, the pattern of incorpora- 
tion of activity from 3-14C-acetoacetate (experi- 
ment 8) is identical with that of 1-14C-acetate 
(experiment I), but that contrary to expectation, 
the pattern of incorporation of 4-14C-P-hydroxy- 
butyrate (experiment 9) was identical with that 
of 2-14C-acetate (experiment 2). This result 
indicates that direct incorporation of a C3-unit 
derived from acetoacetate had not occurred, but 
that, prior to incorporation, the precursor had 
suffered degradation to acetate. Similar observa- 
tions have been made in an investigation of the 
origin of the three-carbon sidechain of N-meth- 
ylpelletierine (9). 

Incorporation of Lysine and Cadauerine 
The observed mode of incorporation of acetate 

into lycopodine is inconsistent with the poly- 
ketide route (Scheme 3a) but follows the pre- 
dictions of the pelletierine pathway (Scheme 3b). 
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CASTILLO ET AL.: BIOSYNTHESIS O F  LYCOPODINE 

Expected incorporation pattern of 2-14C-lysine (0) and 6-14C-lysine (A)  into lycopodine, as predicted by the 
pelletierine hypothesis 

This pathway demands the incorporation of 
lysine into lycopodine (Scheme 5). The dis- 
tribution, in lycopodine, of radioactivity from 
2-14C- and 6-14C-lysine may be predicted on the 
basis of two premises: that entry of lysine into the 
pelletierine, serving as the lycopodine precursor, 
follows the pathway (Scheme 2) established for 
the incorporation of lysine into N-methyl- 
pelletierine in Sedum sarmentosum (9); and that, 
since lycopodine is regarded as a modified dimer 
of pelletierine, the two "halves" of lycopodine 
should be equally labelled. The hypothesis thus 
demands that one half of the activity of lycopo- 
dine derived from 2-14C-lysine (0) should reside 
at C-5, and hence be recovered in benzoic acid, 
whereas C-9 (i.e. formic acid) from this lycopo- 
dine should be inactive. Conversely, one-half of 
the activity of lycopodine derived from 6-14C- 
lysine (A) should be localized at C-9, and hence 
be recovered in formic acid, whereas C-5 (i.e. 
benzoic acid) from this sample should be inactive 
(c.f., Scheme 4). 

The results of experiments 3-6 (Table 3) 
indicate that even though lysine is incorporated 
into lycopodine in a specific manner, the observed 
distribution of activity differs from that pre- 
dicted: formic acid (i.e. C-9 of lycopodine) as 
well as benzoic acid (C-5 of lycopodine) con- 
tained, within experimental error, one-quarter 
of the activity of the intact alkaloid, regardless of 
whether 2-14C-lysine (experiments 3 and 6) or 
6-14C-lysine (experiments 4 and 5) had been the 
precursor. 

In each case the rest of the activity would then 
be expected to reside at C-1 (25%) and C-13 
(25%). Neither of these carbon atoms could be 
extracted individually. A degradation product 
containing one of them, C-13, was obtained: 
lycopodine, derived from 2-14C-lysine (experi- 
ment 3) yielded 7-methyl-5,6,7,8-tetrahydro- 

quinoline (11) (C-7 to -16) (Scheme 4) which con- 
tained approximately one-half of the activity of 
the intact alkaloid (Table 3). It is thus demon- 
strated that a fragment which contains all carbon 
atoms predicted to arise from one lysine moiety 
(C-9 to -13) and none predicted to arise from the 
other (C-1 to -5), does indeed account for 50% 
of the activity of lycopodine. Since C-9 (formic 
acid) contains approximately 25 % of the activity 
of the alkaloid (experiment 6), it is likely that the 
remaining 25 % resides at C-13, the predicted site. 
The observed distribution of activity leads to the 
inference that two C,-units comprising C-2 to -6 
of lysineare, indeed, incorporated into lycopodine 
with equal efficiency, as predicted, but that con- 
trary to prediction, these units are derived from 
lysine by way of a symmetrical intermediate such 
as cadaverine (1,5-diaminopentane) (12), and 
not in a non-symmetrical manner. This con- 
clusion is substantiated by the observation that 
1-14C-cadaverine is incorporated into lyco- 
podine2 (experiment 11) and yields the expected 
pattern of radioactivity (Table 4). 

The Pelletierine-dimer Hypothesis 
The experimental results demonstrate that 

lysine and acetate serve as specific precursors of 
lycopodine. Even though the total activity of the 
molecule could not be accounted for in its 
entirety in terms of the individual radioactive sites 
and the evidence is therefore incomplete, it is 
significant that predictable positions of the 
alkaloid contained one-half (experiments 1 and 8) 

=It is significant to note, in this context, that incorpora- 
tion of radioactivity from cadaverine into lycopodine is 
approximately 100 times moreefficient than incorporation 
of label from lysine (Table 1). It is also of interest that the 
specific activity of pipecolic acid (- 2 x lo6 counts 
min-' mmole-I), isolated from L. tristachyurn, after 
administration of 2-14C-lysine (experiment 3), was much 
higher than the specific activity of lycopodine (see Table 
1) from the same plants. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

3H/14C = 100/1 (or 7511 if 3H is lost by exchange from the position ci to the aldehyde group) 

Predicted mode of incorporation of 4,5-3H2,6-14C-lysine into lycopodine 

or one-quarter (experiments 2-6, 9, 11) of the 
total activity, consistent with the view that 
lycopodine is derived from two identical pre- 
cursor units. 

The labelling pattern which is observed is that 
predicted by the hypothesis that lycopodine is 
generated from two pelletierine units whose side- 
chains are derived from acetate and whose 
piperidine nucleus arises from lysine via a sym- 
metrical intermediate, cadaverine (12). 

The observation that incorporation of 43-  
3H,,6-14C-lysine (3H/'4C 10.7 _t 0.2) into lyco- 
podine (3H/14C 8.4 _t 0.1) .(experiment 5) is 
accompanied by a loss of 22 % tritium, relative to 
14C, is consistent with this hypothesis. 

A possible mode of incorporation into lyco- 
podine of this doubly labelled lysine is illustrated 

in Scheme 6. Since several of the reactions in- 
volving tritium loss could be accompanied by 
primary hydrogen-tritium isotope effects or 
stereochemical discrimination of hydrogen and 
tritium, only maximum tritium loss can be pre- 
dicted. It is clear however that loss of tritium 
would occur only from C-5 of lysine and would be 
due entirely to the incorporation of the precursor 
via a symmetrical intermediate. Incorporation 
of this lysine in a non-symmetrical manner would 
not place a tritium atom at a sensitive position. 

If pelletierine is indeed the monomer, whose 
dimerization leads to the Lycopodium alkaloids, 
several questions which cannot yet be answered 
arise. Of these, the most intriguing is why the 
mode of incorporation of lysine into this putative 
intermediate in Lycopodium tristachyum differs 
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CASTILLO ET AL.: BIOSYNTHESIS OF LYCOPODINE 1901 

from the manner in which lysine enters N-methyl- 
pelletierine in Sedum sarmentosum. 

Direct evidence in support of the pelletierine 
hypothesis is being sought. Radioactive lyco- 
podine has been isolated from L. tristachyum 
to which singly and multiply labelled samples of 
pelletierine (16) had been administered. De- 
gradation of these samples is in progress. 

Experimental 
Administrafion of labelled Compounds to Lycopodium 

trisfachyum Pursh 
Lycopodium tristachyum Pursh, ground cedar, a club- 

moss whose creeping stem is buried 3-5 in. below ground, 
was found in the vicinity of Huntsville, Ontario, near 
Algonquin Provincial Park. Attempts to propagate the 
plant in the greenhouse were unsuccessful. 

Labelled compounds were administered to intact plants 
(experiments 1-4,8,9) and to excised shoots (experiments 
5,6, and 11). The first experiments were carried out in the 
bush. A circular clump of the clubmoss, approximately 
2 ft in diameter, was isolated by means of a narrow 1 ft 
deep trench. Cotton thread was inserted into approxi- 
mately 20 shoots, and the ends of each thread were placed 
into a small glass receptacle. The labelled compound was 
dissolved in glass-distilled water (10 ml) and the solution 
was distributed among the receptacles, and was absorbed 
into the plant through the cotton wicks. After the original 
tracer solution had been absorbed the receptacles were 
repeatedly refilled with glass-distilled water. The plants 
were kept in contact with the tracer for 48 h, and were 
then collected. Shoots and subterranean stems were dried 
separately and the material was then taken to the labora- 
tory for extraction and work-up. 

This procedure, entertaining and enjoyable though it 
was when employed in the first experiments in midsummer 
1966, was unsuitable for routine use, since it demanded 
experimental skills of a type not usually taught in De- 
partments of Chemistry, as well as physical endurance 
and devotion to science far beyond the normal call of 
academic duty. 

More recent wick feeding experiments were carried out 
in the greenhouse. Pieces of turf (approximately 3 ft x 
2 ft x 8 in. deep), containing a clump of the clubmoss, 
were collected in the bush and transported to McMaster 
University in plywood boxes designed for the purpose. 
The wick-feeding experiments were carried out in the 
greenhouse on the following day. 

In another feeding method (experiments 5, 6, and 11) 
shoots 2 to 3 in. in length from a 3 x 2 ft clump of club- 
moss were cut and packed, cut surfaces downward, into 
three 100 ml beakers. The aqueous solution containing 
the radioactive tracer was divided among the beakers. 
Glass-distilled water (3 ml) was added to each beaker 
after 24 h, when most oY the original solution had been 
absorbed, and the experiment was continued for a further 
24 h. 

A summary of the feeding experiments which were 
carried out is presented in Table 1. Tracers for experiments 
1-6, 9, and 11 were commercial products (Table 1). 

Sodium 3-14C-acetoacetate (experiment 8) was prepared 
by hydrolysis (c.f. ref. 16) of ethyl 3-14C-acetoacetate 
(Radiochemical Centre). The nominal total activity ad- 
ministered in experiments 1-4,6,8,9, and 11 was 0.1 mCi. 
The nominal total activity administered in experiment 5 
was 0.1 mCi 14C and 1 mCi 3H. 

Isolation and Degradation of Labelled Samples of 
Lycopodine 

Labelled lycopodine was isolated, as outlined below, 
from each of the feeding experiments. Yield and specific 
activity of the samples are summarized in Table 1. The 
samples were partially degraded, by methods to be 
described below, to determine the sites of radioactivity. 
The results of these degradations are given in Tables 2,3, 
and 4. Each labelled product was purified to constant 
activity. 

Isolation of Lycopodine 
Preliminary experiments indicated that the subterranean 

stems of L. tristachyum contained little alkaloid. Labelled 
lycopodine was obtained from the aerial parts of the 
plant. 

Green shoots of L. tristachyum were dried and ground 
to a fine powder in a blendor (Osterizer Galaxie 10). 
The powder was moistened with 1 M ammonia (50-100 
ml), and was continuously extracted with ether for 48 h. 
The ether solution was extracted with hydrochloric acid 
(0.5 M, 4 x 25 ml), the aqueous extract was washed with 
ether, and was then basified with 1 M ammonia. The 
alkaloids were extracted into ether (3 x 30 ml), the ether 
extract was dried (Na2S04) and the solvent evaporated. 
The residue was extracted with warm hexane. The hexane 
extract was concentrated to dryness and the residue was 
sublimed at 110" and 1 x mm, yielding a crystalline 
sublimate which consisted of lycopodine containing not 
more than 1-5% lycodine, as shown by gas-liquid 
chromatography (g.1.c.) (5% SE 30 on Chromosorb W, 
118 in. x 4 ft, 200", 15 ml per min of helium). The sub- 
limate was dissolved in a little boiling hexane, and the 
solution was kept overnight. Lycopodine which crystal- 
lized (m.p. 115") was sublimed at 90" and 1 x mm. 
The purity of the product was checked by g.1.c. and by 
radiochromatography (Radiochromatogram Scanner, 
Model 7201, Packard Instrument Co.) of a thin-layer 
chromatogram (t.1.c;) (Silica Gel coated with 0.1 N 
sodium hydroxide, developed with chloroform/methanol 
1 :1, R, 0.48). 

Even though g.1.c. indicated a single component, in 
several instances the product required further purification 
to remove a radiochemical contaminant whose presence 
was detected by t.1.c. and radioscanning. 

Lycopodine was dissolved in ether and the solution was 
mixed with an ether solution of perchloric acid. Solvent 
was evaporated, and the lycopodine perchlorate so 
obtained was recrystallized from hot methanol. Melting 
point 276-278' (reported melting point 279' (12)). 

Several variations of the ab& procedure were em- 
ployed in early experiments. In experiment 5 the shoots 
of the plant were homogenized in methanol, the methanol 
solution was filtered and concentrated, the residue was 
extracted with hydrochloric acid (1 M, 3 x .lo ml), and 
the acid solution was basified with ammonia. The 
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alkaloidal fraction was then extracted into ether and of the distillate, containing volatile acids, had been 
worked-up as already described. collected. The distillate was neutralized with 0.1 M 

In experiments 1-3 the basic fraction was separated into sodium hydroxide ( - 1 ml), and the solution was 
its components by column chromatography on alumina. evaporated to dryness. The residue was dissolved in water 
Lycopodine and lycodine were separated from the other (2 ml) containing a-naphthylamine hydrochloride (20 mg) 
basic components by elution with benzene. and 1 -ethyl- 3 - (3 - dimethylaminopropyl) - carbodiimide 

hydrochloride (50 mg). N-Formyl-a-naphthylamide pre- 
Degradation of Lycopodine cipitated after a few minutes. After sublimation at 120" 

Carbon-5 as Benzoic Acid (cf. Ref. 17) and 1 x mm, recrystallization from benzene, and 
Lycopodine (100 mg) dissolved in dry ether (50 ml) resublimation, the product melted at 137-138' (reported 

was added dropwise. to a solution of phenyl lithium melting point 139" (19)), and was identical (mass spec- 
(1.9 M, 5.8 ml) in ether, and the mixture was refluxed 4 h trum, melting point, mixture melting point) with an  
in an atmosphere of nitrogen. The solution was cooled and authentic specimen. 
poured into concentrated hydrochloric acid (5 ml) to which carbons-15 and -16 as ,,gcetic  i id 
crushed ice (10 g) had been added. The ether layer was A solution of chromic acid (2 g) in water (3 was 
discarded, the aqueous layer was washed with ether added to a solution of lycopodine (100 mg) in 2 
(2 30 m l ) ~  and was basified with The sulfuric acid (5 ml). The mixture was refluxed for 2 h. 
product was extracted into ether (5 x 30 ml), the ether Steam was then passed through the mixture 50 ml 
solution was dried (Na2S04)7 the was distillate had been collected. The distillate was neutralized 
and the residue (105 mg) was recrystallized from n- with 0.1 M sodium hydroxide ( - 2.5 ml), the solution 
hexane, ~ielding phenyldihydrolycopodine, melting at was evaporated, and the sodium acetate so obtained con- 
150-153" (reported melting point 154-155' (I7)). The verted into acetyl-u-naphthylamide (5&60% yield) (20). 
g ' l .~ '  (5% SE 30 On Chromosorb W, 2000, 'I8 in' f t y  Carbons-7 to -16 as (+)-7-Methy/-5,6,7,8-tetrahydro- 15 ml per min of helium) revealed the presence of traces 
of lycopodine. The product was oxidized without final quinoline 

An intimate mixture of lycopodine (250 mg) and zinc purification. powder (8 g) was placed into a Carius tube (15 x 1 cm) Finely ground potassium permawanate (500 mg) was and more zinc powder (8 g) was added. The tube was added in small portions to a suspension of phenyl- 
dihydrolycopodine (80 mg) in hot water (25 ml). The evacuated and sealed, and was heated at 290-310" for 

mixture was refluxed 8 h with vigorous stirring, and was 24 h. A yellow liquid condensed in the cold end of the 

then acidified with 0.5 hydrochloric acid and decolor- tube which protruded from the furnace. Gas-liquid 

ized by addition of sodium bisulfite. The solution was chromatography of the reaction product showed it to be  

extracted with ether (3 40 ml), the extract dried a mixture of 7-methylquinoline, 7-methyl-5,6,7,8-tetra- 

(Na2S04), solvent evaporated, and the residue sublimed 
hydroquinoline ( l l ) ,  a 7-methyldecahydroquinoline, an  

to yield acid mg, 40-50% yield), melting unidentified dimethylquinoline (presumably 5,7-dimethyl- 

at 119-120". 
quinoline), and several other unidentified products. The 
relative amounts of the different components varied from 

Carbon-9 as Formic Acid fcf. Ref. 18Y run to run. The g.1.c. (20% Carbowax 20M on Chromo- 
A solution containing lycopodine (250 mg) and oxalic sorb W coated with 5 % KOH, 318 in. x 10 ft, 175", 15 rnl 

acid (125 mg) in water (25 ml) was cooled in an ice bath. per mi, of helium) gave 7-methyl-5,6,7,8-tetrahydroquin- 
Finely ~owdered potassium permanganate (525 mg) was oline with a retention time of 51 min. This oily product 
added in small portions over 2 h with vigorous stirring. (aD + lgO, in ether) was further purified by conversion 
After addition was complete, stirring of the solution was to the hydrochloride, m.p. 153-1560 after high vacuum 
continued for 4 h at 0" and for 2 h a t  room temperature. sublimation. The mass spectrum of a sample of the free 
Sulfur dioxide was passed through the suspension, base was identical with that of a synthetic specimen of 
resulting in a clear yellow solution. The solution was ex- (+)-7-methyl-5,6,7,8-tetrahydroquinoline (21). 
tracted with chloroform (6 x 20 ml). To remove acidic 

- 

products, the chloroform layer was extracted with 2 M Determination of Radioactivity 
ammonia (2 x 30 ml), the ammoniacal extract was Radioactivity was assayed on samples of finite thickness 
acidified with dilute hydrochloric acid, and extracted with on aluminum planchets with a gas-flow system (Model 
chloroform. The chloroform solution was evaporated and 4342 Nuclear Chicago). The usual corrections for back- 
the residue sublimed to yield the N-formylamino acid ground and self-absorption were applied. For plating, a 
(10) (70-78 mg; 2 4 3 0 %  yield). 1 % solution of collodion in dimethylformamide was used 

The N-formylamino acid (10) (70 mg) was converted as the solvent. In the case of benzoic acid, a drop of a 5 % 
into the methyl ester by reaction with diazomethane. solution of sodium hydroxide in 50% aqueous methanol 
After sublimation at 140'" and 1 x mm the methyl was added to prevent loss by evaporation. 
ester (56 mg) melted at 114-1 16" (reported m.p. 117' The 3H/14C-ratios were measured by liquid scintillation 
(18)). counting (Mark 1 liquid scintillation computer, Model 

The methyl ester (55 mg) was dissolved in 1 M sulfuric 6860, Nuclear Chicago). Activity due to 3H and 14C was 
acid (10 ml) and the mixture was refluxed 2 h. Steam was determined simultaneously, by external standardization 
then passed through the reaction mixture until 50 ml counting with 133Ba. Samples were dissolved in methanol 

or  methanol-water and the solution was dispersed in a 
3We are indebted to Dr. W. A. Ayer for informing us solution of Liquifluor (Nuclear Chicago) diluted 25 times 

of this work. with toluene. Duplicate samples of each compound were 
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counted under comparable conditions of quenching. For 
highly quenched samples the confidence limits of the 
quench correction curves were 5 %. 

Confidence limits shown in the tables are standard 
deviation of the mean. 

This work was supported by the National Research 
Council of Canada. 
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Alkali metal adducts of benzophenone azine. I. The sodium and potassium adducts 

E. J. MACPHERSON AND JAMES G.  SMITH 
Department oj'chemistry, University of Waterloo, Waterloo, Ontario 

Received September 29, 1969 

Contrary to previous reports, the reaction between benzophenone azine and sodium or potassium 
produces an adduct containing 2 .g-atoms of alkali metal per mole of azine. The chemical reactions of 
this dianion have been examined and a 1,2-dianionic structure is most consistent with its chemical 
behavior. 

Treatment of the adduct with methyl iodide, 1,3-dibromopropane, or 1,4-dibromobutane results in 
alkylation on the benzylic carbon and adjacent nitrogen. However, regeneration of benzophenone azine 
occurred with methylene iodide, 1,2-dibromoethane, and benzyl chloride. 

With ethyl chloroformate, reaction occurred at the carbanionic center to form an intermediate unstable 
anion. This anion could be protonated or alkylated but if allowed to stand, decomposed to diphenyl- 
diazomethane and the anion of ethyl diphenylacetate. 

Reaction of the benzophenone azine dianion with methyl benzoate is quite complicated and leads to 
substantial amounts of benzophenone azine being regenerated by electron transfer. That portion of the 
dianion which is not converted to azine reacts with methyl benzoate to produce the anion of a-benzamido- 
a,a-diphenylacetophenone. 

The possibility that an adduct of N-benzoyl benzophenone imine is an intermediate in this last reaction 
is examined and rejected. 

Canadian Journal of Chemistry, 48,1904 (1970) 

During their original extensive survey of alkali 
metal addition reactions, Schlenk and Bergmann 
(I) reported that benzophenone azine (1) reacted 
with sodium in diethyl ether (DEE) to give the 
tetrasodio derivative. The nature of the adduct 
was based on the isolation of a compound 
identified as N,N1-dibenzhydrylhydrazine after 
treatment of the adduct with water. 

A repetition of this study was felt worthwhile 
since the formation of a molecule with four 
anionic centers is quite unusual. In addition, our 
studies of the reaction of azomethines with alkali 
metals, (2-6) have not yet included a molecule 
with two such groups in conjugation. Our 
observations to date are incompatible with the 
earlier report. Indeed, with sodium or potassium 
metal in tetrahydrofuran (THF) or in DEE, 
1 clearly forms a dianion, 2. 

Protonation and Alkylation of the Dianion 
Titration of a solution of the adduct at various 

time intervals during its formation demonstrated 
that the reaction in either THF or DEE was quite 
rapid and formation of the adduct was essentially 
complete after 4 h (Scheme 1). At this point the 
adduct contained 2 g-atoms of alkali metal per 
mole of azine and no further uptake of sodium 
was detected even when the reaction was allowed 
to run for 24 h. 

While a dianion was evidently formed, several 
possibilities existed for its structure. Since our 

interests were in the synthetic utility of these 
alkali metal compounds, these structural pos- 
sibilities were investigated by means of the 
reactions of the adduct. 

Hydrolysis of a solution of the dianion 
produced a material which was identified as 
N-benzhydryl benzophenone hydrazone (3) 
(Scheme 1). This identification was based on the 
nuclear magnetic resonance (n.m.r.) and infrared 
(i.r.) spectra, upon its analysis, and upon the 
similarity in its melting point behavior to that 
described by Cohen and Wang for 3 (7). However, 
the melting point of this compound also resem- 
bled that of the hydrolysis product reported by 
Schlenk and Bergmann (1) who identified it as 
N,N1-dibenzhydrylhydrazine. 

The rather unsatisfactory physical properties 
of this product led to alkylation of 2 with various 
alkyl halides. Two equivalents of methyl iodide 
reacted with the dianion (2) in either THF or 
DEE to produce a product showing two non- 
equivalent methyl groups in the n.m.r. spectrum. 
This, together with the analysis, suggested that 
alkylation had occurred both on the benzylic 
carbon and on the nitrogen. However, the i.r. 
spectrum showed no absorption band attribut- 
able to an azomethine group. Evidence for the 
presence of this last functional group was ob- 
tained through acid hydrolysis of the product in 
the presence of 2,4-dinitrophenylhydrazine when 
benzophenone 2,4-dinitrophenylhydrazone was 
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MACPHERSON AND SMITH: ALKALI METAL ADDUCTS. 1 

M in T H F  or DEE 0 0 
Ph2CGN- N=CPh2 4 ' [ P ~ ~ C - N - N = C P ~ ~ I ~ M +  

CH2120r BrCH2CH Br , M = N a , K  

Alkylation of the dianion of benzophenone azine 

obtained. Thus, the structure of the methylation 
product is N-(1,l-diphenylethy1)-N-methyl ben- 
zophenone hydrazone (4). 

Treatment of THF or DEE solutions of 2 with 
1,3-dibromopropane or THF solutions of 2 with 
1,4-dibromobutane gave the analogous products 
N- (2,2-diphenyl-1-pyrrolidinyl) benzophenone 
imine (5) and N-(2,2-diphenyl-1-piperidyl) benzo- 
phenone imine (6) respectively (Scheme 1). The 
structures of these alkylation products were 
consistent with their spectral properties, their 
analyses and with the formation of benzophenone 
on acid hydrolysis. 

, An interesting feature of these alkylation prod- , 
ucts is their tendency to form different crystalline 

I 

modifications. Both compound 4 and compound 
5 exhibited this behavior and in both cases one 
crystalline form was yellow and the other white. 
Each such pair of polymorphs showed distinct 
differences in their i.r. spectra as solids but gave 
identical spectra as solutions. As expected, the 
melting point of a mixture of the two crystalline 
forms gave only the melting point of the more 
stable polymorph. 

The ultraviolet (u.v.) spectra of these three 
compounds 4,5, and 6 are characterized by three 
bands. Two of these bands were found at the 
same wavelength, 233-234 and 253-254 mp, but 
the third was variable both in wavelength and 
extinction coefficient and is tabulated on Table 1 
together with other compounds of interest. 

In the reference compound, N-benzhydryl 
benzophenone hydrazone, the band appears at 
303 mp as a shoulder on another band at 288 mp. 
When additional alkyl groups are attached to the 
amino nitrogen, the band shifts to longer wave- 
lengths of 325-350 mp. Presumably this band is 

TABLE 1 

Ultraviolet spectra of various hydrazones 

Compound hmp* E 

Ph2C=N-NH-CHPh, 288,303 14 000 

PhZC=N-N-CPh2 332 6 000 
I \ 

CH3 CH3 

'Measured in ethanol. 

due to the n + x* transitions of the unshared 
electron pair on the azomethine nitrogen: 

Electron donating alkyl groups would stabilize 
contributing forms such as the one shown with 
the result that the absorption band is shifted to 
longer wavelengths. 

It must be concluded from these reactions, 
which are summarized in Scheme 1, that the 
dianion of benzophenone azine behaves chem- 
ically as if it had structure 2, i.e. the 1,2-dianion. 

It is attractive to rationalize the observed 
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0 0 
Ph2C-N-N'CPh2 

Reactions involving ethyl chloroformate 

stability of this dianion towards an excess of 
alkali metal by considering resonance hybridiza- 
tion of the anionic center and the adjacent 
azomethine group. 

If this is the case, alkylation of the "allylic" 
anionic portion of the dianion 2 occurs pre- 
dominantly on the nitrogen. Attempts were made 
to induce bis-carbon alkylation of the dianion 
(a possibility suggested by the resonance hybrid 
structure) using methylene iodide or 1,2-dibromo- 
ethane. Only regeneration of the benzophenone 
azine was observed and, indeed, a similar 
behavior occurred with benzyl chloride. Such a 
behavior is reminiscent of other vicinal dianions, 
e.g. the vicinal dianion of stilbene (13). 

Since no significant difference was observed 
between the dipotassio and the disodio adducts, 
subsequent studies were confined to the disodio 
adduct. 
Reaction with Ethyl Chloroformate 

As an extension of the alkylation reactions, the 

behavior of the dianion 2 towards ethyl chloro- 
formate was examined. The gross aspects of this 
reaction have been described in a preliminary 
publication (8). When 2 equ of ethyl chloro- 
formate were added to a solution of the dianion 
in THF, diethyl diphenylmalonate (7) and 
diphenyldiazomethane (8) were obtained. Com- 
pound 7 was identified by mixture melting point 
with an authentic sample while 8 was converted 
to benzhydryl benzoate 15 (9, 10) on treatment 
with benzoic acid and identified by comparison 
with an authentic sample. 

Seemingly, some decomposition of the dianion 
or a partially reacted species occurred during the 
course of the reaction. In order to elucidate the 
details of this decomposition, 1 equ of ethyl 
chloroformate was used followed by an aqueous 
work-up after 24 h. Ethyl a,a-diphenylacetate (9) 
and 8, were obtained. Compound 9 was identified 
by comparison to an authentic sample and by 
hydrolysis to diphenylacetic acid. 

The formation of 7 and 9 from these two 
reactions implicated the anion 10 as an inter- 
mediate. The decomposition appeared to occur 
(see Scheme 2) through the initial formation of 
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MACPHERSON AND SMITH: ALKALI METAL ADDUCTS. I 

Reaction with methyl benzoate 

anion 11 followed by its decomposition to anion 
10 and diphenyldiazomethane (8). Additional 
evidence for the existence of the anion 10 was 

, obtained by treatment of the reaction product of 
the dianion 2 and 1 mole of ethyl chloroformate 
(reaction time 24 h) with one mole of methyl 
iodide. From the reaction products, ethyl a,a- 
diphenylpropionate (12) was isolated and iden- 
tified by hydrolysis to and comparison with an 
authentic sample of the acid. 

The decomposition of the half reacted dianion 
2 i.e. anion 11, did not appear to be instantaneous. 
On the contrary, 11 had a definite temporal 
existence. This was demonstrated by decreasing 
the time interval between the addition of the 
second reagent (methyl iodide or water) and the 
addition of the first mole of ethyl chloroformate. 
Under these conditions the intermediate anion, 
11, was captured as its alkylated product 
N-methyl-N-carbethoxydiphenylmethyl benzo- 
phenone hydrazone (13) or its protonated product 
N-carbethoxydiphenylmethyl benzophenone 
hydrazone (14). The structure of these two 
products was established through their spectral 
data, chemical analyses, and the formation of 
benzophenone on acid hydrolysis. 

It is puzzling that the intermediate monoanion, 
11, which reacts with methyl iodide without 
difficulty does not react with ethyl chloroformate 
when 2 moles of this reagent are added. Possibly, 
the anionic center on 11 is somewhat sterically 
hindered by the groups attached to it. While the 

hindrance is not sufficient to prevent a nucleo- 
philic substitution of methyl iodide, it is sufficient 
to slow its reaction with the second mole of ethyl 
chloroformate. Consequently, fragmentation of 
the anion 11 to diphenyldiazomethane and anion 
10 is observed. 

Reaction with Methyl Benzoate 
The reaction of the benzophenone azine 

dianion 2 with methyl benzoate proved to be the 
most difficult reaction to understand. It was 
investigated since studies (5 )  of the related 
dianion from benzophenone anil indicated that 
only the anionic center on the nitrogen atom 
should react. Our observations are summarized 
in Scheme 3. 

From the reaction of the dianion 2 with 
2 moles of methyl benzoate, considerable benzo- 
phenone azine was formed and some methyl 
benzoate remained unreacted. An additional 
product was isolated and identified as a-benz- 
amido-a,a-diphenylacetophenone (17). This 
identification was based on the chemical analysis 
and spectral properties of the compound. Treat- 
ment of the dianion with I mole of methyl 
benzoate produced N-benzhydrylbenzamide (18) 
identified by comparison with an authentic 
sample. 

These results implied that the reaction of 
1 mole of methvl benzoate with 2 resulted in 
fragmentation of the product to some inter- 
mediate, 16. This intermediate then reacted with 
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additional methyl benzoate to give 17 or, in the 
absence of excess benzoate, with the water added 
during isolation to give 18. At the time, the most 
logical structure for 16 appeared to be 16a. 

Two experiments were designed to test this 
hypothesis, both based on the formation of 16 
with 1 mole of methyl benzoate followed by its 
reaction with either carbon dioxide or methyl 
iodide. From both these reactions, the only 
product besides benzophenone azine was the 
dibenzoyl compound, 17. These experiments 
established that the structure of 16 could not be 
16a but must be 16b. 

The anion, 16b, was formed whether 1 or 2 
moles of methyl benzoate were used. The forma- 
tion of the monobenzoyl product 18 from the 
dibenzoyl anion 16b was shown by a control 
experiment to be due to hydrolysis of the diben- 
zoyl product 17 during the aqueous work-up 
(eq. [I]). In neutral or acidic media, this hydrol- 
ysis was not observed at room temperature. 

However, in the presence of sodium hydroxide 
(formed from the sodium methoxide present 
among the reaction products) hydrolysis occurred 
during the isolation. The presence of the diben- 
zoyl product 17 in the reaction products from 
1 mole of methyl benzoate was readily demon- 
strated by treating the reaction mixture with 
dilute aqueous acid rather than water, thereby 
neutralizing the base and so preventing the 
hydrolysis of the dibenzoyl product. 

Methyl iodide, carbon dioxide, and excess 
methyl benzoate all served to reduce the basicity 
of the reaction mixture after hydrolysis. Methyl 
iodide undoubtedly alkylated the methoxide ion 
present in the reaction mixture and prevented 
formation of hydroxide on hydrolysis. The action 
of carbon dioxide needs no comment while 

methyl benzoate appeared to reduce the basicity 
by forming benzoate ion on addition of water. 

The reaction with carbon dioxide afforded a 
small yield of an alkali soluble product which 
was identified as N-benzoyl-cr,cr-diphenylglycine 
(20) (I I) by decarboxylation to 18. Its formation 
suggested that the reaction product from methyl 
benzoate and the dianion, 2, was an equilibrating 
system of the anions of both the monobenzoyl 
and dibenzoyl products (eq. [2]) with the 
equilibrium favoring the mono anion 16b. 

Two reaction paths seemed possible for the 
formation of the dibenzoyl anion, 16b, from the 
dianion of benzophenone azine, 2. Both are 
shown in Scheme 4 and both involve the transfer 
of electrons from the dianion 2 to a recipient 
molecule (indicated by transfer) with regeneration 
of benzophenone azine. This transfer must be 
occurring since at least half the starting material 
is recovered from any of these reactions. 

In both reaction paths, non-anionic inter- 
mediates are suggested: in path A, a tetrabenzoyl 
derivative; in path B, N-benzoyl benzophenone 
imine. While path A could not be tested directly, 
path B could and was. N-Benzoyl benzophenone 
imine (19) was synthesized (12) and found to 
form an adduct with sodium in tetrahydrofuran. 
However, the adduct contained 1.5 atoms of 
sodium Der mole rather than 2 and in its reactions 
with water and methyl benzoate, the N-benzoyl 
benzophenone imine adduct showed a different 
behavior than that required for the intermediate. 

Treatment of the adduct of N-benzoyl benzo- 
phenone imine with water did, indeed, produce 
the mono-benzoyl product, 18, N-benzhydryl 
benzamide. However, accompanying this product 
was a second amide which at no time appeared 
among the reaction products of benzophenone 
azine dianion. Methyl benzoate and the sodium 
adduct of N-benzoyl benzophenone imine pro- 
duced a rather complex reaction product which 
contained both the mono benzoyl compound 18 
and the dibenzoyl derivative 17 in a ratio of 
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Path A 

MACPHERSON AND SMITH: ALKALI METAL ADDUCTS. I 

Transfer I 
Transfer 

0 0 

! 
Ph2C-N-BZ 

/ 

approximately 2:1, in addition to other uniden- 
tified products. It must be concluded that 
N-benzoyl benzophenone imine 19, (i.e. path B) 
is an unlikely intermediate in the reaction of the 
dianion with methyl benzoate. 

Both reaction paths are unsatisfactory in one 
respect. They predict that the reaction mixture 
from 1 mole of the dianion and 1 mole of methyl 
benzoate (followed by a water quench) should 
contain a half mole of benzophenone azine 1, a 
half mole of the dibenzoyl compound, 17, and 
a quarter mole of the reduction product, 3. This 
last compound was not detected but benzo- 
phenone azine was often recovered in greater 
than the half mole quantity predicted. Two 
explanations are possible. First, there is still the 
possibility of an additional transfer reaction 

between the dianion and a carbonyl group on the 
excess methyl benzoate to regenerate the benzo- 
phenone azine, 1. Second, even in the alkylation 
reactions, some benzophenone azine was re- 
covered in 10-25 % yield due to the inadvertent 
admittance of oxygen into the system during 
handling of the reagents. Either (or both) of 
these reasons may account for our inability to 
detect any 3, among the reaction products. 

Experimental 
The melting points are uncorrected and were deter- 

mined in an open capillary using a Mel-temp melting 
point apparatus. The n.m.r. spectra were recorded on a 
Varian T-60 or Jeol C-60 spectrometer, using 10-15% 
solutions of the compound in chloroform-d. Chemical 
shifts are reported in p.p.m. downfield from tetramethyl- 
silane as an internal reference. The i.r. spectra were re- 
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corded on a Beckman IR-I 0 spectrophotometer, with 
solutions or thin films. The U.V. spectra were recorded on 
a Beckman DB-G spectrophotometer in ethanol. Thin- 
layer chromatography (t.1.c.) was carried out with 
Eastman Kodak silica gel precoated sheets. For column 
chromatography, silica gel (70-325 mesh A.S.T.M.) 
purchased from E. Merck (Germany) was utilized. Micro- 
analyses were performed by A. Gygli, Toronto, Ontario. 

Preparation of Benzoplzenot~e Azine ( I )  
The procedure of Cohen and Wang (7) proved un- 

satisfactory for our purposes. The required azine was 
prepared by refluxing a solution of 11.6 g (0.05 mole) of 
freshly prepared dry benzophenone hydrazone hydro- 
chloride and 9.1 g (0.05 mole) of benzophenone in 500 ml 
of ethanol for 2 h. Cooling precipitated the crude azine 
(17 g, m.p. 160-163 "C, 95 % yield) and recrystallization 
from carbon tetrachloride gave 15 g (83% yield) of 
benzophenone azine, m.p. 164-165 "C. 

The required benzophenone hydrazone was prepared 
according to reference 18. 

Preparation of the Disodio and Dipotassio Adducts 
The alkali metal adducts were prepared by shaking 

T H F  or  DEE solutions of benzophenone azine with 
excess alkali metal in modified Schlenk tubes. Details of 
this procedure and of the measurement of metal uptake 
have been reported elsewhere (1-5). 

The composition of both the sodium and potassium 
adducts in T H F  reached two atoms of metal per mole of 
azine within 2 h and remained constant for the next 24. 
Both adducts proved insoluble in DEE but estimates of 
the composition of the adducts were made by quenching 
and titrating entire runs. Again the same ratio of alkali 
metal to azine was observed. 

The preparative procedure was standardized using 3.6 g 
(0.01 mole) of 1,0.08 atoms of alkali metal, and 100 10 
ml of solvent with 4 h of agitation. The adduct, once 
formed, was drained under nitrogen from the excess metal 
into the reaction flask. 

Hydrolysis of the Adduct. Preparation of N-Betrzliydryl 
Benzophenone Hydrazor~e (3 )  

A solution of 0.01 mole of the dianion 2 at - 65 "C was 
treated with 0.02 mole (0.36 g) of freshly distilled water. 
The mixture decolorized almost immediately and was 
allowed to stir until it had warmed to room temperature. 

The mixture was poured into water and the product 
isolated by ether extraction. After removal of the solvent, 
the residue (a solid weighing 3.5 g) was chromatographed 
on a 65 x 2.8 cm silica gel column with petroleum ether 
(30-60 "C) and chloroform as eluants. The first fraction, 
1.95 g (5473, of 3 melted at 110-120°C with some 
decomposition, and recrystallization from ethanol did 
not improve the melting point. This material appeared to 
be identical to that isolated by Cohen and Wang (7). The 
i.r. spectrum showed a broad band centered at 3300 cm-' 
(NH) and a strong band at 1655 cm-I (C=N). The n.m.r. 
had absorption at 5.75 (lH, CH), 7.25 (20H, aromatics) 
but no N-H absorption was apparent. This product 
formed an 80 % yield of benzophenone 2,4-dinitrophenyl- 
hydrazone (m.p. and mixture m.p. 238 "C) on refluxing 
3 h with a methanol solution of 5 equ of 2,4-dinitro- 
phenylhydrazine hydrochloride. 

The second fraction, 1.55 g (43 %), melted at 160 OC 
and did not depress the m.p. of benzophenone azine, 1. 

When the reaction was run in diethyl ether and hydro- 
lyzed, 1.6 g of the reaction mixture on chromatography 
yielded 1.2 g (75%) of 3, m.p. 110-135 "C, and 0.4 g 
(25 %) of benzophenone azine. The i.r. and n.m.r. spectra 
of the material melting at 110-135 "C were identical with 
those of the corresponding material isolated from the 
reaction run in THF. 

Anal. Calcd. for CZ6HzZNZ: C, 86.25; H, 6.08; N, 7.75. 
Found: C, 85.87; H,  5.96; N, 7.61. 

Reactions with Methyl Iodide. Preparatiotr of 
N-(I,[-Dipherzyletl1y1)-N-rnethyl 
Betrzophenone Hydrazone (4)  

A solution of the dianion prepared from 0.01 mole of 
benzophenone azine (1) in 100 ml of T H F  was cooled to 
-65 "C and treated with 2.82 g (0.02 mole) of methyl 
iodide. The mixture decolorized within 1 h and was 
allowed to warm to room temperature. After stirring for 
24 h, the T H F  was removed 61 vacuo and the residue 
triturated with anhydrous diethyl ether. The solid 
sodium iodide was filtered off and the solvent removed 
in vacuo leaving 4.2 g of a yellow oil which was chromato- 
graphed on silica gel with chloroform. Fraction one con- 
sisted of N-(1,l-diphenylethy1)-N-methyl benzophenone 
hydrazone (4), a white solid (yellow in solution), weight 
3.0 g (77 %), m.p. 103-1 10 "C. Recrystallization from 
ethanol raised the m.p. to 112-114 "C. The i.r. spectrum 
(in chloroform) showed bands at 2800 (N-Me), 2865, 
and 2940 cm-' (C-Me). No absorption at 1640 cm-I 
(C=N) was observed. The n.m.r. showed absorption at 
7.4 (20H, aromatics) and at 2.15 and 2.25 (6H, C-Me, 
N-Me). 

This material on acid hydrolysis in the presence of 
excess 2,4-dinitrophenylhydrazine (see above) gave a 90 % 
yield of benzophenone 2,4-dinitrophenylhydrazone. 

Anal. Calcd. for C28HZ6NZ (mol. wt. 390): C, 86.25; 
H, 6.67; N, 7.18. Found(393): C, 86.25; H, 6.92; N, 7.04. 

The second fraction, benzophenone azine, amounted to 
0.9 g (25% recovery) and did not depress the melting 
point of an authentic sample. 

In one experiment, chromatography of the crude 
product yielded a yellow solid melting at 101-102 "C. 
While the solution spectra (i.r. and n.m.r.) were identical 
to the material melting at 112-1 14 "C, the i.r. spectra of 
mulls of these two solids showed several discrete differ- 
ences. When the lower melting solid was boiled in 
ethanol and allowed to crystallize, the m.p. increased to 
112-1 14 "C. For the material melting at 101-102 "C: 

Anal. Calcd. for Cz8HZ6Nz (mol. wt. 390): C, 86.25; 
H,6.67;N,7.18.Found(405):C, 86.00;H,6.69;N,7.17. 

This alkylation procedure and isolation was repeated 
with two different solvents and alkali metals. The results 
(together with those of the experiment just described) are 
summarized in Table 2. 

Reaction with 1,3-Dibromopropane. Preparation of 
N-(2,2-Diphetzyl-I-pyrrolidinyl) Bet~zoplzenone 
lmine ( 5 )  

The sodium adduct 2 (0.01 mole) in T H F  was treated 
with 2.02 g (0.01 mole) of 1,3-dibromopropane at - 65 "C. 
Subsequent work-up was essentially the same as employed 
in the experiments with methyl iodide. 
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MACPHERSON AND SMITH: ALKALI METAL ADDUCTS. I 

TABLE 2 

Methylation of benzophenone azine adduct 

Alkali % Yield Recovered 
metal Solvent alkylation product(4) azine (1) 

Na THF 77 
Na DEE 62 
K THF 85* 
K DEE 69 

*Crude product recrystallized only. 

On chromatographing, the first fraction, 5 (2.7 g, 67 % 
yield) was obtained as a white solid, m.p. 164-165 "C. 
Recrystallization from ethanol did not raise the melting 
point. The i.r. spectrum (in solution) showed aliphatic 
CH bands at 2890 and 2980 cm-' but no C==N-absorp- 
tion in the 1640 cm-' region. The n.m.r. spectrum had a 

TABLE 3 

Reaction with 1,3-dibromopropane 

Alkali % Yield Recovered 
metal Solvent alkylation product (5) azine (1) 

Na THF 69 25 
Na DEE 40 53 
K THF 80 17 

TABLE 4 
Reaction of disodio adduct with halides 

- -- 

Halide Amount g (moles) % Yield azine 1 

multiplet at 7.2 (20H, aromatics), a triplet at 2.85 (2H, ,39% CH212 was also recovered. 
CH2-N, J = 7.0 c.p.s.), a triplet at 2.45 (2H, -CH2-, 
J = 7.0 c.p.s.1 and a quintet at (2H, -CH2-, = 2,4-dinitrophenylhydrazine as described above gave a 
7 0 c.p s.). 95 % yield of benzophenone 2,4-dinitrophenylhydrazone. 

Hydrolysis of this material in the Presence of 2,4- ~ ~ ~ 1 .  calcd. for c~,H,,N, (nlol. wt. 419): C, 86.57; 
dinitrophenylhydrazine as described above gave benzo- H, 6.75; N, 6.68. ~~~~d (419): C, 86.69; H, 6.99; N, 6.63. 
phenone 2,4-dinitrophenylhydrazone in 99 % yield. 

Anal. Calcd. for c , , H ~ ~ N ,  (mol. wt. 402): C, 86.52; 
H,6.52;N,6.96. Found(414): C,86.60; H,6.69;N,6.86. 

The second product, 0.9 g (25 % recovery) of 1 was 
eluted from the column with methylene chloride. This 
material did not depress the m.p. of an authentic sample. 

In a second experiment, chromatography of the crude 
product gave 2.8 g (70 %) of a yellow solid which melted 
at 133-134.5 "C. Recrystallization from ethanol did not 
raise the m.p. The i.r. (in solution) and the n.m.r. spectra 
were identical to that of the material previously isolated, 
which melted at 164-165 OC. The mixture m.p. of these 
two polymorphs, was 164 "C. The i.r. spectra of the two 
products taken as Nujol mulls, showed several discrete 
differences. For the compound melting at 133-134.5 "C: 

Anal. Calcd. for CZ9Hz6N2 (mol. wt. 402): C, 86.52; 
H, 6.52; N, 6.96. Found (41 1): C, 86.56; H, 6.51; N, 6.82. 

This reaction was repeated using various combinations 
of solvents and alkali metals. The results are summarized 
in Table 3 together with the results just described. 

Reactiotr of tlre Adduct with 1,4-Dibrotnobutane. 
Preparation of N-(2,2-Diphenyl-1-piperidyl) 
Benzophetrone Imine ( 5 )  

The sodium adduct from 0.01 mole of benzophenone 
azine in THF was treated at -65 "C with 2.16 g (0.01 
mole) of 1,4-dibromobutane. The crude product was iso- 
lated and chromatographed as described in the experi- 
ments using methyl iodide. The first fraction 3.6 g (86%) 
of yellow crystalline material, m.p. 141-142 "C, was 5. 
Recrystallization from ethanol gave a slightly yellow 
material melting at 142-143 OC. The i.r. spectrum had 
aliphatic absorptions at 2870 and 2950 cm-'. No C=N 
absorption in the region of 1640 cm-I was observed. The 
n.m.r. spectrum (Jeol C-100) had a multiplet at 7.25 (20H, 
aromatics), triplets at 2.87 and 2.71 (4H, -CH2-N and 
-CH2-, J = 5 c.p.s.), and 2 broad multiplets at 1.58 
and 1.25 (4H, -CH,-CH2-). 

Hydrolysis of this material in the presence of excess 

Miscellatzeorrs Attetnpted Alkylations 
The disodio adduct (0.01 mole in THF) was treated 

with other halides under the conditions described for the 
reaction with methyl iodide. Isolation of the products by 
colun~n chromatography on silica gel produced chiefly 
benzophenone azine identified by melting point and 
mixture melting point. The results are summarized in 
Table 4. 

Reaction oftlre Addrrct wit11 Et11yl Chlorofonnate. 
Formatiotr of Diplrenyldiazotnelhane (8)  and 
Ethyl Diphetrylacefate (9)  

A THF solution of 0.01 mole of the adduct 2 at - 65 "C 
was treated with 1.08 g (0.01 mole) of ethyl chloroformate. 
The reaction mixture underwent a color change from 
purple through dark brown to a deep red. After warming 
to room temperature with stirring for 24 h, the mixture 
was poured into water and the reaction product isolated 
by ether extraction. 

This product was a red oil whose i.r. spectrum had a 
very strong absorption at 2050 cm-' as well as a carbonyl 
band at 1725 cm-' and was found to decolorize with gas 
evolution in the presence of mineral acid. The red 
material was tentatively identified as 8. 

On placing the crude product on a silica gel column 
decomposition with gas evolution occurred. Chromatog- 
raphy of the resulting material gave 1.7 g (m.p. 53-55 "C) 
of a white solid which on recrystallization from ethanol 
gave ethyl diphenylacetate, m.p. 56-57 "C. No depression 
of m.p. was observed on mixing with an authentic sample 
(m.p. 57-58 "C). The i.r. spectrum (thin film from chloro- 
form) was identical to that of the reference sample and 
showed aliphatic bands from 2880 to 3000 cm-I and a 
strong ester carbonyl absorption at 1725 cm-'. The n.m.r. 
spectrum had bands at 7.2 (lOH, aromatics), 5.0 (IH, 
singlet, CH), 4.2 (2H, quartet -0-CH2-, J = 7.0 
c.p.s.), and 1.3 (3H, triplet, -CH3, J = 7.0 c.p.s.). 
Further confirmation of this compound's structure was 
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obtained by hydrolysis in boiling.40% NaOH solution to 
diphenylacetic acid, m.p. and mixture m.p. with an 
authentic sample 147-148 "C (19). 

A second fraction obtained from the same chromato- 
graphic separation was identified as benzophenone azine 
by mixture m.p. (0.9 g, 25 % recovery). 

Formation of Diethyl Dip/zenylmalonate (7 )  and 
Diphenyldiazomethane ( 8 )  

Treatment of a 0.01 mole solution of the dianion 2 in 
THF at -65 "C with 2.7 g (0.02 mole) of ethyl chloro- 
formate gave a rapid color change from purple to red 
brown. After warming to room temperature and stirring 
24 h the mixture was quenched in water and extracted 
with diethyl ether. The red-pink ether solution was dried 
(MgSO,) and concentrated in vacuo. The i.r. of this crude 
mixture showed a strong absorption at 2050 cm-' and a 
second strong band at 1730cm-'. Preliminary experi- 
ments with this material demonstrated that it consisted of 
a mixture of 7 and 8. For example, the former compound 
crystallized from a solution of the reaction product in 30- 
60" petroleum ether at - 10 OC. The latter compound was 
converted to benzhydryl benzoate on heating with 
benzoic acid (9, 10). 

The reaction between the disodio adduct of benzo- 
phenone azine and 2 equ of ethyl chloroformate was 
repeated except that after 12 h reaction at room tem- 
perature, 3.66 g (0.03 mole) of benzoic acid was added. 
After an additional 8 h the color had faded from deep red 
to a light yellow. The reaction product was diluted with 
water, extracted with diethyl ether, and the ether extracts 
washed with 10% sodium hydroxide, water, dried 
(MgSO,), and concentrated. Chromatography of the 
residue on silica gel using carbon tetrachloride and 
chloroform gave two fractions. 

The first fraction, 2.0 g (74 % yield) m.p. 87-89 "C, was 
identified as benzhydryl benzoate (15) by mixture melting 
point with an authentic sample (m.p. 87-89 "C, lit. (19) 
89 "C) prepared from benzhydrol and benzoyl chloride in 
pyridine. The i.r. spectrum had a strong carbonyl band at 
1720 cm-' and the n.m.r. spectrum had absorptions at 
7.4 and 8.2 (aromatics), the expected methine proton 
presumably being lost in the aromatics. 

The second fraction (2.8 g, 90% yield) melted at 5 6  
58 "C and was identified as 7. It did not depress the m.p. 
of an authentic sample (m.p. 57-58 "C, lit. (15) 57-58 "C) 
prepared by treating the anion of ethyl diphenylacetate 
with ethyl chloroformate, a synthetic extension of ref. 14. 
Spectral properties (i.r. and n.m.r.) of the fraction and an 
authentic sample were identical. The i.r. spectrum showed 
aliphatic absorption bands at 2910 and 2942 cm-' and a 
strong ester carbonyl band at 1730cm-'. The n.m.r. 
spectrum had absorptions at 7.4 (IOH, multiplet, aro- 
matics), 4.3 (4H, quartet, -CH2-, J = 7.0 c.p.s.), and 
1.3 (6H, triplet, -CH3, J = 7.0 c.p.s.). 

Formation of Ethyl ci,ci-Diphenylpropionate (12) and 
Diphenyldiazomethane ( 8 )  

Ethyl chloroformate (1.08 g, 0.01 mole) was added to 
0.01 mole of 2 in THF at -65 "C. After warming to 
room temperature and stirring for 8 h the mixture was 
recooled to -65 "C and 0.01 mole (1.42g) of methyl 
iodide was added. The solution was stirred an additional 

12 h and then quenched in water and extracted with 
diethyl ether. The ether layer was dried (MgSO,) and 
concentrated in vacuo. The i.r. of this crude mixture had a 
strong band at 2050 cm-' due to the diazo group and an 
ester absorption at 1733 cm-'. No band at 2800 cm-' for 
N-Me was observed. The mixture was taken up in 
benzene and treated with 2 equ of benzoic acid to 
decompose 8. After extraction with 10% sodium hy- 
droxide solution to remove the excess benzoic acid, the 
solution was dried and concentrated in uacuo. Chroma- 
tography of the residue on silica gel with chloroform gave 
two fractions: 3.8 g of an oil, and 0.8 g (22 %recovery) of 
benzophenone azine (identified by mixture m.p. with an 
authentic sample). The oil was taken up in n-hexane and 
on cooling deposited 1.8 g (62%) of benzhydryl benzoate, 
15, (9, 10) m.p. 87-89 "C, identified by mixture m.p. The 
filtrate on evaporation left 2.0 g (79 %) of an oil which 
resisted crystallization and which was identified as 12 (14). 
The i.r. spectrum contained a strong band at 1733 cm-' 
indicative of an ester group. The n.m.r. spectrum had 
absorptions at 7.25 (lOH, aromatics), 4.2 (2H quartet, 
J = 7.0 c.p.s., -CH,-), 1.93 (3H singlet, CH3), and 1.2 
(3H, triplet, J = 7.0 c.p.s., CH3-). A 1.0 g sample of this 
material was hydrolyzed by boiling with 30% aqueous 
potassium hydroxide solution. The linal solution was 
cooled and acidified to precipitate 0.85 g of a,a-diphenyl- 
propionic acid, m.p. 170-172 "C. After recrystallization 
from a water-ethanol mixture, it melted at 172 "C and did 
not depress the m.p. of an authentic sample (m.p. 172- 
173 "C) prepared according to (14). 

Preparation of N-Methyl-N-(Carbethoxydiphenylrnethyl) 
Benzophenone Hydrazone (13) 

The preceding reaction was repeated a second time ex- 
cept that the mixture was treated with 0.01 mole (1.42 g) of 
methyl iodide at -65 "C only 10 min after the addition of 
the ethyl chloroformate. After allowing to warm to room 
temperature the mixture was stirred for 24 h, and then 
quenched in water, extracted with diethyl ether, the 
extracts dried (MgS04), and concentrated in vacuo. The 
i.r. spectrum of this crude residue had a weak absorption 
at 2050 cm-' indicative of a small quantity of 8. Accord- 
ingly, the mixture was treated with 1 equ of benzoic acid 
in benzene and then extracted with 10% sodium hy- 
droxide to remove the excess acid. The solvent was re- 
moved and the product chromatographed on silica gel 
with chloroform. Three fractions were collected, the first, 
50 mg of a yellow oil, could not be resolved, the second 
3.1 g (69%) of a yellow solid identified as 13, m.p. 120- 
123 "C, and the third 0.85 g (24%) of benzophenone 
azine (1) identified by mixture m.p. with an authentic 
sample. The second fraction after recrystallization from 
diethyl ether melted at 122-123 "C. The i.r. spectrum 
(in carbon tetrachloride) had several aliphatic bands from 
2880 to 2990 cm-' in addition to a weak band at 2805 
cm-' (N-Me) and a strong ester absorption at 1740 
cm-'. No band in the region of 1640 cm-' (for a 
C=N-) was apparent. The n.m.1. spectrum had absorp- 
tions of 7.35 (20H, multiplet, aromatics), 4.1 (2H, 
quartet, J = 7.0 c.p.s., CH2-0-), 1.95 (3H, singlet, 
N-Me), and 1.0 (3H, triplet, J = 7.0 c.p.s., -CH3). 

Anal. Calcd. for C30H28NZ02 (mol. wt. 449): C, 80.33; 
H, 6.29; N, 6.25. Found (455): C, 80.29; H, 6.38; N, 6.34. 
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MACPHERSON AND SMITH: ALKALI METAL ADDUCTS. I 1913 

This material was hydrolyzed in the presence of excess Preparation of N-Benzhydryl Benzan~ide (18) Using 
2,4-dinitrophenylhydrazine hydrochloride as described one Equivalent of Methyl Benzoate 
earlier to produce benzophenone 2,4dinitrophenyl- The disodium adduct 2 from 0.01 mole of benzo- 
hydrazone in 97 % yield. phenone azine in 100 ml of THF at - 65 "C was treated 
Preparation of N-(Carbethoxydiphenylmethyl) with 1.36 g (0.01 mole) of methyl benzoate. The mixture 

Benzophenone Hydrazone (14) was allowed to warm to room temperature, stirred for 
The above reaction was repeated and within a few 24 h, and then quenched in water. After extraction with 

minutes after the initial addition of ethyl chloroformate diethy1 ether in the usual manner, the product was 
the mixture was treated at - 65 "C with 5.0 ml of freshly chromatographed on silica gel with chloroform giving 
distilled water. The cooling bath was removed and the 2.3 g (64% recovery) of 1 identified by mixture m.p. and 
mixture allowed to warm to room temperature. After 1.85 g (65 %) of a white solid 18, m.p. 170-172 "C. ~ f t e r  
stirring for 2 h, more water was added and the mixture recrystallization from ethanol this material melted at 
treated with a few drops of concentrated hydrochloric 174 "C and did not depress the m.P. of an authentic 
acid to discharge the red color of diphenyldiazomethane sample (16, 19). The i.r. spectrum had bands at 3450 
(8). The mixture was extracted with diethyl ether, the (NH) and 1660 cm-' (amide 1). The n.m.r. Spectrum (20) 
extracts dried (MgS04), and evaporated in vacuo. had absorption at 7.96 (3H, multiplet NH and ortho 
Chromatography on silica gel gave 4.1 g of an oil as a protons), 7.35 (13H, multiplet, aromatics) and 6.50 ( l ~ ,  
first fraction and as a second fraction, 0.5 g (14%) of doublet, methine). 
benzo~henone azine, identified by mixture m.P. Tritura- Formation of ~-Benzamido-a,a-d@he~y~~cetopflenone (17)  
tion of the first fraction with ethanol gave a solid 3.1 g using one ~~l~ o f ~ e t h y l  B~~~~~~~ 
(71 %) of 14, m.p. 85-89". ~ f t e r  recrystallization from a  he reaction with 0.01 mole of methyl benzoate was 
minimum of diethyl ether, 14 melted at 89-91 "C. The i.r. repeated as before. ~f~~~ warming to room temperature 
spectrum had absorptions at 3300 (NH), and 1730 cm-' and stirring for 24 h the mixture was quenched by the 
(ester). band in the regi0n 1640 cm-l (C=N-) addition of 15 ml of 20 % hydrochloric acid, stirred for an 
was apparent. The n.m.r. spectrum had absorptions at additional 5 min, diluted with water, and extracted with 
7.3  O OH, multiplet, aromatics), 6.4 (1H, singlet, ex- diethy] ether. After drying (MgS04) the extracts were 
changeable with DzO, NH), 4.2 (2Hy quartet, = 7.0 evaporated and the residue was chromatographed on 
c.p.s., -cH,-0) and at 1.1 (3H, triplet, J = 7.0 C.P.S., silica gel with chloroform giving 2.0 g (55% recovery) of 
CH3-). benzophenone azine, identified by mixture m.p., and 1.85 

Anal. Calcd. for C Z ~ H Z ~ N Z O Z  (mol. wt- 435): C, 80.18; g (47 %) of 17 identified by mixture m.p. with a reference 
H, 6.03; N, 6.44. Found (465, 447): C, 80.29; H, 5.95; sample. 
N, 6.55. 

This material was hydrolyzed in the presence of excess Hydrolysisofa-Benzamido-a,a-diphenylacetophenone (17)  
2,4dinitrophenylhydrazine hydrochloride as described with Sodium MerhOxide 

I above to give a 98% yield of benzophenone 2,4-dinitro- A solution of 0.5 g (0.0013 mole) of a-benzamido-a,a- 

i phenylhydrazone. diphenylacetophenone in 25 ml of anhydrous THF was 
Compound 14 on storage became oily over a two week treated with 0.25 g (0.0046 mole) of anhydrous sodium 

i period. However, on sealing in an ampoule, samples have methoxide. Addition of the methoxide caused the solution 

been stored unchanged over a 6 month period. to become faintly yellow but this color gradually faded. 
After stirring for 24 h, water was added and the product 

Reactions of the Adduct, 2, ,vith Methyl Benzoate. extracted with diethyl ether. The extracts were dried with 
Preparation of a-Benzamido-a,a-diphenylaceto- MgS04 and evaporated leaving 0.35 g (94 %) of crude 18, 
phenone (17) m.p. 164-167 "C. Recrystallization gave material, m.p. 

The disodium adduct from 0.01 mole of azine, 1, in 172 oC, which showed no depression of m.p. on mixing 
100 ml of THF at -65 "C was treated with 0.02 mole with an authentic sample. 
(2.72 g) of methyl benzoate. The reaction was allowed to 
warm to room temperature and stand for 18 h after which Preparation of a-Benzamido-a,a-diphenylacetopl~enone 
time the mixture was quenched in water and extracted (17) Using one Equivalent of Methyl Benzoate and 
with chloroform, The extracts were dried and evaporated Methyl Iodide 
in vacuo leaving a yellow solid. This, on chromatography The reaction with 0.01 mole of methyl benzoate was 
on silica gel with chloroform, gave 1.8 g (50% recovery) repeated as before except that after 24 h of stirring the 
of benzophenone azine (I), identified by mixture m.p., mixture was recooled to -65 "C and treated with 2.84 g 
1.0 g (37% recovery) of methyl benzoate identified by (0.02 mole) of methyl iodide. The reaction product was 
means of its i.r. spectrum, and 2.0 (51 %) of a white isolated and chromatographed as described above giving 
solid, 17, m.p. 185-187.5 "C. Recrystallization from 1.8 g (50% recovery) of benzophenone azine, identified 
ethanol did not change the m.p. The i.r. spectrum had by mixture m.P.3 and 2.4 g (61 %) of 17, m.P. 180-183 "C. 
absorptions at 3400 (N-H) and 1662 cm-l (amide 1). This material on recrystallization from ethanol melted at 
This latter band had a shoulder at 1720 cm-' (carbonyl). OC and did not depress the m.P. of an authentic 
The n.m.r. spectrum had absorptions at 7.4 (20H, com- 
plex multiplet, aromatics) and 8.5 (1H, broad singlet, Preparation of a-Benzamido-a,a-diphenylacetophenone 
NH). (17)  Using one Equivalent of Methyl Benzoate 

Anal. Calcd. for C2,H2,NOZ (mol. wt. 392): C, 82.83; and Carbon Dioxide 
H, 5.42; N, 3.58. Found (396): C, 82.55; H, 5.36; N, 3.68. The reaction with 0.01 mole of methyl benzoate was 
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repeated and after allowing to stir for 12 h was poured 
onto Dry Ice. The reaction product was isolated and 
chromatographed as already described giving 1.8 g (50% 
recovery) of benzophenone azine identified by mixture 
m.p., and 1.6 g (41 %) of 17, m.p. 186 "C, which did not 
depress the m.p. of an authentic sample. The water layer 
from the ether extraction was neutralized with 5 % hydro- 
chloric acid to precipitate 0.4 g (12%) of an acid, iden- 
tified as N-benzoyl-a,a-diphenylglycine (20). This material 
was recrystallized from a water-ethanol mixture and 
melted at 198-199 "C (1 1, 17) with decomposition. The 
i.r. spectrum of this product had a broad band centered 
at 2950 cm-I and a second broad band at 1700 cm-I. A 
sample of this material was decomposed by gentle warm- 
ing at the m.p. On cooling, the product had a m.p. of 
174 "C. Recrystallization from ethanol did not raise the 
m.p. nor was it depressed on mixing with an authentic 
sample of 18. 

Reaction of N-Benzoyl Benzoplzenone Inlirre (19) (12) 
with Sodium itz THF 

The adduct was prepared by the same method as used 
for the preparation of dianion, 2, from benzophenone 
azine (1). Thus 0.01 mole (2.85 g) of 19 was allowed to 
react with sodium metal in THF. Aliquots of the solution 
were withdrawn at various time intervals, quenched in 
water, and titrated with standardized acid. Table 5 
summarizes the uptake of sodium observed. The residual 
solution, representing 0.0055 mole of the original 19 was 
drained from the excess sodium into water and extracted 
with diethyl ether. The combined extracts were dried 
(MgSO,) and reduced in volume. The product, a white 
oily solid, was chromatographed on silica gel with chloro- 
form giving 0.8 g (55 %) of 18, m.p. 173 "C, identified by 
mixture m.p. with an authentic sample, and a second 
fraction, 0.75 g of material, m.p. 130-145 "C, which on 
t.1.c. was resolved into at least two compounds. The i.r. 
spectrum of the mixture showed an amide carbonyl at 
1650 cm-' and NH at 3300 and 3450 cm-'. This material 
is presently under study. 

Reaction of the Sodium Adduct of N-Benzoyl 
Betzzop/zeizone Imiize (19) with Methyl Betzzoate 

The adduct prepared from 2.85 g (0.01 mole) of 19, 100 
ml of THF, and an excess of sodium metal was treated 
with 2.04 g (0.015 mole) of methyl benzoate at -65 "C. 
The mixture was allowed to warm to room temperature 
and stirred for 24 h. Twenty milliliters of 20% hydro- 
chloric acid was added and the product extracted with 

TABLE 5 
Reaction of N-benzoyl benzophenone 

imine with sodium 

Duration of Atoms of Na 
agitation (h) per mole 

diethyl ether. The combined extracts were washed with 
10 % sodium bicarbonate solution, dried, and evaporated. 
Chromatography of the residue on silica gel with chloro- 
form gave 1.6 g (78% recovery) of methyl benzoate 
identified by its i.r. spectrum, and 1.6 g (55 %) of a mixture 
consisting of 18 and 17. The third fraction collected was 
1.35 g of a complex mixture which by t.1.c. appeared to be 
the same as the unresolved mixture from the water 
quenched reaction. 

The i.r. spectrum of the second fraction had NH 
absorptions at 3450 (NH, 18, strong) and 3400 cm-' 
(NH, 17, weak). A shoulder at 1720 cm-' (on the amide I 
band at 1665 cm-I) was also indicative of an aromatic 
carbonyl due to the presence of 17. This mixture could 
not be separated by chromatography but 17 was converted 
to 18 and benzoic acid, by treatment with sodium 
methoxide in THF as described previously. Work-up gave 
1.3 g of 18 and 0.25 g of benzoic acid which meant that 
the original mixture had contained 31 % of 17. 

The authors are indebted to the National Research 
Council of Canada for financial support and to the 
Ontario Government for a fellowship (E.J.M.). We are 
also grateful to Dr. A. Balasubramanian of this depart- 
ment for helpful discussions of the ultraviolet spectra. 
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Alkali metal adducts of benzophenone azine. 11. The lithium adduct 

E. J. MACPHERSON AND JAMES G. SMITH 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received October 17, 1969 

The behavior of benzophenone azine towards lithium has been studied. Unlike sodium and potassiun~, 
lithium effected extensive reduction and cleavage of benzophenone azine; the reaction product being 
benzhydryl amine. By limiting the amount of lithium to  2 g-atoms per mole of azine, the reaction product 
was shown to be N-lithiobenzophenone imine on the basis of its chemical behavior. 

Two reasons are advanced to explain the behavior of lithium in contrast to that of sodium or potassium. 
One explanation relies upon the greater reducing power of lithium compared with the other two alkali 
metals. The other relies upon the tendency of organolithium compounds to associate via formation of 
multi-center bonds. 
Canadian Journal of  Chemistry, 48,1915 (1970) 

As a natural extension to our earlier study (1,2) 
of the reaction between benzophenone azine and 
sodium or potassium, the behavior of this com- 
pound towards lithium was examined. Un- 
expectedly, lithium presented a reaction pattern 
quite different from that of the other two alkali 
metals. 

I ~ Results 
I 

I In the presence of excess lithium, the uptake 
of the metal by the azine did not stop at the 
expected level of 2 g-atoms per mole. Instead, the 

, reaction continued until an astonishing total of 
, 5-6 g-atoms of lithium per mole of azine was 

; reached. On quenching this "polylithio" species 
I in water, benzophenone and benzhydrylamine 

i were isolated. The latter compound was identified 
by its infrared (i.r.) spectrum and its benzamide 
while the former was identified by its i.r. spec- 
trum. The yield of the benzhydrylamine was 
somewhat variable and the maximum (76 %) was 
obtained with solutions more dilute than normal. 

Attempts were made to obtain alkylation 
products of this "polylithio" species by treating 
the reaction mixture with methyl iodide or 1,3- 
dibromopropane. However, such complex mix- 

tures of products resulted that no definite 
compound could be isolated. 

The investigation was continued by restricting 
the available lithium to 2 g-atoms per mole of 
azine. Under these conditions, rupture of the 
nitrogen-nitrogen bond occurred and the forma- 
tion of N-lithiobenzophenone imine was the 
only reaction observed. This conclusion was 
based on several reactions which are summarized 
in Scheme 1. 

Treatment of the N-lithiobenzophenone imine 
with the theoretical amount of methanol pro- 
duced benzophenone imine, while benzoyl chlo- 
ride generated N-benzoylbenzophenone imine. 
Hydrolysis of these compounds was avoided by 
omitting the customary aqueous work-up. 
Alkylation of the N-lithio derivative was also 
examined. While treatment with methyl iodide 
produced N-methylbenzophenone imine, benzyl 
chloride generated a product whose nuclear 
magnetic resonance (n.m.r.) spectrum clearly 
indicated that it was not the expected N-benzyl- 
benzophenone imine. Hydrolysis of the product 
produced benzophenone and 1,2-diphenylethyl- 
amine establishing the product as N-(1,2-di- 
phenylethy1)benzophenone imine. 

Reactions of N-lithiobenzophenone imine 
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The formation of this derivative reflected the 
strong basic nature of N-lithiobenzophenone 
imine. Hauser et al. (3) demonstrated that strong 
bases converted benzyl chloride to l-chloro- 
1,2-diphenylethane. In the present case, the 
1-chloro-l,2-diphenylethane alkylated either the 
benzophenone imine or the N-lithio derivative 
producing the observed product. 

Attempts to alkylate N-lithio benzophenone 
imine with either 1,3-dibromopropane or ally1 
bromide failed to generate any alkylation product 
in isolable amounts; only benzophenone imine 
was detected. Possibly, this behavior was again 
due to the strong basic nature of the N-lithio 
derivative which effected dehydrohalogenation 
of the bromo compounds with formation of 
benzophenone imine. 

Discussion 

It is clear that lithium has a more extensive 
effect on benzophenone azine than sodium or 
potassium. Reduction of the azomethine groups 
is accompanied by cleavage of the nitrogen- 
nitrogen bond. From the experiments using a 
limited amount of lithium, the first step in the 
reaction is cleavage of the nitrogen-nitrogen 
bond to form N-lithiobenzophenone imine (1) 
(Scheme 2). In the presence of excess lithium, 
further reaction occurs effecting reduction of the 
carbon-nitrogen double bond. The "polylithio" 
species must consist of a mixture of unreacted 1 
and perhaps a trilithio compound such as 2. 
Protonation of this mixture gives benzhydryl- 
amine from 2 and benzophenone imine from 1, 
the last compound hydrolyzing to benzophenone 
during isolation. 

It is tempting to attribute the behavior of 
lithium towards benzophenone azine (in contrast 
to sodium (2)) as resulting from the greater 
reducing power of lithium over sodium which 
results in cleavage of the nitrogen-nitrogen bond 
rather than reduction of the carbon-nitrogen 

double bond. Documentation of this strong 
reducing power is readily available. For example, 
the reduction of aromatic rings by lithium and 
secondary amines is a well-known reaction (4). 
Again, the formation of a dilithium adduct of 
naphthalene in contrast to a mono sodium adduct 
may be cited (5). In situations more analogous 
to that under discussion, Weyenberg et al. (6) 
have used lithium to obtain monomeric reduction 
products of aralkenes rather than their dimers. 
Smith and Veach (7) have cited this ability of 
lithium to explain the striking differences in 
behavior of acetophenone anil towards lithium 
and sodium. 

However, a more careful scrutiny of the reac- 
tion reveals that this explanation is insufficient. 
The reaction between an alkali metal and a 
conjugated system depends on the transfer of an 
electron from the metal to the conjugated system. 
In the case of benzophenone azine, a total of two 
electrons are so transferred and if the transfer is 
considered stepwise, there is no apparent reason 
why the first such transfer should be responsible 
for the differences observed. It is therefore 
assumed that the first transfer is the same for both 
sodium and lithium, the product being the radical 
ion 3 (Scheme 3). 

Thereafter, the reaction paths diverge depend- 
ing on the electron source. At present, the reason 
for this divergence is unclear. One possibility is 
the relatively greater covalent nature of the bonds 
formed with lithium (8) compared with sodium. 
In the case of the lithium radical ion such a 
covalent bond may localize the odd electron and 
result in sufficient instability that decomposition 
occurs to the observed products. 

A second possibility evolves from the greater 
Lewis acidity (9) of organolithium compounds. 
Such a property explains the recognized tendency 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MACPHERSON AND SMITH: ALAKLI METAL ADDUCTS. 11 1917 

of organolithium compounds to associate. It is 
conceivable, then, that: this tendency to associate 
results in rearrangement of the lithium radical 
ion to an associated dimer 4 before (or during) 
the transfer of the second electron. Such a reac- 
tion path is not accessible to the sodium or 
potassium analogues and the adduct 5 is formed. 

The behavior of other azines towards lithium 
is presently being investigated. 

One minor comment should be made on the 
reaction of 1 with methyl iodide. Anselme et al. 
(10) have reported that this reaction produced a 
small yield of a high boiling, presumably dimeric, 
methylation product and offered this as partial 
evidence for a dimeric structure of 1. We did not 
observe this material in our methylations. How- 
ever, on repeating the reaction using Anselme's 
procedure for preparing 1 (phenyl lithium and 
benzonitrile), this high boiling methylation prod- 
uct was formed. It is suggested that the source of 
this methylation product is a by-product formed 
during the preparation of N-lithiobenzophenone 
imine by this latter synthesis and that its appear- 
ance does not lend support to a dimeric structure 
for 1. 

Exuerimental 
The melting points are uncorrected and were deter- 

mined in an open capillary using a Mel-temp. melting 
point apparatus. The n.m.r. spectra were recorded on a 
Varian T-60 spectrometer using 10-15 % solutions of the 
compound in chloroform-d,. Chemical shifts are re- 
ported in p.p.m. downfield from tetramethylsilane as an 
internal reference. The i.r. spectra were recorded on a 
Beckman IR-10 spectrophotometer with solutions or thin 
films. Thin-layer chromatography (t.1.c.) was carried out 
with Eastman Kodak silica gel precoated sheets. For 
column chromatography, silica gel (70-325 Mesh 
A.S.T.M.) purchased from E. Merck (Germany) was 
utilized. 

Preparation of the Lithiurn Adducts of Benzophenone 
Azine 

The techniques employed for the preparation of the 

TABLE 1 
Rate of reaction for the preparation 
of lithium adducts of benzophenone 

azine 

Agitation g-Atoms Li per 
time (h) mole of azine 

lithium adducts of benzophenone azine have been 
described elsewhere (1 1, 12, 13). 

The rate of reaction was measured using 3.6 g (0.01 
mole) of benzophenone azine, 0.56 g (0.08 g-atoms) and 
lOOml of tetrahydrofuran with results as shown in 
Table 1. 

For preparative reactions, more concentrated solutions. 
were used (see Experimental for exact amounts) and 
either 2 or 6 g-atoms of lithium per mole of azine depending 
on the type of reaction desired and 100 + 10ml of 
solvent. The mixture was agitated 24 h and transferred 
under nitrogen to the reaction flask. 

Hydrolysis of the Adduct Prepared from 
Benzophenone Azine with an Excess of 
Lithium Metal 

The adduct prepared from 3.6 g (0.01 mole) of benzo- 
phenone azine and 0.42 g (0.06 g-atoms) of lithium was 
drained into an ice-water mixture and the crude product 
isolated by an ether extraction. After removing the ether, 
the residue was chromatographed on silica gel with 
chloroform. The first fraction obtained was 1.0 g (28 %) 
of benzophenone (presumably formed by hydrolysis of 
benzophenone imine on the column) identified through 
its i.r. spectrum. The next fraction was 1.8 g (50%) of 
benzhydryl amine whose i.r. spectrum was identical to 
that of a reference sample. Further confirmation was ob- 
tained by converting the amine with benzoyl chloride to 
its benzamide in 93 % yield, m.p. 174 "C undepressed on 
mixing with an authentic sample of benzhydryl benz- 
amide (2, 14). An intermediate fraction of 0.45 g was 
identified as a mixture of benzophenone and benzhydryl 
amine from its i.r. spectrum. 

In a second experiment the adduct, prepared from 
1.7964 g (0.00499 mole) of benzophenone azine and 
0.2078 g (0.02995 rnole) of lithium metal, was cooled to 
- 65 O C  and treated with 2.0 ml of anhydrous methanol. 
The mixture decolorized rapidly and was allowed to 
warm to room temperature overnight. Water was added 
and the product, isolated by an ether extraction, was 
boiled inaqueous 10% hydrochloric acid to hydrolyze any 
benzophenone imine which may have been present. After 
cooling, the water was extracted with ether, the ether 
dried and evaporated, giving 0.4 g (20%) of benzo- 
phenone, identified from its i.r. spectrum. The water layer 
from this extraction was neutralized with 10% aqueous 
sodium hydroxide solution and extracted with diethyl 
ether. After drying, the ether layer was evaporated giving 
1.4 g (76%) of benzhydryl amine identified by its i.r. 
spectrum and by conversion to its benzamide. 

Methanolysis of the Adduct from two Equivalents 
of Lithium 

The adduct prepared from 4.933 g (0.0137 mole) of 
benzophenone azine and 0.1904 g (0.0274 g-atoms) of 
lithium in THF was treated with 0.90 g (0.0274 mole) of 
anhydrous methanol at - 65 "C. The mixture decolorized 
immediately and after 15 min was allowed to warm to 
room temperature. After stirring for 3 h the THF was 
removed in vacuo, anhydrous diethyl ether added, and 
product filtered. The ether was removed in vacuo and the 
product distilled giving 3.7 g (75%) of benzophenone 
imine, a clear colorless liquid, b.p. 94-95 "C10.23 mm Hg. 
The i.r. spectrum of this oil in chloroform was super- 
imposable upon that of an authentic sample obtained 
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from the methanolysis of the addition product (15) pre- 
pared from benzonitrile and phenylmagnesium bromide. 
When this reaction was repeated using diethyl ether 
instead of THF, benzophenone imine was obtained in 
88% yield 

Reaction of the Adduct from two Equivalents of Lithium 
with Methyl Iodide 

The adduct prepared from 2.9052 g (0.0081 mole) of 
benzophenone azine and 0.120g (0.016 g-atoms) of 
lithium was treated with 2.3 g (0.0161 mole) of methyl 
iodide at -65 "C. The mixture was allowed to warm to 
room temperature and stirred for a further 2 h after which 
time the color had changed from a deep red to a pale 
straw yellow. The mixture was poured into water and 
extracted with diethyl ether. The combined extracts were 
dried (MgSO,) and evaporated in vacuo. The resulting oil 
gave 2.6 g (83%) of N-methylbenzophenone imine on 
distillation, b.p. 93-94 "C10.2 mm. The i.r. spectrum was 
superimposable on that of an authentic sample (10) pre- 
pared by treating N-lithiobenzophenone imine with 
methyl iodide. 

Reaction of the Adduct Prepared from two Equivalents 
of Lithium with Benzoyl Chloride 

The adduct prepared from 4.49 g (0.0125 mole) of 
benzophenone azine and 0.1731 g (0.02495 g-atoms) of 
lithium was treated with 3.5 g (0.0249 mole) of freshly 
distilled benzoyl chloride at -65 "C. The mixture was 
allowed to warm to room temperature and stirred over- 
night. After treatment with 1.5 g (a slight excess) of 
absolute ethanol, the mixture was stirred a further 112 h 
and the THF removed in vacuo. Anhydrous ether was 
added and the product filtered to remove the solid 
lithium ethoxide. The ether was removed in vacuo and 20 
ml of anhydrous cyclohexane was added. On cooling and 
filtering, 5.5 g (79%) of N-benzoylbenzophenone imine 
was obtained. This material melted at 115-116 "C and 
did not depress the melting point of an authentic sample 
prepared by a published procedure (12). 

Renctiorz of the Addzrct from two Equivalents of 
Lithizrrn with Berzzyl Chloride 

A solution of the adduct prepared from 2.4624 g 
(0.00684 mole) of benzophenone azine and 0.0950 g 
(0.0137 g-atoms) of lithium in lOOml of THF was 
treated with 1.73 g (0.0147 mole) of benzyl chloride at 
- 65 "C. The red color of the adduct faded slowly. After 
warming to room temperature the mixture was stirred for 
24 h, poured into water, and extracted with diethyl ether. 
The ether extracts were dried (MgSOJ, and evaporated 
in vacuo giving a faintly yellow oil which was chromato- 
graphed on silica gel with chloroform. The firsi fraction 
consisted of 2.0 g (49%) of N-(l,2-diphenylethy1)benzo- 
phenone imine m.p. 55-58 "C which was recrystallized 
from ethanol and melted a t  58 "C. 

The i.r. spectrum of the second fraction (1.1 g, 45 %) 
indicated that it was a mixture of benzophenone and 
benzophenone imine. 

The i.r. spectrum of N-(1,2-diphenylethy1)benzo- 
phenone imine showed bands at 2960-2880cm-' 
(aliphatics) and a strong absorption at 1620 cm-' (C=N). 

Anal. Calcd. for Cz,Hz3N: C, 89.70; H, 6.43; N, 3.88. 
Found: C, 89.70; H, 6.40; N, 3.90. 

The structure of the imine was established by hydrolysis 

of 1.0 g in refluxing 20% hydrochloric acid for 2 h. Ex- 
traction with ether gave, after removal of the solvent, 
0.45 g (90% yield) of benzophenone identified by its i.r. 
spectrum and confirmed by its 2,4-DNPH derivative. The 
aqueous acid layer was made basic, extracted with ether, 
and evaporated to give 0.50 g (90% yield) of an oil whose 
i.r. spectrum was identical to that of an authentic speci- 
men of 1,2-diphenylethylamine synthesized by a published 
procedure (16, 17). Further confirmation was obtained by 
conversion of the amine to its benzamide with benzoyl 
chloride (93% yield, m.p. 177-178 "C) and comparison 
(i.r. and mixture m.p.) with authentic N-benzoyl-1,2- 
diphenylethyl amine (18). 

The n.m.r. spectrum of N-(l,2-diphenylethy1)benzo- 
phenone imine showed the aromatic protons in a complex 
band 6.2 to 7.8 (20H) and the aliphatic protons as a 
typical ABX pattern; a double doublet centered at 4.52 
(CH, IH, Hx) and two overlapping quartets centered at 
3.07 and 3.19 (-CHZ-, 2H, HA and HB, JAB = 14.2, 
J A x  = 9.8, Jsx = 4.8). 

The 1,2-diphenylethyl amine also showed a typical 
ABX pattern in its n.m.r. spectrum; two overlapping 
quartets centered at 2.75 and 2.87 (-CH-, 2H, HA and 
HB, J A ~  = 13, J A X  = 10.2, J B X  = 3.8), a double doublet 
at 4.08 (CH, IH, Hx), as well as the NH absorption at 
1.30 (2H) and the aromatic protons between 6.4 and 8.0 
(10H). 

The authors are indebted to the National Research 
Council of Canada for financial support and to the 
Ontario Government for a fellowship (E. J. M.). 
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Determination of pKBH+ for aliphatic ketones from nuclear magnetic 
resonance chemical shift data 
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The pKBH+ values for 3-pentanone, 2-butanone, and 3-methyl-2-butanone have been determined from 
chemical shift data. The values (-7.6, -7.1, and -7.2, respectively) are in good agreement with those 
previously determined for aliphatic ketones by use of ultraviolet-visible and Raman spectroscopy. 

Canadian Journal of Chemistry, 48, 1919 (1970) 

Introduction 
The protonation of weak organic bases is a 

subject of considerable importance since its 
understanding is essential to an appreciation of a 
great variety of reactions that are sensitive to acid 
catalysis. The work of L. P. Hammett and others 
in the 1930's initiated interest in this area, and in 
the intervening years a great deal of information 
regarding the protonation of various types of 
aromatic compounds has accumulated (1). 
Unfortunately there has not been a concomitant 
accumulation of information related to the 
protonation of aliphaticcompounds. The primary 
reason for the comparative dearth of data on the 
protonation of aliphatic compounds derives from 
the fact that most of these substances (with the 
notable exception of several carbonyl com- 
pounds) do not possess suitable chromophores 
to permit a study of their protonation behavior 
by use of visible-ultraviolet spectrophotometry. 
Consequently a number of attempts have been 
made to use other types of spectral measurements 
such as nuclear magnetic resonance (n.m.r.) 
chemical shifts and Raman band intensities to 
estimate the extent to which aliphatic compounds 
undergo protonation in aqueous acids. The 
limitations of these as well as several less direct 
methods, such as the use of distribution data or 
the variation in the rates of acid catalyzed reac- 
tions, have recently been reviewed (2). 

Of all the possible methods that have been 
suggested for studying the protonation of 
aliphatic compounds it would seem that the use 
of n.m.r. chemical shifts appears to be the most 
attractive. Many aliphatic compounds give 
simple, nearly first-order n.m.r. spectra that are 
known, in at least some cases, to respond pre- 
dictably to changes in acidity (3-3, and the shift 
of methyl signals relative to an internal standard 
has been used to determine pKBH+ values for a 

number of amines, phosphine oxides, phosphine, 
sulfides, and sulfoxides (6-9). Although it has 
been claimed that chemical shifts are subject to 
medium effects which greatly diminish the 
reliability of this method (2), there are no apriori 
reasons to suspect that chemical shifts would be 
more sensitive to medium effects than any other 
type of spectroscopy. Indeed, since n.m.r. 
involves an interaction with molecules in their 
ground states, it might well be less susceptible to 
solvent changes than other types of spectroscopy 
where medium effects on the excited states must 
also be considered. This reasoning is supported by 
the fact that Haake et al. were able to obtain 
highly accurate values for the basicity of aceto- 
phenone and N,N-dimethylacetamide from a 
study of methyl chemical shifts (relative to an 
internal standard) as a function of acidity (7). 
Furthermore, it would seem that any possible 
medium effects could be sharply reduced if the 
technique developed by Edward et al. was 
employed (5). These authors estimated the 
extent of protonation of several aliphatic com- 
pounds by measuring the difference between the 
chemical shifts of a and P hydrogens in the same 
molecule. (The a hydrogens, since they are closer 
to the site of protonation, are shifted downfield 
to a greater extent as the compound is pro- 
tonated.) Because both the a and p hydrogens in 
a small molecule should be in approximately the 
same environment, it is not unreasonable to 
expect that gross medium effects might be similar 
for both types of hydrogens and hence minimized 
in the difference. 

As a further test of this meth6d we have under- 
taken a study of the protonation of a number of 
aliphatic ketones using chemical shift differences 
between a and p hydrogens to estimate the 
degree of protonation. Aliphatic ketones were 
used in this study for two reasons; (i) the pKBH+ 
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TABLE 1 
Differences (A) between the chemical shifts for a and p hydrogens 

of 3-pentanone, 2-butanone, and 3-methyl-2-butanone 

A (c.P.s.) 

for several aliphatic ketones has previously 
been investigated using ultraviolet and Raman 
spectroscopy (3, 10) and (ii) the n.m.r. spectra of 
the protonated ketones are well known from the 
work of Olah et al. (1 1). The use of both ultra- 
violet and Raman spectroscopy gave similar 
results, indicating that simple ketones were half 
protonated in about 80% H2S04; i.e. that the 
pKBH+ is approximately -7.3.' In the following 
paper we will show that the use of n.m.r. chemical 
shifts also gives pKBH+ values of about the same 
magnitude, thus establishing that this technique 
can be used, at least in some cases, to estimate the 
basicity of aliphatic compounds. 

Experimental 
All spectra were obtained using a Varian A60A 

spectrophotometer. Each measurement was made by 
adding 0.10 ml of ketone to 5.0 ml of standardized acid 
in a volumetric flask. The flask was inverted several times 
to insure homogeneity, a small portion was transferred 
to an n.m.r. tube and the spectrum taken a t  37 + 1 "C. 
Each spectrum was recorded four times, twice moving 
upfield and twice moving. downfield, with a sweep width 
of 250 Hz and a sweep time of 250 s. Prior to each deter- 
mination the chart paper was carefully calibrated using 
the sideband technique and the chemical shifts were then 
read directly from the chart paper. Since we were inter- 

'Throughout this paper pKBfi+ is taken to be the H, 
of the solution in which the base is half protonated. Ho 
scales based on the protonation of primary aromatic 
amines were taken from refs. 12 and 13. 

ested only in the difference (A) between the chemical 
shifts of the a and hydrogens, no internal standard was 
added. By this method it was possible to obtain average 
values of A that were reproducible to within + 0.3 c.p.s. 

The spectra of all non-protonated ketones were con- 
sistent with a first-order analysis and with published 
spectra. In each case it was observed that increasing the 
acidity of the medium in which the spectra were obtained 
caused the difference (A) between the chemical shifts of 
the a and !3 hydrogens to increase until the ketones 
became fully protonated. Further increases in acidity 
beyond this point produced only small increases in the 
magnitude of A. The spectra of the fully protonated 
ketones were similar to those previously reported a t  
- 60 "C in fluorosulfuric acid with one major exception; 
no evidence of cis and trans isomers resulting from 
asymmetric protonation of the oxygen was obtained (1 I). 
Presumably at 37 "C, there is a rapid exchange between 
the two isomers which becomes imperceptibly slow 
(relative to the n.m.r, time scale) at - 60". 

Table 1 lists the A values for these ketones in a number 
of sulfuric acid solutions of varying acidity. For 3-pen- 
tanone, A was taken as the difference between the chem- 
ical shifts of the methyl and methylene groups, while for 
2-butanone and 3-methyl-2-butanone it was taken as the 
difference between the chemical shifts of primary hydro- 
gens a and 0 to the carbonyl group. Methyl hydrogens 
were used whenever possible because they give strong, 
more readily definable signals than the corresponding 
methylenes. 

The ketones were obtained commercially and purified 
by fractional distillation before use. Acid solutions were 
prepared by diluting reagent-grade 97% sulfuric acid 
with de-ionized water. Acids with concentrations greater 
than 97% were prepared by the addition of fuming 
sulfuric acid to 97% H,SO,. Standardization was 
achieved through titration against sodium hydroxide 
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solutions of known concentrations using the phenol- 
phthalein end point. 

The Ho values used up to 99.44% H2S04 are those 
reported by Jorgenson and Hartter (12). The acidities for 
solutions containing greater than 99.44% were 
estimated by combining the data of Brand etal. (13) for the 
protonation of aromatic nitro compounds with those 
reported by Jorgenson and Hartter for the protonation 
of primary aromatic amines. While it is obvious that this 
procedure might lead to quite serious errors in the exact 
acidity values of these solutions, it should not introduce 
an appreciable error into our work since these highly 
acidic solutions were used only to obtain A for the fully 
protonated ketones. 

Statistical analysis of the data was accomplished with 
the aid of an  IBM 1130 computer. 

Results and Discussion 

The difference (A) between the chemical shifts 
of hydrogens a and P to the carbonyl groups of 
three aliphatic ketones have been determined in 
sulfuric acid solutions of varying concentrations. 
When these A values (which have been compiled 
in Table 1) are plotted against acidity, well- 
defined sigmoidal curves are obtained, as indi- 
cated in Fig. 1. Assuming that these curves arise 

%[- I 
- 5 -10 

H O  

FIG. 1. Titration curves for the protonation of 3- 
pentanone, Z-butanone, and 3-methyl-2-butanone (top 
to bottom). A is the difference between the chemical 
shifts of cr and hydrogens. Ho is the amine acidity func- 
tion (12). 

as a result of protonation of the ketones, it then 
follows that the inflection point should corre- 
spond to the pKBH+ of each base. A more accurate 
estimation of the pKBH+ can, however, be 
obtained from the relationship log [BHf ]/[B] = 
- H + pKBH+, where [B] is the concentration of 
unprotonated ketone, [BHf ] is the concentra- 
tion of protonated ketone, and H is an appro- 
priate acidity function (14). It can then be 
shown, if A, represents the difference between 
the chemical shifts of the a and P hydrogens of 
the unprotonated ketone, ABH+ represents the 
same parameter for the protonated ketone, and 
A the chemical shift difference when the ketone is 
partially protonated, that log [BHf :I/[B] = log 
(A - AB)/(ABH+ - A). Hence a plot of log (A - 
AB)/(ABH+ - A) against - Hshould give a straight 
line of unit slope with intercept equal to pKBH+. 
The advantage of this method is that the need for 
an arbitrary choice of the inflection point of the 
curve is eliminated, since the best straight line 
and the intercept can be determined by the 
method of least squares. 

However, two difficulties are encountered in 
attempting to prepare linear plots of this type. 
The first of these is in determining values for A, 
and A,,+. Ideally, these values could be obtained 
directly if the sigmoidal plots were all flat at both 
very high and very low acidities. However, it 
has previously been found possible to construct 
linear plots even when the sigmoidal curves are 
not ideal by choosing values for the free base and 
the protonated base that are equidistant above 
and below the estimated inflection point and 
beyond the steep part of the curve. As has been 
pointed out by Stewart and Granger (15) and 
by Yates, Stevens, and Katritzky (16), the use 
of this method minimizes errors which can 
result from the non-ideality of the sigmoidal 
plots. In this work the values of A, and ABH+ 
were arbitrarily chosen to be five Ho units above 
and below the estimated inflection points. The 
value of five Ho units was chosen because it 
placed the readings well beyond the steep part of 
the curve and because it was found to generate 
good linear plots. Almost identical results were 
obtained when A, and ABH+ were chosen f 7H0 
units from the inflection point, but a definite 
curvature of some of the plots was noted when 
attempts were made to use A, values obtained in 
neutral water and A,,+ values obtained in 
fuming sulfuric acid. The failure to obtain good 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1922 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

linear plots in the latter case is probably a conse- 
quence of medium effects on the magnitude of the 
chemical shift differences.' Alternatively, it may 
simply be a reflection of the possibility that Ho 
and  the acidity function that properly describes 
the protonation of ketones are not parallel. 
Development of such an acidity function for 
aliphatic ketones remains as a current challenge 
to physical organic chemists. 

Hence the second difficulty encountered in 
attempting to prepare good linear plots involves 
the choice of an appropriate available acidity 
function. We have plotted log (A - AB)/(ABH+ - 
A) against two possible acidity functions which 
are defined for primary aromatic amines (12) 
and benzophenones (18), re~pectively.~ As the 
plots in Figs. 2,3, and 4 indicate, the use of these 
two functions results in the formation of linear 
plots with slopes of approximately 0.5 for the 
amine function and 0.8 for the ketone function. 
Since the slopes of the latter plots are closer to 
unity, it would appear that the protonation 
behavior of aliphatic ketones more closely 
resembles that of benzophenones than that of 
amines. This observation of a better correlation 
between the mode of protonation of the two 
types of carbonyl compounds than between 
ketones and amines is to be expected and suggests 
that we are not wrong in assuming that the 
changes in A are caused primarily by protonation. 

One other fact that has greatly encouraged us 
to believe chemical shift data can be used to de- 
termine pKBH+ is the excellent correlation between 
the values which are obtained from the intercepts 
of the plots in Figs. 2, 3, and 4 and those pre- 
viously obtained for aliphatic ketones by use of 
ultraviolet and Raman spectroscopy (3, 10). All 
three methods indicate that aliphatic ketones are 
half protonated in approximately 80% H2S04; 
i.e. that the pKBH+ for these compounds are 

ZA referee has suggested, in analogy with the work of 
Peterson (17), that the gradual increase in A at low 
acidities may be related to changes in the extent of hydro- 
gen bonding between the solvent and the carbonyl 
oxygen. However, a fine distinction cannot be drawn 
between the situation where a base is extensively hydrogen 
bonded to an acidic solvent and where it is actually 
protonated; both cases are merely different aspects of the 
same process. 

"Unfortunately the same symbol (H,) has been used 
for both of these acidity functions. We have attempted to 
distinguish between them by referring to one as the 
"amine acidity function" and the other as the "benzo- 
phenone acidity function." 

Acidity 

FIG. 2. 3-Pentanone., Q = (A AB)/(ABH + - A). For 
the benzophenone ac~dlty funct~on (left), intercept = 
- 6.50 f 0.08, slope = - 0.80, and correlation coefficient 
= 0.987. For the amine acidity function (right), inter- 
cept = -7.63 + 0.19, slope = -0.46, and correlation 
coefficient = 0.984. 

A c i d i t y  

FIG. 3. 3-Methyl-2-butanone. Q = (A - AB)/(AB~+ - 
A). For the benzophenone acidity function (left), inter- 
cept = -6.30 + 0.11, slope = -0.78, and correlation 
coefficient = 0.980. For the amine acidity function 
(right), intercept = -7.25 + 0.13, slope = -0.52, and 
correlation coefficient = 0.989. 
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A c i d i t y  

FIG. 4. 2-Butanone. Q = (A - AB)/(ABH + - A). For 
the benzophenone acidity function (left), intercept = 
-6.21 2 0.14, slope = -0.82, and correlation coefficient 
= 0.967. For the amine acidity function (right), inter- 
cept = -7.10 + 0.18, slope = -0.54, and correlation 
coefficient = 0.981. 

In conclusion, it can be seen that the results 
of the experiments reported in this paper estab- 
lish two important facts; (i) they show that n.m.r. 
chemical shifts can be used quantitatively to 
estimate the pKBH+ values of at least some types 
of aliphatic compounds, and (ii) they confirm 
previous observations that aliphatic ketones are 
one-half protonated in approximately 80 % 
H,SO,. 

The author is grateful to Mrs. Edna Denning and 
Mr. Ron Cameron for skillful technical assistance and to 
the National Research Council of Canada for financial 
support. 

1. L. P. HAMMETT. Physical organic chemistry. 
McGraw-Hill Book Co., Inc., New York. 1940. 

2. E. M. ARNEIT. Progr. Phys. Org. Chem. 1, 223 
(1963). 

about -7.3 on the Ho(amine) scale. The exact 
values for the intercepts obtained from the plots 
in Figs. 2, 3, and 4 are -7.63 f 0.19 for 3-pen- 
tanone, -7.25 f 0.13 for 3-methyl-2-butanone, 
and -7.10 f 0.18 for 2-butanone. As indicated, 
a least-squares analysis of the data suggests that 
the probable errors in the intercepts are about 
f 0.2 Ho units; however, we feel that this 
statistical error may be too low, primarily 
because of the assumptions made in estimating 
A, and ABH+. (On the benzophenone acidity 
scale, the pKiH+ are -6.50 f 0.08 for 3-pen- 
tanone, -6.30 f 0.1 1 for 3-methyl-2-butanone, 
and -6.21 f 0.14 for z-butanone.) 

N. c.' DENO and M. J. WISOTSKY. J. Amer. Chem. 
SOC. 85, 1735 (1963). 
R. W. TAFT and P. L. LEVINS. Anal. Chem. 34, 
436 (1962). 
J. T. EDWARD, J. B. LEANE, and I. C. WANG. Can. 
J. Chem. 40. 1521 (1962). 
E. GRUNWALD, A.' LOEWENSTEIN, and S. MEIBOOM. 
J. Chem. Phys. 27, 641 (1957). 
P. HAAKE, R. D. COOK, and G. H. HURST. J. Amer. 
Chem. Soc. 89, 2650 (1967). 
P. HAAKE and R. D. COOK. Tetrahedron Lett. 427 
(1968). 
D. LANDINI. G. MODENA. G. SCORRANO. and F. 
TADDEI. ~ . ' ~ m e r .  ~ h e m . ' ~ o c . ,  91, 6703 (i969). 
H. J. CAMPBELL and J. T. EDWARD. Can. J. Chem. 
38, 2109 (1960). 
G. A. OLAH, M. CALIN, and D. H. O'BRIEN. J. 
Amer. Chern. Soc. 89, 3586 (1967). 
M. J. JORGENSON and D. R. HARTTER. J. Amer. 
Chem. Soc. 85, 878 (1963). 
J. C. D. BRAND, W. C. HORNING, and M. B. 
THORNLEY. J. Chern. Soc. 1374 (1952). 
M. A. PAUL and F. A. LONG. Chem. Rev. 57, 1 
(1 957) 
R. STEWART and M. R. GRANGER. Can. J. Chem. 
39. 2508 (1961). 
K: YATES. J. 'B. STEVENS. and A. R. KATRITZKY. - -  ~~ 

Can. J. dh&. 42,1957 (1964). 
P. E. PETERSON. J. Org. Chern. 31,439 (1966). 
T. G. BONNER and J. PHILLIPS. J. Chern. Soc. B, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Nuclear charge dispersion of light-mass fission products in the fission of 235U 
and 238U by medium-energy protons 
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Independent fission yields for 'OYm 'lYm g1Ym+6, and 92Y and cumulative yields for "Sr, 
92Sr, and 93Y in the fission of 235U and 2 3 8 ~ ' b y  pr6tons of energy from 20-85 MeV have been deter- 
mined. Excitation functions and charge dispersion curves have been obtained. The most probable 
charge, Z,, moves closer to stability, ZA, with increasing energy. The values of Z, - Z,, for the two 
fissioning systems are identical, unlike the situation in the heavy-mass region. The values of ZA - Z, 
for the light- and heavy-mass regions differ considerably, showing that the equal charge displacement 
hypothesis does not hold even at these moderate energies. 

Canadian Journal of Chemistry, 48,1924 (1970) 

Introduction 

Very few data regarding the dispersion of 
nuclear charge in the fission of heavy nuclei as a 
function of energy have been published. A series 
of papers from this laboratory (1-9) have dealt 
mainly with the dispersion in heavy-mass prod- 
ucts (A = 129-141). The broadening of the 
charge dispersion curves as the bombarding 
energy was increased, as well as the shift of Z,, 
the most probable charge, towards Z,, the charge 
associated with stability for mass A, were clearly 
evident from these studies. In addition, the 
studies pointed out the importance of the neutron- 
to-proton ratio of the target in determining the 
fission product distribution (8, 9). 

While the amount of information regarding 
charge dispersion in the heavy-mass region is 
beginning to  mount up, very little information 
regarding the complementary mass region exists. 
Hageber et al. (10) investigated light-mass prod- 
ucts found in the fission of 238U by 170-MeV 
protons. They found that the charge dispersion 
curves were narrower than those found in the 
heavy-mass region by the previous investigations 
and were similar to those found in the thermal 
neutron fission of 2 3 5 ~  (1 1). 

The present study was undertaken in order to 
investigate the nuclear charge dispersion of the 
light-mass fission products obtained from the 
fission of 235U and 238U by protons of energies 
20-85 MeV. In this paper are reported the yields 

'Present address: Chemistry Division. Atomic Energy 
Centre, P.O. Box 164, Ramna, Dacca, East Pakistan. 

2Present address: Division of Nuclear Medicine, 2nd 
Floor Medical Wing, Royal Victoria Hospital, Montreal, 
Q.uebec. 

of some yttrium and strontium nuclides, in the 
mass region A = 90-93, obtained by radiochem- 
ical methods. 

In addition to yielding fundamental data 
germane to the fission process, such a study 
enables one to  estimate the total number of 
neutrons emitted during the fission process a t  
each bombarding energy. A study based on these 
and other data will be published shortly. 

Experimental 
(a)  Targets and Irradiations 

The target materials were 235U (94%) and natural 
uranium foils ranging in thickness from 77-122 mg/cm2. 
The target foils were cleaned with nitric acid, washed with 
water, then acetone, and sandwiched between two alu- 
minum catcher foils (9 mg/cm2) to stop recoiling fission 
fragments from the target foil during the irradiation. 

The proton beam was monitored by the65C~(p ,pn)64C~ 
reaction for the entire energy region. The copper foil, 21.4 
mglcm2 thick, was sandwiched between two similar 
copper foils and placed upstream to the proton beam. 

The target, catcher, and monitor foils were carefully 
aligned to ensure equal exposure to the incident proton 
beam, wrapped in aluminum foil (0.008 in. thick), and 
clamped to the target holder which was then fixed to the 
end of the water-cooled cyclotron probe. 

All the irradiations were performed at various radii in 
the internal circulating proton beam of the McGill 
Synchrocyclotron. The duration of irradiation varied 
from 8-20 min depending on the bombarding energy and 
the beam intensity which varied between 0.5 and 1.0 PA. 

(6 )  Chemical Separations 
After irradiation, the uranium foil, along with the 

aluminum catcher foils, was dissolved by heating in a few 
milliliters of concentrated hydrochloric acid plus a few 
drops of nitric acid in the presence of the following 
carriers: yttrium (20 mg), zirconium (20 mg), and 10 mg 
each of strontium, barium, lanthanum, and cerium. Since 
two separations were necessary to determine the yields of 
some yttrium isotopes, an aliquot of the target solution 
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TABLE 1 

Pertinent nuclear data (16) and methods of detection of radioactive nuclides studied 

Radiation Branch Detection 
Nuclide Half-life followed abundance, % technique* 

soym 3.2 h 0.202 MeV y 
90yn 

971 PHA 
9 1 y m  

64.2 h 8- 100 8-prop 
50.0 min 0.551 MeV y 95i PH A 

91Ys 59.0 day 8 - 100 D - P ~ O P  
9zY 3.5 h 0- 100 0-oroo 93y 10.1 h b - 100 b-prop 
9 1 ~ r  9.7 h 8 - 59 to 91Ym not measured 

41 to 91Y6 directly 

2Sr 2.7 h 8- 

6 4 C ~  12.8 h 0.511 MeV y 

not measured 
directly 

PHA 

'NaI crystal plus pulse-height analyzer; P-prop = a-proportional counter; PHA = NaI crystal plus pulse- 
height analyzer. 

tThe remaining isomeric transitions are internally converted. 

was used for the initial quick separation and another 
portion was used to separate yttrium at a later appro- 
priate time. The chemical procedure was essentially based 
on that given in ref. 12, while the separation of thecopper 
was done following that of Kraus and Moore (13). A 
brief description of the methods as adapted follows. 

Yttrium 
Yttrium was precipitated as the hydroxide with am- 

monia from an aliquot of the target solution, digested for 
112 min and the end of digestion taken as the time of 
separation of yttrium from strontium. Further purifica- 
tion of the yttrium activity was effected by several cycles 
of fluoride and hydroxide precipitations. Yttrium was 
then extracted into tributyl phosphate from concentrated 
nitric acid, back-extracted into water, and precipitated 
with ammonia. This cycle of extraction and precipitation 
was repeated, the hydroxide dissolved in 4 Nhydrochloric 
acid, made to volume, and an aliquot used for measure- 
ment of the activities of and 91Ym. Chemical yields 
were determined spectrophotometrically using sodium 
alizarin (14) as the complexing agent. 

From another aliquot of the purified yttrium solution, 
a solid source was prepared for 8-activity measurements 
by precipitating yttrium oxalate with oxalic acid. The 
precipitate was ignited at 850-900 "C for about 1 h. The 
ignited yttrium oxide was powdered and mounted on a 
glass fiber filter paper disk for measurement. The chemical 
yields were determined from the weight of the oxide. 

Copper 
The copper foil was dissolved in concentrated hydro- 

chloric aci.d plus a few drops of hydrogen peroxide. The 
solution was evaporated to dryness, taken up with 4.5 N 
hydrochloric acid, and passed through a Dowex-1 x 8 
anion-exchange resin column. The copper was eluted with 
1.5 N hydrochloric acid, precipitated with ammonium 
thiocyanate as the thiocyanate, washed, dried at 110 "C, 
and mounted for activity measurements. The chemical 
yields were determined from the weight of copper 
thiocyanate. 

( c )  Activity Measurements 
The pertinent decay characteristics (16) of the various 

nuclides of interest and the methods of their detection are 

summarized in Table 1. The y rays of energies 0.551 and 
0.202 MeV from the isomeric transitions of 50-min "Ym 
and 3.2-h 90Ym, respectively, as well as the 0.511 MeV 
annihilation radiation from 6 4 C ~  were measured by a 
calibrated 3 in. x 3 in. NaI(T1) scintillation crystal 
coupled to a 400-channel pulse-height analyzer. The 8 
activities of 90Yg, 91Yg, 92Y, and 93Y were measured by 
both an end-window proportional counter and a very low 
background (-0.5 counts/min) Beckman Wide-Beta I1 
counter. These counters were calibrated against a 4x8 
counter with activities of these nuclides obtained from 
separate bombardments. The activities of all nuclides 
were measured for several half-lives. 

( d )  Treatment of Data 
The measured activities were resolved into the indi- 

vidual components either graphically or with the aid of 
the CLSQ computer program (15). The counting rates at 
the end of bombardment or separation were converted to 
absolute disintegration rates by correcting for chemical 
yields, detector efficiencies, dilution factors, and branch- 
ing ratios. The sources used for 8-ray measurements were 
thin enough and the energies of the (3 rays high enough so 
that no self-absorption corrections were necessary. 

The independent formation cross-sections of and 
gOYm+g, and also the cumulative formation cross-section 
of 93Y, were determined from the disintegration rates at 

TABLE 2 
Monitor cross sections from Meghir (17) 

Cross section 
Proton energy 65C~(p ,pn)64C~ 

(MeV) (mb) 
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TABLE 3 
Formation cross sections from 235U fission 

o (mb)* 
No. of 

Ep measure- 9 o y m  9 o y m + s  9 1 y m  9 1 y m + s  g2Y 93Y "Sr 92Sr 
(MeV) ments ( I n 4  (Indl ( I n 4  ( I n 4  (Ind) (Cum) (Cum) (Cum) 

20 1 0 .13k0.02 2 . 4 k 0 . 4  1 . 3 k 0 . 2  3 . 0 k 0 . 7  6 . 9 k 1 . 0  55+ 7 43+ 7 47+ 7 
30 1 0 .22k0.03 3 .4k0 .5  2 . 1 k 0 . 3  4 . 9 k 1 . 0  9 . 9 k 1 . 5  53+ 7 40% 7 4 1 k  6 
40 2 0 .32k0.05 4 . 0 k 0 . 5  3 .5k0 .5  7 . 5 k 1 . 7  14.3k2.4 85k13 69+13 67+11 
50 1 0 .67k0.10 4 . 6 k 0 . 7  3 .9k0 .5  9 . 0 k 2 . 0  16.0k2.4 84+11 70+ 12 7 5 k  11 
60 2 0 .79k0.11 4 . 7 k 0 . 8  5 . 5 k 0 . 8  11.3k2.4 19 .7k3 .1  88k12 72+13 72+12 
70 2 0 .98k0.11 5 . 8 k 0 . 9  6 . 0 k 1 . 0  12.2k3.0 16.9k2.7 86k13 78k16 77k12  
77 1 1.4 k 0 . 2  6 . 1 k 0 . 9  5 . 2 k 0 . 7  11 .8k2 .6  19.5k2.9 92k12 75513 78k12  
85 1 1.3 k 0 . 2  6 . 0 k 1 . 0  5 . 0 k 0 . 6  11.5k2.5 18.0k2.7 84+11 74k12 75+11 

*Ind = independent; Cum = cumulative. 

TABLE 4 
Formation cross sections from 238U fission 

o (mb)* 
No. of 

Ep measure- g o y m  g o y m + g  g l y m  stym+g 93Y 91Sr 92Sr 
(MeV) ments (Indl (Indl ( I n 4  ( I n 4  (Ind) (Cum) (Cum) (Cum) 

*Ind = independent; Cum = cumulative. 

the end of bombardment by the use of standard equations 
(3). To determine the cross-sections of the parent and 
daughter nuclides in the 91Sr-91Ym, 91Sr-91Ym+g, and 
92Sr-92Y pairs, the growth-decay equations, as given by 
Friedlander el al. (3) were used, along with the dis- 
integration rates of the appropriate yttrium isotope, 
measured at the two separation times. The monitor cross- 
sections for the 65C~(p ,pn)64C~ reaction were those of 
Meghir (17), and these values are given in Table 2 for 
ready reference. 

Results and Discussion 

The measured cross-sections for the various 
nuclides are shown in Tables 3 and 4 for formation 
from 235U and 238U, respectively. Because 93Sr, 
the parent of 93Y, is short-lived (t+ = 8.3 min), 
only cumulative cross sections of 93Y were deter- 
mined. In the case of "Y, two parent-daughter 
pairs were studied, i.e. 91Sr-91Ym and 91Sr- 
91yrn+~ , and the appropriate branching-ratio 

correction made (16). The res~l ts  agreed very 
well and the cumulative cross sections for 91Sr 
are the averages of the two results. 

(a) Excitation Functions 
Excitation functions of the various nuclides 

investigated are shown in Figs. 1-1 1 inclusive. 
Data obtained by other workers at higher energies 
are included in the figures. Comparison is made 
very difficult because in some cases no monitor 
cross sections have been quoted. In the other 
cases, different monitors were used at the higher 
energies. Results obtained by other workers at 
energies greater than 500 MeV are not included 
since other mechanisms (e.g. fragmentation) may 
be taking part in the process. 

The uncertainties quoted include both the 
random errors associated with the decay-curve 
analysis, chemical yields, dilution factors, etc., as 
well as systematic errors associated with detector 
efficiencies, spread in proton beam energy, etc. 
Errors due to uncertainties in the monitor cross 
sections and decay-scheme data have not been 
included. In the case of duplicate measurements 
the errors quoted are the mean deviations. These 
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KHAN ET AL.: FISSION 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 1. Excitation functions for the independent 
formation of and from 235U. 

were less than the total uncertainty quoted, which 
varied between k 13 and k 24 %. 
(b )  Nuclear Charge Dispersion 

The cross-section data for the yttrium and 
strontium nuclides obtained from both fissioning 
targets were used to construct charge dispersion 
curves at each bombarding energy studied. The 
curves were obtained by plotting the independent 
formation cross-section as a function of the 
neutron-to-proton ratio (NIZ), following the pro- 
cedure described by Friedlander et al. (3). In the 
presentation of data in this manner it is assumed 
that the mass distribution curve is essentially flat 
in the narrow mass region 90 < A < 93. In the 
more neutron-excess regions where independent 
cross-section data were not available, cumulative 
cross sections of "Sr, 92Sr, and 9 3 ~  were used to 
draw the dotted portion of the curve in such a way 
that the independent formation cross sections 
read from the curve summed to the measured 
cumulative cross sections. If one assumes that no 

235U AND 238U 1927 

I I I I I I I I I I I  

20 
2 0 4 0 6 0 80 100 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 2. Excitation functions for the independent 
formation of g l Y m + g  and the cumulative formation of 
91Sr from 23sU. 

gross discontinuities occur in the charge dis- 
persion curves, the above constraint uniquely 
defines the right-hand portion of the curves. 
Samples of these curves at 50-MeV bombarding 
energy are shown in Fig. 12. 

Sugarman et al. (21) have shown from their 
results of the 450-MeV proton-induced fission of 
238U that the N/Zp (where Z p  = the most prob- 
able charge) values vary with the mass number of 
the fission products. Recently Hogan and Sugar- 
man (22) observed that, again for fission of 238U 
with 450-MeV protons, the N/Zp values initially 
increase with A = 70-90, remain almost constant 
in the region A = 100-125, and then increase for 
A = 130-145. It is very difficult to extrapolate 
from this high-energy region to the moderate 
energies under consideration in this paper and 
expect the same results to hold true. In addition, 
the mass range being considered here is small 
enough so that the above objections do not 
influence the conclusions drawn here. 

The values of Z,  at various bombarding 
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2 0  4 0  6 0  8 0  1 0 0  

P R O T O N  E N E R G Y  ( M ~ V )  

FIG. 3. Excitation functions for the independent 
formation of 92Y and cumulative formation of 92Sr from 
235u. 

energies were obtained from the values of N/Z 
at the peak of the charge dispersion curves. The 
values of N/Z at half-maximum were converted 
to Z values to obtain the full-width at half- 
maximum (FWHM) of the various curves. These 
values, as well as that for Z, - Z,, where 2, is 
the most stable charge for mass A,  are given in 
Tables 5 and 6 ,  and their variation with proton 
bombarding energy is shown in Fig. 13. The 
values of Z, are those of Coryell(23). 

I t  can be seen that, as the proton bombarding 
energy increases, the full-width at half-maximum 
remains virtually constant at a value of 2.92 units 
for both 235U and 238U, up to about 45 MeV. 
Above this value, the FWHM values increase by 
about 0.1 Z unit for every 10 MeV increase in 
bombarding energy. 

The behavior of charge dispersion curves in 
this energy bombardment range has been studied 

I I I I I I I , ,  

9 3 ~  ( I N D E P E N D E N T )  235 
U 

(INTERPOLATED FRO'! 

CHARGE DISPERSION CURVES1 

2 0 ~ 1 1 1 ' 1 1 1 1 1 ~  
I 

2  0 4 0  6  0 80 1 0 0  

P R O T O N  E N E R G Y  ( M e V )  

FIG. 4. Excitation functions for the independent 
formation of 93Y from 235U (interpolated from the 
charge dispersion curves) and the cumulative formation 
of 93Y from 2"U (directly determined). 

P R O T O N  E N E R G Y  ( M e V )  

FIG. 5. Excitation function for the independent for- 
mation of 90Ym+g from 238U. 0, this work; A, Hagebn 
et al. (10); x , Stevenson et al. (18). 
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91 m.g (INDEPENDENT) 238 ,, 
10 

E 

"l 40 - 

u 

20 - 

PROTON E N E R G Y ( M e V )  PROTON ENERGY(MeV) 

FIG. 6.  Excitation function for the independent for- FIG. 8. Excitation function for the cumulative forma- 
mation of g'y"+"from Z3su. 0, this work; A, H a g e b ~  tion of 93Y from Z38U. 0, this work; x , Stevenson et al. 
et al. (10). (18); A, Hagebv et  al. (10); e, Vinogradov el al. (19). 

"Y (INDEPENDENT) 2 3 8 ~  I 

PROTON ENERGY (MeV) 

- 15 
D 

E - 
Z ; I O -  
0 
W 
V) 

I I I I I I I I I  

9 3 y  (INDEPENDENT) 2 3 E u  

- 

INTERPOLATED FROM THE CHARGE 

DISPERSION CURVES 

FIG. 7. Excitation function for the independent for- 
mation of 92Y from 238U. 

P R O T O N  E N E R G Y  ( M e V )  

in the mass region of A = 130-138 by Davies and 
Yaffe (4) for 238U fission, by Benjamin et al. (7) 
for 232Th fission, Tomita and Yaffe (8) for 2 3 3 ~  

fission, and Saha and Yaffe (9) for 2 3 9 P ~  fission, 
in the region A = 139-143 for 238U fission by 
Parikh et al. (5 ) ,  and in the region A = 130-135 
by Pate et al. (1). In all of these studies dealing 
with heavy-mass fission products, the full-width 
at half-maximum values and their energy depen- 
dence were almost identical for all the systems. 

, The values remained constant at about 2-2.2 
charge units up to a bombardment energy of 40 
MeV and then increased with increasing energy 

FIG. 9. Excitation function for the independent for- 
mation of 93Y from Z38U. (Interpolated from charge 
dispersion curves). 

up to a value of about 3.2 charge units a t  85 MeV. 
The same trend is shown by the light-mass 
products observed here, though the widths ob- 
served are somewhat larger at the lower energies. 
Conversely, Hagebla et al. (10) reported a smaller 
value of the FWHM for light-mass products as 
compared with heavy-mass products in the fission 
of 238U by protons of 170-MeV energy. This may 
well be a function of the post-fission behavior of 
the products (e.g. neutron emission). 
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80 91 Sr ( A V E R A G E  C U M U L A T I V E )  238 

P R O T O N  E N E R G Y l M e V )  

FIG. 10. Excitation function for the cumulative for- 
mation of 91Sr from 238U. 0, this work; A, Hageber et al. 
(10); 0, Folger, Stevenson, and Seaborg (20); e, 
Vinogradov et al. (19). 

P R O T O N  ENERGY ( M e V 1  FIG. 12. Charge dispersion at 50 MeV for 235U and 
FIG. l l .  Excitation function for the cumulative for- 238U. The right-hand (dashed) portion has been drawn 

so that the sums of the isobaric yields read off the curve mation of "Sr from 238U. 0, this work; 17, Folger, approximate the measuredcumulative yields. Stevenson, and Seaborg (20). 

Again, as reported by other workers (1,4,5,7- 
9), the most probable charge, Z,, moves slowly 
towards stability with increasing bombardment 
energy. In all the above studies, the ZA - Z ,  
values varied with energy from about 2.7 Z units 
at 20 MeV to about 1.6 charge units at 85 MeV. 
The present studies show a variation from 3.4 to 
3.0 Z units for the same energy region. This 
difference in the behavior of light- and heavy-mass 
fission products is not yet understood, but the 
above data show clearly that, even at these 
moderate energies, the equal charge displace- 
ment hypothesis (24) does not hold. This is 
contrary to the conclusions drawn by Pate (25) 
for reactions occurring in the same energy region. 

Surprisingly, the values of Z,  - Z,  for fission 
of 235U and 238U are virtually identical at the 
same bombardment energy and the two curves 

are indistinguishable. It has been shown by the 
work on the heavy-mass fission products of 233U 
(8), 2 3 9 P ~  (9), 232Th (7), 238U (4), and 235U (26) 
that the value of ZA - Z ,  at any given bombard- 
ment energy is a function of the neutron-to- 
proton ratio of the fissioning target element. 
Indeed this has been used (9,26) to predict 
successfully the ZA - Z ,  values of hitherto un- 
studied systems. This is obviously not the case 
with the light-mass products. 

The general features of the charge dispersion 
curves can be explained in terms of the variation 
of the distribution of fissioning nuclei. As the 
bombarding energy is increased, the competition 
between neutron evaporation and fission is en- 
hanced, thus leading to the formation of many 
possible fissioning nuclei. Accordingly, the pos- 
sibility for the formation of different fission 
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TABLE 5 
Parameters of charge dispersion curves for 235U 

Full-width 
at half- 

Proton maximum Peak position 
energy 
(MeV) NIZ Z N/z 2, Z, - z,* 

' Z A  = 42.2 for A = 96 (23). 

TABLE 6 
Parameters of charge dispersion curves for 238U 

Full-width 
at half- 

Proton max~mum Peak position 
energy 
(MeV) NIZ z N/Z 2, 2, - z,* 

' Z A  = 42.20 for A = 96 (23). 

products will increase. This would then be seen as 
a widening of the charge dispersion curves, as 
observed in the present and previous studies. 

The shift of the most probable charge towards 
stability as the bombarding energy is increased is 
a direct consequence of the lowering of the NIZ 
value of the fissioning element because of neutron 
evaporation giving rise to fission products with 
lower NIZ values, increasing Z, and causing it to 
shift towards stability. Alternatively, evaporation 
of neutrons from the fission fragments will yield 
the same result. 

From the charge dispersion curves, isobaric 
yields for mass A = 93 were obtained at various 
bombarding energies for 235U and 238U fission. 
These are shown in Table 7 and Fig. 14. The yields 
for the two systems are identical at 20 MeV, but 
the yields for 235U reach a plateau at a higher 
level than those for 2 3 8 U .  This is a reflection 
of the behavior of both the charge dispersion 
curves and of the gross mass-yield curves. The 

40 ;O Qo 7b 8'0 40 IAO 
PROTON ENERGY (MeV1 

FIG. 13. (a) Full-width at half-maximum of charge 
dispersion curves vs. proton energy. (b) Displacement of 
2, towards beta stability, ZA. 

TABLE 7 
Total isobaric cross section for 

A = 93 as a function of bombarding 
energy for fission of 235U and 238U 

-1 ! d 
2 0  40 60 8 0  

PROTON ENERGY(MeV) 

FIG. 14. Total isobaric yields of mass number A = 93 
calculated from charge dispersion curves for fission of 
235U and 238U. 
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TABLE 8 
Calculation of the most probable charge "Z," for A = 96 from the fission of 238U 
-- 

Bombarding Fissioning Calculated Calculated Experi- 
energy nuclei Primary average average mental 
(MeV) (Np-isotopes) fragments Zp (e.c.d:) Z, (u.c.d.) - Z P  

20 239 98 
238 98,97 38.72 38.28 38.86 
237 97 

latter can only be synthesized from studies which 
take charge dispersion into account. 

(c)  Calculation of the Most Probable 
Charge, Z, 

Values of Z, have been calculated by different 
postulates and compared with experimental 
values. The method follows that of Saha and 
Yaffe (9) and is briefly outlined here. The cal- 
culation has been made in the fission of 2 3 8 ~  for 
A = 96 at bombarding energies of 20, 30, and 50 
MeV, where compound nucleus formation would 
be the main initial reaction mechanism. The 
features of the calculation are as follows. 

(I) The excitation energy of the compound 
nucleus 2:?Np was calculated, followed by a 
fission - neutron evaporation competition. 

(2) The residual excitation energy after neutron 
evaporation, U", was calculated as 

where U' is the excitation energy of the preceding 
nucleus. B, is the neutron binding energy, and 2T 
is the kinetic energy of the neutron. T is the 
nuclear temperature, given by U" = aT2 - 4T, 
where a is the level-density parameter, taken to be 
10.5 MeV-' (27). The odd-even parameter, 6, 
was taken to be 1.1 MeV. Neutron binding 
energies and fission barriers were obtained by use 
of the Myers and Swiatecki tables (28). 

(3) The fission branching ratio, G = T,/(T, + 
r,), was then calculated for each fissioning 
nucleus, using the equations of Huizenga and 
Vandenbosch (27). 

(4) A number of fragment pairs were selected 
with those of the light-mass region corresponding 

to A = 96-100 for each fissioning nucleus. The 
total energy release was calculated from the mass- 
excess values (28) of the fragments and the 
fissioning nuclei. 

(5) The average kinetic energy of the frag- 
ments, as given by Milton and Fraser (29) was 
subtracted and the remaining excitation energy 
assumed to be distributed between the fragments 
in proportion to their masses. 

(6) Neutron evaporation from the fragments 
was considered in the same way as described 
above for the parent nuclei and only those nuclei 
which, after neutron evaporation, contributed to 
A = 96 were sorted. 

(7) Z, was calculated for each product accord- 
ing to the equal charge displacement and un- 
changed charge displacement hypotheses. These 
values were then weighted by the fission branching 
ratio, G.  

The parentage of different primary fragments, 
the calculated Z, values, and the experimental 
values are given in Table 8. The calculated values 
for Z, differ by only about one-half a charge unit 
and are both very close to the experimental values, 
although the values predicted by the e.c.d. hy- 
pothesis are closer. This is, of course, contra- 
dicted by the experimental fact that (ZA - Z,), # 
(ZA - Z,!,, where 1 and h refer to the light and 
heavy fission fragments, respectively. 

This research received financial support from the 
National Research Council of Canada. 
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NOTES 

Effect of thorium on the reactions of iron(I1) and iron(II1) at a 
platinum electrode 

J. H. BRECKENRIDGE' AND W. E. HARRIS 
Department of Chemistry, Uniuersity of Alberta, Edmonton, Alberta 

Received2 January 14, 1969 

The effect of thorium perchlorate on the iron(II1)-iron(I1) couple was studied by the use of current- 
voltage data and chronopotentiometry. It is suggested that the primary effect of thorium on the ferric- 
ferrous couple is exclusion of iron from the double layer and the blocking of active sites on the electrode 
surface with a resultant decrease in the exchange current for the iron couple. 

Canadian Journal of Chemistry, 48,1934 (1970) 

During studies of an amperometric titration Results 
utilizing thorium as titrant and iron(II1) as an An irreversible chronopotentiogram can be 
amperometric indicator, the thorium titrant analyzed to obtain a rate constant for both the 
was found to interfere with the reduction of electrode reaction and the transfer coefficient. 
iron(II1) at a platinum electrode. A subsequent The following equation has been applied (3) 
investigation of this effect is reported here. 

nFCk 
[I] ln [I - (;)*I = E - ln - 

Experimental ZA 

Distilled water was treated with organic-removal and 
ion-exchange cartridges and then redistilled. Reagent- 
grade thorium nitrate was purified by repeatedly precip- 
itating thorium oxalate and redissolving it in hot 
perchloric acid. Ferric perchlorate solutions were pre- 
pared by heating ferric chloride to fuming with perchloric 
acid until nearly dry. Ferrous perchlorate was prepared 
according to the method of Lindstrand (1). The platinum 
electrode consisted of a platinum wire with a nominal 
surface area of 0.15 cm2, sealed in soft glass. For chrono- 
potentiometric and current-voltage measurements the 
counter electrode was a platinum gauze cylinder sur- 
rounding the working electrode. Constant current was 
provided by appropriate calibrated resistors placed in 
series with two 45-V batteries. 

During current-voltage measurements the electrode 
was rotated to avoid polarization; equivalent anodic and 
cathodic currents were used alternately. Each measure- 
ment was carried out for about 15 s, and the potential 
displacement resulting from the passage of current was 
recorded by a Metrohm Polarecord. Usually eleven 
currents ranging from 5 to 75 HA were used for a set of 
measurements. The maximum currents were not more 
than 15% of the diffusion current. The electrode used 
corresponds to the aged-reduced electrode described by 
Anson (2). 

where t is elapsed time in s, -c is transition time 
in s, a is the transfer coefficient, n is the Faradays 
per mole of electrode reaction, F is the Faraday 
(96 493 C), R is the gas constant, T is absolute 
temperature, E is electrode potential, C is con- 
centration in moles per cm3, k is the rate con- 
stant for the electrode reaction at the potential 
of the reference electrode in s-' cm-', and iA is 
current density in A per cm2. A plot of 
In [l - (t/-c)*] against E should yield a straight 
l i n e  w i t h  s l o p e  a n F / R T  a n d  i n t e r c e p t  
-In (nFCk/iJ. Although the transition time is 
well defined in theory, the choice of method of 
experimental measurement becomes arbitrary 
when the chronopotentiogram is so irreversible 
that the transition time is not well defined 
experimentally. The method of measuring tran- 
sition times ascribed to Kuwana (see ref. 4) was 
chosen because it gives linear plots of log [l - 
(t/z)*] against electrode potential. In the system 
reported here, even though the shapes and 
transition times of the chronopotentiograms 
varied widely, the plots obtained of these rela- 
tions were always linear. 

'Present address: Selkirk College, Box 1200, Castlegar, 
British Columbia. As the thorium concentration of an iron(II1) 

2Revision received February 4, 1970. solution was increased, chronopotentiograms 
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NOTES 1935 

TIME, s 

FIG. 1. Chronopotentiograms for the reduction of 
ferric perchlorate at a platinum electrode with various 
concentrations of thorium perchlorate and with 3.28 x 

M Fe(C104)3 and 0.1 M HC104. Nominal current 
density 300 mA/cmZ. A ,  0; B, 1.64 x C, 3.27 x 

D, 6.54 x E, 1.64 x F, 3.27 x 
G, 9.80 x lo-' M thorium perchlorate. 

for the reduction of iron(II1) underwent several 
changes. Figure 1 indicates that the overvoltage 
increased steadily with increasing thorium con- 
centration, the shape of the chronopotentiogram 
changed when thorium was added, and  the 
transition time decreased as the thorium con- 
centration was increased. Theoretically the 
transition time for a chronopotentiogram does 
not depend on the reversibility of the electrode 
reaction. Delahay suggested (5) that the adsorp- 
tion of an inactive species could reduce the 
transition time by reducing the amount of 
electrode surface available for the reaction. 

Figure 2 shows plots of I - (t/s)* against 
potential for the chronopotentiograms in Fig. 1. 
The nearly parallel straight lines in the presence 
of thorium indicate that the transfer coefficient 
for the reduction of iron(II1) was constant with 
changing thorium concentration and that the 
exchange current decreased with increasing 
thorium concentration. Since the equation 

0.011 ' 1 '  I I ' 1 I 1 1  
+0.3 + 0.4 +0.5 

ELECTRODE POTENTIAL, V vs. 5.c.e. 

FIG. 2. The relation between 1 - (t/r)+ and the 
electrode potential for the chronopotentiograms in 
Fig. 1. 

where q is the overvoltage, i is the current in A, 
and io is the exchange current, applies to an 
electrode reaction (6), a plot of In [i/(l - e-"Iq)] 
against overvoltage should result in a straight 
line with slope equal to -anf and intercept In io. 
Equation 2 was applied to data on overvoltages 
obtained by forcing small currents through the 
electrode and measuring the change in potential 
caused by the current. In general, the best 
straight-line plots of In [i/(l - e-"Iq)] against q 
resulted when the electrode was aged and the 
overvoltages were large (0.04 V). These current- 
voltage measurements indicate that the transfer 
coefficient does not depend on thorium concen- 
tration and that the exchange current is markedly 
decreased by thorium. For example, in 0.1 M 
perchloric acid, the 0.01 M iron(II1)-iron(I1) 
exchange current in the absence of thorium was 
1 mA ~ m - ~ ;  a thorium concentration of 
3.0 x M reduced it by 50 %. The exchange 
current for the iron(II1)-iron(I1) couple is a 
linear function of the logarithm of the thorium 
concentration. The iron(II1)-iron(I1) couple be- 
came more sensitive to the thorium effect at 
higher p H  values. 

We suggest that thorium, possibly because of 
its high charge, is strongly attracted into the 
double layer at the electrode surface. The thorium 
then replaces other cations in the double layer 
and blocks active sites on the electrode surface, 
and hence the iron(II1)-iron(I1) exchange current 
is reduced. Such an effect should exist with 

[2] In [i/(l - em"")] = In io - olnfq other couples as well. Another investigator re- 
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ported (7) that thorium makes the reaction 
Cu2+ + 2e -> Cu(s) more irreversible at a 
platinum electrode. 

In conclusion, the evidence from both chrono- 
potentiometry and current-voltage measure- 
ments is that thorium decreases the exchange 
current for the iron(II1)-iron(I1) couple. We 
suggest that this effect may be caused by the 
exclusion of iron from the double layer and a 
blocking of active sites on the electrode surface. 
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Standard heats of formation of two tribromoborazines 

B. C. SMITH, LAMBODAR THAKUR,' AND (MRS.) MARGUERITE A. WASSEF' 
Birkbeck College (Uniuersity of London), Malet Street, London, W.C.1, Et~gland, and 

Department of Chemistry, University of Western Ontario, London 72, Ontario 

Received December 16, 1969 

The heats of hydrolysis of BIBr,N3Me3 and B3Br,N3H, are -84.4 & 0.5 and - 120.9 + 0.5 kcal 
mole-', and their standard heats of formation are -246.5 and -215.9 kcal mole-', respectively. The 
estimated boron-nitrogen bond energy terms are 113.2 and 105.5 kcal mole-', respectively. 

Canadian Journal of Chemistry, 48, 1936 (1970) 

Introduction 

Borazines, B3X3N3R3 (I), are isoelectronic 
with derivatives of benzene. sp2-Hybridized , 
boron and nitrogen form a o-bonded framework 
with superimposed dative n bonding from filled 
p, orbitals on nitrogen to vacant p, orbitals on 
boron. The strengths of the resulting boron- 
nitrogen bonds depend on the nature of the 
exocyclic substituents (1). 

R 
1 

The heats of hydrolysis of two tribromo- 
borazines, B3Br3N3R3 (R = Me, H), have been 
measured in order to determine their standard 
heats of formation. Boron-nitrogen bond energy 
terms, estimated from heats of atomization using 

standard terms for exocyclic bonds on the as- 
sumption that thermochemical differences are 
concentrated in the borazine rings, are compared 
with dat.a for other borazines (2) and hexagonal 
boron nitride. 

Results 

The crystalline tribromoborazoles are hydro- 
lyzed rapidly by water at  25 "C. 

B3Br3N3R3(c) + 9H20(aq) = 3H3B03(aq) 
+ 3RNH3Br(aq) (R = Me, H) 

Heat changes, q, and heats of hydrolysis, AH,, 
are recorded in Table 1. 

The standard heats of formation, AH:, heats 
of atomization, AH,, and boron-nitrogen bond 
energy terms, E(B-N), for the tribromobora- 
zines, recorded in Table 2, are calculated from 
the following relationships 

AH: = -AH, - 9AH2 
+ 3AH, + 3AH4 

AHJborazine) =  AH^' 
+ CAH,(elements) - AH, 

'Present address: Postgraduate Department of Chem- 
istry, Bhagalpur University, Bhagalpur 7, India. 6E(B-N) = AH, - CE(exocyc1ic bonds) 

'Present address: A'in Shams Univcrsity, Cairo, 
U.A.R. AH, is the mean heat of hydrolysis from Table 
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ported (7) that thorium makes the reaction 
Cu2+ + 2e -> Cu(s) more irreversible at a 
platinum electrode. 

In conclusion, the evidence from both chrono- 
potentiometry and current-voltage measure- 
ments is that thorium decreases the exchange 
current for the iron(II1)-iron(I1) couple. We 
suggest that this effect may be caused by the 
exclusion of iron from the double layer and a 
blocking of active sites on the electrode surface. 
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Standard heats of formation of two tribromoborazines 
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The heats of hydrolysis of BIBr,N3Me3 and B3Br,N3H, are -84.4 & 0.5 and - 120.9 + 0.5 kcal 
mole-', and their standard heats of formation are -246.5 and -215.9 kcal mole-', respectively. The 
estimated boron-nitrogen bond energy terms are 113.2 and 105.5 kcal mole-', respectively. 

Canadian Journal of Chemistry, 48, 1936 (1970) 

Introduction 

Borazines, B3X3N3R3 (I), are isoelectronic 
with derivatives of benzene. sp2-Hybridized , 
boron and nitrogen form a o-bonded framework 
with superimposed dative n bonding from filled 
p, orbitals on nitrogen to vacant p, orbitals on 
boron. The strengths of the resulting boron- 
nitrogen bonds depend on the nature of the 
exocyclic substituents (1). 

R 
1 

The heats of hydrolysis of two tribromo- 
borazines, B3Br3N3R3 (R = Me, H), have been 
measured in order to determine their standard 
heats of formation. Boron-nitrogen bond energy 
terms, estimated from heats of atomization using 

standard terms for exocyclic bonds on the as- 
sumption that thermochemical differences are 
concentrated in the borazine rings, are compared 
with dat.a for other borazines (2) and hexagonal 
boron nitride. 

Results 

The crystalline tribromoborazoles are hydro- 
lyzed rapidly by water at  25 "C. 

B3Br3N3R3(c) + 9H20(aq) = 3H3B03(aq) 
+ 3RNH3Br(aq) (R = Me, H) 

Heat changes, q, and heats of hydrolysis, AH,, 
are recorded in Table 1. 

The standard heats of formation, AH:, heats 
of atomization, AH,, and boron-nitrogen bond 
energy terms, E(B-N), for the tribromobora- 
zines, recorded in Table 2, are calculated from 
the following relationships 

AH: = -AH, - 9AH2 
+ 3AH, + 3AH4 

AHJborazine) =  AH^' 
+ CAH,(elements) - AH, 

'Present address: Postgraduate Department of Chem- 
istry, Bhagalpur University, Bhagalpur 7, India. 6E(B-N) = AH, - CE(exocyc1ic bonds) 

'Present address: A'in Shams Univcrsity, Cairo, 
U.A.R. AH, is the mean heat of hydrolysis from Table 
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TABLE 1 

Heats of hydrolysis of tribromoborazines in water 
(100 ml) at 25 "C 

Concentration q AH1 
Compound (mmole) (cal) (kcal mole-') 

TABLE 2 

Thermochemical data for tribromoborazines 

Value, kcal mole-' 

Parameter B3Br3N3Me3 B3Br3N3H3 

AH1 -84.4k0.5 -120.9k0.5 
AH, -68.32 -68.32 

AH: -58.75 -60.74 
AHrO -246.5 -215.9 
AH5 17.7 20.6 
ZAH, (elements) 1807.5 982.2 
AH. iborazine) ' 2036.3 1177.5 
ZE "(&ocyclic bonds) 1357.2 
E (B-N) 113.2 

1. AH,, AH,, and AH,, respectively, are the 
standard heats of formation of water (3), and 
boric acid (2) and methylammonium bromide or 
ammonium bromide (3), in dilute aqueous solu- 
tion. The heats of mixing of the hydrolysis 
products were shown to be negligible. AH, is the 
heat of sublimation, measured for B3Br3N3H3 
(4) and estimated for B3Br3N3Me3. Heats of 
atomization of the elements and bond energy 
terms are from Cottrell ( 3 ,  except for the heat 
of atomization of boron, 135.7 kcal mole-' (2), 
and E(B-Br), 88.2 kcal mole-', which is re- 
calculated from the heat of hydrolysis of liquid 
boron tribromide, - 81.0 f 0.4 kcal mole-' (6). 

Discussion 

The boron-nitrogen bond energy term is 
greater in B3Br3N3Me3 than in B3Br3N3H3. 
Methyl exerts a stronger positive inductive 
effect than hydrogen, so the supply of electrons 
to the ring is greater in N-Me than N-H 
derivatives. Table 3 shows that the boron- 
nitrogen bond energy terms decrease along the 

TABLE 3 
Electronegativities, e, and bond energy terms, E, for 

B3X3N3R3 compounds 
-- 

B3X3N3R3 E(B-N), 
compound ex eR kcal mole-' 

series X = H > Br > C1 for both sets of bora- 
zines (R = Me, H) (2). The electron density of 
the ring is reduced-by negative inductive effects 
in trihalogenoborazines, and dative n: bonding 
from nitrogen to boron is opposed by positive 
mesomeric effects of the halogens. 

The influence of the exocyclic substituents is 
illustrated by a plot of boron-nitrogen bond 
energy terms against a suitable function of the 
electronegativities of the substituents, e.g., e,/4 
+ e,, as in Fig. 1. The bond energy terms appear 
more sensitive to changes in the N substituents 
than the B substituents, just as ionization 
energies of borazines are more sensitive to 
N-methyl than B-methyl substitution (7). The 
boron-nitrogen bonds are expected to be 
stronger and shorter in B3Me3N3Me3. 

Hexagonal boron nitride is also derived from 
sp2-hybridized boron and nitrogen. The struc- 
ture (8) differs from that of graphite, and 
differences in color, electrical conductivity, dia- 

FIG. 1. Effect of electronegativities of substituents on 
boron-nitrogen bond energy terms. Boron-nitrogen bond 
energy terms vs. ex/4 + eR. 
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magnetic anisotropy, and coefficients of thermal calibrated electrically. Uncertainties reported for heats 

expansion indicate that the bond is less of hydrolysis pertain to precision, and not to estimates 

than 1.33 in boron nitride. The standard heat of of accuracy. 

formation of boron nitride is - 59.51 We thank Bhaga]pur University for leave of absence to 
- + 0.72 kcal mole-' (91, which leads to 308.1 L.T. and Imperial Chemical Industries Limited for a 
kcal mole-' for the heat of atomization. Hence grant to construct the calorimeter. 
the boron-nitrogen bond energy term is approxi- 
mately 100 kcal mole-', allowing for a contribu- 
tion of 8 kcal mole-' from interlayer attractions. 
This appears consistent with a bond order of 
1.0 for hexagonal boron nitride, although the 
value 1.22 has also been suggested (10). 

Experimental 
BB'B" - Tribromo - NN'N" - trimethylborazine, m.p. 

145 "C [lit. (ll),  143-146"], prepared from boron tri- 
bromide and methylammonium bromide in bromo- 
benzene, and BB'BW-tribromoborazine, m.p. 128 "C [lit. 
(4), 128.5-129"], a gift from Dr. P. G. Thompson, were 
purified by sublimation at 100°/10-2 mm. Weighed 
samples were sealed in fragile glass ampoules in an 
atmosphere of nitrogen and placed in the closed-system 
calorimeter (2, 12) at 25". The tribromoborazines reacted 
completely with water (100 ml) within 4 min when the 
ampoule was broken. Temperature changes were mea- 
sured with a 10 kR thermistor, and the calorimeter was 
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Electron spin resonance spectra of 15N labelled amino radicals1 

D. R. SMITH AND W. A. SEDDON 
Physical Chemistry Branch, Atomic Energy of Canada Limited, Chalk River Nuclear Laboratories, 

Chalk River, Ontario 
Received January 16, 1970 

Electron spin resonance (e.s.r.) spectra of radiolytically formed 15NH2 and 15ND2 radicals are pre- 
sented along with their hyperfine splitting constants and spectroscopic g factors. A comparison with 
previously observed spectra of 14NH, and 14ND2 is briefly discussed and their hyperfine parameters 
revised as a result of our 15N data. Miscellaneous observations on the effect of additives (water, methyl- 
iodide, tetranitromethane) are discussed. 
Canadian Journal of Chemistry, 48,1938 (1970) 

Introduction 

We have shown previously (1-4) that free 
radicals and electrons are produced and may 
subsequently be trapped at 77 OK after the 
irradiation of water and alcohols in the vapor 
phase by 1 MeV Hef ions. Since this "crossed- 
beam" technique can be used with samples as 
small as 0.05 g, studies of isotopically enriched 
molecules become more economical. This note 

lAECL No. 3587. 

summarizes the data obtained from 15N enriched 
NH, and ND, and leads to an improved analysis 
of the spectra due to 14NH2 and 14ND2. More 
accurate hyperfine splitting constants than those 
presently in the literature were required for 
amino radicals trapped in ammonia for com- 
parison with related unpublished data in adsorbed 
systems obtained by D. R. Smith and P. 
Wardman. 

Since, in contrast to water (I), trapped elec- 
trons are not formed from pure ammonia, elec- 
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magnetic anisotropy, and coefficients of thermal calibrated electrically. Uncertainties reported for heats 

expansion indicate that the bond is less of hydrolysis pertain to precision, and not to estimates 

than 1.33 in boron nitride. The standard heat of of accuracy. 

formation of boron nitride is - 59.51 We thank Bhaga]pur University for leave of absence to 
- + 0.72 kcal mole-' (91, which leads to 308.1 L.T. and Imperial Chemical Industries Limited for a 
kcal mole-' for the heat of atomization. Hence grant to construct the calorimeter. 
the boron-nitrogen bond energy term is approxi- 
mately 100 kcal mole-', allowing for a contribu- 
tion of 8 kcal mole-' from interlayer attractions. 
This appears consistent with a bond order of 
1.0 for hexagonal boron nitride, although the 
value 1.22 has also been suggested (10). 

Experimental 
BB'B" - Tribromo - N N ' N  - trimethylborazine, m.p. 

145 "C [lit. (ll),  143-146"], prepared from boron tri- 
bromide and methylammonium bromide in bromo- 
benzene, and BB'BW-tribromoborazine, m.p. 128 "C [lit. 
(4), 128.5-129"], a gift from Dr. P. G. Thompson, were 
purified by sublimation at 100°/10-2 mm. Weighed 
samples were sealed in fragile glass ampoules in an 
atmosphere of nitrogen and placed in the closed-system 
calorimeter (2, 12) at 25". The tribromoborazines reacted 
completely with water (100 ml) within 4 min when the 
ampoule was broken. Temperature changes were mea- 
sured with a 10 kR thermistor, and the calorimeter was 
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Electron spin resonance (e.s.r.) spectra of radiolytically formed 15NH2 and 15ND2 radicals are pre- 
sented along with their hyperfine splitting constants and spectroscopic g factors. A comparison with 
previously observed spectra of 14NH, and 14ND2 is briefly discussed and their hyperfine parameters 
revised as a result of our 15N data. Miscellaneous observations on the effect of additives (water, methyl- 
iodide, tetranitromethane) are discussed. 
Canadian Journal of Chemistry, 48,1938 (1970) 

Introduction 

We have shown previously (1-4) that free 
radicals and electrons are produced and may 
subsequently be trapped at 77 OK after the 
irradiation of water and alcohols in the vapor 
phase by 1 MeV Hef ions. Since this "crossed- 
beam" technique can be used with samples as 
small as 0.05 g, studies of isotopically enriched 
molecules become more economical. This note 

lAECL No. 3587. 

summarizes the data obtained from 15N enriched 
NH, and ND, and leads to an improved analysis 
of the spectra due to 14NH2 and 14ND2. More 
accurate hyperfine splitting constants than those 
presently in the literature were required for 
amino radicals trapped in ammonia for com- 
parison with related unpublished data in adsorbed 
systems obtained by D. R. Smith and P. 
Wardman. 

Since, in contrast to water (I), trapped elec- 
trons are not formed from pure ammonia, elec- 
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tron scavengers were added in an effort to detect 
the transient presence of electrons. 

Experimental 
The experimental technique has been described in 

detail elsewhere (1, 2). Briefly, species which are formed 
in the gas phase as a result of 1 MeV He+ ion bombard- 
ment, become trapped in a solid deposit at 77 "K. These 
are studied by e.s.r. after isolating the deposit under 
vacuum. A11 spectra shown are first derivative, obtained 
using a Varian V-4502-04 spectrometer with fieldial 
sweep control. 

Isotopically labelled 15NH3 (95 atom % "N), and 
15ND3 (95.7% 15N) and 14ND, (98% D) were obtained 
from Merck, Sharpe and Dohme Ltd. The 14NH3 
(anhydrous) was obtained from the Matheson Co. Both 
NH, and ND, were dried over sodium before use. The 
15NH, and 15ND3 were used as received. All samples 
were degassed. 

Results and Discussion 
Pure Ammonia 

Figures 1A and 1B show the e.s.r. spectra 
obtained from I4NH3 at 77 and 118 OK, respec- 
tively, and Figs. 1 C and 1 D the corresponding 
spectra from 14ND3. Similar spectra have been 
obtained by other workers (5-7), but are repeated 
here to facilitate comparison with spectra from 
15NH3 and 15ND3 and because we have obtained 

I better resolution. 
Figures 2A and 2B show the e.s.r. spectra ( obtained from 15NH3 and 15ND3, respectively, 

I at 77 OK. 
The spectra presented in Figs. 1A-1D can be 

compared to those previously observed in 
ammonia matrices and assigned to 14NH2 and 
14ND2 radicals by Marx and Maruani ( 9 ,  Al- 
Naimy et al. (6), and Tupikov et al. (7). The 
resolution in our spectra, though inferior to that 
for 14NH2 and 14ND2 spectra observed by Foner 
et al. (83 in an argon matrix at 4.2 OK, is sorne- 
what better than that obtained in the earlier 
work (5-7). Marx and Maruani (5) attributed 
this lack of good resolution to a phase effect and 
restricted rotation of the radicals due to hydro- 
gen bond formation. Al-Naimy et  al. (6) also 
suggested that the N splitting of these radicals is 
"quenched" in aqueous solutions of ammonia 
at 77 OK as a result of strong hydrogen bonding 
with the neighboring water molecules. This latter 
postulate is only partially valid, since in the case 
of 14ND2 the underlying spectrum is composed 
of 3 groups due to 14N hyperfine interaction and 
the outer IN = + 1 lines, though broadened, have 
not completely vanished. Substitution of 15N for 

14N confirms this (see below). It is possible, 
however, that the polycrystalline nature of the 
matrix results in anisotropic hyperfine interac- 
tions which can broaden and complicate the 
spectra. In alkyl radicals Cochran, Adrian, and 
Bowers (9), have shown that when two a protons 
have their nuclear spins anti-parallel, the hyper- 
fine anisotropy cancels and results in sharper, 
more intense hyperfine lines, while parallel 
orientations of the a protons give broad weak 
lines. At 77 OK, the IN = + 1 lines for 14ND2 
(Fig. 1C) are very broad and of low intensity 
with no resolved D splittings. The I, = 0 line is 
much narrower, more intense, and D splittings 
are resolved. Also at 77 OK, the lines of the 14NH2 
spectrum (Fig. 1A) are very anisotropic, broad, 
and of low intensity for IN = + 1 with the result 
that the spectrum is dominated by a strong triplet 
of lines corresponding to IN = 0, XIH = 0, + 1 ; 
the triplet splitting arisingfrom the two equivalent 
amino protons. This effect is slightly more pro- 
nounced in our spectrum at 77 OK than in that 
of Marx and Maruani at 98 OK (5). 

Optimum resolution is obtained at about 
118 OK. As expected (8), the 14NH2 spectrum 
(Fig. 1B) consists of 3 triplets and the 1 4 ~ ~ 2  

spectrum contains 3 quintets, though the quintet 
splittings due to two equivalent amino deuterons 
are less clearly resolved. The stick spectrum for 
14NH2 in Fig. 1B is calculated using the measured 
isotropic values of AD and AlsN (see below) to 
determine A, and This model, which is 
much simpler than that of Marx and Maruani 
( 9 ,  predicts the line positions very closely, 
though it does not account for line intensity 
anomalies. We believe that the latter effect arises 
predominantly from variations in line width 
combined with variations in the degree of line 
overlap across the spectrum. 

The spectrum in Fig. 2A is assigned to the 
1 5 N ~ ,  radical. No improvement in resolution 
was obtained on warming. A fully resolved 
spectrum would consist of 6 lines due to hyper- 
fine interaction from 2 equivalent protons and 
one 15N atom (IlsN = f 4). The apparent 
quartet structure arises from the close similarity 
of AlsN to AH (see Table 1). This is depicted by 
the stick diagram in Fig. 2A. To calculate this AH 
was obtained from AD and the known ratio 
AH/AD, while AlSN was measured directly from 
the spectrum of 15ND2. Again the resolution is 
incomplete since one expects a spectrum com- 
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B 

FIG. 1 .  A and B show the e.s.r. spectra observed from 14NH3 at 77 and 118 OK, respectively; C and D show the 
corresponding spectra from 14ND3. The "stick" spectrum in B is lined up with the derivative maxima. 

posed of 2 quintets. The dominant feature is the 
15N doublet and there is underlying poorly 
resolved structure due in part to D splittings. 
The spectrum appears to be contaminated by 
some weak lines due presumably to the presence 
of some 15NH2 or 15NHD. Warming clearly 
resolves D splittings but the presence of weak 
lines from 15NHD or I5NH2 prevents a detailed 
analysis. 

Table 1 summarizes the hyperfine splitting 
constants AH, AD, A14N,  and AlsN along with g 
factors for the amino radical trapped in an 
ammonia matrix. AH and A14N are calculated 
from the measured values AD = 3.9 and AlsN = 
21.3 G using the known ratios AH/AD = 6.5 and 
AIsN/A14N = 1.4, respectively. As noted above 
for Fig. lB, these values of AH and A14N closely 
predict the line positions for 14NH2. Our I5N 
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NOTES 

FIG. 2. A and B show the e.s.r. spectra observed at 77 "K from 15NH3 and 15ND3, respectively. The "stick" spec- 
trum in A is lined up with the derivative maxima. 

TABLE 1 
Hyperfine splitting constants (G) and g factors 

Value 

Param- Refer- Refer- Refer- Refer- 
Radical eter* This work Reference 8 ence 5 ence 7 ence 6 ence 10 

*AH and A I ~ N  are calculated from the measured values of A D  and AISN,  respectively. 
?Depends on  matrix. 
$In single crystals of KMNHZS03. 

data qualitatively confirm previous identifications 
and analyses of spectra (5-7), for the amino 
radical trapped in an ammonia matrix, but 
cause a significant revision of hyperfine splitting 
constants. The difference in our values of AN 
compared to those in an argon matrix (ref. 8a, 
also for reinterpretation, see ref. 8b), or in a 
crystalline KNH,SO, matrix (lo), is a common 
phenomenon arising from the different radical 
environment. Symons (11) has discussed the 

observation of various values of AidN with changes 
in medium and suggests the effect is associated 
with differing bond angles for the amino radical. 

Effect of Additives 
The NH, system differs from water (l).in that 

trapped electrons were not detected directly. 
Evidence for the transient existence of electrons 
is ambiguous in the case of NH,. Difficulties 
encountered in scavenging experiments have 
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been discussed previously (3). It is clear, however, 
that the addition of < 0.01 v %  of electron 
scavengers such as tetranitromethane or CH,I 
does give the expected radical products NO, and 
CH,, respectively, but does not affect the yield 
of amino radicals. A notable result is that the 
addition of 5 v % D,O to ND, gave a uniformly 
pale blue deposit and an e.s.r. singlet at g = 2 
which was very susceptible to microwave satura- 
tion. This may be assigned to trapped electrons 
(1). The role of water in this respect may simply 
be to provide a suitable trapping site. 
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The electron spin resonance spectra are presented for the anions and cations of the polynuclear 
aromatic hydrocarbons anthanthrene, benz[gl~i]perylene, benz[e]pyrene, dibenzlfg,op]naphthacene, and 
dibenz[a,c]triphenylene. The cation of dibenz[fg,op]naphthacene is shown to form a dimer under 
certain conditions. 

The usefulness of a new oxidizing agent for the production of the cations, boron trichloride, has 
been investigated and was found to afford comparable spectra to boron trifluoride, using sulfur dioxide 
as solvent. 
Canadian Journal of Chemistry, 48,1942 (1970) 

Introduction 

Anions and cations have been prepared for the 
polynuclear hydrocarbons, 1 to 5. The anions 
were prepared by standard techniques, using 
sodium reduction in tetrahydrofuran.' Several 
different methods were used for the cations as no 
single approach proved completely satisfactory 
for all compounds. 

Splitting constants for the ions studied are 
listed in Table 1 and are believed to be correct to 
f 0.02 G. All analyses were checked by com- 
puter simulation of the experimental spectra and 
excellent agreement was obtained in each case. 

'For part XXWI in this series, see ref. 6. 
2Present address: Biophysics Department, Roswell 

Park Memorial Institute, Buffalo, New York, 14203. 

Experimental 
Samples of each hydrocarbon, except anthanthrene (I), 

were obtained from two sources: the Aldrich Chemical 
Company, U.S.A., and the Coal Tar Research Asso- 
ciation, Britain. Anthanthrene was obtained from the 
latter source only. All the anions were prepared by alkali 
metal reduction using standard high-vacuum techniques. 
Two approaches were used for oxidation to the cation: 
dissolution of the hydrocarbon in oxidizing acids, such as 
sulfuric or methane sulfonic acids, and treatment with a 
boron trihalide in sulfur dioxide. The use of BF3 is well 
established (1,2), but BCI3 was also employed in this 
study.j It was found to yield identical results to the tri- 
fluoride but, since it has a considerably higher boiling 
point (12.5" C), it has the advantage of easier handling. 

'The authors are indebted to Dr. A. Finch of Royal 
Holloway College, University of London, England, for 
suggesting the use of BC13. 
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been discussed previously (3). It is clear, however, 
that the addition of < 0.01 v %  of electron 
scavengers such as tetranitromethane or CH,I 
does give the expected radical products NO, and 
CH,, respectively, but does not affect the yield 
of amino radicals. A notable result is that the 
addition of 5 v % D,O to ND, gave a uniformly 
pale blue deposit and an e.s.r. singlet at g = 2 
which was very susceptible to microwave satura- 
tion. This may be assigned to trapped electrons 
(1). The role of water in this respect may simply 
be to provide a suitable trapping site. 
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aromatic hydrocarbons anthanthrene, benz[gl~i]perylene, benz[e]pyrene, dibenzlfg,op]naphthacene, and 
dibenz[a,c]triphenylene. The cation of dibenz[fg,op]naphthacene is shown to form a dimer under 
certain conditions. 

The usefulness of a new oxidizing agent for the production of the cations, boron trichloride, has 
been investigated and was found to afford comparable spectra to boron trifluoride, using sulfur dioxide 
as solvent. 
Canadian Journal of Chemistry, 48,1942 (1970) 

Introduction 

Anions and cations have been prepared for the 
polynuclear hydrocarbons, 1 to 5. The anions 
were prepared by standard techniques, using 
sodium reduction in tetrahydrofuran.' Several 
different methods were used for the cations as no 
single approach proved completely satisfactory 
for all compounds. 

Splitting constants for the ions studied are 
listed in Table 1 and are believed to be correct to 
f 0.02 G. All analyses were checked by com- 
puter simulation of the experimental spectra and 
excellent agreement was obtained in each case. 

'For part XXWI in this series, see ref. 6. 
2Present address: Biophysics Department, Roswell 

Park Memorial Institute, Buffalo, New York, 14203. 

Experimental 
Samples of each hydrocarbon, except anthanthrene (I), 

were obtained from two sources: the Aldrich Chemical 
Company, U.S.A., and the Coal Tar Research Asso- 
ciation, Britain. Anthanthrene was obtained from the 
latter source only. All the anions were prepared by alkali 
metal reduction using standard high-vacuum techniques. 
Two approaches were used for oxidation to the cation: 
dissolution of the hydrocarbon in oxidizing acids, such as 
sulfuric or methane sulfonic acids, and treatment with a 
boron trihalide in sulfur dioxide. The use of BF3 is well 
established (1,2), but BCI3 was also employed in this 
study.j It was found to yield identical results to the tri- 
fluoride but, since it has a considerably higher boiling 
point (12.5" C), it has the advantage of easier handling. 

'The authors are indebted to Dr. A. Finch of Royal 
Holloway College, University of London, England, for 
suggesting the use of BC13. 
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NOTES 1943 

TABLE 1 
Splitting constants of hydrocarbon ions 1 to 5 

Anion Cation 

Hydrocarbon Position pM* Splittingt Position pM* Splittingt 

Anthanthrene (1) 

'McLachlan unpaired spin density. 
?Experimental splitting in G. 
2Splitting constants for dimeric ion. 

Results and Discussion 

The results are summarized in Table 1, the 
hydrocarbons studied will be discussed indi- 

6 5 vidually. 
1 7 6 Anthanthrene ( I )  

2 Dissolution in concentrated sulfuric acid was 
of limited use with anthanthrene since a well- 
resolved cation spectrum could not be obtained. 
Improved resolution was achieved in the SO, - 

10 @: e.5 boron also by trihalide dissolving system the at hydrocarbon low temperatures in nitro- and 

benzene and adding a 5- to 10-fold excess of 
7 

4 methane sulfonic acid to give an overall con- 
3 centration of ca. lo-' M. This latter method is a 

modification of that of Malachesky et a / .  (3). 
Linewidths of ca. 0.08 G were achieved with both 
methods. 

As expected, the anion spectrum analyzes in 
terms of six groups of two equivalent protons. 
With the cation, accidental degeneracy occurs at 
the four positions of lowest spin density, with the 
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FIG. 1. The e.s.r. spectrum of the dibenz[fg,op]naphthacene anion. 

result that only five splitting constants are and well resolved, with a width of only 0.05 G, 
detected (see Table 1). and the analysis, in terms of one group of six 

protons and one of four, is unambiguous. The 
Benz[ghi]perylene (2) implications of this are two-fold. 

Well-resolved cation spectra were obtained by (a) The spin density at one set of four equiv- 
dissolving the hydrocarbon in nitrobenzene and alent protons corresponds to a splitting constant 
adding 98 % sulfuric acid, analogously to the of less than O.O1 5 G. 
method described above, and also by the use of (b) The spin density at the pair of equivalent 
SO, - boron trihalide. protons corresponds to a splitting constant within 

The 'pectrum shows unexpected a few mG of that due to one of the sets of four 
features but, again, the displays accidental protons. If this were not so, each of the heptets 
degeneracy with the spectrum analyzing in terms apparently due to six protons would show 
of only four different splitting constants (see broadening towards the c hi^ is not 
Table 1). observed, none of the five groups shows such 

Benz[e]Pyrene (3) line-width trends and the relative intensity dis- 
The cation was prepared in the so, -boron tribution within each is close to the theoretical 

trihalide system, the only medium in which it binomial distribution 1 :6 :15:20:15 :6 : 1. 

yielded a well-resolved electron spin resonance A weak, 'pectrum Of the 

(eas.r.) signal. The spectrum was recorded at cation was obtained dissolving the hydro- 

-20 "C using a dilute, ca. 10-4 M solution for carbon in warm nitrobenzene and then adding 

optimum resolution. 98 % sulfuric acid. The lines are broad, ca. 0.3 G, 

Only five splitting constants can be extracted but the spectrum can be analyzed in terms two 
from the anion spectrum, corresponding to ten groups protons, analogous the It is 
protons. It is concluded that the remaining pair possible that the broadness of the lines may be 
of positions have a corresponding splitting con- due, in Part, to an unresolved quintet 
stant of less than ca. 0.03 G and, hence, are not arising from the remaining set four protons. 

observed. This is consistent with the fact that the An attempt was made to prepare the cation in 
smallest splitting in the cation is only 0. 1 G and the sulfur dioxide - boron trihalide system, but 

splitting constants for a given position in hydro- the result was a spectrum (see Fig. 2, quite 

carbon ions tend to be larger in the cation than different from that obtained in acid solution. This 

in the anion (8-10). spectrum is readily interpreted in terms of one 
group of 12 equivalent protons and one group of 

Dibenz[fg,op]naphthacene (4)  eight. It is ascribed to the dimeric (dibenzLfg,op]- 
Both the anion and cation spectra of this hydro- naphtha~ene),~ cation, in which two molecules 

carbon show considerable anomalies. The anion of the hydrocarbon lie in parallel planes, one 
spectrum is shown in Fig. 1. The lines are sharp above the other, with a single electron removed 
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NOTES 

I 

FIG. 2. The e.s.r. spectrum of the dibenzlfg,op]naphthacene cation dimer. 

from the  air. Consistent with this is the observa- a, = QP 
tion that the splitting constants for this species where = proton splitting constant; = un- 
are approximately half the values measured for paired spin density; and = a constant. 
the simple cation in H2S0,-nitrobenzene. Anal- Using the McLachlan calculations it is found 
ogous dimeric species have been reported pre- that for the series of anions 
viously (4-6), supporting this interpretation. 
Dibenz[a,c]triphenylene (5) aH = 2 4 . 2 8 ~ ~  + 0.06 G 

Both anion and cation have been reported pre- and for the cations 
viously (4); however, for both species only three 
of the expected four splitting constants could be a, = 2 7 . 3 9 ~ ~  k 0.15 G 
detected. As the 'Pectra were not where the values of Q are estimated from a linear 
the hydrocarbon was in the present regression analysis and the standard error, the 
study. average squared deviation from the fitted line, 

No significant improvement On the was calculated from the residual sums of squares. 
work was achieved with the anion, but con- As expected, if the simple Huckel data are used 
siderabl~ spectra were with in of the McLachlan calculations, a less 
the cation. Using the ' 0 2  - boron trihalide 'Ys- satisfactory fit to a linear relationship is obtained. 
tern and recording the e.s.r. signal at -70 "C, a The using the H&-.kel calculations, are 
well-resolved spectrum was obtained with a line- = .77pH 0.26 and = 35.20 + 0.33 
width of only 0.06 G. However, the spectrum still for the anions and cations, respectively. 
analyzes in terms of only three splitting constants, 

the upper limit for the remaining One This work was supported by the National Cancer 
can now be set at 0.015 G. This splitting is prob- Institute of Crtnada, the Canadian Department of Public 
ably well below 0.015 G as the lines show no Health and Welfare, the National Research Council of 
signs of distortion due to an unresolved quintet. Canada, the Defence Research Board of Canada,  r rant 

No. 1675-04), and by the United States Public Health 
Molecular Orbital Calculations Service Research Grant RH00392, National Center for 

Molecular orbital calculations were carried out Radiological Health. 
for all the ions studied. In addition to simple 
Huckel calculations, which predict the same un- 1. J. p. COLPA and E. DE BOER. M01. P ~ Y s .  7, 333 

(1963). paired electron distribution for both anion and 2. E. DE BOER and A. PRAaT. Mol. Phys. *, 291 
cation, modified McLachlan calculations were (1964). 
carried out which predict different spin density 3, P. A. MALACHESKY¶ L. S. MARCOUX, and R. N. 

ADAMS. J. Phys. Chem. 70, 2064 (1966). distributions for the ions. The results of these 4. 1. c. L~~~~ and L. S. SINGER. J. chern. phys. 43, 
latter calculations are included in Table 1. (The 2712 (1965). 
assignments can only be considered tentative, 5. Fi&; ~ w ~ ~ & ~ ~ ~ l ~ 6 , " .  FR*ENKEL. 

Arner* 

confirmation would require studies On selectively- 6. J. T. COOPER and W. F. FORBES. Can. J. Chem. 46, 
labelled hydrocarbons.) 1158 (1968). 

~ h ~ ~ ~ ~ ~ i ~ ~ l l ~ ,  there should be a linear depen- 7. H. M. MCCONNELL. J. Chem. Phys. 24,764 (1956). 
8. J. P. COLPA and J. R. BOLTON. Mo1. Phys. 6, 273 

dence of proton splitting constant on the unpaired (1963). 
electron spin density at the contiguous carbon 

9. ~ie~~~~'~C~ :.4z~tjyd P A V A ~ -  

atom (7). This is expressed in the McConnell 10. T. C. SAYE, and' J.'D. MEMO,;. J. Chem. Phys. 
relationship : 40, 2748 (1964). 
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Benzodiazocines. I. Synthesis of hexahydro-l,4-benzodiazocin-2,5-dione 

J. M. MUCHOWSKI 
Bristol Laboratories of Canada, Candiac, Quebec 

Received January 9, 1970 

A three step synthesis of the title compound from isatin is described. 
Canadian Journal of Chemistry, 48, 1946 (1970) 

There are nine ~ossible bicvclic benzo- 
diazocines, and representatives of each of the 
1,6-, 1,5-, 1,4-, 2,5-, and 3,4-isomers are known.' 
Derivatives of 1,6-, 1,5-, and 2,5-benzodiazocine, 
have recently become quite numerous (see refs. 
1-5, 6-8, and 9-11 respectively, and the papers 
cited therein), a few 3,4-benzodiazocines are 
known (12), but only one example of a 1,4- 
benzodiazocine has appeared in the literature to 
date (13). This publication describes a simple 
three step synthesis of a hexahydro derivativeof 
the parent 1 ,4-benzodiazocine. 

The preparation of the title compound was 
based on a cyclolization reaction identical to 
that used by Glover et al. (14) for the synthesis 
of some dioxo diazocyclodecanes. Thus, sodio- 
isatin (1) was acetylated with azidoacetyl 
chloride, and the azido compound 2 thus pro- 
duced, was catalytically hydrogenated in one 
step (15)' to the aminoacetyloxindole 3 (Scheme 
I), which was isolated as its crystalline perchlor- 
ate salt. Continuous extraction of an aqueous 
bicarbonate solution of 3 with dichloromethane 
gave a very insoluble neutral compound isomeric 
with the starting material. It was assigned the 
benzodiazocine structure 5, rather than that of 
the cyclol4, on the basis of the nuclear magnetic 
resonance (n.m.r.) spectrum (DMSO-d6), which 
consisted of singlets at 6 3.57(2H) and 10.15(1H), 
a doublet at 3.28(2H, J = 5.0 c.p.s.), a triplet at 
7.83(1H, J = 5.0), and a complex multiplet (4H) 
between 7.03 and 7.43. In perdeuteriodimethyl- 
sulfoxide containing added deuterium oxide the 

'There are no published examples of the 1,2-, 1,3-, 
2,3-, or 2,4-benzodiazocine ring systems. 

2Recently (15), we erroneously attributed the first 
instance of the direct catalytic reduction of isatin to 
oxindole, to Beckett et al. (16). This reduction was in 
actuality first described by Prof. G. Tacconi (University 
of Pavia, Italy) in 1964 (17). We thank Prof. Tacconi for 
bringing this point to our attention. Furthermore, in 
1965, Walker et al. (18) reported that N-methylisatin 
could be reduced catalytically to N-methyloxindole. 

single proton absorptions at 6 7.83 and 10.15 
disappeared, and the two proton doublet at 
6 3.28 was replaced by a singlet (2H) at 6 3.32. 
The low field positions of the single proton 
absorptions at 6 7.83 and 10.15, as well as the 
readily observable coupling (19) between the 
protons on C-3 (6 3.28) and the N,H proton, 
were both more consistent with 5 than with 4. 
That 5 was monomeric and not dimeric in 
nature was proved by the mass spectrum (see 
Table 1) which had a molecular ion peak at 
mle 190 with an intensity 42% of that of the 
base peak (mle 133). The strong (22%) peak at 
mle 172 indicated that the loss of water via the 
cyclol 4 was an important fragmentation path- 
way as has been observed for other compounds 
of this type (14). Other intense peaks were 
present at mle 144 (41 %, M-HOH-CO), 105 
(44 %), and 104 (46 %). The base peak at m/e 133 
was probably due, at least in part, to the oxindole 
molecular ion. This supposition was supported 
by the prominent peaks at mle 105, 104, and 78, 
with the appropriate metastable peaks at m/e 83 
and 103, characteristic (20) of this species. 

This synthesis should also be amenable to the 
preparation of certain derivatives of 5 substituted 
in the 3-position or in the aromatic ring, and to 
the homologous 1,5-benzodiazonine. 

Several attempts were made to reduce 5 to the 
corresponding diamine (lithium aluminum hy- 
dride or diborane), but mixtures of unidentified 
carbonyl-containing products were obtained in 
each case. Since other synthetic routes to 
derivatives of this diamine had already been 
devised (21), no further effort was expended 
along these lines. 

Experimental 
The melting points were determined in a Gallenkamp 

melting point apparatus and are not corrected. The 
infrared (i.r.) spectra were measured with a Perkin-Elmer 
237B grating spectrophotometer or a Unicam SP-2OOG 
i.r. spectrophotometer. The n.m.r. spectrum was recorded 
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NOTES 

TABLE 1 
Mass spectrum* of hexahydro-l,4-benzodiazocine-2,5-dione 

Relative Relative Relative Relative 
mle intensity? mle intensity mle intensity mle intensity 

*Measured with a Hitachi RMp 6D mass spectrometer using an ionization energy of  70 eV and 
the direct inlet probe technique (100"). 

tlntensities are rounded off to the nearest percent. Peaks with a relative intensity of  less than 
3 %  were not tabulated. 

with a Varian A-60A spectrometer and is expressed in sumed. After three crystallizations from benzene:cyclo.. 
p.p.m. (6) from internal tetramethylsilane. hexane (3:l) the compound had m.p. 139-141". 

Azidoacetyl chloride was prepared from azidoacetic Anal. Calcd. for CloH6N403: C, 52.18; H, 2.63; 
acid (22) by the method of Bertho and Maier (23). N, 24.34. Found: C, 52.02: H, 2.68; N, 24.60. 

I-Azidoacetylisatin 
Sodium hydride in mineral oil (2.868 of a 55% 

suspension) 'was washed free of the carrier with hexane, 
and layered with 500 ml of dry toluene. Isatin (8.72 g, 
59.2 mmoles) was added, and the vigorously stirred mix- 
ture was heated at reflux temperature until gas evolution 
was complete (1 h). After cooling to room temperature, 
azidoacetyl chloride (7.13 g, 59.6 mmoles) was added 
dropwise with stirring over a 10 min period, and after 112 
h at ambient temperature, the mixture was heated under 
reflux for 2 h. The hot mixture was filtered; on cooling 
to room temperature, 3.57 g of impure isatin (m.p. 
188-196") was deposited. The supernatant solution was 
evaporated in vacuo and the solid residue was extracted 
with boiling 200 ml portions of 10% benzene in petro- 
leumether (b.p. 90-120") until only a red gummy material 
remained. Careful cooling of the extracts gave the azido 
compound as a lemon yellow solid, m.p. 137-140". The 
yield ranged between 49 and 58 %, based on isatin con- 

The i.r. spectrum- (cHG,) had strong bands at 2120, 
1783, 1749, and 1732 cm-I. 

I-Aminoacetyloxindole Perchlorate 
The above azido compound (2.30 g, 10 mmoles), and 

10% palladium-on-charcoal (460mg), in acetic acid 
containing 3 ml of 60-62 % perchloric acid (total volume, 
100 ml), was hydrogenated at room temperature and an 
initial hydrogen pressure of 60 p.s.i.g. After 40 min, the 
reaction temperature was raised to 60" and hydrogenation 
was continued until the theoretical amount of hydrogen 
was absorbed (6 h). The mixture was cooled to room 
temperature, and the product was collected by filtration. 
The salt was taken up in hot acetonitrile and filtered to 
remove the catalyst. Upon cooling, the product, m.p. 
246-248" dec. (1.746 g, 60.5%) was obtained as a white 
crystalline solid. Two additional crystallizations did not 
raise the melting point. 

Anal. Calcd. for CloHloN202:HCI04: C, 41.31; 
H,3.82.Found: C,41.43; H,3.78. 
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The i.r. spectrum (Nujol mull) had absorptions at 5. W. W. PAUDLER and A. G. ZEILER. J. Org. Chem. 
3206,3154,3095,1741, and 1709 cm-l. 34, 2138 (1969). 

6. M. E. DEREIG, R. M. SCHWEININGER, and R. I. 
Hexahydro-1,4-benzodiazocin-2,5-dione FRYER. J. Org. Chem. 34, 179 (1969). 

A solution of the perchlorate salt (1.74 g, 6 mmoles), 7. M. DENZER and H. Om. J. Org. Chem. 34, 183 
in 250ml of water containing 1.8 g (18 mmoles) of 
potassium bicarbonate, was continuously extracted with 8. B. I. AuRET7 M. F. GRuNDON, and I. I. MCMASTER. 

J. Chem. Soc. (C) 2862 (1968). dichloromethane for 20 h. The solvent was removed in 9. T. S. SULKOWSKI, M. A. WILLIE, A. MASCIITI, and 
vacuo and the solid residue was crystallized from acetoni- J. L. D ~ ~ ~ ~ ~ ~ .  J. erg. them. 32, 2180 (1967). 

The product, which decomposed at 215-218", 10. D. H. KIM, A. A. SANTILLI, T. S. SULKOWSKI, and 
was obtained in two crops in 54-64 % yield. Recrystalliza- S. J. CHILDRESS. J. Org. Chem. 32, 3720 (1967). 
tion of the comoound from acetonitrile gave material 11. P. AEBERLI and W. J. HOULIHAN. J. Org. Chem. 
which decompos~d at 2115218" (220-2220,-fast heating). 

- 
34, 1720 (1969). 

Anal. Calcd. for C,oHloNZ02: C, 63.15; H, 5.30; 12. N. L. ALLINGER and (3. A. Y O U N G D A ~ ~ .  J. Org. 
N, 14.73. Found: C, 62.95; H, 5.32; N, 15.06. Chem. 25, 1509 (1960). 

The i.r. spectrum (Nujol mull) had bands at 3294, 13. P. A. PETYUNIN. Khim. Geterotsikl. Soedin. Akad. 
Nauk. Latv. SSR. 476 (1965); Chem. Abstr. 63, 

3180, 3056, and 1673 cm-l. 11111 (1969 

The mass spectrum was measured at the Chemistry 
Department, University of Montreal. We are grateful 
to Dr. R. Rousseau for making this service available to 
US. 
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Ultraviolet irradiation of p-bromo-p-nitrostyrene in hydroxylic solvents gives a good yield of alkyl 
a-isonitrosophenyl acetates (1). 
Canadian Journal of Chemistry, 48,1948 (1970) 

In view of the interesting biological activity (1) 
of P-bromo-P-nitrostyrene (BNS, yellow solid, 
m.p. 67-68"), it becomes desirable to learn more 
about the chemistry of this molecule. We had 
previously observed that yellow solutions of 
BNS in organic solvents gradually became color- 
less when exposed to daylight. Consequently, we 
investigated the photochemistry of BNS and 
found that irradiation in hydroxylic solvents 
leads to a rapid disappearance of the BNS ultra- 
violet (u.v.) absorption at 310 nm and gives a 

good yield (50-80 %) of alkyl a-isonitrosophenyl 
acetates (1). 

The methyl ester (1, R = CH,) obtained from 
irradiation in methanol was identical with a 
synthetic sample, as also was the methyl ester 
obtained from treatment of an aqueous dioxane 
irradiation mixture with diazomethane. The 
structure of the ethyl ester (1, R = C,H,) 
obtained from irradiation in ethanol was un- 
ambiguously determined by spectral data and 
melting point. 
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NOTES 

This photoreaction is a variation of that 
reported by Chapman et al. (2) and his mech- 
anism (eq. [I]) will account for the observed 
products, since the acid bromides 2 are logical 
precursors for the incorporation of alcoholic 
solvent. Attempts were unsuccessful to provide 
evidence of 2 by irradiation of BNS in a hydro- 
carbon solvent followed by treatment of the 
mixture with ethanol in the dark; only non- 
monomeric tar was formed. Failure of 2 to survive 
the irradiation is not unreasonable in light of the 
known (3) photolability of the carbon-halogen 
bond of acyl halides. 

BNS 

Both the syn and anti oximes are formed in the 
photoisomerization but recrystallization appears 
to give only one isomer. This is most evident for 
the ethyl ester photoproduct (1, R = C2H5). The 
ethyl group nuclear magnetic resonance (n.m.r.) 
absorption of the crude ester appears as two 
overlapping quartets and two overlapping trip- 
lets (all J's = 7 Hz); these multiplets collapse to 
a single quartet and a single triplet upon recrys- 
tallization. 

During the irradiation of BNS there is an 
additional product formed initially (40-50 % by 
gas-liquid chromatography (g.1.c.)) which then 
disappears as the oxime is formed. This product 
could not be isolated as it reconverts to starting 
material upon standing in the dark or removal of 
solvent. One possible structure for this product 
would be the geometrical isomer of BNS where 
the instability might be explained by the steric 
interaction of a cisphenyl ring and bromine atom. 

Irradiation of BNS in Methanol 
A solution of 3.00 g of BNS (4) in 150 ml of reagent 

methanol (0.10 M)  was irradiated for 2 h, after which 
time g.1.c. on SE-30 showed starting material gone and 
one new peak (retention time relative to BNS equaled 
1.1). The solution was concentrated and the crude oil 
(3.52 g) was recrystallized once from aqueous ethanol 
and then from water to yield pure methyl a-isonitroso- 
phenyl acetate, m.p. 149-150" (reported (5) m.p. 138- 
13g0), v,,, 2800-3500(broad), 1732(s), 1435(m), 1408(m), 
1197(s), 1054(m), 1010(s), 787(m), 770(broad), 716(m), 
691(m) cm-' ; n.m.r. (acetone-d6), 11.4-1 1.5 (lH, broad 
singlet, oxime H), 7.36-7.66 (5H, aromatic H), 3.81 (3H, 
singlet, methyl H). 

The ester obtained from irradiation was identical (i.r. 
and n.m.r. spectra, g.1.c. retention time, mixed m.p. 
147-149") to a synthetic sample (m.p. 149-151") obtained 
by oximation of methyl benzoylformate (Aldrich). 

Irradiation of BNS in Ethanol 
A solution of 3.00 g of BNS in 150 ml of absolute 

ethanol (0.10 M)  was irradiated for 2 h, after which time 
g.1.c. on SE-30 showed 17% BNS, 4% minor product, 
(retention time relative to BNS equaled 0.5-0.6), and 
79% major product (retention time relative to BNS 
equaled 1.3). The solution was concentrated and the 
major product was isolated by recrystallization of the 
crude crystalline material (3.40 g) from aqueous ethanol 
and then from water. This compound was identified as 
ethyl a-isonitrosophenyl acetate on the basis of the 
following data: m.p. 112.0-113.5° (reported (5) m.p. 112- 
113"), v,,, 2900-3500(broad), 1730(s), 1198(s), 1059(s), 
1013(s) cm-'; n.m.r. (CDCl,), 10.2 (lH, broad absorp- 
tion, oxime H), 7.35-7.73 (5H, aromatic H), 4.34 (2H, 
quartet, J = 7 Hz, methylene H), 1.31 (3H, triplet, 
J = 7 Hz, methyl H). 

Mol. Wt. Calcd. for C10HlIN03: 193.0694. Found 
(high resolution mass spectrum): 193.0682. 

The crude ester before recrystallization exhibited 
n.m.r. absorption for the ethyl group as two overlapping 
quartets and two overlapping triplets (all J's = 7 Hz) 
which collapsed to a single quartet and a single triplet 
upon recrystallization. This was attributed to photo- 
chemical formation of both the syn and anti isomers. 

Irradiation of BNS b z  Aqueous Dioxane 
A solution of 0.50 g of BNS in 150 ml of aqueous 

'Irradiations were carried out with a Pyrex-filtered 
450 W medium pressure Hanovia mercury lamp in an 
immersion probe and were outgassed with argon before 
and during the reaction. The disappearance of BNS can 
be monitored by g.1.c. on SE-30 or by U.V. absorption 
(h,,, 310nm, (E 14300)). The yields of the photo- 
products varied depending on the run but were generally 
in the region of 50-80%. The observed photoreactions 
did not occur in the dark. 

The infrared (i.r.) spectra were taken as potassium 
bromide pellets, n.m.r. spectra were taken on a Varian 
A-60A and are reported as 6 units from TMS, and melting 
points were taken with a Biichi oil bath apparatus and 
are uncorrected. 
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dioxane (50% water by volume) (0.017 M) was irra- 
diated 112 h, after which time g.1.c. on SE-30 showed 
the starting material was gone. The solvent was removed 
and the residual oil (1.10g) was treated with excess 
diazomethane. After reaction and decomposition of the 
diazomethane with acetic acid, the ethereal solution 
was washed with 5% sodium carbonate, dried, filtered, 
and concentrated. The crude crystalline material (0.227 g) 
was recrystallized from water and identified as methyl 
a-isonitrosophenyl acetate by comparison to a synthetic 
sample (see above). 

Irradiation of BNS in Hydrocarbon Solvents 
Irradiation of BNS in isooctane or heptane led to a 

rapid disappearance of starting material but only non- 
monomeric tar was formed. This tar was allowed to react 
with ethanol under reflux but no ethyl a-isonitrosophenyl 
acetate could be detected by g.1.c. on SE-30. 

In each irradiation, including those in alcohols or 
water, there was an additional product formed initially 
(40-50% by g.l.c., retention time relative to starting 
material equaled 0.5-0.6) which then disappeared as the 
tar in the case of hydrocarbon solvents, or the oxime in 

the case of hydroxylic solvents, was formed. This product 
was not isolated as it reconverts to starting material 
upon standing in the dark or removal of solvent. 

The author would like to thank Dr. H. Daeniker for 
helpful discussion and Messrs. P. Porcaro and P. Shubiak 
for experimental spectra. 
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Carbon monoxide yields in the radiolysis of carbon dioxide at very high 
dose rates' 
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Carbon d~oxide has been ~rradiated with electron pulses at a dose rate of 2 x loz7 eV g-I s-'. 
The measured carbon monoxide yield IS G(CO) = 7.8 + 0.3. Addit~on of SF6, an electron scavenger, 
reduces thls y~eld to G(C0) = 4.8 which is the same, w ~ t h ~ n  the exper~mental error, as the low dose 
rate yield G(CO) = 4.5 + 0.5. The efiect of SF6 and the difference between the high and low dose rate 
y~elds IS explained by suppression of dlssociat~ve neutralization of the CzO,+ Ion. 

1 Canadian Journal of Chemistry, 48, 1951 (1970) 
1 

Introduction 

The accepted initial yield for carbon inonoxide 
in the low linear energy transfer (1.e.t.) radiolysis 
of carbon dioxide at dose rates in the range loL6- 
loZ0 eV g-' s-I  is G(C0) = 4.5 f 0.5 (for a 
review of radiolysis of CO,, see ref. la). Meaburn 
et al. (2) have reported a value of G(C0) = 6.0 
f 0.3 using a pulsed electron accelerator giving 
a dose rate of 2 x eV g-' s- I .  This value 
was reduced to G(C0) = 4.2 on the addition of 
0.04 to 5% SF,. Electron scavengers such as NO, 
and N 2 0  have no effect on the value of G(C0) 
= 4.5 at the above low dose rates.2 

In the present work, we have determined 
G(C0) both for pure CO, and C0,-SF, mixtures 
at 2 x eV g-' s-'. Our results are com- 
pared with those of Meaburn et al. (2) and a 
mechanism to account for the dose rate depen- 
dence and the effects of electron scavengers is 
proposed. 

'AECL No. 3595. 
'Addition of SF6 to carbon dioxide at low dose rates 

-1016-10'8 eV cn1r3 s-I leads to some net production 
of carbon monoxide and oxygen in contrast to the 
situation in pure C 0 2  where steady state concentrations 
of  CO and O2 are established at lower doses (lb). How- 
ever, SFG has no effect on the initial carbon nlonoxide 
yield as determined by isotopic exchange. 

Experimental 
The electron pulses were obtained from a Febetron 705. 

Samples were irradiated in quartz cells and products 
analyzed by volume measurement ina calibrated McLeod 
gauge followed by mass-spectrometric determination of 
the composition. The techniques have been reported 
several times before (3-5). 

The dose fro111 these electron pulses was determined 
from the yield of nitrogen from nitrous oxide taking 
G(N2) = 12.4 (6-8). 

Ozone was estimated by the iodide method using 
solutions buffered at p H  = 7.0. The stoichiometry of 0, 
to I2 has been shown to be 1 to 1.54 for this p H  (9, 10). 

The carbon dioxide (Matheson "bone-dry" grade) and 
sulfi~r hexafl~~oride (Matheson C.P. grade) were subjected 
to several sublimation cycles to remove non-condensible 
impurities. 

Results 

The amount of carbon monoxide produced 
from carbon dioxide as a fi~nction of absorbed 
energy is shown in Fig. 1. As the dose at a fixed 
pressure is increased (by using several pulses) the 
rate of production of carbon monoxide decreases. 
The initial slope, independent of pressure in the 
range 400-1500 Torr, gives G(C0) = 7.8 + 0.3. 
The inset to this figure gives the initial yield to 
lower pressures where the precision is less, how- 
ever, the yield appears to be independent of 
pressure down to at least 50 Torr. 

Figure 2 shows the effect of the addition of 
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FIG. 1. Carbon monoxide produced as a function of 
absorbed energy: x ,  400 Torr carbon dioxide; 0, 750 
Torr carbon dioxide; 0, 1500 Torr carbon d ~ o x ~ d e .  
Inset figure shows carbon monoxide yield as a function 
of pressure from 50-1500 Torr carbon dioxide. 

1952 CANADIAN JOURNAL OF 

FIG. 2. Carbon monoxide yield as a function of 
added sulfur hexafluoride at 750 Torr carbon dioxide. 
Single pulse irradiations. 

I 0  

SF,. The yield of carbon monoxide decreases 
from G(C0) = 7.8 0.3, in the absence of SF,, 
to G(C0) = 4.8 f- 0.2 above 0.2% added SF,. 

The oxygen yield, in all cases, was approxi- 
mately half the carbon monoxide yield within 
experimental error. A limiting yield of ozone for 
carbon dioxide at 750 Torr for 1-10 pulses was 
determined to be G(O,) d 0.1. 

/ 
I?-- 

CHEMISTRY. VOL. 48, 1970 

and, as discussed in ref. 8, it is estimated that the 
reduction in the yield of nitrogen from N,O 
from G(N,) = 12.4 to G(N,) = 10.0 occurs 
below lo2' eV g- s- l .  On this basis, Meaburn 
et al. (2) should have used G(N,) = 12.4. Their 
corrected yields at 2 x lo2' eV g-' s-' are 
G(C0) = 7.4 + 0.4 in pure CO, and G(C0) = 
5.2 (f 0.4?) with 0.04 to 5% SF,. These are in 
good agreement with our values at 2 x 10" eV 
g-' s-' of G(C0) = 7.8 f 0.3 and G(C0) = 
4.8 + 0.2. 

The high dose rate yield in the presence of an 
electron scavenger is also in good agreement with 
the low dose rate yield in pure CO, of G(C0) = 
4.5 f 0.5. 

The increase in the yield of CO in going to 
higher dose rates and the effects of electron 
scavengers at high and low dose rates suggest that 
at least some of the ionic processes in CO, 
contribute to the yield at high dose rates only. 

The predominant ions formed on irradiation of 
carbon dioxide are CO,', CO', O', and C'. 
The reactions of these ions in carbon dioxide 
in the absence of oxygen and carbon monoxide 
are given in Table 1. It can be seen that the yield 
of carbon monoxide from ionic processes is 
G(CO)ioni, = G(CO,') + 2G(CO') + 2G(O') 
+ 3G(C'). There is some disagreeinent as to the 
relative abundance of these ions. Anderson et al. 
(la) prefers those of Smyth (15), which areCO,', 
76.9%; CO', 15.4%; O', 5.4%; and C', 2.3%. 
Assuming these abundances and taking the ion 
pair yield, G(ion pair) = 2.99, froin the W value 
of 33.5 eV/ion pair (16), G(CO)ionic = 2.30 -i- 
2(0.46) + 2(0.16) + 3(0.07) = 3.75. 

The contributio~l from non-ionic reactions is 

Discussion 

The yields of Meaburn et al. (2) at 2 x 10, eV 
g- l s-l  were based on G(N2) = 10 in the radioly- 
sis of N,O at this dose rate. We have shown 
(6-8) that the yield of N, from N 2 0  at a dose 
rate of 2 x loz7 eV g-' s-' is G(N,) = 12.4 

then G(CO)c,ci,,, = 7.8 - 3.75 = 4.05. Since 
this is lower than the reduced yield with SF, or 
the low dose rate yield, ionic reactions must 
persist under both these conditions. The follow- 
ing arguments show how such contributiolls from 
ionic reactions could be explained. 

Sulfur hexafluoride will scavenge electrons 

and it is generally accepted that neutralization of 
the positive ion of the parent species by SF6- 
does not result in dissociation of the positive ion. 
As a result, the neutralization reactions [6] and 
[lo] will be suppressed by the addition of SF, 
though the ion-molecule reactions [5], [7], [8], 
and [9] will remain unaffected. The reduction in 
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WILLIS E T  AL.: RADIOLYSIS OF CARBON DIOXIDE 

TABLE 1 

Ionic processes in irradiated carbon dioxide 
-- -- 

Rate constant 
(cm3 molecule-' 

Reaction s-') Reference 

[I 1 C 0 2  %ridr'* C 0 2 + + e  - 
- 

(1) 
[2 1 C 0 2  C O + + O + e  

- 
(1) 

[3 1 C 0 2  -qJPt 0 + + CO + e 
- 

(1) 
t41 C 0 2  AJU"t C + + O + O + e  (1) 
[5] c 0 2 + + 2 c 0 2  czo4++coz 3 X (1 1) 
[61 C 2 0 4 + + e  d C 0 + 0 + C 0 2  -3 x 10-71- 

- 
I [71 c ~ + + c ~ ~ ~ c o + c ~ ~ +  1 . 1 ~  1 0 4  (12) 
I 

t81 o++co2 A o2++co 1 . 2 ~  lo-" (1 3) 
I [9 I C + + C 0 2  + CO+CO+ 1.9 x (1 2) 

[I01 0 2 + + e  d 0+0 -2 x (14) 

I *The units for this rate constant are c m h o l e c u l e - z  s-I .  
t T h ~ s  rate constant 1s est~mated from known electron-ncutral~zation reactlon rate constants 

(see ref. 8). 
I 
I 

I yield due to SF,, then, should be AG(C0) = [I51 G O 4 +  + C03-  - CO + O2 + 2C02 
I G(Cozi) + G(Ci) + G(Coi) = 2.83y in good Second, it is assumed that oxygen atoms formed 

agreement with the observed value AG(Co) = in the ion-molecule reactions or the neutraliza- 
3.0. tion processes do  not give rise to any further 

The ionic processes at low dose rates for any carbon monoxide. I t  has been suggested (19-21) 
I appreciable dose will be much more 7! that O('D) can yield carbon monoxide through 

For example, it is almost certain that the CzO, a C03 complex 1 ion will undergo a rapid charge transfer process 
1 with oxygen. [16] C 0 2  + O('D) @ CO3 --> CO + O2 

Thus the ionic contribution to the C O  yield 
would be from reactions 131, [7], [8], and [9].3 
The expected yield at  low dose rates is then 
G(CO)e,,i,,d + G(COt) + G(O+) + 2G(C+) = 
4.8. 

I t  should be pointed out that two assumptions 
have been made in the above discussion. First, 
since we do not have values for the abundance of 
negative ions, we have neglected reactions such as 

In carbon dioxide, the 0- ion will react to give 
CO,- by reaction [I41 

[I41 0- + 2CO2 -> C 0 3 -  + C 0 2  

k,, = 9 x cm6 molecule-' s-' (18) and 
the neutralization steps will be modified, although 
the same yield of carbon monoxide may be 
obtained. 

3We have performed detailed computer calculations of 
the type previously described (10) to deterliiine the extent 
of reaction [12] at our dose rates. This is negligible, 
even for 20 pulses the calculated change of yield would be 
less than experimental errors. 

However, as was pointed out by Clerc (22), this 
would predict quantum yields of carbon mon- 
oxide in the vacuum u.v. photolysis of carbon 
monoxide (where O('D) atoms. are the pre- 
dominant initial oxidizing species) in excess of 
unity. These have not been observed (23), so we 
must assume that reaction [I61 does not occur 
to any great extent. It should be noted that 
reaction [16] is spin forbidden (to give 0z3C) and 
is unlikely on these grounds. 

The decrease in the carbon n~onoxide yield 
with increasing dose shown in Fig. 1 cannot be 
attributed to the charge transfer reaction [I21 as 
this will not compete with reactions [5] and [6] at  
our dose rates. It must be due to the back reaction 

[171 o + co + co2 -> 2 c 0 2  

competing with the recombination reaction 

[I81 O + O + CO2 -> 0 2  + CO2 

However, since detailed knowledge of the 
electronic states of the oxygen atoms and the 
reactions of CO, are not available, quantitative 
comparisons cannot be made. 

T o  gain a more complete understanding of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1954 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

radiolysis of carbon dioxide, further high dose 
rate studies of C 0 2 - 0 ,  mixtures are being made 
and these will be reported later. 
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Diagramme de phases du systhme K-K20 et le monooxyde de potassium K 2 0  

F. NATOLA ET PH. TOUZAIN 
Dipartetnent de chinlie, Universitt de Montrtal, Motitrtal, Qrttbec 

R e p  le 8 janvier 1970 

Le diagramme de fusion du systeme K-K20 est obtenu par la technique de I'analyse thermique 
differentielle. La fusion du monooxyde de potassiun~ K 2 0  se manifeste a 646 + 5 "C. Des transforn~a- 
tions cristallines reversibles de I'oxyde sont observees a 317, 372 et 446 "C. La dismutation de I'oxyde 
en peroxyde et metal apparait a une temp6rature approximativement egale a celle de la derniere des 
transitions. Le diagramme K-K,O comporte un eutectique a une temperature t d s  proche de la tempera- 
ture de fusion du potassium et une monotectie a 600 OC (concentration monotectique: 30.5 % atomique 
d'oxygene). Aucune existence de sous-oxyde n'est demontree. 

The potassium-oxygen phase diagram has been determined up to the composition of K,O by the 
technique of differential thermal analysis. Potassiun~ monoxide K,O melts at 646 + 5 "C. Reversible 
transitions occur in solid K 2 0  at 317,372, and 446 "C. Disproportion of the monoxide into the peroxide 
and metal occurs at a temperature identical or very near to that of the last transition. The K-K20 eutectic 
melts a t  a temperature very close to the melting temperature of pure K (degenerate eutectic) and the 
monotectic at 600 "C (monotectic concentration: 30.5 oxygen atomic %). No evidence has been obtained 
that would indicate the existence of a lower oxide. 

Canadian Journal of Chemistry, 48, 1955 (1970) 

I L'ttude des systemes M-M20 dans lesquels M 
symbolise un mttal alcalin a permis de tracer les 
diagrammes de phases correspondant au cCsium 
(1) et au rubidium (2). Ces deux diagrammes 
mettent en evidence l'existence des cinq sous- 
oxydes suivants: Cs70, Cs30 a fusion congruente 
Cs40, Cs702 et Rb30  a fusion incongruente. 

Continuant dans la m&me voie, nous avons 
abordt le systeme potassium - monooxyde de 
potassium. Gay-Lussac et ThCnard (3) avaient 
observC durant la combustion du potassium 
dans l'air la formation d'un compost bleu auquel 
ils attribuerent la formule d'un sous-oxyde: 
K,O. En effectuant l'analyse brute de ce produit 
bleu, Lupton (4) dCmontra qu'il s'agissait non 

I pas d'un sous-oxyde mais d'un mtlange de I monooxyde K,O et de peroxyde K202.  Besson ' et Touzain (5) et Touzain (6) montrerent par 
etudes atix rayons X et spectrophotomCtrie de ce 
m&me produit qu'il s'agissait, plus vraisemblable- 
ment, d'un mtlange de peroxyde K 2 0 2  et de 
mttal qui, disperst a I'Ctat colloi'dal au sein de 
l'oxyde, produisait cette couleur bleue. 

Rengade (7), en prCparant du K 2 0  dans un 
grand excks de potassium mCtallique, obtient 1 apres distillation de cet exces de metal des ' cristaux transparents de formes tres nettes. I Cette experience prouve que l'oxyde est ltgere- 

I ment soluble dans le mttal. Cette solubilitC est 
, ntanmoins beaucoup plus faible que dans le cas 
I du rubidium ou du ctsium. 

Williams et al. (8) ont dktermint cette solubi- 
lit6 dans l'intervalle de temptrature 100-305 "C.  
La solubilitt (donnte en g 0 pour 100 g K) est: 

Le tableau 1 indique quelques valeurs de cette 
solubilitt calcultes a l'aide de cette equation. 

TABLEAU 1 

Solubilitt de I'oxygene dans le potassium 
-. 

t ("C) lo3 x S (g O/g K) S (%atom.  0 )  

Techniques Experimentales 
Priparatiorz des ~ntlanges potassiinn-osygdne 

Les diverses compositions sont realisees par union 
directe des quantites prbalablenlent pesees de potassium 
et de monooxyde de potassiunl. Cette operation est 
effectuee dans une boite a gants sous azote anhydre et 
exempt d'oxygene. Le monooxyde de potassiun~ est 
prepare selon la technique indiquee par Rengade (7): 
oxydation mtnagee du metal fondu sous faible pression 
d'oxygene, suivie de la distillation sous vide a 250-300 "C 
du potassii~m en exces. Quant ail mttal, il est, avant 
utilisation, distille deux fois sous vide selon une n~ethode 
deja dicrite (6). 

Le melange K-K20 est homogtnCisC en composition, 
en le portant dans un tube scelle (en verre Pyrex ou en 
alumine) une temperature suffisante pour amener les 
constituants a la fusion. I1 est ensuite refroidi lentement. 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1.  Courbes d'analyse thermique differentielle du potassiun~ et du monooxyde de potassium. 

At~alj~.se t / ~ e r t i ~ i q ~ e  dtffiretiiielle 
La determination des temperatures du diagramme de 

phases du systtme K-K20 est faite par analyse thermique 
differentielle (ATD). L'appareillage a kt6 dtcrit ante- 
rieurement (2). 

L'kchantillon de melange pesant environ 30 mg est 
conditionnt dircctement dans un tube en verre Pyrex,' 
scelld sous vide, de 2 mn1 de diamttre interieur et haut 
de 1 cm. Le bas du tube est souflle de faqon h ce qu'il 
prcnnc la forme de la coupelle porte-dchantillon en 
platinc dc I'analyseur thermique difidrentiel. L'echantillon 
de ret'crel~cc cst un tube de m&me section niais renipli 
d'alumine. 

Les courbcs d'ATD, AT = f(T), sont obtenues par 
clcvation dc la temperature et non par refroidissement. 
En effet, Llnc surfi~sion importante des ~iidlanges ne per- 
met pas cl'obtenir de precision sur lcs mcsures obtenues 
par refroidissement bien qLle le "pic de solidification" 
soit souvent plus net que le "pic de fi~sion". 

L'elevation de tempdrature est maintenue 5 une vitesse 
de 8-10 'C par minute. Les sommets des pics des courbes 
AT = f(T) ont servi i~ mesurer les temperatures des 
diverscs transitions observtes. La precision du thermo- 
couple est de l'ordrc de i 2 "C. Les mesures sont toutefois 
moins pl.dciscs par suite de I'etalenient d'un certain 
nonibre de pics (au maximum i 5 "C). 

'Des materiaux autres que le verre tels le platine et 
l'alumine ont e t i  essavcs: Les creusets de olatine sont 

Le n?onooxyde de potassiun? 
Les courbes d'ATD obtenues avec l'oxyde de 

potassium pur B l'tchauffement sont repr6 
senttes sur la Fig. 1. Quatre phtnomknes en- 
dothernliques respectivement a 3 17, 372, 446, 
646 "C et un autre, variable entre 690 et 730 "C, 
sont observts. On retrouve ces pics (exother- 
miques) a l'abaissement de la temptrature avec 
un retard pouvant aller jusqu'h 50 "C. Tous ces 
phtnom2nes sont donc rtversibles. 

L'accident a 646 "C est la fusion de l'oxyde. 
L'observation visuelle dans un tube de verre 
Pyrex corrobore ce resultat. L'oxyde, blanc B 
temptrature ordinaire, passe graduellement en 
tlevant la temptrature, par le jaune citron, par 
l'orange, par le brun puis fond enfin en un 
liquide rouge fonct vers 650 "C. 

Les deux premiers accidents h 317 et 372 "C 
sont de faible amplitude. Des spectres Debye- 
Scherrer obtenus avec des tchantillons de K,O 
en poudre a difftrentes temptratures indiquent 
que les deux phtnomknes observts sont des 
transformations cristallines rtversibles. 

attaq~lcs fortement pa;. le melange h parti; de 330 "C. L, pic &talk, observt vers 446 OC, est lit 
11s ne peuvent donc pas &tre utilises. Par contre, des 
t ~ ~ b e s  d'alumine vitrifite (1.5 mm diamCtre interne, 3 mm probablement 2 la dtcomposition du produit. 
dianittrc externe et 6 cm de hauteur) scelles au chalunieau En effet, Rengade (7) avait renlarqut une 
oxliydrique (sous pression atniospheriq~~e) restent in-  composition de K,O sous vide avec libtration tactes alors ~ L I C  le verre Pyrex est IegCrenient attaquC par 
K20 au moment de sa fusion. Cependant, les resultats de mttal qu'il signale vers 350-400 "C. NOUS 
d'ATD etant peu changes, le verre Pyrex donnant des avons repris cette exptrience avec plus de prt- 
resultats plus nets a ete utilise preferentiellement h 
I'alumine. Les tubes d'alumine ont servi nkanmoins pour par thermogravimttrie vide. Un 
determiner le point de fusion de K20. tchantillon de K 2 0  (environ 20 mg) plact dans 
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NATOLA ET TOUZAIN: DIAGRAMME DE PHASES D U  SYSTEME K-K20 1957 

un petit creuset d'alumine non scellC est suspendu 
au flCau d'une thermobalance "Cahn". L'ClCva- 
tion de tempCrature se fait B raison de 4 "C par 
minute. L'oxyde subit une perte de poids tres 
importante B partir de 430-440 "C alors que du 
potassium mCtallique se condense sur les parois 
froides du tube laboratoire. Dans un tube scellC, 
on n'observe pas l'aspect mktallique du potas- 
sium IibCrC mais seulement, partir de 440- 
450 "C, la coloration brune probablement due 
a une dispersion du potassium dans l'oxyde 
orange. Le dosage de cet oxyde, apres fusion et 
refroidissement rapide, indique Line teneur 
pondtrale en peroxyde2 de l'ordre de 7%. La 
reaction debutant a 446 "C correspond donc B la 
dismutation suivante: 

D'autre part, la diffractomktrie de rayons X 
effectuCe B des tempkratures supCrieures B 
446 "C (450 et 500 "C) indique une extinction 
notable de I'intensitC de quelques raies du spectre 
Debye-Scherrer par rapport B celle effectuCe B la 
tempkrature de 390 "C. Cela laisse supposer que 
la transition a 446 "C est une transformation 
ordre-dCsordre. Dworkin et Bredig (9) laissiient 
prCvoir que la derni6re transformation avant 
fusion des cornposCs AB, a structure cubique 
face centrCe (type fluorine ou antifluorine) est 
une transformation ordre-dCsordre. 

De  ce fait, I'atome de potass i~~m devenant plus 
libre, peut s'Cchapper plus facilement de sa 
position. cristalline initiale. Ce depart pourrait 
Etre ainsi la cause de la disniutation partielle 
du monooxyde en peroxyde. 

Quant au phCnomene remarquC h I'ATD aux 
alentours de 700 "C, il est amputable a la 
vaporisation du potassiuin provenant de la 
dCcomposition de l'oxyde. La courbe d'ATD 
obtenue avec du potassium pur prksente Cgale- 
ment un pic tres endothermique B la tempirature 
de 705 "C (Fig. 1). Comme d'une part, les tubes 
d'alumine utilisCs dans ces expkriences sont 
scellCs B la pression atmosphirique, et que d'au- 
tre part, la tempirature de fusion de l'alumine 
est ClevCe (2050 "C), la pression B I'intbieur du 
tube d'alumine apr6s refroidisseinent de la 

2Le dosage du peroxyde est effectue par colorimitrie 
des complexes form& entre l'eau oxyginCe provenant de 
I'hydrolyse de K z 0 2  et le titane(1V). Ou utilise l'ithanol 
pur pour dissoudre prealablement I'oxyde. 

l i qu ide  

liq + K20 a 

l iq.  + K,13 Y 

% a t o r n i q u e  d ' a x y g e n e  

FIG. 2. Diagramme de phases du systeme K-K20 
(Points expirin~entaux: 0, par ATD; a, par nwsure de 
solubilitC (8)). 

soudure se trouve environ de nioitiC infCrieul-e h 
la pressioii atmospliCriq~le. Ceci expliqi~erait 
que les temp6ratures iiies~irCes soielit inferieures 
i 760 "C, tempirature d'Cbullitioii du potassium 
sous Line pressioli d '~ine  atmosphere. A 705 "C 
par exemple, la pression d'eb~~llition du po- 
tassi~im est de 0.60 atm (10). 

Diagranme de phases d ~ i  sj~stP111e K-K20 
Le mClaiige K-K,O, Line fois liomogCnCisi, a 

Line coloration gris-bleue ;I t empi ra t~~re  am- 
biante. Par cliauffage, il devient jaune-verdiitre, 
brunitre p ~ ~ i s  brun foiici. a p r b  fiision. 

Le diagramnie de phases ~ L I  systkme est 
reprCsentC sur la Fig. 2. Pour les %, aton~iques 
d'oxygene plus petit que 2 '%;, la pente du liquidus 
Ctant tres grande, 1'ATD ne peut fournir aucun 
renseignenient sur ce liquidus. Les points ex- 
ptrimentaux (ronds iioirs) s i t~~Cs dam cette zone 
correspondent aLix rCsultats de Williams e/ al. 
(8) obtenus par luesure de solubilid. Le dia- 
gramme comporte uii eutectique A une tempCra- 
t~ l re  tres proche de la tenipCrat~ire de fi~sion 
du potassium et pour un % atoinique d'oxygene 
plus petit que 0.24 0/, (eutectique dCgCnCrC). I1 
comporte Cgalenient Line ~nonotectie k 600 "C 
pour le % aton~ique d'oxygene de 30.5%. La 
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temperature critique de solution est B peu pris 
egale B 680 "C (B 25% atornique d'oxygine) soit 
environ 35 " au dessus de la temptrature de 
fusioil de K 2 0 .  La fin de la zone d'immiscibilitt 
des 2 liquides se trouve a environ 17 % atomique 
dYoxyg&ne. Ainsi, ce diagramrne ressernble B 
celui du systime K-K2S (1 1) bien que la tem- 
ptrature critique se trouve plus haute pro- 
portionellernent au point de f~lsion de l'oxyde 
ou du sulfure. 

Prtcisons que ce diagramrne d7Cquilibres 
dtpend de conditions exptrimentales ortho- 
bariques (tubes scellts sous vide ou non, pres- 
sion de vapeur du potassium fonction de la 
temperature, dissociation thel-rnique de K 2 0  ....) 
et qu'ainsi, les temperatures trouvees peuvent 
&tre sujettes B des variations importantes. 

Discussion 

Le diagramme du systime K-K20 au con- 
traire de celui du rubidium et celui du ctsiurn 
ne montre aucune existence de sous-oxyde. 
Finalement, quatre sous-oxydes ont ttC dt-  
couverts pour le cesium, un seul pour le rubidium 
et aucun pour le potassium. Cette tvolution de 
proprietts le long de la famille des alcalins laisse 
prtvoir qu'aucun autre sous-oxyde n'existe dans 
les systimes Na-Na20 et Li-Li20. Par contre, 
le systime Fr-Fr20 devrait cornporter de 
noinbreuses sous-structures. La radioactivitt 

-- - - -- - 

du francium ainsi que sa ptriode tris courte de 
21 rnin ernptcheront ntanmoins l'ttude de ce 
systime par une mtthode classique. 

Quant au rnonooxyde de potassium, il se 
prtsente sous la forrne de trois varittts: (i) la 
forrne y, stable au dessous de 317 "C est cubique 
faces centrtes, structure type antifluorine (12); (ii) 
une forrne p stable entre 317 et 372 "C; (iii) une 
forme a' a structure ordonnte entre 372 et 
environ 446 "C et '  une forrne a B structure 
dtsordonnte au dessus de 446 "C jusqu'au point 
de fusion de l'oxyde. 

I1 est B noter que deux transitions cristallines 
ont t t t  observees aussi dans le cas du rnono- 
oxyde de sodium N a 2 0  (13). 

L'examen du liquidus du systirne K-K20 vers 
le point de fusion du rnonooxyde de potassium, 
tract en fonction du % atomique de potassium 
mttallique dans le rntlange K-K20, perrnet 
d'tvaluer approximativement la chaleur de 
fusion de K 2 0  8.0 kcal mole-' et son entropie 
de fusion B 8.7 cal "C-' mole-'. Rernarquons 
que cette entropie de fusion est du m&rne ordre 
de grandeur que celle de N a 2 0  (13) d'environ 
11400/1405 = 8.1 cal "C-' mole-'. 

En adrnettant 7 % en poids de peroxyde form6 
au moment de la fusion de l'oxyde, l'abaissement 
cryoscopique dQ au peroxyde et aux deux 
atornes de potassium libtrts par moltcule de 
peroxyde forrnte, serait: 

La temperature de fusion de K 2 0  doit donc 
&tre relevte de 36 "C. On est alors conduit A 
proposer pour le point de fusion de l'oxyde pur, 
une temptrature de l'ordre de 685 "C. 

Le Conseil National de Recherches du Canada est 
rernercie pour l'aide financibe apportee a ce travail. Nous 
remercions aussi le Professeur Marcel Bourgon du 
departenlent de chimie de I'Universite de Montreal pour 
la realisation de ces experiences ainsi que le Docteur 
Marcel Caillet du Centre National de la Recherche 
Scientifique de Grenoble pour les diverses analyses de 
rayons X qu'il a effectuees. 
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Coordination complexes of gallium(II1) and indium(II1) halides. V. Trialkyl and 
mixed alkyl-aryl phosphine complexes of indium(II1) chloride, bromide, and iodide 

A. J. CARTY AND T. HINSPERGER 
Ctzemistry Departmetzt, Ut~iuersity of Waterloo, Waterloo, Ot~tario, 

AND (IN PART) 

P. M. BOORMAN 
Ctzemistry Departtnent, Ut~iuersity of Calgary, Calgary, Alberta 

Received January 14, 1970 

The new complexes InX3L (X = CI, Br, I ;  L = tricyclohexylphosphine), InX3L2 (X = CI, Br, I ;  
L = trimethylphosphine, triethylphosphine, dimethylphenylphosphine), InX3L, (X = Cl, Br, L = di- 
phenylethylphosphine), InX,L, (X = CI, Br; L = dimethylphenylphosphine) have been prepared and 
characterized by far-infrared, Raman, and n~olecular weight studies. Structures of the types tratzs trigonal 
bipyramidal InX3L2 and C3,, yt-tetrahedral InX3L can be readily characterized by virtue of their typical 
infrared and Raman spectra. Nuclear magnetic resonance chemical shifts and coupling constants for 
adducts of trimethylphosphine, triethylphosphine, di~nethylphenylphosphine, and diphenylethylphos- 
phine are discussed. 

Canadian Journal of Chemistry, 48, 1959 (1970) 

Introduction 

We have previously reported that gallium 
trihalides form pseudotetrahedral C,, complexes 
with triphenylphosphine and para-substituted 
triarylphosphines (1, 2) whereas the correspond- 
ing indium complexes are usually of the type 
lnX,L, (X = C1, Br, 1; L = triarylphosphine) 
(1, 3). This behavior has now been confirmed by 
other workers (4,5). Moreover, far-infrared (4,6) 
and Raman (4) measurements on InCl,(PR,), 
(R = C6H5, CH,) are consistent with trans 
trigonal bipyramidal structures for these adducts. 
Recent X-ray crystallographic data has shown 
that the triphenylphosphine complex has this 
formulation in the solid state (7). 

Although five coordiilation has, in the past, 
been considered rare in indiurn chemistry (8) the 
above results together with the recently deter- 
mined square pyramidal stereochemistry for the 
InClS2- ion (9) indicate that as in other systems 
(lo), five coordinate structures can be stabilized 
by suitable choice of ligands, experimental con- 
ditions, or cations. In view of the established 
stereochemistry of InCl,(Ph,P), we have in- 
vestigated further the reactions of a variety of 
trialkyl, alkyl diaryl, and diaryl alkyl phosphines 
with indium(II1) chloride, bromide, and iodide 
in an attempt to synthesize and characterize 
further five coordinate adducts. Factors influ- 
encing the tendency of phosphines to stabilize 
pentacoordi~lation are also of interest. 

Experimental 
Getzeral 

Anhydrous indium trihalides were prepared as 
previously described (3). The tertiary phosphines, 
trimethylphosphine (Me3P), triethylphosphine (Et3P), 
diphenylethylphosphine (Ph2EtP), dimethylphenylphos- 
phine (Me2PhP), tn-11-butylpl~osphine (uBu3P), and 
tricyclol~exylpl~osphine (Cy,P) were obtained from Strem 
Chemical Company Ltd., Andover, Massach~~setts or 
from Orgmet Inc., New Hampstead, New Hampshire in 
sealed ampoules and were subsequently handled on a 
vacuum line or in a Vac~lurn Atmospheres Corporation 
Dri-Lab. Solvents ~ ~ s e d  in preparations, recrystalliza- 
tions, and n.m.r. measurements were Spectral Grade and 
were thoroughly degassed before use. 

Microanalyses were carried out by A. B. Gygli, 
Toronto, Chemalytics Inc., Tempe, Arizona and Alfred 
Bernhardt, Elsbach iiber Engelskirchen, West Germany. 
Indium was determined by titration against 0.005 M 
EDTA using pyridine-2-azo-4-resorcinol as an indicator. 
Microanalytical data is sunln~arized in Table 1. 

Plzysical Il.leaszire~ne~zts 
Melting points were measured in evacuated sealed 

capillaries in a Mel-Temp apparatus and are uncorrected. 
Infrared (i.r.) measurements in the range 4000-600 cm- ' 
were made on Becknlan IR-I0 and IR-9 spectronleters. 
Samples were examined as N ~ ~ j o l  rn~llls or as solutions 
in degassed solvents. In the far-infrared a Beckman IR-12 
was enlployed, together with ces i~~nl  iodide plates. 
Frequencies are accurate to + I c n - '  over the entire 
range. 

Raman nleasurements on powdered solids were made 
on a Cary 81 instrument equipped with a He/Ne laser. 
Frequencies are accurate to + 2 c n - I .  Nuclear magnetic 
resonance spectra were run on Varian T-60 and HA-100 
spectrometers. An Hitachi - Perkin-Elmer Model 115 
vapor pressure osmometer was en~ployed in molecular 
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TABLE 1 

Analytical data for indium complexes 
.. . - 

C (%I H ( % I  In (%I Halosen (%I P (%I  
Melting 
point Calcu- Calcu- Calcu- Calcu- Calcu- 

Con~pound ("c) lated Found lated Found lated Found lated Found lated Found 

weight determinations. Molecular weights were nleasured a white solid. This was dried in vacuo for 2 h. The 
as a,,, the number average n~olecule weight defined as compound loses phosphine on prolonged evacuation. 

where N, is the number of molecules having n~olecular 
weight Mi .  

Prepo~.otiorr of Corr~plexes 
Two basic methods were used to prepare the complexes. 

The vacuum distillation technique (method B) is prefer- 
able Tor the volatile phosphines Me,P, Et3P, and 
Me,PhP, since these invariably show traces of v(P=O) 
bands in the i.r. after storage for several weeks. The 
purity of each product was checked by scanning thc i.r. 
region 1250-1 I00 cm-'. Medium to strong i.r. absorption 
in this region is characteristic of oxidation products. 

Merlrod A 
Rcaction of indium trichloride (0.5 g) in warm ethyl 

acetate (25 ml) with cxcess Me3P in the same solvent 
gavc an immediate crystalline precipitate, which was 
washed with degassed diethyl ether and dried in vacuo. 

iVf~/l~od B 
Approximately 25 n ~ l  of degassed ethyl acetate was 

distilled in vacuo on to indium trichloride (0.5 g) con- 
taincd in a 100 n ~ l  flask. The trichloride dissolved on 
warming. Excess Me3P was then vacuun~distilled froman 
ampoule into the reaction vessel and reaction completed 
by stirring at room temperature. The product was 
identical with that fro111 method A above. A similar 
prodi~ct prepared by another method has since been 
rcported by Beattie and Ozin (4) although full analytical 
data were not given. The far-infrared spectra of the two 
protlucts are virtually identical. 

(~Lle,P)~ltrB~.,, (Me3P)ZIr~13 
These compoi~nds were prepared as colorless crystals 

by methods A and B above. 
(Me2PI~P) 31r~C13 
Addition of an  acetonitrile solution of indium trichlo- 

ride to excess Me2PhP in acetonitrile gave, on evacuation, 

(Me2PIrP) zIr~C13 
Addition of MezPhP (0.02 mole) in acetonitrile to 

indium trichloride (0.01 mole) in acetonitrile gave the 
pure bis complex. 

Method B used in the preparation of the tris adduct 
gave a white solid which partially dissolved in ether. The 
residue (X) and crystals from the ether extract (Y) were 
filtered off and dried in vacuo for 2 h. Analyses and 
far-infrared spectra implied that X was a nlixture of bis 
and tris co~nplexes whereas the crystals Y contained the 
free phosphine and the tris complex. 

Anal. Found: X, C, 41.27; H, 4.91; Y, C, 47.64; 
H, 5.62. 

After pumping in vacuo for 4 days re-analysis indicated 
the presence of pure bis and tris complexes. 

Anal. Found: X, C, 39.64; H, 4.44; Y, C, 45.35; 
H, 5.27. 

(MezPIrP)31~~Br3, (MezPIzP)21rzBr3 
These were prepared as for the respective chloride 

complexes. The tris compound loses phosphine on 
prolonged evacuation. 

(I"4e2PIzP) zIt113 

Methods A and B gave pale yellow crystals of th'e bis 
complex. Attempts to prepare a tris derivative were 
unsuccessful. 

(Et3P)21t1X3 ( X  = Cl, BY, I) 
These complexes were prepared as colorless or pale 

yellow crystals by methods A and B above. An excess of 
Et3P must be avoided, however, since this results in oils 
which are difficult to crystallize. 

( P I I ~ E ~ P ) ~ I ~ I C / ~  
Method A was used with diethyl ether or acetonitrile 

as solvent. White crystals were obtained. 
( P I I ~ E ~ P ) ~ I I I B ~ ~  
Method A st sing diethyl ether gave white crystals. 
No crystalline complex could be obtained from 
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Ph2EtP and ~ndium t r ~ ~ o d ~ d e  under a variety of condi- 
tions. Oils were formed and they were not further 
characterized. 

(Cy3 P)  ItlX3 ( X  = Cl, Br, I )  
Ethyl acetate solutions of indiunl t r~ha l~des  afforded 

colorless or pale yellow crystals of the conlplex when 
treated with tr~cyclohexylphosphine in ethyl acetate. Even 
with a large excess of phosphine, pure b ~ s  complexes 
could not be ~solated. 

Reactions of indium trihalides w ~ t h  tz-Bi13P in various 
solvents gave thick 011s which could not be crystallized. 
Characterization of these oils was not attempted. 

Excharrge Reactio?rs using Indrlrrtr Tt il~olide - Plrospllitre 
Complexes 

(I) Reoctiotrs of ItrX3L,, with M2PcIX, otrd M,PtX, 
( X  = Cl, Br, I; L = terrirriy phosplritre; M = Nn, K )  

Several reactions of this type were carried out to 
confirnl phosphine transfer from indium. The same 

1 
hal~de Ion was present in both reactants. A typ~cal 
procedure IS outlined below. 

An equ~molar n~ixture of (Me,PhP)31nC13 and 
Na2PdC1,3H20 in water was stirred for 3 11, filtered and 

I the pale-orange res~due extracted with d~chloron~ethane.  
On slow evaporation pale-yellow crystals wele obtained. 
A further crop of crystals was obtalned by ~ecrystalliza- 

I 
tion of the residue from the d~chloromethane extract. 
The compound was characterlzed as a mlxtilre of cis and 
ttmrs isomers of ( M ~ , P I I P ) ~ P ~ C I ~ ,  111.p. 191-192" (Lit. 
192-194" (11)). In chloroform the n.m.1. corresponded 
to that reported by Jenkins and Shaw (11). The 'H 

I (methyl) resonance consisted of a I .  I doublet at .r = 8.25 
( J =  I1.OHz) and a 1:2:1 triplet at  .r = 8.25 ( J=  
3.80 Hz) corresponding to the crs and trotrr isomers, 
respect~vely. 

I Several other con~plexes were synthes~zed and char- 
, acterized in s l ~ n ~ l a r  tash~on. In each case the reactants 

1 contained the same halide ion. React~ons involv~ng the 
complexes (Cy3P)InX3 were very slow and gave poor 
yields of the Pd and Pt derlvat~ves. The follow~ng 
con~plexes are representative. 

trotrs-(Me3P),PdC1,, n1.p. 276-278" (Ilt. 281-282' (12)). 
trntr~-(Ph,EtP)~PdC12, 111.p. 195-198' 
Anal. Calcd.: C, 55.51; H, 4.99. Found: C, 55.37; 

H, 5.09. 
cis- and trotrs-m~xti~re (Me2PhP),PtBrI, m.p. 198-199" 

(11t. 201-204" (I I)). 
cis-(Et3P),PtI,, 1n.p. 130-134" (lit. n1.p. 136-1 37" (13)). 
(Cy,P)2Pt,I,, 111.p. 237-240'. 

1 
Anal. Calcd.: C, 29.59; H. 4.54. F o ~ l n d :  C, 28.76; 

H ,  4.44. 
In a separate experiment (Me3P)21nC13 was thern~ally 

deconlposed at 200". The gaseous deconlposition prod- 
ucts were passed into a flask contain~ng HAuCI, In 
acetone. From the resulting colorless solution crystals 
of (Me3P)AuCI were obtained and were characterlzed 
by far-infrared spectroscopy (14). 

(2) Reoctrons itr~oluitrg Plrorphitre ntrd Hnlogetz 
Excllntrge frorrl IrrX3L,, 

Equimolar quantities of (Et3P),In13 and Na,PdCI,- 
3 H 2 0  were stirred In aqueous ethanol f o ~  3 h. The 
orange solution was filtered, solvent carefully removed, 
and then cooled. Large, orange crystals separated out, 
m.p. 135-138". 

The conlpound was characterized as trorrs-(Et3P),Pd12 
(lit. 1n.p. 139" (15)). 

Anal. Calcd.: C, 24.16; H, 5.05. Found: C, 24.45; 
H, 5.09. 

Although reactions of this type proceeded sn~oothly 
when In13L,, and M,PdCI, were used, indiunl bro~liide 
colnplexes gave nlixtilres of products with M,PdCI,. 

Results and Discussion 

Three types of coniplex have beell synthesized: 
(0)  InX3L3 (X = CI, Br; L = Me,PliP), (0) 
InX3L, (X = CI, Br, I ;  L = Me3P, Et3P, 
Pli,EtP, Me,PliP), (c) InX,L (X = CI, Br, I ;  
L = Cy3P). 

Tlie dinietliylpheiiylpliosphine complexes of 
type (a) are the first tris phosphine adducts of tlie 
indium trilialides to be prepared. They are rather 
labile, losing one molecule of phosphine 011 

evacuation or  washing witli dietliyletlier to yield 
the bis complexes. This contrasts witli tlie 
behavior of tlie bis complexes of Me3P, Et,P, 
Ph,EtP, and Me,PhP wliicli do  not readily lose 
free ligand under these conditions. 

Tlie ease of preparation of complexes of 
type (0) appears to depend somewhat on the 
solubility of tlie products in organic solvents. 
Thus trimetliylphospliiiie complexes, wliicli 
might have been expected to bc diflici~lt to prepare 
011 accoL11it of the facile oxidation of the free 
ligand, crystallize readily from solution in a pure 
state due to their low solubility. By contrast, 
coniplexes of diplieiiyletliylphospliiiie crystallize 
witli dificulty and have an oily appearance when 
pure.  N o  crystalline species of formula  
(Ph,EtP),In13 could be prepared. Furtlier, tri-n- 
butylpliospl~iiie gave only oils witli indium 
trilialides ~ ~ i i d e r  a variety of conditions. Packing 
factors and intermolecular forces are clearly of 
considerable importance in determining the 
iiature of tlie complexes formed. That such 
parameters are extremely difxcult to predict can 
be seen from tlie fact that while (Et3P)21nX3 
(X = CI, Br) are moist in appearance. difficult 
to crystallize, a i d  smell of phospliine, the 
iodide (Et3P)21ii13 precipitates froiii solution as 
pure dry crystals. This, however, together with 
vibratioiial data (see later), may suggest a differ- 
ent structure for (Et,P)21n13 compared to 
(Et3P),InC13 and (Et3P),lnBr3. 

Cy3P forms oi~ly  1 :1 adducts with indium 
trihalides. These complexes are mi~cli less soluble 
in organic solvents than tlie bis and tris adducts 
of other phosphines. (Cy3P)InX3 (X = C1, Br, I) 
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react sluggishly with CS, to give the orange 
addition complex Cy3PCS, whereas reaction is 
rapid wit11 the other complexes. Exchange 
reactions with Na,PdCl, and K2PtC1, are also 
slow. Although there may be other reasons for 
the sluggish reactions of Cy3P complexes, poor 
dissociatioil in solution will clearly make a 
significant contribution, since the reactions de- 
pend primarily on the presence of free phosphine 
in solution. 

Stoichiometries 
It is of interest to compare the stoichiometries 

of the phosphiile adducts with physical data 
available for the free ligand (16, 17). Cy3P is 
unique in that it has the highest basicity (pk, 8.69), 
the highest melting point, and is more bulky1 
than the other ligands. 

On the basis of the electroneutrality principle, 
strong o donor properties would favor a lower 
coordination number. Steric effects would also 
tend to favor a lower coordination number. Thus 
for Cy3P both factors may be important in 
ensuring the formation of 1 : 1 adducts and strong 
In-P bonds. Also worth noting is the low basicity 
of Ph3P (pk, 2.73). While (Ph3P),InC13 is a 
crystalline solid (3), the In-P bonds are con- 
siderably longer t l~an the sum of the covalent 
radii of In3 and phosphorus (7) and the complex 
readily dissociates in solution (3). The low 
basicity of Ph,EtP (pk, ca. 4.5) would also favor 
a five coordinate rather than four coordinate 
structure. That the stoichiometry is not a simple 
filnction of o donor strength and steric effects 
can however be seen from the Me3P, Et3P, and 
Me,PhP complexes. In  particular, the formatioil 
of both bis and tris complexes with Me,PhP, a 
ligand of intermediate basicity (pk, 6.49) and 
size, but only bis complexes with Me3P (pk, 8.65) 
and Et3P (pk, 8.69) is noteworthy. Also of 
interest is the high dipole moment of Et3P 
(1.84 D). As noted in transition metal chemistry 
(15) this may well be important in determining 
the higher solubility of Et3P complexes than 
Me3P complexes and hence in their wider use for 
physical measurements. 

These qualitative observations are, however, 
clearly insufficient to allow accurate predictions 

'For example, Cy3P has 18 more H atoms and C-C 
distances 10% longer than in (C6H5)3P. The P-Cu-P 
angles in [(C6H5)3P]2C~N03 and (Cy3P),CuN03 are 
131.2" and 139", respect~vely (35). 

of complex stoichiometry. One can conclude that 
energy balances in equilibria involving indium 
complexes are delicate and that small changes in 
factors such as steric requirements, basicity, and 
dipole moment of ligand together with packing 
factors and intermolecular forces are of consider- 
able importance in dictating the eventual reaction 
product. 

Solution Behavior 
Molecular weight measurements suggest that 

the complexes (Ph,EtP),InCl, (mol. wt. found 
461; calcd. 650), (Ph,EtP),InBr, (mol. wt. 
found 487; calcd. 784), and (Me,PhP),InCl, 
(mol. wt. found 320; calcd. 636) dissociate in 
benzene solution. Since the observed MI, values 
for (Ph,EtP),InX, (X = C1, Br) are greater than 
half the molecular weight of the undissociated 
species only partial dissociation occurs in a 
10- M solution. The dissociation is concentra- 
tion dependent (Fig. l), the value of a,, approach- 
ing that of the undissociated monomer at high 
concentrations. Because of the lability of InX3L,, 
in solution, the solid complexes may be used as 
a source of free phosphine for the preparation 
of MX,L, (M = Pd, Pt) compounds. Agl.Land 
AgN03L (L = Me3P) have previously been used 
for this purpose (12). The indium complexes are 
useful since reactions occur without the necessity 
of decomposing the starting material. Thermal 
decomposition of (Me3P),InC13 is also an 
excellent preparative method to liberate free 

I . . , .  

10 2 0  

S o l u t i o n  Conc. ( g 1 0 0 0 g  s o l v e n t )  / 
FIG. 1. Plot of number average n~olecular weight vs. 

concentration for (Ph2EtP),InCI3 in benzene. 
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Me,P. As (Me,P),InCl, is stable for several 
weeks in air, this complex represents an alter- 
native method of storing the toxic and volatile 
Me,P. 

In addition to phosphine exchange, halogen 
exchange occurs. This is best illustrated by the re- 
action (Et,P),InI, + Na2PdC14 + (Et,P),PdI,. 
Whereas halogen transfer from indium iodide 
complexes goes quickly to completion, only 
partial displacement of chloride by bromide 
occurs, giving mixed products. The weakness of 
In-I bonds, the lower solubility of the transition 
metal iodide complexes, and the greater covalency 
of the M-I (M = Pd, Pt) bonds compared to 
M-C1 and M-Br may all be contributing 
factors in the observed sequence. 

As previously mentioned, complexes of Cy,P 
appear to be less labile in solution than the bis 
and tris adducts. Exchange reactions proceed 
only slowly to give poor yields of (Cy,P),MX, 
(X = C1, Br; M = Pd, Pt) and Pt,I4(Cy3P),. The 
latter complex, a halogen bridged dimer, is 
probably formed as a result of experimental con- 
ditions. Beg and Clark (18) have previously 
demonstrated conversion of (Me,P),PtCl, to 
(Me,P),Pt,CI, on boiling in methanol. 

From the above qualitative and quantitative 
observations, one can conclude that the following 
equilibria exist in solutions of the complexes 
InX,L,,. 

non-polar polar 
InX3L,-, + L 7 InX3L, 7 InX2L,+X- 

solvents solvents 

Conductance measurements on other indium 
species suggest similar equilibria (3, 19). The 
available solution data for indium(II1) complexes 
clearly point out the dangers inherent in the 
inference of structure in the solid state from 
physical measurements made on solutions. 

Infrared and Raman Spectra 
In favorable circumstances far-infrared and 

Raman measurements on solid complexes can 
provide unambiguous structural assignments. 
Phosphine complexes of indium are particularly 
amenable to study by vibrational spectroscopy 
in view of the low frequencies and intensities of 
modes associated wjth indium-phosphorus 
stretching. Coupling with v(1n-X) modes is 
likely to be less important than in the correspond- 
ing 0x0- or nitrogen-donor complexes. Moreover, 
the vibrational spectra of several phosphines in 

the region 500-200 cm-' are well documented 
and rather simple (20). Success in predicting the 
trans trigonal bipyramidal structure for (Ph,P),- 
InCl, (6) led us to believe that infrared and 
Raman spectra of other adducts might be 
equally useful. 

Infrared Spectra, 4000-600 cm- ' 
Changes in the spectra of tertiary phosphines 

occur on complexing (21). Spectra were routinely 
measured in this region to confirm coordination 
to indium (22) but are not included here to 
conserve space. In general, changes in ligand 
vibrational frequencies parallel those observed 
for transition metal complexes (20, 23). 

Infrared and RanIan Spectra, 600-200 ~ 1 7 1 -  ' 
(Me,P),InX, (X = C/, Br, I) 
Beattie and Ozin (4) have reported far-infrared 

and Raman results for (Me,P),InCl, and 
(Me,P),InI,. Table 2 shows that our data for 
(Me,P),InCl, agree well with that of Beattie and 
Ozin. A trans trigonal bipyramidal structure 
seems likely for this compound with the intense 
infrared absorption at 283-287 cm-' assigned 
to the E' mode. A shoulder at  256cm-' is 
presumably due to the infrared forbidden A,' 
mode. Interestingly the E' mode for (Me,P),InCl, 
lies 34 cm-'  to lower frequency from the cor- 
responding mode for (Ph,P),InCI, and 38 cm-' 
lower than in (Me,N),InCl, (24). 

For  (Me,P),InBr,, a strong absorption 
appears at  203 cm-'  in the infrared, 40 cm-'  
l d i e r  than v(1n-Br) in (Me,N),InBr, (24). A 
weak Raman line at 203 cm-' and a strong band 
at 170 cm-' suggest a similar trans structure for 
(Me,P),InBr,. Vibrational data for (Me,P),InI, 
are complex (4) and an unambiguous assignment 
cannot be made in this case. 

(Me2PhP),,Ir~X3 
The far-infrared and Raman spectra of 

Me,PhP reported by Goubeau and Langhardt 
(20c) and of the complexes (Me,PhP),,InX, are 
given in Table 3. The i.r. and Raman active 
vibration at  325 cm-' in Me,PhP and the bis 
complexes moves to 336 and 352cm-' in 
(Me,PhP),InBr, and (Me,PhP),InCl,, respec- 
tively. The free ligand also has 6(PC) modes at  
250 and 280 cm-' in the Raman which do not 
appear in the i.r. The main features of the spectra 
of (Me,PhP),InCl, are a strong broad band 
incompletely resolved, between 285 and 305 cm- ' 
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TABLE 2 
Far-infrared and Raman spectra of solid (Me3P),InX3 complexes* 

(Me3P),InCI3 (Me3P)~In13 
(Me3P),InBr3 

Infrared Infrared 
Raman, Infrared, Raman, Raman, 

This work Reference 4 reference 4 this work this work This work Reference 4 reference 4 

75 m s 
83 m s 7 9 m s  

86 m w 9 0 v w  
9 8 v w  

120 m s 120 v w br 
125 m s 

153 m 151 v s t  
120 m 169 s t  

187 m 195 w 174 m'f 186 sht 190vw 
203 v s'f 203 wt 

256 m sht 258 sht 256 v s t  255 v w 255 w 2 5 5 v v w  260 w 
283-287 s brt 286 s t  283 w t  287 v w 
302 sh 308 v w br 287 w 308 v w 

318 v w 
327 w 

347 m 350 v w 340 v w 327 w 
410vw 

*v = very, w = weak, m = medium, s = strong, br = 
?These bands are probably due to v(1n-X) vibrations. 

broad, sh shoulder. 

in the i.r. with a weaker band at 260 cm-' and 
an intense Raman line at 260 cm-' with a weak 
satellite at 286 cm-'. These spectra eliminate a 
covalent halogen bridged dimeric structure where 
a separation of ca. 100 cm-' in bridging and 
terminal v(1n-C1) modes is expected. (See ref. 25 
for Ga2C16 and ref. 26 for In216.) An ionic dimer 
formulation [InCl,(Me,PhP),:l [InCl,] is also 
unlikely since vl(Al) (321 cm- ') and v3(F2) 
(337 cm-') of InC1,- (27) are not observed in 
the spectra. A structure InCl,(Me,PhP),+ C1- 
can be excluded since the v(1n-C1) vibrations of 
a four coordinate cation would absorb at a higher 
frequency than that found (compare for example 
(Cy,P)InCl, v(1n-X) at 331 and 323 cm-'). 

The selection rules for cis trigonal bipyramidal 
(C, or C,,) and cis or trans square-based pyra- 
midal (C, or C,,) structures do not allow a 
distinction to be made between five coordinate 
geometries of this type. However, these structures 
are unlikely in view of the simplicity of the i.r. 
and Raman spectra. As for (Me,P),InCl, and 
(Ph,P),InCl,, the most reasonable assignment is 
trans trigonal bipyramidal of D,,, symmetry with 
similar assignments for the E' and A,' modes. 
The relative positions and intensities appear to 
be characteristic for D,,, solid state structures. 

Similar arguments are relevant for (Me,PhP),- 
InBr,. However, a medium intensity Raman 

band at 200 cm-' is close to the v, frequency of 
InBr,- at 197 cm-' (27). Although the ionic 
dimer [InBr,(Me,PhP),] [InBr,] is therefore a 
possibility, the absence ofv3 ofInBr,- (239cm-') 
in the infrared rules out this structure. We assign 
the 219 cm-' band to the E' mode and the 
175 cm-' Raman line to the A,' mode of a trans 
trigonal bipyramidal structure. 

Owing to a lack of infrared data for 
(Me,PhP),InI,, we cannot distinguish between 
the structures trans trigoual bipyramidal and 
[InI,(Me,PhP),] [InI,] for this complex. The 
very strong Raman band at 141 cm-' corre- 
sponds to the vl(Al) frequency for InI,- 
(139 cm-') but there is no scattering in the region 
O ~ V ,  (185 cm-') (27). The alternative assignment 
E' (165 cm-') and A,' (139 cin-') for v(1n-I) 
of trans-(Me,PhP),InI, is possible. 

The complexes (Me,PhP),InX, (X = C1, Br) 
have markedly different i.r. and Raman spectra 
from the bis complexes. The available data pro- 
vide conclusive evidence for an increase in 
coordination number. Thus the strongest 
v(1n-X) bands of lowest frequency for 
(Me,PhP),InX, appear at 245 and 161 cm-', 
respectively, for X = C1 and X = Br whereas 
their counterparts in the bis species are at ca. 300 
and 175 cm-'. The ionic structures InX,L,+X- 
are therefore unlikely. The known vibrational 
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TABLE 4 

Far-infrared and Raman spectra of Ph2EtP complexes 

(Ph2EtP),1nCl3 (PhZEtP),InBr3 
PhzEtP, 
infrared Infrared Raman Infrared Raman 

269 m sh* 

307 v s* 

353 m 

396 w 
423 m w 

452 s 
475 v s 

510 v s 

397 w Not measured 
424 sh 
436 s Above 400 cm-' 

'These peaks are probably due to v(1n-X) vibrations. 

spectrum of the ion 111Cl,~- also argues against 
the formulation [Il~(Me,phP)~] [InCl,] (28). Thus 
the predicted lines v,(T,,) (250 cm-I), v,(A,,) 
277 cm-' and v,(T,,) (277 cm-') cannot be 
traced in the spectrum of (Me,PhP),InCl,. 

The most likely structure for these complexes 
is an octahedral monomer of cis or trans con- 
figuration. The selection rules for cis-C,, 
(v(1n-X) (A, + E)) and trans-C,, (v(1n-X) 
(2A1 + B,) theoretically allow these configura- 
tions to be distinguished by vibrational spec- 
troscopy. In practice, however, this is fraught 
with difficulty. Thus for trans-SiCl,(py),+, only 
one intense Raman line is observed (29). A single 
Raman band is also found in InCl,(dmso), of 
unknown structure (30). We have not therefore 
attempted to assign the geometry of the adducts 
(Me,PhP),InX, until X-ray data becomes avail- 
able. 

(PII,E~P),I~X, (X = CI, Br) 
Infrared and Raman data (Table 4) for these 

compounds closely resemble that for (Me,P),- 
InX, (X = C1, Br) and (Me,PhP),InX, (X = C1, 
Br). The following assignments are reasonable 
for trans trigonal bipyramidal structures: 
(Ph,EtP),InCl,, E' (307 cm-I), A,' (269 cm-I); 
(Ph,EtP),InBr,, E' (223 cm-I), A,' (176 cm-I). 
The separation of the E' and A,' modes for the 
chloride and bromide complexes are 30 and 

40 cm-' which correspond well with frequency 
differences in (Me,N),InCl, and (Me,N),InBr, 
(24). 

(Et3P),InX3 (X = CI, Br, I) 
v(1n-X) modes appear at 285 cm-' (s) in the 

i.r. and at 255 cm-' (vs) and 285 cm-' (w) in the 
Raman (Table 5) for (Et,P),InCl, again suggest- 
ing a trails five coordinate stereochemistry. 
Similarly, for (Et,P),InBr, a trans structure is 
likely. The iodide complex has a very complicated 
pattern of bands in the Raman between 191 and 
123 cm-' and a simple interpretation is impos- 
sible. A similar situation was found for 
(Me,P),InI,. Clearly X-ray data will be necessary 
in this case before an assignment can be 
attempted. 

Finally, it is worth noting two further points 
at this stage. The infrared spectra of trans 
trigonal bipyramidal molecules of the type 
InCl,L, are characterized by the presence of a 
very strong band in the region 280-320 cm-' 
and a weaker satellite 30-40 cm-' to lower 
frequency. In the Raman the same bands appear 
with the intensities reversed. If the weak i.r. band 
is due to the A,' equatorial stretching mode then 
the appearance of this band may be some 
indication of distortion from trigonal bipyra- 
midal geometry. It is noteworthy that in 
(Ph,P),InCl,, (p-Tol,P),InCl,, and (p-Anis,P),- 
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TABLE 5 
Far-infrared and Rarnan spectra of (Et3P),lnX3 complexes 

Et3P (200) (Et3P)21nC13 (Et3P),InBr3 (Et3P)~In13 

Infrared Rarnan Infrared Rarnan Infrared Infrared Raman 

255 v s* 

280 v w sh 
285 w sh* 
310 v w 
335 v w 
368 v w 

I 
*These peaks are probably due to v(In-X) vibrations. 

InCI, this band is barely visible above the 
background in the i.r. (31). In (Ph,P),InCI,, the 
X-ray determination shows little significant dis- 
tortion from a regular trigonal bipyramidal (7). 
The decrease in frequency of the E' mode 
(compare (Ph,P),InCI,, 319 cin-'; (p-Tol,P),- 
InCl,, 310 cm- ' ;  (Me,PhP),InCI,, 290 cm-'  ; 
(Et,P),InCI,, 285 cm- ' ;  (Me,P),InCI,, 286 
cm-')  is also noticeable although whether this is 
a feature of bonding or coupling in these species 
cannot be determined. 

(Cy3P)b7X3 ( X  = CI, Br, I) 
Raman and i.r. results for the chloride and 

bromide complexes (Table 6) are consistent with 
monomeric C,, structiires for these adducts. For 
both complexes, v(In-X) vibrations are a t  higher 
frequencies than in the five coordinate monomers. 
The coincidence of infrared and Raman modes 
and the relative intensities of the bands compare 
well with data for GaX,L (32) and suggest 
the following assignments : (Cy,P)InCl,, E, 
331 cm-'  ; A,,  323 cm- ' ;  (Cy,P)InBr,, E, 
236cm- ' ;  A , ,  212 cm-asfo for theother series, 
(Cy,P)InI, has a more complex Raman spectrum 
which cannot be unambiguously interpreted 
although the complexity argues against a simple 
C,, geometry such as that found for the chloride 
and bromide. A dimeric formulation [(Cy,P),- 
InI,]' [InI,]- is possible, in which case bands 
a t  138 and 185 cm-' may arise from v, and v, 
of I d 4 -  (27). This would leave the 162 cm-'  to 

be assigned to a cation mode. X-Ray studies a t  
present underway should provide an unequivocal 
answer to problems associated with the vibra- 
tional spectra of indium iodide species. 

Nuclear Magnetic Resonance Spectra 
The phenomenon of virtual coupling has 

proven extremely helpfill in inorganic chemistry 
for the structural characterization of complexes 
by n.m.r. spectroscopy. Methyl substituted phos- 
phines have been especially valuable for this 
purpose. Jenkins and Shaw (33) have demon- 
strated that when two Me,PhP ligands are in 
mutual trans positions in a complex, virtual 
coupling between phosphorus nuclei occurs such 
that the methyl proton resonance of the coor- 
dinated ligands appears as a symmetrical 1 :2 : 1 
triplet. For  the corresponding cis compounds, a 
methyl doublet appears due to coupling to only 
one phosphorus nucleus. The spectrum then 
unambiguously establishes the geometry around 
the metal. Studies of this type have so far beell 
limited to  transition metal complexes. We have 
attempted to apply this technique to the Me,PhP, 
Ph,EtP, and Et3P complexes described herein in 
an  attempt to obtain further stereochemical 
information. 

(Me,PJ,InX, and (Me,PhP),InX,/ 
(Me,PhP) ,In X, 

Chemical shift and coupling constant data for 
the free phosphines and complexes are sum- 
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TABLE 6 

Far-infrared and Raman spectra of Cy3P complexes 

C Y ~ P  (CY 3P)InC13 (Cy,P)InBr3t (CY ,P)In13 

Infrared Infrared Raman Infrared Infrared Raman 

138 v s* 
162m* 
185 w sh* 
191 w* 
198 w sh* 

202 v w 

245 v v w 
253 v v w 
278 v v w 
302 w sh 
323 sh* 323 v s* 

331 v s* 331 sh* 
384 w 
393 w 
410 w 
428 w 
445 w 
461 w 

*These bands are probably due to v(In-X). 
t(Cy3P)InBr3 prepared from ethyl acetate. 

TABLE 7 
Nuclear magnetic resonance spectra of (Me,P)ZInX3 and (MeZPhP)Z ., 31nX3 
- - 

Com~ound Solvent T Z J p - ~  (HZ) Remarks 

Neat 
DzO 

Benzene 
Benzene 
Benzene 
CDCI, 
CDC13 

CHC13/MeOH 
CHC13 
CHC1, 
CHC13 
CHC13 
CHC13 

9.11 2.7 1 :l doublet 
8.07 13.4 1 :l doublet 
9.05 10.5 1 :I doublet 
9.05 10.5 1 :l  doublet 
9.13 11.2 1 :l doublet 
8.61 1.7 1 :l  doublet 
8.24 13.0 1 :l  doublet 
7.62 13.2 1 :l  doublet 
8.23 10.0 1 :l  doublet 
8.35 6.7  1 :l  doublet 
8.21 10.0 1 :l doublet 
8.34 6.3 1 :l doublet 
8.39 10.0 1 :l  doublet 

ca. 1 :l mixture 
(MeZPhP)zInC13 
and (MenPhP),InCl, 

Two overlapping 
8.23 11.5 1 :I  doublets 
8.35 5 .0  

marized in Table 7. For (Me,P),InX,, chemical larger than ,JP- (2.7 c.p.s.) in the free ligand. 
shifts and coupling constants are very similar, In general ,JP-,, increases markedly on complex 
with 1:l doublets appearing at T = 9.05, 9.09, formation or quaternization (34) due to an 
9.13, respectively, for the chloride, bromide, and increase in the s character of the phosphorus 
iodide. The coupling constants (ca. 10 c.p.s.) are bonding orbitals. 
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TABLE 8 

Nuclear magnetic resonance spectra of (Et3P)~InX3 and (PhzEtP)zInX3 complexes at 60 Mc/s* 

Compound M 'CHz zJP-H M TCH3 3 J p - H  JH-H Solvent 

Et3P (34) Complex 8.8 0.5 Complex 9.04 13.7 7 .6  Neat 
Et3P0 (34) Complex 8.35 11.9 Complex 8.9 16.3 7.8 CHCI, 
Et4P+I- (34) 2 x 4 7.38 8.0 2 x 3  8.9 23.0 7.5 CHClj 
(Et3P)21~C13 2 x 4 8.00 8.8 2 x 3  8.76 18.0 8.2 CHCI3 
(Et3P)zInBr3 2 x 4  7.94 8.5 2 x 3  8.65 19.0 8.3 CHC13 
(Et3P)zIn13 2 x 4 8.29 9.0 2 x 3  8.92 18.0 8.2 Benzene 
PhzEtP 1 x 4  8.09 1 .O  2 x 3  9.02 18.8 8.3 Neat 
Ph3EtP+I- 2 x 4 6.35 14.0 2 x 3  8.70 19.6 7.0 CDC13 
(PhzPEt)zInC13 2 x 4 7.65 8.60 2 x 3  8.85 19.5 7.9 Benzene 
(Ph2EtP)21nBr3 2 x 4  7.74 8.40 2 x 3  8.88 18.0 8.2 Benzene 

*M = multiplicity, J = values in Hz. 

Since only one symmetrical doublet appears in second order (34). Spectra of Ph,EtP complexes 
the n.m.r. spectra, two possible conclusions can 
be drawn. Firstly the complex has a structure 
with two equivalent phosphine ligands. The 
n.m.r. data do not disagree, therefore, with the 
trans structure suggested from vibrational spec- 
troscopy. Alternatively, rapid exchange of ligands 
in solution may be occurring to render both 
phosphines equivalent on the n.m.r. time scale. 
The absence of virtual coupling may support the 
latter alternative. 

For  the bis-Me,PhP complexes, a symmetrical 
doublet is again observed for the CH, resonance. 
The tris compounds, (Me,PhP),InX, (X = C1, 
Br), likewise give rise to only one doublet. These 
results may imply D,,, and C,, structures for the 
bis and tris adducts. Comparison of chemical 
shifts and 'J,-, values within the two series 
shows (a) an hp:field shift of methyl resonances 
in the tris adducts and (b) a decrease in 2Jp-t1 in 
the tris adducts. These differences are probably 
the result of weaker In-P bonding in the tris 
complexes due to the higher coordination number 
of indium. 

(P11, EtP),InX, ( X  = CI, Br) and 
(Et3P) 21nX3 

Chemical shift, 'J,-,, and ,JP-, values for 
these complexes are grouped in Table 8. The 
n.m.r. spectrum of Et,P is second order (34). The 
complexes give essentially first-order spectra 
consisting of two overlapping methylene proton 
quartets (giving a 1 :4:6:4:1 intensity pattern)and 
two overlapping methyl proton triplets. The effect 
of the indium trihalide substituent on the chem- 
ical shifts of the a and P protons appears to be 
intermediate between that of an Et' group and a 
P=O group since E~,P+I-  has a similar first 
order spectrum whereas that of Et,P=O is 

+ 
resemble the first order spectrum of Ph,EtPIP 
(34). The usual increases in 'JP-,,, ,JpPH occur 
on complexing and the a and P resonances are 
moved to lower field. For structural purposes 
the spectra give little new information. As for 
(Me,P),InX,, the presence of only one type of 
ethyl proton environment implies a symmetrical 
structure of D,,, o r  C,, symmetry. The absence 
of virtual coupling might indicate a cis trigonal 
bipyrainidal configuration but as we have not 
observed this behavior in any of these systems, 
this conclusion must be doubtfill. In a separate 
study we are examining the low temperature 
i1.m.r. spectra of these adducts to throw further 
light on the apparent absence of virtual coupling 
and the possibility of chen~ical exchange. 

Conclusions 

Several important conclusioils can be drawn 
from this work. Firstly there is now strong 
evidence from this and previous work that 
indium prefers five-coordination when phos- 
phorus donors are involved. This contrasts with 
the many six coordinate complexes prepared with 
nitrogen and oxygen donor ligands (32). Trans 
trigonal bipyramidal complexes of the type 
InX,L, appear to give rise to characteristic 
vibrational spectra thus aiding identification. 

Nuclear magnetic resonance measurements a t  
room temperature do not appear to be as useful 
in the chemistry of non-transition metal - phos- 
phine complexes as in the transition metal field. 
Theories of bonding, in particular the factors 
influencing a preference for a given coordination 
number, remain obscure and less well developed 
than in transition metal chemistry although 
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Iigand basicity, size, and melting point are of 
some importance. Further work, including X-ray 
and thermochemical studies at present underway 
in this laboratory, will be necessary before a 
composite picture of bonding in adducts of this 
type can be formulated. 

We acknowledge the financial support of the Govern- 
ment of Ontario Department of University Affairs, and 
the National Research Council of Canada. 
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Confirmation of the dielectric polarization theory of anodic film formation: - 

a voltage pulse technique for investigating Faradaic-current-driven 
polarization processes 

M. J. DIGNAM AND D. F. TAYLOR 
Department of Cl~en~istry, Uniuersity of Torot~to, Toronto 181, Otrtario 

Received December 23, 1969 

Potentiostatic voltage-pulse experiments, carried out on anodically formed tantalum oxide films, show 
directly the existence of a dielectric polarization process which is driven by the passage of ion-current. 
Furthermore, quantitative analysis of the data yields a value for the constant coupling the polarization 
rate to the ion-current density, of the same order as that obtained from galvanostatic field transients, 
a result expected if the dielectric polarization of the film makes a large contribution to the effective field 
causing film growth. This experiment provides, therefore, convincing evidence in support of the main 
tenet of the dielectric polarization theory for anodic film growth (the ion-current-driven polarization 
process) with some support for the effective-field postulate also provided. 
Canadian Journal of Chemistry, 48. 1971 (1970) 

Introduction 

The dielectric polarization theory for anodic 
film growth ( 1 4 )  provides quantitative agree- 
ment with data from the literature for the steady- 
state anodic oxidation of a number of valve 
metals, but several other theories predict similar 
results. Steady-state measurements consequently 
cannot provide a means for distinguishing 
between the various theories. Even measurement 
of the "in-situ" a.c. impedance of the electrode 
system during steady-state film growth cannot 
differentiate between the dielectric polarization 
theory and the high-field Frenkel defect theory 
(5).l To date, only constant field transient 
measurements differentiate effectively between 
these models, lending substantial support to the 
dielectric polarization theory (1, 2). 

Although certain other unique predictions of 
this theory were also found to be in agreement 
with data (I), it has not yet been shown directly 
that there exists a ~olarization Drocess whose rate 
is proportional to the ion-current density, which 
is the main postulate of the theory. 

Values of the various parameters involved in 
the dielectric polarization theory have been ob- 
tained for tantalum and aluminum from mea- 
surements of galvanostatic ion-current transients 
(5). For both systems, the predicted extraordinary 
polarization current is at most only a few percent 

'The high-field Frenkel defect theory was originally 
proposed by Bean et al. (6). 

of the ion-current producing it.2 Attempts to 
detect the extraordinary polarization current in 
the presence of ion-current, through a.c. impe- 
dance measurements, for example, are therefore 
unsuccessful (7). The anomalous polarization 
process should be made apparent, however, by 
monitoring the depolarization current, measured 
at zero ion-current, following a polarizing pulse 
during which ion-current flows. 

Experimental 
Apparatrrs 

A conventional galvanostatic circuit (8) was used for 
growing oxide films on tantalum. The potential difference 
between the anode and reference electrode was measured 
continuously during film growth. 

The potentiostatic circuit used for the polarization 
measurements is shown in Fig. 1. Burr-Brown solid-state 
amplifiers were used throughout. The 3043115 control 
amplifier is capable of delivering 100 mA at 10 V 
and the 3013115 and 31 16/12C follower amplifiers both 
have FET inputs. Four lead-acid storage batteries, each 
with a nominal output of 12 V, served as the high voltage 
supply. The advantage of this particular potentiostatic 
circuit is that low voltage, high performance solid-state 
amplifiers can contol high voltages. This unit exhibits an  
offset voltage of less than 1 mV and a net offset current 
of less than 1 nA with negligible peak-to-peak noise. 
The time constant is easily adjustable from less than 
10 ps to any value that may be required under conditions 
of heavy capacitive loading and violent voltage fluctua- 
tions. 

'The calculated contribution to  the effective dielectric 
constant made by the ion-current-driven polarization 
process during ion-current transients was shown to be 
negligible in a previous communication (7). 
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0 

\ Q /  
REFERENCE ELECTRODE 

FIG. I. Potentiostatic circuit. The value of the measuring resistor, R,, is switched by a mercury-wetted relay, 
S,. Model numbers refer to Burr-Brown designations. 

Five mercury-wetted contact relays (Clare HGS 1026, 
Potter and Brumfield JML 5160-81, three JML 1260-81) 
were connected to provide sequential switching of the cell 
voltage from V, to V, to V, followed by a change in the 
potentiostat's measuring resistor. Both the width of the 
voltage pulse, and the time which elapses before the 
change in resistance, are easily adjustable, and once set 
are reproducible to better than 5 x s. The voltage 
drop across the current measuring resistor was monitored 
by an  oscilloscope and camera. 

Materials 
Rectangular electrodes 1 in. x 0.25 in. with a tab 

2.5 in. x 0.06 in. were punched from a sheet of 0.01 in. 
Metallurgical Grade, annealed tantalunl obtained from 
Fansteel Metallurgical Corporation. These electrodes 
were cleaned, chemically polished in a standard sulfuric- 
nitric-hydrofluoric acid bath (9), then leached in boiling 
water as recommended by Young (10). 

The Pyrex electrolysis cell utilized a specially designed 
Lucite insert (5) for positioning the anode, platinum 
counter electrodes, and Hg/Hg2SOJ/H2SOJ (0.1 M )  
reference electrode. Dilute sulfuric acid (0.1 M )  was used 
as electrolyte since excellent steady-state data is available 
for this system (1 1). 

Procedure 
Initially, oxide was formed at constant current to a cell 

potential in excess of 100 V on a 1 in. segment of the 
electrode handle just above the blade. This served to 
define the working area and to eliminate the effects of 
electrolyte creepage during the experiment. I n  a typical 
run, anodic oxidation of the blade was carried out a t  
22.6 "C with a current density of 2.39 x A 
Film growth was halted at 45.18 V. 

During the voltage-pulse experiments, the potentiostat 
maintained the potential at V, for a minilnun1 of 2 h 
after each change. (V, - V,) was held constant a t  
25.01 V for all the experiments, while V, ranged between 
0 and 25.01 V. (These values were chosen so that ion- 
current could flow only during the charging pulse.) The 
charging pulse width chosen was 7 ms. A small resistance 
of 5 0 0  initially in parallel with a larger resistance 
(norn~ally 1 k 0 )  was switched out of the current mea- 
suring circuit 3 ms after returning to V , .  Four oscillo- 
scope pictures, with different time scales and baseline 
positions, were required for each selected value of V,. 
One-half hour was allowed between these lneasurements 
for the system to approach its initial polarization state. 

Theory 

The dielectric polarization theory for the 
anodic oxidation of the vslve metals has been 
discussed at length in previous publications, 
with further mechanistic detail forthcoming. We 
present here only a phenomenological descrip- 
tion of the theory and the relevant equations. 

The ion-current density, j, is given approxi- 
mately (3) by 

[1 I j = aexp  PE, 

where a and j3 are temperature dependent 
constants and E, is the local field effecting ion 
transport. As the rate controlling step for ion 
transport is assumed to occur at an interface 
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(probably the oxide-electrolyte interface), E, is [7] qi = E ~ x ~ A E ( ~  - e-B'q') i = 2, 3 
proportional to the electric displacement in the 
film, D = E ~ E  + P, where E is the field strength r8] qi = ',xiAE(' - e-t'") > 
in the oxide, P the polarization of the oxide, and where qi  is the charge passed per unit area 
Eo the permittivity of free space. Ion-current associated with pi. 
transients are thus predicted to arise as a result when the cell voltage is returned to v,, those 
of dielectric relaxation. The form of both polarization processes which are not ion-current- 
potentiostati~ and galvanostatic transients are driven simply operate ill reverse. The charge 
accounted for quantitatively (5) on setting displacement induced by ion-current, however, 

d P  dE must now dissipate using thermally activated 
- '0x1 + Bi j(EOxiE - Pi) mechanisms since the ion-current has ceased to C2l d, - 

i = 2  flow. These thermal processes have relatively long 
where P = E,x,E + P2 + P3, and for equilib- relaxation times (2), so augmentation of the dis- 
rium (or steady-state) polarization conditions, charge current should be clearly distinguishable. 
Pi = E ~ x ~ E .  The final two terms in eq. [2] The small displacements of P2  and P3  relative to 
represent the contentious ion-current-driven E ~ X ~ E ,  and E ~ x ~ E ~  during the pulse allows a 
polarization processes.3 Under conditions of zero linear approximation in the expression for their 
ion-current, it is well known that there exist sum (i.e. Biqj << 1, i = 2, 3) so that eq. [7] leads 
thermally activated slow polarization processes. to 
Generalizing eq. [2] to include these, we obtain 

[9I q2 + q3 = E o A E ( x ~ B ~  + ~3B3)qj  
d P dE 

131 = E o x l  + Bi j(E0xiE - Pi) The total charge passed per unit area during the 
i =  2 polarizing pulse, Q +, is given by 

. 

where the zi are relaxation times. 
The total charge per unit area passed after the Although the various polarization processes 

must interact with one another, each can be pulse until reestablishment of equilibrium polari- 
zation conditions, Q-, will be given to a good treated separately to a good approximation 

provided that changes in the P,(i = 2 --+ N )  approximation by 

remain sufficiently sinall. Then f0.r these con- [I 11 q j  = Q +  + Q- 
ditions we may write 

Combining eqs. [7] and [I 1 ] leads to the result 
dP .  

[4] + BiPi = B i ~ o ~ i E  i = 2, 3 
dq j [I21 -Q-  = E o A E ( x ~ B ~  + ~3B3)qj  

where qj  is the ion charge passed per unit area. 
Before the polarizing pulse, E = El ; during the 
pulse E = E,. At t = 0 when qj = 0, P i  = 
E,x~E,. With these boundary conditions, eqs. 
[4] and [5] and the expression for P, can be 
integrated over the period that V2 is applied to 
the cell leading to 

3Previously, only one such B term has been included. 
However, recent analysis of transient data indicates that 
two terms provide a considerably better description of 
the system (ref. 5). 

Provided that AE and the polarizing pulse time, 
t, are maintained the same for a series of values 
of E l ,  a plot of (-Q-) vs. qj should therefore 
yield a straight line with slope ',AE(x2B2 + 
x3B3). 

Analysis and Discussion of Results 
In Fig. 2 the ion-current-driven polarization 

phenomenon is clearly illustrated. For the results 
shown, the oscilloscope settings were selected to 
show both the charging (positive) and discharging 
(negative) currents for the three values of the 
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FIG. 2. Current-time curves illustrating increasing rate of dielectric polarization with increasing ion-current 

a constant polarizing field increment and time interval. The effect is made apparent through the behavior of 
discharge current. 

for 
the 

field strength, E l .  Increasing the time constant of 
the potentiostat to 450 ps did not eliminate 
ringing following the change in the current 
measuring resistor. The residual oscillation, how- 
ever, presents no problem in interpretation. 

Quantitative analysis of the results was done 
by enlarging the photographs, and measuring 
the total charges with a planimeter, precision 
being better than 1%. The film thickness d, re- 
quired to calculate AE, was obtained from a 
computer analysis of the steady-state film-growth 
data. A least-squares fit of the voltage increments 
vs. time yielded dV/dt, from which both j and E 

were determined by iteration using Young's 
steady-state data (1 1). 

The electrode area could then be calculated 
from j and the total current. Calculation of d 
required the overpotential reached before film 
growth was terminated, and since this oxide 
system does not attain its equilibrium potential 
a t  open circuit, thermodynamic data must be 
used. The equilibrium potential of the cell 

Ta  ITa,O, IH2S04(0.1 M) jHg2S04 IHg 

was calculated to be 1.48 V, thus 

[I31 d = (Vfina1 + 1.48 V)/E 
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700 900 1100 1300 1500 1700 

B 
FIG. 3. Dependence of the charge passed during the 

depolarization process, Q-, on the charge passed as ion- 
current during the charging pulse, q, .  (El changing 
chronologically according to: A, 0.19, 1.79, 2.33, 
2.85 x 106 V c n - l ;  B, 2.85, 2.33 x 106 V cm- 

; 0, 2.33,2.85, 3.39 x lo6 Vcm-I.  AE = 3.20 x 10GVcm- . 
Broken lines represent the expected slope.) 

The constants x2, B,, x,, and B, have been 
obtained from a double exponential fit of 
galvanostatic transient data published by Dewald 
(5, 12) (x2 B2 + x3B3 = 9.48 x lo5 cm2 C-I). 

were quite substantial. For El = 0, Q+ was 1470 
planimeter units, and lQ- 1, 920 units. Had the 
initial polarization state been re-established 
during the discharge measurement, they should 
have been equal, since essentially no ion-current 
should flow at  E2 = 3.39 x lo6 V em-'. Film 
growth during the pulse could not have contri- 
buted any significant error. q j  was typically less 
than C per pulse whereas 0.384 C were 
required to form the film. Again, any uncertainty 
in the film thickness, current density, field 
strength, and electrode area could not have 
contributed in any significant way to the final 
results. 

Although the present numerical results leave 
something to be desired on the quantitative side, 
qualitatively they represent convincing support 
for the dielectric polarization theory. Within the 
uncertainty of the present measurement, they are 
also in quantitative agreement with the theory. 
That the value of (x, B2 + x3B3) obtained from 
the present discharge measurement should be of 
the same order of magnitude as that obtained 
from ion-current transients is not likely a 
coincidence. 

The separate values for Y ,  B, and r, B, were used ,"- - ,-" " 

with ei. [71 to verify the linear approximation The authors are grateful to the National Research 
Council of Canada for supporting this research and for a made in eq. L91? for q j  and (q2 + q3) scholarshiD (D.F.T.). . - 

beyond those actually encountered. The experi- 
mental results have been plotted in the form 
- Q -  vs. qj  in order to test the data against eq. 
[12] (cf. Fig. 3). The expected slope is represented 
by the broken lines. 

Quantitative interpretation of the present 
results is difficult. The apparent dependence of 
the results both on whether El was increased or 
decreased from one run to  the next in a sequence, 
and on elapsed time, would seem to indicate that 
equilibrium polarization was probably never 
attained. The curvature of the plots might have 
resulted from applying inadequate methods for 
charge measurement. The major difficulty lay in 
obtaining accurate values for the charge passed 
in the first few milliseconds after the pulse, and 
after approximately 1 s had elapsed in the dis- 
charge p e r i ~ d . ~  The errors arising in this way 

4Some of the 7, are apparently of the order of several 
hours (see ref. 2). 
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Temperature dependence of the C1 nuclear quadrupole resonance 
in the trimethylamine - boron trichloride complex 

D. F. R. GILSON AND R. M. HART 
Department of Cl~emistry, McGill University, Montreal, Quebec 

Received December 2,  1969 

A 35C1 nuclear quadrupole resonance study of the trimethylamine - boron trichloride complex has 
revealed line-width and frequency changes which correlate with transitions observed in the wide-line 
proton magnetic resonance study. 
Canadian Journal of Chemistry, 48, 1976 (1970) 

Introduction 
In a recent wide-line nuclear magnetic reso- 

nance (n.m.r.) study of molecular motions in 
complexes of trimethylamine with boron tri- 
halides and borane, line-width and second- 
moment transitions were observed and attri- 
buted to methyl group reorientation in the 
temperature range below 110 O K ,  followed by 
rotation of the trimethylamine group about the 
B-N axis at higher temperatures (1). For the 
borane and boron trifluoride complexes it is 
probable that reorientation of these groups 
occurred prior to the onset of rotation of the 
trimethylamine group. It was not possible to 
determine from these studies whether or not 
motion of the BCI, or BBr, groups occurred, 
although the activation energies determined 
from line-width analyses were about 9 kcal 
mole-' for trimethylamine rotation compared 
with about 2 kcal mole-' for the same process 
in the BF, and BH, complexes. This suggested 
that the molecule rotates as a whole rather than 
uncorrelated motion of the two halves. 

We have examined the frequency and "appa- 
rent" line widths of the 35C1 nuclear quadrupole 
resonance as a fuilction of temperature in the 
trimethylamine - boron trichloride complex to 
obtain additional information on the molecular 
motion in these compounds. 

The nuclear quadrupole resonance (n.q.r.) 
frequencies of a series of boron trichloride com- 
plexes were first reported by Kaplansky and 
Whitehead (2). For the trimethylamine complex 
at 77 OK, two lines were observed, at 21.765 and 
21.340 MHz, with an intensity ratio of 2:l. 

Experimental 
The Dean-type super-regenerative spectrometer and 

the methods of operation and frequency measurement 
have been described previously (3, 4). Frequencies are 
estimated to be within f 2 kHz for broad lines and better 

than + I  kHz for the narrow lines. Line widths were 
nieasured at half peak height from the recorder traces. 
The modulation amplitude was reduced as much as 
possible to avoid artificial line broadening. Temperatures 
were nieasured with a copper-constantan therniocouple 
and a Rubicon potentiometer, and are estimated to be 
within + 1 "C. 

The trirnethylamine - boron trichloride colnplex was 
prepared by standard methods (5). 

Results 

The temperature dependence of the resonance 
frequencies is sl~own in Fig. 1. The "apparent" 
line width of the stronger resonance line is shown 
in Fig. 2 as a function of temperature. Both 
resonance lines broadened over the temperature 
range 77 to 100 OK, then narrowed until 230 OK, 

J I I I I I I I I I I  

100 am 
TEMPERATURE OK 

FIG. 1. Temperature dependence of the 35C1 n.q.r. 
frequencies. 
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- - - - - -  

loo 
, - ,  , . i  

200 303 

TEMPERATURE "K 

FIG. 2. Apparent line width of v2 as a function of 
temperature. Dotted line is the proton n.m.r. second 
moment. 

when a further broadening occurred. At 247 OK 
the lines were no longer observable. Also shown 
in Fig. 2 is the temperature dependence of the 
proton magnetic resonance second moments. A 
most obvious feature is the coincidence of the 
broadening of the n.q.r. line and the onset of the 
second-moment transitions. The resonances due 
to 37C1 were observed a t  the predicted frequen- 
cies. 

Discussion 

The theory of the temperature dependence of 
n.q.r. frequencies was developed by Bayer (6) 
and extended by Kushida, Benedek, and Bloem- 
bergen (7). Torsional motions of molecules lead 
to an averaging of the electric field gradient and a 
consequent reduction in resonance frequency. If 
the torsional motions are treated as quantum 
harmonic oscillators, the resonance frequency a t  
temperature T OK can be expressed by 

where v(0) is the frequency a t  0 OK, m i  is the 
torsional frequency and A i  the moment of 

inertia about the ith axis. Equation [ l ]  applies 
under constant-volume conditions, whereas reso- 
nance frequencies are usually measured a t  
constant pressure. Thermal expansion effects 
can be compensated for by allowing the torsional 
frequencies to vary with temperature 

[2 1 m i  (T) = m i  (0) (1 - aT)  

For the trimethylamine - boron trichloride 
complex, only torsion about the molecular axis 
need be considered ; however, two choices exist 
for the moment of inertia. The BCl, group alone 
could be undergoing torsion against a rigidly 
held trimethylamine group, or the molecule as a 
rigid body can oscillate in a potential well defined 
by the crystal lattice. The moments of inertia 
were calculated to  be 5.25 x and 6.81 x 

g cm2, respectively, using the structural 
data given for the acetonitrile complex (8). 

A least-squares fit to each curve was made for 
eq. [1] using the McGill IBM 360175 computer, 
with v(O), a ,  and v, (converting m i  to cm-') as 
variable parameters. The values obtained are 
given in Table 1, together with the root-mean- 
square (r.m.s.) deviations. Changing the value of 
the moment of inertia leads to a compensating 
change in the torsional frequency, since the 
exponential term has lesser importance with 
higher temperature, and no improvement in the 
r.m.s. deviation. I t  can be seen in Fig. 1 that 
changes in slope of the resonance frequency vs. 
temperature curves occur at 100 and 204 OK. If 
these changes are real, an improvement might 
result if the curves were considered in sections. 
However, in the temperature region around 
100 OK the lines are broad with larger errors in 
frequency measurement. For this reason, and 
the small number of points below 100 OK, the 
curves were divided into two parts rather than 
three. The results of the least-squares fits are 
given in Table 1. The r.m.s. deviations are 
improved over the fits to the entire curves. The 
improvement for the low temperature range is 
better than indicated because those points with 
larger error become more heavily weighted. 

The change in slope a t  about 200 OK is real 
and coincides with the onset of the n.m.r. line 
narrowing process. 

The changes in line width of the quadrupole 
resonance are more obvious but. due to  their 
mode of operation, super-regenerative oscillator- 
detectors do not provide true line-shape func- 
tions; therefore the line widths are referred to 
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TABLE 1 

A values obtained from eq. [ l]  

R.m.s. 
A v (T) o! ~ ( 0 )  deviation 

(g cm2 x (em- ) x 1 0 - ~  (MHz) (kHz) 

All points 
V I 5.25  
VI 6.81 
Vz 5.25 
Vz 6.81 

Temperature range 77-200 "K 
V 1  5.25  
V 1  6.81 
V t  5.25  
Vz 6.81 

Temperature range 200-248 "K 
V 1  5.25  
V1 6.81 
V2 5.25  
V2 6.81 

here as "apparent."' Although no quantitative 
significance can be attached to the magnitude of 
the line widths, important relative changes occur 
and they do so over temperature ranges where 
line-width and second-moment transitions were 
observed in the proton magnetic resonance 
measurements (Fig. 2). There are several causes 
of line broadening in quadrupole resonance: 
magnetic dipole interactions, electrical strains, 
relaxation effects, and randomization of field 
gradients by disordering processes. Only the 
latter two are important in the present case. 
Torsional oscillations occur in the frequency 
range 101'-1012 S-l,  i.e. very much faster than the 
quadrupole resonance frequency. However, due 
to fluctuations in torsional frequencies there can 
be Fourier components at approximately the 
same range as the resonance frequency, which 
leads to relaxation between the quadrupolar 
energy levels. This lifetime-limiting process may 
occur in the present case. In nuclear magnetic 
resonance, line narrowing occurs when the 
frequency of the motion approaches the line 
width expressed in frequency units, i.e. about 
lo4-lo5 Hz. This is approaching the frequency 
region of the nuclear quadrupole resonance and 
it is not surprising that the widths of the n.q.r. 
lines should be affected. This is probably the 
mechanism operative at 100 OK where the wide- 

'The observed broadening of these resonance lines was 
not an instrumental effect. Other compounds studied 
under the same experimental conditions showed only 
narrow lines. 

line n.m.r. data indicate reorientation of methyl 
groups. The quadrupole resonance line narrows 
when the rate of reorientation becomes too fast 
for effective direct relaxation. 

The same mechanism may be responsible at the 
high temperature transition but, as mentioned 
earlier, the activation energy obtained from the 
n.m.r. data suggests that hindered rotation of the 
whole molecule occurs. The frequency of this 
rotation is of a magnitude to  cause lifetime 
broadening by direct interaction, but at a 
sufficiently rapid rate of rotation an averaging 
of the field gradient will occur along the axis of 
rotation and the resonance should be observable 
again. The new resonance frequency is given by 

[3 I v' = (v/2) (3 c0s2 0 - 1) 

Where 0 is the angle between the axis of rotation 
and the former principal component of the electric 
field gradient. For the -BC13 case the frequency 
should be reduced to one-third the original value, 
but attempts to observe resonance at higher 
temperatures at around 7 MHz were unsuccess- 
ful. This failure may be due to the experimental 
problem of operating the spectrometer in this 
frequency region. 

Although there have been several instances 
reported where disappearance of the nuclear 
quadrupole resonance occurs at temperatures 
well below the melting points, notably for -CC13 
groups, only in 1,2-dichloroethane (9) and 1,2- 
dibromoethane (10) has resonance been observed 
again on the high temperature side of the transi- 
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GILSON AND HART: 35C1 NUCLEAR QUADRUPOLE RESONANCE 1979 

tion. In 1,Zdichloroethane the line broadening 
phenomenon also coincides with transitions 
observed by wide-line n.m.r. methods (11). 

The nuclear quadrupole resonance spectrometer was 
made available for these measurements by Professor 
M. A. Whitehead, whose generosity is gratefi~lly 
acknowledged. 
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Alkaloids of Shephevdia avgentea and Shephevdia canadensis 

W. A. AYER AND L. M. BROWNE 
Departmetzt of Chemistry, University of Alberta, Edmonton, Alberta 

Received February 2, 1970 

Tetrahydroharmol (3) was isolated from S/iepherdia argentea. Tetrahydroharmol (3), serotonin (12), 
and a new alkaloid shepherdine (2a) were isolated from S/~epherdin canadetisis; and evidence was obtained 
for the presence of 6-hydroxytryptamine in S .  cnnndensis. 

Canadian Journal of Chemistry. 48, 1980(1970) 

"You take the root of a cherry tree, boil it, 
and strain it through a cloth, and you can use it as 
a cure for diarrhea." So wrote Mike Oka in "A 
Blood Indian's Story" (1). The tree mentioned 
was probably buffalo or bullberry, Sliepherclia 
argetitea Nutt. (Eleagnaceae) (2). Our interest 
in this report led us to investigate the alkaloi- 
dal content of the two species of SI7eplierdia 
indigenous to Alberta, S.  argentea (thorny 
buffalo-berry) and S .  canadensis (Canadian 
buffalo-berry). 

Sllepherdia argentea was extracted with meth- 
anol and the crude bases isolated in the usual 
way; i.e., by acid-base extraction. The crude 
bases were acetylated, then separated by elution 
chron~atography on deactivated alumina. Two 
major fractions were obtained: a mixture of 
non-polar acetylated bases (shown to be .simple 
ainines, N-acetylpyrrolidine and N-acetyl-p- 
anisidine were positively identified) and a crys- 
talline con~pound (A). 

Compound A crystallizes from ethyl acetate 
(m.p. 202"), is optically inactive, and has a 
typical indole chroinophore in the ultraviolet 
(u.v.) (h  ,,,, (EtOH) 229 (E = 21 OOO), and 282 mp 
(E = 3500)) (3). The infrared (i.r.) spectrum 
shows indolic N-H, as well as carbonyl absorp- 
tion due to an ester (1745 cm-') and an amide 
(1625 cm-I). The nuclear magnetic resonance 
(n.m.r.) spectrum shows indolic N-H (T 1.07), 
an ABX system characteristic of a 1,2,4-trisub- 
stituted benzene ring, a low field methine (T 4.35, 
J = 7 c.p.s.) coupled to a methyl group (T 8.66, 
J = 7 c.p.s.), an ABCD system of methylene 
protons and two acetyl groups. The formula 
Cl,Hl,N,03 (Mf 286) was established by high 
resolution mass spectrometry. The evidence 
presented is consistent with either structure 1 or 
structure 2. 

The alkaloid itself was isolated from the crude 
basic extract of Shepllerdia argentea by elution 

chromatography. It inelts at 254.5" and the u.v. 
and i.r. spectra correspond closely to those 
reported (4) for tetrahydroharmol (3). 

An authentic sample of 3 was prepared by 
reduction of harmol (4) (4). Acetylation gave 
N,O-diacetyltetrahydroharmol, identical in all 
respects with the compound isolated from S .  
argentea. 

The basic material from S/~eplzerdia canadensis 
was acetylated and separated by chromatography 
over alumina. Elution with benzene gave a com- 
pound C,,H,,N,03, 1n.p. 212-214", which is 
discussed below. Elution with benzene-chloro- 
form gave a crystalline material, which had 
spectral properties (i.r., u.v., mass spectrometry) 
very similar to those of N,O-diacetyltetrahydro- 
harmol (1). The n.1n.r. spectrum, however, 
indicated that the material was a mixture (-1 :I) 
of two very similar compounds. Fractional 
crystallization from methanol separated the two 
components. One proved to be identical with 1, 
while the other, m.p. 192-194" was an isomer of 
1. Since this compound appears not to have been 
reported previously, we suggest the trivial name 
shepherdine for the unacetylated base. 

N,O-Diacetylshepherdine crystallizes from 
methanol (m.p. 192-194'). The u.v. spectrum 
shows an indole cl~romophore while the i.r. 
spectrum shows indole N-H as well as carbonyl 
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AYER AND BROWNE: ALKAL( )IDS OF SHEPHERDIA SPECIES 1981 

absorptions due to an ester and an amide. The 
n.m.r. spectrum shows indole N-H, an ABX 
system of aromatic protons, a low field rnethine 
coupled to a methyl group, an ABCD system of 
rnethylene protons, and two acetyl groups. The 
molecular formula C16Hl,N,03 (M + 286) was 
established by high resolution Illass spectrom- 
etry. The evidence presented is consistent with 
either strucutre 1 or 2, but since it has been shown 
(see above) that N,O-diacetylshepherdine is 
different from 1, structure 2 is indicated for 
N,O-diacetylshepherdine. Recently, another 
harmala-type alkaloid, plectocomine (S), which 
has an oxygen function at C-6, has been identi- 
fied (5). 

Sulfuric acid catalyzed condensation of 5- 
benzyloxytryptamine with acetaldehyde (6), 
followed by acetylation, hydrogenolysis (Pd-C), 
and acetylation gave N,O-diacetylshepherdine 
(2). The melting point (192-194") and i.r. spec- 
trum were identical with those of the acetylated 
alkaloid. Shepherdi~ie thus has structure 2a. 

The compound (m.p. 212-214") referred to 
above also shows an indole chromopliore in the 
L I . ~ .  The i.r. spectrum shows indole N-H as well 
as carbonyl absorption due to an ester and an 
amide. The n.m.r. spectrum shows indolic 
N-H, an ABX system of aromatic protons, an 
AA'BB' system of methylene protons, two acetyl 
groups, and a gem-dimethyl group (T 8.16). The 
molecular formula C,,H,oN203 (M+ 300) was 
established by high resolution mass spectrom- 
etry. The evidence presented is consistent with 
either structure 6 or 7. 

Since the signal in the n.ni.r. assigned to the 
genz-dimethyl group occurs at lower field than 
expected, a model compound was prepared to 
determine whether N-acetylation markedly 
deshields the gem-diniethyl group in this situa- 
tion. p-Toluene s~~lfonic acid catalyzed condensa- 
tion of tryptamine with acetone to form the 
Schiff base, followed by phosphorus oxychloride 
catalyzed ring closure and then hydrolysis 
yielded compo~~nd 8 (7). The n.m.r. spectrum of 
compound 8 shows a six-proton singlet due to 
the gem-dimethyl group at T 8.54. Acetylation 
of compound 8 gives compound 9, the 1i.m.r. of 
which shows the gern-dimethyl group at T 8.09, 
confirming that N-acetylation does cause con- 
siderable deshielding. 

The hypothesis that indole alkaloids are 
derived in part from tryptophan is generally 
accepted (8a, b). Thus an alkaloid of structure 6 
or 7 could be derived either from a suitably 
oxygenated tryptophan and acetone, or by 
methylation of a suitable tetrahydroliarmol 
precursor. Acetone or its biological eq~~ivalent is 
not a common biosynthetic building block and we 
s~~spected that the conipound niight be an artifact 
formed during the isolation. Tryptamines with a 
C-6 oxygen substituent have been shown to 
condense readily with acetone under mild con- 
ditions to form ring closed condensation prod- 
ucts (7). To determine whether or not the acety- 
lated compound was an artifact, S. canndensis 
was extracted with acetone-free methanol. Exami- 
nation (chromatography, mass spectrometry) of 
the crude basic extract after acetylation showed 
no trace of the gem-dimethyl compound. Struc- 
ture 6 is thus suggested on this basis. The precur- 
sor which gives rise to  6, assumed to be 
6-hydroxytryptamine, was not isolated. 

The last acetylated alkaloid characterized 
shows an indole chromophore in the u.v. as well 
as indolic N-H and ester and amide carbonyl 
in the i.r. The n.m.r. spectrum shows indolic 
N-H, an ABX system of aromatic protons, an 
aromatic proton alpha to the indole N-H, an 
AA'BB' system of niethylene protons, an amide 
N-H (z 6.77), and two acetyl groups. The 
molecular formula C,,HI6N2O, (M+ 260) was 
established by high resolution mass spectrom- 
etry. The evidence presented is consistent with 
either structure 10 or 11. 

Serotonin creatinine sulfate was acetylated and 
creatinine was removed. N,O-Diacetylserotonin 
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thus formed has an i.r. spectrum superimposable 
on the i.r. spectrum of the acetylated naturally 
occurring compound. Thus the acetylated alka- 
loid has structure 11. It is assumed that this is 
present in the plant as serotonin (12). 

It is interesting to note that spin-spin decou- 
pli~ig experiments with 11 reveal a small coupling 
between indolic N-H and H-4. To the best of 
our knowledge, this type of coupling has not 
previously been reported for indoles. 

Both the harmala alkaloids and tryptamines 
show psychotomimetic activity (9a, b). Whether 
this property stimulated the use of these plants in 
folk medicine is a matter for coniecture. It is also 
of interest to note that various synthetic ethers of 
harm01 find use in treatment of amebic dysen- 
tery (10). 

Experimental 
Optical rotatory dispersion (0.r.d.) spectra were mea- 

sured in methanol using a Jasco Optical Rotatory Dis- 
persion Recorder model ORD/UV-5. 

The 11.v. spectra were nleasured in 95% ethanol, 
ilnless otherwise specified, using a Perkin-Elmer Ultra- 
violet Spectrophotolneter model 202 o r  a Jasco Optical 
Rotatory Dispersion Recorder model ORD/UV-5. 

The i.r. spectra were lneasured in chlorofornl solution, 
i~nless otherwise specified, using a Perkin-Elmer model 
337 grating i.r. spectrophotonleter. 

The n.m.r. spectra were measured in deuteriochloro- 
form, i~nless otherwise specified, using a Varian 
Associates model HR-100 spectrophotometer with 
tetramethylsilane as internal standard. 

Mass spectra were recorded on an A.E.I. model MS-9 
mass spectrometer. 

Melting points were determined on a hot-stage Leitz 
melting point apparatus or a hot-stage Fisher-Johns 
melting point apparatus and are uncorrected. 

removed it1 vacuo, water added, then traces of methanol 
removed it? vaclio. Five percent aqueous hydrochloric 
acid was added until the p H  was less than 5 and the 
insoluble material filtered and discarded. The acidic and 
neutral components were removed from the filtrate by 
ether extraction. The acidic solution was basified with 
aqueous ammonia to  p H  10 and the resultant precipitate 
filtered. The basic filtrate was continuously extracted 
with ether for 48 h. The ether extract was dried (anhy- 
drous n~agnesiun~ sulfate) and excess solvent removed 
it1 vacrio to give 1.7 g crude bases (0.2%). Further purifi- 
cation of the crude alkaloidal material was achieved by a 
second acid-base extraction. 

Acefylatiot~s 
The base(s) were dissolved in one part pyridine, two 

parts acetic anhydride added, and the reaction mixture 
allowed to stand at room tenlperature at least 12 h. 
Excess solvents were removed by azeotropic distillation 
with toluene it1 U ~ C I I O .  

Isolatiot~ of Acetylated Bases of Sl~epllerdia argenrea 
Crude acetylated bases were separated by elution 

chronlatography on Woeln~ alumina, activity 3. Two 
fractions were obtained: ( I )  non-polar bases, eluted with 
benzene-chloroform, 10:l (36%); (2) N,O-diacetyltetra- 
hydroharmol, eluted with benzene-chloroform, 5:l  
(24 %). 

Platzt Mnterinls 
Sheplrerdia mgetzten was collected from the Lethbridge 

area by A. Johnston and fro111 the University of Alberta 
Experimental Farm by R. H.  Knowles. 

Sllepherdia catzndetzsis was collected near the North 
Saskatchewan river in the Edmonton area and was 
identified by R. G .  H. Cormack, Department of Botany, 
University of Alberta. 

N,O-Diacetyltetra/~ydrof~n~'ti~ol ( I )  
Conlpound 1 was isolated by elution chromatography 

on deactivated alunlina with benzene-chloroforni (5:l). 
Compound 1 crystallizes from ethyl acetate, n1.p. 202". 
The 11.v. spectruni: h,,,, 229 (E = 21 000) and 282 mw 
(E = 3500). The i.r. spectrum: v ,,,, 3450, 3300, 1745, 
1625 cm-I. The n.nl.r. spectrum: r 1.07, singlet (N-H); 
2.72, doublet, J = 8 c.p.s. (H-5); 3.01, doublet J = 2 
c.p.s. (H-8); 3.26, d o ~ ~ b l e t  of doublets, J = 2, 8 c.p.s. 
(H-6); 4.35, quartet, J = 7 c.p.s. (H-1); 6.08, multiplet 
(H-3e); 6.65, miiltiplet (H-3a); 7.34, n~ultiplet (H-4e,4a); 
7.73, singlet (N-CO-CH3); 7.82, singlet (O-CO- 
CH3); 8.66, doublet, J = 7 c.p.s. (CI-CH,). Assignments 
have been verified by spin-spin decoupli?g experiments. 
Mass spectrum: tlrle 286 ( C I ~ H , ~ N , O ~ ;  found 286.1317, 
calculated 286.1317), 271, 244, 229 (base), 201, 187. The 
0.r.d. spectrunl: no rotation. 

Tetral~y~lrol~orrnol (3) 
Conlpoi~nd 3 was isolated by elution chromatography 

of the crude bases of S. argentea on deactivated alumina 
using chloroform-methanol (20: 1). Compound 3 thus 
obtained melted at 254-255'; reported 256' (4). The 
11.v. spectrum: h,,, 229 (log E = 4.57), 270 (log E = 
3.77), and 299 nip (log E = 3.85). The i.r. spectrum: 
v,,,,(Nujol) 3380, 3265, 3245, 1620, 1560 cm-'. Mass 
spectrum: m/e 202 (C12Hl,N,0; found 202.1104, cal- 
culated 202.1 106), 187 (base), 172, 159. 

Tetrahydroharmol was dissolved in a minilnun1 amount 
of hot methanol and niethanolic HCI added until the 

Extractiorz m ~ d  Isolntiorz of tlze Cnrde Bases of solution was acidic. Excess solvent was removed. Tetra- 
Sl~epl~errlin argetztea hydroharmol hydrochloride crystallizes from methanol- 

The bark of the roots (880 g) of S/~ep1zerrlin argenten ether, m.p. 230" (dec.), reported 235" (4). Several months 
was ground, air dried, and extracted with 5 % aqueous later, the same sample of tetrahydroharmol hydrochloride 
methanol in a Soxhlet extractor. Excess methanol was melted at  235' without decomposition. 
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Zsolatiotf of Non-polar Bases of S/~ep/~err/ia nrgerrtea 
by Gns Cl~rotnatogropl~y 

The non-polar acetylated bases separated by gas 
chromatography (g.c.) (Aerograph Manual Temperature 
Programmed Gas Chromatograph model A-90-P3, 
equipped with a thermal conductivity detector, 10' x 
1/4", 5 %  SE-30 column, column temperature 205", flow 
rate (He) 20 ml/niin) are shown in Table 1. Apparent 
molecular formulas as determined by mass spectronietry 
are given in parentheses. 

The compounds with retention tinie of 6.5 and 23.3 
min were identified as N-acetylpyrrolidine and N-acetyl- 
p-anisidine, respectively, by comparison (g.c., mass 
spectra) with authentic samples. 

Extractiorz atid Isolatiott of Crrrde Bases of Sl~epl~erdia 
canadetrsis 

The bark of roots (610 g) was extracted by the pro- 
cedure reported for S. argetltea, yielding 2.2 g crude bases 
(0.36%). The crude bases were acetylated in the usual 
manner and chroniatographed over Woelni alumina, 
activity 3. Four major fractions were isolated, as shown 
in Table 2. 

7-Acetoxy-2-acetyl-I, I-ditt1etl1yl-I,2,3,4-tetra/ry~/ro- 
2-carbolit~e (6)  

Conipound 6 was isolated by elution chromatography 
over deactivated alumina using benzene. Conipound 6 
crystallizes from methanol, n1.p. 212-214". The 11.v. 
spectruni : h,,,, 227, (E = 10 300) and 29 1 mp, (E = 2000). 
The i.r. spectruni: v ,,.,, 3455, 3300, 1750, 1640 cm-'. The 
n.m.r. spectruni: r 1.58, singlet (N-H); 2.60, doublet, 
J =  8c.p.s.(H-5);2.94,doublet, J =  2c.p.s.(H-8); 3.20, 
doublet of doublets, J = 2, 8 c.p.s. (H-6); 6.36, triplet 
(H-3e,3a); 7.22, triplet (M-4e,4a); 7.68, singlet (N-CO- 
CH,); 7.75, singlet (OCOCH,); 8.16, singlet (C(CH,),). 

1 TABLE 1 
Gas chroniatogram of acetylated 

non-polar bases 
-- 

Retention Molecular ion 
time (niin) (ltl/e) 

TABLE 2 
Chromatogram of acetylated bases 
-- - -- 

Fraction Eluent Contents 
- 

1 Benzene Simple acetylated bases 
2 Benzene Artifact of extraction 
3 Benzene-chloro- N,O-Diacetyltetra- 

form (5:l) hydroharniol (35 %); 
N,O-diacetylshep- 
herdine 

4 Chloroform- N,O-Diacetylserotonin 
niethano1~100:l) (1773 

IDS OF SHEPHERDIA SPECIES 1983 

Assignments have been verified by spin-spin decoupling 
experiments. Mass spectruni: ttl/e 300 (C1,HZ0N2O3; 
measured 300.1475, calculated 300.1474), 285, 258, 243 
(base), 201, 200. 

Sy~~tliesis of 2-Acetyl-l,I-rlin1etl~l-1,2,3,4-tetralryrll.o- 
2-carbolitie (9) (7) 

Tryptamine (0.9 g), acetone (3.5 nil), andp-toluenesul- 
fonic acid (catalytic amount) in anhydrous benzene (30 
nil) were refluxed under nitrogen for 3.5 h with azeotropic 
distillation of water. The solution was cooled, filtered 
over anhydrous potassium carbonate, and excess solvent 
removed irz vacrro. The residue was suspended in anliy- 
droi~s  benzene and freshly distilled phosphorus oxychlo- 
ride (2.5 ml) added. The mixture was allowed to stand at 
room temperature I h, then refluxed 1 h. Excess solvent 
was renioved in vacrto under nitrogen. The residue was 
heated briefly with water (30 nil), filtered, decolorized 
with Norit, basified (pH 9) with ammonia, then extracted 
with ether. The ether fraction was dried (anhydrous 
niagnesiuni sulfate) and excess solvent renioved it1 vnctro 
to give I,l-dimethyl-l,2,3,4-tetrahydro-2-carboline (8). 
Compound 8 was purified by elution chroniatography 
on Woelni alumina, activity 3. Conipoilnd 8 crystallizes 
from benzene, m.p. 94-96", reported 1 1  1.5-1 15.5" (7). 
The n.ni.r. spectruni: r 2.20 singlet (N-H); 2.90, multi- 
plct (4 Ar-H); 6.80, triplet (H-3e,3a); 7.30, triplet 
(H-4e,4a); 8.00, singlet (N-H); 8.54, singlet (C- 
(CH3)z). 

Conipound 8 was acetylated in the i~sual nianner 
giving 9 which crystalli7es from acetone-water, n1.p. 
228-229". The n.ni.r. spectruni: r 1.67, singlet (N-H); 
2.72, ~iiilltiplet (4 Ar-H); 6.30, triplet (H-3e,3a); 7.16, 
triplet (H-4e,4a); 7.70, singlet (NCOCH,); 8.09, singlet 
(C-(CHdd. 

Extractiorr atrd Isolatiot~ of Bases of Slleplrerdia 
catradetrsis Usbrg Reagetlf Metlmtzol 

Dried, ground roots (710 g) of S. catm(lerrsis were 
extracted with reagent methanol (free from acetone) in a 
Soxhlet extractor. Excess solvent was renioved it1 vncrro, 
water added, and traces of niethanol renioved. The 
aqileous extract was acidified (pH 3) with 5 %  aqueous 
hydrochloric acid, then extracted with ether to remove 
neutral and acidic material. The aqueous acidic fraction 
was basified (pH 9) with sodium carbonate, the precipi- 
tate filtered, and the filtrate continuously extracted with 
ether for 48 h. The ether fraction was dried (anhydrous 
magnesium sulfate) and excess solvent renioved itr vacrro 
yielding crude bases (3.3 g). The crude bases (1.3 g) 
isolated by extraction of S. cat~adett.ris with reagent 
methanol were acety lated in the usual nianner yielding 
crude acetylated bases (2.1 g). Mass spectruni: ltrle 286, 
260, 229, 175. The mass spectruni of the crude acetylated 
bases obtained using technical grade methanol showed 
an additional peak at ltr/e 300. Elution chromatography 
of the crude acetylated bases on Woelni aluniina, activity 
3, showed no trace of conlpound 6. 

Isolatiotr of N,O-Diacetyltetra/rydrol~arrt~o(f,otti 
Slleplrerdia canndetrsis 

N,O-diacetyltetrahydroliarmol was isolated by elution 
chroliiatography of the crude acetylated bases of S. 
cntindetrsis on deactivated alumina using benzene-chloro- 
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form (5:l). It was separated from N,O-diacetylshepher- 
dine by fractional crystallization from methanol. It has 
a melting point 202" and its spectral properties are iden- 
tical with those reported for compound 1. 

Synthesis of N,O-Diacetyltetral~ydroharmol (1)  (4) 
Sodium (1.5 g) was added to a refluxing solution of 

harm01 (0.1 g) (Aldrich Chemical Co.) in anhydrous 
ethanol under a nitrogen atmosphere. When all the 
sodium was dissolved, the solution was acidified (aqueous 
HCI), the precipitate filtered and washed with ethanol. 
The ethanol washings and filtrate were combined and 
excess solvent removed in vacuo. The crude residue was 
dissolved in water, the solution basified with aqueous 
ammonia, then extracted with ether. The ether was dried 
(anhydrous magnesium sulfate), then removed in uacuo 
to give tetrahydroharmol (3). Tetrahydroharmol was 
acetylated in the usual manner and the crude acetate 
purified by elution chromatography over Woelm alumina, 
activity 3. N,O-Diacetyltetrahydroharmol crystallizes 
from ethyl acetate, m.p. 202". Its spectral properties are 
identical with those of the naturally occurring alkaloid. 

N,@-Diacetylshepherdine (2 )  
N,O-diacetylshepherdine was isolated by elution 

chromatography of the crude acetylated bases of S. 
canadensis on deactivated alumina using benzene-chloro- 
form (5:l). It was separated from N,O-diacetyltetra- 
hydroharmol by fractional crystallization from methanol. 
It crystallizes from methanol, m.p. 192-194" and gives a 
depressed mixed melting point with N,O-diacetyltetra- 
hydroharmol, m.p. 165-175". The U.V. spectrum: h ,,,, 
226 (E = 31 400) and 281 mp (E = 6300). The i.r. spec- 
trum: v ,,,, 3450, 3275, 1745, 1630 cm-'. The n.m.r. 
spectrum: r 1.14, singlet (N-H); 2.80, doublet, J = 8 
c.p.s. (H-8); 2.92, doublet, J = 1 c.p.s. (H-5); 3.22, 
doublet of doublets, J = 1, 8 c.p.s. (H-7); 4.30, quartet, 
J =  6 c.p.s. (H-I); 6.07, multiplet (H-3e); 6.64, multiplet 
(H-3a); 7.34, multiplet (H-4e,4a); 7.71, singlet 
(NCOCH,); 7.80, singlet (OCOCH,); 8.62, doublet, 
J = 6 c.p.s. (C-CH,). Assignments have been verified 
by spin-spin decoupling experiments. Mass spectrum: 
286 (base) (Cl6H1,N2O3; found 286.1 317, calculated 
286.1317), 271, 244, 229, 201, 187. 

Synthesis of N,O-Diacetylshepherdine (2 )  (6) 
5-Benzyloxytryptaniine (0.1 g) (Aldrich Chemical Co.), 

2 N sulfuric acid (5 drops), dioxane ( I  ml), and 
water (1 ml) were cooled under nitrogen and freshly 
prepared 10% aqueous acetaldehyde (2 ml) added. The 
mixture was allowed to stand at room temperature. After 
0.5 h, a crystalline precipitate formed which was collected 
and acetylated in the usual manner to give 2-acetyl-6- 
benzyloxy- 1 -methyl- l,2,3,4-tetrahydro-2-carbone It 
crystallizes from acetone-methanol, m.p. 179.5-181". 
The crystalline compound (0.4 g) and 30% palladium- 
charcoal (catalytic amount) in reagent methanol (15 ml) 
were hydrogenated at room temperature and atmospheric 
pressure for 4 h, i.e., until starting material had all 
reacted (t.1.c.). The solution was filtered, excess solvent 
removed in vacuo and the crude residue acetylated in the 
usual way. The crude acetyl derivative was purified by 
elution chromatography on Woelm alumina, activity 3, 
to give 2 which crystallizes from methanol, m.p. 192-194". 
Its melting point, mixed melting point, and i.r. spectrum 

are identical with those of the naturally occurring N,O- 
diacetylshepherdine. 

N,O-Diacetylserotonin (11) 
N,O-Diacetylserotonin was isolated by elution chro- 

matography of the crude acetylated bases of S. canaden- 
sis over deactivated alumina using chloroform. N,O- 
Diacetylserotonin could not be crystallized. The U.V. 

spectrum: h,,, 224 (E = 27 000) and 287 mp (E = 5500). 
The i.r. spectrum: v,,, 3500, 3325,1750, 1675 cm-'. The 
n.m.r. spectrum: r acetone-d6 -0.20, singlet (N-H); 
2.68, doublet, J = 8 c.p.s. (H-7); 2.75, doublet, J = 2 
c.p.s. (H-4); 2.86, singlet (H-1); 3.21, doublet of doublets, 
J = 2, 8 c.p.s. (H-6); 6.58, multiplet (H-2'e,2'a); 6.77, 
broad singlet (NHCOCH,); 7.15, triplet (H-1 'e,l 'a); 
7.79, singlet (NCOCH,); 8.15, singlet (OCOCH,). 
Assignments made have been verified by spin-spin 
decoupling experiments. In additipn, irradiation at 1020 
c.p.s. causes sharpening of signals at r 2.75 and 2.86 
indicating a small W coupling between the indole N-H 
and H-4, and a small coupling between indole N-H 
and H-I. Irradiation at 716 c.p.s. causes sharpening of 
the signal at r 3.21 showing a small para coupling between 
H-4 and H-7. Mass spectrum: tn/e 260 (C14H16N203; 
found 260.1 158, calculated 260.1 161), 201, 188, 159, 146. 

Synthesis of N,O-Diacetylserotonin (11) 
Serotonin creatinine sulfate (Aldrich Chemical Co.) 

(9.1 g) was acetylated in the usual manner. Creatinine 
was removed by addition of acetone and filtering the 
precipitate. Excess acetone was removed in vacuo and 
crude 11 purified by elution chromatography on Woelm 
alumina. N,O-Diacetylserotonin has an i.r. spectrum 
identical with that of the naturally occurring compound. 
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to thank Dr. A. N. Hogg and Messrs. R. N. Swindlehurst 
and G. Bigam for their help in various phases of this 
work. 
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2-D-Hydroxyhexadecanoic acid: a metabolic product of the yeast 
Hansenula sydowiorum 

R. F. VESONDER, F. H. STODOLA, W. K. ROHWEDDER, AND D. B. SCOTT' 
Northern Regional Research Laboratory, Agricultural Research Service, Uttited States 

Department of Agriculture, Peoria, Illinois 61604 
Received December 4, 1969 

A new species of yeast, Hatzsenula sydowiorum, excreted free a-hydroxy fatty acids when grown on 
glucose solution. The major component, 2-D-hydroxyhexadecanoic acid, was identified by the mass 
spectrum of its methyl ester. 

Canadian Journal of Chemistry, 48, 1985 (1970) 

The occurrence of u-hydroxy fatty acids in 
plants, animals, yeasts, molds, and bacteria was 
reviewed by Downing (1) in 1961. Since that time 
additional reports have appeared on the isolation 
of these acids from the microorganisms Claviceps 
purpurea (2), Rhodomicrobium vannielii (3), a 
strain of Streptomyces (4), and Streptomyces 
sioyaensis (5). These higher a-hydroxy acids 
always occur as constituents of more complex 
molecules, usually in the form of esters and 
amides (6). 

We recently observed that free a-hydroxy 
acids are formed by a new species of yeast, 
Hansenula sydowiorum, isolated (7) in South 
Africa from the insect Sinoxylon ruficorne Fahr., 
which we examined during our work on the 
extracellular lipids of yeasts (8). When grown for 
12 days on a malt-glucose medium, the bisexual 
form of this organism produced 1.66 g/l of 
crude acid, 80% of which was 2-D-hydroxy- 
hexadecanoic acid. The unisexual form secreted 
only one-half this amount of acid into the culture 
medium. 

The crude acid mixture, obtained by ether 
extraction of the culture liquor, was converted 
to methyl esters with diazomethane. Preparative 
gas-liquid chromatography (g.1.c.) yielded as the 
main component methyl 2-hydroxyhexadecan- 
oate (m.p. 45-45.5 "C, lit. (9), 45.5-45.7 "C) ; 
its levorotation in chloroform (-5.8"; c, 6.4) 
shows the free acid to have the D-configuration, 
as do all known naturally occurring 2-hydroxy 
acids. Our value for the rotation of this ester is 
intermediate between that of Hitchcock et al. 
(10) (-8.0"; c, 2.5, CHCI,) and that of Horn 
et al. (9) (-3.6"; c, 10, CHCl,), showing the 
dependence of the value on concentration. Baer 

lMicrobiology Research Group, Council for Scientific 
and Industrial Research, P.O. Box 395, Pretoria, South 
Africa. 

and Mahadevan (1 1) reported a similar effect 
for 1,2-diglycerides in chlorinated solvents. 

The structure of the methyl ester was estab- 
lished by showing the identity of its mass spectrum 
with that of methyl 2-DL-hydroxyhexadecanoate. 
Saponification of the pure ester gave 2-D-hydroxy- 
hexadecanoic acid; m.p. 91-92 "C, lit. (9), 
93.3-93.5 "C; +4.6 (c, 6.1, pyridine), lit. 
(9), + 3.6" (c, 6, pyridine). The p-bromophenacyl 
ester melted at 87.5-88 "C. 

Experimental 

Melting points were determined with a Fisher-JohnsZ 
apparatus and were not corrected. Mass spectra were 
recorded on a Nuclide instrument (model 12-90 G). 
Gas chromatographic analyses were carried out in an F 
and M laboratory chromatograph (model 700) equipped 
with a flame ionization detector. The column (4 ft x 
114 in. 0.d. aluminum) was packed with 20% silicone 
OV-17 on Chromosorb W-HMDS. Temperature was 
maintained at 300 "C and helium flow was 50 ml/min. 
Preparative g.1.c. was carried out in an Aerograph 
Autoprep (model A-700) equipped with a thermocon- 
ductivity detector. The column (6 ft x 114 in. stainless 
steel) was packed with 5% Apiezon L on Chromosorb 
W-AWDMCS. The temperature was maintained at 
200 "C. 

Productiotz of Crude Acid 
Stock cultures of the yeasts [NRRL Y-7128 (unisexual) 

and NRRL Y-7130 (bisexual) from the ARS Culture 
Collection here] were maintained at 25 "C on YM agar 
slants (1 % glucose, 0.5% peptone, 0.3% yeast extract, 
0.3 % malt extract, and 2 %  agar). A sterilized liquid 
medium (200 ml), consisting of 5 % commercial glucose 
hydrate and 5% malt extract contained in 500 ml Erlen- 
meyer flasks, was inoculated with 0.1 ml of a cell sus- 
pension prepared from a 1 day old YM slant culture and 
2 ml of YM broth. The flasks were incubated at 25 "C on 
a Gump shaker (180 r.p.m.; 1 in. radius). 

'The mention of firm names or trade products does 
not imply that they are endorsed or recommended by the 
Department of Agriculture over other firms or similar 
products not mentioned. 
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TABLE 1 

Lipid formation by Hatzsenula sydo~viorunz 

Yield of crude lipid in mg/l 

Y-7128 Y-7130 
Days Unisexual Bisexual 

At intervals the contents of 24 flasks were extracted 
separately with ether. Yields of crude acid for the uni- 
sexual and bisexual yeasts are recorded in Table 1. 

Metllyl 2-D-Hydroxyllexadecanoate 
A composite of crude acid (2.00 g) was esterified with 

diazomethane. The resulting ester was shown by mass 
spectral and g.1.c. analyses to consist of 80% methyl 
2-hydroxyhexadecanoate, the remainder being CIS, C17, 
and C18 homologs. A portion of the crude ester (1 10 mg, 
n1.p. 41-42.5 "C), subjected to preparative g.l.c., yielded 
62.0 mg (m.p. 44.5-45 "C) of the main component, which 
was crystallized froin hexane (m.p. 4545.5  "C), [a]DZ4 
- 5.8" (C, 6.4, CHC13); lit. (9), m.p. 45.545.7 "C, [E]D 
- 3:6" (c, 10, CHCI,). 

Anal. Calcd. for C17H3403: C, 71.28; H, 11.96. 
Found: C, 71.7; H, 12.1. 

p-Brotnophenncyl 2-D-Hy&oxy/~exadecanoate 
Methyl ester (55 mg), refluxed for 1 h with alcoholic 

KOH, gave 50 mg of crude hydroxy acid (m.p. 89-92 "C). 
Crystallization from hexane yielded 23 mg of acid, which 
was converted to the p-bromophenacyl derivative by the 
DICE procedure (12). The crude product (38 mg, m.p. 
77-83 "C) on crystallization from 95% alcohol gave 22 
mg of pure p-bromophenacyl ester (m.p. 87.5-88 "C). 

Anal. Calcd. for Cz4H3-,0,Br: C, 61.40; H, 7.94. 
Found: C. 61.6: H. 8.1. 

A second poriion of crude ester (500 mg) gave a larger 
sample of pure 2-D-hydroxyhexadecanoic acid, which 
melted at 91-92 "C; [aIDZ4 of $4.6' (c, 6.1, pyridine). 
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Reaction of dialkyl phosphonates with hexafluoroacetone 

A. F. JANZEN AND R. POLLITT 
Department of Clzemistry, Ut7iversity of Manitoba, Winnipeg, Manitoba 

Received January 26, 1970 

The reaction of dialkyl phosphonates, (R0)2P(0)H where R = CH,, C2H5, and n-C4H9, with hexa- 
fluoroacetone gives, in each case, two isomeric products, (R0)2P(0)OCH(CF3)z and (R0)2P(O)C(OH)- 
(CF,),. Products are characterized by elemental analyses, infrared, proton and fluorine nuclear magnet~c 
resonance, and mass spectrometry. The relative yield of isomer depends markedly on the alkyl group 
present. These results are explained in terms of an inductive effect on the polarity of the P-H bond 
which influences the direction of addition of hexafluoroacetone. 

Canadian Journal of Chemistry, 48, 1987 (1970) 

The reactions of dialkyl phosphonates, (RO),- 
P(O)H, with ketones, aldehydes and olefins have 
been studied for a number of years (1). However, 
reactions with halogenated ketones have been 
reported only recently. With hexafluoroacetone, 
hexafluoroisopropyldialkyl phosphates were 
formed (2) (cf. isomer A) whereas with chloro- 
fluoroacetones the isolated products were vinyl 
esters of phosphorus acids (3). Phospholanes - 
containing the grouping POC(CF,),C(CF,),O 
(4) may be converted into phosphinate esters, 
R,P(O)OCH(CF,), (5), and addition of hexa- 
fluoroacetone and secondary phosphines fol- 
lowed by air oxidation is also reported to give 
phosphinate esters (6). 

We now report the reaction of hexafluoro- 
acetone with dialkyl phosphonates, (RO),P(O)H 
where R = CH,, C,H,, and n-C,Hg, and find 
that two isomeric products are formed in each 
case. Such isomer formation does not appear to 
have been studied previously. 

The reaction of dialkyl phosphonates and hexa- 
fluoroacetone under mild conditions (25" or 
lower, absence of solvent) results in the formation 
of 1 :I  adducts for which several structures are 
possible, the most likely being isomers A, B, or C. 

0 H OOH 
T I 

(RO)zPOC(CF3)2 
T l 

(RO)zPC(CF3)z 
Isomer A Isomer B 

OH 
I 

( R O ) ~ P O ~ ( C F , ) ~  
Isomer C 

For those dialkyl phosphonates used in this 
investigation both isomers A and B were formed 
although the relative yield depended markedly 
on the alkyl group present. The products are 

TABLE 1 

Products from reaction of dialkyl phosphonates 
and hexafluoroacetone 

OOH 
t l 

Methyl 94 6 
Ethyl 88 12 
11-Butyl 5 95 

shown in Table 1. Yields of isomers are based on 
peak areas in the 19F nuclear magnetic resonance 
(n.m.r.) spectra determined shortly after prepara- 
tion. 

The products were characterized by elemental 
analyses, infrared (i.r.), 'H and 19F n.m.r. 
spectroscopy, and mass spectrometry. A sum- 
mary of pertinent results and assignment of 
structures is found in Table 2. 

The 19F n.m.r. spectra of compounds 1,3 ,  and 
5 (isomer A) show doublets ( J  = 6 Hz) at +75.0 
+ 0.1 p.p.m. assigned to the six fluorines which 
couple with the single adjacent hydrogen. 
coupling with phosphorus across four bonds 
appears negligible. 

For compounds 2, 4, and 6 (isomer B) the 19F 
n.m.r. spectra show doublets ( J  = 3 Hz) at + 72.5 
+ 0.4 p.p.m. assigned to the six fluorines which 
couple with the phosphorus atom. 

The 'H n.rn.r. spectra of compounds 1 and 3 
(isomer A) show a nine-line multiplet at about 
- 5.5 p.p.m. assigned to the single hydrogen 
which couples with six fluorines and one phos- 
phorus.' A typical 'H n.m.r. spectrum of isomer 

'R. F. Stockel (6) reports a septet for R,P(O)OCH- 
(CF,), where R = phenyl, cyclohexyl. We assume he 
did not observe the low intensity lines and hence did not 
report a doublet of septets. 
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TABLE 2 
Elemental analyses and n.m.r. data 

Analysis 
19F n.m.r. l H  n.m.r.* 

Compound Calculated Found (p.p.m.1 (p.p.m.1 

OOH 
t l 

(CH,O)ZPC(C%~)Z 

OOH 
t l 

(CZHSO)ZPC(CF~)Z 
4 

0 H 
t I 

(C~H~O)ZPOC(CF~)Z 
5 

OOH 

C 21.75 C 21.96 
H 2.56 H 2.50 Doublet (J= 6 Hz) 
F 41.29 F 41.55 at +75.1 

Doublet (J= 3 Hz) 
at +72.3  

H 3.65 H 3 . 6 6  Doublet (J= 6 Hz) 
F 37.48 F 38.78 at +74.9  

Doublet (J= 3 Hz) 
at +72.9  

Doublet (J= 6 Hz) 
at +74.9  

C 36.67 C 36.30 
H 5.32 H 5.24 Doublet (J= 3 Hz) 

Nine-line multiplet 
at -5 .43 

Singlet at - 8.00 

Nine-line multiplet 
at -5 .56 

Singlet at - 8.90 

Singlet at -7.21 

*Alkyl absorptions omitted. 
?Too low concentration for accurate estimation. 

FIG. 1. 'H n.m.r. spectrum of (CH30)2P(0)OCH(CF3)z (isomer A) showing doublet of septets due to single 
hydrogen and doublet due to methyl groups. 

A, that of compound 1, is reproduced in Fig. 1. Fig. 2 and that of compound 6 (isomer B) in 
The 'H n.m.r. spectra of compounds 2 , 4 ,  and Fig. 3. 

6 (isomer B) show singlets at about -7 to -9 The mass spectrum of compound 1 showed 
p.p.m. assigned to the hydroxyl group. strong peaks (M = molecular ion) at mle 276(M), 

Infrared spectroscopic examination proved 257(M-F), 256(M-HF), 246(M-CH,O), 237- 
useful in distinguishing between isomers. The i.r. (M-HF,), 226(M-CF,), 225(M-CF,H), 110- 
spectrum of compound 1 (isomer A) is shown in (M-C2F60), 109(M-C2F6HO). 
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-- . 

FIG. 2. Infrared spectrum of (CH30)zP(0)OCH(CF3)Z (isomer A). Recorded as neat film. 

FIG. 3. Infrared spectrum of (C4H90)~P(0)C(OH)(CF3), (isomer B). Recorded as neat film. 

For compound 6 the most intense peak occur- 
red at mle 249(M-C8H15) assigned to the ion 

+ 
(HO),PC(OH)(CF,),. The parent molecular ion 
was not observed, but low intensity peaks were 
found at mle 304(M-C4H8), 275(M-C6Hi ,), 
263(M-C7Hl ,), 261(M-C7Hl 5), 229(M-C8- 
H16F). 

To account for the formation of isomers A and 
B we assume that hexafluoroacetone adds across 
a P-H bond of the dialkyl phosphonate and 
that the direction of addition may be varied 
(eqs. [I] and [2]). 

0 
t 0 H 

(RO),P-H t 
[I I 

I 
3 (R0)zP-0-C(CF3)z 

0=C(CF3)Z Isomer A 

0 
t 0 OH 

(R0)zP-H T I  
[2 I 3 (RO)ZP-C(CF~)Z 

(CF,)zC--O Isomer B 

C2H5 > CH,. For dibutyl phosphonate the 
polarization may therefore be in the opposite 
direction i.e. -6~-H6+. 

Support for the above suggestion comes from 
similar reactions of hexafluoroacetone and per- 
fluorocyclobutanone with compounds containing 
metalloid-hydrogen bonds. For example, the 
B-H bond reacts with perfluorocyclobutanone 
(7) and the Si-H (8, 9), Ge-H, and Sn-H (9) 
bonds react with hexafluoroacetone to give 

H 
I 

alkoxides containing the grouping M-0-C. 
These reactions are seen to be analogous to the 
formation of isomer A and the polarization of 
the metalloid-hydrogen bond is generally as- 
sumed to be +6M-H6-. 

On the other hand, hexafluoroacetone reacts 
with C-H, N-H, P-H, As-H, 0-H, and 
S-H bonds to give alcohols (10) containing the 

OH 
I 

As seen from Table 1 isomer A is produced in grouping M-C. These reactions are analogous 

greater yield if = CH, or C2H5 whereas to the formation of isomer B and the polarization 

isomer is the major product if = C4Hg. The of the metalloid-hydrogen bonds in these com- 

differences may be explained in terms of an pounds is generally assumed to be - 6 ~ - ~ 6 + .  

inductive effect of the alkyl groups on the polarity 
of the P-H bond. The polarization in the sense Experimental 
I"-H" should decrease in the order CH,O > G e ~ ~ ~ e n t i o n a l  vacuum line techniques were used for 
CzH5O > C4H9O since the inductive effect of handling volatlle materials. Hexafluoroacetone (Mathe- 
alkyl groups decreases in the order C4Hg > son of Canada) and the dialkyl phosphonates (Eastnian 
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Organic Chemicals) were purified by trap-to-trap 
distillation before use. Microanalyses were performed by 
Galbraith Laboratories, Knoxville. The i.r. spectra were 
recorded with a Perkin-Elmer 337 spectrophotometer 
and n.m.r. spectra were obtained on a Varian A-56/60A 
spectrometer, using 60 MHz and 56.4 MHz for proton 
and fluorine respectively. 'H and I9F chemical shifts are 
relative to internal tetramethylsilane and internal 
trichlorofluoromethane respectively. Mass spectra were 
determined on a Hitachi Perkin-Elmer RMU-6D mass 
spectrometer. 

Reaction of Dimethyl Phosphonate with 
Hexafltoroacetone 

Dimethyl phosphonate (1.08 g, 9.83 mmole) and a 
slight excess of hexafluoroacetone (1.71 g, 10.3 mmole) 
were sealed in a previously evacuated reaction tube. The 
reaction mixture at -78' was slowly warmed to 25" and 
shaken for 3 days. 'H and 19F n.m.r. spectroscopy 
showed that two products, 1 and 2, were formed in ratio 
94:6. Compound 1, the more volatile product, was 
purified by trap- to- trap distillation and identified 
as 1,1,1,3,3,3-hexafluoroisopropyldimethyl phosphate, 
(CH30)2P(0)OCH(CF3)2 (2.54 g, 9.20 mmole). 

Compound 2, prepared in small yield above, was not 
purified since it was difficult to remove last traces of 
compound 1. It is identified as dimethyl 2-hydoxy- 
1,1,1,3,3,3-hexafluoroisopropylphosphonate, (CH30)Z- 
P(0)C(OH)(CF3)2, on the basis of its spectral properties 
and by comparison with the reaction of dibutyl phos- 
phonate described below. 

Elemental analyses, 'H and "F n.m.r. data for com- 
pounds 1 to 6 are summarized in Table 2. 

Reaction of Dietlzyl Phosphonate with 
Hexafktoroncet one 

Diethyl phosphonate (1.17 g, 8.46 mmole) and hexa- 
fluoroacetone (2.34 g, 14.1 mmole) were reacted accord- 
ing to the method outlined for dimethyl phosphonate. 

Two products 3 and 4 were formed in the ratio 88:12. 
Compound 3, the more volatile product, was purified 
by trap-to-trap distillation and identified as 1,1,1,3,3,3- 
hexafluoroisopropyldiethyl phosphate, (CzHSO)zP(O)- 
0CH(CF3)2, (2.20 g, 7.25 mmole). 

CHEMISTRY. VOL. 48, 1970 

Compound 4 was identified as diethyl 2-hydroxy- 
1,1,1,3,3,3-hexafluoroisopropylphosphonate, (C2H50)Z- 
P(0)C(OH)(CF3),, on the basis of its spectroscopic 
properties. 

Reaction of Di-n-butyl Phosphonate with 
Hexafluoroacetone 

Di-n-butyl phosphonate (2.11 g, 10.7mmole) and 
hexafluoroacetone (2.56 g, 15.4 mmole) were reacted as 
above. Two products 5 and 6 were formed in the ratio 
5:95. Compound 5, produced in small yield, was identi- 
fied as 1,1,1,3,3,3-hexafluoroisopropyldibutyl phosphate, 
(C4H,0)2P(0)OCH(CF3)2, on the basis of its 19F n.m.r. 
spectrum. 

Compound 6, the less volatile product, was purified by 
trap-to-trap distillation and identified as dibutyl 2- 
hydroxy - 1,1,1,3,3,3 - hexafluoroisopropylphosphonate, 
(C,H,0)zP(0)C(OH)(CF3)2 (3.75 g, 10.4 mmole). No 
decomposition or isomerization was evident after 6 
months in a sealed tube. 

The financial assistance of the National Research 
Council of Canada is gratefully acknowledged. 
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Studies on some 4,s-diacyl-1,3-dithioles 

M. AHMED, J. M. BUCHSHRIBER, AND D. M. MCKINNON 
Department of Chemistry, Ut~iversity of Manitoba, Winnipeg, Manitoba 

Received December 12, 1969 

1,2-Dithiole-3-thiones and 1,2,4-dithiazole-3-thiones react with dibenzoylacetylene to provide thio- 
acylmethylene or thioacylimino-1,3-dithiole adducts respectively. Some of these, on sulfurization, 
provide thieno[3,4d]-1,3-dithiole derivatives, but in others a retro-1,3-dipolar reactlon predominates. 
Further reaction of the initial adducts with more dibenzoylacetylene provides spiran compounds. 

Canadian Journal of Chemistry, 48, 1991 (1970) 

As part of our studies on heterocyclic sulfur 
compounds, we wished to examine the conversion 
of some 4,5-dibenzoyl-2H-1,3-dithioles (1) to 
derivatives of the thieno[3,4d]-l,3-dithiole sys- 
tem (2). Thieno [3,4d]-2H- 1,3-dithiole-2-thione 
(3) is already known (1) and examples of the 
isomeric thieno-l,2-dithioles have also been 
prepared recently (2). One approach to these 
compounds (1) appeared to be from suitably 

1 substituted 3H-1,2-dithiole-3-thiones (4) and 
3H-1,2,4-dithiazole-3-thiones (5) by treatment 
with reactive acetylenes. 

PhCO P h 

PhCO xAx 'qz---Lx 
P h 

1 2 

a X = CHCSPh a X = NCSPh 
b X = CPhCSPh b X = NCSCcHAo-Me 
c X = CPhCHS c X = N C S C , H ~ ~ - M ~  
d X = NCSPh d X = NCS-2-Fury1 
e X = NCSC6H40Me e X = NCS-2-Thienyl 
f X = NCSC6H4pMe f X = NCOPh 

obtained (8), we were interested in other such 
cycloaddition reactions, particularly those with 
acetylenic ketones which would provide the 
required diacyldithioles (1). Dibenzoylacetylene 
was chosen for our investigations since it is 
readily prepared (10) and, since it is a highly 
reactive dienophile (11, 12), it might also be 
expected to function as a good 1,3-dipolarophile. 

Three 3H-1,2-dithiole-3-thiones (4a-c) studied 
reacted readily with dibenzoylacetylene. With the 
thiones (4a, b), stable dibenzoyl-l,3-dithiole 
mono-adducts (la,  b) were obtained when treated 
with equimolar quantities of the acetylene. 
Treatment with two equivalents of the acetylene, 
however, produced di-adducts (6a, b) of the type 
obtained by further 1,4-dipolar reaction of the 
2-thioacylmethylene mono-adducts with acetyl- 
enic esters (7-9). 

With 4-phenyl-3H-1,2-dithiole-3-thione (4c) 
however, the mono-adduct (lc) was formed at 
room temperature, but this could not be purified 
satisfactorily since it was extremely unstable. This 
compound, in contrast to the thiones (la, b) 
produced above, is a thioaldehyde, and these are 
notoriously unstable (13). The product probably 
decomposes by loss of the thial sulfur as has been 
found for related compounds (14). The nuclear 
magnetic resonance (n.m.r.) spectrum of the 
product showed a sharp singlet at z = -0.65 
characteristic of the thioaldehyde proton (15). 
The di-adduct from this reaction was not 

a Ri  = Ph; R, = H ;  X = S obtained. Usually formation of these from the 
b Ri  = Ph; R2 = Ph; X = S 
c R1 = H; R Z  = Ph; X = S 

mono-adducts and further 1,3-dipolarophile re- 
d R~ = ~ h ;  R2 = H;  x = N P ~  quires heating (8). Evidently the mono-adduct 

decomposes before this further addition can take 
The reactions of these thiones with acetylenic place. 

esters have been studied rather extensively (3-9). With 5-phenyl-3-phenylimino-3H-1,2-dithiole 
Initially, 1,3-dipolar reactions provide 2H-1,3- (4d), which has been shown to react with acetyl- 
dithiole carboxylic esters (4). During our inves- enic esters (8) to provide thiazolecarboxylic ester 
tigations of these reactions, and of the products mono-adducts (7a), dibenzoylacetylene reacted 
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fairly rapidly, but the products appeared to be 
unstable and could not be satisfactorily purified. 

Five 3H-1,2-4-dithiazole-3-thiones (5a-e) 
studied reacted readily with dibenzoylacetylene 
to give substituted-2-thioacylimino-4,5-di- 
benzoyl-2H-l,3-dithiole mono-adducts (Id-h) by 
1,3-dipolar reaction. In one of these dithiazoles 
(5d) there might also have occurred Diels-Alder 
type addition to the 2,5-positions of the furan 
ring, similar to known examples (16), but no 
products of this type were found. The 1,3-dipolar 
reaction appears to be the more rapid. Subsequent 
Diels-Alder type addition to the furan nucleus 
of the mono-adduct product (lg) is unlikely 
owing to the electron withdrawing thiocarbonyl 
group attached to the furan ring. 

When the thiones (5a, b) were treated with two 
equivalents of dibenenzoylacetylene, di-adducts 
(Sa, b) were obtained of the type previously 
encountered with acetylenic esters (6). These 
would have arisen bv further reaction of di- 

formed by retro-1,3-dipolar reaction. Apparently 
with these mono-adducts there is a greater 
tendency towards this reverse reaction than with 
the thioacylimino compounds (Id-g). However, 
sulfurization of a di-adduct (6a) was successful, 
and a product of the presumed thienothio- 
pyranspirothieno-l,3-dithiole structure (9) was 
obtained. Evidently there is less tendency towards 
the reverse reactions than with the mono-adducts 
(la,  b). 

PhCO COPh 

R&&s 
R1 Rz 

5 6 

a R = P h  a R1 = Ph;R2 = H 
b R = C6H40-Me b R1 = Ph; R2 = Ph 
c R = C6H4p-Me c R, = H; R, = Ph 
d R = 2-Fufyl 
e R = 2-Th~enyl 

benzoylacetylene on fhe initially produced -2- 
thioacylimino-2H-l,3-dithioles (Id, e). P ~ C O   COP^ 

These dibenzoyldithioles (la,  b, d-g) produced 
above are substituted dibenzoylethylenes, and as 

u-fOR1 

such might be expected to give thiophenes on Ph N COR2 
I sg$:x::;: 

sulfurization, similar to the preparation of P h R 

isobenzothiophenes from diacyldihydrobenzenes 7 8 
(12) or diacylbenzenes (17). Thus, treatment of a R1 = R2 = OMe a R = ~h 
the -2-thioacylimino compounds (Id-g) with b R1 = R2 = Ph b R = C6H4p-Me 

phosphorus pentasulfide in pyridine gave the 
desired thieno[3,4d]-1,3-dithioles (2a-d) in good To permit the preparation of thieno [3,4d]-1,3- 
yield. The structures of these follow from their dithioles without the 2-thioacylmethylene or 
analyses and from the absence of any C=O 2-thioacylimino side chains, attempts were also 
stretching bands in the infrared (i.r.). Bands at made to obtain 4,5-dibenzoyl-2H-l,3-dithiole-2- 
1201-1210 cm-I are probably those for the thione (li)  by reaction of dibenzoylacetylene with 
C=S stretching frequency. These are within the suitable 1,3-dithioles. The preparation of 2H- 
accepted range for this band (18). Reaction of 1,3-dithiole-2-thione-3,4-dicarboxylic esters by 
one of these derivatives (2a) with mercuric reaction of 1,3-dithiolane-2-thione with dimethyl 
acetate, which is known (19) to convert a thio- acetylenedicarboxylate is reported (7). However, 
carbonyl function to a carbonyl, gave the reaction with dibenzoylacetylene failed. Possibly 
corresponding -2-benzoylimino-compound (2f), this may have been due to lack of sufficient dipole 
demonstrating the presence of the thiobenzoyl- character in the thione since it does not have 
imino group in the original compound. After this resonance forms comparable to the 2H-1,3- 
treatment the band at 1210 cm-I disappeared dithiole-2-thiones. To test this, 4,5-diphenyl- 
and an absorption at 1651 cm-I, assigned to 2H-1,3-dithiole-2-thione (10) was prepared by 
C=O stretch, was obtained. acid-catalyzed cyclization of a-phenylphenacyl 

Treatment of the dibenzoyl-2-thioacylmethyl- ethyl trithiocarbonate to the 2-ethylthio-4,5-di- 
ene-1,3-dithioles ( l a ,  b) with phosphorus phenyl-l,3-dithiolium cation, similar to known 
pentasulfide gave rather less successful results. In methods (20, 21) followed by treatment with 
each case the original 3H-1,2-dithiole-3-thiones sodium hydrogen sulfide. This thione did react 
(4a, b respectively) were recovered, probably with dibenzoylacetylene but the product, 
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although it possessed benzoyl groups, could not The i.r. spectrum of l c ;  1618 (C=O) cm-l. The n.m.r. 
be purified satisfactorily. of l c  2.99-2.53 (15H multiplet), -0.65 r (1H singlet). 

Treatment of the thione with two equivalents of the 
Ph acetylene and refluxing led to a complex mixture of 

Ph products. No satisfactory separation could be effected. 

- . Ph 
Reaction of 5-Phet1yl-3.H-I,2-dithiole-3-thioi1e with 

Dibenzoylacetylene to form 4,5-Dibenzoyl-1,3- 
P h Ph dit/ziole-2-spiro-4-(2-phenyl-5,6-dibenzoylt/riopyran) 

9 10 (6a) The thione (0.52 g) and the acetylene (1.34 g) in 
benzene (20 ml) were refluxed together for 9 h. The 

Experimental orange solution was evaporated under reduced pressure 
and the crude product recrystallized from nitrobenzene, 

The i.r. spectra were performed on a Perkin-Elmer m.p. 1g1-1g3° (84%). 
mode1,337 spectrophotometer in liquid paraffin mulls. Anal. Calcd. for c ~ ~ H ~ ~ ~ ~ s ~ :  C, 72.57; H, 3-83; 
Nuclear magnetic resonance (n.m.r.1 spectra were S, 14.22. Found: C, 72.47; H, 3.93; S, 14.07. 
obtained on a Varian model 56160A spectrometer, in The i.r. spectrum of fja; 1665 (c=o) cm-l. The n.m.r. 
deuterochloroform solution using tetramethylsilane as an of 6a, 4.01 (1H singlet), 2.99-2.16 r (25H rnultiplet). 
internal standard. Thin-layer chromatography (t.1.c.) was 
performed using "camagM silica gel type D.s.F.~ Reaction of 4,5-Dighenyl-3H-l,2-ditAiole-3-thione with 
supplied by Mondray Ltd., on glass plates. Development Dibenzo~lacetylene to form 4,5-~ibenzoyl-1,3-5,6- 
of plates was carried out using benzene with increasing dibei~zo~l-2,3-di~11eil~lthio~~ran (6b) 
proportions of chloroform. The thione (179 mg) and the acetylene (300 mg) in 

benzene (20 ml) were refluxed together for 9 h. The 
Reaction of 5-P/1enyl-3H-I,2-dithiole-3-t/rione with solution was evaporated and the yellow residue purified 

Dibenzo~lacet~lene to form 3-Thiophenacylidene- by t.1.c. The product was recrystallized from ethanol, 
4,5-dibenzoyl-2H-1,3-dithiole ( l a )  m.p. 106108 "C (76%). 

The thione (1.04 g) (22) and dibenzoylacetylene Anal. Calcd. for C47H3004S3: C, 74.80; H,  31.98; 
(1.34 g) in benzene (25 ml) were stirred together at room S, 12.73. Found: C, 75.03; H, 3.88; S, 12.68. 
temperature for 18 h. The solution rapidly turned dark The i.r. spectrum of 66; 1660 (C=O) and 1665 (C-0) 
brown. The solvent was removed under reduced pressure cm-l. The n.m.r. of 66 1.93-1.41 r (30H multiplet). 
and the crude product recrystallized from nitromethane 
as a brown powder, m.p. 141-143 "C (75 %). Reactiotr of 5-Phenyl-3-phei1ylimino-3H-1,2-dithiole ~vitlr 

Dibenzoylacetyleire Anal. Calcd. for CzsH160zS3: C, 67.57; H, 3.60; ~h~ imine (268 mg) and dibenzoy~acetylene (234 mg) S, 21.62: Found: C, 67.51; H, 3.48; S, 21.57. 
The i.r. spectrum of la :  1660 (C=O) and 1645 (C=O) in benzene (10 ml) were refluxed together for 18 h. The 

cm-l. The n.m.r. of la ;  2.81-2.41 (15H multiplet), and solution was evaporated and the residue examined by 
1.71 r (1H singlet). t.1.c. No proper separation could be effected. 

Reactioir of 4,5-Diphenyl-3H-l,2-dithiole-3-thione with 
Dibenzoylacetylene to form 3-(a-Phenylthio- 
p/renacylideire)4,5-dibenzoyl-2H-1,3-dithioIe ( Ib )  

The thione (179 mg) (23) and the acetylene (134 mg) 
in benzene (10 1-111) were stirred together at room tem- 
perature for 2 h. The solution rapidly became dark. The 
solvent was removed under reduced pressure and the 
products purified by t.1.c. and crystallized from nitro- 
methane m.p. 209-210 "C (83%). 

Anal. Calcd. for C31HzoOzS3: C, 70.98; H, 3.92; 
S, 18.82. Found: C, 70.76; H, 3.96; S, 18.75. 

The i.r. spectrum of l b :  1680 and 1660 (C=O) cm-'. 
The n.m.r. of l b ;  2.09-240 r (20H multiplet). 

Reaction of 4-P/rerzyl-3H-1,2-dithiole-3-thione with 
Dibenzoylacetylerze to form 2-(a-Thioforinylbenzyl- 
idene)- 4,5-diberzzoyl-2H-l,3-dithiole ( Ic )  

The thione (70 mg) (24) and the acetylene (90 mg) 
were stirred together at room temperature for 2 h. The 
red solution rapidly became dark brown. The solvent 
was removed under reduced pressure and t.1.c. of the 
crude material gave 93 mg of a brown paste which could 
not be purified further, as this compound decomposed 
in hot solvents or on standing. No attempts were made 
to have it analyzed. 

Reaction of 3H-1,2,4-Dithiazole-3-thiones with 
Dibenzoylacetylene to form 2-Thioacylimino-4,5- 
dibenzoyl-2H-1,3-dithioles (Id-h) 

The thiones (0.5 g) and dibenzoylacetylene (0.6 g) in 
benzene (20ml) were boiled for 2 h. The dark-red 
products were isolated by evaporation and recrystalliza- 
tion from nitromethane. The results are summarized in 
Table 1. 

Reactioir of 3H-1,2,4-Ditlriazole-3-thiones with 
Dibenzoylacetylene to form 4,5-Dibenzoyl-1,3- 
dithiole-2-spiro-4(-5,6-dibenzoyl-I,3-thiazirzes) 
(8a-c) 

The thiones (0.5 g) and dibenzoylacetylene (1 g) in 
benzene (20 ml) were boiled for 7 h. The yellow products 
were isolated by evaporation of the solvent and recrystal- 
lization from nitromethane. The results are summarized 
below. 

4,5-Dibenzoyl-1,3-dithiole-2-spiro-4-(5,6-dibenzoyl- 
2-phenyl-1,3-thiazine) (8a) 

This was obtained as yellow plates, m.p. 187-188 "C 
(70 %I. 

Anal. Calcd. for C40HZ5N04S3: C, 70.68; H, 3.68; 
N, 2.06; S, 14.15. Found: C, 70.81; H, 3.86; N, 2.22; 
S, 14.31. 
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TABLE 1 

Preparation of 2-thioacylimino-4,5-dibenzoyl-2H-l,3-dithioles (Id-h) 

Melting Calculated (%) Found (%) 
Compound Yield point 

1 ( % )  ( " 0  Formula C H N S  C H N S  

TABLE 2 

Preparation of 2,5-diphenylthieno[3,4d]-2-thioacylimino-2H-l,3-dithioles 
-. 

Melting Calculated (%) Found (%) 
Compound Yield point 

2 (%) ("c) Formula C H N S  C H N S  

*Infrared absorption 1210cm-1 (C=S). 
?Infrared absorplion 1204 cm-' (C=S). 
$Infrared absorption 1201 cm-1 (C==S). 
§Infrared absorption 1201 cm-' (CzS).  
/Infrared absorption 1203 crn-1 (C=S). 

The i.r. spectrum: 1655 (C=O) and 1645 (C=O) Anal. Calcd. for CZ4Hl5NOS1: C, 67.13; H,  3.50; 
cm-'. The n.m.r. 2.86-2.03 r (25H multiplet). N, 3.26; S, 22.38. Found: C, 66.91; H, 3.64; N,  3.30; 

4,5- Dibenzoyl- I,3-ditltiole-2-spiro-4-(5,6-dibei1zoyl- 
2-p-rol~iyl-I,3-tAiazi11e) (86) 

This was obtained as yellow plates, m.p. 185-188 "C 
(85 %). 

Anal. Calcd. for C41H27N04S3: C, 70.01; H,  3.90; 
N, 2.02; S, 13.81. Found: C, 70.82; H,  4.28; N,  2.16; 
S, 13.81. 

The i.r. spectrum: 1650 (C=O) and 1648 (C=O) 
cm-'. The n.m.r. 7.59 (3H singlet) and 2.85-2.08 r 
(24H multiplet). 

S~rlfurizatior~ of the 4,5-DibenzoyI-2-tlrioacylin1i110-2H- 
I,3-dirkioles (1611)  ro form rlie 2,5-DipAer1ylthieno 
[3,4d]-2-rhioacylin1i~10-2H-I,3-d~t11ioles (2a-e) 

The dibenzoyldithioles (0.5 g) and phosphorus penta- 
sulfide (0.25 g) in pyridine (10 ml) were refluxed for 5 h. 
The mixtures were thrown into water, and the dried 
benzene extracts were evaporated. The crude dark-red 
products were recrystallized from benzene-ethanol 1 : l .  
The results are summarized in Table 2. 

2,5-Dipkenylthieno[3,4d]-2-be11zoylimino-2H-I ,3- 
dithiole (2e) frorii 2,5-Diphet1ylthieno [3,4d]-2- 
rl~iobenzoylimino-2H-I ,3-dirl~iole (2a) 

The thiobenzoyl compound (0.25 g) was added to a 
solution of mercuric acetate (0.5 g) in acetic acid (15 ml) 
and the mixture shaken 48 h. Dilution with water and 
ether extraction afforded a yellow powder, which was 
crystallized from benzene:ethanol, 1 : l .  A pale yellow 
powder, m.p. 214-215 "C was obtained (37%). 

S, 22.46. 
The i.r. spectrum: 1640 ( 6 0 )  cm-'. 

Sufirizarion of rlie 2-Tl1ioacylti1erltylene-I,3- 
dirhioles ( l a ,  b)  

These dithioles (0.25 g) and phosphorus pentasulfide 
(1 g) in pyridine (10 ml) were refluxed for 5 h. The 
mixtures were thrown into water and the dried benzene 
extracts were examined by t.1.c. The only identifiable 
products were the thiones (4a, b).  

Sulfririzarior~ of 4,5- Dibetrzoyl-1,3-ditI~iole-2-spiro-4 
(2-plienyl-5,6-dibenzoylrlriopyran) (6a) 

The tetrabenzoyl compound (240 mg) and phosphorus 
pentasulfide (160 mg) in pyridine (7 ml) were refluxed 
for 3 h. The pyridine was removed under reduced pressure 
and the crude product subjected to t.1.c. The product was 
finally recrystallized from ethanol:benzene, 2:l as brown 
felted needles m.p. 219-221" (33 %). 

Anal. Calcd. for C41H26S5: C, 72.57; H, 3.83; 
S, 23.62. Found: C, 72.92; H, 3.66; S, 23.69. 

Reacriorl of 2H-I,3-Ditkiolane-2-thione wirh 
Diber~zoylacetyler~e 

The thione (0.64 g) and dibenzoylacetylene (1 .OO g) in 
xylene (20 ml) were refluxed 18 h. The dark mixture was 
examined by t.1.c. but the only identifiable product was 
unreacted 2H-1,3-dithiolane-2-thione. 

Preparariorl of a-PIier~ylp/~er~acyI Ethyl Trirhiocarbor~are 
Ethanethiol (25 g) was added to a solution of sodium 
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(1 1 g) dissolved in ethanol (250 ml). Carbon disulfide by the National Research Council of Canada is gratefully 
(26.6) was added with stirring and after 112 h a-phenyl- acknowledged. 
phenacyl chloride (71 g) in ethanol (350 ml) was added. 
The mixture was allowed to stand 1 h and poured into S. GRoNowlTz and P. Acts Stand. 

16, 105 (1962). water (21) and after 5 h a yellow solid was filtered off 
2, p. RIoULT and J. VIALLE. Bull. Sot. Chim. France, (56%). This was used directly in the next stage. 4483 (1968). 

Preparatiorz of 4,5-Diphenyl-2-efl1ylfhio-l,3-difhiolium 
Perchlorare 

a-Phenylphenacyl ethyl trithiocarbonate (I g) in 
sulfuric acid (10 ml) was heated at  100" for 10 min. The 
dark solution was chilled and diluted with water (10 ml) 
and ethyl acetate (20 ml) added. After standing at  0' for 
several hours a dark orange paste was obtained which 
was dissolved in acetic acid (10 ml) and 70% perchloric 
acid (0.4 nil) added. Cooling deposited pale purple 
crystals of the salt m.p. 121-123 "C (51 %). 

Anal. Calcd. for C1,Hl5C1O4S3; S, 49.16; H, 3.61; 
C1, 8.70; S, 23.13. Found: C, 49.20; H, 3.72; C1, 8.70; 
S, 23.24. 

Preparation of 4,5-Dipher1yl-2H-I,3-difI1iole-2-tlriot1e 
frorn 4,5-DipAet1yl-2-e/lgvlflrio-I,3-ditl1ioli~nn 
Perchlorare 

The perchlorate (1.0g) in ethanol (10 ml) was treated 
with a saturated solution of sodium hydrogen sulfide in 
ethanol (10 ml) and heated until solution had occurred. 
Cooling afforded yellow needles which were recrystallized 
from ethanol, m.p. 112 "C (96%). 
Anal.Calcd.forC1,H,,,S3;C,62.91;H,3.52;S,33.59. 

Found: C, 62.85; H, 3.61; S, 33.68. 
The i.r. spectrum: 1061, (tentatively assigned to C = S )  

cm-'. The n.m.r. 3.01-2.47 r (10H multiplet). 

Reacfiorl of 4,5-DipAe~1yl-2H-l,3-ditl1io/e-2-rAione ~virll 
Dibenzoylacerylet~e 

The thione (286 nig) and dibenzoylacetylene (242 nig) 
were refluxed in benzene (20 ml) for 72 h. The evaporated 
mixture was examined by t.1.c. The only identifiable band 
consisted of unreacted thione (180nig). Other slower 
running bands were eluted. These exhibited C=O 
absorption in the i.r. but could not be purified satis- 
factorily. 

The authors wish to thank Dr. D .  Leaver for helpful 
suggestions, and Mr. R. Dickinson for the preparation 
of nuclear magnetic resonance spectra. Financial support 
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Radical cations of some substituted pyrenes 

J. T. COOPER' 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received December 24. 1969 

The electron spin resonance spectra of several substituted pyrene cations, produced by oxidation 
with boron trifluoride in sulfur dioxide, are reported. The spectra are analyzed and the splitting constants 
given. With 4-chloropyrene, hyperfine splitting is observed due to the chlorine atom, for the first time 
in such a species. Molecular orbital calculations (Hiickel and McLachlan) are presented for three of the 
compounds studied. 

Canadian Journal of Chemistry, 48,1996 (1970) 

Introduction Results 
During the course of an electron spin reso- 4-Methylpyrene 

nance (e.s.r.) study of cation radicals derived This compound dissolves in SO2-boron tri- 

from polynuclear aromatic  hydrocarbon^,^ the fluoride to give a green solution of the cation, 

cations of several monosubstituted pyrenes were stable below ca. -40 "C but decaying in minutes 

prepared. The compounds studied were 3- at room temperature. The e.s.r. spectrum at 

methyl-, 4-chloro-, 4-phenyl-, 4-cyclohexyl-, and - 50 "C is shown in Fig. 1, together with a com- 
puter simulation in terms of the splitting con- 

Pyrene 

4-methoxypyrene. 4-Cyclohexylpyrene gave a 
well-resolved but highly complex spectrum under 
the oxidizing conditions employed which could 
not be analyzed, while 4-methoxypyrene gave no 
evidence of cation formation. However, the re- 
maining four compounds yielded interpretable 
e.s.r. spectra which could be assigned to the 
respective radical cations. 

Experimental 
The cations were produced by dissolution of the pyrene 

derivatives in sulfur dioxide, followed by addition of 
boron trifluoride, using standard vacuum techniques. 
This method of oxidation was introduced by deBoer et al. 
(4, 5 ) ,  and has proved to be a useful general method for 
the one-electron oxidation of aromatic hydrocarbons and 
related species. Solutions were prepared at liquid nitrogen 
temperature in 4 mm 0.d. e.s.r. sample tubes attached to a 
vacuum line via a ball joint. These were then sealed off 
and inserted into the precooled spectrometer cavity. 

The pyrene derivatives were a gift from Professor C.  
Jutz of the University of Munich and were used without 
further purification. 

The compounds studied will now be discussed indi- 
vidually. 

'Present address: Biophysics Department, Roswell 
Park Memorial Institute, Buffalo, N.Y. 14203, U.S.A. 

'See references 1-3 for previous work in this study. 

stants given in Table 1. The spectrum super- 
ficially resembles that of the pyrene cation (1) but 
careful analysis shows that it interprets in terms 
of 12, rather than 10, protons, although there is 
some overlapping of splitting constants. Thus, 
the methyl splitting and that due to the single 
proton at position 9 are, within experimental 
error, the same; because of this, the spectrum 
shows, unexpectedly, a central line. Further, the 
3-, 5-, 8-, and 10-positions are characterized by a 
single splitting constant rather than falling into 
two groups of two. However, the analysis is un- 
ambiguous: the spectral linewidth is only 0.08 G 
and the computer simulation affords excellent 
agreement with the experimental plot. 

3-Methylpyrene 
This hydrocarbon also gives a pale green 

solution of the corresponding cation in SO2- 
boron trifluoride and at -40 "C a well-resolved, 
though complex e.s.r. spectrum is obtained. All 10 
splitting constants could be extracted and are 
given in Table 1. Raising the temperature above 
-40 "C results in line broadening and at 0 "C 
analysis is impossible. However, the ion is stable 
for a period of several hours at room temperature 
and the effects of warming are reversible, with 
the lines sharpening again on cooling. 

4-Phenylpyrene 
On dissolution in SO2-boron trifluoride a 

yellow-green paramagnetic solution is obtained. 
The e.s.r. spectrum of the cation is poorly re- 
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FIG. 1. The e.s.r. spectrum of the 4-methylpyrene cation. (a) Experimental. (6) Computed. 

TABLE 1 
Splitting constants for the pyrene cation radicals 

Compound Position Splitting (G) 

Pyrene 

4-Methylpyrene 

'Reference 1. 

solved over the accessible temperature range of 
- 80 to + 60 "C ; even under optimum conditions 
of concentration and temperature, the linewidth 
is almost 0.50 G. The spectrum can be simulated 
in terms of two groups of four equivalent protons 
plus a single proton. The most probable explana- 
tion of this is that only the protons of the pyrene 
nucleus can be detected, with the unpaired spin 
density in the phenyl ring being too small to 
produce detectable splittings. The broad line- 
width may be partially due to unresolved split- 
tings from the phenyl protons. 

4-Chloropyrene 
The cation of this compound is of particular 

interest. It  appears to be the first chlorine- 
substituted polynuclear aromatic hydrocarbon 
from which a radical ion can be prepared showing 
hyperfine splitting due to the chlorine nucleus. 
(Other n-radicals which show chlorine hyperfine 
splitting in solution have recently been sum- 
marized by Broze and Luz (6).) The cation was 
prepared in SO,-boron trifluoride in which it 
yields a yellow solution, stable for many hours 
at low temperatures but decaying slowly above 
ca. 0 "C. A section of the low field wings of the 
spectrum at -50 "C under high amplification 
appears in Fig. 2. In this figure the extreme four 
lines at low field are due to the chlorine splitting. 
(Both chlorine-35 and chlorine-37 have a nuclear 
spin of 312, leading to a hyperfine splitting pattern 
of four equally spaced lines. The natural abun- 
dances of the isotopes are 75.4 and 24.6%, re- 
spectively. From their relative nuclear magnetic 
moments, the theoretical ratio of their expected 
splitting constants, ao-,, to a,,-,, is 1.20. 
Hence, it is not surprising that splittings due to 
the two isotopes are not separately resolved; 
they should differ by no more than 0.03-0.04 G.) 

The splitting constants for the cations studied 
are listed in Table 1. They are believed to be 
accurate to 5 0.02 G with the exception of those 
for 4-phenylpyrene which are believed accurate 
to 5 0.1 G. For comparison purposes, the param- 
eters for pyrene are also given. From these data, 
a number of observations can be made regarding 
the perturbing effect of the substituents on the 
unpaired spin density distribution in the pyrene 
cation. 

(a) The introduction of a methyl or phenyl 
substituent into the 4-position has little effect on 
the spin densities at the other positions in the 
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:;i - ., .a 

FIG. 2. LOW field wings of the 4-chloropyrene cation spectrum at high amplification. 

cation over their values in the unsubstituted 
parent compound. Considering these substituents 
to exert only a positive inductive effect, this is to 
be expected for their introduction in a position 
for which simple Hiickel theory predicts a node 
in the unpaired electron density and McLachlan 
calculations a small negative spin density (see 
Table 2). 

(b) Introducing a methyl substituent into the 
3-position, where a high unpaired spin density 
exists for the parent cation, should result in a 

TABLE 2 

Summary of molecular orbital calculations 
- 

Colnpound Posit ion pII* 
- 

P M ~  lal$(G) 

Py rene 1 0.0873 0.0975 2.67 
3 0.1358 0.1781 4.88 
4 0.0000 -0.0541 1.48 

*pII = Unpaired spin density from simple Huckel theory. 
tp, = Unpaired spin density from modified McLachlan calculations. 
tp, = Calculated splitting constant from la1 = 2 7 . 4 1 ~ ~ ~ 1 .  

rather more pronounced perturbation, and this 
is observed. The most marked difference between 
the 3-methyl and 4-methyl cations lies in the 
methyl splittings which are 7.02 and 1.22 G re- 
spectively. The magnitude of the larger splitting 
is consistent with those observed for the CH,- 
protons in the 9-methyl- and 9,lO-dimethyl- 
anthracene cations (7.79 and 8.00 G respectively 
(7)), where the substituents are again in positions 
a t  which the unpaired spin density in the parent 
cation is high. The splitting constants due to the 
nine pyrene protons in the 3-methyl cation fall 
into three groups as expected, but precise 
assignment is not possible. 

(c) The splitting due to the chlorine nucleus in 
4-chloropyrene is small, as expected; indeed, it is 
surprising that it is seen at all. The splitting of the  
single proton in the 9-position and the large 
splitting of the 3,5,8,  and 10 protons are virtually 
identical to their corresponding values in the un- 
substituted cation. The main perturbing effect of 
the chlorine is a t  the 1-, 2-, 6-, and 7-positions. At 
two of these the spin density is significantly 
reduced over the values in the pyrene radical 
cation, while a t  the other two it is increased by 
an approximately equal amount. (A similar 
situation holds for the methyl pyrenes, with the 
average splitting constant for the I-,  2-, 6-, and 7- 
positions remaining close to the 2.17 G of the 
unsubstituted radical.) 

An attempt was made to investigate whether 
these trends could be rationalized by simple 
molecular orbital calculations, using a hetero 
atom model to  make allowance for the sub- 
stituent. Some of the results of these calculations 
are summarized in Table 2. 

An accepted model for chlorine is to consider 
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its contributing a p,-type orbital and twoelectrons 
to  the x-system, ignoring any possible contribu- 
tion from the 3d orbitals. However, there is some 
disagreement in the literature over the appro- 
priate values of the Coulomb integral, a ,  and 
resonance integral, P, to  be used in conjunction 
with chlorine (8). Expressing these integrals in 
the usual way, in terms of the standard values for 
benzene, a, and Po, 

recommended values of hcl range from 0.8 to 2.8 
and of kc-,, from 0.3 to  1 .O. Because of this, 
calculations were carried out systematically vary- 
ing these parameters over a wide range. However, 
it was found that with both simple Hiickel and 
modified McLachlan (9) calculations, the pre- 
dicted spin densities are highly insensitive to 
variation of a and p. This is exemplified by 
kc-,, = 0.6, h,, = 2.00 for which the data are 
given in Table 2. An estimate of the chlorine 
splitting constant can be made using the ex- 
pression (6), 

where pcl and p, are the calculated unpaired spin 
densities a t  the chlorine atom and adjacent carbon 
atom respectively, while the Q terms are the 
sigma-pi interaction parameters, using the nota- 
tion of Karplus and Fraenkel. (10). If the assump- 
tion is made that Qcc, and Qclc are of the same 
order of magnitude then, to  a first approximation, 
the second term of the above expression can be 
ignored, (p,, is calculated to  be -0.0030), leaving 
an equation analogous to the McConnell relation 
(1 1) for proton splittings. Using a value of 2.5 for 
I Qccll ,  (6), leads to  the prediction ofa,, = 0.13 G. 
This is in reasonable agreement with the experi- 
mental value of 0.22 G. 

Calculations are also given for the two methyl- 
substituted pyrenes, where the parameters used 
were kc- ,, = 0.7, h,, = 2.00 (8). Again, for the 
4-substituted compound, the calculations predict 
no significant change in the spin density dis- 
tribution over that in the parent hydrocarbon. 
T o  facilitate comparison with the experimental 
data, Table 2 also lists the estimated splitting 
constants, calculated from the McLachlan spin 
densities, p,, by the McConnell relationship ( I  1), 

The value of I Ql employed was 27.4 G, taken from 

an earlier study of a series of hyctrocarbon 
cations (3). 

In summary, a more refined type of calculation 
is clearly needed if the relatively small perturba- 
tions to the spin density distribution, induced by a 
substituent in the 4-position, are to be predicted. 
However, for a methyl substituent in the 3- 
position, the McLachlan calculations appear to  
give a good prediction of the redistribution of 
spin density in the cation, although the assign- 
ment of splitting constants they suggest cannot be 
confirmed from the present work; studies on 
selectively-labelled compounds would be required 
and this has not been undertaken. The chloro- 
pyrene results suggest that it would be of con- 
siderable interest to study related compounds to  
investigate more fully chlorine splittings. In par- 
ticular it should be instructive to  study a system 
in which the splitting of the chlorine and per- 
turbation due to it should be larger. T o  this end, 
considerable attention was given to attempting 
to generate the cations of 9-chloro-, and 
9,lO-dichloroanthracene. Electron spin reso- 
nance spectra were obtained from both com- 
pounds under the same conditions as were used 
for generating the chloropyrene cation but in 
neither case has analysis been possible. 

The substituted pyrenes used in this research weIe 
synthesized in the laboratory of Professor C. Jutz at the 
University of Munich and generously provided by him. 
The author wishes to thank Dr. W. F. Forbes for his 
encouragement and guidance at all stages of this work. 
The research was carried out during the tenure of a 
National Research Council of Canada studentship, which 
is gratefully acknowledged, and was supported by grants 
from the National Research Council of Canada, the 
National Cancer Institute of Canada, and the Defence 
Research Board. 
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Synthesis and polarographic studies of beta-substituted 
phenylcystine derivatives 

R. J. THIBERT AND C. PATEL 
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The synthesis of N-benzoyl-threo-(3-p-substituted phenylcystine ethyl esters via azlactone inter- 
mediates is reported. A polarographic method for their determination using 0.1 M sodium acetate in 
anhydrous methanol as the supporting electrolyte was investigated. The relationship between the half- 
wave potential and the Taft polar substituent constant, o*, was studied. 

Canadian Journal of Chemistry, 48,2000 (1970) 

Introduction 
Polarographic investigations of cystines and 

alpha-substituted cystines (1, 2) have prompted 
further experiments with substituted cystines 
because studies with alpha-substituted cystines 
revealed that no direct correlation with the Taft 
polar substituent constants existed. This may 
have been due in part to the differing steric and 
polar effects of the various groups in the alpha 
position on the reduction of the disulfide linkage. 
It became of interest to study only the polar 
effects of different groups in the beta position of 
various para-substituted phenylcystine deriva- 
tives on the half-wave potentials, the diffusion 
current, the diffusion coefficient, and on the 
general shapes of the polarograms, since the para- 
substituted phenylcystines would have rather 
constant steric factors. Studies of this type on the 
effect of the substituent on the half-wave potential 
have been reported by Zuman (3). 

Experimental 
Materials and Methods 

The Sargent (E. H. Sargent and Co.) model XVI 
polarograph with a Sargent model A IR compensator 
was employed for this study. A special type of micro-H- 
cell (a modification of the H-cell of Arthur and Lyons (4)) 
was used. All the measurements were carried out in non- 
aqueous methanol using a methanolic saturated calomel 
in the working cell and an aqueous saturated calomel 
reference electrode. The characteristics of the capillary 
used were: m = 1.426 mg s-I;  t = 5.6 s ;  = 
1.689 mg2I3 sM1l2 at -0.640 V. The height of the mercury 
column was 53.5 cm. A conductivity bridge (model RC 
16 B2, Industrial Instruments, Inc.) was used to measure 
the cell resistance. A Fluke model 825A differential 
voltmeter was used to measure the potential against the 
aqueous saturated calomel electrode. The supporting 
electrolyte used was 0.1 M sodium acetate in anhydrous 
methanol. No maximum suppressor was required. No 
damping was used in this study. 

p-Substituted benzaldehydes used as starting ;a- 
terials for the synthesis of N-benzoyl-threo-(3-p-substituted 
cystine ethyl esters were obtained from Fisher Scientific 

Co. The substituted azlactones were prepared according 
to the procedure of Erlenmeyer et a[. (5-9) from the 
corresponding substituted benzaldehydes by condensation 
with hippuric acid in the presence of anhydrous sodium 
acetate and acetic anhydride. On treatment of the various 
azlactones with sulfuric acid and ethanol, the corre- 
sponding substituted ethyl-a-benzamidocinnamates were 
obtained. These,cinnamates condensed readily with 
dichlorothioacetic acid according to the method of Sicher 
et al. (10) to the corresponding N-benzoyl-S-dichloro- 
acetyl-threo-13-p-substituted phenylcysteine ethyl esters. 
The reduction of these compounds via the Meerwein- 
Ponndorf-Verley (11) reaction gave the corresponding 
N-benzoyl-threo-(3-p-substituted cysteine ethyl esters. The 
phenyl-, p-chlorophenyl-, p-methoxyphenyl-, and thep- 
nitrophenylcystine derivatives were prepared from the 
corresponding substituted cysteine derivatives by oxida- 
tion. All melting points reported are uncorrected. Infrared 
(i.r.) spectra used to identify reaction products were 
obtained on a Beckman IR 10 spectrophotometer. The 
microanaIyses were performed by Schwarzkopf Micro- 
analytical Laboratory, 56-19 37th Avenue, Woodside, 
N.Y. 11377, U.S.A. 

Synthesis 
Compounds which had been previously reported were 

synthesized and characterized using appropriate literature 
references. Procedures for preparing new compounds are 
listed with the physical properties, analyses, and yields. 
The sequence of reactions used for the various syntheses 
is outlined in Scheme 1. The physical and analytical data 
for the various compounds are summarized in Table 1. 

Previo~rsly Prepared Cotnpounds 
2-Phenyl-4-benzylidene azlactone, m.p. 164-166 "C; 

lit. m.p. 165-166 "C (5-9); yield 75 %. 
2-Phenyl-4-p-methoxybenzylidene azlactone, m.p. 155- 

156 "C;  lit. m.p. 156.5 "C (5-9); yield 42%. 
Ethyl-a-benzamidocinnamate, m.p. 148-149 "C; lit. 

m.p. 149 "C (5-9); yield 85%. 
Ethyl-a-benzamido-p-nitrocinnamate, m.p. 165-166 "C; 

lit. m.p. 165-166 "C (10); yield 80%. 
N-Benzoyl-S-dichloroacetyI-threo-(3-p-phenylcysteine 

ethyl ester, m.p. 128-131 "C; lit. m.p. 128-131 "C (10); 
yield 40 %. 

N-Benzoyl-S-dichloroacetyl- threo- B-p-nitrophenyl- 
cysteine ethyl ester, m.p. 142-143 "C; lit. m.p. 142 "C 
(10); yield 38%. 
N-Benzoyl-threo-B-phenylcysteine ethyl ester, m.p. 

125-126 "C; lit. m.p. 125-126 "C (10); yield 70%. 
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THIBERT A N D  PATEL: SUBSTITUTED PHENYLCYSTINE DERIVATIVES 

0 0 

@ & - N H - c ~ ~ - c o o H  + R +&-H 
Bcnzaldehvde 

R = CHlO; NO2; CI; H 

.... 
I Canccntralcd H2SO+ Dichloroacctic acid J Abrulua e t ~ ~ ; i n o ~  + 

C6HrCOCI 

N-Bcnzoyl-S-dicliloroacetyl-~I~reo-~-~~-s~~bstiucd plienylcystcine cthyl estcr 

I AI-(OCJH,)J 
Ethanol 
I00 "C 

0 
N-Benzoyl-rhreo-P-p-s~tbstitutcd phcnylcystcinc ethyl cslcr 

( I )  0.2 N I ,  - Dioxanc I (2) Ethanol- H,O 

N-Benzoyl-rhreu-b-p-subslituted phcnylcystinc ethyl cster 

Synthesis of beta-substituted phenylcystinc dcrivativcs 
SCHEME l 
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TABLE 1 

Properties of compounds prepared* 

Analysis 

Melting Found (%) Calculated (%) 
Group Yield point Ref- F 

Type of compound R (%) ("C) erence C H N S  C1 C H N S  Cl 2 9 
2-Phenyl-4-p-benzylidene H t  75 165-166 

azlactone OCH,? 42 155-156 
C1 55 195-196 
NO2 67 235-237 

(dec.) 

Adduct with dichloro- H t 40 128-131 
thioacetic acid OCH, 31 108-109 

C1 30.9 133-134 
NOzt 38 142-143 

0-Phenylcysteine ethyl esters H t  70 125-126 10 o 
0CH3 41.6 139-140 - 62.42 6.04 4.06 9.40 62.49 6.02 4.02 9.17 - r 
C1 37 147-148 - 59.16 5.25 4.04 8.87 9.39 59.40 4.95 3.85 8.81 9.78 - ?  

4 

0-p-Substituted phenyl- H t 75 135-138 - o 

cystine ethyl esters OCH, 70 153-155 - 
C1 60 198-200 - 
NO2 40 230-232 - 

,'The analyses reported in this table refer only to the newly synthesized compounds. 
?These compounds have been reportcd in the literature. 
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interrnedintes 
Azlnctone Syntfleses 
Azlactones (2-phenyl-4-p-nitrobenzylidene azlactone 

and 2-phcnyl-4-p-chlorobenzylidene azlactone) were pre- 
pared by the method of Erlenmeyer et 01. (5-9), which in- 
volves the reaction of the appropriate substituted benz- 
aldehydes (0.33 mole) with hippuric acid (0.33 mole) in 
the presence of anhydrous sodium acetate (0.33 mole) and 
acetic anhydride (0.83 mole). The mixture was refluxed 
for 1.5 h, and the resulting crude product was filtered, 
washed with alcohol, and recrystallized from benzene. 
The yields obtained were 67 and 55 %, respectively. The 
corresponding m.p. were 235-237 "C (dcc.) and 195- 
196 "C. 

Cirlrmr~~ate Sy12theses 
The substituted cinnamates (ethyl-a-benzamido-p- 

methoxycinnamate and ethyl-cr-benzamido-p-chloro- 
cinnamate) were synthesized according to the procedure 
of Erlenmeyer el 01. (5-9). A suspension of the appro- 
priate azlactones (0.05 mole) was refluxed with a mixture 
of absolute ethanol (2.1 moles) and concentrated sulfuric 
acid (5 ml) for 3-4 11. After removal of the cxcess ethanol, 
the white residue was washed with water until free of any 
traces of sulfuric acid. The product was recrystallized 
from ethanol. The yield and n1.p. were 91.6%, m.p. 146- 
147 "C for the p-methoxy derivative and 73.3 %, n1.p. 
149-150 "C for thep-chloro derivative. 

Adclucts of Diclrlorotl~ioacetic Acid ~vitlz tlre Etlzyl 
Cintrm~lates (10) 

A mixture of ethyl-a-benzamido-p-substituted cin- 
namate (0.023 mole) and dichlorothioacctic acid (10 nil) 

I was refluxed on a steam bath for 5 h. On addition of ether, 
I scratching immediately induced separation of white 
: crystals. The crystals were washed and recrystallized from 
I ethanol. The yields and melting points of N-benzoyl-S- 

dichloroacetyl-threo-P-p-chlorophenylcysteine ethyl ester 1 and N-benzoyl-S-dichloroacetyl-heo-P-p-methoxy- 
1 phcnylcysteine ethyl cster are given in Table 1. 
i 

Synrlreses of N-Benzoyl-tlrreo-P-p-srtbstit11ted 
Pllenylcystine Etliyl Esters 

The adduct with dichlorothioacetic acid (0.005 mole) 
was reduced with aluminum isopropoxide (0.005 mole) 
in ethanol to the corresponding sulfhydryl amino acid 
derivative, by refluxing for 4 h (11). On evaporation of 
the excess ethanol and treatment of the residue with 15 % 
tartaric acid (100 ml), a white precipitate was obtained. 
This was extracted with ether, the ether layer was dried, 
and on evaporation of the ether a white solid was ob- 
tained. This was recrystallized from isopropanol. The 
yields and melting points for N-benzoyl-rhreo-P-p- 
methoxyphenylcysteine ethyl ester, N-benzoyl-threo-P-p- 
chlorophenylcysteine ethyl ester, and N-benzoyl-threo- 
P-p-nitrophenyl derivative are reported in Table 1. 

Syrltlleses of N-Ber1zoyl-13-p-slibslil1red 
Pl~errylcystit~e Etlryl Esters 

The appropriate N-benzoyl-threo-P-p-substituted 
phenylcysteine ethyl ester (250 mg) was dissolved in 40 ml 
of dioxane and titrated with 0.2 N iodine solution. The 
solution was evaporated to dryness and the resulting 
residue treated with 5-10 ml of ethanol-water mixture. 
Filtration and recrystallization yielded the pure cystine 
derivative in 40-75 % yield. The yields and melting points 
for N-benzoyl-threo-0-phenylcystine ethyl ester, N- 

benzoyl-ll1reo-[3-p-methoxyphenylcystine ester, N- 
benzoyl-tlrreo-8-p-chlorophenylcystine ethyl ester, and IV- 
benzoyl-tlrreo-0-p-nitrophenylcystine ethyl ester are listed 
in Table 1. 

Polnrogrnpltic Proced~rre 
Stock solutions of beta-substituted phenylcystinederiv- 

atives were prepared by dilution of solutions made from 
accurately weighed portions of the appropriate substi- 
tuted phenylcystines. For polarography, thesolutions were 
prepared using aliquots of the stock solution and diluting 
to the proper volume with stock electrolyte solution (0.2 
M sodium acetate in anhydrous methanol). The solutions 
were transferred to the polarographic cells and nitrogen 
(purified by passage through a gas-washing bottle con- 
taining copper turnings and a 1 :1 ammonium hydroxide 
solution saturated with ammonium chloride and another 
one containing concentrated sulfi~ric acid) was bubbled 
through for 15-20 min. All polarograms were run at 
25 + 0.1 "C. The apparent p H  of the solutions used for 
polarography was 9.7. 

Results 

Effects of Concentration on the Diffusion 
Current 

A linear relation of the diffusion current to  the 
concentration was obtained (Table 2). No  pre- 
wave was observed as reported by Kalousek et al. 
(12) for the case of the polarographic reduction of 
cystines and a-substituted cystines as shown by 
Thibert and Walton in an aqueous medium (2). 
All of the amino acids gave only one wave except 
the p-nitro derivative, where two waves were 
observed. The first wave in this case represents 
the disulfide reduction (this was confirmed by 
observing the reduction of p-nitrobenzaldehyde 
and ethyl-a-benzamido-p-nitrocinnamate). The 
true half-wave potentials were calculated accord- 
ing to  the method of Taylor and Smith (13). 

D~ffusion Coeficient and Reuersibility of the 
Reaction 

By substitution in the Ilkovic equation, the 

TABLE 2 
Effect of concentration on diffusion currentX 

-- - 
Amino acidt Diffusion current (PA) 

concentration 
(niole/l) H Methoxy Chloro Nitrot 

x l o 4  0.541 0.587 0.491 1.192 
x lo- '  0.448 0.487 0.402 1.078 
x lo-' 0.310 0.304 0.281 0.848 

3 x lo- '  - - - 0.626 
2 x lo-: - 0.141 0.117 - 
1 x 10- 0.070 - - - 

-- 
*All the values are an average of  three determinations and are 

uncorrected for residual current.- 
?Ammo acid-appropriate N-benzoyl-tlrrro-p-p-substifuted phenyl- 

cystlneerhyl ester. 
tDifYusion current measured f:om the first wave. 
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TABLE 3 

Properties of some amino acids 

Diffusion Half-wave Slope of plots 
Amino coefficient potential of E vs. 
acid* (cm2 s-' x lo6) (V) log(id - i)/i2 

!3-Phenyl- 7.24 -0.638 0.0246 

p-p-Methoxy- 6.33 -0.639 0.0208 
phenyl- 

B-p-Chloro- 6.24 -0.638 0.0185 
phenyl- 

p-p-Nitro- 50.8 -0.655 0.0212 
phenyl- 

'Amino acid derivatives-appropriate N-benzoyl-ilirco- P-p-sub- 
stituted cystine ethyl ester. The amino acid concentration employed in 
the polarographic measurements was 5 X 10-= M. 

diffusion coefficients for the beta-substituted 
phenylcystine derivatives were calculated. They 
were found to be between 6.24 to 50.8 x lop6  
cm2 s-l. The reversibility of the reaction was 
tested by plotting E vs. log (id - i)/i2 (1). The 
slopes of these plots are given in Table 3 (all 
current values used have been corrected for 
residual current). 

Half-wave Potential 
Determination of half-wave potentials was 

carried out in 0.1 M sodium acetate in anhydrous 
methanol for the phenyl-, p-methoxyphenyl-, p- 
chlorophenyl-, and p-nitrophenylcystine deriva- 
tives. True half-wave potentials were measured 
from a plot of E vs. log (id - i)/i for a particular 
polarogram where all current values were cor- 
rected for residual current (1 3). 

Discussion 
A polarographic method has been developed 

for the quantitative determination of derivatives 
of substituted phenylcystines. A quantitative 
polarographic method was thought to be feasible 
due to previous work with alpha-substituted 
cystines (2). Diffusion current plots vs. concentra- 
tion showed a linear relationship. This indicated 
that a rapid and accurate polarographic deter- 
mination can be carried out without any compli- 
cation using 0.1 M sodium acetate in methanol as 
the supporting electrolyte at an apparent pH 9.7. 

No p H  dependency studies were carried out, 
since a non-aqueous medium was used. Only the 
apparent p H  of the supporting electrolyte was 
measured. 

No maxima were observed on the polarograms, 
therefore no maximum suppressor was used. 

The shapes of the polarograms were similar to 
those of cystine and alpha-substituted cystines 
but different from them in having no prewave 
(1, 2). 

In order to determine whether the reduction of 
substituted P-phenylcystine derivatives was re- 
versible, plots of E vs. log (id - i)/i2 were made. 
All of the amino acid derivatives gave a straight 
line whose slopes are given in Table 3. Values 
ranging from 0.0246-0.0185 were obtained. The 
theoretical slope of 0.0295 indicates a reversible 
reduction reaction involving two electrons. Ex- 
perimental values are not very close to the theo- 
retical values, and so it cannot be determined 
whether a reversible or a nonreversible reduction 
reaction occurs in the case of these substituted 
amino acids. 

Although straight lines were obtained for plots 
of log (id - i)/i2 vs. E, the data obtained at 
constant p H  and constant concentration of the 
amino acids in no way suggest any variation of 
Ell, with concentration of the amino acids as 
would have been predicted by this type of relation- 
ship (i.e., Ell, shows no change with concentra- 
tion as observed from the numerous polarograms 
run). This type of observation is probably ex- 
plained by the fact that the mechanism is more 
complex than anticipated, as based on a com- 
parison with an apparent two-electron reduction 
step in the case of cystine. Furthermore, the case 
of the p-nitrophenylcystine derivative is par- 
ticularly difficult to interpret with regards to the 
abnormally high diffusion current obtained for 
the reduction of the disulfide. It appears that the 
nitro group in some way enhances the reduction 
of the disulfide thereby giving the latter an ab- 
normally high diffusion current. At this stage, 
therefore, it is not possible to speculate on the 
complex nature of the reduction for these types 
of disulfides. The values of Ell, are valid under 
the experimental conditions reported here. 

Diffusion coefficients were calculated by sub- 
stitution of the experimental values into Ilkovic's 
equation. Table 3 shows values which lie between 
7.24 to 6.24 x cm2 s-I for phenyl-, p- 
methoxyphenyl-, and p-chlorophenylcystine de- 
rivatives, while 50.8 x lop6  cm2 s-I was found 
for thep-nitrophenylcystine derivative. The value 
reported for cystine is 5.70 x cm2 s-l,  
which is less than that of P-substituted phenyl- 
cystine derivatives. Alpha-substituted cystines 
have diffusion coefficients in the range of 4.87 to 
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3.27 x cm2 s-l, which is less than cystine as 
well as P-substituted phenylcystine derivatives. 
This could be due to the difference in structure and 
the use of a non-aqueous medium. 

Thus far, the discussion has been mainly con- 
cerned with polarographic determinations. Con- 
sideration will now be given to the correlation 
between the half-wave potential and the structure 
of the substituent (the substituent constant o*). 
Hammett (14) has defined the substituent con- 
stant by the following equation: 

log k/kO = op 

where k is the dissociation constant of substituted 
benzoic acids and k" is the dissociation constant 
of benzoic acid. Rho equals the reaction constant, 
which depends on the reaction, the condition, 

I and the nature of the side chain. However, the 
substituent constants for a particular electron- 
withdrawing group, applicable to most reactions, 
does not give good results when used with 
reactions of other series. Therefore, special sub- 
stituent constants have been defined by Jaffe (l5), 
Taft and Lewis (16), and several others have been 

of the alpha carbon did not maintain a constant 
steric environment (2). 

In the beta-substituted cystines, however, the 
steric factors were kept relatively constant 
throughout the series. Since no direct correlation 
of El,, with any of the various polar substituent 
constants was obtained, it can be concluded that 
direct attachment to the sulfur of the disulfide 
linkage is required for manifestations of polar 
effects (3). Even one carbon interposed between 
the electroactive group is enough to obviate the 
polar effects. In fact, so good is the insulation of 
the electroactive group from the para-substituent 
on the phenyl group of the beta-substituted 
phenylcystines, that only a nitro group with its 
very large polar effect can cause any change in the 
half-wave potential. 

The authors wish to thank the National Research 
Council of Canada for financial support of this work. The 
authors also wish to acknowledge the valuable assistance 
of Dr. R. J. Walton, of the Chemistry Department at the 
University of Windsor, for his valuable suggestions 
throughout this entire work. 

I summarized by Swain and Lupton (17). 
I 
I 

1. I. M. KOLTHOFF and D. BARNUM. J. Amer. Chem. An attempt was made to correlate the half- Sot. 63, 520 (1941). 
I wave potentials of the various P-phenylcystine 2. R. J. THIBERT and R. J. WALTON. Can. J. Chem. 45, 

derivatives with several of the substituent con- 
3. c!32(:;t:7N): Substituent in organic 

stants summarized by Swain and Lupton (17) and raphy. Plenum Press, New York, 1963. , the Taft and Lewis constants (16). p-Phenyl-, p-  4. P. ARTHUR and H. LYONS. Anal. Chem. 24, 1422 
I (1 952) m e t h o x ~ ~ h e n ~ l - ,  P - ~ ~ ~ ~ ~ ~ P ~ ~ ~ Y ~ - ,  and pmnitro- 5. E. ~ i ~ ~ ~ ~ ~ ~ ~ .  Ann. Chem. 275, 3 (1893). : phenylcystine ethyl esters show very little differ- 6. E. ERLENMEYER and W. STADLIN. Ann. Chem. 337, 

ence (ca. 17 mV) between their half-wave poten- 265 (1904). 
7. E. ERLENMEYER and 0. MATTER. Ann. Chem. 337, tials. Only a strong electron-withdrawing group 271 (1904). 

(like NO,) can effect this small (17 mV) change in 8. E. ERLENMEYER. Ann. Chem. 307. 70 (18991. 
potential. One can, therefore, conciude 9. E. ERLENMEYER and J. T. HALSEY. ' ~ n n .   hem. 307, 

I 

I that there is no apparent correlation between half- lo. J. 139 SICHER, (1899). M. SVOBODA, and J. FARKAS. Collection 
wave potential and the structure of the substituent Czech. Chem. Commun. 20, 1439 (1955). 
(substituent constant e.g. o*). There is a possibil- ~is~el~n~~~$-~ti~.~ & ~ " ~ b r $ ~ ~ e ~ h ~ ~ ~  
ity that the value of the p-chloro-derivative is istry. Heineman education books, Ltd., London, 
lower than one would expect (possibly due to 1967. 
resonance effects). 12. M. KALOUSEK, 0. GRUBNER, and A. TOCHSTEIN. 

Chem. Listy, 47, 1143 (1953). 
In the final analysis, it appears that substitution 13. J. K. TAYLOR and S. W. SMITH. J. Res. Nat. Bur. 

in disulfides must occur directly on the sulfur for 14. y. ;7 ~ ' ~ L ~ $ . ( l ~ ~ ~ ; i c a l  organic 

any between and polar sub- McGraw-Hill Book Co., Inc., New York, 1940. 
stituent constants (3). Attempts at correlation of 15. H. H. JAFFE. Chem. Rev. 53, 191 (1953). 

I polar constants such as o* in the alpha-sub- 16. R. W. TAFT and I. C. LEWIS. J. Amer. Chem. Sot. 
80 2436 (1958) 

I stituted cystines was not successful perhaps due 17. c . ' ~ .  SWAIN aid E. c, LUPTON. J. Amer. Chem. 
to both steric and polar effects since substitution Soc. 90,4328 (1968). 
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Lithiation of five-membered heteroaromatic compounds. The methyl 
substituted l,Zazoles, oxadiazoles, and thiadiazoles 

R. G. MICETICH 
R & L Molec~llar Researclz Ltd., 8045 Argyll Road, Erlrnonto~l 82, Alberta 

Received January 20, 1970 

The lithiation of various methyl substituted isoxazoles, isothiazoles, pyrazoles, oxadiazoles, and 
thiadiazoles using 11-butyllithi~in~ has been studied. Three types of reactions, namely, lateral lithiation, 
ring cleavage, and addition of butyllithium to the ring, have been found. 3,5-Din~ethylisoxazole, 
3-phenyl-5-n~ethylisoxazole, 3,4-dimethyl-1,2,5-oxadiazole, 2,5-dimethyl-l,3,4-thiadiazole, 3-phenyl-5- 
methyl-l,2,4-oxadiazole, and 3,5-dimethyl-l,2,4-thiadiazole all undergo lateral lithiation to give the 
respective acetic acids after carboxylation. I-Methyl-3,5-disubstituted pyrazoles form the I-lithiomethyl 
derivatives, while 1-phenyl-3,5-disubstituted pyrazoles are converted to the 1-ortholithiophenyl-3.5- 
disubstituted pyrazoles. 4-Methylisothiazole is lithiated nlainly at C-5, but also suRers ring cleavage to 
form I-tr-butylthio-2-cyanoprop-I-ene. Heteroaromatic compounds containing an N-S bond, such as 
3,4-diiiiethyl-l,2,5-thiadiazole, 4-111ethyl-5-pl1enyl-l,2,3-thiadiazole, and 3,5-dimetl~ylisothiazole, undergo 
n~icleophilic attack at sulfur with resulting ring cleavage. 3,5-Din~ethylisothiazole produces 2-11-butyl- 
thiopent-2-en-4-one. 3-Methyl-5-phenyl-l,2,4-oxadiazole gave 3-niethyl-5-phenyl-5-1z-butyl-l,2,4-dih~- 
drooxadiazole by addition to the azon~ethine bond. The res~ilts of these lithiations are discussed. 
3-Methyl-5-lithiomethylisoxazole was converted to various derivatives. Nuclear magnetic resonance 
spectral analysis was used to establish the identity of the products. 

Canadian Journal of Chemistry, 48, 2006 (1970) 

In connection with our work on semisynthetic 3-Methyl-5-lithiomethylisoxazole (2) was used 
penicillins (1), we required various five-membered as an example to study further synthesis with this 
heteroarylacetic acids. These acids have usually class of compound. Scheme 1 illustrates these 
been made by multistage processes (see for reactions. 
example refs. 1-4). It occurred to  us that some of An Ivanov-type reagent (19) could be obtained 
the methyl substituted heteroaromatic com- from 3 and two equivalents of butyllithium. 
pounds would undergo lateral metalation with Reaction with methyl iodide gave 3-methyl- 
butyllithium and that these lithioderivatives with isoxazole-5-a-methylacetic acid (4) in 70 % yield. 
carbon dioxide would form the desired acetic The structure of this acid was established 
acids. These lithiomethyl compounds could also unequivocally by elemental analysis, infrared 
give rise to other derivatives. (i.r.), and nuclear magnetic resonance (n.m.r.) 

Although the lateral metalation of six- spectral analysis. The thioketeneacetal 6 and the 
membered heteroaryl compounds has been in- 'dimer' 7 are conveniently prepared from 2. 
vestigated (5-13), this reaction has not been 
applied to the simple five-membered hetero- 
aromatic compounds, except for the thiazoles 
(14) and certain isoxazoles (15). 

The Isoxazoles 
Bowden et al. (15) have shown that while 

3-methoxy-4,5-dimethylisoxazole is lithiated ex- 
clusively at  the C5-methyl group, 3-methoxy-5- 
methylisoxazole reacts with butyllithium to form 
both the C5-lithiomethyl and the C,-lithio 
compounds. 

We found that 3,5-dimethylisoxazole (16) (1) 
and 3-phenyl-5-methylisoxazole (17) are lithiated 
at the C5-methyl group. These lithioderivatives 
reacted with carbon dioxide to give 3-methyl- 
isoxazole-5-acetic acid (3) (73 %) and 3-phenyl- 
isoxazole-5-acetic acid (1 8) (81 %) respectively. 

. -  - 

The Isothiazoles 
The synthetic utility of the 5-lithioisothiazoles 

has been demonstrated by Caton et al. (20). In 
the case of this ring system however, a competitive 
ring-cleavage reaction also takes place. Thus, 
3-butylthiobuten-2-one (I 1 %) was isolated from 
the preparation of 3-methylisothiazole-5-alde- 
hyde (50%) starting from 3-methylisothiazole. 
The formation of this minor compound was 
explained by the addition of butyllithium to the 
-N-S-bond of the isothiazole ring, followed 
by hydrolysis during the work-up (20). 

We have found that 3,5-dimethylisothiazole 
(23) undergoes a similar cleavage with butyl- 
lithium. On treatment with butyllithium and 
carbon dioxide, 23 forms a salt (i.r. spectrum 
shows a strong broad band at 1600 cm-' and the 
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CH3 H CH3 H u n-BuX u 
n (from Bu.Li ' n 

NC SLi preparat~on) NC S-C4H9-n 

compound is insoluble in ether) which evolves 
gas on treatment with water giving an ether 
soluble oil. Distillation of this oil gave 2-n-butyl- 
thiopent-2-en-4-one (26) (25 %), the structure of 
which was established from its elemental analysis 
and i.r. and n.m.r. spectral analysis. A very low 
yield of acidic material (ca. 1 %)was also obtained 
from this reaction. The n.m.r. spectrum of this 
fraction showed it to be a mixture. No further 
work has been done on this material. 4-Methyl- 
isothiazole (11) was found to cleave in a different 
manner. On treatment with n-butyllithium fol- 
lowed by iodine, 4-methyl-5-iodoisothiazole (16) 
(69%) is formed, along with another product. 
The i.r. and n.m.r. spectra and elemental analysis 
of this compound showed it to be 1-n-butyl 
thio-2-cyanoprop-1-ene (14) (8.4%). Its forma- 
tion can be explained by the reactions illustrated 
in Scheme 2. 

dioxide gave the respective pirazole-1-acetic 
acids, 18a and 18b, in yields of 82 and 93 %. 
The structures of these acids were confirmed 
from their elemental analysis and their i.r. and 
n.m.r. spectra. In addition 3,5-dimethylpyrazole- 
1-acetic acid (18a) was synthesized by an 
unambiguous route. Ethyl bromoacetate reacted 
with sodio-3,5-dimethylpyrazole to form ethyl 
3,5-dimethylpyrazole-I-acetate, which was con- 
verted to the acid. This acid was identical (m.p., 
mixed m.p., and i.r. spectrum) to the acid 18a 
obtained from the lithio-derivative of 17a 
(Scheme 3). 

% I )  BuLi R\ 

17a, b 
The Pyrazoles 

The lithiation of various pyrazoles has been 
reported (21-23). The 1-substituted pyrazoles in SCHEME 3 
which the 5-position is free, gave the 5-lithio- 
pyrazoles. In the case of 1-phenylpyrazole, In the case of 1-phenyl-3,5-dimethylpyrazole 
metalatioll also occurred at the ortho position of 19a and 1-phenyl-3-methyl-5-methoxypyrazole 
the phenyl group, the ratio of 5- to ortho-sub- 19b, reaction with butyllithiurn and carbon di- 
stitution products being estimated at ca. 4:l  (21). oxide gave the respective ortho-benzoic acids20a 
The 4-lithiopyrazoles were obtained by halogen- and 206 (Scheme 4). The structure of these acids 
lithium exchange. Thus, 4-bromo-1,3,5-tri- was confirmed by their n.m.r. spectral analysis. 
methylpyrazole, on treatment with butyllithium Thus in both the acids 20a and 206 the pyrazole 
followed by carbon dioxide, gave an 81 % yield C,-proton signal appeared as a singlet at ca. 
of 1,3,5-trimethylpyrazole-4-carboxylic acid (23). z 4.25. The signals due to the phenyl protons 

We found that 1,3,5-trimethylpyrazole (17a) appeared as two distinct multiplets centered at 
(24) and 1-methyl-3-phenyl-5-methoxypyrazole ca. z 2.05 and 2.55, with an integrated area ratio 
(17b) were lithiated at the 1-methyl group. of 1 :3, indicating ortho-substitution of the phenyl 
Treatment of these lithioderivatives with carbon ring (see Experimental for the n.m.r. data). 
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R, I )  BuLi R, 

The Oxadiazoles and Thiadiazoles 
Although the lithiation of 1,2,3-thiadiazoles 

(2) and the sydnones (25) have been reported, no 
instance of lateral lithiation in this series is 
known. Table 1 summarizes the results of our 
preliminary experiments in this area. In the case 
of those compounds 21b, c, and h, where ring 
cleavage occurred and a mixture of products 
resulted, no attempt was made to identify the 
products or investigate the mode of cleavage. 

Discussion of Results 
The lithiation of five-membered hetero- 

aromatic compounds can give rise to three 
different types of reaction, viz. substitution or 
addition reactions and nucleophilic ring cleavage. 
According to Shirley et al., "it has been long 
recognized that the principal factor in the 
metalation reaction which determines the posi- 
tion of the entering lithium atom is the relative 
'acidity' of the ring hydrogen as influenced by 
inductive effects of ring substituents" (26). The 
inductive effect has been suggested to decrease in 
the order SO, > 0 > S > N (27). However the 
relative order of S and N would seem to be 
dependent on the system under study since 
Shirley and Jackson have shown that metalation 
of fused-ring phenothiazines always occurs 
adjacent to nitrogen (28). Replacement of the 
most 'acidic' proton by lithium can result in 
lithiation of the ring or lateral lithiation of a 
substituent on the ring. In some cases, the lithio- 
derivative thus formed can undergo spontaneous 
ring cleavage (2). 

The lithiation of isoxazoles may be explained 
by the strong inductive effect of the ring oxygen 
which also extends to the C,-methyl group of 
3-substituted-5-methylisoxazoles. This effect is 
however modified by the nature of the C-3 sub- 
stituent. Thus, in the case of 3-methoxy-5- 
methylisoxazole, the inductive effect of the 

C,-methoxy group increases the 'acidity' of the 
C-4 proton. As a result, lithiation produces a 
mixture of compounds as shown by the work of 
Bowden et al. (15). With the 3-phenyl-5-alkoxy, 
-thioalkoxy, or -chloroisoxazoles or the 3- 
methoxy-5-phenylisoxazoles, lithiation produces 
the 4-lithioderivative exclusively (29). 

The reaction of butyllithium on the isothiazoles 
is more complicated. 4-Methylisothiazole is thus 
attacked at both the C,- and the C,-positions and 
this is probably a result of the comparable 
inductive effects of the nitrogen and sulfur in 
this ring. The yields of products indicate that 
sulfur is more strongly directing in metalation 
reactions in this ring system.' 

Another complication in the case of the 
isothiazoles and other ring systems containing an 
N-S bond is the susceptibility of this bond to 
nucleophilic attack (30, 31). The ring cleavage 
product observed by Caton et al. (20) and the 
formation of 2-n-butylthiopent-2-en-4-one (26) 
from 3,5-dimethylisothiazole (23) is best ex- 
plained by a nucleophilic displacement on sulfur 
as illustrated by Scheme 5. 

This same mechanism probably accounts for 
the ring cleavage observed in the case of 3,4- 
dimethyl-1,2,5-thiadiazole (21h) and 4-methyl-5- 
phenyl-l,2,3-thiadiazole (21h). The nucleo- 
philicity of the lithiating agent is also an  
important factor. Thus as we have found 
previously 5-phenyl- 1,2,3-thiadiazole gave a 64 % 
yield of the 4-lithioderivative with methyllithium, 
but only a trace of this compound with n-butyl- 
lithium (2). The greater nucleophilicity of the 
n-butyllithium probably resulted in the preferred 
nucleophilic attack at the N-S bond with 
resultant ring cleavage. 

The lithiation of the 1-methyl group of 
5-substituted-1-methylpyrazoles, the ortho posi- 
tion of 5-substituted-1-phenylpyrazoles, and the 
lateral lithiation of 21a, d, e, and g may be 
explained by the inductive effects of the ring 

'The alternate possibility of nucleophilic attack at the 
N-S bond with expulsion of a hydride ion seems 
unlikely. 

6$  6 -  
Li-Bu 
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- LiN 
I 

CH3 

heteroatoms contributing to the increased (CDCl,) ca. 2.20 (ni, 2H), 2.59 (m, 3H), 3.73 (s, IH), 
'acidity' of the protons which are substituted. 7.59 (s, 3H). 

It is also apparent that the type of reaction 1,3,5-~~imeth~l~~~r.nz~/e (170) 
(addition, substitution, or nucleophilic cleavage) Methylhydrazine (46 g, 1 mole) was added slowly to a 

is dependent not on ly  the r i n g  system, but stirred ice-cooled solution of 2,4-pentanedione (100 g, 

also on the sLlbstitution o f the  ring. Thus, 1 n10Ie) in nlethanol (500ml), at such a rate as to keep 
the reaction teniperature at ca. 30". The mixture was 

there is a remarkable difl'erence in the reaction for 2 h after the addition was completed and 
of 3-phenyl-5-methyl-l,2,4-oxadiazole (21e) and distilled under reduced pressure to give 94 g (85%) of 
its isomer 3-methyl-5-phenyl-l,2,4-oxadiazole 1,3,5-trin1ethyIpyrazole, b.p. 80°/35 Inm, m.p. 37-38". 
(21f) with 17-butyllithi~ii~i. Compound 21e under- Reported ".p. 37" (24), n.m.r. (40). 

goes lateral lithiation, while butyllithium adds to I-Phet7)~1-3,S-dir,~etlij~Ip)~rnzole (190) 
the azo~nethine bond of 21f and after work up Con l~ound  190, b . ~ .  135"/15 nlnl, was obtained in 

gives a compolllld whicll has heen assigned 87% yield from phenylhydrazine and 2,4-pentanedione 
using the salne procedure. The n.1n.r. (neat) from 2.50 structure22f and 'pectro- to 2.92 (nl, 5H), 4.12 (s, IH), 7.74 (s, 3H), 7.91 (s, 3H). 

scopic (i.r. and n.m.r.) data, and from the Reported b.p. 237"(41). 
existence of similar compounds (the dihydro- 

3,s- Dirrietlry1p)~rozole 1,2,4-oxadiazo1es) (32, 33). This lnethod thus The co~npound, m.p. 107" (CCI,), was obtained in 80% 
provides a convenient route to these compounds. yield from hydrazine and 2,4-pentanedione using the 

Experimental 
Meltingpointswere takenon a Fisher-Johns apparatus 

and are uncorrected. The i.r. spectra (v,,,, cnl-') were 
measured on a Perkin-Elmer model 137 spectrophotom- 
eter as Nujol  nulls (solids) and filnls (liquids). A Varian 
Associates model A-60 spectrometer was used for 
recording n.ni.r. spectra. Chemical shifts are given in 
r-values and refer to spectra measured in the solvent 
indicated with TMS as an internal reference. Elenlental 
analyses where specified were within +0.4% of the 
calculated values, and are filed in the Depository of 
Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada. 

3,S- Ditnethyliroxnzole (I) 
Compound 1, b.p. 136-14O0, (89%) was prepared as 

described In the literature (16). The n.1n.r. (neat) 4.12 
(s, lH),  7.70 (s, 3H), 7.83 (s, 3H). Reported b.p. 
140-142" (57-67%) (16). 

3-Pl~etiyl-5-n~etl1j~Iisoxnzole 
Was made as described previously (17). The n.m.1. 

same procedure. 
Reported m.p. 107' (42). 

3,5-Dit~1etlr~disotl~inzole 
The conlpound, b.p. 153-155", was obtained in 39% 

yield from 3-nlethylisothiazole using a published proce- 
dure (20). The n.1n.r. (CCI,), 3.39 (s, IH), 7.55 (s, 3H), 
7.68 (s, 3H). 

Reported b.p. 157" (20). 

I-Metlr~~l-3-plretryI-S-t11etI1o~~)~p~~r0toIe (1  7b) 
A solution of diazonlethane in ether (550 nll of a 

0.2 M solution, 0.1 1 mole) was added to a stirrcd sus- 
pension of I-nlethyl-3-phenylpyrazole-5-one (17.4 g, 
0.1 mole) in T H F  and the mixture left at room tem- 
perature overnight. Distillation of the residue gave 
17.5 g (93%) of 17h as a palc yellow liquid b.p. I16"i 
0.3 mm, m.p. 35". The i.r. (mull) 1550 (s), 1500 (nl); 
n.m.r. (CDCI3) ca. 2.33 and 2.75 (ni, 5H), 4.27 (s, IH), 
6.19(s, CH3),6.41 (s,3H).Anal.(CIIH1zN~0),C,H,N. 

I-Pl1er1j~l-3-r~1ethyl-5-ttretIr0~~~~p~~rozole (196) 
The compound, b.p. 124-126"/0.4 mnl, was obtained in 

75% yield from I-phenyl-3-n1ethylpyrazole-5-one using 
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the same procedure. The i.r. 1580, 1550 and 1500 (s); hydrazine (45 g, 0.5 mole), and acetic acid (1 ml) were 
n.m.r. (CCI,) ca. 2.33 and 2.79 (m, 5H), 4.72 (s, lH), 6.30 mixed with warming until homogeneous and left over- 
(s, 3H), 7.83 (s, 3H). Anal. (C11H12N20), C, H,  N. night at  room temperature. The crude hydrazone thus 

Preparation of Dimetlzyl- and Pl~enyln~etl~yloxadiazoles 
and Thiadiazoles 

The following compounds were prepared by pro- 
cedures described in the literature. 
3,4-Dimethyl-1,2,5-oxadiazole (21a) b.p. 154-1 58", 

60%. Reported b.p. 154-159" (34). 

formed was dried under vacuum, powdered, and added 
slowly to stirred thionyl chloride (357 g, 3 mole) cooled 
in an ice bath. There was an immediate reaction with gas 
evolution. After the addition was completed the mixture 
was left at room temperature for 3.h and concentrated 
under reduced pressure. The residue was shaken well with 
ice-water (300ml) and extracted with ethvl acetate 

3,4-Dirnetl1yl-1,2,5-thiadiazole (216) b.p. 142-144", (3 x 300 ml).  he combined ethyl acetate layers were 
35%. Reported b.p. 146-148" (35). extracted with aqueous sodium carbonate and then water 
2,5-Dimethyl-1,3,4-oxadiazole (21c) b.p. 178", 58%. and dried over magnesium sulfate. After filtration and 

Reported b.p. 65"/12 mni (36). removal of solvent the residue was distilled under 
3,5-Dimetlzyl-1,2,4-tlziadiazole (21g) b.p. 42"/13 mm, reduced pressure and gave 77.5 g, 88% of a light yellow 

30%. Reported b.p. 42"/13 nim 92"/125 mm (39). oil b.p. 1 10°/0.5 mm. Reported b.p. 82-83"/0.1 mm (2). 
2,5-Dimetlzyl-1,3,4-tlziadiazole (21d) was prepared as 

follows: 
Diacetylhydrazine (65.5 g, 0.56 mole), phosphorus 

pentasulfide (50 g, 0.22 mole), and xylene (b.p. 133-135", 
150 ml) were stirred vigorously and heated under reflux 
for 1 h by which time the solid had dissolved and gas 
evolution had ceased. The mixture was cooled in an  ice 
bath and stirred while ice water (200 ml) was added. 
After stirring for 112 h the layers were separated and the 
aqueous layer extracted with ether (3 x 100ml). The com- 
bined organic layers were discarded. The aqueous layer was 
made basic ( p H  ca. 10) with aqueous sodium hydroxide 
and continuously extracted with ether for 24 h. The ether 
layer was dried over magnesium sulfate, filtered, and 
solvent removed when 44 g, 68 % of white needles were 
obtained, m.p. 64" (hexane). Reported m.p. 64" (37). 
3-Plre11yl-5-methyl-I,2,4-oxadiazole (21e) 
The compound was prepared by an extension of a 

method of preparing 3-aryl-l,2,4-oxadiazoles (32,43,44). 
Benzamidoxime (104 g, 0.8 mole) and triethylortho- 

acetate (260 g, 1.6 mole) were stirred and heated for 2 h 
under reflux on an oil bath at 140'. The ethanol formed 
was removed by distillation and the residue distilled 
under reduced pressure using a 12" Vigreux column. The 
fraction b.p. 84-86"/0.1 mm, weighed 53.2 g, 42%, and 
crystallized on scratching, m.p. 41". Reported m.p. 41" 
(38). 

3-~lethyl-5-pl1enyl-I,2,4-oxadiazole (21 f )  
The compound was made following a procedure 

described by F. Eloy (45). 
Triethylamine (5 ml) in benzene (250 nil) was added 

over ca. 10 min to a stirred solution of nitroethane 
(41.3 g, 0.55 mole), phenyl isocyanate (1 19 g, 1.0 mole), 
and benzonitrile (103 g, 1.0 mole) in benzene (500 ml). 
About 5 niin after the addition was completed the color 
of the mixture became yellow and after another 5 min a 
solid began to separate. There was a mild exothermic 
reaction and the temperature rose to 35". The mixture 
was heated with stirring at  50' for 1 h and then under 
reflux for 3 h and left overnight at room temperature. The 
white solid was filtered and the filtrate concentrated under 
reduced pressure. The residue on distillation under 
reduced pressure using a 12" Vigreux column gave 17 g 
of an oil b.p. 77-79"/0.1 mm. The oil was taken up in 
ether and on cooling gave 10.2 g, 11 % of white needles 
m.p. 58-59". Reported m.p. 57" (38). 

4-Meth,vl-5-pl~e1zyl-I,2,3-thiadiazole (21h) 
Phenyl-2-propionone (67 g, 0.5 mole), carbomethoxy- 

General Procedure for the Preparation of Acids 
A solution of n-butyllithium in hexane (18.8 ml of a 

1.6 M solution, 0.03 mole) was added slowly to a stirred, 
cold (-70") solution of the compound (0.03 mole) in 
dry T H F  (50 ml) in a nitrogen atmosphere, the tem- 
perature of the mixture being maintained below -50". 
After 112 h at  this temperature, the mixture was poured 
with stirring onto excess of finely powdered Dry-Ice and 
allowed to  reach ambient temperature, after which it was 
concentrated under reduced pressure. (The lithium salt 
of the acid (usually a solid) could be washed with ether 
and isolated if desired.) The residue was dissolved in 
water and extracted with ether. The aqueous layer was 
then made acid with concentrated hydrochloric acid, 
when a solid usually separated. Extraction with ethyl 
acetate, drying the organic layer (MgSO,), and removal 
of solvent gave the acid. 

3-Metl~ylisoxazole-5-acetic Acid (3) 
The m.p. 104-105", (73%). The i.r. 1700, 1590, 1480; 

n.m.r. (DMSO-d6) 3.80 (s, lH), 6.15 (s, 2H), 7.82 (s, 3H). 
Anal. (C6H7N0,), C, H, N. 

The metlzyl ester (90%) was obtained by reaction with 
diazomethane, b.p. 67"/0.2 mm. Anal. (C7H9N03)  C, H. 

3-Pl~e~zylisoxazole-5-acetic Acid 
The m.p. 131-133", (81 %). The i.r. 17D0, 1640 (broad); 

n.m.r. (DMSO-d6) ca. 2.18 and 2.51 (m, 5H), 3.12 
(s, 1 H), 6.05 (s, 2H). 

Reported m.p. 129-130" (18). 
3,5-Dimet11yIpyrazok-I-acetic Acid (18a) 
In the case of this acid it was necessary to continuously 

extract the acidified reaction mixture with ethyl acetate 
for 36 h. The m.p. 189-19O0, (82%). The i.r. 1710, 1530; 
n.m.r. (DMSO-d6) 4.21 (s, lH) ,  5.28 (s, 2H), 7.88 (s, 3H), 
7.95 (s, 3H). Anal. (C7HloN202), C, H,  N. 

3-Plzenyl-5-methoxypyrazole-I-acetic Acid (18b) 
The m.p. 212-213", (93%). The i.r. 1710, 1570, 1500; 

n.m.r. (DMSO-d6) ca. 2.30 and 2.70 (m, 5H), 3.87 
(s, lH),  5.30 (s, 2H), 6.13 (s, 3H). Anal. (ClZHl2N2O3), 
C, H,  N. 

o-(3,5-Dimethyl-I-pyrazo1e)-benzoic Acid (20a) 
The m.p. 151-153", (44%). The i.r. 1690, 1650 (sh), 

1590, 1550; n.m.r. (CDCI,) 2.07 (m, lH), 2.58 (m, 3H), 
4.07 (s, 1 H), 7.76 (s, 3H), 7.95 (s, 3H). Anal. (C6H&fO), 
C, H. 
0-(3-Metlzyl-5-methoxy-I-pyrazole)be1zzoic Acid (206) 
The m.p. 163-165", (53%). The i.r. 1700, 1600, 1590, 
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1560, 1500; n.m.r. (CCI,) 2.05 (m, lH), 2.54 (m, 3H), 
4.52 (s, lH) ,  6.21 (s, 3H), 7.73 (s, 3H). Anal. 
(C~zHlzNzOs), C, H, N. 
3-Methyl-1,2,5-oxadiazol-4-acetic Acid (22a) 
The m.p. 82-83", (93 %). Reported m.p. 83-84" (4). 
2-Metlryl-I,3,4-thiadiazol-5-acetic Acid (22d)  
The m.p. 106-107" dec., (80%). Anal. (C5H6N2O2S), 

C, H, N. 
3-Phet1yl-1,2,4-oxadiazol-5-acefic Acid (22e)  
The m.p. 125-127" dec., (67%). Anal. (CloH8N203), 

C, H, N. 
3-Methyl-I,2,4-thiadiazol-5-acetic Acid (22g)  
The m.p. 144" dec., (62%). Reported m.p. 144" (39). 
3-Meflrylisoxazole-5-a-n2etl1ylacetic Acid (4) 
3-Methylisoxazole-5-acetic acid, 3 was treated with 

2 equ of butyllithium maintaining the temperature below 
-20" and after 112 h methyl iodide (1.5 equ) was 
added. On work-up, as described above, an oil was 
obtained. Distillation gave the acid, b.p. 145"/2 mm, 
m.p. 56-58" in 70% yield. The i.r. (mull) 1710, 1600; 
n.m.r. (CCI,) 3.99 (s, IH), 6.11 (q, IH), 7.77 (s, 3H), 
8.45 (d, 3H) J = 7 Hz. Anal. (C7H9N03), C, H, N. 

Unambigrrorts Synthesis of3,5-Ditnetlrylpyrazole-I- 
acetic Acid 

3,5-Dimethylpyrazole (9.6 g, 0.1 mole) was added in 
portions to a stirred suspension of sodium hydride (4.6 g 
of a 56% oil suspension, 0.1 1 mole, prewashed with 
hexane) in dry THF. The reaction was mildly exothermic. 
After 112 h at room temperature, ethyl bromoacetate 
(18.4 g, 0.11 mole) was added, and the mixture heated 
under reflux for 1 h after which the solvent was removed. 
Water (100 ml) was added to the residue, and the mixture 
extracted with ethyl acetate (3 x 50 ml). The combined 
organic layers wele dried (MESO,). filtered. and con- 

4-methyl-5-iodoisothiazole. Redistillation gave 69% of 
an oil b.p. 73-76"/3 mm. The i.r. 1440; n.m.r. (CC1,) 
1.92 (s, lH), 7.75 (s, 3H). Anal. (C,H,NSI), C, H, N. 
Fraction I11 b.p. 75-8O0/0.5 mm was a yellow oil. On 
redistillation it gave 8.4% of I-n-butylthio-2-cyanoprop- 
I-ene (14), b.p. 8O0/0.5 mni. The i.r. (film) 2200 (strong, 
sharp), 1660, 1580; n.m.r. (CCI,) 3.22 (m, lH), ca. 7.19, 
8.42, 9.06 (m, 9H), 8.07 (d, 3H), J = 2 Hz. Satisfactory 
analyses were obtained only after further purification by 
gas-liquid chromatography (g.1.c.) (C8H13NS) C, H, 
N, S. 

3-Metlryl-5-~-phen)~lethj~lisoxazole (5) 
Benzyl chloride gave 5, b.p. 108"/0.6 mm, (62%). The 

i.r. 1610, 1490; n.m.r. (CCI,) 2.88 (s, 5H), 4.38 (s, IH), 
7.10 (s, 4H), 7.88 (s, 3H); n.m.r. (CF3COOH) 2.80 
(m, 5H), 3.63 (s, 1H), 6.90 (m, 4H), 7.47 (s, 3H). In 
trifluoroacetic acid the C5-CHz-CH2- protons become 
nonequivalent as a result of quartemization of the 
isoxazole ring. Anal. (ClzH13NO), C, H, N. 

3-Met~ryl-5-isoxazole-(13,e-ditl1iometl1~~1)etlryle~1e ( 6 )  
This compound was obtained by treating 3-rnethyl-5- 

lithiomethylisoxazole, 2, at 0" with 112 equ of carbon 
disulfide, followed by 1.1 equ of methyl iodide. It was a 
pale yellow oil b.p. 1 l8"/0.4 mm (75 %). The i.r. 1580, 
1550 (sh): n.m.r. (CC14) 3.61 (d, 2H), 7.57 (s, 3H), 7.62 
(s, 3H), 7:78 (s, 3H). Anal. (c,H,,Nos~), C, H ,  N, S. 

1,2- Di- (3-tnetl~yl-5-isoxazole) erhmre ( 7) 
Iodine gave 7, rn.p. 89-90", (48%). The i.r. 1600; 

n.m.r. (CDCI,) 4.14 (s, lH), 6.89 (s, 2H), 7.77 (s, 3H). 
Anal. (C5H,NO), C, H, N. 

3-Metlryl-5-benzo)~lt1ietl1)~~isoxazo~e (100) 
Benzonitrile gave 10a, n1.p. 70-72", (71 %). The i.r. 

1690, 1600, 1580 (sh); n.m.r. (CDCI,) ca. 1.96 and 2.40 
(m, 5H), 3.88 (s, IH), 5.60 (s, ZH), 7.75 (s, 3H). Anal. 
(CizH, ,NO,), C, H, N. 

centrated.  isti till at ion of the residue gave 12 g, (66 %) 3 ~ ~ e f ~ l y ~ ~ ~ - ( 3 ' - ~ l l e r h y ~ - ~ f - ~ s o x a ~ ~ ~ o y ~ m e / y )  isoxazole 
of ethyl 3,5-dimethylpyrazole-1-acetate, b.p. 80°/0.5 mm. ( l o b )  

This ester was hydrolyzed with methanolic sodium Methyl 3-methyliso~a~ole-5-carboxylate (17) gave lob,  
hydroxide to give 3,5-dimethylpyrazole-l-acetic acid, m.p. 105-109~, (75%). The i.r. 1690, 1600, 1570; n.m.r. 
m.p. 189-19o0, identical (mixed m.p. and i.1.. spectra) with (CDCI,) 3.13 (s, IH), 3.82 (s, IH), 5.61 (s, 2H), 7.62 
the sample obtained by the alternate route. (s, 3H), 7.73 (s, 3H). Anal. (CIoHIoNz03), C, H, N. 

General Procedure for tlre Reactions lvitlr 
3,5-Dirnetfr~~lisoxazole ( 1 )  (Scl~ett~e I )  and 
4-Metlrylisothiazole (Scheme 2 )  

A solution of tr-butyllithium in hexane (18.8 ml of a 
1.6 M solution, 0.03 mole) was added slowly to a stirred 
cold (-70") solution of the 1,2-azole (0.03 mole) in dry 
THF (50 ml) in a nitrogen atmosphere, the temperature 
being maintained below -50". After 112 h at this 
temperature, the appropriate reagent (0.033 mole) was 
added in one lot, the reaction mixture allowed to warm 
to room temperature, and the solvent removed under 
reduced pressure. The mixture was shaken with aqueous 
ammonium chloride and extracted with ether or ethyl 
acetate. The combined organic layers were dried (MgSO,), 
filtered, and solvent removed under reduced pressure. 
The compound was then distilled or crystallized. 

4-Mefhyl-5-iodoisothiazole (16 )  
The product from the reaction of iodine on lithiated 

4-methylisothiazole was an oil. Distillation gave three 
fractions. Fraction I, b.p. 34-40°/12 mm, was mainly 
4-methylisothia.zole. Fraction 11, b.p. 94-97"/12 mm, was 

3-Metlrylisoxazole-5-(!3,8-dipherry1)etlranol ( 8 n )  
Benzophenone gave 8a, m.p. ,92-93', (51 %). The i.r. 

3300, 1600, 1480; n.m.r. (CDCI,) 2.65 (m, lOH), 4.40 
(s, IH), 6.32 (s, 2H), 6.80 (s, lH), 7.94 (s, 3H). Anal. 
( C ~ ~ H I ~ N O Z ) ,  C, H, N. 

3-Meti1ylisoxazole-5-rnetIrj~le~re- (I '-lrydroxy-I '- 
dibe~zzosrrbero~re) (86)  

Dibenzosuberone gave 86, m.p. 11 3-1 14", (60 %). The 
i.r. 3350, 1600; n.m.r. (CCI,) ca. 2.31 and 2.99 (m, 8H), 
4.71 (s, lH), 6.55 (s, lH), 6.49 (s, 2H), ca. 6.15 to 7.15 
(m, 4H), 7.97 (s, 3H). Anal. (CZOH19N02), C, H, N. 

General Procedure for tlre Delryclmtion of the 
Carbirrols 8a and 8b 

A mixture of the carbinol(0.01 mole), PzOs (0.02 mole) 
and benzene (25 ml) was stirred and heated on a water 
bath under reflux. Periodically (every 15 min), an i.r. 
spectrum was obtained on the benzene solution. When 
thereaction was over (the-OH band in the i.r. spectrum 
had disappeared, about 14 h) the benzene layer was 
decanted and the residue washed once with hot benzene. 
The combined benzene layers were washed with water, 
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dried (MgSO,), and solvent removed to give the anhydro reduced pressure gave an orange foamy solid. This solid 
compound. was stirred with water and extracted with ether 

3-Metl1ylisoxnzole-5-(~,~-clipher1yl)etl1ylene (90) (3 x 30 ml). The combined ether extracts were dried over 
The m.p, 93-94", (70%). The i.r. 1610, 1570; n.m,r. MgSO4 and taken down to dryness when 3.6 g, 83% of 

(CCI,) 2.75 (m, IoH), 3.03 (s, l ~ ) ,  5.18 (s, IH), 7.98 a pink colored solid, m.p. 92-97", was obtained. Recrys- 
(s, 3H). Anal.(CL8Hl,NO), C, H , N .  tallization from benzene-hexane raised the m.p. to 

98-100". The i r spectrum (Nujol mull) showed a strong 3-Metl~ylisoxnzole-5-methene- I '-diber~zos~rberane (9b) broad band a; 'ca. 3200 cm - I characteristic of -NH The m.P. 103-106" (95 %). The i.r. 1610 1570; n.m.r. stretching a strong sharp band a t  1620 c m - ~ .  ~h~ (CCIJ 2.81 (nl, 8H), 3.31 (s, 1 HI, 4.95 (s, IH), 6.88 n.m.r. spectrunl is described in Table 1.  (broad, 4H)7 7'98 3H)' A n a l '  (C20HL7N0)3 C, Hy N' In the case of 21b, c. and A, reaction with 11-butyllithiuni 

Tl~e Litltintior~ of 3,s-Dimetl~ylisothinzole and carbon dioxide using the procedure described for 210 

A solution of in hexane (25 ml of a above resulted in neutral and acid fractions. The n.ni.r. 

solution, 0.05 mole) was added slowly to a stirred, cold spectra of these fractions showed that they were mixtures 
(-700) solution of 3,5-dimethylisothiazole (5.65 g, of products. No  further work was done on these fractions. 

0.05 mole) in dry THF (100 ml) in a nitrogen atmosphere. 
Therewasamildly exothermic reaction and an orange-red The author thanks Professor R. U. Lemieux, Director 
color developed. After 112 h at -70' the mixture was of Research, for his advice and interest in this work and 
poured with stirring over excess, powdered Dry-Ice, and Messrs. Ray Thomas and Robert Fortier for their 
allowed to reach ambient temperature, after which i t  was capable technical assistance. 
concentrated under reduced pressure. The residue, a 
yellow-orange solid, was washed with dry ether 
(4 x 50 ml) and the ether removed each time by decanta- 1. R. RAAP and R. G. MICETICH. J. Med. Chem. 11, 
tion since the fine solid that was present clogged the filter. 70 (1968). 
The solid was dried and weighed 5.9 g. Its i.r. spectrum 2. R. RAAP and R. G .  MICETICH. Can. J. Chem. 46, 
showed a strong broad band at 1600 cm-' and its n.m.r. 1057 (I9@). 
spectrum showed strong bands characteristic of rrbutyl 3' & ~ ~ ~ ~ ~ E ( $ , " 8 ~ '  M' LESuER' 

Amer. 

groups. The solid was added to ice water when a gas was 4. L. B. CRAST. Bristol-Myers co.,  it. Pat. 1 124920, 
evolved and an oil resulted. The oil was extracted with ~ ~ g ~ s t  21, 1968; Chem. Abstr. 70, 4106g (1969). 
ether (3 x 50 ml) and the ether extract dried (MgSO,), 5. S. E. FORMAN. J. Org. Chem. 29, 3323 (1964). 
filtered, and ether removed leaving 3.1 g of a brown oil. 6. T. KATO and Y. GOTO. Chem. Pharm. Bull. 
Distillation gave 1.1 g of a light yellow oil b.p. 85-87"/ (Tokyo), 11, 461 (1963). 
0.4 mm. 7. S. K. CHAKRABARTHY and R. LEVINE. J. Heterocycl. 

~h~ ether wash of the solid was washed with water, Chem. 4, 109 (1967). See also earlier references by 
R. Levine and co-workers. dried (MgSO,), and distilled when 1.1 g of a light yellow 8. F. H. RASH, S. BOATMAN, and C. R. HAUSER. J. Org. 

oil b.p. 85-89"/0.4 mm was obtained. Since the i.r. and ,-hem. 32, 372 (1967). 
g.1.c. of these two fractions were identical they were 9. N. V. NEDERLAND~ Combinatie voor Chemische 
combined and redistilled when 2 g of a light yellow oil Industrie. Fr. Pat. 1 404 514, July 2, 1965; Chem. 
b.p. 80°/0.2 mm was obtained. The i.r. 1570, 1550; Abstr. 64, 35726 (1966). 
n.m.r. (CDCI,) 4.03 (s, IH), 7.63 (s, 3H), 7.83 (s, 3H), 10. A. J. NUNN and K. SCHOFIELD. J. Chem. Sot. 589 
ca. 7.22, 8.45 and 9.05 (m, 9H). Satisfactory analysis 
results were obtained only after further purification by (a) J. P. WIBAuT and J. W. Trav. Chim. 

g.1.c. Anal.(COHL6SO),C, H,S.(S + 0.5%). 72, 513, 522 (1953). Also see earlier references by 
J. P. Wibaut and co-workers. (b) A. M. JONES, C A. 

  he aqueous layers from the above experiment were RUSSELL, and S. SKIDMORE. J. Chem. Soc. 2245 
combined, made acid with concentrated hydrochloric (1969). 
acid and continuously extracted for 24 h with ethyl 12. A. D. CALE, JR., R. W. MCGINNIS, JR., and P. C. 
acetate. The organic layer on drying and removal of TEAGUE. J. Org. Chem. 25, 1507 (1960). 
solvent gave 100 nig of a waxy solid. This fraction was 13. B. M. M ~ K H A ~ L ~ V  and T. K. KOZMINSKAYA. IZV. 
discarded since its n.m.r. spectrum showed it to be a Akad. Nauk. SSSR, Otd. Khim. Nauk. 
mixture. Chem. Abstr. 53, 16128 (1959). 

14. 5. BERAUD and J.  METZGER. Bull. Soc. Chim. 

3-Metl~yl-5-phenyl-5-11-buryl-I ,2,4-dil~ydrooxndinzole (France), 2072 (1962). 

(22f )  
15. K. BOWDEN, G .  CRANK, and W. J. Ross. J. Chem. 

SOC. 172 (1968). 
12-Butyllithium in hexane (141111 of a 2 M solution, 16. A. 0. F I ~ O N  and R. K. SMALLEY. Practical 

0.028 mole) was added to a cooled (-70") stirred solution heterocyclic chemistry. Academic Press, New York, 
of 3-methyl-5-phenyl-l,2,4-oxadiazole (21 f )  (3.2 g, 1968. p. 28. 
0.02 mole) in dry THF (25 ml) in a nitrogen atmosphere 17. R. G.  MICETICH. Can. J. Chem. 48,467 (1970). 
at such a rate as to keep the reaction temperature below SH1oNoG1 and CO. Jap. Pat. 814 2 1 6 y  June 15, 

1968; Chem. Abstr. 70, 2005411 (1969). -60". A dark brown solution resulted. Ten minutes after 19. D. IV. M. PANAIOTOV, and G. BoRIsov. the addition was completed, the cold reaction mixture C. R. Acad. Bulg, Sci. 9, 23 (1956); Chem, Abstr. 52, 
was poured with stirring onto excess of well powdered 71896 (1958) and previous papers. 
Dry-Ice and the reaction mixture allowed to reach 20. M. p. L. CATON, D. H. JONES, R. SLACK, and 
ambient temperature after which concentration under K. R. H. WOOLDRIDGE. J. Chem. Soc. 446 (1964). 
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P. W. ALLEY and D. A. SHIRLEY. J. Amer. Chem. 
SOC. 80, 6271 (1958). 
H. R. SNYDER, F. VERBANE, and D. B. BRIGHT. 
J. Amer. Chem. Soc. 74, 3243 (1952). 
R. HUTTELL and M. E. SCHON. Ann. 625,55 (1959). 
L. KNORR. Ann. 279. 232 (1894). 

25. (a) T. N ~ r r o ,  S. NAKAGAWA, K. TAKAHASHI, K. 
MASUKO, K. FUJISAWA, and H. KAWAGUCHI. 
J. Antibiot. (Japan), 21, 290 (1968) and references 
cited therein. (b) C. V. GRECO, M. PERCE, and J. M. 
FRANCO. J. Heterocycl. Chem. 3, 391 (1966). 

26. D. A. SHIRLEY, J .  R.  JOHNSON, JR., and J. P. 
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Phase relationships in lead sulfide - alkali chloride quasi-binary systems 

A. D. PELTON AND S. N. FLENGAS 
Departrnent of Metallurgy and Materials Science, University of Toronto, Toronto 181, Ontario 
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Phase relationships in PbS-ACl (where A = Na, K, Rb, Cs) quasi-binary systems have been deter- 
mined. These systems all show very large regions of liquid-liquid immiscibility. Cryoscopic calculations 
in PbS-rich solutions suggest that the alkali chloride dissolves in PbS partially as dissociated ions and 
partially as associated ion pairs. 

Canadian Journal of Chemistry. 48, 2016 (1970) 

Introduction 

Although sulfide ores are very important, there 
have been very few systematic studies of the 
thermodynamic properties of molten metal 
sulfides and their mixtures with other materials. 
Fqr several years, a series of systematic studies 
of the properties of sulfide-halide systems has 
been in progress in this laboratory. Several 
common cation systems have been studied by a 
variety of techniques (1-6). 

Most of the transition and post-transition 
metal sulfides are electronic semiconductors in 
the liquid as well as the solid state. This renders 
direct electrolysis of the ores impossible. How- 
ever, when the molten sulfides are mixed with 
ionic metal halides, the conduction changes from 
electronic to ionic, and the recovery of metal by 
fused salt electrolysis becomes possible. The 
alkali chlorides might be useful solvents in such 
processes. 

In the present investigation, a study of the 
phase diagrams of PbS - alkali chloride systems 
was undertaken. The systems all were found to 
have very large ranges of liquid-liquid immisci- 
bility, and all systems were quasi-binary. Such 
behavior is to be expected from the large positive 
heats of the "exchange reactions" 

reaction. The lead used was 99.999% pure, and the 
sulfur was reagent grade sublimed flowers of sulfur which 
was re-distilled under vacuum. There was no evidence of 
umeacted lead or sulfur in the lead sulfide. Several 
batches of PbS prepared in this manner gave the same 
melting point to within less than 0.5 "C. 

Reagent grade NaCl and KC1 were used. The RbCl 
and CsCl (Fisher) were 99 + % pure. All salts were dried 
under vacuum for 3 days at 300 OC, and were subse- 
quently stored in a vacuum dessicator. 

Cryoscopic Measurements 
In the PbS-rich solutions, the liquidi could be deter- 

mined over to the monotectic compositions by cooling 
curve measurements. Monotectic temperatures could also 
be measured by this method. All such measurements 
were carried out on samples of approximately 30 g in 
sealed, evacuated quartz cells. The cells had to be sealed 
because of the high vapor pressure of PbS (0.2 atm at the 
melting point (9)). Such a method yields a true equilib- 
rium liquidus, since the salts are under their own equi- 
librium vapor pressures. 

Thermocouples were sheathed in close-fitting quartz 
tubes blown into the cells. The cells were placed in an 
Inconel metal sheath and lowered into a vertical tube 
furnace. By grounding the Inconel sheath; any spurious 
voltages induced in the thermocouple by the a.c. field of 
the furnace windings were entirely eliminated. The use of 
such a grounded sheath was found to be essential if 
accurate results were to be obtained. The melt filled the 
cells to a depth of about 3 cm, and the thermocouple 
sheath extended about 2 cm below the surface of the 
melt. Temperature gradients over the depth of the melt 
were 0.25 "C or less. 

[1 I PbS + 2ACI +PbClZ + AZS The furnace was controlled by a variable auto-trans- 
former. The furnace could be cooled at anv desired rate 

(where A = alkali). Values of AH;,, for this 
reaction range from +44 kcal when A = Na to 
+78 kcal when A = Cs (7, 8). 

Experimental 
Preparation of Materials 

Lead sulfide was prepared by direct reaction of 
stoichiometric amounts of lead and sulfur in sealed, 
evacuated quartz ampoules at 1050 "C. The ampoules 
were held at 1050 "C for 12 h to ensure completeness of 

by means of an electric motor which drdve down the 
auto-transformer through a variable-ratio gear reductor. 
With cooling rates of less than 1 "C per min, super- 
cooling could be kept to a tolerable level of between 0.25 
and 2 "C. A rate of 0.75 "C per min was adopted in all 
experiments. Supercooling was avoided as much as 
possible by rocking the entire furnace. 

The output from the thermocouple was recorded on a 
1 mV full scale Sargent SR recorder, with most of the 
thermocouple output compensated by a Leeds and 
Northrup K2 potentiometer. A 0.015 in. Pt -Pt, 13% 
Rh thermocouple, calibrated against the melting points of 
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TYPE I TYPE 11 
FIG. 1. Decantation cells. 

gold and KCl, was used. Reproducibility of liquidus 
points was o€ the order of 0.25 to 0.5 "C as will be shown 
later. 

Decantation and Analysis 
In t he  alkali chloride-rich solutions, a method of 

decantation and analysis was used to measure the 
solubility of PbS in the alkali chlorides and also to 
determine the position of the boundary of the liquid- 
liquid immiscibility gap. Direct sampling of the melts was 
impossible because of the high vapor pressure of PbS. 

For determining the boundary of the 2-liquid region 
above the monotectic temperature, quartz cells of Type I 
as shown in Fig. 1 were used. Cells were charged so as to 
fill compartments A and C with a mixture of alkali 
chloride and about 10% PbS. The cells were evacuated, 
and the filling tubes were sealed off. The cells were held 
tightly in metal containers in a tube furnace. Tempera- 
tures were read to + 1.5 "C with calibrated thermocouples 
placed in quartz sheaths held tightly against the cells. In 
a typical experiment, a cell was held at some temperature 
above the monotectic for 30 mm. The entire furnace was 
then slowly tilted so as to rotate the cell approximately 
120" clockwise as shown in Fig. 1. All of the denser 
PbS-rich liquid phase was trapped in compartment C, 
while a sample of the less-dense halide-rich phase flowed 
into compartment B. The furnace was cooled in the tilted 
position. The cell was removed, and the material in 
compartment B was analyzed. 

For determining the solubility limit of solid PbS in 
alkali chloride, cells of Type I1 in Fig. 1 were used. In a 
typical experiment, a cell was charged so as to fill 
compartment A with a mixture of alkali chloride and 
about 10% PbS. The cell was sealed under vacuum, 
heated above the monotectic, and cooled back to a 
desired temperature below themonotectic. This procedure 
gave one solid piece of PbS in the bottom of the cell, 
and further, it ensured that the liquid phase was saturated 
with PbS. The cell was held at temperature for 1% h, and 
was then tilted 120" clockwise. The liquid phase flowed 

into compartment B, and the solid remained behind in A. 
The furnace was cooled, and the sample in B was 
analyzed. There is, of course, in these experiments the 
danger that some solid PbS in suspension in the liquid 
flowed into compartment B during decantation. How- 
ever, for all systems studied, analyses of liquid phases 
which were decanted at temperatures just above the 
eutectic temperatures indicated extremely low solubilities 
(0.1-0.4 mole%) of PbS at these temperatures, and this 
then gives the maximum error which this problem might 
cause. 

The samples obtained from the decantation experi- 
ments consisted of about 3 g of alkali chloride containing 
about 0.1 to 5.0 mole% PbS, all securely adhering to the 
quartz tube. In an analysis, the entire sample compart- 
ment of a decantation cell was broken off and crushed. 
The sample was dissolved in 300 ml of water, heated for 
24 h to dissolve the halide, and then filtered through a 
fine Pyrex frit. The residue was weighed as PbS + quartz. 
The frit and residue were then heated in 300 ml of aqua 
regia for 5 h. A final filtration was performed, and the 
residue was weighed as quartz. The method was tested 
for accuracy by analyzing several blank samples of known 
compositions which had been fused in quartz tubes by 
heating above the monotectic temperatures. For con- 
centrations of PbS from 0.3 to 15 mole%, the analysis 
method was found to give the concentration of PbS to 
within 0.1 mole %. 

Results 
Cryoscopic Measurements 

Results of the cooling curve experiments in 
PbS-rich solutions are given in Table 1. Tempera- 
tures are on the International Temperature Scale 
of 1948. 

The listed melting point of PbS is the average 
of 10 measurements on 5 different cells. Only one 
of the 10 values deviated more than 0.4 "C from 
this mean. This value compares well with pre- 
viously reported values of 11 11.9 (3) and 11 10 "C 
(7) 

Experimental liquidus points are shown in 
Fig. 2. The lines shown are theoretically calcu- 
lated lines as will be discussed later. The absolute 
accuracy of all points is estimated a t  f 1 "C. 
However, the freezing point depressions are 
estimated to be accurate to about f 0.5 "C since 
the thermocouple calibration error would be the 
same for all points over such a short temperature 
range. 

The monotectic temperature listed for the 
PbS-NaC1 system is the average of 6 measure- 
ments at 4 overall compositions from 22 to 80 
mole% PbS. Only one point deviated more than 
0.5 "C from the mean. In the PbS-KC1 system, 2 
measurements on different cells gave results with- 
in 0.1 "C. Only one measurement was made in 
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TABLE 1 TABLE 2 
Results of cryoscopic measurements 

Mole % Liquidus 
alkali temperature 

System chloride ("c) 

Pure PbS 0 1113.4 

PbS-NaCI 1.02 1108.8 
1.96 1104.4 
2.92 1100.5 

Monotectic 1096.2 

- - 

2.44 1099.3 
2.92 1097.5 

Monotect ic 1096.0 

PbS-RbCI 0.99 1106.2 
1.72 1102.1 

Monotectic 1095.5 

PbS-CsCI 1 .OO 1106.2 
1.72 1102.0 

Monotectic 1095.3 

the RbCl system. In the CsCl system, it was 
difficult to obtain good reproducibility in deter- 
mining the monotectic temperature. A scatter of 
f 1.2 "C was observed. It is not known why this 

I I 
96 97 98 99 100 

Mole % Pbs 

FIG. 2. Liquidi in PbS-rich solutions. 

Results of decantation and analysis experiments 

System Temperature PC) Mole % PbS 

PbS-NaCI 854 0.14 
920 0.62 

PbS-RbCI 795 0.60 
874 1.21 

1001 1.63 
1069 2.16 
1080 2.46 
1162 3.15 

PbS-CSCI 854 0.45 
920 0.93 
97 1 1.23 

1013 2.72 
1070 2.38 
1115 3.78 
1157 4.84 
1181 3.72 

scatter occurred here. The fact that PbS and the 
alkali chlorides form true quasi-binary systems 
is evidenced by the fact that the monotectic 
temperatures were independent of the overall 
composition of the samples. 

Although there is possibly a slight trend in 
going from NaCl down the series to CsC1, all four - - 

monotectic temperatures are within 1 "C of each 
other. 

Decantation and Analysis 
Results are listed in Table 2. The alkali 

chloride-rich sides of the phase diagrams are 
shown in Fig. 3. A definite trend towards in- 
creasing solubility of PbS as the solvent is 
changed from NaCl down the series to CsCl is 
evident. 

Cooling curves were obtained for the pure 
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0-5 

Mole % PbS - 

- 
0 1 2 3 4 5  0 1 2 3 4 5  

Mole % PbS - 
FIG. 3. Alkali chloride-rich sides of phase diagrams. 

alkali chlorides and also for mixtures with overall 
compositions of about 10 mole% PbS in order to 
determine the eutectic temperatures. In all 4 
systems, the eutectic temperature was within 
0.5 OC of the melting point of the pure alkali 
chloride. 

Discussion 
PbS-riclz Solutions 

In dilute solutions of alkali chloride, AC1, in 
PbS, the limiting form of the van't Hoff relation- 
ship may be used 

where T, = melting point of pure PbS, TL = 
liquidus temperature, AT = (TF - TL) = freez- 
ing point depression, XAc, = mole fraction ACl 
at TL, AH, = heat of fusion of PbS, R = ideal 
gas constant, and v is the average number of 
particles produced when one "molecule" of ACl 

enters the solution. The basic assumption in the 
derivation (10) of this equation is that the depres- 
sion of the freezing point is primarily an entropy, 
and not an enthalpy, effect. The use of this 
equation also requires that solid solubility be 
negligible. In view of the large regions of liquid 
immiscibility in these systems, the existence of 
any appreciable solid solubility is highly un- 
likely. 

Theoretical liquidi calculated from eq. [2] for 
v = 1 and v = 2 are shown in Fig. 2. Such 
liquidi of constant v are nearly straight lines. 
From Fig. 2 it can be seen that the measured 
liquidus in the PbS-KC1 system approaches the 
v = 2 line at high dilution, but that v becomes less 
as the solutions become less dilute. The same 
appears to be true for the RbCl and CsCl systems. 
The PbS-NaCI liquidus is nearly coincident with 
the v = 1 line. 

The results suggest a simple association scheme 
such as 
[31 A+ + C1- -> (A+CI-),,,, 

in which the alkali chloride enters solution 
partially as dissociated A' and C1- ions, and 
partially as (A'Cl-) ion pairs. If the equilibrium 
concentration ratio, K, for reaction [2] is 
defined as 

where N(,+,,-,, N,,, and Nc,- are the number 
of moles of the various species per mole (overall) 
of solution, then, by means of a simple mass 
balance, it is easily shown that 

Liquidi were calculated using eqs. [2] and [5]. 
In these calculations, a value of AH, = 8700 cal 
(9) was used. With K = 4 x lo2, a very good fit 
to the PbS-KC1 liquidus was obtained as can be 
seen in Fig. 2. The measured points for the RbCl 
and CsCl systems lie very close to the calculated 
liquidus for K = 10'. A value of K = lo4 gives 
a liquidus very close to the measured PbS-NaCl 
points. Varying the value of AH, used between 
the stated (9) error limits of f 800 cal did not 
change the good agreement between the model 
and the observations. 

In such dilute mixtures of a 1-1 salt, ACl, in a 
2-2 salt, PbS, it would be expected that an A +  
ion would act as a negative charge center in the 
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divalent lattice, and a C1- ion would act as a 
positive charge center. A tendency towards pair 
formation might thus be expected to result. 

On the model presented here, the tendency for 
the freezing point depression to decrease on 
going from CsCl as solute up the series to NaCl 
is considered to result from an increasing ten- 
dency to pair formation. This could be partially 
the result of an increase in the A-Cl bond 
strength in a pair as the size of the alkali cation is 
decreased. However. there are other factors 
affecting the energy of formation of an ion pair 
which could also be significant. 

Conclusions 
The solubility of PbS in the alkali chlorides is 

small enough that the solutions should not 
conduct electronically. Recent work in this 
laboratory (6), in which these solutions were used 
as electrolytes in formation cells, has confirmed 
that the saturated solutions conduct purely 
ionically. 

Undoubtedly, other metal sulfide - alkali ha- 
lide systems should be similar to the PbS - alkali 
chloride systems. In the Ag,S - alkali chloride 
systems, for instance, work in this laboratory has 

indicated that the solubility of Ag,S in alkali 
chlorides is much less than the solubility of 
PbS. Conceivably, relative solubilities of certain 
sulfides in alkali halides may be such that these 
solutions could be used in solvent-extraction 
processes for separating sulfide ores. 

The authors wish to thank the National Research 
Council of Canada for financial assistance. A mainte- 
nance fellowship for one of us (A.D.P.) from the Inter- 
national Nickel Company is also gratefully acknowledged. 
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Effect of pressure on the solvolysis of benzyl chloride in 
glycerol-water mixtures1 

D. L. GAY' AND E. WHALLEY 
Division of Chemistry, National Research Council of Canada, Ollawa, Canada 

Received March 4. 1970 

The effect of pressure up to 1.6 kbar on the rate of solvolysis of benzyl chloride in 0 to 75 % v/v gly- 
cerol-water has been measured at 50 "C. The volume of activation is - 10.7 f - 0.4 cm3 mole-', 
essentially independent of solvent composition. Therefore, the partial volumes of both benzyl chloride 
and the transition state depend on solvent composition in the same way. The constant-volume energy 
and entropy of activation are simple functions of the solvent composition, and resemble the constant- 
volume parameters in ethanol-water mixtures. It is concluded that constant-volume conditions are 
probably more appropriate than constant-pressure conditions for discussing the solvent dependence of 
these solvolyses. 

Canadian Journal of Chemistry, 48, 2021 (1970) 

Introduction 

The constant-pressure enthalpy and entropy 
of activation for the solvolysis of benzyl chloride 
vary much less with composition in aqueous 
glycerol than in aqueous ethanol (I), and in 
particular, the minima so frequently observed in 
similar systems are almost absent. The constant- 
volume energy and entropy of activation for the 
reaction in aqueous ethanol have no minimum 
as a function of solvent composition (2), and 
other reactions behave in similar ways (see ref. 1 
for a summary). These and related observations 
have lead to the suggestion that some of the com- 
plexity of the variation of the constant-pressure 
activation parameters for reactions in aqueous 
organic solvents is directly connected with the 
large variation in the thermal expansivity of the 
solvent with composition. The larger the thermal 
expansivity, the more the interaction of the 
initial and transition states with the solvent will 
change with temperature. This changing interac- 
tion with temperature contributes a term to the 
constant-pressure enthalpy and entropy of 
activation that is absent in the constant-volume 
energy and entropy of activation. 

The thermal expansivity of aqueous glycerol 
is almost independent of composition near 
60 "C, and consequently there should be no con- 
tribution to the composition dependence of the. 
constant-pressure parameters of activation of 
reactions carried out in it arising from a com- 
position-dependent thermal expansion. This 

'NRCC No. 11 297. 
'NRCC Postdoctorate Fellow, 1965-1967; present 

address: Xavier College, Sydney, Nova Scotia. 

explains why the constant-pressure parameters 
for the solvolysis of benzyl chloride depend 
much less on composition in aqueous glycerol 
than they do in aqueous ethanol (1). 

In order to complete this work it is clearly 
desirable to measure the constant-volume param- 
eters for benzyl chloride in aqueous glycerol, 
and this paper reports the results. 

Experimental 
The materials and techniques were those used pre- 

viously (1) except for the high-pressure techniques. The 
conductimetric cells were similar to those described by 
Baliga and Whalley (3) except that they were small 
enough that two could be fitted into the pressure vessel. 
They were made of Pyrex glass, about 80 mm long and 
20 mm 0.d. and had a capacity of about 20 cm3. The cells 
had holes at the lower end and were immersed in mercury 
in a Teflon cup to prevent a short-circuit to ground. 
Mercury flowed into the cell to transmit the ambient 
pressure. 

Electrode polarization was eliminated by a light 
deposit of platinum black; the conductance of millimolar 
hydrochloric acid differed by - 0.02% at 0.4 and 1 kc 
s-'. The cells were cleaned with hot concentrated nitric 
acid, washed thoroughly with distilled water, and treated 
with 0.1 M hydrochloric acid at 100 "C until the con- 
ductance of millimolar hydrochloric acid at 50 'C 
remained constant within 0.1 % for 2 days. The conduc- 
tance was measured with a General Radio catalogue 
number 1680-A automatic capacitance-conductance 
bridge and digital read-out as described previously (1). 

Results 
The rate constants are summarized in Table 1 

and are plotted in Fig. 1. The volumes of activa- 
tion were determined both from the slopes of the 
lines of Fig. 1 and by plotting mean volumes of 
activation A" between two pressures, given by 
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TABLE 1 

First-order rate constants (lo6 k/s-') for the solvolysis of 
benzyl chloride in aqueous glycerol at 50 OC 

Composition, % v/v at 25 "C 

plbar 0 5.0 12.5 25.0 50.0 75.0 

1 219.6 207.5 190.7 163.1 108.3 58.82 
219.4 207.0 191.2 162.5 108.3 58.87 

163.1 108.7 

395 253.5 240.7 223.0 189.5 128.6 68.71 1: 
255.5 240.4 220.2 187.2 125.4 68.40 r 
255.0 240.9 68.45 

792 290.0 276.1 253.7 214.1 146.3 79.77 
288.4 272.2 252.4 214.2 145.8 78.65 

272.6 145.9 

1190 328.2 311.4 287.2 241.2 162.0 - 
329.8 312.5 289.7 239.1 164.0 
327.0 

1590 361.2 347.7 319.7 270.0 179.6 103.7 
363.4 339.6 318.1 270.3 180.1 102.0 p/bar 

345.9 263.6 103.2 - FIG. 2. Mean volumes of activation A T  [= (RT 
In k2/kl)/(p2 - pi)] against 3(p2 + p , )  for the solvolysis 
of benzyl chloride in glycerol-water at 50.0 "C. The 
numbers attached to the curves are the volume fract~ons 
of glycerol. 

TABLE 2 

Volumes of activation for the 
solvolysis of benzyl chloride 
in aqueous glycerol at 50 "C 

0.125 A=-0.1 AV*  
Volume 
fraction cm3 mole-' 
glycerol + -0.4 

0.25 A=-0.1 

0.0 -10.7 
0.05 -10.7 

0.5 A = O  0.125 -10.8 
0.25 -10.4 
0.50 -11.0 
0.75 -10.7 

activation are summarized in Table 2. The 
accuracy appears to be about f 0.3 or 0.4 cm3 
mole-'. The pressure variation of the activation 
volume is about 2.6 cm3 mole-' kbar-' for all 
solvents except perhaps 0.75 volume fraction 

2.0 glycerol, where it appears to be smaller. 
5 0 0  1000 1500 2000 The only activation volume for comparison 

p/ bar is one by Hyne, Golinkin, and Laidlaw (4) who 
FIG. 1. Rate constants for the solvolysis of benzyl report - 8  f 1 cm3 mole-' in water at 50.25 "C 

chloride in several glycerol-water mixtures at 50 "C and 
pressures up to 1.6 kbar. The numbers attached to the based On a least-squares fit four rate 
curves are the volume fractions of glycerol. to a quadratic of In k in the pressure. Surprisingly, - .  

the pressure coefficient of the volume of activa- 
- (RT ln kl/k,)/(p, - p,), where k, and k, are the tion in water was negative, that is, the activation 
rate constants at pressures pl  and p,, against the volume became more negative with increasing 
mean pressure and extrapolating to zero pressure. pressure, in contrast to the positive values in 
The plots are given in Fig. 2 and the volumes of aqueous ethanol, and the positive value in water 
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TABLE 3 
Constant-volume parameters of activation for the solvolysis of benzyl chloride in aqueous glycerol 

at 50 "C 
pp 

-- 

T a b v * / ~  hhH,* TAAS,* hU,A* TAAS,* 
Volume lo6 a* 
fraction cal mole-' cal mole-' cal mole-' cal mole-' cal mole-' 
glycerol 
-- 

deg-' + -100 + -100 + -100 t - , I40 + -140 - 

n.0 458 -851 

.- 

'From thedala in ref. 5. 

found here. If the possibility of a negative static interaction with the solvent due to the 
aAV*/ap is ignored, the best line through Hyne, electric moments of the transition state. There is 
Golinkin, and Laidlaw's points agrees reasonably no firm evidence about the relative values of the 
well with our value. The reason for the apparent various contributions. 
discrepancy is unknown. The activation volume does not change 

In order to calculate the constant-volume significantly with composition in the range 0 to 
energy and entropy of activation according to 0.75 volume fraction glycerol in water. For the 
the equations same reaction in ethanol-water (4) there is a large 

change of activation volume with solvent com- 
AU,* = AHp* - T ~ A V * / K  position which appears to be largely'caused by a 
AS,* = AS,* - ~ A V * / K  change with solvent composition of the partial 

volume of the initial state (7). On the basis of the 
it is necessary to know the thermal expansivity a dipole-in-dielectric model of the transition 
and the of the The state, no great change in the volume of solvation 
thfXmal expansivity was obtained graphically of the transition state is expected (8). In glycerol- 
from data in the literature (5). The water, the partial volumes of benzyl chloride and 
ibility was obtained from measurements in this the transition state vary with solvent composition 
laboratory (6) at 60 OC. These were taken in the same way, and both may be almost indepen- 
as appropriate for 50 "C; the compressibility of dent of solvent 
pure water at 50 "C is less than 1% smaller than 
that at 60 "C, and that of pure glycerol is about 
4 %  smaller. The true values of - T ~ A V * / K  are 
therefore somewhat larger than the values in 
Table 3, but are probably within the claimed 
error. The constant-pressure parameters from 
ref. 1 and the constant-volume parameters 
derived from them are listed in Table 3. 

Discussion 

I .  Activation Volume and its Solvent 
Dependence 

The activation volume in water is similar to the 
values for the hydrolysis of methyl and isopropyl 
bromides (3). The important contributions 
probably arise from an increase in the C-C1 
bond length, a contraction due to a possible 
formation of a new C-0 bond by incoming 
water, and a contraction of the solvent and the 
transition state caused by the increased electro- 

2. Energy and Entropy of Activation at 
Constant Volume 

The constant-pressure and constant-volume 
activation parameters are plotted in Fig. 3. There 
is a minimum in AHp* about 400 cal mole-' 
deep which is reduced to less than 200 cal mole-' 
in AU,,*, and may even be zero. TAS,* decreases 
by about 500 cal-mole-' from water to 75 % vlv 
glycerol-water compared to a decrease of about 
1200 cal mole-' for TASp* under the same 
conditions. 

The question must be asked "which is to be 
considered the more fundamental, the constant- 
pressure or the constant-volume parameters, or 
are they to be considered equally fundamental?" 
The dependence of the constant-volume param- 
eters on the solvent can be readily understood 
in the terms used by Baliga and Whalley (2) for 
the solvolysis of benzyl chloride in ethanol-water. 
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stood in terms of this non-linear variation in the 
constant-volume energy of activation and a 
smooth and nearly linear fall in the quantity 

I I P P R O * .  rllllon TuAV*/K. 
Further evidence for this conclusion is that the 

activation parameters for the solvolysis of benzyl 
chloride in ethanol-water and in glycerol-water 

-0.5 - behave quite differently at constant pressure (1, 
4) in that the minima in AH,' and TAS,* are 

~ ~ ~ n o x . c n R o R  1 
several times deeper in ethanol-water. At con- 
stant volume, however, they behave in similar z 

- -0.5 ways (2) in that there is little or no minimum in ': '-7 '(7) 1 AU"*. 
Conclusions 

FIG. 3. Parameters of activation at constant pressure 
and constant volume, as labelled, for the solvolysis of 
benzyl chloride in glycerol-water mixtures. 

Solvolvsis of molecules solvated completely by 

There is no doubt that the effect of solvent on 
the activation parameters of several solvolyses 
is simpler and more easily understood when 
looked at at constant volume than when looked 
at at constant pressure. This does not of course 
prove that the constant-volume viewpoint is the 
more valid. Nevertheless, science has progressed 
by adopting the most appropriate viewpoint, and 
this is usually the one that gives the simplest 
view. There is no doubt that the simplicity of the 
constant-volume condition is a strong argument 
for its adoption at least for the reactions men- 
tioned in this paper. 

water -is faster than that of molecuies partly 
solvated by the less solvating organic component. t h ~ i ~ - ~ ~ ~ ~ ~ { ~  ~ ~ ~ ~ ~ : o  A. Lavergne with 

Consesuentlv. most of the reaction in the dilute - ,  

organic solution is reaction of molecules solvated 
by water. The energy required therefore depends 
little on the composition, but the activation 
entropy decreases because only a part of the 
reactant is contributing significantly to the rate. 
In less aqueous solvents, molecules partly sol- 
vated by the organic component contribute 
appreciably to the reaction, and the activation 
energy increases. 

It appears then that the solvent dependence of 
the constant-volume parameters are easily and 
naturally understood. The minimum in the 
constant-pressure enthalpy is then to be under- 
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Transition state volumes and solvolysis mechanisms 
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The transition state partial molal volume behavior, rt, as a function of binary solvent composition was 
obtained for three reactjons b l  dissection of the activation volume, AV*, into initial and transition state 
components: AV* = V ,  - Vg.  The solvolyses of t-butyl chloride, benzylchloride, andp-chlorobenzyl 
chloride represented a gradation of reaction type between SNI and SN2 and the transition state partial 
molal volume behavior was found to  be distinctly different in each case and in agreement with the mech- 
anistic classification of these reactions. 
Canadian Journal of Chemistry, 48, 2025 (1970) 

Introduction de-ionizing resin and then redistilled in a Pyrex apparatus 
from which carbon dioxide was excluded. The con- 

Golinkin, Lee, and Hyne (1) have reported a ductivity of the water was about 8 x lo-' a-' cm-' 
method for obtaining partial molal volumes of at 25 "C. 
solutes in binary solvent mixtures, vg, and have p-Chlorobenzyl Chloride 
used these volumes in conjuction with pressure- P-Chlorobenz~l chloride supplied by Eastman Organic 

rate data, ~ v x ,  to obtain the partial molal Chemicals was analyzed by gas-liquid chromatography 
and found to  contain about 2 %  impurity. After two 

"lumes the state, K, in solvo1ysis recrystallizations from ether, samples obtained from 
reactions by use of the equation A V* = vt - vg. liquor and crystal fractions varied in impurity from almost 
A "roller+oaster" type curve was obtained for none to about 15%. Kinetic runs with these different 

the transition state behavior in aqueous ethanol samples yielded perfect straight-line first-order plots and 
the rate constants obtained were identical to  within of benzyl which is generally accepted as experimental error (+ 0.5 %). It was concluded that the 

solvol~zing by an S N ~  mechanism close to the impurity did not affect the kinetic results. The crystals 
SN1 limit (2). The present investigation was with negligible impurity, obtained from two crystalliza- 
undertaken to compare this type of behavior with tions from ether, were used throughout the investigation. 
that for the transition states for solvolysis reac- t-Butyl Chloride 

t-Butyl chloride supplied by British Drug Houses was more 'N' and S ~ 2  in character' found to about 3% impurity when analyzed by 
A reaction, the solvolysis Of t-butyl gas-liquid chromatography. After two distillations under 
chloride in aqueous ethanol, was chosen since vacuum the impurity was reduced to  about 0.5 %. Partial 
pressure-rate data were already available (3). molal volumes determined with samples containing 0.5 
Also chosen was the solvolysis ofp-chlorobenzyl and 3 % impurity were identical; it was therefore con- 

chloride since it reacted at an experimentally cluded that the impurity did not seriously affect the 
partial molal volume determinations. suitable rate and represented a reaction more 
Benzyl Fluoride 

'N2 in character than benz~ l  (2). Laidler Benzyl fluoride supplied by Pierce Chemicals was used 
and Martin (4) have reported a similar dissection without further purification for partial molal volume 
for p-methylbenzyl chloride in acetone-water determinations. 
mixtures. However, since the solvolyses con- Ethanol 
sidered in our analysis were carried out in Absolute alcohol from Reliance Chemicals was dried 

ethanol-water mixtures, a direct comparison over magnesium turnings and then distilled (5). Binary 
mixtures with water were prepared by weight and stored 

cannot be made with the acetone-water results. in glass-stoppered bottles. 
These reactions were therefore studied to deter- 
mine if there existed some regular variation in the Kiy;f sates of hydrolysis ofpihlorobenzyl chloride and 

transition state partial molal volume behavior in of t-butyl chloride were studied in ethanol-water mix- 
binary solvents with change in mechanism. tures over a ~ressure  r a n ~ e  from 1 to  4 083 atm. The rate 

of of HCI resulting from the hydrolysis was 

Experimental followed conductimetrically. The experimental details 

Materials have been previously reported (6) except that in this work 
a n  automatic balancing a.c. conductance bridge with 

Water digital print-out (General Radio type 1680A) was used. 
House distilled water was first passed through Illco-Way Pseudo first-order rate were obtained by 
'Present address: Chemistry Department, Youngstown graphical analysis of the data by the Guggenheim method 

State University, Youngstown, Ohio, U.S.A. (7). The high pressure systems and controls have also 
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TABLE 2 

Rate constants for the solvolysis of t-butyl chloride at 0.2 "C in aqueous 
ethanol at various pressures 

k x lo5 (s-') for mole fraction of ethanol = 
Pressure 

(atm) 0.02 0 .2  0.3 0.4 

been previously described (6). The temperature in a 
thermostatted oil bath was maintained at 50.25 k0.01 "C 
in the case of the p-chlorobenzyl chloride and at 0.20 
k0.01 "C in the case of the t-butyl chloride. 

Partial Molal Vol~imes 
The method for determination of partial molal volumes 

by injection from a microsyringe into a dilatometer as 
previously reported (1) was used unchanged. Calibration 
of the dilatometer was done by using the known molal 
volumes of water and ethanol to obtain apparatus con- 
stants when pure water was injected into water, and pure 
ethanol into ethanol at the temperature of the thermo- 
statted oil bath. 

Partial molal volumes were obtained for four solutes 
in ethanol-water mixtures which were degassed before 
use by boiling in a flask fitted with a Dry Icelacetone 
condenser. Determinations of densities before and after 
degassing showed no change in composition of the 
aqueous binary solvents (changes in density were no 
more than 1 part in 10 000). Partial molal volumes of 
benzyl chloride, p-chlorobenzyl chloride, and benzyl 
fluoride were measured at 50.25 "C in a thermostatted 
oil bath. A glycol-water bath at 1.35 + 0.003 "C was used 
for t-butyl chloride volume determinations. 

Calculation of the partial molal volumes required the 
densities of the solutes at the temperature of injection. 
The densities of benzyl chloride and t-butyl chloride were 
taken from refs. 8 and 9. The densities of p-chlorobenzyl 
chloride and benzyl fluoride were determined with a 
micropycnometer calibrated with distilled water. Density 
of benzyl chloride at 32.5 "C, 1.02, g/ml; p-chlorobenzyl 
chloride at 31.0 "C, 1 .255 g/ml. 

Results 
Rates 

The conductance data yielded the first-order 
rate constants for p-chlorobenzyl chloride in 
ethanol-water mixtures at 50.25 "C as a function 
of pressure. These rate constants, presented in 
Table 1, are the average of at least two, and 
in many cases four or more, runs with the indi- 
cated errors being average deviations. The fourth 
figure in some of these rates is not significant, but 
merely a guard figure when the error is quoted 
to this degree of accuracy. The rate constants for 

t-butyl chloride at  0.2 "C are presented in Table 2. 
Although there is still considerable discussion as 
to the most appropriate form of the rate-pressure 
relationship (3), we believe (10) that for solvolytic 
systems of this type the quadratic yields a best 
fit and the solvent dependence of the extracted 
AV* values differs little from that obtained by 
use of other forms of the rate-pressure relation- 
ship. Whalley and Baliga (3) have obtained some 
values of AV* for the solvolysis of t-butyl chloride 
at 0 "C and these are presented in Table 3, in 
addition to our values of A V* for t-butyl chloride 
and p-chlorobenzyl chloride. The possible errors 
given in our AV* values are the standard devia- 
tions from the quadratic analysis, although more 
realistic experimental uncertainties might be 
+ 0.5 to 1.0 ml/mole. Also included in Table 3 
are values of AV* for benzyl chloride as pre- 
viously reported by Golinkin, Lee, and Hyne (1). 
The value in pure water for benzyl chloride is a 
revised value supplied by Mr. S. J. Dickson of 
this laboratory. 

Partial Molal Volunles 
The partial molal volumes for benzyl chloride, 

p-chlorobenzyl chloride, t-butyl chloride, and 
benzyl fluoride in ethanol-water mixtures are 
presented in Table 4. These values are the average 
of at least four determinations with their average 
deviations as indicated. The volumes obtained by 
Golinkin, Lee, and Hyne (1) for benzyl chloride 
were in reasonable agreement (about 1 %) with 
the present results except for their value at 0.3 
mole fraction ethanol of 119.9 + 0.1 ml/mole 
as compared to our value of 125.4 + 0.7 ml/mole. 

From the activation volume, AV*, and the 
partial molal volume of the initial state, Vg, the 
partial molal volume of the transition state, F, 
can be calculated, AV* = I/, - V,. Figure 1 
represents the dissection of the volume param- 
eters for p-chlorobenzyl chloride, benzyl 
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TABLE 3 
Activation volumes for the solvolysis of p-chlorobenzyl 

chloride, benzyl chloride, and t-butyl chloride in 
ethanol-water mixtures 

A V* (ml/mole) 
Mole 

fraction p-Chlorobenzyl Benzyl t-Butyl 
ethanol chloride* chloride? chloride 

"Present work. 50.25 'C. 
tHyne,  ~ o l i n k i n ,  and Laidlaw 50.25 O C  (6). 
bBaliga and Whalley, O°C (3). The authors wish to thank Drs. Baliga 

and Whalley for the t-butyl chloride AV* data prior to publication. 
§Present work, 0.20 'C. 

TABLE 4 
Partial molal volumes in aqueous ethanol mixtures of benzyl chloride, benzyl 
fluoride, and p-chlorobenzyl chloride at 50.25 "C, t-butyl chloride at 1.35 "C 

Partial molal volume (ml/mole) 
Mole - 

fraction Benzyl Benzyl p-Chlorobenzyl t-Butyl 
ethanol chloride fluoride chloride chloride 

chloride, and t-butyl chloride using the data in 
Tables 1-4. Figure 2 is a plot of our partial molal 
volumes of benzyl fluoride and those of anilinium 
chloride, tetraethylammonium chloride, and 
tetramethylammonium chloride, as reported pre- 
viously by Lee and Hyne (1 1, 12), whose figures 
are included for comparison with our results. 

Although we are comparing Vt curves obtained 
at different temperatures for different compounds 
(p-chlorobenzyl chloride and benzyl chloride at 
50.25 "C, t-butyl chloride at 1.35 "C) the tem- 
perature variation should not invalidate a com- 
parative analysis. Millero and Drost-Hansen 

(13) report that the apparent molal expansibility 
of tetramethylammonium chloride (0.053 m) 
over 20-40 "C is about 0.1 1 ml mole-' deg-'. 
Dickson (14) has found a maximum temperature 
dependence of A V* for benzyl chloride in aqueous 
t-butanol of -0.25 ml mole-' deg-' and Lateef 
and Hyne (15) found AV* changed by about 
-0.08 ml mole-' deg-' for the solvolysis of 
ally1 chloride in aqueous ethanol. These small 
temperature effects of comparable magnitude on 
both sides of the equation AV* = Vt - Vg should 
cancel within the accuracy of our experimental 
results in the calculation of Vt. 
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p-Chlorobenzyl Chloride Benzyl Chloride t -Bu ty l  Chloride 

1 2 4 0  I I I I 112 I I I I 1 0 2 0  I I I I 
0.1 0 . 2  0.3 0 . 4  0 0.1 0 . 2  0 . 3  0 . 4  0.1 0 . 2  0 . 3  0 . 4  0 .5  

Mole Fract ion EtOH 

FIG. 1. Volume parameters for the solvolysis of p-chlorobenzyl chloride, benzyl chloride, and t-butyl chloride in 
aqueous ethanol. 

Mole Fraction EtOH 

FIG. 2. Partial molal volumes as a function of mole 
fraction ethanol of benzyl fluoride, tetraethylammonium 
chloride, tetramethylammonium chloride, and anilinium 
chloride. 

Discussion 

The dissection of the observed volume of 
activation behavior into initial and transition 
state componentsfor the three solvolysis reactions 

is presented in Fig. 1. In all these cases AV* 
passes through a minimum as a function of sol- 
vent composition and the initial state partial 
molal volume passes through a maximum. The 
transition state volume behavior, however, is 
distinctly - different in each case. A maximum in 
Vt is observed in the more SN2 type p-chloro- 
benzyl chloride solvolysis while a very distinct 
minimum characterizes the Vt behavior for the 
S,1 t-butyl chloride solvolysis. The Vt behavior 
for benzyl chloride is clearly intermediate 
between these two extremes. It would therefore 
appear that the behavior of the partial molal 
volume of the transition state as a function of 
solvent composition is directly related to the 
position occupied by the reaction in question on 
the mechanistic scale from SN2 to S,1. 

The observed maximum in the volume of the 
transition stateforp-chlorobenzylchloride should 
be compared with the similar behavior for all 
the initial states, Vg, andfor benzyl fluoride (Fig. 
2). This maximum behavior appears to be 
characteristic of all non-ionic substrates. The 
very pronounced minimum in volume observed 
for the transition state of t-butyl chloride, how- 
ever, is characteristic of the behavior of ionic 
species, as was demonstrated for tetramethyl- 
ammonium and anilinium chlorides by Lee and 
Hyne (11, 12) (Fig. 2). The transition state 
behavior of benzyl chloride was shown by Lee 
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and Hyne (11) to be more similar to the partial 
molal volume curve for tetraethylammonium 
chloride, indicating less charge development in 
the transition state than is represented by tetra- 
methylammonium chloride. 

- The behavior of the transition state volumes 
V, in the three cases, therefore, is in general agree- 
ment with the mechanistic classification of the 
three reactions. The transition state for p-chloro- 
benzyl chloride is more dipolar than ionic (SN2); 
the transition state for t-butyl chloride is well 
simulated by the ionic tetramethylammonium 
chloride (SN1); while that for benzyl chloride is 
intermediate between the two extremes as was 
previously suggested by the similarity of the V, 
behavior with that of tetraethylammonium 
chloride. These findings suggest that the solvent 
dependence of the partial molal volume of a 
solvolytic transition state obtained by dissection 
of the observed activation volume can serve as a 
useful yardstick in the characterization of reaction 
mechanism. 

The authors wish to thank the National Research 
Council of Canada for financial assistance in support of 
this work. 
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Anionic polymerization of styrene in oxepane 
(hexamethylene oxide). counter-ion, sodium1 

G. LOHR' AND S. BYWATER 
Division of Chemistry, National Researcli Council of Canada, Ottawa, Canada 

Received March 2, 1970 

The propagation reaction in the anionic polymerization of styrene in oxepane has been studied as a 
function of temperature and concentration of polystyrylsodium. Conductance measurements on 
polystyrylsodium were also made together with determinations of density, viscosity, dielectric constant, 
and dipole moment of oxepane itself. The measurements enabled the propagation rate constant to be 
determined of the polystyryl anion at 30 "Cand of the ion-pair over a wide temperature range. The results 
have been compared with those obtained in tetrahydrofuran and tetrahydropyran. 

Canadian Journal of Chemistry, 48, 2031 (1970) 

Introduction 

The anionic polymerization of styrene has been 
studied in a series of ethereal solvents of varying 
dielectric constant, dimethoxyethane (l,2), tetra- 
hydrofuran (3-5), tetrahydropyran (7-9), and 
dioxane (9, 10). Evidence has been presented for 
the presence of three types of active species, the 
free anion, a solvent-separated ion-pair, and a 
contact ion-pair, in order of decreasing reactivity. 
The contribution to the reaction of all but the 
latter species decreases as the dielectric constant 
decreases. It is of interest to examine solvents 
intermediate in dielectric constant between tetra- 
hydropyran (E = 5.5) and dioxane (E = 2.2) and 
it was thought oxepane, 

might help in this regard. Little physical data on 
this compound exists in the literature and so 
some of its physical properties were measured. 

Experimental 
Apparatus 

A modification of the basic apparatus described earlier 
(11) was used. This involves a greaseless high vacuum 
vessel, which is prewashed with polystyrylsodium and 
rinsed with solvent from the active polymer solution. The 
same solvent can be later distilled into the reaction cell 
for use as reaction medium. Monomer was added in 
fragile bulbs which were crushed with magnetic breakers. 
Initiation was carried out by contacting a small amount 
of styrene in the solvent with a sodium mirror. 

Polymerization rates were measured in a Cary-14 
spectrophotometer by following the disappearance of the 
styrene absorption at 291.2 mp. The concentration of 
polystyryl sodium was measured using its absorption 

lNRCC No. 11 305. 
2NRCC Postdoctorate Fellow, 1968-1969. 

band at 343 mp. The extinction coefficient used at 30' 
was 1.35 x lo4 as determined in tetrahydropyran (13). 
There are negligible differences in absorption in a series 
of cyclic ethers. At 30" and above, the temperature was 
maintained by means of a heated cell block through which 
thermostatted water was circulated. This system was 
backed-up by a controlled air temperature circulation 
system in the cell compartment. Below room temperature, 
the reaction cell was immersed in methanol in a quartz 
Dewar provided with optical windows and maintained at 
required temperature by circulation of methanol from a 
low temperature thermostat (Ultra kryostat UK-70W, 
Lauda Instruments). A comparison of the optical density 
of a polystyrylsodium solution at various temperatures 
with the measured densities of oxepane showed that the 
extinction coefficient at the maximum increased by 0.134 % 
per degree as the temperature was lowered. Similar results 
have been reported in tetrahydropyran (14). An ap- 
propriate correction was made for this change in estimat- 
ing concentrations of active centers at various tempera- 
tures. 

Materials 
Oxepane was obtained from the Aldrich Chemical Co. 

It contained about 10% of 7-oxa-bicyclo[2,2,1]heptane. 
It was found impossible to remove this material by 
conventional physical methods and recourse was made 
to its easy polymerizability. The commercial material was 
treated for 30 h at 60-70" with 100 ml SOC1, + 3.5 g 
FeC13 per 1.5 kg of material. The solution was cooled 
and made basic with concentrated aqueous NaOH and 
subjected to a simple distillation. Oxepane was recovered 
as an azeotrope with water boiling around 80". This often 
required the addition of extra water. Phase separation 
occurred at room temperature and the oxepane so ob- 
tained was dried and again subjected to the SOC12/FeC1, 
treatment and distillation until analytical gas chroma- 
tography showed no detectable oxabicycloheptane. Two 
treatments were usually adequate. The final product was 
refluxed over potassium for 24-48 h and fractionated at 
high reflux ratio in a 100-plate column retaining only the 
center third fraction. The material was stored for use on 
the vacuum line over Na/K alloy. 

Sodium tetraphenylboride (Fisher Scientific) was re- 
crystallized from tetrahydrofuran at low temperature. 
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Sodium metal was subjected to vacuum distillation to 
remove traces of potassium. Styrene was purified as 
described previously (1 2). 

Physical Measurements 
For conductance measurements a side-arm which 

contained a conductance cell with a constant of 0.0101 
cm-' was added to the standard apparatus. Conduc- 
tivities were measured using a Wayne-Kerr universal 
bridge. Dielectric constants of oxepane were measured 
on the bulk material at 1 kc, and 10 kc using a General 
Radio 1615A capacitance bridge and a three-terminal 
guarded cell. The dipole moment was determined using 
the same equipment on dilute solutions of oxepane in 
cyclohexane. The method of Guggenheim (15) was used 
to evaluate dipole moments from the dielectric constant 
data. The refractive-index term was determined using a 
Bryce-Pheonix differential refractometer and found to be 
small. Figure 1 shows the data obtained, AE/W being 1.85. 
The (nZ - noZ)/w term was about 0.01, the two results 
leading to a dipole moment of 1.51 D. Viscosity measure- 
ments were made in calibrated Cannon-Ubbelohde 
viscometers (Cannon Instrument Co.). Densities were 
determined in a pycnometer of standard design. The 
physical properties of oxepane are summarized in Table 1. 

Results 

The kinetic measurements at 30.0" are shown 
in Fig. 2, plotted in the conventional way as 
apparent k, vs. [polystyrylsodium]-1/2. The 
intercept gives the ion-pair rate constant (k,* = 
14.0 M - l  s-l) and the slope (0.275), leads to the 
product kp-KD1/2 (where k,- is the free anion 
rate constant and K, the ion-pair dissociation 
constant). Auxiliary measurements on the con- 
ductance (Fig. 3) enabled an estimate of KD to be 
made. The conductance is plotted according to 
the simple Kraus and Bray (16) method. More 
sophisticated treatments are not warranted in the 

TABLE 1 
Physical properties of oxepane* 

Dielectric 
Temperature Density constant 

(deg) (g cm-9  E 

FIG. 1. Dependence of dielectric constant on weight 
fraction of oxepane for dilute solutions in cyclohexane 
at 30". 

FIG. 2. Apparent k, (-dlnM/dT/[active centers]) in 
the polymerization of styrene In oxepane (30°, counter 
ion, NaC). 

present case. The slope of the line in Fig. 3 (2.1 
x 10') is equivalent to (K,A,~)-~. AO was 
estimated as 25.5 at 30" by use of Walden's rule 
and the previously determined A, of polystyryl- 
sodium in tetrahydrofuran (5, 17). This allows 
the determination of KD as 7.3 x 10-l2 M and 
k,- as 1.0 x lo5 M -  l s-I. Over a wider tempera- 
ture range the ion-pair constant was measured by 
carrying out the reaction in presence of sufficient 
sodium tetraphenylboride (- 1 x M) to 
suppress the ionization of polystyrylsodium. I t  
was established that although the solubility of 
this salt in oxepane decreases rapidly as the 
temperature is lowered, even at - 60" this amount 
can be dissolved. The results are shown in Fig. 4. 
Above room temperature the rates follow, within 
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LOHR AND BYWATER: AN IONIC POLYMERIZATION 203 3 

FIG. 3. FUOSS plot of the conductance of polystyryl- 
sodium (DP - 27) in oxepane at 30". 

FIG. 4. Ion-pair propagation constant as a function 
of temperature. (Upper line, tetrahydropyran (7); 
experimental points, present results in oxepane). 

experimental error, an Arrhenius dependence on 
temperature k,' = 1.59 x 10' exp ( - 9800/RT). 
Below room temperature the reaction rates be- 
come progressively higher than that estimated by 
the above equation and around - 50°, the ap- 
parent activation energy has dropped to around 
6500 cal/mole. Similar deviations have been 
observed in tetrahydropyran (7), the results 
being plotted in Fig. 4. 

Discussion 

The dielectric constant of oxepane is higher 
than it was hoped to be at the start of this investi- 
gation, being only - 10% lower than that of 
tetrahydropyran (THP) at room temperature. 
The ion-pair rate constant is about 20% lower 
under the same conditions, but as the tempera- 
ture is increased the rates tend to become equal 
to those in THP within the limits of experimental 
error but diverge increasingly as the temper- 
ature is lowered. If we accept the explanation 
(7) that the falling activation energy is caused by 
an increase in the proportion of solvent-separ- 
ated ion-pairs, then these must be less impor- 
tant in oxepane than in THP. In fact the high 
temperature rate constants in oxepane are very 
close to those estimated from experiments in THP 
for contact ion-pairs (1 8). 

The free ion rate constant at 30" in oxepane is 
similar to that in THP (1.3 x lo5 M- I  s-I) (13). 
The difference of about 30% is probablywithin the 
limits of experimental error. Even in tetrahydro- 
furan (THF) the value does not seem significantly 
different with reported values between 7 x lo4 
and 1.2 x lo5 at 25" (4,5). We must conclude that 
the free anion rate constant is not sensitive to the 
solvent properties. 

The ion-pair dissociation constant differs more 
between the two solvents (KDTHP = 1.7 x 10-lo, 
K,'" = 7.3 x 10-l2 at 30") but the values are 
about those expected on dielectric continuum 
theory using the Fuoss equation, K = 30001 
4nNa3 exp - (e2/askT), and an inter-ionic sepa- 
ration, a, of 4.1 A. In fact, the dissociation 
constant in THF can be fitted to this equation 
using only a slightly larger a value of 4.3 A. The 
values of a obtained from this equation are of 
course not an accurate measure of the interionic 
separation because of general deficiencies in the 
theory, and in particular because it does not allow 
for extra specific solvation of the cation in the 
dissociated state. The values are, therefore, larger 
than would be expected from reasonable values 
of ionic radii. Since increased cation solvation 
produces an apparently larger effective interionic 
separation, the similarity of the values obtained 
suggests that there are no large differences in the 
degree of cation solvation in these solvents, but 
that THF may be somewhat more efficient. 

The dipole moments of the three solvents do 
not vary very much (p,,, = 1.75 D (19), p,,, = 
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1.55 D (19), pOXp = 1.51 D)3 although there 
seems to be a downward trend with increasing 
ring size. Ion-dipole interaction of solvent 
molecules with the cation will, therefore, be 
similar in all three cases although again slightly 
stronger with THF. 

The importance in the reaction of solvent- 
separated ion-pairs also decreases markedly in 
the series THF, THP, and oxepane. In magnitude 
this effect must be comparable with the decrease 
in overall dissociation constant. It is unlikely, 
however, that it can be related to the changes in 
dielectric constant as can KD, but more probably 
is a consequence of increasing molecular volume. 
The two are of course related in this series. 
Presumably solvent separated ion-pairs are more 
easily formed with small solvent molecules since 
the energy required for partial charge separation 
will be smaller. 

The authors would like to thank Mr. P. E. Black and 
Mr. P. M. Toporowski for technical help in this work. 
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The kinetics of oxygen exchange between the sulfite ion and water 

R. H. BETTS AND R. H. VOSS 
Department of Chemistry, University of Manitoba, Winnipeg 19, Manitoba 
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Oxygen of mass 18 was used as a stable tracer to measure the rate of exchange between the sulfite ion 
and water as a function of pH and total sulfite concentration. A value for the rate constant of hydration 
of SOz in aqueous solution was determined. The gross rate constants kl and k-I  for the overall reaction 

k 1 

SO2 + H z 0  e H+ + HS03- 
k-  1 

at 24.7 "C and ionic strength = 0.9 were evaluated from exchange results to be 

k-I = 2.48 0.27 x lo9 mole-' 1 s-I 

k, = 1.06 k 0.13 x lo's-' 

Also, for the first time, rate constants for the pyrosulfite equilibrium 

kz 
2 HS03- Sz05'- + HZO 

k-z 
were obtained 

kz = 7.00 + 0.21 x 1O2mole-' 1 s-' 

k-z = 1 0 4 ~ - l  
at 24.7 "C and ionic strength = 0.9. 

Canadian Journal of Chemistry, 48, 2035 (1970) 

Introduction 

Despite the major importance of aqueous solu- 
tions of sulfur dioxide in numerous industrial 
processes, a surprising uncertainty remains as to 
the nature of the equilibria between the molecular 
and ionic species in these solutions. Although the 
ions H 3 0 f ,  HS0,-, and SO3,- are indeed 
present in such solutions, the undissociated free 
acid (presumably H2S03) has never been isolated 
or shown to exist. Nevertheless, its existence has 
been taken for granted by most chemists. How- 
ever, evidence from spectral studies including 
Raman (1,2), infrared (i.r.) (3, 4), and ultraviolet 
(u.v.) absorption (5) techniques, has shown that 
in aqueous solutions of SO, the unionized sulfur 
species consists mainly of uncombined sulfur 
dioxide molecules with sulfurous acid (H2S03) 
molecules present in very minor amounts (if a t  
all). Infrared spectra of aqueous solutions of 
sulfur dioxide show only bands typical of SO, 
molecules in the liquid and gaseous state. Falk 
and Gigukre (3) set an upper limit for H2S03 of 
approximately 3% of the total sulfur dioxide 
present. It is probable that the actual concentra- 
tion of H2S03 is very much smaller than that, for 
even at - 190 "C where the compound H2S03 
would be much more likely to occur, there is no 

evidence from infrared measurements for an 
SO,-H20 combination (3). From a macroscopic 
viewpoint, the overall equilibrium may be rep- 
resented as 

An extensive Raman study by Simon and 
Waldmann (6-8) revealed for the first time in 
these solutions some lines due to the bisulfite ions, 
HS0,-, as well as pyrosulfite ions, S2O5,-, 
pointing to the hitherto unsuspected equilibrium 

Golding (9) by U.V. absorption measurements 
confirmed the preceding equilibrium and deter- 
mined an approximate value of 7 x lo-' for the 
equilibrium constant, K = [S20,2-]/[HS03-]2. 

Information on the exchange of oxygen be- 
tween the sulfite ion and water is highly contra- 
dictory. Mills (10) reported no exchange between 
K2S03 and water after 24 h at 100 "C, whereas 
Hall and Alexander (11) found complete ex- 
change in 8 h at 95 "C. Winter and Briscoe (12) 
found the exchange between Na2S03 and water 
was negligible after 72 h at room temperature. 
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On the basis of their proposed mechanism for 
oxygen exchange between sodium thiosulfate and 
water, Pryor and Tonellato (13) suggest that their 
results "demonstrate unequivocably that, in the 
presence of thiosulfate, sulfite exchanges oxygen 
with water as slowly as does thiosulfate at 80 "C 
and pH 6" which would suggest a half-life of 
approximately 780 h. Halperin and Taube (14) 
passed SO, gas into enriched water adjusted to 
the desired pH and then immediately quenched 
the exchange by oxidizing the sulfite to sulfate 
with iodine. They found the exchange to be com- 
plete in less than 5 min when the aqueous solution 
was initially 0.1 M HC1 or 0.4 M NaOH. In con- 
trast to the rapid exchange observed by Halperin 
and Taube in the basic region, Hall and Alexander 
(1 1) observed that K2S03 did not exchange with 
water even after 5 h in 0.2 NNaOH at 95 "C, and 
Brodskii and Vysotskoya (15) obtained half-lives 
of 2.5 and 210 h at 100 and 20 "C, respectively, 
under approximately the same conditions. 

Eigen et al. (16) observed by ultrasonic tech- 
niques characteristic relaxation times (of the order 
of s) in aqueous solutions of sulfite at pH 
1 to 5. On the assumption that equilibrium [I] 
was involved, they deduced values of k-, = 
2.0 x lo8 mole-' 1 s-' and k, = 3.4 x lo6 s-I 
(20 "C, ionic strength = 0.1). These values of 
course depend on the value chosen for the equilib- 
rium constant for reaction [l ] above. 

A later paper by Wang and Himmelblau (17) 
reported values of k, and k-, deduced from 
measurements on the rate of transfer of radio- 
active sulfur dioxide ( 3 5 S ~ 2 )  between an aqueous 
phase and its corresponding vapor. The values 
given are approximately eight orders of mag- 
nitude smaller than those given by Eigen et al. 
(16), to which no reference is made by these 
authors. 

In view of these large uncertainties in the 
literature, extending over a period of nearly 30 
years, the present authors felt that a further in- 
vestigation of the sulfite-water exchange reaction 
would be desirable. 

Experimental 
Materials and Apparatus 

Water enriched to about 1.6 atom % (obtained from 
YEDA Research and Development Co. Ltd;) was dis- 
tilled once from alkaline permanganate. Water of normal 
isotopic composition (containing approximately 0.2 atom 
% 180) was doubly distilled. 180-enriched sodium sulfite 
was prepared by dissolving normal sodium sulfite (cer- 
tified A.C.S., Fisher) in a large excess of enriched water 

at room temperature, allowing the mixture to equilibrate 
overnight (which was found to be sufficient time for com- 
plete exchange), and then removing the water by dis- 
tillation under vacuum. All other chemicals were of 
reagent grade and used without further treatment. 

The p H  values were measured using an Orion Model 
801 digital p H  meter. Isotopic analyses were made on a 
Varian-Mat G D  150 isotope ratio mass spectrometer. 

Sample Preparation and Isotopic Analysis 
Preliminary studies of the oxygen exchange between 

the sulfite ion and water were carried out using a "freeze- 
dry" technique. The kinetic runs were followed by 
measuring either the increase or decrease of the 180- 

enrichment of Na2S03. To start the exchange reaction a 
weighed amount of either normal or "0-enriched 
Na2S03 was added to 10 ml of either 180-enriched or 
normal water respectively and kept at the desired tem- 
perature (24.7 "C for most runs). The p H  of the solution 
was adjusted by adding the required quantities of either 
concentrated NH40H or HCI. At timed intervals, 
aliquots of the mixture were removed, frozen to - 196 "C 
to "stop" the exchange reaction and the water pumped 
off under high vacuum. This technique was not very 
satisfactory. The drying of the salt required a long time, 
and the experimental reproducibility was not better than 
4 5  %. Furthermore, as it became desirable to control the 
pH, the remainder of the work was carried out with 
borax buffer solutions. The sulfite was precipitated from 
solution as the insoluble salt SrS03 by addition of SrCI,. 
Argon (Matheson H.P.) was bubbled through the water 
or borax buffer solutions for approximately 5 min to re- 
move any dissolved oxygen and then slowly bubbled 
through the exchanging mixture to preclude air oxidation 
of the sulfite while the reaction was in progress. 

The isotopic composition of the sodium sulfite or the 
strontium sulfite was determined using a technique sug- 
gested by Shakhaskiri and Gordon (18). The oxygen in 
the compound is converted to C 0 2  by heating the sample 
with AgCN for approximately 2 h a t  500 "C. The relative 
abundance of oxygen-18 in the C 0 2  samples recovered 
was determined by measuring the ratio of mass 46 to 
(mass 44 + mass 45) peaks ('2C160180/'2C160160 + 
13C160t60 + 12C160170) on the isotope ratio mass 
spectrometer. This ratio was read directly by the double 
collector procedure and is referred to as thep-factor. The 
half-lives of the exchange reaction (tlI2) were derived 
graphically (allowing for a reproducible zero time or 
induced exchange of approximately 13-16%) from ex- 
perimental points (6 points per run) by plotting the 
logarithm of the fraction (1 - F)  vs. time, where F, the 
fraction exchanged at time t ,  was evaluated from the 
relations hi^ 

where Po, P,, and P ,  refer to the isotopic composition 
(p-factors) of the C 0 2  samples at time zero, t ,  and infinity 
(that is, at isotopic equilibrium), respectively. 

The rate of oxygen exchange, R, was then calculated 
using the equation 
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from the "freeze-dry" experiments are also in- 
cluded in Fig. 1. The half-lives corresponding to 
the upper (pH 10.50) and lower (pH 8.90) points 
of Fig. 1 correspond to values of 1518 min 
(25.3 h) and 1.3 min, respectively. For an experi- 
ment carried out at pH -- 12.7 (0.3 M Na2S03, 
0.1 M NaOH), no exchange was observed even 
after 17 days, as would be expected from ex- 
trapolation of the data given in Fig. 1. 

Suljite Dependence 
The dependence of rate of oxygen exchange on.. 

the total sulfite concentration, [ST], was deter- 
mined by measuring the rate of exchange for five 
different ST concentrations (0.600, 0.450, 0.300, 
0.150, and 0.075 M)  maintaining the pH as close 
as possible to a value of 9.52. A plot of -loglo R *  
vs. -log,, [ST] (Fig. 2) was linear with an ap- 
proximate slope of 1.2. (R * represents the rate of 
exchange at pH 9.52 which was the pH observed 
for the reaction carried out for [ST] = 0.6 M;  the 
value of R*  for IS,] = 0.3 M was obtained from 

I I I I I / Fig. 1, and all other values were normalized to 1.8 
8.6 9.4 10.2 I 1.0 pH 9.52 assuming that R K [H+I2). 

P H A least-squares treatment of all R * values gave 

where a and b are the number of g-atoms of oxygen per 1 
in the water and sulfite respectively. 

Results 

FIG. 1. p H  dependence for sulfite-H20 oxygen ex- 
change at 24.7 "C and [ST] = 0.3 M (p = 0.9): 0, pre- I I I I I I 

From the preliminary studies carried out in the 
pH range 3-8 (3.0, 3.8, 5.9, 6.9, 8.2) using the 5 
"freeze-dry" technique, it was found to be im- 3.6- - 
possible to "stop" the exchange reaction by 

- 
*a freezing before isotopic equilibrium occurred. 2 

However, in the pHregion 9-1 1 the exchange was - - 
found to be slow enough so that its kinetics could 7 
be followed. Further measurements were there- 
fore made in this region. 

3.2 - - 
p H  Dependence 

The pH dependence of the exchange process 
was studied in experiments in which the total con- 
centration of "sulfite", [ST], ([ST] = + - - 

[HS03-] + [SO2] + 2[s2OS2-I) wasmaintained 
constant ([ST] = 0.3 M, ionic strength = 0.9). A 
plot of -log,, Rvs. pH (-loglo [H+]) was linear 2.8 I I I I I I 

0.0 0.4  0 . 8  1.2 
(Fig. 1). A linear least squares treatment of these - I 0 g I 0 r s T ~  (moles 1.') 

data gave for the a of '93 * 0'05' This FIG. 2. Total sulfite concentration ([ST]) dependence is then the kinetic the exchange with of the rate of sulfite-HZO oxygen exchange at 24.7 "C: 
respect to H +  ion concentration. Values obtained 0, p = 0.9; 9, p = 1.35; Q, p = 1.80. 

cipitation technique; A, "freeze-dry" techn~que. / I 
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for the slope, which is the order with respect to 
[ST], a value of 1.15 + 0.03. The ionic strength 
for the runs carried out at [ST] = 0.300, 0.150, 
and 0.075 M was 0.90; that for the latter two 
points was adjusted by adding potassium nitrate. 
The ionic strength for the runs corresponding to 
[ST] = 0.480 and 0.600 M was 1.35 and 1.80, 
respectively. 

Temperature Dependence 
The rate of exchange for [ST] = 0.3 M was 

measured at 10.0, 24.7, 35.9, and 50.3 "C. The 
corresponding pH values of the solutions were 
9.62,9.62,9.74, and 9.88, respectively. The actual 
values of the rates at the latter two p H  values 
were therefore normalized to 9.62 by assuming 
R cc [Hf 1'. Values for the Arrhenius parameters 
were calculated from these data in the usual way: 
EA = 8.86 + 0.8 kcal mole-', log,, A = 2.64 g- 
atom oxygen 1-I s-' (see Fig. 3). 

Discussion 

Rate Law and Meclzanisrn for Exchange 
From the experimental studies, the empirical 

FIG. 3. Arrhenius plot for sulfite-H20 180 exchange 
reaction. 

rate law (at 24.7 "C and ionic strength = 0.9) was 
found to be 

[5 I R = ~ [ H + ] " O [ S ~ ] ~ ' ~ ~  
where [ST] represents the total sulfite(= [SO,] + 
[HSO,-] + [SO3'-] + 2[S205'-I) in solution. 

We now propose mechanisms which are con- 
sistent with this result. Exchange of oxygen could 
occur by the following paths 

H+ + S032- =$ HS03- (fast) 

followed by the hydration reaction 

If process [I] alone were responsible for iso- 
topic exchange, the rate of the exchange would be 
first order in total sulfite. The observed value of 
1.15 suggests that both first and second order 
processes contribute. 

The following process, second order in [ST], 
may be postulated 

Equilibria [I ] and [2] would yield corresponding 
terms in the overall rate expression 

Equation [6] predicts, as is observed, that the rate 
of exchange will be second order with respect to 
[Hf 1, since in the p H  region examined, [HS03-] 
varies directly with [Hf 1. Equation [6] is also 
consistent with the observed dependence of the 
rate on [ST], as will now be shown. 

In the pH  region 9 to 10.5, the principal sulfite 
species are HS03-  and SO,,-, i.e., [ST] - 
[HS03-] + [so3,-].  

In terms of [HS03-] the total sulfite concen- 
tration ST can be written, t o  a good approxima- 
tion, as follows 

where K, = [HSO,-]/[H+ :I[S032-]. SillCn and 
do-workers (19) list for K2 a value of 2.19 x lo6 
for ionic strength = 1.0, T = 25 "C, conditions 
which are appropriate for the present study. 

It is convenient to re-cast eq. [7] 
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BETTS AND VOSS: KINETICS OF OXYGEN EXCHANGE 2039 

For experiments made at a fixed pH, eq. [8] 
shows that the ratio [HS03-]/[ST] is a constant 
(given by r in eq. [9] below). Equation [6] then 
becomes - 

l", 

[9] R = k-,r[H':1[ST] + k2r2[ST]2 '; 1.8 

Dividing through eq. 191 by [ST] 
rSI % 

R 
[lo] = k-,r[Ht] + k2r2[~,] 

0 
Clearly, a plot of R/[ST] vs. [ST] should give a 
straight line whose slope is not zero if there is a 
second order contribution to oxygen exchange. 
Such a plot is shown in Fig. 4; it is linear with a mg 
non-zero slope, indicating participation by pro- - 

cesses second order in [ST]. A least-squares 
analysis of the data in Fig. 4 gave values of 
9.1 + 2 x g-atom oxygen mole-' 1 s f 1  
(slope) and 1.34 f 0.04 x loe3  g-atom oxygen 
mole- l s- l (intercept). Values for the rate con- 

1.2- 
stants k, and k- ,  were determined from the 
slope (= k2r2) and intercept (= [Hi]rk- ,) to be 

I I I I I I 

: kvr: 
- l.4yy 

I I I I 
0.0 0.2 0 .4  

I1 
0.6  

7.00 f 0.21 x 10' mole-' 1 S-'  and 2.24 f rs.,.~ ( moles I - ' )  

0.06 x lo9 mole-' 1 s- l ,  respectively (r = 
6.61 x for pH = 9.52).' 

FIG. 4. Determination of the second order contri- 
bution to the rate of sulfite-HZO oxygen exchange. 

A value for k- ,  can be found in another way 
by using the data from the pH-dependence series 
(Fig. 1). If the contribution of the second order exchange under conditions where we do. This 
process R2 = k2 [HS03-l2 is subtracted from the discrepancy we Suggest is probably due to the low 
total rate of exchange [6] using the value of k2 sensitivity of the methods used by those workers 
deduced from Fig. 4, then k- , can be determined (who followed the isotopic com~osition of the 
from eq. [I I], solvent) and perhaps also due to the uncertainties 

R - R2 inherent in the use of the very slightly enriched 
C111 k- - ' - [H'][HS03-1 water available at that time. 

The conclusion of Pryor and Tonellato (13) 
The average value of this constant was found to be that the sulfite-water exchange is very slow at pH 
2.48 f 0.27 x lo9 mole -' 1 s-', independent of 6 is indirect, in the sense that these workers did 
pH, agreeing very well with the value 2.24 f not actually follow the isotopic composition of 
0.06 x lo9 mole -' 1 s-' found from the intercept the sulfite in the S032--S20,2--H20 system. 
of Fig. 4. Their concern was primarily with the rate of 

Our results are compatible with the qualitative transfer of oxygen from H 2 0  to the thiosulfate 
results in refs. 11 and 15. There is, however, dis- ion, via the S atom transfer process 
agreement with the results in refs. 10, 12, 13, and * * Z-03s-s + so3'- -> 03s'- + s-so3'- 
14. Eigen and co-workers' results (16) are in a 
category by themselves, and are discussed more which is known to occur (13). If the Sulfite-HzO 
fully below. oxygen exchange were rapid, then the S atom 

Mills (lo) and Winter et al. (12) did not observe transfer would, in effect, transfer oxygen between 
H 2 0  and S2032-.  The "catalytic" role of sulfite 

'One of the referees has suggested that the apparent appeared to be too low in the work reported in 
curvature of the plot in Fig. 4 may be associated with the ref. 13 and it was concluded on this basis that the 
two forms of bisulfite proposed in ref. 9. We have not 
been able to devise a quantitative treatment incorporating su1fite-H20 exchange must therefore be at 
this suggestion. pH  6.0. It appears possible that the exact relation 
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between the rate of sulfur atom transfer (SO3'- + 
S203'-) and the concomitant rate of oxygen 
transfer from H 2 0  to S203'- is somewhat more 
complex than allowed for by the previous work 
(13). Indeed, recent measurements in this labora- 
tory (20), to be published elsewhere, on the 
S2032--S032--H20 system show no incon- 
sistency as between S and oxygen exchange and 
support the view that the sulfite-water exchange 
is rapid at pH 6.0. 

We do not have, as yet, a convincing explana- 
tion which will reconcile our results with those of 
Halperin and Taube (14). There is no reason to 
doubt the validity of their observation, which is 
that when unlabelled sulfite is added to 0.4 M 
NaOH in "0 labelled water, and then oxidized 
(within 5 min) to sulfate by addition of iodine, the 
sulfate formed has the isotopic composition of 
the solvent. A possible explanation would be that 
both sulfite and sulfate are slow to exchange 
oxygen with water in alkaline systems. However, 
one or more transient intermediate species formed 
by reaction of iodine with sulfite may be very 
substitution-labile, and the oxygen transfer from 
water observed by Halperin and Taube takes 
place at that stage. Further investigation of the 
I,-SO,~- system would be desirable to resolve 
this question. 

As was mentioned above, the results of Eigen 
et al. (16) were deduced from relaxation measure- 
ments on aqueous (0.05-0.1 5 M )  sulfite solutions 
in the pH region 1 to 5. The relaxation was at- 
tributed to the processes involved in equilibrium 
[I], for which a value of 

was assumed, as appropriate for T = 20 "C, 
p = 0.1. Values of k, and k - ,  evaluated in this 
way are given in Table 1. Corresponding values 
determined in the present work by ''0 transfer 
are also given in Table 1. It will be evident from 
the earlier discussion that our values of k, and 
k-, depend critically on the value used for the 
second dissociation constant of the bisulfite ion, 
K2 = 2.19 x lo6, and we have chosen what we 
believe is a value appropriate to the ionic strength 
and temperature. The value of k, is, in both cases, 
related to k-, through the relation given above 
involving K,. Eigen et al. used K, = 0.017, while 
we have used K, = 0.0428, for somewhat differ- 
ent conditions of temperature and ionic strength. 

In view of these points, and also the vastly 

TABLE 1 

Comparison of rate constants obtained in this study 
with values derived from other methods 

Tem- 
k-1 kl perature Ionic 

( m o l e  1 s )  ( s )  Reference ("C) strength 

2.48x109 1.06x108* Thiswork 24.7 0.9 
2.0 x 1 0 9 . 4  x106t 16 20 0.1 

*The value for k l  was calculated from k-l  using the value reported 
for the equilibrium constant K ,  (=[H+][HS03-I/IS02]) = 0.0428 by 
Sillen er a/ .  (19). 

tAssuming K I  = 0.017 (16). 

Tem- 
kz k-,* perature Ionic 

( m o e  I s )  ( s )  Reference ("C) strength 

*k-2 was calculated using the value for k2 and the value reported by 
Golding (9) for the equilibrium constant K = [S2O52-]/pSO3-]2,=z 
0.07. 

different nature of the experimental methods, we 
regard the agreement between the values of k- ,, 
2.48 x lo9 (this work) and 2.0 x 10' (Eigen et 
al.), as very satisfactory. The agreement between 
the k, values is not as striking, but this is not 
unexpected in view of the importance of K, 
values in making such comparisons. 

Finally, coincidence of results may be obtained 
between our work and that of Eigen et al. by 
"selecting" values of K, = 0.017 and K, = 
1.6 x lo7 (values given by Tartar and Garretson 
(21) for zero ionic strength). We do not, in fact, 
think that these values are appropriate for our 
conditions, and refer to them simply to underline 
the relative ease of reconciling these two sets of 
data. 

We thank the National Research Council of Canada 
for financial support of this work, and also for a Scholar- 
ship for R.H.V. 
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Studies on hydrogen-oxygen systems in the electrical discharge. 111. 
Surface effects 

PAUL E. BRUNET, XAVIER DEGLISE, AND PAUL A. GIGUBRE 
DPpartemerzt de Chitnie, Universitk Laval, QuPbec, QuPbec 

Received December 30, 1969 

Surface effects in the reactions of dissociated hydrogen-oxygen systems and the products condensed 
therefrom have been investigated. Water vapor at  about 0.1 Torr was streamed at high velocity through 
an electrodeless discharge confined in tubes of different materials or with various surface coatings. In 
all cases the products trapped in liquid nitrogen evolved oxygen gas on warming, but the relative 
amounts varied considerably from one type of surface to another. In  some cases there was clear evidence 
that the walls of discharge tube were attacked by hydrogen atom bombardment. The decomposition, 
both thermal and electrical, of pure hydrogen peroxide vapor was studied likewise. The pyrolysis 
products gave off very little oxygen on warming. By contrast the products from electrical decomposition, 
even at  low power level, evolved much oxygen, most of it above the melting point. 

It is concluded that there is always some decomposition of hydrogen peroxide in the trapped products. 
However, this does not seem sufficient to account for all the evolved oxygen; at  least not in the case of 
dissociated water vapor. 

On a CtudiC le r61e des surfaces dans les rCactions entre les produits de dissociation de I'eau et divers 
autres systemes oxyhydriques. Un courant de vapeur d'eau sous basse pression (moins de 0.1 Torr) 
Ctait dissociC par passage tres rapide a travers une dCcharge sans Clectrode dans des tubes de divers 
matCriaux, puis piege aussitbt dans l'azote liquide. En se rechauffant ces produits dCgageaient toujours 
de l'oxygene, mais en quantitCs tres variables selon le type de surface. Dans certains cas les parois du 
tube a dCcharge Ctaient visiblement attaquees par I'hydrogene atomique. On a CtudiC par la m&me 
mCthode les produits de la dissociation thermique et  Clectrique de la vapeur de peroxyde d'hydrogene 
pur. Alors que les produits de la pyrolyse ne dCgageaient que tres peu d'oxygene lors du rkchauffement, 
ceux de la dCcharge Clectrique, m&me a faible puissance, en produisaient toujours beaucoup, surtout 
apres la fusion. 

O n  en conclut qu'il y a toujours une certaine dCcomposition du peroxyde d'hydrogene piCgC. Cepen- 
dant ce phCnomene ne peut rendre compte de tout l'oxygene dCgagC; du moins pas dans le cas de la 
vapeur d'eau dissociCe. 
Canadian Journal of Chemistry, 48. 2042 (1970) 

In Part I of this series (1) the reactions of 
hydrogen peroxide vapor with electrically dis- 
sociated hydrogen gas were studied mainly for 
the purpose of identifying the source of the 
oxygen evolved by the condensed products on 
warming. The results were interpreted as suggest- 
ing decomposition of part of the hydrogen 
peroxide present in this material possibly under 
the influence of some contaminants introduced 
through the electrical discharge (2). Various 
evidence was quoted indicating that a powerful 
discharge through hydrogen in a glass tube 
generates traces of unidentified compounds, 
presumably of silicon. However, the validity of 
this explanation has been questioned (3). It 
seemed desirable, therefore, to test it at  least 
qualitatively; for instance, by substituting vari- 
ous materials of surface coatings for the discharge 
tube. For comparison purposes other related 
systems were similarly studied, such as hydrogen 

peroxide vapor dissociated thermally or electri- 
cally. 

Experimental 
The conventional gas flow system featured fast pump- 

ing: maximum capacity of about 250 I/min at  0.1 Torr. 
The flow of water vapor, generally of the order of 3 to 4 
m/s in a discharge tube of l cm2 inner section, was 
produced by evaporation through a calibrated needle 
valve of a weighed sample of the deaerated liquid in a 
small bulb. Most of the experiments were carried out 
with a microwave discharge as described before in Part 
I1 (4). The amount of power dissipated in the "load" was 
kept constant at  100 W. This was more than 10 times the 
energy required to atomize completely all the input 
water vapor (5). 

For comparison a number of runs were carried out 
with an  electrodeless radio frequency (r.f.) discharge of 
the type used before in this laboratory (6). However, the 
other experimental conditions could not be reproduced 
because of the difficulty of maintaining a steady discharge 
in a small diameter tube, and of operating the r.f. 
generator at a power level of less than 200 W. From 
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appearance the difference between the two types of  dis- 
charge was that with the microwave, the red glow (Balmer 
lines) was confined to a few cm on each side of the cavity, 
whereas with the r.f. coil, it was much more spread out. 
In particular with a large (4 cm diameter) discharge tube 
it extended all the way down to the vacuum pump, except 
for the zone in the liquid nitrogen trap where it was 
extinguished. Preliminary runs (7) with a capacitance 
coupled discharge (using a pair of outer sleeve electrodes 
sonie 10 cm apart), confirmed previous findings (8) 
about the very low efficiency of this type of  coupling for 
dissociating water molecules. The concentration of 
hydrogen peroxide condensed therefrom was only of the 
order of 1 % as against 40 to 60% with an inductive 
coupling. 

The liquid nitrogen trap was of the conventional, 
concentric tube type, some 4.5 cm in outer diameter and 
15 cm long. It was inserted into the vacuum system 
through flange joints with Viton O-rings so that it could 
be used in both directions, with slightly different results. 
However, no systematic study of the size and shape of 
traps was attempted. The level of liquid nitrogen in the 
unsilvered Dewar flask was kept constant to within 2 cm 
by means of an automatic device (Hereaus-Leybold 
Vacuum Corp.). After completion of a run (usually 2 h) 
the section comprising the discharge tube and the cold 
trap was isolated from the rest of the system and the 
liquid nitrogen poured out. This allowed the condensate 
to warm up at an average rate of 3 "C/min. A tiny 
copper-constantan thermocouple cemented to the outer 
wall of the trap at the level of the deposit gave the 
temperature to + 1 'C as displayed on a direct reading 
Digitec Thermometer (United Systems Corp.). The 
pressure of evolved oxygen as a function of temperature 
was read on a Texas Instrument Quartz Spiral Pressure 
Gage or  an aneroid manometer (Wallace and Tiernan, 
Model M). Upon reaching room temperature the trap 
was disconnected and weighed to the nearest 5 mg. The 
titer of the hydrogen peroxide solution was determined 
to k 0.5 % from the refractive index (9). Obviously, the 
weight of the condensate was known with less accuracy 
(about f 5 %) than that of input water ( f  1 %) and that 
of evolved oxygen. In a few runs the concentration of 
oxygen in the exhaust gas (mostly hydrogen) was deter- 
mined to about 1 % with a magnetic oxygen analyzer 
(Beckman, Model D-2). Also, in a few cases, the ozone 
content of the evolved oxygen was measured by iodom- 
etry. 

For the pyrolysis experiments the apparatus was 
modified as follows: (a) The metal needle valve was 
replaced by a greaseless Pyrex-Teflon stopcock to avoid 
catalytic decomposition of the hydrogen peroxide vapor. 
(b) An electrical resistance furnace 25 cm long was 
substituted for the n~icrowave cavity. The temperature 
of the quartz tube inside the furnace was measured to 
f 2 "C with an iron-constantan thermocouple. (c) The 
liquid nitrogen trap, of the Dewar flask type, was located 
some 15 cm from the end of the furnace. It was sealed 
directly, through a graded seal, to the quartz tube to 
avoid the difficulties of a heated ground glass joint. At 
the end of a run the melted products were condensed in a 
small flask located at the bottom of the trap, for weighing 

and analysis. The concentrated (98.6%) hydrogen 
peroxide was prepared by fractional distillation of 
BECCO's 80% commercial product. The liquid sample, 
held in a small flask with a ground glass joint, was kept 
in ice water during a run. 

Discussion of Results 

As the behavior of these systems has been 
described repeatedly in the literature, and again 
recently in an exhaustive monograph (3), only the 
new features relevant to surface effects will be 
reported here. For that purpose the following 
parameters are defined: yield, the fraction of 
input oxygen which is converted into hydrogen 
peroxide in the final products (i.e. after warming 
up to room temperature); efficiency, the fraction 
of input oxygen trapped at liquid nitrogen 
temperature (this is the sum of the water and 
hydrogen peroxide in the final products plus the 
evolved oxygen and ozone). The material bal- 
ance is expressed in inmoles h- l .  (n units in the 
tables). 

Nature of the Surface 
Pyrex glass, the most commonly available 

material for a discharge tube, is also the one 
which gives the highest yields of peroxide, as 
shown by the typical run No. 1, Table 1. Fused 
quartz, although it has a lower dielectric loss than 
Pyrex at microwave frequencies (lo), always gave 
appreciably smaller yields (run No. 2 is rather 
extreme in that respect). This difference in 
behavior does not seem to have been reported 
before. It must be related to the effect of the 
borosilicate components of Pyrex on the surface 
recombination of the atomic and radical species 
in the discharge tube. In quartz, water production 
was slightly favored at the expense of peroxide. 
However, the relative amount of evolved oxygen 
remained the same. A soft glass (ordinary soda 
glass) discharge tube yielded no hydrogen 
peroxide at first (run No. 3). In subsequent runs 
some peroxide was found in increasing propor- 
tion although always much less than with a 
Pyrex tube. Surface reactions leading to water 
formation were prominent as manifested by 
overheating of the discharge tube. Unless the 
latter was cooled by a strong air blast the yellow 
lines of sodium were noticeable. Much more 
water could be fed into the system with that 
tube because very little permanent gas was 
generated, the limiting factor being the capacity 
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TABLE 1 
Influence of various factors on the reactions of dissociated water vapor 

-- 
HZ0 H202 H z 0  0 2  

Run input produced produced evolved Yield Efficiency 
Description No. n wt % n n 0 2 / H 2 0 2  % % 

Surface effects 
Pyrex 1 24.0 67 7.9 1.35 0.16 7 1 115 
Quartz 2 20.6 49 10.5 0.84 0.15 52.5 
Soda glass 3 85.7 0 31 . O  0.25 - 0 

110 

Soda glass 
37 

4 72.6 9 66.0 0.62 0.17 10 
Teflon 5 80.0 0 65.5 7 .3  - 0 

102 

Teflon 
100 

6 ' 97.2 14.5 71.3 3 .9  0.61 13 95 
H,PO, 7 30.5 52 12.7 1.25 0.17 47 97 
Packing, carrier gas, etc. 
Raschig 8 9 .4  23.2 7 .3  0 .2  0.17 25 
Capillary 

107 
9 2.1 4 . 2  2 .0  0.01 0.25 4 100 

r.f. discharge 10 13.8 63.5 3.6 0.5 0.1 68 1 1  1 
r.f. discharge* 1 1  69 40 40.5 4 . 4  0.31 41 113 
r.f. discharge* + Ar 12 40 44 22.4 2.2 0.24 46.5 113 
r.f. discharge* + 10 Ar 13 22 25 16.7 1.3 0.45 26.5 114 

*Large (4 cm diameter) discharge tube. 

of the vacuum pumps. In view of the high flow 
rates (up to 40 m/s) it is doubtful if all the water 
vapor could be dissociated. 

Teflon has good thermal and chemical stability 
as well as fairly low dielectric power loss. Its 
behavior as a discharge tube was roughly the 
same as soft glass except that much more oxygen 
was evolved from the trapped products on 
warming (run No. 6). Furthermore, the. latter 
was found to be contaminated by hydrofluoric 
acid arising from corrosion of the plastic dis- 
charge tube. This could not be due to a thermal 
reaction as the temperature of the discharge tube 
never rose above 50 "C. The well-known catalytic 
decomposition of hydrogen peroxide by strong 
acids (9) must, therefore, be responsible for the 
excess of evolved oxygen in this case. Lastly, a 
coating of orthophosphoric acid on Pyrex 
reduced somewhat the yield, although more water 
vapor could be dissociated. This type of "wet7' 
surface is known to minimize recombination of 
hydrogen atoms, favoring water formation at the 
expense of peroxide. 

An interesting observation relates to the 
efficiency of trapping, which tended. to be greater 
than 100% with Pyrex and quartz. The excess 
seems real as it lies outside the uncertainty of our 
analyses. This means that more oxygen was 
trapped than was introduced as water. Since 
analysis of the exhaust gas showed an oxygen 
content of the order of 10% the overall excess is 
still larger than shown here. An obvious explana- 

tion for this is the formation of water from 
silicates under bombardment of excited hydrogen 
atoms. Evidence for this has been reported before 
in this laboratory (I), and by other workers 
(11, 12). 

Miscellaneous EfSects 
Packing the discharge tube with tiny Pyrex 

rings decreased the peroxide yield considerably 
(run No. 8). This must be the combined result of 
increased surface reactions and reduced pumping 
speed (i.e. longer residence time). These effects 
were further enhanced in a capillary (1 mm 
diameter) discharge tube, although again in this 
instance all the water may not bave been dis- 
sociated because of the very high flow rate 
(about 150 mls). The radio-frequency discharge 
gave roughly the same results as the microwave 
(comp. runs No. 1 and 10) under comparable 
conditions, but with a larger tube (4 cm diameter) 
much more water could be dissociated. It is not 
easy to disentangle the various factors involved 
here, namely: higher power (about 200 W), 
lower surface to volume ratio, longer residence 
time (flow rate of 0.5 mls). Incidentally, most of 
the experiments reported here were done under 
viscous flow conditions (mean free pathldiameter 
of tube - 0.01) after Knudsen. 

Varying the distance between the discharge 
zone and the cold trap altered the yield in the 
same fashion as reported before (3, 13) but the 
effect was much less marked with a phosphoric 
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Oistoncs icrn) 

FIG. 1. Effect of distance between discharge zone and 
cold trap surface on water vapor input and hydrogen 
peroxide yield. 

acid surface (Fig. 1) for the reason already 
discussed. Addition of a carrier gas (Argon) 
caused little change at low ratio (1 to 1 as in run 
No. 12) but the yield decreased rapidly at higher 
dilution (run No. 13). 

Thermal vs. Electrical Dissociation of H,02 
In order to bring out some of the specific 

features of the electrical discharge in these systems 
it was decided to compare their behavior in 
thermally and electrically induced dissociation 

under closely similar conditions. Pure hydrogen 
peroxide vapor was used for that purpose because 
dissociation of water requires very high tempera- 
tures. The pyrolysis of hydrogen peroxide has 
been studied before in a flow system (14) but not 
from the viewpoint of the trapped products. It is 
well known that the homogeneous decomposition 
becomes gradually more important above 400 "C 
(15). Blank runs indicated that the surface de- 
, I  

composition amounted to less than 10% in our 
apparatus. As for the electrical dissociation, 
Winkler and co-workers (16) have shown that it 
gives results somewhat similar to those of water 
vapor. Therefore, the present comparative study 
is relevant to the problem at hand. 

The trend of the data for the thermal dissocia- 
tion (Table 2) shows that it was only partial in 
the temperature range covered. The species 
present in the dissociated stream then were the 
molecules H 2 0 ,  H202,  and 0 2 ,  and in much 
lower concentrations, the radicals HO; and HO'. 
In contrast, in the electrical discharge, only 
radicals and atoms must exist, even at low power 
level. This difference was reflected in the physical 
appearance of the trapped products which were 
partly crystalline for the thermal decomposition, 
but vitreous, with the typical yellow color, for the 
electrical dissociation. However, the major 
difference for our purpose was in the extent of 
oxygen evolution from the condensate on warm- 
ing. Generally speaking this was at least an order 
of magnitude greater in the products from electri- 
cal discharge. Another important observation was 
that the greater part of this gas evolution took 
place after the trapped products had begun 
melting. It could be observed as an active foaming 
of the liquid as it ran down the walls of the 
Dewar trap. 

TABLE 2 

Dissociation of hydrogen peroxide vapor 

Temperature H20z  H202  produced H 2 0  O2 evolved 
Run or input produced Efficiency 

Reaction type No. power n n w t %  n 230 "K 290 "K % 

Thermal dissociation 
--. -. -. 

i J 1200 OK 79.5 11 72 8.2 - 0.09 78 
16 1310 "K 11 2.8 37.5 9.3 - 0.08 67 

Electrical dissociation 
17 25 W 35 4.8 24 14.5 0.9 - 37 
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A few blank runs were also carried out inwhich 
hydrogen peroxide vapor was condensed, with- 
out dissociation, in the same apparatus. Also, 
hydrogen peroxide solutions of various con- 
centrations were quickly chilled by dropwise 
addition to a liquid nitrogen bath (17). The glassy 
beads thus produced gave off only traces of 
oxygen (about one order of magnitude less than 
the products from pyrolysis) while melting. 
Therefore, this phenomenon, as well as the 
reaction between hydrogen peroxide and ozone 
(never found in more than traces in the evolved 
oxygen),could only be of minor importance in 
these systems. 

Conclusions 
From the above results it may be concluded 

safely that decomposition of hydrogen peroxide 
always occur to some extent in the trapped 
products from all these systems. Therefore, it 
cannot be ruled out as a possible source of 
evolved oxygen, even in the case of the liquid 
ozone - atomic hydrogen system (4). The erratic 
results reported by various authors (3), and 
particularly the high values of the ratio 02 /H202 ,  
can thus be understood. 

On the other hand the much larger amounts 
of oxygen given off by the products from the 
electrical discharge seem to be specific of that 
process. Kinetics and stoichiometric studies such 
as the present cannot provide definite evidence 
for or against the postulated higher oxides, 
H20 ,  or H20,. Still they can give some useful 
indications. For instance, the fairly constant and 
reproducible values of the 0 2 / H 2 0 2  ratio in a 
given experimental system cannot be satis- 
factorily accounted for only in terms of catalytic 
decomposition of hydrogen peroxide as pointed 
out recently (18). 

NOTE ADDED IN PROOF 

This work was completed when the existence of 
stabilized H20 ,  molecules in the trapped prod- 
ucts from dissociated water vapor was con- 
firmed definitely in this laboratory by means of 
infrared spectroscopy. Details will be reported in 
the next paper of this series. It is now clear that 
the bulk of the evolved oxygen comes from this 
and other possible metastable intermediates. 
Nevertheless, the above conclusions are still valid. 

The authors are grateful to the National Research 
Council of Canada for continued financial support of 
this project. 
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Studies on microcapsules. VI. Effect of variations in polymerization 
condition on microcapsule size 
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The effect of variations in polymerization condition on the size of microcapsules prepared by the 
interfacial polycondensation method was studied. Factors lowering the rate and degree of poly- 
merization, such as a decrease in temperature or monomer concentration, were found to increase the 
microcapsule size. A mechanism was proposed for the formation of large microcapsules in the poly- 
condensation step. 

Canadian Journal of Chemistry, 48,2047 (1970) 

Introduction 

The procedure of preparing microcapsules 
containing water consists of two steps in the inter- 
facial polycondensation method. That is, for 
example, the polyphthalamide microcapsules 
containing water are prepared in the following 
way (1). An aqueous solution of piperazine 
(water soluble monomer) is mechanically emul- 
sified with a stirrer in a cyclohexane-chloroform 
mixture to form a water-in-oil emulsion in the 
presence of Span 85 as emulsifier, and then a 
phthaloyl dichloride (oil soluble monomer) 
solution in the mixed solvent is added to yield the 
polyphthalamide membrane at the surface of 
emulsion droplets. 

The size of microcapsules thus prepared has 
been considered to be completely determined by 
the conditions used in emuisification as reported 
in the previous paper (1) of this series. Recent 
works in our laboratory have revealed, however, 
that the size is also dependent on the conditions 
for polycondensation. The present paper de- 
scribes how the variations in polymerization 
condition affect the microcapsule size. 

Experimental 
Preparation of Microcapsules 

Microcapsules were prepared in a way similar to  that 
described in the previous paper (1). To 7.5 ml of distilled 
water in a 1 liter round bottom flask immersed in a 
constant temperature bath controlled a t  -10, 3, and 
30 "C was added an equal volume of 0.4 M solution of 
a water soluble monomer (1,6-hexamethylenediamine or 

piperazine) in aqueous 0.45 M sodium carbonate solu- 
tion. To this solution was added 75 ml of mixed solvent 
(chloroform-cyclohexane 1 :3, v/v) containing 10% (v/v) 
Span 85 as emulsifier. The mixed solution was then 
mechanically emulsified by a Model B-100 Chemistirrer 
(Tokyo Rika Kikai Co., Tokyo) at 620 r.p.m. for 5 min 
to give a water-in-oil emulsion. The alkali served to  
neutralize hydrogen chloride formed during the poly- 
condensation. 

Without stopping the stirring, 75 ml of solution of a n  
oil soluble monomer in the mixed solvent was quickly 
added to the emulsion, and the stirring was further 
continued for 3 min. The solution of oil soluble monomer 
was made immediately before use by dissolving 3 moles 
of either sebacoyl dichloride, phthaloyl dichloride or  
2,2'-dichlorodiethyl ether in the mixed solvent. In  some 
cases, the solution was diluted with the same solvent or 
a part of the difunctional monomer was replaced by 
monofunctional monomer such as benzoyl chloride. 

To  the dispersion containing microcapsules was added 
100 ml of cyclohexane to slow down the polycondensation 
reaction. A portion of the dispersion was pipetted into 
lOml of aqueous 50% (v/v) Tween 20 solution in a 
beaker. Finally, the aqueous dispersion was diluted with 
an appropriate amount of distilled water for photo- 
graphing microcapsules under nlicroscope. 

The three different microcapsules (Table I), two 
polyamides and one polyether, were prepared. 

TABLE 1 

Monomers used and polymers prepared 

Water soluble Oil soluble Polymer 
monomer monomer formed 

1,6-Hexamethyl- Sebacoyl dichloride Polyamide A 
enediamine 

Piperazine Phthaloyl dichloride Polyamide B 
Piperazine 2,2'-Dichlorodiethyl Polyether 

ether 
- - .. .- --- -- -. 
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Microcapsule Size 
Each sample of microcapsules prepared by the above 

method was placed on a hemocytometer and photo- 
graphed under a microscope. 

In each photographed strip film, 1500 microcapsule 
diameters were measured by projecting the film on a 
large section paper with a Colour Cabin slide projector 
(Cabin Industry Co., Tokyo). The scales in the hemo- 
cytometer were used for calibration. Then, the calcula- 
tions were made of the mean diameter, size distribution, 
and standard deviation by using an IBM 1620 electronic 
computer. 

viscosity 
A part of each of the microcapsules prepared under 

various conditions was washed on the centrifuge and 
dried by means of freeze drying. The dried sample was 
dissolved in m-cresol as described in the literature (2). 

For each of the sample solutions, the relative viscosity 
was measured with a Ubbelohde viscometer at several 
concentrations at 30 "C. The reduced viscosity was then 
plotted against the concentration of sample and the 
intrinsic viscosity was graphically estimated by extra- 
polation to zero concentration. 

Results and Discussion 

Effect of Monomer Combination 
The combination of monomers affected the 

microcapsule size to a surprisingly great extent. 
Typical pl~otomicrographs are given in Figs. 1-3 
for the polyamide A, polyamide B, and polyether 
microcapsules prepared under exactly the same 
conditions. The size seems to be the biggest for 
the polyether microcapsules, and the smallest 
for the polyamide B microcapsules. This trend is 
confirmed bv the size distribution curves shown 
in Fig. 4 a i d  by the mean diameters listed in 
Table 2. 

As the conditions for preparation are exactly 
the same for all of the three kinds of microcap- 

FIG. 1. Photomicrograph ( ~ 6 0 0 )  of polyamide A 
microcapsules prepared at 3 "C. 

FIG. 2. Photomicrograph ( ~ 6 0 0 )  of polyan~ide B 
microcapsules prepared at 3 'C. 

FIG. 3. Photomicrograph ( x  600) of polyether micro- 
capsules prepared at 3 OC. 

44 I - 

-. 

Diameter ip) 

FIG. 4. Size distribution curves of microcapsules 
prepared at 3 "C. A, polyamide B; B, polyamide A ;  
C, polyether. 
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TABLE 2 
Mean diameters of microcapsules 

-. 

Mean Standard 
Microcausule diameter (u) deviation 

Polyamide A 5.90 5.41 
Polyamide B 3.37 2.22 
Polyet her 9.94 9.39 

sules, the difference in size should arise from the 
different polymerization characteristics for each 
combination of monomers. However, the com- 
parative study of polymerization characteristics 
for the three monomer combinations is far beyond 
the scope of this work. This problem will, there- 
fore, be put aside in the present work. 

ON MICROCAPSULES. VI 2049 

microcapsules prepared at - 10 "C, respectively. 
Comparisons of Figs. 3 and 5 ,  and of Figs. 2 
and 6 indicate the existence of a remarkable 
temperature effect, especially for the polyether 
microcapsules. Figure 7 affirms this indication, 
showing a significant reduction in the micro- 
capsule size with increasing temperature. The 
curves B and C in Fig. 8 are the size distribution 
curves for the polyamide B microcapsules pre- 
pared at 3 and - 10 "C, respectively. Tempera- 
ture effect is rather moderate in this case. This 
is due to the different temperature dependence 
of polymerization characteristics for these poly- 

Effect of Temperature 
Figures 5 and 6 show representative photomi- 

crographs of the polyether microcapsules pre- 
pared at 30 "C and of the polyphthalamide B 

D i a m e t e r  0) 
FIG. 7. Size distribution curves of polyether micro- 

c_ap:$y prepared at different temperatures. A, 30 "C;  

FIG. 5. Photomicrograph ( x  600) of polyether micro- 
capsules prepared a t  30 "C. 

D i a m e t e r  (p) 

FIG. 8. Size distribution curves of polyamide B 
microcapsules prepared under various conditions. A, 
monomer diluted, 3 "C;  B, monomer nondiluted, 3 "C;  
C, monomer nondiluted, - 10 "C;  D, mono- and 
difunctional monomer used, 3 "C. 

FIG. 6. Photomicrograph (x600) of polyamide B 
microcapsules prepared at - 10 "C. 
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TABLE 3 

Some characteristics of microcapsules 

Temperature 
of Mean Intrinsic viscosity 

preparation diameter Standard of 
Microcapsule r e )  (P) deviation membrane polymer 

Polyether 3 9.94 9.39 0.012 
30 5.07 5.00 0.022 

Polyamide B 3 3.37 2.22 0.055 
- 10 3.88 2.55 0.045 

mers. Since the effect of temperature on the size 
of emulsion droplets was found to be inappreci- 
able, the above findings will result from the change 
in the polymerization characteristics. 

In Table 3 are summarized the mean diameters, 
standard deviations and intrinsic viscosities of 
membrane polymers for microcapsules prepared 
at various temperatures. 

An inspection of the table indicates that a rise 
in temperature brings about a decrease in the 
microcapsule size. The table also suggests that 
the size is closely related to the intrinsic viscosity 
of membrane polymer. Thus, the size seems to 
decrease as the intrinsic viscosity increases. This 
implies that the membrane strength may deter- 
mine the microcapsule size, because the intrinsic 
viscosity of a polymer is a measure of its molec- 
ular weight and the membrane strength is ex- 
pected to be highly dependent on the molecular 
weight of polymers constituting the membrane. 

Effect of Monomer Concentration 
The polymerization characteristics may be 

altered by changing the monomer concentration. 
Actually, as shown in Fig. 9, a decrease in 

FIG. 9. Photomicrograph ( x 600) of polyamide , B 
microcapsules prepared using diluted phthaloyl dichlor~de 
solution a t  3 "C. 

monomer concentration causes an increase in the 
microcapsule size, probably through a change in 
the polymerization characteristics. 

The calculated mean diameters differ from 
each other for the microcapsules prepared using 
oil soluble monomer solutions of different con- 
centrations though the modal diameters of 
distribution curve (curves A and Bin Fig. 8) are 
practically the same in the two cases. Thus, for 
example, the dilution of oil soluble monomer 
solution with the mixed solvent to 60% of the 
original concentration increased the mean diam- 
eter from 3.37 to 3.96 p. Furthermore, the 
standard deviation also changed from 2.22 to 
4.61. This means that the size distribution is 
broadened to some extent by the dilution. The 
intrinsic viscosity of membrane polymer was 
found to decrease from 0.055 to 0.038 through the 
reduction in the monomer concentration. A 
similar correlation can be seen, therefore, be- 
tween the microcapsule size and the intrinsic 
viscosity of membrane polymer to that observed 
in the foregoing section, indicating again an 
important role of the membrane strength in 
determining the microcapsule size. 

Effect of Monofunctional Monomer 
Figure 10 illustrates a photomicrograph of 

polyphthalamide B microcapsules prepared using 
a mixture of phthaloyl dichloride and benzoyl 
chloride (2:3 in molar ratio) as oil soluble mono- 
mer. The mean diameter of 8.43 p obtained in 
this case is more than double that of 3.37 p 
for the microcapsules prepared using phthaloyl 
dichloride alone. The intrinsic viscosity of mem- 
brane polymer was drastically lowered by the 
substitution of benzoyl chloride for a part of 
phthaloyl dichloride. Namely, it was found to 
drop from 0.055 for the membrane polymer 
obtained using phthaloyl dichloride alone to 
0.010 for that obtained using the mixture. This 
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appears to manifest the role of benzoyl chloride 
as terminating agent in the polycondensation 
reaction. A close relation comes out here once 
again, therefore, between the microcapsule size 
and the membrane strength. 

Mechanism of Formation of Large Microcapsules 
As has been mentioned so far, the formation of 

large microcapsules is closely related to the 
lowered membrane strength brought about by a 
decrease in the degree of polymerization of 
membrane polymer. Moreover, it is worth noting 
that the factors lowering the rate of polymeriza- 
tion also increase the microcapsule size. Thus, a 
drop in temperature or a decrease in the monomer 
concentration caused an increase in the size as 
described in the foregoing sections. This leads 
us to a hypothesis that the formation of large 
microcapsules takes place at an early stage of the 
polycondensation reaction, through the coales- 
cence of primary emulsion particles with mem- 
brane of insufficient strength and coverage to 
prevent them from uniting each other to form a 
large secondary particle, provided the rate of 
polymerization is not so high. Since the poly- 
merization reaction is still going on at this and 
later stages, the membrane being formed on the 
secondary particle surface may shortly thicken 
enough to resist further coalescence from 
occurring. 

FIG. 10. Photomicrograph ( x  600) of polyamide B 
microcapsules prepared using the mixture of phthaloyl 
dichloride and benzoyl chloride in a molar ratio of 2:3 
at 3 "C. 

In this connection, it will be of interest to 
remark that large microcapsules often take the 
form of double capsules, as are seen in Figs. 1,3,5, 
and 10. These double microcapsules are likely 
to be formed by the penetration of a number of 
small capsules, on collision, into a large capsule. 
The mechanism is discussed elsewhere (3). 

1. M. Kors~r, N. FUKUHARA, and T. KONDO. Chem. 
Pharm. Bull. Tokyo, 17, 804 (1969). 

2. M. KATZ. J. Polymer Sci. 40, 337 (1959). 
3. M. SHIBA, S. TOMIOKA, M. KOISHI, and T. KONDO. 

Chem. Pharm. Bull. Tokyo. In press. 
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Ultrasonic absorption in the water-2-isobutoxyethanol system1 

R. J. FANNING' A N D  P. KRUUS 
Department of Cl~emistry, Carleton University, Ottawa, Canada 

Received November 7 ,  1969 

Ultrasonic absorption measurements have been carried out on the system 2-isobutoxyethanoI-water 
as a function of composition, temperature, and frequency. The composition and frequency dependence 
of the absorption show the same general type of behavior as for previously investigated critical binary 
liquid systems and for alcohol-water systems. The temperature dependence shows a behavior opposite to 
that for the other systems at the frequency where it was studied in detail. At the lowest experimentally 
available frequency, however, the temperature dependence is somewhat similar to that in other critical 
binary liquid systems. Ultrasonic absorption measurements are also reported for water at small tem- 
perature intervals. No anomalous behavior in the temperature range 0 to 30 OC is observed. 

Canadian Journal of C h e m i s t r y .  48,2052 (1970) 

Introduction 

Ultrasonic absorption studies have been 
carried out in a number of binary liquid systems 
which are partially miscible. At least seven 
systems with an upper critical solution tempera- 
ture have been studied: nitrobenzene-n-hexane 
(1,2), nitrobenzene-n-heptane (3), nitrobenzene- 
isooctane (4), aniline-cyclohexane (3, 5-7), ani- 
line-n-hexane (8), and perfluoromethylcyclohex- 
ane-carbon tetrachloride (9). However, only two 
systems with a lower critical solution temperature 
have been investigated: triethylamine-water 
(1, 8-10) and butylcellosolve-water (1 1). 

Another binary liquid system with a lower 
critical solution temperature was investigated in 
order to see whether the features observed in  the 
systems studied previously are generally present 
in critical binary liquid systems. The system 
chosen was 2-isobutoxyethanol (isobutyl cel- 
losolve) - water, which has a lower critical 
solution temperature near 25 "C (12). 

Experimental 
Apparatrrs 

Two apparatuses were used for making the measure- 
ments. One ( a ~ ~ a r a t u s  4) was useful for measuring the 

WAVE GENERATOR 

WlOE BAND 

TUNED PRE-AMPLIFIER 57 
PRECISION 

ATTENUATOR 

PULSE 1 OSCILLATOR 1 
FIG. 1. Schematic diagram of apparatus A (range 

3.5 to 52 Mc). - - 

frequency dependence of 'the absorption, but required a 
relatively large amount of liquid (50 ml). The second 
(apparatus B) required less liquid (10 ml) and had a 
better temperature control, but was useful only at one 
frequency (20.5 Mc). 

Figure 1 shows a schematic diagram of apparatus A 
(13). The equipment used was: an Arenberg PG-650-C 
pulsed oscillator, Arenberg ATT-693 and Weinschel 905 

'Taken in part from the thesis submitted by R. J. 
Fanning in partial fulfillment of the requirements for the 
B.Sc. (Honours) degree. 

'Present address: Uniroyal Research Laboratories, 
Guelph, Ontario. 

attenuators, an Arenberg PA-620-B tuned preamplifier, 
an Arenberg WA-600-E amplifier, a Tektronix 546 oscillo- 
scope, a Hewlett-Packard 608D ser. E C.W. generator, 
and an HP 5245L frequency counter. 

A Dow-Key DK60 coaxial relay was at times used at 
the output of the pulsed oscillator in order to avoid 
interference between the signal going through the cell and 
the comparison signal. 

The cell used in apparatus A is shown in Fig. 2. The 
transducers were X-cut quartz crystals with a resonant 
frequency of 3.5 Mc. Both the transducers and the delay 
rods were supplied by Valpey Corp. 

Apparatus B was essentially the same as apparatus A, 
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FANNING AND KRUUS: ULTRASONIC ABSORPTION 2053 

The frequency was measured by mixing a signal from 
the C.W. generator with the pulsed radiofrequency (r.f.) 
signals from the amplifier. The C.W. generator frequency 
was varied to give a zero beat frequency. This frequency 

ELECTRICAL was then measured using the frequency counter. 
The wavelength, and thus also the velocity, was 

measured by a n  interferometric technique. At small 
separations of the delay rods, there is interference between 
the primary signal and that reflected from the surface of 
the upper delay rod. As the rods are moved apart this 
interference is alternately constructive and destructive. 
The wavelength can be calculated as 2 x the change in 
delay rod separation divided by the number of positive 
interferences in that change. 

Viscosity measurements were made using a Cannon- 
Fenske viscometer calibrated using distilled water. 

Cltemicals 
The water used was distilled water redistilled from 

potassium permanganate solution. 
The 2-isobutoxyethanol was J. T. Baker D 651 purified 

by chromatography using a Prep Master 776 chromato- 
graph with a column of 20% sucrose - acetate - isobuty- 
rate on 30160 mesh chromosorb W. 

T E F L O N  SLEEVE Fisher A-401 t-butanol was used without further 
purification. 

Results 
Pure Components 

The results of the absorption measurements 
in water are presented in Fig. 3. The precision in 
the absorption coefficients is estimated to be at  
best + 1.5 %, and in the temperature, 1 0.05 "C. 

FIG. 2. Diagram of the cell used in apparatus A. F,, some Doints, the error in the temDerature 

except that (i) the crystals had a resonant frequency of 
20.5 Mc, (ii) the cell was smaller and had a thermocouple 
well in it, (iii) the moving delay rod was centrally sup- 
ported instead of being on an arm, and (iu) a specially 
designed preamplifier-mixer circuit (14) preceded the 
tuned preamplifier. 

The temperature was controlled by circulating water 
(or water-methanol mixtures) from a temperature bath 
through the measuring cell. The constant temperature 
bath had in it a Neslab PB-C2 cooling unit and heaters 
controlled by a Melab CTC-1A proportional temperature 
controller. When apparatus B was used, the temperature 
in the cell was measured with an  iron-constantan thermo- 
couple and a Fluke 845 A microvoltmeter. 

Procedzrre 
The absorption coefficient was measured by dividing 

(or alternating) the signal from the oscillator to go 
through the attenuator and the cell. The two signals were 
then displayed on the oscilloscope, and the separation of 
the delay rods was altered to make the signals of equal 

could be considerably greater. It wasLnoticed 
after the experiments that sudden changes could 
occur in the cell temperature due to changes in 
circulation patterns in the bath caused by icing-up 
of the cooling coil. 

Results of the absorption measurements for 
pure 2-isobutoxyethanol are given in Fig. 4. 
Measurements made at 5 different frequencies at 
26.6 "C show a/ f to be constant with frequency 
to within experimental error from 10 to 53 Mc. 

Composition Dependence 
The composition dependence of the absorption 

is shown in Fig. 5, together with a solubility 
diagram for the system (12). Additiona! data is 
given in Table 1, giving viscosity, velocity, and 
the classical absorption (15) for the system at 
25 "C. 

height. This procedure was repeated for a number of ~~~~~~~t~~~ Dependence 
attenuator settings, and the absorption coefficient then The temperature dependence of the absorption obtained from the slope of the resulting attenuation vs. 
delay rod separation curve. Pulses were used which were inamixture27 % weight0f2-is0but0x~ethan01 
about 10 ps long and had a repetition rate of 60 s-I. is shown in Fig. 6. As can be seen from Fig. 7, 
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60t 

TEMPERATURE (OC) 

FIG. 3. Ultrasonic absorption as a function of temperature in water, 20.8 Mc. 4, data of Pinkerton (ref. 23); - - -, 
standard error limits. 

the absorption at that composition and frequency 
keeps rising as the temperature is lowered, as at 
-4.3 "C the a / f2  at 20.5 Mc is 3800 x 10-l7 
cm-' s2. The mixture begins to freeze between 
-6 and -7 "C. 

The two other curves in Fig. 6 show the tem- 
perature dependence of the mixtures into which 
the 27 % by weight mixture separates at 26.0 "C. 
From the solubility diagram (12), the upper phase 
is estimated to be 44% by weight and the lower 
17 %. From the absorption at 25.7 "C (Fig. 5) the 
phases are estimated to be 40 and 17 % by weight 
2-isobutoxyethanol, respectively. 

Frequency Dependence 
The frequency dependence of a 27% mixture 

is shown in Fig. 7 for four temperatures (24.8 to 
-4.3 "C). Measurements at frequencies higher 
than 31.8 Mc were difficult to make due to the 
very high absorption. At 24.8 "C, the value of 
a /  f at  38.8 Mc was estimated to be 930 x lo-'" 
cm-' s2. This value is estimated to be accurate to 
within 10 %. 

The lines drawn in Fig. 7 are the results of a 
least-squares fit of the experimental data to a 
single-relaxation equation. 

Figure 8 shows the frequency dependence of a 
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I TABLE 1 

5 0  1 I I I 1 I 
-20 -10 0 10 2 0  3 0  

T E M P E R A T U R E  ( * C )  

Viscosity, ultrasonic velocity, and classical ultrasonic 
absorption, a,/f2, in the system water-2-isobutoxy- 

ethanol at 25 "C 

Percent by 
weight 2-iso- Viscosity Velocity 10'' x ae/fz 

butoxyethanol (centistokes) (m s-') (cm-' sZ) 

42 % by weight mixture of t-butanol in water at 
three temperatures. The data is fitted by a single- 
relaxation equation and the equation derived by 
Fixman (16) for critical binary liquid systems. 

Theoretical Considerations 
FIG. 4. Ultrasonic absorption as a function of tem- The large ultrasonic absorption in critical 

perature in 2-isobutoxyethanol, 20.8 Mc. 
binary liquid systems could be present for several 
reascns. 

Brown (17) and Brown and Richardson (6) 

1600 - 

2400- 

1400- 

2200 

1200- 

- 
0, 2000- 

- 1000- 

E - 
1800- 

h- 800-  
2 

- 4 0  - k 
9 - 0 

u - 1600- 

6 0 0 -  , 
- .I% 

- 3 0  w 
1400- 

4 0 0 -  

1200- 

2 0 0 -  

OPALESCENT 

RANGE AT 25.7 'C 

- 

U 
12 14 16 I8 2 0  22 2 4  2 6  

0 I I I I I I I I I  TEMPERATURE I ' C )  

o 2 o 40 6 o 8 0  100 FIG. 6. Ultrasonic absorption as a function of tem- 
PERCENT B Y  WEIGHT 2-ISOBUTOXYETHANOL perature in the system water-2-isobutoxyethanol, 20.8 

FIG. 5. Ultrasonic absorption as a function of com- Mc. 0, 27% by weight 2-isobutoxyethanol; A, lower 
position in the system water-2-isobutoxyethanol; 20.8 phase at 26.0 "C (-- 17 % by weight 2-isobutox,yethanol); 
Mc, 25.7 "C. - 0 -, absorption; - - - U - - -, solubility 0, upper phase at 26.0 "C (- 40% by welght 2-no- 
curve. butoxyethanol). 
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1 BOO 

FIG. 7. Ultrasonic absorption as a function of fre- FIG. 8. Ultrasonic absorption as a function of fre- 
quency in the system water-2-isobutoxyethanol, 27 % by quency in the system water-t-butanol, 42% by weight i- 
weight isobutoxyethanol. 0 ,  -4.3; n, 12.1 ; +, 18.2; butanol. 0,O.O; +, 12.1; n, 24.9 "C. -,fit with a single- 
A, 24.8 "C. relaxation equation; - - -, fit with Fixman's equat~on 

0 

explain the large attenuation in terms of scattering 
of the ultrasonic waves. This explanation is based 
on (i) detection of a significant amount of 
scattered ultrasound, (ii) the agreement in 
obtaining a scatterer radius of about 0.03 cm 
from both the frequency exponent method (6) 
and the angular distribution of the scattered 
ultrasound (17), and (iii) the decrease in the 
relaxation frequency with a rise in temperature 
(away from the critical solution temperature) if 
a single-relaxation fit is applied to the data. It 
is pointed out that the scattering would account 
for the major part of the excess attenuation 
distant from the critical point, but a much smaller 
part as the critical point is approached. The 
remaining attenuation is thought to be due to 
molecular absorption of a structural type. 

Fixman (16) explains the large attenuation 
near the critical point in liquid mixtures as being 
due to relaxation phenomena occurring due to 
the disturbance of the composition fluctuations 
present by the temperature variation caused by 
the ultrasonic waves. This theory has been 
successful in interpreting both the temperature 

I I I 0 

(ref. 16). 

I 20 5 50 1 2  5 10 20 50 10 20 
FREQUENCY I M c  ) F R E Q U E N C Y  I M c )  

and the frequency variation of the absorption 
( 2 4 9 ) .  

The approach in which the excess absorption 
in liquid mixture is attributed to local concentra- 
tion fluctuations has been discussed in more 
general terms by Romanov and Solov'ev (18). If 
the concentration dependence of the specific 
volume and enthalpy in the system is nonlinear, 
then there is a contribution to the specific volume 
and enthalpy of the system due to local fluctua- 
tions in concentration. The equilibrium .intensity 
of these fluctuations is then influenced by the 
pressure and temperature variations in a sound 
wave. 

The kinetics of the process of establishing a 
new distribution is described in terms of diffusion. 
When the concentration fluctuations are ex- 
pressed in terms of a spatial Fourier series, 
then each Fourier component exhibits a single 
relaxation time which is proportional to the 
inverse square of the wave number of the com- 
ponent. A broad relaxation-time spectrum is 
then predicted by this theory when a continuous 
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distribution (e.g., the Debye distribution) of 
wave numbers is assumed. 

It is also possible that a large part of the 
absorption is due not to the critical solution 
phenomenon, but more directly to the inter- 
molecular interactions which cause the separa- 
tion into phases in the first place. Systems of 
water with alcohols (19-22), amines (20, 23), 
and other non-electrolytes (20) all show excess 
ultrasonic absorption even though the mixture 
is far from the critical solution temperature. This 
absorption is thought to be due to the relaxation 
of equilibria involving molecules of water, 
solute, and water-solute complexes (20-23). In 
the case of amines, the relaxation of a proton 
transfer equilibrium is thought to contribute (23). 

The Romanov-Solov'ev theory outlined above 
has also been used to explain the excess absorp- 
tion in liquid systems which show no critical 
solution phenomena. There is qualitative agree- 
ment between the theory and the concentration 
dependence of the excess absorption in ethanol- 
water and propanol-water (18). However, well- 
defined relaxation frequencies are observed in 
other alcohol-water systems (21) instead of the 
continuous distribution predicted by the theory. 
There is reasonable agreement between the 
theory and the frequency dependence of the 
excess absorption in a water-acetone mixture 
over a wide frequency range (24), but again only 
single relaxation times have been observed in 
ethanol - ethyl halide systems (25), in conflict 
with the predictions of the theory. 

Discussion 
Pure Water 

Numerous measurements have been made of 
the ultrasonic absorption of pure water as a 
function of frequency (15). The first reliable data 
was that of Pinkerton (26), using a pulse appa- 
ratus. These points are shown in Fig. 3; they 
are in good agreement with the present data. No 
detailed work on the temperature dependence of 
the ultrasonic absorption in water seems to have 
been done since that time. 

There has been controversy regarding the 
presence of discontinuities of physical properties 
of water at certain temperatures (27-29). Recent 
measurements of the viscosity of water as a func- 
tion of temperature (29) revealed no abrupt 
changes at discrete temperatures. The authors 
suggest that some of the thermal anomalies 

previously reported in bulk properties of water 
may have been due to structural transitions in 
ordered water structures near interfaces. High- 
resolution measurements of the ultrasonic 
velocity at 9.9 Mc in water from 6 to 81 "C also 
disclosed no thermal anomalies (30). The exis- 
tence of "anomalous" water near interfaces (in 
capillaries) has been reported (3 1). 

The measured values of a/f ' for water (77 
pieces of data) were fitted to polynomials of 
various degrees using a least-squares program. A 
polynomial of the third degree gave the smallest 
standard error (1.28, or about 3 %) with a rela- 
tionship a/ f ' x 1017 = 56.44 - 2.452T + 5.402 
x 1 0 - ' ~ '  - 4.662 x 10-4T3, where T is the 
temperature in degrees centigrade. To within 
experimental error, there are no thermal anom- 
alies in the ultrasonic data in this temperature 
range, as seen by the distribution of the experi- 
mental points inside the standard error limits in 
Fig. 3. 

Pure 2-Isobutoxyethanol 
The second pure component acts as a typical 

associated liquid (15), as expected. There is no 
relaxation present, as a / f2  is constant with 
frequency, and the ultrasonic absorption is 
probably due to "volume" viscosity throughout 
the temperature range investigated (-15 to  
25 "C).  

Composition Dependence 
Several points are noteworthy in the com- 

position dependence of the absorption for the 
water-2-isobutoxyethanol system as shown in 
Fig. 5. 

(I) The absorption is not a maximum when the 
system is opalescent (i.e., when light scattering is 
a maximum). There is also no sign of a discon- 
tinuity in the absorption over the range of com- 
position where the system is opalescent. Table 1 
shows the classical absorption to be negligible in 
the high-absorption composition region. 

(2) The behavior of the absorption vs. com- 
position curve at low alcohol concentrations is 
similar to that in other alcohol-water systems 
(19-22). The sharp rise in absorption occurs at 
about 11 % by weight alcohol, corresponding to a 
mole fraction of 0.018, and the maximum at  0.030 
mole fraction. For the t-butanol-water system, 
the rise occurs at a mole fraction of 0.05, and the 
maximum at  0.10 (22). The absorption-com- 
position curve for the water-2-isobutoxyethanol 
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TABLE 2 
Parameters for a single-relaxation equation obtained by fitting ultrasonic absorption data for alcohol-water systems 

and critical binary liquid systems 

Temperature A x loL7 B x loL7 f, Reference 
System ("C) (cm-' s2) (cm-I s2) (Mc) 

(I) 27.0% by wt. 2-isobutoxyethanol in water 
(2) 

(7) 42% by wt. (0.15 mole fraction) t-butanol in water 
(8) 

(10) 0.15 mole fraction t-butanol in water 
(11) 
(12) 
(13) 56% by volume carbon tetrachloride in 

perfluoro-n-heptane 
(14) 
(15) 61 % by volume n-heptane in nitrobenzene 20.0 5510 243 5.8 3 
(16) 25.0 2780 252 6.1 3 

*Same as 3. with 3.5 Mc point 5 %  higher. 

system is very similar in shape to that for the 
t-butanol-water system (22). 

The absorption in this system must therefore 
in large part be due to the same phenomena as 
those present in the t-butanol-water system. 
On the basis of the model of the alcohol-water 
systems described by Franks and Ives (32), the 
alcohol is first accommodated interstitially by 
the water. As 2-isobutoxyethanol is larger than 
t-butanol, the interstitial spaces would be filled 
at a smaller mole fraction of alcohol for the 
former. When more alcohol is added, the alcohol 
dissolves by substitution into the water lattice. 

The equilibrium between interstitial alcohols 
and alcohol molecules in the lattice would be 
very sensitive to pressure, as the interstitial 
alcohol would take up little volume, while the 
lattice-substituted alcohol would take up normal 
volume. The absorption would then be due to the 
disturbance of this type of equilibrium by the 
pressure variations in the ultrasonic wave. 

An analysis of the concentration dependence of 
the excess absorption in terms of the Romanov- 
Solov'ev theory (18) is not possible because of a 
lack of thermodynamic data for this system. 

Tenzperature Dependence 
The temperature dependence of a 27 % alcohol 

(by weight) 2-isobutoxyethanol-water mixture is 
different from that of all other critical liquid 

mixtures at the frequency used (20.8 Mc). In the 
case of critical liquid mixtures, with both an 
upper and a lower critical solution temperature 
(including butyl cellosolve - water (ll)), the 
absorption increases as the critical solution tem- 
perature is approached (1-11). In this case, the 
absorption increases regularly as the temperature 
gets farther from the critical solution temperature 
(Fig. 6). 

The type of behavior noted in Fig. 6 is opposite 
to the predictions of Fixman's theory (16). 
However, if the absorption is considered to be 
due mostly to the equilibria present in all alcohol- 
water mixtures, then the increase in a/ f with a 
decrease in temperature can be explained. 

At the lowest frequency used, however, there is 
a slight increase in the absorption as the tem- 
perature is raised close to the critical solution 
temperature (Fig. 7). This rise would seem to be 
due to a contribution to the total absorption 
from the critical solution phenomenon at lower 
frequencies. This is another example of the 
difficulty of evaluating theories in ultrasonic 
absorption on the basis of limited data. 

Frequency Dependence 
The relaxation ofthe concentration fluctuations 

in a binary liquid mixture near the critical solution 
temperature has been measured (33, 34). The 
relaxation times are proportional to (T  - T,)-'.' 
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and are of the order of 100 11s in a mixture of 
nitrobenzene-2,2,4-trimethylpentane. A single 
relaxation time was sufficient to fit the data. The 
results of ultrasonic absorption data have also 
been fitted well with a single-relaxation time 
curve (7). 

Figure 7 shows the experimental data for a 
mixture of 27 % by weight 2-isobutoxyethanol in 
water fitted by a single-relaxation equation 

Figure 8 shows the same type of data for the 
system t-butanol-water at a composition at the 
corresponding place in the absorption-com- 
position curve (42% by weight t-butanol, or a 
mole fraction of 0.1 5). The values of A ,  B, and f, 
for the seven curves are given in Table 2. 

Table 2 also contains an indication of the 
sensitivity of the single-relaxation curve to 
inaccuracies in the lowest frequency points (at 
3.5 Mc), which were the least accurate (estimated 
to be within 5 %). 

The systems certainly contain more than a 
single relaxation, as the value of B is high in all 
cases. If B were of the order of 200 x 10-17 
cm-' s2 at -4.3 "C, and 100 x 10-l7 cm-I s2 
at 24.8 "C, then the excess absorption could be 
due to a single-relaxation phenomenon. How- 
ever, the values of B are nearly 10 times higher, 
and considerably higher than the less accurate 
high-frequency points at 24.8 "C. This would 
indicate the presence of another relaxation at 
higher frequencies, as obtained in other alcohol- 
water mixtures (21). 

The theory proposed by Fixman (16) predicts 
a frequency dependence of the type 

A least-squares fit of the data using this equation 
gave results which in no case were as good as a 
fit with a single-relaxation equation. Examples 
of the fits are given in Fig. 8 for t-butanol-water. 
It should be noted, however, that this equation 
has only two adjustable parameters, as compared 
to three in the single-relaxation equation. 

If the attenuation of the ultrasound is due to 
scattering, then for scattering particles much 
smaller than the wavelength, the attenuation 
should rise as f4. If the scattering particles are of 
the order of magnitude of the wavelength (17,6), 
then the frequency dependence can be different 

from f 4. In this case, the frequency dependence of 
a is between f and f 2. 

The reasonably good fit of the data in this 
frequency range to a single-relaxation equation 
(Fig. 7) would suggest that the continuous dis- 
tribution predicted by the Romanov-Solov'ev 
theory (1 8) is not present in this system. However, 
the frequency range covered is probably too 
narrow to be able to conclude definitely that only 
some discrete relaxation times are present. 

An interesting aspect is that the relaxation 
frequency is of the same order of magnitude in a 
relatively wide range of temperatures for all the 
systems listed in Table 2 (in some cases it even 
decreases with an increase in temperature). This 
is also true of other alcohol-water mixtures which 
have been studied (21, 22). On a simple interpre- 
tation, this would indicate a zero or even a 
negative activation energy from some process 
which is involved. This temperature dependence 
of fc could probably be explained only if the 
relaxation is due to a complex cooperative struc- 
tural type (21, 32). 

Conclusions 

No thermal anomalies seem to be present in 
the ultrasonic absorption data for pure water in 
the temperature range 0 to 30 "C. 

The results indicate that most of the ultrasonic 
absorption in the system water-2-isobutoxy- 
ethanol is due to the structural type of absorption 
present in all alcohol-water systems. However, 
there are signs that the critical solution phe- 
nomenum contributes appreciably to the absorp- 
tion at lower frequencies. 

Comparison of the temperature dependence 
of the relaxation frequencies obtained by fitting 
a single-relaxation equation to the experimental 
data of alcohol-water systems and of systems 
showing critical solution phenomena indicates a 
remarkable similarity. This suggests that the 
basic phenomena responsible for the ultrasonic 
absorption may in both cases be of a cooperative 
structural type. 
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Dickson, and Mr. A. Raffler for assistance in planning 
and constructing the apparatus, Mr. D. G. Fecchio and 
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Laughton for helpful discussions. The project was 
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of Energy, Mines, and Resources. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2060 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

1. G. F. ALFREY and W. G. SCHNEIDER. Discuss. 
Faraday Soc. 15, 281 (1953). 

2. G. D'ARRIGO and D. SETTE. J. Chem. Phys. 48,691 
(1  968). ,-- --,. 

3. P. K ~ u u s  and T. A. BAK. Acta Chem. Scand. 20, 
231 (1966). 

4. A. V. ANANTARAMAN. A. B. WALTERS. P. D. 
EDMONDS, and C. J. PINGS. J. Chem. Phys. 44, 
2651 (1966). 

5. M. C'EVOLANI and S. PETRALIA. Nuovo Cim. Ser. 
X 2, 495 (1955). 

6. A. E. BROWN and E. G. RICHARDSON. Phil. Mag. 
4, 705 (1959). 

7. G. D'ARRIGO. L. MISTURA. D. SETTE. and J. L. 
HUNTER.  roc. 6th Intern. ~ o n g r .  ~cous t . ,  Tokyo, 
J-89 1968. J-89. 
~ - . . . . . . . . . . 

8. A. G. CHYNOWETH and W. G. SCHNEIDER. J. Chem. 
Phys. 19, 1566 (1951). 

9. P. KRUUS. Can. J. Chem. 42, 1712 (1964). 
10. S. SHIMAKAWA. J. P ~ v s .  SOC. J ~ D .  16. 113 (1961). 
11. J. E. PIERCEY. Ph.D. jhesis, uni;ersity of  ond do;, 

London, England. 1955. 
12. H. L. Cox and L. H. CRETCHER. J. Amer. Chem. 

SOC. 48, 453 (1926). 
13. D. R. DICKSON. M.Sc. thesis, Carleton University, 

Ottawa, Canada. 1967. 
14. R. J. FANNING. B.Sc. thesis, Carleton University, 

Ottawa, Canada. 1968. 
15. K. F. HERZFELD and T. A. LITOVITZ. Absorption 

and dispersion of ultrasonic waves. Academic Press, 
Inc., New York. 1959. 

16. M. FIXMAN. J. Chem. Phys. 33, 1357 (1960); 33, 
1363 (1960); 36,310 (1962); 36,1957 (1962); 36,1961 
(1962). 

18. V. P. ROMANOV and V. A. SOLOV'EV. Sov. Phys. 
Acoust. Engl. Transl. 11, 68 (1965); 11, 219 (1965). 

19. C. J. BURTON. J. ACOUS~. SOC. Amer. 20, 186 (1946). 
20. J. H. ANDREAE, P. D. EDMONDS, and J. F. MCKELLAR. 

Acust. 15, 74 (1965). 
21. M. J. BLANDAMER. N. J. HIDDEN. M. C. R. SYMONS. 

and N. C. T R E L O ~ R .  Trans. ~ a r a d a y  Soc. 65, 1805 
(1969); 64, 3242 (1968). 

22. M. J. BLANDAMER, D. E. CLARKE, N. J. HIDDEN, and 
M. C. R. SYMONS. Chem. Commun. 342 (1966). 
Trans. Faraday Soc. 64, 2691 (1968). 

23. M. J. BLANDAMER. D. E. CLARKE. N. J. HIDDEN. and 
M. R. C. SYMONS. Trans. ~ a i a d a ~  Soc. 62, 66 
(196a. ,-- - - 

24. J. M.'DAVENPORT, J. F. DILL, V. A. SOLOV'EV, and 
K. FRITSCH. SOV. Phys. Acoust. Engl. Transl. 14, 
236 (1968). 

25. V. A. SOLOVYEV, C. J. MONTROSE, M. H. WATKINS, 
and T. A. LITOVITZ. J. Chem. Phys. 48,2155 (1968). 

26. J. M. M. PINKERTON. Nature, 160, 128 (1947). 
27. M. FALK and G. S. KELL. Science, 154,1013 (1966). 
28. W. DROST-HANSEN. Advan. Chem. Ser. 67, 70 

(1967). 
29. L. KORSON, W. DROST-HANSEN, and F. J. MILLERO. 

J. Phys. Chem. 73, 34 (1969). 
30. W. SENGHAPHAN, G. 0. ZIMMERMAN, and C. E. 

CHASE. J. Chem. Phys. 51, 2543 (1969). 
31. B. V. DERYAGIN and N. V. CHURAYEV. Priroda, 4, 

16 (1968). 
32. F. FRANKS and D. I. G. IVES. Quart. Rev. London, 

20. 1 (1966). 
33. P.' DEBYE and K. KLEBOTH. J. Chem. Phys. 42, 

3155 (1965). 
34. P. DEBYE, C. C. GRAVATT, and M. IEDA. J. Chem. 

Phys. 46, 2352 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Contribution it l'btude des mblanges liquides PbC1,-PbO 

MAURICE RENAUD, EMMANUEL POIDATZ ET JEAN-EDMOND CHAIX 
Dipartement de Ginie M~tall~irgique, Ecole Polytechnique, Montrial, Quebec 

R e ~ u  le 15 octobre, 1969 

Le diagramme de solidification des mtlanges liquides PbC1,-PbO a BtB track pour les fractions rnolaires 
en oxyde de plomb infirieures a 213 ; trois composes definis ont CtB mis en Bvidence; ce sont les oxychlo- 
rures 3PbCI2,2Pb0; PbCI2,PbO et PbCI2,2PbO. Par ailleurs l'etude cryoscopique du liquidus du chlorure 
de plornb amene les auteurs a envisager I'existence, dans la phase liquide, d ' u n e e s p h  PbO,PbCl2 ainsi 
que l'absence presque complete d'ions C1- libres. 

The solidification diagram of liquid PbC12-PbO mixtures was determined for molar fractions of lead 
oxide smaller than 213; three compounds were identified: these are the oxychlorides 3PbCI2,2Pb0; 
PbCI2,PbO, and PbCl2,2PbO. Furthermore, the cryoscopic study of the liquidus of lead chloride led the 
authors to suggest the existence of the species PbC12,Pb0 and the almost complete lack of C1- ions in 
the liquid phase. 
Canadian Journal of  Chemistry, 48,2061 (1970) 

Diagramme de solidification de PbO cristallise a 405 "C. Ruer et Baroni 

Le diagramme de phases des mtlanges PbC1,- 
PbO a dtja CtC Ctudit par Ruer (1) et Baroni (2) 
sur toute la gamme des concentrations. Ayant 
constatt que iomme le signale Janz (3) le mtlange 
eutectique se solidifie a une temptrature inftrieure 
de 30 "C a celles signaltes par les deux premiers 
auteurs nous avons entrepris de retracer le dia- 
gramme. 

Nous avons limit6 notre ttude aux mtlanges 
contenant une fraction molaire en oxyde de 
plomb inftrieure 213. En effet nous avons 
remarqut que pour les fortes concentrations en 
PbO les mtlanges liquides cristallisent difficile- 
ment. Les solides obtenus aprks refroidissement 
ont souvent I'aspect de verres et il est alors 
impossible de parler de changement de phase. 

Pour mettre en tvidence les temperatures de 
dtbut et de fin de cristallisation nous avons 
optrt  par analyse thermique difftrentielle. 

Aprks avoir prtpart le mtlange decomposition 
dtsirte avec des produits conservts A l'ttuve, le 
melange est fondu. I1 est ensuite maintenu a 
100 "C au-dessus de sa temptrature de fusion 
pendant une heure et ce afin d'en assurer l'homo- 
gtntitt. 

Le refroidissement est conduit au rythme de 
5 "C par min. Des mesures ont aussi t t t  faites 
avec un rythme de refroidissement plus rapide : 
20 "C par min. Le Tableau 1 regroupe les rtsultats 
des diverses mesures. 

La Fig. 1 reprtsente le diagramme de phases 
tel que nous avons pu le tracer a I'aide des mesures 
effectutes. Le liquide eutectique E contenant 24 % 

donnent 24 % a 438 "C alors que Janz (3) signale 
30% et 402 "C. Le liquide ptritectique PI 
contenant 36 % de PbO est la fraction liquide de 
la fusion non congruente du compost defini 
3PbC12,2Pb0 (TF = 450 "C). Ce compost qui a 
dtja fait l'objet d'une Ctude cristallographique 

TABLEAU 1 
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FRACT~ON M O L A ~ R E  DE PbO 

FIG. 1. Diagramme de solidification des mtlanges PbC1,-PbO ayant des fractions molaires en PbO inftrieures a 213. 

(fiche ASTM 6-0475) n'avait ett remarqut ni 
par Ruer ni par Baroni. Le liquide ptritectique 
P, contenant 40 % de PbO est la fraction liquide 
de la fusion non congruente du compost dtfini 
PbCl,,PbO (T, = 478 "C). Ce compost a t t t  
signal6 par Ruer et par Baroni avec une tem- 
perature de fusion tgale a 525 "C. Cette temptra- 
ture ttant B 1 "C pres celle de la fusion non 
congruente de la matlockite naturelle (4) de 
composition PbCl,,Pb(OH),, nous pensons que 
les auteurs ( l ,2)  citts plus haut ont travail16 avec 
des produits hydratts ce qui a fausst l'ensemble 
de leurs rtsultats. 

La temptrature de fusion congruente du 
compost dtfini PbC12,2Pb0 a t t t  trouvte tgale B 
680 "C soit inftrieure de 15 "C B celle citte par 
les auteurs anttrieurs. Ce compost prCsente 
souvent une surfusion et lors du refroidissement 
rapide de mtlanges dont la composition est 
comprise entre 40 et 50 % de PbO la temptrature 
de dtbut de cristallisation se place sur le pro- 
longement du liquidus du compost PbCl,,PbO. 

L'ttude des spectres de diffraction de rayons X 
effectuts sur des poudres de compositions 

intermtdiaires n'a pas permis de mettre en 
evidence d'autres composts dtfinis que les trois 
mentionnts ci-dessus.' 

Par ailleurs nous avons dttermint les chaleurs 
de fusion approximatives de ces trois composts. 
Pour ce faire nous avons compart l'aire du pic 
obtenu par analyse thermique difftrentielle pour 
la fusion de chacun des oxychlorures, avec l'aire 
du pic obtenue pour la fusion du chlorure de 
plomb pur. 

Le Tableau 2 rtsume les principales proprittts 
des trois oxychlorures mis en evidence par ce 
travail. 

Calculs Cryoscopiques 

L'activitt du chlorure de plomb dans le 
mtlange liquide peut &tre dtterminte B l'aide de 
l'abbaissement de son point de cristallisation 
griice B la relation [l ] 

[1 1 In a = -(AHFO - TAS,O)/RT 

'Une ttude cristallographique dttaillte de ces oxy- 
chlorures est actuellement en cours et sera publike 
ulttrieurement. 
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TABLEAU 2 

A HFO 
Densite Fusion, kcal mole-' 

Compos6 Couleur a  k 0.02 TFa + 2 "C a k 10% 

3PbClZ,2Pb0 Jaune orang6 6 .32 non-congruente 11.3 
450 

PbClz,PbO Jaune pale 6 .55 non-congruente 6 . 4  
478 

PbCIZ,2PbO Blanc gris 6.73 congruente 27 .4  
680 

TABLEAU 3 

T, "C X 
+ 2 "C +_ 0.001 - In a In x l  In x ,  In x, In x4 

oir AH; = 4.40 kcal mole-' et AS; = 5.73 cal 
mole-' deg-I (5). 

Pour chaque point experimental nous avons 
essay6 d'exprimer l'activitk du chlorure de plomb 
dans le melange liquide en utilisant divers 
modtles. Pour ce faire nous avons assimilC 
I'activitC de chaque esptce chimique ii sa fraction 
molaire rCelle. 

Ainsi I'activitC du chlorure de plomb est prise 
Cgale ii la somme des fractions molaires des 
esp2ces chimiques constituant le chlorure de 
plomb liquide. 

Les quatre modtles envisagCs tiennent compte 
du fait signal6 par d'autres auteurs (6) que 
l'oxyde de plomb n'est pas dissocit aux tempba- 
tures considCrCes. 

Dans toutes les expressions qui suivent nous 
dCsignons par X le nombre de moles d'oxyde de 
plomb dissoutes dans 1 - X mole de chlorure de 
plomb. 

Modile 2 
L'oxyde de plomb est sous la forme PbO. Le 

chlorure de plomb est dissocii sans augmentation 
du nombre des esptces chimiques par exemple 

De tels complexes ont dCjB Cte signalCs par 
plusieurs auteurs (7, 8). La fraction molaire en 
chlorure de plomb est alors x, = 1 - X. 

Modkle 3 
L'oxyde de plomb est sous la forme PbO, 

PbC1,. Le chlorure de plomb est entitrement 
dissociC avec augmentation du nombre des 
esp2ces chimiques 

PbClz -+ PbZ+ + 2C1- 

La fraction molaire en chlorure de plomb est 
alors x, = (3 - 6 X)/(3 - 5X). 
Modile 4 

L'oxyde de plomb est sous la forme PbO,PbCl,. 
Modile 1 Le chlorure de plomb est dissociC sans augmenta- 

L'oxyde de plomb est sous la forme PbO. Le tion du nombre des esptces chimiques par 
chlorure de plomb est entitrement dissociC avec exemple 
augmentation du nombre des esptces chimiques 2PbCIz G PbC14Z- + PbZ+ 

La fraction molaire en chlorure de plomb est La fraction molaire en chlorure de plomb est 
alors x, = (3 - 3X)/(3 - 2X). alors x, = (1 - 2X)/(1 - X). 
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l n o  ct  I&. de In (1 - 2X)/(1 - X) et la droite discontinue 
1.3 1.4 , o. reprksente I'expression In a = -(AH; - TAS,O)/ 

0 I I I R T. 
L' enthalpie de fusion calculable a l'aide de la 

pente de la droite continue est AHFO = 4.52 kcal 
mole-'. Cette valeur est tres voisine de la valeur 
AHFO = 4.40 kcal mole-' donnCe dans la 
littCrature (5). Ceci tend a confirmer les hypotheses 
proposCes, a savoir, qu'il existe peu d'ions C1- 
libres et que l'oxyde de plomb est maintenu en 
solution sous forme d'un complexe, probablement 
PbO,PbCl,. 

Par ailleurs le compost PbC12,2Pb0 Ctant a 
fusion congruente on peut s'attendre a ce qu'il 
existe aussi en solution des especes PbC12,2Pb0 
en Cquilibre avec les PbCl,,PbO, l'une ou l'autre 
espece ttant prCpondCrante selon la fraction 
molaire en PbO et la tempCrature considCrCes. 

Pour chacun des points expkrimentaux (dCfinis 
par X et T) du liquidus correspondant a la solidi- 
fication du chlorure de plomb pur, nous avons 
compart la valeur donnCe par l'expression [ l ]  a 
celle du logarithme de la fraction molaire en 
chlorure de plomb calculCe avec chacun des 4 
modeles prCcCdents. 

Le Tableau 3 rCunit ces risultats. On peut y 
remarquer que c'est le Modele 4 qui donne les 
valeurs les plus proches de l'expression [I]. 

Sur la Fig. 2 la droite continue est tracCe par la 
mCthode des moindres carrCs a partir des valeurs 

-0.4. 
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Synthesis of 7-azabicyclo[2.2.l]heptane, exo-2-chloro-7-azabicyclo[2.2.l]heptane, 
and derivatives1 

ROBERT R. FRASER AND ROBERT B. SWINGLE 
Deparfnzenf of Clzemisfry, University of Offatva, Offawa 2, Onfario 

Received February 13, 1970 

A synthesis of 7-azabicyclo[2.2.1]heptane (1) in five steps and an overall yield of 18 % has been 
achieved. An alternative five-step route which gives 1 in 36% yield but which requires large amounts of 
platinum oxide has also been developed. In comparison, the only previous synthesis of this con~pound 
gave less than a 1 % overall yield of an  impure product. Several N-acyl derivatives and the N-n~troso 
derivative have been prepared, and the barriers to rotation about the N-CO bond of the acetyl derivative 
and the N-NO bond of the nitroso derivative have been determined. The barriers were found to be 1.2 
and 6.5 kcal less, respectively, than in their unstrained analogs. exo-2-Chloro-7-azabicyclo[2.2.l]heptane 
has also been synthesized. 

Canadian Journal of Chemistry, 48,2065 (1970) 

Considerable interest has recently developed in 
the nitrogen analogs of bicyclo [2.2.1 Iheptane. 
Reports on the synthesis and reactions of com- 
pounds containing nitrogen in the 1-position 
(1,2) and in the 2-position (3,4) have appeared. 
The 7-azabicyclo[2.2.1]heptane system has per- 
haps received more attention. In particular, many 
highly substituted derivatives have been produced 
by the Diels-Alder reactions of N-alkyl and 
N-acyl pyrroles with dimethylacetylene dicar- 
boxylate (5-12). In contrast the parent 7- 
azabicyclo [2.2.1 Iheptane (1) was reported as 
synthesized only in impure form and was char- 
acterized by conversion to a picrate and a 
7,7-dimethiodide derivative (12). Its synthesis 
from hydroquinone involved seven steps and gave 
1 in an overall yield of less than 1 %. We wish to 
report an improvement in the synthesis of 1, 
which allows its preparation in yields of up to 
36 %. The proof of structure of 1 is supported by 
its conversion to five derivatives, two of which are 
the subject of a temperature-dependent nuclear 
magnetic resonance (n.m.r.) investigation. In 
addition the exo-2-chloro derivative of 1 was 
synthesized and preliminary studies of its 
reactivity are reported. 

'This work was presented in part at  the 52nd Annual 
Meeting of the Chemical Institute of Canada, in May 
1969. 

Synt/zesis of 1 
Three approaches to the synthesis of 1 were 

considered at  the outset. Although the Diels- 
Alder synthesis of the 7-azabicyclo [2.2.1 Iheptane 
skeleton via the reaction of N-substituted pyr- 
roles with acetylenic dienophiles had been re- 
ported (9), the low yields (< 9 %) in all reactions 
made this route seem unattractive. Recently, 
Shafi'ee and Hite described improved yields for 
the Diels-Alder reaction in the synthesis of the 
N-carbobenzoxy derivative of 7-azabicyclo [2.2.1]- 
hept-2-ene-2-carboxylic acid (12) and in the past 
year the use of aluminum chloride as a catalyst 
was shown to improve the yield of the product 
from reaction of N-carbomethoxypyrrole with 
acetylene dicarboxylic ester to 93 % (6). 

Formation of the bicyclic structure by ring 
closure at  the Cl-C2 bond presented obvious 
difficulties in synthesis of the necessary activated 
intermediates and so was not investigated. 
Making the Cl-N bond in the last step seemed 
most attractive since the analogous ring closure 
had been successful in producing both 7-oxa and 
7-thiabicyclo[2.2. llheptane in good yields (14,15). 

The reactions leading to the synthesis of 1 are 
outlined in Scheme 1. Catalytic reduction of 
4-acetamidophenol (2) to a mixture of cis- and 
trans-N-(4-hydroxycyclohexyl)-acetamide (3) has 
been described by three independent groups. 
Ferber and Bruckner reported an 80% yield of 
trans-3 using a 1 :10 weight ratio of platinum 
dioxide to  2 (1 6). Using Raney nickel a t  elevated 
temperature and pressure, Billman and Buehler 
(17) obtained a 30% yield of trans3 while Della 
and Jefferies (18) claimed an 80% yield for the 
same reduction. In our hands the Raney nickel 
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0 Quantitative ' 0 () 0 

procedure gave pure trans-3 in yields of 20 to 
25 % after four crystallizations from acetone. In 
view of the length of the Raney nickel procedure 
and the expense involved in using the platinum di- 
oxide procedure, alternative routes were sought. 
First a modification in the platinum catalyzed 
reduction was made. Use of only a 1 :60 ratio of 
catalyst to phenol 2 still gave a 40% yield of 
trans-3. A second alternative involved the addi- 
tion of two extra steps both of which are rapid, 
easily conducted reactions. A mixture of cis- and 
trans-3 was oxidized to the cyclohexanone 4 in 
76% yield using Jones reagent (19). Reduction 
of 4 with sodium borohydride gave a 35 %yield of 
3 in isopropyl alcohol solvent and a 50% yield 
of 3 using methanol as solvent. The greater yield 
in methanol was anticipated on the basis of 
Kwart's observations on the influence of the 
electronegativity of a 4-substituent on competing 
transition state stabilities in the reduction of 
various cyclohexanones with sodium borohydride 
(20). Presumably, in the higher dielectric medium 
the dipole-dipole interaction between the posi- 
tively charged C-4 and the negative charge in the 
transition state leading to cis product is made less 
favorable, allowing "thermodynamic control" 
to exert a greater influence on the product ratio. 
This sequence of reactions gave convenient 
amounts of 3 in the improved yield of 38 % from 
2. Furthermore, the cis isomer remaining after 
crystallization of 3 can be recycled to form addi- 
tional trans isomer. One other method for im- 

provement of the yield of 3 was also tried. Direct 
equilibration of the cis and trans mixture using 
either sodium and fluorenone in xylene or 
aluminum isopropoxide and acetone in isopropyl 
alcohol failed. The extreme insolubility of 3 in 
these solvents likely contributed to the failures. 

The next step in the synthesis required replace- 
ment of the acetyl group by a suitable blocking 
group. Experiments with the simplest such group, 
the protonated amine, failed. When 3 was 
hydrolyzed to 5 and tosylation of its hydro- 
chloride was attempted, only the N-tosyl deriva- 
tive of5  could be isolated. Direct tosylation of the 
oxy anion of 5 was also tried in several solvents. 
In glyme it was possible to form the 0-tosylate but 
only in 5% yield. Apparently, either competing 
displacement of the chlorine in tosyl chloride by 
attack of alkoxide was occurring (an infrared 
(i.r.) spectrum of the product indicated some 
ketonic product was formed) or the sodium salt 
of 5 was not sufficiently reactive. An attempt at 
direct cyclization of 5 to 1 using the conditions 
successfully employed by Gassman and Fentiman 
in the synthesis of 1-azabicyclo [3.l .O]hexane (21) 
also failed. 

The carbobenzoxy group proved to be a 
successf~~l protector of the amino function. 
Tosylation of 6 followed by cleavage of the 
carbobenzoxy group gave the amino tosylate 8 
which cyclized to 1 in 70% aqueous ethanol. 
The overall yield for the six (or eight) steps was 
12 %. 
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Although the above sequence succeeded in 
producing 1, a decrease in the number of steps 
was of obvious value. It had been shown by 
Muxfeldt and Rogalski in their impressive syn- 
thesis of a tetracycline (22) that the benzoyl group 
of an amide could be removed under mild con- 
ditions using Meerwein's reagent (23) and hy- 
drolysis of the resultant benzimidate in 5 % acetic 
acid. We therefore examined the possibility of 
using the acetyl group present in 3 as the blocking 
group. Since tosylation of 3 gave a viscous oil 
which resisted crystallization, a reaction with 
methanesulfonyl chloride was tried which gave 
the crystalline methanesulfonate 9 in 85 % yield. 
Reaction of 9 with triethyloxonium fluoborate 
gave a 75% yield of the imido ester 10. Hy- 
drolysis of 10 at p H  1.5 to 2.0 gave the amino- 
mesylate 11 which was cyclized at room tempera- 
ture in 80% aqueous ethanol to form 1. This 
sequence for the synthesis of 1 is given in Scheme 
2. The yields in the last two steps were 80 and 83 % 
resulting in an improved yield of 18% (26%, 
based on oxidation and reduction of recovered 
cis-3) for the five (or seven) step synthesis of 1. 
Two of the above steps merit comment as they 
required carefully controlled reaction conditions. 
If the p H  was not in the range 1.5 to 2.0, hy- 
drolysis of 10 gave back the amide 9, and con- 
ditions for cyclization of 11 to 1 were stringent in 
that considerable elimination occurred in 70% 
aqueous ethanol or even in 80 % aqueous ethanol 
at lower than room temperature. 

Finally, it should be noted that use of the large 
amounts of platinum dioxide (16) to make trans3 
followed by the reaction in Scheme 2 provides a 
five step synthesis of 1 in the overall yield of 36 %. 

Proof of Structure 
The only physical constant available for com- 

parison of our product with that previously re- 
ported for 1 is the melting point of its picrate. 

Braun and Schwarz (13) state that cyclization of 
4-aminocyclohexyl bromide gave a 70% yield of 
picrate A, m.p. 170-173" to which they assigned 
the 4-aminocyclohexene structure and a 15 % 
yield of picrate B, m.p. 151-153" to which they 
assigned the bicyclic structure 1. We have pre- 
pared the picrates of 4-aminocyclohexene and 1 
and found their melting points to be 166-168 and 
171-174" respectively. It would appear then that 
the picrate B of Braun and Schwarz was not 
derived from 1. Picrate A very likely has the 
assigned structure, and not that of 1 since it was 
obtained in such a high yield from the reaction of 
a mixture of cis- and trans-4-bromocyclohexyl- 
amines using aconcentrated solution of reactants. 
The amine which produced picrate B may well 
have been the product of an intermolecular 
reaction. In spite of the doubts regarding the 
nature of the picrates, some 1 must have been 
obtained, since conversion of the crude product 
in unspecified yield to the 7,7-dimethiodide of 1 
was effected. The melting point of this derivative 
agrees with more recent value obtained by Corey 
and Hertler (24) for the same compound syn- 
thesized via the Hoffman-Loffler reaction of 
N-methylcyclohexylamine. In view of the un- 
known yield in the final step, the overall yield 
obtained by Braun and Schwarz cannot be pre- 
cisely determined but has a maximum value of 
1 %. 

The proof of structure of 1 is provided by 
spectral evidence, its unambiguous method of 
synthesis, and the synthesis of five derivatives. 
The n.m.r. spectrum of the hydrochloride of 1 in 
deuterochloroform shows four sets of absorption 
in the regions of T 0.5, 5.8, 7.76, and 8.36 which 
have relative intensities 1 : 1 :2:2. They a re  as- 
signed to the NH,, bridgehead, exo, and endo 
protons, respectively. The exo and endo proton 
absorption appears as an A,B, pattern whose low 
field half is broadened, presumably by coupling 
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with the bridgehead protons. Since coupling 
occurs onlv between the bridgehead and exo 

Either strain is not influencing the pKor it is being 
offset by a sterically favorable solvation of the 
conjugate acid of 1. 

The reactivity of the nitrogen atom in 1 differs 
from that of monocyclic secondary amines. Most 
of our acylation reactions required longer reaction 
times than those required for pyrrolidine or 
piperidine. The Leuckart reduction (29) of 1 to its 
N-methyl derivative 12, also appeared to be 
sluggish requiring 15 h and gave only a 53 % yield 
of product. Both 12 and 1 were subjected to the 
Leonard oxidation reaction (30) in hopes that 
perhaps abstraction of a P-hydrogen atom might 
produce oxidation at C-2. No reaction was ob- 
served on prolonged refluxing. The inertness of 12 
to alpha oxidation is expected as the iminium 
salt 13 would be prohibited by Bredt's rule while 
formation of the alternative product 14 has been 
found to be a sluggish reaction in previous studies 
(30). 

The acetyl, 15, trichloroacetyl, 16, and formyl, 
17, derivatives of 1 as well as the nitrosamine, 
18, have all been synthesized and characterized 
by the spectral data presented in the Experimental 
section. Two of these com~ounds  exhibited tem- 
perature dependent n.m.r. spectral behavior 
which differed from that observed previously for 
secondary amine derivatives. A discussion of this 
topic is presented at the end of the paper. - 

Protons in norbornanes (25X 7-thianorbornanes SyH[hesis of exo-2-C~~~oro-7-azabicyc~o[2~2~~]- 
(15), and 7-azanorbornanes (12), the broader heptane (21) 
absorption is assigned to the exo protons. One objective of this work was the synthesis of 

The mass spectrum of the of 1 the two epimeric 2-halo or 2-tosyloxy derivatives 
a parent peak for the free base at m/e 97 of 1 whose solvolytic behavior would be of 

and its i.r. spectrum shows absorption character- interest in with that exhibited by 
istic of a secondary amine hydrochloride (see their norbornyl and 7-oxanorbornyl counter- 
Experimental for details). parts. Several attempts at a direct synthesis of 
Chemical Properties of 1 

7-Azabicyclo [2.2.1 Iheptane is a secondary 
amine having the nitrogen atom in a highly 
strained position. For instance, the internal 
C,-C7-C, bond angle in norbornane has been 
determined to be 96" by electron diffraction (26). 
In 1 a similar but slightly larger angle would be 
expected since C-N bonds are shorter than 
C-C bonds (27). It was of interest to see if this 
strain affects the chemical behavior of the nitro- 
gen atom. Determination of the pKA of 1 in 
water gave a value of 10.8 which appears to be 
normal when compared with the pKA's of 
azetidine (1 1.3) and pyrrolidine (1 1.3) (28). 

such derivatives using an N-C, ring closure in 
the final step failed and these are described in the 
thesis of R. B. Swingle (31). Finally the free- 
radical chlorination of 17 was investigated and 
found to give a mono chlorination product 19 and 
two other products whose n.m.r. spectra indicate 
them to contain two chlorine atoms. The choice 
of 17 as substrate for the chlorination was dic- 
tated by the necessity for an inert group on 
nitrogen. Treatment of 17 with sulfuryl chloride 
and benzoyl peroxide in refluxing methylene 
chloride until the appearance of dichlorination 
products was indicated by thin-layer chromatog- 
raphy (t.1.c.) gave a 31 % yield of pure 19 after 
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FIG. 1. The 100 MHz spectrum of exo-2-chloro-7-trichloroacetyl-7-azabicyclo[2.2.l]heptane. The insert above the 
regular spectrum shows the effect of irradiation of T 5.2 on the peak at T 7.8 and the lack of any other effect. 

isolation by column chromatography. The yield 
based on recovery of 17 is 47%. The proof of 
structure for 19 is provided by its elemental anal- 
ysis, n.m.r. spectrum, and hydrolysis to exo-2- 
chloro-7-azabicyclo [2.2.1 Iheptane, isolated as its 
hydrochloride, 20. The n.m.r. spectrum of 19 also 
provided the evidence for assigning the exo con- 
figuration to chlorine. This spectrum, shown in 
Fig. 1, consists of a broad peak at z 5.10, assigned 
to the two bridgehead protons, a sharp triplet 
of spacing 5 Hz at z 5.9 which is assigned to the 
proton at C-2, a poorly resolved multiplet at 
z 7.75 representing the two protons at C-3, 
and a complex absorption pattern over the range 
z 8.0-8.8 for the remaining four nonequivalent 
protons on C-5 and C-6. Evidence in support 
of this assignment is provided by a frequency- 
sweep double irradiation experiment. Irradiation 
of the bridgehead protons at z 5.10 produced only 
one significant change in the remainder of the 
spectrum (this is shown in the upper portion of 
Fig. 1). The multiplet at z 7.75 became a well- 
resolved doublet of spacing 5 Hz while the triplet 
at z 5.9 was unaffected. Thus the removal of any 
bridgehead coupling by irradiation has simplified 
the absorption for the protons on C-2 and 
C-3 to the XX' portion of an AXX' pattern. 
The observed splitting equals 1/2(JAx + JAx') (32) 
and its magnitude is only slightly lower than 
values normally observed for bicyclo [2.2.1]- 
heptanes (33, 34). A decrease is expected on the 

basis of the smaller vicinal couplings found in the 
7-azabicyclo [2.2.l Iheptanes of Shafi'ee and Hite 
(12). Shafi'ee and Hite also observed the lack of 
vicinal coupling between an endo proton and a 
bridgehead hydrogen but appreciable coupling 
for the exo-bridgehead interaction. Thus the 
absence of any detectable splitting of the proton 
at C-2 by the adjacent bridgehead proton 
established its endo configuration. The chlorine 
on C-2 is thus in the exo position. The formation 
of the exo product only in the chlorination reac- 
tion parallels the stereochemical result for the 
chlorination of norbornane under the same con- 
ditions which Roberts et al. (35) found to give a 
20:l ratio of exo to endo. In contrast, photo- 
chlorination of 7-oxabicyclo [2.2.l Iheptane gave 
a 2.2:l ratio of exo to endo products (36). 
Hydrolysis of 19 with potassium t-butoxide in 
t-butanol and treatment with hydrogen chloride 
gave a 73 % yield of 20 whose mass spectrum 
(parent peaks at m/e 131 and 133 in a ratio of 3 : 1) 
and n.m.r. spectrum confirmed the assigned 
structure. 

One of the motives for the synthesis of 21 was 
an intended study of its solvolytic behavior. At 
this time only a few preliminary experiments in 
this area have been conducted as the supply of 21 
was very limited. Efforts were concentrated on 
converting 21 to the olefin 22 with a view to 
hydroboration of the olefin to give the epimeric 
2-hydroxy compounds. Surprisingly, heating 21 
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with sodium methoxide in DMF at 110" for 24 h 
failed to produce any reaction. We are continuing 
attempts to obtain a pair of epimeric substituents 
at C-2 before undertaking detailed solvolysis 
studies. 

Variable Temperature Nuclear Magnetic 
Resonance Studies on 15 and 18 

The temperature dependence of the n.m.r. 
spectra of amines, their amides and nitrosamines 
has been studied extensively. Amines, as a result 
of their pyramidal structure have a barrier to 
inversion whose magnitude is normally small, 
6-8 kcal (37) but is enhanced by effects of strain 
and electronegative substituents (38, 39). Amides 
and nitrosamines, on the other hand, possess 
barriers to rotation of 14-18 kcal, which are 
decreased by the effect of strain in a cyclic amine. 
A study of these two opposing effects of strain 
in acyl aziridines has been reported by Anet and 
Osyany (40). Some of the acyl derivatives (23; 
R = COOCH,; R = CON(CH,),) no longer 
showed a barrier to rotation but rather a barrier 
to inversion at  nitrogen. We have measured the 
variable temperature spectra of 15' and 18 to 
examine the effect of the bicvclic structural con- 
straint on the conformational barriers present in 
the molecules. 

The n.m.r. spectrum of 15 at 30" contains two 
peaks at z 5.90 and 5.38 each representing one 
proton, assignable to the bridgehead protons at 
C-1 and C-4. When spectra were measured at  
higher temperatures the peaks gradually broad- 
ened and coalesced at 75". From this coalescence 
temperature, the barrier to rotation is calculated 
to be 16.7 kcal using the expression AFS = 
RT(1n kT/h - In nAvlJ2) (41). Although this 
expression is only s&ictly applicable to the 
coalescence of two sharp singlets, the couplings 
to the bridgehead protons in 15 are small and 
should not produce any significant error in the 
calculated d ~ f .  For example in a much more 
serious deviation from the two-site model, the 
barrier to inversion in cyclohexane differed by 

CHEMISTRY. VOL. 48, 1970 

less than 0.2 kcal from that determined using the 
ideal substrate, cyclohexane-dl , (42). The ex- 
perimental value of 17.1 kcal for 15 is significantly 
less than that for dimethylacetamide. Most recent 
work assigns a value for AF3,,.$ = 18.3 kcal 
(43). The decreased barrier in 15 is likely caused 
by steric factors. A more pronounced difference 
is found for the barrier to inversion in 18 relative 
to its open-chain analog, N,N-dimethylnitros- 
amine. Initial variable temperature studies were 
made on a solution of 18 in deuterochloroform. 
In this solvent the two bridgehead protons gave 
rise to a multiplet at z 5.06 at room temperature. 
When the temperature was lowered to - 30" a sep- 
aration into two components occurred whose 
chemical shifts increased as the temperature was 
lowered to - 70". Since the coalescence tempera- 
ture appeared to be unusually low,a variable tem- 
perature study of 18 in carbon disulfide was also 
performed. At room temperature in this solvent 
two triplets representing the bridgehead protons 
appeared at z 4.87 and 5.06. When the tem- 
perature was raised to 52 "C the two peaks 
broadened, then coalesced. For this coales- 
cence temperature the barrier to rotation is 16.5 
kcal.  he- apparent coalescence at  - 30" for 
the deuterochloroform solution of 18 must 
have been due to a fortuitous equivalence of 
the bridgehead protons in this solvent. This 
explanation is supported by the fact that no 
broadening at  the coalescence temperature was 
seen. The value of 16.5 kcal for the barrier in 18 
is much lower than the 23.0 kcal value reported 
for N,N-dimethylnitrosamine (44). We attribute 
the differences between 15 and 18 relative to the 
open chain counterparts as being a reflection of 
differences in steric effects. In both compounds 
there are unfavorable steric interactions between 
the bridgehead hydrogen and the oxygen cis 
to it which is held in the same plane by the partial 
double bond at nitrogen. This interaction is 
essentially an A1 ,3  strain as defined by Johnson 
and Malhotra (45). The effect is small in 15 but 
greater in 18 since an N-N bond is shorter than 
an N-C bond (27). 

It is evident that there is only a qualitative 
difference in the behavior of 15 and 18 relative 
to their acyclic counterparts and that the strained 
bond angles of the nitrogen do not produce any 
aziridine-like behavior. It might be possible using 
appropriately deuterated samples to detect a 
barrier to inversion in 15 or 18 but as Anet and 
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Osyany point out (40) it should be low in com- 
pounds possessing hindered rotation. 

Experimental 
All melting points are corrected. The n.m.r. spectra 

were recorded on either a Varian T-60, or a n  HA-100 
n.m.r. spectrometer using deuterochloroform as solvent. 
Spin-decoupling and variable temperature experiments 
were performed on the 100 MHz instrument. Low tem- 
perature calibrations were performed using the internal 
methanol shift method of Varian. Mass spectra were 
measured on a Hitachi-Perkin-Elmer RMU-6D spec- 
trometer. The i.r. spectra were determined on either a 
Beckmann IR-8 or IR-20 instrument using a KBr dis- 
persion of the solid. Unless otherwise specified, mag- 
nesium sulfate was used as the drying agent of solutions. 

Preparation of N-(4-Hydroxycyclolzexyl)-acetamide (3 )  
The method of Ferber and Bruckner (16) was utilized 

with the modification that only a 1:60 weight ratio of 
catalyst to 4-acetamidophenol was employed. Hydrogena- 
tion on a 20 g scale in water at 60 p.s.i. and 60" for 15 h 
in a Parr apparatus gave complete reduction. After re- 
moval of catalyst and solvent the residue was treated with 
acetone. The less soluble trans isomer slowly crystallized. 
A total of 8 g of solid, m.p. 166-167", was obtained (lit. 
m.p. 164" (16)). The cis isomer crystallized from the 
mother liquor after it had stood for 2 days at  3". After 
two crystallizations from acetone it melted at  134-136" 
(lit. m.p. 135' (16)). 

The procedure of Billman and Buehler (17) was also 
used. Hydrogenation of 80 g of 4-acetamidophenol in 
ethanol in a n  autoclave at 1000 p.s.i. and 190" using 5 g 
of W-4 Raney nickel catalyst gave, after work-up, 
20 g (25 %) of trans-3. 

Oxidatiorz of 3 to N-(4-0xocyclohe.uyl)-acetamide ( 4 )  
(19) 

A mixture of cis- and trans-3 obtained directly from 
the above hydrogenation was dissolved in acetone which 
had been distilled from potassium permanganate. This 
solution was titrated at  20" with a solution of chromic 
acid prepared from 12.35 g of chromium trioxide, 11.5 ml 
concentrated sulfuric acid, and 20 ml of water. A per- 
sistent orange-brown coloration indicated the end point. 
The solution was filtered and ethanol added. The pre- 
cipitated ,chromium salts were filtered off and the filtrate 
was concentrated. Chloroform was added to the residue, 
the solution dried, filtered, and evaporated. The residual 
ketone m.p. 135-136" was not further purified. 

Reduction of 4 
(a )  In 2-Propar101 
A solution of 0.50 g of the above ketone in 5.0 ml of 

anhydrous 2-propanol was added to 64 mg of sodium 
borohydride in 20 ml of solvent with stirring. The mixture 
was left at  room temperature overnight and then con- 
centrated. The residue was hydrolyzed with 5.0 ml water 
and then with 5.0 ml of 10% sodium hydroxide. The 
resulting mixture was evaporated under reduced pressure 
and the residue extracted in a Soxhlet using ether as 
solvent. Evaporation of ether yielded the corresponding 

alcohol (490 mg) from which 267 mg of crude trans 
alcohol, m.p. 150-154" was isolated (53 %). 

(b )  111 Methanol 
The above ketone (0.40 g) was dissolved in 25 ml of 

methanol and a trace of sodium carbonate and 0.4 g 
(large excess) of sodium borohydride was added slowly 
to  the above stirring solution. After 4 h at  room tempera- 
ture the solution was acidified to p H 4  with dilute hydro- 
chloric acid and then concentrated to dryness. The solid 
obtained was extracted in a Soxhlet using ether as solvent. 
Evaporation of the solvent yielded 0.40 g of solid from 
which trarzs-3 (0.28 g), m.p. 150-154", was isolated from 
an acetone solution. Recrystallization from acetone gave 
0.20 g of 3, m.p. 162-164" (50% yield). Further con- 
centration of the acetone solution gave the corresponding 
cis isomer m.p. 130-135". 

The method of Ferber and Bruckner (16) for the syn- 
thesis of 5 proved ineffective and resulted in partial 
elimination of the hydroxyl group. A more convenient 
method is described below. 

A solution of trarzs-3 (20 g) in 500 ml of 20% aqueous 
sodium hydroxide was refluxed for 8 h. The aqueous 
solution was then placed in a continuous extractor and 
the mixture was extracted with chloroform for a further 
8 h. Compound 5 was obtained in 80% yield after re- 
crystallization from ethyl acetate and melted at 110-1 1 lo, 
the melting point given by Ferber and Bruckner (16). 

trans-4-Carbobenzoxyanzitzocyclohexanol(6) 
Following the procedure of Bergman and Zervas (46) 

a solution of 5 (12 g) in 100 ml of water was placed in a n  
ice bath. Then carbobenzoxy chloride (25 ml; a three-fold 
excess) was added in 3 to 5 ml portions alternating with 
portions of 10 % aqueous sodium hydroxide. Vigorous 
shaking by hand was maintained throughout the reaction. 
After the addition, the mixture was allowed to come to  
room temperature and the solid product filtered off. 
This was dissolved in hot ethyl acetate, and pyridine was 
added until the ethyl acetate no longer clouded upon the 
addition. The solvent mixture was then washed three 
times with 25 ml portions of water and dried. After 
filtration the solution was concentrated under vacuum 
until 6 began to  crystallize. Recrystallization of the 
product from fresh ethyl acetate yielded white needles in 
78% yield melting at  159-160.5". 

Anal. Calcd. for C14H1903N: C. 67.45; H, 7.68; 
N, 5.61. Found: C, 67.38;H, 7.65; N, 5.77. 

The i.r.: 3615, 3450, 1720, 1515 cm-'. The n.m.r. 
(60 MHz): T 2.66 (5H), 4.86 (2H), 5.42 (lH), 6.25 (2H), 
7.8-9.0, broad multiplet (9H). 

trans-4-Carboberzzoxyaminocyclohexyl 
p-Tol~ierzesulfor~ate (7 )  

To 100 ml of dry pyridine, in a 250 mlflask wereadded 
10 g of 6. The solution was cooled and stirred in an ice 
bath while 10 g (20% excess) of p-toluenesulfonyl 
chloride was added slowly. The solution was kept a t  0" 
for 12 h after which time the pyridine was removed under 
vacuum. The solid residue was dissolved in chloroform, 
washed three times with water, then with 25 ml of 1 N 
hydrochloric acid. After drying, the solution was filtered, 
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the solvent was removed, and the excess toluenesulfonyl 
chloride was extracted with boiling (30-60") petroleum 
ether. The residue which did not dissolve in the ether was 
recrystallized from ethanol to give 7 in 81 % yield. The 
melting point of the solid obtained was 116-117". 

Anal. Calcd. for CZ1Hz5O5NS: C, 62.48; H, 6.24. 
Found: C, 62.29; H, 6.28. 

The i.r.: 3450, 1720, 1600, 1515, 1460, 1365, 1178 
cm-I. The n.m.r. (60 MHz): an A2B2 at 7 2.04 and 2.66 
(4H), 2.67 (5H), 4.90 (2H), 5.30 doublet (lH), 5.50 (lH), 
6.50 (IH), 7.55 (3H), broad multiplet 7.7-9.0 (8H). 

trans-4-Arnir~ocyclohexyl p-Toluenesrrlfonate 
Hydrobrotrride ( 8 )  

To a solution of 7 in 30 ml of glacial aceticacid were 
added a solution of 3 ml of 48% aqueous hydrobromic 
acid in 7 ml of acetic acid. Stirring was continued 20 min 
after the evolution of carbon dioxide had ceased. The 
solvent was then removed under vacuum. The residue 
was washed with ether and recrystallized twice from ethyl 
acetate to give needles melting at 135-136" in 81 %yield. 

Anal. Calcd. for C13H,,Br03NS: C, 44.58; H, 5.75. 
Found: C, 44.76; H, 5.95. 

The i.r.: (3200-3000), 1365, 1180 cm-l. The n.m.r. 
(100 MHz): 7 1.77 (3H), an A2B2 at 2.13 and 2.67 (4H), 
5.58 (lH), 6.88 (lH), 7.51 (3H), 7.7-8.1 (8H). 

7-Azabicyclo[2.2.1]1reptatze Hydroclrloride (I) 
To 500 ml of a 70% aqueous ethanol solution con- 

taining 2 equ of 1 N sodium hydroxide (36 ml) were 
added 6 g of 8. After the mixture had stood for 14 h at 
room temperature, hydrogen chloride gas was introduced 
into the mixture and the solvent was removed under 
vacuum. The residue was dissolved in 10% aqueous 
sodium hydroxide and the amine was extracted with ether. 
The ether was then dried, filtered, and the filtrate dried 
further over calcium hydride. After the final filtration, 
dry hydrogen chloride gas was introduced into the ether 
and the precipitate which formed was filtered off. 
Recrystallization from a methanol: ethyl acetate mixture 
gave a solid melting at 261-263'. The yield for the reaction 
was 77 %. 

Anal. Calcd. for C6H12NCI: C, 53.95; H, 9.06. Found: 
C, 53.76;H, 9.23. 

The i.r.: 3000-2550, 1605, 1473, 1453, 1363, 1278, 
1230, 1090, 975, 908, 884 cm-'. The n.m.r. (60 MHz): 
7 5.77 (2H), 7.76, 8.36, 2 broad peaks (8H). The n.m.r. 
of free amine 1 at 100 MHz: 7 6.37 (2H) 8.40, 8.49, 8.66, 
8.68, 4 broad peaks (9H). Mass spectrum: rn/e (relative 
intensity) 98 (1.3), 97 (18.0), 96 (3.1), 70 (8.0), 69 (80.5), 
68 (loo), 43 (10.1), 42 (10.0), 41 (24.2). 

The picrate of 1 was formed by reaction with picric 
acid in aqueous medium and melted at 171-173 "C. 

trans-4-Acetarnidocyclohexyl Methanesrrljonate (9) 
The tratzs alcohol 3, (3 g), was finely powdered and 

dissolved in a solution composed of 50 ml of dichloro- 
methane and 50 ml of pyridine at a temperature of 30". 
Methanesulfonyl chloride (3.5 g) was then slowly added 
with cooling and the reaction mixture was stirred for 2 h. 
The solvent was then removed under vacuum and the 
residue was dissolved in chloroform and washed with 
25 ml of 2 N hydrochloric acid. The aqueous portion was 
extracted with ten 25 ml portions of chloroform and the 

two organic layers were combined and dried. After the 
drying agent was removed and solvent evaporated, the 
residue was crystallized from ethyl acetate. The solid 
amounted to 3.8 g (85%) yield and melted from 150-151 ". 

Anal. Calcd. for C9H17N04S: C, 45.93; H, 7.23. 
Found: C, 45.56; H, 7.07. 

The i.r.: 3310, 1630, 1550,.1374, 1340, 1170, 1000, 
970, 945, 855 cm-l. The n.m.r. (60 MHz): r 4.33 (IH), 
5.42 (lH), 6.23 (lH), 7.00 (lH), broad multiplet 7.63-8.80 
sharp peak 8.03. 

The yield was less than 25% when solvents such as 
pyridine, chloroform, ethyl acetate, or dimethylforma- 
mide were used. 

Ethyl-N-(4-mesyloxycyclo/zexyl)-acetimidate (10) 
The Meerwein reagent (1.4 g) was prepared (23) and 

added to 1 g of tratzs-4-acetamidocyclohexyl methane- 
sulfonate (9) in 50 ml of methylene chloride. The reaction 
mixture was allowed to stand for 8 h and then 10 ml of 
triethylamine was added. After standing overnight, the 
mixture was washed with water and dried. The solution 
was filtered, the solvent removed under vacuum, and the 
residue extracted with boiling heptane. The solid (0.84 g) 
which was recovered from the heptane melted at 80-82". 
The yield for the reaction was 75%. 

Anal. Calcd. for Cl1HZlNSO4: C, 50.16; H, 8.04. 
Found: C, 50.15; H, 8.06. 

The n.m.r. (100 MHz in CDCI3): 7 5.30 broad (lH), 
6.01 quartet (2H), ( J  = 7 Hz), 6.40 broad (lH), 7.00 
(3H), broad multiplet 7.7-8.9 (14H), including singlet 
8.15, triplet 8.80 ( J  = 7.0 Hz). 

tratrs-4-Ami1zocyclo/rexyl Methatzesulfotrate 
Hydroclrloride (11) 

The imidate ester, 10, was suspended in water and 
oxalic acid was added until the p H  reached 1.5-2. After 
the mixture has been stirred for a few minutes, all of 10 
had dissolved and the acid solution was allowed to stand 
for 16 h. Chloroform was then added and the aqueous 
portion was made basic with 1N sodium hydroxide. 
After the aqueous portions were extracted with more 
chloroform, the chloroform extracts were dried and then 
hydrogen chloride gas was bubbled in. When the solvent 
was removed, the residue was recrystallized from a 
methano1:ethyl acetate mixture. The solid obtained melted 
at 141-143 "C. The yield varied from 70 to 86%. 

Anal. Calcd. for C7H1603NSCI: C, 36.59; H, 7.02. 
Found: C, 36.79; H, 7.20. 

7-Azabicyclo[2.2.1]1repfane Hydroclrloride (I) 
The hydrochloride, 11, obtained from the previous 

reaction was placed in an 80% aqueous ethanol solution 
containing 2 equ of 1 N sodium hydroxide. After 16 to 
18 h the same work-up as described previously gave 1 in a 
yield of 83 %. 

Determination of the pKA of I (47) 
Samples of 7-azabicyclo[2.2.1]heptane hydrochloride 

(1) weighing 35, 45, and 50 mg, respectively, were dis- 
solved in 50 ml of water in a 250 ml beaker. The solution 
was stirred with a magnetic stirrer. Titration of 1 using a 
solution of 0.100 N sodium hydroxide (BDH volumetric 
reagent) was followed with a Radiometer p H  meter type, 
24e, using a glass electrode. The p H  meter was standard- 
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ized at pH8,10, and 11 before each sample determination. 
The p H  of the solution was read after each 0.05 ml of 
titrant was added and a plot was made of p H  vs. volume 
of sodium hydroxide added. The first inflection point 
was determined and the p H  noted at  this point. This then 
gave the pK,, for the amine. The average value for the 
three determinations was 10.8. 

7-Methyl-7-azabicyclo[2.2.I]lrepiatie 
Hydroclrloride (12) 

The hydrochloride of l (500 mg) was placed in a 100 ml 
flask fitted with two condensers and a drying tube. 
Formic acid (15 ml) and 20 ml of a 37% formaldehyde 
solution was added and the mixture was refluxed for 3 h 
(48). At this time 0.5 g of paraformaldehyde was carefully 
introduced and the mixture was refluxed a further 12 h 
then allowed to stand at  room temperature for 10 h. 
Hydrochloric acid (10 ml of 4 N) was added and the 
solution evaporated to dryness under vacuum. The solid 
residue was taken up in water and the insoluble portion 
removed by filtration. The filtrate was made basic and 
extracted with ether. The ether was dried with mag- 
nesium sulfate then calcium hydride and, after removal 
of the drying agent, hydrogen chloride gas was introduced. 
The precipitate which formed was collected and recrys- 
tallized from an ethyl acetate:methanol mixture to give 
a solid melting at 255.5 to 257'. The yield was 53 %. 

Anal. Calcd. for C,H,,NCI: C, 56.94; H, 9.56. Found: 
C, 56.76; H, 9.52. 

The i.r.: 3000-2400, 1490, 1460, 1375, 1333, 1230, 
1178, 1139, 1069, 1011, 958, 880cm-'. The n.m.r. 
(60 Hz): 7 6.03 (2H), 7.21 doublet (3H), 7.33-8.51 broad 
multiplet (8H). 

7-Acetyl-7-azabicyclo[2.2.I]11eptat1e (15) 
A three-necked flask was fitted with a gas outlet, a 

thermometer, a dropping funnel, and a stirrer. Triethyl- 
amine (0.4 ml) and 0.3 ml of acetic acid were added 
together with 0.5 ml of ethyl chloroformate in 50 ml 
of methylene chloride. The temperature was maintained 
a t  -20" and the mixture was stirred for 1 h. The free 
base of 1 (400 mg) was added slowly and evolution of 
carbon dioxide was noted by trapping it under water. 
After 4 h the mixture was washed with 10 ml of 1 N 
hydrobromic acid and the solvent was dried and carefully 
evaporated. On bulb-to-bulb distillation of the residual 
liquid and subsequent recrystallization of the distillate 
from heptane, a solid melting at  41.042.5' was obtained 
in 40% yield. 

Anal. Calcd. for C8H130N: C, 69.03 ; H, 9.41. Found: 
C, 68.92; H, 9.22. 

 h he i.r.: 1640, 1457, shoulder 1425, 1365, 1320, 1157, 
975 cm-'. The n.m.r. (100 MHz): 7 4.62 (lH),4.10(1H), 
2.00 (3H), 1.62 multiplet (8H). Mass spectrum: tn/e 
(relative intensity) 139 (31), 69 (loo), 68 (75). 

A 73 %yield of 15 was obtained by refluxing 1 (500 mg) 
for 2 h in 20 ml of acetic anhydride containing 500 mg 
of sodium acetate. 

7-Formyl-7-azabicyclo[2.2.l]heptat1e (16) 
In a round-bottom flask were placed 1 g of 98 %formic 

acid and 2 g of acetic anhydride. The mixture was cooled 
to - 55' and after 20 min, 60 mg of 1 were added. The 
solution was allowed to warm slowly to room tempera- 

ture and after standing for 24 h it was made basic with 
20% sodium hydroxide and extracted with chloroforn~. 
After the chloroform was dried and the solvent removed, 
distillation of the residue under vacuum at 40" gave a 
liquid (38 mg, 67 %yield) of b.p. 60" at  0.06 mm pressure. 

Anal. Calcd. for C7H, ,NO : C, 67.17; H, 8.86. Found : 
C, 66.98; H, 8.74. 

The n.m.r. (100 MHz): 7 1.95 (lH),  5.39 (lH), 5.92 
(lH),  broad multiplet with four main peaks 8.18, 8.29, 
8.46, 8.55 (8H). Mass spectrum: m/e (relative intensity) 
125 (34.7), 97 (26), 96 (39), 69 (28.5), 68 (loo), 41 (44.4). 

7-Trichloroacetyl-7-azabicyclo[2.2.l]/~eptate (17) 
A solution of 1 in 50 ml methylene chloride was added 

to 50 ml of saturated sodium carbonate. The two phase 
mixture was cooled and stirred vigorously while 300 mg 
of trichloroacetyl chloride (49) was rapidly added. After 
1 h the two layers were separated and the aqueous portion 
extracted with methylene chloride. The solution was 
dried and the solvent evaporated leaving 130 mg (70% 
yield) of solid which, after recrystallization from heptane, 
melted at  105.5-106". 

Anal. Calcd. for C8Hl0NOCI3: C, 39.62; H, 4.15. 
Found: C, 39.79; H, 4.21. 

The i.r.: 675, 1460, 1420, 1320, 1260, 1160, 985, 830, 
800, 725, 650 cm-'. The n.m.r. (100 MHz): 7 5.24 (2H), 
broad multiplet 2 main peaks centered at 8.06, 8.45 (8H). 

7-Nitroso-7-azabicyclo[2.2.l]hepta,2e (18) 
A solution of 1 (235 mg) in 25 rnl of water was placed 

in a round-bottom flask fitted with a condenser. Sodium 
nitrite (400 mg) was added in one portion along with 1.5 
ml of 2 N hvdrochloric acid. The solution was heated to  
70-75" and-stirred for 3 h. The product was extracted 
from the cooled acidic solution with ether, the extracts 
were dried, and the ether was carefully removed under 
reduced pressure. The residual yellow needles were 
recrystallized from heptane to give 160 mg (73 % yield) 
of a solid melting at  85-86'. 

Anal. Calcd. for C6HloN20:  C, 57.10; H, 7.91. Found: 
C, 56.92; H, 7.86. 

The i.r.: 1475, 1465, 1450, 1408, 1335, 1310, 1155, 
1130, 990, 870, 717 cm-'. The n.m.r. (100MHz in 
CDCI3-CS2): multiplet 7 5.06 (2H), multiplet 8.30 (8H). 

2-Chloro-7-trichloroacetyl-7-azabicyclo[2.2.1]/1epiane 
(19) 
To a solution of 17 (300 mg) in 25 ml of methylene 

chloride were added 100 mg of benzoyl peroxide and 0.5 
ml of sulfuryl chloride. The mixture was refluxed for 24 h. 
The solvent was then removed under vacuum and the 
residue placed on a chromatographic column containing 
30 g of silica gel. A 15% hexane:ethyl acetate mixture 
was used as eluent. This treatment yielded 150 mg of 
crude monochloride which after sublimation melted a t  
70.0-71.5" (107 mg; 31 % yield). 

Anal. Calcd. for C8H,NOCI,: C, 34.68; H, 3.28. 
Found: C, 34.52; H, 3.28. 

Thei.r.: 1680, 1425, 1317,870,840, 805,739, 610cm-'. 
The n.m.r. (100 MHz): 7 5.10 (2H), 5.90 triplet (lH), 
7.76 (2H), 8.03 (2H), 8.50 multiplet (2H). 

Recrystallization of the material first eluted from the 
column produced 110 mg of unreacted 17. Although some 
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disubstituted product (45rng) was also obtained as 
indicated by n.rn.r. it was not purified. 

2-Chloro-7-azabicycla[2.2.l]heptat~e Hydrocl~loride (20) 
To a solution of 19 (100 rng) in 15 rnl of frozen t- 

butanol were added 100 rng of potassium t-butoxide. 
The reaction vessel was sealed and the solid allowed to 
melt. Fifteen minutes after the bubbles ceased to evolve 
the mixture was again frozen and the tube unsealed. 
Hydrogen chloride gas was bubbled through the solution 
as the solvent melted and the t-butanol was removed 
under vacuum. The residue was extracted with chloro- 
form and filtered to remove the solid potassium chloride. 
After the chloroform was removed, the residue was 
recrystallized from a methanol-ether mixture, giving 75 
rng of solid which melted with decomposition at 242" 
(73 % yield). 

Anal. Calcd. for CsHi1NCl2: C, 42.87; H, 6.59. 
Found: C, 42.68; H, 6.76. 

The i.r.: 3000-2450, 1610, 1581, 1450, 1435, 1369, 
1354, 1320, 1050, 880, 670, 500 crn-'. The n.rn.r. (100 
MHz): T 5.55 (lH), 5.70 (lH), 5.89 (lH), 7.80 broad 
(4H), 8.44 broad (2H). Mass spectrum: mle (relative 
intensity) 133 (2), 131 (5.9, 70 (49, 69 (loo), 68 (29.3), 
67 (29), 42 (13), 41 (13). 
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The reaction of Zbutyne with hydrogen catalyzed by nickel, copper, cobalt, 
iron, and nickel-copper alloys 

R. S. MANN AND C .  P. KHULBE 
Department of Chemical Engineering, University of Ottawa, Ottawa, Canada 
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The reaction between hydrogen and 2-butyne over unsupported nickel, copper, cobalt, iron, and 
nickel-copper alloys has been investigated in a static constant volume system between 30 and 250 "C for 
a wide range of reactant ratios. The reaction over metals and their alloys is simple hydrogenation, the 
early stages being principally a selective production of cis-2-butene with small yields of polymers. The 
order of reaction with respect to hydrogen was one and independent of temperature. While the order of 
reaction over cobalt and copper with respect to Zbutyne was zero, it was slightly negative and tempera- 
ture dependent for nickel and nickel-copper alloys. The selectivity was independent of initial hydrogen 
pressure for nickel, cobalt, copper and most of the nickel-copper alloys. The overall activation energy for 
nickel, cobalt, and copper were 9.1, 6.6, 33.5 kcal/mole, respectively. Selectivity and extent of polymeri- 
zation increased with increasing amounts of copper in the nickel-copper alloy. 
Canadian Journal of Chemistry, 48, 2075 (1970) 

Introduction 
Though recently several papers have appeared 

on the hydrogenation of acetylene (1,2), methyl- 
acetylene (3, 4), and ethylacetylene (5, 6) over 
supported and unsupported metals of the eighth 
group, very little has been reported about the 
kinetics of the hydrogenation of 2-butyne over 
metals. While Meyer and Burwell (7) studied the 
reaction of deuterium with 2-butyne on palla- 
dium-alumina, Webb and Wells (8) have 
reported the kinetics of the reaction over sup- 
ported ruthenium and osmium, and Phillipson 
et al. (9) investigated the kinetics of the hydro- 
genation of 2-butyne over alumina supported 
cobalt, nickel, iron, rhodium, iridium, and 
platinum catalysts. 

In the present study, we have examined the 
reaction of 2-butyne with hydrogen catalyzed 
by nickel, copper, cobalt, iron, and nickel-copper 
alloys. Here we report the kinetics of the reaction 
and the vields of butenes and butane over a wide 
range of operating conditions. 

Experimental 
The apparatus and experimental procedure were essen- 

tially the same as described by Mann and Khulbe (3). 
Homogeneous nickel-copper alloys and pure nickel, 
copper, cobalt, and iron powders were prepared by the 
method of Best and Russell (11). The mixed basic car- 
bonates (in case of alloys) or basic carbonates (for pure 
metal powders), precipitated by ammonium bicarbonate 
from their nitrate solutions containing the appropriate 
quantities of the nitrate, were decomposed to the oxides 
by calcination at 500 "C in a muffle furnace, and then 
reduced in a hydrogen stream for 24 h at 400 "C. The 

pumice-supported iron was prepared as described earlier 
by Mann and Naik (10). 2-Butyne, supplied by Frachan 
Research Laboratory, was further purified by vacuum 
distillation. Cylinder hydrogen gas (Linde Co.) was 
passed through a bed of palladium asbestos (10% Pd) 
maintained at 200 "C by an electric furnace surrounding 
it, and then through a trap immersed in liquid nitrogen. 
Quantitative analysis of the products was carried out by 
means of a Varian Aerograph, Model A-90 P3, employing 
a 20 ft long column packed with 30% dimethyl sulfolane 
supported on 20-60 mesh acid washed Chromosorb-P. 
The column was maintained at 35 "C, and helium, 
flowing at a rate of 80 cc per min, was used as the carrier 
gas. 

The amount of polymerization was calculated as the 
difference between the intial pressures of 2-butyne and 
the sum of 2-butyne reacted to form butenes and butane 
and the unreacted 2-butyne in the products. These poly- 
mers may have been in the gaseous form, which could 
not be detected by the dimethyl-sulfolane column under 
experimental conditions. 

X-Ray analysis of the reduced nickel-copper catalysts 
showed that solid solutions, closely corresponding to the 
expected composition, were indeed formed. All the alloys 
contained no detectable free metal, and had face centered 
cubic structure. The lattice constants and calculated 
compositions of these are given in Table 1. These checked 
very well with the expected values within a reasonable 
accuracy. Surface areas of these catalysts were deter- 
mined by B. E. T. method and are given in Table 1. 

Results 
Unsupported nickel, copper, cobalt, and 

nickel-copper alloy catalysts were found to be 
quite active and did not get poisoned when 
2-butyne or hydrogen was admitted first into the 
reactor. The activity remained fairly constant for 
several days. However, unsupported iron was 
found to be very much less active as a catalyst 
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MANN AND KHULBE: REACTION ( )F 2-BUTYNE WITH HYDROGEN 2077 

TABLE 2 

TIME (rnin) 

FIG. 1. Pressure-time curve: Temperature = 40 "C; 
PC = 50 mm. Curve ADE, I, Ni = 90%, Cu = lo%, 
P,,: 5 50 mm; curve AFG, 11, Ni = 90%, Cu = lo%, 
PH = 120 mm; curve ABC, 111, Ni powder, P H ~  = 
502mm. 

as compared to nickel, cobalt, or copper. It lost 
its activity rapidly. It was observed that the rate 
of deactivation decreased with the number of 
runs, and increased hydrogenl2-butyne ratios 
and temperatures. 

(a) Pressure Fall-time Curves 
The various types of pressure fall-time (P-t) 

curves observed in the hydrogenation of acetylene 
(12) and methylacetylene (10) over nickel-pumice 
catalysts have been discussed in considerable de- 
tail previously. The P-t curves (Fig. 1) observed 
in the hydrogenation of 2-butyne for hydrogenl2- 
butyne ratios of less than two consisted of either 
two linear portions of different slopes (curve 
ADE, type I) or a straight line up to a pressure 
fall of about two thirds of 2-butyne and then a 
curve (curve ABC, type 111). For hydrogenl2- 
butyne ratios greater than two, either a type 111 or 
type I1 (curve AFG) was observed. Curve AFG 
is comprised of two linear regions, region AF, in 
which the reaction was first order and region FG 
in which the rate of pressure fall accelerated. In 
the region AF, the main product of the reaction 
was cis-2-butene with a very small amount of 
butane, whereas after the rapid acceleration 
(region FG), the main process occurring was the 
further hydrogenation of 2-butenes to butane. 
The kinetic forms of the pressure-time curves 

Pressure fall-time curves 

Kinetics (type of curves) 

Catalysts Hz: CZHB c 2 HZ: C4Hs > 2  

observed with different catalysts are summarized 
in Table 2. 

(b) Orders of Reaction with respect to Hydrogen 
and 2- Butyne 

Using a fixed 2-butyne pressure of 50 mm and a 
wide range of hydrogen pressures (18-200 mm), 
order in hydrogen was determined at several 
temperatures. Similarly the order of reaction 
with respect to 2-butyne was obtained by using 
50 mm hydrogen and varying pressures of 
2-butyne between 40 and 180 mm at several 
temperatures. 

The orders of reaction with respect to hydrogen 
(n) was always about one and independent of 
temperature for all catalysts (Table 1). While the 
order of reaction with respect to 2-butyne (m) 
was zero and nearly independent of temperature 
for copper and cobalt, it was zero for nickel and 
nickel-copper alloys at lower temperatures and 
became slightly negative with increased tem- 
peratures. Table 3 shows the order of reaction 
with 2-butyne for nickel, cobalt, and nickel- 
copper alloys for several temperatures. 

(c) Temperature Dependence of Rate Constants 
Plots of log,, specific rates against the reci- 

procal of absolute temperature were good straight 
lines over a wide temperature range for all the 
catalysts satisfying the Arrhenius equation. The 
activation energies for all the catalysts are given 
in Table 1. There appears to be no direct relation- 
ship between the energy of activation and the 
copper content of the alloy, except that the 
minimum activation energy was observed for an 
alloy containing approximately 10% copper. 

(d) The Dependence of Activity on 
Coinposition of Nickel-Copper Alloys 

The hydrogenation of 2-butyne has been 
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MANN AND KHULBE: REACTION OF 2-BUTYNE WITH HYDROGEN 2079 

Atomic % Cu 

FIG. 2. Energy of activation vs. % copper in alloy. 

studied over several different nickel-copper 
alloys. The results are summarized in Table 1. 
The striking feature of these results is that the 
catalytic activity rapidly increases with the slight 
increase of copper content (up to 10% Cu) in the 
alloy, and then decreases with increasing copper 

content, till at about 60% copper, when the activ- 
ity became nearly zero (Fig. 2). Similar behavior 
was observed by Mann and Khulbe (3) in the 
hydrogenation of methylacetylene over nickel- 
copper alloys. However, Best and Russell (11) 
observed the maximum activity in the hydrogena- 
tion of ethylene over nickel-copper alloys in the 
copper rich region. 

(e) Dependence of Selectivity upon Pressure-fall 
or Conversioiz 

The course of the reaction and the dependence 
of the selectivity, S, for the various catalysts, and 
upon the concentration of copper in the nickel- 
copper alloys was studied at 80 "C for hydrogenl2- 
butyne ratios of 1 (P,, = 50 mm, PC,,, = 50 mm) 
and about 2.4 (pH, = 120 mm, PC,,, = 50 mm) 
by analyzing the reaction products after various 
falls in pressure. The selectivity (S) has been 
defined as the ratio of butenes to butenes plus 
butane 

=~Pbulenes/~(Pbulenes + Pbutnnc) 

The distribution of products and the selectivity 
of the various catalysts for a total pressure fall of 
about 20 mm is given in Tables 4 and 5. While 
Fig. 3 A,  B, and C show the distribution of prod- 
ucts for equimolal amounts of hydrogen and 
2-butyne for nickel, cobalt, and copper for 
different pressure falls (amounts of conversion), 
Fig. 4 A,  B, and C show the distribution of 

" 50 
CI, 
I 

E 40 
E - 3 0 -  
L 
3 

20- 

L 
a 10- 

0 

0 10 20 30 40 0 10 20  30 40 0 10 20 3 0  4 0  50 

T = 5 0  OC T = 9 0  OC T.240 OC 

Pressure Fall (mm Hg 1 
FIG. 3. Distribution of products during the course of reaction PH2 = 50 rnm, = 50 rnm. A, Ni powder (T = 

50 "C); B, Co powder (T = 90 "C); C, Cu powder (T = 240 "C). Curve I, 2-butyne (0); curve 11, cis-2-butene (V); 
curve 111, trans-2-butene (0); curve IV, 1-butene (V); curve V, n-butane (0); curve VI, selectivity (@); curve "VII, 
hydrogen (A). 

- 1 , A - - - -  VI 

- 

I 

- 
I I t I I 

A r r .  - - - - - w B= VI VI - 1.0 C ,  - 
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s 
TABLE 5 2 

Effect of copper concentration on product distribution* k 
5 

2-Butyne initial 
pressure (mm) Pressure of products (mm) 

a s 
Room trans-2- cis-2- Selectivity 2-Butyne 

80 "C temperature Butane 1-Butene Butene Butene 2-Butyne S lost 
% f 

Catalyst polymers 

Ni-Cu alloy, % Cu A 

.p m 
'Hydrogen = 120 f 2 mm; A P  = 20 mm. + tT = 185 'C. \D 

4 0 
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MANN AND KHULBE: REACTION O F  2-BUTYNE WITH HYDROGEN 208 1 

Pressure Fall (mm ~ g )  
FIG. 4. Course of reaction; P H ~  = 120 mm, PcqH6 = 50 mm. A,  Ni powder (T = 50 "C); B, Cu powder (T = 240 "C); 

I C, Co powder (T = 90 "C). Curve I, 2-butyne (0); curve 11, cis-2-butene (A);  curve 111, frnns-2-butene (0); curve 
IV, I-butene (r); curve V, n-butane (V);  curve VI, selectivity (0) ;  curve VII, hydrogen (A). 

products for hydrogen/Zbutyne ratios of about 

I 
2.4. In the hydrogenation of Zbutyne, the main 
product was cis-Zbutene and smaller amounts 
of other butenes and butane. While for hydro- 
gen/Zbutyne ratio of one, the selectivity was 
independent of pressure fall for nickel, cobalt, 
and copper catalysts, it decreased with pressure 
fall for hydrogen/Zbutyne ratios greater than 
two. The dependence of selectivity on the pressure 
fall for various alloy compositions is shown in 
Fig. 5 A and B. While the selectivity was indepen- 
dent of pressure fall for all alloy compositions for 

' hydrogen/Zbutyne ratio of one, it decreased ' with pressure fall for all catalysts for hydrogen/2- 
i butyne ratios of 2.4. 
I 

(f) The Dependence of Selectivity upon the 
, Initial Pressures of Hydrogen and 2- Butyne 

Measurements were made of the selectivity 
of nickel, copper, and cobalt, and nickel-copper 

alloy catalysts at several temperatures as a 
function of initial hydrogen pressure by using a 
fixed Zbutyne pressure (50 mm) and varying the 
hydrogen pressures. Products were analyzed 
when the total pressure fall was equal to 20 mm. 
The results are shown in Fig. 6. The selectivity 
was independent of initial hydrogen pressure for 
nickel, copper, cobalt, and for all nickel-copper 
alloys, except those containing 20 and 30% 
copper. In the case of the alloy containing 20% 
copper, the selectivity increased with increasing 
pressures of hydrogen till about 100 mm, beyond 
which it remained nearly constant. However, for 
the alloy containing 30% copper, the selectivity 
remained constant up to a pressure fall of about 
80 mm beyond which it decreased with increasing 
pressures of hydrogen. Similarly the variation of 
the selectivity with Zbutyne was determined for 
fixed hydrogen pressure (50 mm) and varying 
2-butyne pressure. The selectivity was indepen- 
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1.0- 

0.8 

l o  

% 
4- .- 
.? 0.8 
4- 
0 
a - 
a 
0.6 

04 

( g )  The Dependence of Selectivity upon 
Temperature 

The temperature dependence of the selectivity 
for hydrogen/2-butyne ratio of 1 and 2.4 was 

ZI -,-w studied by analyzing the reaction products a t  
.- - ' z  06 several temperatures for a total pressure fall of 
- 20 mm. The results are given in Fig. 8. For 

Pressure Fall ( mm Hg 1 
FIG, 5. Dependence of selectivity upon pressure fall: A, PHZ = 50 mm, P C 4 ~ 6  = 50 mm; B, P H ~  = 120 ~ ~ , P c ~ H ~  = 

50 mm.Curve I, Ni powder ( O ) ,  T  = 50 "C; curve 11, Ni = 90 %, Cu = 10% (O), T  = 50 "C; curve 111, Ni = 80 %, 
Cu=20%(A) ,T=40"C;curveIV,Ni=70%,Cu= 30%(O),T=7O0C;curveV,Ni= 50%,Cu = 5 0 % ( @ ) , T =  
130 "C; curve VI, Ni = 25%, Cu = 75% ( A ) ,  T  = 100 "C; curve VII, Cu powder ( 0 ) ;  curve VIII, Co powder (a). 

--$-@&- 

- 

- v 
0 

- 
4 A 
1 

4 4  

- 

- 

I I , I 

0 
V) 1.0 

0.8 

I 1 I I B t 

0 10 20 30 40 0 10 20 30 40 50 60 

50 60 70 80 90 100 110 120 
increasing temperature for the catalyst containing 

Pressure ( m m  ~g ) 20% copper, it decreased slightly at higher tein- 

FIG. 6. Dependence of selectivity upon hydrogen peratures for the catalysts containing 10 and 30% 
pressure: curve I, Ni powder (v) ,  T = 50 "c; curve 11, copper. For all other catalysts, it was independent 
Ni = 90%, Cu = 10% ( O ) ,  T  = 50 "C; curve 111, Ni = of temperature. 
80%, Cu = 20% ( A ) ,  T  = 40 'C; curve IV, NI  = 70%, 
Cu = 30% ( O ) ,  T  = 70 "C; curve V, Ni = 50%, Cu = 
50% ( O ) ,  T  = 130 "C; curve VI, Ni = 25%, Cu = 75 % ( h )  Polymerization 
( A ) ,  T  = 100 "C; curve VII, Co powder ( V ) ,  T  = 90 OC; The amount of polymerization was calculated curve VIII, Cu powder (O), T  = 240 "C. 

from the loss of 2-butyne during the reaction. 
The amount of polymerization observed at 80 "C 

dent of 2-butyne pressure for nickel, copper, for hydrogen/2-butyne ratio of 1 and 2.4 for 
cobalt, and all nickel-copper alloys except the various catalysts is given in Tables 4 and 5. The 
one containing 30% copper, for which the selec- amount of polymers increased with increasing 
tivity increased with increasing 2-butyne pressure amounts of copper, with a maximum of about 
(Fig. 7). 22% for the alloy containing 50% copper. NO 

- .  - " n m -. - " -  

- 

equimolal ratio the selectivity was independent 
of temperature. For hydrogen/2-butyne ratio of 
2.4, while the selectivity increased slightly with 
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MANN AND KHULBE: REACTION OF ZBUTYNE WITH HYDROGEN 

Pressure (rnrn Hg 1 
FIG. 7. Dependence of selectivity upon 2-butyne pressure. Curve I, Ni powder (O), T = 50 "C; curve 11, Ni = 90 %, 

C u =  10%(~,T=50"C;curve111,Ni=80%,Cu=20%(A),T=40"C;curve1V,Ni = 70%,Cu = 30%(0),  
T = 70 OC; curve V, Ni = 50%, Cu = 50% (O), T = 130 "C; curve VI, Ni = 25 %, Cu = 75 % (A), T = 100 "C; 
curve VII, Co powder (O), T = 90 "C. 

FIG. t 
50 mm. 
IV, Ni = 
VII, Co 

- A @ L, g1.1 111, 
w U w 

II, IV 

Dependence of selectivity upon temperature: A, P, 
:urve I, Ni powder ( 0 ) ;  curve 11, Ni = 90%, Cu = 
70%, Cu = 30% ( 0 ) ;  curve V, Ni = 50%, Cu = 

~owder a); curve VIII, Cu powder (0) .  

= 50mrn, = 50mm; B, PH2 = 120mrn, PCdH6 = 
1 % a); curve 111, Ni = 80 %, Cu = 20 % (A); curve 
3 % ( 0 ) ;  curve VI, Ni = 25 %, Cu = 75 % (A); curve 
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polymerization was observed to take place in 
the presence of nickel catalysts. 

Discussions 

While the kinetic studies of Meyer and Burwell 
(7) were limited to the reaction of deuterium with 
2-butyne over palladium-alumina, the studies of 
Webb and Wells (8) and Phillipson et al. (9) 
related to the hydrogenation of 2-butyne over 
alumina supported ruthenium, osmium, cobalt, 
nickel, iron, rhodium, iridium, and platinum. 
Though Bond (12) studied the shape of the 
pressure-time curves in detail for acetylene 
hydrogenation over nickel, and Mann and 
Khulbe (4-6) for methylacetylene and ethylacety- 
lene hydrogenation for several catalysts, no such 
studies are reported for 2-butyne hydrogenation. 
Hence, no direct comparison of the pressure-time 
curves obtained in this work can be made with 
those of any published work. 

Though the order of the reaction with respect 
to 2-butyne was zero and nearly independent of 
temperature for copper and cobalt, it was zero 
for nickel and nickel-copper alloys at low tem- 
peratures (40-60 "C), and became slightly 
negative with increasing temperatures. Similar 

behavior was observed by Mann and Khulbe (13) 
in the hydrogenation of methylacetylene over 
nickel powder. Phillipson et al. (9) observed the 
order of the reaction with respect to 2-butyne 
over nickel and copper to be -0.3 and zero. 
However, no mention is made of the temperature 
dependence of the reaction. 

The first order reaction with respect to hydro- 
gen and zero to slightly negative with respect to 
2-butyne indicate that the latter was the more 
strongly adsorbed reactant, and its surface 
coverage was high, whereas hydrogen was 
weakly adsorbed by comparison and its surface 
coverage was correspondingly low. Yates and 
Lucchesi (14) also reported that 2-butyne was very 
strongly adsorbed on alumina surface and that 
the molecules lay parallel to the surface. 

Though the main product in the reaction of 
hydrogen with 2-butyne was cis-2-butene, yet in 
the initial stages, small amounts of trans-2- 
butene, 1-butene, and n-butane were also formed 
over all the catalysts, except copper. The forma- 
tion of these products may be due to (a) addition 
of atomic or molecular hydrogen to the hydro- 
carbon, (b) isomerization of cis-2-butene, and (c) 
isomerization of 2-butyne. 

The addition of atomic or molecular hydrogen 
could give cis-2-butene as follows 

Bond et al. (15, 16) proposed a scheme for the isomerization of butenes 
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MANN AND KHULBE: REACTION OF Z-BUTYNE WITH HYDROGEN 2085 

With few exceptions, it was observed that when greater than one in the product; but in the present 
trans-2-butene was formed, n-butane appeared study, trans-2-butenell-butene ratios were less 
as a product, which provides some evidence for than one. It appears therefore that butene 
the alkyl reversal mechanism. From the other isomers were obtained by some other mechanism. 
studies of the hydro-isomerization of butenes (I), It is possible that the half hydrogenated state 
one would expect trans-2-butenell-butene ratios converts into a radical before it could react with 

another atom of hydrogen 

which on further hydrogenation either gives butenes as follows 
H 

CH~-c-CH-CH~ + + cis- or trans-2 butene. 

i L * 

or this radical reacts with adsorbed 2-butyne molecules, giving polymers. 

C H ~ - - C C H - C H ~  + n-CH3-CkC-CH3 + polymers 

! ! I 

Considering that 2-butyne was strongly adsorbed, its surface coverage was high and that of weakly 
adsorbed hydrogen correspondingly low, the following mechanism is proposed 

Assuming that k, >> k-, and k, >> k-,, as 
suggested by Bond and Wells (35), from reactions pressure of 2-butyne at a particular temperature, 
[ l ]  and [3], rate of adsorption of hydrogen = the rate of adsorption of hydrogen would be 
kipH2 [**I + k3PH20C4Hs, where O,,,, is fraction proportional to the fraction of the surface 
of surface covered by C,H,. covered by hydrogen (0,) 

Since 0,,,, -t 1 due to strong adsorption of 
2-butyne and the concentration of single and as0, = [k, [**I + k,lPH2 

pair of sites remaining constant for a certain 0, PH, 
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(unstable) 

Steps [5] and [8] are not shown reversible as 
(a) butene formed in these steps was desorbed 
and was replaced by 2-butyne and (b) adsorbed 
butene so formed was further hydrogenated to 
n-butane. Rate of formation, R, of C4H8 from 
steps [5] and [8] is therefore 

[9 I R = k 5 ° C 4 H 7 0 H  + k 8 ° ~ 4 ~ (  

where OC4,, and O,,,,. are surface covered by 
C4H7 and C4H8', respectively. Applying steady 
state assumption for C4H7,  C4H7', and C4H8 

[lo] k 3 ° ~ 4 H 6 P ~ 2  + k 4 ° ~ 4 ~ 6 0 ~  = k -  3'c4H7'H 

+ k - 4 O c 4 ~ 7  [*I + k 5 ° ~ 4 ~ 7 0 ~  

+ k 6 ° C 4 H 7  [*I - k - 6 0 ~ 4 H 7 '  

From reaction [6], [7], and [8] 

[ I l l  k 6 0 C 4 H 7  [*I + ~ - , O C , H , .  [*I2 
= k -  6 0 C 4 H 7 '  [*I + k 7 0 ~ 4 ~ , 0 ~  

[I2] k 7 0 C 4 H 7 ' 0 ~  - k - 7 ° ~ 4 H 8  [*I2 = k 8 ° ~ 4 ~ g '  

Combining eqs. [l 1 ] and ,[12] with eq. [lo], the 
rate of formation of C4H8 is 

R = k 5 O C 4 H 7 O H  + k 8 ° ~ 4 H 8 .  = k 3 ° ~ 4 ~ 6 P ~ ~  

- k-  3 0 ~ ~ ~ ~ 0 ~  + k 4 ° ~ 4 ~ 6 0 ~  - k -  4 0 c 4 H 7  [ * 1 
If k 3 ° ~ 4 ~ 6 P ~ 2  >> k -  3 ° ~ 4 ~ 7 0 ~  

and k 4 ° ~ 4 ~ 6 0 ~  >> - 4 O c 4 ~ 7  [ * 1 
The rate of reaction = k30C4H6PH2 + k40C4H60H 

" k3PH, + k 4 o H  

M p H 2 ,  as 0 C 4 H 6  -, 1 

The order of reaction reduces to first order, 
which is in agreement with the experimentally 
obtained order (Table 1). 

The observed negative order in 2-butyne may 
be due to the fact that at higher pressures, the 
molecules form a more ordered array on the sur- 
face, thus reducing the number of vacant sites, and 
therefore causing reduced hydrogen adsorption 
according to reaction [3]. Alternately, an increase 
in 2-butyne pressure may enable it to compete 
more effectively with hydrogen for the surface. 

The order with respect to 2-butyne was tem- 
perature dependent in the case of nickel. Similar 
results have been obtained by Bond and Wells 
(2) in acetylene hydrogenation over alumina 
supported palladium and by Mann and Khulbe 
(4) for methylacetylene hydrogenation on plati- 
num, palladium, and iridium. An increase in 
temperature would decrease the amounts of 
reactants on the surface. Since 2-butyne is 
generally more strongly adsorbed on the surface 
than hydrogen, it is possible that with increased 
temperatures, the desorption of 2-butyne would 
be less than that of hydrogen resulting in 
decreased hydrogenl2-butyne ratios on the 
surface. Hence the order of reaction with respect 
to 2-butyne becomes more negative with 
increasing temperatures. 

There seems to be no direct relationship 
between the energy of activation and the copper 
concentration in the nickel-copper alloys. 

However, a "compensation effect" was 
observed to exist between the various metals and 
the alloys tested (Fig. 9). 
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MANN AND KHULBE: REACTION 

I I 
0 10 20 30 

Energy af Activation ( k  cal /g  -mole) 

FIG. 9. Energy of activation vs. loglo A (each num- 
ber shows Cu % in the alloy). 

A sudden increase in the activity of the nickel 
catalyst was observed by the addition of small 
amounts of copper. 'The activity seemed to 
increase with small additions of copper (Fig. 2), 
pass through a maximum at  about 10% copper, 
and decrease with further addition of copper. 
Similar phenomenon has been observed by 
several investigators (3, 11, 17, 18). For pure 
metals, the activity (specific rate, min-lg-l) was 
in the sequence 

Ni > Co > Cu 

According to Dowden et al. (19), the catalytic 
activity of transition metals is due to the holes in 
the d-band. The most common method to 
regulate the concentration of holes in d-band is 
to make alloys. From the X-ray analysis of the 
alloy catalysts, it was observed that the alloys 
were homogeneous solid solutions. The catalytic 
activity of nickel copper alloys in hydrogenation 
reactions has been the subject of many investi- 
gators (20, 21). However, their experimental 
results have not always agreed with each other. 
For instance, it has been reported that the 
catalytic activity decreases progressively, as the 
concentration of d-holes falls until a sudden 
decrease marks the filling of the d-band or, in 
somes cases, it exhibits one or two maxima 
depending on the catalyst (22). Takai et al. (21), 
who studied the catalytic activities for the liquid 
phase hydrogenation of maleic acid, allyl alcohol, 
and acetone over nickel-copper alloys, observed 
an increase in the catalytic activity on addition 
of small amounts of copper. They interpreted the 
activity pattern for the catalysts containing 
5-60% copper on the basis of Dowden's theory 

O F  ZBUTYNE WITH HYDROGEN 2087 

for maleic acid and allyl alcohol hydrogenation. 
But in the case of acetone, the activity was 
independent of d-holes. However, Campbell and 
Emmett (22), while hydrogenating ethylene over 
nickel-copper films observed a minimum in the 
activity - composition curve for the alloy con- 
taining approximately 25-30% nickel, which is 
contradictory to the views of Dowden. 

Considering the crystal structure, it was found 
that the catalytic activity of copper catalyst, 
having a face centered cubic structure, was nearly 
zero, whereas nickel having a face centered cubic 
structure was much more active than copper. 
Beeck (23) made a systematic study of ethylene 
hydrogenation on evaporated metals and related 
the activities of the catalysts to their crystal 
parameter. Based on the postulation of Beeck, 
the activity of copper should be much higher than 
that of nickel, and the activity of the alloy series 
should increase markedly with increasing copper 
composition. The results of the present study 
are contrary to this. 

Correlating the catalytic activity with Pauling's 
% d-character (30) the activity of pure metals 
should be as follows 

The results of the present investigations based 
on the kinetic studies over pure metals and 
nickel-copper alloys support the above view 
except for the appearance of a maximum in the 
activity - composition pattern at about 10% 
copper in the alloy. 

Takeuchi et al. (25) in the hydrogenation of 
ethylene and benzene observed that though the 
activity pattern observed over massive nickel- 
copper alloys was similar to the one predicted by 
Dowden, it was quite complicated over granular 
alloys. They have also demonstrated that the 
heat of adsorption of hydrogen and the catalytic 
activity of the hydrogenation of ethylene are 
closely related to the composition of alloys. In 
another paper (24), Takeuchi tried to correlate 
the heat of adsorption of hydrogen with the rate 
of hydrogenation of ethylene and the activation 
energy. Takai and Yamanaka (21) also observed 
that the ability of nickel metal to absorb hydrogen 
increased with increased amount of copper in the 
nickel copper alloy. Recently, Takeuchi et al. (32) 
measured the electric resistance of the nickel- 
copper alloys, but they could not get a simple 
relation between the electric resistance and the 
catalytic activity. There appears to be no simple 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2088 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

relationship between the heats of adsorption of 
hydrogen and electric resistance with the catalytic 
activity of metals in 2-butyne hydrogenation. 

Sachtler and co-workers (26, 27) studied the 
surface of nickel-copper alloy films and con- 
cluded that there is a general similarity between 
the work function of alloy films and their catalytic 
activity. The work of Best and Russell (1 l), 
Campbell and Emmett (22), Alexander and 
Russell (28), Mann and Khulbe (3, 4), and the 
present work cast some doubt on the general 
validity of the conclusions of Sachtler and 
Jongepie. Sachtler and co-workers (26, 27) also 
observed that the surface composition of the 
evaporated nickel-copper alloy is not consistent 
with the over all composition. While Campbell 
and Emmett (22) observed two phases, one con- 
taining pure nickel or copper, and the other 
nickel-copper alloy containing about 60% copper, 
Gharpuey and Emmett (33), Best and Russell 
(l l) ,  Mann and Khulbe (3, 4) obtained com- 
pletely homogeneous alloys. Sachtler and co- 
workers (26, 27) and Campbell and Emmett (22) 
prepared evaporated alloy films by depositing 
metals at less than 200 "C, Best and Russell, and 
Mann and Khulbe used flow method for the 
reduction of mixed metal oxides. Takeuchi et al. 
(25) proposed that the concentration of nickel at 
the surface of the granular alloy differs from that 
of the interior and the activity is due to the imper- 
fection of the crystal. They have also suggested 
that the activity factor may best be discussed by 
taking into account the non-uniform distribution 
of nickel on the surface. Unfortunately we do not 
have enough data to support their views. 

Considering the concentration of d-holes, 
Bond and Mann (34) and Mann and Khulbe (3, 
4) have suggested three idealized possible forms 
of activity pattern in the activity composition 
diagram. In one of the activity patterns, case B,  
it is suggested that as the d-band is filled, the 
binding strength decreases and the activity 
increases reaching a maximum before the band is 
completely filled. As soon as the d-band is 
completely filled the activity becomes nearly 
equal to that of copper. This type of pattern has 
been confirmed by Couper and Eley (31) in the 
para hydrogen conversion over palladium-gold 
alloys and by Mann and Khulbe (3) in the methyl 
acetylene hydrogenation over nickel-copper 
alloy powders. In the present study, the results 
are also very similar. However, some of the 

opposing effects may lead to an earlier maximum. 
It may be possible that the physical properties 
of the reactants and their structure also play an 
important role in the activity pattern besides the 
method of preparation of the catalysts and the 
structure of the alloys. Considering d-hole con- 
centration (as in case B) for pure metals, the 
activity pattern should be in the following 
sequence 

This agrees with the results obtained in the present 
investigations. 

It was observed that the selectivity decreased 
with increasing amounts of copper in the nickel- 
copper alloy, reaching a minimum at 20% copper, 
while the activity increased to a maximum at 
about 10% copper. Generally the selectivity 
should be dependent on the activity. However, 
it was not so in this case. It appears that besides 
activity, some other factors, such as different type 
of active centers, crystal imperfections, may play 
an important role in controlling the selectivity. 

At equimolal ratio of hydrogen and 2-butyne, 
while the yield of cis-2-butene (Table 4) decreased 
slightly with increased copper concentration, 
that of 1-butene increased. The ratio of trans-2- 
butenell-butene was always less than one, indi- 
cating that the formation of 1-butene was not only 
due to alkyl reversal mechanism. As the concen- 
tration of %butyne at the surface was greater than 
that of hydrogen, there is a possibility that the half 
hydrogenated state converts into a radical before 
reacting with another adsorbed hydrogen. This 
radical could give either butenes by reacting 
with adsorbed hydrogen or polymers by reacting 
with adsorbed 2-butyne molecule. The absence 
of n-butane in the product at higher copper con- 
centration indicates that the rate of desor~tion 
of butenes increased. However, as the rate of 
adsorption of 2-butyne was greater than the rate 
of desorption, the rate of free radical formation 
or polymerization increased. 

Cobalt powder was more active than copper, 
but less active than nickel. The polymerization was 
highest in the case of copper and least in the case 
of nickel, which suggests that the extent of poly- 
merization depends on the atomic radius of the 
metals. The energy of activation was least for 
cobalt and highest for copper. The kinetics of 
the hydrogenation of 2-butyne over nickel, 
cobalt, and copper powder was the same, 
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suggesting thereby that the reaction mechanism 
over these metals is the same. 

The authors are grateful to the National Research 
Council of Canada for financial aid (A-1125) for the 
project and Mr. John F. Rowland and Mr. R. K. Collings 
of Energy, Mines and Resources, for X-ray and surface 
area determinations. 
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Infrared studies of some N-methylacetamide complexes1 
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Chemistry Department, Duquesne University, Pittsbrirgh, Pennsylvania 15219 
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Hydrogen bonding of N-methylacetamide (NMA) with dimethylsulfoxide (DMSO) and N,N-dimethyl- 
acetamide (DMA) in carbon tetrachloride and CC14/CHC13 mixed solvent was studied by a near-infrared 
method, which consists of measuring the effects of various concentrations of DMSO or DMA on the 
molar absorptivity of 0.06 MNMA at 6800 cm-I, corresponding to the first overtone of the uncomplexed 
NH stretching vibration. The association constants for the formation of 1 :I NMA-DMA and NMA- 
DMSO complexes in CCI, are 10 and 12 l/mole, respectively, at 25". In order to obtain an association 
constant for the formation of NMA-DMSO in CC14/CHC13 mixed solvent, it is necessary to have data 
on association constants of CHC1,-DMSO complexes in CCI,, and we have obtained these by deter- 
mining the effects of various concentrations of DMSO on the proton magnetic resonance frequency of 
0.05 M CHCI3 in CCI,. The association constants for the formation of NMA-DMSO and NMA-DMA 
in CCI4/CHCl3 mixed solvent are slightly higher than in CCI,, presumably due to hydrogen bond~ng 
between C13CH and C=O in NMA. NMA was chosen as the simplest molecule containing the peptide 
amide group and hence can be regarded as a structural unit of the polypeptide chain. Our results show 
that DMSO and DMA are effective in disrupting the interamide bonds, by acting as hydrogen acceptors 
to the NH group. 

Canadian Journal of Chemistry, 48,2090 (1970) 

Introduction 

Self-association of N-methylacetamide (NMA) 
has been reported by several investigators (1-3). 
Li et al. (4-7) have studied hydrogen bonding 
using NMA as a hydrogen acceptor to thiols, 
2-propanol, amines, and hindered phenols by 
nuclear magnetic resonance (n.m.r.) spectro- 
scopy in carbon tetrachloride solutions. These 
compounds have hydrogen-donor groups which 
disrupt interamide hydrogen bonds by forming 
bonds with C=O of NMA. It would be of 
interest to use NMA as a hydrogen donor and 
choose several hydrogen acceptors which will 
compete with the self-association of NMA to 
form hydrogen bonds and to obtain the equili- 
brium constants of the hydrogen-bonded com- 
plexes. The NMA was chosen as the simplest 
molecule containing the peptide amide group 
and hence can be regarded as a model structural 
unit of the polypeptide chain. 

The near-infrared absorption spectra of NMA 
have been reported (1-3). In CCl, solutions, 
NMA at 0.01 M shows a single peak at 1.47 p 
(6800 cm-I), corresponding to the first overtone 
of the NH stretching vibration. The intensity of 
this band decreases with increasing concentration 
of NMA and a new double-peaked band appears 
between 1.5-1.6 p. In the pure liquid, only bands 

at 1.52 and 1.58 p, due to the associated mole- 
cules, were observed. In a solution of a given 
concentration the 1.47 p band increases in 
intensity and at the same time the 1.52 and 1.58 p 
bands become weaker when the temperature is 
raised. It was concluded that the first overtone 
monomeric NH stretching occurs at 1.47 p, the 
associated NH at 1.52 and 1.58 p. Of the two 
associated NH bands, it is possible that the 1.52 
p band is due to the overtone of the NH stretching 
vibration, and the 1.58 p band may be due to a 
combination between the NH stretching vibra- 
tion and two quanta of the NH deformation 
vibration. 

In any solvent, the environment of the NH 
group of NMA changes if it forms a hydrogen 
bond with a hydrogen acceptor. One would 
expect therefore that both infrared (i.r.) and 
n.m.r. methods can be used for the study ofhydro- 
gen bonding involving NMA as a hydrogen 
donor. Unfortunately, the NH proton signal in 
n.m.r. becomes too broad at concentrations be- 
low 0.4 M, to be measured accurately. The n.m.r. 
technique was, therefore, not feasible, and we 
carried out near-infrared studies in the overtone 
range (1.36-1.6 p). N,N-Dimethylacetamide 
(DMA) and dimethylsulfoxide (DMSO) were 
used as hydrogen acceptors, with carbon tetra- 
chloride and CCl,/CHCl, as solvents. 

'This investigation was supported by Public Health Takahashi and Li (17) have reported the 
Service Grant NO. GM 10539-07 and by National hydrogen-bond formation constants of chloro- 
Science Foundation Grant No. GB-8237. form with NMA and DMA in CCI,. Based on 
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their data, the formation constants are inter- 
polated to be 0.47 and 0.89 l/mole, respectively, 
at 25". However, there has bken no report on 
hydrogen bonding between chloroform and 
DMSO in CCl,. Since this information is useful 
for any system containing CHCI, and DMSO in 
CCl,, we have applied the n.m.r. method to study 
hydrogen bonding between chloroform and 
DMSO in CCl, at different temperatures by 
using the method described by Mathur et al. (8). 
The results are also included in this paper. 

Experimental 
Spectroscopic Equipment and Materials 

All of the spectra in the first overtone N H  stretching 
band region were obtained with a Cary Model 14 spectro- 
photometer, using 10 cm cells for solutions containing 
CC14 as solvent, and 5 cm cells for CC14/CHC13 as solvent. 
The sample and reference cells were placed in jacketed 
cell holders connected to a constant-temperature bath. 
The temperature inside the cell compartment was checked 
with an  iron-constantan thermocouple before and after 
each measurement. 

The NMA and DMA, obtained from Eastman Organic 
Chemicals, were distilled under nitrogen and collected 
at 205-206" and 164-165", respectively. Chldroform was 
purified by shaking with concentrated sulfuric acid, 
distilled water, and dried over calcium chloride. It was 
then distilled and the fraction boiling at 60' was collected. 
The DMSO was treated with sodium hydroxide and 
distilled under vacuum. All the purified materials were 
stored over Linde molecular sieve. 

Sample Preparation 
Stock solutions of NMA, DMA, and DMSO in CCI, 

were prepared. The final concentration of NMA in 
solutions containing DMSO or DMA was kept at  0.06 
M ,  and the concentrations of DMSO or DMA were 
varied in the range of 0.6-1.3 M .  The concentration of 
chloroform in the CCI,/CHCI, mixed solvent varied 
from 6 to 10 M .  Solutions containing chloroform were 
always freshly prepared and used within 5 days from the 
day the chloroform was purified. The sample and ref- 
erence solutions contained the same concentration of the 
DMSO and DMA, and for the mixed solvent, the same 
concentration of CHCI,, except that NMA was placed 
in the sample cells and not in the reference cells. 

Nuclear Magnetic Resonance Measurements 
The n.m.r. spectra were obtained with a Varian A-60 

spectrometer. Chemical shifts of the C H  signal in 
CHCI, were measured with respect to tetramethylsilane 
(TMS) as internal reference. At temperatures below 
room temperature, the Varian low temperature kit 
together with the variable temperature controller was 
used. The temperatures remained constant to within + 1" 
during the measurements. The accuracy in measuring 
the peak position of the CH proton signal is estimated to 
be + 0.3 Hz. 

Association Constants 
In the NMA-D-CC14 system, where D = DMSO or 

DMA, and where the concentration of D is more than 
ten times greater than the NMA concentration, we have 
assumed that the significant interaction is the formation 
of the 1:l NMA-D complex. Since the band at  1.47 p 
corresponds to the free uncomplexed NMA only we, 
have obtained the molar absorptivity, El, for the free 
monomeric NMA by constructing a graph of apparent 
absorptivity, E,, at 1.47 p vs. concentration of NMA in 
CCI, and extrapolating to zero concentration, at  which 
point all of the solute should be in the monomeric state. 
Tht: value thus obtained in CCI,, 2.12 cm-' I mole-', is 
in good agreement with that reported by Klotz and 
Franzen (1). 

For  an  equilibrium between a monomeric hydrogen 
donor, N, and a hydrogen acceptor, D,  to form a 1 :1 
complex, ND, the eq. [I]  may be derived when cD0 >> 
[ND] and assuming that the Beer-Lambert law holds. 

In  eq. [I], cDO is the total concentration of D and Kis  the 
association constant for the formation of the NMA-D 
complex. Equation [ l ]  is similar to  eq. [I.] of Takahashi 
et al. (9), taking the molar absorptivity of the hydrogen- 
bonded species, ND, to be zero at  1.47 p. It must be 
mentioned that Mizushima et al. (2), have shown that 
NMA takes only the trans form, so that the calculated 
association constants are for the trans form only. 

For  mixed solvent of carbon tetrachloride and chloro- 
form, in which C C H C L ~  >> C C H C I ~ - D  and CD' >> CNMA', a 
modified form of eq. [ I ]  is obtained, which is similar to  
eq. [8] of Takahashi et al. (9). In eq. [2], K, is the associa- 
tion constant for the formation of the chloroform-D 

complex, and El is the molar absorptivity for the mono- 
meric NMA (uncomplexed by D), and was again obtained 
by constructing a graph of E, at 1.47 p vs. concentration 
of NMA in the CC14/CHC13 mixed solvent and extrap- 
olating to zero concentration. The absorbancy at  1.47 p 
for a given NMA concentration in the mixed solvent is 
independent of the CHCI, concentration in the range 
ccHc13 = 6.90 to 9.85 M ,  and El is determined to be 1.88 
cm-I I mole-'. 

Duplicate experiments were carried out and the 
uncertainty in absorbance values was found to be 0.01. 
The estimated errors in the calculated association con- 
stants are about + 1 I mole-'. 

Results and Discussion 

Table 1 lists the apparent molar absorptivities 
of 0.06 M NMA in the presence of various con- 
centrations of D in CCl, at 25" for 1.47 p. Linear 
plots of l/(Ef - E,) vs. l'/cDO according to eq. [l ] 
are obtained, from which the- values of K are 
determined to be 10 and 12 1 mole-', for D = 
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I I I I I I I I 
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'/c,o 

FIG. 1. Plots of 1!(E, - E,), measured at 1.47 JJ and 25" vs. reciprocal concentration of DMA in CCI,/CHCI, 
mixed solvent (ccHC13 is the concentration of chloroform in the mixed solvent). 

DMA and DMSO, respectively. Both plots [3] E, = Ef/(l + KC,") 
yield the same intercept, from which Ef is cal- 
culated to be 2.1, in excellent agreement with the equivalent to eq. [l ] and are included in Table l .  
extrapolated value from a E, vs. c,,," (in the The agreement in E, is satisfactory. 
absence of D) plot. The apparent absorptivities Figure 1 gives plots of l/(Ef - E,) vs. l/cDO 
can be calculated on the basis of eq. [3] which is (D = DMA) for different values of c,,,,, in the 

TABLE 1 
Absorptivity of NMA (0.06 M in CCI,) in the presence of various concentrations, 

cDO, of DMSO or DMA in CCI, at 25", 1.47 JJ 

E a  E a  

cDo (DMSO) Observed Calculated cDo (DMA) Observed Calculated 
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TABLE 3 

Observed CH chemical shifts for 0.05 M CHCI, in the presence of various concentrations 
of DMSO in CCI, 
- 

Temperature 

Hz Hz Hz Hz 
cDo from TMS coo from TMS cDo from TMS cDo from TMS 

TABLE 4 

Summary of constants, 25" 
-- 

Solvents Constant D = DMA D =  DMSO 

CCI, KNMA - D 

KCHCI,-o 
AHcHc~,-D 

CC14/CHC131 KNMA - D 

*Taken from ref. (7). 
?In the range ccnc13 = 6.9-9.9 M. 

CCl,/CHCl, mixed solvent. Table 2 lists the 
apparent molar absorptivities of 0.06 M NMA 
in the presence of various concentrations of D in 
the CCl,/CHCl, mixed solvent, in which the 
chloroform concentration is c,,,,,,. The apparent 
absorptivities can be calculated on the basis of 
eq. [4] which is equivalent to eq. [2] and are 

included in Table 2. The values of K, for the 
formation of CHC1,-DMA and CHC1,-DMSO 
complexes in CCI, are taken to be 0.89 and 1.06 
1 mole-', respectively. The former value is taken 
from ref. 7, and the latter value is obtained 
from the n.m.r. data to be discussed next. It was 
found that the values of Kwhich give good agree- 
ment between the calculated and observed E, 
values are 15.6 and 16.5 1 mole-' respectively 
for the NMA-DMA and NMA-DMSO com- 
plexes in the mixed solvent, in the range cCHCI3 = 
6.90 to 9.85 M. These association constants are 
slightly higher than the values obtained in CCl,, 
because in the mixed solvent, the CHCI, proton 
is hydrogen bonded to C=O in NMA. 

The value of K, for the formation of CHC1,- 
DMSO in CCl, was determined by measuring the 
chloroform proton signal in CCl, solutions 
containing 0.05 M CHCI, and various concentra- 
tions of DMSO at four different temperatures, 
and the data treated according to Mathur et al. 
(8). Table 3 lists the results obtained. Linear 
plots of l/(v - vf) vs. l/cDO at different tempera- 
tures (with the same intercept) and linear plots 
of log K, vs. l /T  were obtained. The values of K, 
at the different temperatures and AH are included 
in Table 3. The value of K, at 25" is interpolated 
to be 1.06, and was used in the calculation of Ea 
in NMA-DMSO-CCl,/CHCl, system according 
to eq. [4]. 

Table 4 summarizes the results obtained for 
NMA and CHCI, bonded to DMSO and DMA. 
It can be seen that in every respect DMSO is a 
slightly better hydrogen acceptor than DMA. 
Both DMSO and DMA effectively disrupt the 
self-association of NMA and serve as acceptors 
to the N H  of NMA. 

1. I. M. KLOTZ and J. S. FRANZEN. J. Amer. Chem. 
SOC. 84, 3461 (1962). 

2. S. MIZUSHIMA, T. SIMANOUTI, S. NAGAKURA, K. 
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Infrared studies of water in crystalline hydrates: NaClO, H20, 
LiClO, . 3H2 0, and Ba(C104)2. 3H201 

GEORGE  BRINK^ AND MICHAEL FALK 
Atlantic Regional Laboratory, Natior?al Research Cottncil of Canada, Halifax, Nova Scotia 

Received December 5, 1969 

Infrared spectra of undeuterated and partially deuterated NaC104.H20, LiC1O6.3H,O, and 
Ba(C104),.3H,0 were examined. Crystallographic data point to a weak hydrogen bond between 
water molecules and the perchlorate ions in LiC104. 3H,O. This is confirmed by the high HDO stretching 
frequencies for this compound. The nearly identical HDO stretching frequencies in LiC104.3H20, 
NaC1O4.H2O, Ba(C104)2.3H20, and in aqueous solutions of these salts show that similar weak 
hydrogen bonds occur in all three hydrates and in solution. The hydrogen bond energy is of the order 
of 2 kcal/mole. In all three compounds the water molecules are symmetric at room temperature. At 
- 165" the water molecules become highly distorted in the sodium conlpound, slightly distorted in the 
barium compound, and remain undistorted in the lithium compound. Very narrow OD stretching 
bands are observed, showing that the hydrogen atom positions are ordered in all three hydrates. 

Canadian Journal of Chemistry, 48,2096 (1970) 

Introduction 

The broad bands near 3400 cm-' (OH stretch- 
ing) and near 2500 cm-' (OD stretching) in the 
infrared (i.r.) spectrum of H D 0 3  in solutions of 
electrolytes differ only slightly from the corre- 
sponding bands of HDO in liquid water (1,4, 6). 
The solutions of perchlorate salts appear ex- 
ceptional in that an additional band appears near 
3575 cm-' for OH stretching and near 2630cm- ' 
for OD stretching (4, 7-10). The origin of this 
high-frequency band is of considerable interest 
(7-10). 

We have now investigated the spectra of HDO 
in partly deuterated hydrates of sodium, lithium, 
and barium perchlorate to determine whether the 
high-frequency stretching band occurs in crystals 
as well as in solution. In addition, we have ex- 
amined the spectra to determine the symmetry 
of the water molecules in the crystal. The previous 
i.r. studies of these compounds (refs. 11, 12, and 
references therein) dealt largely with the bands of 
the perchlorate ion. A Raman study of un- 
deuterated LiC10,.3H20 has been published by 
Mathieu and Couture-Mathieu (13, 14). 

Experimental 
Samples of NaCIO,.H,O, LiC104.3H,0, and Ba- 

(C104)2.3H20 (obtained from G. F Smith Chemical 
Co., Columbus, Ohio) were recrystallized from aqueous 

solutions at room temperature. The monohydrate of 
sodium perchlorate and the trihydrates of lithium per- 
chlorate and baridm perchlorate are known to crystallize 
under these conditions (15). 

A solution of 1.5 mole O,/, D,O in H 2 0  was used to 
prepare the crystals for the study of the OD stretching 
vibration of HDO. The OH stretching vibration of HDO 
was also studied for NaCIO,.H,O; for this preparation 
a solution of 1 mole % of H,O in D 2 0  was used. How- 
ever, because of rapid isotopic exchange with atmos- 
pheric moisture, particularly in the preparation of the 
mulls, this low H : D  ratio could not be maintained 
easily. The higher H:D ratios caused asymmetry and 
broadening of the OH band profile of HDO; the peak 
frequencies were not affected. As the O D  and OH 
vibrations of isotopically dilute HDO contain essentially 
the same information, the OH stretching vibrations of the 
Li and Ba perchlorate hydrates were not studied. A 30 
mole % solution of H,O in D,O was used to prepare the 
crystals for the study of the isolated H-0-H bending 
vibration of isotopically dilute H 2 0  in NaC1O4.H20. 
The resulting isotopic concentrations were calculated to 
be 9 mole % H,O, 42 mole % HDO, and 49 mole % 
D,O, assuming a random distribution of H and D 
throughout the crystal. The H:D ratios for the hydrated 
crystals were assumed to be the same as those of the 
parent solution, and are therefore only approximate. 

Crystals were studied as mulls between two CaF2 or 
AgCl plates using a perhalocarbon oil (Fluorolube). They 
could not be studied in a KBr matrix because part of the 
water of crystallization was lost to the matrix. 

We have also obtained spectra of the hydrate crystals 
prepared by the evaporation of a drop of saturated 
solution on a CaF, plate under a stream of nitrogen. 
These spectra were of poorer quality than those of mulls, 
but gave the same frequencies at all temperatures. This 
shows that the grinding in the preparation of mulls 

'Issued as NRCC No. 11 304. caused no structural changes in the crystals. 
'NRCC Postdoctorate Fellow, 1968-1970. Spectra were recorded on a Perkin-Elmer model 521 
31sotopically dilute HDO has a far simpler vibrational spectrophotometer purged with dry nitrogen. Use of an 

spectrum than H 2 0  or D 2 0 r  hence is preferable in automatic frequency marker makes it possible to measure - .  
siructural studies (1-5). the frequency of sharp peaks to within 0.5 cm-'. A 
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FIG. 1. Spectrum of undeuterated NaC10,.H20. Mull in Fluorolube above 1300 cm-' and in Nujol below 
1300 cm-l. Silver chloride windows. Broken lines denote regions of absorption of the mulling agent. 

variable temperature cell (model VLT-2, Research and H 2 0  are: v,, the band of librational frequencies, 
Industrial Company, London) was used for the low tem- centered near 580 cm-l, the overtone band 2v2 at 
perature spectra. Temperatures were measured with a , copper-constantan thermocouple and are accurate to about 3220 cm-', and a weak band near 2000 
within 2 "C. The effective slit width used for the sharp cm-' due to the combination band v2 f VR 

I OD stretching bands was less than 0.5 cm-l. (overlapped by the perchlorate band at 2045 

I cm-'). All these bands undergo the usual fre- 
Results quency shifts upon deuteration. At low tem- 

Spectra of Undeuterated Hydrates peratures (- 165") the HOH bending frequency 
The major features in the spectra of un- shifts to about 1615 cm-'; the stretching fre- 

/ deuterated LiC10,. 3H20, Ba(CIO,), . 3H20, and quencies shift very slightly. Bands due to the per- 
NaC104.H20 are very similar. The spectrum in chlorate ion are observed at 1100 and 625 cm-'; 

I the range 4000 to 300 cm-' consists of bands due the first overtone of the 1100 cm- ' frequency 
i to the vibrations of water molecules and per- occurs as a weak band at 2045 cm-'. At low tem- 

chlorate ions. perature additional bands appear at 951 cm-' 
Figure 1 shows the spectrum of undeuterated (singlet) and at 478 and 440 cm-' (doublet). Our 

NaClO, H,O at room temperature. The bands band shapes and relative intensities agree with the 
I at 3592 and 3536 cm-' are due to the stretching spectrum of NaC10,.H20 published by Wood 

vibrations of H20 .  It is possible that the more in- (171, who did not report band frequencies. Our 
tense 3592 cm-' peak corresponds to the v, frequencies of the perchlorate ion agree reason- 
fundamental and the 3536 cm-' peak to the v, ably well with those of Hezel and Ross (12), 
fundamental. However, this assignment is un- except that these authors resolved four features 
certain, since v, and v, may each have several in the region of the 1100 cm-' band. 
components due to the coupling of vibrations of The spectra of undeuterated Ba(C104)2 . 3H20  
neighboring H 2 0  molecules in the crystal. It and LiC104.3H20 are very similar to those of 
should be stressed that the stretching funda- NaC10,.H20 and are not shown. The stretching 

I mentals v, and v, of H 2 0  in the crystal are not vibrations of H,O at room temperature give rise 
simply the symmetric and antisymmetric stretch- to peaks at 3579 and 3529 cm-' for the Ba com- 
ing vibrations if the H 2 0  molecule is asym- pound and at 3560 and 3519 cm-' for the Li com- 
metric, which is the case for NaC10,-H,O and pound. The bending vibrations give rise to peaks 
Ba(ClO,), .3H20 at low temperatures. A detailed at 1619 and 1620 cm-', respectively. The per- 
discussion of the effect of an asymmetric crystal- chlorate bands for the Ba compound are at about 
line site on the fundamental vibrations of the 1100 cm-', and a doublet at 626 and 643 cm-'. 
H,O molecule has been given by Schiffer (16). For the Li compound the perchlorate bands are 
The band at 1628 cm-' is due to v,, the HOH at about 1100 and at 622 cm-'. At low temper- 
bending vibration. The remaining bands due to ature additional bands were observed at about 
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FREQUENCY (CM-'1 

FIG. 2. Spectra of partially deuterated NaC104.Hz0 in the OD stretching and H-0-D bending region 
(H:D = 99 :I), and in the H-0-D bending region (H :D = 3090). Mulls in Fluorolube. 

I OD STRETCHING I H -0 -D  BENDING I 

FREQUENCY (CM-I) 

OD STRETCHING 

FIG. 3. Spectra of partially deuterated Ba(C104)2. 
3Hz0 in the OD stretching and H-0-D bend~ng 
regions (H:D = 99:l). Mulls in Fluorolube. 

H-0 -D  BENDING 

FREQUENCY (CM-I) 

FIG. 4. Spectra of partially deuterated LiC104.3Hz0. 
OD stretching and HOD bending region (H:D = 99:l). 
Mulls in Fluorolube. 
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3540 
. 

O H  S T R E T C H I N G  

> 2630 • 
U 
Z 
W 

2620 . . 
W 
(r . 
LL 2610 • . O D  S T R E T C H I N G  

950 and 450 cm-I for the Ba compound and at 
about 450 cm-' for the Li compound. The per- 
chlorate frequencies agree reasonably well with 
those reported by Ross (1 1) and Hezel and Ross 
(12). 

1440 

1430 

1420 

1410 

Bands of Isotopically Dilute HDO and H20 
Figure 2 shows the effect of temperature on the 

spectrum of isotopically dilute HDO in partly 
deuterated NaC10,.H20, in the region of OD 
stretching and H-0-D bending, and on the 
spectrum of isotopically dilute H 2 0  in the region 
of the H-0-H bending. All three bands are 
single at room temperature. Figures 3 and 4 
show the corresponding spectra of HDO in 
LiC10,.3H20 and BaC104.3H20. Again, no 
splitting is observed at room temperature. 

All three fundamentals of isotopically dilute 
HDO in the sodium compound resolve into two 
components at lower temperatures, the separation 
of the two components increasing with decreasing 

- - 

- 0- 
0 .  . . 

0 O 
0 

0 
- 

0. . - 

- H-0-D B E N D I N G  - 
I I I I I I I I I I  I 

temperature. The isolated H-0-H bending 
band does not split, and shifts with temperature in 
the same fashion as the H-0-H bending 
vibration of the undeuterated hydrate. 

Figure 3 shows that the OD stretching funda- 
mental of HDO in the barium compound also 
resolves into two bands at low temperatures. 
However, the splitting is smaller than for the 
sodium compound (31 cmP1 for NaC10,. H,O 
and only 7 cm-' for Ba(CI0,),.3H20 at - 165"), 
and there is no detectable splitting in the 
H-0-D bending band of the barium com- 
pound. In the lithium compound no splitting was 
detected for either the OD stretching or the 
H-0-D bending band (Fig. 4). The OD 
stretching band in this compound becomes 
especially sharp at low temperatures, its half- 
width being about 2 cm-' at - 170". 

The details of the temperature-shifts of the 
HDO peak frequencies of NaC10,.H20 are 
shown graphically in Fig. 5. 

-200 -160 -120 -80 -40 0 40 
T E M P E R A T U R E  ( " C I  

FIG. 5. A plot of peak frequencies of HDO against temperature for NaC104.Hz0. Open circles represent single 
or unresolved peaks, full circles represent resolved components. 
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Discussion 

The Nature of OH-Perchlorate Interactions 
Let us first consider what is known from 

crystallographic studies about the geometry of 
the water molecules with respect to the per- 
chlorate ions. The structure of NaC104.H20 
does not appear to have been studied. The struc- 
tures of Ba(C104), 3H20  (18), as well as those of 
Cu(ClO,), 6H20  (1 9) and Mg(C10,), . 6H20  
(20) have been investigated by X-ray crystallog- 
raphy. In each of these structures, water 
molecules occupy positions adjacent to C10,- 
iofls. However, as the hydrogen positions remain 
unknown, the details of hydrogen-bond geometry 
are uncertain. 

We shall therefore concentrate our attention on 
LiC104.3H,0 for which there is considerable 
information available. X-Ray crystallographic 
analysis by West (21) shows that the crystal 
belongs to the hexagonal space group C2,- 
P6,mc, with two formula units per unit cell. The 
water oxygens, Ow, are all equivalent and lie on 
mirror planes. The immediate environment of 
each water molecule is a distorted tetrahedron, 
consisting of two lithium atoms, Li' and Li", and 
two oxygens, 0' and O", which belong to 
different perchlorate groups (Fig. 6). 

The positions of the protons are not known 
from X-ray analysis but can be calculated as 
follows. Because of the plane of symmetry, which 

FIG. 6. The environment of a water molecule in 
LiC104.3Hz0. A mirror plane passes through Li', Li", 
and 0, atoms, making the hydrogen atoms H' and H", 
and the oxygen atoms 0' and 0" equivalent. 

renders the two protons equivalent, only three 
independent geometric parameters are required 
to fix the positions of both protons in the crystal. 
Couture-Mathieu and Mathieu derived the value 
of 90 f 7" for the angle between the HI-Ow-H" 
plane and the six-fold axis of the crystal from the 
intensities of the Raman spectra of oriented single 
crystals of LiC104.3H,0 (14). Aleksandrov and 
Petrzhak derived the HI-H" distance of 1.58 f 
0.01 A from proton magnetic resonance measure- 
ments (22). This yields two of the three required 
parameters. The additional parameter could be 
either the 0-H distance, or the H-0-H angle. 
The H-0-H angle seems relatively insensitive 
to the molecular environment in hydrates (23,24) 
and we have used the mean value obtained from 
several neutron diffraction investigations, 109" 
(23). Combining this H-0-H angle with the 
above X-ray, Raman, and nuclear magnetic 
resonance (n.m.r.) data on LiC104.3H20, we 
obtain the angles and distances listed in column A 
of Table 1. Columns B and C of Table 1 list the 
corresponding angles and distances from the very 
recent neutron diffraction data of Sequeira and 
Bernal (25) and of Datt et al. (26)., 

Whichever set of geometric parameters one 
accepts, it is clear that the water-perchlorate 
interactions in LiC10,-3H20 satisfy the geo- 
metric criteria of hydrogen bonding (24). The 
relatively long Ow.  . . O f  distance of about 2.96 A 
points to a rather weak hydrogen bond. 

The stretching frequencies of HDO of all three 
hydrates investigated occur near 3560 cm-' for 
OH and near 2620 cm-' for OD. This can be 
taken to indicate that weak hydrogen bonds 
between water molecules and perchlorate ions, 
similar to those in LiCI04.3H20, occur in 
NaC10,-H20 and BaCI04.3H,0. These stretch- 
ing frequencies are unusually high for crystalline 
hydrates, the most common frequency range 
being 3300-3500 cm-' for OH and 2440-2560 
cm-' for OD (5, 16, 27-30). These frequencies 
correspond closely to the high-frequency peaks in 
the spectra of HDO in aqueous solutions of per- 
chlorate ions (4, 7-10), showing that very similar 
weak hydrogen bonds occur in the crystalline 
hydrates and in solution. If one assumes the shift 
of the stretching frequency to be proportional to 
the hydrogen-bond enthalpy [Badger-Bauer rela- 

4We are grateful to the referees for bringing to our 
attention refs. 13 and 25. 
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TABLE 1 

Distances (in A) and angles between an H,O molecule and its nearest neighbors in 
LiCIOJ. 3Hz0 (cf. Fig. 6) 

--- 
A 

From combined B C 
X-ray (21), From From 

Raman (14), neutron neutron 
and n.m.r. (22) diffraction diffraction 

data (25) (26)* 

O w . .  .Li' 2.15 2.112 2.076k0.01 
Ow. . . Li" 2.15 2.150 2.170+0.01 
ow.. .O' 
ow.. .O" 2.96t 2.954 2.986k0.004 

Ow.. .H' 
Ow. .  .H" 0.97 0.936 0.933+_0.004 
H'. . .H" 1.58 $ 1.453k0.004 

H". . . .Of .O" 't 2.033 2.052 2.097 

*Uncorrected for thermal motion. 
tWest (21) gives this distance as 2.94 A, but his atomic coordinates lead to 2.96 A. 
$Cannot be calculated from the incompletely reported data in ref. 25. 
$0 is the angle between the SIX-fold axis and the bisector of the H'-0,-H" angle. 
I(@ is the angle between the six-fold axis and the bisector of the 0'-0,-0" angle. 
VThe value of O has been given as 99" in refs. 14 and 22, apparently due to a miscalculation. It has also 

been quoted as 90" in ref. 22, apparently by confusion with the angle Q. 

tion (31-33)], then the latter can be roughly 
estimated. The vapor-crystal shift for ice at  0" is 
3705 - 3304 = 401 cm-' for OH and 2719 - 
2443 = 276 cm-' for OD (33). The correspond- 
ing shifts for NaC10,-H20 at 25" are 3705 - 
3564 = 141 cm-' and 2719 - 2626 = 93 cm-'. 
As the enthalpy of sublimation of ice at 0" is 
12.212 = 6.1 kcallmole per hydrogen bond, the 
Badger-Bauer relation gives (1411401) x 6.1 E 

(931276) x 6.1 - 2.1 kcal/mole as a rough esti- 
mate of the strength of the hydrogen bonds be- 
tween water and the perchlorate ion. 

Environment and Symmetry of Water Molecules 
NaCIO,. H,O 
The three HDO fundamentals of NaC10,. H 2 0  

occur as single bands at room temperature, show- 
ing that all of the water molecules are identical 
and that their two OH groups are identical. At 
lower temperatures each of the three HDO funda- 
mentals splits into two components. The corre- 
sponding OH and O D  component frequencies 
remain in a constant ratio of 1.3562 + 0.0005, 
nearly the same as the ratios observed in gypsum 
(30, 34) and NaC1.2H20 (16, 29). This shows that 
the splitting is not due to proton tunnelling (16, 

29,30,34) and must be due to the existence of two 
physically distinct OH groups in the crystal. 

The two distinct OH groups may correspond 
to either the existence of one species of asym- 
metric H 2 0  molecule or two symmetric but dis- 
tinct species of H 2 0  molecules in the NaClO,. 
H 2 0  crystal. The occurrence of two HDO 
bending peaks is consistent with either of these 
two possibilities but does not distinguish be- 
tween them. However, the single H 2 0  bending 
peak of isotopically isolated H 2 0  molecules 
proves the existence of only one type of H 2 0  
molecule, distorted by an asymmetric environ- 
ment (16, 30). The distortion is greatest at  the 
lowest temperature and gradually disappears as 
temperature increases. At room temperature the 
two OH groups are spectroscopically identical, 
apparently by accident rather than as a result of 
crystal symmetry. 

Although the frequencies of the two com- 
ponents of the stretching bands change with tem- 
perature, their averages remain unchanged at 
3562 + 2 cm-' for OH and at2625 + 1 cm-' for 
OD, between - 175 and $30". This indicates 
that no net change occurs in the average strength 
of these very weak hydrogen bonds with tem- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2102 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

perature, i.e. one OH group of each water water molecules in this hydrate are identical and 
molecule becomes more strongly bonded at low that they remain effectively undistorted. The 
temperatures, while the other OH group becomes identity of the two OH groups is unlikely to be 
more weakly bonded. The HDO bending vibra- accidental at all temperatures, hence they must be 
tion, on the other hand, undergoes a net shift of related by symmetry, as in Fig. 6. The identity of 
about 10 cm-' in the same temperature range, all the water molecules and the equivalence of the 
probably indicating changes in the oxygen- two OH groups of each H,O are consistent with 
sodium interactions. the space group and with the proposed structure 

The small half-widths of the stretching bands for this hydrate. 
(16 cm-' at 0" and 7 cm-' at - 165" for the OD 
band) are comparable with those of other hy- We thank Mr. P. F. Seto for checking the calculations 
drates in which the hydrogen atom positions are of the angles and distances in Table 1. 
ordered (16,29). 

Ba(ClO4), . 3H20  1. R. D. WALDRON. J. Chem. Phys. 26, 809 (1957). 
2. T. T. WALL and D. F. HORNIG. J. Chem. Phys. 43, 

The OD stretching fundamental occurs as a 2079 (1965). 
single band at room temperature but splits at 3. M. FALK and T. A. FORD. Can. J.  hem. 44, 1699 

(1966). lower temperatures. This splitting is analogous 4. K. A. HARTMAN, JR. J. Phys. Chem. 70, 270 (1966). 
to that in NaCI04.H,0, but is only about one- 5. J. SCHIFFER and D. F. HORNIG. J. Chem. Phys. 49, 

4150 (1969). fourth as great' The phenomenon is the 6. H. R. Wyss and M. FALK. Can. J. Chem, 48, 607 
same in the two hydrates, but the asymmetry is (1970). 
much smaller in the Ba compound. If the splitting 7. z. KECKI, P. DRYJA~SKI, and E. K o z x o w s ~ ~ .  

Rocz.  hem. 42, 1749 (1968). of the H-o-D bending due to the 8. P. DRYJA~SKI  and Z. KECKI. ROCZ. Chem. 43, 1053 
distortion is in the same ratio as the splitting of (1969). 
the OD stretching fundamental then a maximum 9. G .  E. WALRAFEN. Abstracts of Symposium on 

"Structures of Water and Aqueous Solutions", 
(7131) = cm-' be ex- University of Chicago, June 16-18, 1969. 

pected for the Ba compound at the lowest tem- lo. G. BRINK and M. FALK. In preparation. 
perature investigated, - 165". As the half-width 11. S. D. ROSS. Spectrochim. Act& 18, 225 (1962). 

12. A. HEZEL and S. D. Ross. Spectrochim. Acta, 22, 
of the H-0-D bending band of Ba(CIO,),. 1949 (1966). 
3H20  is about 11 cm-' at - 165", a splitting of 13. J. P. MATHIEU and L. COUTURE-MATHIEU. J. Phys. 
3 cm-' would not be detected. Radium, 13, 271 (1952). 

14. L. COUTURE-MATHIEU and J. P. MATHIEU. Acta 
The equivalence of all water molecules is Crystallogr. 5, 571 (1952). 

required by either of the two space groups 15. Gmelins Handbuch der anorganischen Chemie. 21, 
41 1 (1928); 20, 405 (1960); 30, 374 (1960). 

possible for Ba(C104)2 .3H20 as a of the 16. J. SCHIFFER. Ph.D. Thesis. Princeton University, 
X-ray study by Mani and Ramaseshan (18). The Princeton, New Jersey, 1963. Diss. Abstr. 25, 2786 

(1964). s~ec t rosco~ic  identity of the two OH groups of 
17. D,  L. WOOD. Biochem. j. 58 30 (1954). 

each water molecule at room temperature may 18. N. V. MAN, and S. RAMASE~HAN. Z. Kristallogr. 
be accidental, as in NaCI04.H,0. The non- 114, 200 (1960). 
equivalence of the two OH groups is consistent 19. N. V. MANI and S. RAMASESHAN. Z. Kristallogr. 

115, 97 (1961). 
with either of the possible space groups for 20. c. D. WEST. Z. Kristallogr. 91, 480 (1935). 
Ba(CI04),.3H20. The first space group, Cz- 21. C. D. WEST. Z. ~ r i s t a l l o ~ r .  88, 198 (1934). 

22. N. M. ALEKSANDROV and E. PETRZHAK. Zh. Strukt. P6,, requires the water oxygens to occupy sites of Khim. 6, 527 (1965). 
symmetry C,, leading to non-equivalent hydro- 23. W. C. HAMILTON and J. A. IBERS. Hydrogen bond- 

ing in solids. W. A. Benjamin, Inc., New York, 1968. gens. The second space group, C:,-P6,/m, re- 
p. 213. 

quires the water OxYgens to occupy sites of sym- 24. W. C. HAMILTON. In Structural chemistry and 
metry C,, which can also lead to non-equivalent molecular biology. Edited by A. Rich and N. 
hydrogens, provided that the hydrogens lie on the ~ ~ ~ ~ ~ o s " _  2. Eb , " ~ ~ ~ ~ ~  Francisco, 1968. 

mirror plane, in contrast to those of LiCIO,. 25, A. SEQUEIRA and I. BERNAL. N.B.S. Spec. PUH. 
3H20, which lie ofthe mirror plane. 301, 1969. 

26. I. D. DATT, N. V. RANNEV, and R. P. OZEROV. 
LiCIO, . 3H20  Kristallogr. 13, 261 (1968). 

27. R. A. FIFER and J. SCHIFFER. J. Chem. Phys. 50, 21 No measurable splitting of HDO fundamentals (1969). 
is observed at any temperature, showing that the 28. J. SCHIFFER and D. F. HORNIG. ~n Molecular 
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dynamics and structure of solids. Edited by R. S. 32. K. F. PURCELL and R. S. DRAGO. J. Arner. Chem. 
Carter and J. J. Rush. N.B.S. Spec. Publ. 301, 1969. SOC. 89, 2874 (1967). 

29. T. A. FORD and M. FALK. J. Mol. Struct. 3, 445 33. T. A. FORD and M. FALK. Can. J. Chem. 46, 3579 
(1969). (1968). 

30. V. SEIDL, 0. KNOP, and M. FALK. Can. J. Chem. 34. R. KLING and J. SCHIFFER. Chem. Phys. Lett. 3, 64 
47, 1361 (1969). (1969). 

31. R. M. BADGER and S. H. BAUER. J. Chem. Phys. 5, 
839 (1937). 
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Nucleophilic substitution of vinylic halogens in 3-halomethacrylonitriles. 
Some observations on olefin stabilities 

D. V. GARDNER AND D. E. MCGREER 
Department of Chemistry, University of British Columbia, Vancouver, British Colurnbia 

Received January 30, 1970 

3-Chloro- and 3-bromomethacrylonitrile (E- and Z-) have been shown to undergo nucleophilic sub- 
stitution at C-3 with > 9 5 %  retention of configuration. The configuration of each product has been 
established by the use of nuclear magnetic resonance spectroscopy. The thermodynamic position of equi- 
librium for each pair of E-Z isomers has been determined and the factors which affect this equilibrium 
are discussed. Some form of cis interactions, non-steric in origin, dominates in determining the equilibrium 
positions. 

Canadian Journal of Chemistry, 48,2104 (1970) 

Introduction 

Although nucleophilic reactions in activated 
ethylenic systems have been studied mechanisti- 
cally in great detail (1-ll), few quantitative 
measurements of the thermodynamic stability 
of the various reaction products appear to have 
been made. In the present work the E and Z 
isomers (highest priority groups cis for Z and 
trans for E(12)) of 3-bromo- and 3-chloromethac- 
rylonitrile have been synthesized and their 
reactions with nucleophiles investigated. Both 
the mechanism of reaction and the stability of the 
products have been determined. 

As a general rule, simple vinylic halides are 
unreactive, compared to their saturated counter- 
parts, towards nucleophilic attack. When the 
carbon atom p to the site of substitution bears an 
electron-withdrawing group, however, e.g. CN 
(7), C02C2H5 (4, 6, lo), COCH, (13-15), S02Ph 
(2, 9), F (16), or p-nitrophenyl (1, 17), replace- 
ment of the vinylic halogen by nucleophiles 
readily occurs. This replacement usually follows 
one of two pathways, although others are possible 
(8, 10, 18), either "direct substitution", eq. [ I]  
or "elimination-addition", eq. [2]. The former 

I I I I 
[ I  1 X-C=C-Y + B- + [X-C-C-Y] --> 

I 

mechanism appears to be the preferred path in 
the reaction of activated substrates with polariz- 
able, weakly basic nucleophiles (1-1 1); the latter 
mechanism is mainly encountered when the 

nucleophile is an alkoxide ion, particularly when 
the leaving groups are trans orientated (2,3, 10). 
Usually direct substitution occurs with retention 
of configuration although cases are known in 
which only the thermodynamically stable product 
has been isolated (2, 5, 7, 17). 

Less quantitative information is available on 
the thermodynamic stability of the various reac- 
tion products. It  does appear, however, that 
electronic factors play an important part in 
determining the relative stability of the E and Z 
isomers formed in these reactions. Thus it has 
been found qualitatively that the P-substituted 
crotonates (1, X = C1, N(C2H5),, PhS, mesityl- 
thio, C2H50) are all more stable in the E con- 
figuration (4, 10, 19-21), despite the varying 
steric requirements of the group X. When X is 

alkylamino, however, the Z isomer is the more 
stable due to internal hydrogen bonding between 
the amino proton and the carboethoxy group 
(20, 22). Methyl crotonate itself exists approxi- 
mately 82% in the E form (trans) between 200 
and 500" (23). 

similar 'results have been obtained by Stirling 
(24) with the corresponding sulfones (2). When 
X = OCH, or (PhCH2),N the sulfone 2 exists 

x\ /H CH3\ /H 
C=C 

CH/ \so2ph X/'='\S02Ph 

2 (E)  2 ( Z )  

100% in the E form whereas when X = 
PhCH,NH approximately 34% of the Z form is 
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present a t  equilibrium. The reduction in the requires a minimum of eclipsing (H against C N  
equilibrium amount of Z isomer in the sulfone 2 or CH,) and leads to a product of retained con- 
(X = PhCH,NH) compared with the crotonate figuration, as observed. It also permits the 
1 (X = RNH) probably reflects a combination formation of some product of the opposite 
of increased steric hindrance and weaker hydro- configuration as is frequently observed. Scotti and 
gen bonding in the sulfone. Frazza (7) have proposed a similar mechanism 

to account for the retention of configuration 
Mechanistic Studies observed in the reaction of 3-chloroacrylonitrile 

Since the 3-halogenomethacrylonitriles d o  not 
possess an a hydrogen, they cannot undergo 
nucleophilic substitution by a simple elimination- 
addition process. Our observations, that 3- 
bromomethacrylonitrile (3, E- and Z-, X = Br) 
gives substitution with sodium methoxide, 
sodium thioethoxide, and dimethylamine and 
that 3-chloromethacrylonitrile (3, E- and Z-, 
X = CI) gives substitution with diethylamine, 
indicate that substitution can in all of these cases 
take place without the requirement ofelimination. 

In all cases reaction occurred with greater than 
95 % retention of configuration at C-3, as deter- 
mined by vapor phase chromatography (v.p.c.) 
or nuclear magnetic resonance (n.m.r.) spectral 
analysis, despite the fact that the product is 
thermodynamically less stable than its isomer in 
many cases. Where v.p.c. analysis was employed, 
it was shown that the respective E and Z isomers 
did not interconvert under the conditions used. 
No products resulting from a elimination were 
detected (8, 18). 

The above results are consistent with the direct 
substitution (addition-elimination) mechanism, 
eq. [I], proposed by Miller and Yonan (1) and 
modified by Jones et al. (4), in which the attacking 
nucleophile is assumed to approach a t  right 
angles to the plane of the double bond. 

The path requiring the least energy is a 60" 
rotation to place the halogen parallel to the 
orbital carrying the electron pair followed bv 

with ethoxide or p-toluene sulfide idn. With 
piperidine, however, only one product was 
isolated, starting from either chloronitrile, to 
which they assigned the trans structure (4). 
Furthermore, kinetic evidence was obtained 
which indicated that both chloronitriles were 

reacting by the same mechanism (addition- 
elimination). The reason for this lack of stereo- 
specificity is not clear, especially as in the present 
work both 3-chloro- and 3-bromomethacryloni- 
trile (E- and Z-) react stereospecifically with 
diethylamine and dimethylamine respectively, 
in spite of the ease of isomerization of the prod- 
ucts. Pattenden and Walker (I 1) have observed a 
similar lack of stereospecificity in the reactions 
of trisubstituted phosphines with 3-halogeno- 
acrylic acid derivatives, which they attribute to 
steric crowding in the the transition state. 

In the present work, since the mechanism of 
reaction is based only on product distrib~tion, 
it was necessary to assign the correct stereo- 
chemistry to each pair of E-Z isomers. This has 
been achieved by n.m.r, spectroscopy; in all cases 
the isomer with the more deshielded olefinic 
proton has been assigned the E configuration 
(Table 1) in which the olefinic hydrogen and the 
cyano group are cis orientated (25-27). In addi- 
tion, the configurations of the isomeric chloro- 
methacrylonitriles have already been determined 
by chemical means (28). 

3-Methoxymethacrylonitrile-E has been pre- 
pared previously by Lichty (29) by treatment of 
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TABLE 1 

Chemical shifts and coupling constants for the 3-substituted methacrylonitriles (3) 
-- 

E isomer* Z isomer* 

R TR T C H ~  GI J(Hz) TR 7ctl3 TH J(Hz) 

*s, singlet; d, doublet; t, triplet; q, quartet. 

2-cyano-l,2-dichl~rop~opane with methanolic 
sodium hydroxide. The stereochemistry of the 
product was not given but a boiling point com- 
parison with the isomers we have'prepared shows 
it to most closelv comDare with the E isomer. The 
above experiment was repeated under milder 
conditions and was shown to give the Z isomer 
as the major (82%) product, and thus Lichty's 
preparation undoubtedly gave the product as the 
equilibrated mixture which contains 78 % of the 
E form. 

Equilibration Studies 

The positions of equilibrium for the 3-sub- 
stituted methacrylonitriles, 3, prepared in this 
study, are presented in Table 2. I t  is of interest to 
coniider the factors that determine the position 
of this equilibrium. Although steric factors have 
traditionally been emphasized, in recent years the 
observation that a number of cis-1.2-disub- 
stituted olefins are more stable than their trans 
isomers suggests an important stabilization due to 

TABLE 2 
Equilibration results for the 3-substituted n~eth- 

acrylonitriles (3), XCH=C(CH3)(CN) 

% E isomer % E pre- 
at Method of d~cted from 

X equilibrium equilibration* Table 3 

* I )  Bromine in sunlight at about 30"; 2a) thermally in sealed tubes 
at  210'; 26) equilibration occurred on v.p.c. columns at  210"; 3) trace 
of sodium methoxide in methanol at  25". 

?The v.p.c. analysis. 
$The n.m.r. analysis. 

TABLE 3 

Position of equilibrium for cis-trans-1,2-disub- 
stituted ethylenes 

Substituents % cis Temperature 

C1, CH3 75.5 (30, 31) 30" 
Br, CH3 68 (33) 0-100" 
CI, CN 69 (30) 30" 
CH3, CN 57 (30), 58 (34) 80°, 400" 
CH3, CH3 23 (35) 

a van der Waals or electrostatic attraction 
between many groups. This attractive interaction 
is illustrated by the percent cis isomer at  equilib- 
rium as given in Table 3 for compounds related 
to those of the present study. 

For the methacrylonitriles the relative steric 
requirements of the methyl and the nitrile groups 
can be evaluated in 3-t-butylacrylonitrile (36) 
where steric factors will clearly be dominant. 
Equilibration of 5 a t  30" with bromine and sun- 
light gives 8 % of the E form. Thus as expected 
from other studies the methyl has a larger steric 
requirement than the nitrile group. 

The data in Table 2 indicate that only in the 
3-dimethylamino and possibly in the 3-methyl 
compounds are the steric factors dominant 
in determining equilibrium positions. The di- 
methyl amino group, in order to provide conjuga- 
tion with the nitrile group, would become planar 
and thereby introduce a steric requirement of an 
order equivalent to a t-butyl group. The equili- 
brium positions for the other compounds in 
Table 2 show effects similar to those which con- 
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tribute to  the favored cis orientations noted in 
Table 3. 

In the range of compounds where steric effects 
are not dominant we might expect the equilibrium 
position for a trisubstituted olefin to  be equal 
to  that predicted by an additive contribution of 
the vicinal pairs.' I t  is interesting therefore that 
the data of Table 3 can be used to predict two 
of the observed equilibria in Table 2 to  within 
the combined experimental error of the measure- 
ments. On the other hand, data from Table 3 
predicts the equilibrium position for 2-bromo-2- 
butene to  be 88 % trans, a value which is close to, 
but outside, the experimental error for the ob- 
served value of 83 % (37, 38). I t  seems, however, 
that it would be desirable to further evaluate 
additivity in these systems. I t  may, for example, 
be advantageous to only use data a t  infinite 
dilution in a common solvent a t  a common 
temperature. 

Experimental 
Vapor phase chromatographic analysis and preparative 

separation were carried out using commercial (Varian 
Aerograph) 10 ft x 114 in. stainless steel columns con- 
taining the appropriate packing. Boiling points were 
determined by the microcapillary method and are un- 
corrected. The n.m.r. spectra were recorded on a Varian 
A60 instrument using 20% by volume samples in carbon 
tetrachloride. All new compounds gave infrared spectra 
consistent with their respective structures. 

3-Chlorometkacrylo~~itrile (E- and Z-) 
The title compounds were prepared from chloroacetone 

cyanohydrin (28) by the method of Hurd and Rector (39). 
The product (70%, b.p. 54-8Oo/40mm) contained 
3-chloromethacrylonitrile (E-), (28 %), 3-chloromethac- 
rylonitrile (Z-) (51 %), and 2-cyano-1,2-dichloropropane 

'Additivity in the free energy term would appear as a 
product of the equilibrium constants thus for 

ELEOPHILIC SUBSTITUTION 2107 

(21 %). Separation was effected by preparative v.p.c. on a 
15 % QFI - 5 % carbowax 20M column at 145". 

3-Bromomethacrylonitrile (E- and Z-) 
Bromine (80 g, 0.5 mole) in carbon tetrachloride (50 ml) 

was added dropwise over 3 h to methacrylonitrile (33.5 g, 
0.5 mole) and the stirred solution was then left overnight 
at room temperature. Removal of the solvent at room 
temperature in vacuo yielded crude 2-cyano-l,2-dibromo- 
propane (56 g, 49%). To the crude product, dissolved in 
t-butanol (50 ml), was added, with vigorous stirring, 
potassium hydroxide (18 g) in water (32 ml). After 21 h 
potassium bromide was removed by filtration and the 
filtrate was diluted with ether (100 ml). The aqueous layer 
was further extracted with ether (2 x 100 ml) and the 
combined ether extracts were dried over magnesium 
sulfate. Removal of the ether and t-butanol, followed by 
distillation a t  50-7O0/20 mm yielded 3-bromomethac- 
rylonitrile (E:Z = 3:5,25.5 g, 71 %). Although thermally 
labile, the two isomers were readily separable by pre- 
parative y.p.c. (15 % QFl  - 5 % carbowax 20M) at 150" 
and have the following properties. 

3-Bromomethacrylonitrile (E-); nDZO 1.4995. 
Anal. Calcd. for C4H4BrN: C, 32.87; H, 2.74. Found: 

C, 33.25; H, 3.01. 
3-Bromomethacrylonitrile (Z-); r~~~~ 1.4929. 
Anal. Found: C, 32.80; H, 2.87. 
If methanol was used instead of t-butanol in the above 

experimtnt, a small amount of 3-methoxymethacryloni- 
trile (E-) was also obtained which could not be separated 
from the 3-bromomethacrylonitrile (Z-). 

3-Metl1o.~yn1ethacryloi1itrile (E-) 
Sodium methoxide (1 equ) in methanol was added 

dropwise, with stirring, to 3-bromomethacrylonitrile (E-) 
(1 equ), sodium bromide being instantly precipitated. 
The vigorous exothermic reaction was controlled by 
external cooling. On conipletion of the methoxide 
addition, the solution was stirred for 1.5 h at room teni- 
perature, then neutralized with glacial acetic acid and 
diluted with ether. Removal of the precipitate, followed 
by evaporation of the solvent under reduced pressure 
yielded a yellow oil which was distilled under reduced 
pressure. Final purification was effected by preparative 
v.p.c. on QF1-carbowax at 180" to give 3-niethoxy- 
methacrylonitrile (E-), b.p. 182-183" (lit. (29) b.p. 
80-83"/27 mm), contaminated with a small amount of 
3,3-dimethoxy-2-methylpropionitrile. 

3-Methoxyn~ethaci.yloi~itrile (Z-) 
This was prepared as above from 3-bromornethac- 

rylonitrile (Z-). An analytical sample had b.p. 202-203" 
and nDZO 1.4498. 

Anal. Calcd. for C,H,NO: C ,  61.86; H, 7.22. Found: 
C ,  61.69; H, 7.33. 

Reaction of2-Cyar10-1,2-dicl1loropropane with 
Methanolic Sodium Hydroxide (29) 

To a stirred solution of 2-cyano-1,2-dichloropropane 
(0.55 g) in methanol (1 ml) was added sodium hydroxide 
(0.32 g) in water (1 ml). After 1 h at room temperature 
the solution was extracted with ether. Analysis of this 
extract by v.p.c. showed, besides starting material and 
volatile products, 3-methoxymethacrylonitrile (E- and 
Z-), in the ratio 2:9. 
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3-Dimetlzyylamirzon~etIzacrylo~zitrile (E- andZ-) 
3-Bromomethacrylonitrile (E-) (0.2 g) in ether (2 ml) 

was treated with dimethylamine (1 ml). The resulting 
solution was kept, in a screw-cap jar, overnight at room 
temperature then diluted with ether. After removal of the 
precipitated dimethylamine hydrobromide by filtration, 
the ether and excess dimethylamine were evaporated 
under reduced pressure. Analysis of the crude reaction 
product by n.m.r. showed that only 3-dimethylamino- 
methacrylonitrile (E-) was present. The cis-trans equili- 
bration, however, occurred when an attempt was made 
to purify the sample by preparative v.p.c. at 210". The 
resulting mixture contained both E and 2 isomers in the 
ratio 13237. 

Anal. Calcd. for C,H,NO: C, 61.86; H, 7.22. Found: 
C, 61.69; H, 7.33. 

Starting with 3-bromoethacrylonitrile (2-) only 3- 
dimethylan~inomethacrylonitrile (2-) was present in the 
crude product. The same equilibrium mixture as above 
was, however, obtained by v.p.c. purification. 

3-Diethylaminomethacrylo~~itrile 
A solution of 3-chloromethacrylonitrile (E-) (0.88 g) 

in ether (6 ml) and diethylamine (6 ml) was boiled under 
reflux for 39 h. After dilution with ether and removal 
of the precipitated diethylamine hydrochloride, thesolvent 
was removed to give a mixture of starting material and 
3-diethylaminomethacrylonitrile (E-) in the ratio 2:3. 
The latter equilibrated to a mixture of E and 2 forms 
( 8 8 x 2 )  when purified by v.p.c. on Dow Corning 550 
at 210". 

The crude product obtained from the reaction of 3- 
chloromethacrylonitrile (2-) with diethylamine contained 
36% starting material and 64% 3-dimethylamino- 
methacrylonitrile (2-). Purification by v.p.c. as above 
gave 3-diethylaminomethacrylonitrile (E- and 2-) in the 
ratio 1436. 

Anal. Calcd. for C8H,,N2: C, 69.56; H, 10.14. Found: 
C, 69.81 ; H, 10.34. 

3-T/~ioetl~oxymethacrylorzitrile (E- and 2-) 
Treatment of 3-bromomethacrylonitrile (E- and 2-) 

with 1 equ of sodium thioethoxide in methanol (prepared 
from sodium rnethoxide (1 equ) and ethanethiol(l.1 equ)) 
yielded the corresponding 3-thioethoxy compounds. 
Stereospecific replacement of bromine was shown to have 
taken place by v.p.c. analysis on QF1-carbowax at 180'. 
The two isomers, isolated by preparative v.p.c., had the 
following physical properties. 

3-Thioethoxymethacrylonitrile (E-): 1 1 ~ ' ~  1.5281, b.p. 
201-202". 

Anal. Calcd. for C6H9NS: C, 56.69; H, 7.09. Found: 
C, 58.45; H, 7.33. 

3-Thioethoxymethacrylonitrile (2-): I Z , ' ~ . ~  1.5180, b.p. 
216217" (with 4 %  E present). 

Anal. Found: C, 56.59; H, 7.10. 

Methods of Equilibration 
In every case, except for methyl 3-dimethylamino- 

methacrylate, the position of equilibrium has been 
determined by equilibrating each E and Z isomer separ- 
ately, the following procedures being used. 

(I) Bromine and sunlight: To a neat solution of the 
nitrile in a sealed or tightly-stoppered tube was added 1-2 

mole % of bromine (10% solution in carbon tetra- 
chloride). The tubes were placed in direct sunlight, 
samples being removed periodically for analysis. 

(2) Thermolysis : Small samples (10-50 p1) of the nitrile 
were sealed in Pyrex tubes (4 mm 0.d.) and placed in a 
furnace at 210". Although some darkening of the samples 
occurred, there was no apparent decomposition. Samples 
were removed and analysed at fixed intervals. 

(3) Sodium methoxide in methanol: The nitrile was 
treated with a trace of sodium methoxide in methanol 
and the mixture analyzed periodically by v.p.c. 

A fellowship to D.V.G. and general support from 
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Influence of steric and polar effects in determining the equilibrium 
position for cis-trans-olefin pairs 

D. V. GARDNER AND D. E. MCGREER 
Departtnent of Chemistry, University of British Columbia, Vancouver, British Columbia 

Received January 30, 1970 

A series of u,p-unsaturated nitriles and esters substituted by t-butyl o r  isopropyl groups at  the p- 
position along with methoxyl, thioethoxyl dimethylamino, chloro, and hydrogen at  the other p-position 
have been prepared. Evaluation of the isomer stability from cis-trans equilibrations achieved catalytically 
or thermally supports earlier observations'that steric and polar factors maintain a strong tendency for a 
p-methoxyl group to be trans to a nitrile or carbomethoxy group even when opposed by a t-butyl group. 
The tendency for a chloro group to prefer to be trans to a carbomethoxy group in methyl p-chloro- 
crotonate is overcome by replacing the p-methyl by isopropyl or t-butyl. 
Canadian Journal of Chemistry, 48.21 10 (1970) 

In the preceding paper (1) the position of 
thermodynamic equilibrium for the E and Z 
forms (highest priority groups cis for Z and 
trans for E (2)) of several 3-substituted meth- 
acrylonitriles was measured. It was noted that 
interactions non-steric in origin were dominant 
in determining the position of equilibrium. In a 
similar interplay of effects it is well recognized 
that the P-halocrotonic acid derivatives are more 
stable in the E form in which the smaller halogen 
group is trans to the carbonyl containing group 
(3). To further evaluate the contribution of steric 
and polar factors in determining the position of 
equilibrium for cis-trans pairs of isomers, we have 
prepared a number of a,P-unsaturated nitriles and 
esters for study. 

Chart 1 lists the compounds which have been 
studied along with the equilibrium data. New 
compounds in Chart 1 were prepared by standard 
methods. Reaction of a-bromo-P-alkylacrylo- 
nitriles with sodium methoxide in methanol gave 
1 and 12. The Z form of all of the P-methoxy 
compounds 1, 6 ,7 ,  10, and 12 were prepared by 
addition of diazomethane to the appropriate 
P-keto-nitrile or ester. The E isomers could be 
obtained by irradiation of the Z isomers in a 
silica flask with a mercury lamp. The chloro- 
nitrile 5 and the chloroester 9 were separately 
obtained from the corresponding aldehyde, 3- 
chloro-4,4-dimethyl-2-pentenal(4), the former by 
use of the Corey procedure (5 ) ,  the latter by 
dehydration of the aldoxime. The chloro com- 
pounds 5 and 9 could not be obtained by reaction 
of phosphorus pentachloride with the corre- 
sponding P-keto-nitrile or ester (6). Under these 
conditions the P-ketonitrile was recovered essen- 

tially unchanged and the P-ketoester underwent 
chlorination a to the carbonyl groups. Com- 
pounds 2-4 and 8 were prepared from the corre- 
sponding P-chloro derivatives 5 and 9 by nucleo- 
philic substitution. Attempts to prepare corre- 
sponding p-enaminoesters from 9 were un- 
successfi~l. The P-chloroesters 11 and 13 were 
obtained from the known acids by esterification. 

Assignment of Configuration 

In some cases it was possible to assign the 
config~iration about the double bond on the 
basis of chemical evidence. Thus the en01 ether 7, 
obtained from the reaction of diazomethane with 
ethyl 4,4-dimethyl-3-ketopentanoate (6) was as- 
signed t h e 2  configuration on the following basis. 
First the P-ketoester, which was shown by nuclear 
magnetic resonance (n.m.r.) spectroscopy to exist 
approximately 40% in the en01 form, gave a 
positive ferric chloride test, and secondly, in the 
absence of methanol only 10 % of the P-ketoester 
reacted with diazomethane. This is in line with 
earlier studies on the reaction of P-ketoesters with 
diazomethane which demonstrated that cis enols 
require methanol catalysis and give the Z methyl 
ether (22). 

Stereoselective preparation of 1 and 2 from 
2-bromo-4,4-dimethyl-2-pentenitrile (E or Z )  is 
expected to occur by trans addition to the 
acetylene intermediate (7, 8) and thus should 
lead to product rich in the Z isomer. The chloro- 
nitrile 5 and the chloroester 9 also may react with 
nucleophiles via an acetylenic intermediate al- 
though this was only definitely confirmed for the 
reaction of 5 and 9 with sodium methoxide. 
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Percent composition at equilibrium for the E form of the compounds studied. 

Procedures used for equilibrations, as described elsewhere (I), were: (a) bromine in sunlight at about 30"; (b) ther- 
mally in sealed tubes at 210'; (c) catalytically with 1 equ of sodium methoxide in methanol at  60'; (d) equilibrium 
approachcd from one isomer only. 

Finally, where appropriate, the corresponding 
isopropyl compounds have been synthesized and 
comparisons made between the like physical and 
spectroscopic properties of the two series. 

In the majority of cases, where chemical 
evidence of structure was not available, assign- 
ment of configuration has been based on n.m.r. 
spectroscopic measurements. The data collected 
is shown in Tables 1 and 2. Assignments were 
possible because in every case both stereoisomers 
were available. There is little doubt that a B- 
hydrogen cis to a nitrile or carbomethoxy groip 
will be to lower field (9). For each pair of isomers 
studied the chemical shift of the t-butyl group 
was assumed to be at lower field in those isomers 
in which the t-butyl group and nitrile group are 
cis orientated. This effect was larger than for the 

u 

methyls in an isopropyl group due to the necessity 
of a t-butyl group to have at least one methyl in 
close proximity of the nitrile. Although this 
appears contrary to the observations of Hayashi 
et al. (10, 11) on alkylidenecyanoacetic esters it is 
significant that the magnitude of the chemical 
shift differences for the t-butyl groups is more 
pronounced for most of the nitriles (0.00-0.21 

p.p.m.) than for the esters (0.00-0.12 p.p.m.), a 
situation which is different from that observed for 
P-methyls. This change in relative effects will be 
the result of the difference between the form of 
the shielding cone of a nitrile and a carbonyl 
and their different relative geometry. A P-methyl 
is strongly shielded by a carbonyl but weakly 
shielded by a nitrile. A P-t-butyl group will have 
the methyls placed favorably over the nitrile for 
stronger shielding than from a carbonyl. 

Further supporting evidence was obtained by 
comparison of the chemical shift of the olefinic 
protons. Jones et al. (12) and Pizey and Truce 
(131 have shown for a series of 3-substituted , , 

crotonates that the a-olefinic proton is more de- 
shielded when it is trans to the electron-donating 
group at position 3 than when it is cis. Apart 
from the chloroesters and chloronitriles where 
the difference is small the present results are fully 
in accord with those of the aforementioned 
workers. 

Pizey and Truce (13) further showed that the 
chemical shift of the a-olefinic proton in the 3- 
substituted crotonates moves to higher field as 
the electron-donating ability (14) of the 3- 
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TABLE 1 
(CH,),C, 

Chemical shifts and coupling constants for the 13-t-butylacrylonitriles and esters ,c=C(B)(D) 
A 

Com- Con- Chemical shift (r)* 
pound figura- J 

no. tion A B D -C(CH3)3 A B D (Hz) 

*d, Doublet; t, triplet; q, quartet. All resonances are  singlets unless otherwise marked. 

substituent increases. A similar effect has been 
found particularly in the E series for the nitriles 
3 > 1 > 2 > 5 and esters 7 > 8 > 9 presently 
studied, the chemical shift (z) of the olefinic 
proton decreasing in the series (CH,),N- > 
CH,O- > C,H,S- > C1. 

Like the t-butyl group, the hydrogens on the 
carbon C*  at they position in other P-substituents 
are also deshielded by the nitrile or ester group to 
a greater extent than expected. This may suggest 
an S-cis configuration with respect to the double 

* 
bond for LCH,R1 (L = 0 ,  S, N ;  R' = H, CH,) 
as in structure 14. 

chemical shift difference is in line with the view 
that the methine hydrogen is oriented for steric 
reasons towards the carbomethoxy group in the 
E form and experiences a maximum deshielding 
effect (1 1, 15). Pizey and Truce (13) prepared the 
ethyl ester 21 and assigned the E configuration 
to the more stable isomer by analogy with 
stabilities in the P-chlorocrotonate series. Our 
preparation of 11 was from 3-chloro-4-methyl-2- 
pentenoic acid (16) by esterification with meth- 
anol and contained both isomers of 11 as well as 
small amounts of the P,y-isomer, methyl 3- 
chloro.4-methyl-3-pentenoate (22). Attempts to 
obtain the E isomer of 11 pure by vapor phase 
chromatography (v.p.c.) were unsuccessful. In 
every case samples isolated contained large 
amounts of a new component identified below. 
On the other hand a sample of 11 (2-) was isolated 
containing less than 6 % of the P,y-isomer 22 as 

Our assignment of the Z configuration to the 
more stable chloro isopropyl ester 11 is based on 
the position of the methine hydrogen at 7.40 z in 
that isomer compared to the less stable isomer 
with the methine hydrogen at 5.75 T. This large 
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the only impurity. Photolysis of 11 (Z-) gave a 
mixture of isomers in which the n.m.r. spectrum 
of 11 (E-) could clearly be identified. 

Equilibration of 11 (Z-) at  210" gave, in addi- 
tion to the three isomers 11 (Z- and E-) and 22, 
substantial quantities of a new component which 
has been identified as the butenolide 23 by com- 
parison of its n.m.r. spectrum with that recently 
reported for 23 (17). Formation of 23 from 11 by 

loss of methyl chloride is not without precedent 
and we are examining this reaction further in our 
laboratories (1 8, 19). Preliminary results indicate 
23 is formed from 22 and not 11. Theequilibration 
results at 210" are colnplicated by the side 
reaction to form 23, however the fact that the 
value of 13 % E is close to the value 8.5 % E found 
by the light initiated bromine catalyzed method 
suggests it is of the right order of magnitude. 

Equilibration Studies 

The effect of an alkyl group alone at the P- 
position in acrylonitriles and acrylates is shown 
in Table 3. In all cases, except where the group is 
t-butyl, there is a significant amount of the cis- 
isomer. For vinyl ketones and aldehydes a P- 
methyl or P-halogen effectively destabilizes the 
cis form so that less than 2 % is present at equilib- 
rium (20, 21). The marked sensitivity of the 
carbonyl compounds to cis-substituents at the 
P-position is undoubtedly due to the requirement 
that for maximum conjugation the carbonyl must 
be in the plane of the double bond and in this 
form is very sensitive to steric effects. The con- 
tribution of the zwitterion form to the stability 

TABLE 3 
The % of cis isomer at equilibrium for 

P-alkylacrylonitriles and acrylates 
- -. 

P-Substituent Nitriles Acrylates 

*Present work. 

CHEMISTRY. VOL. 48, 1970 

TABLE 4 
The % of 2-isomer at equilib- 
rium for a-substituted meth- 
acrylates (compare to meth- 

acrylonitriles (1)) 

p-Substituent % Z  

CH3 17 (27) 
Br < l* 
CH3O <0.2* 

*Y. Y. Wigfield, this laboratory. 

of aldehydes and ketones would be greater than 
for esters and thus aldehydes and ketones would 
show a greater sensitivity to steric inhibition of 
conjugation. The importance of the zwitterion 
form in esters is increased when an electron- 
donating (by resonance) group is attached at  the 
P-position and here also a trans configuration is 
strongly favored (see particularly methyl P- 
methoxymethacrylate in Table 4). 

For compounds of Chart 1 we have an inter- 
play of all these factors. Of particular note is the 
large % of the E form for the P-methoxy com- 
pounds 1, 6, and 12. The methoxyl group by 
conjugation would be in the plane of the double 
bond and thus may have an effective bulk 
greater than a t-butyl group. Such an argument 
cannot also explain the equilibrium position for 7. 
We feel that coupled with the steric effect there 
is a repulsive term between the methoxyl and the 
nitrile or ester groups which is analogous to the 
interaction between halogen and ester found in 
13. This is in line with the many reports con- 
cerning P-methoxy ketones which have those two 
groups trans in the more stable isomer (21, 22). 

The repulsive term between halogen and ester 
is illustrated by the P-chlorocrotonate 13 which 
is 87.5% in the form with the chlorine (which 
sterically is expected to be smallerthan the methyl) 
trans to the ester and P-bromomethacrylate 
(Table 4). This repulsive term is more than offset 
by the isopropyl group in 11 and completely 
overcome by the t-butyl group in 5. 

The positions of equilibrium for the P-dialkyl 
amino compounds and P-thioethoxy compounds 
are more nearly where one might predict with the 
recognition that the dialkyl amino group is held 
in the plane of the double bond. The importance 
of conjugation here is noted from the ease with 
which these and other vinyl amines undergo 
cis-trans isomerization (23). 
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GARDNER AND McGREER: 

Experimental 
The v.p.c. analysis and preparative separation were 

carried out on commercial (Varian Aerograph) 10 ft x 
114 in. stainless steel columns containing the appropriate 
packing. Boiling points were determined by the micro- 
capillary method and are uncorrected. The n.m.r. spectra 
in T values were recorded on a Varian A60 instrument 
using 20% by volume samples in carbon tetrachloride. 
All new compounds gave infrared (i.r.) spectra consistent 
with their respective structures. 

EQUILIBRIUM OF OLEFINS 2115 

4-Metl~yl-2-pentet~itrile (18) 
Condensation of isobutyraldehyde with cyanoacetic 

acid in pyridine (28) yielded a crude reaction mixture 
containing cis-4-methyl-2-pentenitrile (18 %), trans-4- 
methyl-2-pentenitrile (19%), and 4-methyl-3-pentenitrile 
(63%). After distillation, separation was effected by 
preparative v.p.c. on a column of 15% QFI - 5 % 
carbowax-20M at 145". 

chloride (1.46 mi) and pyridine (1.62 ml). The distilled 
product (0.5 g) contained mainly 85% of a mixture of 
2,4,4-trimethyl-2-pentenitrile (2 - )  and 4,4-dimethyl-2- 
methylenepentanitrile in the ratio 16:7. Found M (mass 
spectrum) 122. The n.m.r. (CCI,) on mixture (data only 
given for the methylenenitrile), 8.99 (singlet, 9 protons), 
7.87 (doublet, 3 protons, J = 1.5 Hz), 4.38 (quartet, 1 
proton, J = 1.5 Hz), 4.11 (doublet, 1 proton, J = 1.5 Hz). 

A minor product (3 %), which was not identified, had a n  
identical v.p.c. retention time (QF1-carbowax at 150") 
with 2,4,4-trimethyl-2-pentenitrile (E-). 

4,4- Ditrzethyl-2-petztetzitrile (15) 
A mixture of cis- and tratzs-4,4-dimethyl-2-pentenitrile 

in the ratio 21 :79 was obtained from pivaldehyde in an 
analogous manner to that described above. The physical 
properties of the cis-isomer, b.p. 147-148", rzDZO 1.4328, 
do not appear to have been reported previously. 

Anal. Calcd. for C7HllN:  C, 77.07; H, 10.09. Found: 
C ,  77.30; H, 9.92. 

3-Keto-2,4,4-tritnethylpe,2tanitrile 
Condensation of propionitrile with methyl pivalate by 

means of sodium amide in liquid ammonia (29) yielded 
the title B-ketonitrile of 93% purity in 75% yield. An 
analytical sample, b.p. 46"/0.3 mm, ~ z ~ ~ ~ . ~  1.4288, was 
obtained by v.p.c. on S.E. 30 at 155". 

Anal. Calcd. for C8HI3NO: C, 69.07; H ,  9.35. Found: 
C, 68.40; H, 9.56. 

3-Hydroxy-2,4,4-tritnetl1ylpet1tn1zitriIe 
Sodium borohydride reduction of the above B-keto- 

nitrile readily yielded an erytkro-tkreo mixture of 
alcohols (83 % yield), b.p. 64-65"/0.3 nim. 

Anal. Calcd. for C8H15NO: C, 68.10; H, 10.64; N, 
9.93. Found: C, 67.89; H, 10.55; N, 9.93. 

2,4,4-Tritnetlgvl-2-pet1tetzitrile (16, E- nnd Z-) 
(I) To  the above niixture of alcohols(2.82 g) dissolved 

in pyridine (3.2 ml) was added, dropwise with stirring and 
cooling, thionyl chloride (3 ml). After the addition was 
complete the reaction mixture was allowed to attain and 
maintain room temperature for 3 h, then it was heated at 
80" for 2 h. After work-up (30) and distillation, a mixture 
of 2,4,4-trimethyl-2-pentenitrile (E- and Z-, 1.40 g, 57 %) 
was obtained containing 80% of the Z isomer. The two 
isomers were separated by v.p.c. on QF1-carbowax at 
13O0, the following physical properties being recorded. 

The E isomer, b.p. 165-166", ~ z D ~ ~ ' ~  1.4440. 
Anal. Calcd. for C,H13N: C ,  78.05; H, 10.57. Found: 

C, 77.88; H, 10.49. 
The Z isonier, b.p. 147-148", nD17.5 1.4380. 
Anal. Found: C, 78.14; H, 10.77. 
(2) Dehydration of thecyanohydrin of4,4-dimethyl-2- 

pentanone (31) (1.35 g) was effected by means of thionyl 

2-Bron1o-4-t1zetl~-2-~e11terzitrile (19) 
Crude 2,3-dibromo-4-niethylpentanitrile, prepared by 

the addition of broniine to 'cis-4-methyl-2-pentenitrile, 
was dehydrobron~inated with sodium acetate in acetic 
acid (32). The crude reaction product contains the E and 
Z isomers of 2-bromo-4-methyl-2-pentenitrile in the ratio 
47:53. After distillation, the two isomers were separated 
bv V.D.C. on OF1-carbowax at 160'. A correct elemental 
analisis could not be obtained for either isomer although 
both isomers appeared to be homogeneous froni v.p.c. 
and n.ni.r. analysis. The following physical properties 
were, however, obtained. 

2-Bromo-4-methyl-2-pentenitrile (E-), b.p. 160-16l0, 
tzDZO 1.4766, M (mass spectrum) 173. 

2-Bromo-4-methyl-2-pentenitrile (2-), b.p. 168-169", 
tzDZ0 1.4780, M (mass spectruni) 173. 

The eauilibrium niixture. determined from each isomer 
by irradiation of a sample in carbon tetrachloride con- 
taining 1 % broniine, contained 42% of the E form. 

2-Brot~zo-4,4-di,~zetl~-2-pet~tet1itrile (17, E- ntzd Z-) 
Treatment of a cis-trntzs mixture of 4,4-diniethyl-2- 

pentenitrile (containing 88 % trntzs isonier) with broniine, 
followed by dehydrobroniination with sodium acetate in 
acetic acid, yielded the required bromo-nitriles (E:Z 
ratio = 2:l). The following physical properties were 
determined. 
2-Bromo-4,4-din1ethyl-2-pentenitrile (E-), b.p. 179- 

18O0, nDzo 1.4829. 
Anal. Calcd. for C7Hl,BrN: C ,  44.68 ; H, 5.32. Found : 

C, 44.75; H, 5.32. 
2-Bromo-4,4-diniethyl-2-pentenitrile (2-), b.p. 190- 

191°, 11~" 1.4821. 
Anal. Found: C, 44.74; H, 5.22. 
In a further experiment, starting froni 4,4-diniethyl-2- 

pentenitrile (79% trnns), a mixture of 2-bronio-4,4- 
diniethyl-2-pentenitrile (E- and Z-) was obtained con- 
taining over 85 % of the E isonier. An attempt to increase 
the amount of Z isomer in this niixture photochemically 
was unsuccessful. Irradiation of an ether solution of the 
mixture at 2537 Pi through Pyrex caused virtually no 
isomerization, whilst irradiation through silica for 6 h 
yielded trans-4,4-dimethyl-2-pentenitrile as the major 
product. 

The equilibriuni position determined as above con- 
tained 81 % of the E form. 

3-Methoxy-4-methyl-2-pel~tenitrile (2-) (12) 
(I)  Treatment of 2-bromo-4-methyl-2-pentenitrile 

(either isomer) with sodium methoxide (1.1 equ) in 
methanol at room temperature for 1.5 h yielded an E-Z 
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mixture of 3-niethoxy-4-n1ethyl-2-pentenitrile containing 
over 90% of the therniodynamically less stable Z isomer. 
After distillation and purification by v.p.c. on QFl-  
carbowax at 160' a sample of purezisomer was obtzined, 
the n.m.r. and i.r. spectra of which were identical with 
those of a sample prepared as below. 

(2) 3-Keto-4-methylpentanitrile was prepared in 80% 
yield by the sodium amide catalyzed condensation of 
acetonitrile and methyl isobutyrate (29). The ketonitrile, 
b.p. 60°/0.1 mni, nD19 1.4752, is a colorless liquid which 
decomposes on heating or standing. It is completely 
stable, however, when stored in the solid form at - 78". 

Anal. Calcd. for C6H,NO: C, 64.86; H,  8.11; N, 12.61. 
Found: C, 64.96; H, 8.22; N,  12.75. 

The n.m.r. 8.87 (doublet), 7.20 (septet), 6.36 (singlet, 
J = 7.0 Hz). 

Yamashita (33) has previously obtained this compound 
as a light yellow oil, b.p. 102-104"/12 mm, using sodium 
ethoxide as condensing agent. The yield, however, was 
only 45% and the procedure more tedious than that 
described here. 

Treatment of 3-keto-4-methylpentanitrile (4 g) with an 
ethereal solution of diazomethane (from 12 g of N- 
nitroso-N-methylurea) resulted in an  instantaneous evolu- 
tion of nitrogen. After 16 h at room temperature the 
ether was removed and the residue distilled at 73-85'/15 
mm. The resulting white liquid (3.65 g, 81 %) contained 
the E and Z isomers of 3-methoxy-4-methyl-2-pentenitrile 
in the ratio 3:97. A sample of pure Z isomer, b.p. 184.5- 
185.5", nD17.' 1.4602, was obtained by v.p.c. on QFl -  
carbowax at 160". 

Anal. Calcd. for C7H,,NO: C, 67.20; H, 8.80. Found: 
C, 67.02; H, 8.92. 

3-Metho,~y-4-met/1yl-2-pet1tet1itrile (E-) (12) 
Irradiation of an ether solution of the above Z isomer 

through silica at  2537 for 3 h yielded a mixture con- 
taining 95% of the E isomer. Separation was effected by 
v.p.c. on QF1-carbowax at  160' to give 3-methoxy-4- 
methyl-2-pentenitrile (E-), b.p. 196.5-197.5', nD" 1.4553. 

Anal. Found: C, 67.44; H, 9.05. 

4,4-Dirnethyl-3-ri~etho.~y-2-petztet1itrile (Z-) ( I )  
This was prepared by analogous methods to those used 

for the corresponding isopropyl conipound, either by 
treatment of 2-bromo-4,4-dimethyl-2-pentenitrile with 
sodium methoxide in methanol or, more conveniently, by 
the reaction of P-cyanopinacolone (34) with diazomethane 
(35). After purification by distillation and v.p.c. on  QFl -  
carbowax at  160°, 4,4-dimethyl-3-methoxy-2-pentenitrile 
(Z-), b.p. 191-192", t~~~~ 1.4572 (lit. (35) b.p. 87-88" at 
19 mm, tlD30 1.4482), was obtained. 

Anal. Calcd. for CsHl30N:  C, 69.07; H, 9.35. Found: 
C, 69.27; H, 9.45. 

4,4-Ditnet/1yl-3-rnethoxy-2-pentet~itrile (E-) (I) 
Irradiation of an ether solution of the above Z isomer 

through silica at 2537 A for 5 h yielded a mixture con- 
taining 42% of the E isomer. After separation by v.p.c. 
on  QF1-carbowax at 160' pure E isomer, b.p. 215-216", 
nD20 1.4630, was obtained. 

Anal. Found: C, 68.96; H, 9.51. 

3-Met/10~~-2,4,4-trirnet/1yl-2-pet1tenitrie (E-) (6) 
3-Keto-2,4,4-trimethylpentanitrile (4 g) was treated 

with diazomethane (from 10.3 g of N-nitroso-N-methyl- 
urea) in ether (100 ml). As evolution of nitrogen did not 
occur, methanol (20ml) was added to the reaction 
mixture. After 16 h the solvent was evaporated and the 
distilled residue (3.7 g) examined by v.p.c. Since the 
distillate contained (v.p.c.) 33% unchanged starting 
material, it was treated with a further portion of diazo- 
methane (as above). Work-up yielded a colorless liquid 
(3.34 g) containing 82% of the E and 4 % of the Z isomer 
of 3-methoxy-2,4,4-triniethyl-2-pentenitrile An analytical 
sample of the E isonier, b.p. 203-204", I I ~ ' ~ . '  1.4588, was 
obtained by v.p.c. on  S.E. 30 at 165". 

Anal. Calcd. for C9HISNO: C, 70.58; H, 9.80. Found: 
C, 68.93; H, 9.90. 

3-Methoxy-2,4,4-trin1et/1yl-2-pet1tenitrile (Z-) (6) 
Irradiation of a 2.5% ethereal solution of the distillate 

from the previous experiment through silica at 2537 for 
2.5 h increased the amount of Z isomer to 15 %. 

3-C/1loro-4,4-dimet/1yl-2-pe11tet1al (with B. D. Pnge) 
Vilsmeier formylation of pinacolone with phosphorous 

oxychloride and dimethylformaniide was carried out as 
described by Bodendorf and Mayer (4). A 61 % yield of 
the chloroaldehyde was obtained which was shown (36) 
by n.m.r. spectroscopy to contain only the Z isomer. 

Oxirtle of 3-C/1lo~o-4,4-dit~1et/1yl-2-perrtet1al (Z-) 
3-Chloro-4,4-dimethyl-2-pentenal (Z, 6.37 g) and hy- 

droxylamine hydrochloride (3.63 g, 1.2 equ) were dis- 
solved in pyridine (25ml). An exothermic reaction 
occurred and after 5 min, a second liquid layer (approxi- 
mately 5 ml) separated at  the bottom of the flask. After 
17.5 h, water was added and the mixture was extracted 
twice with ether. The combined ether extracts were 
washed with three portions of 3 N hydrochloric acid then 
dried over magnesium sulfate. Removal of the ether under 
reduced pressure yielded the required oxime (95 % crude 
yield) as a viscous oil which was used immediately in the 
next experiment. 

Once, when the liquid oxime was allowed to stand at  
room temperature for 24 h, it partially solidified with 
evolution of heat. Dehydration of this semi-solid oxime 
in an  analogous manner to that described below gave, 
besides the required nitrile, a 30% yield of 5-t-butyl- 
isoxazole. 

3-C/1loro-4,4-din1et/1yl-2-pe11te11itrile (Z-) (5) 
The crude liquid oxime (5.54 g) was dissolved in dry 

benzene (10ml) and added to a syrup of ethanol and 
phosphorus pentoxide (prepared from 2.8 g of ethanol 
and 6.3 g of phosphorus pentoxide by the method of 
Mukaiyama and Hata (37)). The reaction mixture was 
stirred and boiled under reflux for 35 min, then cooled 
and the benzene layer decanted. The residual syrup was 
dissolved in water, extracted with ether and the organic 
layer dried over magnesium sulfate. After removal of the 
solvent from the combined ether and benzene extracts, 
the resulting liquid was distilled. The v.p.c. analysis indi- 
cated the distillate (4.25 g, 82% based on the chloro- 
aldehyde) to be > 9 8 %  pure. An analytical sample of 
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3-chloro-4,4-dimethyl-2-pentenitrile (Z-), b.p. 198-199", 
nD'7.5 1.4679, was obtained by v.p.c. purification on 
Apiezon J at 168". 

Anal. Calcd. for C7HloC1N: C, 58.55; H, 6.97. Found: 
C, 58.45; H, 7.14. 

3-Cl1loro-4,4-rli,nethyl-2-pe,rtenitrile (E-) (5) 
Irradiation of an ether solution of the above Z isomer 

through silica at 2537 A for 2.5 h yielded only 4% of the 
E isomer. An enriched sample, containing 15 % of the E 
isomer was obtained by v.p.c. 

4,4-Dimethyl-3-dimetIzylamitzo-2-petztetzitrile (3) 
To  3-chloro-4,4-dimethyl-2-pentenitrile (2-, 1.5 g) dis- 

solved in ether (2 ml) was added dimethylamine (10 ml) 
and the reaction mixture was kept in a tightly-stoppered 
tube for 13 days. More ether was then added and the 
dimethylamine hydrochloride was removed by filtration. 
Evaporation of the solvent yielded an oil which was dis- 
tilled at 120-13O0/20 mm to give 4,4-dimethyl-3-dimethyl- 
amino-2-pentenitrile (1.5 g, 94%). An analytical sample 
containing 17% E and 83 % Z isomers was obtained by 
v.p.c. on Apiezon J at 210". 

Anal. Calcd. for C9H16N2: C, 71.06; H, 10.53. Found: 
C, 70.80; H, 10.80. 

4,4-Dinzetlzyl-3-dietlzylat11ino-2-pentenitrile (13) 
Reaction of 3-chloro-4,4-dimethyl-2-pentenitrile with a 

large excess of boiling diethylamine for 24 h yielded a 
small amount of unchanged starting material and an 
E-Z mixture of the required enaminonitrile containing 
> 90% of the Z isomer. 

Anal. Calcd. for CllH20N,: C, 73.33; H, 11.1 1. Found: 
C, 73.11; H, 11.21. 

The above E-Z mixture of enaminonitriles was also 
prepared, though less conveniently, by reaction of 2- 
bromo-4,4-dimethyl-2-pentenitrile (2-) with boiling di- 
ethylamine. The E form of the bromonitrile reacted only 
very slowly with both diethyl- and dimethylamine. 

4,4-Ditnetlzy~-3-thioetlzo.~y-2-petzte11itrile (Z-) (2) 
To 3-chloro-4,4-dimethyl-2-pentenitrile (Z-, 1 g) cooled 

in ice was added, with stirring, a solution of sodium thio- 
ethoxide (2 equ) in methanol. After 1.5 h the reaction 
mixture was neutralized with acetic acid and diluted with 
ether. After filtration, the solvent was removed and the 
residue was distilled under reduced pressure. The v.p.c. 
analysis of the distillate (0.64 g) showed the presence of 
both isomers of 4,4-dimethyl-3-thioethoxy-2-pentenitrile 
(E:Z ratio = 3:97). Further purification on FFAP at 
168" yielded pure Z isomer, b.p. 227-228", nDZO 1.5032. 

Anal. Calcd. for C9H5NS: C, 63.90; H, 8.88. Found: 
C, 63.94; H, 9.18. 

The above Z isomer was also prepared by treating 
2-bromo-4,4-dimethyl-2-pentenitrile (E- or Z-) with 2 equ 
of sodium thioethoxide in methanol. 

4,4-Dimethyl-3-thioetlzoxy-2-pet1tetzitrile (E-) (2) 
The title compound was most conveniently prepared by 

heating of the Z isomer at 210' for 28 h, the resulting 
equilibrium mixture containing 30% of the E isomer. 
After purification on FFAP at 168" pure E isomer, b.p. 
231-232", nD's.5 1.5228, was obtained. 

Anal. Found: C, 64.20; H, 8.67; N, 8.38. 

Etlzyl-4,4-dimerl1yl-3-methoxy-2-pentenoafe (2-) (7) 
Ethyl 4,4-dimethyl-3-ketopentanoate was prepared by 

the action of sodium amide in liquid ammonia on a 
mixture of pinacolone and diethyl carbonate (6). To the 
ketoester (1.5 g) in methanol (10 ml) was added diazo- 
methane (from 5.2 g of N-nitroso-N-methylurea) in ether 
(50 ml). After 6 days the solvent was removed and the 
residue was distilled under reduced pressure. The resulting 
distillate (1.5 g) was purified further by v.p.c. on QF1- 
carbowax at 175" to give ethyl 4,4-dimethyl-3-methoxy-2- 
pentenoate (2-), b.p. 205-206", tlD20 1.4490. 

Anal. Calcd. for CloHl,03: C, 64.52; H, 9.68. Found: 
C, 64.27; H, 9.53. 

Etl1yl-4,4-dimetlzyl-3-ttzetIzoxy-2:pentenoate (E-) (7) 
Irradiation of a 2.5% ether solution of the above Z 

isomer through silica at 2537 A for 2 h yielded an E-Z 
mixture containing 46% of the E isomer (from n.m.r. 
spectral analysis). The two isomers were only partially 
separable by v.p.c. 

Ethyl-3-methoxy-4-methyl-2-petztenoate (2-) (10) 
The title compound was prepared from ethyl iso- 

butyrylacetate and diazomethane in an identical fashion 
to that described above. Attempts to purify the crude Z 
isomer by v.p.c. on QF1-carbowax at 175" resulted in 
cis-trans isomerization, the collected sample containing 
both E and Z isomers in the ratio 7:9. 

Anal. Calcd. for C9H1603: C, 62.79; H, 9.30. Found: 
C, 62.41 ; H, 9.37. 

Ethyl-3-methoxy-4-methyl-2-pentenoate (E-) (10) 
Heating of the above E-Z mixture at 210" for 17.6 h 

yielded a mixture containing approximately 90% of the 
E isomer, 2 % of the Z isomer, and 8 % of the j3,y-isomer 
ethyl 3-methoxy-4-methyl-3-pentenoate. No attempt was 
made to purify the E isomer. 

Etlzyl-2-chloro-4,4-di~t1etl1yl-3-ketopetztanoate 
To a suspension of phosphorus pentachloride (8.3 g) 

in benzene (10 ml) was added dropwise over 1.5 11, with 
stirring, ethyl 4,4-dimethyl-3-ketopentanoate (3.44 g). 
After 6 days water (10 ml) was added, with cooling, and 
the reaction mixture was stirred for a further 24 h. Ex- 
traction of the aqueous layer with ether yielded a product 
identical with that obtained from the benzene layer (total 
yield 2.7 g after distillation under reduced pressure). An 
analytical sample, b.p. 230-23l0, was obtained by v.p.c. 
on D C  550 at 200'. 

Anal. Calcd. for C9H15C103: C, 52.29; H, 7.26. Found: 
C, 52.20; H, 7.59. 

The n.m.r. (CCI,): 8.72 (singlet, 9 protons), 8.69 
(triplet, J = 7.0 Hz), 3 protons), 5.73 (quartet, J = 7.0 
Hz, two protons), 4.90 (singlet, one proton). 

Methyl 3-Clzloro-4,4-dimetl~yl-2-per1tet~onte (2-) (9) 
Active manganese dioxide (38) (20 g) was added to a 

stirred solution of 3-chloro-4,4-din1ethyl-2-pentenal (2 g), 
sodium cyanide (3.6 g), and acetic acid (2 ml) in methanol 
(110 ml). After 16.5 h, the manganese dioxide was re- 
moved by filtration and the methanol evaporated under 
reduced pressure. Water and ether were added to the 
residue and the aqueous layer was then extracted with 
two further portions of ether. The combined organic 
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TABLE 5 

Pyrolysis of methyl 3-chloro-4-methyl-2-pentenoate (Z-) (11) 

Chloro Chloro- B,r- 
Time ester ester E:Z Chloro- Bu tenolide 

(h) ( 5 )  (11) (z-) (11) ratio ester (22) 23 

extracts were dried over magnesium sulfate and the 
solvent was then removed. Distillation of the residue 
under reduced pressure yielded methyl 3-chloro-4,4- 
dimethyl-2-pentenoate (Z-) as a clear liquid (1.9 g, 79 %) 
which was shown by v.p.c. to be 98% pure. An analytical 
sample, b.p. 203-204", nDI7 1.4655, was obtained by 
v.p.c. on QF1-carbowax at 165". 

Anal. Calcd. for C8H13C102 : C, 54.41 ; H, 7.36. Found : 
C, 54.70; H,  7.54. 

Methyl 3-Cl1loro-4,4-ditnethyl-2-pet~te11oate (E-) (9)  
Irradiation of a 2 %  ethereal solution of the above Z 

isomer through silica at  2537 i% for 3.5 h gave an E-Z 
mixturecontaining 20% of the Eisorner. The two isomers 
were separated by v.p.c. on QF1-carbowax at 165' to 
give methyl 3-chloro-4,4-dimethyl-2-pentenoate (E-), b.p. 
178-179", tlD15 1.4585. 

Anal. Found: C, 54.59; H,  7.48. 

Metl~y~3-Cl1loro-4-tnetl1yl-2-pet~tet1onre (Z-) (11) 
Crude 3-chloro-4-n1ethyl-2-pentenoic acid (13) was 

converted to the methyl ester by the method of Scheibler 
and Voss (16). The crude ester was initially purified by 
distillation under reduced pressure. The distillate was 
further separated into its components by v.p.c. . on  
Apiezon J at 150'. The first product isolated was a 
mixture of methyl 3-chloro-4-n1ethyl-2-pentenoate (E-) 
and an unidentified component (see below). The latter 
appeared to be a decon~position product formed during 
the v.p.c. separation as it was not present in the original 
distillate. The second product isolated was a n~ixture, 
b.p. 181-182", of methyl 3-chloro-4-methyl-2-pentenoate 
(Z-) and methyl 3-chloro-4-methyl-3-pentenoate in the 
ratio 94:6. 

Anal. Calcd. for C7H1 ,C102: C, 51.69; H,  6.77. Found : 
C, 51.76; H,  7.00. 

Pyrolysis of Methyl 3-Cl~loro-4-metl1y1-2-pentet1oate (Z-) 
(1) Pyrolysis of the chloroester (40 n11) at 235' for 88 h 

gave a dark-brown liquid. Analysis of this liquid by v.p.c. 
on Apiezon J at  153" indicated the presence of only one 
non-volatile product. Isolation of this product by v.p.c. 
yielded a small amount of a clear liquid, the n.m.r. 
spectrum of which was identical with that recently re- 
ported (17) for 5,5-dimethyl-3-butenolide (23). 

(2) The chloroester (4 x 10 pi) was pyrolyzed in 
sealed Pyrex tubes at 195", samples being removed at 
fixed intervals for v.p.c. analysis (Apiezon J, 153"). The 
results after different time intervals are shown in Table 5. 

Reactiotz of Methyl 3-Cl1loro-4,4-dimetI~yl-2-pet1tet1oate 
(Z-) with Dimethylnrnitle 

T o  the title chloroester (1.4g) in ether (3 ml) was 
added dimethylamine (10 ml) and the reaction mixture 
was kept in a screw-cap jar at room temperature for 11 
days. The v.p.c. analysis (S.E. 30, 205") of the crude 
product indicated starting material (6%) together with 
two minor products (18 %)and one major product (76%). 
Purification of the major product was effected by dis- 
tillation under reduced pressure, followed by v.p.c. on  
SE 30 at 205" to give a white solid, m.p. 45-46" after 
recrystallization from petroleum ether (b.p. 30-60"). 
Elemental analysis, n.m.r. and mass spectroscopy indi- 
cated the solid to be the dimethylamide of 3-chloro-4,4- 
dimethyl-2-pentenoic acid (Z-). 

Anal. Calcd. for C,H,,ClNO: C, 56.99; H,  8.44; N, 
7.39; C1, 18.74. Found: C, 57.05; H,  8.57; N, 7.12; C1, 
18.51. 

The n.m.r. (CC1,): 8.78 (singlet, 9 protons), 7.09, 7.03 
(2 singlets, 3 protons each), 4.07 (singlet, 1 proton). 

Methyl 3-chloro-4,4-dimethyl-2-pentenoate (Z-) was 
recovered essentially unchanged after 65 h in boiling 
diethylamine and 16 h in boiling dimethylformamide (39). 

Methyl 4,4-Din1etl1yl-3-thioethoxy-2-pet1tenonte (8 )  
Treatment of methyl 3-~11lor0-4,4-dimethyl-2-pente- 

noate (Z-) with sodium thioethoxide (2 equ) in methanol 
at 0" for 1.5 h gave, after distillation under reduced 
pressure, a mixture of methyl 4,4-dimethyl-3-thioethoxy- 
2-pentenoate (E- and Z-) in the ratio 7:93. 

Anal. Calcd. for C l sHls02S :  C, 59.40; H, 8.91. Found: 
C, 59.24; H, 8.89. 

A sample of pure Z isomer, tlDZo 1.4931, was obtained 
by v.p.c. on FFAP at 165'. 

Irradiation of a 2 %  solution of the above mixture of 
isomers through silica at 2537 i% for 7 h only increased 
the amount of E isomer to 11 %. A mixture containing 
20-25% of the E isomer was, however, obtained by 
treating methyl 3-chloro-4,4-dimethyl-2-pentenoate (E-) 
with 1.1 equ of sodium thioethoxide in methanol. 

Methyl 3-Cl~lorocrotonnte (13) 
Methylation of 3-chlorocrotonic acid (E-) with an  

ethereal solution of diazomethane yielded methyl 3- 
chlorocrotonate (E-) in 90% yield. The corresponding Z 
isomer was prepared by irradiation of an  ethereal 
solution of the E isomer. 

A fellowship to D.V.G. and financial support from 
NRCC are gratefully acknowledged. 
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Transition state analysis. I. Correlation between solvent stretching 
frequencies and C vs. 0 product ratios in alkylation of ambient 

anions. A new explanation for the observed product ratios 

DONALD C. WIGFIELD 
Departmetzt of Chemistry, Carletotz U~ziversity, Ottawa 1, Ontario 

Received December 10, 1969 

A new explanation is presented for the 0 to C product ratios observed in alkylation reactions of ethyl 
acetoacetate and related enolic and phenolic conlpounds, based on a Hammond postulate analysis of the 
nature of the transition states involved. The explanation not only covers the effects of solvent and the 
nature of the metal cation, but also encompasses the previously unexplained effect of the alkyl halide 
structure. From the latter effect, ground state interaction between solvent and alkyl halide is predicted. 
Evidence consistent with this interaction is found in linear free energy relationships between the 
AAGt (C vs. 0 )  values for various alkyl halides and the stretching frequency of the solvent (S=O of 
DMSO; P=O of HMPA) when measured as alkyl halide solutions. 
Canadian Journal of Chemistry, 48,2120 (1970) 

Introduction tion has yet been offered to account for the effect 

The experimental factors governing the orienta- 
tion of attack in alkylation reactions of ethyl 
acetoacetate and related compounds, whether on 
oxygen or on carbon, are now well known (1-6). 
It has become clear that the 0 to C product ratio 
is a function of several variables; nevertheless, an 
adequate and unified explanation of the way in 
which these factors, particularly the structure of 
the alkylating agent (4, 6) operates, is lacking. 

Alkylation of the anion of ethyl acetoacetate 
can give four products, which have been termed 
"0", "C", "CO", and "CC", as shown in Fig. 1. 

The three main factors that have a systematic 
influence on the 0 to C product ratio have been 
shown to be (a)  the solvent, (6) the metal cation, 
and ( c )  the structure of the alkylating agent (1-6). 
Previous ex~lanations of the effect of the solvent 
and the cation involve the concepts of freedom (6)  
and of selective solvation (1 ,  6 )  of the ground 
state enolate anion. Little in the way of explana- 

FIG. 1. Products of the alkylation of ethyl aceto- 
acctnle. 

of the aikylating agent. In considering product 
ratios of kinetically coiztrolled reactions, such as 
this, we prefer to examine, as closely as feasible, 
the structure of the transition state rather than 
that of the ground state. In this paper, we wish to 
present a unified explanation of the product 
ratios, based on an assessment of the effect that 
the variable factors are likely to have on the 
struct~lre of the transition state. Independent 
evidence consistent with the explanation is 
presented. 

Experimental 
Reagents 

Solvents and reagents used in this study were all com- 
n~ercially available. Reagent or spectral grade reagents 
were used and were freshly distilled prior to making 
spectral measurements. The DMSO' and HMPA' were 
stored over molecular sieves after distillation. 

Spectra 
Dilute solutions (2%) of DMSO and HMPA in the 

various alkyl halides were prepared. Infrared (i.r.) 
spectra were recorded on a Perkin-Elmer nlodel 225 
spectrophotometer. 

Discussion and Results 

Our own interest in this area has stemmed from 
the intriguing fact that a prediction of whether O- 
alkylation or C-alkylation would predominate in 
a given circ~~n~stance, would markedly depend on 
what position the transition state occupied with 
respect to the reaction coordinate. In other words, 

'The abbreviations DMSO and HMPA are used for 
dimethyl sulfoxide and hexanietliylphosphoramide re- 
spectively. 
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considering an alkylation reaction with a transi- and the reaction is therefore more exothermic. 
tion state occurring very early during the reaction According to the Hammond postulate, the reac- 
process, and therefore structurally resembling the tion will be expected, therefore, to proceed via a 
ground state reactants, it would be anticipated transition state more closely resembling re- 
that alkylation would occur predominantly at the a c t a n t ~ , ~  giving rise to a greater proportion of O- 
site ofhighest electron density,2 namely at oxygen. alkylated product, in agreement with the experi- 
On the other hand, for a reaction proceeding mental observation. 
through a transition state that occurred late in the 
reaction process, the factors affecting the energy 
of the transition state would be expected to be 
similar to those affecting the energy of the prod- 
uct, and hence the more stable product would 
have the energetically more favorable transition 
state. In this way the thern~odynamically more 
stable product is preferentially produced as a 
result of a purely kinetic process. The term 
"product development control" has been coined 
for this phenomenon (8). In this case, the thermo- 
dynamically more stable product is that of C- 
a lky l a t i~n .~  Thus, for a reaction with a transition 
state resembling reactants, one expects O-alkyl- 
ation, whereas if the transition state resembles 
products, a predominance of C-alkylation is 
predicted. 

In order to evaluate whether this type of reason- 
ing could be a factor ~inderlying the observed 
product ratios in alkylation of ethyl acetoacetate, 
it becomes necessary to have a probe to investi- 
gate the nature of the transitio; states involved. 
For this purpose, the well-established, although 
not infallible, Hammond postulate (9), which 
essentially relates the heat of reaction, in a 
qualitative sense, with the nature of the transition 
state, was selected. 

Solvent Effect 
It has become clear that the use of dipolar 

aprotic solvents, such as dimethyl sulfoxide or 
hexamethylphosphoramide, causes an increase in 
the amount of 0-alkylation with respect to alkyl- 
ation reactions performed in hydroxylic solvents 
(1, 3, 5). Dipolar aprotic solvents of this type are 
known to solvate cations strongly, but to be poor 
solvators of anions(l0). Thus in DMSO or HMPA 
the enolate anion is a higher energy species 
than when heavily solvated in hydroxylic solvents, 

'The concept of ground state electron densities giving 
a fairly accurate picture of the preferred position of 
attack is not without precedent. For an example, see - - 
ref. 7. 

3The Claisen rearrangement is an  experimental verifica- 
tion of the fact that C-alkylation products are generally 
more stable than those of 0-alkylation. 

Cation Effect 
Kurz et al. (5) have shown that yields of O- 

alkylation increase when the cation associated 
with the enolate anion is varied through the series 
Li', Na+,  K + ,  Cs+, NR4+. Similar, althoughless 
markedly differentiating, results have also been 
obtained in other laboratories (3, 4). The series 
from Li+ through NR4+ is presumably producing 
enolate anions of greater freedom and therefore of 
greater energy. Accordingly, the series is proceed- 
ing to higher exothermicity, and, from the 
Hammond postulate, towards transition states 
bearing more resemblance to reactants. Thus it is 
to be expected that the series will tend towards 
greater 0-alkylation, as is experimentally ob- 
served. Evidence that the energy of the ground 
state is indeed affected by the nature of the metal 
cation is furnished by the observation (6) that 
reaction of the lithium enolate is considerably 
slower than other members of the series. 

Alkyl Halide Effect 
We have demonstrated above that evaluation 

of the effect of solvent and the metal cation on the 
nature of the transition state by use of the 
Hammond postulate and extension of this in- 
formation to assess the effect on the C vs. 0 
product ratio successfully predicts trends that 
are experimentally observed. This approach to 
rationalizing product ratios must therefore be 
regarded as an equally valid explanation to those 
already put forward (2, 6). We now extend this 
approach to the effect of alkyl halide structure, 
which has proved to be a stumbling-block for 
rationalizations (6). Owing to the careful and 
systematic work of LeNoble et al. (4, 6), a rela- 
tionship between C to 0 product ratio and S,2 
reactivity of the alkyl halide has emerged which 
has been summarized by LeNoble and Puerta (4) 
in the words, "increased S,2 reactivity (of the 

4The effect of solvent on the energy of attacking 
anions, and its relation to the nature of the transition 
state using the Hammond postulate, has been used with 
great success in explaining stereochemical product ratios 
in the Michael addition (1 I). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2122 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 

Sulfoxide stretching frequency of DMSO in various alkyl halides and parameters derived from 
product ratios in alkylation of ethyl acetoacetate in DMSO 

--- 

"C" + - .  

vrnax(S=O) "O"* "CO" + "CC"* "o"/"C" + AAGS 
Alkyl halide (cm -') ( %) ( 7 3  "CO" + "CC" (kcal mole-') 

2-Chloropropane 1071.5 62 38 1.63 -0.39 
1-Chloropropane 1070 .O 47 53 0.89 0.09 
1-Bromopropane 1068.5 31 69 0.45 0.64 
1 -1odopropane 1067.2 14 86 0.16 1.45 
Benzyl chloride 1062.7 5 95 0.05 2.36 

*Data from ref. 4. 

TABLE 2 

Phosphoramide stretching frequency of HMPA in various alkyl halides and parameters derived from 
product ratios in alkylation of ethyl acetoacetate in HMPA 
- - 

"C" + "O"* "COW + ''CC"* 
vm.,(p=0) "o"/"C" + AAGS 

Alkyl halide (cm-') ( %) ( %) "CO" + "CC" (kcal mole-') 

2-Chloropropane 1214.9 8 1 19 
I-Chloropropane 1212.9 61 39 
Ally1 chloride 1209.2 17 8 3 
Benzyl chloride 1208 .O 13 87 

*Data from ref. 6. 

alkyl halide) is correlated with a decreased O/C 
product ratio". 

In order to explain these results using the 
approach developed in the present work, it would 
appear that increased SN2 reactivity of the alkyl 
halide must be correlated with a transition state 
more closely resembling product which implies, 
by application of the Hammond postulate, a less 
exothermic reaction for alkyl halides of greater 
SN2 reactivity. This result strongly suggests some 
kind of stabilizing interaction of the alkyl halide 
by the solvent (DMSO or HMPA) that is de- 
pendent on the SN2 activity of the alkyl halide. 
This requirement may be met by the formation of 
complexes of the following type: 

B ,  
H3C\%-o---C---~ 
HF' 6- 1 6 -  

'%., 

[ ( C H ~ ~ ~ N ] Q - ~ : - - ~  ---;- 
Such complexes involve interaction of the 

nucleophilic oxygen of DMSO or HMPA with 
the carbon of the alkyl halide bearing the halogen, 
to give a system reminiscent of the transition state 
commonly written for SN2 displacement reac- 
tions. The extent of interaction in complexes of 

this nature will clearly be dependent on the SN2 
reactivity of the alkyl halide. 

Since the above explanation for C vs. 0 
product ratios in alkylation reactions has ne- 
cessitated invoking the existence of DMSO- and 
HMPA-alkyl halide complexes, it becomes of 
paramount importance, as an independent check 
on the validity of the theory, to obtain inde- 
pendent evidence for the existence or non- 
existence of these complexes. For this evaluation, 
an i.r. spectral study was selected, since forma- 
tion of a partial oxygen-carbon bond will cause 
the S=O frequency of DMSO or the P=O fre- 
quency of HMPA to shift to lower wave number. 
Accordingly, the spectra of DMSO and of 
HMPA were measured in a variety of alkyl 
halides, that had been used in previous studies on 
product ratio determinations (4, 6), and the 
S=O and P=O band positions respectively 
determined. The results are shown in Tables 1 and 
2 from which it is clear that a greater degree of 
C-alkylation is indeed correlated with a longer 
wavelength band, as predicted, both for DMSO 
and HMPA. 

These results are, therefore, consistent with 
the postulated existence of solvent - alkyl halide 
interactions demanded by the explanation ad- 
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vanced for observed product ratios in alkylation 
 reaction^.^ 

A further point of interest emerges on con- 
verting the product ratios to  free energy terms. 
The alkylation .process with respect to ethyl 
acetoacetate is slightly complex in that four 
products are formed but since the "CO" and 
"CC" products must arise from the "C" com- 
pound, the 0 vs. C ratio of the initial (mono) 
alkylation is represented by the ratio of "0" to 
("C" + "CO" + "CC"). Calculating this ratio 
from the data of LeNoble et al. (4, 6 )  enables cal- 
culation of the difference in energies (AAG::) be- 
tween the two transition states leading to the two 
different products. Plots of AAGf against v,,, of 
DMSO and HMPA as a function of the alkyl 
halide are shown in Figs. 2 and 3. 

These plots give unexpectedly good linear free 
energy relationships. The cause of the linear 
relationship is not immediately obvious. We plan 

+ A a G ( k c a l  mole-1 

FIG. 3. Plot of P=O stretching frequency of HMPA 
of solutions of HMPA in various alkyl halides against the 
difference in free energies of activation between reactions 
leading to C-alkylation and to 0-alkylation of ethyl 
acetoacetate in HMPA with the alkyl halides. 

to examine further the generality of this phe- 
nomenon, which may be of significance i n  deter- 
mining the nature of transition states involved in 
alkylation reactions. 

The author is pleased to  acknowledge stimulating dis- 
cussions with Professors C. H. Langford and E. Piers, the 
technical assistance of Mr. R.  C. J. Sampson, and the 
financial support of the National Research Council of 
Canada. 

FIG. 2. Plot of S=O stretching frequency of DMSO 
of solutions of DMSO in various alkyl halides against 
the difference in free energies of activation between 
reactions leading to C-alkylation and to 0-alkylation of 
ethyl acetoacetate in DMSO with the alkyl halides. 

5A referee has pointed out that the small interactive 
effect between alkyl halide and DMSO or HMPA 
niolecules could result from a generalized solvent di- 
electric effect of the alkyl halide and is not necessarily 
evidence of the formation of a stable directed bond 
between the S=O or P=O oxygen and the carbon atom 
cc to the halogen. 
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NOTES 

On the ionization of isobutyryl chloride 

RAM CHAND PAUL, R. D. SHARMA, AND K. C. MALHOTRA 
Departnre~~t of Chemistry, Panjbb University, Cl~andigarl~, Irrdia 

Received' October 2, 1968 

Conductance, freezing point, and infrared studies of the solutions of isobutyryl chloride in disulfuric 
acid and in Lewis acids and bases show that it is a feebly self-ionized solvent. This finds further support 
from solvolytic reactions. 

Canadian Journal of Chemistry, 48,2124 (1970) 

Acid halides have been frequently used as 
reaction media and a large number of acid-base 
reactions supporting the auto-ionization of these 
solvents have been studied (1-4). However, some 
of the acid-base reactions can also be explained 
by coordination model (9, where Lewis acids 
form donor-acceptor complexes through car- 
boilyl oxygen (6). Recently a simple method of 
studying the basic nature of oxygen or the 
possible ionization of halide ions has been 
reported (7) for these acid halides. It is of interest 
to study the nature of isobutyryl chloride which 
finds many applications in synthetic organic 
chemistry. Some evidence regarding the ionic 
nature of isobutyryl cl~loride is presented here. 

Disulfuric acid is molecularly dissociated and 
a self-ionized solvent. The behavior of various 
electrolytes in it may be represented by the general 
equation (8) 

oxygen to be protonated as in reaction [2] or 
ionizable chloride ion to form chlorosulfuric 
acid as in reaction [3]. The conductance and 
freezing point data in disulfuric acid at inter- 
polated values of molality are given in Table 1, 
and presented in Figs. 1 and 2. By comparing 
the observed conductance and freezing point vs. 
composition curves with the calibrated curves 
(8) for reactions [2] and [3], it is fouild that 
isobutyryl chloride behaves according to the 
latter. Cryoscopic titrationsof the above solutions 
against sulfur trioxide show that only 2 moles of 
sulfuric acid are being produced per mole of 
isobutyryl chloride; this also supports the above 
conclusion. 

Infrared spectrum of the solution of isobutyryl 
chloride in disulfuric acid shows a sharp band 
at 2260 cm-', which is assigned to stretching 
vibrations of RC=O+, confirming that iso- 

[ I ]  Solute + sH2S207 -> a x +  + aHS3010- 
+ bY + cHzSO, TABLE 1 

Conductance and cryoscopic data of isobutyryl 
where Y represents uncharged species. Sulfuric chloride in disulfuric acid 
acid so formed in the reaction does not contribute - - ~- 

significantly to the value of y, the number of Freezing 
K x lo3 point HS,Olo- ions, or to v, the number of particles M x lo2 (ohm-' cm-') 

or ions produced per mole of the solute, as it is 
("C) 

one of the products of self-dissociation of the 1 .0 3.9826 34.99 
2.0  4.2792 34.88 

acid (9). Isobutyryl chloride may behave 3.0 4.5580 34.73 
according to reactions [2] or [3] 4.0 4.8826 34.60 

5.0 5.2383 34.46 

depending upon whether it has sufficiently basic 14.0 8.2866 32.85 
16.0 8.8580 32.43 
18.0 9.4316 32.03 

'Revision received March 16, 1970. 20.0 9.8958 31.60 
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FIG. 1. Freezing point of isobutyryl chloride in 
disulfuric acid. 

butyryl chloride has ionizable chloride ion as in 
reaction [3]. Isobutyryl cation, being a strong 
electrophile, is stable in weakly nucleophilic 
medium (H2S20,). This behavior of isobutyryl 
chloride is similar to that of nitryl chloride (10) 
and acetyl chloride (1 l), which have been shown 
to be slightly self-ionized. 

Isobutyryl chloride forms solid complexes 
with organic tertiary bases such as pyridine, 
quinoline, a-picoline, dimethylaniline, and mor- 
pholine which are soluble in an excess of the 
solvent to give conducting solutions (Table 2), 
indicating the formation of ions. Though we 
have isolated and characterized a number of 
these complexes, only that of pyridine is being 
reported here for brevity. Its molar conductance 
in nitrobenzene suggests that it behaves as a 
uni-univalent electrolyte, tliis conclusion also 
finds support from molecular weight determina- 
tion. Infrared spectrum of pyridine complex 
shows absorption bands at 1650, 1604, 1540, 
1350, 1250, 1170, 1080, 1010, 930, 690, and 650 
cm-I due to pyridiniuni ions, and supports the 
ionic nature of the complex. Isobutyryl cation, 
being a strong electrophile, accepts electrons 
from pyridine which thus acquires a positive 
charge to form pyridinium ion. By analogy with 
the structure of the complexes of organic bases 
with ionic acid halides (12,13), the ions present in 
these complexes may be formulated as 

FIG. 2. Specific conductance of isobutyryl chloride 
in disulfuric acid. 

(CH3),CHCOCI + 2 Base -> (CH3)2 CHCOCI.2Base 
ff 

[(CH3)zCHCO.B,]+ + CI- 

Antimony(V) chloride, zirconium(1V) chlo- 
ride, titanium(1V) chloride, and tin(IV) chloride 
form conducting solutions in isobutyryl chloride. 
d;ntimony(V) chloride and tin(1V) chloride also 
form solid complexes with it. Specific conduc- 
tivity of these solirtions at a particular concentra- 
tion are given in Table 2. As compared to pure 
coniponents the conductance of these solutions 
is very high and shows the formation of ions. The 
reactions occurring in the solution may be 
represented as 

(CI-13)2CHCOCI + SbCI, -> (CH3)ZCHCOCI.SbCI, 

In the infrared spectrum of the complex 
(CH,),CHCOCl.SbCl,, we confined our interest 
only to identify the absorption band due to -C 
~ 0 ' .  A sharp band at 2280 cm-' shows the 
presence of RC_Oi. Molar conductance of 
this adduct in acetonitrile suggests that it is a 
uni-univalent electrolyte, and also supports the 
above mode of ionization of the Lewis acid 
adducts with the solvent. This formulation of 



Specific conductance of various solutions in insobutyryl chloride at 25 "C 

Concentration K x lo4 Concentration K x lo4 
Substance (mole/l) (ohm-' cm-') Substance (mole/l) (ohm-'cm-') 

0.0062 6.584 Tin(1V) chloride 0.0082 1.056 0 
Tetramethylammonium chloride 
Tetraethylammonium bromide 0.0048 1.295 Titanium(1V) chloride 0.0050 0.986 
a-Picoline 0.0032 3.906 Zirconium(1V) chloride 0.0054 0.468 rn I 
Quinoline 0.0028 3.588 Antimony(V) chloride 0.0032 0.954 
Dimethylaniline 0.0036 3.015 Iron(II1) chloride 0.0018 0.152 j 
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ions finds support from nuclear magnetic reso- 
nance (14) and X-ray (15) studies of this com- 
pound. 

Conductometric and visual titrations between 
the solutions of antimony(V) chloride and tetra- 
methylammonium chloride and pyridine have 
been carried out in isobutyryl chloride and lend 
support to the ionic nature of the solutions. 
There are sharp breaks in the conductivity com- 
position curves at the molar ratio acidlbase of 
1 :l. The change in the color of the visual indicator 
(crystal violet) near the end point is exactly the 
same as that in water. It has been indicated 
earlier that ions are present in these acidic and 
basic solutions. thes; acid-base titrations there- 
fore can be explained as a reaction between 
various ions just as in other polar solvents. 

The Dresence of ionizable chloride ion in 
isobuty;yl chloride is further supported by its 
high solvolyzing power. It reacts with alkali and 
alkaline earth metal oxides, nitrites, nitrates, 
carbonates. acetates. oxalates. and formates to 
form the corresponding chlorides, even at room 
temperature in some cases. However, in some 
other cases, the mixture has to be heated for 
some time to complete the reaction. Silver nitrate 
when solvolyzed forms silver chloride, which is 
insoluble in isobutyryl chloride. The other 
products which have been characterized are 
nitrosyl chloride and isobutyric anhydride (b.p. 
185 "C). Solvolytic reaction may be explained as 

Ag+ + NO3- + (CH3)2CHCO+ + Cl- -> AgCl 
+ (CH3)2CHCON03 

Isobutyryl nitrate formed during the reaction 
decomposes on heating to form isobutyric anhy- 
dride and oxides of nitrogen as 

4(CH3)2CHCON03 -> 2[(CH3)2CHCO]20 
4- 4NO2 + 0 2  

However, in the presence of excess of isobutyryl 
chloride, isobutyryl nitrate forms nitrosyl chlo- 
ride (1 6) as 
2(CH3)2CHCONO3 + 6(CH3)2CHCOCI -> 

4[(CH3)2CfICO]20 + 2NOCI + Cl2 

From all these observations, it may be con- 

by the usual methods. Solvents for molar conductance 
were dried by keeping them over nlolecular sieves for 48 h 
and were distilled before use. Disulfuric acid of exact 
composition was prepared by comparing its conductance 
and freezing point values with the known values. Cryo- 
scopic set up and method of determining freezing point 
was exactly the same as that used by Gillespie and 
Malhotra (8). The conductance of the solutions was 
measured at 25.0 ? 0.02 "C by using a precision mea- 
suring bridge type WBR No. 108 with logarithmic 
indicator amplifier type TAV,IKC. No. 034 (Wissen- 
schaftlich Technische Werkstatten, Wielheim/Oby, 
Germany). 

Prepnrntion of the Conpler of Pyridine with 
lsoblrtyryl Cl~loride 

To an ice cold solution of pyridine (0.8 g) in carbon 
tetrachloride, a cold solution of isobutyryl chloride 
(0.5 g) in carbon tetrachloride was added with constant 
stirring. A pale yellow compound separated out irnniedi- 
ately. The mixture was then allowed to stand at room 
temperature for 1 h and then filtered in a dry atniosphere. 
The compound was repeatedly washed with carbon 
tetrachloride and finally with petroleum ether and was 
dried in a vacuum desiccator. 

Anal. Calcd. (CH3),CHCOC1.2C5H jN : CI, 13.42 ; 
base. 59.73. Found: CI, 13.02: base. 58.56. 

~ b l a r  conductance.in nitiobenzene is 22.6 ohm-' 
cm2 mole-'. Infrared spectra showed important bands 
at 1650,1604,1540,1350,1170,1080,1010,930,690, and 
650 cm-'. 

Complex of antiniony(V) chloride with isobutyryl 
chloride was prepared in the same manner as suggested 
by Olah et 01. (14). It is highly sensitive to moisture and 
decomposes before melting. Its molar conductance in 
acetonitrile is 68.4 ohm-' cm2 mole-'. 
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Osmotic coefficients of benzenesulfonic acid solutions at 25 "C 

A. E. MARCINKOWSKY' 
Department of Clzemistry, University of Manitoba, Winnipeg, Manitoba 

Received February 23, 1970 

Osmotic coefficients of aqueous benzenesulfonic acid solutions from 0.5 to 16 m are reported. These 
results compare well with available literature data over the limited concentration interval 0.5 to 5 m. A 
correlation between the osmotic coefficients and the organic content for benzenesulfonic acid and four 
substituted aromatic monosulfonic acid solutions at corresponding concentrations above 4 m is shown. 

Canadian Journal of Chemistry, 48, 2128 (1970) 

Introduction density data (6) are 88.7,, 106.1, 122.3, 123.2, and 

Interest in the osmotic properties of concen- 139.1 cc mole-', respectively, and Vso3 for the 

trated aqueous solutions of aromatic sulfonic liquid is 40.6 cc mole-'. 

acids andtheir salts arises primarily because these 
systems serve effectively as "models" for studies 
relating to the ion-exchange properties of sul- 
fonated polystyrene - divinylbenzenecopolymers 
(1-5). For the aromatic monosulfonic acids 
osmotic and activity coefficient data presently 
available are: benzenesulfonic acid (1) (0.1-5 m ) ;  
p-toluenesulfonic acid (2,  3) (0.1-10 nz); p- 
ethylbenzensulfonic acid (2, 4)  (0.1-8.5 m ) ;  p- 
xylenesulfonic acid (5)  (0.1-5 m ) ;  and mesitylene- 
sulfonic acid (i) (0.1-5.5 nz) where m is molality 
(moles of solute per 1000 g of water). 

In this note the osmotic coefficients, 4, for 
solutions of benzenesulfonic acid from 0.5 to 
16 m at 25 "C are reported and discussed. Over 
the limited concentration range 0.5 to 5 n.1 these 
results are compared with previously reported 
data (1). In the high solute concentration range 
(nz 3 4 )  the 4 values of benzenesulfonic acid 
and four substituted aromatic monosulfonic acid 
solutions are correlated in terms of the organic 
content of the solution. This is possible if one 
considers the organic part of the anion taken as 
the neutral molecule together with the water as a 
sort of mixed solvent. The organic content of 
each solution is determined in accordance with 
the additivity of volumes, i.e. v % organic = 
nz I/, x 100/nz( I/, + 0.5 KO3) + V,120 where I/, 
and Fso3 are the molar volumes of the unsul- 
fonated parent organic compound and SO, 
respectively, and V,,,, is the volume of 1000 g of 
H,O. The I/, values for benzene, toluene, ethyl- 
benzene, p-xylene and mesitylene calculated from 

'Present address: Union Carbide Corporation, Tech- 
nical Center, South Charleston, W. Va. 25303. 

Experimental 
The isopiestic apparatus used was similar to that 

described by RoFinson and Sinclair (7). Equilibrated 
solutions were usually diluted slightly and re-equilibrated 
a second time before they were discarded in favor of a 
fresh set. The benzenesulfonic acid solutions were pre- 
pared by dilution of a concentrated stock solution which 
was prepared from reagent grade benzenesulfonic acid 
recrystallized once from its melt. Solutions of HC10, 
and H2S04 were piepared from reagent grade chemicals. 
Each acid solution was standardized in duplicate by 
weight titration using standard alkali. The bath tempera- 
ture was controlled at 25 & 0.01 "C. Densities of benzene- 
sulfonic acid solutions were obtained by conventional 
pycnornetric methods using as reference (8) the density 
of water at 25'C, 0.99707 g/ml. 

Osn~otic coefficients are obtained from the isopiestic 
data at equilibrium in accordance with the relationship 

where $, nz, v, and R represent the osmotic coefficient of  
the solution, the molality, the number of ions formed on 
complete dissociation of the electrolyte, and the isopiestic 
ratio, respectively, and the subscript r refers to the refer- 
ence solution. Tabulated $, values for solutions of HZS04  
as a function of 111 are given by Robinson and Stokes (8). 
The osn~otic coeflicients of benzenesulfonic acid solutions 
at rounded concentrations were obtained from a large 
scale curve of $ vs. m. The reported $ values are accurate 
to about 0.5 %. To insure true equilibration was achieved 
solutions of HClO,, whose $ values are known (8), were 
always equilibrated along with the benzenesulfonic acid 
solutions and in every case the measured $IIC1O, value 
agreed with thc literature data to better than 0.2%. 

Results and Discussion 

The osmotic coefficients for benzellesulfonic 
acid solutions at rounded coilcentrations over the 
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NOTES 

TABLE 1 
Osnlotic coefficients of benzenesulfonic acid solutions at 25 "C 

--- 

Osmotic Osnlotic 
Molality Volunle % coefficient Molality Volume, % coefficient 

(nz) organic 6 0?2) organic 6 

range 0.5 to 16 i?z along with the calculated v % 
organic content at whole concentration intervals 
are given in Table 1. Density data for a selected 
set of benzenesulfonic acid solutions from 0.7 to 
to 15.6 m along with the organic contents cal- 
culated from these data are given in Table 2. The 
v % organic content for the benzenesulfonic acid 
solutions calculated from density data (Table 2) 
compare well with values obtained by the method 
of - volume additivities (Table 1) when one-half the 
V,,, value is used. This suggests that if density 
data were available for the substituted aromatic 
monosulfonic acids the organic contents would 
compare equally well with those derived from 
volume additivity and leads to the conclusion that 

TABLE 2 
Density data of benzenesulfonic acid solu- 

tions at 25 "C 
-- 

Molality Density Volume % 
(m) (4 organic 

the organic contents for the substituted aromatic 
acid solutions used here are reasonably accurate. 

Over the concentration interval 0.5 to 5 nz, 
where the benzenesulfonic acid solution 4 values 
overlap with those reported by Bonner and 
Rogers (I), better than 1 % agreement is noted. 
Bearing in mind tlie limitations in obtaining high- 
ly purified solutes, this agreement is considered 
quite good and appears to be essentially the same 
or perhaps slightly better than reported for the 
systems p-toluenesulfonic acid (2, 3) and p- 
ethylbenzenesulfonic acid (2, 4) for which dupli- 
cate sets of data are available. 

In Fig. 1 the osmotic coefficients of benzene- 
sulfonic acid, p-toluenesulfonic acid, p-ethyl- 
benzenesulfonic acid, p-xylenesulfonic acid, and 
mesitylenesulfonic acid solutions at nz = 4 and 
higher are plotted on a logarithmic scale as a 
function of v %  organic content at several 
molalities. The present discussion is restricted to 
the concentrated region in 3 4 where the 4 
values for all the acids are increasing with increase 
in m. At m = 4 or 5, where data for all five acids 
are available (1-5), straight lines pass through all 
the points (Fig. 1) showing that as the organic 
content of the solution at a fixed m is increasing, 
the 4 values decrease. 

According to Bonner and Rogers (1) the cause 
of the decrease in the values of the osmotic 
coefficients with increase in molecular weight of 
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I 
I l 1 1 1 1 1 1 1 1 1 1 1 l  

24 26 28 30 32 34 36 38 4 0  42 44 46 48 50 52 

VOLUME PERCENT ORGANIC COMPONENT 

FIG. 1.  Osmotic coefficients of aromatic rnonosulfonic acid solutions as a function of organic content. 

2.0 
1.8 

the acid, i.e. they mean organic content of the 
solution, is explainable in terms of a decrease 
in the effective dielectric constant of the solution. 
At m > 5 less data is available; nevertheless, the 
correlation appears to hold equally well, although 
the + vs. organic content slope is decreasing 
slightly which is probably due to the fact that the 
sulfonic acids are only moderately strong acids 
(1) and so the extent of ion-pairing with increase 
in organic content would be increasing. 

It is also of interest to compare the + values of 
anisolesulfonic acid solutions (4) on this model, 
even though the acid differs structurally from the 
other acids in that it contains the ether linkage. 
The osmotic coefficients for anisolesulfonic acid 
solutions are significantly higher than those of 
the corresponding p-ethylbenzenesulfonic acid 
solution concentrations (tn 2 4) although their 
molecular weights are almost identical. However, 
in terms of organic content anisolesulfonic acid 
(I/, = 108.7 cc mole-') has a much lower or- 
ganic content thanp-ethylsulfonicacidat the same 
m. For example at m = 4, the v % organic content 
is 28.7 for anisolesulfonic acid compared to 3 1.0 
for p-ethylbenesulfonic acid and at in  = 5 the 
values are 33.0 and 35.7, respectively. Thus 
according to the present correlation, the anisole- 
sulfonic acid + values should be compared with 
p-toluenesulfonic acid (28.2% organic at m = 4 
and 32.5 % organic at m = 5) which then fits the 
correlation reasonably well (at m = 4, 4 (p- 

0 benzenesulfmic acid 
- p - tobenesulfonic acid - A p - ethylbenzenesulfonic acid 

toluenesulfonic acid) = 0.87 and + (anisolesul- 
fonic acid) = 0.89 and at m = 5, + (p-toluene- 
sulfonic acid) = 0.94 and + (anisolesulfonic 
acid) = 0.96). 

From these correlations the conclusion follows 

- V rnesitylenesulfonic acid - 0 p -xy lenesulfonic acid - 
1.4 - rn =4-12 

- 

0.8 

0.6 - 

that the position of the hydrocarbon groups 
attached to the benzene ring does not affect the + values appreciably, but rather the total organic 
content of the solution at these high concentra- 
tions is the significant quantity. In light of these 
observations, the view of Bonner et al. (1,4) that 
the position of the hydrocarbon side chain on the 
benzene ring has substantial influence on the 4 
values may be relaxed for the region of concen- 
tration nz > 4. 

I wish to thank Professor W. J. Bierrnann for helpful 
discussions and the National Research Council of Canada 
for financial support. 
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Gallium and indium electrode potentials in fused LiCl-KC1 eutectic 

JOSEPH M. SHAFIR AND JAMES A. PLAMBECK 
Deportment of Chemistry, Uniuersify of Alberta, Edmorztorz, Alberta 

Received February 11, 1970 

Electrode potentials of indium and gallium couples have been measured in dilute solutions of the ionic 
species in fused LiCI-KC1 eutectic at 450 "C.Standard molar electrode potentials of the observed couples 
are - 1.210, -0.944, and -1.136 V against a standard molar platinum reference for the In(1)-In(O), 
In(II1)-In(I), and Ga(II1)-Ga(0) couples, respectively. These oxidation states and potentials are com- 
pared with previous work in this and other fused salt systems. 

Canadian Journal of Chemistry, 48, 2131 (1970) 

Introduction 

A recent review (1) containing the electromo- 
tive force series in anhydrous molten LiC1-KC1 
eutectic at 450 "C included values (2) for the 
Ga(II1)-Ga(0) and In(II1)-In(0) standard poten- 
tials. Recent measurements (3) have shown the 
monovalent oxidation states of gallium and 
indium to  be of importance in fused tetrachloro- 
aluminates, and a Raman study has shown the 
existence of indium(1) in fused LiC1-KC1 (4). I t  
therefore appeared desirable to re-investigate the 
oxidation states and potentials of gallium and 
indium in this medium. 

Experimental 
Materials 

Reagent grade lithium chloride and potassium chloride 
(Fisher Scientific) were purified by the method of Maricle 
and Hume (5). In addition, the melt was treated with 
polished magnesium ribbon to remove any remaining 
traces of chlorine. Platinum wire and foil were used for 
electrodes (Engelhard Industries of Canada). Gallium 
(99.99%) was obtained from A. D .  MacKay, Inc., New 
York, and indium (electronic material, 99.999 %) from 
Cominco Ltd., Montreal, in wire form. 

Apporat~rs 
The apparatus used was quite similar to that described 

previously (6, 7) except that the gallium and indium 
electrodes were designed as cups since both metals are 
liquid at operating temperature. They consisted of a 
uranium glass tube with a tungsten wire lead protruding 
from it. T o  the end of the tube was blown a small uranium 
glass cup such that the lead extended into the cup and 
was completely covered by the molten metal after the 
cup was filled with metal wire and placed in the cell. The 
effect of this was to provide a metal pool electrode of 
7 mm diameter for the coulometric anodizations. 

Potentials were measured with a Hewlett-Packard 
Model 3400A digital voltmeter, 

Procedrrre 
The procedure used for carrying out the coulometric 

oxidations and measurements under argon has been 
previously described (6, 7). The oxidation of indium(1) 
to indium(II1) was carried out, after the indium pool 

electrode had been removed, using a carbon rod such as 
was used as the counterelectrode (6). Calculations were 
carried out by computer.' The potentials were measured 
against a Pt(I1)-Pt(0) reference electrode (2) and are 
reported with respect to the appropriate standard 
platinum electrode on the molar, molal, and mole fraction 
scales in Table 1. The conventions and standard states 
used in this Table have been described elsewhere (1). 

TABLE 1 

Standard potentials of gallium and indium couples 
-- -. -. 

~ - 

Standard 
Couple EM' Emo Exo error 

- 

*Calculated from experimental free energies. 
tReference2: otherwise, this work. 

Results 

Indium(l)-Indiurn(0) Couple 
A total of 35 concentration-potential data 

points were taken in 4 separate coulometric 
anodizations of the indium pool electrode a t  
450 1 "C. The concentration of In(1) ranged 
from 0.009 to  0.3 M. A plot of the electromotive 
force as a function of the logarithm of coulombs 
used was linear and had a slope of 0.138 0.010 
V/log unit, in good agreement with the theoretical 
value of 0.143 V/log unit expected for a one- 
electron process a t  this temperature. The standard 
potential obtained from the intercept is given in 
Table 1. During this oxidation a small amount of a 
yellow-red substance, probably InC1, condensed 
in the upper, cool part of the isolation compart- 
ment. This unavoidable volatilization decreased 

'Copy of FORTRAN program used is available in the 
Appendix of the Ph.D. Thesis of Bodewig (8). 
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the concentration, leading to values of the stan- 
dard potential which may be too positive. I t  is 
estimated, however, that this effect should not 
be greater than 5 mV. 

Ii~diunz(ZZZ)-Zndiutn(1) Couple 
A total of 22 concentration-potential data 

points were taken in 3 separate coulometric 
anodizations a t  a carbon electrode, the solutions 
of indium(1) being prepared as above. The con- 
centration ratio of In(III)/In(I) ranged from 0.007 
to 2.4. The current density was approximately 
3 mA/cm2. A plot of the electromotive force as a 
function of the logarithm of coulombs used was 
linear and had a slope of 0.076 k 0.004 V/log 
unit, in good agreement with the theoretical 
value of 0.072 V/log unit expected for a two- 
electron process a t  this temperature. The standard 
potential obtained from the intercept is given in 
Table 1, as is the value for In(II1)-In(0) calculated 
from these data. 

Galliutn(III)-Galliutn(0) Couple 
A total of 27 concentration-potential data 

points were taken in 3 separate coulometric 
anodizations of the gallium pool electrode. The 
concentration of Ga(II1) ranged from 0.002 to  
0.07 M; at  higher concentrations, volatilization 
of GaC1, became noticeable. A plot of the elec- 
tromotive force as a function of the logarithm 
of coulombs used was linear, with a slope of 
0.061 + 0.006 V/log unit, in fair agreement with 
the theoretical value of 0.048 V/log unit expected 
for a three-electron process. Attempts to further 
oxidize the resulting solution using a carbon 
electrode produced only chlorine. 

Discussion 
Studies of gallium ((9), and references cited 

therein) and indium ((lo), and references cited 
therein) have left no doubt as to the existence of 
stable gallium(1) and indium(1) compounds, the 
"divalent" state turning out to be a 1-111 com- 
pound. The univalent state has been observed, 
and the standard potentials for its oxidation and 
reduction measured, in fused tetrachloroalumi- 
nates (3). In the previous study (2) in fused LiCl- 
KCl, the reported potentials for Ga(II1)-Ga(0) 
and In(II1)-In(0) were obtained by adding the 
respective metal trichloride to  the melt and 
carrying out a coulometric reduction, presumed 
to be to  the metal. In the present study in which 
the metals were coulometrically oxidized, the 
oxidation was to  the trivalent state only for 

gallium. This indicates that the previous gallium 
trichloride reduction (2) was directly to the metal. 
Indium, however, was oxidized first to the mono- 
valent state, whose stability in this medium has 
been confirnmed by the Raman study of Clarke 
and Hester (4), and co~i ld  not be further oxidized 
in the presence of metallic indium. It is, therefore, 
concluded that the indium potential measured 
previously (2) corresponded to the In(II1)-In(1) 
couple rather than the reported In(II1)-In(0). 
The data of ref. 2 appear to be insufficient to dis- 
tinguish the oxidation state to which reduction 
occurred. 

It is not surprising that the potentials observed 
in this study are significantly different from those 
observed in the previous work, since the tri- 
chlorides of gallium and indium are highly 
volatile a t  these temperatures. The direct addition 
procedure of Laitinen and Liu (2) would lead to 
considerably greater loss of the trichloride than 
the electrochemical generation used in the present 
work, and hence to considerably more positive 
standard potential values. This appears to be true 
according to data presented in Table 1. It is felt 
that for these reasons, and because considerably 
inore data were obtained in the present study, 
that the values of the present study are to  be 
preferred. 

Conclusion 

The stable oxidation states in fused LiCI-KC1 
eutectic of gallium are the metal and the trivalent 
ion, and of indium are the metal, the monovalent 
ion, and the trivalent ion. The reduction poten- 
tials for these states have been established. 

The authors are grateful to the National Research 
Council of Canada for their support of this work through 
an Operating Grant to J.A.P. 
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NOTES 

Recombination of iodine atoms in sulfur dioxide 

J. BROWN' AND G. BURNS 
Departrnet~t of Cl~etnistry, Ut~ioersity of Toronto, Toronto 181, Ontario 

Received January 5, 1970 

The reaction 21 + SO2 -> I2  + SO2 has been studied between 293 and 668 OK. At 293 OK, the recom- 
bination rate constant is 2.6 x 101° l 2  mole-2 s- I ;  it attains 1/10 of this value at 668 OK. Although the 
infrared and ultraviolet spectra of SO,, studied previously, suggest the existence of two forms of SO, in 
the temperature range in question, the present recombination studies present no further supporting 
evidence about the existence of the excited form. 
Canadian Journal of Chemistry, 48, 2133 (1970) 

The present work deals with recombination 
of iodine atoms in excess of sulfur dioxide. 

Experimental 
The experimental technique of measuring halogen 

atom recombination rates by flash photolysis over a wide 
temperature range has been described previously (1, 2). 

The reaction vessel was double walled, constructed 
of quartz tubing, 70 cm in length and 25 mm in internal 
diameter. The outer compartment of the vessel was filled 
with sulfur dioxide to a pressure of 720 Torr so that no 
photodissociation of sulfur dioxide contained in the inner 
portion of the vessel would occur. The reaction vessel 
was contained in a furnace; the temperature fluctuation 
along the length of the cell being less than 2 "C. The flash 
was generated by discharging through the lamp a 10 pF  
capacitor at typically 15 kV. 

The recombination was monitored using a quartz 
incandescent lamp, collimating lenses and an RCA 
931-A photomultiplier tube. The analyzing beam was 
rendered monochromatic by employing an interference 
filter and a Corning Number 3389 cut-08 filter. The 
transmission peak of this combination of filters was at 
487 mp with a peak half-width of 7 mp. The amplified 
output of the photomultiplier was displayed on an 
oscilloscope and photographed. Four photographs were 
taken and the mean calculated to obtain one value of the 
rate constant. 

The iodine ~nolecule concentration was obtained by 
determining the optical transnlission of the cell before and 
after filling with the iodine-sulfur dioxide gas mixture. 
The iodine-sulfur dioxide ratio employed was typically 
less than 1:100. The variation of extinction coefficient 
with temperature for our photomultiplier - interference 
filter combination was obtained by Blake (3). 

Results and Discussion 

The data obtained for the recombination of 
iodine atoms over the temperature range 293- 
668 OK with s u l f ~ ~ r  dioxide as third body display 
a typical (2, 4) monotonic negative temperature 
dependence (Fig. 1). Thus, lcrSo2 for iodine 

'Present address: Ontario Hydro Research Division, 
200 Kipling Ave. South, Toronto 18, Ontario. 

I I I I 
2 5 2 6 27 

log T 

FIG. 1. Experimental points: the logarithm of the 
recombination rate constants for I atoms in SO,, vs. 
temperature. Solid line is the logarithm of the recombina- 
tion rate constant of Br in krypton multiplied by an 
arbitrary constant (1.07974). 

recombination and krKr for bromine recombina- 
tion differ oilly by a constant factor (Fig. 1). It 
may be concluded then that the properties of SO, 
as a chaperon in the recombination reaction do 
not change in any unusual way between 293 and 
668 OK. It is known, however, that the ultra- 
violet (4) and infrared (5) spectra of SO, do 
change appreciably over this temperature range; 
and it has been suggested (5, 6) that the change is 
due to the formation of a new isomeric form of 
SO, (5) or to the existence of a low lying excited 
electronic state (6). It has also been suggested 
(7) that the new ~1.v. spectrum is due to a sym- 
metrical form of sulfur dioxide with a bond angle 
of 72" and with a somewhat larger S-0 bond 
distance. 

From earlier experiments (8), it may be con- 
cluded that the equilibrium constant for the 
SO, SO,(excited) reaction changes from 
nearly zero to room temperature to 0.052 at 
373 OK and to 0.62 at 673 OK. Therefore, one 
might expect that a change in SO2 structure, as 
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suggested previously (5, 6), would affect con- 
siderably the krS02 and its temperature depen- 
dence. This is because the atomic recombination 
rate constant is generally a fairly sensitive 
function of the nature of the third body. For 
example, in the recombination of iodine atoms, 
the efficiency of NO exceeds (9) that of He by a 
factor of 10 000. If the excited form of SO,, 
either as isomer, or as an electronically excited 
species, would contain unpaired electrons, an 
increase in temperature would be likely to result 
in an appreciable increase of krS02. 

Thus, the fact that SO, behaves in the present 
experiments as if its structure does not change 
between 293 and 668 OK provides no further 
evidence for the existence of the excited form of 
SO,. I t  may only be said that of the three possibili- 
ties suggested previously (5-7), the present work 
favors the third suggestion (7). This is because 
in this case (7), van der Waals-type forces 
between an iodine atom and SO,, which affect 

the rate of I atom recombination, would not 
change drastically with the temperature. 

This work was supported by the National Research 
Council of Canada, The Defence Research Board, 
Grant No. 9530-54, the Directorate of Chemical Sciences, 
Air Force Office of Scientific Research, Grant No. 506-64 
and Grant No. 50666  and 69-1965 and Petroleum 
Research Fund of the American Chemical Society. 
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Substituent effects on geminal proton-proton coupling constants 

Y. L. CHOW, S. BLACK, J. E. BLIER, AND M. M. TRACEY 
Depnrtrr~er~t of Cl~ernistry, Siti~orz Fraser U~~iuersity, Burtznby 2,  B.C. 

Received February 2, 1970 

The geminal coupling constants between the non-equivalent benzylic protons of a series of para- and 
meta-substituted N-benzyl-2-methylpiperidines were shown to be proportional to the Hammett o con- 
stants of the substituents with p -1.38 in carbon tetrachloride, -1.21 in benzene, and nearly 0 in 
1 N DCl solutions. The p values were compared with those of other series and were discussed in terms of 
the possible conformations involved. The chemical shifts of the benzylic protons of the piperidine 
derivatives did not give a good correlation with the Hammett o constants in these solvents. 

Canadian Journal of Chemistry, 48,2134 (1970) 

A pair of magnetically non-equivalent meth- 
ylene protons are named as diastereotopic pro- 
tons and give rise to different chemical shifts 
in nuclear magnetic resonance (n.m.r.) spectros- 
copy (1-3). Numerous cases of the non-equiv- 
alence of methylene protons as a part of a ring 
system are readily understandable in terms of 
rigid conformation and have been well docu- 
mented (2). The non-equivalence of methylene 
protons in acyclic systems is, however, sensitive 
to conformation (4). The most general cases of 
diastereotopic methylene protons in acyclic 
systems are those which arise from the presence 
of a chiral center in the vicinal position or inter- 
posed by a hetero atom (3-7), although there are 

other cases due to reasons other than dissym- 
metry of the molecule. In such cases the n.m.r. 
parameters of the magnetic non-equivalence are 
not just sensitive to conformations but some- 
times also to a contribution from the intrinsic 
diastereomerism (6). We have observed that the 
benzylic protons in 1 (X = H) and the phenacyl 
methylene protons of 2 and 3 are non-equivalent 
while the benzyl protons in 4 are magnetically 
equivalent (5). The latter case appears to indicate 
that the chiral center is too remote to induce 
non-equivalence on the benzyl protons. Subse- 
quently in the n.m.r. study of N-benzylpiperazine 
derivatives, Lyle and Thomas (4) have shown 
that the conditions necessary and sufficient to 
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suggested previously (5, 6), would affect con- 
siderably the krS02 and its temperature depen- 
dence. This is because the atomic recombination 
rate constant is generally a fairly sensitive 
function of the nature of the third body. For 
example, in the recombination of iodine atoms, 
the efficiency of NO exceeds (9) that of He by a 
factor of 10 000. If the excited form of SO,, 
either as isomer, or as an electronically excited 
species, would contain unpaired electrons, an 
increase in temperature would be likely to result 
in an appreciable increase of krS02. 

Thus, the fact that SO, behaves in the present 
experiments as if its structure does not change 
between 293 and 668 OK provides no further 
evidence for the existence of the excited form of 
SO,. I t  may only be said that of the three possibili- 
ties suggested previously (5-7), the present work 
favors the third suggestion (7). This is because 
in this case (7), van der Waals-type forces 
between an iodine atom and SO,, which affect 

the rate of I atom recombination, would not 
change drastically with the temperature. 
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Substituent effects on geminal proton-proton coupling constants 
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Depnrtrr~er~t of Cl~ernistry, Siti~orz Fraser U~~iuersity, Burtznby 2,  B.C. 
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The geminal coupling constants between the non-equivalent benzylic protons of a series of para- and 
meta-substituted N-benzyl-2-methylpiperidines were shown to be proportional to the Hammett o con- 
stants of the substituents with p -1.38 in carbon tetrachloride, -1.21 in benzene, and nearly 0 in 
1 N DCl solutions. The p values were compared with those of other series and were discussed in terms of 
the possible conformations involved. The chemical shifts of the benzylic protons of the piperidine 
derivatives did not give a good correlation with the Hammett o constants in these solvents. 

Canadian Journal of Chemistry, 48,2134 (1970) 

A pair of magnetically non-equivalent meth- 
ylene protons are named as diastereotopic pro- 
tons and give rise to different chemical shifts 
in nuclear magnetic resonance (n.m.r.) spectros- 
copy (1-3). Numerous cases of the non-equiv- 
alence of methylene protons as a part of a ring 
system are readily understandable in terms of 
rigid conformation and have been well docu- 
mented (2). The non-equivalence of methylene 
protons in acyclic systems is, however, sensitive 
to conformation (4). The most general cases of 
diastereotopic methylene protons in acyclic 
systems are those which arise from the presence 
of a chiral center in the vicinal position or inter- 
posed by a hetero atom (3-7), although there are 

other cases due to reasons other than dissym- 
metry of the molecule. In such cases the n.m.r. 
parameters of the magnetic non-equivalence are 
not just sensitive to conformations but some- 
times also to a contribution from the intrinsic 
diastereomerism (6). We have observed that the 
benzylic protons in 1 (X = H) and the phenacyl 
methylene protons of 2 and 3 are non-equivalent 
while the benzyl protons in 4 are magnetically 
equivalent (5). The latter case appears to indicate 
that the chiral center is too remote to induce 
non-equivalence on the benzyl protons. Subse- 
quently in the n.m.r. study of N-benzylpiperazine 
derivatives, Lyle and Thomas (4) have shown 
that the conditions necessary and sufficient to 
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afford an observable non-equivalence of the 
benzyl protons are not only the presence of the 
chiral center at C-2 position but also an equa- 
torial methyl group. Lyle and Thomas (4) have 
argued that the respective orientation of the two 
benzylic protons with respect to the lone pair of 
electrons of the nitrogen causes the magnetic 
non-equivalence, and the population of the most 
stable conformer decides the magnitude of the 
non-equivalence. 

On the other hand, the magnetic non-equiv- 
alence of the benzylic protons of the benzyloxy- 
tetrahydropyran (6) has also been studied on the 
basis of the orientations of the benzylic protons 
with respect to the benzene ring (8-10). Fraser 
et al. (8) have successfully correlated the geminal 
coupling constants and the chemical shifts of the 
benzylic protoils with Hammett o constants in 
para- and meta-substituted 2-benzyloxytetra- 
hydropyrans. The success of the correlation has 
been attributed to the relative orientation of the 
benzylic protons with respect to the benzene ring 
in the conformation 5a which transmits the 
hyperconj~igative effect more favorably than 
other conformers 5b and c (1 1). 

Thus, it is conceivable that more than one 
factor contributes to the magnetic non-equiv- 

alence in 1. If the conformation of the benzylic 
protons is such that the aryl group exerts the 
dominant effect, the Hammett substitution effect 
sho~ild be significant. On the contrary, if the lone 
pair electrons of the nitrogen atom orients in 
such a position as to effect a significant magnetic 
non-equivalence to the benzylic protons, such 
correlation should show a small p value. The 
derivatives of N-benzylpiperidines (1) were syn- 
thesized and the correlation of the geminal 
co~ipling constants (J) and the chemical shifts of 
the non-equivalent benzylic protons with o values 
of the para- and meta-substituents were studied. 

Experimental 
Aforerial 

The N-benzyl-2-methylpiperidines (1) were prepared 
by the method described previously ( 9 ,  except for the 
p-amino derivative. The appropriately substituted para- 
or  n~eta-substituted benzyl halide was treated with more 
than 2 n~oles excess of 2-niethylpiperidine in benzene 
solution. The conlrnercial benzyl halides, without purifi- 
cation, were used except for p-methoxybenzyl chloride 
(b.p. 101-103"/10n1n1) which was prepared by the 
method of Shriner and Hull (12). A hydrogenation of 
p-nitrobenzyl-2-niethylpiperidine in the presence of 
platinum oxide gave an unstable p-amino derivative 
which was purified as the non-crystalline hydrochloride 
salt by reprecipitation. The free base was liberated 
inimediately before the spectroscopic measurement. The 
benzylpiperidines were purified by repeated distillation. 
The p-substituted N-benzyl-2-niethylpiperidines have the 
following percentage yields and b.p.'s; m-chloro, 77%, 
130-132"/3 m m ;  p-chloro,  67%, 107-113"/l mni; 
tn-fluoro, 72%, 87-98"/2nim; p-fluoro, 78%, 78-9l0/ 
1 mm; p-methyl, 58%, 108-1 12"/2 m n ~ ;  tn-nitro, 41 %, 
167-1 70°/3 mm;  p-nitro,  68 %, 167-1 74"/2.5 rnm ; 
p-bromo, 88 %, 124"/1 mm; p-niethoxy, 120°/1 mm. Each 
co~iipound produced its corresponding niolecular ion 
peak in niass spectrometric measurements. 

Nuclear Magnetic Resonat?ce Spectroscopy 
The n.m.r. spectra were measured witha Varian A56160 

spectronieter in 10% solution (wlv) in benzene or  carbon 
tetrachloride using tetraniethylsilane as internal standard. 
The n.m.r. sample was equilibrated to the probe tem- 
perature and the standard spectrum was recorded. The 
AB quartet portion was then recorded at a 100 Hz sweep 
width. The coupling constant (J) and the chemical shift 
difference (Av) were calculated from these spectra. The 
same n.ni.r. nieasuren~ent was repeated in 1 N DCI in 
DzO using sodium 2,2-din1ethyl-2-silapentane-5-sulfonate 
as the internal standard. 

Results and Discussion 

The i1.m.r. parameters of the non-equivalent 
benzylic protons are summarized in Table 1. The 
sharp AB quartets of 1 are generally centered at 
the T 6.4-6.8 region. The doublet at the higher 
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TABLE 1 

The n.m.r. parameters of the substituted N-benzyl-2-methylpiperidines* (1) 

In  CC1, solution In  benzene solution In 10% DCl-DzO 

-x J TA TB J 7 A TB J 7 A TB 

'The coupling constants ( J )  are expressed in Hz. The  r, and T, refer to  the chemical shifts of the doublets a t  the lower and higher 
field signals, respectively. I n  DCI/D20 solution, a-constant (0.41) for N(CH3),+ group is used for the p-amino derivative. 

tSince the methoxy signal superimposes with the signal of T,, the coupling constant of the B-proton is used. 

field is generally found to overlap with a part of 
the signal arising from a-equatorial protons at 
the C-6 position (broad doublet) in the 2-methyl- 
piperidine ring. For these reasons, the coupling 
constant (JAB) obtained from the doublet at a 
higher field may deviate up to 0.5 Hz in some 
cases from the JAB obtained from the doublet at 
a lower field. In such cases, JAB of the doublet at 
the low field is adopted. Broadening of each line 
of the quartet due to the coupling with benzene 
protons was observable with spectra of 100 Hz 
sweep width (10, 13). Measurements of JAB from 
these runs were done by considering the sym- 
metry of each signal. The deviation in these 
measurements is-  probably not larger than 
0.3 Hz. The coupling constants (JAB) of para- and 
meta-substituted 1 are plotted against the Ham- 
mett substituent constants (o) as shown in Fig. 1. 
The good straight lines can be drawn by visual 
observation and indicate that the size of JAB 
correlates well with the electronic effects trans- 
mitted to the benzylic protons; the p value is 
- 1.38 in carbon tetrachloride and - 1.21 in 
benzene.' It is seen that the electron-withdrawing 
nitro group causes a more negative (and therefore 
numerically bigger) coupling constant, while the 
electron-donating methoxy group results in a less 
negative constant. 

A geminal coupling constant in a benzyl group 

'It is assumed that the geminal coupling constant has 
a negative value of analogy to the negative coupling 
constant observed for most of the geminal coupling of 
protons attached to sp3 hybridized carbons (15). The 
p values are therefore negative. 

is subjected to hyperconjugative effect, as has 
been demonstrated by the semi-empirical calcula- 
tion of Barfield and Grant (11). Further, the 
molecular orbital theory treatment of the nuclear 
spin coupling by Pople and Bothner-By (14) has 
indicated that the geminal coupling constants are 
affected by inductive and hyperconjugative elec- 
tron transfers. The prediction that the hypercon- 
jugative effect is maximal (most negative JAB) in 
the conformation of 5a and minimal in the 
conformation 5c has been utilized by Fraser 
et al. (8) to explain the observed size of p values 
in various series of compounds. Since the two 
benzylic protons in conformation 5a are sym- 
metric with respect to the benzene ring, the 
hyperconjugative effects must render the benzylic 
protons more susceptible to diastereotopic effect 
derived from dissymmetry of other parts of the 
molecule in this conformation. 

Fraser et al. (8) have proposed that the 
sensitivity of the correlation is dependent on the 
population of conformation 5a in each series; 
p is largest (- 1.80) in the compounds (15) 
7 where the benzylic protons are ideally oriented. 
Other known p values are - 1.5 for 2-benzyloxy- 
tetrahydropyranes (6), - 1.1 for dibenzylsulfites, 
and 0 for benzylphenyl sulfoxides (8). The range 
of p values, - 1.38 - 1.21, in the present case 
places the correlation of the piperidine series in 
between 6 and dibenzylsulfite. The conforma- 
tional stability of benzyl derivatives has been 
investigated by the Kerr effect (1 6) and theoretical 
calculation (17) where 5c has been shown to be 
the most stable conformer while 5a is the least 
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NOTES 

0- 

FIG. 1. A plot of the geminal coupling constant (J,,) vs. the Hammett substituent parameter a for the series of 
para- and meta-substituted 1. 

I stable one. It follows that the contribution of the 
I conformation 5a decreases in the order of 6, 

1 1, dibenzylsulfite, and benzylphenyl sulfoxide. 
I This is to be expected since the Z group is the 
1 2-methylpiperidine ring which is more bulky than 

the 2-pyranyloxy group. Although there is no 
I 
I pertinent report concerning the conformatioil 
1 volume of a sulfoxyl group, the size of a sulfoxyl 
I group may be equivalent to o r  larger than the 
; piperidino group due to the expanded Van der 
I Waals radi~is of sulfur. It is also clear that there 

is an additional effect other than a purely steric 
one operating to stabilize the conformation 5c 
in the sulfoxide and sulfite series. It is speculated 

I 

that an interaction of the n-electron cloud with 
the electron deficient sulfur atom may result in 
stabilization of conformation 5c. Alternatively 
the low p-value of this series may be explained 
by the fact that the benzylic proton is subjected 
to an overwhelming inductive effect (14) from the 
vicinal sulfoxide group which offsets the hyper- 
conjugative of the benzene ring. The p-value of 
nearly zero for the piperidinium salt of 1 in 
DCl-D,O solution is an analogous case to the 
sulfoxide series. The piperidinium ion becomes 
very bulky due to hydration and is not able to  
assume the eclipsed position as shown in 5a. 

In conclusion, orientation of the benzene ring 
1 undoubtedly contributes to  an extent to the ' magnetic non-equivalence of the benzylic protons 

in 1. The extent of this contribution to  the 

magnetic non-equivalence with respect to that 
from the term dependent on the lone pair elec- 
trons and that from the term of the intrinsic 
asymmetry is, however, not readily estimated 
from the coupling constant data. 

The plot of the chemical shifts of the benzylic 
protons against the Hammett o-constant, how- 
ever, gave considerable scatter and only suggests 
general trends of slope. Although the scatter was 
somewhat alleviated when the points of meta- 
substituted compounds were ignored, the T value 
of the p-nitro compound still deviates consider- 
ably from a straight line defined by all other 
points of para-substituted compounds. The 
similar correlations of o-constants and chemical 
shifts in other series generally give small negative 
p-values (0-0.21 p.p.m./o unit) in chloroform 
solutions (9). It is interesting to point out that in 
the piperidine series 1, while the sign of the 
p-value in carbon tetrachloride is negative, the 
corresponding sign in benzene solution is pos- 
itive. The reversal of the sign of the p-value may 
be related to the n.m.r. solvent effects (18) since 
it is well known that an aromatic solvent forms 
a collision complex with certain solutes. This 
solvent effect has been said to be stereospecific 
although the exact geometry of the complexes is 
less clear. A study of the solvent effects with 
respect to  the p-value may reveal more informa- 
tion about the conformation of the solute 
molecule as well as the complex. 
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Selectivity and yield were studied in the reaction of 5-chloro-I-phenyltetrazole with dihydroxytoluene 
systems. The mono-ethers of 2-rnethylhydroquinone (la), 3-rnethylcatechol (24, and 4-methylcatechol 
(30) were formed in moderate yields with the predo~ninant isomer resulting from attack by the more 
nucleophilic anion. With l a  and 20, steric effects diminished the amount of predominant isomer fornied 
as compared to 30. The di-(I-phenyltetrazole) ethers were formed in good yields. Hydrogenolysis of 
mono- and di-ethers gave good yields of cresols and toluene as determined by gas chromatography and 
ultraviolet analysis, respectively. 
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In 1966 Musliner and Gates (1) reported a 
facile method for the removal of phenolic 
hydroxyl groups by reaction with 5-chloro-1-phe- 
nyltetrazole under basic conditions and subse- 
quent hydrogenolysis with palladium on carbon. 
By this procedure phenolic hydroxyl groups 
could be removed in the presence of various 
functional groups (e.g., amino, carbethoxy, car- 
boxaldehyde, and methoxy). Since many natural 
products contain phenolic hydroxyl or methoxyl 
groups, it was of interest to determine the scope 
and selectivity of this procedure for multi- 

'To whom inquiries and reprint requests should be 
addressed. 

'Undergraduate research participant. 

hydroxyl systems particularly in the absence of 
strong ring-activating functions. It was proposed 
that this reaction sequence could be valuable in 
structure elucidation and degradation if high 
selectivity or near quantitative removal of phe- 
nolic hydroxyls could be demonstrated. This 
paper reports the results with methyl-substituted 
catechols and hydroquinone. 

The yields of mono-(1-phenyltetrazole) ethers 
and di-(1-phenyltetrazole) ethers are summarized 
in Table 1. The di-ethers were formed in excellent 
yields while the mono-ethers were formed in fair 
to moderate yields. Thin-layer chromatography 
(t.1.c.) and nuclear magnetic resonance (n.m.r.) 
spectroscopy were used in determining product 
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In 1966 Musliner and Gates (1) reported a 
facile method for the removal of phenolic 
hydroxyl groups by reaction with 5-chloro-1-phe- 
nyltetrazole under basic conditions and subse- 
quent hydrogenolysis with palladium on carbon. 
By this procedure phenolic hydroxyl groups 
could be removed in the presence of various 
functional groups (e.g., amino, carbethoxy, car- 
boxaldehyde, and methoxy). Since many natural 
products contain phenolic hydroxyl or methoxyl 
groups, it was of interest to determine the scope 
and selectivity of this procedure for multi- 
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hydroxyl systems particularly in the absence of 
strong ring-activating functions. It was proposed 
that this reaction sequence could be valuable in 
structure elucidation and degradation if high 
selectivity or near quantitative removal of phe- 
nolic hydroxyls could be demonstrated. This 
paper reports the results with methyl-substituted 
catechols and hydroquinone. 

The yields of mono-(1-phenyltetrazole) ethers 
and di-(1-phenyltetrazole) ethers are summarized 
in Table 1. The di-ethers were formed in excellent 
yields while the mono-ethers were formed in fair 
to moderate yields. Thin-layer chromatography 
(t.1.c.) and nuclear magnetic resonance (n.m.r.) 
spectroscopy were used in determining product 
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NOTES 

TABLE 1 

Mono- and di-(1-phenyltetrazole) ethers of dihydroxytoluene systems 
--- -- --- 

Calculated analysis Observed 
Melting 

Yleld point 
( %) ( %) 

Number Parent compound C H N C H N  
-- 

Ether (%) ("C) 

l a  2-Methyl-l,4-hydroquinone Mono 29.6 167-182 62.68 4.51 20.88 62.58 4.56 20.81 
2a 3-Methylcatechol Mono 26.6 156-158 62.68 4.51 20.88 62.66 4.46 20.76 
3a 4-Methylcatechol Mono 57.7 121-132 62.68 4.51 20.88 62.59 4.54 21.01 
l b  2-Methyl-l,4-hydroquinone Di 9 0 3  154-156 61.15 3.91 27.18 60.90 3.92 27.14 
2b 3-Methylcatechol Di 87.4 136-138 61.15 3.91 27.18 61.07 3.75 27.10 
3b 4-Methylcatechol D i 92.2 196197 61.15 3.91 27.18 60.98 3.94 27.05 

---- 

TABLE 2 

Nuclear magnetic resonance data* 
-- -- - 

Phenolic Aromatic Methyl 
Compounds protons protons protons 

- 
9.94 (s) (1) 

- 
9.89 (s) (1) 

8.10-7.47 (m) (5); 
7.42-6.58 (m) (3) 
8.11-7.29 (m) (13) 
8.13-7.52 ( n ~ )  (5); 
7.40-6.61 (m) (3) 
7.94-7.30 (m) (1 3) 
8.12-7.53 (m) (5); 
7.50-6.57 (m) (3) 
7.89-7.34 (1111 (13) 

2.03 (s) (3) 

2.25 (s) (3) 
2.24 (s) (3) 

2.35 (s) (3) 
2.28 (s) (3) 

2.42 (s) (3) 

'DMSO-d, solutions: 1 % tetramethylsilane as internal standard. 
t 6  values. 
t s ,  singlet; m,  multiplet. 
$Number of protons. 

composition and purity. The n.m.r. spectra of the 
mono-(1-phenyltetrazole) ethers (la,  2a, and 3a) 
are characterized by phenolic protons between 
9.94 to 9.61 6; absorption due to aromatic hydro- 
gens is divided into downfield multiplets (8.13 to 
7.47 6) integrating for five protons and three 
protons upfield between 7.50 to 6.57 6.The upfield 
absorptions were assigned to the protons on the 
phenolic nucleus. This was substantiated by the 
fact that the aryl protons in the di-ethers (16, 26, 
and 36) all appear as downfield multiplets be- 
tween 8.1 1 to 7.29 6. Since the 1-phenyltetrazole 
ring is an effective electron withdrawing group, 
it apparently counteracts the shielding (electron 
donating) effect usually exerted by oxygen sub- 
stituted on aromatic rings (2). This counter effect 
may partially be the reason why the methyl 
resonances of the di-ethers are, in each instance, 
downfield from those of the mono-ethers (see 
Table 2). 

Following t.1.c. (see Table 3), the di-ethers 
appeared as single spots and showed higher 

mobility than the mono-ethers; a negative phe- 
nolic test (diazotized sulfanilic acid) was observed 
with the di-ethers. 

The mono-ethers l a  and 2a appeared as two 

TABLE 3 

Thin-layer chromatography* 
- - - 

Compound RI x lo2 

*On silica gel GF,,,; benzene-methanol (95:s) as 
solvent; detection by fluorescence quenching and 
diazotized sulfanilic acid. 

t ~ v c r n ~ e  ol. 7-16 determin;ltions. 
?Avcragr: 01'2-4 determinalions. 
$Predominant spot. 
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TABLE 4 
Hydrogenolysis reaction and gas chromatography data 

Gas chromatographic 
Hydrogenolysis Isomers Method of retention times 

Compound (% yield) Products ratio analysis (min*) 

l a  86.6 Cresols ortho 1 Gas chromatographyt,$ 
meta 2 

20 68.2 Cresols ortho 1 Gas chromatographyl,$ 
meta 2 

3a 66.8 Cresols meta 6 Gas chromatography§ 
para 1 

l b  80.1 Toluene - Ultraviolet 
2b 84.3 Toluene - Ultraviolet 
3b 93.8 Toluene - Ultraviolet 

'Relative to solvent front; average of 6-8 determinations. 
ton a 3 %  OV-17 on 100-120 Gas-Chrom Q column, 6 f t  x 114 in. 
$Developed at 90 "C; carrier gas (helium), 60 ml/min. 
$Developed at 210°C; carrier gas (helium), 60 ml/min. 
JIAs 2,4,6-trihromo-3-methylphenol. 
TAs 2,6-dibromo-4-methylphenol. 

spots on t.1.c. ; the predominant spots had lower 
R, values. The more mobile (minor) materials 
were believed to be 4 and 5, respectively (3). This 
interpretation led to the prediction that m-cresol 
would be the major hydrogenolysis product of 
l a  and 2a. 

The mono-(I-phenyltetrazole) ether of 4- 
methylcatechol (3a) showed one spot on t.1.c.; 
however, this was not considered indicative of 
homogeneity since the possible isomers (6 and 7) 
should possess similar chromatographic char- 
acteristics. Compounds l a ,  2a, and 3a gave 
positive diazotized sulfanilic acid tests (4). 

Hydrogenolysis of all ethers proceeded 
smoothly with the di-(I-phenyltetrazole) ethers 

giving better overall yields (see Table 4). The t.1.c. 
of the hydrogenolysis products of l a  and 2a 
revealed major spots correspondiilg to nz-cresol 
and minor spots corresponding to o-cresol. 
Results of the t.1.c. from the hydrogenolysis of 3a 
indicated m- andlorp-cresol ; no thin-layer system 
was found suitable for the separation of these 
isomers. Quantitative analysis of o- and m-cresol 
was achieved with gas chromatography (g.c.) 
(see Table 4). Separation and quantitation of m- 
and p-cresol by g.c. proved difficult. Success was 
attained by treating the cresols with bromine to 
prepare the respective tribromo- and dibromo- 
derivatives (9, which could be separated and 
analyzed. 

Some selectivity of ether formation was indi- 
cated by studies of the composition of the 
hydrogenolysis products of the mono-ethers. 
With l a  and 2a 2:l meta:ortho cresol ratios were 
observed. With 3a a 6:l meta:para cresol ratio 
was observed. In all cases formation of the tetra- 
zole ethers seems to correlate with preferential 
production of the more nucleophilic anion. Thus, 
the predominant isomers may result from a 
difference in the rate of this reaction (6). The 
smaller ratios observed with l a  and 2a could be 
the result of less favorable steric situations during 
the synthesis of these tetrazole  ether^.^ 

30ne referee has suggested that greater selectivity in 
mono-etherification of dihydric phenols may be possible 
by use of aprotic solvents with high dielectric constants 
(e.g., dirnethylsulfoxide and dirnethylformamide; see 
ref. 6). 
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NOTES 2141 

Based upon ultraviolet (u.v.) spectrophoto- 
metric analysis of the hydrogenolysis product of 
the di-ethers, uniformly good yields of toluene 
were obtained. Apparently steric conditions 
which influence mono-ether formation do not 
adversely affect di-ether yield. These results in- 
dicate that di-(1-phenyltetrazole) ether formation 
and hydrogenolysis may be a near quantitative 
and facile method for the removal of hydroxyl 
groups. 

Experimental 
Melting points were determined with a Thomas- 

Hoover apparatus and are corrected. Elemental analyses 
were conducted by Galbraith Laboratories, Inc., Knox- 
ville, Tennessee. Infrared spectra were determined in KBr 
with a Beckman IR-5A spectrophotometer. The U.V. 

spectra were recorded with a Beckman DK-2 spec- 
trometer. Solvents and reagents employed in spectral and 
chromatographic work were reagent grade. The n.m.r. 
spectra were obtalned with a Varian T-60 spectrometer 
from DMSO-d6 solut~ons with tetramethylsilane as an  
internal standard. The t.1.c. was carried out with 250 p 
layers of silica gel GF,,, (Brinkmann) using benzene- 
methanol (955) as solvent. The g.c. was performed with 
a Hewlett-Packard 5750B gas chromatograph equipped 
with dual flame ionization detectors and conditions In- 
dicated in Table 4. Curves of peak height vs. amount 
chromatographed were used for quantitative analysis. 

2-Metl~yl-I,4-hydroqrtinone Di-(I-phenyltetrazole) Ether 
(Ib), 3-Metliylcatecl~ol Di-(I-phenyltetrazole) 
Ether (2b), arld 4-Metl~ylcatechol Di-(I-plzenyl- 
tetmzok) Ether (3b) 

To  a dry three-necked flask equipped with reflux con- 
denser, mechanical stirrer, and nitrogen inlet was adde f 
the appropriate dihydroxy compound, 5-chloro-1-phenyl- 
tetrazole, and potassium carbonate in the molar ratio of 
0.025:0.05:0.1. After adding anhydrous acetone, the 
mixture was stirred and refluxed in a nitrogen atmosphere 
overnight. Following evaporation of the solvent a t  re- 
duced pressure, the residue was mixed with cold water 
and neutralized with 5 %  hydrochloric acid. The pre- 
cipitate which formed was extracted with several portions 
of chloroform. The combined chloroforn~ extracts were 
dried over anhydrous sodium sulfate. After removal of 
the solvent, the white solid was recrystallized from 
acetone-water. 

Hydrogerzolysis of Mono- and Di-(I-pher~yltetr-azole) 
Ethers 

The ether (500 mg) and 5% palladium on carbon (100 
mg) were placed in a Parr hydrogenation bottle with 100 
ml of 95% ethanol. The mixture was shaken with 
hydrogen overnight, then filtered. An aliquot of the 
filtrate of the products resulting from l a  and 2a was 
evaporated to dryness, dissolved in 1 ml acetonitrile and 
gas chromatographed. The hydrogenolysis product of 3a 
was treated as indicated under bromo derivatives of m- 
and p-cresol and submitted to g.c. The filtrates from the 
hydrogenolysis of the di-ethers were distilled at atmos- 
pheric pressure and the distillate analyzed by U.V. 

spectroscopy. 
I Ether (la) 
I Bromo Derivatives of m- and p-Cresol To  a dry flask equipped with reflux condenser, mechan- One to 20 mg of or p-cresol or hydrogenation 

~ c a l  stirrer and nitrogen inlet was added 2-methyl-1,4- products of 3a was reacted with ml of water 
h~droquinone (4.03 g, 0.0325 mole), 5-chloro-l-~hen~l- (10 bromine, 10 potasslunl bromide, 100 water) for 
tetrazole(4.51 g, 0.025 mole),and potassium tert-butoxide min. The mixture was quenched with 0.5 ml of % 
(2.8 g, 0.025 in isOpropyl (250 ml). The sodium bisulfite solution and extracted with hexane. The 
mixture was stirred and refluxed in a nitrogen atmosphere hexane solution was used for g.c. analysis. A single and 
for l8  h. The mixture was filtered through paper different product was produced upon reaction with n ~ -  
hot, evaporated under reduced pressure, and and p-cresol, presumably 2,4,6-trlbromo-3-methylphenol 
from isopropyl alcohol-water. and 2,6-dibromo-4-methylphenol, respectively (5). 
3-Metl~ylcatechol Mono-(I-phetgvltetrazole) Ether (2a) 

and 4-Metlgvlcatechol Mono-(I-phenyltetrnzole) 
Ether 130) 

To  a dry thiee-necked flask equipped with reflux con- 
denser, mechanical stirrer, and nitrogen inlet was added 
methylcatechol, 5-chloro-1-phenyltetrazole, and potas- 
sium carbonate in the molar ratio of 0.05:0.05:0.1. After 
acetone (250 ml) was added, the mixture was stirred and 
refluxed in a nitrogen atmosphere for 18 h. The warm 
reaction mixture was filtered and evaporated under re- 
duced pressure. The residue was suspended in cold water, 
neutralized with 5 %  hydrochloric acid, and extracted 
several times with chloroform. The combined chloroform 
extracts were dried over anhydrous sodium sulfate, then 
filtered and evaporated to dryness. The residue was re- 
crystallized from acetone-water. 
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3-Alkylthio-l,2,4-dithiazolium salts are most conveniently made by alkylation of the Corresponding 
1,2,4-dithiazole-3-thiones by dimethyl sulfate. These salts readily undergo nucleophilic attack by amines 
in position 3, with loss of a methylthio group. Hydrogen peroxide oxidation, or chlorination, of the 
thiones gives the corresponding dithiazole-)-ones. 

Canadian Journal of Chemistry, 48,2142 (1970) 

T o  provide suitable examples of the 1,2,4- 
dithiazolium cation (1) for study, we have 
investigated some of their preparations and 
reactions. One suitable approach t o  this system 
appeared to  be from the readily accessible (1, 2) 
3H-1,2,4-dithiazole-3-thiones (2), since it was 
expected that they might react similarly t o  the 
3H-1,2-dithiole-3-thiones, which can be con- 
verted by several methods (3-9, into examples 
of the 1,2-dithiolium cation. 

O R =  P h ; R ,  = CI;X = C1 a R = P h  
b R = Ph; R1 = SCI; X = CI b R = p-MeC6H4 

c R = 0-MeC6H4 
rl R = 2-Furyl 
e R = p-MeOC6H4 
f R = 1-Naphthyl 
g R = 2-Naphthyl 

a R = Ph; R1 = Me; X = I 
6 R = Ph; R1 = Et; X = BF4 
c R = Ph; R, = Me; X = C104 
d R = p-MeCsH4 
e R = 0-MeC6H4 
f R = 2-Furyl 
g R = p-MeOC6H4 
h R = 1-Naphthyl 
i R = 2-Naphthyl 

The first reaction studied was the alkylation 
of the thiones (2), to  provide a convenient syntlie- 
sis of the 3-alkylthio-l,2,4-dithiazolium cations 
(3a-i). The preparation of one of these (3a) 
using methyl iodide as the alkylating agent has 
been reported (1). Also, use of triethyloxonium 
fluoroborate (6) provides examples of the 
3-ethylthio cation (36). However, the first of 

these methods is unsatisfactory in that the 
3-methylthio-1,2,4-dithiazolium iodide (3a) is 
insufficiently soluble t o  provide a convenient 
study of its properties. The latter method is also 
inconvenient in that it requires prior synthesis of 
triethyloxonium fluoroborate. 

A much more convenient method utilized 
dimethyl sulfate at  80". The thiones, 2a-g, were 
readily alkylated and treatment of the reaction 
solutions with perchloric acid afforded the 
3-methylthio salts, 3c-i, as their perchlorates in 
good yields. These were stable, bright colored, 
and readily soluble in acetic acid or  nitromethane, 
permitting study of their properties. The reac- 
tions of these salts with ainines are similar to  the 
reaction of various 1,Zdithiolium salts with 
amines (7-9). 3H-1,2,4-Dithiazole-3-tliiones (2) 
are reported to undergo nucleophilic attack by 
primary amines (1) a t  position 5 of the ring, with 
the eventual formation of thioamides. However, 
nucleophilic attack on the 3-alkylthio salts 3 by 
primary amines occurs at position 3, with sub- 
sequent elimination of methanethiol. The 
3-arylimino products 4 appear t o  be rather 
reactive, and in two cases, the imines 4a, b, 
formed by reaction of aniline with the salts 312, d 
respectively, could not be isolated, although a 
preparation of the imine 4a has been reported 
recently (10) by another method. Instead, in 
these experiments, further addition products 5 
with the amine were isolated. Only in the reaction 
of the salt (3d) with p-toluidine was the imine 4c 
isolated. further additions probably 
occurred at  position 5 rather than a t  position 3 
to  give the compounds 5a, b or  tautomers rather 
than the isomeric compounds 6 since nucleo- 
philic attack of ainine to the isoelectronic 
dithiazolethiones 2 takes place at  position 5. 
This structure is also indicated by nuclear mag- 
netic resonance (n.m.r.), which shows that two 
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quite different NH groups are present. In struc- 
ture 6 the two NH protons would be expected to 
be rather similar. No doubt other reactions 
are competing in the above. Some N-methyl- 
anilinium iodide was obtained by reaction of the 
iodide 3a with aniline, apparently by trans- 
methylation. 

s-s 

HN H 
NPh 

A-&NHP~ 
R NHPh 

Reaction of the compound 3c with N,N- 
dimethylaniline gave a different type of product, 
the 3-(4-dimethylaminopheny1)-5-phenyl cation 
was obtained as its perchlorate, 7a. The iodide, 
3a, reacted similarly, but the cation was obtained 
as tri-iodide 7b. The reaction probably proceeds 
by n~icleophilic displacement of methanethiolate 
anion by the dimethylaniline. Similar displace- 
ments are reported in the reaction of 3-alkylthio- 
1,2,4-dithiazolium salts with pyrroles (6). 

Treatment of 3H-2-dithiole-3-thiones with 
hydrogen peroxide in acetic acid or peroxyacetic 
acid (3, 11) gives 1,2-dithiolium salts. However, 
similar treatment of the thione 2a gave 5-phenyl- 
3H-1,2,4-dithiazole-3-one (8). Similar reactions 
have been reported in the peracetate oxidation 
of 4H-pyran-4-thiones (12). The reason for the 
difference in reactions is not clear. Although 
sulfines are probably intermediates in the oxida- 
tion of heterocyclic thioiles (13, 14), many 
different types of products are reported. 

S-S 

Ph l ~ b x -  NMe, i- phAN'& 

8 

7 

Also, treatment of 3H-1,2-dithiole-3-thiones 
with chlorine produces 3-chloro-l,2-dithiolium 
salts (5, 15). The dithiazolethione, 2a, under these 
conditions once more gave the -3-one 8 along 
with what appeared to be an adduct of the thione 
with chlorine. Probably the -3-one compound 
is derived from the 3-chloro-l,2,4-dithiazolium 
salt (la) by hydrolysis. 1,2-Dithiole-3-ones 
are obtained from dithiolethiones by chlorina- 
tion in boiling acid (16) and iminochlorides of 
the type (la) would be expected to hydrolyze 
more rapidly. The supposed adduct was a yellow 
compound, which decomposed in a few days on 
standing in the air at room temperature to a 
mixture of dithiazole-3-thione and dithiazolone. 
Chlorination in carbon tetrachloride provided 
only this adduct, which, in view of its limited 
solubility in non-polar solvents, may be 3-chloro- 
thio-l,2,4-dithiazolium chloride (lb). Similar 
adducts are reported in the halogenation of 
dithiolethiones (5, 17, 18). Another preparative 
method of similar halides, the action of oxalyl 
chloride on dithiole-3-ones, -3-thiones (19), or 
isothiazolones (20) was also unsuccessful when 
applied to the dithiazolone or dithiazolethione. 

Experimental 
Thin-layer chronlatography (t.1.c.) was performed on 

"Camag" silica gel type D.S.F.5. supplied by Mondray 
Ltd. Development of plates was carried out using ben- 
zene with increasing proportions of chloroform. The 
n.m.r. spectra were obtained ona  "Varian" model 56/60A 
spectrometer in deuteriochloroform solution using tetra- 
methylsilane as an internal standard. 

Rencfiorz of 3H-I,2,4-Difhinzole-3-fIzior1es (2n-g) 
wiflz Din~eflzyl Sulfate to Fo1.17~ 3-Meflzylfhio- 
I,2,4-clithiazoliztrn Per.chlor.nfes (3c-i) 

The freshly recrystallized thiones (I g) (1) and dimethyl 
sulfate (3 ml) were heated together at 80" until the mixture 
was homogeneous. The solution was treated with 70% 
perchloric acid (0.5 ml) and ether (5 ml) added. The 
precipitated salts were collected, washed with more 
ether, and recrystallized from acetic acid. The details 
are summarized below. 

3-Metl~ylthio-5-plzerzyl- I ,2 ,4-d i fIz iazoiz  Per.cI11or.nfe 
(3c) 

This was obtained as  ale yellow needles m.p. 165' . - 
(82%). 

Anal. Calcd. for CBH8NS3C104: C, 33.19; H, 2.46; 
N, 4.30; S, 29.51; CI, 10.88. Found: C, 32.79; H, 2.51; 
N, 4.31; S, 29.16; C1, 11.13. 

This con~pound was also prepared by treatment of 
3-methylthio-5-pheny1-1,2,4-dithiazoliun1 iodide (I) (3n) 
in boiling acetic acid with perchloric acid. The dark 
solution was decanted off insoluble material and diluted 
with ether. Recrystallization gave a perchlorate identical 
to that above. 
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3-Methylthio-5-p-toIyl-l,2,4-ditI1iazolitrm Perchlorate 
(3d) 

This was obtained as pale yellow needles m.p. 157" 
(90 %). 

Anal. Calcd. for Cl0H,,NS3CIO4: C, 35.32; H, 2.94; 
N, 4.13; S, 28.26; Cl, 10.45. Found: C, 35.22; H, 2.89; 
N, 4.27; S, 28.45; CI, 10.64. 

3-Metllyylrhio-5-0 - tolyl- 1,2,4-dithiazoli~rriz Perchlorate 
(3e) 

This was obtained as bright yellow needles m.p. 164" 
(87 %). 

Anal. Calcd. for ClOHIONS3C1O4: C, 35.32; H, 2.94; 
N, 4.13; S, 28.26; C1, 10.45. Found: C, 35.22; H, 2.89; 
N, 4.27; S, 28.45; Cl, 10.64. 

3-Metllylthio-5-(2 filryl) -1,2,4-Lji(l1iazolilrri1 
Perclllorate (3 / )  

This was obtained as pale yellow needles m.p. 140.5 - - 
(73 %). 

Anal. Calcd. for C7HGNN3CI05: C, 26.69; H, 1.91; 
N, 4.44; S, 30.41; C1, 11.26. Found: C, 26.76; H, 1.95; 
N, 4.57; S, 30.25; C1, 11.14. 
3-Metl1y/tl1io-5-p-methox~'pI1e11yl-1,2,4-ditltiazoli~11i1 

Perchlorate (3g) 
This was obtained as bright yellow needles m.p. 155" 

(61 %). 
Anal. Calcd. for Cl0HloNS3C1O5: C, 33.82; H, 2.81; 

N, 3.94; S, 27.10; C1, 9.99. Found: C, 33.73; H, 2.75; 
N, 4.13; S, 27.12; C1, 9.85. 

3 - M e t l 1 y l t l 1 i o - 5 - ( 1 - 1 1 a p h t h y l ) - 1 , 2 , 4 - ~ 1 n  
Perchlorate (3h) 

This was obtained as light orange needles m.p. 141" 
(91 %I. 

Anal. Calcd. for C13H10NS3C104: C, 43.45; H, 2.57; 
N, 3.59; S, 24.69; CI, 9.12. Found: C, 43.15; H, 2.61; 
N, 3.85; S, 24.91; C1, 9.40. 
3-Metl1ylt/1io-5-(l-11ap/1t/1y/) -l,2,4-ditl1iazoli11m 

Perchlorate (311) 
This was obtained as light orange needles m.p. 141" 

(91 %). 
Anal. Calcd. for C13HIONS3C104: C, 43.45; H, 2.57; 

N, 3.59; S, 24.69; CI, 9.12. Found: C, 43.15; H, 2.61; 
N, 3.85; S, 24.91; CI, 9.40. 
3-Met/1ylthio-5-(2-11apAtlryl)-l,2,4-ditl1iazoli1rm 

Perchlorate (3i) 
This was obtained as orange needles m.p. 155" (86%). 
Anal. Calcd. for Cl3HIONS3C1O4: C, 43.45; H, 2.57; 

N, 3.59; S, 24.69; C1, 9.12. Found: C, 43.14; H, 2.72; 
N, 3.74; S, 24.91; C1, 9.04. 

Reaction 0/3-Methyltl1io-5-phe11yI-I,2,4-dithiazoli111i1 
Perchlorate wit11 Aniline to For111 the C O I I I P O U I I ~  
50 

The perchlorate (0.5 g) and aniline (0.3 g) were heated 
together in acetic acid (10 ml) until the solution was 
homogeneous, then the mixture was diluted with water. 
The dried ether extract was examined by t.1.c. and two 
bands were eluted. The first band (50 mg) did not crys- 
tallize, but the second band crystallized under ethanol. 
Pale yellow needles m.p. 126" were obtained (62%). 

Anal. Calcd. for CZOH17N3SZ: C, 66.21; H, 4.68; N, 
11.55; S, 17.65. Found: C, 66.00; H, 4.67; N, 11.72; S, 
17.64. 

The n.m.r. spectrum 3.4 to 2.2 (15H band, from the 
three aromatic rings); 1.78 ( IH singlet, on 5-anilino 
nitrogen), -4.11 r ( IH singlet, on ring nitrogen). When 
the above reaction was performed in ethanol and the 
solution diluted with ether, a small amount (-60 mg) of 
N-methylanilinium iodide was obtained. Work-up as 
above gave similar results. 

Reaction o/3-Metl1ylthio-5-p-tolyl-1,2,4-dit/1iazolitrri1 
Perchlorate (3d) with Arlilir~e to For111 56 

This reaction was performed as above. Pale yellow 
needles m.p. 145-146 were obtained (78%). 

Anal. Calcd. for C21Hl,N3S2: C, 66.81 ; H, 5.04; N, 
11.07; S, 16.99. Found: C, 66.52; H, 5.17; N, 10.93; S, 
16.73. 

The n.m.r. spectrum 7.72 (3H singlet methyl group), 
3.4 to 2.2 (14H bands from the aromatic rings), 1.20 ( IH  
singlet, on 5-anilino nitrogen), -4.10 .r (1H singlet, on 
ring nitrogen). 

Reaction 0/3-Methybl1i0-5-p-tolyl-l,2,4-rli~Aiazoliuriz 
Perchlorate (3d) with p-Tollrirlirle 

The perchlorate (0.5 g) andp-toluidine (0.2 g) in acetic 
acid (10 ml) were heated until a homogeneous yellow 
solution was obtained. The solution was diluted with 
water and the ether extract examined by t.1.c. The first 
band did not crystallize but the second crystallized on 
evaporation and was recrystallized from ethanol. Orange- 
yellow plates m.p. 125-126" were obtained (42%). 

Anal. Calcd. for C16H14N2S2: C, 64.42; H, 4.69; N, 
9.39;S,21.48.Found:C,64.23;H,4.75;N,9.21;S,21.59. 

The n.m.r. spectrum 7.65 (3H singlet) 7.63 (3H singlet), 
3.1 to 1.9 .r (8H bands, from aromatic rings). 

Reactiori of 3-Methyltl1io-5-plrei1yl-l,2,4-ditI1iazoli111i~ 
Perchlorate (3c) with Dirnethylanilir~e to Forrrl 
3-Perclrlorate (70) 

The perchlorate (0.5 g) and dimethylaniline (0.4 g) in 
acetic acid (10 ml) were heated together for 10 min. The 
solution rapidly became deep blue. The crude product 
obtained on cooling was washed with ether and recrys- 
tallized from acetic acid. Dark blue needles with a green 
reflex were obtained, m.p. 225-226" (70%). 

Anal. Calcd. for Cl6Hl5NZSZC1O4: C, 48.18; H, 3.76; 
N, 7.03; S, 16.06; C1, 8.90. Found: C, 47.99; H, 3.86; N, 
7.01; S, 16.23; C1, 9.10. 

Reaction of the iodide, 30, was performed the same 
way. Dark blue crystals were obtained of compound 70 
m.p. 240-245" (21 %). 

Anal. Calcd. for Cl6HI5N2S2I3 : C, 28.25; H, 2.21 ; N, 
4.13; S, 9.42;1, 56.10. Found: C, 28.60; H, 2.49; N,4.09; 
S, 9.35; I, 55.89. 

Reactiorz 0/5-Pl1enyl-3H-1,2,4-dithiazole-3-t/1io11e (2a) 
with Hydrogen Peroxide 

To a solution of the thione (1.0 g) in acetic acid (20 ml) 
at 25", hydrogen peroxide (0.55 ml, 30% solution in 
water) was added. The solution became darker, then 
paler after 30 min. After 1 h the mixture was diluted with 
ether, but no salt-like material was precipitated. Dilution 
with water and evaporation of the ether extract gave the 
dithiazolone (a), identical (mixed n1.p.) with an authentic 
sample (2) (25 %). 
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NOTES 2145 

Chlorination of 5-Phenyl-1,2,4-dithiazole-3-thione (2a) 
(a) In acetic acid. The thione (0.5 g) in acetic acid at 

room temperature (10 ml) was treated with a stream of 
chlorine until the red color had disappeared. The mix- 
ture, treated with ether, afforded an insoluble yellow 
precipitate which decomposed in a few days to a mixture 
of the dithiazolethione and dithiazolone. Evaporation of 
the ether solution gave dithiazolone. 

(b) In carbon tetrachloride. The thione (0.5 g) in 
carbon tetrachloride was treated with chlorine. A yellow 
precipitate was obtained identical to that above. 

Reaciiorzs of 5-Phenyl-1,2,4-dithiazol-3-thione (2a) 
with Oxalyl Cl~loride and Thionyl Chloride 

The thione was treated with an excess of oxalyl chloride 
or thionyl chloride in boiling benzene for 4 h. Only 
starting material was isolated. 
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Cyclopropylcarbinyl-0x0-carbonium ions. 
A solvolytic basis for the cyclopropylcarbinyl-0x0-carbonium ion 

BERT FRASER-REID AND BRUNO RADATUS 
Depnrtt?~ent of' Clren~istty, Ut~iversity of' Wnterloo, Wnterloo, Ot~tnrio 

Received January 28, 1970 

Hydrolysis of 4,6-0-benzylidene-3-deoxy-3-C-(iodomethyl)-~-allal(1) in neutral buffered medium with 
or without silver ion assistance gives the cyclopropyl aldehyde 4 as the only product. Methanolysis of 1 
gives an equal mixture of the CY and !3 anomers of methyl 4,6-0-benzylidene-2,3-C-methylene-2,3-dideoxy- 
D-allopyranosides (6 and 7). These results indicate that the cyclopropylcarbit~yl-0x0-crn'bot~illt?~ iot~ (2), 
is produced with unit efficiency in solvolyses in neutral media, and the formation of both diasteriomers 
(6 and 7) requires the complete absence of bicyclobutonium ion (9) resonance contribution to the stabi- 
lized intermediate, and implies a strong contribution from the 0x0-carbonium ion 10. In basic media 
compound 1 undergoes quantitative dehydroiodination to the conjugated diene, 4,6-0-benzylidene-l,2,3- 
trideoxy-3-C-methylene-D-ribo-hex-I-enopyranose (8). 
Canadian Journal of Chemistry, 48.2146 (1970) 

In a recent communication from this laboratory 
it was suggested that the vinyl ether 1 might 
provide access to the novel ion 2, named the 
cyclopropylcarbit~yl-0x0-carbonium ion in order 
to denote its composition from two well stabilized 
ions (1). This communication presents results of 
some solvolytic studies which confirm the earlier 
speculation (1) in that they are best rationalized 
by the carbonium ion 2 rather than by either of 
the contributing ions operating singly. Addi- 
tionally, the study has afforded a number of novel 
carbohydrate structures which appear to be of 
theoretical and synthetic importance. 

Under conditions which left a normal primary 
iodide 35% unreacted after 18 h, silver-ion 
assisted hydrolysis of iodide 1 was complete in 
less than 1 min (1). In the absence of silver ion, 
the hydrolysis buffered at p H  6.98 required 
refluxing for 2 h. A single product was given in 
either case and this could also be obtained in 
quantitative yield by refluxing either 6 or 7 in 
aqueous dioxan (pH 6.23) for 1 h. The substance 
was judged to be 4' since its nuclear magnetic 
resonance (n.m.r.) spectrum was devoid of 
olefinic protons, but indicated an intact benzyl- 
idene group, four cyclopropyl protons (z 7.8- 

'For 4: m.p. 142.5-144.5; [aIDz3 -63.9 (c, 3.1 in 
CHCI3). 

Anal. Calcd. for Cl4Hl6O4: C, 67.72; H, 6.50. Found: 
C, 67.90; H, 6.46. 

8.8), an aldehyde2 proton (z 0.38, JI2 = 4.0 Hz), 
and an exchangeable proton. The latter belonged 
to a secondary hydroxyl group since acetylation 
at 0" with acetic anhydridelpyridine gave rise to 
a one-hydrogen multiplet at z 4.9 (2). It had to be 
ascribed to H-5 of 53 since the aldehyde group 
(1704 cm-'; z 0.23; J12 = 3.0 Hz) had been 
unaffected by the acetylation. 

Silver-ion assisted deiodination of 1 evidently 
led to ion 2 (see Scheme 1) which experienced 
nucleophilic attack by water at C-I, undoubtedly 
the site of highest charge density. This rationaliza- 
tion could be tested by using methanol since 
the resulting acetal would be incapable of such 
rearrangement. Accordingly, methanolysis4 of 
compound 1 gave an equal mixture of two com- 
pounds judging from the intensities of their 
methoxyl n.m.r. signals. They were separated by 
silica column chromatography, and one was the 
previously reported cyclopropane 6 (1, 3). The 
other compound was obviously the p-D-anomer 
7 since its n.m.r. spectrum differed from that of 
6 only in the two main respects expected for an 

ZThe compound gave a positive Schiff's test; H , , ~ :  
2793, 2703, 1701 cm-'. 

3For5: m.p. 126-128; [aIDz3 - 89.2 (c, 2.36 in CHC13). 
Anal. Calcd. for C16H1805: C, 66.19; H, 6.25. Found: 

C, 66.45; H, 6.39. 
4MethanoI, silver nitrate, and silver carbonate. 
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8 

I Basic medium Water \ 
+ 

phT*, A.+; ROO. or temperature 

Water-dioxan reflux 
3, CHII 

Simmons-Smith 

conditions 

anomeric pair (4),  namely (i) a signal easily 
recognizable as an anomeric proton (5)  at T 5.27, 
0.24 p.p.m. to higher field than the H-1 resonance 
of 6' and ( i i)  a signal for methoxyl at T 6.58, 0.09 
p.p.m. to lower field than the corresponding 
signal in 6 .  Independent support for this assign- 
ment was obtained from the specific rotations6 
which conform to the pattern usually observed 
for anomeric pairs in the D-series of carbohydrate 
molecules (6). 

When 1 was refluxed in aqueous dioxan con- 
taining triethylamine or sodium hydroxide the 
conjugated diene 8' was the only substance 

'J12 in 6 is 5.0 Hz and in 7 it is < 0.2 Hz. 
6For 6: [a]D2,, + 115.2 (c, 2.86 in CHCI,). For 7:  

[a]D2,, -8.0 (c, 3.06 in CHC13). 
'Spectral evidence in support of 8 are: p,,,,,: 3012, 

2849, 1645, 1600, 878 cm-'; h,,,: 243 mp (E = 4600). 
H-1, T 3.60 (J12 = 6.0 HZ. J 1 2 ,  5 0.5 HZ): H-2. T 4.53 ,. . 
(J12 = 6.0 H Z ; - ~ O  other coupihg). 

I Anal. Calcd. for C14H1403: C, 73.02; H, 6.13. Found: 
C, 72.90; H, 6.38. 

formed. Complete absence of the "normal" 
hydrolysis product (4)  suggested that the ion 2 
was not involved in the base catalyzed reactions. 
This was supported by showing that when in- 
dependently treated with base, 4 was not con- 
verted to 8. Presumably in base the tertiary 
hydrogen (H-3) is the preferred site for nucleo- 
philic attack and dehydroiodination results. 

Solvolyses of 1 in neutral media are therefore 
seen to lead to cyclopropanated derivatives 
exclusively. This implies total orbital overlap 
between the -0-C=C- array and the de- 
veloping carboniurn ion at C-3', an outcome 
directly attributable to involvement of the vinyl 
oxygen in the process since in steroidal analogues, 
cyclopropane derivatives comprise only about 
50 % of the product (7). Of even greater note is 
the formation in equal amounts of the anomers 
6 and 7 during methanolysis of 1 in contrast to the 
steroidal models where the rearrangements give 
only one diasteriomer (8).  This result indicates 
that the intermediate possess no contribution fionz 
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bicyclobutonium resonance forms such as 9 which 
would protect the a-face o f  the ion. This pre- 
sumably reflects the extent to which the charge is 
delocalized from the a-position to the oxygen, 
giving added weight to the oxocarboniunz (10) 
contribution. 

Further work on the chemistry of the cyclo- 
propylcarbinyloxo-carbonium ion (2) is under- 
way and will be reported upon in due course. In 
addition the compounds (4, 5, 8) arising from 
this study are interesting new members of the 
branched-chain carbohydrate family, and their 
elaboration into other novel structures is also 
being investigated. 

We acknowledge generous financial support from the 
National Research Council of Canad,a and the Depart- 
ment of University Affairs of Ontario. The accomplish- 
ment of this work was greatly facilitated by the presence 
in the Department of a T-60 n.m.r. spectrometer, gen- 
erously loaned to us by Varian Associates of Toronto. 
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Solvent effect on the conformational preference of the carbanions derived from 
benzyl methyl sulfoxide 

T. DURST, R. R. FRASER, M. R. MCCLORY, R. B. SWINGLE, R. VIAU, AND Y .  Y .  WIGFIELD 
Department of Clzetnistry, University of Ottawa, Ottawa, Canada 

Received April 13, 1970 

The effect of solvent on the stereochemical course of deuteration of benzyl methyl sulfoxide has been 
studied by two methods. In the first, the relative rates of exchange of the diastereotopic methylene 
protons were found to vary from 14:l (D20/NaOD) to 0.5:l (t-butanol-ODINaO-t-butyl). Experiments 
on quenching a-lithiobenzyl methyl sulfoxide with DzO gave the same diastereomers in ratios ranging 
from 1.7:l (DMSO) to 0.065:l (THF). The significance of these findings in relation to previous work on 
conformational stabilities of a-sulfinyl carbanions is discussed. 

Canadian Journal of Chemistry, 48, 2148 (1970) 

A number of authors have recently reported 
the kinetic nonequivalence in the proton exchange 
of methylene groups a to a sulfoxide (1-5). In par- 
ticular Wolfe and co-workers (1) found a 16:l 
rate difference for the exchange of the methylene 
protons of benzyl methyl sulfoxide (1) in D 2 0 /  
NaOD at 15". Wolfe and Rauk (6) subsequently 
reported the absolute stereochemistry of the more 
rapidly exchanging protons as pro S when the 
sulfur chirality was also S. They furthermore sug- 

gested that the preferred exchange occurred by 
way of the carbanion bisecting the internal oxy- 
gen-sulfur - lone pair angle. Extensive LCAO- 
MO-SCF calculations (7) on the hypothetical 
carbanion -CH2S(0)H and on methyl sulfinyl 
carbanion indicated this conformation to  be 
highly favored with the carbanion preferring to 
be non-planar. 

Baldwin and co-workers (8) have recently 
questioned the application of the theoretical 
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bicyclobutonium resonance forms such as 9 which 
would protect the a-face o f  the ion. This pre- 
sumably reflects the extent to which the charge is 
delocalized from the a-position to the oxygen, 
giving added weight to the oxocarboniunz (10) 
contribution. 

Further work on the chemistry of the cyclo- 
propylcarbinyloxo-carbonium ion (2) is under- 
way and will be reported upon in due course. In 
addition the compounds (4, 5, 8) arising from 
this study are interesting new members of the 
branched-chain carbohydrate family, and their 
elaboration into other novel structures is also 
being investigated. 
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The effect of solvent on the stereochemical course of deuteration of benzyl methyl sulfoxide has been 
studied by two methods. In the first, the relative rates of exchange of the diastereotopic methylene 
protons were found to vary from 14:l (D20/NaOD) to 0.5:l (t-butanol-ODINaO-t-butyl). Experiments 
on quenching a-lithiobenzyl methyl sulfoxide with DzO gave the same diastereomers in ratios ranging 
from 1.7:l (DMSO) to 0.065:l (THF). The significance of these findings in relation to previous work on 
conformational stabilities of a-sulfinyl carbanions is discussed. 

Canadian Journal of Chemistry, 48, 2148 (1970) 

A number of authors have recently reported 
the kinetic nonequivalence in the proton exchange 
of methylene groups a to a sulfoxide (1-5). In par- 
ticular Wolfe and co-workers (1) found a 16:l 
rate difference for the exchange of the methylene 
protons of benzyl methyl sulfoxide (1) in D 2 0 /  
NaOD at 15". Wolfe and Rauk (6) subsequently 
reported the absolute stereochemistry of the more 
rapidly exchanging protons as pro S when the 
sulfur chirality was also S. They furthermore sug- 

gested that the preferred exchange occurred by 
way of the carbanion bisecting the internal oxy- 
gen-sulfur - lone pair angle. Extensive LCAO- 
MO-SCF calculations (7) on the hypothetical 
carbanion -CH2S(0)H and on methyl sulfinyl 
carbanion indicated this conformation to  be 
highly favored with the carbanion preferring to 
be non-planar. 

Baldwin and co-workers (8) have recently 
questioned the application of the theoretical 
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results for -CH,S(O)H to benzyl methyl sulf- 
oxide and showed that the original stereo- 
chemical assignment was in error in that benzyl 
methyl sulfoxide in D,O/NaOD exchanges the 
pro R hydrogen more rapidly when sulfur has 
S chirality.' 

Efforts have been made to verify experi- 
mentally the theoretical calculations regarding 
preferred carbanion conformations using con- 
formationally constrained cyclic sulfoxides (4,, 
5). The results of both studies were in conflict 
with the theoretical predictions. In addition pre- 
liminary results have indicated substantial varia- 
tions in the relative rates of exchange of dia- 
stereotopic protons a to a sulfinyl group with 
changes in solvent (5, 9). 

We have investigated the effect of solvent on 
the stereoselectivity of formation of diastereo- 
meric monodeuterated sulfoxides 2 and 3 pro- 
duced from benzyl methyl sulfoxide by com- 
petitive base-catalyzed exchange in deuterated 
protic solvents and by rapid quench of the a- 
lithiosulfoxide (4) in aprotic media. Under both 
sets of conditions the diastereomer 2 having the 
R configuration at carbon (sulfur chirality S) is 
preferentially formed in solvents of high dielec- 
tric constant while 3 having the S stereochemistry 
at carbon predominates in low dielectric constant 
solvents. 

The relative rates of exchange of the two 
diastereotopic protons of 1 are given in Table 1. 
The rates in D,O/NaOD were obtained by 

IS. Wolfe has informed us that his group had inde- 
pendently arrived at  the same conclusion. 

2The tentative stereochemical assignments made in this 
paper have been shown to be in error and have been 
corrected (10). 

TABLE 1 

Relative rates of exchange of the 
diastereotopic protons in benzyl 

methyl sulfoxide at 24" 

Relative rates 

Solvent/base HA Hu 

monitoring deuterium uptake by mass spec- 
trometry and are accurate to within 2 % (1 1); 
they compare favorably with those obtained by 
nuclear magnetic resonance (n.m.r.) integration 
of the benzylic AB quartet as the exchange pro- 
ceeds (1). The latter method was also used to 
obtain the data in CD30D/CD30Na. The simple 
i1.m.r. method could not be used for the exchange 
in t-butanol-0-d since the benzylic protons are 
magnetically equivalent in this ~ o l v e n t . ~  Relative 
rates were obtained by quenching the reaction 
after partial exchange and analyzing the n.m.r. 
spectrum of the material so obtained according 
to the method described previously (12), the 
accuracy being + 15 %. 

The lithio derivative 4 was generated at 24" in 
DMSO, THF, and benzene and quenched after 
1 min by addition of D,O (D,O/DOAc in the 
benzene and DMSO reactions). The ratio of 2 to 
3 was determined by n.m.r., the accuracy being 
1 1 0 %  (Table 2). The experiments in THF at 
24, -20, and -60" show variations in selectivity 
consistent with a temperature-dependent equi- 
librium. 

TABLE 2 

Relative amounts of monodeuterated species 2 
and 3 formed upon quenching of 4 with D 2 0  

-- 

Relative 
amounts 

Temperature 
Solvent 2 3 PC) 

3Thepro R in S proton appears at  lower field in water, 
methanol, and DMSO-d6 but at  higher field in deutero- 
chloroform. Similar solvent effects have been noted 
previously (3). 
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Our results can be rationalized 011 the basis of 
either a single planar carbanion intermediate4 
which protonates preferentially from one side in 
the high dielectric constant solvents D,O, 
CD,OD, and DMSO and froin the other side in 
the low dielectric constant solvents t-BuOD, 
THF, and benzene or two isomeric pyramidal 
carbanions4 in which the relative energies of the 
diastereonlers vary greatly with solvent. The 
latter explailatioil appears preferable to us at 

tions of sulfoxides with positive chlorine species 
(16-19), give high selectivity. From our results 
we would predict that the appropriate solvent 
change should alter the stereochemical result. 
These predictions, together with further efforts to 
establish the nature of the carbanion inter- 
mediate or intermediates are being investigated. 

The authors thank the National Research Council of 
Canada for generous financial support. 
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Measurements of the energies and intensities of gamma rays associated with decay of '38Nd 138Prm 
and '38Pr%ave been performed using a Ge(Li) detector. The branching ratio to a previously un'reported 
excited level of '38Pr (328.1 keV) has been measured, thus allowing for direct measurement of the decay 
of I3'Nd. Half-lives of 2.20 + 0.07 and 5.04 + 0.09 h have been measured for 138Pr"' and I3'Nd 
respectively. Decay schemes for '38Prm -> L38Ce and for the decay chain '38Nd -> 13'Prg -> 
are proposed. 

Canadian Journal of Chemistry, 48, 2151 (1970) 

Introduction They did not measure the branching ratio to this 

Until recently, little work had been performed 
on the neutron-deficient neodymium isotopes 
since their discovery nearly two decades ago (1). 
At that time, 13'Nd was reported to have a 
half-life of 5.5 h while that of '38Nd was thought 
to be 22 min. Twelve years later, Dzhelepov et al. 
(2) suggested, on the basis of measurements of 
the positron spectra of the five-hour neodymium 
fraction by Bonch-Osmolovskaya et al. (3), that 
both 139Nd and 138Nd had half-lives of about 5 h. 
It was proposed that '38Nd then decayed to. a 
short-lived isomer of 138Pr, and that this isomer 
in turn decayed directly to the ground state of 
'38Ce, by-passing the well-established (1) two- 
hour isomer of 138Pr. Gromow et al. (4) published 
two studies of the decay chain 138Nd + 138Prg + 

'38Ce, including measurement of the half-life of 
the short-lived 1 3 8 ~ r g ,  based upon studies of 
positron energy spectra and of conversion elec- 
trons. The first measurement of branching ratios 
and transition energies between excited 'levels 
of 138Ce was carried out by Buttsev et al. (5) 
as part of a long-range study of very neutron- 
deficient neodymium nuclides. These authors 
are the first to refer to the existence of an excited 
state of 138Pr lying "about 325 keV" above the 
ground state, but below the two-hour isomer. 

'Research supported by a grant from the National 
Research Council of Canada. 

level, however. 
It was felt that a further study of this decay 

chain would be of value for several reasons. First, 
establishment of the branching ratio and decay 
energy of this excited state would provide a 
simple, direct means of studying '38Nd formed 
in nuclear reactions, by gamma ray spectroscopy. 
This nuclide was previously thought to decay 
entirely, and directly, to the ground state of 
'"Pr with a positron-electron capture half-life 
indistinguishable from that of 13'Ndm.' Second, 
no accurate (to better than $-lo keV) deter- 
mination of the excited energy levels of '38Ce had 
been performed (6). Third, decay of the afore- 
mentioned excited level of 1 3 8 ~ r  would provide 
the first direct measurement of the half-life of 
138Nd, with no problems arising from contamina- 
tion by 13'Ndm. And finally, the system has 
intrinsic interest. Because of the large difference 
in the angular momentum of the ground and 
metastable states of 138Pr, almost no states 
populated in the decay of one isomer are pop- 
ulated in decay of the other. One therefore has 
two almost totally unrelated level schemes in 
'38Ce, each populated entirely by decay of a 
different level of 138Pr. 

2The 5-h '3yNd discovered by Stover (1) was later 
found (4) to be actually a metastable state; therefore it 
is now properly written l3'Nd"'. The 22-min activity was 
most likely the 29-min ground state, '39Nd8. 
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TABLE 1 

Gamma rays observed in this work attributed to  the decay 13'Prm -> 13'Ce 

Fraction of 
Transition Energy Relative Energy of level decays to  this 

number (keV) intensity of origin (keV)* energy level (%)* 

*Calculated from the decay scheme proposed later in this work. 
?After correction for a five-hour decay component (see text). 

Experimental 
The targets, 99.999% pure praseodymium dioxide, 

were irradiated by 48-MeV protons in the internal beam 
of the McGill University Synchrocyclotron, for periods 
ranging from 12-60 s. With a nominal beam current of 
1 PA, quantities of the desired 13'Nd and 13'Pr activities 
sufficient for the purposes of this work were produced by 
the 141Pr (p,4n) and I4'Pr (p,p3n) reactions, respectively. 
The powdered target material, typically of the order of 
40 mg of P roZ ,  was contained in a thin-walled aluminum 
tube, pinched off at both ends, identical to those used in 
previous nuclear reaction studies in the McGill Radio- 
chemistry Laboratory (7). 

The bombarding energy of 48 MeV was chosen 
because it is less than the calculated threshold for pro- 
duction of 13'Nd by the (p,5n) reaction (8), but also 
substantially beyond the energy at  which the peaks occur 
in the (p,3n) excitation functions for production of 
139Ndm and 139Nd%3 This bombarding energy allows then 
for maximum production of the desired products of mass 
138, with minimum contamination from those of masses 
137, 139, and 140. 

After irradiation, the aluminum tube was slit open and 
the powder dispersed as evenly as possible over a circular 
area of approximately 1 cmZ. 

The activity of the samples was measured on a 25-cm3 
Ge(Li) detector, at  a source-to-detector distance of 
8-14 cm, beginning about 15 min after the end of 
irradiation. In one case, in which a search was carried out 
for decay periods of 5-30 min, the source was placed 
less than 1 cm from the detector to maximize the counting 
rate in the necessarily short counting periods. In the most 
frequently used counting configuration (8 cm), the 
detector efficiency and resolution for 'OCo was 0.039% 
with a full-width at  half-maximum of 4.7 keV. 

A series of International Atomic Energy Agency 
standard sources were measured in the same geometrical 
arrangements as the samples to determine both the 
counter efficiency and an  energy calibration curve. These 
sources provide eleven external (to the neodymium 
samples) energy calibration points which were used in 
conjunction with four internal data points arising in the 
decay of 139Ndm,6 (9) to calibrate the energy scale. 

3Measurement of the l4lPr (p,xn) excitation functions 
is presently in progress in this laboratory. 

After the background was subtracted, the data in each 
channel of a given peak were fitted to  a Gaussian-shaped 
curve which determined the peak position. The fifteen 
calibration energies, ranging from 113.8 to 1332.5 keV, 
were then used to  determine the energies of the gamma 
rays arising in the decay of 13'Nd and 13'Pr. 

Decay curves for all peaks were fitted by standard 
least-squares decay-curve analysis. 

Finally, the activity of a source from one irradiation 
was measured for several hours, making use of a biased 
amplifier, to search for any peaks at gamma-ray energies 
from 1600 to 3600 keV. No unidentifiable peaks in this 
energy region were found. 

Results 

(a) The Decay 138Prm 138Ce 
Gamma rays associated with transitions in 

138Ce which are populated from decay of 
138Prm are characterized by the parent half-life 
of approximately 2.2 h. The transitions which are 
listed in Table 1 arose from the decay in whole, 
or in part, of a nuclide with a decay period of be- 
tween 2.0 and 2.5 h. The first column lists the tran- 
sitions measured. The energy of each transition, 
in keV, with its associated standard deviation, is 
listed in the second column. The relative intensity 
of each gamma transition, normalized to the peak 
at 1037.8 keV =- 100.0 is presented in the third 
column. The fourth column gives the energy of 
the level above the ground state of 1 3 8 ~ e  from 
which the transition originates, and the fifth gives 
the fraction of all decays which lead to the energy 
level listed in column four. Note that this is the 
branching fraction to the level and not to the 
transition. The data in the fourth and fifth 
columns are discussed in the Discussion section. 

For two of the measured gamma rays, least- 
squares analysis of the decay curves revealed the 
presence of a five-hour component. These have 
been so noted in Table 1. Three possibilities must 
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HOGAN: THE RADIOACTIVE DECAY SERIES "8Nd + 138Pr + 13Te 2153 

be considered as explanation: (i) the peak may, 
purely coincidentally, overlap with a peak 
associated with the decay of 13'Ndm, (ii) the peak 
may also be associated with the decay of l3'PrS 
which, because of its short half-life, will be in 
secular equilibrium with 13'Nd, and (iii) there 
may be a branch from 13'Nd to 13'Prm which 
would introduce a growth component to the 
decay. One of the purposes of this work was to 
establish firmly whether, as first suggested by 
Gromow et al. (4), the decay of 13'Nd does 
indeed by-pass completely this isomeric state. 

The transition at 547.4 keV was corrected for 
contamination by the 547.7-keV transition in the 
decay of 13'Ndm by means of the known (9) 
relative intensities of the peaks in 13'Ndm a t  
547.7 and 738.1 keV. This method proved more 
satisfactory than a simple two-component decay- 
curve analysis because of the statistical un- 
certainty in the count rates of the peaks at 
547 keV and the similarity of the half-lives of the 
two nuclides. The two methods of correction 
agree within the limit of error; this is not sur- 
prising in the light of the large error associated 
with the latter procedure. 

The peak at 788.6 keV also contains a five-hour 
component. Since there is no peak of similar 
energy in the decay of 13'Ndm, and no other 
peaks in the decay of 13'Prm show such a com- 
ponent, one must conclude that the peak arises in 
decay of both 13'Prg and 38Prm. 

Two methods exist for resolution of the 
two- and five-hour components: simple decay- 
curve analysis, feasible in this peak because of 
higher counting rates, and comparison of the 
relative intensities of the peaks at 1037.8 and 
788.6 keV, suggested to be equal in decay of 
138prm by results of both Gromow (4) and 
Buttsev (5). The observed difference in the 
intensities may then be attributed solely to decay 
of 13'Prg. The values for the relative intensity as 
calculated by the two procedures agree within the 
limits of uncertainty, which unlike the previous 
case, are quite similar. 

The various half-lives determined by least- 
squares analysis of the decay curves for each of 
the peaks (except that at 547.4 keV, for which the 
uncertainty was too great) were than combined 
and weighted by l /oZ to determine the "best" 
half-life for 13'Prm. 

The results of the experiments are presented in 
Fig. 1 as a decay scheme for 13'Prm. The ordering 

FIG. 1. Proposed decay scheme for 13sPrm + '"Ce. 

of levels is that of Buttsev et al. (5). The branching 
ratios, relative intensities, energies, and half-life 
are those measured in this work. 

(b) The Decay 13'Nd + 13'Prg + I3'Ce 
Gamma rays associated with this decay chain 

are characterized by a half-period of about 5 h. 
Gamma rays measured in this work, having this 
half-life, and which could not be accounted for 
as coming from 13'Ndm, are listed in Table 2. In 
.addition, two negative results with their limits 
of uncertainty are reported for transitions re- 
ported by Buttsev et al. (5). These will be dis- 
cussed in the appropriate section. The first three 
columns of Table 2 report the same quantities as 
those of Table 1. The fourth column indicates 
in the excited states of which nuclide in the decay 
chain the transition occurs. The fifth and sixth 
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TABLE 2 

Gamma rays observed in this work attributed to the decay chain 13'Nd + 13'Pr6 + 13'Ce 

Transition 
number 

Transition 
occurs 

Energy Relative between 
(keV) intensity levels of 

328.1k0.8 9 . 0 k 0 . 3  138prs 
687.8k0.8 3 . 9 k 0 . 4  13'Ce 
788.6k0.2 =10.0 13'Ce 

1476.5k1.5 0 .4kO.  1 13'Ce 
(72211 o . o k o . 0 2  - 

(1 5lO)i 0 . 0 ~ 0 . 0 2  - 

Fraction of 
Energy of level decays to this 
of origin (keV)* energy level (%)* 

328.1k0.8 6 . 5 k 0 . 8  
1476.4+0.8$ 3 . 1 k 0 . 4  
788.6k0.2 4 . 4 k 1 . 2  

1476.5k1.5 3.1 k 0 . 4  
- < o .  1 
- < 0 . 1  

*Calculated from the decay scheme proposed later in this work. 
?Gamma rays observed by previous workers (see text). 
$This error differs from that for Transition 4 in columns 2 and 5 because it is calculated from the cascade-energy sum. The overall 

value for this energy level is 1476.5 + 0.8 keV. 

columns are similar to the fourth and fifth of The ordering of levels is identical with that of 
Table 1. Gromow et al. (4) and Buttsev et al. (5) except 

There is no way of indisputably showing that that the aforementioned level at 1510 keV in 
the listed gamma transitions arise in the decay 13'Ce reported in the latter work has been 
chain under study, rather than from decay of omitted. 
13'Ndm. in these ex~eriments. However. none of Discussion 
the transitions are listed in the extensive work of The errors in the determination of transition 
Beery et al. (9) on decay of 13'Ndm, nor have any energies reported in the second column of 
of them appeared below the calculated threshold Tables 1 and 2 are chiefly associated with the 
for the (p14n) reaction in the excitation function 
studies which are in progress. It is therefore 
reasonable to assume that these transitions all 
arise in the mass 138 decay chain. 

The results of the experiments are shown in Fig. 
2 as a decay scheme for these neutron-deficient 
mass 138 nuclides. It should be noted that the 
two unobserved transitions which were reported 

ability of the energy calibration curve to repro- 
duce the energies of each "known" standard. 
Errors arising from uncertainty in the peak 
position are assumed to be small except in the 
case of the peak at 1476.5 keV, which had large 
statistical uncertainty in the counts recorded per 
channel. 

The errors associated with the values of the 
by Buttsev et al. both arise from the same state, relative intensities reported in column three of 
1510 keV above the ground state of 13'Ce. The Tables 1 and 2 are determined by the statistical 
first of these (722 keV) is a transition to the counting error as well as the reproducibility of 
788.6-keV level, and the second (1510 keV) results from the several experiments. The error 
represents de-excitation to the ground state (5). in the "negative" results at 722 and 1510 keV is 

The four intensities measured, in addition to a that arising purely from the statistical uncertainty 
normalization requirement (all possible branches in the measurement of background. 
must sum up to 100%) provide-the five indepen- The errors reported in the last column of both 
dent data points to determine the five branching tables, the fraction of decays leading to a certain 
ratios given in Fig. 2. It has been assumed that level, arise from two sources: first, the uncer- 
the excited state of 13'pr at 328.1 keV decays in tainty in the intensity of decay of each individual 
every case to the ground state, never directly to 
excited levels of 13'Ce. This assumption is 
supported on theoretical grounds in the Dis- 
cussion; it is an assumption, however. Unless it 
introduced a delay in the decay of the mass 
138 chain (that is, unless its half-life were greater 
than 5-10 min), there would be no way in these 
experiments to distinguish its decay products 
from those coming via the ground state. 

peak (column three), and second, from math- 
ematical manipulations involving more than one 
measured quantity. For example, the errors in 
the branching ratios reported for the 13'Nd + 

13'Prg + 13'Ce decay chain reflect the errors in 
all of the individual relative intensity measure- 
ments because calculation of these values involves 
simultaneous solution of a series of equations 
embracing all the measured quantities. 
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- 
0 

5 short (6 .5%)  - 

FIG. 2. Proposed decay scheme for '38Nd -> L38Prp -> 
'38Ce. 

(a) The Decay '38Pr"' + 13'Ce 
There are three principal additions made to 

the decay schemes originally presented by Buttsev 
et a/. (5) in addition to relatively minor changes 
in the values of the gamma transition energies, 
energy levels, and branching ratios. 

The first of these is a substantial reduction in 
the fraction of decays of 13'Prn' leading to the 
level lying 2374 keV above the ground state of 
13'Ce. This almost certainly is the product of the 
63% reduction in intensity made in this work for 
contamination by the 547.7-keV transition in the 
decay of 13'Nd"'. It is doubtful that Buttsev et a/. 
(5) had the benefit of the decay scheme of Beery 
et al. (9) for 13'Nd"' when their work was 
performed. 

Second, the branch to the level of 2571.5 keV 
in 13'Ce, previously reported as "less than 4%" 

has been evaluated, primarily as a result of much 
better statistical data. 

Third, the existence of a fairly substantial 
branch (4.6%) to the level at 1826 keV has been 
observed. This branch was inferred from the 
observed excess in intensity of the 1038-keV 
gamma ray over that expected from the sum of 
all other transitions leading to this level. It is 
likely that this branch was missed by the previous 
workers because of their inability to evaluate with 
better than 4% uncertainty the small branch to 
the level at 2571.5 keV mentioned above. While 
recognizing that evaluation of this new branch 
involves accurate determination of all other 
branches, there seems no doubt in the present 
work that the calculated value lies well outside 
the limits of error in the calculation. 

The half-life determined for the isomer 13'Prm 
(2.20 + 0.07 h) is essentially the same as those 
reported previously, with a somewhat reduced 
level of uncertainty. 

(b) The Decay Cllaitz 1 3 ' ~ d  + 38Prg + ' 38Ce 
The additions to the decay scheme proposed 

by Buttsev et al. (5) for this chain are four-fold: 
first, the "negative" results for the existence of 
a level at 15 10 keV in 13'Ce; second, measure- 
ment of the branching ratio to the 328.1-keV level 
of 13'Pr; third, ineasurement of the half-life of 
13'Nd without necessity of correction for decay 
of 139Ndm ; and fourth, measurement of the 
1476.5-keV gamma-ray transition. 

In each of the several irradiations, gamma-ray 
peaks at 722 and 1510 keV were sought. In one 
experiment the hint of a peak at 1510 keV was 
observed. This "peak", which was not repro- 
ducible in other experiments, would have 
amounted to a branch of less than 0.05%. In 
every experiment but this one, including those 
involving long counting periods, and in  each 
individual spectrum in experiments for which 
decay-curve analyses were performed, there was 
no evidence for a statistically significant increase 
in the counting rate in this energy region. And 
at no time, in any experiment, was there a positive 
result in the region of 722 keV. It must be con- 
cluded that in this work no evidence could be 
found for the gamma-ray cascade proposed by 
Buttsev et 01. (5) beginning at a level 15 10 keV 
above the ground state in 13'Ce. Since Beery 
et a/. (9) do not report peaks in this energy 
region in decay of 13'Nd, it is impossible to 
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explain this discrepancy in terms of isotopic 
impurity. As these energy regions are com- 
paratively "clean" of gamma activities, it is 
highly doubtful that such a peak could have been 
overlooked in this work. 

As discussed in the Results section, the 
branching ratio for decay of 13'Nd to the 
reported excited level of 13'Pr has been deter- 
mined. As also mentioned previously, it has been 
assumed that this state decays entirely by gamma 
emission to the ground state with no direct beta 
decay to excited levels of 13'Ce. This assumption 
may be justified as follows. 

A knowledge of the branching ratio to this 
excited state allows calculation of the partial 
half-lives of 13'Nd for decay to the two states, 
which, in .addition to knowledge of the total 
energy difference between the ground states of 
the two nuclides, provides a means of estimating 
log (ft) values. Taking the total energy of decay 
of1  38Nd to be 1900 keV (8), the calculated values 
of log (ft) are, for decay to the ground and 
328.1-keV states, 4.7 and 7.3, respectively. The 
value of log (ft) calculated from the measured 
branching ratio is consistent with the report of 
Gromow et al. (4) that the ground state of 13'Pr 
is 1 +. (This is also the prediction of the Shell 
Model for a p(d, 12)3,n(d3 configuration.) The 
excitedstate at 328.1 keV might be expected on 
grounds of the log (ft) value for decay to it to be 
either a 1 + state (from an allowed, 1-forbidden, 
beta transition) or 1 - state (first-forbidden beta 
transition). Because no measurements of conver- 
sion coefficients have been made in this work, it 
is pointless to speculate further on the spin and 
parity of the state. What is of importance, how- 
ever, is the fact that the gamma transition from 
the 328.1-keV level to the ground (1 +) state must 
be of low multipole order and therefore fast with 
respect to any possible beta transitions to excited 
levels of 13'Ce. This supports the assumption 
that the excited state at 328.1 keV decays entirely 
to the ground state of 13'Pr. 

In each of the several irradiations directly 
related to this work in which the decay of the 
328.1-keV level was followed, the least-squares 
decay-curve analysis was carried out with variable 
half-life. In addition, data from earlier irradia- 
tions performed as part of the l4'Pr(p,xn) 
excitation function studies were also included in 
the "best" determination of the 13'Nd half-life. 
The half-life determined in this work (5.04 + 

0.09 h) is comparable to those previously mea- 
sured (5.2 and 5 h, neither with quoted error (4)). 
Since both of these involved quite indirect 
measurements, it is felt that the present direct 
determination of the decay of 138Nd provides 
substantial improvement in the precision of the 
measured half-life of this nuclide. 

Finally, in light of the spins and parities 
assigned to the low-lying levels of 13'Ce by 
previous workers, it is puzzling to find the 
presence of a 1476.5-keV component in the mea- 
sured gamma ray spectrum. Buttsev et al. (5) have 
assigned a spin and parity of O +  to this level, 
precluding the existence of this 0+  + 0 + ,  
1476.5-keV, gamma ray. In light of the fairly 
good agreement in energies, branching ratios to 
this level, and branching ratios for decay of this 
level, between the present work and that of 
Buttsev et al. ( 9 ,  it is suggested that the 2 + state 
assigned by Buttsev to the level at 1510 keV (that 
level which was not observed in this work) is 
actually at 1476 keV. It is not surprising that the 
(M1 + E2) transition to the 788.6-keV level is 
enhanced relative to the E2 transition to the 
ground state. Rough calculation (see any text- 
book of nuclear chemistry, e.g. ref. 10) of the 
probable branching ratio between these two 
modes of decay predict that decays leading 
directly to the ground state of 13'Ce should 
account for approximately 6% of all decays. This 
is certainly comparable to the value of 9.6 + 
1.0% reported in this paper. 

It is, at  first glance, tempting to suggest that 
the 1510-keV level does exist as determined by 
Buttsev et al., but that it rather than the level at 
1476 keV is the 0 +  state. While this would 
explain the absence of the 1510-keV transition 
in this work, it would not explain the similar 
absence of the 722-keV E2 transition. In sum- 
mary then, it must simply be concluded from this 
work that no evidence is present for an excited 2 + 
level lying 1510 keV above the ground state 
of 13'Ce. 

The author wishes to thank Mr. R. H. Mills for aid in 
performing the irradiations, and Mr. S. Murzynski and 
Dr. S. K. Mark for assistance in the activity measure- 
ments. Helpful discussions with Dr. L. Yaffe are also 
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The conformation of some biaryl radicals 

W. G. LAIDLAW AND R. B. FLEWWELLING 
Department of Cl~emistry, The University of Calgary, Calgary, Alberta 

Received November 27. 1969 

The conformations of the radicals of biphenyl, diphenylmethyl, and some of their methyl substituted 
derivatives were investigated by calculating the n-electron delocalization energy and the non-bonded 
repulsions between the rings. The barriers to rotation are also reported. 

Canadian Journal of Chemistry, 48, 2158 (1970) 

Introduction 

The conformation of biphenyl, diphenyl- 
methyl, or molecules related to them (e.g. 
benzophenones) have been the subject of numer- 
ous investigations (1). More recently the con- 
formation of radicals derived from these species 
has been studied. The electron spin resonance 
(e.s.r.) experiments of Falle and Adam (2) sug- 
gested that there was a "concerted rotation" of 
the two rings in methyl substituted biphenyl 
radicals which averaged out differences in con- 
formation. Takeshita and Hirota (3) measured 
the e.s.r. spectra of benzophenoneketyls at rel- 
atively low temperatures and observed two sets 
of ortho proton splittings; certainly evidence for 
a conformation in which these protons were 
inequivalent. Indeed, the latter workers studied 
the effect of temperature on the e.s.r. line widths 
and were able to obtain a measure of the barrier 
to rotation. Simultaneous to this experimental 
investigation has come the theoretical investiga- 
tion of the spin density as a function of conforma- 
tion. The bulk of such work has been conceriled 
with evaluating the spin density, not with cal- 
culating the conformational energy. However, in 
order to investigate adequately the dynamic 
processes such as those reported by Falle and 
Adam and by Takeshita and Hirota, it would 
seem necessary to evaluate the conformational 
energy surface as well as the spin density. 

The Conformational Energy 

The conformational energy E includes the 
contribution of the n-electron system, En, which 
favors planarity, plus the contribution of the 
steric interactions ERep, favoring non-planarity, 
hence 

E = En + ERCp 

In biphenyl, En and ERep can be developed as a 
function of the dihedral angle 0, and for the 
diphenylmethyl species the angles 0, and 8, (see 
Fig. 1) are rather obvious variables. In addition, 
variations in bond length can be considered; for 
example, the interannular bond length R,,, in 
biphenyl may be varied. Other variables, such as 
bending of the C-Ha,,,, bond or even deforma- 
tion of the rings, can be invoked. However, in an 
attempt to keep the problem tractable we con- 
sidered only E(O,R,,,) for the biphenyl series and 
E(O,,O,) for the diphenyl methyl species. 

The n-Delocalization Energy 
The n-electron energy, Eel, was obtained from 

the self-consistent field (s.c.f.) unrestricted 
Hartree-Fock (u.H.F.) procedure of Pople and 
Nesbet (4). The non-zero off-diagonal core 
integrals, Prs, were taken to be of the form 

Prs  = PrsO g(Q)f (Rrs) 

where PrsO = - 2.39 eV is the value for the C-C 
bond in benzene and 

g(0) = I cos 01 

f(Rrs) = exp [ -  1.586(RrS - 1.397)] 

FIG. 1. Geometry of biphenyl and diphenylmethyl 
species. 
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LAIDLAW AND FLEWWELLING: THE CONFORMATION OF SOME BIARYL RADICALS 2159 

TABLE 1 

Parameters for repulsion formulae involving hydrogen and carbon centers 

Parameter* 
Type of 

Function source repulsion A (eV A6) B(eV) ~ ( i % - l )  

Howlett (I 1) H...H* 0.0 4.15 x 10' 2.55 

Bartell (12) 

Williams (1 3) H...H* 1.56 1.73x10Z 3.74 
C...C* 23.2 3.22~ lo3 3.60 
H...CL 6.02 4.07~ lo2 3.67 

Kitaygorodsky (14) H...HL 1.86 1.3Ox1O3 5.00 
C...CL 18.2 1.30x103 3.45 
H...C* 6.07 1.3Ox1O3 4.17 

*Parameters are for the functional form 
V ( r )  = - A r r 6  + Be-Cr 

tParameters are for the functional form 
V(r) = Ar-l2 - Brr6 

$Parameters are for the functional form 
V(r) = (-A + Be-cr)rr6 

The formula for f (R,,) is due to Yamaguchi et al. 
(5). The two-electron repulsion integrals yrs were 
determined through use of the Ohno (6) formula 

for all separations Rrs 3 0. The variation of yrs 
with angle of orientation was investigated by 
both the method of Laidlaw and Adam (7) and 
the multipole expansion method of Parr (8) and 
was found to yield differences of less than 5%. 
Since the variation in other contributions to the 
energy, for the same conformational change, was 
much greater, we felt the angle dependence could 
be ignored. Repulsions between n cores were 
represented by the formula (9) 

Hence 
En' = Ecore + Eel 

and the delocalization energies, E,, can be 
written 

for biphenyl species and 

The Steric Repulsions 
The energy contributions due to stericcrowding 

may be evaluated in terms of pairwise repulsions 
of atomic centers. In treating the biphenyl 
molecule, Casalone et al. (10) included the 
repulsions of all atom pairs whose separations 
depended upon variable conformational param- 
eters. On the other hand, Howlett (1 1) considered 
only the repulsions between ortho substituents in 
studying ortho substituted biphenyl molecules. 
F o r ~ t h e  purposes of the present study, inter- 
actions of atomic centers beyond the ortho ring 
positions were ignored and all remaining atom 
pairs whose separations were angle dependent 
were taken into account. 

The parameter sets used for the unsubstituted 
radicals are given in Table 1.  With the exception 
of the Bartell C-C and H-C formulae, the 
parameters are for the functional form 

The form of the Bartell function for C-C 
repulsions is given in 

E,(B,,B,) = En1(Bl,B2) - E,'(9Oo,9O0) To treat the repulsions of unlike species, the 
formula used is made up as the root-mean-square, 

for diphenylmethyl species. term by term, of the respective homoatomic 
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TABLE 2 

Parameters for formulae to be used to represent repulsions involving methyl groups 

Type of 
Function source repulsion A (eV A6) B (eV) c (A- ') 

Howlett (11) Br ... Br 0.0 4.24~ lo3 3.30 

Kreevoy-Mason (16) Kr... Kr 169 2.04~ lo3 2.76 
Kr... C 62.6 2.56~ lo3 3.18 
Kr ... H 16.2 5.94~ loZ 3.25 

repulsion formulae. Thus, the Bartell H-C 
repulsion formula has the form 

The spurious maxima characteristic of the 
6-exponent functions occur at sufficiently high 
energy such that the conformational energy of 
the radical becomes large enough to prevent 
many species approaching close enough to be 
improperly represented. Thus the planar con- 
formation of diphenylmethyl is not given an 
appropriate energy by these functions, but this 
conformation is obviously not energetically 
favorable and may be ignored. 

The parameters of Table 2 were employed to 
represent the steric repulsions of methyl groups. 
They are taken from data for bromine, krypton, 
and methane as indicated. The variety of sources 
is due to the unavailability of the parameters 
which represent methyl group repulsions. As 
bromine atoms are considered (1 1) sterically 
equivalent to methyl groups, their choice in this 
case appears valid. Similarly, the interactions of 
krypton atoms would be expected to give a 
reasonable representation of the repulsions of 
bonded bromine atoms, hence methyl groups. 
Spherical symmetry of the methyl group is, of 
course, assumed in the use of these functions and 
no attempts were made to take the bonds to the 
phenyl ring into account. Treatment of the methyl 
group as a single entity rather than as four atoms 
is reasonable in light of the finding of Falle and 
Adam (2) that the ortho methyl groups in 
substituted diphenylmethyls are free to rotate. 

Summation of repulsions over each of the pairs 

of interacting species yields the total repulsive 
energy, ERep. 

E ~ e p  = V(Rrs) 
(r';"s) 

If the assumption of rigid geometry1 is made, 
we can immediately calculate ERep, and with En 
as previously determined, the conformational 
energy, E, is determined. 

Conformational Energy of the Biphenyl Species 

Unsubstituted Biphenyl Anions 
We shall, in the first instance, consider R6,7 to 

be fixed at 1.48 A. The features of E(1.48,0) = 
E(0) which bear most ,directly upon the problem 
at hand are the position and depth of the minima. 
The values of E(0) using the representations of the 
repulsion discussed in the previous section and En 
calculated by the u.H.F.-s.c.f. method are in- 
dicated in Fig. 2. In each case a minimum in the 
range 0 = 25 to 30" is suggested. The value of 
A, = E(OO) - Emin is 0.1 eV, while Ago = 
E(90°) - Emin is approximately 0.7 eV. 

For comparison, the total conformational 
energies derived from Hiickel En and Howlett 
E,,, results for R,,, = 1.4 A, are also shown in 
Fig. 2; the minimum is found at 0 -- 30" with 

'However, some of the larger repulsions in biphenyl 
and diphenylmethyl may be relieved by bond bendings 
and other geometric distortions. Some of these were 
investigated using a simple Hooke's Law potential energy 
of distortion. Although the energy of the distorted 
configuration is substantially decreased, the distortions 
are really beyond the limits of applicability of a Hooke's 
Law representation of the distortion force. In any case, 
the relative energies of various conformations are little 
affected. 
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TABLE 3 
The conformational energies of the biphenyl anion as a function of interannular bond length, R6,7, 

and dihedral angle, 0* 

Conformational energy, eV, for R6.7 = 

' E  (1.397. 90') is defined as the zero of energy. 

conformations with 101 > 60" are energetically 
very unfavorable. 

The examination of the Rq,, dependence of the 
conformational energy requlres the introduction 
of variables which were held constant in the 
preceding step. That is, we consider the total 
energy E(R,,,,Q) as the sum of the several terms 

0.3 - E(R6,7,0) = En(R6,7,0) f ERep(R6,7,0) 
f Ea(R6,7) 

Here EJR, ,,) accounts for the change in energy 

A canrrmr  0.6 eV h m  
of the o,,, bond, and, using the formula of 

been rhcse luhtractcd unluer. iron Coulson and Dixon (1 8), is given by 
. A eonsrnnr 0.6 ev has 

ded these Ea(R6,7) = - 84{ exp [-4.056(R6,, - 1.5111 
- 2 exp [-2.028(R6,, - 1.51)]) 

Nothing new is added to EReP(R,,,,0) that was 

-0.2 
not already involved in ERep(0). However, with 
respect to the extension from En@) to E,(R6,,,0) 

-0.3 
further considerations are necessary. The de- 

la 20 w 40 50 60 TO 86 go localization energy must be evaluated as the sum 
8 ,  deq of the n-electron energv of the u.H.F. treatment 

u< 

FIG. 2. conformational energy maps for the biphenyl and the core-core repulsion term, discussed 
anion with u.H.F. En. earlier, i.e. 

A, = 0.17 eV and A,, = 0.5 eV. The differences 
between these values and those for the u.H.F. 
determinations may be largely due to the smaller 
value of R6,, employed in the Hiickel calculation, 
through the assumption f (R,,) = 1. These energy 
descriptions suggest the radical tends toward a 
non-planar conformation (0 - 30") yet may 
readily pass through 0 = 0 to an equivalent 
non-planar conformation 0 - - 30". However, 

En(R6,790) = En'(R6.7,0) f E6,7C0re(R6.7) 

The values of E,(R6,,,8) for a number of 
different values of R,,, and of 0 are given in 
Table 3. It is clear that the minimum with 
respect to Rq,, moves to increasing bond length 
for 0 increasing or decreasing from 25". That is, 
as 0 increases beyond 30°, the decrease in 
delocalization energy allows the bond to increase 
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in length. Decreasing 0 below 20" introduces found in the fashion described in employing the 
sufficient steric repulsions to lengthen the bond bromine, krypton, and methane parameters to 
at the expense of delocalization energy.2 represent interactions involving the methyl 

Consequently the energetically most favorable groups. The value R,,, = 1.48 A was assumed. 
value of R,,, appears to be 1.48 f 0.01 A, with The minima of the E(0) in Fig. 3 fall in the 
which 0 = 25 f 5" must be associated. region of 0 = 80" with a small (A - 0.1 eV) 

Substituted Biphenyl Anions 
Introduction of bulky substituents at the ortho 

positions of the biphenyl anion would be expected 
to result in a different conformation than that 
determined for the unsubstituted species. The 
substituted anion could have a larger inter- 
annular bond length and dihedral angle 0. 

As an example of the effect of the methyl 

barrier to the 0 = 90" conformation and a much 
larger barrier to planar it^.^ Here again the 
energy map suggests two equivalent conforma- 
tions (0 = f 80") separated by a small (0.1 eV) 
barrier. However, these conformations are near 
0 = 90" for the substituted anion as opposed to 
the 0 1. 25" most favorable conformation for the 
unsubstituted anion. 

FIG. 3. Conformational energy maps for the tetra- 31ntroducing flexing of the ortho bond angles to ortho-methylated biphenyl anion (determined for con- minimize the steric energy reduces the barrier height for stant interannular bond length, R6.7 = 1.48 a, and rigid the conformation yet it remains large (approx- bond angles). imately 6 eV). As with the unsubstituted biphenyl results, 
the distortions implied in the minimization calculations 

'This result is in accord with that of G. Casalone et al. go beyond the capabilities of the theory and make the 
(10) for the biphenyl anion, while Golebiewski and results of only qualitative significance. The large 0 implied 
Parezewski (19) found a shorter bond length for the by these results would also suggest that an interannular 
planar molecule than for 0 = 40". bond length of 1.48 could be an underestimate. 

substituents upon the conformation of the The Diphenylmethyl Species 
biphenyl anion, several energy maps were deter- 
mined for the 1, 11,5,5'-tetramethyl biphenyl Unsubstituted DiphenYlnlethYl Anions 
anion as shown in Fig. 3. These energies were The conformation of the diphenylmethyl 

1.0 

6.5 

6.0 

5.5 

5.0 

% - 
m 4.5 - 
W 

4.0 

3.5 

3.0 

radical was taken as completely defined by the 
parameter set (0,,0,). (Other geometric distor- 

- tions were ignored in the molecular orbital 
calculations and the phenylmethyl bond lengths 

- were assumed constant at 1.48 A.) 

90 . 
Krccvoy-!.kso~ - 

- 

- 

- 

- 

- 

- 45 90 135 183 

9,- deq 

2.50-~ I FIG. 4. The conformational energy map for the 
10 50 63 70 ea y~ diphenylmethyl radical. 

9, deq e 
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LAIDLAW AND FLEWWELLING: THE CONFORMATION OF SOME BIARYL RADICALS 2163 

FIG. 5. Conformational energies of the diphenylmethyl radical as a function of the rotation coordinate as 
determined by use of the Kitaygorodsky repulsion formulae. 

Figure 4 indicates the conformational energy 
map determined with the Kitaygorodsky (14) 
formulae for non-bonded repulsions and the 
u.H.F. En results. The corresponding results for 
the other determinations of En and ER,, differed 
only insignificantly from those of Fig. 5. The 
dashed lines are iso-energic curves defining con- 
formations with energies 0.1 and 0.2 eV greater 
than the relative minimum energy. The solid line 
is not an iso-energic curve, but represents the set 
of (O,,O,) for which (~E(O,,O,)/~O,),, = 0, i.e. it 
is the rotation path for the concerted rotation 
described by Adam and Falle (2). The rotation 
coordinate, o ,  is defined as zero at (90°,00) and 

TABLE 4 
Activation energies for concerted rotation 
in the diphenylmethyl radical employing 

s.c.f.-u.H.F. En 

E = E90 - Em,"  
ERep formula source (eV) 

Howlett (1 1 )  0.164 
Barten (1'2)' 
Williams (13) 
Kitaygorodsky (14) 

Average 0.16 eV = 3 . 8  kcal 

barriers appear to be approximately twice that of 
the unsubstituted species. 

20 at (90°,1 80°), and represents the distance along Conclusions 
the rotation curve. The energy E(O,,O,) along the 
rotation coordinate E(o), is pictured in Fig. 5 An appropriate interannular bond distance 

where the minimum at o = 10 corresponds to and dihedral angle have been obtained for 

the symmetrical conformation (O,,O,) = (30°, biphenyl radical as R,,, = 1.48 5 0.1 A and 

- 30"). The barrier to the concerted rotation is, 0 = 25 5 5", with the barriers to rotation 

in this case, 0.166 eV. A,. = 0.1 and A,,. = 0.7 eV. For the methyl 

While the general features of the energy map substituted species, the most favorable dihedral 

corresponding to Fig. 5 are essentially the same angle was obtained at 80 5" with a small 

for the various determinations of E(O,,O,), there (0.1 eV) barrier to rotation through 90" and a 

is some variety in the rotation barriers predicted. considerably larger barrier to planarity. The 

Table 4 presents the barriers obtained when the energy map for the unsubstituted diphenylmethyl 

different forms of E,,, are used. All the predic- radical contains a pathway (0, - -0,) for the 

tions fall in a narrow range with an average concerted rotation for which the barrier is 

0.16 eV. approximately 0.16 eV with the minimum at 
0, = -0, = 30". The latter barrier compares 

The Substituted Dipherzybnethyl Species with the value 0.19 eV measured by Takeshita 
Calculations of the conformational energy in and Hirota (3) for the benzo~henoneket~l.  

substituted d i ~ h e n ~ l m e t h ~ l  have The financial support of the National Research Council 
been undertaken. Although only preliminary of Canada and the availability of the computing facilities 
results are available at this time, the potential at  the University of Calgary are gratefully acknowledged. 
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Absolute rate constants for hydrocarbon autoxidation. XIX. 
Oxidation of some a-substituted toluenes1 

J. A. HOWARD AND S. KORCEK' 
Division of Chemistry, National Research Council of Canada, Ottawa, Canada 

Received February 24, 1970 

Absolute propagation and termination rate constants have been measured for the liquid phase 
autoxidation of some a-substituted toluenes at 30 "C. Rate constants for reaction of a-substituted 
toluenes with their own peroxy radical and with the t-butylperoxy radical have been compared. It would 
appear that the reactivity of an a-substituted benzylperoxy radical depends on the nature of the 
aisubstituent. 

Reactivities of a-substituted toluenes towards the t-butylperoxy radical, the bromine atom, and the 
phenyl radical have been compared. 
Canadian Journal of Chemistry, 48,2165 (1970) 

Introduction had little effect on the reactivity of the remaining 

The rate controlling propagation reaction for 
the autoxidation of many organic compounds at 
ambient temperatures and oxygen partial pres- 
sures above about 100 mm of Hg is abstraction of 
the weakest hydrogen atom from the substrate 
RH by a peroxy radical ROO' 

I 
k, 

ROO' + RH + ROOH + R' 

I t  is well known that the magnitude of the propa- 
gation rate constant k,  can be influenced by 
polar effects and that the dipolar structure 
ROO-:HafR plays an important role in the 
transition state for reaction [l ] (1). For example, 
rates of oxidation of ring-substituted toluenes (2) 
and cumenes (2,3) and rate constants for reaction 
of cumylperoxy radicals with ring-substituted 
cumenes (4) can be correlated by the Hammett 
equation using Brown's electrophilic of sub- 
stituent constants (5). Polar effects that are trans- 
mitted through a benzene ring are relatively small 
and can be overshadowed by substitution on the 
a-carbon. Consequently, oxidation of benzyl 
phenyl ethers and benzyl alkyl ethers (3) are in- 
sensitive to ring substitution on the benzyl or 
phenyl group. Presumably the ether oxygen atom 
acts as the most powerful electron supplier in both 
the substituted and unsubstituted compounds. 

Russell (2) has measured the rates of oxidation 
of a number of a-substituted toluenes at 90 "C at 
a constant initiator concentration. He found that 
powerful electron-withdrawing groups such as 
cyano, carbomethoxy, and benzoyloxy and weak 
electron-withdrawing groups such as chlorine 

'NRCC No. 11 319. 
'NRCC Postdoctorate Fellow, 1968-1970. 

a-hydrogens. If only resonance stabilization of 
the incipient radical mattered in reaction [I] ,  a 
considerable increase in reactivity would have 
been expected for these substituents. Russell, 
therefore, concluded that polar effects evidently 
offset the increase in reactivity expected from 
resonance stabilization of the inci~ient radical. 

I t  has been suggested that the differences in 
reactivity of aldehydes towards the same peroxy 
radical can best be understood in terms of an 
inductive effect of the group R attached to the 
CHO group. Increasing the electron donating 
capacity of R increases the rate constant for 
hydrogen abstraction by a peroxy radical (6, 7). 

Polar effects may play an important role in the 
reactivity of a peroxy radical as well as in the 
reactivity of a substrate. Walling and McElhill(6) 
have reported that p-substitution apparently in-- 
fluences the reactivity of benzoylperoxy radicals. 
Benzoylperoxy radicals have been found to be 
500-900 times more reactive than tetralylperoxy 
radicals (7). This difference in reactivity must be 
because acylperoxy radicals are more electro- 
philic than alkylperoxy radicals. Electron attract- 
ing groups should increase the electrophilicity of 
the radical and hence increase the importance of 
polar contributions to the transition state. 

It would, therefore, appear that a-substitution 
can produce fairly dramatic effects on the propa- 
gation rate constant for autoxidations by in- 
fluencing both the reactivity of the substrate and 
the reactivity of the peroxy radical. We have, 
therefore, measured absolute rate constants for 
the autoxidation of some a-substituted toluenes 
in an attempt to determine more quantitatively 
the effect of a-substitution on peroxy radical and 
substrate reactivity. 
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TABLE 1 

Primary reaction products formed from oxidation of benzyl alcohol, benzyl chloride, benzyl benzoate, benzyl 
acetate, and a-methylbenzyl alcohol at 30 "C. 

-- 

Substrate Titratable Yield % 
concen- Oxygen hydro- 
tration Chain absorbed peroxide Hydro- 

Substrate (M) length x lo2 (M) x lo2 (M) peroxide* H202* Carbonyl* 

Benzyl alcohol 2.0 16 0.64 0.65 - 93 -120 
Benzyl chloride 8.7 16 1.35 1.2 90 - - 
Benzyl benzoate 4.85 10 1.02 0.9 90 - - 
Benzyl acetate 7.0 5 2.6 2.1 80 - - 
a-Methylbenzyl alcohol 8 .3  20 45 47 104 96 

*Based on the concentration of oxygen absorbed in moles. 

Experimental tration and to the half power of the rate of chain 
Materials 

Benzyl alcohol, benzyl chloride, benzyl bromide, benzyl 
acetate, benzyl benzoate, benzyl cyanide, benzyl ketone, 
benzaldehyde, and a-methylbenzyl alcohol were commer- 
cial products purified by distillation or  crystallization. 
t-Butyl phenyl acetate was prepared from phenyl acetyl 
chloride and t-butyl alcohol (8). t-Butyl hydroperoxide 
was dried and crystallized from pentane. 

Kinetic Procedure 
Methods used to measure rates of oxidation and rates 

of chain initiation have been described previously (9). 
Absolute rate constants were measured by the rotating 
sector method. Whenever necessarv termination rate 

initiation. This means-that these autoxidations 
can be represented by the following free-radical 
chain process 

Initiation 

[I 1 Production of free-radicals 

Propagation 

constants have been corrected for anapparent first order KP 

contribution. All rate constants reported in this paper [3] PhCHOO' + PhCHz -+ PhCHOOH + PhCH' 

were measured at 30 "C. I 
X 

I 
X 

I 
X 

I 
X 

Product A~~alysis 
Total hydroperoxide concentrations were determined 

by iodometric titration. Yields of carbonyl compounds 
produced from the alcohols were determined by infrared 
analysis. Hydrogen peroxide yields were determined by 
titration of an aqueous extract of the oxidized substrate 
(10). The chain carrying peroxy radical for the oxidation 
of benzyl alcohol was identified by trapping experiments 
with 2,6-di-t-butyl-4-methyl phenol. The phenolic oxida- 
tion products were identified by thin layer chrornatog- 
raphy on silica gel eluted with 30% ether in petroleum 
ether. A spot which developed with 5 % KI and 5 % acetic 
acid in isopropanol and had a retention time identical 
with an authentic sample was assumed to be 2,6-di-t- 
butyl-4-methyl-4-hydroperoxy-2,5-cyclohexadiene-l-one, 
1. It  was assumed that 2,6-di-t-butyl-4-methyl-4-a- 
hydroxyalkylperoxy-2,s-cyclohexadien-1-ones would not 
develop with the KI/acetic acid spray and would have 
retention times different from that of 1. Concentrations 
of 1 were estimated by visual means. 

Results and Discussion 

a-Substituted toluenes, with the exception of 
alcohols, oxidize to give hydroperoxides in nearly 
100% yield at 30 "C (Table 1). Rates of oxidation 
are generally independent of oxygen pressure. 
The rates are proportional to substrate concen- 

Termination 

2kt 
[4] 2PhCHOO' ---+ Non-radical products 

I 
X 

where P ~ C H X  is the a-substituted alkyl radical 
and PhCH(X)OO' is the a-substituted alkyl- 
peroxy radical derived by abstraction of an a- 
hydrogen from the substrate PhCH2X. The rate 
of oxidation R, is then given by the expression 

where Ri is the rate of chain initiation and k,  and 
2k, are the rate controlling propagation and 
termination rate constants. 

Alcohols do not oxidize to give hydroperoxides 
as the primary reaction product but give instead 
hydrogen peroxide and a carbonyl compound. 
For example, benzyl alcohol gives hydrogen 
peroxide and benzaldehyde. These products 
might be due either to the instability of a- 
hydroxybenzyl hydroperoxide 
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[6] PhCH(0H)OOH -> PhCHO + H 2 0 2  

or to decomposition of the a-hydroxybenzyl- 
peroxy radical to benzaldehyde and the hydro- 
peroxy radical 

[7 I PhCH(0H)OO' -> PhCHO + HO,' 

In the former case the chain is carried by a- 
hydroxybenzylperoxy radicals while in the latter 
case it is carried by hydroperoxy radicals. A 
hydroperoxy radical chain reaction was found 
for the oxidation of 1,4-cyclohexadiene which at 
30 OC gives benzene and hydrogen peroxide (10). 
The chain carrying radical for this oxidation was 
identified by inhibition with 2,6-di-t-butyl-4- 
methylphenol. 

The hydroperoxy radical was trapped as 2,6- 
di-t-butyl-4-methyl-4-hydroperoxy-2,5-cyclo- 
hexadien-1-one, 1, via the following reactions 

OH 0' 

[ 91 HO; + 
OOH 

Oxidation of benzyl alcohol in the presence of 
2,6-di-t-butyl-4-methylphenol gave less than 10% 
of the theoretical maximum of 2,6-di-t-butyl-4- 
methyl-4-hydroperoxy-2,5-cyclohexadien-1-one. 
This implies that benzyl alcohol at 30 O C  is 
oxidized by means of an a-hydroxybenzyl peroxy 
radical chain process and it can be described by 
reactions [I.]-[4]. This is supported by the fact 
that at chain lengths of about 16 the total yield of 
carbonyl compounds was always greater than 
100% based on the oxygen absorbed. This must 
mean that carbonyl compounds are formed in 
termination as would be expected if this reaction 
involves two a-hydroxybenzyl peroxy radicals 

OH OH 

[I01 
I I 

Ph-CH + PhCH + 
I 
00' 

I 
00' 

Rates of oxidation of benzyl alcohol, benzyl 
chloride, benzyl acetate, and benzyl benzoate do 
not strictly obey eq. [5] since the ratio of the rate 
of the photochemically initiated oxidation at very 
high speeds of sector rotation to the rate at steady 
illumination (R,/R,) is less than 0.5. This is 
analogous to the situation previously encountered 
for oxidation of styrene (1 I) and ring-substituted 
styrenes (12) where termination rate constants 
had to be corrected for an apparent first order 
contribution. 

Oxidation of benzyl chloride is further com- 
plicated by autocatalysis apparently due to ther- 
mal instability of a-chlorobenzyl hydroperoxide. 
The photochemically initiated oxidation of benzyl 
alcohol is also autocatalytic because of initiation 
from photolysis of one of the major reaction 
products, benza!dehyde (7). 

Absolute rate constants for oxidation of some 
a-substituted toluenes are given in Table 2. In all 
cases the ratio k,/(2k,)'/2 is independent of the 
chain length. Termination rate constants for 
benzyl alcohol, benzylchloride, and t-butylphenyl 
acetate are in the range normally found fora-alkyl 
toluenes such as ethylbenzene and bibenzyl (13) 
and are also similar to values for benzyl t-butyl 
ether and benzyl phenyl ether (14), i.e. 3-5 x lo7 
M - '  s-'. Benzyl acetate and benzyl benzoate 
have termination rate constants similar to toluene 
(13) and benzyl ether (14), i.e. in the range 1-3 x 
lo8 M-' s-'. Propagation rate constants for the 
five secondary a-substituted toluenes are similar 
and lie in the range 2-5 M - '  s-'. Interpretation 
of the values of propagation rate constants is, 
however, complicated by differences in peroxy 
radical reactivity as well as in substrate reactivity. 

The termination rate constant for a-methyl- 
benzyl alcohol is about 5 times the value for iso- 
propyl ether (14) and is larger than values nor- 
mally found for oxidation of tertiary hydro- 
carbons, i.e. lo3-lo5 M -  ' s- ' (1 5). The termina- 
tion reaction for oxidation of substrates which 
give tertiary peroxy radicals (e.g. cumene) is 
usually described by the following reaction 
sequence (ref. 15 and references cited therein, 
refs. 16, 17) 

k14 
[14] ROO' + ROO' ROOOOR 

k-14 

(K  = k-141kid 

kl5 

[I51 ROOOOR --+ [RO' 0 2  'OR],,,, 
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TABLE 2 

Rate constants for autoxidation of some a-substituted toluenes at 30 "C 

Substrate 

Substrate 

. -~.. - - .~  

concen- 
tration RI x lo7 R, x lo6 kp 2k, x 

(M) (M S-1) (M s-') (M-'I2 S-1/2) (M-' S-I) (M-I S-I) 

Benzyl alcohol 

Benzyl chloride 

Benzyl benzoate 

Benzyl acetate 7.0 
7.0 

t-Butyl phenyl acetate 5.1 

a-Methyl benzyl alcohol 8.34 

*Calculated from k, and Zk, for autoxidations exhibiting some first order termination. 

k16 for benzyl alcohol even though a tertiary hydro- 
[16] [RO' 0, 'OR],,,, - ROOR + 0 2  gen is removed rather than a secondary hydrogen. 

k17 This is almost certainly analogous to the situation 
[17] [RO' O2 'OR]cagc - RO' + O2 + 'OR found in hydrocarbon oxidation where k, for 

where ROO' and RO. represent the cumylperoxy 
and cumyloxy radicals, respectively. The cumyl- 
oxy radicals formed in reaction [17] as well as 
reacting with cumene may undergo p-scission to 
give acetophenone and the methyl radical 

Methyl radicals will add oxygen to give methyl- 
peroxy radicals which can either propagate 
the chain 

or terminate the chain 

k2 o 
[20] CH300 '  + ROO' - Non-radical products 

The termination rate constant for oxidation ofa 
neat tertiary hydrocarbon is therefore enhanced 
by a contribution from k,,. 

The high value of 2kt for a-methylbenzyl 
alcohol may be due to a high value of k,,, the 
unimolecular rate constant for tetroxide decom- 
position, or to a large contribution from termina- 
tions such as reaction [20]. 

The propagation rate constant per a hydrogen 

ethylbenzene is larger than k, for cumen; (13) 
because the cumylperoxy radical is less reactive 
than the a-methylbenzylperoxy radical. 

Rate constants for oxidation of some a-sub- 
stituted toluenes in the presence of t-butyl hydro- 
peroxide are given in Table 3. We have shown 
previously that t-butyl hydroperoxide concentra- 
tions above about 1 M eliminate substrate peroxy 
radicals from the rate controlling reactions for 
oxidation of primary and secondary hydro- 
carbons (18), tetrahydrofuran (9), benzyl ether 
(14), and isopropyl ether (14). The propagation 
and termination reactions for these oxidations 
can be represented by 

kPb' 
[21 1 BOO' + RH - BOOH + R' 

and 

[22] BOO' + BOO' -> Non-radical products 

where BOO' is the t-butylperoxy radical and RH 
is the substrate. 

It might be expected that alcohols would be 
more difficult to study by this technique since 
hydrogen bonding greatly reduces the rate con- 
stant for the transfer reaction 

for a-methylbenzyl alcohol is similar to the value [231 ROO' + R'OOH + ROOH + R'OO' 
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TABLE 3 
Rate and rate constant data for oxidation of a-substituted toluenes in the presence of 

t-butyl hydroperoxide at 30 OC 

Concentration (M) 
k-lf2k.)1/2 - w ,  ,-~ - ., 

x 103 ::,"ise f X  fbxs!$6 (M-l/2s-l12) k,br* Substrate Substrate (M-I s-l) . . . . 

Benzaldehyde 0.5 2.0 0.49 2.7 24.4 0.85 
Benzaldehyde 0.5 4.0 0.31 2.15 24.4 0.85 
Benzyl alcohol 2.0 1 . O  3.1 4.0 3.6 0.12 
Benzyl alcohol 2.0 3.0 1.27 2.75 3.9 0.13 
Benzyl ketone 0.8 2.0 0.21 0.61 5.3 0.18 
Benzyl chloride 5.2 4.0 0.30 0.43 0.48 0.017 
Benzyl benzoate 4.2 2.0 0.11 0.21 0.48 0.017 
Benzyl acetate 5.6 2.0 0.14 0.3 0.45 0.016 
Benzyl bromide 5.05 4.0 0.91 0.53 0.35 0.012 
a-Methylbenzyl alcohol 6.7 2.0 0.11 2.0 2.8 0.10 
u-Methylbenzyl alcohol 5.8 3.0 0.12 2.0 3.1 0.11 
a-Methylbenzyl alcohol 5.0 4.0 0.14 2.0 3.2 0.11 

*Calculated using a value of 1.2 x 103 M-1 S-I for 2k,. 

TABLE 4 
Collected rate constants for autoxidation of a-substituted toluenes at 30 "C 

Substrate 

k,br per a-H 
k,/(2kt)112 x lo3 k er a H 2k, x lo-' for ButOO. 

(M-112 s-112) (&?I szl) (M-1 s-l) kplkpb' 
(M-I s-l) ~ e r  a-H 

Benzaldehyde 
Benzyl ether 
Benzyl t-butyl ether 
Benzyl alcohol 
Benzyl ketone 
Benzyl cyanide 
Benzyl chloride 
Benzyl benzoate 
Benzyl acetate 
Benzyl phenyl ether 
t-Butyl phenyl acetate 
Ethylbenzene 
Benzyl bromide 
Toluene 

*Propagation rate constant for intermolecular abstraction. Values in parentheses are estimated rate constants. 

For example, the rate constant for reaction of 
cumylperoxy radicals with tetralin hydroperoxide 
is reduced almost to zero at high t-butyl alcohol 
concentrations (19). We find, however, that the 
rate of oxidation of benzyl alcohol or or-methyl- 
benzyl alcohol in the presence of greater than 1 M 
t-butyl hydroperoxide is independent of hydro- 
peroxide concentration. 

A rate constant has been estimated for reaction 
of t-butylperoxy radicals with benzaldehyde. It is 
well known that certain hydroperoxides react 
readily with aldehydes to give or-hydroxy per- 
oxides, for example, n-butyl hydroperoxide reacts 
with n-butyraldehyde at room temperature and 
below to give 1-hydroxybutyl butyl peroxide (20). 

However, under our experimental conditions t- 
butyl hydroperoxide did not react with benz- 
aldehyde to any appreciable extent. 

Individual rate constants for autoxidation of 
a-substituted toluenes in the absence and presence 
of t-butyl hydroperoxide are summarized in Table 
4; the substrates are arranged in order of decreas- 
ing ease of oxidation. Included in the table are our 
previously published data for oxidation of benzyl 
ether, benzyl phenyl ether, benzyl t-butyl ether 
(9, 14), ethylbenzene, and toluene (18). Absolute 
rate constants for benzaldehyde oxidation have 
been calculated from our data at 0 "C. The 
logarithm of the pre-exponential factor for the 
propagation reaction (loglo A)  was taken as 8.5, 
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a typical value for a bimolecular hydrogen atom 
abstraction reaction. This gave a propagation 
activation energy of 5.5 kcal/mole. The termina- 
tion activation energy was taken to be 2 kcall 
mole. The difference in reactivity of benzaldehyde 
towards the benzoylperoxy radical and towards 
the t-butylperoxy radical, kp/k,br ,- 40 000, is 
40-100 times higher than was previously estimated 
for the difference in reactivity of benzoylperoxy 
radicals and tetralylperoxy radicals (7). Tertiary 
peroxy radicals are generally about 5 times less 
reactive than secondary peroxy radicals towards 
a hydrocarbon (19). The much larger difference 
in reactivity of these radicals towards benz- 
aldehyde may be due to the transition state for the 
oxidation of aldehydes being much more sensitive 
to the polar nature of the attacking peroxy radical. 

We were not able to measure individual propa- 
gation and termination rate constants for the 
oxidation of benzyl ketone, benzyl bromide, and 
benzyl cyanide. The ratio R,/R, for benzyl 
ketone was too low to give reliable data while 
rate ratios for the oxidation of benzyl bromide 
were not reproducible. The rate of oxidation of 
benzyl cyanide in the absence and presence of 
t-butyl hydroperoxide depends on the oxygen 
concentration up to 1 atm. Values of kp/(2k,)1/2 
for these oxidations were obtained by extrapola- 
tion to infinite oxygen pressure. We have assumed 
a value of 3.6 x lo7 M - l  s-' for 2k, for these 
three substrates and used this value in conjunction 
with the ratio kP/(2k,)lJ2 to give propagation rate 
constants. The value 3.6 x lo7 M - '  s-' is an 
average of the values of 2k, for benzyl t-butyl 
ether, benzyl alcohol, benzyl chloride, benzyl 
phenyl ether, t-butyl phenyl acetate, and ethyl- 
benzene. 

From the rate constants tabulated in Table 4 
it is clear that the peroxy radicals derived from 
a-substituted toluenes are all more reactive than 
the t-butylperoxy radical. I t  is also apparent that 
the reactivity of a secondary peroxy radical 
depends to some extent on the nature ofthe group 
attached to the a-carbon. 

There is a reasonably good correlation between 
the ratio k,/k,br (i.e. the ratio of the reactivity of 
an a-monosubstituted toluene towards its own 
peroxy radical and towards the t-butylperoxy 
radical) and cr-meta substituent constants (Fig. 1). 
It  is clear that the reactivity of a peroxy radical 
increases as the electron-withdrawing capacity of 
thea-substituent increases. This is not unexpected 

FIG. 1. loglo kp/kpbr plotted against a,, for u-mono- 
substituted benzylperoxy radicals and Za,, for u,u-di- 
substituted benzylperoxy radicals. 

since acylperoxy radicals, which have a very 
strong electron-withdrawing substituent on the 
a-carbon, are considerably more reactive than 
alkylperoxy radicals (7). The difference in the 
reactivity of a-acyloxybenzylperoxy radicals and 
alkylperoxy radicals was confirmed by the fact 
that tetralin hydroperoxide reduces the rate of 
oxidation of benzyl acetate and benzyl benzoate 
even though the termination rate constant for 
tetralylperoxy radicals is lower than for the 
peroxy radicals derived from these two esters. 
This situation is analogous to the inhibiting 
effect tetralin hydroperoxide has on the oxidation 
of benzaldehyde (7). 

Ratios of kp/k,br for oxidation of cumene, 1,l- 
diphenylethane and a-methylbenzyl alcohol have 
also been plotted in Fig. 1 and correlate quite well 
with Zo, substituent constants. I t  would, there- 
fore, appear that differences in reactivity between 
tertiary alkylperoxy radicals and secondary alkyl- 
peroxy radicals (4, 19) are mainly due to polar 
effects. 

a-Substitution apparently has little influence on 
the magnitude of the termination rate constant 
for a-mono substituted benzylperoxy radicals. 
Unfortunately, termination rate constants could 
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TABLE 5 
Rate constants relative to toluene (per a-hydrogen) for 
reactions of a-substituted toluenes with t-butylperoxy 

radicals, bromine atoms, and phenyl radicals 
-- --- 

BurOO' Br' 
at at 

Toluene derivative 30 "C 77 "C Phenyl 

P~CH;CH=CH, 
PhCHzCOCH2Ph 
PhCH2OCOPh 
PhCHO 

'Benzyl methyl ether. 
?Methyl phenyl acetate was used for the reactions of bromine 

atoms and  phenyl radicals while I-butyl phenyl acetate was used for 
I-butylperoxy radicals. 

not be determined for benzylperoxy radicals with 
strong electron-withdrawing groups such as 
cyano and nitro on the a-carbon. 

The relative rate constants for hydrogen atom 
abstraction from a-substituted toluenes relative 
to toluene for t-butylperoxy radicals, bromine 
atoms (21) and phenyl radicals (22) have been 
compared (Table 5). As expected t-butylperoxy 
radicals correlate much better with the electro- 
philic bromine atom (Fig. 2) than with phenyl 
radicals which are only very slightly electro- 
philic (22). 

1,l-Diphenylethane, benzyl acetate, and t-butyl 
phenyl acetate (which has been assumed to have 
the same reactivity as methyl phenyl acetate) are 
the only substrates for which the correlation 
between t-butylperoxy radicals and bromine 
atoms is poor. From the slope of the line in Fig. 2 
it is clear that bromine atoms are more selective 
in hydrogen atom abstraction than t-butylperoxy 
radicals. 

Relative rate constants for reaction of bromine 
atoms with a-mono substituted toluenes have 
been reported to correlate much better with opt 
than with o,,, or o, (21). The p value of -2.46 a t  
77 "C is greater than for reaction of bromine 
atoms with ring substituted toluenes (p = - 1.38 

FIG. 2. Plot of log kp/kpO for reaction of t-butyl- 
peroxy radicals with a-substituted toluenes against 
log k/ko for reaction of bromine atoms with a-substituted 
toluenes: (1) (Ph),CH, (2) (Ph),CHCH,, (3) PhCH- 
(CH,),, (4) PhCHZOPh, (5) PhCHZCH,, (6)  PhCHZPh, 
(7) PhCH,OCOCH,, (8) PhCH,, (9) PhCH2CI, (10) 
PhCH,C(O)OR, (11) PhCH2CN, (12) PhCH2Br. 

at 80 "C (23)) presumably because a-substitution 
has a much greater effect than ring substitution 
on the polarization of the transition state. Re- 
action of a-monosubstituted toluenes with t- 
butylperoxy radicals also correlates slightly better 
with a,+ than with o, substituent constants and 
gives a poor correlation with o,,,. The correlation 
with op+ suggests that both inductive and res- 
onance effects influence the reactivity of the labile 
hydrogens. Similarly the p+  value of - 1.2 is 
higher than the pi value of -0.6 reported by 
Russell (2) for oxidation of ring-substituted 
toluenes at 90 OC and the p+  value of -0.56 for 
reaction of t-butylperoxy radicals with ring- 
substituted toluenes at 30 "C (24). 

The authors wish to thank Dr. K. U. Ingold for his 
continuing interest and advice throughout the course of 
this work. 
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Photo-initiated reactions of thiols and olefins. V. Inhibition of butene-2 
isomerization by oxygen: a new method for determining relative reactivities 

D. M. GRAHAM AND J. F. SOLTYS 
Department of Chemistry, University of Western Ontario, London, Ontario 

Received February 6, 1970 

Investigation of the kinetics of oxygen inhibition of the thiyl radical catalyzed isomerization of cis- 
butene-2 has yielded an estimate for the relative rates of oxidation (k,) and decomposition (k3) of the 
CH3S and olefin adduct radical. At 25 "C, k7/k3 = 7 x lo4 1 mole-', and E3 - E, = 11.8 k 2.5 kcal. 
Making use of these results, a new method has been developed for determining relative reactivities of 
olefins, and some preliminary results have been obtained. 
Canadian Journal of Chemistry, 48, 2173 (1970) 

Introduction 
In previous publications in this series, it has 

been shown that the rate constant for attack of 
CH,S on olefins may be determined only under 
special circumstances because of the reversibility 
of the reaction. Where cis-trans isomers exist, 
the rate constant may be obtained directly from 
the catalyzed rate of isomerization (1). Addition 
rate measurements, on the other hand, can yield 
an attack constant only if the rate of decomposi- 
tion of the adduct radical is competitive with its 
rate of reaction with thiol(2). Although this was 
found to occur with acetylene (3), in the case of 
ordinary olefins, decomposition is generally much 
faster than dehydrogenation of thiol over the 
thiol concentration range available to gas-phase 
studies (2). 

It  apppeared possible therefore that, by 
introducing another reaction into the system, 
which could be capable of competing with de- 
composition of the adduct radical, a kinetics 
might be obtained which could yield attack con- 
stants. Since oxygen is known to react rapidly 
with alkyl radicals, this seemed a likely choice, 
and a study of the kinetics of the catalyzed 
isomerization of cis-butene-2 in the presence of 
oxygen was undertaken. 

Experimental 
The apparatus and techniques used were as previously 

described (1,2). All gas chromatographic analyses were 
done on a 300 ft dimethylsulfolane capillary column at 
0 "C, using a hydrogen flame ionization detector. 

For the determination of relative co-oxidation rates, 
mixtures of ethylene and one or more olefins were used, 
together with n-butane as an unreactive internal stan- 
dard for vapor phase chromatographic analysis. The 
n-butane concentration was kept at about 2.94 x 
mole I-', and the olefin pressures were adjusted by ex- 

periment so that the degrees of conversion were all 
roughly the same, and less than 10%. A high pressure 
of methanethiol(5.87 x mole I-') was used in order 
to eliminate any possibility of radical attack on n-butane 
or of peroxy radical attack on olefin. Samples of the 
reaction mixture were analyzed before and after reaction. 

Results and Discussion 
Inhibition Kinetics 

Some representative isomerization curves are 
shown in Fig. 1, and all of the rate data obtained 
are summarized in Table 1. 

In the absence of oxygen, the thiyl radical 
catalyzed isomerization of cis-butene-2 (C) to the 
trans- form (T) has been treated (1) according 
to the following mechanism 

CH3SH + CH3S (rate = r,) 

[I C] CH3S + C -+ X 

[2] X + CH3SH + XH + CH3S 

[3 1 X + CH3S + p3T + (1 - p3)C 

[4l 2CH3S + CH3SSCH3 

X is the adduct radical, and p, is the probability 
that, when it decomposes, the trans-isomer is 
formed. It  has been established that the rate of 
reaction [2] is negligible compared with that of 
reaction [3] above 0 "C, and at thiol pressures up 
to atmospheric. 

It  would appear likely that inhibition by oxygen 
occurs through its reaction with the adduct 
radical, i.e., 
[7 I X + 02-+xoz 

The chain length for isomerization is very long 
and removal of X radicals could have a large 
effect on the reaction rate. Photolysis of mixtures 
of methanethiol and oxygen, at temperatures 
from 25 to 200 "C, failed to yield any sulfur- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 
Inhibited initial rates of isomerization 

Temperature Oxygen Rtc k7/~3k3 
("(4 (molel-') x lo5 (molel-' s-') x lo7 (1 mole-') x 

'For -20 and 25 'C, methanethiol = 2.15 x mole I-', cis-butene-2 = 5.38 x mole I-'. 
?For 125 'C, methanethiol = 5.38 x 10-3 mole I-', cis-butene-2 = 1.35 X 1 0 - h o l e  I - ' .  (The 

light intensity was the same only for the first two sets of data.) 

containing product other than 2,3-dithiabutane, 
which results from thiyl combination. Reaction 
of thiyl radicals and oxygen may, therefore, 
probably be eliminated from the inhibition mech- 
anism. 

The main fate of the peroxy radical that is 
formed in reaction [7] cannot at this stage be 

- ascertained. Because methanethiol is quite reac- 
0 - tive to dehydrogenation by alkyl radicals (4), 

it might be reasonable to expect that the peroxy - 
n 
tu radicals may undergo a similar rapid reaction to 

yield hydroperoxides. Such hydroperoxides have 
been shown to be the primary product of co- 

N oxidation of thiols and olefins in solution (5), 
where quite long chain lengths have been ob- 

+ served (6). If this is assumed to be the case, the 
following expression may be derived for the initial 
rate of isomerization of cis-butene-2. 

P I  Ric = (k) * P ~ ~ ~ ~ I c [ C I  
k 3  + k 7 C 0 2 l  

This equation predicts a linear relation be- 
tween Ric-' and oxygen concentration. Two such 

0 1 2 
plots obtained at 25 "C are shown in Fig. 2. The 
initial olefin and thiol concentrations were the 

T I M E  , rnin same in both cases, only the light intensity was 
FIG. 1. Isomerization of cis-butene at 25 "C. Meth- different. plots of the rest of the data in Table 1 

anethiol = 2.15 x I-'; cis-butene-2 = 5.38 x 
mole I-'; oxygen = o(?), 0.511(.), 1.02(4), 2.04(0), are not shown since they cannot be collveniently 
3.06(Q) x lo-' mole 1- . fitted on the same scale; the scatter of the experi- 
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OXYGEN, mole I-' x loS 

FIG. 2. Inverse plot of 25 "C results from Table 1. 
High light intensity, a; low light intensity, 0. 

mental points in each case is about the same as in 
Fig. 2. The ratio of the slopes to intercepts of 
these plots yields directly the rate constant ratios 
k,/p,k, which are given in the last column of 
Table 1. 

The difference in the two 25 "C results may be 
attributed to the appearance of a first order 
termination reaction at higher oxygen pressures, 
since the order dependence on light intensity, 
which may be estimated from the data of Table 1, 
increases from 0.50 at zero oxygen concentration 
to 0.68 at the highest oxygen concentration, as 
shown in Fig. 2. This reaction is most likely the 
termination of the peroxy radical, XO,, on the cell 
wall. Since the relative contribution of this hetero- 
geneous termination should be smaller the higher 
the thiyl radical concentration, the lower value of 
k7/p3k3, which is obtained at a higher light in- 
tensity, is probably more correct. An Arrhenius 
plot of the rate constant ratios yields E3 - E, = 
11.8 t- 2.5 kcal (90 % confidence limits). Since 
E, should be very close to zero, these measure- 
ments provide the first estimate of the carbon- 
sulfur bond strength in the adduct radical. Again, 

it may be argued that this is probably an over- 
estimate, since the thiyl radical concentration 
should increase with increasing temperature as a 
result of reaction [3] competing more successfully 
with reaction [7]. 

Although these results should be considered 
as only estimates, they do permit a calculation of 
the conditions under which the reversibility of the 
attack step may be made negligible, i.e., where 
k3 << Ic, [O,]. This has led to the development of 
a new method for determining relative attack 
constants. 

Relative Reactivities from Competitive 
Co-oxidation 

Consider the photolysis of a mixture of 
methanethiol, two olefins, A and B, and oxygen. 
Two parallel competitive reactions may occur 

Under conditions where k, << k7 [O,] for each 
olefin, it follows that 

Hence, if the conversions of both species are kept 
small, the relative attack constants may be deter- 
mined from the initial relative rates of disappear- 
ance of the two olefins. It is important to note that 
eq. [9] is independent of the subsequent fate of 
the peroxy radicals as long as reaction [3] is 
negligible. The reasoning of course may be ex- 
tended to a mixture of any number of olefins. 

For cis-butene-2 it was calculated, using the 
data given above, that at 0 "C and about 500 Torr 
oxygen, k3/k7[0,] < lo-,. Hence, at this tem- 
perature and pressure, eq. [9] should hold reason- 
ably well, even for systems where the rate of 
reaction [3] is an order of magnitude greater. 
Relative attack constants have been determined 
under these conditions, and in all cases when 
cis-butene-2 was present, the amount of isomeri- 
zation observed was much less than 1 % of the 
butene-2 disappearing by co-oxidation. 

The rate constants, obtained from relative co- 
oxidation rates at 0 "C, are, relative to that for 
ethylene: methylacetylene, 0.92 i- 0.20 (3); trans- 
butene-2, 1.96 + 0.75 (3); propylene, 2.42 t- 
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0.24 (3); cis-butene-2,4.13 + 0.72(10); isobutene, 
4.45 f 0.84 (4). The errors are 7.0 % confidence 
limits, and the number of experimental deter- 
minations is listed in parentheses. The rather 
poor precision that is indicated is probably due 
to fractionation on sampling and transfer to the 
gas chromatograph. The results do indicate, 
however, that the relative reactivities of olefins 
toward thiyl radicals is nowhere near as sensitive 
to olefin structure as has been observed for 
S(,P) or 0(,P) (7), the magnitude of the observed 
trends more closely resembling that for CF, (7). 
Since a new apparatus is now being developed 
in which it is hoped that sampling errors may be 
minimized, further discussion of the relative 
reactivity data will be postponed until more pre- 
cise results are forthcoming. 

Since isomerization kinetics for butene-2 are 
complicated by the probability factor in reaction 
[3], only the products p3klc and (1 - p3)klT 
could be obtained for the cis- and trans-isomers, 
respectively (1). In order to determine the 
attack constants themselves, the relative reactivity 
of cis- and trans-butene-2 was determined directly 
by the co-oxidation method. Since fractionation 
errors should be much less in this case, the value 
obtained klC/klT = 2.07 + 0.20 (70% con- 
fidence limits, four experiments) should be 
reasonably good. The equilibrium constant for 
the catalyzed isomerizations is (1) 

using K = 3.78 at 0 "C (extrapolated from data 

given in ref. 8), p3 = 0.65. Taking p3klc = 
1.6 x lo6 1 mole - ' s- ' (1, 3), the attack constant 
for cis-butene-2 is calculated to be 2.5 x lo6 1 
mole-' s-'. This may be compared with the 
attack constant for ethylene, 4.8 x lo5 1 mole-' 
s- ' (3), to yield a relative reactivity for cis-butene- 
2 of 5.1, which is in reasonably good agreement 
with the value 4.13 given above. 

The co-oxidation method appears more gener- 
ally applicable than the inhibition technique 
previously developed for butadiene (9), since it 
may be applied to compounds where attack may 
be reversible. The use of both methods when 
possible, however, should prove extremely useful 
in determining the validity of reactivity data. 

We are grateful to the National Research Council of 
Canada for financial support and to the Province of 
Ontario for a Fellowship awarded to J.F.S. 
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Ligand field splitting energies of the hexaamminecobalt(1I) ion and the 
hexaamminenickel(I1) ion measured by a calorimetric method 

BADRI MUHAMMAD' AND J. W. S. JAMIESON 
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia 

Received January 28, 1970 

Various normal lower ammines and high-energy modifications of the lower ammines of cobalt(I1) 
sulfate and nickel(I1) sulfate have been prepared and the heats of solution in dilute ammonia have been 
measured for both types. For each of these ammine systems the maximum difference in heat of solution, 
expressed as kcal/mole of each heptaammine, between the high-energy and the normal salts has been 
found to be in close agreement with the ligand field splitting energy of the hexaamminemetal(I1) ion. 
Canadian Journal of Chemistry, 48,2177 (1970) 

Introduction 
In a recent study (1) of both normal crystalline 

lower hydrates and high-energy modifications of 
the lower hydrates of the divalent sulfates of 
manganese, iron, cobalt, and nickel it was found 
that the maximum differences in heat of solution, 
expressed as kcal/mole of each heptahydrate, 
were empirically equivalent to the ligand field 
splitting energies of the corresponding hexaaquo 
cations. Since it seemed desirable to determine 
whether or not the ligand field splitting energies 
of other complexes could be measured in the 
same way, various ammine complexes of co- 
balt(I1) sulfate and nickel(I1) sulfate have now 
been studied. 

Experimental 
Suitable temperatures for preparation of the anhydrides 

of cobalt(I1) sulfate and nickel(I1) sulfate from higher 
hydrates were determined from experiments in thermo- 
gravimetric analysis (TGA) and differential thermal 
analysis (DTA). Thus anhydrous C0S04 was obtained by 
heating CoS04.7H20 (J. T. Baker Analyzed Reagent) in 
an oven at 270 "C for 3 days and anhydrous NiS04 was 
similarly prepared from NiS04.6H20 of Fisher certified 
reagent grade at a temperature of 350 "C. Completeness 
of dehydration was checked by the loss of weight which 
agreed with the calculated values to within 0.1 %. 

The anhydrous salts were finely powdered and about 4 g 
samples were taken for reaction with anhydrous ammonia 
(supplied by Matheson of Canada, Ltd.) at atmospheric 
pressure for about 2 days (2, 3). In each case during the 
initial stage of reaction there was evolution of heat 
accompanied by increase of volume and change of color 
(violet to pink for the cobalt complexes; yellow to green 
to light violet for the nickel complexes). The composition 
of each ~roduc t  was determined from both the gain in 
weight and gravimetric sulfate analysis. ~obalt(11)sulfaG 
hexaammine, which was probably pentaamminecobalt(I1) 

ordinary conditions in the atmosphere. Thus the starting 
materials for preparation of most of the samples of the 
lower ammines were NiS04. 6NH3 and CoS04.(5.68- 
NH3). 

Some CoS04-6NH3 was also prepared essentially as 
described by Wendlandt and Smith (5) by passing dry 
ammonia through a suspension of the free salt in absolute 
ethanol. Samples prepared both directly and by this 
method were examined by thermogravimetric analysis a t  
a heating rate of about 0.12 deglmin and were found to be 
virtually identical. 

A sample of NiS04-6NH3, which was probably penta- 
amminenickel(I1) sulfate monoammine, prepared by the 
method of Werner (6) was shown by thermogravimetric 
analysis and differential thermal analysis to be essentially 
identical with both the hexaammine prepared directly and 
that reported by George and Wendlandt (7), although the 
colors of the products were different, due presumably to 
different particle sizes. The infrared spectra of the hexa- 
arnrnines prepared by these methods were found to be 
identical and in agreement with the spectrum recently 
reported (8). 

Deammoniation of the hexaammines of cobalt(I1) 
sulfate and nickel(I1) sulfate was carried out in vacuo or 
in an oven at various temperatures, after which the glass 
tubes containing the samples were sealed to prevent 
water vapor in the air from reacting with the lower 
ammines. 

After partial loss of ammonia, some samples were 
heated in sealed tubes at different temperatures for 
various time intervals. 

All the ammine complexes prepared appeared to be. 
homogeneous. Duplicate samples prepared in the same 
way had the same uniform color and gave practically 
identical heats of solution. 

Integral heats of solution were measured as previously 
described (1) except that the ammines of cobalt(I1) sulfate 
were dissolved in 3 Maqueous ammonia and the ammines 
of nickel(I1) sulfate were dissolved in 0.75 M aqueous 
ammonia, to ensure complete solubility. 

Results 
sulfate monoammine, was prepared and used as starting ~ h ,  results given in ~ ~ b l ~ ~  1 and 2 and in ~ i ~ ~ .  
material for the preparation of some lower ammines, but 
as has been reported (4) it was found to be unstable under and show that linear are obtained by 

plotting. the heats of solution in cal g-' of solute 
lColombo Plan Scholar. against the percentages of ammonia in the 
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I 
I I t I 

10 2 0  3 0  4 0  5 0  
PERCENT AMMONIA IN SALT 

FIG. 1. Heats of solution for various amrnines of 
cobalt(I1) sulfate. 10 2 0  3 0  40 5 0  

PERCENT AMMONIA IN SALT 

FIG. 2. Heats of solution for various ammines of 
nickel(I1) sulfate. 

samples. The vertical lines in Figs. 1 and 2 are at 
the monoammine compositions. It is assumed 
that the monoammines are M(S0, .NH3) since TABLE 1 

the heat of solution lines AB (between the free Heats of solution for various arnmines 

salt and the monoammine) have different slope of cobalt(1I) sulfate 

than the heat of solution lines BC (between the Heat of Nature of sample or 
monoammine and the heptaammine). Thus it is % ~ ~ ~ ~ ~ i ~  solution method of 
evident that the last NH? is bonded differently. ~n sample (callg) deamrnoniation 

As in the case of the G u o  complexes (1) the 
lines CE, which represent the maximum possible 
heats of solution for samples which might be 
prepared from the heptaammines MSO, -7NH3, 
which are probably [M(NH3),]2+S0,2- -NH3, 
have been calculated and drawn through the 
point C for each heptaammine. Since the readily 
prepared starting materials were CoSO, .(5.68- 
NH,), CoSO, .6NH3, and NiS0, .6NH3 the 
points C for the heptaammines and the lines CE 
were obtained by extrapolation of the experi- 
mental data. 

CobaIt(I1) Sulfate 
The heat of solution data for the ammines of 

cobalt(I1) sulfate may be expressed as linear 

Vacuum 
Vacuum 
Vacuum 
Vacuum 
Vacuum 
Direct preparation 
Direct preparation 
Direct preparation 
Dearnmoniation at 130 "C 
Dearnrnoniation at 80 "C 
Dearnmoniation at 80 "C 
Dearnrnoniation at 40 "C 
Dearnmoniation at 100 OC 
Direct preparation 
Deammoniation over 350 "c 
Dearnmoniation at 300 "C 
Dearnrnoniation at 300 "C 
Deammoniation at 130 "C 
Direct preparation 
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TABLE 2 
Heats of solution for various ammines 

of nickel(I1) sulfate 

Heat of Nature of sample or 
% Ammonia solution method of 

In sample (cal/g) deammoniation 

0.0 246 Vacuum 
12.5 160 Vacuum 
18.3 129 Vacuum 
22.1 93.2 Vacuum 
31.4 28.3 Vacuum 
39.9 -27.7 Direct preparation 
19.6 48.2 Deammoniation at 253 "C 
27.1 11 .8 Deammoniation at 77 "C 
30.6 6.4 Deammoniation at 10 "C 
32.2 0.0 Deammoniation at 70 "C 
39.0 -23.9 Direct preparation 
39.9 - 27.7 Direct preparation 
0.0 177 Sealed tube over 350 "C 
2.94 155 Sealed tube at 340 "C 

11.6 95.8 Sealed tube at 200 "C 
13.8 80.0 Sealed tube at 200 "C 

equations, calculated by the method of least 
squares, as 

yBc = - 5 . 0 9 ~  + 167 

Extrapolation of the line BC gives an estimate of 
the heat of solution of CoSO, -7NH3 (43.38% 
ammonia), which is probably [Co(NH3),I2+- 

.NH3, as -54.0 cal/g and that of Co- 
SO, .NH3 (9.898% ammonia), which is probably 
C O ~ + S O , ~ -  -NH3, as 117 cal/g. The line CE in 
Fig. 1 has been drawn through the point C for 
CoSO, .7NH3, the species which would probably 
contain the hexaamminecobalt(II) ion, with a 
slope equal to that of the line FH. The heat of 
solution of the high-energy modification of 
CoSO, .NH3 (9.898% ammonia) at the point D 
on the line CE is then calculated as 223 cal/g. 
Therefore the maximum energy of transition is 
223 - 117 = 106 cal/g which is equivalent to 
1.02 x 10, cm- ' per mole of CoSO, .7NH3. 

Nickel(I1) SuIfate 
Similar linear equations of the heat of solution 

data for the ammines of nickel(I1) sulfate are 

Lower ammines of nickel(I1) sulfate prepared in 
vacuo gave heats of solution along the line IK in 
Fig. 2 but samples prepared by simple heating in 
an oven gave lower heats of solution, falling 
between the lines IK and FH as shown by the 
points marked with open circles. The line F H  was 
obtained for the heats of solution of samples 
having approximately the desired percentage of 
ammonia which were heated in sealed tubes at 
elevated temperatures. 

Extrapolation of the line BC gives the heat of 
solution of NiSO, .7NH3 (43.51% ammonia), 
which is probably [Ni(NH3)6]2+S042- -NH3, as 
-41.0 cal/g and that of NiSO, .NH3 (9.91 3% 
ammonia), which is probably Ni2+S042- .NH3, 
as 79.9 cal/g. The line CE in Fig. 2 through the 
point C for hexaamminenickel(I1) sulfate mono- 
ammine has been calculated using the slope of the 
line IK as 

ycE = - 6 . 9 6 ~  + 262 

The heat of solution for the maximum possible 
high-energy modification of NiSO, .NH3 (9.9 13% 
ammonia) at the point D on the line CE can then 
be estimated as 193 cal/g. Thus the maximum 
energy of transition can be calculated as 1.08 x 
lo4 cm-I per mole of NiSO, .7NH3. 

Discussion 

The lower ammine complexes, although ap- 
parently homogeneous, were almost certainly 
mixtures rather than integral lower ammines. 
According to the phase rule no more than two 
such solid phases could be present at equilibrium. 
Frost, Moon, and Tompkins (9) showed that both 
integral hydrates and two-phase mixtures of 
hydrates gave heats of solution falling along 
straight lines (from anhydride to monohydrate 
and from monohydrate to heptahydrate). Simi- 
larly, mixtures of ammines give the same heat of 
solution lines as integral ammines. 

For consistent results it is necessary that all 
heat of solution samples dissolve to give the same 
species in aqueous ammonia solution. Since the 
results are consistent it seems reasonable to 
assume that this is so. While it seems likely that, 
in each case, the hexaamminemetal(I1) ion is 
formed, even if it were some other entity such as 
[M(NH3),(H20), -,.I2+ the differences in heat of 
solution such as DB would be unchanged. 

The values of the ligand field splitting energies 
now obtained are in close agreement with the orig- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2180 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

inal spectroscopic values of Jsrgensen, quoted by 
Orgel (10) of 1.01 x lo4 cm-' for the hexa- 
amminecobalt(I1) ion and 1.08 x 10, cm-' for 
the hexaamminenickel(I1) ion ( l l ) ,  just as the 
maximum differences in heat of solution between 
the high-energy and normal crystalline hydrates 
of several transition metal sulfates have pre- 
viously been shown to be equivalent to the 
spectroscopically measured ligand field splitting 
energies for several hexaaquo cations. Thus there 
appears to be further verification that the present 
calorimetric method, at least in principle, could 
be used to give quantitative measurements of the 
ligand field splitting energies for cations having 
six ligands in an octahedral field. 

The heat of solution of [M(NH3),]2+S042d a- 

NH, would be the heat of reaction for 

and the heat of solution of M(S04 .NH,) would 
be the heat of the reaction 

M2+SO4'- ,NH3 + (n + 6)NH3 -+ 
aqueous 

[M(NH3)6I2+ + SOqZ- .NH3 
s o l v s t ~ d  

so that the heat of solution of the heptaammine 
minus the heat of solution of the monoammine 
could be expressed as the standard heat of forma- 
tion of the monoammine plus 6 x [the standard 
heat of formation of ammonia ,,,,,,,,, ] minus the 
standard heat of formation of the heptaammine, 
which is the heat of the reaction 

The standard heat of formation of NiSO, -7- 
NH, at point C = -408.2 kcal/mole (12), the 
standard heat of formation2 of normal or low- 
energy NiSO, .NH, at point B = -267.2 kcal/ 
mole of monoammine and the standard heat of 
formation2 of the high-energy modification of 
NiSO, .NH, at point D = - 247.8 kcal/mole of 
monoammine. Thus in the thermochemical cycle 
CBD for the ammines of NiSO,, AH from C to B 
would be the heat of the reaction 

'Heats of formation of the low- and high-energy forms 
of the monoammine have been estimated from data in 
ref. 12 and the present heat of solution data. 

kcal, which is equivalent to the difference in heats 
of solution of the heptaammine (41.0 cal/g or 11.2 
kcal/mole of heptaammine) and the mono- 
ammine (-79.9 cal/g or - 13.7 kcal/mole of 
monoammine = 11.2 - (- 13.7) = + 24.9 kcal. 
Similarly AH from C to D would be the heat of 
reaction for 

NiS04 -7NH3 -+ NiSO, .NH3 (high-energy) + 6NH3 (aqueous) 

or -247.8 + 6(-19.35) - (-408.2) = +44.3 
kcal, which seems to be a reasonable estimate of 
the total energy of the six metal-ligand bonds 
broken. 

AH from C to B would be composed of a 
positive term for the energy of the six metal- 
ligand bonds broken and a negative term for the 
energy of rearrangement of the structure from the 
heptaammine lattice to the monoammine lattice. 
AH from B to D would be 193 - 79.9 = 113 
cal/g or 19.4 kcal/mole of monoammine. (This 
energy expressed as 31.0 kcal/mole of hepta- 
ammine is the ligand field splitting energy of 
1.08 x lo4 cm-I.) Thus AHfrom C to D would 
be the sum of AHc, and AHBD or + the energy of 
the six metal-ligand bonds broken - the energy 
of rearrangement + 19.4 kcal. Since it seems 
likely that AHcD is just the energy of the six 
metal-ligand bonds broken, the other terms ap- 
pear to cancel each other so that the energy of 
rearrangement would probably be - 19.4 kcal. 
Thus the energy of rearrangement seems to be 
entirely due to the presence or absence of the 
ligand field. 

It now appears that loss of ligands without a 
corresponding structural rearrangement would 
give heats of solution along the line CD and with 
rearrangement the heats of solution would be 
along the line BC. The energy difference (mea- 
sured as a difference in heats of solution) would 
be the ligand field splitting energy or some 
fraction of the ligand field splitting energy for 
fewer than six ligands. 

For example, the loss of a single ligand from a 
heptaammine would involve both rupture of the 
bond holding the ammonia ligand to the metal 
and rearrangement to the lattice of the normal 
hexaammine, which is probably [M(NH,),]~+- 

.NH,. It now seems that if deammoniation 
is done in vacuo the bond is broken but rearrange- 
ment of the lattice does not occur and the heat of 
solution would fall along the maximum high- 
energy line CE. If rearrangement to the normal 
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hexaammine occurred the splitting energy of the 
d-orbitals would decrease and the heat of solution 
would fall below CE on the minimum low-energy 
line BC for the normal ammines. 

I It has been assumed that the metallic ions M2 + 
I in the monoammine lattice have no ligands and 
I therefore no ligand field. If sulfato or other 

ligands formed complexes with these metal(I1) 
ions, this would presumably occur to the same 
extent with both the high- and low-energy modi- 

I fications, so that there would be no effect on 
energy differences such as DB. 

, In some senses plots of heat of solution in cal 
or kcal per mole of solute against mole fraction of 
ammonia (or moles of ammonia per mole of 

1 
MSO,) might seem to have greater fundamental 

, significance than the present plots of heat of 
solution in cal/g of solute against percent am- 
monia. Unfortunately such plots would not show 
the lines AB, CE, FH, and IK as parallel. The 

I plot of heat of solution in cal/g of solute vs. per- 
I cent ammonia is useful not only to make these 
I lines parallel but also to give a self-consistent set 
, of data, e.g., each heat of solution could be 
I multiplied by the molecular weight of the hepta- 
1 ammine to give appropriate values for the system 

containing one mole of metal(I1) ion and one 
mole of sulfate ion. 

It may seem contradictory that heats of forma- 
tion and heats of solution for integral ammines 

; were used in the thermochemical cycle CBD dis- 
1 cussed above. However, the use of different ' molecular weights for the free salt and the various 

integral ammines gives different slopes for the 
lines AB, CE, FH, and IK, which might seem to 
imply that the bonds holding the ligands in the 
different lattices have different strengths, but that 

I 

all ligands in a given normal lattice are held with 
equal strength. Such implications are absurd, 

since it is well established that the first few l'igands 
are more readily removed than the last one or two. 
Consideration of the data in Figs. 1 and 2 (heats 
of solution at the percentages of ammonia in the 
various integral ammines) shows that the heats of 
reaction increase for the successive removal of 
ligands. Thus for a given mole of ligand removed 
(e.g., the third), the energy to break the metal- 
ligand bond would be the same, whether that 
ligand was originally one of three in the tetra- 
amine, one of four in the pentaammine or one of 
six in the heptaammine. 
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Photoconductivity of y-irradiated methyltetrahydrofuran glass at 77 O K 1  

K. F. BAVERSTOCK' AND P. J. DYNE 
Materials Science Branch, Whiteslzell Nuclear Research Establishment, Atomic Energy of Canada Limited, 

Pinawa, Manitoba 
Received December 10. 1969 

y-Irradiated glasses of methyltetrahydrofuran at 77 OK exhibit photoconductivity on illumination with 
visible light. A variety of kinetic effects are observed as the wavelength of the exciting light is changed 
from blue to the near infrared. It  is suggested that, due to the coulombic field of the positive ions in the 
glass, some electrons can be released by red light while others can be released only by ,blue light. A 
thermally unstable red sensitive center can also be formed in the glass during illumination with blue 
light. This unstable center could be a dielectron. 
Canadian Journal of Chemistry, 48,2182 (1970) 

The processes of solvation and trapping of 
electrons produced by high energy radiation in 
condensed media are of considerable current 
interest. While the existence of solvated electrons 
in liquids and trapped electrons in organic 
glasses are well established, the nature of the 
trapping sites and the mechanism of trapping 
are not at all well understood. 

In a study of the kinetics of bleaching of elec- 
trons trapped in y-ray irradiated 2-methyltetra- 
hydrofuran (MTHF) at 77 OK, Dyne and Miller 
(1) concluded that electrons could travel distances 
of 1000 A or more before being recaptured by 
positive ions. Other estimates of the ranges gave 
similar values (2). In these samples positive ions 
are present at separations of 200 A or less and it 
was evident that the range of electron movement 
was considerably greater than the interionic 
se~aration and that coulombic attraction was not 
an overwhelming driving force for recombination. 

If electrons travel such distances in glasses 
after being released from their traps by the ab- 
sorption of light, then y-irradiated organic glasses 
should also show photoconductivity. This paper 
describes some exploratory work on the photo- 
conductivity of y-irradiated MTHF which pro- 
vides more information on the complexity of the 
trapping centers in organic glasses and evidence 
for a dielectron. 

It is hoped that photoconductivity measure- 
ments will eventually provide a direct measure of 
the distances thermal electrons can move in a 
condensed medium. However, a cmductivity 
measurement alone measures the product: No. 

of moving electrons x distance moved; the 
distance itself is indeterminate. 

In this paper we describe qualitatively the 
effects of the wavelength of the exciting light on 
the time dependence of the photocurrents. A 
quantitative interpretation of currents obtained 
with different wavelengths of exciting light is, 
however, difficult since the variations of quantum 
efficiency of releasing electrons from traps with 
the wavelength of exciting light is unknown, but 
is likely to be large. Such problems can only be 
resolved by measurements of electron mobility 
(via, for instance, the Hall effect). The qualitative 
studies described here are an essential prelude to 
such more detailed studies. 

Photoconductivity in closely related systems 
has been studied in some detail by Albrecht and 
his collaborators (3-5) and by Willard and his 
collaborators (6, 7). Albrecht studied glassy 
solutions of N-N-N1-N'-tetramethylparaphenyl- 
enediamine (TMPD) in 3-methylpentane (3-MP). 
This solute readily photoionizes and the resulting 
electrons are trapped in the solvent much as they 
would be after y-irradiation of pure 3-MP. 
Wiseall and Willard (6) and Ling and Willard (7) 
have been principally interested in the electrical 
conductivity which appears on warming the 
sample from 77 OK and have briefly studied the 
photoconductivity in 3-methylpentane. The re- 
sults in these systems are in many ways closely 
similar to those reported here on MTHF and 
detailed comparisons are made in the bulk of this 
paper. Willard (8) has recently reviewed the work 
in this and related areas. 

lAECL No. 3613. 
Experimental 

'NRCC Postdoctoral Fellow, 1967-1969. Present The Conductivity Cell 
address: Department of Chemistry, University of The design of the conductivity cell follows that 
Nottingham, Nottingham, England. described by Johnson and Albrecht (4) and is shown in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BAVERSTOCK AND DYNE: PHOTOCONDUCTIVI LTY OF METHYLTETRAHYDROFURAN GLASS 2183 

CMTEO ELECTRCOE 

-METAL ELECTRODE 

OPAOUE 

LIGHT 

___, 

FIG. 1. Exploded schematic view of the photoconduc- 
tivity cell. The left hand electrode is a microscope slide 
coated with stannic oxide. The mylar spacer is 0.05 mm 
thick and liquid MTHF is drawn up into the cut-out 
portion by capillary attraction. 

Fig. 1. The metal electrode was of polished copper. No 
experimental differences were observed when glass 
electrodes with surface coatings of various vapor de- 
posited metals were used in its place. The mylar spacer 
was typically 0.05 mm thick. 

The semi-transparent glass electrode was made from 
a microscope slide which was coated on one side with 
conducting stannic oxide. Other vapor plated electrodes, 
gold and platinum, were also used for the transparent 
electrode but no experimental differences were observed. 
The resistance of the tin oxide coated electrodes varied 
from one preparation to another but was typically of the 
order 50 kohm/cm (point to point). The non-conducting 
side of the electrode was masked with liquid bright gold 
to prevent light reaching the mylar film. About 1 cmZ 
of the sample was illuminated. 

A clip held the assembly in place, and connections were 
made to the electrodes by spring clips. The electrode 
assembly was contained in a Pyrex vessel. This outer 
vessel was coated with liquid bright gold except for a 
window allowing the illumination of the electrodes; the 
gold coating was grounded to reduce electrical noise. 
T o  prepare a sample the completed cell was attached to  a 
vacuum line and evacuated through a side arm. A small 
amount of MTHF was then distilled into the cell under 
vacuum and the sample degassed by freeze-thaw tech- 
niques. MTHF was drawn up between the electrodes by 
capillary attraction. When frozen the cell was filled with 
dry gas (helium) and removed from the vacuum line in a 
Dewar. The whole cell was then filled with liquid nitrogen 
which thus surrounded the electrode assembly. Irradia- 
tions were made with l o c o  y-rays at a dose rate of 
2 x 1018 eV g-' min-'. For most of the data reported 
here the dose was 1019 eV/g. On completion of the 
irradiation the cell was transferred to a Dewar having a 
clear, non-silvered strip. New samples were prepared for 
each of the experiments reported here. In  some prelimi- 
nary studies samples were re-irradiated after bleaching o r  

after thawing and refreezing. N o  major effects were ob- 
served. 

High voltage (negative with respect to ground) was 
supplied to the metal electrode by a Keithley HV supply. 
For  most experiments a potential of 500V was used, 
giving a potential gradient of - LO4 V/cm. Signals were 
amplified by a Keithley Electrometer 610 and the output 
was displayed either on a Hewlett-Packard Recorder or 
Tektronix Storage Oscilloscope. 

The Optical System 
A variety of light sources, filters, or monochromators 

were used for illuminating the sample after irradiation. 
Blue illumination at  404 and 436 nm was provided by a 
100 W Hg arcsource (Oriel Optics) which was filtered with 
heat absorbing filters and an interference filter trans- 
mitting between 380 and 500 nm. Red and infrared light 
was obtained from a 150 W quartz iodine lamp with a 
1 cm filter of 8 %  HzO in MTHF which cuts off a t  
wavelengths > 1200 nm, and either an Ealing Special 
Infrared Pass Filter, o r  a combination of Corning Filters 
Nos. 2030 and 2550. 

For  simultaneous illumination with two wavelengths 
of light, the two light beams, initially at right angles were 
combined with a partially aluminized front surface mirror 
set at  45" to each beam. 

Where a greater degree of resolution in wavelength 
of illumination was required, a Jarrel Ash f.3.5 grating 
monochromator was used with the quartz iodine lamp. 
Light intensities were compared with an  Eppley Thermo- 
pile: the highest intensities were - 2 mW/cmz over the 
1 cmz illuminatsd area for infrared light. For blue light 
these were - mW/cmz. The samples are thin so that 
the optical density (-0.02 at 1200 nm) is sufficiently 
small that the sample is being essentially uniformly 
illuminated across its thickness. 

Materials 
2-Methyltetrahydrofuran was supplied by Eastman 

Organic Chemicals. Sodium wire was placed in the bottle 
a few days prior to use. The decanted ether was then dis- 
tilled from the sodium at atmospheric pressure and stored 
in a vacuum line. Before use the ether was distilled several 
times over a sodium mirror. Final drying was carried out 
over a sodium mirror and in the presence of a small 
amount of naphthalene. The distillate used in the experi- 
ments was shown to be naphthalene free. 

Results 

1. Volt-Ampere and Dose Characteristics 
In preliminary experiments we confirmed that 

for the red light and blue light, for fields between 
2 and 80 kV/cm the initial currents were propor- 
tional to applied voltage and that the currents or 
total charge removed were approximately propor- 
tional to  dose over the range 5 x 1017 to 4 x lo1' 
eV/g. Some dose effects were observed, the 
charge extracted being less than proportional to 
dose at higher doses. The total charge extracted 
during illumination with red light is in the order 
of 1 % of the total charge stored in the sample after 
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TIME . 5 

FIG. 2. Current spike obtained on illumination with "red" light. Interruption of the light produces a small thermal 
decay. Details of the experimental conditions for this and other figures are in the text. 

y-irradiation. This collected charge is equivalent 
to a movement of the total stored charge through 
a distance - 50 A. These data do not, however, 
give any quantitative data on electron ranges in 
the matrix since all that can be measured without 
a knowledge of the electron mobility is the prod- 
uct: No. of charges moving x average distance 
moved. We can conclude onlv that some electrons 
can move distances which are significantly larger 
than the average separation of positive ions at 
the doses used (50 to 200 A). The initial currents 
were proportional to light intensity from the 
maximum available, to intensities - 1/50 of the 
maximum. 

A number of blank experiments, similar to 
those described by Albrecht, were carried out to 
show that the observed currents are due to elec- 
tron transport in the glass, the most significant 
being that photocurrents were observed only after 
y-irradiation. Experiments with blocking elec- 
trodes are not feasible since y-irradiation at 
77 "K will almost certainly produce bleachable 
color centers in any material chosen for blocking 
electrodes. A suprasil sample gave large photo- 
currents. Previous workers (3-7) have demon- 
strated the significance of these photoconductivity 
techniques. 

2. Illumination by Red Light and Infrared Light 
Illumination with infrared light (900-1200 nm) 

or red light (600-800 nm) gave a current spike of 
the type shown in Fig. 2. The initial rise is fast 
and essentially instantaneous relative to the time 
constant of our measuring circuit (- s). 

At the doses used in these experiments, trapped 
electrons are thermally stable; no significant 
decay being observable for 3 to 5 h after irradia- 
tion. The thermal instability observed by Smith 
and Pieroni (9) occurs at doses ten times greater 
than used here and over periods of 10 to 100 h. 
Because of this short term thermal stability the 
initial currents are independent of the time 
between irradiation and illumination when these 
are of the order of 1 to 2 h. If the light is turned off 
the current falls instantaneously to its initial 
value. When the light is turned on again the 
current does not go back to the value observed 
when the light was turned off. This difference 
increases as the dark interval increases. The figure 
shows an extreme case for a 4 min dark interval. 
On a simple model the photocurrent at any time 
will be proportional to the concentration of 
trapped electrons. However, a rough comparison 
of the initial rate of decay of the photocurrent 
with the initial rate of bleaching by light of the 
same wavelength shows that the current is 
decaying at a considerably faster rate (as much 
as a factor of ten) than the concentration of 
trapped electrons measured spectrophotometri- 
cally. Qualitatively similar results are obtained 
with light in the wavelength range 600-550 nm. 
With the shorter wavelength the rate of decay of 
the photocurrent and of the bleaching are more 
nearly comparable. Accurate comparison of the 
concentration of trapped electrons and the 
photocurrent would be of considerable interest 
but such measurements unfortunately present 
some formidable technical difficulties. 
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r i  I I CONDUCTION BAND 

C 

FIG. 3. Red light, quanta hv,, releases trapped 
electrons from shallow traps, T,, to the conduction band. 
They may diffuse through the sample being retrapped at 
other sites, TR, or may be trapped at deeper sites. 

A formal interpretation of the red current spike 
is given in Fig. 3. Electron traps of varying depth 
are present. Electrons can be released from 
shallow centers, TR, by red light. If they are 
trapped at the deeper centers they cannot con- 
tribute further to the red photocurrent. These 
deep traps would include positive ions. If positive 
ions were the only deep traps then the rate of 
decay of the photocurrent and the rate of bleach- 
ing would be proportional to one another. The 
observation that the rate of decay of photocurrent 
is greater than the rate of bleaching shows, 
however, that positive ions cannot be the only 
deep traps for the process envisaged in Fig. 3. 
Figure 3 does not provide a rationalization for the 
apparent thermal decay seen on interruption of 
the illumination. This is discussed later. 

3. Illumination by Blue Light 
With "blue" light, the broadened lines from a 

high pressure mercury arc between 400 and 500 
I nm, a different current profile is observed (Fig. 4). 
I There is an initial sharp rise, instantaneous in the 

I 
terms defined in the previous section, followed 
by a slow rise to a maximum and by a much 

I 

I slower decay. The time taken to reach the maxi- 
mum varies with several parameters. Figure 4A 
is for a sample which had only been y-irradiated; 
Fig. 4B is for a similar sample which had pre- 
viously been illuminated with red light and the 
red current had decreased to about one tenth its 
initial value. With prior red illumination the slow 
rise to a maximum is considerably prolonged. 
Figure 5 shows the effect of dose on the blue 

I 
profiles. At low doses the slow rise is hardly 
apparent. 

I The distinction between "red" and "blue" 
I current profiles is not simply a matter of the 
I illuminating wavelength. Illumination of the 

I sample at one wavelength can affect the current 
I profile at another wavelength. This is seen in the 

current profiles shown in Fig. 6. The sample was 
first illuminated with infrared light of wavelength 
> 800 nm. Subsequent illumination with red 

FIG. 4. Current profiles obtained on illumination 
with blue light. A, immediately after y-irradiation; 
B, after prior red illumination such that the red spike had 
decayed to about 1/10 its initial value. 

I  I I I I I I  I  
0 1 2 3 4 5  

TIME . I 
FIG. 5. Blue current profile as a function of y-ray 

dose. For clarity the curves are separated along the time 
axis. The dose rate is 2 x 10" eV/g min. 

light 600-800 nm gave the current profile A. 
The sample was then illuminated with blue light, 
giving a typical blue current profile B. Re-illumin- 
ation with red light then produced a current 
profile C which is clearly distinct from that 
originally obtained at A. 

The photocurrent produced by infrared light 
decays with illumination. The sensitivity to 
infrared light can, however, be restored by illumi- 
nation with blue light as shown in Fig. 7. If there 
had been no intermediate blue illumination we 
would have obtained a current profile similar to 
those shown in Fig. 2. We shall call currents 
produced under these conditions "induced" red 
currents. 

These induced red currents differ from the red 
currents described in Fig. 2 in that they are 
thermally unstable. As already noted, the trapped 
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TlME , r 

FIG. 6. Effect of illumination on current profiles. The sample is illuminated with infrared light > 800 nm. Illumina- 
tion with red light, 600-800 nm then gives the profile A. After illumination with blue light B, the spike profile C is 
observed with red light. 

TlME . I  

FIG. 7. After illuminating with red light, A, blue illumination B, induces sensitivity to infrared light and regenerates 
a spike current C .  

electron normally observed in M T H F  is thermally 
stable: the optical and electron spin resonance, 
(e.s.r.) spectra remain unchanged for periods 
of up to  several hours after y-irradiation. This is 
also true of the initial red photocurrents and blue 
photocurrents. The induced infrared current, 
however, decays quite rapidly with time, indepen- 
dent of any illumination. This is demonstrated by 
varying the dark period between blue illumination 
and red illumination. The initial current spike is 
plotted against dark time in Fig. 8 and shows a 
half life of the order of 2 min. Induced red 
currents are only observed after the sample has 
been bleached with red light. N o  significant 
increase in the red current is observed if, after 
irradiation, the sample is simply illuminated by 

DDhK TIME, mln 

FIG. 8. 0, initial current of regenerated spike C 
(Fig. 7) as a function of dark time after cessation of blue 
illumination; A, decay of current spike with infrared 
illumination on the same timescale. 
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t r I I CoNouciioN BAND 

FIG. 9. (a), Blue light, quanta hvB, releases electrons from traps T,; (b), blue light populates intermediate traps TI, 
electrons can also be released from these traps by blue light; (c), the shallow thermally unstable center T, required by the 
observation of induced currents. 

blue light; the current observed on subsequent 
red illumination is that which would have been 
observed without blue illumination. 

The blue current profile is very similar to that 
observed for alkali halides at elevated tempera- 
tures (125-235 "C) (10, 11). In alkali halides this 
profile is explained by supposing that electrons 
are promoted by blue light to the centers just 
below the conduction band and are released to 
the conduction band by purely thermal processes. 
For the MTHF system, however, the effects 
described above, where the shape of the profile is 
affected by dose and by prior illumination with 
red light, are more readily understood by the 
scheme shown in Fig. 9. The fast current rise is 
produced by the release of electrons from traps 
as shown in (Fig. 9a) in the left hand side of the 
diagram and may be retrapped again in blue traps 
T, or intermediate traps TI. Blue light can of 
course also release electrons from the shallower 
traps TI  (Fig. 96). Following blue illumination 
we can expect an increase in the number of elec- 
trons in the shallower traps. If we make the reas- 
onable assumption that blue light is more 
efficient in promoting electrons to the conduction 
bands from T, than from TB traps then the photo- 
current will increase with time, as observed. The 
induced infrared currents require us to postulate a 
shallow unstable center T, (Fig. 9c). 

This model would lead us to expect that these 
current profiles would also be affected by light 
intensity. With the small ranges of intensity 
available to give a conveniently measured current 
this is true. With red light a decrease in the light 
intensity flattens the spike. Similar effects have 
been observed for alkali halides (see Fig. 7.5 in 
ref. 10). With blue light an increase in intensity 
tends to shorten the time of the slow rise; with 
high light intensities an apparent spike profile 

might be formed but this has not been observed. 
The existence of an intermediate trapping level 

can be seen in another experiment. The induced 
red spike current can be reformed several times 
by blue illumination. The size of the induced 
spike is roughly comparable on each illumination 
although it does, of course, diminish slowly as 
the electrons move progressively to deeper 
trapping sites on prolonged blue illumination. If, 
then, after the sequence shown in Fig. 7 we 
illuminate simultaneously with blue and red light 
a current profile of the type shown in Fig. 10 is 
seen, where a red current spike is superimposed 
on the blue current. With simultaneous illumina- 
tion, however, the red spike decays much more 
slowly than it does in the absence of blue light. 
This is shown by the dotted line in the figure. 
This is to be ex~ected from the scheme shown in 
Fig. 9 since, with simultaneous illumination, the 
levels which are being depleted by red light are 
being simultaneously replenished by blue illum- 
ination and a larger current will be obtained than 
with red illumination alone. 

TIME . I 
FIG. 10. Current profile during simultaneous red and 

blue illumination. Dotted line showds the red profile (as 
in C,  Fig. 7) which would have been attained without 
blue light. 
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FIG. 11. 0, quantum efficiency of bleaching; @, 
initial photocurrent/quanta absorbed. For comparison 
these have been normalized at 600 nm. The precise values 
are given in the text. The short wavelength side of the 
absorption due to the trapped electron is shown by the 
solid line. 

Discussion 

The data we have presented can conveniently 
be discussed in two parts: first, the current profiles 
produced by red and blue light, second the 
induced currents excited by infrared light and 
resulting effects. We suggest that the gross effects 
of wavelength on the current profiles can be 
understood on the basis of arguments advanced 
previously by Albrecht which consider the effect 
of local coulomb potentials on the trapped elec- 
tron. We discuss several special configurations 
of trapped electrons in MTHF glasses to account 
for the induced currents and their thermal 
instability. 

(a )  Electron Traps and Local Coulomb Potentials 
Following the discussion in ref. 1 and the 

theoretical model for the electron in ammonia 
A .  i T ' ,- -~ 

,..- l l l l r r u l  y u u ~ ~ r u ~ ~ l  ULLLULULLUJ u r  dvv i t i l l  w a a  

reported as 0.1 + 25 %. The photoconductivity 
data are for initial (fast) currents per quantum 
absorbed. Light intensities were obtained from 
thermopile measurements; absorption data were 
from the measured absorption spectra. For a 
sample irradiated to 1019 eV/g and illuminated 
at 500 nm the observed currents are - 3.6 x 
Alquantum absorbed with 500 V across the cell. 
This figure takes no account of reflectance losses 
at the interfaces in the cell and may be perhaps 
20% low because of this. As with the quantum 
efficiency it would be unwise to assume that 
uncertainties in this value of Alquantum absorbed 
are less than 25%. The data differ from those 
reported earlier (1) in that, from 500 to 400 nm, 
the bleaching efficiency decreases on going to 
shorter wavelengths. While we have no explana- 
tion for this experimental discrepancy, careful 
checking leads us to conclude that the present 
data are reliable. The action spectra for photo- 
conductivity show a similar maximum and we 
conclude that the bleaching process and the 
photoconductivity are closely related, the pri- 
mary light absorption step being the same for 
both prgcesses. 

IllG G I I C ~ ~  ul LIIC I U G ~ I  CuulvmD potentials on 
such properties as photoionization and photo- 
conductivity have been discussed by Cadogan 
and Albrecht (13). In Albrecht's experiments 
electrons are produced by the photoionization of 
TMPD and are then trapped in the matrix. The 
photoionization of TMPD is equivalent to 
y-irradiation in our experiments. Current profiles 
in the red and blue are then observed which are 
qualitatively identical to those observed by 
ourselves in MTHF: a small induced red current 
is observed but its thermal stability is not dis- 
cussed. The explanations advanced for these 
current profiles are formally identical to those we 
have proposed in Figs. 3 and 9. 

Albrecht (5, 13) discusses the effect that the 
coulomb field of a neighboring positive ion can 
have on the properties of a trapped electron. In 
MTHF, electrons are released from these traps 
by light quanta of 1.4 eV or more. They may 
reach the positive ions and recombine or may be 
retrapped. Electrons released from traps will, 
however, contribute to photoconductivity only 
if they diffuse with the applied field. Close to the 
positive ion the local coulomb fields are con- 
siderably greater than the applied field, so that 
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CONDUCTION BOND 

R 

+ i COULOMB POTENTIAL 

FIG. 12. Red light ionizes electron from trap TR but 
mobilizes electrons from trap TB. Blue light can ionize 
electrons from both traps. 

the average direction of motion of electrons 
affected by the coulomb field is random. These 
electrons will not, as a consequence, contribute 
to a photocurrent. Following Albrecht, we dis- 
tinguish between electrons which are "ionized", 
free to move in the conduction band with the 
applied field, and those which are mobilized, 
moving only in the coulomb field of the positive 
ion. 

This situation is shown diagrammatically in 
Fig. 12. Red light, quanta hv,, promotes electrons 
in traps T, to the conduction band but not from 
traps T, where the electrons are only mobilized. 
Larger quanta, hv,, could, however, promote 
electrons from traps T, into the conduction band. 

In Fig. 13, which now combines Figs. 3 and 7 
with the idea summarized in Fig. 12, we see at 
A the levels of the unperturbed electron trap. 
In the presence of a coulomb field the level of the 
unperturbed electron trap is, for conductivity 
experiments, depressed and a continuum of 
allowed states is formed (B). After y-irradiation, 
electrons will be found at levels from 1.4 eV 
below the conduction band to 3.0 eV or more 
below the conduction band. The simple electro- 
static calculation shows that electrons 65 A from 
a positive ion have their potential energy reduced 
by - 1.5 eV from electrons an infinite distance 
away. There is no reason for the absorption 
spectrum of the electron to be markedly per- 
turbed. All these electron traps are still 1.4 eV 
below the energy required for mobilization. 

We have therefore identified the red, blue, and 
intermediate traps, TR, T,, and T,, in Figs. 3 and 7 
which describe our experimental data in phenom- 
enological terms with traps situated at varying 
distances from positive ions. T,, T,, and T, 
are shown at D in Fig. 13. With red light, electrons 

L I 
A B C D E 

FIG. 13. Summary of trapping sites in MTHF. At A, 
To is the unperturbed electron trap, T' is its bound excited 
state. At B the levels To are spread into a continuum by 
the coulomb potential of the positive ions. At C ,  D, 
the shallow infrared sensitive traps T, and T, are shown. 
The traps TR, TI, and TB from Figs. 3 and 9 are shown at 
D and the energies and band widths of the exciting light 
used are shown at E. 

efficiency to the photoconductivity on absorption 
of light or are trapped more deeply where they 
can at most only be mobilized. With blue light, 
however, they may be retrapped in shallower 
traps. With the assumption that blue light is 
more efficient in promoting electrons to the 
conduction band from the shallower, inter- 
mediate traps, the "blue profile", a slow increase 
in current after the initial spike, would be 
observed. From our observation that illumination 
with blue light only leads to a small increase 
in the subsequent red current (not the induced 
infrared spike), we can conclude that during 
blue illumination most electrons are retrapped in 
intermediate traps and not in the shallow red 
sensitive traps. 

(b) Infrared and T~zermally Unstable Traps 
The limited but significant amount of bleaching 

observed with quanta of less than the ionization 
energy of 1.4 eV (ref. 1) and the photocurrent 
with the same excitation require us to postulate 
a stable infrared sensitive trap Ts. We suggest 
below that this could be due to a configuration we 
call the "electron pair". In addition there is the 
thermally unstable center, responsible for the 
induced currents which we will designate T,. 
This could be an electron associated with the tight 
dipolar center suggested by Albrecht, or a 
dielectron. 

are either retrapped in traps of the same depth (c)  The Electron Pair 
where they can continue to contribute with equal Cadogan and Albrecht (13) have argued that 
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electrons trapped very close to the positive ion 
would be thermallv unstable. When the coulomb 
gradient is large it provides a major perturbation 
of the potential holding the electron in its trap. 
Such electrons could not, however, be responsible 
for the thermally unstable red currents because, 
from the arguments given in Section (a), while 
they would be mobilized by red light, they would 
be "ionized" only by much more energetic. 
quanta. To explain, a small amount of bleaching 
of electrons observed out to wavelengths of 1600 
nm (Fig. 5 of ref. l), Dyne and Miller suggested 
that a few electrons were trapped so close to the 
positive ion that even in the bound excited state 
they had a finite probability of escape and of being 
captured by the positive ion. This is another 
version of the argument given by Albrecht. Since, 
however, such electrons would not contribute to 
a red stimulated photoconductivity, another type 
of trapping environment has to be postulated. 

Just as trapped electrons are affected by the 
attractive field of positive ions, they will also be 
affected by the repulsive coulomb field of other 
trapped electrons. We suggest that, in the proxim- 
ity of another electron, the bound excited state 
of a trapped electron is predissociated. Absorp- 
tion of light > 800 nm can then lead to ioniza- 
tion. We suggest that electron pairs are the Ts 
sites responsible for the bleaching observed at 
longer wavelengths and for photoconductivity 
in this wavelength region. 

(d) The T, Site: Dipolar Centers and 
Dielectrons 

With the electron pair we are postulating that 
the perturbations of coulombic repulsion are 
sufficient to change the photobleaching properties 
of the two electrons. This perturbation is, of 
course, a function of the distance between the 
electrons. As this distance decreases we can 
anticipate that the perturbation becomes so large 
that the center is thermally unstable. At the same 
time, of course, coulombic repulsion makes the 
trapping of the second electron less likely and any 
discussion of the "tight" electron pair must meet 
this objection. One possibility is via the tight 
dipolar center postulated by Cadogan and 
Albrecht, the other is by postulating the stability 
of the dielectron e,:-, two electrons in onecavity, 
whose stability has recently been discussed by 
Fueki (14). 

To explain certain aspects of the photocon- 
ductivity of glasses containing TMPD as a solute, 

Cadogan and Albrecht have postulated a 
"charge transfer" state. In effect this is an electron 
trapped close to a positive ion: the combination 
of the two centers being, for some purposes, 
equivalent to an excited singlet state of the 
molecule from which the positive ion was 
derived. A second electron, trapped close to the 
center might indeed have the red sensitivity and 
thermal instability of the T,   enter.^ 

(e) The Dielectron 
A prima facie case can be made that the T, 

center is the dielectron. There are striking 
similarities between the properties of electrons 
trapped in polar glasses and between electrons 
trapped as F-centers in alkali halides where the 
dielectron, (e2-),i or, F'-center as it is called for 
the alkali halide systems, is well established. 

Quantitative correlations between the proper- 
ties of electrons in organic glasses and alkali 
halides have been made by Blandamer et al. (15). 
Photoconductivity due to the detrapping of 
bound electrons has an action spectrum with a 
maximum to the short wavelength side of the 
F-center absorption closely analogous to the 
data shown in Fig. 11 (16). An induced red 
stimulated conductivity on illumination with blue 
light was described by Glaser and Lehfeldt (1 1). 
This work is reproduced in detail by Markham 
(10). The current profiles observed in these 
studies are strikingly similar to those shown in 
Fig. 7. This induced red photoconductivity is 
attributed to the formation of the dielectron or 
F'-center. 

Fueki (14) has recently discussed the stability 
of the dielectron in glassy media. If the static 
and optical dielectric constants for the media 
are such that Ds > Do,/(Do, - 1) then the 
dielectron may be stable. We have measured D, 
at liquid N2 temperatures to be 2.88.This criterion 
requires Do, > 1.53 and hence the refractiveindex 
to be greater than 1.25. Since the refractive index 
of MTHF at room temperature is 1.43, the 
refractive index at 77 OK should be significantly 
greater than this due to the increase in density. 
Accordingly we can anticipate a measure of 
stability for the dielectron in glassy MTHF. 
Kevan and co-workers (17, 18) have optical 
evidence for the formation of the dielectron in 
alkaline ices. 

3We are indebted to Professor Albrecht who pointed 
out to us the possible relevance of the "charge transfer" 
state to our observations. 
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(f) Infiared and Induced Currents 
Immediately after y-irradiation a sample con- 

tains electrons trapped at varying distances from 
the positive ion, some electrons at Ts sites (elec- 
tron pairs) and some at T, sites (dielectrons?). 

The electrons in T, sites decay thermally and 
their absorption spectrum, which, if they are 
dielectrons, probably lies to the red of that of 
single trapped electrons, would be observed only 
by special techniques. Since the thermal half 
life is about 2 min, this absorption would not be 
easily observed in a recording spectrophotometer 
if the time between irradiation and observation 
was 2 min or more and might then only appear as 
a small shoulder on the long wavelength side of 
the strong absorption of the single electron. 

Electron pairs can be ionized by light of wave- 
length > 800 nm giving a photocurrent and 
limited amount of bleaching. Some of these 
electrons, ionized by red or infrared light, may be 
retrapped as dielectrons. Dielectrons are, how- 
ever, readily dissociated by infrared light and the 
steady state concentration of dielectrons will be 
low. A change in photoconductivity would be 
observed after a dark period due to the thermal 
decay of this low steady state concentration of 
dielectrons; the current would not regain the value 
it had at the instant the light was cut off. This 
explains the change in current level after a dark 
period shown in Fig. 2. The slow buildup on the 
second illumination occurs as a concentration of 
dielectrons grows in. 

This model would suggest in principle that, 
even on initial red illumination a slow buildup 
might be observed rather than the sharp spike 
which is in fact observed. The observed profile is, 
however, the resultant of currents which are 
decaying with time and those which increase. It  
appears that the initial distribution of electrons 
and their sensitivity to red light is such that the 
decaying process always predominates for initial 
red illumination. 

Induced currents are more readily seen if the 
thermally stable component is bleached out, a 
state which is produced by the sequence B shown 
in Fig. 7. The observation that large induced 
currents are only observed after prior red illum- 
ination requires a further hypothesis. We suggest 
that the T, sites (dielectron) are in some sense 
unique, a special configuration of solvent mole- 
cules (say) being required. These could be the sites 
of some of the electron pairs which, as we have 

suggested, are also sensitive to longer wavelength 
light. High concentrations of sites for the forma- 
tion of T, are only available after the Ts sites have 
been bleached out. 

One could expect that the formation of elec- 
trons in the different situations we have postulated 
would be shown up in varying shapes of the 
absorption band following various sequences of 
illumination. We have alreadv (1) shown that the 

d , ,  

absorption is relatively weaker at the short wave- 
length side of the band after bleaching with blue 
light. The recent work of Sawai and Hamill (19) 
shows that ~ a r t i a l  thermal annealing leads to a 
weaker absirption on the long wavelLngth side of 
the band. It  is tempting to ascribe this latter 
change to the preferential destruction of electron 
pairs which, like the dielectron, may have strong 
absorptions in the near infrared. Further study 
of changes in the infrared spectrum of y-irradiated 
MTHF could ~ rov ide  confirmation of some of the 
suggestions advanced in this paper. 
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Infrared spectra of some alkyl platinum compounds. Part I. Comparison 
with the spectra of chemisorbed hydrocarbons 

B. A. MORROW 
Department of Chemistry, University of Ottawa, Ottawa 2, Canada 

Received March 24, 1970 

A series of triphenylphosphine stabilized platinum dialkyl compounds of the type (Ph2P),PtR2 where 
R = methyl, ethyl, ethyl-d,, n-propyl, n-butyl, and n-hexyl have been synthesized and their infrared 
spectra in the C H  stretching region have been obtained. These spectra are discussed in terms of the 
infrared spectra of hydrocarbons which are chemisorbed on transition metal catalysts. 

Canadian Journal of Chemistry, 48, 2192 (1970) 

Infrared spectroscopy has been widely used to 
study the species produced during the chemisorp- 
tion of hydrocarbons on silica-supported transi- 
tion metal catalysts (1-5). The interpretation of 
such spectra has been based mainly on examina- 
tion of the bands in the C-H stretching region 
(vCH) between 3300 and 2700 cm-' because the 
silica support absorbs strongly between 2000 and 
1300 cm-' and absorbs totally below 1300 cm-l. 

Implicit in the interpretation of such spectra 
has been the assumption that the infrared spec- 
trum of a hvdrocarbon attached to a surface 
transition metal atom will resemble the spectrum 
of a pure hydrocarbon (1-3). On this basis, 
comparisons of the spectra of chemisorbed 
hydrocarbons with those of pure hydrocarbons 
have been used to deduce the nature of the surface 
species present. However, such an interpretive 
procedure is subject to the criticism that the 
functional group of a hydrocarbon which is 
attached to a surface metal atom might not 
absorb at the same frequency as its pure hydro- 
carbon counterpart (2, 3). 

A major difficulty in interpreting the infrared 
spectra of chemisorbed hydrocarbons has been 
the lack of suitable transition metal alkyl com- 
pounds with known infrared spectra which can 
be used as model compounds for purposes of 
comparison. Chatt and Shaw (6, 7) have syn- 
thesized some bis(trimethy1phosphine)dialkyl- 
platinum compounds and Adams (8) has 
published a spectrum of the methyl derivative in 
the vCH region and has reported some tentative 
frequencies for the ethyl and n-propyl derivatives. 
However, trimethylphosphine also absorbs in the 
same spectral region and obscures part of the 
metal-alkyl spectrum. 

In the present work a series of cis-platinum 
dialkyl compounds have been synthesized of the 

type (Ph,P),PtR, (Ph = phenyl) where R = 
methyl, ethyl, ethyl-d,, n-propyl, n-butyl, and 
n-hexyl. All of these are new compounds except 
for the dimethyl derivative which has been 
reported by Chatt and Shaw (6). The infrared 
spectra in the vCH region have been obtained 
and are discussed in terms of the infrared spectra 
of chemisorbed hydrocarbons. In these com- 
pounds, the absorptions due to the phenyl portion 
of the molecule lie above 3000 cm-I and do not 
obscure the spectrum of the aliphatic groups 
whose absorptions lie below 2960 cm-l. 

Experimental and Results 
The platinous dialkyl compounds were prepared by the 

reaction of cis-dichlorobis(triphenylphosphine)platinum 
(11), (Ph3P),PtCI2, with a n  ether ioiutioi  of the corre- 
sponding alkyllithium. The method was essentially the 
same as that used by Chatt and Shaw (6, 7) for the syn- 
thesis of the corresponding trimethylphosphine and 
triethylphosphine stabilized dialkyl derivatives. cis- 
(Ph3P)2PtC12 was prepared by the reaction of K2PtCI, 
with Ph3P as  described by Jensen (9). The diethyl deriva- 
tive was also prepared by the reaction of c i ~ - ( P h ~ P ) ~ P t C l ~  
with CH3CH2MgBr with slightly lower yield and the 
di(ethy1-d3) derivative was prepared by this method using 
CD3CH2Br as starting material. This contained 98% 
deuterium in the terminal position and was supplied by 
Merck, Sharp and Dohme Ltd. of Montreal. 

Products were crystallized from light petroleum ether 
(30-60 "C) except for the dimethyl derivative which was 
crystallized from benzene. Yields, melting points, and 
analytical data are shown in Table 1. 

Nuclear magnetic resonance spectra were run o n  a 
Varian Associates T60 instrument and the ratio of the 
integrated intensities of the phenyl to  alkyl signals agreed 
to within a few percent of the theoretical. The spectrum 
of the dimethyl derivative was identical to the published 
spectrum (10). Infrared spectra were run as dilute 
solutions in CCI4 (about 0.01 M, path length of 0.5 mm) 
a t  low resolution on a Beckmann IR-20 instrument, and 
at  high resolution in the vCH region on a Perkin-Elmer 
model 13G infrared spectrometer using a spectral slit 
width of about 2 cm-'. The high resolution spectra of 
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I I I I I 
3200 3000 2800 

c m-I 

FIG. 3. Infrared spectra of (Ph3P)Pt(CH2CD3), in 
the vCH and vCD regions. The dotted portion of A is the 
spectrum of (Ph3P)Pt(CH2CH3)2 as in Fig. 1B. 

shown that the intensity of the band near 2960 
cm-I [v(as)CH,] remains approximately con- 
stant as thechain length increases but the intensity 
of the CH, band at 2925 cm-I [v(as)CH,] in- 
creases in almost direct proportion to the chain 
length. Therefore, the ratio of the optical density 
of these bands is a useful measure of the relative 
proportion of these groups present. From an ex- 
amination of the infrared spectra of a number of 
tin and lead alkyl compounds, Sheppard and 
Ward conclude (3) that the Jones relationship is 
still approximately valid, although use of the 
hydrocarbon data may lead to an underestimate 
of the ratio n by one methylene unit. 

In the present work the frequencies of the 
major bands in the spectrum of the n-propyl, 
n-butyl, and n-hexyl derivatives agree quite well 
with the Fox and Martin (12) assignments, the 
agreement improving as the chain length increases 
(Table 2). Further, the ratio of the optical density 
of the band near 2925 cm-I also increases with 
the chain length, and using the Ward and 
Sheppard (3) criteria, are in quite good agreement 
with that which would be predicted for each 
particular case. 

It is particularly worth noting that the spec- 

CHEMISTRY. VOL. 48, 1970 

TABLE 2 

Observed alkyl CH stretching frequencies of (Ph3P),PtR2 

Ratio of optical 
Frequency Optical density of 

R (cm-') density v(as)CH,/v(as)CH,* 
-- 

Methyl 2934 0.110 
2878 0.125 
2806 0.05 

Ethyl 2937 0.170 1.06 
2901 0.180 
2848 0.240 

*as = asymmetric stretching mode using the assignmefits of Fox 
and Martin (12). 

t sh  = shoulder. 

TABLE 3 

Infrared frequency data for saturated 
hydrocarbons 

Frequency cm-' Assignment 
Group (11, 12) (1 I)* 

C-CH3 2962 + 10 vCH(as) 
2872k 10 vCH(s) 

C-CH2- 2926k 10 vCH(as) 
2853 _+ 10 vCH(s) 

C-CH 2890k 10 vCH 

*as = asymrne1ric.s = symmetric. 

trum of the alkyl portion of the n-butyl derivative 
is almost an exact replica of the spectra which has 
frequently been observed in studies of ethylene 
and butene hydrogenation on nickel and platinum 
(2,4, 5, 14) and which has always been attributed 
to a chemisorbed n-butyl group. This is the first 
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direct piece of experimental evidence which 
corroborates this assignment. 

In a comparison of the spectrum of trans- 
(Me,P),PtClMe [Me = methyl] and (Me,P),- 
PtClCD,, Adams (8) deduced that the vCH 
absorptions of Pt-CH, occurred at about 2930, 
2885, and 2815 cm-'. However, the two higher 
frequency bands only appeared as shoulders on 
either side of an intense P-CH, band. A similar 
spectrum was obtained for cis-(Me,P),PtMe,. 
The spectrum of the dimethyl platinum derivative 
in this work agrees very well with that "predicted" 
by Adams, and its general form is similar to the 
vCH spectra of other metal-CH, compounds 
in having two strong high frequency bands and a 
weaker low frequency band (3, 15-17). 

Adams (8) assigned the low frequency 2815 
cm-I band to the symmetric vCH mode and was 
unable to decide which of the two high frequency 
bands was attributable to the asymmetric vCH 
mode, or indeed, why there were two bands at all. 
In view of the intensities, it would appear more 
reasonable to assign the 2934 and 2874 cm-I 
bands to the asymmetric and symmetric CH 
stretching modes, respectively, and the lower 
frequency mode to an overtone of FCH which is 
brought up in intensity by Fermi resonance 
interaction (3, 15, 17, 18). However, any assign- 
ment can only be speculative at this time and 
either gas phase band contour data, or the fre- 
quencies of the partially deuterated methyl 
species would be needed to further confirm any 
assignment. There is increasing evidence in the 
literature that the traditional Fox and Martin 
assignments may not be correct (19, 22) and it is 
anticipated that the data for the isotopic dimethyl 
platinum derivative will be forthcoming in a later 
part of this series. 

The spectrum of the diethyl platinum deriva- 
tive in the vCH region (< 3000 cm-') is not 
typical of the spectrum to be expected for an ethyl 
group (3, 18, 20) which normally has a pair of 
bands near 2960 and 2870 cm-' due to the CH,, 
and another pair near 2925 and 2855 cm-' due 
to CH,. However, the observed spectrum of the 
Pt--ethyl group is apparently similar to that 
observed by Adams (8) for cis-(Me,P),Pt(CH,- 
CH3), which had a strong band at 2840 cm-' 
and weaker bands near 2933 and 2892 cm-' 
appearing as shoulders on either side of the 
intense P-CH, band at 2905 cm-I. 

In view of the similarity in the spectrum of the 

Pt-(n-butyl) derivative in this work and that of a 
chemisorbed n-butyl group (2, 4) it is worth 
noting the form of the Pt-ethyl spectrum since 
a chemisorbed ethyl species has long been 
postulated as an intermediate during the hydro- 
genation of ethylene to ethane (2). The spectrum 
of the ethyl radical has never been unambiguously 
identified by infrared spectroscopic techniques 
and conversely, no spectrum similar to that of the 
Pt-ethyl group in this work has ever been 
observed (4). However, it is considered that 
chemisorbed ethyl groups would not necessarily 
be on the surface under the static reaction con- 
ditions generally employed for infrared studies 
of this reaction (4), but it could exist as a transient 
under dynamic reaction conditions. 

In an attempt to assign the major features in 
the Pt-ethyl spectrum, the partially deuterated 
compound c~s-(P~,P),P~(CH,CD,)~ was syn- 
thesized and its spectrum is shown in Fig. 3. 
Clearly, the strong bands at 2937 and 2848 cm-I 
in the spectrum of the Pt-CH,CH, compound 
have disappeared from the vCH region and 
probably appear as the two bands at 2174 and 
2107 cm-' in the vCD region (vCH/vCD = 1.351 
in each case), and are attributable to the methyl 
group. The spectrum in the vCD region is very 
similar to that reported by Adams (8) for cis- 
(Me,P),Pt(CD,),. However, the remaining 
features in the vCH region are a broad strong 
doublet at 2909 and 2893 cm-' and a weak 
doublet at 2841 and 2817 cm-', which can 
possibly be assigned respectively as the asym- 
metric and symmetric stretching modes of the 
CH, group with the doublet splitting arising from 
coupling between the two methylenes. This would 
correspond to the traditional Fox and Martin 
Assignment. However, it is also possible that the 
stronger pair of bands near 2900 cm-I might be 
the asymmetric and symmetric stretching fre- 
quencies of the methylene group (19, 21, 22) 
and that the low frequency bands might be 
overtone or combination bands. Similar features 
have been reported by Nolin and Jones (18) 
who compared the spectrum of diethyl ketone 
CH,CH,COCH,CH,, with that of diethyl 
ketone-d,, CD,CH,COCH,CD,. Again, further 
work is necessary to confirm the assignments for 
an ethyl group. In the present context, it will be 
necessary to synthesize the other partially 
deuterated derivative and this work will be 
presented as a later part of this series. 
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Anharmonicity, solvent effects, and hydrogen bonding: 
NH stretching vibrations 

A. FOLDES' AND C. SANDORFY 
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The influence of solvent effects and hydrogen bond formation on the anharmonicity of the NH 
stretching vibration of simple secondary amides, lactams, anilides, indole, pyrrole, and imidazole have 
been studied; and the frequencies of the first and second overtones, their half widths and solvent shifts 
measured. The validity of Buckingham's theory is established in the case of inert solvents; whereas the 
second order perturbation treatments are shown to be inapplicable to the case of hydrogen bonding 
solvents. All NH stretching modes seem to exhibit the same anharmonic behavior which is very different 
from that of OH vibrations. 
Canadian Journal of Chemistry, 48, 2197 (1970) 

Introduction 
In previous papers from this laboratory (1-5), 

the influence of hydrogen bond formation and 
other environmental effects on the anharmonicity 
of OH and NH vibrations was examined. In order 
to assess the extent of this influence we have tested 
the validity of conventional second order per- 
turbation formulas from which anharmonicity 
constants are usually computed. The following 
criteria can be used. 

(a) If v,,, vo2, vo3, ... are the frequencies of the 
fundamental, the first, second, ... overtones, then 
it follows from second order perturbation theory 
that the anharmonicity constant for a diatomic 
vibrator 

(b) It also follows from second order perturba- 
tion theory that the anharmonicity constants of 
OH and OD, NH, and ND vibrations should be 
inversely proportional to the reduced masses 
(6, 7). 

(c) In Buckingham's theory of solvent effects 
(8-lo), it is shown that the gas to solution shifts 
of v,,, vo2, v,,, as well as the respective half 
widths should be in the proportions 1 :2:3: ... This 
relation is independent of the actual form of the 
potential, but it is linked to the validity of a 
second order perturbation treatment. 

In testing (a) and (b) the perturbation is taken 

'Present address: Delmar Chemicals Ltd., La Salle, 
Quebec. 

to be the anharmonic part of the intramolecular 
potential and we examine the changes it under- 
goes upon hydrogen bond formation or solvent 
perturbations. In Buckingham's theory an inter- 
molecular potential is introduced, and this to- 
gether with the anharmonic terms of the intra- 
molecular potential is taken to be the perturba- 
tion. The solvent shifts then turn out to depend 
on products of intramolecular anharmonic poten- 
tial constants and derivatives of the inter- 
molecular potential. Despite this difference of 
language and the fact that Buckingham's theory 
was not meant to be applied to such strong 
perturbations as hydrogen bonds, it was con- 
sidered worthwhile to use criteria (a), (b), and (c) 
together to gain insight into the effect of hydrogen 
bond formation and solvent effects on vibrational 
anharmonicity. 

Previously (I), N-H ... N type bonds in 
secondary amines and 0-H ... 0 type bonds in 
alcohols have been studied. They showed very 
different anharmonic behavior. For the secondary 
amines XI, showed a marked decrease with 
respect to the X,, of the free N-H stretching 
vibration, but X2, had values similar to those of 
free N-H. For alcohols (2), X12 increased 
significantly and XZ3 decreased when hydrogen 
bonds were formed. This indicates that the re- 
spective potential surfaces differ significantly, a 
fact that should be important for an under- 
standing of the nature of these associations. 

In the present work we report an investigation 
of the anharmonic behavior of the N-H stretch- 
ing vibration of secondary amides, lactams and 
anilides, pyrrole, indole, and imidazole, some of 
which have considerable biological importance. 
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Experimental ingly affected by associations of the solute- 
( a )  Materials solvent type. Data concerning the related N D  

Most compounds were Eastman analytical grade re- vibrations were also obtained where possible. 
agents. They were dried in vacuum over phosphorus 
pentoxide and used without further purification. E- 

huterat ion also helped in the assignment of the 
Caprolactam was purified by sublimation in vacuo (m.p., bands. In checking Buckingham's relation, 
69-70 "C). Salicylanilide was recrystallized twice from a CF,CI-CFCI, was used as a reference solvent 
benzene-hexane solution ( m . ~ . ,  134-136 "C). Pyrrole was since gas phase values of the overtones proved 
distilled twice under nitrogen atmosphere. The resulting d. liquid was colorless. The solvents used were of "spectro- ifficult to obtain. This solvent has a slight dipole 
grade" quality, from Matheson, Coleman and Bell. They (0.12 which the 
were redistilled from appropriate drying agents and kept of our compounds without impairing the results. 
over molecular sieves. N-Methylpropionamide is a typical example. 

~ e u t e r a t i o n  was accomplished by exchange with Table 1 shows the frequencies of the fundamental, 
deuteriunl oxide (Mercky Sharpe and 9?'7 the first, and second overtones of the NH stretch- mole%). Usually, about 50 ml of a 0.05 to 0.1 M solution 
of the substance in the particular organic solvent was ing vibrations (01, 02, and 031, the half width 
kept in contact with D 2 0  overnight. The two phases were (Av*), the shift with respect to C,C13F3 and the 
then separated and the organic layer passed through a ratio Av/v,~,,,,,.~ The latter should be constant to 
drying column before recording the spectrum. In the the second order in the same approximation (3). 
case of water-soluble compounds, they were "salted into" 
the organic solvents by addition of sodium chloride. After It appears that the :2:3 
separation the organic phase was evaporated to dryness of the shifts is well obeyed in C ~ C I ~ F Z I ,  CCl4, and 
and the deuterated product dried in vacuum over PzO,. C,C14. The situation is somewhat uncertain for 
The absence of D 2 0  was evident from the spectra. benzene where some of the bands have an asym- 

The concentration of our compounds in "neutral" 
solvents was approximately 0.05 M. Although self- metric shape but stronger perturbations are 
association was observable at  this concentration, it was indicated. There are large from 
nonetheless necessary to locate the second overtones the rule in the hydrogen bonding solvents 
under our conditions. In  no case did we observe any shift CH3N0,, CH3CN, and C4H80, (dioxane); the 
of the position of "free" NH bands upon further dilution. relative shifts show a similar behavior. l-he half 

In  the case of hydrogen bonding solvents, the concen- 
tration had to  be increased in order to  be able to  reduce widths appear to be less sensitive; although we 
the path length of  the cells. It should be pointed out that consider these less accurate than our data- 
throughout our experiments, measurements of funda- Table 2 contains the anharmonicity constants. 
mental as  well as first and second overtone frequencies XI , shows a behavior very similar to that of the 
were all made on the same solution without changing the secondary amines. ~t is hardly affected by the 
concentration. inert solvents, but diminishes drastically in the 
(b)  Instrunzentation strongly proton accepting solvents. At the same 

Fundamental frequencies were recorded on a Perkin- tirne x,, remains roughly constant or increases 
Elmer Spectrometer model 621, which was calibrated 
using hydrogen bromide, ammonia, and water vapors. for the bonded 'pecies. This indicates 
First and second overtone frequencies were recorded on a the invalidity of second order perturbation treat- 
Cary spectrophotometer model 14, calibrated against the ments in the case of hydrogen bonding. Y,  23 and 
emission lines of argon and krypton as  well as absorption which correspond to the approximation of 
bands of water and hydrogen bromide vapors. The path the next higher order were computed from lengths of the cells varied between 0.1 mm and 10 cm 
depending on the vibrational level and the transmittance 
of the solvents used. The scale-expansion device supplied 
with the Gary 14 instrument proved useful in measuring 2The asterisks in the tables denote bands of composite 

the second overtone frequencies. character. 
The apparent maximum was used in computing the 

anharmonicity constants and the shifts. If the number in 
Results and Discussion italics is alongside the respective column it represents the 

mean value of two partially overlapping bands of com- 
The N-H stretching fundamentals, their first, parable intensity. In thesecases the halfwidths wereevalu- 

ated after graphic resolution. The uncertainties involved in if possible~ second Overtones were measured this procedure do not impair the qualitative conclusions. 
at room temperature in a series of So~ventS varying The values of the frequencies of the fundamentals of 
from "inertH halogenated solvents to strongly the molecules reported in this paper have been measured 

by us. They have, however, been reported previously by associative ones, such as nitrometllane, aceto- several authors in, a t  least, some of the solvents; and the 
nitrile, and dioxane. The NH bands are increas- large number of relating references is omitted. 
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FOLDES AND SANDORFY: NH STRETCHING VIBRATIONS 2199 

TABLE 1 
The wave numbers (v), half widths (Av,), shifts with respect to C2C13F3 solution, and relative shifts 

(Av/v) of the fundamental (Ol), first (02) and second overtones (03) of N-methylpropionamide 

Con- 
centra- 

(moles/ Tran- 
Solvent 1) sition 

TABLE 2 
The anharmonicity constants, "harmonic" frequencies and isotopic ratios of N-methylpropionamide 

NH ND 
v,,O\JH _NH KNH- X H 

Solvent X12 X2, XI, Y X123 o. X12 o. v o l ( N d  :::& $hd *! 
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TABLE 3 
The wave numbers, half widths, shifts with respect to C2C13F3 solution, and relative shifts 

of the fundamental, first and second overtones of y-butyrolactarn 

Solvent Concentration Transit ions 
(moles/l) 

[2 1 ytz, = +(vo* - VOI - v03/3) 

and 

[31 X123=~01-~02 /2 -4 .5Y123  

The large values of YlZ3 again indicate the in- 
applicability of the second order approximation. 
The harmonic frequencies, a,, are also given 
where Y is small, as well as the isotopic ratios of 
the v, the a,, and the XI,. 

The isotopic ratios of the observed frequencies, 
and even more those of the harmonic frequencies, 
are close to the ratios of the square roots of the 
reduced masses. This shows that, on the one hand, 
anharmonicity plays a role in diminishing the 
isotopic ratios and, on the other, the diatomic 
approximation is justified at least in the case of 
simple solvent effects. The ratios of the anhar- 
monicity constants are even closer to their 
"theoretical" values (the ratios of the reduced 
masses themselves). This was expected since it 
was recognized before (4), that anharmonicity 

TABLE 4 
The anharmonicity constants and harmonic 

frequencies of y-butyrolactam 

Solvent XI, x23 x13 Y x lz ,  

constants should be less sensitive to solvent 
effects than the frequencies themselves. 

The results obtained with N-methylacetarnide 
and N-methyl benzamide were similar. 

y-Butyrolactam (Tables 3 and 4) also falls in 
line. The 1 :2:3 relation is obeyed for the three 
inert solvents; but discrepancies begin to appear 
for benzene and nitromethane, and the relation- 
ship breaks down completely for acetonitrile and 
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TABLE 5 
The wave numbers, half widths, shifts with respect to C2C13F3 solution, anharmonicity constants, 

and relative shifts of the fundamental, first and second overtones of acetanilide 

Solvent Concentration Transition 
(moles/l) 

TABLE 6 
The wave numbers, half widths, shifts with respect to C2CI3F3 solution, and relative shifts 

of the fundamental, first and second overtones of pyrrole 
- 

NH ND 
Concen- 
tration v Av 

Solvent (moles/l) Av+ vcZcL,r3-~ - x 10" Av+ vc2cl3F3-v % x lo3 v 
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TABLE 7 
The anharmonicity constants, harmonic frequencies, and isotopic ratios of pyrrole 

L( 

0 
C 

NH ND W z 
~ 0 1 0  voznUH) VO~CNH) 0.m X,,CNH) $ --- 

Solvent X I ~  X7.3 x13 Y X I ~ ,  X I ~  X23 X I ~  Y x 1 2 3  0 c  VOI~UD) VOZCND) V O ~ W D )  ~ s W D )  X13WD) 

CZCIIFJ 68.0 68.67 68.33 0.3 
% 

66.5 3644 29.5 35.5 32.5 3.0 16.0 2654 1.3518 1.3409 1.3325 1.3730 2.1026 
CC14 69.0 69.3 69.2 0.2 68.2 3635 29.5 36.5 33.0 3.5 13.7 2647 1.3512 1.3398 1.3317 1.3733 2.0960 
CzC14 68.5 69.2 68.8 0.3 67.0 3632 30.5 35.5 33.0 2.5 19.3 2648 1.3510 1.3403 1.3317 1.3716 2.0859 
CSz 68.5 69.8 69.2 0.7 65.5 3620 30.0 36.3 33.2 3.2 15.7 2639 1.3505 1.3395 1.3311 1.3717 2.0854 ;j 
CsHs 53.0 78.0 65.5 12.5 -3.2 3562 32.0 34.0 33.0 1.0 27.5 2630 1.3468 1.3429 1.3300 1.3543 1.9848 2 
CH3N02 57.5 69.2 63.3 5.8 31.2 
CH3CN 23.0 79.0 51.0 28.0 -103.0 

5 
-6.0 70.0 32.0 38.0 -177.0 

< 
C4Hn02 g 
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dioxane. (Benzene appears to be more perturbing 
than nitromethane for these molecules.) The 
same can be said about the half widths and the 
constancy of the relative shifts. The X , ,  and X 2 ,  
also show similar behavior to that of N-methyl- 
propionamide, but undergo a lesser diminution 
in the hydrogen bonding solvents. 6-Valerolactam 
and E-caprolactam gave similar results. 

The results pertaining to acetanilide are given 
in Table 5. As to Buckingham's relations the 
results are as before. Unfortunately only X I ,  
could be determined because of the ill-defined 
character of the second overtone. It behaves as in 
the case of the lactams. Salicylanilide and 
phenacetine behave similarly. 

Indole, pyrrole, and imidazole still allow the 
same remarks concerning Buckingham's relations 
as well as the anharmonicity constants X , ,  and 
X, ,  (see Tables 6 and 7 relating to pyrrole). The 
N D  vibration in indole shows anomalies in the 
shifts. This is probably due to the perturbation of 
the observed frequencies by Fermi resonance at 
the fundamental level (1 1). 

In all three cases we find departures from the 
( A v / v ) ~ ~  = ( A v / v ) ~ ~  rule, similar to those found 
earlier by Leicknam, Lascombe, Fuson, and 
Josien (12) and by Huong, Lascombe, and 
Josien (13) at the fundamental level. 

Thus, finally, the following generalization can 
be made: all hydrogen bonds formed by secon- 
dary N-H groups which have been studied show 
a decrease in anharmonicity at the level of the first 
overtone and increase again to the value of the 
free N-H group at the level of the second over- 
tone. This might well indicate the existence of an 
inflexion or a second minimum in the potential 
curve relatively close to the first equilibrium 
position. 

In general the shift of the band due to solute- 
solvent association follows approximately Buck- 
ingham's rules for inert solvents. The validity of 

these relations can be considered as a test both 
of the applicability of second order perturbation 
treatments and of the absence of hydrogen bond 
formation. In the case of hydrogen bonded N-H 
bonds, it is generally the first overtone that shifts 
less than it should (and is narrower than it should 
be), showing the role of anharmonicity in these 
phenomena. The large values of Y, 2 3  are another 
indication of hydrogen bond formation and the 
breakdown of second order approximations. 

Conclusions 
The results presented in this paper together 

with our earlier results on amines show that all 
secondary NH stretching vibrations have essen- 
tially the same anharmonic behavior. In inert 
solvents they follow Buckingham's relations. 

We express our thanks to the National Research 
Council of Canada and the Quebec Department of Educa- 
tion for financial help. 
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Decomposition of some cyclic dithiocarbamates 

RONALD R. VANDEBEEK, SERGE J. JORIS, KEIJO I. ASPILA, AND CHUNI L. CHAKRABARTI' 
Department of Chemistry, Carleton U~ziversity, Ottawa I ,  Canada 

Received February 12, 1970 

The stability of some cyclic N,N-disubstituted dithiocarbamates has been studied by the analysis of 
the decomposition rates at different p H  values. I t  is concluded that the most important factors which 
determine the relative stabilities of three cyclic dithiocarbamates (DTC) are the solvation of the DTC 
acid molecule and the ring strain associated with the substituents. This has been proven by a study 
of (a) the decomposition rates as a function of the dielectric constant of the medium, (b) order of the 
stability, and (c) activation energy. 

The molar absorptivities and the apparent acid dissociation constants have been determined for 
pyrrolidine-, piperidine-, and hexamethylene-dithiocarbamates. 

Canadian Journal of Chemistry, 48,2204 (1970) 

Introduction 

The chelating properties of the dithiocarba- 
mates have been of considerable importance in 
analytical chemistry (1). Ease of preparation and 
stability not only of the reagent but also of the 
chelate formed are important points to be con- 
sidered in the study of these compounds. 

The purpose of this paper is to describe some 
properties of two relatively unknown dithio- 
carbamates, viz., sodium hexamethylenedithio- 
carbamate (1) and sodium piperidinedithio- 
carbamate (2), and to compare them with sodium 
pyrrolidinedithiocarbamate (3), a widely used 
analytical reagent. 

Since the stability and the analytical selectivity 
of these complexing agents depend, often criti- 

'To whom correspondence should be addressed. 

cally, on the p H  of aqueous solutions, the 
behavior of these reagents at various p H  values 
has been studied. Some other aspects, such as the 
influence of dielectric constant and of tempera- 
ture on the decomposition of the DTC have also 
been described. These studies indicate that the 
ring size of the cyclic substituent influences the 
decomposition rate. Hence, it should be possible 
to make a comparison between the cyclic DTC 
and the dialkyl dithiocarbamates, the properties 
of which have already been extensively reviewed 
(2, 3). 

Experimental 
Reagents 

All reagents used in this study were A.R. grade. The 
dithiocarbamates were prepared by the reaction between 
carbon disulfide and the particular cyclic imine in the 
presence of a base (4, 5). The product was recrystallized 
twice by dissolving it in a minimum of hot ethanol, 
allowing the solution to  cool and then precipitating the 
reagent by the addition of diethyl ether. The percentage 
of dithiocarbamate in the recrystallized product was 
determined by amperometric titration and was found to  
be 81.7 % for pyrDTCNa, 75.5% for pipDTCNa, and 
86.3 % for hexaDTCNA. The remaining 15 to 25 % of the 
recrystallized product consists of water and ethanol (5). 

Apparatus 
A Polarecord E261 polarograph (Metrohm Herisau, 

Switzerland) with an  Ag/AgCI reference electrode and 
saturated KC1 salt bridge was used for the amperometric 
titrations. The polarographic cell was thermostatted at  
25.0 0.5 OC. 

For  the spectrophotometric determination, a Bausch & 
Lomb Spectronic 505 U.V. recording spectrophotom- 
eter was used. This instrument was modified in order to  
determine accurately the decomposition half-lives of the 
order of 3-20 s. A matched set of 10.0 mm quartz cells, 
thermostatted at  25.0 0.1 "C was used in the study of 
the decomposition kinetics. 

The p H  of all solutions was measured with a Fisher 
Accumet p H  meter, model 210. 
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Procedure 
Amperometric Titration 
The amperometric titration of the dithiocarbamates 

@TC) was done by adding accurately measured aliquots 
of a standard solution of 0.010 M ZnC1, to 50.0 ml 
of a deaerated solution consisting of approximately 
5.0 x M dithiocarbamate and 0.008% (vlv) of 
gelatin. The standard solution of ZnClZ was made 
slightly acidic (pH 4) to avoid any precipitation of 
Zn(OH)2. The diffusion current corresponding to the 
reduction of the ZnZ+ ions was measured at -1.20 V 
(vs. Ag/AgCI). This method gave results reproducible to 
within 1 % (6). 

Spectrophotometric and Kinetic Studies 
For the study of the ultraviolet (u.v.) spectra and of the 

decomposition kinetics as a function of pH, buffers of 
ionic strength 0.010 were prepared (7) for the pH range 
2.0-12.0. Solutions of pH less than 2.1 were dilute 
hydrochloric acid. For kinetic studies, buffered solutions 
of 10-3-10-4 M DTC were prepared by adding DTC to 
the buffer in the quartz cells maintained at constant tem- 
perature, and mixing with a Teflon stirrer. The measure- 
ment of absorbance at fixed wavelength as a function of 
time was started within an average time of 6 s after 
mixing had been completed. For first-order half-lives 
greater than 30 min, absorbance measurements were 
made on samples withdrawn at various time intervals 
from buffered DTC solutions kept in a constant tempera- 
ture bath (25.0 + 0.1 "C). All absorbance measurements 
were made at about 275 nm as required by the choice of 
DTC and pH. A plot of log absorbance vs. time was 
found to be linear at all p H  values, and gave reproducible 
half-life values (+2%) at any chosen p H  value. 

Water-methanol mixtures ranging from 0 to 98% 
methanol content were used for the study of the decom- 
position kinetics as a function of the bulk dielectric 
constant of the medium. The dielectric constants of the 
water-methanol mixtures were taken from the literature 
(8). Each solution was made 0.05 N in HCl to generate 
the DTC acid from the sodium salt. The presence of only 
the acid form was confirmed by U.V. spectrophotometry. 
It is realized that a small decrease occurs in the bulk 
dielectric constant (9) as a result of the presence of HC1 
but this correction has not been made since the change is 
small (< 2 %). 

The activation energy and the pre-exponential factors 
have been determined from the Arrhenius plot of log,, k 
vs. 1/T, in which the slope of the straight line is equal to 
-E,/2.303 R. 

Results and Discussion 

Ultraviolet Spectrophotometry 
The cyclic dithiocarbamates show (as do the 

other dithiocarbamates), three absorption max- 
ima in the U.V. region of the spectrum: (A) a band 
of low intensity at a maximum between 330 and 
360 nm, (B) a band of intermediate intensity 
with maximum absorption between 275 and 296 
nm and (C) a band of intermediate intensity with 
maximum absorption between 240 and 260 nm. 

Janssen (10, 11) assigned band A to an n + n* 
transition, e.g. the transition of an electron of the 
lone pair on a sulfur atom to an anti-bonding 
orbital, and band B to a n + n* transition in the 
N-C=S group. Band C was assigned (12) to a 
n + n* transition in the S-C=S group. 

Using Beer's Law, the molar absorptivity, E, 

was determined by measuring the absorbance of 
a series of s am~le s  at low concentration of DTC 
in aqueous solutions. The results of duplicate 
analysis for the three absorption bands are given 
in Table 1. 

TABLE 1 
Molar absorptivity of the three absorption bands of 

some cyclic dithiocarbamates* 

Molar 
Spectral Wavelength absorptivity, 

Reagent band (nm + 2) E 

pyrDTCNa A 335 5 . 6 ~  10 
B 277 1 4 . 9 ~  lo3 
C 254 1 6 . 1 ~  lo3 

For all three cyclic dithiocarbamates con- 
sidered, there was no shift in the spectra above 
p H  5. However, between p H  2.1 and 5, a signifi- 
cant change was observed. This is illustrated for 
pyrDTCNa in Fig. 1. The blue shift in the spectra 
of the dithiocarbamates has been explained (4) 
by the decrease of the resonance in the molecule 
as a result of protonation. In fact, it has been 
stated (13) that the anomalous acidic properties 
of the dithiocarbamates are due to a high degree 
of resonance in the DTC anion and that one of 
the sulfur atoms of the monobasic DTC proton- 
ates at about p H  3. The conjugation which 

extends in the DTC anion to the N-C, 
"s 

system is reduced in the acid form to essentially 

the -CyS group by the formation of an 
\ 

intramolecular hydrogen bond between the sulfur 
and the nitrogen atoms after the protonation of 
the sulfur atom (13, 14). Hence a blue shift is 
expected and is observed. 
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P" 

FIG. 2. log apparent half-life (s) for decomposition [71 Ks = [H+ 1 .(t+ ,,,/ti t im - 1) 
as a function of pH at 25.0 "C: A, pipDTCNa; 0, 
hexaDTCNa; 0, pyrDTCNa. The values of pKs obtained from eq. [7] for the 
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Kinetics of Decomposition 
Figure 2 shows the apparent half-lives for 

decomposition as a function of p H  for dithio- @,/,H--@ 6- 
carbaniates studied. At p H  greater than 4, the 
results indicate a first order relationship between 
the log of the apparent half-life for decomposi- 

N - C  
tion, t+ ,,,. and the pH. Below p H  2, the rate of 
decomposition is no longer p H  dependent and 
assumes a limiting value (t+ ,i,). These results are 
similar to the results obtained for the decomposi- (.'GI.,& 
tion of the dialkyl DTC (13-16), and indicate that 
only the acid form of the molecule, DTCH, de- 

H 
composes. Therefore, the following rate equation FIG. 3. Solvation of the DTC acid molecule. 

0.8 

0.6 

W 
U 
z 
a 0.4 
m 
w 
0 rn 
m 
a 

0.2 

0 

W A V E L E N G T H ,  nm where 
FIG. 1. Ultraviolet spectra of pyrDTCNa at different 

pH values: temperature = 25.0 "C, - - - pH = 5.80; [5] kapp = klim [H+]/([H+] + Ks) -.-.- pH = 4.22; ... pH = 2.10. 
Equation [5] indicates that k,,, = k,,, when 
[H+]  >> Ks, and the rate of decomposition 
should be independent of pH. On the other hand, 
the apparent rate constant equals klim [H+]/Ks 
when [H'] << Ks. In this case, the following 
relationship holds 

4.0 - [6 I t+ app = t+ lim KsI[H+I -.- 
3.0 - Therefore, the decomposition rate is expected to 

0 

be first order with respect to the proton concen- 
2.0 - tration, and this is, in fact, experimentally 

observed as can be seen from Fig. 2. 
By replacing k,,, and klim in eq. [5] by 

0.0 I I I I I I 0.6932/t+ ,,, and 0.6932/t+ ,im, respectively, one 
o 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 can calculate the acid dissociation constant 

,-, ..... 
/ x . . . . , .' .. 

/ ,.' ,\ .' y=. 
,; , 

1 ;  ,l . 
- f i  ,?;,<-A* j/ ;. .. i' 

I /  .\,I 
f! :. 

/! 
I! . . . . . . . . . .  .,, i.' 

> </ .: \,I, 
' .--- /.,'., - .__.I.. , 

I 11 
\ I  - ':., !', 

. . ':, I., 
. . . . . : . . ... '.; l: 

'. !I 

:; '.Il 
:. 1.1 - .. 1.1 

!$ 

'.. l,' .. ,' 
'.. \.', . \ \ '. \, , ..\.' 

I I ..>:: .-. 

can be written 

[1 I V = kli, [DTCH] 

For all p H  values, the following relationships 
are satisfied 

[2] [DTC],,,,, = [DTCH] + [DTC- ] 

[3 I Ks = [DTC- :J [H+ II/[DTCH] 

where Ks = DTC acid dissociation constant, 
[DTC-] = concentration of the anionic form, 
[DTC],,,,, = total DTC concentration. Equa- 
tion [ l ]  can then be written in the following 
manner 

220 240 260 280 3106- [4] V = kapp [DTC1total 
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three cyclic dithiocarbamates studied are pre- DTC anion, (2) formation of an intramolecular 
sented in Table 2. These values have been hydrogen bond between this sulfur atom and the 
obtained at an ionic strength equal to 0.010. near nitrogen atom (Fig. 3), (3) cleavage of the 

The following steps have been proposed (14) N-C bond because of the repulsion between the 
for the decomposition mechanism of the DTC: fractional positive charges in the acid molecule, 
(I) protonation of one of the sulfur atoms of the (4) protonation of the released amine. 

It has been concluded that in the case of the 
mono and the dialkyl DTC, the rate of decom- 
position is very dependent on the bulk of the 
substituents at the nitrogen atom. The size of the 
substituents determines the extent to which 
solvation reduces the fractional positive charges 
in the acid molecule. Bulky substituents would 
hinder a close approach of the negative pole of 
the solvent molecules to the fractional positive 
charges in the DTC acid (Fig. 3). As a result of 
this less efficient solvation, the activation energy 
for decomposition would be decreased, as is 
indicated by the low stability of the dialkyl DTC 
containing bulky substituents (14). 

It appears from Fig. 4 that the effect of the 
dielectric constant on the limiting decomposition 
rate of the cyclic DTC is similar to the effect 
observed in the case of the monoalkyl and dialkyl 
DTC (14). As the dielectric constant of the solu- 
tions is decreased from 78 to 50, the stability of 
the DTC acid molecule initially decreases because 
of a decrease in the dipolar character and reduced 
ability of the solvent to diminish the repulsive 
forces between the like charges in the DTC 
molecule (14). Solutions of low dielectric constant 
(50-30) reduce the repulsion between the frac- 
tional positive charges in the acid molecule, and 
this results in decrease in the decomposition rate 
(see Fig. 3). However, this increase is not observed 
in all cases because the predominance of one or 
the other of these opposing effects (decrease or 
increase in stability) is determined by the size of 
the substituents on the nitrogen atom (14). The 
absence of an increased stability for pyrDTCH at 
very low values of the dielectric constant is 
similar to the same effect observed for the mono- 

DIELECTRIC CONSTANT 

78.49 70.01 60.92 51 71 42 60 

FIG. 4. Effect of dielectric constant on log apparent 
half-life (s) for decomposition: HCI = 0.05 N; 0, 
pyrDTCNa at 25.0 "C; 0, hexaQTCNa at 25.0 "C; 
17, pipDTCNa at 25.0 "C; A, pipDTCNa at 0.8 "C. 
The values for the dielectric constant do not apply to the 
solutions of PipDTCNa since the temperature is 0.8 "C. 

methyl DTC (14). This can be rationalized as due 
to the low steric hindrance that is expected (17) in 
the solvation of these molecules. 

If the conclusions drawn for the decomposition 
of the monoalkyl and the dialkyl DTC were to be 
entirely valid for the decomposition of the cyclic 
DTC, one would expect the following order of 
decreasing stability 
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TABLE 2 
Acid dissociation constant, limiting half-life, activation energy, and 1og.pre-exponential factor 

for the decomposition of some cyclic dithiocarbamates 

tillrnt E, t 
Reagent PKS* 6 )  (kcal/mole) log A f  

*M = 0.010, temperature = 25 "C. 
?Temperature = 25 "C. 
f A t  pH = 1.5. 

in agreement with the order of increasing the stability of the acid would be increased. The 
hindrance to the solvation of these cyclic DTC stability of the cyclic DTC can thus be related 
acids. Actually, the observed order of stability is partly to the strain in the ring, as is reflected in the 
(Table 2) order of the stabilities and the activation energies. 

Furthermore, the same order was found for the 
activation energies for the decomposition reac- 
tion, and for the pre-exponential factors of the 
Arrhenius equation (Table 2). Although it is 
indicated by Fig. 4 that the solvation of the cyclic 
DTC is the rate-determining step in the decom- 
position, it appears from the above order of 
stabilities that an additional factor also influences 
the rate of decomposition of these compounds. 
The following interpretation is proposed by the 
present authors, It is known (18, 19) that small 
differences in internal ring strain can have large 
effects upon the rates of reaction of five-, six-, and 
seven-membered ring compounds. If an analogy 
is drawn between the cyclic imines and the 
corresponding cycloalkanes (20), the order of 
increasing ring-strain would be 

pyrrolidine > hexamethylenimine > piperidine 

This order of internal strain would be present 
also in the DTC derivatives of these cyclic imines. 
The addition of a fourth substituent on the nitro- 
gen atom (e.g. the proton of the intramolecular 
hydrogen bond in the DTC acid) results in 
crowding together of the three other groups on 
the nitrogen atom (21). If the conformation 
about the nitrogen atom is already strained, as in 
the case of pyrDTCNa, the addition of a fourth 
substituent would be unfavorable since the strain 
in the molecule would be increased even further. 
One would expect that a strained cyclic DTC 
would not favor a close approach of the proton 
of the intramolecular hydrogen bond to the 
nitrogen atom. Therefore, the fractional positive 

The steric factors (e.g. crowding) due to-the 
alkyl substituents on the nitrogen atom when this 
atom attains the four-coordination state is 
probably reflected in the decomposition rates of 
the monoalkyl and the dialkyl DTC. For these 
compounds, the observed order of stabilities is 
/ l  A\ 

monomethyl > dimethyl > di-n-butyl > di-n-propyl > 
diethyl > diisopropyl 

The relative ease with which the nitrogen atom 
can attain a coordination number of four is an 
additional factor to be considered in the de- 
composition of the dithiocarbamic acids. 

In conclusion, it should be remarked that the 
decomposition is perhaps more involved than 
that described above. In fact. definitive state- 
ments regarding the stability of dithiocarbamates 
cannot be made until further studies of thermo- 
dynamic parameters, now in progress, are com- 
pleted. Furthermore, comprehensive studies of 
the pKvalues and inductive effects are required in 
order to explain more accurately the order of 
stability of the DTC acids. Such studies are also 
in progress and the results will be published when 
the studies are completed. 

The authors are indebted to the National Research 
Council of Canada for financial support. Part of this 
study was submitted by R. R. Vandebeek in partial 
fulfilment of the requirements for the degree of Bachelor 
of Science with Honours. 
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Studies of the pore structures of silica gels by electron microscopy 
and low-temperature nitrogen adsorption 

E. ROBIN SON^ 
Departrnerrt of Cl~emistry, College of Technology, Belfast, Northern Ireland 
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Department of Chemistry, Lakeliead University, Thunder Bay, Orrtario 
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The pore structures of a number of silica gels have been examined by low-temperature (- 196 "C) 
nitrogen adsorption isotherms and these data compared with information obtained froni electron 
photomicrographs. Good general agreement was obtained in the comparison, although the electron 
photomicrographs reveal more details regarding pore arrangements and dimensional variations. Gel 
structures were modified by heating and also by treatments with superheated steam or nitric acid. The 
aggregation of ultimate particles is affected by the steam treatment and this phenomena is compared 
with the preliminary stages of accepted sintering mechanisms. 

Canadian Journal of Chemistry, 48,2210 (1970) 

Introduction 
Studies of the physical structure of silica gels 

aimed at deriving data on surface area and 
porosity are generally made by measurements of 
low-temperature gas adsorption/desorption iso- 
therms (1, 2). Recently, detailed statistics of such 
isotherms (N, : - 196 "Qhave  been reported for 
silica gels modified by various degrees of heat 
treatment (3). However, the adsorption method 
can often lead to uncertainties in interpretation 
of measurements, for example, in decisions 
regarding pore shapes (1). Hence it seemed to be 
valuable to make a direct examination of pore 
structures by electron microscopy using thin 
slices of silica gels, and at the same time compare 
these results with those obtained by nitrogen 
adsorption. 

Previous electron microscope studies have con- 
firmed that silica gel has a corpuscular structure 
(4), while good agreement has been obtained in 
studies of particle size distributions by various 
classical methods when compared with results 
obtained from the electron microscope (5). 

Experimental 
Materials 

Davison '923' chromatographic grade silica gel with a 
particle size range 75-150 p was used. After activation 
at  240" in air for 15 h, the surface area (B.E.T.: N2 :  
- 196") was 660 m2/g and the lump density (6) 1.20 

'Address: Lambeg Research Institute, Lisburn, 
N. Ireland. 

g/cc. The other thermal treatments were carried out in air 
for 15 h at  the temperatures specified in the text. 

Modification of the gel by superheated steam was made 
by treatment in an  autoclave for 2 h at  140" with a steam 
pressure of 38 Ib/in.' followed by heating at 240" for 15 h 
in air. The nitric acid treatment was similar to that of 
Thorp and Woolf (7) using 50% v/v nitric acid at  80" 
for 24 h. 

Apparatrrs 
Nitrogen adsorption/desorption isotherms were meas- 

ured a t  - 196" in a standard apparatus (8) using purified 
cylinder nitrogen above 99.99% purity. Prior to the 
determination of isotherms, samples were outgassed 
carefully in the apparatus at 10-4 mni for 1 h. 

The early electron photoniicrographs were taken with 
an  E.M.I. EM6G instrument using a carbon deposition 
method but this proved suitable only for observations of 
the edges of particler. Subsequently, gels were electron 
plioton~icrograpl~ed by Aeon Laboratories, Egham, 
Surrey, England after applying the specialized technique 
of vacuum embedding and sectioning. The thickness of 
sections varied according to the strength and rigidity of 
samples. Davison '923' gave well-formed wedges of 
material varying froni about 500 A to less than 100 A 
at the edges pliotoniicrographed. The section thickness 
with superheated steam treated gel was lllore uniform 
at 200 + 50 A. 

Results and Discussion 
Electron Photomicrographs 

An examination of the edges of a small frag- 
ment of '923' gel, 400 000 x , showed that the gel 
globules varied in diameter between 300 and 
1000 A. The globules were deeply grown together, 
indicating that in the bulk material they could not 
be regarded as separate entities. Part of the sur- 
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face was rough and pitted, suggesting that the 
large globules around the edges were not ultimate 
particles but were themselves composed of many 
smaller particles between 10 and 50 A in diameter, 
similar to the size noted for ultimate particles 
earlier (9). 

In Plate 1, the arrow indicates the direction in 
which the section was cut. The discontinuities at 
right angles are compression lines which are 
always obtained when hard materials, such as 
silica, are cut. 

The marked effect of combined heat and steam 
treatment on the gel structure can be seen clearlv 

PLA'iE 3 superheated steam treated gel after heating piate with 'late The pores to 5000 fir 15 h. M~croscope magnification, 10000 ; 
circled C in the superheated steam gel range in total magnification, 20 000 x .  
size from a~~rox ima te lv  40 to 100 A and exist 

A A 

I between discrete globules whichvary in diameter the discrete nature of the gel globules is less 
I 

between 150 and 500 A. obvious (Plate 3). The definition on this plate is 
After modification of the "'perheated excellent and a cross-secfion along the lengths of ' steam treated gel by heating for 15 h at 500°, of many pores can be seen. 

PLATE 1. Davison '923' silica gel, activated at 240". 
Microscope magnification, 10000 x ; total magnification, 
20 000 x . 

Nitrogen Adsorption 
The hysteresis loop contained by the nitrogen 

adsorption-desorption isotherm determined on 
the 240" gel, (Fig. 1) has a sloping adsorption 
branch which closes almost vertically. This type 
of loop is generally accepted (10) as indicating a 
random distribution in the geometry of packing 
of the ultimate particles and a narrower dis- 
tribution of pore openings. Such an explanation 
is consistent with the structure observed in the 
electron micrographs of this gel. 

From similar nitrogen adsorption/desorption 
isotherms, B.E.T. plots (1 1) were drawn for all 
of the gels examined. These plots were all good 
straight lines over the range p/p, = 0.05 to 0.30 
and froin their slopes and intercepts, monolayer 
adsorbed amounts were computed in the usual 
way using 16.2 A2 as the cross-sectional area of a 
nitrogen molecule (1 1). 

Pore size distribution charts were plotted from 
the adsorption branches by the Cranston and 
Inkley method (12) after data processing with an 
Elliott 803 computer. The chart for 240" gel 
showed that the range of pore diameters was 
from 100 to below 20 A, with the majority of 
pores having diameters under 50 A (Fig. 2). The 
most common pore diameter, given by the mode 
of the pore size distribution chart, was 25 A. 
Treatment of gel with nitric acid appeared to 

PLATE 2. Superheated steam treated gel. Microscope reduce the number pores 25 A. 
magn~ficat~on, ~ O O O O  x ; total magnlficat~on, 20000 x . treatment shifted the mode of the pore size dis- 
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FIG. 1. Nitrogen adsorption/desorption isotherm on 
240" gel at  - 196". Inset, B.E.T. plot. 

Pore Diameter /Ao/ 
FIG. 2. Pore size distribution chart for 240" gel. 

tribution to 40 A with the majority of pores 
lying between 38 and 180 A. Steam treatment 
followed by heating at 500" shifted the mode still 
further to 45 A. Heat treatment (3) of normal 
'923' gel up to 900" causes little change ir, the pore 
size distribution, although the total pore volume 
diminishes rapidly above 500". 

The principal surface parameters of the gels 
examined by gas adsorption are show11 in the 
Table 1. 

TABLE 1 
Surface parameters of gels determined from nitrogen 

adsorption/desorption isotherms at - 196" 

Mode.of 
Activation Surface pore slze 

temperature area distribution 
Treatment ("(3 (mZ/g) (A) 

None 240 660 25 
None 500 600 - 
Superheated steam 240 340 40 
Superheated steam 500 335 45 
Nitric Acid 240 600 30 
10 t ~ n s / i n . ~  240 495 25 

The surface areas of two samples were also 
determined by the more recently introduced 
t-method (13), in which the volume of gas ad- 
sorbed/g of adsorbent at standard temperature 
and pressure, V,, is plotted against the statistical 
thickness, t, of the adsorbed layer. So long as the 
multilayer forms unhindered, a straight line is 
obtained passing through the origin and its 
slope is a measure of the surface area, S, = 15.47 
V,/t. For many well-selected samples, Lippens 
and de Boer (14) found that the first parts of such 
curves were straight lines from which St could be 
calculated. 

Surface areas determined from the t-plots in 
Fig. 3 were 620 and 325 m2/g for 240" and super- 
heated steam treated gels, respectively. When 
t = 4.5 A the curve for 240" gel starts to bend 
downwards. At this value (13) some of the pores 
are completely filled by the adsorbed layers of 
nitrogen and the surface in them is no longer 
available for further adsorption which indicates a 
minimum pore diameter around 9 A. 

The separate effect of pressure on the surface 
parameters of '923' gel was determined after 
compression of the material at 10 t o n ~ / i n . ~  for 
3 min. This treatment appeared to result in an 
increase in the number of pores < 20 A diameter 
but it was apparent from photomicrographs, 
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FIG. 3. V,--t plot for ( A )  240' and ( B )  superheated 
steam treated gel. 

50 x , that compression had caused fragmenta- 
tion of gel particles. The lump density measured 
by mercury displacement (6) was reduced to 0.99 
g/cc, which indicates that the gel particles had 
been so reduced in size that the mercurv was 
unable to penetrate the interstices between 
particles. Confirmation of this theory was ob- 
tained by reducing the particle size of the original 
gel to the same size range (< 5 p) by light 
grinding. As a result the lump density was reduced 
to 0.76 from 1.20 g/cc. 

General 
Treatment of gel with superheated steam causes 

a severe loss in surface area, Table 1, while the 
pores increase in size to the 40 to 100A range. The 
electron micrographs indicate that treatment with 
superheated steam may cause the ultimate 
particles to aggregate and the globules to become 
denser and more discrete. The consequent loss of 
pore volume from the interior of the globules 
would explain the diminution in their size, the 
loss of surface area of the gel and the increase in 
its lump density to 1.48 g/cc. 

It  has been suggested (5, 9) that the increase in 
pore diameter and decrease in surface area is the 
result of a regular growth of the individual 
ultimate particles of the solid at the expense of 
others, large particles become larger and smaller 

A 
B 

' SUPERHEATED STEAM 

FIG. 4. Suggested effect of superheated steam treat- 
ment. ( A )  Silica gel globules, ( B )  ultimate particles. 

ones disappear. Previous steam treatments have 
been more severe, e.g. up to 215" for 401 h (15), 
and it may be that the first step in the suggested 
mechanism is the aggregation of ultimate particles 
so that within the globules the mechanism is 
analogous to that of sintering (16) where adhesion 
of ultimate particles is involved as a preliminary 
stage. However, this process must be confined to 
the interior of the globules since treatment with 
superheated steam does not reduce the total pore 
volume (1 5). This suggested effect of superheated 
steam is shown in F ~ ~ I  4. 

After consideration of 15 shape groups of 
pores, de Boer (1) analyzed the types of hysteresis 
loops which would result from capillary conden- 
sation in them. He proposed 5 main types of loops 
of which 2, Types A and E, are found here and in 
our previous studies on the adsorption of various 
gases on silica gels. For example, the type A loop 
is given by the isotherm for ethylene oxide at 
283.7 OK on superheated steam treated gel (17). 
The adsorption/desorption branches of type A 
isotherms are steep, pores are cylindrical, radius 
r,, and contain spherical cavities, r,, where 
r, 1 2rn. The type E loop is found with cylin- 
drical pores, r,, which contain large cavities of 
variable radius, r,, while r, > 2r,. The adsorption 
branch has a sloping character and the desorption 
branch is steep. If there is a variation in r,, the 
desorption branch will have a sloping character 
also, but the broadening of the loop still exists 
(13). This describes the loop shown by dimethyl 
ether isotherms (18) and indeed by most iso- 
therms obtained on 240" '923' gel. 

After treatment with superheated steam the 
hysteresis loops change, and satisfy the pressure 
relationship (1) shown by Type A loops which 
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SUPERHEATED 

FIG. 5. Suggested effect of superheated steam on 
pore dimensions. 

also persist on subsequent thermal treatment of 
the steam treated gel at 500" (19). This implies 
that the pore dimensions have changed, r, > 2r, 
becoming r, 5 2r,, which is consistent (1) with a 
widening of the constrictions between spheroidal 
cavities, Fig. 5. Comparison of the cross-sections 
of pores in the untreated gel, Plate 1, with those 
in the steam treated gel activated at 500°, Plate 3, 
shows that such a change probably occurs in the 
pore structure. 

In addition to the pores in the 40 to 100 A 
range, electron micrographs, 160 000 x , indicate 
that pores < 10 A may be present in the super- 
heated steam treated gel. This bidisperse pore 
structure has been reported by Kiselev and 
co-workers (20) who proposed that the small 
pores were formed by water trapped as the gel 
structure changes under steam treatment. When 
driven out on drying the water molecules form the 
fine channels in the gel. 

Conclusions 

The deductions made from the adsorption 
isotherm analyses regarding the pore character- 
istics of these gels agree in general with the elec- 
tron microscope observations, although the latter 
method is more discerning. Davison '923' silica 
gel has been examined, a highly pure, readily 
available, chromatographic-grade material, to 
provide the possible added advantage of links 
with earlier work on adsorbate/adsorbent and 
adsorbate/adsorbate interactions involving main- 
ly reactive gases on hydrous oxides. All of these 
materials have been described (3) but past 
attention was largely focussed on '923' gel. 

In computing the pore data of the normal and 
modified '923' gels from the nitrogen adsorption/ 
desorption isotherms, extensive use was made of 

the Cranston and Inkley method of analysis (12) 
in which the critical pore radius is equated to the 
Kelvin radius. Now, when the molecular diam- 
eter of the adsorbed gas approaches a value of a 
few times the Kelvin radius and it is about three 
times here for the majority of pores in normal 
'923' gel, then the applicability of analytical 
schemes based on the classical Kelvin equation 
for macro-system capillaries remains unresolved 
(21). Clearly there is a need for additional 
theoretical study of this particular problem. 
However, in the present investigation the electron 
microscope observations have provided an in- 
dependant model for the pore structures which is 
internally consistent with the other deductions. 

We thank the British Petroleum Company for the 
award of a research scholarship (E.R.). 
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Synthesis and cycloaddition reactions of 2-(2-thieny1)aziridines 

J. W. LOWN AND K. MATSUMOTO' 
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The synthesis of several new 2-(2-thieny1)aziridines and an examination of their cycloaddition with 
olefinic and acetylenic dipolarophiles is described. 
Canadian Journal of Chemistry, 48, 2215 (1970) 

Addition reactions of substituted aziridines in- 
volving cleavage of the 2-3 bond to an azo- 
methine ylide intermediate (both thermally and 
less frequently by photochemical means) and 
subsequent [2 + 31 cycloaddition to carbon- 
carbon and heteromultiple bonds have proven 
to be synthetically useful routes to pyrroles (14) ,  
pyrrolines (1, 4), pyrrolidines (3, 4), thiazolines 
(5), a thiazole (5), imidazolidines (6),  imidazolines 
(7), oxazolines (8), oxazolidines (9, lo), and 
naphth [l,2-d]oxazoles (1 1). 

We have employed 2-aryl-3-aroylaziridines 
mainly in our exploration of such reactions. 
However, 2-aryl-3-carboalkoxy and 2-aryl-3-cy- 
anoaziridines underwent quite different reactions 
than 2-aryl-3-ar~~laziridines with certain di- 
polarophiles (12). Also the nature of the N- 
substituent in 2-aryl-3-aroylaziridines had a pro- 
found effect on the course of the reaction with 
aryl isothiocyanates (5). These facts suggested a 
sensitivity of the course of the cycloaddition 
reactions and possibly the properties of the inter- 
mediate azomethine ylides to the type of sub- 
stituent in the aziridine ring which required 
further investigation. Therefore we report the 

synthesis and examination of the cycloaddition 
reactions of the hitherto undescribed 2-(2-thi- 
eny1)-aziridines. 

The Gabriel synthesis (13, 14) starting from 
2-thiophene aldehyde 1 proved to be satisfactory 
in many cases as illustrated in Scheme 1. The 
yield of 3-benzoyl- 1-cyclohexyl-2-thienylaziridine 
(4) (Ar = Ph) obtained as a cis-trans mixture 
from the corresponding dibromo compound was 
89 %. Sufficient representative examples of similar 
2-(2-thienyl) aziridines were prepared to establish 
the scope of the method and to delineate its 
limitations. The analytical and spectral data are 
summarized in Tables 1 and 2. 

The smooth and selective bromination of the 
conjugated double bond in the majority of the 
thienyl chalcones 1 is surprising in view of the 
known sensitivity of the thiophene nucleus to 
electrophilic substitution at the 4 and 5 posi- 
tions, especially when the ring bears an elec- 
tron-withdrawing substituent (15-17). However, 
attempted addition of bromine to 2 (Ar = 
pNO,C,H,) probably led to preferential sub- 
stitution in the thiophene nucleus as indicated by 
the mass and nuclear magnetic resonance (n.m.r.) 

SCHEME 1 

'NRCC Postdoctorate Fellow, 1969 to present. 
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TABLE 1 
1-Alkyl-2-(2-thieny1)-3-aroyl(or acyl)aziridines* CI 

Observed Calculated 1 
C 

Number R1 

Melting Molecular Molecular 2 
point Yield cis: ion (mass ion (mass 8 

R2 C'C) (%) trans C H N S spectrum) C H N S spectrum) s 
a C6Hll CsHs 104-105 

2 
73.25 6.76 4.58 10.39 311.1345 73.26 6.81 4.50 10.30 311.1344 $ 

(trans) 89 0.4 
89-90 73.37 6.71 4.47 10.36 311.1345 73.26 6.81 4.50 10.30 311.1344 $ 
(cis) CI 

b CsHii mN02C6H4 114-115 9 1 63.98 5.71 7.78 9.00 356.1195 64.03 5.66 7.86 9.00 356.1195 
(trans) 

c C r H I ,  oCH=.C,H, 104-108t 79 1.4 73.79 7.15 4.28 9.85 325.1502 73.79 7.12 4.30 9.85 325.1500 v, 6 

*The compound has the following general structure: @C\H?H-C~R2 
N 

1 
tcis-trans Mixture. R I  C
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LOWN AND MATSUMOTO: 2-(2-TH1ENYL)AZIRIDINES 2217 

TABLE 2 

Spectroscopic properties o f  I-alkyl-2-(2-thieny1)-3-aroyl(or acy1)aziridines 

Nuclear magnetic resonance spectrum (CDCI,) G 

Infrared 
spectrum Aryl and Aziridinet 
(CHC13) thienyl ring Aroyl N-Alkyl 

Number G O  protons protons methyl groups 

a (cis) 

a (trans) 

b (trans) 

c* 

3.35, 3.28(2H)ABq 
(J  = 7 Hz) 

3.75(2H)s 

3.78, 3.62(2H)ABq 
( J =  1.5%) 

( i )  3.27, 3.24(2H)ABq 
(J  = 7 Hz cis) 

(ii) 3.72(2H)s . . . . 
trans 

( i )  3.22, 3.17(2H)ABq 
(J  = 7 Hz cis) 

(ii) 3 .54.0(2H)m 
trans 

(i) 3.32, 3.28(2H)ABq 
(J  = 7.5 Hz, cis) 

(ii) 3.78(2H)s 
trans 

( i )  3 . % ( 2 ~ ) s  cis 
(ii) 3.69(2H)s trans 

0.95(6H)d ( J  = 6 Hz) 
1.25(6H)d ( J  = 6 Hz) 
3.2-2.6(1 H)m 

3.67and3.57 2.2-0.5(10H)m 

'cis-trans Mixture. 
tcis and fransIsomers assigned following the work of Crornwell et a/. (40). 

spectra. Similar complications were encountered 
in attempted preparation of the 3-cyano and the 
3-acetyl-2-(2-thieny1)aziridines. 

The aziridines were normally prepared as cis- 
trans isomeric mixtures. Representative pairs of 
isomeric aziridines were separated (entries a and d 
in Table 1 )  and used for the stereochemistry 
experiments described below. The geometrical 
assignments were based on the spectroscopic 
methods due to Pohland et al. (18) and by 
Turner et al. (19). 

2-3 Bond Cleavage and 1,3-Dipolar Additions 
of 2- (2-Thieny1)aziridines 

(a )  Olefinic Dipolarophiles 
Reaction of 3-benzoyl-1-cyclohexyl-2-(2-thi- 

eny1)aziridine with maleic anhydride, N-phenyl- 
maleimide, methyl fumarate, and methyl maleate 
in refluxing benzene for 16 h afforded the stereo- 
isomerically pure pyrrolidines 5, 6, 7, and 8 
respectively in good yields. The isolation of these 
adducts shows that the reduced resonance energy 
of the thiophene ring (20 kcal mole-' (20) com- 
pared with benzene 36 kcal mole-') still allows 

facile 2-3 bond cleavage of the aziridine and sub- 
sequent 1,3-dipolar addition. Pyrrolidine 5 was 
obtained by reaction of maleic anhydride with 
either pure cis or pure trans-3-benzoyl-1-cyclo- 
hexyl-2-(2-thieny1)aziridine. Exactly similar re- 
sults were obtained in the addition of cis- and 
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trans-2-aryl-3-aroylaziridines (with N-alkyl sub- 
stituents) to imines (6), sulfonylimines (6), and 
iminocyclopropenes (7) to give imidazolidines 
and to aryl aldehydes and chloral to give oxazol- 
idines (10). We conclude that the prior equilibra- 
tion of the cis and trans azomethine ylides (21) 
(from conrotatory thermal ring opening of the 
trans and cis aziridines respectively (22)) occurs 
and addition takes place exclusively via the more 
stable trans azomethine ylide. 

The pyrrolidines 5,6,7, and 8 were accordingly 
assigned the trans stereochemistry of the aziridine 
moiety shown on this basis. 

Whether or not stereospecific addition to cis 
and trans azomethine ylides derived from aziri- 
dines is observed seems to depend only on the 
nature of the N-substituent. The only reported 
examples of such stereospecific additions have 
involved N-aryl substituents (21-23). This aspect 
of aziridine chemistry is currently under further 
investigation. 

Both cis and trans-3-benzoyl-l-cyclohexyl-2- 
(2-thieny1)aziridine reacted with dimethyl acetyl- 
enedicarboxylate to form a 1 :1 adduct, the 
spectral data of which are consistent with the 
cis-2-pyrroline structure 9, together with some of 

the pyrrole 10. The n.m.r. absorption of the 
methine hydrogens of 9 showed an AB quartet at 
6 4.34 and 5.52, JAB = 12 HZ (I). The n.m.r. 
of a substituted 3-pyrroline would not have had 
as large a coupling constant as that observed 
(23-25). Heine et al. have shown that 3-pyrrolines 
are formed when 1,2,3-triphenylaziridine reacts 
with acetylenes (3) but Padwa and Hamilton 
isolated 2-pyrrolines like 9 when 2-aroylaziridines 
reacted with acetylenes (25). Padwa reports that 
trans-2-pyrrolines are surprisingly resistant to 
oxidation. The cis-2-pyrroline 9 however was 
easily dehydrogenated to the pyrrole 10 with 
tetrachloro-l,4-benzoquinone. 

Unlike many of the adducts prepared from 
1,2,3-triphenylaziridine with the above dipolaro- 
philes by Heine et al. (3), the compounds 5, 6,7, 
and 8 lack a plane or center of symmetry. 
Elucidation of the complete stereochemistry of 

the adducts was however possible using specific- 
ally 3-deuterated-3-benzoyl-1-cyclohexyl-2-(2- 
thieny1)aziridine (12). Treatment of 2 with tert- 
butylamine allowed isolation of the monobromo- 
compound 11 from which 12 was prepared (with 
86% deuterium in the 3-position) with cyclo- 
hexylamine-N-d2 (7). Reaction of maleic an- 
hydride with 12 afforded 5 deuterated at the 5 

position of the pyrrolidine ring (56% d) and so 
allowed the unambiguous assignment of chemical 
shifts and coupling constants of the methine 
protons listed in Table 4 (see Fig. 1). The n.m.r. 
spectra of 5 and 6 are very closely similar and so 
analogous assignments were made for 6. Heine 
has demonstrated the applicability of the Karplus 
relation (26) of vicinal coupling constants and 
dihedral angles in pyrrolidines (3). Pyrrolidines 5 
and 6 show large J2,, = 10 Hz and zero values for 
J,,, in complete agreement with the assigned 
stereochemistry. Values for J,,, of 8.5 and 8.0 Hz 
respectively correspond to cis coupling also re- 
quired by the structures. 

Reaction of methyl fumarate and methyl 
maleate with 12 gave 7 and 8 with 54 and 60 % 
deuterium incorporation at the 5 pyrrolidine 
positions. This labelling revealed that of the pair 
of 2 and 5 methine protons in 7 and 8, the 5 proton 
resonates at lower field in contrast to the case in 
compounds 5 and 6 (see Figs. 1 and 2). The full 
stereochemistry of 7 depicted follows from the 
observation of J2,, = 9, J,,, = 8 Hz both char- 
acteristic of cis vicinal coupling (3). By similar 
reasoning the methyl maleate adduct 8 was 
assigned the stereochemistry shown, the smaller 
value of J,,, = 4.5 Hz, being assigned to trans 
coupled protons. 

The isomeric pyrrolidine structures of 7 and 8 
were confirmed by dehydrogenation with tetra- 
chloro-l,4-benzoquinone to the pyrrole 10, iden- 
tical with that obtained from dimethyl acetylene- 
dicarboxylate. In the addition of cis olefinic 
dipolarophiles to the thienyl aziridine, the addend 
in 6,7,  and 8 adopted positions remote from the 
5-aroyl group. Methyl maleate retains its con- 
figuration in the addition of 4 in refluxing benzene 
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1 . . . .  , . . .  I . . . .  . . . .  I . . . . , . .  3 .  I . . % ,  . . . .  I . . , . * . , . .  I , . . , , . . . .  I . . . . , . . , ,  1 , , , , , , , , , I  , , , ,  $ , # , >  I b , , , .  I 
10 8 7 6 4 3 2 0 

FIG. I .  (A) The n.m.r. spectrum at 100 MHz in CDCI, of maleic anhydride adduct of 3-benzoyl-1-cyclohexyl-2- 
(2-thieny1)aziridine. (B) The n.m.r. spectrum a t  100 MHz in CDCI3 of maleic anhydride adduct of 3-benzoyl-1- 
cyclohexy1-3-deutero-2-(2-thienyl)aziridine. 

to give 8 in contrast to the addition of ethyl 
maleate to 1,2,3-triphenylaziridine in refluxing 
toluene to give 13 (3). The latter reaction probably 
involves thermal isomerization of ethyl maleate 
to ethyl fumarate at the higher reaction tem- 
perature. We have reported the partial isomeriza- 

tion of methyl maleate during the addition to 
4-oxazolines to give 3-aroyl-4,5-dihydrofurans 
(27) and Huisgen et al. have observed complete 
thermal isomerization of methyl maleate in an 
attempt to observe stereospecific addition of a 
ketocarbene to maleate and fumarate (28). 

Adducts 14,15, and 16 prepared by reaction of 
1-isopropyl-3-p-phenylbenzoyl-2-(2-thieny1)- 
aziridine to methyl fumarate, methyl maleate, and 
maleic anhydride respectively show a pronounced 
trend towards increasing difference in chemical 
shift of the non-equivalent N-isopropyl methyl 
groups (see Fig. 3). This would seem to be asso- 
ciated with increasing screening by ester and 
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2220 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 2. (A) The n.m.r. spectrum at 100 MHz in CDCI, of methyl fumarate adduct of 3-benzoyl-l-cyclohexyl-2- 
(2-thieny1)aziridine (E = COOCH,). (B) The n.m.r. spectrum at 100 MHz in CDCI, of methyl fumarate adduct of 
3-benzoyl-l-cyclohexyl-3-deutero-2-(2-thienyl)aziridine. 

anhydride carbonyl groups on the rotating iso- Experimental 
propyl methyl groups. Since anisotropic shielding Melting points were determined on a Fisher-Johns 

due to the carbonyl group falls off rapidly with apparatus and are uncorrected. Infrared (i.r.) spectra 
were recorded on a Perkin-Elmer model 421 spectro- 

increasing distance (29) it seems likely the N- photometer, and only the principal, sharply defined peaks 
i s o ~ r o p ~ l  groups in 14, 15, and 16 adopt average are re~orted.  The n.m.r. s~ec t ra  were recorded on Varian 
conformations endo to the addend. A-60 -and A-100 analytical spectrometers. The spectra 
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88% yield by condensation of 2-thienyl aldehyde with 4- in chloroform at 0 "C to give the dibromo compound 
methoxyacetophenone using sodium methoxide as base. in 93 %yield, m.p. 145-146" (benzene-hexane), The n.m.r. 
It was then brominated as described above to give 2,3- spectra showed no AB quartet signal due to 2,3 protons. 
dibromo-3-(2-thieny1)-p-methoxypropiophenone in 75% Anal. Calcd. for Cl,Hg0,NSBr2: C, 37.25; H, 2.16; 
yield, m.p. 104-105". N, 3.34; Br, 38.13; S, 7.65. Found: C, 38.59; H, 2.24; 

Anal. Calcd. for C14H12SBr202: C, 41.61; H, 2.99; N, 3.29; Br, 38.62; S, 7.54. 
S ,  7.75; Br, 39.56. Found: C, 41.77; H, 3.01 ; S, 7.71 ; The mass spectrum showed a molecular ion419 (C13Hg- 
Br, 39.43. 03NSBr2) and a fragment ion242 (C4H,SBr2). These data 

The i.r. spectrum v,,, (CHCL,): 1680 cm-' (aryl C=O). suggest that in the bromination of the chalcone, bromina- 
The n.m.r. spectrum (CDCI,): AB quartet centered at tion takes place mainly in the thiophene ring. Further- 
5.76 and 5.99 (2H, J = 11 Hz, 2,3 protons); 6.8-8.2 (7H, more no aziridine could be obtained by treatment of this 
multiplet, thienyl and aryl protons); 3.88 (3H, singlet, dibromo compound with an excess of cyclohexylamine. 
methoxyl protons). 

3-Carbomethoxy-I-cyclohexyl-2-(2-thienyl)aziridine 
2,3- Dibromo-3-(2-thienyl) -m-nitropropiophenorte (a )  I-Carbomethoxy-1,2-dibromo- 

1-(m-Nitropheny1)-3-(2-thieny1)propenone was 2-(thieny[)ethane 
prepared using sodium methoxide as base in70% yield, Thienyl acrylic acid was obtained by a similar method 
m.p. 113-114" (lit. m.p. 114") (34); then brominated to as described in ref. 39 in 95% yield, m.p. 143-14" (lit. 
give 2,3-dibromo-3-(2-thieny~)-m-nitr0pr0pi0ph0 in m.p. 143-144") (37); then esterified in methanol - sulfuric 
77% yield, m.p. 124-125". acid to give thienyl acrylic acid methyl ester in 82 % yield, 

Anal. Calcd. for C13H9NSBr203: C, 37.25; H, 2.16; m.p. 42430. 
N, 3.34; S, 7.65; Br, 38.13. Found: C, 37.62; H, 1.99; Anal. Calcd. for C8H8S02: C, 57.14; H, 4.79; S, 19.06. 
N, 3.30; S, 7.75; Br, 38.21. Found: C, 57.09; H, 4.71; S, 18.83. 

The i.r. spectrum v,,, (CHCI,): 1703 cm-' (aryl C-0). The i.r. spectrum v,,, (CHCl,): 1706 cm-' (C=O). 
The n.m.r. spectrum ~ T M S  (CDC13): AB quartet  he n.m.r. spectrum 8 T M S  (CDCl,): 3.78 (3H, singlet, 

centered at 5.99 and 5.79 (2H, J = 11 Hz, 2,3 protons); methyl protons); AB quartet centered at 6.23 and 7.78 
6.8-9.0 (7H, multiplet, thienyl and aryl protons). (2H, J = 15.5 Hz, -CH=CH-); 6.9-7.5 (3H, multiplet, 

2,3-Dibromo-3-(2-thieny1)-p-methylpropiophenone thienyl protons). Thienyl acrylic acid methyl ester was 
l-(p-Methylphenyl)-3~(2-thienyl)-propenone was pre- brominated to give the dibromo compound in 70% yield 

pared in 98% yield, m.p. 77-78" (lit. m.p. 79") (32, 35) m.p. 74-75". 
then brominated to give 2,3-dibromo-3-(2-thienyl)-p- for C8H8S02Br2: C, 29'29; H T  2'46; S, 

methylpropiophenone in 92% yield, m.p. 133-134". 9.77; Br, 48.73. Found: C, 29.16; H, 2.35; S, 9.78; Br, 

Anal. Calcd. for C14H12SBr20: C, 43.33; H, 3.12; S, 48.88. 

8.26; Br, 41.19. Found: C, 43.22; H, 3.14; S, 7.98; Br, The i.r. spectrum: vmm (CHC13), 1749 cm-' (C=O). 

41.09. The n.m.r. spectrum 8 T ~ S  (CDC13): 3.86 (3H, singlet, 

The i.r.  spectrum^,,^ (CHCI,): 1690cm-' (aryl C=O). methyl protons); AB quartet centered at 4.80 and 5.67 

~h~ n.m.r. spectrum 8TMS (cDc~,): 2.43 ( 3 ~ ,  Singlet (2H, J = 12 Hz, 1, 2, protons); 6.8-7.5 (3H9 multiplet, 

methyl protons); AB quartet centered at 5.77 and 5.99 thienyl protons). 
(2H, J = 11 Hz, 2, 3 protons); 6.8-8.1 (7H multiplet, (b )  3-Carbomethoxy-I-cyclohexyl-2- 
thienyl and aryl protons). (2-thieny1)aziridine 

I-Biphenyl-3-(2-thieny1)-propenone  his dibromo compound was treated with 11 equiv- 
This compound was prepared by condensation of 2- alents of cyclohexylamine for 1 week and worked UP as 

thienyl aldehyde with 4-phenylacetophenone using so- usual to give 3-carbomethox~-l-c~clohex~l-2-(2-thien~l)- 

dium methoxide as base in methanol, m.p. 155-156" as a 

(97%) (lit. m.p. 157") (35, 36). Mol. Wt. Calcd. for C14H19NS02 (mass spectrum): 
265.1136. Found: 265.1137. 

2,3-Dibromo-3- (2-thienyl) -p-phenylpropiophenone 
This compound was prepared by bromination of 1- 

biphenyl-3-(2-thieny1)propenone in 89 % yield, m.p. 146- 
147". 

Anal. Calcd. for C19H14SBr20: C, 50.69; H, 3.13; S, 
7.12; Br, 35.50. Found: C, 50.31; H, 3.02; S, 7.13; Br, 
36.05. 

The i.r. spectrum v,,~ (CHC1,) : 1684 cm-' (aryl C=O). 
The n.m.r. spectrum ~ T M S  (DMSO-ds): AB quartet 
centered at 6.24 and 6.70 (2H, J = 12 Hz, 2, 3 protons); 
7.0-8.9 (12H, multiplet, thienyl and aryl protons). 

Attempted Preparation of l-Cyclohexyl-3-p- 
nitrobenzoyl- (2-thienyl) aziridine 

1-(p-Nitropheny1)-3-(2-thieny1)-propenone (m.p. 173- 
174" (lit. m.p. 173") (33, 34)) was prepared in 96% yield 
using sodium methoxide as base. It was then brominated 

The i.r. spectrum v,,, (CHCI,): 1726 cm-' (ester 
C d ) .  The n.m.r. spectrum 8TMS (CDCl,): 0.5-2.2 (lOH, 
multiplet, cyclohexyl protons); 2.3-3.2 (2H, multiplet, 
aziridine protons), 3.57, 3.67 (3H, singlet, cis and trans 
COOCH,); 6.8-7.8 (3H, ABX thienyl protons). 

Reaction of 3-Benzoyl-I-cyclohexyl-2- 
(2-thieny1)aziridirze with Dipolarophiles 

(a )  Maleic Anhydride 
A solution of 0.933 g (0.003 mole) of 3-benzoyl-l- 

cyclohexyl-2-(2-thieny1)aziridine and 0.294 g (0.003 mole) 
of maleic anhydride in 50 ml dry benzene was heated 
under reflux for 5 h after which time no aziridine was 
detected by t.1.c. The solvent was evaporated and the 
residual oil treated with hexane and chilled when 1.192 g 
of the addition product, m.p. 156-159 "C (98% yield), 
precipitated, which was recrystallized fromether-hexane; 
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TABLE 3 

Physical and analytical properties of the pyrrolidines 

Observed Calculated 

Melting Molecular Molecular 
point Yield ion (mass ion (mass 

Compound ("C) ( %) C H N S spectrum) C H N S spectrum) 

5 159-160 98 67.41 5.63 3.48 7.55 409.1381 67.45 5.66 3.42 7.83 409.1382 
6 85-86 87 71.22 5.91 5.65 6.19 484.1801 71.88 5.83 5.78 6.62 484.1801 
7 131-132 55 66.36 6.42 3.08 7.07 455.1766 65.91 6.42 3.08 7.04 455.1767 
8 Oil 47 - 455.1766 - - - - 455.1767 - - -  

14 133-134 57 68.28 5.73 2.83 6.70 491.1760 68.41 5.95 2.85 6.52 491.1767 
15 113-114 35 68.07 5.92 2.88 6.55 491.1762 68.41 5.95 2.85 6.52 491.1767 
16 193-194 92 70.07 5.07 3.35 7.04 445.1345 70.09 5.20 3.15 7.20 445.1348 

m.p. 159-160". Full details on this compound as well 
as the physical properties, analytical data, and spectro- 
scopic properties of the other addition products prepared 
are summarized in Tables 3 and 4. 

(b) N-Phenyl Maleimide 
A similar reaction between 0.933 g (0.003 mole) of 3- 

benzoyl-I-cyclohexyl-2-(2-thieny1)aziridine and 0.52 g 
(0.003 mole) of N-phenylmaleimide in 50 ml of dry 
benzene, worked up in the same way afforded the adduct 
as a yellow solid 1.263 g (87% yield), m.p. 85-86" (ether- 
hexane). 

(c) Methyl Fumarate 
A solution of 0.933 g (0.003 mole) of 3-benzoyl-I- 

cyclohexyl-2-(2-thieny1)aziridine and 0.432 g (0.003 mole) 
of methyl fumarate in 50 ml of dry benzene was heated 
under reflux for 15 h. The solvent was evaporated and the 
residual yellow oil subjected to chromatography on grade 
1 alumina (B.D.H.). Elution with benzene afforded one 
fraction. Evaporation of solvent and treatment with 
hexane gave a white solid 0.751 g (55% yield), m.p. 131- 
132" (from ether-hexane). 

(d) Methyl Maleate 
A solution of 0.933 g (0.003 rnole) of 3-benzoyl-1- 

cyclohexyl-2-(2-thieny1)aziridine and 0.432 g (0.003 mole) 
of methyl maleate in 50 ml dry benzene was heated under 
reflux for 7 h. The reaction mixture was worked up as 
described for (a) above; yellow oil (0.647 g, 47% yield). 
Reaction of Maleic Anhydride with Stereochemically 

Pure cis- and trans-3-Benzoyl-I-cyclohexyl-2- 
(2-thieny1)aziridine 

(a) Reaction of 0.933 g (0.003 mole) of trans-3-benzoyl- 
I-cyclohexyl-2-(2-thieny1)aziridine and 0.294 g (0.003 
mole) of maleic anhydride in 50 ml dry benzene in the 
manner described above gave 1.028 g (84% yield) of 5- 
benzoyl-1-cyclohexyl-2-(2-thieny1)pyrrolidine-3, 
4-dicarboxylic anhydride, m.p. 159-160". 

(b) A similar reaction of 0.31 1 g (0.001 mole) of cis-3- 
benzoyl-1-cyclohexyl-2-(2-thieny1)aziridine and 0.098 g 
(0.001 mole) of maleic anhydride gave the identical 
pyrrolidine 0.307 g (75% yield) m.p. 159-160'. 

Preparation of 3-Benzoyl-I-cycl~hexyl-3-deutero-2- 
(2-thieny1)aziridine 

(a) 2-Bromo-2-benzoyl-I-(2-thieny1)ethylene 
A solution of 8.77 g (0.12 mole) of tert-butylamine in 

30 ml dry benzene was added dropwise to a slurry of 15.0 g 

(0.04 mole) of 2-benzoyl-l,2-dibromo-l-(2-thienyl)ethane 
in 100 ml dry benzene with stirring at 0 "C. Stirring was 
continued at room temperature for 12 h after addition. 
The solution was filtered to remove the precipitated tert- 
butylamine hydrobromide. The filtrate was concentrated 
to ca. 20 ml and subjected to chromatography on 
Alumina (B.D.H.) using benzene as eluent. Evaporation 
of benzene and treatment with hexanes gave mono 
bromide as a pale yellow solid 10.4 g (89% yield), m.p. 
76-77". 

Anal. Calcd. for C13H90SBr: C, 53.25; H, 3.10; Br, 
27.26; S ,  10.81. Found: C, 53.30; H, 2.89; Br, 27.05; S ,  
10.91. 

The i.r. spectrum: v,,, (CHCI3): 1658 cm-I (aryl 
G O ) .  The n.m.r. tiTMs (CDC13): 7.0-8.2 (9H, multiplet, 
=CH, thienyl and phenyl protons). 

(b) Reaction of 2-Brotno-2-bet~zoyl-I- 
(2-thieny1)ethylene with Cyclohexylamine-ND, 

A solution of 15.0 g (0.15 mole) of cyclohexylamine- 
ND2 (7) in 50 ml dry ether was added to a stirred solution 
of 8.80 g (0.03 rnole) of 2-bromo-2-benzoyl-1-(2-thieny1)- 
ethylene in 100 ml ether at 0 "C. After addition, the 
stirring was continued for 12 h at room temperature. The 
mixture was filtered to remove the precipitated cyclo- 
hexylamine deuterobromide. The filtrate was concen- 
trated in vacuo to ca. 20 ml then subjected to chromatog- 
raphy on Alumina (B.D.H.) using benzene as eluent. 
Evaporation of benzene gave a yellow oil which after 
trituration with hexane gave the solid aziridine 8.75 g 
(94 % yield). 

The integrals of the n.m.r. spectrum indicated 86% 
deuterium incorporation of the 3-position. 

Reaction of 3-Betzzoyl-I-cyclohexyl-3-deutero-2- 
(2-thieny1)aziridine with Maleic Anhydride 

Reaction of 0.622 g (0.002 mole) of 3-benzoyl-1-cyclo- 
hexyl-3-deutero-2-(2-thieny1)aziridine (containing 86% 
deuterium incorporation) and 0.196 g (0.002 rnole) of 
maleic anhydride in the manner described above gave 5- 
benzoyl-l-cyclohexyl-2-(2-thienyl)pyrrolidine-3,4- 
dicarboxylic anhydride in 75 %yield, m.p. 159-160". Ex- 
amination of the n.m.r. spectrum showed the position 
and extent of deuterium incorporation. The product was 
identical in all other respects to the protium analogue 
listed in Table 4. 

The n.m.r. spectrum tiTrs (CDC13): 0.30-2.0 (lOH, 
multiplet, cyclohexyl protons); 2.5-3.0 (lH, multiplet, 
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TABLE 4 
Spectroscopic properties of pyrrolidines 

Nuclear magnetic resonance spectrum 6 TMS(CDCI3) 
Infrared 
spectrum Ester 
CHC13 Aryl Ring Ring Ring Ring methyl 

Compound (C==O) cm- protons proton 2 proton 5 proton 3 proton 4 protons N-Substituents 

5 1678 (aryl C=O) 6.7-8.4(8H)m 

E) 4 JZ,3 5.71(1H)d = 10 HZ 

0 
6 1688 (aryl C=O) 

,? 

7 1682 (aryl C=O) 
1742 (ester C=O) 6.7-8.2(8H)m 5.27(1H)d 

JZ.3 = 9 HZ 

8 1683 (aryl C=O) 
6.8-8.4(8H)m 5.40(1H)d 

1738 (ester C=O) JZ,, = 9 Hz 

14 1675 (aryl C-0) 
6.8-8.4(12H)m 5.24(1 H)d 

171 l(sh) (ester C=O) 
1737 ) JZ,3 = 9 HZ 

15 1675 (aryl C=O) 6.8-8.4(12H)m 
1710(sh)] (ester C=O) 5.39(1 H)d 

1735 1 Jz,, = 9 Hz 

16 1675 (aryl C==O) 6.8-8.2(12H)m 

'b 
'Diminished in intensity upon selective deuteration at 3 position of aziridine. 
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LOWN AND MATSUMOTO: 2-(2-TH1ENYL)AZIRIDINES 2225 

cyclohexyl CH-N); 3.29 (lH, doublet, 4H ring proton); 
3.83 (IH, quartet, 3 ring proton); 5.48 (0.44H, singlet, 5 
ring proton); 5.71 (IH, doublet, 2 ring proton); 6.9-8.3 
(8H, multiplet, thienyl and phenyl protons). 

Averaging four integrals confirmed 56% deuterium 
incorporation at position 5. 

Reactions of 3-benzoyl-1-cyclohexyl-3-deutero-2-(2- 
thieny1)aziridine with dimethyl fumarate or dimethyl 
maleate were carried out in the same manner. 

Reaction of 3-Benzoyl-l-cyclohexyl-2- 
(2-thieny1)aziridine with Dimethyl Acetylene- 
dicarboxylate 
A solution of 0.933 g (0.003 mole) of 3-benzoyl-l- 

cyclohexyl-2-(2-thieny1)aziridine and 0.426 g (0.003 mole) 
of dimethyl acetylenedicarboxylate in 50 ml of dry ben- 
zene was heated under reflux for 12 h. The solution was 
concentrated to ca. 10 ml and subjected to chromato- 
graphy using benzene as eluent. Two main fractions were 
obtained. (I) Pale yellow solid, 0.433 g (32 % yield), m.p. 
133-134" (petroleum ether). (2) Pale yellow solid 0.375 g 
(28% yield), m.p. 170-171" (ether - petroleum ether). 

(I) Anal. Calcd. for CZ5HZ7SN05: C. 66.20; H, 6.01; 
N, 3.09; S, 7.05. Found: C, 66.48; H, 6.09; N, 3.16; 
S, 6.98. 

The i.r. spectrum v,,, (CHCl,): 1680 cm-' (C=O, of 
aryl) 1736 cm-' (C=O of ester). The n.m.r. spectrum 
S T M s  (CDC13): 0.6-2.0 (lOH, multiplet, cyclohexyl pro- 
tons); 2.5-3.2 (IH, multiplet, CH-N); 3.36 and 3.40 
(6H, singlets, methyl ester protons) 4.34 and 5.52 (2H, 
AB quartet, J = 12 Hz, 2, 3, protons), 6.9-8.4 (8H, 
thienyl and phenyl protons). 

(2) Anal. Calcd. for CZ5Hz5SN05: C, 66.50; H, 5.58; 
N, 3.10; S, 7.10: Found: C, 66.36; H, 5.45; N, 3.36; 
S, 7.12. 

The i.r. spectrum v,,, (CHCI,): 1665 (aryl C=O), 1721 
(ester C=O). The n.m.r. spectrum STMb (CDC13): 0.6-2.4 
(lOH, multiplet, cyclohexyl protons); 3.28 and 3.65 (6H, 
singlets, methyl ester protons); 3.54.2 (lH, multiplet, 
CH-N); 7.0-8.1 (8H, multiplet, thienyl and phenyl 
protons). 

From these data fractions I and 2 were identified as 
5-benzoyl-l-cyclohexyl-3,4-dicarbomethoxy-2-(2-thienyl)- 
2-pyrroline and 5-benzoyl-1-cyclohexyl-3,4-dicarbo- 
methoxy-2-(2-thieny1)pyrrole respectively. 

The experiment was repeated with 10 equivalents of 
dimethyl acetylenedicarboxylate which gave only fraction 
2. The control experiment using cis-aziridine was carried 
out in the same way and the mixture of I and 2 was 
obtained in 53 % yield. 

Delzydrogenatiorz of Pyrrolidines to Pyrroles 
(i) A mixture of 0.455 g (0.001 mole) of 5-benzoyl-1-cy- 

clohexyl-3,4-dicarbomethoxy-2-(2-thienyl)pyrrolidine 
HZ, H3-trans, H4, H5-cis and 1.23 g (0.005 mole) of tetra- 
chloro-l,4-benzoquinone in 25 rnl dry chlorobenzene was 
heated under reflux for 3 days. The reaction mixture was 
cooled and 200 ml of ether was added. The solution was 
washed with 4 %aqueous sodium hydroxide solution con- 
taining 1 % sodium bisulfite and then washed with water 
and dried (MgSO,). Evaporation of the solvent gave a 
pale yellow solid, which was recrystallized from ethyl 
ether - hexane m.p. 170-1 71 ", (0.198 g, 44% yield). 

(ii) Similarly, reaction of 0.455 g (0.001 mole) of 5- 

benzoyl- 1 -cyclohexyl- 3,4- dicarbomethoxy -2-(2- thi- 
enyl) pyrrolidine Hz, H3-cis, H4, H5-trans with 1.23 g 
(0.005 mole) of tetrachloro-l,4-benzoquinone afforded the 
identical pyrrole m.p. 170-17l0, 0.183 g (40% yield). 

Both of these products were identified from mixed 
m.p. and i.r. and n.m.r. spectra as 5-benzoyl-1-cyclohexyl- 
3,4-dicarbomethoxy-2-(2-thieny1)pyrrole. 

(iii) A mixture of 0.906 g (0.002 mole) of 5-benzoyl-l- 
cyclohexyl-3,4-dicarbomethoxy-2-(2- thienyl) - 2 - pyrro - 
line and 2.45 (0.01 mole of tetrachloro-1,4-benzoquirtone 
was heated under reflux for 4 days and worked up in the 
same way as described above affording the pyrrole 0.483 g 
(54% yield) m.p. 169-170". This compound was identi- 
fied as 5-benzoyl-1-cyclohexyl-3,4-dicarbomethoxy-2-(2- 
thieny1)pyrrole from n.m.r. spectra. 
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1,3-Dipolar cycloaddition of nitrosonaphthols to 3-aroylaziridines. Novel 
syntheses of substituted naphtho[l,2-d]oxazoles and naphtho[2,1-d]oxazoles 

J. W. LOWN AND J. P. MOSER 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received February 23, 1970 

A series of 3-aroyl-2-arylaziridines underwent 1,3-dipolar cycloadditions in both orientations to the 
nitrogen-oxygen bond of 1-nitroso-2-naphthol. Spontaneous 1,3-cleavage of the intermediate 
oxadiazolidines to nitrones and cyclodehydration of the latter afforded both 2-aryl- and 2-aroylnaphtho- 
[1,2-d]oxazoles in good yields. The interpretation of the reaction received confirmation by independent, 
unambiguous synthesis of several 2-aroylnaphtho[l,2-d]oxazoles. 

Canadian Journal of Chemistry, 48, 2227 (1970) 

The thermal and photochemical cleavage of 
the carbon-carbon bond in aziridines to yield 
azomethine ylides and their subsequent [2 + 31 
cycloaddition to reactive carbon-carbon multiple 
bonds, has been firmly established by several 
authors (1-14). 

An interest in the general problem of syn- 
thesizing five and six membered ring heterocycles 
from the addition reactions of readily available 
small ring heterocycles led us to explore the 
analogous thermally induced additions of 
3-aroylaziridines to heteromultiple bonds. We 
have reported the additions of 3-aroylaziridines 
and 3-carboalkoxyaziridines to the following 
heteromultiple bonds as dipolarophiles, (i) the 
C=S bond of aryl isothiocyanates with the 
formation of 4-aroyl-5-arylamino-4-thiazolines 
(15), (ii) the C=N bond of imines and sulfonyl- 
imines with the formation of imidazolidines (16), 
(iii) the C=O bond of diphenylcyclopropenone 
which ultimately affords 4-aroyl-4-oxazolines 
(17, 18), (iv) the C=O bond of aryl aldehydes and 
chloral to form oxazolidines (19), and (v) the 
C=N bond of cyclopropenimines to form 
imidazolines and imidazolidines (20). 

We report full details of an examination of the 
1,3-dipolar cycloaddition of 3-aroylaziridines to 
the N=O bond of isomeric nitrosonaphthols 
which produced substituted naphtho[l,2-dl- 
oxazoles and which in the case of l-nitroso-2- 
naphthol provided compelling evidence for a 
concerted cycloaddition. These results have 
previously been published only in a preliminary 
form (21). 

Treatment of 3-benzoyl-l-cyclohexyl-2-p- 
nitrophenylaziridine (22) with one equivalent of 
1-nitroso-2-naphthol in refluxing benzene for 16 h 
resulted in the precipitation of 2-[4-nitrophe- 

nyll-naphtho [l,2-dloxazole (I), C, 7HloN203,  
m.p. 240" in 35.5% yield (R, = H ;  R2 = NO,). 
The infrared (i.r.) spectrum of 1 showed a 1532 
cm-' band characteristic of the nitro group. 

Concentration of the filtrate and chromatogra- 
phic separation on alumina afforded the pale 
green solid 2-benzoylnaphtho[1,2-d]oxazole (2; 
R,, R2 = H), C,8Hl lN02,  m.p. 123" in 41.5% 
yield. The i.r. of 2 showed a strong band at 
1660 cm-' characteristic of a diary1 ketone (23). 
The absorption spectrum showed intense 
maxima at 264 and 356 mp. 

In view of the precedents for thermal carbon- 
carbon bond cleavage of aziridines quoted above, 
and the strong analogies for the subsequent con- 
certed [2 + 31 cycloaddition to heteromultiple 
bonds also described, we interpret the reaction 
as proceeding by 1,3-dipolar addition of the 
intermediate azomethine ylide to the N = O  bond 
in both possible orientations. Subsequent 1,3- 
cleavage of the intermediate oxadiazolidines 
3 and 4 gives initially the nitrones 5 and 6 
(Scheme 1). 

The neighboring hydroxyl groups in 5 and 6 
cyclize to the polarized azomethine bond with 
loss of water to produce 2 and 1 respectively. The 
secondary products of the 1,3-cleavage of the 
oxadiazolidines, which were expected to be the 
Schiff bases, could not be isolated. It has been 
our experience however that Schiff bases of 
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cyclohexylamine seldom survive elimination reac- 
tions of this type. For example in the 1,3-dipolar 
additions of 4-aroyl-4-oxazolines with olefinic 
and acetylenic dipolarophiles, the extruded 
cyclohexylamine Schiff base was isolated in only 
one case, but far more frequently was very easily 
hydrolyzed during the work-up procedure (24, 
25). The oxadiazoline which results from the 
1,3-dipolar addition of a nitrile ylide to nitroso- 
benzene similarly cannot be isolated and suffers 
a 1,3-cleavage to give a nitrone and benzonitrile 
(26). As far as we are aware the isolation of an 
oxadiazolidine has been reported only once in 
the literature by Agosta and that example was 
shown to be unstable (27). 

Reactions between pyridinium or sulfonium 

ylides and aryl nitroso compounds to form 
nitrones have been reported previously (28-31) 
(e.g. eq. [I]). Accordingly, compound 2a was 
synthesized unambiguously by treating a mixture 
of 1-nitroso-2-naphthol and one equivalent of 
N-phenacylpyridinium bromide (32) with an 
equivalent of N aqueous sodium hydroxide at  
- 20". The yield of 2 was quantitative (see eq. [2]). 
The analytical and spectral data on several 2-aryl 
and 2-aroyl naphtho [l,2-d]oxazoles obtained by 
the 1,3-dipolar addition of 1-nitroso-2-naphthol 
with the appropriate 3-aroylaziridines are sum- 
marized in Tables 1 and 2.2-Nitroso-1-naphthol 
reacted with 3-benzoyl-1-cyclohexyl-2-p-nitro- 
phenylaziridine to give 2-p-nitrophenylnaphtho- 
[2,1-d]oxazole (7) in 8.0% yield. While the 

A , - N ~ o @  

[I1 
0 0 0 

C5H5N-CR2 4- ArNO + C5H5N7CmR + Ar-N=CR2 + C5H5N 
[ @ I ]  
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LOWN AND MOSER: SYNTHESES OF SUBSTITUTED NAPHTHO-OXAZOLES 2229 

TABLE 1 

2-Arylnaphtho [I ,2-d]oxazoles* 

Observed Calculated 
Infrared 

No. 
1 

Melting Molecular Molecular spectrum 
point Yield ion (mass ion (mass Nujol 

RI R2 ("C) (%) C H N spectrum) C H N spectrum) (NO,) 

a H NO2 240 35.5 70.18 3.64 9.66 290.0694 70.34 3.47 9.65 290.0691 1535 
1350 

b NO, H 237-239 32 70.14 3.26 9.66 290.0694 70.34 3.47 9.65 290.0691 1529 
1348 

c H H 125-130 40 67.98 3.40 8.99 245.0840 67.94 3.17 8.86 245.0841 - 
'Numbering of substituents refers to  structure 1. 

corresponding 2-aroylnaphtho [2,1-dloxazole 8 
was not obtained in this reaction, it was however 
prepared by the second procedure withp-bromo- 
phenacyl pyridinium bromide and sodium 
hydroxide (31) so that the two methods were 
quite complementary. 

2-Nitroso-1-naphthol gave lower yields of the 
2-arylnaphtho [2,1 -d]oxazole in reaction with 
aziridines than did 1-nitroso-2-naphthol. This 
appears to be due to competing reactions 
including the formation of a product tentatively 
assigned as a naphtho [2,1- f 1-l,3,5-oxadiazepine 
which is currently under further investigation. 

The isolation of naphthoxazoles of both types 
1 and 2 represents the first reported example of 
addition pf a heteromultiple bond to an aziridine 
in both possible orientations and provides good 
evidence that the reaction involved is a 1,3-dipolar 
addition. Since 1 and 2 are obtained in approx- 
imately equal yields it is clear that the steric 
influence on orientation in the reactions with 
1-nitroso-2-naphthol is negligible. A similar con- 
clusion has very recently been reached by 
Kresze et al. in a study of the Diels-Alder 
additions of nitrosobenzene to substituted dienes 
(33)- 

In contrast, the 1,3-dipolar cycloadditions of 
3-aroylaziridines to dipolarophiles containing 
heteromultiple bonds all took place exclusively 
in one orientation presumably due to more 
stringent steric control, for example in addition 
to the C=S bond in aryl isothiocyanates (15), 
the C=N bond in imines and sulfonylimines (16) 
and iminocyclopropenes (20), and the C=O bond 
in aryl aldehydes, chloral (19), and diphenyl- 
cyclopropenone (17, 18). 

One isolated example of the addition of an aryl 
nitroso compound to an aziridine had previously 
been reported by Heine and his coworkers, 
involving the addition of nitrosobenzene to 
1, I a-dihydro-1 -(p-nitropheny1)-2-phenylazirino- 
[1,2-alquinoxaline (9) (14) (see eq. [3], Ar = 

p-NO,C,H,-). The formation of the products, 
2-phenylquinoxaline (13) and the nitrone 12 was 
interpreted either in terms of 1,3-dipolar addition 
via 10 or via the dipolar intermediate 11. It seems 
likely that in this particular reaction, the orienta- 
tion of the addition is dictated by the stability of 
the product quinoxaline 13 and the nitrone 12. 

Further studies of arylnitroso compounds with 
3-aroylaziridines leading to imidazolidines and 
Schiff's bases will be reported subsequently. 

Experimental 
Melting points were determined on a Fisher-Johns 

apparatus and are uncorrected. The i.r. spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. Nuclear magnetic resonance (n.m.r.) spectra 
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TABLE 2 

2-Aroylnaphtho- [1,2-d]oxazoles* 
0 

Nuclear magnetic 
resonance spectrum 

1 
Observed Calculated Infrared (CDCI,) G F 

spec- 2 
L( 

Melting Molecular Molecular trurn 2-p-Aroyl 0 
No. point Yield ion (mass ion (mass CHCl, Aryl substit- @ 
2 RI Rz ("C) (%) C H N Br spectrum) C H N Br spectrum) (C==O) protons uent 

a H  H 124 41.5t 78.90 3.97 5.17 - 273.0793 79.11 4.06 5.13 - 273.0790 1658 7.2-8.8 - F 
1003 ( 1 1 ~ ) m  % 

b H CH3 114 32.3t 79.55 4.49 5.15 - 287.0946 79.41 4.56 4.88 - 287.0946 1652 7.2-8.3 2.46(3H)s 
(1 OH) m 

c H OCH, 124-125 41.5t 75.45 4.48 4.83 - 303.0893 75.25 4.32 4.62 - 303.0895 1651 6.9-8.5 3.98 (3H) s 
5 

(1 OH) m 
- 

3 
d H NOz 223-225 31.5t 67.68 3.23 9.26 - 318.0639 67.94 3.17 8.86 - 318.0641 1663 7.1-8.5 5 

76.5$ (10H) m e 

e NO2 H 167 50.53 67.92 3.14 8.89 - 318.0638 67.94 3.17 8.86 - 318.0641 1652 7.0-8.4 - 
.8 
P 

(1 OH) m Q) - 
H Br 164 68.53 61.19 2.78 4.06 23.30 350.9893 61.41 2.86 3.98 22.70 350.9895 1655 6.9-8.3 - u 

(1 OH) m 2 

*Numbering of substituents refers to structure 2. 
+Method A .  
tMethod B. 
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L O W  AND MOSER: SYNTHESES OF SUBSTITUTED NAPHTHO-OXAZOLES 

were recorded on Varian A-60 and A-100 analytical TABLE 3 
spectrometers.   he spectra were measured on aPProx- Absorption spectra of 2-aroylnaphtho[l,2-d]oxazoles 
imately 10-15% (w/v) solutions in CDCI,, with tetra- in CH2C12 
methylsilane as a standard. Line positions are reported 
in parts per million from the reference. Absorption No. kmax log E h a ,  log E spectra were recorded in ‘spectra'-grade solvents on a 
Beckman DB recording spectrophotometer. Mass spectra a 356 4.19 264 4.19 
were determined on an Associated Electrical Industries b 356 4.25 286 4.12 
MS-9 double focusing high resolution mass spectrom- c* 349 4.20 306 4.16 
eter. The ionization energy, in general, was 70 eV. Peak d 380 4.16 272 4.49 
measurements were made by comparison with perfluoro- 372 4.18 260 4.40 
tributylamine at a resolving power of 15 000. Kieselgel f 363 4.25 276 4.32 

DF-5 (Camag, Switzerland) and Eastman Kodak *Spectrum recorded in CH,CN. 
precoated sheets were used for thin-layer chromatog- 
raphy. Microanalyses were carried out by Dr. D. DaesslC, 
Organic Microanalysis Ltd , Montreal, Quebec and by A 
Mrs. D. Mahlow of this department. Reaction of 3-Benzoyl-1-cyclohexyl-2-p-nitrophenyl- 

aziridine with 1-Nitroso-2-naphthol 
Source of Nitrosonaphthols A solution of 1.75 g (0.005 mole) of 3-benzoyl-l- 

1-Nitros0-2-naphthol and 2-nitro~o-l-naphth~l were cyclohexyl~2-p~nitropheny~aziridine and 0.865 g (0.005 
obtained as practical grade chemicals from Eastman mole) of 1-nitroso-2-naphthol in 50 mi of dry benzene 
Organic Chemicals and were purified by recrystallization was stirred and heated under reflux for 24 h during which 
from petroleum ether. time the solution turned a dark brown. Upon cooling of 

General Preparation of 3-Aroylaziridines the solution, a green-brown solid which had precipitated, 

~h~ used in this study were by 
0.51 g (32% yield), was collected and purified by extrac- 

the synthesis involving Claisen-Schmidt con- tion of the impurities with hot ethyl acetate, m.p. 240°, 

densations to form c.,alcones, then addition of bromine representing 2-~-nitro~hen~lna~htho[1,2-dloxazole. 

to form the ~~~romocha lcones  and treatment of the Anal. Calcd. for CI,HIONZO~ (mol. wt. 290.0691): 

dibromochalcones with a three molar proportion of a C, 70.34; H, 3.47; N, 9.65. (290.0694 (mass 

primary aliphatic amine to provide 3-aroylaziridines 'pectrum)): C, 70.18; H, 3.64; N1 9'66' 

(15 and references therein). The i.r. spectrum vm,,(KBr disk): 1535, 1350cm-' 
(NO,).. 

Preparation of 2-Aryl- and 2-Aroylnaphtho[l,2-dl- The filtrate was concentrated in vacuo and the residual 
oxazoles and 2-Aryl- and 2-Aroylnaphtho- oil was subjected to chromatography on alumina (B.D.H.) 
[2,1 -d]oxazoles with benzene as eluant. Removal of the solvent and 

Representative examples of the preparation of trituration of the resulting green oil with hexane gave 
naphthooxazoles of the four different types by the two 2-benzoylnaphtho[l,2-dloxazole as a light yellow solid, 
methods, ( A )  reaction with a 3-aroylaziridine and (B) 0.52g (41.5% yield), m.p. 124" (benzene-hexanes). 
reaction with a phenacyl pyridinium halide and base, Anal. Calcd. for ClsHllN02 (mol. wt. 273.0790): 
are described in detail. C, 79.1 1 ; H, 4.06; N, 5.13. Found (273.0788 (mass 

The analytical and spectral data on further examples spectrum)): C, 78.90; H, 3.97; N, 5.17. 
prepared in a similar fashion are summarized in The i.r. spectrum v,,,(CHCI3): 1659 cm-I (C--0); 
Tables 1, 2, and 3. n.m.r. spectrum: &TMS(aCl3): 7.2-8.8 ( l lH,  multiplet, 
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aromatic protons); absorption spectrum X,,,(CHzClz): 
264 (log E 4.19); 356 mp (log E 4.19). 

Reaction of 3-Berzzoyl-I-cyclohexyl-2-p-nitrophenyl- 
aziridine with 2-Nitroso-I-naphthol 

A solution of 1.75 g (0.005 mole) of 3-benzoyl-l- 
cyclohexyl-2-p-nitrophenylaziridine and 0.865 g (0.005 
mole) of 2-nitroso-1-naphthol in 50 ml of dry benzene 
was stirred and heated under reflux for 24 h during which 
time the solution turned purple-black. The solution was 
concentrated in vacuo and the dark oil produced was 
subjected to chromatography on alumina (B.D.H.) 
Elution with benzene afforded as the first fraction (after 
removal of the solvent and trituration of the resulting 
red oil with a few drops of ethyl acetate and a greater 
amount of hexane) 2-p-nitrophenylnaphtho-[2,1-dl- 
oxazole as a red solid, 0.21 g (8.4% yield) m.p. 152-153" 
(ethyl acetate - hexanes). 

Anal. Calcd. for C17HloNZ03 (mol. wt. 290.0691): 
C, 70.34; H, 3.47; N, 9.65. Found (290.0690 (mass 
spectrum)): C, 70.04; H, 3.13; N, 9.67. 

The i.r. spectrum v,,,(CHC13): 1522, 1342 cm-I 
(NOZ); n.m.r, spectrum: 8TMS(CDC13): 7.3-8.6 (lOH, 
multiplet, aromatic protons). 

Further elution with 40:60 chloroform-benzene gave 
after removal of the solvent in vacuo a bright red solid, 
0.21 g (8.4% yield), m.p. 220" (ethyl acetate). 

Anal. Calcd. for C31H27N304 (mol. wt. 505.2002): 
C, 73.64; H, 5.38; N, 8.31. Found (505.1998 (mass 
spectrum)): C, 73.23; H, 5.13; N, 7.87. 

Further elution with chloroform gave after removal of 
solvent a purple solid, 0.5 g m.p. 160" (ethylacetate- 
hexane). 

Anal. Calcd. for C20HlzNZ02 (mol. wt. 312.0899): 
C, 76.91; H, 3.88; N, 8.97. Found (312.0901 (mass 
spectrum)): C, 76.87; H, 4.04; N, 8.41. 

These compounds are currently under further investiga- 
tion. 

Method B 
2-Benzoylnaphtho-[I ,2-dJoxazole 
A solution of 1.73 g (0.01 mole) 1-nitroso-2-naphthol 

in 50 ml 95% ethanol was added to 2.78 g (0.01 mole) 
phenacyl pyridinium bromide in 5 ml of water. The 
solution was stirred at 0" to -10" during addition of 
10 ml of 1 N sodium hydroxide over 112 h. After 5 min, 
the solution turned dark red and after 2 h of stirring, 
20 ml of water was added and the dark red solid which 
had precipitated was collected and dried. The solid was 
dissolved in benzene and subjected to chromatography 
on alumina (B.D.H.) with benzene as eluant. Removal 
of the solvent and trituration of the resulting green oil 
with hexane gave 2-benzoylnaphtho-[l,2-dloxazole as a 
light yellow solid, 2.70 g (100% yield), m.p. 124" (ben- 
zene-hexanes). 

This compound was shown by mass, i.r., and n.m.r. 
spectroscopy to be identical in all respects to the com- 
pound prepared above by method A. 

2-p-Bromobenzoylrraphtho-[2, I-dJoxazole 
A solution of 1.73 g (0.01 mole) 2-nitroso-1-naphthol 

in 50 ml95 % ethanol was added to 3.23 g (0.01 mole) of 
p-bromophenacyl pyridinium bromide in 5 ml water. The 
solution was stirred at 0" to -10" during addition of 
10 ml of 1 N sodium hydroxide over 112 h. After 5 min, 

the solution turned dark and after 2 h of stirring, 20 ml 
of water was added and the dark brown solid which had 
precipitated was collected and dried. The solid was 
chromatographed on alumina with benzene<hloroform 
(1 :1) as eluant. Removal of the solvent and trituration of 
the resulting yellow oil with hexane gave 2-p-bromo- 
benzoylnaphtho-[2,1-dloxazole as a yellow solid, 0.13 g 
(2.6% yield), m.p. 191' (benzene-hexanes). 

Anal. Calcd. for C18HloBrNOz (mol. wt. 350.9895): 
C, 61.41; H, 2.86; N, 3.98; Br, 22.70. Found (350.9895 
(mass spectrum)): C, 61.53; H, 2.85; N, 4.17; Br, 22.72. 

The i.r. spectrum vm,,(CHC13): 1658 cm-I (C==O); 
n.m.r. spectrum: 8TMS(CDC13): 7.2-8.8 (lOH, multiplet, 
aromatic protons); absorption spectrum Xm,,(CH2C12): 
278 (log E 4.28), 316 (log E 4.17), 365 mp (log E 4.09). 

This research was supported by a National Research 
Council of Canada grant to J. W. Lown. We thank 
Mr. R. Swindlehurst and Dr. A. Hogg for the n.m.r. and 
mass spectra. 
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Stereoselective synthesis of a-bulnesene, 4-epi-a-bulnesene, and 
5-epi- a-bulnesene 

EDWARD PIERS AND KIN FAI CHENG 
Department of Chemistry, University of British Columbia, Vancouver 8, British Columbia 

Received March 2, 1970 

Lithium-ammonia reduction of the hydroguaiazulene derivative 6, followed by oxidation of the 
resulting diol 13, gave, in a highly stereoselective manner, the keto alcohol 14. The latter was converted 
into 5-epi-a-bulnesene (2). In a similar sequence of reactions, 4-epi-a-bulnesene (3) was obtained from 
compound 9. Photochemical rearrangement of the previously obtained dienone 25 gave the hydroguai- 
azulene derivative 27. Successive subjection of the latter to acetylation, hydrogenation, and sodium 
borohydride reduction gave a mixture of the epimeric diols 31 and 32. When this mixture was treated 
withp-toluenesulfonic acid in pyridine, and the resulting olefinic diester 35 was sequentially subjected to 
hydrogenation [tris(triphenylphosphine)chlororhodium] and lithium aluminum hydride reduction, the 
crystalline diol 37 was obtained. The latter was converted into a-bulnesene (1) by standard reactions. 
Canadian Journal of Chemistry, 48,2234 (1970) 

Structurally, one of the simplest of the rapidly 
expanding number of known guaiane-type ses- 
quiterpenes (1-3) is a-bulnesene (formerly called 
6-guaiene), a CI5H2, hydrocarbon which has 
been isolated from a number of essential oils (3) 
and which has been shown (4, 5) to possess the 
structure and absolute stereochemistry depicted 
in 1.' We report in this paper the stereoselective 
synthesis of natural a-bulnesene and of the 
two epimeric compounds 5-epi-a-bulnesene (2) 
and 4-epi-a-bulnesene (3).3 

Previously, we had reported (1 3) the conversion 
of (+)-a-cyperone (4) (see ref. 14), of known 
absolute stereochemistry, into the corresponding 
hydroguaiazulene derivative 6, via photochemical 
rearrangement of 1,2-dehydro-(+ )-a-cyperone 
(5). Similarly, ( -)-7-epi-a-cyperone (7) had been 
converted, via the dehydro derivative 8, into the 
hydroguaiazulene 9. Although the former con- 
version (4 + 6) (Scheme 1) could be realized in 
reasonable overall yield (55 %), the latter sequence 
(7 + 9) (Scheme 2) was accomplished in only 

'The numbering system shown in structure 1 is that 
normally used for guaiane-type sesquiterpenes. 

'For a preliminary report, see ref. 6 .  
3For previous reports concerning the synthesis of 

guaiane-type sesquiterpenes, see refs. 7-12, inclusive. 

poor yield (15%). The chief reason for this 
inefficiency was the poor yield (25 %) of the 
dehydrogenation reaction of (-)-7-epi-a-cyper- 
one (7) with 2,3-dichloro-5,6-dicyanobenzoquin- 
one. Attempts to improve the yield ofthis reaction 
by varying the reaction conditions were unsuc- 
cessful. Therefore, the first objective of the present 
work was to devise a more efficient conversion of 
7 into 9. 

Condensation of (-)-7-epi-a-cyperone (7) 
with ethyl formate in the presence of sodium 
methoxide in benzene provided the 2-hydroxy- 
methylene derivative 10 in good yield. Dehy- 
drogenation of the latter with 2,3-dichloro-5,6- 
dicyanobenzoquinone (15) in dioxane for 10 min 
afforded the cross-conjugated dienone 11 in 79 % 
yield. Conversion of compound 11 into the corre- 
sponding carboxylic acid 12 was accomplished by 
subjecting the former to silver oxide oxidation 
(see ref. 16). It had already been shown by Caine 
et al. (17) that photochemical rearrangement, in 
aqueous acidic medium, of cross-conjugated 
dienone carboxylic acids of the type 12 resulted in 
the formation of the corresponding decarboxyl- 
ated hydroazulene. In keeping with this observa- 
tion, we found that irradiation of 12 in 45% 
aqueous acetic acid gave a high yield of crude, 
non-acidic product. Purification of the latter by 
column chromatography gave the hydroguai- 
azulene 9, identical (m.p., mixed m.p., infrared 
(i.r.) spectrum) with compound 9 prepared 
previously (1 3). The overall yield of the conversion 
of 7 into 9 via the route just described was 32%, 
obviously a considerable improvement over the 
previously described sequence (1 3). 
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PIERS AND CHENG: SYNTHESIS OF or-BULNESENES 

10 11 R = CHO 
12 R = COOH 

SCHEME 2 

Stereoselective Synthesis of 5-epi-cl-Bulnesene 
(2) and 4-epi-a- Bulnesene (3) 

Having obtained the hydroguaiazulene deriva- 
, tives 6 and 9, it was decided to convert these 
I materials into compounds structurally related to 
1 cl-bulnesene (1). This would involve, in each case, 
, removal of the C,-C, double bond, removal of 
I the carbonyl function at C-3, and the introduction 
i of the C,-C,, double bond. One obvious 

method for the removal of the C,-C, double 
bond would involve Birch reduction of com- 

, pounds 6 and 9. It was felt, however, that insofar 
as the synthesis of cl-bulnesene was concerned, 
this method would lead to stereochemical 
difficulties with respect to the C-4 and/or C-5 
positions of the Birch reduction products (vide 
infra). Nevertheless, it was decided to carry out 
the lithium-ammonia reduction of compounds 
6 and 9 (Scheme 3), since very little was known 
regarding the stereochemical outcome of the 
Birch reduction of systems of this type. Further- 
more, subsequent modification of the products 

1 would, presumably, eventually lead to cl-bulnes- 
ene-type molecules, and the synthetic reactions 
and intermediates involved would therefore pro- 
vide models for subsequent projected work 
concerning the synthesis of cl-bulnesene (1) itself. 

I Subjection of keto alcohol 6 to reduction with 

lithium in ammonia, followed by quenching of 
the reaction mixture with methanol, led to the 
formation of the crude, semicrystalline diol 13 
in high yield. Direct oxidation of this crude 
material with chromium trioxide in pyridine gave 
the crystalline keto alcohol 14. 

The stereochemistry of 14 requires comment. 
Theoretically, four possible stereoisomeric keto 
alcohols could have been formed from compound 
6 by the sequence just described. However, two 
of these, having the C-4 methyl group and the C-5 
hydrogen in a trans arrangement could be 
eliminated from consideration as possible prod- 
ucts, since compounds of this type are known to 
be thermodynamically unstable with respect to 
the corresponding C-4 epimers (10, 18, 19). 
Molecular models clearly show that when the 
C-4 methyl and the C-5 hydrogen are trans, the 
methyl group is nearly eclipsed with the C-6 
methylene and the above-mentioned instability 
can, therefore, readily be attributed to the 
resulting steric and torsional strain. In view of 
this, it was necessary to distinguish only between 
the two remaining alternative structures, 14 and 
15. This was done by measuring the optical 
rotatory dispersion (0.r.d.) curve of the product 
(14). 

The cyclopentanone ring of the trans-fused 
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compound 14 is very rigid and application of the 
octant rule (20) readily allows the prediction that 
this compound should exhibit a strong negative 
Cotton effect curve: since C-1, C-5, and the C-4 
methyl group are all in negative octants. In 
contrast, the cyclopentanone ring of the alterna- 
tive product (15) is relatively flexible and the sign 
and amplitude of the Cotton effect would de- 
pend upon the relative contribution of the various 
possible conformations (see ref. 22). However, 
with the help of mo'lecular models, it could be 
clearly seen that compound 15 could not exhibit 
a strongly negative Cotton effect curve. Rather, 
depending upon the various conformational 
contributions, one would anticipate that the 
Cotton effect of 15 would be strongly or weakly 
positive, or weakly negative. It is pertinent to 
point out, in this connection, that the cis-fused 
hydroguaiazulene derivative 16 has been re- 
ported (22) to exhibit a weakly positive Cotton 
effect curve. 

The 0.r.d. curve of the product obtained from 
compound 6 by the Birch reduction - Sarett 
oxidation sequence showed a strong negative 
Cotton effect (see Table 1). Clearly this result 
was consistent only with the conclusion that the 
product possessed structure 14. The lithium- 
ammonia reduction of the keto alcohol 6 was, 
therefore, highly stereoselective and produced 

4For 0.r.d. studies on compounds similar to those under 
discussion here, see refs. 21-23 inclusive. 

the corresponding trans-fused hydroguaiazulene 
derivative. 

Huang-Minlon reduction (24) of keto alcohol 
14 gave the crystalline alcohol 17. Dehydration 
of the latter with thionyl chloride in pyridine at 0" 
afforded a crude product which was shown by 
gas-liquid chromatographic (g.1.c.) analysis to 
be approximately 80% pure. The major com- 
ponent was isolated by preparative g.1.c. and, on 
the basis of analytical and spectral data, was 
assigned structure 2. This compound, 5-epi-a- 
bulnesene (2) exhibited i.r. and nuclear magnetic 
resonance (n.m.r.) (see Table 2) spectra which 
were different from, although similar to, those 
of authentic a-bulnesene (I), obtained by 
dehydration (thionyl chloride-pyridine) of natu- 
ral a-bulnesol (18).5 Furthermore, the g.1.c. 
retention times oi- the two compounds (1 and 2) 
were clearly different. 

In a sequence of reactions similar to that 
described above, keto alcohol 9 was converted 
into 4-epi-a-bulnesene (3). Thus, reduction of 9 
with lithium-ammonia-methanol, followed by 
chromium trioxide - pyridine oxidation of the 
resulting crude diol19, afforded a crystalline keto 
alcohol with molecular formula C,  ,HZ4O2. The 
latter exhibited an 0.r.d. curve with a strongly 
positive Cotton effect (see Table I), and, in fact, 
this curve bore a nearly mirror image relationship 

5We are very grateful to Professor G .  Chiurdoglu for a 
generous sample of authentic a-bulnesol. 
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TABLE 1 
Optical rotatory dispersion data (pk = peak; tr = trough)* 

Concentration 
Compound (g/100 ml) h (mp) [+] x Amplitude (A) 

0.036 312(pk) 
295 
271 (tr) 

*The 0.r.d. measurements were taken in methanol solution at 27 OC. 

TABLE 2 
Nuclear magnetic resonance data (d = doublet; m = multiplet; wllz = width at half-height)* 

Compound =ClZH2 -C13H3t -C14H3 -C15H3t 

9.11 
(d, J 6 . 5  Hz) 

5-epi-a- 5.34 8.28 9.05 8.33 
Bulnesene(2) (m, wl12 10 Hz) (m, wllz 4.5 Hz) (d, J 5.5 Hz) (m, wl12 6 Hz) 
4-epi-a- 5.38 8.31(m) 8.99 8.34(m) 
Bulnesene(3) (m, w,,, 3 .5  Hz) (d, J 6 . 0  Hz) 

*The n.m.r. spectra were taken in deuteriochloroform and chemical shifts are given in the Tiers s scale, with 
tetramethylsilane as internal standard. 

?The chemical shifts assigned to the vinyl methyl groups were, in each case, confirmed by a frequency-swept 
decoupling experiment in which the protons at C12 were strongly irradiated, thus ellm~natlng the allylic coupling 
between -C13H3 and =C1ZH2, and causing the signal due to -C'3H3 to collapse to a sharp singlet. 

to the 0.r.d. curve obtained from com~ound  14. 
Using arguments similar to those kmployed 
previously for compound 14, this observation 
was consistent only with the conclusion that the 
keto alcohol possessed structure 20. Therefore, 
as was the case with compound 6, the Birch 
reduction of 18 was highly stereoselective and, 
again, the corresponding hydroguaiazulene sys- 
tem having trans-fused rings was produced. 

Removal of the carbonyl group from 20 by 
means of Huang-Minlon reduction (24), followed 
by dehydration (thionyl chloride-pyridine) of the 
resulting alcohol 21, gave a mixture of two dienes, 
in approximately equal amounts. These were 
separated and purified by means of preparative 
g.1.c. The component of shorter retention time 
exhibited spectral data consistent with structure 3, 
4-epi-a-bulnesene. Again, the i.r. and n.m.r. 
(see Table 2) spectra, as well as g.1.c. retention 
times, of this compound were different from those 
of authentic a-bulnesene (1). The second product 

isolated from the dehydration mixture exhibited 
spectral data consistent with structure 21. 

Stereoselective Synthesis of a-Bulnesene (1)  
(Scheme 4) 

The synthetic work described above clearly 
revealed that the lithium-ammonia reduction of 
compounds 6 and 9 stereoselectively gave prod- 
ucts possessing a cis configuration with respect 
to the C-4 methyl group and the C-5 hydrogen. 
Obviously, this was undesirable insofar as the 
synthesis of a-bulnesene (1) was concerned since, 
in the latter, the C-4 methyl group is trans to the 
C-5 hydrogen. One solution to this stereochemical 
problem would be to reduce the C,-C, double 
bond by catalytic hydrogenation, and, indeed, 
it had already been shown, for example, that 
catalytic hydrogenation of isophotosantonic lac- 
tone (23) produced compound 24 as the only 
product (1 8). However, employing this reaction 
for the synthesis of a-bulnesene (1) would ne- 
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cessitate the use of a hydroguaiazulene inter- 
mediate different from 6, since selective hydro- 
genation of the C,-C, double bond in the latter 
would be impossible in the presence of the iso- 
propenyl double bond. Therefore, it was planned 
to employ an intermediate with a C-7 side 
chain which would be stable to hydrogenation 
conditions and which contained the necessary 
functionality for (later) conversion to the isopro- 
penyl moiety. The keto diester 28 was chosen 
as an appropriate intermediate for this purpose. 

When the cross-conjugated cyclohexadienone 
25 (14), of known absolute stereochemistry, was 
subjected to photolysis (25,26) in 45 % aqueous 
acetic acid, a crude product was obtained in high 
yield. The latter, upon purification by means of 
column chromatography on alumina, afforded, 
in addition to a small amount (10%) of the spiro 
compound 26, the desired keto ester 27 in 79 % 
yield. In each case, the spectral data fully sup- 
ported the structural assignment. The keto ester 
27 exhibited, in its 0.r.d. curve, a strongly positive 
Cotton effect (see Table I), an observation which 
was in full accord with this compound possessing 
absolute stereochemistry as shown (see ref. 13). 

Acetylation of compound 27 with hot acetic 
anhydride in the presence of sodium acetate gave 
the keto diester 28. Catalytic hydrogenation ofthe 
latter with 10 % palladium-on-charcoal in ethanol 
at room temperature and atmospheric pressure 
afforded the keto diester 29, in 85 % yield. Since 
compound 29 was thermodynamically unstable 
with respect to its C-4 epimer (vide infra), it was 
subjected to the.next reaction without rigorous 
purification. However, the spectral properties 
of this crude product were in complete accord 
with structure 29. Of particular note was the 0.r.d. 
curve, which exhibited a strongly negative Cotton 
effect (see Table 1). Furthermore, treatment of a 
small sample of the hydrogenation product 29 
with 1 % methanolic potassium hydroxide at 
room temperature, followed by purification of 
the crude product by column chromatography 
on alumina, gave a high yield of a clear oil which 
was shown by analytical data and by n.m.r. 
spectrum to consist largely of a compound 30 
epimeric with starting material 29. A small 
amount of the latter was also present. The 0.r.d. 
curve of this material showed a weakly negative 
Cotton effect, A = - 17. These 0.r.d. measure- 
ments (see refs. 20-23), along with the epimeriza- 
tion, fully supported the idea that the structure 

and stereochemistry of the product obtained from 
the hydrogenation of 28 was correctly represented 
by 29. 

Reduction of the crude ketone 29 with sodium 
borohydride in methanol gave a mixture of 
epimericalcohols, 31 and 32. An analytical sample 
of this mixture, obtained by distillation of the 
crude material under reduced pressure, gave the 
expected spectral characteristics. 

The epimeric mixture of 31 and 32, upon treat- 
ment with p-toluenesulfonic acid in dry pyridine 
at room temperature, gave the tosylate 33 in 20 % 
yield and the olefinic diester 35 in 55 % yield. The 
tosylate 33, which was isolated from the product 
mixture by means of column chromatography, 
was unstable and decomposed upon prolonged 
standing at room temperature. However, the 
spectral data obtained from the freshly isolated 
material was in full accord with structure 33. 

The olefin 35 could be thought to  arise from the 
trans elimination of p-toluenesulfonic acid from 
the initially formed 3P-tosylate 34. This would 
alleviate the steric interaction between the 
tosylate group and the C-4 methyl group. It 
should be noted that an observation similar to  
the one presently under discussion had been made 
by White et al. (10) in a different series of hydro- 
guaiazulene derivatives. The formation of the 
olefin 35 as the major product from the tosylation 
of the epimeric mixture of alcohols 31 and 32, 
presumably reflected the fact that compound 31 
was the major compound in the epimeric mixture. 

Hydrogenation of olefin 35 over Adams 
catalyst gave a product consisting of a mixture 
of epimers. Therefore, hydrogenation conditions 
which would result in increased stereoselectivity 
were sought and, indeed, it was found that 
hydrogenation of 35 in benzene in the presence 
of the homogeneous catalyst tris(tripheny1- 
phosphine)chlororhodium was highly stereo- 
selective and afforded, in 85 % yield, the diester 
36. Even though, from an inspection of molecular 
models, it was felt that the hydrogenation of 
olefin 35 would take place preferentially from the 
a-side of the molecule and thus be stereoselective 
in the desired sense, it should be noted that the 
configuration at C-4 of the product 36 was some- 
what uncertain at this stage. This uncertainty 
was removed as follows. Reduction of the diester 
36 with lithium aluminum hydride afforded, in 
high yield, the crystalline diol 37. The same diol 
was also obtained, in approximately 60 % yield, 
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by lithium aluminum hydride reduction of the 
diester tosylate 33. Since the stereochemistry at 
C-4 of the latter compound was known (vide 
supra) and would, of course, remain unchanged 
during the hydride reduction, this clearly estab- 
lished that the diester 36 possessed the desired 
stereochemistry with respect to the C-4 position. 

Treatment of the diol 37 with methyl chloro- 
formate in dry pyridine at room temperature gave 
the corresponding monocarbonate 38, in 74% 
yield. Dehydration of the latter with thionyl 
chloride in pyridine afforded the olefinic carbon- 
ate 39, which was contaminated by small amounts 
of two double-bond isomers. Pyrolysis of this 
crude material by passage through a heated (400") 
helix-packed pyrex glass tube (14) effected 
elimination of methanol and carbon dioxide and 
gave a mixture of dienes, the major component 
of which exhibited a g.1.c. retention time identical 
with that of authentic a-bulnesene (1). Isolation 
of this component by preparative g.1.c. gave pure 
a-bulnesene (I), which exhibited i.r. and n.m.r. 
(see Table 2) spectra and g.1.c. retention times 

identical with those of natural a-bulnesene (1). 
It should be noted that svnthetic and authentic 
a-bulnesene also gave identical negative plain 
0.r.d. curves. Since the absolute stereochemistry 
of all our synthetic intermediates was known, this 
observation corroborated the assigned absolute 
configuration of the latter compound. 

Experimental 
Melting points, which were determined on a Kofler 

block, and boiling points are uncorrected. The i.r. spectra 
were recorded on either a Perkin-Elmer Infracord model 
137,-21, or 4 2 1  spectrophotometer. The latter instrument 
was employed for all comparison spectra. Ultraviolet 
(u.v.) spectra were measured in methanol solution on 
either a Cary 14 spectrophotometer or a Perkin-Elmer 
model 202 ultraviolet-visible spectrophotometer. The 
n.m.r. spectra were taken in deuteriochloroform solution 
on either a JEOLCO C-60H spectrometer, a Varian 
Associates model A-60 or HA-100 spectrometer, de- 
coupling experiments being performed with the latter 
instrument. Signal positions are given in the Tiers T 

scale, with tetramethylsilane as an internal standard; 
the multiplicity, integrated peak areas, and proton assign- 
ments are indicated in parentheses. The 0.r.d. measure- 
ments were performed on a JASCO model ORD/UV-5 
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instrument. Mass spectra were recorded on an AEI, type 
MS-9, mass spectrometer. The g.1.c. was carried out on an 
Aerograph Autoprep, model 700. The following columns 
(10 ft x 114 in.) were employed, with the inert, support- 
ing material being 60180 mesh Chromosorb W in each 
case: column A, 20 % Carbowax 20 M; column B, 20 % 
SE 30; column C, 30 % SE 30; column D, 20 % Apiezon J ;  
column E, 20 % FFAP. The specific column used, along 
with the column temperature, are indicated in paren- 
theses. The carrier gas (helium) flow-rate was 90-100 
ml/min in each case. 

Silica gel G and Woelm neutral alumina containing 
2% by weight of a fluorescent indicator (electronic 
phosphor) were used for thin-layer chromatoplates. 
Aqueous potassium permanganate solution (10%) was 
used as a spray reagent. Column chromatography was 
performed using neutral Woelm silica gel or neutral 
Woelm alumina. The latter was deactivated as required 
by addition of the correct amount of water. In cases where 
basic Shawinigan alumina was used, 10 % aqueous acetic 
acid was used for deactivation. 

Microanalyses were performed by Mr. P. Borda, 
Microanalytical Laboratory, University of British 
Columbia, Vancouver, B.C. 

2-Hydroxymethylene-( -) -7-epi-a-cyperone (10) 
To a stirred slurry of sodium methoxide (23.5 g) n 

60ml of dry benzene was added a solution of ethyl 
formate (14.9 g) in 60 ml of dry benzene. The mixture 
was cooled to 0" and then a solution of (-)-7-epi-a-cyper- 
one (7) (14.5 g) in 120 ml of dry benzene was added drop- 
wise, over a period of 1 h in an atmosphere of nitrogen. 
The mixture was allowed to warm to room temperature 
and stirred for 48 h. Water was added, the mixture was 
thoroughly shaken, and the layers were separated. The 
organic layer was extracted with 500 ml of 7 % aqueous 
sodium hydroxide. The combined aqueous layer and 
alkaline extract were cooled, acidified with 6 N hydrochlo- 
ric acid, and thoroughly extracted with ethyl ether. The 
combined ether extracts were dried over anhydrous mag- 
nesium sulfate. Removal of solvent gave 14.5 g (86 %) of 
the crude hydroxymethylene derivative 10 as a brown oil. 
Distillation under reduced pressure, of a small amount of 
this material gave an analytical sample as a clear, pale- 
yellow oil, b.p. 140-150" (bath temperature) at 0.015 mm; 
nDZ0 1.5589; [a]D25 -50" (c, 0.5 in methanol); u.v., 
A,,, 263 mp (E = 8480), 310 mp (E = 5770), h,,,(MeOH 
+ NaOH) 260 mp (E = 9800), 360 mp (E = 9970); i.r. 
(film), A,,, 3.48, 5.84, 6.13, 11.15 p; n.m.r., z 2.68 (broad 
signal, IH, =CHOH), 5.20 and 5.38 (two broad signals, 
2H, =C12H2), 8.14 (poorly resolved doublet, 3H, 
-C14H3, J = 1 Hz), 8.29 (unresolved multiplet, 3H, 
-C13H3), 8.94 (singlet, 3H, -C15H3). 

Anal. Calcd. for C16H22O2: C, 78.00; H, 9.00. Found: 
C, 78.09; H, 9.01. 

1,2-Dehydro-2-formyl-( -) -7-epi-a-cypero (11) 
To a solution of the crude hydroxymethylene derivative 

10 (21 g) in 200 ml of dry dioxane was added, in one 
portion, a solution of 21.6 g of 2,3-dichloro-5,6-d~cyano- 
benzoquinone in dry dioxane (250 ml). The mixture was 
stirred, under an atmosphere of nitrogen, at room tem- 
perature for 10 min. The mixture was filtered and the 
filtrate was diluted with 1 1 benzene. The resulting solution 

was filtered through a column of activity I11 Woelm 
neutral alumina (200g). The column was washed with 
2 1 of benzene and 3 1 of chloroform. Removal of the 
solvent from the combined eluant gave 16.5 g (79%) of 
the crude keto aldehyde 11, as a brown oil. Purification 
of a small amount of the crude product by distillation' 
under reduced pressure gave an analytical sample of 
aldehyde 11 as a clear yellow viscous oil, b.p. 150" (bath 
temperature) at 0.02 mm; nDZ0 1.5567; [aIDz3 -1-30' 
(c, 1.0 in methanol); u.v., h,,, 239 mp (E = 8850), 
280 mp (E = 6200) (shoulder) ; i.r. (film), h,,, 3.51, 5.90, 
6.10, 7.82, 7.98, 8.10, 11.13 p; n.m.r., z -0.27 (singlet, 
lH, -CHO), 2.55 (singlet, lH ,  CIH), 5.25 and 5.43 (two 
broad signals, 2H, =C12H2), 8.02 (doublet, 3H, -C1'H3, 
J = 1.3 Hz), 8.30 (unresolved multiplet, 3H, -C13H3), 
8.68 (singlet, 3H, -C15H3). The chemical shifts assigned 
to -C13H3 and -C14H3 were confirmed by a frequency- 
swept decoupling experiment in which one of the protons 
of =C12H2 at z 5.25 was strongly irradiated, thus 
eliminating part of the allylic coupling between -C13H3 
and =C12H2, and causing the unresolved multiplet a t  
z 8.30 to sharpen to a broad singlet. 

Anal. Calcd. for C16H2002: C, 78.65; H, 8.26. Found: 
C, 78.39; H, 8.49. 

1,2-Dehydro-2-carboxy-(-)-7-epi-a-cyperoe (12) 
To a stirred solution of the aldehyde derivative 11 

(16 g) in 18 ml of 95 % aqueous ethanol was added a 
solution of silver nitrate (24.6 g) in 126 ml water, followed 
by the dropwise addition of a solution of sodium hydrox- 
ide (1 1.2 g) in 300 ml water. After the addition was com- 
plete (1.5 h), the mixture was stirred at room temperature 
for 4 h. The mixture was filtered and the residue was 
washed with 200 ml of saturated sodium bicarbonate 
solution. The combined filtrate and washings were 
acidified with 6 N hydrochloric acid and then made 
alkaline with sodium carbonate solution. The mixture 
was filtered and the filtrate was acidified with 4 N 
hydrochloric acid. The resulting mixture was extracted 
thoroughly with ether, and the combined ether extracts 
were evaporated. The residual material was dissolved in 
benzene and the resulting solution was dried over an- 
hydrous sodium sulfate. Removal of the solvent gave 
13.2 g (77%) of a light-yellow crystalline solid. Re- 
crystallization of a small amount of this material from 
ether gave an analytical sample of the carboxylic acid 
derivative 12, m.p. 102.5-104"; [aIDz3 +93.2' (c, 0.25 in 
methanol); u.v., A,,, 203 mp (E = 19 600), 246 mp 
(E = 7950); i.r. (CHCl,), A,,, 5.77, 6.07, 6.33, 11.02 p ;  
n.m.r., .s 1.92 (singlet, IH, CIH), 5.28 and 5.52(two broad 
signals, 2H, =C12H2), 8.01 (poorly resolved doublet, 
3H, -C14H3, J =  1 Hz), 8.31 (broad singlet, 3H, 
-C13H3), 8.64 (singlet, 3H, -C15H3). 

Anal. Calcd. for CI6H2003: C, 73.79; H, 7.75. Found: 
C, 73.59; H, 7.92. 

Preparation of Hydroguaiazrrlene Derivat ive 9 
The irradiation of compound 12 was carried out with a 

Hanovia 450 W high-pressure mercury lamp, in an 
apparatus similar to that described by Kropp and Erman 
(27), except that the lamp was housed in a quartz water- 
jacketed immersion well. 

A solution of the carboxylic acid 12 (2.0 g) in 400 ml 
of 45 % aqueous acetic acid was irradiated, using a pyrex 
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filter, for 50 min. During the irradiation, the solution 
was vigorously stirred with a stream of nitrogen and the 
temperature was kept near 25" by adjusting the rate of 
flow of the cold water through the quartz water-jacket. 
After completion of the photolysis, the solvent was re- 
moved under reduced pressure, the temperature being 
kept below 50". From a total of 12.5 g of 12, there was 
obtained, in this manner, approximately 10 g of crude 
material which crystallized on standing. Recrystallization 
of this crude solid from chloroform - petroleum ether 
(b.p. 30-60") afforded 7.5 g (60 %) of the hydroguaiazulene 
derivative 9, which was identical (i.r., n.m.r., m.p.) with 
the compound obtained previously by irradiation of com- 
pound 8 (see ref. 13). 

Preparation of Diol13 
To a solution of lithium (1.5 g) in 1 1 of liquid am- 

monia (which had been distilled from sodium metal), 
was added a solution of compound 6 (1.0 g) in 50 ml of 
ether. The mixture was stirred for 1.5 h and then the 
reaction was quenched by cautious addition of methanol. 
After the ammonia had evaporated, the residue was 
diluted with water. The resulting mixture was extracted 
with ether. The ether extract was washed with water and 
dried over anhydrous sodium sulfate. Removal of solvent 
yielded a white solid (0.9 g). This crude diol 13 was not 
purified further, but exhibited the following expected 
spectral properties: i.r. (nujol), h,,, 3.10, 6.10, 11.31 p; 
n.m.r., T 5.35 (unresolved multiplet, 2H, =ClZH2), 
6.49 (multiplet, lH,  C3H), 8.33 (unresolved multiplet, 
3H, -C13H3), 8.47 (broad singlet, -OH), 8.88 (singlet, 
3H, -C15H3), 9.00 (doublet, 3H, -C14H3, J = 5 HZ). 

Preparation of Kefo AIcoRol 14 
To a slurry of chromium trioxide (7.2 g) in pyridine 

(120 ml) at 0" was added, in one portion, a solution of 
the diol 13 (3.6 g) in 60 ml of pyridine. The mixture was 
stirred at room temperature for 22 h, and then poured 
into 500 ml of cold water. The resulting mixture was 
extracted with ether (1.5 1) and the combined ether ex- 
tracts were evaporated. The residual material was dis- 
solved in benzene and the resulting solution was washed 
thoroughly with water and then dried over anhydrous 
sodium sulfate. Removal of solvent under reduced pres- 
sure gave 3.2 g of a viscous yellow oil. A small amount of 
this crude product was purified by colun~n chromatog- 
raphy on activity I11 neutral Woelm alumina (70 g). 
Elution with 450 ml of 1 : 1 chloroform-benzene gave the 
keto alcohol 14 as a white solid. Recrystallization from 
ether-petroleum ether (b.p. 30-60") afforded colorless 
needles, m.p. 58.5-59"; i.r. (CHCI,), h,,, 2.81, 3.45, 
5.81, 6.12, 11.15 p; n.m.r., T 5.33 (unresolved multiplet, 
wllz = 4 Hz, 2H, =ClZH2), 8.30 (poorly resolved doub- 
let, 3H, -C13H3, J = 1 HZ), 8.82 (sharp singlet, 3H, 
-CMH3), 8.95 (doublet, 3H, -C14H3, J = 6.5 HZ). 
Pertinent 0.r.d. data is given in Table 1. 

Anal. Calcd. for C15Hz40z: C, 76.23; H, 10.24. 
Found: C, 76.11 ; H, 10.23. 

Preparation of Dioll9 
This compound was obtained from compound 9 by a 

procedure identical with that described above for the 
conversion of 6 into 13. From 7.0 g of 9 there was ob- 
tained 7.9 g of 19 as a crude yellow solid. Two recrystal- 

lizations of a small sample of this material from 10:l 
n-hexane - ether at 0" afforded colorless needles, 
m.p. 153-155"; i.r., (nujol), h,., 3.00, 6.10, 1 1 . 3 0 ~ ;  
n.m.r., T 5.32 (unresolved multiplet, 2H, =ClZHZ), 6.45 
(multiplet, lH, C3H), 8.28 (unresolved multiplet, 3H, 
-C13H3), 8.88 (singlet, 3H, -C15H3), 9.02 (doublet, 
3H, -C14H3, J = 5 HZ). 

Anal. Calcd. for C15Hz,0,: C, 75.57; H, 10.99. 
Found: C, 75.45; H, 11.07. 

Preparation of Keto Alcohol 20 
This compound was obtained from compound 19 

by a procedure identical with that described above for 
the oxidation of compound 13. From 7.9 g of crude diol 
19 there was obtained 5.3 g of crude product as a light- 
brown oil. A small sample of the crude product, upon 
distillation under reduced pressure in a hot box, gave a 
pale-yellow oil which solidified on standing. Recrystal- 
lization from ether - petroleum ether (b.p. 30-60") at 0' 
gave fine needles, m.p. 64.5-65"; [aIDz0 +38.2" (c, 0.2 
in methanol); i.r. (CHCl,), h,., 2.96, 3.46, 5.82, 6.11, 
11.15 p; n.m.r., T 5.32 (broad signal, wl12 = 6.5 Hz, 2H, 
=C12H2), 8.29 (poorly resolved doublet, 3H, -C13H3, 
J = 1 Hz), 8.85 (singlet, 3H, -C15H3), 8.95 (doublet, 
3H, -C14H3, J = 6.5 HZ). Pertinent 0.r.d. data is given 
in Table 1. 

Anal. Calcd. for C15H24O2: C, 76.23; H, 10.24. 
Found: C, 76.00; H, 10.31. 

Preparation of Alcohol 1 7  
To a solution of compound 14 (2.3 g) in 150 ml of 

purified diethylene glycol was added potassium hydroxide 
powder (3.1 g) and 85 % hydrazine hydrate (70 ml). After 
the solution had refluxed at 155" for 2 h, hydrazine was 
distilled from the reaction mixture until the reaction 
temperature reached 205". The reaction mixture was then 
refluxed at 205-210" for 5 h. The cooled reaction mixture 
was diluted with 300 ml of water and extracted several 
times with benzene. The combined extracts were washed 
several times with water, once with saturated brine, and 
then dried over anhydrous sodium sulfate. Removal of 
solvent afforded 1.93 g (89%) of a pale-yellow, viscous 
oil. A small amount of this crude product was purified 
further by means of preparative thin-layer chromatog- 
raphy (t.1.c.) (Woelm neutral alumina plates developed 
with 2:l chloroform -ethyl acetate) whereby a pale 
yellow solid was obtained. Recrystallization from 
n-hexane at 0" gave colorless needles, m.p. 54.5-55O, 
[aIDZ7 +34.7' (c, 0.35 in methanol); i.r. (CHCl,), h,,, 
3.47, 6.12. 11.3 p; n.m.r., T 5.35 (unresolved multiplet, 
w,,, = 5.5 Hz, 2H, =ClZH2), 8.33 (poorly resolved 
doublet, 3H, -C13H3, J = 1 Hz), 8.88 (singlet, 3H, 
-C15H3), 9.05 (doublet, 3H, -C14H3, J = 6 HZ). 

Anal. Calcd. for C15H2,0: C, 81.01; H, 11.78. Found: 
C, 80.86; H, 11.76. 
Prepara fiorz of Alcohol 21 

This compound was obtained from keto alcohol 20 by a 
procedure identical with that described above for the 
preparation of 17. From- 3.0 g of keto alcohol 20 there 
was obtained 2.5 g (90%) of crude product as a viscous 
yellow oil which, upon distillation under reduced pres- 
sure, gave a clear, colorless oil, [aIDZ2 -30.6' (c, 0.8 in 
methanol); nDZ3 1.6875; i.r. (film), h,,, 2.99, 3.43, 6.11, 
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11.14 p;  n.m.r., r 5.37 (unresolved multiplet, wllz = 8 Hz, 
2H, =C12H2), 8.30 (poorly resolved doublet, 3H, 
-C13H3, J = I Hz), 8.88 (singlet, 3H, -C15H3), 9.05 
(doublet, 3H, -CI4H,, J = 6 Hz). 

Anal. Calcd. for CI5HzGO: C, 81.01; H, 11.78. Found: 
C, 80.88; H, 12.09. 

5-epi-a-Bulnesene (2) 
To a solution of alcohol 17 (780 mg) in 40 ml of dry 

pyridine at 0" was added dropwise 1.5 ml of purified 
thionyl chloride. The mixture was stirred at 0" for 15 min, 
and then evaporated under reduced pressure at room 
temperature. Water was added to the residue and the 
resulting mixture was extracted thoroughly with benzene. 
The extract was washed thrice with water, once with 
brine, and then dried over anhydrous sodium sulfate. 
Removal of solvent afforded 600 mg of crude product as 
light-brown oil which was shown by g.1.c. analysis 
(column A, 167") to be approximately 80% pure. An 
analytical sample of the major component, 5-epi-a- 
bulnesene (2) was collected by preparative g.1.c. (column 
A, 167") and exhibited a positive plain 0.r.d. curve. The 
i.r. (film), h,,, 3.42, 6.11, 6.88, 7.26, 1 1 . 0 0 ~ ~ .  Pertinent 
n.m.r. data is given in Table 2. The i.r. and n.m.r. spectra 
of 5-epi-a-bulnesene (2) were clearly different from the 
corresponding spectra of a-bulnesene (1). Also, the g.1.c. 
retention times (column B, 180") of the two compounds 
were different. 

Mol. Wt. Calcd. for C15HZ4: 204.188. Found (high- 
resolution mass spectrometry): 204.187. 

4-epi-a-Bulnesene (3) 
This compound was obtained by dehydration (thionyl 

chloride in pyridine) of alcohol 21, employing a procedure 
identical with that described above for the preparation 
of 5-epi-a-bulnesene (2). From 420 mg of compound 21 
there was obtained 350 mg of crude product as a light- 
brown oil which was shown by g.1.c. analysis (column C, 
170") to  consist of two components in approximately 
equal amounts. An analytical sample of each of these 
components was obtained by preparative g.1.c. (column 
C, 170"). The component of shorter retention time was 
4-epi-a-bulnesene (3) and exhibited a negative plain 0.r.d. 
curve. The i.r. (film), h,,, 3.46, 6.11, 6.94, 7.28, 11.32 p. 
Pertinent n.m.r. data is given in Table 2. The i.r. and 
n.m.r. spectra of 4-epi-a-bulnesene (3) were clearly 
different from the corresponding spectra of a-bulnesene 
(1). Also, the g.1.c. retention times (column B, 175") of 
the two compounds were different. 

Mol. Wt. Calcd. for C15Hz4: 204.188. Found (high- 
resolution mass spectrometry): 204.187. 

The second component isolated was compound 22 and 
exhibited the following spectral data: i.r. (film), h,,, 
3.43, 6.11, 6.90, 7.27, 11.33 p; n.m.r., r 4.45 (poorly re- 
solved triplet, lH ,  C9H, J = 7 Hz), 5.40 (unresolved 
multiplet, 2H, =ClZHZ), 8.32 (unresolved multiplet, 6H, 
two vinyl methyls), 9.06 (doublet, 3H, -CL4H3, J = 6 
Hz). 

Preparation of a-Bulnesene (I) by Dehydration of 
Bulnesol (18) 

The dehydration of bulnesol(18) was carried out under 
conditions identical with those described above for the 
dehydration of alcohol 17. From 66 mg of bulnesol (18) 

there was obtained 50 mg of crude product as a brown 
oil. An analytical sample of a-bulnesene (1) was obtained 
from the crude product by means of preparative g.1.c. 
(column A, 175"), and exhibited a negative plain 0.r.d. 
curve. The i.r. (film), h,,, 3.42, 6.10, 7.04, 7.39, 11.38 p. 
Pertinent n.m.r. data is given in Table 2. 

Photochemical Rearrangement of Cotnporrnd 25 
The irradiation of compound 25 was carried out under 

conditions very similar to those employed for compound 
12 (vide supra). The crude gummy product obtained from 
the irradiation of 34 g of 25 in 4.5 1 of 45 %aqueous acetic 
acid was purified by column chromatography on activity 
111 neutral Woelm alumina (1,100 g). Elution with 2 1 of 
benzene gave 10.8 g (32%) of starting material 25. 
Continued elution with 2 1 of I :I benzenexhloroform 
gave 2.7 g (8.2%) of the spiro compound 26 which, upon 
distillation under reduced pressure, afforded a viscous 
pale-yellow oil, b.p. 170" (bath temperature) at 0.2 mm; 
i.r. (film), A,,, 2.95, 3.47, 5.94, 6.32 JL; n.m.r., r 2.30 
(doublet, IH, CIH), 3.87 (doublet, lH,  CZH,J1,z = 6Hz), 
6.40 (singlet, 3H, -COOCH3), 7.36 (quartet, lH,  C4H, 
J4 , I4  = 7.5 Hz), 8.87 (doublet, 3H, -C13H3, J,,,,, = 
6.7 Hz), 8.90 (doublet, 3H, -C14H3, J4,14 = 7.5 Hz), 
8.96 (singlet, 3H, -C15H3). 

Anal. Calcd. for ClGHZ4O4: C, 68.54; H, 8.63. Found: 
C, 68.34; H, 8.49. 

Further elution with 2 1 of 1 :1 benzenexhloroform and 
3 1 of chloroform gave 18.3 g (79% based on unrecovered 
25) of hydroguaiazulene derivative 27 as a viscous 
yellow oil which, upon distillation under reduced 
pressure, afforded a clear, pale-yellow viscous oil, b.p. 
175" (bath temperature) at 0.2 mm; [a]DZ5 +88.5" (c, 
0.1 in methanol); u.v., h,,, 243mp ( E =  13760); i.r. 
(film), h,,, 2.93, 3.45, 5.82, 5.95, 6 . 1 6 ~ ;  n.m.r., r 6.37 
(singlet, 3H, -COOCH3), 6.83 (very broad signal, rvl12 = 
10 Hz, IH, CIH), 8.37 (poorly resolved doublet, 3H, 
-C14H3, J =  1 Hz), 8.83 (doublet, 3H, -CI3H3, 
J11,13 = 7 Hz), 9.13 (singlet, 3H, -C15H3). Pertinent 
0.r.d. data is given in Table 1. 

Anal. Calcd. for C16HZ404: C, 68.54; H, 8.63. Found: 
C, 68.42; H, 8.45. 

Preparation of Keto Diester 28 
A solution of the alcohol 27 (19 g) in 170 ml of acetic 

anhydride containing 11 g of sodium acetate was warmed 
at 90-95" for 60 h, under an atmosphere of dry nitrogen. 
The mixture was diluted with cold water (250ml) and 
benzene (200 ml). The mixture was stirred at room tem- 
perature for 1 h, and the layers separated. The aqueous 
layer was extracted with benzene. The combined extracts 
were washed thoroughly with water and once with 
saturated brine and then dried over anhydrous sodium 
sulfate. Removal of solvent under reduced pressure gave a 
light-brown oil which was purified by column chromatog- 
raphy on activity 111 neutral Woelm alumina (400 g). 
Elution with 2.5 1 of benzene and 1 1 of 1 :1 chloroform- 
benzene gave 15.5 g (70%) of the keto diester 28. Removal 
of all traces of solvent by warming at 50-60" under vacuum 
for several days afforded an analytical sample of 28 as  a 
clear, pale-yellow oil, [u] + 27.5" (c,1.0 in chloroform); 
u.v., h,,, 241 mp (E = 14 400); i.r. (film), h,,, 3.45, 
5.87, 5.93, 6.15 p; n.m.r., r 5.93 (broad signal, wllz = 10 
Hz, lH ,  C'H), 7.61 (doublet, 2H, CZHz, J1 .2  = 4 Hz), 
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8.04 (singlet, 3H, -COCH3), 8.34 (poorly resolved 
doublet, 3H, -C14H3, J = 1.5 Hz), 8.82 (doublet, 3H, 
-C13H3, J11,13 = 7 HZ), 8.96 (singlet, 3H, -C15H3). 
The chemical shifts assigned to CIH and C2H2 were 
confirmed by frequency-swept decoupling experiments. 
Firstly, the proton at C-1 was strongly irradiated, thus 
eliminating coupling between CIH and C2H2, and causing 
the doublet at 7 7.61 to collapse to a singlet. Further when 
the protons at C-14 were strongly irradiated, thus 
eliminating the homoallylic coupling between C I H  and 
-C14H3, the broad signal at 7 5.93 sharpened to a poorly 
resolved triplet with J,,, = 4 Hz. 

Anal. Calcd. for ClsH2,05: C, 67.06; H, 8.13. Found: 
C, 67.01; H, 8.14. 

Preparation of Keto Diester 29 
A solution of the unsaturated keto diester 28 (12.4 g) 

in 250 ml 95% aqueous ethanol was hydrogenated at 
room temperature and atmospheric pressure over 10% 
palladium-on-charcoal (4 g) for 40 h. Filtration and re- 
moval of solvent afforded 10.5 g (85 %) of the saturated 
keto diester 29 as a clear, colorless oil. This crude product 
was not purified further, but exhibited the following ex- 
pected spectra properties: i.r. (film), A,,, 5.80 p;  n.m.r., 
7 6.44 (singlet, 3H, -COOCH3), 8.00 (singlet, 3H, 
-COCH3), 8.55 (singlet, 3H, -C15H3), 8.96 and 9.05 
(doublets, 6H, secondary methyls, J = 7 Hz, 6 Hz, 
respectively). Pertinent 0.r.d. data is given in Table 1. 

Anal. Calcd. for C18H2805:  C, 66.64; H,  8.70. Found: 
C, 66.87; H, 8.83. 

Epimerizatio~z of Keto Diester 29 
A small amount of compound 29 (0.8 g) was treated 

with 1 % ~nethanolic potassium hydroxide at room tem- 
perature for 2 h. The methanol was replaced by benzene 
and the benzene solution was washed twice with water, 
once with saturated brine and then dried over anhydrous 
sodium sulfate. The crude product was purified by column 
chromatography on activity I11 Woelm neutral alumina 
(85 g). Elution with 500 ml of benzene gave a clear oil 
which, upon removal of solvent by warming the oil at 
40-50" under vacuum for 2 days, gave an analytical 
sample of an epimeric mixture of 29 and 30, with the 
latter largely predominating. The i.r. (film), A,,, 5.81 p; 
n.m.r., 7 6.34 (singlet, 3H, -COOCH3), 7.93 and 8.00 
(two singlets, 3H, -COCH3 of 29 and 30, respectively), 
8.51 and 8.60 (two singlets, 3H, -C15H3 of 29 and 30, 
respectively), 8.95 and 9.04 (overlapping doublets, 6H, 
secondary methyls of 29 and 30); o.r.d., [+131227 - 1240 
(trough), [+12,~27 0, +SO4 (peak), (c, 0.16 in 
methanol). 

Anal. Calcd. for CIsH2,O5: C, 66.64; H, 8.70. Found: 
C, 66.79; H, 8.63. 

The benzene extract was washed with water and dried 
over anhydrous sodium sulfate. Removal of the solvent 
under reduced pressure gave 10.2 g (96%) of a mixture 
of the epimeric alcohols31 and 32, as a very viscous color- 
less oil. An analytical sample was obtained by distillation 
under reduced pressure, b.p. 130-140" (bath temperature) 
at 0.2 mm; i.r. (film), h,,, 2.96, 3.50, 5.87 p;  n.m.r.,, 
7 6.32 (singlet, 3H, -COOCH,), 7.47 (singlet, lH ,  OH), 
8.00 (singlet, 3H, -COCH3), 8.54 (singlet, 3H, -C15H3), 
8.94 and 9.04 (two doublets, 6H, secondary methyls, 
J = 6.5 Hz, 7 Hz, respectively). 

Anal. Calcd. for C1BH3005: C, 66.23; H, 9.26. Found: 
C, 66.24; H, 9.36. 

Tosylation of the Mixture of Epimeric Alcohols 31 and 32 
To a solution of the mixture of epimeric alcohols 31 

and 32 (2 g) in 30 ml of dry pyridine was added 2 g of 
p-toluenesulfonyl chloride. The solution was stirred at 
room temperature under an atmosphere of nitrogen for 
65 h. The solution was diluted with water (50 ml) and the 
resulting mixture was extracted with benzene. The benzene 
was washed twice with water, twice with sodium bicar- 
bonate solution, and twice with saturated brine and then 
dried over anhydrous magnesium sulfate. Removal of 
solvent gave a light-brown oil which was subjected to 
column chromatography on activity I11 neutral Woelm 
alumina (100 g). Elution with 200 ml benzene afforded 
1.04 g (55 %) of the olefin 35. Removal of the last traces 
of solvent from this material by warming the oil at 50" 
under vacuum for two days afforded a clear, pale-yellow 
oil, [aIDz3 +74.S0 (c, 0.4 in methanol); i.r. (film), A,,, 
3.47, 5.84 p;  n.m.r., 7 4.77 (broad signal, wl12 = 7 Hz, 
lH ,  C3H), 6.38 (singlet, 3H, -COOCH,), 8.02 (singlet, 
3H, -COCH3), 8.37 (poorly resolved doublet, 3H, 
-C14H3, J = 1.5 HZ), 8.55 (singlet, 3H, -C15H3), 8.95 
(doublet, 3H, -C13H3, J11,13 = 7 HZ). The chemical 
shifts assigned to C3H and -C14H3 were confirmed by 
frequency-swept decoupling experiments in which the 
proton at C-3 was strongly irradiated, thus eliminating 
the allylic coupling between C3H and -C14H3, and 
causing the signals at 7 8.37 to sharpen. 

Anal. Calcd. for ClsH2804:  C, 70.10; H, 9.15. Found: 
C, 70.39; H, 9.28. 

Further elution with 300 ml of 1 :4 chloroform-benzene 
gave 0.6 g (20 %) of the tosylate 33 as a clear, colorless 
viscous oil which was unstable and decomposed upon 
standing at room temperature for a few days or  upon 
warming to 35" under vacuum. However, the spectral 
data obtained were in complete accord with the structure 
33. The i.r. (film), h,,, 3.48, 5.85, 6.29, 6.92, 7.42, 8.07, 
8.54, 15.05 p;  n.m.r., 7 2.24 (doublet, 2H, aromatic 
protons meta to the methyl group, J = 8 Hz), 2.70 
(doublet, 2H, aromatic protons ortho to the methyl 
nrouo. J = 8 Hz). 5.60 (multiplet, IH, C3H), 7.60 
(singjet, 3H, A~>H,), 8.05 (singlit, 3H, -COCH3), 

Sodium Borohydride Reduction of Keto Diester 29 8.64 (singlet, 3H, -C15H3), 8.97 and 9.23 (two doublets, 
TO a solution of the crude keto diester 29 (10.5 g) in 6 ~ ,  secondary methyls, J = 6.9 Hz, 6.8 Hz, respectively). 400 ml of anhydrous methanol at 0" was added sodium ~ h ,  instability of this c o m p o u n ~  precluded the 

borohydride (6 g). The resulting mixture was stirred at 0" acquisition of satisfactory analytical data. 
for 2.5 h under an atmosphere of nitrogen. The reaction 
was quenched by cautious addition of water and the 
mixture was stirred for an  additional 30 min. The meth- 6The n.m.r. signals of the epimeric mixture of alcohols 
an01 was evaporated under reduced pressure and the 31 and 32 reported herein correspond to that of the 
remaining aqueous layer was extracted with benzene. major component 31. 
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Preparation of Diester 36 
To a solution of the olefin 35 (400mg) in 40 ml of dry 

benzene was added a solution of 160 mg of tris(tripheny1- 
phosphine)chlororhodium in 20 ml of dry benzene. The 
resulting solution was subjected to hydrogenation at room 
temperature and atmospheric pressure for 10 h. The 
benzene was removed under reduced pressure and ether 
was added to the residue. The resulting mixture was 
filtered through a column of activity I11 Woelm neutral 
alumina (20 g), and the column was washed with 300 ml 
of ether. Evaporation of the combined filtrate and wash- 
ings afforded a light-brown oil which, upon distillation 
under reduced pressure, gave 300 mg (84%) of diester 
36 as a viscous, pale-yellow oil, b.p. 130" (bath tempera- 
ture) at 0.2 mm; [aIDZ3 - 18.8" (c, 0.7 in methanol); 
i.r.(film), I,,, 3.47, 5.84, 6.88, 7.32, 8.02, 8.64,9.17p; 
n.m.r., r 6.37 (singlet, 3H, -COOCH3), 8.01 (singlet, 
3H, -COCH3), 8.57 (singlet, 3H, -C15H3), 8.94 and 
9.11 (two doublets, 6H, secondary methyls, J = 7 Hz, 
6.4 Hz respectively). 

Anal. Calcd. for C18H3004: C, 69.64; H, 9.74. Found: 
C, 69.39; H, 9.73. 

Preparation of Diol37 
(a) From Diester 36 
To a solution of diester 36 (600 mg) in 25 ml of an- 

hydrous ether was added 200 mg of lithium aluminum 
hydride powder. The resulting mixture was refluxed 
under an atmosphere of nitrogen for 4 h, and then cooled 
to 0". Excess lithium aluminum hydride was destroyed by 
dropwise addition of water. The resulting mixture was 
filtered and the filtrate was extracted with benzene. After 
the extract had been dried over anhydrous sodium sulfate, 
the solvent was removed under reduced pressure, giving 
430 mg (92%) of a viscous oil which solidified upon 
standing at 0'. Reqrystallization from ether at Oo gave 
colorless crystals, m.p. 100-102"; [a]DZ2 -32.5' (c, 0.6 in 
methanol); i.r. (CHCI,),. h,,, 2.80, 2.90, 6.87, 7.28, 
9.83 1-1; n.m.r., r 6.37-6.72 (septet, 2H, C12HAHD with H A  
a t r  6.48 and Hgat  r 6.62, JAqB = 10.8 HZ, J A P l 1  = 7.3 Hz 
and JBrIl = 6.5 Hz), 7.86 (singlet, 2H, OH), 8.85 (singlet, 
3H, -C1'H3), 9.10 and 9.19 (two doublets, 6H, secondary 
methyls, J = 6.3 and 6.8 Hz, respectively). 

Anal. Calcd. for Cl5HZ8o2: C, 74.95; H,  11.74. 
Found: C, 75.14; H, 11.68. 

(b) From Diester Tosylate 33 
A solution of the diester tosylate 33 (1 50 mg) in 10 ml 

of a 1.3 M solution of lithium aluminum hydride in 
tetrahydrofuran was refluxed under an atmosphere of 
nitrogen for 20 h, and then cooled to 0". The work-up 
procedure was similar to that described above and 50 mg 
(65 %)of crude product was obtained. This crude material, 
upon recrystallization from ether at Oo, gave a colorless 
crystalline compound which was identical (i.r., n.m.r., 
m.p.) with the diol 37 obtained from lithium aluminum 
hydride reduction of compound 36. 

Preparation of Monocarbonate 38 
A solution of the diol 37 (490 mg) in 10ml of dry 

pyridine was cooled to Oo, and freshly distilled methyl 
chloroformate (4 ml) was added dropwise. 'The reactants 
were allowed to stand at room temperature, under an 
atmosphere of nitrogen, for 20 h. The reaction mixture 

was poured into cold (0") 50 %aqueous acetic acid (20 ml) 
and the resulting mixture was extracted thoroughly with 
ether. The combined ether extracts were washed several 
times with water and evaporated. The residual material 
was dissolved in benzene and the resulting solution was 
dried over anhydrous sodium sulfate. Removal of the 
solvent gave a clear oil which, upon distillation under 
reduced pressure gave 450 mg (74%) of the monocarbon- 
ate 38, b.p. 135-140" (bath temperature) at 0.15 mm; 
[a],19 -20.7" (c, 0.5 in methanol); i.r. (film), h,,, 2.94, 
3.48, 5.76 p;  n.m.r., r 5.81-6.19 (octet, 2H, CIZHAH, 
with HA at r 5.91 and HB at r 6.09, JA., = 10.5 Hz, 
JASll  =6.1Hz,  J D , l l  =7.5Hz), 6.25 (singlet, 3H, 
-OCH3), 8.07 (singlet, lH,  -OH), 8.85 (singlet, 3H, 
-C15H3), 9.12 (two coincident doublets, 6H, secondary 
methyls, J = 6.5 Hz). 

Anal. Calcd. for C17H3003: C, 68.42; H, 10.13. 
Found: C, 68.51; H, 10.09. 

Synthetic a-Bubzese~ze ( I )  
Dehydration of compound 38 was carried out by a 

procedure very similar to that employed in the prepara- 
tion of 5-epi-a-bulnesene (2) from alcohol 17 (vide supra). 
From 400 mg of 38, there was obtained 300 mg (80%) of 
the unsaturated monocarbonate 39 as a clear, brownish 
oil. This crude material, which was not purified further, 
was shown (by n.m.r.) to be contaminated with small 
amounts of two double-bond isomers. However, this 
crude material exhibited the following expected spectral 
properties: i.r. (film), h,,, 3.50, 5 . 7 6 ~ ;  n.m.r., r 5.82- 
6.27 (octet, 2H, ClZHZ), 6.29 (singlet, 3H, -OCH3), 
8.39 (unresolved multiplet, 3H, -C15H3), 9.14 (two 
coincident doublets, 6H, secondary methyls, J = 7 Hz). 

The crude olefinic carbonate 39 (300 mg) was intro- 
duced dropwise onto a vertical pyrex glass column 
(1.5 cm x 40 cm) packed with glass helices and heated to 
approximately 400" by a vertical furnace. During the 
pyrolysis, nitrogen was passed slowly through the column 
from top to bottom, and the pyrolysate was collected in a 
receiving tube cooled in an ice-water bath. The contact 
time of pyrolysis was about 2 min. The crude pyrolysate 
obtained in this manner was shown by g.1.c. analysis 
(column D, 170") to contain, in addition to a number of 
minor unidentified components, one major component 
with retention time identical with that of a-bulnesene (1). 
The major product of the pyrolysis was collected by pre- 
parative g.1.c. (column D, 170°), and gave i.r. and n.m.r. 
spectra, and g.1.c. retention times (column B, 170"; 
column D, 170"; column E, 175") identical with those of 
authentic a-bulnesene (1) obtained by dehydration of 
a-bulnesol (18) (vide supra). The synthetic a-bulnesene 
showed a plain negative 0.r.d. curve, superimposable on 
that of authentic a-bulnesene. 
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Total synthesis of ( f )y2-cadinene 

R. B. KELLY AND J. EBER 
Department of Chemistry, University of New Brunswick, Saint John, New Brunswick 

Received December 30, 1969 

A total synthesis of (+)y,-cadinene is described. The synthetic terpene was characterized by con- 
version to (f )-cadinene dihydrochloride. 

Canadian Journal of Chemistry, 48,2246 (1970) 

y2-Cadinene (I), isolated from Vetiver oil 
(Vetiveria zizaniotles linn.), is a relatively recently & o& 
discovered member of the cadinane group of 
sesquiterpenoids. It has been assigned structure CHP H~ H* 
l (1) .  In connection with some other work, to be 
reported later, we took advantage of an opportu- 5 6 
niiy tocompl~te a total synthesis of 1 as a race- group in is assigned the equatorial orientation 
ma'' which in turn was converted '0 (f )-cadi- on the basis of the nuclear magnetic resonance 
nene dih~drochloride (2) (2). so doing we were (n.m.r.) spectra of subsequent compounds (vide 
able to ascertain the stereochemical course of infra). Treatment of with a dilute methanolic 
our synthetic work. solution of oxalic acid converted it to the keto 

The ketoenol ether (3) (2) served as starting 
material. This was prepared, as previously re- 
ported (2), in eight steps from p-anisaldehyde 
and methylisobutyl ketone. It had previously 
been reported as an oil but we were fortunate in 
obtaining it as a crystalline compound. The 
stereochemistry assigned to 3 follows from the 
fact that it was obtained by reduction of 4 with 
lithium in liquid ammonia (3) and its eventual 
conversion to 1 thence to 2. The absolute stereo- 
chemistry of the latter has been firmly established 
(4). The fact that it was unchanged after submis- 
sion to equilibrating conditions (see Experi- 
mental) is further proof of the assigned trans ring 
fusion in 3. 

Reduction of 3 with lithium aluminum hydride 
afforded the alcohol 5 in 73 % yield. The hydroxyl 

alcohol (6) in 95 % yield. The broad signal with 
a half-width (w,,,) of 20 Hz at F 3.23 in the n.m.r. 
spectrum is indicative of an axial proton associ- 
ated with a secondary alcohol ( 3 ,  hence the 
assignment of the secondary hydroxyl group in 
5, 6, 7, and 8 to the equatorial orientation. In 5 
this signal is partially obscured by the signal for 
the OCH, group at F 3.51. 

A Grignard reaction with methylmagnesium 
bromide converted 6 into a mixture of epimeric 
diols 7, one of which was obtained in 40 % yield 
as a crystalline compound. Selective dehydration 
of 7 under mild conditions afforded the olefin 8 
in 80 % yield. This olefin was also obtained by de- 
hydration of the material from the mother liquors 
which had deposited crystalline 7. The overall 
yield of 8 from 6 was 75 %. Oxidation of 8 with 
the Sarett reagent (6) gave the enone 9 in 65 % 
yield. The same enone was obtained by de- 
hydration of the keto alcohol 10, obtained by 
oxidation of the diol7 with the Jones reagent (7). 
This ketone (9) was unchanged after submission 
to equilibrating conditions as in the case of 3 
(see Experimental). 

The enone 9 was subjected to a Wittig reaction 
and the product was purified by chromatography 
on silica gel impregnated with 20% of silver 
nitrate. Thereby, (+)y2-cadinene (1) was ob- 
tained in 90% yield. The synthetic terpene gave 
rise to a single peak on vapor phase chromatog- 
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raphy (v.p.c.) under conditions whereby a mix- 
ture of cadinenes was separated into three com- 
ponents. The v.p.c., thin layer chromatography 
(t.1.c.) (silica gel - silver nitrate with various 
solvents), and n.m.r. spectrum all indicated that 
our synthetic compound (1) was uncontaminated. 

Unfortunately, we have been unable to obtain a 
pure sample of naturally occurring y2-cadinene 
for direct comparison with our synthetic terpene. 
The infrared (i.r.) spectrum of 1 was similar to 
that of a published (1) spectrum of (-)y2- 
cadinene but there were differences in the detailed 
pattern of the fingerprint region. However, the 
i.r. spectrum of 1 was distinctly different from 
a spectrum of natural y-cadinene (11). The 
possibility of our synthetic terpene being 11 is also 
excluded by the nature of the n.m.r. signal due to 
the vinylic proton at C,. This signal appeared as a 
broad multi~let at 6 5.48 whereas the corre- 
sponding vinylic proton in 11 should resemble a 
singlet because the dihedral angle with the vicinal 
proton is approximately 90". 

Treatment of the synthetic terpene (1) with 
hydrogen chloride gas in ether, with rigorous 
exclusion of moisture afforded, in 60% yield, 
(+_)-cadinene dihydrochloride (2) (2). The i.r. 
spectrum of the dihydrochloride was super- 
imposable on the spectra of samples of cadinene 
dihydrochloride obtained from natural cadinenes. 
The conversion to cadinene dihydrochloride 
excludes the possibility of our compound (1) 

belonging to the bulgarene or amorphene series1 
(8). The remaining possibility, that our synthetic 
terpene might be "y2-muurolene"2 (1 with cis 
ring fusion) is excluded by the fact that the pre- 
cursor ketones 3 and 9 have been shown, by 
equilibration, to possess trans ring fusions. 
The conversion of 1 to (+)-cadinene dihydro- 
chloride under conditions whereby muurolene 
dihydrochloride could be expected in good yield 
from compounds of the muurolene (cis ring 
fusion) series (9, 10) provides further evidence 
against this possibility. 

The synthetic route described above affords an 
opportunity to accomplish syntheses, through the 
various intermediates, of virtually all of the 
cadinenes. Moreover, since the appropriate 
optically active diketone corresponding to the 
starting material 3 has been prepared from 
cryptone (1 I), total syntheses of naturally occur- 
ring enantiomers of the cadinane series should 
now be possible., 

Experimental 
General 

The n.m.r. spectra were determined in deuteriochloro- 
form (CDCl,) solutions with a Varian T-60 instrument. 
Chemical shifts are expressed in parts per million (6 
values) downfield from the tetramethylsilane signal as 
internal standard. Petroleum ether refers to the fraction 
with boiling point range 3G60°. 

Reaction products were isolated by the following pro- 
cedure. The product was extracted into the specified 
solvent and the extract was washed with appropriate 
aqueous solutions as indicated and finally with saturated 
brine. The aqueous washings were extracted three times 
with the solvent and the combined extracts were dried 
over anhydrous magnesium sulfate, filtered, and evapor- 
ated in vacuo on a rotary evaporator. 

Keloenol Ether ( 3 )  
The ketoenol ether (3) was prepared from p-anisalde- 

hyde and methylisobutyl ketone in eight steps as pre- 
viously described (2). The crude product was purified by 
column chromatography on silica gel. The column was 
rapidly developed with increasing proportions of ether in 
petroleum ether and the product was eluted with 10% of 
ether in petroleum ether. In a typical experiment when 
13.0 g of crude product was chromatographed on 110 g of 
silica gel (column diameter 2.40 cm) there was obtained, 
after crystallization from pentane, 4.50 g of crystalline 

'The isopropyl group is trans to the vicinal hydrogen 
atom at the ring junction in the bulgarene and amorphene 
series. 

'To our knowledge this compound has never been 
isolated. 

,After submission of this work for publication, a 
synthesis of (+)E-cadinene along lines simllar to those 
described in this paper was reported (ref. 12). 
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3, m.p. 47-48"; v,,, (Nujol) 1712 (ketone) and 1675 cm-' 
(double bond); n.m.r., 6 0.77 and 0.97 (3H each, doublets, 
J = 7.0 Hz, isopropyl group4), 3.51 (3H, singlet, OCH,), 
4.63 (lH, multiplet, vinylic H); the overall yield of 
crystalline compound for the eight steps was ca. 10%. 

A sample of 3 was unchanged after refluxing with a 
mixture (1 :1) ofethanol - 10 %aqueous sodium hydroxide 
for 1+ h. 

Anal. Calcd. for Cl4Hz2O2: C, 75.64; H, 9.97. Found: 
C, 75.52; H, 10.15. 

Alcohol 5 
A solution of 6.50 g of the ketoenol ether (3) in 160 ml 

of ether was added, over a period of 75 min, to a refluxing 
mixture of 1.50 g of lithium aluminum hydride in 160 ml 
of ether. After addition was completed the mixture was 
refluxed for 4 h, cooled, treated with 1.5 ml of concen- 
trated brine and stirred for 18 h. Sodium sulfate was 
added to the mixture and the solids were removed by 
filtration and washed with ether. The combined filtrate 
and washes were evaporated in uacuo. The residue, on 
crystallization from methylcyclohexane, afforded 5.06 g 
(73 %) of crystalline 5, m.p. 103"; v,,,(Nujol) 3350 (OH) 
and 1675 cm-I (double bond); n.m.r. 6 3.51 (3H, singlet, 
OCH,), 4.65 (lH, broad multiplet, vinylic H), 3.25 (lH, 
very broad multiplet, H-C-OH). 

Anal. Calcd. for Cl4HZ4O2: C, 74.95; H,  10.78. 
Found: C, 75.12, H, 11.05. 

Keto Alcohol (6) 
A solution of 5.0 g of 5, 33 ml of methanol and 7.5 ml 

of 0.6 Maqueous oxalic acid was left at room temperature 
for 75 min. The solvent was evaporated in vacuo and the 
residue dissolved in 50 ml of ether. The ethereal solution 
was worked up in the usual manner by washing with 
bicarbonate solution and brine. The residue, on crystal- 
lization from ether - petroleum ether afforded 4.47 g 
(95%) of crystalline 6 ,  m.p. 61-63"; v,,,(Nujol) 3290 
(OH) and 1712 cm-' (ketone); n.m.r., 6 3.23 (lH, broad 
multiplet, wl12 = 20 Hz, H-C-OH). 

Anal. Calcd. for C13HZ202: C, 74.25; H,  10.54. 
Found: C, 74.39; H, 10.67. 

Diol7  
To a stirred solution of lOOml of a 1 M ethereal 

solution of methylmagnesium bromide (freshly prepared) 
at -40 "C was added over a period of 45 min, a solution 
of 5.25 g of keto alcohol 6 in 150 ml of ether. After 
addition of the keto alcohol the reaction mixture was 
allowed to come to room temperature over a period of 
1 h then stirred for a further 24 h. The solution was then 
treated with 52 ml of 2 N hydrochloric acid, washed with 
bicarbonate solution and thiosulfate solution, and worked 
up in the usual manner. The residue was crystallized from 
ethyl acetate - petroleum ether whereby 2.17 g (38 %) of 7 
was obtained as a crystalline compound, m.p. 149"; 
v,,,(Nujol) 3350 cm-' (OH); n.m.r., 6 1.23 (3H, singlet, 
CH,), 3.17 (IH, broad multiplet, wllz = 20 Hz, H-C- 
OH). 

Anal. Calcd. for C,,Hz6Oz: C, 74.29; H, 11.58. 
Found: C, 74.19; H, 11.44. 

4This pair of doublets appears in the n.m.r. spectra 
of all succeeding compounds. 

En01 8 
A solution of 2.40 g of the diol7 and 2.4 g ofp-toluene 

sulfonic acid in 2400 ml of benzene was stirred at 52' 
for 2 h. The benzene solution was cooled, washed with 
bicarbonate solution and worked up in the usual manner. 
The residue, on crystallization from pentane, afforded 
1.92 g (80%) of crystalline 8, m.p. 79-80"; v,,,(Nujol) 
3250 cm-' (OH); n.m.r., 6 1.65 (3H, singlet, CH,), 
3.17 (lH, broad multiplet, wl12 = 20 Hz, H-C-OH), 
5.40 (lH, broad multiplet, vinylic H). 

Anal. Calcd. for CI4Hz4O: C, 80.71 ; H, 11.61. Found: 
C, 80.43; H, 11.68. 

This en01 (8) was also obtained by dehydration of the 
material from the mother liquors from which the diol7 
had crystallized. Dehydration of 596 mg of such material 
afforded 428 mg (78 %) of 8 identical with the compound 
described above. The overall yield of 8 from the keto 
alcohol 6 was 75 %. 

Ketone 9 
To a mixture of 1.8 g of chromic anhydride in 20 ml 

of pyridine was added 832 mg of en01 8 in 20ml of 
pyridine. The mixture was stirred at room temperature for 
8 h. The solvent was removed in vacuo at room tempera- 
ture and 150 ml of cold water was added to the residue. 
The aqueous mixture was worked up in the usual manner 
with ether. The crude product was chromatographed on 
a column (diameter 3.0 cm) of 35 g of silica gel impreg- 
nated with 20 % of silver nitrate. Elution of the column 
with pentane-benzene (3:l) afforded 727 mg (87%) of 
crystalline 9, m.p. 35"; v,,,(film) 1715 cm-' (ketone); 
n.m.r., 6 1.67 (3H, singlet, CH,), 5.47 (lH, multiplet, 
vinylic H). 

A sample of this compound was unchanged after re- 
fluxing with a (50%) mixture of ethanol - 10% aqueous 
sodium hydroxide for 1+ h. 

Anal. Calcd. for C14H2,0: C, 81.49; H, 10.74. Found: 
C, 81.27; H, 10.52. 

This compound was also obtained by dehydration of 
the keto alcohol 10 as follows. A solution of 330 mg of 10 
and 16 mg of p-toluenesulfonic acid in 50 ml of benzene 
was refluxed for 5 h. Water was removed by means of a 
Dean-Stark trap. After cooling, the reaction solution 
was washed with 5% sodium carbonate solution and 
worked up in the usual manner. Distillation of the 
resulting oil in vacuo at 64" onto a cold finger afforded 
304 mg of 9 identical with the enone obtained by oxida- 
tion of 8 (vide supra). 

Keto Alcohol I0 
A stirred solution of 258 mg of the diol 7 in 30 ml of 

acetone was cooled on an ice-bath and treated with 0.4 ml 
of 8 N Jones reagent (7). After 5 min, 6 ml of methanol 
was added and stirring was continued for 5 min then 18 ml 
of 5 % sodium carbonate was added and the product was 
worked up with ether in the usual manner. Crystallization 
of the residue from ether - petroleum ether afforded 190 
mg (67%) of 10, m.p. 110"; v,,,(Nujol) 3400 cm-' (OH); 
n.m.r., 6 1.23 (3H, singlet, CH,). 

Anal. Calcd. for Cl4HZ4O2: C, 74.95; H, 10.78. 
Found: C, 74.51 ; H, 10.88. 

( ) y2-Cadinene (I) 
The Wittig reaction was carried out in an atmosphere 
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of dry oxygen-free nitrogen as follows. To a suspension 
of 1.35 g of methyltriphenylphosphonium bromide in 
25 ml of ether was added 1.9 ml of a 2.3 M ethereal 
solution of n-butyllithium. The mixture was stirred at 
room temperature for 2 h. The resulting yellow suspen- 
sion was treated with a solution of 250 mg of the enone 9 
in 38 ml of tetrahydrofuran and stirring was continued at 
room temperature for 1 h. Ether was removed by dis- 
tillation until the temperature reached 65" and the 
solution was refluxed at this temperature for 3 h. Water 
(2.5 ml) was added to the reaction solution and the organ- 
icsolvent was removed in vacuo. The product was dissolved 
in 150 ml of pentane and the solution was washed with 
water. The residue obtained by evaporation of the ex- 
tracts in vacuo was chromatographed on a column 
(diameter 2.0 cm) of 14.5 g of silica gel impregnated with 
20% silver nitrate. After developing with 5 % of benzene 
in cyclohexane the terpene was eluted with 10-25% 
benzene in cyclohexane. Thereby 226 mg (91 %), of 
(+)y,-cadinene was obtained as a clear oil; n.m.r., 6 0.73 
and 0.93 (3H each, doublets, J = 7.0 Hz, isopropyl 
group), 1.68 (3H, singlet, CH,), 4.60 and 4.72 (1H each, 
broad overlapping singlets, exocyclic CH,), 5.48 (lH, 
broad multiplet resembling a poorly developed triplet, 
vinylic H). The v.p.c. on a column (10' x 318") of 3 % 
XE60 on Chromosorb W with the column temperature 
at 150" gave rise to a single peak with retention time of 4 
min 10 s. 

Anal. Calcd. for CISH2,: C, 88.16; H, 11.89. Found: 
C, 87.91 ; H, 11.99. 

Conversion of ( + ) y2-Cadinene to ( + ) -Cadinene 
Dihydrochloride (2) 

The following manipulations were carried out with 
exclusion of moisture. A solution of 80 mg of synthetic 
(+)y,-cadinene in 5 ml of dry ether was saturated at 
-20" with dry hydrogen chloride gas. The solution was 
left at 5" for 18 h then the solvent was evaporated under 
a stream of dry nitrogen. The residue, after several 
crystallizations from petroleum ether, afforded 64 mg 

(60%) of crystalline 2, m.p. 105" (lit. (2) m.p. 105-106"). 
The i.r. spectrum of the synthetic dihydrochloride was 
superimposable on the spectra of samples of optically 
active dihydrochloride obtained from natural cadinenes. 
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Preparation and acceptor power of the pentafluorogermanate ion 

I. WHARF AND M. ONYSZCHUK 
Department of Chemistry, McGill Utziversity, Montreal, Quebec 
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Preparations of [(C3H7)4Nl [GeF, I, [(C4Hd4N1 [GeF5 1, [(C4Hd4N1 [GeF5(H20)l, and [(C~HS)~AS]-  
[GeF,] are described and the~r  Infrared spectra reported. The pentafluorogermanate ion forms a 
stable 1 :1 adduct with ammonia, with AH = 17.5 f 1.0 kcal mole-' for the reaction: [(C3H7),N]- 
[GeF,(NH3)] (s) -> [(C3H7)4N][GeF,] (s) + yH3(g). The value for the corresponding pentafluoro- 
silicate system is AH = 12.0 + 0.5 kcal mole- . 
Canadian Journal of Chemistry, 48, 2250 (1970) 

Introduction 
Many five coordinate complexes have been 

prepared but few are simple halogen derivatives 
of the type MX,. Among Group IV metal com- 
plexes, the pentahalostannates, SnX,- (X = C1, 
Br) have been studied extensively (1-3) while 
both GeC1,- (2) and TiC1,- (3) ions have been 
reported. Recently, the preparation and prop- 
erties of salts of the pentafluorosilicate ion were 
described (4) and its 19F nuclear magnetic reso- 
nance (n.m.r.) spectrum has been reported (5). 
In their preliminary communication (6) on the 
SiF,- ion, Clark and Dixon also reported a 
germanium compound which they postulated 
was a pentafluorogermanate salt. It  is the purpose 
of this paper to describe the preparation of salts 
containing the GeF,- ion, and to compare the 
acceptor profierties of these compounds with 
those of the analogous SiF,- salts. 

Experimental 
Microanalyses for carbon, hydrogen, nitrogen, and 

fluorine were performed by Schwarzkopf Microanalytical 
Laboratory, Woodside, N.Y. 11377, and melting points 
were measured using a capillary-tube apparatus. Ger- 
manium tetrafluoride (Ozark-Mahoning) was purified 
by the literature method (7); vapor pressure at -63.S0, 
57.5 mm (lit. 57.4 mm). Ammonia (Matheson) was 
purified as described by Shriver (8). Methylene chloride 
was dried by distillation from calcium hydride, and 
hydrocarbon solvents were dried over sodium. Infrared 
(i.r.) spectra were obtained using Perkin-Elmer 521 and 
337 instruments with samples examined as Nujol mulls. 
Since pentafluorogermanates react rapidly with water 
vapor, they were handled under anhydrous conditions 
in a conventional vacuum line system or in a nitrogen- 
filled dry-box (8). 

Tetraphet~ylarsonium Per~tafliiorogermanate 
Tetraphenylarsonium chloride (2.10 g, 5 mmoles) was 

placed in a 250 ml flask fitted with a magnetic stirrer 
and a sidearm closed by a serum cap, and the apparatus 

was then pumped for several hours under a high vacuum. 
With the flask isolated from the vacuum line, methylene 
chloride (30 ml) was injected through the serum cap and 
the mixture stirred to give a clear solution. Germanium 
tetrafluoride (9.4 mmoles) was condensed into the flask 
which was thenclosed to the vacuum system. On warming 
the flask in an ice-bath, a precipitate formed immediately 
but the mixture was stirred for 3 h at 0" to ensure com- 
plete reaction. Pentane (70 ml) was added through the 
serum cap and excess germanium tetrafluoride (with some 
solvent) removed by pumping for a few minutes. The 
white precipitate was filtered off under nitrogen, washed 
with pentane, and dried in a vacuum at 100". Yield, 
2.13 g, 78%. 

Anal. Calcd. for [(C,H,),As] [GeF,] : C, 52.32; H,  
3.66; F, 17.24. Found: C, 51.15; H, 3.78; F, 17.97. 

Tetrabzrtylanzmonium Petzfafl~rorogermanate 
In a polythene beaker, tetrabutylammonium bromide 

(6.44 g, 20 mmoles) was stirred with silver carbonate 
(2.76 g, 10 mmoles) in concentrated hydrofluoric acid 
(10 ml) and water (40 ml) for 30 min and the mixture was 
then filtered. Germanium dioxide (2.09 g, 20 mmoles) 
and concentrated hydrofluoric acid were added to the 
filtrate to give a clear solution which was evaporated to  
an oil on a steam-bath. Methanol (50 ml) was added and 
the solution evaporated again. The process of evapora- 
tion and methanol addition was repeated about 10 times 
until the methanol solution was no longer acid. Finally 
the solution was evaporated to dryness under vacuum 
and the residue dissolved in methylene chloride (50 ml). 
The white aquo-complex which precipitated after 
hexane (400 ml) was added to the filtered solution was 
filtered off, washed with hexane, and dried in a vacuum 
at room temperature. Yield, 7.24 g, 86%. 

Anal. Calcd. for [(C4H9)4N][GeF5(H20)]: C, 44.70; 
H,  8.88; N, 3.26. Found: C, 43.84; H, 8.55; N, 2.97. 

The aquo-complex was heated in a vacuum at 100" 
for 2 h to give the anhydrous pentafluorogermanate salt. 
Yield, 6.56 g, 78 %. 

Anal. Calcd. for [(C4H9N][GeF5]: C, 46.88; H, 8.82; 
N, 3.42. Found: C, 45.82; H, 8.60; N, 3.25. 

Tetropropylatt~tnot~izit~z Petztafliiorogermanate 
(a) Using the procedure described for the preparation 

of [(C6H5)4As][GeF,], tetrapropylammonium bromide 
(2.66 g, 10 mmoles) was pumped for several hours and 
dissolved in methylene chloride (20 ml). Addition of 
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germanium tetrafluoride (17 mmoles) followed by stirring 
for several hours gave no solid product. Hexane (100 ml) 
was then added and the white precipitate filtered off 
under nitrogen, washed with hexane, and dried in a 
vacuum at 100'. Yield, 3.54 g, 80%. 

Anal. Calcd. for [(C3H7),N][GeF5]: C, 40.70; H, 
7.97; N, 3.96; F, 26.84. Found: C, 39.85; H, 7.79; N, 
3.92; F, 25.83. 

(b) Following the procedure used for the preparation 
of [(C4Hg),N:I[GeF5], tetrapropylammonium bromide 
(5.32 g, 20 mmoles) was stirred with silver carbonate 
(2.76 g, 10 mmoles) in dilute hydrofluoric acid. The 
resulting white precipitate was probably the aquo- 
complex [(C3H7),N][GeF5(H20)] but it was not ana- 
lyzed, instead it was heated at 100" in a vacuum to give 
the anhydrous pentafluorogermanate salt. Yield, 5.10 g, 
72 %. 

Anal. Calcd. for [(C3H7),N][GeF5]: C, 40.70; H, 
7.97; N, 3.96. Found: C, 39.97; H, 7.95; N, 3.70. 

Tetrapl~etzylarsonim Petztafluorosilicate and 
Tetrabutylatrzt~roni~~t~l Pentafluorosilicate 

These were prepared by the literature method (4) 
using polythene apparatus. Tetraphenylarsonium penta- 
fluorosilicate was recrystallized from acetonitrile in 80% 
yield. The previously unreported tetrabutylammonium 
pentafluorosilicate was recrystallized from ethyl acetate - 
ether. Yield, 3.87 g, 55%. 

Anal. Calcd. for [(C4H9),N][SiF5]: C, 52.59; H, 9.89; 
N, 3.83; F, 26.00. Found: C, 52.92; H, 9.89; N, 3.50; F, 
26.58. 

Tetrapropylat~zrnoniz~nz Brotnide Petztafluorosilicate 
Silicon dioxide (1.20 g) and tetrapropylammonium 

bromide (5.33 g) were dissolved in a methanol (25 ml) 
and concentrated hydrofluoric acid (25 ml) mixture, and 
the clear solution evaporated to near dryness on a steam- 
bath. Methanol (25 ml) was added and the solution 
evaporated to an oil, which solidified on stirring with 
ether. The crude product was recrystallized from chloro- 
form-ethyl acetate to give white crystals which were 
dried in a vacuum. Yield, 3.10 g, 54%; m.p. 206". 

Anal. Calcd. for [(C3H7),NIZ[SiF5]Br: C, 50.07; H, 
9.80; N, 4.86. Found: C, 51.14; H, 10.26; N, 4.74. 

TetrapropyIat?ztnot~iurn Pentaflziorosilicate 
Tetrapropylammonium bromide (5.33 g) was stirred 

with a solution of silver carbonate (2.75 g) inconcentrated 
hydrofluoric acid (25 ml) and water (50 ml) for 30 min. 
The mixture was filtered, silicon dioxide (1.20 g) added to 
the filtrate, and the clear solution evaporated down on the 
steam-bath. .The crude product was recrystallized from 
ethyl acetate to give white crystals. Yield, 1.54 g, 25%. 

Anal. Calcd. for [(C3H7)4N][SiF5]: C, 46.57; H, 9.11 ; 
N, 4.52. Found: C, 46.34; H, 9.16; N, 4.37. 

Tensimetric Titrations 
Conventional procedures (8) were used. The penta- 

fluorogermanate or pentafluorosilicate sample was dried 
by heating in a vacuum at 100° for several hours and then 
dissolved in methylene chloride. Aliquots of ammonia 
were added and the change in pressure of the reaction 
mixture at 0" followed. At the end of the titration, the 
reaction mixture was slowly evaporated to dryness at 
room temperature. 

Vapor Pressures of the Ammonia Adducts 
Excess ammonia was condensed onto a previously 

dried sample of [(C3H7),N:I [GeF5] or [(C3H7),N]- 
[SiF5] contained in a reaction tube attached to a tensi- 
meter (9) and the system allowed to equilibrate at either 
0 or - 78" respectively, for 2 h. Unreacted ammonia was 
removed by pumping the sample at either 0 or -78" 
respectively. The variation in the ammonia pressure 
above the resulting adduct with temperature was then 
measured. 

Results and Discussion 
Preparations 

Evaporation of a methanol - hydrofluoric acid 
mixture containing germanium dioxide and 
tetrabutylammonium bromide gave a product 
with the i.r. (750-500 cm-l) shown in Fig. la, 
quite unlike the two peak pattern expected for 
the metal-halogen stretching region of a trigonal 
bipyramidal MX s ecies (4). A broad absorption 
at about 3300 ch", indicative of coordinated 
water, was also observed and analysis of the ma- 
terial was consistent with the formula [(C,Hg),- 
N][GeF,(H,O)]. When this was heated for 2 h 
at 100 "C in a vacuum, a compound with no 
absorption at 3300 cm-I and a two-band 
v(Ge-F) spectrum in the range 750-500 cm-l, 
Fig.lb, was obtained consistent with the presence 
of the GeF,- ion. Microanalysis confirmed that 
the anhydrous product was [(C,H,),N] [GeF,]. 
Similarly [(C3H7),N] [GeF, ] was obtained only 
after the crude product consisting of [(C3H,),N ]- 
[GeF,(H,O)] was dried for 2 h in a vacuum a t  
100". 

The i.r. spectra of all samples of [(C,Hg),N]- 
[GeF,] and [(C3H7),N] [GeF, ] prepared by the 
"aqueous HF/methanolH procedure contained a 
weak absorption at about 570 cm-l, in addition 
to the two major v(Ge-F) bands. This weak ab- 
sorption was much reduced but not eliminated by 
complete removal of bromide ion from the start- 

FIG. I. Infrared spectra (750-500 cm-l) of (a) 
[(C4H9),N1 [GeF5(H20) I, (6) t(C4Hg),NI [GeF51, (2) 
[(C4H9),N][GeF5(NH3)]. Ca t~on  bands are shown by . 
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ing material, [(C,H,),N]Br or [(C,H,),N]Br, 
before adding germanium dioxide to the reaction 
mixture. Therefore, alternative preparative 
methods were investigated. Klanberg and Muet- 
terties (5) prepared several SiF,- salts by the 
reaction of silicon tetrafluoride with tetraalkylam- 
monium fluorides dissolved in methanol. Since 
the preparation of pure quaternary ammonium 
fluorides is difficult, the reaction of tetrabutyl- 
ammonium chloride with germanium tetrafluo- 
ride was investigated instead. A tensimetric 
titration of [(C,H,),N]Cl dissolved in methylene 
chloride with GeF, at 0°, shown in Fig. 2, reveals 
several equilibria but of particular significance is 
the distinct break at a GeF, :C1- ratio of 1.25 : 1. 
The residue, after evaporating the titrated solution 
to dryness, contained no chloride ion and its i.r. 
spectrum in the750 to 500cm-I region was almost 
the same as that obtained for [(C,H,),N:I [GeF,] 
prepared by the "aqueous HF/methanol" 
method. These results are consistent with the 
reaction as shown in eq. [I]. Analogous reactions 

were used to prepare [(C,H,),As][GeF,] and 
[(C,H,),N][GeF,]. The former precipitated 
when [(C,H,)As]Cl and excess GeF, were mixed 
in methylene chloride but the latter was only 
obtained after addition of hexane to the solution 
produced by reacting excess GeF, with [(C,H,),- 
N]Br dissolved in CH2C12. The i.r. spectrum of 
this product was almost identical with that of 
[(C,H,),N] [GeF,] prepared by the "aqueous 
HF/methanolV method. The absorption at about 
570 cm-I was absent, indicating that fewer 
impurities were introduced by preparation in 
methylene chloride. Ironically, tetrabutylam- 

0.5 1.0 1.5 2'0 2.5 

Ratio G=F,+/(C~H~)+NCI 

FIG. 2. Tensimetric titration of [(C2H,),N]CI 
(0.2105 g) in CH2C12 (0.6 ml) with GeF4 at 0 C. 

CHEMISTRY. VOL. 48, 1970 

monium pentafluorogermanate could not be 
prepared on a large scale by this method since all 
procedures used gave intractable oils. 

No difficulty was found in preparing [(C,H,),- 
As][SiF,] by the literature method (4) and this 
was also used to obtain solid [(C,H,),N:J[SiF,] 
for the first time. However, in this laboratory the 
published procedure (4) starting with tetra- 
propylammonium bromide always gave the 
double salt, [(C,H,),N], [SiF,]Br, as evident 
from the elemental analysis, a positive test for 
the bromide ion, and an i.r. spectrum in the 
v(Si-F) region very similar to that of [(C,H,),- 
N] [SiF,]. Tetrapropylammonium pentafluoro- 
silicate was only obtained after total removal of 
the bromide ion, as AgBr from the [(C,H,),N]Br 
solution, before adding silicon dioxide. 

Acceptor Power of the Pentafluorogermanate 
Ion 

Germanium tetrahalides are usually signifi- 
cantly stronger Lewis acids than their silicon 
analogues (9). Since the pentafluorosilicate ion 
has been shown to be a weak Lewis acid (4), it 
might be expected that the GeF,- ion would be a 
similar or stronger electron acceptor. To deter- 
mine this, the reactions of [(C,H,),N:I [GeF,] and 
[(C,H,),N] [GeF,] with ammonia were investi- 
gated. 

The result of a tensimetric titration of [(C,H,),- 
N3 [GeF,], dissolved in methylene chloride, with 
ammonia, is shown in Fig. 3. Sharp breaks at 
NH,/GeF,- ratios of 0.95-1.00, at - 78, - 63, 
and -23", and even at 0" indicate the formation 
of a stable 1 :1 adduct, [GeF,(NH,)]-. The i.r. 
spectrum of the residue obtained by evaporating 
the reaction mixture to dryness, Fig. lc, shows 
no absorptions of the GeF,- ion, and a strong 
peak at 578 cm-' is consistent with the presence 
of the six-coordinate adduct. The residue also 
absorbed at 3150 cm-l, typical for coordinated 
NH,. 

For comparison, plots of the tensimetric 
titration of [(C,H,),N:I [SiF,] in CH2C12 with 
NH, are shown in Fig. 4. At - 78", a break close 
to 1 :1 is observed but at -63 and -23" the 
end-point is less well-defined. The residue 
obtained by evaporating the reaction mixture to 
dryness "effervesced", and its i.r. spectrum 
showed only [(C,H,),N][SiF,]. 

The variation of dissociation pressure (P) of 
the adduct [(C,H,),N][GeF,(NH,)] with tem- 
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I 
0.5 1.0 1.5 

Ratio NH~/Kc,+H~)~N][G~F~] 
FIG. 3. Tensimetric titration of [(C,H,),N][GeF,] 

(0.1496 g) in CH2CI2 (1.1 ml) with NH, at -23, -63, 
and - 78". 

FIG. 4. Tensimetric titration of [(C4H9)4N] [SF5] 
(0.1104 g) in CH2C12 (0.5 mi) with NH, at -23, -63, 
and - 78". 

perature (T) is shown as a plot of logloP against 
1/T in Fig. 5, incorporating data from two com- 
pletely separate experiments (A) and (B). 
Immediately noticeable are the relatively high 
vapor pressures at temperatures below 120". The 
points from the first experiment(A) which are on a 
straight line probably correspond to a small heat 
of interaction between the gas and the solid. This 
would suggest that some of the ammonia con- 
densed on to the solid pentafluorogermanate is 
simply adsorbed on the surface rather than 

I 
2.0 2.25 2.5 2.75 

!+,x~o= 

FIG. 5. Plot of log,,P(mm) against 1/T "K for 
dissociation of [(C,H,),N] [GeF5(NH3)]. 

coordinated to individual GeF,- ions. Support 
for this hypothesis is given by the results of the 
second experiment (B). Vapor pressures below 
120" did not follow those measured in the first 
experiment suggesting that the degree of sub- 
division of the sample is probably an important 
factor at low vapor pressures of ammonia. Any 
possibly adsorbed ammonia was removed by 
opening the tensimeter to the evacuated vacuum- 
line for a few seconds. The data shown for the 
second experiment in Fig. 5 were obtained after 
this had been done. The logloP against l/Tplots 
obtained from the two experiments were identical 
above 130". In the range 130-150°, the system, 
[(C,H,),N][GeF,] + NH,, is reversible and the 
points shown were obtained with both increasing 
and decreasing temperatures. The linear portion 
of the logloP against 1/T plot (Fig. 5) in this 
temperature range corresponds to a heat of 
dissociation of 17.5 + 1.0 kcal mole-' for the 
conditions as shown in eq. 121. At 150°, a further 

[(C3H,),N:I[GeF51 (4 + NH3 (g) 

change is seen in Fig. 5. During both experiments, 
the sample softened slowly above 150°, and, 
when cooled below this temperature, did not 
crystallize but remained as a glass. Above 150°, 
the system was irreversible, and points were 
obtained only with increasing temperatures. The 
heat of dissociation 9.4 f 0.1 kcal mole-' in the 
temperature range 150-210°, corresponds to the 
reaction shown in eq. 131. The difference (8.1 
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.. 
1.0 

0 

3.0 3;25 3:5 3.75 

KOKxlo3 

RG. 6. Plot of log,,P(mm) against l/T°K for 
dissociation of [(C3H7)4N][SiFs(NH3)]. 

131 t(C3H7)4Nl[GeF5(NH3)I (melt) -t 

t(C3H7)4W I [GeF51 (melt) + NH3 (g) 

kcal mole-') between the two values includes the 
heat of fusion of [(C3H7),N][GeF5(NH3)] and 
[(C,H7)4N :I [GeF, I. 

Vapor pressure results for the [(C,H,),N ]- 
[SF,]-NH, system were in substantial agree- 
ment with the published curve (4). However, a 
plot of log,,P against 1/T (Fig. 6) showed vapor 
pressures at lqwer temperatures to be greater 
than expected from the higher temperature data. 
From the line in the range - 10 to + 30 "C, the 
value AH = 4.9 k 0.4 kcal mole-' was obtained 
which is consistent with surface adsorption of 
ammonia. The second linear portion in the range 
30 to 70" gives a AH = 12.0 k 0.5 kcal mole-' 
which corresponds to the dissociation shown in 
eq. [4]. Clark et al. (4) obtained a value of 7.9 

kcal mole-' using vapor pressure data in the 
wider range of -80 to 40". Our results suggest 
that their value is an average of the two processes, 
adsorption and dissociation. 

The difference of 5.5 kcal mole-' in the con- 
densed phase heats of formation (AH,) of NH, 
adducts of [(C3H7),N] [SiF, ] and [(C,H,),N]- 
[GeF,] (Table 1) includes differences in the 
crystal lattice energies of the pentafluoro salts 
(AH,) and the NH, adduct salts (AH,) in addition 

to differences in the gas phase heats of com- 
plexation (AH,), as evident from the enthalpy 
cycle shown in Scheme 1, in which M is Si or Ge. 
Values of AH, are necessary for an accurate 
comparison of the relative acceptor powers of 
SiF,- and GeF,-, but we are unable to measure 
them. Although experimental data is not yet 
available, it is likely that two salts as similar as 
[(C3H7)4Nf :I [SiF, - I and [(C3H,)4Nf :I [GeF, - I 
have similar crystal lattice energies because 
SiF,- and GeF,- probably differ only very 
slightly in size. The crystal lattice energies of 
[(C,H7)4Nf:I [SiF,(NH,)- I and [(C3H7)4Nf 1- 
[GeF,(NH,)-] are also probably very similar. 
Accordingly, we think it is reasonable to attribute 
most of the 5.5 kcal mole-' difference in the AH, 
values to differences in AH,. This, in turn, 
suggests that GeF,- is a stronger Lewis acid 
than SiF,- toward NH,. A comparison of the 
acceptor power of SiF, and GeF, toward NH, 
is not possible because the heat of formation of 
GeF,-2NH3 has not yet been measured. How- 
ever, the comparisons in Table l suggest that 
GeF, is a stronger acceptor than SiF, toward 
(CH,),N and pyridine. The difference is even 
greater toward a variety of oxygen electron-pair 
donors (13, 14). Ignoring differences in crystal 
lattice energies, the heat of formation of an 
Si-NH, bond in SiF4.2NH3 is about twice that 
in [(C,H,),N] [SiF,(NH,)], suggesting that SiF,- 
is a weaker Lewis acid than SiF,. 

Infrared Spectra 
Infrared spectra of GeF,- and SiF,- salts 

with the same cation are identical except for 
absorptions due to the anions which are reported 
in Table 2. The compounds [R,N][GeF,], 
(R = C3H7; C4Hg) gave only two absorptions in 
the germanium-fluorine stretching region, similar 
to spectra observed for the analogous pentaflu- 
orosilicates, PF,, and AsF, (Table 2). This 
indicates that both tetrapropylammonium and 
tetrabutylammonium pentafluorogermanate con- 
tain a five coordinate anion with a trigonal 
bipyramidal structure. Tetraphenylarsonium pen- 
tafluorogermanate has three absorptions in the 
v(Ge-F) region. Therefore, as with [(C,H,)As]- 
[SiF,] (4), the structure of the anions present in 
these salts must remain in doubt. The i.r. spectra 
of the adducts of [(C,H,),N] [GeF,] with water 
and ammonia show the expected lowering of 
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WHARF AND ONYSZCHUK: PENTAFLUOROGERMANATE ION 

AH, 
[R4N+][MFs-I (s) + NH3 (g) - [R4N+ I LMFs(NH.4-1 (s) 

AH2 1 AH4] 
AH3 

[R4N+ ] (g) + [MF5- I (g) + NH3 (g) - [R4N+ 1 (g) + [MF5(NH3)- 1 (g) 

SCHEME 1 

TABLE 1 

Heats of formation of silicon and germanium fluoride compounds with nitrogen donors 
- 

-- 

-AH 
Reaction kcal mole-' Reference 

[(C3H7)4NI[SiFsI (s) + NH3 (g) -t [(C3H7)4Nl[SiF5(NH3)I (s) 12.0 ? 0.5 * 
[(C3H7)4Nl[GeFsI 6 )  + NH3 (g) -> [(C3H7)48 l[GeFs(NH3)I 6 )  17.5 ? 1.0 * 
[(C3H7)4N1[GeF51 (melt) + NH3 (g) -> [(C3H7)4Nl[GeFs(NH3)1 (melt) 9.4 + 0.1 * 
SiF4 (g) + 2NH3 (g) -> SiF4.2NH3 (s) 54.6 10 
SiF4 (g) + (CHAN (g) -> SiF4.(CH3)3N (s) 27.4 11 
GeF4 (g) + (CH3)3N (g! -t GeF4CH3l3N (s) 38.4 11 
SiF4 (g) + ~ P Y  (g) -t S1F4.2py 6 )  50.1, 53.4 9, 12 
GeF4 (g) + ~ P Y  (g) -t GeF4.2py (s) 70.6, 65.0 9, 12 

'This work. 

TABLE 2 
Infrared spectra of pentafluorogerrnanate salts and related compounds 

- - 

Compound v (M-F) crn-I 6 (M-F) crn-I 

[(C3H7)4Nl [GeFsl* 690 VS, 652 vs 343 S, 317 vs 
[(C3H7),N][GeFs(H,O)]* 647 s, 585 s, 567 m 
[(C4H,).tNI [GeFsI* 690 vs, 654 s 343 rn, 318 s 
[(C4H9)4N][GeF5(H20)]* 644 vs, 613 sh, 582 s 
[(C4H&N ] [GeF5(NH3)]* 628 sh, 607 sh, 578 vs 
[(C6H5)4A~l [GeF51* 697 s, 660 m, 644 m 329 m, 319 rn 
[(C3H7)4Nl [SjFs I* 876 VS, 786 s 480 m, 447 rn 
[(C&)4Nl [SIFS I* 878 VS, 785 vs 179 S, 447 s 
[(CsH5)4AsI [SIFSI* 883 vs, 796 m, 776 rn 448 m 
PFsI 1026, 945 575, 533 
AsF51 819, 785 400, 372 

'This work. 
tReference 15. 
XReference 16. 

germanium-fluorine stretching frequencies on 
increasing coordination from five to six. In 
addition, the three i.r. absorptions observed for 
both adducts are consistent with a square- 
pyramidal arrangement of fluorines in these 
anions. Clark and Dixon earlier reported (6) the 
preparation of a compound considered to be 
[(C6H5)4As:I[GeF5], with absorptions at 650, 
635, 575, and 560 cm-'. These frequencies are 
more indicative of a six-coordinate fluoroger- 
manate ion however, while later the material was 
shown to have 0-H stretching frequency 
absorptions (17). From the results reported here, 
this evidence indicates that Clark and Dixon's 

product was probably the hydrated compound 
[(C,H5)4As] [GeF,(H,O)I. 

The financial support of the National Research 
Council of Canada is gratefully acknowledged. 
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Pyoluteorin, a synthesis 

K. BAILEY' AND A. H. R E E S ~  
Department of Chemistry, Trent University, Peterborough, Ontario 

Received March 5 ,  1970 

The synthesis of Pyoluteorin, an antibiotic from Pseudomonas aeruginosa is described. The method 
used produced in addition, an isomer 3,5-dichloro-2-(2',6'-dihydroxybenzoyl)pyrrole, for which the 
name isopyolrrteoritt is proposed. The bromine analogue of pyoluteorin is also reported. 
Canadian Journal of Chemistry, 48, 2257 (1970) 

Pyoluteorin (1) (1, 2) is a powerful bactericide 
produced by certain strains of Pseudomonas 
aeruginosa (3). It is also a potent fungistat (4). 

Attempts at its synthesis have devolved upon 
the benzoylation of a pyrrole or the pyrroylation 
of a benzenoid moiety. 

The former method (2) gave didechloro-O,O1- 
dimethylpyoluteorin (6) but not pyoluteorin. The 
latter (5) gave N,O,O1-trimethylpyoluteorin (3), 
N-methylpyoluteorin (4, and N-benzylpyoluteo- 
rin (5) but not pyoluteorin. 

We reported briefly (6) that dimethylpyoluteo- 
rin (2) was obtained by heating 2,6-dimethoxy- 
benzoyl chloride with sodium 4,5-dichloro- 
pyrrole-2-carboxylate and that the product could 
be demethylated to  yield the synthetic antibiotic, 
4,5-dichloro-2-(2',6'-dihydroxybenzoyl)pyrrole, 
identical with the natural pyoluteorin originally 
reported by Takeda (1). 

We now give full details of our synthesis. We 

chlorinated 2-carbomethoxypyrrole using chlo- 
rine in acetic acid or t-butyl hypochlorite in 
carbon tetrachloride, but were unable to  repro- 
duce the published results (7); in both cases a 
mixture of 4,5- and 3,5-dichloro derivatives was 
obtained which could not be completely resolved 
by column chromatography or fractional recrys- 
tallization. Rather than effect a tedious separa- 
tion, we hydrolyzed the mixture to the corre- 
sponding acids and proceeded. By the method 
indicated above, we obtained a mixture of 
0,01-dimethylpyoluteorin (2) and 3,5-dichloro- 
2 - (2',6' - dimethoxybenzoyl)pyrrole (0,O' - di- 
methylisopyoluteorin) (9). 

Column and thin-layer chromatography (t.1.c.) 
were again not efficient methods of separation 
but fractional crystallization yielded pure isomer 
9. Demethylation of the mixture of ethers by 
boron trichloride followed by t.1.c. resulted in 
separation of 1 from isopyoluteorin (10). The 
nuclear magnetic resonance (n.m.r.) spectra of 
these compounds were in agreement with their 
structures and followed from those of the 
starting dichloropyrrole esters (7). Although a 
pure sample of 2 was not obtained here, its spec- 
trum was easily determined from that of its 
mixture with the isomeric ether 9 and that of 
pure 9. Subsequent confirmation has come from 
the spectrum of pure 2 synthesized by another 
route (8). 

As ioted by Birch et al. (2), the 3'- and 5'- 
I 'Present address: Food and Drug Directorate, protons of pyoluteorin are not equivalent in the Tunney's Pasture, Ottawa 3, Canada. 

'To whom enquiries should be directed. n.m.r. spectrum for although they have almost 
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TABLE I* 
The n.m.r. spectra of pyoluteorin analogues and derivatives 

-- 

Compound solvent 
CH3 3',5' 4' 3 4 O H  N H  

*T.M.S. internal standard; d = doublet, q = quartet; figures in brackets indicate splitting [Hz] observed: signals assigned to OH integrated 
for two protons and to NH (broad) for I proton, and disappeared on addition of D20. 

tSharpened or  collapsed to singlet on adding D20. 

indistinguishable chemical shifts, their coupling Experimental 
constants with the 4 ' -~ro ton  differ, J = 8.5 and Pyoluteorin and Zsopyohrteori~z Dirnethyl Ethers 
7.5 Hz. In compounds 1, 2, 6, 9, and 10 these A mixture of dry sodium 3,s- and 4,5-dichloropyrrole- 
protons give rise to more or less superimposed 2-carboxylates (from 1.8 g acid mixture) was refluxed 

broad-branched doublets ( ~ ~ b l ~  1). H ~ ~ ~ ~ ~ ~ ,  in 75 min in 5 ml dry benzene with 2,6-dimethoxybenzoyl 
chloride (from 2 g acid). The solvent was then distilled certain ('1 these protons have and the residue heated at  150' for 45 min and cooled. 

quite different chemical shifts. Although in 1 and  he products were exhaustively extracted with benzene 
isomer 10, the pyrrole protons overlap with and the concentrated extract adsorbed onto silica gel 
signals from the 3'- and 5'- benzenoid protons, (120 g, containing 5 %  W/W water). Elution with light 

on deuterium exchange the pyrrole proton fine petroleum containing increasing amounts of ether gave 
the following fractions: (i) 410 mg oil using 15 x 100 ml 

to sing1ets and the eluate, 0-40% ether; (ii) 1.16 g mixture using 7 x 100 ml 
show an obvious increase in height. eluate, 40% ether. The third of fractions (ii) was evapo- 

Theinfrared (i.r.) spectra(Nujo1) of pyoluteorin rated giving 360 mg material. Crystallization from ben- 

and its dimethyl ether have carbony1 bands at zene/petrol gave O,O'-dimeth~liso~~oluteorin (90 mg) 
m.p. 204-205", v,,, 3210, 1618, 1595, 1108, and 910 1633 cm-' with a further characteristic band at  cm-l. 

890 cm-'. In the iso-series these appear at 1620 Anal. Calcd. for C13HllC12N03: C, 52.0; H, 3.7; C1, 
and about 915 cm-' respectively while the bro- 23.6; N, 4.7. Found: C, 52.1; H, 3.36; C1, 23.5; N, 4.8. 
mine analogue 8 of pyoluteorin and its ether 7 The remainder of fraction (ii) (1.07 g) was purified by 

have bands at 1635 and 895 cm-l. The pyoluteo- t.1.c. giving 200 mg material with h n ~ a x  300 mP, m.p. 
155-185", shown by n.m.r. spectroscopy to consist of rins and their ethers show a band at about comparable amounts of pyoluteorin and isopyoluteorin 

1595 cm-' buta further band at 1565 cm-I which dimethyl ethers. 
we assign to hydrogen-bonded carbonyl is only Fraction (iii) 825 mg using 50-100% ether. This was 
found in the free phenols. mainly 2,6-dimethoxybenzoic acid, also present as an  

The ultraviolet (u.v.) spectra of the pyoluteo- impurity in (ji). 

rins show a bathochromic shift from about 305 Zsopyoluteoritz 
to 330 mp on addition of alkali. However, if the A solution of dimethylisopyoluteorin (40 mg) in 

methylene chloride (15 ml) at -70" was treated with 
Or lo in ('ma, 305 boron trichloride (3 ml40% w/w in methylene chloride). 

m ~ )  are made only faintly alkaline, the maximum After 2 h the solution was allowed to warm up slowly, 
shifts to about 365 mp and more base must be 20 h, when it became deep red. Excess reagent was de- 
added to bring this peak back to 330 mp. Since 
the pyrrole NH is quite acidic, mesomeric 
mono-, di-, and trivalent anions are obviously 
involved. 

A possible mechanism for the key reaction is 
indicated by formula 11. 

stroyed by cautious addition of water and more solvent. 
The organic layer was washed with water, then with 
brine, dried (MgSO,), and evaporated leaving isopyolu- 
teorin (25 mg) m.p. 198-203" from benzene, v,,,, 3350, 
3240, 3130, 1620, 1565, 1017, 920 cm-'. 

Anal. Calcd. for CllHllC12N03: C ,  48.6; H, 2.6; C1, 
26.1;N,5.15.Found: C,48.6;H,  2.5; C1,26.2;N,5.1. 

Pyoluteorin 
The mixture of the dimethyl ethers of pyoluteorin and 

isopyoluteorin (75 mg) was demethylated as above and 
the products separated by t.1.c. on  silica plates using 
acetone/petrol (3:7). The lower band (23 mg) was the 
iso-compound 10 and the upper band was pyoluteorin 
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BAILEY AND REES: PYOLUTEORIN 2259 

1 which crystallized as sulfur yellow needles (35 mg) 
from benzenelpetrol with m.p. 177-186", varying slightly 
with the rate of heating, undepressed in mixed melt with 
an authentic sample of m.p. 175-182", v,,, 3470, 3370, 
3160, 1633, 1599, 1023, 890 etc. cm-'. 

Anal. Calcd. for CllH7C12N03: C, 48.6; H, 2.6; C1, 
26.0; N, 5.15. Found: C, 49.0; H, 2.5; C1, 25.4; N, 5.15. 

Pyolnteorirz Bromine Arlalog~le 
4,5-Dibromopyrrole-2-carboxylic acid (4 g as the 

sodium salt) was refluxed in dry benzene (50 ml) with 
2,6-dimethoxybenzoyl chloride (from 3 g acid) for 90 
min. The solvent was then distilled off and the residue 
heated to 150" for 1 h, then extracted with three 150 ml 
portions of 1 :I benzenelethyl acetate. The total extract 
was washed with sodium carbonate solution, then water, 
dried, and evaporated leaving 1 g residue. Preparative 
t.1.c. in 1:l etherlpetrol, three passes, gave a band at 
R, 0.6 which was extracted to yield 300 mg crystalline 
product m.p. 200-205" from benzenelpetrol. 

Anal. Calcd. for C13HllBr2N03: C, 40.1; H, 2.85; Br, 
41.1; N, 3.6. Found: C, 40.3; H, 2.8; Br, 42.6; N, 3.9. 

The n.m.r. spectrum (Table 1) confirmed the structure 
7. The mass spectrum revealed the presence of some 2- 
(2',6'-dimethoxybenzoy1)-3,4,5-tribromopyrrole. 

The above dimethyl ether (125 mg) in methylene 
chloride (10 ml), at  -70" was treated with the methylene 
chloride solution of boron trichloride (6 ml) when a 
purple complex formed which rapidly turned deep red. 

The solution was allowed to warm up to room tempera- 
ture (1 h) and left overnight then worked up as described 
to give 90 mg crystals which were further purified by t.1.c. 
in acetone/petrol 1:5. The major product, RI 0.5, was 
crystallized from benzenelpetrol to give yellow prisms 
m.p. 163-164". 

Anal. Calcd. for C1,H7Br,NO3: C, 36.6; H, 1.95; Br, 
44.3; N, 3.9. Found: C, 36.6; H, 2.25; Br, 44.2; N, 4:O. 

The mass spectrum did not reveal any tribromoana- 
logue. Its cracking pattern resembled that of pyoluteorin. 

We thank the National Research Council of Canada 
for financial support. 
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220 MHz spectra of heparin, chondroitins, and other mucopolysaccharidesl 

A. S. PERLIN, B. CASU,' AND G. R. SANDER SON^ 
Department of Chemistry, McGill University, Montreal, Quebec 

AND 

L. F. JOHNSON 
Varian Associates, Palo Alto, California 

Received February 17, 1970 

Characteristics of proton magnetic resonance spectra of heparins at 220 MHz, coupled with spectral 
data for model compounds and with information obtained chemically, indicate that heparins are com- 
posed principally of (1 -> 4)-linked a-L-idopyranosyluronic acid residues (3) and 2-amino-2-deoxy-a-~- 
glucopyranosyl residues (1); also, that sulfate groups are located at  position -2 and -6 of 1, and -2 of 3. 
D-Glucopyranosyluronic acid residues (2) appear to be minor constituents, which is at  variance with all 
structures that have been proposed previously for heparin. 

Spectra of chondroitins A, B, and C, which are readily distinguishable, are in close accord with formu- 
lae that have been proposed for these mucopolysaccharides; on the same basis, the spectrum of keratan 
sulfate is less consistent. Hyaluronic acid affords a poorly resolved though, nonetheless, distinctive 
spectrum. The general view that mucopolysaccharides are constituted basically of residues of hexosamine 
and uronic acid in equimolar proportion receives support from the current findings. However, heparitin 
appears to possess a more heterogeneous type of structure than do these other polymers. 

Canadian Journal of  Chemistry, 48, 2260 (1970) 

Major structural features of many mucopoly- 
saccharides, heparin, thechondroitins, hyaluronic 
acid, etc., are well recognized (e.g. see ref. 1). 
It appears that common to each is a linear poly- 
meric chain in which hexosaminyl and hexosyl- 
uronic acid residues alternate, although other 
types of sequences may occur. Differences among 
the mucopolysaccharides arise from variations 
in chain length, in the configuration of residues, 
their mode of glycosidic bonding, the number 
and location of 0-sulfate groups, contents of 
other kinds of sugar residues and of acetamido 
and sulfamino groups, and in their association 
with amino acids and proteins. Structural studies 
on the mucopolysaccharides frequently are 
complicated by insufficiency of material, difficulty 
in assessing purity, and a general dearth of pro- 
cedures that permit selective, high-yield, degrada- 
tion of the polymers. Hence it is probably true at 
present to say that most muc~polysaccharides 
have only been partially characterized and that 
details of structure, perhaps even major features 
in some instances. remain to be determined. 

In principle, proton magnetic resonance 
(p.m.r.) spectroscopy should be a highly useful 

'Presented in part a t  the 150th American Chemical 
Society meeting, New York, N.Y., September 8-12, 1969. 

ZHarold Hibbert Memorial Fellow (1968-1969); on 
leave of absence from Istituto G .  Ronzoni, Milan, Italy. 

3Postdoctoral Fellow, 1967-1969. 

physical method for examining such polymers, 
particularly because it can furnish excellent 
quantitative data. Hence, with suitable resolution, 
it should be Eeasible to estimate the relative 
proportions of the components of a mixed poly- 
mer from the relative intensities of resonance 
signals attributable to the different residues 
present. An attempt to estimate the compositions 
of various heparins by p.m.r. spectroscopy at 100 
MHz has been described earlier (2). In the current 
study, possible advantages of measuring the 
spectra of heparins at a higher frequency, i.e., a t  
220 MHz are assessed, and the spectra of several 
other mucopolysaccharides are described as well. 

Heparin 
The 100 MHz spectra of heparins show notable 

variations among samples from different sources 
(2, 3), but all are characterized by three signals 
(a, b, and c) at 4.7-5.4 p.p.m., chemical shifts 
commonly associated with anomeric protons 
(Fig. 1A). Accordingly, each of these signals has 
been attributed to H-1 of the three main kinds of 
residues found in heparin, i.e., 2-deoxy-2- 
(sulfamino)-a-D-glucopyranosyl (l),a-D-gluco- 
pyranosyluronic acid (2), and L-idosyluronic 
acid (3), respectively and, based on the integrals, 
it has been suggested that heparins are comprised 
of approximately equi~nolar proportions of these 
residues (2). In addition, the total intensity of a, b, 
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PERLIN ET AL.: HEPARIN AND OTHER MUCOPOLYSACCHARIDES 

FIG. 1. Proton magnetic resonance spectrum of heparin in deuterium oxide of (A) type B heparin at 35 "C, 100 
MHz; (B) type B heparin at 70 "C, 220 MHz; (C) type A heparin at 70 "C, 220 MHz. Peak designations are explained 
in the text. 

and c relative to that of the higher field signals 
(d-h) appeared to agree with the ratio expected. 
Thus, for a total of 17 protons in a trisaccharide 
basic unit, seven for each hexosaminyl residue, 
plus five for each of the two uronosyl residues, 
the expected ratio is 3: 14, and the value found 
was about 3 : 15 (2). 

In arriving at this latter value, an attempt was 
made to correct for overlap by the rather broad 
signals of the spectra (2). However, measurements 
at 220 MHz (Fig. IB) substantially minimize the 

problem of overlap because they afford a better 
separation of signals. According to the integrals 
obtained under these more satisfactory con- 
ditions, the ratio of a-c:d-h is only about 3:10 
(3:9.6-9.9 for four heparin samples). Thus, 
signals a, b, and c have a relatively higher intensity 
than had been deduced from the 100 MHz 
spectra, and therefore each can no longer be 
ascribed to the anomeric proton of a different 
residue. This finding contradicts our previous 
suggestion (2) that heparins contain approxi- 
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mately equimolar proportions of residues 1, 2, 
and 3. Hence it is pertinent that a concurrent 
chemical examination of heparin (4) also does not 
support a 1 :1:1 type of ~ t ruc ture .~  The chemical 
data in fact suggest a ratio of about 1 :0.2:1, i.e., 
a relatively much lower proportion of residues of 
D-glucopyranosyluronic acid than would have 
been expected. In view of these results, it becomes 
necessary to reassess the p.m.r. spectra of hepa- 
rins, and the following discussion deals with 
this question. 

Signals a and h have previously been attributed 
to H-1 and H-2, respectively, of hexosaminyl 
residues by reference to chemical shifts and spac- 
ings in the spectra of model compounds, and 
particularly to the upfield displacement that these 
signals undergo upon hydrolysis of the sulfamino 
group (2). Since these similarities are even more 
clearly evident at 220 MHz, the earlier assign- 
ments are retained (AH-1 and AH-2, Fig. 1B). 

As noted above, it appears no longer valid to 
assume that both b and c are produced by 
anomeric protons. However, an attractive alter- 
native is to attribute signal c to H-5 of the 
L-idopyranosyluronic acid residues (3). This 
follows from an examination of the spectra of 
some methyl glycosiduronic acids both as salts 
and as free acids. Thus, H-5 of methyl a-D-idopy- 
ranosiduronic acid (4) or of its p-anomer (5) 
resonates in the region of signal c (see Fig. 1A) 
and, like the latter, these signals are characterized 
by a narrow spacing (Fig. 2).5 Furthermore, all of 
these signals are shifted downfield by about 0.3 
p.p.m. when the solution is acidified (Fig. 2). Al- 
though the H-5 signal for methyl a-D-glucopy- 
ranosiduronic acid (6) is displaced downward in 
the same way, its relatively low frequency and 
particularly its broad spacing (ca. 10 Hz) make 
it highly unlikely that c is produced by H-5 of the 
D-glucopyranosyluronic acid residues (2) in 
heparin. Therefore since H-5 of 3 most probably 
produces signal c, the anomeric proton (IH-1) of 
the same residue may now be regarded as the 

4Recent detailed analysis of various heparins also 
obviates this possibility and supports earlier indications 
that hexosamine accounts for about half of the carbohy- 
drate portion of the heparin molecule (5). 

'Representation of 4 and 5 in the conformations shown 
is based on unpublished p.m.r. data, and the preparation 
of these compounds (by catalytic oxidation of the corre- 
sponding D-idopyranosides) also has yet to be published 
(14). 

HEPARIN 

H-5 p H  Shift 

6 ( p p m )  
FIG. 2. The effect of p H  (salt vs. free acid) on the 

chemical shift for H-5 of some uronosides in deuterium 
oxide (the acids were prepared by introducing excess of 
deuterium chloride); data obtained at 30 "C and at 100 
MHz. 

source of signal b rather than, as before (2), H-1 
of residue 2. 

These revised assignments require that L-idosyl- 
uronic acid be a major constituent of heparin, in 
contrast to earlier views (1, 2, 6-8), and that it be 
present to about the same extent as the hexos- 
amine constituent, which is consistent with our 
most recent chemical evidence (4). In addition, 
the total area of a and b relative to that of signals c 
to h, inclusive, agrees moderately well with 
expectation. The expected ratio is 1 :5 (i.e., two 
anomeric protons as compared with six other 
protons of (1)plus four other protons of 3, and the 
found value is 1 :5.1-5S6 (for four samples of 
type B (3) represented in Fig. 1B). 

COOH CH20S03- 

6The limits of error of such measurements with solu- 
tions of polysaccharides in deuterium oxide are uncertain. 
That is, there are few fully characterized polysaccharides 
that give well resolved p.m.r. spectra to serve as standards. 
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Other signal assignments in Fig. 1B are sug- 
gested by reference to the spectra of various model 
compounds. The tall, narrow, signal at 4.4 p.p.m. 
(2AH-6) has about the same chemical shift (4.3 
p.p.m.) as the two H-6 protons of 2-deoxy-2- 
(sulfamino) -a  - D - glucopyranose - 6 - sulfate (7). 
Similarly, signals for the other protons of the 
hexosamine moiety (i.e. AH-3, -4, and -5) are 
designated on the basis of the spectra of 7 and of 
disaccharide 8 (Fig. 3A), both of which have 
been obtained by enzymolysis of heparin (9-1 1). 
That is, Fig. 3 illustrates the correspondence 
in chemical shift between signals (AH) for the 
hexosamine moiety of 8 and various signals of 
the heparin spectrum (Fig. 3C) (at 100 MHz). 
Shown also is the spectrum (Fig. 3B) of a higher 
oligosaccharide formed in the enzymolysis (9, 10) 
which, by clearly exhibiting characteristics of 
these two other spectra, emphasizes the similari- 
ties between them. Signals produced by protons 
-2, -3, and -4 of the L-idosyluronic acid residues 
are less easily designated because of the lack of 
suitable reference compounds. There is good 
evidence from periodate oxidation data (7, 12, 
13) that an 0-sulfate group generally is located at 
position-2 of the hexosyluronic acid residues in 

6 (p.p.m.1 
FIG. 3. Proton magnetic resonance spectrum at 100 

MHz of (A) disaccharide 8 at 35 "C; (B) an oligosac- 
charide produced by enzymolysis of heparin (9), at 55 "C; 
(C) heparin, type B, at  35 "C. Solvent, deuterium oxide. 

heparin, and this assignment is confirmed by 
structure 8. Position-4 of the L-idopyranosyl- 
uronic acid residues is involved in glycosidic 
bonding (4, 11). Hence both H-2 and H-4 of 3 
would be expected to resonate at perhaps 0.3-0.4 
p.p.m. to low field of the corresponding signals 
for the related idopyranosyluronic acids (4 and 
5) (14), i.e. at about 4.0 and 4.3 p.p.m., respec- 
tively, which is close to the assignments proposed 
for IH-2 and IH-4. The assignment for IH-3 is 
more tentative. 

Missing from Fig. 1B are possible assignments 
for protons of the D-glucopyranosyluronic acid 
residues of heparin. Although such residues were 
formerly thought to account for a major pro- 
portion of the polymer, according to our current 
interpretation of the spectra they produce no 
easily recognizable signals. Nevertheless, there 
are some weak signals in the region of a and b 
and, probably, others underlying the latter 
signals. Surely some of these must be associated 
with type 2 residues, but in any event the pro- 
portion of such residues in heparin would have 
to be relatively low, in conformity with the recent 
chemical evidence (4), if the spectral assignments 
are to have general validity. 

Relationships between the p.m.r. spectra of 
heparin and the glycosidic configuration of its 
component residues merits comment. It has been 
shown that the hexosaminyl residues 1 possess the 
a-D-linkage (1, 15, 16), and this designation 
receives support from the fact that AH-1 gives 
rise to a narrow signal and resonates at relatively 
low field (see ref. 17). Based on the structure of 
disaccharide 8, the a-L-configuration is assigned 
for residues of L-idopyranosyluronic acid. Hence 
the narrow spacing of signal IH-1 and its relatively 
large chemical shift similarly indicate that IH-1 is 
equatorially oriented, which suggests further 
that these uronic acid residues of heparin possess 
the 1C conformation: the mirror image of 4. 

Fig. 1C illustrates the spectrum of a representa- 
tive of group A heparins (3). Several of the signals 
observed are not present, or are very weak, in 
Fig. 1B: in addition to the signal close to 2.0 
p.p.m., attributed to protons of N-acetyl groups, 
there are others at about 3.4, 3.7, 4.6, and 5.0 
p.p.m. This latter group of signals may represent 
residues that are not present in the group B 

'In the alternate, C1 conformation, the diaxial arrange- 
ment of H-1 and H-2 should give rise to a much broader 
spacing (see ref. 17). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 4. Proton magnetic resonance spectrum at 220 MHz of (A) heparitin; (B) chondroitin B (inset: low field 
signals after acidification); (C) chondroitin A (inset: low field signals at 100 MHz). Solvent, deuterium oxide; 70 "C. 
The sharp singlet at about 2.0 p.p.m. in 4A or 4B is attributed to acetate anion. 

heparins, but it is possible also that a small 
proportion of another polysaccharide is present 
(about 20 % in this sample, based on the relative 
intensity of the N-acetyl signal, although the 
percentage is variable (Table 1, ref. 2)). Whatever 
the source of these "extra" signals in spectrum 
lC, it is not eliminated by the currently best 
purification procedures, which favors the possibi- 
lity that it is an integral part of the molecule, 
although another possibility is considered below. 

Other Mucopolysaccharides 
Other mucopolysaccharides afford p.m.r. spec- 

tra at 220 MHz that differ notably from those of 
heparins, and are themselves sufficiently dis- 
tinctive to possibly serve for characterization 
purposes. Even at 60 MHz (18) substantial 

differences are apparent. However, since only 
one or two preparations of each polymer has as 
yet been examined, it is not known if variations 
occur from one source to another. Figs. 4 and 5 
show the spectra of specimens that have been 
furnished by Dr. J. Cifonelli from the Reference 
Collection at the University of Chicago. Most of 
the better known mucopolysaccharides are 
represented, each having been the subject of 
substantial chemical and enzymic study (I), and 
the accompanying formulae (9 to 14) illustrate 
the basic structural sequences that are ascribed 
to them. 

A general comment may be made concerning 
the region of lowest field signals in these spectra, 
which is associated most readily with anomeric 
protons. Aside from heparitin (Fig. 4A), these 
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/ COOH CH9OH 
DOH , A-0, , , 

II I I I I 

OH NHR 

9 R =  CH3C0 or SO3- 
Heparitin 

2 - acetamido - 2 - deoxy - D - glucosyl residues of 
heparitin. The combined intensity of a and b 
relative to the intensity of the upfield signal 
ascribed to N-acetyl protons, corresponds to an 
approximately equimolar ratio for the two types 
of hexosaminyl residues, in agreement with 
chemical analyses (1, 19, 20). There appear to be 
at least two signals at about 3.4 p.p.m.; signal f 
has the same chemical shift as AH-2 of the heparin 
spectrum and hence probably arises from the 
proton cl to the sulfamino group, whereas e could 
account for H-2 of the 2-acetamido derivative. 
Signals c and d might well be associated with the 
D-glucosyluronic acid residues although, since 
the specific rotation of heparitin is very close to 
that of heparin, further examination of the 
uronoside composition should be ~ e r t i n e n t . ~  In  
contrast to the situation with heparin, relatively 
few of the heparitin protons resonate in the region - of the HOD signal, which is in accord with 

5 o 4 o 3 o 2 0  evidence that heparitin contains few, or no 
6 ( p p m )  0-sulfate groups to cause deshielding of primary 

FIG. 5. Proton magnetic resonance spectrum at 220 and secoidarv ~ r o t o n s .  Also. the fact t h a t  its 
2 .  MHz of (A) chondroitin C; (B) h~aluionic  acid; (C) spectrum contains a large of signals of keratan sulfate. Solvent, deuterium oxide; 70 "C, (B) at  

50 "C. differing relative intensities, indicates that hepari- 

polymers do  not produce signals comparable in 
chemical shift to AH-1 and IH-1 of Fig. 1 but, 
rather, at relatively higher field. In general this 
accords with the formulated structures in which 
the anomeric protons usually are axially oriented, 
and with the evidence that strongly-deshielding 
N- and 0-sulfate groups usually are not found as 
2-substituents of the glycosyl residues. 

Hepar it in 
Heparitin shows several characteristics similar 

to heparin. Its lowest field signal (a, Fig. 4A) has 
the same chemical shift and shape as signal AH-1 
of heparin which suggests that the 2-deoxy-2- 
sulfamino-D-glucosyl residues known to be 

tin has-a more heterogeneous type of structure 
than heparins appear to possess. 

A comparison of the spectrum of heparitin with 
that of type A and B heparins (Fig. 1C and B) 
suggests the possibility that A heparins could 
contain some of heparitin. There is especially 
strong correspondence with respect to signal e, 
the N-acetyl signal, and the intense grouping 
of signals at about 3.7 p.p.m. (compare Figs. 1C 
and 4A), i.e., the signals that mainly differentiate 
between A and B heparins. Clearly this q~iestion 
merits further examination. 

Clzondroitin Sulfate B 
The spectrum of dermatan (chondroitin sulfate 

B) (Fig. 4B) is better resolved, and suffers less 
present poss&s thi cl-D-configuration (as in 9). .- 

8Thus, for example, the chemical shift and shape O F  S imi la r l~ ,  sigllal (and an a-D-collfiguration) signal c suggest that it could be produced by H-5 of an 
may be ascribed to the anomeric center of the iduronosyl residue, as for heparin. 
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' OH NHAc 

10 
Chondroitin B 

interference from the HOD signal, at 70 "C than 
at ambient temperature. Signal a and the group 
of signals b, c, and d, account for a total of about 
four protons. These protons likely are the 
anomeric ones of the two different residues (lo), 
H-4 of the D-galactosaminyl residue, and H-5 of 
the L-idosyluronic acid residue. One of the b, c, 
d group of signals is shifted downfield on acidifi- 
cation by 0.3 p.p.m. and hence is most readily 
attributed to this H-5 proton (b in inset of Fig. 
4B). Also, its chemical shift in both media is close 
to that of IH-5 of the heparin spectra and, like 
the latter signal, it is narrow. There is a relatively 
broad signal in this group (d). Because of its 
spacing and upfield position this signal is ascribed 
to H-1 of the hexosaminyl residue, which agrees 
with the assigned P-D-configuration for the latter 
(1,21,22). Proton H-1 of the L-idosyluronic acid 
residue probably produces signal a ;  as discussed 
for heparin, its narrow spacing is indicative of an 
a-L-configuration when the residue possesses the 
1C chair conformation. The fact that its chemical 
shift is upfield relative to IH-1 of Fig. 1 is to be 
expected, in view of the absence of a 2-sulfate 
group in dermatan. By contrast, the presence 
of the 4-0-sulfate group, as well as its equatorial 
orientation, undoubtedly contributes to the 
downfield position of H-4 of the hexosaminyl 
residue (c), and the narrow spacing of this signal 
concurs with its gauche relationship to both H-3 
and H-5. 

From the relative intensities of these low field 
signals and the N-acetyl signal (Fig. 4B) (i.e. 
4:27), the content of 2-acetamido-2-deoxy- 
hexosamine in the polymer is estimated to be 
about 45%, i.e., close to the expected value. 
However, the overall integral for this spectrum 
suggests that the largest group of signals (between 
3.5 and 4.4 p.p.m.) account for a total of closer to 
nine protons rather than the value of eight 
required by formula 10. Hence, as found with 
heparins, the relative intensities of the various 
signals do not furnish a simple numerical basis 
suitable for critically evaluating a given structural 

possibility. Whether this represents a problem of 
measurementg or one of structure has yet to be 
decided. 

One further point merits comments. It is highly 
probable that a small proportion of the uronosyl 
residues in chondroitin B possess the D-gluco 
configuration (21-23). As found with heparin, 
the current spectral data are difficult to reconcile 
with a substantial content of a third type of 
residue. However, there is a relatively weak, 
broad, signal at about 4.5 p.p.m., which has not 
been commented on above, the chemical shift 
and spacing of which are close to those of H-1 
signals in Fig. 4C (especially signal c) associated 
with the P-D-gluco configuration. Tentatively, 
then, this minor signal is attributed to H-1 of 
P-D-gl~~cosyluronic acid residues in dermatan, 
its relative intensity showing that such residues 
could comprise perhaps 10% of the polymer. 

COOH CH20H 

OH NHAc 

11 
Chondroitin A 

Clzondroitin SuIfate A 
Chondroitin sulfate A (11) differs from 

dermatan in possessing a P-D-glucuronosyl rather 
than a-L-iduronosyl residue (24, 25). Com- 
paratively then, the presence of only three low 
field signals rather than four (Fig. 4C) is not 
unexpected in view of the relatively high field 
resonance for H-5 of D-glucosiduronic acids 
(Fig. 2). The chemical shifts and broad spacings 
of signals b and c appear to be consistent with the 
assigned p-D-anomeric configurations of the two 
different residues in 11, and the much narrower 
signal (a) may reasonably be ascribed to H-4 of 
the sulfated hexosaminyl residue. As with derma- 
tan, the total intensities of these low field signals 
relative to the intensity of the N-acetyl proton 
signal (3:2.7) corresponds to just under a 50% 
content of 2-acetamido-2-deoxy-hexose. Again 
also, the overall relative intensity of the other 
signals is slightly high, amounting to about ten, 
rather than nine, protons. Although the upfield 

?3ignals produced by N-acetyl groups have been 
observed, particularly in experiments at 100 MHz, to be 
relatively highly sensitive to saturation effects. 
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signals, d and e, have chemical shifts close to 
that of AH-2 of Fig. 1, H-2 of the 2-acetamido- 
2-deoxy-D-galactosaminyl residues would be 
expected to resonate further downfield because 
of deshielding by the axial C,-0 bond. In any 
event, attempts to relate these signals to the b 
and c doublets by spin-decoupling were unsuc- 
cessful. More probably, d and e are due to the 
6-protons of the hexosaminyl residue; the tilt of 
signal e suggests that the shift of the adjacent 
H-5 is slightly downfield. Analogously, the up- 
field signal e of Fig. 4B also is probably produced 
by an H-6 of the hexosaminyl residue, but in this 
instance shifts for the second H-6 and for H-5 
are likely to be almost coincident. Hence, the 
perturbed pattern observed fore could result from 
averaging of the negative geminal coupling and 
positive vicinal coupling. Although this type of 
hexosaminyl residue is common to 10 and 11 its 
environment is different in the two polymers, and 
therefore some spectral differences are to be 
expected. 

COOH CH20SO< 

' OH NHAc 

12 
Chondroitin C 

Chondroitin Sulfate C 
Because the spectrum of chondroitin sulfate C 

(Fig. 5A) is not as well resolved as that of chon- 
droitin A, a spectral comparison of these closely 
related polymers (compare 12 and 11) is difficult. 
However, the fact that an 0-sulfate group is 
located at C-6 of the hexosaminyl residue of the 
former mucopolysaccharide (26, 27) rather than 
at C-4, is reflected in the absence of a signal 
corresponding to a in Fig. 4C. Similarly, there 
are proportionately weaker signals a t  about 3.8 
p.p.m. and stronger ones at  4.2-4.3 p.p.m. (sig- 

nal a) in contrast with the situation in Fig. 3C, 
which corresponds to the expected downfield dis- 
placement of H-6 signals for protons a- to the 
6-0-sulfate group (compare also with signal AH-6 
of Fig. 1B). 

Hyaluronic Acid and Keratan Sulfate 
Hyaluronic acid, which forms highly viscous 

solutions, furnishes a poorly resolved spectiurn 
(Fig. 5B). The anomeric proton signals (a) are 
almost obscured by their broadness and by the 
excessively broad HOD signals. However, in 
accord with the fact that this polymer contains 
no 0-sulfate or other such strongly deshielding 
groups (13) (28, 29) the overall spectrum is pro- 
duced at  relatively high field. On the same basis, 
the spectrum of keratan sulfate (Fig. 5C) appears 
to detect the presence of several strongly 
deshielded protons (a and b) in addition to those 
(most probably signal c) that are located a- to the 
6-0-sulfate group, as in 14 (30, 31). 

In summary, the p.m.r. spectra of mucopoly- 
saccharides at 220 MHz are sufficiently well 
resolved to permit more satisfactory assignments 
for many individual resonance signals than was 
possible with spectra obtained at lower fre- 
quency. The improved separation of signals also 
enhances quantitative evaluation of the spectra. 
This is of particular advantage because of 
difficulties inherent in the analysis of mucopoly- 
saccharide composition. For heparin the current 
p.m.r. data, together with chemical and enzymic 
evidence, lead to the proposition that two types 
of residues (7 and 15), approximately equimolar, 
constitute most of the molecule. Accordingly 
also, they do not support the widely-accepted 
structure for heparin in which D-glucosyluronic 
acid (2) is depicted as the major uronosyl com- 
ponent. Differences between the two types of 
heparins are more clearly evident a t  220 MHz, and 
the possibility is raised that these types may differ 
in having, or not having, heparitin as a con- 
taminant. 

Spectra of chondroitins A, B, and C appear to 

COOH CH20H CH20H(OSO<) CH20SO< 

I I I I I I I I 

OH NHAc OH NHAc 

13 
Hyaluronic acid 

14 
Keratan sulfate 
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be closely in accord with formulae (11,10, and 12, 
respectively) that have been proposed for these 
mucopolysaccharides, and the samples examined 
give no indication that contaminating polymers 
are present in significant proportion. In terms 
of the ratio of constituent residues, heparitin 
probably has a more heterogeneous type of 
structure than do these other mucopolysac- 
charides, and it may have a substantial content of 
L-idosyluronic acid. The spectrum of keratan 
sulfate is not easily reconciled with formula 14; 
the fact that this material has as yet received only 
relatively limited attention chemically allows for 
the possibility that there may yet be some revision 
of the formula. 

In general, chemical and enzymic studies of the 
mucopolysaccharides have led to the view that 
these polymers are constituted basically of 
alternating residues of hexosamine and uronic 
acid. The current p.m.r. spectra serve to reinforce 
this view. 

Experimental 
The p.m.r. spectra were obtained with a Varian HR-220 

MHz or HA-100 MHz spectrometer. Samples were given 
a preliminary deuterium-exchange by repeated treatments 
with deuterium oxide. Most spectra were recorded at 
about 70 "C because the higher temperature favored 
improved resolution, although lower temperatures were 
used also in minimizing the obscuring-effect of the DOH 
signal. ~ ~ a l u r o n ; c  acid was recorded at a maximum of 
50 "C, because it was precipitated from solution above 
this temperature. The 100 MHz spectra were obtained 
with the aid of an internal capillary containing tetra- 
methylsilane which, however, caused a downward dis- 
placement of the signals by about 0.5 p.p.m.; accordingly, 
the actual spectra are corrected by -0.5 p.p.m. The 220 
MHz spectra are not shift calibrated, although of precise 
width (i.e., 1000 Hz), and hence the chemical shifts in 
p.p.m. are given relative to the 100 MHz spectra. 
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Photolysis of cyclopentanonel 

Research Council of Alberta, Edmonton, Alberta 
Received February 10, 1970 

The effect of wavelength and pressure on the distribution of products has been studied in the photolysis 
of  cyclopentanone and cyclopentanone-2,2,5,5-d4. At low pressures, C2D4 and C2H4 are formed in addi- 
tion to the expected high pressure product C2H2D2, confirming the intermediate formation of excited 
cyclobutane. The high pressure ratio of cyclobutane to ethylene is attributed to alternate reactions of the 
tetramethylene diradical which have equal energy sensitivity, and some evidence is presented for a 
further mechanism of ethylene formation at short wavelengths. Evidence is also presented for the 
formation of cyclobutane and ethylene following thermal re-excitation of the precursor of 4-pentenal. 

Canadian Journal of Chemistry, 48,2269 (1970) 

The vapor phase photolysis of cyclopentanone 
yields carbon monoxide, ethylene, cyclobutane 
(I), and Cpentenal (2) and mechanisms, based 
on energetics (3), electronic states (4), and various 
diradical intermediates (1, 5), have been devised 
to explain these products. On the basis of quench- 
ing studies at 313 nm, Srinivasan (6) proposed a 
simple Stern-Volmer mechanism with un- 
quenched species giving carbon monoxide (and 
ethylene and cyclobutane) and quenched species 
giving Cpentenal. Recently, Mok (7) has elabor- 
ated this mechanism to include formation of 
4-pentenal from both quenched and unquenched 
species. Srinivasan (3) also noted a temperature 
coefficient in the product yield, carbon monoxide 
being formed at the expense of Cpentenal with 
increasing temperature. Since increased tem- 
perature has a marginal effect on the average 
energy of the absorbing molecules, this tempera- 
ture effect must imply a re-excitation of that por- 
tion of the photo-excited species which had 
previously lost energy by collision. Carbon 
monoxide (and ethylene and cyclobutane) must 
therefore also have two origins, the original 
photo-excited and a thermally re-excited species. 

Following the mechanisms of Srinivasan (6) 
and Mok (7), these species would be identified as 
different vibrational levels of the same electronic 
state. This would require collisional quenching 
and thermal excitation to occur simultaneously 
with the same molecule. Since this is clearly 
impossible it must be assumed that collisional 
quenching affects one species and thermal re- 
excitation another. The products of the photolysis 
may therefore be considered to arise from two 

'Contribution No. 492 from the Research Council of 
Alberta, Edmonton, Alberta. 

separate precursors, one which bears the original 
photon energy and gives products according to 
the absorbed wavelength, and one which gives 
products according to the temperature. This 
doesn't imply that the former species is not trans- 
formed into the latter before product formation, 
but if it is, its lifetime precludes collision. 

While positive identification of these two inter- 
mediates may be difficult, some evidence suggests 
that they may be the excited n,n* singlet and 
triplet states. Rusbult and Lee (8) have estimated 
the non-radiative lifetime of the singlet to be 
3 x lo-' s and this species is, hence, an obvious 
choice for the collisionally quenchable species. 
The triplet, on the other hand, has been shown, 
by benzene triplet sensitization studies at room 
temperature, to give Cpentenal(4) and is hence a 
possibility for the thermally excitable species. 
It is, however, reasonable to suppose that, by 
analogy with cyclohexanones (9-1 l), an acyl 
diradical, . CH2CH2CH2CH2C0., may be the 
immediate precursor of stable products, and it is 
possible that this species has a sufficient lifetime 
for thermal excitation. The triplet might then be 
an alternate source, but not a necessary inter- 
mediate in the formation of the diradical. In 
solution, there is evidence for the intermediacy 
of the triplet in the diradical formation (12). 

A further feature of the photolysis mechanism 
is the partitioning of the decomposition products 
between cyclobutane and ethylene. Above 5 Torr, 
this ratio is invariant with pressure, wavelength, 
and temperature (3), while below this pressure the 
ratio declines somewhat according to wavelength, 
presumably due to the decomposition of excited 
product cyclobutane to ethylene (13). The 
realization that cyclobutane arises from both a 
photo-excited and a thermally re-excited species 
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PRESSURE ITORR) 

FIG. 1. Cyclobutane: ethylene ratio vs, pressure (Torr). 

introduces the ~ossibilitv that the constant high a 7 ft 114 in. diameter D.I.O.P. on Chromosorb Pcolumn, - 
pressure ratio follows from the total formation the hydrocarbons at  room temperature and the liquids at  

96". In  the photolysis of cyclopentanone-d4, the product 
of the products from the re-excited species under ethylenes were satisfactorily separated at  -26" on a 75 ft 
these conditions. To explore this mechanistic 118 in. diameter nylon column packed with saturated 
feature, the pressure effect has been examined in AgNO, in ethvlene nlvcol o n  Chromosorb P. - - - - 
the phbtol$is of cyclopentanone-2,2,5,5-d4 at  
254 nm and in normal cyclopentanone from 326 Results 
to 229 nm, and the ratio of carbon monoxide to 
4-pentenal has been examined from 326 to Photol~sis of c~clo~entanone-2,2,5,5,-d4 at 
254 nm. 254 nm, 80°, and 11.2 Torr gave primarily - -  ---. 

Experimental C2H2D2, with some C2H,D and C2H4 from less 
deuterated substrate. At 0.65 and 1.3 Torr, sub- 

Commercial cyclo~entanone was purified by PrePara- stantial yields of C2D4 and C2H4 in addition to 
tive gas chromatography and was free of significant con- 
taminants. Cyclopentanone-d4 was prepared from this C2H2D2 were observed, suggesting approxi- 
material by repeated exchange with D 2 0  (alkaline) and mately 14 and 10%cyclobutane decomposition at  
was shown by nuclear magnetic resonance spectroscopy 0.65 and 1.3 Torr. 
to  be better than 92% exchanged in the 2 and 5 positions. ~h~ effect of pressure on the ratio of the 
Heptane, used as an inert gas, was dried and distilled and 
was free of interfering contaminants. hydrocarbon products was investigated at 229, 

Photolyses were carried out in a mercury-free metal- 2543 313, and 326 nm. This data, in  Fig- I ,  
glass-teflon vacuum system. The photolysis cells were confirms the wavelength dependence previously 
quartz, of volume 71 and 535 ml and were housed in noted (13) at 313 and 254 nm and shows the 
aluminum block furnaces. The light sources were: absenci of the effect at 326 nm and the greater 
(a) 229 nm: Osram low pressure cadmium with 1 cm 
CI2 filter; only absorbed impurities were 10% 227 nm effect at 229 nm. the 'Onstant high pressure 
and 0.5 "/, 326 nm. (b) 254 nm: low pressure mercurv arc ratio is confirmed in the range 326 to 254 nm, 
with 1 dm C12 and'dne 9-30 corning filter, 0.5% other but a considerable decrease is noted at 229 nm at  . . .  

lines. (c) 307 nm: Osrani low pressure zinc with one 0-53 what is apparently the high pressure limit. 
Corning filter. (d) 313 nni: medium pressure mercury ~h~ relative yields of co (i.e. c , ~ ,  + 112 arc with one 0-54 filter, 2 %  at 302nni. (e)  326 nm:  Osram 
low pressure cadmium with four 0-54 filters, 0.2% a t  'ZH4) and 4-pentena1 were determined at I0 
313 nm. Photolvsis times were several hours at both Torr and 25" and are listed in Table 1. The ratio 
229 and 326 nm due to very low extinction coefficients at 313 nm is comparable to that reported by 
and were several minutes at the other wavelengths. srinivaSan (3) and by ~~k (7); the value at 254 
Photolysis was carried to less than 2 %  conversion. 

The products wereseparatedat - 80" into hydrocarbons nm is, however, considerably lower than their 
(C2H4 and C4H,) and liquids (4-pentenal and cyclo- values, possibly because of a considerable con- 
pentanone)and were then separately chromatographed on tribution from longer wavelengths in their studies. 
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TABLE 1 
Wavelength dependence of the 

product ratio 

Vnm) 4-Pentenal/CO 

Discussion 

The observation of C2D4 and C2H4 in the 
photolysis of cyclopentanone-2,2,5,5-d4 at 254 
nm and at 0.65 and 1.3 Torr but not at 11.2 Torr 
confirms the partial decomposition of excited 
cyclobutane under conditions of low pressure and 
higher photon energy and hence qualitatively 
supports this reaction as the origin of the pressure 
effect in the cyclobutane-ethylene ratio. Quan- 
titatively, the observed C,D4 would account for 
the ratio decrease at 1 Torr (see Fig. 1) if an 
isotope effect of2 is assumed in the cyclobutane-d4 
decomposition. 

The data in Fig. 1 confirm the wavelength 
dependence of the cyclobutane decomposition. 
At 326 nm and 1 Torr, the cyclobutane-ethylene 
ratio is at the high pressure value at longer wave- 
lengths, suggesting no tendency for cyclobutane 
decomposition. This is in keeping with the exo- 
thermicity of the overall photo-reaction being 
just equal to the activation energy of the cyclo- 
butane decomposition. The data at 313,254, and 
229 nm show a progressive trend to greater 
percentages of the cyclobutane decomposing at 
low pressures as the photon energy increases. At 
229 nm, the high pressure limit is lower than 
observed with the longer wavelengths, and this 
suggests further complexity in the mechanism. 

The effect of photon energy on the ratio of 
4-pentenal to carbon monoxide (Table 1) fits the 
pattern that higher energy favors decomposition 
to carbon monoxide (3). The high ratio at 326 nm 
is reminiscent of the behavior of the benzene 
triplet sensitization system where the energy of 
the excited cyclopentanone is in the range of its 
triplet energy, 75 kcal/mole, and that of benzene, 
85 kcal/mole. The small amount of carbon 
monoxide formed suggests that thermal re- 
excitation is not very important at room tempera- 
ture. On the other hand, the almost trivial 
formation of 4-pentenal at 254 nm implies that 
the formation of that product directly from the 
photo-excited species, as observed by Mok (7) at 

313 nm, is of little significance at shorter wave- 
lengths. It also implies that at 10 Torr very little 
collisional deactivation of the excited singlet 
occurs and hence that the cyclobutane and ethyl- 
ene arise from precursors bearing the full photon 
energy. Evidence from the cyclopentanone-d4 
and from Fig. 1 indicates that very little cyclo- 
butane decomposition occurs under these con- 
ditions and hence it must be assumed that the 
cyclobutane to ethylene ratio in the products 
reflects the primary rates of formation from the 
highly excited species. At 3 13 nm, about the same 
ratio of cyclobutane to ethylene is obtained 
despite the 20 kcal/mole lower energy. It must 
therefore be assumed that cyclobutane and 
ethylene are formed in two parallel processes 
whose relative rates are insensitive to the energy 
of the precursor. 

These aspects of the photolysis can be in- 
corporated into a mechanism involving the 
several reactions of diradicals as is detailed in the 
approximate energy level diagram, Fig. 2.' The 
n,n* excited singlet, as formed by photon ab- 
sorption, presumably crosses over to a repulsive 
energy surface, potentially by way of the triplet, 
forming the acyl diradical ~CH2CH2CH2CH2C0.  
Upon formation, this radical will bear excess 
energy characteristic of the absorbed energy, 
or of the thermally equilibrated excited state 
(n,n*), minus the eneigy of the broken bond. 
Rearrangement of this biradical to 4-pentenal 
may then occur via a five-center cyclic transition 
state with a low Arrhenius A factor (-10" s-I 
due to loss of internal rotational degrees of 
freedom) and an activation energy determined 
primarily by the strain arising from formation 
of the five-member ring, > 6 kcal/mole (1 5). 
Alternatively, the diradical may undergo a 
decarbonylation reaction, with an activation 
energy of 15 kcal/mole (by analogy with acetyl 
[16]) and a higher frequency factor, -1014 s-l .  
This process would be expected to become in- 
creasingly significant with higher temperatures 
or decreasing wavelength of absorbed light, as is 
observed. The tetramethylene diradical so formed 
may then either decompose to ethylene or isom- 
erize to cyclobutane; these processes occur with 
approximately equal activation energies (6.5 f 
1.5 kcal/mole) and frequency factors (-1012 s-l)  
(14), in acceptable agreement with the observed 

ZThe heats of formation have been estimated from the 
group additivity tables of refs. 14 and 15. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

I I 

FIG. 2. The reaction mechanism (left-hand side: excited state energies and photon energies; right-hand side 
heats of formation). 

high pressure ratio of cyclobutane: 112 ethylene is possibly a more reasonable explanation of this 
of 0.64 (326 to 254 nm). feature. Current studies on the photolysis at 

The increased yield of ethylene at 229 nm may shorter wavelengths (18) may further elucidate 
be explained on the basis of a second decomposi- this aspect of the mechanism. 
tion reaction (eq. [I]) with an activation energy 

The author wishes to acknowledge useful discussions 

111 
cH2CH2CH2CH2c0 + C2H4 + CH2CH2c0 with R. F. Klernrn, W. A. Noyes, Jr., E. K. C. Lee, and 

CH2CH2C0 -+ C2H4 + CO A. A. Scala, and the technical assistance of D. N. 
Morrison. 

similar to that for the decomposition of n-butyl 
radical, -30 kcal/mole (17). Simple R.R.K. 
theory estimates of the relative rates of the de- 
carbonylation, and this decomposition suggests, 
however, that this latter process must have an 
Arrhenius A factor in excess of 10"; the reaction 
is hence somewhat unreasonable. The onset of a 
second primary reaction, such as the formation 
of the alternate diradical CH,CH,COCH,CH,, 
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Physicochemical properties of some new 1,5- and 53- 
alkyl-substituted barbituric acids 

G. A. NEVILLE, H. W. AVDOVICH, AND A. W. BY 
Research Laboratories, Food and Drug Directorate, Department of National Health nizd Welfare, Ottawa, Canada 

Received January 28, 1970 

The synthesis of six new barbituric acids 16, 3a, 4b,5, and 66, including the novel 5-hydroxy derivative 
36, is reported together with spectroscopic data (proton magnetic resonance, ultraviolet, and infrared) 
for these and for five related known barbiturates for which such data is lacking. An interesting occurrence 
of non-equivalence of the N-1 and N-3 CH,(Et) protons in 36 is discussed. 
Canadian Journal of Chemistry, 48,2274 (1970) 

Introduction The malonic ester condensations described 

In the course of spectroscopic and fine struc- 
tural studies of barbituric acid derivatives (1, 2), 
we have prepared several new barbiturates (lb, 
3a, 36, 4b, 5, and 6b) as model compounds. In 
addition to reporting the synthesis and various 
physical properties of these compounds, we also 
wish to report similar properties for several older 
related barbiturates for which such physico- 
chemical data has not yet appeared in the litera- 
ture. This set of barbiturates (1-6) affords an 
excellent basis for pharmacological studies by 
virtue of the progressive structural variation and 
isomeric character of the alkyl derivatives. These 
compounds may prove to be particularly useful 
in extending recently reported structure-activity 
relationships of barbiturates (3) and in the further 
elucidation of proposed mechanisms of barb- 
iturate-ethanol interaction (4). 

Discussion of Synthesis 

The method most commonly used for the 
preparation of alkyl-substituted barbituric acids 
involves the condensation of monoalkyl or 
dialkyl malonic esters with urea or alkylated 
ureas in the presence of sodium ethoxide. Several 
procedures have been recorded (5,6) which have 
culminated in a standard method for the prepara- 
tion of barbituric acid (7) which uses molar 
proportions of the reactants in ethanol under 
reflux for 7 h. The merits of the method are its 
general applicability for the synthesis of 1,5-, 
1,3,5-, 1,5,5-, or more simply alkyl-substituted 
barbiturates, the relative accessibility of substi- 
tuted malonic esters, the generally high yields 
(70-98 %) of barbiturates, and their purity, the 
latter merit being particularly important in 
pharmacological investigations (8). 

in this paper were usually carried out using a 
slight molar excess of the urea. The sodium 
ethoxide reagent was prepared from absolute 
ethanol using a weight of freshly cut sodium 
equivalent to twice the number of moles of the 
urea to be used. Reaction mixtures that had been 
heated under reflux for 7 h or longer were left 
to stand overnight. Water was added to the 
solidified mixtures and heat was applied until 
dissolution of the salt-cake was complete. The 
warm solutions were then acidified to Congo red 
with concentrated hydrochloric acid and left to 
crystallize in a refrigerator. 

The new alkyl-substituted barbiturates, l-ethyl- 
5-methylbarbituric acid (lb) and 1,3,5-triethyl- 
barbituric acid (3a), were prepared by methods 
similar to the standard malonic ester condensa- 
tion (7). Although barbiturates having a single 
alkyl substituent at C-5 have been reported to be 
prone to air oxidation (9, lo), no difficulty with 
formation of oxidation by-products was experi- 
enced during the synthesis and purification of 
either l a  or b. In contrast, purification of the 
liquid barbiturate (3a) was made very difficult by 
the presence of the 5-hydroxy derivative (3b) in 
the distillate of 3a. Since little alteration of pure 
3a occurs on long standing exposed to air under 
normal room conditions, it appears that oxida- 
tion of 3a may be favored by the ester condensa- 
tion conditions of alkalinity and higher tempera- 
ture. 

Although the synthesis of 1,5-dimethylbarb- 
ituric acid (la) and of 1,5,5-trimethylbarbituric 
acid (2a) has been reported in relatively recent 
years, no other physical data were reported for 
these compounds apart from melting range and 
the usual microanalyses. In addition to the 
barbiturates l a  and Za, the long known barbitu- 
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NEVILLE ET AL.: ALKYL-SUBSTITUTED BARBITURIC ACIDS 

rates, 5 - ethyl - 5 - methylbarbit~~ric acid (4a), 
1-ethyl-5,5-dimethylbarbituric acid (2b), and 
1,5,5-triethylbarbituric acid (6a) were also pre- 

1 pared by the malonic ester condensation as 
precursors for 5-ethyl-l,3,5-trimethylbarbituric 
acid (4b), 1-ethyl- l,5,5-trimethylbarbituric acid 

I (5), and 1,5,5-triethyl-3-methylbarbituric acid 
(6b) respectively, and their newly determined 

I spectroscopic data are included in Tables 1 and 2 , 
with those of the new compounds for comparison. 

In spite of its general utility, the malonic ester 
condensation does possess some limitations for 
barbiturate synthesis. Fischer and Dilthey (1 la) 

I implied that sym-dialkylureas cannot be con- 
densed with monoalkyl or dialkyl malonic esters 
while Cope et al. (12) demonstrated that mono- 
alkyl malonic esters condense readily with 
sym-dimethylurea producing 1,3,5-trialkylbarb- 
ituric acids. The preparation of 1,3,5-triethyl- 
barbituric acid (3a) in this manner is interesting 
in that it constitutes an example of a more 
sterically hindered sym-dialkylurea condensing 
with a monoalkyl malonic ester. Like Cope et al. 
(12) who were unable to condense the dialkyl 
malonic ester, ethyl diethyl malonate, with sym- 
dimethylurea, we were also unable to prepare 
5-ethyl-l,3,5-trimethylbarbituric acid (4b) by 

I condensing diethyl a-ethyl-a-methyl malonate 
/ with sym-dimethylurea. Whereas Bush and 

Butler (13) furnished evidence for ring cleavage 
when they obtained N-diethylacetyl-N,N'-di- 
methylurea from 1,3 - dimethyl - 5,5 - diethylbar- 
bituric acid (dimethylbarbital) by the action of 
2 N aqueous sodium hydroxide, we found no 

evidence for ring degradation products of 4b in 
the proton magnetic resonance (p.m.r.) spectra 
of material extracted with chloroform from the 
acidified reaction mixture. Apparently no cycliza- 
tion of the dialkyl malonic ester occurs with the 
synz-dimethylurea to form 4b under the conditions 
of the malonic ester condensation. 

Three new N-methylated barbiturates were 
prepared. 5-Ethyl- l,3,5-trimethylbarbituric acid 
(4b) and 1-ethyl-3,5,5-trimethylbarbituric acid 
(5) were prepared by the action of diazomethane 
on 5-ethyl-5-methylbarbituric acid (4a) and 
1-ethyl-5,5-dimethylbarbituric acid (2b) respec- 
tively. 1,5,5-Triethyl-3-methylbarbituric acid (6b) 
was obtained by treating 1,5,5-triethylbarbituric 
acid (6a) with dimethyl sulfate using the mild 
conditioils of a procedure developed by Bush and 
Butler (13). Since the p.m.r. spectra from the 
three compounds 4b, 5, and 6b show the same 
chemical shift for the N-methyl proton signal as 
la ,  2a, and other N-methyl barbiturates prepared 
by the malonic ester condensation, N-methyla- 
tion, as opposed to 0-methylation, by diazo- 
methane and by dimethyl sulfate is predominant 
with these 5,5-dialkyl barbiturates. This general- 
ization has been substantiated further by p.m.r. 
spectroscopic studies of several 1,3-dimethyl- 
barbiturates obtained by various methylation 
techniques (1 4). 

Discussion of the Spectral Data 

The spectral data in Tables 1 and 2 are given 
primarily as a means of further identification and 
characterization of these very similarly substi- 
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TABLE 1 
Chemical shifts (p.p.m.) downfield from TMS (internal reference) for various alkyl-substituted barbiturates 

Barbiturate substitution C-5 Substitution* N-Substitution* E 
Compound C-5 C-5 N-1 N-3 Solvent CH3 CH3(Et) CH2(Et) H CH, CH,(Et) CH2(Et) H 8 

6 

H Et ~t CDCI; - 0.93t 2.18q 3.42t - 1.20t 3.95q - 0 
OH Et Et CDCI, - 0.96t 1.96q - - 1.23t 3.96 

3.92 
t 8  

OH Et Et DMSO-d6 - 0.78t 1.83q - - 1.12t 3.96 t 5 
Et H H DMSO-d6 1.37s 0.78t 1.83q - - - - 

- - 
11.3s 2 

Et Me Me CDCI, 1.52s 0.80t 2.02q - 3.30s - 
Me Et Me CDC1, 1.53s - - - 3.28s 1.20t 3.93q - 4 
Et Et H CDC13 - 0.83t 2.03q - - 1.22t 3.98q 8.6vbs 
Et Et Me CDCI, - 0.77t 2.02q - 3.33s 1.22t 4.00q - e 

m 

*Key: d, doublet; q ,  quartet; s ,  singlet; t, triplet; b, broad; o ,  octet; vb, very broad. - 
tOH: 3.68 (bs, CDCIS); 6.07 (s, DMSO-d6). w -I 

0 
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NEVILLE ET AL.: ALKYGSUBSTITUTED BARBITURIC ACIDS 

TABLE 2 

The U.V. and i.r. spectroscopic data for various alkyl-substituted barbiturates 

Substitution 

Compound C-5 C-5 N-1 N-3 hm,,(MeOH)(m~ (E)) vNa(cm-')ll vc=o(cm-')ll 

l a  Me H Me H 263(1540); 218(7370) 3225b 1700, 1680sh, 1665sh 
16 Me H Et H 266(2200); 218(7230) 3200b* 1700sh,* 1685, 1675sh 
2a Me Me Me H 218(7950) 3190b 1715, 1685, 1675sh 
26 Me Me Et H 21 8(7960) 3200b 1720sh, 1715, 1680 
3a Et H Et Et 270(940); 226(7020) - 1705shJ 1700sh, 1690sh, 1680 
36 Et O H  Et Et 229(5870) - 1708sh,§ 1685 
4a Me Et H H 209t(10100) 3205 1755, 1740, 1720, 1695 
46 Me Et Me Me 225(7350) - 1687, 1670sh 
5 Me Me Et Me 225(7230) - 1690 
6a Et Et Et H 219(7500) 3205b 1705, 1685sh, 1675 
66 Et Et Et Me  226(6960) - 1680t 

'The i.r. data for the solid m.p. 148.2-149.0 (prec.). 
TShoulder, h estimated for inflection point. 
$The i.r. spectra taken from liquid films. 
§The i.r. spectra in CCIJ, yon (free) 3530, and yon (assoc.) 3450 and 3500cm-'. 
IIKey: b, broad; sh, shoulder. 

tuted barbiturates. The p.m.r. spectroscopy pro- some fine structural features in further weak 
vides the best means of differentiating between coupling ( J  7 0.5 Hz in both CDCl, and DMSO- 
these compounds, and the chemical shift values d6) in the signals for the C-5 CH,(Et) and CH2(Et) 
obtained for these derivatives are consistent protons. Long-range coupling (,J) of the CH2(Et) 
with earlier published values (1, 2). It is note- protons with the hydroxyl protons is not respons- 
worthy that the lone proton at C-5 in the C-5 ible for these features since they persist with D,O 
monoalkylated barbiturates (la,b, and 3a) is exchange. 
seen as either a quartet ( J  = 7.5 Hz) or a triplet 
(J = 5.5 Hz) due to vicinal coupling with the Experimental 
adjacent methyl or methylene protons respec- Apparatus 
tively. The p.m.r. spectra were obtained with a Varian A-60A 

The p.m.r. spectral features of 5-hydroxy- spectrometer from solutions (solvents indicated in Table 
1,3,5-triethylbarbituric acid (3b) are particularly 1) 1 6 1 5 %  by weight in solute. No  concentration effects 

interesting in that non-equivalence of the ~ - 1  were observed upon dilution, and chemical shifts, 
reported in p.p.m. downfield from tetramethylsilane and N-3 protons is indicated by sets of (TMS) internal reference, are considered accurate to f 

quartets centered at 3.96 and 3.92p.p.m. (CDCI,). 0.02 p.p.m. 
This feature persists on addition of D 2 0  to the Ultraviolet (u.v.) spectra were obtained with a Beckman 
chloroform solution. An attractive model to DK-2 recording spectrophotometer using 0.1 cm cells. 

Approximately 1 mg samples were weighed accurately account for this non-equivalence is One on a Sartorius (MPR5) microgram balance and prepared 
in which the C-5 OH group is engaged in a weak as methanolic solutions in 10 ml volumetric flasks. 
o-x hydrogen bond with one of the neighboring Molecular extinction coefficients (E) were calculated on 
carbony1 oxygen atoms. The appearance of a the basis of absorption values corrected for blank 

3b in seems consistent with such a model 621 grating spectrometer from fluorolube mulls 
model in which the intramolecular hydrogen except in two instances (Table 2) where films were used, 
bonding could be disrupted by formation of an and once where solutions were prepared. 
intermolecular hydrogen bond with DMSO. The Melting point determinations were made using different 

situation appears to be more complex than equipment indicated in abbreviated form as follows: (K) 
for Kofler hot stage with microscope attachment, (TH) 

suggested, however, since infrared (i.r.) spectra of for Thomas ~ n i m e l t  capillary apparatus, and (prec.) for 
3b in CCl, solution, while showing both one free precision melting apparatus (15) containing Dow 
voH band at 3530 cm-l and associated voH bands Corning 550 fluid and utilizing Anschutz immersion 
at 3450 and 3500 cm- 1, also show decreasing thermometers. All (K) and (TH) m.p. determinations are 

reported uncorrected. 
intensity of the associated '0, bands with Refractive indices were measured with a therrnostated 
retention of the free v0, band upon dilution. Abbe refractometer and were corrected on the basis of 

The hydroxylated compound (3b) also shows readings for distilled water. 
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Microanalyses were done either by Schwarzkopf 
Microanalytical Laboratory, Inc., 56-19 37th Ave., 
Woodside, New York 11377 or by Bernhardt Mikro- 
analytisches Laboratorium, 5251 Elbach uber Engel- 
skirchen, Fritz-Pregl-Strasse 14-16, West-Germany. 

Purity 
All preparations were purified by crystallization or 

column chromatographic procedures until found free 
from starting materials and/or by-products by thin-layer 
chromatography (t.1.c.). The detailed t.1.c. procedures and 
development of new color detection methods particularly 
useful for tetra-substituted barbiturates will be reported 
later. 

1,5-Dimethylbarbituric Acid (la) 
Diethyl methylmalonate (20.0 g, 0.115 rnole, nDZ0 

1.4134, Aldrich) was condensed with methylurea (8.6 g, 
0.117 mole, m.p. 82-90" (TH), Aldrich) in absolute 
ethanol using sodium ethoxide. When a thick paste 
formed after the mixture had been heated under reflux 
for 4+ h, heating was stopped; the paste was dissolved 
by addition of water (150 ml), and the mixture was 
acidified and worked up in the usual way. The yield of 
product (m.p. 128-165' (K)) after a single recrystalliza- 
tion from water was 10.0 g (56 %). Recrystallization from 
ethanol raised the m.p. to 138-152" (K) and three further 
recrystallizations from iso-propanol gave the constant 
m.p. 172.0-173.0' (prec.); lit. (16) m.p. 169-170". 

1-Ethyl-5-methylbarbituric Acid (Ib) 
Diethyl methylmalonate (20.0 g, 0.115 mole, nDZ0 

1.4134, Aldrich) was condensed with ethylurea (10.3 g, 
0.116 mole, m.p. 93-96" (TH), Aldrich) during 7 h 
heating under reflux in absolute ethanol with sodium 
ethoxide. The isolated dry solid (13 g, 66%; m.p. 144.2- 
146.2" (prec.)) was recrystallized from benzene to obtain 
the analytical sample, m.p. 146.8-147.5' (prec.). 

Anal. Calcd. for C,Hl0N2O3: C, 49.41 ; H, 5.92; N, 
16.46. Found: C, 49.67, 49.64; H, 6.16, 6.05; N, 16.30, 
16.38. 

1,5,5-Trimethylbarbituric Acid (2a) 
Ethyl dimethylmalonate (10.0 g, 0.053 mole, nDZ5'0 

1.4105; lit. (17a) b.p. 88.7/21 mm, nDZ4.' 1.41049) pre- 
pared by modification of the method for ethyl diethyl 
malonate (18a), was condensed with methylurea (4.0 g, 
0.06 mole, m.p. 82-90' (TH), Aldrich) during 69 h 
heating under reflux in absolute ethanol with sodium 
ethoxide. The crude product (9.0 g, 68%, m.p. 160-163' 
(K)) was recrystallized from chloroform-heptane (2:l) to 
give the analytical sample, m.p. 160.2-161.2" (prec.); lit. 
(19) m.p. 161-162'. 

1-Ethyl-5,5-dimethylbarbituric Acid (2b) 
Ethyl dimethylmalonate (10.0 g, 0.053 mole, ?2D25'0 

1.4110) was condensed with ethylurea (4.9 g, 0.06 mole, 
m.p. 92-94', Aldrich) during 6 h heating under reflux 
in absolute ethanol with sodium ethoxide. The crude 
solid (m.p. 144150° (K)) was recrystallized from chloro- 
form-petroleum, ether (b.p. 30-60") (1:l) to obtain 
solid (9.7 g, 51 %) m.p. 148.2-149.0" (prec.). The t.1.c. 
analysis in three different solvent systems on silica gel 
indicated the compound to be pure. Seven months later, 
this material was found to melt 144-145" (K), and after 

two recrystallizations from absolute ethanol, the solid 
gave the constant m.p. 142.0-144.5" (TH). 

Anal. Calcd. for C8H1ZNZ03: C, 52.17; H, 6.57; N, 
15.21. Found: C, 52.80, 53.01; H, 6.71, 6.78; N, 15.16, 
15.13 (Schwarzkopf). 

Another portion of the low melting material was 
recrystallized from a dilute solution of absolute ethanol 
to obtain a fresh analytical sample for independent 
microanalysis. One recrystallization yielded cubic crys- 
tals m.p. 144.0" which appeared to undergo thermal 
transformation to give solid m.p. 157-159.5" (TH). A 
second recrystallization reproduced lower melting 
needles which showed slight softening at 142.6" followed 
by m.p. 147.8-149.2" (prec.). Again t.1.c. indicated the 
solid to be pure. Analysis of this material gave C, 52.35, 
52.31; H, 6.36, 6.34; N, 14.65, 14.68 (Bernhardt). 

Solid state i.r. spectra obtained on these needles were 
identical to similarly prepared spectra from the much 
earlier fraction, m.p. 148.2-149.0" (prec.). This compound 
appears to provide difficulties for microanalysis and 
appears to undergo relatively easy solid phase transforma- 
tion. Unfortunately, succeeding attempts to obtain a 
higher melting form for i.r. characterization have failed. 
1,3,5-Triethylbarbituric Acid (3a) 

Diethyl ethylmalonate (20.0 g, 0.106 mole, nDZ0 
1.4164, Aldrich) was condensed with syln-diethylurea 
(13.5 g, 0.117 mole, m.p. 108-11l0, Aldrich) during 10 h 
heating under reflux in absolute ethanol with sodium 
ethoxide. Ethanol was then slowly distilled off at atmos- 
pheric pressure until a pasty residue formed. When water 
(100 ml) was added to the residue followed by addition of 
dilute sulfuric acid (7 ml concentrated in 100 ml 
HzO), an oil layer formed. The mixture was extracted 
with chloroform and the combined extracts were dried 
overnight over MgS04. An oil (b.p. 90-102"/9 mm, 
nDZ5.0 1.4867) was obtained by vacuum distillation of the 
combined extracts. On redistillation at high vacuum, 
the crude oil gave a fraction of 3a (b.p. 75-84"/0.2 mm, 
nDZ5.0 1.4850) which was found to contain a small quan- 
tity of the by-product 36 present in larger quantity in the 
high boiling residue remaining from the first distillation 
of reaction products. 

The impure oil (3a) was purified by column chromato- 
graphy utilizing silica gel (Baker Analyzed Reagent) and 
benzene-acetone (40:1), purification being followed by 
t.1.c. (silica gel GF;  benzene-acetone 20:l; detection by 
short wave U.V. light). All fractions were stripped of 
solvent at less than 30" by rotary evaporation; the con- 
centrates so obtained were transferred to test tubes with 
the aid of benzene and further reduced in volume under 
a stream of dry nitrogen at room temperature after which 
residual solvent was removed under high vacuum. The 
oily fractions were stored under nitrogen at 3'. Combined 
fractions of the chromatographed oil (-3 ml) were 
slowly distilled in a Spath oven (80°/0.2 mm) t o  remove 
any traces of solvent. The freshly distilled oil, protected 
by nitrogen, was immediately examined by t.1.c. and 
found to be pure. Other physical parameters including 
nD25.0 1.4855 were also immediately determined, and 
samples of the fresh material were sealed under nitrogen. 

Anal. Calcd. for C10H16N203: C, 56.59; H, 7.60; N, 
13.20. Found: C, 56.50, 56.56; H, 7.63, 7.52; N, 13.02, 
13.05. 
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NEVILLE ET AL.: ALKYL-SUBSTITUTED BARBITURIC ACIDS 2279 

When left standing in air at room temperature, the (5.0 g, 0.024 mole, m.p. 91.C92.2" (prec.); lit. (21) m.p. 
pure colorless oil (3a) was observed to develop a pale 93"), prepared by condensation of ethyl diethylmalonate 
yellow color over a period of a few weeks and showed and ethylurea with sodium ethoxide in absolute ethanol, 
some formation of 3b by t.1.c. was suspended in aqueous sodium hydroxide (2 N, 14 ml, 

5-Hydroxy-I,3,5-TrietRylbarbituric Acid (3b) 
The high boiling residue remaining from the initial 

distillation of 3a formed a sticky crystalline deposit on 
standing a few days. Three recrystallizations of this 
material from heptane gave the analytical sample, m.p. 
63.2-64.5" (prec.). 

Anal. Calcd. for Cl0Hl6N2O4: C, 52.62; H, 7.07; N, 
12.27. Found: C, 52.61, 52.49; H, 6.91, 7.08; N, 12.43, 
12.27. 

N-Methylation by Diazomethane 
Ethereal solutions of diazomethane were prepared 

from Diazald (Aldrich) according to the method of de 
Boer (20) and used immediately. 

5-Ethyl-5-methylbarbituric Acid (4a) 
Diethyl a-ethyl-a-methylmalonate (20.0 g, 0.099 mole, 

b.p. 52-58"/0.5 mm, nDZ5.O 1.4172; lit. (17b) b.p. 102"/17 
mm, nD18.2 1.41896) prepared from diethyl ethylmalonate 
and methyl iodide by modification of the method for 
preparing ethyl diethylmalonate (18a), was condensed 
with urea (6.0 g, 0.10 mole) in ethanolic sodium ethoxide 
according to Vogel's directions for diethylbarbituric acid 
(18b). The product was isolated in the usual way and 
recrystallized from absolute ethanol to obtain solid, m.p. 
212.2-213.4' (prec. ); lit. (llb) m.p. 212". 

5-Ethyl-1,3,5-trimethylbarbituric Acid (46) 
5-Ethyl-5-methylbarbituric acid (4a) (1.50 g, 0.0088 

mole, m.p. 212.2-213.4" (prec.)) was treated in methanolic 
solution (25 ml) with excess ethereal diazomethane. The 
oil obtained on evaporation of the ethereal solution 
crystallized after standing at room temperature for a 
few days to give solid (1.74 g) m.p. 3847' (TH). Two 
recrystallizations from heptane gave the constant m.p. 
53.8-54.9' (prec.). 

Anal. Calcd. for C9H14N203: C, 54.54; H, 7.11; N, 
14.13. Found: C, 54.35, 54.27; H, 7.10, 7.04; N, 14.57, 
14.32. 

I-Ethyl-3,5,5-trimethylbarbituric Acid (5) 
A solution of 1-ethyl-5,5-dimethylbarbituric acid (26) 

(3.0 g, 0.015 mole) in methanol (50 ml) was treated with 
excess ethereal diazomethane at 0". On evaporation of 
the ethereal solution a yellow oil was obtained. High- 
vacuum distillation of the oil gave a fraction (b.p. 
64-68"/0.4 mm) which crystallized immediately in the 
receiver. This solid (m.p. 34-39" (TH)) was recrystallized 
twice from heptane to obtain the analytical sample (1.75 
g, m.p. 39.240.8" (prec.)). 

Anal. Calcd. for C9H14N203: C, 54.54; H, 7.11; N, 
14.13. Found: C, 54.81, 54.65; H, 7.21, 7.39; N, 14.19, 
14.39. 

1,5,5-Triethyl-3-methylbarbituric Acid (66) 
The mild conditions of the reaction developed by Bush 

and Butler (13) for the preparation of tetraalkylbarbituric 
acids were employed. 1,5,5-Triethylbarbituric acid (6a) 

0.024 mole). ~ i m e t h ~ l  sulfate (2.4 ml, 0.024 mole, BDH 
98 % reagent) was added in portions to the reaction mix- 
ture followed by addition of chloroform (35 ml). The mix- 
ture was shaken mechanically for 23 h after which the 
chloroform phase was separated. The chloroform phase 
was first shaken with aqueous sodium hydroxide (2 N, 
15 ml) for 1 min, washed with water until neutral, and 
then dried over MgSO,. Following vacuum distillation, 
6a was obtained (b.p. 77-78"/0.45 mm, nD2'.0 1.4793). 

Anal. Calcd. for CIIH18N203: C, 58.39; H, 8.02; N, 
12.38. Found: C, 58.44, 58.26; H, 8.33, 8.03; N, 12.62, 
12.36. 

We are grateful to Dr. 0. E. Edwards of the National 
Research Council of Canada, Ottawa for the loan of a 
Spath oven. 
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The photolysis of azomethane in the presence of HN,' 

R. S. KONAR AND B. DEB. DARWNT 
The Martin Maloney Chemistry Laboratory, The Catholic University of America, Was/zington, D.C. 20017 

Received January 19, 1970 

The photolysis of azomethane by 3660 A light at 25 "C, has been used as the source of CH, to in- 
vestigate their reactions with HN,. CH, reacts rapidly with HN3 to produce CH4 with k = 8.9 x lo4 
M-' s-'. The addition of CH, to the double bonds in HN3 is much slower. The mechanism by which 
N, radicals disappear has been discussed. 

Canadian Journal of Chemistry, 48,2280 (1970) 

Introduction 
Some results obtained (1)' in a study of the 

photolysis of HN, and the fact that Woolley and 
Back (2) have shown that CH, reacted with 
HNCO extremely slowly, if at all, led us to in- 
vestigate briefly the reactions of CH, with HN,. 

Experimental 
The azomethane (Merck, Sharp & Dohme, Canada, 

Ltd.) contained traces of CH4, CzH6, CzH4, and two 
unidentified high boiling hydrocarbons as shown gas 
chromatographically (18 ft 25 % squalane column at 
25 "C). The low boiling hydrocarbons were removed 

(Nz, CzH6, and CH,) were estimated quantitatively. The 
intensity was assumed not to alter significantly as long as 
the results were reproducible to within 5 %. 

Results and Discussion 
The only products detected were N,, CH,, and 

C2H6; neither Hz nor HCN were detected and, 
if present, amounted to less than 1% of N,; 
neither NH, nor CH3N3 were detected and, if 
present, could have escaped detection due to the 
formation of CH,N,H or lost in the tail of the 
HN, peak. 

The results are given in Table 1. It is evident 
from -the azomethane by degassing and fractionation. that the addition of quite small quantities of HN, 
The hydrocarbons were Phillips research grade. Because a considerable decrease in C,H, and an of traces of impurities present in the reactants, it was 
necessary to analyze the reactants before and after increase in CH4. effects are in 
photolysis for the quantitative estimation of products. Figs. 1 and 2. Figure 1 shows clearly that, al- 
Hydrogen azide was prepared by distilling a mixture of though small quantities of HN, reduce C2H6 
sodium azide and stearic acid (1 :5 by weight) in vacuum drastically, the rate of formation of C2H, be- 
at 100 "C, and finally dried by passing the HN, vapor 
through a tower packed with P205. Two columns: (i) 30 comes independent of HN, at large concentra- 
in. long silica gel (80-100 mesh) at 85 "C and (ii) 18 ft long tions, and does not approach as [HN3 1 
squalane (25 % squalane on 6G80 mesh chromosorb P) The following reactions 
at 25 "C, were used for the analysis of the products. A 
flame ionization detector was used to estimate the hydro- La] CH3N=NCH3 + hv -' 2CH3 + N2 

carbons. Nitrogen was estimated mass spectrometrically 
[b I + CzH6 + Nz 

after collecting the uncondensable gases at - 192 "C. 
The reaction was investigated in a conventional cir- [ I ]  2CH3 + C2H6 

culating system of total volume 826 ml. The photolysis 
occurred in a cylindrical Pyrex reaction vessel (200 ml) [21 CH3 + CH,N=NCH, + CH4 + CH,N=NCHZ 
with an Osram Spectral Hg lamp as the source of radia- 
tion. The outer cover of the Hg lamp was Pyrex and are known Occur in the photolysis of 
transmits light above 2800A. The lamp was run off a nlethane. Since the quantity P = Nz/(CzH6 f 
Sola constant-voltage transformer, and was used without 3 CH,) is invariably greater than unity, other 
and with a Corning Pyrex 2 mni thick filter (0-52) which reactions, e.g. 
transmits above 3400 A. To check the constancy of the 
intensity of light, a fixed amount of azomethane (20 mm L2'1 CH3 + CH,N=NCH3 -> (CH~)ZN-NCH~ 
Hg) was photolyzed from time to time, and the products 

and 

[2"1 CH3 + R -> CH3R 
'This research was supported by the Petroleum 

Research Fund, administered by the American Chemical where R is CH3N=NCH2 or (CH,),N-NCH,, 
Society, under Grant No. PRF 2498-C. 

zPresented at the American Society Meeting, Min- have also been postulated to explain the "loss" 
neapolis, Minnesota, 1969. of CH,, i.e. that P > 1.0. 
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KONAR AND DARWENT: PHOTOLYSIS OF AZOMETHANE 

TABLE 1 
The photolysis of azomethane in the presence of HN3 at 3660 A and 28 + 3 "C 

Reactants (Torr) Products (M min-I x 10') 

CH3N=NCH3 HN3 Nz CzHs CH4 NzCoc'* at  PS 

*NZc~= = N2 - f the N1 produced in the photolysis of HN3 alone. 
ta = NZ/(N20 + f CHI). $a = N20/(C2Hs + f CHJ); N20 = N2 produced in the photolysis of CH3N = NCH3. 

FIG. 1. The effect of [HN3]  on the rate of formation 
of C2H6 at 3660 A and 25 "C (rates in Ms-I). RCmHCHN3 = 
the rate of formation of C2H6 in the presenc/o[ HN3 
alone. RCZH,O = the rate of formation of CzH6 In the 
absence of HN3.  

FIG. 2. The effect of [HN,] on the ratio of RCHq/ 
RC2H,1'2 at 25 "C and 20 Torr of azomethane. 

The results of the present investigation give 
4, = 0.013 1 0.01, which is consistent with the 
value 0.01 ) 0.01 obtained by 0, inhibition and 
other methods (3). Preliminary experiments 
showed P = 1.10 1 0.03 at 20 Torr of CH,- 
N=NCH, compared with 1.09 and 1.1 5 found 
(4, 5) previously under similar conditions. The 
ratio k,/kl1I2 was 1.33 x M-'l2 s-'l2, 
identical with that found previously (4), and, 
adopting Shepp's value (6) of 2.2 x 10'' M-'  
s-' for k,, leads to k, = 1.95 x lo2, in excellent 
agreement with Gray and Thynne's value (7) of 
1.74 x 10' M- '  s-' extrapolated to 25 "C. 

The marked effect of HN, on the rates of 
formation of C2H6 and CH, show that the 
reaction 

is rapid at 25 "C. The linearity of the relationship 
between CH4/C2H6112 and [HN,] (Fig. 2), where 
the C2H6 has been corrected for that produced in 
reaction [b], shows that reactions [I], [2], and [3] 
account adequately for the formation of CH, and 
C2H6 from CH,. The slope of the line in Fig. 2 
gives k, = 8.9 x 10, M- '  s- l ,  based on k, = 
2.2 x 10'' M-' s-'. 

I t  was not feasible, because of the thermal 
instability of HN, and the vapor pressures of the 
reactants at low temperatures, to investigate the 
effect of a suitably wide range of temperature on 
k,. However, the pre-exponential factors for 
reactions of CH, with NH,, N2H4, and CH,- 
N=NCH, are all (7) close to lo8 M - '  s- ', and, if 
that is so for HN,, we find E, = 4.2 kcal mole-'. 
In view of the uncertainties inherent in this cal- 
culation, we suggest E, = 4.2 t- 0.5 kcal mole-'. 
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An unexpected observation (Table 1) is the in- 
crease of p on the addition of HN, up to 10 Torr. 
This is unexpected since the magnitude of k, is 
such that essentially none of the CH, should have 
reacted by [2] or [2'], so that P should have de- 
creased from 1.10 to 1 .OO instead of increasing up 
to 1.33 0.03. The increasing loss of CH, re- 
quires that it react either with HN, to form 
products which do not include CH, or C2H6 or 
with the N, produced in reaction [3]. Those 
processes would be 

in which CH, adds to one of the n: bonds, and 

in which the product is "chemically activated" 
and may either decompose or be deactivated. 

The first possibility, reaction [3'], may be dis- 
carded since P decreases with further increase of 
[HN,], to 1.07 at 50 Torr, and the results are not 
inconsistent with p -, 1 .OO as [HN,] -t co. Hence 
the only possible explanation for the effect of 
moderate [HN,] on P is reaction [4]. 

Information about the manner in which the N, 
disappears has been provided by flash-photolysis 
studies (8) with HN, which showed the process to 
be second order in [N,]. Consequently the 
reaction 

is reasonably well established. That observation 
also suggests that N,'s do not disappear by 
reaction with HN,. However, in the present 
experiments they may react with CH,N=NCH, 
either to form HN, by abstracting H or to add to 
the N=N bond to form an unknown product 
which may well have escaped detection. 

The suggestion that the N, disappears by 
reaction [4] or by reaction with CH,N=NCH, 
in addition to reaction [5] receives support from 
the effect of [HN,] on the rate of formation of N,. 
If all N, disappeared by reaction [5], then the 
rate of formation of N, should be N,' + + CH,, 
where N,' is the rate of formation of N, in 
reactions [a] and [b]. The column a = N,/ 
(N,' + 8 CH,) in Table 1 shows that the N, 
recovered was between 23 and 48% less than ex- 
pected and so the N, must disappear by reaction 
[4] or by reaction with CH,N=NCH,. At high 
[HN,] when P -t 1.00 and essentially all CH,'s 
disappear by reaction [3], we find that there is 
still a marked deficiency in N,; indeed, the 
quantity a does not increase consistently with 
[HN,]. Accordingly, a significant fraction (10- 
50%) of the N, must disappear by reacting with 
CH,N=NCH, in a manner such that N, is not 
formed. 
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Broad-line nuclear magnetic resonance investigation of molecular motion in solid 
trimethylamine-halogen complexes 

C. A. FYFE' AND J. RIPMEESTER' 
Chemistry Department, U~iiversity of British Colra?zbia, Vancouver 8, British Colurnbia 

I 
Received February 18, 1970 

1 
I 

Broad-line nuclear magnetic resonance studies of the charge-transfer complexes of trimethylamine 
(NMe,) with iodine, bromine, and iodine monochloride indicate the presence of motion in the solid 
state. Trimethylamine itself was studied for purposes of comparison. The nature of the motional tran- 
sitions for each species has been determined, and activation energies derived. 

Canadian Journal of Chemistry, 48, 2283 (1970) 

Introduction 

Considerable interest has been shown, in 
recent years, in the structure and bonding of 
charge-transfer complexes in which the tri- 
methylamine moiety acts as the electron donor. 
With halogen acceptors such as iodine, bromine, 
and iodine monochloride, the complexes formed 
are solids at room temperature. Single crystal 
X-ray measurements (1, 2) indicate that the 
nitrogen-halogen - halogen linkage is essentially 
linear and that the nitrogen-halogen and 
halogen-halogen bond lengths are slightly larger 
than their "normal" covalent values. Further 
implications of these studies, as well as additional 
experimental data, have been discussed and 
reviewed (3-5). 

The purpose of the present work was to investi- 
gate possible molecular motions above 77 OK 
in the NMe,-(Halogen), complexes by the 
broad-line nuclear magnetic resonance (n.m.r.) 
method. For comparison, a study was made of 
NMe, itself between 77 OK and its melting point, 
as at the time the work was done no literature 
results were available. 

Experimental 
Materials 

Consistent results were obtained from the following 
method of preparation of the complexes. An ice-cold 
solution of trimethylamine in absolute ethanol was added 
to an ethanolic solution of the appropriate halogen. Fine 
crystals of the complex separated from the solution 
immediately, and addition of the trimethylamine solutlon 
was continued until the characteristic halogen color 
disappeared. The product crystals were then filtered, 
washed with dry ether and air dried. Two samples of 

1 
'Present address: Department of Chemistry, University 

I of Guelph, Guelph, Ontario, Canada. 
I 'Present address: Department of Chemistry and 
1 Chemical Engineering, University of Illinois, Urbana, 

Illinois, U.S.A. 

each complex were thus prepared; one sample was sealed 
in a 10 mm 0.d. thin-walled glass tube under nitrogen. 
The second sample was recrystallized from methylene 
chloride at - 40 "C, dried and sealed in a similar tube. 
The samples were all kept under liquid nitrogen when 
not in use, since there was some tendency towards 
decomposition at room temperature. The thermal decom- 
position of the complexes has been studied (6) and the 
products characterized. One complex is also reported to 
be light sensitive (2). 

Both samples of each complex gave analyses in satis- 
factory agreement with the proposed structure. Complete 
temperature runs were carried out on both samples of 
each complex, and both gave identical results. 

Equipnze~it and Procedure 
The spectrometer used was a conventional crossed-coil 

type and has been previously described (7). The methods 
of data collection and treatment were also as in ref. 7. All 
calculations were carried out using Fortran IV pro- 
grammes on an I.B.M. 360-67 computer. 

Results and Discussion 
Molecular Motion in Trimethvlamine 

The changes in linewidth and second moment 
of the proton resonance line of trimethylamine 
from 77 OK up to its melting point are shown in 
Fig. 1. It is evihent from the temperature behavior 
of these parameters that a marked motional 
transition- takes place, which is quite distinct 
from the melting transition. At 77 OK the spec- 
trum showed the characteristic fine structure of a 
broadened, rigid, three-spin system (Fig. 1, inset). 
This fine structure disappeared at about 110 OK. 
The second moments change regularly from 30.5 
G2 at 77 OK to 2.7 G2 at 140 OK. The general 
properties of the transition are similar to those 
reported recently by Haigh and co-workers (8). 
However, although there is good agreement in the 
reported linewidths, there is a significant diff- 
erence in the limiting high-temperature second 
moment values (4.7 G' from ref. 8 c.f. 2.7 G2 in 
the present study), which will be important in 
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TEMPERATURE (OK) 

FIG. 1. The temperature dependence of the linewidth and second moment parameters of the proton resonance of 
solid trimethylarnine with (inset) some representative spectra recorded at the positions on the second moment curve 
indicated by the vertical arrows. 

determining the interpretation of the present 
results. 

Molecular Motion in Trimethylamine-Bromine 
Complex (NMe,-Br,) 

Changes of Linewidth and second moments 
with temperature are shown together with some 
representative spectra in Fig. 2. As in the case of 
trimethylamine, the characteristic fine structure 
of the broadened three spin system observed at  
77 OK disappears at  about 130 OK near the line- 
width transition. The second moment changes 
regularly from a value of 27.7 G2 at 77 OK to 1.8 
G2 at 170 OK and remains constant from this 
temperature up to room temperature. The overall 
shape of the transition, and the limiting high and 
low temperature values of the linewidths and 
second moments, are very similar to  those of 
trimethylamine itself. 

Molecular Motion in Trimethylamine-Iodine 
(NMe3-I,) and Trimethylamine- 
Iodinemonochloride (NMe,-ICI) Complexes 

Figures 3 and 4 show the linewidth and second 
moment changes for NMe,.12 and NMe,.ICl, 
respectively. Again there are large spectral 
changes indicative of motional transitions, but 
these are quite different from those of NMe, 
itself and the NMe,-Br, complex. The spectra at 

77 OK both show fine structure characteristic 
of a rigid three-spin system, and this disappears 
during the linewidth transition. However, the 
linewidths and second moments do not decrease 
directly to their limiting high-temperature values, 
but show an intermediate step with a second 
moment value of 7-8 G2. At higher temperatures, 
there is a second transition where the linewidths 
(1.w.) and second moments (s.m.) attain their 
limiting values (s.m. = 1.7 G2, 1.w. = 3.3 G for 
NMe,.12 and s.m. = 1.9 G2, 1.w. = 3.3 G for 
NMe,.ICl). 

Calculated Second Moments 
Complete theoretical second moments cannot 

be calculated a priori using Van Vleck's formula 
(9), because of the lack of structural data in the 
solid state for NMe, and NMe3.Br2 and the lack 
of data on the hydrogen co-ordinates of NMe,.12 
and NMe,.ICl whose structures are known. 
However, the data can be successfully interpreted 
by several more empirical approaches (Table 1). 
The relative hydrogen positions in the four com- 
plexes are similar enough for the four molecules 
to be considered together. It is convenient to 
divide the contributions to second moment into 
three: the contribution due to  the interactions 
within a methyl group, S1; from interactions 
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FYFE AND RIPMEESTER: MOLECULAR MOTION IN COMPLEXES 

TEMPERATURE (OK) 

FIG. 2. The temperature dependence of the linewidth and second moment parameters of the proton resonance of 
the trimethylamine bromine complex with (inset) representative spectra recorded at the positions on the second moment 
curve indicated by the vertical arrows. 

TEMPERATURE (OK) 

FIG. 3. The temperature dependence of the linewidth and second moment parameters of the proton resonance of 
the trimethylamine-iodine complex with (inset) representative spectra recorded at the positions on the second moment 
curve indicated by the vertical arrows. 

between methyl groups on the same molecule, sistent with C,, symmetry; a form where three of 
5'2; and between methyl groups on different the hydrogens are eclipsed with the C atoms and 
molecules, S3. a form where they are staggered. The former 

There are only two configurations of the involves hydrogen-hydrogen contacts less than 
hydrogens in an NMe, moiety which are con- the sum of the Van der Waals radii, and only the 
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TABLE 1 $ 
E 

Observed second moment values (GZ) above and below motional transitions for NMe3, NMe3.Brz, NMe3.1z, and NMe3.1Cl, and calculated values for different & molecular motions :: 
2 

NMe, NMe3.Br2 NMe3.12 NMe3.1C1 2 
Second moment (GI) Second moment (G') Second moment (G2) Second moment (GI) F 

Temperature Temperature Temperature Temperature 
Motional type Observed Calculated* ("K) Observed Calculated* (OK) Observed Calculated* (OK) Observed Calculated* (OK) C, 

E 
Rigid lattice 30.5 31.922.0 77 27.7 28.0+2.0 77 27.1 28.18 77 28.0 29.29 77 

i 
Methyl rotation - - - - - - 7-8 7-8 148 7-8 7-8 195 3 
Methyl rotation and 

5 
j 

rotation round NC3 
170 

< 
symmetry axis 2.7 2.7 143 1.8 2.1 1.7-1.9 2.1 295 1.7-1.9 2.1 295 

*See text for details of the assumptions and approximations involved. 
P m 
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FYFE AND RIPMEESTER: MOLECULAR MOTION IN COMPLEXES 

H H k!- H 

TEMPERATURE ( O K )  

FIG. 4. The temperature dependence of the linewidth and second moment parameters of the proton resonance of 
the trimethylamine-iodinemonochloride complex with (inset) some representative spectra recorded a t  the positions on  
the second moment curve indicated by the vertical arrows. 

latter is considered. Using this assumption and 
the microwave data for trimethylamine (lo), the 
contributions S1 and S2  can be calculated 
exactly for this molecule (S1 + S2 = 27.1 G2). 
The contribution S3 can, however, only be 
estimated. A value of 6.5 G2 was found by Smith 
for the S3 contribution in SiMe, (11). Since 
there is one fewer methyl group in NMe,, and 
nitrogen-methyl as well as methyl-methyl con- 
tacts, an approximate reduction by 25 % may be 
reasonable, giving S3 = 4.8 + 1 G2. Since S3 is a 
relatively small contribution to the total, the 
exact value will not be critical. The total second 
moment for NMe, will then be 31.9 f 2 G2, in 
good agreement with the experimental value of 
30.5 f 1 G2 (Table 1). 

It is also possible to obtain some information 
about the relative magnitudes of the intramethyl 
and intermethyl second moment contributions 
from the fine structure of the resonance line at  
77 OK (12), although it is not known to what 
extent the approximations used hold in systems 
with a large intermethyl broadening. Assuming 
an intramethyl second moment of 22.5 + 1.2 G2 
calculated from the microwave parameters, the 
best fit to the observed lineshape (Fig. 1, inset) is 

given by an intermethyl second moment contri- 
bution of 5.3-6.3 G2, giving a total second 
moment value of 28.3 & 2 G2. 

For the three halogen complexes, complete 
calculations can be performed for trimethyl- 
amine-iodine and trimethylamine - iodine 
monochloride, using the crystal structure data 
(1,2), and assuming that the hydrogen atoms can 
be placed tetrahedrally around the carbons with 
a C-H bond length of 1.09 A to give an overall 
C,, symmetry. This procedure yields overall 
second moments of 28.18 and 29.29 G2 for the 
iodine and iodine monochloride, respectively, in 
good agreement with the values found experimen- 
tally (Table 1). Consideration of the lineshapes 
at 77 "K as before (Figs. 2 and 3, inset), taking 
the intramethyl contribution as 22.5 G', gives 
total estimated second moments of 28 + 1 G2 for 
both complexes, in approximate agreement with 
the above values. 

In the case of the trimethylamine-bromine 
complex, there are no structural data at all. 
However, it is expected to have a structure similar 
to the other two complexes, and its second 
moment could be approximated by using a value 
roughly equivalent to their values (- 28 G2). 
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There is some justification for this in the similarity 
of the second moments of the above two com- 
plexes both to each other, and also to  trimethyl- 
amine, and in the fact that the experimental 
values are very similar for all the complexes 
(Table 1). The interpretation of the lineshape at 
77 "K can, however, be made even though 
structural data are not available, assuming only 
that the intramethyl contribution is 22.5 G2, 
giving a total second moment of - 28 G2, similar 
to the other complexes. 

Motional Efects 
In the case of the motional transitions of 

trimethylamine itself and its bromine complex 
(Figs. 1, 2), the limiting high temperature second 
moments of 2.7 and 1.8 G2, respectively, are too 
low to be explained simply by a rotation of the 
methyl groups around their threefold axes. The 
most satisfactory model would seem to be one 
where the methyl groups are rotating around their 
threefold axes, and the whole molecule is rotating 
about the molecular threefold symmetry axis. 
The intramethyl reduction factors may be cal- 
culated following Powles and Gutowsky (12). 
Assuming an angle of 71.3" between the N-C 
bonds and the molecular symmetry axis for 
trimethylamine (lo), the reduced contribution is 
0.7 G2. The corresponding value for the bromine 
complex is also 0.7 G2. The reduction in the 
remaining codtributions for doubly rotating 
groups is more difficult to estimate. Koide (13) 
has calculated a reduction factor of 4 for these 
interactions in hexamethylethane. Using this 
reduction factor yields intermethyl second 
moments of 2.0 and 1.4 G2, and total reduced 
second moments of 2.7 and 2.1 G2  for NMe, and 
NMe3.Br2, respectively. The satisfactory agree- 
ment between these values and those found 
experimentally (Table 1) is taken as evidence 
that the motional transition in these two species 
is in fact the onset of simultaneous rotation of the 
methyl groups about their threefold axes, and the 
whole molecule about its molecular symmetry 
axis. The recent investigation of trimethylamine 
by Haigh and co-workers (8), referred to in the 
introduction, gave a value of 4.6 G2, and was 
interpreted as motion of the methyl groups with 
an additional contribution from oscillation 
about the molecular axis. However, it is felt that 
the experimental value quoted here is in accord 
both with the calculated reduced value and with 

CHEMISTRY. VOL. 48, 1970 

the values found for the three halogen complexes 
(vide infra). 

In the cases of the complexes with iodine and 
iodine monochloride (Figs. 3, 4), the first 
motional transition reduces the second moments 
to 7-8 G2. This value is in accord with a reorienta- 
tion of the methyl groups about their threefold 
axes, the rest of the molecule being stationary. 
Such a motion would reduce the intramethyl 
contribution by a factor of 4, and the intermethyl 
contribution by a factor of 0.25-0.42 (13), giving 
a total reduced second moment of 7-8 G2 for 
both complexes, in satisfactory agreement with 
the experimentally observed values. The second 
motional transition causes the second moments 
to drop to - 1.8 G2  in both cases, and can be 
interpreted as the onset of motion of the whole 
molecule around the molecular symmetry axis 
(Table 1) giving a reduced second moment of 1.7 
G2, as discussed above for the bromine complex. 

Thus two distinct types of behavior are 
observed (Table 1). In NMe, and NMe,-Br,, 
the methyl group rotation and the rotation of the 
whole NMe, moiety seem to be very strongly 
coupled, and only one linewidth transition is 
observed. This type of motional transition is 
similar to  that observed for Me,CBr, Me3CC1 
(12), and Me,C-CMe, (13). 

In the NMe3.12 and NMe,.ICl complexes, 
however, the methyl group rotation and NMe, 
reorientation take place in two distinct steps. 
This type of behavior is observed for NMe,-BF, 
(7), Me,S+I-, Me,SO'I-, Me,NO (14) and has 
also been observed recently in several complexes 
of the type NMe,.BX, (15). The reasons for this 
difference in behavior are difficult to determine. 
Unfortunately, in most cases, the crystal struc- 
tures are not known, and no conclusions can be 
drawn about structural differences, which might 
account for these effects. 

The X-ray investigations of these complexes 
show no evidence of motion which the n.m.r. 
indicates is taking place at room temperature. 
Thus, in these complexes, the motion must take 
place by a "jumping" mechanism between 
equivalent methyl sites. In view of the structural 
similarities between the compounds and the 
similarities in their spectra, this is probably true 
for all the compounds studied. In view of the 
molecular motions found, however, it would 
seem that the differences in bond lengths and 
angles to the different methyl groups found in the 
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TABLE 2 
Motional types, limiting linewidths (G), and activation energies (kcal mole-') derived from the modified B.P.P. 

equation and activation energies (kcal mole-') estimated from Waugh's equation 

Linewidth E. 

Motional Low High Waugh 
Sample type temperature temperature Modified B.P.P. equation 

'Value is very dependent on the value of the limiting linewidth. 

complexes (1, 2) are not real, but may be due to (lo), and an infrared study of NMe, at 77 OK (19) 
the errors inherent in the two dimensional yielded values of 4.13-5.19 kcal mole-', depen- 
analysis. ding on the model chosen for the barrier. 

Activqtion energies 
Activation energies were calculated for all the 

motional transitions observed by a least-square 
fitting of the linewidth transitions to the modified 
Bloembergen, Purcell, and Pound (B.P.P.) 
relationship (16). These are shown in Table 2 
together with the description of the transitions 
derived above. Good fits were obtained in all 
cases, but the results must be approached with 
some degree of caution. Firstly, the relationship 
used is an empirical one, and the energies it gives 
have no absolute significance except for purposes 
of comparison within a series of related com- 
pounds. Furthermore, in the compounds studied 
here, there is a severe change in lineshape which 
accompanies the linewidth narrowing, and in 
some cases, different motional effects overlapped. 
For this reason, an even more empirical estimate 
of the energies using the Waugh estimate (17) 
of V,  = 37 T (where T is the temperature of the 
transition) is also included in the table. The high 
values of the activation energies for methyl 
group rotation would tend to suggest that 
quantum mechanical tunneling through the 
potential barriers to rotation is relatively 
unimportant in the cases studied here. 

The barrier to methyl group rotation in NMe, 
has been found by a number of methods (10, 18, 
19). Thus a thermodynamic study, assuming a 
one dimensional potential energy barrier, yielded 
a value of 4.27 kcal mole-' (18). A value of 4.4 
kcal mole-' was found from a study of the 
vibrational satellites in the microwave spectrum 

The authors would like to thank the University of 
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to C.A.F., the NRCC for the award of a studentship to 
J.R., and the Department of Chemistry, U.B.C. for the 
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thank Professors C. A. McDowell and B. A. Dunell for 
their help and interest in this work and Dr. D. F. R. 
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results prior to their publication. 
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The use of Raman spectroscopy in the study of anion exchange of 
complex anions 

P. DOBUD, D. SUTTON, AND D. G. TUCK 
Department of Clzemistry, Sirnorz Fraser Urziversity, Burrlaby 2, British Cohtnbia 

Received February 26, 1970 

It is shown that Raman spectroscopy can be used to identify complex anions sorbed on an  anion 
exchange resin. Results for [AuC14]- and [AuBr4]-, and for anionic halo-complexes of indium(III), are 
described. 

Canadian Journal of Chemistry, 48, 2290 (1970) 

It is well established that the distribution 
coefficient for the exchange of anionic complexes 
between aqueous solution and an anion exchange 
resin is often critically dependent upon the 
aqueous phase conditions (1, and references 
therein). In the discussion of such effects, the 
nature of the sorbed species, and any changes in 
its chemical form, are therefore of prime im- 
portance. Identification of the sorbed species has 
normally depended mainly on the chemical 
analysis of changes in solution composition, 
although in a few cases visible absorption 
spectroscopy of the resin phase has been possible 
(2). This is in contrast to the associated problem 
of the identification of the organic phase extract 
species in solvent extraction, for which electronic 
(3), Raman (41, infrared (5), and Mossbauer (6) 
spectroscopy have all been successfully applied 
in various specific cases. 

We now report on the use of Raman spectro- 
scopy as a direct means of studying the anions 
sorbed onto anion exchange resins.' The results 
described refer to studies of anionic halo- 
complexes of indium(II1) and gold(II1). These 
particular elements were tested because of the 
availability of the vibrational spectroscopic data, 
and because of related interests in this Depart- 
ment in the chemistry of their complexes in 
solution. The technique is, however, of general 
applicability for other anionic complexes. 

Experimental 
Spectra 

A Cary 81 Raman spectrometer, with He/Ne laser 
excitation, was used throughout this work. 

'After this work was completed, we learned that the 
spectrum of Cr042- sorbed onto an anion exchange resin 
has been measured by Shriver (7). 

Materials 
The ion exchange resin was Dowex-1 ( x 8), pretreated 

to  convert it into the appropriate halide form. After 
equilibration with a n  acid solution of the element con- 
cerned, the resin wasremovedby filtration, quickly washed 
with water, vacuum dried, and then ground. This dried 
material was packed into the standard conical sample 
holder for coaxial viewing in the spectrometer. 

Indium(II1) solutions were prepared by dissolving the 
metal or the trihalide in an aqueous solution of hydrohalic 
acid. 

Potassium tetrachloroaurate and tetrabromoaurate 
were prepared by standard methods (8). 

Results and Discussion 

Raman Emission of Pretreated Dowex-1 Resin 
The pretreated resin in chloride, bromide, or 

iodide form was found not to exhibit any Raman 
emission lines of measurable intensity. Instead, 
a broad background of scattering was observed, 
which permitted recordings only at rather low 
spectrometer amplification; this probably ac- 
counts in part for the failure to record a Raman 
spectrum. With the resin in the iodide form, the 
background was lower than for the chloride form 
by a factor of 5-10. Sorbed ions which imparted 
an intense yellow color to the resin were generally 
found to emit with a much reduced background, 
and consequently yielded good Raman spectra. 

Tile Sorption of Tetrahaloaurate (111) Anions 
Kraus and Nelson (9) have shown that Au(II1) 

species are strongly held on an anion exchange 
resin, with the distribution coefficient (Kd) -lo6 
for 2 M HC1, falling smoothly to - lo4 at 
10 M HCl. The predominant species in aqueous 
hydrochloric acid is [AuCl,]- (log P, = 25-30) 
(lo), and spectroscopic studies show that the 
symmetry of this anion (D,,,) is the same in 
solution (1 1) as in the M1AuCl4 salts (12). 
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Indium (111) Halide Systen~s 
The anion exchange of indium(lI1) from 

aqueous hydrochloric acid solution is relatively 
weak, with K, reaching a maximum value of - 10 at 4 M hydrochloric acid (9). With hydro- 
bromic and hydriodic acids, the maximum values 
of K, are approximately lo3 and lo4, respectively 
(14). 

We have examined the Raman spectrum of the 
resin phase resulting from equilibration with 3 M 
hydrohalic acid at indium(II1) concentrations of 
-0.5 M. Addition of ethanol was found to 
increase the uptake of indium by the resin (14). 
For In(III)/I- and In(III)/BrP, we find Raman 
spectra in agreement with earlier solution studies 
(4), and with the spectra of [InX,]- salts (15): 
[InBr,]-, 198 s(v,); [InI,]-, 185 w,br (v,); 
139 s(v,); 59 m(v,). 

In the case of [InI,]-, we were not able to 
resolve v,, expected at approximately 42 cm-l. 
In the case of [InBr,]-, only the strong, sharp 
line at 198 cm-' could be observed without 
difficulty; the expected lines at 55 cm-' (v,) and 
79 cm-' (v,) could not be resolved from back- 
ground, nor could the weak and diffuse v, at 
about 239 cm-' be observed with certainty. As 
well as these characteristic [InX,]- spectra, both 
samples showed weak additional lines, at 180 

We find that resin equilibrated with KAuCl, in 
aqueous or ethanolic 2 M HCl gives a good 
Raman spectrum, whose peaks can be readily 
assigned to [AuCl,]-, at 346(v1), 169(v3), and 
325(v5) cm-'. No other emission lines could be 
detected in this spectrum, which is shown in 4 0  

Fig. 1. Similarly for Au(III)/HBr, we find only 
lines at 195 and 212 cm-l. No evidence was 
obtained in either of these two cases for the 
presence of [AuX5I2- or [AuX,I3- species in 4RE;;ppy 
the resin phase (cf. ref. 13). Because of their 
higher charge, these anions would be more 
strongly hydrated than [AuC14]- and would 
therefore not exchange so well, but on the present 
spectroscopic evidence there seems no reason 
to invoke the formation of halo-complexes 20 

cm-' (bromide) and 154 cm-' (iodide). The 
extra line in the bromide spectrum has also been 
observed in the Raman spectrum of an aqueous 
solution of InBr, in hydrobromic acid, both by 
us and by Woodward and Bill (4). This may 
be due to [InBr512-, since extrapolation of the 
results of v, of SnBr, and [SnBr,]- (16) suggests 
that v, for [InBr5I2- should be at - 180 cm-l. 
The extra peak in the iodide spectrum, however, 
does not correlate with expected frequencies of 
either [InI5I2- or [InI,I3-. An alternative 
explanation is that we are observing emission 
from the X,- anion; Br,- has bands at 170 
and 210 cm-' (17) and I,- at 103 and 149 cm-I 
(18, 19). These species would be readily sorbed 
by an anion exchange resin from solution; 
alternatively they might have been formed in situ 
as the result of photo-decomposition caused by 
the exciting radiation. 

It is worth pointing out here that the anion 
exchange system parallels the solvent exchange 
with solvents such as ethers, in that one observes 
only [InX4]- in the non-aqueous phase in both 
cases (4). 

For In(III)/HCl, we observed no Raman 
bands, and this is certainly due in part to the 
inherently weak Raman scattering from In-Cl 

higher than [AuX,]- to explain the decrease 
in K, with increasing acid concentration. A more I I I 
attractive theory, which will be discussed fully 400 300 200 100 0 

A. crn - '  
elsewhere, is that the decrease is due to a lowering 

FIG. 1. The Raman spectrum of [AuCI,]- sorbed of the 'Onstant of the aqueous phase onto Dowex-1 ( x  8) from 2 aqueous hydroc-,loric 
consequent upon the addition of electrolyte (14). acid solution. 

346 
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bonds, relative to In-Br and In-I, as well as to 
the high background emission from the chloride 
form of the resin. 

This work was supported in part by Operating Grants 
from the National Research Council of Canada. 
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Fischer indole synthesis. The reaction of Nf-methyl-2,6-dimethylphenylhydrazine 
hydrochloride with 2-methylcyclohexanone and 

2,6-dimethylcyclohexanone 

G. S. BAJWA' AND R. K. BROWN 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received April 9, 19692 

I When N'-methyl-2,6-dimethylphenylhydrazine hydrochloride (1) was heated with 2-methylcyclo- 
hexanone in refluxing dry benzene, the products isolated were ammonium chloride and methylam- 
monium chloride (as a 1 :1 mixture) as wellas 1,8,9-trimethyl-1,2,3,4-tetrahydrocarbazole. The formation 
of these products was explained on the basis of the dienone-imine intermediate expected from the Fischer 
indole synthesis. The formation of methylamine hydrochloride indicated that at least one other route of 
reaction had occurred, in addition to that which provided the trimethyltetrahydrocarbazole and am- 
monium chloride. 

The hydrazine, 1, failed to react at all with 2,6-dimethylcyclohexanone under thereaction conditions 
employed. 
Canadian Journal of Chemistry, 48,2293 (1970) 

Introduction 
In a series of investigations aimed at providing 

evidence for the dienone-imine postulated as an 
intermediate in the Fischer indole synthesis (1 

I and references therein), it was found (2) that 
, Nf-methyl-2,6-dimethylphenylhydrazine hydro- 

chloride (1, Scheme l), in refluxing benzene, 
I 

reacts with cyclohexanone to produce 8,9- 
dimethyl-l,2,3,4-tetrahydrocarbazole (3, reaction 

I a, Scheme I). No evidence for a dienone-imine 
intermediate was found, although the formation 
of the product obtained could be explained only 
on the basis of such an intermediate. Subsequently 

I (3) it was reported that 1 reacts readily with iso- 
butyraldehyde, under similar conditions, to 

I produce an isolable dienone-imine, 5 (reaction by 
Scheme 1). This was an isomer of the dienone- 
imine 4 usually considered to be the intermediate 
(1). It was also found later (4) that when the 
hydrazine 1 was allowed to react with propion- 
aldehyde (reaction c, Scheme 1) for a short period 
of time (10 min), a material could be isolated 
which had characteristics very much like those of 
the dienone-imine 5, and accordingly a dienone- 
imine structure, 7, was assigned to this material. 
When 7 was heated for an extended period of time 
(20 h) in refluxing benzene, the two compounds, 
1,3,7-trimethylindole (9), and 3,7-dimethylindole 
(10) were formed, with the former as the pre- 
dominant product. This constituted final proof 

I 

i 
I lPostdoctoral Fellow, 1968-1969. 

2Revision received April 1, 1970. 

that a dienone-imine was indeed an intermediate 
in the Fischer indole synthesis. The formation 
of 10 could take place by elimination of methyl- 
amine and a methyl group from 7. But the 
formation of 9 could be explained only if it was 
accepted that 7 could be converted back to 6 
(see Scheme 1) which would then form 8, the 
compound which logically could provide the 
major product 9. The formation of 9 as the pre- 
dominant product requires the preferential loss 
of the nitrogen atom adjacent to the benzene 
ring rather than the nitrogen atom more remote 
from the ring, contrary to what is usually ob- 
served in the Fischer indole synthesis. This has 
been explained (4) as due to the strain developed 
in structure 8 by the amino group (as the hydro- 
chloride) at position C-7a. When the substance is 
heated, the C-7a amino group of structure 8 is 
eliminated as ammonium chloride more rapidly 
than is the methylamine moiety from C-2 of 
compound 7. The formation of a positive charge 
at C-7a, upon loss of the amino group, is stabilized 
by both the conjugated diene system as well as by 
participation of the electron pair of the adjacent 
nitrogen, and this might also favor nitrogen 
elimination from 8 over that from 7. 

In each of the above reactions of Scheme 1, the 
enamine, the first step of the reaction between 1 
and the carbonyl compound, could not be ob- 
tained. 

The present paper extends this study to the 
reaction of 1 with both 2-methylcyclohexanone 
and 2,6-dimethylcyclohexanone. 
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I 
CH3 6 ~ 3  

1 

CHO 

Results and Discussion 
Two directions of reaction (a and b, Scheme 2) 

are possible when 1 reacts with 2-methylcyclo- 
hexanone. Route a would correspond to the 
reaction of 1 with propionaldehyde, while route 
b would be similar to the reaction of 1 with 
isobutyraldehyde. 

Compound 1 was heated with Zmethylcyclo- 
hexanone in refluxing, dry, benzene for 20 h 
and water was removed by azeotropic distillation. 
This length of time appeared to be necessary 

since a 15 h reflux period provided a product 
which showed evidence of the presence of un- 
reacted hydrazine 1. A dark, solid material 
accumulated in the bottom of the reaction flask. 
This material was found to be nearly completely 
water soluble. The nuclear magnetic resonance 
(n.m.r.) spectrum of this solid in D,O showed 
only two signals, one at z 5.26 (broad singlet) and 
the other at z 7.36 (narrow singlet). These are the 
signals expected respectively from the proton of 
deuterium hydroxide and the protons of the 
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0:~ . HCI g>b HCI 

CH3 H CH3 CH3 CH, A 

methyl group of methylamine. The area ratio of 
these two signals showed that the dark solid was " 
nearly a 1 : 1 mixture of ammonium chloride and 
methylammonium chloride. Thus, both ammo- 
nium chloride and methylammonium chloride 
had been formed in the reaction, in about equal 
amounts. Two crystallizations of this solid from 
ethanol-ether gave a colorless solid melting at  
187-230". The n.m.r. spectrum of this crystallized 
material also showed that it was a mixture of 
ammonium chloride and methylammonium chlo- 
ride but that some of the methylammonium 
chloride was lost in the crystallization process. A 

mixture of authentic methylammonium chloride 
and ammonium chloride gave the same n.m.r. 
spectrum and broad range of melting point. 

The benzene filtrate obtained after removal of 
the dark solid, was freed from solvent. From the 
residual oily mixture it was possible to isolate only 
one substance, a solid in about 12% yield. This 
substance was considered to be 1,8,9-trimethyl- 
1,2,3,4-tetrahydrocarbazole (11). The assignment 
of structure 11 was supported by the elemental 
analysis, the infrared (i.r.) spectrum which 
showed no NH absorption in the region 3100 to 
3500 cm-', the n.m.r. spectrum and the fact that 
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I (CH3)2SOd 
BaO; B ~ ( O H ) ~  

the ultraviolet (u.v.) spectrum was nearly the 
same as that of authentic 8,9-dimethyl-l,2,3,4- 
tetrahydrocarbazole (2) and of 1,s-dimethyl-1,2, 
3,4-tetrahydrocarbazole. The latter compound 
was prepared from the reaction of 2-methyl- 
cyclohexanone with o-tolylhydrazine. The cyc- 
lization of 32-methylcyclohexanone o-tolylhy- 
drazone (5) furnished a mixture of 1,8-dimethyl- 
1,2,3,4-tetrahydrocarbazole and 8,11 -dimethyl- 
1,2,3,4-tetrahydrocarbazolenine (Scheme 3). 
These could be separated readily since the 
carbazolenine is soluble in dilute hydrochloric 
acid while the tetrahydrocarbazole is not. 
Additional evidence for the assignment of 
structure 11 was the fact that it could be de- 
hydrogenated to 1,8,9-trimethylcarbazole, whose 
n.m.r. spectrum clearly supports the assigned 
structure. 

To provide an authentic sample of 1,8,9- 
trimethyl-l,2,3,4-tetrahydrocarbazole (ll) ,  N- 
methylation of 1,8-dimethyltetrahydrocarbazole 
was carried out using the procedure described for 
the N-methylation of 8-methyl-l,2,3,4-tetrahy- 
drocarbazole (2). Much less satisfactory results 
were obtained when other methods of methyla- 
tion were attempted. That N-methylation of the 
1,s-dimethyl compound did occur but to a small 
extent was shown by the appearance of a weak 

signal in the n.m.r. spectrum of the crude methyl- 
ated mixture at T 6.13, where the signal of the 
N-methyl group is expected to appear. This was 
at the position identical to that found for the 
N-methyl signal in the n.m.r. spectrum of com- 
pound 11 obtained from the reaction of 1 with 
2-methylcyclohexanone. 

The area ratio of the signal at T 6.13, in the 
n.m.r. spectrum of the crude material obtained 
from the methylation of 1,s-dimethyl-l,2,3,4- 
tetrahydrocarbazole, to one of the signals for the 
methyl protons was --2:45. This indicated that 
the crude material was mainly unchanged 1,s- 
dimethyl-l,2,3,4-tetrahydrocarbazole containing 
the N-methylated material to the extent of 4 to 
5 %. A similar mixture of the two materials, the 
di- and trimethylated tetrahydrocarbazole, gave 
an n.m.r. spectrum identical to that found for the 
crude methylated material. The low yield of the 
N-methylated product was to be expected in view 
of the difficulty experienced in N-methylation of 
8 - methyl - 1,2,3,4 - tetrahydrocarbazole (2). At- 
tempts to isolate a pure sample of 1,8,9-trimethyl- 
1,2,3,4-tetrahydrocarbazole from this mixture by 
fractional crystallization or chromatography 
were quite unsuccessful. Separation was ham- 
pered by the instability of the 1,s-dimethyl-1,2,3, 
4-tetrahydrocarbazole. Although our experience 
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has shown that the trimethyltetrahydrocarbazole 
crystallizes very easily from 95 % ethanol, the 
swamping effect of the large amount of the 1,s- 
dimethyl-l,2,3,4-tetrahydrocarbazole no doubt 
was the cause of the failure to obtain the trimethyl 
compound by fractional crystallization. 

Considerable effort was expended in attempts 
to isolate other products from the benzene filtrate 
obtained after removal of the ammonium chloride 
and methylammonium chloride, but no pure 
material other than the 1,8,9-trimethyltetra- 
hydrocarbazole could be separated from the 
tarry residue. The formation of methylamine was 
clear evidence that at least one other course of 
reaction had been followed e.g. route b, Scheme 2. 
The n.m.r. spectrum of the dark oily material 
obtained after removal of the benzene, and before 
separation of the trimethyltetrahydrocarbazole, 
showed none of the significant signals between 
z 3.0 and 4.2 indicative of the olefinic protons of 
the dienone-imine system (3,4) such as is shown 
in 5 or 7 of Scheme 1. 

An interesting and pertinent discovery is that 
an equimolar mixture of N1-methyl-2,6-dimethyl- 
phenylhydrazine hydrochloride, (1) and 2,6- 
dimethylcyclohexanone, when heated in refluxing 
dry benzene for as long as 41 h, failed to react a t  
all since at least 90% of 1 was recovered un- 
changed and there was no evidence for the forma- 
tion of water in the trap. Lack of reaction of the 
2,6-dimethylcyclohexanone may be due to diffi- 
culty in forming the enamine by elimination of 
water. This is no doubt because of the presence of 
the methyl groups in each of the 2,6-positions of 
both rings. This does not constitute proof that 
route b of Scheme 2 will not be possible, but it 
could indicate that it is less favored. 

The formation of 1,8,9-trimethyl-l,2,3,4-tetra- 
hydrocarbazole is readily explained by the 
seqaence of reactions shown in route a of Scheme 
2. Here again the fate of the methyl group lost 
from the aromatic ring is not yet known (2-4). 
A similar route had been proposed to explain the 
formation of the products 3,9, and 10 (Scheme 1) 
from the reaction of N'-methyl-2,6-dimethyl- 
phenylhydrazine hydrochloride with cyclohex- 
anone (2) and propionaldehyde (4). 

Experimental 
Melting points and boiling points are uncorrected. 
Elemental analyses were made by Mrs. Darlene 

Mahlow of this Department. 

The u.v. spectra of 8,11-dimethyl-l,2,3,4-tetrahydro- 
carbazolenine were obtained with a JASCO model 
ORD/UV-5 spectrometer. Those of the other compounds 
were obtained with a Perkin-Elmer model 202 ultra- 
violet-visible spectrometer. 

The i.r. spectra were obtained with a Perkin-Elmer 
model 421 grating spectrometer. 

The 60 MHz n.m.r. spectra were made by Mr. Robert 
Swindlehurst of this Department, using the 60 MHz 
Varian spectrometer. 

Solvents were generally removed by a rotary evaporator 
under vacuum unless otherwise stated. 
Condensation of N'-Methyl-2,6-dimethylphenylhydrazine 

Hydrochloride (1) with 2-Metl~ylcyclohexanone 
A mixture of 2 g (0.0108 mole) of Nf-methyl-2,6- 

dimethylphenylhydrazine hydrochloride (2) and 1.5 g 
(0.0134 mole) of 2-methylcyclohexanone was heated in 
dry, refluxing benzene (40 ml) for 20 h. Water was 
collected in the trap. The reaction mixture became dark 
and deposited a dark gelatinous material (300mg). 
This was separated by filtration and found to be water 
soluble. Its n.m.r. spectrum in D,O showed only a broad 
singlet at  7 5.26 (DOH) and a narrow singlet at 7 7.36 
(N-CH,) due to  -1 :1 mixture of ammonium chloride 
and methylammonium chloride. This solid was dissolved 
in 95 % ethanol and to the solution was added ether until 
a faint turbidity occurred. There was deposited 160 mg 
of a colorless solid melting over a range of 187-230". 
The n.m.r. spectrum of this solid in D 2 0  showed the same 
two signals a t  7 5.26 and 7.36 but the proportion had 
changed indicating that some of the methylamine 
hydrochloride had been lost during the crystallization. 

The benzene filtrate was freed from solvent. The dark 
tarry residue was suspended in 100 ml of water and the 
mixture was then extracted with ether (2 x 100 ml). The 
ether layer was washed with water (2 x 50 mi), then 
with 5 %  aqueous hydrochloric acid (2 x 100 ml), and 
finally with water (2 x 50 ml). The ether solution was 
dried over anhydrous magnesium sulfate for 2 h. The 
drying agent and solvent were removed leaving a solid 
(410 mg) melting a t  80-92". Two crystallizations from 
95% ethyl alcohol gave 340 mg (12.3 %) of pure 1,8,9- 
trinzethyl-1,2,3,4-tetral~ydrocarbazoe melting at  99-100". 

Anal. Calcd. for C15HI,N: C, 84.50; H, 8.92; N, 6.57. 
Found: C,84.34; H,  8.97; N, 6.77. 

The u.v. spectrum in cyclohexaneshowed a narrow band 
at  h ,,,, 236 m p  (8, 29 800) and a broad band at  h ,,,, 
290 mp  (E, 1300). The i.r. spectrum in CCI, showed a 
band at 3022 cm-' (aromatic C-H stretching) and one 
at  1605 cm-I (aromatic C==C), but no absorption above 
3100 cm-' (no NH). 

The 60 MHz n.m.r. spectrum in CDCI, agreed com- 
pletely with the structure assigned. I t  showed signals a t  
72.5-3.2 (3H multiplet, aromatic), 6.1 (3H singlet, 
N-CH,), 7.25 (3H singlet, aromatic CH,), 6.9-7.5 (3H 
multiplet, aliphatic), 8.0-8.3 (4H narrow multiplet, 
aliphatic), and 8.76 (3H doublet, aliphatic CH,). 

The acid washings and the aqueous solution left from 
the ether extractions were combined and basified with 
5 % aqueous sodium hydroxide. An ether extract (2 x 100 
ml) was washed with water (2 x 50ml) and dried 
(MgS04). The drying agent was separated and the solvent 
was removed, leaving a tarry mass (-1 g) from which 
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no pure compound could be isolated by chromatography l,8-ditnetl1yl-I,2,3,4-tetral~drocarbazoIe was 3.5 g (25 %). 
or crystallization. Literature b.p. 145-148' a t  1 mm (5). 

Anal. ~ a l c d .  for Cl4HI7N: C, 84.42; H, 8.54; N, 7.04. 
I,8,9-Tritnethylcarbazole Found: C, 84.52; H, 8.65; N, 7.32. 

  he 1,8,9-trimethyl-l,2,3,4-tetrah~drocarbazole (100 This tetrahydrocarbazole had a tendency to decompose 
mg) was heated for 2.5 h in refluxing mesitylene (2 ml) at room temperature. 
containing 40 mg of 5 % palladi~lm-on-charcoal. The hot  he U.V. spectrum in cyclohexanone showed a broad 
solution was filtered and the solid was washed with band at I,,, 225 mp (&, 18 500). 
methyl acetate (2 x 5 nll). The washings were filtered The i.r. spectrum in CC1, showed bands at 3480 (NH), 
and combined with the mesitylene filtrate. Removal of the 3030 (aromatic C-H stretching), and at 1610 cm-l 

solvent gave a solid (52 mg) melting at 190-191'. One (aromatic c=c). 
recrystallization from 95% ethyl alcohol raised the ~h~ 60 M H ~  n.m.r. spectrum in CDC~, was consistent 
melting point to 193". Yield, 40 nlg (41 %) of 1,899- with the structure. The signals were at T 2.28-3.11 (4H, 
trimethylcarbazole. multiplet for 3 aromatic protons and 1 NH), 7.59 (3H, 

Anal. Calcd. for Ci5H15N: C, 86.12; H, 7.18; N, 6.69. singlet, aromatic methyl group), 8.72 (3H, doublet, 
Found: C, 86.34; H, 7.39; N, 6.83. J = 6.5 Hz, aliphatic methyl group), and at 6.85-7.5 (3H, 

  he u.v. absorption spectrum in cyclohexane showed multiplet) and 7.8-8.39 (4H, multiplet) for the 7 protons 
bands at I,,, 240 (E, 354 OOO), 264 (E, 9200), and 293 of the tetrahydro ring. 
(E, 9500). The acid washings were combined with the reaction 

The i.r. spectrum in CC14 showed a band at 3022cn-1-' mixture left after the ether extractions, and the whole was 
(aromatic C-H stretching) and one at 1585 cm-' (weak, made basic with 5% aqueous sodium hydroxide. The 
aromatic C=C). No NH absorption was evident. basified solution was extracted with ether (2 x 200 ml). 

The 60 MHz n.m.r. spectrum in CDCl3 was in corn- The ether extract was washed with water (2 x 100 ml) 
plete agreement with the structure assigned. The signals and dried ( M ~ s o ~ )  for 1 h. Removal of the drying agent 
were at T 2.0-2.25 and 2.7-3.0 (6H multi~lets, aromatic), and solvent gave 6 g of yellow oil. This, when distilled, 
5.83 ( 3 ~  singlet, N-CH,), and 7.24 (6H singlet, aro- gave two fractions, the first boiling at 60-70" at 4 m m  
matic CH,). (1.5 g) and the second at  132-135" at 4 m m  (4.5 g of 
2-Metl~ylcyclohexanot~e o-tolylhydrazotte yellow oil). The first fraction was identified as o-toluidine 

A solution of 50 (0,41 mole) of o-tolylhydrazine and and the second fraction, redistilled again at 108" at 2 mm, 

46 (0.41 mole) of 2~methylcyclohexanone in 130 ml gave 3.6 g (26%) of pure 8,II-ditnetl1~l-I,2,3,4-tetra~z~dro- 
of 95% ethanol containing a small amount (3-4 drops) carbazolet~it~e. Literature b.p. 120-122" at 1.5 mm (5). 

of glacial acetic acid, was refluxed for h,  The reaction Anal. Calcd. for C I ~ H I ~ N :  C, 84.42; H, 8.54; N, 7.04. 

mixture was cooled, then placed in a refrigerator for 2 h. C, 84.04; H, Ny 7'28' 

The solid (need]es) which deposited weighed 60 and The u.v. spectrum in c~clohexanone showed bands a t  

melted at 45-46". This hydrazone decomposed readily '"" 205 mp 63 300)y 224 (', 29 200)7 and 252 (', 

when left at room temperature, but could be preserved 12 000). 

several days i n  2 refrigerator No analysis was made The i.r. spectrum showed bands at 3022 (are- 

because of its rapid decomposition. matic C-H stretching), 1579 (C=N), 1610 cm-' 

The i,r, spectrum in CC14 showed bands at 3390 (NH) (aromatic C=C). A weak band appeared at 1660 cm-' 

3030 (aromatic C-H stretching), 1605, 1585 cm-; (unknown). NO absorption was detected above 3100 cm-' 

(aromatic C=C, C=N). (no NH). 
The 60 MHz n.m.r. spectrum in CDCI, was consistent The 60 MHz n.ni.r. spectrum in CDC1, was consistent 

with the structure. It showed signals at 2.35-3.45 (4H, with the structure. Signals appeared at .r 2.95 (3H, singlet, 
multiplet, aromatic), 3.03-3.45 (lH, broad, located by aromatic), 7.45 (3H, singlet, aromatic nlethyl), 8.75 (3H, 

deuterium exchange, N-H), 7.86 (3H, singlet, singlet, aliphatic nlethyl), and between 6.92-9.08 (8H, 

CH3), 8.8 (3H, doublet, J = 6.5 Hz, aliphatic CH,), m u l t i ~ l e t s  of protons the tetrahydro ring). 

and broad absorption between 7.2-8.6 for the 9 protons 
of the cyclohexanone moiety. I ,8-Dittiet/rylcarbazole 

A solution of 250 mg of 1,8-dimethyl-1,2,3,4-tetra- 
Cyclizatior~ of 2-Metl~ylcyclohesanone o-tolylltydrazone hydrocarbazole in 3 ml of mesitylene containing 90 mg 

A mixture of 15 g of 2-methylcyclohexanone o- of 5 %  palladium-on-charcoal, was heated under reflux 
tolylhydrazone in 200 ml of 3 N aqueous sulfuric acid for 3 h. The hot solution was filtered, and the solid was 
was heated under reflux for 1.5 h. The mixture was cooled washed with methyl acetate (2 x 2 ml). The washings 
and extracted with ether (2 x 200 ml). The ether solution were filtered and combined with the mesitylene solution 
was washed with 5% hydrochloric acid (2 x 100 ml) and the whole freed from solvent, giving 180 mg of solid 
and then with water (3 x 100 ml) and then dried (MgS04) melting at 170-175'. Two crystallizations from 95 % 
for 0.5 h. When the drying agent was separated and the ethyl alcohol gave 140 mg of pure I,8-dimethylcarbazole 
solvent removed, a yellow oil (4.5 g) was obtained. This melting at 176-177". Literature m.p. 183-184" (6); 
oil was dissolved in 10 ml of 95 %ethyl alcohol, and water 175-176" (5). 
was added to faint turbidity. When kept in a refrigerator The i.r. spectrum in CC1, showed a band at 3480 cm-' 
5-6 h the solution deposited crystals (4g) melting at (NH). 
55-64". One recrystallization from ethanol-water as The 60 MHz n.m.r. spectrum in CDC1, agreed com- 
above raised the melting point to 77-78". Yield of pure pletely with the structure. The signals were at r 1.93-2.5 
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(6H, multiplet, aromatic) and 7.46 (6H, singlet for two 1. B. ROBINSON. Chem. Rev. 63, 373 (1963). 
aromatic CH3). 2. G .  S. BAJWA and R. K. BROWN. Can. J. Chem. 46, 

1927 (1968). 
Methylotion of 1,8-Dimethyl-1,2,3,4-tetrahydrocarbozole 3. G .  S. BAJWA and R. K. BROWN. Can. J. Chem. 46, 

The methylation was carried out according to published 3105 (1968). 
directions (2). The n.m.r. spectrum of the crude product 4. G .  S. BAJWA and R. K. BROWN. Can. J. Chem. 47, 

785 (1969). showed a small signal at 7 6.13 showing that 4-5 % of the 5. K. H. and C. I. SCHUBERT. J. Chem. Sot. 
starting material had been methylated on the nitrogen 1384 (1949). 
atom. 6. H. SEYBERTH. Ber. 29,2594 (1896). 
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work. 
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NOTES 

The effect of electron scavengers on the r-radiolysis of gaseous H2S 

D. W. HUYTON AND T. W. WOODWARD' 
Department of Chemistry and Applied Chemistry, University of Salford, Salford M5 4 WT, Lancashire, England 

Received February 25, 1970 

The effect of the electron scavengers SF6 and NzO on the y-radiolysis of gaseous H2S has been 
studied. Neither scavenger lowered the radiation yleld of Hz,  G(Hz). With added NzO, nitrogen was 
produced, though not in the amount G,, the ion pair yield in H,S. Possible explanations of the findings 
are discussed. 

Canadian Journal of Chemistry, 48,2300 (1970) 

Recent publications ( 1 4 )  have dealt with the 
effect of electron scavengers on the radiolysis of 
simple inorganic gaseous hydrides. We would like 
to present some results of a preliminary study on 
the radiolysis of gaseous H2S that are, in general, 
quite different from those above (14) .  

Matheson C.P. grade H,S (99.7 %) was found 
to contain CO, (- 0.2 %) and CS, (< 0.001 %) as 
impurities when checked by gas chromatography. 
A 3 m Poropaq Q column maintained at 65 "C, 
helium carrier gas, and thermal conductivity 
detection were used (5). After several freeze- 
pump-thaw cycles at - 130 "C, the concentration 
of CO, was reduced to -0.005 %. Some of this 
H,S was irradiated to a dose of about 4 x lo2, 
eV g-l. After degassing at - 196 "C, this H,S 
was found to contain - 0.005 % CO, and no 
detectable amount of CS,. Radiolysis experiments 
with the pre-irradiated H,S gave identical results 
to the untreated H,S, and so the latter was used 
for the bulk of the work presented here. SF, and 
N,O (Matheson) were degassed several times by 
freeze-pump-thaw cycles at liquid nitrogen 
temperature and were used without further 
purification. 

Dosimetry was effected by ion current mea- 
surements in vessels similar to those described by 
Back et al. (6), the extrapolation method of Scott 
and Greening (7) being used to obtain saturation 
ion currents. The same vessels were also used as 
irradiation vessels, as were ordinary Pyrex vessels 
of similar geometry. All vessels were baked out at 
400 "C, to a pressure of less than lo-' Torr prior 
to filling and irradiating. 

The yield of hydrogen in the radiolysis of pure 

'To whom correspondence should be addressed. 

H,S at 800 mm of Hg pressure was found to be 
7.0 + 0.2 molecules per 100 eV, taking W(H,S) 
as 25.3 f 0.4 eV/ion pair (8). Figure 1 summar- 
izes the results obtained in the scavenger experi- 
ments. Energy partition in the H,S/scavenger 
mixtures was assumed to be proportional to the 
stopping power ratio of the gases concerned. The 
electron scavengers SF, and N,O do not lower 
G(H,), which is in contrast to the effects observed 
in similar studies on HCl (I), HBr (2), NH, (4), 
and C,H, (9). The H, yields in H,S/N,O mix- 
tures and (H,S + 1 % SF,)/N,O mixtures are 
corrected for the production of H, with a 
G(H,) = 3.4 produced in N,O and N,O + 1 % 
SF, containing small amounts of H,S (10). The 
H, yields in H,S/SF, mixtures are not corrected 
for H, produced by species initially produced in 
SF,. In SF, containing small amounts of H,S, 
H, is produced but does not reach a limiting value 
as is the case in N,O/H,S and (N,O + 1 % 
SF,)/H,S mixtures (10). It is, therefore, im- 
possible to apply a correction in H,S/SF, mix- 
tures, and presumably this is why the H, yield 
increases with SF, concentration. 

The N, yields shown in Fig. 1 also represent 
that produced from species initially produced in 
H,S. N, yields in H,S/N,O mixtures are cor- 
rected for N, production with a G(N,) = 7.0 by 
direct absorption in N,O containing small 
amounts of H,S. This correction gives an upper 
limit of about 1.6 for G(N,) in H,S (800 Torr) 
containing up to 7.5 % N,O (see Fig. 1). N, yields 
in (H,S + 1 % SF,)/N,O mixtures are corrected 
for N, production with a G(N,) = 4.0from ( N 2 0  
+ 1 % SF,) containing small amounts of H2S, a 
correction that gives a zero yield of surplus N,. 
These N, yields of G(N,) = 7.0 and 4.0 were 
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NOTES 

90 SCAVENGER - 
FIG. 1. Yields from the y-radiolysis of H,S at 800 Torr 23 2 "C, calculated on the energy absorbed in H2S. All 

yields are independent of dose from 1020-1021 eV g-I and of dose rate 7.5 x 1014-2.5 x 1015 eV g-I s- '. Stopping 
powers for energy partition were calculated from the Bethe equation in a manner laid out elsewhere (23). 

In gaseous mixtures the second named component is the one present in variable scavenger concentrations, e.g. 
H,S/N,O means scavenger concentrations of N,O in H2S, (H2S + % SF6)/N,0 means scavenger concentrations of 
N 2 0  In the constant composition mixture (H2S + 1 % SF6). HZ yields: Q, Pure H2S, mean, of 10 experiments; 0 ,  
H2S/N20; x, H2S/SF6; e, (H2S + 1 % SF6)/N20 ( 0  and are corrected for Hz production with a G(H,) = 3.4 
from N20/H2S and (NzO + 1 % SF6)/H,S mlxtures (10)). N, yield: 0, H2S/N20 (corrected for N2 production 
directly from N20,  using G(N2) = 7.0 in N20/H,S mixtures (10); 0, (H,S + I % SF6)/N20 (corrected for N, pro- 
duction from (N20 + 1 % SF6)/H2S mixtures using G(N,) = 4.0 (10)). 

obtained experimentally and represent lower 
limits the N, yield reaches as the H,S concentra- 
tion is increased (10). 

Previous work on H,S (1 1) indicates that for 
gaseous H,S at atmospheric pressure G(H,) = 
9.3 and that in liquid H,S the electron scavengers 
CC1, and CS, both reduce the hydrogen yield. 
Although no mention was made in the above work 
of the dosimetry used, the discrepancy observed 
in G(H,) in the two cases may be partly due to a 
difference in approach to dosimetry. Recent work 
on the pulse radiolysis of H2S produced the value 
G(H,) = 8.8 (12) relative to G(N,) = 10.0 in 
N,O dosimetry. These workers also state that 
their hydrogen yield is lowered by SF, and organic 
chlorine containing compounds, all of which are 
electron scavengers. This is in sharp contrast to 
what we observe. 

N,O captures electrons near thermal energy 
by the 3 body reaction [ l ]  (13, 14) 

The nature of the negative ion X- is, as yet, 
unknown but in some systems apparently 
ultimately forms nitrogen (3, 9) by eq. [2] 

The production of nitrogen in the H,S/N,O 
system suggests that reactions [ l ]  and [2] are 
occurring. The fact that G(N,) does not approach 
G, (3.95), the electron yield, must mean that 
reaction [2] is only occurring to a certain extent. 
Further evidence that reactions [ l ]  and [2] may 
be occurring comes from the observation that the 
nitrogen yield is reduced to zero by the much 
more powerful electron scavenger SF, which 
captures thermal electrons according to reaction 
[31 (15, 16) 

[3 1 SF6 + e + SF6- 

This is in agreement with studies in other systems 
(3,9). 

The major positive ion formed in H,S radioly- 
sis should be H,S+ since reactions [4] and [5] 
have rate constants of the order of 10-lo cm3 
particle-1 sP1 (17, 18) 

[41 HzS+ + H2S + H3S+ + SH 

This ion would presumably become clustered at 
the pressures used in this work (19). 

[61 H3S+ + mHzS -> H3S+(mHZS) 

Possible modes of reactions of electrons formed 
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during radiolysis could be by reaction with the 
species H3S+(mH,S) (reaction [7]) and H,S 
(reactions [8] and [9]) 

A steady state kinetic treatment of the reactions 
possible in the H,S/N,O system indicates that 
at the dose rates and scavenger concentrations 
used in this investigation, reaction [7] is not fast 
enough to compete with reaction [l ] if k7 5 
cm3 particle-' s-' (20), and kl -- 6 x 
cm6 particle-, s-' (13, 14). However, the N, 
yields (see Fig. 1) indicate that competition occurs 
for electrons up to - 1 % N20,  and therefore 
reaction [7] is unlikely to be the fate of electrons 
in pure H,S. Reaction [7] is far less likely to be 
capable of competing with reaction [3] in the 
H,S/SF6 system since k3 -- 3 x 10-I, cm3 
particle-' s-' (20). The dissociative capture 
process (reaction [8]) has an appearance potential 
of -2 eV (21) and is therefore unlikely to occur to 
any great extent. Reaction [9] should have a 
threshold energy less than this and is more likely 
to occur, the resulting ion, H,S-, presumably 
becoming clustered at the pressure used here. 

Addition of electron scavengers to H,S should 
convert the electrons produced on radiolysis to 
negative ions characteristic of the scavengers, 
i.e. SF6-, X - ,  and Y - .  The lack of decrease in 
G(H,) by the addition of SF6 or N,O indicates 
that the result of recombination of the ions H2S-, 
SF6-, X - ,  and Y- with H3S+ (all presumably 
clustered) results in H atom production by 
reactions [lo], [ l l ] ,  and [12], and ultimately 
H, production by abstraction from H,S. 

Reactions of the type above are assumed not to 
produce H atoms or H, in other simple systems 
(1-3, 22) viz. 

[IS] H2CI+ + SF6- -> HCl + H F  + SF5 

The key to the difference in behavior between 
H,S and the other hydrides probably lies in the 
lower strength of the HS-H bond compared 
with the HO-H, H2N-H, and H-Cl bonds, 
and the H atom abstraction reaction to produce 
H, being much faster for H2S. It could be that 
ion-recombination reactions [13], [14], and [15] 
do produce H atoms but of insufficient energy to 
abstract efficiently from the hydride, while the H 
atoms produced in reactions [lo], [I 11, and [I 21, 
while still of similar energy to those produced 
from H,O, NH,, and HC1 are capable of pro- 
ducing H, by abstracting from the more reactive 
H,S. 

D.W.H. acknowledges the award of an S.R.C. student- 
ship. 
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Nuclear magnetic resonance study of carbethoxypyrroles' 

M. W. ROOMI' AND H. DUG AS^ 
Biochetnistry Laboratory, National Research Council of Canada, Ottawa, Canada 

Received December 22, 1969 

The chemical shifts and the ring proton coupling constants of various substituted carbethoxypyrroles 
are reported. 

The electron-withdrawing effect of the carbethoxy groups shifts the resonances of the ring substituents 
to low field while the inductive and mesomeric effects of the methyl groups shift the resonances to 
higher field. The deshielding effect is more pronounced with 2-carbethoxypyrroles than for 3-carbethoxy- 
pyrroles. The ring proton spin-spin coupling constants depend on the nature of substituents and increase 
with the electronegativity of the substituents. In some cases long-range coupling between the methyl 
side-chain protons and ring protons could be observed. 

Canadian Journal of Chemistry, 48, 2303 (1970) 

Introduction Results and Discussion 
During the course of work on the Hantzsch 

synthesiswand the alkylation of pyrroles, a large 
number of alkyl pyrroles and their carboxylic 
esters have been prepared (1,2). Very little work 
has been reported- on the nuclear magnetic 
resonance (n.m.r.) analysis of substituted pyrroles 
(4-9) and only few carbethoxypyrroles have been 
analyzed (7). It is the purpose of this paper to 
present a systematic analysis of the n.m.r. spectra 
of some substituted carbethoxypyrroles and also 
to investigate the effect of substitution on the 
chemical shifts and the magnitude of the spin- 
spin coupling constants between the ring protons 
in these molecules. 

Experimental 
The preparation of the pyrroles studied in the present 

investigation are reported elsewhere (1-3). The n.m.r. 
spectra were recorded with a Varian Associates A-60A 
instrument at  a temperature of 38 "C. The samples were 
dissolved in deuterated chloroform to a concentration of 
10% (w/v) and the chemical shifts are reported in parts 
per million (p.p.m.) from tetramethylsilane as internal 
reference, on the 6 scale. The values of the coupling 
constants were rounded off to the nearest 0.1 Hz. All 
compounds were analyzed using a first order approxima- 
tion except for l a  and b where second order treatment 
was found necessary. Only compound l a  was studied at  
100 MHz with a Varian HA-100 high-resolution n.m.r. 
spectrometer. To exchange the N-H proton by deu- 
terium, and thus simplify the spectra, the compounds 
were dissolved in deuterated chloroform containing a 
drop of deuterium oxide. 

llssued as NRCC No. 11326. 
'NRCC Postdoctorate Fellow, 1968-1970. 
3Guest worker (1968-1970). Present address: DCparte- 

ment de Chimie. FacultC des Sciences. UniversitC de 
MontrCal, ~ontr'Ca1, Canada. To whom correspondence 
may be addressed. 

The compounds under study are divided in 
three main groups: ( I )  monoalkyl-carbethoxy- 
pyrroles, (2) dialkyl-carbethoxypyrroles, and (3) 
trialkyl and trialkyl-carbethoxypyrroles. The 
substituents are numbered according to formula 
I and are listed as shown. 

R4-R3 

a R~ = R3 = Rg = CH3 
b R, = R, = R, = CH,: R, = COzC2H5 

It should be mentioned that the resonances of 
the ring protons in analogous pyrroles ( l ,2 )  with 
different alkyl groups are similar to those in the 
methyl derivatives, and therefore they are not 
reported here. In all the compounds under study 
the coupling constant, JcH2-cH,, in the ethyl ester 
groups is 7.1 + 0.1 Hz. 
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TABLE 1 
Chemical shifts @.p.m.) of carbethoxypyrroles in chloroform 

Position of hydrogens and substituents on the pyrrole ring* 

'bd = Broad doublet; bs = broad singlet; d = doublet; q = quartet; m = multiplet; and t = triplet. 
TAll N-H peaks are very broad. 

TABLE 2 

Spin-spin coupling constants (Hz) of carbethoxypyrroles 

Compound J1,z 3  J ,  J1,5 J2,5 J3.4 J4.5 Jz-CH~ J 3 - c ~ ~  J 4 - c ~ ~  J 5 - c ~ ~  

l a  - - 2 . 2  2 . 8  - - 3 . 2  - - - - 
b - - 2 . 4  3.1 - 3 . 2  - - - - 
C - 2 . 8  2 . 8  - - 3.5  - - 0 . 8  0 . 8  - 
d 2 . 3  - - 3 . 2  2 . 3  - - 1 . 1  - - - 
e - - 2 . 8  2 . 8  - - 2 . 8  - - * - 
f - - 2 . 9  - - - - - - 0 . 7  - 
g - - - - - - - - - 2 . 8  - 

'Peak too broad to measure the coupling constant. 

The spectra of substituted pyrroles are com- 
plicated by the additional interaction of the 
N-H proton with the other ring protons. This 
coupling gives rise to multiplet splitting of ring 
proton resonances and adds considerably to the 
complexity of the spectra. Furthermore quad- 
rupolar broadening by the nitrogen nucleus 
broadens the N-H absorption band. 

In monoalkyl-carbethoxypyrroles the spectra 
of the ring protons are of the ABX type, but only 
the AB part can be analyzed since the X part 

(N-H proton) is broadened by the relaxation of 
the nitrogen nuclei. On the other hand the N-H 
proton of these molecules can be exchanged for a 
deuterium (4) and this simplifies the AB part of 
the spectrum. Additional interactions were found 
among the side-chain protons and the ring 
protons which further complicate the analysis. 

The chemical shifts of the pyrrole ring protons 
and substituents are summarized in Table 1, and 
the spin-spin coupling constants of the ring 
protons in Table 2. The spectral data of com- 
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NOTES 2305 

pounds la,d and 3a,c are known (5,7,8) but were 
nevertheless recorded and tabulated for com- 
parison and clarity of discussion. 

The important points to draw from these data 
are the following: 

(a) According to current views on pyrroles (10) 
the 2-carbethoxy groups are more strongly 
conjugated with the pyrrole ring than the 3-carb- 
ethoxy groups. Hence, the resonance signals of 
the substituent R, would be expected to be at  
lower field for 2-carbethoxypyrroles than for the 
3-carbethoxypyrroles, due to the electronega- 
tivity and mesomeric effects of the electron- 
withdrawing substituents. Such an effect is 
manifested throughout the present data; it was 
first observed in pyrrole systems by Abraham and 
Bernstein (6). For example, the experimental 
values in the series la,c-e and 2a,b,d show this 
very specific trend. 

(b) The magnetic anisotropy of the ester groups 
is expected to deshield adjacent substituents. 
Hence, for 2-carbethoxypyrroles, R, should 
resonate at  lower field than R,; for 3-carbethoxy- 
pyrroles, R, should resonate to lower field than 
R,. It is assumed that the ester group is freely 
rotating and the effects on adjacent substituents 
would be time averaged. The experimental data 
for compounds ld,e, 2a,d,e, and 3b,d demon- 
strate this effect. 

It is noteworthy that the replacement of the 
ethyl group by a benzyl group does not appear 
to have much effect on the chemical shifts of 
either ring or substituent protons. Comparison of 
l a  and b shows a small downfield shift of only 
0.01 p.p.m. for the 4-proton and 0.02 p.p.m. for 
the 2-methyl protons. The deshielding of the 
5-proton by the phenyl group to the extent of 
0.09 p.p.m. is surprising in view of the very small 
effects on the other substituents. 

order of 0.2-0.4 p.p.m. A similar effect is evident 
on comparison of the data for other alkyl- 
pyrroles with pyrrole (5, 8). 

(d) It is worthwhile to mention an interesting 
regularity observed among the ring proton 
coupling constants. It has been observed by 
Hoffman and Gronowitz (11) in substituted 
thiophenes, and also by Castellano andKostelnik 
(12) in benzene derivatives, that the ring proton 
spin-spin coupling constants depend on the 
nature of substituents and increase with the 
electronegativity of the substituents. Examination 
of the coupling constants of Table 2 yields a 
similar conclusion for carbethoxypyrroles. 

Long-range coupling between protons is ob- 
served in some instances. Because of the pertur- 
bing effect of the nitrogen quadrupole relaxation 
(1 3) some peaks were too broad for measurement 
of the coupling constants. 

In conclusion we can say that the chemical 
shifts and coupling constants of ring protons of 
substituted carbethoxypyrroles can be under- 
stood in terms of the current views on the effects 
of substituent electronegativity. 

The authors wish to express their thanks to Dr. I. C. P. 
Smith for reading the manuscript before publication and 
to the National Research Council of Canada (M.W.R.) 
and to the North Atlantic Treaty Organisation (H.D.) for 
the financial support. 
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New chemical synthesis of 5'-phosphoribosyl-N-formylglycineamidel 

SAMUEL Y .  CHU' AND J. FRANK HENDERSON 
University of Alberta Cancer Research Unit (McEucherrz Lnboratory) and Depnrtrnerlt of Biochetnistry, 

University of Alberm, Edmonton, Alberta 

Received March 10, 1970 

A new and convenient synthetic route to forrnylglycineamide ribonucleotide, an intermediate in the 
pathway of purine ribonucleotide biosynthesis de novo, is described. The method utilizes direct phos- 
phorylation of the 5'-position of the linear riboside without protection of the 2',3'-hydroxyl groups of the 
ribose, and gives a good yield of mixed u and 0 anomers. This route is suitable for synthesis of thenatural 
product in quantities required for biological studies. 
Canadian Journal of Chemistry, 48,2306 (1970) 

Introduction 

5' - Phosphoribosyl - N - formylglycineamide 
(formylglycineamide ribonucleotide) (5) is one 
of the intermediates in the pathway of purine 
ribonucleotide biosynthesis de novo (1, 2). This 
pathway is of great importance in providing 
adenosine triphosphate and guanosine triphos- 
phate, precursors of the nucleic acids. The enzyme 
which uses 5 as substrate is the site of action of 
the antitumor antibiotic azaserine, and the action 
of this compound and the binding of substrates 
to this enzyme have been studied in detail by 
Buchanan et al. (3-8). The enzymatic synthesis 
of this compound (9) requires the preparation of 
particular enzymes, and is not easily amenable 
to large-scale preparations. The chemical syn- 
thesis of 5 has been reported (lo), but the yield 
was low, and the method used is not readily 
scaled up. We report here a new route (see 
Scheme 1) to this ribonucleotide in quantities 
which will permit more extensive studies of its 
metabolism. The overall yield is 20 %. 

Results and Discussion 

Hydrogenation of 2,3,5-tri-0-benzoyl-P-D-ri- 
bofuranosyl azide (1) in acetone with Adam's 
catalyst at room temperature for 45 min resulted 
in complete loss of the azide infrared (i.r.) 
absorption maximum, 2120 cm-', and gave a 
compound which presumably was the 2,3,5-tri- 
0-benzoyl-P-D-ribofuranosyl amine (2). Baddiley 
et al. (11) have reported the isolation of the 
hydrochloride salt of 2 using ethyl acetate as 
solvent. The solvent used here has the advantage 
of requiring a smaller amount of catalyst, and of 

reducing the time of reaction; a longer time of 
hydrogenation in ethyl acetate can result in 
migration of the 2-benzoyl residue to the 
1-position, forming 3,5-di-0-N-benzoyl-D-ribo- 
furanosylamine (1 1). Furthermore, acetone is a 
better solvent for the formylglycine which is used 
in the subsequent reaction. 

Freshly prepared 2 reacted readily with 
formylglycine at room temperature in the pres- 
ence of N,Nf-dicyclohexylcarbodiimide to give 
2,3,5-tri-0-benzoyl-N-(N-formylglycy1)-a,P-D- 
ribofuranosylamine (3) in 67 % yield. 

Debenzoylation of 3 with sodium methoxide 
in anhydrous methanol gave N-(N-formylglycy1)- 
D-ribofuranosylamine (4) in good yield. The 
nuclear magnetic resonance (n.m.r.) spectrum of 
this compound in deuterated water with sodium 
2,3-di-methyl-2 silapentane-5-sulfonate as ref- 
erence standard showed peaks corresponding to 
18 protons, with two proton singlets at 1.85 z 
(formyl protons); doublets of 4.3 z (anomeric 
proton of P-4) and 4.6 z (anomeric proton of 
a-4); plus a series of multiplets from 5.61 to 6.4 z 
cor;esponding to the 2, 3, 4, and 5 protons of 
ribose and two glycine protons. Either anomer, 
however, should exhibit but one formyl proton 
singlet and one anomeric proton doublet plus a 
simplified region for the remaining hydrogens to 
give a 9 proton spectrum. Thin-layer chromatog- 
raphy (t.1.c.) on silica gel showed only a single 
spot, and microanalysis indicated the empirical 
formula of 4 (a or p form). We conclude, there- 
fore, that product 4 contains a mixture of a and P 
forms in approximately equal proportions. This 
conclusion was also based on the results of 
integration of proton signals. It has been noted 

'Supported by the National Cancer Institute of Canada. 
by ~ a d d i l e ~  i t  al. (11) that anomerization 

2Research Fellow of the National Cancer Institute of ~ccurred immediately after h~drogenol~sis  of the 
Canada 1969 -present. azide to amine in the synthesis of N-(benzyloxy- 
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NOTES 

IW -'HDNH - C  - C H 2  - N H  - CHO 

O H  O H  P 
9 - C - 0 -  C H  

I 
B 1- !- C H 2 -  N H  - C H O  

9 

carbonylglycy1)-a, P-D-ribofuranosylamine, 
rather than in the subsequent steps. 

Direct phosphorylation of 4 with phosphoryl 
chloride in triethylphosphate for 14 h at 0 "C 
gave its 5'-phosphate (formylglycineamide ribo- 
nucleotide) (5). The direct phosphorylation of the 
linear ribonucleoside without protecting the 
2',3'-hydroxyl groups of the ribose extends the 
usefulness of the method of Yoshikawa et al. (12) 
of phosphorylation of unprotected nucleosides 
to 5' nucleotides with phosphoryl chloride and 
trialkylphosphate. The direct phosphorylation 
of unprotected nucleosides to their 5' nucleotides 
in different solvents has also been reported by 
Imai et al. (1 3). 

This compound (5) gave the same R, value 
(Table 1) as the authentic radioactive compound 
obtained from Ehrlich ascites tumor cells by the 
method of Henderson (14), and with values 
reported by others (15-17). On two chromato- 
grams (solvents B and C) two zones were present, 
possibly due to the anomeric forms of compound 
5 as noted by Westby and Gots (16) and 
Goldthwait et al. (15). The one with the higher R, 
value had also been reported by Moore and 
LePage (17). Compound 5 also gave a negative 
ninhydrin test, but a positive test was obtained 

TABLE 1 
Paper chromatography of synthetic and authentic 

radioactive forrnylglycinearnide ribonucleotide 

Rf of compounds* 

Solvent 
A Solvent B Solvent C 

Formylglycineamide 
ribonucleotide 0.26 0 .31 ,0 .42  0 .15 ,0 .35  

Formylglycineamide 
ri bonucleotide- 
'"Ct 0.26 0 .32,0 .43 0 .15 ,0 .34  

'Solvent systems are described in the  Experimental section. 
?Obtained from Ehrlich ascites tumor cells (14). 

after acid hydrolysis to glycineamide ribonucleo- 
tide. The Schiff periodate test for cis-glycols was 
positive. Determination of the organic phosphate 
content using the method of Ames and Dubin 
(18), and ribose content by measuring spectro- 
metrically the consumption of periodate (191, 
indicated their molar ratio to be 1.00: 1.10 (Table 
2). Phosphate analysis indicated this compound 
to be 92 % pure, with impurities undoubtedly due 
to inorganic material. Compound 5, 48.4%, can 
be converted to 5-amino-1-P-D-ribofuranosyl 
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TABLE 2 

Analysis of formylglycineamide ribonucleotide for 
organic phosphate and ribose content 

Experimental Calculated 

Organic phosphate 2.73 pmole/mg 2.97 pmole/mg 
Ribose 2.76 pmole/mg 2.97 pmole/mg 
Organic phosphate/ 

ribose 1.00/1.01 1.00/1.00 

imidazole-5'-phosphate in the presence of 
adenosine triphosphate, L-glutamine, magnesium 
ion, and an enzyme preparation containing 
phosphoribosyl - formylglycine - amidine syn- 
thetase and phosphoribosyl-aminoimidazole syn- 
thetase. This result indicates that P and a 
anomers were synthesized in approximately equal 
amounts; although they have not been resolved, 
these and other studies have shown that the a 
anomer does not interfere with the enzvmatic 
reaction of the naturally-occurring P form. 

Experimental 
Paper chromatography was carried out on Whatman 

No. 1 paper. The solvent systems used were: ( A )  1- 
butanol :acetic acid:water (2:l :I), (B) I-propano1:water 
(6:4), (C) 95% ethano1:water (77:23). Phosphate-con- 
taining compounds were detected with the ammonium 
molybdate reagent (20). The t.1.c. was done on silica gel, 
and compounds were detected by their ultraviolet (u.v.) 
absorption or with a sulfuric acid spray. The i.r. spectra 
were determined with a Perkin-Elmer 137B spectropho- 
tometer. The n:m.r. measurements were performed by 
the Department of Chemistry and Faculty of Pharmacy, 
University of Alberta, with Varian A-60 instrument. 
Microanalyses were performed by George I. Robertson, 
Jr., 73 West End Avenue, Florham Park, New Jersey. 
Melting points were determined on a Kofler micro hot 
stage. 

The enzymatic conversion of formylglycineamide 
ribonucleotide to 5-aminoimidazole ribonucleotide was 
carried out by incubation of the former with adenosine 
triphosphate, L-glutamine, KC1, MgSO,, and phos- 
phoribosyl - formylglycineamidine synthetase (5' - phos- 
phoribosyl - formylglycineamide : L - glutamine amidoli- 
gase [ADP], EC 6.3.5.3) (partially purified from Ehrlich 
ascites tumor cells); and phosphoribosyl-aminoimidazole 
synthetase (5' - phosphoribosyl - formylglycineamidine 
cyclo-ligase [ADP], EC 6.3.3.1) (partially purified from 
chicken liver); the general procedure of Flaks and Lukens 
(21) was followed. The ribonucleotide product was deter- 
mined by the Bratton-Marshall test for diazotizable 
amines (22). 

2,3,5-Tri-0-benzoyl-N-(formylglycyl) 
ct,p-D-ribofuranosy/amCle 

2,3,5-Tri-0-benzoyl-13-ribofuranosyl azide (1 g) (10) was 
dissolved in 40 ml of anhydrous acetone, 50 mg of 
platinum oxide were added, and the mixture was hydro- 

genated with a Parr hydrogenation apparatus at room 
temperature at a pressure of 10 lb/sq in. for 45 min. 
Anhydrous magnesium sulfate was added and the solution 
filtered. The filtrate was added at once to a flask con- 
taining 400 mg of formylglycine (23) dissolved in 50 ml 
of acetone. To this solution, 600 mg of N,N'-dicyclo- 
hexylcarbodiimide were added and the mixture was 
allowed to stand at room temperature with occasional 
shaking for 2.5 h. The insoluble urea derivative was 
collected by filtration and the filtrate was concentrated 
to 20 ml and again filtered. The filtrate was kept at 0 "C 
overnight. After removing the residue, the filtrate was 
evaporated to a gum at room temperature. Ethyl acetate 
(5 ml) was added and the solution was applied to a column 
of silica gel (2 x 30 cm). The column was eluted with 
2 ml fractions of ethyl acetate. A compound which 
absorbed u.v. light after t.1.c. (R, 0.5) in ethyl acetate 
was collected (80 to 160 ml) and the solution was con- 
centrated to 20 ml and set aside at 0" for 2-3 h. The 
residue was filtered and the filtrate was evaporated under 
high vacuum to a dry residue: 740 mg (67%), m.p. 
58-63 "C, [aIDz0 + 42" (1 % methanol). The t.1.c. gave a 
single spot detected by U.V. absorption (R, 0.5; ethyl 
acetate), but a minor spot with RI 0.42 also appeared 
when the HZSO4 spray was used. The i.r. spectroscopy 
of the product in chloroform gave absorption maxima 
at 3400, 1680, and 1520 cm-I which were characteristic 
of the secondary amide group. Analysis showed this 
compound to be reasonably pure (90% based on N). 
Further purification of the compound was unsuccessful 
but this preparation was acceptable in the subsequent 
reaction. 

Anal. Calcd. for C,,H,,O,N,: C, 63.4; H, 4.73; N, 
5.10. Found: C, 62.51; H, 5.11; N, 5.70. 

N-(N-Fort~tylglycy/) -a,p-D-ribofuranosylamine 
2,3,5-Tri-0-benzoyl-N-formylglycyl-a, 0-D-ribofur- 

anosylamine (550 mg, 1 mmole) was dissolved in 1 ml of 
dry methanol and sodium methoxide (from 0.01 g sodium 
in 5 ml methanol) added at room temperature. After 10 h 
the solution was evaporated to a small volume (about 
1.5 ml) and filtered. Methanol (10 ml) was added to the 
filtrate and this was passed through a Dowex-50 column 
(1 x 1.5 cm, H +  form, methanol washed), and thecolumn 
was washed with 20 ml of methanol. The combined 
methanol fractions were evaporated to dryness, dissolved 
in 25 ml of water, and extracted once with 30 ml of ether. 
The water layer was lyophilized, giving 140 mg of product 
(66%): [aIDZ0 + 18.6" (1 % methanol). The compound is 
hydroscopic. The i.r. examination of the compound in a 
KBr disc showed no ester-carbonyl band at 1720 cm-', 
but a hydroxyl band at 3425 cm-' was present. The t.1.c. 
showed only a single spot (R, 0.71 in methanol) as 
detected by the sulfuric acid spray. 

Anal. Calcd. for CI8Hl4N2O6: C, 41.05; H, 5.90; N, 
11.98. Found: C, 41.03; H, 6.20; N, 12.00. 

Formylglycineamide Ribonucleofide 
N-(N-Formylglycy1)-D-ribofuranosylamine (48 mg) was 

dissolved in 2 ml of triethylphosphate and the mixture 
was kept at 0 "C. Phosphorous oxychloride (0.2 ml) was 
added slowly with stirring. The reaction mixture was then 
kept at this temperature for 1.5 h with stirring. Ether 
(100 ml) was added to the reaction mixture to precipitate 
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the N-(N-formy1glycyl)-D-ribose 5'-phosphordichloridate 
which was then collected by centrifugation. The product 
was washed once with 40 ml of ether and dissolved in 0.5 
ml of cold water containing 0.1 ml of triethylamine. The 
aqueous solution was then adjusted to pH 8.5 with 1 N 
HC1. Barium bromide (1 M, 0.5 ml) was added and the 
barium salt was precipitated by addition of 5 volumes 
of cold 98% ethanol. The barium salt was centrifuged 
after 1 h at 0 OC to give 90 mg. Paper chromatography 
of the salt showed onemajor product together with other 
phosphorylated compounds. The barium salt was dis- 
solved in 5 ml of water, passed through a 1 x 1.5 cm 
column of Dowex-50 (H+ form) and the column was 
washed once with 10 ml of water. The combined effluents 
were adjusted with ammonium hydroxide to p H  8 and 
applied onto a column (1 x 12 cm) of Dowex-1-X8 in the 
formate form. The column was washed with 20 ml of 
water and eluted with 0.05 M ammonium formate, pH 5. 
Fractions from 110 to 250 ml were collected and neutral- 
ized to p H  8 with ammonium hydroxide (these were 
enzyme substrates and contained organic phosphate). 
Again this fraction was absorbed onto a column (I x 4 
cm) of'Dowex-I-X8 in the chloride form. The column 
was washed with 150 ml of distilled water and the product 
was eluted with 0.24 M lithium chloride. Fractions from 
2.0 ml to 20 ml were collected and lyophilized. The 
residue was washed twice with 4.5 ml of methano1:acetone 
(3:2) and dried under vacuum to give 28 mg of the lithium 
salt of N-(N-formylglycy1)-D-ribofuranosylamine-5'-phos- 
phate (5) ('yield 40 %). 
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The ethenoxy radical in the pyrolysis of acetaldehyde 
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In  the pyrolysis of pure acetaldehyde at 450-525 "C it was found that ketene, although stable under 
these conditions, is not formed as a final reaction product. This result requires a modification of the 
mechanism of Liu and Laidler, according to whom the ethenoxy radical CH2CH0 splits into CH2C0 
and H. I t  is concluded that instead of splitting unimolecularly, CHzCHO disappears mainly through 
the reaction 

CHZCHO + CH3CHO -> CH3CHO + CH3CO 

and that it also undergoes the process 
0- 

Canadian Journal of Chemistry, 48,2315 (1970) 

We have recently carried out a detailed 
investigation of the effect of added nitric oxide 
on the acetaldehyde pyrolysis and the results are 
'in course of publication (I). These studies 
included further measurements of rates in the 
absence of nitric oxide. We have now found, 
contrary to the result of Liu and Laidler (2), that 
ketone does not decompose to a significant extent 
under the pyrolysis conditions. We confirm Liu 
and Laidler's result that ketene is not a product 
of the pyrolysis, but conclude that a modification 
is necessary to their reaction 

as an important one in removing the CH2CH0 
radical. 

The present paper reports rates of formation 
of a number of additional reaction products and 
suggests alternative fates for the CH2CH0 
radical. 

Experimental 
The apparatus and procedures are described in detail 

in the paper on the effect of nitric oxide (1). The reaction 
vessel was Pyrex and had a volume of 209 cc. 

The acetaldehyde was prepared from paraldehyde 
(British Drug Houses,Laboratory Grade) which was first 
purified by distillation and then converted into acetal- 
dehyde by addition of concentrated H2S04. I t  was 
purified by fractional distillation in an  atmosphere of 

pure nitrogen, no air ever being allowed to come into 
contact with the acetaldehyde. 

Products were determined by vapor-phase chromatog- 
raphy. 

Results and Analysis 

The following products were identified, and 
the rates of their formation were measured: Hz, 
CO, C2H6, CzHsCHO, CH4, CO2, C3H6, 
CH3COOC2H3, C2H4, and CH,COCH,. A 
small amount was found of a compound which 
has a molecular weight of 70 when analyzed in 
the mass sDectrometer, and which has the same 
retention time as crotonaldehyde CH,CH= 
CHCHO. Other compounds which could be 
identified by chromatography but which were 
not obtained as pyrolysis products are C H 2 0  
(10-14), C H 2 C 0  ( lopL3) ,  CH30CH=CH2 
(10-14), CH,COCOCH, (10-12), CH,OH 
(10-14), C 2 H 5 0 H  ( lopL4) ,  (CH3),CHOH 
(10-13), and H 2 0  (lo-"). The figures in 
parentheses indicate the detectability thresholds 
at 500 "C, in moles cc-' s-'; the high value for 
H 2 0  is due to strong tailing. 

Small amounts of ketene were co-pyrolyzed 
with acetaldehyde, for reaction times from 10 to 
400 s. There was no detectable disappearance of 
ketene. 
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In an effort to obtain an additional reaction 
that produced H atoms, to replace 

the compound CH,COCH=CHOH (tautomeric 
with CH,COCH,CHO) was tested. Gas chro- 
matograms of it could be obtained in the absence 
of acetaldehyde, but not in its presence. The pure 
compound is unstable and polymerizes (3). 

Rates of product formation at 500 "C and an 
acetaldehyde pressure of 176 Torr are given in 
Table 1. Our rates for formation of CH, + CO, 
H,, CH,COCH,, C2H6, and C,H,CHO are 
approximately of the same magnitude of those 
of Liu and Laidler (2,4). The present investigation 
was not primarily concerned with measurements 
of activation energies, reliable values for which 
were given for the main products in the previous 
work. We did, however, measure rates at 450, 
475, 500, and 525" and found for CO,, C2H4, 
C3H6, and CH,COOC,H, an increase by about 
an order of magnitude over that range. 

TABLE 1 

Rates of pyrolysis product formation 
at 500 "C* 

-- 

Product Rate (mole cc-I s-I) 

-- 
'Acetaldehyde p r e s s ~ ~  

2 . 9 9 ~  
2.99 x 
4 . 7 9 ~  10-l2 
1 . 2 4 ~  10-l2 
3 . 3 4 ~  10-13 
0.76 x 10-13 
3 . 3 5 ~  10-l3 
5 . 0 2 ~  10-l3 
1 . 4 4 ~  10-l3 
1.5 x 10-13 
76.0 Torr. 

Discussion 

In order to reach a conclusion as to the 
reactions occurring, estimates have been made of 
free radical concentrations. The results are sum- 
marized in Table 2. In most cases the concentra- 
tions were calculated from the rate constant and 
the rate of formation of a product (in italics in the 
table). The CH,CHO concentration has also been 
calculated on the basis of steady-state considera- 
tions, the important reactions involving CH,- 
CHO being 

The Arrhenius parameters of reaction [2] are not 
known, but comparison with a series of similar 
abstraction reactions CH, + M + CH, + CH,R 
(cf. Table 3) suggests a rate constant of - lo9 
cc mole-' s-'. 

The rate constant for reaction [3] is estimated 
on the assumption that CH,CHO behaves 
similarly to the ally1 radical. Consider the 
reactions 

[7] CH3 + CH3CH0 + CH4 + CH3C0 

The following rate constants are known (500 "C): 
k, = 106.4 cc mole-' s-' (mean of values in 
refs. 5 and 6), k, = 108.9 cc mole-' s-' (7), and 
k7 = 109.9 cc mole- ' s-' (4). It is postulated that 
k4/k, = k6/k,, whence k, = 107.4 cc mole-' s-l, 
and this will be assumed to be the value of k,. 
Substitution of these values into the steady- 
state equation leads to [CH,CHO] = cc 
mole-'. In this argument, the isomerization of 
CH,CHO into CH,CO has been assumed to be 
unimportant; this matter is discussed in Appen- 
dix 1. It is also assumed that reaction [I]  is un- 
important; this requires further discussion since 
it is at variance with the conclusion of Liu and 
Laidler (2, 4). 

Liu and Laidler were led to postulate reaction 
[I] as important since the reactions 

and 

alone do not furnish enough H atoms to account 
for all of the H, formed. They considered that 
reaction [3] was less important than reaction [:I], 
and this led them to a value of 7.5 x lo6 cc 
mole-' s-' for the rate constant of reaction [2] 
at 523 "C. This value is about two orders of 
magnitude lower than that obtained above on 
the basis of the comparison of the rate constants 
of the reactions listed in Table 3. Our present 
view is that the higher estimates are much more 
reliable, Liu and Laidler's lower value being due 
to their neglect of reaction [3]. 

This being so, it is no longer possible to 
maintain that reaction [I  ] is the main process by 
which CH,CHO is removed, since this would 
lead to a rate of H, formation as high as one-tenth 
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TABLE 2 
Estimates of free-radical concentrations 

(T = 500 "C; [CH3CHO] = 10-5.5 mole cc-I) 

Radical Reaction considered 

Rate constant Estimated 
(s-I or concentration 

cc mole-' s-l) (mole cc-') 

CH3 CH3 + CH3CHO -+ CH4 + CH3CO 109.9 (4) 10-12.9 
CH3 2 CH3 + C2H6 1013.3 (1 1) 10-12.9 
CH3CO CH3CO -> CH3 + CO l ~ ~ . ~  (12) 10-14.9 
H H + CH3CH0 -> Hz + CH3C0 1011.3 (1 3) 10-17.1 
(CH3)zCHO (CH,),CHO + CH3COCH3 + H 107.4 (4) 10-19.3 
C z H 8  CzH50 + CH3CH0 -> C2HSOH + CH3C0 109.2* < 10-17.7 
CH3CHOCH3 CH3CHOCH3 + CHz=CHOCH3 + H - lo3? Q 10-l7 
CH3CHOH CH3CHOH + CH3CHO -> C2H50H + CH3C0 - 107.?f < 10- 16.4 
CHO CHO -> CO + H i o 9 . ~  (14) < 10-20.3 
CHZCHO CH3 + CH2CHO + CzHSCHO 1O"Il 10-10.9 

§ 

CH,CHO Steady-state: see text 10-11.6 
-- 

'This is the rate constant of the similar reaction C2H50 + C2H5CO0,C2HS -> CIHpCOO (15). 
?This estimate is based on a frequency factor of 10'3 s- '  and an actlvat~on energy of  35 kcal mole-'. The similar reaction CH3CHCH3-> 

CJHL + H has a frequency factor of 1013'8 and an activation energy of 36.9 kcal mole-' (14). 
$This estimate is based on  a frequency factor o f  IOL0.7 cc mole-' s- '  and an activation energy of 10 kcal mole-'. The latter value waschosen 

because CH,CHOH is more stable than C2H50 ;  the reaction C2H50 + C2H5COOC2H5 -> C2H5 + CtHgCOl has an activation energy o f  
5.5 kcal mole-' and a frequency factor of 1010.7 cc mole-' s-1 (15). 

$The rate of  Hz  production is lo-".' mole cc-1 s-1, but CHO + CO + H is not the only source of H atoms; thus r:,, > lox0 [CHOI s-'. 
IlThis rate constant is assumed to be equal to that of CHI + CHI-CH=CH2 -> C2H5CH=CH,, which has been given as 10" cc mole-' 

s-I (16). 

TABLE 3 vg = kg[CHO] = moles cc-I s-I 
Rate constants at 500 "C for reactions of the type 

CH3 + M -> CH4 + R-CH, Thus 
-- 10-12.5 + 10-11.9 

Rate constant Vg + v, = 

M (cc mole- s- I) Reference - - lo-".' moles CC-' s-I 
.- 

CzH6 108.6 17 
which is only 0.3 vH2. 

CH3COCH3 lo9.' 17 The rest of the Hz must be formed by a reaction 
C3Hb 108.7 16 which produces an H atom from either a CH, or 
CH30CH3 l o 9 . ~  17 
CH3OH l ~ ~ . ~  18 a CH2CH0 radical; other radicals can be 

excluded since their concentrations are too low 
of that of methane; experimentally vH2,v,,, = (cf. Table 2).' Possible reactions involving CH, 
10-2.8 . Moreover, ketene is not a product, and and CH2CH0 are 
is stable under the experimental conditions. [ i i ]  cH, + CH3CH0 -> C2H6 + CHO 
Reaction [ l ]  must therefore be eliminated from I 
the mechanism, and be replaced by another [12] CH, + CH3CH0 -> CH3CHOCH3 + 

reaction which generates hydrogen atoms. H + CH2=CHOCH3 
Further comments on the reactivity of the n- 

ethenoxy radical are given in ~ ~ ~ e n d i x 2 .  

Rate of Hydrogen Formation 
Reactions [9] and [8] together do not generate 

H atoms at the desired rate. Thus at 500 "C the 
rate of acetone production is mole 
cc-I s- l ,  and this can be equated to us. The 
steady-state equation for CHO is 

klo[CH3CHO] = k9[CHO] 

where k,, refers to the reaction 

[I@] CH3CH0 + CH3 + CHO 

Hence, since k,, = s - ' (4), 

'Even reaction [8] does not produce H atoms suffi- 
ciently rapidly to account for all of the Hz produced, in 
spite of the high concentration of CH3 radicals. 
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[I61 CHzCHO + CH3CH0 + The authors are indebted to Dr. M. H. Back for 
CHZ=CHOCH3 + HCO valuable discussions and to Dr. R. J. Cvetanovic for a 

sample of pure ketene. H.-P.S. is grateful for the award 
[I71 CHzCHO CH3CHO -> CZHSCHO CHO of an Ontario Graduate Fellowship. 

Of these, reactions [l 1 1, [15], and [17] can be Appendix 1 
excluded because of the very low rates of forma- 
tion of C,H6, CH,COOCH=CH,, and c,H,- IntramolecularIsonlerization ofCH,CHO 
CHO compared with Hz+ Reactions [12] and The possibility that the unimolecular process 
[16] are excluded by the absence of methyl vinyl [25] CH,CHO -> CH3C0 
ether. Processes 3 1 and [I41 cannot be excluded is significant seems unlikely on the following 
in any such way- We favor the conclusion that grounds. The activated state would be a three- 
reaction furnishes the H atoms required to membered ring, and Benson (ref. 8, p. 65) has 
explain the HZ yield, possibly occurring as concluded that the ring strain in the activated 
follows state for a hydrogen 1,2-shift in an alkyl radical 

0 0- 
II I 

is the same as that in cyclopropane, viz. 27 kcal 
[131 CH3-C CH2 CH3-C-CH2 mole-'. The strain in cyclopropene is about 

I I I I H CH 
56 kcal mole-' (9). Since the bond order of the 

H CH 
0" o4 C-C bond in CH,CHO may be about 1.5, 

0 
because of mesomerism, the strain in the activated 

0 
I I II state may well be close to the average of 27 and 

CH3-C-CH2 + CH3-C-CH k H 
I I I 

56, viz. - 42 kcal mole-'. (This agrees well with 

YH CH the value of 41 kcal mole-' for the ring strain 
HO HO' in methylene cyclopropane (10)). There will be 

The tendency to form conjugated double bonds an energy barrier of - 5 kcal mole-' for the 

would aid the elimination of the H atom. H atom abstraction, so that the estimated 

Our conclusion is that the Liu-Laidler scheme activation energy for the isomerization is 

of reactions must be modified by the elimination - 47 kcal mole-'. If the frequency factor is 

of reaction [l ] and the addition of the following lo1, S-', one obtains at 500 "C, kZ5 % 10" s-', 

reactions and v,,/v, % lo-'. 

[IS] H + CH3CHO + HZ + CHzCHO 

[I31 CHzCHO + CHBCHO CH3CH(O)CHZCHO 
-t CH3COCH=CHOH + H 

[IS] CHZCHO + CH3CHO$CH3CH(O+OCH=CH, 
-t CH3COOCH=CHz + H 

wall? 
[22] CHBCHO + CH3CH0 - 

C3H6 f CO f Hz0 
wall? 

[23] CH3CH0 + CH3CHO - 
C3H6 f C02 f HZ 

wall? 
[24] CH3CH0 + CH3CHO + 

CH3CH=CHCH0 + Hz0 

These reactions also account for the formation of 
the products C3H6, C,H4, CO,, and CH,- 
COOC,H,. 

Appendix 2 
Further Comments on the Reactivity of 

CH, CHO 
The reactivity of CH,CHO is obviously a 

matter of great importance for a complete 
understanding of the mechanism of the acetal- 
dehyde pyrolysis. In the present work a value of 
107.4 cc mole-' s- ' has been deduced for k,, the 
rate constant of the reaction 

on the assumption that the radical behaves 
similarly to the allyl radical. Benson, on the other 
hand, assumes the reactivity to be similar to that 
of CH, (ref. 8, p. 141). If CH,CHO is in fact 
more reactive than the allyl radical, its concen- 
tration will be below that given in Table 2. This, 
however, would not materially affect the conten- 
tion that CH,CHO may play a considerable role 
in this pyrolysis; if its reactivity is low its steady- 
state concentration will be high, and vice versa, 
so that its net influence as a chain carrier will 
remain the same. 
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Solid-liquid equilibrium in the system chlorine dioxide - chlorine 

J. KEPINSKI AND K.  KALUCKI 
Department of Inorganic Chemical Tecimology, Technical U~~iversity,  Szczecirz, Poland 

Received' August 18, 1969 

The method of preparation and analysis of liquid mixtures of chlorine dioxide and chlorine is de- 
scribed. The mixtures of chlorine dioxide and chlorine were found to becompletely miscible. The freezing 
points were determined by using the dynamic method of measurement and the extrapolation procedure. 
An eutectic point was found to exist at - 101.6 + 0.1 "C. The eutectic solution contains 1.6 mole % of 
chlorine dioxide. 

Canadian Journal of Chemistry, 48,2320 (1970) 

Introduction 

Because it is explosive in pure gaseous and 
liquid state (1,2), chlorine dioxide must be pre- 
pared immediately prior to its use. This poses a 
severe limitation on all uses of chlorine dioxide 
other than bleaching of pulp, e.g. disinfection of 
water, treatment of phenolic waste waters, 
control of industrial odors, bleaching of flour, 
fats and waxes, and some other minor uses. 
Therefore, the transport of liquid mixtures of 
chlorine dioxide and chlorine has been the object 
of some patents (3). Since no information on this 
system could be found in the literature, its study 
was undertaken. 

Experimental 
Preparation of Chlorine Dioxide 

Chlorine dioxide was prepared by oxidation of sodium 
chlorite with gaseous mixtures of chlorine and air (4). 
The apparatus used for this purpose is shown schemat- 
ically in Fig. 1. The dry mixture of chlorine dioxide and 
air entered the glass trap in Fig. 2, inserted in a 1 1 Dewar 
flask filled with Dry Ice, The temperature was measured 
with a thermocouple inside the-trap. Before inserting 
the trap into the cooling medium, the air contained in it 
was displaced with the dry mixture containing chlorine 
dioxide. The chlorine dioxide condensed on the walls of 
the trap as a red liquid and solidified into a deep red 
solid. After filling one third of the trap with a measured 
quantity of chlorine dioxide, a suitable quantity of dry 
chlorine was taken from a cylinder. The ends of the 
capillary tubes were closed with small tubes containing 
phosphorus pentoxide, in order to avoid contamination 
with water vapor. 

Safety Consideratio~rs 
In order to prevent possible accidents, generation and 

condensation of chlorine dioxide was carried out under 
the laboratory hood secured with additional acrylic glass 
plates and steel net. The experimenter worked wearing 
leather gloves, behind a 10 mm thick acrylic glass plate. 

No  accident happened in the course of generating and 

'Revision received March 25, 1970. 

liquefying chlorine dioxide. One serious explosion 
occurred while evaporating liquid chlorine dioxide when 
the trap was full of 100% gaseous chlorine dioxide. No  
one was hurt although all glassware was shattered to  
glass powder. 

Analytical Procedure 
The samples of mixtures of chlorine dioxide and chlo- 

rine were dissolved in dry c.p. carbon tetrachloride, 
cooled to -15 OC and analyzed by the method of Flis 
and Byniayeva (6) with some modifications. 

An aliquot of the solution was transferred with a 
pipette to an Erlenmeyer flask fitted with a glassstopcock 
and containing a few grams of potassium iodide. The 
solution was acidified with aqueous 2 N sulfuric acid. 
The iodine produced was titrated with sodium thiosulfate. 

Another aliquot of the carbon tetrachloride solution 
of chlorine dioxide and chlorine was added to a flask 
containing sodium hydroxide and a slight excess of 
hydrogen peroxide. After thorough mixing the excess 
hydrogen peroxide was destroyed by boiling for 5 min. The 
sodium chlorite formed by reduction of chlorine dioxide 
with hydrogen peroxide was determined iodimetrically 
by titration of iodine with thiosulfate in acid solution. 

The amount of hydrogen peroxide required was 
established by analyzing the solution of chlorine dioxide 
and chlorine by the well-known Bray method (5). 

Measurement of Freezing Points 
The dynamic method of measuring the freezing tem- 

perature was used throughout the experiments. Taking 
into account the tendency of mixtures of chlorine dioxide 
and chlorine to super cooling, the procedure of Andrews, 
Kohman, and Johnston (7) was used. This method enables 
the establishment of freezing points by extrapolation. 
This could be carried out relatively easily in view of the 
fast rate of crystallization. 

The temperature was measured using iron-constantan 
thermocouple shown in Fig. 3. This arrangement was 
checked for freezing points of pure mercury, - 38.70 "C; 
and chlorine, -100.98 "C; and for the boiling point 
of oxygen and the sublimination point of carbon 
dioxide at atmospheric pressure. 

The apparatus used for freezing point measurements is 
shown in Fig. 4. The trap containing the mixture of 
chlorine dioxide and chlorine was inserted into a n  
aluminum block placed inside the 1 1 Dewar flask with 
glass tube and stopcock. This flask was inserted in 
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KEPINSKI AND KALUCKI: THE SYSTEM CHLORINE DIOXIDE - CHLORINE 2321 

IHPRESSED TOTHE WATER 
VACUUM PUMP 

FIG. 1. Apparatus for generating chlorine dioxide. 1, manostat; 2, buffer vessel; 3, flowmeter for air; 4, mixing 
column; 5 and 6, wash-bottles containing 20% sodium chlorite solution; 7, safety trap; 8, concentrated sulfuric acid; 9 
phosphorus pentoxide on glass wool; 10, line to  the freezing trap; 11, solution absorbing chlorine dioxide; 12, pressure 
regulator; 13, pressure cylinder with liquid chlorine; 14, flowmeter for chlorine. 

FIG. 2. Freezing trap for chlorine dioxide and chlo- 
rine. 1, capillary tubing; 2, container; 3, sheath for 
thermocouple. 

FIG. 3. Apparatus for measurement of temperature. 
1, iron-constantan thermocouple; 2, thermostat for 
"cold" ends; 3, Dewar flask; 4, compensator; 5, storage 
battery; 6, mirror galvanometer; 7, standard cell; 8, 
thermostated container for standard cell (KO = con- 
stantan). 
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FIG. 4. Apparatus for freezing point measurements. 
I, trap with liquid mixture of CIOz and Clz; 2, aluminum 
block; 3, modified 0.25 1 Dewar flask; 4, 1 I Dewar flask; 
5, boiling pure oxygen; 6, porous PCV plate; 7 and 8, 
thermocouples. 

+ 

b 'TIME 
I 

I 

c, 23 TIME 

I I 1 I 

6 Fz F3 AREA 
OF UNDERCOOLING 

FIG. 5. A and B show a plot of dynamic measure- 
ments of freezing points at different degrees of under- 
cooling; C shows graphic extrapolation. 

another Dewar flask half filled with boiling pure oxygen 
and covered with a porous PCV plate. Each sample of the 
mixture of chlorine dioxide and chlorine was frozen 
several times at  varying rates of cooling. The rate of 
cooling was regulated by suitable evacuation of the l i q ~ ~ i d  
oxygen in the Dewar flask. The temperature of the frozen 

O - IN'TERPOLATED 
n - DIRECT MEASUREMENT 

MOLE FRACTION OF Clop 
roo 0.90 o.m urn nso a50 040 430 1/20 410 o 

MOLE FRACTION OF CI, 
FIG. 6. The phase diagram for the system chlorine 

dioxide - chlorine. 

mixture in the trap was measured every 30 s,  the tem- 
perat~lre of the aluminun~ block every few minutes. The 
measured temperatures of the sample were plotted 
against time, and the areas between the line of the block 
temperature and the sample temperat~lre established by 
weighing. The freezing temperatures were then plotted 
against the area of undercooling, and the true freezing 
point was found by extrapolation as shown in Fig. 5c. 

Results 

The freezing temperatures of various samples 
are given in Table 1 and the extrapolated values 
in Table 2. Both sets of data are plotted in Fig. 6 
giving the freezing point curve of the system 
chlorine dioxide - chlorine. 

Conclusions 

(I). The solutions of chlorine dioxide and 
chlorine may be prepared by dissolving liquid 
chlorine in chlorine dioxide or  solid chlorine 
dioxide in liquid chlorine. 

(2). Chlorine dioxide and chlorine in the liquid 
state are completely miscible above - 59.6 "C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KEPINSKI A N D  KALUCKI: THE SYSTEM CHLORINE DIOXIDE - CHLORINE 2323 

TABLE 1 lies at - 101.6 0.1 "C, close to the freezing 
Freezing points of chlorine dioxide-chlorine point of chlorine. The eutectic point composition 

mixtures by direct measurement is 1.6 mole O/, chlorine dioxide in chlorine. 

Mole Freezing Mole Freezing 
fraction point 
of C10, ("C) 

fraction point - 
of C10, ("C) 

TABLE 2 

Freezing points of chlorine dioxide-chlorine 
mixtures by extrapolation 

Mole Freezing Mole 
fraction point fraction 
of ClOz ("C) of C102 

0.9367 -61.25 0.3230 
0.8496 -62.50 0.2703 

Freezing 
polnt 
("C) 

- 
-72.77 
- 

-77.89 
- 

-84.03 
-95.37 
- 

(3). The liquidus curve of the solutions of 
chlorine in chlorine dioxide is S-shaped and has 
an inflection point at 0.6 mole fraction of C10, 
(8, 9). 

(4). The eutectic point at atmospheric pressure 

(5). The 'freezing curves indicate that liquid 
chlorine dioxide and chlorine do not react with 
one another. 

(6). The point of inflection of the liquidus 
curve together with the complete solubility in the 
liquid state may indicate the existence of mutual 
solid solubility. 

(7). Contary to the existing literature, pure 
liauid chlorine dioxide and its solutions with 
chlorine do not tend to spontaneous decom- 
position. The one explosion which did occur 
during the present work happened while evapo- 
rating chlorine dioxide at 9 "C, when the gaseous 
phase was fairly pure chlorine dioxide, indicating 
that chlorine dioxide gas in high concentration is 
spontaneously explosive with detonation. 

The help and advice of Dr. W. H. Rapson of the De- 
partment of Chemical Engineering of the University of 
Toronto is gratefully acknowledged. 

1. Chem. Eng. News, 28, 5030 (1950); 29, 3196 (1951). 
2. J. KEPINSKI. Chlorine dioxide and chlorites (in 

Polish). Szczecin, 1967. The Scientific Society. 
3. 5. F. HALLER. German Patent D.B.P. 838,239 

(1952). 
4. J. KEPINSKI and G. BLASZKIEWICZ. Chem. Stosow. Ser. 

A, 12, 3 (1968). 
5. W. BRAY. Z. Phys. Chem. 54,731 (1906). 
6. I. E. FLIS and M. K. BYNIAYEVA. Zh. Anal. Chim. 

12, 740 (1957). 
7. D. H. ANDREWS, G. T. KOHMAN, and J. JOHNSTON. J .  

Phvs. Chem.. 29. 914 (1925). 
8. J. -E. RICCI.' phase iule and heterogeneous equili- 

brium. Van Nostrand, New York. 1951. 
9. B. JA. ANOSOV and S. A. POGODIN. Principles of 

physicochemical analysis, Izd. Akad. Nauk. Moskva, 
Leningrad, 1947. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Spectrofluorometric studies. IX. Fluorescent and triplet yields of the 
tetrafluorobenzenes excited in the 2600W region 

B. H. SCHOLZ AND I. UNGER 
Department of Chemistry, University of New Brunswick, Fredericton, New Brunswick 

Received March 5, 1970 

The gas phase fluorescent and triplet yields of 1,2,4,5-, 1,2,3,4-, and 1,2,3,5-tetrafluorobenzene (TFB) 
excited in the 2600 A region have been determined. For 1,2,4,5-TFB, the maximum fluorescent yield 
(Q, = 0.338) occurs at h,, = 2670 A and the triplet yield at this wavelength = 0.515. For 1,2,3,4-TFB, 
the maximum fluorescent yield is 0.186 and is obtained at h,, = 2645 A; the triplet yield at this wave- 
length = 0.220. For 1,2,3,5-TFB the maximum fluorescent yield = 0.029 and themaximum triplet yield is 
0.141, at an exciting wavelength of 2680 A. The fluorescent and triplet yields of the three molecules, at any 
exciting wavelength studied, are not quenched by the addition of cis-butene-2 (c-B-2). 

Canadian Journal of Chemistry, 48,2324 (1970) 

Introduction 

A number of techniques have been developed 
in recent years to determine the triplet yields of 
organic molecules which do not exhibit phos- 
phorescence in the gas phase (1-5). Of these, two 
of the most frequently used are the sensitized 
emission of biacetyl (BiA) technique (4) and the 
isomerization of olefins technique (5). Although 
both of the above mentioned methods have 
certain disadvantages (6), the two should yield 
reliable results provided adequate precautions 
are taken (7). Also, in the case of certain mol- 
ecules, the two techniques (8) may be combined; 
thus eliminating most of the undesirable features 
of both. 

This paper presents the fluorescent and triplet 
yields as determined by the sensitized emission 
of BiA technique of the three isomers of TFB 
excited at various wavelengths. The effect of 
c-B-2 on the emission yield of BiA sensitized by 
the TFB isomers has also been examined. 

ExperimentaI 
The three TFB isomersused in this study were obtained 

from the Aldrich Chemical Company and purified by 
preparative vapor phase chromatography. The BiA used 
was also obtained from the Aldrich Chemical Company. 

spiral gauge obtained from the National Research Council 
of Canada in Ottawa. The cell used was an Aminco flow- 
through cuvette type, 1 cm x 1 cm x 4.5 cm, polished on 
all four sides. Mixing was accomplished by an all-glass 
pump which circulated the vapors through the flow- 
through cell. Adequate mixing was indicated by constant 
absorption and emission. All emission measurements 
were performed on a modified Aminco-Bowman spectro- 
fluorometer. Details concerning the modification and pro- 
cessing of raw data have been discussed in earlier 
publications (9, 10). The reported quantum yields are 
based on the singlet and triplet yields of benzene given 
by Noyes et al. (11, 12). Detailed tables of data com- 
plementing those reported here have been deposited in 
the Depository of Unpublished Data.' 

Results and Discussion 

The absorption spectra of the three isomers of 
TFB are given in Fig. 1. 

1,2,3,4-TFB 
The molecule was excited at 2520, 2600, and 

2645 A. The fluorescent yield at  hex 2520 A = 
0.056. At hex 2600 A, it is 0.157 and hex 2645 A, 
0.186. The fluorescent vield was found to be inde- 
pendent of TFB press\re (range examined 2-35 
Torr) at all exciting wavelengths, but quenched 
by BiA. Plots of I/@, vs. [BiA] are linear. 
Equations of these lines are given in Table 1. 
The addition of c-B-2 had no effect on the 

It was purified by bulb-to-bulb distillation in vacuo and fluorescent yield of 1,2,3,4-TFB at any exciting 
stored in a blackened reservoir. Fluorometric grade wavelength ( ~ ~ b l ~  2). l-he triplet yield was found 
benzene obtained from the Hartman-Ledden Company 
was used without further purification. Philips research increase with increasing BiA pressure and 
grade c-B-2 containing less than 0.1 % impurity was also levelled off at about 20 Torr of BiA. The maxi- 
used without further purification. mum triplet yield at  each exciting wavelength is 

The vacuum system employed was a grease and mercury 
free high vacuum line, equipped with Hoke packless l~hotocopies of material on deposit may be obtained 
metal diaphragm valves. The pumping section of the high free of charge, upon request, from the Depository of 
vacuum system was of conventional design. Unpublished Data, National Science Library, National 

Pressure measurements were carried out by means of a Research Council of Canada, Ottawa, Canada. 
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SCHOLZ AND UNGER: SPECTROFLUOROMETRIC STUDIES. IX 2325 

TABLE 1 
Equations of lines of plots of I/@, vs. [BiA] for the three isomers of TFB excited at various wavelengths 

Half Pressure range 
band (Torr) Triplet 
width yield 

Molecule h,, (A) (A) Equation of line TFB BiA (maximum) 

1,2,3,5-TFB 2640 -10 1 / m f = 7 6  +1.23 [Bi A] 9.6 2.5-17.9 0.12 
2680 -10 l/@t = 29.15+3.4 x10-' [BiA] 9.5 2.5-17.2 0.14 

FIG. 1. The absorption spectra of the three isomers of 
TFB recorded on a Hitachi-Coleman Spectrophotometer, 
Model EPS-3T. 

given in Table 1. The triplet yield was unaffected 
by the addition of c-B-2 (Table 2). 

cent emission and plots of I/@, vs. [BiA] are 
linear (Table 1). c-B-2 had no effect on the 
fluorescent yield but appears to enhance some- 
what the triplet yield (Table 2). The behavior of 
the triplet yield as a function of BiA pressure was 
very similar to that noted for 1,2,3,4-TFB. Maxi- 
mum triplet yields for the two exciting wave- 
lengths used are listed in Table 1. 

1,2,3,5-TFB 
Only two excitation wavelengths were used, 

2640 and 2680 A. At any wavelengths above 
2680 A or below 2640 A, the fluorescent yields are 
negligible. The fluorescent yield at hex 2640 = 
0.013 while at hex 2680 A it is 0.029. The rest of 
the photochemical behavior is very similar to that 
observed for 1,2,3,4- and 1,2,4,5-TFB (Tables 1 
and 2). Once again, neither the fluorescent yield 
nor the triplet yield is quenched by the addition 
of c-B-2 (Table 2). 

The basic photochemistry of the three isomers 
of TFB appears to fit into the pattern of the photo- 
chemistry of the other fluorinated benzenes re- 
ported previously (10, 13-15) and thus the kinetic 
schemes given in the above references are likely 
valid for the isomers of TFB. The relatively low 
sum of the fluorescent yield plus the triplet yield 
for 1,2,3,4- and 1,2,3,5-TFB and hence the 
relatively large quantum deficit [l - ( a ,  + a,)] 
at all the exciting wavelengths examined suggests 
that either intramolecular rearrangement (16) or 

1,2,4,5-TFB radiationless transitions are important processes 
The excitation wavelengths used were 2520 and in these molecules. Further experimental work 

2670 A. The fluorescent yields at these wave- will be necessary before this point can be decided. 
lengths are 0.127 and 0.338, respectively. The The "non-quenching" of the fluorescent and 
experimental results indicate that self quenching triplet yields of the three isomers of TFB on the 
does not occur at the two excitation wavelengths addition of c-B-2 is not surprising. The singlets 
studied. However, BiA does quench the fluores- of the TFB isomers are expected to be at lower 
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TABLE 2 
The effect of c-B-2 on the fluorescent and triplet yields 
of the isomers of TFB excited at various wavelengths* 

C-B-2 
Pressure 

Isomer kCX (A) (Torr) Df @T 

'TFB pressure = 10 Torr, BiA pressure = 15 Torr for all experi- 
ments. 

energy levels than the singlet of benzene (9) and 
therefore, cannot transfer energy to c-B-2 (5).  
There is some speculation in the literature as to 
the exact location of the triplet of c-B-2, recent 
reports suggest that it lies at about 72 kcal(l7, 18) 

although Fukano and Sato (19) claim to have 
observed sensitized cis-trans isomerization of 
c-B-2 with donors having only 65 kcal of energy. 
Theoretical considerations show that the t r i~ l e t  . -  
energy should decrease systematically as one pro- 
gresses from benzene to hexafluorobenzene (9). 
Recent glassy matrix studies confirm these theo- 
retical predictions (20). The triplet of 1,2,4-tri- 
fluorobenzene lies at approximately 73.5 kcal and 
it has been shown experimentally that it will not 
transfer energy to c-B-2 (14). Hence, one would 
not expect the isomers of TFB, all having energies 
lower than that of 1,2,4-trifluorobenzene, to be 
quenched by c-B-2 and this is confirmed by our 
experimental observations. 

The authors wish to thank Dr. G. P. Semeluk and 
Dr. F. Grein for many stimulating discussions. 
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Studies of cobalt(II1) complexes of thiosemicarbazide 
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cis and trans geometric isomers of low spin octahedral cobalt(II1) complexes containing either 
thiosemicarbazide (Htsc) or its anion (tsc) have been prepared and electronic spectra are presented and 
discussed. For the ionic form [Co(Htsc)3I3+ both isomers were resolved and absolute configurations 
were assigned on the basis of optical rotatory dispersion and circular dichroism measurements. The in- 
terconversion of these optically active complex ions in aqueous solution was studied and a bond rupture 
mechanism is proposed to account for the observed inversion and isomerization. 

Canadian Journal of Chemistry, 48, 2327 (1970) 

Tris-complexes of thiosemicarbazide (Htsc), 
H2N-CS-NH-NH,, were first reported by 
Jensen and Rancke-Madsen (1). Sadykova and 
co-workers (2) investigated the complex forma- 
tion of thiosemicarbazide with various cobalt(I1) 
salts in aqueous solutions and found that the 
cation was the species [Co(Htsc),13+. Further 
studies by Samus' and co-worker (3,4) revealed 
cis-trans isomerism in these complexes and the 
kinetics of isomerization have been investigated 
using paper chromatography (5). However, in 
none of these studies have assignments of con- 
figuration been made. 

In this paper we report investigations dealing 
with the structure and stereochemistry of these 
complexes, together with studies of the stereo- 
chemical path for the isomerization reactions. 

Experimental 
Starting chemicals were obtained from either Fisher 

Scientific Co. or Alfa Inorganics Inc. All cobalt analyses 
were carried out in this laboratory by standard methods 
and all microanalyses by Alfred Bernhardt, West 
Germany. 

Magnetic moments were measured at  room tempera- 
ture on a Gouy balance and tubes were calibrated with 
H ~ [ C O ( S C N ) ~ ] .  Infrared spectra were obtained using a 
Beckman IR-10 spectrophotometer using potassium 
bromide disks and Nujol mulls. Visible reflectance 
spectra were recorded on a Unicam SP 500 spectro- 
photometer with standard reflectance attachment while 
solution spectra were recorded on a Beckman DK-I 
spectrophotometer. Optical rotatory dispersion and 
circular dichroism curves were obtained using a Durrum- 
Jasco ORD/UV/5 spectropolarimeter. 

cis-Tris(thiosemicarbazide)cobalt(lll) Chloride 
Trihydrate 

The method of Samus' and Ablov (3) was followed. 
Solid thiosemicarbazide (0.03 mole or 2.73 g) was slowly 
added to a solution of cobalt(l1) chloride hexahydrate 
(0.01 mole or 2.38 g) in water (100 ml). A strong current 

of air was passed through the solution for approximately 
4 h. Then concentrated hydrochloric acid (33 ml) was 
added to precipitate the dark violet solid which was 
filtered off and washed with a 1 :4 ethanol-ether mixture 
followed by ether. The product was recrystallized by 
dissolving in a minimum amount of water and pre- 
cipitating with concentrated hydrochloric acid. 

Anal. Calcd. for [ C O ( S C N ~ H , ) ~ ] C I ~ . ~ H , O :  Co, 11.96; 
C, 7.31; H,  3.07; N, 25.58; S, 19.52; CI, 21.58; H,O, 
10.97. Found: Co, 11.95; C, 7.47; H,  3.13; N, 25.69; 
S, 19.56; CI, 21.68. Loss of weight by drying at  70 OC 
in vacuum, 10.91. 

cis-Tris(thiosemicarbazido)cobalt(ll) Monohydrate 
The method of Samus' and Ablov (3) was followed with 

slight modifications. Violet tris(thiosemicarbazide)cobalt- 
(111) chloride trihydrate (5.0 g) was dissolved in water 
(500 ml) and 1.0 M ammonium hydroxide (50 ml) was 
added dropwise to precipitate pinkish lilac needles. The 
solid was filtered off and washed with small portions of 
water, ethanol, and ether. 

Anal. Calcd. for [ C O ( S C N ~ H ~ ) ~ ] . H , O :  Co, 16.96; 
C, 10.37; H,  3.48; N, 36.29; S, 27.69; HzO, 5.19. Found: 
Co, 17.37; C, 10.20; H, 3.44; N, 36.14; S, 27.53. Loss in 
weight by drying at 70 OC in vacuum, 5.12. 

trans-Tris(thiosemicarbazido)cobalt(lll) 
The method of Samus' (4) was followed. Violet tris- 

(thiosemicarbazido)cobalt(III), prepared above, was 
heated in its mother liquor to  - 80 OC for 30 min. The 
greyish green product was filtered off and washed with 
small portions of water, ethanol, and ether. 

Anal. Calcd. for [CO(SCN~H,)~] :  Co, 17.89; C, 10.94; 
H, 3.67; N, 38.28; S, 29.21. Found: Co, 18.09; C, 10.89; 
H,  3.75; N, 38.08; S, 29.08. 

trans-Tris(t/~iosemicarbazide) cobalt(lll) Cl~loride 
Tetrahydrate 

This compound was also prepared by the method of 
Samus' (4). Green trans-tris(thiosemicarbazido)cobaIt(III) 
(6.0 g), ground to fine powder, was suspended in 95% 
ethanol (500 ml). As hydrochloric acid (1 :1, 50 ml) was 
added dropwise with vigorous stirring, the suspended 
greyish green solid gradually turned green. The solid was 
then filtered and washed with a 1 :4 e thanok the r  mixture 
and finally ether. Although it was readily solublein water, 
the purity of the compound actually deteriorated when 
attempts were made to recrystallize it. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2328 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Anal. Calcd. for [ C O ( S C N ~ H , ) ~ ] C I ~ . ~ H , ~ :  Co, 
11.54; C, 7.05; H, 2.96; N, 24.68; S, 18.83; C1, 20.82; 
HzO, 14.11. Found: Co, 11.42; C, 7.17; H, 3.04; N, 
24.80; S, 18.66; CI, 20.96. Loss in weight by drying at 
70 "C in vacuum, 14.14. 

Sodiunz Antimotryl (-) ,,,-Tartrate 
(-),,,-Tartaric acid (0.1 mole or 15.01 g) was half 

neutralized by treating with 1.0 M sodium hydroxide 
(100ml) and brought into solution by an additional 
amount of water (500ml). After heating to boiling, 
alitimony trioxide (0.05 mole or 14.58 g) was slowly 
stirred into the boiling solution. An additional amount of 
hot water (300 ml) was added and the mixture was 
boiled for approximately 20 min until almost all the solid 
had been dissolved.The solution was filtered hot and then 
evaporated to - 40 ml on a steam bath in a stream of air. 
After the solution was cooled, 95% ethanol (12 ml) was 
added slowly, with stirring, to precipitate the product. 
Recrystallization was accomplished by dissolving the 
crude product in boiling water and reprecipitating with 
95 %ethanol after cooling in an ice bath. 

Silver Antimony1 Tartrate 
A solution of silver nitrate (0.1 mole or 16.99 g) in 

water (35 ml) was added slowly, with stirring, to a hot 
solution (- 70 "C) of either potassium antimonyl 
(+),,,-tartrate hydrate or sodium antimonyl (-)589- 
tartrate in water. The solution and suspended precipitate 
were stirred for 5 min and the white solid was filtered off 
and washed with water, ethanol, and ether. 

Resolution of the cis-tris(thioser~ricarbazide) cobalt(lI1) 
Ion 

Solid silver antimonyl (+),,,-tartrate (0.03 mole or 
11.81 g) was added slowly, within 5 min, to a mechanically 
stirred solution of violet cis-tris(thi0semicarbazide)- 
cobalt(II1) chloride. trihydrate (0.01 mole or  4.93 g) in 
water (100 ml). The mixture was stirred vigorously for 
another 15 min before the solution was filtered. A jet of 
air was then blown over the surface of the solution to 
accelerate evaporation. The diastereoison~er, (-),,9- 
[CO(SCN~H,)~~(+),~~-[S~O(C~H~~~)I~~H~~, separ- 
ated from the solution on standing and was filtered and 
washed with ethanol and ether. Other fractions were 
obtained on further evaporation of the filtrate. The total 
yield was 0.20 g and the most pure fraction had a specific 
rotation of [a],,, = - 1290". Recrystallization in water 
did not improve the optical purity of the diastereoisomer. 

Following the same procedure as outlined above, the 
(+)3s9-diastereoisomer was obtained using silver anti- 
monyl (-),,,-tartrate as resolving agent. The product 
had a specific rotation of [a],,, = + 1225". 

All attempts to remove the resolving agent from the 
diastereoisomer were unsuccessful. 

Anal. Calcd. for (-)589-[Co(SCN3H5)3](+)ss9-[Sb0- 
(C4H406)]3.4HZO: C, 14.28; H, 2.16; N, 9.99; S, 7.62; 
Sb, 28.95; H,O, 5.71. Found: C, 14.40; H, 2.29; N, 
10.13; S, 7.53. Loss in weight by drying at 70 "C in 
vacuum, 5.71. 

Anal. Calcd. for (+),s9-[Co(SCN,H5)31(-),89-[SbO- 
(C4H406)],.4HZO: as for the (-),,9-diastereoisomer 
above. Found: C, 14.44; H, 2.31; N, 10.12; Sb, 28.96. 
Loss in weight by drying at 70 "C in vacuum, 5.66. 

Resolution of the trans-Tris(thiosemicarbazide)cobalt(III) 
Ion 

This compound was resolved in a way similar to that 
for the violet isomer. Solid silver antimonyl (+),,,- 
tartrate (0.03 mole or 11.81 g) was addedslowly, within 
5 min, to a mechanically stirred solution of green trans- 
tris(thiosemicarbazide)cobalt(III) chloride tetrahydrate 
(0.01 mole or 5.11 g) in water (100 ml). The mixture was 
stirred vigorously for another 15 min before the solution 
was filtered. Ethanol (95%, 26ml) was added slowly, 
with stirring, to precipitate the diastereoisomer, ( f  )589- 
[CO(SCN~H,)~](+),~~-[S~O(C~H~O~)]~~~H~O, which 
was filtered off and washed with ethanol and ether. Other 
fractions were obtained on further addition of 95% 
ethanol to the filtrate. The total yield was 0.34 g and the 
most pure fraction had a specific rotation of [a],,, = 
+37S0. Recrystallization in water also did not improve 
the optical purity of the diastereoisomer in this case. 

Following the same procedure the (-),,,-diastereo- 
isomer was obtained using silver antimonyl (-),8,- 

tartrate as resolving agent. The product had a specific 
rotation of [a],,, = -375". 

All attempts to remove the resolving agent from the 
diastereoisomer were unsuccessful. 

Anal. Calcd. for (+)58,-[C~(SCN,H5)3](+)589-[SbO- 
(C4H4O6)],.3H2O: C, 14.48; H, 2.19; N, 10.14; S, 
7.73; Sb, 29.37; HZO, 4.35. Found: C, 14.42; H, 2.35; 
N, 9.97; S, 7.87; Sb, 29.49. Loss in weight by drying a t  
70 "C in vacuum, 4.58. 

Anal. Calcd. for (-)589-[C~(SCN3H5)3](-)589[SbO- 
(C4H406)]3.3HZO: as for the (+),,,-diastereoisomer 
above. Found: C, 14.42; H, 2.34; N, 10.30; S, 7.51; 
Sb, 29.16. Loss in weight by drying at 70 "C in vacuum, 
4.30. 

Interconversion Studies 
Solutions of the optically active cis- and trans-[Co- 

(Htsc),I3+ ions were prepared by dissolving the corre- 
sponding diastereoisomers in water in 100 ml volumetric 
flasks. The concentration of these solutions was approxi- 
mately M. The flasks were tightly stoppered and at 
various time intervals, aliquots of the solution were with- 
drawn and electronic and circular dichroism spectra were 
recorded. 

Results and Discussion 

Two geometric isomers were obtained for both 
the ionic and neutral complexes with the general 
formulae [Co(~ t sc ) , ]~+  and [Co(tsc),], re- 
spectively.' The synthetic route is outlined below 
and details are given in the experimental section. 

OH - 
I C O ( H ~ S C ) ~ I ~ ' ~  + [co(tsc),l 

violet violet 

H +  
[ c o ( H ~ s c ) ~ I ~ +  +-- [ ~ ~ ( t s c ) ~ ]  

green green 
pp 

'Htsc represents the neutral ligand H,NNHCSNH,, 
and tsc is the uninegative ligand H2NNCSNHzT. 
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SUN AND HAINES: Co(II1) COMPLEXES OF THIOSEMICARBAZIDE 

'4 4& 500 503 403 rCI €03 
WAVELENGTH(V,U) 

FIG. 1. Left, reflectance spectrum (- . - . -) of violet cis-[Co(tsc),].H,O and reflectance (----) and solution (-) 
spectrum of violet cis-[Co(Htsc),]C13 3H20;  right, reflectance spectrum (- . - . -) of green trans-[Co(tsc),] and 
reflectance (----) and solution (-) spectrum of green trar~s-[Co(Hts~)~]C1~4~H~O. (Reflectance spectra have arbitrary 
values of log E. )  

TABLE 1 

Electronic spectra 

Reflectance spectra 
Complex (cm-')* Solution spectra (cm-')* 

- - 

cis-[Co(Htsc)3]CI3.3H~O 22 700; 17 900 23 300 (414); 18 300 (447)t 
(violet) 23 200 (434); 18 200 (469)f 

23 200 (370); 18 100 (427)s 
cis- [Co(tsc)3].H20 23 600; 18 500 

(violet) 
trans- [Co(Htsc),]CI3.4H2O 23 400; 17 100 23 800 (1900); 17 500 (sh)? 

(preen) 23 600 (206.5); 17 800 (382)t 

trans- [Co(tsc), ] 
(preen) 

24 000 (sh); 17 400 

- - - - 

'Extinction coefficients are given in parentheses; sh signifies shoulder. 
tIn water. 
*In methanol. 
%In 0.1 MHCL. 

It should be pointed out that the green ionic 
compound could be prepared only by the in- 
dicated route and attempts at direct preparation 
from the ionic violet form failed. However, the 
ionic and neutral forms of either the violet or 
green compounds are interconvertible. All the 
cobalt(II1) complexes were diamagnetic, as 
expected, and were very insoluble in common 
organic solvents. 

Infrared spectra clearly indicate metal-sulfur 
bonding since the stretching v(CS) bands for 
these complexes are shifted by - 100 cm-' to 
lower energies compared to those for the free 
ligand. Such a shift is quite comparable to that 

observed in the spectra of square planar bis- 
complexes (6). 

Electronic Spectra 
The electronic absorption spectra for these 

complexes are shown in Fig. 1 and their character- 
istic data are given in Table 1. The lowest energy 
band may be assigned as 'A,, 4 'T,, and the 
second band is the 'A,, 4 'T,, transition. 

The energies of the ' A , ,  4 'T , ,  transition are 
quite comparable to those for the model com- 
pounds K, [Co(cysteinate),].3H20 (17 200cm-I) 
and [Co(2-aminoethanethiolate),](l7 500 cm-') 
(7). In both of these cases coordination takes 
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place through sulfur and nitrogen as in thio- 
semicarbazide complexes. 

The solution spectra of the ionic complexes in 
water bear very similar features to their solid 
reflectance spectra except that the bands in the 
former are shifted some 300-600 cm-' towards 
higher energies. This may be attributed to solvent 
shifts since the spectra of these complexes in a 
less coordinating solvent methanol also show 
similar shifts in the same direction. Moreover, 
similar shifts are also observed when the com- 
plexes are dissolved in 0.1 M HCI in which they 
are stable for at least 12 days. Therefore, it is 
believed that the same species exist in the solid 
state and in solution. 

It may be noted that the TI, band of the violet 
isomers (Fig. 1 ,  left) is symmetrical and sharp and 
is a little more intense than the T2, band. The 
same features have been observed for cis and 
trans amino acid complexes such as [Co(gly),], 
[Co(DL-ala),], and [Co(L-leu),] (8, 9).' Here 
the isomers with noticeable splittings in the TI, 
bands were assigned as the trans (or meridional) 
isomers and those with symmetrical sharp TI, 
bands as the cis(or facial) isomers. Semi-empirical 
molecular orbital calculations by Nakamoto 
et al. (10);and by Yamatera (1 1) and McClure (12) 
on complexes of the type CoA,B, lead to the 
same conclusion. The assignments also agree 
with the spectra of the model compounds 
citratotriamminecobalt(lII) which would prefer 
the cis arrangement of the ammonia ligands, and 
ammoniatriacetatoethylenediaminecobalt (III),  
which is most likely to have the transarrangement 
of nitrogen donors (8). Hence, the violet isomers 
[Co(Htsc),]Cl,. 3H20  and [Co(tsc),]. H 2 0  may 
similarly be assigned the cis, and the green isomers 
[Co(Htsc),]CI, . 4H20  and [Co(tsc),], the trans 
configurations. 

Optical Activity 
Both the cis- and trans-[Co(Htsc),13 + ions 

have been resolved into their optically active 
forms. Unfortunately, all attempts to remove the 
resolving agent from the diastereoisomers were 
unsuccessful and hence studies in aqueous 
solutions had to be made on the diastereoisomers 
themselves. However, since theantimonyl tartrate 
ion does not exhibit circular dichroism (c.d.) in 

'gly = glycinate anion; ala = alaninate anion; leu = 
leucinate anion. 

the visible region of interest, there is no con- 
tribution to the c.d. from the resolving agent. 

The optical rotatory dispersion (o.r.d.), circular 
dichroism, and absorption spectra of the cis- 
(+)-isomer and trans-(-)-isomer in aqueous 
solution are shown in Figs. 2 and 3, respectively. 
Their enantiomers give mirror image 0.r.d. and 
c.d. curves. In comparing the c.d. spectra of the 
cis and transisomers it can be seen that the lowest 
energy c.d. band of the cis isomer is sharp and 
symmetrical while that of the trans compound is 
broader and non-symmetrical, indicating low 
symmetry splitting as predicted by the electronic 
absorption spectra discussed above. The high 
intensity of the c.d. bands in the region of the T,,  
absorption may be attributed to cobalt-sulfur 
n bonding. Large c.d. values have previously 
been observed in dithiooxalato (13) and 2- 
aminoethanethiolo (14) complexes andn bonding 
has been used to explain the high rotational 
strength of tris(acetylacetonato)cobalt(III) (15). 
Further support derives from the fact that the 

FIG. 2. Optical rotary dispersion (----), circular 
dichroism (-) and absorption spectra (- - .  -) of 
A-(+)589-~is[Co(Hts~)3]3f in aqueous solution. 
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SUN AND HAINES: Co(II1) COMPL ,EXES OF THIOSEMICARBAZIDE 2331 

L I I 
200 300 40) m 6m m 

WAVELENGTH Imp) 

FIG. 3. Optical rotary dispersion (----), circular 
dichroism (-) and absorption spectra (-. - .  -) of 
A-(-)589-trat~~-[C~(Ht~~)s]3+ in aqueous solution. 

intensity of the c.d. band of the cis isomer is much 
greater than that of the trans compound. It is 
quite conceivable that n bonding should be more 
effective for the cis isomer, just as in the case of 
square planar complexes (16). In both cases the 
sulfur donor atoms of the ligand do not have to 
compete for the same d orbital of the metal ion. 

The postulate that dihedral d6 complexes have 
the A configuration (the configuration of the 
(+),,,-[Co(en),13+ ion3) if the E, transition 
shows a positive Cotton effect has been most 
useful and reliable for determining absolute 
configurations (17, 18). It has been shown that 
in dihedral tris-diamine and tris-oxalato com- 
plexes of d6 metal ions, the major c.d. band is due 
to the E, transition (19). From studies of the c.d. 
spectra of cis-bisdiamine complexes, McCaffery 
et al. (20) concluded that in cobalt(II1) complexes 
of lower symmetry the c.d. band with the larger 
areain the region of the octahedral T I ,  absorption 

3en denotes ethylenediamine. 

arises from a transition with predominant E, 
dihedral parentage. Using such a criterion, 
Larsen and Mason (21) have assigned con- 
figurations to all four of the geometrical-optical 
isomers of [Co(L-ala),]. Their assignments are 
consistent with those obtained by Dunlop and 
Gillard (22) from studies of optical spectra and 
stereospecific considerations, and also with those 
obtained by Denning and Piper (23) from studies 
of [Co(L-prolinate),] for which pronounced 
stereospecificity is expected. The X-ray analysis 
of trans-( + )- [Co(L-ala), ] (24) also confirmed 
the A configuration for this isomer. 

By using arguments similar to those above, the 
single positive c.d. band in the region of octahed- 
ral T I ,  absorption for cis-(+),,,- [ ~ ~ ( H t s c ) , ] ~  + 

(Fig. 2) may be assigned to the transition with 
predominant E, dihedral parentage, thus in- 
dicating that the complex has the A configuration. 
Although this spectrum is not exactly similar to 
that of A-cis-(+),,,-[Co(L-ala),], closer examin- 
ation reveals that the minor c.d. component in 
the region of T I ,  absorption and both the A and 
E transitions in the region of T,, absorption of 
cis-(+),,,-[Co(Htsc),13+ are greatly obscured 
by the huge negative charge-transfer band, thus 
producing a spectrum of different shape in that 
area. However, the 0.r.d. curve of cis-(-),,,- 
[Co(Htsc),13+ is more similar to that of A-cis- 
(-)-[Co[L-ala),], showing two inflection points 
both in the regions of T,, and T,, absorptions. 
The compound, therefore, can be tentatively 
assigned the A configuration. 

The c.d.spectrumoftrans-(-)5~g-[Co(Hts~)3]3~ 
(Fig. 3) shows a negative and a positive band in 
the regions of T, ,  and T,, absorptions, respective- 
ly, and is quite similar to that of A-trans-(-)- 
[Co(L-ala),]. The 0.r.d. curves of these two com- 
plexes also bear resemblance except in the near 
ultraviolet region where masking occurs by 
charge-transfer absorption. Hence, ~rans-(-), ,~- 
[Co(Htsc),13+ may be tentatively assigned the 
A configuration, and its enantiomer, the A 
configuration. 

Interconversion Studies 
The interconversion of the optically active cis- 

and trans- [ C o ( ~ t s c ) , ] ~ +  ions has been studied in 
aqueous solution. Electronic spectra gave rather 
limited information but changes in c.d. spectra 
were very useful. It was observed that the cis 
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isomers slowly and gradually racemized until they 
completely lost their optical activity after about 
5 months. During this period of time electronic 
spectra indicated that there was some conversion 
to the trans form but the amount converted was 
small. The trans isomers, however, behaved 
differently and the c.d. spectra showed that they 
underwent simultaneous inversion and isomeri- 
zation. The A-trans isomer was converted to the 
A-cis form and the A-trans isomer to the A-cis 
form in approximately 15 days and then slow race- 
mization followed. Changes in the c.d. spectra 
are shown in Fig. 4. During the course of the 
interconversion the color of the solution also 
gradually changed from green to reddish brown. 
It was necessary to carry out these intercon- 
version studies in aqueous solution. In acidic 
media rapid racemization occurred while addition 
of base to an aqueous solution of any of the 
optically active complexes caused the neutral 
species to precipitate. This product was insoluble 
in all common media except acid where the 
racemic ionic species was obtained. 

CHEMISTRY. VOL. 48. 1970 

Inversions of configuration have been dis- 
cussed previously in the equilibration of [Co(L- 
ala),] (22) and Denning and Piper (23) observed 
the inversion of trans-(-)-[Co(L-leu),] to the 
corresponding trans-(+)-compound as well as 
the isomerization of cis-(-)-[Co(prolinate),] to 
the corresponding trans-(-)-isomer. A bond 
rupture mechanism was proposed for the re- 
arrangement reactions and the same mechanism 
was favored over the rhombic twist in the inter- 
conversion of trifluoroacetylacetonatocobalt(III) 
(25). More direct evidence for the possibility of 
bond rupture is shown by studies on the tris- 
(oxalato) complexes of rhodium(II1) and cobalt- 
(111) (26, 19). In both cases, an ion of the type 
[M(C~O,)~(C~O,H)(OH)]~- is indicated. The 
presence of an aquo species with monodentate 
thiosemicarbazide ligands for the tris complexes 
of nickel(I1) in solution has been suggested (27). 
It is conceivable that the monodentate ligand 
bonds to the metal through the sulfur atom since 
M-S bonding was found in the compound 
Ag(Htsc)Cl (28) and analogous complexes of 
thiourea and related ligands (29). Hence an 
octahedral aquo intermediate in the proposed 
bond rupture mechanism (Fig. 5) seems likely 

FIG. 4. Changes in c.d. spectrum of A(-),,,-trans- 
[ C o ( H t s ~ ) ~ ] ~  + in aqueous solution. 

FIG. 5. Possible mechanisms for interconversion and 
racemization. 
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and can account for the simultaneous inversion 
and isomerization observed for the trans- 
[Co(Htsc),13+ ion. The Bailar twist mechanism 
can be ruled out because it cannot provide a path 
for cis-trans isomerization. Moreover, although 
the rhombic twist or a twist about a pseudo-C, 
axis can give simultaneous racemization and 
isomerization, it cannot account for the fact that 
both the cis- and trans-[Co(Htsc),13+ ions 
racemize exceedingly fast in acid media. Hence 
the bond rupture process involving a chelate 
ring opening and closing is favored. 

This mechanism may take several different 
courses (Fig. 5) and in order to see which course 
the rearrangement reaction would most probably 
follow, the greater stability of the cis isomer over 
the trans must be re-em~hasized. It has been 
pointed out that the neutral trans isomer is 
formed by heating the corresponding cis isomer 
while recrystallization of the ionic trans form 
from aqueous solutions actually produces a 
mixture of the trans with the corresponding cis 
isomer. In addition, even though both isomers are 
reasonably stable in 0.1 M HCl, the greater 
stability of the cis over the transis quite evident by 
following their electronic spectra. This explains 
why path I in Fig. 5a is preferred and the 
conversion of A-cis (or A-cis) to A-trans (or 
A-trans) would be less favored. On the other 
hand, path I1 in Fig. 5b is more favorable because 
of the greater stability of cis isomer. The other 
possibilities (e.g. A-trans + A-cis) are excluded 
on grounds that such processes would involve 
a rotation of 180" in the Co-S bond (which pre- 
sumably has some 7c character) and considerable 
energy would be needed. 

We are grateful to the National Research Council of 
Canada for financial support of this work. 
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Preparation of cis- and trans-2,5-dimethoxytetrahydropyran and cis- and 
trans-2,5-dimethoxy-6-methyltetrahydropyran 

R. M. SRIVASTAVA' AND R. K. BROWN 
Department of Ctzemistry, Utziuersiry of Alberta, Edtnonton, Alberta 

Received January 2, 1970 

Hydroboration and subsequent oxidation of 2-methoxy-3,4-dihydro-2H-pyran gave a 1 :2 mixture of 
cis- and trans-5-hydroxy-2-methoxytetrahydropyran (2). From the methylated product 4, trons-2,5- 
dimethoxytetrahydropyran could be obtained by gas-liquid chromatography. The cis-2,5-dimethoxy- 
tetrahydropyran (8) was obtained by conversion of  4 to 3-methoxy-3,4-dihydro-2H-pyran (6)  which 
upon bromomethoxylation and subsequent reduction with palladium catalyst gave 8. 

Both cis- and truns-2,5-dimethoxy-6-methyltetrahydropya (11) were obtained by hydroboration 
and oxidation of 2-methoxy-6-methyl-3,4-dihydro-2H-pyran (9) followed by methylation of the resulting 
product. 
Canadian Journal of Chemistry, 48, 2334 (1970) 

Introduction 

A previous report from this laboratory (1) has 
described the preparation of cis- and trans-2,4- 
dimethoxytetrahydropyran as part of a long 
range program of total synthesis of DL-monosac- 
charides and DL-deoxvmonosaccharides. These 
compounds were also of interest in the study of the 
influence of substituents and their location in the 
tetrahydropyran ring on the magnitude of the 
anomeric effect (2-5). \ ,  

This paper describes the preparation of cis- 
and trans-2,5-dimethoxytetrahydropyran and the 
homologue cis- and trans-2,5-dimethoxy-6- 
methyltetrahydropyran. 

Results and Discussion 

Although neither 5-hydroxy-2methoxytetra- 
hydropyran nor 2,5-dimethoxytetrahydropyran 
have been r e p ~ r t e d , ~ , ~  the preparation of the 
cis-trans (unseparated) mixture of 5-hydroxy-2- 
n-butoxytetrahydropyran from the alkaline 
oxidation of hydroborated 2-n-butoxy-3,4-dihy- 
dro-2H-pyran has been described (6). The same 
procedure (6) was therefore used to convert 
2-methoxy-3,4-dihydro-2H-pyran (1) to 5-hy- 
droxy-2-methoxytetrahydropyran (2) in excellent 

lPostdoctoral Fellow, 1968-1970. 
ZAfter the manuscript had been submitted for publi- 

cation, the synthesis of methyl 2,3-dideoxy-a-(and B-)-L- 
glycero-pentopyranosides and their 0-acetyl derivatives 
has been described by R. U. Lemieux et al. (12). 

3 N ~ ~ ~  ADDED IN PROOF: After this manuscript Was 
accepted for publication, a paper appeared (13) describing 
the conversion of 2-ethoxy-3,4-dihydro-2H-pyran to 2- 
ethoxy-5-hydroxytetrahydropyran by the hydroboration 
reaction. 

yield (Scheme 1). The 100 MHz proton magnetic 
resonance (p.m.r.) spectrum in deuteriobenzene 
agreed with the structure, showing two over- 
lapping triplets at z 5.55 and 5.61 (JH,H,a + 
JH,,,= z 6 Hz in both cases) in the anomeric 
proton region indicative of the presence of two 
isomers, no doubt trans and cis, in the approxi- 
mate ratio of 2:l. The small couplings for the 
anomeric proton signals of both showed that 
each of the isomers is very largely in the conforma- 
tion in which the methoxy group on C-2 is axial. 
The 100 MHz p.m.r. spectrum of the acetate 3, 
also showed two narrow triplets (JH,H,a + JH,H,o z 
6 Hz for both) at z 5.52 and 5.69 in the area ratio 
of -2:l for the anomeric protons of the two 
isomers (trans,cis). Neither 2 nor 3 could be 
separated by gas-liquid chromatography (g.1.c.) 
since only one symmetrical peak was observed 
with the several column packings tried. 

The methylated derivative 4 also was a 1 :2 
mixture of isomers according to the g.1.c. It was 
possible with a 50 ft column packed with neo- 
pentylglycol sebacate on Chrom W to separate 
some of the major component (retention time 
32 min) but the minor component (retention 
time 294 min) could not be obtained at all. 
The 100 MHz spectrum of the major isomer has 
defined the structure. Double irradiation has 
permitted the assignment of the signals to the 
protons and clearly shows that this substance is 
trans-2,5-dimethoxytetrahydropyran and this 
exists very largely in the conformation in which 
the methoxy group on the anomeric carbon C-2 
is axial (see Experimental). 

Eauilibration of the 1 :2 mixture of cis- and 
trans-2,5-dimethoxytetrahydropyran, as well as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SRIVASTAVA AND BROWN: PREPARATION OF TETRAHYDROPYRANS 

Amberlite 6a 66 
IR 1 2 0 [ ~ + 1  1 1 H3C /Br 

CH30H; 
ether cH3rN>0 0 

'Br 

OH 

+ X  + Y 

Unknown 
(minor) 

7 
(major) 

pure cis-2,5-dimethoxytetrahydropyran obtained 
later as described below, in the presence of a 
catalytic amount of p-toluenesulfonic acid pro- 
vided an approximately 1 :I mixture of the cis and 
trans isomers which could not be separated by 
g.1.c. except by long and extremely tedious work. 
Hence the cis isomer was prepared by the 
following route. 

Slow distillation of the 1 :2 mixture of cis- and 
trans - 2,5 - dimethoxytetrahydropyran (4) over a 
catalytic amount of phosphorus pentoxide gave 
3-methoxy-3,4-dihydro-2H-pyran (6) in 58 % 
yield. Although the elemental analysis of this 

I 
product was somewhat low in carbon (62.23, 

I 62.62% found; 63.13 % calculated) the fact that 
I the molecular weight determination by mass 

spectrum analysis gave mle = 114 (required, 114) 
, and the 100 MHz p.m.r. spectrum agreed com- 

pletely with the structure 6 leaves no doubt that 
the compound is indeed 6. An estimation of the 
magnitude of the coupling constants between 
H-3 and H-4 (equatorial and axial) of about 5.0 
and 6.1 Hz respectively, indicates that 6 exists 
as a mixture of the conformers 6a and 6b. 

Bromomethoxylation of 6 with 1,3-dibromo- 
5,5-dimethylhydantoin in ether-methanol (7) 
gave a mixture of three isomers as shown by the 
elemental analysis of the mixture and the three 
g.1.c. peaks in the area ratio of about 7.3 :2.0 : 1.0 
(in order of increasing retention time) obtained 
with two different column packings. Only a 
partial separation of the three isomers could be 
attained by g.1.c. Column chromatography on 
neutral alumina still gave a mixture of material 
but when this was dissolved in pentane and the 
solution allowed to stand for several days a 
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crystalline deposit occurred (46 % yield) which 
proved to be the major product. Spin decoupling 
experiments indicated its structure to be 3a- 
bromo-2a,5a-dimetl~oxytetrahydropyran (7). 

The mixture left in the mother liquor was 
composed of 7, X, and Y in the approximate pro- 
portion of 1 .O: 1.1 :0.58 (g.1.c.). From this, only 
one of the isomers, that with the longest retention 
time (Y), could be separated by g.1.c. but it was 
still contaminated with a small amount of 7 and 
X. Its p.m.r. spectrum showed a doublet, J-7 
Hz, for the anomeric proton signal at T 5.67. The 
large coupling of 7 Hz clearly shows that the H-2 
and H-3 protons are trans diaxial, and thus the 
methoxy group at C-2 and the bromine atom at 
C-3 are trans diequatorial. No further work was 
done to identify the two minor products X and Y. 

Since pure 7 did not isomerize when left 3 days 
at room temperature in methanol containing 
hydrogen bromide (cf. ref. 7), and also a mixture 
of7, X, and Y (area ratio on g.1.c. = 1.0:0.3:0.18 
respectively in order of increasing retention time) 
under the same conditions showed a 50% 
decrease in the last component and a slight 
increase in the first component, it is clear that 
under our conditions of bromomethoxylation 
(-50°, short reaction time) the products 7, X, 
and Y obtained can not be the result of isomeriza- 
tion, but must be the products stemming directly 
from the reaction of 1,3-dibromo-5,5-dimethyl- 
hydantoin and methanol on 6. This is of interest 
from a theoretical standpoint (7). The reason 
why one isomer did isomerize slowly is no doubt 
due to the fact that the methoxy and bromo 
substituents are trans to each other and thus 
anchimeric assistance by the bromine atom could 
assist the anomeric methoxy group to leave. The 
isomer which accumulates would then be that in 
which both substituents on C-2 and C-3 are cis, 
i.e. 7. 

Hydrogenation of pure 7 with palladium-on- 
charcoal in the presence of sodium methoxide 
to avoid anomerization, gave a single product 
which was shown by 100 MHz p.m.r. decoupling 
experiments to be cis-2,5-dimethoxytetrahydro- 
pyran (8) (see Experimental). This compound has 
a retention time identical with that of the minor 
component obtained from the methylation of 2. 

Treatment of 4 with the cation exchange resin 
Amberlite IR-120 [He] in a mixture of water and 
1,2-dimethoxyethane gave 2-hydroxy-5-methoxy- 

CHEMISTRY. VOL. 48, 1970 

tetrahydropyran (5) in 50% yield. The 100 MHz 
spectrum in deuteriobenzene showed a poorly 
resolved triplet at T 5.04 (w/2 ~ 7 . 5  Hz) indicating 
that the C-2 hydroxyl group is axial. The presence 
of two OCH, signals of about equal intensity at 
T 6.91 and 6.92 (expanded spectrum) indicated 
that there were present two isomers in about 
equal amounts. 

Hydroboration and subsequent oxidation of 
2-methoxy-6-methyl-3,4-dihydro-2H-pyran (9) 
(Scheme 2) gave the two expected isomeric 
products 10a and 6 ,  in each case with the hydroxyl 
group trans to the adjacent C-6 methyl group (8). 
Methylation (9) gave a mixture l l a  and b whose 
60 MHz p.m.r. spectrum showed the presence of 
two components in the ratio a:P = 1.0:2.6. 
However, g.1.c. of this mixture showed two 
peaks in the area ratio of 1.0:3.8 of retention 
time 10 and 14 min respectively. This change in 
composition is due to decomposition of some of 
the a isomer in the column. The major com- 
ponent could be obtained by g.1.c. in an amount 
sufficient for study whereas only a very small 
quantity of the minor component was obtained 
even after tedious g.1.c. separation. 

The 100 MHz spectrum of the pure major 
component showed a quartet for the anomeric 
proton signal at T 5.68 with observed couplings 
of 8.5 and 2.5 Hz. This along with the coupling 
of -8 Hz observed for the C-6 proton doublet 
left on irradiation of the C-6 methyl proton 
nuclei, clearly shows that the major product has 
the structure and conformation shown by 116 
(Scheme 2), 2a, 5P-dimethoxy-6a-methyltetra- 
hydropyran. 

When the mixture of l l a  and b was heated in 
refluxing methanol containing a small amount of 
p-toluenesulfonic acid catalyst, an equilibrium 
mixture of l l a  and b (7.2 :2.8 respectively by g.1.c.) 
was obtained. From this, the isomer l l a  could be 
readily isolated by g.1.c. The 100 MHz spectrum 
of l l a  clearly supported the structure and con- 
formation shown by l l a .  The narrow multiplet 
~ 1 2 ~ 5 . 5  Hz for the anomeric proton signal at 
T 5.41 indicated that H-2 was equatorially dis- 
posed and gauche to both protons on C-3. The 
multiplet at T 6.39 which collapsed to a doublet 
( J z ~  Hz) when the nuclei of the methyl protons 
were irradiated showed that the C-5 and C-6 
protons are trans diaxially disposed. 

The individual isomers l l a  and 6 ,  separately 
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left for 7 days at room temperature in methanol 
containing p-toluenesulfonic acid, attained equi- 
librium in which the ratio of l l a  and b was 
7.4:2.6 (i.e. -3:l) as determined by the g.1.c. and 
by the 60 MHz p.m.r. spectra. 

Experimental 

OCH, 

lla I l b  

SCHEME 2 

All the boiling points and melting points are uncor- 
rected. The boiling points of the liquids obtained in small 
quantities, were determined in a two bulb apparatus, 
with the lower bulb dipped in the heating oil bath. The 
bath was slowly heated and when the liquid just started 
to distill, the temperature of the bath was recorded. 

Solvents were removed by rotary evaporator unless 
otherwise stated. Anhydrous sodium sulfate was used to 
dry solutions. 

Elemental analyses were done by Mrs. Darlene 
Mahlow, Department of Chemistry, University of 
Alberta, Edmonton. 

Infrared (i.r.) spectra were obtained on a Perkin-Elmer 
model 421 spectrophotometer. 

The 60 MHz p.m.r. spectra were taken by Mr. R. 
Swindlehurst of this Department on a Varian A-60 
instrument. Mr. Glen Bigham and associates, all of this 
Department, took the 100 MHz p.m.r. spectra and carried 
out irradiation experiments, using a Varian HR-100 
MHz instrument at  33' i 1 .  Unless otherwise stated, 
deuteriochloroform was used as solvent to obtain the 
p.m.r. spectra with tetramethylsilane as internal standard. 
The J values reported have been estimated from the 
spacings and are therefore approximate values. 

Gas-liquid chromatographic analyses were made with 
an F & M apparatus, model 700 or with an Aerograph 
Autoprep model A-700. Helium was the carrier gas. The 
following columns were used: (0) BDS. 20% butanediol 
succinate on Chrom P (60-80 mesh) in a column 1/8" x 
12'; (b) NPGS. 10% neopentylglycol sebacate on Chrom 
W (60-80 mesh) in a column 1/8" x 24'; (c) CW. A 
column (1/8" x 12') containing 10% Carbowax 6000 on 
Chrom W (60-80 mesh); (d) CWP. 25 % Carbowax 6000 
on Chrom W (60-80 mesh) in a column 114" x 12'. 

The abbreviations used for solvents are as follows: 
D M E  = 1,2-dimethoxyethane; T H F  = tetrahydrofuran. 
The mass spectrum was obtained with an A.E.I., model 
MS2-H instrument. 
2-Metl~oxy-3,4-dil~ydr.0-2H-pyra1~ ( I )  

This compound was prepared by the published pro- 
cedure (10) n~odified as follows: Acrolein (28.0g, 0.5 
mole), and hydroquinone (100 mg) in 90-100 ml (large 
excess) of methyl vinyl ether was stirred constantly while 
heated at  180" for 9 h in an autoclave. The cooled mixture 
was transferred to a distillation flask with the help of 
some ether. Fractional distillation gave 50.5 g (88%) of 
colorless liquid. The b.p. 125" at 700 mm; 11DZ5, 1.4385. 
The lit. b.p. 126-127" at 760 mm; qDz5,  1.4397 (10). 
5-Hydroxy-2-methoxytetral~ydropyro~l (2) 

Compound 2 was prepared by the method of Masa- 
mune and Castellucci (6). Since experimental details were 
not published, they are provided here. 

A quantity (91.2 g, 0.8 mole) of 2-methoxy-3,4-dihydro- 
2H-pyran (1) in 400 ml of dry T H F  was put in a 1 1, 
three-neck flask. One neck was connected to a mercury 
bubbler while the other was attached to a generator in 
which diborane was produced by dropping a solution of 
10.95 g (0.29 mole) of sodium borohydride in 280 n ~ l  of  
dry diglyme, over a period of 3 h, onto a stirred solution 
of 85.2 g (0.6 mole) of boron trifluoride etherate in 100 
ml of diglyme. The generator was then heated to 70' and 
kept at this temperature for 112 h and then nitrogen was 
passed through to drive the remaining diborane over. 
During the latter process from the time that the generator 
was heated, the reaction flask containing 1 was kept cool 
in an  ice bath. The reaction flask was then disconnected 
from the generator and cooled in an  ice bath while the 
stirred solution was treated over 112 h period with 60 ml 
of water (dropwise). This was followed by the addition of 
112 ml of 3 N aqueous sodium hydroxide over a 1 h 
period. The ice bath was then removed and 110 ml of 
30 % hydrogen peroxide added at  such a rate as to main- 
tain gentle reflux (1 114 h). The solution was stirred for an  
additional hour and then freed of most of the THF. The 
remaining aqueous solution was contin~~ously extracted 
with methylene chloride for 2 days. The methylene 
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chloride extract was freed from solvent and the viscous 
liquid was dissolved in benzene and dried. The filtered 
solution was freed from solvent by fractional distillation, 
and the residue distilled under vacuum. Yield, 7&80%. 
The b.p., 100" at  10 mnl; qDZ3, 1.4559. 

Anal. Calcd. for CGHlz03 :  C, 54.54; H, 9.15. Found: 
C, 54.51 ; H, 9.34. 

The i.r. spectrum (neat) showed strong absorption at 
360&3100 cm-' (OH). The 100 MHz p.m.r. spectrum 
in deuteriobenzene agreed with the structure and showed 
two overlapping triplets, each of total coupling N 6 Hz. 

5-Acetoxy-2-n1ethoxytetraI1j~dropyrat1 (3) 
A solution of 3.3 g (0.025 mole) of 2 and 2 ml of dry 

pyridine in 15.0 g (0.15 mole) of acetic anhydride was 
heated at  60" for 0.5 h and then left overnight at room 
temperature. More than half of the anhydride was then 
removed by fractional distillation at  24" at  4 mm. The 
residue was diluted with 50 ml of cold 4 N ammonium 
hydroxide, shaken for 10 min, and then extracted with 
chloroform (5 x 80 ml). The chloroform solution was 
washed with 50 ml of saturated aqueous sodium chloride 
solution, dried, and filtered. Removal of the solvent by 
fractional distillation, and subsequent distillation of the 
residue under vacuum gave 3.55 g (82%) of colorless 
liquid. The b.p. 61-66" at 1.9 mm; qDZ7,  1.4392. 

Anal. Calcd. for C,H1404; C, 55.16; H, 8.10. Found: 
C. 55.05; H, 8.16. 

The i.r. spectrum (neat) showed a strong band at  1735 
0 
Il 

cm - (-C-0-). 
The 100 MHz p.m.r. spectrum (CsDG) agreed with the 

structure and showed two narrow triplets in the anomeric 
proton region at  r 5.52 and 5.69 indicative of two isomers. 

Attempts to separate the two isomers by g.1.c. using the 
columns BDS, NPGS, or CW all failed since only one 
symmetrical peak was observed in each case. 

2,5-Dimetl1oxytetral1ydropyrat1 (4 )  
The published directions (9) for methylation were 

modified advantageously as follows. A solution of 2 
(19.0 g, 0.14 mole) in 100 ml of dry D M E  was added 
dropwise over a 2 h period to a well-stirred mixture of 
5.16 g (0.22 mole) of sodium hydride and 30.5 g (0.22 
mole) of methyl iodide in 100 ml of dry DME. The reac- 
tion flask was kept at  -20" in a water bath to avoid a 
rise in temperature. The mixture was stirred for several 
hours, then heated under reflux for an  additional hour. 
Fractional distillation removed most of  the solvent (-170 
ml). T o  the cold residue was added 100 ml of ether to 
precipitate the sodium iodide. The solid was removed 
and the filtrate was freed from remaining solvent by 
fractional distillation. The residue was distilled under 
vacuum and afforded 18.85 g (89.7 %) of colorless liquid 
boiling at 65" at  10 mm; qDZ7, 1.4317. 

Anal. Calcd. for C7H140,; C, 57.51; H, 9.65. Found: 
C, 57.73; H, 9.95. 

The g.1.c. on a NPGS column at 150" and at  a flow 
rate of 40 ml/min showed two peaks of retention time 12 
and 13 114 min in the area ratio of 1.2 respectively. 
Preparative g.1.c. on a NPGS column 114" x 50' at  145", 

with a carrier gas flow rate of  75 ml/min, and with 10 p1 
injection quantities gave two peaks of retention time 29 
112 and 32 min and of area ratio 1 :2 respectively. A small 
amount (250 mg) of only the major isomer could be thus 
obtained. Reinjection gave only one peak of retention 
time 32 min. 

Anal. Calcd. for C7H1403: C, 57.51; H, 9.65. Found: 
C, 57.77; H, 9.56. 

The 100 MHz p.m.r. spectrum clearly supported the 
structural assignment as trat1s-2,5-ditt~etl1oxytetra/1ydro- 
pyran. Inspection, and spin decoupling by double 
irradiation gave the following signal assignments: H-2, 
triplet J 2 , 3 e a r r r  ~ 3 . 1 ,  JZ,3.0re N 2.5 Hz. The small 
couplings showed that H-2 was equatorial; H-5, multiplet 
at  r 6.75; H-6., a doublet of doublets centered at r 6.14, 
J z 12 and 2.5 Hz; H-6,, a doublet of quartets centered 
a t  r 6.46, J z  12, 3.5, and 1.5 Hz. Irradiation of H-5 a t  
z 6.75 eliminated the 2.5 Hz coupling at z 6.14 and the 
3,.5 Hz coupling at r 6.46. This loss of two small couplings 
showed that the H-5 proton was equatorial. H-3. and 
H-4. gave multiplets centered at r 8.51 and 8.35 respec- 
tively. H-3, and H-4,, multiplets centered at z 8.15 and 
8.02 respectively. 

Eqrrilibration of tile 1:2 Mixture of cis- and trans- 
2,5-Ditt1etl1oxytetral1ydropyratz (4 )  

The isomeric mixture 4 (0.5 g) in 50 ml of anhydrous 
methanol containing 50 mg of p-toluenesulfonic acid 
monohydrate was heated under reflux for 3 h. The cooled 
solution was treated with some sodium methoxideand the 
solution (pH - 9) was freed from most of the methanol 
by fractional distillation. The residue dissolved in 100 ml 
of ether was washed with water (5 x 5 ml) and dried. 
Removal of the solvent by fractional distillation gave a 
light yellow liquid. Distillation of this residue in a two- 
bulb apparatus gave 0.4 g of colorless liquid. The b.p. 
64-65" at 9.2 n ~ n ~ ;  qD2" 1.4319. 

Anal. Calcd. for C7H1403: C, 57.51; H, 9.65. Found: 
C, 57.70; H, 9.95. 

The g.1.c. analysis on the NPGS column showed two 
peaks of approximately equal area and of retention time 
11 112 and 12 112 min respectively. 

The same results were obtained when pure cis-2,5- 
dimethoxytetrahydropyran was similarly equilibrated. 

3-Metl1oxy-3,4-diltydro-2H-pyrat1 (6)  
The 1 :2 mixture of cis- and trans-2,5-dimethoxytetra- 

hydropyran (4) (20.0 g, 0.14 mole) was treated with a 
trace of phosphorus pentoxide and then heated slowly 
to an  oil bath temperature of  165". When kept at this 
temperature for 1 112 h, most of the methanol was 
removed through a fractionating column. The bath tem- 
perature was raised to 190' whereupon 11.8 g of liquid 
distilled within the boiling range 12Ck135". This fraction 
stood over sodium metal overnight to destroy the 
methanol. Fractional distillation gave 9.1 g (58.3%) of 
colorless liquid boiling at 84" at 100 mm; qDZ3, 1.4459. 

Anal. Calcd. for CGHloO2: C, 63.13; H, 8.83. Found: 
C, 62.23, 62.62; H, 8.98, 8.76. 

The,i.r. spectrum (neat) showed a strong band at 1650 
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The molecular weight by mass spectriini was t t~/e = 114 
(required 114). 

The g.1.c. on an NPGS column at 100' showed a single 
symn?etrical peak. 

The 100 MHz p.rn.r. spectrum agreed fully with the 
structure. Expansion of the high field portion of the 
spectrum where the two C-4 proton signals occur (r 7.60 
to 8.30) and irradiation of the nucleus of the C-5 proton 
at s 5.50 gave a complicated multiplet from which it was 
possible to estimate the couplings between H-3, and the 
cis and tratts C-4 protons to be about 5.0 and 6.1 Hz 
respectively. 

3a-Brot~zo-2a,5a-dit71etl10xytetvalydropyratt (7) 
Compound 7 was prepared by the same method used 

to make 3-bromo-2,4-dimethoxytetrahydropyran (7). 
From 9.0 g (0.08 mole) of 6 and 11.4 g (0.04 mole) of 
1.3-dibromo-5.5-dimethvlhvdantoin there was obtained 
12.8 g (72%) o'f colorless liiuid boiling at 65" at 0.7 mm; 
qoz6, 1.4771. 

Anal. Calcd. for C7H1303Br: C, 37.35; H, 5.82; Br, 
35.50. Found: C, 37.51; H, 5.82; Br, 35.23. 

The g.1.c. analysis on a BDS column at 165" with carrier 
gas flow rate of 30 ml/min showed three peaks with 
retention times of 12.0, 13.0, and 15.5 niin in the area 
ratio of 7.3:2.0:1.0 respectively. The CW column gave 
three peaks of area ratio 5.7:1.26:1.0 at retention times 
14.0, 15.0, and 16.0 min respectively. 

The 60 MHz p.m.r. spectrum showed three signals in 
the anomeric proton region at s 5.34, 5.47, and 5.65. 

Chromatography over neutral alumina (Woelm, 
activity grade I) failed to separate the isomers. When the 
eluate containing the mixture was left at room tempera- 
ture for several days, a precipitate appeared. This was 
crystallized twice from pentane and provided 8.2 g (46%) 
of material melting at 6&61°. 

Anal. Calcd. for C7H1303Br: C, 37.35; H, 5.82; Br, 
35.50. Found: C, 37.75, 37.28; H, 6.05, 5.87; Br, 35.44. 

The g.1.c. of a benzene solution of this material on a 
BDS column as above showed one peak, of the same 
retention time as that of the major isomer. 

The 100 MHz p.m.r. spectrum in deuteriobenzene 
agreed fully with the structure 7. The anomeric proton 
H-2 gave a doublet at s 5.58 ( J  % 3.5 Hz) indicating that 
H-2 was gauche to H-3. The splitting pattern of the signal 
for H-3, a multiplet, centered at z 5.97 (total J = 14 Hz) 
can be accommodated only if H-3 is traits to one proton 
on C-4 and gauche to the second proton on C-4 and thus 
agrees with the conforniation and structure shown by 7. 
Irradiation of the nucleus of H-3 at r 5.97 left a multiplet 
at s 7.91 due to H-4, and H-4, showing geniinal coupling 
of -14 Hz and couplings of -7.5 and -3.0 Hz with 
H-5. These latter couplings can be accommodated only 
if H-5 is axial. 

cis-2,5-Dit~1etl1oxytetrahydrop)~rat1 ( 8 )  
A solution of 1.0 g (0.0044 mole) of 7 in 10 nil of  

methanol containing 0.33 g (0.006 mole) of sodium 
methoxide and 100 mg of 5 % palladium-on-charcoal was 
shaken with hydrogen at 55 p.s.i. for 20 h at room tem- 
perature. Removal of the catalyst by filtration and then 
themethanol by fractional distillation left a residue which 
was dissolved in 100 ml of ether, washed with water 

(3 x 5 ml), and dried. The solvent was removed from the 
filtrate by fractional distillation and the residue distilled 
in a two-bulb apparatus to provide 0.24 g (38 %)of color- 
less liquid, b.p. 84" (oil bath temperature) at 25-30 mm; 
qoZ5, 1.4312. 

Anal. Calcd. for C7H1403:  C, 57.51; H, 9.65. Found: 
C, 57.44; H, 9.59. 

The g.1.c. with a NPGS column at 150" and a carrier 
gas flow rate of  30 ml/min gave a single peak of the same 
retention time as shown by the minor component of the 
mixture 4. 

The 100 MHz p.m.r. spectrum and spin decoupling 
experiments confirmed the structure to be cis-2,5- 
dit~rerl~os)~rerraltyrlvopyran (8). Irradiation of the four 
H-3 and H-4 protons (niultiplet centered a t  s 8.24) 
reduced the niultiplet (two protons) between s 6.25 and 
6.57 to two overlapping quartets, one with couplings 
-5 and -1 1.5 Hz and the other of -7.5 and -1 1.5 Hz. 
This multiplet at s 6.25 to 6.57 can be assigned to H-6, 
and H-6,. The couplings observed can be accommodated 
only if H-5 is axial. The H-2 signal at s 5.47 is a triplet 
of total coupling -5.1 Hz, which can occur only if H-2 
is gauche to botlc C-3 protons. 

2-Hydroxy-5-metltoxytetraItydropyrnn (5) 
Metlzod a 
A solution of 7.0 g (0.048 mole) of 4 in 25 ml of DME 

containing 1.5 g of Aniberlite IR-120[H@] was diluted 
with 75 ml of water. The mixture was stirred at room 
temperature for 24 h, then filtered and the resin washed 
with a 1 :1 mixture of  water and DME (2 x 5 nil). The 
combined washings and filtrate were extracted con- 
tinuously with niethylene chloride for 24 h. The methy- 
lene chloride extract was freed froni solvent and the 
residual liquid dissolved in 25 ml of benzene and dried. 
The drying agent was separated by filtration and washed 
with benzene (5 x 5 nil). The combined filtrate and 
washings were freed from solvent and the residue was 
fractionally distilled to provide 0.95 g of recovered 4, b.p. 
61" at 9 Iiiln; qDZ5,  1.4323; and 3.15 g (50%) of 5 boiling 
at 79-80" at 1.7-1.8 mm; qDzs,  1.4567. 

Anal. Calcd. for C6H,,03 : C, 54.53 ; H, 9.15. Found: 
C, 54.33; H, 9.29. 

The i.r. spectrum of 5 showed a broad band at 3700- 
3100 cm-I (OH). 

The 100 MHz p.m.r. spectrum in deuteriobenzene a t  
40" showed two C H 3 0  signals of equal intensity and a 
poorly resolved triplet at r 5.04, 10/2 % 7.5 Hz. The struc- 
ture of this triplet could be considered as due to two 
overlapping narrow triplets and thus suggests that in 
deuteriobenzene 5 occurs as two isomers each of which 
has the hydroxyl group in the axial position. In D 2 0  
with tetramethylsilane as external standard the 100 MHz 
p.m.r. spectrun? of 5 showed two quartets a t  s 4.52 
( J  % 5.0 and 2.5 Hz) and 4.66 ( J  % 6.0 and 3.5 Hz) as 
well as two C H 3 0  signals of nearly equal intensity. This 
agrees with the existence of two isomers of 5, both of 
which have the C-2 hydroxyl group equatorial. 

Metltod b 
A solution of 5 g (0.034 mole) of  4 in 7 ml of D M E  

containing 7 ml of 1.5 N aqueous hydrochloric acid was 
stirred at rooni temperature for 45 h, then neutralized 
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with barium carbonate and filtered. The solid was washed 
successively with DME (3 x 5 ml) and methylene chloride 
(3 x 5 ml). The combined washings and filtrate were 
freed from solvent and the residual liquid was dissolved in 
methylene chloride and dried. This was filtered and the 
filtrate freed from solvent. The residue when distilled 
gave two fractions, one boiling at 64' at 10 mm (0.42 g) 
and the other boiling at 77' at 1.4 mm (1.85 g, 41 %). 
The latter was compound 5. 

2-Methoxy-6-methyl-3,4-dil1ydro-2H-pyrar (9) 
A mixture of 35.05 g (0.5 mole) of methyl vinyl ketone 

(stabilized with hydroquinone) and 80 ml of methyl vinyl 
ether was heated in an autoclave at 180" for 5 112 h. 
Fractional distillation gave two fractions (i) 37.2 g (58 %) 
boiling at 105" at 160 mm; qDz6", 1.4396. The g.1.c. on 
the BDS column showed only one peak. Compare b.p. 
8 l 0 a t  100mm;qDz3,  1.4417(11). 

The i.r. spectrum and the 60 MHz p.m.r. spectrum 
agreed with the structure as 2-methoxy-6-methyl-3,4- 
dihydro-2H-pyran. Fraction (ii) gave 6.05 g (17%), b.p. 
103" at 64 mm; qDZ4, 1,4568. Compare b.p. 67" at 24 mm 
(11). This material was 2-acetyl-6-methyl-3,4-dihydro- 
2H-pyran whose i.r. and p.m.r. spectra were identical 
with those obtained from an authentic sample prepared 
in this laboratory (11). 

5-Hydroxy-2-methoxy-6-methyltetrahydropyran (10) 
The mixture of the isomers of 2-methoxy-6-methyl-3,4- 

dihydro-2H-pyran (9) (35.0 g, 0.27 mole) was treated 
with diborane and then oxidized by the same procedure 
employed for the preparation of 2 above. The crude 
product was fractionally distilled and gave 23.0 g (58 %) 
of colorless liquid, b.p. 75-77" at 2.1 mm; qDZ6.', 1.4519. 

Anal. Calcd. for C7H1403: C, 57.51 ; H, 9.65. Found: 
C, 57.73; H, 9.83. 

The i.r. spectrum of the neat liquid showed two very 
weak bands at 1725 and 1640 cm-' indicative of some 
impurity. 

The 60 MHz p.m.r. spectrum showed two anomeric 
proton signals at T 5.4 and 5.62 in the integrated area 
ratio of 1.0:2.4. 

2,5-Din1ethoxy-6-metl1yltetr.ahydropyrarz (11) 
The isomeric mixture, 10, was methylated by the same 

procedure as employed for the methylation of 2 above 
and provided an 81 % yield of 2,5-dimethoxy-6-methyl- 
tetrahydropyran (11). The b.p. 59-60" at 7.5 mm; qDz5, 
1.4281. 

The g.1.c. on the CWP column at 125" (carrier gas flow 
rate, 70 ml/min) showed two peaks in the area ratio 
1.0:3.8 at retention times 10 and 14 min respectively. 
The major component was isolated by g.1.c. using injec- 
tion quantities of 25 pl. No boiling point was obtained, 
qD2', 1.4288. 

Anal. Calcd. for CaH1603: C, 59.98; H, 10.07. Found: 
C. 59.75: H. 10.03. 
 he 100 MHZ p.m.r. spectrum and spin decoupling 

experiments showed the structure to be 2a,5P-dimethoxy- 
6a-methyltetrahydropyran (116) (see Discussion). 

Equilibratiorz of the Isorneric Mixture of 2,5-Dirnethoxy- 
6-metl1yltetral7ydropyran ( I l a  and 6 ) .  Isolation of 
I la .  Equilibration Separately of I l a  and I l b  

The mixture of l l a  and b (2 g) was heated for 4 h in 
50 mi of refluxing methanol containing 100 mg of 
p-toluenesulfonic acid monohydrate. The cooled solution 
was brought to p H  - 9 with sodium methoxide and then 
freed from most of the solvent by fractional distillation. 
The residue, in 100 ml of ether, was washed with water 
(5 x 5 ml), dried, filtered and the filtrate freed from 
solvent. The crude liquid residue (1.8 g) on g.1.c. with a 
CWP column (25 % Carbowax 6000 on Chrom W) at 125' 
and a carrier gas flow rate of 30 ml/min showed two peaks 
in the area ratio of 7.2:2.8. The latter peak was due to 116. 

Isomer l l a  was isolated by g.1.c. using the column 
above. qDZ3.', 1.4274. 

Anal. Calcd. for C8H1603: C, 59.98; H, 10.07. Found: 
C, 59.98; H, 10.24. 

The 100 MHz p.m.r. spectrum agreed fully with the 
structural assignment of l l a  as 2a,5a-dimethoxy-6-13- 
methyltetrahydropyran (see Discussion). 

Both l l a  and b were left separately at room tempera- 
ture in dry methanol containing a catalytic amount of 
p-toluenesulfonic acid monohydrate. Both reached 
equilibrium within 7 days. Both g.1.c. and the 60 MHz 
p.m.r. spectrum of each of the resulting mixtures con- 
tained l l a  and b in the ratio of 7.4 to 2.6 respectively. 

The authors wish to thank the National Research 
Council of Canada for financial assistance in this work. 
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Synthesis of methyl 4-0-methyl-a-DL-arabinopyranoside from 
3-methoxy-3,4-dihydro-2H-pyran 

R. M. SRIVASTAVA' AND R. K. BROWN 
Departnlent of Clremiistry, Utriuersity of Alberta, EdN~otrto>z, Alberta 

Received January 12, 1970 

3-Bromo-2,5-dimethoxytetrahydropyran (Z), obtained by bromomethoxylation of 3-methoxy-3,4- 
dihydro-2H-pyran (I), was dehydrohalogenated to cis-2,5-dimethoxy-5,6-dihydro-2H-pyran (3). The 
epoxide 5, derived from 3, was converted to methyl 4-0-methyl-a-DL-arabinopyranoside (7) by treat- 
ment with aqueous potassium hydroxide. The structure and conformation of 7 and of its diacetate 8 
were proven by analysis of their 100 MHz proton magnetic resonance spectra. Subsequent comparison 
with an authentic sample of methyl 4-0-methyl-a-L-arabinopyranoside corroborated the structural 
assignment. 

Canadian Journal of Chemistry, 48,2341 (1970) 

Introduction 

In 1962 Siddiqui and Bishop (1) reported the 
preparation and isolation of both the cc and P' 
isomers of methyl 4-0-methyl-L-arabinopyrano- 
side. In the same year Wolfrom and Lucke (2) 
published their preparation of methyl 4-0- 
methyl-D-arabinopyranoside. More recently, the 
synthesis of 4-0-methyl-P-D-arabinose (3, 4) and 
of methyl 4-0-methyl-P-D-arabinopyranoside (3, 
4) had been described. In each of these cases, the 
starting material was a monosaccharide of known 
structure and configuration. To our knowledge 
no report has appeared describing the prepara- 
tion of a 4-0-methylarabinopyranoside from 
non-carbohydrate precursors. This paper presents 
the synthesis of methyl 4-0-methyl-cc-DL-arabino- 
pyranoside (see Scheme 1) from 3-methoxy-3,4- 
dihydro-2H-pyran, which is in turn obtained 
from 2-methoxy-3,4-dihydro-2H-pyran, the con- 
densation product of acrolein and methyl vinyl 
ether (5). 

Results and Discussion 

The starting material, 1, was prepared and 
converted to 3cc-bromo-2cc,5cc-dimetl1oxytetra- 
hydropyran (2) according to methods already 
reported (5). Dehydrobromination of 2 with a 
boiling solution of potassium hydroxide in 
methanol gave a 78% yield of cis-2,Sdimethoxy- 
5,6-dihydro-2H-pyran (3) whose identity was 
established by its elemental analysis, its 100 MHz 
proton magnetic resonance (p.m.r.) spectrum, 
the absence of vinyl ether absorption usually 
present as a strong band in the infrared (i.r.) 
spectrum (6, 7), the absence of significant 

'Postdoctoral Fellow, 1968-1970. 

absorption in the i.r. spectrum between 1500 and 
1800 cm-' but the presence of a strong band a t  
1660 cm-' in the Raman spectrum, and finally 
by its conversion by hydrogenation to cis-2,5- 
dimethoxytetrahydropyran 4 identical with an  
authentic specimen (5). 

Treatment of 3 with m-chloroperoxybenzoic 
acid in methylene chloride for 5 112 days a t  room 
temperature gave the epoxide 5 in 67% yield. 
Gas-liquid chromatography (g.1.c.) showed that 
the epoxide 5 was contaminated with a very small 
amount (< 2%) of substance, possibly the isomer 
6. This trace of impurity could not be discerned 
in the 60 MHz p.m.r. spectrum of 5. The 100 
MHz p.m.r. spectrum of 5 agreed with the 
structure 5 and showed a narrow singlet for the 
anomeric proton which clearly supported the 
view that epoxidation had occurred trans to the 
anomeric methoxy group (8). This selective 
direction of epoxidation was also expected on the 
basis of steric considerations (9-1 1). 

When the epoxide 5 was heated in a refluxing 
solution of potassium hydroxide, water, and 
dioxane there was obtained a liquid which 
crystallized spontaneously. Two crystallizations 
and a subsequent sublimation provided a 
colorless material showing a single spot on a thin- 
layer chromatogram (t.1.c.). Its elemental analy- 
sis and the following evidence showed clearly 
that this material was methyl 4-0-methyl-a-DL- 
arabinopyranoside (7). 

The i.r. spectrum in Nujol showed two broad 
overlapping bands at 3340 and 3220cm-' 
indicative of hydrogen bonded hydroxyl groups. 
At high dilution (0.005%) in carbon tetrachloride 
the i.r. spectrum showed two narrow overlapping 
bands at 3600 and 3560 cm-'. This shift of the 
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I (CH3CO)20 
f70%) pyridine 

H 

(53%) 

absorption bands to higher wave number in the 
non-polar solvent indicated the absence of 
it~tramolecular hydrogen bonding. 

The 100 MHz p.m.r. spectrum in pyridine-d, 
showed a doublet at T 5.6 ( J  z 6 Hz) for the 
anomeric proton signal. The magnitude of this 
coupling clearly requires the anomeric proton H-2 
and the adjacent proton H-3 to be trans diaxially 
oriented, thus supporting the structure and 
conformation shown by 7b. 

KOH ; H 2 0  
dioxane 

The di-0-acetyl derivative 8, obtained in good 
yield, gave a 100 MHz p.m.r. spectrum which 
agreed with structure 8. The signal for the 
anomeric proton H-2 appeared at t 5.65 as a 
doublet J  z 5.5 Hz. The magnitude of the coup- 
ling indicates that H-2 and H-3 are trans and the 
conformation of this product is primarily that in 
which H-2 and H-3 are both axial as in structure 
8. The signal for H-3 was a quartet centered at 
T 4.85 (J ,,,,, z 5.5, J  ,,,,, z 8.0 Hz) while that for 
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SRIVASTAVA AND BROWN: SYNTHI 

H-4 was also a quartet centered at r 5.01 (J,,,,, 
m 8.0, J4 ,,,, m 3.0 Hz). Irradiation of the H-3 
nucleus at r 4.85 converted the anomeric proton 
(H-2) doublet at r 5.65 to a singlet. Irradiation of 
the nucleus of H-4 at r 5.01 reduced the multiplet 
for H-5 at r 6.73 to a quartet, J m 4.5 and 2.5 Hz. 
The magnitude of these couplings indicates that 
H-5 is gauche to both protons on C-6. This 
information is in complete agreement with the 
structure and conformation shown by 8. 

The practically exclusive cleavage of the C-0 
bond of the oxirane ring of 5, remote from the 
anomeric carbon C-2 is in agreement with 
similar preferential C-0 bond cleavage of 
1,6 :2,3-dianhydro-4-deoxy- P-DL- ribohexopyran- 
ose by aqueous potassium hydroxide to produce 
only 1 ,6-anhydro-4-deoxy-P-DL-xylohexopyran- 
ose (12) and also with preferred direction of 
epoxide ring opening by lithium aluminum 
hydride of cis- and trans-2-alkoxy-3,4-epoxy- 
tetrahydropyran (13). 

All of the signals in the 100 MHz p.m.r. 
spectrum and in the i.r. spectrum of the methyl 
4-0-methyl-u-DL-arabinopyranoside (7) were 
found in the corresponding spectra of authentic 
methyl 4-0-methyl-a-L-arabinopyranoside. In 
addition, the mass spectrum of 7 was superimpo- 
sable, with respect to the number and position of 
signals, with that of the authentic sample of the 
L-isomer. 

Experimental 
All boiling points and melting points are uncorrected. 

The boiling points of liquids obtained in very small quan- 
tities were determined in a two-bulb apparatus, with the 
lower bulb immersed in the heating bath. The bath was 
heated slowly, and when the liquid in the lower bulb 
just began to  distill, the bath temperature was recorded as 
the boiling point. 

Elemental analyses were made by Mrs. Darlene 
Mahlow and Miss Andrea Dunn of this Department. 

The i.r. spectra were obtained on a Perkin-Elmer model 
421 spectrophotometer by Mr. R. Swindlehurst. The 
instrument was calibrated in the 3600 cm-' region with 
carbon dioxide. 

The 60 MHz p.m.r. spectra were obtained by Mr. R .  
Swindlehurst using a Varian A-60 instrument. Mr. G. 
Bigharn and associates of this Department made the 100 
MHz p.m.r. spectra and carried out spin decoupling 
experiments using a Varian HR-100 MHz instrument at  
33" k 1. Deuteriochloroform was employed as  solvent 
unless otherwise stated. Tetramethylsilane was the inter- 
nal reference. The coupling constants reported have been 
estinjated from the spacings and are thcrefore approxi- 
mate values. 

Gas-liquid chromatographic analyses were made with 
an  F & M apparatus, model 700, or with an  Aerograph 
Autoprep model A-700. Helium was the carrier gas. 

!SIS OF AN ARABINOPYRANOSIDE 2343 

Unless otherwise stated, a column 118" x 12', filled with 
20% butanediol succinate on Chrom P 60-80 mesh was 
used. This column is designated as BDS. 

The t.1.c. was done using silica gel G (E. Merck and Co.). 
Iodine vapor was used to detect the spots. 

Solvents were removed generally by rotary evaporator 
under vacuum unless otherwise mentioned. The drying 
agent was anhydrous magnesium sulfate. 

'The mass spectra were obtained with an  A.E.I., MS-9 
instrument. 

cis-2,5-Din~ethoxy-5,6-di/~ydro-2H-pyra1 (3) 
A solution of 22.0 g (0.988 mole) of 3a-bromo-2a,5a- 

dimethoxytetrahydropyran (2) (5) and 12.5 g (0.22 mole) 
of potassium hydroxide in 200 ml of methanol was 
heated under reflux for 60 h. Most of the methanol was 
then removed by fractional distillation and the residual 
liquid, dissolved in 250 ml of ether, was washed with 
water (10 x 5 ml), dried, filtered, and freed from solvent 
by fractional distillation. The residue when distilled gave 
11.0 g (78 %) of colorless liquid. The b.p., 68" at 10 mm, 
q ~ ~ ~ . ~ ,  I .4474. 

Anal. Calcd. for C7H1z03: C, 58.32; H, 8.39. Found: 
C, 58.61 ; H, 8.15. 

The g.1.c. on  the BDS column at 170' gave a single 
peak. 

The i.r. spectrum (neat) showed no absorption between 
1700 and 1500 cm-I.  The Raman spectrum (neat) gave a 
strong band at  1660 cm-' (: C=C :). 

The 100 MHz p.m,r. spectrum agreed with the structure 
3. The anomeric proton signal appeared at .r 5.26 as  a 
narrow multiplet, w/2 z 6 Hz. 

cis-2,5-Dimethoxytetrahydropyran (4)  
A quantity (0.7 g, 0.005 mole) of 3 in 5 ml of methanol 

containing 50 mg of sodium methoxide and 100 mg of 
5 % palladium-on-charcoal was hydrogenated at 1 atm 
pressure. After 3 112 h, the required amount of hydrogen 
was consumed and then the catalyst was removed by 
filtration and washed withether (5 x 5 ml). Thecombined 
filtrate and washings were freed from solvent by fractional 
distillation to give a liquid which was distilled in a two- 
bulb apparatus to provide 0.4 g (56%) of colorless 
liquid. The b.p., 85" at  30 rnm. The g.1.c. analysis with a 
column (1/8" x 24') of 10% neopentyl glycol sebacate 
on Chrom W (60-80 mesh) gave only one peak with the 
same retention time as that for authentic cis-2,5- 
dimethoxytetrahydropyran (5). The 100 MHz p.rn.r. 
spectrum was also identical to that of authentic cis- 
2,5-dimethoxytetrahydropyran (5). 

Methyl 2,3-At~hYdro-4-0-t?~ethyl-a-~~-lyxopyratosde (5) 
A solution of 7.0 g (0.049 mole) of 3 in 25 rnl of methy- 

lene chloride was added dropwise over a period of l h to a 
stirred solution of 12.0 g (0.07 mole) of m-chloroperoxy- 
benzoic acid in 100 ml of methylene chloride at  25'. The 
mixture was then stirred for 5 112 days at room tempera- 
ture. The precipitate of m-chlorobenzoic acid was 
removed by filtration and washed with methylene chloride 
(2 x 25 ml). The combined filtrate and washings were 
washed with 10 %aqueous sodium carbonate (5 x 25 ml), 
with water (5 x 15 ml), and then dried. The solid was 
separated and the filtrate freed from solvent. The residue 
was distilled to give 5.2 g (66.6%) of colorless liquid 
boiling at 62-64' at 1.3 mm; qDz5,  1.4455. 
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Anal. Calcd. for C7Hl2O4: C, 52.49; H, 7.55. Found: 
C, 52.36; H, 7.66. 

The g.1.c. analysis on the BDS column at 160" with 
carrier gas flow rate of 30 ml/min gave two peaks in the 
area ratio of 9.8:0.2 in the order of increasing retention 
time. 

The i.r. spectrum (neat) gave no absorption in the 
regions expected for C=O or OH. 

The 100 MHz p.m.r. spectrum of the purified (g.1.c.) 
material agreed with structure 5 and showed a singlet at  
.r 5.23 for the anomeric proton. 

Epoxidation of 3 at  room temperature for a 50 h 
period gave a liquid whose 60 MHz p.m.r. spectrum 
showed that the product 5 was contaminated with 
unreacted 3 to the extent of -20%. 

Compound 5 was obtained free of the 2 %  of  con- 
taminating material (possibly 6) by preparative g.1.c. 
using a BDS column (114" x 6') at  160" with a gas flow 
rate of 70 ml/min. The light yellow liquid so obtained 
was distilled (two-bulb) to provide a colorless liquid 
boiling at  80" at  2.5 mm; qDz5, 1.4454. 

Metliyl4-O-Methyl-a-~~-arabit1opyrar1oside (7) 
A solution of 2.5 g (0.016 mole) of 5 in a mixture of 5 

ml ofp-dioxane 5.0 g (0.09 mole) of potassium hydroxide 
and 45 rnl of water was heated under reflux for 24 h. The 
resulting yellowish solution was cooled and to it was 
added, dropwise, a 7 % solution of aqueous hydrochloric 
acid till the p H  of the solution was -9. This solution 
was continuously extracted with methylene chloride 
for 48 h. Removal of the methylene chloride from the 
extract gave a liquid which solidified immediately. The 
dried crude solid weighed 1.48 g (53 %). With chloroform- 
methanol (9.0:l.O) as solvent, this crude material showed 
a single spot on the t.1.c. A repetition of this experiment, 
involving neutralization with acetic acid, saturation of 
the aqueous solution with sodium chloride followed by 
its continous extraction with methylene chloride for 5 112 
days gave a 60% yield of crude product. 

Two crystallizations from methylene chloride - hexane 
gave light fluffy crystals melting at  1 16°.2 When sublimed 
at  80" (oil bath temperature) under vacuum (0.07 mrn) 
there was no change of melting point. 

Anal. Calcd. for C7H140,: C, 47.19; H, 7.92. Found: 
C, 47.33; H, 8.18. 

The i.r. spectrum in a Nujol mull showed two broad 
bands at  3340 and 3220 cm-' (OH, bonded). In  carbon 
tetrachloride (0.005% solution) these bands were found 
at  3600 and 3560 cm-'. Further dilution gave no further 
shift of the absorption bands. 

The 100 MHz p.m.r. spectrum in deuteriochloroform 
did not allow identification of the anomeric proton 
signal. The 100 MHz p.m.r. spectrum in deuteriopyridine 
showed a doublet at  .r 5.6 (J LZ 6 Hz). 

The aqueous portion left after methylene chloride 
extra~tion was further extracted for 2 112 days with 
n-butyl alcohol. Removal of the solvent by fractional 

of the referees has pointed out that since Siddiqui 
and Bishop (1) found a melting point of 83-84" for their 
methyl 4-0-methyl-a-L-arabinopyranoside, the melting 
point of 116" found for the methyl 4-0-methyl-a-DL- 
arabinopyranoside indicates that the latter is a racemic 
compound rather than a racernic mixture. 

distillation at room temperature gave a minute quantity 
of unidentified material whose i.r. spectrum (neat) showed 
a band of medium strength at  1735 cm-'. No further 
work was done on this material. 

Methyl 2,3-Di-0-acetyl-4-0-rr~ethyl-WL- 
arabinopyrarzoside (8)  

A solution of 0.15 g (0.00084 mole) of 7 in 1.5 ml of 
dry pyridine containing 1 ml of acetic anhydride was 
heated to 60" for 15 min and then stirred at room tem- 
perature overnight. Removal of the pyridine and excess 
acetic anhydride under vacuum (25" at  4-5 mrn) gave a 
liquid to which 5 ml of water, then 10 ml o f  cold 3 N 
ammonium hydroxide was added. The aqueous layer was 
extracted with chloroforn~ (5 x 25 ml) and the extract 
was washed once with 15 nil of saturated aqueous sodium 
chloride, then dried (Na2S04). The solvent was removed 
from the filtered solution and to the residue was added 
some hexane. The oil, when rubbed with a spatula, 
crystallized (168 mg crude). Two further crystallizations 
from methylene chloride - hexane gave 155 mg (70%) 
of material melting at  94-95". An analytical sample was 
dried under vacuum at 56" for 4 h and then at room 
temperature under vacuum for 4 h. 

Anal. Calcd. for ClIHl8O7:  C, 50.38; H, 6.92. Found: 
C, 50.42; H, 6.95. 

The i.r. spectrum in chloroform showed a very strong 

2 
band at  1740 cm-' (-C-0-). 

The 100 MHz p.m.r. spectrum agreed fully with the 
structure shown by 8 (see Discussion). 

The authors wish to thank the National Research 
Council of Canada for financial assistance throughout 
the course of this work. 

The authors also thank Dr. Claude T. Bishop of the 
National Research Council of Canada for samples of 
authentic 4-0-methyl-L-arabinose and methyl 4-0-  
methyl-a-L-arabinopyranoside. 
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SpectromCtrie de masse des peroxydes organiques. 111.' Bzonides 
des styrhnes substituks dans le noyau 

J. CARLES, Y. ROUSSEAU, ET S. FLISZAR 
Ddparternent de Chimie, Universitd de Montrdal, Montrdal, Qudbec 

R e ~ u  le 14 novembre 1969 

Les ozonides des styrtnes comportant un substituant R dans le noyau aromatique ont ttC Ctudits 
en spectromitrie de masse, avec R = p-CH30, p-CH,, H, p-CI, m-C1, et p-NO,. L'ion molCculaire 
est, en gCnCral, d'autant plus intense que R est plus attracteur dlClectrons. Les abondances des fragments 
carbonyles R C ~ H ~ C H = O +  engendrCs. par la fragmentation de I'ion moltculaire suivent la relation 
de Hammett (p = -0.44), ainsi que la formation des ions [RC6H4CH2!+ a partir de [M-32]+ 
(p = - 1.36). L'abondance relative de [M-32]+ par rapport a I'ion molecula~re est indipendante de R 
(p =: 0). Les tcarts observes lors de la fragmentation primaire de I'ozonide du m-chlorostyrtne peuvent 
Ctre interpretis par I'intervention possible d'etats electroniquement excites de I'ion molCculaire de 
cet ozonide. 

The mass spectrometry of the ozonides of ring substituted styrenes has been studied, with R = p- 
CH,O, p-CH,, H, p-C1, m-C1, and p-NO,. Electron withdrawing substituents favor, in.genera1, the 
appearance of molecular ions. The intensities of the carbonyl fragments RC6H4CH=Of from the 
fragmentation of the molecular ions follow the Hammett relationship (p = -0.44), as does the formation 
of [RC6H4CH21f from [M-32]+ (p = -1.36). The relative abundance of [M-32]+ to that of the 
molecular ion is independent of R (p a 0). The possible participation of electronically excited states in 
the primary fragmentation process of the m-chlorostyrene ozonide has been invoked to explain its 
particular behavior. 

Canadian Journal of Chemistry, 48,2345 (1970) 

L'Ctude des voies de fragmentation carac- 
tkristiques des ozonides en spectromttrie de 
masse prCsente un interCt non seulement en 
raison de son application a des fins d'identifica- 
tion, mais, encore, en vue d'une comparaison 
avec les processus de fragmentation propres B des 
hCtCrocycles voisins, tels que les peroxydes orga- 
niques cycliques; ces derniers ont fait l'objet 
d'une rCcente Ctude (1). De plus, la connaissance 
des fragments ioniques issus des ozonides, en 
spectromCtrie de masse, permet la comparaison 
et la discussion, sur une base experimentale, des 
divers mtcanismes qui ont CtC proposCs pour la 
formation des ozonides (2,3). Ainsi, par exemple, 
il a Ctt montrt (2, 4) que l'ozonolyse, dans le 
tetrachlorure de carbone et le pentane, des stil- 
bines cis et trans, du P-mCthylstyrene, du 
styrene, et du triphCnyltthyline, en presence de 
benzaldkhyde-"0, conduit i une incorporation 
de l'oxygene aldChydique uniquement en position 
Cther des ozonides formCs. 

L'Ctablissement, sur une base solide, des 
mCcanismes de fragmentation des ozonides dans 
le spectrometre de masse et la comprChension de 
tous les facteurs intervenant lors de ces frag- 
mentations motivent une Ctude systtmatique plus 

'Partie I: rCf. 1 ;  partie 11: ref. 4. 

poussCe. Le present travail a pour but l'ttude des 
ozonides d'une sCrie de styrenes substituts dans 
le noyau aromatique en vue de dtterminer 
l'influence des groupements fonctionnels (notam- 
ment par leur caractere donneur ou attracteur 
d'ilectrons) sur les differentes voies de frag- 
mentation. Les ozonides suivants (1-6) ont fait 
l'objet de la prCsente ttude. 

Rksultats et discussion 

Les spectres de masse des composCs 1 B 6 sont 
reprisentCs par les figures 1 B 6. 

Les modes de fragmentation des ozonides des 
styrtnes substituCs, dCduits d'apres l'analyse des 
rtsultats expkrimentaux, sont reprksentts par le 
schema 1. Ce schema de fragmentation est en bon 
accord avec le mode gCnCral de fragmentation 
qui a CtC prCcCdemment trouvC pour divers types 
d'ozonides (4). Une Ctude dCtaillCe des modes de 
fragmentation a alors CtC prCsentCe pour les 
ozonides du styrhe, P-mCthylstyrene, stilbkne, 
triphCnyltthyl6ne, octene-4, diphCny1-1,4- 
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"'1, 

FIG. 1. Spectre de rnasse de l'ozonide du p-rnethoxy- 
styrene. 

m/e 

FIG. 2. Spectre de masse de l'ozonide du p-rnCthyl- 
styrene. 

FIG. 4. Spectre de rnasse de I'ozonide du p-chloro- 
styrene. 

FIG. 5. Spectre de masse de I'ozonide du in-chloro- 
styrene. 

buthe-2, dichloro-1,4-butene-2, et du phCnyl-1- 
cyclopentene. Les rCsultats conduisant au schCma 
1 de fragmentation ont CtC Cgalement corroborCs 
par 1'Ctude d'ozonides marques ii l'aide d'oxy- 
gene-1 8 (4). 

I1 apparait, notamment, que la fragmentation 
de l'ion molCculaire (Mf )  a lieu suivant deux 
voies distinctes. La premiere (voies 1 ou l'), se 
manifestant par l'apparition de l'ion M-32, 

implique la rupture de deux liaisons C-0, tandis 
que la seconde (voie 2) se produit par suite de la 
rupture d'une liaison 0-0 et d'une liaison 
C-0. D'apres les rCsultats obtenus antCrieure- 
ment (4), notamment ii l'aide d'ozonides marquCs 
par "0 en position Cther, la voie 2 est nettement 
favorisCe par rapport aux voies de fragmentation 
1 et 1'. 

Dans le tableau 1, les abondances relatives des 

I5 
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FIG. 3. Spectre de masse de I'ozonide du styrene. FIG. 6. Spectre de masse de l'ozonide du p-nitro- 
styrene. 
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SCHBMA 1. Fragmentation des ozonides dans le spectromktre de masse. 

, 
ions molCculaires et des diffkrents ions formis 

1 lors de la fragmentation primaire des ozonides 
des s ty rhes  substituCs sont exprimts2 en % C,,. 

Afin de mettre en evidence l'influence exercte 
par les substituants R sur le sens de  la fragmen- 
tation, il est avantageux de rapporter les gbon- 
dances relatives des diffirents ions formis B celles 
des ions molCculaires correspond ant^.^ Le tableau 
2 indique les logarithmes de ces rapports pour les 
fragments les plus significatifs. Les fragments a 
mle 30 et 46 n'ont pas CtC considCrCs dans cette 
analyse. En effet, aucune conclusion certaine ne 
peut etre dCduite pour ces ions, en raison de 
leurs divers modes de formation ~ robab les .  
indiquCs par le schema I .  

L'influence des caract6res donneur ou attrac- 
teur d'Clectrons des substituants R dans le noyau 
phenyle est trhs nette dans le cas du fragment 
carbony16 RC,H,CH=O'. En effet, l'intensite 
de l'ion carbonyle diminue, relativement B l'ion 
molCculaire, d'autant plus que le caractire 

2Le % Z,, = pourcentage rapporte a la somme des 
intensites de tous les ions de m/e > 12. 

3Les intensites des pics considtres sont suffisamment 
importantes, m&me pour les ions d'intensite relativement 
faible, pour perrnettre des mesures a + 1 % prks. 

attracteur dlClectrons du substituant R augmente. 
Cette observation est bien dCcrite par la relation 
linCaire dlCnergie libre qui est obtenue en 
utilisant les constantes de substituant o de 
Hammett (figure 7). 

De semblables relations liniaires d'inergie 
libre ont CtC observCes, lors d'etudes portant sur 
la spectromCtrie de masse de benzophenones et  
d'acetophenones substituks, pour les intensitks 
des fragments correspondant aux ions benzoyles 
et acCtyles (5-7). Une interprktation de ces 

FIG. 7. Etude de la fragmentation primaire engen- 
drant RC6H,CH=O+: comparaison de log [RC6H4- 
CH=O+ :I/[M+] vs. les constantes de Harnrnett. 
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TABLEAU 2 
Logarithmes des abondances des ions R C ~ H ~ C H = O + ,  RC6H4CH02+, et [M-32]+ 

rapportees l'abondance du pic molCculaire [M+] 

R log [RC~H~CH=O+]/ [M+]  log [RC6H4CHO2+]/[M+] log [M-32]+/[M+] 

relations linCaires d'Cnergie libre peut etre donnCe 
sur la base d'arguments cinCtiques (7), pour 
autant que l'approximation de 1'Ctat stationnaire 
peut etre appliquCe aux ions dans la source. 

Les rCsultats reprCsentCs par la figure 7 peuvent 
etre interprCtCs en considkrant que, dans l'ion 
molCculaire, la charge positive est distribuCe a la 
fois sur le cycle ozonique et sur le cycle aroma- 
tique. Dans l'ion produit [RC,H,CH=O'], par 
contre, la charge est plus localisCe, si bien que 
dans 1'Ctat de transition le caractere positif 
ressenti par le substituant R est plus prononcC que 
dans l'ion molCculaire, ce qui se manifeste, 
finalement, par la valeur nCgative de p (- 0.44) (8). 

En ce qui touche les prCsentes observations, 
faites avec l'ozonide du m-chlorostyrtne, il con- 
vient de rappeler qu'il a CtC relevC prCcCdemment 
(9) que les effets des substituants mCta dans 
1'Ctat excite sont gCnCralement altCrCs par l'aug- 
mentation du paramttre de resonance. Des 
observations semblables ont Cgalement CtC rap- 
portCes par Bursey et McLafferty (7) en ce qui a 
trait au comportement des substituants en 
position mCta. La 1Cgtre deviation qui est obser- 
vCe, par rapport 2 la droite de Hammett, pourrait, 
donc, Cgalement s'expliquer par une faible 
intervention des Ctats excites de l'ion molCculaire 
dans la formation de l'ion carbony16 [RC,H,- 
CH=O+]. Une certitude quant la participation 
Cventuelle de tels Ctats excitis ne saurait, cepen- 
dant, etre gagnCe qu'au moyen de recherches 
plus approfondies, prCsentement en cours. 

L'analyse des rapports des abondances relatives 
des ions [RC,H,CHO,]+ aux ions molCculaires 
qui leur correspondent indique une tendance 
gCnCrale a dCfavoriser les ions comprenant les 
substituants attracteurs d'klectrons. Cependant, 
ainsi que l'indiquent les valeurs rapportCes au 
tableau 2, des Ccarts importants apparaissent par 
rapport a la relation de Hammett. Ce fait doit 
&re reliC aux observations prCcCdantes (4) qui 

indiquent, de manitre non ambigue, que les ions 
[RC,H,CHO,]+ existent avec deux structures 
distinctes (A et B), dCmontrCes par les spectres de 
masse d'ozonides marques par "0 en position 
Cther. Par ailleurs, les processus donnant nais- 
sance h ces ions (A et B) sont entitrement 
diffkrents, ainsi que l'indique le schCma 1, et 
requitrent donc des constantes p diffkrentes (10). 

Dans tous les spectres CtudiCs, il est possible de 
reconnaitre le fragment ionique [M-321' qui 
rCsulte de 1'Climination d'une molCcule d'oxygtne 
a partir de l'ion molCculaire (schCma 1). L'in- 
fluence du substituant R dans le noyau phCnyle 
n'apparait que trts faiblement sur cette Climina- 
tion d'oxygtne. Ceci est, en effet, indiquC par la 
valeur pratiquement constante ( z  0) de la quantitC 
log [M-32]+/[M]' (tableau 2) pour tous les 
ozonides CtudiCs ici, ce qui signifie que le coeffi- 
cient p de Hammett est voisin de 0 (figure 8). Seul 
le cas de l'ozonide du nz-chlorostyrtne difftre du 
comportement gCnCral, ce qui, avec les rCserves 

II 
-0.4 0.0 0.4 0.8 1.1 

u 
FIG. 8. Etude de la formation des ions [M-32]+ a 

partir des ions moleculaires. 
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dCja exposkes, peut Etre interpret6 en termes d'une TABLEAU 3 + 
possible intervention d'Ctats excitCs de ]'ion Abondances relatives des ions R-C6H4-CH2 
molCculaire dans la formation de l'ion [M-321'. - 

-- -- 

RCsH4CHZ+ 

R R rn/e %C log [RC~H~CHZ]+/ [M-~~]+ 

[ ~ - 3 2 1 +  

Les ions [M-32]+ donnent lieu i des frag- 
mentations secondaires, mais dont les proba- 
bilites sont souvent faibles. L'une de ces frag- 
mentations correspond a une Climination d'hy- 
drogtne selon le processus probable (voir Cq. [l I) 

mis en Cvidence par les signaux de mle 149, 133, 
1 19, 153, 153, et 164 pour les composCs 1 a 6, 
respectivement. Ce processus est nettement 
favorise par les substituants R donneurs d'Clec- 
trons (log [M-33]+/[M-321' = 0.55 pour R = 
p-CH,O) et nettement dCfavorisC par les groupe- 
ments attracteurs d'electrons (log [M-331'1 
[M-32]+ = - 1.06 pour R = p-NO,). 

Cette Climination d'un atome d'hydrogtne, 
probablement a partir de l'ion [M-32]+, entre en 
compCtition avec un mCcanisme de clivage de la 
liaison C-0, suivi d'un transfert d'hydrogtne 
(voir Cq. [2]). 

r H HI+ 

Ce dernier processus conduit aux ions dont les 
abondances relatives, aux valeurs de mle spCci- 
fiees, sont indiquCes au tableau 3. 

Les valeurs rapportCes aux tableau 3 font 
ressortir, d'une part, la faible probabilitC de cette 
fragmentation secondaire et, d'autre part, la 
nette influence du substituant R. La figure 9 
montre que la relation de Hammett est virifite de 
manitre satisfaisante pour cette fragmentation. 
Lors de la formation de l'ion [RC,H,CH,]' A 
partir de l'ion [M-32]+ il y a une augmenta- 

tion de la charge positive ressentie par le sub- 
stituant, ce qui amine 2 expliquer la valeur 
fortement nCgative du coefficient p (- 1.36). De 
plus, il n'y a pas, pour cette fragmentation, 
d'Ccart pour l'ozonide du in-chlorostyrtne, Pour 
autant que l'on veuille admettre que les Ccarts 
prCcCdemment observCs avec les dCrivCs mCta 
puissent Etre imputCs i la participation d7Ctats 
excitCs de l'ion molCculaire, l'observation que la 
fragmentation avec perte de HCO B partir de l'ion 
[M-321' ne montre pas d'anomalie dans le cas de 
I'ozonide du m-chlorostyrine pourrait Etre inter- 
prCtCe en termes d'une non-participation d'Ctats 
excitCs de l'ion [M-321'. 

Les ions [M-32]+ conduisent encore 2 un autre 
type de fragmentation (voir Cq. [3]). 

Les ions [RC,H,CH]+ ainsi formCs se mani- 
festent dans les spectres par des signaux de faible 
intensit6 qui correspondent a mle 120, 104, 90, 
124,124, et 135, respectivement, pour les ozonides 
1-6. 

D'autres processus de fragmentation secon- 
daire engendrent des ions de fortes intensitks. On 
observe, notamment, des ions ayant des abon- 
dances relatives importantes qui proviennent 
d'une dCcomposition des fragments carbonylCs 
selon un mecanisme bien connu (1 1) (Cq. [4]). 

- 1 . 0 ,  ! ! ! ! ! ! : 
-0 .4  0.0 0.4 0.8 1.1 

u 
FIG. 9. Etude de la fragmentation des ions [M-32]+ 

conduisant aux fragments RC6H4CH2+. 
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TABLEAU 4 

Abondances relatives des ions issus de la dkcomposition des fragments carbonylks 

Les intensitCs relatives des ions engendrks par 
ce type de fragmentation sont indiquCes dans le 
tableau 4. 

Le tableau 4 indique Cgalement les abondan- 
ces relatives des ions [RC6H,]' provenant de 
1'Climination d'une molCcule de CO, des ions 
[RC,H4CH02]+ (Cq. [5]). 

[ 5 ]  [R-C~H~CHOZ]+ [R-CsH5]+ 
- co, 

subit une rupture de la liaison 0-CH, et est 
responsable du pic B m/e = 92 (2.50% C,,). Le 
fragment primaire CH,O-C,H,-CH=O+, 
d'autre part, donne naissance au pic mle = 105 
(1.49 % C,,) par perte du radical OCH,. 

Dans le spectre de l'ozonide du p-nitro- 
styrene, les ions i mle 92 (1.53 % C,,) et a nile 76 
(3.22 % C,,) ont CtC observCs. Ces ions provien- 
nent, respectivement, de 1'Climination d'une 

1 molCcule NO et d'une moltcule NO,. Le mCca- 
Les tentatives en vue de relier les valeurs du nisme bien connu d,Climination de des 

par la lei de Hammett Ont  CchouC' composCs aromatiques (12) se retrouve dans la 
Ceci peut Ctre expliquk en considCrant que lors de fraglnentation der ions de ,,,le , 50 et (voir 
processus de fragmentation secondaire, se pro- Cqs. [6al et [661). L.Climination prCliminaire de 
duisant avec une forte probabilitk, il n'est plus NO est mise en evidence par les pits de faible 
possible d'appliquer l'approximation de 1'Ctat intensite a 120 et 121. 
stationnaire aux concentrations des fragments Cette perte de NO, nCcessite un rearrangement 
ioniques intermddiaires De plus, la cinktique de des ions de ,ale 50 et 51 qLli acquierent aillsi des 
leur dCcomposition peut Ctre Cgalement com- structures du  type ou (13). 
pliquCe par l'intervention de plusieurs de leurs 
Ctats Clectroniq~ies excitks. r 

Dans certains cas, enfin, le substituant R du 
noyau phCnyle donne lieu i un type de frag- - 

mentation qui lui est propre. Ainsi, pour l'ozonide 
dup-mCthoxystyrene, le fragment [CH30C6H4]+ c D 
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Conclusions siderts, on observe des intensitts suffisamment impor- 

Contrairernent aux peroxydes cycliques (1) et 
B certains ozonides ne cornprenant pas de noyau 
arornatique fix6 sur le cycle ozonique (4), tous les 
ozonides ttudiCs ici prtsentent un pic rnoltculaire 
dans leurs spectres de rnasse. D7une faqon 
gtntrale, ce pic est d'autant plus intense que le 
groupernent R est plus attracteur d'tlectrons; 
ceci ne peut &tre considtrt que cornrne une 
tendance gtntrale, i 13inttriiur de la strie 
d'ozonides ttudits ici, qui est, cependant, rnise en 
dtfaut par l'ozonide du p-chlorostyrene. 

Les effets d'un substituant R dans le noyau 
arornatique apparaissent clairernent dans la 
rtpartition du courant ionique et perrnettent de 
prtciser les mtcanismes de certaines fragrnenta- 
tions.'Les abondances relatives des ions issus de 
certaines fragmentations sont relites par la rela- 
tion de Hammett, notarnrnent en ce qui concerne 
la formation de fragments carbonylts (p = 
-0.44), ainsi que la formation des fragments 
[RC,H4CH,]+ Bpartir de [M-32]+ (p = - 1.36). 
I1 est possible que les tcarts, par rapport B 
l'tquation de Harnrnett, observts lors de la frag- 
mentation prirnaire de l'ozonide du m-chloro- 
styrene puissent &re interpretts en terrnes de la 
participation d'Ctats tlectroniquernent excitts, 
cornrnecela avait d t j i  t t t  considtrC dans d'autres 
cas, par Bursey et McLafferty (7). Des recherches 
plus approfondies sont actuellernent en cours 
dans le but de vCrifier la participation tventuelle 
d'ttats excitts. 

Le mode de prtparation et les caracttristiques phy- 
siques des ozonides ttudits ont CtC dtcrits prtctdemment 
(14). 

Les spectres ont t t t  enregistrts au moyen d'un 
spectrometre de masse a simple focalisation Hitachi 
RMU-6 D, muni du systtme d'introduction directe 
MG 150. Les pressions de vapeur des ozonides examines 
sont suffisamment tlevtes, ce qui rend le chauffage 
externe inutile. Tous les spectres rapportts dans le 
present travail ont e t t  enregistrts dans des conditions 
identiques en ce qui a trait aux divers parametres instru- 
mentaux qui influencent les intensitis ioniques relatives. 
La precision des mesures est satisfaisante car, mCme pour 
les ions d'intensitt relativement faible qui ont CtC con- 

tantes pour permettre des mesures a ? 1 % pres. 
I1 a e t t  vtrifit, avec l'ozonide du styr&ne, qu'une 

decomposition autre que par impact Clectronique ne 
contribue pas de maniere significative aux spectres 
observts (4). Afin de s'assurer plus fermement que les 
spectres observts ne sont pas dus aux produits de 
dtcomposition thermique des ozonides, tous les produits 
ont Ctt ttudits a difftrentes temptratures de la chambre 
d'injection: 110, 210, ou 250 "C. MCme a 250°, il n'y a 
pratiquement pas de diminution de l'intensitk des pics 
molkulaires, ni des pics provenant de la fragmentation 
primaire. Les spectres indiquent que les rapports 
[A+]/[M+] sont, a toutes fins pratiques, indkpendants de 
la temptrature de la chambre d'injection. On observe, par 
constquent, dans les cas indiquts dans le texte, une 
vtrification de la loi de Hammett tout aussi bien a 250" 
qu'a 110", avec les mCmes anomalies en ce qui a trait a 
I'ozonide du m-chlorostyrene. Les rtsultats exposts ont 
CtC obtenus en maintenant la temptrature de la chambre 
d'ionisation a 110" et en acctltrant les tlectrons ionisants 
par un potentiel de 70 V. 

Nous tenons a remercier MM. J. C. Regenass et 
G. Sanchez de leur prtcieuse collaboration lors de la 
prise des spectres de masse. Nous remercions tgalement 
le Conseil National de Recherches du Canada pour une 
subvention qui a permis la prtsente recherche. 
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R6actions dans le sulfolane. VI. E€ude de solutions des acides perchlorique, 
fluorosulfurique, pyrosulfurique et hexachloroantimoniquel 

R. L. BENOIT, C. BUISSON ET G. CHOUX 
DLpartement de Chimie, Universiti de Montrial, Case Postale 6128, Montrial, Quibec 

R e ~ u  le 18 novembre 1969 

Des mesures de resonance magnetique nucleaire et de conductivitk ont CtC effectuees sur des solutions 
des acides perchlorique et fluorosulfurique dans le sulfolane. Des determinations additionelles ont ete 
faites sur des solutions des acides pyrosulfurique et hexachloroantimonique. L'acide complexe HSbCI, 
est un acide fort dans ce solvant polaire aprotique tres peu basique. HCIO,, HSOBF et H2S,01 sont 
incompletement dissocies, avec respectivement K = 10-2.7, 10-3.3, et - 10-I. La force des acides en 
milieu dilue varie suivant HC10, > HSOBF > H2S207, c'est-a-dire un ordre different de celui qui est 
observe dans H2S04, un solvant polaire protique fortement associe. 

Nuclear magnetic resonance and certain conductivity data are reported fo;solutions of perchloric and 
fluorosulfuric acids in sulfolane. Additional measurements were made on solutions of disulfuric and 
hexachloroantimony (V) acids. HSbCIG is a strong acid in this weakly basic dipolar aprotic solvent. 
HCIO,, HS03F, and H2S207 are incompletely dissociated with K = 10-2.7, 10-3.3, and - 
respectively. The acid strength in dilute solution in sulfolane follows the order HC104 > HSOBF > 
HZS207, which differs from that known in H2S04 which is a strongly associated polar protic solvent. 

Canadian Journal of Chemistry, 48, 2353 (1970) 

Introduction 

Le sulfolane (tCtramCthylknesulfone) est un 
solvant polaire aprotique qui, de part son groupe 
sulfone, posskde des proprittts basiques trks 

I faibles. Hall et Robinson (1) et Gillespie et 
Robinson (2), a la suite de dtterminations cryo- 
scopiques et conductimttriques dans I'acide 
sulfurique (Ho = - 12.2), donnent pour le 
sulfolane (S) pK,,+ = - 12.9, ce qui permet de le 
classer parmi d'autres solvants polaires aprotiques 
suivant l'ordre de basicit6 croissante: nitro- 
mCthane (- 13.0) - sulfolane (- 12.9) > nitro- 
benzkne (- 12.4) > acCtonitrile ( -  11.2) >> di- 
mtthylformamide > dimtthylsulfoxyde. On de- 
vrait donc pouvoir atteindre des aciditts trks 
Clevtes dans le sulfolane. En admettant la validit6 
des hypothkses de Hammett, li un acide fort B la 
concentration 1 M dans le sulfolane, correspon- 
drait la valeur de la fonction d'aciditC H, = 

- 11.9 et I'acide perchlorique (pK,,,,, - - 10.2 
dans H2S04 (3)) devrait mEme s'y comporter en 
acide faible, comme cela semblerait Etre le cas 
dans le nitromkthane (4), mais non dans I'acC- 
tonitrile en prCsence d'acide acttique (5). On 
pourrait ainsi classer acides forts et bases faibles 
dans un milieu unique ce qui serait prtftrable B 
l'utilisation d'un milieu de composition variable, 

H2S04-H20, ou de stries de solvants (6), pour 
lesquels des phtnomknes de solvatation sptcifique 
peuvent jouer. 

On a examink, comme premikre ttape B 
l'ttablissement d'une tchelle d'aciditC, le com- 
portement dans le sulfolane, de quatre acides 
susceptibles a priori d'itre relativement forts, 
les acides simples, HCIO,, HSO,F, H2S20,, et 
l'acide complexe form6 a partir de HCl et du 
chlorure mCtallique SbCI, fortement accepteur 
de C1-. Les fonctions d'aciditk H, de solutions 
dans le sulfolane de plusieurs acides ont CtC 
rtcemment mesurtes et les resultats prCsentts 
succinctement (7) permettent d'ivaluer pour des 
solutions 1 M les valeurs de H, : HPF, (-9.2), 
HCIO, (-8.1), HS0,F (-7.9), HBr (-6.1). 
Toutefois si l'on prenait pour la constante 
d'aciditt de l'indicateur trinitroaniline, au lieu de 
pKBH+ = - 8.2 utilisC par ces auteurs, la valeur 
- 10.1 dtterminte dans H2S04 aqueux (8), on 
obtiendrait pour les trois premiers acides 
respectivement - 11 .l (?), - 10.0 et - 9.8, c'est-ti- 
dire des valeurs proches de la valeur - 11.9 
calculte pour un acide fort a la concentration 
1 M. 

La resonance magnktique nucltaire (r.m.n.) 
du proton a Ctt utilisCe pour Ctudier la dissociation 
des acides forts dans I'eau. Dans le cas des 

'Partiellement present6 au Congres de 1'Institut de sOlvants polaires a~rOtiques, la mtthode ne 
Chimie du Canada, Montreal, 25-28 mai 1969. semble pas avoir CtC employCe. Nous avons com- 
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plttt les rtsultats de r.nl.n. par des dtterminations 
de conductivitt. Des mesures de chaleur de solu- 
tion et de pression de vapeur ont aussi t t t  faites 
dans.le cas de HCIO,. 

Partie expkrimentale 
( I )  Rtnctifs 

Le sulfolane, fourni gracieusement par Shell Canada 
Ltd., a CtC purifie selon la mCthode prCcCdemment dicrite 
(9). Dcs solutions de HC10, dans le sulfolane peuvent 
Ctre prCpar6es en faisant rCagir des solutions de AgClO, 
avec HCI (10) comme cela I'a CtC fait dans le nitromethane 
(4). On peut aussi obtenir HCIO, anhydre a partir de 
solutions de HC10, dans H2S04, soit par extraction par 
un solvant non-miscible (11) tel CH2C12, soit par dis- 
tillation. Cette derniere mCthode a etC ~ItilisCe, des 
difficilltes ayant C t C  rencontrkes dans 1'Climination du 
solvant non-miscible. HClO, anhydre a kt@ prCparC par 
distillation B 50" soils pression rCduitc d'un InClange d'un 
volume d'acidc L 70% et trois volumes de H2S04 a 96%. 
La colonne Ctait remplie d'hilices de 118 in. et les joints 
pour vide Ctaient 1ubrifii.s Q I'aide de graisse "fluorolube". 
Le Iiquidc incolore obtenu par fractions de 10 ml environ 
revele par dosage Line p~lrete d'au moins 99%. HS03F, 
produit technique de "Allied Chemical", a CtC distille a 
163" dans un montage protCgC par une colonne des- 
sichante (12). H2S207 a CtC prepare B partir d'anhydride 
s~ilfilriq~le et d'oleum (13). Les acides lnethanesulfonique 
et trifluoroacCtiq~ie de qualite "Reagent" ont CtC utilises 
sans purification ulterieure. Le pentachlorure d'antin~oine, 
produit "Rcagent" de "Fisher", a Cte distill6 sous pression 
reduite avant utilisation. Le trichlorure d'antin~oine, 
produit "Certified" de "Fisher" a ete sublime sous vide ; 
le trichlorure d'aluminiunl "Reagent" de B.D.H. a CtC 
egalenlent sublinle sous la pression atmosphCrique. Les 
deux produits sont blancs et ont CtC dissous dans le 
sulfolane des leur obtention. Les solutions des gaz 
chlorhydrique et bronlhydrique ont ete obtenues par 
barbotage dans le sulfolane de HCI et HBr anhydres de 
"Matheson". 

(n)  Rtso~lnnce ~nng~lttique rrricltnire 
Les spectres de r.m.n. du proton de melanges HS03F- 

s~llfolane ont ete deterlllinCs a 25" sur un appareil JEOL, 
a la frequcnce de 100 Mc, a I'aide d'un conlpteur. Les 
deplacements chimiques Ctaient reperes par rapport au 
tCtramethylsilane place en refkrence externe dans le tube 
interieur, scelle en suite, de la cellule commercialisec par 
"N.M.R. Specialties" selon la description de Frei et 
Bernstein (14). Dans ces conditions d'utilisation, les 
corrections de susceptibilite magnktique deviennent 
nCgligeables. L'appareil etait rCglC sur la position 
"internal lock". Les melanges d'acide et de sulfolane, 
prCparCs par pesee, Ctaient introduits dans la cell~lle et le 
tube interieur mis en place, I'etancheite Ctant assuree B 
I'aide de graisse fluorolube. 

Nous avons ainsi pu vCrifier que la position du signal 
des protons !3 du sulfolane n'etait que peu influencke par 
la plesence d'acide et que ce signal pouvait donc con- 
stituer une rCfCrence interne convenable. Sa position 

repCrCe par rapport au tCtramCthy1silane en rCf6rence 
externe est de 2.25 p.p.m., alors qu'en utilisant ce produit 
en rCfCrence interne dans le sulfolane la valeur trouvie est 
de 2.10 p.p.m., ce qui pourrait &tre attribue a un effet de 
solvant. 

Les melanges HCl0,-sulfolane ont Cte CtudiCs 2 25" 
sur un appareil JEOL a la frCquence de 60 Mc, et la 
position du signal de HClOj Ctait repCree par rapport 
au signal des protons du sulfolane, dont la position a 
kt6 supposCe identique 5 ce qu'elle est dans une solution 
Cquivalente de HS03F, le tetramCthylsilane Ctant place 
en reference externe. I1 en a CtC de mCme pour les autres 
acides CtudiCs. Les cellules contenant le melange prCparC 
par pesCe Ctaient scellCes immCdiatelnent apres intro- 
duction de la solution. Les valeurs des dCp1acements 
chinliq~les sont donnees avec une incertitude maximale 
d'environ 0.1 p.p.m. 

(O) Cond~rctitnttrie 
Les mesures de conductivitC des sol~~t ions  d'acides dans 

le sillfolane ont CtC effectuCes a 30.0' et pour la plupart a 
I'aide d'un conductimetre "Tacussel" a frCquence variable 
La concentration des solutions Ctait modifiCe en ajoutant 
au sulfolane des solutions concentr6es d'acide dans ce 
solvant, ou m&me l'acide pur, a I'aide d'une microburette. 
Dans le cas des acides complexes on ajoutait a une 
solution de HCI dans le sulfolane, soit le chlorure 
mCtallique pur (SbCI,), soit une solution concentrCe de 
chlorure nletallique. 

( c )  Pressiotls de vapelrr 
Les mesures de pressions de vapeur ont CtC effectukes a 

l'aide du tensirnetre antCrieuren~ent dCcrit (9). On a dO 
en fait travailler a la limite des incertitudes expkrimen- 
tales. 

( d )  C/~alelrr..s de sol~rtion 
Les chaleurs de solution ont etC mesuries par micro- 

calorilnCtrie, en utilisant les mCmes cellule et micro- 
calorinletre que lors de I'etude du systeme eau-sulfolane 
(9). 

Des essais au choc et a la flamnle semblaient avoir 
dCnlontrC la non-rCactivitC de HC10, anhydre envers le 
sulfolane. Cependant une explosion s'est produite dans 
le tensinletre lors de la mesure de la pression de vapeur 
d'une solution de HClO,, X,, - 0.4. Une deuxieme 
explosion, qui a result6 en accident grave, a eu lieu lors 
du bris, au moyen d'une lime, d'une ampoule scellCe 
contenant une solution de HCIO,, XI,,-0.1-0.2, 
gardCe pendant 5 mois dans un congClateur. I1 semble 
donc que la recomn~~ndat ion recente d'utilisation comme 
titrant, de HC104 anhydre dans le sulfolane (15) soit a 
deconseiller. Les solutions diluCes de HC10, utilisCes 
par ces auteurs paraissent d'ailleurs avoir contenu de 
I'eau (16). L'emploi de solutions de HSbCI, faciles a 
priparer serait prCferable, et une etude des propriCtCs de 
ces solutions est en cours. 

Rksultats 

( I )  Rbonance magne'tique nucle'uire 
On a portt sur la Fig. 1 les valeurs des dtplace- 

ments chimiques G(p.p.m.) du proton des acides 
HA en solution dans le sulfolane, mesurts par 
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TABLEAU 1 

Resonance magnktique nucleaire des solu- 
tions de HS0,F dans le sulfolane* 

.~ -. 
pp .. - -. .- -. 

X H A  611, 6, FP 
-. 

0.0167 13.14 3.09 2.25 
0.0521 14.08 3.10 2.25 

0.134 0.145 14.39 14.49 3.12 3.15 2.29 2.26 
0.329 14.34 3.17 2.27 
0.386 14.27 3.19 2.28 
0.486 13:99 3.23 2.29 
0.654 12.76 3.32 2.32 
0.750 12.08 3.43 2.39 
1 .OO 10.44 - - 
0.030 13.371 - - 
0.080 14.131 - - 

0.185 14.537 - - 
pp - - - 

'Mesures cfTectu~es pour la plupart i 100 Mc 
avec le tetramethylsilane en reference exrerne. 

tValeurs repCrees par rapport aux prolons D du  
sulfo!ane. 

. .: 

. . .. 

1. 

" " 

1 7  

- - 

FL 
%\hv, : .: ...- - 

: \ 
/8°-yo.o 

8 "0 - 

1 \, - ::.<i$ 
0 .- I 0 

\ 

. . -- 

-" 

o,! 

variations de 6 sont cependant moins importantes 
(17), comme on l'a vCrifiC pour deux solutions 
(X,,, = 0.06, 6 = 13.60 p.p.m. ; X,,, = 0.34, 

- 
\ 
0 9  

6 = 13.53 p.p.m.) en utilisant la position du 
signal des protons CH, situee B 4.33 p.p.m. 

\ comme riference interne par rapport au tCtra- 
v mCthylsilane. 

1 1 1 1  1 1 1 1  Les acides HS0,Fet H2S207 ont un comporte- 
L (_ . , 

I'iL, ment que lq~~e  peu diffkrent de celui de HC10, 
FIG. 1. Deplacement chirnique du proton d'acides en ce que les valeurs de 6 passent par un maximum 

HA en fonction de la fraction molaire XHA.  HClO, (V), poLlr XH, - 0.25 pour dCcroftre aux valeurs 
HSO,F (Oh HzSzO, (0). inferieures de X,,,. Des valeurs ont CtC accessoire- 

ment obtenues pour quelq~~es acides (X,,, - 
rapport au tCtramCthylsilane, pour diverses 0.05) HCF3C02, 11.5 P.P.m. ; H2SO4, 11.1 
fractions molaires X,.,,. Les valeurs exphimen- P.P.m. ; HCH3SO3,10.5 P.P.m. ; HCI, 5.2 p.P.m. ; 
tales de 6,, et 6 des protons a et p du sulfolane HBr, 2.0 P.P.m. 
pour les solutions de HSO,F sent aussi donnCes L'addition de composCs accepteurs de chlorure 
dans ]e tableau 1.2 Le premier acide CtudiC, MCI, 2 une solution de HC1 dans le sulfolane 
HClO,, a un dtplacement chimique extrapolC de PrOvoque un accioissement de 6 qui depend de la 
15.7 p.p.m. en solution diluCe dans le sulfolane, nature et de la ~~ncen t r a t i on  de MCI,,. En ajou- 
qui ne varie que peu jusqu'au mklange Cquimo- tant, a 45 "C, SbCl, a une solution de HCI 1.0 M, 
laire (6 = 15.0 p.p.m.) pour decroitre ensuite 6 augmente linkairement avec le rapport SbCl,/ 
jusqu'a 10.2 p.p.m. pour l'acide pur (17) ; cette HCl et la valeur extrapolke correspondant au 
derniere valeur est d'ailleurs voisine de celle rapport 1.0 est 16.0 P.P.m. Des valeurs obtenues 
dCterminCe pour X,,, - 0.10 dans le solvant avec diffkrents chlorures, pour des c6ncentrations 
inerte CH2C12 (10.33 p.p.m., reperk par rapport sUpCrieures a celle d'HC1, elle-mEme comprise 
au signal de CH2C12 a 5.47 p.p.m.). L7allure de la entre 0.1 et 1.0 M sont donnCes titre d'indica- 
courbe obtenue (Fig. 1) est tres semblable B celle tion : SbCI5, 15.9 P.P.m. ; AlCl3, 8.3 P.P.m. ; 
des melanges HC10,-nitromktbane, oh les SbCl,, 6.2 P.P.m. ; GeCl,, 5.15 P.P.m. 

(2)  Mesures cond~icti?nktriques 
'Les autres resultats sont consignCs au "Depository of Les rksultats des mesures sent reprCsentCs sur 

Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada". Des la Fig. pour HC104 a n h ~ d r e ,  HC104 7 2 % 3  

copies en sont disponibles sur demande. HSO,F, H2S207 et HCl-SbCI, (HCI = 0.29 M). 
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0 0.1 0.2 
i / 2  O.3 

FIG. 2. ConductivitC Cquivalente de solutions d'Clec- 
trolytes en fonction de la racine carrCe de la concentration 
C (mole HSbCI6 (O), HCIO, (V), HCIO, 72% 
(O), HS03F (01, AgCIO, (A) (rtf. 251, Me4NC104 (6) 
(ref. 25). 

On a portt la conductiviti tquivalente A des 
solutions en fonction de la racine carrte de leur 
concentration rnolaire en acide, en supposant 
dans le cas de HCl-SbC1, la formation de 
HSbCI, quantitative. On donne aussi Fig. 2, aux 
fins de comparaison, les valeurs de A pour des 
perchlorates univalents, tlectrolytes forts. Dans 
le cas des autres chlorures MCl,, les valeurs de A 
accessoirement obtenues avec une solution de 
HCl N 0.4 M sont : AlCl,, 1-4 x M, 
5.0 0-' crn2 mole-' ; SbCl,, 5 x 10-,-8 x lov2 
M, 0.47-0.35 Q-' cm2 mole-' ; GeCl,, conduc- 
tivitk inchangte. La conductivitt des solutions 
de H2S20, et HSO,F, bien que mesurke avec une 
cellule placte dans une boite B gants, diminue 
avec le temps, particulierernent avec le premier 
acide. Les valeurs donntes Fig. 2 ont t t t  obtenues 
apres 15 rnin. Des difficultts du m&me ordre 
semblent avoir Ctt rencontrtes avec le systerne 
voisin HS0,F-nitrobenzene (18). 
(3)  Pressions de vapeur 

Les mesures de pression de vapeur de deux 
solutions de HCIO, ont donne : XHA = 0.07, 
p N 0.10 mm Hg ; XHA = 0.29, p -- 0.35 rnm 
Hg. Une explosion avec une solution oh X,, - 
0.4 nous a fait abandonner ces rnesures. 
(4) Enthalpie de solution 

La chaleur de solution de HClO, dans le 
sulfolane a t t t  deterrninte pour plusieurs con- 
centrations et les rtsultats sont donnts dans le 

TABLEAU 2 

Chaleurs de solution de HCIO, dans le sulfolane 
- 

W (8) Q (cal) m (M kg-') - AH(kca1 mole-') 
- - 

0.1648 11.9 0.18 7.3 
0.2133 15.3 0.24 7.2 
0.1408 9.75 0.16 6.9 

tableau 2. Une valeur de AH, = -8.0 kcal 
mole-' a t t t  obtenue par extrapolation B 
concentration nulle. 

Discussion 
Si l'on considere la rtaction entre un acide fort 

HA et le sulfolane S,HA + S F?. SH' + A-, le 
dtplacement chimique 6 observt en r.m.n. est 
relit aux valeurs des dtplacements des especes 
dont les protons peuvent s'tchanger rapidernent 
HA et SH', par l'interrntdiaire du coefficient de 
dissociation ci : 

[I 1 6obs = $. (1 - C I ) ~ ~ ~  

On n'observe en effet qu'un seul signal dans les 
solutions de HA dans S, signal situt dans la 
region 2-16 p.p.rn. et dtpendant de la nature et 
de la concentration de HA. On pourrait donc 
penser calculer ainsi ci en fonction de la concen- 
tration comme cela a CtC fait avec l'eau comme 
solvant (19). 

Le fait que la valeur de 6 de HClO, dilut dans 
le sulfolane, 15.7 p.p.m., soit nettement suptrieure 
B celle de I'acide pur, 10.2 p.p.m., ou en solution 
dans CH2C12, et soit tr6s voisine de celle d'une 
solution de HSbCl,, 15.9 p.p.m., semblerait 
indiquer la protonation du solvant, ci = 1 et 
6,,, = 6,,+. Toutefois la forme de la courbe 
6,,, en fonction de XHc,04, sensiblement deux 
droites se coupant a XHc,04 = 0.5, montre qu'il 
n'est pas possible de calculer ci suivant l'tquation 
[I],  la constante d'tquilibre de la rtaction entre 
HClO, et S ttant trop grande. 

Les rnesures de conductivitt permettent de 
difftrencier le comporternent des acides HClO, 
et HSbCl,. Toutefois la prtsence intvitable de 
traces d'eau dans le solvant complique l'inter- 
prttation des rtsuItats. Si l'eau rtsiduelle (3-10 x 
lo-, M) joue un r61e lirnitt dans les mesures de 
r.m.n., effectuees B des concentrations relative- 
rnent grandes des acides HA, il en vadifftrernment 
dans les rnesures de conductivitt, qui devraient 
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Ctre faites a des concentrations faibles de HA, 
pour obtenir en particulier A, la conductivitC 
Cquivalente a dilution infinie. Des determinations 
prCcises de la conductiviti de sels dans le sulfolane 
(25, 26) indiquent que la prCsence de faibles 
quantitts d'eau a peu d'influence. Par contre dans 
le cas des acides HA la conductivitC sera affectCe, 
suivant la position de 1'Cquilibre HA + H 2 0  
H 3 0 +  + A-, qui depend des forces respectives 
des acides HA et H 3 0 +  dans le sulfolane. Ainsi 
si I'acide, HSbCl,, ttait fort dans le sulfolane, 
HA + S -> HS+ + A-, la courbe donnant A 
en fonction de la racine carCe de la concentration 
de HA serait linkaireet pourrait, ou non, prksenter 
une cassure lorsque l'on passe, dans la solution, 
de H30+SbC1,- provenant de I'eau rCsiduelle du 
solvent, a SH'SbC1,- aux plus fortes concen- 
trations. Par contre si I'acide, HClO,, ttait 
faible, mais plus fort que H 3 0 +  dans le sulfolane, 
la courbe de A comporterait deux branches 
distinctes, la premitre rectiligne correspondant 

la formation de H30+C104- Clectrolyte fort, 
la deuxitme, une courbe classique correspondant 
a un acide faible. Dans le cas des acides HS03F 
et H2S207 la prCsence d'eau rCsiduelle dans le 
sulfolane pourrait avoir un effet plus complexe 
dO a un Cquilibre supplCmentaire, tel que 
HS03F + H 2 0  H2S04 + HF, oh H2S04 et 
H F  sont tous les deux des acides trts faibles dans 
le solvant (7). De toute f a ~ o n ,  on ne pourra 
obtenir, par extrapolation a dilution infinie, de 
valeur prtcise de A, (SH'A-). Dans un tout 
rtcent article (18) traitant du comportement de 
HS03F dans le nitrobenztne, solvant de basicit6 
analogue au sulfolane, les auteurs n'ont pour 
cette raison, pu qu'estimer la valeur de la con- 
stante de dissociation de HS03F. 

Pour les solutions de HCl-SbCI,, les valeurs de 
A obtenues ainsi que la pente de la courbe A = 
f (C'I2), comparCes a celles d'autres perchlorates 
(Fig. 2), nous indique, que la rCaction entre HCI 
et SbC1, est pratiquement compltte, comme le 
laissaient prtvoir les rtsultats de r.m.n., que 
HSbCl, est un tlectrolyte fort, et que les conduc- 
tivitCs Cquivalentes de H,O + et SH+ sont voisines. 
Le mtcanisme de conduction des protons 
solvates SH+ et H 3 0 +  apparait ainsi normal, 
B I'encontre de ce qui est observC dans les solvants 
protiques. Dans le cas de HCIO,, la courbe 
A = f (C'12) comprend deux brannhes: la pre- 
mitre lintaire, correspond B l'tlectrolyte fort 
H3O+C10,-, la concentration de I'eau rtsiduelle 

dans le solvant Ctant environ M,la  deuxitme 
est due a un Clectrolyte faible, soit HClO,, soit 
la paire d'ions [SH+ClO,-I.. Bien que l'on ne 
puisse rejeter complttement cette dernitre inter- 
prktation, elle parait peu probable Ctant donnt 
que les perchlorates Ctudib jusqu'ici (25, 26), 
ainsi que le sel de pyridinium (16), sont des 
electrolytes forts. 11 apparait ainsi que HClO, est 
un acide faible dont on peut calculer la constante 
de dissociation, K = 10-2.7, en prenant pour 
valeur approchCe de A,, 1 1.8 a-' cm2 mole-'. 
La constante de dissociation de HS03F peut Stre 
estimCe, en supposant aussi que I'acide est 
monornQe aux concentrations CtudiCes (7, IS), 
on obtient K = 10-3.3. Les solutions de H2S207 
sont trts peu stables, une attaque du solvant est 
mSme possible, on a quand mtme calculC approxi- 
mativement K N lo-,. 11 est intkressant de noter 
que si l'on suppose que HPF, est un acide fort, 
comme HSbCl,, nos valeurs des constantes de 
dissociation de HClO,, K = 10-2.7 et HS03F, 
K = 10-3.3, sont en accord satisfaisant avec les 
calculs faits a partir des mesures de la fonction 
H, de HPF,, HC10, et HS03F de Alder et al. (7). 

Le diplacement chimique observt, 15.7 p.p.m., 
pour les solutions les plus diluCes de HClO, 
(C -- 0.5 M), solutions oh HClO, est trts peu 
dissociC, indique donc seulement que les liaisons 
hydrogtne sulfolane HC10, sont fortes comme le 
confirme la valeur de la chaleur de solution 
A H  -- -8.0 kcal mole-'. Cette valeur n'est 
qu'approximative vu la mCthode d'extrapolation 
utilisee et le fait que HCIO, est quelque peu 
dissocit (a d 0.10) pour les solutions les plus 
dilutes. On peut d'ailleurs comparer les chaleurs 
de solution pour le processus vapeur -+ solution 
dans le sulfolane, pour quelques solutCs pouvant 
donner des liaisons hydrogtne, on a:  HClO,, 
- 17.2 kcal mole-' ; HS03F, - 16.5 kcal mole- ' ; 
HCI, - 6.5 kcal mole-' ; HBr, -4.3 kcal mole- ' 
(16) ; H20 ,  -8.9 kcal mole-' (9) ; CH30H, 
-7.4 kcal mole-' (20); et CH2C12, - 11.9 kcal 
mole-' (21). Les quelques rCsultats des mesures 
de pression de vapeur des solutions de HClO, 
dans le sulfolane confirment aussi l'existence de 
fortes inttractions solutBsolvant, ainsi pour 
X,,,,, = 0.29, on calcule, en utilisant la pression 
de vapeur de HClO, pur (17), a,,,,, = 0.034. 
D'aprts les travaux de Pavia (17) sur le systtme 
voisin HC10,-nitromithane, il ne semble pas 
qu'une Ctude en infra-rouge (i.r.), qui a essen- 
tiellement confirmi pour ce systeme la presence 
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de fortes liaisons hydrogine entre HClO, et le 
solvant, aurait apportt  des tltments nouveaux 
sur le systime HC10,-sulfolane. 

L'allure de la courbe de 6,s03F, Fig. 1 diffire 
de celle de 6,clo, aux valeurs de XHA < 0.20. 
I1 est probable que cet effet est dO i ce que 
HS0 ,F  pur est fortement associt alors que 
HCIO, ne l'est pas (17). Le maximum de 6,,,,, 
correspondrait a une forme polymCrique pouvant 
impliquer le solvant, et B grande dilution on 
tendrait vers HSO,F, fortement l i t  au solvant par 
des liaisons hydrogine, comme I'indique la valeur 
de la chaleur de solution. Desvariationsanalogues 
de 6,, ont dtjh Ctt observtes pour des mClanges 
d'acide acttique avec des solvants de polarit6 
variable (22), et des tquilibres polymires- 
dimire-monomire ont CtC postults. Le cas de 
l'acide H,S,O, est vraisemblablement voisin. 

Une corrClation a t t t  recherchCe par Brown- 
stein et Stillman (23) entre le diplacement 
chimique 6 d'un acide HA dans un solvant ne 
contenant pas de proton Cchangeable, SO, 
liquide, et la constante d'aciditt de HA dans l'eau. 
Nos rCsultats obtenus avec le sulfolane, joints B 
ceux de Whiting et coll. (7), indiquent I'absence 
de relation entre 6 et la force de l'acide H A  dans le 
m&me solvant. On a en effet: HCIO, (1 5.7 p.p.m.) 
> HS03F(13.0) > HBr(2.0) > H,SO,(Il.O) > 
HCl(5.2) et les acides de force vraisemblable- 
ment dtcroissante H2S207 > H2S04 > HSO,- 
CH, > HCO,CF, ont des 6 voisins. Un examen 
des rCsultats obtenus avec SO, (23) montre 
d'ailleurs que la corrClation invoquCe repose 
surtout sur une valeur inattendue de 6b1c,0,, 
2.0 p.p.m., et une valeur quelque peu arbitraire, 
de pK,.,20 pour HI, - 10. Nos rtsultats fragmen- 
taires indiqueiit aussi qu'il n'y a pas dans le 
sulfolane de corrClation entre les deplacements 
chimiques de composCs H A  et les chaleurs de 
solution AH des m&mes composCs a 1'Ctat vapeur, 
particuliirement si l'on inclut dans la strie, des 
composts aussi diffirents que HX, ROH et 
CH,Cl,. 

En ajoutant aux solutions de HCI quelques 
chlorures mttalliques accepteurs autres que 
SbCI,, on  avait penst pouvoir mettre en tvidence 
d'autres acides forts du type HMCI,,. Les rtsultats 
permettent seulement d'ttablir qualitativement 
l'ordre du pouvoir accepteur envers Cl- : SbCl > 
AlCl, > SbCl, > GeC1,. 

U n  rtsultat important de ce travail est de 
mettre en tvidence l'influence de la nature du 

solvant sur le classement des acides forts ; 
ainsi l'ordre H2S207 > H S 0 , F  > HCIO, (2, 3) 
obtenu dans le solvant protique fortement associC, 
H2S04, devient HC10, > H S 0 3 F  > H2S207 en 
milieu dilut dans le sulfolane, un solvant polaire 
aprotique. Cet ordre est vraisemblablement 
commun aux solvants de cette dernitre classe, si 
les energies de transfert des gros anions A ne 
varient pas trop comme cela semble Stre le cas 
pour les enthalpies de transfert (24). L'utilisation 
d'une tchelle unique d'aciditt, ne tenant compte 
que de la basicitt du solvant et non de la solvata- 
Gon de I'anion A- ,  risque donc de conduire h des 
prtvisions erronCes particulitrement pour des 
classes de solvants aussi diffkrents que les 
solvants protiques et polaires aprotiques. L'effet 
de la solvatation de I'anion A- sur la dissociation 
de I'acide HA apparait meme a l'inttrieur de la 
classe polaire aprotique. Ainsi si I'on compare 
les solvants sulfolane et nitrobenzbne, on note que 
HS0 ,F  est un acide nettement plus faible dans le 
nitrobenzine (18) en dCpit de la basicitt 1Cgire- 
ment plus forte de ce solvant. Vraisemblablement 
I'ion S0 ,F-  est moins solvat6 dans le nitro- 
benzine que dans le sulfolane, comme le suggire 
dCjB la dissociation incomplite de NMe,SO,F 
dans le nitrobenzine (18). 

Nous sonlmes reconnaissants au Conseil National de 
Recherches du  Canada pour son aide financiere et au 
Conseil des Arts pour des bourses (G.C., C.B.). Nous 
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Reactions of the U(V1) complexes of oxine 

A. CORSINI AND J. ABRAHAM' 
Departmetzl of Cllemisfry, McMaster Utziversily, Hamilton, Otztnrio 

Received March 4, 1970 

The interaction of the oxine adduct, UOz(C9H6N0)2~C9H6NOH, and of the bis compound, 
UOz(C9H6N0)2, with several solvents has been studied. The oxlne ligand in the adduct is displaced by 
DMSO but the adduct is stable in solvents of relatively low polarity. The his compound is unstable and 
reacts to form both the adduct and solvates. Under appropriate conditions, the addition reaction between 
the bis compound and a solution of oxine is quantitative. Studies with ['4C]-oxine revealed that the 
addition is accompanied by two exchange reactions. 

Canadian Journal of Chemistry, 48,2360 (1970) 

Introduction 

The oxine (8-hydroxyquinoline) adduct, 
U02(CgH6NO), . C9H6NOH, long used in anal- 
ysis for the determination of uranium, has been 
the subject of several investigations. Although 
these iilvestigations have emphasized the com- 
positional, structural, and thermal nature of the 
solid adduct (1-7), information about the solution 
reactions of the species is increasing (8-12). 

In the present report, the interaction with 
various solvents of the adduct compound and 
of bis(8-hydroxyquinolinato)dioxouranium(VI), 
U02(C9H6NO),, which is derived thermally 
from the adduct, is described. Also presented 
are the results of studies on the interesting addi- 
tion reaction which occurs when the bis com- 
pound is placed in contact with a solution of oxine. 
This reaction was first noted by Frere (12) but 
few details were provided in his report. 

Experimental 
Uranyl nitrate hexahydrate (ANALAR, British Drug 

Houses) was used without further purification. A stock 
solution (1.01 x M) was prepared and standardized 
as outlined by Vogel(l3). ['4C]-Oxine was synthesized as 
previously described (7). Unlabelled oxine (certified 
grade, Fisher Scientific Co.) was purified by sublimation. 
Ethanol (95%) and analytical grades of methanol, 
acetone, chloroform, and dimethylsulfoxide (DMSO) 
were used as supplied. Absolute ethanol and 1,2-dichloro- 
ethane were dried before use for 48 h over molecular 
sieves (Type A, Fisher Scientific Co.). Reagent-grade 
1,4-dioxane was refluxed over sodium for at least 24 hand 
fractionally distilled (b.p. 100.5-101 "C) through a 1 m 
column packed with glass helices. All other chemicals 
were of suitable purity. 

Infrared (i.r.) spectra were recorded with a Beckman 
IR-5 spectrophotometer. The samples were prepared as 
mulls in spectrally pure hexachloro-1,3-butadiene. Mea- 

surements of p H  were made with a Radiometer PHM, 
meter equipped with Beckman saturated calomel and E-3 
glass electrodes. The wet-oxidation of [14C]-compounds 
and the measurement of [14C]-radioactivity were carried 
out as noted previously (7). Sieves (U.S. Standard Sieve 
series, A.S.T.M. specifications) were used to control the 
initial particle size of the bis compound in the addition 
reaction with oxine. The pore diameter of the sieves was 
74, 149, and 250 p. Appropriate pairing of the sieves 
afforded initial particle-size ranges of < 74, 74-149, and 
149-250 p. 

Microanalyses were by Alfred Bernhardt, Elbach iiber 
Engelskirchen, West Germany. Analysis of the oxine 
content of the U(V1) compounds was done bromometric- 
ally (14). 

The red adduct and the greenish-black bis compound 
were prepared as described earlier (I). 

The general procedure for the interaction of the adduct 
with 1,2-dichloroethane, 1,4-dioxane, absolute ethanol, 
and DMSO was as follows. A saturated solution of the 
adduct was prepared at the boiling point of the solvent. 
The excess solid was filtered off and the filtrate cooled to 
yield a crystalline solid. After filtration, the solid was 
dried at 105 "C for 3 hand its i.r. spectrum taken (Fig. 1). 

The solubility of the adduct con~pound in DMSO was 
very high. Concentration of the solution to one-quarter 
of its original volume (10 ml) yielded no solid. After 
standing for 1 week at room temperature, the concen- 
trated solution yielded a gum-like material which was 
filtered off and dried for 3 h at 105 OC (i.r. spectrum, B, 
Fig. 1). After an additional week, dark-red crystals ap- 
peared in the filtrate. These were removed and dried in the 
same manner. The i.r. spectrum of these crystals was 
identical to that of the gum-like material. 

Anal. Calcd. for UOz(C9H6N0)2 .OS(CH&: C, 37.71, 
H, 2.85; N, 4.40, S, 5.04. Found: C, 37.85; H, 2.99; 
N, 4.35 ; S, 4.85. 

For the interaction of the bis compound with 95% 
ethanol, methanol, acetone, chloroform, and 1,2- 
dichloroethane, a mixture of 50 mg of the bis compound 
and 10 ml of the solvent was stirred continuously for 3 h 
at room temperature. With each solvent except dichloro- 
ethane, the solution and the surface of the undissolved 
compound became red in moments. The undissolved 
material was removed and a solid com~ound  was isolated 

'Present address: Department of Chemistry, Kerala by evaporation of the filtrate. The compound was dried 
University, Trivandrum, Kerala, India. overnight in air and then at 105 "C for 1 h. The i.r. spectra 
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WAVENUMBER (cm-'1 
FIG. 1. Infrared spectra of U02(CQH6NO), .CgH6- 

NOH precipitated from aqueous solutlon (A), U 0 2 -  
(CgH6NO)z'DMSO (B), UOz(CgH,NO)z.OC(NHz)z 
precipitated from aqueous dioxane (C), UO2(C9H6NO), 
prepared thermally from adduct (D). The spectra of com- 
pounds obtained from the interaction of the adduct with 
dichloroethane, dioxane, and absolute ethanol were 
identical to (A). 

of the solids are shown in Fig. 2. Microanalytical data did 
not correspond to  simple formulae. 

With dichloroethane, the supernatant liquid was yellow 
and the undissolved residue remained black. In dichloro- 
ethane saturated with water, however, the bis compound 
yielded a red solution, and the surface of the undissolved 
solid became red. After removal of this solid, concen- 
tration of the filtrate and subsequent cooling yielded red 
crystals, which were dried for 3 h at  105 'C (A, Fig. 1). 

Anal. Calcd. for U02(CQH6NO)2~C9H6NOH: C, 
46.09; H, 2.72; N, 5.97. Found: C, 45.04; H,  2.74; N, 
C 17 
5 . 3 1 ,  

The reaction between U(VI) and oxine in 50% v/v 
dioxane-water was studied. The potentiometric apparatus 

WAVENUMBER (cm-') 
FIG. 2. Infrared spectra of compounds obtained from 

the interaction of U0,(C9H6N0)2 with 95 % ethanol (A), 
methanol (B), acetone (C), chloroform (D). 

and procedure was essentially as described elsehwere (15). 
Solutions with U(V1):oxine ratios of 1:2 and 1:3 were 
titrated at  25 "C. The initial concentration of U(V1) in 
each solution was 4.7 x M. The concentration of 
HC104 was 4.5 x M. The ionic strength was ad- 
justed to  0.1 with NaC104. 

Precipitation of a solid compound from 50% v/v 
dioxane-water was effected as follows. U02(N03)z  . 6 H 2 0  
(0.2 mmole) was dissolved in 50 ml of 50% aqueous 
dioxane containing 3 drops of concentrated nitric acid. 
Oxine (0.7 rnmole) in 1 ml of dioxane was added, followed 
by urea (5 g). The solution was heated to  boiling and 
placed on a steam bath for 3 h. The red needle-like 
crystals which formed were removed, washed with water, 
and dried at  105 OC for 3 h. The pH of the cooled filtrate 
was 7. The i.r. spectrum was taken (C, Fig. 1). 

Anal. Calcd. for U02(C9H6NO)2~OC(NHz)2:  C, 
37.25; H,  2.61; N, 9.06; U, 38.48. Found: C, 37.59; 
H,  3.05; N, 9.06; U, 38.80. 

Bromometric analysis for the oxine anion content 
gave 46.39 % (calculated, 46.63 %). 

For the reaction involving the addition of oxine to the 
bis compound, dry dichloroethane, in which the bis and 
adduct compounds are inert, was used as the solvent. 
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TABLE 1 

Addition reaction with [14C]-oxine* 
.. - -- - - 

Specific activity (mV/s mg)t 
Molar ratio Extent 

taken addition Reaction Bis Sublimed 
(bis compound : oxine) ( %) product compound oxine 

'Initial specific activity o f  oxine, 3.58 mV/s mg; bis compound taken, 100 mg (0.18 mmoles); 
initial part~cle  size, < 74 p ;  reaction time. 5 min. Each result is the averaxe o f  three determinations. 
The precision measure is the standard error. 

tSee ref. 7 concerning the units mV/s mg. 
:Particle size of bis compound was 74-149 p in this experiment. 

Because of the limited solubility of the bis and adduct 
compounds in dichloroethane (2.3 and 2.1 mglml), 
the addition reaction was carried out heterogeneously and 
the percent addition was obtained by analysis of the fil- 
tered solid residue. The low and approxinlately equal 
solubilities of the compounds resulted in a minimal error 
in percent addition (<2%) .  The reaction was quenched 
by rapid filtration. The general procedure was: 100 mg 
'(0.18 mmole) of the bis compound of known particle 
size were added to a 15 rnl reaction flask, followed by 
5.0 ml of a dichloroethane solution of oxine. The mixture 
was kept at  25 "C and stirred magnetically at constant 
speed. At a specified time, the mixture was quickly 
filtered (-20s) through a fritted-glass crucible (F 
porosity), washed with three 2 ml portions of dichloro- 
ethane, and dried at 85-90 "C (-5 mm Hg) for 3 h. 
The percent addition was obtained by bromoinetric 
determination of the relative amounts of the bis com- 
pound and oxine obtained by thermal conversion of the 
resultant adduct (1, 7). The effect of reaction time, oxine 
concentration and initial size of the bis compound was 
studied. 

The addition reaction was also investigated by reacting 
[13C]-oxine with unlabelled UOZ(C9H6N0)2. A small 
portion of the reaction product was used to determine its 
specific activity (7). The remaining solid was thermally 
converted to the bis compound and oxine and the specific 
activity of each constituent determined. The data are 
given in Table 1. 

Results and Discussion 
Recent X-ray (3) and i.r. (4) studies have shown 

that the additional oxine molecule in the adduct 
compound is coordinated to the central uranium 
atom through the phenolate oxygen donor and 
that the proton is hydrogen-bonded between the 
nitrogen atom of this monodentate ligand and the 
oxygen donor of the neighboring bidentate 
ligand. In the i.r. spectrum, the bands at 2650 
(broad) and 2050 cm-' (weak) have been 

attributed to the +N-H. . . . O  bonded system 
(4). These bands are also present in the spectra of 
the U(V1) adducts of several oxine derivatives (4) 
and in the Th(1V) and Sc(II1) adducts of certain 
oxine derivatives (16, 17). Thus these bands, 
which are not present in the spectra of the normal 
complexes, are characteristic of the metal-oxine 
adducts and can be used to identify their forma- 
tion. 

In the i.r. spectra (Fig. 1) of the compounds 
isolated from the interaction of the adduct with 
dichloroethane, dioxane, and absolute ethanol, 
the 2650 and 2050 cm-' bands show that the 
monodentate oxine ligand is still coordinated, 
and that no significant amount of solvolysis has 
occurred. This is contrary to the belief that in 
non-aqueous solution the adduct is dissociated to 
the normal complex and free oxine, and that the 
third molecule of bound oxine exists only in the 
solid state (8). The present work shows that in 
solvents of relatively low polarity, the integrity 
of the adduct is preserved. In polar solvents such 
as DMSO, however, the monodentate ligand is 
displaced by the solvent. In the i.r. spectrum 
(B, Fig. I), the 2650 and 2050 cm-' bands are 
absent and a new strong band at 1015 cm-' 
(not shown), characteristic of the S=O stretching 
frequency, appears. The small shift in the S=O 
frequency from the free DMSO value of 1055 
cm-' suggests that the DMSO molecule is not as 
strongly coordinated as in UO,(NO,), .2DMSO 
(18), or as in the DMSO complexes of the actinide 
tetrachlorides (19). The formation of the DMSO 
solvate was confirmed by isolation and analysis 
of the solid. Baker and Sawyer (1 1) had previously 
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suggested the displacement of the oxine molecule 
by DMSO on the basis of nuclear magnetic 
resonance (n.m.r.) evidence. Recent observations 
by the present workers (17) suggest that displace- 
ment also occurs in dimethylformamide and 
pyridine. 

The i.r. spectra of the compounds obtained 
from the interaction of the bis compound with 
95 % ethanol, methanol, acetone, and cl~loroform 
are shown in Fig. 2. The bands at 2650 and 2050 
cm-l provide strong evidence for the dispro- 
portionation of the bis compound to the adduct 
and other U(V1) species, as first suggested by 
Bullwinkel and Noble (9). Fleming and Lynton 
(20) have also reported the formation of the 
adduct by recrystallization of the bis compound 
from chloroform. 

The analytical data for the compounds isolated 
from the above solvents did not correspond, 
however, to the adduct. This suggests that the 
adducts were contaminated, perhaps with sol- 
vates of the type U0,(C9H6NO),.H20, 
U02(C9H6NO), . CH,OH, and U02(C9H6NO),. 
OC(CH,),. The presence of these solvates is 
indicated by bands at 3575 (OH), 2925 (aliphatic 
CH), and 1700 (C=O) cm-' in spectra of the 
isolated compounds (Fig. 2). Similar solvates of 
the bis acetylacetone U(V1) complex have been 
reported (21). The C=O stretching frequency in 
the above acetone solvate is identical to that found 
in UO,(C,H,NOX,), . OC(CH,),, where X = C1 
or Br (17). The i.r. spectrum of the adduct formed 
in chloroform shows the presence of solvent of 
crystallization (bands at 2950 and 750 cm-l), 
as described in the X-ray study by Hall et al. (3). 

Further evidence for the formation of the 
solvate UO,(C9H6NO),.H2O was obtained by 
potentiometric titration of the U(V1)-oxine sys- 
tem in 50% dioxane-water. The important fea- 
tures of the titration curves for 1 :2 and 1 :3 
ratios of metal-to-ligand were identical. 111 each 
curve, two buffer regions in the pH  ranges 
4-6 and 7-10, were present. The lower buffer 
region corresponded to a release of two protons 
per U(VI), and the higher to a one-proton release. 
The two-proton release could only result from the 
formation ofa 1 :2 complex, and the single-proton 
release from the hydrolysis reaction shown in 
eq. [l]. The only difference noted between the 

two titration curves was the lack of coincidence 

in the pH  range 10-12, due to the titration of tm- 
co~nplexedoxine in the solution containing the 1 :3 
ratio of metal-to-ligand. Indeed, the oxine adduct 
compound could not be precipitated from 50 % 
aqueous dioxane. The microanalytical data and 
i.r. spectrum (C, Fig. 1) show that the compound 
obtained was U 0 2 ( C 9  H6NO), . OC(N H,),. 
The source of the urea was the relatively large 
amount added to raise the pH through hydrolysis, 
as in the precipitation of the adduct from water. 
The urea ligand is likely bonded to the uranium 
atom through the carbonyl oxygen as in U0,- 
(OH),{OC(NH,),], (22), rather than through a 
terminal nitrogen as in [Pt{OC(NH,),}Cl,] 
(23, 24). This is indicated by the C=O stretching 
frequency (1625 cm-I), which is considerably 
shifted from that (1683 cm- ') in free urea, and the 
N-H stretching frequencies (3300 and 3400 
cm-l), which are essentially as in free urea (22). 

The interaction of the bis compound with 
dichloroethane is significant. In dry hot dichloro- 
ethane, the biscompound yielded a yellow solution 
and was recrystallized unchanged, giving an i.r. 
spectrum identical to that for the thermally- 
prepared bis compound (D, Fig. 1). In dichloro- 
ethane saturated with water, however, the bis 
compound decomposed to give a red solution and 
the adduct compound. The i.r. spectrum was 
identical to that of the adduct precipitated from 
aqueous solution (A, Fig. 1). The decomposition 
may occur according to eq. [2] where the role of 
water is to protonate an oxine anion in the forma- 
tion of the adduct compound. 

The above results provide evidence for the 
reactivity of the bis compound in several com- 
monly available solvents and do not support 
Moeller and Ramaniah's conclusions (8), which 
were based on the reactivity (i.e., dissociation) of 
the adduct and the inertness of the bis compound. 
Recently, Baker and Sawyer (1 1) questioned the 
disproportionation reaction proposed by Bull- 
winkel and Noble since in DMSO, the bis com- 
pound was thought to form a solvate rather than 
the adduct. According to the present study, the 
interaction of the bis conlpound with solvents can 
yield the bis compound unchanged, the adduct, or 
a mixture of the adduct and solvate, depending 
on the polarity of the solvent. 

The formation of the adduct by reaction of the 
bis compou~ld with a solution of oxine was noted 
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several years ago (12) but the reaction conditions 
were not reported in detail. In the present study, 
it was found that the proper selection of reaction 
time, oxine concentration, and initial particle 
size of the bis compound yielded quantitative 
addition. For a particle size < 75 p and a reactant 
molar ratio (bis-compound:oxine) of 1 :2 (0.36 
mmole oxine), 92, and 100% addition was 
obtained for the reaction times of 5 and 10 min. 
respectively. For the same particle size and a 
reaction time of 5 min, 67,92, and 100% addition 
was obtained for molar ratios of 1 : 1, 1 :2, and 1 :5, 
respectively. For a 5 min reaction time and a 
molar ratio of 1 :2,73, 77, and 92% addition was 
obtained for the particle size ranges 149-250, 
74-149, and <74 p, respectively. The inertness 
of both the bis and adduct compounds in dry 
dichloroethane demonstrated the suitability of 
this solvent for the addition reaction. 

Because of the complicating heterogeneous- 
phase equilibria, no attempt was made to deter- 
mine the rate-law for the addition reaction. The 
addition can be conceived, however, as occurring 
by one or both of the following processes. 

(i) Addition in solution. On dissolution of a 
small amount of the bis compound, addition 
occurs and the adduct precipitates after saturation 
of the solution. Further dissolution of the bis 
compound and formation and precipitation of the 
adduct occur, until addition is essentially quan- 
titative. 

(ii) Heterogerzeozls addition. The oxine in 
solution interacts with the external and internal 
surfaces of the particles of the bis compound. 
The adduct molecules so formed dissociate from 
the solid matrix and pass into solution, ultimately 
to nucleate and precipitate. This mechanism im- 
plies that the initial particle size is important in 
determining the rate of addition. Indeed, the 
percent addition was found to increase with 
decreasing particle size, but this observation can 
also be explained readily by the first mechanism ; 
i.e., as the particle size is decreased, the rate of 
dissolution of the bis compound, and therefore of 
the addition reaction, is increased. 

It is fruitless to speculate on a more detailed 
mechanism of the addition reaction until the 
structure of the bis compound is known and the 
molecular weight of species arising from dis- 
solution of the bis compound in dichloroethane is 
determined. Bullwinkel and Noble (9) have 
suggested that the bis compound is extensively 

polymerized. It would appear that the compound 
is at least dimeric with bridging donor oxygen 
atoms, as has been suggested (25) for bis(acety1- 
acetonato)dioxouranium(VI).2 Regardless of the 
degree of polymerization of the bis compound, 
the detailed mechanism must provide for the 
formation of the monomeric (3) adduct com- 
pound. 

The driving force for the addition reaction is 
provided by the instability of the bis compound 
with respect to the adduct. This instability is 
demonstrated by the tendency of the bis com- 
pound to disproportionate and to form solvates. 
It is likely the result of the poorer donor proper- 
ties of the (presumed) oxygen bridging atom in 
the bis compound compared to the oxygen donor 
of the monodentate ligand in the adduct, which is 
further stabilized by hydrogen bonding. In- 
terestingly, the bis compound can be prepared 
only by thermal treatment of the adduct; all 
attempts to precipitate the bis compound from 
solution have been unsuccessful. Recently, how- 
ever, the direct precipitation of the U(VI) bis 
complexes of a-picolinic acid (26) and of tropol- 
one (27) has been reported. Since the adducts 
were also precipitated, it would be of interest to 
determine the structures and relative stabilities of 
the corresponding bis and adduct compounds. 

Other bis complexes of U(V1) undergo addition. 
Indeed, several "mixed" ligand adducts have 
been formed from the bis compounds of a- 
picolinic acid (26) and acetylacetone (21). The 
formation of bis and adduct U(V1) complexes 
and their facile interconversion is not unique, 
apparently, to the ligand oxine. 

Further information about the addition reac- 
tion was deduced from experiments with [14C]- 
oxine. First, an exchange reaction involving the 
inactive ligands of the bis compound and the 
active oxine in solution occurs concurrently with 
the addition reaction, since there is more activity 
in the reaction product than is expected from the 
amount of active oxine added. For 67, 77, and 
92% addition, the amount of oxine added to 
100 mg of the bis compound is 17,20, and 24 mg. 
From this data and the value 3.6 for the initial 

=Several bis compounds of U(V1) have been reported 
(e.g., 25-27). From the molecular formula, the central 
U(V1) atom appears to be coordinately unsaturated. 
Higher coordination could be achieved, however, by 
molecular association into dimeric or larger units through 
bridging donor atoms. 
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specific activity of the oxine, calculation shows 
that in the absence of the exchange reaction, the 
activity expected in the reaction product is 0.90, 
1.0, and 1.1 ratherthan 1.4,1.8, and2.0mV/smg, 
as observed (Table 1). The high values obtained 
could only result from the occurrence ofexchange. 
Second, the exchange and addition reactions are 
independent and proceed with different rates. 
This conclusion is supported by the data for 100 % 
addition (Table l), which shows that the specific 
activity of the bis compound and sublimed oxine 
are significantly different. The same conclusion 
cannot be drawn from the data for additions of 
less than 100 % since any unreacted bis compound 
would act as a diluent to the activity of the reac- 
tion products. Third, an intramolecular exchange 
equilibrium likely occurs. After sufficient time has 
elapsed (> 15 min), the specific activity of the 
bis compound and oxine is essentially the same. 
An exchange as shown in eq. [3] would account 
for this observation. 

For the data in Table 1, the existence of radio- 
I balance can easily be proved. For example, for 
I 77 % addition, the specific activity of the reaction 
I product is (2.00 x 1.59 f 0.77 x 2.21)/2.77 = 

1.8 mV/s mg, which is in accord with the experi- 
mental value. 

Finally, the data are complicated by the occur- 
rence of ligand exchange during the thermal con- 
version of the reaction products (7). The effect 
of the thermal exchange is to partially randomize 
the activity acquired by the adduct compound. 
This randomization reduces the difference in 
specific activity between the sublimed oxine and 
the bis compound and partially accounts for the 
uniform distribution of activity observed after 
15 min. The difference is still finite, however, 
for reactions of shorter time. 

We wish to thank the National Research Council of 
Canada for the financial support of this study. 
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Reductions with sulfurated borohydrides. V. Reductions of ketones 
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Ketones can be reduced with sulfurated sodium borohydride. Very high yield ( ~ 9 0 % )  of  the corre- 
sponding alcohol is obtained with the appropriate ratio of ketone and hydride at room temperature. 
The reaction is much influenced by the steric environment around the carbonyl group. At high tempera- 
ture (65") disulfides and tetrasulfides are produced. In some cases the structure of those sulfides have 
been established. Conjugated ketones can be reduced to the corresponding alcohols with very high 
yields. 

Canadian Journal o f  Chemistry, 48, 2366 (1970) 

We have reported the formation of sul f~~rated 
borohydrides of the general formula MBH,S, 
(1) and the reduction of various groups with this 
new reducer, such as aldehydes (2) and oximes 
(3). This paper describes the reduction of typical 
ketones, conjugated ketones, and diketones. 

Experimental 
Nuclear magnetic resonance (n.m.r.) measurements 

were made with a Varian, A60 apparatus. Infrared (i.r.) 
measurements were made with a Perkin-Elmer, model 
137 spectrophotometer. Vapor-phase chronlatography 
(v.p.c.) measurements were made with a Microteck, 
model G.C. 2000R apparatus, using an Se30,4 ft colun~n. 
Mass spectrometry measurements were performed on a 
Hitachi Perkin-Elmer instrument, lnodel RMU-6. 

I )  Rer!uctiotl 
The reduction of benzophenone can be taken as a 

typical experiment. T o  a suspension of 0.20 mole of 
NaBH,S, obtained by the reaction of 0.20 mole (7.56 g) 
of NaBH, with 0.60 mole (19.2 g) of sulfur (rapid 
addition to  the mixture of the two reactants of 150 ml of 
dry tetrahydrofuran without cooling and with stirring) 
was added 0.20 mole (36.5 g) of benzophenone in 50 ml 
of the same solvent. The reducer was used in situ, without 
isolation, being then partly dissolved and partly in 
suspension in T H F  and giving the quantitative amount of 
H z  upon hydrolysis (I). The reaction mixture was stirred 
at 25 "C for 2 h. The mixture was then hydrolyzed by 
100 ml of 10% HCI, (contact overnight at room tempera- 
ture) and the alcohol extracted with chlorofornl, the 
yield (36 g) being quantitative. 

The identification of the alcohol was made by com- 
parison of i.r. and n.nl.r. measurements with an  authentic 
sample of diphenylcarbinol. 

The reduction of typical ketones, under experimental 
conditions where time of contact temperature and ratio of 
reactants were varied, is reported in Table 1. The separa- 
tion of the reaction mixtures from those experiments 
was made by preparative v.p.c. or by chromatography 
over Florisil and crystallization when the products 
were of low volatility. 

2 )  Isolatiotl of Itltermediate Borates 
It has been possible to  isolate the intermediate borate in 

the reaction mixture, prior to  hydrolysis. In the case of 
benzophenone for example, upon extraction of the crude 
reaction mixture with anhydrous petroleunl ether (200 
ml), after evaporation of T H F  at low temperature, a 
colorless oil was obtained. In the i.r., a strong B-0 
band was present at 1340 cm-' (4). This borate was 
identical to the ester obtained by the reaction of diphenyl- 
carbinol with boric acid, from i.r. and n.m.r. measure- 
ments. In  the n.m.r., the usual shift of the proton attached 

I / 
to  the H-C-0-B system was noted. Table 2 gives 

I \ 
the various positions observed in n.m.r. for the proton 

I / I I 
of the H-C-0-B , H-C-OH, and H-C-S- 

structures. 
I \ I I 

3) Hydrolysis 
The hydrolysis of the boric ester can be done under 

acidic o r  basic conditions. With open chain or aromatic 
structures, this step is quantitative under either experi- 
mental conditions. With alicyclic derivatives, basic 
hydrolysis proved better. For example, after the reduction 
of cyclohexanone (0.20 mole, 19.6 g) by NaBH,S, (0.2 
mole, 26.4 g) in a fashion described in section I, the 
hydrolysis was done with 100 n ~ l  of 5% NaOH at 25", 
for 2 h. There was then no trace of the borate left and the 
treatment of the reaction mixture was easy since most 
of the sulfi~r remained in the basic fraction. 

4 )  Isolatiotl atld Zdetltificatiotl of Polys~rlfirles 
With appropriate molecular ratios of reducer and 

carbonyl derivatives, polysulfides were formed along with 
the expected alcohols (Table 1). After reduction as 
described in section I, those polysulfides were isolated 
from the reaction mixtures by filtration after acid 
hydrolysis and purified by crystallization in ethanol. The 
characterization of the polysulfides is reported in Table 3. 

With conjugated ketones the sulfurated products were 
much more complex and difficult to isolate in pure 
form. In the case of the trans-4-phenyl 3-butene 2-one, 
using a contact time of 15 min at 60°, a yield of 40% of 
sulfide was obtained, besides the unsaturated alcohol. 
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TABLE 1 
Reduction of typical ketones with NaBH2S3 

-- - - - - - - - -- - - - pp - -- - --- - -- 

Carbonyl/ 
hydride Reaction 
molar temperature 
ratio ('C) 

Time of 
contact Conversion 

(h) ( %) 

24 5 5 
3 95 
2 100 

24 95 
2 100 

Yield of 
Yield of polys~~lfide 
alcohol11 " ( %)I1 I '  
- 

55 0 
45 55* 
94 0 

90 - 

92 - 

42 58" 
88 traces 

90 traces 
complex mixture 

92 0 

70 traces 
60 % 40p 
92 0 

70 traces 
% 50 % 50.1 

90 0 

80 0 
complex mixture 

90 0 

90 0 
45 55* 
90 0 

90 0 
90 0 

90 0 
90 0 

90 0 
95 0 

1 -50 1 100 951 0 
65 

211 65 
0.25 50 trace 40" 

2/ 1 1-3 90 variable complex 
amount mixture 

112 25 80 100 80 20 co~iiplex 
mixture 

111 65 20 100 present complex 
mixture 
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TABLE 1-(Concluded) 

Carbonyl/ 
hydride Reaction Time of Yield of 
molar temperature contact Conversion Yield of polysulfide 
ratio ("c) (h) ( %) alcoh01~~ 11 (%)""  

'Disulfide. 
t~etrasulf ide.  
%Allylic alcohol. 
$The reducer was added rapidly to the ketone. 
IlUnsaturated disulfide. 
:[Monosulfide. 
**A mixture of  cyclohexanol (33%) and cyclohexenol 
t tDio l ,  from n.m.r. and elementary analysis. 
$%Dial (62%). 
$$95 % Diol. 
/ /  IlYield from v.p.c. analysis, f 3%. 

TABLE 2 
I 

Position of H-C- proton in the n.m.r. of borates and disulfides obtained by 
I 

reduction of various ketones 

6 values for H-C- 

I 
H-C-0-B 

/ I I 
H-C-OH H-C-S- 

Ketone I \ I I 

Cyclopentanone 
Cyclohexanone 
Cycloheptanone 
C2HSCOC2H5 
CH3COC2H5 
CH3COCH3 
(CH3)3CCOCH3 

'Disulfide. 
tTetrasulfide. 

This sulfide, a solid, m.p. 190°, was recrystallized in 9.82; 0 ,  9.80. Found: C, 73.87; H, 6.80; S, 10.09; 0 ,  
CCI,. The n.m.r.: 3 protons (singlet) at 1.25; 3 protons 10.21. 
(singlet) 1.70; 2 protons (multiplet) at 2.18; 1 proton Mass spectrometry m/e 326 (molecular ion), 309, 308, 
(doublet) at 3.22; 2 protons (multiplet) a t  4.54.8; 1 266, 265. 
proton (OH disappearing in presence of trifluoroacetic With mesityl oxide, at 60°, with a 211 ratio of CO/ 
acid) at 4.10 6. The i.r.: bands a t  3500 (broad); 1695 reducer and with a 15 min contact, the main product was 
cm-I (very strong). a sulfide eluted in hexane by chromatography on Florisil. 

Anal. Calcd. for C20H2202S: C, 73.59; H, 6.79; S, Then.m.r.: 6protons(singlet)at 1.50; 3 protons(doublet, 
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\ 
R H ,,C=O 

R\  Hydride \ 
[11 C=O + NaBH2S3 shift H-C-0-B R b 

R' R' \s$ 
R 
\ 

H-C 
/ \ 

R' '0 (1 )  Rearrangement R 
\ 

)B-S3 ( 2 ~ ~ y d r o l y s i s  1 2 H-C-OH + Inorganic products 

R\ /O R' 

J = 1.3 c.p.s.) at 1.93; 1 proton (quadruplet, J = 1.3 
c.p.s.) at 5.24 6. The i.r.: band at 1640 cm-'. Mass 
spectrometry: nz/e 146 (molecular ion), 131. 

5 )  Redirction with NaBD2S3 
This reaction was performed on 1,3-diphenylacetone 

using the procedure described in section I. A quantitative 
yield of the corresponding alcohol was obtained with 
deuterium in the C-2 position. The i.r.: bands at  3550 
(medium), 3400 (medium), 2150cm-' (very weak). No  
band in the 1700 cm-' region. The n.m.r.: 1 proton at  
2.18, 4 protons (singlet) at  2.60, 10 protons at  7.10 6. 
Mass spectrum: m/e 213 (molecular ion), 122 (CsH,- 
CH2CDOH). 

Discussion 
The reduction of aldehydic carbonyls with 

NaBH2S3 can be done by the two hydrogens on 
the sulfurated borohydride (2). When the steric 
hindrance around the ketone was not too vro- 
nounced, then both hydrogens became invoked 
in the reduction as it was the case with aldehydes, 
if reaction time was long enough. But with 
sterically hindered ketones however, we have 
observed that generally the second hydrogen was 
rather difficult to involve in a reaction (Table I). 
When 211 molar ratio of carbonyl over hydride 
was used, the yield of alcohol was always in the 
50% range if steric hindrance was important. 
And when higher temperature was used, secon- 
dary products incorporating sulfur were ob- 
tained without increase in the yield of alcohol. 
The general reaction mechanism for the reduction 
when both hydrogen atoms on the reducer are 
involved, is described by eq. [I]. 

The first step in the course of the reaction must 
be a hydride shift, as shown by reduction with 
NaBD2S3. With this reagent, using 1,3-diphenyl- 
acetone as substrate, the corresponding alcohol 
incorporated deuterium in the C-2 position. The 
asymmetrical borate must be subject to a spon- 
taneous disproportionation before hydrolysis, 
since we have been able to isolate the symmetrical 

ester very easily by petroleum ether extraction. 
Such a disproportionation is in accordance with 
the well known reactivity of unsymmetrical boric 
esters. 

The reduction of ketones at room temperature 
led to very high yields of the corresponding 
alcohols, without any undesirable side reactions. 
Even in the case of sterically hindered ketones, 
the yield of alcohols remained high when equi- 
molecular ratio of reducer and carbonyl was used. 
When high temperature (65") was used, however, 
important yields of sulfurated products were 
noted. Presently, there is no simple explanation 
for the formation of a disulfide from open chain 
ketones and tetrasulfide from cyclic ketones 
(Table 1). The symmetrical tetrasulfides are 
reported in the literature (5) but their preparation 
from the ketone and ammonium polysulfide is 
very cumbersome. Except with acetone, the 
preparation of tetrasulfides from the correspond- 
ing ketones is reported as difficult and the yields 
described as low. Using sulfurated sodium boro- 
hydride, we observed that with cyclopentanone 
and cyclohexanone 40 to 50% of the starting 
ketone was transformed into the tetrasulfide, 
easily isolable by chromatography over Florisil. 
This, new reaction is certainly an interesting 
alternate route to the tetrasulfides. 

With unsaturated ketones we have been able 
to obtain very high yield of the corresponding 
allylic alcohols when the reaction was performed 
at low temperature (- 30 to - 50"). The yield of 
unsaturated alcohol was maximum for a 111 
ratio of carbonyl and reducer. This reactivity was 
established with three ketones ((CH,),C=CH- 
CO-CH,, C6H,CH=CH-CO-CH,, and cy- 
clohexenone). A similar result can be obtained 
with LiAlH, (6) or NaBH, (7). When the 
reaction was performed at higher temperature 
and (or) with a 211 carbonyl/hydride ratio, the 
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yield of alcohol was lowered and sulfurated 
organic products were formed. The separation 
and purification of those secondary sulfurated 
products proved very difficult, because of their 
instability. It appears that the nature of those 
sulfurated derivatives depends very much on the 
structure of the starting ketone. In the case of 
trans-4-phenyl 3-butene 2-one, the sulfurated 
product proved to be the compound 1, from the 
elementary analysis, n.m.r., and mass spectrom- 
etry. With mesityl oxide, a cyclic disulfide was 
obtained (compound 2). Those structures illus- 
trate tlie complexity of the sulfurated fraction, 
wlie~l the reduction is done at  high temperature. 

With P-diketones a mixture of ketol and diol was 
obtained and with one or-diketone, the diol only 
was observed. The results obtained with those 
reductions are reported in Table 1. With very 
hindered ketones such as camphor, no reduction 
was observed. 

Those results illustrate the reactivity of 
sulfurated sodium borohydrides towards ketones. 
This reagent is more reactive than NaBH,, with- 
out tlie overwhelming reducing capacity of 
LiAlH,. We shall soon report the selective 

reducing capacity of NaBH2S, in presence of 
nitro, nitrile, halogen, and ester groups. Under the 
mild conditioiis reported here for the reduction 
of ketone, those groups are not affected. And 
when the stereochemistry of the ketone is favor- 
able, it is a stronger reducer than lUaBH,. 
Consequently, selective reductions different from 
those observed with NaBH, are possible. This 
will be shown in a study of selectivity of NaBH2S, 
with steroids and other natural products. The 
reduction of conjugated ketone can be achieved 
at  low temperature without 1,4-addition, giving 
a very good yield of the corresponding allylic 
alcohol. Finally, the secondary sulfurated pro- 
ducts are of interest by themselves and easily 
accessible through this new reagent. 

The authors thank the National Research Council of 
Canada and the Defence Research Board of Canada 
(grant 9530-30) for financial assistance. 
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Stereochemical aspects of the synthesis of 
4-benzoyl-l,3-dimethyl-4-phenylpiperidine from 1,3-dimethyl-4-piperidone 

A. F. CASY, L. G. CHATTEN, AND K. K. KHULLAR 
Faculty of Pharmacy and Pharn~aceutical Sciences, University of Alberta, Edmonton, Alberta 

Received February 9 ,  1970 

1,3-Dimethyl-4-piperidone reacts stereospecifically with potassium cyanide to give the trans (3-Me/ 
4-OH) cyanohydrin. This was converted to 1,3-dimethyl-4-hydroxy-4-diphenylhydroxymethylpiperidine 
which rearranged with zinc chloride - acetic anhydride to  cis (3-Me14-Ph) 4-benzoyl-1,3-dimethyl-4- 
phenylpiperidine. The stereochemistry of all the products was established from proton magnetic 
resonance (p.m.r.) data and from the properties of diastereoisomeric 4-benzoyl-4-phenylpiperidines 
prepared from isomeric 4-cyano-1,3-dimethyl-4-phenylpiperidines of known configuration. Stable 
epimeric (+NH)  hydrochlorides of 4-carboxylate and 4-carbethoxy analogues of the cyanohydrin of 
1,3-dimethyl-4-piperidone were detected in DMSO-d, (p.m.r. evidence), and epimer formation in this 
series is discussed. The hot-plate activities in mice of some piperidine derivatives prepared during this 
work are reported. 
Canadian Journal of Chemistry. 48, 2372 (1970) 

1,3-Dimethyl-4-piperidone (I), the key inter- 
mediate for the synthesis of reversed esters of 
pethidine (2) (1 )  may be utilized for the prepara- 
tion of 4-acyl analogues of pethidine by the 
sequence 1 -t 3a through 3d + 4. This synthesis 
has been reported by Unkovskii et al. (2) but the 
stereochemistry of the reactions was not estab- 

lished. We now report a proton magnetic reso- 
nance (p.m.r.) study of the same sequence and 
show how the results (i) aid the configurational 
assignment of the ketone 4 and all its inter- 
mediates, and (ii) provide information about 
factors governing the stability of protonated 
('NH) epi~neric forms of substituted piperidines. 

The reactions employed were essentially the 
same as those reported (2). Treatment of the 
piperidone 1 with potassium cyanide- hydro- 

chloric acid or acetone cyanohydrin proceeded 
stereospecifically giving one of the two possible 
racemic diastereoisomeric cyanohydrins 3a. The 
isomeric purity of the product was supported by 
its p.m.r. spectrum which displayed a single set 
of sharply defined resonances. Two isomers form 
when 2-methylcyclohexanone is treated with 
acetone cyanohydrin and the major product (the 
result of preferred axial attack of cyanide upon 
the carbonyl group) has. been shown to have a 
trans Me/OH configuration (3, 4). On these 
grounds the cyanohydrin 3a would be expected 
to have the configuration 5 (R = CN), an assign- 

ment which was subsequently confirmed. Hy- 
drolysis of 3a by concentrated hydrochloric acid, 
and esterification of the product (3b) with 
ethanol - sulfuric acid gave the isomerically pure 
ester 3c. This ester, with phenyl lithium, formed 
the diol3d which rearranged under the influence 
of zinc chloride - acetic anhydride to give the 
phenyl ketone 4. As there is no possibility of 
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inversion of configuration at  the C-4 asymmetric 
center during the reaction sequence outlined 
above, the configuration of the intermediates 
3b-d must be identical with that of the starting 
cyanohydrin. The preferred conformation of the 
diol3d is probably 6 rather than 5 (R = C(0H)- 
Ph,) because of the bulk of the 4-diphenyl- 
hydroxymethyl substituent. The 3-methyl p.m.r. 
signal of the diol moved downfield when the 
basic center was protonated, and the magnitude 
of the shift (9 Hz at 60 MHz in DMSO-d6) 
supports the axial environment of this group (5). 
Rearrangement of the diol 7 (shown in its pre- 
ferred conformation) should yield the cis 3-Me/ 
4-Ph phenyl ketone 8 since the same treatment of 

Me 

Intermediate epoxide 

the tropane analogue 9 gives 3cl-phenyl-3P- 
tropanyl phenyl ketone 10 (6), i.e. the phenyl 
substituent of the rearranged product has the 
same orientation as the diphenylhydroxymethyl 
group of the diol. These conclusions were con- 
firmed by the identity of the ketone derived from 
the diol 3d and the authentic cis 3-Me/4-Ph 
ketone (see below); the sequence 7 through 8 
depicts the probable steric course of the re- 
arrangement. The large separation (69 Hz at 60 

9 10 

MHz) in chemical shift between the two OH 
resonances of the diol 3d hydrochloride in 
DMSO-d, shows that one of the groups is far 
more accessible to reagents (in this case to hydro- 
gen bonding with the solvent) than the other. 

The diastereoisomeric phenyl ketones 4 of 

known configuration were obtained by treating 
the trans and cis (3-Me/4-Ph) 4-cyano-4-phenyl- 
piperidines (11) (5) with phenyl magnesium 
bromide and phenyl lithium respectively. Reac- 
tion of trans-11 gave the ketone 4 directly, 
whereas cis-11 yielded an intermediate ketimine 

(12) which was converted to the corresponding 
ketone after hydrolysis with acid. The p.m.r. 
characteristics of the isomeric ketones 4 confirm 
their configuration and support 8 and 13 respec- 
tively as the preferred conformations of the cis 
and trans forms, as follows : 

(i) In spectra of the free bases, the trans 3- 
methyl chemical shift is markedly lower field than 
the cis signal (chemical shifts differ by 18 Hz at 
60 MHz in CDCl,), in accord with the equatorial 
3-methyl group of 13 being more subject to the 
magnetic anisotropic effects of the adjacent 
carbonyl function (7) than the axial group of 8. 

(ii) The chemical shift of the cis 3-methyl signal 
moves downfield by 18 Hz (at 60 MHz) upon base 
protonation in CDCl,, whereas the correspond- 
ing trans signal is unaffected, in accord with 
axial 3-methyl in 8 being more deshielded by the 
'NH function of the ring than is the more distant 
equatorial 3-methyl of 13 (8). The protonation 
shift of the cis 3-methyl signal was reduced to 9.5 
Hz when DMSO-d6 replaced CDCl, as solvent; 
this result is typical of piperidines carrying an 
axial 3-methyl substituent (5,9). 

An unusual feature of the p.m.r. spectra of the 
aminoacid 3b and aminoester 3c hydrochlorides 
in DMSO-d6 was the appearance of a pair of 
3-methyl doublets (Fig. 1) of similar intensities. 
This result demonstrates the separate existence 
of 'NH epimers which arise as a result of two 
modes (axial and equatorial) of proton uptake at  
the basic center. Normally, isomers of this nature 
are detected by the duplication of the N-R p.m.r. 
signal and/or nearby cl-substituent signals, as in 
the case of pseudotropine (10) and 1,2-dimethyl- 
pyrrolidine (1 1). Epimer formation in salts of the 
tetrahydropyridines 14, however, is manifested 
through the observation of duplicate C-methyl 
rather than N-R signals (12) as a result of the 
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I I I I I 

6 4  52 64 53 57 Hz from TMS 
+ 5 + 38 +80  Temperolurel"C1 

FIG. I .  Part of the 60 MHz p.rn.r. spectra of trans (3-Me/4-OH) 1,3-dirnethyl-4-hydroxypiperidine-4-carboxylate 
hydrochloride in DMSO-rI, at various temperatures. At 38" the higher field 3-methyl doublet falls at  r 9.12 and that 
at  lower field at r 8.93. The authors thank Mr. J. Constantineau for these spectra which were recorded on a Jeolco 
spectrophotorneter. 

preferred conformatio~is of the two epiniers 
differing in 5-methyl rather than N-R orienta- 
tion. The present cases must be further examples 
of this type. 

The favored conformation of the cis N-MeI3- 
Me epimers is clearly 15 (R = C 0 2 H  or C02Et) .  
However, both conformers of the tratzs epimer 16 
should be sigiiificantly populated because each 
entails two con~parable 1,3-diaxial interactions 
involving ring substituents [note that the steric 
diniensions of O H  and C 0 2 H  or C 0 2 E t  d o  not 
differ greatly (13)]. Axial 3-methyl in 166 is de- 
shielded by the nearby charged nitrogen atom, 
hence the overall chemical shift of 3-methyl in the 
trans epinier will be lower field than that of 3- 
methyl in the cis epimer 15, while chemical shift 
differences between the epimeric N-methyl signals 
are reduced to a point where separable signals are 
not observed. This interpretation is supported by 

R 

15 

cis N-Me13 - M c  

temperature studies. At higher temperatures 
(giving faster rates of proton exchange) the 
duplicate 3-methyl signals merge to a single 
doublet of an  intermediate cheinical shift, while 
at  a lower temperature (slower rate of proton 
exchange) the duplicate signals move farther apart 
(Fig. 1). The 3-methyl signal is not duplicated in 
spectra of the hydrochlorides 3a and (1. In the 
former, steric requirements of O H  are substan- 
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tially greater than the cyano function (13) hence 
populations of the trans epimer 16b (R = CN) 
in which non-bonded interactions of this group 
are relieved while those of OH are increased, will 
be low. When R is much larger than OH, as in 3d, 
the trans epimer 16b is favored by a large factor 
and the p.m.r. spectrum of this salt provides no 
evidence of conjugate acid isomers. Evidence for 
the axial environment of 3-methyl in the diol 3d 
hydrochloride has already been mentioned. 

Some of the compounds prepared during this 
work were screened for pharmacological activity 
in mice by the hot-plate test, a procedure which 
detects narcotic analgesics and other types of 
central nervous system (c.n.s.) depressant (14). 
The cis-3-Me/4-Ph propionyl ketone 17 (5) had 
an ED,, value of4.0 mg/kg and is thus somewhat 
more potent than pethidine (ED,, 4.7 mg/kg); 

a R = (CH,),Ph; R' = H 
b R = Me; R' = H 
c R = R 1 = M e  

the cis 4-benzoyl analogue (8) (ED,, 17.5 mg/kg) 
was much less active. 4-Acetoxy-4-cyano-1-phen- 
ethylpiperidine (18a), derived from l-phenethyl- 
4-piperidone, was significantly active in this test 
(ED,, 6.3 mg/kg), a result which confirms its 
reported c.n.s. depressant properties (15). The 
analogues 18b and c had ED,, values of 5.06 and 
8.9 ~ng /kg  respectively. Thus the usual rise in 
potency which follows replacement of N-methyl 
by N-phenethyl in pethidine and its congeners 
(1 6) does not occur in the 4-cyanopiperidines (18) ; 
it is likely, therefore, that their c.n.s. depressant 
effects are brought about in a different manner 
to  those of narcotic analgesics. 

Experimental 
The p.m.r. spectra were recorded on a Varian A-60 

spectrometer using CDCI, or DMSO-(I6 as solvent. 
Chemical shifts are expressed in T units with TMS as 
standard. Infrared (i.r.) spectra of salts were recorded 
as Nujor mulls on a Beckman IR-10' spectrometer. 
Elemental analyses were by Drs. Weiler and S t r a~~ss ,  
Oxford, England and by the Chemistry department, 
University of Alberta, Edmonton, Alberta. 

I,3-Dir7retlr~./-4-piperidone CJ'~tl~/lj'dritl (30) 
1,3-Diniethyl-4-piperidone (17) (12.7 g) was added to a 

cold, stirred, solution of potassiunl cyanide (7.2 g) in 
water (15 ml) during 15 min. The mixture was made 
slightly acid with dilute hydrochloric acid, then treated 
with a large excess of potassium carbonate and extracted 
with ether. The ether was evaporated and the solid 
residue recrystallized from ethyl acetate to give the 
cyanohydrin 30 (10.3 g), n1.p. 89-91", lit. (2) 88-90". I t  
formed l~yrlrochlorirle, 111.p. 158-159" from ethanol. 

Anal. Calcd. for C8H,,C1N20: C, 50.4; H, 7.9. Found: 
C, 50.5; H, 7.7. 

The total cyanohydrin was identical with the product 
obtained from the piperidone 1 and acetone cyanohydrin 
(2), and its p.m.r. spectrum in CDCI, displayed a sharply 
defined 3-methyl (doublet T 8.9, J 6.0 Hz) and N-methyl 
(singlet T 7.72) resonance. The 3-methyl resonance of  1 
hydrochloride was a single doublet (T 8.95, J 6.0 Hz) in 
DMSO-cl,. 

cis(3-Mel4-Pl1) 4-Betizoyl-I,3-r/it~1etlry/-4- 
phet~ylpiperidit~e (4) 

The cyanohydrin 3a was converted to 4 by the reported 
procedure (2). 3-Methyl p.m.r. characteristics of the 
internlediate aminoacid 3b hydrochloride, n1.p. 192-193", 
lit. (2) 192-193", are given in Fig. 1. The aminoester 3c 
hydrochloride, n1.p. 157.5-158.8", lit. (2) 148-15O0, had 
a p.m.r. spectrum in DMSO-d6 which displayed duplicate 
3-methyl signals (doublets r 8.97 and 9.15, J 7.0 Hz of  
similar intensities); the OCHzMe (triplets centered at  T 

8.78) and OCH,Me (quartets centered at T 5.99) signals 
werealso in duplicate (separation -2 Hz). No duplication 
of these signals was seen in the spectrum of this salt in 
DMSO-d6-D20. The ester 3c (5.8 g) and phenyl lithium, 
prepared from bron~obenzene (17.6 g) and lithium (1.6 g), 
gave the diol 3d hydrochloride (7.9 g), n1.p. 258-259", lit. 
(2) 259-259.5'; p.nl.r. characteristics in DMSO-r16: 
singlets r 4.15 and 5.28 (OH) and 7.33 (N-Me), d o ~ ~ b l e t  T 

8.93, J 7.5 Hz (3-Me) (T 9.08 in corresponding base). The 
diol 3rl was rearranged with a mixture of zinc chloride 
and aceticanhydride to give an 82% yield of the cis phenyl 
ketone 4, m.p. 115-1 17", lit. (2) 118.5-120". It formed a 
l~ydroc/~lor;r/e, 1n.p. 275-275.5" from ethanol, v,,,,, 1700 
cn1 - ' (C=O). 

Anal. Cnlcd. for CzOHz4CINO: N, 4.25. Found: N, 
4.25. 

The p.m.r. characteristics of the product (base and 
hydrochloride) were identical with thosc of cis 4 pre- 
pared u n a n ~ b i g ~ ~ o ~ ~ s l y  (see below). 

Cotir~ersiot~ of the Diastereoisott~eric 4-Cj~at1opiperirlir1es 
(11) to cis atlrl trans (3-Me/4-PI!) 4 

Trotls 4-cyano-1,3-din1ethyl-4-phenyl piperidine (5) (5.4 
g) in toluene (100 ml) was added to a Grignard reagent 
prepared from bromobenzene (10.9 g), nlagnesiun~ (1.8 g) 
and ether (100 ml). The ether was renloved by distillation 
and the toluene suspension heated under reflux for 10 h, 
then cooled and acidified with aqueous hydrochloric 
acid. The toluene was separated and extracted with the 
same acid, and the base (6.1 g), v ,,,,, 1675 cnl- ' (C=O), 
recovered from the combined aqueous fractions. This 
product was acidified with ethanolic hydrogen chloride 
to give the tratzs (3-Me/4-PII) pllenyl ketotle 4 lrydro- 
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chloride, m.p. 231-235" from acetone as a monohydrate, piperidone respectively. The ester 18b gave a I~ydro- 
v,,, 3100-3600 (H20) ,  1695 cm-I (C=O); p.m.r, char- chloride, m.p. 191-192" from ethanokther ,  v.,,, 1755 
acteristics in CDCI,: singlets r 2.62 and 2.5 (major and cm-I (C=O). 
minor singlet features of aromatic multiplet), doub16ts r Anal. Calcd. for C ~ H 1 5 C I N 2 0 ~ :  C, 49.4; H, 6.9. 
7.18, J 5.0 Hz (NHMe) and 8.97, J 7.5 Hz (3-Me). Found: C, 49.2; H, 7.2. 

Anal. Calcd. for C20H24CIN0.H20: C, 69.1; H,  7.5. 
Found: C, 69.3; H, 7.3. 

Similar treatment of the cis 4-cyanopiperidine (11) The authors thank the Medical Research Council of 

(4.9 g), using phenyl l i thium prepared from bromobenzene Canada for financial support and Dr.  E. L. May, National 

(9.4 g) and lithium (0.8 g) gave the ke t i t~~ i t~e  12 (6.3 g), Institute Of Bethesdal for the 
m.p. 116-118" from ligroin, v,,, 3140 (HN) and 1620 pharnlaco'ogical data' 
cm- (C=N). 

Anal. Calcd. for CZ0Hz4N2: N, 9.6. Found: N, 9.8. 
I t  formed a diliydrocl~loride, m.p. 262.5-264.5" from 

+ 
ethanol, v,,, 1665 cm-I (C=NH) (18). 

Anal. Calcd. for C20H2,C12N2: N, 7.7. Found: N,  7.4. 
The ketimine 12 was heated with excess of 10 % aqueous 

hydrochloric acid for 12 h. The m.p. of the base (1 15-1 17" 
from ligroin) recovered after this treatment, and of the 
derived hydrochloride (274-275") were undepressed when 
mixed with the appropriate form of the phenyl ketone 4 
obtained from the diol 3d. The p.m.r. characteristics of 
the phenyl ketones obtained from cis-11 and -3d were 
identical, details being as follows: (a) base in CDCI3: 
singlets r 2.6 and 2.72 of similar intensity (main feature of 
aromatic signal) and 7.83 (NMe), doublet r 9.27, J 7.5 Hz 
(3-Me); (b) hydrochloride in CDCI,: closely placed 
singlets r 2.58 and 2.62 (main feature of aromatic signal), 

and doublets r 7.17, J 5.0 Hz ( H N M ~ )  and 8.97, J 7.5 Hz 
(3-Me). 

4-Acetoxy-4-cyat10-I,3-rlitnetIiylpiperidi11e (lac) 
and Relnted Esters 

A mixture of thecyanohydrin30(3.1 g), aceticanhydride 
(6 ml), and pyridine (3 ml) was heated a t  120' for 3 h. 
Volatile materials were removed by evaporation under 
reduced pressure, and the residue dissolved in ether and 
fittered. The filtrate was evaporated to yield, the ester 
18c (4.1 g) which gave a I~ydrocl~loricie, m.p. 234.5-535" 
from ethanokther ,  v,,, 1755 cm-I (C=O). 

Anal. Calcd. for CIOH17C1N202: C, 51.5; H,  7.3. 
Found: C, 51.3; H,  7.3. 

The analogues 18a, hydrochloride m.p. 257-258", lit. 
(15) 258.5", and 18b were prepared similarly from cyano- 
hydrins derived from I-phenethyl and I-methyl-4- 
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Addition of nitromethane to L-idose. Stereochemistry of the 
Pischer-Sowden reaction 

JAN Kovhiil AND HANS H. BAER 
Department of Chetnistry, University of Ottawa, Ottawa, Canada 

Received February 23, 1970 

The addition of nitromethane to aldoses giving 1-deoxy-1-nitroalditols (the Fischer-Sowden reaction) 
was extended to  L-idose. Both epimeric products, 1-deoxy-1-nitro-L-glycero-D-ido-heptito (1) and 
1-deoxy-1-nitro-L-glycero-D-grrlo-heptitol (2), were isolated in crystalline form, and 2 was shown to 
preponderate. The stereoselectivity is evaluated by a comparison of literature data on the Fischer- 
Sowden reaction of other hexoses, and attention is drawn to the importance of the C-3 configuration 
in the hexose, which appears to be the main factor influencing the ratio of epimers produced. An 
explanation in conformational terms is offered. 

Canadian Journal of Chemistry, 48, 2377 (1970) 

Introduction deoxynitroheptitols were produced. The less 

In the Fischer-Sowden nitromethane syn- epimer, m.p. 146.5-147", which was 

thesis, two 2-epimeric l-deoxy-l-nitroheptitols levorotator~ (lu1D -6.7", [a1365 -l77"), was 

arise from a given hexose (1, 2). The five hexoses in 23 0/, yield ; and the more soluble 

from which either one or both of the expected epimer, m.P. 123-124", which was dextro- 
nitroheptitols have been obtained in crystalline rotatory   ID + 2.8", [ul36, + 149"), was isolated 
form are D-altrose (31, D-galactose (4, 51, ~ - g l ~ -  in 28 % yield. Assignment of configurations could 

cose (6, 7), D-mannose (8, 9), and D-talose (10). be made On the basis of the 'ptical 

A survey of the reported preparative yields of 'Otatory dispersions (O.r.d.) according to Satoh 

epimeric nitro alcohols (or products derived et ". (I4)- The former exhibited a 
thereof) confirms the expectation that the nitro- negative Cotton effect, indicating the C-2 
methane addition to hexoses proceeds with some h ~ d r o x ~ l  group be On the left-hand side in the 

degree of stereoselectivity. Although the observed Fixher projection and hence it was 
values for these selectivities are not large and, l-deox~-l-nitrO-L-gl~cero-D-iclo-he~titO1 (11, 
moreover, may not lend themselves to meaningful whereas the latter compound showed a positive 

quantitative compar~sons because of varying Cotton effect and therefore was the L-glycero-D- 

reaction conditions to which they refer, it never- gulo epimer (2). 

theless is interesting to attempt at least a qualita- CHlNO, CHzNOz 
tive rationalization of the stereochemistry of the I 

HOCH 
I 

Fischer-Sowden reaction. To this end, the HCOH 
behavior of D-idose was felt to merit an investiga- HCOH I HCOH I 
tion and comparison with that of the afore- I 

HOCH 
I 

mentioned sugars, the reason being pointed out HOCH 

in the Discussion. I 
HCOH 

I 
HCOH 

I 
HOCH 

I 
Results HOCH 

I 
CHzOH 

I 
Although D-idose can be prepared (1 I), we CHzOH 

decided for practical reasons to study the nitro- 1 2 
methane synthesis with L-idose which appeared The main proportion (ca. 90%) of the isolable, 
to be more conveniently available (12, 13). When crude mixture of 1 and 2 had been deposited 
a 10% solution of L-idose in methanol was directly from the reaction solution, predomi- 
allowed to react for 1 h at room temperature, nantly as the sodium nitronates but partly also 
with a 10 Mexcess of nitromethane in the presence as the free nitro compounds. The remainder was 
of 1 equ. of sodium methoxide, two crystalline obtained from the mother liquor following 

decationization. Spectroscopic and colorimetric 
'Visiting scientist on  leave of absence (1968-1969) 

from the Laboratory of Monosaccharides, Institute of analysis revealed that the n~ncr~stallizable resi- 
Chemical Technology, Prague, Czechoslovakia. due of the reaction contained 5-10% of hexose 
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TABLE 1 

Crude product mixtures isolated from 72.5 mg of L-idose 
--- - - 

A 

In water Nitro 
Time Weight con~pounds 
(m i n) (mi9 [a]," [a13650 (%)* 

Time ( m i n  ) rotatory heptitol 1 (and therefore, more negative 
FIG. 1. First-order reaction rate of the addition of than that of any mixture consisting solely of1 and nitromethane to L-idose. 

2), which reflected the presence of starting L-idose 
(presumably unreacted L-idose2) along with Lln- ([a]D - 15.50)4 and was i n  accord with ultra- 
identified nitro carbohydrate material. No hep- violet (u.v.) absorption data that gave a rough 
toses could be detected by means of the Dische 

20 70 -12.5 -26.1 24-3 1 
40 80 -9.2 -12.2 3 5 4 5  

180 86 -2.7 61-75 
-- 

+22.5 
-- 

*Values calculated from optical densities a t  270 nm (in water). the lower and 
upper limits being obtained with E 63 (for 1) and E 50 (for 2), respecrively. 

test with cysteine - sulfuric acid (16), and this 

'Only a trace of ketose was found. It is known (15) that 
idose is easily isomerized by base to sorbose, and we have 
convinced ourselves by experiment that this isomerization 
does take place in methanol - sodium methoxide at room 
temperature. However, the ison~erization is slower than 
the nitron~ethane addition and moreover, i t  is probably 
retarded further by the buffer action of nitromethane 
present in excess. 

indicated that the work-up procedure employing 
deionization did not entail partial decomposition 
of heptitol nitronates by the Nef reaction. 

The reaction half-time of the nitroinethane 
addition under the conditions nientioned above 
was less than 10 inin. I n  a series of experiments, 
the crrrde products crystallizing from the reaction 
solution were isolated after 10, 20, and 30 inin, 
respectively, and aniounted to 68, 70, and 85% 
of the theoretical yield (after conversion into 
mixtures of free 1 and 2). Fractional crystalliza- 
tion then furnished pure 1 and 2 in the ratios 
0.9 (10 min), 0.5 (20 min), and 0.6 (30 min). 
From the mother liquor of a run with a 2 h 
reaction time, 1 and 2 were also obtained in a 
ratio of 0.6. 

When the reaction was performed a t  a lower 
initial concentration (0.04 M )  in both L-idose 
and base but still with a large excess of nitro- 
methane (1.5 M), the mixture stayed homo- 
geneous throughout, and the reaction rate could 
be determined polarimetrically. The time-depen- 
dence of the rotational change obeyed the first- 
order law and revealed a reaction half-time of 
67 rnin (Fig. Aliquots were worked-up a t  
intervals (see Table 1). It is seen that after 20 and 
40 min the [a],-value of the isolated material 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4- 
8 8 

U U 

8 0.3 
-1 

O 2  

- 

31n the presence of a large excess of nitromethane, the 
concentration of one of the partners in the rate-deter- 
mining, bimolecular addition step, namely the methane- 
nitronate ion, can be regarded as constant, so that a 
pseudomono~llolecular reaction rate is observed. How- 
ever, the rate constant will be proportional to the methane- 
nitronate concentration, and hence experiments differing 
in base concentration will show different half-times. 

4Sn~all amounts of L-sorbose ([a], - 43.4"), if present, 
would have influenced the rotation in the same direction; 
see also footnote 2. 

60 120 180 was more negative than that of the pure levo- 

- / - 

I - 

- 

/A 
- 

! 
A 

- A' 
/ 

f 
A 

- P 
p 

BP 
O / " ~ ' I ' ~ I ~  
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K O V A ~  AND BAER: FISCHER-SOWDEN REACTION 

TABLE 2 

Deoxynitroheptitols from hexoses 
-- - -- ---- - .- -- - - -. -- - -- . - 

Configuration of deoxyn~trohept~tols 

Starting 
hexose 

B Ratio 
(C-2 is L) A:B Reference 

D-Glucose D-g/yCerO-D-g~/0 ~ - g l y ~ e r o - ~ - i d o  1.25* 
D-Galactose D-g/y~erO-~-t?/a?l?~o D - ~ / ~ c c ~ o - L - ~ / u c o  3 .3 t  

(7) 

D-Mannose D-g~~Cer~-D-ga/aCf~ D-glycero-D-talo 3 .7 t  
(5) 

D-Talose D-glycero-L-a/fro ~-g/ycero- L-a110 1.5't 
(8) 

D-Altrose 
(10) 

D-g/yCe~~-~-g/ltC~ D - ~ / ~ c ~ ~ o - D - v ~ L z u ~ ~ ~  0.25f 
D-Idose D-glycero-L-iflo D-glycero-~-glrlo 0.65 

(3) 
This work 

*Based on  vapor-phase chromatography o f  dcrived products. 
tBased on  crystalline nitroheptitols isolated. 
tBased o n  dcrived products isolated. 
§Based o n  nitroheptitols isolated in the enanliomeric L-glyrera series. 

indication ofthe extent of nitroheptitol formation. 
After 180 min, when 84% of the total change in 
rotation had occurred, the isolated crude product 
contained not more than 75 % of nitroheptitols. 
An estimate of the ratio of epimers (1:2) existing 
at  that point was obtained from the specific 
rotation at  365 nm (at which wavelength both 
epimers show large absolute values). Thus the 
rotation of the reaction mixture, [cc],,, +22.5", 
would indicate a ratio of 0.64 if the mixture 
consisted solely of 1 and 2 but, because of the 
presence of at  least 25 %of levorotatory non-nitro 
sugar, the actual ratio can be assumed to have an  
even smaller value., Qualitatively, this result 
agrees quite well with the aforementioned, pre- 
parative experiments and it can therefore be 
stated, in summary, that I-deoxy-1-nitro-L- 
glycero-D-gulo-heptitol (2) is the preponderant 
epimer arising from L-idose in the Fischer- 
Sowden reaction. 

Discussion 

Concerning the steric course of the Fischer- 
Sowden synthesis one may assume that, under the 
conditions usually employed, the epimeric pro- 
duct ratio is subject to  kinetic control which has 
been found to  be operative in several examples of 
the closely related nitromethane cyclization of 
sugar dialdehydes (2). Indeed, in the present 
case the preponderant product (2) is what 
appears to be the thermodynamically less stable 

'Fractional crystallization furnished 1 and 2 in yields 
of 6 and 35%, respectively, but these figures do not 
necessarily represent the true product ratio accurately. 

T h e  opposite situation, which seems to occur in some 
of  the other examples, does not in itself signify thermo- 
dynamic control. 

epimer., In trying to  assess the main factors that 
determine the product distribution when the 
methanenitronate ion approaches C-1 of the 
aldose, one migilt well have thought of attaching 
special significance to  the configuration at the 
neighboring C-2. However, the experimental 
results assembled in Table 2 do not bear this out. 
Thus, the config~~ration at  C-2 in D-glucose and 
D-galactose is opposite to  that in D-mannose and 
D-talose, yet the nitroheptitols produced in 
preponderance from these four sugars all have 
the same configuration (D) at  the new asymmetric 
center. By contrast, D-altrose gives predominantly 
the nitroheptitol having the L-configuration a t  
C-2. The same can now be said for D-idose, by 
translating our results with L-idose into the enan- 
tiometric series (Table 2). A feature shared by 
D-altrose and D-idose, and distinguishing them 
from the first four aldoses in Table 2, is the con- 
figuration at  C-3, and this provides a clue to a 
qualitative ~~nders tanding of the stereochemistry 
involved (see below). It remains to beseen whether 
D-alloSe and D - ~ L I ~ O S ~  when reacting with nitro- 
methane follow the sallle pattern as their 2- 
epimers.' The results available to date show a 
parallel to the Kiliani cyanohydrin synthesis in 
which thenitriles having2,il-tllreo hydroxyl groups 
predominate normally (I 8) even though they d o  
not d o  so under all conditions (19). I t  is note- 

7We have tried the reaction with D-allose but have not 
yet been able to isolate crystalline products. Efforts in 
this direction are continucd. As far as we are aware, 
nitromcthane has never bccn added to D-gLIlose; howcver, 
addition of nitroethanol followed by Nef reaction aRorded 
(17) D-clycero-L-ga/ac/o-octulose in 9 %  yield, and the 
D - ~ / ) J ~ c ~ o - L - / ~ / o  epimcr in 4 %  yield. This agrees with 
assuming a preferential forrnat~on of the L-configuration 
at C-1 of D - ~ U ~ O S C .  
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worthy in this connectio~l that the rule does not 
hold in the Kuhn synthesis of cr-aminonitriles 

With regard to the configuration at C-4 of the 
hexoses, Table 2 shows clearly that, in a given 
pair of 4-epimers, this config~~ration may influence 
the product ratio but not to the extent o~f inverting 
it. Thus the influence exerted by the orientation of 
the C-4 substituent is similar to that of the C-2 
substituent. and both of these factors are sur- 

HO 

CHzNO2 

Flc. 2. Preferred pathway of the addition of nitromethane to D-glucose, D-galactose, D-mannose, and D-talose. 

passed in significance by the configuration at C-3. 
The dominant role played by the C-3 configura- 

tion in directing the stereocl~emical course of the 
reaction suggests that this course is correlated 
with the conformational stability of the substrate. 
One may consider the favored co~lformation of 
the alriellyclo form of the sugar in the transition 
state of the nitromethane addition (i.e. during 
the approach of the methanenitronate anion) to 
resemble a pyranose chair conformatio~l (2). 
Assuming that the preferred rotational orienta- 
tion of the carbonyl group is similar for each 
alclel~yclo hexose, and is as depicted in Fig. 2, 
attack by the nitronate anion from the less 
hindered, front side will generate the D-configura- 
tion in the aldehydic carbon atom of any aldose 
molecule adopting the CI(D) conformation in 
the transitio~l state.' On the other hand, the 

'Recently, Zanlungo et ol. (21) also postulated a chair- 
like conforn~ation, as a transient arrangement, for 
alcle/~,~~clo hexoses and their ammonia adducts that arlse 
as reaction intermediates when pcnta-o-acylhexopyran- 
oses are subjected to ammonolysis. However, the authors 
(21) assume that the favored direction of attack (by the 
ammonia molecule) on the carbonyl carbon is from the 
rear, whereas we are contending that such an approach 
is impeded by the 0-5, as is best seen by viewing a model 

L-configuration will arise when the molecule 
adopts the inverted chair conformation, IC(D) 
(Fig. 3). Since chair inversion is facile in D-idose 
and D-altrose due to the absence of nonbonded 
3,5-diaxial substituent interaction in the IC(D) 
form, whereas it is hindered by such interaction 
in the other hexoses considered here, the stereo- 
chemical trend observed in the Fischer-Sowden 
reaction appears 

Experimental 
Optical rotations were measured with a Perkin-Elmer 

141 automatic polarin~eter at about 25". The 0.r.d. 
cilrves were obtained with a Jasco ORD/UV-5 instrument. 
The u.v. and visible spectra were recorded on a Perkin- 
Elmer 202 spectrometer. Paper chromatography was 
performed by the descending technique using Whatman 
No. 1 paper, I-butanol-ethanol-water (40:11:19, v/v) 
as irrigant, and anlmoniacal silver nitrate solution as 
spray reagent; R, is the nlobility relative to D-glucose. 
Evaporations were carried out in ccrc~ro at 35-40' (bath). 
Reagent grade methanol was dried with magnesium 
rnethoxide and redistilled before use in reactions. L-Idose 
was a chronlatographically homogeneous, nearly color- 
less syrup, R, 1.41-1.44, [cr], - 15.5" (c 1.5, in water), 
obtained (13) from crystalline 1,2-0-isopropylidene-13-L- 
idofuranose; it was dried to constant weight (at 25' 
in UCICLIO) and stored in a refrigerator. 

91t has been suggested (22) that the preferential forma- 
tion of deoxynitroalditols with t/ireo relationship of the 
2,4-hydroxyl groups is due to freedom from eclipsing of 
these hydroxyls in the zig-zag conformation of the pro- 
ducts. However, this explanation presupposes product 
stability as the decisive factor. It fi~rthernlore presupposes 
that the zig-zag conformation is indeed preferred by the 
acyclic products. Recent studies (23-25) have demon- 
strated that this concept is not valid for all acycliccarbo- 
hydrate derivatives, for the very reason of eclipsing of 
13-substituents in certain configurations. On the basis of 
these studies (23-25) one may predict that none of the 
deoxynitroheptitols produced from glucose, talose, altrose 
and idose prefer the zig-zag conformation. Among 
alternative conforn~ations (e.g., twisted and "sickle" 
forms) there are some which, according to nlolecular 
models, appear more suitable to accommodate 2,4-erythro 
than 2,4-threo hydroxyl groups. 
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K O V A ~  AND BAER: FISCHER-SOWDEN REACTION 

FIG. 3. Preferred pathway of the addition of nitromethane to D-altrose and D-idose. 

TABLE 3 

Specific rotations ([a]") of 1 and 2 

Wavelength (nm) 589 578 546 436 365 

Compound 1 
(c 1, in H 2 0 )  -6 .7  -7.2 -8 .6  -30.4 - 177 
(c 1, in MeOH) + 9 . 2  + 9 . 9  + 9 . 4  -8 .2  - 170 
(c 0.5, in 0.5 N NaOH*) +22.3 +23.8 +28.4 + 57 +I16 

(C in HzO) + 2 . 8  + 3 . 4  +5 .1  +24.2 + 149 
(c I, in MeOH) +11.9 +12.8 + 15.6 +47.3 +215 
(C 0.5, in 0.5 N NaOH*) - 7 .9  -8 .1  -8.8 -16.0 -32.3 

*Rotations of alkaline solutions change with time, and the values given are extrapolated to zero time. 

Reactrotz of L-[(/use II rth N/trotiletl~ntze 
Prepnrntrotr of I-Deouy-I-tritrolteptrtolr I nnd 2 

To a solution of L- dose (218 mg, 1.21 mniole) in 
methanol (1.0 n ~ l )  and n~tromethane (0.65 ml, 12 mmole) 
was added 1.20 nll of 1.05 N metlianol~c sodium meth- 
oxtde solution. A white prec~p~tate  began to form almost 
immediately. After 60 mln, when the precipitate d ~ d  not 
visually increase anymore, ~t was filtered off with ex- 
clusion of ~no~s tu re ,  washed three ttmes w ~ t h  0.5 ml of 
cold methanol containing 9 %  n~troinethane, and dis- 
solved at once in 65 n ~ l  of the same solvent mtxture. The 
solut~on was delontzed by treatment with Amberlite 
IR-120 (H') (5 ml, methanol-washed). Evaporation 
furnished a crystalltne product (218 mg) melting a t  
117-136" when washed w ~ t h  a small amount of ethanol. 
It cons~sted of approxin~ately 40% n~troheptitol 1 and 
60% nttroheptitol 2;  [a],,, + 15.9" (in water), h,,, 
283 nm (E 70, In water). An addttional 30 mg of a s~milar, 
crystalltne mixture was obtained from the mother liquor 
of the reaction after d~lution with tnethanol and de- 
lonlzatlon; the total yield, therefore, was 55 %. (Alkali- 
nietr~c microt~tration of a small a l~quot  of the mother 
11quor ~ndicated that the nitronate precipitate wh~ch had 
bken removed must have contamed 10% less than the 
sto~chiometric amount of s o d ~ u n ~  and hence, may have 
contained some free nitrohept~tol.) 

I Fracttonal recrystall~zat~on of the heptttol mixture from 
I ethanol yielded 66 nig (23 %) of the less soluble L-glyceto- 
I D-ido epi~ner 1 and 83 mg (28%) of the more soluble 

L-glyceto-D-glrlo epllner 2. There rema~ned a noncrystal- 

lizablc oil (128 mg) which according to its 1t.v. spectrum 
(h,,,, 270 and 207 nm in HZO, 244 nm in dilute NaOH) 
contained nitro carbohydrate material. Semiquantitative 
colorinletry with cysteine - sulfuric acid (16) revealed 
the presence of no more than 10% of aldohexose and a 
trace of ketohexose. No  l~cptose was evident. 

The epittier I showed 1~1.p. 146.5-147'; Rc 1.48-1.52; 
h,,,, 270 (E 63) and 206 nm (E 4000) in water; h,,, 244 nm 
(E 8000) in 0.005 N NaOH. For specific rotations see 
Table 3. The 0.r.d. in water, c, 0.2625: [$I3,, - 392, 

- 607 (first extrcm~~m), 0, + 910" 
(negative Cotton effect). 

The epit~ler 2 showed m.p. 123-124"; RG 1.66-1.70; 
h,,, 270 (E 50) and 206 nm (E 4000) in water; h,,,, 244 nm 
(E 8000) in 0.005 N NaOH. For specific rotations see 
Table 3. The 0.r.d. in water, c, 0.2725: + 325, 
[$I,,, + 540 (first extremum), 0, [$I290 - 585' 
(positive Cotton erect). 

Anal. Calcd. for C7H,,NO5 (241.2): C, 34.85; H, 
6.27; N, 5 81. Found for 1: C, 35.10; H, 6.44; N, 5.95. 
Found for 2:  C, 34.94; H, 6.13; N,  5.94. 

A nitromethane addition starting with 262mg of 
L-idose and using the same proportions of solvent and 
reagents as the previous experiment was divided in three 
parts. The nitronate deposits were collected after 10, 20, 
and 30 min, respectively, and furnished, after work-up as 
described, crude mixtures of 1 and 2 in 68, 70, and 84 % 
yield. Fractional recrystallization from ethanol gave 15, 
16.5, and 13% of 1 plus 16.5, 30 and 23 % of 2, the ratios 
1:2 being 0.90, 0.54, and 0.57 respectively. The com- 
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bined, alkaline mother liquors were allowed to stand for 7. D. T. WILLIAMS and M. B. PERRY. Can. J. Chem. 
2 h and .thereafter afforded an additional 17 % of crude 42, 2763 (1969). 
product which gave pure 1 (2.5 %) and 2 (4.5 %) in the 8. J. C. SOWDEN and R. SHAFFER. J. Amer. Chem. SOC. 
ratio 0.56. Thus the total yields were 91 (crude mixture), 73, 4662 (1951). 
17.5 (pure I), and 27.5 % (pure 2). 9. J. C. SOWDEN and R. R. THOMPSON. J. Amer. 

Chem. Soc. 80,2236 (1958). 
A solution of L-idose (226 nig, 1.25 n~mole) in metli- 10. R. yOUNG and G. A. A ~ ~ ~ ~ ,  can. J. them. 44, 

an01 (27.5 nil) and nitronietliane (2.50 nil) was niixed 32 (1966). 
with 1.20 nil of 1.05 N niethanolic sodium niethoxide. 11. L. F. WIGGINS. In Methods in carbohydrate chem- 
The solution stayed clear throughout the experiment. istry. Vol. I. Academic Press, Inc., New York, N.Y.. 
The optical roiation a4362G was -0.003' (0 min, 
extrapolated) -> -0.002 (4 min) -> +0.222 (360 niinj -> 
+0.225" (end value, extrapolated). A logarithmic plot 
of the time-dependence of the rotation gave a straight 
line (Fig. I)., 

The rcact~on mixture (30 nil, after the withdrawal of 
1 ml for polarinietry) was divided in three e q ~ ~ a l  parts, 
and the reaction was intcrr~~pted after 20, 40, and 180 
niin, respectively, by rapid cooling (Dry Ice) and de- 
ionization of the solutions with 2 ml of Aniberlite 1R-120 
(Hf) .  Theresin was filtered ofrand washed with methanol, 
and the filtrates were evaporated to dryness. The residues 
(72, 83, and 90 nig) werc examincd by polarimetry and 
L I . ~ .  spectroscopy (Tablc I). 

Support of  this work by the National Research Council 
of Canada is gratefully acknowledged. 
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Improvements for the preparation of L-idose from D-glucose 

Department of Cl~emistry, University of Ottarva, Ottarua, Cnnnda 

Received February 23, 1970 

L-Idose (10) was prepared via its 1,2-0-isopropylidene derivative (9). The latter was prepared by 
means of the known principle of inverting the configuration of C-5 in sulfonic esters derived from 
1,2-0-isopropylidene-a-D-glucofuranose, but a number of new intermediates and variations in pro- 
cedure were studied in order to achieve practical improvements. Starting compounds were the 3,S-di-p- 
toluenesulfonate (I), the 3-methanesulfonate-5-p-toluenesulfonate (4), and the 5-p-toluenesulfonate 
(7) of 6-O-benzoyl-l,2-O-isopropylidene-a-~-glucofuranose, and intermediates were the 3-p-toluene- 
sulfonate-5-acetate (2), the 3-methanesulfonate-5-acetate (5), and the 3,s-diacetate (8) of 6-0-benzoyl- 
1,2-0-isopropylidene-m-idofuranose. Compound 8 was converted into 9 directly, whereas 2 and 5 
gave 9 by sodium reduction of their 5,6-deacylated derivatives 3 and 6 .  

Canadian Journal of Chemistry, 48, 2383 (1970) 

L-Idose (10) was required for a study (1) of its 
reaction with nitromethane. It appeared that the 
most convenient and economical approach to 
this sugar, which does not occur in nature, was 
its synthesis by configurational inversion of C-5 
in a suitable derivative of the readily available 
1,2-0-isopropylidene-u-D-glucofuranose, fol- 
lowed by removal of the blocking groups. 
Several pathways based on this principle had 
already been published (2, 3) when Miljkovic and 
Davidson (4) announced a new modification that 
started from the known (5) 6-0-benzoyl-1,2-0- 
isopropylidene-3,5-di-0-p-tolylsulfonyl-a-D- 
glucofuranose (1) and involved selective replace- 
ment of its exocyclic tosyloxy group by an 
acetoxy group and subsequently, siniultaneous 
cleavage of all the ester functions with lithium 
aluminuni hydride or, better, with sodium in 
liquid ammonia. Displacements with Walden 
inversion in various blocked glucofuranose 
5-tosylates have previously been achieved by use 
of potassium acetate in acetic anhydride (3) and 
sodium benzoate in N,N-dimethylformamide (6). 
However, employment of an anion-exchange 
resin in the acetate form appeared to hold 
promise as an improvement (4), and although no 
experimental details were recorded we were able 
to obtain readily by this method, not only 
5-0-acetyl-6-0-benzoyl- 1,2-0-isopropylidene- 
3-0-p-tolylsulfonyl-P-L-idofuranose (2) as stated 
(4), but also two analogous products (5 and 8) as 
outlined further below. Difficulties were encoun- 
tered in the direct conversion of 2 into 1,2-0-iso- 
propylidene-P-L-idofuranose (9) by the action of 
sodium in liquid ammonia, which we were unable 

to elaborate as a reliable procedure.' More 
successful, in our han,ds, was astepwiseconversion 
in which 2 was catalytically deacylated to 1,2-0- 
isopropylidene-3-0-p-tolylsulfonyl-P-L-ido- 
furanose (3) prior to the detosylation, but even in 
this way a yield of only 59 % of 9 was obtained. 

An alternative approach to 9 started froin 
6-0-benzoyl-l,2-0-isopropylidene-3 -0-methyl- 
sulfonyl-5-0-p-tolylsulfonyl-a-D -glucofura~iose 
(4), a compound that is conveniently prepared (7) 
from 1,2 :5,6-di-0-isopropylidene-3-0-nietllyl- 
sulfonyl-a-D-glucofuranose. Treatment of 4 with 
acetate ion-exchange resin in acetic anhydride 
furnished the mesyl analog (5) of 2 in 69 % yield, 
and whereas the direct conversion of 5 into 9 
with sodium in ammonia also proved unreward- 
ing, the stepwise procedure involving prior cata- 
lytic deacylation to 1,2-0-isopropylidene-3-0- 
methylsulfonyl-P-L-idofuranose (6) gave excellent 
yields (89 % in 5 + 6 and 95% i n  6 -z 9). 

The idose acetal (9) obtained from either 
3-sulfonate (3 or 6) as just described always 
seemed to be slightly contaminated with sulfur- 
containing impurities. It was therefore considered 
that, for a practical synthesis of L-idose, the use 
of a precursor unsubstituted in position-3 would 
be preferable. Consequently, we decided to 
return to one of Vargha's reaction sequences (3) 
and to examine at the same tinie whether the 
ion-exchange method of inversion (4) is appli- 
cable to it and offers some advantage. It was 
found that 6-0-benzoyl-l,2-0-isopropylidene- 
5-0-p-tolylsulfonyl-a-D-glucofuranose (7) indeed 
reacted readily with Dowex-1 (acetate form) in 
refluxing acetic anhydride, giving 3,5-di-0-acetyl- 

'Presently visiting scientist. Previous address: Labora- ZSeveral attempts gave small yields of 9 or no pure 
tory of Monosaccharides, Institute of Chemical Tech- product at all, although a 70% yield has becn claimed 
nology, Prague, Czechoslovakia. (4) by Miljkovic and Davidson. 
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6-0-benzoyl-1  ,2-0-isopropylidene-P-L-ido- 
furanose (8) in 73 "/,yield. Subsequent base- 
catalyzed methanolysis of the ester groups 
quantitatively furnished 9 whose acid hydrolysis 
then gave L-idose (lo), in 94 % yield, as a chro- 
matographically pure syr~ip.  In spite of moderate 
difficulties associated with the preparatioil of the 
much-investigated (2, 3, 5,  8, 9) monotosylate 7 
(see Experimental), we regard this procedure as 
the most coilvenient source of L-idose presently 
available (see Scheme 

TsO --roc" "" 

Experimental 
6-0-~er1zo~l~1,2-0-iso~1r.opyli~le1~e-3,5-di-0-~-to/~l- 

~~1lf011~~-~-~-g~11~'0fi1~~1110~~ ( I )  
1,2-0-Isopropylidene-a-D-glucofuranose (1 1) was 

3Vargha (3) reported a 50% yield in the displacement 
(7 -> 8, using potassiilni acetate) and a 70% yield in the 
saponification (8 -> 9, using NaOH in aqueous ethanol). 
The conversion (2) of 7 into 9 via a 5,6-anhydro deriva- 
tive proceeded with 34% yield and involved pi~rification 
by high-vacuum sublimation. An entirely different 
approach (lo), also departing from I,?-0-isopropylidene- 
a-D-glucofi~ranose, afforded 9 in low over-all yielcl after 
cunlbersome separation of stereoisolners at one staze. 

monobenzoylated according to Ohle (i2), to give its 
6-benzoate (m.p. 196-197" or 203-204" depending on the 
mode of crystallization) in yields of 55-62%. The 
6-benzoate was ditosylated essentially as directed by 
Ohle and Dickhluser (5), although the product was 
found to require further purification. Thus, treatment of 
the 6-benzoate (5 g) with p-toluenesulfonyl chloride 
(7.5 g) in thoroi~ghly dried pyridine (50 ml) at  38" for 1 l h 
furnished a product which was then purified by column 
chromatography on silica gel (100 g). Elution with 
benzene (700 tnl) yielded 8.3 g (85%) of the ditosylate 1, 
m.p. 113-1 14", [a], - 1.7" (c 1.3, chloroform), and 
further elution with benzene containing 1 % ethanol gave 
0.8 g of weakly dextrorotatory, inconipletely tosylated 
material. Reported (5) for 1 :  m.p. 113", [a], + 1.6" 
(chloroform). 
5-0-Acetyl-6-O-benzoyl-1,2-O-isopropylideize-3-0-p- 

tolylsulfor~yl-p-~-idofi11'a11ose (2) 
The ditosylate 1 (562 mg) and 4 ml of Dowex 1-X8 

(acetate form) were heated with stirring in gently re- 
fluxing acetic anhydride (10 ml) for 24 h. Methanol 
(5 ml) was cautiously added to the cooled mixture which 
was then heated on a steam bath for 1 h in order to 
destroy excess anhydride. The resin was filtered off and 
the filtrate was poured over crushed ice. A crystalline 
product separated which was collected after 2 h, washed 
with water, and recrystallized from methanol to give 2 
(408 mg, 88%) as colorless needles, m.p. 126-127", 
[a], - 9.5" (c 1.1, chloroform). Reported (4), m.p. 
125.5-126.5". 

1,2-O-Isop~opylider1e-3-O-p-tolyls~~lfor1yl-~-~-idoJ~r.anose 
(3) 

The compound 2 (752 mg) was suspended in dry 
methanol (8 ml) containing 0.2 nlmole of sodium nleth- 
oxide. After 2 h the clear solution was deionized with 
Amberlite IR-120 (H') (2 ml, prewashed with methanol) 
and evaporated; The residue, which failed to crystallize, 
was dried irr uacllo to give a brittle foam in quantitative 
yield; [a]" - 27.7" (c 0.62, chloroform). 

Anal. Calcd. for C16HzzOBS (mol. wt. 374.4): C, 
51.33; H, 5.92; S, 8.56. Found: C, 51.33; H,  5.84; S, 8.45. 

5-O-Acetyl-6-O-berzzoyl-I,2-O-isopropylider~e-3-0- 
r~~et/~yls~~lfor~~~I-~-~-idofi~ru~~ose (5) 

The previously described (7) mixed ester 4 (6.32 g) and 
25 ml of Dowex 1-X8 (acetate form) were stirred for 48 I1 

in gently refluxing acetic anhydride, the volume of the 
reaction mixture being 60 ml. The mixture was then 
treated with methanol (30 nll) and worked-up as de- 
scribed for compound 2. Crystallization from methanol 
yielded 3.40 g (69%) of 5 as long needles, m.p. 107-109", 
[a], - 33.0" (c 1, cllloroform). 

Anal. Calcd. for C19HZ4010S (mol. wt. 444.4): C, 
51.34; H,  5.44; S, 7.21. Found: C, 51.41; H, 5.27; S, 7.06. 

I,2-O-Isop~opylide1ze-3-O-111et/1yls~~~o1iyl-~-~-idofu~ai1ose 
(6)  

The compound 5 (1.0 g) was suspended in dry methanol 
(10 ml) containing 0.25 mmole of sodium methoxide. 
After 2 h the clear solution was deionized with methanol- 
washed Amberlite IR-120 (H') and evaporated. The 
residue was crystallized from ethanol to give 0.63 g 
(89%) of 6, m.p. 129-129.5". 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KOVAK: L-IDOSE FROM D-GLUCOSE 2385 

Anal. Calcd. for C,,H,,OBS (mol. wt. 298.3): C, 40.26; condenser with methanol. The reaction mixture was then 
H, 6.08; S, 10.79. Found: C, 40.41; H, 6.18; S, 10.60. allowed to evaporate and the residue, after drying itz 

vaclro, was extracted with hot ethyl acetate from which 
6-O-Betzzoyl-1,2-O-isopropylidet1e-5-O-p-tolylsroryl-a- 183 nlg (59 %) of 9 on cooling and concen- 

D-ghcofrrrat~ose (7) trating; 111.p. 114-1 15' (after prior lnelting and resolidify- 
Conlpound 7 has been obtained by monotosylation of ins a t  107-1080). 

6-O-benzoyl-l,2-O-isopropylidene-a-~-glucofuranose in 
yields of 34 (5), 20 (2, 9), and 43 % (8). In the present C/ 

work the 6-benzoate (12) (1.09 g) was dissolved in dried The mesylate 6 (400 mg) and s o d i ~ ~ n ~  (0.20 g) in liquid 
pyridine (10 ml), p-to]uenesu~fony] (0.71 g) (30 ml) were "lowed to react as 
was added to the ice-cooled solution which was then described for 3 except that the reaction was performed, 

stored for at 24-260. The was treated with without reflux condenser, at a somewhat lower average 

ice-water and the product extracted with chloroform temperature. After the addition of all the sodium a blue 

(dilute H,S04 and K,C03) and dried solution color persisted, and after 1 h, dry ammonium 

(MgS04) extract was evaporated. Recrystallization of the cllloride was added and the nlixt~lre was worked LIP to 
from gave 508 nlg (32%) of pure 7 ,  m.p. give 280 mg (95%) of (from acetate), m'p. 

144144.5", [a], + 16.9" (c 0.8, chloroform). Reported: 114-1 15". 

m.p. 142 (5), 143-144 (9), 138-140" (8);  ID + 9.3 (51, L-ldose (10) 
+20.6" (8) (in chloroforn~). The isopropylidene derivative 9 (774 mg) was hydro- 

The mother liquor of recrystallization yielded a second lyzed in 0.1 N sLllfLlric acid (15 mi) for 8 h at 40°. The 
crop having a similar melting point but 10wer rotation cooled solution was treated with activated charcoal, and 
(+5.6"); this nlaterial was not used for further work. In filtered s~ lcc~ss iv~ ly  tllrough 5 m[ of  Dowex 1-X8 
order to ascertain that the main product isolated was ( H C O ~ -  form) and 2 rill of Anlber[ite IR-120 ( H + )  con- 
indeed the 5-tosyIate 7, a sanlple was treated with tained in small columns. Evaporation gave L-idose as a 
nlethanesulfonyl chloride in pyridine, whereby it was colorless syrup weighing 595 mg (94%; dried in a 
converted in 90% yield into conlpound 4, m.P. 157-159", desiccator). It reduced Fehling solution, and showed 
 ID - 12.5" (c 0.9, chloroform). Reported (7): m.p. [a], - 15.5" (c 2, water); reported for 10, [a], - 17.4" 
153-154",  ID - 12.3" (chloroform). Another sample (3); for the D-enantiomer, +15.8' (14). The syrup 
was acetylated wit11 acetic anhydride in pyridine to give exhibited a single spot on a paper chromatogram sprayed 
in nearly quantitative yield the known 3-acetate of 7, with ammoniacal silver nitrate, R,,,,,,, 1.3 in I-butanol- 
n1.P. 155-156",   ID - 3.7" (c I.l,chloroform). Reported ethanol-water (40:11:19, v/v), and could be stored in a 
m.p. 151" (13); n1.p. 152-153" and    ID - 3.75"(chloro- refrigerator for several weeks without deteriorating. 
form) (6). 

3,5-Di-O-acetyl-6-O-ber1zoy/-1,2-O-isopropyl~~let1e-~-~- The a ~ ~ t h o r ,  who carried out this invcstigation during a 
idofirratzose (8) leave-of-absence from the Institute of Chemical Tech- 

The monotosylate 7 (500 mg) and 4 ml of Dowex nology, Prague, wishes to thank Professor Hans H. Baer 
1-X8 (acetate form) were stirred for 26 11 in gently sincerely for his interest and for giving the opportunity to 
refluxing acetic anhydride (volume of mixture, 7 lnl). work in his. Laboratory at Ottawa. The technical assis- 
Upon cooling, the resin was filtered off and washed with tance of Mrs. Siegrid Hancock is gratefully acknowledged. 
methanol, and the filtrate was evaporated it1 vaclro. The 
resulting oil was diluted with methanol (1 ml) and intro- 1. J. KovAE and H. H. BAER. Can. J. Chem. This 
duced into ice-water (25 ml). After son1estandingatO0 the issue. 
product crystallized and could be filtered OH. Recrystal- 2. A. S. MEYER and T. REICHSTEIN. Helv. C h i p  
lization from methanol furnished 308 n ~ g  (73%) of 8, Acta, 29, 152 (1946). 
n1.p. 120-12l0, [a], - 22.5" (c 1.1, chloroforn~). The lit. 3. L. "ARCHA. Ber. 877 1351 

(3): m.p. 121-122", [a], - 19.6" (chloroform). 4. M. A. MILJKOVIC and E. A. DAVIDSON. Abstract of 
papers, 155th National Meeting of the American 

1,2-O-Isopropylidet1e-~-~-idoJirat1ose (9)  Chemical Society. C-7 (1968). 
5. H. OHLE and E. DICKHAUSER. Ber. 58, 2593 (1925). 

a) Frorrz 8 6. D. H. Buss, L. D.  HALL, and L. Hough. J. Chem. 
To the triacyl derivative 8 (305 mg) in dry n~ethanol Soc. 1616 (1965). 

(6.8 ml) was added 0.17 ml of 1 N sodium methoxide 7. J. KovAK and J. JAR?. Coll. Czech. Chem. Corn- 
solution. After 2 h the reaction mixture was deionized mun. 33, 549 (1968). 
with 1 n11 of Amberlite IR-120 (H+)  and evaporated to 8. E. J. REIST, R. SPENCER, and B. R. J. 

Org. Chem. 23, I757 (1958). give 9 (166 mg, 100%) which melted at 114-115" after 
9. L. D, HALL, L, HOUGH, and R. A. PRITCHARD. J. recrystallization .from ethyl acetate and showed [a], - Chem. Soc. 1537 (1961). 

28.7" (c 0.50, water), in excellent agreenlent with the 10. F. S H ~ ~ ~ ~ ~ D ~ ~  and M. L. W O ~ P R O M ,  J. A ~ ~ ~ .  
literature (2, 3, 10). Chem. Soc. 77, 2568 (1955). 

b) Frorr~ 3 11. 0 .  T. SCHMIDT. /)I Methods in carbohydrate 
A solution of the tosylate 3 (523 mg) in liquid alllnlonia chemistry. Val. 11, Academic press, lnc., ~ e w  ~ o r k ,  

N.Y., 1963. p. 318. (40 n ~ l )  was kept at gentle refiuxing, by intermittent 12. H. OHLE. Ber. 57, 403 (1924). removal froin the Dry-Ice cooling bath, and sodiunl 13. H. OHLE, E. E ~ ~ ~ ~ ,  and R. LICHTENSTEIN, Ber, 62, 
(0.15 g) was added in small chips through the condenser. 2885 (1929). 
After 30 min any remaining sodium was destroyed with 14. E, SORKIN and T. REICHSTEIN. Helv. Chin]. Acta, 
an~rnoniull~ chloride (0.5 g) which was rinsed down the 28, 1 (1945). 
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Conformational interconversion of 3,3,5,5-tetramethylmethylenecyclohexane 
and related compounds 

MAURICE ST-JACQUES, MICHEL BERNARD, AND CAMBYSE VAZIRI 
Depnrtt,:errt of Cl~emistry, Ut~iuersity of Motltrenl, Motrtreal, Quebec 

Received March 5 ,  1970 

The proton magnetic resonance spectra of compounds 1 to 4 have been studied at various tempera- 
tures. 'The spectral changes observed for 2, 3, and 4 are interpreted in terms of interconverting chair 
conformations. 

Canadian Journal of Chemistry, 48, 2386 (1970) 

Introduction 
Fascinating investigations have been concerned 

with the determination of the stable conformation 
of six-membered cyclic compounds (1, 2). In  
these endeavors numerous techniques, the- 
oretical and exoerimental. have been used to  
approach confor~national problems from differ- 
ent points of view. From such studies it has 
emerged that the chair form is highly favored 
for cyclohexane and that severe constraints, 
usually in the form of sp2 hybridized carbon 
atoms (3), bulky axial substituents (4), and in 
some cases heteroatoms (5), must be present in 
the ring to make the twist-boat form more stable 
than the chair. 

I t  has long been accepted that 3,3,5,5-tetra- 
methylcyclol~exanone (1) exists in a chair con- 
formation (6) even though there are severe 
1,3-syrz-axial interactions between methyl groups 
estimated at  about 3.7 kcal/mole (7) and com- 
parable to the energy of the twist-boat form of 
cyclohexanone calculated to  be about 3.5 kcall 
mole (8). 

\ ,  

Experimental evidence as a result of an X-ray 
analysis showed that 2,6-dibromo-3,3,5,5-tetra- 
methylcyclohexanone and 2-bromo-3,3,5,5- 
tetramethylcyclohexanoile existed as deformed 
chairs in the solid state (9). Recent calculations 
by Allinger (8) predict a greater stability (about 
3.8 kcal/mole) for the chair. 

In spite of these overwhelming results support- 
ing a chair form, it has been suggested that the 
apparently structurally analogous molecule 
3-phenyl-3,5,5-trimethylcyclohexano~~e appears 
to exist in a twist-boat conformation (8, 10). 

Motivated by these apparently conflicting 
results, it seemed of interest to apply the dynamic 
nuclear magnetic resonance (d.n.m.r.) method (2) 
to increase our understanding of the conforma- 

tional characteristics of l.  A recent review (2) 
shows that this approach has met with consider- 
able success in understanding such problzms. 

A close examination of the chair (c.) and 
twist-boat (t.b.) conformations suggests that the 
appearance of the proton magnetic resonance 
(p.m.r.) signal of the methylene group on 
carbon-4 (C-4) could supply information on  the 
nature of the stable conformation of 1. Other t.b. 
forms need not be considered because of excessive 
methyl repulsion. 

In other words it was expected that if con- 
formational interconversions for 1 could be 
slowed down on the n.m.r. time scale. the low 
temperature p.m.r. signal of the methylene group 
on C-4 would either be an AB quartet for c. 
because of the difference in chemical shifts of the 
axial (a) and equatorial (e) protons, or be an 
A, singlet for t.b. since the two-fold axis of 
symmetry through C-1 and C-4 make both 
methylene protons equivalent. The methyl and 
a-methylene protons would be of no evident use 
since' the same appearance is expected for these 
signals for both conformations. 
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I ST-JACQUES ET AL.: CONFORMATIONAL INTERCONVERSION 2387 
I 

I Unfortunately conformational interconversion 
I for 1 like that for cyclohexanone (1 1) could not 

be slowed down sufficiently, even at - 170 "C, 
to obtain the p.m.r. spectrum of the stable con- 
formation of 1. This molecule is therefore not 
amenable to a d.n.m.r. investigation. Fortunately, 
however, the recent observation (1 I) that the 
replacement of the carbonyl group in cyclo- 
hexanone by a methylene group markedly raises ~u~~~ 
the energy barrier to ring inversion suggested that 
a similar modification of 1 might enable us to 
achieve our objective. We therefore prepared 
compounds 1 to 4 for our variable temperature 

u'"" 
p.m.r. investigation. 

I FIG. 1. The 100 MHz p.m.r. deuterium decoupled 
1 was prepared serve as a spectra of the ring protons of 2 at several temperatures. 

for the others as will be explained in detail later. The scale is in p.p.n>. relative to internal TMS. 
/ Molecules 2, 3, and 4 showed temperature 

dependent p.m.r. spectra, the results of which 
I will now be described. 

Results and Discussion 
I 

( 1 )  1,1,3,3-Tetrat~ietliylcyclolzexane- 
4,4,6,6-d, (2) 

The starting material 1 was prepared as 
described by Chiurdoglu and Maquestiau (12). 
Refluxing 1 with a solution of 10% potassium 

I carbonate in deuterium oxide gave 3,3,5,5- 
tetramethylcyclohexanone-4. Conversion to the 
tosylhydrazone and reduction with lithium alu- 
minum hydride yielded 2 (13). 

The 100 MHz p.m.r. spectra of 2 are shown 
in Fig. 1 at various temperatures with deuterium 
decoupling. At ambient temperature the de- 
coupled spectrum consists of three singlets: 
0.92 (methyl groups), 1.15 (methylene group on 
C-2), and 1.49 p.p.m. from internal TMS (meth- 
yleile group on C-5). The assigninent of the re- 
spective methylene peaks is based on the results 
of deuterium decoupling and the p.1n.r. spectrum 
of the non-deuterated compound. As the tem- 
perature is lowered a spectral change takes place 
such that at - 135 "C both methylene peaks have 
changed into AB quartets while the methyl 
groups now show a doublet of eqi~ally intense 
lines. The coalescence temperatures are estimated 

at -94 "C for the C-5 methylene AB quartets 
and -97 "C for the methyl doublet. 

From the spectrum at - 135 "C it is possible 
to determine that the methyl peaks are separated 
by 10.8 + 0.2 Hz while the chemical shift differ- 
ence (Av) for the protons on C-5 is 11.7 f 0.5 Hz 
and the coupling constant is J = 13.7 f 0.5 Hz. 
It is apparent that the upfield and downfield AB 
components of the C-5 and C-2 methylene groups 
are essentially superposed. Even though the 
upfield AB component of the C-2 methylene is 
not visible, it is nevertheless possible to determine 
that J = 14.0 f 1.0 Hz and Av = 14.3 f 1.0 Hz. 

Using the equation given by Kurland and co- 
workers (14) one obtains the rate constant (lc) for 
the process responsible for the coalescence of the 
AB quartets. Eyring's equation (15) then gives 
the free energy of activation (AF* = 8.5 f 
0.3 kcal/mole) at -94 "C for the process. A 
transmission coefficient of 4 has been used; this 
value will be explained later. Analogically 
AF* = 8.7 0.3 kcal/mole was calculated using 
the rate constant equation given by Pople 
et al. (16) for the coalescence of the methyl 
doublet at - 97 "C. 

The presence of two AB quartets in the p.m.r. 
spectriim at - 135 "C proves unambiguously that 
2 exists in the chair form with axial and equatorial 
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TABLE 1 

Summary of free energy barriers for cyclohexane and 
some gern-dimethylated cyclohexane derivatives 
-- --pppp 

AF*" 
Compound (kcal/mole) Reference 

Cyclohexane 10.3 18 
1,l-Dimethylcyclohexane 10.2 19 
1 ,I ,3,3-Tetramethylcyclohexane 8 .7  This work 
1,1,4,4-Tetramethylcyclohexane 11 .1 20 

'These values are Tor the chair-to-boat process. 

protons of different chemical shifts at positions 
2 and 5. This conclusion is in agreement with 
calculations by Allinger et al. (17) which predict 
c. to  be more stable than t.b. by 4.78 kcal/mole. 

Knowing that 2 exists in the c. form, im- 
mediately identifies the interconversion process 
as ring inversion, and assuming a mechanism 
analogous to  cyclohexane, a transmission coeffi- 
cient of 4 was used in the calculation of AF* 
above which therefore represents the free energy 
barrier for the chair-to-boat process (18). 

Table 1 contains a summary of AF* values f ~ i  
cyclohexane and some gem-dimethylated cyclo- 
hexane derivatives. I t  is interesting to  note that 
one gem-dimethyl group has essentially no effect 
on  the barrier and that two groups in a 1,4- 
relationship raise it by about 1 kcal/mole while 
two groups in a 1,3-relationship lower it by about 
1 kcal/mole. 

The value of Av = 14.3 Hz for the methylene 
group on C-2 serves as a model for the next 
section where an  analogous splitting would be 
expected for the methylene group on C-4 of 
3 and 4 if these compounds exist as c. forms unless 
unusual effects associated with the presence of an  
sp2 hybridized carbon are present. 

(2) 3,3,5,5-Tetranzetl~~~lcyclohe,uanorze arzd 
Derivatiljes 

Co~npound  3 was prepared from I by a Wittig 
reaction using the procedure of Greenwald and 
co-workers (21); 4 was also prepared from 1 by 
the method developed by Fuqua and co-workers 
(22). 

The 100 M H z  p.m.r. spectra of 3 at various 
temperatures are shown in Fig. 2. Above 
- 100 "C the spectrum consists of three singlets: 
one at  0.93 (methyl groups), a second a t  1.26 
(methylene group on C-4), and the third at  
1.87 p.p.m. (methylene groups on C-2 and -6). 
The vinyl methylene singlet is not shown. As the 

CHEMISTRY. VOL. 48, 1970 

FIG. 2. Upfield portion of the 100 MHz p.m.r. 
spectra of 3 at several temperatures. 

FIG. 3. The 100 MHz p.m.r. spectra of 4 at several 
temperatures. 

temperature is lowered only the a-proton peak 
~~ndergoes  a spectral modification whereby the 
singlet becomes an AB quartet below - 110 "C, 
the coalescence temperature. Spectra taken down 
to - 165 "C showed a slight broadening of the 
other two singlets with respect to the TMS peak 
but no further splitting was observed. The vinyl 
proton peak also remained unchanged through- 
out this temperature interval. 

The 100 MHz spectra of 4 as a function of 
temperature are shown in Fig. 3. The high tem- 
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H* H* 

t.b. b. t. b.' 

t.b. c. t.b.' 

FIG. 4. Pseudorotation (A) and ring inversion (B) itineraries for the t.b. conformation of 1, 3, or 4. 

perature spectrum consists of three singlets: one 
a t  0.97 (methyl groups), the second 1.23 (methyl- 
ene group on C-4), and the third a t  1.82 p.p.m. 
(methylene groups on C-2 and -6). At +25 "C, 
the last peak actually appears as a triplet 
(separation 2.2 Hz) because of coupling with the 
fluorine atoms. As for 3 only the a-proton peak 
undergoes a spectral change into an AB quartet 
below - 120 "C, the coalescence temperature. 
The other peaks remained unsplit down to 
- 165 "C. The upfield components of the AB 
quartet show a marked broadening with respect 
to the lower field compoilents undoubtedly 
because of larger 4JH, values. 

Spectral parameters for 3 were found to be 
J = 13.0 Hz and Av = 10.5 Hz while those for 
4 were J = 12.5 Hz and Av = 57.6 Hz. The error 
in these parameters is about 0.5 Hz because of 
the broadness of the lines. From the equation 
given by Kurland and co-workers (14), k was 
obtained from each spectral change and the 
following AF* values were calculated using a 
transmission coefficient of one: 7.9 f 0.3 kcall 
mole for 3 at - 110 "C and 7.2 + 0.3 kcal/mole 
at - 120 "C for 4. 

I t  is immediately evident from the low tem- 
perature spectra of each of 3 and 4 that the 
multiplicity observed does not satisfy the sym- 
metry requirement of either the c. or the t.b. 
forms. To be in agreement with c., the methyl 
singlet should be a doublet while the singlet due 
to protons on C-4 should be an AB quartet. On 
the other hand, agreement with the t.b. con- 
formation would require a methyl doublet and 

a C-4 methylene singlet. There must tlferefore 
exist some accidental equivalence of chemical 
shifts of protons in different molecular environ- 
ments. It is difficult a priori to say conclusively 
which conformation comes closer to satisfying 
the requirements of the low temperature spectra. 
It is possible to  demonstrate, however, that the 
c. form best rationalizes the barriers to con- 
formational interconversion determined from the 
spectral changes. 

If we begin our argument by assuming that the 
conformational energies calculated (8) for the 
c. and t.b. forms of 1 are essentially correct, t t en  
c. is more stable than t.b. by about 3.8 kcal/mole. 
Calculations for methylenecyclohexane (23), 
cyclohexanone (8), cyclohexane and 1,1,3,3- 
tetramethylcyclohexane (1 7) indicate that 4 kcall 
mole represents a reasonable estimate of the 
greater stability of the c. form of 3. The process 
of conformational interconversion with AF* = 
7.9 f 0.3 kcal/mole, responsible for the spectral 
change of 3, would then be ring inversion 
analogous to  cyclohexane (18) and involving a 
c. + t.b. + c.' pathway (the prime represents an 
inverted conformation), where t.b. is a metastable 
intermediate. We may now deduce that the 
maximum barrier to  pseudorotation (24) of the 
t.b. form should be no more than about 4 kcall 
mole to be compatible with energy profiles 
constructed from the estimated energy difference 
between c. and t.b. and AF* determined from the 
spectral change. 

If, on the other hand, we assume as a working 
hypothesis that 3 exists in the t.b. form, then two 
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basic modes of interconversion are available, 
namely a ring inversion and a pseudorotation. 
Both processes, shown in Fig. 4, have the 
property of averaging the different types of 
protons of 3 such that the p.m.r. spectrum at high 
temperature be in agreement with thst given in 
Fig. 2. If it can be shown that the barrier to 
pseudorotation should be less than the observed 
AF*,  then it will follow that 3 cannot exist in the 
t.b. form, otherwise the spectral change depicted 
in Fig. 2 should be observed at much lower 
temperatures. Since the height of the pseudo- 
rotation energy profile is either of two possible 
boat forms, b., shown in Fig. 4 and 5, their 
conformational energies relative to t.b. will now 
be estimated. 

5 

Strain energy minimization calculations not 
having been done for all conformations of 1 or 3, 
maximum conformational energies relative to 
t.b. will be estimated by the simplest method. As 
a starting point we shall use results derived for 
the various boat forms of cyclohexanone (8) and 
then consider the effect of replacing hydrogen 
atoms by methyl groups on the basic skeleton. 
The energies for differently located methyl groups 
are taken as those calculated for cyclohexane by 
Hendrickson (25); these values will be used as 
such and modifications due to the presence of 
an sp2 carbon on methyl repulsive interactions 
will be considered later. 

The energy increment of the t.b. skeleton 
energy of cyclohexanone due to the presence of 
the four methyl groups arises essentially from 
two methyl interactions on C-3 and C-5, the sum 
estimated to be about 2 kcal/mole (25). The 
difference in confcrmational energies of the t.b. 
forms of cyclohexanone and 1 relative to their 
respective c. forms is calculated as about 
0.5 kcal/mole (i.e. 3.78-3.26) (8), thus indicating 
that the effect of the methyl groups is greater in 
t.b. than in c. for 1 by about 0.5 kcal/mole. A fair 
estimate of the 1,3-syn-dimethyl interaction in 
the chair form of 1 is some 3.5 kcal/mole (8); 
it may therefore be concluded that 2 kcal/mole 
represents a minimum energy increment due to 

the presence of methyl groups. This value will be 
used since it will lead to maximum conforma- 
tional energy values for b. and 5, as desired. 

The energy of the b. form is made up of 
2.2 kcal/mole associated with the cyclohexanone 
skeleton and the energy of a 1,3-syn-dimethyl 
interaction, not estimated by Hendrickson, but 
expected to be some 3.5 kcal/mole or less. We 
may therefore say that 5.7 kcal/mole certainly 
represents the maximum energy possible for the 
b. form. Conformation 5 comprises essentially a 
skeleton contribution of 1.1 kcal/mole and a C-3 
methyl interaction of about 3 kcal/mole leading 
to an energy of 4.1 kcal/mole. Since the replace- 
ment of a carbonyl group by an exo-methylene 
group is expected to lower the skeleton of b. 
relative to t.b., we can safely say that 3.5 kcal/ 
mole represents a maxirnum value for the con- 
formational energy of either b. or 5 for 3 relative 
to t.b. (taken as 0 kcal/mole), and therefore 
represents the maximum pseudorotation barrier. 
Even a more generous estimate of 6 kcal/mole 
would still mean that the spectral change 
observed for 3 should not occur at the observed 
temperatures, but at much lower temperatures. 
It therefore appears highly improbable that t.b. 
is the predominant conformation of 3 in solution, 
and, without specifying whether b. or 5 is the 
barrier height to pseudorotation, the maximum 
estimate made above is within the maximum limit 
deduced earlier from calculations and the ob- 
served AF*.  Similar arguments are applicable 
to 4. 

The AF* values determined for 3 and 4 are 
therefore most reconcilable with the c. form. 
The conformational process would then be ring 
inversion involving a c. F? t.b. F? c.' itinerary. It 
is evident from Fig. 4 that this ring inversion 
averages the AB quartet of the a-protons to a 
singlet. It also appears more than likely that 1 
should also exist in the c. form, although this 
cannot be demonstrated other than by analogy 
with 3 and 4. 

It is interesting to speculate as to the origin of 
the accidental equivalence of the axial and 
equatorial methyl groups and the protons on C-4. 
It appears that the anisotropy of the =CH2 
or =CF2 groups is not responsible since it is very 
different for each substituent as reflected by the 
Av of the a-protons of 3 and 4. It seems possible 
that the flattening of the ring caused by the 
introduction of an sp2 carbon might account for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ST-JACQUES ET AL.: CONFORM LATIONAL INTERCONVERSION 2391 

TABLE 2 

Summary of free energy barriers for cyclohexanone, 
3,3,5,5-tetramethylcyclohexanone, and their derivatives 

AF*" 
Compound (kcal/nlole) Reference 

Cyclohexanone < 5 . 0  l l a  
Methylenecyclohexane 8 .4  I l b  
Difluoromethylenecyclohexane 6.8 27 
1 < 5 .0  This work 
3 7 .7  This work 
4 7.0 This work 

'These values are for the chair-to-boat process. That is, a trans- 
mission coefficient of 4 is used in the calculation of AFt: instead of 1. 

a large part of this phenomenon. Such a proposi- 
tion finds precedence in the calculations (26) 
recently reported where similar effects are 
attributed in part to the flattening of the ring in 
t-butyl derivatives of cyclohexane. 

Our results then suggest that the presence of 
the 3,3,5,5-tetramethyl moiety in 1, 3, and 4 does 
not lead to a change in basic conformation with 
respect to cyclohexanone and its corresponding 
derivatives. Moreover the free energy barriers are 
very similar for both classes of compounds as 
illustrated in Table 2. 

The trends observed appear to reflect the trend 
found for the energy barriers to rotation about 
CSp2-CSp3 bonds (28). As suggested for meth- 
ylenecyclohexane (11), this behavior may be 
considered as indicative of an appreciable par- 
ticipation of the sp2 carbon atom in the "flip" to 
reach the transition state for ring inversion. 

Experimental 
Infrared (i.r.) spectra were recorded on a Beckman IR-8 

spectrophotometer, the sample being a thin filrn between 
sodium chloride plates. Mass spectra were obtained on a 
Hitachi-Perkin-Elmer mass spectrometer model R M U  
6-D at 70eV. Vapor phase chromatography (v.p.c.) 
analyses were carried O L I ~  on an  Aerograph A90-P3 
instrument on 5 ft long, $ in .  diameter colunlns described 
later. Carbon, hydrogen analyses were obtained by 
Midwest Microlab, Inc., Indianapolis, Indiana, U.S.A. 

The p.m.r. spectra were recorded on a JEOL JNM-4 
H-100 spectrometer operating at 100 MHz using solu- 
tions from 2 to 8 % of the samples in a mixture of vinyl 
chloride and chlorodifluoron~ethane, n1.p. - 159.9 and 
-160 "C respectively. The freon was added for field- 
frequency locking purpose. Compound 1 was investigated 
as  a 3 %  solution in chlorodifluoromethane alone, 
however. A small quantity of tetralnethylsilane was added 
and the samples were degassed and sealed (18). Tem- 
peratures were monitored by nieans of a JEOL tem- 
perature control unit model JES-VT-3 and read off a 
calibration chart obtained with a thermocouple inside a 

dummy n.ni.r. tube. Checks on the accuracy of the 
calibration curve were made repeatedly and are believed 
accurate to within + 2  "C. Deuterium decoupling was 
effected by means of the JEOL Hetero Spin Dccoupler 
model JNM-SD-HC. 

3,3,5,5-Tetrnrnetl1yI~~~cIoI1exn1~o11e-2,2,6,6-d~ 
Conlpound 1 (34.0 g, 0.22 moles) (12) was refluxed 

with a solution of 10 g of potassiunl carbonate in 100 ml 
of deuterium oxide for 24 h. The product was then 
extracted with ether and dried with anhydrous mag- 
nesium sulfate. After evaporation of the ether, peak 
integration on tlie p.m.r. spectrunl revealed essentially 
50% deuteration. By repeating the above procedure three 
times it was possible to obtain 32 g (94%) of the ketone 
deuterated, esscntialiy 99% as revealed by the complete 
absence of the peak due to the a-protons. 

1 , 1 , 3 , 3 - T e t r n 1 1 1 e t l r y l c I o I 1 e , v n 1 1 e - ~  (2) 
Compound 2 was prepared following a sequencc of 

known reactions (13). The deuterated ketone (0.990 g, 
0.0062 moles) from tlie abovc cxchange reaction and 
1.20 g of tosylhydrazine were dissolved in 20 1111 of hot 
absolute ethanol. 'The solution was left standing at room 
temperature for 24 h. The precipitated tosylhydrazone 
(1.75 g, 79 %) was filtered and used in the next step. 
Uncorrected n1.p. 162-164 "C. 

The above tosylhydrazone (0.341 g, 0.00104 moles) was 
refluxed for 24 h with 0.575 g (0.15 moles) of lithium 
aluminum hydride in 25 1111 of tetrahydrofuran. After 
hydrolysis of the mixture with 10% sulfuric acid, an  
extraction with petrole~lnl ether was carried out. The 
organic solution was then washed with a 5 %  sodium 
hydroxide solution and several times with a sat~lrated 
sodium chloride solution ~lntil neutral. Traces of water 
were removed with magnesium sulfate and the ether was 
distilled. 

The v.p.c. analysis on a column of p,p'-oxydipro- 
pionitrile (I3 % on chromosorb P, HMDS, 60-80 mesh) 
gave two peaks corresponding to 72% of 2 at 10 min 
retention time and 28% of 3,3,5,5-tetramethylcyclo- 
hexene-2,6,6-(I3 at I I min. These retention times were 
identical with those for nondeuterated products which 
are known substances (12). 

Extraction of the concentrated petroleuln ether solution 
with a s a t~~ra t ed  silver nitrate solution removed most of 
the olefin. Preparative v.p.c. gave a sample of 2 of purity 
greater than 98 %. A sample of 8 % of this compound in 
a mixture of vinyl chloride and chlorodiR~~oromethane 
(9:1, V:V) containing a little TMS was prepared for the 
low temperature p.m.r. study. 

3,3,5,5-Tetrn1t1etI1yI1t~etI1j~Ie~1e~y~Iol1evn11e (3) 
Following the method described by Greenwald (21), 

4.92 g (0.033 nloles) of 1 were reacted to yield 3. Samples 
for analyses were p~rrified by preparative v.p.c. on  
carbowax 20M (20 0/, on chromosorb .P, HMDS, 60-80 
mesh). The i.r. and p.m.r. analytical date were in agree- 
ment with those reported in the literature (29). A 5 %  
solution in a mixture of vinyl chloride and chloro- 
difluoromethane (9:1, v:v) containing a little TMS was 
prepared for the low temperature p.m.r. study. 

3,3,5,5-Tetrn1t1ethyIdifl1iorotnetI1j~Ie11ecycIot1eat1e ( 4 )  
Following the method described by Fuqua (22), 4.62 g 
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(0.030 moles) of 1 were reacted to yield 4. Samples for 
analyses were purified by preparative v.p.c. on a carbowax 
20M column. Mass spectrum, molecular ion at mle = 
188; i.r. 1758 (C=CF,); p.m.r. (7% in a mixture of 
CH,=CHCI: CHF2CI, 9:1, v:v), 0.97 (singlet, CH,), 
1.23 (singlet, CH,), 1.82 p.p.m. (triplet, separation 
2.2 Hz, a-CH,). 

Anal. Calcd. for C,,HI8FZ: C, 70.18; H, 9.64.Found: 
C, 70.18; H, 9.81. 

A 2% solution of 4 in a mixture of vinyl chloride and 
chlorodifluoromethane (9:1, v:v) containing a little TMS 
was prepared for the low temperature p.m.r. study. 

We are grateful for helpful discussions and encourage- 
ment from Professor H. Favre. We wish to thank D. F. 
Williams for recording the p.m.r. spectra, the National 
Research Council of Canada for financial support and a 
fellowship to M.B., and the Quebec Ministry of Educa- 
tion for a fellowship (France-QuCbec) to C.V. We are 
also very thankful to Dr. P. Laszlo for making available 
to us details of unpublished work presented at the 
American Society Meeting, Atlantic City, N.J., Septem- 
ber, 1968, abstract ORGN-139. 
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Quinoline N-oxides and hydroxamic acids with antibacterial properties 

R. T. COUTTS, K. W. HINDMARSH, AND G. E. MYERS 
Facrilty of Pharmacy and P/~armaceutical Sciences, Utliversity of Alberta, Edinoiztolz, Alberta 

Received February 20, 1970 

A number of quinoline N-oxides have been prepared and oxidized by means of lead tetraacetate to 
quinoline hydroxamic acids (i.e. derivatives of 1-hydroxy-2(1H)-quinolone). Contrary to the findings 
of other investigators, I-hydroxy-4-nitro-2(1 H)-quinolone (2e) is obtained by treating 4-nitroquinoline 
1-oxide with lead tetraacetate. Quinolines with a methyl group in the 8-position could not be oxidized 
to N-oxides with hydrogen peroxide. 

The antibacterial properties of the hydroxamic acids and some of the N-oxides were evaluated against 
S. a u r e ~ s  and E. coli. 

Canadian Journal of Chemistry, 48, 2393(1970) 

Some cyclic hydroxamic acids possess the 
ability to inhibit the growth of bacteria (1-7). 
1-Hydroxy-2(1H)-quinolone (2a) and its simple 
derivatives have been shown to  be active com- 
pounds (1, 6, 7) and from the limited number of 
derivatives examined, it seemed that the nature of 
the substituents located a t  positions 3 and 4 on 
the quinoline nucleus influenced the magnitude 
of the antibacterial activity (6). Thus, the most 
active quinolone tested was 1-hydroxy-3-methyl- 
2(1H)-quinolone (26). In view of these results, it 
was desirable to prepare other quinoline deriva- 
tives and compare their antibacterial activities 
with those of 26, and with aspergillic acid (3), a 
naturally-occurring antibacterial hydroxamic 
acid (8). 

Most hydroxamic acids (2) were prepared in 
the manner illustrated in Scheme 1. The inter- 
mediate N-oxides were obtained ~ising a variety of 
known methods, though most were prepared by 
oxidizing the appropriate q~iinoline with hydro- 
gen peroxide. The N-oxides of 3,8-dimethyl- 
quinoline, 6,8-dimethylquinoline, and 7,8-di- 
methylquinoline did not form when these quinol- 
ines were treated with hydrogen peroxide in 
glacial acetic acid. The presence of an  8-methyl- 
substituent on the quinoline ilucleus apparently 
hinders attack by the oxidizing agent on the 
nitrogen atom. 

It  has been established that stretching of the 
N-0 group of various pyridine and pyrazine 
N-oxides results in a strong absorption band in 
the 1190 to  1350 cm-' region of the spectrum (9). 
The infrared (i.r.) spectrum of each N-oxide 
prepared in this study was recorded for charac- 
terization purposes and compared with the spec- 
trum of the parent quinoline. Listed in Table 1 

TABLE 1 

Infrared data on quinoline N-oxides' 
--- 

Compound 1 Infrared (cm-') 

a 1230, 1270 (KBr) 
b 1220 
c 1238, 1270 (KBr) 
d 1222, 1320 
e 1300. 1330 

m 1220; 1265; 1290 
--- 

'Recorded as nujol mulls except where in- 
dicated. 

observed in the 1220-1340 cm-' region which 
were not present in the i.r. spectra of the corre- 
sponding quinolines. 

Thirteen hydroxamic acids (20-g, i, I<-o) were 
studied. The r e ~ o r t e d  (10-12) antimicrobial 
activity of 4-nitroquinoline 1-oxide prompted the 
preparation of 1-11ydroxy-4-nitr0-2(1H)-quin- 
olone (2e). Ohta and Ochiai (13) concluded that 
this hydroxamic acid could not be obtained by 
treating 4-nitroquinoline 1-oxide with lead tetra- 
acetate and rationalized whv this was so. When 
their procedure was repeated in the present study 
it resulted in the formation of a brown solid 
which displayed properties characteristic of a 
hydroxamic acid. The product was soluble in 
sodium carbonate solution, gave a purple color 
with ferric chloride (14), and its i.r. spectrum was 
typical of a hydroxamic acid (15) having a broad 
hydroxyl band between 2100-3300 cm-' and a 
carbonyl stretching band a t  1660 cm-'. Its mass 

are the positions of strong absorption bands spectrum was also consistent with a hydroxamic 
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acid structure. It exhibited peaks a t  mle 206 and procedure was identical to that of the product 
190 for the molecular ion and the (M-16)' ion isolated from the lead tetraacetate oxidation of 
respectively (1 6). 4-nitroquinoline 1-oxide. A commercial sample 

of 5-nitroquinoline was then successively oxidized 
cH2cHMe2 mi' with hydrogen peroxide and lead tetraacetate. 

The i.r. spectrum and the melting point of the 

OH 
I 

OH 
product (2f) differed significantly from those of 2e. 

3 4 

This conflict with the findings of Ohta and 
Ochiai made it imperative that the authenticity of 
the 4-nitroquinoline 1-oxide used in the lead 
tetraacetate reaction be established, especially as 
5-nitroquinoline 1-oxide and 4-nitroquinoline 
I-oxide have similar melting points and are both 
prepared (17) by nitration of quinoline 1-oxide 
with potassium nitrate and sulfuric acid. The 
authenticity of the 4-nitroquinoline 1-oxide was 
established by its facile conversion in excellent 
yield to 4-chloroquinoline 1-oxide when treated 
at 0" with acetyl chloride (18) or with hot con- 
centrated hydrochloric acid (19). The 4-chloro- 
derivative was then oxidized with lead tetra- 
acetate and the i.r. spectrum of the resulting 
hydroxamic acid was identical to that of 4-chloro- 
1-hydroxy-2(1 H)-quinolone (2i) prepared by an 
alternative route (20). 

During the course of this study, an alternative 
method of synthesizing 2e was reported (20). The 
i.r. spectrum of the product obtained using this 

Antimicrobial Results 
The five N-oxides which contained a nitro- 

group (Id, e, f, g, j )  and 13 cyclic hydroxamic 
acids (2a-g, i ,  k-o) as well as aspergillic acid (3) 
and  3-cyano-3,4-dihydro-1-hydroxy-2(1 H ) -  
quinolone (4) (21) were tested for antibacterial 
activity and minimum inhibitory concentrations 
(m.i.c.) were determined. A tube dilution method 
using Kavanagh's method (22) for preparing the 
inoculum and performing the test, was employed. 
The antibacterial activities of the quinoline N- 
oxides and the hydroxamic acids are listed in 
Tables 2 and 3 respectively. Reference to Table 3 
reveals that when a methyl group is located in the 
3-position of the quinoline nucleus, the hydrox- 
amic acid is active against both S. aureus and 
E. coli. The most active compound prepared and 
evaluated was 1-hydroxy-3,7-dimethyl-2(1H)- 
quinolone (21) but the antibacterial properties of 
other hydroxamic acids compared favorably with 
those of aspergillic acid. The hydroxamic acids 
containing a nitro-group, like the N-oxides, 
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TABLE 2 
Antibacterial activities of some nitro-substi- 

tuted quinoline N-oxides 

Minimum inhibitory 
concentration (mg %) 

Compound 1 S. aurelis E. coli 

TABLE 3 
Antibacterial activities of various l-hydroxy- 

2(1 H)-quinolones 

Minimum inhibitory 
concentration (mg %) 

Compound S. aureus E. coli 

exhibited greatest activity when the nitro-group 
was located in the 4-position of the quinoline 
nucleus. Subculturing showed that with one 
exception, all the compounds examined in this 
study and listed in Tables 2 and 3 were bac- 
teriocidal agents. The exception was 4-chloro-l- 

at 15 mg % concentration. Changes in p H  also 
affect the antibacterial activity of the chelating 
agent, oxine (23). 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

recorded on a Beckman IR 10 spectrophotometer and 
mass spectra were measured with an A.E.I. MS 9 or 
MS 12 spectrometer using the direct insertion technique. 
Ethanolic solutions of all the hydroxamic acids prepared 
gave a purple color when treated with aqueous ferric 
chloride. 

Most of the quinolines used in the preparation of 
N-oxides were purchased from commercial sources or 
were synthesized using literature methods; the dimethyl- 
quinolines used were provided by Dr. W. A. Ayer, 
Department of Chemistry, University of Alberta, 
Edmonton, Alberta. 

General Method for the Preparation of N-Oxides 
A procedure similar to that described by Kaslow and 

Buchner (24) was used in which 30% hydrogen peroxide 
(4 ml) was added to a solution of the quinoline (0.02 
mole) in glacial acetic acid (20 ml). The reaction mixture 
was warmed to 65-70" for 3 h, then concentrated, 
basified with saturated sodium carbonate solution (70 ml), 
and extracted with chloroform. Removal of the chloro- 
form yielded the N-oxide which was crystallized from 
acetone or ethanol. The known compounds lb,  c, f, and g 
were prepared in this way. Compounds l a  and h were 
prepared in a similar manner except that the reaction 
time was extended to 15 h. With the exception of lb,  
these N-oxides had literature (25, 26, 28-30) melting 
points. Compound l b  melted at  81-83", and not as 
previously reported (6). Oxides l i ,  j, d, and e were pre- 
pared by alternative literature methods (18, 20, 27, 33). 

Except for the nitro-quinoline N-oxides (Id,  e, /, g, j )  
which were yellow in color, all the N-oxides were colorless 
compounds. 

3,6-Di~~lethylquinoline N-oxide (lk), m.p. 69-71" (from 
ethanol), was prepared in 66% yield using the general 
method. Similarly, 3,7di111ethylqubloline N-oxide (II), 
m.p. 131-132" (from ethanol) and 6,7-di1t1ethylqub1oline 
N-oxide (l~rr), m.p. 165-167" (from water) were obtained 
in 63 and 48% yields respectively. All were colorless 
comoounds. 

hydr~xy-2(~~)-quinolone  12i) which was only ~ h a l .  Calcd. for C I I H ~ ~ N O :  C, 76.30; H ,  6.36; N ,  

bacteriostatic at 15.7 mg % against S. aureus. 8.09. Found ( l k ) :  C, 76.23; H, 6.72; N, 7.92. Found 
(11): C, 76.50; H, 6.70; N, 7.70. Found ( l ~ n ) :  C, 76.40; It is of interest to compare the activities of H, 6.59; N, 7.92. 

3-cyano-1-hydroxy-2(1 H)-quinolone (2n) and 
3-cyano-3,~dihydro-l-hydroxy-2(1H)-quinolone General Methodfor the Preparation of Hydroxarnic Acids 

A procedure similar to that described by Ohta and (4)' The latter much greater Ochiai (13) was used. T o  a of the N-oxide (1 g) 
activity against S. aureus. This could mean that in benzene (ca. 50 ml) was added.lead tetraacetate (5 g) 
planarity of the molecule is not a necessary and calcium carbonate (0.25 g). The mixture was boiled 
feature for antimicrobial activity. Further study under reflux for 1.5 h then the precipitate was collected 
on this topic is in progress. and washed with chloroform. The combined filtrate and 

washings were concentrated under reduced pressure. The as being treated for pro- residue was heated (95-98") for 30 min in 10% hydro- 
perties as free acids, three com~ounds (21, 3, 4) chloric acid to give the crude hydroxamic acid. I t  was 
were evaluated at p H  7 and found to be inactive collected by filtration and dissolved in 10% sodium 
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carbonate solution. This solution was extracted with 
ether and the ether extract was discarded. The aqueous 
layer was re-acidified (10% hydrochloric acid) and ex- 
tracted with ether; evaporation of this ether extract 
yielded the hydroxamic acid which was crystallized from 
ethanol or benzene. All the hydroxamic acids were pale 
brown in color. 

Hydroxamic acids (2a, b, c, i, 11, and o) were synthesized 
using literature methods (13, 21, 31, 32). 

I-Hydroxy-4-nitro-2(1H)-quinolone (Ze), m.p. 198- 
200" (from ethanol) was obtained in 30% yield using the 
general method; lit. (20) m.p. 205-206". 

Anal. Calcd. for CgH6N20, (niol. wt. 206): C, 52.42; 
H, 2.91. Found (206 (mass spectroscopy)): C, 52.42; H, 
3.32. 

l-Hydroxy-3-t~itro-2(lH)-q~rit~olot~e (24 ,  n1.p. 214-21 6" 
(from ethanol), l-l~yclr.oxy-5-t~itro-2(1H)-q~ii,rolot~e (Zf), 
m.p. 220-223" (from ethanol), and I-lryclroxy-6-nitro- 
2(lH)-quit~olotle (2g), 11i.p. 285-286" (from ethanol) were 
obtained in yields of 62, 23, and 47% respectively using 
the general method for the preparation of hydroxamic 
acids. 

Anal. Calcd. for C9H6N2O4: C, 52.42; H, 2.91; N, 
13.59. Found (24 :  C, 52.54; H, 3.31 ; N, 13.45. Found 
(2f): C, 52.29; H, 3.04; N, 13.43. Found (25): C, 52.42; 
H, 2.74; N, 13.42. 

l-Hyclroxy-3,6-di11iet/~yI-2(1H)-qui,tie (2k), m.p. 
172-174" (from ethanol), l-l~yclroxy-3,7-di11~etl~yl-2(1H)- 
qliit~olot~e (24, n1.p. 169-170" (from ethanol), and 
l-/1yc/ro~y-6,7-cli1iiel1yl-2(lI)-qii11olo1e (21n), n1.p. 228- 
230" (from benzene) were prepared in 46, 46, and 49% 
yields respectively using the above general method for 
hydroxamic acids. 

Anal. Calcd. for CIIH,,NO,: C, 69.84; H, 5.82; N, 
7.41. Found (21~): C, 69.64; H, 5.77; N, 7.06. Found (21): 
C, 69.45; H, 5.50; N, 7.24. Found (2111): C, 69.65; H,  
6.01 ; N, 7.54. 

Atltibacterinl Testit~g 
Six-hour cultures of S. aroeus (strain F.D.A. 209 

(A.T.C.C. 6538)) and E. coli (strain 402, Department of 
Microbiology, University of Alberta, Edmonton, Alberta) 
were separately diluted with nutrient broth using the 
method described by Kavanagh (22) to give two inocu- 
lated broths each containing 500-2000 bacteria per nil. 

The general method of testing entailed the addition of 
serial dilutions of solutions of each N-oxide or hydrox- 
amic acid (4 mg) in ethanol (0.5 ml) to tubes of nutrient 
broth (0.5 ml) followed by the addition of the inoculated 
broth (0.5 ml) to each serial tubc. The tubes were then 
incubated at 37" and observed for growth at 16-18, 24, 
and 42 h intervals. Appropriate controls were performed 
also. Reproducible results were obtained. 

Solution of conipounds 2j,  3 ,  and 4 at pH 7 were pre- 
pared by dissolving the hydroxaniiic acid (10 mg) in 
excess 0.01 N sodium hydroxide solution and back- 
titrating with 0.01 N hydrochloric acid to p H  7. The 
solutions were diluted to 10 1111 with water, then serial 
dilutions were made. 
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Surface studies by attenuated total reflection ~pectroscopy.~ I. Corona treatment 
of polypropylene 

D. J. CARLSSON AND D. M. WILES 
Division of Clzemistry, National Research Colnzcil of Canada, Ottawa, Canada 

Received February 20, 1970 

The chemical changes produced by brief corona treatments of polypropylene films have been studied 
by attenuated total reflection (a.t.r.) infrared spectroscopy. Surface layers of different thicknesses were 
investigated by varying the reflection conditions. Changes in the surface spectra were quantitatively 
compared by the use of an internal correction method which compensated for irreproducible experi- 
mental conditions. Corona treatment in a nitrogen atmosphere produced thin surface layers (less than 
500 A) of C-C unsaturation. Nitrogen derivatives were not detected in the surface. Corona treatment 
in oxygen caused surface changes which depended markedly on the corona conditions owing to the 
generation of ozone in the discharge zone. At low ozone concentrations, both unsaturation and oxidation 
were found in surface layers of under 500A thickness. At higher ozone concentrations, extensive 
oxidation occurred at  appreciable depths into the polymer (several microns). An oxygen corona appears 
to result in essentially the same surface changes as does a nitrogen corona treatment, followed by 
exposure to ozone. 
Canadian Journal of Chemistry, 48, 2391 (1970) 

Introduction 
The application of a high electric field to a gas 

can result in the partial ionization of the gas to 
give a plasma. Plasma treatment of polymers in 
general, and polyolefins in particular, offers a 
relatively cheap and effective method for the 
modification of the surface properties of films or 
fibers. For example, the printability of poly- 
ethylene film can be vastly improved by a brief 
air corona discharge treatment (i.e. exposure to 
a plasma at or near atmospheric pressure) (1). 
Some glow discharge treatments (i.e. plasma at 
about 2.0-0.2 Torr) improve the adhesive bond- 
ing properties of polyethylene surfaces (2, 3). The 
nature of the chemical and physical changes which 
occur during various types of plasma treatment 
of polyolefins has not yet been fully established, 
although the changes are reported to be confined 
to the surface layer of the substrates (2, 4). Be- 
cause of this, many of the changes produced by 
plasmas are only detectable by conventional an- 
alytical techniques after extensive treatment. Sur- 
face changes in general can, however, be readily 
studied by an infrared (i.r.) technique known as 
attenuated total reflection (a.t.r.) spectroscopy. 
In the a.t.r. method, an i.r. beam is focussed into 
a suitable reflection element so that the beam 
undergoes total internal reflection at an interface 
between a substrate of relatively low refractive 
index, and the reflection element. If the surface 
of this substrate can absorb certain i.r. fre- 

'NRCC No. 11 335. 

quencies, the reflected beam is found to be ac- 
cordingly attenuated. The reflected beam usually 
interacts strongly with a surface layer of the sub- 
strate which can vary from 0.1 to 4.0 p (5). 
Attenuated total reflection spectroscopy has been 
employed to show qualitatively that surface 
changes have occurred during glow discharge 
treatment of polymers (2,6). The quantitative use 
of a.t.r., however, has been limited by difficulties 
involved in the comparison of spectra recorded 
under various reflection conditions. In particular, 
it would be extremely useful to compare quan- 
titatively the series of i.r. spectra which corre- 
spond to surface layers of increasing thickness 
for a given substrate. In this paper we describe a 
normalization procedure which allows a mean- 
ingful comparison of a.t.r. spectra. We have 
used a.t.r. spectroscopy to study the nature and 
location of the chemical changes which are pro- 
duced by the corona discharge treatment of 
polypropylene in various atmospheres. 

Experimental 
Materials 

A 22 p extruded film of predominantly isotactic poly- 
propylene (Eastman) was used throughout. Prior to use, 
the film was Soxhlet extracted with acetone to remove 
additives and surface contaminants and then vacuum 
dried. Nitrogen (Linde 99.996%) and oxygen (Linde 
99.5 %) were used without further purification. 

Corona Treatnie~zt 
The demountable corona cell consisted of two con- 

centric Pyrex tubes, separated by a 0.5 cm air gap. A 
cylindrical lead electrode was wrapped around the outer 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48. 1970 

WAVELENGTH ( y )  
2.5 3 4 5 

I I 
100 

- 
4 IN. O Z  

8 IN. O Z  - 

16 IN. O Z  
o r  1 3 2  IN. O Z  I 

2000 

WAVENUMBER (cm - '  ) 
FIG. 1. Effect of film-reflection element contact on polypropylene a.t.r. spectra. Spectra recorded on KRS-5 at 45". 

Values refer to torque wrench settings. 

tube (i.d. 2.4 cm) and connected to ground. An  aluminum 
rod fitted precisely inside the inner tube, and was con- 
nected to a small high frequency generator (Fisher 
Scientific Instruments, 120 V, 60 Hz, 0.28 A). The gen- 
erator produces a potential of about 25 kV at a dominant 
frequency of 0.5 MHz, although overtones of this fre- 
quency are also present. The gap between the Pyrex tubes 
could be evacuated, or swept out by a gas. Polymer films 
(5 x 6 cm) were positioned centrally in the discharge 
zone, which extended over about 8 cm length. The films 
were attached to  the inside wall of the outer tube by 
small pieces of adhesive tape, and the cells evacuated at 

Torr for about 60 min before the required atmos- 
phere was admitted. Gas was flowed through the cell at 
about 50 111l/min for 20 min, and then the flow rate was 
adjusted to the level required for the corona treatment. 
Immediately after the treatment, the cell was evacuated 
for at least 30 min before the sample was removed. 
Nitrogen coronas were accompanied by a uniform blue 
glow in the discharge zone, whereas the O2 coronas did 
not emit visible light. Owing to decreases in the power 
output of the high frequency generator after prolonged 
use, comparison of data determined in different series of 
experiments was not possible. The reported quantitative 
experimental results are all comparable unless otherwise 
specified. Polypropylene film samples were also exposed 
to  the gaseous emuent from corona discharges in a 
chamber attached to  the corona cell. The volume 
separating these samples from the discharge zone was 
15 nil. 

Dlfrared Spectra 
Infrared spectra were recorded on a Beckman IR-8 

grating spectrometer coupled to a scale expansion unit 
and slave recorder. Surface spectra were recorded with the 

aid of a Wilks #9 a.t.r. attachment. Germanium or KRS-5 
(TIBr-TI1 mixed crystal) reflection elements (2 x 20 x 
52.5 mm, 45" facets) were used at nominal angles of in- 
cidence of 30 or 45" (Ge) and 45 or 60" (KRS-5). Film 
samples were held against both faces of each reflection 
element with a Wilks MIR-29 sample holder. In  order to 
improve the quality of the reflection spectra, the thumb 
screw provided with the MIR-29 was replaced with four 
4-40 cap screws, as in the Wilks MIR-2 sarnple holder. The 
MIR-29 holder is more suitable than the MIR-2 holder for 
variable angle work, since the reflection element is always 
accurately located relative to the incident beam. Before 
use, each element was washed in benzene and acetone and 
vacuum dried. The a.t.r. spectra of each reflection element 
alone were freq~~ently checked to guard against surface 
contamination with i.r.-absorbing impurities. T o  record 
an a.t.r. spectrum of a film, the film was cut into two 
pieces so as to cover most of each side of the reflection 
element. Each piece of film was backed by a resilient 
rubber pad (-1 nlm thick) which was slightly smaller 
than the film sample. The steel pressure plates were 
assembled by sequentially tightening the four cap screws, 
by means of a small torque wrench, to  the predetermined 
load. The rubber pads distributed the load provided by 
the pressure plates, and greatly improved the band 
intensity for a fixed torque setting (Fig. I), especially for 
samples with slight surface irregularities. For quanti- 
tative work, reflection elements were selected which had 
transmissions in the range 3 5 4 0 %  (Ge) and 60-45% 
(KRS-5) at 2000 cm-' on the IR8 spectrometer. All a.t.r. 
spectra were recorded with a scan speed of - 90 cm-' 
min-'; automatic slit control was used throughout. 

The optical density (O.D.) values for corona-generated 
peaks were estimated from smooth base lines (curve A)  as 
shown in Fig. 2. Each increase in normalized O.D. 
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CARLSSON AND WILES: SURFACE STUDIES. I 

FIG. 2. Effect of corona treatment on polypropylene surfaces. A,  artificial base line; B, spectrum due to untreated 
film and reflection element; C, surface exposed to 40 s 0, corona, 20 ml/min 0 , ;  D, surface exposed for 120 s to the 
effluent from an 0, corona, 20 ml/min 0 , ;  E, surface exposed to 100 s N2 corona, 20 ml/min N2. Attenuated total 
reflection spectra determined on KRS-5,45"; each curve is an average of 3 or more scans. O.D.,,,, - 1.6 in each case. 

(A0.D./0.D.2,40) due to corona treatment was cal- 
culated from the difference in normalized O.D. values 
between the treated sample and an untreated control 
sample (curve B). The control sample was always cut 
from an area adjacent to the film for corona treatment, 
and the two films marked so that the corresponding sides 
here always examined. Transmission spectra were re- 
corded on double thicknesses of polynler film. 

Results 
Eflect of Contact on a.t.r. Absorptions 

Since the penetration of a reflected i.r. beam is 
quite low (roughly 0.14.0 p, depending on wave- 
length) excellent contact between the sample and 
the face of the reflection element is required. This 
is shown in Fig. 1, which illustrates the variation 
in the intensity of the C-H absorptions in poly- 
propylene with the torque used to tighten the 
sample holder screws. For practical purposes, 
loads of 24 in. oz. (KRS-5) and 40 in. oz. (Ge) 
were adopted. These values were chosen as the 
best compromise between the maximum attain- 
able absorption and a reasonable working life 
for the reflection elements. Only slight frequency 
differences were observed between a given a.t.r. 
peak and the same peak recorded in the trans- 

mission mode. These differences were most 
noticeable on the KRS-5 element at 45", when 
the a.t.r. frequencies were lower than the trans- 
mission values by less than 2 cm-' for weak 
bands and about 5 cm-' for intense bands 
(O.D. > 0.7). Consequently, the well-character- 
ized transmission band assignments can easily 
be used to interpret a.t.r. spectra. The a.t.r. 
spectra of corona treated polypropylene films 
were usually recorded with the four reflection 
conditions listed in Table 1. The true angles of 
incidence listed in Table 1 were derived from the 
nominal values (30,45, and 60") by correcting for 
refraction at the 45" facets of the reflection 
elements. 

Provided the absorbance is small, the absorb- 
ance (O.D.,) which results from a single internal 
reflection of the i.r. beam from a uniformly 
absorbing substrate is given by (5) 

where E is the molar extinction coefficient of the 
absorber, concentration [C], Eo is the electric 
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TABLE 1 

Attenuated total reflection conditions and calculated effective thicknesses 

Infinite substrate5 Thin surface film7 
Reflection 
element 

0-i 
nS1* (degrees) NS d c ~ l h o  dClllho dcl1d de111d 

Ge 0.375 45 25 0.041 0.082 2.71 5.43 
Ge 0.375 41 29 0.049 0.100 2.90 5.96 
KRS-5 0.625 51 20 0.185 0.337 11.2 20.4 
KRS-5 0.625 45 25 0.292 0.583 12.6 25.1 

*Ratio of the refractive indices of polypropylene (medium 3, n, = 1.50) and the reflection element (medium 1). 
tTrue angle of incidence, corrected for refraction at  the 45" face. 
$Number of reflections from the full length of the element. 
$Calculated from expressions [3al and [3b]. 
BCalculated from expressions [4a] and [4b]. 

field amplitude at the interface, z the depth of 
penetration into the sample, and y is an experi- 
mental constant. Equation [ l ]  is usually ex- 
pressed in the form 

[2 1 O.D., = ~ [ C l d ,  

where cl, is known as the effective thickness. The 
effective thickness has been defined as the thick- 
ness of a film of the same material which would be 

depend on the polarization of the incident i.r. 
beam (polarization parallel, I I, or perpendicular, 
I, to the plane of incidence), the incident wave- 

length in vacuum (lo), the refractive index (n,) 
of the reflection element, and the angle of in- 
cidence 8. Harrick and du PrC (5) have published 
the following expressions for reflection from a 
uniformly absorbing, infinite substrate of refrac- 
tive index n, 

required to give the same absorption for trans- n,, cos 8 
mission at normal incidence (5). The de values L3'l de'lhO = nn1(l - n31?)(sin' 8 - n,,')+ 

dell  - - -  n3, cos 8(2 sin2 8 - n,,') 
ho nnl(l - n312)[(l + n312) sin2 8 - n312](sin2 8 - n,,')+ 

For the special case of a very thin absorbing 
surface layer (thickness d, refractive index n,) on 
an infinite substrate (5) 

C4bI n e 1 1 1 d  

- - 4n2, cos 8[(1 + n324) sin2 8 - n3,'] 
(1 - n,,')[(l + n3,') sin2 8 - n3,'] 

Various de values calculated from expressions [3] 
and [4] are shown in Table 1. In the calculation 
of the d,/d values, n2 and n, were taken to be 
equal. The d, values increase with increasing 
depth of penetration (5) of the reflected beam. 
The beam penetration decreases in the sequence 
KRS-5 45" > KRS-5 60" > Ge 30" > Ge 45". 
The polypropylene films can be regarded as being 
infinitely thick (at least up to h, = 10 p) for all 
reflection conditions. 

For a given reflection element and substrate, 
the experimentally observed intensity of an a.t.r. 
absorption band depends on the sample area, the 
degree of contact of the sample with the element, 

the number of reflections from the interface, and 
the effective thickness. Consequently, it is difficult 
to make an absolute quantitative comparison of 
the a.t.r. intensities of a given i.r. absorption 
(band X), either for differently treated films, or 
for the same film under different reflection con- 
ditions. This problem can be overcome by using 
a polypropylene band as an internal standard. 
Ideally this band should not be affected by 
changes in long- and short-range order, or by 
extensive reaction. The polypropylene C-H 
stretching band at 2840 cm-' (recorded during 
the same scan as band X) fulfilled these require- 
ments. The normalized ratio of 0.D.,/0.D.2840 
is a convenient experimental parameter for com- 
paring band absorbances. In most cases, the 2840 
cm-' polypropylene band was used directly for 
normalization. At high depths of penetration 
(KRS-5 at 45") and in transmission spectra, the 
2840 cm-' band became too intense for accurate 
measurement (cf. Fig. 1). Under these conditions, 
the 2720cm-' band (possibly a C-H absorption) 
was used as a secondary standard and related to 
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CARLSSON AND WILES: SURFACE STUDIES. I 2401 

the 2840 cm-' normalization though the experi- 
mental ratio of 0.D.,,,o/0.D.27,0 = 10 + 1 for 
the same film penetration. The validity of a 
normalization procedure can be illustrated by 
determining the normalized O.D. of the 1717 

cm-' '-0 absorption of a solution of 2,6- 
/ 

dimethyl-4-heptanone in is'ooctane (0.20 M) for 
the four reflection conditions listed in Table 1. 
The 2860 cm- ' band of isooctane was used as the 
reference absorption. The O.D.,, ,7/0.D.,,,o 
values were found to be constant to + 8% despite 
the roughly 7-fold variation in de,. On the basis of 
a comparison of the theoretical O.D. values of 
several ' bands (calculated from d,,, d C ,  and 
the beam polarization) and the observed O.D. 
values, the contact between film samples and the 
reflection elements was estimated to be about 75% 
of the theoretical contact area (the total sample 
area). 

Surface Changes During Corona Treatment 
Polypropylene films were subjected to corona 

treatment in either oxygen or nitrogen at various 
flow rates for various periods of time. Corona 
treated surfaces were examined by transmission 
and a.t.r. spectroscopy. Attenuation total reflec- 
tion spectra were recorded under the conditions 
listed in Table 1. Some changes in the a.t.r. 
spectra of corona treated surfaces are shown in 
Fig. 2. These spectra were recorded-on the KRS-5 
element at 45". Other reflection conditions 
showed similar absorptions, although the band 
shapes were less well resolved due to the smaller 
absolute optical densities recorded for the lower 
depths of penetration. The corona-induced 
changes in the surfaces of polypropylene films 
(up to 150 s exposure) were not affected by 
physical processes such as evacuation or acetone 
extraction. Prolonged corona treatment, how- 
ever, in both 0, and N,, produced surface oils 
and caused a decrease in the film thickness. A 
marked difference was always detected between 
the film surface which faced the air gap in the 
corona cell, and the surface which had been in 
contact with the Pyrex dielectric. For all types of 
corona, the latter surface showed only relatively 
slight changes in its a.t.r. spectrum, even on pro- 
longed treatment. A similar effect has been ob- 
served previously during the 0, corona treatment 
of polyethylene (4). All a.t.r. changes discussed 
in this paper refer to the surface facing the air gap. 

(i) Nitrogen Corona 
Changes in the i.r. spectra of polypropylene 

films after corona treatment in an N, atmosphere 
were only detected between 1750 and 1600 cm- '. 
All a.t.r. spectra of corona treated films showed 
the fairly broad band centered at about 1650 
cm-'  (Fig. 2). The absorption was extensively 
reduced after a few seconds exposure of the 
corona-treated film to ozone at room tem- 
perature, or after prolonged exposure (20 h or 
greater) to  bromine water, and was not affected 
by prolonged exposure to concentrated aqueous 

HCl. A strong 'C=O absorption (-- 1715 
/ 

cm-') was detec;able after 0, treatment. The 
corona treatment of polypropylene in argon also 
resulted in a similar absorption at about 1650 
cm-', which showed the same changes as the N, 
corona absorption under ozonolysis, bromina- 
tion, and acid hydrolysis conditions. The 1650 
cm-' band is probably attributable to various 
types of C-~C unsaturation (7), and not to the im- 

\ 
\ ine group( C-=N-).Thevarious polypropylene 
/ 

C-C uniaturation absorptions at about 900 
cm-' were difficult to determine due to overlap 
with the 900 and 974 cm-' polypropylene bands 
(8). Shoulders a t  about 910 and 890 cin-' indi- 
cated that some vinyl and vinylidene unsaturation 

\ was formed during corona treatment. A C-0 
/ - 

(- 1715 cm-') absorption was not normally 
detected in the N, corona treated film samples, 
which were stored under vacuum for 30 min after 
treatment. However, immediate exposure of a 
treated surface to air, or the presence of trace 
amounts of 0, in the cell during corona treat- 

\ ment, resulted in a small /C=O absorption as 
/ 

/ well as the dominant \C=C band. This may 
/ \ 

indicate the presenck of relatively long-lived 
macroradicals after corona treatment. Reaction 
of these radicals with air may contribute to some 
of the shoulders at - 1700 cm-' in curve E 
(Fig. 2). The observed normalized AO.D.,=, 
values for various corona conditions are listed in 
Table 2. The normalized AO.D.,,, values always 
decreased rapidly with increasing depth of pene- 
tration of the i.r. beam for the corona periods 
studied and appeared to be independent of the 
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TABLE 2 
Normalized a.t.r. data for polypropylene corona treated'at 23 "C* 

-- 

A O . D . C = C / O . D . ~ ~ ~ O ~  
Gas 

Corona flow KRS-5 Ge 
period rate 
6) (ml/min) 45" 60" 3 0" 45" Kd 

+ N 2  corona unless otherwise specified. Normalized transmission AO.D.=== < 0.0010 in all cases. 
tDepth o f  penetration increases in the sequence G e  45" < Ge 30" < KRS-5 60" < KRS-5 45". 
$02 corona. 

TABLE 3 
Normalized a.t.r. data for polypropylene, O2 corona treated at 23 "C 

- 

AO.D.c-oIO.D.284ot 
Gas 

Corona flow KRS-5 Ge 
period rate Tfans- 

6 )  (rnllmin) mission 45" 60" 30" 45" 

'Generator power output much less than normal in these treatments. 
+Depth o f  beam penetrntion increases in the sequence G e  45" c Gc 30" < KRS-5 60" < KRS-5 45'. 

N, flow rate during treatment. Corona treatment 
for periods greater than 200 s produced little 
further increase in the normalized AO.D.,=, 
values. This may indicate that surface ablation 
accompanies the chemical changes. Polypropyl- 
ene films exposed to the gaseous effluent from N, 
corona discharges of up to 5 min duration showed 
no detectable changes in their a.t.r. spectra. The 
N, flow rate was 70 ml/min. 

( i i )  Oxygen Corona 
A typical a.t.r. spectrum of a polypropylene 

film after corona treatment in an 0, atmosphere 
is shown in Fig. 2. All corona treated films showed 
broad increases in the a.t.r. spectrum at about 
1715 cm-' and some also showed a 1650 cm-I 
absorption. The former band is probably due to 
the presence of various types of carbonyl 
\ 
( 'c-0) substituents (7), , and the latter is / - 
again due to various forms of C-C unsatu- 
ration. A broad absorption at about 3400 cm-I 

which was probably attributable to -OH 
was detected, but only on prolonged corona 
treatment (of the order of minutes) at zero 0, 
flow rate. After about 40 s of corona treatment a 
broad absorption also developed from about 1450 
to 900 cm-l. This absorption may be caused by 
the generation of backbone branch points in the 

sample surface. The observed 'CS and 
/ 

/ 'C=C a.t.r. absorptions were found to show 
/ \ 
complic&ed dependence on the 0, flow rate and 

the corona period. Examples of normalized 
A0.D.  values recorded for these two absorptions 
under various corona conditions are shown in 
Tables 2 and 3. With zero gas flow through the 
cell, the normalized AO.D.,=, values were found 
to be independent of the depth of penetration of 
the i.r. beam for all lengths of corona treatment. 
This same effect was also observed for low flow 
rates (d 20 ml/min) at the longer corona periods 
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CARLSSON AND WILES: SURFACE STUDIES. I 

( 2  40 s). The small -OH absorption detected 
after prolonged corona treatment also appeared 
to be independent of the depth of penetration. 
Under all other corona conditions, the normal- 
ized AO.D.,=, absorbances decreased with in- 
creasing depth of penetration of the i.r. beam into 
the film sample. For relatively rapid 0, flow 
rates ( 3  20 ml/min) and short corona times 
(d 30 s), the normalized AO.D.,-, values de- 
creased with increasing depth of penetration of 
the i.r. beam. For longer corona periods, this 
ratio became negative and increased with depth 
of penetration (Table 2). 

Polypropylene films were also exposed to the 
gaseous effluent from 0, corona discharges. The 
a.t.r. spectra of these films usually showed a broad 

>c=O absorption centered at around 1715 
/ 
cm-', but no increase in the C=C absorption. 
The normalized AO.D.,=, values were roughly 
constant for the four reflection conditions, but the 
\ 
/ 

C=O band was not detectable in the trans- 

\ mission spectra of the samples. The ,C=O 

bands produced in the film samples exiosed to 
the 0, corona effluent were always much weaker 
(5-10 times) than the corresponding bands pro- 
duced in the surfaces of samples directly exposed 
to the corona, as shown in Fig. 1. 

Discussion 
A corona discharge contains a very low con- 

centration of highly energetic electrons, which 
move under the applied voltage, and on collision 
with the gas, produce excited species (9). Con- 
sequently in a corona discharge, the gas is par- 
tially ionized and may contain electrons, ions, 
atoms, free radicals, and reactive molecules. 
From the a.t.r. changes observed as a result of 
the corona treatment of polypropylene, it is 
possible to draw some conclusions regarding the 
nature of the active species present in the dis- 
charge, together with the mode of interaction of 
these species with the polymer surface. 

The a.t.r. changes observed during the N, 
corona treatment of polypropylene indicate that 
little nitrogen is incorporated into the surface. 
Absorptions a t  -- 3300 cm-' (-NH), - 2200 
cm-' .(-CEN), or ,- 1420 cm-' (-N=N-) 
were not detected, and the apparent resistance of 

the source of the 1650 cm-' band to acid hy- 
drolysis together with its ready ozonolysis and 
bromination precludes imine formation. The 
identification of C-C unsaturation as the major 
N, corona product is consistent with the observed 

\ / 
/ generation of 'C=C during the low pressure 

/ \ 
He plasma tieatment of polyethylene (2) and 
polypropylene (3). The reported absence of un- 
saturation after the low pressure N, plasma 
treatment of polypropylene (3) might possibly be 
due to the longer lifetime of reactive species at 
low pressure than that under our conditions. 
Since surface changes were not detected in 
polymer film samples exposed to the effluent from 
an N, corona for prolonged periods, long-lived 
gaseous reactive species (half-lives greater than 
about 2 s) are probably not produced during N, 
coronas. This is also indicated by the absence of 
an effect of N, flow rate on the surface spectra. 

The theoretical treatment of attenuated reflec- 
tion from a non-uniformly absorbing substrate is 
complex. However, attenuated reflection from a 
thin surface layer on an infinite substrate rep- 
resents a simplified limiting case in a.t.r. theory, 
since the electrical field amplitude can be assumed 
to be constant across this thin layer (thickness d) 
(5). The O.D.,-, value for a single reflection will 
then be given by substituting the values of (Ic, for 
the thin layer case, expression [4], in expression 
[2]. The O.D.,,,, value will, however, begiven 
by substituting the values of (Ic for an infinite 
substrate, expression [3], in expression [2]. The 
experimentally determined parameter, (the nor- 
malized A0.D.) is then given by 

[5] A0.D.,=,/0.D.,,,, = Kdn1(sin2 O - r ~ , , ~ ) *  

where K is a constant for a given film. 

where h,,,, is the incident wavelength in vacuum, 

\ / and [ C-C and [C-HI are, respectively, 
/ - \ I  

the concentrations of the unsaturation and the 
groups responsible for the 2840 cm- ' absorption. 
Expression [5] is independent of the polarization 
of the i.r. beam, but involves the assumption that 
the thin surface layer and the unreacted bulk of 
the substrate have similar refractive indices (n, = 
n,). If e,,, is assumed to be 20 M -  ' cm-' (7) 
and E,,,,[C-HI = 6.6 x 10, cm-' (calcu- 
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FIG. 3. Surface unsaturation produced during N2 
corona. Corona periods and N, flow rates were, respec- 
tively: 0, 15 s, 20 ml/min; A, 40 s, 0 ml/min; A,, 40 s, 
70 ml/min; 0, 100 s, 0 ml/min; 0, 100 s, 10 ml/m~n. 

lated from transmission spectra of films of known 
thickness), then K = 0.1 I [C=C] p- '. Normal- 
ized transmissio~l values approximate to the a.t.r. 
situation in which 8 is equal to the critical angle, 
and nl(sin2 8 - 12, ,')* is zero. 

The N, corona data listed in Table 2 fit ex- 
pression [5] quite closely. This is indicated by the 
linear plots through the origin of normalized 
A0.D. values against ~z,(sin2 8 - nZl2)* shown 
in Fig. 3. The slopes of these plots give the Kd 
values listed in Table 2. Unfortunately, the 
a.t.r. method does not allow the separation of 
the two parameters, the surface concentration 

\ / and the thickness of the reacted [,C=C\I 

\ layer d. if [ C-C/ is arbitrarily assumed to 
/ - \ I  

be constant at 1.0 M ,  d values for N, corona 
periods of 15, 40, and 100 s are calculated to  be 
about 40,900, and 1900 A, respectively. However, 
as the d values approach the smallest d, values 
for an infinite substrate (- 0.24 p for Ge a t  45") 
the linear plots shown in Fig. 3 can be expected 
to level off at high n,(sin2 8 - nZl2)* values. 
Since curvature is not apparent, even after a 
100 s N, corona (Fig. 3), d is probably less than 
600 A (certainly much less than 0.24 p) in all 
cases, and prolonged corona must produce high 
concentrations of unsaturation in an extremely 
thin surface layer. Curvature was detected for 
data obtained from some 0, corona treated films. 

Soxhlet extraction with p-xylene a t  138 OC 
under nitrogen showed that some gel was de- 

tectable after 100 s of N, corona treatment. If this 
gel is assumed to have a density of 1.0 g/ml and 
to be uniformly distributed over the treated 
surface, the thickness of the crosslinked layer 
was found to be about 400 A (60 mg film sample). 
Based on the assumption that crosslinking and 
unsaturation are found together in the treated 
film, the gel value coupled with the a.t.r. Kd 

\ value leads to a [ C-C/ of 5 M after a 100 s 
/ - \ I  

corona. Based on the gel content, the surface 
film thickness produced by glow discharge treat- 
ment of polyethylene in inert gases (Hz, He, and 
Ne) has been estimated to range from 300 A 
(1 s exposure) to 2000 A (100 s exposure) and to 
be independent of the nature of the gas (2). 

It may seem paradoxical that thin surface 
layers (possibly less than 100 A) can be studied 
in the presence of surface irregularities, such as 
occasional calendering marks, which may be as 
great as 1000 A in depth. The presence ofridges 
on the film surface will introduce the problem of 
frustrated attenuated total reflection (f.a.t.r.) due 
to  the presence of gaps of varying thickness 
between the film and the element (10). This effect 
is responsible for the variation in intensity shown 
in Fig. I .  However, from expression [l 1, although 
the observed O.D. is dependent on the field 
amplitude (E,') at the film surface, the normal- 
ized A0.D. value is independeilt of Eor and con- 
sequently is not influenced by variations in the 
degree of contact between the film and the re- 
flection element. This conclusion was confirmed 
experimentally for a three-fold variation in degree 
of contact. 

In some respects, 0, corona treatment of 
polypropylene appears to be similar to  the N, 
corona bombardment. The 0, treatment, how- 
ever, is complicated by the generation of ozone 
in the discharge. Ozone has been proposed to be 
mainly responsible for the oxidation products 
produced during the 0, corona treatment of 
polyethylene (4). Ozone is known to  combine 
rapidly with olefinic unsaturation to give ozon- 
ides, which at room temperature usually decom- 
pose rapidly to give carboxylic acids, aldehydes, 
ketones, and probably some peroxides (1 1). 
Some of these products have been detected after 
ozonolysis of polyethylene (12). For brief 0, 
corona periods (15 s or less) at moderate flow 
rates, unsaturation appears to be formed in an 
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CARLSSON AND WILES: SURFACE STUDIES. 2405 

extremely thin surface layer, and in roughly the 
same total quantity as found in similar N, 
corona treatments (Table 2). Under static con- 
ditions, and for prolonged treatment in flow 
systems, 0, reaction probably occurs with the 
surface unsaturation generated during the co- 
rona bombardment, and also with the unsatura- 
tion normally uniformly distributed across the 
polymer. This leads to a zero or negative change 
in unsaturation (Table 2). From Fig. 2 the 
main surface oxidation products appear to be - C(=O)OH (- 1710 cm-l) and possibly 
-CH,-C(=O)-CH,- (- 1717 cm-') (7). 
The presence of 0, in the discharge zone will 
also account for the oxidation of films placed in 
the effluent, since 0, has a considerable half-life 
at 23 "C (1 1). The very low extent of oxidation 
observed in films exposed to the 0, corona 
effluent as compared with the films placed 
directly in the discharge zone (Fig. 2) might 
indicate direct reaction in the discharge zone 
between short-lived activated oxygen species and 
the polymer surface or between radicals or ions 
generated in the polymer surface and 0, (1 3). 
However, when a film was first corona treated in 
N, for 40 s and then exposed to an 0, corona 

\ effluent for 40 s, the C=O absorption of the 
/ 

corona treated siirface was virtually identical 
(both in intensity and band contour) to the 
corresponding absorption of a film which had 
been 0, corona treated for 40 s. Consequently, 
with respect to the polymer surface changes, the 
primary effect of an 0, corona is equivalent to 
the effect of an N, corona bombardment followed 
by reactions with O,, and the observed oxidation 
is due to 0, attack. 

The a.t.r. data in Table 3 for treatment under 
static conditions are consistent with extensive O, 
diffusion into the polymer (at least to depths 
greater than 2 p), since the normalized AO.D.,=, 
is independent of the depth of penetration of the 
reflected i.r. beam. Oxidation had not proceeded 
throughout the sample, since the increase in the 
normalized transmission AO.D.,=, was usually 
very small. The dependence of the normalized 
AO.D.,=, values on n,(sin2 8 - I Z , , ~ ) *  is shown 
in Fig. 4 for samples exposed to 15 s corona 
treatments at various flow rates. As the flow rate 
is increased, the a.t.r. spectra indicate effects 
ranging from uniform oxidation (at least in a 

FIG. 4. Surface oxidation produced during 0, corona. 
Corona period 15 s, 0, flow rates: A, 0 ml/min; 0, 
20 ml/min; 0, 70 ml/min. 

surface layer of greater than - 2 p in thickness) 
at zero flow, to the thin layer case at 70 ml/min 
(linear increase in normalized AO.D.,=,). The 
plot for the intermediate flow rate (20 ml/min) 
appears to be curved, indicating oxidation close 
to the surface, but with some oxidation now 
extending into the sample (greater than - 0.2 p) 
due to limited O, diffiision into the sample. If the 

\ average [ C-0] is assumed to be 1 M, the 
/ - 

slope of the linear plot shown in Fig. 4 (Kd = 
0.0085) leads to a value of about 400 A for the 
average thickness of the corona induced layer. 
(The average E,=, is assumed to be - 400 M- '  
cm- ' (7).) 

The surface products generated by 0, and N, 
corona treatments of polypropylene must be ex- 
plained in terms of the radicals, excited molecules, 
ions, and electrons which are generated in 
plasmas. Atomic nitrogen and excited molecules 
(N,*) are probably present in N, plasma (13), 
and oxygen plasma contains both atomic and 
singlet oxygen ('2, and 'Ag) (cf. ref. 3). However, 
the surface products from the N, corona dis- 
charge treatment contained no detectable N- 
products, and all of the surface oxidation which 
resulted from 0, corona treatment was attribu- 
table to secondary reactions with 0, .  In addition, 
both treatments appeared to lead to the same 
primary product, C-C unsaturation. This prob- 
ably means that at atmospheric pressure, the 
maximum concentrations of species such as N -, 
O. ,  N,;', and 0,:': are too low to result in 
detectable chemical attack on the polymer. The 
effects of inert-gas glow discharges on polymers 
have been discussed in terms of energy transfer 
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f rom excited gas  molecules t o  t h e  polymer sur- 
face (2). This  transfer was proposed to generate 
H a toms  which diffused into the  polymer a n d  
caused the observed penetration of  the  glow dis- 
charge effect (up  t o  lo4  A). Alternatively, H .  
product ion has  been attributed to trace a m o u n t s  
of  H,O i n  the glow discharge zone  (14). However, 
extensive diffusion of  any  0, corona-generated 
He into polypropylene would seem unlikely in  
the  presence of 0,. Traces of  moisture may  result 
in  H,O ions being a major  ionic product  f rom 0, 
a n d  N, corona  discharges (15). T h e  penetration 
of  ions into solids is very low (7 x g/cm2 for  
1 M e V =  particles) (l6), a n d  is probably much  less 
than  10 A for  ions f rom a corona  discharge. I t  has  
been suggested that  electron bombardment  was 
responsible fo r  a i r  corona  effects observed on 
polyethylene surfaces (17). T h e  observed primary 
corona  products  f rom polypropylene (unsatura- 
tion a n d  gel) a r e  similar t o  the  products  produced 
by electron bombardment  of  t h e  polymer (8). 
However, Hougen  has pointed o u t  that  only 4% 
of the electrons in  a corona  a t  760 T o r r  can  have 
energies 3 11 eV (18), a n d  can thus  have poly- 
propylene penetrations 3 10 A (16). Neverthe- 
less, i t  may  be  possible tha t  a small bu t  significant 
fraction of  the  generated electrons d o  have 
energies of  - l o 3  eV with sufficiently large pene- 
trations (- 400 A )  (16) t o  produce the observed 
0, and  N, corona surface products. Obviously 
a n  extensive study of  the  reactive species a n d  

electron energy distribution is required to evalu- 
a te  the  possible reaction mechanisms which c a n  
occur  in  a solid subjected t o  corona  discharge. 
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Effet des anions sur la vitesse d'oxydation de la cyclohexanedione-1'2 par 
l'ion thallique 

The effect of acetate, chloride, bromide, nitrate, and sulfate anions on thallic ion oxidation of 
1,2-cyclohexanedione has been studied. Reactivities of the different complexes Tl(111)-anions have been 
determined. Generally introduction of a ligand in the internal coordination sphere of thallic ion produces 
an increase in the rate constant. 

L'influence des ions acttate, chlorure, bromure, nitrate, et sulfate sur la vitesse d'oxydation de la 
cyclohexanedione-1,2 par l'ion thallique a BtC CtudiCe. La rtactivit.6 des differents complexes de l'ion 
thallique avec les anions a CtC determinee. En general l'introduction d'un ligand dans la sphere de 
coordination de l'ion thallique entraine un accroissement de la constante de vitesse. 

Canadian Journal of Chemistry, 48, 2407(1970) 

Introduction 

La cyclohexanedione-1,2 a CtC ox'ydte en 
hydroxy-3, cyclohexanedione-1,2 par l'ion thal- 
lique. Dans ce travail prtctdent (I) nous avons 
effectuC l'ttude cinttique de la rtaction et mis en 
tvidence les esp2ces rCactionnelles en milieu 
perchlorique. Dans l'ttude prtsente nous avons 
analyst les effets des anions sur la cinttique de 
I'oxydation et ttudit l'influence des anions, 
acttate, chlorure, bromure, sulfate, et nitrate. 

Nous avons penst qu'il serait inttressant de 
comparer nos rtsultats d'une part aux travaux 
sur l'oxydation des oltfines par I'ion TI(II1) en 
divers milieux (2-5) et d'autre part B l'oxydation 
de l'tthyl2ne par les sels de palladium (6-9). 

Les constantes de stabilitt des complexes 
Tl(II1)-anions ont t t t  dttermintes par diverses 
mCthodes: calorimttrique, potentiomttrique, 
spectrophotomttrique (10-14). 

Les methodes expCrimentales ont CtC dhcrites aupara- 
vant (1). 

Les divers anions ont it6 ajoutCs sous forrne de sels 
de purete analytique. Les tanipons acetiques ont CtC 
prCparCs par neutralisation partielle d'acide acktique au 
moyen d'une solution d'hydroxyde de sodium dosCe au 
prialable. 

La force ionique a C t C  rnaintenue constante par une 
solution de perchlorate de sodium obtenue par neutralisa- 
tion d'une solution d'acide perchlorique par I'hydroxyde 
de sodium ; ceci Ctait rendu nCcessaire parce que, comme 
nous l'avons vu auparavant (I), certains sels obtenus 
commercialement contiennent des traces suffisantes 
d'ions chlorure pour alterer d'une rnaniere notable la 
vitesse de la rhaction. 

L'oxydation de la cyclohexanedione-l,2 par 
l'ion thallique obtit B une Cquation de vitesse 
d'ordre deux (tq. [I I), oh [El est la concentration 

de la forme Cnolique de la cyclohexanedione-l,2 
et le terme kc,, [TI(III)] comprend la contribu- 
tion B la vitesse des complexes en solution du 
Tl(II1) avec les ligands. 11 est evident que dans 
ces conditions Cq. [ I ]  est valable pour autant que 
les rapports de concentration des diffkrentes 
espkces rtactives restent constants; pour cela 
on a travaillt en vitesse initiale (Br-, C1-) ou 
bien on a maintenu un exces de ligand en solution 
(CH,COO-, NO3-). 

La stabilitt des complexes de l'ion thallique 
avec les anions ttudits a t t t  rapportte dans la 
litttrature (10-14). 11s se forment d'apr2s 1'Cqua- 
tion globale [2]. Le tableau 1 rtsume les difft- 
rentes valeurs des prnn obtenues ainsi que les 
p'mn reprtsentant les meilleures valeurs de ces 
constantes en vue de l'interprttation de nos 
rtsultats, valeurs qui sont trks voisines de celles 
estimtes en tenant compte de l'influence de la 
force ionique. 

Pmn 
[2] TI3+ + nXP- + mH,0~--' 

[TIXn(OH),]3 -""-"I + nzH+ 

Influence de l'ion actfate 
L'ttude cinttique de l'influence de l'ion acttate 

a t t t  effectute dans une gamme trks large de 
concentrations en acttate; dans ces conditions 
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TABLEAU 1 

Composition et constantes de stabilite 
des complexes thallium(II1)-anions* 

Ion complexe log p r r ~ r z  

TIOH2+ -1.18 
T10Ac2 + 6.17 

log b'mrt References 

10 
11 
11 
I I 
I1 
11  
12,13 
12,13 
12,13 
12, 13 
12, 13 
12,13 
12,13 
12,13 
14 
14 
14 
11 
11 

'HOAc F? H +  + OAc-; log K,, = -4.53 (5); HS0,- + H +  + 
SOL1-, log K, = -0.92 (14). 

1'Cventuelle formation d'acttate d'Cnol peut &tre 
CcartCe. 

Les conditions expirimentales sont donntes 
dans les trois premieres colonnes du tableau 2 oG 
[OAc], est la concentration totale en acttate, 
[H+]  la concentration en ion H +  B l'iquilibre, 
et [OAc-] la concentration en ion acCtate B 
1'Cquilibre que nous avons faite varier de trois 
f a ~ o n s  diffkrentes: (i) de 1.0 x ii 3 x 

M par addition de quantitts croissantes 
d'acide acttique B une solution 0.5 M en acide 
perchlorique; (ii) de 5.9 x lop5  B 3.2 x lop4 M 
par diminution de la concentration d'acide 
perchlorique ajoutCe B une solution 0.5 M en 
acide acttique. (Dans les deux cas ci-dessus 
(i et ii) la concentration en acCtate B 1'Cquilibre 
a t t t  calculte B partir de la coilstante d'aciditk.) 
(iii) de 2.0 x i 6.0 x lop2  M en utilisant 
divers tampons. 

L'utilisation des valeurs des P'inn du tableau 1 
nous a permis de calculer k l'aide d'un ordinateur 
les concentrations des divers complexes B 1'Cqui- 
libre' (voir tableau 2). Dans nos conditions 
expkrimentales Cq. [ l ]  est vtrifiCe dans toute la 

gamme de concentration d'ion acCtate CtudiCe, 
.en effet la concentration totale en ligand est 
toujours en grand excis par rapport au Tl(II1) 
(sauf pour les premiires expCriences mais, meme 
dans ces cas, la concentration en acetate peut 
etre considCree comme constante compte tenu de 
la faible quailtiti d'acitate engagte dans les 
complexes). 

A faible concentration en acCtate nous ob- 
tenons une augmentation de la vitesse ce qui 
implique nicessairement une rCactivitC de l'espice 
TI(OAC)~+ supCrieure B l'espice T13+. Ntan- 
moins l'ensemble des rCsultats nous impose de 
tenir compte de la contribution de certaines autres 
espices B la vitesse. Nous avons interprCtC nos 
rCsultats B l'aide de Cq. [3]. 

A des faibles concentrations en ion acCtate le 
seul complexe en concentration apprCciable est 
T10Ac2+; sa constante de vitesse peut &tre 
calculCe B partir de 1'Cquation [3] en soustrayant 
de la vitesse expirimentale la contribution due 
aux especes TI3+ et Tl(OH)'+, k,, et k,,,, 
ayant CtC dCterminCes auparavant (1). 

Par des itCratioiis successives on a dCterminC 
les autres constantes de vitesse de Cq. [3]; les 

.I valeurs de ces constantes sont donntes dans le 
tableau 3. 

Dans nos conditions il y a des espices comme 
Tl(OAc)OH+ dont nous ne pouvons dCterminer 
la rtactivitt; sa concentration reste faible dans 
toute la gamme Ct~ldiCe et sa contribution B la 
vitesse ne peut dCpasser en aucun cas 5 %. Dans 
la zone de fortes concentrations en acCtate la 
rtactivitt est non ntgligeable; 1'Ctude dans des 
mtlanges tampon acide acCtique - acCtate de 
p H  differents nous a port6 B attribuer la riactivitt 
B l'espece Tl(OAc),OH. 

Dans la fig. 1 nous avons port6 la contribution 
B la vitesse totale de chaque espice de Cq. [3], 
contribution calculCe avec les parametres du 
tableau 3 et les concentrations des espeses du 

'On donne h I'entrCe Ics concentrations totales des 
reactifs et la constante d'equilibre de chaque reaction et 2. 
on ca l c~~ le  la concentration libre des esoeces en utilisant La somme de ces contributions nous donne la - - -  - ~ ~ -~ 

le programme ~ o t a g  2 (15) que le Professe~lr A. L. vitesse totale calculCe, courbe a. On constate un 
Beauchamp du DCpartement de Chirnie (Universite de 
MontrCal) a bien voulu mettre A notre disposition dans bo" accord entre la courbe thtorique et 1'2s points 
une version adaptee i nos systernes. expkrimentaux. 
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TABLEAU 2 

Distributions des complexes TI(IT1)-OAc* 7 

[OAcI, tH+l  [OAC-] [TI3+] [TIOHZ+] [TIOAcZ+l [TI(OAc),+ I [TI(OAC)~I [TI(OAc),- I tTl(0Ac)~OHl Vcx,/tEl Vca~=./IE1 
x 1O2M x 1OZM x 1 0 5 M  x 105 M x lo5 M x 105 M x lo5 M x 105 M x 105 M x 105 M x lo3 S-' x lo3 S-' 2 

0.00 50.0 0.00 21.3 3.70 - - - - - 5.41 6.33 
0.025 49.9 0.0014 21.1 3.59 0.123 5.78 6.35 
0.10 49.9 0.0058 20.7 3.54 0.485 9.25 7.57 ?P 
0.30 49.9 0.017 19.8 3.38 1.39 10.04 10.28 0 
0.50 49.9 0.029 19.0 3.24 2.22 0.10 12.81 12.81 x 
0.75 49.9 0.044 18.0 3.07 3.16 0.22 15.83 15.67 8 

*T = 25 "C; [El = 1.0 x M ;  [TI(III)] = 2.5 x M; force ionique p = 0.5. 
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TABLEAU 3 

Constantes de vitesse en milieu acktate* 
- 

~ T I O A C  k ~ I ( ~ A c ) 2  ~ T I C O A C ) ~  ~ T I ( O A ~ ) ~ O ~ ~  

mole-' 1 s-I mole-' I s-' mole-' I s-I mole-' 1 s-' 

*[El = 1.0 x lo-' M ;  [TI'+] = 2.5 x 10-4 M; force ionique = 0.5; 1' = 25 O C ;  
kTl = 0.12 x 102 mole-' I s - 1 ;  k ~ , , , ,  = 0.93 X 10' mole-' 1 s-'. 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

7.0 5.0 3.0 

- 1  o g  [OACJ 

FIG. 1. Influence de I'ion acktate: courbes calcultes et points expkrinlentaux; T = 25 "C; [TI(IIl)] = 2.5 x 
M ;  [Enol] = 1.0 x M ;  force ionique p = 0.5; [H+] = 0.5 M. Courbe a vitesse totale; contributions 

i la vitesse: TI3+, courbe b ;  TIOHZ+, courbe c ;  TIOAcZ+, courbe d; TI(OAC)~+, courbe e ;  TI(OAc),, courbe f; 
TI(OAC)~OH, courbe g. 

En examinant la fig. 1 on constate que dans 
une gamme assez grande de concentration en 
acitate 11esp2ce TI(OAC)~+ a une contribution 
pr~~onderan te ,  courbe d, ce qui nous permet de 
dCterminer sa constante de vitesse sans ambiguiti. 
Etant donnC que dans la gamme oh la contribu- 
tion de Tl(OAc),+, courbe e ,  serait la plus 
importante, celle de TI(OAC)~+ est loin d'&tre 
ntgligeable, la valeur de k,,(,,,,l obtenue est 
entachke d'erreur plus importante. Cet effet est 
encore plus important dans le cas de Tl(OAc),, 
courbef. La courbe g reprisente la contribution 
B la vitesse de TI(OAc),OH obtenue dans des 
melanges tampon de p H  diffirents; dans ces 
conditions on a pu icarter l'intervention de toutes 

les autres especes et l'incertitude sur la constante 
de vitesse est moins grande. L'incertitude sur les 
valeurs des constantes de stabiliti P ne nous 
permet pas une ditermination de l'erreur relative 
aux constantes de vitesse; dans ces conditions 
nous n'avons pas tenti de determiner les para- 
metres d'activation. 

Influence des ions chlorure et bromure 
L'ion thallique forme des complexes du type 

TlX;-" avec X = Br- ou C1-. Nous avons 
effectui d'une manikre trks approfondie 1'Ctude 
de l'influence de ces ions; les risultats sont 
groupis dans les figs. 2 et 3. 

(i) Dans le domaine de concentration en X- 
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FAVIER ET ZADOR: OXYDATION PAR L'ION THALLIQUE 

FIG. 2. Influence de I'ian chlorure: courbe calculde et points expdrimentaux; T = 25 "C; [TI(III)] = 2.5 x 
M ;  [Enol] = 1.0 x M ;  force ionique p = 1.0; [H+]  = 0.5 M. 

0.0 

0.0 2.0 

1 04x 1~r-l M 

FIG. 3. Influence de I'ion bromure: courbe calculde 
et points experimentaux; T = 25 "C; [TI(III)] = 
2.5 x M ;  [Enol] = 1.0 x M ;  force ionique 
p = 1.0; [H+]  = 0.5 M. 

k,,,, a t t t  dtterrninte auparavant dans diverses 
conditions (1). La constante kTjBr a t t t  obtenue 
B partir des donntes du tableau 4. M2rne B faible 
concentration en Br- et rnalgrt la t r ls  forte 
valeur de la constante de stabilitt de T1Br2+ 
I'approxirnation T1Br2+ - Br- n'est pas valable 
B cause de la tr ls  grande stabilitt de TlBr,' 
apparaissant dtja 5 faible concentration en Br-. 
Les concentrations en TlBr2+ ont t te calcultes A 
l'aide d'ordinateur en utilisant les constantes de 
stabilitt et d'hydrolyse de la litttrature rarnentes 
B nos conditions experirnentales. Les valeurs 
ainsi obtenues ont i t6 introduites dans tq .  [4] 
pour dtterrniner k,,,, et ceci pour difftrentes 
temptratures (voir tableau 5); de plus nous 
avons vtrifit que l'aciditt n'avait pas d'influence 
sur les valeurs obtenues. 

(ii) Dans le dornaine de concentrations en 
X-  suptrieur B celle de l'ion TI3+, c'est-8-dire oh 
les esplces T1X,,3-" avec n > 1 sont prepondt- 
rantes, les vitesses calcultes l'aide de tq .  [4] 
sont suptrieures B celles obtenues exptrirnentale- 
ment (figs. 2 et 3). 

ob l'esplce +1X2+ est prtpondtrante l'accord L'ttude approfondie des divers facteurs sus- 
entre les rtsultats exptrirnentaux et calcults est ceptibles d9etre responsables de ces kcarts tels 
bon. que: l'aciditt, l'ordre par rapport aux rtactifs, 

[41 v = [El {kTl[T13+l l'influence des produits, a kt6 effectute A plusieurs 
concentrations en X- et n'a pas donnt des con- 

+ k~10~rT10H2*1  + k~1x[T1X2+1' clusions positives. 11 faut toutefois noter que 
La vitesse est donnte par Cq. [4]; la valeur dans ce domaine de concentrations les incerti- 
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TABLEAU 4 

Distributions des complexes TI(II1)-Br* 

*[Br], = Concentration totale en Br-; V,  =,vitesse 
2.5 x 10-4 M :  aciditt totale [H+l -- 0.5 M ;  force lonaqur 
mole-' 1 s-'; kTr.. = 1.67 x 102 mole-' 1 s - I .  

TABLEAU 5 

kTln ,  B diffirentes tempiratures* 

TempCrature k ~ ~ n r  
"C mole-' I s-' x lo-' 

* [ H + ]  = 0.5 M:  [El = 1.0 X M ;  
force ionique ~i = 1. 

tudes sur les constantes de stabilitt. incertitudes 
croissantes avec le nombre de X- dans le 
complexe, contribuent certainement aux difft- 
rences observkes. 

InJEuence de l'ion sulfate 
L'influence de l'ion sulfate se manifeste seule- 

ment a des concentrations plus grandes que 
1.0 x M ce qui s'explique par le fait que 
les complexes ~1(111)-S0~~-  ont des stabilitts 
faibles. L'augmentation de la vitesse a t t t  
observte en fonction de la concentration en ion 
sulfate jusqu'a 0.2 M oh elle est d'environ 50% 
par rapport a la vitesse sans sulfate; au dela de 
cette concentration la vitesse diminue. Cependant 
il nous a semblt assez hasardeux d'attribuer la 
rkactivitt a une espkce dtterminte ttant donnt 
que dans nos conditions exptrimentales les zones 
d'existence des divers complexes se recouvrent. 
On peut ntanmoins tirer quelques conclusions 
inttressantes; en effet m&me a concentrations 
relativement faibles en sulfate les divers com- 
plexes reprtsentent une partie importante du 

initiale; T = 25 "C; [El = 1.0 X M ;  [TI(III)] = 
:u = 1; kT, = 0.12 x 102mole-' I s-'; ~ T I O I ,  = 0.93 X 10' 

Tl(II1) ce qui rend I'interprttation des rtsultats 
de Henry (3) sur les effets de sels en milieu sulfate 
discutables. De plus la constante de vitesse 
d'une ou plusieurs espkces telles que TISO,', 
TlS04H2+ etc. est donc plus grande que celle 
du ~ 1 3 + .  

Influence de l'ion nitrate 
Du point de vue cinttique le nitrate n'a pas 

d'influence significative jusqu'a une concentra- 
tion de 0.1 M en nitrate ce qui correspond, 
compte tenu de la valeur de sa constante de 
stabilitt, a la presence d'environ 40% de 
TlN0," dans la solution laquelle, a part le 
nitrate, contient les m&mes quantitts en rtactifs 
que prtctdemment. Dans ces conditions les 
autres complexes contenant du nitrate ont des 
concentrations ne dtpassant pas 2% du TI3+. 
Ceci implique que sa constante de vitesse, 
k,,,,,, a approximativement la m&me valeur que 
celle combinte de T13+ et T10H2+ dans les 
m6mes conditions (1) soit d'environ 0.25 x 10' 
mole-' 1 s-'. 

Discussion 

De nos rtsultats il ressort que toutes les espkces 
contenant un ligand (du type TlX) ont des 
constantes de vitesse plus grandes que l'ion TI3+ 
ce qui confirmerait l'interprktation que nous 
avons proposee dans le travail prtcCdent (1); 
l'ion thallique forme un tdifice trks stable avec 
les moltcules de sa sphkre de coordination le 
rendant moins rtactionnel; le remplacement 
d'une moltcule d'eau par un ligand chargC en 
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FAVIER ET ZADOR: OXYDATION PAR L'ION THALLIQUE 241 3 

diminue la stabilitt donc accroit la rtactivitt et 
ceci malgrt la diminution de la charge du Tl(II1). 
Cet effet tlectrostatique a apparemment un r81e 
moins important dans l'oxydation de la cyclo- 
hexanedione-1,2 que la perturbation de la sphitre 
de coordination mais pourrait cependant &tre le 
facteur dtterminant dans certains cas; ceci 
expliquerait l'ordre inverse des rtactivitts des 
espkces dans l'oxydation de l'tthylitne oil con- 
trairement a nos rtsultats la rtactivitt de TI3+ est 
suptrieure a celle de Tl(OAc),+. 

Les rtsultats relatifs a l'ion acttate ont permis 
de mettre en tvidence la rtactivitt de plusieurs 
complexes m&me ceux contenant plusieurs 
ligands. Nos rtsultats montrent qu'i  des concen- 
trations en ion acttate libre d'environ 1.0 x 

M et plus, l'espitce TI(OAc),+ contribue 
d'une maniitre significative a la vitesse exptrimen- 
tale (fig. 1); dans le cas de l'oxydation des 
oltfines par l'ion thallique (5) Henry avait 
propost cette espece comme rtactionnelle ce qui 

I est en accord avec nos rtsultats. Cependant, 
I comme la gamme de concentrations que nous ' avons ttudite est beaucoup plus large que celle 

de Henry, nous avons pu dtterminer les rtacti- 
vitts des autres espitces. En particulier le com- 
plexe T10Ac2+ est plus rCactif que Tl(OAc),' et 
prtdomine dans la vitesse totale a des concentra- 
tions en acttate a 1'Cquilibre plus faibles que 
1.0 x M. A hautes concentrations en 
acttate la vitesse n'est pas ntgligeable ce qui est 
en accord avec certains rtsultats exptrimentaux 
de Henry; nous avons pu interprttt ces rtsultats 
en utilisant des constantes de stabilitt publites 
rtcemment (tableau 1). 

Dans le cas de l'influence du chlorure et du 
bromure on obtient des rtsultats trits semblables 
entre eux; AH* et AS* pour TlBr2+ sont 
respectivement de 5 + 1 kcal et -30 + 3 u.e. 
donc du m&me ordre que pour T1C12+ (1). 

L'interprttation quantitative des rtsultats ne 
nous a pas t t t  possible a hautes concentrations 
en chlorure et bromure. Exptrimentalement on 
obtient une diminution de vitesse correspondant 
A l'inertie (ou a une faible rtactivitt) des com- 
plexes contenant plusieurs ligands. De ce point 
de vue les rCsultats sont semblables a ceux 

obtenus dans l'oxydation de l'tthylene par le 
Pd(I1). Dans cette rtaction on admet gtntrale- 
ment l'intermediaire rtactionnel [PdC12(H20)- 
(C2H,)] dont la concentration diminue avec la 
concentration en ions C1- en faveur de PdC1,2- 
(7-9). 11 est inttressant de remarquer que 
l'oxydation de l'tthyltne par le Pd(I1) montre de 
plus une inhibition par H'. Ce phtnomkne a Ctt 
aussi observe dans l'oxydation thallique. Ntan- 
moins dans ce cas nous avons propost (1) que 
l'espece ~ 1 0 H ~ '  contribuait, comme le font 
d'ailleurs d'autres complexes, a la vitesse d'oxy- 
dation, l'inhibition par H +  correspondant A la 
diminution de la concentration de cette espitce 
rtactionnelle, cependant que dans l'oxydation 
par le Pd(I1) l'inhibition est due une des ttapes 
des mtcanismes propostes. 

Nous remercions le Conseil National de Recherches 
du Canada pour I'octroi grice auquel ce travail a pu 
&tre rCalisC ainsi que le Professeur A. L. Beauchamp pour 
la mise au point des programmes, et le Centre de Calcul 
de I'UniversitC de MontrCal pour I'utilisation de 
I'ordinateur. 
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Kinetics of the oxidation of acetophenone by manganese(II1) sulfate. 

P. NATH AND K. K. BANERJI 
Department of Chemistry, Ut~iversity of Jodhpur, Jodhpur, India 

Received October 15, 1969 

The oxidation of acetophenone with Mn(II1) is first order with respect to each of the oxidant and the 
ketone. The rate is independent of acidity and solvent composition. The thermodynamic parameters 
have been evaluated. A mechanism consistent with the observed data is proposed. 

Canadian Journal o f  Chemistry, 48,2414 (1970) 

Introduction 

Manganese(II1) pyrophosphate oxidizes cyclo- 
hexanone at a rate eaual to the rate of enolization. 
This supports the belief that ketones are oxidized 
via their en01 form (1). Littler (2), however, 
observed that manganese(II1) sulfate oxidizes 
cyclohexanone at a rate faster than its enolization 
and concluded that the keto form is being 
directly attacked. Oxidation of acetophenone has 
not received any attention; hence this investi- 
gation. 

Experimental 
Materials 

Acetophenone (Bush) was purified by fractionation 
before use. Acetic acid (British Drug Houses, A.R.) was 
distilled over chromic oxide. All other chemicals used 
were of A.R. grade. 

Manganese(II1) sulfate was prepared by the method 
described by Vogel (3). 

Kinetic Measuretnents 
Reactions were carried out at 35 "C (k 0.05 "C) and 

in 20% acetic acid solvent unless mentioned otherwise. 
Reactions were followed by quenching aliquots with- 
drawn at known intervals of time in slight excess of 
Fe(II), and titrating the excess of Fe(I1) against Ce(1V). 

Results 
Product Analysis 

Reduction of 1 mole of manganese(II1) by 
acetophenone produces 0.24 mole of formalde- 
hyde as estimated calorimetrically by chromo- 
tropic acid method (4) (Table 1). The overall 
reaction may-be written as 

CH3COC6H5 + 4Mn(III) + 2Hz0 + C6H,COOH 
+ HCHO + 4Mn(II) + 4H+ 

Rate Laws 
When the ketone concentration is in excess, 

the rate at which Mn(II1) disappears follows 
first order rate laws. Furthermore the first order 
rate constant is independent of the initial con- 
centration of Mn(II1). The oxidation rate varies 

TABLE I 

Product analysisa 

lo3 [Mn(III)] lo3 [HCHO] 
(M) (M) [HCHO]/[Mn(III)] 

TABLE 2 

Variation of rate with concentration of 
acetophenone" 

lo2 [Ketone] 
M 

linearly with the concentration of acetophenone 
(Table 2). Variation in the concentration of 
sulfuric acid (2.0-5.0 M) at constant ionic 
strength does not appreciably affect the rate of 
oxidation. 

Addition of manganese(I1) sulfate (0.05-0.51 
M) has no effect on the oxidation rate. Similarly 
changes in the proportions of acetic acid (20- 
60 %) in the solvent mixture have no effect on the 
oxidation rate. 

Effect of Temperature 
Data in Table 3 summarize the effect of tem- 

perature on the rate of oxidation. The specific 
rate constant, k, is obtained from the relation, 
k = k,/[ketone]. 
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NATH AND BANERJI: OXIDATION OF ACETOPHENONE 

TABLE 3 
Effect of temperature on the 

oxidation rate" 

Temperature lo3  k 
(OK) (1 mole-' s-') 

TABLE 4 
Effects of temperature on 

enolization ratea 
.- 

Temperature lo5 k2 
(OK) (1 mole-' s-') 

a[Mn(lll)l, 4.0 x M ;  [H1S041. 
2.0 M; [Mn(II)], 0.21 M, AH*. 16.0 
+ 1 kcal/mole; AS*, -17.5 e.u. 

A plot of log k against the inverse of tempera- 
ture gave a straight line. Arrhenius equation is 
therefore valid for this reaction. 

Rate of Enolization 
The rate of enolization was measured by 

bromination method. 
The rate of bromination of acetophenone is 

first order with respect to the ketone and hydro- 
gen ions but zero order with respect to bromine. 
The rate of bromination increases with the pro- 
portion of acetic acid in solvent mixture. Table 4 
records the rate constants of bromination (k,) at 
different temperatures. 

Discussion 

Manganese(II1) solutions may contain some 
manganese(1V) species as well. If oxidation due 
to Mn(1V) is important, the addition of man- 

"AH*, 20.7 f I kcal/mole; AS*, 
-7.9 e.u. 

ganese(I1) affects the rate because of the following 
equilibrium (5,  6) 

Absence of any effect of manganese(I1) on the 
rate of oxidation suggests that, in this case 
manganese(II1) is the only oxidizing species. 

The kinetics of the oxidation and enolization 
of acetophenone are quite different. Whereas 
the enolization is an acid-catalyzed reaction and 
is favored by increase in the proportion of acetic 
acid in the solvent mixture, the oxidation is 
independent of these variations. Hence both 
reactions cannot have the same mechanism. 

Moreover, a comparison of the data in Tables 
3 and 4 shows that activation energy of the oxi- 
dation of acetophenone by Mn(II1) is much 
lower than that of its enolization. Therefore, the 
oxidation of acetophenone by manganese(II1) 
sulfate involves a direct attack on the keto form. 

I slow 

I - 

Mn(I11) 
C ~ H ~ C O ~ H ~  fast ChH5COOH I- HCHO 

C6H5 
I 

C=O Mn(111) 
I 

H-C-H 
I 

1. A. Y. DRUMMOND and W. A. WATERS. J. Chem. 4. J .  MITCHELL, JR. Organic analysis. Vol. I. Inter- 
SOC. 497 (1955). science Publ. New York. 1953. p. 287. 

2. J. S. LITTLER. J. Chem. Soc. 832 (1962). 5. T. J. KEMP and W. A. WATERS. J. Chem. Soc. 339 
3. A. I. VOGEL. A text book of quantitative inorganic (1964). 

analysis. Longmans Green and Co., London. 1964. p. 6. D. R. ROSSEINSKY. J. Chem. Soc. 1181 (1963). 
327. 
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Partial molal volume behavior of tetraalkylammonium chlorides in 
aqueous acetone and aqueous dimethylsulfoxide 

DIGBY D. MACDONALD AND J. B. HYNE 
Departmetzt of Chemistry, University of Calgary, Calgary, Alberta 

Received February 2, 1970 

The partial molal volumes of a series of tetraalkylammonium chlorides in aqueous acetone and aqueous 
dimethylsulfoxide at 25.000 "C are reported as a function of solvent composition. It is shown that for 
each solvent composition the partial niolal volume data are better represented by a quadratic in solute 
molecular weight than by the linear expression previously employed in similar studies. Extrapolation of 
molecular partial molal volumes to zero cation molecular weight has permitted evaluation of the partial 
molal volumes of the ions R4N+ and C1-. The variation of molecular and ionic partial molal volume as a 
function of solveht composition is discussed. 
Canadian Journal o f  Chemistry, 48,  2416(1970) 

Introduction 

In our continuing study of solvolysis reactions 
in aqueous organic solvent systems we have 
measured partial molal volumes of tetraalkyl- 
ammonium chlorides in aqueous acetone and 
aqueous dimethylsulfoxide (DMSO) at 25.000 "C 
as a function of solvent composition. The purpose 
of this work was to obtain data on the variation 
of partial molal volume of stable solute species 
with solvent composition which should be of 
value as models in interpreting the volumetric 
behavior of initial and transition states of 
solvolysis reactions in the corresponding solvent 
systems. 

The tetraalkylammonium chlorides (R,N+- 
C1-) were chosen for this study since the surface 
charge density of the cation can be conveniently 
varied by changing the nature of the alkyl group, 
R ;  in this case R = Me, Et, n-Pr, and n-Bu. The 
two cosolvents, acetone and DMSO, were 
selected since, -despite their close structural 
similarity, they have markedly different physical 
properties which might be expected to be reflected 
in the properties of dissolved ions. 

Experimental 
Materials 

Eastman reagent grade tetraalkylammonium chlorides 
were purified by multiple recrystallization and dried in 
vacuo as described by Conway et al. (1). The purity of all 
salts, as determined by the modified Volhard method (2), 
was better than 99.8%. 

Eastman practical grade DMSO was dried over 
freshly cut calcium hydride for a period of not less than 
48 h. The decanted product was then distilled a t  reduced 
pressure (- 10 mm Hg) and the middle 50% cut collected. 
The high purity of the distilled liquid was confirmed by 
melting point (18.52 "C, lit: 18.55 "C (3)) and refractive 
index (nDZ0 = 1.3590, lit: nD19.4 = 1.35886 (3)). 

Fisher spectral grade acetone was used without 
further purification. Doubly distilled water was used in 
preparation of all aqueous organic binary solvent sys- 
tems. 

Method 
The aqueous binary solvent systems were prepared by 

volume to + 0.0005 mole fraction. The solvents were 
degassed by refluxing beneath a Dry Ice/acetone con- 
denser and their compositions checked by density mea- 
surements to ensure that the degassing procedure had not 
caused any change. 

Salt solutions (0.0150 to 0.1500 M )  were prepared to 
+ 0.0001 M units in calibrated 100 ml volumetric flasks 
and for each salt concentration three replicate density 
measurements were made using 25 ml Weld-type pycnom- 
eters. The pycnometers were thermostatted to 25.000 + 
0.005 "C for a period of not less than 1 h and weighed 
after 19 h standing at room temperature. This standardi- 
zation of procedure greatly improved reproducibility, 
which on average, was found to be + 0.00002 g ml-'. 

Some difficulty was experienced in obtaining repro- 
ducible densities in aqueous acetone, no doubt due to the 
high volatility of the cosolvent acetone. This was particu- 
larly troublesome at acetone mole fractions greater than 
0.20. It is for this reason that no data are reported for 
solutions of salts in solvent systems with greater than 0.20 
mole fraction of acetone. No difficulties were experienced 
in accurately determining densities of solutions in aqueous 
DMSO. This was undoubtedly due to the much higher 
boiling point of DMSO (189 "C (3))  compared to that of 
acetone (56.5 "C (4)). 

Results 

Apparent molal volumes, 4, were calculated 
using the equation 

where M is the molecular weight of the salt, c is 
the concentration in moles I-', and d and do, the 
densities of solution and solvent, respectively. 
Partial molal volumes at infinite dilution, v O ,  
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MACDONALD AND HYNE: PARTIAL MOLAL VOLUME BEHAVIOR 241 7 

were then obtained by extrapolating 4 to zero TABLE 1 
concentration using the relation Partial molal volumes of tetraalkylammonium chlorides 

in aqueous acetone and aqueous DMSO at 25.000 "C 
[2 I 4 = TO + ~ ~ ' 1 2  

where S is the limiting slope. Partial molal volume 
Mole (ml mole- ') when salt = 

Uncertainties in apparent molal volumes were fraction 
calculated using the equation of Redlich and cosolvent Me4NCl Et4NC1 n - p r 4 ~ c 1  ~-BULNCI 
Bigeleisen (5). Aqueous acetone 

lOOO6d + 1000(d - do)& 
0.000 107.5* 166.8t 232.93 294.33 

[3] 64=-  0.050 106.7 163.3 229.0 288.7 

doc doc2 0.100 106.4 166.0 231.2 297.8 
0.200 105.6 161.8 228.4 296.7 

6d and 6c are uncertainties in density and con- 
centration, respectively. 

lllustrative plots of 4 vs. c1I2 for tetramethyl- 
ammonium chloride in aqueous acetone at 
25.000 O C  are shown in Fig. 1. Partial molal 
volumes obtained by extrapolation to c1I2 = 0 
are summarized in Table 1 and corresponding 
numerical values for S (eq. [2]) are listed in 
Table 2. Uncertainties in partial molal volume 
values, determined by inspection of the extra- 
polations, are considered not to exceed & 1 ml 
mole-'. Data contained in Table 1 reveal that 
where comparison is possible, the partial molal 
volumes measured in this study are in excellent 
agreement with those obtained by other workers. 

Aqueous DMSO 
0.100 106.1 162.2 223.0 283.6 
0.200 103.3 157.9 220.0 284.7 

*Value = 107.4(ref. 1). 
tValue = 167.0 (ref. 1). 
$Reference 1. 

TABLE 2 

Numerical values for S (eq. [2] )  for tetraalkylammonium 
chlorides in aqueous acetone and aqueous DMSO 

at 25.000 "C 
- 

Mole S* when salt = 
fraction 

cosolvent Me4NC1 Et4NCl 11-Pr4NCl 12-Bu4NCI 

Aqueous acetone 
0.000 0.8 -0.6 - - 

Aaueous DMSO 

Since the solutes under investigation in this 
work certainly exist as ions at infinite dilution 
the molecular partial molal volume may be 
expressed as the sum of the partial molal volumes 
of the component ions. 

- 
[4 I Vz4NCI = V z 4 N +  + Vg1- 

A number of attempts have been+made to cal- 
culate partial molal volumes of individual ions 
but the results obtained seem to differ according 

0y2 0y3 014 d5 to the method used. For instance, a recent 
literature survey published by Lee and Hyne (6) 

c1l2 (mole I - ? ) ' / ~  reveals that estimates of the partial molal volume 
FIG. 1 .  Plots of 4 vs. c'IZ for tetramethylammonium 

chloride in aqueous acetone (numbers adjacent to each ion in water at 25 OC range from l8 
plot are mole fractions of acetone). to 37 ml mole-'. 
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Conway et al. (1) recently proposed a new 
method for obtaining ionic partial molal volumes 4 
in water for tetraalkylammonium salts with a 
common anion. This type of analysis has been 2 

recently extended by Lee and Hyne (6) to solutions o 
of tetraalkylammonium chlorides in aqueous 

- 2 ethanol binary solvent systems. In the Conway - 
method anionic partial molal volumes are ': -4 

obtained by extrapolating Vg,,, to zero cation 
weight in a linear plot of Vg4,x VS. molecular z - 
weight. -= 

- 
[5 I v g 4 N X  = A + B " ~ 4 ~ ~  

When MR4,, = M x - ,  i.e. at  zero cation weight, 
the partial molal volume of the anion is given by - 2 

es. [61. 

and the partial molal volume of the cation can 
be calculated using eq. [4]. 

The use of a linear extrapolation (eq. [5]) in the 
present work requires discussion. Since MR4,,, - 
MR4,,,,,where Rand R' are adjacent homologues 
(e.g. Me, Et), is constant over the series of salts 
employed - (i.e. AM = 56): eq. [5] demands that 
Vg4NC, - Vg4,NC1 also be constant. An examina- 
tion of data presented in Table 1 clearly shows 
that this condition is not satisfied, necessitating 
the conclusion that eq. [5] does not provide a 
good functional representation of the dependence 
of Vg4NCI on molecular weight. In view of the 
demonstrated inadequacy of the linear expression 
(eq. [5]) the data presented in Table 1 were fitted 
to a quadratic (eq. [7]) by a least squares method 
using an IBM 360150 computer. 

The same data were fitted to eq. [5] by the 
method of least squares so that the validity of 
using either the linear or the quadratic function 
could be assessed. 

As a measure of the reliability of the functions 
chosen it is convenient to define a deviation 
function as follows 

Plots of d vs. molecular weight are shown in Figs. 
2 and 3. The dotted lines correspond to experi- 
mental error limits in Vg4NCI.  It is clear from 
these plots that in both solvent systems the 
quadratic (eq. [7]) provides a better representa- 
tion of the data than does the linear function 

100 100 300 
Molecu la r  Weight R4NCI 

FIG. 2. Plot of d VS. molecular weight for tetraalkyl- 
ammonium chlorides in aqueous acetone: (a) linear 
analysis; (b) quadratic analysis (0, 0.000; a, 0.050; 0, 
0.100; A, 0.200 mole fract~on acetone). 

(eq. [5]). The lack of random distribution of d 
about d = 0 would appear to indicate, however, 
that even eq. [7] does not provide a "perfect" 
representation of the data. However, since d 
obtained usingeq. [7] is comparable in magnitude - 
to the experimental error in Vg4NCI further 
refinement of the polynomial is not justified by 
the experimental data available here. Accor- 
dingly, eq. [7] was used to extrapolate V:4NCI to 
zero cation weight in order to determine V g , - .  
Cation partial molal volumes were then calculated 
using eq. [4]. The resulting numerical values for 
V g , -  and Vg,,+ in aqueous acetone and aqueous 
DMSO are presented in Table 3. 

Discussion 
S Values 

According to the Debye-Huckel theory for 
strong electrolytes (7) the dependence of appar- 
ent molal volume, 4, on the square root of con- 
centration (eq. [2]) as c + 0 can be expressed as 
follows 

Cgl Slim = 

where Slim is the limiting slope, o is the valence 
factor given by eq. [lo] 
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TABLE 3 

Partial molal volumes of various ions in aqueous acetone and 
aqueous DMSO at 25.000 "C 

-- 

Mole Partial molal volume* (ml mole-') 
fraction 

cosolvent C1- Me4NC E 4 N  + n-Pr4N + n-Bu4NC 

Aquzous Acetone 
0.000 27.3 80.2 139.5 205.6 267.0 
0.050 29.7 77.0 133.6 199.3 259.0 
0.100 31.8 74.6 134.2 199.4 266.6 
0.200 37.9 67.7 123.9 190.5 258.8 

Aa~tenus DMSO 

'Calculated using eq. 171. 

Molecular Weight R4 NCI 

FIG. 3. Plot of d vs. molecular weight for tetraalkyl- 
ammonium chlorides in aqueous DMSO: (a) linear 
analysis; (b) quadratic analysis (a, 0,100; 0, 0.200; W, 
0.300; A, 0.400; A, 0.500 mole fractlon DMSO). 

D is the dielectric constant of the medium, P, the 
isothermal compressibility, and vi is the number 
of ions of species i which have a valence Zi. 
Clearly S,,, can be positive or negative depending 
on the relative magnitudes of PI3 and the pressure 
dependence of ln D. Equation [9] predicts a value 
of S,,, = 1.86 ml mole-' M-'I2 for 1 :I elec- 
trolytes in water at 25.000 "C. This prediction has 

been confirmed experimentally in studies using 
aqueous solutions of alkali halides (7). 

Examination of the numerical values for S 
listed in Table 2 reveals two interesting features. 
First, many values are negative and second, the S 
values for any given solvent depend upon the 
nature of the salt. This latter observation is con- 
trary to the predictions of the Debye-Huckel 
theory (see eq. [9]). Negative dependences of 4 
upon c1l2 have been previously reported for 
solutions of alkylammonium salts in aqueous 
solution (8, 9) and this behavior appears to 
persist to much lower salt concentrations than 
that used in this work. Similar negative depen- 
dences have also been reported for solutions of 
other salts in both aqueous (1 0) and non-aqueous 
media (7). Possible origins of these negative 
dependences have been discussed in the literature 
(9). For solutions in water, wherq (d In Dldp) is 
greater than P/3 and the Debye-Huckel limiting 
slope is positive (see eq. [9]), observed negative 
dependences of 4 on c1I2 have been attributed 
to ion pairing (1 I), hydrophobic bonding (12), 
micelle formation (13), salting-in effects (14), or 
solvent structural stabilization due to the effect 
of alkyl groups on the nature of hydrogen- 
bonding in water (9). Franks and Smith (9), 
however, show that in sufficiently dilute solutions 
(< 0.002 M) of tetraalkylammonium bromides 
in water the dependence of 4 on c1I2 does in fact 
approach the Debye-Huckel limiting value. The 
deviation of the S values obtained in the present 
work from the Debye-Huckel limiting value may 
result from the fact that the solutions were not 
sufficiently dilute so that the properties of the ions 
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are determined by electrostatic interactions alone. 
I t  should be noted, however, that in order to  
obtain apparent molal volumes to better than 
f 0.5 ml mole-' a t  concentrations less than 
0.002 M, densities must be measured to better 
than f 1 p.p.m. Few density measurements have 
been made with this precision (7,9). 

I t  is difficult to  calculate the uncertainty intro- 
duced into the extrapolation of + to  cl/' = 0 due 
to  possible non-conformity of the observed S 
values with the Debye-Huckel theory since the 
data required to calculate S,,, are not available 
for the mixed solvents used in this study. In water 
the deviations of the observed S values from the 
theoretical limiting slope are negative. This 
probably results in the partial molal volumes 
listed in Table 1 being a little higher than the 
c c ~ ~ r r e ~ t "  values. However, where comparison 
is possible, the partial molal volumes obtained 
in this study are in excellent agreement with those 
obtained by other workers, suggesting that the 
uncertainty is in fact small and well within the 
precision claimed in this work. 

Partial Molal Volumes 
Plots of partial molal volume vs. solvent com- 

position for tetraalkylammonium chlorides in 
aqueous acetone and aqueous DMSO are shown 
in Fig. 4. In both solvent systems partial molal 
volume exhibits extremum behavior as a function 
of solvent composition. Similar behavior has 
been recently reported for these same salts in 
aqueous ethanol (6). The partial molal volume of 
a solute in solution can be divided into two con- 
tributions as expressed by eq. [l I ]. 

where V ;  is the contribution due to formation 
of a hole in the medium of sufficient size to  
accommodate the solute and is the volume 
change of the system due to interaction of the 
solute with the surrounding solvent. Clearly 
V ;  can be zero or positive. The magnitude of this 
term will increase with the size of the solute, 
and decrease with increasing solvent-free volume 
available to the solute prior to hole formation. 
On the other hand, can be positive or negative 
depending upon the nature of the interaction. For  
electrostrictive interaction, however, i - ip should 
be negative. Numerous attempts have been made 
to calculate Vp using the first pressure derivative 
of the Born expression for the electrostatic free 

5 1 
"OF 

M o l e  F r a c t i o n  Coso l ven t  

FIG. 4. Plot of partial molal volume vs. solvent 
composition for various salts in aqueous acetone (broken 
line) and aqueous DMSO (full line). 

energy of solvation of ions in a dielectric con- 
tinuum. However, these calculations have proved 
unreliable (15) and require knowledge of the 
pressure dependence of the solvent dielectric 
constant. As previously stated, this information 
is not available for the binary solvents used in 
this study and therefore the calulations cannot 
be attempted here. 

In a recent study (16) concerning solvolysis 
reactions in mixed solvents, we measured the 
partial molal volume of benzyl chloride as a 
function of solvent composition in aqueous 
acetone and aqueous DMSO at  50.100 "C. In 
aqueous acetone the partial molal volume was 
found to  pass through a large maximum a t  
0.1-0.2 mole fraction cosolvent whereas in 
aqueous DMSO, only a small maximum at  - 0.5 
mole fraction cosolvent was evident. Since 
benzyl chloride is non-ionic, the solute-solvent 
interactions should be minimal and the partial 
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molal volume will reflect predominantly the 
behavior of the hole formation term VE. Accor- 
dingly, we expect I/; to pass through a maximum 
at 0.1-0.2 mole fraction acetone and at - 0.5 
mole fraction DMSO. When interpreting the 
behavior of the salts, however, the interaction 
term Vp is expected to make a large contribution 
to partial molal volume and therefore must be 
considered. 

In 1ight.of the preceding discussion, an exami- 
nation of the data illustrated in Fig. 4 reveals 
several important features. The initial decrease 
of Vi,,,, as cosolvent is added to the system can 
be attributed to the influence of solute-solvent 
interaction (i.e. electrostriction), since the same 
behavior is not displayed by non-ionic benzyl 
chloride. In the case of Me,NCl, where hole 
formation requirements are least but where the 
surface charge density is greatest, the partial molal 
volume shows no maximum in aqueous acetone 
and the least tendency to increase at compositions 
greater than 0.2-0.3 mole fraction DMSO. On 
the other hand, in the case of the larger salts, 
where hole formation requirements are greater 
but where the surface charge densities are less, 
the partial molar volumes exhibit maxima at  
0.1-0.2 mole fraction acetone and show pro- 
gressively greater tendencies to increase after 
passing through minima at 0.1-0.2 mole fraction 
DMSO. Clearly, in these latter cases the hole 
formation term, 8:, makes an important con- 
tribution to the dependence of vi4NC1 on solvent 
composition. In the case of Me,NCl, however, 
the results are consistent with the hypothesis that 
solute-solvent interaction and not hole formation 
is the major factor determining the dependence of 
V0 on solvent composition. 

The interpretation of electrolyte solution 
properties is subject to uncertainty as to whether 
the observed behavior arises from the cation, the 
anion, or both. Plots of ionic partial molal 
volume vs. solvent composition for the tetra- 
alkylammonium cations and chloride anion in 
aqueous acetone and aqueous DMSO are shown 
in Fig. 5. In both solvent systems, vg,- initially 
increases with solvent composition and in 
aqueous DMSO, it passes through a maximum 
at 0.2--0.3 mole fraction cosolvent. The fact that 
both Vg,NCI and Vg4,+ display similar variations 
with solvent composition reveals that the partial 
molal volume behavior of the salt is determined 
predominantly by the behavior of the cation. The 

M o l e  Froct lon  Coro lvenl  

FIG. 5. Plot of partial molal volume vs. solvent 
composition for various ions in aqueous acetone (broken 
line) and aqueous DMSO (full line). 

"mirror-like" dependences of the partial molal 
volumes of the two smallest ions, Me,N+ and 
C1-, on solvent composition in both systems 
deserves comment. Since these ions are small 
(compared to the other ions examined in this 
work) and possess high surface charge densities, 
it is reasonable to expect that the behavior of - 
V i e 4 N +  and Vg,-  will be greatly influenced by 

solute-solvent interaction. Thus the resutts 
obtained in this work suggest that the volume loss 
due to solute-solvent interaction is not only sen- 
sitive to changing solvent composition, as might 
be expected from changes in dielectric constant, 
but that it is also sensitive to charge type. This 
behavior is consistent with the existence of 
specific cation-solvent and anion-solvent inter- 
actions. Possible types of specific interaction 
include chloride anion-water hydrogen bonding 
and "hydrophobic hydration" of the hydrocar- 
bon groups of the tetraalkylammonium cations. 

In summary, the results presented in this paper 
have clearly demonstrated the importance of both 
solute-solvent interaction and hole formation 
factors in determining the properties of salts in 
aqueous acetone and aqueous DMSO. The 
results also show that the behavior of the cation 
determines the variation of Vg4NCI with solvent 
composition in these solvent systems. Finally, 
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the existence of specific cation-solvent and 
anion-solvent interaction has been demonstrated 
for solutions of tetraalkylammonium chlorides 
in aqueous acetone and aqueous DMSO. 
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The isothermal compressibility of dimethylsulfoxide-water mixtures at 35 O C  
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The isothermal compressibility of a series of dimethylsulfoxide-water mixtures passes through a 
minimum near 0.4 mole fraction dimethylsulfoxide. This behavior is compared with that of other aqueous 
binaries and provides further evidence of specific hydrogen bonded complexes in the dimethylsulfoxide- 
water system. 

Canadian Journal o f  Chemistry, 48,  2423 (1970) 

Introduction pressure for the various dimethylsulfoxide-water 

In  connection with our continuing study of the compositions have been filed.'- he pressure de- 

effect of pressure on the rates of solvolytic pendence of Vr,, was found to be adequately 

reactions in aaueous binarv solvent svstems we represented by the quadratic expression 

have determined the isothermal compressibility, 
KT, of dimethylsulfoxide-water mixtures from 
pure water to  0.7 mole fraction cosolvent. These 
results are presented here together with corre- 
sponding compressibility or  compression data 
for other aqueous binary systems. The extremum 
behavior of KT as a function of solvent composi- 
tion is compared with the similar observed 
behavior of the excess heat of mixing of the 
aqueous binaries t o  illustrate the parallelism in 
the dependence of these thermodynamic param- 
eters on solvent composition and structure. 

Experimental 
The compressibility determinations were made with a 

Ruska motor driven, semi-automatic volumetric pump 
(Ruska Instrument Corp., Houston, Texas) capable of 
being read to  f 0.001 ml. Mercury was used both to  
calibrate the apparatus and as the pressurizing fluid. The 
DMSO-water sample was contained in a 270 ml stainless 
steel compressibility cell mounted in a thermostatted 
jacket maintained at 35.00 f 0.02 "C. The pressure 
range employed for the compressibility determinations 
was 34-680 atm and volumes were measured at  approxi- 
mately lOOatm intervals. The measured volume was 
corrected for both mercury and cell expansion as pressure 
was varied. 

Triply distilled mercury was employed throughout the 
apparatus and was redistilled after each DMSO-water 
composition had been examined. Water was distilled in a 
Pyrex apparatus after passage through an ion exchange 
column. Conductivity was less than 1.7 x mhos 
at 25 "C. Dimethylsulfoxide (Matheson, Coleman and 
Bell) was dried over calcium hydride and vacuum distilled 
at mm Hg. Batches were stored over molecular sieve 
in air-tight bottles until required for use. 

[1 1 In Vr,, = A + Bp + Cp2 

within the limits of experimental error using a 
'least mean square fit program and an IBM 360 
computer. The values of the quadratic coefficients 
are given in Table 1. The need for a cubic ex- 
pression was checked and the value for the D 
coefficient in a p3 term was found t o  be insigni- 
ficant, viz. 1 0 - l 6  atmP3. 

Since the isothermal compressibility is given by 

By integration, rearrangement, and comparison 
of coefficients of eqs. [ I . ]  and [2] it can be show11 
that, a t  1 atm 

KT - -B  

TABLE 1 
Coefficients A, B, and C of the quadratic equation 

Mole 
fraction B x lo5 c x lo9 
DMSO A x lo2 (atm-') 

Results 
The relative volumes, V,,, = V,/Vo, where Vo 

is the volume of liquid a t  680 atm, as a function of 

'Photocopies of material may be obtained free of 
charge, upon request, from the Depository of Unpub- 
lished Data, National Science Library, National Research 
Council of Canada, Ottawa, Canada. 
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TABLE 2 

Isothermal compressibility (KT) of 
dimethylsulfoxide-water mixtures at 

35 "C 
--- 

- 

Mole fraction 
DMSO KT x lo6 (atm-l) 

FIG. 1. Compressibilities of aqueous binary solvents 
vs. solvent compositions: data from EtOH (adiabatic, 
ref. 8; isothermal, ref. 5); acetone (ref. 7); i-PrOH 
(ref. 7); t-BuOH (ref. 6); and MeOH (ref. 7). 

within the limits of the accuracy of the experi- 
mental data. The computed values of the iso- 
thermal compressibilities of aqueous dimethyl- 
sulfoxide mixtures are reported in Table 2. 

It should be noted that the data for t-butyl- 
alcohol shown in Fig. 1 are compression viz. 
AV/V for a specific pressure interval and not 
compressibility as defined above. 

Our value for the isothermal compressibility 
of water, 41.9 + 0.6 x atm-' at 35 "C, 
is in reasonable agreement with the most recently 
reported determinations of Whalley, 44.8 x lop6  
atm-' at 25 "C, and Stutchbury, 41.8 x 

CHEMISTRY. VOL. 48, 1970 

atm-' at 30 "C. Values have been reported over 
the years varying from 30.9 x lop6 to 48.7 x 

atm-l, although more recent determina- 
tions tend to have a narrower spread of values 
between 39.2 x and 44.9 x lop6  atm-l. 

Discussion 
I t  is immediately obvious from the data plotted 

in Fig. 1 that the behavior of the compressibility 
of dimethylsulfoxide-water mixtures as a function 
of composition is significantly different from that 
of the other aqueous organic binary mixtures 
shown. Although it is true that the compressibility 
data for most of the alcohols are adiabatic and 
not isothermal, the difference between these two 
forms of compressibility measurement is not large 
enough to account for the large observed differ- 
ence in DMSO-water behavior. The isothermal 
(6) and adiabatic (8) compressibility behavior for 
ethanol-water mixtures is shown in Fig. 1 to 
illustrate this point. 

The much deeper minimum at considerably 
higher cosolvent mole fraction that characterizes 
the KT behavior is also a pronounced feature of 
the excess heat of mixing behavior of the dimethyl- 
sulfoxide-water mixture as shown in Fig. 2. 
Indeed, if the binary compositions at which the 

I I I I I I 
0.0 0.1 0 .2  0.3 0.4 0.5 0.6 

x2 

FIG. 2. Excess heats of mixing of aqueous binary 
solvents vs. solvent mole compositions: data from MeOH, 
EtOH, acetone, i-PrOH, t-BuOH (ref. 1); DMSO (ref. 3). 
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water system. The extremum behavior observed 
for many of the other aqueous organic binary 
mixtures has been attributed to enhancement of 
water structure by initial additions of cosolvent 
(1) followed by destruction of this structure as the 
bulk composition increases in the organic com- 
ponent. In the case of dimethylsulfoxide, how- 
ever, it is difficult to envisage "water structure" 
being maximized a t  such high cosolvent content. 

Parker (2) and Lindberg and Kenttamaa (3) 
have suggested that a specific hydrogen bonded 
complex of composition DMS0.2H20 may be 
predominant between 0.3 and 0.4 mole fraction 
dimethylsulfoxide. The presence of a significant 
amount of this compact complex in the mixture 
would be expected to result in a reduction in the 
compressibility. Other workers (4) have cited 
specific dimethylsulfoxide-water complexes of 

I 
0.1 0.2 0.3 the type suggested above as being responsible 0.4 

for the viscosity maximum in this binary system 
Minima o f  AH: in mole composition 

FIG. 3. Minima of comoressibilities of aoueous 
a t  0.35 mole fraction dirnethylsulfoxide. 

binary mixtures vs. excess heat; ofmixing of the mix'tures: 
data from (i) compressibilities: MeOH, EtOH, i-PrOH, The authors wish to acknowledge the helpful sug- 
and acetone (ref. 7); t-BuOH (ref. 6); DMSO (this work); gestions of. and discussions with. Dr. D. D. MacDonald 
(ii) excess heats of mixing: MeOH, EtOH, i-PrOH; ind  the financial support of the National Research 
t-BuOH, and acetone (ref. 1); DMSO (ref. 3). Council of Canada. 

minimum in the parameters appears are 1. F, FRANKS and D. J. G. IVES. Quart. Rev. XX, 1 
plotted against each other, a smooth curve is (1966). 
obtained as shown in Fig. 3. There can be little 2. A. J. PARKER. Quart. Rev. XVI, 163 (1962). 

3. J. J. LINDBERG and J. KENTTAMAA. Suomen Kemis- 
doubt, therefore, that the extremum behavior tilehti, ~ 3 3 ,  104 (1960). 
manifest in the dependence of these parameters on 4. 5. M. G. COWIE and P. M. TOPOROWSKI. Can. J. 

Chern., 39, 2240 (1961). solvent com~osition arises from the Same Source, 5. K. H, JuNG. M , s ~ .  thesis, university of Calgary, 
most likely the intermolecular force and solvent Calgary, Alberta. 1969. 
structure variations as composition is changed. 6. J. E. STUTCHBURY. Aust. J. Cheni. 9,536 (1956). 

7. B. JACOBSON. Ark. Kemi, 2, 177 (1951). Our  main interest here, however, is in the 8. J. KORPELA and J. KOSHEKALLIS, Suomen Kemistilehti, 
particular behavior of the dimethylsulfoxide- B39, 165 (1966). 
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NOTES 

Rate of addition of bromine atoms to ethylene 

K. T. WONG' AND D. A.  ARMSTRONG 
Department of Chemistry, University of Calgary, Calgary, Alberta 

ReceivedZ September 22, 1969 

The rate of combination of bromine atoms in the photosensitized hydrobromination of ethylene has 
been determined by the rotating sector technique. From rhis and kinetic data reported previously the 
rate constant for the addition of bromine atoms to ethylene in the presence of 380 Tprr of propane as 
deactivating gas has been calculated to be 1.5 + 0.3 x 10-l4 cm3 molecule-' s- , independent of 
temperature in the range 15 to 35 "C. This result is discussed and compared with rate constants for 
other addition reactions to ethylene. 

Canadian Journal o f  Chemistry, 48, 2426 (1970) 

Introduction 

Rate constants for the addition of free radicals 
to  olefin double bonds are of fundamental interest 
in chemical kinetics. Several photochemical 
determinations of these constants for chlorine 
atoms have been published (1, 2), but investiga- 
tions of the analogous bromine atom additions 
are lacking. The object of this paper is to report 
a determination of the rate of reaction of bromine 
atoms with ethylene. The acetone-sensitized 
photo-addition of HBr to ethylene was used as a 
regenerative source of bromine atoms. In the 
presence of excess propane the main reactions are 
(3) . . 

1, 
[I I HBr(+ Acetone) + kv + 4Br 

[3 1 BrCzH4 + HBr + BrClH5 + Br 

I, is the absorbed light intehsity and + the 
quantum yield of bromine atoms (= 1.7 + 0.3 
(3)) from acetone sensitization. [M1]  represents 
the overall effective concentration of third bodies 
for reaction [4], propane being the predominant 
one. Likewise [MI is the overall effective con- 
centration of deactivating molecules for reactions 
[2] and [-21. 

At propane pressures above 260 Torr, reactions 

'Present address: Chemistry Department, Northern 
Alberta Institute of Technology, Edmonton, Alberta. 

'Revision received April 6, 1970. 

[2] and [-21 are close to, if not within, their high 
pressure region and the following rate expression 
is obeyed (3) 

The magnitude of I c ~ / ( ~ ~ ~ [ M ~ ] ) ~ / ~  has been 
measured for 380 Torr of added propane and k, 
can be calculated if (2k4 [M1 I)'/' is determined 
for the same conditions. This was achieved by 
the rotating sector method as described below. 

Experimental 
Radical lifetimes were measured with a 12 in. diameter 

rotating sector constructed from an aluminum disk, which 
had been painted black. The two 60' cuts in it provided a 
dlrk-to-light ratio, r,  of 2:l .  On every revolution a small 
magnet attached to the sector triggered a magnetic switch 
fixed to the sector mounting and sent a pulse to a Nuclear 
Chicago model 186 counter, which served as a tachometer. 
This agreed to  within + 1 % with a stroboscope timer at 
high speeds and was taken as exact at low speeds. 

The reaction rate for 

CZH4 + HBr -> CZH5Br 

was measured by following the decrease in pressure 
continuously with a Kern spiral gauge and optical lever. 
The experimental procedures and all other components 
of the apparatus were the same as those described in ref. 3. 

Results 

The reaction mixtures used in the radical life- 
time determinations nominally contained 170 
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NOTES 

TABLE 1 

Summary of experimental data for 2k4[M] and k2 

Tem- 
perature 2k4[M11" (2k4 [M1 ])'lZ/kzb k2 

("c) (cm3 molecule-' s-l)  molecule- ' I 2  s'I2) (cm3 molecule-' s-') 

15.3 7 . 6 k  1 . 7 ~  lo-" 5 . 2 k 0 . 5 ~  lo8 1 . 7 f 0 . 3  x 10-l4 
25.0 6 . 3 i 2 . 0 ~  lo-'' 5 .8f  0 . 3 ~  10' 1 . 4 k 0 . 2 ~  10-l4 
35.0 5 . 5 k 1 . 9 ~  lo-'' 5 . 4 k 0 . 4 ~  lo8 1 . 4 k 0 . 3  x 10-l4 

Mean 1 . 5 f 0 . 3 ~  10-l4 

aThis study. 
*Reference 3. 

Torr HBr, 60 Torr ethylene, and 380 Torr 
propane. Small variations in the initial propane 
and HBr concentrations are negligible; but reac- 
tion rates were corrected for differences in the 0.9 

ethylene concentration from one run to the next, 1z 
since the rate is first order in this reactant (see E 
eq. [I]). 

In accordance with procedures normally em- 0.7 

ployed in the analysis of sector experiments (4,5), 

I I I I I I I 

--%-,,* l a '  - 

- 

- 

- 

the length of the light period, t, was calculated 0.6 I 1 I I I 

4.1 6.6 5.0 5.4 5.8 6.2 6.6 log t(+la)i/2 

from the speed of rotation and combined with -0.8 -0.4 0 iQ.4 tO.8 2 t1.6 Iogm 

+I, to give t(+I,)'I2. Conventional plots of 
(r + 1)lI2(R/~)  against log t (+~ , ) "~  are shown in 
Figs. la, b, and c for temperatures of 15.3, 25.0, 
and 35.0 "C, respectively. R is the average reac- 
tion rate for intermittent illumination at a given 
sector speed, and R the average rate for con- ? 

e 0.8 

tinuous illumination under the same conditions. 
The best fit to the theoretical curves of k 

0.7 
(r + 1)'12(R/R) VS. log rn, where m = t/(2k4 x 
[M1]+I,)'12, was obtained with the values of 
2k4 [M1] given in column 2 of Table 1. Column 3 "'" 

.. I I I I I I 

i t -  - 

- - 

- 
z5.00C 

- 

- 

contains (2k,[M1])1'2/k2 from the experimental 
I 

6.2 l.6 5.0 5.6 5.8 6.2 6.6 lapr(dl,)L/2 

results of ref. 3, and column 4 the magnitude ofk, -a.8 -a.b a . iQ.8 + r1.6 lop . 
calculated from the two sets of data. 

The quantity 2k4 [M1] is actually composite and L." 

equal to 2{k4(c3H8s) [c3H8 I + k4(cZH4) [C,H,I + 
k4(,,,,[HBr]). There is insufficient information 0.9 

to permit exact evaluation of the individual rate 
constants for each third body component. How- " 0.8 

ever, the data of ref. 3 show that the first term is 
the largest of the three, and it follows that 0.7 

k 4 ( C 3 H 8 ) ~  1.6 x I O - ~ O C ~ ~  molecule-2 s-I. Com- 
parison of the rates of addition observed (3) 0.6 

in the presence of N 385 Torr of propane, sulfur 

I I I I I I 

( C I  - 

- - 

- 

- 

- 

I 

hexafluoride, and ethyl chloride at 25.0 "C 6.2 6.6 5.0 5 .  5.8 6.2 6.6 I O ~ ~ ( + I ~ ) ~ ' ~  

-0.8 -0.4 0 iQ.6 t0.8 t1.2 +I.$ lop rn 

demonstrates that k4(C3H8) is about a factor of two 
larger than k4(,,,, and k,(,c2H,c,,. The temperature F'G. The experimental points are plots 

(r  + 1 ) ' l 2 ( R / ~ )  vs. log t(+Z,)_'lz and the lines are com- 
dependence of 2k,[M1] In Table 1 indicates that puted values of (r + l)u2(R/R) plotted agalnst ~2 = f/ 

N - 3 kcal mole-'. (2k4[M]+12)112; (a) 15.3 "C, (b) 25.0 "C, and (c) 35.0 "C. 
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TABLE 2 

Comparison of rate constants for radical additions to ethylene 

Radical Electron affinity D c ~ H ~ - x  kx + C ~ H ~  298 OK 

(x) (kcal mole-') (kcal mole-') (cm3 molecule-' s-') 

OReference 1 1. 
bReference 12. 
=From ref. 8. All values of D,,,,,-, are subject to a n  uncertainty of t- 1 kcal mole-'. 
*Calculated from the data of ref. 13. 
"References 1 and 2. 
'This study. 
gReference 13. 

Discussion 
The present results show that the absolute 

magnitude of k4(C3H8) is surprisingly large, about 
20 times greater than Russell and Simons' rate 
constant for the combination of iodine atoms on 
propane (6). Comparison with rate constants for 
bromine atom combination in the presence of 
other hydrocarbons as chaperon is impossible, 
because of the lack of data. However, it may be 
noted that the values of E4(C3Hs) ( N  - 3 kcal 
mole-') and k4(C3H8) (= 10-0 cm6 rn~ lecu l e -~  
s-l)  are self-consistent within the framework of 
the "complex" theory of atom recombination (7). 

From the data of Table 1 it is evident that E, is 
close to zero."his implies that A, must be 1. k, 
and much smaller than the collision rate. If this 
is so then A _ ,  must also be small. Kerr and Lloyd 
(8) have reported AS, = -4.0 cal deg-' mole-', 
derived from thermodynamic data. From this and 
A ,  = 1.5 x 10-l4 cm3 molecule-' s-', one finds 
A_,  = 2.5 x 10" s-'. In ref. 3 the magnitude of 
A-,/A3 was shown to be 1.3 x loz2 molecule 
cm-,, and A, should not differ appreciably 
from A, 

[5 1 C,H, + HBr -t C,H6 + Br 

Substituting A, - A, = 1.3 x 10-l2 cm3 mol- 
ecule-' s-' from ref. 9, one obtains A_, = 
1.7 x 10'' s-' in good agreement with the result 
deduced above. Thus the low values of A, and 
A_,, and E, 1. 0 are consistent within the frame- 

3When taken at face value the three results for k, 
actually give E, = - 1.7 kcal mole-'. However, we do  
not attach any significance to the negative value, since the 
possible error on E2 is of the same magnitude and k, is 
pressure independent (3) in our pressure region. In  fact E, 
is probably in the range -0.5 to +0.5 kcal mole-'. 

work of available kinetic and thermodynamic 
data. 

An important factor in radical addition reac- 
tions of olefins is the electrophilic character of the 
free radical addend. This has been established 
from studies with divalent atoms and other free 
radical addends (see, for example, ref. 10). Our 
value of k, is compared with the rate constants 
for two other monovalent addends of similar 
electron affinity in Table 2. The data are scant, 
but the following points are of particular in- 
terest. Since the relative difference~ between the 
electron affinities of the addends are small, the 
marked increase of kx+c2H4 along the series 
X = CH3S, X = Br and X = C1 seems to be 
associated with the changes in Dc2H4-x. The 
greatest difference occurs between X = Br and 
X = C1. From the preceding paragraph it is 
evident that this cannot be ascribed to a larger 
activation energy for X = Br. Possibly the low 
value of Dc2H4-x for X = Br (and CH3S) re- 
quires that the addition proceed via a cross over 
between electronic states of different multiplicity. 
Such a process has already been suggested (14) 
for some types of radical additions to C=C 
bonds,4 and could explain the low value of A ,  
(and A_,), since it would have a low trans- 
mission coefficient. In the case of X = C1 the 
much higher value of Dc2H4-x may shift the 
system of potential energy curves for the initial 
and final states so that interaction between states 
of the same multiplicity can occur, thus giving a 
much higher A factor. These suggestions are 
obviously speculative, and a more complete ex- 
planation of the dependence of kX+C7114 on the 

4Sin~ilar processes evidently must occur in the addition 
of CH, (1 5) and H (1 6) to the multiple bond of CO. 
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identity of X must await a better understanding 
of the potential energy surfaces for the reactions. 

The authors are indebted to the University of Calgary 
and the National Research Council of Canada for 
financial support. They also wish to acknowledge helpful 
discussions with Dr. W. G.  Laidlaw of this Department. 
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7-Radiolysis of hydrocarbons using perfluorocyclohexane as an 
electron scavenger: determination of the free ion yields1 

N. H. SAGERT~ AND J. A. RE ID^ 
Physical Chemistry Branch, Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, 

Cfzalk River, Ontario 
Received March 16, 1970 

The room temperature, liquid phase radiolysis of n-hexane, 3-methylpentane, and 2,2,4-trimethyl- 
pentane has been examined using perfluorocyclohexane as an electron scavenger. Yields of C6FllH 
and C6FllCH3 were determined for scavenger concentrations below 5 x M, and from these 
results free ion yields of 0.08, 0.17, and 0.37 G units were deduced for n-hexane, 3-methylpentane, and 
2,2,4-trimethylpentane, respectively. These results are in good agreement with those obtained by other 
methods. 

Canadian Journal of Chemistry, 48, 2429 (1970) 

Introduction yield is commonly around 0.1 G units (0.1 ion 
It is now generally realized that the formation pairs Per 100 eV) for hydrocarbons of linear 

of ion pairs is important in the radiolysis of non- structure and increases as the hydrocarbon 
polar liquids and several theoretical treatments of molecule b ~ ~ m e s  more spherical (4). The yield 
the formation of these ion pairs are available is usually determined by steady state conductivity 
(1-3). A particularly important quantity is the ( 5 )  or by the clearing field technique (4). Recently 
yield of electrons which escape completely from Rzad and Wmnan have described a chemical 
the field of their parent positive ions and become scavenging method for determining free ion yields 
uniformly distributed in the liquid. This free ion using 14CH3Br as a scavenger (61, and, more 

'AECL No. 3621. recently, we described a C6FI2  scavenging 
'Present address: Materials Science Branch, Whiteshell technique for determining the free ion yield in 

Nuclear Research Establishment, Pinawa, Manitoba. cyclohexane (7). 
3AECL summer student, 1969. Present address: 

Department of Chemistry, University of Waterloo, This describes the 
Waterloo, Ontario. the C,FI2 election scavenging technique to three 
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NOTES 2429 

identity of X must await a better understanding 
of the potential energy surfaces for the reactions. 

The authors are indebted to the University of Calgary 
and the National Research Council of Canada for 
financial support. They also wish to acknowledge helpful 
discussions with Dr. W. G.  Laidlaw of this Department. 
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7-Radiolysis of hydrocarbons using perfluorocyclohexane as an 
electron scavenger: determination of the free ion yields1 

N. H. SAGERT~ AND J. A. RE ID^ 
Physical Chemistry Branch, Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, 

Cfzalk River, Ontario 
Received March 16, 1970 

The room temperature, liquid phase radiolysis of n-hexane, 3-methylpentane, and 2,2,4-trimethyl- 
pentane has been examined using perfluorocyclohexane as an electron scavenger. Yields of C6FllH 
and C6FllCH3 were determined for scavenger concentrations below 5 x M, and from these 
results free ion yields of 0.08, 0.17, and 0.37 G units were deduced for n-hexane, 3-methylpentane, and 
2,2,4-trimethylpentane, respectively. These results are in good agreement with those obtained by other 
methods. 

Canadian Journal of Chemistry, 48, 2429 (1970) 

Introduction yield is commonly around 0.1 G units (0.1 ion 
It is now generally realized that the formation pairs Per 100 eV) for hydrocarbons of linear 

of ion pairs is important in the radiolysis of non- structure and increases as the hydrocarbon 
polar liquids and several theoretical treatments of molecule b ~ ~ m e s  more spherical (4). The yield 
the formation of these ion pairs are available is usually determined by steady state conductivity 
(1-3). A particularly important quantity is the ( 5 )  or by the clearing field technique (4). Recently 
yield of electrons which escape completely from Rzad and Wmnan have described a chemical 
the field of their parent positive ions and become scavenging method for determining free ion yields 
uniformly distributed in the liquid. This free ion using 14CH3Br as a scavenger (61, and, more 

'AECL No. 3621. recently, we described a C6FI2  scavenging 
'Present address: Materials Science Branch, Whiteshell technique for determining the free ion yield in 

Nuclear Research Establishment, Pinawa, Manitoba. cyclohexane (7). 
3AECL summer student, 1969. Present address: 

Department of Chemistry, University of Waterloo, This describes the 
Waterloo, Ontario. the C,FI2 election scavenging technique to three 
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hydrocarbons of varying structure, to see if this 
technique could be used with hydrocarbons 
other than cyclohexane. The applicability of the 
technique to other systems would strengthen the 
contention that the chief effect of C6F1, in the 
radiolysis of hydrocarbons is to capture electrons. 

Experimental 
The solvents, Fisher spectrograde 2,2,4-trimethyl- 

pentane, Phillips Research Grade n-hexane, and Phillips 
Pure Grade 3-methylpentane, were purified as  described 
earlier for cyclohexane used with low concentrations of 
scavenger (7). Perfluorocyclohexane was obtained from 
Aldrich Chemical Co., and from K & K Laboratories 
and was vacuum sublimed between 25 and 0 "C before 
use. Undecafluorocyclohexane obtained from Aldrich 
Chemical Co. was used as received. Methylundecafluoro- 
cyclohexane was prepared from decafluorocyclohexene 
(Aldrich) according to  the procedure of Sayers, Stephens, 
and Tatlow (8). 

Sample preparation has been described previously (7). 
Samples were irradiated at  25 "C in a 60Co y-source at  a 
mean dose rate (in cyclohexane) of 8.5 x loL5  eV/g s as  
determined by ferrous sulfate dosimetry, taking G(Fe3 +) 
= 15.6. Corrections were made to the absorbed dose for 
the varying electron densities of the solutions. 

The liquid products of interest, C6Fl lH  and C6FL,- 
CH,, were determined by gas chromatography, using a 
Varian 1800 gas chromatograph equipped with a 63Ni 
electron capture detector and a Hewlett-Packard 700 
equipped with a 3H electron capture detector. The 
electron capture detector was sensitive to  cyclic fluoro- 
carbon groups, but was insensitive to  hydrocarbon com- 
ponents (9). Because its dynamic range was limited, a 
curved calibration was generally obtained, and hence a 
complete set of calibration standards was run each day. 

A column of 6 ft of 8 % SE-30 on Porasil E plus 6 ft of 
10% XE-60 on Aeropak 30 gave a useable separation of 
products and reactants at  70 "C. Mass spectra were 
obtained using a Varian CH7 spectrometer and a 
Consolidated 21-130 spectrometer. 

Results 

The only observed products containing C6FI1 
groups were C6F,,H and C6FllCH3. These 
products were identified by comparison of gas 
chromatographic retention times with those of 
authentic standards, and by mass spectrometry. 
Yields of these products were quite dose- 
dependent and G values were determined from 
the initial slopes of plots of concentration of 
product against dose. At low scavenger concen- 
trations, these plots were linear only at doses 
below 3 x 1017 eV/g. The initial yield of C6F, ,  
radicals, defined as the sum of the yields of 
C6F,,H and C6FllCH3, was then plotted in 
Figs. 1, 2, and 3, against the square root of the 

I 
QO 2.0 4 0  6 0 

10 ' [C Ft2]" l mole"2?21 

FIG. 1. Initial yields of C6F11 from the radiolysis of 
C6F1, in n-hexane. 

FIG. 2. Initial yields of C6F11 from the radiolysis of 
C6F12 in 3-methylpentane. 

I 4 I I 
ao  2.0 4.0 6.0 

10' [C6~,2]l~lmle bO2l 

FIG. 3. Initial yields of C6FI1 from the radiolysis of 
C6FI2 in 2,2,4-trirnethylpentane. 
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NOTES 

TABLE 1 
Free ion yields in liquid hydrocarbons 

Gf,(Clearing 
Hydrocarbons Gfi(C6F12) GfI(CHBBr)* G,,(Conductivity)t field)x 

Cyclohexane 0.14 0.12 0.11 0.16 
n-Hexane 0.08 0.12 0.11 0.13 
3-Methylpentane 0.17 0.15 
2,2,4-Trimethylpentane 0.37 0.34 0.33 

solute corlcentration for each of the three solvents. 
The ratio ofC6F, ,CH3 to C6F, , H  was somewhat 
variable, but in all cases the relative amount of 
C6F, ,CH, increased at lower concentrations of 
C6F12. At equal concentrations of C6F12 the 
ratio of C6FllCH3 to C6Fl1H was highest for 
2,2,4-trimethylpentane and lowest for n-hexane. 

Discussion 

Rajbenbach (10) has suggested that perfluoro- 
cycloalkanes affect the radiolysis of liquid hydro- 
carbons by capturing electrons, and more recent 
work supports this view (7, 11). We have shown 
(7, 12) that electron capture by C6F12 in cyclo- 
hexane (reaction [I]) produces an anion, which, 
on neutralization, produces one C6Fl l  radical, 
or C6F1 ,H  molecule, for each electron scavenged. 

1 CsFlz + e- -+ C6F12- 

[2bl -+ C6FllH + C6Hll + F 

Thus the yield of products containing C6Fl l  can 
be equated with the yield of electrons. We have 
previously shown that the C6Fl l  yield at low 
C6F12 concentrations can be used to determine 
the yield of free ions in cyclohexane. In this work, 
the C6F12 chemical scavenging technique has 
been extended to three other solvents to examine 
the general validity of the technique. 

Results were fitted to the expression developed 
by Schuler and his co-workers (13, 14) and by 
Hummel (3) 

where G(C6Fl,) is the yield of C6F l lH  plus 

C6Fl,CH3, Gfi is the yield of electrons which 
escape from the field of their parent positive ion 
and Ggi is the yield of geminate electrons, or 
electrons which are eventually captured by their 
parent positive ion. The  ac6,12 is a constant 
characterizing the reactivity of C6F12 to electrons. 
This constant is given by kl/h, where k, is the rate 
constant for reaction [ I ]  and h is the ion re- 
combination coefficient in the absence of scaven- 
gers (15, 16). At low scavenger concentrations, 
eq. [3] predicts a linear relationship between 
G(C6Fl ,) and [C6F,2]112 with a slope given by 
Ggi.ac6F,,'12, and an intercept equal to Gfi. Such 
plots are shown in Figs. 1, 2, and 3. 

Free ion yields determined from the intercepts 
of Figs. 1, 2, and 3, as well as that for cyclo- 
hexane, determined previously (7), are shown in 
Table 1. Results obtained by Rzad and Warman 
(6) using the methyl bromide scavenging tech- 
nique, by Tewari and Freeman (5) using steady 
state conductivity, and by Schmidt and Allen 
using the clearing field technique (4), are given 
for comparison. In general, our results agree well 
with those obtained by other methods, although 
the value for n-hexane is somewhat low. Possibly 
for n-hexane either the purification was not 
adequate, or there are higher molecular weight 
products containing C6Fl l  which were not 
detected on our column. The range of values for 
the hydrocarbons shown is noteworthy since it is 
larger than that expected on electron density 
considerations (4). 

The good agreement with free ion yields 
determined by other methods indicates that the 
C6Fl, scavenging technique has a general ap- 
plicability to the determination of free ion yields, 
and may be useful in polar media. It certainly 
supports the original contention that C6Fl, 
scavenges electrons of thermal energy to give one 
C6Fl ,  fragment per electron scavenged, and that 
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epithermal electrons are not necessary to pro- 
duce these fragments. 

The slopes of the lines in Figs. 1, 2, and 3 are 
given by G,i~c,F,,112, for the range of [C6F,2]112 
< 2.0 x MI!'. Ggi was not obtained sepa- 
rately in this work, but if it may be taken as 4.0 
(7, 14), then estimates of a,,,,, may be made. 
These estimates are 24, 13, and 4 M - I  for n- 
hexane, 3-methylpentane, and 2,2,4-trimethyl- 
pentane, respectively. These values are only very 
rough estimates since small errors in slope caused 
by impurities or experimental difficulties will have 
a large effect on a,,,,,. This may be especially 
true in the case of n-hexane where Gfi appears 
to be low. 

Any discussion of the magnitude of a,,,,, in 
different solvents is inappropriate because of 
experimental difficulties. However, it should be 
noted that the value for 2,2,4-trimethylpentane is 
considerably lower than for the other solvents. A 
similar observation was made by Rzad and 
Warman (6) using 14CH,Br as a scavenger. Since 
aC,,,, is given by kl/h, changes in both k, and h 
will have to be examined to determine how a,,,,, 
would be expected to vary on changing the 
solvent. 
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Nuclear magnetic resonance has been utilized to study solvent selectivity of anion exchange resins in 
aqueous dirnethyl sulfoxide and aqueous acetonitrile. Solvent selectivity data in the chloride ionic form 
is in qualitative agreement with independent preferential solvation studies of chloride ion. The importance 
of solvent activity coefficients is demonstrated for aqueous acetonitrile. 

Canadian Journal of Chemistry, 48,2432 (1970) 

There have been few reports on solvent selec- 
tivity of anion exchange resins (1). In order to 
gain further insight into the dominant factors 
which determine solvent selectivity, we have 
studied aqueous dimethyl sulfoxide (DMSO) and 
aqueous acetonitrile mixtures. Results of a new 
method for studying chloride ion contact prefer- 
ential solvation in these solvent mixtures (2) can 
be compared with anion exchange selectivity 

data and the importance of anion solvation 
(1, 3a) can be assessed. 

The anion resins were commercial samples of 
polystyrene methylene trimethylammonium type 
(Amberlite IRA-400) of 8 % cross-linking and 
20-50 mesh size. The unprotonated weak base 
resin Amberlite IR-45 has similar physical 
characteristics. The F- ,  Br-, and I- form of 
IRA400 were prepared from the C1- form by 
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epithermal electrons are not necessary to pro- 
duce these fragments. 

The slopes of the lines in Figs. 1, 2, and 3 are 
given by G,i~c,F,,112, for the range of [C6F,2]112 
< 2.0 x MI!'. Ggi was not obtained sepa- 
rately in this work, but if it may be taken as 4.0 
(7, 14), then estimates of a,,,,, may be made. 
These estimates are 24, 13, and 4 M - I  for n- 
hexane, 3-methylpentane, and 2,2,4-trimethyl- 
pentane, respectively. These values are only very 
rough estimates since small errors in slope caused 
by impurities or experimental difficulties will have 
a large effect on a,,,,,. This may be especially 
true in the case of n-hexane where Gfi appears 
to be low. 

Any discussion of the magnitude of a,,,,, in 
different solvents is inappropriate because of 
experimental difficulties. However, it should be 
noted that the value for 2,2,4-trimethylpentane is 
considerably lower than for the other solvents. A 
similar observation was made by Rzad and 
Warman (6) using 14CH,Br as a scavenger. Since 
a,,,,, is given by kl/h, changes in both k, and h 
will have to be examined to determine how a,,,,, 
would be expected to vary on changing the 
solvent. 
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Nuclear magnetic resonance has been utilized to study solvent selectivity of anion exchange resins in 
aqueous dirnethyl sulfoxide and aqueous acetonitrile. Solvent selectivity data in the chloride ionic form 
is in qualitative agreement with independent preferential solvation studies of chloride ion. The importance 
of solvent activity coefficients is demonstrated for aqueous acetonitrile. 
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There have been few reports on solvent selec- 
tivity of anion exchange resins (1). In order to 
gain further insight into the dominant factors 
which determine solvent selectivity, we have 
studied aqueous dimethyl sulfoxide (DMSO) and 
aqueous acetonitrile mixtures. Results of a new 
method for studying chloride ion contact prefer- 
ential solvation in these solvent mixtures (2) can 
be compared with anion exchange selectivity 

data and the importance of anion solvation 
(1, 3a) can be assessed. 

The anion resins were commercial samples of 
polystyrene methylene trimethylammonium type 
(Amberlite IRA-400) of 8 % cross-linking and 
20-50 mesh size. The unprotonated weak base 
resin Amberlite IR-45 has similar physical 
characteristics. The F- ,  Br-, and I- form of 
IRA400 were prepared from the C1- form by 
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standard column procedures. To a 1.0 g sample 
of a resin of known water content was added 
25 ml of a mixed solvent of known composition. 
The bulk mole fractions were in each case cor- 
rected for the water from the resin. The samples 
were equilibrated overnight (1) and centrifuged 
in the standard manner (3b) to remove excess 
surface solvent. The composition of the resin was 
determined by nuclear magnetic resonance 
(n.m.r.) technique (4). The resin was transferred 
to a standard high resolution n.m.r. tube and 
benzene placed in the tube to a level that just 
covered the resin. The use of an exterior solvent 
is desirable because it produces much narrower 
(approximately one third as broad) line widths 
from the solvent peaks inside the resin (approxi- 
mately 10 c.p.s. broad). A Varian H.R. 60 
spectrometer operating at 56.4 Mc was employed. 
The solvent peaks from the interior of the resin 
were integrated and the mole fraction of each 
component calcu1ated.l A single point for the C1- 
form of a similar resin in water-acetonitrile mixed 
solvent has been analyzed by more classical 
techniques (1). At a bulk mole fraction water 
(X,) of 0.50 the resin was reported to contain a 
mole fraction water (X,) of 0.84 while we observe 
1, = 0.83 (Fig. 3) in excellent agreement. Good 
integrals can only be obtained in the range 
0.5 < Ww < 1.0. This limitation arises from an 
overlap of resonance peaks due to a net high field 
hydrogen bond dilution shift of water in the anion 
exchange resin. 

The choice of aqueous DMSO and aqueous 
acetonitrile was made for the following reasons: 
(a) Solvent activity coefficient data is available 
(5, 6). (b) A new promising technique for studying 
contact chloride ion preferential solvation has 
recently been communicated for these solvents 
(2). (c) Activity coefficient data for anion transfer 
for these solvents may be calculated from avail- 
able data (7). (d) Comparison with classical 
techniques is possible (1). ( e )  Ease of integration 
in the n.m.r. experiment. (f) General increasing 
interest in mixed solvents of this type, i.e., 
aqueous dipolar aprotic admixtures. 

'Actually since both DMSO and acetonitrile are 
miscible with benzene a small peak for these solvents in 
the exterior solvent is observed at some mixed solvent 
compositions and must be taken into account in the 
integral. That the above explanation is indeed correct was 
confirmed by removing the exterior solvent, taking its 
spectra, and observing a cooperative alteration in the 
intensity as more dipolar aprotic solvent is added. 

FIG. 1 .  Anion resin selectivity, water-DMSO; F-, 
m; CI-, 0; Br-, @; I- ,  A ;  weak base, 0. The mole 
fraction wateun the bulk solution (X,) vs. mole fraction 
in the resin (X,). 

The data for aqueous DMSO mixtures is 
summarized in Fig. 1 as a plot of Xw vs. Xw. 
As is apparent from the shape of these curves 
(8), a simple isotherm of the following form will 
fit the experimental data. 

where K is the selectivity coefficient and the 
subscript D is for DMSO.' Values for K are 
summarized in Table 1. A value of K > 1 
corres~onds to a resin  reference for water. 
~ r e v i o i s  work suggests that the dominant effects 
are preferential anion solvation and solvent 
admixture structure rather than polymer matrix 
effects (fixed ionic group solvation or steric 
matrix requirements) (1). The variation in 

TABLE 1 
Summary of results for aqueous DMSO solvent mixtures 

---- 

Resin functional 
group K logW y, - D* 

Free base 0.70+0.02 

'Data from ref. 12. Wyy-D is the anion ( Y - )  activity change o n  
transfer from water (W) t o  DMSO (D). 

=More elaborate isotherms are needed to fit some 
experimental data of this type, see ref. 1. 
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selectivity coefficients is in agreement with these 
conclusions. The weak base resin prefers DMSO 
while the anion resins prefer water. The values of 
Kin the anion resins vary in a systematic fashion. 
The smaller the charge density, the greater the 
preference for water. 

The chloride ion preferential solvation experi- 
ment suggests that on a mole fraction basis, 
DMSO is slightly preferred to water in the 
chloride ion solvation shell (2), while we observe 
a slight preference for water in the resin. The weak 
base shows a slight preference for DMSO and 
tends to bring these experiments in closer agree- 
ment. We consider the two experiments to be in 
fair qualitative agreement in the sense that both 
conclude that there are no large preferential 
solvation effects. Activity coeffiiieit data for 
anion solvent transfer summarized in Table 1 
suggest a much greater anion preference (8). 
However, the general trend of anion activities is 
consistent with the resin selectivity results (log K 
vs. log Wy,-D gives a good straight line). An 
electrostatic model (Born equation) (9) predicts 
that the free energy of solvation is inversely 
proportional to the reciprocal of the anion radius 
(r). A plot of log K vs. llr, Fig. 2, gives a reason- 
ably linear plot.3 Extrapolation of l lr  to zero 
gives K,,, = 0.16 (1.1 kcal). This implies that 
for very large anions, where the primary inter- 
actions are presumably dispersion forces, DMSO 
is strongly preferred; in agreement with pre- 
dictions based on the known molar polarizations 
of these solvents. 

0.4 0.6 0.8 
r - I  

FIG. 2. Plot of log K vs. l lr  for anion exchange 
resins in water DMSO. 

FIG. 3. Anion resin selectkity of IRA-400 C1-, 
water-acetonitrile, plot of mole fraction water in the bulk 
solution (Xw) vs. mole fraction water in the resin (X,). 

Data for the distribution of aqueous acetoni- 
trile in IRA-400 in the chloride form is given in- 
Fig. 3. The shape of this curve is very similar to 
that reported for the preferential solvation of 
chloride ion in this solvent mixture. The effect 
of solvent structure shows up very dynamically 
when com~aring aqueous DMSO and aqueous 
acetonitrile mixtures. Water-DMSO solvent 
activity coefficients show relatively small varia- 
tions (1 in contrast to the extreme deviations 
for water-acetonitrile (2, 5). The activity coeffi- 
cient of each component of the latter solvent 
system relatively independent of the solvent com- 
position in the range 0.25 > Xw > 0.75. There- 
fore the ratio of solvent activities shows an un- 
usually small variation over this solvent range. 
We believe that this effect is the reason for the 
plateau region in Fig. 3 since virtually any iso- 
therm used to fit these data will have this ratio 
as an important factor. 

I t  is interesting to note that the 35C1 chemical 
shift data in aqueous methanol mixtures suggest 
only small preferential solvation effects (12). 
C1- resin solvent selectivity has been reported to 
be small in this solvent system (1). 

1. Ref. 5 of Y. MARCUS and J. NAVEH. J. Phys. Chem. 
73. 591 (1969). 

2. c.' H. LANG~ORD and T. R.  STENGLE. J .  Amer. -. - ~ - 

Chem. Soc. 91, 4014 (1969). 
3. F. HELFFERICH. Ion exchange. McGraw-Hill Book 

Co., Inc., New York. 1962. (a) Chap. 10. (b) p. 230. 
4 .  J .  E .  GORDON. J. Phys. Chem. 66, 1150 (1962). 
5 .  V. DELANDSBERG. Bull. Soc. Chim. Belges. 49, 59 

4Although this solvent system is known to interact, 
3Values for anion radii were obtained from ref. 10. there are apparently compensating effects (11). 
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Coordination compounds of olefins with anhydrous silver tetrafluoroborate V. 
Complexes with some cyclic di- and oligo-olefins1 
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The following complexes of di- and oligo-olefins have been prepared and characterized: 2AgBF4.3- 
cyclopentadiene, AgBF,.cyclohexa-l,4-diene, AgBF,.cyclohexene-l,3-diene, 2AgBF4.3cyclohexa-l,3- 
diene, AgBF,.cyclohepta-1,3,5-triene hydrate, AgBF4.2cyclohepta-l,3,5-triene, AgBF4.2cycloocta-1,3,5- 
triene, AgBF4.2cycloocta-1,5-diene, AgBF,.cyclooctatetraene, and AgBF4.dicyclopentadiene. 

Canadian Journal of Chemistry, 48, 2435 (1970) 

Introduction 
Earlier. studies (1, 2) have shown that, in 

addition io  1: l  complexes like those produced 
with AgNO, (3), 1,3-butadiene, and norborna- 
diene in excess interact with silver tetrafluoro- 
borate to yield the complex 2AgBF4.301efin. In 
order to investigate the effect of olefin structure 
upon the complex stoichiometry the investiga- 
tion of the AgBF, complexes now has been 
extended to include the olefins: cyclopentadiene, 
cyclohexa-1,3-diene, cyclohexa-1,4-diene, cyclo- 
hepta-1,3,5-triene, cycloocta-1,5-diene, cyclo- 
octa-1,3,5-triene, cyclooctatetraene, and dicyclo- 
pentadiene. 

Experimental 
Anhydrous AgBF, was obtained as previously de- 

scribed (4). 
Cyclopentadiene was prepared by slow distillation of 

dicyclopentadiene (Eastman, technical grade) up a 2 ft 
column packed with glass halices, collected and stored 
a t  0 "C. 

Cycloocta-1,3,5-triene was prepared by reduction of 
cyclooctatetraene (Chemical Procurement Laboratories) 
using the method of ref. 5, example 1. 

The remaining olefins were purchased from Aldrich 
Chemical and were used without further purification. 

Preparation of Complexes 
The complexes were prepared in 1-3 g quantities by 

addition of the olefin to a solution of AgBF, in toluene, 
1,2-dichloroethane or nitromethane at 0 'C. The crys- 
talline products were filtered, washed several times with 

'Contribution No. 178. 

petroleum ether and dried by evacuation a t  room tem- 
perature for 5 min. The o1efin:salt ratio and the analytical 
data for the complexes are reported in Table 1. 

Spectroscopic Data 
The infrared data were obtained from fluorolube mulls 

of the complexes with a Beckman IR-9 spectrophotometer 
employing cells with KBr windows. The nuclear mag- 
netic resonance (n.m.r.) spectra of 1,2-dichloroethane 
solutions of the complexes were recorded with a Varian 
A60 proton resonance spectrometer. 

Results and Discussion 
The stoichiometry and some of the physical 

data for the complexes are reported in Table 1. 
The 2:3 complex was formed only by cyclo- 

pentadiene and cyclohexa-l,3-diene. The 1 : 1 
AgBF, complex for each of these olefins has been 
reported pre"~ously (3). The infrared spectrum 
of the cyclopentadiene complex indicates that 
all of the double bonds are coordinated while that 
for the cyclohexa-1,3-diene complex does not 
yield any useful data in the C=C stretching 
region. Although an excess of cyclohexa-1,3- 
diene vields the 2:3 com~lex  with toluene as 
solvent, from a nitromethane solution one 
obtains the solvated 1 : 1 complex, AgBF4.1. 1- 
C,H,.0.7CH,N02. Some solvation of the com- 
plex was observed with tetrahydrofuran as well. 

Regardless of the 01efin:salt ratio employed, 
the 1:l complex only is formed by cyclohexa- 
1,4-diene, ~~clooctatetraene, and dicyclopen- 
tadiene. Both the absence of the 2:3 complex and 
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Introduction 
Earlier. studies (1, 2) have shown that, in 

addition io  1: l  complexes like those produced 
with AgNO, (3), 1,3-butadiene, and norborna- 
diene in excess interact with silver tetrafluoro- 
borate to yield the complex 2AgBF4.301efin. In 
order to investigate the effect of olefin structure 
upon the complex stoichiometry the investiga- 
tion of the AgBF, complexes now has been 
extended to include the olefins: cyclopentadiene, 
cyclohexa-1,3-diene, cyclohexa-1,4-diene, cyclo- 
hepta-1,3,5-triene, cycloocta-1,5-diene, cyclo- 
octa-1,3,5-triene, cyclooctatetraene, and dicyclo- 
pentadiene. 

Experimental 
Anhydrous AgBF, was obtained as previously de- 

scribed (4). 
Cyclopentadiene was prepared by slow distillation of 

dicyclopentadiene (Eastman, technical grade) up a 2 ft 
column packed with glass halices, collected and stored 
a t  0 "C. 

Cycloocta-1,3,5-triene was prepared by reduction of 
cyclooctatetraene (Chemical Procurement Laboratories) 
using the method of ref. 5, example 1. 

The remaining olefins were purchased from Aldrich 
Chemical and were used without further purification. 

Preparation of Complexes 
The complexes were prepared in 1-3 g quantities by 

addition of the olefin to a solution of AgBF, in toluene, 
1,2-dichloroethane or nitromethane at 0 'C. The crys- 
talline products were filtered, washed several times with 

'Contribution No. 178. 

petroleum ether and dried by evacuation a t  room tem- 
perature for 5 min. The o1efin:salt ratio and the analytical 
data for the complexes are reported in Table 1. 

Spectroscopic Data 
The infrared data were obtained from fluorolube mulls 

of the complexes with a Beckman IR-9 spectrophotometer 
employing cells with KBr windows. The nuclear mag- 
netic resonance (n.m.r.) spectra of 1,2-dichloroethane 
solutions of the complexes were recorded with a Varian 
A60 proton resonance spectrometer. 

Results and Discussion 
The stoichiometry and some of the physical 

data for the complexes are reported in Table 1. 
The 2:3 complex was formed only by cyclo- 

pentadiene and cyclohexa-l,3-diene. The 1 : 1 
AgBF, complex for each of these olefins has been 
reported pre"~ously (3). The infrared spectrum 
of the cyclopentadiene complex indicates that 
all of the double bonds are coordinated while that 
for the cyclohexa-1,3-diene complex does not 
yield any useful data in the C=C stretching 
region. Although an excess of cyclohexa-1,3- 
diene vields the 2:3 com~lex  with toluene as 
solvent, from a nitromethane solution one 
obtains the solvated 1 : 1 complex, AgBF4.1. 1- 
C,H,.0.7CH,N02. Some solvation of the com- 
plex was observed with tetrahydrofuran as well. 

Regardless of the 01efin:salt ratio employed, 
the 1:l complex only is formed by cyclohexa- 
1,4-diene, ~~clooctatetraene, and dicyclopen- 
tadiene. Both the absence of the 2:3 complex and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TABLE 1 

AgBF, complexes of some di- and oligo-olefins 

Elemental analysis (wt. %) 
vc=c* ? 

Observed Calculated (cm-I) Melting 
Mole ratio point 5 

Ole fin Olefin :AgBF4 Complex Ag C Ag C Olefin Complex ("c) L( 

0, 
Cyclopentadiene 4.6:l-t 2AgBF4.3C5H6 35.5 31.3 36.7 30.6 1623,1588 1527 
Cyclohexa-1 ,4-diene 3.0:l-t AgBF4.C6H8 39.0 26.6 39.3 26.2 1640 1575 z 

2.0:If 38.9 26.6 F 
Cyclohexa-1,3-diene 3.5:l-t 2AgBF4.3C6H8 35.5 32.1 34.3 34.3 

40.0 25.5 39.3 26.2 
% 

0.9:l-t AgBF4.C6Hs n 
2.1 :1$ 33.3 27.25 

Cyclohepta-l,3,5-triene 2.0:111 AgBF4.2C7Hs 28.9 43.3 28.5 44.4 1611,1545 1540,1515 205(d) 
1.0:111 AgBF4.C7H8.H20 35.2 26.6 35.4 27.6 117 s 

Cycloocta-1,3,5-triene 2.1:111 AgBF4.2C8Hlo 43.9 47.2 125(d) $ 
Cycloocta-1,5-diene 1.0:111 AgBF4;:CsHl2 26.2 44.0 26.3 46.8 136 9 

1656 1658,1603 2.0:lB 47.1 
Cyclooctatetraene 1.0:111 AgBF4.CsHa 35.3 31.3 36.1 32.1 1637 1583 21O(d) 5 

2.1:111 33.7 33.5 
Dicyclopentadiene 2.0:l-t AgBF4.CloH12 32.0 37.7 33.0 36.7 1640,1612 1540,1502 110-115(d) 2 - 

'Infrared frequency of double bond stretching vibration. w -4 ?Toluene solvent. o 
iNitromethane solvent. 
§Corresponds to AgBF.,. 1 .  lC~HB.0.7CHINOz. 
( ( 1  ,Z-Dichloroethane solvent. C
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TABLE 2 

Nuclear magnetic resonance data for AgBF4 complexes* of cycloheptatriene and cyclooctatriene 

Chemical Shiftt (c.p.s.) 

Proton C7Hs AgBF4.C7HS AgBF4.2C7Hs CSHIO AgBF4.2CaHlo 

*In solution in 1,2-dichloroethane. 
tchernical shift with respect to tetrarnethylsilane. 
f Position of proton relative to that of rnethylene group(s). 

the inability of nitromethane to solvate the 1 :1 
complex of cyclohexa-1,4-diene suggest an 
effect, perhaps of steric nature, which prevents 
formation of 3-coordinate silver(1) with that 
olefin. The tendency of the 2:3 complex to form 
more often with conjugated than with non-con- 
jugated dienes suggests that the co-planarity of 
the double bonds may contribute to the complex 
stability. As was suggested for the buta-1,3- 
diene and the norbornadiene complexes (1, 2), 
the 2:3 and 1 :1 complexes of these olefins are 
probably coordination polymers. Their infrared 
spectra show no evidence for uncoordinated 
double bonds. 

Unique amongst the di- and oligo-olefins 
investigated in this laboratory is the tendency 
of cyclohepta- l,3,5-triene (6 ) ,  cycloocta- 1,3,5- 
triene, and cycloocta-1,5-diene to form 1 :2 com- 
plexes with AgBF,. This stoichiometry is 
analogous to that of the most stable AgBF, 
complexes of monoolefins (7). Although cyclo- 
octa- 1,5-diene formed the 1 :2 con~plex even when 
the sa1t:olefin ratio was 1 : 1, cyclohepta-1,3,5- 
triene produced the hydrated 1 :1 complex 
AgBF4.C,H,.H20. The hydration presumably 
resulted from adventitious water in the solvent 
or froin exposure of the complex to atmospheric 
moisture. Similar behavior has been observed 
in the AgBF4-bullvalene system (8). 

Although the infrared data for cyclohepta- 
triene do not indicate with certainty whether there 
are some uncoordinated double bonds in the 1 :2 
complex, the number of n electrons in the two 
coordinated molecules definitely exceeds the 
electron acceptance capability of the silver ion. 
The infrared spectrum of the cyclooctadiene 
complex definitely shows the presence of both 
free and coordinated double bonds.. 

In general, silver complexation of olefins 

results in an n.1n.r. deshielding of all protons at 
or near the double bond (7). Cycloheptatriene 
experiences, however, a shielding of the methylene 
protons and a deshielding of the olefinic protons 
in the order H, > HI, > H, (Table 2). Cyclo- 
octatriene is not affected in the same way. The 
increased methylene proton shielding and small 
y proton deshielding suggest the presence of a 
shielding effect which counteracts the deshielding 
resulting from a net shift of electron density 
toward the silver ion. It is possible that the bent 
cycloheptatriene molecule (9, lo), which at tem- 
peratures above about - 140 "C exists as a 
rapidly oscillating pair of nonplanar conformers 
(1 1, 12), assumes a somewhat different conforina- 
tion when complexed which results in an increased 
shielding for the methylene and y protons. If the 
change were in the shielding effect resulting from 
the diamagnetic anisotropy in the u,P-double 
bonds, one would suspect that the molecule is 
bent more when complexed than when free. 

I. H. W. QUINN. Can. J. Chem. 45, 1329 (1967). 
2. H. W. QUINN. Can. J. Chem. 46, 117 (1968). 
3. E. 0. FISCHER and H. WERNER. Metal n-complexes. 

Complexes with di- and oligo-olefinic ligands. 
Elsevier Publ. Inc., New York., 1966. 
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An inexpensive noise source for broad-band heteronuclear - 
decoupling experiments 
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Received February 20, 1970 

Experiments performed with trimethylphosphite demonstrate that music can be used as a source of 
"noise" for certain broad-band heteronuclear decoupling experiments. 

Canadian Journal o f  Chemistry, 48, 2438,(1970) 

In a recent paper (1) we described an apparatus 
for effecting a variety of heteronuclear decoupling 
experiments. A key feature of that system is the 
use of a conventional "hi-fi" tape-recorder 
system as an inexpensive source of audio- 
frequency-noise for "noise-modulated" or 
"broad-band", (2) heteronuclear decoupling. In 
the present note we demonstrate that it is possible 
to use an even less sophisticated device, namely 
a portable record player, for this same purpose. 

A portable record player was connected to one 
port of a Hewlett-Packard, double-balanced 
mixer (model 10514 A), via a pair of clip-leads 
attached to the loud-speaker terminals. The 
volume control of the record player was set so 

that the input limit of the mixer (40 mA) was not 
exceeded. The mixer was then connected to a 
frequency synthesizer and power amplifier in the 
usual fashion (1). By choosing a suitable record,' 
this simple system can be used for wide-band 
decoupling experiments. 

An application of this approach is demon- 
strated in Fig. 1. The normal 'H resonance of a 
solution of trimethylphosphite in deuterochloro- 
form solution is shown in Fig. 1A. As we have 
previously demonstrated (1) it is a simple matter 
to effect complete decoupling of the phosphorus 
by continuous-wave irradiation at the 31P res- 
onance frequency (40.486,570.0 MHz). However, 
offsetting the decoupling field by + 1 kHz from 

FIG. 1. The proton nuclear magnetic spectrum (100 MHz) of trimethylphosphite in deuterochloroform solution: 
A, normal spectrum; B, spectrum obtained with simultaneous irradiation at  a point + 1 kHz to high frequency of 
the 31P resonance frequency (40.486, 570.0 MHz); C,  as for B above, but with modulation of the frequency synthesizer 
using the track "Midnight in Moscow" by Kenny Ball and his Jazzmen. 

'A referee commented that "improper selection of an  LP record can potentially introduce serious distortions." 
This is indeed SO, and some preliminary trials may be necessary before the "correct" record for a particular experi- 
ment is found. 
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this position virtually eliminates any effective 
spin-decoupling (Fig. 1B). Modulation of the 
31P decoupling field using the record player and 
the track "Midnight in Moscow" played by 
Kenny Ball and his Jazzmen (Kapp, KL  1276) 
resulted in complete recovery of the effectiveness 
of the decoupling, as is shown in Fig. 1C. This 
result compares very favorably with that pre- 
viously (1) obtained with noise-modulation 
obtained from either a tape-recorder source, or 
from a pseudo-random sequence generator. 

The main point of this note is to point out that 
for many heteronuclear decoupling experiments, 
the precise source of audio-frequency noise is 
almost irrelevant. 

We thank the National Research Council of Canada 
for their generous financial support and Mr. R. B. Mal- 
colm for the loan of his portable record player. 

1. R. BURTON and L. D. HALL. Can. J. Chem. 48, 59 
(1970). 

2. R. R. ERNST. J. Chem. Phys. 45, 3845 (1966). 

Studies of specifically fluorinated carbohydrates. Part VII. Furanosyl fluorides 
derived from the D-xylo-hexofuranose system 

L. D. HALL AND P. R. STEINER' 
Department of Chemistry, University of British Colnmbia, Vatrcortver 8,  British Columbia 

Received February 20, 1970 

The 'H and I9F nuclear magnetic resonance spectra of several hexofuranosyl fluoride derivatives have 
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between the similarly oriented F1 and H j  nuclei. 
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Introduction o 
We have previously (1) used the 3,6-anhydro 

ring of 3,6-anhydro-5-deoxy-5-fluoro-L-idofur- - 
anose as a model for systems containing fluorine F 
attached to a secondary ring carbon atom. We 
have now prepared a series of furanosyl fluoride 
derivatives in order to investigate the properties 
of a fluorine substituent attached to the anomeric OR 

center of a furanose system. 1 R=Bz 3 R = F  
2 R = A c  4 R=OAc 

Discussion 

The derivatives studied, 1-4, were chosen with 
the anticipation that their ring conformations 
might be well defined and hence, that their 19F 
nuclear magnetic resonance (n.m.r.) parameters 
might provide further information concerning the 
stereospecificity of 19F-'H coupling constants. 

Compounds 1-3 were synthesized by reacting 
the corresponding tri-ester with anhydrous 
liquid hydrogen fluoride. In each case the major 
product had a very small coupling between HI  
and Hz, which implies (2) that these two protons 

'Recipient of a NRCC Studentship, 1968-1970. 

are trans and hence, that the product is the 
p-anomer. For two of the products, 1 and 3, this 
assignment was confirmed by independent 
syntheses; the sequence for the glucuronolactone 
system is shown in Scheme 1. The original tri- 
ester was converted to the corresponding furan- 
osyl bromide by standard methods (3) and then 
the bromide was reacted with silver mono- 
fluoride. In both instances a single product 
was obtained, which was identical in all respects 
with that obtained via the HF route. In so far 
that it has previously been unequivocally 
established (3-5) that the AgF exchange reaction 
used in the sequence affords exclusively the 
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this position virtually eliminates any effective 
spin-decoupling (Fig. 1B). Modulation of the 
31P decoupling field using the record player and 
the track "Midnight in Moscow" played by 
Kenny Ball and his Jazzmen (Kapp, KL  1276) 
resulted in complete recovery of the effectiveness 
of the decoupling, as is shown in Fig. 1C. This 
result compares very favorably with that pre- 
viously (1) obtained with noise-modulation 
obtained from either a tape-recorder source, or 
from a pseudo-random sequence generator. 

The main point of this note is to point out that 
for many heteronuclear decoupling experiments, 
the precise source of audio-frequency noise is 
almost irrelevant. 

We thank the National Research Council of Canada 
for their generous financial support and Mr. R. B. Mal- 
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the anticipation that their ring conformations 
might be well defined and hence, that their 19F 
nuclear magnetic resonance (n.m.r.) parameters 
might provide further information concerning the 
stereospecificity of 19F-'H coupling constants. 
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the corresponding tri-ester with anhydrous 
liquid hydrogen fluoride. In each case the major 
product had a very small coupling between HI  
and Hz, which implies (2) that these two protons 
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are trans and hence, that the product is the 
p-anomer. For two of the products, 1 and 3, this 
assignment was confirmed by independent 
syntheses; the sequence for the glucuronolactone 
system is shown in Scheme 1. The original tri- 
ester was converted to the corresponding furan- 
osyl bromide by standard methods (3) and then 
the bromide was reacted with silver mono- 
fluoride. In both instances a single product 
was obtained, which was identical in all respects 
with that obtained via the HF route. In so far 
that it has previously been unequivocally 
established (3-5) that the AgF exchange reaction 
used in the sequence affords exclusively the 
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, Br (id Bzo.-.; F 

0Bz.H -4 + 

OBz OBz OBz 
SCHEME 1 

(i) Br2-HOAc; (ii) AgF in CHSCN. 

product having the fluorine trans with respect 
to the participating group at C-2, this confirms 
that the fluorides 1 and 3 both have the p-con- 
figuration. 

One preparation of 1 was quenched after half 
the usual reaction period, and the resultant 
material was examined by 19F n.m.r. In addition 
to the resonance of 1, a second quartet having 
splittings of 61 and 18 Hz was detected at 4, + 
138, and was assigned to the a-anomer. 

The 'H and 19F n.m.r. spectra of compounds 
1-3 were assigned and analyzed on the basis of 
techniques discussed in the Experimental section. 
The parameters obtained from these spectra are 
listed in Tables 1 and 2, together with those of a 
reference compound, 4. 

As mentioned earlier, the small magnitude of 
J,,, confirms that each of these derivatives has 
the P-configuration. The overall similarity 
between the vicinal 'H-'H coupling constants 
of 1-4 suggests that they favor conformations 
closely similar to those previously suggested (2) 
for derivatives of 3,6-anhydro-l,2-0-isopropyl- 
idene-a-L-idofuranose. Thus the furanose ring 
favors the 3T, conformation, A, while the 3,6- 
anhydro ring favors the V4 conformation, B. 
The observation that the magnitude of J,,, is 
somewhat larger for these derivatives than for 

A B 

the corresponding 1,2-0-isopropylidene deriva- 
tives (2) suggests that the furanose ring is now 
less-puckered; alternatively, the 3V conformer 
may be favored. 

It is of importance to note that a large (ca. 4.6 
Hz) coupling occurs between F, and H4 whereas 
the coupling between F, and H, is very small 
indeed. since the coupled nuclei are trans dis- 
posed in both instances, this observation may 
imply that the ring-oxygen substituent has a 
significant influence on the magnitude of the 
4JF,4 coupling. Unfortunately, the spectra of the 
compounds were too complex for us to determine 
the signs of these couplings. 

One of the H, protons of 3 shows a long range 
coupling with the fluorine substituent of 1.5 Hz; 
if this coupling is transmitted through the bonds 
of the system, it  spans six bonds. 

Experimental 
Solutions were concentrated under reduced pressure. 

All m.p.'s were measured on a Fisher-Johns heating 
stage and are uncorrected. Optical rotations were mea- 
sured with a Bendix ETL-NPL Automatic Polarimeter 
(model 143A) using either 4.0 or 0.5 cm cells; chloroform 
solutions were used throughout. Microanalyses were 
performed by Mr. P. Borda of this Department. 

All n.m.r. spectra were measured with a modified (6) 
Varian HA-100 spectrometer operating in the "locked" 
mode. The lgF shifts are quoted as "+,-values" and were 
obtained for chloroform solutions containing ca. 20% 
trichlorofluoromethane as reference. 

The computer analyses of the n.m.r. spectra were 
performed with an I.B.M. 7044 computer in the Com- 
puter Center at  U.B.C. The TWOSUM programme was 
used.2 

The preparation of the furanosyl fluorides 1, 2, 3 was 
as follows: The appropriately 0-acyl sugar (500 mg) was 
added slowly to a small volume (ca. 1 ml) of anhydrous, 
liquid hydrogen fluoride in a polyethylene flask, cooled 
by an acetone - solid COz cold bath. The reaction mix- 
ture was agitated several times and allowed to warm to  
room temperature over a 20 min period. The solution 
was then poured into a mixture of saturated, aqueous 
sodium bicarbonate (100 rnl) and ether (100 ml). After 
the neutralization was complete, the ether layer was 
separated, dried (NazSO,), and concentrated. Purifica- 

2Kindly provided by Dr. J. S. Martin, Chemistry 
Department, The University of Alberta, Edmonton, 
Alberta. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2442 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 

First order chemical shifts (7 values, +c values) for two fused ring systems 

Compound* 

Bzo+ 

F H i  Hz H3 H4 Hs Hs,  Hs7 OAC OBz 

1 F 118.5 3.80 4.30 4.44 4.29 4.02 - - - 1.8-2.7 
(0) 

OBz 

R 

2 F 118.3 4.09 4.65 4.77 4.64 4.37 - - 7.14 - 
(0) 

OAc 

OAc 

b 7.98 
4 OAc - 3.79 4:76 5.00 5.23 4.48 5.29 5.95 1.9-2.8 

(c) 8.04 

OAc 

*The compounds above were measured in (a) acetone-d6 and ( c )  chloroform-d solutions. 

tion was achieved by column-chromatography on silica- 
gel (Mallinckrodt Silicar CC 7) using ethyl acetate:light 
petroleum 1 :3 (v/v). 

2,5-Di-O-be11zoyl-~-~-glr1curo11yl-3 -> 6-lactone 
Fluoride (1) 

(a) 1,2,5-Tri-0-benzoyl-[3-D-glucurono-3 -z 6-lactone 
(7) (750 mg) was reacted with anhydrous hydrogen 
fluoride as described above. After 2 days at 0 OC in 
anhvdrous ether - Dentane solution. colorless crvstals of 
1 were obtained (290 mg. 46x1, m.d. 132-134", [C(1Dz2 + - . - .  . - - 

70.8" (c, 1.28). 
Anal. Calcd. for C20Hl,0,F: C, 62.18; H, 3.89; F, 

4.92. Found: C. 62.18: H. 4.13: F. 5.05. 
The lgF n.m.>. showed'a "doubleted-tripletm at 4, + 

117.9 p.p.m.; the mother liquors remaining after isolation 
of 1 also showed only this resonance. 

(b) 1,2,5-Tri-0-benzoyl-13-D-glucurono-3 + 6-lactone 

(1 g), was added to a saturated solution of bromine in 
glacial acetic acid. The mixture was stirred and the 
resultant solution was then kept at room temperature for 
4 h. The reaction mixture was added slowly to a saturated 
solution of sodium hydrogen carbonate, (100 ml) and 
extracted, without delay, with chloroform. The dried 
(Na2S04) chloroform solution was concentrated to an 
amber syrup, which was dissolved in dry acetonitrile 
(20 ml) and reacted immediately with silver fluoride (0.5 
g). The mixture was stirred for 1 h, filtered, and concen- 
trated. Pure product was not isolated from this reaction; 
however, the '"F n.m.r. spectrum showed only one fluo- 
rine resonance, identical to that of the sample of 1 de- 
scribed above. 

2,5-Di-O-acetyl-13-~-gl~iclir011yl-3 -> 6 lactone 
Fluoride (2) 

A non-crystalline sample of this derivative was pre- 
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FIG. 1. Partial 'H n.m.r. snectrum (100 MHz) of 2.5-di-0-benzovl-(3-D-glucuronyl-3 -> 6-lactone fluoride (1) in 
acetone-d6 solution. m, Normal spectrum and m, spectrum obtained with irradiation at the 19F resonance frequency. 

pared from 1,2,5-tri-0-acetyl-(3-D-glucuro-3 -> 6-lactone,j causes it to collapse to a broadcned singlet, indicating 
using the H F  methoddescribedaboveforthecorrespond- that JlSz is small. The broadened doublet at T 4.30 
ing dibenzoate. Since the 'H and 19F n.m.r. spectra of collapsed on 'T irradiation and was tentatively assigned 
this derivative were so closely similar to those of 1, no to H,. Of the remaining protons it was anticipated that 
further characterization was attempted. the H, should have the lower-field shift: irradiation of 

2-O-Ace~l-3,6-a11/1yrlr0-5-0-be1izoyl-(3-~-idofirr~tzosyl 
Fluoride (3) 

(a) Following the general procedure outlined above, 
a sample of 1,2-di-O-acetyl-3,6-anhydro-5-O-benzoyl-~- 
L-idofuranose3 (4) was converted to syrupy 3, which was 
shown to be substantially pure by n.m.r. spectroscopy. 
The "F n.m.r. spectrum in chloroform solution gave a 
doubleted-sextet at 4, + 120.6 p.p.111. 

Examination by l g F  n.m.r. of a similar reaction mixture 
which had been quenched after 10 min showed the pres- 
ence of 70 % of 3 and 30 % of a second furanosyl fluoride, 
whose resonance at  4, + 138 p.p.ni. was assigned to the 
a-anomer of 3, 

(b) Reaction of a sample of 4 with bromine in acetic 
acid, followed by fluorine exchange as outlined for 1 
afforded a sample of 3 identical in all respects with the 
material discussed in (a) above. Neither sample has shown 
any tendency to crystallize during the past two years. 

Spectral Assignlne~zts 
The assignment of the 'H n.m.r. spectrum of 1 typifies 

the approach we adopted for assignment of these spectra. 
The normal 'H spectrum of 1, Fig. lA,  cannot be 
assigned on a first-order basis. However, irradiation at  
the 'T resonance frequency simplifies the spectrum, as 
is indicated in Fig. 1B. The H I  resonance comes to lowest 
field, and irradiation at the I T  resonance frequency 

3Sample donated by Dr. J. F. Manville. 

the "doublet" at  T 4.02 caused the resonance centered 
around T 4.29 to collapse, which identified it as arising 
from Ha. 

The first-order parameters obtained from this assign- 
ment and from the '" spectrum were entered into the 
TWOSUM programme and a spectrum simulated which 
matched both the 'H and 'T spectra. 

A similar sequence was applied to the other d~rivatives. 

It is a pleasure to thank the National Research Council 
of Canada for their generous financial support and in 
particular for the equipment grant (E 1338) which pro- 
vided the heteronuclear decoupling equipment. 
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Oxidative addition of substituted benzenethiols to 
trans-chlorocarbonylbis(triphenyl phosphine)iridium(I) 
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A series of para-substituted benzenethiols have been shown to react with lrnr~s-IrC1(CO)(Ph3P)2, to 
form IrHCI(SC6H4Y)(CO)(P1~,P), where Y = NO,, Br, C1, F, H, CH,, and CH3O. A good correlation 
between the vco vibration in the infrared spectra of these complexes and the Hammett substituent 
parameter, o,, was observed indicating that the vm vibration may be used to provide a measure of the 
transmission of the para-substituent's electronic effect to the central iridium atom. 

Canadian Journal of Chemistry, 48, 2444 (1970) 

Oxidative addition reactions, particularly those 
involving Vaska's compound, trans-IrCl(C0)- 
(Ph3P),, have been well documented in recent 
review articles (1, 2). Toluenethiol has been 
recently shown to undergo an oxidative addition 
reaction with tram-IrC1(CO)(Ph3P)2 to form 
IrHCl(SC,H4CH3)(CO)(P1~3P)2 (3). This note 
reports some spectroscopic results of an investiga- 
tion into the oxidative addition of a series of para- 
substituted benzenethiols, YC6H4SH (Y = NOz, 
Br, C1, F, H,  CH,, and CH30)  with Vaska's 
compound to form the corresponding oxidative 
addition adduct, IrHCl(SAr)(CO)(Ph,P),. 

Results and Discussion 
Pertinent infrared (i.r.) and nuclear magnetic 

resonance (n.m.r.) spectral data are presented in 
Tables 1 and 2. These data, together with the 
analytical data given i n  Table 3 confirm the 
formulation of the complexes as IrHCl(SAr)- 
(C0)(Ph3P)2. 

Examination of the spectral data indicates that 
the v,, vibration in the i.r. is sensitive to the 
nature of the para-substituent associated with the 
YC6H4S- moiety in the complexes. On the other 
hand, both the high-field chemical shift of the 
hydride ligand bonded to iridium and the 

TABLE 1 

Infrared spectral data for the con~plexes, IrHCI(SAr)(CO)(Ph3P)2 
... . - .-.-.- - .... ---. .. -- . - ..... -- ... . ... . - -...... 

vC0* v~r-II*  
Colllplex Solvent (cm - ') (cm - I )  

*s = Strong: w = weak. 
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NOTES 

TABLE 2 

The n.m.r. data for the complexes, IrHCl(SAr)(CO)(Ph,P), 
.- 

'H Chemical shift 
for Ir-H J e - H  

Complex (P.P.~.)*  (c.P.s.) 

. . .. . 

*Measured in CHCI, or CDCI, with TMS as internal reference. 

TABLE 3 
Analytical data for the complexes, IrHCI(SAr)(CO)(Ph3P)2 

. --- - 

Calculated Found Melting 
point 

Complex C H C H ("c) 

phosphorus-hydrogen coupling constant are 
insensitive to the nature of the para-substituent. 
These observations support the suggestion that 
the CO stretching vibration may be used as a 
criterion for any change in electron density at the 
metal in the oxidative addition adduct as com- 
pared to the parent compound. Thus, an electron 
releasing substituent would be expected to in- 
crease the electron density at iridium resulting in 
an increase in the amount of "back-bonding" 
from the metal to the CO ligand; this would be 
reflected by a lowering of the energy of the vco 
vibration and vice versa for an electron-with- 
drawing substituent. A plot of vco (which should 
parallel the CO force constant) vs. the Hammett 
substituent parameter, o,, is shown in Fig. 1. 
The linearity of this plot indicates that there is a 
definite correlation between these two quantities. 
It may be pointed out that the position of the 
vco absorption band is soniewliat dependent on 
the solvent used (Table 1) and that the linear 
correlation holds for the vco values obtained in 
benzene and chloroform but not for those ob- 
tained in Nujol. This suggests that the vco 
vibration is significantly perturbed in the solid 
state and this is most apparent for the 4-nitro- 

FIG. 1. Hammett plot for the vco values observed in 
chloroform. 

benzenetl~iolo derivative. This linear correlation 
between vco and o,,provides additional support 
for Singer and Wilk~nson's claim that the stereo- 
chemistry of the oxidative addition product is 
that shown in Fig. 2 which would result from 
cis-addition (3). It may also be concluded that 
this stereochemistry is comlnon to all the benzene- 
thiolo adducts reported here by virtue of the fact 
that the high-field chemical shift of the hydrogen 
bonded to iridium is invariant to the nature of the 
para-substituent. 
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OC-, pr -H 

c,i';C" 
PPh, 

FIG. 2. Stereochemistry of the oxidative addition ad- 
duct. 

Experimental 
(I) Physical Measuremer~ts 

The i.r. spectra were recorded on a Beckman IR-12 
spectrophotometer which was calibrated with carbon 
monoxide; the vco frequencies are reliable to + 1 cm-l. 
Proton n.m.r. spectra were recorded on a Varian T-60 
spectrophotometer. Melting points were determined with 
a Fisher-Johns melting point apparatus and are un- 
corrected. Microanalyses were determined by A. B. 
Gygli, Toronto, Ontario. 

these complexes with exceptions as noted below. All 
manipulations with trans-IrC1(CO)(Ph3P), were carried 
out in an atmosphere of nitrogen or argon. To 0.50 g of  
t ran~-IrCl(CO)(Ph~P)~ suspended in oxygen-free benzene 
(20 ml) was added the appropriate benzenethiol (0.10 g 
or 0.10 ml). The resulting suspension was stirred at room 
temperature until aclear solution was observed (ca. 10-30 
min) whereupon excess ligroin (b.p. 66-75') ca. 100 ml) 
was added to  precipitate the desired adduct. The adduct 
derived from 4-bromobenzenethiol was soluble in ligroin 
(b.p. 66-75") and n-pentane was used as the precipitating 
reagent. The yields of these reactions were in the range, 
45-85%. Each adduct was collected by filtration, washed 
with ligroin or ti-pentane, ether, and dried in vacuo at 25". 
Analytical data are given in Table 3. 

The author wishes to thank the National Research 
Council of Canada and the Department of  University 
Affairs for the Province of Ontario for their generous 
financial suooort. The author would also like to  thank 

(2) Preparatiorz of the Complexes Dr. C. A. F;'fe of the Department of Chemistry, Univer- 

(a) trans-Chlorocarborgvlbis(triphenyl phospl7ine)- sity of Guelph for carrying out the n.m.r. measurements 

iridi~irn(I), IrCI(C0) (Ph3P) and Dr.  D. E. R.  Gilson, Department of Chemistry, 

This complex was prepared according to the method McGill University for the use of the n.m.r. spectrometer. 

published in the literatuie (4). 
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An attempted Wittig reaction of o-xylylene-bistriphenylphosphorane with diethyl ketomalonate gave 
ethyl 3-ethoxy-2-naphthoate, representing formally, a Wittig reaction with an ester carbonyl. 

Canadian Journal of Chemistry, 48.2446 (1970) 

As part of a study of the photochemistry of 
P-substituted o-divinylbenzenes (l), we have 
uncovered yet another example of a phos- 
phorane-ester carbonyl condensation (2-4). 

Phthalaldehy de condensed readily with 
carbethoxymethylenetriphenylphosphorane to 
give diethyl o-phenylenediacrylate in 58 % yield 
(1). The related P,P,P',P1-tetracarbethoxy-o-di- 
vinylbenzene derivative, 1, could not be prepared 
by the same route since the nucleophilicity of the 
required phosphorane (dicarbethoxymethylene- - - 

'Taken in part from the Ph.D. Thesis of W. H. Ploder, 
University of Calgary, Calgary, Alberta, 1968. 

triphenylphosphorane) is too low to be of any 
synthetic use in the Wittig reaction (5). The 
condensation of o-xylylenebistriphenylphospho- 
rane (2) with diethyl ketomalonate (3) seemed 
promising, eq. [ I  1. 

A solution of 2 and 3 in absolute ethanol was 
treated with an excess of lithium ethoxide 
according to the procedure described by Griffin 
(6). The product, 4, which melted at 59.5' after 
separation from triphenylphosphine oxide and 
chromatography on alumina, had a nuclear 
magnetic resonance (n.m.r.) spectrum which was 
much more complex than that expected for 1. 
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PPh, 

FIG. 2. Stereochemistry of the oxidative addition ad- 
duct. 

Experimental 
(I) Physical Measuremer~ts 

The i.r. spectra were recorded on a Beckman IR-12 
spectrophotometer which was calibrated with carbon 
monoxide; the vco frequencies are reliable to + 1 cm-l. 
Proton n.m.r. spectra were recorded on a Varian T-60 
spectrophotometer. Melting points were determined with 
a Fisher-Johns melting point apparatus and are un- 
corrected. Microanalyses were determined by A. B. 
Gygli, Toronto, Ontario. 

these complexes with exceptions as noted below. All 
manipulations with trans-IrC1(CO)(Ph3P), were carried 
out in an atmosphere of nitrogen or argon. To 0.50 g of  
t ran~-IrCl(CO)(Ph~P)~ suspended in oxygen-free benzene 
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or 0.10 ml). The resulting suspension was stirred at room 
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min) whereupon excess ligroin (b.p. 66-75') ca. 100 ml) 
was added to  precipitate the desired adduct. The adduct 
derived from 4-bromobenzenethiol was soluble in ligroin 
(b.p. 66-75") and n-pentane was used as the precipitating 
reagent. The yields of these reactions were in the range, 
45-85%. Each adduct was collected by filtration, washed 
with ligroin or ti-pentane, ether, and dried in vacuo at 25". 
Analytical data are given in Table 3. 
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uncovered yet another example of a phos- 
phorane-ester carbonyl condensation (2-4). 

Phthalaldehy de condensed readily with 
carbethoxymethylenetriphenylphosphorane to 
give diethyl o-phenylenediacrylate in 58 % yield 
(1). The related P,P,P',P1-tetracarbethoxy-o-di- 
vinylbenzene derivative, 1, could not be prepared 
by the same route since the nucleophilicity of the 
required phosphorane (dicarbethoxymethylene- - - 
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triphenylphosphorane) is too low to be of any 
synthetic use in the Wittig reaction (5). The 
condensation of o-xylylenebistriphenylphospho- 
rane (2) with diethyl ketomalonate (3) seemed 
promising, eq. [ I  1. 

A solution of 2 and 3 in absolute ethanol was 
treated with an excess of lithium ethoxide 
according to the procedure described by Griffin 
(6). The product, 4, which melted at 59.5' after 
separation from triphenylphosphine oxide and 
chromatography on alumina, had a nuclear 
magnetic resonance (n.m.r.) spectrum which was 
much more complex than that expected for 1. 
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NOTES 

The n.m.r. spectrum showed peaks at T 2.06 and 
3.21, for one proton each, in addition to the 
aromatic multiplet centered at T 2.8, and two 
ethyl groups. Saponification (equivalent found: 
240) gave a product (m.p. 124") which, by n.m.r. 
analysis, had lost only one ethyl group and 
showed an acidic proton at T -0.21. The ultra- 
violet (u.v.) spectrum showed peaks at 340, 277, 
268, and 232 mp suggesting a substituted naph- 
thalene ring system (7). That 4 was in fact ethyl 
3-ethoxy-2-naphthoate was established by com- 
parison with an authentic sample, with which it 
was found to be identical in every respect. 

A possible mechanism for the formation of 4, 
given in Scheme 1, can formally be described as 
a "normal" Wittig reaction of one phosphorane 
group of 2 with the keto group of 3 to give the 
intermediate 5. This is followed by a second 
Wittig reaction with the ester carbonyl, as has 
been reported for "activated" esters such as di- 
ethyl oxalate and ethyl monofluoro- and trifluoro- 
acetates (2-4). While diethyl ketomalonate, which 
forms a stable hydrate, should react readily at the 
0x0-carbonyl with a phosphorane, the present 
case is unique in that the use of a bisphosphorane 
affords the possibility for a subsequent cyclization 
to form the stable naphthalene system. It should 
be noted, however, that the more commonly 
observed displacement of alkoxyl (8) would 
likewise have given an aromatic compound, ethyl 
3-hydroxy-2-naphthoate. 

Experimental 
Melting points were determined on a Kofler hotstage 

and are corrected; infrared (i.r ) spectra were determined 
with a Perkin-Elmer spectrophotonieter, model 337; 
U.V. spectra with a Perkin-Elnier model 220 spectro- 
photometer; and n.m.r. spectra were measured at 60 MHz 
in deuteriochloroform solution with tetramethylsilane as 
internal standard. Molecular weights were determined 
with a Mechrolab vapor pressure osniometer, niodel 301 ; 

niicroanalyses were performed by S. J. Swaddle, The 
University of Calgary, Calgary, Alberta. 

Coriderisatiori of 2 witl~ Dietlryl Ketor~~alor~nte (3). 
Et/ij~l 3-Etlioxy-2-ricrplitI10nte (4) 

The procedure of Griffin (6) was followed. o-Xylylene- 
bis(tripheny1phosphoniunl bromide), from Aldrich, was 
recrystallized from chloroform, n1.p. 340". Diethyl 
ketonialonate (diethyl mesoxalate) was dried with P z 0 5  
according to Curtiss (9), to convert any diethyl dihydroxy- 
nialonate into the 0x0 compound, and redistilled under 
vacuum to give a yellow oil, b.p. 86"/9 mni (lit. (10) b.p. 
103-105/15 nini), nDZO = 1.4178 (lit. (10) nDZO = 1.419). 

A solution of 19.7 g (0.025 mole) of the bromide and 
9.0 g (0.0517 mole) of diethyl ketomalonate (3) in 75 nil 
of absolute ethanol was treated with 250 ml of 0.4 M 
lithium ethoxide (0.69 g Li in 250 ml of ethanol). The 
solution was allowed to stand at  room temperature for 
30 min, and was then refluxed for 2 h, to yield a red- 
orange solution. The ethanolic solution was concentrated 
under reduced pressure to a volume of 50 ml. Addition 
of 150 nil of water gave a brown oil which soon solidified. 
The brown residue was washed with 500 ml hexane (in 
100 ml portions) to leave brown crystalline triphenyl- 
phosphine oxide. The yellow oil, on evaporation of the 
hexane, was chromatographed on 300 g of alumina 
(Woelm). Elution with 2 I of hexane gave, on evaporation 
of the solvent, an oily fraction which slowly crystallized. 
Recrystallization from hexane yielded plates of ethyl 
3-ethoxy-2-naphthoate (4), 0.92 g (15% yield), 59.5", 
(lit. (1 1) n1.p. 60"). 

Anal. Calcd. for Cl5HI6O3 (mol. wt. 244 (for I : ]  
reaction)): C, 73.55; H, 6.55. Found (242 (vapor pressure 
osmometer)): C, 73.45; H, 6.48. 

The i.r. spectrum displays various bands in the range 
of 3100 to 2900cm-I and strong bands at 1720, 1630, 
1210, 1070, and 745 cm-'. The U.V. spectruni (hexane) 
showed strong absorptions at 232 (E 58 OOO), 268 (E 5200), 
277 (E 4800), and 340 nip (E 1850). 

Saponification of 4 with ethanolic KOH afforded, on 
workup and recrystallization from ethanol, colorless 
needles of 3-ethoxy-2-naplithoic acid, m.p. 124" (lit. (12) 
n1.p. 122, 128.5-9.5"). The n.m.r. spectruni showed two 
singlets at  r 1.35 (1H) and 2.83 (lH),  a broad peak at  
r -0.12 (lH), an aromatic multiplet centered at r 2.4 
(4H), and an ethyl group with peaks centered at  r 5.72 
(2H) and 8.46 (3H). 

An authentic sample of 4 was prepared from com- 
niercially available 3-hydroxy-2-naphthoic acid by 

COOEt 
2 : 3 - m 0 0 . t  

-(PII)~PO 
CH 

OEt 
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etherification and esterification; m.p. after several re- 5. A. W. JOHNSON. Ylid chemistry. Academic Press, 
crystallizations from hexane 59.5" (lit. (1 1) m.p. 60"). A New York, N.Y., 1966. p. 132. 
mixed melting point determination with compound 4 6. C. E. GRIFFIN, K. R. MARTIN, and B. E. DOUGLAS. 

J. Org. Chem. 27, 1627 (1962). was not depressed, and all spectroscopic data are identical 
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Organic sulfur compounds. VI.' Reduction of three a-(0-nitropheny1thio)ketones 
with sodium borohydride 
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Reduction of three a-(0-nitropheny1thio)ketones with sodium borohydride and palladium-charcoal 
gave mainly a-(0-nitrophenylthio)alcohols and, as minor products, a-(0-aminophenylthio)alcohols. 
Only two benzothiazines were formed. Bis[2-(3-phenyl-2H-1,4-benzothiazine)] was a minor product 
of the catalyzed reduction of w-(0-nitropheny1thio)acetophenone whereas 1-(3,4-dihydro-4-hydroxy-3- 
oxo-2H-l,4-benzothiazin-2-yl)benzyl alcohol was the main product of the catalyzed reduction of 
a-benzoyl-a-(0-nitropheny1thio)acetate. 

Canadian Journal of Chemistry. 48, 2448 (1970) 

Methyl a-(0-nitropheny1thio)acetate (la) and 
its simple derivatives are readily reduced by 
means of sodium borohydride and palladium- 
charcoal (1-3) to give 2H-1,4-benzothiazine 
hydroxamic acids (2). It was of interest to extend 
these studies to the reductive cyclization of a-(0- 
nitropheny1thio)ketones (3) to see if 2H-1,4- 
benzothiazine 4-oxides (4) could be obtained in 
this way. This proved not to be the case; however, 
some unexpected reactions were observed and 
they are now reported. 

'Part V, see ref. 3. 
'To whom communications should be addressed. 

The ketones (3a-c) were prepared in good 
yields by the interaction of o-nitrobenzene- 
sulfenyl chloride with acetone, acetophenone, 
and ethyl benzoylacetate respectively, using 
acetonitrile as solvent (4, 5). Reduction of 
(0-nitropheny1thio)propan-2-one (3a) with so- 
dium borohydride in the presence of catalytic 
quantities of palladium-on-charcoal yielded 
mainly I-(0-nitropheny1thio)propan-2-01 (5a), 
characterized as its 3,5-dinitrobenzoate. The 
same nitroalcohol was also the product of the 
reduction of (3a) using sodium borohydride 
without catalyst. An additional minor product of 
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Only two benzothiazines were formed. Bis[2-(3-phenyl-2H-1,4-benzothiazine)] was a minor product 
of the catalyzed reduction of w-(0-nitropheny1thio)acetophenone whereas 1-(3,4-dihydro-4-hydroxy-3- 
oxo-2H-l,4-benzothiazin-2-yl)benzyl alcohol was the main product of the catalyzed reduction of 
a-benzoyl-a-(0-nitropheny1thio)acetate. 

Canadian Journal of Chemistry. 48, 2448 (1970) 

Methyl a-(0-nitropheny1thio)acetate (la) and 
its simple derivatives are readily reduced by 
means of sodium borohydride and palladium- 
charcoal (1-3) to give 2H-1,4-benzothiazine 
hydroxamic acids (2). It was of interest to extend 
these studies to the reductive cyclization of a-(0- 
nitropheny1thio)ketones (3) to see if 2H-1,4- 
benzothiazine 4-oxides (4) could be obtained in 
this way. This proved not to be the case; however, 
some unexpected reactions were observed and 
they are now reported. 

'Part V, see ref. 3. 
'To whom communications should be addressed. 

The ketones (3a-c) were prepared in good 
yields by the interaction of o-nitrobenzene- 
sulfenyl chloride with acetone, acetophenone, 
and ethyl benzoylacetate respectively, using 
acetonitrile as solvent (4, 5). Reduction of 
(0-nitropheny1thio)propan-2-one (3a) with so- 
dium borohydride in the presence of catalytic 
quantities of palladium-on-charcoal yielded 
mainly I-(0-nitropheny1thio)propan-2-01 (5a), 
characterized as its 3,5-dinitrobenzoate. The 
same nitroalcohol was also the product of the 
reduction of (3a) using sodium borohydride 
without catalyst. An additional minor product of 
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NOTES 

the catalyzed reaction was deduced to  be 1-(0- 
aminopheny1thio)propan-2-ol(5b) by comparing 
it with an  authentic sample prepared from 
o-aminothiophenol and propylene glycol (6). 
Failure of the nitro-group in 5a to reduce readily 
in the catalyzed reaction was surprising in view 
of the ease with which this group was converted 
to  the hydroxylamine when related esters were 
treated with the same reducing system (1, 3). 

c NO; H Ph 
d NH, H Ph 
e NOZ COOEt Ph 

In a similar manner, reduction of o-(0-nitro- 
pheny1thio)acetophenone (36) with sodium boro- 
hydride in the presence or absence of palladium 
catalyst gave good yields 2-(0-nitropheny1thio)-1- 
phenylethanol(5c), and 2-(0-aminopheny1thio)-1- 

R R' 
a H Me 
b H Ph 
c COOEt Ph 

phenylethanol ( 5 4  was isolated from the 
catalyzed reduction only, in very low yield. 
Catalyst poisoning was apparently occurring and 
so the reduction of 36 was repeated using a much 
larger quantity of palladium-charcoal. Basic and 
neutral products were then formed. The neutral 
fraction was an oil from which one component 
was isolated, using column chromatography, as a 
bright orange solid, C2,H,,N,S2. Its mass spec- 
trum showed a molecular ion of nz/e 448, a strong 
(M-2)' ion a t  m/e 446 and a base peak of mass 
224. The ions proposed in Scheme 1 are com- 
patible with these observations and enable 
identification of this product as bis [2-(3-phenyl- 
2H-1,4-benzothiazine)] (6 ) .  The same compound 
was isolated by Fujii (7) when he attempted to  
prepare the picrate of 3-phenyl-4H-l,4-benzo- 
thiazine. The basic fraction again was 2-(0-amino- 
pheny1thio)-1-phenylethanol(5d), the mass spec- 
trum of which showed prominent ions o f n ~ l e  245, 
139,125 and 124. The formation of each fragment 
ion proposed in Scheme 2 was supported by the 
presence of a metastable ion of appropriate mass. 

When ethyl u-benzoyl-a-(0-nitropheny1thio)- 
acetate (3c) was reduced with sodium borohydride 
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in the absence ofcatalyst, the product was not the 
expected nitro-alcohol (5e). The ethoxycarbonyl 
group was lost during the reduction and 2-(0- 
nitropheny1thio)-1-phenylethanol (5c) was ob- 
tained. When the rea,ction was repeated in the 
presence of catalyst, two identifiable products 
were isolated. The major one was an acidic 
viscous yellow oil which gave a violet color with 
ethanolic ferric chloride solution. Addition of 
water to this solution precipitated a purple ferric 
chelate. The infrared (i.r.) spectra of the oil and 
its ferric chelate were consistent (8) with the 
product being the cyclic hydroxamic acid 1-(3,4- 
dihydro-4-hydroxy-3-oxo-2H-1,4-benzothiazin- 
2-y1)benzyl alcohol (7). A purple ferrous chelate 
was also isolated which analyzed satisfactorily for 
C,oH,,FeN,O,S,. It is of interest to contrast 
this result with the one obtained when another 
P-keto-ester, namely methyl o-nitrobenzoylaceto- 
acetate (8), was reduced with sodium borohydride 

OH 

7 8 

~ c O O M e  .1 P h 

0 

9 

and palladium-charcoal (9). The product then 
was the N-oxide (9). The other product of the 
catalyzed sodium borohydride reduction of (3c) 
was 1-(0-aminopheny1thio)propan-2-01 (56). 
Once again, the ethoxycarbonyl group in 3c did 
not survive the reduction. 

Experimental 
Melting points and boiling points are uncorrected. The 

i.r. spectra were measured on KBr discs or thin films 
with a Beckman I R  10 spectrophotometer. Mass spectra 
were measured with an  A.E.I. MS9 or MS12 spectro- 
meter, using the direct insertion technique. 

Preparatioli of a-(0-Nitrophenylthio)keto~~es (3) 
General method: o-Nitrobenzenesulfenyl chloride 

(10 g) and an excess of the appropriate ketone (15 g) 
were dissolved in acetonitrile (100 nil) and the solution 
was heated under reflux for 2.5 to 4.5 h. Acetonitrile 
(80 ml) was then removed by distillation and the reaction 
mixturecooled to yield the product which was purified by 
crystallizing from methanol or ethanol. 
(0-Nitropheny1thio)propan-2-one (3a) was prepared 

from acetone in 97% yield as yellow crystals, m.p. 
77-79" (from methanol); lit. (4) m.p. 81". 
o-(0-Nitropheny1thio)acetophenone (3b) was the prod- 

uct obtained in 93 % yield when acetophenone was the 
ketone used in the reaction. It was a yellow solid, m.p. 
143-145" (from methanol); lit. (4) m.p. 147". 

Ethyl a-benzoyl-a-(0-nitropheny1thio)acetate (3c) was 
isolated in 95% yield as a yellow solid, m.p. 121-124" 
(from ethanol) when ethyl a-benzoylacetate was the 
ketone used. The i.r. spectrum: 1590, 1630 (P-ketoester 
C=O); 1510, 1335, 845 (NOZ) cm-I. 

Anal. Calcd. for C17H15N05S: C, 59.12; H, 4.38; N, 
4.06; S, 9.28. Found: C, 59.25; H,  4.40; N, 4.00; S, 9.34. 

Catalyzed Soclirrtn Borohydride Redrrctiorls of a-(0-Nitro- 
phenylthio) ketolzes (3) 

General method: A solution of sodium borohydride 
(0.5 g) in water (5 ml) was added to  a suspension of  
palladium (10%)-on-charcoal (0.1 g) in water (5 ml). 
Dioxane (10 nil) was added to the mixture and nitrogen 
gas was bubbled through it (1-2 min). The (o-nitro- 
pheny1thio)ketone (1.0 g), dissolved in a minimum of 
dioxane, was added to the reduction mixture over a 
period of 10 min. Nitrogen gas was bubbled through the 
reaction mixture during the addition of ketone and for a n  
additional 30 min. 

The reaction mixture was filtered and the filtrate 
extracted with ether (ether extract i). The aqueous layer 
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was acidified with concentrated hydrochloric acid, keep- 
ing the temperature below 30°, and then extracted with 
ether (ether extract ii). Ether extracts i and ii were then 
combined and extracted to completion with portions of  
10% sodium hydroxide solution (extract A), washed with 
water, extracted to completion with portions of 10 % 
hydrochloric acid solution (extract B), and washed with 
water. The ether layer was then dried (NazS04), and 
evaporated to yield the neutral product. 

Basic extract A and its washings were acidified with 
concentrated hydrochloric acid and extracted with ether. 
The ether layer was washed with water, dried (Na2S04), 
and evaporated to yield the acidic product. 

Acidic extract B and its washings were basified with 
10% sodium hydroxide solution and extracted with ether. 
The ether layer was washed with water, dried (NazS04), 
and evaporated to yield the basic product. 

(a) Reduction of (0-nitrophenylthio)propan-2-one (3a) 
(0.98 g), using the general method, gave a neutral product 
(0.65 g) and a basic product (0.03 g). No acidic product 
was isolated. The neutral product, I-(a-nitrophenylthi0)- 
2-propanol (50) was a yellow oil; i.r. spectrum: 3350 
(broad, OH); 1510, 1335, 860 (NO,) cm-I. 

The 3,5-dinitrobenzoate of 5a had a m.p. 144.5-146" 
(from ethanol); i.r. spectrum: 1723 (C=O); 1515, 1340, 
860 (NO,) cm-'. 

Anal. Calcd. for CI6Hl3N3O8S: C, 47.17; H, 3.22; N, 
10.36. Found: C, 47.53; H, 3.57; N, 10.36. 

The basic fraction was a brown oil, mol. wt. (mass 
spectrum) 183 (calcd. for C9Hl3NOS: 183), which 
formed a hydrochloride, m.p. 166-167"; lit. (6) m.p. 
159-160". The i.r. spectra of the base and its hydro- 
chloride were identical with authentic samples of 5b and 
56. HCI, prepared from propylene glycol and o-amino- 
thiophenol using tlie reported (6) method. 

(b) Reduction of w-(a-nitropheny1thio)acetophenone 
(3b) (0.94 g) using the general method gave a neutral 
fraction (0.86 g) and a basic fraction (0.01 g). No acidic 
fraction was isolated. 

The neutral product, 2-(a-nitropheny1thio)-I-phenyl- 
ethanol (Sc), was isolated as an orange oil which, on 
standing, slowly solidified to a yellow solid, m.p. 98-99". 
The i.r. spectrum: 3300 (broad, OH);  1505, 1335, 840 
(NOz) cm-'. 

Anal. Calcd. for C14H13NOZS: C, 61.07; H,  4.76; N, 
5.09; S, 11.65. Found: C, 61.03; H, 4.60; N ,  4.92; S, 
11.52. 

The p-nitrobenzoate of 5c had a m.p. 139-141" (from 
ethanol). The i.r. spectrum: 1732 (C=O); 1525, 1340, 
850 (NO,) cm-'. 

Anal. Calcd. for CZIH16NZ06S: C, 59.42; H,  3.80; 
N, 6.60. Found: C, 59.58; H,  4.21; N, 6.67. 

The basic product was a brown oil which had an i.r. 
spectrum identical with that of 2-(a-aminopheny1thio)-1- 
phenylethanol (5d) obtained as described below. 

(c) Reduction of w-(a-nitropheny1thio)acetophenone 
(3b) using excess catalyst. 

The title compound (10.03 g) was reduced using the 
general method on a 10-fold scale, except that the quan- 
tity of catalyst was increased to 2.64 g. A neutral fraction 
(3.83 g), a basic fraction (4.08 g), and an  acidic fraction 
(0.74 g, starting material) were isolated. 

The neutral product was an  orange-red oil which was 

chromatographed on a neutral alumina column (1.1 x 15 
cm) with petroleum ether as solvent. One bright orange 
component moved ahead of the remainder of the mixture 
and was collected. Subsequent elution with benzene and 
benzenelethano1 mixtures achieved some separation. 
Evaporation of the solvent in each instance gave a 
viscous orange oil and none of these oils were homo- 
geneous as shown by mass spectrometry. Removal of the 
solvent from the bright orange solution described above 
gave 2,2'-bis(3-phenyl-2H-1,4-benzothiazine) (6, 0.31 g) 
as orange needles (from acetone), m.p. 243-244"; lit. (7) 
m.p. 234-236". An i.r. spectrum confirmed the absence of 
C=O and NO, groups in 6. Mass spectrum: 450(0.7), 
449(3), 448(11), 447(29), 446(80), 445(13), 413(11), 
369(10), 342(13), 325(12), 235(11), 225(32), 224(100), 
223(28), 211(13), 121(23), 77(14), 76(10), 52(15), 51(14), 
39(16), mle (% relative abundance). 

Anal. Calcd. for CZ8HZoN2Sz:  C, 74.96; H ,  4.49; N, 
6.24. Found: C, 74.80; H ,  4.94; N, 6.35. 

The basic fraction was 2-(a-aminopheny1thio)-1- 
phenylethanol (5d) which was isolated as a brown oil. Its 
hydrochloride was a colorless solid, m.p. 180-18 l o  (from 
acetone/n-hexane); lit. (6) m.p. 172". 

Anal. Calcd. for C14H16C1NOS: C, 59.67; H, 5.72; 
N, 4.97. Found: C, 60.08; H ,  6.03; N, 5.12. 

(d) Reduction of ethyl a-benzoyl-a-(a-nitrophenyl- 
thio)acetate (3c) (I .93 g) using the general method gave a 
neutral product (0.32 g), an  acidic product (0.91 g), and a 
basic product (0.1 8 g). 

The acidic product, I-(3,4-dihydro-4-hydroxy-3-0~0- 
2H-1,4-benzothiazin-2-y1)benzyl alcohol (7), was a viscous 
yellow oil which gave a violet color with ethanolic ferric 
chloride solution. The i.r. spectrum: I690 (hydroxamate 
C=O), 2700-3600 (hydrogen-bonded OH) cm-'. The 
ferric chelate was prepared as a purple-brown solid by 
dissolving the oil (100 mg) in the minimum of ethanol, 
adding excess ethanolic ferric chloride solution and 
flooding the mixture with water. The i.r. spectrum: 3450 
(OH), 1528 (chelated C=O) (8) cm-'. The ferrous 
chelate was prepared by dissolving the hydroxamic acid 
(50 mg) in glacial acetic acid (I ml) and adding a solution 
of ferrous chloride (15 mg) in glacial acetic acid (1 ml) and 
then water (6 ml). The chelate was washed with 10% 
sodium hydroxide solution, then water, and dried to give 
a purple solid (38 mg), m.p. 140-145". 

Anal. Calcd. for C30H24FeN206S2: C, 57.33; H, 3.85; 
Fe, 8.89. Found: C, 57.42; H, 3.61; Fe, 8.94. 

The neutral fraction was a viscous oil which was not 
identified. Its i.r. spectrum differed from that of 5c. 

The basic product was a viscous yellow oil with an  i.r. 
spectrum which was superimposable upon that of 
2-(a-aminopheny1thio)-I-phenylethanol (5cl). 

Reduction of a-(a-~Vitr.ophenyltIiio)keto~~es (3) with 
Sodilrnl Borohydride b~ the Abset~ce of Catalyst 

(a-Nitropheny1thio)propan-2-one (30) (0.95 g) was 
dissolved in dioxane (15 ml) and a solution of sodium 
borohydride (0.5 g) in water (10 ml) was added. After 
1 h, the solution was acidified with dilute hydrochloric 
acid and extracted with ether. The ether solution was 
washed with 10% sodium hydroxide solution, then water, 
dried (Na2S04), and evaporated to yield I-(0-nitro- 
pheny1thio)propan-2-01 (5a) (0.95 g) as a yellow oil, 
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which was characterized by its i.r. spectrum (identical to  3. R. T. Courrs  and E. M. SMITH. Can. J. Chem. 45, 
that of product obtained in the catalyzed reduction of 975 (1967). 
30). The 3,5-dinitrobenzoate had m.p. 144-146". 4. J. A. BALTROP and K. J. MORGAN. J. Chem. Soc. 

4486 (1960) In the same way reduction of o-(0-nitrophenylthio)- 5. N. KHARAS;H, J. Chem. Educ. 33, 585 (1956), 
acetophenone (36) (0.62 g) gave 2-(o-nitrophenylthio)-1- 6. R. ~ u s c o  and G. PALAZZO. Gazz. Chim. Ital. 81, 
phenylethanol (5c) (0.58 g), m.p. 97-98', and reduction 735 (1951). 
of ethyl a-benzoyl-a-(0-nitr0phenylthio)acetate ( 3 ~ )  (0.52 7. K. Fu~rr.  Yakagaku Zasshi, 77, 347 (1957). 
g) yielded the same product (5c) (0.39 g), m.p. 96-98'. 8. R. T. Courrs, K .  W. HINDMARSH, S. J. POWELL, J. L. 

POUND, and E. M. SMITH. Can. J. Pharm. Sci. 3, 
49 (1968). R. T. Courrs3 H. W. PEEL, and E. M. Can. 9. R. T. Courrs  and D. G. WIBBERLEY. J. Chem. Soc. J. Chem. 43, 3221 (1965). 

2. R. T. Courrs. D. L. BARTON. and E. M. SMRH. 4610 
Can. J. Chem.'44, 1733 (1966). ' 
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COMMUNICATIONS 

Conditions for the electrochemical formation of A g 2 0 3  on silver in aqueous 
KOH solutions 

R: G. BARRADAS AND D. B. MCDONNELL' 
Departn~ent of Chenlistry, Carleton University, Ottawa I ,  Canada 

Received April 20, 1970 

New evidence is presented to substantiate the electrochemical formation, at certain temperatures, of 
Ag,O, as a reasonably stable species under galvanostatic conditions in aqueous KOH electrolytes 
saturated with AgzO and Oz. The experimental data offer a better understanding of the nature of the 
Ag20/Ag0 transition peak. 

Canadian Journal of Chemistry, 48. 2453 (1970) 

Many controversial papers regarding the 
possible existence of higher oxides of silver favor I .O 

the electrochemical generation of Ag203. The 
best evidence is based on open circuit decay 

o.6 
studies in eutectic KOH-H20 at -40 "C and a t  
current densities of the order of 100 pA cmW2 
(1). We have re-examined this controversy by 
experiments using annealed and electro-polished "O 

silver electrodes. Anodic polarization under 
galvanostatic conditions in unstirred carbonate 0.6 

free KOH aqueous solutions presaturated with 
0, and A g 2 0  was studied over a range of current 
densities and temperatures. At 60 and 50 "C, - 
and a t  a current density of 0.5 mA cmP2 in o, 
0.1 N KOH, standard polarization curves of the 5 
type first published by Luther and Pokorny (2) z0'6 
were observed. This was also true of the experi- 
ments at 40 "C (Fig. 1). At 30 "C an anomalous 
behavior, unlike any hitherto reported, was 1 . 0 -  

exhibited in the transition region from Ag,O to  
A g o  formation. At 20 "C the transition peak o.6 
disappeared and in its place a distinct plateau 
occurred at a potential of about 0.85 V (vs. 
Hg/HgO reference electrode). The polarization 
profiles were reproducible to within 1 % average 
deviation in the plateau lengths over a minimum 
of three similar runs. At higher current densities 0 e 6  

(1.0, 2.0, and 5.0 mA cmT2) in 0.1 N KOH at  
20 "C, as well as a t  0 "C, and 3.5 and 5.0 mA 

l o :  

- 

- 

I :c 

F "OC 

I 2 0 0 c ,  

: 'i 10°C 

, OoC 

ZOO 400 600  

cm-2 in 1.0 N KOH, the plateau a t  approxi- T IME L S I  

mately 0.85 V and the disappearance of the peak FIG. 1. Temperature dependent characteristics of 
anodic curves in a 0.1 N KOH aqueous solution pre- 

'Holder of a Province of Ontario Graduate Fellowship saturated with Ag2O and 0 2  at a current density of 
for 1969-1970. 0.5 mA/cmZ. 
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were again observed with good reproducibility 
in every run. The anodic behavior as shown by 
Fig. 1 at 20 "C can only be attributed to pre- 
saturation with Ag20.  Apparently 0, saturation 
is not a crucial factor in this case since compa- 
rable experiments at 20 "C withoutAg20 addition 
but in 0, saturated solutions gave classical curves 
resembling Fig. 1 at 40 "C. At 10 and 0 "C, as 
depicted in the lower portions of Fig. 1, the new 
plateau was again recorded. In all cases, as the 
temperature is lowered, the lengths of the 
plateaus are shortened. The significant con- 
clusion from inspection of Fig. 1 suggests that a 
new oxide of silver, with a moderate degree of 
stability, can be produced electrochemically. We 
are inclined to believe that the new oxide is 
likely to be Ag203(Ag3', 4ds) for the reasons 
following. Hickling and Taylor (3) proposed that 
the transition peak between Ag20 and Ago  

at  temperatures in excess of about 40-50 "C, 
Ag203 is unstable. Conversely, the anodic 
oxidation curves shown by Casey and Moroz (1) 
at -40 "C are inorphologically similar to the one 
we obtained at 0 "C, which confirms that Ag203 
formation is enhanced at lower temperatures. 
Further work in progress on the quantitative 
dependence of film thickness of the various 
oxides on current densities and temperatures, 
and related kinetic aspects will be reported later. 
Additional chemical reactions to form Ag3' 
organic complexes with biguanides (5) are being 
re-investigated with a view to more conclusive 
establishment of Ag3 ' compounds (6), thereby 
corroborating the existence of disilver trioxide 
(Ag203). 

This project has been supported by a Defence Research 
Board Grant No. 5480-25. 

plateaus in conventional polarization runs was 
1. E. J CASEY and W. J. Monoz. Can. J. Chem. 43, due to Ag203 which, being thermodynamically lgg (1965). 

unstable, rapidly decomposed to form Ago. 2. R. LUTHER and F. POKORNY. 2. Anorg. Chem. 57, 
290 (1908). this had been refuted by 3. A. HICKLING and D. TAYLOR. Discuss. Faraday Soc. 

numerous workers (see, e.g., ref. 4 and the 1, 277 (1947). 
literature cited therein), our results contained in 4. M. FLEISCHMANN, D. J. LAX, and H. R. THIRSK. 

Trans. Faraday Soc. 64, 3128 (1968). 
Fig. tend support Hickling and 5. D.  SEN. J. Chem Sot, A, 1304 (1969). 
contention, because the peak at 40 "C gradually 6. F. A. C o r r o ~  and G .  WILKINSON, Advanced inor- 
broadens and ultimately disappears with the ganic chemistry. 2nd ed. Interscience Publishers Inc., 

formation of a new plateau. This indicates that New York. 1966. p. 1047. 

Adsorption of water and 180 exchange of surface hydroxyl 
groups on silica 

B. A. MORROW' AND A. DEVI 
Department of Cl~e~nistry,  Utziversity of Offa~oa ,  Ottawa 2, Canada 

Received April 21, 1970 

Infrared spectroscopy has been used to show that the surface hydroxyl groups on highly dehydrated 
silica will exchange with lnO-labeled water. The degree of exchange depends on the sample temperature 
and is a maximum at about 400 "C, where approximately 65 % of the silanol groups contain "0. The use 
of the 'W exchange technique for assigning surface-adsorbate stretching modes is illustrated by con- 
sidering the infrared spectra of BF3 chemisorbed on silica. 
Canadian Journal of Chemistry, 48, 2454(1970) 

Infrared spectroscopic techniques have been silica exchange with "0-labeled water under 
used extensively to investigate the nature of the moderate reaction conditions and that such an 
silica surface (1-7). In this communication we exchange can aid in the assignment of infared 
present some experimental results which demon- absorption bands due to surface-adsorbate 
strate that the silanol groups on the surface of stretching modes. Although it is known that the 

bulk oxygen atoms of silica will exchange at 
'TO whom correspondence should be addressed. high temperatures and pressures (8), this tech- 
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were again observed with good reproducibility 
in every run. The anodic behavior as shown by 
Fig. 1 at 20 "C can only be attributed to pre- 
saturation with Ag20.  Apparently 0, saturation 
is not a crucial factor in this case since compa- 
rable experiments at 20 "C withoutAg20 addition 
but in 0, saturated solutions gave classical curves 
resembling Fig. 1 at 40 "C. At 10 and 0 "C, as 
depicted in the lower portions of Fig. 1, the new 
plateau was again recorded. In all cases, as the 
temperature is lowered, the lengths of the 
plateaus are shortened. The significant con- 
clusion from inspection of Fig. 1 suggests that a 
new oxide of silver, with a moderate degree of 
stability, can be produced electrochemically. We 
are inclined to believe that the new oxide is 
likely to be Ag203(Ag3', 4ds) for the reasons 
following. Hickling and Taylor (3) proposed that 
the transition peak between Ag20 and Ago  

at  temperatures in excess of about 40-50 "C, 
Ag203 is unstable. Conversely, the anodic 
oxidation curves shown by Casey and Moroz (1) 
at -40 "C are inorphologically similar to the one 
we obtained at 0 "C, which confirms that Ag203 
formation is enhanced at lower temperatures. 
Further work in progress on the quantitative 
dependence of film thickness of the various 
oxides on current densities and temperatures, 
and related kinetic aspects will be reported later. 
Additional chemical reactions to form Ag3' 
organic complexes with biguanides (5) are being 
re-investigated with a view to more conclusive 
establishment of Ag3 ' compounds (6), thereby 
corroborating the existence of disilver trioxide 
(Ag203). 

This project has been supported by a Defence Research 
Board Grant No. 5480-25. 

plateaus in conventional polarization runs was 
1. E. J CASEY and W. J. Monoz. Can. J. Chem. 43, due to Ag203 which, being thermodynamically lgg (1965). 

unstable, rapidly decomposed to form Ago. 2. R. LUTHER and F. POKORNY. 2. Anorg. Chem. 57, 
290 (1908). this had been refuted by 3. A. HICKLING and D. TAYLOR. Discuss. Faraday Soc. 

numerous workers (see, e.g., ref. 4 and the 1, 277 (1947). 
literature cited therein), our results contained in 4. M. FLEISCHMANN, D. J. LAX, and H. R. THIRSK. 

Trans. Faraday Soc. 64, 3128 (1968). 
Fig. tend support Hickling and 5. D.  SEN. J. Chem Sot, A, 1304 (1969). 
contention, because the peak at 40 "C gradually 6. F. A. C o r r o ~  and G .  WILKINSON, Advanced inor- 
broadens and ultimately disappears with the ganic chemistry. 2nd ed. Interscience Publishers Inc., 

formation of a new plateau. This indicates that New York. 1966. p. 1047. 

Adsorption of water and 180 exchange of surface hydroxyl 
groups on silica 

B. A. MORROW' AND A. DEVI 
Department of Cl~e~nistry,  Utziversity of Offa~oa ,  Ottawa 2, Canada 

Received April 21, 1970 

Infrared spectroscopy has been used to show that the surface hydroxyl groups on highly dehydrated 
silica will exchange with lnO-labeled water. The degree of exchange depends on the sample temperature 
and is a maximum at about 400 "C, where approximately 65 % of the silanol groups contain "0. The use 
of the 'W exchange technique for assigning surface-adsorbate stretching modes is illustrated by con- 
sidering the infrared spectra of BF3 chemisorbed on silica. 
Canadian Journal of Chemistry, 48, 2454(1970) 

Infrared spectroscopic techniques have been silica exchange with "0-labeled water under 
used extensively to investigate the nature of the moderate reaction conditions and that such an 
silica surface (1-7). In this communication we exchange can aid in the assignment of infared 
present some experimental results which demon- absorption bands due to surface-adsorbate 
strate that the silanol groups on the surface of stretching modes. Although it is known that the 

bulk oxygen atoms of silica will exchange at 
'TO whom correspondence should be addressed. high temperatures and pressures (8), this tech- 
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nique has not been used for studying the surface 
of silica. 

Cab-0-Sil M-5 (Cabot Co., Boston) was 
pressed at 2000 lb/in.2 into a self-supporting disc 
containing 12 mg of silica per cm2 and was 
mounted in an evacuable quartz cell equipped 
with NaCl windows. The sample could be heated 
to any temperature up to 1000 "C under vacuum 
and then be exposed repeatedly to H2180 
(98.8 % "0, Oak Ridge National Laboratory) at 
a pressure of about 10 mm. The excess H2180 
was evacuated and infrared spectra of the room 
temperature sample was run on a Perkin-Elmer 
model 13G infrared spectrometer. 

The spectrum in Fig. 1A was obtained after 
Cab-0-Sil had been heated at 800 "C under 
vacuum for 5 h and shows the well-known band 
at 3749 cm-' due to non-hydrogen bonded sur- 
face silanol (SiOH) groups (3-7). The spectrum 
in Fig. 1B was obtained after four successive 
cycles of addition (for 10 min) and evacuation 
of H2180 to the same sample at  400 "C and shows 
a new "0 silanol band at 3738 cm-l.  No further 
changes occurred with further similar exposures 

FIG. 1 .  Spectrum of Cab-0-Sil in the 0-H stretching 
region: A, after evacuation at  800 "C for 5 h;  B, after 
subsequent exchange (4 times) with H Z L 8 0  .at 400 "C. 
Both spectra were recorded with samples at  room tem- 
perature. 

to H2180 indicating that under these conditions 
a maximum of about 60-70% of the surface 
silanol groups can ~ ~ n d e r g o  exchange. The same 
result was obtained for a sample which had not 
been preheated to 800 "C prior to exchange, 
although in this case a weak shoulder remains at 
lower frequency which is due to hydrogen bonded 
silanols (3, 5, 7). On other silica samples which 
had also been preheated to 800 "C, no exchange 
takes place under similar adsorption conditions 
at room temperatures, only about 20 "/, exchange 
occurs at 200 "C and above 500 "C, less than 50 % 
exchange of silanol groups takes place. 

On heating the sample up to 800 "C after 
exchange at 400 "C, an approximately 50% 
overall decrease in intensity occurs, with the 
"0 silanol band decreasing more rapidly than 
the 160 band, until at 800 "C,  only about 40% 
of the remaining surface silanol groups contain 
"0. Therefore, as the temperature is raised de- 
hydration processes are probably competing with 
the exchange reaction although the proportion 
of surface ''0 atoms at the higher temperature 
might still be quite large. 

If the above sample is again saturated with 
H,180 at 400 "C after evacuation at  800 "C, only 
the "0 silanol band grows until it is about four 
times more intense than the 160 silanol band. 
Therefore, it would appear that the readdition 
of H,"O merely brings about the reformation of 
the "0 silanols and that some of the silanol 
groups initially present do not exchange below 
a certain temperature. Since the dehydration of 
the silanol groups on silica depends mainly on the 
sample temperature and not on the time of 
evacuation (3), this temperature dependence for 
silanol exchange is probably to be expected. 

The infrared spectra of boron trifluoride 
chemisorbed on silica will illustrate the usef~ilness 
of the "0 exchange technique for assigning 
bands due to adsorbed species. Figure 2A shows 
the spectrum obtained after adsorption (and 
evacuation of excess gas phase) of 0.1 mm of 
'OBF, for 20 s on ordinary silica which had 
previously been dehydrated at about 900 "C. 
The spectrum is similar to that reported by Rhee 
and Basila (9) who used natural isotopic BF,. 
From a comparison of the spectrum of free BF, 
with that of adsorbed BF,, Rhee and Basila 
assigned the band at 1500 cm-' (1450 cin-' for 
11BF3) to the asymmetric stretching mode of 
physically adsorbed planar BF,. This assignment 
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in the same spectral region, and the lower fre- 
quency band at 1448 cm-' (1394 cm-' for "BF,) 
was assigned to the B-0 stretching mode of a 
Si-0-B F, species (9). 

Figure 2B shows the spectrum obtained after 
chemisorption of 1°BF3 on "0 exchanged silica 
and it can be seen that the 1500 cm-' band is 
split into a doublet with a new band at 1487 
cm-l. Therefore, this 1500 cm-' absorption 
must be associated with a BO mode and cannot 
be a BF stretching mode. From a detailed study 
of the BF,/SiO, system (which will be published 
later) both the 1448 and 1500 cm-' bands are due 
to the same chemisorbed species, most probably 
a surface Si-0-BF, species. Accordingly, the 
1500 cm- ' band is assigned to the B-0 streching 
mode and the 1448 cm-' band is assigned to the 
asymmetric BF, stretching mode of this species. 

The authors wish to acknowledge the financial support 
of the National Research Council of Canada and the 
Ontario Department of University Affairs. 
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Molar excess enthalpies, volumes, and Gibbs free energies 
of methanol - isomeric butanol systems at 25 "C' 
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The vapor-liquid equilibria of the 4 binary systems formed by mixing methanol with 11-butanol, iso- 
butanol, see-butanol, and tert-butanol were investigated at  25 "C in a dynamic still with circulation. The 
results were used to  calculate the molar excess Gibbs free energies. For the three systems containing 
isobutanol, see-butanol, or tert-butanol, molar excess enthalpies and volumes were also determined 
(mainly at  25 "C) by direct calorimetric and dilatometric techniques. The behavior of the excess properties 
is discussed with reference to differences in the hydrogen bonding and in the shapes of the component 
molecules. 

Canadian Journal of Chemistry, 48, 2457(1970) 

Previous publications from our laboratory impurities when passed through a variety of column 
have described measurements of the molar excess packings in an  analytical chromatograph (perkin-~lmer 

Model 154, equipped with a hot wire detector). 
enthalpy and "'lume (2) Of - '- The purified liquids were characterized by densities 
butanol mixtures at 25 "C. These studies are ( p 5 ,  , ,,-3) measllred a t  25.00 OC, by refractive indices . . -  
continued and extended in the present paper by (noZ0) measired at 20.00 "C and'  b; vapor pressures 
reporting the vapor-liquid equilibrii of t& (pzS0, mnl Hg) measured at  25.00 "C in a static vapor 

system methanol - '-butanol (again at 25 OC) pressure apparatus (3). The results of these measuremenls 
are given in Table 2 along with values from the literature 

and by the Of (4) for comparison. It should be noted that the values 
investigations of the systems formed by mixillg for tert-butan01 refer to the suoercooled liouid since this 
methanol with isobuta~ol(2-metl1~l-l-~;o~anol), compound freezes at  about 25.6 "C. ~ o d v e r ,  freezing 
with sec-butanol (2-butanol) and with tert- did not occur readily and, apart from one exception 

butanol(2-methyl-2-propanol). (noted later), no great difficulty was cxpericnced in 
working with tert-butanol in the liquid state at tempera- 
tures a s  low as 20 "C. 

Experimental 
Materials Apparatus 

The primary component liquids were obtained from Details of the equipment can be found in previous 

several different comnlercial sources and were pi~blications from our laboratory. A dynan~ic circulation 

in  an F&M preparative chromatograph (Model 775). still (5, 6) was used to study the vapor-liquid equilibria 

The main features of these purifications are sunlmarized at  25 "C. Compositions of the eqi~ilibriun~ liquid and 

in Table sec-bl,tanol was a racemic form and no condensed vapor phases were determined by 111easuring 

attempt was made to separate enantionlorphs. In al l  their refractive indices at 20 "C. For each system, the 

cases, the final failed to sllow any significant variation of refractive index with concentration was 
established from measurements on a series of nlixtures of 

'NRCC No. 11 336. 
2NRCC Postdoctorate Fellow 1968-1970. 
3NRCC Postdoctorate Fellow 1967-1969. Present 

address: Department of Chemistry, Faculty of Science, 
Osaka City University, Sumiyoshi-ku, Osaka, Japan. 

4NRCC Postdoctorate Fellow 1967-1969. Present' 
address: Dkpartement de Chimie, FacultC des Sciences, 
Universite de Sherbrooke, Sherbrooke, Quebec. 

'NRCC Postdoctorate Fellow 1965-1967. Present 
address: Metallgesellschaft-AG, FrankfurtIM, Germany. 

known conlposition. The precision of the analyses was 
about f 0.025 mole percent. In general, estimates of the 
errors of the results for the Gibbs free energy (derived 

'from the vapor-liquid equilibria) are largest at  low 
methanol mole fractions and decrease with increasing 
concentration. The estimated errors for equimolar mix- 
tures are 13, 8, 6, and 3 J mole-', respectively, in the 
11-butanol, isobutanol, sec-butanol, and tert-butanol 
systems. 

The mixing of methanol with isobutanol is endothermic 
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TABLE 1 
Purification of component liquids 

-- 

Chromatograph operational conditions 

Column 

Oven 
Overall Diameter, temperature 

Component Primary material length, ft ~ n .  Substrate "C 

Methanol British Drug Houses 6 3 /4 4.5 ft Poropak Q (40160 mesh) 92 
reagent grade 1.5 ft Poropak Q (801100 mesh) 

n-Butanol Eastman Organic 6 314 Chromosorb W (40160 mesh) 130 
Chemicals containing 10% PEG-400 
Spectrograde 

Isobutanol British Drug Houses 6 4 Chromosorb W (10160 mesh) 130 
analytical reagent containing 20% Apiezon L 

sec-Butanol Matheson, Coleman Same as for isobutanol 130 
& Bell Chromato- 
quality reagent 
shaken with mer- 
cury 

tert-Butanol Matheson, Coleman 12 3 14 6 ft Chromosorb W (60180) mesh 90 
& Bell reagent containing 15 % PEG400 
grade 6 ft Chromosorb W (60180 mesh) 

containing 15 % di-isodecylphthalate 

TABLE 2 
Properties of pure component liquids 

Value 

Property 

- 

sec-Butanol tert-Butanol 
Methanol n-Butanol Isobutanol (racemic) (suoercooled\ 

pZs0 mm Hg, expt. 127.09 7.09 11.61 18.08 42.57 
lit. (4) 126.89 6.46 11.55 17.63 41.46 

d Z 5 ,  g ~ m - ~ ,  expt. 0.78671 0.80604 0.79790 0.80246 0.78051 
lit. (4) 0.78652 0.8058 0.7981 0.8024 0.7808 

n d O  expt. 1.32841 1.39924 1.39569 1.39716 1.38730 
lit. (4) 1.32857 1.3993 1.3958 1.3968 1.3879 

(at 25 "C) and the excess.enthalpies of this sytem were 
determined in the successive dilution calorimeter de- 
scribed by Pope et al. (I) .  The modified form of that 
calorimeter, containing a cooling module (7), was used 
to study the exothermic systems methanol - sec-butanol 
and methanol - tert-butanol. Measurements on the latter 
system were carried out at 26 "C since the tert-butanol 
tended to solidify in the hypodermic needle (L in Fig. 1 
of ref. (7) and to upset the operation of the calorimeter 
in attempts to work at temperatures below the freezing 
point of tert-butanol. The error of the enthalpy measure- 
ments is believed to be less than 1 % over nearly the entire 
concentration range. 

A successive dilution technique (2) was also used to 
determine the excess volumes. In the present systems, the 
overall errors of the results for equimolar mixtures are 
estimated to lie in the range 1 to 2%. 

Results 
The results of the dynamic still studies are listed 

in Table 3 where x, and y, are the mole fractions 
of methanol in the equilibrium liquid and vapor 
phases a t  pressure p. Values of the molar excess 
enthalpy, H ~ ,  .and of the molar excess volume, 
VE, determined from the calorimetric and dila- 
tometric measurements are summarized in 
Tables 4 and 5, respectively. All of the results re- 
ported refer to 25.00 "C, except the excess en- 
thalpies of methanol - tert-butanol, which were 
determined at 26.00 "C. 

Table 3 also contains values of the molar 
excess Gibbs free energy 
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TABLE 3 

Vapor-liquid equilibria of methanol (I) - butanol (2) systems at 25 "C 

Methanol - n-butanol Methanol - tert-butanol 
- 

P GE P GE 
XI Y 1 mm Hg J mole-' XI Y 1 mm Hg J mole-' 

0.0871 0.6569 18.41 -37.5 0.0773 0.1535 45.88 -89.0 
0.0953 0.6800 19.55 -35.6 0.1070 0.2045 47.18 -118.4 

Methanol - sec-butanol Methanol - isobutanol 

P GE P GE 
XI YI  mm Hg J mole-' X i  YI  mm Hg J mole-' 

.-- . ...... ...... 

0.3157 0.7629 50. 02 -112.4 0.4279 0.8948 63.33 44.6 
0.3453 0.7883 53.39 -112.3 0.5157 0.9229 73.69 56.3 
0.4224 0.8403 62.07 - 106.7 0.6028 0.9434 83.56 64.3 
0.5256 0.8912 74.07 -90.9 0.6835 0.9585 92.51 66.3 

[1 1 GE = R T ( x l  In y,  + x ,  In y,) spectively, the vapor pressure, molar volume, and 
second virial coefficient of pure component i, 

where the activity coefficients yi were obtained and is the cross virial coeficient. Values of 
from the results for the vapor-liquid equilibria the virial coefficients employed in the calculations 
using the equations are summarized in Table 6. These were estimated 
[2] In yi = In (yip/xiplo) + (B i i  - V i O )  from critical-point data (8) using the empirical 

correlation developed by O'Connell and 
x ( p  - p i o ) / ~ ~  + (1 - yi)'p6/RT Prausnitz ( 9 ) ;  values of the parameters (a,, p, q) 

and required for polar components were taken from 
the table in ref. 9. 

Gravhical vresentations of the ex~erimental 
In these equations, pi0, V iO,  and Bii are, re- results for G ~ ,  HE,  and V E  are provided in Figs. 
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TABLE 4 
Experimental values of the molar excess enthalpy of some methanol (1) - 

butanol (2) systems 

Methanol - isobutanol Methanol - sec-butanol Methanol - tert-butanol 
at 25 "C at 25 "C at 26 "C 

H E  H E  H E  
.y I J mole-' X 1 J mole-' X 1 J mole-' 

1-3. The method of least squares was used to fit 
each set of results with a Redlich-Kister type of 
equation 

number, n, of coefficients, c,, needed to represent 
the results adequately was determined for each 
set from an examination of the variation of the 
standard error of estimate defined by 

where X E  represents GE, H E ,  or V E ,  and x, is the 
mole fraction of methanol. In treating the vapor- 
liquid equilibria, statistical weights, inversely 
proportional to the squares of their estimated 
errors, were assigned to the experimental quan- 
tities (x,, y,, y). Analyses of the results for the 
enthalpies and volumes assumed that the mole 
fractions were known accurately, and assigned 
equal weights to the excess quantities. The 

where the sum is taken over no,, results. The 
least-squares values of the coefficients are 
summarized in Table 7, along with the value of 
the standard error of estimate associated with 
each representation. Also included in Table 7 are 
coefficients representing the smoothed results for 
the excess enthalpy and volume of the system 
methail01 - 11-butanol studied previously (1, 2). 
The continuous curves shown in Figs. 1-3 were 
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TABLE 5 

Experimental values of the molar excess volumes of some methanol (1) - butanol (2) 
systems at 25 "C 

-- -- - 

Methanol - isobutanol Methanol - see-butanol Methanol - tert-butanol 

V E  V E  V E  
cm3 cm3 cm3 

x I mole-' X I  mole-' x 1 mole- ' 

TABLE 6 Discussion 
There are several theoretical formulatio~ls of 

the excess properties of mixtures containing 
associated liquids which might be considered in 
analysing our results. The quasi-lattice theory 
of Barker (10) has been used to correlate and  
interpret the excess properties of alcohol - carbon 
tetrachloride systems (I I). However, applicatio~l 
of this theory to methanol-butanol systems 
would require the introduction of a number of 
parameters (contact energies, geometric factors, 
etc.), and there appears to be no clear way of 
assigning their values. Another theoretical 
approach which has been used for alcohol - 
nonpolar solvent ~nixtures attributes the deviation 
from ideality primarily to the presence of associa- 
tion complexes (12-14), and expresses the excess 
free energy as a function of the coilstailts de- 
scribing the various equilibria. In applying this 
theory to methanol-butanol systems, eq~iilibrium 
constants are needed not only for the self- 
association of each component, but also for the 
formation of mixed associates. The analysis is 
quite complicated and we were unable to reduce 
it to a tractable form by assuming reasoilable 

Estimated second virial coefficients for methanol (I)  - 
butanol (2) systems at 25 "C 

~~ ~ -- 

Virial coefficients (cm3 mole-') 

System B11 8 2 2  BI 2 

Methanol - 11-butanol - 1834 - 2557 - 2254 
Methanol - isobutanol - 1834 -2341 -2159 
Methanol - see-butanol - 1834 -2419 -2156 
Methanol - tert-butanol - 1834 - 1856 - 191 3 

calculated from eq. [4]  sing the values of the 
coefficients given in Table 7. 

The molar excess entropy SE and the excess 
enthalpy and Gibbs free energy are related by the 
equation 

The curves for TsE at 25 "C, shown in Fig. 4, 
were calc~~lated from this relation using the 
smoothed representations of the GE and HE 
results by eq. [4]. I11 the case of the system 
methanol - tert-butanol, this calculation neglects 
the deviation of the temperature for the eilthalpy 
values from 25 OC. 
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TABLE 7 

Coefficients for least-squares fit of results by eq. [4]* 

Coefficient 

System X E  C1 

Methanol - 11-butanol GE 395.0 
ffEt 569.66 
VEX 0.2952 

Methanol - isobutanol GE 229.5 
H E  605.84 
V E  0.3934 

Methanol - sec-butanol GE -349.1 
H E  -425.11 
V E  0.3535 

Methanol - tert-butanol GE - 1204.9 
H E  - 2669.49 
V E  -0.2017 

'Units: Ge and HE, J mole-'; YE, cm3 mole-'. 
?See ref. 1.  
SSee ref. 2. 
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FIG. 1 .  Molar excess Gibbs free energies of methanol 
- isomeric butanol systems at 25 "C. Experimental results: 
A, n-butanol; 0, isobutanol; 0 sec-butanol; 0, Iert- 
butanol. Curves are least-squares representations of results 
by eq. [4]. The labels n, i, s, and I indicate the 4 isomeric 
butanols. 

relationships between the equilibrium constants. 
Since neither the Barker theory nor the model of 
an ideal associated solution proved to be adapt- 
able to our results, only a qualitative interpreta- 
tion, which of necessity is speculative in nature, 
can be offered at this time. 

Differences in the relative behavior of the 
excess properties of methanol-butanol systems 
must reflect differences in the shapes of the com- 
ponent molecules and in the interactions between 

I them. Dispersive forces in the four systems must 
be very similar, and we attribute the difference 
in the interaction mainly to differences in the 
strength and numbers of hydrogen bonds. Infra- 
red spectroscopy indicates that the association 
of alcohols tends to decrease with increasing 

I molecular weight and in the sequence primary > 
I secondary > tertiary. 

x ,  (Methanol)  

FIG.  2 .  Molar excess enthalpies of methanol - isomeric 
butanol systems. Experimental results: 0, isobutanol at 
25 "C; 0, sec-butanol at 25 "C; 17,  err-butanol at 26 OC. 
n-Butanol curve from ref. 1 ; other curves are least-square 
representations of experimental results by eq. [4]. The 
labels n, i, s, and I indicate the 4 isomeric butanols. 

When an alcohol is diluted, there will be a 
positive contribution to HE from the breaking of 
hydrogen bonds between the (like) alcohol 
molecules. This effect will be relatively more im- 
portant at low methanol concentrations than at 
high where the dissociation of the (less associated) 
butanol polymers predominates. On the other 
hand, the formation of hydrogen bonds between 
unlike alcohol molecules will make a negative 
contribution to HE. There is a variety of experi- 
mental evidence which indicates that the proton 
accepting facility of the oxygen atoms in the 
present components increases in the order 
n-butanol < isobutanol < sec-butanol < tert- 
butanol (15). On this basis, the formation of a 
mixed complex between methanol and tert- 
butanol is favored more than the one between 
methanol and n-butanol. 
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x ,  (Methanol) 

FIG. 3. Molar excess volumes of methanol - isomeric 
butanol systems at  25 "C. Experimental results: 0, iso- 
butanol; 0 ,  sec-butanol; 0, ferf-butanol. )I-Butanol curve 
from ref. 2 ;  other curves are least-squares representations 
of experimental results by eq. [4]. The labels n, i, s, and t 
indicate the 4 isomeric butanols. 

It appears from Fig. 2 that a fairly delicate 
balance exists between the breaking and forming - u 

of hydrogen bonds in our methanol-butanol 
systems. The breaking o f  bonds predominates for 
the n-butaiiol and isobutanol systems, which have 
very similar H E  curves; bond formation between 
unlike inolecules is increasingly important in the 
sec-butanol and tert-butanol systems. In general, 
the breaking of hydrogen bonds increases the 
number of essentially independent particles in the 
mixture, and leads to a positive excess entropy. 
This is observed for the n-butanol and isobutaiiol 
systems (see Fig. 4). The entropy changes for 
methanol -sec-butanol are very small and the 
tert-butanol system shows a relatively large de- 
crease in entropy, in line with the formation of a 
significant number of bonds between unlike 
molecules. 

The sign of deviations from ideal behavior (as 

CHEMISTRY. VOL. 48. 1970 

0.0 0.2 0.4 0 6  0.8 1.0 
x ,  (Methanol) 

FIG. 4. Values of TS" for methanol - isomeric butanol 
systems at 25 "C. The labels 11,  i, s, and t indicate the 4 
isomeric butanols. 

indicated by the curves for GE in Fig. 1) is con- 
trolled almost completely by the energetic 
contributio~i HE,  which outweighs the entropy 
term in most cases. The only deviations from this 
pattern occur at low methanol mole fractions in 
the systems with n-butanol and isobutanol. The 
curves for these two systems are unusual in shape 
(16) since they indicate a change in sign of GE. 
In the case of the system containing n-butanol, 
the negative values of GE are fairly clearly 
established, since the magnitude of the minimum 
in CE is larger by a factor of two than our estimate 
of the experimental uncertainty. Unfortunately, 
this is not true for the isobutaiiol system; at  low 
mole fractions of methanol the errors estimated 
for this system are of the same magnitude as the 
experimental values of GE. 

The mixing of methanol with 17-butanol, iso- 
butanol, and sec-butanol leads to  very similar 
positive values of V E  (See Fig. 3). The sign of this 
effect appears t o  be a fairly natural consequence 
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Radiation-induced oxidation of alcohols by TI(II1) in acid aqueous solution 

C. E. BURCHILL AND G. G. HICKLING 
Department of Cl~ernistry, Ur~iversity of Marzitoba, Winrzipeg 19, Mor~itobo 

Received February 17, 1970 

In deaerated aqueous perchloric acid solution TI(II1) is reduced and 2-propanol oxidized to acetone 
in essentially equivalent yields by a y-ray induced chain reaction. The yields increase linearly with 
increasing alcohol concentration in the range (1-8) x lo-' M,  are independent of Tl(II1) concentration 
in the range (1-4) x M and vary inversely with the square root of the dose rate over the range 
1.6 x 10'' to 1.8 x 1019 eV I-'  s-'. A mechanism is proposed to account for the observed stoichiometry 
and kinetic parameters. 

The same mechanism is found to apply to the reduction of TI(II1) by methanol and ethanol. t-Butyl 
alcohol gives a much lower yield of TI(II1) reduction and alcohol fragmentation products: acetone, 
methane, and ethane. 
Canadian Journal of Chemistry, 48, 2466 (1970) 

Introduction 

The radiation-induced reduction of Tl(II1) in 
acid aqueous solution has been reported by 
Lefort  and Tarrago (1). As reported by 
these authors, and confirmed in this study, 
G(- T13 +) - 1.0-1.2. It was also reported that 
in the presence of H 2 0 2  or organic impurities 
the initial G(- TI3+) > 10 which implies the 
existence of a chain reaction. We now report an 
investigation of this chain reduction of Tl(II1) by 
2-propanol in deaerated aqueous perchloric acid 
solution. The results are compared with those 
obtained when ethanol, methanol, and t-butyl 
alcohol are the oxidizable substrates. 

Experimental 
Mo terials 

Water was ~ur i f ied  bv double redistillation of labora- 
tory distilled kater, first from alkaline K M n 0 4  solution 
and then from acid K2Cr207  solution, in each case 
through 60 cm reflux colunins packed with cut Pyrex 
tubing. 

T1203 (Fisher, purified), TICIO, (City Chemical, 
purified), etllar~ol (Canadian Industrial Alcohols and 
Chemicals, absolute), HC104 (Baker and Adamson, 
reagent, A.C.S., 70%) were used as received for the 
preparation of solutions for irradiation. The remaining 
starting materials (2-propar~ol, rnetllarrol, t-blrtyl alcol~ol) 
were Fisher Certified Reagent grade and were used as 
received. 

Reagents used in all analytical procedures were Fisher 
Certified Reagent grade with the exception of o-phenyl- 
enedianline (Eastman, practical) which was dissolved in 
hot triply distilled water, filtered and recrystallized twice 
from aqueous solution. 

employed to reduce the dose rate to a nominal 30% of 
the normal value for studies of dose-rate effects. A few 
experiments at very low dose rates were carried out at  
the Manitoba Cancer Research Foundation using a 
radiation therapy source providing a dose rate of 
1.6 x 1017 e~ 1-1 S - I .  

Dosimetry for all sources and sample positions was 
based on the measured oxidation of Fez+ to Fe3+ in 
aerated 0.8 N H2S04  solution. Fe3+ was measured as 
the change in absorbance at 304 nm assuming a molar 
absorbancy of 2200 M - '  cm-'. The dose rate was 
calculated from the slope of linear yield vs. time plots 
having a minimum of five points and assuming G(Fe3+) = 
15.6 (2). 

Absorbed doses were corrected for the time decay of 
the 60Co source assuming a half-life of 5.27 yr (3) and for 
differences in electron density between the sa~nples and 
the dosimeter solution on the assumption that all energy 
transfer to the absorber was by Compton scattering. 

Sarnple Preporatior~ 
TIzO3 was dissolved in hot HC104 solution and diluted 

with water to prepare a stock solution 2.0 x lo-' M in 
TI(II1) and 3.7 M in HCIO,. Aliquots of this solution 
together with any other desired solutes were then 
quantitatively diluted with water to give solutions of a 
particular initial TI(II1) concentration. In a few cases 
solutions were prepared from T1(C104)3 . 6 H z 0  (City 
Chemical, purified) with no significant change in the 
results. 

Aliquots of 10 ml volume were placed in 25 n ~ l  sample 
bulbs (4 to 6 samples for each experiment) which were 
closed by demountable vacuum stop-cocks and degassed 
by the freeze-pump-thaw technique. No attempt was 
made to thermostat the Gammacell sample chamber 
during irradiation since it was felt that during the short 
times involved (< 1 min) the sample temperature would 
not vary significantly. Irradiation temperature was 
assunled to be 23 i. 2 "C. 

Radiation Solrrces or~rl Dosimetry Ar~alytical Procedrres 
Gamma rays from 60Co were used in all experiments TI(II1) was determined spectrophotometrically by its 

with most of the experiments being carried out in a oxidation of o-phenylenediamine as described by Papafil, 
Gammacell 220 irradiation facility. In the sample position Furnica, and Furnica (4). The p H  of the solution was 
used the dose rate to the sample was approximately adjusted to 2.3 i. 0.1 with sodium acetate. The method 
1.8 x 10'"V 1-Is- ' .  A cylindrical lead attenuator was was calibrated by oxidation of T12S04 (British Drug 
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Houses, Analar) with Br, in hot HCIO, solution followed 
by cooling, addition of excess Br, to ensure complete 
oxidation, and removal of excess Br, by bubbling with 
air for 1 h while the solution was maintained in an ice 
bath. The molar absorbancy determined at  460 nm was 
(7.3 ? 0.1) x lo3 M - '  cm-'. 

Acetone was determined by the salicylaldehyde method 
(5) using a slight modification of Berntsson's recom- 
mendations. The final volume after dilution was 25 ml, 
the quantity of salicylaldehyde was 0.25 ml and NaOH 
solution (106.25 g/250 ml) was added in two aliquots, one 
of 1.0 ml and one of 10.0 ml. Calibration using Fisher 
Certified Reagent acetone, with or without redistillation, 
gave a molar absorbancy at  474 nm of (1.80 ? 0.04) x 
lo4 M-' cm-'. The determination was unaffected by 
either HC10, or 2-propanol in amounts equivalent to  
those in the experimental solutions. In the analysis of 
acetone in the presence of unreduced Tl(II1) a fine but 
stable suspension of thallic oxide formed and it was 
necessary to  correct the apparent absorbance due to  
acetone for the light scattered by this suspension. The 
correction was based on the concentration of Tl(II1) 
measured as previously described and an effective molar 
absorbancy of the oxide suspension of 1.4 x 103 M- '  
cm-I at  474 nm. The correction required was thus less 
than 10%. 

Formaldehyde was qualitatively identified using a 
modified Schiff's reagent (6). 

Acetaldehyde analysis was accomplished using nitro- 
prusside and piperidine (7). Because of the rapid fading 
of the color the reaction was carried out directly in a 
spectrophotometer cell. T o  the cuvette were added, in 
turn, 0.25 rnl of sodium nitroprusside solution, a 2.0 ml 
aliquot of the test solution and 0.25 ml of piperidine; the 
contents mixed rapidly and the absorbance measured 
within 10 s with reference to a water blank. The molar 
absorbancy measured was (2.6 ? 0.4) x lo3 M-' cm-I 
a t  575 nm. 

All spectrophotometric measurements were made on a 
Zeiss PMQ-I1 spectrophotometer. In a few instances 
qualitative identification of gaseous products (volatile at  
Dry Ice/acetone temperature) was made using a Hitachi 
Perkin-Elmer RMU-6D mass spectrometer. 

Results 

Preliminary Experiments 
In an air-saturated solution 2 x l o p 3  M in 

Tl(II1) and 0.37 M in HCIO, the reduction of 
Tl(II1) was linear with absorbed dose and corre- 
sponded to G(- TI3+) = 1.08. With the addition 
of 4 x M TlClO, the reduction remained 
linear with dose and G(- TI3+) was 0.93. 
Deaeration of the solutions before irradiation 
produced no significant change. These results are 
in good agreement with those of Lefort and 
Tarrago (I) whose mechanism predicts the stoi- 
chiometry of Tl(II1) reduction to be G(- TI3+) 
= 3 GH + GHZo2 - $ GoH. 

Preliminary experiments employing deaerated 

solutions 2 x M in Tl(III), 0.3 M in HCIO,, 
and containing 1 x lo-, M 2-propanol gave 
G(- TI3+) of the order of 30, clear indication of 
a chain reaction. In any particular experiment 
the reduction of Tl(II1) was linear with absorbed 
dose to better than half the reduction of the 
thallium and there was very little scatter of the 
points from the best-fit straight line. However, 
lack of good reproducibility of the slopes of the 
yield-dose plots between different experiments 
suggested inhibition by some adventitious im- 
purity. 

An air-saturated solution of the same com- 
position as those above gave G(- TI3+) of the 
order of 10 indicating that 0, is an inhibitor of 
the chain reaction. However, more rigorous 
degassing of the samples failed to improve the 
reproducibility and it was considered improbable 
that the degassing procedure would leave iden- 
tical 0, concentrations in one set of six samples 
but a different concentration in another set. The 
addition of M FeSO, was found to  inhibit 
the chain reaction almost completely. Cr3+,  free 
Hg, and H 2 S 0 4  were found to have no inhibiting 
effect. 

Eventually, through careful attention to the 
cleaning of glassware and handling of solutions 
a reasonable degree of reproducibility was 
obtained; whether by elimination of inhibiting 
impurities or by obtaining a reproducible im- 
purity level may be argued. For a particular 
experiment the scatter of the points generally 
corresponded to an uncertainty in the slope 
of < f 5 %, but the reproducibility of this slope 
in replicate experiments corresponded to a 
standard deviation for a single slope determina- 
tion of f 20%. On the assumption that impurity 
effects had been largely eliminated the effects of 
concentration and dose rate on the chain yield 
were investigated. 

Rehrction of Tl(III)  by 2-Propanol 
With 2-propanol as the oxidizable substrate 

the only organic product identified was acetone. 
The results for a particular solution are shown in 
Fig. I. Under continued irradiation the yield- 
dose  plots became somewhat non-linear,  
G(- TI3+) decreasing after the concentration of 
Tl(II1) was reduced below 5 x lo-, M. The 
results of the remaining experiments are given in 
Table 1. The major conclusions are outlined 
below. 
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TABLE 1 

G values for the radiation-induced reduction of TI(II1) by 2-propanol in deaerated aqueous solution 
-- 

[ T m I )  I [2-Propanol] Dose rate 
(lo-3 M) (lo-z M )  Other solutes (1018 eV 1-I s-l)  G(- TI3+)* G(Acetone)* 

*All G values calculated from linear yield-dose plots having a minimum of fou r  points. 
tStandard deviation for a single trtal based o n  four  or more experiments. Remaining G values based o n  single experiments with relative 

uncertainty assumed to be the same. 

(1). The initial value of G(- TI3+) was 
independent of the initial concentration of Tl(II1) 
(2 or 4 x M) and the reduction remained 
linear with absorbed dose to [TI3+] < 1 x 

M. 

I I I I I 
2 3 4 5 6  

D O S E  ( e v  I - ' )  

FIG. 1. Yield-dose plot for y-irradiation of an 
aqueous perchloric acid solution of TI(II1) and 2-pro- 
pan01 0, TI(II1); @, acetone. [2-Propanol] = 4 x 

M, dose rate = 1.71 x 1019 eV 1-' s-l. 

(2). G(- T13+) increased with increasing con- 
centration of 2-propanol and, as is demonstrated 
in Fig. 2, this increase is essentially linear over 
the range (1-8) x lo-' M.  

(3). The chain length increases with decreasing 
dose rate. For solutions containing 4.0 x M 
Tl(II1) and 4.0 x lo-' M 2-propanol Fig. 3 
demonstrates that G(- TI3+) varies inversely 
with the square root of the dose rate over a 
hundred-fold variation of the dose rate. 

(4). In all cases where the formation of acetone 
was measured the yield of acetone was sensibly 
equal to that of Tl(II1) reduction. 

(5). The addition of Tl(1) to the solutions did 
not significantly alter the yields of Tl(I1I) 
reduction or acetone formation. 

Reduction by Other Alcohols 
1. Metllano1 and Ethanol 
With methanol as the oxidizable substrate the 

results obtained were entirely analogous to those 
for 2-propanol. Although a quantitative analysis 
for formaldehyde was not attempted its presence 
was qualitatively established in the irradiated 
solutions. The yields for Tl(II1) reduction are 
given in Table 2 and the salient features are the 
same as those for 2-propanol: G(- TI3+) is 
independent of the initial concentration of 
Tl(III), increases with increasing alcohol con- 
centration and increases with a decrease in dose 
rate. 

Only acetaldehyde was identified as an organic 
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BURCHILL AND HICKLING: OXIDATION OF ALCOHOLS BY TI(II1) 

TABLE 2 
G values for the radiation-induced reduction of TI(II1) by methanol 

in deaerated aqueous solution 
- 

[TI(III)] [Methanol] Dose rate 
(lo-3 M) M) Other solutes eV I-' s-') G(- TI3+)* 

*All G values calculated from linear yield-dose plots having a minimum of four points. 
?Standard deviation for a single trial based on four or more experiments. Remaining G values 

based o n  single experiments with relative uncertainty assumed to  be the same. 

/ 
I I I 1 
2 4 6 8 

l o 2  x I 2  - PROPANOU 

FIG. 2. Variation of yields with 2-propanol concen- 
tration: 0, G(- TI3+); A, G(acetone): [TI3+]" = 
2 x 10-3 M. m, G(- ~ 1 3 + ) :  p13+lo = 4 x 10-3 M. 

product in the reduction of TI(II1) by ethanol. 
The analysis for acetaldehyde is not considered 
to be fully quantitative and the failure to observe 
a good stoichiometric relationship between 
G(- TI3+) and G(CH3CHO) may, in part, be 
attributed to the uncertainty in the analysis rather 
than a real difference in the yields. The results for 
ethanol are outlined in Table 3. Considering 
G(- TI3+) as the most reliable data the paral- 

FIG. 3. Variation of yield with dose rate. [2-Pro- 
panol] = 4 x 10-'M, p13+]" = 2 x M. 

lelism with the results for 2-propanol and 
methanol in terms of concentration and dose-rate 
dependence is clear. 

2. t-B~ityl AICOIIOI 
In solutions containing t-butyl alcollol the 

yields of Tl(II1) reduction were an order of 
magnitude less than those for a corresponding 
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TABLE 3 

G values for the radiation-induced reduction of TI(II1) by ethanol in deaerated aqueous solution 
-- - 

 TI^ + ] [Ethanol] Dose rate 
(lo-3 M) M) Other solutes (1018 eV I-' s-') G(- TI3+)* G(Acetaldehyde)* 

*All G values calculated from linear yield-dose plots having a minimum of four points. 
tuncertainty assumed on the basis of replicate experiments using ?-propano1 and methanol. 

solution containing Zpropanol although still 
somewhat greater than those which could be 
attributed to a non-chain process. The effects of 
alcohol concentration and dose rate on 
G(- TI3 +) are shown in Fig. 4. There is evidence 
for some dependence of the yield on alcohol 
concentration but the effect is much less than that 
for the other alcohols used and in this case there 
is no significant dependence on dose rate. 

A carbonyl product was formed in these 
solutions as demonstrated by the formation of a 
yellow product with salicylaldehyde in alkaline 

I I I I I I 
2 L 6 8 10 

lo2 x [ t  -BUOH] ( M 

FIG. 4. Radiation-induced reduction of TI3+ by 
t-butyl alcohol. 0, G(- TI3+); A, G(acetone): dose 
rate = 1.73 x 10lg eV 1-' s-'. @, G(- TI3+); dose 
rate = 4.67 x 1018 eV I - '  s-I. 

soiution. Although this test is not specific for 
acetone, other simple carbonyl compounds have 
significantly lower molar absorbancies (for 
methyl-ethyl ketone E,,, = 1.05 x lo3 M-I  
~ m - ~ ) .  If this product is assumed to be acetone 
its yield, where measured, was very close to that 
of Tl(II1) reduction. Other simple carbonyl com- 
pounds would require that the G value for their 
formation be many times greater to give the same 
absorbance. This latter suggestion was considered 
unlikely. 

Mass spectrometric examination of gaseous 
products from the reaction yielded cracking 
patterns characteristic of both methane and 
ethane. Quantitative measurements of these 
products were not made. 

Discussion 

Aside from the passing reference by Lefort and 
Tarrago (I), we have found no previously pub- 
lished study of the radiation-induced reduction 
of TI(II1) in the presence of organic materials. 
The homogeneous thermal reduction of TI(II1) 
by organic materials in acid aqueous solution has 
been studied only for the case of formic acid as 
the oxidizable substrate (8, 9). 

The inorganic redox reactions of the TI(III)/ 
Tl(1) couple have been reported by a number of 
authors (10). It is generally concluded that, 
particularly for reactions with one-equivalent 
substrates, the oxidation of Tl(1) or reduction of 
Tl(II1) proceeds via the formation of a Tl(I1) 
intermediate. From studies of the electrolytic 
redox processes of Tl(1) and Tl(II1) (1 1, 12), it 
has been concluded that the rate of the dis- 
proportionation reaction 

is greater than the rates of the electron transfer 
processes represented by 
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BURCH~LL AND HICKLING: OXIDAT~ON OF ALCOHOLS BY TIOII) 247 1 

I It was also concluded that the standard elec- 
I trode potential for reaction [3] is greater than 

that for the Tl(III)/TI(I) couple; i.e. that TI(II) 
/ is a stronger oxidant than Tl(1II). 

Radiation chemical reactions proposed for 
aqueous solutions containing T1 species also 
invoke the formation of a TI(I1) intermediate. 
Thus oxidation of TI(I) by OH radicals is 
assumed to lead to the formation ofTI(I1) (13, 14) 
as is the reduction of Tl(II1) by H or HO, (I). 
In the pulse radiolysis of aqueous solutions of 
Tl,SO, (1 5) a transient species with an absorption 
maximum in the region of 260 nm is observed 
which decays with second order kinetics. This 
transient is assigned to a Tl(I1) species and, with 
certain assumptions as to the mechanism and 
yield of its formation, the bimolecular rate 

, constant for its decay is estimated to be 
I 2.3 x lo9 M"-' s-'. This result is in accord with 
I the suggestion by Catherino and Jordan (1 1) of 1 a rapid disproportionation reaction. 

The greater electrode potential for the reduc- 
tion of Tl(I1) compared to that for Tl(II1) was 1 also invoked by Lefort and Tarrago (I) to 

I explain the radiation-induced chain reduction of ' Tl(II1) by H,02. They proposed that, although ' the thermal reduction of TI(II1) by H2O2 was 
I slow, Tl(1I) formed as an intermediate would 

initiate a chain reaction via the sequence 

. . .  . .  . . . . . . . . . 
. . . . . . . . . 

. . . . . .  , . . .  . . .  
. . . .  . . . . . . . . . . . . .  . .  . , 

A mechanism is now proposed to account for 
. . . .  

the chain reduction of Tl(I1I) under y-irradiation 
by primary and secondary alcohols. For con- 
venience, and because the data are more complete 
for this system, the mechanism is outlined for the 
case of 2-propanol. 

In the solutions employed the energy deposi- 
tion from y-rays is primarily in the water as the 
preponderant species. Thus the initial processes 
may be represented simply as the radiation 
decomposition of water. 

[61 HzO --, H, e,,-, OH, HZ, HzOz, H3O+ 

In these strongly acidic solutions e-,, would 
be converted rapidly to H by the reaction 

[7 I e,,- + H 3 0 +  + HzO + H 

so that the significant primary free-radical 
products of this interaction may be represented 
as H and OH. 

Both H and OH react with 2-propanol. by 
H atom abstraction, primarily from the ci 

position 

[8] H + (CH3)2CHOH + Hz + ( C H ~ ) ~ C O H  

Radicals of this type are known to reduce 
oxidizing metal ions (16) and thus their sub- 
sequent reactions in this system would be 
expected to be 

Disproportionation of T1(II) would yield a net 
reduction of Tl(111) but not a chain reaction. 
However, reaction of Tl(I1) with the alcohol by 
H atom abstraction (analogous to the reaction 
with H,02 proposed by Lefort and Tarrago) 
would lead to a chain reaction. 

[ l l ]  TI(I1) + (CH3)zCHOH -> TI(1) + H +  

+ ( C H 3 ) 2 c ~ ~  

Chain termination could occur in a number of 
ways, the most probable being 

However, termination by reaction [12] would 
result in a chain-length dependent upon [Tl(III)] 
and independent of [(CH,),CHOH], whereas in 
the concentration range investigated the converse 
was found. Termination by reaction [13] is 
similarly excluded on the basis of the observed 
concentration effects. 

Attributing the over-all reaction to the 
sequence of reactions [6] through [ l l ]  with 
reaction [I I .  ] as the rate-determining step in the 
chain propagation in competition with reac- 
tion [ l ]  as the chain terminating step, and 
applying the usual steady-state assumptions, the 
proposed mechanism gives 
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where D is the dose rate in units of 6.023 x 
loz5 eV 1-I s-I. In both cases the yield expression 
consists of two parts: a chain term, kl,(GH + 

( ~ I c , D ) - ~ / ~  [(CH3),CHOH], which is 
common to both, and a non-chain term whose 
magnitude is determined by the stoichiometry of 
the initiation and termination reactions. For 
moderate chain lengths these latter are small in 
comparison with the chain term and their 
difference, 9 (GH + Go,) = 3.4, is less than the 
uncertainty in the experimental results. This 
mechanism thus accounts for the equivalence of 
acetone formation and thallium reduction, the 
linear dependence of the yields on alcohol con- 
centration and the reciprocal square-root dose- 
rate dependence observed experimentally. 

In the mechanism as outlined, all H atoms are 
assumed to react via reaction [8]. In view of the 
high rate of reaction of H with oxidizing metal 
ions (17), it is probable that a fraction of these 
would react directly with Tl(II1). 

This reaction leads to formation of TI(I1) 
directly rather than indirectly through the inter- 
mediate organic radical, the chain term in the 
yi.eld expressions is unaltered, but the non-chain 
term for the acetone yield would be reduced 
by an amount 

which would not significantly alter the yields. 
As Tl(II1) is reduced to Tl(I), the product 

could begin to compete with the alcohol for 
OH radicals via the reaction 

[I71 OH + TI(1) -> OH- + Tl(I1) 

but such a reaction again leads to the formation 
of a Tl(I1) intermediate and the yields are 
altered only in the non-chain term by an amount 

This is again in agreement with the experimental 
observation that the addition of Tl(1) in con- 
centrations equal to  or greater than that of 
Tl(II1) did not significantly affect the yields. 

One species whose reactions have not been 
considered in the over-all mechanism is H,O,. 

It was established in control experiments that the 
thermal reduction of TI(II1) by H,O, is very 
slow. Lefort and Tarrago (1) postulated that the 
reaction 

was rapid but, in the systems here employed, 
such a reaction would be in competition with 
reaction [I 11. 

It is probable that the H,O, accumulates in 
the solution without reaction. In those solutions 
where a chain reaction was observed the max- 
imum dose to a sample was < 6 x loz0 eV 1-' 
and the maximum concentration of H,O, which 
could accumulate would be < 7 x M. At 
this concentration the thermal reaction with 
Tl(II1) would be vanishingly slow and the 
probability of its competition with (2-8) x 
lo-' M alcohol for Tl(I1) very small. It is 
possible that the curvature of the yield-dose 
plots at low Tl(II1) concentration is a result of 
the reaction of accumulated H,O, since the 
ultimate product of its oxidation is 0 , ,  which 
was demonstrated to inhibit the chain reaction. 

The radiation-induced reduction of TI(II1) by 
methanol and ethanol may be attributed to the 
same mechanism with the substitution of the 
corresponding H atom abstraction reactions to 
give tlie radicals ~ H , O H  and C H , ~ H O H ,  with 
the ultimate oxidized product being formalde- 
hyde and acetaldehyde, respectively. Although 
the data are less complete for these systems, the 
same linear dependence of the reduction yield 
on alcohol concentration and reciprocal square- 
root dependence on dose rate are observed. 

It is evident from the nature of the organic 
products formed and from the lack of dose-rate 
dependence that the radiation-induced reaction 
of Tl(II1) with t-butyl alcohol proceeds by a 
mechanism which is significantly different from 
that with primary and secondary alcohols. We 
are unable to postulate a simple mechanism for 
these reactions at this time. The yield of Tl(II1) 
reduction with t-butyl alcohol (G -- 10) is, 
however, somewhat larger than might be antici- 
pated for a non-chain process. 

From the yield expressions derived for the 
oxidation of primary and secondary alcohols 
(eqs. [14] and [15]) the slope of the graph of 
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Analysis of periodate oxidation of carbohydrates by polarography 

R. D .  CORLETT, W. G.  BRECK,' AND G.  W.  HAY^ 
Departmen! of Cliernistry, Queen's University, Kingston, Ontario 

Received3 August 14, 1969 

Experimental conditions using a variety of pH buffers have been established to permit the rapid, 
accurate determination of periodate and formaldehyde by polarography. The application of these 
analyses to quantitative studies in the oxidation of carbohydrates was illustrated and the lower limit 
of detection presently available found to be equivalent to 0.04 pmole carbohydrate. 
Canadian Journal o f  Chemistry, 48, 2474 (1970) 

Introduction 
During the last decade the improvements in 

methods for separating similar polysaccharides 
isolated from a single source, and the interest in 
the carbohydrate biopolyrners of animal tissue, 
generally have resulted in the recovery of only 
small amounts of polysaccharide fractions of 
significantly diminished heterogeneity. This, in 
turn, has resulted in a need for techniques where- 
by the structural details of these compounds can 
be elucidated using micro-scale samples. Of 
major importance in such studies is the use of 
periodate oxidation and the detection and deter- 
mination of the products of that oxidation with 
(I), or without (2), modification. The numerous 
applications of this selective reaction, first ex- 
ploited by Malaprade (3), have been reviewed 
thoroughly (4-6). I t  is noteworthy that, whereas 
most reports deal with macro-scale oxidations, 
recently there has been an evident response t o  the 
need for microcheniical analyses of the reactants 
and products (7-1 8). T o  this list electrochemical 
procedures now must be added. 

I11 a recent communication (19), a polaro- 
graphic technique for the analysis of the periodate 
oxidation of less than 1 pmole of some common 
sugars was outlined. This work was performed 
independently, and in ignorance, of the prior 
studies of Zuman (20) and Takiura (21), which 
involved the principle of periodate oxidation of 
certain alcohols and glycols as well as  sugars, 
with polarographic determination of the uptake 
of periodate. These workers were also aware of 
the significance of the method for both structural 
and kinetic studies. Nevertheless the value of this 

'On sabbatical leave, 1969-1970. Present address: 
Scripps Oceanographic Institution, La Jolla, California, 
U.S.A. 

2To whom correspondence should be addressed. 
'Revision received April 6, 1970. 

technique seems to have escaped the attention of 
many organic chemists. 

Polarography affords a rapid, essentially non- 
destructive, technique not only for following the 
course of the consumption of periodate, either as  
the acid or  a salt, but also to extend the useful 
limits of substrate well below the milligram region 
while maintaining convenience, speed, and pre- 
cision of analysis. This paper provides new 
experimental data to  illustrate the great versatility 
and sensitivity of the method. 

In the course of the oxidation the periodate ion 
is reduced in acid solution by a two-electron half 
reaction to  iodate, which in turn is reducible to  
iodide in a second wave at  a more negative 
potential. 

The height of tlie first polarograpl~ic wave is 
determined by tlie concentration of periodate ion 
while that of the second wave depends on the 
concentration of periodate as  well as of iodate, 
both being reducible at the more negative poten- 
tial. This fact can be advantageous in affording 
a check on the overall amount of iodate plus 
periodate. 

Discussion 

The data reported herein have established the 
adaptability of the polarographic method with 
respect to  the latitude afforded in the selection of 
buffer, temperature, substrate, and oxidant 
concentration. 

For the estimation of the half-wave potential 
(E,) for periodate, a mercurous sulfate reference 
electrode has a sufficiently positive potential. 
Moreover, the electrode-active species (SOa2-) is 
not oxidized by periodate. For  convenience, com- 
mercially available saturated calomel electrode 
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CORLETT ET AL.: PERIODATE OXIDATION OF CARBOHYDRATES 

TABLE 1 
Accuracy and sensitivity of the polarographic analysis of potassium periodate 

reduction by simple carbohydratesa 

Carbohydrate Ratio 
Carbohydrate added KIO, consumed 

and buffer  mole)   mole) Observed Expected 

Lower limits 
Glucoseb 0.04 

0 .02 

OAll analyses were made after 24 h reaction. See text for conditions. 
buffer c. 

<In buffer d. 
dln buffer g .  
'NaIOa consumed. 

I (s.c.e.) was used routinely and, providing that 

1 the analyses did not exceed 20 min, the amount of 
1 oxidatioil of C1- was limited to negligible propor- 
I tions by the nature of the liquid junction. 
1 Some masking of the periodate half-wave 
I occurred because of the preceding anodic wave, 

and the absolute value of E+ for the periodate 
wave therefore is doubtful. The detection of the 
residual current for the 10,- wave failed because 
the difficulties in switching from the low sensiti- 
vities needed for the anodic currents to the high 
sensitivities needed for the cathodic currents 
resulted in non-reproducible data. The id for the 
periodate ion in all buffers except e (see Experi- 
mental) was measured as the difference between 
the current at 0.0 V in the reaction mixture and 
that in the base electrolyte alone. This partial id 
was found to be quantitative and reproducible, 
and except in the case of buffer e (measured at 
-0.25 V), was fouild to have the expected ratio 
to the id for the iodate ion measured in the usual 
way. Nevertheless, values of the limiting diffusion 
current (id), obtained by difference of the sample 
wave height from that of the blank as residual 
current varied linearly with periodate concen- 
tration, so that the determination was quantita- 
tive and reliable in all buffers except 0.1 M KH 
phthalate. The most suitable buffers for use in 

carbohydrate oxidations appeared to be buffers 
c, d, org. The particular selection will be governed 
chiefly by the choice of optimal p H  for the 
substrate used. 

The data of Table 1 established that the corre- 
lation of the observed with expected uptake of 
periodate was adequate at and above 0.04 pmole 
per 25 ml, there being no possibility of confus- 
ing a hexose with a pentose. The reliability could 
not be extended to 0.02 pmole without further re- 
finements to cell design and calibration procedure ; 
however, sample size could readily be reduced to 
1 ml or less by the use of a suitable micro cell, and 
feasible refinements in the method, such as the 
use of a signal amplifier on the recorder, or the 
application of CAT (computer) methods, suggest 
that the technique may be capable of detecting 
1 pg periodate. 

The analyses of the periodate oxidations of 
maltose, fructose, and glucuronic acid (Table 2), 
showed measurable changes in uptake with time 
for all the sugars, as expected. There was a 
tendency for molar consumption ratios to show 
integer values even before complete uptake had 
been reached; these results suggested that the 
reactions may proceed in stages (22-24). Nisli and 
Townshend (8) used similar substrates at similar 
concentration ranges and found that there were 
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TABLE 2 
Molar uptake of periodate for less rapidly oxidized sugars 

- 

Ratio 
Analysis Sugar added KIO4 consumed 

after Sugar  mole)   mole) Observed Expected 

1 ha Maltose 

Lactose 

Fructose 

20 ha Maltose 
(repeated) 

Lactose 

Fructose 

Maltose 

Lactose 

Fructose 

Ma1 tose 

Lactose 

Glucuronic 
acid 

OIn buffer d. 
*In buffer c. 

definite differences in the macro- and micro-scale 
oxidations with periodate. Their studies corro- 
borated the seauential nature of the oxidation of 

The data of Tables 4 to 6 summarize the effects 
of temperature, pH, and buffer concentrations on 
the oxidation of some common carbohydrates. 
From Table 4 it was evident that an increase in 
temperature accelerated the rate of oxidation of 
3-0-methyl-D-glucopyranose but did not affect 
the final stoichiometry. myo-Inositol was oxidized 
so rapidly that this temperature effect was not 
observable, even in samples assayed after only 1 h 
of oxidation. However, the typical over-oxidation 
(25) was not detected under the conditions used 
(8). The loss of formate ester from partially 
oxidized 3-0-methyl-D-glucose was not affected 
detectably by the removal of acetate during the 
oxidation (Table 4) (26). The hydrolysis of the 
ester was quantitative and occurred within the 
first 24 h of reaction. The slightly low value for 
the periodate consumption by myo-inositol may 
be due to impurities in the commercial product 
which was used without further purification. 

The precision of the polarographic determina- 
tions of a range of concentrations of periodate by 

aldohexose~,~ t'he variation in rates of oxidations 
of different substrates, and the differences in 
tendencies to over-oxidation. 

Large excesses of periodate tended to effect 
over-oxidation in the systems employed (Table 3) 
and occasionally gave rise to an undesired pro- 
duction of iodine. When molar ratios of periodate 
to carbohydrate exceeded by more than 100 % the 
optimal two-fold stoichiometric excess of perio- 
date used in these studies, the control of oxidation 
was diminished and the precision of the method 
often seriously affected. 

4 A m ~ r e  obvious example of the stages or "plateau-ing" 
effects occurring in the consumption of periodate by com- 
plex carbohydrates, and which are unequivocally evident 
from the data of Table 8 (and also Tables 5 and 6 ,  espe- 
cially when graphed), has been reported recently by 
Kochetkov and Bochkov (32). The present work has de- 
tected a greater number of plateaus which, like that of 
Kochetkov and Bochkov, correspond to integer values of 
periodate uptake. 
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CORLETT ET AL.: PERIODATE OXIDATION OF CARBOHYDRATES 

TABLE 3 
Molar uptake of potassium periodate with varying initial molar ratios of 

periodate to carbohydrate" 

Ratio 
Sugar added KIO, added KIO, consumed 

Sugarb (pmole) (pmole) (pmole) Observed Expected 

Glucose 0 . 2  4 . 0  1 .OO 5 .0  5 . 0  
0 . 2  6 .0  1.04 5 . 2  5 .0  

Lactose 

Maltose 

'Analyses performed after 24 h reaction. 
buffer d. 

TABLE 4 

Reduction of NaIO, by myo-inositol and 3-0-methyl-D-glucopyranose under a variety of conditions 

Ratio 10,-/Sample 
Sample NaI0, (~.lmole/~.lmole) 

Temperature Hours of weight reduced 
Sample ("c) oxidation (pmole) (pmole) Observed Theoretical 

tnyo-Inositol in 5 
buffer g 5 

5  
25 
25 
25 
35 
35 

3-0-Methyl-D- 5 
glucose in buffer g 5 

5  

itself in buffer solutions was determined at 95 % confidence level that the concentrations of 
various times. The values of % + 20 pmoles and periodate stated were within f 2.1 % of the true 
of 2o/x x 100% are as follows: 6.645 + 0.09 value. 
pmoles, 1.36 % ; 1.353 0.026 pmole, 1.95 % ; In addition to the control afforded by selection 
0.189 f 0.002 pmole, 1.06%; 0.0192 k 0.0004 of pH, or specific hydrogen ion, and reagent 
pmole, 2.09%. Thus, the analyses provided a concentration, temperature can be used advan- 
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TABLE 5 

Molar periodate uptake by glucose, maltose, and lactose in buffer f 

Periodate consumed 

Time Weak, 4 "Ca Weak, 35 "C" Strong, 4 "Cb Strong, 35 "Cb 

h min  mole Ratio umole Ratio urnole Ratio umole Ratio 

Glucose 

Maltose 
3 0 
3 30 
6 30 
7 0 

24 0 
24 30 
27 30 
29 30 

Lactose 
3 0 

='Weak = 0.2 prnole substrate in reaction solution. 
bStrong = 2.0 prnole substrate in reaction solution. 

tageously to promote stoichiometric oxidation 
within a suitable time period, or conversely, to 
decelerate the oxidation so that the intermediates 
formed in the process can be studied. The often 
used period of 24 h for oxidation at room tem- 
perature in many of these cases would be inad- 
equate for presumption of complete uptake of 
periodate (Tables 2,4-6), in contrast to the more 
facile oxidations of arabinose, arabinitol, myo- 
inositol, and mannitol which proceeded smoothly 
to completion within 24 h. 

The kinetic experiments indicated that these 
systems provide a controllable rate of oxidation 
and may be a means of providing additional 

information concerning the structure-reactivity 
relationships operative during the course of the 
periodate oxidation of carbohydrates (8, 22-29). 

The partial masking of the periodate reduction 
wave prompted an attempt to split the iodate and 
periodate waves by the addition of some substance 
which would alter the periodate to iodate reduc- 
tion so as to give a means of distinguishing 
between them and to obtain a complete wave 
proportional to periodate concentration and with 
a clear half-wave value. One logical choice for 
such a substance was the iodide ion which, above 
p H  7, reacts specifically with periodate to give 
iodine and iodate according to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CORLETT ET AL.: PERIODATE OXIDATION OF CARBOHYDRATES 2479 

TABLE 6 
Molar periodate uptake by glucose, maltose, and lactose in buffer c 

- .. 

Periodate consumed 

Time Weak, 4 "C" Weak, 35 "C" Strong, 4 "Cb Strong, 35 "Cb 

h.  min pmole Ratio pmole Ratio pmole Ratio pmole Ratio 

Glucose 
3 0 
3 30 
6 30 

Maltose 
3 0 
3 30 
6 30 

Lactose 
3 0 
3 30 

"Weak = 0.2 pmole substrate, 2.00 pmole lo1-115 ml reaction solutions; 0.133  mole substrate, 1.33 ~ ~ n i o l e  1 0 ~ - I 2 5  nil analysis solutions. 
bStrong = 2.0 ~ tmole  substrate, 20 pmole TO1-115 ml reaction solutions; 0.76 pmole substrate, 6.67 unlole 101-I25 ml analysis solulions. 

[31 104- + 21- + HzO = IO3- + 20H- + Iz positive than the range to be investigated. This 

and, below p H  5,  reacts with both periodate and question was answered presumptively by identi- 

iodate to produce iodine according to fying iodine as a product upon addition of 
potassium iodide to the system (which contained 

[4] 104- + 8H+ + 71- = 41z + 4Hz0 2 pmoles of periodate per 25 ml) on the basis of 
the deep blue color produced when starch 
indicator was added. 

In a buffer of a saturated solution of NaHCO,, at Attempts to calibrate the iodide and iodine 
p H  above 8, periodate should be distinguished were not completely successf~~l. The iodide wave 
from iodate in being reduced to give iodine. Some was non-stoichiometric, whereas the iodine wave 
doubt had been raised that within this system the was quantitative up to about 0.6 pA, but stopped 
periodate ion could exist for long, it being spon- there, possibly owing to the insolubility of the 
taneously reducible to iodate at voltages more iodine in such dilute solutions of iodide. For 
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analytical purposes, the use of the iodide inter- 
mediate is disadvantageous, when compared to 
the reliable though less elegant routine polaro- 
graphic analysis using only part of the periodate 
diffusion wave. 

The pilot study of the applicability of Jahoda's 
(30) polarographic determination of formalde- 
hyde, produced during periodate oxidation (31), 
to the conditions of the present investigation 
indicated that acceptable accuracy was obtain- 
able. The 10,- and 10,- waves which preceded 
and interfered with that for formaldehyde, could 
not be eliminated electrically except at  the expense 
of base line stability and the concomitant diminu- 
tion of accuracy. This difficulty was surmounted 
by transfer of the reactants to 0.1 M LiOH buffer, 
p H  13. Lead(I1) acetate was effective in precipi- 
tating iodate and periodate, thus stopping the 
oxidation, but introduced a new wave attributed 
to Pb(I1). The use of Ba(OAc), has been found 
to be an effective means of eliminating iodate and 
periodate in these systems. 

The separation of formaldehyde by distillation 
(30) obviated the interference from lead but 
afforded no enhancement of formaldehyde wave, 
and resulted in lower accuracy unless the distil- 
lation was carefully controlled. The use of freeze 
drying to distil formaldehyde and of ion exchange 
to remove 10,- and TO,- are under study. 

Experimental 
Most of the polarograms were recorded on a Heathkit 

Polarograph Model EUW-19 but Metrohm E261 and 
Sargent Polarographs were also enlployed at times, along 
with their respective cells and H-cells of Lingane's deslgn. 
Gelatin, but not Triton X100, was satisfactory as a 
maximum suppressor. All buffers were prepared to con- 
tain 0.008% (w/v) gelatin. The buffers used were: (a) 
0.5 M H2S04, 0.1 M K2SO4, p H  0;  (6) 0.05 M HzS04, 
0.1 M KzS04,  p H  1 ; (c) 0.005 M HzS04, 0.1 M K2S04, 
pH2;  (d) 0.1 M HOAc, 0.02 M NaOAc, p H  3.6; (e) 0.1 M 
K H  pl~thalate, p H  4.0; (/) 0.1 M HOAc, 0.1 M NaOAc, 
pH4.6; (g) 0.1 MHOAc,  0.1 M LiOAc, pH4.6; (/I) 1 M 
KCI, p H  6.6; (i) saturated NaHCO,, p H  8.1; ( j )  0.1 M 
NaHCO,, p H  8.4; (k) 0.1 M LiOH, 0.1 M LiCI, p H  13. 

The substrates used were the highest purity grade 
available con~n~ercially and were used after drying with- 
out further purification. The 3-0-methyl-D-gluco- 
pyranose, m.p. 168 "C, was a gift from Professor J. K. N. 
Jones. 

A typical polarogram showing the periodate and iodate 
waves is given in Fig. 1 (for K I 0 4  in the buffer d). The 
first wave is due to the process of reaction [ I ]  and the 
second corresponds to that of reaction [2]. 

I. The Itzvestigatiorz of Variol,s B~rffer/S~lpportiizg 
Electrolytes 

The polarographic behavior of each buffer (18 ml) was 

102 measured here 

V vs. s.c.e 

FIG. 1. Polarogram typical of KIO, in various 
buffer electrolytes (specifically buffer d) ,  id for 10,- 
read at 0.0 V. 

recorded, and polarograms obtained upon the successive 
additions of each of 2 ml (1 pmole) of stock KI0, and 
KI0 ,  solutions to the buffer solution. The half-wave 
potentials (vs. s.c.e.) and diffusion currents (pA per 
pnlole) obtained for the periodate and iodate ions in each 
buffer are reported in Table 7. 

2. Tlze Assessri~e~~t of Cltrrerzt Precisiotz irz Carboliydrate 
A~znlysis 

The precision of the determination of periodate and 
iodate alone in the buffer solutions was shown to be 
highly reproducible during calibrations. To assess the 
reliability of the actual uptake of periodate by any 
particular carbohydrate chosen for oxidation by this 
method, solutions of each of glucose and arabinose were 
prepared to give final concentrations of 0.2, 0.4, and 1.0 
pmole in 25 n1l of buffer c. The above solutions, with 
respectively 2, 4, and 10 pnloles KIO,, together with the 
blanks and calibration solutions, were stored in the dark 
for 24 11. Polarograms were obtained from 0.20 to 
-0.20 V at a rate of 0.20 V per nlin. Similar solutions of 
glucose were made up in buffer (1, and polarograms 
recorded. Similarly, solutions of glucose or mannitol 
containing 0.04 and 0.02 prnole and of L-arabinitol 
containing 0.2 pmole per 25 nll of buffer solution were 
oxidized with KIO, or (arabinitol only) NaIO, and 
polarograms obtained. The data obtained are reported 
in Table 1. 

3. Trial of the Metlrod with Less Readily Oxidized Sugars 
Maltose, fructose, and glucuronic acid were prepared 

(1 ml = 0.2 pmole). Aliquots of each of these to contain 
0.2 and 1.0 pmole, respectively, were pipetted into 25 ml 
flasks containing 10 ml buffer d. Aliquots of periodate 
solution containing 2 and 10 pmoles of KIO,, respec- 
tively, were added, along with gelatin (0.008% final 
concentration) and the final volumes made up to 25 ml 
with buffer. Sinlilarly blank solutions of K I 0 4  were 
prepared. After 1 h the solutions were deaerated for 10 
min and analyzed for excess periodate. Polarograms were 
recorded from 0.25 to -0.41 V at 0.20 V per min and a 
sensitivity of 1 pA full scale, and wave heights deter- 
mined. The solutions were stored in the dark at room 
temperature and re-analyzed in the same manner after 
20and 72 h. A similar series of solutions were prepared in 
buffer c and analyzed after 20 h. The results of these 
analyses are summarized in Table 2. 
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TABLE 7 
Half-wave potentials and diffusion currents of periodate and iodatea in various buffer electrolytes 

Sweep 
E, (s.c.~.), V id, PA 

Approximate Range Rate 
Buffer P H  (v) (V/min) lo4- 10,- 10,- 10,- 

c 0.005 M HzSO4, 
0.1 M KzSO4 

d 0.1 M HOAc, 
0.02 M NaOAc 

e 0.1 M KH Phthalate 

f 0.1 M HOAc, 
0.1 M NaOAc 

g 0.1 M HOAc, 
0.1 M LiOAc 

11 1 M KC1 

i Saturated NaHCO, 

aElectrode reaction product of IOu-. 
Weasured at -0.25 V. 

None 

0.20 

0.20 

0.30 

0 . 0  

0.30 

0.30 

0.0 

0 . 0  

4. The Effect of Larger Excess of Perioclnte 
Ratios of 20,30, and 50 moles of periodate per mole of 

carbohydrate were reacted with glucose, lactose, and 
maltose, each at 0.2 and 1.0 pmole per 25 n ~ l  of final 
solution, and the excess determined, by obtaining polaro- 
grams from 0.20 to -0.20 V at 0.20 V per min with 
sensitivity 2 or 5 pA full scale, after each reaction had 
proceeded for 24 11. The results are given in Table 3. 

5. Tlie Effects of Tewlpernrlrre and Brrffer 
Solutions containing 0.04 and 0.2 pmole of each of 

r?iyo-inositol and 3-0-methyl-D-glucopyranose in buffer g 
were prepared and oxidized with a 10-fold excess of 
N a I 0 4  at 5, 25, and 35 "C. Samples were assayed in the 
usual manner after I, 24, 48, 72, and 96 h of reaction. 
Control solutions were assayed concurrently. 3-0-Methyl- 
D-glucose also was oxidized at 5 and 25 "C without 
buffering. The solution p H  was 5.6. The results are 
sunimarized in Table 4. 

6. Rate Strrdies ~vitlr Glrrcose, Lactose, arid Mnlrose rrilder. 
n Vnriety of Corrc/itiorrs 

Experiments were performed with glucose, lactose, and 
maltose at 4 and 35 "C, using each of buffers c and f, and 
sugar concentrations 0.2 and 2.0 pn~oles, in 25 nil of final 
solution. In all cases the mole ratio of periodate to sugar 
was 10:l. Solutions were divided in two parts, to be 
conditioned at the respective high and low temperatures. 
Reactions were carried out in 500 ml bottles, providing 
large sanlples for each of the 24 sets of experimental 
conditions (3 x 2 x 2 x 2). Aliquots were removed 
from each bottle at the required time and analyzed 
polarographically for periodate uptake. Reagent blanks 
were stored and analyzed siniilarly for each time interval; 

data werc corrected for deviations in the blank which 
were not significant. Maxiniunl deviations throughout 
the period were: weak + 0.02 to -0.04 pmole; strong + 
0.01 to -0.12 pniole. Each final sample was purged with 
nitrogen for 5 niin and the polarogranl recorded between 
0.20 and 0.0 V at a sweep rate of 0.20 V per min and at 
suitable sensitivity. The data are given in Tables 5 and 6. 

In the case of nialtose the i~nusual results were checked 
by a second series of experiments allowing for more 
frequent analysis of the reaction solution in the early 
stages. Bulk solutions were made up to give final concen- 
trations in the reaction solution of 0.2 and 2.0 l~nioles 
per 15 nil. Bufferfwas used with an initial nlole ratio of 
periodate to nialtose of 10: 1. Reactions were ca~ried out 
at 4 and 35 "C in the dark with blanks treated similarly. 
After 30 niin, 5 nil aliquots were taken every 15 min and 
made up to 15 n ~ l  to give a final concentration in the 
analysis solution of 0.008% gelatin and 6.67 l~nloles of 
periodate minus the anlounr consunied in the reaction. 
After 4 h the sampling interval was increased to 30 niin 
and after 14 h to 60 min. At 12 11 duplicate reactions were 
started and these solutions ilsecl to obtain values between 
12 and 24 11 and between 36 and 45 h. The data from the 
offset series is presented consecutively with the original 
series but identified as offset. Polarograms were run from 
0.20 to -0.10 V at a rate of 0.20 V per min and suitable 
sensitivity. Residual currents were obtained from analysis 
of the electrolyte solutions only. Data are reported in 
Table 8. 

7. Tile Use of or1 Itrterriieclinte to Split tire Perioclnte to 
Iorlnle Wnve 

Electrolyte blanks were clear of diffusion waves from 
0.45 to - 1 .OO V. A solution having I l~niole of periodate 
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TABLE 8 
Molar periodate uptake ratio for maltose, varying with time" 

-- 

Periodate uptake Periodate uptake 

4 OCb 35 "Cb 4 "CC 35 "CC 

Time Mole Mole Time Mole Mole 
(min) pmole ratio pmole ratio (min) pmole ratio pmole ratio 

Offset 
780 
840 
900 
960 

1020 
1080 
1140 

270 1.91 2.9 1800 2.46 3.7  3.16 4.7 
300 1.26 1.9 1.91 2.9  Offset 
330 1.26 1 .9  2.16 3 .2  2220 2.26 3.4 3.94 5.8 
360 1.31 2.0  2340 2.16 3.2 3.80 5.7 
390 1.16 1 .7  2.04 3.1  
420 1.53 2 .3  2.16 3 . 2  2880 2.46 3.7 
450 1.48 2.2 2.11 3.2  3000 2.38 3.6 
510 1.46 2 .2  2.06 3.1 3240 2.28 3 .4  

aAIl reactions in buffer g. 
bReaction solution concentration 2 pmole maltose, 20 prnole 104-115 ml. 
=Analysis solution concentration 0.67 pmole maltose, 6.67 pmole l o r - / I 5  ml. 

per 20 ml of final solution was added and the polarogram 
from 0.20 to - 1.30 V gave the two typical waves. Four 
pmoles of potassium iodide were added to the cell and the 
polarogram repeated. The cathodic periodate wave 
between 0.20 and 0.0 V was eliminated and replaced by an 
anodic wave due to excess iodide. The characteristic blue 
color with starch appeared and a new diffusion wave 
rose steeply from 0 pA at -0.25 V to a plateau 
at  -0.60 V with id 0.40 pA/mole, before the usual 
iodate wave appeared, unchanged. The new wave was 
identified tentatively as being due to the process 
I2 f 2e = 21-. The addition of 1 pmole of iodate did 
not affect the anodic wave or the new wave, but added 
quantitatively to the iodate wave as expected. These 
conclusions were corroborated by the addition of iodide 
and iodine to the system. 

8. Polarographic Determb~atiotl of Formaldehyde 
( a )  Quaiztitative Ai~alysis 
A stock solution containing 1 mg HCHO/ml was 

prepared (solution A) and an aliquot diluted to 1 pmole 
HCHO/ml (solution B). 

One ml of solution A was added to 19 ml of each of 
buffers c, g, j, and k. Formaldehyde gave no diffusion 
wave in the range 0.0 to - 1.4 and - 1.8 V, respectively, 
in buffers c and g. Polarography from 0.0 to - 1.7 V in 
buffer j afforded a diffusion wave for formaldehyde with 

E, - 1.5 V and id 0.5 pA. Polarography from 0.0 to - 1.8 
V in buffer k gave a fornlaldehyde wave with E+ - 1.68 V 
and id 7 pA. 

Solution B, 1 ml, was added to 19 ml buffer k.  Polar- 
ography as before gave a diffusion wave with E+ - 1.68 V 
and id 0.20 pA. This calibration was repeated. 

Solution B, 2 ml, was diluted to 10 ml with distilled 
water and distilled under reduced pressure. The con- 
densor and receiver were water-cooled. A 5 n ~ l  distillate 
was collected, added to 15 ml buffer k,  and polaro- 
graphed. A diffusion wave at  E+ - 1.68 indicated the 
presence of 1 pmole HCHO based on the above direct 
calibration. The experiment was repeated using a distil- 
lation (water bath) temperature of 40°, and cooling with 
ice-water. A 3 1-111 distillate was diluted to 20 ml with 
buffer k and was found, polarographically, to contain 
0.3 pmole HCHO. The residual solution was diluted to  
20 ml with buffer k and found to contain 1.2 pmole 
HCHO. 

Solution B, 2 ml, was diluted to 10 ml as before and 
distilled at 100 "C under 1 atni, using an ice water-cooled 
condensor and receiver. A 5 ml distillate was collected, 
diluted to 20 ml with buffer k ,  and assayed polaro- 
graphically. The diffusion wave at - 1.68 V had id 0.29 
pA which is equivalent to 1.45 pmole. Similar analysis of 
the residual solution revealed the presence of 0.5 pmole 
(id 0.1 pA) HCHO. 
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TABLE 9 
Periodate consumed and formaldehyde formed during oxidation of glucose and maltose 

Formaldehyde 
Sugar KIO4 Ratio Ratio 
added consumed mole 104- In distillate In residue Total mole HCHO 

Solution (mole )  (pmole) mole sugar (pniole) (pmole)  mole) mole sugar 

Glucosea 2 .0  10.4 5 . 2  - - 2.7  1 .3  
Glucoseb 2.0 10.2 5 .1  0 . 6  I . 5  2 .1  1 .O 
Maltose" 2.0 9 .8  4.9 2 . 2  - 2 . 2  1 .1  
Maltoseb 2.0 9.9 5 . 0  1 .5  1 .O 2 . 5  1 .2  

"In buffer c. 
buffer g. 

( b )  Analysis of Formaldehyde Fortned During the 
Periodate Oxidntion of Carboltydrates 

Solutions of each of glucose and maltose were prepared 
to contain 2 pmoles sugar and 20 pmoles periodate per 
15 ml of each of buffers c and g.  After 72 h reaction in the 
dark at  room temperature periodate was assayed polaro- 
graphically as described above. 

A 5 ml aliquot of the solution of glucose in buffer c 
was diluted to 20 ml with buffer k and a polarogram 
obtained between 0.0 and - 1.8 V. The 103-  and 104-  
waves were cancelled out by the use of both charging 
and cox tan t  current compensators. Although uniform 
current compensation was difficult to establish, a measur- 
able wave was obtained. 

Aliquots (5 ml) of each of the solutions of glucose in 
buffer g, and maltose in buffers c and g, were treated with 
solid Pb(OAc), and filtered. The filtrate was diluted to 
10 ml by the washing of the flask and residue, and distilled 
a t  1 atm until 7 ml distillate were collected. Each 
distillate and each residual solution was diluted to 20 nil 
with buffer k and subjected to polarographic analysis for 
formaldehyde in the usual manner. The results have been 
summarized in Table 9. 

Solutions containing 0.002 M NaIO4 and NaI03  were 
treated with an  equivalent amount of Ba(OAc),, either 
prior to or after transfer to the polarographic cell. The 
solutions were polarographed over the range of 0.0 to 
-2.5 V. N o  periodate wave was detectable at  highest 
instrument sensitivity. An iodate wave was detected in 
samples to which Ba(OAc), was added in the polaro- 
graphic cell; the wave was reduced in magnitude by 
approximately 30-fold. No iodate wave was detected in 
samples to which Ba(OAc), was added prior to transfer 
to the polarographic cell. 

This research was supported by operating grants (to 
W.G.B. and G.W.H.) from the National Research 
Council of Canada. 
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Mass spectrometric study of the reaction of BF, with B 2 0 3  ; 
the identification and heat of formation of B20F4 

D. R. BIDINOSTI AND L. L. COATSWORTH 
Departnlerlt of Cflert~istry, Urziversity of Westerrl Ontario, London, O~ztario 

Received April I, 1970 

The reaction of BF3 with B203  in a molecular flow reactor has been studied with a mass spectrometer. 
Over the temperature range 930-1300 "K the reaction has been found to produce B20F4  with the 
stoichiometry 

4 B F ~ ( B )  + BzOa(l) * 3 BzOF,(g) 

From the temperature dependence of the equilibrium constant the enthalpy change for this reaction was 
determined to be 18.5 + 3 kcal/mole and AH,' (B,0F4) calculated to be -454 + 2 kcal/mole at 1100 OK. 
Canadian Journal o f  Chemistry, 48, 2484 (1970) 

Introduction 

Earlier mass spectrometric studies (1, 2) of 
equilibria in the B-0-F system at high tempera- 
tures have demonstrated the presence of BOF 
and (BOF), for which thermodynamic data are 
now well documented (3). In addition to the ions 
BF,' and BF,' which are characteristic of BF,, 
the mass spectra in these effusion studies con- 
tained the ions BOF', (BOF),', B303F2+, 
and B20F3+. The last ion was attributed to the 
fragmentive ionization of (BOF), accompanied 
by a fluorine migration. By analogy with BF,' 
from BF,, B20F3+ is an expected ion in the mass 
spectrum of the unknown species B20F4, and 
would probably be the principal ion from this 
compound. However, neither of these earlier 
works report the ion B20F4+ which would also 
be expected if B20F4 were produced. More 
recently Brinckma~i and Gordon (4) have found 
the ion B20F4' in the mass spectrum of the 
gaseous products produced from BF, vapor in a 
microwave discharge reactor made of quartz. 
They present an argument for the existence of the 
neutral parent molecule B20F4 formed in the 
discharge. This has prompted our re-examination 
of the reaction of BF, with molten B203 in a 
molecular-flow reactor to show the existence of 
B20F4, establish the stoichiometry of the reaction 
by pressure dependence studies, and determilie 
the heat of the reaction from the tem~erature 

Effusion Orifice- 
(0.035"DiamJ 

Alumina Tubes. 
(0.OSO"Diarn.) 

P t  Foil 

Pt Foil Baffle 

~ a ~ e a t i n ; w l r e ~  
(0015" Diam.) 

Alumina Tube 

0 1 2cm 

I 
FIG. 1. Molecular-flow reactor. 

source region. The plate P in Fig. 2 of ref. 5 has been 
extended to isolate the ion source region from the larger 
pumping port and so provide true differential pumping 
across the beam passage slit in P. 

The effusion cell shown in ref. 5 was replaced by the 
cylindrical n~olecular-flow reactor shown in Fig. 1. The 
reactor was made by drilling a 3.2 mm diameter hole in 
the center of the bottom of a Morganite cylindrical 
alumina crucible of 5 ml capacity. A snug fitting alumina 
tube was inserted until it penetrated 114 the interior 
length of the crucible, and then bonded to the exterior 
of the crucible base with Ceramabond 503 high tenmera- 

dependence of the equilibrium constant. ture ceramic adhesive (Aremco Products I&).   he top 
lip of the crucible was ground flat to accept a platinum 

Experimental foil cover containing the effusion orifice. This cover was 
held in place by a thin rim of ceramic adhesive applied 

The general features of the mass spectrometer have after the foil was firmly pressed in place so that no 
been described previously (5). This instrument has since adhesive was exposed to the reactants in the interior of  
been modified by the addition of an  Edwards EM2 the reactor. A platinum foil baffle was used to prevent 
diffusion pump and liquid nitrogen trap to pump the ion line-of-sight transmission of the BF3 reactant from the 
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inlet tube to the effusion orifice. Tantalum heating wire 
was threaded back and forth through 41 alumina tubes, 
3 cmlong x 1.25 mnl o.d., which werecemented about the 
circumference of the reactor. The alumina gas inlet tube 
projected 8 cni from the bottom of the reactor and was 
held in a stainless steel Swagelok fitting using teflon 
ferrules. This fitting was in turn welded to  the main 
source flange. The gas flow to this fitting, and hence to  BF3+ 
the reactor, was controlled by a Vacoa MV-25-XL BF2+ 
precision gas metering valve located on the exterior of (BOF)3++ 
the main source flange. Reactor pressures were main- B2°F3 

tained below lo-' Torr during all runs. The only materials ::8:;:+ with which the BF3 reactant came into contact were: 304 B ~ ~ ~ F ~ +  stainless steel, Kel-F, teflon, and, at high temperatures, 
alumina and ulatinum. 

TABLE 1 
Appearance potentials 

Appearance potentials, eV 

This work Ref. 2 Ref. 8 Ref. 9 

A regulated constant-current power supply was used 
to  heat the tantalum wire. Wlth two radiat~on sh~elds a accord with the existing data for BF3 (8y 
cell temperature limit of 1350 "K was imposed by the rate than those of Hildenbrand et 01. With the 
of energy transfer from the small diameter tantalum wire. exception of B,O,F,+, all of our appearance 
Temperatures were measured with a pair of chrome1 
P/aluniel thermocouples; one spot welded to the platinum 
top near its periphery and the second cemented to the 
base of the aluniina reactor body. After full temperature 
equil~bration the maxiniuni temperature difference 
recorded by the two thermocouples was at  the highest 
temperature, where the reactor base was approximately 
3" hotter than the platinum top. During each run the 
temperature of each thermocouple remained constant t o  

I 
within lo. 

I Matheson C.P. grade BF3 was vacuum distilled and 
I passed through Dry Ice - acetone traps several times to 

remove HF .  All BF, samples were used within 18 h of 
purification. Samples of B203  were prepared by decom- 
posing Fisher reagent-grade boric acld in a platinum 

I dish over a Meker burner. The resulting oxide was fused 
I at 650 "C for 72 h. After transfer to and assembly of the 
I aluniina reactor, the B203 glass was further dehydrated 

by fusing under high vacuum in the mass spectrometer. 
The molten boric oxide presented a surface area of 
approximately 2 cm2 to the vapor phase in the reactor. 

Appearance potentials were measured relative to xenon 
(ionization potential = 12.13 eV) (6) using Warren's 
extrapolated voltage d~fference method (7). Xenon was 
introduced into the ion source simultaneously with the 
effusion beam. All Ion intensities were corrected for small 
contributions from background vapors by using the 
shutter S (5) to interrupt the molecular beam. 

Results and Discussion 

The appearance potentials for the ions observed 
in the mass spectrum of the effusing reaction 
mixture at a reactor temperature of l I00 "K are 
given in Ta-ble 1. For comparison the values 
reported by Hildenbrand et al. (2) are also 
presented together with the averaged electron 
impact values for BF, from the review by Svec 
(8) and the photoionization values for BF, by 
Dibeler and Liston (9). Ions of mass greater 
than (BOF),' were not observed. 

Our values for BF,' and BF,+ are in much 

" " -  
potentials are lower than theirs. The exceptional 
case is most interesting since Hildenbrand et al. 
report a value for B,O,F,+ which is lower than 
the ionization potential of B303F3 from which 
B303F2+ arises by fragmentive ionization; a 
result which is most improbable. The low value 
for the B20F,' potential confirms that it is due 
to a direct ionization rather than a fragmentation 
of some more complicated molecular species. 
In addition we have observed the metastable ion 
transition B,O,F,+ -> B20F3+ + B0, (observed, 
~ n / e  = 64.55; calculated, n?/e = 64.50) and have 
measured the appearance potential of the meta- 
stable as 15.3 eV, which substantiates the earlier 
(1, 2) assignment of B,OF,+ as a fragment from 
(BOF),. 

With the reactor at 990 OK, the pressure 
dependence of B,OF, on BF, was examined to 
establish the stoichiometry of the reaction pro- 
ducing this compound. In Fig. 2 we show 
logarithmic plots of the ion intensities of B20F4+, 
together with (BOF),', and B,OF,+, vs. the ion 
intensity of BF3+ for 50 eV electrons. Unity 
slopes for (BOF,),' and B,OF,+ confirm the 
assignn~ents by Porter et al. (1). The slope of 314 
for log[BF,+] vs. log[B,OF,+] confirms the 
stoichiometry to be 

As shown in Fig. 2, the ion intensities of B20F,+ 
are approximately 100 times smaller than those 
for B,OF,+ and (BOF),'. This is no doubt the 
reason why the two earlier studies did not 
observe it. 

Under conditions of molecular flow, the partial 
pressure Pi of a gaseous species in an effusion 
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FIG. 2. Intensity dependence of ions from (BOF)3 
and B20F4 on BF, pressure at a reactor temperature of 
990 OK. 

reactor can be related to the observed ion current 
Ii+ by 

where T is the temperature of the gas in the 
reactor (10). The constant Ci contains a number 
of terms which depend on the geometry of both 
the reactor and ion source, the ion transmission 
characteristics of the mass spectrometer, the 
electron multiplier detection efficiency for the 
ion i f ,  and the partial ionization cross section 
of the ith molecular species. All of these terms 
can be kept constant throughout each experiment 
except the last, which is assumed to be tempera- 
ture independent. The Van't Hoff equation for 
reaction [l  ] can be written in terms of ion current 
intensities using eq. [2] 

where C is a temperature independent constant. 
Van't Hoff plots of ion currents taken at 50 eV 
for three different reactor pressures are shown in 
Fig. 3. At the start of the experiment the B203 
surface area to effusion orifice area was approxi- 
mately 300: 1. To establish conclusively that 
equilibrium was attained, the effect of different 
values of this ratio on the Van't Hoff plots should 

F1c.3. Van't Hoff plots for the equilibrium 
4 BF3(g) + BzOd1) F? 3 Bz.OFd(g). 

be examined. It was observed that during the 
course of the temperature dependence studies, 
which were done over a 72 h period, chemical 
transport of B203 to the walls and inside of the 
top of the reactor was occurring. Hence the sur- 
face area ratio was continuously changing from a 
value of 300: 1 to about 1500 :l. In chronological 
sequence the AH values obtained were 19.01, 
16.67, and 19.65 kcal/mole. Therefore it is con- 
cluded that equilibrium was attained over the 
full range of surface area ratios. The least-squares 
fitted slopes give an average AH = 18.5 & 3 
kcal/mole for reaction [I]. With the available 
data (3) for the heats of formation of BF, and 
B203, we calculate for B20F4 a heat of formation 
at  1100 OK of - 454 & 2 kcal/mole. 

This research was sponsored by the Air Force Office 
of Scientific Research, Office of Aerospace Research, 
United States Air Force, under AFOSR Grant No. 
135668. 
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Organobismuth compounds. I. Studies on triphenylbismuth(V) 
derivatives, Ph, BiX, 

R. G. GOEL AND H. S. PKASAD 
Department of Clremistry, Utziversity of Guelph, Guelph, Otztario 

Received March 23, 1970 

Triphenylbismuth(V) acid derivatives o f  the type, Ph3BiXz, where X = halide, nitrate, cyanate, 
acetate, haloacetate, or cyanoacetate have been prepared. Infrared spectra (4000 to 200 cm-' region), 
electrical conductances, and molecular weights o f  these compounds have been studied to elucidate their 
structural features and chemical constitution. The molecular weight and conductance data show that 
these compounds behave as molecular species in benzene or nitromethane. The infrared spectroscopic 
results also indicate non-ionic five-coordinate structures. Bi-X stretching frequencies have been assigned 
for the difluoride, dichloride, dinitrate, dicyanate, and diacetate. These frequencies occur in the region 
41 0-240 cm-' . 
Canadian Journal o f  Chemistry, 48, 2488 (1970) 

Introduction 

Several organobismuth(V) compounds of the 
type R,BiX, (R = aryl group, X = halide, ace- 
tate, nitrate etc.) are reported in literature (I). 
Although structural aspects of triphenylbismuth 
dihalides have been studied by several workers 
(2-5), very little is known about the structural 
features and chemical constitution of organo- 
bismuth(V) acid derivatives in general. On the 
basis of dipole moment studies, Jensen (2) pro- 
posed a trigonal bipyramidal structure for the 
dichloride. The proposed structure has been 
confirmed by X-ray crystallography (4). The 
molecular nature of triphenylbismuth dihalides 
has also been demonstrated by electrical con- 
ductance studies on some triphenylbismuth- 
halogen systems (3). The fluorine nuclear mag- 
netic resonance (n.m.r.) spectrum (5) of triphenyl- 
bismuth difluoride is also consistent with a 
trigoi~al bipyramidal structure with axial fluo- 
r i n e ~ .  As part of our general study on the struc- 
tural aspects of organometallic acid derivatives 
of the main group V elements, we have examined 
the infrared spectra, electrical conductances, and 
molecular weights of several triphenylbismuth(V) 
compounds, Ph,BiX,, where X = nitrate, cy- 
anate, acetate, haloacetate, and cyanoacetate. 
Since the infrared spectra of triphenylbisinuth 
dihalides have not been studied, we have also 
included the dihalides in our investigation. 
Several compounds included in this investigation 
have been syi~thesized for the first time. 

Experimental 
Reagents 

Analytical grade solvents from Fisher, Baker, or 
Matheson, Coleman and Bell were used. Nitromethane 
was purified by treatment with calcium hydride and 

subsequent distillation under reduced pressure. Triphenyl- 
bismuth was recrystallized from benzene. Other chemicals 
were used without further purification. 

Preparatiotr 
Triphenylbismuth dichloride and dibromide were pre- 

pared from triphenylbismuth and the halogen as de- 
scribed in the literature (1). Triphenylbismuth difluoride, 
dinitrate, and dicyanate were prepared by the metathetical 
reaction between triphenylbisrnuth dichloride and the 
appropriate silver salt in benzene. Triphenylbismuth 
diacetate, dihaloacetate, and dicyanoacetate were pre- 
pared by mixing a benzene solution o f  triphenylbismuth 
dichloride and an aqueous solution o f  silver acetate. The 
benzene layer was collected and was concentrated under 
reduced pressure. Addition o f  light petroleun~ ether to  
the concentrated benzene solution caused the desired 
compounds to precipitate. All o f  the compounds were 
recrystallized from a mixture o f  benzene and petroleum 
ether. The elemental analyses were performed by A .  B. 
Gygli, Microanalytical Laboratory, Toronto. 

Measrtrenlents 
Infrared spectra were recorded on a Beckman Model 

IR-12 double beam spectrophotometer. Spectra were 
measured in the solid state in the 4000-200 cm-'  region 
and, in benzene solutions in the 500-200 cnl-I region. 
Solid san~ples were prepared as mulls in Nujol or Halo- 
carbon oil, and the spectra were measured using de- 
mountable KRS-5 and polyethylene cells. Solution 
spectra were measured in sealed polyethylene cells. 

The electrical conductances were measured at 25" with 
a Beckman Model RC-18A conductivity bridge using a 
glass cell with platinized platinum electrodes. The con- 
ductance o f  the solvent was measured in each case and 
corrections to the observed conductances were made. 
Molecular weights were determined in benzene solutions 
(concentration range: to n~ole/kg) with a 
Hitachi-Perkin-Elmer Model 1 1  5 vapor osmometer. 
Melting points were determined with a Fisher-Johns 
melting point apparatus as well as with a Gallenkamp 
melting point apparatus using glass melting point tubes. 

Results and Discussion 
The analytical and molecular weight data and  

melting points of the investigated compounds 
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TABLE I 
Analytical data 

-- -. -- 

Analysis (%) 
Molecular 

Found Calculated weight* Melting 
point 

Compound C H C H Found Calculated ("C) 

'Solvent, benzene; concentration range, 10-2-10-3 mole/kg. 
tExplodes. 

are recorded in Table 1. All the compounds are 
non-hygroscopic white crystalline solids and are 
soluble in common organic solvents like benzene, 
chloroform, and acetone. The molecular weight 
data show that all the compounds are molecular 
and monomeric in benzene. The equivalent 
conductances of these compounds in nitro- 
methane at 25", in the concentration range of 

to M, are recorded in Table 2. The 
conductivity data also show that all the com- 
pounds behave as molecular species in nitro- 
methane. With the exception of the nitrate all the 
compounds show negligible conductivities. More- 
over, the equivalent conductances do not change 
significantly on changing the X group. The ob- 
served conductances for the nitrate are also 
significantly lower than those reported (6) for 1 : 1 
or 1:2 electrolytes. The conductances of tri- 
phenylbismuth dibromide and ditrifluoroacetate 
could not be determined due to decomposition 
of these compounds in nitromethane. 

Znjivred Spectra 
Infrared spectra of all the compounds included 

in this investigation were examined in the solid 
state in the4000-200 cm-' region and, in benzene 
solutions in the 500-200 cm-' region. The 
solution spectra were almost identical to those 
obtained in the solid state. 

The infrared spectra of all the compounds in 
the region 4000-300 cm-' show almost identical 
absorption bands due to the triphenylbismuth 
group. The absorption bands due to the anion 

group can, therefore, be assigned with confidence. 
In this region the spectrum due to the triphenyl- 
bismuth group is also very similar to that of 
triphenylantimony group in triphenylantimony 
dichloride and dibromide. Mackay and co- 
workers (7) have discussed the band assignments 
for triphenylantimony dichloride and dibromide. 
The infrared absorption frequencies for triphenyl- 
bismuth dibromide have also been reported (8) in 
the sodium chloride region. Infrared absorption 
bands due to the triphenylbismuth group in the 
450-200 cm-I region only are, therefore, in- 
cluded in our discussion. 

The observed frequencies in 450 to 200 cm-I 
region for triphenylbismuth dihalides, dinitrate, 
dicyanate, and diacetate are listed in Table 3. The 
spectrum of the difluoride in the 450 to 200 cm-' 
region is shown in Fig. lc. The spectra of the 
dichloride, dibromide, dinitrate, dicyanate, and 
the diacetate in the 300 to 200 cm-' region are 
also shown in Fig. 1. A comparison of these 
spectra with the spectrum of triphenylbismuth- 
(111) (9) shows that the spectrum of the triphenyl- 
bismuth group in compounds of the type, 
Ph3BiX2, is almost identical to that of triphenyl- 
bismuth(II1). Thus the absorption bands at ca. 
450,400, and 240-200 cm-' can be attributed to 
the triphenylbismuth group. 

In the spectrum of triphenylbismuth difluoride 
a very strong band is observed at 412 cm-'. Since 
this band does not occur in any other Ph3BiX2 
compounds, it can be assigned to Bi-F stretch- 
ing vibration. The Bi-F stretching frequency in 
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TABLE 2 

Conductance data of Ph3BiX2 compounds in nitromethane at 25 "C 

Concentration 
Compound (MI 

Concentration &(ohm-I 
(MI cm2 eq-') 

2 x104 0.11 
5 x I O - ~  0.16 
2 x 10-4 0.40 
1 x lo-4 0.60 
2 XIO-, 0.03 
I x ~ o - ,  0.12 
5 x lo -4  0.15 
2.5 x 10-4 0.20 
1 . 2 5 ~ 1 0 - ~  0.25 
2 x lo -3  1.13 
1 X I O - ~  1.18 
5 x I O - ~  1.26 
2 XIO-" 1.40 
I X I O - ~  1.80 

5 x io -4  
2.5 x 10-4 
1 . 2 5 ~  

-- - 
'The compound decomposes slowly in nitromethane. 

TABLE 3 

Infrared absorption frequencies of Ph3BiX2 compounds (where X = Br, CI, F,  OAc, 
OCN, and NO,) in the region 450-200 cm-'* 

-- 
- -- 

Ph3BiBrz Ph3BiClz Ph3BiF2 Ph3Bi(N03), Ph,Bi(OCN), P ~ , B ~ ( O A C ) ~  

445 s 444 s 448 s 445 s 445 s 448 s 
412 vs 

398 vw 405 vw 398 vw 400 w 396 vw 
320 vw 320 vw 
250 w 275 s 254 s 

243 s 240 vs, b 244 s 236 sh 242 s 240 s, b 
222 m 229 sh 228 sh 228 s 224 m 

216 sh 214 s 212 sh 

*b  = broad; rn = medium; s = strong; sh = shoulder; vs = very strong; vw = very weak; w = weak. 

triphenylbismuth difluoride compares very well 
with the Sb-F stretching frequency in triphenyl- 
antimony difluoride which occurs a t  509 cm-'  
(10). Since the spectrum of triphenylbismuth di- 
fluoride does not show any other band which can 
also be assigned to  Bi-F stretching, the F-Bi- 
F group is indicated to  be linear. The spectrum 
of triphenylbismuth dichloride shows a very 
strong broad band a t  240 cm-' with shoulders a t  

229 and 216 cm-'. Considering the relative in- 
tensity, this band can be assigned to Bi-C1 
stretching frequency. This again compares very 
well with Sb-C1 stretching frequency in tri- 
phenylantimony dichloride which is observed 
(10) a t  ca. 280-290 cm-'. The Bi-Br stretching 
frequency is expected to occur below 200 cm-' 
since in triphenylantimony dibromide the Sb-Br 
stretching frequency is observed in the region 
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TABLE 4 
Carboxylate frequencies (cm-') in triphenylbismuth carboxylates, 

PII~B~(OOCR)~ 
- .-. ..- - -- 

-- -. -. . -- 

A 
Compound v,,,, (CO,) vSym (co2)  ( V ~ S Y ~  - V S Y ~ )  

below 200 cm-' (10). In the spectra of triphenyl- 
bismuth dinitrate, dicyanate, and diacetate, the 
bands at 250, 275, and 254 cm-', respectively, 
can be assigned to Bi-X stretching frequencies. 
Bi-X str'etching frequencies in the dihaloacetates 
and dicyanoacetate cannot be identified due to 
the presence of anion bands in this region. 

Regarding the absorption frequencies due to 
the anion groups, the following absorption bands 
are observed for the nitrate group: 1520-1 510 (s) 
cm-'; 1268-1255 (s) cm-'; 985 (m) cm-'; 800 
(w), and 710 (w) cm- '. Thus the observed absorp- 
tion frequencies of the nitrate group are very 
similar to those observed for analogous antimony 
compound (11). In the spectrum of triphenyl- 
bismuth dicyanate, the 0-C-N asymmetric 
stretching and 0-C-N bending frequencies are 
observed at 2170 and 618 cm- ', respectively. 
However the 0-C-N symmetric stretching 
frequency cannot be assigned unambiguously. 
No band was observed in the 1400-1200 cm- ' 
region which could be assigned to this frequency. 
A triplet of medium intensity is observed at ca. 
1170 cm-' but since absorption bands due to 
phenyl groups also occur in this region, no con- 
clusion can be reached about the 0-C-N 
symmetric stretching frequency. Due to the 
uncertainty in the assignment of 0-C-N sym- 
metric stretching frequency, the mode of bonding 
of the cyanate group to the bismuth atom cannot 
be ascertained from infrared results. 

The carboxylate stretching frequencies for tri- 
phenylbismuth diacetate dihaloacetates, and di- 
cyanoacetate are given in Table 4. The assign- 
ments have been made by comparison with those 
for the acids (12, 13), so,dium carboxylates (14), 

trimethyltin haloacetates (15, 16), trimethyl- and 
triphenyl-antimony haloacetates (17), and phe- 
nylmercuric carboxylates (18). The assignments 
for the monofluoroacetate require further com- 
ment. Deacon and Taylor (18) have assigned the 
CO, symmetric stretching frequency for penta- 
fluorophenylmercuric monofluoroacetate at 1288 
cm- '. For monofluoroacetic acid (13) and its 
sodium salt (14), this frequency has been reported 
to occur at 1386 and 1488 cm-', respectively. 
Since the absorption corresponding to the CO, 
symmetric stretching frequency in metal-car- 
boxylate complexes invariably occurs at a higher 
wave number than the corresponding frequency 
in the acid or organic esters, the assignment of 
the CO, symmetric frequency for pentafluoro- 
phenylmercuric monofluoroacetate is in error. 

The carboxylate frequencies in triphenyl- 
bismuth dicarboxvlates are indicative of the 
presence of unidentate carboxylate groups. The 
separation (A) between v,,,, (CO,) and v,,, (CO,) 
is greater than that for the corresponding 
carboxylate ions (14). The presence of a doublet 
in the spectra of mono- and di-substituted 
acetates can be attributed to the presence of 
conformational isomers as discussed in the case 
of organotin haloacetates (15). 

In summary, the molecular weight, conduc- 
tance, and infrared data show that triphenyl- 
bismuth(V) acid derivatives such as dihalides, 
dinitrate, dicyanate, and dicarboxylates have 
non-ionic molecular constitution. The infrared 
spectroscopic data is consistent with five co- 
ordinate structures. 

The financial assistance from the National Research 
Council of Canada is gratefully acknowledged. 
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The pressure dependence of benzyl chloride solvolysis in aqueous 
acetone and aqueous dimethylsulfoxide 

Department of Chemistry, Urziversity of Calgary, Calgary, Alberta 

Received April 6, 1970 

First-order rate constants for the solvolysis of benzyl chloride in a series of aqueous acetone and 
aqueous dirnethylsulfoxide (DMSO) mixtures at 50.100 "C and at  various pressures in the range 1-4083 
atm are reported. Volume of activation, calculated from the ratelpressure data, is found to exhibit 
extremum behavior with varying solvent composition in both solvent systems. The activation volumes 
are dissected into their initial state and transition state contributions by determining the "instantaneous" 
volumes of solution of benzyl chloride in the solvent systems. The contributions of both the initial state 
and the transition state to the behavior of the activation volume as a function of solvent composition are 
discussed. 
Canadian Journal of Chemistry, 48, 2494 (1970) 

Introduction Experimental 

As part of our continuing program of study of Materials 
Eastman practical grade DMSO was dried over solvol~sis reactions in aqueous-organic freshly cut hydride for a period of not less than 

solvent systems we have measured rates of 48 h. The decanted product was then distilled at  reduced 
solvolysis of benzyl chloride in aqueous acetone pressure (- 10 mm Hg) and the middle 50% cut collected 
and aqueous dimethylsulfoxide (DMSO) as a and stored in a tightly stoppered bottle. The purity of the 

function of pressure in the range 1-4083 atm distilled product was checked by melting point (found, 
18.52 "C; lit., 18.55 "C (3)) and refractive index (found, 

and as a function of solvent composition at = lit., nD19.4 = (3)). 
50.100 "C. Acetone and DlvISO were chosen Fisher s~ec t r a l  nrade acetone was used without further 
as a cosolvent pair to permit examination of the purification. 
effect of changing the polarity or hydrophilic 
character of the cosolvent while maintaining 
the hydrophobic nature, as conferred by the two 
methyl groups in each molecule, relatively con- 
stant. The dipole moments of the two cosolvents 
are 2.9 and 4.3 D, respectively, (1) and it might 
be reasonably expected that this significant change 
in polar group character would be reflected in the 
solvolytic behavior of a solute such as benzyl 
chloride. The pressure dependence of the reaction 
rate enables the volume of activation to be deter- 
mined and used as a parameter for comparing 
the solvolytic behavior in the two solvent sys- 
tems. Additionally, however, the volume of 
activation is dissected into initial and transition 
state contributions by using a recently developed 
technique (2) for determining the "instantaneous" 
volumes of solution of benzyl chloride in the sol- 
vent systems. The dependence of the volume of 
activation and the partial molal volumes of the 
initial and transition states on solvent comDo- 
sition in both solvent systems is discussed with 
reference to known properties of the binary sol- 
vent systems. 

Singly distilled water was passed through Illco-Way 
deionizing resin, redistilled, and stored in a tightly 
stoppered polyethylene container. 

Eastman white label benzyl chloride was distilled a t  
23.5 mm Hg and the middle 50% cut collected at 78.5- 
80.0 "C. It was periodically distilled in small quantities 
(5 ml at mm Hg) as needed. The purity was checked 
by refractive index (found, nDZO = 1.5385; lit., rzDZ0 = 
1.5391 (4)). 

Kinetic Metlzod 
Aqueous-organic binary solvents were prepared by 

weight to + 0.0002 mole fraction units. 
The rate of production of hydrochloric acid resulting 

from hydrolysis of benzyl chloride was followed by an  
in situ conductimetric technique described previously 
(5). The high pressure vessel, pressure control, and con- 
ductance cell have been described in an  earlier publication 
(5). Temperature control was maintained at + 0.005 "C 
by oil bath thermostatting. Pseudo first-order rate 
constants were extracted from conductance/time data by 
the Guggenheim method (6). 

Partial Molal Volumes 
The aqueous-organic binary solvents used in the partial 

molal volume studies were prepared as described above. 
The solvents were degassed immediately before use by 
the conventional freeze-pump-thaw method. 

The dilatornetric technique used to measure the 
"instantaneous" volume of solution of reactive benzyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MACDONALD AND HYNE: SOLVOLYSIS OF BENZYL CHLORIDE 2495 

chloride in the solvent systems has been described in 
detail (2). Briefly, the method involves determining the 
change in height of the solvent meniscus in the dilatometer 2.8  - 

capillary on rapid injection of a known number of moles 
of benzyl chloride. Efficient thermostatting to better 
than ? 0.005 "C at 50.100 "C was attained using a 
thermostat similar to that described in a previous publi- 2.6 - 

cation (2). Thermal equilibration was indicated by time 
independence of the solvent meniscus in the capillary. 

Results 
Rates 

Pseudo first-order rate constants for the sol- 
volysis of benzyl chloride in aqueous acetone and 
aqueous DMSO as a function of pressure and 
solvent composition at 50.100 "C are presented 
in Table 1. Each rate constant represents the 
mean of at least four determinations and was 
normally reproducible to better than + 1 %. 
Volun~es of Actication 

The volume of activation at a given tempera- 
ture and pressure, AV*, is related to the pressure o 1000 2000 3000 4000 

dependence of rate constant by eq. [I]. P ( a t m  ) 

[1 1 AV* = - R T  (a In klap), FIG. 1 .  Plot of log k vs. pressure for benzyl chloride 
solvolysis in 0.150 mole fraction acetone at 50.100 "C. 

In order to evaluate AV* it is necessary to 
ascertain the functional dependence of In k upon 
p. A typical plot of In Ic vs. p is shown in Fig. 1. 
The plot is clearly non-linear demanding at least 
a second-order function to describe the depen- 
dence of In k uponp. The problem of deriving an 
analytical expression for this dependence has 
been discussed at length by various workers 
(7, 8). Golinkin, Laidlaw, and Hyne (7) con- 
cluded that the quadratic function 

provided the best representation of the depen- 
dence of In k uponp for benzyl chloride solvolysis 
in aqueous alcohols. Since the solvent systems 
used in this work are closely related to the 
aqueous alcohols, eq. [2] will be used here with- 
out further justification. 

Differentiation of eq. [2] with respect to 
pressure and substitution into eq. [ l ]  yields eq. 
[3] for the volume of activation at atmospheric 
pressure, A Vo*. 

13 I AVO* = -RT(B + 2C) 

The coefficients B and C in eq. [2] were obtained 
from a least-mean squares fit of the data listed 

in Table 1. Uncertainties in A Vo* were calculated 
using eq. [4] where 6B and 6C are deviations in 
B and C obtained directly from the least-mean 
squares analysis. 

The volumes of activation and correspondiilg 
uncertainties are listed in Table 2. It should be 
stressed at this point that the uncertainties listed 
in Table 2 are those obtained on the basis that eq. 
[2] represents the correct functional dependence 
of In k upon p. Since this question is subject to 
considerable controversy (7, 8), the actiial 
uncertainty in A Vo* is probably greater than that 
calculated from the least-mean square fit of the 
ratelpressure data to eq. [2]. For benzyl chloride 
solvolysis in various aqueous ethanol solvents 
(7), the quadratic and incremental functions, 
the two most commonly used expressions for 
obtaining AVO* from ratelpressure data, yield 
values which show an average difference of less 
than 1 ml mole-'. On this basis a reasonable 
estimate for the uncertainty in AVO* obtained 
in this work is f 0.5 ml mole-'. 

Further differentiation of eqs. [l ] and [2] with 
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TABLE 2 

Activation parameters for benzyl chloride solvolysis in aqueous acetone and 
aqueous DMSO at 50.100 "C 

Mole fraction - A Vo* lo3 (aA v*/ap), 
Solvent of solvent (ml mole-') (ml mole-' atm-') 

Aqueous acetone 0.000 9.79k0.13" On 
0.050 13.91+0.16 2.94f 0.13 
0.100 17.75k0.09 3.21k0.05 
0.150 20.22k0.05 3.59k0.02 

Aqueous DMSO 0.075 11.92k0.01 2.26k0.13 
0.150 13.10k0.06 2.23k0.13 

respect to pressure yields the pressure dependence TABLE 3 

of activation volume. Partial molal volumes of benzyl chloride at infinite dilu- 
tion in aqueous acetone and aqueous DMSO at 50.100 "C 

[5 I ( a ~ v * l a ~ ) ,  = - ~ R T C  -- 

Mole fraction - 
While it is not our intention to discuss the Solvent of solvent V: (ml mole-') 
significance of this second pressure differential Aqueous acetone 0.000" 115.0_+0.5 
of reaction rate in this paper, it is clear from the 0.050 116.5k0.3 
values and corresponding uncertainties recorded 0.100 126.9k0.3 
in Table 2 that the second derivative is not zero 0.150 128.5k0.3 

0.200 127.5k0.4 
valued and that it also exhibits extremum 0.298 124.0k0.3 
behavior as a function of solvent composition. 0.409 119.5k0.2 
Uncertainties in (aAV*/ap), were calculated Aqueous DMSO 0.075 115.4k0.3 
from uncertainties in coefficient C yielded by the 0.150 115.6k0.4 

0.225 115.5k0.2 
least-squares fit of the ratelpressure data to 0.300 116.2k0.4 

eq. PI. 0.399 118.3k0.2 
0.497 119.0k0.2 
0.600 115.5+0.3 

Partial Molal Volumes 
Since the solutions used in this study were 22. 

very dilute (- 5 x M), it was assumed that 
the apparent molal volume could be taken as the 
partial molal volume of the solute a t  infinite 
dilution. The partial molal volume of benzyl 
chloride (initial state) a t  infinite dilution is there- 
fore given by the following expression (2) 

where AVO,, is the observed change in volume of 
the solvent on injection of n moles of benzyl 
chloride. 

Numerical values for V: as a function of 
aqueous acetone and aqueous DMSO solvent 
composition are given in Table 3. Each value 
represents the mean of four independent deter- 

minations and the errors quoted are average 
deviations from the means. 

Discussion 

The volumes of activation reported in this 
work for benzyl chloride solvolysis in aqueous 
acetone and aqueous DMSO are negative. 
Negative volumes of activation are also found for 
benzyl chloride solvolysis in aqueous alcohols 
(2, 5) and for a large number of alkyl ester 
solvolysis reactions in polar solvent systems 
(9-11). The negative sign for AVO* can be ex- 
plained by the fact that where an SN1 or SN2 
type mechanism is operative, as in benzyl chloride 
solvolysis, the transition state is normally a more 
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polar species than the initial state. Accordingly, 
volume reduction by greater electrostriction of 
solvent about the transition state than about the 
initial state will tend to outweigh any volume 
increase due to bond extension in the activation 
process (9-1 1). 

The dependence of AVO* on solvent com- 
position for benzyl chloride solvolysis in aqueous 
acetone (solid line) and aqueous DMSO (broken 
line) is shown in Fig. 2. In  both solvent systems, 
AVO* is seen to exhibit extremum behavior as a 
function of solvent composition and it may be 
noted that the extremum behavior is more pro- 

0 0.200 0 400 0 600 

Mole F rac t i on  Coso lvent  

FIG. 2. Dependence of A Yo*, v:, and V,O on solvent 
composition. Solid line, aqueous acetone; broken line, 
aqueous DMSO, 0, A Vo* for benzyl chloride solvolysis 
in 0.1407 mole fraction acetone at 50 OC (14). 

nounced in aqueous acetone than in aqueous 
DMSO. Other pseudo thermodynamic activation 
parameters, namely AH" and AS:%, also undergo 
extremum behavior with varying solvent corn- 
position for benzyl chloride solvolysis in aqueous 
acetone (12) and aqueous DMSO (13). Extremum 
behavior in the dependence of activation pa- 
rameters on solvent composition is also well 
documented for various solvolysis reactions in 
aqueous-organic solvent systems (14, 15) includ- 
ing benzyl chloride solvolysis in aqueous 
alcohols (2, 5) and p-methylbenzyl chloride 
solvolysis in aqueous acetone (16). The appear- 
ance of extrema in the variation of AVO" with 
solvent composition for benzyl chloride solvol- 
ysis in the solvent systems of interest here is 
therefore not surprising, since this behavior 
appears to be the rule rather than the exception 
for solvolysis reactions in aqueous-organic 
binary solvent systems. 

The volume of activation, AVO*, is defined as 
the difference between the partial molal volumes 
of the transition state (F:) and the initial state 
( TI. 

Both AVO* and FgO have been determined 
experimentally in this work as a function of 
solvent composition for benzyl chloride solvol- 
ysis in aqueous acetone and aqueous DMSO. 
Consequently, the dependence of V: on solvent 
composition can be easily determined using eq. 
[7]. Analyses of this type have been previously 
carried out for benzyl chloride solvolysis in 
aqueous alcohols (2) and for p-methylbenzyl 
chloride solvolysis in aqueous acetone - (16). 

The dependence of AVO*, v:, and F: on 
solvent composition for the reactions under 
investigation is shown in Fig. 2. I t  is seen that in 

- 
both solvent systems V: passes through a 
maximum with varying solvent composition. In 
aqueous acetone the maximum in F: occurs a t  
the same solvent composition (0.15 mole fraction 
acetone) as the minimum in AVO*. Since no 
minimum occurs in V: at 0.15 mole fraction 
acetone then the minimum in AVO* at this solvent 
composition arises principally from the maximum 
in 7:. A similar conclusion was reached con- 
cerning the origin of the minima in AVO* for 
benzyl chloride solvolysis in aqueous alcohols 
(2) and p-methylbenzyl chloride solvolysis in 
aqueous acetone (16). 
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In aqueous DMSO, however, the situation is 
quite different. Although V: does pass through 
a maximum it does not do so at the solvent com- 
position where AVO* passes through a minimum, 
i.e. at 0.3-0.4 mole fraction DMSO. Instead, 
V: is seen to pass through a minimum at this 
solvent composition and we must conclude that 
the minimum in AVO* at 0.3-0.4 mole fraction 
DMSO arises principally from the behavior of 
the transition state and not from the behavior 
of the initial state as was found to be the case in 
aqueous acetone. 

The possible relationship between the solvolytic 
behavior of benzyl chloride and the properties of 
the aqueous organic binary solvent system de- 
serves discussion. Aqueous acetone displays large 
positive deviations from Raoult's law (17) and 
in this respect the binary mixture behaves like 
the aqueous alcohols (1 8). It is not too surprising, 
therefore, to find that the minima in AVO* for 
benzyl chloride solvolysis in aqueous acetone 
and in the aqueous alcohols have common 
origins, viz. maxima in V:. Aqueous DMSO, 
however, displays large negative deviations from 
Raoult's law (19). Other binary mixtures that 
show large negative deviations from Raoult's 
law, e.g. chloroform-acetone, are characterized 
by strong intercomponent interaction (17, 18). 
Several workers (1 9-22) have suggested that 
strong intercomponent interaction determines 
the properties of aqueous DMSO and that these 
interactions are maximal at 0.33 mole fraction 
DMSO resulting in the formation of transient 
polymeric species of the type (DMS0.2H20),. 
This - is in the range of solvent composition where 
V: passes through a minimum and it seems 
reasonable to conclude that the minimum in - 
V: reflects some solvent structural property 
such as the suggested transient co-polymer. The 
maxima in V,O and 7: in aqueous DMSO occur 
at nearly the same solvent composition as a 
negative minimum in the excess volume of mixing 
of the DMSO-H,O system (23). This minimum 
very likely reflects a minimum in the free volume 
of the solvent system at this composition. 
Accordingly, the solute, be it either benzyl 
chloride or the solvolysis transition state, will 
require maximum expansion of the solvent mix- 
ture at  this composition to accommodate it. 
Maxima in both V: and V: are therefore 
observed. 

The results described in this paper provide 
further evidence of the very significant differences 
between aqueous acetone and aqueous DMSO 
as solvolytic media despite their similarity in 
both structure and hydrophobic character. The 
analysis also serves to illustrate the very con- 
siderable extent to which variations in solvent 
structural features are reflected in the kinetic 
behavior of reactions taking place in these media. 

The authors would like to thank Dr. I. Lee for assis- 
tance in measuring partial molal volumes. General 
financial assistance, as well as a studentship to D. D. 
Macdonald, from the National Research Council of 
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Structural features of a lipopolysaccharide isolated from 
Escherichia coli 086 :Kn , . 
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Lipopolysaccharide (LPS) prepared from Escherichia coli 086:K,,,., in 5.5% yield contained 
D-galactose, D-glucose, L-fucose, L-glycero-D-manno-heptose, D-glucosamine, D-galacto~amine, 2-keto-3- 
deoxy-octulosonic acid (KDO) and lipid A. The molecule appeared to  be homogeneous as tested by 
free boundary electrophoresis, ultracentrifugation, and immunodiffusion against '0' specific E. coli 
antiserum. Methylation studies of the LPS and also of the degraded polysaccharides obtained by partial 
acid hydrolysis showed that the molecule was highly branched. Sixty percent of the D-galactose units 
were non-reducing terminal groups, the remainder were linked (1 + 3) and (1 + 2) and 3-O-D-D-galacto- 
pyranosyl-D-galactose was identified as a product of mild acid hydrolysis of the parent LPS. Fucose 
occurred in the polysaccharide as (1 -> 4) linked units. Methylation results showed that the D-glucose 
units were linked (1 -> 3) and (1 + 4). Partial acid hydrolysis yielded cellobiose, cellotriose, and 
laminaribiose, showing that the glucose units formed a glucan chain within the polysaccharide and 
that the glucosidic linkages were in the D-D-configuration. Approximately one half of the L - ~ ~ Y c ~ ~ o - D -  
rnnrzno-heptose units occurred as non-reducing end groups, the other half were linked at  C-3 and either 
one of C-6 or C-7. One half of the D-galactosamine units was linked (1 -> 3) with the remainder occurring 
as double branch points. D-Glucosamine residues occurred exclusively in the lipid A moiety in a (1 + 4) 
linked core structure. 

Canadian Journal of Chemistry, 48,2500 (1970) 

Introduction 

Although the lipopolysaccharide composition 
of many chemotypes of E. cofi has been deter- 
mined, relatively little information is available 
on their chemical structure. Variability in com- 
position with respect to the lesser sugar com- 
ponents has presented a very large number of 
chemically different lipopolysaccharides (LPS) 
within the E. cofi species and their compositional 
and serological interrelationships, rather than 
their chemical structure, have been a primary 
consideration in most investigations (1, 2). 

The present investigation of the chemical 
constitution of the LPS of E. cofi 086:Kn,,. was 
of interest because it is a mutant free of K-antigen. 
It was thus possible to prepare the pure '0'- 
somatic antigen (LPS) and to study its chemistry 
without the possibility of having K-antigen as an 
impurity. The other unusual feature of the LPS 
was its relatively high proportion of L-fucose 
which occurs rarely in the LPS of E. cofi. The 
only other structural study on a fucose-containing 
LPS of E. cofi was that on E. cofi 086 by Springer 
et af. (3) who isolated an oligosaccharide to which 
was assigned the following structure: 0-a-D- 
Galp-(1 -> 3)-0-P-D-Galp-(1 -> 3) or (1 + 4)-0- 
2-acetamido-2-deoxy-P-D-Gal with a fucopyran- 

'Issued as NRCC No. 11376. 
'NRCC Postdoctorate fellow 1967-1969. 

osyl residue attached a to the subterminal 
D-galactose unit. 

Results and Discussion 

E. cofi cells on phenol extraction (4) afforded a 
crude lipopolysaccharide (LPS) from which 
nucleic acids were removed by 'Cetavlon' precipi- 
tation. The pure LPS had [a],'' + 37' (c 1, 
dimethyl sulfoxide) and was shown to be homo- 
geneous by ultracentrifugation, free boundary 
electrophoresis, and immunodiffusion tests 
against an '0' specific antiserum. The LPS was 
composed of D-galactose, D-glucose, L-fucose, 
L-gfycero-D-manno-heptose, D-glucosamine, 
D-galactosamine in a molar ratio of 7.0:2.2:3.1 : 
1.0:0.4:2.6 (Table 1). 2-Keto-3-deoxyoctulosonic 
acid (KDO) and lipid A were also identified as 
components of the LPS. Graded hydrolysis of the 
LPS with sulfuric acid yielded mainly mono- 
saccharides. Galactose and fucose were readily 
removed by hydrolysis with 0.01 N acid and their 
removal was almost complete by additional heat- 
ing in 0.1 Nacid for 6 h. Glucose was not removed 
in significant amounts until 0.5 N acid hydrolysis 
was used. These results indicated that the galac- 
tose and fucose units were on the periphery of 
the molecule and also attached by weaker 
linkages than were the glucose residues. Identifi- 
cation of 3-0-P-D-galactopyranosyl-D-galactose 
showed that some D-galactose units were linked 
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TABLE 1 

Composition of lipopolysaccharides (LPS) and derived polysaccharides (PS 1, PS 2, and PS 3) from E. coli 

Sugars (molar ratio) 
 ID" 

Glucos- Galactos- 
Compounds Original Methylated Galactose Glucose Fucose Heptose amlne amine 

LPS +37.0 +47.0 7 . 0  2.2 3.1 1 .O 0.4 2.6 
(C 1, DMSO) (c 1, CHC13) 

PS 1 +77.0 +91.0 2.2 1.6 1.0 - - Trace 
(c 1, DMSO) (c 1, CHC13) 

PS 2 +84.0 +92.0 2.3 6.3 1 .O - - - 
(C 1, DMSO) (c 1, CHCl3) 

PS 3 +96.0 +73.0 - + - - - - 
(C 1, water) (c 1, CHCI,) 

p(l -> 3) to each other. The low yield of this 
disaccharide and the absence of higher oligo- 
saccharides in the series suggested that there were 
few contiguous units linked in this way. No  
fucose oligosaccharides were found suggesting 
that the fucose residues were attached by rela- 
tively acid-labile linkages. The presence of cello- 
triose and cellobiose established the linkage 
between some glucose units as P(l -z 4); lamina- 
ribiose established the existence of P(l -> 3) 
linkages although the latter were present in the 
hydrolyzate in a relatively small proportion. 

The methylated LPS, [a], + 47" (c 1, chloro- 
form), on hydrolysis gave various methylated 
sugars which are recorded in Table 2. Results of 
the methylation studies showed that the LPS 
must contain the units shown in Chart 1 in the 
relative proportions indicated. From these data 
certain structural features become apparent. 
Since 60% of the galactose units occurred as 
terminal units (2) and the remaining 40% were 
branch points, it was clear that the moleci~le was 
highly branched. The relatively high proportion 
of component 8 showed that the branching 
occurred at C-2 and C-3. The occurrence of 
(1 -> 3) linked galactose residues 6 was sub- 
stantiated by the earlier identification of the 
disaccharide 3-0-P-D-galactopyranosyl-D- 
galactose. The relatively small amount of 3-0-P- 
D-galactopyranosyl-D-galactose found indicated 
that there were few continguous p(l -> 3) linked 
D-galactose residues. 

The L-fucose units were all recovered as 2,3-di- 
0-methyl-L-fucose showing that they were joined 
exclusively by (1 -> 4) linkages; this conclusion 
was supported by the oxidation of all L-fucose 
residues by periodate. These residues (3) could be 

in a main chain or in side chains, either position 
would yield 2,3-di-0-methyl-L-fucose on hydrol- 
ysis of the methylated polysaccharide and the 
present evidence does not specifically locate the 
L-fucose residues in the molecule. 

The occurrence of 4 and 5 shows that the 
D-glucose units were linked (1 -> 3) and (1 -> 4); 
a conclusion that was confirmed by the identifica- 
tion of laminaribiose and cellobiose as products 
of partial hydrolysis. Almost one third of the 
D-glucose units were branched through both C-3 
and C-6 giving rise to component 7. 

Partial acid hydrolysis of the LPS with 0.25 N 
sulfuric acid for 2.5 h followed by precipitation 
with ethanol yielded a polysaccharide (PS 3) 
which contained only D-glucose residues. Also 
stepwise acid hydrolysis of LPS (Fig. 1) yielded 
polysaccharides PS 1 and PS 2, both of which 
contained a higher proportion of D-glucose than 
the parent LPS (Table 1). These findings indicated 
that the D-glucose units were linked together in a 
block. Methylation of the glucan (PS 3) yielded 
2,3,6- and 2,4,6-tri-0-methyl-D-glucose in a molar 
ratio of 1:2 showing that the (1 + 3) linked 
glucose units were twice the number of (1 -> 4) 
units. These conclusions were substantiated by 
the results of periodate degradation of the glucan 
(g1ucose:erythritol 1.66: 1.0). Identification of the 
cellotriose, cellobiose, and laminaribiose estab- 
lished some of the linkage sequences and con- 
figurations. Methylation of the parent LPS 
yielded 2,3,6- and 2,4,6-tri-0-methyl-D-glucose 
and 2,4-di-0-methyl-D-glucose in approximately 
equimolar proportions while inethylation of PS 1 
and PS 2 gave 2,3,6- and 2,4,6-tri-0-methyl-D- 
glucose in a molar ratio of approximately 1 :2. 
These data indicate that, in the parent LPS, one 
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0 
TABLE 2 5 

Methylated neutral sugars obtained on hydrolysis of methylated lipopolysaccharide and derived polysaccharides PS 1, PS 2, and PS 3 from E. coli g 
-- - 

TG i' Molar ratio z 
Deniethylation 8 

Sugars Rr* Column B f  Column D§ product LPS PS 1 PS 2 PS 3 cz 2 
4.0 3.1 Hentose 1.0 - - - 

2,3,4,6-~etra-0-methyl-D-galactose 0.68 1.23 1.22 ~a iac tose  8.1 2.2 1.0 - % 
2,3-Di-0-methyl-L-fucose 0.67 0.42; 0.50; 0.42; 0.48; Fucose 6.2 2.0 1.0 - 0 

0.69; 0.99 0.60; 0.66 
2,3,6-Tri-0-methyl-D-glucose 0.43 1.4; 2.34 1.34; 1.76 Glucose 

8 
1.0 1.0 1.0 1.0 5 

2.4.6-Tri-0-methvl-D-~lucose 0.43 2.58: 3.23 1.30: 1.80 Glucose 1.2 1.8 1.8 2.1 
2;4;6-~ri-0-methyl-~-galactose 0.34 2.953 3.4 1.60; 1.85 - - Trace Trace - 
2,4-Di-0-methyl-D-glucose 0.26 3.92; 5.11 1.71; 2.47 Glucose 2.0 - - - 5 
Tri-0-methyl-heptose 0.24 Heptose 1.0 - - - < 
4,6-Di-0-methyl-D-galactose 0.18 6.30; 11.9 2.07; 2.90 Galactose 6.3 2.2 1.0 - p 

*Snlvent c:  hutanone saturated with water. 
~ T L  is the retention time relative to metl~yl-2,3,4,6-tetra-0-methyl-a-D-glucosie When two values are given they represent retention times of the fl and a anomers. 
$Ten percent butanediol succinate polyester on Chromosorb W at  150" ( T  - 1.00, 2 min). 
§Fifteen per cent polyphenol on Chromosorb W at  190' ( T ,  = 1.00, 7 mil).- 
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L G ~ I N ~  I-----  1 
2.6 

14 
CHART 1 

of every two (1 -> 3) linked D-glucose units was over the branched galactose units. The results of 
branched at C-6 and on methylation gave rise to the periodate degradation experiments (Table 3) 
2,4-di-0-methyl-D-glucose. Although the sub- show that the 1 -> 4 linked D-glucose residues 
stituent on C-6 is not known, it may be speculated were oxidized by periodate and on reductioil 
that it is D-galactose as it would account for the yielded erythritol. 
excess non-reducing terminal D-galactose units Hydrolysis of the methylated LPS yielded 
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Lipolysaccharide (LPS) 

I I 

0.1 N HCI, 50 ml 
100 m10.25 N H2S04 112 h at 100" 
2.5 h at 100" poured into excess , r' centrifuged ]ethanoll 

~ i b i d  A ~o lbb le  soluble Insoluble 

I 4 PSl(0.193g) 
Neutralized, 
poured into 50 mg PS 1 
ethanol 0.05 N HZS04 

2 h at 100" 
Precipitate PS 3 neutralized, 
(0.035 g) ooured into -. I ethanol 

I 
Soluble 1 Insoluble 

PS 2 (35 mg) 

FIG. 1. Partial hydrolysis products of lipopolysaccharide of E. coli (polysaccharides PS 1, PS 2, and PS 3). 

TABLE 3 

Results of periodate oxidation, reduction and hydrolysis of Lipopolysaccharide (LPS) and derived polysaccharides 
(PS 1, PS 2, and PS 3) from E. coli 

Periodate oxidation* 
Products (molar ratio) 

Polysaccharide 104  HCOOH 
material consumed liberated Galactose Glucose Fucose Glycerol Erythritol Heptose 

LPS 0.63 0.13 6.5 2 .0  - 7.5 2.2 0 .5  
PS 1 0.76 0.25 2.2 2.3 - 2.0 1 .O  + 
PS 2 - - + + + + + - 
PS 3 - - - 1.66 - - 1 .o - 

-- 
*Moles/mole o f  anhydrohexose unit. 

2,3,4,6,7-penta-0-methyl-L-glycero-D-manno- 
heptose (characterized by its rate of movement on 
paper chromatograms, by thin-layer chromatog- 
raphy (t.l.c.), and gas-liquid chromatography 
(g.l.c.), (column A),  in comparison with authentic 
standards) and also an equal amount of an 
unidentified methyl ether of heptose whose rate 
of movement on paper suggested that it was a 
trimethyl ether. Since it did not react with tri- 
phenyl tetrazolium chloride it was apparent that 
the trimethyl heptose had a methoxyl group at 
C-2. In the parent LPS one half of the heptose 
units were oxidized by periodate corresponding 
to the penta-0-methyl-heptose found on methy- 
lation. The other half of the heptose units were 
not oxidized thus showing the absence of any 
contiguous hydroxyl groups. Since the trimethyl 
heptose from methylation contained a methoxyl 
at C-2, one of the linkage points in the intact LPS 

must have been at C-3 and the other at either C-6 
or C-7. The substituents at either C-6 or C-7 
could be sugars other than heptose although LPS 
structures containing heptoses have been shown 
to have all heptose residues in a homologous 
chain (5, 6). If that is true, then the present data 
indicate that heptose units are subtended as single 
branch units from C-6 or C-7 of a 1 -t 3 linked 
heptose chain. The position of the heptose with 
respect to other constituents of the LPS has not 
been determined. Heptose units in LPS structures 
previously reported form a point of attachment 
between the main polysaccharide structure and 
KDO which in turn links the lipid A moiety to 
the remainder of the LPS molecule (7, 8). The 
KDO was identified in the present LPS but its 
structural attachment was not investigated. The 
composition and chemical structure of lipid A 
which comprised about 15% of the E. coli LPS 
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molecule and contained the D-glucosamine was 
the subject of a separate investigation and the 
results are reported elsewhere (9). D-Glucosamine 
and D-galactosamine were present in the LPS in 
a molar ratio of 1.0:6.6 and comprised 18.7 % of 
the molecule. Analysis of the lipid A moiety of 
the LPS showed that all of the D-glucosamine 
was in that part of the molecule. Galactosamine 
was exclusively in the polysaccharide portion of 
the LPS. Methylated hexosamines were separated 
from the neutral sugars present in the hydrolyzate 
of the methylated LPS. The methyl ethers of 
D-glucosamine which comprised 13.7 % of the 
total methylated hexosamines had the same 
composition as found in methylated lipid A (9) 
and showed that the D-glucosamine residues were 
linked (1 -> 4). The methyl ethers of D-galactos- 
amine were 4,6-di-0-methyl-D-galactosamine 
(53.5 %) and a monomethyl-D-galactosamine 
(31.0 %). The attachment of the main portion of 
the galactosamine was therefore 1 -t 3 with a 
lesser amount forming a double branch point. 
Springer et al. identified D-galactosamine as part 
of an oligosaccharide isolated from E. coli 086 
and containing two residues of D-galactose and 
one residue of L-fucose; D-galactosamine was 
attached to D-galactose either (1 -+ 3) or (1 + 4). 
The location of D-galactosamine in the LPS has 
not been determined in the present study. 

While the present data do not permit formula- 
tion of a structure for the E. coli LPS, certain 
structural features become apparent. The mole- 
cule was highly branched with D-galactose units 
forming the non-reducing end groups. The galac- 
tose units were linked 1 + 3 with other sub- 
stituents attached at C-2. L-Fucose units were 
exclusively joined 1 -+ 4 in the molecule. D-Glu- 
cose residues were linked P(l + 3) and P(l -> 4) 
with some branching at C-6 in the 1 -t 3 linked 
units. L-glycero-D-manno heptose residues con- 
stituted a branched chain linked (1 + 3) with half 
the heptose units as non-reducing terminal units. 
D-Galactosamine was part of the polysaccharide 
structure while D-glucosamine was the backbone 
of the lipid A part of the LPS molecule. 

Experimental 
General 

All evaporations were carried out under reduced 
pressure under 40 "C. Melting points were determined 
on a Fisher-Johns hot stage and are corrected. Optical 
rotations were recorded at 25" on a Perkin-Elmer 141 
polarimeter and are equilibrium values unless stated 

otherwise. Infrared (i.r.) spectra were recorded on a 
Perkin-Elmer Infracord. Sugars and their methyl 
glycosides were uncorrected for hydrolytic losses. 

Chromatography 
Paper chromatography was carried out on Whatman 

No. 1 paper using the following solvent systems (a) 
pyridine - ethyl acetate - water ( 2 5 5 ,  v/v); (b) butanol- 
pyridine-water (6:4:3, v/v), (c) butanone saturated with 
water, and (d) butan-1-01 - ethanol - water (4:1:5, v/v). 
The R, value is relative to the mobility of 2,3,4,6-tetra-0- 
methyl-D-glucose; RE is relative to the mobility of 
D-glucose. 

The g.1.c. was carried out using glass columns (120 x 
0.5 cm) with the following packings: (A) A 50:50 mixture 
of 1.5% (w/w) ethylene glycol sebacate polyester and 
1.5 % GE-XF 1150 on Chromosorb W at 180"; (B) 10% 
butanediol succinate polyester on Chromosorb W at 150"; 
(C) 3% ECNSS-M on Gas Chrom Q (Applied Science 
Laboratories Inc., State College, Pa.) at 180"; (D) 15% 
polyphenyl ether on Chromosorb W at 190". 

The t.1.c. was carried out on plates coated with silica 
gel-G using a chloroform-methanol (9:l) solvent system. 

Analytical Procedures 
For neutral sugars, hydrolysis was carried out with 

N sulfuric acid in sealed tubes at 100" for 11 h. The 
hydrolyzate was neutralized with barium carbonate, 
filtered, and concentrated. Total sugar content was 
determined as glucose (10) and individual sugars were 
analyzed as their alditol acetates by g.1.c. on columns B 
and C (11). For amino sugars, hydrolysis was carried out 
with 5 N hydrochloric acid at 100" for 10 h. After removal 
of the acid, total hexosamine content was determined (12) 
and the relative proportion of the amino sugars in the 
hydrolyzate (D-glucosamine and D-galactosamine) was 
determined by g.1.c. of the aminoglycitol acetates on 
column A (13). The ratio of D-glucosamine to D-galactos- 
amine was also determined by ion exchange chromatog- 
raphy on a Technicon amino acid analyzer. Lipid A was 
obtained by hydrolyzing the LPS with 0.25 Nsulfuric acid 
for 2 h. The crude insoluble lipid A was recovered by cen- 
trifuging, washed with water, dried, dissolved in chloro- 
form, and poured into excess acetone. The dry acetone- 
insoluble material (lipid A) was quantified by weighing. 
Fatty acid content of the LPS was determined as de- 
scribed by Adams et al. (6). 

Preparation of Bacterial Cells 
Escherichia coli 086:K,,,.3 was grown on a medium 

consisting of the following ingredients (g/l): potassium 
dihydrogen phosphate, 4.7; disodium phosphate, 12.0; 
ammonium chloride, 5.0; heart infusion broth (Difco), 
25; distilled water, 1000 ml. The pH was adjusted to 
7.0-7.2. At the beginning of the growth period the 
following ingredients (g/l) which had been sterilized 
separately were added to the above medium: magnesium 
sulfate, 0.2; ferric chloride, 0.0006; and glucose, 5.0. 
Growth was carried out in shake flasks for 16-18 ha t  37". 

%. coli 086:K.,,.: Identified K antigen negative by 
National Enterics Reference Centre, Laboratory of 
Hygiene, Department of National Health and Welfare, 
Ottawa, Canada. 
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In large scale preparations the cells were grown in the 
same culture medium in a 100 1 fermenter under con- 
tinuous impeller agitation (200 r.p.m.) and aeration with 
oxygen-enriched air (30% oxygen), 2.5 c.f.m. at  37'. 
Additional glucose (500 g) was added to the fermentation 
at  the end of 3 and 5 h respectively. Adequate growth was 
obtained in 7-8 h. The cells were killed by the addition of 
phenol (0.5% final concentration) and left to  stand for 
2 11. The sterile cells were then harvested on a Sharples 
supercentrifuge, washed once with 0.9 % sodium chloride 
solution and twice with water, and freeze dried. Yield of 
cells (dry weight): 4.0 g/l of medium. 

Preparatior~ of Lipopolysaccliaride (LPS)  from Cells 
The LPS was extracted from the dried cells by the 

phenol-water extraction proceduredescribed by Westphal 
(4); 100 g of cells yielded 13 g of crude LPS. 

Purificatiorl of LPS 
Crude LPS (10 g) was dissolved in water (200 ml) and 

centrifuged to remove the insoluble material. T o  the 
supernatant, 'Cetavlon' (cetyltrimethylammonium bro- 
mide) solution, (5% in water) was added until no further 
precipitation took place. The precipitated material was 
removed by centrifugation and discarded. The super- 
natant was stirred for 4 h with sufficient sodium chloride 
to give a 0.5 M concentration and the solution was then 
poured into ethanol. The precipitated LPS was recovered 
by centrifugation, washed with 80% ethanol, and then 
freeze dried. Yield: 4.1 g, [aID + 37.0" (c  1, DMSO). 
Analysis: Total carbohydrate 49.0%;4 total hexosamine 
18.7 % (D-g1ucosamine:~-galactosamine 1.0:6.6); fatty 
acids 9.2%;' lipid A, 14.0%; N,  1.5%; P, 2.2%; ash 
8.0% and protein i 1.0%. Analysis showed D-galactose, 
D-glucose, L-f~lcose, L-glycero-D-tnnrirlo-heptose, D-glu- 
cosamine, and D-galactosamine in a molar ratio of 
7.0:2.2:3.1:1.0:0.4:2.6; (Table 1). On free boundary 
electrophoresis the LPS moved as a single peak with 
p = 6.94 x cmZ s-' V- I ,  strongly suggesting that 
the preparation was homogeneous. Ultracentrifugation 
in a Spinco model H at 57 000 r.p.m. for 2.5 h showed 
only a single peak providing further evidence of the 
homogeneity of the LPS. Examination of dilute aqueous 
solutions of the purified LPS by the Ouchterlony gel- 
diffusion technique (14) on agar plates against E. coli '0' 
specific antiserum showed only a single precipitation 
band (Fig. 2). further proving the hon~ogeneity of the 
LPS. 

The LPS did not contain any chloroform soluble 
fraction (lipid B) when extracted by the Bligh and Dyer 
(15) lipid extraction procedure. 

Metliylation Procedures 
LPS (2.40 g) was methylated once by the method of 

Srivastava et al. (16) using dimethyl sulfoxide (DMSO), 
solid sodium hydroxide, and dimethyl sulfate, followed 
by a series of two to four methylations by the Purdie 
procedure (17); the yield of methylated LPS was approxi- 
mately 72%, methoxyl, 41.8%. Since repeated methyla- 
tion did not increase the methoxyl content and there was 

'Exclusive of hexosamines. 
'Fatty acids are components of lipid A and are in- 

cluded in the lipid A value. 

FIG. 2. Gel-diffusion patterns of E. coli lipopoly- 
saccharide. E. coli '0' specific antiserum in centre well. 
(1) !ipopolysaccharide (250 pg/ml); (2) lipopolysac- 
char~de (500 pg/ml); (3) lipopolysaccharide (1000 pglml). 

an  absence of -OH absorption in the i.r. spectrum, the 
LPS was considered to be fully methylated. The methy- 
lated LPS was methanolyzed with 3 %  methanolic 
hydrogen chloride in sealed tubes at 100' for 6 h. The 
methanolyzed mixture was then hydrolyzed by acid 
(Nsulfuric acid at  100' for 8 h) to give the free methylated 
sugars (1.8 g). 

Isolatiorz ar~d Ider/tificatiorz of Metl~ylated Sugars 
Neutral Metllylated Sugars 
A portion (1 g) of the acid hydrolyzate containing the 

various methylated sugars was resolved on a cellulose 
column using a developing solvent of butanol one quarter 
saturated with water. Impure methylated sugars eluted 
from the column were further resolved by t.1.c. Chroma- 
tographically pure sugars were identified by specific 
optical rotation; rate of movement on paper chromato- 
grams, g.l.c., and t-.l.c.; demethylation to parent sugar 
(18); and wherever possible, as a crystalline derivative. 
The various sugars that were identified are listed in 
Table 2. The ratio of methylated sugars was estimated by 
a method described by Bjorndal et al. (19). 

Metlzylated Amirio Sugars 
A portion (0.6 g) of the LPS methanolyzate was 

hydrolyzed with 5 N hydrochloric acid at  100' for 8 h. 
After removal of the acid from the hydrolyzate by 
azeotropic distillation with water under reduced pressure, 
the methylated sugars were dissolved in water and the 
solution was passed down a column of Rexyn 101 H' 
resin. Neutral sugars were removed by thorough washing 
with water. The methylated amino sugars were desorbed 
from the resin by N hydrochloric acid, the acid was 
removed as described above, and the sugars were re- 
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covered as a syrup (32 mg). Paper chromatography 
(solvent a) showed three spots (RF, 0.09, 0.16, and 0.23; 
Ro, 0.41, 0.73, and 1.05) readily detectable by ninhydrin. 
No  other spots were detectable by p-anisidine hydro- 
chloride showing that neutral reducing sugars were 
absent. The sugar mixture was analyzed by (I) ion 
exchange chromatography (20), (2) g.1.c. of the reduced, 
acetylated products (21), and (3) ninhydrin degradation 
(22). Ion exchange chromatography and g.1.c. showed the 
presence of 3,6-di-0-methyl-D-glucosamine (10.5%); 
4,6-di-0-methyl-D-glucosamine (2.7 %); 3,4,6-tri-0- 
methyl-D-glucosamine (0.5%); and two unknown com- 
ponents, 53.5 and 30% respectively. 

The major unknown component (RF 0.23, solvent a) 
was isolated by paper chromatography. Ninhydrin 
degradation yielded a methylated sugar (R,: 0.63, solvent 
a) that gave a strongly positive test with triphenyl 
tetrazoliunl chloride. Demethylation of the sugar (18) 
yielded lyxose which showed that the original methylated 
hexosamine was a methyl ether of D-galactosamine. The 
movement of the methylated lyxose on paper chroma- 
tography indicated that it was a dimethyl sugar and the 
positive triphenyl tetrazolium chloride test showed that 
C-2 was unsubstituted. The possible di-0-methyl ethers 
of  lyxose could be 3,5- or 3,4-di-0-methyl ether. The 
latter possibility was discounted because it would have to  
originate from 4,5-di-0-methyl-D-galactosamine which is 
unlikely. Hence it seemed likely that the lyxose derivative 
was 3,5-di-0-methyl-lyxose which established the original 
sugar as 4,6-di-0-methyl-D-galactosamine. The other 
component (30%) was not positively identified but its 
behavior on ion exchange chromatography and g.1.c. 
indicated that it was a n~onon~ethyl  ether of D-galactos- 
amine. The ratio of methylated D-glucosamine derivatives 
to methylated D-galactosamine derivatives was 1.0:6.2; 
the ratio of the unmethylated sugars was 1.0:6.6. 

Periodale Oxidafiorz 
Polysaccharides were oxidized by 0.05 M periodate at  

17-20" in the dark. Aliquots were removed at various 
time intervals for estimations of periodate consumed and 
formic acid liberated (23). The periodate oxidized poly- 
saccharides were reduced and hydrolyzed (24). The 
results are given in Table 3. 

Graded Hyrlrolyses 
LPS (93 mg) was hydrolyzed with 0.01 N sulfuric acid 

(25 ml) at  100" for 4 h. Lipid A which separated as  a 
white flocculent precipitate was removed by centrifuga- 
tion. The solution was neutralized with barium carbonate, 
centrifuged and concentrated, and the ~~nhydrolyzed 
polysaccharide was recovered by precipitation with 4 
volumes of ethanol. The foregoing hydrolysis procedure 
was repeated successively on the unhydrolyzed portions 
with 0.02, 0.1, and 0.5 N sulfuric acid for 4, 6, and 8 h 
respectively. No  further lipid A was produced. The 
following sugars were identified in the various acid 
hydrolyzates by paper chromatography in solvents a and 
dusing authentic reference sugars: (0.01 Nacid) galactose, 
fucose, and 3-0-8-D-galactopyranosyl-D-galactose (R,, 
0.34 (solvent a), 0.55 (solvent (1)); (0.02 N acid) galactose, 
fucose, and 3-0-8-D-galactopyranosyl-D-galactose; (0.1 N 
acid) galactose, fucose, and glucose; (0.5 N acid) glucose, 
cellobiose (R,, 0.50 (solvent a), 0.52 (solvent d)), cello- 
triose (R,, 0.24 (solvent d)), and laminaribiose (R,, 0.70 
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(solvent a), 0.69 (solvent d)). In the 0.01-0.1 N acid 
hydrolyzates, the monosaccharide content constituted 
over 95 % of the released sugars; the 0.5 N acid hydrol- 
yzate contained about 10% cellobiose and cellotriose but 
the laminaribiose yield was < 1 %. 

Composition and Sfrrrcfure of Degraded Polysaccharides 
Quantities of degraded polysaccharides sufficient for 

compositional and structural studies were prepared from 
the LPS by partial acid hydrolysis. 

Polysaccharide 1 (PS 1)  
LPS (0.55 g) was heated for 30 min in a boiling water 

bath with 0.1 N HCI (50 ml). The hydrolyzate was 
extracted with chloroform to remove lipid A and other 
lipid material. The aqueous solution was then poured 
into an excess of ethanol to precipitate the polysaccharide 
which was washed and freeze dried to give PS 1 (0.193 g); 

+ 77" (c 1, DMSO). The soluble portion was 
deionized and concentrated. Paper chromatographic ex- 
amination in solvents a and d showed galactose, fucose, 
and 3-0-8-D-galactopyranosyl-D-galactose; no glucose 
could be detected. PS 1 on hydrolysis produced galactose, 
glucose, and fucose in a molar ratio of 2.2:1.6:1.0. 

Fully methylated PS 1, [a], + 91.0" (c 1, chloroform), 
on hydrolysis yielded several methylated sugars which 
were identified chromatographically and the results are 
listed in Table 2. PS 1 consumed 0.76 mole of periodate 
and liberated 0.25 mole of formic acid; and, followed by 
reduction and hydrolysis (24), yielded galactose, glucose, 
glycerol, and erythritol in a ratio of 2.2:2.3:2.0:1.0. 

Polysaccharide 2 (PS 2)  
PS 1 (50 mg) was further hydrolyzed with 0.05 N 

sulfuric acid for 2 h in a boiling water bath. After 
neutralization with barium carbonate, the filtrate was 
poured into ethanol. The precipitate was collected and 
dried to give PS 2 (35 mg) [a], + 84.0" (c 1, DMSO) 
which on hydrolysis yielded glucose, galactose, and 
fucose in a molar ratio of 6.3 :2.3 : 1 .O. 

Methylation and hydrolysis produced several methyl- 
ated sugars which were identified and are listed in 
Table 2. PS 2 on periodate oxidation followed by reduc- 
tion and hydrolysis produced galactose, glucose, ery- 
thritol, and glycerol. 

Polysaccl~aride 3 (PS 3) and Lipid A 
LPS (2.0 g) was hydrolyzed with 0.25 N sulfuric acid 

(100 ml) for 2+ h in a boiling water bath. Lipid A ap- 
peared as a flocculent precipitate which was recovered by 
centrifugation, washed free of acid, and dried (yield 
0.35 g). The supernatant was neutralized with BaCO, 
and filtered. The filtrate was poured into ethanol to  
precipitate PS 3 which was washed and dried (yield 
35 mg). The soluble portion contained galactose, fucose, 
glucose, cellotriose, cellobiose, laminaribiose, and 
galactosamine. PS 3, [a], + 96.0" (c 1, water) on 
hydrolysis yielded only glucose. Hydrolysis of methylated 
PS 3 [a], + 73.0" (c 1, chloroform) produced two 
tri-0-methyl ethers of glucose which are listed in Table 2. 
Periodate oxidation of PS 3 followed by reduction and 
hydrolysis yielded only glucose and erythritol in a ratio 
of 1.6:l. 
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The 4-(methy1thio)phenyl ester for the synthesis of polypeptides of a known 
repeating sequence of amino acids. Synthesis of poly-(L-lysy1glycyl)glycine 

1-C14 ethyl ester hydrobromide 
BRIAN J. JOHNSON AND DONNA S. REA 

Departn~ent of Chemistry, T~rfts University, Medford, Massachusetts, 02155 
Received March 20, 1970 

The synthesis of the tetrapeptide, N-t-butoxycarbonyl-~-N-carbobenzoxy-~-lysylglycy1-~-N-~arb0- 
benzoxy-L-lysylglycine 4-(methy1thio)phenyl ester is described. 'The utility of this protective ester is 
shown by its easy conversion to  the protected tetrapeptide 4-(n~ethylsulfonyl)phenyl activated ester 
without decomposition. Removal of the N-butoxycarbonyl protecting group afforded the polymerizing 
unit, ~-N-carbobenzoxy-~-lysyl~lycyl-~-N-carbobenx~-~-l~s~lglycine 4-(methylsulfonyl)phenyl ester. 
Polymerization of this material on the partially blocked monomer glycine-1-C14 ethyl ester hydro- 
chloride, at a relatively high dilution, gave poly-(~-~-carbobenzoxyl-~-lysy~g~ycy~)g~ycine-l-4 ethyl 
ester. The carbobenzoxy protective groups were removed to give the title compound. 

Canadian Journal of Chemistry, 48, 2509 (1970) 

The amino acid carboxyl protecting group, the conditions, afforded by the use of m-chloro- 
4-(methy1thio)phenyl ester (MTP), has been peroxybenzoic acid, gave the tetrapeptide 
suggested for use in peptide synthesis by this 4-(methylsulfony1)phenyl activated ester (7). 
laboratory (1). The attractive feature of this Treatment of 7 with HCl in glacial acetic acid 
protective ester is its facile conversion, by oxida- afforded the polymerizing unit 8 (eq. [3]). 
tion (2, 3) and without racemization (4), to It has been shown that polymerization at high 
the activated 4-(methylsulfony1)phenyl ester dilution (7, 8) requires the use of a partially 
(MS0,P). This method has been used successfully blocked monomer so that one end of the growing 
for peptide (2, 5) and 0-depsipeptide synthesis polypeptide chain is always protected. By this 
(6). means the possibility of formation of large cyclic 

We have now found that this method of polypeptides is overcome. For this purpose, a 
protection, followed by activation, to  be par- solution of glycine-1-C14 ethyl ester hydrochlo- 
ticularly useful for the synthesis of sequential ride in dimethylsulfoxide containing triethyl- 
polypeptides. In order to illustrate this we wish amine was used. To this was added a solution of 
to report the synthesis of poly-(L-lysylglycy1)- the polymerizing unit 8 such that the concentra- 
glycine 1-C14 ethyl ester hydrobromide (1). tion of reactants was not more than 100 mmoles/l. 

Glycine 4-(methy1thio)phenyl ester hydrochlo- The insoluble polypeptide, poly-(E-N-carbobenz- 
ride (I), was coupled to N-t-butoxycarbonyl-E-N- o~y-~-~ysylglycyl)glycine-1-C'4 ethyl ester (9) was 
carbobenzoxy-L-lysine pentachlorophenyl ester obtained by centrifugation. Treatment of 9 with 
(2) to give N-t-butoxycarbonyl-E-N-carbobenz- HBr in trifluoroacetic acid yielded the free 
oxy-L-lysylglycine 4-(methy1thio)phenyl ester (2). polypeptide, poly-(~-lysylglycyl)glycine-1-C14 
Treatment of 2 with HCI in glacial acetic acid ethyl ester hydrobromide (1) (eq. [4]). The 
yielded the dipeptide MTP ester hydrochloride 3 ultraviolet (LI .~.)  spectral measurements of this 
(eq. [1 1). material (235-280 mp) indicated that the N-car- 

The dipeptide N-t-butoxycarbonyl-E-N-carbo- bobenzoxy groups had been removed. The 
benzoxy-L-lysylglycine methyl ester 4 was pre- molecular weight of the polymer was found to 
pared from glycine methyl ester hydrochloride be 11 000 as shown by gel filtration through a 
and N-t-butoxycarbonyl-E-N-carbobenzoxy-L- calibrated column of sephadex (9). 
lysine pentachlorophenyl ester. Saponificatioil of 
4 yielded the dipeptide free acid as an oil, which Experimental 
was then converted the dipeptide pentacllloro- A]] melting points are uncorrected. The n~icroanalyses 
phenyl ester 5 (eq. [2]). were carried out by Dr. S. M. Nagy of Belmont, Mass., 

The tetrapeptide A'-t-butoxycarbonyl-&-N-car- and the radioassays by the New England Nuclear Corp., 
bobenzoxy -L-lysylglycyl-E- N-carbobenzoxy - L -  Boston, Massachusetts. 

lysylglycine 4-(meth~1thio)~hen~l  ester (6) was ~ ~ t - ~ u r o , y c r o y / - E - N - c a r b o b e t ~ z o x y - ~ - ~ } ~ . s y ~ g ~ y ~ ~ t ~ e  
prepared by the condensation of the two dipep- 4-(Methylthi0)~het1~/ Ester (2) 
tides 3 and 5. Oxidation of 6 under the mild T o  a solution of 11.9 g (0.019 mole) of N-t-butoxy- 
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HCI . H-Gly-OMTP HCI-AcOH 
[ I  ] BOC-LYS-OPCP BOC-LYS-Gly-OMTP - HCI , H-Lys-Gly-OMTP 

I 
EZ 

I 
EZ 

I 
EZ 

2 3 

HCI . H-Gly-OMe (i) OH- 
[2] BOC-Lys-OPCP BOC-Lys-Gly-OMe 'BOC-Lys-Gly-OPCP 

I I (ii) PCPOH 
EZ EZ DCC 

I 
EZ 

4 5 

m-Chloroperoxy 
[3] 3 + 5 -> BOC-L~S-GI~-L~S-GI~-OMTP > B O C - L ~ S - G I ~ - L ~ S - G ~ ~ - O M S O ~ P  

I I benzoic acid I I 

HCI-AcOH - HCI . H-Lys-Gly-Lys-Gly-OMS02P 
I I 

TEA HBr-TFA 
[41 8 -HBr - H- G I Y - I - C ~ ~ - O E ~  

HCI . H-Gly-1-C140Et 

9 1 

In eqs. [I]-[4]: PCP = pentachlorophenyl; MTP = 4-(methy1thio)phenyl; MS02P = 4-(methylsulfony1)phenyl. 

carbonyl-E-N-carbobenzoxy-L-Iysine pentachlorophenyl 
ester (2) in 75'ml of methylene chloride was added 2.0 g 
(0.019 mole) of triethylamine and 4.5 g (0.019 mole) of 
glycine 4-(methy1thio)phenyl ester hydrochloride. The 
solution was stirred for 12 h and then concentrated under 
reduced pressure. The solid residue was dissolved in 
ethyl acetate and washed quickly with 10% citric acid 
solution, water, and then dried (Na2S0,). The solvent 
was removed under reduced pressure to give an oil which 
was chromatographed on Silicar CC7, eluted with 
chloroform to give the dipeptide 4-(methy1thio)phenyl 
ester 5.6 g (52.8%); n1.p. 82-84" (from ethyl acetate- 
hexane); [u]DZ6 - 15.1' (c, 2.98, dimethylformamide). 

Anal. Calcd. for C28H37N307S: C, 60.1; H, 6.7; 
N, 7.5. Found: C, 60.1; H, 6.7; N, 7.3. 

E-N-Cnrbobenzoxy-L-~ysy~g~ycitze 4-(Meth~1lthio)phenyI 
Ester Hyrlrochloride (3) 

To a solution of 2.0 g (0.0036 mole) of N-t-butoxy- 
carbonyl-E-N-carbobenzoxy-L-lysylglycine 4-(methyl- 
thio)phenyl ester in glacial acetic acid was added 10 ml 
of N-hydrogen chloride in glacial acetic acid.The solution 
was left at room temperature for 35 min. The dipeptide 
hydrochloride which crystallized from this solution was 
collected by filtration and washed with ether to yield 
1.7 g (94.4%); m.p. 168-169" (from methanokther);  
[uIDz6 - 10.3 (c, 1.26, diniethylforrnarnide). 

Anal. Calcd. for CZ3H3,,CI N305S: C, 55.7; H, 6.1; 
N, 8.5. Found: C, 56.0; H, 6.2; N, 8.4. 

N-t-Butoxycarbotzyl- E-N-cnrboberzzoxy-L-lysylglycitze 
Methyl Ester (4) 

To a solution of 10.2 g (0.016 mole) of N-t-butoxy- 
carbonyl-E-N-carbobenzoxy-L-lysine pentachlorophenyl 
ester in 100 ml of methylene chloride was added 1.7 g 
(0.0165 mole) of triethylamine and 2.1 g (0.0165 mole) of 

glycine methyl ester hydrochloride. The mixture was 
stirred overnight at room temperature and then evap- 
orated under reduced pressure to give an oil. The oil was 
dissolved in ethyl acetate and washed quickly with 10% 
citric acid solution, water and then dried (Na2S0,). The 
solvent was removed under reduced pressure to give an 
oil which was chromatographed on Silicar CC7; elution 
with chloroform gave the dipeptide methyl ester 4.9 g 
(67.1 %); m.p. 82-83" (from ethyl acetate - hexane) 

- 4.1" (c, 7.12, dimethylformamide). 
Anal. Calcd. for C22H33N307:  C, 58.5; H, 7.4; 

N, 9.3. Found: C, 58.2; H, 7.3; N, 9.4. 

N-t-BLI tosycnrboizy~ E-N-cnrbobetzzoxy-L-~ysylglycine 
Per~taclzlorophetzyl Ester (5) 

To a solution of 28.0 g (0.062 mole) of N-t-butoxy- 
carbonyl-E-N-carbobenzoxy-L-lysylglycine methyl ester 
in 600 ml of methanol was added 68 ml of N NaOH. The 
mixture was stirred at room temperature for 1.5 h, 
evaporated under reduced pressure to a small volume, 
and then flooded with water. The alkaline solution was 
acidified with 10% citric acid solution and then extracted 
with ethyl acetate. The combined organic extracts were 
washed with water, dried (Na2S04), and evaporated 
under reduced pressure to give the free acid as an oil 
27.1 g (100 %).To a cooled solution of 27.1 g (0.062 mole) 
of the dipeptide free acid in methylene chloride was 
added 12.8 g (0.062 mole) of dicyclohexylcarbodiin~ide 
and 16.5 g (0.062 mole) of pentachlorophenol. The niix- 
ture was stirred overnight at room temperature, and then 
evaporated under reduced pressure to dryness. The solid 
was dissolved in ethyl acetate, cooled, and the urea was 
removed by filtration. The dipeptide pentachlorophenyl 
ester was obtained by chilling the filtrate, 28.2 g (66.4%); 
m.p. 164-166 (from methanol); [uIDz7 -20.1' (c, 1.84, 
dimethylformamide). 
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Anal. Calcd. for C27H30C15N307: C, 47.3; H, 4.4; 
N, 6.1. Found: C, 47.3; H, 4.6; N, 6.2. 

N-t-Brrtoxycflrbot~-~-N-carbobe~tzoxy-~-~ysy~g~ycy~-~- 
N-cflrbobettzoxy-~-lysyIgIj~cine 4-(hfet/lj1lt/lio)- 
plretryl Ester (6) 

To a solution of 15.8 g (0.023 mole) N-t-butoxy- 
carbonyl-E-N-carbobenzoxy-L-lysylglycine pentachloro- 
phenyl ester in 120 1111 of din~ethylsulfoxide was added 
2.5 g (0.025 mole) of triethylamine and 12.5 g (0.025 mole) 
of E-N-carbobenzoxy-L-lysylglycine 4-(methy1thio)phenyl 
ester hydrochloride. The mixture was stirred overnight 
at room temperature, after which it was poured into 
water. The precipitate was filtered off and crystallized 
from ethyl acetate- hexane to yield the tetrapeptide 
4-(niethylt11io)phenyI ester, 11.6 g (57.4%); n1.p. 125-126" 
(froni ethyl acetate- hexane); [aIDZG - 14.3" (c, 3.08, 
dimethylformamide). 

Anal. Calcd. for CJ4H58NG011S: C, 60.1; H, 6.7; 
N, 9.6. Found: C, 60.4; H, 6.5; N, 9.6. 

N-t-Brrtoxycarbo~ry~-~-N-carbobet~zo,!-)~-~-~ysylg~j~cyl-~- 
N-cnrbobet~zoxy-L-Iysj~lglj~cit~e 4-(1Met11ylsrrlfo~1yl)- 
pl~et~yl Ester (7) 

To 5.5 g (0.0062 mole) of N-t-butoxycarbonyl-L- 
lysylglycyl-E-N-carbobenzoxy-L-lysylglycine 4-(nlethyl- 
t1iio)phenyl ester dissolved in 50 n11 of dioxane was added 
3.3 g (0.019 mole) of 111-chloroperoxybenzoic acid. The 
mixture was stirred at room temperature for 4 h and then 
poured into water. The precipitate was collected, dried, 
and chromatographed on Silicar CC7. Elution with 
chloroform-methanol gave the tetrapeptide 4-(methyl- 
su1fonyl)phenyl ester 4.6 g (82.2%); m.p. 114" (from 
ethyl acetate - hexane) [aID2' - 12.4' (c, 7.40, dimethyl- 
formamide). 

Anal. Calcd. for C~4H58N6O13S: C, 58.0; H, 6.4; 
N. 9.2. Found: C. 58.0: H. 6.4: N. 9.2. 

~-N-Carbobetr~oxy-~-lj~sy~ycy~-~-N-carbobetrzo.uy-~- 
/j~sj~lglycitre 4-(Met/1yls1rlfo1~l)p/1et1~~1 E ~ t e r  
Hj drothlot irle ( 8 )  

To a solut~on of 5.2 g (0.0057 mole) of N-t-butoxy- 
carbonyl-~-N-carbobenzoxy-~-lysylglycyl-~-N-carbo- 
benzoxy-L-lysylglycine 4-(niethylsulfonyl)phenyl ester in 
25 ml of glaclal acetic a c ~ d  was added 17 ml of N-hy- 
drogen chloride in glacial acet~c ac~d .  The solution was 
left a t  room temperature for 1 h. The solvent was 
removed under reduced pressure to glve an 011. This 011 
was triturated w ~ t h  ether to glve the tetrapeptide hydro- 
chlor~de, 2.6 g (54.3%); n1.p. 155-156" (froni methanol- 
ether); + 6.6' (c, 2.22, d~methylforn~am~de). 

Anal. Calcd. for C3qHslC1 N6011S: C, 55.3; H, 6.1; 
N, 9.9. Found: C, 55.2; H, 6.1; N, 9.9. 

Poly-(E-N-carbobenzoxy-~-/ysy/&dycy/)g/ycine-I-C'~ 
Etlzyl Ester (9) 

To a solut~on of glycine 1-C14 ethyl ester hydrochloride 
(specific activity 3.78 mc/mmole; 0.00093 g, 6.66 x 
mole; 25.2 PC) in 2.0 n ~ l  dimethylsulfox~de containing 
1.0ml of trlethylam~ne was added dropwise during 
25 mln a solutlon of 3.09 g (0.00365 niole) of E-N- 
carbobenzoxy-~-lysylglycyl-~-N-carbobenzoxy-~-lysyl- 
glycine 4-(n~ethylsulfonyl)phenyl ester hydrochloride in 

33.5 ml of dimethylsulfoxide, such that the concentration 
of the polymerizing species was never greater than 
100mmoIe/l. The mixture was stirred at room tem- 
perature for 6 days and then diluted with 40ml of 
methanol. The insoluble material was collected by 
centrifugation and washed with 150 ml of water for 12 h, 
and then successively with 2 x 150 ml of water and 
3 x 30 ml of ether. The precipitate was collected by 
filtration and dried to yield the protected polymer 
2.147 g (92.3 %). Radioassay of this polyn~er (7.6 nc/mg) 
indicated that 64% of the starting radioactive monomer 
was associated with it. 

Anal. Calcd. for C l 6 H ~ , N 3 o 4 :  C, 60.2; H, 6.6; 
N, 13.2. Found: C, 60.2; H, 6.7; N, 13.0. 

Poly-(L-lysylglycyl)glycitre-I-C14 EtlrjlI Ester 
Hyclrobrotnide (I) 

Through a mixture of 2.06 g (0.00322 niole) of poly- 
(E-N-carbobenzoxy-L-lysylglycyl)glycine--C14 ethyl ester 
suspended in 100 nil of dry trifluoroacetic acid was 
bubbled dry hydrogen bromide for 45 min. The solvent 
was evaporated under reduced pressure and the residue 
was triturated with anhydrous ether. The polymer was 
collected by centrifugation, dissolved in water, and 
extensively dialyzed and then lyophilized. The solid was 
then dissolved in water and filtered through a column of 
Sephadex G-100 (100 x 2.5 cm) using distilled water as 
eluent (flow rate 10 nil/h). The first fractions containing 
the highest n~olecular weight were collected and lyo- 
philized to give the free polypeptide hydrobromide 
0.276 g, (16.1 %); [aIDZq - 36.0" (c, 1.22, water); radio- 
assay 13 nclmg. The U.V. absorption spectrum (235- 
280m~.1) of this material taken in water, indicated 
negligible amounts of N-carbobenzoxy groups. 

Anal. Calcd. for CSH16Br N 3 0 2 :  C, 36.1; H, 6.0; 
N, 15.8. Found: C, 36.2; H, 5.9; N, 15.6. 

Molecrrlar Weigl~t Detert~~itratiotr 
A column of Sephadex G-100 (50 x 2.5 cm) was 

calibrated by use of n~olecular weight markers by the 
method of Andrews (9). Passage of 5 m g  of poly- 
(~-lys~l~l~cyl)glycine-l-C~~ ethyl ester hydrobromide 
through this column was eluted in a volume equivalent to 
that corresponding to a molecular weight of 11 000. 

This work was supported by a grant from the National 
Science Foundation, and one of us (D.S.R.) also thanks 
this granting agency for a traineeship. 
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Some pyrrolidone derivatives 

K. BAILEY' AND A. H. REES 
Department of Clzemistry, Trent University, Peterborough, Ontario 

Received January 12, 1970 

4-Cyano-3-hydroxy-2-0x0-3-pyrrolines are strongly acidic and form salts rather than enamines with 
strongly basic amines. We have revised the structures proposed for some of their derivatives and report 
the first synthesis of the parent compound 1 (R = H) and other new related pyrrolines. 
Canadian Journal of Chemistry, 48, 2512 (1970) 

Pyrrolin-2-ones 1 have been obtained by the 
base-catalyzed condensation of ethyl oxalate with 
P-cyanoethylamines 2 (1, 2). 

However, the parent compound 1 (R = H) 
was not known. In the attempt to synthesize 1 
(R = COOEt) from 2 (R = COOEt), hydrolysis 
and decarboxylation took place during work up, 
so we were able to obtain the parent 1 (R = H) 
directly. 

We now report some reactions of compounds 
1. Our conclusions differ in part from those of 
other workers (4). When we prepared oximes of 
1 (R = PhCH,, H, or Me), the products analyzed 
as hydrates. The infrared (i.r.) spectra showed no 
nitrile bands and had increased carbonyl absorp- 
tion as well as NH bands so we assigned to them 
the 4-carboxamido-3 - hydroxylamino - 2- oxo- 
3-pyrroline structures 3 (R = PhCH,, H, or Me 
respectively). The spectra showed no saturated 
carbonyl bands indicating conjugation of the 
double bands in contrast to the ester-oxime 9 
(see below). 

CN NR'R' H NHAr R OH 

0 R Go I 60 I 
CHpCHpPh CHpPh 

(CONH,' and CO,') which was the base peak 
in the spectrum of 3 (R = H). 

It was reported (4) that 1 (R = Me or n-Bu) 
formed products 4, as hydrates with various 
amines. However, we regard these as salts of the 
strong acid 1 with strongly basic amines, by 
analogy with the products we obtained from 
1 (R = PhCH,) with piperidine and dimethyl- 
amine. Our products gave no ions in the mass 
spectra above mle 214. The cracking pattern for 
the piperidine salt was identical to that of the 
starting acid, down to mle 85 (piperidine) and 
the peak at mle 214 from the dimethylamine salt 
was shown by high resolution to correspond with 
the correct formula C12H10N202.2 

The nuclear magnetic resonance (n.m.r.) 
spectra of both salts had singlets at 6.18, 5.34, 
and 2.65 T which integrated in the ratio 2:2:5 and 
are ascribed to the C-4, benzylic and aromatic 
protons respectively. A broad signal integrating 
for one to two protons at about -0.5 T dis- 
appeared on addition of D,O. The spectra had 
the correct peaks for the amine moieties. The 
compounds therefore cannot be enamines 4, and 
since triethylamine gave a similar derivative, 
they must be salts. The ultraviolet (u.v.) spectra 
are summarized in Table 1 and the light absorp- 
tion is clearly due to the mesomeric anion. The 
i.r. spectra of the salts are compared with that of 
compound 1 (R = PhCH,) and other relevant 
derivatives in Table 2. In addition, the salts all 
showed two or three medium to weak bands in 
the region 2300-3000 cm-I, appropriate for 

J&H, whereas the acid 1 (R = PhCH,) has a 
4 5 6 band at 2610 cm-' and none between 31004000 

The mass spectra showed the appropriate cm-l. have bands at 3300 (NH), 

molecular ion peaks. Also present was m/e 44 1670 (C=o), and 1640 (C=C) cm-l (5). 

ZWe thank Prof, A. G. Harrison of the Chemistry 
'Present address: Food and Drug Directorate, Tun- Department, University of Toronto, Toronto, Ontarlo, 

ney's Pasture, Ottawa 3, Canada. for this determination. 
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TABLE 1 
The u.v. spectra (ethanol) of salts of amines with 

pyrrolin-2-ones I* 

1 Amine L a x  m~ ( 4  Lax m~ ( 4  

R = PhCH, Piperidine 295 (9870) 231 (9650) 
R = PhCH, Dimethylamine 294 (10050) 233 (9910) 
R = PhCH, Triethylamine 294 (11510) 233 (12420) 
R = Me Piperidine 293 (9250) 232 (7100) 

'Compound 1 (R = PhCH2) in 0.01 N sodium hydroxide in aqueous ethanol 
has h,., 293 (8390) and 234 (8730) mp. 

TABLE 2 

The i.r. bands (cm-', nujol) of salts of amines and 1 
(R = PhCH,) and some related derivatives 

Compound C=N C=O G C  

1 (R = PhCH2) 2200 1695 1665 
Salt of 1 (R = PhCH,) with 

piperidine 2170 1690 1625 
Dimethylamine 2160 1690 1610 
Triethylarnine 2170 1695 1610 
Aniline 2170 1690 1618 
1 (R = PhCH,). OH 

replaced by NH, 2200 1695 1665 
0CH2Ph 2200 1690 1635 
NHNHPh 2180 1680 1660 
N=NPh 2200 1675 1580 
NHPh 2170 1695 1650 

Enamines were obtained from aromatic amines 
by Nair and Malik (4) in the presence of acetic 
acid. We obtained the enamine 4 (R = PhCH,, 
R1 = H, R2 = Ph) from 1 (R = PhCH,) and 
aniline in alcoholic acetic acid. The anilinium 
salt which seemed to be the only product in the 
absence of acetic acid had no bands between 3600 
and 3100 cm-I whereas the "anil" had a band at 
3300 cm-'. We repeated the preparation (4) of a 
compound claimed to be 4 (R = Me, R'R2 = 
[CH,],). Its spectra had v,,, 2706 weak (w), 2500 
w, 2450 w, 2160, 1695, 1630, and 1595 cm-', 
A,,, (EtOH) 232 and 293 mp (E 7100 and 9250 
respectively). From these data and our analysis, 
we consider this compound to be a salt. 

The pK, values of a number of pyrrolidones 1 
are given in Table 3. The values are close to those 
of carboxylic acids. The effect of varying the 
group in position 4 of the pyrrolidone 6 is also 
shown. Our figure for the ester 6 (R = COOEt) 
is the average of our values, compare Southwick 
et al., 4.25 (6). This ester gave enamines with 
amines, rather than salts, supporting our expecta- 
tion that it would have a higher pKa value than 1 
(R = PhCH,) since a 4-cyano group would 
enhance the acidity by its greater inductive effect. 

TABLE 3 
The pK* values* of pyrrolidones 1 and 6 

Pyrrolidone R P K ~  

6 CN 4.4 
CONHZ 5.4 
COOEt 5.7 +O. l t  

'Potentiometric titrations using 30 ml of 0.015 M 
solution o f  dione in 50% aqueous ethanol against 0.03 N 
solution o f  NaOH in 33% ethanol/water. A Beckmann 72 
pH meter and glass electrode were used. 

tFive determinations at varying concentrations o f  
ethanol (10 + 50%) in water. 

We observed the easy hydrolysis of nitrile to 
amide, above, after we found that the alleged 
oxime (4) of 1 (R = Me) was a salt. When the 
amide 6 (R = CONH,) was treated with 
hydroxylamine hydrochloride and aqueous 
sodium acetate, the oximeamide 3 (R = PhCH,) 
was not formed. The only isolable product was 
1-benzyl-3-hydroxylamino-2-0x0-3-pyrroline 7, 

CH-)) identical with a sample prepared 
according to Southwick et al. (6).   he nitrile 
hydrolysis may follow the same course as that 
outlined recently by Stephenson et al. (7). 

COOEt 
H NHOH NHOH 

I I I 
I 

CH2Ph CH2Ph CH2Ph 

7 8 9 

Several investigators (4-6, 8) have reported on 
the keto-en01 tautomerism of pyrrolidine-2,3- 
diones. The presence of a 4-substituent is stated 
to result in complete enolization as estimated 
from n.m.r. and i.r. spectra. Absence of a 
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4-substituent gives rise to the keto-form exclu- 
sively. The spectra of our compounds confirm 
these findings and reveal some additional points 
of interest. 

The i.r. spectrum of 1 (R = H), in which 1,4 
interaction is low, indicates that it exists in the 
en01 form, there being extended double bond 
conjugation. The n.m.r. spectrum of 8 confirms 
its structure, no en01 being observed. However, 
the oxime 9 of the ester 6 (R = COOEt) had an 
n.m.r. spectrum showing one exchangeable 
proton at -0.4 T and a complex ABC pattern 
for the protons at positions 4 and 5. The i.r. 
spectrum confirmed the double bond at position 
3 to be exocyclic, structure 10 being contra- 
indicated. 

The U.V. irradiation of compounds 1 gave 
mainly dimers 11. We obtained from 6 (R = 
COOEt) a solid which we conclude to be 11 
(R =PhCH,, X = COOEt). It had i.r. bands at 
3320, 1730 (broad), and 1695 cm-' and gave no 
ferric chloride color. A center of symmetry was 
indicated by the absence of any permanent 
dip01e.~ 

The n.m.r. spectrum, along with two slowly 
exchangeable protons at 2.3, ten aromatic pro- 
tons at 2.68 and two superimposed methyl group 
triplets at 8.9, had twelve lines in the region 
5.0-6.5 T. These were due to two superimposed 
methylene group quartets at 5.92 (splitting 7.3 
Hz), a pair of doublets at 6.38 and 5.96 (splitting 
12 Hz), assigned to ring methylene protons and a 
pair of doublets at 5.75 and 5.17 T (splitting 15 
Hz) assigned to the four benzylic protons of 11 
(R = PhCH,, X = COOEt) on the basis of their 
chemical shifts and Jvalues which are in line with 
(negative) geminal coupling constants for methy- 
lene protons of each type (10). 

Experimental 
N o  attempt was made to optimize yields. 
Melting points are uncorrected. The i.r. spectra are 

3We thank Prof. I. D .  Chapman and Mr. A. R.  
Stevenson of this department for this result, using a 
General Radio Co. 1610 Capacitance assembly with 
716-C bridge. 

in nujol, u.v. spectra in ethanol, and n.m.r. spectra 
(Jeolco C-60HL) in CDC13. Mass spectra (A.E.I. M.S.12) 
were run on the probe at 70 eV, n ~ / e  (relative intensity) 
being quoted. 

13-Atnit1011ropiot1itr.iles, 2 
Typically, (9), equi~liolar quantities of N,N-dimethyl- 

hydrazine and acrylonitrile were heated 24 h under reflux 
and fractionated to give p-cyanoethylaminodimethyl- 
aniine, b.p. 50°/1 mm, yield SO%, characterized as the 
picrate, m.p. 74" from ethanol. 

Anal. Calcd. for CllH14N607: C, 38.6; H,  4.1; N, 
24.6. Found: C, 38.6; H ,  4.0; N, 24.7. 

Preparation of 4-Cyar~o-3-hydroxy-2-oxo-3-pyrrolit1es, I 
A 13-aniinopropionitrile and diethyl oxalate were 

reacted according to the literature (2). 
Using 13-(N-carbethoxyamino) propionitrile (3), hydrol- 

ysis took place during work up to give the hitherto 
unknown parent compound 4-cyano-3-hydroxy-2-0x0-3- 
pyrroline 1 (R = H), yield 41 %, recrystallized from 
water, m.p. 215" (deconip.). Mass spectrum 167 ( M + , '  
75 %), 43, (100%). 

Anal. Calcd. for C5H4N20z:  C, 48.4; H ,  3.2; N, 22.6. 
Found: C,48.6; H,  3.2; N, 22.6. 

From 2 (R = NMe,) we obtained 4-cyano-I-dimethyl- 
amino-3-hydroxy-2-0x0-3-pyrroline 1 (R = NMe,), 
n1.p. 190" (deconip.) yield 1 %after recrystallization from 
benzene. Mass spectrum 167 (M+,  75%), 43 (100%). 

Anal. Calcd. for C7H,N302:  C, 50.3; H, 5.4; N, 25.1. 
Found:C,50.5;H,5.3;N,25.0. 

I-Benzyl-3-6et1zyloxy-4-cyat1o-2-oxo-3-pywoline 
The benzyl ether of 1 (R = PhCH,) was obtained by 

treating a suspension of the silver salt in benzene (or 
methanol) with benzyl chloride at reflux overnight, 
yield 95%. It crystallized as prisms from ethanol, m.p. 
210-214", yield 50%. Mass spectrum 304 (M+,  8%), 91 
(1 00 %). 

Anal. Calcd. for C19HloNZOz: C, 75.1; H,  5.2; N, 9.1. 
Found: C, 75.0; H ,  5.3; N, 9.1. 

3-Betlzy~osy-4-cj~atlo-2-oxo-3-py,7'o/itle 
The benzyl ether of 1 (R = H) was prepared as above. 

It has n1.p. 169", crystallized from benzene, yield 7%. 
Mass spectrum 214 (M+,  6x1 ,  91 (100%). 

Anal. Calcd. for C 1 2 H l o N ~ O ~ :  C, 67.3; H,  4.7; N, 
13.1. Found: C, 67.6; H ,  4.5; N, 13.2. 

3-Amitto-I-6enzyl-4-cym1o-2-oxo-3-pyrrolit1e 
The pyrroline 1 (R = PhCH,), on treatment with urea 

(4), gave the anline, yield 90%, n1.p. 189-191" crystallized 
from bemenellight petroleum. Mass spectrum 213 ( M + ,  
42 %), 91 (100 %). 

Anal. Calcd. for ClZHllN30:  C, 67.6; H, 5.2; N, 19.7. 
Found: C, 67.6; H, 5.3; N, 19.9. 

1-Betzzyl-4-cnrboxamido-3-hydroxylan~it10-2-0~0-3- 
pyrroline (3 ,  R = PhCH,) 

A mixture of the pyrroline 1 (R = PhCH,) (5 g), 
hydroxylamine hydrochloride (6 g), sodium acetate 
(6 g) and water (40 ml) was kept at 96' for 3 h then cooled 
to  0". The aniide 3 (R = PhCH,) was collected (4.5 g, 
7973, m.p. 202" (decomp.). It was soluble in dilute alkali 
and could be precipitated unchanged by careful addition 
of dilute acid. It was sparingly soluble in all common 
organic solvents and an analytical sample was obtained 
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TABLE 4 

Salts of 1 with amines, and their analyses 
- 

C H N 
Melting 

1 ~ o i n t "  Calcd. Found Calcd. Found Calcd. Found 

R = PhCH2 
Piperidine 134-137* 68.2 68.1 7.1 7.1 14.0 14.3 
Dimethylamine 149-151* 64.8 65.0 6.6 6 .6  16.2 16.3 
Triethylamine 95-l05tl 68.5 68.3 8 .0  8 .0  13.3 13.2 
Aniline 185-l89tl 70.3 70.1 5 .6  5.4 13.7 13.6 

R = Me 
Pioeridine 138-143iff 59.2 59.2 7.7 7 .7  18.8 19.0 

*From benzenellight petroleum plus a little ethanol. 
?With decomposition. 
$From bemenellight petroleum. 
$From benzenellight petroleum, lit. m.p. 146-151' (4). 
F r o m  ethanol, lit. m.p. 147-150' (4). 

by thorough washing and drying. Mass spectrum 247 ylamine as described above. The product was extracted 
(M+,  3979, 91 (100%). The i.r. bands 3400, 3100, 1685, into ether, dried (MgSO,), and concentrated giving 50 
1630, 1605, 1570, 1260, and 950 cm-'. mg 7, m.p. 213.5-215.5" twice recrystallized from water. 

Anal. Calcd. for C12H13N303: C, 58.3; H, 5.3; N, Mixed m.p. with Southwick's material (6), having m.p. 
17.0. Found: C, 58.3; H, 5.3; N, 17.4. 213.5-215". was 212-215". The i.r. soectra of the two 

4-Carboxamido-3-hydroxy/atni~1o-l-metl1yl-2-oxo-3- 
pyrrolitle (3, R = Me) 

This was obtained as above, yield 14%, prisms decom- 
posed 230". Mass spectrum 171 (M+, 100%). 

Anal. Calcd. for C6H9N3O3: C, 42.1 ; H, 5.3; N, 24.5. 
Found: C, 42.2; H, 5.2; N, 24.0. 

- ~ 

(3, R = H) 
This compound was obtained by the above method, 

decomposed 210". Mass spectrum 157 (M+, 14%), 44 
(100%). The latter peak was a doublet of C 0 2  and 
CONH, +. Found 44.0132. Required 44.01 36. 

Anal. Calcd. for C5H7N303: C, 38.2; H, 4.5; N, 26.7. 
Found: C, 38.0; H, 5.1; N, 26.6. 

I-Benzyl-4-carbet/10xy-3-hydroxylit~ritro-2-0.~0- 
pyrrolidirle (9) 

l-Benzyl-4-carbethoxy-3-hydroxy-2-oxo-3-pyrroline (2 
g), by the method described above, gave the oxime which 
was recrystallized from chloroform/light petroleum, 
needles (0.8 g), m.p. 87.5-90". Mass spectrum 276 (M+,  
20 %), 259 (M-17, 9 %), 91 (100%). 

Anal. Calcd. for C14H16N204: N, 10.15. Found: N, 
10.2. 
l-Benzyl-4-carboxatnido-3-hydroxy-2-oxo-3-pyrrolit~e 

(6, R = CONH,) 
The pyrroline 1 (R = PhCH,) was left overnight at 

room temperature with five parts sulfuric acid and the 
solution poured onto ice. The product 91 % yield, 
collected, dried, and recrystallized from ethanol, formed 
plates, m.p. 222-225" (decomp.). Mass spectrum 232 
(M+, 25 %), 91 (100%). 

Anal. Calcd. for C1,Hl2N2O3: C, 62.1; H, 5.2; N, 12.1. 
Found: C, 62.1; H, 5.2; N, 12.0. 

Reaction of l-Benzyl-4-carboxamido-3-l1ydroxy-2-oxo- 
3-pyrroline with Hydroxylarnine 

The foregoing amide (0.2 g) was treated with hydrox- 

samples were identical. Mass spectrum 204 (M+,  473, 
91 (100%). 

Anal. Calcd. for C11H12N202: C, 64.7; H, 5.9; N, 13.7. 
Found: C, 64.5; H, 5.9; N, 13.8. 

Preparation of Atnine Salts of 4-Cyano-3-lrydroxy-2- 
0x0-3-pyrrolit~es I (see Table 4) 

The pyrroline l ( 0 . 2  g), a tenfold excess of amine, and 
enough benzene or ethanol for solution were left at room - 
temperature or refluxed 2 h, then concentrated. Light 
petroleum was added to turbidity and the product 
crystallized as the mixture cooled. Catalytic amounts of 
p-toluenesulfonic acid did not affect the reactions using 
piperidine in benzene. Yields were nearly quantitative. 
The hydroxylamine salt of 1 (R = Me) was prepared 
according to the literature (4). The salts when washed 
with acid regenerated the pyrrolidones 1. 

I-Benzyl-4-cyan0-2-0~0-3-(2'-phetrylliydrozit10) -3- 
pyrrolitle 

The pyrroline 1 (R = PhCH,) (1 g) and phenylhy- 
drazine (I g) in ethanol (50 ml) were refluxed for 6 h and 
concentrated to 25 ml. Addition of water precipitated the 
product which was recrystallized from benzene/light 
petroleum, needles (1.1 g), m.p. 158.5-1 60". Mass spec- 
trum 304 (M+,  36%), 91 (100%); M-2 was also promi- 
nent. 

Anal. Calcd. for C18H16N40: C, 71.0; H, 5.3; N, 18.4. 
Found: C, 71.1; H, 5.3; N, 18.3. 

1 -BenzyC4-cyar10-2-oxo-3-plret1ylazo-3-pyrrolirie 
The above phenylhydrazone (0.3 g) was refluxed in 

xylene 1 week. Chromatography then gave the azo- 
compound (50 mg, 16%), yellow needles, m.p. 173- 
174.5" crystallized from benzenellight petroleum. Mass 
spectrum 302 (M+,  52%), 91 (100%). 

Anal. Calcd. for C18H,,N40: C, 71.5; H, 4.7; N, 18.5. 
Found: C, 71.9; H, 4.7; N, 17.9. 

3-Anilino-1-benzyl-4-cyano-2-0x0-3-pyrroline 
Compound 1 (R = PhCH2) (0.2 g), aniline (0.1 g), 
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ethanol (4 ml), and glacial acetic acid (6 drops) were 1. R. ADAMS, S. MIYANO, and M. D. NAIR. J. Amer. 
heated together under refux for 5 h then cooled to 0'. Chem. Soc. 83, 3323 (1961). 
The deposit was recrystallized several times from ethanol/ 2. A. H. REES. J. Chem. Sot. 1749 (1965). 
light petroleum to give the anil4 (R = PhCH,, R1 = H, 3. M. A. IoR10, M. MAROTTA, D. BOVET, and G. B. 

MARINI BETTOLO. Farm. (Pavia) Ed. Sci. 17, 753 RZ = Ph), 75 mg m.p. 148-15l0, i.r. bands at 3300,2170, (1962). Chem. Abstr. 59, 2642f (1963). 1695, 1650, 1600, and 1530 Mass spectrum 289 4. M. D. N~~~ and p. A. M ~ ~ ~ ~ .  ~ ~ d i ~ ~  J. them. 5, 
(M', 4%), 91 (100%). 603 (1967). 

Anal. Calcd. for C I S H I ~ N B O :  C, 74.7; H, 5.2; N, 14.5. 5. A. H. BECKETT, C. M. LEE, and J. K. SUGDEN. J. 
Found: C, 74.5; H, 5.3; N, 14.4. Pharm. Pharmacol. 17.498 (1965). 

6. P. L. SOUTHWICK, E. P. PREVIC,'J. CASANOVA, and 
I-Benzyl-4-carbethoxy-3-/1yd1'oxy-2-oxo-3-pyrroline E. H. CARLSON. J. Org. Chem. 21, 1087 (1956). 

Dimer (11) 7. L. STEPHENSON, W. K. WARBURTON, and M. J. 
The monomer 6 (R = COOEt) (6) (9 g) in ethanol (500 WILSON. J. Chem. Soc. (C) 861 (1969). 

ml) was irradiated using a 100 W medium pressure 8. P. L. SOUTHWICK and R. T. CROUCH. J. Amer. 
Hanovia mercury arc tube so that the solution refluxed Chem. Soc. 75, 3414 (1953). P. L. SOUTHWICK and 
gently overnight. Concentration gave the dimer, 3.3 g, E. F. BARNES. J. Org. Chem. 27, 98 (1962). W. R. 

m.p. 195-215O (decomp.) recrystallized from ethanol. l(u;y;y 16;N;$f: S p . C ~ b u & ~ ~ ~ ~  ~ h ~ m * ~ ~ ~ ;  
Mass spectrum 522 (M', 1 %), 91 (100%). GERALD, R. MADHAV, and D. A. WELSH. J. Org. 

Anal. Calcd. for Cz8H30N208: C, 64.3; H, 5.8; N, Chem. 34, 3279 (1969). 
5.4. Found: C, 64.0; H, 5.5; N, 5.6. 9. H. A. BRUSON. Organic reactions. Vol. V. John 

Wiley & Sons Inc., New York, 1949. p. 79. 
The authors are grateful to the National Research 10. S. STERNHELL. Quart. Rev. 23, 236 (1969). 

Council of Canada for financial support. 



Biosynthesis of  dendrobine' 
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Biochenlistry Laboratory, National Researclr Coutrcil of Canada, Ottawa, Catlado 

Received April 8, 1970 

The incorporation of 4-14C-mevalonate into dendrobine, the major alkaloid of Dendrobi~im nobile 
(Orchidaceae), is consistent with a biosynthesis involving successive intermediates with trans-cis farnesol, 
germacrane, and cadalane skeletons. 

Canadian Journal of Chemistry, 48, 2517 (1970) 

The biosynthesis of the picrotoxin family (1) 
of natural products, which includes picrotoxinin 
(I), tutin (2) and coriamyrtin (3) and the alkaloids 
of the orchid Dendrobium nobile4 presents an 
interesting problem. The original speculation of 
Conroy (1) was that the skeleton was derived by 
oxidative removal of part of rings A and B of a 
17-methylandrostane derivative (eq. [I I). The 
establishment of the absolute stereochemistry 
of picrotoxinin (5), tutin (6), and dendrobine (7) 
(2) discounted this possibility. The presence of 

'Issued as NRCC No. 1 1398. 
2NRCC Postdoctorate Fellow 1968-1970. 
3NRCC Postdoctorate Fellow 1966-1968. 
*For a review of work on these alkaloids see ref. 4a. We 

regret that at the time this biosyn'theticproposal was made 
we were unaware of the comparable proposal by A. D. 
Cross (46). 

fifteen carbons and the isopropyl group suggested 
that the skeleton was of sesquiterpene origin. 
However no unrearranged combination of three 
isoprene units would give it. 

Three possible routes from mevalonic acid (3) 
via farnesol to the picrotoxinin skeleton have been 
proposed. One involves cyclization of trans-cis 
farnesol in an unprecedented manner, followed 
by synchronous methyl migrations (4) (eq. [2]). 
The second suggestion (8, 9) involved cyclization 
of farnesol to an intermediate with a cadalane 
skeleton followed by cleavage and cyclization 
(eq. [3a]) or cyclization to a tricyclic derivative 
(10, 16) and cleavage (eq. [3b]). The cyclization- 
cleavage sequence has a parallel in the postulated 
biosynthesis of helminthosporal (10, 16). The 
cadalane intermediate itself could arise in two 
ways, via the prior formation of a ten-membered 
ring (germacrane derivative) from trans-cis 
farnesol (eq. [4]), or via cyclization of cis-cis 

HO 
I 

Je c,, 
3 

farnesol (eq. [5]) (by way of a bisabolane deriva- 
tive). 

We are grateful to a referee who suggested a 
third route from trans-cis farnesol (eq. [6]) to the 
tricyclic intermediate of eq. [3b]. 

We undertook to study these possibilities using 
14C-labelled mevalonic acid. 

Our initial feeding of D. nobile was done using 
2-14C-mevalonate. A high level of incorporation 
into dendrobine was observed. However no 
degradation was attempted since the appearance 
of the communication by Yamazaki et al. (8) 
suggesting the cadalane route (eq. [3]) convinced 
us that feeding of 4-14C-mevalonate would give 
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a more definitive answer relative to all three 
possibilities. (The isopropyl group would be 
labelled using 2-'4C-mevalonate for all of the 
biosynthetic routes.) The predicted position of 
the label for the 4-14C-labelled mevalonate is 
indicated with dots in eqs. [2], [4], and [5] and 
the corresponding location in dendrobine indi- 
cated on formulae 4, 5, and 6. 

The required 4-14C-mevalonolactone was pre- 

pared by the method of Cornforth et a/. (1 1) and 
fed to  D. nobile by the wick method. The dendro- 
bine which was isolated showed a specific 
incorporation of 0.96% of the radioactivity. 
Labelled nobiline (7) was also obtained with a 
specific incorporation of 0.71 %. 

A variety of attempts were made to obtain a 
good yield of carbon dioxide or derivatives con- 
taining the carbonyl carbon of dendrobine. Under 
Schmidt reaction conditions (hydrazoic acid - 
chloroform - sulfuric acid), dendrobine hardly 
reacted at all (presumably the charge on the salt 
prevents protonation of the carbonyl). A 
Hunsdiecker reaction on the silver salt of oxoden- 
drobinic acid (8) also gave very little carbon 
dioxide. 

Three possible methods of obtaining the 
carbonyl group as benzoic acid or benzopheilone 
were explored. One (eq. [7]) involved reduction 
of the lactone to a hemiacetal(9) and reaction of 
this with phenyl magnesium bromide. However 
the hemiacetal was difficult to purify and the 
phenyl derivative 10 could not be obtained pure 
on a small scale, hence this was abandoned. The 
second approach used direct phenyl magnesium 
bromide attack on dendrobine (eq. [8]). When a 
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2 mole ratio of the Grignard reagent was used, 
a maximum 38% yield of the monophenyl 
derivative 11 was obtained, accompanied by 
unchanged dendrobine and diphenyl diol 12. 
When this route was followed with radioactive 
dendrobine from the 4-14~-mevalonolactone 
feeding, a 16% overall yield of radioactive 
benzoic acid was obtained by permanganate 
oxidation of 11. Despite purification of the acid 
by sublimation and recrystallization, the specific 
activity of the benzoic acid was impossibly high 
(2.5 times that of the dendrobine being oxidized). 
Hence the dendrobine must have been con- 
taminated with a highly radioactive impurity 
which efficiently gave benzoic acid. Since in 
addition the remainder of the molecule could 
not be recovered from this sequence, a third 
degradation was attempted. 

The reaction of dendrobine with phenyl mag- 
nesium bromide was pushed to completion, 
giving an 84 % yield of the diphenyl diol 12. This 

was dehydrated to the known diphenyl olefin 13 
(12) using modified conditions. This was con- 
verted to the lactam 14. A variety of reagents 
(permanganate-periodate, ozone, and chromic 
acid) failed to yield benzopheilone from 13 or 14. 
Osmium tetroxide failed to oxidize 14. However 
ruthenium tetroxide - periodate combination 
(13) cleaved 14 into benzophenone and the keto 
lactam 15. The overall yield of benzophenone 
was 8.6%. Repetition of the sequence with 
dendrobine from plants which had been fed 
4-14C-mevalonate gave radioactive benzo- 
phenone and keto lactam. The specific activities 
are shown on Chart 1, with the labelling pre- 
dicted for the cyclodecane route to cadalane 
(eq. [4]) followed by one of the steps in eq. [3]. 
Clearly, the observed labelling is in agreement 
with these predictions or those for the sequence 
outlined in (eq. [6]), and the alternate routes can 
be eliminated from consideration. 

Although isolation of the labelled carbo'n atom 
adjacent to the isopropyl group of dendrobine 
would offer no distinction between the biosyn- 
thetic routes, it would provide a check on the 
method and show that the results of the benzo- 
phenone degradation route were not fortuitous. 
Accordingly, labelled dendrobine (specific ac- 
tivity 35 700 c.p.m./mmole) was subjected to a 
Kuhn-Roth oxidation (using the conditions 
employed by Money et al. (19) for oxidizing 
vindoline to propionic and acetic acids) and a 
mixture of acids containing one-third isobutyric 
acid:two-thirds acetic acid was obtained. The 
acids were separated, purified, and counted as 
their p-bromophenacyl esters. Thin-layer chro- 
matography (t.1.c.) behavior, their meltingpoints, 
and their nuclear magnetic resonance (n.m.r.) 
spectra showed that the products were indeed the 
desired acetate and isobutyrate esters. Due to the 
relatively mild conditions used in the oxidation 
to minimize oxidation of the isobutyric acid to  
acetic acid, a quantitative yield of acids was not 
obtained and it is doubtful if the tertiary methyl 
group contributed any acetic acid. 

The p-bromophenacyl isobutyrate had a 
specific activity of 12 850 c.p.m./mmole, 36% 
of the activity of the dendrobine, and in good 
agreement with the theoretical requirement 
(33.3 %). The low level of activity of thep-bromo- 
phenacyl acetate (330 c.p.m./mmole, 0.9 % of the 
dendrobine activity), which could be due to a 
small amount of randomization of the label, 
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q* -- R"04 % 
AcO NaIO, AcO i phz?O -- P ~ , ? : N . N H . P H  

18 750 c.p.m./mmole 

/ O  
CH3 

/ O 
CH3 

14 15 

56 500 c.p.m./mmole 39 100 c.p.m./mmole 

CHART 1 

shows that the activity of the isobutyric acid was 
confined almost entirely to the carboxyl group. 

The above results, those of Corbella et al. for 
coriamyrtin (15), and of Biollaz and Arigoni (14) 
for tutin all agree in requiring equal incorporation 
of radioactivity into the three mevalonate units 
giving rise to this class of sesquiterpenes. In 
contrast to this, the extensive work of Biollaz 
and Arigoni (14) on coriamyrtin requires unequal 
incorporation of label into the three mevalonate 
units. 

These biosynthetic studies of the picrotoxin 
family of sesquiterpenes and the study of helmin- 
thosporal biosynthesis by de Mayo et al. (16) 
are consistent with a trans-cis farnesol -> germ- 
acrane route to  these polycyclic sesquiterpenes, 
but the route illustrated in eq. [6] is equally 
consistent with these labelling results. 

Structure Proof and Spectra 
The characteristic spectral feature which con- 

firmed the structure of the hemiacetal 9 was a 
sharp n.m.r. signal at F 5.47 corresponding to the 
hydrogen on the masked aldehyde carbon. The 
fact that it is unsplit is only consistent with the 
stereochemistry shown in 16, in which HA and 

H, have a dihedral angle5 of near 90". An attempt 
to  purify the hemiacetal by chromatography on 
alumina led to a mixture of dendrobine and 
dendrobidiol (Cannizzaro). 

5All reported angles are for Dreiding stereo models. 
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The ~nonophenyl derivative 11 exists largely 
in the oDen rather than hemiketal form. since the 
carbon$ stretching band is strong (v,,,(cHcI,) 
1685 cm-I). 

The n.m.r, spectrum of 11 required that the 
benzoyl and isopropyl groups be restricted in 
their rotation. For example the isopropyl signals 
appear as two sharp doublets a t  6 1.09 and 0.92 
( J  = 6.5 c.P.s.). 

The diphenyl diol 12 shows an even more 
dramatic effect, with both isopropyl methyl 
groups strongly shielded by one or both phenyl 
groups (pair of doublets centered a t  6 0.87, J = 
6 c.p.s., and a t  6 0.32, J = 7 c.p.s.). The unusual 
difference between the two coupling constants 
suggests that the isopropyl group is distorted. A 
conformation close to that illustrated in 17 
seems the likely one in solution in view of the 
above effect and the coupling of the hydrogens 
designated as Hz,, H,, and H, on the structure 
(J;,, = 3 c.p.s. and J,, = 6 c.p.s.). The measured 
dihedral angles for 17 are near 80 and 50" 
respectively. The diphenyl olefin 13 and the 
corresponding lactam 14 show similar effects 
(see Experimental). 

The structure of the keto lactam 15 follows 
from its empirical formula, infrared (i.r.) spec- 
trum [v,,, 1740 (acetate), 1710 (cyclohexanone), 
1685 cm-' (y-lactam)] and its n.m.r. spectrum 
(see Experimental). The isopropyl group still 
showed restricted rotation (pair of doublets with 
J = 7 c.p.s. centered at  6 0.97 and 1.09). The 
coupling constants Jab = 1 1  c.p.s. (measured 
$I,, - 180") and J,, = 2 c.p.s. (measured $I - 70") 
are consistent with the stereochemistry illustrated 
in 18. 

Experimental 
The i.r. spectra were determined using a Perkin-Elmer 

model 257 grating spectrometer with chloroform solu- 
tions, n.m.r. spectra using a Varian A-60-A spectrometer 
with deuteriochloroform solutions, and ultraviolet (u.v.) 
spectra usinga Cary model 11 spectrometer with methanol 
solutions. The spectral data were obtained on non- 
radioactive compounds produced in preliminary experi- 

ments. Thin-layer chromatograms were done on silica 
plates. Counting of radioactive samples was done on a 
Beckman LS-250 liquid scintillation counter. Samples 
were dissolved in 15 ml of a counting solution consisting 
of 4 g PPO and 0.05 g POPOP per liter of toluene. The 
only sample to  show significant quenching was the 
benzophenone phenylhydrazone (the count recorded is 
corrected for quenching). All samples were counted to  a 
20  error of & 1.5 "/;;. 

Prepnmtiot~ and Feeding of 4-'4C-Meualonolactot1e 
The 4-'4C-mevalonolactone was prepared by the 

method of Cornforth et al., specific activity, 3.74 x lo7 
c.p.n~./n~mole. The mevalonolactone (218 mg in 176 ml 
water) was fed to 38 stems of intact plants of Derldrobirtrn 
nobile by the wick method over a period of 14 days during 
August, 1968. After a further nine days, the plants were 
harvested. 

Isolnrior~ of Alkaloids and Purificarior~ of Radioactive 
De~~rlrobine 

The fresh aerial portion of the plant (1.2 kg) was 
macerated with ethanol in a Waring blender and the 
ethanol extract from three such treatments was evapo- 
rated to  give a brown oil. The oil was dissolved in methy- 
lene chloride and extracted with 2 N sulfuric acid. The 
acid solution was made basic with sodium carbonate and 
the bases extracted with methylene chloride. The acid 
extraction was repeated and the resulting bases were 
triturated with ether. The ether soluble portion was 
sublimed twice at  90-110°, 5 x mm to  give 425 mg 
of crude alkaloids. 

Careful crystallization of the alkaloids from ether gave 
first cubic crystals of dendrobine (2) and then filamentous 
crystals of nobiline (7). Repeated crystallization of the 
dendrobine from ether with recycling of the mother 
liquors gave pure dendrobine, (63 mg), m.p. 133-136' 
(lit. (17) m.p. 135-136") and v,,, 1770 cm-l. Its n.m.r. 
spectrum had signals at  6 0.99 (d, J = 6 c.p.s., 6H), 1.50 
(s, 3H), 2.67 (s, 3H), and 4.89 (m, 1H). The specific 
activity of the dendrobine, which was unchanged o n  
further recrystallization, was 3.60 x lo5 c.p.m./mmole. 
The dendrobine was diluted six-fold to  a specific activity 
of 55 200 c.p.m./mmole. 

The nobiline was recrystallized from 11-hexane to give 
material (54 mg) of m.p. 84-87" (lit. (17) m.p. 87-88") and 
v,,. 1785 and 1710 cm-l. Its nm1.r. spectrum had signals 
at  6 0.95, (d, J = 6.5 c.p.s., 3H), 0.98 (d, J = 6.5 c.P.s., 
3H), 1.38 (s, 3H), 2.16 (s, 6H) and 4.58 (d, J = 5.5 c.p.s., 
1H). The specific activity of the nobiline was 2.56 x 10' 
c.p.m./mmole. 

Hemiacetal (9) 
Dendrobine (263 mg) in ether (15 ml) was cooled to 

-20" and over a period of 15 min, 3 ml of a solution of 
di-t-butyl aluminum hydride in ether (about 0.6 M )  
(see reference 18) were added with stirring. After 30 min 
at  room temperature, the clear solution was cooled to  
Oo, then Celite (0.5 g) and water (0.2 ml) were added. The 
mixture was stirred at  0' for 15 min, shaken at  room 
temperature, filtered, dried (magnesium sulfate), and 
evaporated to  a yellow oil (228 mg). The i.r. spectrum 
showed peaks a t  3600 and 3400 cm-I (hydroxyl), and a 
weak peak at  1715 cm-' (carbonyl of an  impurity). The 
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n.m.r. spectrum showed peaks at F 1.0 (several over- 
lapping signals, about 6H), 1.37 (s, 3H), 2.51 (s, 3H), 
3.8 (removed by D20),  4.57 (doublet of doublets, Jl = 5 
c.p.s., J2 = 2.5 c.p.s., lH), 5.47 (s, IH), plus other peaks 
in the C-methyl and N-methyl regions indicative of sub- 
stantial amounts of impurities. 

Attempted purification of the product led to  
degradation. 

Plletzyl Ketone (11) 
T o  a solution of 263 mg of dendrobine in 15 ml of 

ether was added a solution of phenyl magnesium bromide 
(from 628 mg of bromobenzene) in 25 ml of ether. The 
mixture was stirred for 1 h at  room temperature, then 
refluxed for 0.5 h. It was then poured onto 3 ml of 3 N 
sulfuric acid and crushed ice. A precipitate (largely the 
sulfate of diphenyl diol 12) was removed by filtration, the 
filtrate made basic with ammonia and extracted wlth 
ethyl acetate. The 210 mg of product recovered from the 
ethyl acetate solution was adsorbed from benzene onto 
5 g of neutral alumina, activity 11. A 20% ethyl acetate - 
80% benzene m~xture rapidly eluted 200 mg of amorphous 
solid. After redissolving In 1.5 N sulfuric acid and 
recovery from solution, 172 mg of amorphous solid was 

I obtained with the correct spectroscopic properties for 11. 
It had h,,, 245 nip and v,,, 1675 cm-'. Its n.m.r. spec- , trum had signals at  F 7.2-8.2(5H), 3.5-4.1(1H mult.), 
2.4(3H singlet), l.30(3H singlet), and a pair of 3H 
doublets centered at 1.09 ( J  = 6.5) and 0.92(J = 6.5). 

Attempts to  oxidize 11 with trifluoroperacetic acid 
led (after reduction of amine oxide) to a mixture con- 
taining ketone (v,,, 1675 cm-'), benzoic ester (v,,, 1717 
cm-'), and phenyl ester (v,,, 1775 cm-') so  this was not 

1 pu~sued further. 
I 

Diphenyl Diol (12) 
Dendrobine (2) (150 mg) in 11 ml ether was added to  

the Grignard reagent formed from 145 mg magnesium 
turnings and 0.94 g bromobenzene in 7 ml ether. The 
mixture was heated under reflux for 3 h, then cooled in 
ice and poured onto 4.5 ml of ice cold 2 N sulfuric acid. 
After the precipitate had coagulated, the ether was 
separated and extracted with small portions of 3 N 
sulfuric acid. The combined acid layers were washed 
several times with small portions of ether, care being 
taken to retain all of the precipitate. The acid layers and 
precipitate were made basic with 10% aqueous sodium 
carbonate and extracted with chloroform. The chloro- 
form was evaporated to give the crude product. The crude 
product was dissolved in benzene:n-hexane (95:5) and 
placed on 10 g of silica gel. The column was eluted with 
benzene, then benzene:~iiethanol (98:2) to  give as a pale 
yellow oil, the diphenyl diol (12), 200 mg. The product 
showed v,,, 3300 (br), 1600 (w), 1490, and 700 cm-I 
[lit. (1 2) v,,, (KBr) 3340, 1600, 1490, 746, and 704 cm-'I. 
Its n.m.r. spectrum had signals at  F 0.33(d, J = 7 c.p.s., 
3H), 0.87(d, J = 6 c.p.s., 3H), 1.27(s, 3H), 2.32(s, 3H), 
4.09(doublet of doublets, J, = 6 c.p.s., J2 = 3 c.p.s., 
1 H), 4.70(br, 1 H), 5.63(br, 1 H), and 7.5(m, 1 OH). 

Diplzetzyl Olefin (13)  
The diphenyl diol (12) (200 mg) was dissolved in acetic 

anhydride (1.5 ml) and two drops of concentrated 
sulfuric acid were added. The solution was heated at  

100" for 12 h, then left at room temperature overnight. 
The resulting solution was mixed with 15 ml of ethyl 
acetate and extracted with 10% aqueous sodium car- 
bonate until evolution of carbon dioxide ceased. The 
ethyl acetate was washed, dried, and evaporated to  a 
brown oil. The oil was distilled at  125-135', 7 x lo -=  
mm, to give the diphenyl olefin (13) as a pale yellow glass 
(161 mg). This showed v,,, 1720, 1595(w), 1490, and 700 
cm-' (lit. (12) v,,, (CCI,) 1750, 1600, 1490, and 710 
cni-I), and h,,, 248 mp  (E 10 500). Its n.m.r. spectrum 
showed peaks at F 0 83 (d, J = 7 c.p.s., 3H), 0.89(d, 
J = 6.5 c.p.s., 3H), 1.34(s, 3H), 2.25(s, 3H), 2.49(s, 3H), 
5.77(t, J = 4.5 c.p.s., lH), and 7.5(m, 10H). 

Dipllenyl Olefin Lactarn (14) 
Diphenyl olefin (13) (161 mg) was dissolved in a 

solution of 23 ml acetone and 7 ml water and a solution 
of potassium permanganate (120 mg) and hydrated 
magnesium sulfate (200 nig) in 8 ml acetone and 9 ml 
of water were added. The solution was kept at  rooni 
temperature for 1 h, then cooled in ice and acidified with 
3 N sulfirric acid. Ice cold acidic 5 % hydrogen peroxide 
was added until all the potassiuni permanganate and 
manganese dioxide were reduced. The yellow solution 
was concentrated to one third volume, water added, and 
the resulting mixture extracted with chloroform. The 
chloroform was washed, dried, and evaporated to  give a 
yellow oil. The oil was placed on a preparative t.1.c. plate 
and the plate was eluted with benzene:ethanol (9:l). 
Three overlapping bands resulted. The major band 
(central) was extracted to give an  oil that was distilled 
a t  140-145"/2 x lo-, nim to  give pure diphenyl olefin 
lactam (14) as a pale yellow glass (84 mg). The product 
showed v,,, 1735, 1670, 1595(w), 1570(w), 1490, and 700 
cm-' and h,,,, 246 mp (E 10 000). Its n.m.r. spectrum 
showed signals at  F 0.93(d, J = 6.5 c.p.s., 3H), 0.95(d, 
J = 6 c.p.s., 3H), 1.48(s, 3H), 2.21(s, 3H), 2.79(s, 3H), 
3.62(d,J= 5c.p.s., lH),5.58(dofdoublets,Jl = 8c.p.s., 
J2 = 5 c.p.s., lH), and 7.2(m, 10H). The mass spectrum 
showed peaks at  m/e 457, 397, 355, and 354. The molec- 
ular ion had a mass of 457.2618 (Calcd. for C30H35N03:  
457.26169). The specific activity was 56 500 c.p.ni./mmole. 

Preparation of R/ltllenirml Tetroxide Rengerlt 
Polymeric ruthenium trichloride was dissolved in 

molten sodium hydroxide. After cooling, the mixture 
was dissolved in water and filtered through glass wool 
to give a clear orange solution. Either this solution, or the 
black suspension that formed on exposure to air over 
several days, could be used. Ruthenium tetroxide was 
formed as needed by acidifying a 1 ml portion of the basic 
ruthenium niixture with 3 N sulfuric acid, adding a small 
quantity of sodium meto-periodate, and extracting the 
resulting clear yellow solution with 1 nil of spectroscopic 
grade carbon tetrachloride. 

Oxirlative Cleavage of rlze Dipl/etlyl Olefirz Lnctntn (14) 
The diphenyl olefin lactam (14) (80 mp) was dissolved 

in 1.5 1111 of spectroscopic grade carbon tetrachloride and 
1.5 nil water containing 100 mg of sodiiiln ~neta-periodate 
was added. The niixture was stirrcd vigoro~~sly at  rooni 
temperature and 10-12 1 nil portions of ruthenium 
tetroxide in carbon tetrachloride were added over a 
period of 19 days. Water and chloroforni were added to 
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the reaction mixture and the organic layer was separated, 
washed, dried, and evaporated to a black oil. The oil was 
placed on a preparative t.1.c. plate and the plate was 
eluted with ?I-pentane:ether (1:l). The high R, band 
(same XI as benzophenone) was extracted and combined 
with the product from re-cycling (see below). The resulting 
oil was distilled at 10O0/2 mm to give benzophenone (8 
mg) with an  identical i.r. spectrum to authentic benzo- 
phenone. It gave a phenylhydrazone with m.p. 136.5- 
137.5". The benzophenone phenylhydrazone had a 
specific activity of 18 750 c.p.m./mmole. 

After ren~oval of the benzophenone, the preparative 
t.1.c. plate was rerun twice in 11-pentane:ether :chloroform: 
methanol (30:30:35:5) and the low R, band extracted. 
The extract was placed on a preparative t.1.c. plate and 
the plate was eluted with benzene:ethanol (9:l). The two 
closely spaced bands at  low R, were extracted. The upper 
band (47 mg) was shown to be diphenyl olefin lactam (14) 
and was recycled. The lower band (and the lower band 
from the recycling) were distilled at 130°, 1.5 x lo-' mm 
to give a crystalline product (15 mg). This was recrys- 
tallized from benzene to give the ketone (IS), m.p. 
187-13O0, with v ,,,.,, 1740, 1710, and 1685 cm-'. Its n.m.r. 
spectrum showcd peaks at 6 0.97 (d, J = 7 c.p.s., 3H), 
1.09 (d, J = 7 c.j7.\., 3H), 1.45 (s, 3H), 2.14 (s, 3H), 2.82 
(s, 3H), 3.62 (d, J = 2 c.p.s., lH), and 5.57 (d of doublets, 
J, = 11, J2 = 2 c.p.s., 1H). Its high resolution mass 
spectruni showed peaks at n ~ / e  307.1774 ( M t ,  calcd. for 
C17Hz504N: 307.17836), 248.1646 (M +-CH3C02, calcd. 
for C15HZ202N: 248.16505), 222.1 125 (M +-[CH3C0 + 
CH3CHCH2], calcd. for C12H1603N : 222.1 1302), 
204.1026 (M +-[CH3C02H + CH3CHCH3], calcd. for 
C12H140zN: 204.10245). It showed a specific activity of 
39100 c.p.m./mmole. 

Kullrt-Rot11 Oxidation of' Dendrobirle 
Dendrobine (2) (124 mg, 0.473 mmole, specific activity 

35700 c.p.m./mmole) was mixed with 10 ml of 30% 
chromium trioxide in water. The mixture was distilled 
with addition of water to maintain constant volun~e until 
titration of fractions with N/10 sodium hydroxide 
showed negligible acid to  be present (120 ml collected). 
Each fraction was boiled briefly before titration to remove 
carbon dioxide. The combined fractions were concen- 
trated to 0.5 ml, 1 ml of 95 % ethanol was added, and the 
solution was titrated to  pH 6.6 by addition of N hydro- 
chloric acid. 

A 20% excess (88 mg) of p-bromophenacyl bromide 
was added and the solution heated under reflux for 2 h. 
The resulting solution was concentrated, water and 
chloroform added, and the chlorofornl separated and 
dried (sodium sulfate). The chloroform solution was 
concentrated, then placed on a 20 x 20 x 0.1 cm 
preparative plate (silica gel GF-254) which was developed 
twice in chloroform:benzene 75:25. Three major bands 
resulted (visualized under u.v. light): p-bromophenacyl 
acetate, R, 0.08; y-bron~ophenacyl isobutyrate, R, 0.16; 
and p-bron~ophenacyl bromide, Rr 0.38. Extraction of 
the two lower bands with ether gave the acetate ester 
(41 n ~ g )  and the isobutyrate ester (17 mg). The acetate 
was recrystallized from 11-hexane 2nd methano1:water to 

give platelets, m.p. 83-85" and the isobutyrate was recrys- 
tallized from 11-hexane to give needles, m.p. 75-77". The 
n.m.r. spectra of the acetate and isobutyrate (from 
unlabelled dendrobine) respectively showed peaks at  
6 2.25 (s, 3H), 5.37 (s, 2H), 7.77 (d, J = 9 c.p.s., 2H), and 
7.92 (d, J = 9 c.p.s., 2H) and peaks at 1.31 (d, J = 7 
c.p.s., 6H), 2.82 (septet, J = 7 c.p.s., lH), 5.39 (s, 2H), 
7.80 (d, J = 9 c.P.s.., 2H), and 7.92 (d, J = 9 c.p.s., 2H). 
The p-bromophenacyl acetate had a specific activity of 
330 c.p.m./mmole and the p-bromophenacyl isobutyrate 
had a specific activity of 12 850 c.p.n~./mn~ole. 

We are grateful to Dr. W. D .  Jamieson for high 
resolution mass spectra, Mr. H. Seguin for analyses, and 
Mr. A. Knoll and Mr. R. Kolt for technical assistance. We 
thank Prof. Y. Tsuda for a generous gift of dendrobine 
and Prof. Y. Hirata for an alkaloid mixture containing 
dendrobine and nobiline. 
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Synthesis and properties of some a-D-alkyl glucosides and mannosides: 
apparent molal volumes and solubilization of nitrobenzene in water at 25 O C  

G. M. BROWN, P. DUBREUIL, F. M.  ICHHAPORIA, AND J. E. DESNOYERS 
Chemistry Department, U~tioersity of Sllerbrooke, Sherbrooke, Quebec 
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Normal and cyclic a-D-alkyl glucosides and mannosides have been synthesized in a one-step procedure 
from the corresponding sugar. The apparent molal volume and the influence on the solubility of nitro- 
benzene of some of these glycosides have been measured in water at  25 "C. Evidence for micelle formation 
is presented for a-D-11-hexyl glucoside, -11-octyl glucoside, and -cyclohexyl mannoside. Comparison of the 
physical properties of the aqueous solutions shows that the stereochemistry of the sugar unit plays an 
important role in the hydrophobic hydration and hydrophobic interactions of the glycosides. 

Canadian Journal of Chemistry, 48, 2525 (1970) 

Introduction 

The investigation of thermodynamic and 
kinetic properties of aqueous solutions of 
homologous series such as the salts RNH,Br 
(1-3) has proven to be very useful in the under- 
standing of hydrophobic interactions between 
organic ions in the submicellar region. The 
general objective of the present work was to 
extend these studies to non-ionic systems. In 
this respect, solutes such as alkyl glycosides are 
of particular interest because, in addition to 
their potential biological and pharmaceutical 
applications, they furnish a means of investi- 
gating the influence of the polar group on the 
solute-solvent and solute-solute interactions. 

Despite the very large number of possible 
isomers, the only work reported, to our knowl- 
edge, on the solution properties of such systems 
is on the surface tension of octyl, decyl, and 
dodecyl P-D-glucosides (4, 5). We have chosen 
to  study the normal and cyclic alkyl a-D-gluco- 
sides and mannosides. Fewer a-D- than P-D-gly- 
cosides are known in the literature, and we felt 
that there was a possibility of preparing them 
using a one-step experimental procedure from 
the corresponding sugars, in spite of the fact 
that it is customary in the synthesis of a-D-gluco- 
sides to use a multistep process. A rCsumt of 
synthetic methods has been given by Wing and 
BeMiller (6). 

The properties investigated were apparent 
molalvolumes and solubilization of nitrobenzene. 
Apparent molal volumes are very informative 
since, in addition to defining the region over 
which a micelle is formed, this property is very 
sensitive to solute-solvent and solute-solute 
interactions. The choice of nitrobenzene as a 

ilonelectrolyte for salting-in measurements was 
dictated because of the ease of analysis; it was 
shown recently (7) that the influence of the nitro 
group was to slightly decrease the salting-in 
effect when compared with a non-polar non- 
electrolyte like toluene. 

Surprisingly enough, the a-D-glucosides are 
significantly less soluble in water than the 
corresponding 0-isomers. In addition, the 
crystallization of some of these compounds has 
proven to be a problem. Moreover, there is 
evidence that one sample (a-D-cyclohexyl gluco- 
side) was contaminated with the p-isomer. 
Despite these drawbacks interesting co~~clusions 
can be drawn from these measurements on the 
influence of stereochemistry on hydrophobic 
hydration and interactions. 

Experimental 
Melting points were determined using the Fisher-Johns 

melting point apparatus and are uncorrected. 
Nuclear magnetic resonance (n.m.r.) data were recorded 

using the Varian A-60 instrument. 
Microanalyses were performed by the Schwarzkopf 

Microanalytical Laboratories at Woodside, New York. 
Methyl a-D-glucoside is commercially available from 

Pfanstiehl Laboratories and was used as such. 
cis-cis-2-Decalol (see Fig. 1 for formula) was obtained 

from the mixture of cis- and trot~s-decahydro-2-naphthols, 
supplied commercially by Aldrich, by filtering and 
recrystallization from ether. The product was identified 
by its melting point and n.m.r. spectrum (8). 

Syt~flresis of Glycosides 
The one-step preparations of a-D-gluco and a-D- 

mannopyranosides undertaken here are essentially based 
on a method employed by Gorin and Perlin (9) for the 
synthesis of benzyl-a-D-mannopyranoside. All compounds 
except the decalyl Inannoside were prepared in the same 
manner. Essentially gaseous HCI is dissolved in an excess 
of the required alcohol until the desired weight concen- 
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TABLE 1 

Preparations of a-D-alkyl glucosides and mannosides 
-. ....-ppp-- - 

Analysis (%) 
-- 

Calculated Found 
Compound* Reaction Temperature Concentration HCl Yield 

R abbreviation time (h) ("c) (% in alcohol) (%) C H C H 

Methyl MG 
Ethyl EG 
11-Hexyl H G  
n-Octyl O G  
12-Decyl nDG 
n-Dodecyl DdG 
Cyclohexylf cHG 
11-Decyl D M  
11-Dodecyl dDM 
Cyclohexyl cHM 
2-Decalyl DcM 

*G = glucoside; M = mannoside. 
t [n  CHCI, solution. 
%Mixture of anomers. 

FIG. 1. Organic compounds studied in the present 
investigation. 

tration was reached. The sugar was added and the mixture 
stirred with heating at  least 12 h. Specific experimental 
conditions are given in Table 1 and the physical constants 
of the purified pyranosides in Table 2. The detailed 
preparation and purification procedure of a-D-hexyl 
glucoside will serve as an example. 

A 15 %solution of HCI in 70 ml of hexanol is prepared; 
10 g of D-glucose are added and the mixture is stirred for 
24 h at 60 "C. Solid NaHCO, is added until a p H  of 5 is 
reached. After filtering, the excess of alcohol is evaporated 
in vacuo. Water (50 ml) is added and the glucoside is 
extracted with ethyl acetate. After drying, the major 
portion of the solvent is removed; the glucoside crystal- 
lizes with some difficulty. 

The octyl glucoside also takes some time to crystallize, 
the others are obtained quite readily. 

This method is not useful for the preparation of  
galactosides, since too much degradation occurs. 

The HCI concentration is somewhat lower in the 
cyclohexyl glycoside preparations; this is necessary to 
avoid charring. With one exception, the cyclohexyl 
glucoside, all the a-D-glycosides so prepared were un- 
contaminated with the p-isomer after purification; no 
peak of axial H,  hydrogen is seen in the n.m.r. spectra of 
these compounds. 

Two separate preparations of the cyclohexyl glucoside 
give products with quite similar melting points but vastly 
different specific rotations. An examination of the n.m.r. 
spectrum of the sample having the higher specific value 
leads one to  believe that the p-isomer is present, peak 
integration suggests about 20% impurity. The chemical 
shift at  r = 5.69, J = 7.4 c.p.s, agrees with published 
data for methyl a-D-glucopyranoside (10). 

The preparation of the decalyl mannoside had to be 
modified since the starting alcohol was solid. Decal01 
(96 g) in 700 ml of dry CHCI, is treated with gaseous HCI 
to give a 30% solution of the acid. D-Mannose (20 g) is 
added and the mixture is stirred at  40 "C for 24 h. Solid 
NaHC03  is added until a p H  of 5 is reached, the mixt~lre 
is then filtered. Excess decalol is steam-distilled (a t e d i o ~ ~ s  
process, the decalol is not too volatile) and most of the 
water evaporated. The aqueous portion is extracted with 
ethyl acetate; the mannoside crystallizes from a 1:l 
mixture of ethyl acetate - isopropanol. 

Density and Solubility Mensurernents 
All sugar derivatives were dried in vacuo for at least 

48 h, and the solutions were then prepared by volume 
using redistilled water. 

Whenever sufficient material was available, the densities 
were measured with a previously described (2) densimeter 
which is capable of evaluating differences in densities to  
2 x g mml. Otherwise a 25 ml pyknometer was 
used. 

The solubilities of nitrobenzene in water and in the 
sugar solutions were obtained with a differential re- 
fractometer. The details of this technique for salting-in 
measurements have been given elsewhere (7). 
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BROWN ET AL.: ON a-D-ALKYL GLUCOSlDES AND MANNOSIDES 

TABLE 2 
I Physical constants of a-D-alkyl glucos~des and mannosides 

-- - pp - - - A --- --- - ~ - . - ~ p ~ - ~ ~ - p  

Transition Melting Chemical shift of H I  doublet 
point po~nt*  [ a ] D Z 3  -- - 

Compound 
-- -- 

("'2) ("c) (MeOH) RF-f .r(DMSO-d,) J (c.P.s.) 
-- -- - -- 

EG - 113-114.51 156 65 0.36 5.35 3 .5  
HG 6 4 6 6  70 132.1 0.50 5.37 3.5 
OG 71.5-72.5 124 117.9 0.53 5.37 3 .3  
D G  68-74 139 89.2 0.56 5.37 3 .0  
DdG 70-75 151-152 74 9 0 .64 5.37 3.0 
cHG I1 - 116.5-118-5 70.6 0 42 

115.5-116.5 99 7 0.42 5.23 3 .3  
D M  65-67 158 58.0 0.56 5.37 1 .5  
DdM 73-75 164-165 55.9 0 62 5.38 1 .O 
cHM - 113 5-114 95 0 0.46 5.15 1 .0  
DcM - 160-1 62 89.6 0.62 5.22 

-- 
0.5 

- - - - - 
*Recrystallized from EtOAc. 
tThln layer chromatography, sllica gel G ,  MeOH/EtOAc = 114 
S o l v e n t  MelCO, l~terature value (6). 113-1 14 "C. 
DLlterature value (6). [ ~ i l , 2 ~  = 153 "C 
IlLiteraturc values, m.p. = 125 "C (6), 126 O C  (11, 12); [aJDZn = 136 (6), 137 (11,  12). 

TABLE 3 

Densities of aqueous solut~ons of a-D-alkyl glucosides and mannos~de at 25 "C 
- - - - - 
-- 

- 
ppp - - -- 

C (d - rl,) 103 C (d - CI,) lo3 
Conlpound (moles I-') (g ml-') Compound (moles I-') ( g  1n1-I) 

'Values obtained with a 25 ml pyknometcr. 

Results the densities of the solutions using the well- 
Because of solubilitv limitations. the densities known 

were measured on the aqueous solutions of MG, [ I  1 4" = M/do - 1000(d - rl,)lcd0 
EG, nHG, nOG, cHG, and cHM (see Table 1 for 
definition of abbreviations). For the same where M is the molecular weight of solute, cl, the 
reasons, the salting-in measurements were made density of water at 25 "C (0.997044 g ml-I), and 

, with the same glycosides with the exception of c the molarity. The densities of the a-D-glucosides 
I nOG. and mannoside are given in Table 3, and the 

Apparent molal volumes can be derived from derived 4, values were plotted vs. the concentra- 
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CONCENTRATION ( m o l e s  I - '  ) 

FIG. 2. Apparent molal volumes of cc-D-alkyl glucosides and mannoside in water at 25 "C. Open circles obtained 
with a densimeter, filled circles with a 25 ml pyknometer. 

tion in Fig. 2. As it can be seen from Fig. 2, 
these +, values are linear a t  low concentration; 
the parameters 4,' and h are obtained from the 
relation 

and are given in Table 4. The +, values of cHG 
presented some difficulties since the first sample 
(see Table 2), obtained from the densimeter 
measurements, did not fall exactly on the same 
line as those of the second sample. As mentioned 
above, this may reflect the different proportion of 
p-isomer. However, even though this difference 
could be significant, the best line was drawn 
through both sets of data. 

The differences between the +: of MG, EG, 

nHG, and nOG are, respectively, 16.6, 66.1, 
and 31.2 ml mole- ' which can be compared with 
those of the corresponding n-alkylamine hydro- 
bromides, 16.8, 64.4, and 31.8 ml mole-', 
obtained in the same laboratory (2). This com- 
parison suggests that +,O of nHG and nOG may 
be in error by as much as 1 ml. Such an  error is 
possible in these particular cases since the 
extrapolation depends entirely on the reliability 
of the points at low concentrations, and the 
uncertainty of +, obtained in this region in- 
creases very rapidly with dilution. Such an error 
would change to some extent the absolute value 
of the parameter h but would hardly affect the 
position of the minimum. 

It has been shown (2) that a minimum in a +, 
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BROWN ET AL.: ON a-D-ALKYL GLUCOSIDES AND MANNOSIDES 2529 

TABLE 4 

Properties of aqueous solutions of a-D-alkyl glucosides and mannoside at 25 "C 

Critical micelle 
4; h concentration k, 

Compound (ml mole-') (ml 1 mole-') (moles I-') (1 mole-') 

CONCENTRATION ( m o l e s  I - ' )  

FIG. 3. Salting-in of nitrobenzene by a-D-alkyl glucosides and mannoside at 25 "C. 

vs. c plot can usually be identified with associa- can usually be expressed (1) by the relation 
tion of hydrophobic solutes. Therefore, the 

[3 1 In S/S, = k,c critical micelle concentration (c.m.c.) of nHG, 
cHM, and nOG can be estimated from Fig. 2 where c is the salt concentration and k, the salt- 
and are given in Table 2. ing-in constant. By analogy with this equation, 

The increase in solubility of a nonelectrolyte, the logarithms of the solubility ratio of nitro- 
caused by the presence of an hydrophobic salt, benzene, were plotted vs. the concentration of 
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the glucosides and mannoside in Fig. 3. From 
the initial slopes the parameters lr, were estimated 
and are given in Table 4. In the case of HOG it 
was not possible to measure the solubilities of 
nitrobenzene below the c.m.c., and with cHM 
a stable emulsion was formed above 0.1 M 
concentration. 

Discussion 

Much information call be obtained from 
apparent molal volumes; 4,' are related to 
solute-solvent interactions (13), I1 to solute- 
solute and changes in water-water interactions 
(14), and the sudden increase in 4, with micelle 
formation (2). In the present series, the addition 
of alkyl groups on the glucose molecule in- 
creases the hydrophobic character; as such, 
their 4, behave similarly to other aqueous 
solutions of organic solutes such as alcohols 
(15, 16), cyclic ethers (17), tetraalkylammoilium 
salts (18, 19), and n-alkylammonium hydro- 
bromides (2). The more hydrophobic the alkyl 
group the more negative is the concentration 
dependence. This arises since hydrophobic 
hydration causes a positive contribution to 4,'; 
as the concentration increases, the sharing of the 
hydropliobic co-spheres reduces the hydrophobic 
hydration per mole (2, 13) and 4, decreases. 
However, wllen association occurs through 
hydrophobic bonds, the interior of the micelle 
regains the free space that the corresponding 
monomers, surrounded by a cage of hydrophobic 
hydration, have lost, and 4, increases sharply. 

While the behavior of n-alkyl glucosides is 
qualitatively identical with other ho~nologous 
series, the cyclic derivatives present interesting 
features. Cyclohexane and 17-hexane have fairly 
different molar volu~nes (108 and 130 ml mole-'). 
It is, therefore, not unexpected that the 4,' 
of c H G  and nHG should differ by 18 ml. 
Similarly, the concentration dependences of 4, 
of nHG and cHG are significantly different; 
cHG has a less negative h, and there is 110 

evidence for micelle formation below 0.3 M. 
This is in agreement with the differences in 4,'. 
The cyclic group, being smaller, has less hydro- 
phobic hydration, and consequently all the 
properties that depend on hydrophobic hydra- 
tion are affected accordingly. The behavior of 
cHM is more difficult to account for. As expected 
the 4,' of cHM and cHG are similar, b;t their 
concentration dependence suggests that the 

hydrophobic interactions with cHM are stronger 
than that with c H G ;  h is more negative and 
forms a micelle above 0.15 M. The sliglltly more 
positive value for 4,' of cHM (0.3 ml mole-') 
also suggests that the water molecules around 
cHM are more ordered, despite the fact that these 
two isomers differ only by the position of one 
hydroxy group. 

The difference in behavior of cHM and cHG 
suggests that other isomers should also show 
divergences. The only other comparison we can 
make presently is a - ~ - n o G  with P-D-nOG. The 
densities of P-D-nOG are not available but the 
c.m.c. has been measured by the surface tension 
method (4). The P isomer forms a micelle at 
0.025 mole I-', compared with 0.01 mole I - '  for 
the a isomer, and the solubility is about seven 
times larger. 

These results would then suggest that the 
degree of hydrophobic hydration of isomeric 
glycosides should increase in the order P-D- 
glycopyranoside < a-D-glucopyranoside < a-D- 
mannopyranoside. Examination of Fig. 1 in- 
dicates that the hydrophobic group is probably 
closest to an OH group in the case of P-D- 
glucopyranoside and furthest with a-D-manno- 
pyranoside. A comparison of models also con- 
firms this. Presumably the interactions of the 
water molecules with the hydroxy group may 
affect the hydrophobic hydration of the alkyl 
group, but further proof would be required 
before pushing such an explanation too far. 
Still the present data strongly suggests that there 
is much specificity in the sugar-water interactions. 

The nature of solubilization of nonelectrolytes 
by surfactants is still a controversial subject. 
Most authors (20) consider it different from 
hydrotropy or salting-in, and it is often said that 
the solubility of a nonelectrolyte is not affected 
by the surfactant below the c.m.c. The present 
measurements on the solubility of nitrobenzene 
support our previous suggestion (1) that there 
are no fundamental differences in the forces 
causing salting-in and solubilization. The earlier 
proposition (21) that van der Waals forces are 
responsible for salting-in has recently received 
support from the work of Masterton (22). 
However, the salting-in of polar nonelectrolytes 
by quaternary ammonium salts (7) has reinforced 
the hydrophobic interactions model for salting-in. 
In the presence of monomeric surfactants the 
solution is more ordered than pure water, and 
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The equilibration of ortho- and para-hydrogen on alumina at 77 O K  and its 
influence on the determination of small amounts of excess para Hz, D,, 

and HD in the presence of large amounts of normal Hz 

K. A. QUICKERT AND D. J. LE ROY 
Lash Miller Clzetnical Laboratories, University of Toronfo, 80 St. George Street, Toror~to 181, Otztario 

Received March 24, 1970 

When alumina is activated sufficiently to separate excess para H,, Dz, and HD in a gas-solid 
chromatographic column at 77 "K using normal H, as the carrier gas, appreciable ortho-para equilibra- 
tion takes place on the alumina. A kinetic study of the equilibration process was made, as the result of 
which procedures were established which made it possible to determine small concentrations of excess 
para Hz in the presence of normal Hz. If D, and/or HD are also present in the sample, the observed 
peak area for excess para Hz is subject to correction terms which are directly proportional to the 
concentrations of Dz and/or HD. 

Canadian Journal of Chemistry, 48, 2532 (1970) 

Introduction 

In most cases the separation of the hydrogen 
isotopes, including the spin isomers, is readily 
accomplished by gas chromatographic methods 
using alumina columns at 77 OK and a rare gas 
carrier (14) .  Problems arise, however, when 
normal hydrogen' or normal deuterium is in 
large excess. 

Such a situation arose in this laboratory in the 
course of kinetic studies on the relative rates of 
the reactions H + H, = H, + H and H + 
D, = HD + D (5). The rate of the first reaction 
was monitored by following the decrease in para 
hydrogen in systems containing D, and excess 
para H, in the presence of considerably larger 
amounts of normal Hz. A typical sample for 
analysis might contain 0.7% D,, 0.1 % HD, 
p = 3.5 %, and n = 95%; helium was used as an 
internal reference and amounted to about 0.7 %. 

Even with columns containing pure alumina, 
some ortho-para equilibration of the hydrogen 
was expected to take place and this could have a 
serious effect on the determination of p in the 
original sample. Furthermore, the relatively 
large value of P in the normal hydrogen of the 
sample would make it difficult to measurep with 
the required accuracy if a rare gas carrier were 
used. The latter problem was overccme by using 
normal Hz  as the carrier gas, so that only the 
"excess" para H, appeared as a peak. However, 

we were still faced with the problem of partial 
para-ortho equilibration on the column. An 
additional problem was encountered in the form 
of "ghost" peak. The solution of these problems 
was the subject of the present investigation. 

The ortho-para equilibration of hydrogen on 
alumina can be effected by the presence of 
paramagnetic impurities, principaliy iron (6). 
However, some equilibration occurs even on 
highly purified alumina. It has also been observed 
that the rate of equilibration increased with the 
temperature at which the alumina is activated 
and that even the Hz-HD-D, exchange can take 
place at temperatures as low as 147 OK if the 
alumina is sufficiently activated (7). This effect 
has been attributed to the highly strained surface 
left after dehydration (7). In studies on the 
adsorption of ortho hydrogen on highly activated 
alumina, it was found that a static monolayer of 
initially 100% 0 at 20 OK was converted to 
50% 0 in 1 h (a), while a similar alumina, 
deactivated by the adsorption of xenon, did not 
give rise to any observed ortho-para conversion 
at either 27 or 55 OK (1). In the present work it 
was found that purified alumina, sufficiently 
activated to separate D,, HD, and excess 
para H,, as well as He, caused some ortho-para 
equilibration of the hydrogen. 

Experimental 
The alumina used was Fisher Scientific Chroma- 

'The composition of a given sanlple of hydrogen can be tographic grade, 80-200 mesh, and was alleged to have given in two ways: in terms of ortho hydrogen, 0 ,  and 
para hydrogen, P; or in terms of -excessw para hydrogen, a surface area of ca. 300 m2 g-'. It was calcined a t  
p, and normal hydrogen, t ~ .  Using percentages, the value 800 "C for 1 h to fully oxidize impurities and then leached 
of p for normal hydrogen is, by definition, 25%, and in boiling 6 N HCl for 1 h to dissolve surface impurities. 
hencep = (4/3)P - 33.3 or P = (3/4)p + 25. It was thoroughly washed and then activated by dry- 
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LEGEND 

GLASS TUBING 

v i  O.D. COPPER 

- 0.D. STAINLESS 

zmmnzzz 1/4' TYGON 

- -  - - -  ELECTRICAL 

@ METAL VALVE 

HIGH VAC. GLASS 
VALVE - TO MERCURY 

DIFFUSION PUMP 

I 1 COLUMN DETECTOR 1 

TOEPLER 
PUMP 

RECORDER 

FIG. 1. System for analysis of excess para Hz, D,, and H D  in the presence of large amounts of normal Hz. 

ing in air for 24 h at  170 OC. An i ~ o n  analysis (9) on 
the acid and washings showed that the amount removed 
was approximately 0.01 % by weight. No  additional iron 

I was removed by further l each ing~ .~  
The column was prepared using 52.5 g of the treated 

alumina in the range 100-150 mesh in a 10-ft length of 
114 in. 0.d. copper tubing wound in a 7-cm diameter 
spiral so that it could be completely immersed in liquid 
nitrogen. 

The normal-Hz carrier gas was Linde "99.95%". T o  
remove any oxygen or water wh~ch could affect the 
catalytic behavior of the column, it was passed through 
a Deoxo unit, a trap at  77 OK, and then over two glowing 
tungsten filaments, each followed by a trap at 77 OK. 

The analysis system, in the form used for routine 
analysis of excess para Hz, D Z ,  and HD, IS shown in 
Fig. 1. (It was modified as described in a following 
section of the paper in order to study the kinetics of the 
ortho-para equilibration of Hz.) The regulating valves 
R,  and R z  reduced the gauge pressure of the H z  supply 
to 16 and then to 12 p.s.i. A standardized carrier gas 
flow rate of 1.20cm%-' was established in both the 
column and the reference sides of the detector by adjust- 

I 2The authors are grateful to Professor F. E. Beamish 
for his advice on the pre-treatment of the alumina. 

ing the Nupro metering valves V4 and V,. Because of the 
dependence of the extent of equilibration on the residence 
time in the column it was essential to maintain a constant 
and reproducible flow rate of carrier gas. This was 
achieved in that no detectable changes occurred over 
periods up to 18 h. 

For the same reason it was necessary to avoid even 
temporary interruptions or surges in the flow of carrier 
gas by careful design and operation of the sampling 
system. The vacuum cups on the stopcocks W were 
pumped continuously. With the carrier gas by-passed 
through W,, the sample volume was filled with the gas 
to be analyzed at a pressure of 1 atm, as indicated by the 
manometer M. Valve W3 was then turned to connect 
lines 1 and 3 and 1 s later Wz was opened; W,  was then 
shut. During the first of these three operations there is a 
surge of  gas into the sample volume to bring it up to 
12 p.s.i. but the 2 1 buffer volume BV prevents this from 
being reflected in the pressure or flow rate into the 
column. 

When not in use the analysis system was kept under a 
positive pressure of purified hydrogen by closing V3, V4, 
Vb, and V,; VZ was connected to a mercury bubbler thus 
retaining a slight positive pressure in the purification 
system and allowing gas to escape as the traps warmed 
up. The column adsorbed about 0.5 1 of hydrogen as it 
was cooled to the operating temperature of 77 "K 
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initially, and during this cooling V, was closed to prevent 
air from being drawn into the column. 

The detector was a dual channel thermal conductivity 
cell utilizing a matched pair of Veeco A33 2000 ohm 
thermistors which formed two arms of a resistance 
bridge. The bridge off-balance was followed on a 
L & N 0-1 n1V Speedomax recorder. To take advantage 
of the greater sensitivity of the detector a t  low tem- 
peratures it was maintained at  -78 "C in a Dry Ice - 
acetone slush. The para Hz peak was negative relative 
to the others; ortho- and para-D2 were only partially 
separated and were treated as a single peak. Peak areas 
were measured by a planimeter and were reproducible 
to  0.5% or better. Baseline drift and noise accounted for 
an additional uncertainty of about the same magnitude. 

Kinetics of the Ortho-Para Equilibration 
on the Column 

Following Bonhoeffer et al. (lo), it was 
assumed that the measured rate of equilibration 
could be described by the simple first order 
processes 

kp 
[1 1 para H2  & ortho Hz 

ko 

corresponding to the integrated rate equation 

[2] PC - P, = (PC - Pi)  exp ( - k , ~ )  

where PC is the equilibrium value of P at the 
temperature of the alumina column (approx. 
50 % at 77 OK), Pi is the value for the gas entering 
the column, and P, is the value for the gas leaving 
the column after a residence time T ;  kc = k, + 
k,. It is evident' that P in eq. [2] may be replaced 
by p, viz. 

The value used for T was defined by 

where V is the dead volume of the column plus 
the volume of hydrogen desorbed on warming it 
from 77 OK to room temperature; this was 
dependent on the value of the flow rate f since 
there is a flow-dependent pressure drop across 
the column. With f = 1.20 cm3 s-', V = 590 + 
8 cm3 and hence T = 492 s . ~  

Equation [3] was tested by analyzing the 
effluent from the alumina column by using a 

3An alternative measure of V is the retention volume 
for para HZ, which was found to be 545 t 10 cm3. This 
would be expected to be smaller than the value of V given 
above because para Hz is less strongly adsorbed than 
ortho H,. 

charcoal column 0 "C with normal H, as the 
carrier gas. By a modification of the system 
shown in Fig. 1, including the addition of a 
separate sampling system, it was possible to 
maintain a constant flow of normal H, carrier 
gas through the charcoal column and the two 
sides of the detector while analyzing a 25 cm3 
sample of the effluent from the alumina column 
which had been subjected to various residence 
times by varying the flow rate through the latter. 
In these particular experiments the gas entering 
the alumina column was always normal H,, and 
hence p i  = 0. 

The charcoal column had been used previously 
(1 1) and found to cause no appreciable equilibra- 
tion. Actually Bonhoeffer et al. (10) found that 
eq. [3] was valid for charcoal and that the 
corresponding rate constant kc1 was 6.08 x 
s-' at 77 OK; the value at 0 "C would likely be 
somewhat less. Assuming this value of kcf and 
using the residence time T'  = 60 s for the char- 
coal column, exp (-k, '~ ' )  = 0.996. Thus the 
extent of equilibration on the charcoal column is 
very small. Nevertheless it can be taken into 
account as follows. 

For the charcoal column analyses both the 
temperature and T I  were kept constant and hence 
for this column, eq. [3] may be written as 

p,. - p,. = (p,. - pi.) exp ( - k c l ~ ' )  
or 

[5 I p,. = PC. (1 - C') + C'p,, 

where C' = exp (-k, '~ ' )  = a constant. When 
only its carrier gas (normal H,) is flowing into 
the charcoal column, eq. [5] may be written as 

[6 I P,.O = PC. (1 - C') 

The integrated peak area A will be proportional 
to the difference, viz. 

and hence directly proportional to the value of p 
(for fixed sample volume) in the gas leaving the 
alumina column. 

Assuming that eq. [3] is valid for the alumina 
column, and noting that for the gas entering that 
column, p i  = 0, it follows that 

where A, = aC'pi, = aC'p, and A, = aC'p,. 
The integrated peak area A, was obtained 
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4 

Ily 

: 010- 
- 

f I s )  
FIG. 2. Kinetics of the ortho-para conversion of H, 200 

- - 
on alumina at 77 OK. 

using a sample left on the alumina column long 
enough (17 h or ca. 50 half lives) to be essentially 
completely equilibrated at the temperature of that 00 - 
column. The results shown in Fig. 2 substantiate 
the validity of eq. [8] and hence eq. [3] and give 
a value of I t ,  = 5.5, x s-' with a standard 
deviation of about 2 %  This is somewhat larger 
than the value 1.90 x s-' obtained by o too 200 300 400 
Cunningham and Johnston (6) for their alumina A (He) 
at 20 OK. For a flow rate of cm3 S- '  through FIG. 3. L~nearity of peak area due to excess para 
the alumina column, normal H, (p = 0;  P = H2 with amount of excess para HZ The samples con- 

25 %) entering the column emerges with the tained a constant ratio of exccss para H2 to He and the 
He area is directly proportional to the amount of Hc. 

composition p = 7.8 % or P = 30.8 %. 

Analysis of Mixtures of ortho- and para-H, 
In spite of the appreciable amount of conver- 

sion taking place on it, it is still possible to use 
the alumina column to determine small concen- 
trations of excess para Hz in an initial sample 
using normal Hz as the carrier gas. Since eq. [3] 
is valid, then for constant column temperature 
and flow rate, exp ( k , ~ )  = C = a constant. 
Equations analogous to [5], [6], and [7] will hold 
and the integrated peak area 

[9 I A = aCp, 

will be directly proportional to the value ofp  (for 
constant sample volume) in the initial sample. 

Equation [9] was tested by analyzing different 
volumes of a gas mixture having a constant com- 
position in terms of p, normal Hz, and He. The 
linearity of the detector response to He has been 
shown previously (12), and hence a plot of the 
peak area due to excess para Hz  against the peak 
area for He should give a straight line. That this 
is the case is shown ill Fig. 3. In these particular 
experiments the sample size was varied over a 

range of approximately a factor of 6. l'he mix t~~re  
used contained known concentrations of pure 
para H,, He, and normal H, and it was calculated 
that the range of proportionality covered by 
Fig. 1 was equivalent to a range ofp in a constant 
sample size of 30 cm3 from 0.80 to 3.73 % or a 
range of P from 25.6 to 27.8 %. The retention 
time for the excess para H, at the standard flow 
rate of 1.20 cm3 s- ' was approxi~nately 9 min.4 

Analysis of D, and HD and their Influence 
on A(P) 

The analysis for D, was not expected to lead 
to any complicatio~ls when normal H, was used 
as the carrier gas. A 30 cm3 sample containing 
0.7 0/, D, in normal Hz gave a good peak with a 
retention time of about 12 mill at the standard 
flow rate; the peak was slightly asymmetric as 
the result of a partial separation of ortho- and 
para-D,. However, a small peak with a retention 

4The constant aC must, of course, be determined 
experimentally with saniples of knownp if a b s o l ~ ~ t e  values 
of p are to be determined. When only relative values of p 
are required (e.g. ref. 5), the value of nC is not required. 
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time of about 9 min always accompanied the 
D, peak. This "ghost" peak, which was given 
the symbol Gh, was coincident with the excess 
para H, peak but in the opposite direction. Thus 
if any excess para H, had been present in the 
sample the A@) peak would have been in error. 

The Gh peak could not be accounted for by 
any impurity in the D, and was not caused by 
the method of sample introduction because it 
was absent when pure normal H, was used as a 
sample. It was absent when higlzly activated 
columns were used (which cause rapid equilibra- 
tion of the para H,/ortho H2 ratio). It was 
therefore concluded that the presence of D, in a 
sample otherwise containing only normal H, 
must have given rise to a perturbation in the 
para H,/ortho H, ratio in the column. In the 
case of highly activated columns this perturbation 
would be wiped out before the gas emerged, but 
in the columns developed for the present work 
it would persist. 

The Gh peak had the same residence time as 
that of excess para H, although there was no 
excess para H, in the sample. In this sense it 
resembled the "reverse" peaks that are observed 
(13) when a plug of pure carrier gas is injected in 
a column that is being continuously fed with a 
mixture of carrier gas and one or more additional 
components. The situation is more complicated 
in the Dresent situation. however. The ortho H,/ 

FIG. 4. Proportionality of area of ghost peak to 
amount of D, in the sample. 

A ( D2) / A ( H e )  '., 
para H, ratio in the hydrogen in the 30 cm3 FIG. 5. Effect of D, concentration on the peak area 

for excess para H,. The samples contained constant is that in  the carrier gas amounts of excess para H, and He and various amounts 
entering the column. of D,. 

Ortho H, is more strongly adsorbed than 
para H, (2), and so the adsorbed phase has a 
lower para H,/ortho Hz ratio than the gas phase. 
It was speculated that when D, enters the column 
and adsorbs on the alumina it displaces some of 
the adsorbed hydrogen and that this desorbed 
hydrogen has a lower para H,/ortho Hz ratio 
than that previously obtaining in the gas phase 
at that point. The effect would be similar to that 
of inserting a sample of H, with a lower para Hz/ 
ortho H, ratio than that of the carrier gas. The 
result would be that eventually some of the 
hydrogen leaving the column would have a lower 
para H,/ortho H, ratio than that of the regular 
effluent, and this will show up as a reversed excess 
para H, peak. 

This theory led us to suppose that there should 
be a direct relationship between the area of the 
Gh peak and the amount of D, in the sample. 

In Fig. 4 it is seen that A(Gh) is equal to cxA(D,), 
where cx = 0.0341 0.0002. This implies that if 
both excess para Hz and D, are being determined 
the true value of A(p) will be given by 

Equation [lo] was tested by analyzing samples 
containing constant values of p and He and 
various values of D,. The results are shown in 
Fig. 5 where the areas are normalized by dividing 
both A(p),,, and A(D,) by A(He). The slope of 
the linear curve is 0.0334 & 0.0012, which is 
equal to the value of cx determined above within 
the standard deviations. The "accepted" value 
was cx = 0.034. 

By similar reasoning one would expect the 
Gh peak to be influenced by the presence of HD. 
Samples containing different amounts of H D  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



QUICKERT AND LE ROY: EQUILIBRATION 

FIG. 6. Proportionality of ghost peak to amount of 
HD in the sample. The samples contained D, as well as 
HD (and normal Hz). The contribution of D, to A(Gh) 
is subtracted in the ordinate. 

and D, were analyzed and the values of A(Gh) 
measured. Assuming that 

and that cl = 0.034, A(Gh) - 0.034A(D2) was 
plotted against A(HD), as shown in Fig. 6 ; P was 
found to be 0.107. It is not clear why P is larger 
than cl. 

Conclusion 

Small concentrations of para H, in excess of 
that present in normal H, can be determined with 
good accuracy by g.s.c. methods using an 
alumina column at 77 OK and normal H, as the 
carrier gas.5 Samples (30 cm3) containing ca.3.5 % 

'Normal H, was used as the standard in the present 
instance. However, concentrations of para Hz  (or ortho 
H,) in excess of that in any other standard could be 
determined equally well provided the standard is used as 
the carrier gas. 

OF ORTHO- AND PARA-H* ON ALUMINA 2537 

excess para H, gave peak areas which, allowing 
for the reproducibility in measuring the areas, 
could be determined to i 1 %. The accuracy is 
probably of the same order. This is equivalent to 
determining the absolute concentration of 
para H, in the sample, P, to ca. i_ 0.1 %. If small 
concentrations of D, and HD are also to be 
determined, the alumina must be activated to an 
extent which causes some equilibration of the H, 
passing through the column. Under proper 
operating conditions and in the absence of D, 
and HD, this equilibration causes no error in the 
analysis of excess para H,. In the presence of 
D, and/or HD the apparent concentration of 
excess para H, is subject to correction terms 
which are directly proportional to the concen- 
trations of D, and HD in the sample. 

The authors are grateful to the National Research 
Council of Canada for financial support and for the 
award of a Scholarship to one of us (K.A.Q.). 

1. W. J. HAUBACH, C. M. KNOBLER, A. KATORSKI, and 
D. WHITE. J. Phys. Chern. 71, 1398 (1967). 

2. W. MOORE and H. WARD. J. Arner. Chern. Soc. 80, 
2909 (1958). 

3. M. MOHNKE and W. SAFFERT. Gaschromatography. 
Edited by M. Van Swaay. Butterworth Publishing 
Company, London. 1962. p. 216. 

4. E. H. CARTER and H. A. SMITH. J. Phys. Chern. 67, 
151 2 11 963). ,-- --,- 

5. K.-A. QUICKERT and D. J. LE ROY. J. Chem. Phys. 
To be published. 

6. C. M. CUNNINGHAM and H. L. JOHNSTON. J. Arner. 
Chern. Soc. 80. 2377 (1958). 

7. S. W. WELLER' and S: G. HINDIN. J. Phys. Chern. 
60, 1506 (1956). 

8. C. M. CUNNINGHAM, D. S. CHAPIN, and H. L. 
JOHNSTON. J. Arner. Chern. Soc. 80? 2382 (1958). 

9. A. I. VOGEL. A text-book of quantitative inorganic 
analysis. 3rd ed. Longrnans, London. 1961. p. 786. 

10. K. F. BONHOEFFER, A. FARKAS, and K. W. RUMMEL. 
2. Phys. Chern. B21, 225 (1933). 

11. W. R. SCHULZ and D. J. LE ROY. Can. J. Chern. 
42, 2480 (1964). 

12. W. R. SCHULZ. M.A. Thesis, University of Toronto, 
Toronto, Ontario, 1963; Ph.D. Thesis, University of 
Toronto, Toronto, Ontario, 1965. 

13. C. N. REILLEY, G. P. HILDEBRAND, and J. W. 
ASHLEY, JR. Anal. Chern. 34, 1198 (1962). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Protonation of conjugated carbonyl groups in sulfuric acid solutions. 111. 
a, P-Unsaturated ketosteroids' 

R. I. ZALEWSKI~ AND G. E. DUNN 
Department of Chemistry, University of Manitoba, Wirzrzipeg 19, Marzitoba 

Received February 25, 1970 

Protonation of 20 a,a-unsaturated ketosteroids by sulfuric acid was studied by ultraviolet spectro- 
photometry. Plots of log [B]/[BH+] from spectral data against the amide acidity function, HA, gave 
straight lines with unit slope. The pKDH+ values thus obtained show the same additive effects of substit- 
i~ents as that reported previously for simple a,a-unsaturated alicyclic ketones. 

Canadian Journal of Chemistry, 48,2538 (1970) 

In the preceding paper of this series (I), it was 
shown that the protonation of a,P-unsaturated 
alicyclic ketones having 5- and 6-membered rings 
is better accommodated by the amide acidity 
function HA than by the more familiar Ho func- 
tion. It was also shown that the electronic 
effects of substituents upon the basicity of a,P- 
unsaturated alicvclic ketones are constant and 
additive, so that the basicity of any such ketone 
can be expressed by the empirical equation 

in which ApKB,,+ represents the electronic effect 
of a single substituent upon basicity. It was the 
object of the present work to test the applicabil- 
ity of eq. [ l ]  to more complicated molecules of 
biological interest. 

Smoczkiewicz and Zalewski reported basicity 
data for 13 a,P-unsaturated ketosteroids (A4-3- 
ones) in sulfuric and perchloric acids (2). Their 
data, used with the Ho acidity f~lnction, indicated 
that the investigated steroids are stronger bases 
in perchloric than in sulf~~ric acid solutions. It 
was therefore of interest to reinvestigate the 
basicity of ketosteroids using the HA acidity 
function. This paper presents pKB,,+ data for 
20 a,P-unsaturated ketosteroids, 5 of which have 
been investigated previously (2). 

Experimental 
The steroids investigated are listed in Table 1. They are 

commercial materials, except for conlpounds 18 and 19, 
which were synthesized from 1 and testosterone propio- 
nate, respectively, by dehydrogenation with chloranil in 
t-butyl alcohol (3). Compounds 18 and 19 melted a t  
168.5-169" and 135-136", respectively, and their ultraviolet 
spectra in ethanol agreed with literature data (4, 5). 

'For Part 11, see ref. 1. 
2University of Manitoba Postdoctorate Fellow, 1967- 

1968. Present address: Katedra Chemii Og6lnej W.S.E., 
Poznan (Poland) ul. Marchlewskiego 146. 

The method and apparatus used to  determine pKDII+ 
have been described previously (1). However, in the 
present work an  additional complication is present. I t  is 
well known that the absorbance of most steroids in con- 
centrated sulfuric acid increases with time and sonleti~nes 
the maxinlum of the band shifts bathochron~ically (6). 
This is illustrated for our compounds by the data of 
Table 1. Consequently, it was sometinlcs necessary to  
extrapolate absorbance, A, in 70% o r  more sulfuric acid 
back to zero time. This was done from a plot of log (A, - 
A )  over a 2-hour interval. For acids with pKDII+ less 
negative than -2.8 all measurements were made in less 
than 70 % sulfuric acid so no extrapolation was necessary. 

The organic materials were recovered from sulfuric acid 
solutions of some steroids, and ultraviolet and infrared 
spectra were taken. All the recovered substances show the 

FIG. 1. Absorbance of 4-androsten-3,17-dione as  a 
function of sulfuric acid concentration. Solvent (top to 
bottom at  left-hand margin): methanol, water, sulfuric 
acid 21.0, 30.3, 40.1, 50.1, 52.5, 55.0, 57.5, 60.1, 62.4, 
64.9, 69.9, 75.1, 80.2,and96%. 
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TABLE I 
Ultraviolet absorption of a,P-unsaturated ketosteroids in water, methanol, and concentrated sulfuric acid 

-- - 

Concentrated sulfuric acid 

Steroid Methanol Water Initial After 2 h 
I 

Number Name 
1 - -- 

m a  & m a ~  hm,, E,,, h,,,, E,,X hm,, E,,,, 

1 4-Androsten-3,17-dione 241 17.0 248 17.1 289 17.2  295 23.0 
2 Testosterone 241 17.1 248 18.2 292 17.9 298 20.1 
3 1711-Methyltestosterone 241 16.8 248 16.8 293 18.2 297 20.0 
4 Progesterone 241 16.5 249 16.0  292 16.3 292 16.3 
5 Cortisone acetate 238 16.8 245 15.0 287 14.8 287 17.0  
6 2a-Methyltestosterone 241 13.0 249 13.0 294 12.0 296 12.7 
7 2a-Methylprogesterone 240 15.5 249 14.5 296 15.5 296 15.5 
8 2a,l7a-Dlmethyl-110-hydroxytestosterone 241 15.5 247 15.3 292 16.0 305 21 .O 
9 2a-Methyl-11 P-hydroxyprogesterone 236 14.0 245 14.5 285 15.4 285 15.4 

10 4,1711-Dimethyltestosterone 256 17.1 259 16.8 306 14.1 306 19.0 
11 4,17a-Dimethyl-11 P-hydroxytestosterone 250 10.1 258 10.1 299 10.5 304 12.8 
12 2a-Fluorotestosterone 242 13.6 250 14.0 298 12.6 298 13.7 
13 2a-Fluorotestosterone propionate 242 12.3 251 12.0 295 14.3 296 20.1 
14 4-Fluorotestosterone 249 14.0 256 - 305 13.3 306 15.5 
15 6a-Fluoro-l7a-methyltestosterone 235 15.7 242 15.5 292 15.3 293 17.0 
16 6a-Fluoroprogesterone 236 16.0 243 15.0 290 13.4 290 13.6 
17 1-Androsten-(5a)-3,11,17-trione 225 11.8 230 11.0 267 8 .8  297 8.8 
18 4,6-Androstadien-3,17-dione 282 23.7 289 22.8 345 28.2 345 28.6 
19 176-Hvdroxv-4.6-androstadien-3-one 

' p;opio;ate' 283 27.5 291 26.0 351 32.0 351 33.0 
20 6-Dehydro-6-methylcortisone acetate 283 22.2 293 21.8 351 26.0 351 26.4 

characteristic absorption bands of a,P-unsaturated 
ketones in the ultraviolet and infrared. Infrared spectra of 
substances recovered from sulfuric acid solutions of 
17B-hydroxy- and 17-keto-compounds showed the loss of 
these groups, but the Aa-3-one system was evidently not 
destroyed. It is noteworthy that the compounds whose 
ultraviolet spectra did not change with time (Table 1) 
are those which do not contain 17P-hydroxy or 17-keto 
groups. It therefore seems a reasonable hypothesis that 
compounds with time-dependent spectra are subject to  
chemical reactions of carbonyl or hydroxyl groups at  the 
17-position. 

Results and Discussion 

In Fig. 1 are shown spectra of 1 in methanol, 
water, and various concentrations of sulfuric 
acid. These are typical of the spectra obtained 
from all the a,P-unsaturated ketosteroids exam- 
ined. In general they resemble very closely those 
of the simple a,P-unsaturated carbonyl com- 
pounds reported and discussed previously (1). 
The K-K* band shifts bathochromically with 
increasing solvent polarity from 241 nm in 
methanol to 248 nm in water. Correspondiilg 
shifts for the other ketosteroids are shown in 
Table 1. The shift continues in increasing con- 
centrations of sulfuric acid, so that the absorp- 
tion curves do not pass through a single isosbestic 
point as the carbonyl compound, B, is protonated 
to BH'. It is therefore very probable that the 
absorptivity E, of B at a fixed wavelength varies 

slightly over the range of acidities used. The 
same is probably true of E,,+. 

In order to calculate KBH+, the absorbance, A, 
was measured over a series of acidities, 12, at a 
wavelength, I,, where B absorbs strongly, and 
at another wavelength, h,,,+, where BH' 
absorbs strongly. KBkl+ was then calculated at 
each of 1, and h,,,, by fitting the data for that 
wavelength to eq. [2] as previously described (1). 

P I  
E ,K,~+ + ~ , , + k  

A = [C] 
KBFl+ + h 

[C] is the total concentration of steroid, proto- 
nated and unprotoilated; 11 is an acidity function; 
and E,, E n H + ,  pKnkr+ are disposable parameters 
evaluated from the least-squares fit of the data 
to eq. [2]. This procedure avoids the use of values 
of E, and E B H +  measured at acidities much above 
and below the equivalence point, and leads to 
calculated values of E, and E,,,+ which are 
averages for the acidity range studied. 

As in the case of the simple a,P-unsaturated 
carbonyl compounds reported previously (I), 
the amide acidity function, h,  (7), gives a better 
fit to eq. [2] than do any of the other acidity 
functions available. A more common criterion 
for the choice of acidity function is a plot of the 
data according to eq. [3] 
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TABLE 2 

Absorbance and acidity data for 3.5 x M 4-androsten-3,17-dione in sulfuric acid* 

Observed Calculated 

A 2 4 8  

- PKBH + 

Observed Calculated eq. [3] 

'From eq. [2], [ C ] E ~  = 0.012 0.004 (A = 287). 0.542 + 0.006 (1 = 248); [C]E~H+ = 0.546 + 0.004 (1 = 287), 0.165 + 0.006 
(1 = 248); pKD,,+ = -2.85 + 0.02 (?. = 287). -2.84 + 0.04 (1 = 248). 

TABLE 3 
Absorbance and basicity data for a,D-unsaturated ketosteroids 

Slope 
Steroid 1 u ~ B H  + log e 
number (nm) ~ o - ~ E ,  (nm) -PKBH + vs. HA 

[3] H - pKBtl+ = log CB1 
L-BH+I 

E - E B H +  = log ------ = log Q 
EB - E 

where E = A / [ C ] .  This should give a straight 
line of unit slope when log Q is plotted against 
an appropriate acidity function, H. 

The results are illustrated by compound 1 for 
which Table 2 gives absorption and acidity data, 
values of EB, EBH+, and pKBH+ calculated from 
eq. [2], the absorbance at each acidity calculated 

from these values, and a value of pKBH+ at each 
acidity calculated from eq. [3]. Data and results 
for all 20 steroids are summarized in Table 3, 
where the slopes of log Q vs. HA plots are seen 
to be all near unity. The standard deviations in 
pKBH+ calculated from eq. [2] are shown after 
the values of pKBt,+. They average 0.03, which 
is about the same as the average for the simple 
a,P-unsaturated ketones (1) whose spectra do 
not show the time dependence characteristic of 
some steroids. It would appear, therefore, that 
the extrapolation of absorbance to zero time 
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which was required for those steroids with time- 
dependent spectra has not seriously increased 
the uncertainty in pKBH+ values. 

The most basic site in the compounds exam- 
ined should be the 3-keto group, since in all 20 
examples it is the only carbonyl group conjugated 
with a carbon-carbon double bond. On this 
basis, the remainder of the steroid molecule 
would be treated as substituents on the common 
a,P-unsaturated ketone structure of the A ring. 
Since methyl or  methylene substituents on the y 
and 6 positions of a,P-unsaturated alicyclic 
ketones were found to  have no effect on their 
basicities (I), compound 17 should have the 
same pKBH+ as 2-cyclohexen-1-one (- 3.60), 
and Table 3 shows this to  be the case. 

In the remaining 19 ketosteroids carbons 
4, 5, and 10 correspond to  the a ,  P, and y 
positions of an  a,P-unsaturated ketone, and 
methyl or  methylene groups a t  these positions 
were found t o  have ApKB,,+ values of + 0.30, 
+ 0.75, and 0, respectively (1). On this basis 
eq. [l ] predicts that compounds 1-4 should have 
pKBH+ = - 2.83, in excellent agreement with the 
experimental result. Since these compounds con- 
tain a variety of substituents a t  C,, and none 
elsewhere, it is evident that the unsubstituted C 
and D rings and substituents a t  C,, have no 
effect on pKBH+. Neither does the methyl group 
at  C, in 6 and 7. 

The hydroxyl group at  C l l  in 8 and 9 de- 
creases the basicity of these compounds by 
about 0.3 pKBH+ units, and the carbonyl group 
at the same location in 5 decreases the basicity 
by about half as much. I t  is surprising that sub- 
stituents so remote from the protonation site 
should have a detectable influence on the basicity 
of the 3-keto group, but the same effect of 11- 
hydroxyl is noted when 11 is compared with 10. 

C o m p o ~ ~ n d s  10 and 11 contain a methyl group 
at  C,. According t o  the 2-cyclohexen-1-one 
results (I), a 4-methyl group should increase the 
basicity by 0.3 units, and this is seen t o  be the 
case on comparing 10 with 3 and 11 with 8. 

A fluoro substituent is seen to  be base-weaken- 
ing by about 1.8 pKBH+ units at  C, in 12 and 13 
and at C, in 14. This is in the direction t o  be ex- 
pected from the inductive effect of fluorine, but 
it is surprisingly large when it is compared with 
the very small effect of methyl a t  these positions. 
Fluorine at the more remote C, location in 15 
and 16 is base-weakening by about 0.6 pKB,,+ 
unit. 

TABLE 4 
Substituent effects on the basicity of A4-3-keto- 
steroids considered as derivatives of 2-cyclo- 

hexen-1 -one 
-- 
--- 

Number 
of 

Substituent A pKnH+ examples 

5-CH2- (4-en-3-one) + 0.75 5 
10-CH2- 0.00 5 
2 ~ - C H 3  0.00 4 
4-CH3 +0.25 2 
6-CH3 0.00 1 

2 ~ - F  - 1.85 2 
4-F - 1.75 1 

6 ~ - F  -0.70 2 
11 p-OH -0.30 4 
1 l=O -0.15 2 

6,7 C-C +0.45 3 

In compounds 18 and 19, a 6,7- double bond 
extends the conjugated system and  consequently 
the stabilization of BH' by delocalization of its 
charge. As a result, these compounds are stronger 
bases than 2-cyclohexen-1-one by 0.4-0.5 pKBH+ 
units. Compound 20 is a stronger base than 5 
by 0.5 units, so the 6-methyl group has a negligi- 
ble effect o n  basicity. 

The substituent effects on basicity derived 
from this work are summarized in Table 4 in the 
form of ApKBH+ increments to  be used in eq. 
[I]. They permit the calculation of pKB,.,+ within 
0.1 unit for all the compounds examined. The 
number of examples of each substituent is small, 
but the fact that 20 steroids containing the 
a,P-unsaturated keto structure can be treated as 
extensions of the 2-cyclohexen-1-one system 
suggests that the relationship is probably valid. 

The authors are grateful to the National Research 
Council of Canada for financial support and to Dr. J. T. 
Correll of Scientific Liaison Biochen~ical Research, The 
Upjohn Con~pany, Kalamazoo, Michigan, for steroid 
samples 6-17 and 20. 
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Radiolysis of aqueous 2,2,2-tribromoethanol solutions 
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Hydrogen bromide, glycolic acid, and carbon dioxide have been identified as products of the y-radiol- 
ysis of aqueous 2,2,2-tribronioethanol solutions. The effect of oxyken, tribron~oethanoi concentration, 
and dose rate upon the yields of bromide ion and acid have been determined, and partial radiolysis 
mechanisms are proposed for reaction in the presence and absence of oxygen. Dibronioacetaldehyde, 
reported to be a product of the photochemical decon~position of tribromoethanol solutions, was not 
detected in the radiolysis experiments or in tribromoethanol solutions exposed to sunlight. 
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Introduction 

Organic chlorine compounds break down upon 
exposure to ionizing radiation to give acidic 
products (predominantly HCl) which are fre- 
quently formed in relatively high yield and which 
are readily detected and estimated. Such com- 
pounds have therefore found some use as chemical 
dosimeters for the detection and estimation of 
high-energy radiation (1). Organic bromine 
compounds have weaker carbon-halogen bonds 
than the corresponding chlorine compounds and 
are capable of giving larger yields of acid prod- 
ucts upon irradiation (2, 3), so that they may also 
have potential use in dosimetry. However, high 
product yields from either chloro or bromo com- 
pounds are associated with the presence of chain 
reactions which lead to dependence of the product 
yield upon dose rate and, if the reaction is carried 
out in solution, solute concentration. In order 
to investigate the limitations imposed by such 
dose-rate and concentration dependence upon 
the use of 2,2,2-tribromoethanol in dosimetry, 
the effect of these variables upon the yield of acid 
radiolysis products has been studied. Preliminary 
investigation of the radiolysis of this compound 
in aqueous solution had shown the acid yield to 
be dose-rate and concentration dependent (3). 
It was also of interest to identify the radiolysis 
products since injection of mice with tribromo- 
ethanol prior to tumor irradiation has been 
shown to increase the number cured (4). 

Solutions of tribromoethanol (Avertin) are 
used in medicine and veterinary medicine as 
anaesthetics and it has been widely reported 
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(5-7) that such solutions readily decompose upon 
exposure to air and light, or upon heating above 
3 5 4 0  "C, and that the decomposition of aqueous 
solutions produces dibrom~acetaldeh~de and 
hydrogen bromide. However, we find little 
decomposition when aqueous solutions are 
exposed to sunlight, although the addition of 
ethanol leads to greater decomposition and to the 
formation of acetaldehyde, and do not find 
dibromoacetaldehyde among the products of 
photochemical decomposition. 

Experimental 
Materials 

2,2,2-Tribromoethanol was prepared by reduction of 
tribromoacetaldehyde (3) and crystallized from water to 
give material m.p. 78 "C, or obtained commercially 
(Brinckman, Montreal) and used as supplied. Solutions 
were made up in distilled water which had been redistilled 
from an alkaline permanganate and then an acid dichro- 
mate solution, and were stable for at least several weeks 
if stored out of direct sunlight. 

Irradiatiotz ntzrl Atzalytical Proced~rre 
Irradiations were carried out with 60Co sources con- 

taining approximately 1, 90, or 5000 C. The energy 
absorbed by the samples 10"-2 x 1018 eV g-' was 
estimated using the ferrous sulfate (Fricke) dosimeter (8) 
assuming C(Fe3+) to be 15.5 and the Compton process 
to be the only significant mode of energy absorption. 
Aliquots (3 ml) of tribromoethanol solution were 
irradiated in the presence of air and also after purging 
with oxygen-free nitrogen as  described previously (3). 
Bromide ion and acid were estimated by titration with 
silver nitrate (eosin) and sodium hydroxide (bromophenol 
blue) solutions, respectively (2). 

Identificntiotz of Radiolysis Products 
A solution of tribromoethanol (28.3 g; 0.1 mole) in 

water (1 1) was irradiated to a total dose of 2.0 x loZ0 
eV g-I (1.3 x 1015 eV g-' s-I). During the irradiation, 
a slow stream of oxygen was passed through a sintered 
glass disc into the solution and the exit gases passed in 
succession through measured volunies of standard silver 
nitrate and standard sodium hydroxide solution. Aliquots 
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of the sodium hydroxide solution were removed at 
intervals during the irradiation and titrated with standard 
acid (phenolphthalein) to determine carbon dioxide; no 
significant precipitation occurred in the silver nitrate 
solution and the solution did not react with 2,4-dinitro- 
phenylhydrazine reagent when tested following the 
irradiation. 

After irradiation, aliquots of the solution were titrated 
with silver nitrate, sodium hydroxide (bromophenol 
blue), and after the addition of potassium iodide, sodium 
thiosulfate solution to determine the amount of bromide, 
total acid, and oxidizing products formed. Part of the 
oxidizing product estimated by thiosulfate titration was 
removed if a current of air was passed through the 
irradiated solution before adding potassium iodide; this 
was assumed to be bromine. The thiosulfate titre increased 
if the irradiated solution was allowed to stand several 
hours with potassium iodide before titration; the increase 
was attributed to the slow reaction of organic peroxides, 
RO,R, while Br,, H20,, and organic hydroperoxides, 
R 0 2 H ,  were assumed to react rapidly with potassium 
iodide. A small portion of the irradiated solution treated 
with 2,7-dihydroxynaphthalene in sulfuric acid gave a 
deep violet-red coloration after warming, indicating the 
presence of glycolic acid (9). 

The p H  of the bulk of the irradiated solution was 
adjusted to 6.5-7 by the addition of barium carbonate 
and the solution extracted continuously with ether for 30 
h (giving the "neutral" extract), acidified with hydro- 
chloric acid, and extracted with ether for 180 h (the 
"acid" extract). Evaporation of the neutral extract and 
crystallization of the residue from benzene-light petro- 
leum (Skelly F )  gave white crystals (23.61 g), m.p. 
74.5-76 "C, which did not depress the melting point of 
authentic tribromoethanol (n1.p. 75.5-76.5 "C). The 
neutral extract and the material derived from it gave no 
reaction with 2,4-dinitropl~enylhydrazine reagent. Evapo- 
ration of the acid extract gave a bromine-free oil which 
also gave no reaction with 2,4-dinitrophenylhydrazine 
reagent. When stored in a vacuum desiccator over 
phosphorous pentoxide, the oil dried to a glassy solid 
(0.772 g) which gave an equivalent weight of 77.3 2 1.5 
when dissolved in sodium hydroxide solution, allowed 
to stand between 1 and 21 h at room temperature, and 
back-titrated with hydrochloric acid (glycolic acid gave 
an equivalent weight of 76.05 under these conditions). 
The solid formed a p-bromophenacyl ester m.p. 135.5 "C 
which did not depress the melting point of an authentic 
specimen of the p-bromophenacyl ester of glycolic acid 
(m.p. 135.5 "C). 
Photochemical Decot?~positiot~ 

Exposure of an aqueous solution of tribromoethanol 
(25 ml, 0.14 M),  which absorbed strongly at wavelengths 
below 290 nm, in a sunny window for 21 days caused a 
fall in p H  from 4.5 to 2.5 and the formation of a small 
quantity of Br-;  no carbonyl products could be detected 
by treatment of the solution with 2,4-dinitrophenyl- 
hydrazine reagent (dibromoacetaldehyde forms a 2,4- 
dinitrophenylhydrazone n1.p. 146 "C or, if the reagent is 
in excess, the bis-2,4-dinitrophenylhydrazone of glyoxal 
m.p. 327 "C decomp. (2)) but the solution gave a positive 
reaction when tested with 2,7-dihydroxynaphthalene for 
glycolic acid (9). The p H  of a solution of tribromoethanol 

(0.14 M )  in aqueous ethanol (25 ml, 20% v /u  ethanol) 
exposed in a similar manner fell from 4.5 to 1.5 in 7 days 
and to a p H  less than 1 in 21 days. The solution smelt 
strongly of acetaldehyde and gave precipitates with both 
silver nitrate solution and 2,4-dinitrophenylhydrazine 
reagent after both 7 and 21 days. The 2,4-dinitrophenyl- 
hydrazone obtained after 21 days was chromatographed 
on acid-washed alumina and found to consist essentially 
of a single compound which, crystallized from aqueous 
ethanol, had m.p. 165 "C, undepressed upon admixture 
with authentic acetaldehyde 2,4-dinitrophenylhydrazone 
(m.p. 165 "C). 

Results 

Representative values of G(Br-) for air- 
saturated solutions are shown in Figs. 1 and 2 
and for nitrogen-saturated (oxygen-free) solu- 
tions in Fig. 3. Individual G values were deter- 
mined from linear plots of bromide produced 
against absorbed energy; with air-saturated 
sol~~tions, the plots showed a change in slope (to 
a value corresponding to a lower G value) at a 
point associated with exhaustion of the oxygen 
originally present in solution (2). From the 
position of the break in a number of plots, the 
ratio (mole Br- produced)/(mole 0, consumed) 
was estimated to be about 3.6. The yield of 

10' x 1 DOSE RATE, eV g- l~ - l )  -% 

FIG. 1. Variation of G(Br-) with dose rate for air- 
saturated tribromoethanol solutions (22 + 2 "C). The 
linear plots are described by eq. [4]. 0, 0.1 M ;  A, 0.05 
M ;  0, 0.025 M. 
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TRIBROMOETHANOL CONCENTRATION [MI TRIBROMOETHANOL CONCENTRATION [MI 

FIG. 2. Variation with tribromoethanol concentra- FIG. 3. Variation with tribromoethanol concentra- 
tion of G(Br-) for air-saturated solutions (22 _t 2 "C). tion of G(Br-) for nitrogen-saturated (oxygen-free) 
The linear plots are described by eq. [4]. @, 84 x l oL3  solutions (22 F 2 "C). The linear plots are described by 
eV g-I s-I;  A,  15.3 x 1013 eV g-I s-'; 0, 5.2 x 1013 eq. [16]. @, 84 x 1013 eV g-' s-'; A, 5.2 x 1013 eV 
eV g-I s - I ;  A, 1.9 x 1013 eV g-' s-I. g-I s-I; 0, 1.1 x 1013 eV g-I s-I. 

bromide appeared to be independent of the 
reduction in oxygen concentration and of the 
build-up of bromide ion during radiolysis, 
although the addition of 0.05 M Br- before 
irradiation reduced the radiolytic yield of bro- 
mide by about 30 % (the highest concentration 
of bromide produced by irradiation of air- 
saturated solutions was about 2 x lop3  M,  and 
by irradiation of nitrogen-saturated solutions 
about 2 x lop4 M). Irradiations were normally 
carried out at 22 + 2 "C, but isolated experiments 
at 30 "C indicated an increase in G(Br-) of about 
2.5% per "C between 22 and 30 "C. Solutions 
irradiated normally had an initial p H  in the range 
4-5 which fell during irradiation to 2.5-3; no 
significant change in G(Br-) occurred in isolated 
experiments in which the initial p H  was adjusted 
to 2 or to 7. 

Acid yields (determined by titration to the 
bromophenol blue end point at approximately 
p H  4.0) were 17.0 + 1.5 % higher than the corre- 
sponding bromide yields; the ratio of G(tota1 

monobasic acid) to G(Br-) was independent of 
dose rate and solute concentration and was the 
same in the presence or absence of oxygen. 
Qualitative experiments showed that the irradi- 
ated solution contained glycolic acid (K, 1.475 x 
loe4 at 25 "C) which would not be completely 
neutralized by titration to p H  4. Assuming this to 
be the only organic acid present, G(glyco1ic acid) 
= 1.68{G(total acid) - G(BrP)) when allowance 
is made for the incomplete neutralization. 
Combined with the observed ratio of G(tota1 
acid) to G(Br-), this gives G(g1ycolic acid) = 
0.285 G(Br-). Tribromoethanol is unstable in 
alkaline solution (3) but we found no evidence 
of decomposition during the titration procedure 
used here. 

Figures 1 and 2 illustrate the effect of changing 
dose rate and tribromoethanol concentration, 
respectively, upon G(Br-) for air-saturated 
solutions, and Fig. 3 the effect of.concentration 
(at three dose rates) upon G(Br-) from oxygen- 
free solutions. 
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Yields determined for the qualitative irradia- 
tion were: G(- Br,CCH,OH) z 4.8, G(BrP) = 
12.0 k 0.15, and G(tota1 monobasic acid) = 
13.74 + 0.4 (both by titration), G(glyco1ic acid) 
= 2.95 (based on the weight of solid acid 
recovered) or 2.90 (based on the difference 
between G(tota1 acid) and G(BrP) as described 
above), G(C0,) = 1.88 + 0.05, G(Br,) = 0.09, 
G(H,O, + R0,H) = 0.25, G(R0,R) = 0.23. 
The data presented in Figs. 1 and 3 predict 
G(Br-) to be 29 in the presence of oxygen and 
-- 9 in the absence of oxygen at a dose rate of 
1.3 x 1015 eV g- '  s-'. The value observed is 
probably due in part to oxygen-depletion caused 
by inefficient stirring in the irradiation vessel and 
in part to the build-up of radiolysis products 
which, in the latter stages of the irradiation, react 
with some of the radicals produced by water 
radiolysis. 

Discussion 

Aqueous tribromoethanol solutions are 
generally described (5-7) as decomposing upon 
exposure to  air and light or heat to dibromo- 
acetaldehyde and hydrogen bromide, the process 
being attributed (10) to 

1 Br3CCH20H -> Br2C=CHOH + HBr 

If these reactions are in fact induced by the 
absorption of light by aqueous tribromoethanol, 
they should also occur upon y-irradiation to a t  
least the extent of any excitation of the solute, 
and the absence of dibroinoacetaldehyde among 
the radiolysis products would be evidence for the 
absence of such processes as solute excitation by 
fast secondary electrons, by sub-excitation 
electrons, and by energy transfer to the solute 
from excited water molecules. Dibromoacetalde- 
hyde was not detected among the radiolysis 
products, although it was not detected either 
when aqueous tribrornoethanol solutions were 
exposed to s~inlight under conditions reported to 
produce appreciable decomposition. It appears 
probable, therefore, that reports of the instability 
of aqueous tribromoethanol solutions are 
exaggerated (the solutions appear to  be stable 
for several weeks if stored out of direct sunlight 
and  probably for longer periods if stored in the 
dark) and that dibromoacetaldehyde is not a 
product of photochemical decomposition in 
aqueous solution. Alcoholic solutions, however, 

may be more sensitive to photochemical decom- 
position since solutions in aqueous ethanol were 
found to decompose relatively rapidly when 
exposed to sunlight. The products included 
hydrogen bromide and acetaldehyde (but not 
dibromoacetaldehyde), suggesting a radical- 
initiated chain reaction of the type observed 
between carbon tetrachloride and alcohols (1 I), 
i.e. 

[3] Br3CCH20H + CH3CH20H -> Br2CHCH20H 

+ CH3CH0 + HBr 

Tertiary alcohols such as 2-methyl-2-butanol 
(amylene hydrate), which is frequently used as a 
solvent for tribromoethanol for medical use, 
would not take part in a chain reaction of the 
type shown. Relevant to the radiation-induced 
decomposition of aqueous solutions is the 
observation that the alcohol group of the ethanol 
is oxidized but that of the tribrornoethanol is not. 

Products formed when aqueous tribromo- 
ethanol solutions are irradiated in the presence 
of oxygen are hydrogen bromide, glycolic acid 
and, in smaller amounts, carbon dioxide. Small 
quantities of volatile (Br,) and non-volatile 
(H,O,, RO,H, and R0,R) oxidizing products 
are also formed. Carbon dioxide was determined 
during a relatively long irradiation and the 
reported G(C0,) may be high due to oxidation 
of part of the glycolic acid formed in the early 
stages since the ratio G(glyco1ic acid)/G(Br-) was 
lower (0.242) in this experiment than in the titra- 
tion experiments (0.284); the titrations indicated 
that the ratio had the same value whether oxygen 
was present or not, so that depletion of oxygen in 
the qualitative experiment should not affect this 
conclusion. Assuming the higher value of the 
ratio to be correct and the lower value to be due 
to oxidation of glycolic acid to carbon dioxide, 
G(C0,) becomes 0.90 and G(glyco1ic acid) 3.41 
in the qualitative experiment. Whether this 
adjustment is made or not, G(BrP) = 3G(glycolic 
acid) + 1.5G(C02) to within 4 %, suggesting that 
no major radiolysis products have been missed. 
Particular efforts were made to detect carbonyl 
compounds among the products since acetalde- 
hyde is a major product when aqueous solutions 
ofethanol are irradiated in the presence of oxygen 
(12), and dibromoacetaldehyde was believed to be 
produced by the photochemical decomposition 
of aqueous tribromoethanol solutions. However, 
no carbonyl products were found and it appears 
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TABLE 1 

Propagation and termination rate constants for radiation-initiated chain reactions in 
air-saturated solutions of chloral hydrate, bron~al hydrate, and tribromoethanol 

-- - - - - - - - - -- - - - - - - -- - 
Propagation Termination 

Concentration Dose rate rate constant rate constant 
Solute (MI Radiation (1013 eV g-' s-') ( M  s )  (10' M-' s-' ) Reference 

1 .O  b 5.2 250 25 15 
Br,CCH(OH), 0 .1  11 .O 270 1.4 14 i 0 . 2  1.8 270 3.7 16 
Br,CCH20H 0.00625-0.1 Y 1 .9-84 41 5 * This work 

.- -- 

*Assumed value. 

that substitution of the P-hydrogen atoms of where I' is the dose rate in eV 1- '  s-' and the 
ethanol bv bromine causes the locus of the constant c is related to the vield of bromide in 
radiation-induced reaction to shift from the the absence of a chain reaction, i.e. from reactions 
a-carbon with CH3CH,0H to the P-carbon with [5] and [7] alone. Assuming k, to be about 5 x 
Br,CCH,OH. Products formed from tribromo- lo8 M- '  s - ', a value comparable to experimental 
ethanol in the absence of oxygen were not termination rate constants for similar systems 
identified. (Table 1) and to rate constants for other radical- 

The yield of bromide ion from air-saturated radical reactions in water (17), substitution in eq. 
tribromoethanol solutions is given by the [8] of the numerical values from eq. [4](in 
empirical equation, appropriate units) gives k, = 41 M- '  s-'. The 

[41 
assumed value for k, and calculated value for k, 

G(Br-) = 22.5 + 2.13 are consistent with the known radiation chemistry 
x 1O9[Br,CCH,OH1~~ of chloral and bromal hydrates and tribromo- 

where the G value is in units of Br-1100 eV,the 
concentration in moles I- ' ,  and the dose rate (I) 
in eV g-' s-'. Data plotted from this relationship 
are shown in Figs. 1 and 2 together with experi- 
mental points. The form of eq. [4] suggests that 
bromide is produced by a chain reaction that can 
be represented by 

bzitiation 

[51 W R cl' 

Propagatiorz 

[6 I R + A + R + P  1% 

Terrnirzatiorz 

[TI R + R  -+ P kt 
where W and A are water and tribromoethanol 
respectively, P is bromide ion, and R represents 
both radicals formed from water and those 
derived from the tribromoethanol; cI' is the rate 
of formation of initiating radicals, and k, and k t  
the rate constants for the propagation and termi- 
nation steps, respectively. Application of steady 
state kinetics (1 3) gives 

[8] Yield Br- (moles eV-') = c (moles eV-') 

+ k,(c/k,)-1 I!-" 

ethanol. Both aldehyde - hydrates give higher 
yields of halogen acid upon irradiation than the 
alcohol and both have higher propagation rate 
constants (Table 1) that can be attributed to the 
presence of relatively weak C-H bonds which 
provide an additional point for radical attack 
(oxidation of the aldehyde group is a significant 
process in the radiolysis of bromal hydrate 
solutions (2)). Termination rate constants are 
expected to have approximately the same value 
for each of the three compounds since similar 
radicals are believed to be involved in the termina- 
tion reactions in each case. 

Reactive species formed in water by y-irradia- 
tion are hydrated electrons, hydrogen atoms, 
and hydroxyl radicals; hydrogen and hydrogen 
peroxide are also formed but in the presence of 
much higher concentrations of tribromoethanol 
are not believed to play a major part in the radiol- 
ysis. Tabulated rate constants for reactions of the 
reactive species with organic solutes (1 7) indicate 
that in this system (0.05 M Br3CCH,0H, -2.5 x 

M 0,, - M H') the initial reactions 
will probably be 
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[lo] H + Br3CCH20H -> HBr + Br2CCH20H 

However, reaction [l 1 ] is not supported by the 
chemical evidence since subsequent reaction of 
the Br3CCHOH radicals in the presence of 
oxygen would be expected to convert a large 
proportion of them to Br3CCH0 or Br3CCOOH 
(cf. ref. 12); neither product was detected. The 
magnitude of the constant c in eq. [8](22.5 G 
units) suggests rather that hydroxyl radicals dis- 
place bromine from tribromoethanol since c, the 
bromide yield in the absence of a chain reaction, 
is approximately equal to 3(G,,, - + G,, + GoFl); 
the sum of the G values in parentheses is estimated 
to be 6.3 in the present system (18). Evidence of 
chlorine displacement from chloroacetic acid by 
hydroxyl radicals, in competition with hydrogen 
abstraction, has recently been described (1 9); 
displacement of bromine from tribromoethanol 
should occur more readily in view of the con- 
siderably weaker carbon-halogen bond. Organic 
radicals produced in the present system are 
expected to add oxygen and a possible chain 
reaction producing bromide and glycolic acid is 
summarized by the stoichiometric equations 

+ HBr + O2 

(HO,, pK, = 4.5 (20), will be appreciably ionized 
under our irradiation conditions and the active 
form may be 0,-.) Reaction [12] can be broken 
down into a number of plausible steps initiated 
by the addition of oxygen to Br,CCH,OH. 
Yields of bromide ion appeared to be independent 
of the concentration of oxygen, suggesting that 
oxygen reacts rapidly with the intermediates in 
the radiolysis and that this step is not the rate- 
controlling step. The constant ratio of G(g1ycolic 
acid)/G(Br-) under a variety of conditions 
implies that G(CO,)/G(Br-) must also be con- 
stant, since glycolic acid and carbon dioxide are 
the only carbon-containing products formed in 
significant amounts, and that carbon dioxide is 
produced by a side reaction of the main chain 
reaction producing glycolic acid and bromide. 
Chain termination will be by reaction of pairs of 
chain-propagating radicals, represented by such 
stoichiometric reactions as 

HOOCCHzOH + 2 HBr + OZ 

[15] HOz + Br2C(02)CH20H + HzO -> 

H03CCH20H + 2 HBr + O2 

In the absence of oxygen, G(Br-) is related to 
tribromoethanol concentration and dose rate by 
the empirical equation, 

where I is the dose rate in eV g-I s-I. This rela- 
tionship, which holds over the range of conditions 
studied except at the higher dose rate and highest 
concentrations (Fig. 3), indicates that bromide 
is formed by a chain reaction of the type repre- 
sented by eqs. [5] to [7] with additional prop- 
agation, reaction [17], and termination, reaction 
[ls],  steps. 

1171 R - > R + P  

The coefficients in eq. [16] imply that in oxygen- 
free solutions each radical produced by the 
irradiation of water produces an average of about 
one bromide ion in the absence of a chain reaction 
(i.e. by reactions [5], [7], and [18] alone) and, 
assuming termination rate constants of about 
5 x lo8 M - I  s-' , that the propagation rate 
constants for the chain reaction are one or two 
orders of magnitude lower than that (41 M - I  
s-') calculated for the chain reaction in the 
presence of oxygen. 
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Free-energy relationships in coordination chemistry. I. Linear relationships among 
equilibrium constants1 

E. N I E B O E R ~  AND W. A. E. MCBRYDE 
Department of Cifernistry, University of Waterloo, Waterloo, Ontario 

Received November 25, 1969 

After a review of previous semi-empirical free-energy relationships applying to the formation of metal 
complexes, the following equations are derived within a framework of logical assumptions 

These compare stability constants of complexes formed by a metal Ion M and a ligand L with those 
formed by a reference metal M, and a reference ligand Lo. The derlvatlon of these equations reveals an  
inherent relationship between the constants B a n d  C, which is formulated through an "exactness" test. 
The application of these relationships to stoichiometric equilibrium constants is discussed. 

In the testing of the foregoing equations with data for varlous ligand familles reactlng with numerous 
metal ions, two principal modes of behavior were noted. In one, there was a mutual dependence of B on 
the particular metal ions compared and of C on the particular llgands compared. In the other, all values of 
B and C were found to equal unity irrespective of metal ion or ligand compared. The cause of this 
distinction is not yet understood. 

Canadian Journal o f  Chemistry, 48, 2549 (1970; 

I 1 Introduction 
The great interest shown by inorganic chemists 

I during the past two decades in the thermodynam- 
ics of metal ion complex formation in solution 

I has resulted in the compilation of a massive 
i amount of equilibrium data (e.g., ref. 1). Analysis 
1 of such data has led to the recognition of certain 

linear free energy relationships (1.f.e.r.). These 
have been of two main types: (i) relationships 

I 
among sets of equilibrium constants, and (ii) 
correlations of the magnitude of stability con- 
stants with propertiesof themetal ion. Inaddition, 
equilibrium data have been used as a criterion for 
the classification of ligands and metal ions. 

In this paper equations are derived to  rational- 
ize the empirical relationships of the first type, 
and these are compared to the equations used in 
the past. In a subsequent paper3 we plan to 
review relationships of the second kind, and to 
introduce a new, comprehensive index to metal 
ion complex stability. The related area of the 
classification of ligands and metals will also be 
examined. 

Rationalizations of 1.f.e.r. and the Empirical 
Evidence 

The empirical linear correlation between 
proton dissociation constants of a series of related 
ligands and the stability constants of the corre- 
sponding metal ion complexes has received the 
most attention (2-9). Equations that describe the 
relationship have either been intuitively formul- 
ated (8, 10) or have been derived in a more 
rigorous fashion (4, 11). The pioneering work of 
Irving and Rossotti (4) has had the greatest im- 
pact. Their derivation of eq. [5] is based on the 
free-energy changes that accompany the displace- 
ment of a proton from a proton-ligand complex 
HL by a metal ion M,  as in reaction [3]. 

= TKMLITKHL 
IPresented in part at the 12th International Conference [4] on Coordination Chemistry, Sydney, Australia. 1969. 

AGO = -2.303 RT log T~ 

ZNRCC Postdoctorate Fellow; present address: In- 
organic Chemistry Laboratory, Oxford University, [514 log KML = p K  + A + P 
Oxford, England. 

3Part 111, in preparation for publication in this journal. 4Equation [5] is obtained by combining eqs. [31 and [4]. 
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The quantities in braces are activities, and thus 
TKx are thermodynamic stability constants, with 
the superscript T being dropped in the case of 
stoichiometric constants; AGO is the standard 
free-energy change for reaction [3]; log KkIL 
(association) = pK (dissociation); A is an ex- 
pression in terms of the standard partial molar 
free energies and activity coefficients of species 
HL and ML; P is the analogous expression to A 
for species M and H ;  and charges are omitted 
for convenience and generality. It has been 
reasoned (4, 5) that if a plot of log KML vs. pK 
for a series of related ligands is found to be a 
straight line of unit slope, then the term A must 
be constant or perhaps negligible compared to 
pK. (The term P is independent of the nature of 
the ligand and remains constant in the com- 
parison.) If a line of non-unit slope is obtained, 
then the term A must itself be a linear function 
of pK. In this latter instance eq. [5] should then 
assume the form of eq. [6]. 

where a and b are constants. Because a rigorous 
derivation of eq. [6] was lacking for some time, 
much emphasis has been placed on unit slopes. 
Consequently, the tendency has been to regard 
non-unit slopes from the viewpoint of deviations 
from some expected behavior (5, 11, 12). A more 
rigorous form (eq. [7]) of eq. [6] has now been 
reported (10, 11, 13). It was first derived (1 1) by 
application of the "extra-thermodynamic" treat- 
ment used by Leffler and Grunwald (14) in their 
enlightening analysis of rates and equilibria of 
organic reactions. Reference to this approach 
will be made in some detail in Part I1 of this series 
(1 5). 

Thus B has replaced a in eq. [6], and the ex- 
pression in square brackets on the right-hand 
side of eq. [7] has replaced the intercept b; the 
subscript 0 identifies Lo as being the unsub- 
stituted member of a ligand family. 

In a derivation related to that described for eq. 
[5], Irving and Rossotti obtained eq. [8], which 
describes the relationship between the stabilities 
of two related ligands with a series of metal ions. 
(Lo need not be the unsubstituted member of a 
ligand series, and A has the same significance as 
before.) 

Equation [8] has been applied to only a limited 
extent and almost exclusively to comparisons that 
exhibit slopes of unity. It has been pointed out 
in a more detailed examination (1 6) of eq. [8] that 
the essence of a relationship with unit slope in 
this case is a constant value, irrespective of the 
metal ion, for the free-energy change accompany- 
ing the displacement reaction depicted in [9]. 

Hammett-type relationships (14, 17, 18) have 
also been used in comparisons of complex 
stabilities (10, 19-22). We have been able to show 
rigorously that such relationships are no different, 
intrinsically, from those already mentioned, and 
that contrary to previous interpretations (20, 23) 
no a priori evidence for the presence or absence 
of 7~ bonding may be derived from the sign and 
magnitude of the observed slopes in these cases 
(13, 24). 

Equation [6] (or eq. [7]) has been found to 
hold in numerous systems with slope a having 
values both equal to and different from unity. As 
explained, non-unit slopes have been rationalized 
on the basis of the non-constancy of the term A 
in eq. [5]. Explanations such as the presence of 
7~ bonding have also been proposed (5, 11, 12). 
The magnitude of the intercept on the vertical 
(log KML) axis has similarly been associated with 
the degree of 7c bonding in a system (5, 12). In 
addition, the magnitudes of these slopes have 
been correlated with such properties of the metal 
ions as ionization potentials (7, 10, 25-27), 
reciprocal of ionic radius (lo), charge-to-size 
ratio (5), electronegativities (10, 26, 27), and 
nuclear repulsion (28). 

An analysis of the data reported in the refer- 
ences in the bibliography revealed the following 
general trends. In a great number of systems of 
related ligands, the magnitude of the rate of 
change of metal-ion complex stability with ligand 
basicity, although normally constant for a 
particular metal ion is dependent on that metal 
ion. Further, in such systems, the metal ion that 
forms the weakest complexes with a family of 
ligands also appears to exhibit the smallest value 
for the slope a. Although eq. [8] has found 
application only in comparisons yielding unit 
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slopes, the investigations of Van Uitert and 
Fernelius (28) provide evidence (as does other 
work on close examination) that in systems which 
have metal-dependent values for a, the slope 
associated with the comparison expressed in eq. 
[8] is ligand-dependent, and has a constant value 
for each ligand. More explicitly, these slopes are 
proportional to the inductive effect of a sub- 
stituent placed on an unsubstituted parent ligand. 
In contrast, other ligand systems distinguish 
themselves by yielding unit values of a, indepen- 
dent of the metal ion considered. Such ligand 
families reveal another diagnostic characteristic: 
the value observed for the slopes of plots com- 
paring the complex-ion constants for any two 
members of a series of selected ligands with a 
series of metal ions (cf. eq. [8]) is unity. 

The theory introduced presently is not based 
on a rigorous model of complex formation and 
stability. Instead, the general observations out- 
lined above are used as guidelines in the deriva- 
tions and in support of any necessary assump- 
tions. As we hope to show, therational framework 
presented is consistent with the experimental 
evidence, provides the logic for a detailed exam- 
ination of the conditions necessary for the exis- 
tence of successful l.f.e.r., allows the introduction 
of new free energy relationships, ties together 
the existing rationalization of l.f.e.r., and finally, 
furnishes a solid basis for a wider and more 
meaningful application of such relationships. 

on a quantitative footing the empirical Hammett- 
type equations used to correlate chemical 
reactivity in organic chemistry.' The expressions 
involving the metal complex "stabilization fac- 
tor" (13, 20) were also derived by considering 
the free energy of complex formation to be a 
function of a single variable. 

Tlze Pamneter 4 as a F~mction of Two Variables 
In the present treatment, the standard free- 

energy change for metal colnplex formation in a 
reaction series is considered to be a function of 
two variables. We begin by defining the quantities 
4, o, and 0, as given i n  eqs. [1 1 ] to [13]; only 1 :1 
metal-ligand complexes are considered in this 
treatment. 

The subscripts s and 0 identify a metal and a 
ligand, respectively, chosen as standards for 
comparison. The constant T K M L  is defined as 
before (eq. [2]), and the superscript T and the 
quantities in braces also have their previous 
significance. 

Derivations It is evident that o and 0 are respectively the 
logarithn~s of the equilibrium constants for the Suppose the standard free energy change of a 

reaction, AGO, can be expressed as a function of a following displacement reactions 

number of independent variables represented by M,Lo + L M,L + Lo 
x, y, v, w, ... (1 7, 18). A change in AGO is then given o = log T ~ L  
by the differential eq. [lo]. M,Lo + M = MLo + M, 
[lo]  AGO = (~AGO~~X),, , , , ,  dx 8 = log T ~ M  

+ (aAGO/ay)x,v.w dy + We then postulate that 4 may be expressed as a 

If eq. [lo] is a complete or total differential, then function of the dependent variables o and 0. 

the value of its integral depends only on the initial The reactions in [12] and [13] are chosen as 

and final values of the variables. Integration is reference reaction series. In reaction [12], a series 

uncomplicated in this case (29, 30). Expressions of ligands are reacted with the standard or 

for comparing the standard free-energy changes reference metal Ms. It is assumed, therefore, that 

accompanying two related reaction series have the parameter o depends on the ligand only, and 

been derived from eq. [lo] by considering 
5The "extrathermodynamic" approach of Leffler and dAGO as a One Grunwald (14) has provided a uniquely different frame- 

only. Wells (17, 18) used this approach to place work for the rationalization of Hammett-type equations. 
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that it adequately accounts for the ligand- 
dependent contribution to 4. The reactions in [12] 
will hereafter be referred to as the "ligand- 
dependent" standard reaction series, and those 
in [13] as the "metal-dependent" standard 
reaction series. Thus, in reaction [13] the only 
variable is the metal ion M,  with Lo as the stan- 
dard or reference ligand. It is assumed that the 
parameter 0 depends on the metal ion only, and 
that it adequately accounts for the metal- 
dependent contribution to +. These assumptions 
are examined critically below. 

A change in + caused by increments d o  and do 
is given by the differential eq. [14], in analogy 
to eq. [lo]. 

For the sake of simplicity let B = (a+/ao), and 
C = (a+/aO),. Since TKMsLo is invariant in any 
reaction series, d log TKM9Lo = 0. Consequently, 
d+ = d log TKML, d o  = d log TK,L, do = d log 
'KMLo, and the gradients B and C may be written 
as in eqs. [15] and [16] 

Therefore B is the rate of change of stability in a 
series of complexes M L  of the metal ion M with 
the stability of the related series of complexes 
M,L of the reference metal ion Ms. Similarly C 
is the rate of change of stability in a series of com- 
plexes M L  of the ligand L with the stability of the 
related series of complexes M Lo of the reference 
ligand Lo. 

Several assumptions are necessary before the 
evaluation of + by integration of eq. [14] is 
possible. The restriction of linearity is one of 
these conditions. In support we recall from the 
previous section the observation that in many 
ligand systems the gradients Band Care  invariant 
for a specific metal ion and ligand respectively. 
The experimental data suggest further that the 
magnitude of B varies with the choice of the metal 
ion and the magnitude of C with the choice of the 
ligand. In view of our postulation of o as the 
ligand-dependent variable and of 0 as the metal- 
dependent variable, we interpret these observa- 
tions to mean that B is a fuilction of 0 but not of o ,  
and that C i s  a function of o but not of 0. Finally 
we must assume that d+ is a complete or exact 
differential. If d+ were an inexact differential, 

then the value of the integral J[B(O) d o  + 
C(o) do] would depend on the path of integration 
(29, 30). (The terms B(0) and C(o) emphasize that 
B and C are functions of 0 and o ,  respectively.) 
In this situation it is not possible to regard + as a 
property of the system (31), and no explicit ex- 
pression leading to the differential d+ exists (30). 
Conversely, the value of this integral is inde- 
pendent of the path and depends entirely on the 
initial and final values of o and 0 when d+ is 
exact. The assumption of exactness permits us to 
integrate along any path for which the value of B 
is specified for all o ,  and. the value of C for all 0. 
Two such possible routes are outlined in Fig. 1. 

In this scheme 6,  is + for reaction [ l l ]  with 
M = M,, +, with L = Lo, and + , ,  with M = M, 
and L = Lo; oo is o for reaction [12] with 
with L = L o ;  0, is 0 for reaction [13] with M = 
Ms. The subscripts Land M identify the respective 
ligand and metal ion for which a variable is 
defined. It is clear that 4, = o,, 4, = OM, and 
+ O , s  = Go = 0s = 1% (TKMsLoITKb,sLo) = 0. 

We shall first evaluate the integral J[B(O) d o  + 
C(o) do] along the path XWZ, and then by 
integration along XYZ. Path XWZ may be 
considered to have two component parts XW and 
WZ. For component XW there is no change in o 
and d o  is equal to zero. The differential [14] for 
the change in + from X to W assumes the form 
[17], where (a+/ao),, = (a log TKMLo/a log 
TKMLo) = 1. 

Along WZ there is a change in o but not in 0, and 
the differential eq. [18] applies. 

T o  evaluate d+ for the path XWZ we simply 
combine eqs. [17] and [18] as in eq. [19]. 

Integration between the limits (o,, 0,) and (o, 0) 
yields eq. [20]. 

But +,,, = o0 = 0, = 0. Equation [20] may thus 
be simplified to give eq. [21]. 

By analogy, the differential d+,,, is the sum of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NIEBOER AND MCBRYDE: FREE ENERGY RELATIONSHIPS I N  COORDINATION CHEMISTRY. I 2553 

FIG. 1. Integration of d4. 

d$,, [22] and d+,, [23]. Integration along the [26] log 'K,, = B log TKM,L 
path XYZ yields [24]. + [log T K ~ , ~ o  - B log TKMiLol  

It is apparent that the expressions for + in eqs. 
1211 and [24] must be equivalent if d+ is an exact 
differential. 

+ as a Function of o 
For 4 to be a function of o alone, it must be 

independent of 0, or be dependent only on the 
ligand. Let us define a new variable 4' which is 
restricted by definition, eq. [25], to a single test 
metal ion. The relationship between 4' and 4 
as expressed in eq. [21] is self-evident. 

t251 +' = log (TKML/TKM~o) 
= + - 0  
= Bo 

When M, = H + ,  eq. [25] is a Hammett-type 
equation, although o is not equal to the Ham~nett  
sigma f a ~ t o r . ~  

If 4,  o, and 0 are expressed in terms of the 
appropriate equilibrium constants, then the 
following expression is derived from eq. [25]. 

6The Hamniett equation is of tlie form log (klk,) = 
po,,, where p is the slope and k and ko are rate or equi- 
librium constants for tn- and p-substituted and un- 
substituted benzene derivatives respectively; tlie Hanimett 
sigma factor o,, is defined at 25 "C: oil = 1 0 g ( K , , ~ ~ /  
K~~)benzo~r: .ncids. 

Thus in our terminology, o,, is a "ligand-dependent" 
standard reaction series. For a family of reagents not 
directly derived from benzene, e.g., pyridines, ot, is often 
replaced by 5, the "effective" Hammett sigma factor (13, 
32, 33). It is defined in terms of the pK's of the ligand 
family considered, (3 = q(pKo - p K )  The constant q 
relates 5 to the ow scale. Consequently, o in this paper is 
related to 5;  o = - F/q = pK - pKo = - 0'. These 
(5 and o f )  and other Hammett sigma factors (14, 17, 18, 
32, 34) have found application in the comparison of metal 
ion complex stability with ligand basicity (10, 13, 19-22, 
35). However, the distinction between the various 
Hammett sigma factors is often overlooked in these 
applications. 

Equations [25] and 1261 describe the s~~hstitzle~it 
effect. They compare the stabilities of the com- 
plexes of two metal ions ( M  and M,) with a series 
of related ligands L. The series of ligands L 
~lsually consist of a parent reagent (Lo; e.g., 
pyridine) and its substituted derivatives (e.g., 4- 
metliylpyridine). Hence o is a measure of the 
effect of ligand substitution 011 the "ligand- 
dependent" standard reaction series; similarly, 
4' is a measure of the sanie effect on the test reac- 
tion. 

+ asa F~mction of0 
In order for 4 to be dependent solely on the 

metal ion i t  must be redefined in such a manner 
that only one test ligand is involved in  its defini- 
tion, eq. [27]. The relationship between this new 
variable 4" and 4 as expressed i n  [24] is also 
summarized in eq. [27]. 

Insertion of the appropriate logarithniic quan- 
tities i n  [27] generates the relationship in [28]. 

[28] log T ~ b , L  = C log T ~ M L ,  

Equations [27] and [28] compare the stabilities 
of the complexes of two related ligands (L and Lo) 
with a series of metal ions M ,  and may be said 
to describe the quasi-substituent effect. In analogy 
with the substitilent effect we might invoke the 
notion that it is possible to construct tlie series of 
metal ions M by modification ("substit~ltion") 
of the reference metal ion Ms. The parameters 
0 and 4'' are then measures of tlie effect of this 
quasi-substitution on the "metal-dependent" 
standard reaction series and the test reaction 
respectively. 

Exactness Test 
The condition expressed i n  eq. [29] is sufficient 
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to reveal whether d 4  is an exact differential 
(29, 30, 36, 37). 

Evaluatioil of the second and third derivatives of 
47 for a system which obeys the linear eqs. [25] 
and [27] reveals that verification of the exactness 
condition should be relatively simple in this case.' 
The results of the differentiation of +' (eq. [25]) 
and +" (eq. [27]) are summarized in eqs. [30]- 
[33]. The subscripts M and L indicate the re- 
spective metal ion and ligand at which the 
variables are evaluated. 

C us. the appropriate o values should be linear 
and have slopes of equal magnitude. 

We have stated previously that some ligand 
systems are distinguished by yielding values of 
unity for both B and C, irrespective of the metal 
ion and ligand. The second derivatives of 4 are 
thus equal to zero by virtue of the fact that the 
derivative of a constant is zero. An examination - - 

of the expressions for the second derivatives in 
eqs. [30] and [32] reveals that aB/a0 and aC/ao 
can only assume a value of zero when CL = B, = 
1, since oL and 0, are finite quantities. Expressed 
differently, the exactness condition demands that 
the slopes Band C can only be independent of the 
metal ion and ligand when B = C = 1. 

To conclude ;his section, let us evaluate + by a I3'1 a[aB/aOl/ao = [(ac/ao) - (aB/ae)l/o 
series (36) about the point (o,,O.) 

(aclao), = (BM - 1>/e, assuming that derivatives of higher order than 
two vanish. All derivatives are evaluated at the 

1331 a [aclaollae = [(aB/ae) - (aclao)  110 point (oO,es). 

It is illuminating to apply the exactness condition [35] 4 = +,,, + (a4/i30),so 
aC/ao = aBja0 to the expressions for these 
derivatives. The most obvious result of this + (a+/ae),,e + (a%/aoae)oe 

equality is expressed in eq. [34] 

A more important consequence is that the third 
derivatives of + in eqs. [31] and [33] are equal 
to zero. The significance of this is that (CL - 
I)/oL is not a functio~l of o and (B, - 1)/8, is 
not a function of 0. The third derivatives a2  B/ae2 
and a2C/ao2 are also equal to zero.9 conseque'ntly 
the derivatives aBla0 and aC/ao are invariant. 
Hence for systems that obey the linear eqs. [25] 
and [27], the exactness condition may be further 
qualified by the statement: aBla0 = aC/ao = 
constant. We conclude, therefore, that plots of 
slopes B us. the appropriate O values and of slopes 

'Rand Care  first derivatives of 4 ;  aB/aO and aC/ao are 
second derivatives; a2R/i30a8 and a2C/a0c?o are third 
dcrivativcs. 

81t S I I O L I I ~  be stressed that the restriction of linearity is 
not essential to tlie success of the exactness test. The  
exactness condition will be equally satisfied in systems 
for which gradients B and C are themselves functions of 
both o and 8, providing that d$ is exact. It is obvious that 
in such a case eq. [14] can only be integrated when these 
f~~nct ions  are known. 

'Implicit in our integration of eq. [14] were several 
assumptions: that B and C are invariant for a specific 
metal ion and ligand respectively; and that o is not a 
function of 8, or vice versa. Hence the derivative of 
( C ,  - ] ) l o L  with respect to 8 and of (BM - 1)/8M with 
respect to  o are both equal to zero. 

Combination ofeqs. [30] and [24] or [32] and [21] 
also generates the expression for 4 in eq. [35]. 

In a subsequent section of this paper the 
various aspects of the exactness condition are 
shown to be consistent with the experimental 
evidence. 

The Use of Stoichiometric 
Equilibrium Constants 

The bulk of the equilibrium constants that have 
been compiled (1) are stoichiometric constants. 
It is of interest, therefore, to consider the validity 
of the equations just derived when applied to such 
constants, and to determine whether the slopes 
are affected. 

One approach to this q~!estion is as follows. 
Equation [4] conveys a relationship between the 
equilibrium constant of a reaction, expressed as 
an activity quotient, and the difference in Gibbs' 
free energy content between reactants and 
products when each is in its standard state. The 
use of a concentration quotient for an equilibrium 
constant is tantamount to invoking a different 
definition of the standard state (7). For instance, 
one could adopt the convention that the reference 
state for metal ions, ligands and complexes was 
an aqueous solution containing 3 M sodium 
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perchlorate. We presently make use of the 
supposition that in this medium activity coeffi- 
cients are constant; in fact, we might assign to all 
of these the value unity at all concentrations, and 
then activity coefficients in other media would 
require to be set to conform to this convention. 
Within such a group of 3 M  perchlorate solutions 
all of the relationships developed above would 
apply to concentration quotients. Nothing in the 
derivation of these relationships is tied to any 
assumptions about a particular standard state. 
Hence one might expect that factors predisposing 
to linear relationships among thermodynamic 
constants would likewise lead to linear relation- 
ships within any corresponding set of concentra- 
tion quotients, provided the latter were all based 
on a common ionic and solvent medium. We 
would not, however, expect that the numerical 
value of a slope such as B would be independent 
of the convention of defining reference states, 
although as the following considerations suggest, 
correspondence among the values of the slopes 
may be reasonably good. 

A second approach to this matter is to examine 
how concentration quotients differ from con- 
ventional activity quotients; and this requires 
some consideration of activity coefficients. 
-Briefly let us examine some of the factors that 
influence the magnitude of these (7, 38, 39). For 
ions in dilute solution (below 0.1 M ) ,  activity 
coefficients may often be predicted with reason- 
able accuracy on the basis of ionic strength and 
ionic charge. Such theoretical calculations are 
most successful for ions of charge f I. In more 
concentrated solutions activity coefficients show 
a dependence on the nature and concentration of 
each of the other kinds of species in the solution. 
Factors such as effective size and the degree of 
ion-pair formation also become extremely im- 
portant. Measurement in mixed electrolytes indi- 
cates that the activity coefficient of a cation is 
determined primarily by the nature of the anion 
in the solution. Consequently, provided there is a 
high concentration of background electrolyte, 
the activity coefficient of a cation (anion) will be 
essentially the same as it would be in a solution of 
its salt with the anion (cation) of the bulk 
electrolyte. In summary, we would expect that in 
solutions of nearly identical composition, under 
conditioils of constant temperature and ionic 
strength, the magnitude of an activity coefficient 
would be fixed. 

The concentration quotient KML is converted 
to the thermodynamic constant TK,L by multi- 
plying it by the appropriate activity-coefficient 
ratio as in eq. [36] .  In what follows, the activity 
coefficient y ,  of the species x refers to the hypo- 
thetical I ill state. 

To  express eq. [26] in terms of stoichiometric 
constants, we simply drop the superscript T and 
add the term [BYMs - Y M ]  to the right-hand side 
of this equation. B has the usual significance, and 
the terms in Yare defined as follows 

Normally, L and Lo are members of a structurally 
related group of ligands, and probably are of 
similar size and charge type. Under conditions of 
constant temperature, ionic strength, and solution 
composition for the determination of K M L  in a 
ligand family, y,, - y ,  and yML - y,,, since 
M is a specific metal ion. We would expect Y ,  to 
be approximately equal to zero. The same argu- 
ment applies to Y,$. Consequently, the term 
[ B Y M s  - Y, ]  should be relatively quite small 
along the series, and the slope B should not be 
affected. These comments also apply to eq. [25] .  

Equation [28] may be converted similarly; we 
drop the superscript Tand add the term [CY, ,  - 
Y, ]  to the right-hand side. 

As explained previously, eq. [28] compares the 
stabilities of the con~plexes of two related ligands 
(L and Lo) with a series of metal ions M. Thus 
yMs ,  yhl,,,, and yMsL are invariant along the series 
if conditions of constant temperature, ionic 
strength, and solution composition are met in the 
experimental determinations (L, Lo, and M, are 
specific species). In addition, ifthe determinations 
are done in dilute solutions (low ionic strength), 
then. the activity coefficients are fixed principally 
by the charge on a species and the ionic strengtll 
of the solution. Under these conditions two 
possibilities arise for which [CY,,  - Y, ]  remains 
constant along a series : if L and Lo are uncharged 
ligands, and if the metal ions M are of the same 
charge type. In the first case the Y terins should 
vanish, and in the second case they should 
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remain constant because the activity coefficients 
y,,,, y,,, and y ,  are now also invariant along 
the series. Normally, Land Lo are related ligands, 
and Y,, - Y,, so that [C Y,, - Y,] - Y,(C - 1). 
This tern1 should vanish when C has a value 
near or equal to unity, independently of the 
charge type of M. For the circumstances de- 
scribed, the slope C should not be affected by 
 s sing collcentratioll quotients. In the instance 
when the term [C Y,, - Y,] is variable along the 
series, it must be negligible relative to log KbfL0 
in order for it not to affect the magnitude of the 
slope C, or in the extreme not to destroy the linear 
correlation. These arguments apply equally to 
eq. [27]. 

If the analysis of Irving and Rossotti (4) is 
correct, then the use of stoichiometric equilibrium 
constants determined in a mixed aqueous- 
organic solvent alters the definition of 'KML 
in eq. 1361 by making it the product of a stoichio- 
metricconstant and two activity-coefficient ratios. 
The new coefficients should behave similarly toy, 
with respect to changes along the reaction series. 
The situations described are, therefore, not 
altered. 

Regression Analysis of the Experimental Data 

In this section equilibrium data for several 
metal-ligand systems are fitted by a weighted 
least-squares technique to the relationships 
derived earlier. The mathematical expressions 
required for the calculations are described in 
detail elsewhere (40, 41). Briefly, the best straight 
line through x and y coordinates is calculated by 
minimizing the weighted sum of the squares of 
the x and y residuals. The weighting is achieved 
by multiplying the square of each residual by its 
" weight". A measurement has its weight equal 
to llvariance. If the weight of x is arbitrarily 
assigned a value of unity, then the weight of y is 
equal to h, where h = (weight of y)/(weight of x). 
The success of a linear correlation will be judged 
by the value of the correlation coefficient r and 
its associated confidence interval (40-42). The 
relationship between r and the Student's t-factor 
(42,43) permits the evaluation of the associated 
confidence interval from tables of percentiles (44) 
of the t distribution for (N - 2) degrees of free- 
dom, with N equal to the number of (x,y) sets. 
The value of the correlation coefficient lies 
between - 1 and + 1. A value of - 1 denotes 
perfect negative association, while a value of + 1 
denotes perfect positive association. Jaffi (17, 32) 

has suggested the following scheme as an 
arbitrary measure of the success of a correlation : 
Irl > 0.99 excellent, Irl > 0.95 satisfactory, and 
Irl > 0.90 fair fit. If a particular value of r has 
associated with it a 95% confidence interval, then 
the hypothesis that x and y are independent is 
rejected 5% of the time when it should not be. 
Alternatively, the hypothesis is rejected at the 
5% level of significance. 

A ,  The Exactness Condition 
The data employed'0 in the regression analyses 

of the B and C slopes and the exactness test were 
selected with some care to include information 
obtained under the same experimental conditions, 
and preferably by one group of workers. The 
symbols used in the tabulation of the results of 
this statistical treatment are now defined: r is the 
correlation coefficient and c.i. the confidence 
interval associated with the evaluation of the 
various slopes, a and a' are intercepts for plots 
of log KML against log KMsL and of log KML 
against log KMLo, respectively, p is the ionic 
strength, and h is the "weight" of the measure- 
ments plotted along the ordinate (y) relative to a 
value of unity for the measurements plotted along 
the abscissa (x). Unless stated to the contrary, 
h is assigned a value of unity. The verification of 
the exactness condition is achieved by evaluating 
and comparing the reciprocals of aBja0 and 
aC/ao. This procedure was adopted for con- 
venience. 

TABLE 1 
Values of B for the pyridine familya* 

c.i. 
Ion B r ( %) a - 0' 

OThe stability constants used were determined at  25.0°C with 
p = 0.61 IM (12). x = pK and y ,=,log KML, except in  the case of 
Ag+ for ligands other than 3.5-lutld~ne and 4-pyridylcarbinol, whcre 
Y = t log I32, I32 = [ML211IMI[Ll2 

*The standard deviation for oK measurements is assumed to be 
f O . O 1  log units, which i s  equal to the average value reported for 
log KML (or log P2)  measurements in  the cases of Cu2+ and Ag+. 
The average value for log KNIL measurements is f 0.02 log unlts, 
and consequently h has a value of 0.250 in  this instance. 

C O  = log KMLo - pKo: M, = H +  and Lo = pyridine. For Ag+ 
log K,,,, is replaced by +log a, in this definition. 

'OPhotocopies of the actual data used are available in 
tabular form free of charge, upon request, from the 
Depository of Unpublished Data, National Science 
Library, National Research Counc~l of Canada, Ottawa, 
Canada. 
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TABLE 2 

Values of C for the pyrldlne family 
- -- -- --- - - - --- -- - - - - 

C.1. 

Ligand C" r ( % I  a' oh 
pp - - - -- - . - .- - 

3.4-Lutidine 1.241 1.000 > 99.9 -0.114 1.20 
3;5-~utidine 1.187 1 .OOO > 99.9 -0.147 
4-Picoline 1.174 1 ,000 > 99.9 -0.143 
3-Picoline 1 . lo9 1 .OOO > 99.9 -0.156 
4-Pyridylcarbinol I .053 1 ,000 z 99.9 -0.073 
Pyridine (Lo) 1 ,000 1 .OOO 100 0.000 
3-Pyridylcarbinol 0.951 1.000 > 99.9 0.008 - 

~.~ 

"x = log K , ,  and  y = log K,,. I n  most instances the  appropriate log values were used for As+. 
See footnote o, Table I .  

ba = pK - pKo 

TABLE 3 c - 
Values of B for the salicylaldehyde family 

-- pp -. -- 

c.r. 
Ion Bn I' ( % I  a - O h  

T h e  experimental data were determined at 25.0 "C and LI = 0.10 M 
(45). y = log K,,, and  a - ph'. Data for 3.5-dinitrosalicylaldehyde 
are n o t  included In the least squares treatment because of the low r 
value associated wtth the evaluation of C (Table 4). 

= log K&,L" - pKo:  M, = H +  and Lo = saltcylaldehyde. 

TABLE 4 
Values of C for the salicylaldehyde fam~ly 

- - - - -- - .- - - A - 

c.i. 
Ligand C" I' ( %) a' - ob 

-- . . ~  ~ --..-..-----p...p- 

Salicyl- 
aldehvde 

5-Nitro- 0.551 0.999 >99.9  0.808 2.82 
3-Nitro- 0.530 0.988 90-95 0.841 2.93 
3,s-Dinitro- 0.060 0.684 60-80 1.519 6.05 
- -- 

"y  = log KML and x = log KbtLo Data for Ca2+ are not  lncluded 
I n  the least squares treatment because of the  low r value associated 
with the evaluation of B (Table 3). 

ba = pK - pK,. 

The Normal Substituerzt Effect 
The appropriate statistical information for 

three metal-ligand systems that illustrate the 
mutual dependence of B on the metal ion and C 
on the ligand is compiled in Tables 1-8. Addi- 
tional results are displayed in Figs. 2-4. Each 
system consists of a series of metal ions and a 
ligand family. The ligand families comprise a 
series of substituted pyridines (Tables 1, 2, 
Fig. 2), a series of derivatives of salicylaldehyde 
(Tables 3,4,  Fig. 3), and a set of aryl substituted 

FIG. 2. Exactness test for the pyridine family: open 
circles, -0 vs. B, (aO/aB) = 4.80 with r = 0.996; open 
triangles, (T VS. C, (ao/aC) = 4.89 with r = 0.997. 

(f )-a-di(carboxymethy1) amino-a-phenylacetic 
acids (Tables 5-8, Fig. 4). 

We may infer from the high values of r and c.i. 
associated with the evaluations of B and C that 
eqs. [26] and [28] are adequate to describe the 
substituent and quasi-substituent effects in these 
systems. The goodness offit for the nitrilotriacetic 
acids is forcibly demonstrated by comparing the 
observed intercepts on the vertical axes (a and a', 
Tables 5 and 6) with those calculated from eqs. 
[26] and [28] (ath,, and a',,,,,). The near equality 
of the second derivatives of + with corresponding 
values of r near unity demonstrates that the 
exactness condition [29] and its corollary of 
linearity are satisfied. 

The information in Tables 7 and 8 has been 
collected to verify and illustrate various aspects 
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TABLE 5 

Values of C for aryl derivatives of nitrilotriacetic acida 
-- 
-PA- 

-- -- .- .- - 

'The experimental data were determined at  20 "C and II = 0.1 M (10). y = log K,, and x = log KMLe. The data 
for Mg2+ are omitted from the least squares treatment, explanation of which is given in the text. 

N(CH2CO2H)2 
/ 

bR-$-CH The substituent R is in the 4--position on  the phenyl ring (6). Three of  the four 
functional groups have measurable acid dissociation constants. 

'C02H 
cCalculated from the expression for the intercept in eq. [28], (pKT - C(pK,),). pKr = pKl + pK2 + pK3. The 

subscript 0 refers to  the unsubstituted ligand. 
du = PKT - ( P K T ) ~ .  

TABLE 6 

Values of B for aryl derivatives of nitrilotriacetic acid 
-- -. -- 

Ion Ba r c.i.  (%) a a t h e o h  -8' 

= log KML and  r = pKT = pK, + pK2 + pK3. The average value for the standard deviation per 
measurement is 2 0.02 log units (10). Hence A = 3.00 since the variance of  pK, is three times that of log K,,. 
H T  indicates that more than one proton is involved in the standard reaction series. 

bcalculated from (log KMLo - B(pKr)o). the expression for the intercept in eq. [261. 
'e = log K I ~ L ~  - (pliT),,. 

TABLE 7 
Exactness tests for aryl derivatives of nitrilotriacetic acid 

-- - 

x Y Slopeapb r c.i. (%) Metal ions considered 
- 

B 0 10.71 0.996 > 99.9 
C (3 10.66' 1 .OOO > 99.9 Ba2+, Sr2+, Ca2+, ZnZ+, and HT+ = M, 
B 0 12.02 0.939 99.0-99.8 
C B 12.07 0.999 > 99.9 Mg2+, Ba2+, Sr2+, Ca2+, Zn2+, and HT+ = MS 
B 0 8 .  OOd 0.915 95-98 
C (3 8 .  04d 1 .OOO > 99.9 Ba2+, Sr2+, Ca2+, Zn2+, and H +  = M, 

"The values of  B employed were either evaluated from plots of  log KbIL VS. pKT (MI = HT+) o r  from plots of  log KhIL VS. pKNH (MI = H + ) .  
PKN,, refers to  the protonation of  the nitrogen atom in the ligand molecule. Values of  C were evaluated from plots of  log KML vs. log KWL 
where M refers only to  the metal ions indicated in the last column; they are all compiled e l ~ e w h e r e . ' ~  Unless stated otherwise B, 0, and u a:: 
from Tables 5 and 6, and 0 = log K h j ~ ~  - (pKr),, with p pKr - (pKrjn. 

bThe choice A = 1.000 is justified since the standard d e v ~ a t ~ o n  of  B o r  C 1s equal to  (Blr) [(I - r2)/nl+ (41), which is roughly equal in mag- 
nitude to the standard deviations of  0 and u. The  number of  points plotted is equal to  ,I. 

=Values of  C are from Table 5. 
*Values of  B, C, 0,  and 0 are compiled elsewherelo; u = pK,,, - (pK,,,), and O = log KMLo - ( P K ~ , , ) ~ .  

of the exactness condition. Figure 4 is also im- 
portant in this respect. The experimental lines 
corresponding to the slopes Band the intercepts cl 
reported in Table 6 are drawn in this figure. The 
line labelled Lo is a perpendicular to the abscissa 
at (pKT),. The experimental line for the metal 
ion M intersects this perpendicular at the point 
[(pKT),, log K,,"]. By definition 0 = log KML, - 

(pK,),. The length of Lo marked off by the llnes 
for M and Ms (H,') is equal to 0. Consequently 0 
can only be a good measure of B when all the 
experimental lines converge at a common point. 
By analogy, all plots of log K,, against log KMLo 
must converge in order for o to be a good measure 
of C. 

The most obvious feature of Fig. 4 is the total 
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TABLE 8 

Evaluation of + and its second derivatives"~ 
~pp . -- - ~ . ~ ~~ .. . ~ ~-~ ~~- - 

li(a2+iaoae) 
Ligand - - 
or I O ~  D L  $1 4 2  $3 44 Calcd.* 

- . . . . ..~ - - ~  

Obsd.' 
- ~~ ~ 

-~ - . .. ~- ~. -- 
'For aryl derivatives of nitrilotrincetic acid. The B, C, 0, and 0 values required for the calculations are taken from Tables 5 and 6. 
bAII @ values are evaluated for M - Zn2+.  @, is calculated from eq. [21], from eq. [241, and @, from eq. [351 with l/(a2@/aua0) = 

10.66; @, is the  observed value (eq. [I I ] ) .  
Cobserved value, from Table 5. 
'Calculated value, from eq. (341 for ligand with R =- CH30-. 
'Calculated value, from eq. [34] for ligand with R = CI-. 
JCalculated from eq. [30] or eq. 1321. 
rrl I l i I R l i l A ~  - , , - - , - - , . 
h~ ~cac/a~). 
'Observed values, from Table 7. 

B - 
FIG. 3. Exactness test for the salicylaldehyde family: 

open circles, -8 vs. B, (a8iaB) = 6.18 with r = 0.996; 
open triangles, - o  vs. C, (aoiac) = 6.33 with r = 0.995. 
Data for Ca2+ and 3,5-dinitrosalicylaldehyde are not in- 
cluded in the evaluation of the second derivatives of +. 

lack of convergence of the Mg2+ line. The re- 
maining lines converge roughly in the same region 
of the first quadrant. The results summarized in 
Table 7 illustrate that there is a relationship 
between the degree of convergence and the 
success of the exactness test. The near perfect 
convergence of the lines for HTf , z n 2  +, and Ca2 + 

is reflected in the excellent values of r and c.i. 

FIG. 4. Plots of log KML VS. PKT for aryl derivatives 
of nitrilotriacetic acid. 

for the second derivatives of + when the least 
squares treatment is limited to the data for these 
ions. Inclusion of the data for all metal ions 
in the regression analyses culminates in an exact- 
ness test of low significance. The value of r for 
(aB/aB) has dropped from 1.000 for the previous 
set of ions to 0.939. In contrast, exclusion of the 
data for ~ g ~ +  causes only a small drop in the 
statistical parameters ( r  = 0.996). This is in agree- 
ment with the approximate convergence in Fig. 
4 for this set of ions. Hence, as the lack of con- 
vergence becomes more serious, the exactness 
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test becomes less meaningful since (ae/aB) be- 
comes less rigorously defined. We would expect 
a lack of convergence in comparisons of the other 
type to manifest itself in the significance of 
(aolac). 

An interesting comment is now possible about 
the intercepts on the vertical axis of 1.f.e.r. that 
obey eqs. [26] and [28]. If the exactness condition 
is fillfilled, then the location of the point of con- 
vergence will determine the magnitude of these 
intercepts. An inverse relationship between B 
and a (C and a') is expected if the point of inter- 
section is located in the first or fourth quadrant, 
and a direct relationship when positioned in the 
second or third. The relationship is inverse for 
the comparisons reported in this section, although 
a direct correspondence has also been observed 
(24). 

The various exactness tests summarized in 
Table 7 illustrate one other important principle. 
Users of eqs. [5] to [7] have been faced with the 
question of which pK value to select for correla- 
tions in a polyfunctional ligand series (e.g., refs. 
4, 5, 7, 46). Two practices are in common use. 
Either the pK value for the protonation of the 
most basic center in the ligand molecule is 
selected (e.g., refs. 4, 10, 27, 47) or the sum 
corresponding to the total measurable basicity 
(e.g., ref. 5). Three of the four functional groups 
of the aryl derivatives of nitrilotriacetic acid 
(footnote b, Table 5) have measurable pK values. 
So far in our statistical analysis of this system 
we have chosen the total protonation reaction 
(pKT) as the "ligand-dependent7' standard 
reaction series. When the protonation of the most 
basic center (pK,,,) is selected, excellent correla- 
tion coefficients for the evaluation of slopes B 
and Care again observed.I0 In contrast, the value 
of I .  associated with (ae/aB) has dropped from 
0.996 to 0.91 5 and the significance of the exactness 
test is correspondingly lowered. The choice of the 
protonation of the nitrogen center as the "ligand- 
dependent" reaction series is thus inferior. In this 
way we are able to employ the exactness test as a 
criterion for selecting the proper standard 
reaction series. 

consequence of the exactness condition. We may 
conclude from the equivalence of 4,  (eq. [2 1 I), 
42 (eq. [24]), and 4, (eq. [I 11) that for this family 
of nitrilotriacetic acid derivatives the integration 
of d+ (eq. [14], Fig. 1) is indeed independent of 
the path. The Taylor's series evaluation of 
4 (eq. [35]) is also shown to be valid (4,). 

Several other systems not discussed in this 
paper also conform to the regression analyses 
of the B and C slopes and the exactness test (24). 
These families are derived from 8-hydroxyquino- 
line, 8-hydroxyquinoline-5-sulfonic acid, imino- 
diacetic acid, I-(0-hydroxypheny1azo)-2-naph- 
thol, and dibenzoylmethane (furoyl- and thenoyl- 
substitutions). These systems offer no new 
evidence, although in some cases the correlations 
were somewhat poorer than those reported. 

The mutual dependence of B on the particular 
metal ions compared and of C on the particular 
ligands compared is accepted as characteristic 
of a "normal" substituent effect. 

The Structural Substituent EfSect 
The striking feature of the results reported in 

Tables 9 to 1 1  is that the free energy (= a' log 
units) of the displacement reaction NIL, + L = 
ML + Lo is independent ofthe metal ion (C = I), 
and the free energy (= a log units) of the dis- 
placement reaction MsL + M = ML + M, is 
independent of the ligand (B = 1). (The devia- 
tions of the B values from unity in these tables are 
small compared to values of (1 - B) for the B 
values reported for the same ions in the previous 

TABLE 9 

Values of B and C for p-diketonesa 

Ligand c.i. 
or ]on C o r B  r ( %) CI' or CI 

Acetyl- 
acetone 
(Lo) l.OOOb 1.000 100 0.000' 

Benzovl- 

The results of a numerical verification of several Co2+ 1.000 1.000 100 -2.630 
MgZ + of the equations derived in an earlier section are Ni2+ 

0.925 1 .OOO 99.0-99.8 -3.459 
0.978 0.999 95-98 -2.228 

reported in Table 8. The calculated values of o pb2+ 1.006 0.999 95-98 -3.304 
and the second derivatives of 4 compare well with Cu2+ (Ms) 2 . 0 0 0  1.000 - 100 -- 0.000 
the observed values. This agreement implies the T h e  stability constants employed were determined at  30°C in 

74.5 0% dipxane (1,  48, 49). y = logKML and x = logKcuL except 
exactness of d4  since eq. [34], which embodies for evaluations OCC. 
the equivalence of eqs. [30] and [32], is a direct :;$::: Oo: ;iy = ""K"" and 

= 
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TABLE 10 

Values of B and C for alkanol-substituted ethylenediamines". 
- . - -. -- . - . ~ 

~ ~~. - - . -~~----....-A- ~.~ 

Ligand or ion C or B I' c.i. (%) a' or a 

R1 = R2 = R3 = R4 = EtOH 1 .OOOc 1.000 
R ,  = EtOH, R2 = R3 = RJ = iPrOH 0.978' 1 ,000 
R , = R  2 - - R3 = R4 = iPrOH 0.976' 1 .OOO 

Cu2 + 0.910 1 .OOO 

. ~. 
.- ....p..--...p -- .~ 

'The stabilily constants employed were determined a t  25.0 "C with u = 0.5 (50). 
the treatment y = log KhlL and x = log K,,, except for evaluations of C. 
bR1\ R3 

R : \R,, EtOH = -C>H,OH, iPrOH = -CH2CH(OH)CH3. 
'Values ofC. j~ = log KUL and x = log KbtL,,. LO: R I  =: R 2  = R, = R1 = EtOH 
dValues of a'. 

TABLE 11 

Values of B and C for ligands related to gl ycine" 
--- --- 

Ligand c.i. 
or ion C o r B  r (%) a' or a 

Glycine (Lo) 1 .OOOb. ' 1 ,000 100 0.000' 
Pyridine-2- 

carboxylic 
acid 0.994b*c 0.986 >99 .9  0.220' 

8-Hvdroxv- 

Fe2 + 1.020 0.997 90-95 1.087 
Mn2+ (M,) 1.000 1.000 100 0.000 
Cd2 + (0.882) 0.998 95-98 1.498 

"The stability constants for glycine and 8-hydroxyquinoline com- 
plexes were determined a t  20 or 25 'C and refer to 81 medium wi th  
u = 0 or 0.01: t h e  data for pyridine-2-carboxylic acid complexes 
refer to 20 'C and u = 0.1 ( I ) .  T h e  data for complexes of Ba2+ and 
Sr2+ with glycine are unexpectedly low ( <  one log u n i t )  and are 
omitted from the least squares treatment. The data for t h e  protonation 
of the ligands are also omitted (see footnote d ) .  The data for Ba2+. 
Sr2+,  Cal+ ,  and Mg2+ (and perhaps C d 2 + )  suggest that  for these 
ions 8-hydroxyquinoline does no t  belong to the same family as the 
other two ligands. This observation finds support i n  o u r  treatment 
of correlations of the second kind (footnote 31. 

values. 
'Regression also includes data for C a l t ,  Mg2+,  Cdl+,  and A g t .  
"The data for the protonation reactions (PKI + pKz) also fit 

this correlation (see text). 
'Values of a'. 

section.) The condition of exactness is satisfied in 
these systems since (aB/a0) = ( a C / a ~ )  = 0. To 
distinguish this type of behavior from the 
"normal" substituent effect, we designate it as 
the "structural" substituent effect. 

The term "structural" was adopted to em- 
phasize that the dominant differences between the 
ligands in a series are geometric in nature. The 
series of P-diketones aregenerated by substitution 
of the methyl groups of acetylacetone by phenyl 
groups. The degree of unsaturation, therefore, 
increases along the series. In the alkanol- 

100 0 .  0OOd 
> 99.9 1.052" 
> 99.9 1 .459d 

99.0-99.8 4.206 
98-99 1.404 
98-99 0.489 

100 0.000 - -. - 
The data for C d 2 +  do not conform to 

substituted ethylenediamines, primary alcohols 
are replaced by more bulky secondary alcohol 
groups. The series derived from glycine is created 
by incorporating the skeleton structure O-C- 
C-N into increasingly unsaturated molecules. 
It is noteworthy that in this system the point 
corresponding to the total basicity (pKNk, f 
pK,,) nearly fits the regression line for 8-hydroxy- 
quinoline ((pK,),,,c = 15.76; (pK,),,, = 15.02) 
but does not for pyridine-2-carboxylic acid 
((pK,-),,,, = 12.23; (PK,),~, = 7.04)." 

The incorporation of the skeleton structure 
N-C-C-N into unsaturated molecular sys- 
tems creates another ligand series for which the 
data suggest B = C = 1 (24).12 In Fig. 5 the 
data for threemembers of this series areplotted.13 
Complexes of Cu2+,  Ag+ and H+  with 1,lO- 
phenanthroline appear to be considerably de- 
stabilized relative to their ethylenediamine com- 
plexes. These deviations do not occur for the 
second plot in Fig. 5. Such destabilizations 
appear to be characteristic of the aromatic 
members of this ligand series and are of the same 
magnitude for 1,lO-phenanthroline and 2,2'- 
bipyridyl. 

Unit slopes have also been reported (4, 53) for 
plots of log K,,, against log KML, for ligands re- 

"The observed value is (pK,),,, and that calculated 
from the "best" straight line (Table I I) is ( P K T ) ~ ~ ~ ~ .  

12The series consists of 1,lO-phenanthroline, 2,2'- 
bipyridyl, ethylenediamine, 2-picolylamine, and 2- 
pipecolylamine. 

I3The data for ethylenedia~nine are for p = 1 M (KCI) 
and 25 "C (1, 51). Data for 1,lO-phenanthroline and 2,2'- 
bipyridyl are for 20 "C and p = 0.1 M, and are from ref. 
1, except log KFeL values which are from ref. 52. Irving 
and Rossotti (4) report a value of C = 0.63 for the plot 
of log KML (bipy) vs. log KM," (phen). 
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C 0 

Z n  

Fe (TI) 

log K + A 
MLo 

FIG. 5. Comparison of data for 1,lO-phenanthroline, 
2,2'-bipyridyl and ethylenediamine complexes: open 
triangles, log K,,, (phen) vs. log KMLO (en) with C = 
1.024. a' = 1.075. r = 0.995. and A = 0: oDen circles. 
log K,,, (bipy) vs.'log KbfL, (phen) with C =  0.953, a' =' 
- 1.101, r. = 0.993, and A = 5.00. 

lated to ethylenediamine-N,N,Nf,N'-tetra-acetic 
acid (EDTA). Complexes of the more rigid ligand 
tratls-cyclohexane-1 ,2-diamine-N,N,N',N1-tetra- 
acetic acid (4) and of propyleiiediamine-N,N,N1, 
N'-tetra-acetic acid (53) are each stabilized rela- 
tive to EDTA complexes by a constant amount. 
Many metal ions are involved in these compari- 
sons. Indeed, as an examination of the data re- 
vealed, B = 1 for many of the metal ions (e.g., 
the lanthanides). 

Finally, the series of ligands XCO - CHR'  - 
N H R  investigated by Leberman and Rabin (16) 
illustrates in a striking manlier the difference 
between the two substituent effects. Changes in 
R ( = CH,, H) or R' ( = H, (CH,),CHCH,-) 
constitute a "structural" substituent effect, while 
chaiiges in X ( = OH, NH,, NHCH,CO,H, 
etc.) coiistitute a "normal" substituent effect.14 
Changes in free energy of complex formation 
acconipanyingclianges in R or R' are independent 
of tlie nature of X. 

B, General Ren~arks 
In subsection A our examination of the experi- 

mental data was limited to systems for which 
1.f.e.r. were quite adequate. It is not our purpose 

I4Some of the free-energy relationships in this system 
appear to be slightly curved. 

in this paper to examine non-linear systems, nor 
to treat the vast subject of deviations from the 
observed relationships. We have, however, given 
in Part I1 of this series a detailed theoretical treat- 
ment of the requirements for successful free- 
energy relationships, and we feel that this 
provides a proper framework for consideration 
of non-regular systems. 

Conclusions 

The systems examined testify to the validity of 
eqs. [21] and [24]. These equations were derived 
from the assumption that the parameters o and 8 
approximated the variables on which the free- 
energy changes accompanying reaction [ l l ] ,  
M + L = ML, depended. As a result of the 
assumed exactness of the differential d4,  the 
condition of exactness could be formulated. The 
exactness condition revealed the inherent re- 
lationship between the slopes Band  C. When the 
condition of exactness is satisfied, then d+ may be 
concluded to be exact for a particular reaction 
series. It further confirms that the "ligand- 
dependent" and "metal-dependent" reaction 
seiies were properly selected. The success of a 
particular choice may be judged from the 
equality or inequality and/or from the magnitude 
of the statistical parameters r a n d  c.i. 

In Part I1 of this series (15), it is shown that 
linear relationships are most probable when 
substituent changes are small. It is perhaps para- 
doxical that the "structural" substituent effect 
is often accompanied by drastic changes in the 
structure of the ligand. A possible clue as to what 
factors are operative in this case may come from 
the medium effect (14). The lack of dependelice of 
the quasi-substituent effect on the ligand and of 
the substituent effect on the metal ion is reminis- 
cent of the medium effect in the first approxi- 
mation. The diagnostic feature of the latter is that  
the substituent effect is independent of the sol- 
vent: an 1.f.e.r. of unit slope is obtained when 
log K for a series of compounds in one solvent is 
plotted against log K for the same series in a 
second solvent (14).15 Attempts to explain the 
trend of increasing stability with increasing 

151n principle it is possible to treat the relationship 
between the medium effect and either the substituent o r  
quasi-substituent effect in a fashion analogous to that 
developed in this Paper for the relationship between the 
substituent and quasi-substituent effects. A study of this 
approach is in progress. 
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degree of unsaturation of the ligand in terms of 
n bonding are inadequate, since the "structural'' 
substituent effect is the same for ions that can or 
cannot participate in such bonding. 

Finally, let us compare the derived equations 
with those reported by other investigators. To 
facilitate this comparison we shall assume that it 
is possible to designate an appropriate standard 
state for which the activity coefficients of the 
reactants and products may be set equal to unity. 
Under such conditions eq. [26] with M, = Hi 
is equivalent to eq. [7]. The relationship between 
the Irving-Rossotti equations, [5] and [8], 
and [26] and [28] is self-evident. These authors 
(4) have also derived an equation equivalent to 
eq. [5] for comparing plots of log KML against 
log KMs,, where M and M, are similar metal ions. 
M, simply replaces Hi in eq. [5]. We have shown 

nor eq. [28] on the choice of the reference ligand. 
In fact, in the systems discussed, any of the other 
ions could equally well have been selected as M, 
or any other ligand as Lo. The magnitude of 
slope C is independent of the choice of M,, but 
not of Lo ; similarly the value of B is dependent on 
M, but independent of Lo. Of course, the values 
of 4, (T, and 0 depend by definition on the choice 
of M, and Lo. The most suitable selection of M, 
and Lo may be judged from the equivale~lce of the 
second derivatives of and/or from the values of 
the statistical parameters. 
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Free-energy relationships in coordination chemistry. 11. Requirements for 
linear relationships 

E. NIEBOER' AND W. A. E. MCBRYDE 
Departmerzt of Chemistry, University of Waterloo, Wnterloo, Ontario 

Received November 25, 1969 

This paper discusses factors predisposing to linear free energy relationships among families of metal 
complexes. It is postulated that changes occurring at  a reaction site in a test series of reactions and the 
corresponding changes in a reference series have their origins in the same independent variables. Linearity 
is seen to be favored when changes in the reaction site or in ligand substituents are small, and in the 
absence of strong interactions with the solvent. In addition to such considerations of a molecular sort, a 
number of relationships among the thermodynamic quantities AH0, AS0, and AGO which have been 
identified as having a significant influence on rate and equilibrium relationships in series of organic reac- 
tions are discussed in terms of their effect on metal-ligand systems. 
Canadian Journal of Chemistry, 48, 2565 (1970) 

Introduction 

In Part I of this series (1) the authors offered 
a rational scheme for the derivation of equations 
that represent linear relationships among forma- 
tion constants of metal-ion complexes or acids 
(proton complexes) formed within a set of metal 
ions and related ligands. The following are 
reproduced for discussion in this part.2 

[ l ]  (former [25]) 4' = log TKML - log T ~ M L o  

= + - 9 = B o  

[2] (former [26]) log TKML = B log TKM,L 

+ [log T K ~ ~ o  - B log T K ~ s ~ o l  

[3] (former [27]) 4" = log T ~ M L  - log T ~ M s L  

= + - o = C 9  

portional must depend on properties or variables 
ascribable to both the change in metal ion from 
M, to M and the change in ligand from Lo to L .  
Accordingly two standard reaction series were 
postulated: one (o) dependent only on changes in 
the ligand, the other (9) dependent only on 
changes in the metal ion. The dependence of 4 on 
o and 9 was represented by an exact differential 
in which B and C appeared as partial differential 
quotients or gradients. From the behavior 
observed in a number of chemical systems a 
further inference was drawn, that B and C them- 
selves were functionally dependent on 9 and o 
respectively. The restricted quantities 4' and 4" 
were introduced as defined in eqs. [ l ]  and [3] 
to apply respectively to the reactions of a single 
test metal ion with a series of related ligands (+'), 
and to the reactions of a single test ligand with a 

[4] (former [28]) log T ~ M L  = C log TKMLo series of metal ions (4"). 
Equations [2] and [4], derived simply from 

+ [log T K ~ s L  - C log TKMsLo] eqs. [ l ]  and [3] respectively, denote the existence 

Underlying these derivations was the notion of linear free energy relationships (1.f.e.r.) among 

that the change in free energy to which + is pro- the reactions of a particular set of ligands or 
metal ions, provided the gradients B and C are 
invariant within the ralTge of log K values 

'NRCC Postdoctorate Fellow; Present address: encompassed. The evidence in Part 1 showed that 
Inorganic Chemistry Laboratory, Oxford University, 
Oxford, England. numerous groups of metal ions and ligands 

ZFor the derivation of these, see Part I. The symbols exhibit such 1.f.e.r. It is our purpose in this paper 
$, cr, and 9 were introduced to represent differences in to examine critically what considerations must 
logarithms of equilibrium constants. 

apply to permit the quantities B and C to remain 
$ = log - log TKM*Lo constant within a set of reactants. These are 
CT = log TICMSL - log TKMsLo discussed from two complementary points of 
9 = log - log TKnrsLo view. We shall first consider how the quantities 

The subscripts s and 0 represent a standard or reference +' and o may be affected by changes in one or 
I metal and ligand, respectively. The quantities B and C, 

are res ectively, (a log 'KML/a log TKM*L)o and (a log 'KML/ P 
more molecular variables arising within a series 

I a log KML~),. of reactants; examples of such variables are 
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given in the next section. Then we shall show how 
the variables +', +", o, and 0, and the relationships 
between pairs of them are dependent on certain 
relationships among changes in the thermodyna- 
mic quantities, free energy, enthalpy, and en- 
tropy, associated with the reaction series. 

In Part I, eqs. [l ] and [3] were derived without 
any reference to the microscopic mechanisms 
by which the substituent or quasi-substituent 
effect was transmitted to the reaction site. Yet it 
was recognized that o and 0 were themselves 
dependent on other unidentified variables of the 
sort mentioned below. The existence and 
demonstrated validity of 1.f.e.r. among systems 
of metal complexes permit and support an anal- 
ysis of the dependence of the functions +', +", 
o, and 0 on such microscopic variables without 
the necessity of the latter being specifically identi- 
fied. The same rational structure may be modified 
to incorporate the functional dependence of the 
free energy on the enthalpy, entropy, and tem- 
perature. 

General Restrictions 

We select eq. [ I ]  for the following analysis, but 
point out that eq. [3] has the same form as eq. 
[I 1, differing only in the choice of variables, so 
that the substance of the argument would remain 
unaltered if eq. [3] were examined in the same 
way. It was previously asserted that o adequately 
accounted for the ligand-dependent contribution 
to +. Now we shall treat o (and hence 4') as 
functionally dependent on certain properties of 
the ligand, which we might represent symbolically 
by x, u;.., etc., that change systematically along 
a series of ligands. These properties cannot be 
specifically identified, but they are apt to include 
variables such as substituent polarizability, 
group electronegativity, charge, or bond dipole 
moment. This last property would be important 
for a substituent if the mechanism of interaction 
between it and the reaction site were of the 
charge-dipole type. Which of these properties 
are important in a specific reaction series will be 
determined by the mechanism(s) operating to 
transinit the effect of the substituent to the reac- 
tion center. Examples of these are dipole-dipole 
interactions, charge-dipole interactions, reso- 
nance, polarization, and steric interactions. 
Moreover, the independent variables and the in- 
teraction mechanisms named are not necessarily 
mutually exclusive. 

In order for the gradient B of eq. [ l ]  to be 
invariant, certain limitations must be placed on 
the independent variables x, v ,  .... 
+' and o as a Function of One Independent 

Variable 
Given that B is a function of 0 only we may 

simply write eq. [ I ]  in differential form 

Or we could refer back to Part I and note that 
by comparing eq. [18] or Fig. 1 there with eq. [ I ]  
of this paper, eq. [5] follows directly. If it is 
assumed that o is a function of the independent 
variable x only, then d o  = (ao/ax),dx. Equation 
[ j ]  may be rewritten as in [6]. 

Consequently, both +' and o must be functions 
of x only if a free-energy relationship is to exist. 
But when do we expect such a relationship to be 
linear? The gradient B may be written as B = 
(a+'/ax),/(ao/ax), = gxlf, .  For B to be invariant, 
it is required that either gx and fx  both remain 
constant throughout the range of variation of x, 
or both change proportionately. A complemen- 
tary, but more informative, answer is obtained 
by the application of the "extra-thermodynamic" 
approach of Leffler and Grunwald (2) to the 
problem. A brief outline of this approach is now 
presented. 

A molecule (e.g., L, ML, M,L) is divided into 
two zones, one of which contains the substituent 
and the other the region of primary importance 
in the reaction. Each of these zones is regarded 
as contributing an additive term to the free 
energy, and also as interacting with the other 
zone. Let us represent the substituent zone by R 
in the case of a substituted ligand (as in L, M,L, 
and ML) and R, for the unsubstituted ligand 
(as in Lo, M,L,, and ML,); also the reaction 
zone by YM for ML and ML,, YM, for M,L and 
M,L,, and Y for L and Lo. The standard free 
energy of the substance R-YM in the solvent S 
is then expressed as in eq. [7]. 

The quantities GR and GYM are the independent 
additive terms (per mole) for the zones Rand YM, 
respectively; IR,yM is the term resulting from the 
interaction between zones R and YM, IR.S that 
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from the interaction between the zone R and the 
solvent S, I,,,, that from the interaction between 
the zone YM and the solvent S;  the term II,,,,,, 
arises from the failure of these interactions to be 
truly independent. The significance of the terms 
in eq. [7] can be better understood if it is pointed 
out that G,, GYM, and I,,,, are gas-phase quan- 
tities. The following relationships may thus be 
written 

GR i n  s = GR + IR.S 
GYM i n  s = GYM + IYM,S 

I,,,, i n  s = IR,YM + IIR,YM,S 

In order to generate a linear free-energy rela- 
tionship one must introduce a postulate of 
separability [8]. 

The interaction term I,,,, is assumed to be 
separable into two independent factors, one 
characteristic of the zone R (I,) and the other 
characteristic of the zone YM (I,,). Other 
interaction terms can be factored similarly 

In the first approximation, the term II,,,,,, is 
assumed to be negligible. Applying the manipula- 
tions described by Leffler and Grunwald, 4' and o 
may be expressed as in eqs. [9] and [lo], respec- 
tively, and eq. [ I ]  may be generated in the form 
[ I l l .  

[9] 4' = (IR - IRo)(IyM - Iy)/(- 2.303 RT) 

[lo] G = (IR - IRo)(IyMs - I,)/(- 2.303 RT) 

4' = [(IYM - IY)/(IYMS - IY)Io 

A comparison of eqs. [ l ]  and [ l l ]  shows that B 
is equal to the term in square brackets. All non- 
interaction terms and solvent-interaction terms 
have cancelled out in 4' and o .  If it is recalled 
that eq. [J ] compares the stabilities of the com- 
plexes of a series of related ligands with the 
specific metal ion M against those formed with 
the standard metal ion M, in the same series, then 
it is readily understood that the terms I,,, I,,,, 

I and I, are invariant along the series. Consequent- 
, ly, the gradient B is constant and is independent 

- of the siibstituent and the solvent, provided the 
I underlying assumption of separability is valid. 

The separability postulate may be proven 
rigorously for the situation when the substituent 
and reaction zones interact through a single 
mechanism (2). By a single mechanism is meant 
that the free energy of interaction depends only 
on a single pair of independent variables, one 
characteristic of the substituent zone and one 
characteristic of the reaction zone. Consider the 
species R-YM, whose partial molar free energy 
G,-,,O may be expressed as a Taylor's series 
expansion about GRoyM,O, the corresponding 
quantity for a suitably chosen reference com- 
pound Ro-YM'. 

GRYM' - GR,YM,O = (a~RyM0/aR)~,y,~(R - Ro) 
+ (aGRy~o/aYM)RoyM,(YM - YM') 
+ ( a 2 ~ R y M 0 / a R a Y M ) R o y M ~ ( ~  - RO) 

x (YM - YM') 

All partial derivatives are evaluated at (R,,YM1) 
and are constants. For small changes in the 
variables R and YM other second order terms 
and higher order terms not sliown may be 
assumed to vanish. We may now identify the 
quantities in this power series according to their 
independent variables and associate them with 
the appropriate quailtities in tlie following expres- 
sion derived from eq. [7] when only gas-phase 
quantities are considered. 

Hence tlie quantity (I,,,, - may be 
equated to tlie second order term in tlie Taylor's 
series. The interaction term I,,,, (since the 
constant I,,,,,, may be conveniently set to zero) 
is thus indeed a product of two independent 
variables, one characteristic of the s ~ ~ b s t i t i ~ e ~ i t  
zone and tlie other of the reaction zone. For 
large changes in YM and R tlie terms neglected 
become important, and no simple second-order 
term i11 which the variables are separated is 
possible. Separability is ruled out i n  this instance. 
In summary, we can expect the gradient B to be 
invariant when tlie interaction terms are separable 
into independent contributions, but this may 
fail in the event of changes in the R-variable 
being drastic (the value of the YM-variable is not 
altered in the comparison of eq. [l I) . 

If solvent interactions are important, then the 
term II,,,,,, must be considered. This is the 
second approximation. Only under special con- 
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ditions are we now able to factor the I and 11 
terms simultaneously. Consequently, if the 
substituent zone and/or the reaction zone 
interact strongly with the solvent, a linear rela- 
tionship is less likely. The first approximation 
with two mechanisms of interaction is discussed 
presently. 

I t  ought to  be possible, in principle, to identify 
the interaction terms with known or  measurable 
properties of the individual members of a reaction 
series. A rigorous analysis of the substituent 
effect can only be achieved by the application of a 
molecular-orbital treatment (3). However, a 
simple electrostatic model has been applied 
with some success in the treatment of substituent 
effects in aliphatic carboxylic acids (3-5). The 
electric dipole field of a polar substituent is 
considered to  be transferred across space, the 
"field effect". I11 order to  illustrate that it would 
seem feasible to translate the interaction terms 
into a product of two independent physical 
properties, the following interpretation of I,,, 
is rendered. 

The symbols signify as follows: Z, is the formal 
charge on the reaction site Y ;  e is the electronic 
charge; N is Avogadro's number; p, is the bond 
dipole moment of the substituent R ;  0 is the angle 
between the dipole axis and the line joining the 
center of the dipole and the site Y ;  r,, is the 
dipole-charge separation; and D is the effective 
dielectric constant. 

Other interaction terms may be evaluated in 
a similar manner. For example, in the evaluation 
ofI,,,, the interaction of the substituent R with 
both the reaction site Y and the metal ion M at 
this site must be considered. Theoretical calcula- 
tions of B sl~ould be relatively uncomplicated 
since the less accessible I, quantities d o  not occur 
in the expression for B. However, suitable 
restrictions need to  be placed on quantities like 
p,, 0, and r,, to  ensure that I, is a scalar quan- 
tity. Preliminary calculations show promise. 

4' and o as  a Function of'Two or More 
Independent Variables 

It should be clear from our arguments thus far 
that the variables x,  v, ... may effectively denote 
independent microscopic variables or  mech- 
anisms. We have shown that a mechanism implies 

a single pair of independent variables, one of 
which is held constant in the comparisons of eqs. 
[l ] and [3]. In this context the terms independent 
variable and interaction mechanism are synon- 
ymous. 

A type of behavior that is indistinguishable 
from the case of a single independent variable 
arises when o is a function of two variables, x 
and V ,  which are related or  change in proportion. 
If d x  and dv are related as in eq. [13], then eq. 
[14] follows. 

[I31 dv = a,,, d x  

[14] d x  + do = d x  (1 + a,,, + ...) 
Expressed differently, two apparent interaction 
mechanisms may indeed reduce to  one. It is not 
unlikely that thefield,n-inductive, and mesomeric 
effects (6) are related in some reaction series. 

Another possibility arises for which eq. [5] 
holds: o and 4' are functions of x and v, which 
are independent of each other, with d o  and d+' 
as exact differentials (eq. [15]). 

where 
g, = (a+'/ax>V 
go = (a+'lav>X 
f x  = (aolax), 
f, = (aolav), 

An examination of the coefficients of d x  and dv 
shows that the value of B is severely restricted: 
B = g,lf, = gulf,. The significance of this 
restriction is that there can only be an association 
between +' and o when g, f, = f,g,, or  when the 
Jacobian 

gx f x  

vanishes. The simultaneous separation into 
independent contributions of the interaction 
terms corresponding to two mechanisms (i.e., 
g,, g,, .fx, and f, are all constant) can only lead 
to  eq. [ I ]  when the two mechanisms are in con- 
stant ratio for any given substituent in both the 
test and reference reactions (g,/g, = f,lf,). This 
limitation may not be as drastic as it would 
appear. The relative contributions of the induc- 
tive and resonance effects appear to  satisfy this 
condition for many Hammett relationships (2). 
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Implicit in the discussion of eqs. [14] and [15] 
has been the possibility of more than two indepen- 
dent variables. 

General Restrictions and the Exactness Test 
In Part I a simple means was suggested by 

which to test whether the expression for d+ (eq. 
[16]) is an exact differential; this was called the 
exactness test. 

[16] d+ = (a+/ao),do + (a+/ae),de 
= Bdo + Cd0 

It consisted of checking, where possible, the 
equality or otherwise of the observed second 
derivatives aBja0 and aC/ao. 

The evaluation of this condition is greatly 
facilitated when both gradients B and C in eq. 
[I 61 are invariant. Since in many systems Band  C 
are indeed constant, we shall limit the present 
discussion to linear free energy relationships. In 
our discussion of general restrictions it was 
shown that a free-energy relationship will occur 
when both the test and standard reaction series 
show a functional dependence on the same 
independent variables. Linearity is most favored 
when the substituent changes are small. (In the 
case of eq. [3], the metal ion may be considered 
as the "substituent", and the substituent group 
R as the "rea~tant" .~)  Consider the hypothetical 
situation of the reaction of two metal ions, M and 
M,, with a series of related ligands L. For 
simplicity, let us assume that the only mechanism 
important in the transmission of the effect of the 
substituent to the reaction site Y of the ligand L is 
the "field effect". It is further postulated that the 
interaction of the metal M with the reaction site 
Y is largely ionic, while that of M, is largely cova- 
lent. Thecovalent interaction of M, with Y should 
greatly reduce the charge on both these groups. 
On this basis, we would expect the "field effect" 
to be small in M,L complexes, but large in M L  
complexes. By definition (see footnote 2) 4'' 
depends on the stability constants of the com- 
plexes M,L and ML, and 0 on those of M,L, and 
ML,. Separability of the interaction terms would 
likely fail for the wide range of values of the 
independent variable determining the "field 

3For +" we may write MIY + R = MIYR (for 0, R = 
Ro), and for +', R,Y + M = R,YM (for o, M = M3. 
The inherent relationship between the comparisons of 
eqs. [ l ]  and [3] as revealed by the exactness test, is a 
result of the equivalence of these two reaction schemes. 

effect" that must be spanned in going from com- 
plexes of M, to complexes of M.  Linearity, and 
thus eq. [3], would probably break down. 
Turning to  eq. [I], we see that by definition +' 
depends on the stability constants of the com- 
plexes M L  and ML,, and o on those of M,L and 
M,L,. We would expect the "field effect" to 
contribute significantly to +', although the 
opposite is true for o. The choice of M, as the 
reference metal ion for the "ligand-dependent" 
standard reaction series (i.e., o) should in all 
probability cause the failure of eq. [l]. A metal 
ion more closely resembling M woulc! be a more 
suitable choice. 

It is clear that if the exactness test is to be 
successfully applied to systems where B and C 
are invariant, then the system must consist of a 
series of structurally similar ligands and a series 
of similar metal ions. The successful application 
of Hammett-type equations to rates and equi- 
libria of organic reactions has done much to 
elucidate the substituent effect. Substituent 
groups, in relation to various parent molecules, 
have been classified as to their ability to  transmit 
their influence to the reaction site. Various modes 
of transmission have been identified, such as the 
electromeric, mesomeric, inductive field, and 
steric effects (2-4, 6). Any of these effects, when 
contributing to the substituent effect in a n  
abnormal degree, could be responsible for the 
breakdown of 1.f.e.r. Much stands to be learned 
about these various contributions in studies of 
reaction series in which the metal ion is the sub- 
strate or substituent. Metal ions have also been 
classified (7) on the basis of their reactions with 
ligands. It would appear that class (a)  ions 
characteristically participate in ionic interactions, 
and class (6) in covalent interactions, while 
borderline ions exhibit an intermediate behavior 

Breakdown of 1.f.e.r. and the failure of the 
exactness test are to  be expected if a series of 
metal ions includes members of each of the 
extreme classes. 

Thermodynamic Restrictions 
In our treatment thus far we have purposely 

considered changes in free energy under isother- 
mal conditions. Thus we considered o to be a 
function of several independent variables x, v, .... 

4This concept will be discussed in full in Part 111 of this 
series, in preparation. 
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For small changes in these variables we may 
write eq. [17]. 

where AG: = -2.303 RTo; dAG: = -2.303 
RTdo, with f x G  = (aAG,O/ax) , , , , . . .  = constant, 
and Ax = x - x,; f v G  and Av are similarly 
defined. 

But at constant temperature, AG: may also 
be defined by eq. [18] 

Both expressions for AG: are dependent on the 
substituent and the temperature. We must now 
ask what restrictions must be imposed for these 
two expressions to remain equal for a broad 
range of temperature and substituent changes. 
Leffler and Grunwald (2) approach the problem 
by considering the temperature variations of 
AH: (eq. [19]) and AS: (eq. [20]). 

[191 (aAH:/aT), = AC: 

P O I  (~As:/~T), = AC,O/T 

They show in the first approximation, when 
AC: = 0, that the equivalence of eqs. [17] and 
[18] is satisfied when such variables as x, v, ... 
are each separable into two variables, one 
characteristic of the substituent (x', v', ...) and 
one characteristic of the temperature. In addition, 
AH: must be proportional to AS: [21], with 
p a temperature-independent constant. 

In the second approximation, AC: = constant, 
with (dAC:/dT) = 0;  P is expected to be tem- 
perature dependent. Because the variables x, 
u, ... are separable, the following series of rela- 
tionships may be written. 

Several situations may now be distinguished. 
In an isoentropic series AS: = 0, and AG: = 

AH:. In an isoenthalpic series AH: = 0, and 
AG: = - TAs:. Another situation arises when 
eq. [21] applies, i.e., an isokinetic series (2, 3, 9). 
The free energy in this case may be expressed as 
in eq. [25]. 

The isokinetic relationship in eq. [21] demon- 
strates the principle referred to as the Compensa- 
tion Law.' Ives and Marsden (10) have given a 
novel interpretation to the slope P for reactions 
that are accompanied by a considerable change 
in the degree of solvation. In all reactions con- 
sidered in this paper, the part played by the solvent 
has been omitted. It would be more accurate to 
write the reaction M + L = ML as in eq. [26] 
when water is the reaction medium. 

The standard free energy, enthalpy, and entropy 
of a reaction like [26] are divided into a "reaction 
part" and a "hydration part". The "reaction 
part" is that part of a reaction, according to 
Ives and Marsden (lo), in which water is not 
directly involved; in the "hydration part" water 
is solely i n ~ o l v e d . ~  Consequently, the standard 
free-energy change for reaction [26] may be 
written as a sum of the contributions shown in 
eq. [27]. 

[27] AGO = AGr + AG" 

= AHr + AH" - T (ASr + AS") 

Arguments are presented that call for the con- 
clusion that AG1' = 0. If eq. [18] is applied to the 
hydrational part alone, then it follows that 
AHh = TASh. 

In contrast to AG", AH" and AS" may con- 
tribute sigcificantly to AH0 and AS0. Such contri- 
butions are expected to be major in water and 
like polar solvents. This is suggested as one of the 
principal reasons for observing a linear relation- 
ship between AH0 and AS0 in polar solvents. Thus 
the slope P (eq. [21]) should have a value close 
to the experimental temperature for a set of allied 
reactions. This is indeed observed frequently 
(e.g., refs. 2, 10, 17, 18). In addition to the solva- 
tion effects, there appears to be a natural tendency 
for AH0 and TASO terms to contain contributions 
of the same sign. Attractive forces impose con- 

5Simply a linear enthalpy%ntropy effect. 
6The distinction "internal" and "external" has also 

found use in designating the "reaction part" and the 
"hydration part", respectively (11-16). 
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straint (AH0 and AS0 both negative), and the hydrational processes, it is eq. [30] that deter- 
release of such forces confers greater freedom mines the relationship between AG: and the 
(AHOand AS0 both positive). This is often referred inductive effect. This equation is derived from 
to as the normal compensation, and may be eqs. [18] and [23] applied to the "reaction part" 
expressed as in eq. [28], in analogy with eq. [21]. alone, and eq. [28]. 

Ives and Marsden stress that a simple picture, 
such as that presented, will always be inadequate 
to describe the complexity of interactions in 
solution, especially in polar solvents. It can only 
serve to explain general trends. It will always be 
difficult to determine what effects are due to 
solvent influencing solute, or vice versa. All 
measurable thermodynamic quantities attri- 
butable to a solute will inevitablv contain some 
solvent contribution. 

Continuing our discussion of eq. [25], we see 
that if eq. [21] applies to a system, then 

This may be confirmed by combining eqs. [21] 
and [24] and comparing the coefficients of the 
resultant equation with those of [23]. Equation 
[29] then follows from the combination of eqs. 
[25] and [23]. 

p has the dimensions of temperature, and is often 
called the isokinetic temperature. It is evident 
from eq. [25] that if one or other of Px, or is 
equal to the experimental temperature T, then 
changes in the variable x' or v' would fail to 
contribute to AG:. In consequence, the free 
energy depends on one less variable than the 
enthalpy or e n t r ~ p y . ~  We have already reported 
the suggestion that for salvational changes P 
should tend toward T. Consider the hypothetical 
reaction series for which AG: is a measure of the 
inductive effect over a wide range of temperatures, 
but with no such relationship being apparent 
for the enthalpy and entropy7 changes. Neither 
is a linear enthalpy-entropy relationship detect- 
able. Each member in such a reaction series may 
be thought of as having its enthalpy and entropy7 
determined by a different number of mechanisms, 
most of which are likely to be solvent effects. 
However, if AH" = =ASh for nearly all of the 

'These are standard quantities. 

[30] AG: = (1 - T/a) fxSHrAx' 
+ (1 - T/u) fUrHrAu '  + 

When one major mechanism operates in a 
reaction series, then the interpretation ~f all 
three standard thermodynamic quantities should 
be relatively simple. Equation [29] implies that 
for this situation all three quantities should be 
well-behaved, in the sense that they are all linear 
functions of, let us say, the variable x. Differentia- 
tion of eq. [29] yields eq. [31]. 

However, what may appear to be a dependency 
of AG: on a single variable may indeed be a 
dependency of AH: and AS: on two: one con- 
tinuous variable (x) and one discontinuous 
variable which may only exhibit certain discrete 
values. In such a system AG; is a continuous 
function of x, and eq. [31] implies that AH,' 
and ASaO are as well. However, all that is required 
is that the derivatives of AH: and AS: with 
respect to x be invariant. For this system, plots 
of AG: vs. AHaO and of AH: vs. ASaO should 
produce a series of parallel lines with slope (1 - 
TIP) or p, respectively, the number of lines 
depending on the number of discrete values the 
other variable may assume. Such a series of 
parallel lines has not infrequently been reported 
(2, 19, 20). Again, in this situation AGO0 will be a 
measure of polar inductive or other effects due to 
the substituent, while AH: and AS: are not. 
It may be concluded that the operation of com- 
pensation laws often helps to protect standard 
free energies of reactions from extreme com- 
plexities. This is especially so for reactions in 
polar solvents. Hence AGO is often a better mea- 
sure of the enthalpy changes at absolute zero, 
which arise for example from polar substituent 
effects, than AH0.' Changes in eilthalpy at 
absolute zero can be related to molecular models 
(10, 21). 

8Hepler (13) and Milburn (15) have arrived at  the same 
conclusion in a manner not unlike that used to obtain eq. 
[30] in this work. 
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A word of caution must be sounded, however 
(2). Even in systems that exhibit excellent 
correlations of AH: with AS:, a certain amount 
of scatter or "noise" is to be expected due to 
contributions of minor variables to these quan- 
tities. This has the following consequence for 
the standard free energies : AG: values measured 
at temperatures near the isokinetic temperature 
will only exhibit the random "noise". Unless all 
AG,O values are equal to zero within the experi- 
mental error, such quantities will be difficult to 
interpret. It is important to evaluate free energies 
or equilibrium constants over a range of tem- 
peratures if an isokinetic system is suspected. The 
reverse of the situation just described is also 
possible: only at the isokinetic temperature does 
o correlate with expected substituent effects. 
Other complications are to be expected. It is 
possible for the derivative of AG: with respect to 
x (eq. [3 1 I) to change sign by virtue of the relative 
magnitudes of T and P, without a corresponding 
change in (aAH:/ax). Changes in the sign of the 
slope for linear free energy relationships could 
thus occur (see below, eq. [32]). 

It should be possible to evaluate the slope Bin 
eq. [I] in the light of these thermodynamic 
restrictions. Slope C may be similarly discussed. 
By analogy with AG:, AG+,,O may be expressed 
as in eqs. [IS], [22], [25], and [30]; similarly 
AH+,' and AS+,' may be expressed in forms 
similar to eqs. [23] and [24], respectively. To 
illustrate one of the various situations that may 
arise when the test reaction (4') and the standard 
reaction (o) fall into different categories as dis- 
cussed above, let us develop an expression for B 
applying to a comparison between an isokinetic 
test reaction series and an isoenthalpic reference 
reaction series. Since in the previous section of 
this paper we demonstrated that the same vari- 
ables must operate in both reaction series, we 
may determine B by combining the modified 
form of eq. [I] ,  AG+,O = - BTAS:, with eq. 
[24], and comparing the coefficients of the 
resulting equation with those in the expression 
for AG+? in eq. [25]. 

Thus, as mentioned previously, B may change 
sign simply as a result of the relative values for T 

and P+,. It is obvious that extreme care must 
accompany any interpretation of the magnitude 
and sign of slopes (2,9, 17). In a like manner, B 
may be evaluated for comparisons of other 
reaction series of different thermodynamic types. 

Concluding Remarks 
In our discussion of General Restrictions it 

was shown that a free energy relationship should 
occur when both the test and standard reaction 
series show a functional dependence on the same 
independent variables. Linearity is most favored 
when the substituent and quasi-substituent 
changes are small, and when the substituent and 
reaction site do not interact strongly with the 
solvent. The requirement of common variables 
finds full support in the observation that a ligand 
family must comprise a series of closely related 
reagents in order to fix factors such as the number 
and type of donor atoms, and the number and 
size of chelate rings along the series (22). It may 
be relevant to the comments on linearity that in 
Tables 3 and 4 of Part I (1) the correlation 
coefficients are comparatively low for the least 
electronegative metal ion and the most acidic 
ligand. It is tempting to assign this phenomenon, 
also observed in other cases (23), to too drastic 
changes in the variables. However, changes in 
the number of independent variables may not be 
excluded. Curvature has also been observed for 
drastic substituent changes (22, 24-26). 

A detailed regression analysis of the available 
thermodynamic data (AH', As0, and AGO) should 
prove to be extremely profitable. The classifica- 
tion of metal-complex systems into isoenthalpic, 
isoentropic, and isokinetic series is essential in 
establishing the dependence of B and C o n  P and 
T as outlined, for example in eq. [32]. Such 
studies are a prerequisite to any theoretical cal- 
culations of B and C based on models of the 
substituent effect (e.g., eq. [12]). The problem of 
the significance of the magnitude of the intercept 
on the vertical axis also has no easy answers. I t  is 
probably more fundamental to investigate what 
factors determine the location of the point of 
convergence of a set of 1.f.e.r. (I) .  

This work was supported by a grant from the National 
Research Council of Canada for which grateful acknowl- 
edgment is made. One of the authors (E.N.) records his 
thanks for the award of a National Research Council 
Postgraduate Fellowship. 
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Stability constants of three iron(II1) salicylates' 

W. A. E. MCBRYDE, JANET L. ROHR, J. S. PENCINER,~ AND J. A.  PAGE^ 
Departtnent of Chemistry, Ut~iversity of Waterloo, Waterloo, Ontario 

Received February 20, 1970 

Stability constants of the iron(II1) compIexes of salicylic acid, sulfosalicylic acid, and 4-aminosalicyIic 
acid, together with several of the acidity constants of these, have been determined at 25 "C and in solu- 
tions with 0.5 M background electrolyte. For  the spectrophotometric measurement of the stability 
constants improved methods for determining the extinction coefficients of the first and second complexes 
are described. Protonated species appear only with the aminosalicylate complexes, and the site of this 
protonation is discussed. Previous values of these equilibrium constants have been collected and critically 
assessed. 
Canadian Journal  o f  Chemistry, 48, 2574 (1970) 

Introduction 

A spectrophotometric procedure for the esti- 
mation offormation constants of metal complexes 
initially suggested by Vareille (1) has been 
extended (2, 3), particularly by increasing the 
number of inde~endent estimates that could be 
extracted from measurements on a suitable group 
of solutions. In this paper are communicated 
some additional refinements to the experimental 
procedure and to the treatment of the experimen- 
tal data, together with the results of studies on 
complexes formed by iron(II1) with salicylates. 

These particular complexes were selected for 
study for several reasons. The substantially 
different magnitudes of the successive stability 
constants make it possible to study spectrophoto- 
metrically the individual steps in the formation of 
these complexes. One of the advantages of the 
procedure is its ability to test the dependence of 
the measured values of formation constants on 
hydrogen-ion concentration. Thus the method 
had been used (3) to confirm the formation of a 
protonated complex MHL in the reaction 
between iron(II1) and Tiron (disulfonated 
catechol) (4). It was of interest to see whether, 
under comparable conditions of low pH, a similar 
reaction occurred with sulfosalicvlic acid. The 
iron(II1) complexes of this reagent have already 
been investigated by several workers (5-lo), and 
apart from some early observations ( 9 ,  no 

'This work was begun in the Department of Chemistry, 
University of Toronto, and completed and prepared for 
publication in the Department of Medical Chemistry, 
Australian National University, Canberra. 

2Present address: Department of Chemistry, Tel-Aviv 
University, Tel-Aviv, Tsrael. 

3Present address: Department of Chemistry, Queen's 
University, Kingston, Ontario. 

dependence of the formation constants on the 
acidity of the solution had been reported. How- 
ever, the experimental methods or conditions 
applying to these previous investigations may not 
have been chosen with the objective of proving 
or disproving the formation of a protonated 
species. Mattoo (7) specifically commented on 
the absence of a protonated 1 :I complex when 
subjecting Vareille's experimental results to his 
own method of calculation. Salicylic acid and 
some other salicylates have been reported in one 
study to form protonated iron(II1) complexes 
(1 l), though other workers (9, 10, 12-14) have 
not reported on such a species. Three previous 
investigations of the reaction of 4-aminosalicylic 
acid with iron(II1) appear to have demonstrated 
the formation of protonated species, though 
these authors do not agree on the number or 
range of existence of these complexes (9, 13, 15). 
We hoped to be able to bring additional evidence 
to bear on the nature of these reactions at low pH. 

Although these reactions have, as indicated, 
been examined already by a number of investi- 
gators, concordance among the different pub- 
lished stability constants is not very good. Some 
of the inconsistencies are due to the use of 
different ionic media by various workers, but 
some can be traced to the use of inappropriate 
acidity constants for the ligands, and to other 
causes which are discussed in the last section of 
this paper. Clearly, if these colored complexes are 
to  be applied in a quantitative manner for the 
spectrophotometric determination of stability 
constants of other iron(II1) complexes or other 
metal salicylates (e.g. refs. 16, 17), much more 
accurate values of their formation constants will 
be required. 
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PrCcis of the Method 
For the reaction 

ML, - , + HJL = ML, + jH 

an equilibrium concentration quotient can be 
formulated 

in which 

CL and CM represent the total analytical concen- 
trations of ligand and metal ion, respectively. 
The other symbols have their usual meanings. 
Species participating in the reactions are shown 
with charges omitted. Also E = Absorbance 

cm) /C~.  
The key to the method lies in the ability to 

assign values to the extinction coefficients E,, and 
E,, - Given the chemical suitability of the sys- 
tem of complexes, which implies a wide spacing 
of the K,, already referred to, this can be accom- 
plished by inferences about the species present 
at various values of pL (or of pH at constant CL) 
drawn from the appearance of isobestic points 
in networks of absorption curves, E = f @,pH). 

In the system of complexes here under con- 
sideration, E,,, the extinction coeflicient of 
uncomplexed metal can be put equal to zero at 
the wavelengths where absorbances are measured. 
The value of E, at any particular wavelength can 
be assigned with some confidence as follows. An 
isobestic point appearing over a range of pH (at 
fixed CM and CL) can be identified with the con- 
dition = E, at some wavelength 1'; from this 

can be determined. Below some pH value the 
spectra fail to pass through the isobestic point, 
and it may be inferred that in such solutions ML 
is the sole absorbing  specie^.^ For these solutions 
the absorbance at a particular wavelength h 
compared to that at the isobestic wavelength 
h' permits evaluation of the ratio E/E'. Then for 
the wavelength in question one can calculate 

= E,'E/E'. It is also simple to assign values to 

4 0 r  possibly a mixture of  ML and MHL; see the case 
of 4-aminosalicylic acid. 

E, at any wavelength by measuring absorbances 
in solutions of pH high enough to convert all 
metal to the highest complex. 

In a previous paper (3) it was noted that "the 
weakest feature in the method is the selection of 
appropriate E, values for the individual com- 
plexes." We have now evolved the procedure 
just described for setting values of E, ,  and have 
obtained values of E, in this work by calculation 
rather than by direct observation from spectra. 
A number of solutions were prepared containing 
known amounts of metal ion and ligand and 
suitable buffers; for each solution the pH and the 
absorbances at several wavelengths were mea- 
sured. For any such solution the quantity 
[ML,]/[ML] or [ML,I/[ML,] is fixed, and 
accordingly there will be several supposedly 
equal values of (E, - E)/(E - E ~ )  or ( E ~  - E)/ 
(E - E ~ )  for different wavelengths, eq. [2]. Pro- 
vided that values can be assigned to E ,  and E, for 
these wavelengths and that E is obtained by direct 
observation, it becomes a question of finding a 
value of E~ at each wavelength which results in 
the minimum scatter in values of a, or a, at each 
pH. Insofar as possible the value of sz sought was 
required to meet the condition of minimum 
variance in both a, and a,. This was quite easily 
accomplished by a computer program prepared 
for this purpose. The optimized values of a, or a, 
were then used in eq. [l]. 

Systems Investigated 
S~~Ifosalicylic Acid 

No evidence, spectroscopic or from hydrogen- 
ion balance, suggested the binding of hydrogen 
ions to the sulfonate group in the region of p H  
investigated. The equilibrium constant for ioniza- 
tion of the carboxyl hydrogen was determined 
by titration in soliltions maintained at essentially 
constant ionic strength by addition of the speci- 
fied background electrolyte (0.5 M). The acidity 
constant was calculated as a concentration 
quotient from the following relationship5 

5Throughout this paper acidity constants are numbered 
to correspond to the number of dissociable hydrogens in 
the "molecule" of the more acidic species participating 
in the equilibrium. Although this is the reverse of the 
usual practice (except for pK, values of bases) i t  offers 
the advantage of being unambiguous and compatible 
with the numbering of nletal con~plex stability constants. 
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In this, C, and CB are, respectively, the concen- 
trations at each stage of the titration of acid 
taken and base added (i.e. with allowance being 
made for the change in volume during titration). 
The value of [HI, the hydrogen-ion concentration, 
was measured with a pH meter employed as a 
hydrogen-ion concentration probe (18); a rela- 
tionship between H (= antilog (- pH)) and [HI 
was established by direct measurement for the 
salt background in which the titration was 
carried out. 

In a similar way the ionization constant for 
the dissociation of the phenolic hydrogen was 
obtained from titration data applied to the fol- 
lowing relationship 

[H]{CB - 2CA - [OH:]) 
C6l K,l = 3CA - CB + [OH] 

In this case an empirical relationship was estab- 
lished between [OH] in solutions with 0.5 M 
background electrolyte and H-I .  The two rela- 
tionships involving H when combined provided 
an estimate of Kc,, the ion-concentration prod- 
uct for water, in the medium in which it was 
measured. In this way a value of [HI in alkaline 
solutions could be assigned. A similar, but in- 
dependent evaluation of Kc, by the method of 
Liberti and Light (19) yielded an almost identical 
result. 

For determination of K~ sets of solutions were 
prepared within the range of pH ca. 1 to 2. 
Within each set solutions contained fixed con- 
centrations of metal ion, sulfosalicylic acid, and 
either perchloric acid and sodium perchlorate 
or nitric acid and potassium nitrate for a total 
background electrolyte concentration of 0.5 M. 
Different sets of solutions contained different 
ratios of reagent to metal. The absorption 
spectra of these solutions showed only differences 
in intensity which could be attributed to changes 
in concentration of a single species, assumed to 
be ML. The pH of every solution was measured, 
and absorbance measurements were made at 
three wavelengths, 470, 510, and 550 nm, of 
which the last corresponds to an isobestic point 
where = E,. 

To evaluate K~ through eq. [I], j was put equal 
to 2, and an additional factor included to allow 
for the hydrolysis of the uncomplexed iron(II1). 
The right-hand side of eq. [ l ]  was multiplied by 
(1 + K,,/[H]), in which Kh is a first-stage hydro- 
lysis constant for iron(I11). The value of Kh used 

was that of Wilson and Taube (20) for 0.5 M 
NaCIO, background. For practical purposes; 
at the level of free iron concentration in these 
solutions, first-stage hydrolysis only need be 
considered. 

For the measurement of K ,  and K ,  solutions 
were prepared in the same way, but a t  higher pH 
it was found necessary to add buffers to maintain 
constant pH and spectra. Presumably hydrolysis 
of uncomplexed iron(II1) causes a shift in the 
equilibria under consideration, although this 
effect had not been observed in the case of 
iron(II1)-Tiron solutions (3). Buffering agents 
were chosen that had small affinity for iron(III), 
namely, for buffer bases hexamethylenetetra- 
amine, a-picoline, ammonia; the pH ranges are 
4-6, 5-7.8, and 8-10, respectively. They were all 
used with their nitrate salts at molarities of 0.05 
and with compensating reductions in the amount 
of potassium nitrate taken for the background 
electrolyte. Suitable values for determination of 
K, lay between 2.7 and 4.1, and for K ,  between 
5.8 and 7.1. Absorbance measurements were 
made at 400, 420, 460, and 500 nm, although 
values at 460 nm proved unsuitable for evaluation 
of K ,  by eqs. [I] and [2] since this wavelength 
corresponds to the isobestic point where E ,  = E,. 

Values of the stability constants K,, are related 
to the foregoing equilibrium constants by the 
equation 

Additional estimates of K ,  were made from 
measurements on solutions prepared for Job 
analysis (21) of the composition of the first com- 
plex. Solutions were prepared containing x C  
molar iron(II1) and (1 - x)C molar sulfosalicylic 
acid, with the p H  within each set maintained 
constant and with potassium nitrate added to 
give a total background electrolyte concentration 
of 0.5 M. Four such sets of solutions were pre- 
pared, each differing in pH but falling within the 
range 1.6 to 2.5. The absorbances A at 505 nm 

= 1880) were measured, and the equilibrium 
constant calculated by means of eq. [8]. 

Salicylic Acid 
Measurements with this compound were con- 
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fined to determination of the dissociation con- 
stant for the carboxyl hydrogen and of K, for the 
first iron(II1) complex. The data were obtained 
and treated in the same fashion as for sulfosalicy- 
lic acid. Absorbance measurements were made 
at 500, 530, and 560 nm, of which wavelengths 
the second is h,,,,, ( E ~  = 1530) and the third is 
that of the isobestic point where = E ~ .  

4-Aminosalicylic Acid 
Quantitative studies with this compound are 

complicated by the fact that it undergoes decar- 
boxylation to form 177-aminophenol (22) with the 
product of this reaction also capable of forming 
a colored complex with iron(II1). In our studies 
we worked quickly with fresh solutions in the 
hope of avoiding this side reaction, but we were 
frequently conscious of some instability of our 
solutions, and cannot claim for our equilibrium 
constants the same accuracy or precision as were 
obtained with the preceding two compounds. 

This acid possesses an extra ionization constant 
K,, for proton transfer at the amino group. There 
appears to be some confusion about the assign- 
ment of acidity constants for this acid. Thus 
Colleter (9) employed an ionization scheme 
comparable to that for an amino acid such as 
tyrosine, viz. pKco0,, < pKN,,, < pKof,, and 
Agren (13) appears to have done the same. 
Others (15,22-25) have considered that pKNt,, < 
pKcootl, or at least that of the two ionization 
pathways for H,L+ forming neutral amino 
acid is strongly favored over that producing 
zwitterion. The latter view is also supported by 
simple calculations with the Hammett equation. 
By appropriate substitution of o-factors in the 
following relationships (26) 

pK (anilines) = 4.57 - 2.8 1 xo 
pK (benzoic acids) = 4.20 - xo 

the pK values predicted for 4-aminosalicylic acid 
are pKN,,, = 2.19 and pKco0,, = 3.64. Since 
values about 2 and 3.7 have been reported for 
this acid (see Table 2) there seems little reason to 
question their correct assignment. 

The two acidity constants in question were 
determined as concentration quotients for a 
background of 0.5 M perchlorate. This necessi- 
tated special care in the evaluation of [HI by the 
glass electrode. As a calibration known amounts 
of 0.5 M perchloric acid were added to a known 
volume of 0.5 M sodium perchlorate solution, 

and the pH measured (to 0.001 unit) with a glass 
and calomel electrode. The latter was protected 
from the perchlorate solution by a sleeve-type 
salt bridge (18) to avoid formation of potassiiim 
perchlorate at the orifice of the calomel half-cell. 
The values observed with the apparatus used 
could be fitted down to pH 1.3 to a relationship6 
[HI = a H  + bHZ with a = 0.971 and b = 4.3. 

Solutions of the sodium salt of 4-aminosalicy- 
lic acid were prepared from weighed samples 
and immediately titrated with 0.5 M perchloric 
acid under the same conditions; the total time 
required did not exceed 45 mill. The data from 
the titrations, in the form ii,, and [HI, were 
processed by a computer program which selected 
values of the acidity constants giving best fit to 
the experimental results on a least squares basis. 
Some spectrophotometric measurements in the 
ultraviolet were also made, but yielded K,, 
values of poorer precision. 

The spectra of the iron(II1) complexes with 
this reagent showed the typical shift to lower 
values of h ,,,, and higher values of E ,,;,, with 
increasing pH. We have interpreted peaks at 500, 
465, and 420 nm to denote absorbing species 
which, by analogy with the other salicylates, 
Tiron, etc., we assume to be ML, ML,, and ML,, 
respectively. Below pH - 1.5 the band with 
h,,, = 500 nm diminishes in intensity but does 
not change in contour. Isobestic points were less 
clearly defined, but were identified and assigned 
as follows: E,  = E, at 587 nm and E, = E, at 460 
nm (cf. ref. 15). 

To evaluate K, for the first metal complex, eq. 
[3] was expressed in the form 

the term K,,K,,z/[H]Z being negligible in acidic 
solutions. The quantity al[H]Z/[HzL] on the 
right-hand side of eq. [:I], after applying the 
correction for hydrolysis of iron(III), showed a 
dependence on hydrogen-ion concentration, in 
contrast to corresponding values for the other 
two salicylates. As did Agren (13) and Tsin-jao 
et al. (15) we interpreted this observation in 
terms of a protonated complex. 

The formation of this has been represented 
- 

6 0 n  the basis of accumulated experience with this 
kind of calibration (e.g. ref. 18) we are only prepared a t  
this time to treat n and b as systematic empirical para- 
meters. 
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FIG. 1. (a) Variation of apparent a, for Fe-Caminosalicylate with hydrogen-ion concentration. The vertical lines 
show the range of values for four different wavelengths; left hook for CL/CM = 10; right hook for CL/CM = 5. The 
regression line was fitted by least squares. Intercept = 2.52 + 0.40 (estimated); slope = 336 ( 2  30); slope calculated 
for zero intercept = 386 (+ 38). (b) Variation of apparent a2 for Fe-4-aminosalicylate with hydrogen-ion concentration. 
The vertical lines show the range of values for six different wavelengths. The correlation line was fitted by least squares. 
Slope = 0.107 (+ 0.031). 

by ML + H = MHL for which an equilibrium of solutions within the pH range 0.9 to 2.5 apart 
constant K~ has been introduced from increase or decrease in intensity of the 

[9 I K~ = [MHL]/[ML][H] 
whole band, it was inferred that MHL, if present, 
either has the same absorption spectrum as ML 

In applying the spectrophotometric procedure in the visible region or is non-absorbing. Since 
eq. [2] must be reinterpreted to provide for the absorption at ca. 500 nm is undoubtedly asso- 
possible existence of a protonated species. Since ciated with the iron-phenol link, it seems more 
no detectable shift was observed in the spectra reasonable to accept the former assumption. In 
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McBRYDE ET AL.: STABILITY CONSTANTS OF Fe(1II) SALICYLATES 

TABLE 1 

Acidity constants for salicylic acids* 

Kal x 10l2 Ka2 x lo3 K . ~  x lo3 
Medium 

Acid (0.5 M) Value o No. Value o No. Value o No. 

Salicylic acid Va)C104 1.53 0.11 26 
Sulfosalicylic acid (Na)C104 3.91 0.06 37 5.05 0.23 26 

(K)N03 2.66 0.07 51 4.96 0.02 68 

4-Aminosalicylic 
acid (Na)C104 

~ - 

*T = 25 "C; No. refers to the number of independently calculated 

- -- [El (1 + K,[HI) 

Consequently eq. [I ] now represents 

[ la]  a,  [HI2/[H2L] = "apparent K," 

= ~ ~ ( 1  + KH[H]) 

this case 
- [2a] a,=-- 

[ML] + [MHLl 
E - El  [MI 

with an added term to compensate for hydrolysis. 
By plotting "apparent K," against [HI values 
were obtained for K ,  and K, from the intercept 
and slope of a straight line (15); this is shown in 
Fig. 1. Solutions were prepared as described for 
sulfosalicylic acid, and absorbance measure- 
ments made at 470, 500 (max. E,  = 1630), 520, 
and 550 nm. 

The existence of a protonated complex must 
be taken into account in evaluating K,. The 
observed quantity (E, - E)/(E - E ~ )  must now 
be interpreted as equivalent to [ML2]/([ML] + 
[MHL]) = ([ML,]/[ML])(l + K,[H])- '. Con- 
sequently the right-hand side of eq. [ l ]  must be 
multiplied by (1 + u,[H]) to get satisfactory 
values of K,. In this case we are assuming that 
the only bis complex formed is ML, (see below). 

In stabilizing the pH of solutions for measure- 
ment of K ~ ,  a-picoline, or 2,4-lutidine with 
appropriate quantities of acid provided suitable 
buffering. Hexamethylenetetraamine could not 
be used because of a rapid reaction in which a 
gelatinous.solid was formed. 

Results and Discussion 

Values of the acidity constants measured in 
this study are given in Table 1. Comparison of 
these with results already in the literature are 
difficult because of the great variety of conditions 

values of K,. 

under which these quantities have been measured. 
In Table 2 we have gathered together most of the 
published pK values for these acids, indicating 
as far as possible whether these refer to ther- 
modynamic, mixed or concentration constants, 
and the conditions under which they are appli- 
cable. 

The relationship between mixed constants 
and thermodynamic constants involves the 
activity coefficients of the ions generated by the 
acid. As a crude test of internal consistency we 
might invoke Davies' equation (46) to estimate 
such activity coefficients at some value of ionic 
strength, say 0.1 M. The variation of these 
coefficients for higher ionic strengths, up to 1 or 
1.5 M is not particularly great. The following 
approximate relationships are thus predicted: 
(a) for salicylic and 4-aminosalicylic acids 
(PK,), = (pK2)t - 0.11 and (PK,), = (PK,), - 
0.34; (6) for 4-aminosalicylic acid (pK,), = 

(pK3), + 0.1 1 ; (c) for sulfosalicylic acid (pK2), = 
(pK,), - 0.34 and (pK,), = (pK,), - 0.56. The 
relationship between mixed constants and con- 
centration quotients could be estiinated by an 
extension of these equations to include an estimate 
of the hydrogen-ion activity coefficient. This 
estimation is complicated, however, by the fact 
that the hydrogen-ion function H which is 
incorporated in most mixed constants is based on 
the pH scale, and is not really a proper measure 
of hydrogen-ion activity since its measurement 
usually involves a liquid junction potential which 
is unknown. The relationship between H and [HI 
has been shown to depend on the background salt 
in the measured solution (18). 

In general then, for backgrounds of moderate 
ionic strength, say up to 1 M, we would expect 
(pK), < (pK), < (pK), save for pK, for 4-amino- 
salicylic acid for which we would predict (pK), - 
(pK), > (pK),. We must except from any such 
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e 
TABLE 2 

pK values* for salicylic acids collected from the literature 

Nature of Temperature Reference 
Acid variable PKB PKZ PKI c'c) Medium number 

Salicvlic acid Thermodvnamic 2.995' 25 27 
2.98' 25 
2.97P 25 
2.97' 13.59' 25 
2.93' 13.65" 25 

13.40' Room 

Mixed 

Dilute salt 
Ouite dilute salt 
~ u i t e  dilute salt 
0.1 M 
0.1 M KC1 
0.1 M NaC104 
0.1 M NaCIOA 

37 5 
38 
11 z 
39 $ 

This work 

Concentration 

Sulfosalicylic acid Thermodynamic 

Mixed 

Concentration 

0.1 M NaC104 
0.1-0.15 M KC1 
0.1 M KNOB 
1 .O M KNOx 
1 M salts P 18 , 

This work > 
This work 

8 

0.5 M NaC104 
0.5 M KNOB 
3.0 M NaC104 

4-Aminosalicylic 
acid Thermodynamic 1.99' 

Mixed 1.7" Dilute salt 
2.02" 3.73" 
1.80' 3.66' 

Concentration 1. 7gp 3. 63Sp 
1.79' 
1.684P 3.625" 
2.05" 3.66" 
2.0gp 4.OgP 13.74' 

0.5 M NaC104 This work 
3.0 M NaC104 13, 45 

'Superscript e stands for electrical conductance; s for spectrophotometric; and p for potentiomclric measurements. 
?This value was given incorrectly as 3.86 in the original paper, and the wrong value reproduced elsewhere. 
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McBRYDE ET AL.: STABILITY COB ISTANTS OF FeOII) SALICYLATES 2581 

comparisons all of the constants measured in 3 
M sodium perchlorate (8, 13,45). 

With one or two doubtful exceptions the values 
in Table 2 for pK, for all three acids conform 
with the relationships just given. With respect 
to values of pK, the situation is acceptable only 
for sulfosalicylic acid, but even here the ther- 
modynamic values of Nair (42) seem incompatible 
with the remainder. For salicylic acid the values 
of pK, are not interrelated as expected, and the 
present authors have not been able to make a 
critical assessment of several of the original 
values to select preferred values. For 4-amino- 
salicylic acid the situation is even worse; only 
Agren's value (45) can be regarded as established 
with sufficient precision, yet obviously this cannot 
be used in conjunction with data secured in 
solutions of lower ionic strength. 

Concerning pK3 for 4-aminosalicylic acid, the 
one thermodynamic value does not appear to 
be correctly related to the remainder, and the 
variance among the mixed and concentration 
constants is appreciably higher than for the values 
of pK,. The instability of the acidic solutions, the 
problems of worlung at such low pH values 
especially in perchlorate solutions, and of 
separating out two constants differing by less 
than two orders of magnitude all contribute to 
making this measurement difficult. Attention is 
drawn to the poorer precision of our K,, values 
compared to those for K,, even though the 
results were calculated from the same titrations. 
These difficult determinations were done with 
maximum care. 

We have assembled the results of our deter- 
minations of metal complex equilibrium con- 
stants together with measures of dispersion in 
Table 3. Our results are not given in the form of 
stability constants by the application of eq. [7], 
owing to the unsatisfactory situation regarding 
K,, values for salicylic acid and 4-aminosalicylic 
acid, but it would be easy to do so in the case of 
sulfosalicylic acid complexes. The different values 
of K~ for the sulfosalicylate complexes in potas- 
sium nitrate and sodium perchlorate mediaappear 
to be significant, though one cannot, on the basis 
of these experiments, identify a cause; a similar 
sort of difference was found with the Tiron com- 
plex (3). It seems worth noting, however, that the 
variation in K,  between perchlorate and nitrate 
is paralleled by that in K,, in the same media. 
Thus values of K, calculated by eq. [7] are nearly 

equal: 2.48 x 1014 for perchlorate and 2.32 x 
1014 for nitrate. 

In Table 4 are shown the results of most of the 
studies known to us on the iron(II1) salicylates. 
Because these have been reported in a variety of 
ways we have reduced them, and our own, to a 
common basis; namely, values of K,,' = [ML,] [HI/ 
[ML, - ,][HL]. This has necessitated applying 
in a few cases values of acidity constants; where 
given, we used the values in the original papers, 
otherwise we employed values shown in footnotes 
to the table. 

From this compilation we have omitted some 
early spectrophotometric measurements of K, 

for the sulfosalicylate complex (5, 17) on the 
grounds that these (a) did not take into account 
hydrolysis of the metal ion, (b) did not take into 
account ionization of the carboxyl group of the 
ligand, and (c) employed limiting slopes on Job 
curves (47) to determine E, and so to calculate 
[ML]. This last procedure is known to be valid 
only for relatively stable complexes (48); for the 
sulfosalicylate complex the effect of low pH is to 
limit the degree of conversion to ML to such an 
extent that the procedure fails. In our measure- 
ments on solutions prepared for continuous 
variations analysis it was observed that the 
apparent values of E ,  deduced from limiting 
slopes (as x -+ 0 or x -+ 1) varied according to the 
pH of each set of solutions. We have also omitted 
a value of p3 for the sulfosalicylate complexes 
based on polarographic measurements (43a); 
this early work entailed a number of estimates 
and assumptions, and led to a value of P3 at 
variance with all subsequent determinations. 

The results collected in Table 4 display con- 
siderable variance, some of which undoubtedly 
can be assigned to the different conditions under 
which the various experiments were conducted. 
Small temperature differences do not seem to 
affect these equilibria much; but medium effects 
are bound to be significant, and will be reflected 
in the values of these stability constants which, 
with one or two exceptions, are concentratioil 
quotients within which are embodied activity 
coefficients of some ions of appreciable charge. 

There are, however, some other sources of 
errors in the data of Table 4 which are revealed 
by careful reading of the original papers. It is 
significant that the quite disparate results of 
Mattoo (7) and Vareille (6) for the sulfosalicylates 
were obtained from the same experimental data 
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McBRYDE ET AL.: STABILITY CONSTANTS OF Fe(II1) SALICYLATES 2583 

TABLE 4 

Formation constants of iron(II1) salicylates 
-- -- 

Reference 

Ref. 
Acid K I '  ~ 2 '  ~ 3 '  Authors Year No. 

Salicylic acid 1000$ 
900 

Babko 
Bertin-Batsch 
Agren 

Vareille 
Perrin 
Colleter 
Shchigol 
Tsin-jao et al. 
Ernst and Menashi 

1705 
820 
710 

Sulfosalicylic acid 480 
800 

2200 
450 

Ogawa and ~ o b e - ~  
Park 
This work 

Agren 
Vareille 
Mattoo 
Perrin 
Colleter 
Tsin-jao et al. 
Ogawa and Tobe 
This work (C10,-) 

(NO,-) 
4-Aminosalicvlic acid 1500 Agren 

Colleter 

Das and Aditya 

Tsin-jao et al. 
This work 

'Thermodynamic constant. 
?For constants respectively defined as [MHlL2][HI/[MHL][H2LI ar  
Kalculated with DK, = 13.4. 
§Calculated with kg;en's values of pK,. 

by different manipulation of the figures. It is not 
unknown for different mathematical procedures 
to yield different values of equilibrium constants 
from the same observations (49). In at least two 
sets of results cited the authors appear to have 
made no allowance for hydrolysis of the uncom- 
plexed iron(II1) in their evaluation of K , ;  this 
omission significantly affects the value of the 
equilibrium constant. In two cases acetate buffers 
have been used to stabilize p H  in solutions 
prepared for spectral measurements, but acetate 
and chloracetate have been shown to compete 
with similar ligands (2) for reaction with iron(II1). 
In evaluation of K,  the values of Ka2 and K,,.put 
into eqs. [ l ]  and [3] affect the answers, slnce 
measurements are made in a region of p H  near 
pKa2 and pKh. But instances can be found of the 
use of inappropriate values of these constants 
in arriving at the values of K,' in' Table 4. Some 

authors have used thermodynamic values of Ka2 
to obtain K ~ ,  but as the data of Table 2 show, this 
factor could cause a value of K,, expressed as a 
mixed or concentration quotient, to be in error 
by as much as a factor of two. Finally, in respect 
of the measurement of reactions at low pH, such 
as the study of the protonated complex of 
4-aminosalicylate, it is evident that close attention 
must be paid to the relationship between hydro- 
gen-ion concentration and that property mea- 
sured by a glass and reference electrode. Although 
this was not a consideration in Colleter's choice 
of complex compositions (9), it undoubtedly 
has contributed to the difficulty in securing good 
agreement among the different studies of this 
reaction. 

Our conclusions regarding the 4-aminosalicy- 
late complexes differ in some respects from those 
of Agren (1 3) and Colleter (9). The former based 
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a spectrophotometric estimate of K, and KH on 
the assumption that the species ML and MHL 
had different absorption spectra. He assigned a 
band with h,,, = 510 nm (identifiable with our 
500 nm band) to MHL (E,,, = 1330), and 
maxima at 460 and 470 nm, respectively, to ML 
(E,,, = 2800) and ML, (E,,, = 3400). By 
analogy with other iron(II1)-phenolic chelates, 
it is improbable that the absorption maximum 
for ML occurs at a lower wavelength than that 
for ML, ; we observed no absorption curves that 
would support such an assignment. Our observa- 
tions are consistent with the assignment of spectra 
for individual species shown in Fig. 2. Agren's 
suppositions about the species present in certain 
pH ranges have naturally led him to assign some- 
what different stability constants. 

Colleter, on the other hand, found his observed 
data fitted an expression for K, having the form 
[complex][H]/[Fe:J[H,L], and so concluded 
that his first complex was solely MHL. Tsin-jao 
et al. (15) deduced, like Agren, the existence of 
two separate complexes ML and MHL. The 
results of these authors and our own with respect 
to the mono complexes are in reasonable agree- 
ment. 

I I I 

4 0 0  4 5 0  5 0 0  550  

W A V E L E N G T H  nm 

FIG. 2. Absorption spectra of Fe-4-aminosalicylate 
complexes. 1 = ML or MHL; 2 = MHL, or ML,; 3 = 
MHL, or ML3. For calculation of E ,  see text. 

Although the several values of K,' for the 
4-aminosalicylate complex shown in Table 4 vary 
considerably, it is noteworthy that the values of 
K,'K" = [MHL]/[M][HL] are in good agree- 
ment. This seems to signify that, if one were to 
consider mixing iron(II1) and this reagent in 
acidic solution and then gradually raising the pH, 
the various studies are essentially unanimous 
cc.acerning the onset of formation of MHL, but 
differ in their estimates of the region of pH in 
which this dissociates to ML. This is apparent 
from a comparison of values of pK for depro- 
tonation of MHL,+, i.e. log KH, viz., 

Author log KH ~ K a a  

Agren (13) 3.02 2.08 
Colleter (9) Very large 1.80 
Tsin-jao et al. (15) 2.36 2.02 
This work 2.12 2.05 

To our surprise the values of K~ calculated as 
described above proved not to be constant; 
instead they were proportional to [HI as shown 
in Fig. 1. It appears that a protonated bis complex 
MHL, is indicated, so that our equilibrium 
constant "K," in this case is of the form [MHL,]- 
[H]/[ML] [H,L]. This observation and the value 
of K, are in agreement with Colleter's results. 
The same applies to our data for the third com- 
plex which fitted an expression for the stability 
constant having the form [MHL,] [Hl2/[MHL2]- 
[H,LI. 

Agren quite plausibly attributed protonation 
of the 4-aminosalicylate complex to the uptake 
of a hydrogen ion by thepara amino group. There 
appear to be grounds for questioning this notion, 
although it is clear that equilibrium studies such 
as are discussed in this paper cannot alone 
provide a satisfactory explanation. One would 
expect that substitution of a tervalent metal ion 
for two hydrogen ions (if ML is a chelate com- 
plex) would considerably deter the addition of a 
proton at the amino group. Instances are known 
(50) where bivalent metal complexes of amino 
acids with a remote acidic functional group (e.g. 
tyrosine, ornithine) show a pK for the latter 
lower than the corresponding value in the free 
ligand. A more striking, though not strictly com- 
parable, instance of the same effect is seen in the 
work of Freiser and co-workers (51). Hence one 
would expect that log K, should be smaller than 
pK, here; the reverse is seen to be the case. An 
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alternative explanation is that protonation occurs Absorption spectra were measured with recording 
at the carboxil group, so that;he complex MHL ~pectrophotometers, mainly Cary ~ o d e l  14, but all 

no longer has the chelate structlrre but retains absorbance measurements to be incorporated in equili- 
brium constant calculations were obtained on a null- 

the chrOmO~hOric irOn(lll)-~henol link. The type instrument, mainly Beckman Model DU. Experience 
occurrence of this would account for log KFI has shown that only individually measured absorbance 
being greater than pK3, and to some extent for values are accurate enough to be applied in calculations 

the appearance of a protonated species at higher made here. 
Most of the repetitive calculations were handled by pH' However, since the K2 were deter- computer, with programs developed on an ad hoc basis. 

mined in the PH range 3 to 4.5 and K 3  between The experimental results are on file with the Depository 
6 and 7.5, it is difficult to believe that the carboxvl of  Unpublished Data.' 
group continues to bind a proton througho;t 

The authors thank the National Research Council of this range of pH' If the higher com~lexes  Canada for grants-in-aid in support of this work, and 
as might be ML3 and ML2, then the members of the staff of the Computing Centers, Univer- 
formation of the latter must, to fit our data, have sity of Waterloo and Australian National University for 
been from MLOH; but the existence of such a guidance in the computer programming. One author 

species is not indicated by our results. B~ forcing (McB) is grateful for the tenure of a Visiting Fellowship 
at the Australian National University and for helpfi~l the correlation line of Fig. l a  through the origin, discussions with Dr. D, D. Perrin, 
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Etude de la cycloalcoylation des (thiknyl-2)-5 pentcnes-1 

Dipartetnerzt c/e cl~inzie, UnicersitP Lacnl, Quibec 10, Qrribec 

Requ le 24 mars 1970 

La cyclisation des (thiknyl-2)-5 pentenes-1 substituis en de la double liaison par des groupements 
fonctionnels varies (COOH, COOCH,, CH!OH, CH,) 6 I'aide des acides protoniques et de Lewis, 
dkmontre que le rendenlent en produits cycllses depend du groupenient fonctionnel, du catalyseur, et 
de la duree de la rtaction. 

Cyclizations of 5(2-thienyl)pent-1-enes substituted at carbon-4 (COOH, COOCH,, CH20H,  or CH,) 
by the action of mineral and Lewis acids are rcported. The yicld of cyclized prodi~ct varies with the nature 
of the substituent, the acid catalyst employed, and the reaction time. 

Canadian Journal  of Chemistry, 48,2587 (1970) 

Introduction 

Les hCtCrocycles sulfurts B noyaux aroma- 
tiques condensCs prtsentent un intCr&t certain en 
pharmacologie. Leur synthese s'effectue par deux 
voies principales : la formation de I'hCtCrocycle 
en partant d'un thiol ou la formation des carbo- 
cycles en partant du thiophkne. La premiere 
cycloacylation du thiophkne a CtC rCalisCe en 1936 
avec la cyclisation du chlorure de I'acide y 
(thiCnyl-2)-butyriq~~e (1). Ces travaux ont CtC 
ensuite repris et dCveloppCs largement par 
Cagniant et Cagniant et ont abouti A la synthkse 
de thiCnocyclenones et benzothitnocyclenones 
variCes (2-5). Cependant la cycloacylation, vu la 
nature des produits que l'on y utilise, ne permet 
de conserver dans le carbocycle d'autres groupe- 
ments fonctionnels que le carbonyle. Dans le but 
de pallier cette faiblesse de la mCthode, i l  Ctait 
utile dlCtendre au thiophene les travaux sur la 
cycloalcoylation que l'un d'entre nous a consacrCs 
aux benzene et naphtalene (6-8). Le thiophene, 
par rapport aux carbocycles aromatiques, offre 
I'avantage, en raison de la prCsence d e l ' l i ~ t ~ r o a -  
tome, de ne donner qu'un seul dCrivC cyclisC (9 et 
10). Dans une note priliminaire (10) et pour la 
premiere fois, nous avons mentionnC la cycloal- 
coylation, avec d'excellents rendements, des 
olefines 11 en tCtrahydrobenzothiophZnes et octa- 
hydrodibenzotliiophknes par les acides de Lewis. 

Dans le prtsent article nous rapportons une 
Ctude systCmatique de la cycloalcoylation de 
thiCnylolCfines, substituCes en P de la double 
liaison, par divers groupements fonctionnels 

'Ce travail a fait I'objet d'une communication au 38e 
Congrts international de chimie industrielle (Istanbul, 
Turquie, septembre 1969). 

(SchCma 1). Leur preparation repose essentielle- 
ment sur la condensation d'halogCnoalcoylthio- 
phenes 1 avec l'allylmalonate d'tthyle sodC. Cette 
mCthode permet un contr8le eficace de la position 
de la chaine sur le substrat aromatique, avantage 
que n'offre ni l'acylation ni I'alcoylation. La 
condensation simultanCe de deux molCcules 
d'allylmalonate d'Cthyle conduit, en une seule 
Ctape, A des composCs possCdant deux chaines 
olCfiniques. Enfin, le gro~ipement dicarbCthoxyle 
install6 en P de la double liaison, permet Ie 
passage aux olifines, objet de cette ttude (SchCma 
2). 

Etudes des cycloalcoylations 

Monocycloalcoylatior? 
Cycloalcoylatioi~ des olkjii~es I I  
La cycloalcoylation des olCfines 11 en tCtra- 

hydrobenzothiophknes 12 se produit sans diffi- 
cultes, au moyen soit des acides de Lewis A tem- 
pCrature ambiante, AICI, dans le dichlomCthane 
ou BF, dans I'tthCrate de trifluorure de bore, soit 
des acides protoniques, mClange d'acides acCtiq~le 
et sulfurique concentrCs 95:5 <I tempkrature de 
reflux. Pour cycliser de faibles quantitis, nous 
retenons la facilitC de nianip~~lation de BF, 
dissous dans I'CthCrate de trifluor~lre de bore. ALI 
contraire, pour des qua11titCs PILE importantes les 
deux autres catalyseurs seront prCfCrCs pour leur 
manipulation plus aisCe et leur coi~t  moindre 
(SchCma 3). 

Cycloalcoylatio~~ des alcools 9 
Les alcools 9 se cyclisent aisCment par le 

melange H,SO,-AcOH dans les memes con- 
ditions que 11 et donnent les acCtates 10 avec de 
tres bons rendements (SchCma 6). 
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a: RI - R2 - H; h: RI = H. R2 --: CH3; c: R1 = R2 = C H ~  
X - CH,; CH20H; COOCH,; COOH (+ d )  

KOH - d ( C O O H ) 2  (C00C2H5)2 H20-C2H50H R,  

R2 

la, b, (, 

( 1 )  TosCl 

RI  CH, (2)  LiAIH, R~ COOH 

R2 R 2 R2 

I lo, h. c 9a, h, c 4a, b, c 

a:  RI - R 2  - H ;  b R I - H , R 2  -.CH3, c' RI ;R2=CH3 

Cycloalcoj~latiot~ ~ l e s  esters 7 
Les esters 7 prtparts par action du diazo- 

inttliaiie sur les acides 4 sont cyclisks au moyen 
du clilorure d'aluminiuni et conduisent aux esters 
correspondants 8. Toutefois le contr6le de cette 
cyclisation est plus difficile que dans les reactions 
prtctdem~nent dtcrites et les rendements ne sont 
que de l'ordre de 70 % (Schtma 3). 

Cycloalcoylatiotz des acides 4 
Le rendenient de cette cyclisation lie dtpasse 

gu6re 15 % alors qu'il lui arriva d'etre quantitatif 
en sirie benzenique et de 60% en serie naphta- 
ltnique. 

Ce mediocre rtsultat provient de la reaction 
concurrente de lactonisation qu'en dtpit de nos 
multiples efforts en vue de favoriser I'acide cyclist 
aux dtpens de la lactone, par un choix approprit 

et des quantitts difftrentes de catalyseurs, il n'a 
pas t t t  possible d'tliminer (Schtma 4). 

Double cycloalcoylation 
Cycloalcoylation de I'olkjine I l d  
Alors que l'oltfine l l d  se transforme tr6s aist- 

ment et avec des bons rendements en octahydro- 
dibenzothioph6nes par le chlorure d'aluminium 
ou le mtlange H,SO,-AcOH, elle reste au con- 
traire, inchangte en prtsence de BF, quelles que 
soient les conditions optratoires. L'inefficacitt de 
ce catalyseur n'entrafne aucun inconvenient dans 
la rtussite de la double cyclisation car les cata- 
lyseurs premiers citts profitent d'une manipula- 
tion facile et d'un coat peu tlevt (Schtma 5). 

Cycloalcoylation d~r diol9d 
Effectute dans les m&mes conditions que la 
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GOURIER ET CANONNE: CYCLOALCOYLATION 

R2 R2 
I lo, b, c 12~1. b, c 

o: R I  - R2 = H; h: R2 = CH3, R 1  =: H; c: R 1  -= R2 CH3 

R I COOH 
Rz 

50, h 

simple, la double cyclisation du diol 9d conduit, durte de rtaction, toute tltvation de temperature 
avec d'excellents rtsultats, au diacktate 10d favorise les reactions secondaires; le rendement 
(SchCmas 5 et 6). ne dtpasse pas 50 % (Schtma 5). 

Cycloalcoylation du diester 7d Rernarque 
Cette cyclisation, B cause de la quantitt Nous avons renonct la double cycloalcoyla- 

importante de catalyseur (AICI,) mise en jeu, est tion du diacide 4d apres avoir constatt la baisse 
d'un contrale difficile. Toute prolongation de la corrklative du rendement en passant de la mono 
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2 la double cycloalcoylation et nott la difficult6 
de la stparation en raison de la prtsence de 
l'acide-lactone (8). 

Ste'rPochitllie 
Conime l'on pouvait s'y attendre toutes les 

cyclisations conduisent A des nitlanges d'isomkres 
cis et trails traduits par la prtsence de deux 
doublets ( J  = 7 Hz) d'egale iiitensitt dans la 
region des mtthyles cyclaniques, et par la modifi- 
cation du niotif aromatique. 

La chroniatographie de 8 a  sur gel de silice en 
tluant au pentane & 0.25% d'acttate d'ethyle 
permet la dparation des deux isom2res. On 
observe la prtsence de cinq signaux dam la rtgion 
des protons aromatiques dus B la superposition 
de deux doublets de doublets (systeme AB), l'un 

ttant dtcalt de 0.10 p.p.m. Dans le cas de 
l'isomire t rans (mithyle en 4 axial) ces signaux se 
manifestent ainsi : 6 CH, (3H) 1.10 ( J  = 7 Hz) ; 
H, (1H) 6.98 (d, J = 5 Hz) ; H, (IH) 6.81 p.p.m. 
(d, J = 5 Hz) ; et pour l'isomere cis : (mtthyle en 
4 tquatorial) : 6 CH, (3H) 1.12 (d, J = 7 Hz) ; 
H, (IH) 6.98 (d, J = 5 Hz) ; H, (IH) 6.71 p.p.m. 
(d, J = 5 Hz). Cette distinction devient tr2s 
difficile lorsque le nombre des lnithyles cycla- 
niques augmente. 

Les cyclisations envisagees sont rtalisables 
q ~ ~ e l s  que soient les catalyseurs, les groupements 
fonctionnels portts par les chaines lattrales ou le 
nombre de celles-ci, mais les rendements sont 
fortement affectts par la nature du groupement 
fonctionnel ou la durte de la rtaction et par le 
choix du catalyseur. Si l'on desire conserver un 
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COURIER ET CANONNE: CYCLOALCOYLATION 2591 

groupenlent fonctionnel i l  est prtftrable de 
rCaliser la cyclisation au niveau de l'ester 7 et de 
l'alcool 9. Si au contraire on souhaite la prC- 
paration des hydrocarbures polymtthylCs la 
cyclisation au  niveau d'olefines 11 est plus facile 
et de loin la plus rentable. 

Les points de fusion sont repires sur un appareil 
Thomas-Hoover et ne sont pas corrigks. Les spectres de 
niasse sont enregistres sur iln spectrometre Varian M-66. 
Les spectres infrarouges (i.r.) ont Cte pris sur iln spectro- 
photonletre Perkin-Elmer 457, soit en filni pour les 
liquides (fenctrcs de NaCI) soit en pastilles de KBr pour 
les solides. 

Etant donne la grande similitude entre les differents 
coniposCs decrits nous aurons toujours les absorptions 
suivantes : C = O  (esters nictliyliques) -- 1740; C = O  
(esters maloniques) E 1735; C = O  (acides 3 et 4) 2: 1710; 
C = O  (lactone) 2: 1770 et 1190; OH (alcool) 2: 3350 et 
1060; CH2-0S02-(tosylate) 2: 1360 et 1178; C H =  
CH2-(allyle) 2: 3080 et 1640 cm-' .  

Les spectres de resonance magnktique nucleaire 
(r.m.n.) sont enregistrks sur iln spectronietre Varian A-60 
et sont pris en solution dans CCI, 3. 1 % de TMS. Ils nous 
permettent de suivre avec precision les reactions de 
cyclisation (disparition du multiplet -CH=CH2 entre 
4.80 et 6.00 p.p.nl.), et d'aroniatisation (disparition des 
nitthyles cyclaniques vers 1.1 p.p.~n., et apparition de 
mkthyles aroniatiques vers 2.3 p.p.m.). 

Halogi~~oalco~l/l~rop/lPl~es 1 
C/rloro11rifl1yl-2 thiop11P1re (10) ~ekolf (11) 
On sature a 0 "C par 78 g de chlorure d'hydrogene, un 

melange de 81 g d'une solut~on aqueuse de formol a 37 % 
et 1 mole d'acide chlorhydrique concentre. Sous forte 
ag~tatlon, on I'additionne goutte a goutte, en 35 min i 
1 mole de th~ophene (84 g) r e f ro~d~e  entre - 10 et 0 "C. 
Aprcs ~nt roduct~on on ajoute 150 cm3 d'eau, extralt a 
I'ether de petrole, lave I'eau, au blcarbonate de sodlunl 
et encore a I'eau. On seche la phase aqileuse sur MgS04 
anhydre, evapore le solvant, d~stllle sous presslon redulte. 
Rendenient : 50%; p.6. 82-83 "C sous 20 n1m Hg. 

(Clrloro-1 iflry1)-I 1111ophP1le-2 (lb) 
A une suspension de 0.15 mole (5.7 g) de LiAIH, dans 

250 cm3 d'ether Cthyllque anhydre, on ajoute goutte a 
goutte, en refrold~ssant, une solut~on de 0.5 mole (63 g) 
d'acetyl-2 thiophkne dans 150 cm3 d'ether ethyllque 
anhydre. Apres lntroduct~on on porte a rellux 1 h, pills 
refroid~t et detruit I'exces de LiAlH, par ]'acetate d'bthyle 
et I'eau. On filtre les hydroxydes, seche la phase organique 
sur MgS0, anhydre, evapore le solvant et d~stllle sous 
pression redu~te. 

On obtient 62 g d'(hydroxy-1 ethyl)-1 thiophene-2. 
Rendement : 98 %; p.e. 48 "C sous 0.05 nim Hg. 

On dissout I'alcool obtenu dans 200 cm3 d'ether de 
pitrole, refroldit a 0 "C et introduit sous ag~tation 

1 magnetique 250 cm3 d'HCI concentre. Apres 10 nun, on 
ajoute 500 cm3 d'eau glacee, dtcante, lave la phase 
organique a I'eau, au blcarbonate et encore a I'eau. On 

siche sur MgSO, anhydre, evaporc le solvant, distillc 
sous pression rCduite. On obtient 65 g de (chloro-I 
ethyl)-1 thiophene-2. Rendcnient : 90 %; p.6. 75 "C sous 
15 n1n1 Hg. 

Mitlryl-5, (chluro-1 Prlry1)-I tlriol)lrbre-2 (Ic) 
On traite conlmc precedenlment 0.5 mole d'acttyl-2, 

nlithyl-5 thiophene. Rendcment (2 Ctnpes) : 70% en l c ;  
p.e. 85 "C sous 15 nim tlg. 

Bisc.l1lorot~riflr~~I-2,5 tlrioplrP~re (Id) selo~r (12) 
On sature par HCI gazeux, irne solution de 245 cni3 de 

fornlol h 37% et 60 cni3 d'HCI concentre. On refroidit B 
30 "Cet introduit goiltte a goutte, en agitant, I niole(84 g) 
de thiophene. L'introduction terminee on niaintient sous 
agitation 20 n~ in ,  puis laissc decanter. On recupcre la 
couchc liuileusc infdrieure, lavc a I'eau froide jusclu'i 
neutralite. L'liuilc est laissee ilnc nuit h 0 ' C  puis filtric 
silr verre fritti afin d'eliminer la paraforn1aldChyde. On 
refroidit ensuite dans un melange reTrigCrant, I'huile se 
solidifie. On filtrc, et rccristallise dans 12 pcntane. On 
obtient 75 g de bischloronietl~yl-2,5 thiophene. Rende- 
ment : 50% ; p.f. 36 "C [litt. 36-37 ' C  (12)]. 

Esfers ~rlnlo~rirlrres 2 
iLlo(1e opirnloire A 
On introduit 0.12 atonic-grammc dc Na dans 100 cm3 

d'kthanol absolu. Aprcs attaquc complcte du sodium 
on ajoute 0.13 mole d'allylmalonatc d'cthyle, p ~ ~ i s  en 
maintenant la temperature vcrs 35 "C on introduit goutte 
B goutte 0.1 lilole de 1 dissoute dans 100 cm3 d'etlianol 
absolu. Apres introdi~ction coniplete on porte 3. reflux 1 
nuit. On distille Ic solvant, verse dans I'eau glacee, extrait 
a l'ether, seche la phase o rgan iq~~e  sur MgS04 anhydre, 
evapore le solvant, distille sous pression reduite. Pour une 
double condensation, on introduit 50% d'allylmalonate 
en exces. 

Mode opirafoire B 
On remplace I'ethanol absolu par le /el,/-butanol 

distill6 sur sodium pour la preparation de 26 et 2c. 

Mode opiratoire C 
On introduit 0.10 atome-granlme de Na dans 200 cm3 

de benzene anhydre, puis 0.10 mole d'allylmalonate 
d'ethyle, et porte 3. refiux. Apres attaque complete du  
sodium, on ajoute goutte 3. gouttea 35 "C une solution de 
0.1 mole de 1 dans 50 cm3 de benzene anhydre. Aprts 
introduction, on porte a reflux 1 nuit, verse dans I'eau 
glade,  decante, extrait la phase aqileuse i I'ether, seche la 
phase organique sur MgSO, anhydre, evapore le solvant 
et distille sous pression reduite. 

Les constantes physiques et les rcndenlents sont 
rassemblts dans le tableau 2, les signaux de r.m.n. des 
protons aron~atiqi~es dans le tableau I. 

Spectre de r.m.n. du motif allylique : 6 CH2=CH- 
CHI- (ZH), 4.85 (m) et 5.06 (ni) ; CH2=Cl-I--CH2- 
(1H) 5.75 (m) ; CH2=CH-CH2- (2H) 2.60 p.p.m. 
(d, J = 6.5 Hz). 

Anal. Calc. pour C15H200aS (20) : C, 60.78 ; H, 6.80. 
TrouvC : C, 61.00 ; H, 6.70. 

Anal. Calc. pour C,6H220,S (26) : C, 61.90 ; H, 7.14. 
TrouvC : C, 62.03 ; H, 7.08. 

Anal. Calc. pour Cl7H2,O4S ( 2 ~ )  : C, 62.93 ; H, 7.45. 
TrouvC : C, 63.01 ; H, 7.36. 
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TABLEAU 1 
Les 6 en p.p.m. des protons aromatiques des esters maloniques 2 

--- 

Esters 53.4 J4.5 

2 H3 H4 H 5  (c.p.s.) (c.p.s.) A3,4 A4.5 CH3(5) 

TABLEAU 2 
CaractCristiques physiques des composCs prepares 

-----pp-.-pp-- 

Point Point de 
d'Cb~11lition fusion Mode Rendement 

Compose ("C/0.05 mm) ("C) m/e operatoire ( %) 

Anal. Calc. pour C26H3608S (2d) : C, 61.39 ; H, 7.13. Anal. Calc. pour C13H160,S (3c) : C, 58.18 ; H, 6.01. 
Trouve : C, 62.50 ; H, 7.06. Trouve : C, 57.95; H, 6.22. 

Hydrolyse cles esters malotriq~res 2 Anal. Calc. pour C18H2008S (3d) : C, 54.53 ; H, 5.08. 
On introduit 0.6 mole (33.6 g) de KOH dans 100 cnl3 Trouvi : C, 54.68 ; H, 5.19. 

d'eau, puis 0.1 mole d'ester 2 dissoute dans 100 cm3 
d'Cthanol a 99%. On porte a reflux 1 nuit puis distille 
l'alcool. On rcfroidit le residu de distillation, extrait une 
fois h I'ether. La phase aqueuse est alors acidifiee 
jusqu'a p H  1. On extrait I'ether, lave la phase CthCrCe 
jusqu'a p H  3-4, seche sur MgS04 anhydre, evapore le 
solvant. Rendement : 95 % 99 %. Pour 2d on double les 
quantitts de KOH et de solvant. On recristallise dans le 
methanol aqueux ou dans I'eau (2d); p.f. 3a : 90 "C; p.f. 
3d : 180 "C. Les acides, 3b et c, sont des liquides tres 
visqueux difficilement cristallisables. 

Anal. Calc. pour CllH1204S (3a) : C, 54.98 ; H, 5.03. 
Trouve : C, 55.01 ; H, 5.25. 

Anal. Calc. pour C12H1404S (3b) : C, 56.67 ; H, 5.54. 
Trouve : C, 56.52 ; H, 5.69. 

Dicarboxylation rles acides malotziques 3 
Mode opiratoire A 
Decarboxylation thermique : Les acides maloniques 3 

sont chauffes sous vide 170 "C pendant 1 h et distillCs 
ensuite sous pression reduite. Rendement : 90-95%. 

Mode opiratoire B 
DCcarboxylation dans la pyridine : On dissout 0.1 mole 

d'acide 3 dans 90 cm3 de pyridine et ajoute 10 cm3 de 
piptridine. On porte a reflux jusqu'a cessation du degage- 
ment de C 0 2 .  On verse alors dans I'acide chlorhydrique 
glace diluC 2 fois. On amene a p H  1. On extrait l'kther, 
lave B I'eau jusqu'i p H  4, seche la phase organique sur 
MgSO, anhydre, Cvapore le solvant, distille sous pression 
rCduite. Rendement : 90-95%; p.e. cf. tableau 2; 4a : 
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GOURIER ET CANONNE: CYCLOALCOYLATION 2593 

n~~~ = 1.5278; 4b : nDZO = 1.5248; 4~ : llDZ5 = 1.5230; 
4d : nDZ7 = 1.5185. 

Anal. Calc. pour CloH1202S (40) : C, 61.19 ; H, 6.16. 
TrouvC : C, 61.40 ; H, 6.02. 

Anal. Calc. pour Cl1Hl4O2S (46) : C, 62.82 ; H, 6.71. 
TrouvC : C, 62.60 ; H, 6.82. 

Anal. Calc. pour C12H1602S ( 4 ~ )  : C, 64.25 ; H, 7.18. 
, Trouve : C, 64.02 ; H, 7.25. 

Anal. Calc. pour CI6Hz0O4S ( 4 4  : C, 62.31 ; H, 6.53. 
TrouvC : C, 62.12 ; H, 6.66. 

Cyclisatior~ des acides kthyltniqries 4 
Mode opiratoire A 
On dissout 1 g d'acide 4 dans 100 cm3 de dichloro- 

methane et refroidit a 10 "C. On ajoute 2 eq/g de tri- 
chlorure d'aluminium anhydre et laisse reagir sous 
agitation magnetique pendant 10 min. On refroidit 0 "C 
et ajoute avec precaution quelques cm3 d'eau jusqu'a 
hydrolyse complete du complexe. On decante, extrait une 
fois la phase aqueuse avec 20 cm3 d'ether Cthylique. La 
phase organique (dichloromCthane et ether Cthyllque) est 
alors traitee jusqu'a p H  11-12 par NaOH 10%. On 
decante la phase organique, seche sur MgSO, anhydre, 
filtre, Cvapore le solvant. On rkcuptre environ 500 mg de 
y-val6rolactone 6. On acidlfie la phase aqueuse avec HCI 
dilue; extrait 1'Cther de petrole 30-60, lave I'eau 
jusqu'a p H  3 4 ,  seche sur MgSO,, filtre et Cvapore le 

I solvant. On recrlstallise dans ]'ether de petrole 30-60. 
Rendement : 10-15% en aclde 5. 

1 
Mode opkratoire B 
On dissout 1 g d'acide 4 dans 20 cm3 de reactif de 

I Bradsher et porte reflux 1 h. On verse ensurte dans l'eau I glade saturee en NaCI, et extrait au benzene. La I phase organique est alors traitee comme dans le niode 
operatoire A. Rendement : 50-60% en lactone 6 et 10- 
15 % en acide 5. 

Mode opiratoire C 
On disiout 1 g d'acide 4 dans un melange de 19 cm3 

d'acide acetique glacial et 1 cm3 d'acide sulfurique con- 
centre. On porte a reflux 10 niin, puis verse dans une 
solution saturee de NaCl glacee. On extrait au benzene. 
La phase organique est tra~tCe comme le niode operatoire 
A. Rendement : 50-60% en lactone 6 et 10-15 % d'acide 
5 ; p.f. des acides 5 : cf. tableau 2 ; 6a : p.6. : 95 "C sous 
0.05 nim Hg. nDZ6 = 1.5308. 

Anal. Calc. pour C10H1,02S ( 5 4  : C, 61.19 ; H, 6.16. 
Trouve : C, 61.05 ; H, 6.35. 

Anal. Calc. pour CIIHl4O2S (56) : C, 62.82 ; H, 6.71. 
Trouve : C, 62.97 ; H, 6.61. 

Anal. Calc. pour CIOHlZ02S (60) : C, 61.19 ; H, 6.16. 
TrouvC : C, 61.33 ; H, 6.09. 

Esters ntkthyliqrrrs 7 
On dissout 5 g d'acide 4 dans 50 cni3 d'ither Cthylique, 

puis on ajoute une solution etheree de CH2N2 jusqu'a 
cessation du degagement de N,. L'excts de CHzNz est 
detruit par quelques gouttes d'acide acetique. On lave B 
l'eau, seche la solution ethkree sur MgSO, anhydre, filtre, 
evapore le solvant, et distille sous pression reduite. 
Rendement : 95% ; p.e. : cf. tableau 2 ; 7a : rlDz4 = 
1.5112, 76 : I I D ' ~  = 1.5066, 7c : noz5 = 1.5079 ; 7d : 
nDZ5 = 1.5099. 

massif allylique ne subit pas de changement par rapport 
A celui des esters maloniques 2, en ce qui concerne les 
F CH2=CH- et CH2=CH-, alors que le signal de 
CH2-CH=CH, se trouve blinde de 0.20 p.p.ni. ; 6 
COOCH3 (3H) = 3.55 p.p.m. (s). 

Anal. Calc. pour CllHl4O2S (70) : C, 62.82 ; H, 6.71. 
TrouvC : C, 63.02 ; H, 6.95. 

Anal. Calc. pour C12H1602S (76) : C, 64.24 ; H, 7.18. 
TrouvC : C, 64.01 ; H, 7.23. 

Anal. Calc. pour C13H1802S ( 7 ~ )  : C, 65.50 ; H, 7.61. 
Trouve : C, 65.29 ; H, 7.44. 

Anal. Calc. pour Cl8HZ4O4S (7d) : C, 66.24 ; H, 7.41. 
Trouve : C, 66.01 ; H, 7.60. 

Cyclisation des esters rrlkt/~yliqr~es 7 
On dissout 1 g d'ester 7 dans 100 cni3 de dichloro- 

methane, refroidit a 10 "C et ajoute 2 eq/g de trichlorure 
d'aluniinium anhydre. On laisse reagir 10 min, puis 
refroidit a 0 "C et ajoute quelques cni3 d'eau. On decante, 
extrait la phase aqueuse 1 fois au dichloroniethane. On 
lave la phase organique jusqu'i neutralite, stche sur 
MgSO, anhydre, filtre, evapore le solvant et reprend par 
I'ether de petrole 30-60. On chroniatographie sur Aluniine 
Woelm grade I11 en eluant avec du pentane a 0.5% 
d'acetate d'ethyle. Rendement : 60%; p.e. et p.f. : cf. 
tableau 2 ; 8a : nDZ5 = 1.5230 ; 86 : rtDZ5 = 1.5225. 

Les spectres de r.m.n. confirment les structures pro- 
posCes : CH, doublets vers 1.20 p.p.m. J = 7 Hz, H 
aromatiques doublet de doublet pour 8a et 6, et dis- 
parition des protons allyliques et des protons aroniatiques 
pour 8d. 

Anal. Calc. pour Cl1Hl,O2S (8a) : C, 62.82 ; H, 6.71. 
Trouve : C, 62.61 ; H, 6.53. 

Anal. Calc. pour C12H1602S (86) : C, 64.24 ; H, 7.18. 
TrouvC : C, 64.48 ; H, 6.99. 

Anal. Calc. pour C18H2,0,S (8d) : C, 66.24 ; H, 7.41. 
TrouvC : C, 65.98 ; H, 7.36. 

Priparatiorz des alcools 9 
Dans une suspension de 1.2 eq/g de LiAIH, dans 150 

cm3 d'ether Cthylique anhydre, refroidie a 0 "C, on 
introduit goutte a goutte, avec prkcaution, et sous 
agitation niagnetique, 0.1 mole de 4 ou 7 dissoute dans 
100 cm3 d'ether Cthylique anhydre (13). L'introduction 
terminee on porte a reflux 1 nuit, detr~lit l'exces de 
LiAIH, par quelques cn13 d'acetate d'ithyle, la niCme 
quantite de soude a 15 % puis le n~&nie volume d'eau (14). 
On filtre le prkcipite, lave la phase organique a I'eau, 
seche sur MgSO, anhydre, filtre, evapore le solvant, 
distille sous pression reduite. Rendenient : 95 % ; p.e. : cf. 
tableau 2 ; 9a : 1 1 , ~ ~  = 1.5283 ; 90 : ?tDZ5 = 1.5315 ; 9c : 
rzDZ5 = 1.5298 ; 9d : nDZ5 = 1.5320. 

Les spectres de r.m.n. confirnient la structureattendue ; 
F CH20H 3.50 p.p.m. (d, J = 6 Hz). 

Anal. Calc. pour CloHl,OS (90) : C, 65.89 ; H, 7.74. 
Trouve : C, 65.72 ; H, 7.90. 

Anal. Calc. pour ClIH160S (96) : C, 67.30 ; H, 8.21. 
TrouvC : C, 67.23 ; H, 8.02. 

Anal. Calc. pour ClzH180S ( 9 ~ )  : C, 68.52 ; H, 8.62. 
TrouvC : C, 68.39 ; H, 8.83. 

Anal. Calc. pour Cl,H,602S (9d) : C, 68.03 ; H, 9.27. 
TrouvC : C, 67.85 ; H, 9.45. 

Spectres de r.ni.n. : les protons aroniatiques prCsentent Cyclisatiort des alcools 9 
les mCmes signaux que ceux donnes dans le tableau 1. Le On porte 10 min a reflux un ~iielange de 1 g d'alcool 9, 

I 
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19 cm3 d'acide acetique glacial et I cm3 d'acide sulfurique 
concentrt. On verse ensuite dans une solution saturee 
glacCe de NaCI, extrait h I'ether de pttrole, lave la phase 
organique jusqu'a neutralite, seche sur MgSO, anhydre, 
filtre, evapore le solvant. On chromatographie sur 
alumine Woelni grade I en eluant au pcntane a 0.5% 
d'acetate d'itliyle. Rendenient : 85 % ; p.6. : cf. tableau 2. 

Spectres i.r. 1245 et 1740 cni-' (acetate). Spectres de 
r.m.n. : 6 CH3 cyclaniques, doublets vers 1.2 J = 7 Hz, 6 

0 0 
I I I 

CH3-C-0 (3H) 2.0 (s) ; CH2-0-C- (2H) 4.05 
p.p.m. (d, J = 6 Hz). 

Anal. Calc. pour C12HlG02S (lOa) : C, 64.24 ; H, 7.18. 
Trouvt : C, 64.50 ; H, 7.02. 

Anal. Calc. pour CI3Hl8O2S (lob) : C, 65.50 ; H. 7.61. 
Trouve : C, 65.32 ; H, 7.50. 

Anal. Calc. pour C14H2002S (10~)  : C, 66.62 ; H, 7.98. 
TrouvC : C, 66.81 ; H, 8.13. 

Anal. Calc. pour CZOHZ804S (10d) : C, 65.80 ; H, 7.68.. 
Trouvt : C, 65.50 ; H, 7.92. 

Priparatior~ rles olifirres 11 
On dissout 0.1 nlolc d'alcool9 dans 50 cni3 de pyridine 

(distillte et conservee stir potasse). On refroidit i - 10 "C, 
et introduit lentenient, soils agitation niagnttique, une 
solution a 0 "C de 1.1 eq/g de chlorure de p-toluene 
sulfonyle (fraichen~ent distille et conservidans un dessica- 
teur a potasse) dans la pyridine. 

Apres introduction on laisse unc nuit ail rkfrigbrateur. 
On verse ensuite dans ilne solution glacee d'HC1 dilue. On 
aniene a pH i 2, cxtrait 11 I'Cthcr, lave avcc 50 cm3 
d'HC1 diltie une fois, lave i~ I'eai~ satilree de NaCl 
itlsqu'i neutralite, seche la phase organiqi~e sur MgSO, 
anhydre, filtrc, Cvaporc Ic solvant. Rendenlent : 98%. 

On rtduit cnsi~itc le tosylate, en procedant colnnie pour 
la reduction des acides 4 011 des esters 7, en utilisant 2.5 
eq/g de LiAIH,. Rendement : 98 % aprts chromatographie 
sur gel de silice cn cluant 3 I'ether de petrole 30-60 "C a 
0.25% d'acCtate d'ethyle. Les olefines 11, sont des 
liquides, p.6. soils 8 111111 Hg ; l l a  = 112 ; b = 117 ; d = 
150 "C. 

L'examen des spectres de r.1ii.n. permet dc confirmer 
leur structtlre : 6 CH3 0.9 (d, J = 6.5 Hz) ; 6 CHz=CH- 
4.85 (111) et 5.06 (m) ; CH2=CH- 5.75 p.p.m. (m). 

Anal. Calc. pour CloH,S ( l la)  : C, 72.27 ; H, 8.43. 
Trouve : C, 77.01 ; H, 8.15. 

Anal. Calc. pour CIIHIGS (llb) : C, 73.27 ; H, 8.94. 
TrouvC : C, 73.1 1 ; H, 9.06. 

Anal. Calc. pour ClZHlaS ( 1 1 ~ )  : C, 74.16 ; H, 9.33. 
Troilve : C, 74.35 ; H,  9.45. 

Anal. Calc. pour C16H2,S (11d) : C, 77.40 ; H, 9.67. 
TrouvC : C, 77.65 ; H, 9.90. 

C)~clisatior~ des olifir~es 11 
Mocle opiratoire A 
On dissout 1 g d'olefine 11 dans 100 cm3 de dichloro- 

methane et refroidit B 10 "C. On ajoute 1.5 eq/g de 
trichlorure d'aluminium anhydre. On laisse rCagir 5 min 
sous agitation magnetique. On hydrolyse ensuite avec 
pricaution, dkcante, extrait une fois la phase aqueuse 
par qi~elques cm3 de dichloromethane, lave I'eau la 
phase organique, seche sur MgSO, anhydre, filtre, eva- 
pore le solvant et reprend par I'ether de petrole 30-60. On 

chromatographie sur alumine Woelm grade 111 avec de 
I'tther de pitrole. Rende~nent : 80-90%. 

Mode opiratoire B 
On dissout 1 g d'olefine 11 dans 25 cm3 d'ethtrate de 

trifluorure de bore fraichement distillt. On y ajoute 1 
goutte d'eau, et sature en trifluorure de bore gazeux. On 
abandonne 1 h a temperature ordinaire. On verse ensuite 
dans l'eau glacie, extrait a I'ether de pttrole, lave ilne 
fois l'eau, seche sur MgS04 anhydre, filtre, evapore le 
solvant, et chromatographie colnme le mode operatoire 
A. Rendement : 90-95 %. 

Mode opiratoire C 
On dissout 1 g d'olkfine 11 dans 19 cm3 d'acide acetique 

glacial et 1 cni3 d'acide sulfurique concentre. On porte 
reflux 5 niin. On verse dans I'eau glacie saturte en NaCI, 
extrait a I'ether de pitrole et traite ensuite comnle le mode 
operatoire B, apres lavage a I'eau de la phase organique 
jusqu'i neutralitt. Rendenient : ~ 9 0 %  en composCs 12. 

Les spectres i.r. niontrent la disparition des bandes dues 
a CH2=CH-, les spectres de r.m.n. montrent la dis- 
parition des multiplets dus 3 CH2=CH-et CH,=CH-, 
ainsi qiie I'apparition de nlCthyles cyclaniques. cf. 5, 8 et 
10. 

Anal. Calc. pour CloH14S (120) : C, 72.27 ; H, 8.43. 
TrouvC : C, 72.14 ; H, 8.20. 

Anal. Calc. pour CIIH16S (12b) : C, 73.27 ; H, 8.94. 
Trouvt : C, 73.01 ; H, 8.99. 

Anal. Calc. pour C12HIBS (12~)  : C, 74.16 ; H, 9.33. 
Trouvt : C, 73.95 ; H, 9.27. 

Anal. Calc. pour C16H14S (124 : C, 77.40 ; H, 9.67. 
Trouvt : C, 77.22 ; H, 9.40. 

Priparatior~ des berrzo(b)tllioph?r~es et 
diberizot/~iop/~?~les, 13 

Mode opiratoire A 
On introduit 500 mg de 12 dans un ballon de 5 ml muni 

d'un refrigerant. On fait passer tin courant d'azote, puis 
on ajoute 100 nig de catalyseur (Pd/C 3 5%) et porte 2 h 
a 250 "C pour un benzothiophene et 3 h i 280 "C pour un 
dibenzothiophene. On dissout ensuite le contenu du 
ballon dans le dichloromithane, filtre le catalyseur, 
Cvapore le solvant et reprcnd par le pentane. On chronia- 
tographie sur gcl de silice en eluant ail pentane 3 0.25 % 
d'acetate d1Cthyle. On recristallise ensuite dans I'ethanol 
a 99% (13d) ou sublime sous vide (13b ct c), 13ri cst 
liquide. Le p.f. : 13b = 55, c = 76, rl = 109 "C ; T.N.B., 
p.f. 13a = 125, b = 123, c = 142 "C ; picrates : p.f. 
13a = 1 0 9 , d =  115 "C. 

Anal. Calc. pour CloHloS (130) : C, 74.02 ; H, 6.21. 
Trouvt : C, 73.89 ; H, 6.33. 

Anal. Calc. pour CIIH12S (13b) : C, 74.94 ; H, 6.86. 
TrouvC : C, 75.08 ; H, 6.82. 

Anal. Calc. pour C12H14S (13c) : C, 75.73 ; H, 7.41. 
TrouvC : C, 75.58 ; H, 7.42. 

Anal Calc. pour Cl6HI6S (13d) : C, 79.95 ; H, 6.70. 
TrouvC : C, 79.70 ; H, 6.85. 

Pr6paration des esters 14  
L'aromatisation des esters 8 s'effectue de la meme 

faqon que celle des composis 12. On utilise 50% en poids 
de Pd/C 5 %, la durCe est de 4 h. On opere a 310-320 "C. 
On aboutit a un Cquilibre entrecompostaromatiseet non 
aromatisi. On chromatographie sur alun~ine Woelm 
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COURIER ET CANONNE: CYCLOALCOYLATION 2595 

grade I en Cluant au pentane a 0.5% d'acetate d'Cthyle. 
On recristallise dans I'tthanol a 99% ; 14a p.f. 66 "C, 
m/e = 206. 

Spectres de r.m.n. : 6 H, (1H) 8.37 (s, large) ; H, (1H) 
7.75 (s, large) ; &Hz (1H) 7.50 (d, JZs3 = 5 HZ) ; H3 (IH) 
7.30 (d, J Z , ,  = 5 HZ) ; CH3 (4) (3H) 2.53 (s) ; -C-0- 

I I 
0 

CH3 (3H) 3.84 p.p.m. (s). 

Les auteurs expriment leur gratitude au Conseil 
National de Recherches du Canada pour I'aide financiere 
apportCe sous forme de subvention. 
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Configurational and conformational influences on the carbon-13 
chemical shifts of some carbohydrates 

A. S. PERLIN, B. CASU,' AND H. J. KOCH' 
Depnrtrner~t of Cliemistry, McGill University, Montreal, P.Q. 

Received February 20, 1970 

Carbon-13 chemical shifts for sugars and methyl glycosides are reported. The following general 
effects have been observed: (a) a comparison of chemical shifts with expected electron densities suggests 
that 13C-2 and -4 experience relatively stronger shielding than do 13C-1, -3, and -5, possibly because 
they oppose the ring 0 ;  (b) inversion of an equatorial 0 to axial 0 is associated with increased shielding 
of the 13C nucleus to which it is bonded, of adjacent I3C nuclei, and of those in the p-position (i.e., 
having an  opposing axial H or  0 ) ;  (c) removal of a gauche 0 , O  interaction is associated with 13C de- 
shielding. It appears that since these same steric relationships affect stability, the overall shielding states 
of I3C nuclei of the different isomers reflect variations in the magnitude of repulsive interactions in the 
molecules; on this basis, the anomeric effect does not arise through instability of the equatorial anomeric 
C-0 bond. A destabilizing interaction appears to cause polarization of most C-H bonds in a molecule, 
13C becoming more shielded, and ' H  less shielded, suggestive of a concerted means for delocalizing the 
instability. In comparing anomers or epimers, this polarization is evident as a reordering of the shielding 
state of different nuclei, e.g., for several sugars and their glycosides increased shielding o f  13C-l is accom- 
panied by deshielding of the bonded H and increased shielding of the appended 0-H or  methoxyl 
13C nucleus. 

Canadian Journal of Chemistry, 48, 2596 (1970) 

In a recent communication (1) we report 
carbon-13 (13C) chemical shifts for a- and P-D- 
glucose in water. Some of those signal assign- 
ments were made tentatively, but they have now 
been confirmed by more complete data presented 
here.3 As shown in Table 1 (and in Fig. 2 of 
ref. l), C-3 and -5 of P-D-glucose have the same 
chemical shift, C-4 and -6 of both anomers also 
have congruent chemical shifts whereas signals 
corresponding to the remaining six C atoms of 
the two anomers are detectable independently. 
The spectra of the anomeric methyl D-gluco- 
pyranosides are close counterparts of those of 
the parent sugars (Table l), except for the C-1 
signals. Hence, although those of the latter appear 
downfield by about 7 p.p.m., which helps to 
confirm the C-1 assignments, there is relatively 
little impact on the chemical shifts of the other 
13C nuclei (C-2 is deshielded by 0.4 p.p.m.). 
This closely confined effect of an added 0-methyl 
is consistently large and has permitted a check on 
the assignments for C-2, -3, and -4; for example, 
with 3-0-methyl-D-glucose the resultant down- - 

-- 

'Harold Hibbert Memorial Fellow (1968-1969); on  
leave of absence from Istituto G. Ronzoni, Milan, Italy. 

ZPostdoctoral Fellow, 1969-1 970. 
3An extensive 13C spectral study of aldoses by Dorman 

and Robcrts (31) has appeared since this paper was 
submitted. Since it deals with many of the same com- 
pounds, it is especially noteworthy that the interpreta- 
tions of spectra in these two studies agree closely, differing 
in only a few minor respects. 

field shift relative to D-glucose for C-3 is about 
10 p.p.m. for each anomer, whereas the position 
of other signals is barely affected. The fact that 
deuteration has a marked impact on the signal of 
the adjacent 13C nucleus (2, 3),4 has been utilized 
to confirm chemical shifts for C-3, -5, and -6 
through examination of the appropriately deu- 
terated D-glucoses. Measurements with other 
derivatives and with structurally related com- 
pounds also contribute to an overall self-con- 

-1.. 3;i C - I  \ \=-I  

m mc-1 
c-3 m :cy ac-. 

O,=-l 

FIG. 1. A plot of calculated values of carbon electron 
density (10) vs. 13C chemical shift (p.p.m.) for anomers of 
D-xylose and D-glucose; B, p-D-xylose; @, p-D-glucose; 
0, a-D-xylose; 0, a-D-glucose. 

4These literature reports and our own unpublished 
findings show that the deuteration gives highly variable 
results: in some instances the "C resonance is not 
detectable, or barely so, whereas in others the signal IS 
readily observed. 
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PERLIN ET AL.: CARBON-13 CHEMICAL SHIFTS 

TABLE 1 

Carbon-13 chemical shifts for hexoses and their methyl glycopyranosides" 
- - - - 

- -- - - - -- - - - - 

Carbon 

Compound 1 2 3 4 5 6 CH3 
-- 

a-~-Glucose 100.4 120.9 119.5 122.8 121.2 131.4 - 
-Glvcoside 92.9 120.6 118.9 122.4 120.9 131.3 137.2 

B-D-~l;cose 
-Glycoside 

a-D-Galactose 
-Glycoside 

B-D-Galactose 
-Glycoside 

a-D-Mannose 
-Glycoside 

B-D-Mannose 
-Glycoside 

j3-D-Allose 
Methyl a-D-altroside 
Methyl a-D-idoside 

*In p.p.m. from carbon disulfide. 

TABLE 2 

Carbon-13 chemical shifts for pentoses and their methyl glycopyranosides* 
- 

Carbon 

Compound 1 2 3 4 5 CH3 

*In p.p.m. from carbon disulfide. 

sistent group of data that support the assign- 
ments proposed. 

The 13C spectra of a- and P-D-xylose, which 
have been described recently by Hall and Johnson 
(4), closely resemble those of the D-glucoses, 
aside from the relative upfield position of C-5 
signals (and absence of C-6) in the pentose 
spectra. On most of the assigned resonances there 
is concurrence between their data and ours but, 
based on the spectrum for D-glucose and those of 
some D-xylose derivatives, we favor the listings 
in Table 2. 

The electron density at  a given carbon nucleus 
is a major factor in determinlng the chemical shift 
of that atom (5-9). Hence it is pertinent to com- 
pare the observed chemical shifts for D-glucose 
and D-xylose with molecular orbital data for 
sugars. Recent information on the pentose mole- 

cule (10) is utilized for this purpose (Fig. 1 ) ;  
calculated electron densities for C-4 and -5 of the 
pentofuranose (10) are taken as being approxi- 
mately those for C-5 and -6 of the hexopyranose. 
As shown, there is a generally good correspon- 
dence between the two sets of parameters: the 
anomeric nuclei and those of C-5 (pentose) or  
C-6 (hexose) represent the two extremes, whereas 
the secondary 13C nuclei constitute an inter- 
mediate group. When the anomers are considered 
separately, close to a direct relationship between 
chemical shift and electron density is found for 
C-1, -3, and -5 of each of the four sugars, whereas 
the values for C-2 and -4 deviate substantially 
upfield relative to the plotted lines. The effect is 
especially large for C-4, which is more shielded 
than C-3 and -5 by +6.2 p.p.m.; e.g., this is 
greater than the effect induced by an axial methyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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group on a P-carbon ( f 5 . 4  p.p.m.) (11, 12). 
Overall data for other sugars (Tables 1 and 2) 
show that this difference is a common feature, 
and that C-2 and -4 are almost always more 
shielded relative to these electron density data 
than are the other ring carbons. 

Because of the approximate nature of these 
charge density calculations (10) conclusions de- 
rived from Fig. 1 are necessarily tentative. I t  
appears, however, that C-1, -3, and -5, which may 
be regarded as in one plane of the chair con- 
formation, are affected differently than C-2 and 
-4 which, by analogy, lie in a second plane that 
includes the ring oxygen atom. This "excess7' 
shielding observed for C-2 and -4 may arise from 
a transannular interaction between the two 
nuclei and the bonds involving C-1, -5, and the 
ring oxygen, or between H-2 or  -4 and the p 
orbitals of the ring oxygen atom. Presumably 
also, the chemical shift differences between the 
anomers, and between other sugars to  be con- 
sidered later, result from interactions that are 
superimposed on this "ground state" of the 
pyranose ring. 

Additivity effects, such as that due to the 
second oxygen atom at C-1, or the replacement 
of a carbinol group with a second H (glucose to 
xylose) are clearly reflected in the chemical shift 
as well as electron density data. Consistent also 
are the observed upfield shifts, relative to D- 
glucose, of C-l in 1,5-anhydro-D-sorbitol (by 
about 25 p.p.m.), of C-2 in 2-deoxy-D-glucose 
(by about 35 p.p.m.), and of C-6 in 6-deoxy-D- 
glucose (by about 40 p.p.m.); these shifts are all 
accompanied by a slight deshielding of the 
adjacent 13C nuclei. 

In ascribing chemical shift differences between 
anomers of D-glucose and D-xylose to differences 
in orientation at C-1, as has been achieved with 
respect to proton chemical shifts (13, 14), it 
appears relevant to examine orientational in- 
fluences in cyclohexane (1 1, 12, 15). These show 
that an axial substituent is associated with greater 
shielding of the 13C nucleus to  which it is bonded, 
than is an equatorial one. In addition, the axial 
substituent favors greater shielding of other 
13C nuclei in the molecule. Examples of these 
relationships are given in Chart 1. Not only is the 
13C nucleus bearing the axial substituent affected, 
as are those nuclei that bear opposing axial 
protons, but also the nuclei adjacent to the substi- 

tuted carbon. The latter effect may be evidence of 
an overall compensatory mechanism tending to 
dissipate the destabilizing action of the axial 
group over several carbon atoms and their 
appended protons (16). Only nuclei in the 4- 
position are unaffected materially by the con- 
figurational change. 

A comparison of a-D-glucose with p-D-glucose, 
or  a-D-xylose with its p-anomer (Chart I), indi- 
cates that similar relationships apply for these 
compounds also; they are expressed by the 
following generalizations and, in greater detail, 
in Chart 2:  (a) An axial oxygen atom (ax. 0 )  is 
associated with increased shielding (+) of the 
13C nucleus to which i t  is bonded. (6) A 13C 
nucleus adjacent (adj) to the axial C-0 bond 
experiences increased shielding (+ ). (c) An axial 
hydrogen atom in 1,3 relationship to  an axial 
oxygen atom (H//O)' is associated with increased 
shielding (+) of the 13C nucleus to which it is 
bonded. 

These empirical relationships imply that the 
introduction of a destabilizing factor promotes 
an increase in shielding of 13C, a possibility that 
we have discussed recently in conjunction with 
the cyclohexane derivatives (16). In this context 
it may be noted that in the p-anomers of the 
sugar molecules the equatorial C1-0 bond 
should introduce an additional destabilizing 
factor associated with the neighboring ring 
oxygen atom (anomeric effect (1 8-20)). However, 
the results show no obvious requirement that this 
latter factor be invoked as well in accounting for 
the chemical shift differences between the an- 
omers. Thus, the C-1 difference (A) is about 
4 p.p.m. for both sugars, which is approximately 
the same (or smaller) as the corresponding A 
values for the cyclohexane derivatives (Chart 1, 
underlined values). Because the a,e isomer of 1,4 
cyclohexanediol undergoes ring inversion, the 
corresponding A value is 4 p.p.m.; on the same 
basis the 1,2 and 1,3 diols give A values of 8.6 and 
4.2 p.p.m., respectively (16), and the dimethyl- 
cyclohexanes (12) slightly larger values. 

Substantial variations in 13C chemical shift are 
found also among other compounds examined 
(Tables 1 and 2). Most of these signal assignments 
have been derived, as for D-glucose, by com- 
parison with spectra of derivatives, 0-methyl, 

5This method of notation is described by Lemieux (17). 
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PERLIN ET AL.: CARBON-13 CHEMICAL SHIFTS 2599 

CHART 1 
Effect of an  axial substituent on  13C chemical shifts (6) (p.p.m. relative to  benzene forcyclohexanes, to CS2 for sugars) 
-- -- - -- - .- 

C 6 6 A 6 6 A 

0-acetyl, deoxy, or deuterated specimens. Some 
have been deduced by analogy, however, taking 
into account the chemical shift interaction re- 
lationships considered in this paper. Assignments 
for a-D-arabinose, methyl a-D-altropyranoside 
and methyl a-D-idopyranoside (which produce 
groups of closely spaced signals), and for a-D- 
ribose, probably are the least reliable. 

As shown in Chart 2, differences between the 
anomers of D-galactose, L-arabinose, D-mannose, 
and D-lyxose also are qualitatively in accord with 
those anticipated by invoking appropriate inter- 
actions, and assuming that there is essentially no 
difference in conformation between anomeric 
pairs. A vicinal gauche interaction (010) is 
added to  those listed above and, as in the cyclo- 

hexane series (12), is treated as a shielding factor 
(+); e.g., inversion of p- to a-D-mannose removes 
the 1,2-gauche arrangement and appears to 
promote deshielding (-). We see no ready basis 
for a rigorous quantitative treatment of these 
data, and hence would expect to discern only 
relatively large stereocheinical changes from 
them. A value of about 3.5 p.p.m. is representa- 
tive of most of the shielding changes associated 
with these configurational inversions. Substantial 
deviation then is observed only for C-2 and -3 of 
the methyl D-glucosides, C-2 of the methyl 
D-galactosides, and C-3 and -5 of D-lyxose; but 
whether these arise because of conformational 
aberrations or, simply, unrecognized shielding 
influences is not known. Noteworthy is the fact 
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CHART 2 

Carbon-13 shielding differences between anomers 
-. 

6b-6 ,  (p.p.m.)t 

Inversion* Carbon Interaction Expected shielding 1 2 3 

A 1 ax. 0 + 4.5 3.9 3.8 
2 adj. I + 2.6 2.7 1.5 
3 H//O-1 + 3.1 2.9 1.G 
4 0 0 0.3 0 -0.1 
5 H//O-1 + 3.9 4.6 3.6 
6 0 0 - 0 0.2 

ax. 0 
adi. 1 
H//O-1 
0 
HllO-1 
0 

ax. 0 ,  - 010-2 +, - 0 -0.6 0.3 
adj. 1, -010-1 +, - 0 0.2 -0.2 
HllO-1 + 2.0 2.8 3.2 
0 0 -0.8 0 0.1 
HllO-1 + 1.1 3.9 3.9 
0 0 - 0 0 

*Inversions are as follows: 

H O ' y O  

IAl HO- , OH OH - H O , - - s  HO 

OH I' 
OH 

~-D- / JVG cr -D-/~xo 

tobtained from data of Tables 1 and 2. 1-Pentose (R = H); 2-hexose (R = CHIOH); 3-mclhyl hexoside (R = CH,OH). 

that the close agreement between data for 
arabinose and galactose involves the assumption, 
now well founded (21), that the arabinopyranoses 
favor the inverted chair conformation (C~(L), 
lC(D>>. 

Epimeric forms of the sugars are compared in 
Charts 3 and 4; e.g., a- or P-D-glucose with a- or 
p-D-mannose (2-epimer), etc. As above, these 
comparisons entail no allowance for possible 
conformational change on inversion. Although a 
generally self-consistent pattern of chemical shift 
differences is again observed in these instances 

variations are wider than those of Chart 2, and 
several large deviations are evident. In particular, 
the axial 0 -4  of isomers possessing the L-arabino 
configuration makes little impact on shielding of 
C-4 and -5, relative to the D-xylo series, and com- 
parisons of the D-xylo and D-lyxo series lead to an 
erratic pattern for C-5 chemical shift differences. 
An instance involving 1,3-diaxially disposed 
oxygen atoms (0//0) is encountered in Chart 4. 
Comparison of methyl a-D-mannopyranoside 
with methyl a-D-altropyranoside (C-1), indicates 
that this type of relationship has a shielding 
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CHART 3 

Carbon-13 shielding differences between epi~ners (p-anomers) 
-- 

66-6. (~.p.m.)? 

Inversion* Carbon Interaction Expected shielding 1 2 3 

aa'j. 2 
ax. 0 
04. 2 
H//O-2 
0 
0 

H//O-3 
aa'j. 3 
ax. 0 
adj. 3 
H//O-3 
0 

0 
H//O-4 
adj. 4 
ax. 0 
a 4  4 
0 

'Inversions are as follows: 

d-~-y.C> ( a )  ,v-Lvr<,/~,,~,, ( h )  

( , j -~-q<, /<,<l , , )  

?Obtained from data of Tables 1 and 2. I-Pentose (R = H); 2-hexose (R -- CH20H); 3-methyl hexoside (R = CH20H). 

effect (+) on the 13C nuclei involved, although 
its impact is taken to be about the same as an 
O//H interaction, or smaller. Thus, a similar 
comparison of chemical shifts for C-2 of methyl 
cc-D-altropyranoside and methyl or-D-idopyrano- 
side (Table I),  gives a value of -0.4 p.p.m.; and 
for C-l of or-D-xylose and or-D-ribose (Table 2), a 
value of -1.1 p.p.m.6 The data have been 
examined also for possible evidence that the 
strong shielding described above for C-2 and -4 

6A larger net deshielding effect associated with an 
0//0 interaction has recently been described in the 
inositol series (myo- + epi-inositol (22)). 

of D-xylo isomers is modified by inversion. In 
this context, no consistent effect of axial 0 -2  or -4 
has been detected although, as just noted, C-4 of 
L-arabino isomers (axial 0-4) appears to behave 
atypically. 

These various steric relationships considered 
as possible sources of differences in I3C chemical 
shift, include most of those that are customarily 
evaluated in assessing conformational stability. 
As noted elsewhere (16), 13C chemical shift 
variations can be correlated satisfactorily with 
the presence of destabilizing interactions in cyclo- 
hexane derivatives: 13C nuclei affected by such 
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CHART 4 

Carbon-13 shielding differences between epirners (a-anorners) 

Inversion Carbon Interaction Expected shielding 1 2 3 

adj. 2, - 010-2 
ax. 0 ,  - 010-1 
adj. 
HllO-2 
0 
0 

0 
HllO-4 
adj. 4 
ax. 0 
adj. 4 
0 

0110-3, - OllH-3 
adj. 3, - 010-3 
ax. 0 ,  O//O-1, 
OllH-5, 
- 010-2, - H//O-1 
ar!i. 3 
HllO-3 
0 

'Inversions are as follows: 

1 I 
OCHJ OH OCHJ 

mclhyl u-D-m:8nng).m~rjdc (0) maw ma-D-altropymnosidc (h) 

?Obtained from data of Tables 1 and 2. I-Pentose (R = H); 2-hexose (R = CH20H); 3-methyl hexoside (R = CH,OH). 

interactions exhibit increased shielding. Anal- total shielding increases as the energy (21) (see 
ogously, the current data reflect differences in next paragraph) of the molecule increases. For 
stability between the isomeric sugars. Thus, if the example, the 13C nuclei of 0-D-xylose and 0-D- 
overall shielding experienced by the 13C nuclei of glucose may be classed as the least shielded, and 
each sugar is evaluated (in Table 3 this value is also as components of the most stable isomers, 
expressed as the sum total (16) of the observed within the series. Similarly, sugars that are 
chemical shifts for a given sugar7), it is found that regarded as highly unstable, cr-altrose, cr-ribose, 

'An average value may be taken equally well or, a 
cr-galactose, also are those that contain the most 

much more complex task, individual nuclei may be shielded group of 13C nuclei. In the intermediate 
considered. range there are relatively small differences in 
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TABLE 3 

Comparison of 13C shielding and stability 

Hexoses (methyl glycopyranosides) Pentoses 

Z 13C Free 
Chemical shifts* energyt 

C 13C Free 
Chemical shifts* energy? 

'Sum of chemical shifts (p.p.m.) in Table 1 ;  uali~es are relarioe 
?Data from ref. 21 (kcal/molc). 
fSum of chemical shifts (p.p.m.) in Table 1, not includinc that 

chemical shift, as well as in stability, although the 
sequences of values are not always mutually 
consistent. Perhaps most noticeable is the low 
value relative to that expected for methyl a-D- 
idopyranoside,' and the fact that the order of 
shielding for the anomers of D-mannose and 
D-lyxose, as well as for some glycosides, com- 
pared with their parent sugars is the reverse of 
that anticipated (see below). Hence, these varia- 
tions in I3C chemical shift broadly reflect 
differences in stability, but furnish only a partial 
assessment of the situation. 

The comparisons presented in Table 3 use 
calculated free energy values (21). The latter are 
pertinent for this purpose because they are com- 
puted almost entirely with non-bonding inter- 
action energy terms (entropy contributions are 
minimal) (21), and also they furnish the most 
comprehensive energy data currently available 
for the sugars. One of these energy terms accounts 
for the anomeric effect. As discussed above, 
however, the anomeric effect makes no obvious 
contribution to shielding and hence differs in this 
respect from repulsive interactions (vicinal, syn- 
diaxial) that lead to destabilization. This differ- 
ence is particularly noticeable in comparing the 
sugars and their glycosides. For example, the 
relative stabilities of anomers of D-glucose or 

8Although conformational analysis leads to the expec- 
tation that a -  and a-idopyranose are highly unstable in 
either chair conformation and that both of the latter are 
important in representing these sugar molecules (e.g., 21), 
recent proton magnetic resonance evidence indicates 
that the a-D-pentaacetate assumes virtually only the C1 
conformation (23). 

lo rlo~utrfielrl CSZ. 

of methyl "C. 

D-xylose are reversed in going from the sugar to 
the methyl glycoside, the a- rather than P- 
glycosides being the more stable (1 8, 19). Yet the 
13C chemical shift patterns are virtually un- 
changed by methylation (aside from the inductive 
deshielding effect evident at  13C-1). Hence, if 
steric interactions do  indeed contribute to the 
various changes in charge density cited above, 
this reversal in stability should be attributed to 
selectively enhanced szabilizazion, rather than to 
an increase in repulsive interactions. On this 
basis, the chemical shift data appear to be in 
accord with recent theoretical considerations (20) 
which show that the anomeric effect represents 
a balance between attractive- and repulsive- 
dominant interactions (24), to which the attrac- 
tive term makes the greater contribution (see 
also ref. 19). 

Another aspect of these data merits comment. 
Increased shielding of a 13C nucleus has been 
found in several instances (16, 25-27) to be ac- 
companied by a decrease in the shielding of the 
appended proton, i.e., 13C and 'H shifts are 
affected inversely. Therefore, it appears that a 
change in bond polarizationg occurs as a result 
of the impact of a destabilizing interaction. The 
data of Table 4 show that this kind of relationship 
applies also in the sugar series. Additional 
examples are cited in Table 5 for several individual 

91f the change were basically in the state of hybridiza- 
tion of carbon, parallel changes in chemical shift for 13C 
and 'H would be expected; i.e. both 13C nuclei and 
protons of alkanes are more shielded than those of 
alkenes, arenes, or alkynes. 
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TABLE 4 
Comparison of 13C and 'H shielding 

Z 13C Z I H  
Chemical shift* a-O t Chemical shift* a-09 

a-D-Mannose 715.5 (596.0) 34.1 
f6 .0 ( f 2 . 3 )  f 0 . 3  

8-D-Mannose 709.5 (593.7) 34.4 

*Data from Table 3;  values in brackets are those for corresponding pentose. 
?Plus sign indicates increased shielding, since values are relative to do~vrtfielcl CS2. 
$Data from ref. 13 for pentaacetates in chloroform. 
§Minus sign indicates decreased shielding, since values are relative to rrpfieMTMS. 

TABLE 5 

Comparison of I3C and 'H shielding 
~p 

Nucleus Compound I ~ C *  A ' H t  A 

'Data from Tables 1 and 2. 
?Data obtained from ref. 14. 

C-H bonds; in all instances the AI3C for an those for 13C (5, 9)), and have for long been 
anomeric pair is in one direction whereas the invoked to account for the observation that an 
A'H valuelo is in the reverse direction. Aniso- axial proton usually is more shielded than is an 
tropy effects have an important bearing on equatorial one (28). The current findings illustrate 
proton chemical shifts (although much less so on that this difference also is intimately associated 

with the shielding state of the carbon to which it 
''In Table 4, these values are derived from proton is bonded. 

chemical shifts for the peracetates in chloroform (13), 
and hence may not be strictly comparable with the other It may be pertinent what has been 
data obtained with aqueous solutions. above, that the difference in 13C shielding be- 
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tween anomers of mannose or lyxose is much 
smaller than between anomers of glucose, galac- 
tose, xylose, or arabinose (Table 4). Moreover 
for protons, the data (Table 4) imply, if anything, 
that a-mannose is slightly more stable than 
p-mannose. Hence the 13C chemical shifts alone 
may not adequately reflect interactions within the 
molecules, and a better assessment of stability 
may yet be obtainable by also considering proton 
chemical shifts, i.e., evidence of bond polariza- 
tion (and conceivably 170 chemical shifts as well). 

According to these considerations then, 13C 
and proton chemical shift differences are attribut- 
able at least partly to interactions within the 
molecule that cause destabilization, or else that 
remove stabilizing influences. Expressed, for 
example, in terms of the anomeric center (Fig. 2, 
similar results are given by several sugars for 
which the data are available), inversion of the 
equatorial to the axial anomer causes the intro- 
duction of a destabilizing interaction. This may 
lead to widespread alterations of bond angles and 
dimensions, state of hybridization, etc., over the 
molecule. At the anomeric center itself, the event 
is evidenced by an increase in the shielding of C-1 
and a decrease in shielding of H-1. The Cl-0, 
bond also must be affected by the changes and, 
in turn, the 0-H bond. Possibly, the axial C-0 
bond becomes less polarized, because the carbon 
nucleus is less positive, and contributes to the fact 
that the difference in hydroxyl proton shifts (at 
least in methylsulfoxide (29, 30)) is such that the 
axial C-0 bond bears the more shielded (less 
positive) proton.11 For the corresponding methyl 
glycosides the same qualitative relationships 
apply. In this instance the 13C nucleus of the 
methyl group, like the hydroxyl proton, is more 
shielded when bonded to the axial 0 atom 

FIG. 2. Comparison of 13C and 'H shieldings at the 
anomeric center of a- and B-D-xylose; +, increased 
shielding; - , decreased shielding. 

"However, the relative importance of electron density 
in determining hydroxyl proton chemical shifts, and of 
factors such as hydrogen bonding and solvation, remains 
to be evaluated. 

(Tables 1 and 2). However, the protons of the 
methyl group also become more shielded, in 
contrast to the effect on protons attached to 
carbons of the ring. Nevertheless, this is in accord 
with what should be expected of carbon-bonded 
 proton^,^ and may indicate that the methyl C-H 
bonds are too remote from the focal point of the 
destabilizing interaction to be affected like the 
C-H bonds of the ring. 

Experimental 
Carbon-13 magnetic resonance spectra were measured 

at a frequency of 25.15 MHz by means of a Varian 
HA-100 spectrometer. The nuclear magnetic resonance 
system included a probe doubly-tuned to 25.15 and 
lOOMHz, a voltage controlled generator, a V2513-1 
heteronuclear decoupler, and a time averaging computer, 
which permitted the recording (in frequency sweep mode) 
of proton-decoupled 13C resonance signals in natural 
abundance. Methyl iodide-13C (about 90% enriched; 
Merck, Sharpe and Dohme, Montreal, Quebec), con- 
tained in a coaxial capillary, furnished the internal 
reference "lock" signal. Chemical shifts are reported 
relative to carbon disulfide, which produces its resonance 
signal 213.1 p.p.m. (5730 Hz) downfield from the methyl 
iodide reference signal. Resolution was 0.1 p.p.m. or 
better. The sample temperature was 55' f 5" C. 

In preliminary experiments chemical shift variations 
due to a change in solute concentration were no greater 
than the resolution attainable. Therefore, the concentra- 
tion of the aqueous sugar and glycoside solutions used 
varied directly with the quantity of sample available and 
its solubility; hence, commonly, the concentration was 
0.5-0.6 g/ml H,O, but in some instances was one-fifth of 
this figure. An aqueous solution of uniformly labelled 
D-gl~cose- '~C (about 50 % enriched; Merck, Sharpe and 
Dohme, Montreal, Quebec) was utilized to facilitate the 
selection of optimal spectrometer settings (homogeneity, 
phasing, etc.). 

Representative spectra are illustrated in Fig. 2 of ref. 1. 

Generous support by the Pulp and Paper Research 
Institute of Canada and the National Research Council 
of Canada is gratefully acknowledged. Mr. R. Simoneau 
kindly provided very helpful technical assistance. 
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Some problems affecting the determination by gas-liquid 
chromatography of vanillin1 and syringaldehyde2 in oxidized neutral 

sulfite pulping liquors 

K. J. HARRINGTON AND JANET HAMILTON 
Diuisiorz of Forest Products, CSZRO, So~tth Melbourne, Victoria, A~istralia 

Received March 21, 1 9693 

Gas-liquid chromatographic parameters for the quantitative evaluation of syringaldehyde and 
vanillin in oxidized neutral sulfite pulping liquors are discussed. 
Canadian Journal of Chemistry, 48, 2607 (1970) 

Introduction liquors, nitrobenzene oxidation (I) yielded vanillin and 
syringaldehyde, which after acidification were extracted 

The phenolic aldehydes, vanillin and syringalde- with ch~oroform. The chloroform extracts were eva- 
hyde, are of importance in the fields of lignin and porated to dryness and the residues re-dissolved in 
flavor ~ i ~ t ~ ~ i ~ ~ l l ~ ,  these materials ethanol. These ethanollc solutions were used directly for 

have been isolated and quantitatively evaluated chromatographic 

by means of paper chromatography (1, 2) and Discussion 
I by photometric techniques (3, 4). More recently, Columlz Construction Material 

and (5 ,  6, have described the Columns from copper, glass, alu- 
use Of gas-liquid (g.lac.) in the minum, and steel were evaluated for this 
estimation of vanillin and syringaldehyde in determination. Each was in length with an 

syrup, and Martin et (7) have deter- internal diameter of 2 mm. Columns were filled 
mined vanillin in vanilla samples by g.1.c. using with the selected packing and a solution con- an internal standard. In the field of lignin taining % each of vanillin and syringaldehyde g'l'c' techniques have been used for in ethanol was injected. Typical chromatograms 
the study of lignin degradation products by (Fig. 1) show significant differences in peak (8), Hrutfiord (9), Brand (lo), and tailing and the appearance of an additional peak 
Shaw and Waldock (1 1). where an aluminum column was used. The latter Work in this laboratory 'Oncerning a Of observation suggests a catalytic action of the the neutral sulfite semi-chemical (NSSC) method metal or its oxide in the degradation of either or 
Of producing wood for papermaking has both of the parent materials. For quantitative 
included g,l.c. methods for determination of evaluation, the peaks obtained when usingcopper 
vanillin and syringaldehyde. The present note columns were the only ones acceptable. 
discusses some of the important aspects of this 
technique and its associated problems. Solid Support 

Of the three types of solid support tried, namely 
Experimental glass beads, acid-washed Chromosorb W5, and 

The instrument used in these investigations was a granulated teflon, the proved to be 
Beckman GC-4 gas chromatograph equipped with a the most inert. Column packing Was made easier 
hydrogen flame ionization detector using nitrogen as when both the empty column and the coated 
carrier gas. The vanillin was analytical reagent grade and support were chilled beforehand. 
was obtained c~mmercia l ly .~  Syringaldehyde was syn- 
thesized in this laboratory from vanillin (12). Stationary Phase 

were taken the NSSC Several different stationary phases have been 
Elicalyptlis regnarzs. From the lignin present in these used with varying degrees of success. Hrutfiord 

'4-Hydroxy-3-methoxy benzaldehyde. (9) has listed many of these, but for the present 
'4-Hydroxy-3,5-dimethoxy benzaldehyde. work Apiezon N was found to produce the most 
3Revision received May 1, 1970. 
4By-Products & Chemicals Pty. Ltd., Sydney, Aus- 560/80 Mesh from Varian Autograph, Palo Alto, 

tralia. California, U.S.A. 
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ALUMINIUM 

STAINLESS STEEL 

4- TIME 

FIG. 1. Effect of column construction material on chromatogram characteristics. 

satisfactory results. An optimum loading of 15 % 
(by weight) was obtained using the evaporation 
technique. 

Temperature of Chromatograph Components 
With due regard for desirable peak shapes, 

convenient retention times, prevention of con- 
densation, or thermal degradation of the sample, 
the following temperatures were found to be 
suitable: injection port, 300 "C; inlet line, detec- 
tor line, and detector oven, 250 "C; column 
oven, 220 "C. 

Gas Flow Rates 
The hydrogen flame ionization detector is well 

known for its high sensitivity, but variability in 
its response to eluting components can be 
encountered unless considerable care is taken to 
establish and control the flow rates of hydrogen, 
carrier gas, and to a lesser extent, air. These 
adjustments, of critical importance in quantita- 
tive g.l.c., have been discussed fully by Mc- 
William (13). 

Sample Introduction 
In the absence of an internal standard, quan- 

titative g.1.c. is obviously very dependent upon 
achieving an accurate and reproducible sample 
introduction technique. Evaporation from the 
tip of the needle as it approaches the heated 
injection block can be minimized by slightly 

withdrawing the plunger of the syringe before 
injection. There was some evidence in the present 
work that the first one or two samples injected 
after the placement of a new septum gave rise to 
peaks smaller than expected. This effect has been 
noted by Tamsma et al. (14) and is possibly due to  
adsorption of the solute on the underside of the 
septum. 

For calibration purposes, a series of injections 
was made over the range from 5 to 50 pg of each 
aldehyde. The relationship between peak area 
and sample concentration was shown to be non- 
linear with a positive intercept on the concen- 
tration axis. Since precautions had been taken to  
prevent premature evaporation from the needle 
tip and corrections for syringe dead-volume 
had been made, it appeared that adsorption 
of solute had taken place in the column; a 
phenomenon previously observed by Shaw and 
Waldock (1 1). Repeated injections of vanillin and 

Unsaturated Saturated 

SAMPLE CONCENTRATION 

FIG. 2. Effect of in-column solute adsorption on 
column behavior. 
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FIG. 3. Chromatograms of nitrobenzene oxidation products of NSSC liquor. (a) No alkaline pre-extraction. 
(b) Alkaline pre-extraction. 

syringaldehyde were made and the calibration 
was again carried out. Peak area was then shown 
to be proportional to solute concentration 
(Fig. 2). 

Fig. 3a shows a chromatogram of the alkaline 
nitrobenzene oxidation products of an NSSC 
liquor. Several of the larger peaks can be attri- 
buted to excess nitrobenzene and its reduction 
products. To simplify the chromatographic 
separation, Pepper et al. (8) extracted the 
oxidized liquor with diethyl ether before acidifi- 
cation, and found that this removed much of the 
unwanted material (Fig. 3b). It can be demon- 
strated, however, that both vanillin and syring- 
aldehyde are significantly soluble (up to 10 %) in 
both ether and chloroform when in alkaline 
solution. Thus, the use of such a "cleaning-up" 
extraction results in the loss of wanted aldehydes. 

This means that quantitative evaluation must 
be carried out in the presence of extraneous 
materials some of whose chromatogram peaks 
are difficult to resolve completely from those of 
the aldehydes under consideration. Quantitative 
measurement of overlapping peaks is subject to 
considerable difficulty. Solute matrix effects have 
been discussed by several workers, e.g., Weinstein 
(15) and Juvet and Chiu (16). Dal Nogare and 
Juvet (17) have described a method of standard 

addition by means of which the effects of matrix 
interactions are greatly reduced or eliminated. 
For overlapping peaks, however, the difficulty in 
deciding in the first instance which is in fact the 
true area to measure would make the application 
of this addition method of more limited value. 
Figure 4 demonstrates an example of matrix 
interaction. 

Varying amounts of iso-vanillin (3-hydroxy-4- 
methoxy-benzaldehyde) were added to a constant 
amount of vanillin and the peak areas of vanillin 
were measured by means of a planimeter. To 
eliminate the necessity of estimating the trailing 
half of the vanillin peak, the areas of the leading 
half only were measured (shaded). The results are 
shown in Table 1. In the presence of an unknown 
degree of matrix interaction, it is not possible to  
evaluate the total area of an overlapping peak. 

TABLE 1 

Magnitude of matrix interaction between 
vanillin and iso-vanillin 

Weight ratio Vanillin shaded 
iso-vanillin/vanillin area (cm2) 
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I 

TIME 

FIG. 4. Matrix interaction between vanillin and iso-vanillin. Weight ratio iso-vanillin/vanillin: (a) 0.7; (b) 3.0; (c)8.0. 

Juvet and Chiu (16) attempted to overcome this 
problem by using synthetic blends similar in 
composition to that of the solutions being 
studied. It would not be practicable, however, to 
apply this technique to the present study of 
NSSC liquor oxidation products. 

Summary 
The quantitative separation and evaluation of 

vanillin and syringaldehyde by g.1.c. present 
certain problems which markedly affect the ac- 
curacy of the determination. For complex solu- 
tion systems, such as nitrobenzene-oxidized 
NSSC pulp liquors, the presence of solute matrix 
interactions disturbs the relationship between the 
concentration of a component and its chromato- 
gram peak area. 

As it has been shown that a "cleaning-up" 
extraction of the oxidized. liquors results in a loss 
of syringaldehyde and vanillin, it is necessary to 
employ chromatographic conditions which pro- 
vide the maximum amount of peak resolution. 

Adsorption of vanillin and syringaldehyde 
occurs on the column packing and an equilibrium 
state is reached only when the column has been 
conditioned by repeated injections of the two 
aldehydes. 

The authors wish to thank Miss N. Ditchburne of the 
Division of Mathematical Statistics, CSIRO, for her 
assistance in the statistical planning of certain parts of 
the experimental work, and Mr. M. Menshun for making 
available a pure sample of syringaldehyde. 
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Fluorescence of chloropentafluoroacetone 

H. S. SAMANT AND A. J. YARWOOD 
Department of Ct~emistry, McMaster University, Hamilton, Ontario 

Received March 6, 1970 

The fluorescence of chloropentafluoroacetone in the gaseous state at room temperature is reported. 
The fluorescence extends from 337 nm to greater than 560nm with a maximum intensity at 420 nm 
and is unaffected by low pressures of oxygen. The energy of the first excited singlet state is estimated 
as about 83 kcal and the fluorescence data for 313 and "290" nm excitation indicate that fluorescence 
enhancement occurs as the pressure increases. The fluorescent yield at high pressures ($rm = 0.023) is 
independent of the nature of the gas used to attain the high pressure. The lifetime of the fluorescent 
state is 35.1 0.3 ns. 

A simple mechanism correlates the experimental observations and the values of the rate constants 
are considered. The reciprocal of the natural radiative lifetime is calculated to be 6.6 x lo5 s-' and 
the rate constant assigned to  intersystem crossing to  the triplet is 2.8 x lo7 s-'. A comparison with 
the data in the literature for hexafluoroacetone shows the effect of substitution by a heavy atom in the 
fluorinated ketone. It about doubles the value of the rate constant associated with intersystem crossing 
from the first excited singlet state in the gas phase. 
Canadian Journal of Chemistry, 48, 2611 (1970) 

Luminescence studies have been indispensable 
in clarifying the primary processes in the photo- 
chemistry of ketones in the gas phase. The 
fluorescence and phosphorescence of acetone (I), 
hexafluoroacetone (2), and biacetyl(3) have been 
investigated extensively and have been correlated 
with the photodecomposition processes. How- 
ever, the photochemistry of chlorinated ketones 
in the gas phase has been concerned mainly with 
photodecomposition studies and the investigation 
of radical reactions, e.g. chloroacetone (4), 
chlorobutanone ( 5 ) ,  hexachloroacetone (6), 1,3- 
dichlorotetrafluoroacetone (7), 1,1,3-trichloro- 
trifluoroacetone (8), 1,1,3,3- and tetrachlorodi- 
fluoroacetone (9). While this study of the 
luminescence of chloropentafluoroacetone was in 
progress the photodecomposition was reported 
(10). Carbon monoxide and substituted methyl 
radicals were the major primary products but an 
alternative decomposition to an acetonyl radical 
and a chlorine atom became significant at the 
shorter excitation wavelengths. 

Experimental 
Chloropentafluoroacetone (Allied Chemical Co.) was 

purified by trap-to-trap distillation at  temperatures of 
- 78, - 95, and - 112". The - 95" fraction was retained 
after large head and tail fractions were discarded. This 
technique removed small traces of an unidentified im- 
purity which was detected in the initial ketone by gas 
chroniatographic separation on DC-703, Porapak-P, and 
Porapak-Q columns. The samples purified by distillation 
had properties similar to small quantities of the ketone 
purified by gas chromatography. The ketone was stored 

at  - 196 "C in the dark and thoroughly degassed each 
time before use. 

Sulfur hexafluoride, oxygen, and carbon dioxide were 
supplied by Matheson and, after appropriate distillation 
and degassing, the purities were checked gas chromato- 
graphically. The quinine sulfate (Fisher) was N.F. grade. 

The vacuum system was grease free and the purification 
section was saturated with mercury vapor. Contamina- 
tion of the storage and cell sections was prevented by 
maintaining two U traps in series at -78 or - 196". The 
pure quartz cells were attached to the vacuum system via 
a metal valve (Nupro) and the pressures were measured 
on a glass spoon gauge. 

Preliminary measurements on the luminescence of the 
ketone were made on an Aniinco-Bowman spectro- 
fluorometer (with phosphoroscope attachment). Detailed 
nieasure~iients on the luminescence of the ketone in the 
gas phase at  roo111 te~iiperature were made using a 
different apparatus. The excitation source, either a 1000 
W Hg/Xe lamp or 450 W Xe lamp, was used in conjunc- 
tion with a small Bausch and Lomb monochromator 
(with a 1200 grooves/nini grating blazed at  400 nni). The 
vacuum tight Suprasil cell (Hellma) was polished on all 
four sides and was 1 cm square in cross-section. The light 
emitted perpendicular to the incident beam was analyzed 
using a 0.5 ni Ebert Jarrell-Ash nionochromator (with a 
1 180 lines/ni~n grating blazed at 400 nm) fitted with a 
cooled RCA 8575 photoni~~ltiplier. The output was 
measured with a Keithley electrometer. 

Fluorescence lifetimes were measured using a T R W  
nanosecond spectral source system. The 316 nni line 
from the pulsed nitrogen lamp was isolated by a third 
order 313 nm intcrference filter (Baird Atomic). The 
emitted light passed through a glass filter (Corning 3-75) 
and was detected by a 1P28 photomultiplier. 

The total ketone luminescence, without wavelength 
resolution, was also measured. The excitation source was 
a medium pressure mercury lamp (Hanovia #673A). The 
light was collimated and the excitation wavelength 
selected by filters. The 334 nni radiation was isolated 
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using filter solutions (11). The 313 nm line was selected 
using a third order interference filter (Baird Atomic).The 
radiationclassed as the "290" nni group consisted mainly 
of 289 and 297 nni radiation isolated by a n  interference 
filter (Optics Technology H2700). The quartz cell used 
for experiments at  the higher pressures was 1 cm long. A 
10 cm long T-shaped quartz cell was used for the lower 
pressure experiments. The light passed through the cell 
as a parallel beam and was condensed by a quartz lens 
onto a photocell (RCA 935). The emitted light was 
observed at right angles to the incident beam. The light 
was collimated by a tube (0.8 cm diameter and 12.8 cm 
long), passed through a glass filter (Corning 0-52), 
detected by a photomultiplier (1P28), and measured on 
a n  electrometer (Keithley type 610B). The lanip, filters, 
and cell were housed in separate compartments of a light- 
tight box and the scattered light plus dark current signal 
was approximately 3 x lo-' A. The relative fluores- 
cence yield Q is defined (12) as (Ir - lrO)/g(I,O - I,). 
lr and IrO are the emission intensities when the ketone is 
present and absent; I, and I,' are the intensities of light 
transmitted through the cell in the presence and absence 
of ketone; g is a factor which takes into account that 
the emission is observed at a distance from the entrance 
window of the cell. For the 1 cm long cell g is assumed 
to be unity and for the 10cm cellequal to sinh (~c6/2)/sinh 
~ ~ 1 1 2 ) .  (E = 2.303 a, where a is decadic molar extinction 
coefficient, c is the concentration, I is the length of the 
cell, and 6 is the length of the cell observed by the photo- 
multiplier.) No corrections were made for reflections. 

The experimentally observed Q vs. wavelength curve 
for the flilorescence of the ketone was corrected using a 
sensitivity factor derived from measurements on quinine 
sulfate. The quantum yield of fluorescence at  313 nm 
was obtained by comparing areas under the corrected Q 
vs. A. curves for the ketone and quinine sulfate and as- 
suming the fluorescence yield of quinine sulfate to be 0.55 
(13). Provided the emission profile does not change with 
variation of the pressure, and provided the experimental 
system is not altered, the relative fluorescence yields using 
313 nni radiation, Qr, can be related to  the quantum 
yields 4' at 313 nm by Qr = PC$' where is a proportion- 
ality factor. The Q values at other excitation wavelengths 
are corrected using the manufacturers' specifications to  
allow for the different sensitivities of the photocells. 

Results 

The ultraviolet absorption spectrum of chloro- 
pentafluoroacetone at room temperature extends 
from below 250 to greater than 356 nm with a 
maximum at 303 nm (E  = 48). The spectrum is 
quite asymmetric with structure evident, es- 
pecially at the longer wavelengths. There are at 
least five bands (339,325,314,303,293,283? nm) 
with a spacing of about 1200 cm- '. 

When chloropentafluoroacetone in the gas 
phase at room temperature is excited in the region 
280 to 334 nm, luminescence is observed. Figure 1 
shows that the luminescence of chloropenta- 
fluoroacetone (109 Torr) excited at 313 nm ex- 
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0 

Wavenumber x ~O-~cm-' 
FIG. 1. Variation of the fluorescence intensity, I,, 

of chloropentafluoroacetone (109Torr) with wave- 
number. A.,, = 313 nni. 

tends from about 337 to greater than 560 nm 
(the emission is corrected for monochromator 
and detector sensitivity). The emission spectrum 
is asymmetric, has a maximum at 420 nm but is 
devoid of structure. The emission spectrum is 
unaffected by the presence of mercury vapor in 
the cell. The addition of 24 Torr of oxygen to 
109 Torr of ketone does not decrease the intensity 
of the emission spectrum, nor does it alter the 
emission profile as a function of wavelength. N o  
emission can be detected when the pure ketone 
is studied in the spectrophosphorometer with the 
rotating shutter operating. 

The lifetime of the excited ketone molecule is 
independent of the pressure of the ketone in the 
range 9 to 600 Torr. In particular there is no 
systematic variation in the lifetime at pressures 
below 100 Torr (five experiments). The decay of 
the light intensity appears to be exponential, 
although it would be difficult to detect non- 
exponential decay using this nanosecond tech- 
nique. The average lifetime of the fluorescence at 
25 "C is 35.1 + 0.3 ns. 

Many experiments were performed to investi- 
gate the emission profile as a function of wave- 
length. As indicated earlier, using 313 nm excita- 
tion and a chloroketone pressure of 109 Torr the 
onset of the fluorescence is at 337 nm, the maxi- 
mum at 420 nm, and the long wavelength limit a t  
greater than 560 nm. Identical wavelengths were 
observed at the following ketone pressures: 3, 11, 
34, 96, and 209 Torr. However, the sensitivity of 
the photomultiplier decreases rapidly at wave- 
lengths longer than 560 nm and it is likely that 
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P, Torr 
FIG. 2. Variation of the relative fluorescence yield Q 

with pressure of chloroketone. 0, 1,, = 334 nrn; 0, 
1,, = 313 nrn; A, h,, = "290" nrn. - 
'0 2 00 400 6 00 

P, Torr 

FIG. 3. Variation of the relative fluorescence yield Q 
of chloroketone with pressure of added carbon dioxide. 
U, ?'.ex = 334 nrn; Pk,,,,, = 38.1 Torr. 0, I , ,  = 313 
nrn; P, ,,,,, = 20.4 Torr. A, 1,, = "290" nrn; Pk ,,,,, = 
22.0 Torr. 

the tail of the luminescence extends further to the 
red. Experiments at 209 Torr ketone show that 
the emission profile also does not depend on the 
excitation wavelength in the range 334, 313, and 
"290" nm. Further, there is no change in the 
profile when 30 Torr of ketone are illuminated 
with 313 and "290" nm radiation. 

Measurements in the steady-state apparatus 
show that there is fluorescence enhancement at 
the higher pressures. Figure 2 shows Q values 
plotted vs. ketone pressure for the 334, 313, and 
"290" nm excitation wavelengths. The fluores- 
cence yields are low at the lower pressures and 

'8 I I I 

100 200 300 

P, Torr 
FIG. 4. Relative fluorescence yield Q of chloroketone 

(12.3 Torr) with pressure of sulfur hexafluoride. X,, = 
313 nrn. 

increase to a plateau value at high pressures at 
all wavelengths. Since the radiation classed as 
"290" nm contains both 289 and 297 nm radia- 
tion no quantitative significance should be 
attached to the data obtained. However, qualita- 
tively, it is clear that at  the shorter wavelengths a 
higher pressure is required to attain the maximum 
enhancement and that the approach to the 
plateau region is slower at the shorter wave- 
lengths. A similar effect is observed when the 
pressure is increased by adding various pressures 
of inert gas to a fixed low pressure of ketone. 
Figure 3 shows the results for carbon dioxide 
addition at the different excitation wavelengths. 
Figure 4 is a similar plot for sulfur hexafluoride 
addition to ketone excited at 313 nm. 

The quantum yield of fluorescence of chloro- 
pentafluoroacetone excited at 313 nm was deter- 
mined for ketone pressures of 11 3,221, and 168 
Torr as 0.024, 0.025, and 0.021 and the mean 
value is 0.023. 

Discussion 
The electronic spectra of aliphatic carbonyl 

compounds have been considered recently by 
Csizmadia and co-workers (14). In an experi- 
mental and theoretical study they point out that 
the largest effects on the n*-n transition energies 
of RCOX systems arise principally from the 
nature of the first atom in the group X. When X 
is a halomethyl substituent they find that there 
are only very small shifts in n*-n bands relative 
to the standard methyl derivatives. The absorp- 
tion spectrum of chloropentafluoroacetone in 
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the gas phase has a maximum at 303 nm and its 
intensity (f - lo-,) is thus consistent with 
excitation of the n*-n transition of the ketone. 
The structure in the absorption spectrum could 
be a vibrational progression in the excited state 
C-0 stretching frequency. (The 1200 cm- ' 
frequency of the chloroketone might then be the 
analogue of the 1182.6 cm- ' stretching vibration 
in 'A" state of formaldehyde (15) and the 1460 
cm-' progression in the ' A ,  state of oxalyl 
chloride (1 6)). 

From the absorption spectrum the natural 
radiative lifetime, ro, of the singlet state populated 
on absorption in the n*-n band can be estimated 
using l /ro = 2.88 x lo-' 52  j ~ d v .  The value of 
1 /ro derived for chloropentafluoroacetone is 
8.8 x lo5 s- ' .  This is probably a valid estimate 
of the natural radiative lifetime of the excited 
singlet state, although there are assumptions 
made in applying the formula to  large molecules. 
The value may be compared to the estimate of 
4 x lo6 s- '  for acetone (17) and 1.8 x lo5 s-' 
for hexafluoroacetone (18). 

The luminescence spectrum of chloropenta- 
fluoroacetone shown in Fig. 1 is the first report of 
luminescence from a chlorinated carbonyl com- 
pound in the gas phase. The long wavelength limit 
appears to be at  greater than 560 nm. It  is usually 
assumed that low pressures of oxygen quench 
only the triplet states of carbonyl compounds in 
the gas phase and the emission observed in the 
presence of a few Torr of oxygen is assigned as 
fluorescence from the excited singlet state. There 
is evidence for hexafluoroacetone that much 
higher pressures of oxygen (1 atm) also quench 
the singlet states (18). Since low pressures of 
oxygen do  not decrease the luminescence in- 
tensity and d o  not alter the emission profile the 
luminescence is considered to  be fluorescence. 
This assignment is consistent with the observation 
that no long-lived emission is detected when the 
pure chloroketone is investigated using a rotating 
shutter with a time resolution of about lo-, s. 
The lack of phosphorescence of the ketone does 
not imply that triplet state molecules are absent 
from the system. The internal heavy atom effect 
of the chlorine could modify the rates of processes 
competitive with phosphorescence, e.g. radiation- 
less conversion to the ground state. (Unpublished 
work indicates that triplet molecules are an  im- 
portant feature of the system.) 

The overlap of the absorption and fluorescence 

spectra is at about 345 nm and the energy of the 
0-0 band of the singlet-singlet transition is about 
83 kcal. If one accepts the suggestion that the 
structure in the absorption spectrum is due to  a 
vibrational frequency of about 1200 cm- ' then 
the excitation of chloroketone using 313 nm 
radiation would result in excited singlet molecules 
with about three quanta of vibrational energy. 

Excited singlet state chloroketone molecules 
that are also vibrationally excited should be 
capable of deactivation and fluorescence en- 
hancement might result. The data of Fig. 2 show 
that enhancement does occur in this system. 

Since the fluorescence as a function of wajle- 
length is, within experimental error, independent 
of excitation energy and concentration of chloro- 
ketone the fluorescence yields Qf can be related 
to  the quantum yields of fluorescence by Q' = 

P+'. The constant emission profile also suggests 
that the majority of the fluorescence is from the 
zeroth vibrational level of the singlet state since a 
large contribution by emission from vibrationally 
excited states might alter the emission profile, 
especially at the shorter wavelengths. 

The following mechanism is adequate to cor- 
relate all the experiments reported on the chloro- 
pentafluoroacetone 

[ I  I A  + 'A"  I, 

[2 I 'A"  + A  -> ' A 0  + A  k,  

[3 1 ' A n  -> Removal k ,  

[5 I ' A  O -> Removal k5 

The collisional deactivation of vibrationally ex- 
cited singlet state ketone molecules has a rate 
constant k2. k ,  is the rate constant for all other 
processes that remove 'A", e.g. intersystem cross- 
ing or decomposition. 'A0 is the excited singlet 
ketone molecule in its zeroth vibrational level and 
it is removed by fluorescence (rate constant k,) 
o r  by processes such as decompositioii or inter- 
system crossing to the ground triplet state 
(combined rate constant If,). The mechanism 
implies that vibrational deactivation is by strong 
collisions and a steady state analysis yields 

1 k, + k ,  k, ( k ,  + k g )  1 - [6] - - - + 
+f  k4 1 ~ 2  k4 CAI 

Thus a plot of 114, o r  l /Qf vs. 1/[A] would be 
linear. When the 313 nm data for the pure ketone 
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are plotted in this way they do lie on a line within 
experimental error. The value of the slope-to- 
intercept ratio is 4.5 x mole/] and is a 
measure of lc3/k2 according to the above mech- 
anism. If one assumes that lc2 is 2 x 10'' 1 mole-' 
s-I at room temperature then k ,  becomes 9 x lo7 
s-'. As expected, the efficiency of carbon dioxide 
and sulfur hexafluoride in deactivating the 
vibrationally excited singlet state is less than that 
of the ketone itself. However, for the case of 
hexafluoroacetone, Kutschke and Gandini (2) 
have evidence that vibrational deactivation is via 
weak collisions (i.e. involves a cascade through 
vibrational levels). In that situation there is no 
simple interpretation of the I /+ ,  vs. 1/[A] plot. 
The type of vibrational deactivation in the 
chloroketoile can be decided only when more 
precise data are available (experiments using a 
more sensitive pllotonlultiplier in a cooled 
housing are planned). 

The role of vibrationally excited states is 
further displayed in Fig. 2. The Q value at the 
high pressure limit is independent of the excita- 
tion wavelength, as required by the mechanism. 
However, the limiting value is reached at pro- 
gressively greater pressures as the excitation wave- 
length is decreased; at below 50 Torr ketone 
pressure at 334 nm, about 140 Torr at 3 13 nm, 
and about 170 Torr at "290" nm. This is again 
consistent with formation of excited singlet 
states in higher vibrational levels at the shorter 
wavelengths. If the mechanism is extended to in- 
clude deactivation by added gas M,  then the 
mechanism is in agreement with the observation 
that the same value of Q is obtained when the 
high pressure limit is attained by increasing the 
pressure of added gas. 

Regardless of the type of vibrational deactiva- 
tion assumed for the system the quantum yield 
of fluorescence in the high pressure limit, +,m is 
equal to k,/(k, + k,). The reciprocal of (k, + 
k,) is the actual singlet state lifetime (3.51 x 
10-'s) and since +," = 0.023 then k, is 6.6 x 
10' and k, is 2.8 x lo7 s-I. This value for li, can 
be compared with that obtained from the inte- 
grated area under theabsorption curve, 8.8 x lo5 
s-'. This is excellent agreement considering the 
approximations inherent in the use of the 1 / ~ ,  
formula. If one assumes that the excited singlet 
state in the ground vibrational level does not 
decompose and that intern21 conversion to the 
ground singlet state is negligible, then the rate 

constant k, corresponds to that for intersystem 
crossing to a triplet state. 

A comparison of k, and k j  for chloropenta- 
fluoroacetone and hexafluoroacetone is of inter- 
est, since it might show the effect of the chlorine 
atom as an intramolecular heavy atom on the ex- 
cited singlet state of a n:> + n carbonyl com- 
pound. The actual lifetime of singlet hexafluoro- 
acetone was determined to be 7.8 x s by 
Ware and co-workers (1 8) and they used a value 
of 4," to calculate rate constants that are the 
equivalent of lc, and k,. Kutschke and Gandini 
(2) have redetermined 4," for hexafluoro- 
acetone as 0.018, and obtained k, = 2.4 x 10' 
and k, = 1.2 x lo7 s-'. In chloropentafluoro- 
acetone k, = 6.6 x 10' and k, = 2.8 x lo7 s-', 
so the presence of the chlorine atom has in- 
creased the rate constants of both the radiative 
and radiationless processes from the singlet state 
in the gas phase by a factor of only about two. 
Since Franck-Condon factors etc. could also 
alter the rate constants this suggests that the 
spin-orbit coupling effect of chlorine as an in- 
ternal heavy atom on the n*-n singlet state is 
small. 

In aliphatic carbonyl compounds the inter- 
molecular and iiltramolecular heavy atom effects 
reported in the li terat~~re are concerned mainly 
with the radiative and radiationless processes 
involving the triplet state. Thus McGlynn and 
co-workers (1 9) have calculated the intramolec- 
ular effect of a chlorine atom on the natural 
radiative lifetime of the formaldehyde triplet 
state. Shimada and Kanda (20) have considered 
the intramolecular effects on the forbidden singlet 
to triplet absorption in glyoxal, oxalyl chloride, 
and oxalyl bromide. Apart from specific chemical 
interactions of triplet states of aliphatic ketones 
with halogenated compounds (e.g., acetone and 
hydrogen bromide (21), acetone and dichloro- 
butane (22),and hexafluoroacetone and bromine 
(23)), there are also intermolecular effects of a 
physical nature. Thus the effect of xenon as a 
heavy atom on the triplet state of biacetyl in the 
gas phase has been proposed recently (24), and 
the triplet state of hexafluoroacetone is quenched 
(25) by mercury vapor. 

The intermolecular heavy atom effect on the 
first excited singlet state has been investigated by 
Wagner (26). He concluded that there was no 
effect of propyl bromide on the intersystem cross- 
ing from the singlet to the triplet in 2-hexanone, 
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2-heptanone, and 2-octanone. It has also been 
suggested that the excited singlet state of hexa- 
fluoroacetone can transfer energy to bromine (23). 

The chlorine atom in chloropentafluoroacetone 
is not attached directly to the carbonyl group and 
the size of the intramolecular effect on the singlet 
to triplet iiltersystem crossing rate constant is 
understandable. The small heavy atom effect in 
chloropentafluoroacetone suggests other chlorin- 
ated aliphatic carbonyl compounds may lumi- 
nesce and this could be a useful tool in elucidating 
the photochemistry of halogenated compounds. 

We thank the National Research Council of Canada for 
financial support. We are grateful to Dr. J. D. Laposa for 
the use of the scanning monochromator. 
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Studies on metal hydroxy compounds. X. Thermal analyses, decomposition 
kinetics, and infrared spectra of lead halide (Cl, Br, I) derivatives 

P. RAMAMURTHY, E. A. SECCO, AND M. BADRI '  
Clre171islry Deparlri~etll, St .  Frnr~cis Xnvier. Ur~i~.e~..\i/y, Ari/i~oriisIr, IVOUN Scotio 

Received January 5, 1970 

The  thernial analyses, therniogravirnetry (TG), and differential thermal analysis (DTA) o f  PbOHCI, 
PbOHBr, and PbOHI reveal that the initial mode of decomposition is via dehydroxylation. Calorimetric 
measurements along with related enthalpy val~lcs for tlie dcconiposition reaction are givcn. 

Thc  infrared spectra of these conipo~lnds arc interpreted in ternis of folded bands of (PbOH'),, tied 
together by halide ions consistent with their crystal structures. 

The  kinetics of thermal deconiposition of lead hydroxyhalides follow a diffusion-typc rate equation 
which is in contrast to tlie simple first-order rate e q ~ ~ a t i o n  observed for most Cd,  Zn, and CLI c o n i p o ~ ~ n d s .  
These two distinct ratcs are interpreted in terms of mobile O H  o r  H species in the dehydroxylation step. 

Canadian Journal  o f  Chemistry, 48, 2617 (1970) 

Introduction 

Lead hydroxyhalides have been known for 
some time, but 110 st~tdy on tlie physico-chemical 
aspects and modes of decomposition of these 
compounds has appeared in the literature to 
date. 

As part of a program of research on metal 
hydroxy compounds (1-3): this paper reports on 
the thernial analyses i ~ i c l ~ ~ d i ~ i g  calorimetric 
measurements, isothermal kinetics of thermal 
decomposition, and tlie infrared spectra of the 
hydroxyhalides of lead. 

Experimental 
All c o m p o ~ ~ n d s  ~lscd in this s t ~ l d y  werc preparcd in this 

laboratory by following known methods with slight 
modification of tlic procedures to obtain compounds of 
thc highest purity. Brief descriptions of the p r o c c d ~ ~ r c s  
arc given below; all chcrnicals wcrc of rcagcnt gradc. 

All cfforts to prcparc Pb(OH)? of high 11~1rity in our  
laboratory have fhilcd; all preparations r c s ~ ~ l t c d  in a 
niixcd product, Pb(OH)2 intcrmixcd with a basic salt. 
Attempts to securc high p~lri ty Pb(OH), commercially 
also failed; our  analyscs of Pb(OH)2 furnished by two 
suppliers indicatcd an  i m p ~ ~ r i t y  grcater than that in our  
preparations. As a result, this paper cannot assess thc 
physico-clieniical properties of the hydroxyhalides 
relative to thc parent hydroxide but only contrast the 
hydroxyhalides of lcad with thc hydroxyhalides already 
reported. 

(i) POOHCI 
This compound was prepared by two diffcrent pro- 

cedurcs. The  first procedure (4) is by incomplete precipi- 
tation of aqueous PbCI, solution with lime watcr. T h e  
second procedure is a modificd version of that ~ l sed  for 
thc preparation of PbOHBr (51, 5.6 g of KC1 dissolved 
in 200 nil of distilled H,O was slowly added, while 
stirring, to aqueous solution containing 6.7 g of Icad 
acctate in 150 nil of H,O. 

'In partial fulfillnient for a B.Sc. Honors degree. 

The  wliitc prccipitatc obt:iinetl from cach proccdurc 
was filtcrcd, thoroughly waslietl with distilled H 2 0 ,  and 
ovcn-dricd overnight a t  100 C. Both preparations dis- 
played identical physico-chcniical behavior. 

( i i )  POOHBr 
Thc p r o c c d ~ ~ r c  is due to Knowles (5). A s o l ~ ~ t i o n  con- 

taining 9.0 g O F  KBr dissolved in 200 1111 of distillctl H 2 0  
was slowly added,  wliilc stirring, to an  aqLlcoLls lead 
acetate solution parallcling the second proccd~lrc for 
I'bOHCI dctailctl abovc. 

(iii) POOHf 
Thc mcthotl of tlc Schultcn (6) \\,as ~lsctl. A 1101 

solution of 20 g ot' KI in 100 ml of distilled H 2 0  
was atldcd to a liter oE distilled tI20 containing 
400 g of Icad acctatc ant1 30-40 11 of glaciz~l ncctic acid. 
Tlic filtered s o l ~ ~ t i o n  was licatctl on a water bath for 5-8 11. 
T h c  ycllow crystals formcd on  cooling wcrc scparatcd, 
waslicd with tlistillctl t120 and own-(11-icd ovcrnight a t  
IOOC.  

Tlic idcntitics of tlic com~,ouncls wcrc confirmctl by thc 
available X-ray difl'raction pattcrns (7, 8). 

Tlic tlicrniograms, calorimetric mcas~11-cmcnts, and 
isotlicrmal kinctic traces were rccortlcd on  a d ~ ~ P o n t  
tlicrmal Analyrcr, DTA-900 and TGA-950 witli tlic 
appropriate acccssorics and programming adj~lstmcnts, 
as  prcvio~lsly tlcscr.ibcd ( I ,  9, 10). 

Tlic heating rate ~ lsed  for most thcrmograms \vas 
20 'C/min:  slowcr hcating ratcs of 5 C/min or  I0 '-C/min 
wcrc L I S C ~  in an attcmpt to resolve overlapping processes. 
An ambient atmosphere of dry N, (Mathcson Prcp~lrificd 
Grade witli statcd impurity of 0.003j';, oxygen) was 
maintaincd during all the cxpcrirncnts. 

The  infrarcd spectra of tlic compounds \vcrc obtaincd 
by  sing thc standard KC1 o r  KBr disc tcc l in iq~~e  in a 
Pcrkin-Elmer 521 spcctrophotomctcr; thc spectra njcrc 
indcpendcnt of the matrix material. 

Results and Discussion 

T/~errnogrnuirl~e~rj> 
The results of tliermogravinietry are presented 

in Table I and each c o ~ i i p o ~ ~ n d  is disc~~ssed in 
sequence. The proposed decomposition reactions 
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TABLE 1 
Thermogravimetric analyses 

% of total weight lost 
Temperature - 

Compound Reaction range* ("C) Observed Calculated 
-- 

PbOHCl 
PbOHBr 

I 
PbOHI 

12 I 
13 1 - 

. -. . -- - - - --- . 

*Onset and terminal temperatures. 

TABLE 2 

Differentla1 thermal analyses 
- - - - - - - - - -- .-- - - - - - 

Peak Peak 
Con~pound numbel * temperature ("C) Process 

216 Dehydroxylation 
PbOHCl 3 00 

530) PbO-PbCI, interaction 

r' 250 Dehydroxylation 
PbOHBr 5 2 340 PbO-PbBr, solid phase transition 

13  500 PbO.PbBr, peritectic 

il 280 Dehydroxylation 
PbOHI 5 2 390 

13  
PbO-PbI, interaction 

*All endotherms. 

for each compound, represented by tlie equation tion leaving an oxide-iodide residue as follows 
with its onset and terminal temperatures, are 220-350 "C 
those which best fit the observed weight loss; [3] ~ P ~ o H I , , ,  -------+ PbO,,, + Pb12,,, 
the products of deconiposition were co~ifirmed + ~ [ z O ( ~ )  
by X-ray diffraction atid correlated with DTA 
curves. PbI, begins to sublime at 550 "C and continues 

above 800 "C. 
(i) PbOHCl 

This compound deco~iiposes via dehydroxyla- D/ferential Thermal A~zalysis 
tion yielding a residue of tlie oxide and chloride The DTA resi~lts are presented in Table 2 and 

according to each con~pound is discussed in sequence to 
177-246 "C accompany the T G  results. 

[I ] 2PbOHCI(,) PbO(,) + PbCIz(,) 

+ H20(,, 

Slow volatilization of PbC1, begins at 650 "C and 
continues above 900 "C. 

(ii) PbOHBr 
Dehydroxylation is the mode ofdecomposition 

for this compound yielding lead oxy-bromide as 
residue according to 

At 550 "C filrtlier weight loss occurs, attributed 
to sublimation of PbBr, resulting from dissocia- 
tion of PbO.PbBr,, and continues above 800 "C. 

(iii) PbO HI 
This compound breaks down via dehydroxyla- 

( i )  PbOHCl 
Three endotherms are observed on heating 

to 700 "C. The first endotherm at  216 "C is due 
to dehydroxylation whereas the remaining two 
thermal effects arise from PbO-PbC1, interaction 
which were confirmed by the heating curve of 1 :I  
mixture. These latter two thermal effects cannot 
be fitted, however, to the reported phase diagram 
(I 1);  the PbO-PbC1, system is now the subject 
of a study in this laboratory. 

(ii) PbOHBr 
The heating curve up to 650 "C revealed three 

endotherms. The first endotherm, due to dehy- 
droxylation and occurring at 250 "C, is followed 
by endotherms at 340 and 500 "C associated 
with a phase transition of the con~pound 
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TABLE 3 

Heat of decornposltion* 
.. . - - - - - 

- - - -- - - - - 

AH per mole of 
H 2 0  formed AH per mole of conipo~~nd AHC0r 

Compound Reaction (kcal/rnole) decomposed (kcal/mole) (kcal/rnole) 
-- - - - - - - - -- - 

Pb(OH)z -> PbO(,) + H20(,, 13.15t 13.15 -123.001 

PbOHCl [ I  1 5.04k0.04 2.52k0.02 - 100.4 

[2 1 11.14+0.08 
PbOHBr 

PbO(,, + PbBr2(s, + H20(,, - 

PbOHI 13 1 14.58k0.08 7.29k0.04 -83.2 
.-- -- - - .. . . . . . - -- 

'All determinations done in duplicate; AH values include average deviations. 
TLiterature values. 
i A H r n  values of compounds used in  our calculation are from Nail. Bur. Stand. Circular No. 500 (1951). The above AHro v:~lues wcre 

calculated using Kopp's rule approximation (9). 

TABLE 4 

Infrared absorption band frequencies of Pb hydroxyhalides* 
-~~ . . - . -- - -- -- -. - - . . ~ ~ ~ 

Frequency (cm-') 

Assignment PbOHCl PbODCl 
- -- 

PbOHBr 
-- - 

PbODBr 
.- 

v(OH) 3515 (rn) 2593 (m) 3505 (m) 2590 (rn) 
&(OH) 588 (s br) 440 (s br) 592 (s br) 443 (s br) 
v(Pb0) - 509 (w) - 500 (w) 
&(OPbO) 430 (w) - 425 (w) - 
v(XPb)'f 330 (s) 330 (s) - - 

- - -- 

PbOHI 
-. . . . - -- 

3493 (rn) 
600 (s br) 
- 

428 (w) 
- 

- 

*s = strong, m = medium, w = weak, and br = broad. 
tX = CI, Br, I .  

PbO.PbBr, (12) and the peritectic of this com- in both PbOHBr and PbOHCI, respectively 
pound (13), respectively. weakens the Pb-OH bond. 

(iii) PbOHI 
The first of the three endotherms evident on 

heating to 700 OC is identified as dehydroxylation 
with the remaining two attributed to reactions 
of the PbO-PbI, system as confirmed by a 
physical mixture of 1 :1 mole ratio of PbO-PbI,. 
The PbO-PbI, phase diagram is not reported in 
the literature and is now the subject of study in 
this laboratory. 

Calorilnetric Measuretnet~ts 
The calorimetric results along with the related 

enthalpy values for the decomposition of the 
lead hydroxy compounds are presented in Table 
3 according to reactions [I]-[3] cited for each 
compound under thermogravimetry. 

1 The column of values for AH per mole of H,O 
formed indicates an increasing trend, PbOHCl -> 
PbOHBr -> PbOHI, where AH for PbOHI is the 

, only one greater than the respective parent 
I Pb(OH), value. These data suggest that the 

substitution of I in Pb(OH), strengthens the 
I Pb-OH bond whereas the presence of Br and Cl 

Infrared Spectra 
The absorption bands of the three compounds 

along with the deuterated analogues, PbODCl 
and PbODBr are tabulated in Table 4. The bands 
of all compounds occurring in the 35 15-3493 
cm- '  interval are assigned to the fi~ndamental 
OH stretching mode, v,,,, whereas the bands in 
the 600-588 cm-' region are attributed to the OH 
bending mode, 6,,. The shift of all bands in these 
two regions to lower frequencies 011 deuteration 
was observed with the v,/v, ratio falling in the 
range 1.33-1.35. 

The bands in the 430-425 cni-' region are 
present in all hydroxy compounds and these are 
unaffected on deuteration. Absorption bands 
in the 510-500 cm-' region, not observed in the 
hydroxy compounds because of masking by the 
strong 6,,, band, become evident in the deuterated 
analogues as shown in Fig. 1 due to the isotopic 
shift of 6,, to 440 cm-I. The spectra in Fig. 1 
also illustrate the masking of the norinal430-425 
cm-' bands by the strong 6,, at 440 cm-'. 
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FIG. 1. Infrared spectra: A,  PbOHBr; B, PbODBr 

The 330 cnl-' band occurs in PbOHCl and 
PbODCl only. This frequency value agrees very 
well with the Pb-C1 stretching mode in PbCl,, 
viz. 327 cm-I (14). On the basis of simple mass 
considerations the analogous Pb-Br and Pb-I 
stretching frequencies were calculated to be at 
245 and 170 cni - I, respectively, which were not 
observed because of the limitations in the infrared 
instrument available to us. 

Crystallographic studies of PbOHI and 
PbOHCl reveal crystal structures that are very 

closely related (15). In the case of PbOHI, each 
Pb is surrounded by four I and two OH in the 
corners of a triangular prism and one I and two 
OH outside the rectangular faces of the prism. 
The structure consists of infinite folded bands of 
(PbOH'),, extending along a direction parallel to 
the 6-axis and tied together by iodide ions, i.e. 

V 
The structure of PbOHI projected on (010). Atoms at  

heights b / 4  and 3b/4 are differentiated by light and heavy 
circles, respectively. 

Arrangement of Pb and OH in PbOHI as infinite, 
folded bands. 

The presence of (PbOH+),, bands prompts us to 
assign the absorption bands in the 510-500 cm-' 
range to the Pb-0 stretching mode and the 
normal 430-425 cm-I absorption bands to 
0-Pb-0 bending. These assignments are 
supported by (i) the essentially constant fre- 
quency in the compounds and (ii) the occurrence 
of an absorption band at 500 cm-' in PbO and 
445 cm-' in Pb,O, (16). The absorption band 
frequencies with the appropriate assignments 
are given in Table 5. 

Reaction Kinetic Data 
The experimental cr, t data for the decom- 

position reactions were processed through a large 
number of kinetic rate equations. The best fits 
between the experimental data and the known 
rate expressions over the maximum reaction 
fraction cr 3 0.8 and over the temperature ranges 
studied are given in Table 5. In all cases, the data 
were fitted to three or more diffusion-type rate 
expressions with PbOHBr also fitting the first- 
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TABLE 5 

Temperature Nunlber of Act~vat~on energy 
Compound range ("C) temperatures Rate expression E., (kcall 

I -- _- _ ._____ ___ 
A 

[I - (1 - a)'I3l2 = (D/r2)t* 19.6+ I .8 I .Ox lo8 
PbOHCl 150-200 [I - 2/3a - (1 - a)213] = (D/r2)t i 2 0 . 7 k 2  4 I! 2 9 x  lo8 

(1 - a) In ( I  - a) + a = ( D / r 2 ) t ~  18.2f 1 .5 7 .8  x lo7 

f - In (I - a )  = kt8 17.6k 1 .5  5 . 9 ~  loG 
[I - (I - a)1/3I2 = (D/r2)t 19.5k 1 .2  4 . 6 ~  10' 

PbOHBr 230-280 [I - 2/3a - (1 - a)2/3] = (D/r2)t 17 .6 f2 .1  5 Ox lo5 
(1 - a) In (1 - a)  + a = (D/r2)t 21 .Sf  1 .8  6 . 9 ~  107 

f [ I  - ( I  - a)'13]2 = (D/r2)t 30 .1k1 .9  6 . 0 ~  10'O 
1 [I - 2/3a - (1 - = (D/r2)t 2 6 . 5 k 2 . 3  1 .3xIO9 

PbOHI 220-280 6 1 (1 - a ) l n  (1 - a )  + a = (D/r2)t 24 .2k1 .8  6 . 8 ~  lo8 
- 

~ .- 

'Jander's equation for sphere. 
?Ginstling-Brounshtein (G-B) equation for sphere. 
$Two-dimensional diffusion equation for cylinder. 
§First-order rate equation. 
/]Parabolic rate law. 

FIG. 2. Plots of j ( a )  VS. time of PbOHBr at 250 "C for different rate expressions. A,  two-dimensional diffusion 
equation for cylinder; B, Ginstling-Brounshtein equation for sphere; C, First-order rate equation; D, Jander's 
equation for sphere. 

order rate expression and the modified P-T dimensional diffusion governed by the parabolic 
equation. The diffusion equations satisfied, in rate law. Typical f (a) vs. t plots for the different 
the order of listing in Table 5, are (i) Jander and rate expressions obeyed by PbOHBr at 250 "C 
(ii) Ginstling-Brounshtein (G-B) equations for are presented in Fig. 2 to illustrate the linearity or 
reaction into a sphere, (iii) two-dimensional quality of fit. 
diffusion'reaction into a cylinder, and (iv) one- The E, values of PbOHCl and PbOHBr 
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evaluated from the various rate expressions, 
excluding the modified P-T equation, are 
effectively constant within the error limits, viz. 
19.5 + 2.0 kcal/mole. The analogous E, values of 
PbOHI are higher, displaying a greater spread, 
and fall within the range 25-30 kcal/mole. 

A striking feature of lead hydroxyhalide 
decomposition kinetics is the predominance of 
diffusion-controlled equations relative to the 
hydroxyhalides of cadmium, zinc, and copper 
where a simple first-order rate prevailed in the 
majority of compounds with no evidence what- 
ever for a diffusion-type rate. 

We visualize dehydroxylation in the decom- 
positon reaction of a hydroxy compound to 
involve as its fundamental step an abstraction 
process. This is, dehydroxylation can occur by 
(i) OH abstraction by a mobile H or ( i i )  H 
abstraction by a mobile OH. In each abstraction 

A referee has suggested the likelihood of 
diffusion of molecular water as the rate con- 
trolling process. A critical test of this process 
was made by passing water vapor, instead of 
dry N, gas, over the solid during the decom- 
position reaction. Using N2 as the carrier gas 
passing over water at room temperature during 
a run at 270 "C on PbOHBr, the rate data were 
precisely identical to that from the experiments 
with pure N, gas. It is concluded then that water 
vapor in contact with the decomposing solid 
does not affect the rate of reaction and the rate 
controlling process is not likely to be due to the 
diffusion of molecular water. 

The authors are grateful to the National Research 
C o ~ ~ n c i l  of Canada for financial support and to Dr.  
Michael Falk, Atlantic Regional Laboratory, Halifax, 
for providing infrared facilities. 
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whereas ill the Pb compounds reported here the 707 3463 (1948). 
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NOTES 

The 'A, state of thiocarbonyl difluoride 

D. C. M o u ~ s  
Dep'porlttlet~! of Cl~errtislry, Broclc Utricersily, Sf. Ccitltciritres, Orrlm.io 

Received March 16, 1970 

The  4500 b. band system of thiocarbonyl difli~oride F,CS has been photographed ~ ~ n d c s  conditions of 
moderately high resolution and  has been assigned to the activity of the v , ,  v,, v,, and  v, modes arising 
from the 3A, + lA,  electronic transition. T h e  out-of-plane wagging levels were f o ~ ~ n d  t o  be strongly 
anharmonic, the observed inversion doubling indicating that the maximum in the potential f ~ ~ n c t i o n  
was greater than 3100 cm-I.  

Canadian Journal o f  Chemistry, 48, 2623 (1370) 

The thiocarbonyl cliroinophore of C1,CS 
exhibits an 11 -> n''; transition whicli lies in the 
visible region of the spectrum and gives the liquid 
a deep red color. An analysis of the band spec- 
tri11ii (1, 2) of vapor C1,CS lias revealed that tlie 
origins of tlie 'A2 + 'Al and 'A, + ' A ,  transi- 
tioils lie at 18 716.3 and 17 492.0 cni-', respec- 
tively, and that tlie geometrical changes which 
accompany the transitions are similar to those 
observed in H,CO (3). Thiocarbonyl difluoride, 
F,CS, the fluorine analogue to C1,CS lias been 
known for 10 years (4). It is a colorless gas which 
condenses to a liglit yellow liquid at - 54 "C. 
In view of the siiiiilarities in tlie spectra of H,CO 
and CI,CS, it seemed of interest to 11s to inves- 
tigate the electronic spectra of F,CS and observe 
the influelice of the more electronegative fluorine 
on the spectroscopic properties of the tliio- 
carbo~iyl group. Tlie infrared spectrum of F,CS 
has been recorded by Downs (5) who was able 
to assign all six groi~nd state frequencies. A 
confirmation of his work has been obtained 
tlirough two independent force constant treat- 
ments, one employing a Urey-Bradley force 
field (6), the otlier, a valence force field (7). We 
have recently reported (8) an analysis of the near 
ultraviolet 'A, + 'A, band spectrum of FzCS in 
which we were able to assign 4 out of the 6 
fundamental frequencies in the upper state and 
cstablish that the structilre was pyramidal. The 
vibrational assignments of this analysis, along 
with the work of DOWIIS, are given in the first two 
columns of Table 1. 

The i~ltraviolet spectrum of F,CS was plioto- 
graphed under conditions of low resolution at 
Dry Ice temperatilre and in the second order of 

a 20 ft concave grating spectrograph at room 
temperature. Pressure - path lengths for the 
experiments varied from 1 ni - atm at - 77 "C 
to 20 m - atni. at rooni temperature. Thio- 
carbonyl difluoride was prepared by tlie pyrolysis 
of the diiner 2,2,4,4-tetrafluoroditliietene follow- 
ing the method of Middleton (9). 

In the analysis of tlie singlet-singlet transition 
in F,CS a number of bands were observed in tlie 
low frequency end of tlie spectrum whicli could 
not befitted into the band pattern. By an analogy 
to the spectrum of C1,CS these bands were 
assigned to the spill forbidden 'Az + 'Al transi- 
tion. All of tlie bands assigned to this systeni 
displayed a peculiar intensity doubling which 
gave the spectruni the appearance of two indepen- 
dent systems superimposed on each otlier. The 
separation between tlie doublets varied from 
20 cni-' for the origin band to 15 c n - '  for the 
higher members of the v,' mode. 

A prominent set of bands was located in the 
spectrum and was fitted illto a progression in a 
frequency of 565 cm-'. From tlie analysis of tlie 
singlet-singlet transition given in Table 1 this 
progression was assigned to v,'. A soniewliat 
weaker progression in a frequency of 729 cnl-' 
was observed in the spectrum wliicll from 
Table 1 was taken to be v,'. The progressions in 
v,' and v,' converged 011 a colnnioli band at 
22 191.1 cm-' which was assigned to the origin. 
This gave a singlet-triplet split 'A,-'A, of 
1286 cm-' which is close to the value of 
1224 cm-' obtained for C12CS. Weak bands in 
the rooni ternperatilre spectruni which strengtli- 
ened at - 77 "C were observed at 22 582 and 
23 377 cm-'. These were assigned to single 
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TABLE I 
Vibrational frequencies of thiocarbonyl difluoride 

~ ~ ~ ~ .- . - --- 

Frequency (cm-') 
Vibrational Vibrational 

mode level 'A, (ground state)* 'A, (excited state)? 3Az (excited state) 
. ~~~- . ~ ~ -~ ~ ~ 

~I(.I)  1368 1100.6 1186 
v2(nl) 787 736.5 729 
v? la , )  526 385.8 391 

'Data taken l iorn rrrs. 5 and 8. 
tFrom reC. 8. 

q i ~ a n t u n ~  additions of v,' and v,'. The assign- 
ments along with their frequencies are given in 
the third column of Table 1.  Transitions to  the 
even levels of the v,' manifold were observed 
directly ill  the spectrum as a cold band progres- 
sion in v,'. On tlie other hand, transitions t o  the 
odd inembers of v,' (Av, odd) arise from terms 
in tlie expression for the electric dipole transition 
~ ~ i o n i e n t  involving the first derivative in the 
nuclear displacement, i.e. vibrationally induced 
spin-orbit coupling, and would be expected to 
be relatively very weak. They appeared therefore 
only in combination wit11 odd quanta of v,". 

Table 2 lists the frequency differences isolating 
quanta of v,' and v,". The third column of this 
Table tabulates the differences for the com- 
ponents of the triplet bands lying to  higher 
freq~~encies and the fourth colunln the compo- 
nents at  lower frequencies. The wave members of 
the v,' manifold of levels relative to the origin 
band are given in Table 1.  They display tlie 
small-large-small intervals characteristic of an 
oscillator undergoing inversion motion. Because 
of the distortion of the doubling band pattern at  
high quanta of v,', the levels v' = 6 and u' = 7 
remain ilnassigned. From the small splitting be- 
tween the 1.' = 4 and v '  = 5 levels it may be 
concluded that the barrier is equal to, or  greater 
than, 3100 cm-', the value calculated for the ' A ,  
state (8). 

In terms of the 3000 cm- ' singlet-triplet 
splitting of H 2 C 0  (lo), tlie 1286 cm-I value 
observed here is unusually small. To  a first 
approxi~uation the difference in energy between 
the singlet and triplet states is twice the exchange 

TABLE 2 

Frequency d~fferences ~solating v,' and v," 
-- -- -- - - - --  - - - - -- - - -. - - . - -  

Frequency (~111- I )  

Vibrational Upper Lower 
level Difference component component 

Av," 0-1 4;-4: 
4:-4: 
4;-4: 

1-2 4:-4: 
47-48 

A 1-0 4;-4: 
2- 1 4:-4; 

4:-4: 
3-2 4g-4: 

4:-4: 
42-42 

integral Kn*n. If it is assumed that the nn" orbital 
charge densities in the thiocarbonyI group are not 
dissimilar to  those of the carbonyl group, the 
ratio of the singlet-triplet splits for C12CS/H2C0 
is given by the ratios of the atomic exchange 
integrals A(S)/A(O) - K3px3py(S)/K2px2py(O). 
A value of A(S) = 1688 cm-' was obtained from 
the 4421 and 7854 cm-' exchange integrals of 
3 ~ ~ 3 ~ ~  sillfi~r and 2s22p4 oxygen (1 1) which is 
reasonable in light of the approximation em- 
ployed. 

At the present time the mechanism responsible 
for the doubling of the bands is not understood. 
It is believed that the observed features are due 
to different spin multiplets of the triplet system 
and are not the result of widely separated heads 
in a single vibronic band. It may not be unreason- 
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able to  consider a splitting of 20 cm-' between 
a pair of components of 3A, F,CS, since it is 
known (12) that the spin splitting of the A ,  and 
B, spin-orbit states of 3A, carbon disulfide is 
about 20 cm-'. 

The author would like to thank Dr. W. H. Sharkey, 
Central Research Department, E. I. Dupont Co., 
Wilniington, Delaware, for a sample of tetrafluoro- 
dithietcne, Dr.  A. E. Douglas for use of the concave 
grating spectrograph, and the National Research Council 
of Canada for financial support. 
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A wide line nuclear magnetic resonance study of molecular motion in 
pyridinium salts 

C. H. MATTHEWS AND D. F. R. GILSON 
Depnrtttletrt of Cl~etnisfry, ~McGill U~~iuersity, Mo~itrenl 110, Qrrebec 
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Wide line nuclear magnetic resonance studies of pyridiniurll hexafluorop1~ospl~atc, chloride, and 
nitrate show line width and second nlorncnt transitions which are attributed to reorientational niotions 
of the pyridiniun~ ring. The differences in transition tenlperatures are due to the diKerent hydrogen 
bonded structures in the three salts. 

Canadian Journal of Chemistry, 48, 2625 (1970) 

Introduction 

The room temperature crystal structures of 
several pyridiiliuin salts have been determined by 
X-ray methods (1-3). It is typical of these struc- 
tures that large ailisotropic temperature factors 
are observed and, in some cases, a disordering of 
the ring positions or difici~lties in distiilguishing 
directly between carbon and nitrogen atoms have 
been reported. These observations suggest that 
the pyridiilium ions may be reorienting in the 
solid phase and this paper presents the results of 
a wide line nuclear magnetic resonance investiga- 
tion of molecular motion in three representative 
pyridinium salts; (i) pyridinium nitrate in which 
the ring nitrogen atom was disting~~ishable in the 
X-ray investigation (1) and a relatively short 
distance between this atom and an oxygen atom 
of the nitrate ion indicated a moderately strong 
hydrogen bond, (ii) pyridinium chloride in which 
the nitrogen atom was placed by symmetry 
arguments and the existence of a closer distance 

of approach between one particular r i~ lg  position 
and the chloride ion (2), and (iii) pyridinium 
hexafluoropliosphate in which the ring atoms 
were disordered, no hydrogen bonding occurred 
and,  furthermore, either a cy1ind1-ical or spherical 
rotation of the anion was required to explain the 
high anisotropic t empera t~~re  factors for the 
fluorine atoms (3). 

It is relevant to note that Daycock et al. (4) 
have reported a low frequency reorientation of 
imidazole molecules in the solid state and 
suggested that this provides evidence for a 
protonic conduction mechanism in biological 
materials. 

Experimental 
Pyridini~lnl nitrate and hexafluorophosphate were 

prepared by adding pyridine to the aqueous acid followed 
by recrystallization from aqueous solution. The nitrate 
was sublimed, n1.p. 116 "C, and the hexafl~~orophosphate 
dried in vacuo at 100 OC, m.p. 230 "C (deconlp.). Pyridi- 
niunl chloride was prepared by passing dry hydrogen 
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able to  consider a splitting of 20 cm-' between 
a pair of components of 3A, F,CS, since it is 
known (12) that the spin splitting of the A ,  and 
B, spin-orbit states of 3A, carbon disulfide is 
about 20 cm-'. 
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Introduction 

The room temperature crystal structures of 
several pyridiiliuin salts have been determined by 
X-ray methods (1-3). It is typical of these struc- 
tures that large ailisotropic temperature factors 
are observed and, in some cases, a disordering of 
the ring positions or difici~lties in distiilguishing 
directly between carbon and nitrogen atoms have 
been reported. These observations suggest that 
the pyridiilium ions may be reorienting in the 
solid phase and this paper presents the results of 
a wide line nuclear magnetic resonance investiga- 
tion of molecular motion in three representative 
pyridinium salts; (i) pyridinium nitrate in which 
the ring nitrogen atom was disting~~ishable in the 
X-ray investigation (1) and a relatively short 
distance between this atom and an oxygen atom 
of the nitrate ion indicated a moderately strong 
hydrogen bond, (ii) pyridinium chloride in which 
the nitrogen atom was placed by symmetry 
arguments and the existence of a closer distance 

of approach between one particular r i~ lg  position 
and the chloride ion (2), and (iii) pyridinium 
hexafluoropliosphate in which the ring atoms 
were disordered, no hydrogen bonding occurred 
and,  furthermore, either a cy1ind1-ical or spherical 
rotation of the anion was required to explain the 
high anisotropic t empera t~~re  factors for the 
fluorine atoms (3). 

It is relevant to note that Daycock et al. (4) 
have reported a low frequency reorientation of 
imidazole molecules in the solid state and 
suggested that this provides evidence for a 
protonic conduction mechanism in biological 
materials. 

Experimental 
Pyridini~lnl nitrate and hexafluorophosphate were 

prepared by adding pyridine to the aqueous acid followed 
by recrystallization from aqueous solution. The nitrate 
was sublimed, n1.p. 116 "C, and the hexafl~~orophosphate 
dried in vacuo at 100 OC, m.p. 230 "C (deconlp.). Pyridi- 
niunl chloride was prepared by passing dry hydrogen 
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FIG. 1. Tcmpcraturc dependence of the proton line FIG. 3. Temperati~re dependence of the line width 
width (open symbols) and second moment (filled symbols) (open symbols) and second moment (filled symbols) in 
in pyridinium hexafluoropl~osphate. pyridini~~m chloride. 

chloride gas into pyridine solution in ctlier followed by 
s~~bliniation, m.p. 144 "C (lit. 145 "C). 

Nuclear magnetic resonance spectra were recorded at 
60 MHz using a spectrometer built essentially from 

8 

Varian units with a V3400 9 in. high field magnet and 
Fieldial Mk I I  rcg~~lator.  The sample temperatilre was - 
controlled by a cooled, or heated, flow of nitrogen gas 
through a Dewar system, and measured with copper- - 
constantan thermoco~~ple and Rubicon potentiometer. 6 .  

Second moments \\ere calculated from the experimental 5 
derivative curvcs using a computer program written in I 

this laboratory, and corrccted for finitc modulation. n 
Z 
8 
W rn 

Results and Discussion 
0 4 -  
Z Proton second moments and line widths for the a 

three pyridinium salts are given in Figs. 1-3 as a 
- .  

function of temperature. All three compounds 2 
exhibit transitions but the nature of the transi- 
tions is different in each case. The hexafluoro- 5 2 

phosphate shows a relatively sharp transition to 2 
limiting values of second moment and line width ' 
which are maintained over a wide temperature 
range. In contrast, the transition in pyridinium 
nitrate is extremely broad, consisting of 

- 

. 

- 

- 

IW 200 303 

decreasing second moment and line width values TEMPERATURE , O K  
from 130 to about 300 O K  when a more rapid FIG. 2. Ten~pera r~~re  dependence of the line width 

decrease occ~lrs. No values of line width (open sylnbols) and second moment (filled symbols) in 
pyridinium nitrate. 

and second moment are reached prior to  melting. 
The behavior of the line width and second 
moments of pyridinium chloride is intermediate 
between the hexafl~~oropliosphate and nitrate 
salts in that the transition is broad but limiting 

B 

- 
Cu 
w - 
b- 

$ 6 

0 

n 
Z 
0 
0 
W 0 

n 4 

f 

7 

w - 
I 5 2 

W 
z ' 

8 .  

- .  

0 - 
+ 
6 6 .  

0 

n z 

U 

m 

n 4 -  

5 

- 
0 

E z -  

W 

6 

- 

0 " 

. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 2627 

TABLE 1 

Second moments of pyridiniurn salts (GZ) 
-. - -. - -- -- - -- - -- -- 

-- - -- 

Calculated second moment 
Experimental 

Intramolecular Intermolecular Total second moment 

Pyridrnium chloride 
Rigld lattice 
Ring reorientation 

~ ~ r i d i n i u n ~  nitrate 
Rlgid lattice 4.52 2.87 7.39 6 .6  (77 OK) 
Ring reorientation 1.13 0.39 1.52 1.8 (385 OK) 

Pyridinium hexafluorophosphate 
'H Resonance 

Rigid lattice 4.12 
PF6- Reorientation (isotropic) 4.12 
Rine and PFr. reorientation 1.03 
"Fkesonance 

Rigid lattice 12.24 
PF6- Reorientation (isotropic) 0.0 
Ring and PF,- reorientation 0.0 

values are reached about 50" below the melting 
point. 

Theoretical second moments were calculated, 
based on the reported crystal structures, for the 
rigid lattice case and for reorientation about an 
axis through the center of the pyridinium ion and 
perpendicular to  the molecular plane. Proton 
positions were not determined in the X-ray 
structural s t ~ ~ d i e s  and were assumed, for the 
purposes of second moment calculations, to  be 
situated at  positions given by C-H and N-H 
bond distances of 1.08 A with bond angles 120". 
The calculated and experimental values are 
compared in Table 1. In each compound the 
pyridinium ring is rigid at 77 OK and in the 
chloride and hexafluorophosphate salts the 
transition is due to  reorientation of the ring about 
the axis normal to the plane. The decrease in 
second moment between 120 and 300 OK for the 
chloride salt is probably due to torsional oscilla- 
tion of the pyridinium ring. It must be empha- 
sized that the rate of reorientation which causes 
line narrowing in the n ~ ~ c l e a r  magnetic resonance 
spectra is of the order of the line width expressed 
as a frequency, i.e. 10"-10' Hz. I11 pyridinium 
nitrate the results can be rationalized as a 
torsional oscillation of increasing a m p l i t ~ ~ d e  
with increasing temperature. The torsional 
motion may be about more than one axis. 
Melting of the nitrate salt occurs at  the tempera- 
ture at  which a rotational motion is approached, 
i.e. when sufficient energy is available for reorien- 
tation, the lattice forces are also overcome. This 
different behavior for pyridinium nitrate can be 
attributed to  the stronger hydrogen bond to the 

anion oxygen atom. The calculated value of the 
second moment for a structure in which tbe 
proton is attached t o  the nitrate ion is about 6.8 
G2,  a value which falls within the experimental 
error. 

The 19F second moment values of the hexa- 
fluorophospliate salt remain essentially constant 
a t  about 1.0 G 2  down t o  175 OK below which the 
second moment increases with decreasing tem- 
perature. The value at  77 OK is well below the 
ca lc~~la ted  rigid lattice second moment. The 
i~itramolecular second ~nonients for reorientation 
about the C2, C,, and C, symmetry axes of the 
octahedral PF,- ion are 2.4, 2.5, and 2.2 G2 ,  
respectively. Isotropic rotation reduces the 
intramolec~~lar second nionient to zero, leaving 
only intermolecular interactions responsible for 
the second moment. That the hexafluoroplios- 
phate ion is ~~ndergoing extensive molecular 
reorientation at  room temperatlire confir~ns the 
results of the X-ray structural s t ~ ~ d y  (3). Similar 
dynamic behavior has been observed by Miller 
and Gutowsky (5) for alkali hexafluorophosphate 
salts. 
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The radiation-induced oxidation of ethanol and methanol by 
hydrogen peroxide in aqueous solution1 

C. E. BURCHILL AND I. S. GINNS 
Departlnel~t of C/~e~nistry,  U~lioersity of Mn~~i tobn,  Wilzltipeg 19, Mollitobn 

Received March 2, 1970 

The radiation-induced chain oxidation of ethanol and methanol by hydrogen peroxide in deaerated 
aqileoussolutions has been investigated. Ineachcase thealcohol is oxidized to thecorresponding aldehyde 
and hydrogen peroxide is reduced in equivalent yield. With ethanol as the oxidizable substrate the yields 
are independent of peroxide concentration in the range 5 x to 5 x 10-3 M and linearly dependent 
on ethanol concentration in the range 0.085 to 0.85 M .  In contrast, the oxidation of methanol is first order 
in hydrogen peroxide, independent of methanol concentration up to 2.0 M and shows a simple square 
root dependence on dose rate. The differences are explained by consideration of the participation of two 
different radicals derived from ethanol, CH3CHOH and CH,CH,OH, whereas only one radical, CH,OH, 
is formed from methanol. 

Canadian Journal of Chemistry, 48, 2628 (1970) 

Introduction 

In a preceding publication (1) we have de- 
scribed the radiation-induced oxidation of 2- 
propanol by hydrogen peroxide in neutral 
aqueous solution. In order to explain the unex- 
pected dependence of the yields of this chain 
reaction on the concentrations of the alcohol 
and hydrogen peroxide, it was concluded that the 
abstraction of hydrogen atoms from 2-propanol 
by the OH radical was not specifically froin the 
u- position but that both the radical species 
(CH,),COH (1) and CH,CHOH CH, (2) were 
formed. It was suggested that only radical 1 
would undergo the propagating reaction with 
H,O, but that radical 2 could be converted to 1 
by a hydrogen atom transfer reaction with the 
parent alcol~ol. To test the generality of this pro- 
posal we have carried out a study of the oxidation 
of ethanol, which may form both a and P 
radicals by loss of a hydrogen atom from a C-H 
bond, and methanol which can form only the 
a radical, CH,OH. 

Experimental 
Et/~rn~ol (Canadian Industrial Alcohols, absolute), 

~i l e / /~r r~~o l  (Fisher Certified Reagent) and l~yd~.oge~r 
1~ero.1-irle (F~slier Reagent, 30%, i~nstabilizecl) were used 
without further purification. All other niaterials were of 
reagent grade and were used as received. The general 
techniques for sample preparation and irradiation have 
been previo~~sly described (I). 

Procli~ct analysis was carried out immediately after 

'This work was supported in part by Atomic Energy of 
Canada, Limited, Commercial Products Division and, 
in part, by the Defence Research Board of Canada, Grant 
NO. 9530-78. 

irradiation. Hydrogen peroxide was determined by the 
iodide method (2). Acetaldehyde, from ethanol, was de- 
termined quantitatively by vapor-phase chroniatography 
~lsinga 6ft coluninof Chromosorb 102 at 12OoCand flame- 
ionization detection. Formaldehyde, from methanol, was 
estimated spectrophotonietrically using chroniotropic 
acid (3) while the presence of ethylene glycol was con- 
firmed by vapor-phase chroniatography. 

Results 

In neutral deaerated aqueous solutions of 
ethanol (0.085 to 0.85 M), H,O, at  concen- 
trations less than 0.02 M is reduced in a yield 
which is independent of its concentration. 
Acetaldehyde is formed in an equivalent yield 
and both yields increase linearly with alcohol 
concentration as shown in Fig. 1. Extrapolation 
to zero alcohol concentration gives an  intercept 
of G(-H,O,) = 45.4 + 2.0. In this concen- 
tration range there is a significant dose rate effect 
which is shown in Fig. 2. As the ethanol con- 
centration is increased to values > 1.0 M, the 
peroxide reduction yield increases non-linearly 
to a maximum value of G(-H202) rr. 75 at  7 
mole% ethanol and then decreases to 18 + 2 in 
pure ethanol. This variation is shown in Fig. 3. 

With methanol as the oxidizable substrate the 
reduction of liydroge~l peroxide is dependent 
upon its concentration at  all peroxide and 
rnethanol concentrations examined. Formalde- 
hyde is formed in an amount equivalent to H 2 0 2  
reduced. When log [H,O,] is plotted as a func- 
tion of irradiation time, a straight line results 
indicating a first-order dependence on peroxide 
concentration. This is demonstrated in Fig. 4. 
Apparent first-order rate constants for peroxide 
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I ETHANOL] (mole I- ' )  

FIG. 1. Variation of yields with ethanol concentration 
in y-irradiated aqueous solutions of H,O,. [H,0,I0 = 
0.02 M; dose rate = 1.50 x 10L%V I- '  s - I ;  0, G(-H2- 
0 , ) ;  @. G(aceta1dehyde). 

removal at several different methanol concen- 
trations are given in Table 1 and show no signi- 
ficant dependence on alcohol concentration. 
Figure 4 and Table 1 also indicate the effect of 
altering the dose rate. A square root dependence 
on dose rate is observed. At a constant initial con- 
centration of H,O, (0.01 M) hitinl G(- H,O,) 
values are independent of methanol concentra- 
tion in the range 0.2 to 2.0 M and then decrease 
as the methanol concentration is further in- 
creased (Fig. 3). 

TABLE 1 
Apparent first-order rate constant for HIOz removal in 
irradiated aqueous solutions of methanol and Hz02*  

[CH,OHI lo-'" Dose rate lo4 x k 
( M )  (eV I-'  S-') (s-') 

FIG. 2. Variation of peroxide removal yields with 
dose rate in y-irradiated aqueous solutions of ethanol: 
[ethanol] = 0.51 iM; [HZO2I0 = 0.02 iL1. 

Discussion 

The results for the radiation-induced oxidation 
of ethanol by hydrogen peroxide are very similar 
to those previously observed for 2-propanol (1). 
As with ethanol, this latter system showed a linear 
dependence on alcohol concentration below 1.0 
M extrapolating to a large positive intercept at 
zero alcohol concentration. A similar lack of 
dependence on H,O, concentration was also 
observed. This suggests that the reaction 
mechanism is essentially the same in both cases. 
We therefore propose. by analogy, the following 
reaction scheme for low concentrations of the 
alcohol. 

[ l ]  HIO-u'+e ,,,, -, H, OH, H,Oz, H1, H 3 0 +  

[2] e.,,- + HzOz -> OH- + OH 

[3] H + CH3CH20H -> H, + CH3C1-10~ 

[4] H + CH3CH20H -> Hz + C H ~ C H ~ O H  

[5] OH + CH3CH20H -> H 2 0  + C H ~ ~ H O H  

[6] OH + CH3CH20H -> H,O + c H ~ C H ~ O H  
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MOLE PERCENT ALCOHOL 

FIG. 3. Variation of peroxide reduction yields with 
composition in mixed water alcohol solvent. Dose rate = 
1.6 x 1019 eV I-' s - l ;  0, ethanol, [H202]0 = 0.02 M ;  
e, methanol, [H202]0 = 0.01 M. o I 2 3 

10-'x TIME (s  ) 

FIG. 4. First order plots for peroxide reduction in 
[71 CH3CH0H + CH3CH0 + + OH 7-irradiated aqueous solutions of methanol: [methanol]= 

[8] CH2CH20H + CH3CH20H -> CH3CH20H 0.99 M ;  0, dose rate = 1.60 x 10'' eV 1-I s - l -  , e, dose 
rate = 0.43 x 10'' eV 1-I s-'. 

+ CH3CHOH 

[9] 2 C H 2 C H 2 0 ~  -> 1,4-butanediol or CH3CH0 [lo] G(-H202) = + CH3CHzOH 

Although abstraction of H atoms from [Ghq- - ( 3 ~ ~ 0 ,  + G {k (9)) alcohols by H or OH is often assumed to be k6 k3 + 4 

specific to the a site (4, 5), it has been demon- k 
strated that this is not the case for abstraction + $ w e a q -  + Go,)] 
by H atoms (6) and there is considerable evidence 
that abstraction by OH occurs also from other Gea4- + GH + GOH 'I2 

C-H positions (1, 7, 8). Thus reactions [4] and +( '  2kgD 

[6] must be included in the overall mechanism. 
) 

x [CH3CH20H] 
The hydrogen atom transfer reaction [8], or its 
analogue for other alcohol radicals, has been where D is the dose rate in units of 6.03 x loz5 
previously proposed (1, 9). The exclusion of a eV 1-' s-'. 
reaction of the p radical, CH,CH,OH, with The form of this yield expression is in excellent 
H202  is in part supported by the observation agreement with the experimental results. The 
that the p radical is much less reactive as a re- first term in the equation (in square brackets) 
ductant than the a radical (8). 1,4-Butanediol represents the intercept obtained on extrapola- 
was tentatively identified as a reaction product tion of Fig. 1 to zero alcohol concentration. 
using vapor-phase chromatography. Assuming the following values, GCnq = 2.28 (lo), 

On the basis of the proposed mechanism an GH = 0.57, Go, = 2.25, GHZo2 = 0.77, k3 = 
expression for the yield of H202  reduction may 1.6 x lo7 M-' s-' ( l l ) ,  k, = 1.7 x lo6 M-' 
be derived. s-', the ratio k5/k6, the relative probability of 
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NOTES 

TABLE 2 

Principal numerical results of oxidation of alcol~ols 
............... pp.--...-......-pp.-.p- ~ p -  .. ........... 

Rate constant (M- '  s-') 
. Percentage of cr p-.--.--p--....----..pp 

Alcohol attack by OH + alcohol -> a a + HzOz 
-- .. .. -p-~ 

Methanol 100 4 . 0 ~  lo4 
Ethanol 90 16+3 
2-Propanol* 86 53+ 10 

abstraction by O H  from the a and P positions in 
the alcohol, may be estimated from the intercept 
as 8.6. This may be compared to our estimate of 
6.2 for the analogous ratio when 2-propanol is 
the substrate (I). A d a n ~ s  and Willson (8) have 
estimated that 97 and 95 % of the radicals formed 
by O H  attack on ethanol and 2-propanol, re- 
spectively, are the result of attack a t  the a 
position whereas our ratios correspond to  90 and 
86 "/;; a attack. These percentages are similar but 
those derived from this work are significantly 
lower. The percentages quoted by Adams and 
Willson were estimated from the fraction of the 
total reduction of ferricyanide which was ac- 
complished by the faster-reacting a radical 
relative to that when methanol was ~ ~ s e d  (100% 
a attack). 

Using an average value for the absolute rate of 
O H  + ethanol of 1.1 x lo9 M " - '  s-' (1 1) this 
may be equated with lcj + lc, and gives values of 

IG, = 1.0 x lo9 M-I S- '  

pan01 (I) but, as in that case, the curve is readily 
extrapolated to the same intercept as that ob- 
served for zero ethanol concentration. If, at  the 
highest dose rate employed, the termination 
occurs primarily by the bimolecular reaction 
[9], it is possible to estimate a lower limit for 
lc,, the hydrogen aton1 transfer reaction, from 
the slope of Fig. 1. Using lc,/lc, = 8.6, the valuc 
of the primary yields previously assumed, and 
2k9 = 2 x lo9 M " - '  s - ', we obtain lc, = 16 f 3 
M - '  s-'. This may be compared with the value 
53 f 10 for the comparable reaction of tlie P 
radical from 2-propanol. 

The similarity in the results for tlie radiation- 
induced chain oxidation of 2-orooanol and eth- . a 

an01 co~lfirnis that the mechanism is the same in 
both cases and the contrast in the results when 
methanol is the oxidizable material may be 
attributed to the fact that only one radical, 
CH,OH, may be formed by abstraction from a 
C-H bond in methanol. I11 the case of methanol 
the results conform to the simple mechanistic 
scheme 

These may be compared with the values of the [I] H z o * e ~ - ,  H, OH, Hz022 Hz, + H30' 

correspo~idi~lg rate constants for 2-propanol (1). 
[21 eag- + HZ02-, OH- + OH 

The second part of the yield expression [ lo]  [13] CH,OH + ~~0~ -> H,CO + H ~ O  + OH 
predicts, as observed experimentally, a linear de- 
uendence of the vield on alcohol concentration [I41 2 CH,OH -> ethylene glycol or HzCO + CH30H 

and the coefficieit of the alcohol concentration 
- d CH202I term includes a reciprocal square-root dose-rate [I51 ---------- = (Geaq- - G I I ~ o ~ ) D  + 1~13 

dependence. As shown in Fig. 2 the system dis- d t  

plays a significant dose-rate dependence although 
not a simple square-root relationship. The ob- 
served curvature suggests that, in addition to  a 
bimolecular termination, there is a first-order Equation [15] predicts that the rate of  
termination which becomes significant at low peroxide reduction will be independent of 
dose rates. This was also observed with 2-pro- methanol concentration and, for moderate to  
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large chain lengths, first order in H20,.  Table 1 
and Fig. 4 demonstrate that these are experi- 
mentally realized. The apparent first-order rate 
constant includes a square-root dependence on 
dose rate which is again in agreement with the 
experimental results. Ass~lming a value of 
2/c1, = 2.4 x lo9 (12) for the bimolecular 
termination reaction, a rate constant for the 
chain propagating ~.eaction may be estimated as 
k , ,  = (4.0 f 0.4) x lo4 M-'  s-'. This is some- 
what less than the rate constant found by Seddon 
and Allen (4) for the propagating reaction in the 
ethano1/H20, chain reaction. It Inay be noted 
that the rate co~lstant for reduction of ferri- 
cyanide by CH,OH is slightly less than that for 
reduction by CH,CHOH (8). 

The small yield of ethylene glycol found 
(G(glyco1) - 0.5) represents approximately 20% 
,of the termination reaction. In the photolysis 
of n~ethanol-water solutions (13), the major 
product of radical combination was said to be 
ethylene glycol. 

At high concentrations of either alcohol the 
yield of the chain reaction is decreased. This 
phenomenon has previously been reported for 
the photo-induced reaction in mixed water- 
alcohol systems (5) and in the radiation-induced 
oxidation of 2-propanol (1). I11 the latter case the 
decreased yield was attributed to a decrease in 
the rate of reaction [7], as a res~ilt of the de- 
creasing dielectric constant of the medium at 
alcohol concentrations s~~fficiently high to make 

reaction [7] rather than reaction [8] the rate- 
determining propagation step. 

Summary 

The principal n~~mer ica l  results are summar- 
ized in Table 2. We have demonstrated that the 
two-radical model for the chain oxidation of 
alcohols by H,O,, as developed for 2-propanol, 
is applicable also to ethanol but that a one- 
radical model accounts satisfactorilv for the 
features of the oxidation of ~nethanol.  

1. C. E. BURCHILL and I. S. GINNS. Can. J. Chem. 
In press. 

2. A. 0. ALLEN, C. J. HOCHANADEL, J. A. GHORMLEY, 
and T. W. DAVIS. J .  Phys. Chem. 56, 575 (1952). 

3. C. E. BRICKER and H. R. JOHNSON. Ind. and Eng. 
Chem. (Anal. Ed.) 17. 400 (1945). 

4. W. A. SLDDON and A. 0. A L ~ L N .  ' J. Phys. Chem. 71, 
1911 (1967). 

5. J. BAIIIIETT, A. L. MANSELL, and R. J. M. RATCLIFFE. 
Cllem. C O I T ~ I T ~ L I ~ .  48 (1968). 

6. ((0 M. ANBAR and D. MEYEIISTE~N. J. Phvs. Chem. 
68, 3184 (1964); (b) C. LIFSHITZ and G. STEIN. J. 
Cllem. Soc. 3706 (1962). 

7. R. LIVING~TON and H. ZELDES. J. Anler. Cheni. Soc. 
88, 4333 (1966). 

8. G. E. ADAMS and R. L. WILLSON. Trans. Faraday 
SOC. 63, 2981 (1969). 

9. R. 0. C. NORMAN and P. R. WEST. J. Chem. Soc. 
Ser. B, 389 (1969). 

10. G. V. BUXTON. Radiat. Res. Rev. 1, 209 (1968). 
11. M. ANBAR and P. NETA. Int. J. Appl. Radiat. 

Isotop. 18, 493 (1967). 
12. M. SIMIC, P. NETA, and E. HAYON. J. Phys. Chem. 

73. 3794 (1969). 
13. J. BARRETT a d  J. H. BAXENDALE. Trans. Faraday 

SOC. 54, 37 (1960). 

Structure of a product obtained on treatment of 1-thioacet~acetanilide 
with sulfuryl chloride 

M. CURCUMELLI-RODOSTAMO AND W. A. HARRISON 
Utliroynl Lit~iterl, Resenrclr Lrrborntories, G~~eIpli, Otlrnrio 

Received April 3, 1970 

Treatment of 1-thioacetoacetanilide with sulfuryl chloride or thionyl chloride produced a crystalline 
compound identified as 3.5-diacetonylidene-4-phenyl-l,2,4-ditliiazolidine. The absence of carbonyl 
absorption in the infrared spectrum of the conipo~~nd indicated that i t  s h o ~ ~ l d  be represented by a 
resonance structLlrc (2) involving non-carbonyl components. 

Canadian Journal  o r  Chemistry. 48, 2632 (1970) 

In connection with our synthetic work on instead of the desired product, a chlorine-free 
pesticides, the preparation of 2-chloro-I-thio- crystalli~le compound (1n.p. 195-195.5') was 
acetoacetanilide was required. Accordingly I -  obtained. 
thioacetoacetanilide (1) was treated at  room In the present p~~blication we provide evidence 
temperature with ail equinlolar quantity of establishing the structure of this compound. 
sulfi~ryl chloride. Reaction occurred readily; but The n ~ o l e c ~ ~ l a r  formula Cl,Hl,NO,S,, estab- 
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large chain lengths, first order in H20,.  Table 1 
and Fig. 4 demonstrate that these are experi- 
mentally realized. The apparent first-order rate 
constant includes a square-root dependence on 
dose rate which is again in agreement with the 
experimental results. Ass~lming a value of 
2/c1, = 2.4 x lo9 (12) for the bimolecular 
termination reaction, a rate constant for the 
chain propagating ~.eaction may be estimated as 
k , ,  = (4.0 f 0.4) x lo4 M-'  s-'. This is some- 
what less than the rate constant found by Seddon 
and Allen (4) for the propagating reaction in the 
ethano1/H20, chain reaction. It Inay be noted 
that the rate co~lstant for reduction of ferri- 
cyanide by CH,OH is slightly less than that for 
reduction by CH,CHOH (8). 

The small yield of ethylene glycol found 
(G(glyco1) - 0.5) represents approximately 20% 
,of the termination reaction. In the photolysis 
of n~ethanol-water solutions (13), the major 
product of radical combination was said to be 
ethylene glycol. 

At high concentrations of either alcohol the 
yield of the chain reaction is decreased. This 
phenomenon has previously been reported for 
the photo-induced reaction in mixed water- 
alcohol systems (5) and in the radiation-induced 
oxidation of 2-propanol (1). I11 the latter case the 
decreased yield was attributed to a decrease in 
the rate of reaction [7], as a res~ilt of the de- 
creasing dielectric constant of the medium at 
alcohol concentrations s~~fficiently high to make 

reaction [7] rather than reaction [8] the rate- 
determining propagation step. 

Summary 

The principal n~~mer ica l  results are summar- 
ized in Table 2. We have demonstrated that the 
two-radical model for the chain oxidation of 
alcohols by H,O,, as developed for 2-propanol, 
is applicable also to ethanol but that a one- 
radical model accounts satisfactorilv for the 
features of the oxidation of ~nethanol.  
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M. CURCUMELLI-RODOSTAMO AND W. A. HARRISON 
Utliroynl Lit~iterl, Resenrclr Lrrborntories, G~~eIpli, Otlrnrio 

Received April 3, 1970 

Treatment of 1-thioacetoacetanilide with sulfuryl chloride or thionyl chloride produced a crystalline 
compound identified as 3.5-diacetonylidene-4-phenyl-l,2,4-ditliiazolidine. The absence of carbonyl 
absorption in the infrared spectrum of the conipo~~nd indicated that i t  s h o ~ ~ l d  be represented by a 
resonance structLlrc (2) involving non-carbonyl components. 

Canadian Journal  o r  Chemistry. 48, 2632 (1970) 

In connection with our synthetic work on instead of the desired product, a chlorine-free 
pesticides, the preparation of 2-chloro-I-thio- crystalli~le compound (1n.p. 195-195.5') was 
acetoacetanilide was required. Accordingly I -  obtained. 
thioacetoacetanilide (1) was treated at  room In the present p~~blication we provide evidence 
temperature with ail equinlolar quantity of establishing the structure of this compound. 
sulfi~ryl chloride. Reaction occurred readily; but The n ~ o l e c ~ ~ l a r  formula Cl,Hl,NO,S,, estab- 
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NOTES 

MeCOCH2C(S)NHPh 

0 S-S 0 0- s>- S 0 
I1 I I /  * I l I, :- I I I 

Me/C\CH//C\N/C\CH/C\Me Me /C\CH-/C<y/C\cH/C\Me 

lished by elemental analysis and high-resolution 
mass spectrometry, indicated that tlie product was 
formed from two reactant molecules with loss of 
two hydrogen atoms and the elements of aniline. 

The nuclear ~nagnetic resonance (n.m.r.) 
spectrum shows aromatic absorption centered at  
2.5 z and singlets at  4.59 and 7.94 z. Tlie inten- 
sities of the peaks are in the ratios 5:2:6, respec- 
tively. 

Consideratio11 of the foregoing data indicated 
structure 2a (3,5-diacetonylidene-4-phenyl-1,2,4- 
dithiazolidine) for the compound under study. 

The ~neclianism post~~la ted  for the conversion 
of 1-thioacetoacetanilide (1) to 2a is indicated in 
Scheme 1. The initial oxidative step, involving a 
tliiol form of 1, is consistent with early work on 
the action of sulfi~ryl chloride on mercaptans 
(1, 2). Tlie latter were found co~lvertible to tlie 
corresponding disulfides according to eq. [I]. 

[ I ]  2RSH + S02C12 -t RSSR + 2HCI + SO2 

Interestingly, when I-thioacetoacetanilide and 
sulfuryl chloride were used in the proportions 
indicated by this equation, the yield of product 
was increased from 60 to  96%. 

The conversion of mercaptans to disulfides 
and a n a l o g o ~ ~ s  oxidations of thioureas to  1,l '- 
dithiodiformamidine derivatives on treatment 
with thionyl chloride have also been reported 
(2, 3). Oxidation of I-thioacetoacetanilide (1) by 
this method led to an almost quantitative yield 
of the same dithiazolidine derivative. 

Although the data presented above appear 

entirely consistent with structure 2a, the infrared 
(i.r.) spectruni of the product indicated a niodifi- 
cation of this structure to be necessary. The i.r. 
spectrum shows no absorption attributable to a 
normal conjugated carbonyl group; within tlie 
1700-1600 CIII-' range there is only one broad 
peak at  1610 cm-'. 

The necessary modification was suggested by 
earlier work on the structure of tlie related 
(5-methyl- l,2-dithiol-3-ylidene)-2-propanone (3) 
(4). The i.r. spectrum of this c o m p o ~ ~ n d  also lacks 
bands i n  tlie carbonyl region and thus indicated 
that formula 3a is an inadeq~~a te  representation 
of tlie molecule. X-ray crystallographic studies 
(5, 6) supported this concl~~sion and appear 
consistent with a resonance hybrid 3 i~lcluding 
non-carbony1 components 3b (7). 

Similarly it can be concluded that structure 2a 
should be replaced by a resonance hybrid 
involving, besides 2a, ionic s t ruc t~~res  s ~ ~ c l i  as 26. 

Co~lfirmatory evidence was obtained from a 
study of (3,4-diphenyl-4-thiazolin-2-ylidene)-2- 
propanone (8) and (4-methyl-3-phenyl-4-thia- 
zolin-2-ylidene)-2-propanone, prepared by reac- 
tion of 1-tliioacetoacetanilide (1) with 2-bromo- 
acetophenone and chloroacetone, respectively. 
As expected of structures 4a and b the i.r. spectra 
of these compounds showed no absorptiorl in the 
usual conjugated carbonyl region. 

Experimental 
The i.r. spectra were recorded on a Perkin-Eln~er 521 

i.r. spectrophotorneter. Accurate mass measurement of 
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the ~nolecular ion was carried out on a CEC 1108 double- 
focusing mass spectrometer by reference to appropriate 
peaks in tlie spectrum of perfl~~orokerosene, through the 
courtesy of Professor D. B. MacLean of McMaster Uni- 
versity, Hamilton, Ontario. 

I-Tl~ioncetonce/a~zilide ( I )  
This compound was prepared by the method of 

Worrall (9): reaction of phenylisothiocyanate with thc 
sodio derivative of acetylacetone and deacetylation of tlie 
2-acetyl-I-tliioacetoacetanilide produccd with alkali. The 
sodio derivative of acetyiacetone was conveniently pre- 
pared by use of s o d i ~ ~ m  hydride in place of the sodium 
employed in tlie original method. 

3,5- Dincetot1)'licfe11e-4-p/1e11~~l-l , w e  (2) 
(I) To  a stirred solution of 1-thioacetoacetanilide 

(19.3 g, 0.10 mole) in benzcne (150 ml) was added drop- 
wise s ~ ~ l f ~ ~ r y l  cllloride (6.8 g, 0.05 ~nole)  over 0.5 h. The 
reaction mixture was stirred for a furthcr 3 11 and then 
coolcd. The precipitate was collected, washed with cold 
benzene, and then treated with boiling benzene. Thc 
insoluble material (aniline hydrochloride) was removed by 
filtration. Crystallization fro111 the concentrated filtrate 
al'forded lnaterial melting at 185-187". Recrystallization 
fro111 benzene gave crystals (14 g, 96%) of n1.p. 190-191". 
Two more recrystallizations from acetonitrile gave an 
analyt~cal sali~ple, 111.p. 195-195.5°.Tlie i.r.: v,.,,(KBr and 
CHC13) 1610 (broad), no other absorption in the 1700- 
1600 cn1-' region; nn1.r.: 2.5 (5H, multiplet), 4.59 
(2H, singlet), 7.94 s (6H, singlet). 

Anal. Calcd. for C,,Hl3NO,S2 (291.0388): C, 57.73; 
H ,  4.50; N,  4.82; S, 21.97. Found (mass spectroscopy 
291.0395): C, 57.65; H, 4.29; N, 4.87; S, 21.81. 

When equimolar quantities of the two reagents were 
~lsed,  the product was obtained in 60% yield. 

(2) To  a stirred solution of I-thioacetoacetanilide 
(9.6 g) in benzene (100 ml) was added dropwise thionyl 
chloride (3.0 g) over 15 min. The temperature of tlie 
reaction mixture during the addition and for a further 
hour was kept a t  10-15". Then it was allowed to rise to 
25" within 20 niin. The crystalline product was collected 
and washed with cool benzene. Then it was treated with 
boiling benzene and the insoluble material removed by 
filtration. Crystallization fro111 the concentrated filtrate 
afforded material (7.2 g, 99%) of n1.p. 194-195". The 
identity of this product with that obtained by the sulfuryl 
chloride method was establisl~ed by con~parison of i.r. 

spectra and determination of the m.p. of a m i x t ~ ~ r e  of the 
two specimens. 

(3,4-D~1lre11yl-4-tI1in~oIi1r-2-yIide11c)-2-pr.o~1rr11o1~e (40) 
This compound was prepared by the reaction of 1- 

t hioacetoacetanilide and 2-bro1iioacetopl1enone, accord- 
ing to the procedure of Borisevich et 01. (8). The i.r.: 
v,,,,, (CHCI,) 1595 and 1585, no absorption in thc 1700- 
1600cn1-' region; n.m.r.: 2.8 (IOH, ni~litiplet), 3.61 
( IH ,  singlet), 4.47 ( IH,  singlet), 7.99 s (3H, singlct). 

(4-1Wetl1~~I-3-plre11yI-4-tI1inzoli11-2-y/icfe11e) -2-propu11011e 
f 40) 

I-Thioacetoacetanilide (3.1 g) and cl~loroacetone (2.1 g) 
were dissolved in ethanol (30 1111); thc res~~l t ing  solution 
was heated ~lndcr  reflux for 3 11 and then left to stand a t  
roo111 temperat~lre for 42 h. Thc hydrochloride obtained 
after removal of the ethanol was recrystallized Fro111 
acetonitrile to give material (1.3 g) of 1ii.p. 250-255" 
decomposition. From the n~otlicr l i q ~ ~ o r s  an additional 
amount (0.3 g) of p r o d ~ ~ c t  was crystallized. 

The hydrochloride was chromatographed on neutral 
alumina with ethanol as eluent. The frce base was thus 
obtained (1.1 g, 37%), m.p. 155-157". Two recrystalli- 
zations froni ethanol-water yieldcd an  analytical sample 
of m.p. 157-158.5". The i.r.: v ,,,,, (CHCI,) 1592 and 1577, 
no absorption in the 1700-1600 c n ~ - ~  region; n.m.r.: 
2.6 (5H, ~n~llt iplet) ,  3.88 ( lH ,  singlet), 4.73 ( IH,  singlet), 
8.01 (3H, singlet), 8.10 s (3H, singlet). 

Anal. Calcd. for CIIH13NOS: C, 67.52; H, 5.67; 
N, 6.06. Found: C, 67.46; H ,  5.70; N ,  5.81. 

1. E. COURANT and V. v. RICHTER. Cllem. Ber. 18,3178 
(1885). 

2. B. HOLMBERG. Ann. 359, 81 (1908). 
3. P. K. SRIVASTAVA. Indian J. Chern. 1 (8), 354 (1963). 
4. G. G u r ~ ~ o u z o .  Bull. Soc. Chim. France, 1316 

(1958). 
5. M. MAMMI, R. BARDI, G. TRAVERSO, and S. B ~ z z r .  

Nature. 192. 1282 (19611. 
6. J. A. KAPECKI  and‘^. E: BALDWIN. J. Amer. Chern. 

Soc. 91, 1120 (1969). 
7. E. KLINCSBERG. J. Amer. Chem. Soc. 85, 3244 

(1963). 
8. A. N. BORISEVICH, S. A. SHULEZHKO, and P. PELKIS. 

Khim. Geterotsikl. Soedin., Akad. Nauk Latv. S.S.R. 
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(1 920). 
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NOTES 

Hydrogenolysis of steroid 3 P-acetoxy-5-ene systems' 

GEORGE R. PETTIT AND BRIAN GREEN 
Departnzent of Cl~ettlistry, Arizona Stnte Utziversity, Tempe, Arizotra 85281 

A N D  

Departmet~t of Clremistry, University of Mnitre, Orono, Mnit~e 04473 

Received January 15, 1970 

P a l l a d i ~ ~ n ~  catalyzed hydrogenation of 3b-acetoxy (or hydroxy)-5-ene-type steroids was shown to 
afford small amounts (5-10%) of the corresponding 3-deoxy derivatives. The hydrogenolysis reaction 
appeared general in scope and offers a one-step method for converting, e.g., cholesteryl acetate to 
5a-cholestane. 

Canad~an Journal of Chemistry, 48, 2635 (1970) 

Catalytic hydrogenation of 3P-acetoxy- or 
3P-hydroxy-Sene substituted steroids is one of 
the most conlmonly encountered reactions in 
steroid chemistry. The small amount of side 
product generally accompanying hydrogenation 
had been known to us for some time and with 
adoption of thin-layer chromatography (t.1.c.) 
in our laboratory (1959), it became apparent that 
such reactions were generally accompanied by 
approximately 5 % of a relatively nonpolar com- 
ponent readily identified as the 3-deoxy hydro- 
genolysis p r o d ~ c t . ~  In a typical hydrogenation, 

) pregnenolone acetate (1) was treated with hydro- 
gen under a slight positive pressure for three days 

I in the presence of 10% palladium-on-carbon to 
yield primarily 313-acetoxy-20-0x0-5a-pregnane 

, (2a) accompanied by 20-oxa-5a-pregnane (26) 
(eq. [I]). Using small amounts of 70 "/, perchloric 
acid, reduction was complete in 4 h and led to a 
10% yield of hydrogenolysis product 26. In each 
instance, evidence for any significant formation 
of the 5P-isomers was not detected. Similarly, 

I SLY-cholestane (30) was obtained from cholesteryl 
acetate. Repeating the reductioil reaction with 
saturated 3P-acetates 2a, 3b, or 4 gave only 
quantitative recovery of starting material. 

Resistance of the 3P-acetoxy-SLY-steroids im- 
plicated a partial isomerization of the A5-olefin 
to the A4-position.3 In order to explore this 
possibility (5 -> 6), reduction of cholesteryl ace- 
tate was repeated enlploying deuterium gas 
(eq. [2]). As previously observed (4) during 

. - 
'Steroids and Related Natural Products. 61. For Part 

60, see ref. 1. 
6 7 

2We earlier reported (2) reduction of 3b-hydroxy-17- 
0x0-androst-5-ene to 17-0~0-5a-androstane (ca. 6 %  3Hydrogenolysis of allylic acetates readily occurs: see, 
yields) by this means. e.g., ref. 3. 
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analogous reduction of cholesterol, excessive 
introduction of deuterium occurred. Extensive 
scrambling (see 7) was illustrated by a mass 
spectrum of the product which exhibited molec- 
ular ions of gradually decreasing relative abun- 
dance from M+ to M + 5. Doubtlessly, future 
efforts concerned with the mechanism of such 
hydrogenolysis reactions will profit from em- 
ploying one of the recently introduced homo- 
geneous solution catalysts which are referred to 
in an important review (5) of selective deuteration 
in steroid chemistry. 

In summary, palladium catalyzed reductive 
removal of 3P-acetoxy or 3P-hydroxyl groups 
from A'-steroids appears general in scope and 
offers a one-step, albeit low yield, procedure for 
obtaining certain saturated A/B ring steroids. 

Experimental 
Silica gel (0.05-0.20 mm) used for column chromatog- 

raphy and silica gel G employed for t.1.c. were obtained 
from E. Merck, Darmstadt. The thin-layer chromato- 
grams were developed with concentrated sulfuric acid. 
Melting points were determined using a Kofler apparatus. 

Hyclrogerzntion of 3~-Acetoxy-20-0~0-5-pregrmrze (1) 
Method A 
An ethyl acetate(50ml)solutionof pregnenoloneacetate 

(1.0 g) was shaken under a slightly positive pressure of 
hydrogen (72 h) with 10% palladiunl-on-carbon (0.20 g). 
Following filtration and concentration, the residue in 3:l 
hexane-benzene was chromatographed on silica gel 
(30 g). Elution with 1 : l  hexane-benzene gave 54 mg of 
20-0x0-5a-pregnane (26). Recrystallization from methanol 
gave 40 n ~ g  of platelets (2b) melting at  133-134" (lit., 
ref. 6, m.p. 133-135"); v 1700 (20-ketone) cm-'; proton 
magnetic resonance 6 0.6 (18-methyl), 0.77 (19-methyl), 
and 2.06 (COCH,). Continued elution with benzene and 
benzene-chloroform mixtures gave 0.91 g of 3p-acetoxy- 
20-0x0-5a-pregnane (2n).4 

A solution of 3p-acetate 26 (0.63 g) in ethyl acetate 
(40 ml) was subjected to hydrogenation in the presence 
of 10% palladium-on-carbon (0.12 g) during 120 11 as 
described above. A t.1.c. examination of the product 
indicated presence of only starting material (26). 

Method B 
The hydrogenation experinlent described above in 

n~ethod A was repeated using ethyl acetate (100 ml), 

"Identification was confirmed by mixture melting point 
determination and infrared spectral con~parison with an 
a~lthentic sample. 

pregnenolone acetate (2.0 g), 10% palladium-on-carbon 
(0.4 g) and 2 ml of 70% perchloric acid. After 4 h the 
solution was passed through a bed offilter aid and washed 
with saturated aqueous sodium bicarbonate and water. 
Removal of solvent gave a residue which was chromato- 
graphed on silica gel (60 g) as noted above. By this means, 
0.20 g of 20-0x0-5a-pregnane (10% yield, pure by t.1.c.) 
was isolated. Two recrystallizations from methanol gave a 
specimen melting at  137-138.5'. 

Hydrogerlation of 3~-aceto,ry-5-C/zoleste1ze 
The hydrogenation reaction described in method A,  

above, was repeated employing ethyl acetate (100 ml), 
cholesteryl acetate (2.0 g), and 10% palladium-on-carbon 
(0.4 g). Reaction was followed by t.1.c. and seemed com- 
plete after 6 h. A solutidn of the product in hexane was 
chromatographed on silica gel (50 g) and elution with the 
same solvent gave 0.11 g of 5a-cholestane (lla).The 
hydrocarbon was shown to be pure by t.1.c. and recrys- 
tallization from isopropyl ether-methanol gave plates 
melting at  77-80'." Elution with benzene gave 1.6 g of 
30-acetoxy-5a-cholestane" which recrystallized from 
chlorofornl-methanol as needles melting at 108". 

Reduction of cholesteryl acetate (4.0 g) in ethyl acetate 
(200 ml) was repeated in the presence of 10% palladium- 
on-carbon (0.8 g) as summarized in the preceding para- 
graph except that deuterium was substituted for hydrogen 
and catalyst was removed by filtering the solution through 
a layer of activated alumina. Following chromatography 
on silica gel (75 g) a hexane fraction provided 0.27 g of 
extensively deuterated 5a-cholestane. Three recrystal- 
lizations from isopropyl ether - methanol gave plates 
melting at  78-80". The benzenc fractions provided 3.7 g 
of deuterated 3p-acctoxy-5a-cholestane. 

Repeating the hydrogenation experiment over a 20 h 
period with 3p-acetoxy-5a-cholestane or with 3p- 
acetoxy-5a-lanostane (4) over 48 h gave, in each case, 
only starting material. Examination of both products by 
t.1.c. revealed no trace of 3-deoxy derivatives. 

This investigation was supported by Public Health 
Service Research Grants CY-4074 (C3) to CA-04074-06 
from the National Cancer Institute. We also wish to 
thank John Occolowitz for providing the mass data. 
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NOTES 

Vibrational spectra and proposed crystal structure of some 
tetraphenylarsonium compounds 

L. K. WALFORD AND RICHARD J. BLATTNER 
Faculty of Physics, Southern Illitzois Utziversity, Edwardsville, Illitrois 62025 

AND 

STEPHEN FELDMAN A N D  R. L. BAIN 
Faculty of Clzemistry, Southern Illitzois Utziversity, Edwardsville, Zllitzois 62025 

Received April 1, 1970 

The crystal structures of (C6H5)4A~BF4, (C6H5)rAsPF6, (C6H5),AsAsF6, and (C6H5),AsSbF6 
have been studied by X-ray diffraction. The unit cells are all tetragonal. The fluoroborate compound is 
probably isostructural with (C6H5),AsFeCI,. The other three compounds are almost isostruct~~ral 
with (C6H5),AsFeCI4, the only change being the accon~modation of the dipyramidal PF6- ion in the 
space group I3 (No. 82). Infrared absorption spectra are in general agreement with previous work on 
tetraphenylarsonium halides and compounds with hexafluoro Group VA ions. It is concluded that 
crystal field effects for this series of salts do not markedly affect the vibrational spectra. 

Canadian Journal of Chemistry, 48, 2637 (1970) 

Introduction 

X-Ray diffraction and vibrational studies of 
several ionic tetraphenylarsonium compounds 
have been recently reported and the results sug- 
gest that a variation in crystal class may depend 
upon the anion. The present study was under- 
taken to investigate the structural relationships 
between various tetraphenylarsonium com- 
pounds and to examine possible crystal field 
effects on the vibrational spectrum by highly 
symmetric fluoro-anions. The anions chosen for 
study were tetrafluoroborate, hexafluorophos- 
phate, hexafluoroarsenate, and hexafluoroanti- 
monate. --  - .  

Experimental Methods 
Approximately 1.0 g of tetraphenylarsonium chloride 

(K and K Laboratories) was dissolved in a minimum of 
absolute methanol. To this solution, a filtered solution of 
the appropriate silver salt of hexafluoroborate, hexa- 
fluorophosphate, hexafluoroarsenate, or hexafluoro- 
antimonate (K and K Laboratories) was added dropwise 
until precipitation was completed. The solids formed 
were filtered, then washed with ammonia water until the 
wash water showed no evidence for the presence of 
chloride ion. The remaining solid, the tetraphenyl- 
arsonium salt, was washed with cold methanol once and 
dissolved in dimethylsulfoxide. The resulting solution was 
placed in a vacuum oven at ca. 80 OC and crystallization 
allowed to occur at reduced pressure. After 3 to 5 days, 
the resulting crystals were transferred to a watch glass 
and dried at ca. 70 "C under reduced pressure for at 
least 3 days. 

The crystals isolated were colorless, tetragonal needles 
elongated along "c" and stable in air. The infrared 
spectrum of each compound gave no indication of water 
of hydration nor of dimethylsulfoxide present in the 

crystals. The infrared spectra of the crystals from 4000 
to 400 cm-' were recorded in a KBr disc with a Perkin- 
Elmer Model 621 double-beam grating spectrophotom- 
eter. Low frequency studies (400 to 200 cm-') were 
made with the compounds in a Nujol mull using cesium 
iodide windows. 

The crystal class, Laue groups, and cell parameters 
were determined from {hlcO}, {hkl}. {IiOI} data recorded 
on Weissenberg and oscillation photographs. A powder 
pattern was obtained using a diffractometer. Both tech- 
niques used !3 filtered Cu K a  radiation. 

The densities of thecrystals were measured by displace- 
ment in dimethylsulfoxide at 20 "C. The solubility and 
rate of dissolution are very low at this temperature. 

Results 

The results of X-ray studies of some tetra- 
phenylarsonium salts have been reported (1-7). 
The symmetry of the structures seems to depend 
on the complexity of the anion. In the present 
compounds, the anions have tetrahedral or octa- 
hedral symmetry. The unit cells of the compounds 
studied are tetragonal and the Laue group is 4/m. 
Systematic absences in the reflections as deter- 
mined froin Weissenberg photographs indicated 
the space group possibilities to be 14,14,, 14, and 
1 4 1 ~ .  However, the fourfold inversion axis at the 
arsenic atom in the cation [(C,H,),As]+ is 
sufficient to fix the space group as 14. This is the 
same as the tetrachloroferrate(II1) (6) and the 
iodide (7) compounds. 

The approximate lattice parameters measured 
from the Weissenberg and oscillation photo- 
graphs were used to index the powder pattern, 
from which more accurate parameters were deter- 
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TABLE 1 
Lattice parameters and densities for (C6H,)4As compounds 

- 

d (g  ~ m - ~ )  

Compound ao (A) co (A) Observed Calculated 

mined using the highest angle reflections possible. 
These lattice parameters and the measured densi- 
ties of the compounds are presented in Table 1, 
together with densities calculated assuming two 
formula units per unit cell. The standard devia- 
tions of the lattice parameters were estimated 
from five measurements of several orders of 
reflection. 

Low frequency absorption bands were observed 
for all the compounds and are presented in 
Table 2. The infrared spectrum of tetraphenyl- 
arsonium chloride was also obtained for com- 
parison purposes. 

TABLE 2 
Low frequency vibrations of some tetraphenylarsonium 

compounds 
. ... 

Observed vibrational 
Compound frequencies (cm- ') 

'Values listed 
?This work. 

are taken from ref. 9. 

Discussion 

The space group and chemical structure suggest 
that the structure of the tetrafluoroborate salt is 
probably isostructural with the tetrachloro- 
ferrate(ITI), [(C,H,),AsFeCl,] (6). In the space 
group I g  (No. 82) (8) the atomic sites would be: 
2 As in 2a, 2 B in 2c, 8 F in 8g, and 48 C in 8g. 

The anion in the other three compounds has six 
fluorine atoms so the structures cannot be 
identical to tetrafluoroborate. From chemical 
evidence we know that the six fluorine atoms 
must be in octahedral coordination about the 

central atom (P, As, or Sb) and this arrangement 
may be accommodated in the space group 14 as 
follows: 2 As in 2a, 2 P, As, or Sb in 2c, 8 F in 8g 
(with z = 1/4), 4 F in 4f, and 48 C in 8g. 

Setting z = 114 for the 8g sites causes the 
tetrahedron of fluorine atoms in the tetrafluoro- 
borate to collapse to form a square (the base of 
the bipyramid of fluorine atoms). The fluorine 
atoms in 4f sites provide the apices of the 
bipyramid. 

The 8g sites have two unknown parameters 
(x and y) and the 4f sites have one (2). These 
parameters fix the orientation of the hexafluoride 
ions. The position of the center of these ions is, 
however, fixed by symmetry. 

Although final confirmation of these three 
structures rests on a full crystal structure refine- 
ment, there is no doubt that the space group is the 
same for each compound and the known geom- 
etry of the hexafluoride ions PF6-, AsF6-, and 
SbF6- then leads to the structure proposed above. 

The unit cell parameters show no systematic 
variation with the size of the anion and suggest 
that the packing mechanism is dominated by the 
size and shape of the cation. The holes for the 
anion are large enough even for the SbF6- ions 
so that no large expansion occurs for increasing 
anion sizes. 

The general features of the infrared spectra 
from 1600 to 400 cm-I are in agreement with 
those assignments suggested by Mackay et al. (9) 
for the tetraphenylarsonium halides and those 
assignments suggested by Begun and Rutenberg 
(10) for hexafluoro Group VA ions. 

The two infrared-active vibrations v, and v4 
associated with MF,- ions are reported (10) to be 
triply degenerate. The v4 frequencies reported 
and those observed in this study are in good 
agreement: PF,-, 556 cm-' (observed), 558 
cm-' (reported); AsF6-, 392 cm-' (observed), 
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NOTES 2639 

392 cm-I (reported); SbF6-, 348 cm-' (ob- 
served), 350 cm-' (reported). 

The v, frequencies are reported as strong 
singlets. However, the observed spectra suggest 
some splitting: PF6-, 835 cm-' (observed), 830 
cm-' (reported); AsF6-, 704, 686 cm-' (ob- 
served), 699 cm-' (reported); SbF6-, 689, 661, 
649 cm-' (observed), 669 cm-' (reported). 

Judging from the relative constancy of the 
tetraphenylarsonium infrared bands and the 
X-ray work, these new bands are attributed to the 
hexafluoro-anion species. 

The low frequency bands reported for the 
tetrafluoroborate salt are in general agreement 
with those of the other tetraphenylarsonium 
compounds. The features of the spectra from 
1600 to 400 cm-' may be interpreted for the most 
part in terms of the tetraphenylarsonium spectra 
coupled with the tetrafluoroborate ion spectra as 
reported by Greenwood (1 1). 

Crystal field effects for this series of tetra- 

phenylarsonium salts do not appear to have 
marked effects on the vibrational spectrum. 

We are indebted to the Office of Research and Projects, 
Southern Illinois University for continued financial 
support. 
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Carbon-13 and proton chemical shifts of cyclohexanes in relation to 
interaction energy 
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A con~parison of nuclear magnetic resonance spectra for isomeric cyclohexane derivatives (methyl, 
hydroxyl, halogen) shows that net shielding of carbon-13 nuclei of these con~pounds increases additively 
with an increase in repulsive non-bonding interactions, and thus with decreasing enthalpy in the series. 
By contrast, an inverse shielding pattern is found for the appcnded protons. Hence, a destabilizing 
interaction in these compounds alters polarization of the C-H bond, placing greater electron density 
on carbon, and its impact appears to be delocalized over many C-H bonds of the molecule. 

Canadian Journal of Chemistry, 48, 2639 (1970) 

Carbon-13 chemical shifts in the cyclohexane 
series are influenced strongly by conformational 
and geometrical factors (1-3). The methylcyclo- 
hexanes, for which extensive data are available 
(3), provide a particularly clear illustration of the 
kinds of effects that occur. In general, individual 
13C nuclei of a compound may experience either 
deshielding or increased shielding, the direction 
and magnitude of which is determined by the 
position and orientation of the methyl sub- 
stituents. Enhanced shielding is attributed mainly 

LPostdoctoral Fellow, 1969-1970. 

to steric hindrance associated with gauche 
interactions of the methyl groups, and deshielding 
to relief of these interactions (3-6). For example, 
several 13C nuclei of an isomer containing an 
axial methyl group come into resonance at higher 
field than when the group is equatorial; similarly, 
vicinal methyl groups are associated with greater 
shielding than are 1,3 or 1,4 arrangements (3). 

Because these destabilizing interactions in- 
fluence 13C chemical shifts, it is to be expected 
that the spectroscopic data, in turn, should bear 
some relationship to conformational stability of 
the methylcyclohexanes. The current note pro- 
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interaction in these compounds alters polarization of the C-H bond, placing greater electron density 
on carbon, and its impact appears to be delocalized over many C-H bonds of the molecule. 
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Carbon-13 chemical shifts in the cyclohexane 
series are influenced strongly by conformational 
and geometrical factors (1-3). The methylcyclo- 
hexanes, for which extensive data are available 
(3), provide a particularly clear illustration of the 
kinds of effects that occur. In general, individual 
13C nuclei of a compound may experience either 
deshielding or increased shielding, the direction 
and magnitude of which is determined by the 
position and orientation of the methyl sub- 
stituents. Enhanced shielding is attributed mainly 
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to steric hindrance associated with gauche 
interactions of the methyl groups, and deshielding 
to relief of these interactions (3-6). For example, 
several 13C nuclei of an isomer containing an 
axial methyl group come into resonance at higher 
field than when the group is equatorial; similarly, 
vicinal methyl groups are associated with greater 
shielding than are 1,3 or 1,4 arrangements (3). 

Because these destabilizing interactions in- 
fluence 13C chemical shifts, it is to be expected 
that the spectroscopic data, in turn, should bear 
some relationship to conformational stability of 
the methylcyclohexanes. The current note pro- 
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TABLE 1 

Sunimed values for I3C and 'H chemical shtfts for some methylcyclohexanes (in p.p.m.) 
- -- -- 

Compound* ZSI3Ct Z6'H.f Compound* Z613Ct ZSIH 1 

*In descending order of stability, considering only  the more important conformers. Detailed evaluations 
of the interaction energies are given in refs. 3 and  7. 

?The sum of the chemical shifts (p.p.m.) reported for eaeh compound in  ref. 3. The "C shifts are relative 
to ilo,vrrficld benzene, 'H shifts are relative to ripjicld tetramethylsilane. 

poses that this indeed is the case, and that such a ences in electron density that are mainly of 
relationship niay apply also for proton data, as conformational origin. It may be pertinent, 
well as for other series of compounds. therefore, that in contrast t o  the diniethylcyclo- 

In evaluating the data in these terms, it has hexanes, the diniethylbenzeiies differ relatively 
been more convenient to consider overall shield- little in total 613C values (0-xylene, 722.0; m-, 
ing states of the molecules rather than to  focus 721.2; p-, 718.2) whereas individual chemical 
attention on the chemical sliifts of individual shifts vary widely (8).3 
nuclei. Hence a com~ar i son  has been made of The effect of steric hindrance on the chemical 
sun? totals2 of 13C chemical shifts for the various shift of a proton appears to be opposite (i.e., 
niethylcyclohexanes from the data provided by deshielding) to  that of the I3C nucleus to  which 
ref. 3. This comparison (Tables 1 and 2) shows it is bonded (3-6, 12). Accordingly, summed 
that there is a systematic additivity of effects and values for the methylcyclohexanes generally 
thus a progressive increase in total shielding as exhibit the inverse of this presumed relationship 
the number of repulsive interactions increases between chemical shift and interaction energy 
(Table I ) :  e.g., overall shielding and also the (Tables 1 and 2). Thus, whereas 13C n~iclei of 
number of gauche interactions (7) increase in the isoniers containing only eq~~a to r i a l  or non- 
sequence 1,4 e,e (no interactions) < 1,2 e , ~  (one) vicinal niethyl groups are more strongly de- 
< 1,3 e,a (two) < 1,2 e,a (three). Since the same shielded on the average than those of isoniers 
interactions are the major ones evaluated in containing an axial methyl group or vicinal ones, 
conformational analysis of the niethylcyclo- the pattern is clearly reversed for protons 
hexanes (7), the 13C chemical shifts understand- (footiiotet, Table 1). 
ably reflect the relative order of stability of Perhaps these opposite shielding effects for 13C 
compounds within the series. A direct comparison and the protons attached thereto r e s ~ ~ l t  from 
of cis-trans isomers (Table 2) emphasizes these compensatory changes in electronic config~iration 
differences as well as the fact that there is a of C-H and C-C bonds that perniit the 
moderately good correspondence with inter- 
action energies and enthalpy data cited (7) for 
several of the isomeric pairs. Thus, a positive 
total chemical shift difference (A) of a b o ~ ~ t  
30 p.p.m. (f 5 p.p.m.) is observed throughout 
for a A H  of 1.8-2.0 kcal/mole. 

Carbon-1 3 chemical shifts appear to be deter- 
mined principally by the electron density of the 
atoms (5, 8-11). Hence these chemical shift 
variations are regarded as an indication of differ- 
- 

niolecule to attain an overall niinimuiii energy 
level. It appears, in any event, that the nature of 
a destabilizing interaction in these conipounds is 
such as to generatc an overall increase in the 
shielding of 13C and decreased shielding of 'H.  
That is, the less favorable energy state is asso- 
ciated with a net change in the "charge polariza- 
tion" (4-6) of C-H bonds, placing greater 
electron density on carbon. Most of the C-H 
bonds in a molecule are affected in this manner, 

ZSummed values also eliminate the considerable 3Sirnilarly, the dimethoxybenzenes show a wide range 
difficulty of unambiguously establishing assignments for of 13C chemical shifts (8), but relatively uniform total 
all of the individual signals. 613C values: o-, 664.6; nz-, 667.6; p-, 664.0. 
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NOTES 2641 

TABLE 2 

Comparison of some cis-trans rnethylcyclohexanes (in p.p.m.) 
- - -- - - -- -- - - - - -- 

Methylcyclohexane ZS13C* A t  Z6'H" A1 E$ 

- - - 

*Values from Table I .  
tValues for c,u (or c,e,u) isomer !!r!rlus value for c,e (or e,c,e) isomer; (+) indicates increased sh~elding, (-) decreased 

c h i r l d ~ n o  
Slnteraclion energy for e,u isomer nlin~rs value for c,c isomer (kcal/mole) (7). 

f0.05 

- k o . 0 8 e  -0.16 - -0.09 

-0.22 
+ 0.05 

A ~ ' H  

FIG. 1 .  The "C and ' H  chemical shift diffcrcnces (AS) 
between the ~,(,,e and c,,e,a isomer of 1,3,5-trimethyl- 
cyclohcxanc. Thc AS values (p.11.m.) (derived from data 
of  ref. 3, Tablc I V )  correspond to the changes observed 
whcn the orientation of thc mcthyl proLIp attached to tlic 
starred (") carbon is altcrcd from e to 0; +, increnscd 
shielding; -, dccreascd shielding. 

although those that are relatively remote from 
the orientational (equatorial -> axial) rearrange- 
ment show little change or even a slight polariza- 
tion in the opposite direction. This widespread 
alteration of shielding effects, illustrated typically 
for the group of compounds by Fig. 1 ,  provides 
a graphic demonstration of the impact of a 
non-bonding interaction. Its translation into 
numerous electron density readjustments over 

the molecule as a whole, presumably is a form of 
delocalization commensurate with optimum sta- 
bilization. Althoi~gh an increase in I3C shielding 
is suggestive of a contraction of C-C-C bond 
angles (decrease in s character) and/or lengthen- 
ing of C--H bonds, the simultaneous decrease 
in shielding of the attached proton is not consis- 
tent with this direction of hybridization change; 
~ ~ L I S ,  a proton on sp3 carbon is normally expected 
t o  be tnore shielded than a proton on sp2 carbon. 
Most pertinent to  the current findings would be 
a bonding model (cf. 4, 6) that permits for a 
simultaneous decrease in excitation energy for 
I3C, and an increase for ' H ,  as the C-H bond 
becomes affected by a destabilizing interaction. 

The 13C spectra of cyclohexane derivatives 
that contain more polar types of bonds, i.e., 
cis-trans isomers of the cyclohexanediols, 4-t- 
b~~tylcycloliexanol, and 1,2-dichlorocycloliexane 
(Table 3), suggest that a relationship of this kind 
applies in a broader context. Thus, total 13C 
values, and most individual I3C chemical shifts, 
for these compounds also reflect greater deshield- 
ing effects in the more stable isomer. It is note- 
worthy that cholestane-3-cc- and P-yl acetates 
alTord results (I 3) closely similar to  those for the 
monocyclic compounds. Hence, the isomeric 
difference in total I3C chemical shifts (derived 
from Table I [  of ref. 13) is + 17.5 p.p.m., com- 
pared with a value of + 15.0 for the acetates of 
cis- and trans-4-t-butylcy clohexanol (from 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2642 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE 3 

Comparison of cis-trans isomers of some cyclohexane derivatives (in p.p.m.)** 
.- -- 

-- 
C SL3C* Z613C E i  C 613C* Z613C A1 E!: 

DiolS Dicl~loro / /  
1,2-cis 1,2 56.2 1,2-cis 1,2 64.1 

(e,a) 
3,6 97.4 518.2 3,6 94.3 526.0 

cis 
(e,a) 

*Relative to downfield benzene. 
tAs Tor Table 2. 
i A s  For Table 2. 
Bln water. 
/ /Neat  liquid. 
1;ln chloroform-0. 
**Although not  recorded here the 6'H data available show diferences similar to those noted Tor thc  methylcyclohexanes. 

Table 1 of ref. 13). Differences between the The 13C nuclear magnetic resonance (n.m.r.) 
isomeric steroids are confined mainly to the data for the aldopyranose sugars (15-18) show 
A-ring. However, minor ones extend over a relationships similar to those described above, 
substantial distance, thus, the ci isomer exhibits although the results are not as straightforward 
a small increased shielding of the angular methyl 
I3C (C-l9), as well as of C-6 and - 1  1 the C-H 
bonds of which are oriented 1,3-diaxially relative 
to this methyl group. 

I n  general, the current data resemble those 
pertaining to bulk molecular properties such as 
expressed in the von Auwer's rule (14). However, 
since solutions as well as neat liquids are repre- 
sented here, possible intern~olecular effects do 
not appear to be of major importance. 

and accordingly are treated in detail elsewhere 
(1 8). 

Experimental 
Carbon-I3 magnctic resonance spectra were nieasured 

at a freq~~ency of 25.15 MHz by means of a Varian HA 
100 spectrometer. The n.m.r. system included a probe 
do~~bly-tuned to 25.15 and 100 MHz, a voltage controlled 
generator, a V3512-1 lieteronuclear decoupler, and a time 
averaging compLlter, which permitted the recording (in 
frequency sweep mode) of proton-deco~~pled I3C res- 
onance signals in n a t ~ ~ r a l  abundance. Methyl iodide-I3C 
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(about 90% enriched; Merck, Sharpe and Dohnie, 
Montreal, Quebec), contained in a coaxial capillary, 
furnished the internal reference "lock" signal. Chemical 
shifts are reported relative to benzene, which produces 
its resonance signal 147.9 p.p.m. (3720 Hz) downfield 
from the methyl iodide reference signal. (Since I3C 
chemical shifts freqllently are reported relative to carbon 
disulfide, it may be noted that the corresponding value 
for the latter relative to methyl iodide is 213.1 p.p.m. 
(5370 Hz).) Resolution was 0.1 p.p.m. or  better. The  
probe temperature was 55" + 5 "C, the operating 
teniperatllre of the i n s t r~~men t .  

The authors are grateful to Dr .  P. G .  Farrell and 
D .  M.  Mackie for helpful discussions, and to the Pulp 
and Paper Research l n s t i t ~ ~ t e  of Canada and the National 
Rescarch Council of Canada for generous support. 
R.  Simonea~r kindly assisted in the recording of spectra. 
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(Ref.: Can. J. Chem. 47, 1254 (1969)) 

Canadian Journal of Chemistry, 48, 2643 (1970) 

On page 1254, in the left-hand column, the In Table I1 on p. 1256, for compound 12 the 
order of effectiveness of reactants with substit- yield should read 73 and not 39%, and the 
uents should read 4-C1 > H and not H > 4-C1. melting point 184-185 and not 215-216". 
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Pyrone studies.' Photochemistry of triacetic acid lactone2 
C. T. BEDFORD, J. M. FORRESTER, AND T. MONEY 
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The irradiation of triacetic acid lactone in various solvents results in novel rearrangement to b-methyl- 
glutaconic acid derivatives. In benzene solution an efficient conversion to p-methylglutaconic acid 
anhydride occurs while in methanol solution a mixture of products is obtained whose structures represent 
retention and rearrangement of the original carbon skeleton. Results obtained from irradiation of the 
corresponding methyl ether of triacetic acid lactone in methanol solution are also described. 

Canadian Journal of Chemistry, 48, 2645 (1970) 

In connection with our studies of ring cleavage- 
aromatization reactions of pyrones and poly- 
pyrones (2) we have recently investigated the 
photolysis of some suitable 2-pyrone systems. 
4-Hydroxy-6-methyl-2-pyrone (3) (triacetic acid 
lactone, TAL) and its methyl ether, 12, were 
chosen as simple analogs of a series of compounds 
we wished to study and this paper describes the 
photochemistry of these compounds in different 
solvents. Pertinent to this study were the previous 
results of de Mayo and his colleagues (3) who 
demonstrated that irradiation of 4,6-dimethyl-2- 
pyrone (1) in methanol solution affords methyl 
P-acetonylcrotonate (2) (see Scheme 1). A keten 

MeOH $ 

'For earlier parts in this series see ref. 2. 
ZMuch of this work has been described in a preliminary 

communication (1) and presented, in part, at the C.I.C. 
Conference, Vancouver, B.C., May 1968. 

intermediate, l a ,  was invoked to explain the 
formation of 2 although an alternative explana- 
tion involving the bicyclic p-lactone l b  as inter- 
mediate was suggested by Corey and Streith (4). 
Recent studies by Pirkle and McKendry (5) 
and by de Mayo and his coworkers (6) support 
the original view (3) that keten (la) is an inter- 
mediate in this reaction. 

At the outset of our investigations we con- 
sidered that a similar photochemical process 
would efficiently convert triacetic acid lactone 3 
into methyl 3,5-dioxohexanoate (4b), and, by 
extension, other 2-pyrone systems into poly-P- 
keto esters of varying chain length (Scheme 2). 
In our initial experiment irradiation of a 0.1 % 
methanolic solution of TAL for 3 h at  room 
temperature and examination of the reaction 
mixture by thin-layer chromatography (t.1.c.) 
showed that complete conversion to a mixture 
of products had o c c ~ r r e d . ~  Careful removal of 
solvent and steam distillation of an aqueous 
solution (pH 6.3) of the residue afforded a dis- 
tillate from which methyl 3,5-dioxohexanoate 
(4b) was isolated as a colorless oil. The nuclear 
magnetic resonance (n.m.r.) spectrum of this 
product showed that it existed as a tautomeric 
mixture of keto 4b and en01 4a forms. In an alter- 
native work-up of the evaporated reaction mix- 
ture crystallization from ether-petroleum ether 
yielded cis-P-methoxycarbonylmethylcrotonic 

3Similar treatment of triacetic acid lactone in the dark 
gave a quantitative recovery of starting material. 
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acid (10) which, on treatment with diazomethane, 
was converted to the known dimethyl ester, 
10a (11). A third compound isolated from the 
crude reaction product was P-methylglutaconic 
anhydride (9) (12) and the yield of photoproducts 
9, 4a, b, and 10, based on ultraviolet (u.v.) and 
n.m.r. spectroscopic analysis, were 27, 13, and 
42 % re~pectively.~ The formation of P-methyl 
glutaconic anhydride 9 and the corresponding 
unsaturated acid ester 10 was contrary to our 

40ther compounds of the crude reaction mixture have 
proved difficult to isolate in pure form but n.m.r. spectro- 
scopic evidence seems to indicate the presence of trans- 
unsaturated acid ester 11 and P-methylglutaconic acids. 

e ~ ~ e c t a t i o n s . ~  To explain their formation we have 
invoked (1) the intermediacy of the bicyclic 
P-lactone 3b since we considered that only an 
intermediate of this type could adequately ex- 
plain the skeletal rearrangement which had taken 
place during the formation of 9 and 10. Thus 
initial photoisomerization to the bicyclic-P- 
lactone 3b could occur followed by either of 

'The possibility that anhydride was acting as the pre- 
cursor of the unsaturated acid ester 10 was investigated 
by a series of blank experiments. The anhydride was 
photochemically inert in ether or benzene while in 
methanol a 15 % conversion of anhydride to 10 wasnoted 
after 3 h. However, the same conversion was noted in the 
dark and total conversion was accomplished in 48 h. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BEDFORD ET AL.: PYRONE STUDIES 

OMe 
I 

+ OMe - h c o i  

OMe  OM^ 

two speculative routes to the photoproducts 9 
and 10. In one pathway rearrangement to the 
cyclobutenone 5b could occur followed by 
photoisomerization to the cisoid keten 8 (7). 
Intramolecular cyclization or methanol addition 
would then complete the sequence to 9 and 10 
respectively. In the route described above we 
have assumed that cyclization of the keten 8 
to anhydride 9 competes favorably with addition 
of methanol. Other examples where intra- 
molecular cyclization of ketens has competed 
favorably with methanol addition have been re- 
ported (8). An alternative non-photochemical 
route from the bicyclic P-lactone 3b t o  9 and 10 
could involve the protonated carboxylcyclo- 
butenone, 5a. Intramolecular cyclization to the 
lactol 7 followed by dealdolization would lead 
to the anhydride 9. The formation of the cis- 
unsaturated acid ester 10 could be explained by 

intermediate formation of the hemiketal 6 .  
Thermal conrotatory ring opening of 6 (5) could 
lead to a mixture of cis- and trans-acid esters, 
10 and 1L4 An examination of the photo- 
chemical behavior of TAL in dry benzene or dry 
ether supported the intermediacy of the bicyclic 
p-lactone. Under these conditions TAL was 
efficiently converted to P-methylglutaconic an- 
hydride in 85-90% yield (estimated by u:v. and 
n.m.r. spectra). Intramolecular cyclization of the 
keten 8 or rearrangement of the lactol 7 can 
again be cited as reasonable mechanistic routes 
to the anhydride 9. 

Our photochemical studies were then extended 
to 4-methoxy-6-methyl-2-pyrone (12) (10) in an 
attempt to increase the yield of straight chain 
product (see Scheme 3). When a 0.2% solution 
of 12 in methanol was irradiated for 6 h an al- 
most quantitative conversion to a single photo- 
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product occurred. The product was isolated as a 
colorless oil whose spectroscopic and analytical 
properties were in agreement with the assigned 
structure 17.6 Chemical support for this structure 
was obtained when treatment with wet ether 
resulted in quantitative conversion to the cis-acid 
ester, 10. The efficient photochemical conversion 
of methoxypyrone, 12, to dimethoxypyrone, 17, 
in methanol solution differs markedly from the 
behavior of the corresponding hydroxypyrone, 3, 
under identical conditions. In particular there 
was a notable absence of straight chain ester 13 
arising from a keten intermediate. The preferred 
pathway, therefore, seems to involve the inter- 
mediacy of bicyclic P-lactone, 12,7 which could 
be converted to 15 by methanol addition to the 
zwitterionic intermediate 14.8,9 Thermal con- 
rotatory ring opening of 15 followed by inter- 
molecular cyclization would complete the se- 
quence to the photoproduct 17. 

In summary the photochemical behavior of 
4-oxygenated Zpyrone systems (1, 6) differs 
markedly from the corresponding 4-alkyl (3) 
or unsubstituted systems (4, 5, and 9). In the 
latter cases the major reaction products in 
methanol solution were esters, 2 and 20, derived 
by methanol addition to intermediate ketens 
l a  and 19. No products are formed under these 
conditions which require the intervention of an 
intermediate bicyclic P-lactone. The latter com- 
pounds (e.g. lb ,  21) can be detected as photo- 
products at low reaction temperatures (5, 6) and 
21 has been isolated from ether solution (4). Pirkle 
and McKendry (5) have shown that treatment 
of the bicyclic lactone 21 with methanol results in 
the formation of the cis and trans-acids, 26 and 25, 
and have proposed a zwitterionic intermediate, 
22, for this reaction (see Scheme 4). Methanol 
addition to 22 followed by thermal conrotatory 

6At this point in our investigations a private communi- 
cation from Professor de Mayo described his recent 
studies on the photochemical behavior of 4-methoxy-6- 
methyl-2-pyrone (12) in water and benzene. We thank 
Professor de Mayo for informing us of his results prior 
to publication (6). 

'Evidence for the formation of bicyclic p-lactone (12b) 
during low temperature irradiation of pyrone (12) has been 
obtained by de Mayo and his colleagues (6). 

BAddition of water to the zwitterionic intermediate 
14 was also postulated by Professor de Mayo and his 
colleagues (6) to explain the formation of the cis-acid 
ester 10 from 12 after irradiation in water. 

gThe formation of zwitterionic intermediates during 
rearrangement of bicyclic 8-lactones was first suggested 
by Corey and Pirkle (9). 

..... 4 
co; 

ring opening of the cis and trans cyclobutene 
acids, 23 and 24, would yield the products 
26 and 25. In the case of the 4-hydroxy- and 
4-methoxy-Zpyrones, 3 and 12, the presence 
of the electron-donating oxygen substituent in- 
duces irreversible rearrangement of, the inter- 
mediate bicyclic p-lactone to cyclobutene deriva- 
tives which can be converted to branched-chain 
corn pound^.^^ Also in these cases this is the 
major reaction pathway and products formed 
from the ketens, 3a and 12a, are either formed 
in comparatively low yield or not at all. 

Experimental 
Irradiation experiments were conducted at room tem- 

perature under dry nitrogen using an internal water- 
cooled mercury arc lamp (Hanovia, 450 W) equipped with 

I0Triacetic acid lactone is a naturally occurring pyrone 
(14) derived by linear condensation of three acetate units. 
The efficient conversion of this compound to a branched 
six-carbon unit of the glutaconic acid type may have 
significance in polyprenoid biosynthesis since it provides 
an alternative explanation for the derivation of mevalonic 
acid from three acetate units. We are presently investi- 
gating this possibility. 
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a Pyrex filter. Infrared (i.r.) spectra were obtained in 
CHCl, or CC1, with a Perkin Elmer model 137B spectrom- 
eter and u.v. spectra in AR methanol with a Unicam SP 
820. The n.m.r. spectra were determined with a Varian 
A-60 or a Varian HA-100 spectrometer using tetramethyl- 
silane as internal standard (values in r units, s = singlet, 
d = doublet, t = triplet, m = multiplet) and the mass 
spectra with an MS 9 spectrometer. Melting points were 
determined on a Kofler heating stage and are uncorrected. 
The t.1.c. results were obtained using silica gel G256+366 
of 0.25 mm thickness. Solvent A was chloroform -acetic 
acid (9:l). Petroleum ether had b.p. 60-80". 

Irradiation of Triacetic Acid Lactone (3) 
(i) In Methanol 
The progress of the irradiation experiments of triacetic 

acid lactone in dilute (ca. 0.1-0.4%) dry methanol solution 
was monitored by the disappearance of the light absorp- 
tion band at h,,, 285 nm, and the appearance of three 
new bands at A,,, 217,276, and 342 nm. In the course of 
several pilot runs it was found that virtually no triacetic 
acid lactone remained after 3 to 4 h irradiation and that 
at least three new compounds had been formed (t.1.c.). 
The volatility in steam of one of them permitted its'iso- 
lation and identification. Thus steam distillation of an 
aqueous solution of the crude photoproduct (5.75 g; 
from 4.56 g of triacetic acid lactone) yielded a distillate 
from which a pale yellow oil (525 mg; 9 %)was isolated by 
extraction with ether. Distillation afforded methyl 3,5- 
dioxohexanoate (46) as a colorless oil (325 mg); b.p. 
65"/11 mm; M +  m/e 158. 

Anal. Calcd. for C,Hlo04: C, 53.16; H, 6.33. Found: 
C. 52.92: H. 6.17. 

~~pectroscopic data: h,,, (MeOH) 276 nm (7650), 
A,,, (0.1 N NaOMe/MeOH) 296 nm (19 700); v,,, (film) 
1740, 1621, 1610 cm-'; FeC1,: wine red. The n.m.r. 
spectrum (12% in CC1,) showed that the compound 
existed as a tautomeric mixture of en01 (4a) [7 7.97 (3H, s), 
6.78 (2H, s), 6.35 (3H, s), 4.48 (IH, s), -4.70 (lH, 
broad s)] and keto (46) [r 7.83 (3H, s), 6.57 (2H, s), 
6.36 (2H, s), 6.35 (3H, s)] forms. 

Repeated fractional crystallization from ether - 
petroleum ether of the crude photoproduct yielded cis-0- 
carbomethoxymethylcrotonic acid (lo), m.p. 77-78" 
(petroleum ether); h,,,(MeOH) 213nm (11 840), 
I,,, (MeOH) (NaOH), 204 nm (1 1 500); v,,, (CCI,) 
1740, 1695, 1650,1268, 1169 cm-' ; 7 (CCI,) 8.00 (3H, d, 
J 1.4 Hz); 6.34 (3H, s), 6.30 (2H, broad d), 4.16 (1 H, m), 
2-.OO (lH, s). 

The third component of the crude photoproduct 
appeared to be B-methylglutaconic anhydride (9) (see 
below) on the basis of t.1.c. and U.V. (A,,, 342 nm) of the 
reaction solution and this was confirmed by n.m.r. assay 
of the crude photoproduct, which, as a result of the 
characteristic and distinguishable chemical shifts of each 
of the three products, also permitted a direct estimate of 
the yield of each. The anhydride is solvolyzed slowly by 
methanol to one of the other photoproducts, 0-carbo- 
methoxymethylcrotonic acid (10) and thus in order to 
obtain an optimum value of the yield of anhydride a 
sample of the irradiated reaction mixture (containing 
some unreacted triacetic acid lactone) was removed after 
2 h and carefully evaporated (25"/12 mm). Since triacetic 

TABLE 1 

Yield of photoproducts 

Compound Yield 

a-Methylglutaconic anhydride (9) 2 7 +  3% 
0-CarbomethoxymethyIcrotonic acid (lo) 40 + 3 % 
Methyl 3,5-diketohexanoate (46) 13 + 3% 

acid lactone is virtually insoluble in chloroform, an n.m.r. 
spectrum (CDCl,) of the mixture of photoproducts was 
readily obtainedafter treatment of theevaporated reaction 
mixture with deuteriochloroform. In two runs the figures 
shown in Table 1 were obtained by n.m.r. assay. 1f the 
irradiated solution was set aside for 2 days prior to 
evaporation of the methanol no anhydride could be 
detected by n.m.r. or t.1.c. and an increased yield of B- 
carbomethoxymethylcrotonic acid (70 3 %) was ob- 
served; the yield (13 + 3 %) of methyl 3,5-dioxo hexan- 
oate was unaffected. 

No reaction was observed when triacetic acid lactone 
was subjected to similar treatment in the dark. 

(ii) In Benzene or Diethy1 Ether 
Triacetic acid lactone (1 g) was irradiated under nitro- 

gen for 24 h as a stirred suspension in dry benzene (500 
ml). Some unreacted starting material (400 mg) was iso- 
lated by filtration. The filtrate was evaporated at 30" 
in uacuo to givea pale yellow solid (549 mg),which showed 
virtually only one spot (Rf = 0.50) by t.1.c. (solvent A), 
and contained no triacetic acid lactone (RI = 0.15). 
Recrystallization of a portion (515 mg) of this crude 
photoproduct, first from dry ether (20 ml) at -20°, and 
then from 5 % benzene - petroleum ether (200 ml) at 0" 
gave colorless crystals (394 mg) of a-methylglutaconic 
anhydride (9), m.p. 89-90" (lit. m.p. 90" (13), 86" (12)); 
M+ m/e 126. 

Anal. Calcd. for C,H603: C, 57.20; H, 4.80. Found: 
C, 57.35 ; H, 4.89. 

Spectroscopic data: h,,, (ether) 218 nm (9850), 
h,,, (MeOH) 222 (10 700), and 340nm(520), h,,,(MeOH) 
(NaOH) 236.5 (7500) and 342 nm (15 600); v,,, (CHCl,) 
1800, 1740, and 1660 cm-'; r (CDC1,) 7.93 (3H, double 
triplet, J = 1.5 Hz, 1.0 Hz), 6.57 (2H, double quartet, 
J = 1.5 Hz, 1.0 Hz), 3.97 (lH, sextet, J = 1.5 Hz). The 
yield of anhydride based on U.V. and n.m.r. spectra of the 
reaction solution was 85-90%. Essentially identical 
results were obtained using diethyl ether as solvent. 

Methyl 0-Carbomethoxymethylcrotonate (IOU) 
0-Carbomethoxymethylcrotonic acid (21 mg) was 

treated with ethereal diazomethane to yield methyl 
P-carbomethoxymethylcrotonate as an oil, the n.m.r., 
I.r., and U.V. spectra of which were identical with those 
described by Jackman and Wiley (1 1). 

Methanolysis of a-Methylglutaconic Anhydride (9)  
(i) B-Methylglutaconic anhydride (50 mg) in dry 

methanol (50 ml) was set aside at room temperature in 
the dark for 48 h, and then evaporated at 30" in uacuo 
to yield, as sole product (t.1.c. and n.m.r.), cis-a-carbo- 
methoxymethylcrotonic acid (lo), m.p. 78-80". 

(ii) 13-Methylglutaconic anhydride (48 mg) in dry 
methanol (50 ml) was set aside in the dark at room tem- 
perature for 3 h. Evaporation at 20" in uacuo gave a white 
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solid, m.p. 63-86", which, by n.m.r. assay, was a mixture 10. After 3 days reaction was complete and after eva- 
of cis-P-carbomethoxymethylcrotonic acid (13 + 3 %) poration to dryness the solid product exhibited an n.m.r. 
and unchanged P-methylglutaconic anhydride (87 + 3 %). spectrum identical to that of pure acid ester (10). 
Essentially identical results were obtained by irradiating 
a solution of B-methylglutaconic anhydride in dry We are grateful to the National Research Council of 
methanol for 3 h. Canada for generous financial support (NRC A 2267). 

Irradiation of 4-Methoxy-6-methyl-2-pyrone (12) (10) 
in Methanol 

The progress of the reaction was monitored by the 
disappearance of the light absorption band at 281 nm 
and the appearance of a new band at 220 nm. It was found 
that no triacetic acid lactone methyl ether remained after 
about 6 h irradiation, and t.1.c. analysis of the product 
indicated that one photoproduct had been formed. When 
triacetic acid lactone methyl ether (1.00 g, 7.16 mmole) 
was irradiated for 6 h, evaporation of the methanol gave 
a pale yellow oil (1.07 g, 96.5%) which on distillation 
yielded a colorless oil with spectral properties consistent 
with the assigned structure (17), b.p. 8Oo/9mm; M +  
m/e 172. 

Anal. Calcd. for C8Hl2o4: C, 55.82; H, 6.98. Found: 
C, 55.62; H, 6.88. 

Spectroscopic data: h,.. (MeOH) 220 nm (9540); 
v,,, (CCI,) 1730, 1380, 1360, 850 cm-'; -I (CCI,) 8.02 
(3H, s), 7.45 (2H, s), 6.68 (6H, s), 4.33 (lH, s). 

Conversion of Photoproduct 1 7  to cis-P-Carbomethoxy- 
methylcrotonic Acid (10) 

(a) Photoproduct (87.6 mg) was dissolved in wet ether 
(20 rnl) and allowed to stand at room temperature for 
24 h. Evaporation to dryness followed by crystallization 
of the solid residue from petroleum ether yielded cis-P- 
carbomethoxymethylcrotonic acid (10). 

(b) To a solution used to measure the n.m.r. of photo- 
product (-30mg in 0.4 ml CCl,,) was added water 
.(2 drops). Periodic n.m.r. assay showed gradual dis- 
appearance of peaks corresponding to photoproduct 17 
and the appearance of peaks attributed to the acid ester 
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Interferometric investigation of the polarographic maxima 

R. N. O'BRIEN AND F. P. DIEKEN 
Department of Chemistry, University of Victoria, Victoria, British Columbia 

Received1 July 16, 1969 

The flow patterns around the mercury drop at  the positive and negative polarographic maxima have 
been investigated by suspensions of activated carbon particles and laser interferometry. The accepted 
patterns due to  Antweiler have been shown to  require modification. Specifically the positive maximum 
flow is a downflowing annulus with a gently upwelling interior below the equator of the drop and the 
negative maximum flow is a torroidal whorl surrounding the drop. Speeds of particles were recorded by 
motion picture photography and concentration changes by interferograms. 

Canadian Journal of Chemistry, 48, 2651 (1970) 

The polarographic maxima have been investi- 
gated by many authors. A summary of the 
phenomena and the postulated explanation for 
the maxima are reviewed by Heyrovsky and Kuta 
(ref. 1, pp. 440-450). Most of the experimental 
data on which the explanations for the occur- 
rence of the maxima are based were obtained by 
conventional methods except the work of Ant- 
weiler (2,3), who used a Schlieren-interferometric 
system in conjunction with oscilloscopic traces 
to examine a number of positive and negative 
maxima. The Schlieren method allowed Antweiler 
to establish streaming directions and relative 
areas near the electrode where refractive index 
changes occur during the maximum. 

This work was accomplished by laser inter- 
ferometry in which concentration changes from 
the bulk value are observed as perturbations to 
multiple beam interference fringes which were 
recorded on 16 mm motion picture film. Quantita- 
tive evaluation of the depletion effect around the 
mercury drop has not yet been accomplished. 
Qualitative evaluation of the concentration deple- 
tion is clearly indicated as a shift or bending of 
the interference fringes. The direction and velocity 
of stirring were measured by observing the 
movement of the solid particles. 

Experimental 
The experimental apparatus was similar t o  that de- 

scribed by O'Brien (4). A cylindrical cell was used with 
a 3 electrode system: a dropping mercury electrode, a 
silver wire in saturated KC1 medium as  the counter 
electrode, and a saturated calomel electrode (s.c.e.) as a 
reference electrode. The light source was a Spectra- 
Physics He-Ne gas laser equipped with a spatial filter 
and beam expanding telescope. 

IRevision received February 26, 1970. 

A 0.010 M solution of CuS04 and a 0.032 M solution 
of CoS04 were used for the positive and negative maxi- 
mum, respectively. The supporting electrolyte for all 
experiments was 0.100 M NaC104. No  surface active 
agents were added. All solutions were purged with nitro- 
gen before electrolysis. Bakelite particles were used in the 
positive maximum studies; however, activated charcoal 
particles were found to  enhance the maximum and were 
used in all subsequent experiments. 

Results 
The CuSO, solution exhibits a typical positive 

maximum polarogram having a maximum cur- 
rent of 1000 pA compared with a limiting current 
of 74 pA. 

A positive maximum for a reduction process is 
associated with a downward streaming of the 
electrolyte; flow from the neck to the base of the 
drop where it is continued downward from the 
base of the drop. The general pattern of particle 
movement shown in Fig. 1 is similar to that 
reported by Antweiler (5). Each line represents 
the movement of a single particle with some lines 
indicating particle position at 118 s intervals. 

In contrast to the work of Antweiler, our 
results indicate that the electrolyte does not 
stream downward from all parts of the drop. The 
electrolyte streams downward in an annular type 
structure with an inner diameter formed by the 
equator of the drop. The outer diameter extends 
to about 2 mm. 

The absence of particles entering the central 
portion of the annulus is easily seen in Fig. 1. 
Particle motion in the electrolyte directly beneath 
the drop indicates an area of weak upward flow, 
which rapidly decreases in velocity with increas- 
ing distance from the base of the drop. Although 
fewer particles are available for measurement in 
this smaller volume, a sufficient number were 
present to establish the upward movement of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1.  Typical particle paths during a positive maximum. 

TABLE 1 
Particle velocity study 

Positive maxima 

Distance from 
center of 
electrode Particle 

(mm) direction* 

Particle 1 

Negative maxima 

Distance from 
Particle center of Particle 
velocity drop Particle velocity 
(mm/s) (mm) direction* (mmls) 

Particle 1 
- 2.1 + - 

Particle 2 Particle 2 
1.9 + 1.8 + - - 
1 .7  + 0.9 1 .7  + 0.6 
1.4 + 1 . I  1.6 + 0.6 
1.2 + 1.3 1.5 + 0.9  
1 . O  + 1.6 1.4 + 1.4 
0.9 + 2.2 1 . 1  + 2.2 
0.9 - 2.3  0.9 - 1.9 
1.3 - 6.8 

*+ denotes particle moving toward drop, - denotes particle moving away from drop. 

electrolyte. Particles located 1 to 2 mm below observation of particles moving perpendicular 
the center of the drop exhibit a random type to the picture plane. These particles attain a 
motion until they are drawn into the downward maximum velocity of 0.8 mm/s at a distance of 
flowing annulus. 0.7 mm from the center of the drop, which is 

The existence of particles within this upward significantly less than the corresponding particles 
flowing region is verified by the limited depth of advancing to the drop from the bulk solution 
field 0.1 mm, which would not permit continuous (see Table 1). 
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O'BRIEN AND DIEKEN: ON POLAROGRAPHIC MAXIMA 2653 

FIG. 2. Concentration gradients around the dropping 
mercury electrode during the positive maximum. 

Particle velocities shown in Table 1 are 
calculated from large scale plots of particle 
movements as a function of distance from the 
center of the drop. The velocities are not 
constant and without exception accelerate up 
to and away from the drop. Only maximum 
values approach those reported by other authors 
(ref. 1, p. 442.). 

FIG. 3. Concentration gradients around the dropping 
mercury electrode during limiting current conditions. 

The interference pattern in Fig. 2 shows many 
of the expected features of the positive maximum. 
The fringes nearest the capillary remain parallel 
up to the neck region of the drop. The diffusion 
layer is destroyed by electrolyte flow. The fringes 
intersecting the drop below its equator are 
shifted upward indicating a decrease in refractive 

I I I 
0 

I 
I 2 3 

m m  

FIG. 4. Typical particle paths during a negative maximum. 
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index and in concentration of depolarizer. The 
split fringes between the 3rd and 4th bright fringe 
show progressively larger fringe shifts extending 
to the shear boundary formed by the equator of 
the drop. The 4th bright fringe outlines the 
concentration distribution at the base of the drop. 
The extension of the depleted region on either 
side of the drop does not agree with a spherically 
concentric laminar flow of electrolyte from the 
neck to the base of the drop at velocities men- 
tioned in Table 1. The fringes below the drop 
indicate the volume of de~leted solution which 
appears to be trapped within the annulus. 

Figure 3 shows a limiting current condition. 
No maximum is occurring and normal concen- 
tration gradients near the neck are apparent from 
the upward fringe shift. 

The 0.032 M solution of CoSO, shows a 
normal negative maximum which terminates a t  
about - 1.5 V vs. s.c.e. A maximum current - 
limiting current ratio of 5 was obtained in 
solutions of suspended charcoal. 

A negative maximum for a reduction process 
is associated with an upward movement of 
electrolyte towards the bottom of the drop, past 
the surface to the neck and sideways under the 
capillary (ref. 1, p. 440). Levich (6) indicates that 
the streaming takes the form of a horizontal 
torroid. The flow pattern of particles (Fig. 4) is 
obtained from the mass movement of finely 
dispersed activated charcoal particles. The rela- 
tive lengths of the arrows in the torroid region 
give a relative velocity of stirring. The center of 
the vortex moves outward as the drop increases 
in size. Large particles often become trapped 
within this vortex and clearly demonstrate a 
circular type stirring. 

Particle velocities measured during the negative 

T I M E  ( s )  
FIG. 5. Current-time curve of a drop experiencing a 

delayed maximum. 

FIG. 6 Events surrounding a negative maximum 
current rise: (a) 3.3 s from fall of previous drop; (b) up- 
ward movement of solution during vertical current rise; 
(c) fully developed negative maximum. 
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O'BRIEN AND DIEKEN: ON POLAROGRAPHIC MAXIMA 2655 

I maximum are reported in Table 1. Particles 
I moving to the base of the drop show a uniform 
I velocity while those trapped in the vortex ac- ' celerate upon approaching the drop. 
i As voltages approach the fall of the negative 
1 maximum of Co, the onset of the streaming is 
I irreproducibly delayed. The current-time curve ' for one such drop is shown in Fig. 5. The events 

surrounding the initiation of streaming are 
I recorded on film. 

Figure 6a shows the polarized electrode (drop 
diameter 0.7 mm) at 3.3 s from the fall of the 
previous drop. Large concentration gradients are 
indicated by the prominent downward fringe 
shift near the surface of the drop. Figure 6b shows 
the streaming associated with the vertical current 
rise (see Fig. 5). The volume of solution that is 
moved during the initiation of the maximum is 
indicated by the fringes that are blurred by the 
rapid refractive index change which occurs over 
a diameter of 1.8 mm. The maximum is fully 
developed in Fig. 6c. The horizontal boundary 
of the torroidal stirring is indicated by the fringe 
reversal at a diameter of 2.5 mm. 

I I Discussion 
The streaming of electrolyte during a positive 

maximum is not a smooth lamina1 flow from the 
neck to the base of the drop. Particle movement 

indicates that the electrolyte moves downward in 
the form of an annular ring with an inner diameter 
created by the equator of the drop. In the region 
directly below the drop, a weak upward move- 
ment of the electrolvte has been observed. 

Initiation of the negative maximum during the 
growth of a polarized drop causes an immediate 
and distinct streaming of the surrounding elec- 
trolyte. The stirring and concentration depletion 
of solution during a fully developed negative 
maximum occurs in a volume equal to 25 times 
the volume of the drop. 

The authors suggest that this evidence conflicts 
with the theory that streaming of the electrolyte 
during the maxima event is caused by simple 
streaming of the mercury surface. 
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Studies on metal hydroxy compounds. XI. Thermal analyses, decomposition 
kinetics, and infrared spectra of cadmium and zinc halide derivatives 

P. RAMAMURTHY AND E. A. SECCO 
Chemistry Department, St. Francis Xauier University, Antigonish, Nova Scotia 

Received January 30, 1970 

The thermal analyses of Cd,(OH),X type of basic halides reveal that the decomposition occurs via a 
two-step dehydroxylation pattern, yielding CdOHX as an  intermediate product after the initial mode. 
These results suggest that Cd2(OH),X is an  addition compound of the hydroxide and the 1 :I hydroxy- 
halide, i.e. Cd(OH),.CdOHX. Calorimetric measurements along with related enthalpy values for the 
decomposition reaction are given. 

The kinetics of thermal decomposition of the compounds are classified into two main groups: (i) 
two-dimensional contracting plate model equation and (ii) first-order rate law. 

The infrared spectral data of thirteen Cd and Zn basic halides in the frequency region 400C250 cm-' 
are presented with their assignments. 
Canadian Journal of Chemistry, 48, 2656 (1970) 

Introduction 
This study extends our earlier studies on zinc 

and cadmium compounds (1, 2). While it was in 
progress Walter-Levy and Groult reported on 
the preparation and X-ray data of cadmium basic 
bromides and iodides (3.4) as well as the thermal . ,  , 
analysis of cadmium basic iodides (5). 

This paper represents a more comprehensive 
physico-chemical study which includes differ- 
ential thermal analysis (DTA), thermogravimetry 
(TG), calorimetric measurements, decomposition 
kinetics, and infrared spectra of basic halides 
represented by the formulas CdOHX, Cd,(OH),- 
X, where X = Br, I, Cl along with Zn,(OH),Br,. 

Experimental 
All the compounds used in this study were prepared in 

this laboratory by following known methods with slight 
modification of the procedures to obtain compounds of 
the highest purity. Brief descriptions are given below; all 
chemicals used were of reagent grade. Unless otherwise 
specified, the solid product was filtered and washed 
thoroughly with distilled H 2 0  followed by drying over- 
night at 110 OC. 

(i) CdOHBr was prepared by digesting CdO with 
aqueous CdBrz solution at 80 "C until all the brown 
oxide disappeared. A two-fold excess of bromide over 
oxide ensured complete consumption of the oxide (6). 

(ii) Cd,(OH),Br was prepared by precipitation from 
0.25 M aqueous CdBr, solution with NaOH in 2:3 mole 
ratio (7). 

(iii) CdOHI was prepared in analogous manner as 
CdOHBr, using CdI, solution (8, 9). 

(iv) Cd,(OH),I was obtained by precipitation from 0.02 
M Cd12 solution with NaOH at p H  8.6 (10, 11). 

(v) Cd,(OH),CI was prepared in analogous manner as 
Cd,(OH),Br, using CdC1, solution (12). 

(vi) Zn,(OH),Br, was obtained from digestion of ZnO 

with 60% aqueous ZnBr, solution. The compound was 
obtained from the filtrate by adding acetone (13). The 
precipitate was settled, filtered, washed thoroughly with 
acetone, and dried overnight at  110 OC. 

The identities of the compounds were confirmed by the 
available X-ray diffraction patterns (3, 4). 

The heating curves, calorimetric measurements, and 
isothermal kinetic traces were recorded on a duPont 
Thermal Analyzer, d.t.a.-900 and t.g.a.-950 with the 
appropriate accessories and programming adjustments, as 
previously described (1, 2, 14, 15). 

The heating rate used for most curves was 20 "C/min; 
slower heating rates of 2 or 4 "C/min were also used in an 
attempt to resolve overlapping processes. An ambient 
atmosphere of dry N, (Matheson Prepurified Grade with 
stated impurity of 0.003 % oxygen) was maintained 
during all the experiments. 

The infrared spectra of the compounds were obtained 
by using the standard KBr disc technique in a Perkin- 
Elmer 521 spectrophotometer. 

Results and Discussion 

Thernzograuimetry 
The results of T G  are presented in Table 1 ; the 

proposed reactions for each compound are those 
which best fit the observed weight loss. The 
intermediate and final products were further 
identified by X-ray diffraction and correlated 
with DTA curves. 

The first step in the decomposition reaction via 
dehydroxylation for the two types of basic halides 
can be represented by the following two general 
equations 

The second process in the heating curve of all 
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RAMAMURTHY AND SECCO: STUDIES ON METAL HYDROXY COMPOUNDS. XI 

TABLE 1 

Thermogravimetric analyses 

% of total 
weight loss 

Temperature 
Compound Step No.* ranget ("C) Observed Calculated 

CdOHBr 30G370 4 .27  4 . 3 0  { t  45G800 69.16 69.31 

Cd2(OH),Br 25G360 7 . 5 6  7 . 5 9  { 45G800 45.47 45 .83  

CdOHI 25G320 3 .49  3.51 
7 4 . 9 2  74 .54  

Cd,(OH),I 
20G300 6 . 6 8  6 . 7 0  { 35WOO 51.88 52.17 
300-400 

CddOH)3Cl { 57&750 
8 .60  8.67 

38.00 38.00 
18G250 

Z ~ A O H ) B B ~ ~  { 28G700 
11.49 11.55 
47.03 47.64 

*In all cases, first step is due to dehydroxylation and second step is associated 
with the volatilization of metal halide. 

tonse t  and terminal temperatures. 

TABLE 2 
Differential thermal analyses 

Peak 
temperature 

Compound Peak No.* ("c) Process 
p~ 

CdOHBr 380 behydroxylation 550 CdBr, fusion 

Cd2(OH),Br 1 (doublet) 310,370 Dehydroxylation via [2a] and [2b] 
( 2  550 CdBr, fusion 

CdOHI { i 325 Dehydroxylation 
390 Cd12 fus~on 

Cd,(OH),I 1 (doublet) 280,320 Dehydroxylation parallel to [2a] and [2b] { 2 390 Cd12 fus~on 

Cd,(OH),Cl 1 (doublet) 305,390 Dehydroxylation parallel to [2a] and [2b] { 2 680 CdCl,.ZCdO decomposition 

Z ~ , ( O H ) B B ~ ~  {i 200 Dehydroxylation 
390 ZnBr2 fusion 

*All endotherms. 

compounds involved the volatilization of the 
appropriate halide resulting from the first step. 

D~fferential Thermal Analysis 
The DTA results are given in Table 2 and each 

compound is discussed in sequence to accompany 
the TG results. 

(i) CdOHBr 
Heating up to 650 "C revealed two endotherms 

corresponding to dehydroxylation and melting of 
CdBr,. On cooling, the exotherm for the solidifi- 
cation of CdBr, was observed. 

(ii) Cd, (OH) , Br 
Three endotherms were observed with the first 

two always appearing as a doublet. The doublet 
consists of a two-step dehydroxylation while the 
remaining endotherm was due to CdBr, melting. 

The two-step dehydroxylation process des- 
cribed by the reactions 

and 
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TABLE 3 
Calorimetric results 

Heat of decomposition* (kcal/mole) 
- AHfOt (kcal/mole) 

AH of HzO AH of compound 
Compound formed decomposed This work Literature 

CdOHBr 16.90k0.16 8.45k0.08 102.73 108.00 
Cdz(OH)3Br 8.46k0.13 12.70k0.20 220.40 - 

220.39T - -- ~ 

CdOHI 17.28k0.16 8.64k0.08 89.40- 89.50 
Cdz(OH)31 10.35k0.03 15.52k0.05 209.64 - 

209.79$ - 
Cdz(0H)3CI 10.84k0.13 16.23k0.20 233.13 - 

233.59T - 

*All determinations done in duplicate; AH values indicate average deviations. 
tAHfO values o f  compounds used in our calculations and given in literature column are from Natl. 

Bur. Stand. Circular No. 500 (1951). The above AHfO values were calculated using Kopp's Rule 
approximation (14). 

$AHrO values calculated using indirect approach (Hess' heat o f  summation rule). 

represents a contrast to the analogous copper 
series compounds (14). The intermediate CdOH- 
Br, along with CdO, was identified by X-ray 
diffraction after arresting the decomposition at 
the first part of the doublet. 

(iii) CdOHI 
Two endotherms observed when heated to 

650 "C correspond to dehydroxylation and CdI, 
melting. The exotherm due to CdI, freezing was 
observed on cooling. 

(iv) Cd, (OH), I 
The heating curve was analogous to that for 

Cd,(OH),Br; it consisted of a doublet due to the 
two-step dehydroxylation with CdOHI as inter- 
mediate and the final endotherm due to CdI, 
melting. 

f v) Cd2 f OH) 3CI 
The decomposition process parallels the two- 

step dehydroxylation observed for (ii) and (iv) as 
is evident by the endotherm doublet and X-ray 
confirmation. The endotherm at 680 "C arises 
from the decomposition of the compound 
CdClZ.2CdO (1 6). 

(vi) Zn,(OH),Br, 
The two endotherms are due to dehydroxyla- 

tion and melting of ZnBr,; the exotherm for 
ZnBr, freezing was observed on cooling. 

The two-step dehydroxylation pattern observed 
in the Cd,(OH),X type compounds yielding 
CdOHX as an intermediate strongly suggests that 
these compounds be represented by the formula 
Cd(OH),-CdOHX, i.e., an addition type com- 
pound of the hydroxide and the 1 :1 hydroxy- 
halide. 

Calorimetric Measurements 
The calorimetric results along with the related 

enthalpy values for the decomposition of the 
above hydroxy-compounds are presented in 
Table 3 according to the following equations 
showing the onset and terminal temperatures 

Our AH,' value for CdOHI is in excellent 
agreement with the literature whereas a notice- 
able disparity is evident in the AH,' values for 
CdOHBr. 

The AH,' values for Cd,(OH),X type com- 
pounds were calculated using a direct approach, 
i.e. reactions [4], [6], and [7], and an indirect 
approach taking advantage of the intermediate 
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TABLE 4 
Reaction rate results 

Activation 
Temperature Number of Rate energy 

Compound range (OC) temperatures expression E, (kcal/mole) log A 

CdOHBr 300-350 5 I-(I-a)+ = kt 2 5 . 3 k 2 . 0  12.5 

Cd2(OH)3Br 250-300 a = k t n  [a<0 .4 ]  31 .5k2 .5  10.2 
- -In( l -a)  = kt [a>0 .4 ]  18 .1k1 .5  6 . 4  

CdOHI 230-280 5 1-(1-a)+ = kt 26 .7k2 .1  9 . 9  

Cdz(OH)31 200-250 5 -In (I-a) = kt 22 .5k2 .0  9 .7  
Cdz(0H)3CI 310-350 5 -In (1-a) = k t  38.5f 2 .5  14.0 

CdOHX. By the latter approach the following The compounds studied can be classified on 
relationships were used the basis of their reaction kinetics into two 

[a1 2Cd2(OH)3X(,) -> 3Cd0(,, + CdX2(S) + 3Hz0(,)  
(AH.) 

[b] 2CdOHX(s) -t CdO(,) + CdX2(,, + HzO(,) 
(AHb) 

Subtracting. [b] from [a] and dividing the differ- 
ence by 2, we obtain 

[cI Cdz(OH)aX(,) -> CdO(,) + CdOHX(,) + HzO(,) 
(AH, = (AH. - hHb)/2) 

Hence, AH,' of Cd,(OH),X is easily evaluated; 
these values are designated in Table 3 by the 
symbol i. The excellent agreement of the AH,' 
values obtained by both methods confirms the 
internal consistency of the calorimetric data. 

The column of values for AH per mole of H,O 
formed for the CdOHX series indicates a de- 
creasing trend, CdOHCl + CdOHF + CdOHI 
+ CdOHBr. This trend suggests that the sub- 
stitution of C1 in Cd(OH), strengthens the Cd- 
OH bond to a greater degree than does either of 
the substituents F, I, or Br. Furthermore, this 
column also reveals that the higher hydroxyhalide 
compounds possess lower values than their 1 :1 
analogues, i.e. MeOHX. 

Reaction Kinetics Data 
The experimental a, t data for the decomposi- 

tion reactions were processed through a large 
number of kinetic rate equations. The best linear 
relations between the experimental data and the 
known rate expressions over the maximum re- 
action fraction a > 0.8 for all compounds (ex- 
cept Cd,(OH),Br) and over the temperature 
ranges studied are given in Table 4. 

The decomposition rate data of Zn,(OH),Br, 
could not be fitted to any known rate expression. 

groups. 
(i) Phase-boundary control with the kinetic 

data fitting the two-dimensional contracting plate 
model equation, viz. 

where k = (ulr); u, the velocity of movement of 
an interface and r, the distance or length of 
:particle interface. CdOHBr and CdOHI obey this 
rate expression. 

(ii) First-order rate kinetics. The remaining 
compounds follow this rate expression through- 
out except Cd,(OH),Br, where initial accelera- 
tory process obeys a power relationship up to  
a = 0.4, 

a = k t "  

The basis of the power expression has been 
described by Jacobs and Tompkins (17). The 
range of values for n is usually 2-6 and in this 
case n was found to be 2.02-2.36. The non- 
integral and temperature-dependent nature of n 
has been interpreted by Thomas and Tompkins 
(18) in terms of nuclei growth rates dependent on 
nucleus size. 

No de~endence of En on AH is revealed in 
Tables 3A and 4 nor is-there any relationship 
discernible between the pre-exponential factor A 
of the Arrhenius equation and E,. 

The pre-exponential A values for first-order 
rate decomposition kinetics in the solid state 
have been examined and interpreted by Shannon 
(19), Cordes (20), and the authors (15). 
Infrared Spectral Data 

The infrared spectral data of the compounds 
prepared above along with previously reported 
derivatives are presented in Table 5. 
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The bands assigned to voH and 80, are shifted compounds. We are compelled, therefore, to 
to lower frequencies on deuteration with the speculate that these observed bandsmay originate 
vH/vD ratio falling in the range 1.33-1.35. The from lattice vibrations, librational overtone 
multiple bands assigned to voH and tioH can modes, or combinations of vibrational modes. 
originate from a variety of Me-0-H bond 
distances present in the lattice as pointed out by The authors are indebted to the National Research 
Hartert and GIemser (21). However, the identi- Council of Canada for financial support and to Dr. M. 

fication of strong bands in the 800-600 cm- 1 
Falk, Atlantic Regional Laboratory, Halifax, for pro- 
viding the infrared facilities. 

range with librational modes of the OH groups 
(22)is a distinct possibility especially for the i n  
derivatives. 

The bands for the Cd derivatives below 400 
cm-' and for Zn derivatives below 575 cm-' are 
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Titration curves of fulvic acid: the analytical chemistry of a weak acid 
polyelectrolyte' 

DONALD S. GAMBLE 
Analytical Chemistry Research Service, Research Branch, Department of Agriculture, Ottawa, Canada 

Received March 1 1, 1970 

The fulvic acid molecular weight fraction studied has two general types of carboxyl groups, one of 
which is ortho to phenolic -OH groups. The number of each type per gram of fulvic acid has been 
measured. The acid ionization equilibrium of each type has been calculated as a function of its degree of 
ionization in 0.1 m KC1 at 25.0 "C. In both cases the acid strength decreases with increasing degree of 
ionization. The sample used shows the potentiometric titration behavior expected of a low molecular 
weight polyelectrolyte. 
Canadian Journal o f  Chemistry, 48,2662 (1970) 

Introduction 
Fulvic acid is a typical humic material occurring 

widely in nature (1). It is a low molecular weight, 
poorly condensed aromatic polymer. Because 
it is highly substituted with carboxyl groups, an 
aqueous solution of it constitutes a typical weak 
acid type of polyelectrolyte. A study of the weak 
acid behavior of fulvic acid is prerequisite to the 
calculation of metal ion - fulvic acid complexing 
equilibria. Because of electrostatic effects on 
polyvalent molecules and the possibility of con- 
figurational changes in polymers, it should not be 
assumed that acid equivalence point methods 
developed for monomeric acids are valid for 
polyelectrolytes. Accordingly, the objectives of 
the present work are: (a) to correlate two or more 
independent methods of measuring the acid 
equivalence points of fulvic acid so that depend- 
able, accurate values may be obtained; (b) to 
measure acid ionization equilibria as functions 
of the degrees of ionization in 0.1 m KC1 at 
25.0 "C; (c) to learn the extent to which fulvic 
acid shows the potentiometric titration prop- 
erties of a polyelectrolyte. 

Schnitzer and co-workers (2-6) used a number 
of experimental methods to determine the types 
of functional groups present in fulvic acid. Their 
techniques included functional group analysis, 
conductivity, and back titrations, and the 
selective blocking of functional groups followed 
by metal ion retention measurements. It is con- 
cluded from their evidence that fulvic acid has two 
general types of carboxyl groups: (a) Type I 
carboxyl groups; these are on the aromatic rings, 

ortho to phenolic -OH groups and are quite 
acidic; together with the phenolic functional 
groups they form bidentate chelating sites for 
metal ions, (b) Type I1 carboxyl groups; these 
simply consist of the more weakly acidic car- 
boxyl groups, which are not ortho to phenolic 
-OH groups. 

The following points are pertinent to the poly- 
electrolyte chemistry of fulvic acid: (a) Because 
of the very irregular polymer structure which 
contains no identifiable monomer units (I), 
one must assume, as the most general case, 
that no two carboxyl groups are inherently 
chemically identical. (b) Since fulvic acid is a low 
molecular weight polymer fraction, the properties 
of the carboxyl groups will, in the most general 
case, depend on molecular weight. (c) As neu- 
tralization advances to more weakly acidic 
carboxyl groups, the electrostatic charge accu- 
mulating on the polymer molecules will make 
the carboxyl groups even more weakly acidic. 
(d )  Only two acid titration end points can be 
found experimentally for fulvic acid. (e)  Each 
fulvic acid sample taken from a given geograph- 
ical location will be a unique mixture of the same 
molecular weight components. 

A practical conceptual framework for this 
system is obtained by adapting the "titration 
constant" defined originally by Simms (7). This 
was used for titrations of polyvalent acids having 
only one end point. Simms described it as being 
calculated in the same way as would the acid 
dissociation constant of a monovalent, mono- 
meric weak acid. As an approximation, Simms 
neglected activity coefficients. Because activity 

'Analytical Chemistry Research Service. Contribution coefficients can deviate from unity by 20 to 25% 
NO. 124. in 0.1 m electrolyte, mass action quotients are 
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GAMBLE: TITRATION CURVES OF FULVIC ACID 2663 

being evaluated here to avoid this approximation. 
Assume that a polymer has a number of 

carboxyl groups, Type A, which are chemically 
non-identical but whose acid strengths are so 
similar as to prevent the appearance of separate 
titration end points. Following Simms, eqs. [ l ]  
and [2] are written for all Type A carboxyl 
groups 

[1 I 

where m,, m,, m,, and y,, y,, yAH are the molality 
and molal activity coefficient of H+,  all Type A 
carboxyl groups that are ionized, and all Type A 
carboxyl groups that are unionized, respectively; 
ii is the thermodynamic equilibrium constant, 
R is the mass action quotient corresponding to 
ii, and a is the mole fraction of Type A carboxyl 
groups, including mole fraction ionized (m,/ 
(m, + m,,) = degree of ionization). This must 
now be related to the components of the mixture. 
Consider the ith infinitesimal increment of 
carboxyl groups at a given value of a 

which is equilibrated between the ionized and 
unionized forms 

The mass action quotient, Ki corresponds 
roughly to the dissociation constant which 
Katchalsky and Spitnik (9) have used for the 
carboxyl groups of the vth stage of ionization of 
polymethacrylic acid. Following the practice of 
Katchalsky and Gillis (10) and of Arnold and 
Overbeek (IS), Bjerrum's electrostatic field effect 
is here assumed to apply to the ith infinitesimal 
increment of Type A carboxyl groups. Equation 
[5] gives this. 

where AGe is the electrostatic free energy and 
the superscript "0" refers to the uncharged 
state of the polymer. In terms of mass action 
quotients, eq. [5] becomes 

The total numbers of ionized and unionized car- 
boxyl groups A are given respectively by 

where k = total number of ci increments. The 
experimental K may now be related to the mass 
action quotients, Ki, by combining eqs. [2], [4], 
[7], and [S]. The result is eq. [9]. 

According to eq. [9], the experimentally observed 
R(a) is an average of the Ki's for all of the k 
infinitesimal increments, ci, of Type A carboxyl 
groups. Fulvic acid samples obtained from the 
same source should have the same Ki values at a 
given degree of ionization. They will generally 
differ, however, in their relative values of the 
m,,, factors. DifferentR vs. a curves will therefore 
be observed experimentally. 

The ith infinitesimal mole fraction incre- 
ment of unionized Type A carboxyl groups 
is [A(1 - a)li = mAIH/c where c = m, + m,,. 
Dividing the numerator and denominator of eq. 
[9] by c and substituting from eq. [6] 

k K ; T , ( ~  e - b ~ i c l ~ ~  
[lo] R(a) = - 

(1 - a)  i = o  
x [A(l - a)]' 

It is postulated, on the basis of titration results, 
that the (Kio - Ki + ,O) intervals are small. The 
multitude of mass action quotients, Ki, may 
therefore be replaced by a continuous function 

Fm, and Fm,, are the infinitesimal concentration 
increments of carboxyl groups Type A which 
occur at mole fraction (1 - a). The summation 
of eq. [lo] can now be replaced by an integration 
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This is finally differentiated. 

The K which characterizes any particular 
infinitesimal increment of Type A carboxyl 
groups can therefore be calculated from experi- 
mental R vs. ct data by using eq. [13]. This con- 
ceptual framework applies separately to the Type 
I and Type I1 carboxyl groups, for which R 
becomes R, and R,, respectively. 

If C,, C,, CH denote the total molality of Type 
I, Type I1 carboxyl groups and the molality of 
the total titratable acid remaining, the material 
balance equations for C,, C,, CH, and the defini- 
tions of R, and R, then combine to give eq. 
[14]. This is used for calculating R, andK, from 
the titration data. 

where ma is the molality of ionized, unneutralized 
acid, corrected for H,O ionization equilibrium. 

Experimental 
(a) Chemicals 

Fulvic acid Batch No. 4 was received from Dr. M. 
Schnitzer's laboratory, in which it was prepared as pre- 
viously described (2, 3). The ash content was 1.6%. 
Drying to constant weight at ambient temperature under 
a stream of cylinder N, gave a moisture content of 
8.53 %. Analyis showed an iron content of 0.337 + 0.03 
mmole g-'. Hansen and Schnitzer (11) have reported 
that fulvic acid prepared as described has a number- 
average molecular weight of 951 + 2%, with narrower 
fractions of it ranging in weight from 275 to 2110. 

H,O used for the preparation of sample solutions and 
standards was redistilled under N, and found to have a 
resistance of about 20 megohms. 

KC1 (Fisher Certified A.C.S. grade crystals) was used 
as received. 

HC1 standard solution (0.1 N) from Fisher, was of 
density 3.646 mg/ml at 25 "C. 

NaOH 0.01 N, NaOH 0.1 N, and Ca(OH), 0.01 N were 
standardized British Drug Houses volumetric solutions. 

KOH (0.1 N), Fisher certified reagent, was standardized 
at 25 "C. 

(b )  Apparatus 
The apparatus consisted of the following: (i) Koch 

5 ml microburette with "Teflon" stopcock plug. (ii) 
Beckman Research Model pHmeter; used with Metrohm 
combination glass/AgCl micro electrode, pH range 0 to 
11, temperature range 10 to 100 "C. (iii) Haake model 
F-J circulating thermostat, used with a magnetic stirrer. 
Adjusted to 25.0 "C. (iv) Sargent thermometer; Hg-in- 
glass, total immersion, range 0 to 50 "C; graduations 

0.1 "C; - 0.015 correction at 25 "C. Serial No. 580210A. 
Calibrated by Division of Applied Physics, National 
Research Council of Canada. (v) Impedance Bridge 
model 290A with a.c. generator and detector model 
860A, operating frequency 1 kHz (Electro Scientific 
Industries of Portland, Oregon) and (ui) Leeds and 
Northrup platinum electrode No. 1072582. 

(c) Conductivity Titration Procedure 
The conductivity titrations were carried out at ambient 

temperature with the microburette. The burette error 
was + 0.003 ml, and the conductivity error was ? 0.2 %. 

(d) Acid Standards for Potentiornetric Titration Curve 
Thirty five acid standard solutions having 0.1 m KC1 

were prepared by weight, under NZ. The H +  molalities 
ranged from 4 x down to 1 x m. Activity 
coefficient data from the literature (12) were used to 
correct the H +  concentrations for H 2 0  ionization. 

(e) Potentiometric Titration Procedure 
A sample solution of 0.1 g of fulvic acid in 100 g of 

0.1 m KC1 was prepared by weight under NZ. This solu- 
tion and the acid standards were thermostated overnight 
at 25.00 + 0.02 "C. Voltage measurements were made on 
the standard solutions before the titration, and rechecked 
afterward. The stirrer was turned off during voltage 
measurements. All potentiometric measurements were 
made under N, at 25.0 + 0.1 "C. Burette readings were 
reproducible to + 0.003 ml, and the potentiometric 
measurements from + 0.5 to + 1 mV. 

Results and Calculations 

(a) Conductivity Titrations 
The minima seen in Fig. 1 verify the existence 

of the anticipated first end point corresponding 
to the Type I carboxyl groups. The other signifi- 
cant features noted in the conductivity curves are 

(1) The minimum obtained by titration with 
NaOH is evidently concentration-dependent, 
and extrapolation to zero fulvic acid concentra- 
tion indicates an equivalence point value of 3.12 
milliequivalents/g , > 1%. This result is 
accepted here merely as supporting evidence, 
since the numerical value obtained in this way 
is not sufficiently reliable to be used for calcula- 
tions. 

(2) The second end point corresponding to total 
carboxyl groups is given unambiguously by the 
0.1 N titration curve in Fig. 1, but is scarcely 
discernible for the more dilute case. 

(3) The shape of the Ca(OH), titration curve 
precludes the calculation of reliable numerical 
values for the equivalence points, since specu- 
lation about the exact nature of the binding of 
Ca2+ by the polyelectrolyte would be required. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GAMBLE: TITRATION C :URVES O F  FULVIC ACID 2665 

FIG. I. Conductivity titration of fulvic acid Batch 
No. 4. 0, 0.01 g/100 g H 2 0 ;  mhos x lo4 vs. ml 0.01 N 
standard NaOH; 0, 0.10 g/100 g HzO; mhos x lo3 vs. 
ml 0.1 N standard NaOH. 

(b)  Potentiometric Titration2 
Only the second end point corresponding to 

total carboxyl groups is visible in the potentio- 
metric titration curve, Fig. 2. By using Gran's 
equivalence point calculation method (13, 14) 

I 

I 2 i d I d ; .4 b lo 1'1 1'2 
0.1 N KOH (ml )  

FIG. 2. Potentiometric titration of fulvic acid Batch 
No. 4. 0.1 g/(100 g 0.1 M KCI); 0.1 N standard KOH at 
25.0 "C. 

for the particular case of a weak acid having two 
end points, however, excellent agreement was 
obtained with the conductivity values for both 

'Additional data for the potentiometric titration curve 
of fulvic acid have been deposited. Photo copies may be 
obtained free of charge upon request, from the 
Depository of Unpublished Data, National Science 
Library, National Research Council of Canada, Ottawa, 
Canada. 

end points. Since in Gran's method the cal- 
culated value of each equivalence point depends 
on the other, an iterative calculation was 
required. This converged after two iterations. 
The equivalence point data from both titration 
methods are summarized in Table 1. 

The acid standards were divided into groups, 
each of which covered a H +  molality range of 
about 10. The concentration vs. voltage data for 
each group were fitted to a suitable function by the 
method of least squares. These regression equa- 
tions were then used to convert the titration 
voltages into H +  molalities. This assumes that 
y, is determined primarily by the KCl, and that 
the KC1 concentration is constant. A 100 g of the 
sample solution contained about 10 milliequi- 
valents of KC1 but less than 0.8 milliequivalent 
of total fulvic acid carboxyl groups. The KC1 
was diluted less than 6% over the range of the 
H +  molality measurements. Using Henderson's 
equation to estimate the liquid junction potentials 
of a calomel reference electrode filled with 
saturated KC1 solution, Cannan found that for 
0.01 < M,,, < 2, the liquid junction potential 
ranged up to 4 mV (15). The two assumptions 
used here are therefore considered to be justified. 

( c )  The Calculation of R ,  anctR2 
The method of calculating K, and R, was 

dictated by two facts: first, they are not constants 
but instead are decreasing functions of the 
electrostatic charge on the polyelectrolyte; 
secondly, the numerical value of each is only 
moderately dependent on the value of the other. 
An iterative calculation based on eq. [14] was 
therefore both necessary and possible. The zero 
order approximations were obtained by treating 
several pairs of eq. [14] as simultaneous equa- 
tions. About five iterations were required to 
obtain the final values of R, and K2.  a ,  and a ,  
were calculated in the usual way from El and 
R2, respectively. Tables 2 and 3 show the depen- 
dence of R, and R2 on their respective degrees 
of ionization. 

( d )  The Calculatiorz of K ,  and K, 
K ,  and K2 were readily calculated according 

to eq. [13], by fitting (1 - a ) R  vs. a data to a 
polynomial by the method of least squares. The 
Fortran IV computer program used for this 
produced a print-out of the first derivative, 
that is, d[(l - a)K]/da.  Figures 3 and 4 show, as 
expected, that the acid strengths of both types 
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TABLE 1 
Titration end point data 

equivalents acid 
End point g. fulvic acid x 103 

Titration method Comment 

First 3.159+0.7% Potentiometric Value used for subsequent calculations 
3.12 f l > l % l  Conductimetric Supporting evidence only; not used 

for calculations 
Second 7.734+0.2% Conductimetric 

7.701 +0.4% Potentiometric 
7.723+0.28% Weighted average of two Value used for subsequent calculations 

values above 

TABLE 2 TABLE 4 
Ionization of Type I carboxyl groups in 0.1 m KC1 Henderson-Hasselbalch plot for Type I1 

carboxyl groups in 0.1 m KC1 
H +  molality 

x lo3 R~ x lo3 a1 

TABLE 3 
Ionization of Type I1 carboxyl groups in 0.1 m KC1 of carboxyl groups decrease with increasing 

electrostatic charge on the polymer. 
H +  molality 

x to4 (e) Henderson-Hasselbalch Plots 
Because polyelectrolytes are generally charac- 

terized by Henderson-Hasselbalch plots having 
slopes greater than unity, such plots were pre- 
pared by the least squares procedure for Type I 
and Type I1 carboxyl groups. The Type I carboxyl 
group plot (Fig. 5) is linear as expected but has 
a rather low slope. Figure 6 and Table 4 show 
two interesting features for the Type I1 carboxyl 
groups. Not only is the Henderson-Hasselbalch 
plot strongly non-linear, but also the slope in- 
creases from rather low values at low a, up to 
the unusually high value of 4.1 at a, = 0.57. 

(f) Experimental Errors 
The experimental errors in the equivalence 

point values of Table 1 were estimated from the 
reproducibilities of the pH meter, burette, and 
conductivity apparatus. The potentiometric 
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1 ,  
a7 oh ,, 0l9 I!O FIG. 5. Henderson-Hasselbalch plot for Type I 

carboxyl groups in 0 1 m KC1 at 25.0 "C. n, = 1.29 o = 
FIG. 3. Ionization of Type I carboxyl groups in 0.1 * 0.02. 

m KC1 at 25.0 "C. 

FIG. 4. Ionization of Type I1 carboxyl groups in 0.1 
m KC1 at 25.0 "C. 

errors were also used for estimating the errors in 
H+ molality. The errors in the two equivalence 
points and in H+ molality were then used with 
eq. [I41 to estimate the errors in R,,  a,, K,, and 
a,. Because K,  and K, were calculated by 
differentiation, their errors were estimated from 
the effects of the equivalence point and H+ 
molality errors on the slopes of [l - a,] R, 
and [l  - a,] Kz plots, respectively. Speiser et al. 
(16), Gregor and Frederick (17), and Arnold and 
Overbeek (18) have all reported experimental 
errors for titration data that were comparable or 
greater. 

1 , , , 1 , , , , , , 1 ,  
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

log 1-d, 
d, 

FIG. 6. Henderson-Hasselbalch plot for Type I1 
carboxyl groups in 0.1 m KC1 at 25.0 "C. o = * 0.008. 

Discussion 

Although the conductivity measurements made 
in the absence of background electrolyte, and 
potentiometric measurements made in the pres- 
ence of 0.1 rn KC1 are quite different both in 
operating principle and in solution conditions, 
they give equivalence point values in excellent 
agreement. These results and methods can there- 
fore be accepted with confidence for the case of 
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fulvic acid. The application of Gran's calculation 
method to the potentiometric titration curve of 
fulvic acid is also seen to be justified. 

Qualitatively, the two ends of the flat Ca2+- 
binding region correspond to the two equivalence 
points. Unfortunately, the shape of the curve 
does not permit unambiguous calculation of 
their locations. 

The Handbook of Chemistry and Physics (19) 
gives the following dissociation constants for 
hydroxybenzoic acids and benzoic acid: ortho- 
hydroxybenzoic acid, K, = 1.07 x 
metahydroxybenzoic acid, K, = 9.7 x 
parahydroxybenzoic acid, K, = 3.3 x 
benzoic acid, K, = 6.46 x A comparison 
of these with the fulvic acid data supports the 
conclusion that the Type I carboxyl groups are 
ortho to phenolic -OH groups. 

The chemical and physical properties of low 
molecular weight polymers, unlike those of high 
polymers, may depend on molecular weight. The 
unexpected shape of the Henderson-Hasselbalch 
plot for the Type I1 carboxyl groups (Fig. 6, 
Table 4) therefore raises the question of whether 
increasingly higher molecular weight fractions of 
fulvic acid were being ionized as the titration 
proceeded. This might be answered by titrating 
a series of narrower molecular weight fractions 
of fulvic acid. 

The experimental errors in R, and iT, partly 
cancel during the calculation of a, and a,. This 
minimizes the errors that are introduced into the 
calculation of metal ion complexing equilibria, 
with the use of these acid dissociation data. On 
the other hand, Figs. 3 and 4 show the extent to 
which the calculation of K, and K, magnifies the 
experimental errors. This must be explicitly taken 
into account in any attempt to test a theoretical 
polyelectrolyte model against the experimentally 
based K, and K,. For a case in which R reduces 
to K, as for example for idealized polyacrylic acid 
lacking end group effects, this problem is less 
severe. 

A variety of acid dissociation functions is 
found in the polyelectrolyte literature. These 
functions include the polyvalent stepwise con- 
stants described by von Muralt (8), and the 
equilibrium constant described by Katchalsky 
and Spitnik (9) for the equilibrium of polymer 
molecules between the (v - 1)-times ionized 
and the v-times ionized states. The function 

corresponding to the Henderson-Hasselbalch 
plot, P = [a/(l - a)lnm,, . is also frequently 
found. The requirements that acid dissociation 
functions for polyelectrolytes should meet are 

(1) An experimental acid dissociation function 
is needed, with which titration data can be 
tabulated in a simple, direct way. It must be 
useful for practical applications, such as the 
calculation of metal ion complexing stability 
constants. 

(2) A second acid dissociation function is 
required for describing individual types of acid 
functional groups. Its importance is that it has 
more direct theoretical relevance. For example, 
it would be the vehicle for comparing a Poisson- 
Boltzmann calculation for a physical model with 
the experimental results. 

(3) A rigorous but tractable relationship 
between the above two types of acid dissociation 
functions should be found. The simpler and 
more useful it is. the better. 

Stepwise and other polymer molecule acid 
dissociation functions are clumsy to use, and of 
limited relevance. The Henderson-Hasselbalch 
equation, as frequently used, does not clearly 
reflect the dependence of polyelectrolyte acid 
strength on electrostatic charge. The slope of the 
Henderson-Hasselbalch plot is, however, of 
considerable value for gaining insight into the 
nature of the polyelectrolyte. The mass action 
quotient corresponding to Simms' titration 
constant fulfills the first requirement almost 
ideally, and has been adopted here. The K = 
K(a) developed here for eq. [13] most nearly 
meets the second requirement. The Ki upon 
which it is based resembles closely the "K" which 
Katchalsky and Spitnik3 defined for the carboxyl 
groups of (v - 1)-times ionized and v-times 
ionized polymer molecules. Unlike the Katchal- 
sky-Spitnik function, however, its definition is 
not tied to particular polymer molecules. The 
relationship between iT and K expressed in eq. 
[13] follows directly from their definitions and 
from the chemical assumptions made for the most 
general case of an irregular polymer. The feasibi- 
lity of this relationship for fulvic acid has been 
demonstrated with both Type I and Type I1 
carboxyl groups. The third requirement has 
therefore been largely met. 

3The Katchalsky-Spitnik K should not be confused 
with their K, defined for polymer molecules. 
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The careful conduct of experiments by Mr. K. A. 
Wilson has made an important contribution to this work. 
Mr. D. Hindle has rendered valuable assistance with the 
experimental work and with preparation of figures. 
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n-Bonding between C=C bonds and tin in alkenyltin compounds 

H. C. CLARK AND R. C. POLLER 
Department of Chemistry, University of Western Ontario, London, Ontario 
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The infrared and nuclear magnetic resonance spectra of a number of allyl-, but-3-enyl-, crotyl-, and 
vinyl-tin compounds in dimethylsulfoxide have been examined and compared with measurements 
made on solutions in methylene chloride and carbon tetrachloride. It is concluded from the changes 
which occur in the positions of the v(C=C) bands and in the chemical shifts of the olefinic protons that 
there are no significant n-interactions between the d orbitals on tin and the olefinic n-systems. 

Canadian Journal of Chemistry, 48,2670 (1970) 

Introduction 

In a number of recent publications ( 1 4 )  it has 
been suggested that interactions between the n- 
electrons of olefinic systems and empty metal d 
orbitals in organotin(1V) compounds may occur. 
Such interactions have been ~ostulated inter- 
molecularly, for example between l,l-diphenyl- 
ethylene and organotin chlorides (3,4), or intra- 
molecularly in alkenyltin compounds (1,2). Since 
n-complexes of this nature are normally asso- 
ciated with transition metals, unequivocal demon- 
stration of this phenomenon for tin, a main- 
group metal, is of fundamental importance. 

It is known (5) that when an olefin forms a 
n-complex with a metal such as silver the v(C=C) 
band in the free olefin is shifted by - 55 to - 70 
cm-I to lower frequencies. Similarly the nuclear 
magnetic resonance (n.m.r.) signal of an olefinic 
proton is moved downfield on conversion of an 
olefin to its silver complex (5). In the present 
investigation a number of allyl-, but-3-enyl-, 
crotyl-, and (for comparison) vinyl-tin com- 
pounds have been prepared and their infrared 
(i.r.) and n.m.r. spectra in dimethylsulfoxide 
solutions compared with the spectra obtained 
using methylene chloride and carbon tetra- 
chloride solutions. Since sulfoxides interact 
strongly with organotin compounds, giving solid 
complexes with organotin halides (6), any n- 
interactions of the type shown in 1 which are 
present when the compounds are in the chlori- 
nated solvents should be markedly reduced on 
dissolution in dimethylsulfoxide when the tin d 
orbitals become utilized to bond the donor solvent 
molecules (2). Thus changes would be expected 
to occur in the positions of thev(C=C) bands and 
in the chemical shifts of the olefinic protons, the 
changes being most marked in the organotin 
dihalides, decreasing in the monohalides and 

being least in the tetraorganotin compounds as 
the acceptor strength of tin declines. 

CHR 

1 

in CH2C12 or CCI , 

Experimental 

The i.r. measurements were carried out using a 
Beckman IR 10 spectrophotometer; 20% w/v solutions 
were used in 0.2 mm cells having KBr windows; solids 
were measured as Nujol mulls using KBr supports. 
A Varian A-60 instrument was used for the n.m.r. 
measurements. Details of the Mossbauer spectrometer 
have been published elsewhere (7). 

Tetraallyltin and divinyltin dichloride were commercial 
samples. Triphenylallyltin, m.p. 75-76" (lit. (8) m.p. 73.5- 
74.5"). and trimethylallyltin, b.p. 12G128" (lit. (9) b.p. 
128-12g0), were made by the Grignard method. Diallyltin 
dibromide, b.p. 112-116"/4.5 mm (lit. (10) b.p. 77-79"/ 
2 mm), and dicrotyltin dibromide, b.p. 108-112"/ 
0.3 mm (lit. (11) b.p. 104-106"/0.2 mm), were made by 
the direct method (1 1) using, respectively, ally1 bromide 
and crotyl bromide together with powdered tin. 

But-3-enyltriphenyltin 
To a solution of a Grignard reagent made from 

but-3-enyl bromide (10.0 g) and magnesium (3.6 g) in 
ether (65 ml) which had been decanted from excess 
magnesium, was added triphenyltin chloride (14.3 g) in 
benzene (75 ml). The mixture was heated under reflux 
for 3 h and excess Grignard reagent was decomposed 
with saturated ammonium chloride solution. The organic 
layer was separated, dried over sodium sulfate, the solvent 
removed, and the resulting solid crystallized from alcohol 
to give colorless crystals (8.43 g) m.p. 97-102". The 
analytical specimen was crystallized from methanol when 
it had m.p. 98-100". 

Anal. Calcd. for CZZHZZSn: C, 65.2; H, 5.5. Found: 
C, 65.3; H, 5.25. 
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CLARK AND POLLER: ALKENYLTIN COMPOUNDS 

TABLE 1 
Infrared spectra of alkenyltin compounds 

v(C=C) (cm-')* 

Compound 
C H ~ c l z  (CH,)?SO Nujol 
solut~on solut~on mull 

'These measurements are estimated to  be accurate to  i 3 cm-I. 
?This band was broad, and of unexpectedly weak intensity. 

But-3-etzyldiphenyltin Iodide 
To a refluxing solution of but-3-enyltriphenyltin 

(8.43 g) in chloroform (50x11) was added, during 3 h, 
iodine (5.28 g) dissolved in chloroform (150ml). The 
resulting pale yellow solution was heated for a further 
15 min and then left at room temperature overnight. 
The solvent was removed under reduced pressure and 
the remaining oil fractionally distilled under reduced 
pressure; the main fraction had b.p. 162-168"/0.5 mm 
(5.65 g). 

Anal. Calcd. for C,,H,,ISn: C, 42.2; H, 3.8. Found: 
C, 42.3; H, 4.0. 

But-3-et1yldiphet1yl(pet1tacarbonylmanganese) tin 
A solution of sodium pentacarbonylmanganese, made 

by the reduction of dimanganese decacarbonyl (1 .I 28 g) 
in tetrahydrofuran (25 ml) using excess sodium amalgam 
and decanted from mercury, was added to a solution of 
but-3-enyldiphenyltin iodide (2.50 g) in tetrahydrofuran 
(25 ml). The solution was allowed to stand for 45 min; 
all operations up to this point were carried out in an 
atmosphere of nitrogen. The solvent was removed under 
reduced pressure and the resulting material partitioned 
between benzene and water. After drying with sodium 
sulfate, the benzene was evaporated to give an oil (2.92 g). 
The material was placed in a vacuum sublimation 
apparatus and heated at 11(r120°/0.001 mm when a 
pale yellow solid (1.9 g), m.p. 26-32', was collected. 

Anal. Calcd. for C2,H1,O5MnSn: C, 48.2; H, 3.3. 
Found: C, 48.4; H, 3.4. 

Bis(dimethylsulfoxide) divinyltin Dichloride 
Divinyltin dichloride (0.488 g) was treated with di- 

methylsulfoxide (0.34 g, 2.2 equ), the mixture rapidly 
solidified, and was crystallized from benzene to give the 
adduct as colorless crystals, (0.56 g) m.p. 8688". 

Anal. Calcd. for C8Hl8C12O2S2Sn: C, 24.0; H, 4.5; 
S, 16.1. Found: C, 23.8; H, 4.45; S, 15.9. 

m.p. 181-182" with decomposition, unchanged on re- 
crystallization from ethanol. 

Anal. Calcd. for C16H18Br2N~Sn: C, 37.2; H, 3.5; 
N, 5.4. Found: C, 37.3; H, 3.6; N, 5.4. 

Dicrotyl(2,2'-bipyridyl) tin Dibromide 
Dicrotyltin dibromide (1.00 g) in ethanol (10 ml) was 

treated with a solution of 2,2'-bipyridyl (0.44 g, 1.1 equ) 
in ethanol (5 ml) to give the adduct as pale yellow crystals, 
(1.05 g) m.p. 149-1 54" with decomposition, raised to 156- 
160" with decomposition on crystallization from ethanol. 

Anal. Calcd. for C18H22Br2N2Sn: C, 39.7; H, 4.1; 
N,5.1.Found:C,39.3;H,4.3;N, 5.1. 

Results and Discussion 

It has been suggested (2) that intramolecular 
n-interactions are particularly important for 
allyltin compounds and four examples of this 
class of compound were examined. Dicrotyltin 
dibromide was included because the presence of 
the additional methyl groups should enhance the 
donor properties of the olefinic bond. Three 
mono(but-3-eny1)tin compounds were prepared 
in which the electron acceptor properties of the 
tin atom were varied by the presence of SnPh,, 
Sn(Ph),I, and SnMn(CO), groups. (Examination 
of models of but-3-enyldiphenyl(pentacarbony1- 
manganese)tin suggested that intramolecular co- 
ordination of the butenyl group to manganese, 
with displacement of carbon monoxide, could 
occur, but careful heating of the compound, 
under a variety of conditions, failed to effect this 
reaction.) 

Diallyl(2,2'-bipyridyl) tin Dibromide 
Diallyltin dibromide (1.00 g) in benzene (5 ml) was The i-r- results are given in If n- 

treated with a solution of 2,2'-bipyridyl (0.49 g, 1.1 equ) bonding of the type shown in 1 occurs then the 
in benzene (5 ml) to give pale yellow crystals, (1.37 g) figures given in the first column should be lower 
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TABLE 2 

Chemical shift values (in p.p.m. downfield from Me4Si) for alkenyltin compounds§ 

\ 
-Sn(CHz), H3 C) 

/ \ / P 

C==C (n = 1, 2) 2 
/ \ 

H1 Hz Z 

81 82 83 

Compound CC14 (CH3)zSO A1* CC14 (CH3)2S0 A2* 
$ z 

CCI4 (CH3)zSO As* F 
(CHz=CHCHz)4Sn 5.87 5.91 -0.04 4.69 4.68 0.01 4.77 4.77 0 8 
CHz=CHCH2SnMe3 5.86 5.93 -0.07 4.63 4.65 -0.02 4.71 4.73 -0.02 8 
CHz=CHCHzSnPh3 6.00 6.13 -0.13 4.74 4.78 -0.04 4.89 4.99 -0.10 m 
(CH2=CHCH2)~SnBr2 5.98 6.04 -0.06 5.14 4.93 0.21 5.18 4.96 0.22 
(CH3CH=CHCHz)zSnBrzt -5.60 -5.50 -0.1 - - - -5.60 -5.50 4 . 1  
CH2=CHCHzCHzSnPh3 5.82 -3 - 4.88 4.86 0.02 4.94 4.92 0.02 7 
CHz=CHCHzCHzSn(Ph)zI 5.72 5.82 -0.10 4.80 4.94 -0.14 4.86 5.04 -0.18 
CHi=CHCH2CH2Sfi(Ph)iM~(CO) d. < 74 ,- - - 4.81 - - 4.87 - - g 

P 

*A = SICC141 - S[(CH3),SOl. m 

?In this compound HZ = CH3; 6cu3 = 1.716. + 
$The compound was too insoluble for accurate measurement of the chemical shift for this proton. w 

§These measurements are estimated to be accurate to + 0.03 p.p.m. 2 
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CLARK AND POLLER: ALKENYLTIN COMPOUNDS 2673 

than those given in the second column of Table 1. 
In no case is this observed and the agreement 
between the two sets of figures is good for all the 
allyl-, crotyl-, and but-3-enyl-tin compounds. 
The positions of the v(C=C) bands in the solid 
state spectra of the two 2,2'-bipyridyl derivatives 
(which dissociate in solution) are close to those of 
the corresponding bands recorded for dimethyl- 
sulfoxide solutions of the parent compounds. It 
was of interest to include divinyltin dichloride in 
these studies where, although n-interactions of 
the type shown in 1 are not possible, dn-pn 
character in the Sn-C bonds may be present (12). 
The i.r. results do not support this view and the 
lower frequency of the v(C=C) band for divinyl- 
tin dichloride in dimethylsulfoxide may reflect 
increased importance of resonance structures of 

+ - 

the type Sn-CH-CH, when the electron density 
at tin is increased by solvent coordination. The 
crystalline bis(dimethylsu1foxide) adduct was iso- 
lated and shown to have a v(C=C) band, in the 
solid-state spectrum, at the same frequency as for 
the parent dichloride dissolved in dimethyl- 
sulfoxide. 

The results of the n.m.r. measurements are 
given in Table 2. But-3-enyldiphenyl(penta- 
carbony1manganese)tin reacted with dimethyl- 
sulfoxide to form a deep yellow solution; the 
reaction was slow and i.r. measurements were 
possible but the n.m.r. spectra in this solvent 
were not sufficiently well resolved for reliable 
interpretation. The chemical shift data must be 
regarded as approximate since they were obtained 
by a first order treatment of the spectra.. However, 
these results are considered acceptable since 
changes in chemical shifts are significant rather 
than absolute values and also, in the case of 
tetraallyltin, there is good agreement with pre- 
vious measurements (lit. (12) values: 6, 5.88, 
6,4.72,F3 4.83 p.p.m.). For n-interactions of the 
type shown in 1 it is anticipated (5) that the 
chemical shift of H ,  (see Table 2) would show the 
greatest downfield displacement on changing the 
solvent from carbon tetrachloride to dimethyl- 
sulfoxide. (The mean downfield change in chem- 
ical shift for the H,  pfotoil of 11 olefins on con- 
version to their silver complexes was 0.88 p.p.m. 
(5)). Hence significant positive values of A, in 
Table 2 would be indicative of the presence of 
n-bonding. In fact, the values are all small and are 
negative in all but one case. Although the chem- 
ical shifts of the H, and H, protons are somewhat 

less sensitive, they also move downfield when an 
olefin becomes complexed to a metal (5). How- 
ever, examination of Table 2 shows that small and 
negative values are obtained for A, and A, for all 
the compounds except diallyltin dibromide. For 
this compound A, = 0.21 and A, = 0.22; we 
cannot account satisfactorily for these figures. 
They do not, however, indicate n-bonding of the 
C=C group to tin since (a) A, should also be 
positive, with a value >A,, whereas it is negative 
and (b) the i.r. spectra indicate no interaction. 

As a further test the Mossbauer spectrum of 
allvltri~henvltin was measured at 78 OK where 

d l  d 

interaction between the d orbitals on tin and the 
olefinic n-electrons would probably be expected 
to give quadrupole splitting. A singlet spectrum 
was observed; the isomer shift was 1.30 mm s-I 
relative to tin(1V) oxide and the bandwidth was 
0.80 mm s-I. 

From all these measurements it is concluded 
that there are no significant n-interactions of the 
type shown in 1 in any of the alkenyltin com- 
pounds examined. These results refer, of course, 
to the ground-state and do not rule out excited- 
state n-interactions of the type postulated by 
Roberts (2). 

We thank the National Research Council of Canada 
for financial support of this work, and Mr. J. N. R. 
Ruddick of Queen Elizabeth College, University of 
London, for the Mossbauer measurement. 
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Oxidation of hydrocarbons. 11. Kinetics of the oxidation of 
p-toluenesulfonic acid by potassium permanganatel 

DONALD G. LEE AND BRIAN E. SINGER' 
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The kinetics of the oxidation of p-toluenesulfonic acid by aqueous potassium permanganate have 
been studied in perchloric acid solutions ranging from 0.296 to 3.16 M HC104. Below 1 M HC104 the 
rate law is found to be, v = k3[Arene][MnV"]ho while above 2 M HC104 it is v = kz[Arene]ho: The 
values obtained for k3 and k, are 8.09 + 0.25 x and 1.19 + 0.13 x lo-' M-'s-' respectively. 

Canadian Journal of Chemistry, 48, 2674 (1970) 

Introduction methyl side chain, benzaldehyde and benzoic 

~ l t h ~ ~ ~ h  permanganate ion is an extremely acid. Formation of these products was accom- 
useful oxidant for the degradation of alkyl side panied by ring which the 
chains attached to aromatic systems cornpar- authors attributed to oxidation by manganese 
atively little work fias been directed toward the species of intermediate 3, 4, 5, or 6 oxidation 
elucidation of the reaction mechanism ( la ,  2). 
The reasons for this probably stem from diffi- 
culties involved with the insolubility of most 
arenes in aqueous solutions which requires that 
the reaction be studied either in a two phase 
system or in one to which a cosolvent has been 
added. In the most thorough investigation 
reported to date, Cullis and Ladbury employed 
the latter technique to follow the oxidation of 
substituted toluenes (3). Using a 54% aqueous 
acetic acid solution these authors observed that 
no simple integral kinetic rate law was obeyed 
throughout the reaction and consequently they 
were restricted to using initial reaction rates. 
Their results indicated that the reaction was first 
order with respect to toluene and with respect to 
oxidant; however, second order kinetics were 
not maintained throughout the reaction thus 
suggesting the probability that the mechanism 
consisted of a complex sequence of steps. 

Although variations in the concentration of 
acetic acid were found to cause marked changes 
in the rate of oxidation it was concluded that the 
principal influence of the solvent was as a source 
of hydrogen ions. Only a small difference was 
found in the rate when sulfuric acid and acetic 
acid were used in various ratios to produce the 
same pH. 

The primary isolable products were those 
which would be obtained from oxidation of the 

'For part I of this series see ref. 15. 
,NRCC Scholarship holder 1969-1970. 

states. 
In a slightly different approach to the study of 

the mechanism of this reaction we have chosen 
to investigate the oxidation of a water soluble 
arene, p-toluenesulfonic acid, in aqueous solu- 
tions. Use of a water soluble substrate greatly 
simplifies the kinetic system and allows for a more 
direct interpretation of the data obtained. 

Experimental 
Reagents 

The water used in making up the following standard 
solutions was doubly distilled from basic permanganate 
to insure the removal of organic contamination. 

Baker reagent grade potassium permanganate was 
dissolved in a known volume of purified water and 
standardized with a sodium oxalate solution of known 
concentration (4). 

Analar analytical reagent grade perchloric acid 
(>60%) was mixed with the appropriate volumes of 
doubly distilled water and standardized against a sodium 
hydroxide solution of known concentration. 

Fisher certified reagent grade p-toluenesulfonic acid 
was dissolved in a known volume of purified water and 
titrated against a standard sodium hydroxide solution. 

Kinetic Method 
In a typical kinetic experiment stock solutions of 

p-toluenesulfonic acid, perchloric acid, and permanganate 
ion were first placed in a constant temperature bath at 
25.0 + 0.1". Then given volumes of perchloric acid and 
permanganate stock solutions were mixed and allowed 
to thermostat for an additional 15 min, followed by 
addition of a definite excess (N ten-fold) of p-toluene- 
sulfonic acid solution. A timer was started and the 
reaction vessel swirled to insure complete mixing. Three 
millilitres of this solution were transferred to a glass 
cuvette and the reaction was followed by observing the 
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LEE AND SINGER: OXIDATION OF HYDROCARBONS. I1 2675 

complicated by the insolubility of one of the products, 
MnOz (Ic). The deposition of MnO, interferes with both 
the spectrophotometric and titrimetric methods of 
determining the concentration of KMnO,. A typical plot 
is shown in Fig. 2. The initial deviation from a straight 
line corresponds to the visible appearance of MnOz in 
the solutions. Obviously such plots cannot be used to 
establish the kinetics of the system and we were thus 
forced to resort to the use of initial reaction rates. 

Wherever appropriate the data were analyzed by a 
least squares technique with the aid of an IBM 1130 
computer. 

Results 

I \ I  The results of this investigation clearly indicate 

T l M E  I M I N  ) 

FIG. 2. First order plot for the oxidation of 0.0521 M 
p-toluenesulfonic acid by 3.03 x lO-,M KMn0, in 
0.463 M HC10,. 

I I I I I 1 Y 
1 0  20  3 0  4 0  5 0  that the rate law for the oxidation of p-toluene- 

T I M E  ( M I N I  sulfonic acid by KMnO, is dependent on acidity. 
FIG. 1. Zero order plot for the oxidation of 0.0521 M I t  is convenient to discuss the establishment of 

p - t o l ~ e n e ~ ~ l f o ~ ~ i c  acid by 3.03 X IO-,M KMnO, in the rate law under conditions of "low" acidity 
2.53 M HCIO,. (1 M HClO, or less) and "high" acidity (2 M 

HCIO, or greater) separately. 

disappearance of permanganate ion with time at 529 mp 
using a Unicam model SP500 Series 2 Spectrophotometer 
fitted with a constant temperature cell compartment. The 
extinction coefficient of permanganate was found at the 
point of maximum absorbance to be 2435. 

Under highly acidic conditions (2 M HCI04 or greater) 
straight lines were obtained from a plot of absorbance 
against time indicating that the order with respect to 
permanganate is zero. As Fig. 1 indicates good plots 
were obtained up to 80% of the reaction. It was also 
found possible to duplicate these rates with good pre- 
cision using an iodometric method to titrate unreacted 
oxidant (Ib). 

Under less acidic conditions the kinetic rate plots were 

I I I , I I I , #  
1.0 1.5 

log 1nili.l [KM" 0.11 5 

The Rate Law under Conditions of "Low" 
Acidity (HCIO, < 1 M) 

As Fig. 2 clearly indicates it is not possible to  
establish the order of the reaction with respect 
to permanganate from an analysis of the integral 
rate plots. Consequently, the initial reaction rates 
were determined under conditions of constant 
acidity and concentration of p-toluenesulfonic 
acid but with variable concentrations of KMnO, 
(5). As Fig. 3 indicates a plot of log (initial rate) 
against log [KMnO,] gave a straight line of 
approximately unit slope indicating that the 
reaction is first order in permanganate. In sub- 
sequent reactions the assumption was then made 
that the order with respect to KMnO, under 
conditions of low acidity was unity and the 

W 
0 

Q 
m a Q Q 

O a 0 

FIG. 3. Plot of log (initial rate) against log (initial 
permanganate concentration) for the oxidation of 
0.0521 Mp-toluenesulfonic acid in 0.517 M HC104. 
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pseudo first order rate constants were obtained 
by plotting log absorbance against time over the 
first 25% of reaction. Reasonably reproducible 
results (usually within +6%) were obtained in 
this way. Apparently MnO, remains in solution 
(and thus does not interfere with the spectro- 
scopic measurements) until a certain minimum 
concentration has been attained. 

In a second series of experiments the acidity of 
the solution was varied from 0.292 to 1.04 M 
HCIO, while the initial concentrations of 
KMnO, and p-toluenesulfonic acid were main- 
tained at 3.03 x and 5.21 x lo-' M re- 
spectively. A plot of the logarithm of the pseudo 
first order rate constants against Ho (6) gave a 
straight line of near unit slope thus indicating 
that the reaction is subject to acid catalysis. This 
fact is also indicated by the constancy of the 
values for log k, + Ho given in the last column 
of Table 1. 

Finally, the pseudo first order rate constants 
were measured under conditions of constant 
acidity but variable p-toluenesulfonic acid con- 
centration to determine the order with respect to 
the reductant. The results are presented in 
Table 2. The approximate constancy of the k, 
values obtained through division of the pseudo 
first order rate constants by reductant concentra- 
tion indicates that the reaction is also first order 
in p-toluenesulfonic acid. 

Hence the rate law for this reaction in solutions 
of low acidity is, v = k, [MnO,-] [Arenelh,, 
with the value of k, being 8.09 + 0.25 x loe4  
M-2 S-l 

TABLE 1 
Variation of kl with perchloric acid concentration under 

conditions of low acidity* 

[HC104] (M) Ho kl(s-l) x lo5? log k1 + Ho 

0.296 0.15 2.57 + 0.02 -4.44 

*p-Toluenesulfonic acid concentration = 0.0521 M; temperature = 
25.0 -C 0.1". 

?The errors quoted are the probable deviation of the mean for three 
to six runs (14). 

TABLE 2 
Variation of kl with concentration of p-toluenesulfonic 

acid under conditions of low acidity* 

k, = kl/[Arene] 
[Arene] (M) kl(s-l) x lo5? (M-I s- l )  

*HCI04 = 0.517 M; temperature = 25.0 + 0.1". 
?The errors quoted are the probable deviation of the mean for three 

to eight runs (14). 

TABLE 3 
Variation of ko with perchloric acid concentration under 

conditions of high acidity* 

[HC104] (M) H o  ko(M s-') x 108.t log ko + Ho 

The Rate Law under Conditions of "High" 
Acidity (HCIO, > 2 M) 

The good straight lines obtained when absor- 
bance is plotted against time clearly indicate that 
the reaction is zeroth order with respect to  
oxidant under these conditions (Fig. 1). Attempts 
to plot the data in other forms such as log 
absorbance against time resulted in lines with a 
definite curvature. 

The effect of varying the acidity of the reaction 
medium is apparent from the data reported in 
Table 3. The fact that this reaction, under con- 
ditions of both low and high acidity, appears to 
be first o d e r  with respect to the Hammett 
acidity function, ho, may be fortuitous. There is 
evidence that the protonation of arenes does not 
follow this function (7), and while little is known 

'P-Toluenesulfonic acid concentration = 0.0521 M; temperature = 
25.0 + 0.1". 

?The errors quoted are the probable deviation of the mean for 
three to six runs (14). 

about the protonation behavior of oxy anions 
there is no reason to suspect that such a reaction 
would follow a simple Hammett acidity relation- 
ship (Id). In fact it has been discovered that this 
function is completely satisfactory only for 
reactions which involve protonation of primary 
amines; even the protonation of tertiary amines 
does not conform exactly (8). Hence as far as the 
oxidation of arenes is concerned, it may well be 
that the apparent first order dependence is the 
result of several compensating factors. However, 
it is obvious that the over-all reaction is subject 
to acid catalysis. 

For determination of the order with respect to 
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TABLE 4 
Variation of k, with p-toluenesulfonic acid concentration 

under conditions of high acidity* 
- 

- 

k l  = kol 
[Arene] (M) ko(M s-I) x lo8? [Arene] (s-l) 

*HClOj = 2.53 M; temperature 25.0 f 0.1'. 
?The errors quoted are the probable deviation of the mean for three 

to five runs (14). 

reductant the reaction was studied under con- 
ditions of constant KMnO, and HCIO, concen- 
trations but with variable concentrations of 
p-toluenesulfonic acid. All runs give a first order 
rate constant of 1.58 f 0.17 x s-I when 
k, is divided by the concentration of p-toluene- 
sulfonic acid indicating that the reaction is first 
order in reductant (see Table 4). 

Hence the rate law under conditions of "high" 
acidity appears to be, v = k, [Arenelk,, with the 
value of k, being 1.19 f 0.13 x M- I  s-l. 

While introduction of the sulfonate group into 
the structure of the arene greatly simplifies the 
kinetic procedure it has the converse effect on the 
ease with which the products of the reaction can 
be separated. To date we have been unable to 
identify the products because they all seem to 
have physical properties very similar to each 
other and to unreacted starting material. How- 
ever in a related study it was observed that when 
an excess of toluene was oxidized under condi- 
tions of both low and high acidity (0.5 and 
3.0 M HCIO,) the mixtures obtained from both 
experiments were nearly the same with benzalde- 
hyde being the major product (9). 

Discussion 

All of the results presented in the preceding 
section can be incorporated reasonably well into 
reaction Scheme 1. 

k l  MnV" 
Arene f H+ Arene-He - Products 

k-  1 k2 
SCHEME 1 

Assuming that Arene-Hf is a reactive inter- 
mediate and applying steady state assumptions 

the rate law for this system is expressed by eq. [I]. 

If we assume at "low" acidity that k- ,  >> 
k, [Mnv"] then eq. [ I ]  can be approximated by 
eq. [2] and the rate is first order in KMnO, as 

required by the experimental results. Conversely 
if under conditions of "high" acidity we assume 
that k-, << k2[Mnv"] eq. [.I] is then best 
approximated by eq. [3] and the reaction is 
zeroth order with respect to MnV" as is observed. 

The inversion in the relative magnitude of k, 
and k, [Mnv"] on going from low to high acidity 
may be associated with the development of a more 
active form of the oxidant, permanganic acid 
(HMnO,), at high acidities. Permanganic acid 
is known to be a more vigorous oxidant than 
permanganate ion and its formation would 
increase k,. It should be noted however, that the 
pK, of HMnO, is about -2.25 indicating that 
the bulk of the oxidant is still in the form of 
Mn0,- at 2 M HClO, (H, = -0.78) (10). 
However, if HMnO, is a much more vigorous 
oxidant a large concentration need not be gener- 
ated to increase k2 m a r k e d l ~ . ~  

Banoo and Stewart have recently reported 
similar results for the acid catalyzed oxidation of 
benzhydrol with permanganate (1 I). They also 
found that the rate of reaction was zeroth 
order in permanganate at high acidities and first 
order in oxidant at low acidities. As an explana- 
tion for these observations they suggested that 
the reaction at high acidities involved a slow step 
in which the diarylcarbonium ion was formed 
followed by a rapid oxidation step. Conclusive 
evidence for this mechanism was supplied by the 

3A referee has suggested that the active oxidant under 
highly acidic conditions might be M n 0 3 +  which could 
form via Mn04-  f 2H+ -> M n 0 3 +  + H20. Alter- 
natively the active oxidant could be a manganese species 
of intermediate 3, 4, 5, or 6 oxidation state. The evidence 
to distinguish between these possibilities is scarce, but 
most of the available data suggests that H M n 0 4  and not 
M n 0 3 +  is the species formed when permanganate 
protonates (see ref. le). 
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so; 
CH,-@S03- + He= CH,+SO~H 5 C H 3 a H  

observation that the rate of oxidation was equal 
to the rate of carbonium ion formation. 

Similarly it follows, if our suggestions regard- 
ing the mechanism of this reaction are correct, 
that the rate of oxidation under conditions of 
high acidity should be equal to the rate of pro- 
tonation of p-toluenesulfonic acid. While no 
direct measurement of this reaction has yet been 
made a good prototype should be the detritiation 
of isotopically labelled aromatic systems and it 
is of interest to note that our k ,  values (Table 3) 
are of the same order of magnitude as the 
corresponding rate constants reported for the 
detritiation of a number of azulene derivatives 
under similar conditions (12). 

It must be recognized that the rate data do not 
provide any information concerning the identity 
of the reactant arene or the protonated inter- 
mediate which we have designated as Arene-Ha. 
However it is instructive (but at the same time 
highly speculative) to attempt to anticipate the 
nature of the reaction and its intermediates in 
greater detail. Since p-toluenesulfonic acid is a 
strong acid it probably exists under the conditions 
of these experiments as a highly dissociated ion- 
pair (13). Consequently the substrate is most 
likely the p-toluenesulfonate anion and the 
protonated arene (Arene-HB) would then be 
neutral p-toluenesulfonic acid. However proton 
transfers to oxygen are very fast and if protona- 
tion is to be the rate determining step it must 
involve transfer of a proton to carbon. An 
attractive possibility which is consistent with the 
available data has been suggested by a referee; 
the rate determining step could occur intra- 
molecularly via tautomerization of neutral 
p-toluenesulfonic acid (Scheme 2). 

In conclusion, it is apparent that the use of 
p-toluenesulfonic acid as a substrate to investigate 

the oxidation of arenes results in the generation 
of kinetic data which can be used to define the 
rate laws for the reaction precisely. However, it 
leaves unanswered several questions as to the 
significance of these rate laws with respect to the 
mechanism of the reaction. ~ x ~ e r i m e n t s  designed 
to expose certain features of the reaction mech- 
anism are now under way in our laboratories. 

The authors are grateful to the National Research 
Council of Canada for the award of an operating grant 
(D.G.L.) and a Scholarship (B.E.S.) which supported 
this work. 
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Studies of carbohydrate derivatives by nuclear magnetic double resonance. 
Part V. Some 'H- { 'H)  INDOR experiments1 

R. BURTON, L. D. HALL, AND P. R. STEINER, 
Department of Chemistry, The University of British Columbia, Vancouver 8, British Columbia 

Received March 16, 1970 

A simple modification is described which enables a Varian HA-100 spectrometer to be used routinely 
for 'H-{'H) internuclear double resonance experiments. Several examples are given to illustrate the 
results which may be obtained via this technique, with particular emphasis on carbohydrate derivatives. 
Canadian Journal of Chemistry, 48, 2679 (1970) 

Introduction frequency field is applied within the vicinity of 

F~~ organic substances of low molecular one resonance and its effect is detected by means 

weight it is generally a simple matter to identify of a weak "observing" which is scanned 
and evaluate the spin coupling constants of through the rest of the spectrum. 
individual resonances, and thereby obtain evi- In the INDOR mode of operation, the func- 

dence concerning the structure of the compound tions of these two radiofrequencies are effectively 

being investigated. Unfortunately, for substances interchanged. Again H~ is held but 
of higher molecular weight it often happens that "a1" is used to monitor a particular transition in 

the proton resonances of particular interest are the spectrum. Then " ~ 2 "  is scanned through the 

obscured by the fortuitous overlap of other spectrum; whenever its frequency coincides with 

resonances.  hi^ seriously diminishes the effec- a transition which has a connective relationship3 
I tiveness of the proton nuclear magnetic resonance ( 5 )  with the One being the Wcorder 
I ('H n.m.r.) technique as a structural probe. (a,) will show a response. 
I Although it is often possible to estimate the There are several "mechanisms" whereby 

shift of the "hidden,$ resonance by a INDOR responses can occur and for detailed 

spin-decoupling experiment, this gives no indica- discussions of these the reader is referred to two 

tion of the magnitudes of other couplings in that review articles (6, 7) and several original papers 

resonance. In principle it is possible to obtain (4, 8, 9). Suffice for the present discussion to 
I 

both the shift and coupling data by a series of Point out that for most systems the observed 
spin-tickling experiments, but in practice the INDOR responses will either arise predominantly 
amount of time required for these experiments is as a result ofchanges in the populations of various 

usually prohibitive. A preferable alternative to energy levels, or predominantly changes in the 
either of the above methods is based on the actual energy levels, which are similar to those 
IH-{IH) In te r~uc lear  Resonance changes encountered in "spin-tickling" experi- 

(INDOR) technique (4). ments (6,7). When the strength of "a," is set at a 
the present paper we describe a trivial sufficiently low power level, rearrangements of 

modification which enables a Varian  HA-^^^ the populations of individual energy levels are 

spectrometer to be used for the measurement of detected by "a1" as a series of both positive and 

IH-{'H) INDOR spectra on a routine basis. negative responses; the experiments described 

since the many possjble applications of the later in this paper correspond to this class. Some- 
method are best discussed in relation to specific what higher Power levels of "a," give responses 
chemical problems, we shall only discuss here a which correspond Primarily to spin-tickling 
minimum of illustrative examples. effects, and in this case the recorder shows a series 

In a conventional frequency-swept double negative-going peaks In practice both of 
resonance experiment, the magnetic field (H,) is " m e ~ h ~ ~ i s m s " ~ ~ ~  o~eratesimultaneousl~; 
held constant, while a -decoupling~ radio- fortunately the positions of INDOR responses 
-- do not depend on the particular "mechanism" 

operative. 
'For previous papers in this series, see refs. 1-3. 
'Recipient of an NRCC Studentship, 1969-1970. 3That is, having an  energy level in common. 
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Experimental 
The basic spectrometer system used for these experi- 

ments is a Varian HA-100 instrument, equipped with a 
high impedance, 12" magnet. 

Conversion to the INDOR mode of operation requires 
only one minor modification of the V-4354A "lock-box". 
The "Shim-Normal" switch (S-1309) of this unit is 
replaced by a 3 position rotary switch, which is wired 
up according to Fig. 1. When this switch is in the INDOR 

,000 OHM 
EXTERNAL 
OBSERVE 

FIG. 1. Modification of switch (S 1309) of the Varian 
V-4354A unit for INDOR mode of operation. 

position the phase detector of the analytical channel 
receives its reference voltage (ca. 1 V peak to  peak) from 
the external oscillator, via the jack labelled "external 
observe". 

The system interconnections required for the INDOR 
mode of operation are given in Fig. 2. The amplitude 
control and phase-shift network we use is a modified 
version of the unit developed by A. W. Douglas (10). 

To "D.C.- Sweep" , field rnadvlation 
coils. 

FIG. 2. Block-diagram of the system-interconnec- 
tions used for the INDOR mode of operation. 

INDOR Experiments 011 2-Deoxy-D-arabbzo-hexo- 
pyranose ill D 2 0  Solrrtio~z 

Although it should be emphasized that spectrometer 
calibrations are seldom absolute and that the settings 
quoted below are unlikely to  be optimal ones for other 
HA-100 spectrometers, these settings should ensure at 
least a marginal response on a first-run basis, which 
then can be optimized. 

A sample of 2-deoxy-D-arabino-hexopyranose4 was 
lyophilized several times with D,O and then a ca. 30% 
(w/v) solution was made. A capillary tube containing 
tetramethylsilane was used to provide the lock signal. 

With the spectrometer operating in the frequency- 
sweep mode the spectrum was recorded and the transition 
frequencies of the anomeric resonances were measured 
(f 0.1 Hz). 

The spectrometer functions were now adjusted as 
shown in Table 1. The output-frequency of the external 
oscillator was then set to monitor transition 1 (see Fig. 3). 

4From Pfanstiehl Laboratories, Waukegan, Illinois. 

CHEMISTRY. VOL. 48, 1970 

TABLE I 

Function selection and approximate control settings 
required for the INDOR mode of operation 

- - 
-- 

Function Adjustment 

V-43 1 1 Attenuator: 26 dB 
V-4354A Switch S-1309: INDOR 

Amplitude of sweep oscillator: 0.6 
to 0.8 (as indicated by the dial) 

Sweep-width: 500 Hz 
Frequency response: 0.5 
Spectrum amplitude: maximum 

Recorder Sweep time: 500 s 
V-4391 Spin decoupler 
External oscillator 1&20 mV (as indicated on scope) 

The first scan of the spectrum produced a series of 
rather broad transitions; small variations in the power 
output of the "external" and "sweep-oscillators'' resulted 
in a marked increase in the "resolution" of these transi- 
tions and in the effective disappearance of several 
"ghost" transitions (vide infra). 

Sucrose octaacetate (2) 
A sample of sucrose octaacetate was kindly provided 

by Dr. J. F. Manville and was used as a ca. 20% (w/v) 
solution in acetone-d6. 

D-Ribose (3) 
The ~ - r i b o s e ~  was lvo~hilized several times with D z O  

and then made to a ca; 3b% (w/v) solution in D 2 0 ,  with 
ca. 30 mg of sodium dimethylsilapentanesulfonate as 
internal reference. 

Results and Discussion 

A simple illustration of the effectiveness of the 
INDOR technique in the carbohydrate area is 
afforded by the spectra shown in Fig. 3. The 
normal. H-1 and H-2 resonances of a fullv 
mutarotated solution of 2-deoxy-D-arabino-hexo- 
pyranose (1) in D 2 0  solution is given across the 
center of the figure. The problem is to identify 
which of the many transitions in the higher-field 
region correspond to which of the two Hz 
resonances. The assignment shown for the H-1 
resonances is trivial. 

The group of spectra in the upper set of inserts 
[Fig. 3A, B, C ,  and Dl show the effect of monitor- 
ing respectively transitions I ,  2 , 3 ,  and 4 and then 
scanning the decoupling field through the region 
shown. The pair of spectra shown in Fig. 3A,  D 
serve to identify the positions of all sixteen of the 
p[H2] transitions. The same data is contained in 
Fig. 3B, C .  I t  is interesting to note that some 
"ghost" responses from the alternate subspectra 
occur in each of the spectra A, B, C ,  D. This is 
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BURTON ET AL.: NUCLEAR MAGNETIC DOUBLE RESONANCE. V 

a ~ l e  RESPONSE 

FIG. 3. Partial 'H n.m.r. spectra for a fully mutarotated solution of 2-deoxy-a-D-arabirzo-hexopyranose (1) in 
D20. The normal H-1 and H-2 resonances are shown across the center of the figure. The upper set of spectra { A ,  B, 
C, and D} show the effect of monitoring the four P{HI.} transition I + 4, in that order. The lower set of spectra 
{E, F, G ,  and H }  result from monitoring the four a{H,.} transitions 8, 7, 6, and 5 respectively. The resultant first- 
order assignments for the H-2 resonances are indicated. 
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FIG. 4. (A), Partial 'H n.m.r. spectrum of sucrose octaacetate (2) in acetone-& with assignment of pyranose 
protons obtained from INDOR spectra. (B, C, D, and E), Responses obtained from monitoring transitions 1, 8, 3, 
and 5 respectively (see text). 

due5 to the fact that [yH2]/2n was set rather too 
high in relationship to J, , , , .  This behavior is even 
more clearly discernible in the series of spectra 
shown in Fig. 3E, F, G, and H which correspond 
to the monitoring of four transitions 8,7,6,5 of 
a[H,,]. In this case J,,,, is rather small (0.7 Hz) 
and it is necessary to significantly decrease the 
strength of the decoupling field in order to 
prevent too many ambiguous responses. It is 
evident from these spectra that even when a 
serious decrease in signal-noise ratio is accepted, 
it is difficult to avoid "ghosting" when another 
transition is close to one being monitored. 
Nevertheless, the complete spectra of the a[H,,] 

'To obtain the sharpest responses, ol should be set 
to < f 0.1 Hz; deviation by more than thls amount 
causes broadening of the observed responses together 
with the formation of "spikes" on either side of the 
major responses. 

and a[H2,] resonances can be readily assembled 
from the spectra shown in Fig. 3F, G. 

It is also noteworthy that the pattern of the 
responses obtained via such INDOR experi- 
ments define the relative signs of the appropriate 
spin-couplings. For a discussion of this point the 
reader is referred to an excellent paper by Anet 
et al. (11). 

The 'H n.m.r. spectra of oligo- and poly- 
saccharide derivatives are generally rather com- 
plex and, even at the higher fields available via 
superconducting solenoids, spectral assignments 
are difficult (12). That the 'H-{'H) INDOR 
method would appear to have some potential in 
this area is indicated by the spectra of sucrose 
octaacetate (2) shown in Fig. 4. A reasonable, 
partial assignment of some of the resonances can 
be made by inspection of the normal spectrum 
(Fig. 4A). The resonance of the anomeric proton 
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BURTON ET AL.: NUCLEAR MAGNETIC DOUBLE RESONANCE. V 

FURANOSE H: 
PYRANOSE 

/p' 
HI HP 
I I 

FIG. 5. 'H spectra for a full mutarotated solution of D-ribose (3) in D20 using the methyl groups of sodium 
dimethylsilapentane sulfonate for an internal lock signal. The normal spectrum is shown across the top of the figure 
with some of the intensity between r 6.0 and 6.5 due to the methylene protons of the lock standard. The H-2 responses 
obtained from monitoring lines 2, 3, 5 ,  and 7 are shown in A,  B, C, and D respectively. 

of the glucopyranose ring can be readily assigned 
to the doublet at e 4.32. The INDOR responses 
obtained by monitoring line 1 of the normal 
spectrum are shown in Fig. 4B. These responses 
correspond to lines 6, 7, 8, and 9 and represent 
the H-2 resonance of the glucopyranose ring. 
Monitoring line 2 produced responses in the same 
positions but with the peaks inverted. A con- 
tinuation of this procedure made possible the 
assignment of the resollances of the other 
pyranose ring protons. Figure 4C shows the 
responses corresponding to the H-1 and H-3 
pyranose resonance, obtained by monitoring line 
8 of the H-2 resonance. Sequential monitoring 
of lines 3 and 5 (Fig. 4 0  and E respectively) pro- 
duced responses which designate the H-3 and H-5 
transitions and confirm that the triplet com- 
prising lines 3, 4, and 5 is the resonance of H-4. 
The complex responses for H-5 in these last two 
spectra reflect the highly coupled relationship of 
the H-5 and H-6 resonances, and are not assign- 
able on a first-order basis. It is noteworthy that 
the H-3 pyranose resonance is essentially hidden 

in the normal spectrum, but can be assigned 
using the INDOR mode. Furthermore, the 
"resolution" of the INDOR response is sufficient 
to distinguish the ca. 1 Hz difference between J,,, 
and J, ,,. 

D-Ribose (3) exists in aqueous solution as a 
mixture of four anomers. Lemieux and Stevens 
(1 3) had previously made some progress with the 
assignment of the secondary, ring-proton reson- 
ances by using field-sweep, spin-coupling experi- 
ments. We have now confirmed their assignment 
for the H-2 resonances. The normal spectrum of 
3 in D,O solution, shown in Fig. 5, indicates that 
four anomers are present at equilibrium. The 
anomeric resonances of the a- and P-pyranose and 
the a- and p-furanose forms have previously been 
assigned (13, 14). The spectra in Fig. 5A,  B, C, 
and D show the responses obtained by monitoring 
lines 2, 3, 5, and 7 respectively and serve to 
identify the individual H-2 resonances of each of 
the anomeric forms. The resolution of the spec- 
trometer was somewhat unstable at  the time 
these experiments were performed, and the broad 
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responses in Fig. 5B, C, D indicate the effect of 
this instability, 

Most previous applications of the 'H-{'H) 
INDOR technique have been concerned with 
comparatively simple molecules. However, it is 
obvious from the three examples discussed above 
that the technique can be readily extended to 
more complex molecules, the only requirement 
being that some transitions be clearly removed 
from all others. We anticipate that many useful 
applications will be found in the area of natural 
product chemistry; for example, steroidal deriva; 
tives and many simple biopolymers give spectra 
which should respond well in an INDOR study. 

Some limitations of the INDOR technique 
which may be commonly encountered during 
studies of more complex systems are as follows. 

(a)  When a degenerate transition is monitored. 
This will produce more responses than if a single, 
non-degenerate transition is being monitored, 
and it may be difficult to determine the multipli- 
city of the INDOR spectrum. Similarly, INDOR 
experiments performed on a strongly coupled 
system will produce responses which cannot be 
assigned on a first-order basis. 

(b) When a transition is irradiated at a power- 
level such that both of the response "mechanisms" 
can operate simultaneously. It is possible under 
this condition for a positive and negative-going 
response to effectively cancel each other out and 
hence for the INDOR spectrum to contain too 
few responses. 

(c)  When a transition having an unusually long 
relaxation time is monitored. This condition may 
produce responses which are unduly broadened 
and may be alleviated, albeit with a loss of 
resolution, by increasing the scan-rate. Fortuna- 
tely, this does not seem to be a serious problem 
in 'H-{'H) experiments, although we have 
encountered several examples during hetero- 
nuclear INDOR measurements. 

(d)  When the spectrum to be studied colztains 

one or more intense resonances. A spurious 
response is often observed whenever "a," is 
scanned through an intense resonance, such as a 
methoxyl resonance, even when that particular 
resonance has no direct involvement in the experi- 
ment being performed. This response arises as the 
result of overloading of certain amplifier circuits 
in the HA-100 spectrometer, which can be readily 
observed on the spectrometer oscilloscope as a 
distorted sign wave (receiver lock monitor). This 
condition can be readily avoided by operating at 
low signal levels, either by dilution of the sample, 
or by reduction of the "receiver gain" setting of 
the V-43 11 unit. 

It is a pleasure to thank the National Research Council 
of Canada for their generous financial support of this 
work, and Dr. R. Freeman and LeRoy Johnson of 
Varian Associates for helpful discussions. Dr. Freeman, 
in particular, provided us with much useful insight 
concerning the INDOR technique. 
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Electron spin resonance studies of methyl radicals stabilized on porous VYCOR 
glass: various surface interactions, second-order splitting, and a linewidth 

temperature study 

G. B. GARBUTT' AND H. D. GESSER 
Department of Cl~etr~istry, Uni~9ersity of Manitoba, Winnipeg, Mariitoba 

ReceivedZ April 9,  1969 

Electron spin resonance studies have been performed on methyl radicals stabilized on the surface qf 
porous VYCOR glass. As previously reported, two very different methyl radicals, denoted Me and Me , 
were seen. Results indicate that the radical Me' is most probably weakly bound to the boroxane group 
(=B-0-B=) which is prominent on the surface of high temperature (700-900 "C) pretreated porous 
VYCOR glass. Four satellite lines about each Me line, denoted previously as radical X, were observed 
when the surface was pretreated at lower temperatures (400-500 "C). In an  earlier publication radical X 
was attributed to the interaction between methyl radicals and the isotopic surface species "B. In this 
study two additional satellite lines about each Me line are reported as well as a reassignment of the origin 
of all satellite lines. Four of the six satellite lines have been assigned to forbidden "spin-flip" transitions 
while the other two have been assigned to direct interaction between methyl radicals and the surface 
hydroxyl protons. Support for the irreversibility of high temperature dehydroxylation of porous VYCOR 
glass is also presented. 

A partial resolution of the second-order splitting of each of the central pair of lines was achieved for 
the normal methyl radical. The value of the second-order s~littine. was between 220 and 230 mG. The 
linewidths of thetwo central lines were measured at  77 "K. i'he samples were then allowed to warm up 
to various temperatures and then recooled to  77 OK. The linewidths were smaller after completing this 
cycle. Storage of the sample a t  77 "K allowed the linewidths to return to  their original values. These 
linewidths effects are explained by postulating the existence of two different types of potential wells on 
the surface. 

Canadian Journal of Chemistry. 48, 2685 (1970) 

Introduction 

Turkevitch and Fujita were the first to report 
methyl radical stabilization on porous VYCOR 
glass (PVG, Corning Code No. 7930) (1). This 
laboratory has also been involved in the study of 

I this system (24) .  In both laboratories the methyl 
radicals were produced by low temperature 
ultraviolet (u.v.) photolysis of adsorbed methyl 
iodide. Turkevitch and Fujita also reported 
spectra due to deuterium and 13C enriched 
methyl radicals (I) .  We have recently reported 
on a detailed temperature-dependence study on 
this system (4). Pretreatment of the PVG at one 
temperature leads to observable side bands while 
pretreatment at another temperature yields a 
second type of methyl radical (2, 3). Further 
information regarding the sidebands and the 
various types of methyl radicals is reported here. 
Certain reassignments have been necessary in 
order to account for the results. 

Second-order splitting of alkyl radicals in 
solution has been treated theoretically by Fessen- 

'Canadian Industries L~mited Research Fellow, 1 9 6 6  
1968. Present address: Chemical Technology, Red River 
Community College, Winnipeg, Manitoba. 

ZRevision received April 20, 1970. 

den (5) .  Fessenden and Schuler achieved partial 
resolution of the second-order splitting (0.23 G) 
of each of the central pair of lines while studying 
methyl radicals in liquid methane (6). Partial 
resolution of the second-order splitting has been 
observed in this study for the methyl radical 
stabilized at low temperatures on PVG. The 
asymmetry of the methyl radical spectrum al- 
lowed better resolution of the second-order 
splitting of the high field 3 intensity line (desig- 
nated as line 3a) because the linewidth of line 3a 
is smaller than the linewidth of the low field 3 
intensity line (designated as line 3). A typical 
methyl radical spectrum for this system may be 
seen in Fig. 1. The peak-to-peak linewidths and 
the second-order splittings of lines 3 and 3a have 
been studied on warming and recooling the 
sample. 

Experimental 
Methyl radicals were produced on the surface of PVG 

by the U.V. photolysis at  liquid nitrogen temperatures of 
adsorbed methyl iodide. The methyl iodide was reagent 
grade obtained from Matheson, Coleman, and Bell. The 
deuterated methyl iodide (minimum isotopic purity of 
99 atom % D)  was obtained from Merck, Sharpe, and 
Dohme, Ltd., of Canada (Montreal). Having undergone 
normal degassing procedures these compounds were used 
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FIG. 1. Spectrum of methyl radical at  77 "K (low 
surface coverage). The four lines are designated 1, 3, 3a, 
and l a  on increasing H. 

without any further purification. Each sample of PVG 
(Corning Code No. 7930) was preheated in oxygen to  
remove organic impurities and then heated in vacuum to  
dehydrate the surface. The specific values of the tempera- 
tures employed and the duration of these pretreatments 
are noted at  the appropriate places. The methyl iodide 
was adsorbed at room temperature giving predetermined 
surface concentrations. The resulting samples were im- 
mersed in liquid nitrogen and photolyzed using the full 
focused arc of a Hanovia S-100 Alpine burner. The 
electron spin resonance (e.s.1.) spectra were then recorded. 
The previous published work (2, 3) was performed on a 
homemade X-band e.s.r. spe~ t romete r .~  The work re- 
ported here was done with a Varian E-3 e.s.r. spectrom- 
eter employing 100 kHz modulation. The measurements 
were made with the aid of the Fieldial field control 
included in the spectrometer. A large number of measure- 
ments were made in order to  compensate for any in- 
stabilities in the e.s.r. spectrometer when linewidths were 
determined. 

The second-order splittings were observed on decreas- 
ing the modulation amplitude. The best resolution of the 
second-order splittings was recorded at  modulation 
amplitudes of 5 to 10 m G  and is shown in Fig. 2. Lines I 

3This spectrometer was built by Dr. M. Fujimoto. 

FIG. 2. Spectra of partially resolved second-order 
splittings of lines 3 and 3a (recorded at  77 OK). 

and l a  showed no detectable splitting under the experi- 
mental conditions. 

The second-order splittings and the linewidths of lines 
3 and 3a were measured a t  77 OK. The sample was then 
warmed up and recooled. The second-order splittings 
and the linewidths were then measured once again a t  
77 OK. This process was repeated several times on 
warming the sample to  various temperatures and then 
recooling to 77 OK. 

Results 

The four methyl radical lines are designated as 
lines 1,3,3a, and l a  on increasing field (see Fig. 1). 

( A )  A Second Kind of Methyl Radical 
(denoted Me') 

Under certain conditions a second kind of 
methyl radical was observed on photolysis of 
adsorbedmethyl iodide at 77 OK (Fig. 3). Radical 
Me' increases in concentration more rapidly 
than radical Me, the normal methyl radical, but 
decays at liquid nitrogen temperatures with a 
maximum half-life of about 12 h. The half-life 
decreases as the surface coverage of methyl iodide 
increases. It was believed that Me' decayed at  
77 OK into another radical (radical X) (2). It has 
now been shown, however, that Me' does not 
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GARBUTT AND GESSER: E.S.R. STUDIES OF METHYL RADICALS 2687 

Me' Me' 

FIG. 3. Spectrum of Me and Me' at 77 OK. Note 
that in this case the concentration of Me' is larger than 
the concentration of Me. 

decay into radical X or any other noticeable 
radical. It is important to note that Me' only 
occurs when the preliminary heat treatment of 

the PVG sample is at 700-850 "C under high 
vacuum for long periods (i.e. 14 h or more). Also, 
Me' may appear on many reirradiations of the 
same sample. The largest concentration of Me' 
occurred when studying a sample which had been 
pretreated at very high temperatures and which 
had less than 1 % of a monolayer of methyl 
iodide adsorbed on it. Another sample, similarly 
heat treated, but with twice the methyl iodide 
surface coverage, yielded Me' but not nearly to 
the same extent. The hyperfine splitting in Me' 
was 19.3 f 0.05 G which is smaller than the 
value (20.2 f 0.4 G) reported previously (2). 
The linewidths (peak-to-peak) in Me' spectra are 
larger than those in Me spectra. For example, a 
comparison is made between the Me and Me' 
low field lines: l.w.,-, (Me) = 0.83 G and 
l.w.,-, (Me') = 1.48 G at 77 OK. Both Me' and 
Me have similar saturation properties. 

On irradiation of a deuteromethyl iodide 
sample, a broad seven-line spectrum was ob- 
servable in addition to the normally obtained 
deuteromethyl radical spectrum. This spectrum 
was assigned to a deutero-Me' species, but, 
because of the smaller splittings and broad lines, 
no measurements could be made on this radical. 

An interesting and significant experiment was 

FIG. 4. Spectrum showing radical X. 
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performed on a sample which had yielded large 
quantities of Me'. A small quantity of water 
vapor was added at room temperature and the 
sample was reirradiated at 77 OK. The Me radical 
was the only product under these conditions. 

(B) Satellite Lines about the Four Main Lines 
of the Methyl Radical Spectruni 

In previous publications (2, 3) these satellites 
were reported and were referred to as radical X. 
A more recent spectrum of radical X is shown in 
Fig. 4. Radical X is prominent on PVG samples 
pretreated at approximately 450 "C prior to 
adsorption of methyl iodide. Samples pretreated 
at 700 "C or higher for about 4 h or more under 
vacuum did not yield radical X. Radical X was 
interpreted initially as being formed due to the , 
interaction of some methyl radicals with the 
isotopic impurity llB which has a nuclear spin 
of 312 (3). 

A "stick" diagram of the satellites about each 
proton line in the methyl radical spectrum is 
shown in Fig. 5. Satellites A, A', B, and B' are 
those belonging to the radical X spectrum. In 

*H 
FIG. 5. "Stick" diagram of the satellites around one 

of the four proton lines P. 

addition, two other satellite lines (C and C') have 
been noticed (Fig. 6). 

After considering the results of the following 
experiment, it is apparent that none of the 
satellites shown in Fig. 5 is in fact due to inter- 
action between methyl radicals and llB nuclei. 

DEWAR 

FIG. 6. Spectrum exhibiting the satellites C and C' 
about proton line 3. 

Two samples of PVG were heated in oxygen at 
550 "C for 17+ h and then evacuated at room 
temperature for 24 h. One sample was dosed 
with heavy water vapor (99.7 atom % D) several 
times at 164 "C while the other was dosed with 
water vapor several times at 164 "C. Both samples 
were then heated in vacuum at 425 "C for 6 h. 
Methyl iodide was then adsorbed on both sur- 
faces to a concentration of 5 % of a monolayer. 
Both samples were then photolyzed for 1 .h at 
77 OK. The sample which had been treated with 
water vapor exhibited large satellite lines while 
the sample which had been treated with heavy 
water vapor showed hardly any satellite structure 
at all (Fig. 7). A similar experiment was performed 
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TABLE 1 

Average splittings of satellites from main proton lines at 77 "K 
- 

Splittings* (G) 
Proton Field 

line (G) C B A A' B' C' B + B' 

TABLE 2 
Average linewidths and relative amplitudes of B and B' 

at 77 "K 

Linewidth* Relative 
(G) amplitude 

Proton Field 
line (G) B B' B B ' 

'Error = + 0.03 G .  

(C )  Second-Order Splittings 
The average value of the second-order splitting 

of line 3a was found to be 225 f 20 mG. The 
second-order splitting of line 3 is much less 
precise because of poor resolution due to its 
increased linewidth. The average value of the 
second-order splitting of line 3 was found to be 
221 f 30 mG. 

(D) Warming and Recooling Cycles 
The second-order splitting and linewidth re- 

sults for line 3a are shown in Table 4. The 
measurements were made using 100 mG modu- 
lation and small scan ranges. The results for line 3 

vapor. The result was 0.003 as compared to are given in Table 5 (only linewidth measurements 
0.038 for the corresponding samples dosed with were made because of the poor resolution of the 
water vapor. Therefore, the sample dosed with second-order splitting). 
heavy water vapor yielded satellites which are at 
least a factor of ten smaller in am~li tude than the Discussion 
corresponding samples treated with water vapor. ( A )  The Radical Me, 

The splittings of satellites Band B' from proton Several possible assignments for Met can be 
lines 3 and 3a and the linewidths of B and B' have made 
been studied as a function of temperature. No H H H 
large change was observed in the linewidths on I I I 
going from 77 to 201 OK. The splittings as a H-C-H H-$-H H-C-H 

function of temperature have been tabulated 
B 0 

(Table 3). Satellites B and B' were still observable / I \  
0 0 0  

/ \ 
at 233 OK. On increasing the temperature sat- 

lo\ 
B 

ellites A and A' seemed to disappear or at least , I \ 1 '  i / a  I \  

become unresolvable. 1 L 3 

TABLE 3 
Splittings of satellites B and B' as a function of temperature 

Splittings about Splittings about 
proton line 3* (G) proton line 3a* (G) 

Temperature - 
(OK) B B' B + B' B B I B + B '  
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TABLE 4 

Second-order splitting and linewidth of line 3a on warming and recooling 
-- 
-- 

Temperature 
Measurement sample Measured Measured 

Measurement temperature warmed to second-order linewidth 
number ("K) (OK) splitting (G) (G)5 

- - 

1 * 77 - 0.206 0.457 
2 77 132 0.211 0.450 
3 125 125 Poor resolution 0.456 
4 160 160 Poor resolution 0.461 
5 77 160 0.219 0.443 

Sample stored overnight at 77 "K 
6 t  77 - 0.227 0.461 
7 77 193 0.220 0.445 
8 77 193 0.227 - 

'Values recorded before warming and cooling cycle on sample (reference values). 
tValues recorded after overnight storage at 77 OK. 

$Error = i 0.010 G. 

TABLE 5 

Linewidth of line 3 on warming and recooling 

Measure- Temperature 
i Measure- ment sample Measured 
I ment temperature warmed to linewidth 
1 number (OK) ("K) (GI* 

Sample stored overnight at 77 "K 
5t 77 - 0 . 5 5 8  

Single results for proton line 1 
77 160 

Single results for proton line la 
1011 77 160 0.409 

'Error = i 0.010 G. 
?Value recorded before warming and cooling cycles (reference 

value). 
$Value recorded after overnight storage at 77 "K. 
§Original linewidrh measured at 77 OK was 0.825 G. 
[/Original linewidth measured at 77 "K was 0.478 G. 

Me' is known to occur only after high tempera- 
ture pretreatment. The diffusion of boron to the 
surface of PVG occurs at 600 "C and above (7). 
Siloxane groups are known to be present at much 
lower temperatures. Ramasubramanian and Low 
(8) studied the sorption of water on dry PVG. 
They concluded that water adsorbs primarily on 
the surface boron atoms with the formation of 
=BOH and r B O H 2  structures. The silica net- 
work was found to be hydrophobic. From the 
experiment where water vapor was added at room 
temperature to a sample which had yielded large 
quantities of Me' and which on reirradiation only 

Me appeared, one could postulate no change to 
have occurred in the siloxane network while the 
EB sites have reacted to form =BOH and 
_BOH2 structures. Therefore, the fact that Me' 
did not form on reirradiation supports assign- 
ment 1 or 3. 

Most infrared surface studies (9, 10) tend to 
agree that the main adsorption sites on PVG are 
the surface silanol groups (Bransted sites) and 
the EB groups (Lewis acid sites). The siloxane 
bridges are active only when they are strained or 
when higher temperature adsorption studies are 
carried out. Normally, however, annealing of 
strained siloxane groups occurs on high tempera- 
ture treatment. Also, adsorption studies at ele- 
vated temperatures are of the "chemisorption 
followed by decomposition" variety. Me' is 
thought to be more highly oriented than Me 
because the linewidths of the Me' lines are larger 
than those of the Me lines, because laMe,HI < 
laMeHl, and because the first sites populated on 
irradiation are of the Me' variety. The fact that 

< laMeHI indicates unpaired spin density 
transfer to the surface site. The boron Lewis acid 
site is a known electron acceptor while the 
siloxane and boroxane groups are not known as 
electron acceptors except under strained or high 
temperature conditions. Also, in agreement with 
assignment 1 or 3, Me' was not detected while 
studying methyl radicals adsorbed on pure 
(boron-free) silica aerogels (1 1). The mechanism 
of Me' decay at 77 "K is not understood but is 
consistent with a weak surface interaction or a 
slow surface rearrangement. The above argu- 
ments support assignment 1 or 3 and not assign- 
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ment 2 which was first suggested (2). A 1 % spin 
delocalization to boron should cause the four 
CH, lines to split into 4 components with a 
splitting of about 6 G (12). The absence of such 
an effect would seem to eliminate assignment I in 
favor of assignment 3.4 However, infrared studies 
support assignment I more than assignment 3. 

( B )  Satellites about the Four Main Proton 
Lines of the Methyl Radical Spectrum 

The present evidence suggests that the satellites 
are due to interaction between methyl radicals 
and the protons of the surface silanol groups. 
These satellites were previously assigned to inter- 
action between methyl radicals and "B nuclei (3). 
Low and Ramasubramanian (7), studying the 
dehydroxylation of PVG, have pointed out that 
pretreatment above 300 "C removes geminal 
hydroxyl groups; pretreatment below 600 "C 
leaves a fully hydroxylated surface; pretreatment 
above 600 "C removes adjacent (or vicinal) 
hydroxyl groups and free hydroxyl groups be- 
come prominent; pretreatment above 600 "C 
allows boron to migrate to the sample surface. 
The above work (7) plus the fact that the satellites 
are only prominent after pretreatment at lower 
temperatures (approximately 450 "C), tends to 
support the assignment of these satellites to 
interaction between methyl radicals and the 
surface protons. This assignment was confirmed 
by the heavy water experiments. The fact that the 
satellites appeared at all on the heavy water 
treate'd samples could be due to incompleted 
deuferation. Some unresolved satellites were 
detected about the methyl radical lines on the 
deuterated samples, particularly about the nar- 
rower lines 3a and l a .  These could be due to a 
mechanism similar to that responsible for the 
satellites depicted in Fig. 5. They are not resolved, 
however, because aH/aD = 6.514. Also, samples 
dehydroxylated at  high temperatures before addi- 
tion of water vapor yielded smaller satellites than 
samples dehydroxylated at  room temperature 
before the addition of water vapor. This supports 
the idea that high temperature dehydroxylation 
is almost irreversible, Jt also supports the belief 
that water vapor adsorption occurs mainly at  
adjacent hydroxyl groups. 

The temperature dependence studies suggest 
that A and A' are not related to B and B'. A and 

4We wish to thank one of the referees for bringing this 
to our attention. 

A' may be reasonably attributed to a small 
amount of spin delocalization from the n orbital 
of the methyl radical to the hydrogen atom upon 
which this radical is stabilized. The assignment 
of A and A' to this type of interaction 

is due mainly to the fact that on increasing the 
temperature these satellites become unresolvable. 
This is consistent with a decrease in the strength 
of this interaction on increasing the temperature. 

The total spectrum indicates that only a small 
fraction of the radicals are interacting with the 
silanol proton. 

The satellites B and B' could be reasonably 
assigned to a weak magnetic dipole-dipole inter- 
action coupling the electron spin to a neighboring 
nuclear spin. B and B' would then correspond to 
a change in the spin state of neighboring nucleus 
concurrent with the change in the spin state of the 
electron (forbidden spin-flip transitions) (13). In 
this case, B and B' would be interpreted as the 
occasional concurrent spin-flip of the electron 
and a nearby proton. Since the satellite intensity 
is proportional to l/r6, it is relatively insensitive 
to all but the nearest protons. A second set of 
satellites (with a l/r12 intensity dependence) may 
be observed when two neighboring protons con- 
currently change state. Calculated values of the 
satellite separation from the main lines, for 
magnetic field strengths of 3030 and 3390 G, are 
4.6 and 5.2 G, respectively. One, two, and three 
neighboring protons concurrently changing state 
have been observed (14-16). Rogers and Kispert 
(17), while studying the methyl radical in irradi- 
ated single crystals of sodium acetate trihydrate, 
noticed two satellites spaced 5.6 + 0.2 G on 
either side of the main methyl radical lines. The 
low field satellite lines had larger amplitudes 
than the corresponding high field satellite lines. 
This trend had been noticed previously in other 
systems (14-16). Rogers and Kispert also noticed, 
at high gains, a second set of satellites spaced 
1 1.2 f 0.2 G from the main lines. These satellites 
were attributed to spin-flip transitions due to 
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GARBUTT AND GESSER: E.S.R. STUDIES OF METHYL RADICALS 2693 

dipole-dipole coupling with the protons of the 
water of crystallization. In accordance with the 
above discussion, satellites C and C' have been 
assigned to spin-flip transitions due to two 
neighboring protons concurrently changing state. 
A comparison of many of the spin-flip spectral 
characteristics is difficult because the systems 
studied are so very different. 

The question may be asked : Why are A and A' 
not visible when employing high temperature 
pretreated glass? Relative amplitude and line- 
width studies (1 8) indicate that the methyl radical 
is more strongly bound to the surface of low 
temperature pretreated PVG (or wet glass). 
Therefore A and A' are not visible on dry PVG 
probably because the interaction between the n: 
orbital of the methyl radical and the surface 
hydroxyl group is not as strong as for wet PVG. 

( C )  Second-Order Splittings 
It is noteworthy that the measured value of the 

second-order splitting is very nearly the value 
theoretically predicted (5). The narrowness of the 
lines, which allowed partial resolution of the 
second-order splitting, indicates that only weak 
interaction exists between the radical and the 
surface. Linewidth studies indicate that the higher 
the temperature used to oxidize and dehydroxy- 
late the surface, the smaller is the resulting 
interaction between the methyl radicals and the 
surface. In this case high temperatures were 
employed. 

( D )  Warniing and Recooling Cycles 
Table 4 will be discussed first. Measurements 

No. 1 were performed at 77 OK immediately after 
the formation of the radicals. The sample was 
then warmed to 132 OK and then recooled to 
77 OK (measurements No. 2): Measurements 3 
and 4 were made at higher temperatures, 125 and 
160 OK, respectively. The sample was then cooled 
to 77 "K (measurements No. 5), then stored 
overnight at 77 OK. Measurements No. 6 were 
made the next morning while the sample was still 
at 77 OK. Measurements Nos. 7 and 8 were made 
at 77 OK after warming the sample to 193 OK. 
Significantly, the linewidths are seen to decrease 
on warming and recooling and the second-order 
splitting becomes unresolvable at higher tem- 

I 

peratures. The linewidth approaches its original 
I 

value on sample storage at 77 OK during which 
no radical decay occurs. This trend was repro- 
ducible for several samples. 

Some of the above observations are more 
clearly seen in Table 5. The increased clarity is 
due to the fact that line 3 is broader than line 3a. 
Single results for methyl radical lines I and l a  are 
also included in Table 5. 

The above observations may be explained in 
the following manner. The radicals stabilized on 
the surface are found in a variety of potential 
wells (Type I) having various depths. In order for 
radical decay to take place the radical must leave 
these potential wells. This requires various activa- 
tion energies and accounts for the cascade effect 
observed previously (2). It has been repeatedly 
observed in this laboratory that the normal 
methyl radical does not decay at 77 OK. There- 
fore, the linewidth effects reported above must 
be due to radical migration to differing sites 
located within the potential wells of Type I. This 
leads to the postulation of other potential wells 
(Type 11) or sites within Type I wells. Free radical 
migration between Type I1 wells accounts for the 
observed linewidth effects. 

After an initial decay at elevated temperatures 
the radicals on the surface are distributed so that 
Type 1 wells are singly occupied. The smaller 
linewidths at the higher temperatures are due to a 
narrower distribution of the radicals anlong the 
various Type I1 sites. A slow redistribution of the 
radicals among the Type I1 sites can occur at  
77 OK resulting in a broadening of the linewidth 
without free radical decay. 

Conclusions 

The radical Me' is seen as an interaction be- 
tween a methyl radical and a boroxane group. 
The satellites A and A' have been attributed to  an 
interaction such as e S i O H  . - . CH,. The satel- 
lites B and B' are probably due to the simul- 
taneous change in spin state of the electron and a 
nearby proton. Satellites C and C' are probably 
due to the simultaneous change in spin state of 
the electron and two nearby protons. Support 
for the virtual irreversibility of high temperature 
dehydroxylation of PVG has also been presented. 

The second-order splitting of the methyl radical 
has been observed and measured. Evidence for 
radical diffusion at liquid nitrogen temperatures 
has been presented even though there is no 
measurable radical decay. Two types of potential 
wells, or energy sites, one within the other, have 
been postulated in order to explain the observed 
linewidth effects. It is anticipated that surface 
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heterogeneity may be examined by this process 
and a linewidth-temperature study is planned 
for homotactic surfaces. 

The authors wish to thank Dr. M. Fujimoto for his 
helpful discussions. This work was supported by the 
Directorate of Chemical Sciences, Air Force Office of 
Scientific Research Grant No. AF-AFOSR 642-66, and 
by the National Research Council of Canada. 
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d Orbitals in the noble-gas dihalides 
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Received' October 6, 1969 

Model calculations are reported for ArF,, KrF,, XeF,, ArCl,, KrCI2, and XeCI2. The approach is to 
compare the energies of a number of valence-bond structures for each molecule. The calculations use 
Slater-type radial functions and simplify the electron repulsion integrals with the Mulliken approxima- 
tion. Energies are optimized by varying the d orbital exponent and a parameter which governs the ionic 
character of the covalent bonds. For all the molecules it is found that the structures such as (X-M+X- 
+ X-M+-X) and X-M2+X-,  which maintain the octet rule and exclude the use of d orbitals, are less 
stable than the structure X-M-X which implies localized electron-pair bonds based on pd hybrids at 
the noble-gas atom M. 

Approximate molecular wave functions are obtained from a configuration interaction calculation, and 
the general conclusion is that the valence-bond structures incorporating d orbitals become more impor- 
tant as the atomic number of the central atom increases. A preliminary study of the role of the 4fz3 
orbital is also presented, but it seems this orbital contributes mainly as a polarization effect. 

Canadian Journal of Chemistry, 48, 2695 (1970) 

Introduction 

The bonding in the noble-gas dihalides has 
recently attracted much attention (1-4). In 1964 
Coulson (3) showed that the observed trends 
in stability,' namely that stability increases with 
increasing atomic number of the noble gas atom 
and with decreasing atomic number of the 
halogen, could be rationalized with a simple 
valence-bond model involving resonance of 
structures which maintain the octet at the central 
atom. A more recent investigation of XeF, and 
XeCI,, however, indicates that the halogens may 
perturb the atomic potential at xenon sufficiently 
to expand the octet and allow the use of 5d 
orbitals in bonding models (4). Additionally, 
there has been a suggestion (5) that 4f orbitals 
also may contribute to the electronic structures 
of the xenon fluorides. The purpose of the present 
paper is to present some new calculations for the 
linear difluorides and dichlorides of argon, 
krypton, and xenon, with the view of providing 
a basis for more quantitative discussions of the 
bonding in these molecules. 

The approach is first to compare the energies 
of some valence-bond structures of each molecule 
(designated in general by MX,) including those 
structures represented schematically by X-M- 
X, X-MfX-, and X-MZfX-.  The first 
implies a shared localized pair of electrons in 

each inter-nuclear region and the use of pd 
hybridization at the central atom M. The other 
two structures maintain the octet at M ;  bond 
equivalence being maintained in the second by 
resonance between the two ionic-covalent struc- 
tures. The valence-bond structures which seem 
likely to contribute most to the total wave 
function are then mixed in a configuration 
interaction calculation. Throughout, the calcula- 
tions assume a fixed core defined by X+ MZf X f ,  
the valence shell configurations being sZp; for 
both Xf and M Z f .  In this approximation the 
various valence-bond structures considered here 
differ only in the locations of two electron pairs. 
The cr atomic orbitals accommodating these four 
electrons are orthogonalized to the core orbitals. 

Calculations 

The model calculations which are reported in 
this paper are based on four types of wave func- 
tions which are designated in unnormalized 
forms in eqs. [I]-[4]. 

'Revision received May 22, 1970. [41 YIV = I P ~ ~ ~ z ~ z I  + I ~ ~ F ~ z i z l  - 11171~721 
'No halides of argon are known at present; the discrete - 1117112~1 

halides of xenon and krypton are XeF,, XeF,, XeF,, 
XeCI,, and KrF,. The two X atoms in MX, are subscripted 1 
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TABLE 1 

Representative values of the coefficients in eq. [8] for the noble gas difluorides* 

Molecule Orbital ns TIP= ndzz Is(F1) 2s(Fl) 2pZ(F1) 1 s(F2) 2s(F2) 

*In this Table the exponents for the ns, np,, and nd,z orbitals are 2.59, 2.25, and 1.84, respectively, for ArF,; 2.83, 2.44, and 1.93 for KrF,; and 2.84, 2.48, and 2.07 for XeF2. 

TABLE 2 

Representative values of the coefficients in eq. [8] for the noble gas dichlorides* 

% 
Molecule Orbital ns np, ndlz Is(c11) 2s(c11) ~ P Z ( C ~ I )  3s(C11) ~P,(CII) ls(C1z) 2s(Clz) 2pz(C1z) 3s(Clz) ~P:(C~Z) L 

\D 

*In this table the exponents for the ns, np,, and n d , ~  orbitals are 2.59, 2.25, and 1.34, respectively, for ArCIZ; 2.83, 2.44, and 1.61 for KrC1,; and 2.84, 2.48, and 1.78 for XeC12. 
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and 2 and the z axis at M points towards X, ;  
local z axes at X,  and X, point towards M. In 
eqs. [I]-[4], h, and h, are hybrids directed at 
I, and I,, respectively the bonding orbitals at X, 
and X,, and p is the p, orbital at M. 

In eqs. [ I  1-[4], Y, corresponds to the structure 
X-M-X, Y,, accounts for resonance between 
the structures X-M+X- and X-M+-X where 
the covalent bonds involve one of the diagonal 
hybrids h l  and h,, Y,,, is the completely ionic 
structure X-M2+X-,  and YIv describes the 
resonance between the two ionic-covalent struc- 
tures where the covalent bonding components are 
due to the overlap of the valence-shell p, orbital 
at M. 

For discussing the localized electron-pair 
model it is convenient to introduce Y ,,, expressed 
in unnormalized form in eq. [5] and defined in 

151 Y,,, = Yl + 2kYII + 4k2Y1,, 

terms of a parameter k (0 < k < co) which 
governs the ionic character of the localized 
electron-pair bonds. 

The Hamiltonian used in these calculations is 
in eq. [61, 

where VFc refers to the interaction of electron i 
with the X+M'+X+ core. The Hamiltonian 
and overlap matrix elements for the wave 
functions in eqs. [I]-[4] are obtained by standard 
techniques (6). The complete numerical evalua- 
tion of the Hamiltonian matrix elements would, 
however, be a complex calculation for the mole- 
cules treated here, and in consequence the matrix 
elements of l/rij  in eq. [6] are simplified with the 
Mulliken approximation (7) which is expressed 
in eq. [7] for a two orbital overlap distribution. 

In eq. [7], Sij is the overlap integral for q i  and qj. 
A number of different combinations of atomic 

orbitals are needed for investigating the various 
valence-bond structures of MX,. The atomic 
orbitals at X are unhybridized, mutually ortho- 
gonal, and are indicated by the notation ls(X,), 
2s(Xl), etc. The orbitals I,, I,, h,, h,, and p in 
eqs. [ I]  to [4] are covered by the notation {$i} 
and are conveniently expressed as in eq. [8] 

where the valence-shell orbitals at M and the 
o-type atomic orbitals at the halogens are 
denoted by {xj}. The coefficients in eq. [8] are 
chosen so that the $ i  are orthogonal to the 
halogen core orbitals and so that the $ i  satisfy 
the orthogonality conditions in eqs. [9]-[l l ] and 
are normalized. 

Typical values of the coefficients in eq. [8] for 
MF, and MCl, are given in Tables 1 and 2 for 
the basis functions specified below. 

The calculations used Slater-type orbitals with 
exponents reported by Clementi, Raimondi, and 
Reinhardt (8, 9) from minimum-basis self-con- 
sistent-field calculations for the atoms in their 
ground states. The Schmidt method (10) was 
used to orthogonalize the valence-shell orbitals 
at M and all orbitals at X to inner orbitals with 
the same spherical harmonics. Some instances 
of non-orthogonality between orbitals of the 
halogens and inner-orbitals at M were neglected 
since the overlap integrals never exceeded 0.01. 
The bond lengths used were Ar-F, 3.00 a.u. 
(1 am. = 0.529 A); Kr-F, 3.30; Xe-F, 3.60; 
Ar-Cl, 3.65; Kr-Cl, 4.00; and Xe-Cl, 4.35. 
The one-electron integrals in the Hamiltonian 
matrix elements were evaluated numerically 
following the method of Roothaan (1 1) for the 
kinetic energy terms, and the procedures de- 
scribed by Magnusson and Zauli (12, 13) were 
used for deriving analytical expressions for the 
potentials of the X+M2+X+ cores. The electron 
repulsion integrals were approximated by using 
the Mulliken approximation eq. [7] for the cross 
terms in the potential derived from the squares 
of the orbital combinations in eq. [8.]. The 
numerical integrations were made by two- 
dimensional Gaussian quadrature (14) over a net 
of 1536 points. 

Results and Discussion 

The energies of the wave functions Y,, Y,,,, 
YIv, and Y ,,, are given in Table 3 for the difluo- 
rides and dichlorides of argon, krypton, and 
xenon. For all these structures, the ns and np, 
orbitals have exponents fixed at the values found 
for the ground state configurations (8, 9), but 
the ndZz orbital exponents and the ionic character 
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TABLE 3 
Values of energy, orbital exponents, and ionic character parameter k for some 

valence-bond structures of ArF,, KrF,, XeF,, ArCI,, KrCI,, and XeCI, 

Orbital exponents 
Wave 

Molecule function Energy$ a d  a1 k 

ArCI, 

'In these wave functions the valence-shell pz orbital at  M is replaced by the 4f,3 orbital. 
tThese values have not been optimized. 
Sln atomic units (1 a.u. -= 27.205 eV). Values are relative to the energy of  the appropriate 

X+MZ+X+ core. 

parameters3 k are varied for minimum energy. 
Additionally, results are given in Table 3 for the 
wave functions Y,,, and YIv where the p, valence 
shell orbital at M is replaced by the 4fZ3 0rbita1.~ 
With this substitution, Y,,, covers the model of 
localized electron-pair bonds based on fd diago- 
nal hybridization at M. The optimization of the 4f 
orbital exponents showed very low values (less 
than 0.5) for the wave functions of type Y,,, 
which describe the resonance of the ionic- 

3k does not completely specify the ionic character 
since the valence orbitals at M are contaminated by 
halogen orbitals from the orthogonalization procedure. 

4The notation for f orbitals is that in ref. 15. 

covalent structures, and likewise very small 4f 
exponent values, corresponding to diffuse and 
weakly bound orbitals, were found for Y,. For 
Y,,,, however, the variation of the 4f exponent 
and k for XeF, showed the optimum 4f exponent 
to be 1.70. With this exponent, the distance of 
maximum radial probability for the 4fZ3 orbital 
is close to that for the 5dZZ orbital. Correspond- 
ingly, for the other molecules, 4f exponents 
were fixed, at the values given in Table 3, such 
that the radial maxima occur close to those of the 
valence-shell dZ2 orbitals. 

The calculations reported in Table 3 differ in 
three respects from the related calculations 
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CATTON AND MITCHELL: d ORB1 TALS IN NOBLE GAS DIHALIDES 2699 

presented earlier (4) for XeF, and XeCl,. The 
first difference is that here the halogen bonding 
orbitals have been orthogonalized to the non- 
bonding valence-shell orbitals of the central 
atom. As expected this raises energies relative to 
those quoted in the earlier work. This effect 
increases with increased occupancy of the halogen 
bonding orbitals, and therefore is greatest for the 
structures of the type X-M2+X- and least for 
the structure covered by X-M-X. The second 
difference is the introduction of the parameter 
k which governs the variation in ionic character 
of the covalent bonds; in the earlier work the 
calculations were made for fixed values of k. 
Thirdly, resonance between structures of the 
types X-M +X- and X-M+-X is now included. 
However, the main conclusion reached pre- 
viously (4) for XeF, and XeCl, is reconfirmed 
here, and this is that the most favorable valence- 
bond structures are those including the 5d,2 
orbital at xenon. 

Within the series of fluorides and within the 
series of chlorides, the trends found for the ionic- 
character parameter k are consistent with the 
electronegativities of the noble-gas atoms 
decreasing with increasing atomic number, and 
this agrees with the usual trends in electro- 
negativities (16). By contrast, the optimized 
value of k for each difluoride is very close to the 
value for the corresponding dichloride, and 
substantial increases may have been expected 
for the difluorides considering that fluorine is one 
unit more electronegative than chlorine on the 
Pauling scale (16). An explanation is that the 
valence-shell orbitals of the noble-gas atoms are 
stabilized more by the fluorines than by the 
chlorines, and this is presumably due to the 
smaller size of the fluorine atoms, and therefore 
to their ability to get an effective nuclear charge 
closer to the valence shell of the noble-gas atom. 
This rationalization accounts for another con- 
clusion from Table 3, namely, that the energy 
gain from including outer-d orbitals in localized 
bonds is greater for the fluorides than for the 
chlorides. This suggests, moreover, that the 
d-orbital bonding model can account qualita- 
tively for the empirical observation that the 
stabilities of the noble-gas fluorides are greater 
than those of the corresponding chlorides. 

Further indications of the comparative 
abilities of fluorine and chlorine to modify the 
electronic structure of the noble-gas atoms in the 

difluorides and dichlorides are provided by the 
optimized d exponents and by the results for 
Y,,, when the 4fz3 orbital is included. The 
optimized d exponents are always less than the 
valence-shell p orbital exponents5 used for the 
noble-gas atoms in these calculations, and the 
interpretation is that the d orbitals are less com- 
pact than the p orbitals in these molecules, 
although it is possible that this difference in size 
is in part exaggerated by the use of fixed exponents 
for the p orbitals. The exponent values in Table 3 
indicate that the d orbitals are less compact in the 
chlorides than in the corresponding fluorides. 
To some extent this is determined by the longer 
bonds to chlorine, but another effect is due to the 
effective nuclear potential of the chlorines being 
less than that of the fluorines, and consequently 
that the chlorines are less able than the fluorines 
to contract and stabilize the outer-d orbitals. It 
is assumed here that the d orbitals in the valence- 
shell configurations s2p5d1 are diffuse for both 
argon and krypton. This is likely both because 
the energies of these orbitals are known to be 
high (17), and because 3d orbitals in (3d)' con- 
figurations of aluminum (18), phosphorus (19), 
and sulfur (20) are diffuse, and so are 5d orbitals 
in (5d)' configurations of the xenon atom (4). 

As expected the results in Table 3 indicate that 
hybrids formed from the ndZ2 and 4fz3 orbitals 
have higher energies in the molecules than do the 
corresponding hybrids formed from np, and 
ndzl orbitals, and this is reflected in part by the 
optimized values of the parameter k, which, for 
the structures including the 4fz3 orbital, are 
always larger for the chlorides than for the 
fluorides. This is strongly against the trend 
expected with the simplest electronegativity 
considerations, and again suggests that chlorine 
is much less efficient than fluorine at stabilizing 
excited orbitals for bonding purposes. In  this 
context, the value of k is least for XeF, and 
suggests that 4f involvement may be greater for 
this molecule than for the other noble-gas 
dihalides, but the involvement is probably 
always small. That there is a stabilizatioil of the 
4fz3 orbital operating in XeF, is suggested by the 
optimized exponent (1.70) which is much larger 
than the value of 0.25 found for the ( 5 ~ ) ' ( 5 ~ ) ~ -  
(4f)' and (5~)'(5p)~(4f)' configurations of the 

5The exponents o f  the valence-shell p orbitals used are 
2.48, 2.44, and 2.25 for xenon, krypton, and argon, 
respectively. 
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TABLE 4 
Results of the configuration interaction calculation for ArF,, KrF,, XeF,, ArCl,, KrCI,, and XeCl, 

Coefficients in eq. [I21 Coefficients in eq. [13] 

Molecule Energy* CI CI , CIU CI v D I D2 0 3  k t  

ArF, -3.02 0.4923 0.1512 0.1470 0.4393 0.8956 -0.2702 0.4393 0.41 
KrF, -2.66 0.5121 0.2041 0.1759 0.3561 0.9638 -0.2630 0.3561 0.44 
XeF, -2.33 0.4807 0.3288 0.2456 0.2090 1.0304 -0.2026 0.2090 0.53 
ArC1, -2.88 0.4144 0.0711 0.1324 0.5579 0.8093 -0.3086 0.5579 0.44 
KrCI, -2.50 0.4622 0.2301 0.1856 0.3056 0.9853 -0.2479 0.3056 0.49 
XeCl, -2.30 0.4665 0.2682 0.2045 0.2391 1.0337 -0.2383 0.2391 0.51 

*In atomic units ( I  a.u. = 27.205 eV). Values are relative to the energy of the appropriate X + M 2 + X +  core. 
tValue of k for Y,., in eq. [ I  31. 

free xenon atom (4), although to a considerable 
extent the increased f-orbital exponent must be 
put down to the increased positive charge at the 
noble-gas atom. 

The Configuration Interaction Calculation 
The configuration interaction was restricted 

to mixing, as in eq. [12], the normalized forms 
of the wave functions Y,, Y,,, Y ,,,, and Y,, 

in eqs. [I]-[4]. The results from solving the 
secular equation, using a standard computer 
program (21), are given in Table 4 for each 
molecule. The energy values can usefully be 
compared with those for the function Yloc in 
Table 3, and it may be noted that the energy 
gain from the free mixing of the functions in eq. 
[12] is least for the dihalides of xenon (0.02 a.u.) 
and is larger in the compounds of krypton (0.05 
a.u.) and argon (0.09 a.u.). These calculations 
suggest, therefore, that the localized electron- 
pair bonding model should be helpful especially 
for the xenon compounds. 

The large contribution of Ylo, to Y can also 
be seen when eq. [12] is re-expressed as in eq. 
[13], where the value of k for Y ,,, is chosen such 

that Y,,, takes up the contributions of Y, and 
Y,,, in eq. [12]. For all molecules, the values of 
k found in this way are within 0.02 of the appro- 
priate values in Table 3 for Yloc based on pd hy- 
brids at M. The values of D l ,  D,, and D, in eq. 
[13] are included in Table 4. 

The coefficients in Table 4 indicate that the 
contributions of the structures which include d 
orbitals increase with the atomic number of the 
central atom. It is interesting to note that the wave 

function Y,,, corresponding to the resonance of 
the ionic-covalent structures, has a smaller 
coefficient than the other contributing wave 
functions for XeF,, and this result contrasts 
with a commonly-held view of the bonding in this 
molecule (2, 3). The contribution of Y,, is 
greatest for the non-existent molecule ArC1,; 
indeed it is only for this single molecule that the 
coefficient of Y,, is greater than the coefficient 
of Y ,. 

Although this study suggests that there may be 
an empirical relation between the calculated 
contributions of valence-bond structures to the 
total electronic wave function and the relative 
stabilities of the noble gas halides, other factors 
are also expected to be important to this stability 
problem. Thus bonding by d, orbitals of the 
noble-gas atom must occur to some extent, but 
alternatively there is the destabilization arising 
from the overlapping of the doubly-filled n-type 
atomic orbitals in the X+M2+X+ core. The latter 
is neglected in the present work, but this effect is 
likely to be greatest for the molecules of argon 
with the shorter bond lengths. This may, there- 
fore, be one reason why ArF, is less stable than 
KrF,. 

Conclusions 

The model calculations reported in this paper 
suggest that the ground-state molecular wave 
functions for the noble-gas dihalides are likely 
to include important contributions by the 
valence-bond structures which incorporate outer- 
dZ2 orbitals in localized electron-pair bonds. 
In a full treatment, however, the valence-shell 
p, orbitals will probably make larger contribu- 
tions to the electronic wave functions than do 
the valence-shell dZ2 orbitals, but the calculations 
reported here suggest that the d orbitals are 
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involved to a degree which is chemically signif- 
icant. By contrast, the participation of the 4fZ3 
orbitals is probably best seen as a polarization 
effect (22). 

Finally, the results of this work should be 
relevant to more general discussions of bonding 
in hypervalent molecules. It seems likely that a 
clarification of the degree of involvement of 
outer-d orbitals in the bonding of molecules like 
SF,, Cl,PO, and the polyhalides will come 
especially from analyses of molecular wave 
functions of the individual molecules rather than 
from correlations between theoretical quantities 
and experimental measurements for a series of 
molecules, and this mainly because of the present 
recognition that stereochemical details, and a 
number of other properties, can be discussed 
in principle both with those models of bonding 
which emphasize the role of outer-d orbitals and 
with the alternative models which neglect con- 
tributions by the outer-d orbitals altogether (23). 
The results in the present paper suggest that for 
many uncharged hypervalent molecules, the 
model of d-orbital i~lvolvement in a bonds is likely 
to be useful for considering stability and other 
features of chemical interest. In a future publi- 
cation we propose to discuss further some aspects 
of d, bonding. 

We are grateful for support by the National Research 
Council of Canada. 
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Structure of sepedonin, a tropolone metabolite of Sepedonium chvysospevmum Fries1 

J. L. C. WRIGHT,' A. G. MCINNES, D. G. SMITH, AND L. C. VINING 
Atlantic Regional Laboratory, National Research Council of Canada, Halifax, Nova Scoiia 

Received December 15, 1969 

The structures of sepedonin, 3,6,9-trihydroxy-3-methyl-1,3,4,7-tetrahydryclohepta[c]pyran-7-one, 
and its two dimethyl ether derivatives, as well as anhydrosepedonin and its three dimethyl ether derivatives, 
are unequivocally established from proton magnetic resonance and nuclear Overhauser enhancement 
parameters. 
Canadian Journal of Chemistry, 48, 2702 (1970) 

Introduction unequivocally defined from the following ob- 

Chemical, ultraviolet (u.v.), infrared (i.r.), 
and proton magnetic resonance (p.m.r.) evidence 
obtained during an earlier investigation ( I )  
of sepedonin, a metabolite of Sepedoilium 
chrysospermzrm Fries, did not allow an un- 
equivocal choice between structures 1 and 2 
but 1 was assigned on biogenetic grounds. 

Before investigating the biosynthesis of sepe- 
donin, unambiguous proof of structure was 
required. An account of the biosynthetic study, 
in which we employed 13C as the isotopic tracer 
and p.m.r. to determine the positions of the 
labeled atoms, has already been reported (2). 
In this communication we report new evidence 
which independently establishes structure 1 for 
sepedonin, and allows structures to be derived 
for the methyl ethers of sepedonin and an- 
hydrosepedonin. 

Discussion 
Structure 

The structure of sepedonin can be fully and 

servations. 
( I )  Sepedonin (C, , H1205) is easily converted 

to anhydrosepedonin (C, lH,oO,) by loss of one 
molecule of water (1). 

(2) The p.m.r. spectra (all p.m.r. data are 
reported in Table 1) of sepedonin and anhydro- 
sepedonin each contained signals for two 
hydrogens (singlets) in the aromatic region. In 
the presence of D 2 0  these hydrogens were 
gradually replaced with deuterium, the hydrogen 
at lowest field (1, z 2.81 ; 4, z 2.73) exchanging at  
least an order of magnitude faster than the one at  
higher field (1, z 3.08 ; 4, z 3.10). Both compounds 
also contained an allylic methylene group 
(1, average z 4.85; 4, z 4.67) bearing an oxygen 
substituent. The spectra of the compounds 
differed, however, in that sepedonin gave signals 
for three hydroxyl groups (replaceable by deute- 
rium; temperature dependent) whereas anhydro- 
sepedonin gave only two. In addition sepedonin 
contained a tertiary methyl (singlet, z 8.28) and 
an allylic methylene (average z 7.02) group. No 
signal for the latter was observed in the spectrum 
of anhydrosepedonin. Instead there was an 
olefinic hydrogen (z 4.40) which was allylic 
coupled (J = 0.6 Hz) to a methyl (z 8.1 1) group. 
It can be concluded that sepedonin contains the 
group -CH2-C(OH)(CH,)- which readily 
dehydrates to give the group -CH=C(CH,)- 
found in anhydrosepedonin. Moreover, the 
paramagnetic shift of the methyl group (z 8.28) 
in sepedonin requires that it be part of a 
-OC(OH)(CH,)- system since the alternative, 
an allylic methyl, is excluded. The methylene 
group-attached to the  carbon bearing these three 

'Issued as NRCC No. 11409. 
ZNRCC Postdoctorate Fellow 1967-1968. Present 

substituents must also be the allylic one which 
address: Dyson Perrins Laboratory, Oxford University, appears at z 7.02 in the spectrum of sepedonin. 
England. In all other respects the structures of sepedonin 
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WRIGHT ET AL.: STRUCTURE OF SEPEDONIN 2703 

TABLE I 
Proton magnetic resonance data for sepedonin and derivatives* 

't 

Compound? HIS H4S H5 Hs ORI,Z CH3 J,,(Hz) ll 

0.8 
6 

J4.cH3 0 . 6  4.88 4.68 4.10 3.44 6.15(R,);6.17(R2) 8.05 J5,0Rl 
J S , O R ~  0 . 5  

'Spectra (100 MHz) for compounds 1 and 4 were recorded in pyridine-ds, for compounds 40 to 6 in chloroform-dl. 
tcompounds 46, 5, and 6 were previously referred to as anhydrosepedonin dimethyl ethers A, B, and Al (I). 
SMethylene protons FTl and H4 in compound 1 formed AB systems where A V1.l = 8.2 and AV4,4  = 11.4 HZ. T-Values are for centers of the AB 

quartets. In the remaining compounds, protons HI  were chemically equivalent. 
DHydroxyl proton on C-3 also occurs at  r 0.3. 
JIMethoxyl resonances could not be assigned. 
7In addition to measured coupling. long range couplings were detected (decrease in line width at  half height on douhle irradiation) between 

HS and H4 and HS and HI  in all compounds. H, and H4 were also coupled in compound 1 ( . I  2. 1.4 Hz). The intensities of the HS and Ha 
protons were integrated during decoupling experiments with some compounds. An increase of 16-22% in the intensity (intramolecular n.0.e.) 
o f  the Hs signal was observed on irradiation of H, in 1, 4, 40, and 46. The intensity of Hs also increased (23%) on irradiation of the adjoining 
methoxyl protons OR2 in 46. Similarly the intensity of Ha ~ncreased (20 and 34%) on  irradiation of OR1 in 40 and 6. 

and anhydrosepedonin should be identical. 
(3) The signals for both methylene groups in 

sepedonin were uncomplicated by vicinal cou- 
pling, and decoupling experiments indicated that 
they were in a homoallylic relationship ( J  -- 1.4 
Hz; estimated from decrease in line width at  
half height on double irradiation). Chemical 
non-equivalence of the hydrogens in each meth- 
ylene group (both gave characteristic broadened 
AB quartets, JAB - 17 Hz) also indicated that 
they were either part of a ring system, in which 
no averaging of the environment occurred due to 
conformer interconversion, or in an otherwise 
asymmetric environment. Previous work (1) 
had also shown that anhydrosepedonin contained 
two phenolic-type hydroxyl groups (pK -- 6 
and 9) and a masked carbonyl group. These 
functional groups are also present in sepedonin 
since they were not involved in its dehydration. 
The presence of secondary or primary alcohol 
groups was also excluded by recording the spectra 
of sepedonin and anhydrosepedonin in DMSO- 
d6 (3). 

I t  can be concluded that the oxygen attached 
to the allylic methylene group appearing a t  
T 4.85 in the spectrum of sepedonin is also 

attached to the carbon atom bearing the 
hydroxyl, methyl, and methylene (T 7.02) groups. 
The combined evidence so far is consistent only 
with the presence in sepedonin of a 6-methyl-6- 
hydroxy-5,6-dihydro-2-pyran ring carrying car- 
bon substituents on the double bond. By analogy 
anhydrosepedonin possesses a 6-methyl-2-pyran 
ring bearing carbon substituents at  the 3- and 
4-positions. This is consistent with lack of vicinal 
coupling to the methylene group and olefinic 
hydrogen (T 4.40), and with all other evidence 
presented above. 

(4) The remaining fragment of sepedonin and 
anhydrosepedonin, namely C5H,0,, must now 
contain two phenolic-type hydroxyl groups, a 
carbonyl group and two =CH groups which are 
part of a system capable of keto-en01 tautomer- 
ism (since they are replaceable by deuterium). 
Further decoupling experiments established that 
both methylene groups in sepedonin were long- 
range coupled to the hydrogen at T 3.08 but not 
to the one at  T 2.81. Irradiation of one methylene 
group (T 7.02) resulted in an enhancement 
(relative intensity 122 $. 2) of the integrated 
intensity of the signal at  T 3.08, whereas no 
increase was observed when the other methylene 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2704 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

group (r 4.85) was irradiated. Such increases in 
intensity are due to the nuclear Overhauser effect 
(n.0.e.) (4). The methylene hydrogens (r 7.02) 
must contribute appreciably to the relaxation of 
the hydrogen appearing at r 3.08, and since this 
effect operates only over small interatomic 
distances, its presence establishes that this 
methylene group and aromatic hydrogen have a 
close steric relationship. Conversely its absence 
when the other methylene (r 4.85) was irradiated 
means that this group is not sterically close to the 
hydrogen at r 3.08. It follows that the methylene 
group (r 7.02) and aromatic hydrogen (r 3.08) 
must be in the relationship shown in structure 1 
and not 2. 

Similar decoupling experiments on anhydro- 
sepedonin showed that both the methylene 
group and olefinic hydrogen (r 4.40) were long- 
range coupled to the aromatic hydrogen appear- 
ing at r 3.10. The intensity of the latter was in- 
creased (relative intensity 116 + 2; n.0.e.) when 
the olefinic hydrogen was irradiated whereas no 
similar enhancement occurred on irradiating the 
methylene group. It can be concluded, therefore, 
that the aromatic (r 3.10) and olefinic (r 4.40) 
hydrogens have the steric relationship shown in 4. 
This independently establishes that structure 1 
correctly depicts the steric relationship of the 
methylene group (r 7.02) and aromatic hydrogen 
(r 3.08) in sepedonin, since we have already 
proven that the olefinic hydrogen (r 4.40) in 
anhydrosepedonin is derived from the methylene 
group at r 7.02. 

The methylene group in anhydrosepedonin 
was also long-range coupled to the other 
aromatic-type hydrogen (r 2.73). However, no 
n.0.e. was seen when the methylene group was 
irradiated, so the second aromatic hydrogen 
(r 2.73) in anhydrosepedonin cannot be at 
position 9 in structure 4. This and a lack of 
coupling between the r 4.85 methylene and 

r 2.81 aromatic hydrogens in sepedonin prove 
that the second aromatic hydrogen is not at 
position 9 of structure 1. Decoupling experiments 
also showed that the two aromatic hydrogens in 
sepedonin (r 2.81 and 3.08) and anhydrosepe- 
donin (r 2.73 and 3.10) were not coupled. These 
observations are consistent only with structure 1 
for sepedonin and structure 4 for anhydrosepe- 
donin. Any other positioning of the hydroxyl 
or carbonyl functional groups would produce 
steric relationships resulting in the two tropolone 
hydrogens being coupled. 

The facile dehydration and the difference in 
the rates of exchange of the two aromatic-type 
hydrogens in sepedonin are explained by 1. 
Protonation of the hemi-ketal hydroxyl group 
followed by loss of a molecule of water would 
produce a tertiary carbonium ion which would be 
further stabilized by delocalization of the lone 
pair of electrons on the other oxygen substituent, 
thereby facilitating the dehydration process. 
Moreover, the hydrogen at C-8 in sepedonin (or 
anhydrosepedonin) should exchange more rapid- 
ly than the one at C-5 if it is located between two 
oxygen functions as shown in 1 and 4. Finally, 
the chemical shifts of the two tropolone ring 
hydrogens in sepedonin and anhydrosepedonin 
are consistent with those found in similar environ- 
ments in other tropolones (5). 

Confornzation of the Dillydropyran Ring 
Although sepedonin (1) contains an asym- 

metric center at C-3 it is not optically active. 
The 5,6-dihydro-2-pyran ring can exist in two 
conformations and, although each conformer 
and its mirror image are equally populated, the 
populations of the conformers could differ. It is 
therefore necessary to explain why p.m.r. signals 
are not observed for each. It is known that the 
energy barriers between the two minimum con- 
formations of cyclohexene (6) and 4-bromo- 
cyclohexene (7) are lower than for cyclohexane 
(8). The number of unfavorable torsional inter- 
actions in the transition state between the two 
conformations of the 5,6-dihydro-2-pyran ring 
of sepedonin, or in the conformers themselves, 
suggests that energy differences and energy 
barriers between the two conformations are 
unlikely to greatly exceed those found in 
4-bromocyclohexene. 

There are two averaging processes responsible 
for the methyl hydrogens appearing as a singlet. 
The methyl group possesses a three-fold axis 
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of symmetry coincident with the bond attaching 
it to the asymmetric center and consequently 
rapid internal rotation about this bond will 
average the magnetic environment of the methyl 
hydrogens. In addition, rapid interconversion of 
the ring conformers will simultaneously average 
the chemical shifts of the methyl groups in these 
conformers. The presence of an asymmetric 
center precludes any type of averaging of the 
chemical shifts of the hydrogens in each methy- 
lene group. In principle each methylene group will 
give two AB systems, one for each ring conform- 
er, but these will be averaged by rapid con- 
former interconversion. When an attempt was 
made to observe the two conformers of sepe- 
donin by recording the p.m.r. spectrum in 
pyridine-methanol (1:4) at -90" the only 
change observed was a broadening of the signal 
envelopes. Solubility problems in the above 
and other solvents prevented studies at lower 
temperatures. At - 164" separate signals for 
axial and equatorial hydrogens at C-4 and -5 of 
cyclohexene have been observed at 60 MHz (6). 
Since at -90" and 100 MHz only an averaged 
sDectrum was observed for the two conformers 
of sepedonin, it seems reasonable to conclude 
that the activation barrier for interconversion of 
the dihydropyran ring in this compound must be 
of similar magnitude, or perhaps even lower, than 
that for cyclohexene. 

Methyl Ethers 
Controlled addition of diazomethane to 

anhydrosepedonin was reported to give a 
monomethyl ether, whereas a mixture of three 
isomeric dimethyl ethers, A, A,, and B were 
obtained with excess reagent (1). Anhydro- 
sepedonin dimethyl ether A was believed to be 
unstable, rearranging slowly to dimethyl ether 
A,. We have checked and found that the latter 
belief was unfounded; all three dimethyl ethers 
are stable and are not interconvertible. The only 
dimethyl ethers obtained when anhydrosepe- 
donin was treated with base and dimethyl sulfate 
in acetone, or alternatively with silver oxide and 
methyl iodide in benzene, were A and B. 
Sepedonin gave dimethyl ethers A and B when 
reacted with diazomethane, and these were de- 
hydrated to anhydrosepedonin dimethyl ethers A 
and B, respectively (1). The structures of all of 
these derivatives were not determined. 

The methyl ethers of anhydrosepedonin gave 
p.m.r. spectra containing characteristic signals 

for all types of hydrogens present in anhydro- 
sepedonin except the hydroxyl hydrogens, 
one or both of which was replaced by the 
corresponding methoxyl signal. With this addi- 
tional data, structures can now be assigned, and 
they offer additional confirmation of the struc- 
tures assigned to anhydrosepedonin and sepe- 
donin. 

Anhydrosepedonin Monoi?~ethyl Ether (4a) 
The spin-spin couplings observed in 4a were 

the same as for anhydrosepedonin except that 
the tropolone hydrogen (z 3.22) was also long- 
range coupled to the methoxyl hydrogens. 
Irradiation of the methoxyl group caused an 
enhancement (relative intensity 120 ) 2) of the 
signal for the tropolone hydrogen (z 3.22), and 
irradiation of the olefinic hydrogen (z 4.50) 
caused a similar increase (1 17 + 2) in intensity 
of the other tropolone hydrogen (z 3.33; n.0.e.). 
If anhydrosepedonin contains the 4-hydroxy- 
tropolone ring system shown in 4 the hydroxyl 
group at position 9 is the most acidic (9) and 
should therefore be preferentially methylated. 
The above evidence is consistent only with 
methylation having occurred at this position and 
consequently the monomethyl ether must have 
structure 4a. 

Anhydrosepedonin Dimethyl Ether B (5) 
The hydrogens of both methoxyl groups in 

anhydrosepedonin dimethyl ether B were long- 
range coupled to the high field (z 3.51), but not 
to the low field (z 3.40) tropone hydrogen. Thus 
one hydrogen (z 3.51) is vicinal to both methoxyl 
groups and the other (z 3.40) is not vicinal to 
either. In addition the methyl group was allylic 
coupled to the olefinic hydrogen (z 4.58) and the 
latter, together with the methylene hydrogens 
(r 4.97), were long-range coupled to  the low field 
tropone hydrogen (z 3.40). No other couplings 
were observed. These data are consistent only 
with anhydrosepedonin dimethyl ether B having 
structure 5. 

It follows that sepedonin dimethyl ether B has 
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o 2;o 
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24 0 280 320 360 400 440 

WAVELENGTH l n m )  

FIG. 1 .  Ultraviolet absorption spectra in 0.1 M ethanolic hydrogen chloride of anhydrosepedonin (-), 
anhydrosepedonin dimethyl ether Al (- - - -), and anhydrosepedonin dimethyl ether A ( . . . . . .). 

structure 3 since 5 is obtained on dehydration 
(1). 

Anhydrosepedonin Diinetlzyl Ether A (4b) 
The methyl group was allylic coupled to  the 

olefinic hydrogen (z 4.50) and the high field 
tropone hydrogen was long-range coupled to the 
methylene hydrogens (z 4.93, the olefinic hy- 
drogen, and the hydrogens of one methoxyl 
group (z 6.10). Only one other coupling was 
observed, namely that between the second 
methoxyl group (z 6.18) and the low field 
tropone hydrogen (z 3.38). Irradiation of the 
appropriate methoxyl signal increased the 
intensities (relative values 123 + 2; 134 f 2) of 
the tropone hydrogens (z 3.84, 3.38; n.0.e.). 
Moreover, the U.V. spectrum of dimethyl ether A 
was similar to that of anhydrosepedonin whereas 
that of dimethyl ether A, was different (Fig. I). 
The combined evidence therefore establishes 
anhydrosepedonin dirnethyl ether A as 4b and 
the corresponding derivative of sepedonin as l a .  

Anhydrosepedonin Dimetlzyl Ether A, (6) 
The low field tropone hydrogen (z 3.44) was 

long-range coupled to the methoxyl group at 
z 6.17 whereas the high field one (z 4.10) was 
similarly coupled to the methoxyl group at  
T 6.15. Ong tropone hydrogen (z 4.10) was also 
long-range coupled to the methylene (z 4.88) 
and olefinic (T 4.68) hydrogens and the latter 
was once again allylic coupled to the methyl 

group. No other hydrogens were vicinal or long- 
range coupled. The only remaining structure 
compatible with this evidence and the U.V. 
spectrum of A, is 6. 

Aromatic solvent induced shifts observed when 
the anhydrosepedonin dirnethyl ethers were 
examined in a benzene-d, - chloroform-dl (ca. 
1 : 1) mixture instead of chloroform-dl were con- 
sistent with the foregoing structural assignments 
(10). In dimethyl ether A,  the methylene group 
was deshielded by 0.1 1 p.p.m., whereas in A and 
B it was shifted upfield by 0.10 and 0.1 1 p.p.m. 
respectively. Only in 6 would the steric relation- 
ship of the methylene and carbonyl groups be 
expected to result in a substantial deshielding 
effect by benzene (1 1). With dimethyl ether B a 
weak (0.03 p.p.m.) deshielding effect was ob- 
served on the vicinal low field tropone proton 
(z 3.40), whereas with A and A, the correspond- 
ing proton signals showed large upfield shifts 
(0.24 and 0.28 p.p.m., respectively). 
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FIG. 2. Resonance and tautomeric forms of anhydrosepedonin. 

It is now possible to account for the methyla- 
tion products of anhydrosepedonin and sepe- 
donin. Ionization followed by methylation at 
position 9 of anhydrosepedonin occurs when 
methyl iodide, or dimethyl sulfate, is used in the 
presence of a base (Ag20 or K2C03). This 
result would be expected from the relative 
magnitudes of the ionization constants (pK6 
and 9) of the two hydroxyl groups in the 4- 
hydroxytropolone ring of anhydrosepedonin 
which has contributions from two resonance 
forms (see Fig. 2). Subsequent methylation of 
the initial product (4a) at positions 6 or 7 would 
then produce only A (4b) or B (5) in agreement 
with experiment. Similarly sepedonin must exist 
onlv as 1 in ethanol since reaction with diazo- 
meihane only produces l a  and 3 indicating that 
methylation at positions 6 and 7 are subsequent 
to methylation at position 9. 

Since anhydrosepedonin reacts with diazo- 
methane in neutral solvents to give the three 
isomeric dimethyl ethers 4b, 5; and 6,  the 
equilibrium shown in Fig. 2 must exist. This 
equilibrium is also necessary to explain exchange 
of the tropolone ring hydrogens of anhydro- 
sepedonin with deuterium (pyridine/D,O). The 
conc1:ntration of the troDone form, however. 
is too small to be observed in our p.m.r. studies. 
A similar equilibrium between the tropone and 
tropolone forms of sepedonin is required to 
account for the replacement of the tropolone ring 
hydrogens with deuterium. 

After this paper was submitted Takenaka and 
Seto (12) reported independent studies on the 
anhydrosepedonin dimethyl ethers. We agreed 
with their structural assignments, but the 
relative yield of dimethyl ether B which we 
obtained upon reacting anhydrosepedonin in 
acetone with excess ethereal diazomethane was 
higher than they described for a similar reaction 
in methanollether. Since only isolated yields of 
methyl ethers have hitherto been reported we 

have remeasured the true yields more accurately, 
and confirmed our earlier results. 

While it is clearly inadmissible to deduce the 
reactivities of the three potential hydroxyl 
functions from the amounts of dimethyl ethers 
formed, the presence of all three isomers in 
fairly similar proportions indicates that the 
initial reaction does not yield one monomethyl 
ether exclusively. 

Experimental 
Proton Magnetic Resotrance 

Spectra were recorded with a Varian HA-100 nuclear 
magnetic resonance spectrometer. Samples (20 to 30 mg) 
were dissolved in 0.4 ml of solvent containing a small 
amount of tetramethylsilane to provide the reference and 
fieldlfrequency locking signal. Solutions were degassed 
prior to determining n.0.e. by double irradiation in the 
frequency sweep mode (4). T o  observe deuterium ex- 
change, 20 p1 of D,O were added to the solution of the 
compound in pyridine-d, or  dirnethylformamide-d,. 

Ultr.auiolet Absorption 
Spectra were recorded with a Beckman model DK-2 

spectrophotometer. 

Optical Rotatior2 
Sepedonin (2 pg/mI in ethanol) had no measurable 

optical activity at  365, 436, 546, 578, or 589 mp when 
examined with a Perkin-Elmer model 141 polarimeter. 

Sepedorzirz 
Samples were isolated from cultures of Sepedoni~crtz 

chrysosper?nlrrn Fries and purified as described previously 
(1). Anhydrosepedonin was obtained from sepedonin by 
heating under reflux for 1 h in glacial acetic acid and 
purified as described (1). 

Metl~ylation of Sepedo?zi?z 
Sepedonin (200 mg) in chloroform (10 ml) and dry 

ethanol (10 ml) was treated with excess ethereal diazo- 
methane for 24 h at  ambient temperature. Concentration 
in unclto yielded a waxy solid (208 mg), shown by thin- 
layer chromatography (t.1.c.) on silica gel HF,54 (E. 
Merck & Co., Darmstadt) with methanol-chloroform 
(1 :20) to be a mixture of two main products ( R ,  0.20 and 
0.31) which quenched fluorescence and stained orange- 
brown with ferric chloride. 

Preparative t.1.c. (500 x 20 x 0.8 cm layers of silica 
gel HF,,, irrigated with methanol-chloroform, 7:93) of 
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part (100 mg) of this product and elution of the zone at  
RF 0.31 with ethyl acetate afforded sepedonin dimethyl 
ether A (34 mg), crystallizing from ethyl acetate as almost 
colorless needles m.p. 170-178". The zone at RF 0.20 gave 
sepedonin dimethyl ether B (28 rng), crystallizing from 
ethyl acetate as pale cream prisms m.p. 140-146". 

Metlzylation of A~z/zydrosepedorzin 
(a) Anhydrosepedonin (500 mg) in acetone (8 ml) was 

treated with excess ethereal diazomethane for 24 h a t  
ambient temperature. Concentration itz vacua afforded a 
brown oil (510 mg), shown by t.1.c. (silica gel HFZs4; 
methanol-chloroform, 1 :20) to be a mixture of three 
products (R, 0.75, 0.64, and 0.50) which quenched 
fluorescence and stained with ferric chloride. A portion 
(400mg) of the product was separated by preparative 
t.1.c. (four plates spread with 500 x 20 x 0.8 cm layers 
of silica gel HFZ5, and irrigated with methanol~hloro-  
form, 7:93). Quenching zones were scraped from the 
plates and eluted with ethyl acetate to give (a) dimethyl 
ether A, (1 11 mg, RF 0.75) crystallized from benzene- 
petroleum ether (60-80") as yellow needles m.p. 157-159"; 
(b) dimethyl ether A (120 mg, R, 0.64) crystallized from 
benzene as yellow needles m.p. 153-154"; (c) dimethyl 
ether B (90 mg, RF 0.50), crystallized from water as pale 
yellow needles n1.p. 145". 

(b) A suspension of anhydrosepedonin (32 mg, 0.15 
mmole) in methanol (1.6 ml) was agitated at  4" with an  
ethereal solution (14.4 ml) of diazomethane prepared 
from N-methyl-N'-nitro-N-nitrosoguanidine (0.22 g, 1.5 
mmole). After the sample had dissolved completely 
(10 min) the solution was evaporated and the residue, in 
chloroform, extracted successively with aqueous 1 % 
sodium carbonate and 0.1 N sodium hydroxide solutions. 

The product remaining after extraction was separated by 
t.1.c. and the three dimethyl ethers eluted with ethanol. 
The amounts of unreacted anhydrosepedonin (sodium 
carbonate extract; 0.32mg), its monomethyl ethers 
(sodium hydroxide extract; as 4a,0.76 mg), and dimethyl 
ethers A1 (10 mg), A (13 mg), and B (7 mg) were measured 
spectrophotometrically (1). 
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P-Ketoalkylthioacrylic acid derivatives as precursors of 
thiophenes, thiazolines, and thienopyrimidines' 

R ~ A L  LALIBERT~ AND GEORGES MEDAWAR 
Department of Chemistry, Ayerst Research Laboratories, Montreal, Quebec 

Received April 3, 1970 

Nous avons poursuivi I'Ctude de la rkaction de certains sels sodCs de dCrivCs de I'acide amino-3-cyano- 
2-thioacrylique avec des dCrivCs halogCnCs. L'action de mtthylcCtones a-halogCnCes a permis d'obtenir 
dans certaines conditions soit des dCrives d'acide acyl-5-diamino-2,4-thiophene-3-carboxylique soit des 
ddrives d'acide thiazoline-Axadtique. L'acttylation de certains thiophenes a conduit i la formation 
de thienopyrimidines. 

Reactions of sodium salts of substituted 3-amino-2-cyano-3-thioacrylic esters and amides with a- 
halomethylketones were studied. Conditions were found which led to the synthesis of either 5-acyl-2,4- 
diaminothiophene-3-carboxylic esters and amides or thiazoline-A'=-acetic esters and amides. Some 
thiophene-3-carboxamides were also transformed into thienopyrimidines upon acetylation. 
Canadian Journal of Chemistry, 48, 2709(1970) 

Introduction 
Some thioamides with a carbonyl group in P 

position (i.e. 13) exist mainly as enols 12 and form 
sodium salts 3 which may be reacted further to 
produce substituted heterocycles by mechanisms 
involving additions, eliminations or displace- 
ments. The first example of this type of reaction 
goes as far back as 1908 (I), but it is only since 
1965 that these P-thioamides 13 were used as 
starting materials versatile enough to yield hetero- 
cycles as diverse as 3,4-diarylthiazole-2-acetic 
esters (2), benzothiazoline-2-acetic esters (3, 5), 
5-amino-3-hydroxythiophenedicarboxylic esters 
(6), 3-amino-5-hydroxypyrazoles (7, 8), 3-amino- 
5-hydroxypyrazole-4-carboxylic acid derivatives 
(6), 3-anilino-5-hydroxyisoxazoles (8, 9), 3- 
aminoisothiazoles (lo), and tetrahydrobenzo- 
thiazoline-2-acetic esters (4). 

The presence of a nitrile group in some of these 
P-thioamides 13 allows an easy synthesis of the 
hitherto unreported 5-acyl-2,4-diaminothio- 
phene-3-carboxylic acid derivatives 8, herein de- 
scribed as thiophene-3-carboxylic esters and 
amides. This paper will elaborate on the use of 
those P-thioamides 13 and will show how they 
yielded selectively derivatives of thiophene-3- 
carboxylic esters and amides 8 or derivatives of 
thiazoline-2-acetic esters and amides 11. We will 
also show how some of these thiophene-3- 
carboxamides 8 have been transformed into fused 
thienopyrimidines 15. 

'This work has been supported by the Industrial 
Research Assistance Program of the National Research 
Council of Canada. 

Synthesis 

The sodium salts 3 of the en01 form of P- 
thioamides 13, herein described as sodium salts of 
3-substituted amino-2-cyano-3-thioacrylic esters 
and amides 3 have. provided versatile starting 
materials for this synthesis. They were obtained 
"in situ" by reaction of isothiocyanates 1 to 
derivatives of cyanoacetic acid (2 where Z is 0 or 
N) (see Scheme 1). Originally described (1, 11) as 
an addition of cyanoacetic ethyl ester (2 where 
ZR2 is 0C2H5) to an aryl isothiocyanate this reac- 
tion has been extended to include alkyl isothiocya- 
nates such as methyl (4), allyl, tert-butyl, cyclo- 
hexyl, and benzyl isothiocyanates. We have also 
used cyanoacetamides in addition to the cyano- 
acetic ethyl ester. Accordingly we were able to 
prepare as starting materials a variety of sodium 
salts of 3-arylamino and 3-alkylamino-2-cyano- 
3-thio-acrylic esters as well as amides (3 where 

ZR2 is 0C2H5, NH-CH,, NHC,H,, NH-NZ, 
NHN(CH3)2). 

The sodium salts 3 were reacted "in situ" with 
halocompounds. This addition of a-halomethyl- 
ketones was carried out at temperatures ranging 
from 0 "C to the boiling point of ethanol. In most 
cases, the use of either low or high temperature 
resulted in a selective preparation of thiophene-3- 
carboxylic esters or amides 8 or of thiazoline-2- 
acetic esters, 11, respectively. For example, the 
reaction of an a-halomethylarylketone (4 where 
R3 is aryl) with the sodium salt of a 3-arylamino- 
2-cyano-3-thioacrylic ester (3 where ZR2 is 
0C2H5 and R' is aryl) in boiling ethanol resulted 
in the formation of a 3-arylthiazoline-2-acetic 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2710 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

0 
I I 

NC c -Z -R2 0 0 0 
\ / 

CH2 
I1 

NC C-Z-R2 
I I 

NC C-Z-R~ NC 
I I 
C-Z-R2 

2 
C2H50Na \C/ H+ 

\C/ 
I 

\CH / 
+ I I - I1 7 

C C2HsONa S=C =N-R~ C 

1 NaS' 'NH I HS' 'NH I SyC\NH 
R' 

I 
Where Z is N or 0 R' RL 

3 12 13 

SCHEME 1 

Synthesis of thiophenes and thiazolines 
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LALIBERTE AND MEDAWAR: ACRYLIC ACID DERIVATIVES 

With 8J, 11, q 

ester, 11, as published earlier (2). When the same 
reaction was effected in the same solvent in the 
cold, a 5-acyl-4-amino-2-arylamino-thiophene-3- 
carboxylic ester 8a, was the only product isolated. 

We have applied this modification of a known 
reaction (2) t o a  variety of new 3-amino-2-cyano- 
3-thioacrylamides (3 where Z is N) and observed 
similarly the formation of 12 substituted thio- 
phene-3-carboxamides (Table 1, 8e, g-q where 
Z is N), in yields ranging from 30 to 80%. This 
procedure has allowed the use of 3-arylamino as 
well as 3-alkylamino-2-cyano-3-thioacrylamides 
and has worked nicely with the 3 cr-halomethyl- 
arylketones investigated (4 where R3 is phenyl, 
p-chlorophenyl, and biphenylyl). 

Difficulties were encountered when an cr-halo- 
methylalkylketone (4 where R3 is alkyl) such as 
chloroacetone was used. Reaction with a sodium 
salt of a 3-arylamino-2-cyano-3-thioacrylamide 
(3 where R1 is aryl) was found to give the expected 
5-acetyl-2-arylamino-4-aminothiophene-3- 
carboxamide, 80, while the same reaction with a 
3-alkylamino-2-cyano-3-thioacrylamide (3 where 
R' is alkyl) yielded a 3-alkylthiazoline-2-acet- 
amide, 11. This difficulty was overcome by chang- 
ing the reaction conditions, by adding chloro- 
acetone slowly at a higher temperature. A 5- 
acetyl-4-amino-2-methylaminothiophene-3- 
carboxamide, 8f, was obtained. 

The above showed that certain combinations 
of substituents R1 and R3 have a pronounced 

influence on the course of the reaction. In addi- 
tion, the ZRZ group was also quite important. 
As mentioned above, amides yielded easily thio- 
phene-3-carboxamides but the esters of 3-thio- 
acrylic acid 3 were more sensitive to substituent 
influences. For example, when R1 and R3 were 
phenyls, reaction in the cold gave the expected 
thiophene-3-carboxylic ester 8a, in good yield. 
When R' was a large aliphatic group such as tert- 
butyl, cyclohexyl, or even benzyl, the addition 
of chloropropanone (R3 is CH3) had to be done 
slowly in warm ethanol, to result in the prepara- 
tion ol'thiophene-3-carboxylic esters, 8b, c, d, and 
the yields were poor. When R1 was a small alkyl 
group such as a methyl or an ethyl the slow 
addition of chloropropanone (R3 is CH3) in warm 
ethanol yielded thiazoline-2-acetic esters, 11. We 
were unable to isolate the corresponding thio- 
phene-3-carboxylic esters, 8. 

We also observed the reaction of 2,4-diamino- 
thiophene-3-carboxamides (8 where Z = N).with 
acetic anhydride to yield a monoacetamide, 14, 
the primary amine being the only one to react. 
Heating a solution of a thiophene-3-carboxamide 
in benzene containing some pyridine for 1 h to 
reflux has not acylated the secondary amine in 
position 2, no difference being seen between 
arylamine and alkylamine. A prolonged heating 
period has rather effected ring closure between 
amides in positions 3 and 4 to generate thieno- 
[3,4-dlpyrimidines, 15, described in Scheme 2. 
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TABLE 1 
Derivatives of 5-acyl-2-alkylamino-4-aminothiophene carboxylic acid* 

Melting Anal. Found (Calcd.) (%) 
Solvent of point 

8 R 1 ZR' R3 Method crystallization Yield** (OC) C H N S Formula 

Acetone? 
Acetone, toluene 
Acetone,$ methyl- 

cyclohexane 
Acetones + hexane, 

methylcyclohexane 
Acetonitrilell 
Acetonitrile 
Propanol 
Isopropanol 
Acetonitrile 
Ethoxyethanol 
Ethoxyethanol 
Methoxyethanol 
Methoxyethanol 
Ethoxyethanol 
Acetonitrile 

P C6H5 NH-1;3 C6H5 a Methoxyethanol 80 243-245 d 

4 CsH5 NH-N(CH3)' C6H5 a Acetonitrile 60 232-234 d 

0 

*The compound has the following general structure: l H N  
8-Z-R2 

8 

?Chromatographed on Merck silica gel with 20/ ethyl acetate in benzene. 
$Chromatographed on alumina of activity I wi:h 20% ethyl acetate in benzene. 
$After chromatography on alumina activity I with 10% ethyl acetate in benzene. 
I This substance crystallized partly from the reaction mixture. 
hAllyl. 
**In most cases, as obtained after a single assay, calculated from quantity of cyanoacetamide used. 
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LALIBERTE AND MEDAWAR: ACRYLIC ACID DERIVATIVES 2713 

This has afforded an easy synthesis of a new group aryl giving a faster addition than large alkyl 
of substituted thieno-pyrimidines. groups such as tert-butyl or cyclohexyl. 

We previously assigned the cis configuration to 
Discussion the sodium salt of 3-amino-2-cyano-3-thioacrylic 

The reaction which led to derivatives of thio- 
phene-3-carboxylic acids, 8, or of thiazoline-2- 
acetic acids, 11, could be explained as shown in 
Scheme 1. Reaction of a sodium salt of a 3-amino- 
2-cyano-3-thioacrylic ester or amide 3 with a 
a-halomethylketone resulted in a hypothetical 
3-(P-ketomethy1thio)-3-amino-2-cyanoacrylic 
ester or amide 5. This unstable substance 5 having 
a methylene adjacent to a carbonyl and a sulfur 
could have formed a carbanion 6 in the presence 
of unreacted sodium salt 3. This could have added 
to the nitrile to form a 4-iminothiophene-3- 
carboxylic ester or amide2 7 that stabilized itself 
by rearranging into a 4-aminothiophene-3- 
carboxylic ester or amide 8. Obviously a key step 
in this reaction would have been the formation of 
a carbanion, 6,  originating by interaction of a 3- 
(P-ketomethylthio) acrylic acid derivative, 5, and 
some unreacted sodium salt 3, indicating that 
some kind of equilibrium must exist between 3,5, 
and 6.  Ring closure of the carbanion 6 to a 4- 
iminothiophene-3-carboxamide regenerated the 
sodium salt 3 and the reaction proceeded further 
as long as some sodium salt was present. This 
reaction mechanism is supported by the fact that 
thiophenes were obtained only when the reaction 
conditions favored such an equilibrium, namely 
when the reaction was carried out in the cold as 
in "method a", or when the addition of the a- 
halomethylketone to a warm solution was effected 
slowly as in "method b". 

The dehydrative cyclization route (sequences 
5 to 9 to 10 and 11) ensued if the reaction was 
carried out under conditions enhancing the for- 
mation of the 3-(P-ketomethylthio) acrylic acid 
derivatives, namely when the haloketone was 
added at once in warm ethanol. The simultaneous 
presence in the molecule of a nucleophile and of 
an available carbonyl should lead to addition 
products. 4-Hydroxythiazolidine-2-acetic esters, 

were indeed formed which, on loss of water, 
yielded thiazoline-Zacetic esters, 11. This addi- 
tion was also influenced by the bulkiness of the 
groups R' on the nitrogen; a small alkyl or an 

'The stability of those irninothiophenes is influenced 
to a great extent by the substituents on the ring. Examples 
of stable 4-irninothiophene-3-carboxamides will be given 
in another paper. 

3Stable 4-hydroxythiazoline-2-acetic esters were de- 
scribed in a previous paper (4). 

acid, esters and amides 3 and their S-alkyl 
derivatives 5 (4). This choice was based mainly 
on infrared (i.r.), and ultraviolet (u.v.) data. The 
easy addition of the carbanion 6 to the adjacent 
nitrile provides an additional argument for the 
cis configuration. The reverse configuration 
would have made this addition impossible, the 
nitrile being too far from the active methylene. 
We isolated, in many cases, the free thio com- 
pound 12. Theoretically 12 could have been trans- 
formed via 13 into the trans isomer to give a 
mixture of isomers. This was not the case and 
addition of C2H,0Na regenerated the same 
sodium salt 3. This can be explained by the 
increased stability due to hydrogen bonding 

between -NH- and -C-. 
All i.r. and U.V. data of thiophene-3-carboxylic 

esters and amides 8 are summarized'in Table 2. 
The U.V. maxima were more influenced by R' than 
by R3. Carbonyls of esters at 1655 + 5 cm-I in 
CHCl, and of amides at 1625 + 15 cm-I in Nujol 
were normal for this type of compound (5). In 
some cases, more than one crystalline structure 
were detected in Nujol. Similarity of isomers was 
then proven by comparison of U.V. and nuclear 
magnetic resonance (n.m.r.) data. All n.m.r. 
spectra were recorded and found to agree with the 
proposed structure. The absence of any proton on 
the thiophene ring has given n.m.r. spectra 
showing the substituents only, rendering their 
description unnecessary. However, they have 
consistently shown a broad NH, and a sharpNH, 
plus an additional NH for amides. In one case, 
namely for 8h, a mass spectrum of a thiophene-3- 
carboxamide was recorded. As expected, the 
correct molecular ion was detected together with 
a strong peak at 294 resulting from the loss of 

0 
I I 

-C-NH-CH,. 

The presence in the i.r. of a strong conjugated 
nitrile at 2190 cm-' f 10 for thiazoline-2-acetic 
esters, 11, made it possible to differentiate 11 from 
thiophene 8 or to detect 11 in mixtures. The i.r., 
u.v., and n.m.r. data for thiazoline-Zacetic esters, 
11, and thienopyrimidines, 15, are included in the 
Experimental. 
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LALIBERTE AND MEDAWAR: ACRYLIC ACID DERIVATIVES 2715 

Experimental 
The melting points were determined with a Reichert 

melting point apparatus and are uncorrected. The i.r. 
spectra were recorded on a Perkin-Elmer model 225 
spectrometer as  a solution in CHCI, or as dispersion in 
Nujol. All U.V. spectra were obtained on a Perkin-Elmer 
350 spectrophotometer in ethanol solution. The n.m.r. 
spectra were obtained with a Varian A-60-A apparatus 
and were recorded in deuterated chloroform, trifluoro- 
acetic acid, or dimethylsulfoxide by Mrs. J. Jachner. 
Exchanges with D 2 0  were performed to detect NH and 
NH2. Microanalyses were performed in our laboratories 
by Mr. W. Turnbull. 

Preparation of Sllbstit~rted Cyanoacetamides 2 
2a, N-Methylcyanoacetmnide (2  where ZR2  is NHCH,) 
T o  24 g of ethyl cyanoacetate in 50 ml of ethanol, 30 ml 

of 30% CH3NH2 in water were added. The solution was 
kept at  50" for 3 h and the solvents were evaporated to 
leave a residue which was crystallized twice from iso- 
propanol to give the title compound in 30% yield. It 
rnelted at 98-99" (lit. (12a) m.p. 101"). 

26, Cyanoacefa~~ilide (2 where ZR2 is NH-C6H,) 
A solution of 45 g of aniline in 37 g of ethyl cyano- 

acetate was kept at 150-160' for 6 h. It was left at room 
temperature overnight and the crystals were filtered off 
and washed with some ethanol. The solid (30 g) crystal- 
lized from acetone on addition of water. I t  melted at  
199-200" (lit. (126) m.p. 199-200"). 

2c, N-(I-Piperidirryl)cyanoacetat~~ide 

(2  where ZR2 is NH-NC)I 
A mixture of 0.2 rnole of ethyl cyanoacetate and of N- 

aminopiperidine was left at room temperature for 4 days. 
A solid resulted that was filtered off and crystallized from 
isopropanol. It was obtained in 65% yield and rnelted at  
131-132". 

Anal. Calcd. for C 8 H I 3 N 3 0 :  C ,  57.46; H, 7.84; N,  
25.13. Found: C .  57.48; H, 7.88; N, 25.25. 

2d, Cyanoace tic Acid, N,N- Dimethylhydrazide 
(2  where Z R Z  is NH-N(CH,),) 

Prepared as described by E. G. Howard in ref. (13). 

Sodilrnl Salts of Substituted 3-A1ni110-2-cyano-3- 
thioacrylic Esters and Amides, 3 

3a, Sodium Salt of 3-Anilino-2-cyano-3-t/1ioacrylic 
Acid, Ethyl Ester 

To a cold solution of sodium ethoxide (0.05 mole of 
sodium in 50 ml of ethanol), 0.05 mole of cyanoacetic 
acid ethyl ester was added. The solution was cooled and 
0.05 mole of phenyl isothiocyanate was added. It was left 
on ice for 3 min and at  room temperature for 1 h. The 
yellow solution was used as such. 

36, Sodium Salt of 2-Cyat10-3-met/1ylamit10-3- 
thioacrylic Acid, Ethyl Ester 

Prepared as for 3a using methyl isothiocyanate instead 
of phenyl isothiocyanate and refluxing for 1 h. 

3c, Sodium Salt o f  2-Cyano-3-ethylarnino-3- 
thioacrylic Acid, Ethyl Ester 

Prepared as for 36 but using ethyl isothiocyanate. 

3e, Sodium Salt of 2-Cyano-3-~neth~~lamino-3- 
thioacrylic Acid, Methyl Ester 

To a cold solution of sodium methoxide (0.05 rnole of 
sodium in 75 ml of dry methanol) cyanoacetic acid, 
methyl ester was added. The solution was cooled and 
0.05 mole of methyl isothiocyanate was added. The 
solution was heated under reflux for 1 h. 

3f, Sodiutn Salt of 3-Benzylamino-2-cyano-3- 
thioacrylic Ethyl Ester 

A solution of this salt in ethanol was obtained by the 
same procedure as described for 3a but using benzyl 
isothiocyanate instead of phenyl isothiocyanate. 

3g, Sodium Salt of 3-tert-Butylamino-2-cyano-3- 
thioacr.vlic Acid, Ethyl Ester 

Prepared as 3a using tert-butyl isothiocyanate instead 
of phenyl isothiocyanate. The solution was heated for 90 
min to complete the reaction. 

3h, Sodiu~n Salt of 3-Cyclo/~ex.vlamino-2-cya110-3- 
thioacrylic Ethyl Ester 

Prepared as 3a using cyclohexyl isothiocyanate. The 
solution was heated for 60 min. 

3i, Sodium Salt of 2-Cyano-3-methylamino-N- 
methyl-3-tl~ioacrytamide 

To a solution of sodium ethoxide (0.05 rnole) in 150 ml 
of dry ethanol, 0.05 mole of N-methylcyanoacetarnide, 
2a, followed after 2 min by 0.05 mole of rnethyl isothio- 
cyanate were added. The mixture was heated on a steam- 
bath for 2 h, some solid was filtered off, and the solution 
was used as such. 

3j, Sodilrm Salt of 3-Allylatt~ino-2-cyano-N- 
methyl-3-thioacrylamide 

It was prepared as 3i using allyl isothiocyanate. 
3/c, Sodiuiunz Salt of 3-Anilino-2-cyano-N- 

methyl-3-thioacrylamide 
It was prepared as 3i using phenyl isothiocyanate. 
31, Sodiurn Salt of 2-Cya110-N-n1ethy1-3-m- 
~~itroanilir~o-3-thioacrylamide 

It was prepared as 3i using m-nitrophenyl isothio- 
cyanate 

3m, Sodiutjl Salt of 3-Anili110-2-cyar~o-3- 
thioacryla~zilide 

It was prepared as 3i using cyanoacrylanilide 2b as 
starting material and replacing methyl isothiocyanate by 
phenyl isothiocyanate. 

311, Sodiutlz Salt of 2-Cya~zo-3-IN-nitroanilit~o-3- 
thioacrylanilide 

It was prepared as 3i using m-nitrophenyl isothio- 
cyanate. 

30, Sodilrrn Salt of 3-Anilino-2-cyano-N-piperidino-3- 
thioacrylamide 

It was prepared as 3i using N-(1-piperidiny1)cyano- 
acetamide 2c as starting material and replacing methyl 
isothiocyanate by phenyl isothiocyanate. 

3p, Sodiu~n Salt of 3-Aniline-2-cyano-3-Ihioacrylic 
Acid, N,N- Dimethyl Hydrazide 

It was prepared as 3i using cyanoacetic acid, N,N- 
dimethyl hydrazide 2d as starting material and replacing 
rnethyl isothiocyanate by phenyl isothiocyanate. 

3d, Sodiun~ Salt of 3-Allylamino-2-cyano-3- Preparation of 5-Acyl-2,4-dian1inotl1iophet1e-3-carbox.vlic 
thioacrylic Acid, Ethyl Ester Esters and 4midex 

Prepared as for 3a but using allyl isothiocyanate and They are described in Table 1. Two methods were used 
refluxing for 30 min. to prepare (hem. All the thiophenes were yellow solids. 
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Method a for 80, e, g-q obtained (40%) was crystallized from isopropanol and 
The solution in ethanol of a convenient sodium salt of from ethyl acetate. It melted at 99"; v,,, (CHCI,) CN 

a substituted 3-amino-2-cyano-3-thioacrylic ester or 2200, C=O 1652 cm-'. In n.m.r. (CDCI3) H5 was a 
amide (0.05 mole) prepared as described above was singlet at 389. 
cooled to 5'. A solution in ethanol of an equivalent of an Anal. Calcd. for ClZH14NZOZS: C, 57.29; H, 5.64; N, 
a-chloromethylketone such as chloropropanone, 2- 11.20; S, 12.79. Found: C, 57.66; H, 5.89; N, 11.37; S, 
chloroacetophenone, or an a-bromomethylketone such 12.65. 
as 4'-phenyl-2-bromoacetophenone was added to it 
slowly with stirring and keeping the temperature between lid, ~-C~a~o-3,4-dimeth~lthiazoline-~~~-aceri ~cid, 
5-10". The solution was left at 10' for 2 h. In some cases, Methyl Ester 

as for 8j, I, m, and p, the thiophene crystallized out of This substance was prepared as described for 'la 

the reaction mixture. It was then filtered off and re- using as starting material the sodium salt 2-cyano-3- 
crystallized twice from the solvent given in ~ ~ b l ~  If no methylamino-3-thioacrylic acid methyl ester 3e. Evapora- 

yellow solid appeared, the ethanol was evaporated under tion the left a dark ''lid which was 
vacuum and the residue was dissolved in CHC~, and filtered out, washed with isopropanol, and crystallized 
washed. ~~~~~~~~i~~ of the CHC~, left a that from acetonitrile. This methyl ester was much less 
was crystallized from the given solvent as for ge, g, h, j, k ,  ~ o l ~ b l e  than the ethyl ester lla. It was obtained in 55 % 
n, o, q or chromatographed as for 8a. yield as a white solid melting at 222-224'; v,,, (Nujol) CN 

Method b for 86, c, d, f 
2195, C=O 1645 cm-'. In n.m.r. (TFA) H5 was at 420 
Hz, U.V. v,,, at 333 (E 22 600). 

In most cases the addition of 0.05 mole of chloro- Anal. Calcd. for C9H10NZ02S~ C, 51.42; H, 4.80; N, acetone was efl'ected slowly on a warm solution in ethanol 13.33; S, 15.22. Found: C, 51.40; H, 4.84; N, 13.52; S, 
of 0.05 mole of an appropriate sodium salt of a 3-amino- 15.30. 
2cyano-3-thioacrylic ester 3f-h; or amine 3i. The mixture 
was heated for 1 h. The solvent was then evaporated, the lle, a-Cyano-N,3,4-trimethylthiazoline-Azu-acetamide 
residue was taken into CHC1, and washed. The residue To a cold solution (5") of the sodium salt of 2-cyano-3- 
after evaporation was crystallized as shown for 8b and f methylamino-N-methyl-3-thioacrylamide, 3i (0.05 mole), 
or chromatographed and crystallized as for 8c and d. 0.055 mole of chloropropanone was added slowly with 

constant stirring while keeping the temperature at 5'. 
Preparation of a-Cyanothiazoline-Aza-acetic Acid, After I h the ethanol was evaporated, the residue was 

Ethyl Ester, 11 dissolved in CHCl,, and washed with diluted HC1 and 
Ila, a-Cyano-3,4-dimethylthiazoline-Azu-nceh Acid, with water. Evaporation of the solvent left a solid that 
Ethyl Ester was washed with hexane and crystallized from CH3CN 

Chloropropanone 0.06 mole was added slowly to a or Zheptanone. The pale yellow solid obtained in 35 % 
warm solution in ethanol of 0.05 mole of the sodium salt yield melted at 257-259"; v,,, (Nujol) NH 3380, CN 2160, 
of 2-cyano-3-methylamino-3-thioacrylic acid, ethyl ester C=O 1610 cm-'; n.m.r. (TFA) has shown Hg to be at 
3b. The mixture was refluxed for 2 h and tht solvent 445 Hz; u.v.,,, at 336 (E 41 800). 
evaporated. The residue was dissolved in CHCl,, washed Anal. Calcd. for C9HllN30S: C, 51.67; H, 5.30; N, 
with diluted HCI and with water. Evaporation left an oil 20.09; S, 15.29. Found: C, 51.70; H, 5.33; N, 20.38; S, 
that was crystallized from isopropanol and from ethyl 15.44. 
acetate. This substance was obtained as a white solid 
(75%) melting at 176"; v,,, (CHCI,) CN 2195, =O 14, 4-Acetamido-2-anilino-5-benzoyl-N- 
1650cm-'. In n.m.r. (CDC13) H5 was at 388 Hz, U.V. methylthiophene-2-carboxamide 
v,,, 335 (E 19 500). To 0.017 mole of 4-amino-2-anilino-N-methyl-5- 

Anal. Calcd. for c ~ ~ H ~ ~ N ~ ~ ~ s :  C, 53.57; H, 5.39; N, benzo~lthio~hene-3-carboxamide, 8h, in 100 ml of 
12.50; S, 14.27. Found: C, 53.50; H, 5.39; N, 12.76; S, benzene, 0.10 mole of acetic anhydride and 15 drops of 
14.03. pyridine were added. The mixture was refluxed for 1 h. 

On cooling, a yellow solid precipitated. It was filtered off, lib, ~-C~ano-3-eth~l-4-meth~lthiazoline-A~~-acetic washed with isopropanol, and crystallized from aceto- Acid, Ethyl Ester 
This substance was prepared as described for lla using nitrile. The yellow solid (55%) melted at 182-184': 

the sodium salt of 2-cyano-3-ethylamino~3~t~~oacrylic Vnlax (Nujol) NH 3330, C=O 1690 and 1620 cm-l; u.v' 
acid ethyl ester 3c as starting material. It was crystallized v,,, at 290 (E 12 810). 

Anal. Calcd. for CZ1H19N303S: C, 64.1 1 ; H, 4.87; N, from i s o ~ r o ~ a n o l a n d  was obtained as a white (65%) 10.68; S, 8.13. Found: C, 64.39; H, 4.99; N, 10.60; S, melting at 1 12"; v,,, (CHC1,) CN 2190, C=O 1650 cm- I .  8.04. In n.m.r. (CDCI,) H5 was a singlet at 385 Hz. 
Anal. Calcd. for C~IHI ,NZO~S:  C, 55.45; H, 5.92; N, 15a, 5-Anilino-7-benzoyl-2,3-dimethylthieno[3,4-d]- 

11.76; S, 13.43. Found: C, 55.35; H, 6.18; N, 12.01; S, pyrimidin-4(3H)-one 
13.46. To 0.04 mole of 4-amino-2-anilino-N-methyl-5-benzoyl- 
llc, 3-Allyl-a-cyano-4-methylthiazoline-Aza-acetic thiophene-3-carboxamide, 8h, in 150 ml of benzene, 0.24 
Acid, Ethyl Ester mole of acetic anhydride and 5 drops of pyridine were 

This substance was prepared as described for lla using added. The mixture was kept under reflux overnight. On 
as starting material the sodium salt of 3-allylamino-2- cooling a solid precipitated out. It was filtered off, washed 
cyano-3-thioacrylic acid ethyl ester 3d. Hexane was added with isopropanol, and crystallized from methoxyethanol. 
to a concentrated solution of it in CHCI,. The white solid The yellow solid (55 %) melted at 232-234"; v,,,, (NLI~o~)  
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LALIBERTE AND MEDAWAR: ACRYLIC ACID DERIVATIVES 2717 

NH 3170, C==O 1655 and 1590 cm-l;  in U.V. maxima at 224'; v,,, (Nujol) NH 3220, C=O 1650 and 1580cm-'; 
247 (E  13 900), 288 ( E  22 600) and 420 (E  23 600). in U.V. maxima at 248 ( E  16 100) and 286 (E  24 300). 

Anal. Calcd. for CZ1HI7N3O2S: C, 67.19; H, 4.57; N, Anal. Calcd. for C22H20N402S: C, 65.33; H, 4.99; N, 
11.20; S, 8.52. Found: C, 67.38; H, 4.67; N, 11.58; S, 3.86; S, 7.91. Found: C, 65.46; H, 5.27; N, 4.04; S, 8.04. 
8.40. 

156, 7-Acetyl-2,3-dimethyM-methylaminothieno[3,4-dl- 1. S. RUHEMANN. Chem. Soc. 93, 621 (1908). 
pyrimidin-4(3H) -one 2. A. D. GRABENKO, L. N. KULAEVA, and P. PELKIS. 

To 0.09 mole of 5-acetyl-4-amino-N-methyl-2-methyl- Khim. Geterotsikl. Soedin. 3, 364-367 (1966) cf 
aminothiophene-3-carboxamide, Sf, in 300 ml of benzene, Chem. Abstr. 65, 12190c (1966). 

0.4 mole of acetic anhydride and 8 drops of pyridine were 3' % ~ ~ ~ ~ ; K O W  and H' KuNzEK' Prakt' 309 

added. The solution was kept under reflux overnight. On 4. R. LALmiRTE, H. wARwcK, and G. M ~ ~ ~ ~ ~ ~ .  
cooling a solid was obtained. It was filtered off, washed Can. J. Chem. 46, 3643 (1968). 
with isopropanol, and crystallized from methoxyethanol. 5. H. KUNZEK and G. BARNIKOW. Chem. Ber. 102, 
The yellow solid obtained (75%) melted at 276-278'; 351 (1969). 
v,,,(Nujol)NH 3300, C = O  1650 and 1605 cm-l; in U.V. 6. G. BARNIKOW. J. Prakt. Chem. 34, 251 (1966). 
maxima at 282 (E  27 700), 321 ( E  6460) and 380 (E  19 250). 7. G. BARNIKOw, H. KUNzEK, and D. Ann. 

Chem. 695,49 (1966). Anal. Calcd. for CiiHi~N30zS:  C, 52.58; H, 5.22; N, 8. D. E. WORRALL. J. Arne,,. Chem. Sot. 44, 
16.73; S, 12.73. Found: C, 52.67; H, 5.37; N, 16.44; S, (1922); 46, 2832 (1924). 
12.76. 9. A. DORNOW and K. DEHMER. Chem. Ber. 100,2577 

I5c, 5-Anilino-7-benzoyl-3-dimethylamino-2- (1967). 
methylthieno[3,4-dlpyrimidin-4(3H)-one 10. K. HARTKE and L. PESHKAR. Arch. Pharm. 301,611 

To 0.033 mole of 4-amino-2-anilino-5-benzoylthio- (1968). 
phene-3-carboxylic acid, N,N-dimethyl hydrazide, gq, in 11. A. D. GRABENKO, L. N. KULAEVA, and P. S. PELKIS. 

250 ml of benzene, 0.165 mole of acetic anhydride and 7 Khim. Geterotsikl. Soedin. 5, 698-703 (1965) cf 
Chem. Abstr. 64, 9702d (1966). drops of ~ ~ r i d i n e  were added. The mixture was refluxed 12 BEILSTE~. springer-verlag. (a) 4, 11, 565. (b) vol. 

overnight, cooled, and the solid formed was filtered off. 12, p. 294. 
It was washed with isopropanol and crystallized from 2- 13. E. G. HOWARD. J. Amer. Chem. Soc. 81, 4357 
methoxyethanol. This yellow solid (90%) melted at 223- (1959). 
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Relative reactivities of dihydrophenazine and dihydrophenazonium 
radicals in electron-transfer to an azobenzene 

RICHARD L. REEVES 
Research Laboratories, Eastman Kodak Company, Rochester, New York 14650 

Received February 26, 1970 

A kinetic study of the electron-transfer reaction between a model azobenzene and dihydrophenazonium 
ion-radical and dihydrophenazine was carried out in 0.2 N sulfuric acid in 50 v/v aqueous aceto- 
nitrile. The second-order rate constant for the dihydrophenazine is greater than that of the ion-radical by 
a factor of lo4. It is shown that in solutions in which the ion-radical is the predominant species, the 
principal electron-transfer agent is the dihydrophenazine formed by dismutation of the radical. 
Canadian Journal o f  C h e m i s t r y ,  48 ,  2718 (1970) 

Introduction a kinetic study of the reduction of a model 
Phenazine is reduced in acid solutions in one- azobenzene which establishes the roles and 

electron steps to give first a green radical or relative effectiveness of the radical and the 
"semiquinone" and then the nearly colorless dihydrophenazine as electron-transfer agents 
5,lO-dihydrophenazine. The reduced forms of toward these substrates. Throughout the paper 
phenazine are oxidized by azobenzenes in acid we adopt the Michaelis notation shown beneath 
solutions. In this paper we report the results of the structures in eq. [l 1. 

The existence.of reversible one-electron steps 
in acid solution has been established by potentio- 
metric redox titration (1). The intermediate 
radical (S) was shown to exist in acid solution as 
the 510-dihydrophenazonium ion-radical by its 
electron spin resonance (e.s.r.) spectrum (2). 

The stability of the radical is expressed by its 
formation constant, eq. [3], for equilibrium, 

[4 I EZ0 - El0 = - 0.06 log K,' 

eq. [2]. The value of K,' can be determined from 

K,'. The problem to be solved by kinetic analysis 
is whether, in solutions containing predomi- 
nantly S, the active electron-transfer agent is S or 
the R in equilibrium with it. 

We chose as a typical substrate 4-trimethyl- 
ammonium-4'-azobenzene sulfonate (1). Our 
earlier work (4) indicated that the presence of 
two strong electron-withdrawing substifuents 
would ensure high reactivity, as well as the 
necessary potential differences between 1 and S 
and R so that both phenazine species should be 
oxidizable. 

the difference in standard potentials for the two 1 

reduction steps (eq. [4] for 25") (3). The spread 
in the potentials, and hence the radical stability, Experimental 
increases with increasing acidity. A solution con- Materials 
taining S as the predominant species will always Phenazine, m.p. 174.7-175.7" (lit. 174.9-175.6" (5)) 

contain a low concentration of in equilibrium was purchased from Aldrich Chemical Co. and was used 
without further purification. The azobenzene (I) was the 

with S. The equilibrium concentration of R is described previously (6). 
determined by the acidity and the magnitude of Preliminary studies showed that the solubility of 
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REEVES: ELECTRON-T 'RANSFER REACTIONS 2719 

dihydrophenazine in dilute aqueous acid was less than 
2 x M, and that an aqueous medium was unsatis- 
factory for polarographic analysis of the redox species 
of phenazine. A 50% (vlv) acetonitrile-water mixture 
containing 0.2 N sulfuric acid was a satisfactory solvent 
for kinetic studies and polarography. Polarograins of 
the acid solvents prepared from commercially available 
acetonitrile gave small anodic waves at potentials close 
to the reduction potential of the azobenzene. These 
solvent samples also decolorized dilute solutions of 
potassium permanganate. Distillation of the acetonitrile 
from solid ~otassium ~ermanganate removed these 
reducing impurities. ~ ih~dro~h;enaz ine  was prepared 
in siru by reduction of weighed samples of phenazine in 
either acetic acid or 0.2 N sulfuric acid in 50% aceton- 
itrile-water with Mallinckrodt Analytical Reagent zinc 
dust. 

Polarographic Analysis 
Polarograms were obtained with a Metrohm Pola- 

record Type E 261R, using a two-electrode cell equipped 
with a drop-controlling device. More satisfactory po- 
larograms were obtained if the potential range was 
scanned slowly while the mercury drops were rapidly 
knocked from the capillary. Charging current compensa- 
tion was necessary with this procedure. The Ag/AgCl 
reference electrode was used for the measurements, but 
all potentials cited are referred to the standard calomel 
electrode. The European sign convention is used whereby 
the reducing power of a series of substances increases as 
the oxidation potentials become more negative. 

The shapes of the polarograms of phenazine and 
dihydrophenazine were concentration-dependent. At 
concentrations greater than 0.001 M, both species gave 
two well-defined waves of nearly equal height. As the 
concentrations were decreased, the second wave became 
more poorly defined until at 1 x M a  single wave 
was obtained. The total limiting cathodic currents for 
phenazine and the total limiting anodic currents for 
dihydrophenazine were proportional to the concentra- 
tions of the respective species at low concentrations. The 
current-concentration calibration for phenazine was 
obtained from polarograms of a dilution series of a 
phenazine solution prepared by weight. The calibration 
was linear up to a concentration of 2 x M. A 
calibration curve was used for higher concentrations. 
The linearity of the current~oncentration relationship 
for dihydrophenazine was established in the following 
way: 0.36 g of phenazine in 50 ml glacial acetic acid was 
completely reduced with zinc in a nitrogen atmosphere. 
A 0.2 ml aliquot was withdrawn in a syringe which had 
been flushed with nitrogen and was added through a 
rubber diaphragm to 20 ml of deaerated 0.2 N sulfuric 
acid in 50% acetonitrile, contained in the polarographic 
cell. After obtaining the polarogram of the solution con- 
taining approximately 4 x M dihydrophenazine, 
half the solution was withdrawn with a hypodermic 
syringe, and the same volume of solvent added. The 
procedure was repeated through four dilutions. The 
current-concentration plot was linear up to 4 x M. 
To obtain the calibration constant for the dihydrophen- 
azine analysis, a second solution containing approxi- 
mately 4 x M dihydrophenazine was prepared in 
the polarographic cell, and the polarogram was obtained. 

The solution was then titrated in the cell with a solution 
of potassium permanganate in 50% acetonitrile to a very 
faintly pink endpoint. The concentration of phenazine 
by polarographic analysis was 4.13 x M after 
correction for dilution. This not only provided the 
calibration constant for the dihydrophenazine solutions, 
but it showed that zinc reduction of phenazine and 
reoxidation of the dihydrophenazine by permanganate 
was quantitative. 

Kinetics 
All runs were made at 25" in 0.2 N sulfuric acid in 50% 

acetonitrile. Solutions containing the phenazonium 
radical and phenazine as the predominant species were 
prepared by mixing solutions containing varying known 
concentrations of dihydrophenazine with a constant 
excess of phenazine. Since we show that K,' is approxi- 
mately lo4 in 0.2 N acid, the added dihydrophenazine is 
converted to the radical in the presence of excess phen- 
azine. The equilibrium concentrations of S and T are 
then: [S], = 2 [R],, and [TI, = [TI, - [R],, where [R], 
and [TI, are the total analytical concentrations. The 
concentrations of R ranged from 1.52 x to 4.76 x 

M before mixing with equal volumes of solutions 
containing 0.001 A4 T. The mixed solutions containing S 
and T were then mixed with an equal volume of an 8.8 x 
lo-' M solution of 1 by forcing the two solutions from 
motor-driven syringes through a Y-tube and into a 
quartz flow cell. The reaction was monitored by following 
the disappearance of absorbance of 1 at 310 nm. The rate 
was sufficiently slow and the flow rate fast enough that 
no reaction occurred during the establishment of the 
steady state. The zero time was taken with a stopwatch 
at the time the flow was stopped. Under the conditions 
where S and T are the predominant species present, 
initial rates were obtained by monitoring the reaction for 
80 to 210 s. The same solutions were mixed in a Durrum- 
Gibson stopped-flow spectrophotometer, which allowed 
us to show that no rapid reactions preceded the slow 
reaction. 

The rates of reaction of 1 in solutions containing only 
dihydrophenazine were fast and were mixed and mon- 
itored in the stopped-flow spectrophotometer. The 
second-order rate constant, kR,  was calculated by eq. [5] 

x log - 
(bla)(At - A,) 

(bln)(Ao - A,) - n u 0  - A,) 
where a = initial molarity of 1, b = initial molarity of R, 
A,,, A , ,  and A,  are the initial, final, and intermediate 
absorbances, respectively, and n is the molar stoichio- 
metric factor. 

Results and Discussion 

The half-wave potentials for the two steps in 
the reduction of phenazine shown in eq. [ l ]  are 
+0.069 and -0.195 V, respectively, in 0.2 N 
acid. The value of K,' in eq. [3] is estimated to 
be 2 x lo4 from eq. [4]. 
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Here we assume that the difference between 
the measured half-wave potentials is approxi- 
mately equal to the difference in standard 
potentials. 

Earlier work showed that 1 is reduced reversi- 
bly to the hydrazobenzene stage, 2, in acid solu- 
tion (4). The hydrazobenzene undergoes a slow 
benzidine rearrangement but is not reduced 
further. The half-wave potential for reduction 
of 1 is +0.105 V in 0.2 N acid. Either R or S 

should be capable of reducing 1. We showed that 
a solution containing S as the predominant 
species would reduce 1 quantitatively by a two- 
equivalent process. 

Semiquantitative experiments showed that 
solutions containing S as the predominant 
phenazine species reduced 1 much more slowly 
than solutions containing only R. The overall 
reaction between R and 1 can be described by 
either Scheme 1 or 2. 

k 
[6 1 R + 1 4 T + M ~ ~ & - @ - N H N H ~ s o ;  (rnte- 

determining) 

K, tions the only R present was that formed through 
121 2H+ + T + R e 2 S  Vast) the equilibrium as shown in eq. [2]. If the active 
[71 2 S + 1 + 2 T + 2  Or reducing agent is the radical, then, at constant 

SCHEME 1 initial concentration of azobenzene, 
A single two-electron transfer 

k~ 
[81 R + 1 + 2H+ F? S + A ~ N - N - ~ r  +(rate- and a plot of v, against [S], should be linear. If [ ] determining) R is the only active electron-transfer agent, 

Consecutive one-electron transfers 

(fast) v~ = ~,[RI ,  = ,-- k~ CS102 [ll] -- 
C l l o  Ks [TI, 

Two moles of R are consumed per mole of 
azobenzene reduced because of the high stability 
of S and its slow rate of oxidation by 1. Therefore, 
n = 2 in eq. [5]. Using this value, we obtained 
with eq. [5] good second-order plots through 
85 %reaction, under conditions where only R and 
1 were present initially. The value of k, in 0.2 N 
acid is 8.2 x lo4 M-' s-l. 

To determine whether the slow reduction of 1 
obtained in solutions containing S and T as the 
predominant species was due to two one-electron 
transfers by S, we measured the dependence of 
the initial rate, v,, on [S], and [TI,. In these solu- 

and a plot of v, against [S]02/[T]o should be 
linear. 

The results are given in Table 1 and Fig. 1. I t  is 
clear that v, is not proportional to [S], but is 
nearly proportional to [SIo2/[T] and hence to 
[R],. The linear plot (solid line) in Fig. 1 does 
not extrapolate to the origin, as it should if R is 
the only electron-transfer agent contributing to 
the rate. This suggests that there is a small con- 
tribution to the rate from the radical and that the 
appropriate rate expression is as shown in eq. [12]. 

TABLE 1 

Variation of initial reduction rate at 25" with initial concentrations 
of S and T; [I], = 4.4 x M 
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REEVES: ELECTRON-TRANSFER REACTIONS 2721 

I I I I 

5 - 
will depend on the acidity since protons are in- 
volved in the formation of S from R and T. The 
value of K, is 4.8 x lo5 M-'. 

4- 
Our finding that the dihydrophenazine is a 

more effective electron-transfer agent toward 
azobenzenes than the ion-radical by lo4 con- - - 

,"7 3- 1 - tradicts the statement of Mason (7) wherein the 
C) 

o dihydro species of diazines such as phenazine are 
declared to be inactive as reducing agents for azo 

- dyes. It seems reasonable that the radicals would 
react slowly with protonated azobenzenes (4) 
because single encounters should result in one- - 
electron transfers to give the azo cation radical, 
3. The position of equilibrium of eq. [8] 

O! I I I I undoubtedly lies far to the left. The dihydro- 
I 2 3 4 

[s]:/ [ T ] ~  Y. 104 (MI 
phenazine can transfer two electrons on each 
encounter and give stable products directly. 

FIG. 1. Variation of initial rate at 25" with the initial There is evidence that hydroquinones reduce 
concentrations of S and T. some azobenzenes by a hydride-transfer 

mechanism (4). 

The two parameters in eq. [12] were evaluated by 
least-squares fit to the data, in which v, was con- 
strained to pass through the origin. The calculated 
values of v,/[l], obtained from eq. [12] are 
shown as a function of [S],Z/[T], by the dashed 
line in Fig. 1. The fit obtained by using eq. [12] 
is significantly better than that given by eq. [ l l ]  
if the linear plot is also constrained to pass 
through the origin. The value of k,/K,' is 4.28 
M- '  s-' and that of k, is 9.0 M -' s-'. using the 
value of k, = 8.2 x lo4 M- '  s-' measured 
independently, we calculate K,' = 1.9 x lo4 in 
0.2 N acid, in excellent agreement with the value 
of 2 x lo4 obtained from polarographic meas- 
urement. The value of K,', as defined in eq. [3], 

The author thanks Dr. L. K. J. Tong for helpful 
suggestions on this work. 
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Cusp constraints for atomic wavefunctions 

J. A. CHAPMAN' AND D. P. CHONG 
Department of Chemistry, University of British Columbia, Vancouver 8,  British Columbia 

Received April 1, 1970 

A hierarchy of cusp constraints, from necessary to sufficient, is examined. A flexible approach of cusp- 
satisfying orbitals is proposed. This is tested on some simple wavefunctions for the ground state of 
lithium. It is found that cusp-satisfying wavefunctions give good values for the spin as well as electron 
densities at the nucleus. 
Canadian Journal of Chemistry, 48, 2722 (1970) 

Introduction 

In this work, we are interested in the calculation 
of the electron and spin densities at the nucleus 
of an atom. These densities, Qe(0) and QYO), play 
important roles in Mossbauer spectroscopy and 
hyperfine interactions, respectively. 

In general, QYO) is difficult to calculate 
reliably,' as demonstrated by the tabulations of 
various workers (2-7) for the ground state of 
Li. Moreover, approximate wavefunctions with 
better energies do not necessarily give better 
values of QYO). 

On the other hand, it has been inferred (8-10) 
that, to give good values for electronic properties 
near the nucleus, an approximate wavefunction 
should satisfy the cusp condition fairly well. 
Partial support for this reasoning has been found 
in the ground state of He: a strong statistical 
correlation was discovered (11) between the 
error in p ( 0 )  and the error in the cusp value for 
a variety of approximate wavefunctions; and 
better values of QYO) were obtained (12) when 
configuration-interaction (c.i.) wavefunctions 
were constrained to satisfy the necessary, but not 
sufficient, integral cusp condition (10). 

The aim of this work is to impose the cusp 
condition on relatively simple approximate wave- 
functions for the ground state of Li, in order to 
calculate good values for p ( 0 )  as well as QYO). 

Cusp Conditions 

Since the derivation by Kato (13) in 1957, cusp 
conditions have been studied by many authors 
(8-12, 14-18). In particular, Pack and Byers -- 

'Present address: Mathematical Institute, 24-29 St. 
Giles, Oxford, England. 

'We disagree with Vetchinkin and Kristenko (I), who 
described 1 W 0 %  discrepancy between calculated and 
experimental Q5(0) as "entirely satisfactory." 

Brown (8) presented the most general coalescence 
conditions. 

In this work, we are primarily concerned with 
the special case of cusp behavior of atomic wave- 
functions at the nucleus. Mass-corrected atomic 
units are used, and h and y of Pack and Byers 
Brown (8) become 0 and - 2 ,  respectively. In 
order to simplify some of the equations below, 
we define a cusp remainder operator for the 
coalescence of the ith electron with the nucleus as 

[I] R(i) = lim p(i)(4n)-' j' dQi 
r i - 0  

where 

For spatial eigenfunctions of the usual non- 
relativistic Hamiltonian, we can make use of the 
result of Pack and Byers Brown (8) and obtain 
the cusp condition R(i)@ = 0. For exact wave- 
functions containing spins, we follow their argu- 
ments on the inclusion of spin and get 

Since Y is antisymmetric with respect to electron 
exchange, one can take i = 1. Similarly, (exact) 
eigenfunctions + of a Hartree-Fock (H.F.) 
Hamiltonian with electron-nucleus singularity 
satisfying R+, = 0. 

Let us now turn to approximate wave functions 
constructed from one-electron orbital basis {cp) .  
When the cusp condition in eq. [3] is imposed, it 
becomes a constraint. Such a constraint leads to a 
hierarchy of conditions ranging from necessary 
(but not sufficient) to sufficient (but not neces- 
s a r ~ ) . ~  

31n this and subsequent contexts, sufficiency and 
necessity refer to conditions after the type of wave- 
function is specified. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CHAPMAN AND CHONG: CUSP CONSTRAINTS FOR ATOMIC WAVEFUNCTIONS 2723 

On one hand, one can derive the necessary representsnecessary conditions. Recently, Weber, 
integral cusp condition (10) Handy, and Parr5 obtained such cusp-satisfying 

[4] ( Y l x ( 4 x r i Z ) - 1 6 ( r i ) p ( i ) l Y ) = 0  functions as analytical H.F. orbitals for atoms, 
i utilizing the elegant constraint procedure of 

Weber and Handy (27). An alternative method of 
or even weighted non-diagonal integral cusp imposing the constraint can be derived6 by corn- 
conditions (40) bining eqs. [7] and [8] 

However, these constraints were found to be of 
little use in our preliminary attempts (40) to 
improve the calculated values of QYO) and Qs(0) 
for Li. We are inclined to conclude that such con- 
ditions are probably too weak. 

At the other extreme, a Slater-type orbital 
(S.t.0.) basis {x) can be chosen so that 

for each member of the set. Since this guarantees 
that eq. [3] is automatically satisfied, we regard 
eq. [6] as a set of sufficient cusp constraints. Such 
cusp-satisfying S.t.0. basis sets have been de- 
scribed by Roothaan and Kelly (19) and others 
(20, 21). However, these basis sets have been 
used (19, 22-24) primarily for the calculation of 
analytical H.F. wavefunctions for atomic systems. 
To satisfy eq. [6], {x) is restricted to a single 1s 
orbital with orbital exponent Zand no 2s orbitals. 
Consequently, such sets may need many 3s and 
higher orbitals to give wavefunctions of reason- 
able accuracy., Hence, we tend to regard eq. [6] 
as too strong a condition, especially for cal- 
culations with relatively small basis sets. 

In a more flexible approach, the one-electron 
basis orbitals can be chosen as linear combina- 
tions of normal (that is, not all cusp-satisfying) 
S.t.0.'~. 

(P j  = x ajkXk 
k 

where X, .is any S.t.0. which does not satisfy eq. 
[6]. Then, eq. [8] is satisfied for any set of ajk in 
eq. [9]. Hence, they can be varied freely. It should 
be noted that while each qj may contain linear 
coefficients to be optimized, the linear combina- 
tion in each 5, is fixed by the S.t.0. basis {x). 
Such basis sets are admirably suited to H.F. 
computations and various extended Hartree- 
Fock (e.H.F.) schemes. However, to use them in 
a c.i. calculation would, in general, lead to a 
multiconfigurational self-consistent field formal- 
ism, in the sense that two sets of linear coefficients 
must be optimized. A compromise is to limit the 
expansion length in eq. [9] to a single term, 
leaving only one set of coefficients. Then, qk = 
ek, and (5) takes on the role of a cusp-satisfying 
basis set. This approach, although sacrificing 
flexibility, is adopted in the present study. 

'S Ground State of Li 

For several obvious reasons, we have chosen 
the 'S ground state of the lithium atom as an 
example.' Technical limitations have led us to 
test cusp-satisfying orbitals with relatively simple 
wavefunctions. 

The basis orbitals are listed in Table 1 and three 
simple functions are presented in Table 2. The 
entries B and C represent the sets of coefficients 
(B,, B,, B,; C,, CJ in the wavefunctions Yi. The 

Then, the coefficients can be constrained so that first one, ,, is a crude approximation to the spin- 
18 1 Rcp, = 0 optimized extended Hartree-Fock (s.0.e.H.F.) 

for each member of {cp). This also guarantees the 
5T. A. Weber, N. C. Handy, and R. G. Parr, private eq. [31 and therefore forms a set communication. These authors, however, were not trying 

of sufficient cusp constraints; but in some in- to improve Q5(0). Within the independent-particle ap- 
stances (see Discussion section) eq. [8] also proximation, one can bypass the cusp-satisf~ing basis 

orbitals cp and obtains cusp-satisfying H.F. orbitals 4 
directly, as these authors did. In the present study, we are 

4Synek and Grossgut (25) recently discarded the con- trying to generalize their work to c.i. wavefunctions. 
dition [6] in order to save computer time. However, 6This is done by (a) substituting eq. [7] into eq. [8], 
Goddard (26) noted that cusp-satisfying S.t.0. basis sets (b) solving for OJ,, and (c) putting a,, back into eq. [7]. 
converge faster with respect to basis size for the calcula- 'The 2S state of Li has become almost a classic for the 
tion of Q5(0). calculation of QYO). 
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TABLE 1 
Oneelectron cusp-satisfying basis orbitals used 

in constructing Y to Y3 (eq. [lo]) 

SL XL La X [  La 

.Orbital exponent. 
bSee Table 2. 
e"Spikew function: Is orbital with unusually large C. 
*See Table 3. 

TABLE 2 
Three simple wavefunctions Y1 to Y3" 

"Wavefunctions 'PI to Y3 can be collected into the form 

where d is the antisymmetrizer 

el = upu - pua 
el = 2uuB - uau - puu 

and k is optimized. 
boptimized. 
See Table 3. 

wavefunction of Ladner and Goddard (28) or 
Kaldor and Harris (29) The simplest split-core 
wavefunction, Y,, obtained by Hurst et al. (30), is 

[ l l ]  Y, = det IlsIs'2sl + det Ils'G2sl 

in the usual notations. The function Y,, due to 
Brigman and Matsen (31) is the spin optimized 
version of Y,. Our Y, is only a simple extension 
of Y,. The other two wavefunctions Y2 and Y3 
contain, respectively, some s-type and p-type 
correlations in the core. 

Linear parameters in Y, to Y3 are easy to 
optimize. On the other hand, optimization of 
orbital exponents 6 requires more computer time. 
This was done in two steps. Firstly, each cusp- 
satisfying orbital 5, was fitted into Y, one at a 
time, to get a set of roughly optimum 6 values. 
Then, the wavefunctions were formed and each 
set of 6 values was reoptimized. For Y, and Y3, 
the reoptimized orbital exponents were further 
scaled with a uniform scale factor, q ,  to minimize 
the energy. All computations were performed in 
double precision on an IBM 360167 computer. 

The results are shown in Table 3, together with 
a few selected wavefunctions for comparison. It is 
gratifying to obtain such excellent values for 
QS(0) as well as Qe(0) from all of our simple 
wavefunctions. 

The importance of triplet core terms is well 
known, as indicated by a comparison of Y, with 
Y, or 'PC,,.,. with Y ,.,. ,.,.,.. It is interesting to 
note that, if the parameter k in Table 2 is set to 
zero, the spin densities from Y, (q = 1) and 
Y2 (q = 1) become 0.2265 and 0.2298 respectively 
(40). 

The first entry, Y,, is a c.i. wavefunction con- 
structed by Nesbet (32) with 1s orbitals having 
orbital exponents of 1.75, 3.5, and 7.0. The 
usually high value of 7.0 has been criticized by 
Breggren and Wood (38). In the present study, 
these "spike" functions8 are a direct consequence 
of energy minimization subject to cusp constraints 
embodied in eq. [lo]. Closer examination of our 
basis orbitals reveals that 5, for Y, is essentially 
the 1s orbital of Brigman and Matsen (31) with a 
very small contribution from a "spike" function 
to correct for the cusp behavior at the nucleus 

A similar conclusion applies to 5,. 
The present results may be considered for- 

tuitous because of the reasonably good value of 
p ( 0 )  from Y,, but two pieces of evidence should 
be examined. Firstly, the energy is not particularly 
sensitive to 6 ,  and p ( 0 )  from Y, and similar 
functions (40) varies less than 0.5% for a 5% 
variation in 6,. Secondly, a free-variational c.i. 
wavefunction using the same S.t.0. basis as the 
scaled Y, exhibits the following properties: E = 
- 7.4457, slightly better than Y, ; p(0 )  = 0.2232, 
3.5% error; and Qc(0) = 13.8459, 0.1% error. In 
other words, the presence of the "spike" func- 
tions reduces the % error in QYO) from 4.5 to 
3.5%, but the satisfaction of the cusp condition 
decreases the % error further to only 0.6%. 

The obvious shortcoming of this work is the 
limited sizes of our basis sets. The results of 
Goddard (26) and Shaefer, Klemm, and Harris 
(39) indicate that QYO) is strongly dependent on 
basis size. Therefore, we hope that other workers, 
especially those doing s.0.e.H.F. calculations, 

sA Is orbital with unusually large 6, compared to Z, is 
called a "spike" function here, and denoted by 6, as it 
resembles a Dirac &function, loosely speaking. 
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TABLE 3 

Properties of selected wavefunctions for the 2S ground state of Li" 

Y, 
Yl 
Yl 
Y2 
\Y..H.F. 
YS.O.~.H.F. 
y2 
y3 
YL. 
Experimental - 

energy. 
- 
More extensive tables previous "Quantities are in atomic units. Entries are arranged in the order of decreasing 

studies can be found in refs. 2-7. 
% error jn Q'(O), = 100 % x (calculated - experimental)/(experimental). 

C% error In p ( 0 )  = 100% x (calculated - Larsson)/(Larsson). 
*Nesbet (32). 
'Hurst et al. (30). 
jKerwin and Burke (33). 
#Brigman and Matsin (31). 
hMartin and Weiss (2): calculated in the course of  this work to be 0.2425. 
'This work. 
~ ~ o d d a r d i 3 4 ) .  
'Ladner and Goddard (28). 
'Kaldor and Harris (29). 
rnLalsson (35). 
"S. Larsson, private communication. 
"Scherr et a[. (36). 
pKusch and Taub (37). 

will be encouraged by our results to test cusp- 
satisfying orbitals in their studies. 

To answer both of the remaining questions 
with respect to any wavefunction not containing 
interelectronic coordinates, we can expand such 
a wavefunction Discussion 

In this discussion, we wish to answer four 
questions: (a) what about molecules? (b) what 
about wavefunctions with nodes at the coales- 
cence? (c) under what circumstance are the 
sufficient conditions in eq. 181 also necessary? 
and (d) what are the necessary and sufficient cusp 
conditions when eq. [8] is not necessary? 

To answer (a), we only need tb retrace our steps 
to find out where we have limited ourselves to 
atoms. Thus, for molecules, we simply have to 
change y = -2 to y = - p Z  (a), where p is the 
reduced mass of the electron in absolute atomic 
units. 

Question (b) is also easy to answer. It is obvious 
from the results of Pack and Byers Brown (8) 
that eq. [I ] should be generalized to 

where cpji(l) and oji(l) are the spatial and spin 
functions for the first row and jth column of the 
ith determinant \lri, and DIji  (2, ..., N) is the 
corresponding cofactor. Then 

x [oji(l)Dl ji(2, ..., N)] 

It should be noted that each di~(l)cpji(l) is a 
number and each oji(l)DIji(2, ..., N) represents a 
function. Therefore, if these functions are all 
different for a particular Y,  then Rcpj = 0 be- 
comes both necessary and ~ufficient.~ Finally, 
when several o j i ( l ) ~ ,  ji (2, ..., N) are the same to 
within a constant multiplier, we must sum over 
the corresponding numerical factors. In other 

lim p(i)(4n)-1"ri-" I: ddRi YAm* 
r ~ + 0  m= - A  

The cusp remainder operator of eq. [I] is then 
just Ro(i). 
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Photolysis of 4,6,6-trimethyl-5,6-dihydro-2(lH)-pyridone. 
Intermediates and mechanism 

E. CAVALIERI' AND D. GRAVEL 
Departmettt of Chemistry, Uttiversity of Morttreal, Montreal, Quebec 

Received March 11, 1970 

Irradiation of dihydropyridone l a  in water yields mainly the unsaturated amides 3 (73 %), 4 (8 %), and 
acetone. A 1.3 % yield of photohydration product 5a is also obtained. Irradiation of l a  in anhydrous 
methanol yields carbinolamidoether 8 (57 %), whereas in t-butyl alcohol enamide 7 is the reaction prod- 
uct. Irradiation of the N-methyl derivative of l a  ( l b )  yields 90 % of starting material and 5 % of a photo- 
hydrate 5b. The mechanistic path of the reaction is shown to involve the cleavage of compound l a  to the 
enolic form 9 of the acylimine 6 which reacts differently depending on the solvent used. 
Canadian Journal of Chemistry, 48, 2727 (1970) 

Introduction 
To date, the photochemical transformations 

of conjugated cyclohexenones in solution have 
led to a great number of investigations and have 
been observed to undergo mainly rearrange- 
ment, dimerization, and addition reactions (1). 
Work pioneered by Chapman, Jeger, and 
Zimmerman has led to our present understanding 
of these reactions. 

On the other hand, it is also well known that 
saturated amides can react photochemically to 
give cleavage products of the Norrish type I and 
type I1 (2). Although no systematic work had 
been reported on the photochemistry of 6- 
valerolactams in solution it nevertheless seemed 
interesting to undertake a study of the photo- 
chemical behavior of molecules combining both 
these types of functional groups i.e. a,p-unsatu- 
rated lactams. The first compound chosen for 
study was the readily available 4,6,6-trimethyl- 
5,6-dihydro-2(1H)-pyridone ( l a )  because of its 
relation to isophorone (2), the corresponding 
a,P-unsaturated ketone, which'upon irradiation 
in polar solvents yields dimeric products only (3). 

Preliminary results in this study have been 
reported in a short communication elsewhere (4). 

'Present address: University of California, Lawrence 
Radiation Laboratory, Berkeley, California 94720, U.S.A. 

In the present paper we wish to report the full 
experimental details of our findings and also to 
discuss recently accumulated evidence towards 
elucidation of the mechanism of the observed 
transformation (see Chart 1). 

Photolysis of Dihydropyridone l a  in Water 
As previously reported (4), dihydropyridone 

l a  (6.0 g) was irradiated for 7 h in water (600 ml) 
using 2537 A light. A stream of nitrogen was 
bubbled through the solution during the irradia- 
tion. The reaction mixture thus obtained was 
separated to yield three products: amide 3, m.p. 
1 17", 3.12 g (73 %); amide 4, m.p. 108-1 09", 0.35 
g (8 %), and hydroxylactam 5a, m.p. 189-190°, 
0.085 g (1.3 %). No starting material was 
recovered from the reaction. In an alternate run 
where the bubbling of nitrogen was omitted, the 
distillation of part of the solvent permitted the 
isolation of acetone as its 2,4-dinitrophenylhy- 
drazone derivative. 

Structure of Photoproducts 
The structure of compound 3 was established 

by the mass spectrum, the elemental analysis, the 
infrared (i.r.) spectrum, the nuclear magnetic 
resonance (n.m.r.) spectrum, and conversion to 
known isovaleramide by catalytic hydrogenation. 
The mass spectrum and the elemental analysis 
established a molecular weight of 99 and a 
molecular formula of C,HgNO. The i.r. spec- 
trum showed characteristic bands at 3540 and 
3420 (N-H), 1680 ( E O ) ,  1650 ( e C ) ,  1585 
(N-H), and 900 cm-' (C-H, terminal methy- 
lene). The n.m.r. spectrum showed singlets at 
6 1.82 (3H, methyl protons) and 2.95 (2H, 
methylene protons), a multiplet at 4.93 (2H, 
terminal methylene protons), and a broad band 
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CHART 1 
Photolysis of 4,6,6-trimethyl-5,6-dihydro-2(1H)-pyridone (la) 

at 5.8 (amide protons on nitrogen, exchangeable 
with D,O). Hydrogenation over palladium on 
charcoal (5 %) gave an almost quantitative yield 
of isovaleramide identical in all respects with an 
authentic sample prepared from isovaleric acid. 

The structure of compound 4 was also estab- 
lished by spectroscopic and chemical means. The 
molecular weight as determined by mass spectro- 
metry indicated that compounds 3 and 4 were 
isomers. The i.r. spectrum showed characteristic 
bands at 3550 and 3430 (N-H), 1675 (C==O), 
1640 (C=C), and 1590 cm-' (N-H). The 
absence of an absorption band at 900 cm-' 
suggested that compound 4 was the conjugated 
isomer of amide 3. This hypothesis was con- 
firmed by the n.m.r. spectrum which showed 
singlets at 6 1.85 (3H, methyl protons, trans to 
-CONH,) and 2.13 (3H, methyl protons cis 
to -CONH,), a multiplet at 5.6 (lH, vinyl 
proton), and a broad singlet at 6.0 (2H, amide 
protons, exchangeable with D,O). The proposed 
structure was then verified by comparison with 
an authentic sample prepared from 3,3-dimethyl- 
acrylic acid. That photoamides 3 and 4 were 
not photochemically interconvertible under the 
present conditions was shown by irradiating 
aqueous solutions of both photoamides for 7 h 
and recovering starting material exclusively in 
each case. It was also ascertained that photo- 
amides 3 and 4 are not interconvertible under the 
conditions of chromatography. 

Evidence for the structure of compound 5a was 
again obtained by spectroscopic and chemical 
means. The molecular ion in the mass spectrum 
was found at mle 157, which corresponds to the 
addition of a water molecule(l8 mass units(m.u.)) 
to the starting material. The i.r. spectrum showed 
characteristic bands at 3345, 3270, and 3190 
(0-H and N-H), and at 1640 cm-' (-0). 
The n.m.r. spectrum in dimethyl-d, sulfoxide 
showed singlets at 6 1.15 (6H, gem-dimethyl 
protons), 1.30 (3H, methyl protons), an AB 

system centered a t  1.63 (2H, methylene protons), 
2.10 (2H, methylene protons cl to CO), 4.47 ( lH,  
hydroxyl proton, exchangeable with D,O), and 
7.35 ( lH,  amide proton, exchangeable with D,O). 
Further evidence in favor of the proposed struc- 
ture was obtained by treating compound 5a with 
a 1 :1 mixture of sulfuric acid and water at 80" 
for 1 h and showing by n.m.r. that the mixture of 
products obtained was composed of 56% of 
dihydropyridone l a  and 44% of its deconjugated 
isomer (5)'. 

Photolysis in Anhydrous t-Butyl Alcohol and 
Methanol 

The results summarized in Chart 1 strongly 
suggest that an unstable intermediate formed in 
this reaction is hydrolyzed in a non-photo- 
chemical step to lead to products 3, 4, and 
acetone. A logical structure for this intermediate 
would be either the acylimines (6a and b) or the 
corresponding enamides (7a and b). However, it 

6 7 
a Conjugated a Conjugated 
b Unconjugated b Unconjugated 

is well known (6) that acylimines tautomerize 
rapidly to the corresponding enamide and that 
the reverse reaction generally does not take place 
under neutral conditions. In the isolated case 
(i'a), where an enamide was found to tautomerize 
to the corresponding acylimine on treatment with 
acid, the transformation was ascribed (7b) to 
conformational factors. 

The photolysis of dihydropyridone l a  in dry 

'The pure deconjugated isomer of l a  has been pre- 
pared by J. HCbert of this laboratory and its n.m.r. 
spectrum shown to correspond exactly to the 44% com- 
ponent in the mixture. 
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CAVALIER1 AND GRAVEL: PHOTOLYSIS OF DIHYDROPYRIDONE 2729 

t-butyl alcohol yielded a product mixture con- 
sisting for the greater part of starting material as 
shown by the i.r. spectrum. Nevertheless, separa- 
tion of the mixture by chromatography gave a 
small amount of a new compound3 shown to be 
the unconjugated enamide 7b and having the 
following spectral characteristics. The mass 
spectrum established the molecular weight at 
139 indicating that the compound isolated was 
an isomer of the starting material la.  The i.r. 
spectrum showed characteristic bands at 3420 
(N-H), 1680 ((3=0), 1648 ( e C ) ,  1505 
(N-H), and 910 cm-' (C-H, terminal methy- 
lene). The n.m.r. spectrum showed singlets at 
6 1.92 (3H, methyl protons on the enamide side), 
3.02 (2H, methylene protons o: to CO), an AX 
system with the high field component at 4.45 
and the low field component at 5.43 (2H, terminal 
methylene protons of the enamide moiety (8), a 
doublet at 1.82 (3H, methyl protons on the olefin, 
J = 1 c.p.s.), and a multiplet at 4.91 (2H, terminal 
methylene protons of the olefin moiety). Finally, 

I acid hydrolysis of chromatographic fractions 
I 
I 

containing either pure enamide 7a or a mixture 
of enamides 7a and b gave the corresponding 

I photoamides 3 and 4 thus confirming the pro- 
1 

posed structure. The isolation and characteriza- 
I tion of enamide 7 is significant in that it confirms 

our hypothesis concerning the intervention of a 
water labile intermediate. One important problem 
however is to determine whether or not the 
acylimine intermediate 6 plays a role in this 
reaction. A priori, as will be shown later, one 
would expect initial formation of acylimine 6 
followed by an irreversible tautomerization (6) 
to intermediate 7 (6a -+ 7a and 66 -+ 76). 

Since it is known that enamides do not react 
with pure alcohols (9) and that acylimines add 
primary, secondary, and in certain cases tertiary 
alcohols (6, 9-11) an attempt was made to trap 
the acylimine intermediate by carrying out the 
irradiation of dihydropyridone l a  in anhydrous 
methanol. The latter should have a better chance 
to add to the acylimine than the bulky t-butyl 
alcohol. The reaction afforded a very good yield 
of an adduct which was shown after chromato- 
graphic purification to be the corresponding 
carbinolamidoether 8. 

The i.r. spectrum of this product showed 
characteristic bands at 3420 (N-H), 1672 

3No attempt was made to isolate any pure conjugated 
isomer 7a present. 

(C==O), 1645 (C=C), 1503 (N-H), and 907 
cm-' (C-H, terminal methylene). The n.m.r. 
spectrum showed singlets at F 1.56 (6H, gem- 
dimethyl protons), 1.80 (3H, methyl protons), 
2.98 (2H, methylene protons), and 3.20 (3H, 
methyl protons), a multiplet at 4.86 (2H, terminal 
methylene protons), and a broad band at 7.52 
( lH,  amide proton). The mass spectrum did not 
show the molecular ion peak at mle 171 as 
expected of structure 8, but showed a strong 

8 
a Conjugated 
b Unconjugated 

M-32 peak at mle 139 corresponding to a loss of 
methanol. A molecular weight determination 
using a Mechrolab Vapor Pressure Osmometer 
gave a value of 167 5 2 %. 

Finally, chromatographic fractions containing 
either pure carbinolamidoether 8a or a mixture 
of carbinolamidoether 8a and b were hydrolyzed 
in dilute acid to the corresponding photoamides 
3 and 4 thus confirming the proposed structure. 

Photolysis of N-Methyl Dihydropyridone l b  
in Water 

In an effort to gain further insight into the 
mechanism of this transformation, N-methyl 
dihydropyridone 1b was prepared and irradiated 
in water (300 mg/30 ml) for 7 h using 2537 A 
light. The reaction mixture thus obtained was 
composed almost entirely of starting material, as 
evidenced by thin-layer chromatography (t.1.c.). 
A chromatographic separation yielded unreacted 
starting material (270 mg, 90%) and another 
product (1 5 mg, 5 %) to which the hydroxylactam 
structure 5b was assigned. The mass spectrum 
of this product indicated a molecular weight of 
171 which differs from that of the starting 
material by 18 m.u. indicating an addition of a 
molecule of water. The i.r. spectrum showed 
characteristic bands at 3620 and 3380 (0-H) 
and 1615 cm-' (C=O). The n.m.r. spectrum 
which is quite similar to that of 5a showed 
singlets at F 1.30 (6H, gem-dimethyl protons), 
1.46 (3H, methyl protons), an AB system centered 
at 1.85 (2H, methylene protons), 2.44 (2H, 
methylene protons o: to CO), 2.89 (3H, methyl 
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protons), and 3.14 (lH, hydroxyl proton, 
exchangeable with D,O). 

Multiplicity of the Cleavage Reaction 
Evidence for the multiplicity of the excited 

intermediate in this reaction was obtained by one 
of us (12). It was shown (12) that acetophenone 
sensitization of the reaction led only to dimer 
formation and none of the cleavage products 
3 and 4. 

These results clearly demonstrated that the 
unsensitized irradiation of dihydropyridone l a  
in water to yield photoamides 3 and 4 does not 
proceed via the lowest triplet state. It is also 
interesting to note that thereactivity of compound 
l a  seems to differ depending on the multiplicity 
of the excited intermediate produced in the 
reaction. Thus, while the direct photolysis of 
lactam l a  in water leads, via what is possibly a 
singlet state: to cleavage products 3 and 4, the 
triplet sensitized reaction leads primarily to a 
photodimer of the starting material and none of 
the cleavage products 3 and 4 (12). 

Discussion 

From the above results it appears reasonable 
to suggest that the irradiation of dihydropyridone 
l a  leads to an excited singlet which could react 
according to two competing pathways (a and b) 
prior to crossing over to the corresponding 
triplet state. (a) The excited molecule (or a 
strained ground-state derived from it) may add 
the elements of water to form the 4-hydroxy- 
piperidone 5a. Similar photoinduced additions 
of protic solvents have been reported for various 
a,P-unsaturated carbonyl compounds such as 
uracil (1 3), 4a-methy1-4,4a,9,10-2(3H)-phenan- 
throne (14), Pummerer's ketone (15), l-acetyl- 
cyclohexene (16), and 2-cycloheptenone (17). It is 
interesting to note that Lamola and Mittal (13) 
have stated that "the photohydration of uracil 
probably does not involve the triplet state". Our 
results would also seem to eliminate the lowest 
triplet state as the excited intermediate leading to 
hydroxypiperidone 5a; however, the small 
amount of the compound isolated from the 
reaction mixture renders this conclusion very 
tenuous. (b) In an alternate reaction pathway, 
the excited molecule may undergo cleavage of 
the 5-6 bond concerted with the migration of the 

4The possibility of reaction from an upper triplet state 
cannot be ruled out at this point. 

proton from nitrogen to ~ x y g e n . ~  Evidence in 
favor of this hypothesis rests on the fact that the 
presence of hydrogen on nitrogen is necessary for 
the reaction to take place. Thus, when N-methyl 
dihydropyridone l b  was irradiated in water, no 
appreciable reaction had taken place after 7 h as 
shown by t.1.c. Chromatographic analysis indi- 
cated that 90% of the starting material had 
remained unchanged and that 5 % was converted 
to hydroxylactam 5b. Such a cleavage of the 
5-6 bond in l a ,  accompanied by proton migra- 
tion, would then lead to intermediate 9, which is 
the enolic form of the proposed acylimine 6 
(vide supra). 

This labile intermediate might then be expected 
to undergo two competing transformations (see 
Chart 2) namely: recyclization to the starting 
dihydropyridone (la) or tautomerization to the 
corresponding acylimines 6a and b or, in the case 
of t-butyl alcohol, to the corresponding enamides 
7a and b. The predominance of the unconjugated 
isomer 6a or 7a would seem to indicate-that 
protonation of9 is a kinetically controlled process 
favoring protonation at the a-carbon in accor- 
dance with the Hughes-Ingold rule (18). 

In an effort to test the possible recyclization 
of 9, dihydropyridone l a  was irradiated in 
t-butyl alcohol containing 1 % of water. Thus, 
after 15 h of irradiation. under conditions other- 
wise identical to those used in the experiment 
with anhydrous t-butyl alcohol where low con- 
version to enamide 7 was observed, an i.r. spec- 
trum of the crude material showed that all of the 
starting dihydropyridone l a  had disappeared and 
that only the photoamides 3 and 4 were present. 
It can be concluded therefore that intermediate 
9, which does not seem to react appreciably with 
t-butyl alcohol, can recyclize to the starting 
lactam l a  and that this reaction can be prevented 

5The all importance of the double bond in this reaction 
was illustrated by irradiating an aqueous solution of the 
corresponding piperidone and showing that no reaction 
takes place. 
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if a small amount of water is present in the mix- 
ture to trap the intermediate. 

On the other hand, as previously stated, (vide 
supra) the tautomeric equilibrium between 
acylimines and enamides has been shown to lie 
completely on the enamide side in acyclic 
systems (6). In the present photochemical reac- 
tion, direct evidence for the possible formation 
of enamide 7 was obtained from the irradiation 
of dihydropyridone l a  in anhydrous t-butyl 
alcohol which permitted the isolation and charac- 
terization of pure enamide 7a and a mixture of 
7a and b. (Chart 2). 

The intervention of enamide 7 as a reaction 
intermediate could raise the question as to which 
of the intermediates, 6, 7, or  9 is responsible 

already proposed (4) by us and is somewhat anal- 
ogous to that operative in the photochemistry of 
4,4-dialkyl substituted cyclohexene-2 ones (14, 
19). In addition however, a proton migration 
must take place from nitrogen to oxygen in a 
manner concomitant with ring opening. 

On the other hand,this very migration of hydro- 
gen to oxygen and the formation of an inter- 
mediate of structure 9 suggests a much more 
reasonable fragmentation path of the electro- 
cyclic type as was envisaged in our previous 
communication (4). Indeed, the reaction could 
proceed through the lactim 12 which is liable to  
undergo electrocyclic ring opening (20) to  
intermediate 9 as shown in Chart 4. 

for the observed hydrolysis and methanol 
addition reactions. It seems quite evident from H / ~  9~ N \ qJ'%?lq N /  
the preceding discussion that acylimine 6 (or 
perhaps the corresponding enolic form 9) under- o H/O H/O 
goes nucleophilic attack by solvent rather than la 12 9 
enamide 7. 

CHART 4 
Finally, in an attempt to gain evidence for 

the intervention of a diradical-like intermediate  hi^ hypothesis, however, could not be sub- 
(10) in this reaction, the photolysis of dihydro- stantiated experimentally. It had been antici-  ridon one l a  was investigated in i s O ~ r O ~ ~ l  pated that the photolysis of dihydroazepinone 

which is known be a good photo- 13 could yield information on the cleavake path 
reducing agent. Unfortunately, as in the case of 
methanol, the reaction led to the addition of 
solvent to  give 11 as the sole product. 

0 "  0 
operative in this reaction. Indeed, a cleavage 

10 11 such as that described in Chart 4 could not have 
Following the above discussion, the reaction taken place in this seven-membered ring model. 

could be represented as a polar cleavage of l a  (see There remained two possibilities, namely, dimeri- 
Chart 3). This mechanism is similar to  that zation or cyclization to  a bicyclic p-lactam (21). 
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(3H, singlet), 2.13 (3H, singlet), 5.6 (IH, multiplet), and Photolysis of 4,6,6-Trimethyl-2-piperidone 
6.0 (2H, broad band). The u.v. spectrum (95% EtOH) The above piperidone (22), m.p. 119-121°, was pre- 
indicated A,,, 217 nm (E 12 600) and the mass spectrum pared by catalytic hydrogenation of dihydropyridone l a  
showed a molecular ion peak at m/e 99. The assignment in acetic acid, using palladium (5 %) on powdered 
of structure 4 was verified by comparison (mixed m.p., charcoal as catalyst. 
n.m.r. spectra, and i.r. spectra) with an authentic sample No photoreaction could be observed when an aqueous 
prepared from 3,3-dimethyl acrylic acid. solution of the piperidone (300 mg/30 ml) was photo- 

lyzed during 7 h. 
Photolysis of 4,6,6-Trimethyl-5,6-dihydro-2(IH)- Photolysis of 4,6,6-Trimethyl-5,6-dihydro-2(IH)- 

pyridone (la) in t-Butyl Alcohol pyridone (la) in Methanol 
A I % solution (6 g/600 ml) of dihydropyridone l a  in A 1 % solution (4 g/400 ml) of dihydropyridone l a  in 

dry t-butyl alcohol (distilled over sodium t-butoxide and dry methanol (distilled over sodium methoxide) was 
kept on Molecular Sieves, Linde type 4-41 was photo- irradiated during 7 h. The solution was then evaporated 
lyzed for 12 h. A stream of dry and oxygen-free nitrogen to dryness and the i.r. spectrum of the crude product 
was bubbled through the solution for 20 min prior to and revealed a new characteristic band at 1505 crn-1. Purifica- 
during the entire irradiation. An i.r. spectrum of the tion by filtration through a short column of alumina 
crude product obtained after evaporation of the solvent activity I, using dichloromethane-hexane, (1 :I) as eluent 
showed a great amount of unreacted starting material; gave the following results. The first few fractions gave the 
however, a new characteristic band appeared at 1505 carbinolamidoethers, 8a and b (2.8 g, 57%, containing 
cm-' and a new spot, of lower RI than the starting mostly the unconjugated isomer in a ratio of about 6:l). 
material, was revealed by t.1.c. analysis. Elution with dichloromethane and dichloromethane- 

  he crude material was therefore washed with 30 ml of ether gave some unreacted starting material (1.3 g, 32 %) 
hexane, which dissolved the new product, plus a small and mixtures of the photoamides 3 and 4 which probably 
amount of the starting material la.  A sinlple filtration arose via partial hydrolysis of the labile amidoethers 8a 
through alumina activity 11, using hexane-dichloro- and b on the column. 
methane (2:l) as eluent, yielded the pure enamide 76 as a one fraction containing almost pure unconjugated 
pale yellow oil in the first fraction. The second and third amidoether 86 was further purified by distillation at 50" 
fractions contained a mixture of 76 and its conjugated and 0.5 mm. ~h~ solid obtained melted at room 
isomer 7a, as shown by dilute acid hydrolysis to a mixture perature and was shown to contain a very small percen- 
of the known amides 3 and 4. Further fractionseluted with tage of the conjugated amidoether ga by n.m.r. and t . ~ . ~ .  
methylene chloride - ether (1 :1) contained dihydropy- ~ h ,  i.r. spectrum showed characteristic absorptions at 
ridone l a  and the primary amides 3 and 4, which were 3420, 1672, 1645, 1503, and 907 cm-l. l-he n.m.r. 
separated in a subsequent chromatography on alumina spectrum had 6 1.56 (6H, singlet), 1.80 (3H, singlet), 
activity IV. No yields are reported in this experiment as 2.98 (2H, singlet), 3.20 (3H, singlet), 4.86 (2H, multiplet), the enamides sought are partially hydrolyzed on the 7.52 (IH. broad band). 
column. The mass spectrum did not reveal a molecular ion but 

The i.r. spectrum Of the pure enamide 7b showed an intense peak at m/e 139 corresponding to a loss 
characteristic absorptions at 3420, 1680, 1648, 1505, and of methanol. A molecular determination was 
910 cm-'. The n.m.r. spectrum had 6 1.82 (3H, doublet, however obtained by of a = ~ ~ ~ h ~ ~ l ~ b ~  vapor 
J = l c.P.s.), 1.92 (3H, singlet), 3.02 (2H, singlet), 4.91 pressure Osmometer. Calcd.: 171. Found: 167. 
(2H, multiplet, J = 1 c.P.s.), 4.45 and 5.43 (2H, AX Anal. Calcd. for C9H17N02: C, 63.20; H, 9.94; N, 
system). The mass spectrum revealed a molecular ion 8.19. Found: C, 63.]6; H, 9.93; N, 8.23. 
peak at m/e 139. 

N-Methyl-3-cyano-4,6,6-trimethyl-5,6-dihydro-2-pyridone 

Photolysis of 4,6,6-Trimethyl-5,6-dihydro-2(1 H)- The general procedure of Hall (22) (vide supra) was 

pyridone in t-Butyl Alcohol Containi,lg I % followed with the exception that aqueous methylamine 

of Water was used instead of aqueous ammonia. The compound 

A % solution (6 g/600 ml) of dihydropyridone la in obtained in a low yield (16%) had m.p. 139-140' (meth- 

t-butyl alcohol, containing % of distilled water (6 g/600 anol-water). The i.r. spectrum showed characteristic 

ml), was photolyzed for 15. h under the same conditions absorptions at 2240, 16551 1620, and 1575 cm-l' The 

as stated above. An i.r. spectrum of the crude product n.m.r. 'pectrum had (6H, sing1et), 2.27 (3H1 

clearly showed the primary amides. N~ starting material singlet), 2.52 (2H, singlet), and 2.97 (3H, singlet). The 
l a  and no enamide 7 were observed. mass spectrum revealed a molecular ion peak at m/e 178. 

Irradiation of Photoamides 3 and 4 in Water 
When a 1 % solution (300 mg/30 ml) of either photo- 

amide 3 or photoamide 4 in water was irradiated for 
18.5 h, no photochemical interconversion could be 
observed as shown by melting points, thin-layer chro- 
matograms, and U.V. and i.r. spectra. Also, it is of 
importance to note that no interconversion was observed 
when the pure amides were chromatographed on 
alumina. 

N-Methyl-4,6,6-trimethyl-5,6-dihydro-2-pyridoz (Ib) 
Hydrolysis and decarboxylation of the above cyano- 

pyridone was carried out according to the procedure of 
Ha11 (22) (vide supra). The N-methyl lactam l b  obtained 
in a good yield (67 %) had m.p. 43-44' (pentane-ether). 
The i.r. spectrum showed characteristic absorptions at 
1675 and 1615 cm-l. The n.m.r. had 6 1.25 (6H, singlet), 
1.87 (3H, singlet), 2.23 (2H, singlet), 2.90 (3H, singlet), 
and 5.75 (IH, singlet). The mass spectrum revealed a 
molecular ion peak at m/e 153. 
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Photolysis of N-Methyl-4,6,6-trimetIzyI-5,6-dihydro-2- 
pyridone (lb) 

A 1 % solution (300 mg/30 ml) of N-methyl dihydro- 
pyridone l b  in distilled water was irradiated during 7 h. 
The solution was then saturated with ammonium sulfate 
and extracted with chloroform. After drying and evapo- 
rating the solvent, a t.1.c. of thecrude product revealed the 
presence of a large amount of starting material along 
with a new compound of lower Rr. 

Chromatography of the mixture on silica gel using 
acetonedher 1 :4 as eluznt gave unreacted starting 
material (270 mg, 90%) in the first fractions. Further 
elution using the same solvent system afforded a solid, 
m.p. 125" (15 mg, 5%). The i.r. spectrum of the com- 
pound showed characteristic bands at 3620, 3380, and 
1615 cm-'. The n.m.r. spectrum had 6 1.30 (6H, singlet), 
1.45 (3H, singlet), 1.85 (2H, AB system with low field 
component showing additional splitting), 2.45 (2H, 
broad singlet), 2.89 (3H, singlet), and 3.14 (IH, singlet, 
exchangeable with DzO). The mass spectrum revealed a 
molecular ion peak at m/e 171. 
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Methoxy group migrations in the reaction of some methyl-pyranoside chlorosulfate 
ester derivatives with aluminum chloride1 

C. F. GIBBS' AND H. J. JENNINGS 
Biochemistry Laboratory, National Research Council of Canada, Ottawa, Canada 

Received March 25, 1970 

The treatment of methyl a-D-xylopyranoside 2,3,4-tri(ch1orosulfate) with aluminum chloride yielded a 
mixture of two major components identified as methyl a-D-xylopyranoside 2,3,4-tri(chlorosulfate) and 
4-0-methyl-a-L-arabinopyranosyl chloride 2,3-di(chlorosulfate). The latter compound constituted about 
25 % of the mixture and was formed as a result of the preferential migration of the anomeric methoxy 
group to C-4 of the pyran ring. Similar treatment of methyl a-D-glucopyranoside 2,3,4,6-tetra(chlorosul- 
fate) with aluminum chloride yielded crystalline 6-0-methyl-a-D-glucopyranosyl chloride 2,3,4-tri(ch10- 
rosulfate) as the only major methoxy migration product. This methoxy migration occurred to the extent 
of 66% and in contrast to the results obtained with methyl pentapyranoside derivative the anomeric 
methoxy group migrated preferentially to C-6 in this case. The factors controlling these highly selective 
methoxy migrations are discussed. 

Canadian Journal o f  Chemistry, 48, 2735 (1970) 

Introduction of methyl 3,4,6-tri-0-acetyl-Zdeoxy-2-iodo-a-D- 

~h~ ability of the methoxy group to participate mannopyranoside in acetic acid yielded as one of 

in solvolytic displacement reactions was first the Products 1,3,4,6-tetra-O-acetYl-2-O-methYl- 

established by Winstein and Henderson (I), and D-glucopyranose (7). 

significant participation has been observed in In all the above reactions, competitive methoxy 

reactions where the methoxy group participates participation involving the possibility of the 

through the formation of a three-membered simultaneous formation of oxonium ions of 

( ~ ~ 0 - 3  participation), five-membered ( ~ ~ 0 - 5  differing ring sizes was avoided by the introduc- 

participation), and a six-membered ( ~ ~ 0 - 6  tion of only one leaving group in each molecule. 

participation) oxonium ion (2). the car- We would now like to report a series of methoxy 

bohydrate field a number of examples of group migrations carried out by treating fully 

methoxy group participation have also been chlorosulfated methylglycopyranosides with alu- 

established. ~h~ solvolysis of both methyl minum chloride. These migrations occurred al- 

5 - 0 - p  - bromobenzenesulfonyl - 6 - deoxy - 2,3 - most exclusively as a result of Me0-5 ~ a r t i c i ~ a -  

0 - isopropylidene - P - L - allofuranoside (3) and tion despite the possibility of Me0-3 and Me0-4 
methyl 4-O-nitrobenzene-p-sulfonyl-~-~-xylo- Participation. This work was Prompted by a 
pyranoside (4) resulted in ~ ~ 0 - 5  participation previous observation that the treatment of P-D- 
with the subsequent migration of the glycosidic x ~ l o ~ ~ r a n o s ~ l  chloride 2,3,4-tri(chlorosulfate) 

methoxy group. Similarly the benzoate displace- and its a - D - l ~ x o ~ ~ r a n o s ~ 1  analogue with alumi- 

merit of 2,3,5-tri- 0-benzyl-4- O-toluene-p- sul- num chloride resulted in predominant C1-3 par- 

f o n y l - ~ - ~ i b o s ~  dimethyl acetal resulted in Me()-5 ticipation (8) and it was hoped to determine 

participation with the subsequent migration of some of the factors responsible for this selective 

one of the acetal methoxy groups (5). Evidence migration by varying the nature of the migrating 

for the Me0-5 participation of a methoxy group group. 

not situated at the hemi-acetal position has also Discussion 
been obtained when the of Methyl ~-~-xylopyranoside2,3,4-tri(chlorosul- 
2,3 - di - 0 - benzyl - 6 - 0 - methanesulfonyl - P - D- 
galactopyranoside yielded 3,6-anhydro-2-0- fate) when treated with aluminum chloride 

methyl-P-D-galactopyranoside as one of the yielded a syrupy mixture containing two major 

products (6). One incidence of Me0-3 participa- components, subsequently identified as methyl 

tion has been reported where the brominolysis a-D-xylopyranoside 2,3,4-tri(chlorosu1fate) (an- 
omerization product) and methyl 4-0-methyl- 

'NRCC No. 11412. a-L-arabinopyranosyl chloride 2,3-di(chlorosu1- 
'NRCC Postdoctorate Fellow, 1967-1969. fate) (4) (methoxy migration product). The 
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OMe 

migration was easily followed using proton 
magnetic resonance (p.m.r.) spectroscopy by the 
distinguishable methoxy signals of the com- 
pounds above in the crude reaction product and 
also, in the case of 4, by the appearance of a 
characteristic low-field anomeric doublet, due to 
the introduction of the more electronegative 
chloro-group at the anomeric position. The 
extent of migration was estimated as 25% by 
comparison of the integrated areas of the above 
p.m.r. signals and this was confirmed by the sub- 
sequent isolation of the dechlorosulfated prod- 
ucts of the reaction. Dechlorosulfation of the 
syrupy mixture above yielded two major com- 
ponents (paper chromatography) which were 
separated by cellulose column chromatography. 
The individual components were identified as 
syrupy 4-0-methyl-L-arabinopyranose and crys- 
talline methyl a-D-xylopyranoside, the former 
component constituting 28 % of the mixture. The 
isolation of only one major monomethylpentose 
from the reaction mixture indicates a distinct 
preference for the anomeric methoxy group of 
methyl P-D-xylopyranoside 2,3,4-tri(chlorosu1- 
fate) to migrate to C-4 rather than to C-2 or -3 

of the pyran ring. This preferential methoxy 
migration probably involves the formation of 
the intermediate bicyclic oxonium ion (I), 
despite the high energy requirement of this ion 
(1) due to the unfavorable non-bonded steric 
interactions which would occur in its boat con- 
formation. Related ions in the boat conformation 
have been encountered in the acetolysis of trans 
4-methoxycyclohexyl tosylate (9) and more 
recently in the hydrolysis of methyl 4-0-nitro- 
benzene-p-sulfonyl-P-D-xylopyranoside (4). 

Methyl a-D-lyxopyranoside 2,3,4-tri(ch1oro- 
sulfate) when treated with aluminum chloride 
yielded no detectable quantity of methoxy 
migration product even after an extended period 
of reaction. This was determined by the absence 
of any new methoxy singlet or the appearance 
of any low-field anomeric signal in the p.m.r. 
spectrum of the reaction product. The failure of 
the anomeric methoxy group to migrate to C-4 
in the lyxopyranoside derivative can probably be 
attributed to the higher energy required to 
form the oxonium ion 2 compared with that 
necessary to form 1 because of the greater non- 
bonded interactions. Oxonium ion 2 has an 
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unfavorable eclivsed (cis) orientation of the C-2 
and -3 chlorosuifate 'groips whereas 1 has the 
more favorable trans-orientation of these groups. 

Methyl a-D-glucopyranoside 2,3,4,6-tetra- 
(chlorosulfate) when treated with aluminum 
chloride gave a good yield of methoxy migration 
product (5). This was determined by the appear- 
ance in the p.m.r. spectrum of the syrupy reaction 
product of an additional methoxy signal (r 6.58) 
to the methoxy signal of the original reactant 
(r 6.42), plus a low-field anomeric doublet (r 
3.53), characteristic of a methoxy migration 
product. The amount of 5 present in the mixture 
was estimated at approximately 66% by the 
integration of these signals in the p.m.r. spectrum 
of the syrupy reaction product. The migration 
product (5) was isolated crystalline from the 
syrupy mixture and the p.m.r. spectrum of 
crystalline 5 confirmed the assignments made 
previously on the p.m.r. spectrum of the syrupy 
reaction product. The elemental analysis of 5 
was consistent with the structure assigned to it 
and this structure was confirmed when the 
dechlorosulfation of 5 vielded crvstalline 6-0- 
methyl-D-glucose. That only one major methoxy 
migration product was formed in the reaction 
was determined by dechlorosulfation, and acid 
hydrolysis of the product of the mother liquors 
obtained from the recrystallization of 5. This 
yielded two reducing components which were 
identified as D-glucose and a faster running 
monomethyl-glycopyranose derivative (paper 
chromatography). The faster running component 
was isolated by cellulose column chromatography 
and was characterized as crystalline 6-0-methyl- 
D-glucose. Methoxy migration in this case 
vrobablv occurs via oxonium ion 3 which 
;equiresd for its formation that the glycosidic 
methoxy group have the P-D-configuration. This 
is obviously readily achieved by the continual 
equilibration of the methoxy group of the 
original reactant (a-D-anomer) in the presence 
of aluminum chloride. Once more the preference 
for Me0-5 participation is established but this 
time the anomeric methoxy group migrates to the 
exocyclic C-6 position, a route not available in 
the pentopyranoside derivatives. This is readily 
explained by the lower energy requirement of the 
chair conformation of 3 in comparison with the 
ion in the boat conformation that would be 
required for the alternative Me0-5 participation. 
The lower energy requirement of the ion in the 

chair conformation is also reflected in the higher 
yield of methoxy migration product resulting 
from 4 in comparison with that resulting from 1. 
A related ion in the same chair conformation has 
been encountered in the solvolysis of methyl 
1-thio-6-0-toluene-p-sulfonyl- P-D-glucopyrano- 
side (10). 

Although energy factors do exert an influence 
on the route of methoxy migration in these 
pyranoside derivatives (c.f. 1 and 3) they do not 
seem to affect the overall preference for Me0-5 
participation. This preference is in accord with 
the results of kinetic studies carried out by 
Winstein et al. on the solvolysis of the acyclic 
o-methoxyalkylp-bromobenzenesulfonates, 
where methoxy participation was the most 
favorable when it occurred via a monocyclic 
five-membered oxonium ion (11). Also this 
preference for Me0-5 participation is in direct 
contrast to the results obtained using the 
analogous pentapyranosyl chloride derivatives, 
as these exhibited a distinct preference for C1-3 
participation using identical conditions (8). Thus 
the nature of the participating group is a dominant 
factor in determining the ring-size of the inter- 
mediate ion even to the extent of overcoming the 
substantial energy-requirements involved in the 
formation of 1. To our knowledge, no kinetic 
data is available to establish a preference for C1-3 
participation but the results obtained using the 
pentapyranosyl chloride derivatives would seem 
to indicate that this would prove to be the case. 

It is interesting to note that in all the reactions 
carried out no significant Me0-3 participation 
was observed, whereas Me0-3 participations 
have been reported by Winstein and Henderson 
(1) and Lemieux and Fraser-Reid (7). The latter 
example is particularly relevant to our work as it 
does involve Me0-3 participation of the anomeric 
methoxy group in a pyranose ring structure. 
Although the factors controlling migration are 
complex, nevertheless, for neighboring group 
participation the electronic effects (inductive) 
of the participating group and the leaving group 
on each other are of some consequence (2). Thus 
the more electronegative chlorosulfate group 
might tend to inhibit Me0-3 participation to a 
greater extent than the less electronegative iodo 
group used by Lemieux and Fraser-Reid (7) as a 
leaving group. Certainly, the chlorosulfate group 
is more electronegative than iodine as it is also 
more electronegative than chlorine. This can be 
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ascertained from chemical shift data obtained 
from the p.m.r. spectra of configurational 
analogues, where the substitution of a chlorosul- 
fate group by chlorine caused a considerable 
upfield shift (-- 1.0 p.p.m.) in the a-proton signal 
(8). It has been established that a qualitative 
comparison of the degree of electronegativity of 
substituent groups can be obtained from the 
relative positions of the resonance frequencies 
of their a-protons (12). 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected, and optical rotations were mea- 
sured at 21 + 3". Paper chromatograms were run by the 
descending method using butan-1-01 - ethanol - water 
(3:l:l) (v/v) as the solvent. Sugars were located on paper 
chromatograms by p-anisidine hydrochloride (13) or by 
periodate-permanganate (14) spray reagents. Column 
chromatography was performed using Whatman cellulose 
powder (CFll) with butan-1-01 half saturated with water 
as the eluant. The p.m.r. spectra were obtained from a 
Varian A60A spectrometer using deuteriochloroform as 
the solvent and tetramethylsilane (T = 10.0) as the inter- 
nal standard. 

Methyl a- and p-D-Xylopyranoside 2,3,4- 
Tri(ch1orosulfate) 

Crystalline rnethyl a-D-xylopyranoside 2,3,4-tri(ch1oro- 
sulfate) was prepared by the methanolysis of p-D-xylopy- 
ranosyl chloride 2,3,4-tri(chlorosulfate) as previously 
described (15) and the p.m.r. spectrum of the crystalline 
product indicated one methoxy singlet at T 6.46. Crystal- 
line methyl p-D-xylopyranoside 2,3,4-tri(chlorosulfate) 
was also prepared as previously described by treating 
rnethyl p-D-xylopyranoside with sulfuryl chloride and 
the p.m.r. spectrum of the crystalline product indicated 
one methoxy-singlet at T 6.38. 

Reaction of Aluminum Chloride with Methyl 
p-D-Xylopyranoside 2,3,4-Tri(ch1orosulfate) 

Methyl p-D-xylopyranoside 2,3,4-tri(chlorosulfate) 
(10 g, 0.022 rnole) was dissolved in absolute chloroform 
(750 ml) and the solution was heated to 60". The large 
volume of chloroform was found to be advantageous in 
reducing decomposition in these reactions. Finely 
divided alurninum chloride (4.3 g, 0.032 rnole) was added 
to the solution with vigorous stirring and the stirring 
was maintained for 3 h. The optimum time of reaction 
which yielded the maximum amount of methoxy migra- 
tion product was determined by examination of the 
methoxy signals of the p.m.r. spectra of a number of 
preliminary reactions carried out using a time variable. 
The chloroform solution was then washed with water, 
saturated sodium bicarbonate solution, and dried over 
anhydrous sodium sulfate. Following clarification with 
charcoal, the solution was filtered and concentrated to a 
syrup (7 g). Examination of the p.m.r. spectrum of the 
syrup indicated two major methoxy signals at T 5.89 
(assigned to compound 4) and T 6.46 (assigned to the 
methyl a-D-anomer of the original reactant) in the ratio 

of 1 :3. A small methoxy signal at T 6.38 (assigned to the 
original reactant) was also detected. The spectrum also 
indicated a low field doublet at T 3.56 (J1,, 3.1 Hz) which 
was assigned to the anomeric proton of 4. 

4-0-Methyl-L-arabinose 
The syrup above was dechlorosulfated with sodium 

iodide in aqueous-acetone in the presence of barium 
carbonate (16). The solution was filtered free of insoluble 
salts and deionized by passage through Amberlite 1R120 
and Duolite A4 ion-exchange resins. Concentration of 
the solution gave a syrup (2.6 g) which was shown by 
paper chromatography to contain two major components ; 
one reducing component and a faster running non- 
reducing component. The two components were separated 
by cellulose column chromatography and the non- 
reducing component was obtained as a syrup (1.8 g, 
50%) which on crystallization from ethyl acetate gave 
crystals of m.p. 85-87", undepressed on admixture with 
an authentic sample of methyl a-D-xylopyranoside. The 
chromatographically pure reducing component was 
obtained as a syrup (0.5 g, 14%) which resisted crys- 
tallization and had [a], + 130" (c, 1.0 in water); litera- 
ture reports [a], + 132 + 2" for 4-0-methyl-L-arabinose 
(17). The syrup gave a crystalline phenylosazone deriva- 
tive of m.p. 174-176" undepressed on admixture with an 
authentic sample of the phenylosazone of 4-0-methyl-L- 
arabinose (17) and methanolysis of the syrup with 
methanolic hydrogen chloride (17) yielded a crystalline 
methyl glycoside of [a], + 240" (c, 0.15 in methanol) of 
m.p. 112-1 14" undepressed on admixture with authentic 
rnethyl 4-0-methyl-a-L-arabinopyranoside (17). 

Methyl a-D-Lyxopyranoside 2,3,4-Tri(ch1orosulfate) 
Methyl a-D-lyxopyranoside (5 g) (18) was treated with 

sulfuryl chloride (13 ml) and pyridine (20 ml) in chloro- 
form solution using identical conditions to those used in 
the synthesis of methyl p-D-xylopyranoside 2,3,4-tri(ch1o- 
rosulfate) (13). The chloroform soluble product was 
crystallized from chloroform - light petroleum (b.p. 
30-60") and gave crystals (4.2 g, 30%) of m.p. 135-137" 
and [a], - 9" (c, 1.0 in chloroform). 

Anal. Calcd. for C6H9Cl3S3Ol1: C, 15.68; H, 1.97; 
CI, 23.15; S, 20.92. Found: C, 15.90; H, 2.30; C1, 23.24; 
S, 20.34. 

The p.m.r. spectrum of the above crystals indicated 
one methoxy singlet at T 6.47. 

Reaction of Aluminum Chloride with Methyl 
a-D-Lyxopyranoside 2,3,4-Tri(ch1orosulfate) 

The tri-chlorosulfate derivative above (4 g) was 
treated with alurninum chloride and the chloroform 
soluble product was obtained using identical procedures 
to those described previously for rnethyl p-D-xylopyrano- 
side 2,3,4-tri(chlorosulfate). The chloroform soluble 
product (2.5 g) gave an almost identical p.m.r. spectrum 
to that of the starting material. No significant quantity 
of methoxy migration product could be detected in the 
p.m.r. spectrum of the product by either the appearance 
of any other methoxy signal or a low-field anomeric 
signal. This latter signal has been shown to be a charac- 
teristic feature of the migration of an anomeric methoxy 
group in this type of reaction. Prolongation of the 
reaction for a further 2 h also produced negligible changes 
in the p.m.r. spectrum of the product. 
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6-0-Methyl a-D-Gl~tcopyranosyl Chloride 
2,3,4-Tri(ch1orosulfate) 

Crystalline methyl a-D-glucopyranoside 2,3,4,6-tetra- 
(chlorosulfate) (6.5 g) (14) was treated with aluminum 
chloride in absolute chloroform (450 ml) using identical 
conditions to those previously described for methyl 
p-D-xylopyranoside 2,3,4-tri(chlorosu1fate). The chloro- 
form solution was also washed, dried, and clarified as 
described previously. Concentration of the chloroform 
solution yielded a syrup (4.0 g), the p.m.r. spectrum of 
which indicated two major methoxy singlets at T 6.42 
(identical chemical shift to that of the methoxy signal of 
the original reactant) and at T 6.58 (assigned to 5), in the 
ratio of 1 :2 respectively. The spectrum also gave a low- 
field doublet at T 3.53 (Jl.z 3.8 Hz) which was assigned 
to the anomeric proton of 5. The syrup slowly crystallized 
and recrystallization from propan-2-ol gave crystals 
(0.9 g, 16%) of m.p. 143-145" and [a], + 130" (c, 1.0 in 
chloroform). 

Anal. Calcd. for C7H10011S3C14: C, 16.54; H, 1.98; 
C1, 27.90; S, 18.92. Found: C, 16.63; H, 2.14; CI, 28.20; 
S, 18.64. An examination of the p.m.r. spectrum of 
crystalline 5 confirmed the assignments made previously 
for 5 in the crude reaction product above. 

6-0-Methyl-D-glucose 
Crystalline 5 (0.4 g) was dechlorosulfated with sodium 

iodide in aqueous acetone in the presence of barium 
carbonate (16). The solution was filtered free of insoluble 
salts and deionized by passage through Amberlite IR120 
(H+) and Duolite A4 (OH-) ion exchange resins. Con- 
centration of the solution gave a syrup (0.17 g) which 
was shown to be homogeneous by paper chromatographic 
analysis. The syrup slowly crystallized and recrystalliza- 
tion from benzene-ethanol gave crystals (0.032 g, 20%) 
of m.p. 143-144" and [a], + 104" -> + 55" (equilibrium) 
(c, 0.8 in water); literature reports m.p. 142-143" and 
[a], + 56" (equilibrium in water) for 6-0-methyl-D- 
glucose (19). The syrupy product obtained by concen- 
trating the mother liquors of the recrystallization above 
gave a crystalline phenylosazone derivative which when 
recrystallized from methanol had m.p. 186-188" and 
[a]" -72O + -47' (equilibrium) (c, 0.4 in ethanol). 
These physical constants are consistent with those 
reported in the literature for the phenylosazone of 
6-0-methyl-D-glucose (20). 

The mother liquors obtained from the crystallization 
of 5 were concentrated to a syrup which was dechlorosul- 
fated and deionized by the same procedure used for the 
dechlorosulfation of 5. The syrupy dechlorosulfated 
product was then hydrolyzed with normal sulfuric acid 

and the neutralized hydrolyzate was concentrated to a 
syrup which was shown to contain only two major com- 
ponents (paper chromatography). These components had 
identical RF values to those of D-glucose and 6-0-methyl- 
D-glucose and the latter component was isolated by 
cellulose column chromatography. The crystalline 
product thus obtained had m.p. 143-144" undepressed 
on admixture with authentic 6-0-methyl-D-glucose 
isolated previously from 5. 

We wish to thank Mrs. A. Martin for technical assis- 
tance and Mr. A. E. Castagne for determination of the 
microanalyses and the 60 MHz p.m.r. spectra. The 
authentic crystalline 4-0-methyl-L-arabinose derivatives 
were kindly provided by Dr. C. T. Bishop. 
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Magnetic resonance studies of metal-olefin complexes. I. Electron spin resonance 
spectra of y-irradiated silver perchlorate cycloalkene complexes 

D. R. GEE, K. E. RUSSELL, AND J. K. S. WAN 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received April 10, 1970 

Paramagnetic species have been detected in y-irradiated polycrystalline silver perchlorate - cycloalkene 
complexes at room temperature and identified as Ag+cycloalkenyl radicals, with spin density on Ag 
decreasing from 4.6 to 1.5% with increasing size of the cycloalkenyl ring. The extent of the spin density 
on Ag increases with the stability of the parent complexes. 

Canadian Journal of Chemistry, 48, 2740 (1970) 

Introduction 

Complex formation between Ag(1) and olefins 
is well known (1-3) and Dewar (4) has proposed 
that the complexes are formed by the o overlap 
between the bonding olefin n orbital with a 
vacant s or sp hybrid orbital on the Ag(1) together 
with n overlap of an occupied silver d orbital 
with an antibonding olefin n orbital. In  recent 
years proton magnetic resonance (p.m.r.) studies 
(5) of these complexes in solution have suggested 
that o-bonding is more important than n bond- 
ing. However, many problems concerning the 
interpretation of the changes of the chemical 
shifts of the vinyl protons in the complexes still 
remain as have been very recently pointed out by 
Parker and Roberts (6). 

Studies of the relative stability of silver-olefin 
complexes (7, 8) reveal the order of increasing 
stability to be: bicycloolefins > endocyclo-mono- 
olefins > aliphatic olefins. Traynham and 
Olechowski (8) attribute this to the effect of ring 
strain upon the n: basicity of the olefins and thus 
upon the strength of the coordinate bond. 

Crystalline complexes with a 2:l cyclo- 
a1kene:Ag ratio have been obtained with silver 
nitrate (9, lo), silver perchlorate (9, l l ) ,  and 
silver tetrafluoroborate (12). With a series of 
cyclomonoolefins, infrared (i.r.) and solution 
p.m.r. studies (11, 12) indicate the order of 
relative stability of the complexes to be: cyclo- 
pentene > cyclohexene > cycloheptene 2 cis- 
cyclooctene. This order was found to be virtually 
independent of the anions used. 

The present investigation describes a new 
approach to the understanding of the nature of 
bonding in silver-cycloalkene complexes by 
electron spin resonance (e.s.r.) studies. Although 
the solid silver - cycloalkene complexes are 

diamagnetic, paramagnetic species such as 
Agf cycloalkenyl radicals can be produced by 
y-irradiation. Analysis of the e.s.r. spectra of 
these radicals leads to direct evidence for the 
importance of the o overlap between the cyclo- 
alkenyl n: orbital with the vacant 5s orbital on the 
Ag ion. 

Experimental 
The solid complexes were prepared from anhydrous 

silver perchlorate (Alfa Inorganic) and redistilled pure 
cycloalkenes (Aldrich) using the method of Comyns and 
Lucas (9). Cyclohexene-3,3,6,6-d4 was prepared by the 
method of Wolfe and Campbell (13) and the cyclohexene- 
3,3,4,4,5,5,6,6,-d8 was generously supplied by Professor 
S. Wolfe of this Department. Characterization data for 
these complexes are presented in Table 1. 

TABLE 1 

Characterization data for AgC104+ycloalkene 

Silver analysis (%) 
Melting 

Calculated for point 
Olefin An(cyc1oalkene)~ Found PC) 

Cyclopentene 31.38 31.05 102 
Cyclohexene 29.02 28.86 110 
Cycloheptene 26.99 27.05 129 
cis-Cyclooctene 25.22 25.01 172 

Polycrystalline samples of the complexes were each 
irradiated at room temperature in a 19 500 Ci source of 
1.3 MeV 'OCo y-rays. The dose rate was approximately 
1 Mrad/h and the total dose was 0.1 to 0.2 Mrad. The 
e.s.r. spectra were obtained with a Varian V4502 spec- 
trometer and auxiliary equipment. A Fabri-Tek 1074 
instrument computer was used for signal enhancement 
and for integration and differentiation of the recorded 
spectra. 

The radiation G value for radical formation was 
determined from a measurement of the absolute number 
of spins in a given irradiated sample. Absolute spin 
determinations can be carried out using various methods 
of calibration (14). We have developed a simpler and 
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reliable technique employing only a single cavity and a 
reference M n + +  sample. A standard polycrystalline 
sample of CaO containing about 0.01 % MnS04 was 
prepared by directly heating the mixed salts with a strong 
gas-oxygen flame for 15 min. This firing process ensures 
an even distribution of Mn+ + ions in the host lattice (15). 
The e.s.r. spectrum of this standard sample was entirely 
due to M n + +  ions and consisted of an equally spaced 
sextet with splittings about 90 G .  The absolute number of 
spins in a given prepared Mn+ + standard, contained in 
a sealed capillary, was calibrated by comparison of the 
integrated spectrum of this sample with that of a known 
amount of DPPH. Calibration of only one of the six 
Mn+ + lines was necessary, since they are equal. This 
sealed standard sample was found to be very stable and 
insensitive to temperature changes and exposure to room 
light. Thus it was used to estimate the absolute number 
of spins in known weights of the four irradiated silver- 
olefin complexes. The problem of spectral overlap was 
resolved by scanning a range of magnetic field sufficiently 
wide as to record an outer Mn+ + line with which no 
overlap occurred. 

Simulation of spectra was done on an IBM 360150 
computer using a modified program made available by 
Bell Telephone Laboratory. 

The experimental e.s.r. spectra of four 
AgClO,(cycloalkene), complexes irradiated and 
recorded at room temperature are shown in 

Figs. l a  to 4a. Inspection of these spectra reveals 
some asymmetric line-width broadening whose 
origin is not known for certain at the present 
time. It is, however, possible that the small 
variation is due to dipolar and g-tensor inter- 
actions with the silver nucleus which has a 
negative magnetogyric ratio. Another possible 
explanation of the line-width effect is the super- 
position of the main spectrum on a single broad 
line having a g value slightly different from that 
of the main spectrum. A considerably stronger 
underlying broad line, assigned to trapped 
electrons, has been observed (16) following the 
y-irradiation of the silver perchlorate cyclo- 
heptatriene complex. 

The available spectral parameters of Ago, 
Ag' ' (17), and the chlorine oxyradicals (18, 19) 
eliminate them as possible species responsible for 
the observed spectra. Since cycloolefins and some 
of their adducts yield cycloalkenyl radicals when 
subjected to ionizing radiation (20, 21), it is 
probable that the corresponding Ag'cyclo- 
alkenyl radicals are produced upon y-irradiation 
of the silver~ycloalkene complexes (eq. [l 1). 

CH_- 
( P ) /  %.\@i)- - ---- 

A~~ (cFloalkene), --+ ( ~ H Z ) "  'CH- --- -;.Ag ' + H + Alkene 
\ ,&----- 

CH 

Analysis of the experimental spectra on the basis 
of these Ag'cycloalkenyl radicals yields the 
spectral parameters presented in Table 2. Despite 
the small line-width variation in the experimental 
spectra, the computed spectra constructed using 
the assignments in Table 2 fit reasonably well 
with the experimental spectra (Figs. lb  to 46). 
As a further confirmation of the assignments 
quoted in Table 2, the silver perchlorate com- 
plexes of two specifically deuterated cyclohexenes 
were prepared and irradiated. Their e.s.r. spectra 
are compared with those computed using an 
a,/a, ratio of 0.1535 and the hyperfine coupling 
constants of the cyclohexene complex in Table 2. 
The agreement observed is thought to confirm 
the silver~ycloalkenyl postulate. 

The experimental proton coupling constants 
show many similarities with those reported for 
the cycloalkenyl radicals (20, 21). This appears 
to support the other observations based on i.r. 

and p.m.r. data (1 1, 12) that little ring distortion 
occurs when the metal-olefin bond is formed. 
The observed near-equivalence of the four P pro- 
tons of the cyclopkntene, cycloheptene, and 
cis-cyclooctene complexes, suggests a planar 
structure for the Ag' cyclopentenyl radical and 
some mechanism rendering rapid interchange of 
the p protons in the other two larger rings. In the 
cyclohexenyl-silver radical, however, the P pro- 
tons appear to be locked in a particular orienta- 
tion with respect to the remainder of the 
molecule. Spectra of this radical recorded at 
373 OK indicate no change in P proton orienta- 
tion, suggesting that the restraint may be 
imposed by the crystal lattice. 

Although the hyperfine splitting for separate 
lo7Ag and '''Ag isotopes are not resolved in the 
experimental spectra, it is possible to derive the 
spin density on the Ag' of the silver-cycloalkenyl 
radicals by comparing the experimental average 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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FIG. 1. The e.s.r. spectra of y-irradiated AgC104- 
cyclopentene: (a) experimental spectrum, (b) computer- 
simulated spectrum of Ag+cyclopentenyl radical. 

FIG. 2. The e.s.r. spectra of y-irradiated AgCI04- 
cyclohexene: (a) experimental spectrum, (b) computer- 
simulated spectrum of Ag+cyclohexenyl radical. 

FIG. 3. The e.s.r. spectra of y-irradiated AgC104- FIG. 4. The e.s.r. spectra of y-irradiated AgC104- 
cycloheptene: (a) experimental spectrum, (b) computer- cis-cyclooctene: (a) experimental spectrum, (b) computer- 
simulated spectrum of Ag+cycloheptenyl radical. simulated spectrum of Ag+cyclooctenyl radical. 
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TABLE 2 

Spectral parameters for Ag*cycloalkenyl radicals 

Ag* Cyclopentenyl Ag* Cyclohexenyl Ag* Cycloheptenyl Ag+Cyclooctenyl 

g Factor splitting constants 
(Gauss) 2.0016 + 0.0002 2.0017 2.0019 2.0020 
a,, 30.5 + 0.4 22.5 17.5 10.0 
a~ (all  10.9 11.0 14.0 14.0 
a~ ( a d  3.0 3.8 4.6 4 .0  
a~ (as) 10.9 11.0 14.0 14.0 
a~ (PI 22.0 28.5 (Pi) 8.5 (Pz) 17.6 15.0 

Spin density on Ag % 4.6 3.4 2.7 1.5 

silver splitting with the atomic silver value (17). 
These derived spin densities, listed in Table 2, 
probably arise from a spin polarization of the 
o overlap. Based on the generally accepted Dewar 
theory (4) of the metal-olefin bonding, many 
authors (8, 22, 23) have suggested that the 
o component of the coordinate bond may 
predominate in silver or indeed in Group IB 
metal-olefin complexes, while the n bonding 
probably is more important in others. Studies of 
Quinn et al. (24, 25) on the relative stability of 
the aliphatic olefin-AgBF, complexes appear to 
confirm such a conclusion. Our results of the spin 
densities of the Ag ion and the proton splittings 
in the silver-cycloalkenyl radicals give inde- 
pendent and direct evidence of the importance 
of the o overlap and may in turn give a relative 
measure of the strength of the metal-cycloalkenyl 
bond. Thus a decrease in the spin density on silver 
accompanies an increase in the size of the cyclo- 
alkenyl ring. This parallels the results of the 
stability of the parent complexes obtained by 
other methods (8, 12). Work in progress includes 
wide-line nuclear magnetic resonance (n.m.r.) 
studies of solid silver - deuterated cycloalkenes 
complexes and pulsed electrolysis studies by 
e.s.r. of silver and other metal-olefin complexes 
in solution. It is hoped that this series ofinvestiga- 
tions may lead to further insight into the nature 
of metal-olefin bond. 

In view of the stability and ease of formation 
of these silver-cycloalkenyl radicals in the solid 
complexes, an attempt was made to estimate 
their radiation G values. The G values for the 
four silver-cycloalkenyl radicals were found to 
lie within the range 3.5 to 4.5 radicals per 100 eV. 
Similar radiation yields are reported for the 
radicals formed when hexadexene-1 (26) and 
substituted acetylene (27) are irradiated at 77 OK. 

The authors are indebted to Mr. L. Fabes, Drs. L. 
Desilva, A. Rudge, and Professor J. A. Stone for helpful 
discussions and some technical assistance, and to Dr. 
H. W. Quinn of the Expioratory Research Laboratory, 
Dow Chemical of Canada, Sarnia, Ontario, for sending 
some preprints of his work. Financial support by the 
National Research Council of Canada, the Defence 
Research Board, and the Public Health Department, is 
gratefully acknowledged. 

1. S. WINSTEIN and H. J. L u c ~ s .  J. Amer. Chern. Soc. 
60, 836 (1938). 

2. M. A. BENNETT. Chem. Rev. 62, 611 (1962). 
3. H. W. OUINN and J. H. TSAI. Olefin complexes of 

the transition metals. Adv. Inorg. ~adiochem. 12, 
217 (1969). 

4. M. J. S. DEWAR. Bull. Soc. Chim. Fr. 18, C79 
(1951). 

5. D. B. POWELL and N. SHEPPARD. J. Chem. Soc. 
2519 (1960); J. SCHUG and R. J. MARTIN. J. Phys. 
Chem. 66, 1554 (1962). 

6. R. G. PARKER and J. D. ROBERTS. J. Arner. Chem. 
SOC. 92, 743 (1970). 

7. M. A. MUHS and F. T. WEISS. J. Arner. Chem. Soc. 
84, 4697 (1962). 

8. J. G. TRAYNHAM and J. R. OLECHOWSKI. J. Amer. 
Chem. Soc. 81, 571 (1959). 

9. A. E. COMYNS and H. J. LUCAS. J. Amer. Chem. 
SOC. 79, 4339 (1957). 

10. A. C. COPE, D. C. MCLEAN, and N. A. NELSON. 
J. Amer. Chem. Soc. 77, 1628 (1955). 

11. H. HOSOYA and S. NAGAKWA. Bull. Chem. Soc. 
Japan, 37, 249 (1964). 

12. H. W. QUINN and R. L. VAN GILDER. Can. J. Chem. 
47. 4691 (1969). 

13. S.'WOLFE'  and'^. G. C. CAMPBELL. Can. J. Chem. 
43, 1184 (1965). 

14. R. S. ALGER. Electron paramagnetic resonance 
techniques and applications. Interscience, N.Y., . . 
1968. chapter 5. 

15. P. H. KASAI. J. Phvs. Chem. 66. 674 (1962). 
16. D. R. GEE, K. E.-RUSSELL, and J. 'K. S. WAN. 

.I. Chem. Phvs. In nress. - . - - - - - - . . - -. 2 -. --- r- 
17. L. SHIELDS. Trans. Faraday Soc. 62, 1042 (1965). 
18. T. COLE. J. Chem. Phys. 35, 1169 (1961). 
19. P. W. ATKINS, J. A. BRIVATAI, N. KEEN, M. C. R. 

SYMONS. and P. A. TREVALION. J. Chern. Soc. 4785 
(1962); 'J. R. MORTON. J. Chem. Phys. 45, 1800 
(1966). 
\ - ~  --,- 

20. T. OHMAE, S. OHNISHI, K. KUWATA, H. SAKWAI, and 
I. NITTA. Bull. Chern. Soc. Japan, 40, 226 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2744 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

21. G. A. HELCKE and R. FANTECHI. Mol. Phys. 18, 1 25. H. W. QUINN, J. S. MCINTYRE, and D. J. PETERSON. 
(1970). Can. J. Chem. 43, 2896 (1965). 

22. H. P. FRITZ and P. SELLMAN. J.Organometal.Chem. 26. P. B. AYSCOUGH, A. P. MCCANN, C. THOMSON, and 
6, 558 (1966). D. C. WALKER. Trans. Faraday Soc. 57, 1487 

23. R. CRAMER. J. Amer. Chem. Soc. 89, 4621 (1967). (1961). 
24. H. W. QUINN and G. N. GLEW. Can. J. Chem. 40, 27. P. B. AYSCOUGH. Electron spin resonance in 

1103 (1962). chemistry. Methuen, London, 1967. p. 343. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Ally1 radicals from 3,3'-azo-1-propene 
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3,3'-Azo-1-propene (4), 3,3'-azo-1-propene-3,3-d2 (5) and 3,3'-azo-1-propene-3,3,3'3'-d4 (6) have been 
synthesized and characterized. Thermolysis of 4, at 40-300 Torr, and in the region 150-17O0, followed first 
order kinetics (E, = 36.1 + 0.2 kcal mole-', log A = 15.54 k 0.10) the major product, > 99.9 %, being 
1,Shexadiene (9).The presence of less than0.1% propene suggests that the allylradical is unable to abstract 
hydrogen from 4 or 9. Statistical scrambling of deuterium, in the products of thermolysis of 5 and 6, was 
observed. These results are interpreted in terms of a mechanism wherein ally1 radicals are generated. 
Comparison of the activation energies for azoalkanes and 4 with the bond dissociation energies of 
hydrocarbons suggest that a good Polanyi plot is possible. 
Canadian Journal of Chemistry, 48,2745 (1970) 

Introduction TABLE 1 

ln a previous paper (1) we used secondary Calculated and observed value for secondary deuterium 
kinetic isotope effects at 229.5 "C 

deuterium kinetic isotope effects to assist us in 
assessing whether one or two carbon-nitrogen Ratio of rate constants 
bonds are cleaving in the rate determining step Scheme 
of pyrazoline thermolysis. We decided, on the k1lk2 k1lk3 kzlk3 

basis of the magnitude of the isotope effect p 1.19 1.43 1.19 
11" 1.09 1.19 1.10 

- A  IIIb 1.17 1.43 1.22 

Observed 1.19f 0.02 1.40k0.02 1.17+0.02 

fast 
1 2k, P: + Products 

N=N 

C D 2  

m: "" :" Products 
N=N k h  
1 n , P .  

fast 2 k ~  D 2 C . b  - Products 
N=N N=N 

observed, that both carbon-nitrogen bonds are 
breaking. This decision, i.e., the choice between 
Scheme 1 and Scheme 2, could be placed upon a 
firmer basis if the magnitude of the kH/k, values 

"Calculated using AAG* of 89 cal mole-' for eq. [I]. 
*Calculated using AAG* of 178 cal mole-1 for eq. [I]. 

were larger. This may be illustrated by re- 
examining the data of our earlier work. 

[I 1 log k,,/k, = nAAG*/2.303RT 

Table 1 shows the values predicted, from eq. 
[I], by using a model wherein AAG* per deu- 
terium corresponds to the frequently observed 
value of 90 cal mole-' (2, 3). However, if we use 
a value of 180 cal mole-', then the values ob- 
tained for the ratio of the observed rates are 
those of the third column, and it is obvious that 
within the experimental precision of the kinetic 
techniques that we cannot distinguish between 
predicted values of columns 1 and 3 with the 
observed results. It is also necessary in calcula- 
ting the isotope effects by Scheme 2 to make the 
assumption that k,' = k, and that k,' = k,, 
i.e., to essentially assume that deuterium sub- 
stitution in the y-position does not give rise to 
any change in rate. While the value of AAG* 
used for the third column of Table 1 is larger 
than any observed (3), it is not greater than a 
theoretical maximum (4). The possibility exists 
that if the magnitude of the observed kH/kD 
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"2 k,  Dz M N \ ~ ~  4 & * N $ w * W  -I-!% 2&D2 
D2 D2 

6 

Scheme 3 

TABLE 2 mole-', at a temperature in the order of 100 "C, 
Comparison of the predicted values of observed rate then the values for Scheme 3 and Scheme 4 may 

constant ratios for Scheme 3 and 4 at 100 "C be calculated. The 3,3'-azo-1-propene system 
has the added advantage that the y-deuterium 

Ratio of rate constants isotope effect is no longer significant in the sense Scheme 
number k4lks k4lk6 k , /k6  of the cyclic system. 

If k,' = k, and kD1 = k, then we may solve 
3" 1.31 1 .72 
4* 1.26 1.72 : : i: for kH/kD per a-deuterium by comparing k4 with 

k,, k4 with k6, and k, with k, in the following 
'This row was calculated using a value o f  100 cal mole-' per 

deuterium for AAG*. ways 
bThis row was calculated algebraically using the k4/ks ratio from 

the first row (which is effectively a AAG* value o f  200 cal mole-' per kH/kD = (k4/k6)ll2 
deuteiium). 

kH/kD = [k4/(2k5 - k4)1112 
ratio could be enhanced sigsficantly, and ex- and 
perimental precision maintained, then an alge- k,,/kD = (2ks/kb - 
braic test, such as that shown in Table 2, is 
available that will distinguish between step-wise Synthesis 
one carbon-nitrogen bond cleavage in the rate The synthesis of 4 was achieved by the 
determining step and a concerted two carbon- mercuric oxide oxidation of the corresponding 
nitrogen bond cleavage process- Such a test hydrazine, which in turn was obtained by the hy- 
requires that n, in eq- [I], the number of a- drolysis of diethyl-N,Nt-dia1lylbicarbamate (8). 
deuteriums be kept large and that the The bicarbamate was prepared by the stepwise 
ture at which the rates are measured be kept allylation of diethy1 hydrazodicarboxylate in 
as low as possible. I n  the hope that the ther- dimethoxyethane (DME) using allyl benzene- 

of 3731-az0-1-pr0pene proceed sulfonate. The monoallyl compound, 7, was care- 
with an average value for the secondary deute- fully purified by distillation on a spinning band 
rium kinetic isotope effect, i.e., AAG* of 100 cal column so as to remove any trace of 8. This was 

particularly important to the synthesis of the 
2 k ~  - ~ N % N .  + A dideuterio compound 5. The synthesis of 5 was 

achieved by the allylation of 7 using allyl-1,l-d2 

-NnN. + & benzenesulfonate. The reaction mixture was kept 

D2 at 10" so as not to allow any allylic rearrange- 

ky,/ ment of the allyl-1,l-d, benzenesulfonate. Inte- 
5 gration of the nuclear magnetic resonance y 

&.,N\N. + A D 2  (n.m.r.) spectrum of 5 produced by this method 
indicated that all of the deterium was in the 
allylic position. The synthesis of 6 however, was 

3 , + J N % ~ .  + & D ~  complicated by scrambling of the deuterium 
Dz labelling. The evidence suggests that this 

SCHEME 4 scrambling occurs during the first allylation step. 
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AL-SADER AND CRAWFORD: ALLYL RADICALS FROM 3,3'-AZO-I-PROPENE 

H 
\ /H  

H 
NaH \ - 

/N-N\ 
- N-N 

DME / \ 
C2H502C C02C2H5 CzH502C C02C2H~ 

CH2-CH=CH2 H CH2-CH=CH2 
- / NaH 

t 
\ / 

N-N 
/ \ D M E  

C2H502C COzC2H5 C2H502C 
/N-N\ 

C02C2H5 

The monoallyl compound 7 produced by using 
allyl-1,l-d, benzenesulfonate gave an n.m.r. 
spectrum wherein the integration of the vinyli- 
dene, methine, and allyl signals' indicated that 
some scrambling had occurred. The final 
product, 6, produced a V:M:A ratio of 
1.73 :1.00:0.275. This ratio indicates that 13.9 % 
of the deuterium labelling is at the vinylidene 
position. On the basis of no scrambling of label 
in the synthesis of 5, and n.m.r. evidence for 
scrambling of the deuterium in the first allylation 
step, it was assumed that the major contaminant 
of 6 was 9, and that little, if any, of 10 was 
present. 

'Throughout this paper the protons of the terminal 
methylene group will be referred to as the vinylidine 
protons (V) that proton on C2  will be referred to as the 
methine proton (M) and the tetrahedral set as the allylic 
protons (A). The n.m.r. integral of each will be expressed 
as a ratio V:M:A. e.g. 

Experimental 
The deuterated and natural a20 compounds were 

purified by gas-liquid chromatography (g.1.c.) using a 
Wilkens Aerograph Autoprep Model A-700 with a 20 ft 
column of 10% Ucon-insoluble on Fluoropak support. 
Product analyses were carried out on a gas chromatograph 
consisting of a Gow-Mac Model TR-2-B,W thermal 
conductivity cell with a Gow-Mac Model 4 C 5 0  power 
supply in conjunction with a Sargent Model SR recorder. 

Deuterium analyses were carried out on a Metro- 
politan-Vickers MS-2, single focusing mass spectrometer. 
The infrared spectra were obtained on a Perkin-Elmer 
Model 421 spectrophotometer. The ultraviolet spectra 
were derived from a Carey Model 14M Spectrophotom- 
eter. The nuclear magnetic resonance spectra were 
obtained using a Varian A-60 and an HR-100 spectrom- 
eter. 

Diethyl N. N'-Diallylbicarba~~~~~te (8)  
Diethyl hydrazodicarboxylate (15.8 g, 0.09 mole) was 

added in portions to a well stirred slurry of 57.2 O/, sodium 
hydride (4.32 g, 0.17 mole) in dry 1,2-dimethoxyethane 
(DME) (160 ml) under an atmosphere of nitrogen. After 
completion of addition the slurry was stirred an additional 
3 h, cooled to 10" and a solution of allyl benzenesulfonate 
(35.6 g, 0.18 mole) in dry D M E  was added dropwise. The 
reaction mixture was stirred overnight, and it was then 
cautiously heated with excess water. The diallyl compound 
was extracted with benzene and purified by distillation to 
give 19.2 g (83 "/,) b.p. 92-93" (0.5 Torr) (5). 

N, N'- DiallyN~ydrazim 
A solution of diethyl N,N'-diallylbicarbamate (16.6 g, 

0.065 mole) and potassium hydroxide (14.6 g, 0.26 mole) 
in methanol (60 ml) and water (I5 ml) was refluxed under 
anitrogen atmosphere for 3 h. Upon cooling the precipi- 
tated potassium carbonate was filtered off, the residue 
was extracted with ether, dried over anhydrous sodium 
sulfate and purified by distillation through a 10 cm. 
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Vigreaux column. The N,N'-diallylhydrazine distilled at 
75-76" (42 Torr) (3.0 g, 41 %).The product was sufficiently 
susceptible to oxygen that a good n~icroanalysis could not 
be obtained, however, an appropriate n.m.r. spectrum 
was obtained. 

3,3'-Azo-I-propene (4) 
To a well stirred slurry of red mercuric oxide (25 g, 

0.115 mole) and sodium sulfate (25 g) in dry ether 
(140mI) at 0 "C, was added dropwise a solution of 
N,N'-diallylhydrazine (3.0 g, 0.265 mole) in ether (30 ml). 
The mixture was stirred for 8 h, the ether solution was 
then filtered off, concentrated, and the azo compound 
separated by preparative gas chromatography using a 
column temperature of 90 "C and 60 ml per min carrier 
gas flow rate. The yield was 1.5 g (51 %) nDZO 1.5794. The 
ultraviolet spectrum has a I,,, at 358 nm (E 24 in meth- 
anol). 

Anal. Calcd. for CsHION2: C ,  65.40; H, 9.17; N, 25.43. 
Found C ,  65.43; H, 9.17; N, 25.26. 

Allyl-1,l-d2 Alcohol 
The procedure of Schultz et al. (6) wherein acrylyl 

chloride was reduced with lithium aluminum deuteride 
was used. The n.m.r. peak at  4.13 p.p.m. in ally1 alcohol 
was absent indicating that the compound was greater than 
99% deuterated in the desired position. 

Allyl-1,l-dz Benzeliesrrlfonate 
Allyl-1,l-d2 alcohol was allowed to react, using the 

procedure of Bergstrom and Siege1 (7), with benzene- 
sulfonyl chloride and 2,4,6-collidine at -4 "C. 

N-Allyl-N,N'-dicarbeti1oxy/1ydrazine (7) 
This compound was prepared in the same manner as 

the aforementioned diallyl compound 8 except that 57% 
sodium hydride (2.77 g, 0.115 mole) was added to a 
solution of diethyl hydrazodicarboxylate (20.33 g, 0.115 
mole + 10% in excess) in 1,2-dimethoxyethane (160 ml), 
allyl benzenesulfonate (22.77 g, 0.1 15 mole) was then 
added to the mono-anion solution. Purification and 
separation by distillation were carried out using a spinning 
band fractionating column, the yield was 16.5 g (5979, 
b.p. 99-101" (0.5 Torr). The n.mr. spectrum in carbon 
tetrachloride with tetramethylsilane displayed a singlet a t  
7.76 p.p.m. (N-H), multiplet at  5.86p.p.m. (methine), 
multiplet at 5.12 p.p.m. (vinylidine), overlapping doublet 
and quartet at 4.12 p.p.m. (allyl and methylenes), and a 
triplet at  1.25 p.p.m. (methyls) in the ratio of 0.91:1.00: 
2.03:6.05:6.06, calculated 1 :1:2:6:6. 

Dietl~yl N-allyl-N'-allyl-1,I-dz-bicarbamate 
This analog was prepared in the same manner as for 

the aforementioned undeuterated diallyl compound 8, 
except that a solution of the monoallyl compound 7 
(14.0 g, 0.0648 mole) in dry 1,Zdimethoxyethane (30 ml) 
was added to 57% sodium hydride (1.6 g, 0.065 mole) in 
1,2-dimethoxyethane (150 ml). The dideuterio allyl 
benzenesulfonate (13.5 g, 0.675 mole) in 1,2-dimethoxy- 
ethane (20 ml) was then added to the solution. Distillation 
gave 15.1 g (90% yield) b.p. 92-93" (0.5 Torr). 

3,3'-Azo-l-prope1ze-3,3-d~ (5)  
The preparation of 5 was accomplished from the 

hydrolytic decarboxylation of the aforementioned diallyl 

compound, (15.1 g, 0.0585 mole) then subsequent oxida- 
tion, using the same procedure used for the preparation of 
the natural azo compound 4. The yield was 1.4 g (51 %). 
The n.m.r. spectrum corresponded to that having over 
98% deuteration in the allylic position of one of the 
allyl groups, mass spectral analysis (10 eV) showed a 
molecular ion which has a mass of 112. 

Diethyl N,N'-bis(ally1-1,I-d2)-bicarbamate 
This was initially synthesized in the same manner as the 

undeuterated diallyl compound except that dideuterio 
allyl benzenesulfonate was used. The n.m.r. analysis 
revealed that about 1 6 1 7 %  of the total deuteriums were 
scrambled to the vinylidine positions of the molecule. 
Thus, a second method was used. The tetradeuterio 
diallylbicarban~ate was then prepared using the same 
method described for the preparation of the dideuterio 
diallyl compound, except that dideuterio allyl benzene- 
sulfonate was used in both steps. Starting with diethyl 
hydrazodicarboxylate (20.3 g, 0.115 mole) there was 
collected 15.2 g (51 % yield) of the diallyl compound, 
b.p. 92-93 "C (0.5 Torr). The n.m.r. analysis indicated 
that 13.9% of the total deuterium was at the vinylidine 
position. 

3,3'-Azo-I-propene-3,3,3',3'-d4 (6) 
The preparation of 6 was achieved by the hydrolysis and 

the subsequent oxidation of the tetradeuterio diallyl 
compound (15.2 g, 0.0584 mole) using the same procedure 
as described for the preparation of the undeuterated azo 
compound 4. The yield was 1.42 g (51 %). The n.m.r. 
spectrum shows that the deuterium content a t  the vinyli- 
dine position is 13.9 f 0.8% of the total deuterium 
present in the n~olecule, mass spectral analysis (10 eV) 
showed a molecular ion which has a mass of 114. 

Nuclear Magnetic Resonarrce Measrrremer2ts 
Many of the experiments described in this work are 

dependent upon sound analytical results using the n.m.r. 
spectrometer's integrator. In all of those cases where a 
V:M:A ratio is quoted an appropriate reference sample 
was first used and its spectrum obtained, the integration 
checked using six sweeps, the deuterated sample was then 
placed in the spectrometer and its spectrum and integra- 
tion (four to six sweeps) obtained. The reference was 
again placed in the spectrometer and used to check upon 
any possible drift in the spectrometer. The spectrometer's 
integrator gave values better than f 2% (standard 
deviation). 

Kinetic Measurements 
The rates of thermolysis of the azo compounds 4, 5, 

and 6 were measured in a well conditioned stainless steel 
reactor and the increase in pressure was measured by a 
null-point system described previously (8). In a typical run 
a sample of 65 p1 was injected into the reactor by means 
of a Hamilton hypodermic syringe using a 6 in. needle. 
This corresponds to an initial pressure of 90 Torr. The 
thermolysis was carried to greater than nine half-lives, 
the product inside the reactor was then pumped out and 
those materials trapped on the vacuum line were taken 
for further identification and analysis. The rate constant 
was obtained by taking 20 points at  regular intervals and 
between 20 and 80% completion and by plotting log 
(P, - P,) vs. t. 
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Control Experiments 
(a) 3,3'-Azo-1-propene-3,3,3',3'-d, (6) (70 mg), having 

13.9 + 0.8% of its deuterium label in the vinylidene 
position, was heated in the reactor at 142 "C to 40% 
decomposition. The reactor was then pumped out and 
those materials which trapped on the vacuum line were 
separated on an Autoprep using 20% Ucon-insoluble on 
Fluoropak column a t  80' and 60 ml per min carrier gas 
flow rate. The deuterated azo compound was then trans- 
ferred to an  n.m.r. tube containing carbon tetrachloride 
and tetramethylsilane for analysis. The analysis indicated 
that 17.1 ? 0.8% of the total deuterium was at  the 
vinylidene position. 

(b)  3,3'Azo-1-propene-3,3-d2 (5) (50 mg) was distilled 
under vacuum into a break seal of approximately 12 ml. 
The tube was then removed from the vacuum rack and 
heated in an oil bath to 142 + 0.5' for 32 min (calculated 
40% reaction). The content was then transferred into a 
vacuum line connected directly to the ionization chamber 
of a mass spectrometer for analysis. The analyses were 
carried out at  70, 10, 9 eV. No  fragmentation was ob- 
served at  9 eV and only the molecular ions were detected. 
The initial sample showed only a peak at  112 (and a 
smaller 13C, l sN  natural abundance peak at mass 113, 
7.5% of the intensity of the 112 peak). After being sub- 
jected to the thermolysis conditions the azo compound 
displayed a peak at  mass 114 of approximately 2% of the 
intensity of the 112 peak. This is interpreted as indicating 
the formation of C6H6D,N2 (m = 114) during the 
reaction. 

Product Analysis 
(i) Product analysis studies were carried out on samples 

trapped directly from the reaction at the end of each 
kinetic run. Each sample was then analyzed on a gas 
chromatograph for product compositions. 

(ii) Exact product compositions were obtained using 
the bulb crusher method as described earlier (8). 

(iii) Identification of the product was achieved by the 
comparison of retention times with those of an authentic 
sample on the following columns; 19 ft dimethylsulfolane 
on chrornsorb W, 20 ft mineral oil on firebrick in tandem 
with a 20 ft, 10% rz-butylmaleate columns. The product 
of the thermolysis of 4, 5, and 6 were trapped at the end 
of a kinetic run, and then distilled under vacuum into 
n.m.r. tubes containing carbon tetrachloride and tetra- 
methylsilane, the tubes were then removed from the 
vacuum rack and their n.m.r. spectra obtained. 

Results and Discussion 
Products 

The thermolysis of 4 produced 1,5-hexadiene 
(11) with only a trace (< 0.1 %) of propene 
present. That the 1,5-hexadiene is produced by 
the dimerization of allyl radicals is supported 
by an examination of the products of thermolysis 
of 5. Although the mixture of deuterated 1,5- 
hexadienes produced from 5 is not readily 
amenable to mass spectrometry (the peak 
intensities are very susceptible to small changes 
in ionization potential, and the parent peaks are 

small relative to the other peaks), we were able 
to observe a molecular ion peak corresponding 
to C6H6D, at  mass 86 and evidence for peaks 
at mass 84 and 82 suggestive of a 1 :2 : 1 mixture 
of C6H,,, C6H,D2, and C6H,D,. The n.m.r. 
spectrum of the 1,5-hexadiene ( l l ) ,  derived from 
4 gave a V:M:A ratio of 2.00:1.00:2.01. The 
1,5-hexadiene produced from 5 gave a V:M :A 
ratio of 3.02:2.00:3.03 consistent with a mixture 
having the statistical distribution 4:4:4:2 : 1 : 1 of 
1,5-hexadienes 11, 12, 13, 14, 15, and 16, 
respectively. Similarly thermolysis of 6, if it 

14 15 16 

proceeds through allyl radicals should give a 
2:l:l mixture of 14, 15, and 16. The n.m.r. 
spectrum of the 1,5-hexadienes produced from 6 
gave a V:M:A ratio of 1.00:2.00: 1.02 consistent 
with such a mixture. A Cope rearrangement of 15 
to 16 could, at equilibrium,' bring about the 
same statistical ratio as that observed for the 
product. Doering and Toscanno (9) have ob- 
served such a rearrangement and from their 
kinetic data we can conclude that less than 1 % 
of the initially formed product will have re- 
arranged under the reaction conditions. 

The control runs, wherein the stability of the 
starting material was examined, indicate that a 
small, but detectable amount of scrambling is 
occurring during the reaction. Examination of 
the recovered starting material, after the ther- 
molysis of 6 to 40 % completion, showed that the 
deuterium labelling in the vinylidene position 
increased from 13.9 + 0.8 % to 17.1 k 0.8%.3 
This is confirmed by the observation that 5 under 
the same reaction conditions generates approxi- 
mately 2 % of 6, at 40 % completion, as detected 
by mass spectrometry. The scrambling then 
arises by an intermolecular process, either by the 
reversible addition of an allyl radical to the azo 

2Assuming that K = I for the equilibrium 1 5 e  16, 
i.e., that the isotope effect is small. 

3Assurning no kinetic isotope effect for the vinylidene 
deuteriums and using the values observed in the kinetic 
section we calculate that the percentage of vinylidene 
deuterium at 40% completion should have decreased to 
13.4% if no scrambling occurred. 
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starting 
radicals 

material, or by the trapping of allyl 
by the nitrogen radical (17). 

This scrambling process is, however, considerably 
slower than the thermolysis reaction. The addi- 
tion process is supported by the formation of 
tetraalkylhydrazines in the photolysis of azo- 
alkanes (10). 

The absence of any significant amount of 
propene implies that there is little or no chain 
induced decomposition via a scheme analogous 
to that observed in azomethane thermolysis 
(1 1, 12). Similarly the possibility of an induced 
decomposition occurring via the addition of 
allyl radicals to the olefinic double bonds may 
be ruled out since such a process would not give 
the statistical deuterium scrambling observed 
for the products of 5 and 6. 

Kinetic Studies 
The thermolysis of 4 was carried out at the 

pressures and temperatures described in Tables 
3 and 4, each rate constant was reproducible to 
within 1 %. Each rate constant was calculated by 
taking 20 points between 20 and 80 % completion. 
In the case of 4 excellent first order rate plots 
were obtained when the rates were measured out 
to 95 % completion. 

The observed rate constants in Table 5 require 
corrections for (a) the scrambling of the label 
during the synthesis of 6, and (b) the scrambling 
of the label during the thermolysis process. The 
observed rate constants are measured from 
points taken between 20 and 80% completion 
wherein an estimated maximum 10 to 12 % of the 
scrambling process occurs. Thus for 5 there will 
be the compounds 4, 6, 9, 10, and 18 present in 
mole fractions f,, f6 ,  f g ,  f l o ,  and f i 8 ,  respectively. 

L21 k o b 2  = f4k4 + f S k 5  + f6k6  + f g k 9  

+ f 1 o k l 0  + f 1 ~ ~ 1 8  

If we attempt the correction using [2] then we 

TABLE 3 
Rates of thermolysis of 4 at  different initial 

pressures and 158.81 k 0.05 "C 

Sample volume Pressure k x lo4 
(PI) (Torr) w l )  

30 41 19.4 
60 82 19.9 
90 123 19.3 

will require several assumptions4 since many of 
the mole fractions and rate constants cannot be 
observed directly. If we assume that deuteriums 
in they position, as in 9,10, and 18, give rise to no 
decrease rate relative to the protio compound,5 

then eq. [2] becomes 

Judging by the control runs (see Experimental 
section) the amount of scrambled material will be 
approximately 10 to 12%, of which the amount 
of 10 formed will be less than 1 % since it requires 
two events. If the scrambling process is random 
then 4, 6, 9, and 18 will be produced in the 
ratio 2 : 1 : 1 : 1. This allows a further simplification 
of the original equation to give 

If we now divide each component of eq. [3] by k ,  
we obtain 

4The method of correction used herein is not exact since 
it assumes that the contaminating isomers are present 
initially rather than being formed during the reaction. As 
may be seen from Table 6 the final isotope effect is not 
very sensitive to the size of this correction. 

5BClanid-Lipovac, BorEiC, and Sunko have observed a 
kH/kD value of 1.00 for the ethanolysis of 1,l-dimethylally1 
chloride and 1,l-dimethylallyl-3,3-d, chloride (13). 
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TABLE 4 
Rate constants and activation parameters for the thermolysis of 4 at an initial pressure of 80 Torr 

Run T k x lo4 Activation 
number ("c) 6-') parameters 

1 142.65k0.05 3.88k0.04 E. = 36.1 kcal mole-' 
2 152.68 11.0+0.01 
3 158.81 19.9+0.3 = f 9 . 8 k 0 . 5  e.u. 

The values of k5/k4 and k6/k4 are. related to one 
another (see Introduction section) in the follow- 
ing manner 

k4lk6 = (k41k5)2 

By using the value for k,,: and k, in Table 5 
and letting k5/k4 = x we get the quadratic 
equation 0.02x2 + 0 . 9 0 ~  - 0.794 = 0 for eq. 
[3]. The values x = 0.87 and x = -45.9 are 
solutions. The former value corresponds to a 
kinetic isotope effect for 5 of (kH/kD)' = 1.15, 
the latter is negative and unrealistic. If the 
amount of scrambling was as high as 18 % then 
eq. [3] becomes 

and the k4/k5 value obtained is 1.16. 
Similarly correcting the observed rate con- 

stant in Table 5 for the amount of 9 produced 
during the synthesis of 6 is simplified by the 
assumption that the initial reaction mixture 
consists of only 6 and 9 with no 10 p r e ~ e n t . ~  This 
corresponds to 72 % of 6 and 28 % of 9, with 
10-12 % scrambling during the reaction some 10 
is likely to be produced. If the ally1 groups are 
again considered to scramble in a statistical 
fashion then the average values of mole fractions 
of 6, 9, and 10 present are 0.66, 0.32, and 0.02, 
respectively. Carrying out the same treatment for 
6 as use.d for the correction of rate constants on 
5, we obtain the equation 

and similarly dividing k4 and substituting the 
value k5/k4 obtained earlier we obtain the k4/k6 
ratio of 1.33. If an extreme value of 18% 
scrambling is used the above calculations render 
the value 1.36. Thus we can see from Table 6 

6This assumption can be justified on the basis that no 
deuterium scrambling was observed in the second allyla- 
tion step during the synthesis of 5. 

TABLE 5 
Rate constants and secondary kinetic isotope effects for 

a-deuterated 3,3-azo-1-propenes 

T k x 104 
Compound ("C) 6- ')  k~!k~'l  

4 161.65 25.94 
161.65 25.86 

Ave. 25.90+0.05 
161.75 26.23 
161.75 26.17 

Ave. 26.20k0.04 

i61.75 20.69 
Ave. 20.70k0.06 1.26k0.004 

oUncorrected for deuterium scrambling (see Discussion). 

TABLE 6 

Corrected rate ratios for 12 and 18 % deuterium 
scrambling 

Ratio of rate constants (f 0.03) 
Percentage 
scrambling k4/k5 ks/kfi k4/k6 

that even using values that overestimate the 
amount of rearrangement we get values for the 
secondary kinetic isotope for 5 and 6 that are 
smaller than those expected on the basis of 
Seltzer's work (2). Whereas Seltzer has observed 
values for kH/kD of 1.12-1.16 per a-deuterium 
atom, at  105", 5, and 6 give values of 1.08, 
unusually small for such reactions (3). These 
small values for a-deuteration do not allow a 
test of the one-bond-cleavage vs. the two-bond 
cleavage mechanism as set out in the Intro- 
duction section. I t  seems possible that upon 
placing the vinyl group into the structure we 
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TABLE 7 
Values for kinetic isotope effects for concerted and stepwise cleavage mechanism, 161.7" 

Kinetic isotope effects 
Percentage AAG* 

D scrambling k4/ks k ~ / k 6  k4/k6 (cal mole-I) 

Concerted Scheme 4 
12 1.07k0.03 1.07 1.07 60k10 
18 1.08k0.03 1.08 1.08 66k10 

Stepwise Scheme 5 
12 1.15k0.03 1.15 
18 1.17k0.03 1.17 

have shifted the transition state towards that 
wherein the carbon-nitrogen bond cleavage has 
progressed to only a small extent in the transition 
state (as per Hammond's postulate (14)), and 
consequently there is not as great a change in the 
C-H and C-D force constants on going from 
the ground state to the transition state. However, 
this does not appear to be the case with many 
of Seltzer's examples which are benzylic and 
consequently expected to be similar to allylic 
systems (2). Most of the previous secondary 
isotope effects have been carried out in solution 
whereas 5 and 6 were studied in the gas phase. 
I t  would, however, be unreasonable to ascribe 
such a significant difference to only a change in 
phase for homolytic processes such as these. We 
are left to conclude that something more funda- 
mental is happening. 

I t  is of particular interest to compare the 
activation energy for the 3,3'-azo-1-propene (4) 
thermolysis (36.1 f 0.2 kcal mole-') with that 
of azoethane (48.5 + 0.5 kcal mole-') (15) and 
assuming that the activation energy for azo-n- 
propane is similar (as evidenced by the fact that 
the bond dissociation energy values for nPr-H 
and Et-H are both 98.0 kcal mole-' (16)). The 
decrease in activation energy, 12.4 + 0.9 kcal 
mole-', is attributed to a contribution from the 
allylic resonance energy to the rate-determining 
transition state. There is some doubt as to the 
correct value for the resonance energy of the 
allyl radical since early experimental results 
predict a value of 15-1 8 kcal mole-' (17). More 
recently Benson et al. (1 8) and Ellis and Frey (1 9) 
have suggested smaller values of 13 + 1 and 
12 f 1 kcal mole-'. In a recent communication 
Golden, Gac, and Benson (20) have provided 
evidence for a value of the allylic resonance 
energy of 9.6 kcal mole-', and have stated 
that their study of the dissociation and recom- 
bination of the 2 allyl s 1,5-hexadiene system 

0' 
N=N 

v 
N=N 

19 

E, = 41.0 0.3 kcal E, = 32.2 * 0.2 kcal 

"must surely lay to rest any thought that the 
allyl resonance energy is much greater than 
12 kcal mole-'". In an earlier study on the 
thermolysis of 3-vinyl-1-pyrazoline (19),Cameron 
and coworkers (21) found a decrease in activation 
energy of 8.8 kcal mole-', upon replacing a 
3-methyl group by a vinyl group. The decrease 
of activation energy, 12.4 kcal mole-', observed 
on going from azoethane to 3,3-azo-1-propene 
then is essentially 2 x 6.2 and implies that if 
both carbon-nitrogen bonds are undergoing 
cleavage then only a fraction of the allylic 
resonance energy is being utilized to decrease the 
activation energy. It  may equally be suggested 
that only one carbon-nitrogen bond is cleaving 
and that the full significance of its allylic 
resonance energy is being felt i.e., approximately 
12 kcal mole- '. 

Table 7 shows the values of the secondary 
kinetic isotope effect per deuterium for both 
the concerted two-bond cleavage mechanism 
(Scheme 4) and that obtained per deuterium for 
the stepwise process (Scheme 5) wherein only one 
C-N bond is breaking in the rate determining 
step. There are two alternatives: (a) that both 
carbon-nitrogen bonds are breaking in the rate 
determining step involving only a fraction of 
the allylic resonance energy of each, and that the 
C-H force constants of all of the a-hydrogens 
have undergone a fractional change from sp3 to 
sp2 in the transition state or (b), that only one 
carbon-nitrogen bond is cleaving in the rate 
determining step giving a maximum measure of 
the allylic resonance energy and a maximum 
measure of the secondary isotope effect. No 
real choice can be made, however; the former 
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TABLE 8 
Radical a-deuterium isotope effects 

No. Reaction Solvent T ("C) kH/kDa AAG*/n (cal) Reference 

1 Thermolysis of 
CH3 
I 

CH3 
I 

Ethylbenzene 105 

Diphenylether- 
benzoquinone 
solution 143.2 

Diphenylether- 
benzoquinone 
solution 161 .O 

Ethylbenzene 106.47 
Ethylbenzene 106.47 

Carbontetrachloride 75 
-cyclohexane 

Gas phase 134.5 

Gas phase 229.4 

Gas phase 229.4 

Gas phase 161.7 This work 
This work 

Gas phase 161.7 1.33 60b2 10 This work 
12OCf 10 This work 

'Rate ratio observed for deuterated and non deuterated compound, not corrected for number of deuteriums. 
bAssuming Scheme 4. 
cAssuming Scheme 5. 

introduces the complication that if the allylic 
azo compounds in the gas phase are undergoing 
the same mechanism as that observed by Seltzer 
(2) for the azo-bis-a-phenylethane system (see 
Table 8), then the magnitude of the secondary 
isotope effect is unusually low. For compounds 
4, 5, and 6 to be undergoing thermolysis by 
Scheme 5, we then would obtain values of the 
secondary isotope effect on the high side. 

The possibility of observing a good Polanyi 
plot (24, 16) for the thermolysis of azoalkanes is 
enhanced by the observation that the thermolysis 
of 3,3'-azo-1-propene (4) is such that induced 
decomposition is insignificant. When the activa- 
tion energy of well-studied azo compounds (25, 
26) (Table 9) are plotted against bond dissociation 
energy of the corresponding R-H bond, then a 
fit as shown in Fig. 1 is obtained. 
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TABLE 9 
Activation energies of some azoalkanes and bond dissociation energies of the corresponding R-H 

bonds 

Ea D(R-H)" 
Compound (kcal mole-') (kcal) 

Taken from ref. 16, p. 496. 
bThis work. 

I I 

84 88 92 96 100 104 
D(R-H) ( kco l  mole-') 

FIG. 1. Polanyi plot for the thermolysis of azo 
compounds. 

A least-squares analysis using the data in 
Table 9 gives a best fit straight line of eq. [5] 
where D stands for bond dissociation energy. 

[5] E, = 0.996 D(R-H) - 48.4(kcal mole-') 

The data gives a correlation coefficient of 0.998. 
Consequently there appears the possibility that 
the activation energy obtained from the ther- 
molysis of azo compounds, wherein chain 
induced decomposition is suppressed, can be 
correlated with the bond dissociation energy of 
the corresponding R-H bond. This matter is 
under further study by K. Takagi of this 
laboratory. 

The authors acknowledge support from the National 
Research Council of Canada and from the Petroleum 
Research Fund of the American Chemical Society. The 
carefully executed n.m.r. integrations carried out by 
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Surface tension of some non-aqueous salt solutions1 

R. A. ST AIRS^ AND W. T. R I S P I N ~  
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Received April 21, 1970 

The surface tensions of methanol, acetone, dimethylformamide, dimethylsulfoxide, and methylamine 
over limited temperature ranges, and of solutions of alkali halides in the first three of these liquids at 
25 "C have been measured bv the method of maximum bubble pressure, with precautions against 
moisture. The data for the pure liquids are compared with literature data where these exist. The results 
for the solutions are discussed in the light of various existing theories. 

On a determine la tension superficielle du methanol, de I'acbtone, de la dim6thylformamide, du 
dimethylsulfoxyde et de la mtthylamine dans des intervalles IlmitCs de temperature, ainsi que des 
solutions dans les trois premiers liquides a 25 "C, par la mkthode de Sugden, a I'abri de I'humidite. Les 
valeurs obtenues pour les liquides purs ont CtC cornparees aux valeurs reconnues, la oh ces valeurs 
existent. Les resultats pour les solutions ont kt6 considCrCs dans le contexte des theories diverses dkja 
avanckes. 

Canadian Journal o f  Chemistry, 48, 2755 (1970) 

A number of theories have been proposed for 
the surface tension of salt solutions. They agree 
in predicting that dissolved salts should raise the 
surface tension of molecular solvents, and they 
agree roughly with one another and with experi- 
ment in the magnitude of the effect. Only one of 
them (1) predicts substantial differences among 
salts of the same charge-type in a given solvent, 
though such differences are readily apparent in 
the data (2). 

The simplest of these theories, in the form of 
the dependence of the surface-tension increment, 
Ao = o(c) - o(O), on the concentration of salt 
in the bulk solution, c, is that of Oka (3). He 
makes a direct calculation of the work required, 
against the additional forces arising from the 
presence of dissolved ions, to divide a solution 
into two portions, thereby creating new surfaces. 
His result is of the form 

[ I  1 Ao = Aac 

where the constant A = Ne2/1000~, N being 
Avogadro's number, e the electronic charge, and 

'Taken in part from the M.A. Thesis of W. T. Rispin, 
Queen's University, 1959. 

'Present address: Department of Chemistry, Trent 
University, Peterborough, Ontario. 

3Present address: Department of Pharmaceutics, 
Sunderland Polytechnic, Chester Road, Sunderland, Co. 
Durham, England. 

E the dielectric constant of the solvent, and a is 
the "apparent degree of dissociation" of the salt. 
For strong electrolytes at low concentration this 
reduces to a linear dependence on concentration. 

The theory of Wagner (4) is based on the 
calculation, first, of the degree to which ions are 
excluded from the surface by interaction of their 
fields with the change in dielectric constant a t  
the surface. The change in the surface tension is 
then calculated using the Gibbs adsorption 
isotherm. It was not expressed in analytical form, 
but the approximation of Onsager and Samaras 
(5), while also not in analytical form at  higher 
concentrations, yielded a limiting law at low 
concentrations of the form 

This expression is expected to be valid only at 
concentrations much smaller than the numerator 
of the argument of the logarithm. It is effectively 
of the form: -Kc log c, which approaches the 
origin with infinite slope, but with such a sharp 
curvature that it is doubtful if this will ever be 
experimentally testable. (The problem of obtain- 
ing a sufficiently pure solvent gives one pause.) 
Wagner's numerical calculation agrees closely 
with the limiting law below 0.01 mole/l in 
aqueous solution at 25 "C and with the extended 
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version of the Onsager and Samaras treatment 
to several times this concentration, so it may be 
presumed to approach the origin in the same 
manner. 

Ptrez Masih approached the problem by using 
perturbation of the solvation sphere of the ion 
by the presence of the surface of the solution. 
It seems clear that this and the method used by 
Wagner and Onsager and Samaras must be 
closely related, though the relationship is not easy 
to  demonstrate. In spite of this, this theory, in 
contrast to the theories based on Wagner's 
approach, predicts differences among salts of the 
same charge type, the predicted surface-tension 
increment decreasing as the size of the ions is 
increased. Because of the differential (negative) 
adsorption of the two ions of a salt if these differ 
in size, an electrical double layer at the surface 
is predicted, and the effect of this on the surface 
tension was taken into account in the theory, 
which thus predicts a dependence of Ao both on 
the sum and on the difference of the sizes of the 
two ions. This theory, too, is not expressed in 
analytical form, nor has a "limiting law" been 
derived from it for low concentrations. 

Stairs and Sienko (6) refer obliquely to a theory 
of the differences between. salts of similar type, 
involving the polarizabilities of the solvated ions. 
Rough calculation has shown that modification 
of the Onsager-Samaras approach by the in- 
clusion of higher order terms in the "image 
force" between the ions and the surface should 
yield a smaller increment of surface tension as 
the polarizability of the ions is increased. What 
the proper value of the polarizability for a 
solvated ion should be is a puzzle, as the papers 
by Sack (7) and by Hasted et al. (8) imply, but it 
would be expected to increase with increasing 
ionic size, as the size of the region of dielectric 
saturation of the solvent is decreased. Thus an 
effect of ionic size similar to that predicted by 
PCrez Masia is to be expected. Stairs and Sienko 
found that a graph of the coefficient of c in 
Ao = Ac + BC' for alkali halides in water and 
in ammonia vs. the sum of the polarizabilities of 
the unhydrated ions according to Bijttcher (9) 
gave a rough straight line with the expected 
negative slope, greater in the solvent of lower 
dielectric constant. 

The form of the expression for Ao used by 
Stairs and Sienko was chosen as being the 
simplest that gave a reasonable fit to the data, 
with some slight justification from Okays theory. 

FIG. 1 .  Surface tension functions for aqueous sodium 
chloride solutions. (a)  Ao/c vs. c. (b) A ~ / C " ~  vs. cl''. 
Data from International critical tables (2a) and Schwen- 
ker (10). 

Various empirical expressions have been used in 
the past, usually power series in c, with and 
without the addition of a constant term. There is 
of course no theoretical justification for a 
constant term, and its appearance is merely a 
signal that a power series in c is a poor form to 
use. This is apparent in Fig. la, showing the 
quantity Aolc plotted against c for aqueous NaCl 
solutions (2, lo), in which the experimental points 
rise above an otherwise straight line at the lowest 
concentrations. In the present work, a term in 
c1lz was added to the expression used by Stairs 
and Sienko, suggested by a naive analogy with 
the theoretically-based Jones and Dole expression 
for viscosity (1 la, for theory of Falkenhagen, see 
ref. 11 b), giving 

If Bis not large, data at low concentrations should 
yield a straight line if Aoc-'I2 is plotted against 
cl/'. This has been done for the same aqueous 
solution data in Fig. lb. No theoretical sig- 
nificance is attached to the ctl' term, except that 
such terms arise naturally from the Debye- 
Hiickel theory and are therefore not unexpected 
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STAIRS ET AL.: SURFACE TENSION OF SOME NON-AQUEOUS SALT SOLUTIONS 

in any physical property of electrolyte solutions. 
The purpose of the measurements here described 
was further to test the relationships between the 
coefficient A and the polarizability of the ions 
discussed by Stairs and Sienko, and also to study 
the effect of the dielectric constant of the solvent, 
which occurs in one way or another in all the 
theories. 

Adequate values of the surface tension of some 
of the solvents used were not available, so they 
were measured over limited ranges of tem- 
perature before proceeding with the solution 
measurements. The method of maximum bubble 
pressures was used as described by Sugden 
(12, see also ref. 14) as modified for use in a 
closed system by Stairs and Sienko (6). Measure- 
ments of the surface tension of solutions of alkali 
halides in dimethylformamide (DMF), acetone, 
and methanol were carried out, as well as of the 
pure solvents. Pure dimethylsulfoxide (DMSO) 
and methylamine were also studied, but no data 
on solutions in these solvents were obtained. 

Experimental 
Materials 

Dimethylforrnamide (British Drug Houses) was 
pre-dried with Drierite and fractionated off-line, b.p. 
148.2-148.6 "C (755.7 Torr), then dried overnight on the 
vacuum line with fresh Drierite, prior to two bulb-to-bulb 
fractional distillations. and then distilled into the bubble 
cell. Methanol (~al l inckrodt ,  A.R.) was dried with 
magnesium, fractionated off-line, b.p. 64.3 to 64.4 "C 
(757.1 Torr, uncorrected), then re-dried with magnesium 
on the line, degassed by repeated freezing and evacuation, 
and distilled as with DMF. Dimethylsulfoxide (Stepan) 
was dried with CaO and distilled off-line, b.p. ca. 85.0 "C 
(17 Torr). One of the three distillations in vacuo was 
omitted as the time required was long. Acetone (Fisher, 
A.C.S. and Baker, A.R.) was shaken with silver oxide, 
roughly fractionated to remove gross quantities of water, 
then dried with Drierite on and off the vacuum line, and 
subjected to several vacuum fractionations. Attempts to 
use Molecular Sieve 5A caused darkening of the acetone, 
so its use was discontinued. The acetone, purified as  
described, had density 0.7842 + 0.0001 at  24.96'C 
(cf. Howard and Pike (13) 0.78424 + 0.00003 at  25 "C) 
and refractive index nDZ0 = 1.3585 (cf. Handbook 
(2c, PC-505) 1.3588). Methylamine (Matheson) was dis- 
tilled from the cylinder onto lithium on the vacuum line, 
and let stand at  -78 "C for 24 h. It was then degassed, 
and subjected to several bulb-to-bulb fractional distilla- 
tions. Benzene, used to calibrate the surface-tension 
apparatus, was Baker and Adamson (R) dried over 
sodium and fractionated off-line, b.p. 79.9 to 80.0 "C 
(756.5 Torr), then redried and redistilled on line as were 
the solvents. 

The salts; NaBr, KCI, KI, NaCl (Baker and Adamson, 
R or A.C.S.), KBr (B.D.H. AnalaR), CsCl (Fisher 
Purified), and NaI (Merck), were used as purchased after 

( a )  Bubble Cel l  

FIG. 2. Surface tension apparatus. (a) Bubble cell, 
with magnetic stirrer. (b) "Flute" addition device. 

drying at  110 "C, except K I  and NaI which were recrys- 
tallized from aqueous methanol to  improve crystal size 
and to effect some purification. All salts were stored over 
anhydrous CaCl2. 

The gas used to form the bubbles was air drawn over 
Anhydrone and Ascarite, except where hydrogen was 
used, as noted. The manometer fluid was Amoil S(di- 
isoamyl sebacate) Distillation Products, Inc., degassed by 
evacuation on-line. It had a density of 0.9230 at  25 "C. 

Apparatus and Method 
The apparatus was essentially that of Stairs and 

Sienko (6) with two minor additions. In order to permit 
measurement of the surface tension at  more than one 
concentration without opening the apparatus to moist 
air, the "flute" addition device shown in Fig. 2 was used. 
A weighed crystal of the solute was placed in each pocket, 
and when the device was rotated to a position with the 
pockets inverted, rotation of the key with the spirally- 
placed openings allowed the crystals to be dropped one 
at a time into the liquid. In each experiment the surface 
tension of the pure solvent was first measured, then after 
each addition of solute, the solution was stirred and its 
surface tension measured. When all four additions had 
been made, the apparatus was opened and the solution 
analyzed. The concentrations of the first three solutions 
were obtained from the weights of solute in each com- 
pared to the final weight. 

The other addition was the pair of platinum electrodes 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2758 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 

Surface tension of pure liquids, against air (except as noted) 

Liquid t ("c) o (dyn cm-') t c'c) o (dyn cm-') GO* a* 

D M F  6 .7  38.36 22.1 36.46 39.27 0.1241 
13.0 37.58 22.4 36.50 

DMSO 

Acetone 

Methanol 

Methylaminet 

*Constants in the equation o = oo - at valid to 0.05 dyn cm-1 over the range o f  temperatures covered by the tabulated data, except for 
methylamine, where the equation is valid td 0.15 dyn cm-1 from -69 to + 35 "C, and includes the data o f  Swift and Calkins (24). 

tAgainst hydrogen. 

in the larger of the two dipping tubes of the surface 
tension cell. By their aid the conductance of each solution 
could be measured. The electrodes were platinized, but 
the rigorous cleaning and drying of the apparatus before 
each filling rendered the coating relatively ineffective. 
This and the simple circuitry employed reduced the 
significance of the conductance measurements but when 
calibrated, they provided a convenient secondary method 
of analysis (used mostly with the solutions in methanol). 

The apparatus was cleaned by washing with chloroform 
and alcohol, then treating with chromic acid cleaning 
solution. Some authors advise avoidance of this step (14), 
but we found that there was so great a chance of con- 
tamination by grease from the many joints and taps that 
it was better to use it. The apparatus was then washed 
with several changes of tap water and distilled water, 
then steamed out, and dried at  140 OC. 

The procedure of calibration and measurement was 
essentially as described before (6) except as noted above. 
Analysis of the solutions was carried out by argentimetric 
titration using dichlorofluorescein as adsorption indicator 
for titrations where the amount of precipitate was 
expected to be sufficient, and the Mohr method when it 
was not. When suficient data were obtained with each 
solute and solvent to establish a conductance calibration 
curve, the conducta'nce alone was used for concentration 
measurement. 

constants in the equation 

which was found to express the,da;a within the 
expected precision of the measurements, k0.05 
dyn cm-', over the ranges of temperatures in the 
table. 

Our data for acetone are about 0.3 dyn cm-' 
lower than those cited in the Handbook (2c, 
pF-28). Literature values show considerable 
variation (15-18) which in some measure is due 
to the difficulty of drying this liquid. When the 
data of Morgan and Scarlett (18) are recalculated 
using more recent correction factors for the drop- 
weight method (14), their results are less than 
0.2 dyn cm-I above the values reported here. If 
their acetone contained water as the sole impurity 
their given density represents 0.6 % water (l3,19), 
which, according to their own figures for the 
effect of water on the surface tension ofacetone, 
should increase it by 0.12 dyn cm-l. With these 
corrections, the measurements of Morgan and 
Scarlett are within 0.05 dyn cm-' of our figures. 

Results and Discussion We calculate the parachor to be 162.1, cf. 162.0 
Pure Solvents from Glasstone's table of additive parachor 

The values of surface tension for the five equivalents (20). 
liquids are listed in Table 1 together with the Our results for methanol are consistent with 
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TABLE 2 

Salt solutions. Surface tension increments at 25 "C. Against air except where noted 

c ACI c ACI c ACI 
(molel-') (dyncm-I) (mole I-') (dyn cm-I) (mole I-') (dyn cm-') 

LiCl in D M F  
0.0798 0.150 
0.1595 0.228 
0.2810 0.451 
0.2840 0.472 
0.459 0.763 
0.611 0.997 

NaBr in D M F  
0.0408 0.082 
0.0628 0.130 

KI in D M F  
0.0640 0.107 
0.1243 0.335 
0.1526 0.397 
0.327 0.763 
0.396 0.928 

LiCl in acetone 
0.0139 0.0325 

NaI in acetone* LiCl in methanol 

NaBr in methanol 
0.0175 0.048 
0.0314 0.076 
0.0469 0.127 
0.0640 0.147 
0.0864 0.198 
0.1043 0.241 
0.1252 0.299 
0.293 0.616 
0.386 0.779 
0.443 0.898 

NaI in methanol 
0.0050 0.026 
0.0133 0.060 
0.0164 0.076 
0.0222 0.094 
0.0319 0.122 
0.0550 0.179 
0.0660 0.212 

NaCl in methanol 
0.0033 0.023 
0.0034 0.018 
0.0069 0.046 
0.0098 0.046 
0.0127 0.064 
0.0153 0.062 
0.0229 0.094 
0.0327 0.120 
0.0379 0.145 
0.0384 0.135 
0.0472 0.146 

KBr in methanol 
0.0050 0.030 
0.0132 0.059 

KI in methanol 
0.0282 0.085 

CsCl in methanol 
0.030 0.0056 
0.063 0.0158 
0.076 0.0211 
0.111 0.0353 
0.152 0.0487 
0.185 0.0625 
0.273 0.1063 

'Against hydrogen. 

those in the literature (21-23). Dimethylform- 
amide and dimethylsulfoxide do not appear to 
have been measured before. We obtained the 
following values for parachor at 25 "C (Glas- 
stone's additive values in parentheses) : methanol, 
88.2 (91.0, difference characteristic of hydrogen- 
bonded liquids); DMF, 36.17 (36.8); DMSO, 
182.5 (180.1). 

For methylamine we obtained data that appear 
to be consistent with those reported for higher 
temperatures by Swift and Calkins (24). The only 
other available data are those of Jaeger (25) which 
lie 2 to 2.5 dyn cm-' lower. His results are known 

to be low by nearly the same amount for ethanol 
(6). With surface-tension data from this work and 
Swift and Calkins, and densities from Felsing and 
Thomas (26), we calculate the parachor to be 
97.8 at -40 "C, 99.8 at 25 "C (Glasstone 102.8). 
This low and temperature-dependent parachor 
is again characteristic of hydrogen-bonded 
liquids. 

Salt Solutions 
Table 2 contains the surface tension increments 

Ao for the various salts in the three solvents 
DMF, methanol, and acetone, all at 25.0 "C. The 
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TABLE 3 

Surface-tension increment OF salt solutions as a function OF molar concentration 

Temperature 
Solvent ("C) 0 (0) Salt Ao* A* 

DMF 

Acetone 

Methanol 

Ammonia (6) - 

Water (2) 

25 36.17 LiCl 
NaBr 
KI 

25 22.76 LiCl 
NaI 

25 22.18 LiCl 
NaBr 
NaI 
KC1 

.40 35.46 NaCl 
NaBr 
KBr 
KI 

20 72.75 LiCl 
NaCl 
NaBr 
KC1 
KBr 
NH4Cl 

*A and A, are the constants in the equation Ao = Aoc+ + A,. .  Numbers in parentheses are standard deviations. 

three salts in D M F  all yielded data that appeared 
to lie on a straight line through the origin, that 
is to say, with no term in c'I2 needed, nor any 
apparent departure of the factor ci of Oka's theory 
from unity. This implies that no ion pairing 
occurs in the region of the measurements. 
According to Bjerrum's theory (27) this means 
that DMF strongly solvates at least one ion 
(presumably positive) in each of LiC1, NaBr, 
and KI, for these should all be somewhat weak 
in DMF if the distance of closest approach of 
the ions is calculated from the crystal radii. The 
solutions in acetone and in methanol all showed 
some curvature at low concentrations, but tended 
to become more nearly linear at higher concen- 
tractions. Accordingly, no term in c2 was used 
in the empirical equation, which was fitted in 
the form 

graphically by plotting A ~ / C ' / ~  against c112 
Table 3 contains the constants in eq. [5]  for the 
data from this work plus data from Stairs and 
Sienko for ammonia and some data from aqueous 
solutions (2a, 10). (We considered including the 
data of Kosakewitsch (28, 29), but as they were 

obtained in open vessels with solvents of un- 
certain dryness, and added mainly to the scatter, 
they were omitted.) The fit of the data for 
ammonia, and for KI in DMF, is poor, but it is 
moderately good for the remainder. 

The values of A ,  for the various salts in 
methanol appear to be the same within experi- 
mental error, and no trends are obvious. If the 
origin of this term lies in the effect of interionic 
forces on the activity coefficient, as expressed in 
the Debye-Hiickel theory, which in its simplest 
form, valid at the lowest concentrations, yields 

In y, = - constant c1I2 (ET)-~/ '  

independent of the size of the ions for a given 
charge type, then one might expect that A ,  would 
be a constant for each solvent, and would be a 
function of ET to some negative power. In Fig. 3 
we have plotted A ,  vs. (~7')~' for the three 
solvents examined in this work, plus ammonia (6) 
and water (2a, 10). The bars represent one 
standard deviation in each direction from the 
plotted points. (The standard deviations of the 
values of A ,  for each solvent were consistent with 
the errors in A ,  estimated from their graphical 
determination.) There appears to be a trend in 
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SOC. 65, 2415 (1943). Reinhold, New York. 1958. pp. 70-73. 
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1 (1917). 29. P. P. and N. S. KOSAKEWITSCH. Z. Phys. Chern. 

26. W. A. FELSING and A. R. THOMAS. Ind. Eng. Chern. 150 (A), 370 (1930). 
21, 1269 (1929). 30. H. S. HARNED and B. B. OWEN. Physical chemistry 

27. N. BJERRUM. Kgl. Danske Vidensk. Selskab. 7, of electrolytic solutions. 3rd ed. Reinhold, New York. 
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ortho-Diquaternary aromatic compounds. 111. Syntheses and reactions of 
polyalkyltetralones and derivatives 

L. R. C. BARCLAY, K. L. ADAMS,' H. M. FOOTE,~ E. C. SANFORD, AND R. H. YOUNG' 
Departtnent of Chemistry, Mount Allison University, Sackville, New Brlrnswick 

Received November 3, 1970 

A new synthesis is reported of polyalkyltetralones based on reactions of a,a-dialkylarylacyl chlorides 
with branched alkenes in the presence of stannic chloride. The following were synthesized by this method: 
1,1,4,4-tetramethyl-2-tetralone (7a), 1 ,I ,3,4,4-pentamethyl-2-tetralone (7b), 1,1,4,4,6-pentamethyl-2- 
tetralone (7c), 1,l-diethyl-4,4-dimethyl-2-tetralone (7d),  and 3-keto-l,l,4,4-tetramethyl-1,2,3,4-tetra- 
hydrophenanthrene (7e). Cyclialkylation of toluene with 2,2,5,5-tetramethyltetrahydrofuranone yielded 
1,1,4,4,7-pentamethyl-2-tetralone. Monobromoderivatives were prepared from ketones 7a, b, and e 
and dibromoderivatives from ketones 7a and e. The polyalkyltetralones are used as intermediates in 
the synthesis of ortho-diquaternary aromatic compounds by various oxidative procedures. 
Canadian Journal of Chemistry, 48, 2763 (1970) 

Introduction 

Polyalkyltetralones such as 1,1,4,4-tetra- 
methyltetralone are useful precursors for the 
synthesis of crowded aromatics (1, 2). 1,1,4,4- 
Tetramethyl-2-tetralone is usually synthesized 
by Friedel-Crafts cyclialkylation using 2,2,5,5- 
tetramethyltetrahydrofuranone (2) (3). Extensive 
rearrangements take place using this method and 
these will be the subject of a separate publication 
(4). It was very desirable to have a more general 
method applicable to the synthesis of polyalkyl- 
tetralones. In this investigation, a new method 
for the synthesis of such ketones was developed. 
The synthesis is based upon acylation of appro- 
priately branched alkenes by a,a-dialkylarylacyl 
chlorides followed by Friedel-Crafts cyclization 
of the resulting unsaturated ketones to polyalkyl- 
tetralones. Some reactions analogous to these 
have been reviewed by Nenitzescu and Balaban 
(5). Synthesis of five polyalkyltetralones by this 
method are discussed and the limitation of the 
reaction was tested. A number of mono- and 
dibromo derivatives of the polyalkyltetralones 
were prepared and the gem dimethyl resonances 
in their nuclear magnetic resonance (n.m.r.) 
spectra are discussed in terms of nonbonded 
interactions. A simple three-step synthesis of the 
new aromatic hydrocarbon, 1,1,4,4-tetramethyl- 
1,4-dihydronaphthalene, from 1,1,4,4-tetra- 
methyl-2-tetralone is described. A new strained 
aromatic compound 2-ethyl-2-o-(1-methyl-1-car- 

'On leave of absence from Prince of Wales College, 
Charlottetown, P.E.I. 

'Recipients of NRCC Scholarships. 

boxyethy])-phenylbutanoic acid was synthesized 
by oxidation reactions on 1,l-diethyl-4,4-di- 
methyl-2-tetralone. The photochemistry of non- 
enolizable a-diketones is of interest. We now 
report an exploratory photooxidation of 2,3- 
dioxo-1 ,l,4,4-tetramethyltetralin to o-phenylene- 
diisobutyric anhydride as an alternative route to 
strained aromatic systems. 

Results and Discussion 

Syntheses of Polyalkyltetralones 
Cyclialkylations of aromatic hydrocarbons 

with 2,2,5,5-tetramethyltetrahydrofuranone (2) 
are outlined in Table 1. 1,1,4,4-Tetramethyl- 
tetralone is usually readily prepared in this way 
(no. I ) ,  although longer contact times at  elevated 
temperatures result in rearrangement products 
(4). Toluene call be converted into 1,1,4,4,7- 
pentamethyl-2-tetralone (4) using a much shorter 
contact time (no. 2) and cyclialkylation of 
naphthalene at  lower temperature (no. 3) yielded 
2-keto- l,l,4,4-tetramethyl-l,2,3,4-tetrahydro- 
anthracene as reported earlier (2). 

Cyclialkylation of toluene with 2 could 
possibly give a mixture of isomeric ketones 4 and 
7c (Schemes 1 and 2). The reaction yielded only 4 
and not 7c as was determined by comparison 
with 7c which was synthesized by an alternative 
unambiguous method (see Scheme 2, and 
Table 1, no. 6).  The formation of 4 can be 
explained by cleavage a of 2, remote from the 
carbonyl, and para alkylation to yield inter- 
mediate 3. Cleavage b of 2 is apparently inhibited 
because the incipient carbonium ion would be 
adjacent to the electropositive carbonyl carbon. 
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TABLE 1 

Syntheses of polyalkyltetralones 

Conditions 
(solvent, 

Alkylating* Catalyst temperature, 
No. Aromatic compound (mole) agent (mole) (mole) time) Products (%)t 

I Benzene (5.65) 

2 Toluene (0.211) 

3 Naphthalene (0.035) 

TMTHF (0.895) A I C I ~  (1.69) C6H6; 80°; 1,1,4,4-Tetramethyl-2-tetralone 
4 h  (7a) (54) ; rearrangement 

products (46)f 
TMTHF (0.035) A I C I ~  (0.070) CfiHsCH3 ; 1,1,4,4,7-Pentamethyl-2-tetralone 

74"; 10 min (4) (70) ; rearrangement 
products (24)f 

TMTHF (0.035) AICI3 (0.071) CS,; 25"; 8 h 2-Keto-l,1,4,4-tetramethyl-l,2,3,4- 
tetrahydroanthracene (29)s 

4 (a) a-Phenylisobutanoyl chloride (5a) (CH3)z-HZ SnCI, (0.002) CSZ; - 10-25"; 2,s-Dimethyl-5-phenyl-40x0-2- 5 
(0.025) (excess) 18 h hexene (6a) (46); 7a (15) 

(b) 6 (0.230) BF3:O(C2Hs)2 CH2CI,; 7a (50) 
s 

(1.13) reflux; 48 h E 

6 a-p-Tolylisobutanoy1 chloride (5c) (0.023) (CHs)z-Hz 
(0.115) 

7 2-Ethyl-2-phenylbutanoyl chloride (5d) (CH3),C=CH2 
(0.028) (0.080) 

8 (a) a-(1-Naphthy1)-isobutanoyl chloride (CH,)z(==CHz 
(5e) (0.069) (excess) 

(b) 6e (0.02) 

SnCI, (0.01 8) CS,; -10"; 1,l-Diethyl-4,4-dimethyl-2- 
96 h tetralone (7d) (70) 3 

j 
SnC1, (0.0068) CS,; - 10"; 2,s-Dimethyl-5-(1-naphthy1)-4 2 

16h  0x0-2-hexene (6e) (77) r 
P.P.A. none; 95"; 3 h 1-Acetyl-1,3,3-trimethylbenz(e)- -& 

indane (8) (33) - 
BF3 :O(CZH~)Z CH2C12; 25"; 3-Keto-1 ,1,4,4tetramethyl- S 

0 

(0.822) 7 days 1,2,3,4-tetrahydrophenanthrene 
(74 (55); 8 (14) 

SnCI, (0.023) CHC12CHC12; 1,1,3-Triphenyl-3-methylindane 
0"; 48 h (9); 1,1,3-trimethyl-3-phenyl- 

indane (10) 
SnC1, (0.002) CSZ; reflux; 10 

23 h 
*TMTHF refers to 2,2,5,5-tetramethyltetrahydrol'uranone. 
?The percentages o f  products from nos. I and 2 are relative amounts by gas chromalographic analyses. Other percentages are actual yields. Numbers 9 and 10 yielded mainly polymericmaterial 

and yields o f  9 and 10 were not estimated. 
$The structures for these rearrangement products will be discussed later (4). 
EiReference 2. 
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BARCLAY ET AL.: DIQUATERNARY AROMATIC COMPOUNDS. 111 2765 

Cyclodehydration of 3 would produce the prod- 
uct 4. We did not isolate the intermediate 3, but 
its use in Scheme 1 is consistent with the reported 
isolation of an a-ketol during cyclialkylation of 
benzene (3). 

The new route for syntheses of polyalkyl- 
tetralones is outlined in Scheme 2. The reaction 
scheme involves acylation of analkene by an 
appropriate a,a-dialkylarylacyl chloride (5) in 
the presence of stannic chloride in the cold. The 
intermediate unsaturated ketone (6) is usually 
not characterized as such. Actually a mixture 
usually results which contains 6, the correspond- 
ing tertiary chloride, and frequently the desired 
final product 7. Prolonged treatment of the 
mixture (6) with SnCl, can be used to convert it 
directly to the required ketone (7). Alternatively 
the compound 6 can be isolated and cyclized with 
boron fluoride-etherate. The procedure has the 

advantage of producing 7 without using alumi- 
num chloride which causes extensive rearrange- 
ments. 

Some examples of the utilization of this 
synthetic procedure are summarized in Table 1 
and Scheme 2. The two step procedure using 
a-phenylisobutanoyl chloride (5a) and isobutyl- 
ene with stannic chloride catalyst (no. 4a) 
followed by boron fluoride etherate (no. 4b) 
yielded tetramethyltetralone (7a). 1,1,3,4,4-Pen- 
tamethyl-2-tetralone (7b) was prepared in one 
step from 5a and 2-methyl-2-butene (no. 5). The 
isomeric ketone, 1,1,4,4,6-pentamethyl-2-tetra- 
lone (7c) was prepared from a-(p)tolylisobutanoyl 
chloride (5c) and isobutylene (no. 6). By using 
2-ethyl-2-phenylbutanoyl chloride (5d) and iso- 
butylene (no. 7), a polyalkyltetralone 1,l-diethyl- 
4,4-dimethyl-2-tetralone (7d) bearing gem 
diethyls and dimethyls was synthesized. 

c 
H ~ C /  \ C H ~  

a R1 = R2 = CH, a R1 = R2 = CH3 
e R1 = R2 = CH,; 5,6-benz b R1 = R2 = CH,; 3-CH, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 
Nuclear magnetic resonance spectral data 

Chemical Relative* 
No. Compound shift (7) Multiplicity areas Assignment 

I 1,1,4,4-Tetramethyl-2-tetralone (7a) 8.69 Singlet 6.1 >(C&)Z 

8.56 Singlet 6.0 x ( c ~ 3 ) Z  

7.36 Singlet 2.1 -CH2- 
2.74 Multiplet 4 .0 Aromatic H's 

2 1,1,4,4,6-Pentamethyl-2-tetralone (7c) 8.69 Singlet 

>(cH~)z 

Ar-CH3 
-CHz- 
Aromatic H's 

8.60 Singlet J 
7.62 Singlet 
7.39 Singlet 
2.72 Multiplet 

3 1,1,4,4,7-Pentamethyl-2-tetralone (4) 8.72 Singlet 

8.59 Singlet 

7.62 Singlet 
7.40 Singlet 
2.69 Multiplet 

Ar-CH, 
-CHz- 
Aromatic H's 

~ C - C H ~  and 
/ 4  

4 1,1,3,4,4-Pentamethyl-2-tetralone (7b) 8.98 Singlet 1 
8.80 Doublet (7 c.p.s.) i 
8.60 Singlet 8.7 1C(CH3)2 and 

/ 1  

~ c - - c H ~  
/ 4  

7.19 Quartet (7 c.p.s.) 0.9 \ 

2.82 Multiplet 4.0 
T:-~ 

Aromatic H's 

5 1,l-Diethyl-4,4-dimethyl-2-tetralone (7d) 9.38 Triplet (8 c.p.s.) 6.2 \C(-LLCH3)z 
I 

8.72 Singlet 6 .0 >(cH~)z 

8.11 Multiplets 4.1 
\ / C(-CH2-C-)2 
/ 1  

7.52 Singlet 2.1 -CHz- 
\ 

2.71 Multiplet 4 .0 Aromatic H's 

6 I-Acetyl-1,3,3-trimethylbenz(e)indane (8) 8.63 Singlet 

8.57 Singlet 3.0 2'91 >(cH~)z 

8.40 Singlet 3.1 >,-CH, 

0 

8.19 Singlet 3.0 
II 

-C-CH3 
7.87 Quartet 2.0 -CHz- 
2.47 Multiplet 6.0 Aromatic H's 
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BARCLAY ET AL..: DIQUATERNARY AROMATIC COMPOUNDS. I11 2767 

TABLE 2 (concluded) 

Chemical Relative* 
No. Compound shift (7) Multiplicity areas Assignment 

7 3-Keto-l,1,4,4-tetramethyl-l,2,3,4- 8.65 
tetrahydrophenanthrene (7e) 

Singlet 

'C(CH~)Z 
/ 4  

-CH,- 
Aromatic H's 6 1 0  
Aromatic H 5 

Singlet 

Singlet 
Multiplet 
Multiplet 

8 3-Bromo- l,l,4,4-tetramethyl-2- 8.61 
tetralone (11) 

8.58 

Singlet 

Singlet j 
Singlet 

Singlet 
Multiplet 

Br-CH- 
Aromatic H's 

9 1,1,3,4,4-Pentamethyl-3-bromo-2- 8.78 
tetralone 8.52 

8.29 
8.13 
8.08 
2.73 

Singlet 
Singlet 
Singlet 
Singlet 
Singlet ) 

Multiplet 

-CH3 
-CH3 
- 4 H 3  
2 x CH3 
Aromatic H's 

IOf 3,3-Dibromo-1,1,4,4-tetramethyl-2- 8.67 
tetralone (12) 

8.43 
8.06 

Singlet 2.8 

Singlet 3.5 
Singlet 1 5.4 
Singlet 

Multiplet 4.0 

>$(cH~)z 

Aromatic H's 

Singlet 3.1 

Singlet 2.9 

Singlet 3.0 

Singlet 3.1 

Singlet 0.9 

Multiplet 5.1 
Multiplet 1 .O 

Aromatic H's 6 1 0  
Aromatic H 5 

Singlet 2.9 

Singlet 2.9 

Singlet 2.9 

Singlet 2.9 

Aromatic H's 6-10 
Aromatic H 5 

Multiplet 5.0 
Multiplet 1.0 

'Integrations o f  peaks were calculated relative to the aromatic hydrogens. 
?The spectrum o f  12 was determined at 0'. 

The method was also applied to a-(1-naphthy1)- benz(e)indane (8) (4). Boron fluoride etherate 
isobutanoyl chloride (5e) and isobutylene. When (no. 8c) effected cyclization without rearrange- 
polyphosphoric acid was used as the cyclization ment to yield 3-keto-l,l,4,4-tetramethyl-l,2,3,4- 
reagent (no. 8b), rearrangement ensued resulting tetrahydrophenanthrene (7e). 
in the formation of 1-acetyl-l,3,3-trimethyl: A limitation was found in the applicability of 
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this polyalkyltetralone synthesis. When attempts 
were made to use 1,l-diphenylethylene in the 
synthesis (no. 9), the only products identified were 
the hydrocarbons 1,1,3-triphenyl-3-methylindane 
(9) and 1,1,3-trimethyl-3-phenylindane (10). Ap- 
parently 1,l -diphenylethylene undergoes the 
known (6) cyclic dimerization to form 9 rather 
than entering into reaction with the acyl chloride 
(5a). The hydrocarbon 10 would result from 
decarbonylation of 5a followed by the well- 
known formation (7) of 10, the cyclic dimer of 
a-methylstyrene, according to Scheme 3. Treat- 
ment of 5a with stannic chloride also yielded 10 
(no. 10) as expected. 

The various ketones discussed above were 
characterized by their n.m.r. spectra which are 
summarized in Table 2 (see spectra nos. I to 7). 

Derivatives of Polyalkyltetralones 
(a) Bromo Derivatives 
Non Bonded Interactions and Nuclear 

Magnetic Resonance Spectra 
The bromo derivatives of the tetralones pro- 

vided a useful means of further characterization 
of these compounds. The n.m.r. spectra of the 
bromocompounds (Table 2, nos. 8 to 12) 
exhibited separation of the methyl resonances. 
These can be viewed from the standpoint of the 
probable conformations involved. The ketones 
can be considered in quasi-chair conformers 
(illustrated in Scheme 4) which are normally 
rapidly interconverting so that the two methyls 
of a gem dimethyl have the same average shield- 
ing. In the ketones 7a, 4, and 7c, the absorption 
near 8.7 T is assigned to the gem dimethyls on 

C-4 while the peak at lower field (near 8.6 z) is 
assigned to the gem dimethyls on C-1. In the 
latter case the carbonyl group would be re- 
sponsible for the paramagnetic shift of the methyl 
resonances. A bromine at position 3 could be in 
the axial or equatorial position. The fact that the 
carbonyl stretching frequency occurs at the same 
position in the monobromo derivative 11 as in 7a 
(Experimental, Table 3) indicates a preference 
for the axial position (8) at least in the solid state. 
In the monobromo compound ( l l ) ,  the methyls 
at C-1 are assigned to the bands at 8.58 and 
8.34 T. The splitting may be due to 1 :3 
methy1:bromine diaxial interactions. The di- 
bromoderivative (12) exhibited three (partially 
resolved) methyl resonances at 40". However, 
at lower temperature (no. 10) there were four 
bands (for assignments see Table 2). The inter- 
conversion of conformers is presumably slowed 
so that the shielding of the methyls is no longer 
averaged. 
3-Keto-l,l,4,4-tetramethyl- l,2,3,4-tetrahy- 

drophenanthrene (7e) also showed two sets of 
methyl resonances (Table 2, no. 7). In the 
monobromoderivative (13), and dibromoderiva- 
tive (14), the methyl resonances occurred in four 
distinct peaks (nos. 11 and 12). This is expected 
if the conformational interconversion discussed 
above is slowed at ordinary temperatures. This 
could result from additional nonbonded inter- 
actions in ketones such as 7e, 13, and 14 due to 
the compression effects (2) in both conformers 
(Scheme 4) between the gem dimethyls on C-4 
and position 5 of the adjacent aromatic ring. 
Evidence for this nonbonded interaction in 7e, 
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7a R1 = R, = H; XI  = X, = H  
4 R l = H ; R Z = C H 3 ; X 1 = X Z = H  
7c R1 = C H 3 ; R z = H ; X 1 = X z = H  
11 Rl = R, = H; XI = Br; X, = H  
12 R1 = R, = H; X1 = X, = Br 

13, and 14 shows up in the compression shift 
(downfield) of the aromatic hydrogen at posi- 
tion 5. The infrared (i.r.) spectrum of the 
monobromo compound (13) showed a shift of 
15 cm-' to  higher frequency from the parent 
ketone (7e) which is indicative of an equatorial 
a-bromine. The second a-bromine in the dibromo 
compound (14) does not shift the carbonyl 
frequency further (Table 3). 

This interpretation of the chemical shifts is 
obviously empirical and the assignments of the 
methyl resonances somewhat arbitrary. Never- 
theless, the argument is a useful one in making 
assignments of the methyl resonances for the 
substituted tetralones outlined in Table 2. 

(b) 1,1,4,4-Tetramethyl-1,4-dihydro- 
naphthalene (16) 

The hydrocarbon 1,1,4,4-tetramethyl-l,4-di- 
hydronaphthalene (16) was required for our 
studies on molecular rearrangements (4). Arnett 
(9) earlier reported an unsuccessful attempt to 
synthesize this hydrocarbon as a route for the 
synthesis of o-di-t-butylbenzene. Ketone 7a 
proved to be a convenient starting material for 

a simple synthesis of 16 according to the sequence 
shown in Scheme 5. 

(c) 2-Ethyl-2-o-(I-methyl-I-carboxyethy1)- 
phenylbutanoic Acid (18) 

A New Crowded Aromatic Compound 
The polyalkyltetralone synthesis outlined in 

Scheme 2 provides a starting point for the 
synthesis of new crowded aromatic compounds. 
For example, I ,I-diethyl-4,4-dimethyl-2-tetra- 
lone (7d) was converted into the a-diketone (17) 
and the latter on oxidation yielded the crowded 
aromatic system (18) (Scheme 6). The dicar- 
boxylic acid 18 showed evidence of intra- 
molecular crowding in its ultraviolet (u.v.) 
spectrum. The crowded acid 18 (A,,, 262 my, 
E = 318) like o-phenylenediisobutyric acid (A,,, 
261-264 mp, E = 233) showed only a very broad 
band in its spectrum. The new acid 18 can 
therefore be classed among the several well- 
known strained o-di-quaternary aromatic com- 
pounds (10). 

The yield of 18 from periodate oxidation was 
only 33%. The major product was a neutral 
compound which was not completely charac- 
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TABLE 3 

Elemental and spectral (i.r.) data for polyalkyltetralones and bromo derivatives 
- 

Analyses 

Calculated Found 
Melting point 

Compound ("c) C H Br C H Br ~ ~ , ~ ( c m - ~ )  

1,1,4,4-Tetramethyl-2- 
tetralone (7a) 

3-Bromo-l,l,4,4-tetramethyl- 
2-tetralone (11) 

3,3-Dibromo-l,l,4,4-tetra- 
methyl-Ztetralone (12) 

1,1,4,4,7-Pentamethyl-2- 
tetralone (4) 

1,1,4,4,6-Pentamethyl-2- 
tetralone (7c) 

1,1,3,4,4-Pentamethyl-2- 
tetralone (7b) 

3-Bromo-1,1,3,4,4-penta- 
methyl-2-tetralone 

1,l-Diethyl-4,4-dimethyl-2- 
tetralone (7d) 

1-Acetyl-1,3,3-trimethyl- 
benz(e)indane 

3-Keto-l,l,4,4-tetramethyl- 
1,2,3,4-tetrahydro- 
phenanthrene (7e) 

2-Bromo-3-keto-l,l,4,4-tetra- 
methyl-1,2,3,4-tetrahydro- 
phenanthrene (13) 

2,2-Dibromo-3-keto-1,1,4,4- 
tetramethyl-l,2,3,4-tetra- 
hydrophenanthrene (14) 

81-82 
(b.p. 130°/ 
1 . 1  mm) 

(Failed to crystallize for analysis) 

terized. The spectral evidence (see Experimental) 
supported the lactone structure 19. An analogous 
lactone was reported to form in a similar synthesis 
of o-phenylenediisobutyric acid (I). 

(d )  Photochemistry of 2,3- Dioxo-1,1,4,4- 
tetramethyl-tetralin (20) 

Cyclic non-enolizable a-diketones are known 
to form cyclic anhydrides on photooxidation. 
For example, Meinwald and Klingele (11) 
carried out a photooxidation of camphor- 
quinone to camphoric anhydride and Rigaudy 
and Paillous (12) obtained diphenylhomophthalic 
anhydride by photooxidation of 3,3-diphenyl- 
1,2-indanedione. 2,3-Dioxo-1,1,4,4-tetramethyl- 
tetralin (20) was selected as a model compound 

for some exploratory photooxidation studies. In 
particular, it was desirable to determine if 
photooxidation would convert the diketone (20) 
into the corresponding anhydride, o-phenylene- 
diisobutyric anhydride (23). This would provide 
for a convenient alternate route to crowded 
o-diquaternary aromatic compounds. 

The products from photolysis of 20 in benzene 
were 1,1,3,3-tetramethylindanone (21), 3-hy- 
droxyl-l,l,4,4-tetramethyl-2-tetralone (22), and 
o-phenylenediisobutyric anhydride (23) in vary- 
ing amounts depending on whether a nitrogen or 
an oxygen atmosphere was maintained in the 
reaction, (see Experimental). While this work was 
in progress, Gream et al. (13) reported the 
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(a) 
C = o  Reference 13 

photolysis of 20 in a nitrogen atmosphere to 
yield 22, as the predominant product, along with 
21 and a few ~e rcen t  of 23. The latter was 
attributed to diffusion of oxygen into the reaction 
mixture. Because the objective of our photo- 
oxidation was different from the studies of others 
(13), some speculation on the mechanism of the 
photooxidation process leading to the formation 
of 23 is desirable. The formation of 21 occurs in 
an oxygen atmosphere as well as (or better than) 
in the presence of nitrogen and this suggests an 
independent route to 21, (Scheme 7a). On the 
other hand, oxygen obviously decreases the for- 

mation of the reduction product 22 (Scheme 7b), 
since the yield of 22 is reduced from 81 % to 48 % 
in the presence of oxygen. The anhydride could 
possibly form from addition of oxygen to a 
biradical excited state followed by reduction. of 
the biradical adduct  and  rearrangement 
(Scheme 7c). 

Experimental 
The n.m.r. spectra were recorded on a Varian A-60 

NMR Spectrometer equipped with a variable temperature 
probe. (The solvent was carbon tetrachloride containing 
tetramethylsilane, unless indicated otherwise.) The i.r. 
spectra were recorded on a Perkin-Elmer model 137 
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Infracord or on a Perkin-Elmer model 337 Grating 
Spectrophotometer using potassium bromide pellets for 
solids and films for liquids. The i.r. spectra of poly- 
alkyltetralones and corresponding mono- and dibromo- 
derivatives (Table 3) were determined on the same 
(model 337) instrument. Ultraviolet (u.v.) spectra were 
recorded on a Beckmann DK-2 Spectrophotometer 
using spectro-grade cyclohexane as solvent. Gas-liquid 
chromatographic (g.1.c.) analyses were determined by 
means of a n  F&M model 500 programmed temperature 
gas chromatograph equipped with a dual column attach- 
ment. Columns were $ in., packed with Apiezon grease 
(30%) on Chromosorb W. Melting points were deter- 
mined on a Thomas Hoover capillary melting point 
apparatus and are uncorrected. Elemental analyses were 
determined by Dr. E. Thommen, Basel, Switzerland and 
by Dr. C. DaesslC, Montreal. 

Friedel-Crafts Cyclialkylations with 2,2,5,5-Tetramethyl- 
tetrahydrofurarione 

The procedure for cyclialkylation was similar to that 
reported by Bruson et al. (3). We found it essential, 
especially for activated aromatics (toluene and naph- 
thalene) to monitor the reactions by taking aliquots and 
determining the composition by gas chromatography. 
Information on three typical runs is summarized in 

I Table 1 (nos. I ,  2, and 3), 

Preparation of a,a-Dialkylarylacetic Acids 
( I )  a-Phetiylisobutyric Acid 
a-Phenylisobutyric acid was prepared by alkylation of 

benzene with methylacrylic acid using a procedure 
similar to that of Prijs (14). Little or no alkylation of 
benzene by methacrylic acid resulted unless relatively 
large amounts of aluminum chloride catalyst were used. 
In a typical run, 1.4 moles of methacrylic acid in 50 ml of 
benzene was added to a mixture of 8.4 moles of benzene 
and 3.8 moles of anhydrous aluminum chloride. The 
mixture was stirred for 12 h, after which time gas 
chromatography showed essentially complete conversion 
of methacrylic acid into a-phenylisobutyric acid. The 
acid was recrystallized from benzene and gave a m.p. = 
78-79"; i.r. band at 1700 cm-I (carbonyl); n.m.r. bands 
at  8.45 (singlet), 2.68 (multiplet), and -2.50 r (singlet) 
in the ratio 6:5:1 and assigned to the (CH,),C group, 
aromatic protons, and -COOH protons respectively. 

(2) a-p-Tolylisobutyric Acid 
a-p-Tolylisobutyric acid was prepared from a-p-tolyl- 

isobutyronitrile by the procedure of Lambert et al. (15). 
The acid, m.p. 82-84" (lit. (15) 82"), showed n.m.r. bands 
at  8.44 (singlet), 7.70 (singlet), 2.80 (symmetrical quartet), 
and -2.15 r (singlet) in the ratio 6:3:4:1, assigeed to the 
(CH,),C group, aryl-CH,, aromatic protons, and 
-COOH proton respectively. 

solvent was distilled under reduced pressure and the 
residue partitioned between ether and 10% potassium 
hydroxide. The alkaline layer was acidified and the 
precipitated acid extracted with ether. Distillation of the 
ether yielded the crystalline acid (13.9 g, 71 %). Re- 
crystallization from petroleum ether gave colorless 
crystals, m.p. 91-93" (lit. (17) m.p. 95"); i.r. band a t  
1700cm-I (carbonyl); n.m.r. bands at 9.26 (triplet), 
7.96 (quartet), 2.77 (multiplet), and - 1.20 r (singlet) in 
the ratio 6:4:5:1 assigned to the 2 x CH,, 2 x CH,, 
aromatic protons, and COOH group respectively. 

(4) a-1-Naphthpropionic Acid arid 
a-I-Nnphthylisobutyric Acid 

a-1-Naphthylpropionic acid and a-l-naphthylisobu- 
tyric acid were synthesized by a modification of the Birch 
procedure (18). Liquid ammonia (200 ml) was condensed 
in a thermos and ferric nitrate (0.05 g) and a piece of 
potassium (0.2 g) were added. The mixture was stirred 
until the blue color disappeared. The remainder of the 
potassium (3.8 g, 0.095 mole) was added in small pieces 
and the mixture allowed to stand again. I-Naphthalene- 
acetic acid (Aldrich) (2.5 g, 0.013 mole) was added. The 
deep red solution was titrated to  the disappearance of the 
red color with methyl iodide (14.0 g, 0.099 mole). Water 
(50 ml) was cautiously added to the reaction mixture 
which was then poured into a large beaker to  allow the 
ammonia to evaporate. The residue was acidified with 
50% hydrochloric acid and partitioned between ether 
and 10% sodium hydroxide. The alkaline layer was 
acidified and there was obtained 2.44 g (91 %) of crystal- 
line a-1-naphthylpropionic acid. After recrystallization 
from. petroleum ether and sublimation, it melted at  
149-149.5" (lit. (19) m.p. 148-149"); i.r. band at 1690 
cm-I (carbonyl); u.v. peaks at  h,,, 292 (E = 5340), 
281.5 (E = 7940), 271 ( E  = 6590), 262 mp  (shoulder) 
(E = 4030); n.m.r. bands (CHCI,CHCI,) at  8.41 (dou- 
blet), 5.04 (quartet) and 2.53 r (multiplet) in the ratio 
3:1:7 assigned to CH3-C(a), (a)C-H, and aromatic 
protons respectively. 

The a-1-naphthylpropionic acid described above was 
treated with potassium in liquid ammonia and methylated 
with methyl iodide again as described above. There was 
obtained in 81 % yield a-1-naphthylisobutyric acid, m.p. 
121.5-123.5" (lit. (18) m.p. 120-121"); i.r. band at  
1690cm-I (carbonyl); U.V. peaks at  h,,, 291.5 (E = 
6840). 288 (E = 6700). 280.5 (E = 11 700). 270.5 (E = 

(3) 2-Ethyl-2-phenylbutanoic Acid 
2-Ethyl-2-phenylbutyronitrile (Aldrich) was converted 

into 2-methyl-2-phenylbutyramide by the procedure of 
Sperber et a!. (16). 2-Ethyl-2-phenylbutyramide (19.5 g, 
0.012 mole) was dissolved in 140ml of dioxane and 
anhydrous hydrogen chloride was passed into the solu- 
tion for 15 min. Butylnitrite (23 g, 0.223 mole) was added 
to the solution over 30 min. The reaction mixture was 
stirred for 2 h and heated on a steam cone for 3 h. The 

860Oj; and 261 mp  (i = 6920); n.m.r. bands (CHCI,- 
CHCI,) at  8.22 (singlet), 2.30 (multiplet), and - 1.47 T 
(singlet) the ratio 6:7:1 assigned to (CH,),C, aromatic 
protons, and COOH group respectively. 

In subsequent syntheses it was convenient to make 
three treatments of naphthaleneacetic acid with potassium 
and methyl iodide to prepare a-1-naphthylisobutyric acid 
directly. 

Preparations of a,a- Dialkylarylacetyl Chlorides 
The a,a-dialkylarylacetic acids were converted into the 

corresponding acyl chlorides by treatment with thionyl 
chloride. In each case the acid was added to an  excess of 
thionyl chloride. After the initial vigorous reaction, the 
mixture was refluxed until i.r. analysis showed that the 
-COOH carbonyl was completely converted into 
-COCI carbonyl. The acyl chlorides were distilled 
in vacuo as  outlined in Table 4. 
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TABLE 4 

Boi!ing points and i.r. data for acyl chlorides 

Infrared 
Boiling point (-CO-CI) 

Compound ("CImm) (cm - l)  

a-Phenylisobutanoyl chloride 
a-p-Tolylisobutanoyl chloride 
2-Ethyl-2-phenylbutanoyl chloride 
a-1-Naphthylisobutanoyl chloride Melting point 5 6 5 8  1750 

1775 
1800 

Reactions of a,a-Dialkylarylacetyl Chlorides with Alkenes 
The following general procedure was used in the 

reactions of a,a-dialkylarylacetyl chlorides with alkenes. 
A three-necked flask equipped with a magnetic stirrer, 
thermometer, and porous glass gas inlet tube was 
charged with the acyl chloride and carbon disulfide 
solvent. The mixture was cooled just below - 10" in an  
acetone-Dry Ice bath and the anhydrous stannic 
chloride catalyst added. When isobutylene was the 
alkene used, it was condensed in a pre-calibrated cold 
trap and a measured amount slowly passed into the 
stirred reaction mixture through the gas inlet tube. 
Liquid alkenes were added dropwise from a dropping 
funnel. The progress of the reaction was followed by 
removing aliquots periodically and determining the i.r. 
absorption in the carbonyl region. The reaction was 
terminated when the acyl chloride carbonyl absorption 
in the 1760-1800 cm-' region was replaced by carbonyl 
absorption in the 1675-1700 cm-' region. The reaction 
mixture was then added to  ice-water. The mixture was 
extracted with ethyl ether and the extract washed with 
10% sodium hydroxide, then with water, and dried with 
anhydrous sodium sulfate. The solvent was distilled, the 
residue dissolved in petroleum ether (b.p. 30-60") and 
chromatographed on alumina. The latter procedure 
proved a convenient method to separate small amounts 
of hydrocarbon by-products such as diisobutylene which 
collected in the first fractions on elution with benzene. 
The major fraction containing the ketonic components 
was collected and analyzed by g.1.c. The results are given 
in Table 1. Spectral and analytical data on the new 
ketones are outlined in Tables 2 and 3. 

In runs nos. 4 and 8 the intermediate unsaturated 
ketones were formed. These were not unequivocally 
identified because they were mixtures containing cycliza- 
tion products (tetralones). In run 4 the initial product 
showed carbonyl absorption at 1675 cm-' (conjugated) 
as well as a band at 1715 cm-'. The product from run 8 
was almost entirely the unsaturated ketone according to 
spectral evidence. The i.r. spectrum showed bands at  
1675 and 1630cm-' attributed to  the a,a-unsaturated 
carbonyl chromophore. The n.m.r. spectrum had bands 
at  8.44-8.41 (singlets), 7.88 (singlet), 4.46 (multiplet), 
and 2.55 T (multiplet, in the ratio 9:3:1:7 assigned to 

CH1 
/ I I 

(CH3LC plus CH3-C=, -C=, olefinic proton, and 
5 \  2 

2 

aromatic protons respectively. 

The unsaturated ketones of runs 4 and 8 were cyclized 
to  the corresponding tetralones with boron fluoride- 
etherate. The boron fluoride-etherate was either used 
directly or dissolved in methylene chloride. The ketone 
was added to  the solution and the mixture stirred at  
room temper'ature until aliquots showed that the carbonyl 
absorption in the i.r. changed to a single strong band 
near 1700 cm-l. Then the reaction mixture was poured 
into ice-water, made basic with ammonium hydroxide, 
and extracted with ether. The ether was distilled and the 
residue dissolved in petroleum ether and chromato- 
graphed on alumina by elution with benzene. An attempt 
was made to use polyphosphoric acid in the cyclization 
step (run 8). The reaction mixture was worked up as 
before. However, the only identifiable product from the 
reaction was a rearrangement product. This was tenta- 
tively characterized to  be I-acetyl-l,3,3-trimethylbenz(e)- 
indane from the n.m.r. spectrum (Table 2, no. 6) and 
elemental analysis (Table '3). 

As noted in the Discussion and Table 1, no. 9, attempts 
to use diphenylethylene in the reaction resulted in side 
reactions producing hydrocarbons. The 1,1,3-triphenyl- 
3-methylindane gave a m.p. of 143" (lit. (6) m.p. 143"). 

Mol. Wt. Calcd: 360. Found (mass spectrum): 360. 
The 1,1,3-trimethyl-3-phenylindane was identified by 

comparing its U.V. and i.r. spectra with those of an  
authentic sample prepared earlier (20). 

Preparation of Bromo Derivatives of Polyalkyltetralones 
The monobromoderivatives were prepared by treating 

a solution of the polyalkyltetralone in carbon tetrachlo- 
ride at  room temperature with an equimolar amount of 
bromine in carbon tetrachloride. The progress of the 
reactions were followed by direct n.m.r. measurements. 
The methylene absorption adjacent to the carbonyl group 
(near 7.4 T) was replaced by methine absorption further 
downfield (5.5 to  5 . 2  T). The dibromoderivatives were 
prepared in a similar manner using 2.5 moles of bromine 
per mole of ketone. Tn each case the carbon tetra- 
chloride was distilled and the residue recrystallized from 
petroleum ether. The yields were 90% or better. The 
n.m.r. spectra of the mono- and dibromo compounds 
are summarized in Table 2 (nos. 8 to 12). Analytical data 
are given in Table 3. 

I ,  I ,4,4-Tetramethyl-I ,4-dihydronaphthalene 
1,1,4,4-Tetramethyl-2-tetralone was reduced by lithium 

aluminum hydride to yield 1,1,4.4-tetramethyl-2-tetralol, 
m.p. 85-87.5" (lit. (3) m.p. 8687"). 

The above 1,1,4,4-tetramethyl-2-tetralol (2.0 g, 0.01 
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rnole) and freshly distilled N,N-dimethylaniline (2.4 g, 
0.02 rnole) were dissolved in anhydrous ethyl ether. 
Freshly distilled acetyl chloride (1.5 g, 0.02 mole) was 
added and the mixture was heated under reflux for 6 h. 
Water was added and the ether layer was washed with 
dilute hydrochloric acid, dilute sodium bicarbonate, and 
dried over anhydrous sodium sulfate. The ether was 
distilled and the residue recrystallized from petroleum 
ether to  give colorless crystals of 1,1,4,4-tetramethyl-2- 
acetoxytetralin in 71 % yield, m.p. 65-66"; i.r. bands at  
1700 (carbonyl), 1240 cm-' (acetoxy). 

Anal. Calcd. for C16H2202: C, 78.05; H,  8.94. Found: 
C ,  77.58, 77.56; H, 9.12, 9.04. 

The above acetate was distilled in a nitrogen atmo- 
sphere at  300" without decomposition. The acetate was 
decomposed by heating in a thick-walled Carius tube at  
345-350" for 3.5 h. The reaction product was dissolved 
in ether, washed with aqueous sodium carbonate, water, 
and dried over anhydrous sodium sulfate. The ether was 
distilled and the liquid product showed one component 
by vapor phase chromatography (v.p.c.); nDZ5 = 1.5207; 
i.r. lacked carbonyl; n.m.r. bands at  9.06 (singlet), 4.97 
(singlet) and 3.17 r (A2B2 symmetrical multiplet) in the 
ratio 12:2:4 assigned to the four CH,'s, the -CH=CH 
group, and the four aromatic hydrogens respectively. 

Mol. Wt. Calcd. for C14H18: 186. Found (mass 
spectrum): 186. 

2-Ethyl-2-o-(I-methyl-I-carboxyethyl) - 
plzenylbrr~noic Acid 

1,l-Diethyl-4,4-dimethyl-2-tetralone (7d) (1.0 g, 0.004 
mole) and selenium dioxide (0.56 g, 0.005 mole) were 
dissolved in 10 ml of dioxane and the mixture was heated 
under reflux for 28 h. The dioxane was distilled under 
reduced pressure and the residue recrystallized from 
petroleum ether to  give a 93% yield of yellow crystals of 
2,3-dioxo-1,l-diethyl-4,4-dimethyltetralin, m.p. 57-58"; 
i.r. band at 1720 cm-' (carbonyl); n.m.r. bands at 9.31 
(triplet), 8.56 (singlet), 7.95 (quartet) and 2.70 r (mul- 
tiplet) in the ratio 6:6:4:4 and assigned to the two CH,'s 
of the CZH5 groups, the (CH3)2C group, the two -CH2's 
of the C2H5 groups, and the aromatic protons respec- 
tively. 

Anal. Calcd. for C16H2002: C, 78.75; H, 8.27. Found: 
C, 78.33; H,  8.27. 
2,3-Dioxo-1,l-diethyl-4,4-dimethyltetraln (2.3 g, 0.009 

mole) and periodic acid (2.95 g, 0.013 mole) were dis- 
solved in a-mixture of 22 ml of dioxane and 15 ml of 
water. The reaction mixture was heated in a constant 
temperature oil bath at  62 + 0.5" for 42 h. The solvent 
was distilled under reduced pressure and the residue 
partitioned between ether and dilute sodium hydroxide. 

The above sodium hydroxide extract was acidified with 
concentrated hydrochloric acid and the precipitate taken 
up into ethyl ether. Distillation of the ether yielded 0.86 g 
(33%) of solid. Two recrystallizations from ethyl acetate 
gave colorless crystals, m.p. 161.5-163"; i.r. band at  
1690 cm-' (carbonyl); U.V. band 262 mp  (E = 318); 
n.m.r. bands (CDC1,) at  9.27 (triplet), 8.32 (singlet), 
7.91 (quartet), 2.26 (multiplet), and - 1.23 r (singlet) in 
the ratio 6:6:4:4:2 and assigned to  the two CH,'s of the 
C2H5 groups, the (CH3),C group, the two -CH2-'s of 
the C2H5 groups, the aromatic protons, and the two 
COOH protons respectively. 

Anal. Calcd. for C16H2204: C ,  68.98; H, 7.98. Found: 
C ,  68.81, 68.63; H,  8.02, 8.08. 

The neutral ether soluble fraction above (1.15 g) 
showed three components by gas chromatography anal- 
ysis. An attempt was made to  identify the major com- 
ponent which was collected from the chromatography for 
analysis. I t  showed i.r. band at  1720 cm-' (carbonyl); 
U.V. bands a t  270 (E = 318), 263 mp  (E = 355); n.m.r. 
bands at 9.37 (triplet), 8.46 (doublet), 7.97 (quartet), and 
2.75 r (multiplet) i n  the ratio 6:6:4:4 attributed to  the 
two CH3's of the C2H5 groups, the (CH3)2C group, the 
two -CH2-'s of the C2H5 groups, and the aromatic 
protons respectively. 

Photolysis of 2,3-Dioxo-1,1,4,4-tetrameth.vltetralin 
The photochemical experiments were carried out in a 

Rayonet Photochemical Reactor using RPR-3500 A 
lamps which supply approximately 24 W of irradiation, 
about 90 % of which is in the 3500 A region. The reaction 
vessel was pyrex and a cooling fan maintained a tempera- 
ture of approximately 35". 

(I) In the Presence of Oxygen 
2,3-Dioxo-l,l,4,4-tetramethyltetralin (1) (1.00 g, 0.0046 

rnole) was dissolved in 17 ml of benzene. The system was 
evacuated, filled with oxygen, and irradiated for 97 h. 
The solvent was distilled under reduced pressure. Gas 
chromatography of the residue showed three components 
A, 21, B, 48, and C, 30% which were collected from the 
chromatograph for analyses. Component A was found 
to  be 1,1,3,3-tetramethylindanone. I t  was a colorless 
solid, m.p. 75-77" (lit. (21) m.p. 75-76.5"); i.r. band at  
1745 cm-' (carbonyl); U.V. bands at  272.7 (E = 1194), 
265.8 (E = 1363), 259.6 (E = 699), and 254 mp  (E = 391); 
n.m.r. bands at 8.71 (singlet) and 2.80 .r (singlet) in the 
ratio 12:4 assigned to the two (CH3),C groups and the 
aromatic protons respectively. 

Component B was identified as 3-hydroxyl-1,1,4,4- 
tetramethyl-2-tetralone, m.p. 41-43" (lit. (13) m.p. = 
4 M 2 " ) ;  i.r. bands at 1715 (carbonyl) and 3500 cm-I 
(hydroxyl); n.m.r. bands at 9.1 1 (singlet), 8.58, 8.52, 8.47 
(singlets), 6.36 (singlet), 5.70 (singlet), and 2.80 r (mul- 
tiplet) in the ratio 3 :9(3 sing1ets):l :l:4. The four bands 
between 9.1 1-8.47 r were attributed to the four methyls. 
The three bands at 6.36, 5.70, and 2.80 were assigned to  
hydroxyl, methine, and aromatic hydrogens respectively. 

Component C, a colorless solid, had a melting point of 
96-98" and was identified as o-phenylenediisobutyric 
anhydride (1) by mixed melting point and i.r. spectrum. 

(2) In a Nitrogen Atmosphere 
A sample of 2,3-dioxo-1,1,4,4-tetramethyltetralin was 

dissolved in benzene as above. The system was alternately 
evacuated and flushed with purified nitrogen five times. 
It was then filled with nitrogen and irradiated as before 
for 97 h. The solvent was distilled under reduced pressure. 
Gas chromatographic analysis on the product showed 
component A (1,1,3,3-tetramethyltetralone), 14%, com- 
ponent B (3-hydroxy- 1,1,4,4-tetramethyl-2- tetralone), 
81 %, and component C (0-phenylenediisobutyric an- 
hydride), 4 %. 

The financial support of this research provided by the 
National Research Council of Canada is gratefully 
acknowledged. 
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NOTES 

Kinetic study of addition of nitrogen and phosphorus donors 
bis(maleonitriledithiolate)cobalt(III)l 

HON GEE TSIANG AND C. H. LANGFORD, 
Department of Chemistry, Carleton University, Ottawa I ,  Canada 

Received3 October 9, 1969 

Kinetics of adduct formation of the dimeric form of bis(maleonitriledithiolate)cobalt(III) with 
pyridine, triphenylphosphine, triphenylarsine, and 1,lO-phenanthroline are reported. Rates are first 
order in ligand and half order in complex dimer in acetone. This suggests addition of the fifth ligand 
to an uncoordinated axial position of the square planar species as rate controlling. A (presumably) five 
coordinate intermediate can be detected kinetically on the way to six coordination in the reaction with 
1,lO-phenanthrioline and its rearrangement to an octahedral six coordinate chelate is slow. All these 
results may be interpreted in terms of the significant delocalized n bonding in the square planar di- 
thiolene complexes. 
Canadian Journal of Chemistry, 48,2776 (1970) 

Introduction 

The recent literature is full of accounts of 
syntheses, physical properties, and electronic 
structure of square planar metal complexes con- 
taining sulfur donor ligands in which the sulfur 
atoms are part of unsaturated organic systems (1). 
However. kinetic and mechanistic asDects have 
received little attention. It has been reiorted that 
Co(MNT),- (MNT = C,N,S,,- or maleo- 
nitriledithiolate) forms adducts with ligands such 
as pyridine, triphenylphosphine, and-triphenyl- 
arsine which are five coordinate and adducts with 
ligands such as 1,lO-phenanthroline which are six 
coordinate (2). This note reports the kinetics of 
such adduct formation and discusses the mech- 
anism. It should be noted here that the studies 
were carried out in the essentially non-coordinat- 
ing solvent acetone where the species Co- 
(MNT),- has been shown to be dimeric (1). 

Experimental 
The rates were measured using a Durrum-Gibson 

stopped flow spectrometer. Equilibrium quotients were 
evaluated spectrophotometrically using a Cary 14 instru- 
ment. The complex Bu4NCo(MNT), was prepared after 
the recipe in ref. 3. Other chemicals were of reagent 
grade and were used without additional purification. 

'We thank the National Research Council of Canada 
for financial support 

'Alfred P. Sloan Foundation Research Fellow, 1968- 
1970. Author to whom correspondence should be 
addressed. 

3Revision received May 19, 1970. 

Results and Discussion 
The dimer-to-adduct reactions were followed 

from small spectral changes which correspond to 
"relaxatioo conditions" and are effectively 
linearized. Therefore, the order of reaction with 
respect to complex could not be determined from 
these experiments at fixed metal complex con- 
centration. Table 1 collects, therefore, reaction 
half times as a function of ligand concentration 
when ligand is in excess. The rate constants in 
Table 2 where initial complex concentration was 
varied show that the reaction is in fact halforder 
with respect to complex. 

The rate law may be written as shown in eq. [ I  ] 

[ I  ] d [Co(MNT),L]/dt = 

~,[(CO(MNT),),~- ]+[I-] 

where k, is the specific rate constant in M-* s-l .  
This is consistent with the mechanism shown in 
eq. PI .  

kd 
[2] (CO(MNT),),~- C 2Co(MNT),- (fast, 

equilibrium) 
k 

Co(MNT),- + Co(MNT),L- (slow) 

At fixed excess ligand concentration, the pseudo 
half order rate constants calculable from the half 
times in Table 1 are equal to kd3k [L]. The specific 
rate constants are these values divided by the 
ligand concentrations. 

The reaction with o-phenanthroline is unique. 
In addition to the fast reaction described-in Table 
1, there was a slower process observable in the 
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NOTES 

TABLE 1 

Half times for the formation of various adducts of CO(MNT)~- at 
25" in acetone solvent* 

-- 

Wavelength Concentration 
Ligands (L) ( m d  (M) ti 6 )  

Pyridine 

Triphenylarsine 

'Concentration of  Co(MNT),- = 0.206 M. 
?There are two resolvable steps in the stopped flow records for this reaction. The 

faster one is assumed to refer to the formation of  a five-coordinate species which 
precedes formation of  the final octahedralcomplex. Dataon thefast processappear 
here for comparison with systems going only to five coordinate species. Data on 
the slower process appear in Fig. 1. 

TABLE 2 L 
Specific rate constants of the adduct formation 

of Co(MNT),- at 25 "C in acetone solvent 
- 

Specific rate 0 -  0 

[Co(MNT)2I2- [Pyridine] constants 
(MX 104) (MX 104) ( ~ - 1 1 ~  S-1 x lo2) 
-- - 

stopped flow traces. The final product corre- 
sponds to the (Co(MNT),o-phen)- six coordinate 
species shown to be octahedral by crystallog- 

0.01 0.05 
raphy (4). We suggest that the slow step be [phenIlM) 

assigned to conversion of a 'quare pyramidal five FIG. 1. The rate constant (pseudo first order) for 
coordinate intermediate (analogous to the ad- adduct formation with k in s-l as a function of the 
ducts formed with (C,H,),P, (C,H,),As, and molar concentration of phen. T = 25". These data apply 
pyridine) into the octahedral species. high to the slower process described in the text. 

concentiation of o-phenanthroline, the formation 
of the five coordinate s~ecies  becomes fast and a of the (excess) o-~henanthroline concentration in 

\~~ , A 

limiting process is observed in which formation Fig. 1. The expected limiting behavior is clear. 
of the six coordination species becomes observ- A remark is warranted by the relationship 
ably first order, since it is no more than isomeriza- between rate and equilibrium constants for five 
tion of the five coordinate complex to the six coordinate adduct formation collected in Table 3. 
coordinate one of the same stoichiometry. Pseduo As the attacking ligand is varied, the formation 
first order rate constants (calculated from the rate parallels the formation constant. This 
slow step in the traces) are plotted as a function skggests that the transition state is similar to 
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product with respect to the role of the attacking only obvious explanation for strong product like 
ligand. This is a little surprising since the ligand binding in the transition state is that the transition 
is attacking an "uncoordinated" position. The state lies well along the reaction coordinate be- 

cause the square planar four coordinate complex 
TABLE 3 is resistant to alteration. Such resistance is con- 

Specific rate constants and equilibrium quotients of sistent with the often suggested (') n delocaliza- 
adduct formation tion over the planar metal ligand system. 

Ligand 

Triphenylarsine 
Pyridine 
Triphenylphosphine 

Specific rate 
constant 

Equilibrium 
auotient 

1. J. H. MCCLEVERTY. Prog. Inorg. Chem. 10, 49 
(1968). 

2. C. H. LANGFORD, E. BILLIG S. I. SHUPACK, and H. B. 
GRAY. J. Amer. Chem. Soc. 86, 2958 (1964). 

3. A. DAVISON and R. H. HOLM. Inorg. Synth. 10, 15 
11 967) \---..,. 

4. G. P. KHARE, C. G. PIERPONT, and R. EISENBERG. 
Chem. Commun. 1692 (1968). 

The decomposition of aqueous dithionite 111. Stabilization of dithionite 
by cations 

W. J. LEM' AND M. WAYMAN 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto 

Received February 10, 1970 

At the same conditions of pH (3.5 to 5.0), temperature (23 "C), and concentration (1 to 10 x M), 
ZnSZO4 is more stable in aqueous solution than Na2SZ04, and the rate of decomposition is much less 
sensitive to [H+]. At pH 4.5 and 5.0, the decomposition of the Zn salt is essentially linear, whereas the 
Na2S20, decomposes slowly at first, during an induction period, and then rapidly by an autocatalytic 
reaction. The rate of decomposition of dilute aqueous Na2S204 at pH about 4 is slowed greatly by the 
addition of small quantities of In3+, CdZ+, or ZnZ+. The effect of the stabilizing ions is attributed to 
anti-catalytic action. 

Canadian Journal of Chemistry, 48, 2778 (1970) 

Introduction Experiments and Results 

ZnS204 is used industrially as a reducing agent 
or for bleaching, especially by the pulp and paper 
industry. It is unstable in aqueous solution, 
especially under acidic conditions, but the 
kinetics and mechanism of its decomposition 
have not been investigated. Qualitatively it is 
known to be more stable than Na2S,04 under 
similar conditions of pH (1). Following our 
studies of the kinetics and mechanism of the 
decomposition of Na2S20, (2, 3), aqueous 
ZnS204 was studied in the same manner. The 
dependence of its rate of decomposition on p H  
was determined. Methods of stabilizing dithionite 
by cations such as Zn2+ were tried since, if 
successful, they could be of commercial signifi- 
cance. 

'Present address: Imperial Oil Enterprises Ltd., 
Sarnia, Ontario. 

(a) Decomposition of ZnS204 
Several concentrations of ZnS204 from 0.8 to 

8.0 x M were studied, some at fixed p H  
values in the same way as aqueous buffered 
Na2S204 described in Part 1 (2), and some in 
unbuffered solution, with p H  measurement (3). 
The continuous polarographic method pre- 
viously described (4) was used to determine the 
concentration of ZnS204 against time con- 
tinuously; the experimental arrangements are 
shown in Fig. 2 of ref. 2 and Fig. 1 of ref. 3. The 
ZnS204 used was the best commercial grade 
obtainable, but was only 80 % pure, the impurities 
being mainly the sulfate and sulfite, with about 
0.3 % of each of thiosulfate and sulfide. Sodium 
acetate - acetic acid buffers were used, where 
indicated, to provide constant p H  values of 3.5 
to 5.0. The work was carried out at 23 "C. 

The decomposition of Na2S204 in aqueous 
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addition of small quantities of In3+, CdZ+, or ZnZ+. The effect of the stabilizing ions is attributed to 
anti-catalytic action. 
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kinetics and mechanism of its decomposition 
have not been investigated. Qualitatively it is 
known to be more stable than Na2S,04 under 
similar conditions of pH (1). Following our 
studies of the kinetics and mechanism of the 
decomposition of Na2S20, (2, 3), aqueous 
ZnS204 was studied in the same manner. The 
dependence of its rate of decomposition on p H  
was determined. Methods of stabilizing dithionite 
by cations such as Zn2+ were tried since, if 
successful, they could be of commercial signifi- 
cance. 

'Present address: Imperial Oil Enterprises Ltd., 
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(a) Decomposition of ZnS204 
Several concentrations of ZnS204 from 0.8 to 

8.0 x M were studied, some at fixed p H  
values in the same way as aqueous buffered 
Na2S204 described in Part 1 (2), and some in 
unbuffered solution, with p H  measurement (3). 
The continuous polarographic method pre- 
viously described (4) was used to determine the 
concentration of ZnS204 against time con- 
tinuously; the experimental arrangements are 
shown in Fig. 2 of ref. 2 and Fig. 1 of ref. 3. The 
ZnS204 used was the best commercial grade 
obtainable, but was only 80 % pure, the impurities 
being mainly the sulfate and sulfite, with about 
0.3 % of each of thiosulfate and sulfide. Sodium 
acetate - acetic acid buffers were used, where 
indicated, to provide constant p H  values of 3.5 
to 5.0. The work was carried out at 23 "C. 
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solution in this range of p H  is characterized by a 
slow "induction" period followed by a much 
more rgpid autocatalytic reaction. The decom- 
position of ZnS204 in the same p H  region does 
not follow the same course. Figure 1 shows the 
decomposition of4 x MZnS204 at pH4.0. 
It is seen that there is a gradual increase in the 
rate of decomposition, but the division into an 
induction period and an autocatalytic period is 
by no means obvious. This figure may be com- 
pared with Fig. 5 of ref. 2 showing the decom- 
position of 5 x M Na2S204 at p H  4.0. In 
the case of the sodium salt the curve is sharply 
S-shaped: an induction period of about 10 min is 
followed by a sharp decrease in concentration, 
decomposition is half complete at 14 min and 
essentially complete at 17 min. The initial rate of 
decomposition of the zinc salt is in fact somewhat 
more rapid, but the change in slope is less sharp, 
although there appears to be a distinct change 
at about 25 min, and decomposition, which is 
half complete at 30 min, is essentially complete 
at 60 min. At higher p H  the rate of decomposition 
is slower and nearly linear; decomposition is 
half complete at 40 min at p H  4.5 and at 60 min 
at p H  5.0. The rates of decomposition in terms 
of the slopes of the concentration-time curves 
initially, So, and when half the dithionite is 
decomposed, S+, are compared for these two 
salts in Table 1. 

While the data are not strictly comparable 
since they are affected by initial concentration, it 
is evident that there is a large difference in 
behavior between the two salts. The rate of 
decomposition S+ is the same as So for the zinc 
salt at the two higher pH's, decomposition being 
linear through nearly all of its course, and at the 
two lower pH's S+ is about twice So, whereas for 
the sodium salt S+ is about 10 to 20 times So. 

TABLE 1 
Decomposition of aqueous zinc and sodium 

dithionites at  constant pH* 

*So and S+ in mole I- '  s-I x loG. 

Thus the evidence for the rapid autocatalytic 
reaction characteristic of aqueous sodium di- 
thionite is absent with the zinc salt in this range 
of pH. Also So is much less sensitive to p H  for 
aqueous zinc dithionite, being about twice as 
great at p H  3.5 as at p H  5.0, whereas So for 
sodium dithionite solutions is about 15 times 
greater for the same difference in pH. It is also 
noteworthy that So is smaller for aqueous 
sodium dithionite than for the zinc salts at 
p H  4 to 5. 

The form of the rate law for the decomposition 
of Na2S204 was shown (2) to be as in eq. [I] 

where C is the concentration of dithionite at 
time t, in mole 1-' ; Co is the initial concentration 
of dithionite, in mole I-'; [H'] is hydrogen ion 
concentration, in mole 1-l; k, and k2 are rate 
constants, and m, n, p, q, and r are orders of 
reaction. 

The slopes So, S+, and AS = S+ - So/2 were 
measured and their logarithms plotted against 
log Co and log [H'] to obtain the reaction 
orders (2), listed in Table 2. The average value of 
reaction order n was 0.905, which is close to 1, 
as was the case with Na2S204. The average value 
of reaction order m was 0.27, compared to 1 for 
Na2S204, reflecting the reduced dependence on 
acidity of the initial rate of decomposition of 
aqueous ZnS,04 compared to the sodium salt in 
this p H  range. 

In the plots of log AS against log [H'] to 
obtain reaction order p, the slopes varied greatly 
from 0.15 to 0.80 at Co of 8 to 0.8 x M. 
When log AS was plotted against log Co to 
obtain reaction order (q + r), the curves were 
not linear. The non-linearity and variable slopes 
were thought to be caused by the impurities in 
the ZnS204 used. To test this, very pure 
(99.999%) z n 2 +  was added to the purest 
Na2S204 obtainable (98 "/,);in equimolar propor- 
tions at 1 and 10 x M, at p H  4.0 and 4.5. 
The average value of n was 0.856 (compared to 
0.905) and  of m was 0.31 (compared to 0.27), 
both of which may be considered to be in 
reasonable agreement with the results obtained 
with aqueous ZnS20,. In the plots of log AS 
against log [H'], the slopes, reaction order p, 
varied from 0.03 to 0.380 at Co of 10 and 
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TABLE 2 
Determination of the orders of reaction 

for the decomposition of aqueous ZnS20, 

(a) From the plot of log So vs. log Co 
- -- 

PH Slope, n 

3.5 0.95 
4.0 0.95 
4.5 0.87 
5.0 0.85 

(b) From the plot of log So vs. log [Hi] 

co, M x lo3  Slope, m 

(c) From the plot of log AS vs. log [H+] 

co, M x lo3  Slooe. D 

(d) From the plot of log AS vs. log Co 

Slope, 
p H  (4 + r )  

1 x loF3 M. It was apparent that the decom- 
position of aqueous dithionite followed a similar 
path when Zn2+ was added to Na2S204, or when 
the solution was made by dissolving ZnS204. 

(6) Stabilization of Dithionite Solutions 
The stabilization effect of various cations on 

dithionite solutions was studied. Preliminary 
studies (5) showed that certain cations, Pb2+, 
Co2+,  Bi3+, Sb3+, A13+, reacted with dithionite 
to form sulfides or other products which rendered 
them unsuitable as stabilizers, while a few others 
were effective in stabilizing aqueous Na2S20,. 
This last group consisted of In3+, Cd2+, and 
Zn2+. Their effect on the rate of decomposition 
was studied extensively both at constant p H  and 
in unbuffered solution. The same methods, 
polarographic concentration vs. time, were em- 
ployed. Concentrations of Na2S204 were 1, 5, 
and 10 x l o p 3  M, added cations were at 0.01, 

0.1, 1.0, and 10 x l o p 3  M a n d 9 p H ,  when 
controlled, was at  4.0 or 4.5. Only very pure 
cations were used. 

Figures 2 and 3 show the decomposition of 
5 x M Na2S204 in unbuffered solution 
with 0.01 and 0.1 x l o p 3  M Zn2+, the figures 
showing the concentration of dithionite against 
time and the changes in pH. As the Zn2+ con- 
centration was raised from 0.01 x to 
0.1 x M, the initial rates of decomposition 
So decreased from 1.28 x to 0.56 x 
mole 1-I s-I, and S,. from 6.95 x to 
3.29 x mole 1-Is- ' ,  the induction period 
of about 7 min was increased to about 20 min, and 
the time for + decomposition increased from 12 
to 32 min. These are rather large effects consider- 
ing that the higher Zn2+ concentration is only 
2 % of the dithionite concentration. 

The p H  changes were similar to those reported 
previously for Na2S204 (3), that is, the p H  
initially about 4.5 in these experiments fell during 
the induction period, rose during the period of 
rapid decomposition, and then fell again during 
the last part of the decomposition. The p H  
changes of f 1 unit must be considered very 
large in terms of production and consumption 
of H +  since these are very dilute dithionite 
solutions. 

The data obtained in buffered solutions a t  
p H  4.0 and 4.5 are summarized in Table 3, where 
So and S+ are shown for 3 concentrations of 
added cation, Zn2+, In3+ or Cd2+,  at  3 concen- 
trations of dithionite. When these cations were 
added the decomposition pattern was in most 
cases altered in favor of stabilizing the Na2S204. 
The concentration limits for stabilization were 
wider at p H  4.5 than at p H  4.0. The pattern of 
decomposition at  p H  4.5 was as follows: 

( i )  In 10 x M Na2S204, In3+, Cd2+,  or 
Zn2+ at 10 x M or 1 x lop3  M gave 
linear or nearly linear decomposition curves, 
S,/So being 1 to 3 instead of about 20 in pure 
N ~ , S ~ O ,  solution. At 0.1 x loe3 M, the added 
cations had very little stabilizing effect. 

(ii) In 5 x l o p 3  M Na2S204, the three ions 
had a considerable stabilizing effect, although the 
lowest concentration of Cd2+ appears to be 
anomalous. 

(iii) The rate of decomposition of 1 x M 
Na2S204 is quite low, and the effects of the added 
cations were very small. 

The stabilizing effects of the three cations a t  
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TABLE 3 

Rates of decomposition of aqueous Na2S204 with added cations* 

No  cation 
added Added 1n3 + CdZ+ ZnZ+ 

[NazSz043] cation, 
M x 10- So s.+ M x lo-3  so SI, so s+ So s, 

*So and S+ in mole I - '  S-' x lo6. 

pH4.0 were similar to those at pH4.5 except that 
at 10 x M Na2S204, 1 x M Zn2+ 
had little or no stabilizing effect; at 5 x M 
Na2S204 Zn2+ was ineffective at 1 x M 
and all three ions were ineffective at 0.1 x 

M. Thus 1n3+ and Cd2+ had a broader 
range of effective concentrations than Zn2+ at  
p H  4.0. 

Discussion 

The slow decomposition reaction in the induc- 
tion period has been described (3) as the 
hydrolysis of HS204- 

L2 1 S204'- + H +  $ HS204- 

The more rapid reaction, represented as 

[4] HSz04- + HS02- -t S ~ 0 3 ~ -  + HSO3- + H +  

is catalyzed by election acceptors such as sulfide 
or sulfur which result in free radical formation 
(3,  6) 

The shapes of the decomposition curves and the 
data, such as those of Table 3, suggest that the 
function of the stabilizing cations is anti-catalytic. 

The sulfides of these three cations have extremely 
low solubility, and the ions may function by 
removing the catalytic sulfides from solution. 

Conclusions 

(1). The rate of decomposition of dilute 
aqueous ZnS204 in the p H  range 3.5 to 5.0 is 
slower than that of aqueous Na2S204 at 23 "C, 
and is much less sensitive to [H']. At p H  4.5 and 
5.0 the decomposition of the Zn salt is essentially 
linear, whereas Na2S204 decomposes slowly at  
first during an induction period, and then 
rapidly by an autocatalytic reaction. 

(2). The rate of decomposition of dilute 
aqueous Na2S20, at p H  about 4 is slowed 
greatly by the addition of small quantities of 
1n3+, Cd2+,  or Zn2+. 

(3). The effect of the stabilizing ions is at- 
tributed to anti-catalytic action. 

This work was carried out at the University of Toronto, 
assisted by grants from the National Research Council 
of Canada and the Department of University Affairs of  
the Province of Ontario. One of us (W.J.L.) is grateful 
for an NRCC Scholarship held during 1967-1969. 

1. 0. V. INGRUBER and J. KOPANDIS. Pulp and Paper 
Mag. of Can. 68, 258 (June, 1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 2785 

2. W. J. LEM and M. WAYMAN. Can. J. Chem. 48, 776 1969; see also 0. BRUNCK. Annalen, 327, 240 (1903) 
(1970). and 327, 281 (1903); M. WAYMAN, C. B. ANDERSON, 

3. M. WAYMAN and W. J. LEM. Can. J. Chem. 48, 782 W. J. LEM. and W. H. RAPSON. TaDDi. 52. 89 

University of Toronto. 338 (1969). 

Spin-lattice relaxation in liquid ethylene chloride 
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The proton spin - lattice relaxation time of ethylene chloride in deuterated ethylene chloride was 
determined as a function of concentration and temperature over the temperature range 230 to 390 OK. I t  
was found that the activation energy for the total spin-lattice relaxation as well as for the intra-molecular 
contribution to the total spin-lattice relaxation was 2.0 kcal/mole and was nearly equal to the activation 
energy for viscous flow, viz. 2.3 kcal/mole. 

Canadian Journal of Chemistry, 48,2785 (1970) 

Introduction 

Linder (1) found that the activation energy for 
the proton spin - lattice relaxation in pure solid 
ethylene chloride was 1.5 kcal/mole and in pure 
liquid ethylene chloride 0.6 kcal/mole. He at- 
tributed the spin-lattice relaxation in the solid 
state to a rocking motion of the molecule and in 
the liquid state to an end-over-end tumbling 
motion of the molecule. Now the activation 
energy for viscous flow for pure liquid ethylene 
chloride i.e. the value of the parameter E in the 
equation q = q0  exp (- EIRT) is 2.3 kcal/mole 
(2) and one would expect that the activation 
energy for molecular tumbling should be of the 
same order as the activation energy for viscous 
flow, unless of course the main or significant 
contribution to the total spin-lattice relaxation 
comes from some internal molecular motion or 
from spin-rotation interaction. To clarify this 
point we repeated and extended the earlier mea- 
surements of Linder on the spin-lattice relaxation 
time of ethylene chloride in pure liquid ethylene 
chloride. In addition we also determined the 
spin-lattice relaxation of ethylene chloride in 
solution of deuterated ethylene chloride as a 
function of concentration and temperature. 

Experimental 
Solvent 

The deuterated ethylene chloride, 99.5 atom % D was 
obtained from Merck, Sharp, and Dohme of Canada, 
Ltd., and was used without further purification. 

Solute 
The ethylene chloride was obtained from Eastman 

Organic Chemicals. It was redistilled once under reduced 
pressure and stored in a dark bottle. 

Apparatris and Procedure 
The apparatus used and procedure followed have been 

described elsewhere (3). The temperature of the samples 
was maintained constant within + 0.2 "C by means of a 
gas (nitrogen) flow thermostat. 

Results and Discussion 

The experimental results are summarized in 
Table 1. If log TI (TI is the relaxation time) for 
each concentration is plotted vs. the reciprocal 
of the absolute temperature, 1/T, there results a 
family of straight lines of nearly equal slope. 
From the slope of the line for pure ethylene 
chloride (shown in Fig. I), there results an activa- 
tion energy of 2.0 kcal/mole. The activation 
energy values derived from the temperature de- 
pendence of the spin-lattice relaxation of the 
other four solutions varied from 1.95 to 2.10 
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Introduction 

Linder (1) found that the activation energy for 
the proton spin - lattice relaxation in pure solid 
ethylene chloride was 1.5 kcal/mole and in pure 
liquid ethylene chloride 0.6 kcal/mole. He at- 
tributed the spin-lattice relaxation in the solid 
state to a rocking motion of the molecule and in 
the liquid state to an end-over-end tumbling 
motion of the molecule. Now the activation 
energy for viscous flow for pure liquid ethylene 
chloride i.e. the value of the parameter E in the 
equation q = q0  exp (- EIRT) is 2.3 kcal/mole 
(2) and one would expect that the activation 
energy for molecular tumbling should be of the 
same order as the activation energy for viscous 
flow, unless of course the main or significant 
contribution to the total spin-lattice relaxation 
comes from some internal molecular motion or 
from spin-rotation interaction. To clarify this 
point we repeated and extended the earlier mea- 
surements of Linder on the spin-lattice relaxation 
time of ethylene chloride in pure liquid ethylene 
chloride. In addition we also determined the 
spin-lattice relaxation of ethylene chloride in 
solution of deuterated ethylene chloride as a 
function of concentration and temperature. 

Experimental 
Solvent 

The deuterated ethylene chloride, 99.5 atom % D was 
obtained from Merck, Sharp, and Dohme of Canada, 
Ltd., and was used without further purification. 

Solute 
The ethylene chloride was obtained from Eastman 

Organic Chemicals. It was redistilled once under reduced 
pressure and stored in a dark bottle. 

Apparatris and Procedure 
The apparatus used and procedure followed have been 

described elsewhere (3). The temperature of the samples 
was maintained constant within + 0.2 "C by means of a 
gas (nitrogen) flow thermostat. 

Results and Discussion 

The experimental results are summarized in 
Table 1. If log TI (TI is the relaxation time) for 
each concentration is plotted vs. the reciprocal 
of the absolute temperature, 1/T, there results a 
family of straight lines of nearly equal slope. 
From the slope of the line for pure ethylene 
chloride (shown in Fig. I), there results an activa- 
tion energy of 2.0 kcal/mole. The activation 
energy values derived from the temperature de- 
pendence of the spin-lattice relaxation of the 
other four solutions varied from 1.95 to 2.10 
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TABLE I 
Proton spin - lattice relaxation time of C2H4CI2 in C2D4C12 as a function 

of temperature and concentration* 
-- 

TI, for concentration of C2H4CI2 in C2D4C12 (mole %) = 
Temperature 

(OK) 18.05 38.90 63.80 76.20 100.00 

*T, in seconds. 

kcal/mole. Finally the activation energy derived 
from the temperature dependence of the extrap- 
olated value of the spin-lattice relaxation time, 
i.e. the intra-molecular contribution to the over- 

2,8-0 
all relaxation rate, was also found to be 2.0 
kcal/mole. As has already been mentioned in 
the Introduction, the activation energy for vis- 
cous flow is 2.3 kcal/mole. From the close agree- 2.4- 
ment between the activation energy values for 
viscous flow and that for the spin-lattice relax- 
ation mechanism, it would seem that the chief 
contribution to the latter is indeed the end-over- 5 2.0- 

end tumbling motion of the molecule as first 
suggested by Linder. This conclusion is further 
corroborated by the fact that the intra-molecular 
spin-lattice relaxation rate, at all temperatures '6 

studied, is about three times larger than the 
inter-molecular relaxation rate. Now if it is 
assumed that the nuclear magnetic relaxation is 
due mainly to the dipole-dipole interaction be- 

L X 1 o 3  T 

'" 2:6 ' 20  ' 3:0 ' 3,'2 ' 3:1 3.6 3.8 40 4.2 

tween neighboring spins then the intra-molecular 
contribution arises from the rotational motion of 
the molecule and the inter-molecular contribution FIG. 1. Plot of In TI vs. l/Tfor pure ethylene chloride. 

from the translational motion of the molecule. 
Moreover, it is possible, following Powles (4) and lattice relaxation is in agreement with the above 

Torrey (5), to obtain from the measured valiles of suggestion. 
the inter- and intra-molecular contributions to the 

We thank Dr. J .  Czubryt for his help in the analysis overall spin-lattice relaxation rate an estimate for of the numerical data. The financial assistance of the 
the molecular rotational reorientation time, z,, National Research Council of Canada is gratefully 
and for the molecularjump time, z,, for the mol- acknowledged. 
ecule in the liquid state. The result for 20 "C is: 
T, = 8.6 x 10- l2  s, and z, = 54 x s. The 1. S. LINDER. J. Chem. Phys. 26, 900 (1957). 
relative magnitudes of these values suggest that 2. International critical tables. Vol. VII. McGraw-Hill 

Book Co., Inc., New York and London. 1930. p. 213. 
the molecular motion in the licluid state is dom- 3. E. BOCK and E. TOMCHUK. Can. J. Chem. 47, 2301 
inated by rotational diffusion.- he fact that the (1969). 

4. J. G. POWLES. Ber. Bunsenges. Phys. Chem. 67, 328 
energy of activation for viscosity is equal to the (1963). 
energy of activation for the intra-molecular spin- 5. H. C. TORREY. Phys. Rev. 92, 962 (1953). 
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The preparation and vibrational spectra of some phenylchlorostannates 

I. WHARF, J. Z. LOBOS, AND M. ONYSZCHUK 
Department of Chemistry, McGill University, Montreal, Quebec 

Received January 9, 1970 

The preparations of tetra-alkylarnrnoniurn salts of the [(C6Hs)ZSnC13]-, [(C6Hs)2SnC14]2-, and 
[(C6H5)3SnC12]- ions are described. Infrared spectra (1300-100 cm-') and Raman (400-100 cm-') 
spectra are reported and an assignment of the bands is made. 
Canadian Journal of Chemistry, 48,2787 '(1970) 

Infrared spectra have been reported for adducts 
of alkyltin halides with neutral ligands (I), di- 
methylhalostannate salts (2), and neutral com- 
plexes of diphenyltin dihalides (3), but little is 
known about the corresponding anionic com- 
plexes. Several phenylhalostannates, possibly 
six-coordinate, were prepared sixty years ago (4), 
while recently some probable five-coordinate 
species have been identified in solution (5) and 
precipitated with the tetraphenylarsonium ion 
(6). A brief note has appeared on the preparation 
and far-infrared spectrum of [(CH,),N ] [(C6- 
H,),SnCl,] (7), but the interpretation has already 
been questioned by the original author (8). In 
this article we report the preparation and vibra- 
tional spectra of some phenylchlorostannate 
salts and provide tentative assignments which are 
consistent with those reported in the literature for 
related compounds. 

The phenylchlorostannate salts reported in 
Table 1 were prepared by the addition of a hot 
(-90") solution of the tetra-alkylammonium 
chloride in n-propanol(50 ml) to a solution of the 

phenyltin chloride in n-propanol(30 ml), follow- 
ing Srivastava's method (7). The salts precipitated 
after the mixtures were cooled to 0" or evaporated 
to half-bulk before cooling. They were filtered 
off, washed with ice-co!d propanol and ether, and 
dried in a vacuum at 65'. In the preparation of 
[(CH,),N], [(C,H,),SnCl,], it was necessary to 
saturate the hot propanol solution of [(CH,),- 
N]Cl with HCI before the diphenyltin dichloride 
solution was added to it. 

Infrared spectra in the range 1300 to 400 cm-' 
are given in Table 2 for completeness; the modes 
described by Whiffen (9) for the C6H,X system 
account for practically all the observed bands. Of 
the three "X"-sensitive vibrations that occur in 
this range two are easily recognized as the bands 
of medium to strong intensity near 1060 (q) and 
450 (y) cm-'. These lie between the values of the 
respective modes for bromobenzene and iodo- 
benzene. The assignment of the weak absorption 
near 650 cm-' to the third "Xu-sensitive mode 
is consistent with this trend. 

Raman and infrared spectra in the 400 to 100 

TABLE 1 
Preparations and analyses of the phenylchlorostannate salts 

-- -- 

Analysis (%)t 
Me1 ting 

Reactants Product (yield) point* C H N CI 

*Melting points were measured with a Kofler block. 
tMicroanalyses were by Schwarzkopf Microanalytical Laboratory, Woodside, New York. Chloride was determined by Volhard's method. 

Expermental results are shown directly underneath corresponding calculated values, 
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TABLE 2 
Infrared spectra* (1300-400 crn-') of some tetraalkylarnrnoniurn phenylchlorostannates 

- - -- 

KC-H) 

KC-H) 

KC-H) 
KC-H) 

X-sensitive 

KC-H) 

Ring 
y(C-H) 
y(C--H) 

y(C-H) 

y(C-H) 

y(C-H) 

$(C-C) 

X-sensitive 

a(C-C-C) 

X-sensitive 

1265 vw 
(1181) wrn 

1172 rn 

1156 w 
1070 w 

1065 wrn 
1053 w 

(1029) vw 
1021 w 
1018 w 
995 rn 

916 vw 

853 vw 
(789) sh 
(784) rn 

740 s 
722 sh 

696 s 

672 vw 
660 vw 

452 s 
448 s 

1184 w 

1169 
1167 w 
1155 w 
1068 wm 

1060 sh 

(1023) rn 
(1015) wsh 

998 wm 

970 vw 
(952) sh 
(943) vs 
915 vw 
910 vw 

734 vs 
732 vs 

694 vs 

658 vw 

(462) vs 

1259 vw 
(1 180) rn 

1154 w 
1071 rn 
1066 rn 
1060 rn 

(1029) wrn 

1020 m 

996 rn 
984 vw 
966 vw 

917 vw 

(794) w 
(789) 

743 s 
738 sh 

699 s 

656 w 
652 w 
621 vw 

454 s 
443 m 

'Infrared spectra werc recorded on a Perkin-Elmer 521 spectrometer using samples in Nujol mulls. 
twhiffen's notation, ref. 9. Frequencies in  parentheses are in part or totally due to cation vibrations. 

cm-' range are given in Table 3 together with 
data for (C6H5),SnC12 (1 I), (C6H5)3SnCl (1 I), 
and (C6H5)2SnC12.dipy (3). Complete analysis of 
these spectra cannot be made because the struc- 
tures of the anions reported here are not known, 
although they are undoubtedly related to the well- 
known octahedral SIICI,~- and the trigonal bi- 
pyramids: SnC1,- (10). Nevertheless, reasonable 
empirical assignments for the phenyl group "X"- 
sensitive vibrations (t), (u), and (x), and the 
Sn-Cl stretching and bending modes can be 
made by comparing these spectra with those of 
tetracovalent phenyltin chlorides (11) and six- 
coordinate diphenyltin dihalide complexes with 
neutral ligands (3). The assignments for [(C6- 

H,),S~CI,]'- follow logically from a comparison 
of its spectrum with that of (C6H5),SnC12.dipy. 
Since the frequencies near 280 and 235 cm-' (t) 
and (t'), respectively, corresponding to mainly 
tin-phenyl stretching modes, alter little on going 
from (C6H5),SnC1, (I I) to [(C6H5),~nC1,12-, 
the same assignments were made for the bands at  
285 and 235 cm-' in the spectrum of the inter- 
mediate [(C,H5),SnC13]- ion. This leaves bands 
near 330 and 250 cm-' to be assigned to Sn-Cl 
stretching vibrations. 

Similarly, a comparison of the spectra of 
(C6H5)3SnCland [(C6H5)3SnC12]- strongly indi- 
cates that in the latter asymmetric and symmetric 
Sn-C stretching modes occur near 275 and 235 
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cm- ', respectively, leaving a band near 240 cm- ' 
to be assigned to a Sn-C1 stretching mode. The 
second Sn-C1 stretching mode in [(C,H,),- 
SnC12]- expected to be Raman and infrared 
active may overlap with the asymmetric Sn-C 
stretching vibration at 275 cm-'. 

The assignment of bands in the 220 to 150 cm- ' 
region to phenyl group "X"-sensitive modes (u) 
and ( x )  follows that made for (C6Hs),SnCl, and 
(C,H,),SnCl (1 1). Bands below 150 cm-' are 
tentatively attributed to Sn-Cl deformation 
vibrations. Unfortunately the spectra of corre- 
sponding bomide complex ions are not available 
to test the empirical assignments made in Table 3. 

Evidently there is a marked decrease in Sn-Cl 
stretching frequencies with increasing coordina- 
tion number (Table 3), an effect which agrees 
with a mainly ionic character for the Sn-Cl 
bond (1 2). The tin-phenyl stretching frequencies 
are little changed with higher degrees of coordina- 
tion, indicating that the strength of the tin-phenyl 
bond is virtually unchanged under these circum- 
stances. A similar effect has been noted for 
alkyltin halide adducts, both neutral and anionic 
(1,2). This suggests that the Sn-C bonds in these 

compounds are primarily covalent and relatively 
unaffected by changes in the coordination num- 
ber of the central tin atom. 

The financial support of the National Research Council 
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ton, Illinois. 
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Erratum: Electron spin resonance studies of radiation damage. Part 111. \I 

Gamma irradiated acetonitrile 
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The legend to Fig. 1 on p. 1781 should read removal fiom the gamma source, in the dark, 
as follows: "Fig. 1. The e.s.r. spectra of gamma gain setting 160, (b) immediately after photo- 
irradiated acetonitrile at 77 OK: (a) 5 min after bleaching, gain setting 32." 
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The mass spectra of exo-2-norbornyl chloride and several deuterated analogues have been examined 
in detail with particular regard to metastable peaks involving the molecular ions and norbornyl cations. 
The molecular ion does not undergo Wagner-Meerwein isomerization prior to fragmentation; in the 
norbornyl cation the hydrogen atoms have lost their identity as shown by random H and D loss when 
the ion ejects an ethylene molecule. Metastable ion analysis is proposed as a method for studying the 
participation of norbornyl carbonium ions in the preparation of 2-norbornyl chloride. 

Canadian Journal ofchernistry, 48,2791 (1970) 

I Introduction 

Bunton and Del Pesco (1) have described the 
mass spectra of exo-2-norbornyl chloride and 12 
of its methyl derivatives. They had difficulty in 
interpreting some of the spectra owing to the 
possibility of thermally induced decompositions 
and Wagner-Meerwein isomerizations. The latter 
effect made it uncertain as to whether the 
molecular ions themselves underwent such a 
rearrangement prior to fragmentation. 

We report here a detailed investigation of the 
mass spectra of exo-2-norbornyl chloride and 
some of its deuterated derivatives. We found the 
spectra of these compounds to be rich in meta- 
stables, in contrast with the earlier work (I) where 
few were observed. We have made considerable 
interpretative use of metastable peaks and their 
relative intensities in the labeled compounds. 

Results and Discussion 

The mass spectrum of exo-2-norbornyl chloride 
(1) is shown as Fig. 1 ; it agrees well with the pre- 
viously tabulated data (I).  Table 1 lists the twelve 
most prominent metastable peaks observed, their 
relative abundances and the fragmentations re- 

sponsible for their genesis. Although even the 
most intense metastable (mle 34.6) is of low 
abundance, - 0.05% relative to the base peak, 
C5H, 1?7/e 68, little difficulty was experienced in 
identifying some 25 metastable peaks. It is note- 
worthy that there is no metastable peak arising 
from the formation of the base peak, C5H, mle 
68; the metastable at mle 35.3 (1 3 1 -, 68) corre- 
sponds to the natural 13C content oft??/e 67 which 
arises in part from the molecular ion by elimina- 
tion of a C,H,Cl radical. There are two likely 
sources of the base peak, namely the molecular 
ion and the norbornyl cation n?/e 95. In order to 
elucidate this and other features of the frag- 
mentation mechanism a number of deuterium 
labeled compounds were prepared; 3,3-d2-exo-2- 
norbornyl chloride (2), and 3,3,2-d3-exo-2-nor- 
bornyl chloride (3), were prepared by treating. 
3,3-d2-endo-2-norborneol, and 3,3,2-d3-endo-2- 
norborneol with triphenyl phosphine in CCl, (2); 
6-dl-exo-2-norbornyl chloride (4), was prepared 
by the addition of DCl to nortricyclene at - 78 "C 
(3). The mass spectra of these labeled compounds 
were closely similar to that of 1;  the major 
differences lay in the relative intensities of the 
peaks mle 67, 68, 69, and 70. These are listed in 
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40 60 80 100 120 140 
m / e  

FIG. 1. The mass spectrum of exo-2-norbornyl chloride. 

TABLE 1 

Metastable (m*) peaks observed in the mass spectrum 
of exo-2-norbornyl chloride 

tn/e of m* Relative 
intensity Generating 

Observed Calculated % fragmentation 

Table 2 together with the norbornyl and mo- 
lecular ions. The changes of relative intensity in 
this group of peaks did not permit conclusive 
identification of the fragmentation mechanism 
leading to their production and so the metastables 
corresponding to  the loss of C,H, and its labeled 
analogues from the norbornyl cation and to  
C,H,Cl (and deuterated chloroethyl radicals) 
lost from the molecular ion were carefully 
examined. These metastables are shown in Figs. 
2 and 3, respectively. I t  was fbund that the 
relative heights of the metastables were not a 
function of electron energy (provided that both 
parent and daughter ion remained in the spec- 

trum). In order to  facilitate their measurement 
the metastables illustrated in Figs. 2 and 3 were - 
obtained a t  electron energies of - 20 eV, a voltage 
a t  which the integral-mass peaks in the same 
region as the metastables were of low abundance. 
The relative intensities of these metastables are 
given in Table 3, the peak heights having been 
averaged from a series of scans. On  the as- 
sumption that the heights of metastable peaks 
are directly proportional to  the abundances of 
their precursor ions (for which there is precedent 
(4)), we have drawn the following conclusions. 

The results obtained from compounds 2 and 3 
reveal three important features of the fragmenta- 
tion mechanism. 

(i) The molecular ion does not undergo a 
Wagner-Meerwein rearrangement prior to frag- 
mentation by elimination of a chloroethyl radical, 
because it loses only carbons 2 and 3, together 
with the deuterium, hydrogen, and chlorine 
atoms attached thereto. This is illustrated by the 
metastables shown in Fig. 3 and listed in Table 3. 
The origin of the fourth hydrogen atom can be 
inferred from the behavior of compound 4 (see 
below). 

(ii) When the norbornyl cation, mle 97 (2), 
mle 98 (3), m/e 96 (4) dissociates by ejecting 
ethylene, hydrogen and deuterium are lost in a 
completely random manner; the random-loss 
ratios for hydrogen and deuterium in the labeled 
ethylenes are shown in Table 3 together with the 
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HOLMES ET AL.: MASS SPECTRUM OF EXO-2-NORBORNYL CHLORIDE 

I cb-" 
47.25( M-CI)-C2Hq 

FIG. 2. Metastables arising from the process (norbornyl cation-ethylene) -> Cs(H, D),. 

observed intensity ratios for the corresponding nortricyclenel that the bicyclic structure is prob- 
metastable peaks, which are illustrated in Fig. 2. ably no longer present. These results also elim- 
This does not allow conclusions to be drawn inate such organized structures as the protonated 
concerning the arrangement of the carbon atoms nortricyclenium ion observed by Olah et al. (5) 
in this ion; we can, however, infer from the 
behavior of the molecular ions of norbornene and 'Results to be published. 
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FIG. 3. Metastables arising from the process (molecular ion-chloroethyl radical) + C5(H, D),. 

in solution and inferred as existing in the gas norbornyl cation it is therefore unlikely to be the 
phase by Spencer and Mo (6). Determination of precursor of the base peak. The latter almost 
the symmetry of the carbon skeleton is attendant certainly proceeds from the molecular ion directly 
upon a 13C labeling experiment. by loss of C,H3C1, i.e. by loss of carbon atoms 2 

(iii) The base peak remains at iz/e 68 in 2 and 3 and 3 together with the atoms originally attached 
and is shifted to inle 69 in 4. Since hydrogen atoms thereto. 
are randomly lost in fragmentation of the The origin of the fourth hydrogen atom elim- 
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TABLE 2 

Relative intensities of the peaks m/e  67-70, the norbornyl cation and molecular ion (35Cl) 

Relative intensity (corrected for 13C contributions) 

Corn- Norbornyl 
pound m / e  = 67 m/e  = 68 m / e  = 69 m / e  = 70 cation M + .  

TABLE 3 

Relative intensities of metastables in labeled compounds 
Loss of ethylene from the norbornyl cation* 

--. 
- 

(M-C1)-C2 H, '(M-CI)-C~H~D (M-C1)-CzHzD2 (M-CI)-C2HD3 

Corn- Relative Relative Relative Relative 
pound mle intensity m / e  intensity m / e  intensity m / e  intensity 

2 49.1 4 0 k 2  47.7 48+2 46.3 1 2 k 2  - - 
38 (calcd.) 51 (calcd.) I I (calcd.) 

3 50.0 22 + 2 48.6 5 0 2 2  47.2 25 +_ 2 45.8 3 + 2  
21 (calcd.) 51 (calcd.) 25.5 (calcd.) 2 .5  (calcd.) 

I 
1 4 48.2 6 4 k 2  46.8 36+ 2 - - - -- 

64 (calcd.) 36 (calcd.) -. 

Loss of chloroethyl radical from the molecular ion 

Corn- Relative Relative Relative Relative 
pound m/e  intensity m / e  intensity tn/e intensity tnle intensity 

2 - - - - 34.0 100 - - 
3 - - - - - - 33.8 100 
4 35.3 4 9 2  1 34.3 51 + 1 - - - - 

*The calculated figures are for random hydrogen and deuterium loss. 

inated in C,D,HCl in 3 (and C2D2H2C1 in 2 etc.) 
can be ascertained from the behavior of com- 
pound 4. Brown and McIvor (3) showed (by 
means of nuclear magnetic resonance spectra 
obtained using a 220 MHz instrument) that the 
addition of DC1 to nortricyclene in CHC1, solu- 
tion at - 78 "C, yields pure exo-2-norbornyl 
chloride with the D atom 50 f 3% at the 6-endo- 
position and 43 f 3% at 6-exo; the remainder, 
6%, was believed to be at the 7-anti-position. We 
observe that 4 eliminates both C,H4C1 (49%) and 
C2H3DC1 (51%) from the molecular ion, see 
metastables in Fig. 3. This result is compatible 
with the fourth H atom originating from the 6-  
position; either the endo- and exo-hydrogen 
atoms are equivalent (in which case 46.5 + 3% 
of the 6-hydrogen contained in the chloroethyl 
radical lost from 4 would be deuterium) or the 

loss is specifically the 6-exo- or 6-endo-hydrogen 
atom. Both possibilities are within the experi- 
mental errors. 

Brown and McIvor (3) also reported on the 
position of deuterium in exo-2-norbornyl chloride 
prepared by the addition of DC1 to norbornylene, 
also in CHCI, solution at -78 "C. They showed 
that the reaction produced pure exo-2-norbornyl 
chloride with all the deuterium at the 3-exo- or 
7-syn-positions in the ratio 55:45 f 3%, respec- 
tively. In order to test the possible use of relative 
metastable intensities as an analytical tool in these 
or similar labeled systems we prepared the com- 
pound 5 as described above and examined the 
metastables for C2H4C1 and C2H,DCl loss from 
the molecular ion. The result is shown in Fig. 3; 
we find the ratio of the metastable intensities to 
be 56:44 i 1%, respectively, and therefore con- 
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[Norbornyl cation] 
mle 95 

\ \ 

SCHEME 1. Fragmentation mechanism of exo-2-norbornyl chloride. 

clude that 56% of the deuterium is in the 3- 
position, in excellent agreement with the observa- 
tions of Brown and McIvor. Certainly, such mass 
spectral analyses are not as specific as those 
obtained by the use of n.m.r. spectra but in this 
work they yield useful quantitative values for the 
proportions of deuterium substituted in the 2-, 3-, 
and 6-positions in norbornyl chloride. Labeled 
endo-3dl-exo-2-norbornyl chloride was also pre- 
pared from the endo-3dl-endo-2-alcohol by the 
SOC1,-pyridine method (7). Analysis of the 
M-C2H4C1, M-C,H,DCl metastable peaks 
indicated that 45% of the deuterium was on the 
3-carbon atom (adjacent to that bearing chlorine). 
Both this and the previous result indicate par- 
ticipation of the 2-norbornyl carbonium ion in 
the method of preparation; this ion can yield 
isomeric products via a Wagner-Meerwein re- 

arrangement (considering the ion to be classical) 
i.e. 

We also conclude that the triphenylphosphine- 
CCl, method of preparing the chloride does not 
involve a norbornyl carbonium ion since there 
was no evidence of halogen substitution other 
than in the exo-2-position. These results were 
confirmed by n.m.r. spectra. 

The propased fragmentation mechanism for 
exo-2-norbornyl chloride is shown in Scheme 1 
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in which the major and some minor fragmentation 
routes are depicted. The major difference between 
Scheme 1 and that previously proposed (1) lies in 
the origin of mle 67 which was shown as arising 
only from mle 68 by H loss and from the norbornyl 
cation by ethylene loss. 

From the relative intensities of the metastables 
corresponding to ethylene loss from the norbornyl 
cation in the labeled compounds, one may cal- 
culate the contributions of the daughter peaks to 
the series of ions m/e 67-70. By difference, the 
proportions ofmle 67 and inle 68 which arise from 
chloroethyl radical and C,H,Cl loss, respectively, 
from the molecular ion, can be evaluated. Com- 
paring the spectra of the labeled and unlabeled 
compounds one can then readily show that at 
most 15% of the C,H,+' ion in 1 dissociates by 
H loss. This result makes the structure of this ion 
questionable because molecular ions of this 
formula mostly lose H to yield an intense or base 
peak at m/e 67 or display a major fragment ion 
at mle 53 (8). 

Experimental 
The mass spectra were obtained using a Hitachi 

RMU-6D instrument. Unless otherwise stated all spectra 

were obtained at  70 eV. Samples were introduced via the 
liquid inlet system and this and the ion source were 
maintained at temperatures below 50 "C to avoid thermal 
decomposition. 

The 3,3-d2-endo-2-norbornyl alcohol was prepared 
from norcamphor which was dideuterated by exchange 
with alkaline D 2 0 .  The labeled norcarnphor was reduced 
with LiAIH4. The 3,3-exo-2-d3-endo-2-alcohol was pre- 
pared similarly using LiAlD4 as reducing agent. 

The authors are indebted to Mr. A. Philpot for 
assistance in obtaining the mass spectra. J.H. and D.M. 
thank the National Research Council of Canada for 
financial support. 
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Electron spin resonance spectra of the triple ions [Na2-pyrazine] + 

and [Na2-tetramethylpyrazine] + 

S. A. AL-BALDAWI AND T. E. GOUGH' 
Departmerzt of Chemistry, Ut~iuersity of Waterloo, Waterloo, Ontario 

Received May 13, 1970 

Reduction of pyrazine (P) and tetramethylpyrazine (TMP) by sodium in the presence of sodium 
tetraphenylboride produces Na2P+ and Na2TMP+, respectively. The electron spin resonance spectra 
of these species are presented and compared with those of the corresponding ion pairs. From line- 
broadening effects within the sodium hyperfine multiplets of the triple ion spectra, it is deduced that 
the sodium ions occupy positions close to the N-N axes of the ring systems. 
Canadian Journal o f  Chemistry, 48,2798 (1970) 

Introduction 

The detection, by electron spin resonance 
spectroscopy, of triple ions of the formula Na,Q+ 
has been reported (1, 2) for Q equals p-benzo- 
quinone, 2,3-, 2,5-, 2,6-dimethyl-p-benzoquinone, 
and duroquinone. The proton hyperfine splitting 
constants of the triple ion indicate that one 
sodium associates with each oxygen of the semi- 
quinone. Molecular tumbling does not completely 
average the anisotropies within the hyperfine and 
g tensors of the triple ion with the result that 
asymmetric broadening of the sodium hyperfine 
septets was observable. From this broadening it 
was deduced (2) that the sodium ions occupy 
positions close to the 0-0 axis of the semi- 
quinone. It is of interest to determine whether 
these effects are limited to semiquinones, or 
whether the experiment has more general applica- 
tion to the structure of other ionic associates. 

A number of papers (3-10) have concerned 
themselves with the structure of ion pairs formed 
between pyrazine anions and alkali metal cations. 
The observation of line-width alternation for 
sodium-pyrazine in tetrahydrofuran (4) and 1,2- 
dimethoxyethane and of two non-equivalent nitro- 
gen nuclei for lithium-pyrazine in tetrahydrofuran 
(5) makes it clear that these cations associate with 
one of the nitrogens of pyrazine, rendering the 
anion asymmetric. Calculations on the structure 
of these ion pairs (5, 8, 10) indicate that at 
realistic interionic distances the most stable 
position for the cation is above the center of the 
pyrazine ring, which obviously does not agree 
with the experimental results. Calculations on the 
structure of the protonated pyrazine anion (9) 
predict an asymmetric structure with the proton 

'To whom correspondence should be addressed. 

lying on the N-N axis. However, protonation is 
very different from ionic association and ex- 
trapolation of this result to ion pairs is not 
satisfactory. 

Since the observation of anisotropic broaden- 
ing within the sodium multiplets of Na,Qf 
enabled the position of the cations within the 
triple ion to be determined, we attempted to  
prepare triple ions of pyrazine and tetramethyl- 
pyrazine with two aims in mind; to show that 
triple ion formation is not limited to  semi- 
quinones, and to investigate the stereochemistry 
of the sodium pyrazine interaction. 

Experimental 
Pyrazine (Aldrich) and tetramethylpyrazine (Alfred 

Bader) were used without purification. Ion-pairs and 
triple ions were generated as described previously (2, 11). 
Spectra were recorded on a Varian E-3 spectrometer 
equipped with a Varian E4540 variable temperature unit: 
the latter was calibrated using a copper-constantan 
thermocouple in conjunction with a Hewlett-Packard 
3420A voltmeter. 

Results 

Reduction of pyrazine and tetramethylpyrazine 
by sodium in tetrahydrofuran produced the ex- 
pected ion pairs, with electron spin resonance 
spectra in good agreement with previous reports. 
Proton and nitrogen hyperfine splitting constants, 
given inTable 1, were found to  be independent of 
temperature within the accuracy of measurement. 
Sodium hyperfine splitting constants, plotted as 
functions of temperature, are given in Fig. 1. The 
signs used for the isotropic hyperfine splitting 
constant of sodium are discussed below. At lower 
temperatures, for both ion pairs, line-width alter- 
nation within the nitrogen and proton hyperfine 
splitting patterns was observed; however, broad- 
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AL-BALDAWI AND GOUGH: E.S.R. SPECTRA OF TRIPLE IONS 

TABLE 1 

Proton and nitrogen hyperfine splitting constants (k0.02 G)  for ion pairs and triple ions of 
pyrazine and tetramethylpyrazine. All values are for sample temperatures of 20 "C, 

counter ion = sodium 

Anion Solvent Species a~ (G) a~ (G) 

Pyrazine Tetrahydrofuran Ion pair 7.17 2.69 
Pyrazine Tetrahydrofuran Triple ion 7.12 2.70 
Pyrazine 2-Methyltetrahydrofuran Triple ion 7.13 2.69 
Tetramethylpyrazine Tetrahydrofuran Ion pair 6.18 1.75 
Tetramethylpyrazine Tetrahydrofuran Triple ion 6.19 1.77 
Tetramethylpyrazine 2-Methyltetrahydrofuran Triple ion 6.10 1.80 

FIG. 1. Sodium hyperfine splittingconstants, in gauss, 
plotted as functions of temperature for the systems: 
0, NaTMP in tetrahydrofuran; Q, Na2TMP+ in tetra- 
hydrofuran; @, Na2TMP+ in 2-methyltetrahydrofuran; 
O ,  Nap in tetrahydrofuran; x ,  Na2P+ in tetrahydro- 
furan; 0 ,  Na2P+ in 2-methyltetrahydrofuran. 

ening of the spectrum caused by incomplete 
averaging of the anisotropic components of the 
nitrogen hyperfine tensor precluded satisfactory 
analysis of spectra recorded at low temperatures 
in terms of "locked-in" configurations for the 
ion-pairs (cf. ref. 4). When the reductions were 
attempted in 2-methyltetrahydrofuran, the py- 
razine ion pair was not formed in detectable con- 
centrations, and only a weak signal was obtained 
for the tetramethylpyrazine ion pair. 

Reduction of pyrazine and of tetramethyl- 
pyrazine in the presence of approximately equi- 

molar quantities of sodium tetraphenylboride 
produced solutions containing the triple ions 
Na2P+ and Na2TMP+, respectively. The reduc- 
tions were rapid in both tetrahydrofuran and 2- 
methyltetrahydrofuran, and in each case intense 
signals were obtained. Hyperfine splitting con- 
stants for these systems are included in Table 1 
and Fig. 1. It should be remembered that the 
splitting constants in Fig. 1 for the triple ions are 
for two equivalent 23Na nuclei. Typical spectra 
are shown in Fig. 2. 

The electron spin resonance spectra of the 
triple ions did not show line-width alternation, 
but did show large variations in line-width due to 
incomplete averaging of hyperfine and g tensors. 
In Fig. 3 relative widths, determined from reduced 
intensity ratios, of the principal nitrogen lines are 
plotted as functions of the spectral index A, of 
these lines. Similar plots are given in Fig. 4 for the 
central sodium septet of the triple ion of tetra- 
methylpyrazine in tetrahydrofurail and in 2- 
methyltetrahydrofuran. In Figs. 3 and 4 the line- 
width data are for principal lines: fi for all 
nuclei other than the one of interest are zero, 
thereby eliminating cross-terms in the spectral 
indices. The sodium hyperfine splitting patterns 
of Na2P+ were always asymmetrically broadened 
to high field; however, the A,, = f 3 lines were 
overlapped by more intense lines and so the results 
for this species are not presented in graphical 
form. 

Discussion 

The hyperfine splitting constants determined 
for the ion-pair sodium-pyrazine in tetrahydro- 
furan are in good agreement with previous re- 
ports. The temperature coefficient of the sodium 
hyperfine splitting constant, da,,/dT, has been 
reported as 0.0025 G/"K (4); our results give a 
value of 0.0027 G/"K, to which we have assigned 
a positive value, thereby making a,, negative. 
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FIG. 2.  Electron spin resonance spectra of (a) Na,P+ in tetrahydrofuran at 25 "C; (b) Na,TMP+ in tetrahydro- 
furan at 35 "C. 
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ALBALDAWI AND GOUGH: E.S.R. SPECTRA O F  TRIPLE IONS 2801 

FIG. 3. Experimental relative widths of the principal 
nitrogen lines of triple-ion spectra at 10 "C, and the least- 
squares fit of the data to the expression 1 + A A ? ~  + 
BA?,': e, Na2TMPt in tetrahydrofuran A = 0.210, 
B = 0.480; 0, Na2Pt in tetrahydrofuran A = 0.122, 
B = 0.250; x ,  Na2Pt in 2-methyltetrahydrofuran A = 
0.109, B = 0.248. 

Positive values for the temDerature coefficient of 
metal hyperfine splitting constants have generally 
been assumed (12-14), and in two cases (15, 16) 
demonstrated by measurements of nuclear mag- 
netic resonance contact shifts of 23Na counter 
ions. The electron spin resonance spectrum of the 
sodium-tetramethylpyrazine ion-pair in tetra- 
hydrofuran has been reported for a sample tem- 
perature of 296 "K (8), and once again our find- 
ings are in good agreement. However, if the tem- 
perature coefficient of a,, is taken as positive, 
then clearly a,, is positive; comparisons between 
the sodium hyperfine splitting constants of the 
two ion-pairs (8) should only be made after the 
difference in sign of a,, has been recognized. 

Addition of sodium tetraphenylboride to the 
ion-pairs produced triple ions, characterized by 
the presence of hyperfine interaction with two 
equivalent 23Na nuclei. The signs of a,, for the 
triple ions, given in Fig. 1, follow from com- 
parisons with the ion pairs. Except for the species 
Na2Pf in tetrahydrofuran at low temperatures, 
da,,/dT is thereby found to be zero or positive. 
It is possible that, for this exception, the solvent 
is becoming sufficiently polar at the lower tern- 
peratures to begin disrupting the structure of the 
triple ion. Over large ranges of temperature a,, 
for Na,P+ is essentially constant, indicating that 

FIG. 4. Experimental relative widths of the principal 
sodium lines of Na,TMP+, and-the least-squares fit of 
the data to the expression 1 + AM,, + BMNa2: (a) 0, in 
2-methyltetrahydrofuran at -70 'C A = 0.028, B = 
0.056; x,  in tetrahydrofuran at -40 "C A = 0.013, 
B = 0,023; (b) 0, in 2-methyltetrahydrof~~ran at -20 "C 
A = -0.026, B = 0.046; x ,  in tetrahydrofuran at 
+30 "C A = -0.013, B = 0.023. 

within these limits this unit has a static con- 
figuration between its constituent ions. 

Remembering that the sodium septets of 
Na2Pf always show asymmetric broadening to 
high field, a comparison between Figs. 1 and 4 
shows that assigned positive values of a,, are 
always accompanied by low field broadening of 
the hyperfine septets, while assigned negative 
values of a,, are accompanied by high field 
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broadening of the septets. Identical correlations 
were found for triple ions formed between 
sodium and a series of semiquinones (2), though 
for these semiquinone systems the amount of 
broadening is much larger. In order to use these 
broadening effects to deduce the positions of the 
sodium ions within the pyrazine triple ions, it is 
necessary to know the form of the g tensor of the 
radical. 

Following previous notation (17) we label the 
principal components of the g tensor as g,, g2, 
and g,, taking g, perpendicular to the plane of the 
molecule and g, along the N-N axis. Theo- 
retically (18) g, = 2.00232, the "free-spin" value, 
while g, and g2 are expected to be somewhat 
greater. For the dihydropyrazine cation g, has 
been reported as the largest component (17); for 
pyrazine anions, the presence of the non-bonding 
lone pairs will further enhance the value of g,. 
Therefore, the g tensor of a pyrazine anion must 
be similar in form to that ofp-benzosemiquinone 
(19), for in each case the tensors will be dominated 
by contributions from the lone pairs. 

Given this similarity, and the similar broaden- 
ing trends of the sodium hyperfine septets of the 
pyrazine and semiquinone triple ions, it is obvious 
that one may apply the arguments used to deduce 
the structure of Na2Qf units (2) to the pyrazine 
and tetramethylpyrazine triple ions. Hence, we 
deduce that the sodium ions of the pyrazine and 
tetramethylpyrazine triple ions occupy positions 
analogous to those occupied by sodium in the 
p-benzosemiquinone and durosemiquinone triple 
ions, respectively. Thus for Na2Pf the sodium 
ions must be along the N-N axis where they are 
able to interact with the spin-polarized lone-pair 
electrons of nitrogen, causing a,, to be negative. 
For Na2TMPf, the flanking methyl groups cause 
the sodium ions to move away from the N-N 
axis, allowing direct overlap between the 2pZ 
orbital on nitrogen and the 3s orbital on sodium. 
This overlap generates a positive contribution to 
a,,, so that the net value of a,, will be a sensitive 
function of the position of the sodium ion. In- 
creases in temperature cause the sodium ions to 
vibrate further from the plane of the molecule, 

both nitrogens. The nuclear magnetic resonance 
contact shift shows conclusively that a,, is 
negative, supporting the general format of the 
above discussion. 

As noted above, the extent of the broadening 
linear in a,, is greater for the semiquinone triple 
ions than for the pyrazine triple ions. The ratio 
of the relevant spin orbit coupling constant to 
n + n* transition energy is roughly three times 
larger for benzoquinone than for pyrazine, and 
so the g tensor for the semiquinone is expected 
to be more anisotropic than that of the pyrazine 
anion. Since g3 must equal 2.00232 for both 
species, it is expected that giso for the semi- 
quinone should be greater than giso for the 
pyrazine anion. Experimentally, for p-benzo- 
semiquinone g,,, = 2.0046 (9), while for the 
Na2TMPf we find g,,, = 2.0035. Thus the 
greater amount of broadening linear in fi,, 
observed for the semiquinone triple ions may be 
understood in terms of the more anisotropic 
g tensor of this species. 

Because of overlapping lines it was not possible 
to obtain, at one temperature, relative widths of 
the principal nitrogen lines for both triple ions in 
both solvents. However, from comparisons of 
diagrams similar to Fig. 3, obtained at several 
temperatures, the following conclusions emerge. 
For a given solvent the spectrum of Na2TMPf 
showed greater differential broadening of the 
principal nitrogen lines than did the spectrum of 
Na2P+; this result is in keeping with the larger 
size of the tetramethylpyrazine species causing it 
to have a slower tumbling rate. For a particular 
triple ion, the relative width of each principal 
nitrogen line is, within experimental error the 
same in tetrahydrofuran and in Zmethyltetra- 
hydrofuran, indicating that molecular tumbling 
rates in these solvents are comparable. 

From Fig. 4 it is evident that the sodium 
hyperfine septets of Na2TMPf show considerable 
broadening proportional to f iNa2 ,  and further- 
more that this broadening is greater in 2-methyl- 
tetrahydrofuran than in tetrahydrofuran. Broad- 
ening proportional to fiNa2 could be due to 
random modulation of the hyperfine splitting 

causing da,,/dT to be positive, as assumed when constant of each sodium (21) caused, for example 
constructing Fig. 1. Recently the 23Na nuclear by exchange reactions between definite solvates 
resonance of sodium-2,2'-bipyridyl ion-pairs has of the triple ion (cf. ref. 14). However, this 
been reported (20), and interpreted in terms of the mechanism is unlikely to cause broadening over 
sodium ion occupying an "in-plane" position such a wide range of experimental conditions. 
where it is able to interact with lone-pairs from Incomplete averaging of the anisotropic hyperfine 
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AL-BALDAWI AND COUGH: E.S.R. SPECTRA OF TRIPLE IONS 2803 

tensor of sodium would seem to be a more likely 
cause of the broadening, though more quantita- 

I tive studies are required to prove this point. This 
interpretation affords an explanation of the 
greater effect observed in the less polar solvent 
2-methyltetrahydrofuran: in this solvent tighter 
ionic association and hence a larger dipole- 
dipole interaction between the sodium nucleus 
and 2p, electron density on nitrogen is expected. 
Hence a greater amount of ANa2 broadening is 
anticipated. 

This work was supported by an operating grant from 
the National Research Council of Canada, and by 
a scholarship to S.A.AI-B from the Gulbenkian 
Foundation. 
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Free radicals in yirradiated disodium succinate. Part 1. Monoclinic crystals1 
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Crystals of disodium succinate have two distinct modifications, monoclinic and triclinic. These were 
recognized by electron spin resonance (e.s.r.) studies of the free radicals produced by y-irradiation. 
In the monoclinic crystals, e.s.r. spectra and radiation processes appear similar tg those observed in 
y- (or x-) irradiated succinic acid. The situation in triclinic crystals is more complex (see Part 2). In  
mono.clinic crystals irradiated at  77 OK, two types of radical coexist. They were identified as -02CCH2- 
C H Z C O ~ ~ - ,  1, together with a distorted conformation of the radical -O2C(CHCH2)*CO2-, 2. On 
warmlng to room temperature the former species disappears while the latter changes irreversibly to  a 
stable conformation -o,C~HCH,CO,-,  3. 

Canadian Journal of Chemistry, 48,2804 (1970) 

Introduction repeated in our laboratory. In spite of poor 

Free radicals in y- (or x-) irradiated succinic 
acid crystals have been studied by many in- 
vestigators (1-6). It is well known that the 
radicals HO,C~HCH,CO,H are the major 
stable species at room temperature (1, 2) and 
that HO~CCHCH,  and C 0 2 -  radicals occur 
to a minor extent (4-6). Ionic radicals H02CCHz- 
C H 2 c 0 2 H -  are believed to be stabilized at 
77 OK (3), although their relation to the sub- 
sequent stable radicals is not clear. Bales, 
Schwartz, and Hanna (7) have recently reported 
results o'n x-irradiated disodium succinate in 
which the room temperature stable species was 
shown to be -0,CCHCH,. They attributed the 
differences between succinic acid and the di- 
sodiuin salt to difference in molecular con- 
figuration within the crystal lattice. 

We have also studied this system independently 
(14), but the overall results were complex and 
confusing. This confusion arose from the exist- 
ence of two crystal modifications, the form of 
which was not clearly defined in the literature. 
In Groth's Chemische Krystallographie (8), the 
crystal symmetry of disodium succinate was 
described as either monoclinic or triclinic. In our 
studies, both symmetries were found to exist 
when the crystals were prepared from saturated 
aqueous solutions at room temperature. Further- 
more, the e.s.r. spectra and irradiation processes 
were different in both types of crystal. 

For the purpose of comparison some of 
the experiments reported in refs. 3 and 5 were 

'Supported by a grant from the National Research 
Council of Canada. 

'Based in part on M.Sc. thesis (H.M.V.) submitted to  
the Department of Physics, University of Guelph. 

resolution the e.s.r. spectrum observed in 
y-irradiated succinic acid crystals at 77 OK 
bore a striking resemblance to that obtained 
from the monoclinic disodium salt at 77 OK. 
In partially deuterated disodium succinate, 
Na2(CH2CO2),~6D2O, the resolution was 
greatly improved, and we believe that some 
important aspects in the post-radiation processes 
are now understood. 

The results obtained from triclinic crystals are 
presented in the following paper (Part 2). 

Experimental 
Monoclinic crystals grown from saturated aqueous 

solution at room temperature have a typical form as  
sketched in Fig. 1. The form is rarely obtained and is 
similar to  that of triclinic symmetry. I t  was therefore 
difficult to distinguish the two modifications just by 
inspection. In both types, the crystals form elongated 
plates, on  which the rectangular coordinate axes x,  y, 
and z are set for determining the tensor components. 
Single crystals were grown by repeated recrystallization 
from 99.9% D 2 0  solution to obtain better resolution of 
the e.s.r. spectra at  77 OK. The crystal habit was identical 
with the undeuterated salt. Samples were oriented in 
"spectrosil" tubing and irradiated at liquid nitrogen 
temperature in a Gammacell 220 60Co source to a dose 
of 1-2 Mrads. Over this range, e.s.r. spectra appeared 
independent of dose. Irradiation at  room temperature 
gave spectra identical to those obtained from samples 
irradiated at 77°K and then warmed to room tem- 
perature. 

The radicals only stable at 77 "K appeared to have a 
longer spin-lattice relaxation time than those stabilized 
in the lattice at room temperature. At 77 OK, the spec- 
trometer was operated at about 1 mW n~icrowave power 
level to  avoid distortion due to  fast-passage effects. At 
room temperature a higher power level ( - 100 mW) 
was used. 

The e.s.r. spectrometer was a simple microwave bridge 
operated at X-band frequencies with a cylindrical cavity 
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VYAS ET AL.: FREE RADICALS IN I-IRRADIATED DISODIUM SUCCINATE. PART 1 2805 

FIG. 1. Crystal habit of monoclinic single crystals of 
disodium succinate.6D20 (P = 103"). The axes a, b, 
and c are notations used in Groth's book (8), while 
x,  y, and z are the reference axes for tensor determination. 

of TEoll  mode. A Varian 4 in. magnet was used through- 
out. The magnetic field was modulated at  65 kHz and 
the sweep-rate calibrated by a proton resonance 
magnetometer. 

Results and Discussion 

The hyperfine structure in the observed e.s.r. 
spectra results from proton interactions in the 
radicals. The first-order eigenvalues of the 
hyperfine energy C i s .  A , .  Zi are expressed by 
x i K i M m i ,  where Ki = J U , ~ .  Ail and uH is the 
unit vector along the static field H. It should be 
noted that M = f 4 represents the electron 
spin magnetic quantum number along H, whereas 
mi = + 8 is for the ith proton spin Zi ,  quantized 
along the effective field consisting of H and the 
field due to the electron spin. From the observed 
angular dependence of Ki2, the elements of the 
tensor A t A  were computed, which were then 
diagonalized to obtain the principal values of the 
tensor A  and their direction cosines. 

two magnetically inequivalent sites in the unit 
cell, giving rise to an additional splitting in each 
spectrum. In the yz plane, no site-splittings were 
observed. Figure 2 shows a representative 
spectrum for uH = (0, cos 60°, cos 30°), in which 
the best resolution (other than site-splittings) was 
observed. 

The spectrum showing four lines in the 
yz plane indicates that the unpaired spin is 
interacting with two inequivalent protons. The 
angular variations of the two splitting constants 
K,  and K, are clearly observed with H applied 
in the y-z plane. As shown in Fig. 3 both protons 
show fairly large anisotropies, but a complete 
determination of the tensors was hindered by 
poor spectral resolution in the xz and xy planes. 
The species responsible for this spectrum can be 
interpreted as the one corresponding to the 
anionic radicals identified by Box et al. (3) in 

The spectra at 77 OK 
Electron spin resonance spectra obtained at 

77 OK were complex and composed of two 
overlapping spectra. One spectrum consisted of [ I ]  

four lines of equal intensity, and the second of FIG. 2. Electron spin resonance spectrum from a 
eight component groups also of equal intensity. monoclinic single crystal of disodium succinate~6D20 

with the static field applied in the xy and xz Y-irradiated and observed at  77 OK. HIl(0, cos 60°, 
cos 30"). The stick diagrams indicate the spectra of the 

planes, both spectra indicated the presence of identified radicals 1 and 2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2806 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

I - dcgrccs I 
i0 6b do I20 150 labo 

I I 

FIG. 3. Angular variations of the proton coupling 
constants K, and K2 in radicals 1 at 77 OK. H i s  yz plane. 

x-irradiated succinic acid. In the disodium salt 
such anionic radicals can be 

which are formed by electron capture a t  one of 
the carboxyl groups of the parent molecule. 
Bennett and Gale (9) have also shown the occur- 
rence of such electron capture a t  77 OK with a 
variety of carboxylic acids. The unpaired spin 
density in such a case is known to be highly 
localized a t  the carbon atom, (p, - 1.0), as was 
demonstrated by Sinclair and Hanna (10) in the 
similar case of I-alanine-l 13C irradiated at 
77 OK. 

The observed hyperfine anisotropies appear to 
be too large for the proposed radical 1, although 
the results may suggest the possibility of a 
substantially different conformation from the 
planar structure. The justification of the magni- 
tude of the anisotropies is however difficult, 
because of the lack of knowledge about the 
structure. 

The possibility for radicals -0,CCH2CH,- 
cO,, formed by loss of electrons in the parent 
molecules, can be ruled out by a simple MO- 

O 
// 

argument for -C . In this case the spin 
\ 

0 
density at the center carbon atom is too small to 
account for the observed hyperfine splittings. 

The eight. component groups in the second 
spectrum are interpreted as hyperfine structure 
due to three inequivalent protons. A complete 

analysis of this spectrum was not possible because 
the center part was obscured by the spectrum of 
the species 1. From a well defined angular 
variation of the outer peaks, one of the hyperfine 
tensors, say A,, was determined, but the other 
two, A, and A, could not be measured for all 
orientations of the crystal. However, a reasonable 
estimate of A, and A, could be made from the 
observed overall spacing, K, -t K, -t K,, and 
K,. K3 was then computed, assuming K, is 
isotropic and equal to 16.6 G. This value of K2 
was obtained in some orientations of the crystal, 
in which this second splitting was measurable in 
the spectrum. The computed tensor A3 is much 
less anisotropic than Al .  It is therefore reasonable 
t o  assign the tensor A, to an a-proton and A, and 
A3 to two P-protons. The radical may thus be 
identified as 

-O2C(CHCH2)*C0z- 
2 

where ( )* indicates the presence of an  unusual 
conformation in this part of the molecule. The 
results of the analysis are summarized in Table 1. 

This isotropic component, 36 G, of the 
a-proton coupling is much larger than those 
commonly observed in planar n radicals. This 
unusual value can, however, be justified by 
Karplus' calculation which will be discussed in 
a later section. 

Comparing with the spectra obtained from the 
triclinic salt, the radical 2 is believed to be the 
most likely species responsible for the eight-line 
spectrum observed a t  77 OK. However, other 
possible alternatives should not be ignored a t  
this stage. For example, radicals of the type 
-O,CCH,CH, may be formed by dissociation 
after ionization of the parent molecule (see 
Part 2). It is necessary in this case to assume that 
one of the P-proton couplings is negligible. How- 
ever, this assumption is not easily accepted for 
the two different crystal modifications, both of 
which showed the radical 2 eight-line spectra. 

Spectra at Room Temperature 
On warming to room temperature, the spec- 

trum changed irreversibly to a simple one, as  
shown in Fig. 4, which was obtained with the 
static field H parallel to the x-axis. It was noted 
that in all orientations sets of lines with a n  
intensity ratio 1 :2:1 were observed, implying 
that two protons within the radical are identical. 
As in the low temperature spectra, angle- 
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VYAS ET AL.: FREE RADICALS IN  .I-IRRADIATED DISODIUM SUCCINATE. PART 1 2807 

TABLE 1 

Hyperfine tensors in the free radical -o~c(C~HCH~)*CO~-, 2, in y-irradiated monoclinic crystals 
of disodium succinate.6D20 at 77 OKa 

Principal Isotropic 
Tensors value values Anisotropy Direction cosines 

A 2 Assumed (+) 16.6 - - 
isotropic 

A 3 7 .8  (-) 2.0 (0.832 k0.499 T0.244) 
(+) 7.2 (+) 9.8 (-) 2.6 (T0.199 0.677 0.709) 

14.4 (+) 4 .6  (k0.519 -0.541 0.662) 

'Unit: gauss, error f 1.0 G, theoretical signs are indicated for the tensor components. 

r o o m  temp. I I I 

FIG. 4. Electron spin resonance spectrum observed at 
room temperature from a monoclinic single crystal of 
disodium succinate 6D20  y-irradiated at 77 OK. Hllx. 
The stick diagram indicates the spectrum of radicals 3. 

dependent site-splittings were only observed in 
the zx and xy planes. The results of analysis are 
shown in Table 2. These values are all acceptable 
quantities for a stable 7c radical 

- O ~ C C H C H ~ C O ~ -  
3 

The agreement with previously reported con- 
stants for this type of radical in various host 
crystals is very good (1 1). The fact that A2 = A, 
and both are almost isotropic indicates that the 
radical 3 does not have a twisted structure in 
the methylene group, in contrast with a twisted 

form of the corresponding radical in many 
cases (1 1). 

Structure of the Radicals - O,C(CHCH,) *CO,- 
and - 02CCHCH2C0,- 

The radical 3 is undoubtedly a planar 7c radical, 
in which the unpaired electron is on the 2pn 
orbital of the carbon atom, being normal to the 
plane of the three sp20 bonds. The observed 
a-proton tensor A, has a typical isotropic value, 
21.1 f 0.5 G, of a o-7c interaction., 

The radical 2 has not been reported previously, 
but it is believed to have a different conformation 
from that of 3. The observed isotropic constant 
of the a-proton interaction, 36 G, is much larger 
than 21 G observed in the radical 3. It is interest- 
ing to compare these values with a theory of 
methyl radicals, CH,, published by Karplus (12). 

The basic molecular skeleton of an undamaged 
molecule is believed to have a tetrahedral 
structure formed by four sp3 orbitals of the 
carbon atom. The theory dealt with the proton 
hyperfine constant for a pyramidal CH, as a 
function of the angle between the three-fold 
symmetry axis and one of the three CH bonds. 
The observed value for the radical 2, 36 G, 
agrees reasonably with the calculated values, 
34-42 G for the tetrahedral CH,. It is therefore 
legitimate to assume that the conformation of the 
radical 2 is nearly tetrahedral. This implies that 
the radical 2 may retain its original tetrahedral 
structure even after removal of a hydrogen atom 
from the parent molecule at 77 OK. It may be a 
general occurrence that free radicals formed in 

3The spin density at the carbon atom is expected to be 
slightly less than 1. In this case p, = 0.91 can account 
for the small difference from the ideal cr-x coupling 
constant, 23 G. 
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TABLE 2 

Hyperfine tensors in the free radicals - O ~ C C H C H ~ C O ~ - ,  3, in y-irradiated monoclinic crystals 
of sodium succinate~6D20 at  300 OKn 

Principal Isotropic 
Tensors values value Anisotropy Direction cosines 

.Unit: gauss, error + 0.5 G, theoretical signs are indicated for the tensor components. 

solids at low temperature retain the original ing to about - 20 "C. Photo-bleaching at 77 OK 
undamaged molecular structure. A similar finding also removed the e.s.r. spectra entirely in marked 
was reported in some amino acid crystals contrast to the thermal process where the 
irradiated at 77 OK (13). formation of different radicals was observed. 

Radiolysis Mechanism 
An accurate intensity comparison of the 

e.s.r. spectra observed at 77 OK and room 
temperature was very difficult, because of the 
difference in relaxation time, T I ,  in addition to 
differences in temperature, microwave power, 
and Q-factor of the cavity. Qualitatively, how- 
ever, the conformation change in the radical 
-02C(CH-CH2)*C02- is believed to be estab- 
lished. The radical 1 simply decayed on warming. 
The decay of such radicals could be understood 
as a thermal electron releasing process, but such 
an interpretation is not obvious from e.s.r. 
data alone. 

As mentioned in the Introduction, comparison 
with the results of irradiated succinic acid suggests 
that the dominant radiation processes observed 
by e.s.r. are very similar in the acid and mono- 
clinic salt. The overall processes are, however, 
not as simple as the e.s.r. spectra imply. Irradiated 
salt crystals differ from acid crystals in that the 
former showed a dark brown color at 77 OK, 
whereas the latter was virtually colorless. This 
color of the salt crystals could be bleached by 
illumination with visible light at 77 OK or warm- 

This work was carried out as a continuation of the 
experiments performed by one of us (M.F.), while 
working as  visiting scientist at Chalk River Nuclear 
Laboratories in the summer of 1968. Special thanks are 
due to Dr. W. A. Seddon for his valuable comments. 
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Free radicals in y-irradiated disodium succinate. Part 2. Triclinic crystals1 

M. FUJIMOTO~ AND W. A. SEDDON 
Physical Chemistry Bratzch, Chalk River Nuclear Laboratories, Atomic Energy of Canada Litnited, 

Chalk River, Ontario 
Received January 19, 1970 

Electron spin resonance (e.s.r.) spectra and radiation processes in y-irradiated triclinic crystals of 
disodium succinate are more complex than those observed in monoclinic crystals. At 77 OK, three 
species coexist, -02CCH2CH2C022-  (I), a distorted conformation of the radical -O~C(CHCH~)*CO~-  
(2), and an unidentified radical X. On warming to room temperature, 1 and X disappear, while 2 
changes to a more stable conformation -02CCHCH2C02-  (3). In addition the species C 0 2 -  (4), and 
-02CcHCH,  (5) are produced. On further warming to 40 "C, species 4 disappears while at  the same 
time species 3 increases in intensity. Radical 5 remains unaffected. Possible mechanism and comparisons 
with monoclinic crystals are discussed. 

Canadian Journal of Chemistry, 48,2809 (1970) 

Introduction spectrometer with 100 kHz magnetic field modulation 
was used to record the e.s.r. spectra and a variable 

Crystals of disodium succinate grown from temperature accessory to observe the change in spectra 
aqueous solution at room temperature have either with increasing temperature. 
a monoclinic or a triclinic symmetry (1). The 
triclinic form is the more common. On standing Results and Discussion 
these gradually become Opaque and Triclinic have a very similar crystal 
brittle, although some remain stable for months. habit to that of monoclinic crystals Figure 
This deterioration is enhanced by y-irradiation shows a sketch of a general habit of triclinic 
at room temperature and depends presumably On  crystals. The reference coordinate axes x, y, and 
the number of imperfections in the crystal. No are set on the crystals as indicated. 
such deterioration occurred on irradiation at 
77 OK. 

Bales, Schwartz, and Hanna (2) recently 
reported that the stable species observed at room 
temperature in X-irradiated disodium succinate 
(of unspecified crystal symmetry) is -02CCHCH3 
with no indication of the radical -O,CCHCH,- 
C0,-. We have found that the radical -0,- 
CCHCH,CO,- exists in both types of disodium 
succinate single crystals. It was also noted that 
in irradiations at room temperature the spectrum 
of -O,CCHCH, predominated in triclinic crys- 
tals that had to some extent deteriorated. 

This paper presents the results of e.s.r. studies 
on y-irradiated triclinic crystals of disodium 
succinate 6D20  at 77 OK followed by warming to 
room temperature. The post-radiation mech- 
anism is briefly discussed. 

Experimental 
Most of the procedures have been described in the I t x  

preceding paper (Part 1). A Varian X-band V4502 
\ \ \ya 

\ 
\ - - - - - - - - - - - - - - - 

'AECL No. 3649. 
2Visiting Scientist (Summer 1968). Present address: FIG. 1. Typical habit form of triclinic disodium 

Department of Physics, University of Guelph, Guelph, succinate 6 D 2 0  crystals. Angles a:b = 63", b:c = 80°, 
Ontario. and c:a = 74" (8). 
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FIG. 2. Electron spin resonance spectrum from 
triclinic Na2(CH2C02),.6D20 y-irradiated and observed 
at 77 OK. The d.c. field H was applied parallel to the y 
axis. The vertical arrow d indicates the position for 
DPPH (g = 2.0036). The stick diagrams show the spectra 
of the component radicals, X, 1, and 2. 

Spectra at 77 OK 

Representative spectra at 77 OK observed from 
y-irradiated deuterated triclinic crystals of di- 
sodium succinate, Na2(CH2C02), 6D20, are 
shown in Figs. 2 and 3. The complex pattern can 
be resolved into three components consisting of 
a quartet, an octet, and a doublet. 

The former spectrum contains four lines of 
equal intensity, corresponding to two inequiva- 
lent proton interactions, but unlike the mono- 
clinic crystals shows no evidence of site splitting 
with change in crystal orientation. One proton 
hyperfine coupling is anisotropic but the other is 
nearly isotropic. The anisotropic tensor has the 
principal values along the x,  y, and z axes of 19.0, 
25.6, and 15.7 + 1.0 G, respectively, while the 
isotropic tensor has the value 10 + 1 G. The 
isotropic components of these tensors, i.e. 20 and 
10 G, respectively, are consistent with those for 
the corresponding radical in the monoclinic 

CHEMISTRY. VOL. 48, 1970 

il 

FIG. 3. Electron spin resonance spectrum from 
triclinic Na2(CH2C02)2. 6D20, y-irradiated and ob- 
served at 77 OK. The d.c. field H was parallel to the z 
axis. The vertical arrow d indicates the position for 
DPPH (g = 2.0036). The stick diagrams show the 
spectra of the component radicals, X, 1 and 2. 

crystal (1). The radical responsible for this 
quartet spectrum is therefore identified as 

The observed hyperfine tensors in the disodium 
salts are different from those reported for 
irradiated succinic acid crystals (3). This may be 
attributed to the difference in electron spin density 
distribution in -C0,2- compared with -C02- 
H-. 

The second spectrum, showing eight com- 
ponent lines, is considered identical to the 
corresponding radical in the monoclinic crystals 
(I), i.e. 

-O~C(CHCH~)*CO~-  
L 

The bracket ( )* indicates, as in Part 1, the 
presence of a distorted structure in this part of 
the molecule. Again, contrary to the monoclinic 
crystals, no site-splitting was recognized for this 
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FUJlMOTO AND SEDDON: FREE RADICALS IN y-IRRADIATED DlSODlUM SUCCINATE. PART 2 2811 

TABLE 1 

Hyperfine coupling tensors in the free radical 2, in triclinic crystals of 
disodium succinate 6D,O at 77 OK* 

Principal Isotropic 
Tensors values values Anisotropy Direction cosines 

A1 24.9 (+)17.9 (0.642 -0.681 -0.352) 
(-)61.3 (-)42.8 (-)18.5 (0.661 0.724 -0.196) 

42.1 (+) 0.7 (0.389 -0.106 0.915) 

A z  8.3 (-) 1.4 (0.926 -0.378 0.000) 
(+)13.0 (+) 9.7 (+) 3.3 (0.378 0.926 0.000) 

7.9 (-) 1.8 (0.000 0.000 1 .OOO) 

*Unit: gauss; error !c 0.5 G .  Theoretical signs are indicated for comparison with known a- and P-couplings. 

radical. Table 1 summarizes the analysis for this 
species. Tensors A,, A,, and A, were determined 
independently from the observed spectra. A, is 
found anisotropic compared with A, and A,, 
and these tensors are therefore assigned to one a 
and two p protons, respectively. It should be 
noted that the isotropic components of these 
tensors are all consistent with the values found 
in the monoclinic crystals (1). The small differ- 
ence between the ct-proton couplings in the two 
types of crystal may be due to a different degree 
of distortion. Nevertheless, they are both con- 
sistent with the values calculated for a tetra- 
hedral form of CH, (3442  G, see Part 1). 

The third spectrum is a simple angle-depen- 
dent doublet, showing appreciable g-variation 
compared with the other species. This species has 
not been identified and is designated by X. 
Table 2 summarizes the parameters for X. 

TABLE 2 
Observed hyperfine and g-tensors in the radicals 

X, in y-irradiated triclinic 
Na2(CH,CO2), 6D20 

at 77 "K 
- 

Hyperfine 
tensor Isotropic value 

Principal 
values Direction cosines 

Spectra at Room Temperature 
On warming to room temperature (approxi- 

mately 20 "C), the spectra described above 
changed irreversibly to another three component 
spectrum. The following radicals were identified 
at room temperature. 

-O,CCHCH,CO, - 
3 

C0,- 
4 

-O,CCHCH~ 
5 

A representative spectrum is shown in Fig. 4a. 
The radical 3 is identical to the corresponding 

radical observed in monoclinic crystals, but the 
spectra are different in two respects. In the tri- 
clinic crystals the radical 3 has only one site in 
the unit cell and the two P-couplings are not 
equal, implying a twisted structure in the adjacent 
CH, group. Table 3 summarizes the results on 
the stable conformation of the radical 3. 

The C0,-  radical 4 is known to show a 
relatively large g-variation in the range of 2.000- 
2.015. The agreement of the observed g-tensor 
for the radical 4 (Table 4), with known values for 
C0,- (4), can be accepted as a reasonable 
evidence for this identification. 

The identification of radical 5 was based on 
the presence of sets of four lines with an intensity 
ratio 1 :3:3 :1 in all orientations of the static field. 
This signifies the presence of a rotating -CH, 
group. A complete determination of the tensors 
was not possible because of spectral overlap. The 
a-proton tensor was determined from the mea- 
sured angular variation of the overall spacings of 
the spectra, assuming that the proton couplings 
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TABLE 3 

Hyperfine tensors in the free radical 3 in triclinic crystals of disodium succinate 6 D 2 0  
at 298 "K 

Principal Isotropic 
Tensors values values Anisotropy Direction cosines 

A, Isotropic (+)24.5 0 

"Unit: gauss, error: f 0.4 G. Theoretical signs are in 

in -CH, are isotropic and equal to 26.0 G. 
Table 5 gives the results on the radical 5. Unlike 
radicals 1, 2, 3, and 4, the radical 5 has two in- 
equivalent sites in the unit cell which is in 
agreement with the observation of Bales et al. (2). 

[ 51 
I 

I I  I I  s i t e  2 
I I I I I I I I 

FIG. 4. Electron s ~ i n  resonance sDectra observed at 

dicated for comparison with known a- and P-couplings. 

The Dresence of the two sites for the radical 5 
may be attributed to the two possible locations 
for the unpaired electron following cleavage of 
the parent molecule. This may in turn give rise 
to two sterically different ci-proton tensors in the 
unit cell of the triclinic salt. The presence of a 
CH, group in 5 was further confirmed by observ- 
ing the change in hindered rotation of CH,. A 
reversible change in the e.s.r. spectrum of 5 in 
which the rotational motion of -CH, ceases at 
77 OK was observed to be similar to that noted 
for H,CCHCO,H in irradiated 1-ci alanine (5). 

Annealing the sample at 40 OC changed the 
relative proportions of the above component 
spectra. Figures 4a and b show a comparison of 
the spectra before and after annealing for 30 min 
with the static field H parallel to the z-axis. It was 
noted that the intensity of the spectrum 3 in- 
creased as 4 decreased, whereas the intensity of 
the spectrum 5 remained unchanged. 

Electron spin resonance spectra from triclinic 
salts irradiated at room temperature were differ- 
ent to those observed at room temperature from 
salts irradiated at 77 OK. After prolonged irradia- 
tion at room temperature, the e.s.r. spectra were 
dominated by radical 5 as reported by Bales et al. 
(2). The factors responsible for this effect are not 
understood. 

Radiolysis Mechanism 
The results obtained from both monoclinic 

and triclinic salts can be qualitatively summarized 
in terms of the following steps. 

(a) Primary ionization and subsequent electron 
capture processes produce the carboxylate radical 
anion, 1, stable at 77 OK in both crystals. 

room temperature from triclinic N ~ ~ ~ c H ~ c ~ ~ ) ~  . ~ D , O  1 - O ~ C C H ~ C H ~ C O ~ -  -> 
y-irradiated at 77 OK. The static field H was applied 
parallel to the z axis. A comparison is shown between - O ~ C C H ~ C H ~ C O ~  + e- 
the spectra (a) before and (b) after annealing. The stick 
diagrams show the spectra of the component radicals [2] -OZCCH2CH2C02- + e- -> 

3, 4, and 5. -02CCH2CH2COzZ- 
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TABLE 4 

g-Tensor components of the free radical COz-, 4, in irradiated triclinic crystals of 
disodium succinate 6Dz0 at 298 OK* 

Principal 
g Tensor values Direction cosines 

'Error = f 0.0002 G. 

TABLE 5 
Components of the a-proton hyperfine interaction of the 

radical 5 in triclinic crystals of sodium 
succinate 6Dz0 at 298 OK* 

Site 
Isotropic 

Tensors values 

'Unit: gauss, experimental error: f 0.5 G. Hyperfine coupling 
constants for rotating CH, in the radical 5 are isolropic and equal 
26.0 G. The missing matrix elements could not be determined in our 
experiments. 

Bennet and Gale (6), have demonstrated the oc- 
currence of reaction 2 at 77 OK with a variety 
of carboxylic acids. The parent radical ion, 
-O,CCH,CH,CO,, may be responsible for 
the spectrum assigned to radical X in the triclinic 
crystals, but its absence in monoclinic salts is then 
difficult to understand. The electron spin density 

0. 
/ 

at the carbon atom in -C should be very 
\\ 

small (see Part l), and could therefore account 
for the small doublet structure of the spectrum of 
X, assuming that one of the methylene proton 
couplings is larger than the other.3 

(b) With increasing temperature species 1 
disappears while the conformation change, 2 to 3, 
is characteristic of both crystals. 

3Recently, Box et al. (7) have reported that radicals 
formed by oxidation of parent organic molecules are 
characterized by a large positive g-shift (Ag - 0.05) with 
no hyperfine structure. Our interpretation of the radical 
X is inconsistent with their assignment. Further investiga- 
tion is necessary to clarify this view. 

(c) The presence of radical X in the triclinic 
crystals seems to be responsible for the difference 
in the post-irradiation annealing process ob- 
served in these two modifications. If X is a 
positive hole, then the decay of radical 1 may be 
a charge neutralization process resulting in the 
formation of species 4 and 5. 

[4] -0zCCH2CH2C02 + (1) -+ 

(-02CCHzCHzCOz-)* + -02CCH2CHZCOZ- 

[5] (-OzCCHzCHzC02-)* -. 
coZ- + - O ~ C C H ~ C H ~  
4 

16 1 -O,CCH,CH, -+ -O~CCHCH, 

The rearrangement process [6] was discussed by 
Bales et al. (2). Finally, on further warming to 
40 OC the subsequent disappearance of C0, -  and 
concomitant appearance of species 3 suggests 
that C0, -  may abstract hydrogen atoms from 
neighboring parent molecules during the anneal- 
ing process. 
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Proton spin - lattice relaxation time of aniline-d, in deuterated benzene and 
deuterated aniline solution 

E. BOCK AND .I. CZUBRYT' 
Parker Chemistry Laboratory, University of Manitoba, Winnipeg, Manitoba 

AND 

E. TOMCHUK 
Department of Pl~ysics, University of Winnipeg, Winnipeg, Manitoba 

Received February 11, 1970 

The proton spin - lattice relaxation time of aniline-d2 in deuterated aniline solution was determined as 
a function of concentration and temperature over the temperature interval 26C-360 "K using a pulsed 
nuclear magnetic resonance technique. In addition the proton spin - lattice relaxation time of aniline-d2 
in deuterated benzene solution at  20 "C was also determined. I t  was found that the activation energies of 
the intra- and inter-molecular relaxation rates were of similar magnitude, viz. 4.5 and 4.4 kcal/mole, 
respectively. It was also found that at  20 "C the rotational correlation time, z,, of the C6H5NH2 molecule 
in infinitely dilute perdeutero benzene solution was approximately half that of the partially deuterated 
aniline molecule, viz. 3.0 x 10-l2 and 6.3 x 10-l2 s, respectively, and that z, of C6H5ND2 in infinitely 
dilute perdeutero aniline solution is much larger than in infinitely dilute perdeutero benzene solution and 
is equal to 19 x 10-l2 s. 

Canadian Journal of  Chemistry, 48, 2814 (1970) 

Introduction 

In a recent Note published in this Journal we 
reported on the molecular rotational relaxation 
time, T,, of the aniline molecule in infinitely 
dilute deuterated benzene solution (1). We noted 
there that our experimental results at that time 
were not sufficient to  warrant a meaningful 
comment on whether or not the motion of the 
amino group did contribute to  the overall 
spin-lattice relaxation rate of the molecule. 
Since the publication of that Note we have 
extended our investigations of this problem to 
the point where we are now in a position to make 
more definite comments on the contribution of 
the various molecular motions of the aniline 
molecule to its spin-lattice relaxation rate in 
dilute benzene solution as well as in pure liquid 
aniline. 

Experimental 

Solvents 
The solvents used, benzene-d6, 99.5 atom% D and 

aniline-d,, 98.0 atom% D were obtained from Merck, 
Sharp, and Dohme Co. of Canada Ltd., and were used 
without further purification. 

Solutes 
Aniline-d,, 98.0 atom% D was also obtained from 

Merck, Sharp, and Dohme Co. of Canada Ltd., and it 
too was used without further purification. 

The ordinary aniline, obtained from Eastman 

'NRCC Postdoctorate Fellow, 1969-1970. 

Organic Chemicals was further purified by redistillation 
from anhydrous KOH. 

Apparatus and Procedure 
The experimental procedure followed and apparatus 

used have been described elsewhere (1). 
The temperature of the samples was maintained 

constant within 0.2 "C by means of a gas (nitrogen) 
flow thermostat. 

Results and Discussion 

Typical experimental results for 20 "C are 
shown graphically in Fig. 1 in a form of a graph 
of TI-' vs. x, the mole fraction of the proton- 
containing solute in solution. Figure 2 shows the 
temperature dependence of the proton spin - 
lattice relaxation time of the C,H,ND, molecule 
in perdeutero aniline solution as a function of 
concentration and temperature. From Fig. 1 it is 
immediately apparent that the intra- and the 
inter-molecular contribution to  the overall 
relaxation rate, i.e. the rotational or tumbling 
motion of the aniline molecule and its transla- 
tional motion both depend on the hydrodynamic 
properties of their immediate surroundings. 
Thus when the relaxation time is measured in 
benzene solution the graph of TI-' vs. x exhibits 
a definite curvature. But when the relaxation 
time is determined in aniline-d, solution, the 
resulting plot is a straight line with an average 
deviation from the straight line of 0.005 TI-' 
units. The linearity of the graph suggests that 
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BOCK ET AL.: PROTON SPIN - LATTICE RELAXATION TIME 2815 

X 2  ( a n i l i n e )  

FIG. 1. Plot of TI-' vs. mole fraction of aniline 0, 
ordinary aniline in C6D6; e, aniline-d, in aniline-d,; Q, 
aniline-d, in C6Ds 

0 ~ " ' " " " '  0.2 0.4 0.6 0.8 1.0 
only two mechanisms contribute to the spin- 

i lattice relaxation of the aniline-d, molecule when X2 
dissolved in aniline-d7, viz. an intramolecular FIG. 2. Plot of TI-' vs. mole fraction of aniline at 
mechanism which arises from the interaction of differen, temperatures. 
Drotons in the same molecule and an intermolec- 
ular mechanism due to the interaction between [2] D, = kT/6 nqrf, 
protons on neighboring molecules. It should be 
noted here that the aniline-d2 molecule was 
deuterated in the amino group which essentially 
eliminated any interaction between this group 
and the ring protons. If it is assumed that only 
two mechanisms contribute to the overall 
relaxation i.e. 

then it is possible, following Powles (2) and 
Torrey (3), to derive from the experimentally 
determined values of Tlin,,, and Tlinte, the 
correlation times for the tumbling motion of the 
molecule, z,, and for the translational motion, 
z,. The results for aniline-d2 in aniline-d7 are: 
z, = 19 x lo-'' and T, = 200 x 10-I' s. In 
evaluating z, it was assumed, following 
Goldammer and Zeidler (4), that all protons in 
aniline-d2 were chemically equivalent and in 
evaluating T,, the translational diffusion coeffi- 
cient, D,, was approximated by the expression 

Here k is Boltzmann's constant: T. the absolute , , 

temperature; q, the viscosity; r, the molecular 
radius; and f,, a microviscosity coefficient. The 
value of r in eq. [2] was estimated from the 
density of the liquid and assuming a close 
packing of spheres in the liquid. The value of the 
microviscosity coefficient was estimated from 
the work of Kessler, Weiss, and Witte (6) and 
was taken to be 0.7. It should be noted here that 
in evaluating z, the effect of the rotational molec- 
ular motion on the intermolecular relaxation 
rate was neglected. Zeidler (5) has shown that for 
molecules which have structures similar to that 
of aniline, e.g. benzene cyclohexane, pyridine, 
etc., the rotational motion enhances the inter- 
molecular relaxation rate by ,- 0-12 %, depen- 
ding on the particular structure of the molecule. 
Since the "true" value off,  in eq. [2] is rather 
uncertain and since we estimate our experimental 
error to be + 5 %, we felt justified in neglecting 
this effect in our calculation of z,. Now the 
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correlation times may be roughly interpreted as 
the time taken by the molecule to turn through 
a unit angle, in the case of r,, and as the time 
taken by the molecule to move laterally away 
from a neighboring molecule by a distance equal 
to a molecular diameter, in the case of r,. The 
calculated values of r, suggest that an aniline 
molecule executes 10 twisting or turning motions 
before it executes a lateral or translational jump 
to a different site in the liquid. This conclusion 
is in agreement with the generally held notion 
that aniline in the liquid state is strongly hydro- 
gen-bonded and also with the fact that the 
viscosity of aniline, a molecule of roughly the 
same size as chlorobenzene, is approximately 6 
times that of chlorobenzene. Our value of r, for 
aniline-d2 in aniline-d7 is in qualitative agreement 
with the dielectric relaxation time determined 
for the aniline molecule in pure liquid aniline. 
Thus Smyth (7) reported a value for r,, the 
molecular reorientation time in pure liquid 
aniline at 20 "C as 22 x lo-'' s, whereas our 
value for r, is 19 x lo-" s. According to Powles 
(8) one would expect the ratio tdiel/rn.,.,. - 3 if 
the molecule reorients itself by small jumps 
(< 15"), whereas for jumps larger than about 
60" the ratio is - 1. Since our value for r, is 
closer to being equal to rdiel  rather than to + 
rdi,,, it would appear that the rotational diffusion 
of the aniline molecule in pure liquid aniline 
proceeds by large angular displacements of the 
molecule. This conclusion is corroborated by our 
measurements of r, for the aniline molecule in 
deuterated benzene solution. The benzene mole- 
cule is in many respects structurally similar to the 
aniline molecule and one would therefore expect 
that particularly the angular reorientation of the 
aniline molecule in benzene solution should be 
similar in nature to the angular reorientation of 
the molecule in liquid aniline. The dielectric 
relaxation time of the aniline molecule in dilute 
benzene solution has been measured by several 
workers (9, 10). The most recent determination 
of this quantity by Tucker and Walker (10) in 
dilute cyclohexane and p-xylene solution yields 
a value of 8.5 x 10-l2 and 8.1 x lo-'' s, 
respectively for the reorientational relaxation 
time of the molecule and a value of 2.1 x lo-'' - 
3.3 x lo-'' s for a second relaxation time 
presumably associated with some inter-molecular 
motion taking place withing the molecule. The 
value 8.1-8.5 x lo-'' s may be compared with 

the value determined by us for the aniline-d2 
molecule in dilute deuterated benzene solution, 
viz. 6.3 x 10-l2 s. NOW the only molecular 
motion that could conceivably contribute signifi- 
cantly to the proton spin - lattice relaxation of 
the aniline-d2 molecule is the reorientation of the 
whole molecule since any contribution from the 
internal rotation of the -ND2 group or from 
the deuteron exchange between neighboring 
groups may be neglected because the deuteron 
contribution to the proton relaxation rate is 
only 1/24 that of the proton contribution. Again 
it will be noted that the dielectric relaxation 
time is approximately equal to the n.m.r. relaxa- 
tion time. This suggests that the rotational 
diffusion mechanism of the aniline molecule in 
dilute benzene solution is similar to the mech- 
anism in pure liquid aniline; viz. the molecule 
reorients by large angular jumps (> 60"). 

Our earlier reported measurements on ordinary 
aniline in dilute deuterated benzene solution are 
in general agreement with the above conclusions. 
In our earlier paper we reported a value of 3.2 x 
lo-'' s for r, for aniline in dilute benzene solu- 
tion. In arriving at the above value we distin- 
guished in our calculations between chemically 
shifted protons in the aniline molecule. However, 
in the light of the investigations of Goldammer 
and Zeidler (4) such distinction was unwarranted 
in our calculations since our instrument does 
not distinguish between chemically shifted 
protons but records an average signal from all 
the protons in the molecule. If all the protons in 
ordinary aniline are considered as chemically 
equivalent then the value of r, derived from 
TI-lin,,, results as 3.0 x 10-l2 rather than 3.2 x 
lo-'' s, as reported earlier. According to 
Woessner (1 1) any internal molecular motion will 
decrease the overall spin-lattice relaxation rate 
and hence also decrease the calculated relaxation 
time r,. The effect of the internal rotation on the 
spin-lattice relaxation rate, T,-', is given 
approximately by 

Here or is a parameter which depends on the 
magnitude of the two relaxation times, i.e. the 
relaxation time associated with the internal 
molecular motion and the tumbling motion of 
the molecule. A is a geometric parameter and 
depends on the molecular structure of the mole- 
cule, and r, is the relaxation time associated with 
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the tumbling motion of the molecule. Woessner 
has shown that in the case of a rotating methyl 
group a is 0.63 when the frequencies of the two 
motions are equal, and a is 0.25 when the fre- 
quency of the internal motion is very much larger 
than the frequency of the tumbling motion of the 
molecule. Now it is well known that the dielectric 
relaxation of the aniline molecule in dilute solu- 
tion of nonpolar solvents is best explained in 
terms of two relaxation times; one of the order 
of 8-10 x lo-" s and one of the order of 1-3 x 
10-l2 s. There is no doubt that the longer 
relaxation time is associated with the tumbling 
motion of the molecule, i.e. with the reorientation 
of the whole molecule, and the shorter relaxation 
time with the internal motion of the -NH, 
group (12). If in eq [3] we use the value of z, = 
6.3 x lo-'' s determined for aniline-d, in 
deuterated benzene solution and the value of 
TI -Ii,,,, = 5.5 x lo-' s determined for ordinary 
aniline in the same solvent, and the appropriate 
yalue for the constant A = 1.83 x 10" there 

FIG. 3. Plot of In T ,,,,,, (0) and of In TII, , , ,  ( 0 )  
vs. 1/T. 

LATTICE RELAXATION TIME 2817 

results a value of 0.48 for the parameter a ;  a 
value which is in agreement with the generally 
held view that the internal motion of the -NH, 
group takes place with a greater but not very 
much greater frequency than the tumbling 
motion of the molecule. 

The temperature dependence of the intra- and 
inter-molecular relaxation time is shown in Fig. 
3 in a form of a log TI vs. 1/T graph. Both plots 
are linear and yield an activation energy of 4.5 
and 4.4 kcal for the intra- and inter-molecular 
relaxation, respectively. A similar plot of the 
logarithm of the viscosity of ordinary aniline vs. 
1/T yields a curved line shown in Fig. 4. The data 
for the construction of this graph were taken 
from the literature (13). Since the temperature 
dependence of the viscosity does not exhibit the 
simple Arrhenius-type behavior it is not possible 
to derive an unequivocal value for the activation 
energy for viscous flow in aniline. However, one 
can obtain albeit a very rough value for this 
parameter from the average slope of the two 
dashed lines shown in Fig. 4. The result is -- 5.2 

FIG. 4. Plot of In q for ordinary aniline vs. 1/T 
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kcal/mole. Although this value is somewhat 
higher than the activation energy for either the 
intra- or inter-molecular relaxation time, it is 
nevertheless of the same order of magnitude as 
the activation energy for the latter two processes. 
This agreement in turn supports the interpreta- 
tion of the proton spin - lattice relaxation 
mechanism for liquid aniline presented in this 
paper, viz. that the relaxation mechanism is 
dominated by the dipole-dipole interactions, i.e. 
by the Brownian motion of the molecules in the 
liquid state. 

The financial assistance of the National Research 
Council of Canada is gratefully acknowledged. 
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Cyanoethylations and Michael additions. 11.' The synthesis of allylic cyclohexenols 
by r-cyanoethylation of a$-unsaturated aldehydes and ketones. Part I12.3 

CH. R. ENGEL AND J. LESSARD 
Department of Chemistry, Laval University, Quebec, Quebec 

Received April 1, 1970 

The detailed report of the first cyclo-y-cyanoethylation of an a$-unsaturated carbonyl system, 
3P-acetoxy-5a-pregn-17-en-21-al, is given. This reaction, which proceeds in high yields, gives rise, in a 
single operation, to products with an additional functionalized six-membered ring, primarily to allylic 
a'-cyanohexenols. 
Canadian Journal of Chemistry, 48, 2819 (1970) 

In the majority of Michael additions reported 
in the literature, in which the carbanion is 
derived from a,P-unsaturated polar systems, such 
as a,P-unsaturated carbonyl compounds, the 
electrophile is added to the carbon atom a to the 
polar function of the product from which the 
anion is derived (cf., inter alia, ref. 5). According 
to the literature, cyanoethylations of such 
systems make no exception (6); even in the 
absence of a hydrogen substituent in position a 
to the polar function, the addition occurs in that 
location, with migration of the original double 
bond. Numerous examples (cf., for instance, 
ref. 7) exist also for a-alkylations of a,p-unsat- 
urated carbonyl compounds, which bear a 
certain mechanistic resemblance to such Michael 
additions. 

That the a-position of conjugated polar prod- 
ucts should be the preferred site of reaction with 
electrophiles, seems plausible since it corresponds 
to the most negative carbon atom of the derived 
mesomeric anion (8). However, the greater 
negativity of the a-position should not totally 
exclude a reaction in the y-position, which 
represents also a negative center of the anion 
(cf. 8c). As a matter of fact, the literature contains 
a few examples of y-alkylations of a$-unsat- 
urated ketones, for instance the dimethylation of 
3-methyl-2-cyclohexenone (9), in which the 
second methyl group enters, in part, at the 
y-position. One also knows of some cases of base- 
catalyzed dimerizations of a,P-unsaturated car- 

'For paper I of this series see ref. 1. 
'This publication represents part XXXI in the series on 

Steroids and related products. For paper XXX see ref. 2. 
3Abbreviated in part from the doctoral thesis of 

J. Lessard, submitted to the School of Graduate Studies 
of Laval University, Quebec, 1964, and from the "these 
de doctorat d'Etat es-sciences," University of Paris, 
registered at the C.N.R.S. under the number A.O. 1987. 
For preliminary reports on the results described in this 
paper see refs. 1, 3, and 4. 

bony1 compounds in which the reaction products 
may be considered to originate from an addition 
in position y, followed by cyclization (10). How- 
ever, with the exception of such dimerizations, 
no authentic Michael additions to carbanions 
derived from a,P-unsaturated polar systems 
were known until the appearance of our pre- 
liminary reports (1, 3), and Fleury et al. (1 1) 
stated in 1963 that "one can note that one has 
never been able to show that there occurred a 
cyanoethylation on the y-carbon atom" (of an 
a,P-unsaturated polar system). In this article, and 
in the following papers of this series, we en- 
deavor to show that such y-cyanoethylations of 
a,P-unsaturated aldehydes and ketones are not 
only possible but may be performed in very 
attractive yields, and that, therefore, such reac- 
tions may be regarded as valuable tools in the 
synthesis of polycyclic  system^.^ 

We report here in detail the y-cyanoethylation 
of an a,P-unsaturated aldehyde, 30-acetoxy-5a- 
pregn-17-en-21-a1 (4). The addition products 
presented themselves as cyclized derivatives so 
that the reaction led directly to a system with an 
additional functionalized ring. 

Aldehyde 4 was prepared from 3P-acetoxy-5a- 
androstan-17-one (1) in an overall yield of 75 %, 
by the method described by Heusser et al. (13a, 
cf. also 13b-d) for the preparation of an analogous 

4After the first publications of our results (1, 3), 
Chabalier et al. (12a) reported that the cyanoethylation 
of mesityl oxide, catalyzed by metallic sodium in benzene, 
occurs in part on the a-carbon atom, as observed earlier 
by Bruson and Riener (6a), in part on the y-carbon atom. 
In the presence of metallic lithium in dry ether, mesityl 
oxide adds to 4-phenyl-3-buten-2-one and 4-furanyl-3- 
buten-Zone again in the y-position (126). The French 
authors studied also the base-catalyzed dimerization of 
mesityl oxide and found that the two main isoxylitones 
obtained had not the structures proposed by Naves and 
Conia (5e), but structures consistent with products arising 
from Michael additions in position y, followed by aldol 
cyclizations. 
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5-unsaturated aldehyde. Addition of ethoxy- 
acetylene magnesium bromide, prepared accord- 
ing to the method of Nazarov et al. (14), to 
ketone 1 gave 17a-ethoxyethynyl-5a-androstane- 
3P,17P-diol(2) and its 3-acetate, 2a. Hydrogena- 
tion of the latter over 2.5 % palladium-on-calcium 
carbonate led to the 17a-ethoxyvinyl derivative 3 
which gave with hydrochloric acid in aqueous 
dioxane 3 P-acetoxy-5a-pregn- 17-en-2 1 -a1 (4). 

The cyanoethylation of this conjugated alde- 
hyde (4) was carried out with catalytic amounts 
of sodium t-amylate in benzene at 55", using a 
slight excess of acrylonitrile. Chromatography of 
the reaction product afforded in 74% yield a 
2:l mixture of acetoxy hydroxy nitriles (5a and 
6a), in 7 %  yield a mixture of dihydroxy nitriles 
(5 and 6), and in 5 % yield a 7:3 mixture of the 
acetoxy dienonitriles 7a and 8a. The elemental 
analyses of the products indicate the addition of 
one only acrylonitrile molecule. The spectra of 
the isomeric acetoxy hydroxy nitriles 5a and 6a 
(cf. Experimental) show the presence of a non- 
conjugated nitrile function, of a hydroxyl group, 
and of a trisubstituted double bond (1 vinylic 
proton, at 5.33 6 for compound 5a, at  5.27 6 for 
compound 6a). Both acetoxy hydroxy nitriles 
(5a and 6a) are readily converted to the corre- 
sponding diacetates 5b and 6b. These findings are 
compatible with the assumption of a cyano- 
ethylation, followed by an aldol cyclization. 
They also suggest that the cyanoethylation had 
occurred in the y-position (cf. structure i) and 
not in the a-position (cf. structure ii), since the 
infrared (i.r.) absorption of the double bond of 

compounds 5a and 6a [v,,, (CHCl,) 1676 cm-'1 
corres~onds well to that of a double bond 

~ ~ 

exocyclic to a five-membered ring5 and not to a 
double bond of a compound of type ii which 
should absorb at much lower frequencies 
(1621-1613 cm-l) (16). 

%ince the frequency of vibration of an  exocyclic double 
bond increases with the tension in the ring (15), the 
slight hypsochromic shift of the absorption of the double 
bond of compounds 5a and 6a from the frequencies of 
vibration of unstrained double bonds, such as As- and 
A7-double bonds, is plausible. 

The correctness of partial structure i for the 
acetoxy hydroxy nitriles 5a and 6a was established 
by their oxidation with Jones' reagent to the 
a,P-unsaturated ketones 9 and 10; the latter is 
transformed very readily into its isomer (9), either 
by fusion or by treatment with a protic solvent. 
The nuclear magnetic resonance (n.m.r.) spectra 
of the unsaturated ketones 9 and 10 show a single 
olefinic proton, which confirms that their double 
bond is trisubstituted. The relatively high i.r. 
frequencies of these double bonds [v,,, (CHCI,) 
1640 and 1638 cm-l, respectively for ketones 9 
and 101 is again in accord with the fact that these 
double bonds are exocyclic to a five-membered 
ring.5 In both ketones the carbonyl absorption 
in the i.r. showed a hypsochromic shift from 
normal positions of a,P-unsaturated cyclo- 
hexenones (1 6b), which can be rationalized by 
the presence of the polar nitrile function in 
position a'. 

Catalytic hydrogenation of both unsaturated 
ketones 9 and 10 afforded the same saturated 
cyano ketone l l b  (under the reaction conditions, 
ketone 10 is isomerized to ketone 9). Treatment 
of the saturated cyano ketone l l b  with hydro- 
chloric acid in acetic acid at reflux temperature, 
followed by acetylation, led to the a'-unsub- 
stituted cyclohexanone l l a .  It shows in the i.r. a 
normal carbonyl absorption, in contradistinction 
to ketone l l b ;  this confirms the hypsochromic 
effect of the nitrile group. The spectral charac- 
teristics of the unsaturated ketones 9 and 10, and 
of the saturated derivatives l l a  and b, exclude 
the possibility of cyclic derivatives which would 
have arisen from an a-cyanoethylation product 
(compare structures iii and i ~ ) . ~  

A classical proof of structure came from the 
ozonolysis of the unsaturated ketones 9 and 10 
which gave the same cyano acid 12 (the unsat- 
urated ketone 10 is transformed into its isomer 9 
under the reaction conditions). Evidence for 
structure 12 is derived from the i.r. spectra of the 
free acid, of the corresponding hydroxy methyl 
ester 12a, and the acetoxy methyl ester 12b, and 
from the elemental analysis of the latter. 

6The carbonyl absorption of a$-unsaturated ketones 
of type iii should lie beyond 1720 cm-', that of saturated 
cyclobutanones (cf. iv) far above those observed for 
ketones l l a  and b [v,,, (CHCI,) 1710 and 1728 cm-', 
re~pectively].~ 

7Structure iii with a tetrasubstituted double bond 
between positions 17 and 20 is also excluded on the 
grounds of n.m.r. (see above) and ultraviolet (u.v.) 
evidence: the ketones 9 and 10 absorb at 238 nm. 
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The elemental composition and the spectral 
characteristics of the isomeric dienonitriles 7a 
and 8a agree with structures arising from 
dehydration of allylic cyclohexenols of type 5a 
and 6a. The spectra (cf. Experimental) show the 
presence of a nitrile function conjugated with a 
homodiene. In the n.m.r. there appear two 
olefinic protons on vicinal carbon atoms, each 
of them coupled further with an axial or quasi- 
axial allylic proton. 

The structure of dienonitrile 7a was confirmed 
by its formation from the two acetoxy hydroxy 
nitriles 5a and 6a, by the action of p-toluene- 
sulfonyl chloride in pyridine, and by dehydro- 
acetylation of the corresponding diacetates 56 
and 66, with potassium carbonate in methanol, 
to the hydroxy dienonitrile 7 .  The acetoxy 
hydroxy nitrile 5ais dehydrated with considerably 
greater ease than its epimer 6a. Similarly, the 
diacetoxy nitrile 56 is dehydroacetylated in much 
better yields than its epimer 66. The acetoxy 
hydroxy nitriles 5a and 6a are also dehydrated 
with methanolic potassium carbonate, both to 
the same dienonitrile 7 ;  both of them give, in 
this reaction, the same side-product: the di- 
hydroxy nitrile 5, which is also obtained as 
side-product in the dehydroacetylations of the 
isomeric diacetoxy nitriles 56 and 66. These 
epimerizations in position 16' parallel the 
already mentioned very facile epimerization of 
ketone 10 to ketone 9. 

The cyanoethylation of the a,a-unsaturated 
aldehyde 4 was also carried out in t-butanol with 
catalytic amounts of potassium hydroxide. In 
that case, chromatography of the acetylated 
product led, in 13% yield, to a mixture of the 
dienonitriles 7a and 8a (in a relative proportion 
of 9:l) and in 54% yield to a mixture of the 
diacetoxy nitriles 56 and 66, isomer 66 represent- 
ing the main constituent of that mixture. 

Stereochemistry 
Stereochemistry in Position 16 

The fact that the dehydration of both acetoxy 
alcohols 5a and 6a led exclusively to the same 
dienonitrile 7a, and the dehydroacetylation of the 
corresponding diacetates 56 and 66 to the same 

nitrile 7 ,  seems to indicate the identity of con- 
figuration of the main reaction products (5, 6 ,  
and 7 ,  and their ester derivatives) in position 16. 
This assumption is confirmed by the fact that 
under the dehydroacetylation conditions di- 
enonitrile 8 is not significantly epimerized to 
dienonitrile 7.' 

If the cyanoethylation were to proceed under 
kinetic control, one would have to assume a 
16P-hydrogen configuration of the main reaction 
products, the a-side of the molecule being less 
hindered. However, since equilibration through 
an en01 form is possible, a proof of configuration 
becomes necessary. According to Moscowitz 
et al. (17), a non-planar cyclohexadiene, such as 
either dienonitrile 7 or 8, should exhibit a 
strongly positive Cotton effect in the case of a 
right-handed helicity of the chromophore, a 
strongly negative Cotton effect in the case of a 
left-handed helicity of this moiety. According to 
models, the dienonitriles 7 and 8 would present 
a right-handed helicity in the case of a 16P- 
hydrogen configuration, a left-handed helicity in 
the case of a 16a-hydrogen configuration. Since 
the observed Cotton effect of dienonitrile 7a is 
strongly negative, that of its epimer 8a strongly 
positive, one would have to conclude that the 
configuration of the main reaction products 5 , 6 ,  
and 7 be 16a-hydrogen. We suggest, however, 
that the configuration of these reaction products 
be 16P-hydrogen, which is in opposition to 
Moscowitz rule, but which is in accord with all 
other observations at our disposal. At first, a 
Diels-Alder addition of acrylonitrile to the en01 
acetate of aldehyde 4, under conditions under 
which a reverse reaction and therefore an equi- 
libration are most improbable, leads exclusively 
to the diacetate 56 (4, 18), which cannot be 
reconciled with a 16a-hydrogen configuration 
since this would suggest an exclusive attack from 
the more hindered side. Also, a l6a-hydrogen 
configuration of products arising from Diels- 
Alder and Michael additions to 16-unsaturated 
20-ketones has been rigorously established 
(19, 20). Furthermore, the n.m.r. spectra of the 

8The identity of configuration in position 16 of the 
hydroxy acetoxy nitriles 5a and 6a and their derivatives 
is further confirmed by the ready epimerization of the 
hydroxy nitriles 6 and 60 to their stereo-isomers 5 and 50, 
and the extremely facile epimerization of ketone 10 to 
ketone 9; an abstraction of a proton in the 16-position 
under the reaction conditions is improbable (especially 
in the case of the hydroxy nitriles 5 and 6) ,  whereas an 
enolization towards the nitrile function is perfectly 
plausible. 
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ENGEL AND LESSARD: CYANOETHYLATIONS AND MICHAEL ADDlTlONS 

TABLE 1 

Chemical shifts of the 18-methyl groups of the cyano alcohols Sa, 6a, 13a, 
and 14a, and of the cyano ketones 9a and 10a 

Conformation 6 A6orfa l  C N - e s v a t o r ~ a ~  CN 

Compound of nitrile group (p.p.m.1 (p.p.m.1 

5a equatorial 0.84 
6a axial 0.88 0.04 

14a equatorial 0.84 
13a axial 0.88 0.04 

9a equatorial 0.96 
10a axial 1 .OO 0.04 

acetoxy hydroxy nitriles 5a and 6a, of their 
isomers 13a and 14a (see below), and of the 
ketones 9 and 10, the relative stereochemistry of 
which, with respect to the configuration in 
position 16, is clearly established (see below), 
militate in favor of a 16P-hydrogen configura- 
tion. The 18-methyl group of the products with 
an axial nitrile substituent in position 16' is more 
deshielded than the 18-methyl group of the 
products with an equatorial 16'-nitrile group 
(cf. Table I), and this is only plausible if one 
assumes that in each case the axial nitrile group 
is cis to the 18-methyl group; since in these 
nitriles the axial cyano group is cis to the hy- 
drogen in position 16 (see below), this hydrogen 
must be cis to the 18-methyl group and there- 
fore p. Analogous and confirmatory results were 
obtained in the case of the cyanoethylations of 
a 21-methyl 21-ketone, homologous to alde- 
hyde 4, and in that of the D-homo analog of 
aldehyde 4 (4, 21, 22).9 

Configuration of Ketones 9 and 10 
Since no isomerization in position 16 occurs 

during the oxidation of 2 1-alcohols of type 5a, 6a, 
13a, and 14a (cf. below), the ketones 9 and 10 
must have the same configuration in position 16 
as dienonitrile 7; they must, therefore, differ in 
stereochemistry in position 16'. The ready 
epimerization of ketone 10 to ketone 9 suggests 
that the conformation of the nitrile group of the 
former be axial, that of the latter equatorial. This 
agrees (23) with the U.V. spectra, the maximum 
corresponding to the n -t n* transition of 
ketone 10 appearing at 325 nm (CHCI,), that of 
ketone 9 at  305 nm. In the n.m.r. spectrum of 
ketone 10, the 16'-proton appears at 3.48 6 as a 
doublet of doublets with J values of 2.5 and 
5.0 Hz, which corresponds to an equatorial con- 
formation of the 16'-hydrogen, and therefore an 

9An X-ray investigation of the 3-bromoacetate of 
compound 5 is in progress. 

axial conformation of the nitrile group. The 
16'-proton of ketone 9 is seen at 3.56 6, as a 
doublet of doublets, with Jvalues of 14 and 4 Hz, 
which confirms the axial conformation of this 
proton and therefore the equatorial conforma- 
tion of the nitrile substituent.1° Ring E of 
ketones 9 and 10 must present itself in the half- 
chair conf~rmation, '~  since one can calculate 
only in that instance acceptable constants for the 
Karplus equation (25) from the J values of the 
162-protons and the corresponding dihedral 
angles. Furthermore, the optical rotatory disper- 
sion (0.r.d.) curves of both ketones 9 and 10 
show a positive Cotton effect in the region corre- 
sponding to the n -> n" transition, from which a 
half-chai'r conformation of their E-rings may be 
inferred (cf. 26). Interestingly, both the equatorial 
and the axial nitrile groups of ketones 9 and 10 
exert a hv~sochromic effect on the i.r. maximum 

d L 

corresponding to the stretching freq~~encies of 
the carbonyl function, this effect being, however, 
greater for the equatorial substituent of ketone 9; 
thus, the nitrile group behaves in this respect 
not like a bromine, chlorine, or acetoxy substit- 
uent, but rather like a fluorine substituent (23e, 
27).' 

1°The axial 162-proton of ketone 9 is more deshielded 
than the equatorial 162-proton of ketone 10, which 
corresponds well to the situation in the case of a-halogen- 
ated cyclohexanones (24). We have already discussed the 
deshielding by the axial nitrile function of the 18-methyl 
group of ketone 10. The axial p-cyano group also causes 
a deshielding of the axial proton in position 16, which 
appears as a multiplet at  3.2 6 for ketone 10, whereas it 
appears as a multiplet a t  2.9 6 in the case of ketone 9 in 
which the 162-cyano group is equatorial. This not only 
confirms the 1,3-diaxial relationship of the nitrile 
function and the 16-hydrogen in ketone 10, but indicates 
also a half-chair conformation of ring E. 

"We thererore have to rectify the preliminary proposal 
of conformation and configuration of the nitrile group 
of con~pound 10 (I), which had been based on the 
assumption that an  a-cyano substituent would have an 
effect on the i.r. carbonyl absorption similar to  that of 
a bromine or acetoxy group. 
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Stereochemistry in Position 16' and E-Ring 
Conformation of ihe Acetoxy Hydroxy 
Nitriles 5a and 6a 

As the oxidation of the acetoxy hydroxy 
nitrile 6a leads to the thermodynamically un- 
stable ketone 10, no epimerization in position 16' 
occurs in that reaction. Hence, the nitrile group 
of the hydroxy nitrile 5a must be a (assuming 
a 16P-hydrogen configuration), that of the 
hydroxy nitrile 6a, P. Since, according to models, 
the preferred conformation of ring E for both 
compounds 5a and 6a should be a half-chair, the 
nitrile group of hydroxy nitrile 5a should be 
equatorial, that of isomer 6a, axial. This is con- 
firmed by the n.m.r. spectra at 100 MHZ." The 
162P-proton of the hydroxy nitrile 5a appears as 
a doublet of triplets at 2.798 6 which, upon 
irradiation at the absorption frequency of the 
21-proton, collapses to a doublet of doublets 
with coupling constants of 12.0 and 2.6 Hz 
(corresponding to the coupling with the two 
protons in position 16'); this indicates an axial 
conformation of the 16'-hydrogen, and therefore 
an equatorial conformation of the nitrile group. 
The 16'a-proton of isomer 6a gives rise to a 
multiplet a t  3.02 6 which, upon simultaneous 
irradiation at the frequencies of the 21-proton 
and of the olefinic proton in position 20, is 
simplified to a triplet with J values of approx- 
imately 3 Hz, which confirms the equatorial 
conformation of the 16'-hydrogen and the axial 
conformation of the nitrile group.13 

ConJgziratiorl of the Alcohols 5a and 6a in 
Position 21 

The facile dehydration of the hydroxy nitrile 5a 
and the ready dehydroacetylation of its acetate 5b 

12The n.m.r. spectra at 100 MHz were very kindly 
performed by Prof. R. U. Lemieux and Mr. J. Bigam, 
the University of Alberta, Edmonton, Alberta, to.whom 
we express our very sincere appreciation for their 
important help. The spectra were recorded on a 
Varian H 100 instrument, in deuteriochloroform, tetra- 
methylsilane being used as internal standard. 

13The exact value of J ,Gj , ,162a  (3.5 Hz) was measured 
from the doublet obtained by triple decoupling, by 
irradiating sin~ultaneously protons 20, 21, and 16l(3; the 
exact value of JlGl,,,6z, (2.7 Hz) was determined from 
the doublet obtained by simultaneous irradiation at the 
frequencies of the protons 20, 21, and 16la. One again 
observes in the case of the hydroxy nitriles 5a and 6a 
that the axial 16-hydrogen is more deshielded in the case 
of the isomer with the axial (3-nitrile function; we have 
already mentioned that the 18-methyl group is more 
deshielded in the case of isomer 6a than in the case of 
isomer 5a. 

(see above) suggests a trans-diaxial arrangement 
of the 21-oxygen substituent and the 16'- 
hydrogen, thus an a-configuration of the 21- 
oxygen groups of compounds 5, 5a, and b. The 
relatively difficult dehydration and dehydro- 
acetylation of isomers 6a and b could either 
suggest a trans-diequatorial relationship of the 
21-oxygen functions and the 16'-hydrogen, or a 
cis relationship of these groups. The latter seemed 
more probable in view of the isomerization with 
base of the dihydroxy nitrile 6 to the dihydroxy 
nitrile 5 (see above), an epimerization of the axial 
16'-nitrile function being more likely than an 
isomerization involving a retroaldol-aldol se- 
quence. These tentative conclusions are con- 
firmed by n.m.r. spectroscopy at 100 MHz.lZThe 
study was facilitated by the availability of the 
other pair of epimeric acetoxy hydroxy nitriles 
13a and 14a. They were obtained, in high yield, 
by sodium borohydride reduction of the isomeric 
ketones 9 and 10. Careful oxidation of the major 
reduction product, hydroxy nitrile 13a (repre- 
senting 66 % of the mixture of the two epimers), 
led to the a,P-unsaturated ketone 10, oxidation 
of isomer 14a to ketone 9. The nitrile function of 
hydroxy nitrile 13a must therefore be P and axial, 
that of hydroxy nitrile 14a, a and equatorial. This 
is again confirmed by the fact that the 16e-proton 
and the protons of the 18-methyl group of 
isomer 13a are more deshielded than those of 
isomer 14a. The equatorial conformation of the 
16'-proton of compound 13a is further evident 
from its coupling with the two 16'-protons 
(3.5 and 3.0 Hz). Conversely, the coupling con- 
stants of the 16'-proton of isomer 14a (12.5 and 
2.9 Hz) indicate an axial conformation of the 
16'-proton. Thus, the hydroxy nitriles 13a and 
14a are 16'-epimers, as are the hydroxy nitriles 5a 
and 6a, from which they must differ in their 
configuration in position 21. 

The significant data (concerning ring E) from 
the n.m.r. analyses at 100 MHz, with multiple 
spin decoupling, of the four isomeric acetoxy 
hydroxy nitriles 5a, 6a, 13a, and 14a are sum- 
marized in Table 2." 

The relatively small (3 Hz) coupling constant 
arising from the coupling between the axial 
162P-proton of isomer 5a with the 21-proton is 
indicative of the quasi-equatorial conformation 
of the 21-hydrogen and therefore of an axial 
conformation and a-configuration of the 21- 
hydroxy group, which is in accord with the 
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above-mentioned chemical evidence. The cou- 
pling between the axial 162P-proton of isomer 14a 
and the 21-proton (-9.5 Hz) suggests an axial 
conformation of the 21-proton and therefore an 
equatorial P-stereochemistry of the 21-hydroxy 
substituent. The difference in the couplings of the 
olefinic 20-proton and the 21-pr6ton in isomers 
5a and 14a agrees with the difference in dihedral 
angles. The quasi-axial conformation of the 
21-proton of isomer 14a is further confirmed by 
its homo-allylic coupling (-2.8 Hz) with the 
axial 16P-proton (cf. 28). 

In the case of isomer 6a, the coupling between 
the olefinic 20-proton and the proton in posi- 
tion 21 (3.5 Hz) is larger than the coupling 
(2.3 Hz) of the 20- and 21-protons of epimer 13a, 
which corresponds again to  the difference in 
dihedral angles, when a quasi-axial a-stereo- 
chemistry of the hydroxyl function of isomer 6a 
and a quasi-equatorial P-stereochemistry of the 
21-hydroxyl group of isomer 13a are assumed. 
These stereochemical assignments are borne out 
by the differenc? of the couplings between the 
quasi-equatorial 21-proton and the quasi-equato- 
rial 16'-proton of isomer 6a on one hand, and 
between the quasi-axial 21-proton and the quasi- 
equatorial 162-proton of isomer 13a on the other 
hand. Finally, the 21-proton of isomer 13a shows 
homo-allylic coupling (in contradistinction to 
isomer 6a) with the axial 16P-proton, which 

further confirms the quasi-axial conformation of 
the 21-proton of compound 13a.I4 

Stereochemistry of the Saturated 
Ketones I l a  and b 

The strong negative Cotton effects of both 
these ketones suggest a 17P-hydrogen configura- 
tion if one assumes that during the reduction of 
the 17,20-double bond and in the course of the 
removal of the nitrile function no isomerization 
in position 16 occurs. The fact that the unsub- 
stituted saturated ketone l l a  shows the same U.V. 
absorption maximum as the saturated cyano 
ketone l l b ,  agrees with an equatorial conforma- 
tion of the nitrile substituent of the latter. 

14The major sodium borohydride reduction product 
of ketone 9, hydroxy nitrile 13a, has a a-configuration 
and axial conformation of the nitrile substituent. An 
epimerization prior to the reduction of the stable ketone 9 
to  the unstable ketone 10 can, of course, be excluded. 
Epimerization after the reduction has to be excluded also 
since none of the four isomeric hydroxy nitriles 5a, 6a, 
13a, and 14a, is isomerized under the reduction condjtions 
(see Experimental). The epimerization drrritrg reduction 
can be rationalized if one assumes an equilibrium 
between an enolic and a ketonic form in the intermediate 
complex of the 21-oxygen function with the metal and 
if one considers that this complex is attacked primarily 
from the less hindered a-side, an assumption borne out 
by the fact that the reduction products are 21a-alcohols. 
If one thus considers the steric crowding on the a-face, 
produced by the reducing agent, it becomes plausible 
that the nitrile group will have the tendency to  assume 
the a-configuration upon the return of the 162-carbon 
atom to  a tetrahedral geometry. 
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TABLE 2 

Summary of n.m.r. data of the protons of ring E of the acetoxy hydroxy nitriles 5a, 6a, 13a, and 14a, from the spectra at 100 MHz1' 

Approx- Spin decoupling Approximative 
imative dihedral 

Confor- 6 J values [HI Signal JValues angles measured* 
Compound Proton mation (p.p.m.) Signal (Hz) Irradrated (Hz) Assignment (") 5 

5.298 d o f d  4.0 [I601 
2.2 

210 equatorial 4.334 t 3.8 
3.8 

I 16'P axial 2.798 d o f t  
5a 

160 axial 2.466 m 
16'P equatorial 2.04t 

\ axial 4.498 d o f t  10 
2.8 
2 .8  

14a ( 16'0 axial 2.690 7 lines 12.5 
9 .5  

d 4.0 20,21P 55 k u 
160,20 (allylic) 85 
20,210 55 E 
16'j3,21 50 

d of d 12.0 161a,162(3 180 
2.6  161P,1620 60 

ii z 

d 12.0 16'a,16'0 180 $ 

B 
d 3.0 20,21a 65 $ 

160,20 (allylic) 85 3 
16'0,21a 170 0 

65 
r 

20,21a 
1613,21a (homo-allylic) 155 $ 

161a,1610 (geminal) 110 
160,1610 55 
161P,162P 60 
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We reserve the discussion of the mechanism (hydroxyls), 2280 (triple bond), and 1045 cm-I (broad 
of the cyclo-y-cyanoethylation for subsequent 
papers of this series (18, 22), since for this 
discussion the results obtained with an a,P- 
unsaturated ketone, analogous to aldehyde 4, and 
those obtained in the Diels-Alder addition of 
acrylonitrile and methyl vinyl ketone to the en01 
acetate of aldehyde 4, are essential. 

Experimental ' 
3~-Acetoxy-17a-ethoxyeihynyl-5a-androstan-17-0 (2a) 

and l7a-Ethoxyetl1y11yl-5a-androsfat1e-3,l d o  (2) 
(a) To  an ethereal solution of ethyl magnesium 

bromide prepared from 1.3 g of magnesium, 5 ml of 
ethyl bromide, and 50 ml of anhydrous ether, there was 
added, dropwise and with stirring over a period of 
30 min, a solution of 3.9 g of ethoxyacetylene in 30 ml 
of anhydrous ether. The addition was controlled so as 
to maintain the reaction mixture refluxing. The ethoxy- 
acetylene magnesium bromide complex separated as a 
dark oil. After stirring at room temperature for one 
additional hour, a solution of 1.56 g of 3P-acetoxy-5a- 
androstan-17-one (I), m.p. 114-116", in 30 ml of an- 
hydrous ether was added, dropwise and with stirring, 
over a period of 30 min. The reaction mixture was 
refluxed for I h, then cooled in an ice bath, and 100 ml 
of a cold 20% ammonium chloride solution was added 
slowly. The organic phase was decanted and the aqueous 
phase was extracted with ether. The ethereal solution 
was washed with a cold 10% aqueous ammonium 
chloride solution and with water, dried over sodium 
sulfate, and the solvent was removed. The residue 
(2.24 g) was adsorbed on 67 g of aluminum oxide. 
Elutions with petroleum ether - benzene (I :1) afforded 
860 mg (45 %) of 3P-acetoxy-l7a-ethoxyetl1ynyl-5a-an- 
drosta11-1713-01 (2a), m.p. (dec.) 126-129". A sample 
was recrystallized three times from ether-hexane for 
analysis; colorless plates, m.p. (dec.) 130.5-131.5"; 
[aIDZ3 -46" (c, 1.00 in CHCI,); v,,, (KBr) 3560 (hy- 
droxyl), 2280 (triple bond), 1722 and 1260 (acetate), and 
1038 cm-' (broad band: acetate, ether, and alcohol). 

Anal. Calcd. for C Z ~ H ~ ~ ~ ~ :  C, 74.59; H, 9.51. Found: 
C, 74.61 ; H, 9.47. 

Elutions in the above chromatogram with benzene 
gave 410 mg (24% yield) of 17a-ethoxyethynyl-5a- 
androsm11e-3(3,17~-diol (2), m.p. (dec.) 121-122". A 
sample was recrystallized twice from ether-hexane for 
analysis; colorless needles, m.p. (dec.) 122.5-123"; 
[aIDZ3 -40" (c, 1.00 in CHCI3); v,,, (KBr) 3440 

band: alcohols and ether). 
Anal. Calcd. for CZ3H3603: C, 76.62; H, 10.06. 

Found: C, 76.48; H, 10.1 1. 
Acetylation of Diol 2 
The 17a-ethoxyethynyl diol 2 (200 mg) in 3 ml of 

pyridine was treated with 1.5 ml of acetic anhydride at 
room temperature for 16 h. The usual work-up gave 
220 mg of acetylated product representing crude 
3P-acetoxy-l7a-ethoxyethynyl-5a-androstan-17P-ol (2a), 
m.p. (dec.) 114122"; one recrystallization from ether- 
hexane gave 170 mg (67% yield) of a product melting 
with decomposition at 127-129". 

(b) In another run, the ethoxyacetylenation of two 
portions of 13 g of the 17-ketone 1 was carried out as 
described above. The crude products were acetylated in 
the usual fashion. Chromatography of the combined 
residues (43 g) on 1 kg of aluminum oxide afforded 30 g 
of crude 3~-acetoxy-17a-ethoxyethynyl-5a-androstan- 
17P-ol(2a), m.p. (dec.) 119-123", eluted with petroleum 
ether- benzene mixtures (9:1, 4:1, and 1:l). Further 
purification by chromatography and recrystallization 
from ether-hexane gave two crops of crystals: 18.8 g, 
m.p. (dec.) 129-130"; and 5.2 g, m.p. (dec.) 127-129"; 
(total yield : 76 %). 

3~-Acetoxy-l7a-ethoxyoinyl-5a-androstan-l7P-ol (3) 
A solution of 12 g of 3P-acetoxy-l7a-ethoxyethynyl- 

5a-androstan-17(3-01(2a), m.p. (dec.) 126-128", in 280 ml 
of pyridine was hydrogenated over 3.6g of 2.5% 
palladium-on-calcium carbonate at atmospheric pressure. 
The hydrogenation was stopped after the absorption of 
1 molecular equivalent of hydrogen. The catalyst was 
filtered, washed with benzene, and the organic solution 
was taken to dryness in vacuo, leaving 12.2 g (quantitative 
yield) of 313-acetoxy-l7a-ethoxyvinyl-5a-androstan-17P- 
01 (3), m.p. 126-128". A sample was recrystallized twice 
from ether-hexane for analysis; short, colorless prisms, 
m.p. 130.5-132"; [aIDz3 + 19" (c, 0.696 in CHCI,); h,,, 
(cyclohexane) 201 nrn ( E  13 700); v,,, (KBr) 3560 
(hydroxyl), 1735 and 1242 (acetate), 1664 (double bond), 
1100 (ether), and 1042 and 1032 cm-' (acetate and 
alcohol). 

Anal. Calcd. for C ~ ~ H 4 0 0 4 :  C, 74.21 ; H, 9.97. Found: 
C, 74.55; H, 9.82. 

3P-Acetoxy-5a-pregn-17-en-21-a1 ( 4 )  
A solution of 12.2 g of 3P-acetoxy-l7a-ethoxyvinyl- 

5a-androstan-17P-01 (3), m.p. 126-128", in 600ml of 
dioxane was treated with 165 ml of 2 N aqueous hydro- 
chloric acid. The mixture was shaken at room tem- 
oerature for 25 min. diluted with 700 ml of cold water, 
i n d  extracted with ether. The organic layer was washed 

I5AII melting points were taken in evacuated capillaries with cold aqueous sodium bicarbonate and with water, 
and the temperatures were corrected. The microanalyses and was dried over sodiom sulfate. Evaporation of the 
were performed by the late Mr. A. Bernhardt, Max solvent left 10.7 g (99% yield) of 3P-acetoxy-5a-pregn- 
~ l a n c k  Institute, ~ i i l h e i m ,  Germany, and by Dr. C. 17-en-21-al (4, m.p. 150-154". Recrystallization from 
Daess1C3 whom we are much ether-hexane gave 8.4 g (78%) of crystals melting at 
obliged. For chromatography, non-alkaline Woelm's 
alunlinum oxide, activity 111, and Davison.s silica gel 157-158". A sample was recrystallized twice for analysis; 
NO. 923 were used, if not otherwise stated, The i.r. ~olorless needles, m.p. 160-161"; [ a h Z 3  +36" (c, 1.00 in 
spectra were determined on a Beckman model IR-4 CHCI,); V,,, (CHCI,) 2760 (aldehyde), 1728 (acetate), 
spectrophotometer and U.V. spectra on a Reckman model 1672(aldehyde), 1610 (double bond), 1252 and 1040cm-' 
DK-1A spectrophotorneter. (acetate). 
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Anal. Calcd. for C23H3403: C, 77.05; H, 9.56. Found: identified by its i.r. spectrum, U.V. absorption, and the 
C, 76.99; H, 9.52. determination of a mixture melting point, with an 

authentic sample. 
~yarzoethylation of 3P-~cetoxy-5a-preg~1-17-en-21-al (4) (4) Benzene - ethyl acetate (95:5) eluted 1.06 g of an 

(a) h Dry Benzene in Preser~ce of Sodium amorphous material which was purified further by 
t -An~)~la te '~  chromatography on lOOg of silica gel. Elutions with 

A stream of nitrogen was passed through a stirred benzene-ethyl acetate (95:5) gave 320mg of a crys- 
solution of 8 g of 3P-acetoxy-5a-pregn-17-en-21-a1 (4), talline substance, m.p. 310-315", which does not contain 
m.p. 158-16O0, in 70 ml of dry benzene, and 0.8 ml of  a nitrile group and which represents a dimer. Its con- 
a 2 N solution of sodium t-amylate in benzene was stitution will be discussed elsewhere. In  this secondary 
added dropwise. Subsequently there was added, drop- chromatogram, elutions with benzene - ethyl acetate 
wise, over a period of 10 min, 21 ml of a 0.83 M solution mixtures (93:7 and 91 :9) afforded 600 mg of a partly 
of acrylonitrile in benzene. The reaction mixture was crystalline material, the i.r. spectrum of which was 
stirred at room temperature for another 3 h and at 55" characteristic of acetox)! Izydrox)~ nitriles of type 5a and 6a 
for 5 h. After the addition of another 10 ml of 0.83 M (vide infra); v,,,, (KBr) 3460 (hydroxyl), 2240 (non- 
acrylonitrile solution in benzene, the mixture was left at conjugated nitrile), 1740 (acetate), 1685 (double bond), 
room temperature for 12 h, then poured into ice water. 1245 (acetate), and 1035 cm-I (acetate and alcohol). 
The precipitate was extracted with ether; the ethereal (5) 1, the main chromatogram, benzene - ethyl 
layer was washed with water, dried over sodium sulfate, acetate (93:7) eluted 6.1 g of  a crystalline mixture of 
and the solvents were rer?oved irr vacrro. The residue isomeric acetoxy hydroxy nitriles. The head fractions 
(9.4 g) was adsorbed on 700 g of silica gel. Elutions with (2.64 g m.p. 189-192') were recrystallized from ether- 
benzene - ethyl acetate mixtures gave six main groups hexane to yield 1.36 g of  3P-aceroxy-16a-etlryl-162a- 
of fractions. ~~ano-16~,21-cyclo-5a-~regn-17-e1r-21a-01 (5a), m.p. 

(1) A (97:3) mixture of benzene - ethyl acetate eluted (dec.) 216-219". A sample was recrystallized twice from 
384 mg of a mixture of the dierrorlitriles 7a and 80, m.P. ether for analysis; colorless, clustered, broad needles, 
168-184'; [a]D28 - 121° (c, 1.15 in CHCI,). Ten recrys- m.p. (dec.) 219-220"; [aIDZ3 +22O (c, 0.96 in CHCI,); 
tallizations from hexane gave 24 mg of pure 3P-acetoxy- h,,, (cyclohexane) 188-19.1 nm; v,,, (KBr) 3510 (hy- 
1613-et/1yl-16~-cyano-16~,21-c)~c~o-5a-~reg-~7,21-die~re d r o ~ ~ ] ) ,  2240 (nitrile), 1732 (acetate), 1688 (double bond), 
(80); m.P. 224.5-226.5";  ID'^ +271° (c, 0.94 in  1245 (acetate), 1034 and 1022 cm-I (acetate and alcohol); 
CHCI,); o.r.d.17 in dioxane (c = 0.1 from 700 to 345 nnl, Vmar (CHCl,) 3582 and 3427; 2245, 1724, 1676, 1260, 
0.02 from 345 to 335 nm, 0.004 from 335 to 330 nm): and 1028 cm-'; weak positive reaction with tetranitro- 
[a1700 +70, [a1589 + 118, [a1400 +912, [a1370 + 1556, methane; n.m.r.18 6 0.84 (18- and 19-CH,), 2.02 (acetate), 

+2275, [a]34o + 3060, [a]33o + 3250' (positive 4.37 (21 p ~ ) ,  4.67 (3a-H), 5.33 (20-H ; doublet of doublets, 
Cotton effect); h,,, (EtOH) 299 (E 11 170) and 238 nm J = 2.2 3.9 H ~ ) .  
(E 1430); v,,, (KBr) 3040 (vinylic hydrogens), 2180 Anal. Ca]cd. for C26H3703N:  C, 75.87; H, 9.07; 
(conjugat~d nitrile), 1736 (acetate), 1651 and 1564 (con- N, 3.40. Found: C, 76.00; H, 8.92; N, 3.60. 
jugated double bonds), 1255 and 1030 (acetate), 844,836, ~h~ tail fractions of the above-mentioned series of 
and 829 cm-' (bands which allow a distinction between fractions (940 nlg, nl.p. 190-1950) were recrystallized 
the two isomeric dienonitriles). from ether-hexane to give 780 mg of 3P-acetoxy-l6a- 

Anal. Calcd. for C~6H350zN:  C, 79.34; H, 8.96; e ~ / l y ~ - ~ 6 2 ~ - c y a r r o - ~ 6 2 , 2 1 - c y c ~ o - ~ ~ - p r ~ ) ,  
N, 3.56. Found: C, 79.08; H, 8.82; N, 3.77. m.p. (dec.) 208-210". A sample was recrystallized twice 

~ecrystallizations of the mother liquors did not allow from ether for analysis; very short, broad needles, n1.p. 
the isolation of the pure dienonitrile 7a. It was obtained (dec.) 210-21 [ a ~ D z ~  - 170 (C, 0.71 i n  CHCI,); h,,,, 
from the dehydroacetylation of the diacetoxy nitriles (cyclohexane) 185-191 nm (E 12000); v,,, (KB~)  3505 
56 and 66 (see below). (hydroxyl), 2240 (nitrile), 1738 (acetate), 1688 (double 

(2) 1n the main chromatogram of the cyanoethylation, bond), 1248 (acetate), 1042 and 1018 cm-I (acetate and 
a (97:3) mixture of benzene -ethyl acetate eluted 178 mg alcohol); v,,, (cHc],) 3587 and 3442; 2245, 1724, 1676, of a partly crystalline material which was purified further 1260, and ]028 c m - ~  ; weak positive reaction with 
by chron1atography on 16 g of silica gel. Elutions with tetranitromethane; n.nl.r.18 6 0.86 (19-CH,), 0.88 
benzene - ethyl acetate (98:2) gave 45 nlg of dielrollitri/es (]~-cH,), 2.02 (acetate), 4.38 (21 13-H), 4.63 (3a-H), 5.27 
70 and 8a, m.p. 170-1 85", [aIDz7 - 59O (c, 1.05 in CHCI,); (20-H). 
and 42mg of a crystalline product, m.p. 133-1420, Anal. Ca]cd. for C26H3703N:  C, 75.87; H, 9.07; vmax (KBr) 1730, 1685, 1250, and 1035 cm-'. This N, 3.40. ~ ~ ~ ~ d :  C, 75.99; H, 8.81; N, 3.36. 
product does not contain a nitrile function and was not The intermediate fractions of the m i x t u r e  of isonleric 
further investigated. acetoxy hydroxy nitriles and the material isolated from 

(3) Always in the main chroma tog ram^ benzene - the mother liquors of  the previous crystallizations were 
acetate (95:5) eluted 660mg of starting material, 
3~-aceroxy-5a-preg11-17-en-2l-a/ (4), n1.p. 135-144", 

l8The n.m.r. spectrum was recorded on a Varian A-60 
'"ccording to the procedure described for the spectrometer in deuteriochloroform, using tetramethyl- 

cyanoethylation of isophorone by S. Julia (6d). silane as internal standard. We are indebted to Dr. A. D. 
17We are indebted to Dr. A. Cross and Dr. P. Crabbc, Cross, Syntex, S.A., ~ e x i c o ,  and Dr. P. W. Landis, 

Syntex S.A., Mexico, for the determination of t h ~ s  E. Lilly & Co., Indianapolis, for their valuable help in 
measurement. determining and interpreting this spectrum. 
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combined (total: 3.95 g) and purified by repeated 
chromatography on silica gel and recrystallizations from 
ether - hexane to yield 1.06 g [0.62 g, m.p. (dec.) 217- 
219"; 440 mg, n1.p. (dec.) 213-218"] of acetoxy hydroxy 
tritrile 5a and 495 mg of acetoxy 11ydroxy tiitrile 6a, 
n1.p. (dec.) 206-208". The i.r. spectrum of the amorphous 
product (1.95 g) isolated froni the mother liquors was 
characteristic of acetoxy hydroxy nitriles of type 50 
and 60. 

(6) In the main chroniatogram, ethyl acetate eluted 
560 mg of the dil~yclroxy nitrile mixture, m.p. 240-260". 
Recrystallization froni methanol gave 190 mg of 16a- 
etliyl-162a-cymio-162,21-cyclo-5a-pregr-I 7-etr-3P,2la-diol 
(5), n1.p. 282-286". A sample was recrystallized twice 
for analysis; colorless needles; n1.p. 291-294"; [aIDz7 
+64" (c, 1.02 in pyridine); v,,, (KBr) 3320 and 3150 
(hydroxyls), 2240 (nitrile), 1685 (double bond), 1048 and 
1038 cm-' (alcohols). 

Anal. Calcd. for CZ4H3,O,N: C, 78.00; H, 9.55; 
N, 3.79. Found: C, 77.85; H, 9.30; N, 3.83. 

In summary, there were obtained 2.42 g (29%) of 
acetoxy hydroxy nitrile 50, 1.28 g (15%) of acetoxy 
hydroxy nitrile 60, 2.55 g (30 %) of a niixture of acetoxy 
hydroxy nitriles, 190 mg (2%) of dihydroxy nitrile 5, 
370 mg (5%) of a mixture of dihydroxy nitriles, and 
430 nig (5 %) of dienonitriles 7 and 8. For the calculation 
of these yields tlie recovery of 660 mg of starting material, 
aldehyde 4, was taken into consideration. The total yield 
in products arisen from a y-cyanoethylation amounted 
to 86%. 

(6) It1 t-Btrtatrol wit11 Potassi~rtn Hydroxide 
A solution of 1.1 g of 3B-acetoxy-5a-pregn-17-en-21-a1 

(4), m.p. 156-158", in 25 nil of t-butanol was heated to 
45" under a nitrogen stream and treated, with stirring, 
first with 1 nil of a 10% aqueous solution of potassium 
hydroxide, then with 2 ml of a 1.65 M solution of 
acrylonitrile in t-butanol. The niixture was stirred at  55" 
for 4.5 h, then kept at  rooni temperature for 18 h. A 
precipitate formed. After the addition of 3 ml of a n  
aqueous 0.8 M acetic acid solution, the solvents were 
removed in uacuo. The residue was taken up in methylene 
chloride. An insoluble material was filtered off, washed 
with water, and dried to afford 57 mg of a mixture of 
dil~ydroxy nitriles (mainly dihydroxy nitrile S), n1.p. 
244-252"; v.,,, (KBr) 3400 and 3200 (hydroxyls), 2240 
(nitrile), 1685 (double bond), and 1035 cni-' (alcohols). 
The niethylene chloride filtrate was washed with aqueous 
saturated sodium bicarbonate and with water, then dried 
over sodium sulfate and the solvent was evaporated 
it2 U ~ C I I O .  The residue (1.07 g) was dissolved in 5 ml of 
pyridine and treated with 2.5 ml of acetic anhydride for 
16 h at rooni temperature. The usual work-up gave 
1.26 g of a crude product which was purified by chro- 
matography on 32 g of aluniinuni oxide. 

(I)  Elutions with a (4:l) mixture of petroleum ether - 
benzene gave 126 nig of dienotiitriles 70 atid 8a, n1.p. 
152-159", which was recrystallized five times from hexane 
to yield 22 mg of crystals melting at 185-187"; 
- 108" (c, 0.85 in CHCI,); I,,, (EtOH) 298 (E 9000) and 
238 nm (E 2500); v,,, (KBr) 3030 (vinylic hydrogens), 
2180 (conjugated nitrile), 1735 (acetate), 1652 and 1574 
(conjugated double bonds), 1250 and 1030 (acetate), 
851 and 834cm-I (bands which allow a distinction 
between the two dienonitriles). 

Anal. Calcd. for CZ6H3,O2N: C, 79.34; H, 8.96; 
N, 3.56. Found: C, 79.59; H, 8.95;N, 3.63. 

(2) A (1:I) mixture of petroleum ether - benzene 
eluted 633 mg of crystalline material which was purified 
further by chromatography on 19 g of aluminum oxide 
to afford : 18 mg of dietrotzitriles 70 and 8a, m.p. 169-172", 
eluted with petroleum ether - benzene mixtures (9:l and 
4 :1) ; 178 mg of 3~-acetoxy-5a-pregn-17-en-21-al ( 4 ) ,  
m.p. 145-15O0, identified by its i.r. spectrum and the 
determination of a mixture m.p. with a n  authentic 
sample; 347 mg (266 mg melting between 182-200"; 
81 mg of amorphous material) of a mixture of diacetoxy 
tritriles 5b and 66 (vide infra), eluted with petroleum 
ether - benzene (1 : l), benzene, and benzene-ether (4: 1). 

(3) In the main chromatogram, a (1:l) mixture of 
petroleum ether - benzene eluted 154 mg of a crystalline 
mixture of the diacetoxy nitriles 5band 66, m.p. 190-205". 
This material was combined with the crystalline material 
of analogous composition obtained above (total: 420 mg). 
Recrystallization from ether-hexane afforded 220 mg of 
3 ~ , 2 l a - d i a c e t o x y - 1 6 a - e t 1 1 ~ 1 - 1 6 ~ ~ - c y a ~ -  
pregn-17-ene (6b), 11i.p. 21 1-216". A sample was recrys- 
tallized three times for analysis; colorless needles, m.p. 
(dec.) 219.5-220.5"; [ o ~ ] ~ ~ ~  + 68' (c, 0.96 in CHC13); the 
product was identified also by its i.r. spectrum and by 
the determination of a niixture m.p. with an authentic 
sample obtained by acetylation of the acetoxy hydroxy 
nitrile 6a (see below). 

Anal. Calcd. for C2BH3B04N: C, 74.14; H, 8.66; 
N, 3.09. Found: C, 74.54; H, 8.30; N, 2.93. 

(4) Elutions with petroleum ether - benzene (1 :4) and 
benzene afforded 100 mg of an  amorphous mixture of 
diacetoxy nitriles; v,,, (KRr) 2240 (nitrile), 1740 
(acetates), 1685 (shoulder: double bond), 1245 and 
1030 cm-' (acetates). 

(5) Benzene and a (4:l) mixture of benzene-ether 
eluted 90 mg of 3~,2la-dia~etoxy-16a-ethyl-I6~a-~~~atio- 
162,21-cyclo-5a-pregn-17-ene (56), m.p. 159-163", iden- 
tified by comparison of its i.r. spectrum with that of an  
authentic sample obtained by acetylation of the acetoxy 
hydroxy nitrile 5a (see below). 

In  summary, there were obtained 144nig (13%) of 
dienonitriles 7a and 8a, 90 mg (7%) of diacetoxy nitrile 
56, 220 mg (17%) of diacetoxy nitrile 66, 390 mg (30%) 
of a mixture of diacetoxy nitriles. For the calculation of 
these yields, the recovery of 176 mg of starting material, 
aldehyde 4, was taken into consideration. The total yield 
of products arisen from a y-cyanoethylation amounted 
to 73 %. 

3~,2la-Diacetoxy-16a-et/ryl-162a-cyano-l62,21-cyclo- 
5a-pregtz-17-etze (56) 

(a) By Acetylatiotz of the Acetoxy Hydroxy 
Nitrile 5a 

A solution of 105 mg of acetoxy hydroxy nitrile 5a, 
m.p. (dec.) 217-219", in 1 ml of pyridine was treated with 
0.5 ml of acetic anhydride at room temperature for 16 h. 
The usual work-up gave 123 mg of partly crystalline 
material. Washing with methanol removed the oils and 
left 98 mg (85% yield) of 3!3,2lc/.-diacetoxy-l6a-ethyl- 
162a-cyano-162,21-cyclo-5a-pregn-17-ene (Sb), m.p. (dec.) 
165-167". A sample was recrystallized twice from ether- 
hexane for analysis; colorless prisms, m.p. (dec.) 169- 
170"; [a],,27 + 134" (c, 0.94 in CHCI,); v,,, (KBr) 2240 
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(nitrile), 1748 and 1745 (acetates), 1685 (double bond), 3.12 (168-H), 3.56 (162(3-H; quartet: J = 4.1 and 
1240, 1218, 1034, and 1018 cm-' (acetates). 14.1 Hz), 4.69 (3a-H), 5.75 (doublet: J = 1.8 Hz) (20-H). 

Anal. Calcd. for C28H3904N: C, 74.14; H, 8.66; Anal. Calcd. for CZ6H3,0,N: C, 76.25; H, 8.62; 
N, 3.09. Found: C, 74.01; H, 8.68; N, 3.06. N, 3.42. Found: C, 76.50; H, 8.64; N, 3.59. 

( 6 )  By Acetylation of the Dihydroxy Nitrile 5 
The dihydroxy nitrile 5 (50 mg, m.p. 291-294") was 

acetylated as described above (I ml of pyridine and 
0.5 ml of acetic anhydride) to give 63 mg of partly 
crystalline material. Washing with cold ether removed 
the oils and left 39 mg (63%) of diacetoxy nitrile 56, 
m.p. (dec.) 163-165". One recrystallization from ether- 
hexane raised the m.p. to 166-167'; [aIDz7 + 131" 
(c, 1.05 in CHCI,); the product was also identified by its 
i.r. spectrum and the determination of a mixture m.p. 
with the sample obtained above. 

38,21a- Dincet0xy-16a-ethyl-16~~-cymmlPJ-&o- 
5a-pregn-17-erte (66) 

A solution of 63 mg of acetoxy hydroxy nitrile 6a, 
m.p. 208-21O0, in 1 ml of pyridine was treated with 
0.5 ml of acetic anhydride at room temperature for 14 h. 
The usual work-up gave 70 mg (quantitative yield) of 
3~,2la-diacetoxy-l6a-ethyl-162~-cyano-162,21-cyclo-5a- 
pregn-17-ene (66), m.p. (dec.) 216-218". Two recrystal- 
lizations from ether-hexane gave an analytical sample; 
colorless needles, m.p. (dec.) 220-221"; [aIDz5 +62' 
(c, 0.99 in CHCI,); v,,, (KBr) 2240 (nitrile), 1738 (broad 
band: acetates), 1688 (double bond), 1245, 1225, and 
1025 cm-I (acetates). 

Anal. Calcd. for C2,H3,04N: C, 74.14; H, 8.66; 
N,3.09. Found:C,74.25; H, 8.70;N, 3.20. 

3~-A~etoxy-16a-etlzy/-l6~a-cyano-16~,21-cyclo-5a- 
pregn-17-en-21-one (9) 

A stirred solution of 836mg of acetoxy hydroxy 
nitrile 50, n1.p. (dec.) 217-219", in 60 ml of absolute 
acetone was cooled in an ice bath and 0.75 ml of Jones' 
reagent (29) was added dropwise. The mixture was 
stirred at 0" for 2.5 min, then poured into 800 ml of ice 
water. The precipitate was filtered, washed with water, 
and dried in a vacuum desiccator over phosphorous 
pentoxide to afford 823 mg (98% yield) of 38-acetoxy- 
16a-ethyl- 162a-cyano-162,21 -cycle-5a-pregn-17-en-21- 
one (9), m.p. 250-252". A sample was recrystallized twice 
from methylene chloride - ether for analysis; small, 
colorless prisms, m.p. 252-253'; [aIDz5 - 18' (c, 0.82 in 
CHC1,); o.r.d.lg (c, o . i i ,  dioxane); [a],,, -19, [~1]3~8 
+764 (max), [a]349 +649 (niin), [a]3a2 + 691 (max), 
[a],,, 0, [a]25,, -2445" (min) (positive Cotton effect); 
h,,, (EtOH) 239 nm (E 14700); A,,, (cyclohexane) 
230 nm; A,,, (CHCI,) 306 nm (E 83); v,,, (CHCI,) 2240 
(nitrile), 1725 (acetate), 1683 and 1640 (a,a-unsaturated 
ketone), 1255 and 1025 cm-' (acetate); n.m.r. 20 6 0.87 
(1 9-CH,), 0.96 (1 8-CH,), 2.03 (acetate), 2.53 (16' 8-H), 

''We are indebted for this measurement and its 
discussion to Prof. C. Djerassi, Stanford University, 
Stanford, California. 

20The n.m.r. spectrum was recorded at 60 MHz on a 
Varian 4300 spectrometer in deuteriochloroform, using 
tetramethylsilane as internal standard. We are indebted 
to Dr. S. Rakhit and Mr. T. A. Wittstruck, Worcester 
Foundation for Experimental Biology, Shrewsbury, 
Mass., for, their valuable help in determining and dis- 
cussing this spectrum. 

3~-Acetoxy-16a-etl1yl-16~~-cymro-16~,2l-cyclo-5a-preg11- 
17-en-21-one (10) 

A stirred solution of 710mg of acetoxy hydroxy 
nitrile 6a, m.p. 209-210°, in 73 ml of absolute acetone 
was treated, at OD, with 0.7 ml of Jones' reagent (29), 
as described above. The usual work-up gave 707 nig 
(99% yield) of 3~-acetoxy-16a-ethyl-162~-cyano-162,21- 
cyclo-5a-pregn-l7-en-21-one (lo), m.p. 200-202"; the 
melting at 200' was followed by recrystallization and the 
new crystals melted at 253-254'; the fusion transforms 
the a,b-unsaturated ketone 10 into its isomer 9 (vide 
infra). Ketone 10 was recrystallized three times from 
ether for analysis; colorless, prismatic needles, m.p. 
200-202"; [a]DZ5 -48" (c, 1.05 in CHCI,); o.r.d.lg in 
dioxane (c = 0.10 froni 610 to 330nm, 0.05 froni 320 
to 256 nm); [a1610 - 19.6, [a1589 - 19.63 [a1365 + 1100 
(max), ta13~8 +784 (min), ta13,~ +901 (niax), [a1344 0, 
[a]315 -3330, [a]270 -5150, [a]256 -7950' (positive 
Cotton efkct); h,,; (EtOH) 238 nm (E 16 000); A,,, 
(CHCI,) 325 (E 90) and 318 nm (shoulder, E 87); v,,, 
(CHCI,) 2240 (nitrile), 1725 (acetate), 1678 and 1638 
(a,b-unsaturated ketone), 1255 and 1030cm-' (acetate); 
n . n ~ . r . ~ ~  6 0.87 (19-CH,), 1.00 (18-CH,), 2.03 (acetate), 
2.45 (16lD-H; octet: J = 2.3, 4.8, and 12.5 Hz), 3.20 
(168-H), 3.48 (quartet: J = 2.5 and 5.0 Hz) (162a-H), 
4.67 (3a-H), 5.75 (doublet: J = 1.18 Hz) (20-H). 

Anal. Calcd. for C26H3503N: C, 76.25; H, 8.62; 
N, 3.42. Found: C, 75.72; H 9.01; N, 3.59. 

It was not possible to obtain better analytical figures 
for this compound. 

Isornerizatior~ of the a,o-Urrsaturated Ketone 1 0  to the 
a,e-Unlnsaturated Ketone 9 

(a) Upon Fusio12 
A quantity of 35 mg of 3!3-aceto~y-l6a-ethyI-16~!3- 

cyano-162,21-cyclo-5a-pregn-17-en-21 -one (lo), m.p. 199- 
200°, was heated at 220' for 15 min under reduced 
pressure to give 35 mg of 3!3-a~etoxy-l6a-ethyl-l6~a- 
cyano-162,21-cyclo-5a-pregn-17-en-21-one (9), n1.p. 
248-250". Two recrystallizations from niethylene chlo- 
ride -ether gave 18 mg of crystals melting at 252.5- 
253.5'; [aIDz5 - 17' (c, 1.03 in CHCI,); the product was 
further identified by its i.r. spectrum and the deterniina- 
tion of a mixture m.p. with an authentic sample. 

(6) 112 n Protic Soloertt 
(i) 111 a Mixture of Glacial Acetic Acid and 

Ethyl Acetate 
A solution of 49 nig of a#-unsaturated ketone 10, 

m.p. 198-200°, in 0.8 ml of glacial acetic acid and 1.2 ml 
of ethyl acetate was kept at room temperature for 16 h. 
The product was poured into ice water and the mixture 
was extracted with methylene chloride. The organic layer 
was washed with a cold sodium bicarbonate solution and 
with water, and was dried over sodium sulfate. Removal 
of the solvent left 50 mg of the a$-unsaturated ketone 9, 
m.p. 249.5-251°, identified by its i.r. spectrum and the 
determination of a mixture melting point with an 
authentic sample. After one recrystallization from 
methylene chloride - ether, the product melted at 251- 
252"; [alDZ5 - 16' (c, 1.00 in CHCI,). 
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(ii) In a Mixture of Dioxane arzd Ethanol irz Presence 
of Palladium-on-calcinm Carbonate 

A solution of 9 mg of a,p-unsaturated ketone 10, m.p. 
198-20O0, in 1 ml of absolute dioxane and 5 ml of 
ethanol was shaken at  room temperature for 16 h in 
presence of 10 mg of 5 % palladium-on-calcium carbon- 
ate. The solid was filtered and the filtrate was evaporated 
to dryness, leaving 9 mg of a,p-unsaturated ketone 9, 
m.p. 245-249". Recrystallization from methylene 
chloride -ether gave 6 mg of crystals melting at  251- 
253"; [aIDz7 - 17' (c, 0.78 in CHCl,). 

3~-Aceto~y-16a-ethyI-16~a-cyano-16~,21-cyclo-5a,17~- 
pregnarz-21-one ( I lb )  

(a) By Hydrogerzation of the a,D-Unsaturated 
Ketone 9 

A solution of 625 mg of the a,P-unsaturated ketone 9 
in 30 ml of dioxane and 200 ml of ethanol was hydroge- 
nated at atmospheric pressure in presence of 600 mg of 
5 % palladium-on-calcium carbonate. Two other portions 
of catalyst were added: 500 mg after 4 h and 400 mg 
after 6 h. The hydrogenation was complete after 8.5 h. 
The catalyst was filtered, washed with ethanol, and the 
filtrate and washings were taken to  dryness. The residue 
(700 mg, m.p. 190-200") was recrystallized from ether to  
give 390 mg of 3~-a~etoxy-l6a-ethyl-16~a-cyano-16~,21- 
cyclo-5a,17!3-pregnan-21-one (l lb),  m.p. 205-209". Chro- 
matography of the amorphous material (310 mg), 
isolated from the mother liquors, on 30 g of silica gel, 
and elutions with benzene - ethyl acetate (97:3) afforded 
a n  additional 165 mg of saturated cyano ketone l l b ,  
m.p. 204208" (total yield: 84%). A sample was sublimed 
a t  185" under high vacuum; m.p. 212.5-213'; [a]DZ3 -94' 
(c, 1.02 in CHC13); ~ . r . d . ~ '  (c = 0.1, in dioxane): 
[a1700 - 110, [a1589 - 1.44, ra1317.5 - 1870, [a1315 
- 1870, [a]310 - 1954 (mln), [a]297.5 - 792' (negative 
Cotton effect); v,,, (KBr) 2240 (nitrile), 1735-1730 
(broad band: acetate and 21-ketone), 1242 and 1030 cm-I 
(acetate); v,,, (CHCI,) 2250, 1733, 1728, 1260 (broad), 
1030 cm-l. 

Anal. Calcd. for C2,H3,03N: C, 75.87; H, 9.06; 
N,  3.41. Found: C, 75.85; H, 8199; N, 3.49. 

(b) By Hydrogenation of the a,p-Unsaturated 
Ketone I 0  

A solution of 339 mg of a,b-unsaturated ketone 10, 
m.p. 198-200°, in 20 ml of dioxane and 110 ml of ethanol 
was hydrogenated in presence of 880 mg of 5 % palladium- 
on-calcium carbonate (added in three portions as de- 
scribed above). The usual work-up gave 400mg of a 
crystalline residue melting between 163 and 183", which 
was recrystallized twice from ether to  afford 70 mg of 
3~-a~etoxy-16a-ethyl-16~cc-cyano- 162,21-cyclo-5a,17!3- 
pregnan-21-one (llb), m.p. 20620g0. Chromatography 
of the material isolated from the mother liquors on 30 g of 
silica gel and elutions with benzene - ethyl acetate (97:3) 
gave a n  additional 135mg of the saturated cyano 
ketone l lb ,  m.p. 204208" (total yield: 60%). A sample 
was recrystallized from ether; m.p. 209-211"; it was 
identified by its i.r. spectrum and the determination of a 
mixture melting point with an  authentic sample. 

21We are indebted tb  Dr. P. ~ r a b b ~ ,  Syntex S.A., 
Mexico, for the determination of this measurement. 

3~-Acet0xy-16a-ethyf-16~,21-cycl0-5a,17~-pregnan- 
21-one ( I I a )  

A solution of 560 mg of the saturated cyano ketone I l b ,  
m.p. 20&209", in 12 ml of glacial acetic acid and 19 ml 
of concentrated hydrochloric acid was heated at reflux 
temperature for 20 h (a precipitate formed after 2.5 h 
and was then gradually replaced by a dark oil floating on 
the solution). The mixture was cooled and poured into 
125 rnl of ice water. The precipitate was extracted with 
ether, the ethereal layer was washed with water, with 
aqueous 2 N sodium hydroxide and again with water, 
and was dried over sodium sulfate. Evaporation of the 
solvent left 440 mg of a n  amorphous product. Acidifica- 
tion of the alkaline extracts, followed by extraction with 
ether, and the usual work-up, led to the isolation of 
25 mg of an  amorphous material, which was not in- 
vestigated. The neutral fraction, representing, in part, 
crude 3~-hydroxy-16a-etl~yf-162,21-cyclo-5c(,~an- 
21-one ( I l ) ,  was acetylated under the usual conditions 
(3 ml of pyridine and 1.5 ml of acetic anhydride). The 
residue (460mg) was adsorbed on 50 g of silica gel. 
Elutions with a (97:3) mixture of benzene - ethyl acetate 
gave 240 mg of an  amorphous material; v,,. (KBr) 1718 
and 755cm-'. Chromatography on 8 g of aluminum 
oxide and elutions with mixtures of petroleum ether - 
benzene (9:1,4:1, 1 :1) afforded 131 mg of a partly crys- 
talline material melting between 110 and 125". It was 
recrystallized from methanol to  give 25 mg of crystals 
melting a t  155-164"; the i.r. spectrum was similar to that 
of the amorphous material: v,,, (KBr) 1718 and 
756 cm-l ;  the Beilstein test was strongly positive. This 
product was not investigated further. I n  the main 
chromatogram, a (97 :3) mixture of benzene - ethyl 
acetate eluted 63 mg of a partly crystalline product; 
h,,, (EtOH) 241 nm;  v,,, (KBr) 3450, 1670, 1242, and 
1198cm-l. The product was not investigated further. 
Elutions with benzene - ethyl acetate (90:lO) gave 60 mg 
of 3~-acetoxy-16a-etlzyf-162,21-cyclo-5c(,1- 
one ( I I a ) ,  map. 150-156'. Recrystallization from 
ether-hexane afforded 35mg of crystals melting a t  
162-165". The product was recrystallized three times for 
analysis; slightly yellowish crystals, m.p. 166168'; 
[aIDZ5 - 102' (c, 1.04 in CHC13); ~ . r . d . ~ I  (c = 1.09 in 
dioxane): [a]700 -22, [a1589 -115, [ c L I ~ ~ o  -894, 
[a1317,5 -2685 (min), [a1315 -2456, [a1310 -2585 
(min), [a]295 - 190" (negative Cotton effect); v,,, (KBr) 
1731 (acetate), 1718 (21-ketone), 1242 and 1030 cm-I 
(acetate); v,,, (CHC13) 1730, 1710, 1255 (broad), 1220, 
1029 cm-l. 

Anal. Calcd. for Cz5H38O3 : C, 77.67; H, 9.91. Found: 
C, 77.87; H, 10.03. 

2~-Cyano-3-(3!3-hydroxy-l7-0~0-5a-androstan-16~-yl)- 
propanoic Acid (I2),  Methyl 2k-Cyano-3-(3p- 
hydroxy-17-0x0-5a-androstart-I6k-yl) -propanoate 
(I2a), and Methyl 2~-Cyan0-3-(3~-acetoxy-17-0~0- 
5a-artdrostan-166-y1)-propanoate (126) 

(a) By Ozonolysis of the a,p-Unsaturated Ketone 9 
A stream of oxygen containing 4.8 % of ozone (230 ml/ 

min) was passed through a solution of 520 mg of the 
a,p-unsaturated ketone 9, m.p. 250-232", in I1 ml of 
ethyl acetate and 10 ml of acetic acid, at  - 10" for 3 h. 
Subsequently, 0.7 ml of water and 0.4 ml of 30% 
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hydrogen peroxide solution were added. The mixture was 
left for 14 h at  room temperature and was then poured 
into 100 ml of ice water. The precipitate was extracted 
with ether, the ethereal layer was washed with water, 
with a 2 N sodium hydroxide solution, and again with 
water, and was dried over sodium sulfate. No neutral 
material was obtained after evaporation of the ether. 
The combined alkaline extracts were acidified to the 
Congo-blue reaction with 5 N sulfuric acid. The pre- 
cipitate was extracted with methylene chloride. The 
organic layer was washed with water and dried over 
sodium sulfate. Removal of the solvent left 466 mg of 
26-cyano-3-(3p-ttydroxy-I 7-0x0-5a-ar~drostatz- 166-yl) - 
propanoic acid (12), m.p. 183-189"; v,,, (KBr) 3450 
(3-hydroxyl), 3260-2600 (acid hydroxyl), 2245 (nitrile), 
1750-1 730 (broad band : 17-ketone and acid), 1240 
(broad band: acid), 1035 cm-I (alcohol). 

Methylation 
The crude acid 12 (460 mg) in 5 ml of absolute 

methanol and 1 ml of dry ether was treated, at 0°, with 
20 ml of a 1.3 % solution of diazomethane in ether. The 
mixture was kept for 18 h at room temperature. The 
excess diazomethane was destroyed with a few drops of 
acetic acid and the solvents were evaporated under 
reduced pressure to give 500 mg of an amorphous 
product consisting mainly of methyl 26-cyano-3-(3p- 
hydroxy-17-oxo-5a-androsta1z-I6~-yl)-propanoate (12a) ; 
v,,, (KBr) 3460 (hydroxyl), 2240 (nitrile), 1748 (broad 
band: 17-ketone and ester), 1260 (ester), 1040 cm-' 
(alcohol). 

Aretylation 
The crude ester 120 (496 mg) in 3 rnl of pyridine was 

treated with 1.5 ml of acetic anhydride at room tem- 
perature for 14 h. The residue (530 nig), isolated by the 
usual work-up, was adsorbed on 50 g of silica gel. 
Elutions with benzene - ethyl acetate (95:s) gave 210 mg 
of partly crystalline material. Washing with hexane 
removed the oils and left 120 mg of methyl 26-cyano-3- 
(3~-ocetoxy-l7-oxo-5a-a1tdrost~n- 166-yl) -propanoate 
(IZb), m.p. 122-133". Recrystallization from ether- 
hexane gave 45 mg of crystals melting at 153-156'. The 
product was recrystalli~ed three times for analysis; long, 
fine, colorless needles, m.p. 162.5-1 63.S0, + 65" 
(c, 1.02 in CHCI,); v,,;,, (KBr) 2240 (nitrile), 1758 
(17-ketone), 1738-1728 (acetate and methyl ester), 1248 
(acetate), 1028 crn-' (acetate). 

Anal. Calcd. for CZ6H3,O5N: C, 70.40; H, 8.41; 
N, 3.16. Found: C, 70.14; H, 8.51; N, 3.36. 

The amorphous material isolated from the hexane 
washings and from the mother liquors of the first 
recrystalli7ation (total: 162 mg) was adsorbed on 16 g 
of silica gel. Elutions with benzene- ethyl acetate (95:5) 
afforded another 100 mg of acetoxy metltyl ester 12b, 
m.p. 137-140" [over-all yield from the a,p-unsaturated 
ketone 9: 145 nig (26%)]. 

(b) By 0zonol~~si.s of the a,(3-U11sat11rated Ketone I 0  
A stream of oxygen containing 4.5% of ozone was 

passed for 2 11 (250 ml/min) through a solution of 448 mg 
of the a,p-unsaturated ketone 10, m.p. 199-20O0, in 
12 ml of ethyl acetate and 8 ml of acetic acid, at - 10'. 
Subsequently, 0.6ml of water and 0.4ml of a 30% 
hydrogen peroxide solution were added. The mixture 

was left at room temperature for 14 h. The work-up, as 
described above, afforded 400 mg of crude 2c-cyano-3- 
(3~-hydroxy-17-oxo-5a-androsta~~-I6~-yI)-propa~zoic acid 
(IZ), identified by its i.r. spectrum. The crude acid was 
methylated as described under (a) (4ml  of absolute 
methanol, 2 ml of dry ether, and 25 ml of a 1 % solution 
of diazomethane in ether) to give 390 mg of crude methyl 
2 ~ - c y a n o - 3 - ( 3 ~ - h y r I v o x y - 1 7 - o x o - 5 ~ o s t a t z - l 6 ~ - y l ) -  
propartoate (12a), identified by its i.r. spectrum. The 
crude ester was acetylated in the usual fashion (3 ml of 
pyridine and 1.5 ml of acetic anhydride). The crude 
reaction product was adsorbed on 4 0 g  of silica gel. 
Elutions with benzene - ethyl acetate (95:s) gave 244 mg 
of methyl 2~-cyarto-3-(3~-acetoxy-17-oxo-5a-androstnr2- 
166-yl)-propanoate (I2b) [90 mg, melting between 118 
and 128"; 130mg, melting at  130-135"]. The latter 
sample was recrystallized four times from ether-hexane 
to give crystals melting at 160-161'; [a],'' + 60" (c, 0.93 
in CHCI,); the identification was completed by the 
determination of the i.r. spectrum and that of a mixture 
m.p. with an authentic sample. The amorphous material 
isolated from the mother liquors from the first recrys- 
tallization and some amorphous material from the 
chromatogram (total: 210 mg) were purified by chro- 
matography o n  30 g of silica gel to afford another 180 mg 
of acetoxy ester 12b, m.p. 139-144", eluted with benzene - 
ethyl acetate (955) [over-all yield from the a,p-un- 
saturated ketone 10: 215 mg (44x11. 

Dehydroncetylatior~ of 3a21a-Acetoxy-16a-ethyl-16'a- 
cya1to-16~,21-cyclo-5a-preg1t-l7-e11e (5b) 

A solution of 114 mg of diacetoxy nitrile 5b, m.p. 
163-164", in 15 ml of methanol was treated with 
7.5 ml of a 10% aqueous potassium carbonate solution. 
The mixture was heated to  reflux temperature for 3 h 
and was then cooled and poured into 100 ml of ice water. 
The precipitate was filtered, washed with water, and dried 
in a vacuum desiccator over phosphorous pentoxide. The 
dried material (92 mg) was adsorbed on 3.5 g of silica gel. 
Elutions with bemene -ethyl acetate (97:3) gave 70 mg 
(79% yield) of 3~-ttydro~y-16a-ethyl-I6~-cyano-16~,21- 
cyclo-5a-pregnn-l7,2I-diene (7), m.p. 193-1 97". For 
analysis a sample was recrystallized twice from ether- 
hexane; colorless, prismatic needles, n1.p. 199-200"; 
[aIDZS -352" (c, 0.68 in CHCI,); h,,,, (EtOH) 298 nm 
(E 11 500); v,,, (KBr) 3480 (hydroxyl), 3030 (vinylic 
hydrogens), 2180 (conjugated nitrile), 1653 and 1574 
(conjugated double bonds), 1042 (alcohol), 844 and 
838 cm-l ;  n.m.r.22: 6 0.80 (18-CH, and 19-CH,), 1.87 
(OH), 2.3 (16'-H), 2.65 (16p-H), 3.43 (3a-H), 5.40 
(doublet of doublets; J = 2.2 and 5.3 Hz) (20-H), 6.49 
(doublet of doublets; J = 2.4 and 5.3 Hz) (21-H). 

Anal. Calcd. for CZ4H3,0N: C, 81.99; H, 9.47; 
N, 3.99. Found: C, 81.99; H, 9.35; N, 4.04. 

Elutions with benzene-methanol (9:l)  gave 20mg 
(21 % yield) of 16a-ethyl-162a-cyono-162,2/-cyclo-5a- 
pregn-17-ene-3p,2Ia-diol (5);  m.p. 270-28O0, identified 
by its i.r. spectrum. 

22The spectrum, for which we are indebted to Prof. 
G .  Just and Mr. G .  Stammer, McGill University, 
Montreal, was recorded on a Varian HR-60 spectrometer 
in deuteriochloroform, with tetrametliylsilane as internal 
standard. 
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Acetylatiotz ofthe Hydroxy Dienonitrile 7 
The product isolated from the mother liquors from 

the recrystallizations for analysis of the hydroxy di- 
enonitrile 7 (40 mg) was acetylated under the usual 
conditions (1 ml of pyridine and 0.5 ml of acetic an- 
hydride; 9 h at room temperature). Removal of the 
solvents left 41 nlg of 3~-a~etoxy-16a-ethyI-16~-cyano- 
16z,21-cyclo-5a-pregt~a-17,21-diet~e (7a), m.p. 162-164". 
Two recrystallizations from hexane afforded the analyt- 
ical sample; colorless prismatic needles, m.p. 166-167"; 
[a]DZ5 -325" (c, 0.91 in CHCI,); o.r.d.17 in dioxane 
(c = 0.1 from 700 to  350 nm, 0.02 from 350 to 335 nm) 
[a1700 -138, [alsse -253, [a1400 -921, - 1276, 
[a],,, -2288, [a]335 -2970" (negative Cotton effect); 
h.,,, (EtOH) 298 nrn (E 10 000); v,,, (KBr) 3040 (vinylic 
hydrogens), 2180 (conjugated nitrile), 1653 and 1574 
(conjugated double bonds), 1250 and 1030 (acetate), 
848 and 836 cm-' (bands allowing a distinction between 
the two isomeric dienonitriles). 

Anal. Calcd. for CZ6H3,O2N: C, 79.34; H,  8.96; 
N, 3.56. Found: C, 79.21; H, 8.89; N, 3.78. 

Treatmetrt of3~,21a-Dia~etoxy-I6a-ethyl-l6~a-~yano- 
162,21-cyclo-5a-pregn-17-et~e (56) with Potassium 
Hydroxide 

A solution of 70 mg of diacetoxy nitrile 56, m.p. 
163-164", in 9 rnl of methanol was left with 3 ml of a 
12% methanolic potassium hydroxide solution for 18 h 
at room temperature in a nitrogen atmosphere. The 
product was poured into 200 ml of ice water and the 
precipitate was extracted with ether. The ethereal layer 
was washed with water and dried over sodium sulfate. 
Evaporation of the solvent gave 57 mg of a crystalline 
residue which was chromatographed on 3 g of silica 
gel. Benzene-ethyl acetate (90:lO) eluted 5 mg (9%) of 
3 ~-hydroxy-l6a-ethyl-162-cyano-162,2I-cyclo-5a-pregna- 
17,21-dietle (7), m.p. 194-196". Acetylation under the 
usual conditions (0.2 ml of acetic anhydride and 0.4 ml 
of pyridine) gave 3~-a~etoxy-16a-etlryl-16~-cyano-16~,21- 
cyclo-5a-pregr1a-17,21-diet1e (7a), m.p. 1 6 4 1  68", iden- 
tified by its i.r. spectrum and the mixture m.p. with an 
authentic sample. 

Further elutions in the chromatogram, with benzene - 
ethyl acetate (80:20), gave 52 mg (91 %) of I6a-etlryl- 
162a-cyano-162,21-cyclo-5a-pr.egt~-I7-et~e-3~,2Ia-diol (5), 
m.p. 281-285", identified by its i.r. spectrum and the 
mixture m.p. with h sample originating from the cyano- 
ethylation reaction. 

De/~ydroacetylatiot~ of 3~,2la-diaceto~y-16a-et/~yl-16~~- 
cyatro-16Z,21-cyclo 5a-pregn-17-ene (66) 

A mixture of 75 mg of diacetoxy nitrile 66, m.p. 
207-209", 10 ml of methanol, and 5 ml of a 10% aqueous 
potassium carbonate solution, was heated to  reflux 
temperature for 3 h. The mixture was cooled and poured 
into ice water (100ml). The precipitate was filtered, 
washed with water, and dried in a vacuum desiccator 
over phosphorous pentoxide. The product (55 mg) was 
adsorbed on 5 gof silica gel. Elutions with benzene-ethyl 
acetate (95:5 and 93:7) afforded 21 mg (35% yield) of 
3~-hydro~y-16a-ethyf-I6~-cyat1o-I6~,21-cyclo-5a-pregna- 
17,21-dietre (7), m.p. 192-194"; h,,, (EtOH) 298 nm 
(E 8400), identified by its i.r. spectrum. Acetylation in the 
usual way (1 ml of pyridine and 0.5 ml of acetic an- 

hydride) gave 22 mg of 3(3-a~etoxy-l6a-ethyI-16~-cyano- 
16z,21-cyclo-5a-pregna-17,21-diene (7a), m.p. 155-160". 
Recrystallization from methanol-water afforded 8 mg of 
crystals melting at  167-168"; [a]DZ8 -302" (c, 0.66 in 
CHCI,); the i.r. spectrum was identical with that of an  
authentic sample. 

In the chromatogram mentioned above, elutions with 
benzene-ethyl acetate (80:20 and 70:30) gave 26 mg 
(42%) of 1 6 a - e t h y l - 1 6 Z a - c y a n o - 1 6 2 , 2 1 - c y c l o - 5 ~ -  
etle-3!3,2la-diol (5), m.p. 263-269". The sample (8 mg) 
obtained after recrystallization from aqueous methanol 
melted at 284286'; its i.r. spectrum was identical with 
that of an  authentic product. A 5 mg samplewasacetylated 
under the usual conditions (0.15 ml of acetican hydride 
and 0.3 ml of pyridine). Filtration of the residue (7 mg) 
through a column of 2 g of silica gel, with benzene - ethyl 
acetate (97:3), afforded 3 mg of 3[3,2la-diacetoxy-l6a- 
ethyl-162a-cyano-16Z,21-c~~clo-5a-pregn-l 7-ene (56), m.p. 
164165", identified by its i.r. spectrum and the deter- 
mination of a mixture m.p. with an  authentic sample. 

Dellydration of3~-acetoxy-16a-et/~yl-162a-cyat~o-162,21- 
cyclo-5a-pregt~-17-et1-2la-ol (5a) 

(a) With p-Toluenesulfot~yl Chloride it1 Pyriditre 
(i) A mixture of 81 rng of acetoxy hydroxy nitrile 5a, 

m.p. 216-219", 1.2 ml of pyridine, and 112mg of 
p-toluenesulfonyl chloride, was kept at  room temperature 
for 4 days under a nitrogen atmosphere. It was then 
poured into 33 ml of a cold, saturated, aqueous sodium 
bicarbonate solution and the precipitate was extracted 
with methylene chloride. The organic layer was washed 
with water, with cold 2 N hydrochloric acid, with cold 
aqueous sodium bicarbonate solution, and again with 
water, and was dried over sodium sulfate. Evaporation 
of the solvent left 76 mg of a partly crystalline residue 
which was adsorbed on 7.6 g of silica gel. Elutions with 
benzene-ethyl acetate (99:l) gave 37 mg (40%) of a 
crystalline material, consisting mainly of 3p-acetoxy-I6a- 
etl1yl-16~-cyat1o-16~,21-cyclo-5a-pregt~a-l7,2I-diet1e (7a), 
m.p. 170-174". The sample obtained after three recrys- 
tallizations from methanol melted at  174177"; [aID2O 
-214" (c, 0.55 in CHCI,); h,,, (EtOH) 298 (E 10050) 
and 238 nm (E 2900); v,,, (KBr) 3040 (vinylic hydrogens), 
2220 (weak band: a,p-unsaturated nitrile), 2180 (a,P,y,S- 
unsaturated nitrile), 1735 (acetate), 1655 and 1574 
(conjugated double bonds), 1253 and 1030 (acetate), 
851 and 839 cm-'. According to the U.V. absorption at  
238nm and the i.r. absorption at 2220cm-', the 
dienonitrile 7a was contaminated with a product possess- 
ing an a,p-unsaturated nitrile group, presumably 
3~-acetoxy-16-et/1yl-16~-cyano-16~,21-cyclo -5a-pregtra - 
16,21-dietre. This sample and the material isolated from 
the mother liquors were combined. A portion of 30 mg 
was dissolved in 5 ml of methanol and treated with 
2.5 ml of a 12% methanolic solution of potassium 
hydroxide at  room temperature for 2 days. The mixture 
was then poured into cold water. The precipitate was 
filtered, washed with water, and dried to afford 38 mg 
of hydroxy dienonitrile 7, m.p. 189-193"; [aIDZs -282" 
(c, 0.96 in CHCI,). Acetylation in the usual way (1.4 ml 
of pyridine and 0.7 ml of acetic anhydride) gave the 
dienotritrile 7a, m.p. 170-172"; [aIDz8 -274" (c, 0.96 in 
CHCI,). There was no absorption at  238 nm in the U.V. 

spectrum and no absorption at 2220cm-' in the i.r. 
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spectrum. This indicated that the contamination product 81 mg of acetoxy hydroxy nitrile 6a, 112 mg afp-toluene- 
(presumably the 16,21-dienonitrile) was isomerized to the sulfonyl chloride, and 1.3 ml of pyridine, was heated to 
fully conjugated 17,21-dienonitrile 7a upon treatment 53" for 5 days in a nitrogen atmosphere. The usual 
with base. work-up gave 84 mg of an amorphous residue which was 

In  the chromatogram mentioned above, methanol adsorbed on 9 g of silica gel. Elutions with benzene - ethyl 
eluted 15 mg of an amorphous product; v,,, (KBr) 3400, acetate (99:l) afforded 11 mg of a crystalline material, 
2240, 1740, 1635, 1255, and 1030 cm-'. This substance m.p. 157-158", [a],19 - 158" (c, 0.63 in CHCl,), contain- 
was not investigated further. ing 53 % (6.5 % yield) of 3~-aceto~y-l6a-ethyl-16~-cyat10 

(ii) In  another run, 470 mg of acetoxy hydroxy nitrile 162,21-cyclo-5a-pregna-17,21-diene (7a), according to the 
5a in 7.5 ml of pyridine was treated with 670 mg of U.V. absorption at 297 nm (E 5300). The U.V. spectrum 
p-toluenesulfonyl chloride under the same conditions. showed an additional absorption at 238 nm (E 3600). The 
Chromatography of the residue on silica gel and elutions i.r. spectrum was very similar to that of an authentic 
with benzene-ethyl acetate (99:l) gave 144mg (32%) sample of dienonitrile 7a, except for a weak band at 
of dienonitrile 7a: 65 mg, melting between 160 and 170", 2220 cm-I (a$-unsaturated nitrile). Assuming that the 
[a]oZ8 -262' (c, 0.77 in CHCI3); 79 mg, m.p. 170-176", product giving rise to these additional absorptions was a 
[aIDz8 -262' (c, 0.95 in CHCI,). The yield of dehydration 16,21-dienonitrile (see above), the total yield in dehydra- 
in this run was smaller than in the previous run but the tion products amounted approximately to 12%. 
dienonitrile 7a was not contaminated with the 1621- Methanol eluted 40 mg of an an~orphous product 
dienonitrile according to the i.r. spectrum which showed having an i.r. spectrum similar to that of the analogous 
no trace of an absorption at 2220 cm-' : v,,, (KBr) 3030 fraction obtained from the dehydration of acetoxy 
(vinylic hydrogens), 2180 (a,b,y,6-unsaturated nitrile), hydroxy nitrile 5a. The intermediate fractions (25 mg) 
1735 (acetate), 1655 and 1574 (conjugated double bonds), eluted with benzene - ethyl acetate (95 :5 and 923)  were 
1255 and 1030 (acetate), 850 and 836cm-'. Elutions not investigated. 
with methanol gave 153 mg of the amorphous product 
isolated in the previous run. (b) With Potassirrrn Carbotlate in Aqrreorrs Methanol 

A mixture of 48 mg of acetoxy hydroxy nitrile 6a, 5 ml 
(b) With Potassirrm Carbonate it1 Aqueorrs Methanol of methanol, and 2 of a 10% aqueous of 
A mixture of 75 mg of acetoxY hydroxy nitrile 5a7 potassium carbonate, was refluxed for 3.5 h. The usual 

6.6 ml of  methanol, and 3.3 ml of a l o %  work-up (see above) gave 39 mg of crystalline material 
solution of potassium carbonate, Was refluxed for 3.5 h, which was adsorbed on 6 of silica gel. Benzene - ethyl 
cooled, and poured into cold water. The organic products acetate (97 :3) eluted 15 mg (33 % yield) of 3b-/gvdroxy- 
were extracted with methylene chloride. Some material 1 6 a ~ e ~ ~ l y ~ - 1 6 2 - c y a t l o - 1 6 2 , 2 1 - c y ~ o - 5 ~ ~ p r e ~ t l ~ ~ ~ ~ , ~ ~ ~  
was not soluble and was collected by filtration to give dietle (7), m.p ,90-1920; ~ ~ 1 ~ 2 7  -2870 (c, 0.91 i n  CHC],); 
5 mg of di/~ydroxy nitrile 5, m.P. 285-288" (vide infra). A,,., (E~CJH) 297 nm (E 8700). Acetylation of 9 mg in the 
The organic layer was washed with water, dried over usual way (0.4 ml of pyridine and 0.2 of acetic 
sodium sulfate, and the solvent was evaporated. The anhydride) gave 11 mg of 3~-acetoxy-16~-e~/~y[-162-  
crystalline residue (60 mg) was adsorbed on 5 g of silica ~yatlo-]6z,21~cyc~o-5~-pregna-/7,21-dielle (7a), m.p. 154- gel. Elutions with benzene - ethyl acetate (93:7) gave 165"; ~ ~ 1 ~ 2 7  - 2 5 5 ~  (c, 0,93 in CHC~,). ~ ~ ~ ~ ~ ~ ~ ~ l l i ~ ~ ~ i ~ ~  
22 mg (33 %) of 3~-lzydrox~-16a-erh~~-16~-c~a~~o-~6~,21- from aqueous methanol raised the m.p. to  170-174"; 
c~cIo-5a-~regna-17,21-die11e /7), m . ~ .  193-197': [a]?" [,ID2; -286. (c, 0.67 in CHCl,); the i , r  spectrum was 
-278" (c, 1.01 in CHCI,); its i.r. spectrum was identical identlca] with that of an authentic sample. 
with that of an authentic sample. Elutions with benzene - ethyl acetate (80:20 and 70:30) 

Elutions with benzene - ethyl acetate (1 :I) gave 42 mg gave 20 mg (47 %) of 16a-ethy[-~62a-c1~aIIo-]62,21-cyclo- 
(total ~ i e l d :  62%) of 16a-ethy1-16~a-cyatlo-16~,21-cyclo- 5a-pregn-17-elle-3b,21a-djol (5), m.p. 267-277". Recrys- 
5a-pregn-17-ene-3~,2la-~iol (5), m.P. 188-191°, identified tal]ization from aqueous methanol gave 8 mg of crystals by its i.r. spectrum and the determination of a mixture melting at 289-2910; the i.r. spectrum was identical with 
m.p. with an authentic sample. that of authentic dihydroxy nitrile 5. Acetylation of 5 mg 

under the usual conditions (0.3 ml of pyridine and 0.15 ml 
Dehydration of 3~-Acetox~-16a-eth~1-16~B-c~ano-16~,21- of acetic anhydride) and filtration of the residue (6 rng) 

cyclo-5a-pregn-l7-en-21a-ol(6a) through a 1 g column of silica gel, with benzene - ethyl 
(a) With p-Toluet~esulfonyl Chloride in Pyridine acetate (97:3), afforded 3 mg of 3J3,2la-diacetoxy-l6a- 
I n  one run, 82 mg of acetoxy hydroxy nitrile 6a in et/1yyl-16~a-c~ano-l6~,2l-cyclo-5a-preg1-17-ene (Sb), m.p. 

1.3 ml of pyridine was treated with 112 mg of p-toluene- 160-162'. 
sulfonyl chloride, as described in the preceding section 
under (a). The crude product (70 mg) was adsorbed on  Treatment of a Mixtrrre of 3~-~cetoxy-16a-et /1~l-16~-  
7.8 g of silica gel. Benzene-ethyl acetate (99:l) eluted cyan0-16~,21-cyclo-5a-pregna-17,2l-dietre (7a) and 
6 mg of amorphous material containing some dienonitrile, 3~-~cetox~-16~-ethyl-16~-c~at1o-16~,21-cyclo-5a- 
according to the U.V. absorption at 298 nm (E 6000). pregno-17,21-diene (8a) with Potassium Carbonate 
Benzene - ethyl acetate (93:7) eluted 44 mg of starting bz Aqueous Methanol and with Methanolic 
material, the acetoxy Irydroxy nitrile 6a, m.p. 206-209". Potassium Hydroxide 
Methanol eluted lOmg of an amorphous product, A mixture of dienonitriles 7a and 8a 147 mg, m.P. 
analogous to the one obtained from the acetoxy hydroxy 210-216", [alDZ7 + 190" (c, 0.85 in CHCl,)], containing 
nitrile 5a (see above). 85 % of dienonitrile 8a (according to the rotation of the 

In another run, the reaction mixture, consisting of mixture) was dissolved in lOml of methanol and was 
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refluxed for 4 h with 5 ml of a 10% aqueous potassium 
carbonate solution. The reaction mixture was then 
poured into ice water and the precipitate was filtered and 
dried to give 44 mg of a mixture of the lrydroxy di- 
erionitriles 7and 8.  Acetylation under the usual conditions 
(1 ml of pyridine and 0.5 ml of acetic anhydride) afforded 
42 mg of a mixture of the dier~onitriles 7a and 8a, m.p. 
192-204", [aIDz7 +117" (c, 0.82 in CHCI,), containing 
about 72% of dienonitrile 8a, according to the rotation. 
This mixture (40 mg) was dissolved in 8 ml of methanol 
and treated with 3 ml of a 12% methanolic potassium 
hydroxide solution at room temperature for 2 days. The 
reaction mixture was then poured into ice water. The 
precipitate was filtered and dried to yield 30 mg of a 
mixture of the hydroxy dier~onitriles 7 and 8, m.p. 191- 
206"; [cf]DZ7 + 85' (c, 0.89 in CHCI3). I t  was acetylated 
(0.8 ml of pyridine and 0.4 ml of acetic anhydride) to  
give 32 mg of a mixture of the dienonitriles 7a and 8a, 
containing about 68 % of dienonitrile 8a;  m.p. 19&200°; 
[alVz7 +85" (c, 0.88 in CHCI,). Filtration through 3 g 
of silica gel with benzene - ethyl acetate (99:l) did not 
result in a change in the relative proportions of the 
dienonitriles 7a and 8a: 24 mg, m.p. 196-202", [aIvZ8 + 88" (c, 0.76 in CHC.I3). Heating this mixture for several 
hours in solvents used for crystallization of the di- 
enonitriles (methanol-water and hexane) did not cause 
any change in the rotation. 

Reduction of 3~-Aceto~~~-16a-ethyl-l6~a-cyano-16~,21- 
cyclo-5a-pregtr-17-et1-2l-one (9) with Sodium 
Borohydride 

To a solution of 205 mg of sodium borohydride in 
24ml of methanol, 894mg of ketone 9 in 23 ml of 
dioxane and 14 rnl of methanol was added. The mixture 
was stirred at room temperature for 17 h and poured into 
400 nil of ice water. After acidification to p H  3 with 
2 N sulfuric acid the precipitate was extracted with ether. 
The ethereal layer was washed with water and dried 
over sodium sulfate. Removal of the solvent gave a 
crystalline residue which was chromatographed on 80 g 
of silica gel. Benzene - ethyl acetate (93:7) eluted 118 mg 
of 3~-acetoxy-16a-etl1yl-16~a-cyar1o-l6~,2l-cyclo-5a- 
pregtz-17-etz-2113-01 (Id),  m.p. 239-245". A sample was 
recrystallized three times for analysis from acetone- 
hexane; m.p. 242-246"; [aIDz5 -52" (c, 1.08 in CHCI,); 
v,,, (KBr) 3520 (hydroxyl), 2240 (non-conjugated nitrile), 
1735 (acetate), 16S3 (double bond), 1248 and 1022 
(acetate), 990 cm-' (alcohol); n.m.r.I8 6 0.84 (18- and 
19-CH,), 2.02 (acetate), 4.68 (3a-H), 4.50 (21a-H), 5.20 
(20-H; triplet: 309.4, 312.0, and 314.6 Hz). 

Anal. Calcd. for CZ6H3703N:  C, 75.87; H, 9.07; 
N, 3.40. Found: C, 75.78; H, 9.01; N, 3.35. 

Further elutions with benzene - ethyl acetate (97:3) 
gave mixtures of the hydroxy nitriles 130 and 14a 
(214 rng, 1n.p. 222-236"; 149 mg, m.p. 180-200"; 151 nig, 
m.p. 201-21 1"). 

Further elutions with the same solvent mixture gave 
139 mg of 3(3-acetoxy-16a-et/ryl-162~-~yar~o-162,21-cyclo- 
5a-pregtl-17-err-2113-al (I3n), m.p. 21 3-21 8". A sample 
was recrystallized three times from ether-hexane for 
analysis; m.p. 219.5-220.5", depressed upon admixture 
of hydroxy alcohol 5a; [a]DZ7 -57" (c, 1.09 in CHCI,); 
v,,, (KBr) 3450 (hydroxyl), 2240 (non-conjugated 

nitrile), 1728 (acetate), 1688 (double bond), 1240 (acetate), 
1024 cm-' (acetate and alcohol); n.m.r.I8 6 0.85 
(19-CH,), 0.88 (18-CH,), 2.02 (acetate), 4.44 (21a-H), 
4.68 (3a-H), 5.15 (20-H). 

Anal. Calcd. for CZ6H3703N:  C, 75.87; H, 9.07; 
N, 3.40. Found: C, 75.73; H,  8.80; C, 3.53. 

By repeated crystallizations and chromatographies of 
the fractions containing mixtures of hydroxy nitriles 13a 
and 14a, and by purification of the mother liquors, an  
additional 105 mg of hydroxy nitrile 14a, m.p. 235-244", 
and 102 mg of hydroxy nitrile 13a, m.p. 216-218", were 
obtained. There remained 289 mg of mixtures of hydroxy 
nitriles 13a an9 14a. 

In the original chromatogram, benzene - ethyl acetate 
(60:40) eluted 128 mg of a mixture of the rlihyrluoxy 
r~itriles I 3  and 14, m.p. 260-273"; v,,, (KBr) 3400 (large 
hydroxyl band), 2240 (non-conjugated nitrile), 1685 
(double bond), 1040 cm- ' (alcohols). 

In toto, 241 nig (27%) of pure hydroxy nitrile 13a, 
223 mg (25%) of pure hydroxy nitrile 14a, 283 mg (32 %) 
of a mixture of these hydroxy acetoxy nitriles in which 
isomer 13a predominated according to the i.r. spectrum, 
and 128 mg (16%) of a mixture of the dihydroxy nitriles 
13 and 14, were obtained. 

Red~rction of 3(3-Acetoxy-16a-ethyl-162(3-cyano-162,21- 
cyclo-5a-pregn-17-en-21-one (10) with Sodiun~ 
Borohydride 

T o  a solution of 29 nig of sodium borohydride in 2 ml 
of methanol, 110 nig of the unsaturated ketone 10 in 
2 ml of methanol and 3.5 ml of dioxane was added. The 
mixture was stirred for 16 h at room temperature and the 
product was worked up as described for the reduction. 
of isomer 9. The crude reaction product (115 mg) was 
chromatographed on 9 g of, silica gel. Elutions with 
benzene - ethyl acetate (93:7) gave 12 rng of crude 
3~-aceto.uy-16a-etl1yl-16~a-cya~1o-16~,2l-c~~clo-5a-pregn- 
17-en-2113-01 (Ida),  n1.p. 225-235". After recrystalliza- 
tion the product nielted at 239-244", m.p. not depressed 
upon admixture of an authentic sample; [aIDZ7 -49" 
(c, 0.51 in CHCI,); the i.r. spectrum of the product was 
identical to that of an authentic san~ple. 

Benzene - ethyl acetate (97:3) further eluted mixtures 
of alcohols 13a and 14a (24mg, m.p. 195-20O0, and 
63 mg, m.p. 185-195"). The second fraction was recrys- 
tallized from ether-hexane and gave 20 mg of 3p-acetoxy- 
16a-ethyl-162~-cyar~o-162,21-cyclo-5[3-preg~~-l7-e~~-21(3-o1 
(13a), m.p. 222-223", identified by its i.r. spectrum and 
the mixture m.p. with an  authentic sample; [alVz7 -55' 
(c, 0.73 in CHCI,). 

Benzene-ethyl acetate (60:40) eluted 10 mg of a 
mixture of the dihydroxy  itri riles 1 3  arid 14, m.p. 249- 
253". 

Oxidation of 3~-Acetoxy;l6a-et/1yl-16~~-cya~ro-16~,21- 
cyclo-5a-preg11-17-e11-21j3-ol (13a) 

T o  a stirred solution of 11 mg of hydroxy nitrile 13a, 
m.p. 22&222", in 2 rnl of absolute acetone there were 
added, at O0, two drops of Jones' chromic acid reagent 
(29). The mixture was stirred for 2 min and poured into 
ice water. The precipitate was filtered, washed, and dried. 
Thus, 10 mg of 3(3-acetoxy-16a-ethy/-162(3-cyano-162,21- 
cyclo-5a-pregrl-17-en-21 -om ( 1  0 )  , m.p. 1 99-20O0, was 
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obtained; [eIDz5 -38" (c ,  1.09 in CHCI3); h,,, (EtOH) acetate (97:3) gave 59 mg of starting material, hydroxy 
238 nm ( E  15 300); the i.r. spectrum was identical with nitrile 13a, m.p. 220-22Z0, identified by a mixture m.p. 
that of an authentic sample. with an authentic sample, by i.r. and thin-layer analyses. 

Oxidation of 313-Acetoxy-16e-et/1yl-162e-cyano-162,21- 
cyclo-5e-pregn-17-en-21 g-01 (140)  

A quantity of 44 mg of the hydroxy nitrile 140, m.p. 
238-244", in 5 ml of absolute acetone was oxidized with 
0.08 ml of Jones' reagent (29), as described above, to  
give 43 mg of 3~-a~etoxy-16a-ethyl-16~e-cyano-I6~,21- 
cyclo-5e-pregn-17-en-21-one (9 ) ,  m.p. 249-252". After 
purification by recrystallization from dichloromethane- 
ether, the product melted at  253-254'; -18.5" 
(c, 0.975 in CHC1,); the i.r. spectrum was identical with 
that of an  authentic sample. 

Treatn~etrt of the Hydroxy Nitrile 5a with Sodiun~ 
Borohydride 

T o  a solution of 12 mg of sodium borohydride in 
1.5 ml of methanol, 56 mg of hydroxy nitrile 5a, m.p. 
216-219", in I ml of dioxane and 1.5 ml of methanol was 
added. After 18 h at  room temperature the mixture was 
poured into ice water and the precipitate was filtered, 
washed, and dried. The crude reaction product (60 mg, 
m.p. 207-214"), was treated with dichloromethane. The 
non-soluble material (10 mg) was identified as I6e-ethyl- 
162e-cyano-162,21-cyclo-5a-pregn-l 7-ene-3p,21e-diol ( 5 ) ,  
m.p. 283-286", by its i.r. spectrum. A portion of 7 mg 
was acetylated with 0.3 ml of acetic anhydride in 0.6 ml 
of pyridine; the crude product (10 mg) was filtered through 
200 mg of silica gel and thus gave 6 mg of 3B,21e-di- 
a~etouy-16e-ethyl-16~e-cyano-I6~,21 -cycle-5e-pregn-17- 
ene (5b) ,  m.p. 164-16S0, not depressed upon admixture 
of a n  authentic sample. From the dichloromethane- 
soluble fraction, 50mg of hydroxy nitrile 50, m.p. 
213-217", was recuperated; the product was identified by 
its i.r. spectrum, thin-layer analysis, and a mixture m.p. 
with an authentic sample. 

Treatment of Hydroxy Nitrile 6a with Sodiuttz 
Borohydride 

A quantity of 76 mg of hydroxy nitrile 60, m.p. 
I 

206-209", was treated as described above for hydroxy 
nitrile 5a with 16 mg of sodium borohydride in 3.5 ml 
of methanol and 1.5 mi of dioxane for 16 h. The reaction 
product was chromatographed on 3 g of silica gel. 
Elutions with benzene - ethyl acetate (93:7) gave 57 mg 
of starting material, hydroxy nitrile 6a, m.p. 208-21l0, 
identified by a mixture m.p. with an authentic sample 
and by i.r. and' thin-layer analyses. Benzene - ethyl 
acetate (50:50) eluted 15 mg of 16e-ethyl-162~-cyat~o- 
162,21-cyclo-5a-pregn-17-ene-3~,21e-diol ( 6 ) ,  m.p. 262- 
263"; the m.p. was depressed upon admixture of di- 
hydroxy nitrile 5 ;  v,,, (KBr) 3300-3200 (large hydroxyl 
band), 2240 (non-conjugated nitrile), 1688 (double bond), 
1032 and 1008 cm-' (alcohols). 

Treatment of Hydroxy Nitrile 130 with Sodiurn 
Borohydride 

As described above, 71 mg of hydroxy nitrile 13a, 
m.p. 219-22l0, was treated with 15 mg of sodium 
borohydride in 3.6 ml of methanol and 1.5 ml of dioxane. 
The crude reaction product (68 mg) was filtered through 
a column of 3 g of silica gel. Elutions with benzene - ethyl 

Benzene - ethyl acetate (50:50) eluted 6 mg bf 16a-eihyl- 
162p-cyano-162,21- cyclo-5e-pregn-l7-ene-3p,21 13-diol 
( 1 3 ) ,  m.p. 253-258"; v,,,, (KBr) 3510 and 3450 (hy- 
droxyls), 2240 (non-conjugated nitrile), 1690 (double 
bond), 1042 cm-' (alcohols). 

Treatment of Hydroxy Nitrile 140 ~vitlz Sodium 
Borohydride 

As described above, 55 mg of hydroxy nitrile 140, m.p. 
238-244", was treated with 12 mg of sodium borohydride 
in 3.5 ml of methanol and 1 ml of dioxane in the course 
of 20 h. The reaction product (58 mg) was chroma- 
tographed on 3 g of silica gel. Elutions with benzene- 
ethyl acetate (93:7) gave 40mg of starting material, 
hydroxy nitrile 140, m.p. 240-247", identified by a mixture 
m.p. with an  authentic sample, by i.r. and thin-layer 
analyses. Benzene - ethyl acetate (50:50) eluted 12 mg of 
dihydroxy rzitrile 14, m.p. 304-306"; v,,, (KBr) 3460 and 
3400 (hydroxyls), 2240 (non-conjugated nitrile), 1688 
(double bond), 1040 cm-I (alcohols). 
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Application of proton magnetic resonance to rotational isomerism in halotoluene 
derivatives. 111. a, a-Dichloro-2,4,6-tribromotoluene 

J. PEELING, T. SCHAEFER, AND C. M. WONG 
Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 

Received April 20, 1970 

At room temperature the proton magnetic resonance spectrum of u,u-dichloro-2,4,6-tribromotoluene 
is ABX where the methine proton in the sidechain is X and is lying in the plane of the aromatic ring. At 
higher temperatures the ring proton spectrum, AB, broadens and eventually collapses to yield an AZX 
spectrum. From an analysis of the ring proton line shapes the barrier to rotation of the dichloromethyl 
group about the spZ-sp3 c a r b o n ~ a r b o n  bond is obtained; AG* = 17.5 + 0.1 kcal/mole at  304 OK, 

AH* = 15.67 + 0.08 kcal/mole, AS* = -7 e.u., E,  = 16.38 + 0.08 kcal/mole, log A = 11.78 k 0.23 
where the least squares errors given should probably be multiplied by a factor of from 3 to 5 to take 
possible systematic errors into account. The barrier is about 2 kcal/mole higher than in u,u,2,4,6-penta- 
chlorotoluene. The barrier to rotation arises from the conformation in which chlorine and bromine 
atoms are eclipsed. 

Canadian Journal of Chemistry, 48, 2839 (1970) 

Introduction 

The previous paper (1) in this series presented 
a detailed description of a proton magnetic 
resonance (p.m.r.) study of hindered rotation of 
the dichloromethyl group in cr,cr,2,4,6-pentachlo- 
rotoluene (PCT). A computer program based on 
a density matrix treatment of intramolecular 
proton exchange was developed and applied in 
the extraction of preexchange lifetimes from the 
temperature dependent ring proton spectrum of 
PCT. The present paper gives the results of a 
similar application to the ring proton spectrum 
of cr,cr-dichloro-2,4,6-tribromotoluene (DCTBT). 

Experimental 
( I )  Prepwation of DCTBT 

A mixture of 2,4,6-tribromotoluene (20 g) and phos- 
phorous pentachloride (0.2 g) in a 50 ml flask (pyrex) was 
heated with a small flame into a melt. The mixture was 
then irradiated with ultraviolet (u.v.) light while a stream 
of chlorine gas was bubbling into the mixture through a 
gas dispersing tube. The progress of chlorination was 
followed by observing the disappearance of the proton 
resonance peaks at  7.5 r and 5.7 r corresponding to the 
methyl and the monochloromethyl groups, respectively. 
The product was then distilled under reduced pressure to  
give PCT (14.5 g), identified by analysis and by com- 
paring the p.m.r. and infrared (i.r.) spectra with those of 
an  authentic sample prepared by chlorination of 2,4,6- 
trichlorotoluene. The residue (3 g) was transferred to a 
microdistillation flask and another portion of the PCT 
(1.8 g) was distilled out. The residue was then purified by 
extensive thin-layer chromatography (t.1.c.) on silica and 
DCTBT was isolated, slightly contaminated with PCT. 

( 2 )  Proton Magnetic Resonance Spectra 
The available amount of DCTBT was insufficient to 

produce a reasonable signal to noise ratio on a DA60I 
spectrometer. Its solubility was also very low in methyl- 

cyclohexane, hexamethyldisiloxane, and other solvents 
of low dielectric constant. In perchlorobutadiene the 100 
MHz proton spectrum consisted of a tightly coupled 
ABC spectrum at 30 OC. However, in toluene-d8 the 100 
MHz proton spectrum is ABX, very similar to the spec- 
trum for PCT at -40 OC (1). It was previously shown that 
the intrinsic temperature dependence of the internal ring 
proton shift of PCT in toluene-d8 can and must be found 
in order to obtain reliable exchange rates from fitted 
spectra. A similar procedure was followed with DCTBT. 

The p.m.r. spectrum of an  approximately 4 mole % 
solution of DCTBT in degassed toluene-d, was recorded 
at  2" intervals between 40 and 74 "C on an HA-100-D 
spectrometer under conditions of a signal to noise ratio 
of about 80:l .  The residual proton resonance of the 
solvent (Merck) interfered with the low-field ring proton 
resonance (HA) SO that only the line shapes of the high- 
field ring proton peaks (Ho) could be reliably measured 
(a very small amount of PCT did not overlap with signals 
of interest between 40 and 74 "C). The spectra were 
repeatedly calibrated by reading oscillator frequencies in 
the frequency sweep mode. The homogeneity of the 
external magnetic field was monitored by the appearance 
of the methine proton peaks (Hx), whose widths are 
independent of exchange times (1). Over the temperature 
range used here, the homogeneity could be accurately 
controlled to give an  effective TZ = 1.72 f 0.12 s. The 
internal ring proton shift was measured as a function of 
temperature in the region of slow exchange (10-35 "C). 

The temperature settings on the dial of the 6040 pro- 
portional controller were calibrated against an ethylene 
glycol sample. The dial settings were then checked with a 
thermocouple immersed in a sample of toluene. Tem- 
perature gradients near the receiver coil were apparently 
very small between 30 and 70 "C. The thermocouple had 
been calibrated at  a few set points. It is fairly certain that 
the temperature data are accurate to t 1 "C and precise 
to k0.5  "C. 

( 3 )  Extraction of Rate Constants 
The computer program for an  ABX spectrum in which 

A and B exchange under conservation of spin states (1) 
was used to fit calculated to observed spectra as exten- 
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TABLE 1 

The chemical shifts and proton-proton coupling constants of DCTBT in toluene-d, 
solution between 10 and 35 "C 

Chemical shift* Coupling constants (Hz)? 
Temperature 

C'C) H x  HA HB JAB JAX JBX 

*In p.p.m. to  low field from internal tetramethylsilane. 
, t T h e  coupling constants are given as  obtained from the computer analysis and  we feel their accuracy lies near 0.03 
Hz. .Inx, of course, IS unmeasurably small and of  unknown sign. 

sively described previously (1). The intrinsic temperature 
dependence of the internal ring proton shift is fitted by 
the least squares equation: shift in Hz = 21.81 - 
0.0456 T("C). These shifts were used as input parameters 
in the computer program. A constant T2 of 1.72 s was 
assumed throughcut (see above). 

Results and Discussion 

( I )  Spectral Parameters at Low Exchange 
Rates 

The program LAOCOON 3 (2) was used to 
extract the chemical shifts and coupling constants 
from the 3-spin p.m.r. spectra between 10 and 
35 "C. At these temperatures the mean lifetime 
before exchange in conformation 1 or its mirror 
image is relatively long. The spectra themselves 

are very similar to those of PCT presented in 
ref. 1. Table 1 gives the spectral parameters in the 
region of slow exchange. Figure 1 displays the 
plot of the internal shift of HA and H, vs. tem- 
perature in this region. The least squares equa- 
tions representing this dependence are: 

shift of HA = 0.2489T ("C) + 684.61 Hz 

shift of HB = 0.2945T ("C) + 662.80 Hz 

where shifts are in Hz to low field of internal 
tetramethylsilane. These equations were used to 
calculate the internal ring proton shift in the 
presence of exchange at each of 18 temperatures 
between 40 and 74 "C. As was shown in ref. 1, 
this procedure is necessary if large errors in 
activation parameters are to be avoided. 

FIG. 1. The internal chemical shift, in Hz, of protons 
HA and HB of u,u-dichloro-2,4,6-tribromotoluene, as a 
dilute solution in toluene-d8, is plotted vs. temperature 
between 10 and 35 "C. 

(2)  Proton Resonance Spectra under Conditions 
of Exchange 

Coalescence of the spectral peaks from HA 
and H, occurs at about 80 "C. The line-shape 
fitting procedure (1) was applied at 2" intervals 
between 40 and 74 "C to the H, resonance for 
reasons mentioned earlier. The preexchange 
lifetimes, r ,  are listed in Table 2. For most tem- 
peratures, two values of r are given. These 
represent the limits of r which gave a reasonable 
fit of calculated to experimental line shapes. 
Because of the experimental difficulties men- 
tioned above, r varies only between 0.50 and 
0.036 s, a factor of 14. 

(3) Activation Parameters for the Hindered 
Rotation 

Plots of log k and of log (k/T) vs. 1/T were 
prepared (k = 117) and were used to extract 
E,, AH*, and AS* in the usual way (3). Further- 
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TABLE 2 
Preexchange lifetimes, T, for DCTBT at various temperatures 

Temperature Temperature 
("c) T (s) ("c) T (s) 

FIG. 2. A plot of log (k/T) VS. 1 /T  for a,a-dichloro-2,4,6-tribromotoluene in toluene-& solution between 40 and 
74 "C; k = I/T where T is the mean lifetime before effective exchange of the ring protons. The error bars in log (k/T) 
indicated for the lowest and highest temperatures are typical but many are smaller. The correlation coefficient, r = 
0.995 for the least squares straight line and the derived parameters are given in the text. 

more, AG* was calculated from log k at each 
temperature using the equation from transition 
state theory and assuming a transmission coeffi- 
cient of 112 (1). Plots of AG* vs. T were also 
prepared. In Fig. 2 a plot of log (k/T) vs. 1/T is 
displayed as an example (correlation coefficient, 
r = 0.995, 18 values). 

The results of the least squares analyses with 
statistical errors given are as follows: EA = 16.38 
+ 0.08 kcal/mole, log A = 11.78 + 0.23; AH* = 
15.69 f 0.08 kcal/mole from log (k/T) vs. 1/T; 
AH* = 15.65 + 0.40 kcal/rnole from AF* vs. T; 
AS* = -10 + 1 e.u. from log (k/T) vs. 1/T; 
AS* = -5.6 + 0.3 e.u. from AG* vs. T; AS* = 
-5 + 1 e.u. from A = e(kT/2h) exp(AS*/R); 
AG* = 17.5 + 0.1 kcal/mole at 304 OK. In view 
of the possible systematic errors in these param- 
eters, a more reasonable estimate of the errors 

in EA and AH* is probably nearer 0.4 kcal/mole. 
The three different estimates of AS* can be 
arbitrarily averaged to give AS* = -7.2 e.u. 
implying that AS" is very probably negative but 
small in magnitude. 

(4) Comparison with Activation Parameters 
for PCT 

Perhaps the best comparison of the present 
results for DCTBT with those for PCT (1) 
involves the composite treatment of the rate data 
for the latter in the two solvents, methylcyclo- 
hexane and toluene-d,. In ref. 1 the rate data were 
treated separately for the two solvents, in 
particular because of the problem of the internal 
ring proton shift. However, there exists a satis- 
factory least squares fit of the data for PCT if 
log (k/T) is plotted vs. 1/T without reference to 
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the solvent. One finds AH* = 13.9 + 0.2 kcal/ 
mole and AS* = -3.7 + 0.6 e.u. where the 
correlation coefficient, r = 0.991 for 19 values. 

Apparently the potential energy barrier to 
rotation about the sp2-sp3 carbon-carbon bond 
is 10% or nearly 2 kcal/mole higher in DCTBT 
than in PCT; reasonably indicating that an 
eclipsed Cl . .  .Br interaction is sterically less 
favorable than an eclipsed C1. . . Cl interaction. 
As with PCT the conformation 2 is of highest 
energy and represents the activated state during 
the rotation of the dichloromethyl group. Con- 

formation 1 and its mirror image are the ground 
state of the molecule. From the arguments in 
ref. 1 it follows that conformation 3 is of inter- 
mediate stability, but at least 10 kcal/mole less 
stable than 1. Hence 3 is not appreciably popu- 
lated at any of the temperatures under con- 
sideration. 

We thank Mr. K. C. Tam for help with the synthesis 
of DCTBT and are grateful to the National Research 
Council of Canada for monetary support. 
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Solubility of alkali metal and ammonium thiocyanates and iodides in tri-n-butyl 
phosphate 

J. HALA AND D. G. TUCK' 
Department of Chemistry, Si~no~z Fraser U~ziversity, B~crnaby 413, British Columbia 

Received March 24, 1970 

The solubilities of lithium, sodium, potassium, caesium, and ammonium thiocyanates and iodides, 
and of rubidium thiocyanate, in tri-n-butyl phosphate (TBP), have been measured. In general, the 
solubilities decrease with increasing cation size, but the values for the ammonium salts are anomalously 
high. This is shown to be due to hydrogen-bonding between NH,+ and the phosphoryl oxygen of the 
solvent. The results are compared with those reported for other alkali metal salts in TBP. 

Canadian Journal of Chemistry, 48, 2843 (1970) 

Introduction 

Tri-n-butyl phosphate (TBP) has been the 
subject of a large number of physico-chemical 
studies by reason of its wide application in solvent 
extraction, and the solubilities of a number of 
inorganic nitrates in the anhydrous solvent have 
been reported (1, 2). During preliminary studies 
of the TBP - liquid ammonia system, we in- 
vestigated the solubility of a series of alkali metal 
and ammonium salts in TBP, and found relatively 
high solubilities for iodides and thiocyanates. 
Chlorides and bromides of these elements are 
almost insoluble in the solvent at room tempera- 
ture. We now report solubility measurements for 
lithium, sodium, potassium, caesium, and am- 
monium thiocyanate and iodide, and rubidium 
thiocyanate, in TBP, together with the results of 
spectroscopic investigations of the properties of 
such solutions. 

Experimental 
Materials 

Sodium, potassium, and ammonium salts were sup- 
plied by Fisher Scientific Co. Rubidium and caesium 
salts were prepared by neutralizing the corresponding 
hydroxides (Alfa Inorganics) with hydriodic or thiocyanic 
acid solution, obtained by ion-exchange of the sodium 
salts on a column of Dowex 50W-X8 (H-form). Anhy- 
drous lithium iodide was prepared from the trihydrate 
(Alfa Inorganics) by heating in a stream of dry nitrogen 
(3). A solution of lithium thiocyanate, obtained by 
neutralization of lithium carbonate, was evaporated to 
dryness, and the residue then heated at 70-80" in a stream 
of dry nitrogen (4); the final product was approximately 
85% LiCNS, but it was not possible to remove the 
remainder of the water since the substance decomposes 
above about 80". All salts were stored in a desiccator over 
phosphorus pentoxide. 

The TBP (Fisher Scientific Co.) was purified by 
refluxing with 0.5% caustic soda solution, followed by 

'Correspondence to Prof. D. G. Tuck, Department of 
Chemistry, Simon Fraser University, Burnaby 413, B.C. 

steam distillation, dried with anhydrous magnesium 
sulfate, and finally dried in vacuo at -50" with a bleed of 
dry nitrogen (5, 6). 

Solubility Measurements 
An excess of salt was shaken overnight with 5 ml of dry 

TBP in a stoppered vessel; preliminary experiments 
showed that this period was sufficient for equilibrium to 
be reached. Samples of solution were removed through a 
sinter, and analyzed for iodide or thiocyanate by titration 
against silver nitrate after dilution with acetone. Blank 
titrations showed that a small corrrection was required 
because of the presence of TBP. Each result in Table 1 
is the average of between three and five experiments. 

Spectra 
Infrared (i.r.) spectra were obtained with a Beckrnan 

IR-12 instrument. The H1 nuclear magnetic resonance 
(n.m.r.) spectra were run on a Varian A56-60 instrument, 
and P31 spectra on a Varian HA-100 spectrometer with 
P,06 as a reference substance; we are grateful to Prof. 
L. D. Hall (University of British Columbia, Vancouver, 
B.C.) for thkse latter measurements. 

Measurements of Heals of Solrrtiorz 
The heats of solution of sodium, potassium, and 

ammonium thiocyanate were measured, using a simple 
calorimeter (7). In each experiment, three weighed 
samples of salt (approximately 1 g) were successively 
dissolved in a weighed quantity of TBP (approximately 
600 ml). Dissolution was usually complete within 10 
min. The final molality of dissolved salt was always less 
than 0.07, and the measured heat evolution did not show 
any change with concentration within the experimental 
error. The mean of these three measurements was there- 
fore taken as giving the integral heat of dissolution at 
infinite dilution. Three sets of measurements were carried 
out for each salt. 

Results and Discussion 
Solubilities 

The measured solubilities are given in Table 1, 
together with the ionic radii of the cations and the 
lattice energies of the salts, taken from the papers 
of Morris (8) (alkali metal iodides), Ladd and Lee 
(9) (ammonium iodide), and Yatsimirskii (10) 
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TABLE 1 

Solubilities of alkali metal and ammonium thiocyanates and iodides in TBP at 22 "C 
-- -- 

Thiocyanates Iodides 

Lattice Lattice 
energy energy 

Solubility TBP:MNCS (kcal Solubility TBP:MI at (kcal 
Cation (kz)* (g/100 g TBP) at saturation mole-') (g/100 g TBP) saturation mole-') 

'Values from A. F. Wells (23). 
tNo value available. 
$These results are for the gel formed by LiI in TBP. 

(thiocyanates). No value was found in the litera- 
ture for the lattice energy of lithium thiocyanate. 

For the thiocyanates, the molar solubilities are 
in theorder Li > Na = NH, > K > Rb > Cs, 
although it should be noted that the value for the 
lithium salt may be high because of the presence 
of residual water. The same order is found with 
the iodides (although in this case the lithium salt 
gave a gel), and in previous studies of the solubility 
of alkali metal nitrates in TBP (1, 2). Similar 
orders are seen in the sol~~bilities of the halides of 
these elements in a variety of basic organic 
solvents (1 1). 

Saturated solutions of LiSCN in TBP have 
very high viscosities, as do solutions of lithium 
chloride extracted into TBP from concentrated 
aqueous solution (12). This appears to be a 
common property of solutions of lithium salts in 
aprotic solvents such as acetone and dimethyl 
sulfoxide (13), and is equally pronounced with 
lithium iodide and TBP, which, as noted above, 
yielded a solid gel on equilibration. In the latter 
case, the high viscosity of the solution before 
solidification may hamper good contact of the 
solute with the solvent, so that the true equilib- 
rium state is probably very difficult to reach. 
There is therefore considerable variation in the 
values for the solubility of lithium iodide re- 
ported in Table 1. 

A number of authors have used solvent 
extraction techniques to show that lithium and 
sodium salts extracted by solutions of TBP in 
non-polar diluents form complexes with TBP in 
the organic phase. The solvates LiN0,.  2TBP 
and NaN0,. 3TBP (1, 2), LiC1.2TBP (1 2), and 
LiI. 3TBP (14) have been identified in this way. 

It has been argued that the limiting solubility of 
lithium nitrate in TBP (TBP:LiNO, ratio 2.61) 
confirms the existence of the di-solvate, believed 
to exist in the saturated solution with excess TBP 
and some water (1). On this basis, some of the 
results in Table 1 (columns 4 and 7) suggest that 
such solvates may be important for iodides and 
thiocyanates. The forn~ation of a (possibly 
hydrated) LiSCN. 2TBP complex is strongly in- 
dicated, and it also seems likely that NaSCN and 
NH,SCN are present as di-solvates, with some 
free TBP present at saturation. Sodium iodide 
may be forming either di- or tri-solvates; a 
di-solvate was found in the extraction of NaI 
from aqueous solutions into both TBP (15) and 
di-isopentyl-methyl phosphonate (14). 

Sohlte-Solvent Interactions 
In view of the above evidence of solvate forina- 

tion, the nature of the solute-solvent interaction 
in these solutions has been investigated. Unfortu- 
nately the whole range of salts of the six cations 
is not available; lithium salts give either a gel or a 
very viscous solution, while the solubilities of 
rubidium and caesium salts are too low for study. 

We first note that the solubilities of the alkali 
metal salts decrease smoothly with cation ionic 
radius (Table 1) and, for a given anion, increase 
with lattice energy (which itself is a functioil of 
the ionic radii of the component ions). Lattice 
energies are obviously an important factor in the 
total energy picture, but the relationship is far 
from simple, as can be demonstrated by com- 
paring a series of ammonium salts (see Table 2). 

For both ammonium thiocyanate and iodide, 
however, the solubilities are anon~alously high 
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4 8 12 

N H 4 C N S  concentration ( g / 1 0 0 g  TBP) 

FIG. 1. Change in v(P-0) in TBP as a function of ammonium thiocyanate concentration. 

TABLE 2 TABLE 3 

Relationship between solubility and lattice energy for a Integral enthalpies of solution for various salts 
series of ammonium salts 

NaCNS KNCS NH4NCS 
NHINCS NH41 NH4Br NH4C1 

-AH,n, 
Solubility (kcal mole-') 5 .9k0 .1  1.5k0.2 4.6k0.1 
(g/lOO g TBP) 11.6 12.7 4 . 0 7  insol. 
Lattice energy 
(kcal mole-' 
(16)) 158 142 151 156 

relative to the alkali metal salts, judged against 
either ionic radius or lattice energy. The integral 
enthalpies of solution in TBP also show an 
unexpectedly high value for ammonium thio- 
cyanate relative to the sodium and potassium 
salts (see Table 3). High accuracy was not sought 
in these measurements. and the errors are fairlv 
large. The most important conclusion is that 
AH,,, for NH4NCS is higher than one would 
predict from the ionic radius argument, which 
generally holds in comparing the heats of solution 
of alkali metal salts in organic solvents (e.g. 
ref. 17). 

The high solubility and enthalpy of solution 
of ammonium salts can be ascribed to hydrogen- 
bonding between the hydrogen atoms of NH4+ 
a n d  the basic phosphoryl oxygen of TBP. The i.r. 
spectra confirm this. The v(P-0) mode in TBP 

is at 1275 cm-l, but in concentrated solutions of 
ammonium thiocyanate or iodide, this shifts to 
lower frequencies, as found in other cases of 
hydrogen-bonding with this solvent (18); v(P-0) 
in saturated solutions of ammonium thiocyanate 
and iodide is at 1250 and 1255 cm-I respectively. 
For ammonium thiocyanate, the v(P-0) shift is 
linearly dependent on the salt concentration 
(Fig. 1). The magnitude of the shift indicates 
slightly stronger hydrogen bonding than in the 
case of the 1:1 TBP_H,O complex, for which 
Av(P-0) of 12-16 cm-' has been reported 
(19, 20). In the case of a concentrated solution of 
ammonium thiocyanate in water-saturated TBP, 
the shift in the P-0 stretching frequency is only 
about 10 cm-I, although the solubility of the salt 
is higher (15.3 + 0.1 g NH,SCN per 100 g wet 
TBP), suggesting that in such solutions there is 
some competition between water and NH,+ for 
the basic oxygen of TBP. 

The v(P-0) frequency in a saturated solution 
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of lithium thiocyanate was shifted to 1255 cm-', 
which agrees well with the shift of 21 cm-l in 
LiNO, solution (20). The solid gel of lithium 
iodide showed a P-0 stretch at 1268-1270 cm-l. 
No significant shifts were observed in saturated 
solutions of sodium iodide, sodium thiocyanate 
or potassium thiocyanate. 

A more direct proof of a hydrogen bonding 
interaction between NH4+ and TBP comes from 
the i.r. spectrum in the 2500-2700 cm-' region, 
where the broad band of the P-0-H stretching 
mode occurs (21). The v(C-H) absorption in 
TBP is a strong sharp line at 2800 cm- ', but there 
is an additional broad absorption starting from 
2400 cm- ' in the spectrum of a saturated solution 
of NH4SCN in TBP. This is obviously due to the 
P-0-H absorption, overlapped by the C-H 
absorption on the high frequency side. Similar 
absorptions were also found in saturated solu- 
tions of ammonium iodide and perchlorate in 
TBP. 

We also investigated the H1 and P31 n.m.r 
spectra of solutions of sodium, potassium, and 
ammonium salts in TBP. The P31 spectrum of 
TBP is a septet, due to coupling with the protons 
of the a-CH, group; we find J P - H  = 7.54 c.p.s. 
(cf. 7.65 c.p.s. reported by Axtmann et al. (22)). 
The P31 spectra of solutions of ammonium or 
sodium thiocyanate show some broadening, but 
the P-H coupling constant does not change 
significantly. The P31 septet moves to high field 
relative to TBP, as shown in Table 4. With 
ammonium thiocyanate, 6 has a monotonic 
dependence on the NH4CNS :TBP ratio; with the 
sodium salt, the nature of the dependence of 6 on 
salt concentration is not clear from the present 
results. The high-field shift of the signal indicates 
an increasing shielding of the phosphorus atom 
in TBP as the solvent interacts with NH4+, which 
is not in agreement with the usual interpretation 
of the i.r. shifts of v(P-0) to lower frequency on 
hydrogen-bonding. The H1 spectrum of TBP 
shows an almost overlapping pair of triplets for 
the a-CH, resonance, and changes in this part of 
the spectrum occur as the concentration of salt is 
increased, when the two triplets appear to 
coalesce. It is planned to investigate these 
phenomena further. 

CHEMISTRY. VOL. 48, 1970 

TABLE 4 
The P31 n.m.r. spectra of solutions of ammonium and 

sodium thiocyanate in TBP 

TBP:NH,CNS 6 TBP:NaCNS 6 
(mole ratlo) (c.0.s.) (mole ratio) (c.D.s.) 

'Saturated solution. 

This work was supported in part by an Operating 
Grant from the National Research Council of Canada. 
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Dissolution of bismuth metal by tri-iodide ion in acidified potassium iodide solution 
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Dissolution of bismuth metal by tri-iodide ion in acidified potassium iodide medium has been studied 
using a rotating disc technique. The rate constant for the dissolution process, kT,  in solutions 0.5 M in 
potassium iodide at 25.0 "C has been shown to be related to the square root of the disc angular velocity, 
w, by the following expression 

kT = 0.75 x cm s-' 
The activation energy for this reaction was found to be 4.7 kcal mole-'. These data clearly establish that 
the rate of  dissolution is determined by'the rate at which tri-iodide ion is transported to the metal surface. 
In solutions of [KI] = 0.10 M ,  however, the rate determining step appears to involve diffusion of tri- 
iodide ion through a layer of BiI, which forms on the bismuth metal surface as the reaction proceeds. 
Canadian Journal of Chemistry, 48,2847 (1970) 

Introduction Potassium Iodide: British Drug Houses analytical 
Dissolution reactions of the type represented reagent grade potassium iodide was used throughout 

this work. The chloride and bromide content was stated 
by eq. [I  ] have been described in terms of five not to exceed 0.01 % 

~ ( ~ ~ ~ f ~ ~ ~ )  + -, M ~ + ( ~ ~ ~ ~ ~ ~ ~ ~ )  + Red(m - n)  Sulfuric Acid: Acidified solutions were prepared by 
diluting 96% analytical reagent grade sulfuric acid. 

basic processes (1,2): (j) diffusion of the oxidizing Bismritl~: British Drug Houses bismuth having a 

agent to the metal surface, (ii) adsorption of the minimum purity of 99% was used without further puri- 
fication. oxidizer on to the surface, (iii) electron exchange, 

(iv) desorption of products, and (v) diffusion of Apparatus 
The rotating disc apparatus was similar in design to the products from the surface. Steps that described by Gregory and Riddiford (5) and is (j) and (v) are referred to as "diffusion" ,how, in Fig. 1. The bismuth inset was prepared as 

Processes and steps (ii), (iii), and (iv) as "chemical ~ O ~ I O W S .  Bismuth was melted in a small beaker and poured 
activation" processes. In theory, any one of steps into the depression on the underside of the brass disc. The 
(i) to (v) can be rate determining for a given inset was allowed to COO] and a good fit ensured by 

disso]ution reaction and many examples have expansion of solidifying bismuth (6) and contraction of  
cooling brass. The bismuth surface was filed down to 

been documented in the literature (1,2). within 0.5 mm of the surrounding brass. A protective 
In this paper we report a study performed to coating of "Apiezon" wax was applied to the brass 

determine which of the above steps ((i) to (0)) surface by the method described in the literature (7). 

controls the rate of dissolution of bismuth metal Final treatment of the bismuth surface involved grinding 
with 240 x A carborundum cloth until the bismuth by tri-iodide ion in an acidified potassium iodide surface was level with the surrounding wax. The bismuth 

medium. The rotating disc technique was surface W ~ S  cleansed before use with carbon tetrachloride 
employed since the dependence of reaction rate 
on disc angular velocity and temperature pro- 
vides a means of distinguishing between diffusion 
controlled and chemically controlled processes 
(1, 3). Hedvall, Hedin, and Anderson (4) have 
observed the oxidation of bismuth by iodine, 
but their conditions were not well defined and no 
kinetic study was attempted. 

Experimental 
Materials 

Water: All solutions were prepared with water distilled 
from dilute potassium permanganate solution to remove 
oxidizable impurities. 

and 5 M nitric acid. Care was taken to ensure that no 
holes existed in the wax coating. This was tested by 
immersing the disc in 5 M nitric acid. Any holes appeared 
as bright "brassy" specks and were covered with wax (7). 

The area of plane bismuth surface was determined by 
measuring the diameter of the inset with a travelling 
microscope. The area (7.06 cmZ) was reproducible to 
better than + 1 % after each renewal of the bismuth 
metal. 

The disc was joined to a steel shaft by a screw thread 
which passed through a bearing in the top of an enclosed 
reaction vessel (500 ml) and was connected to a Citenco 
type KQPS/21 variable speed electric motor. The bearing 
could be adjusted to ensure minimum eccentricity of the 
disc. 

Measurement of rotation speed was performed with a 
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- 

Bismuth Inset 

Underside View 

FIG. 1. Rotating disc. 

Dukes and Briggs model M.P.S. flashing light strobo- 
scope. The flashing light was aimed a t  a vertical white 
line painted on the shaft. The stroboscope was set a t  the 
desired frequency and the motor speed adjusted until the 
white line appeared stationary. Rotation speeds could 
be varied between 15.68 and 48.50 rad s-' (150 and 463 
r.p.m., respectively), well within the limits for non- 
turbulent flow (1, 3)' and are accurate to better than 
k 1 %. The reaction vessel was thermostatted in a water 
bath controlled by a nlercury-toluene regulator con- 
nected to two 150 W heaters. At 25 "C the bath 
temperature could be controlled to better than + 0.1 "C. 

Kinetic Method 
Reaction solutions 0.01 M in iodine, 0.10, 0.50, and 

1.00 M in potassium iodide and 0.5 M in sulfuric acid 
were prepared by weighing out the solid components and 
dissolving them (KI first, I2 second) in the required 
volume of sulfuric acid. The reaction solutions were 
deoxygenated by a stream of dry nitrogen in order to  
prevent oxidation of iodide ion to iodine in acid media 
according to  the following equation (8). 

Twenty minutes of deoxygenation was sufficient as shown 
by the time-independence of the iodine concentration of 
a sample of reaction solution. All iodine determinations 
were performed by titration with standard 0.005 M 
sodium thiosulfate solution which was prepared and 

'The Reynold number, Re, is defined as r2w/v, where 
v is the kinematic viscosity of the medium and r is the 
radius. Above the numerical value of Re ,- 2 x lo5, 
turbulent flow becomes important in the case of a 
rotating disc. In the present work the maximum Reynold 
number occurs when r = 1.50 cm (the radius of the 
bismuth inset) and w = 48.50 rad s-' and has a value of 
,- 1.23 x lo4. This is considerably less than the maxi- 
mum value allowed for non-turbulent flow. 

s~andardized by well documented methods (9, 10). The 
same sodium thiosulfate solutions were used in the kinetic 
determinations. The end points were determined using 
sodium starch glycollate indicator. 

The apparatus was assembled and placed in the 
thermostat. The reaction solution (400 ml) was pipetted 
into the reaction vessel and allowed to  reach thermal 
equilibrium. After equilibrium had been achieved the 
disc was checked to  ensure that no gas bubbles were 
trapped under the bismuth surface. The motor was 
started and adjusted to the desired rotation speed: When 
the motor speed had been adjusted satisfactorily an  
aliquot (5 ml) of reaction solution was removed by pipette 
for analysis of iodine by titration against the standard 
sodium thiosulfate solution. Further aliquots were 
removed and analyzed at  regular known time intervals. 

Results 
Rates 

The rate constant, k,, was determined by 
plotting eq. [2] for first order surface kinetics (1 1) 

where t is time in minutes from the start of the 
run, A is the area of the bismuth surface, and 
A log,, c denotes the difference in the logarithm 
of the concentration of tri-iodide ion at the 
beginning and end of an interval for which the 
volume of solution is V ml. A typical plot of eq. 
[2] is shown in Fig. 2. Excellent linearity was 
obtained in all cases except those performed in 
solutions 0.10 M in potassium iodide. Possible 
causes for the breakdown of first order kinetics in 
this latter case are discussed in detail in the 
Discussion section. 

Rate constants are listed in Table 1 as a func- 
tion of disc rotation velocity, temperature, and 
potassium iodide concentration and are con- 
sidered accurate to better than f 5 %. 
Activation Energy 

The activation energy, E,, was found by 
plotting log,, kT vs. reciprocal absolute tem- 
perature in accordance with eq. [3] 

[3] log,, k ,  = log,, A - Ea/2.303RT 

where A is the Arrhenius pre-exponential fre- 
quency factor. A plot of eq. [3] for data obtained 
in this work is shown in Fig. 3. The activation 
energy obtained is 4.7 _f 0.7 kcal mole-'. 

Discussion 
The Reaction 

The stoichiometry of the reaction was estab- 
lished by comparing the weight loss of bismuth 
pellets with the amount of tri-iodide ion con- 
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MACDONALD AND WRIGHT: DISSOLUTION OF BISMUTH METAL 

0 20 40 60 80 100 

time (min) 

TABLE 1 
(a) Rate constants as a func- 
tion of disc rotation velocity* 

0 kT X lo3 
(rad s-l) (cm s-') 

(6) Rate constants as a func- 
tlon of temperature* 

T kT X 103 
("C) (cm s-') 

*a = 31.42 rad s-1, [KI] = 0.50 
M. 

(c) Rate constants as a func- 
tion of [KII* 

FIG. 2. Rate plot for dissolution of bismuth metal 
by tri-iodide ion in acidified potassium iodide (0.50 M )  [KIl kr x lo3 
solution. T = 25.0 "C; o = 31.42 rad s-l. (MI (cm s-') 

0.10 - 

sumed. A mole ratio Bi:13- = 0.66 was ob- 0.50 4.30 
1 . O  4.40 

tained. In the presence of sufficient KI [> 0.4 
*a = 31.42 rad s-1, T = 25.0 f 

M (12)] such that Bi(II1) exists predominantly 0.1 OC. 

as the complex BiI,3- and with sufficient H+ 
[l M (13)] to suppress hydrolysis of Bi(III), the 
reaction may be written as eq. [4] 

0.7 - 
t41 Bi + 2 1,- + 2 1- = BiIs3- 

2 2 

Using the standard potentials for Bi3+/Bi (14) 0.6 - 

and 1,-/I- and the stability constant of BiI,3- S! 
(1 5), it was estimated that for reaction [4], log,, , - 
K = 31.4. Experimentally it was observed that 2 

in time all the tri-iodide ion was consumed 
showing that the equilibrium lies far to the right- - 0.4 - 

hand side. 

Dependence of Rate on Rotation Velocity 0.3 

According to the Nernst theory for diffusion I 

3.1 3.2 3.3 3.4 3 5  36 3.7 
controlled reactions (1, 2) the rate constant kT 

T - ' ~  103 I O K - ~ )  
can be expressed by eq. [5] 

FIG. 3. Arrhenius plot. [KI] = 0.50 M ;  o = 31.42 
15 I kT = Dl6 rad s-l. 
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where D is the diffusion coefficient for the oxidant 
and 6 is the thickness of the "ideal" Nernst 
diffusion layer. Levich (16) and Gregory and 
Riddiford (5) solved the hydrodynamical equa- 
tions for non-turbulent mass transport of a solute 
species to the surface of a disc rotating about an 
axis to the disc plane. The mathematical details 
of their solutions have been reviewed recently 
(1, 3) and will not be presented in detail here. 
Levich (16) derived an expression for the dis- 
tance (6') over which the concentration of the 
oxidant differs significantly from the bulk con- 
centration in terms of D, the kinematic viscosity 
(v) of the medium, and the rotation velocity (a) 
of the disc. 

This "effective" diffusion layer thickness, 6', is 
related to the "ideal" Nernst layer thickness, 6, 
by eq. [71(1, 16) 

A more exact expression has been derived by 
Gregory and Riddiford (5) and is given by eq. [8] 

In aqueous solutions D/v is about and 
results in a difference of about 3 % between eqs. 
[7] and [8] (5). Since rate data obtained in this 
work are accurate to only & 5 % the correction 
to 6 contained in eq. [8] will be neglected. 

Combining eqs. [5], [6], and [7] results in eq. 
[9] for the rate constant for a diffusion controlled 
dissolution reaction. 

The above expression predicts that a plot of k, 
vs. 0'12 should be linear. Such a plot for data 
obtained in this work is shown in Fig. 4. The 
solid line represents eq. [9] using D = 
1.25 x cm2 s-' and v = 8.90 x lop3  
cm2 s-' (17). The agreement between the experi- 
mental dependence of k, on w1l2 and the cal- 
culated value is excellent, clearly establishing 
that the rate of dissolution of bismuth by tri- 
iodide ion in acidified potassium iodide medium 
(> 0.5 M in KI) is controlled by the rate of 
transport of tri-iodide ion to the metal surface. 

Activation Energy 
The dependence of diffusion coefficient, D, 

FIG. 4. Plot of kT VS. ml/*. T = 25.0 OC; [KI] = 
0.50 M.  

and kinematic viscosity, v, on temperature may 
be expressed as (18) 

[lo] D = ZD exp (- ED/RT) 

[ I l l  v = Zv exp (Ev/RT) 

where ED and Ev are activation energies for 
diffusion and kinematic viscosity, respectively. 
Substitution of eqs. [lo] and [ l l ]  into eq. [9] 
results in eq. [12] for the temperature dependence 
of k, for a diffusion controlled reaction (18). 

Data required to calculate ED and Ev from 
eqs. [lo] and [l 11, respectively, for the solutions 
used in this work are unavailable. However, for 
aqueous solutions of most electrolytes ED and 
Ev lie in the range 2 to 7 kcal mole-', thus 
restricting the activation energy for diffusion 
controlled reactions in aqueous electrolyte 
solution to 1.7 to 6 kcal mole-'. The experimental 
value of E, = 4.7 f 0.7 kcal mole-' obtained 
in this work agrees well with this theoretical 
value for diffusion controlled reactions, and 
therefore lends further support to the conclusion 
reached in the previous section that the reaction 
under study in this work is in fact diffusion con- 
trolled. 
Dependence of Rate on Potassium Iodide 

Concentration 
In the Results section it was stated that break- 

down of first order kinetics was observed for 
reactions in solutions 0.10 Min  potassium iodide. 
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0 
0 40 80 120 160 200 240 

time (min) 

FIG. 5. Rate plots at different potassium iodide con- 
centrations. (A) [KI] = 0.10 M ;  (B) [KI] = 0.50 M ;  (C) 
[KI] = 1.00 M ;  T = 25.0 "C; w = 31.42 rad s-I. 

This is well illustrated in Fig. 5 where first-order 
rate plots (eq. [2]) for dissolution of bismuth in 
solutions 0.10, 0.50, and 1.0 M in potassium 
iodide are shown. The two linear plots reveal 
little, if any, dependence of k, on iodide concen- 
tration. Such behavior is predicted by eq. [9] 
for diffusion controlled reactions of the type 
under investigation in this work (5). In 0.10 M 
potassium iodide solution, however, k, falls off 
rapidly as a function of time from a limiting value 
close to those for the 0.5 and 1.0 M potassium 
iodide solutions at zero time. Examination of the 
bismuth surface of the disc after a run with a 
potassium iodide concentration of 0.10 M 
revealed the existence of a layer of black bismuth 
tri-iodide (BiI,). This layer apparently takes 
some time to form since k, shows a gradual 
decrease from the "clean surface" value at 
zero time until a constant value is obtained after 
a period of about 60 min from initial contact 
of the bismuth metal with the reaction solution. 
In this case the rate determining step of the 
reaction is probably diffusion of tri-iodide ion 
through the surface layer of BiI,. A similar 

process has been proposed by Bircumshaw and 
Everdell (19, 20) for dissolution of copper by 
tri-iodide ion in acidified potassium iodide 
solution. The time-independent rate constant 
obtained after 60 min can be explained by the 
thickness of the BiI, layer reaching a steady 
state value, i.e. FBi13 in eq. [13] is independent 
of time. 

D' is the coefficient of diffusion for 1,- in the 
BiI, layer. Since both quantities on the right 
hand side of eq. [13] are independent of time, 
then so is k,. 

Reaction Mechanism 
It has been established above that the rate 

determining step in the oxidation of bismuth by 
tri-iodide ion is the transport of tri-iodide ion to 
the metal surface by a process of combined 
convection and diffusion at the rotating disc. 
Other oxidizing agents of lower standard poten- 
tials may be expected to react at  a chemically 
controlled rate, and it was found qualitatively 
that vanadyl and uranyl ions attacked bismuth 
much more slowly than tri-iodide ion. 

At sufficiently high iodide concentrations (i.e. 
0.5 and 1.0 M KI) the surface reaction between 
bismuth and tri-iodide ion is undoubtedly an 
electrochemical process composed of the 
following anodic [14] and cathodic [15] reactions 

The standard potential of reaction [14] can be 
estimated as - 0.08 V from the standard poten- 
tial of Bi3 + /Bi (+ 0.29 V (14)) and the stability 
constant of BiI,3- (15). The standard potential 
of reaction [l5] is 0.54 V (21). During the dissolu- 
tion of bismuth in tri-iodide ion solution it was 
found that the metal adopted a mixed potential 
of + 0.12 V decaying to 0.09 V as the tri-iodide 
ion was depleted. The mixed potential lies closer 
to the standard potential of the anodic reaction, 
and the reaction can be described by class 4 of 
Hoar's (22) classification. For this case the 
reaction rate is controlled by the limiting current 
of the cathodic reaction [15] and the mixed 
potential will be given by the overpotential of the 
anodic process [14] when its current exactly 
opposes the cathodic reaction. 
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At low iodide concentrations (i.e. [KI] = 0.1 
M )  the kinetic scheme is complicated by the fact 
that' Bi16,- is no longer the dominant Bi(II1) 
species in the system. Instead, the solution now 
contains significant amounts of both BiI, and 
BiI,- as well as Bi16,- (12). This contention is 
fully supported by the observation of a layer of 
BiI, on the bismuth surface during runs carried 
out in 0.1 M KI solutions. It is evident. therefore. 
that in this case the anodic reaction'cannot be 
adequately described by a single process of the 
type represented in eq. 1141. A more realistic 
mechanism would involve a "mixed" anodic 
process consisting of as many elementary 
reactions as necessary to account for all Bi(II1) 
species in the system. 

The authors thank the New Zealand University Grants 
Committee for a research grant and the National 
Research Council of Canada for financial support for 
D. D. Macdonald. 
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Vibrational and Mossbauer spectra of some hexachloro- and 
hexafluorostannate complexes 

H. A. CARTER, A. M. QURESHI, J. R. SAMS, AND F. AUBKE' 
Department of Chemistry, University of British Columbia, Vancouver 8 ,  British Columbia 

Received April 24, 1970 

'19Sn Mossbauer and vibrational spectra for a number of SnFs2- and SnCIs2- complexes have been 
obtained. One fundamental for the SnFs2- ion has been reassigned. Strong evidence for anionxation 
interaction for (C102)2SnF6 is obtained both from the vibrational spectra and from the Mossbauer 
spectra where a non-zero quadrupole splitting is found. 
Canadian Journal of Chemistry, 48,2853 (1970) 

During a general study of hexafluorometallate 
complexes with heterocations (1-3) in view of a 
possible anionxation interaction in those com- 
plexes, we became interested in SnC1,'- and 
SnF,'- complexes for the following reasons: 
(a) Application of infrared and laser Raman 
spectroscopy should indicate whether anion dis- 
tortion and subsequently symmetry lowering in 
these complexes exists. Whereas the SnC1,'- 
complexes are expected to absorb in the far infra- 
red region, out of the range of most instruments, 
a complete vibrational analysis should be possible 
for the hexafluorostannate ion. Previous reports 
on the vibrational spectrum of SnFb2- (4-7) are 
often incomplete and not internally consistent, 
so that the simple compounds K,SnF, and 
Na2SnF6 had to be included in this study to 
provide a good basis for comparisons. (b) Appli- 
cation of '"Sn Mossbauer spectroscopy should 
indicate whether the distortion expected for 
heterocation complexes and found in corre- 
sponding SbF,- complexes (2, 3) is large enough 
to produce an electric field gradient and sub- 
sequently a quadrupole splitting and whether 
such distortion is due to electronic interaction 
rather than site symmetry effects. Any electronic 
charge transfer should result in a change in the 
isomer shift. 

In spite of earlier attempts (4) to explain the 
quadrupole splitting in hexacoordinated tin as a 
n-bonding effect, it is now generally believed 
(9, 10) that o-bonding effects, that is, differences 
in bond polarities, are sufficient to produce a 
quadrupole splitting. It has been shown quite 
recently (I I) for adducts of the type SnC1, .2R2S0 
that molecular distortion caused by bulky ligand 
groups can give rise to small quadrupole split- 
t ing~.  Quadrupole splitting for SnF,'- com- 

'To whom correspondence should be addressed. 

plexes with heterocations has been found recently 
(12) for the compounds (BrF,),SnF,, (BrF4),- 
SnF6, (ClF,)zSnF6, (IF,)zSnF6, (NOz)zSnF,, 
and (NO),SnF,. 

The 'l9Sn isomer shift is commonly used as a 
measure of the 5s electron density around tin. 
Previous reports (13) indicate a very low isomer 
shift for SnF,'-. The reported value for K,SnF, 
and Cs,SnF, of -0.44 mm/s from SnO, is even 
lower than the calculated value for an Sn4+ ion 
(14). The SnF,'- should therefore provide a good 
sensor for electronic interactions between the 
anion and heterocations. 

Experimental 
Hexafluorostannate compounds containing oxycations 

were prepared using a monel metal vacuum line. The 
reaction vessel consisted of a -- 100 ml monel can with 
removable lid and Teflon gaskets, equipped with Hoke 
and Whitey valves. Transfer and handling of these 
moisture sensitive compounds was achieved in a dry box 
containing a highly purified nitrogen atmosphere. 

Materials 
Chloryl fluoride FC102 was prepared according to  

Woolf (15) by reaction of KCIO, with BrF, in a monel 
metal reactor. For the preparation of (CI02)2SnF6 the 
method of Schmeisser and Fink (16) was adopted with 
alterations and without the use of CFC1, as a solvent. 
The preparation is described in detail. T o  minimize the 
hazard involved in handling C102, 89.1 mmoles of FC10, 
were introduced in small portions into a reaction vessel 
containing 8.43 mmoles of purified SnCI, by vacuum 
distillation. The reactor was warmed to  room tem- 
perature and the volatile by-products C102 and C1, were 
removed by pumping. This procedure was repeated 
several times until all the FC102 was added. The volatile 
by-products were removed again by pumping and the 
involatile solid, indicated by the weight increase, corre- 
sponded to (C102)2SnF,. Potassium hexafluorostannate 
(Alpha Inorganic Chemicals) was purified by recrystalliza- 
tion from anhydrous H F  in a polyethylene reactor. 

Sodium hexafluorostannate was prepared from Na2- 
SnO, (Fisher Scientific Co.) in 49 % H F  (Fisher Scientific 
Co.). 
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TABLE 1 
Vibrational frequencies for SnFGZ- compounds* 

Na2SnFs K2SnF6 0 \ 1 0 ~ ) 2 S n F ~  0\10)2SnFs (C102)2SnF6 

Infrared Raman Infrared Raman Infrared Raman Infrared Raman Infrared Raman 

590 sh 594 vs 

560 vs 
480 m 

475 vw, sh 

416 w 

367 vw 

255 ms 

162 m 

628 vw, sh 
582 w, sh 598 vs 

2392 m 
602 s 1390 s 

627 vw, sh 
590 w, sh 592 vs 
565 vs 478 m, sh 
480 m, sh 

421 vw 

370 w 

2322 m 
585 m, sh 

555 vs 
48 1 m, sh 
400 vw 

420 vw 

365 vw, sh 

258 s 

1309 m 
1293 m 

1080 vs 

628 m, s 

613 s 
563 vw, sh 
549 s 
519 m 
482 m 
465 w, sh 
423 w 
367 w 

- 

*vw = very weak; s = strons; w = weak; vs = very strong; m = 

Both (N0)2SnFG and (NOZ),SnF6 were prepared from 
SnF4 (Research Inorganic Chemicals) and the halides 
ClNO and CiN02 in anhydrous H F  (Matheson of 
Canada Co.) according to Kuhn (17). Nitrosyl- (18) and 
nitryl chloride (19) were prepared as described. (NO)z- 
SnCI, was formed by the interaction of ClNO and SnC1, 
(20) with the former in excess in a Pyrex reactor. 

Potassium, ammonium, and cesium hexachloro- 
stannates were prepared by the reaction of saturated 
solutions of the alkali chlorides with stannic chloride in 
aqueous solution (21). 

Infrared Spectra 
Infrared spectra were recorded on a Perkin-Elmer 457 

Grating Spectrophotometer, covering the region 4000- 
250 cm-'. Silver chloride and KSR-5 windows (Harshaw 
Chemicals) were used. For the highly reactive hetero- 
cation complexes no mulling agents were used; for the 
rest, Nujol was employed. 

The infrared spectrum of K2SnFG was recorded on a 
Perkin-Elmer 301 High Resolution Grating Spectro- 
photometer for the range 666-166 cm-'. Nujol as mulling 
agent and cesium iodide windows (Harshaw Chemicals) 
were used. 

Raman Spectra 
A Cary 81 spectrophotometer equipped with a Spectra 

Physics Model 125 laser as source for exciting light was 
used. The samples were contained in flat bottom Pyrex 
tubes (5 mm 0.d.). 

Mossbauer Spectra 
M.ossbauer spectra were obtained on a constant 

acceleration type spectrometer, the electromechanical 
velocity transducer being phase-locked to a 400 channel 
analyzer operating in time mode. The transmitted radia- 
tion was detected by a Reuter-Stokes RSG-60 propor- 
tional counter with 2 atm Xe-CH, as fill gas. A narrow 
line 5 mC Ba1l"Sn0, source was employed and the 
velocity scale calibrated with an N.S.B. standard sodium 
nitroprusside absorber. The powdered absorbers (approx- 

medium; sh  = shoulder. All frequencies in cm-'. 

imately 0.5 mm in thickness) were contained in brass 
cells with Mylar windows and Teflon spacers. The 
samples were run at 295 and 80 OK. The isomer shifts are 
reported relative to SnOz at 80 OK. 

Results 

The infrared and Raman data for the com- 
pounds Na2SnF6, K2SnF6, (NO),SnF6, (NO2),- 
SnF6, and (CI02)2SnF6 are listed in Table I. 
Table 2 contains the Raman frequencies for 
(NO),SnC16 and K2SnC16. The vibrational fre- 
quencies for the SnF,'- in K2SnF6 and (C102),- 
SnF, are tabulated in Table 3, and compared 
to previously reported values. The vibrational 
frequencies assigned to the chloronium-cation 
C10, + are listed in Table 4 and compared to the 
previous values. The high resolution infrared 
(i.r.) spectrum of K2SnF6 and the Raman spec- 
trum of (C102),SnF6 are shown in Figs. 1 and 2. 

The Mossbauer data for all SI-IX,~- complexes 
studied are listed in Table 6 for 80 and 298 OK. 
The accuracy limit for the Mossbauer data is 
judged to be + 0.03 mm/s for both the isomer 
shift and the quadrupole splitting. The spectrum 
of (C1O2),SnF6 at 298 OK is shown in Fig. 3. 
Also listed in Table 6 are the linewidth values and 
the room temperature effect R (36) where R is 
defined  as^^,,^/^,,^, E being the magnitude of the 
Mossbauer effect. 

Discussion 
(a )  Vibrational Spectra 

Of the alkali metal compounds, K,SnF6 and 
Cs2SnF6 appear to have the trigonal K2GeF6 
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CARTER ET AL.: SPECTRA OF SOME HEXAHALOSTANNATE COMPLEXES 

TABLE 2 
Vibrational frequencies of SnCf6'- compounds* 

KzSnC16 (NO)~Snc16 
SnC16Z- 

Infrared Raman Infrared Raman Raman (22) Assignment 

'Footnote to Table 1 applies here. 

TABLE 3 
Vibrational frequencies for the SnF6'- ion 

Compound vi(A1,) vz(E,) v3(FiJ ~4(Flu) v5(FZC) Reference 

K2SnF6(s) 598 478* 582,557 257,254 257 This work 
NazSnFs(~) 594 480* 590,560 255 This work 
( N O ) Z S ~ F ~ ( ~ )  593 481* 585,555 258 256 This work 
( N O Z ) ~ S ~ F ~ ( S )  590 478 590,565 - - 
CsZSnF6(s) 572 460 577,555 256,249 247 7 
K2SnF6(s) 593 620 564 342 6 
NaZSnF6(s) 592 477 559 300 252 8 
(NH4IZSnF6 585 470 24 1 7 
Aqueous solution 

'Denotes i.r. and Raman active. 

TABLE 4 
Vibrational modes of the C102-group (cm-') 

Average 
Compound Method VI VZ V 3  v3 + V, Reference 

NaC102(s) Raman 
NaCIOz (Aqueous solution) Raman 
FC1OZ(s) Raman 
CIOzBF4(s) Infrared 
C10zAsF6(s) Infrared 
C10ZAsF6(s) Raman 
ClOzSbF6(s) Infrared 
C10zSbF6(~) Raman 
(C102)zSnF6 Infrared 
(CIOz)2SnF6 Raman 
Soz Infrared 

1174 1 
1178 2 
1185 This work 
1190 This work 
1233 26 

TABLE 5 
structure (27) with the anion having D,, site 
symmetry. Whereas for Na,SnF6 an ortho- 

Vibrational frequencies for NOZ+ and NO+ rhombic structure with D,, symmetry site for the 

Compound VI  v2 v3 Reference anion is found (27a). As a consequence (28) the 
infrared active vibrations v, [F, .] and v, [Flu] for 

1404 598 2385 3 K2SnF6 should both be split into the two com- 
1411 601 2368 3 
1390 602 2392 This work ponents a,, and e,. A similar splitting is expected 
2341 3 forv, [F,,] resultingin the components a,. and e,. 
2343 3 ~ s c a T b e  seen from the spectral data piesentd 
2325 This work in Table 1, these expectations are only partially 
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TABLE 6 
Mossbauer data for SnXsZ- compounds 

Ouadru- 
Tem- Isomer- 

perature shift* splitting Linewidth 
Comoound (OK) 6 (mmls) A (mmls) r(mm!s) . . 

SnFsZ - compounds 
NaZSnF6 80 -0.480 - 1.77 

0.71 
298 -0.528 - 1.35 

KzSnF6 80 -0.432 - 1.59 0.61 
298 -0.468 - 1.11 

(NO),SnF, 80 -0.421 - 1.45 
298 -0.456 - 1.10 

(NOZ)~SnF6 80 -0.431 0.769 1.46 1.57 
0.58 

298 -0.504 0.680 1.11 1.75 
(CIOz)~SnF6 80 -0.403 1 .008 1.46 1.46 

0.71 
298 -0.433 0.956 1.16 1.11 

Chlorides 
KZSnCI6 80 0.476 - 1.35 

0.377 
298 0.463 - 0.99 

CszSnCls 80 0.421 - 1.41 
0.252 

298 0.423 0.87 
(NH4)~SnC16 80 0.474 - 1.31 

0.62 
298 0.431 - 1.00 

(NO)ZSnC16 80 0.522 - 1.36 
0.20 

298 0.484 0.96 

'SnO, as reference. 

557 

FIG. 1. Infrared spectrum of KzSnF6. 

fulfilled and recognized best for K,SnF6, where Rutenberg (8) except for the assignment of v4 at 
a high resolution infrared spectrum was recorded. 300 cm- ' which is not confirmed, and their 
Both v, and v4 have shoulders as shown in Fig. 1. failure to report splittings for v, and v4. In 
The Raman active vibrationv, is found as a single addition v, [ E , ]  is found to be weakly i.r. active, 
line, in agreement with previous work (7). appearing as a shoulder in all S~F,'- spectra, 

When comparing the obtained spectra with best recognizable in the high resolution spectrum. 
previous reports, agreement seems to be best with Of all heterocation complexes, (NO),SnF6 
the spectrum of Na,SnF6 reported by Begun and shows the greatest similarity with the alkali metal 
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CARTER ET AL.: SPECTRA OF SOME HEXAHALOSTANNATE COMPLEXES 2857 

Wavenumber (crn-I ) 
FIG. 2. Raman spectrum of (CIOZ)ZSnF6. 

CHANNELS 

FIG. 3. Spectrum of (C10Z)zSnF6 at 298 OK. 

hexafluorostannates in the vibrational spectrum. 
The band positions, the observed splittings, and 
the relaxation of the mutual exclusion rule for v, 
indicate D,, site symmetry as well for this com- 
pound. The NO stretch is in agreement with a 
previous report (29). 

In all cases a more or less intense shoulder in 
the Raman spectrum at -- 625 cm-' can best be 
explained by solid state splitting ofv, as remarked 
by Dean and Evans. An interpretation of this 
band as v, as proposed by Kriegsmann and 
Kessler (6) appears to be very unlikely (for a 
detailed discussion see ref. 7). All SnF,,- Raman 
spectra showed two very weak and diffuse back- 
ground bands, produced in the Pyrex tubes at 

- 420 and - 367 cm-', and a moderately strong 
band at - 165 cm-l. 

The spectrum (NO,),SnF, could not be ob- 
tained over the whole range. Where the positions 
of the fundamental? could be established, good 
agreement with the nitrosyl hexafluorostannate 
spectrum is found. The cation frequencies are 
listed in Table 5 and compared to the ones for 
related molecules. No general trend appears to be 
recognizable; only the cation symmetric stretch- 
ing frequency v, appears to be slightly lower for 
(NO,),SnF,. 

No simple explanation based on an ionic com- 
pound with an anion site of lower symmetry than 
0,  appears to be possible for (ClO,),SnF,. The 
high reactivity of these compounds has prevented 
high resolution infrared spectroscopy. All at- 
tempts to observe low frequency Raman bands 
failed. Our interpretation, therefore, has to be 
restricted to the range down to 300 cm-' and the 
anion fundamentals v,, v,, and v,. The Raman 
spectrum of (ClO,),SnF, for the range of 800-300 
cm-' is shown in Fig. 2. 

The following features are noteworthy. v, is 
split into two strong components and noticeably 
shifted to higher frequencies relative to the 
position ofv, in the Raman spectrum of K,SnF,. 
The strong band at 628 cm-' had been found 
previously as a weak shoulder. The observed 
splitting is quite likely a solid state splitting as 
suggested before. A strong vibration at 549 and a 
weak shoulder at 563 are possibly due to the 
normally Raman inactive v,, indicating a break- 
down of the mutual exclusion rule. v, appears to 
be split into two components. 

The infrared spectrum has a very broad, barely 
resolved band in the region from 630-520 cm-'. 
The listed peaks appear partially as shoulders and 
indicate a complete removal of the degeneracy of 
v, resulting in the components at 624, 561, and 
541 cm-'. However, assignment becomes very 
difficult for two reasons: (a) resolution is rather 
poor, and (b) it becomes difficult to distinguish 
between a true splitting or additional peaks 
caused by a breakdown of the exclusion rules. 
Such a breakdown occurs again for v, at 606 and 
634 cm-' and v, at 470 cm-' where a medium 
strong bqnd is observed. A weak band at 314 
cm-' remains unexplained and could possibly be 
an impurity band. 

The strong departure from expected behavior 
for (ClO,),SnF, is difficult to explain as a site 
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symmetry effect and suggests strong anion-cation 
interaction. This is quite in keeping with the 
spectra reported for ClO,AsF, (1) and ClO,SbF, 
(2), where the spectrum of the SbF,- group 
shows a remarkable similarity (1). Such inter- 
action should logically affect the vibrational 
modes of the cation as well. Since ClO,' is 
isoelectronic with SO,, it is reasonable to expect 
C,, symmetry, in agreement also with Walsh's 
diagram (30). This would make all three vibra- 
tions non-degenerate and infrared as well as 
Raman active. A possible interaction should 
therefore affect only the band positions. This is 
shown in Table 4 where the reported C10,' 
frequencies are compared. The average stretching 
frequencies are raised by 5-10 cm-' when going 
from ClO,AsF, over C102SbF6 to (ClO,),SnF,. 
In particular, the symmetric vibration v, for the 
hexafluorostannate anion is shifted upwards by - 30 wave numbers compared to C102AsF6 and 
ClO,SbF,. 

Interaction between anion and cation will 
likely occur over fluorine bridges. A plausible 
model is provided by BrF,SbF,, where an X-ray 
diffraction study is reported (31). The noted 
increase in the average stretching frequencies of 
the C10,' cation and of some of the anion 
stretching frequencies can be explained by elec- 
tron transfer involving the antibonding molecular 
orbitals b," and possibly a,' on C10,' and 
bridging fluorines, where electron withdrawal 
from the cation results in an increased electron 
density in the tin-fluorine bonding region. 

Involvement of the supposedly empty b," 
molecular orbital in bonding in C10,AsF6 and 
FClO, had been invoked previously to explain 
the absence of color for C10,'. In solution of 
HSO,F, this species is red (32) and the lowest 
energy electronic transition would have to in- 
volve the b," orbital as found also for C10, (30). 
If this idea is correct and provided an electron 
transfer stabilizes certain SnF bonds over others, 
the effect on the Mossbauer spectrum should be 
noticeable. 

The vibrational spectra obtained on SnClG2- 
compounds, as listed in Table 2, allow an assign- 
ment of v,, v,, v,, and v,. No abnormal features 
for (PiO),SnCl, are observed, even though the 
NO stretchingfrequency is found to be fairly low. 
More detailed infrared work is needed in order 
to come to definite conclusions for this group of 
compounds. 

(b) Mossbauer Spectra 
The Mossbauer data for the SnF,'- anions 

are listed in Table 6. Agreement with previous re- 
ports is generally satisfactory for K,SnF, (1 3) and 
the SnC1,'- (33-35) compounds. Only the room 
temperature effect for potassium hexafluoro- 
stannate is found to be higher than previously 
reported (13) and an unusually low isomer shift 
for (NO),SnCl, as reported by Greenwood and 
Ruddick (4) is not confirmed. The found isomer 
shift appears to be higher than for the other 
SnC1,'- compounds. Agreement with the pre- 
vious studies (12a, b) on heterocation hexafluoro- 
stannates is satisfactory except for some minor 
discrepancies for the isomer shift values. We 
were also able to resolve a small quadrupole 
splitting for (NO,),SnF,. 

All compounds studied (including the hexa- 
chlorostannates) gave well-resolved spectra at 
room temperature, a feature normally associated 
with intermolecular association (36-38) and 
polymeric structures. 

As indicated by the vibrational spectra, the 
exceptional position of (ClO,),SnF, is also found 
for the Mossbauer spectrum. The isomer shift is 
the highest reported in this series, indicating an 
increase in s-electron density around tin. A well 
resolved quadrupole splitting of about 1 .OO mm/s 
(as shown in Fig. 3) is observed. The A value is 
comparable to the previously (12a) reported 
values for (BrF,),SnF, and (BrF,),SnF, of 0.80 
and 1.15 mm/s, respectively. For both compounds 
an upward shift from K2SnF6 is reported for the 
isomer shift indicating a similar structural type. 
Unfortunately no vibrational spectra for the 
bromine fluoride derivatives are reported. The 
occurrence of quadrupole splitting in these com- 
pounds indicates considerable departure from 
octahedral symmetry for the SnF,'- which is 
best explained by anion-cation interaction. 

All compounds do show unusually broad lines, 
possibly due to small, unresolved quadrupole 
splittings as can be produced by the low site 
symmetry. The observable quadrupole splitting 
for (NO,),SnF, may indicate some weak anion- 
cation interaction for this compound, but un- 
fortunately no complete vibrational spectrum 
could be obtained to confirm this conclusion. 

In agreement with the results from the vibra- 
tional spectra, it seems impossible to interpret 
the dichloryl-hexafluorostannate as a simple 
ionic compound without making allwance for 
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CARTER ET AL.: SPECTRA OF SOME HEXAHALOSTANNATE COMPLEXES 2859 

substantial anion-cation interaction. The high 
first ionization potential of 1 1.1 eV for C10, (39) 
already gave first indications that some covalent 
character for C10,+ might be expected. Such 
interaction resulting in slight electron transfer is 
illustrated by the vibrational spectra of the anion 
and the cation as well as by the Mossbauer 
spectrum. It appears, however, not possible to 
discriminate between D4, and C,, site symmetry 
for the tin atom, as the two most obvious pos- 
sibilities for a distorted octahedral anion, mainly 
because no satisfactory vibrational spectra in the 
region of v4 and v, could be obtained. For the 
SnCl,,-, no quadrupole splitting could be re- 
solved but the number of heterocation complexes 
known is very limited and does not allow a good 
comparative study. Similar conclusions as we 
have reached for (C102),SnF6 were made pre- 
viously by Sukhovrekhov and Dzevitskii (1 26) for 
(ClF,),SnF6, (BrF,),SnF,, (BrF4),SnF,, and 
(IF4),SnF6 on the basis of Mossbauer spectros- 
copy. It is of course dangerous to extrapolate to 
other fluoroanion complexes but our previous 
work (1, 2) had shown that anion-cation inter- 
action in these complexes is the rule rather than 
the exception. 
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Computer study of Br, shock wave dissociation1 

J. K. K. IP AND GEORGE BURNS 
Lash Miller Chemical Laboratories, University of Toronto, Toronto 181, Ontario 
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Computational studies of Br, shock wave dissociation in argon were conducted, and the possibility 
of vibrationalrelaxation-dissociation coupling, stronger than previously suspected (2), was investigated. In 
order for such a coupling to occur, the vibrational temperature in the lower vibrational levels of Br, 
must be lower than that in the higher vibrational levels. The approximate shapes of vibrational dis- 
tribution functions were obtained, and corresponding shock wave profiles were computed. The cal- 
culations predict an appreciable difference between the translational and vibrational temperatures of the 
dissociating Br,. In order to check this conclusion, the Br, absorption coefficients at 440 mp, measured 
at equilibrium by heating BrZ in a furnace from 300 to 1250 OK, were compared to the absorption 
coefficients measured in shock waves. 

Canadian Journal of Chemislry, 48,2860 (1970) 

Introduction existence of the "spikes". Below, we investigate 

Recently (I) it was found that the Br, dissocia- conditions which would broaden the "spikes": 

tion rate constants, kdYs, obtained by three a broader peak would blend better with the rest 

different methods (flash photolysis, shock waves- of the reaction profile and would yield the 

absorption spectroscopy, and shock waves- kd,shock,abs > kd.shock,ern in agreement with the 
emission spectroscopy) differ from each other; in experiment. - For this purpose, the possibility of stronger d-v particular, at 1300 OK, kd,shock,,bs z 3kd ,,,,,, - 
3kd,shock,em. The discrepancy appears to be outside coupling is considered. The alternative coupling 
experimental error (1, 2) and has been explained (dissociation to electronic relaxation in Br,) has 

(1,2) in terms of a model in which the Br, shock been briefly considered previously (I), and is not 

dissociation is coupled to its vibrational relaxa- studied further here. 

tion (d-v coupling). Using this model it was Shock Wave Profile Calculations 
possible to compute reaction profiles for Br, 
dissociation in shock waves, and to these The starting point in the present calculations is 
profiles to the experimental (1, 2). In agreement the previously 2). the 
with all previous work, the d-v coupling was form of the previous model does not provide a 
found to be weak; the vibrational relaxation is feasible way by which the d-v coupling could be 

but not quite, complete at the onset of further increased. The model contains two param- 
dissociation. B~~~~~~ of the weak coupling, the eters: t,, the vibrational relaxation time, and D, 
computed reaction profiles yielded sharp peaks the average energy of the dissociating molecules- 

when the B ~ ,  optical absorption was These parameters cannot be adjusted in such a 
calculated as a function of reaction time. The Way as to significantly increase the d-v coupling 
peaks associated with the vibrational relaxation because TV was already chosen at its reasonable 
were approximately 0.5 ps long and appeared maximum (I), and D was already taken (1) to be 
immediately behind the shock front. An inclusion equal to the dissociation energy.   ow ever, 
of corrections for finite resolution tirne (2) stronger d-v coupling should occur if there is an 
lowered and broadened these peaks, which, appropriate structure in the vibrational distribu- 
nonetheless, remained well separated from the tion function, previously ( 1 ,  2)completely defined 
rest of the reaction profile. by one time-dependent vibrational temperature, 

In order to explain the differences between rate T ~ .  
constants at 1300 OK it had been necessary to underlyjng ~~~~~~~j~~~ 
assume (2) that the judgement of experimenters We approached this problem in the simplest 

measured kd,shock,abs was influenced by the possible manner by suggesting that the vibrational 
distribution function of dissociating Br, might be 

'This work was supported, in part, by the Directorate 
of chemical sciences, *ir of Scientific better described by two vibrational temperatures. 
Research, Grants No. 506-64, 66, and 69. Thps, molecules in the lower vibrational energy 
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IP AND BURNS: Br2 SHOC :K WAVE DISSOCIATION 2861 

states (from 0th to nth level) are in the region A 
and have time-dependent vibrational temperature 
T , ~ .  On the other hand, molecules in the higher 
vibrational energy states (from (n + 1)th to the 
dissociation limit) are in the region B, defined by 
the time-dependent vibrational temperature TvB. 
Even such a relatively small modification of the 
model (1, 2) introduces new parameters, which 
must be determined or approximated in order to 
generate on a computer the shock wave reaction 
profiles. In order to do this, we first retain the 
assumption, used previously (1, 2), that diatomic 
molecules dissociate from the uppermost vibra- 
tional level. The vibrational relaxation time, used 
previously (I), is assumed here to be a good 
approximation for the A region only. In order to 
define the profile, however, it is also necessary to 
know ( I )  the rate coefficient for A + B process, 
kAB, (2) the rate coefficient for the reverse B + A 
process, kBA, (3) the vibrational relaxation time 
in B region, zvB, and (4) the value of n, the highest 
vibrational level in the region A. An estimate of 
kAB is perhaps the most difficult one. It might be 
argued that, at least for the lowest vibrational 
levels, the most probable transitions involve 
Av = f 1, where v is the vibrational quantum 
number. On this somewhat weak ground, we 
assumed that the accumulation of vibrational 
energy in the A region proceeds by a random 
walk process with Av = f 1 transitions only. 
Under this approximation, the kAB may be ex- 
pressed in a closed form as a reciprocal of the 
mean first passage time for a random walker with 
0th vibrational level as the reflecting barrier and 
the (n + 1)th vibrational level as the absorbing 
barrier (3) for region A. The latter assumption 
implies that the rate from B to A region is zero, 
which might be a satisfactory approximation only 
at the beginning of the shock wave reaction before 
a significant concentration of atoms is produced. 
Use of such a random walker approximation 
permits calculation of an appropriate vibrational 
distribution function for the A region (3); how- 
ever, h r t h e  sake of simplicity, theassumption that 
the vibrational distribution function for A region 
is defined by TvA is retained in the present 
calculations. 

In order to explain the experimentally observed 
(1, 2) difference between the kd,shock,,,s and the 
kd,shock,em at 1300 OK, it was necessary to assume 
(1,2) that the perturbation due to reaction ex- 
tends to the lowest vibrational levels of Br,. In 

order to increase further the coupling between the 
dissociation and relaxation of Br, in its lowest 
vibrational levels, it is necessary to assume that 
the upper vibrational levels are in the state close 
to the local equilibrium, while the disequilibrium 
occurs primarily in the lowest vibrational levels. 
This condition is described by the inequality 
T,A < TVB. 

Another variable of importance for the present 
calculations is the average vibrational relaxation 
time in the region B, zvB, a quantity which is 
difficult to determine. Fortunately, we found that 
the computed reaction profiles do not agree with 
the experimental shock wave data unless zvB << 
zvA. For this reason, it was decided to assume that 
after an unobservably short transient period of 
time, TvB becomes equal to the translational 
temperature T. Use of this extreme assumption 
is justified only because we are interested in 
finding the conditions for maximum plausible d-v 
coupling. We also disregard the possibility of 
molecules in A region dissociating directly (in a 
single collision) without passing through region 
B. In other details, these calculations are similar 
to those described elsewhere (2), so that the 
assumptions used previously ( l ,2 )  were retained 
whenever possible. As a result, it became possible 
to determine plausible values of n and ATvA = 
T - T~~ at various T and to generate shock wave 
profiles. Here T is the translational temperature 
of the gas. 

"Steadv State" Calculations 
Just as previously (2), two types of calculations 

were made. In the first group of calculations, an 
infinitely dilute solution of Br, in argon was 
assumed, and the values of T~~ and G = k,,,,,,,/ 
k,,,, in a "steady state" condition, defined else- 
where (2), were determined for reasonable values 
of n. The results are shown in Table 1. Here, G,,, 
is the ratio of the recombination rate constant 
obtained in the "emission" shock wave experi- 
ments (4), k,,shock,c,, to the extrapolated value of 
the recombination rate constant obtained in the 
high temperature flash photolysis experiments (2). 
It is interesting to note that if the calculations are 
made according to the model used previously (I), 
the agreement between the experimental and 
calculated results is very good. Thus, the agree- 
ment between G,,, and G ( I )  (Table 1) is satisfac- 
tory throughout the whole temperature range, 
130Cb2300 OK. 
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TABLE 1 
E 

Steady state values of ATVA and G as a function of vibrational level n and temperature 8 
Reference 1 n = 14 n = 15 n =  16 n = 17 n = 18 n =  19 n = 20 

T 
E 

W) Gexp AG G ATvA G ATvA G ATVA G ATVA G ATVA G ATvA G ATA G g 
1300 0.96 3 0.96 100 0.72 80 0.76 60 0.80 49 0.83 37 0.86 29 0.88 20 0.91 8 
1500 0.89 14 0.86 194 0.61 157 0.66 127 0.70 104 0.74 84 0.77 67 0.81 54 0.83 
1700 0.85 45 0.70 317 0.52 264 0.57 220 0.61 184 0.65 150 0.70 127 0.73 1 0.76 2 
1900 0.69 96 0.55 474 0.44 404 0.48 344 0.53 290 0.57 249 0.61 210 0.65 179 0.68 
2100 0.44 167 0.43 660 0.36 574 0.41 494 0.46 429 0.50 370 0.54 319 0.58 274 0.61 
2300 0.34 250 0.33 877 0.29 770 0.34 674 0.39 590 0.43 517 0.47 450 0.51 394 0.55 

P m - 
w 
4 0 
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Table 1 is internally self-consistent. Thus, for a 
given n, ATvA increases smoothly with T. This is 
because the model used prescribes larger devia- 
tion from the equilibrium if the translational 
temperature is increased. Moreover ATvA de- 
creases smoothly with increasing n. This is also to 
be expected because larger n implies smaller 
deviation from the equilibrium in the region A. 
For a given value of n, the G values decrease 
monotonically with the increasing temperature, 
reflecting, again, the fact that the system is 
farthest from the equilibrium at highest tem- 
peratures. We have not attempted to make cal- 
culations below n = 14, because at 1300 OK the 
value of G is already as small as 0.72. The experi- 
mental results (2) suggest that it is not likely to 
be smaller than this number. Since the calcula- 
tions involved random walker (3) approximation, 
the value of kAB increases very rapidly with n;  for 
this reason, at the lower temperatures, calcula- 
tions for n much larger than - 20 should not be 
made because the value of G cannot exceed unity. 
At higher temperatures, calculations for n > 20 
can be made, but in this case the value of G will be 
much larger than G,,,; in fact at T = 2300 OK, 
G,,, = G (n = 14). For this reason calculations 
for n > 20 were also not attempted. 

Generation of Profiles 
In the second group of calculations, the initial 

stages of three shock wave profiles (optical 
absorption vs. time) were computed at 1310,1'380, 
and 1520 OK. In these calculations, as previously 
(2), the experimental raw data reported by 
Palmer and Hornig (5) were used. A representa- 
tive profile is shown in Fig. 1. The choice of 
assumptions described above was made in such a 
way as to insure that the profiles are "physically 
significant", i.e. all of the physically meaningful 
parameters exhibited physically reasonable be- 
havior. In particular, the rate of vibrational 
energy accumulation in the A region, EA, is 
initially positive, becomes zero at the "steady 
state", and is negative thereafter. On the other 
hand, A?'.,~ is negative throughout the entire 
reaction time. In computations of these profiles, 
n = 17 was arbitrarily used; it was found that the 
profiles are not very sensitive to the value of n. 
Furthermore, it was assumed that the rise time of 
the electronics is infinitely fast ; the removal of this 
assumption would produce somewhat smoother 
profiles, but otherwise would not greatly affect 
their shape. 

Equil. Model 
0.66 

Time,  ps 

FIG. 1. Simulated optical absorption against time 
profiles for shock dissociation experiments. Br2 in Ar. 
The shock temperature in this experiment was calculated 
by Palmer and Hornig (5) to be 1310 OK. Curve A, 
calculated using assumptions of the previous model (1, 
2). Curve B, present work. Equilibrium model profile 
was generated using Palmer and Hornig's assumption 
that T, = T at all times. Error bar in noise level based 
on signal-to-noise ratio of 100. 

Discussion 

There are several interesting conclusions that 
follow from these calculations (Table 1, Fig. 1). In 
the first place, the introduction of the assumption 
that TvA < TvB does not alter coupling drastically: 
the "spikes" (1,2) now decay somewhat more 
slowly and are broader, but still remain well 
separated from the rest of the reaction profile. 
Therefore, an investigation of shock wave dis- 
sociation under conditions which make observa- 
tion of the peaks feasible, is an attractive route 
for testing the reality of the present d-v coupling 
model as applied to Br,-Ar system. Although 
classical optical absorption techniques (5-8) 
appear to be unsuitable for such experiments 
because of inadequate signal-to-noise ratio (2) 
(Fig. I), newer methods (9), presently attempted 
in our laboratory, shall settle this question. 

Furthermore the "break" in the vibrational 
distribution function, as defined by the value of n, 
occurs relatively low on the vibrational ladder of 
Br,: n = 14 corresponds to the excitation of 
about 13 kcal/mole and n = 20 to about 19 kcall 
mole while the dissociation energy of Br, is 45 
kcallmole. 

kc other conclusion to be drawn from these 
calculations is that, if the d-v coupling is as 
strong as the present work suggests, then the 
value of  AT,^ might indeed be observed; in the 
previous calculations (1, 2), at 1300 OK, AT was 
only 3 OK. In fact, large AT and ATvA produce 
some additional absorption, and it is for this 
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reason that curves B were found to be above 
curves A as shown in the representative Fig. 1. In 
principle, a large AT/ value might be detected by 
comparison of the equilibrium absorption coeffi- 
cients, obtained by measuring the absorption of 
Br, heated in a furnace (2, 10, 1 l), with the 
absorption coefficients obtained in a "steady 
state" in shock wave (5, 6,  8). Such a comparison 
is made in Fig. 2. Both equilibrium and shock 
wave absorption coefficients are in fair agreement 
with the theoretical predictions of Sulzer and 
Wieland (12). A better agreement with theory 
could hardly be expected in view of the number of 
approximations employed in their theoretical 
analysis. At 440 mp the absorption coefficients 
obtained in shock waves appear uniformly higher 
than those obtained at equilibrium (Fig. 2), so 
that at 1300 OK, the difference between the 
vibrational and translational temperature (ATgA) 
is of the order of 200 OK with the possible un- 
certainty of the order of 200 OK. Thus, and only 
to that extent, the experimental data favor the 
idea of stronger d-v coupling as suggested in this 
work. 

Another interesting conclusion arises from a 
comparison of the G,,, with the calculated G 
values (Table 1). For best agreement with the 
experiment, the value of n increases from 15 at 
2300 OK to > 20 at 1300 OK. This implies that, 
within a "steady state" approximation, TvA is 
approximately independent of the translational 
temperature T and is equal to about 1500 OK if 
T > 1500 OK. It must be pointed out that this 
conclusion is not supported by the experiment: 
it can be seen (Fig. 2) that in all shock wave ex- 
periments the absorption coefficient is decreasing 
with temperature. This implies, in the language of 
the present model, that TvA decreases with T. The 
discrepancy illustrates the approximate nature of 
our model, which, just as its earlier version (I), is 
most accurate at lowest temperatures. 

It might be of interest to point out some unusual 
aspects of the present calculations. In the transi- 
tion state theory, as well as in unimolecular 
reaction rate theory (high pressure limit), the 
vibrational distribution function is defined by the 
assumption Tv = T. At the low pressure limit, 
unimolecular reaction rate theory assumes that 
T = T~~ > T , ~  in the present terminology, pro- 
vided the temperature of the activated molecules 
is definable. On the other hand, the present cal- 
culations suggest that TvB > TvA, i.e. the plot of 
the In Nu vs. energy, where Nu is the population 

FIG. 2. Reduced optical absorption coefficients of 
BrZ at 443 mp against absolute temperature. @, Ip and 
Burns (2); 0, Passchier, Christian, and Gregory (10); 
A ,  Acton, Aickin, and Bayliss (11); solld curve I, 
Britton and Davidson (6) at 436 mp; curve 2, Palmer 
and Hornig (5) at 439 mp; curve 3, Warshay (8) at 440 
mp; ---, theory of Sutzer and Wieland (12); flags are 
the standard deviations. 

in the vth level, has a positive second derivative. 
Such a distribution might arise if there is a low 
lying electronic level in Br,, but it might also arise 
by accumulation of vibrational energy within a 
single electronic state; the latter possibility is not 
very likely, however. 

The results of these and previous (1, 2) cal- 
culations show that various d-v coupling schemes 
do not affect greatly the shape of the shock wave 
reaction profile. This conclusion is not un- 
expected : it is generally accepted that the absolute 
value of the first nonzero eigenvalue for the 
reaction transport matrix, A,, is equal to the dis- 
sociation rate constant, while the second eigen- 
value is of the order of zV-l. If hl << h2, as in the 
case of Br, at 1300 OK, the coupling is weak. 
Therefore, disregarding of d-v coupling should 
not introduce a major error in zv, if the latter is 
extracted from the experimental data using the 
Bethe-Teller law. If zv is measured at such high 
temperatures that dissociation is not negligible, 
and if the d2 In Nu/dE2 is positive, then the 
present work suggests that the value of T , ~ ,  
calculated using the Bethe-Teller law, would be 
larger than the true vibrational relaxation time. 

The present work deals with the problem of Br, 
dissociation in Ar. However, it is felt that the 
conclusions are important for other systems, in 
which d-v coupling may be important. 

Conclusions 
The difference among k ,,,,, k ,,,,,,, and k,,,,, at 

' 1300 OK is so well substantiated in the works of 
different investigators (2) that further effort to 
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resolve the discrepancy experimentally seemed at of Canada, and the Defence Research ~ o a r d  of Canada, 
this time unwarranted. F~~ this reason, a Grant No. 9530-54. Acknowledgement is also made to the 

donors of the Petroleum Research Fund, administered by 
putational was presently designed the American Chemical Society, for partial support of this 
to provide further insight into the problem. To research. One of us (J. K. K. Ip) was a holder of the 
date the only plausible explanation of the dis- Bursary Award from the National Research Council of 

crepancy involves the assumption of d-v cou- Canada and a Province of Ontario Graduate Fellowship. 

pling. In the present work, we established what 
may be a reasonable upper limit for such a 
coupling. The calculations confirm that if the d-v 
coupling contributes to the discrepancy, the 
shock wave optical absorption reaction profiles 
should be preceded by well separated absorption 
"spikes" which should be observable under 
proper experimental conditions. Thus, the present 
work firmly binds the d-v coupling explanation 
to the existence of "spikes". The model con- 
sidered here, being a reasonable upper limit, pro- 
vides a d-v coupling which is considerably 
stronger than usually expected. However, it does 
not seem possible to disprove the model on 
experimental grounds; if anything, the experi- 
ments provide some qualified support for the 
model. 

This work was supported in part by the Air Force 
Office of Scientific Research, National Research Council 
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Determination of the molecular conformation of uridine in aqueous solution by 
proton magnetic resonance spectroscopy. Comparison with J-pseudouridinel 
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AND 
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A complete analysis of the 220 MHz proton magnetic resonance spectrum of aqueous uridine is 
reported. From the data a model for the molecular conformation is presented and compared with 
that of p-pseudouridine. It is concluded that in both compounds the ribose rings are in rapid equilibrium 
between classical puckered structures. The temperature-independence of the ribose proton coupling 
constants and chemical shifts suggests that all the conformers involved in this equilibrium have very 
similar energies. Both compounds exhibit a preference for the gauche-gauche rotamer about the 
exocyclic 4'-5' bond; this conclusion is shown to be independent of the parameters in the Karplus 
equation or the energy minima chosen for the rotamers. The anti conformation of the uracil base is 
shown to exist in both compounds. It is proposed that the special structural significance of p-pseudo- 
uridine in transfer RNA must be due to the potential hydrogen bond that may be formed by the nitrogen 
atom at position one in uracil. 

Canadian Journal of Chemistry, 48,2866 (1970) 

Introduction program LAOCOON 11 (4) was used as an aid in this 
respect. Samples were prepared by adjusting acidity in 

We have an the D,O and freeze-drying three times from 99.8% D 2 0  
100 MHz Proton magnetic resonance (p.m.r.) (Merck, Sharpe and Dohme, Canada, Ltd.). Chemical 
spectrum of P-pseudouridine (5-P-D-ribofur- shifts were measured versus internal DSS (Ztrimethyl- 
anosyluracil) in aqueous solution, and the silyl-propanesulfonic acid, sodium salt), a product of 
resultant model for its molecular conformation E. Merck9 Darmstadt9 Germany. 

(1, 2). Our ultimate objective was to compare 
the conformation of uridine and P-pseudouridine Results and Discussion 
(Fig. 1) under identical conditions and thus gain ~h~ 220 M H ~  p.m.r. spectrum of aqueous 
insight into the role of the latter in the structure uridine is shown in Fig. 2. Above the second 
of transfer RNA. At the time a thorough analysis order part of the spectrum (2' to 5' region) is 
of the p.m.r. data for uridine was lacking and shown the simulated spectrum generated by 
the partial results of Fujiwara and Uetsuki (3) LAOCOON 11 for the chemical shifts and 
were used- We report here a complete analysis of coupling constants of Table 1. Also included in 
the 220 MHz p.m.r. spectrum of aqueous uridine Table 1 are the corresponding data for P-\lr 
(U), a model for its conformation, and a corn- taken from (I), and the incomplete data of 
parison with the previous model proposed for Fujiwara and Uetsuki (3). Differences between 
P-pseudouridine (P-\lr>. the results of our analysis and those of (3) are 

Experimental attributable in part to our inclusion of the 5' 
hydrogens (which are significantly coupled to the 

The p.m.r. spectra were obtained on a Varian HA100 
spectrometer and a Varian 220 MHz instrument (Cana- 4' hydrogen) in the full analysis. Our values are 
dian 220 MHz Center, Ontario Research Foundation, therefore more reliable. The spectra of U at 28 
Sheridan Park, Ontario). Assignment of the spectriil and 78 "C are essentially superimposable, and 
regions to the protons was carried out by double-irradia- therefore no detailed analysis of the 78 OC 
tion experiments on the 100 MHz instrument. Because of spectrum was performed. ~h~ maximum varia- the complexity of the 100 MHz spectra, analysis for 
chemical shifts and coupling constants was carried out on tion in the magnetic (n.m.r.) 
the 220 MHz spectra. A modified version of the computer parameters Over this temperature range is 0.03 

p.p.m. for the chemical shifts, and 0.5 Hz for the 
'Issued as NRCC No. 11439. coupling constants. 
'NRCC Postdoctorate Fellow. 
3permanent address: Ontario Research Foundation, A close similarity exists between the data for 

Sheridan Park, Ontario. uridine and P-pseudouridine. The difference in 
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BLACKBURN ET AL.: CONFORMATION O F  URIDINE 

FIG. 1. Structural formulae for uridine (U) and a-pseudouridine (by). 

Uridine 1" , " I \  

FIG. 2. (a) The p.m.r. spectrum at 220 MHz of uridine in D,O (pD = 6.6, 0.1 M, 28 "C). Chemical shifts are 
relative to internal 3-(trimethylsilyl)propanesulfonic acid. (b) Computer-simulated 220 MHz spectrum of the region 
due to ribose protons 2' to 5'. 

Note that the structural formula of uridine given in this figure is in the syn conformation (as is commonly given 
in textbooks) whereas the structural formulae in Fig. 1 are in the anticonformation. The peak marked S.B. is a spinning 
side band of water. 

chemical shifts 6 and 1' may be rationalized in Karplus relationship (1, 2). We have shown that 
terms of the different points of attachment of the the data for P-pseudouridine preclude the exis- 
respective ribose and uracil moieties (2). Corre- tence of the ring in any of the classical puckered 
sponding chemical shifts of the 2' to 5' hydro- forms (2'-endo, 2'-exo, 3'-endo, 3'-exo); only a 
gens differ by not more than 0.10 p.p.m., and the rapid equilibrium between these forms is con- 
furanose ring coupling constants by not more sistent with the data (1, 2). Similar conclusions 
than 0.6 Hz. must be reached for the ribose ring of uridine; its 

conformation is a rapid time average of the 
The Ribose Ring Conformation classical static forms. This is in accord with the 

From the coupling constants between the conclusions of Prestegard and Chan, based upon 
hydrogens of the ribose ring it is possible to gain measurement of the coupling constant between 
insight into the conformation of the ring via the hydrogens at positions 1' and 2' only (5). Further- 
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TABLE 1 
Chemical shifts and coupling constants of uridine and 13-pseudouridine 

-- 

Chemical shifts (~.p.m.) Coupling constants (Hz) 

D-W* ut U+, B-W* Ui Ut: 

'References 1 and 2, 30 OC. 
tReference 3.28 OC. 
$The chemical shifts and coupling constants are estimated to be accurate to within 0.01 and 0.2 Hz, respectively. The 

high error limit on the coupling constants is due to the somewhat larger line width obtained with the 220 MHz instrument. 
The sample temperature was 28 "C. 

I II m 
(GAUCHE-GAUCHE) (GAUCHE- TRANS) (TRANS-GAUCHE) 

FIG. 3. Schematic representation of the three possible rotational isomers around the C4.-CSf bond of uridine. 

more, the similarity in coupling constants of P-+ 
and U suggests that the relative populations of 
the various puckered forms in equilibrium are 
not very different in the two compounds. The 
temperature-independence of the coupling con- 
stants suggests that the energies of the various 
forms in equilibrium are essentially equal (2, 18). 

Conformation about the Exocyclic C4,-C5, 
Bond 

From the coupling between the hydrogen at 
position 4' and those at S ,  it is possible to estimate 
the relative populations of rotational isomers 
corresponding to the energy minima which occur 
upon rotation about the 4-5' bond. Implicit is 
the assumption that the lifetime of a molecule in 
any of the three energy minima is long compared 
to the time spent rotating between energy 

minima. For a rapid interconversion the 4'-5' 
coupling constants will be a weighted average 
(weighted according to the relative populations) 
of the coupling constants in the three rotamers. 

Algebraically this can be expressed as eqs. [I]  
and [2], where P,, P,,, and P,,, are the mole 

[I]  J 4 ' 5 ' B  = ' IJIB + P ~ ~ J ~ ~ ~  + P I t ~ J l t ~ B  

fractions of each rotamer. Figure 3 is a schematic 
representation of the three rotamers. The coupling 
constant between the protons 4' and 5', is JIB if 
the molecule existed completely as rotamer I. 
Coupling constants J,,,, J,,,,, etc. are defined 
similarly. Values J4,,  ., and J4,, ,, are obtained 
from the n.m.r. spectrum. Thus we can determine 
the relative rotamer populations if we can 
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TABLE 2 

Limits for the relative populations of rotational isomers around the C4.-C,, bond of uridine 

Classical Rotamers with 
staggered rotamers 15" 0-0 repulsion 

J,  for 0_(4<90° 9.27 9.27 9.27 9.27 9.27 9.27 9.27 9.27 
J,, for 90<4s180° 10.36 10.36 12.00 12.00 10.36 10.36 12.00 12.00 

estimate the angles of rotation corresponding to 
the three energy minima, and if the coupling 
constants of the rotamers representing these 
energy minima can be accounted for b y  the 
Karplus relation (6). 

Lemieux, basing his argument on optical 
rotation data for hexoses, has suggested that the 
classical 60" staggered conformers are not likely 
to be energy minima and that conformers in 
which oxygen-oxygen repulsions have been taken 
into consideration would be more reasonable (7). 
One cannot know precisely the angles of rotation 
corresponding to energy minima, but it is 
possible to choose limits between which energy 
minima will occur. As one limit we have taken 
the classical rotamer in each case: as the other 
limit we have taken angles enlarged by 15" from 
the classical values due to oxygen-oxygen 
repulsion for all rotamers, which represents an 
extreme value observed in X-ray studies of 
crystalline nucleosides (8-10). 

The Karplus equation (6) is given by eq. [3] 

where JHHt is the vicinal coupling constant, + is 
the dihedral angle between the H-C-C' and 
C-C'-H' planes in the fragment H-C-C'- 
-HI. The general form of this expression is 
thought to be correct, but values of the constant 
Jo from 8 to 16 Hz have been applied (11). 
Consequently we decided to take both an upper 
and a lower limit for the values of Jo. For the 
lower limit we have selected the values suggested 
by Abraham et a/. (12) for a number of carbo- 
hydrate ring systems: Jo = 9.27 Hz for 0" < + 
< 90" and Jo = 10.36 Hz for 90" < + < 180". 
Lemieux has suggested that for this type of 
system the coupling constants under discussion 
should be substantially greater for + = 180" than 
is normally encountered in a ring system where 

both carbons are secondary, perhaps as high as 
12 Hz (7). Accordingly we have selected for the 
upper limit, Jo = 9.27 Hz for 0" < + < 90" and 
Jo = 12.0 Hz for 90" < + 6 180". 

The only problem remaining is assignment of 
the two experimental 4'-5' coupling constants. 
Some workers have attempted this assignment 
(13, 14) but it suited our purposes to do the 
calculations for both possible assignments. 
Taking into account limits between which the 
energy minima will occur, upper and lower limits 
for Jo values, and two possible ways of assigning 
the coupling constants we obtain eight sets of 
values for the relative populations (Table 2). All 
the calculations indicate that the gauclze-gauche 
rotamer (I), in which the 5'-hydroxyl group 
comes very near the 6 position of the uracil base, 
is preferred. This interaction could be responsible 
for the very different response to increasing 
temperature of the resonances due to the hydro- 
gens at positions 5 and 6 in the uracil base of 
uridine (15, 17). The gauche-gauche rotamer is 
apparently also preferred in aqueous solution 
for P-pseudouridine (1, 2). This conformation 
has been found to occur frequently in single 
crystals of nucleosides (8, 10). The close similarity 
of the values at 28 and 78 "C for J,,,., and 
J,,,,,, and for the chemical shifts of the two 5' 
protons, suggests that although the populations 
of the various rotamers are unequal, the energy 
differences between them are not large (18). 

The Sugar-base Torsion Angle 
Previous consideration of the chemical shift of 

the hydrogen at position 6 in uridine and uridine- 
5'-monophosphate has suggested that the uracil 
base exists in the anti conformation about the 
N-glycosidic bond, in which the Zketo group 
points away from the 5'-CH20H moiety (15-17). 
It has been proposed that the presence of the syn 
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conformation in pyrimidine nucleosides should 
be detectable by large changes in the ribose 
proton chemical shifts due to the diamagnetic 
anisotropy of the keto group on the base (2). 
Recently Dugas et al. have analyzed the p.m.r. 
spectrum of P-cyanuric acid riboside [a-N-(P- 
cyanuric acid)-D-ribofuranoside], in which a 
keto group must lie over the ribose ring (19). 

0-cyanuric acid nboside 

The protons at positions l', 2', and 3' were 
appreciably deshielded relative to those in uridine, 
whereas those at positions 4' and 5' were slightly 
shielded. The earlier assertion is thus confirmed. 
Comparison of the ribose hydrogen chemical 
shifts for U and P-$indicates that the sugar-base 
torsion angles are similar in these comp~unds. 
The lack of any significant temperature depen- 
dence of the ribose chemical shifts suggests that 
no change in the sugar-base torsion angle of 
uridine takes place over the range 28-78 "C. 

Conclusions 
The ribose ring of uridine in aqueous solution 

exists in a rapid equilibrium between various 
puckered conformations. The gauche-gauche 
rotamer is preferred for the 5'-CH,OH group, 
and the uracil base is present in the anti orienta- 
tion relative to the 5'-CH,OH. The molecular 
conformation is independent of temperature 
over the range 28-78 "C. The conformations of 

uridine and P-pseudouridine are very similar, 
aild therefore the specific structural role of P-$ 
in transfer RNA must be attributable to the 
availability for hydrogen-bonding of an extra 
nitrogen atom in the uracil base. 

We are grateful to Dr. R. R. Fraser for the use of the 
HA-100 spectrometer at the University of Ottawa, 
Ottawa, Canada and for helpful discussions. 
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Enthalpies of reaction of zirconium and molybdenum tetrachlorides with pyridine, 
tetrahydrofuran, and tetrahydrothiophene 

A. D. WESTLAND AND V. UZELAC 
Department of Chemistry, University of Ottawa, Ottawa 2, Canada 

Received January 15, 1970 

Enthalpies of addition were determined calorimetrically for the crystalline complexes MC1,.2L where 
M = Zr and L = pyridine or M = Mo and L = pyridine, tetrahydrofuran, or tetrahydrothiophene. 
Molybdenum(1V) is a significantly better acceptor than zirconium(1V) toward pyridine and tetrahydro- 
furan but not toward tetrahydrothiophene. A possible explanation for this is discussed. 

Canadian Journal of Chemistry, 48, 2871 (1970) 

In a continuing study of the comparative 
physical chemistry of second and third row 
transition elements, we have compared heats of 
adduct formation with zirconium and hafnium 
tetrahalides as acceptors (1). We now report 
a comparison between two elements chosen from 
the same periodic row viz., zirconium and 
molybdenum. In these studies we are able to 
compare bonding in pairs of compounds in which 
molecular dimensions and charges are very 
nearly the same for both members of the pair. 

In a previous publication (I), we examined 
essentially the influence of an inner shell of 
4f-electrons upon the acceptor behavior of a 
quadrivalent atom. We have now examined the 
change in acceptor strength which accompanies 
the addition of two positive charges to the nucleus 
of the acceptor atom and two electrons to its 
outermost d-shell. A related study of the relative 
heat of formation for the complexes MC12-, 
where M = Mn, Fe, Co, Ni, Cu, and Zn has 
been carried out by Blake and Cotton (2). We 
were particularly interested to see whether there 
would be a significant change in the degree of 
"softness" (3) of the acceptor with a different 
choice of acceptor atom. To this end, complexing 
with a soft base, tetrahydrothiophene (THT), 
was compared with that of a hard base, tetra- 
hydrofuran (THF). 

In order to provide a supply of MoCl,, we 
found that a pure product could be prepared 
most conveniently by the method of Shchukarev 
and co-workers (4). Subsequent to our work, a 
very convenient procedure was reported by 
Kepert and Mandyczewsky (5). In following 
Shchukarev's procedure, we found that it was 
essential to operate at the lowest temperature 
possible at which the reaction would proceed at a 
reasonable rate. Otherwise, the disproportiona- 

tion 2MoC14(g) + MoCl,(c) + MoCl,(g) (6) 
led to contamination with MoCl,. We have 
established by differential thermal analysis that 
this process occurs in a sealed capsule at 288". 
Our investigation of the physical properties of 
MoCl, prepared by Shchukarev's procedure 
will be the subject of a future publication. 

Properties of the Complexes 
The preparation and physical properties of 

ZrC14.2py, MoC14.2py, and MoC14.2THF have 
been described previously (7-9). The infrared 
spectra of ZrC1,.2py and MoC14.2THF suggest 
that these compounds have the cis configuration. 
ZrC14.2py has bands at 339, 332, and 300 cm-' 
which were attributed to metal-chlorine 
stretching (8). There is almost exact agreement 
with the bands exhibited by ZrCl,.dipy. We have 
now obtained infrared spectra for ZrC14.2THF, 
ZrC14.2THT, MoC14.2py, and MoC14.2THT 
as well. The frequencies of the absorption 
maxima are listed in Table 1. 

The assignment of the cis configuration for 
MoC14.2py is supported by the appearance of 
three bands at approximately 363, 340, and 312 
cm-l,  respectively. The last band is broad and is 
possibly composed of two components. These 
bands are assigned as Mo-C1 stretching modes 
of which four should be infrared active. Only one 
band is permitted for the perfectly regular trans 
structure. However, Beattie et al. have shown 
that such arguments should be treated with 
caution for in trans-SiC14.2py, the v(SiC1,) band 
is split by mixing with pyridine ring vibrations 
and this would account for one additional band 
(10). Moreover, G(SiC1,) mixed with v(SiN) 
appears in the Si-Cl stretching region. Heavier 
central atoms such as those we are dealing with 
are likely to inhibit mixing of modes. This is 
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TABLE 1 

Infrared absorption maxima of complexes of ZrC1, and MoCI4 with pyridine, tetrahydrofuran, 
and tetrahydrothiophene as Nujol mulls 

Compound Frequency (cm- ')* 

ZrC14.2THF 280-325 broad absorption, 650 sh, 679 s, 730 sh, 800 s, br, 850 sh, 919 m, 950 sh, 990 s, 1044 s, 
1102 w, 1140 sh, 1172 m, 1234 sh, 1250 s, 1300 w, 1320 w, 1349 s, 1367 w, 1382 m, 1428 sh, 
1450 s, 1468 s, 1480 sh, 2300 w, 2600 w. 

ZrCI4.2THT 285-395 broad absorption, 460 br, 666 s, 724 w, 740 w, 807 m, 880 S ,  956 s, 1017 m, 1070 m, 
1127 s, 1196 w, 1210 m, 1253 s, 1268 sh, 1308 s, 1330 w, 1369 sh, 1377 s, 1440 s, 1460 s, 1475 sh. 

MoCI4.2py 260 s, 312.m, br, 340 sh, 363 w, 437 sh, 445 s, 550 w, 640 s, 668 sh, 681 vs, 720 sh, 733 m, 753 vs, 
856 w, 888 w, 923 sh, 947 w, 1009 s, 1040 m, 1059 vs, 1082 w, 1150 w, 1207 s, 1230 w, 
1347 sh, 1371 vs, 1440 vs, 1455 sh, 1476 s, 1520 m, 1598 vs, 1622 w, 1650 w, 1891 w, 1960 w, 
2330 w, 2600 br, 2920 br. 

MoCI4.2THF 284 m, 343 s, 700 sh, 730 w, 746 sh, 822 vs, 850 sh, 925 m, 955 m, 1000 s, 1025 w, 1050 m, 1135 
sh, 1173 m, 1225 w, 1250 m, 1303 w, 1349 s, 1382 s, 1464 vs, 1590 w, 2660 w, br, 2880 s, 
2920 s, 2970 sh. 

MoCI4.2THT 332-393 broad absorption, - 450 m, - 465 m, - 520 m, br, 665 s, 724 w, 740 sh, 807 s, 880 s, 
956 s, 1016 m, 1070 m, 1127 m, 1195 w, 1210 m, 1254 s, 1260 sh, 1308 s, 1360 sh, 1372 s, 1420 
sh, 1440 s, 1460 s, 1475 sh. 

*vs = Very strong, s = strong, m = medium, w = weak, br = b, 

supported by work with pyridine complexes of 
nickel, cobalt, and zinc (1 1). Thus the close corre- 
spondence of the spectra of MoC14.2py and 
ZrCI4.2py can be taken as reasonably good 
evidence of cis structure in the molybdenum 
compound. 

In the case of ZrC14.2THT and MoC14.2THT, 
the spectra below 400 cm- ' were poorly resolved. 
The broad absorptions referred to in Table 2 
probably included both M-Cl and M-S 
stretching bands. The broadness suggests that 
there are many bands in this region and this 
constitutes slight evidence for a cis configuration. 

If our assignment is correct, the slightly higher 
values of the Mo-Cl stretching frequencies 
compared to the corresponding Zr-C1 fre- 
quencies indicate a stronger bonding in the 
former. The pyridine ring vibration at 405 cm-' 
is raised to 424 cm- ' in ZrC14.2py and 437 cm-I 
in MoC14.2py. This may also be taken to be 
indicative of a greater electrical field about the 
molybdenum atom (1 1). 

road, sh = shoulder. 

acceptor power of zirconium and molybdenum 
tetrachlorides. 

We have determined the magnetic susceptibility 
of MoC14.2THT at several temperatures. The 
results are given in Table 2. The data are consis- 
tent with a distorted octahedral field geometry. 
The slight decrease in p,,, toward lower tempera- 
tures is expected for an ion with a 3T1, ground 
state (12). The magnetic susceptibilities of 
MoC14.2py and MoC14.2THF have been pre- 
viously reported (7, 9). 

TABLE 2 

Results of magnetic susceptibility measure- 
ments on MoC1,.2(C4H8S) 

T ~ ~ ~ ( C o r r e c t e d )  
CK) xs (c.g.s.1 (c.g.s.1 ~ t t  (B.M.1 

The spectra of the THF complexes differ from Thermal Measurements 
the spectrum uncOm~lexed THF principally Because the donor compounds were liquids, 
in the region 700-1000 cm-l. The strong THF it was possible to determine directly the heats of 
bands at 920 and cm-l are shifted to 800 adduct formation by solution calorimetry. The 
and ,- looo cm-'. These bands are acceptors MCl, and the adducts were solids so 
associated with C-0-C stretching. that we have the following 

There is comparatively little change in the 
spectrum of THT upon complexing. There is a MCl,(c) + xL(1) = MC14.2L (dissolved 
slight reduction in frequency of the C-S-C in (x - 2) moles of L) AH, 
stretching bands at 687 and ,- 740 cm-' to 665 
(or 666) and 724 cm-l, respectively. These modes MC14.2L(c) + xL(1) = MC14.2L 

are not sensitive to any possible differences in the in x moles of L) AH, 
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WESTLAND AND UZELAC: ENTHALPlES O F  REACTlON O F  ZrCI, AND MoCI4 

TABLE 3 
Molar heats of solution, AH, and AH,, for the process MCl4(c) + excess ligand +complex in 

solution and complex(c) + excess ligand -> complex in solutiont 

Solute Weight of - AHl - AHz 
compound Solvent solute (g) (kcal/mole) (kcal/mole) 

Pyridine 0.2375 
0.2873 

ZrCI4.2py Pyridine 0.1790 
0.3125 

Pyridine 0.1931 
0.2253 

MoCl4.2py Pyridine 0.175 17.2 
MoCI, THF 0.2953 40.8 

0.3305 42.0 
MoCl4.2THF THF Insoluble 0.0 
MoCI~ THT 0.695 39.6 

0.1060 38.8 
0.1720 39.6 

MoCl4.2THT THT 0.1274 8.6 
0.2109 7.4 

'These values are - A H  which were calculated by taking into account the partial solubility of the complex. The enthalpy 
required to saturate a known quantity of pyridine by the addition of MoCI4.2py was subtracted from the enthalpy mea- 
sured when an excess of MoCln was added to the same quantity of pyridine. 

tA referee has drawn our attention to experience elsewhere which has shown that the heats of solution may be con- 
siderably in error owing to hydrolysis.'However, the results reported herein rely upon the difference of two measurements 
both of which will depend in nearly the same way upon the concentration of moisture in the solvent; thus ideally, errors 
due to moisture should be compensated to the degree that the measurements are done on nearly equimolar amounts in 
both cases. The reproducibility of heat measurements is an indication that errors due to impurity in the solvent are not 
too great. 

The solutions in both of the above processes are 
nearly alike provided that x is large, say of the 
order of 5000. In that case, subtraction gives us 

- AH = - AH, + AH2 

It is of no concern whether the dissolved 
species has recognizable stereochemistry or 
whether it is ionized. 

The thermochemical results are summarized 
in Table 3. The temperature rise at the calorimeter 
thermopile produced changes in potential of the 
order of 200 pV for the dissolving of the tetra- 
chlorides. The calibration gave a calorimeter 
constant of about 0.250 cal per pV. The calorie 
was taken to be 4.1840 5. All results refer to 25 "C. 

Zirconium Tetrachloride-Pyridine 
The reaction in the calorimeter was rapid, 

requiring about 1 min for completion. The 
reaction proceeded without a step in the A T  vs. 
time plots. Such steps or discontinuities in the 
uniform progression of the A T  vs. time plots 
were observed by Greenwood et al. in the com- 
plexing of pyridine with triphenylboron (13). 
This was attributed to the initial very rapid 
formation of solid complex which subsequently 

dissolved with absorption of heat. In our systems, 
formation of the complex and its dissolution 
apparently took place at comparable rates. 

There is reason to believe that at least three 
pyridine molecules are associated with the 
zirconium in solution as we have isolated 
crystalline ZrC14.3py from solution (8). The 
heat of solution of 17 kcal/mole is thus associated 
with a further complexing in addition to the 
simple dissolving process. 

The heat of formation of crystalline cis- 
ZrC14.2py is given by 

ZrCl,(c) + 2C,H5N (1) = ZrC1,.2(C5H5N) (c) 
- AH = 41.3 + 0.2 kcallmole 

Molybdenum Tetrachloride-Pyridine 
As in all cases reported here, the reaction was 

complete in about 1 min. The adduct formed in 
this case was only partially dissolved in the 
calorimetric liquid. For this reason it was 
necessary to assume that when MoCl, was 
dissolved in pyridine, a saturated solution of the 
adduct was formed during the time that potential 
readings were recorded (about 0.5 h). Further, 
it was assumed that when MoC14.2py was added 
to the calorimeter liquid, a saturated solution was 
again formed in the same time. Different weights 
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of the adduct added to the same volume of liquid 
gave temperature changes which agreed to 
within 1.2 %. 

The heat of solution of the adduct was found 
to be - AH, = 17.2 kcal/mole. This was found 
by means of a determination in which the solution 
in the calorimeter did not quite reach saturation. 
In calculating -AH for the complexing of 
MoCl,, the heat involved in saturating a known 
weight of pyridine with the adduct was subtracted 
from the heat found for the dissolving of MoCl, 
in the same weight of solvent. 

The heat of adduct formation for crystalline 
MoCl, .2py is given by 

Molybdenum Tetrachloride-Tetrahydrofuran 
The complex MoC14.2THF is practically 

insoluble in THF so that the heat of complexing 
was simply the heat involved when MoCl, was 
added to the calorimeter liquid. Reaction 
occurred quite readily and the precision suggests 
that the reactions went to completion even though 
the final system was heterogeneous. Addition of 
MoC14.2THF to the THF in the calorimeter 
gave no temperature change. 

The heat of adduct formation for crystalline 
MoC14.2THF is given by 

Molybdenum Tetrachloride-Tetrahydrothiophene 
Unlike the preceding system, MoC14.2THT 

was completely soluble in the calorimeter liquid. 
The heat of solution of the complex in THT was 
small. The exothermic nature of this solution 
process suggests that a higher complex, e.g. 
MoC14.3THT may be formed; however, this 
would be relatively unstable compared with the 
1 :2 adduct. The heat of adduct formation of 
crystalline MoC14.2THT is given by 

The data reported here should be compared 
with that found by Chung and Westland (I). 
Ideally, one should compare enthalpies for the 
gas phase reaction 

MC14(g) + 2L(g) = MC14.2L(g) 

These would be obtained from the calorimetric 
data by means of a thermal cycle. It is impossible 
to obtain heats of sublimation for the complexes 
by direct vapor pressure measurements as de- 
composition precedes sublimation even in vacu- 
um when the adducts are heated. A more serious 
difficulty is the lack of data on the vapor pressure 
of MoC14. Work is in progress in this laboratory 
to obtain these and other physical data for MoCl,. 

In view of the lack of sublimation data we are 
forced to compare the heats of reaction of the 
crystalline metal chlorides to produce crystalline 
adducts, We see that MoCl,(c) is a much better 
acceptor than ZrCl,(c) toward pyridine. Qualita- 
tively, one should expect the acceptor ability of 
the halides MCl, to increase in proceeding 
toward the right within a transition period. 
There would be fluctuations owing to changing 
crystal field stabilization similar to those which 
are found in the stability of complexes in aqueous 
solution (14). 

The desirability of obtaining data for other 
members of the series of MCl, compounds is 
apparent. We tried to obtain heats of reaction for 
NbCl, in pyridine but the reaction was so slow 
that it was impossible to obtain meaningful 
results. The heats of formation of NbC14.2py 
and RuC14.2py will have to be obtained in other 
ways. 

The addition of MoCl, to THF is likewise 
more exothermic than the corresponding reaction 
between ZrC1, and THF (1). The difference, 6.8 
kcal/mole, is not as great as that observed when 
pyridine is the donor. One should expect pyridine 
to be more strongly polarized by the Mo(1V) 
atom with its greater effective nuclear charge so 
that on the basis of an ion-dipole model of the 
adduct, stronger bonding should result. More- 
over, pyridine generates a stronger ligand field 
than ethers so that the pyridine complex should 
have stronger ligand field stabilization. 

The result for MoC14.2THT is surprising. The 
heat of adduct formation in this case is only 
slightly greater than that for the zirconium 
analogue for which 29.8 + 0.9 kcal/mole was 
found (I). On the basis of the polarizability of the 
sulfur atom and the position of thioethers in the 
spectrochemical series, one should have expected 
a much greater difference between ZrC14.2THT 
and MoC14.2THT. The complex of THT with 
MoC1, is formed with markedly less heat evolu- 
tion than is MoCl,. 2THF. This is still true if we 
consider the enthalpy of the gas phase process and 
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account is taken of the heats of vaporization of 
the ligands in the manner described previously 
(I).' Mo(1V) therefore appears to be an ion of 
definite class a character (16) while Zr(1V) has 
possibly some slight degree of class b character. 

There is a plausible explanation for this 
difference. We assume that d,-p, bonding is very 
important in the Zr-S bond. The fact that the 
THT complex is formed more exothermically 
than the THF complex would be difficult to 
understand otherwise. We have noted the stability 
of similar complexes with TiCl, (17). In Mo(1V) 
two of the three d-orbitals which are designated 
t,, in a regular octahedral complex are half 
occupied. The resulting antibonding may well 
be sufficient to offset the advantage that sulfur 
would have if the d-orbitals were all vacant. 

Sulfur bonds more readily than does oxygen 
with transition metal ions like Pt(I1) and Au(1). 
In such cases, there is certainly no d,-p, bonding 
of the type discussed above but with the lower- 
valent ions d,-d, bonding with donation by the 
metal ion to the sulfur atom is a possibility. There 
should be a type of transition metal ion between 
the two extremes which has neither strong 
n-accepting nor n-donating ability. As it is not 
possible to determine whether the Mo-S bond 
owes some of its strength to n-bonding or to 
induced polarization of the type postulated in 
ion-dipole complexes, it is premature to say 
whether Mo(1V) is a representative of that type 
of ion which is more or less exactly intermediate 
between the extremes of n-accepting and n- 
donating ions. 

We were interested to discover how W(1V) 
compares with Mo(1V) in this regard. However, 
WCI, prepared by the method of McCarley and 
Brown (18) failed to react with our donors. Like 
NbCl, and TaCl,, WCl, appears to contain a 
much stronger metal-metal bond (5). 

Experimental 
Preparations 

MO Cl, 
Molybdenum dioxide (Research Organic/Inorganic 

Chemical Co., 99.9%) mixed with activated charcoal 
(Norit-A) in the ratio of five parts of the former to one 
part of the latter was heated at 280-290' in a stream of 
nitrogen saturated at room temperature with carbon 
tetrachloride vapor (4). A vertical spiral tube at the outlet 
end replaced the condenser recommended by Shchukarev 

'The heat of vaporization of tetrahydrothiophene is 
9.4 kcal/mole (15). The value for tetrahydrofuran (7.1 
kcal/mole) was estimated from Trouton's rule. 

et al., for it was found to be more effective in collecting 
the fine powdered product. The powder descended the 
spiral into a receiver when the former was tapped gently. 
The temperatures cited above are recommended if con- 
tamination with trichloride is to be avoided. Oxychloride 
was formed along with the tetrachloride but it was 
sublimed away from the desired product by heating the 
mixture to 100' in one end of a sealed tube. All handling 
operations were performed in dry nitrogen atmosphere. 
The purified MoC1, was soluble in water, ethanol, 
acetone, and other strong donor solvents and insoluble 
in benzene, ether, and carbon tetrachloride. 

Anal. Calcd. for MoCI,: Mo, 40.35; C1, 59.65. Found: 
Mo, 40.41 ; C1, 59.70. 

Z r  Cl, 
Commercial zirconium tetrachloride (Alpha Inor- 

ganic~) was sublimed in a sealed tube containing 1 atm 
of dry nitrogen. 

Tetrahydrofuran (Fisher Certified Reagent) was 
freshly distilled from LiAIH,. Tetrahydrothiophene 
(Aldrich) was freshly distilled through an efficient 
fractionating column. Pyridine (Baker Analyzed) was 
dried over sodium hydroxide pellets and freshly distilled. 
Benzene (Spectrophotometric grade) was dried with 
sodium benzophenone ketyl and distilled directly into a 
Schlenk type reaction vessel. 

Arldrlcts 
MoCI, or ZrC1, (2-3 g) was stirred for several hours 

in benzene (100 ml) with a 50% excess of the donor 
substance. The volume of solvent was reduced by distilla- 
tion and n-hexane added to promote precipitation. The 
adduct was removed by filtration in an apparatus 
described by Fritz et al. (19), washed with n-hexane, and 
dried in uacuo. 

Anal. Calcd. for CloHloCI,N2Zr: C, 30.7; H, 2.58; N, 
7.16. Found: C, 31.2; H, 2.63; N, 7.13, white powder. 

Anal. Calcd. for CloHloC14MoN2: Mo, 24.2; C1, 
35.8; C, 30.3; H, 2.6; N, 7.07. Found: Mo, 23.7; C1, 
35.0; C, 32.1; H, 2.7; N, 7.45, orange powder. 

Anal. Calcd. for C8H16C14M002: Mo, 25.1; CI, 36.9; 
C, 25.3; H, 4.7. Found: Mo, 25.2; C1, 37.0; C, 24.9; H, 
4.3, orange crystals. 

Anal. Calcd. for C8HI6CI4MoS2: Mo, 23.1; C1, 34.3; 
C, 23.2; H, 3.89; S, 15.49. Found: Mo, 22.9; C1, 34.2; C, 
23.3; H, 3.94; S, 15.44, red crystals. 

Molybdenum was determined gravimetrically as lead 
molybdate and zirconium as the oxide. Chloride was 
determined volumetrically with AgN03 using a silver 
electrode. The samples were prepared for these determina- 
tions by fusion with Na202 in a Parr bomb. Determina- 
tions of carbon, hydrogen, nitrogen, and sulfur were 
performed by Schwarzkopf Microanalytical Laboratory, 
Woodside, New York, using glove box techniques. 

Magnetic Susceptibility Measureme?rts 
Susceptibilities were measured using a Guoy apparatus 

employing field strengths up to 5200 Oe. The sample 
tube was suspended inside a copper jacket the temperature 
of which was maintained within + 1 "C by a stream of 
cold nitrogen. A thermocouple in the stream of nitrogen 
controlled by negative feedback the rate at which liquid 
nitrogen was vaporized in a reservoir connected to the 
cryostat. 

Diamagnetic corrections were applied to the measured 
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susceptibility values using the values tabulated by 
Selwood (20). 

Infrared Spectra 
Spectra were obtained using Beckman IR-8 and IR-20 

spectrometers. Spectra in the range 600-250 cm-' were 
obtained as Nujol mulls between polyethylene plates. 
Resolution in this region was poor owing to the low 
energy. 

Calorimetric Measurements 
A solution calorimeter similar to that described by 

Greenwood and Perkins (21) was used. The thermocouple 
had eight junctions of No. 30 copper-constantan wire. 
The temperature-time curves in the linear period before 
mixing the reagents were extrapolated forward to the 
point in time when the temperature had risen half way 
to its maximum value. The post-mixing curves were 
extrapolated back to that time. The difference in level of 
the two curves gave the temperature jump. The calibra- 
tion of the associated equipment was checked by deter- 
mining the heat of hydrolysis of POCl, in the calorimeter. 
Three determinations gave 79.7, 80.3, and 80.7 kcal/mole 
in reasonable agreement with the published value of 
79.9 L- 0.3 kcal/mole (22). 

The volume of liquid employed in the calorimeter was 
normally 150 cc. The temperature of the calorimeter was 
within about 2" of the temperature of the thermostat 
which was maintained at 25 "C. 

The authors wish to express their appreciation to the 
National Research Council of Canada for financial 
assistance. 
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Pyranosiduloses. 11. The synthesis and properties of some alkyl 
2,3-dideoxy-2-enopyranosid-4-ulosesl 

BERT FRASER-REID, ANGUS MCLEAN,' E. W. USHER WOOD,^ AND MARK YUNKER4 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received October 10, 196g5 

Ethyl 2,3-dideoxy-a-D-erythro-hex-2;enopyranosde (9a) an  accessible and highly crystalline substance 
is selectively oxidized at  the allylic position to ethyl 2,3-dideoxy-a-~-glycero-hex-2-enopyranosid-4-ulose 
(10a) in 80% yield. This hydroxyketone can be benzoylated, acetylated, and tosylated, and the resulting 
esters are all highly crystalline, as is the parent ketone. 3,4-Di-0-acetyl-D-xylal reacts with ethanol under 
boron trifluoride catalysis to give the anomeric mixture of ethyl 4-0-acetyl 2,3-dideoxy-D-glycero-pent- 
2-enopyranosides which may be separated after deacetylation. The deacetylated a-D anomer (14a) is 
readily oxidized by manganese dioxide to give an  ethyl 2,3-dideoxy pent-2-enopyranosid-4-ulose (6- 
ethoxy-2,6-dihydropyran-3-one) (12); however, the corresponding !3-D (14!3) anomer resists oxidation. 
All of these ketones display a diagnostic nuclear magnetic resonance pattern consisting of clean doublets 
for H-l and -3, and a doublet of doublets for H-2. Reduction of 10a with lithium aluminum hydride gives 
back the parent D-erytkro alcohol exclusively, and catalytic hydrogenation saturates the olefinic double 
bond. These a,B-unsaturated ketones (10) in the hexose series are all levorotatory although their parent 
D-erythro alcohols (9) are strongly dextrorotatory; the saturated ketones derived from them are also 
strongly dextrorotatory. The epimeric D-threo alcohols which should also be oxidizable to  10 are however 
strongly levorotatory. 

Canadian Journal of Chemistry, 48, 2877 (1970) 

Carbohydrate molecules possessing ketonic 
(2) and olefinic (3, 4) unsaturation are favorite 
precursors for synthesis of branched-chain and 
amino (5) sugars, two classes of compounds of 

I considerable interest because of their occurrence 
in many major antibiotics (6, 7). Molecules 
possessing both types of unsaturation in con- 
jugation are of interest in view of the array of 
synthetic techniques available to them (8). The 
a.0-unsaturated carbonvl residue occurs in two 
c&bohydrate moleculesof considerable physio- 
logical importance, namely kojic acid (9) and 
ascorbic acid (10). However, neither is a "pure" 
a,P-unsaturated ketone, one being a substituted 
y-pyrone, and the other an unsaturated furano- 
lactone, and in both the olefinic portion is 
hydroxylated. It is interesting, although prob- 
ably not significant, that two structurally related 
systems have been encountered in the laboratory. 
In one case (1 l), Sarret oxidation of methyl 
4,6- 0- benzylidene-2-deoxy -a- D-lyxo- hexopy- 
ranoside gave a dihydro y-pyrone, namely methyl 
4,6-0-benzylidene-2-deoxy-a-D-threo- hexopy- 
ranosid-3-ulose (1) instead of the expected (12) 

'This work has been presented in preliminary form in 
Part 1 of the series (1). 

2Taken in part from the M.Sc. thesis of A. McLean, 
University of Waterloo, Waterloo, Ontario, 1969. 

3Undergraduate Summer Research participant, 1968. 
4Undergraduate Summer Research participant, 1969. 
5Revision received May 21, 1970. 

a-methylene ketone. In the other case, attempts 
to purify methyl 3,4,6-tri-0-benzoyl-a-D-arabino- 
hexopyranosidulose by silica gel chromatography 
led to elimination of benzoic acid and formation 
of the benzoylated diosphenol 2-D-glycero-ben- 
zoyloxymethyl - 4 - benzoyloxy - 6 - D - glycero- 
methoxy-5,6-dihydro-a-pyran-5-one (2) (1 l). 

Hexopyranoses containing "pure" a,p-unsatu- 
rated ketone groupings have also been obtained. 
3,4-Dideoxy -D-glycero- hex-3-ene-2-ulopyra- 
nose (3) is formed in low yield by hydrolysis of 
difructose glycine (13), and syrupy methyl 
glycosides of 3 (4 and 5) and has been prepared 
by acid-catalyzed elimination from enolic pre- 
cursors having the appropriate anomeric con- 
figuration (14). An alternative route to 4 and 5 
via the anomeric fluorides has been recently 
described (15). These unsaturated monosac- 
charides, 1 to 5, are of synthetic interest, but their 
potential as precursors is restricted because of 
their instability, their inaccessibility, or the low 
yields in which they are obtainable. We wish to 
report the preparation of some alkyl2,3-dideoxy- 
hex-2-enopyranosid-4-uloses, all of which are 
produced simply and in high yield as stable, 
crystalline compounds. An alkyl 2,3-dideoxy- 
pent-2-enopyranosid-4-ulose (12) is also de- 
scribed. 

It was recently reported from this laboratory 
(3) that elimination of the vicinal sulfonyloxy 
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KI/Zn , :a DMF 

Mn0* 
- 

OMe OMe 
OMe 

groups from di-0-acyl compounds such as 6 
(R = Ac or PhCO) was accompanied by deacyla- 
tion at C-4 to give 7 (R = Ac or PhCO) (Scheme 
I). Since it was found (3) that the primary ester 7 
(R = PhCO) could also be prepared efficiently by 
selective benzoylation of the corresponding 
olefinic diol (7; R = H) we were prompted to 
investigate the synthetic possibilities of these 
monoesters. Oxidation of the allylic alcohol to the 
ketone (16) was one of the obvious possibilities 
to explore. Accordingly, compound 7 (R = 

PhCO) was oxidized with manganese dioxide 
(16c) (Scheme 1) and ketone 8 (R = PhCO) was 
produced in 53 %yield. Attempts to debenzoylate 
the primary alcohol of 8 caused destruction of the 
molecule and hence another route to hydroxy- 
ketones (such as 8;  R = H) was desirable. 

Ethyl 2,3-dideoxy-a-D-erytlrro-hex-2-enopy- 
ranoside (9a) (17) seemed a likely precursor since 
it is a stable crystalline substance which can be 
prepared in high yield by Ferrier's excellent new 
method (4f). Some reservations about the 

OEt OEt 

9 10 

a R = H  
b R = PhCO 
c R = T s  
d R CH3C0 

specificity of manganese dioxide oxidations have 
been expressed (1 8), but it was found that diol9a 
could be oxidized to the crystalline hydroxy- 
ketone 10a in 82 % yield without any evidence for 
aldehyde formation from the primary alcohol 
being obtained (c.f. 18a). The hydroxyketone 
(10a) was exceedingly labile to triethylamine 
(vide infra), however, it could be benzoylated 
in very cold pyridine - methylene chloride mix- 
ture. The yield of the keto-ester lob by the latter 
route is 81 % and is therefore to be preferred over 
the above described sequence involving selective 

benzoylation of the olefinic diol prior to the 
oxidation, whereby the same product is obtained 
in 40 % yield based on 9a. In a similar way ketone 
10a could be esterified with the usual reagents to 
give the tosylate (10c) and the acetate (10d). The 
latter two reactions gain in significance because 
lack of selectivity in acetylation and tosylation of 
diol 9a (19), makes the latter route the only 
feasible one. Unfortunately, attempts to tritylate 
the compound (10a) have so far been unsuccessful. 

These 2,3-dideoxy-hex-2-enopyranosiduloses 
(10) (Table 1) all show the expected absorptions 
in the ultraviolet (u.v.) and infrared (i.r.). The 
nuclear magnetic resonance (n.m.r.) spectrum of 
the hydroxyketone (10a) presented in Fig. 1, is 
typical. The first order patterns for H-1, -2, and 
-3 are diagnostic as may be deduced from Table 2. 
Hydrogen-1 always shows up as a doublet com- 
pletely devoid of any secondary splitting. The 
projected angle between the pseudoequatorial 
anomeric proton (H-1) and the vinyl hydrogens is 
approximately 40" and the coupling constant is 
therefore expected to be small (20). In the present 
case, J, ,  is apparently as small as zero (cf. 20c). 
The patterns and chemical shifts for H-5, -6, and 
H'-6 are of course subject to wider variation and 
these are discussed for the individual cases in the 
Experimental. 

It had been hoped that the primary alcohol 
ethyl 2,3-dideoxy-a-D-erythro-hex-2-enopyran- 
osid-4-ulose (9a) would provide convenient 
access to the pent-2-enopyranosid-4-ulose, 12, 
via base-induced retro-aldol liberation of form- 
aldehyde. However, although 83 mole percent 
of formaldehyde was liberated when 9a was 
treated with base (Scheme 2), the product 
isolated gave no evidence for an a,P-unsaturated 
ketone. Apparently 12 (or the initially formed 
dienolate 11) was not able to survive in base; 
hence another route to 12 was developed. 

The product from reaction of 3,4-di-0-acetyl- 
D-xylal (13) (21) with ethanol using boron 
trifluoride as catalyst (4 f )  gave only one spot on 
thin-layer chromatography (t.1.c.); however, 
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TABLE 1 

Physical constants of some alkyl 2-enopyranosid-4-uloses 

Compound Melting point "C [aID* (c, in CHC13) hmnx mw (4 pmax? (cm- Rr $ 

*23 + 2 "C. 
tIn CHCI3. 
$In EtOAc. 
§This value was reported incorrectly in the preliminary communication (I). 
llIn EtOH. 
7111 H20. 
**DNP = 2,4-dinitrophenylhydrazone. 
ttIn MeOH, 
$$SC = sern~carbazone. 

TABLE 2 U.V. evidence that an a,P-unsaturated ketone had 
Nuclear magnetic resonance parameters for H-1, -2, and formed. 
-3 of some alkyl 2,3-dideoxy-2-enopyranosid-4-uloses in 1, view of these surprising it was 

CDC13* 
necessary to confirm that A and B were in fact 

Coupling anomeric compounds. Characterization as the 
Chemical shift? (r) constants$$ 3,5-dinitrobenzoate esters established that they 

were isomeric; and since they charred immedi- 
Compound H-l$ H-21) H-3$ 

J12 J23 ately on spraying with sulfuric acid they weEe 
8 4.92 3.20 3.98 3.5 10.0 indeed the anomeric pent-2-enopyranosides 14a 

10a 4.82 3.24 4.04 
106 4.52 2.78 3.60 

4.0 and 14P. Substance A is tentatively assigned the 3.3 10.4 
1Oc 4.64 3.00 3.82 3.3 10.4 a-D configuration6 by examination of the ketone 
10d 4.82 3.15 3.60 3.0 10.5 12 obtained from it, on the assumption that the 
12 4.90 3.22 4.02 3.0 ketone will preferentially exist in the H1 (=Cl )  

*Spectra were run on a JEOLCO C60-HoraVarian T-60spectrom- conformation. Its n.m.r. spectrum (Fig. 2) shows eter. 
?From internal TMS. 
$Coupling constants measured directly and quoted in Hz. 

that the three-bond vinyl-allylic coupling J12 = 
Orn all cases this signal was a doublet completely devoid of any 3.0 HZ, is in line with the other values reported 

add~tlonal splitting, i.e. J,, = 0. 
llIn all cases this signal was a doublet of doublets. in Table 2. A much smaller value (< 1.0 HZ) 

would have been expected had H-1 been pseu- 

upon deacetylation, two components were 
detected and the compounds responsible for these 
were isolated by preparative layer chromatog- 
raphy. The faster-running substance ( A )  was 
oxidized to the a,P-unsaturated ketone (12) in 
9 h. However, under the same conditions the 
slower-running substance (B) was surprisingly 
resistant to oxidation. After treatment with 
manganese dioxide for 14 days, the bulk of the 
alcohol was still present as judged by t.l.c., and at 
no time during this period was there any transient 

doaxial (20) i.e. if the ketone had the l ~ ~ c o n -  
formation. Again the four-bond vinyl-allylic 
coupling constant (J,,) is 0 Hz, also in line with 
values reported in Table 2 (see footnote 3). Had 
H-1 been pseudoaxial, J13 would be ,- 1.0 Hz 
(20). The doublets at T 5.60 and 6.06 with a 
coupling constant of 16.0 Hz are assigned to 
H-5a and -5e respectively in accordance with a 
recent report from Birkbeck College (22). 

6These assignments are being examined and will be 
considered more fully in future publications. 
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FIG. 1. Nuclear magnetic resonance spectrum (60 MHz) of ethyl 2,3-dideoxy-cc-D-erythro-hex-2-enopyranosid-4- 
ulose (10a) in CDCI, (TMS). 

Base + + 1 Decomposition 

OEt 
products 

OEt 

Mn02 + unchanged + oa 
14 P - 

HO OEt 

14(a+P) 12 

SCHEME 2 

The difference in oxidizability of 14a and 14P of the fact that the parent D-erythro compounds 
proved fortuitous since it meant that there was (e.g 7) are all strongly dextrorotatory. It is 
no need to separate them prior to oxidation. interesting to note that the D-threo alcohols (i.e. 
Thus the mixture was oxidized for 12 h, and ethyl the 4-epimers of 7) which should be oxidizable 
2,3-dideoxy-pent-2-enopyranosid-4-ulose (12) to the same ketones (166) are all strongly leuorota- 
was readily separated from unchanged 14P by tory. Furthermore, the saturated ketones, such 
extraction from aqueous solution with petroleum as 15  are strongly dextrorotatory ! Experiments 
ether. The purity of the ketone (12) available by to determine what, if any, significance is attached 
the latter route may be judged by the n.m.r. to these observations are currently underway. 
spectrum it gives (Fig. 2). The ketone (12) was A point of some analytical value centers around 
destroyed instantly by treatment with triethyl- the behavior of these compounds on t.1.c. plates. 
amine to give a number of degradation products Because of the chromophore, the ketones (10) 
which have so far not been characterized. It is not are detected readily by exposure to U.V. light, 
surprising therefore that the attempt to convert and their behavior on spraying with sulfuric acid 
10a to 12 with base was unsuccessful. is equally instructive. Unlike the parent allylic 

All of these unsaturated ketones excepting 12 alcohols which char immediately (4c), the ketones 
prepared so far are leuorotatory (Table I), in spite are sluggish and frequently require heating to 
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FIG. 2. Nuclear magnetic resonance spectrum (60 MHz) of ethyl 2,3-dideoxy-pent-2-enopyranosid-4-ulose 
(6-ethoxy-2,6-dihydropyran-3-one) (12) in CDC13 (TMS). 

hasten visualization. Consistent with this obser- The chemistry of these molecules is being 
vation, the ketones are found to be quite stable studied at the ground as well as the excited state 
to acid whereas they are exceedingly labile to levels. In this way it is hoped to gather informa- 
base. Thus the U.V. chromophore of 10a dis- tion which will define precisely the full synthetic 
appears immediately upon treatment with base, potential of these alkyl2,3-dideoxy-hex-2-enopy- 
but it persists in acid. If, as has been suggested ranosid-4-uloses. The failure of 14P to be oxi- 
(4c), the acid-lability of the 2-alkenes such as 7 dized raises a question about the presumed 
results from the ease with which the allylic generality of allylic hydroxyl oxidation by man- 
carbonium ion forms at C-1, then the behavior ganese dioxide (16b). Experiments are underway 
of the ketones would indicate that the molecules to determine whether the failure of the reaction is 
are polarized away from C-1, and presumably due only to the orientation of the hydroxyl group. 
toward C-4. I t  should be noted, however, that 
acidification of an aqueous solution of 10a caused Experimental 
no enhancement (nor diminution) in the extinc- Melting points were determined on a ~ i ~ ~ h ~ ~ - ~ ~ h ~ ~  
tion coefficient of the n-n* or n-n* chromophore heating stage and are uncorrected. The n.m.r. spectra 
nor was there any shift of the maxima to new were recorded using either a JEOLCO G60-H, a Varian 

wavelengths. T-60 or a Varian HA 100 spectrometer, and unless 
otherwise specified, the solvent was deuteriochloroform The 'lefinic bond of these pyranO- containing 1 % tetramethylsilane as internal standard. 

siduloses can be hydrogenated to give the The i.r. spectra were recorded on a Beckman IR-5 
saturated ketone (e.g, 15) using 5 % palladized spectrometer using chloroform solutions. The U.V. spectra 
charcoal ; the carbony1 group remains unaffected were recorded on a ~ e c k m a n  DBG grating spectrometer. 

For analytical t.l.c., Merck Silica Gel HF254 was used, even Over pro'onged periods' Lithium and for preparative work, the GF254 variety was used. 
hydride reduction gives the ~-erythro compounds The manganese dioxide used for.the oxidations was the 
(e.g. 9) exclusively. neutral hydrated form precipitated in alkaline solution as 

OCOPh ..a - OE t loo % O E ~  room 5% H temperature Pd/C 
OE t 
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described by Henbest et a/. (23). After the oxidation the upon the signal for the methylene protons of the ethoxy 
chloroform used as solvent can be collected in a rotary aglycon. 
evaporator and used for several subsequent oxidations Anal. Calcd. for C8H1204: C, 55.81; H, 7.02. Found: 
without prior fractional distillation. Specific rotations C, 55.70; H, 6.88. 
were measured using a 0.1 dm tube. Microanalyses were The hydroxyketone (10a) was also characterized as its 
performed by Chemalytics Inc., Tempe, Arizona. 2,4-dinitrophenylhydrazone, physical constants for which 

are also listed in Table 1. 
Methyl 6-0-Benzoyl-2,3-dideoxy-a-D-glycero-hex-2- Anal. Calcd. for C14H1607N4: C, 47.73; H, 4.55; N, 

enopyranosid-4-ulose, 8 (R = PhCO) 15.92. Found: C, 47.97; H, 4.74; N, 15.78. 
Methyl 6-0-benzoyl-2,3-dideoxy-a-D-erythro-hex-2- 

enopyranoside (7; R = PhCO) was prepared by selective &hyl 6-0-Bet2zoyl-2,3-dideoxy-a-~-glycero-hex-2- 
benzoylation of the corresponding diol (7; R 5 H) as e,20PYra,,0si~-~-u~ose (106) 
described previously (3). The benzoate (1.0 g) was (a) 1, a manner similar to that described above for the 
dissolved in chloroform (500 ml) and stirred with man- analogous methyl glucoside 7 (R = phco),  ethyl 2,3- 
ganese dioxide (10.4 g) at room temperature. After a dideoxy-a~D-g/ycero-hex-2-enopyranoside (9a) was ben- 
reaction period of 6 h, t .] .~. plates developed in petroleum zoylated selectively at the primary position. The syrupy 
ether ( b . ~ .  35-60") : ethyl acetate mixture (1 and monoester was oxidized directly in the rnanner described 
observed under U.V. light showed the disappearance of above and the ketone (106) crystallized on prolonged 
the starting material and a new faster-running com- cooling (40% yield). 
ponent. The manganese dioxide was removed by filtration (6) Ketone lqn (0.50 g, 0.003 mole) was dissolved in 
through celite and the filtrate was evaporated under methylene chloride (6 rnl) and cooled to -30" with Dry- 
reduced pressure. A brown semi-solid residue remained acetone before dry pyri,jine (3 ml). Benzoyl 
and the crystalline portion (0.11 g) was collected by chloride (0.61 n~ l ,  0.73 g,0.005 mole) wasadded dropwise 
filtration of the slurry formed by addition of ice-cold during 0.5 h the mixture was maintained for an 
ethanol. The ethanolic mother liquors were concentrated, additional 0.5 h at - 300. ~t was then placed in the 
and upon prolonged cooling a further 0.42 g of crystalline refrigerator (ca. 8") for 10 h at which time t.1.c. indicated 
material was precipitated, raising the yield of 8 (R=PhCO) that the reaction was complete. The mixture was poured 
to 53%. After two recrystallizations from ethanol the into ice-water mixture (ca. 50 and the ester was 
substance had an m.p. of 70". Its physical properties are extracted with methylene chloride. After drying with 
listed in Table 1, and n.m.r. parameters for H-1, -2, and calcium chloride the methylene chloride was evaporated 
-3 are given in Table 2. Hydrogens-5, -6, and H'-6 give on a rotary evaporator and traces of pyridine were 
overlapping signals in the narrow range 7 5.30-5.40. removed by co-distillation with toluene. On standing 

Anal. Calcd. for C14H1405: C, 64.12; H, 5.34. Found: in the refrigerator the syrupy residue deposited 0.61 g 
C, 64.03; H, 5.42. (81 % yield) of the benzoate 106. 

Its physical constants are recorded in Table 1 and Ethyl 2,3-Dideoxy-a-D-glycero-hex-2-enopyranoid (9a) n.m.r. parameters in Table 2. Tri-O-acetyl-~-glucal was converted to ethyl 4,6-di-0- The substance was characterized as its 2,4-dinitro- acetyl 2,3-dideoxy-a-D-erythvo-hex-2-enopyranoside by phenylhydrazone, physical constants for which are also the method of Ferrier and Prasad (4 f ). A 2% solution of shown in Table the product in methanol-water-triethylamjne mixture 
(5:4:1) required 2.5 h at room temperature for deacetyla- Anal. Calcd. for C21H2008N4: C, 55.26; H, 4.39; N, 

12.28. Found: C, 55.15; H, 4.28; N, 11.36. tion as determined bv t.1.c. Thesolution. after eva~oration 
under reduced gave the diol 9a in quantitative 
yield from the diacetate. One crystallization from ethyl 
acetate gave material m.p. 94-96' suitable for use without 
further purification (c.f. lit. value 99-100" (4f)). 

Ethyl 2,3-Dideoxy-a-D-glycero-hex-2-enopyranosid-4- 
ulose (1Oa) 

The olefinic diol 9a (5.43 g; 0.03 mole) was dissolved 
in chloroform (2.5 1) and activated manganese dioxide 
(54.3 g) was added. Efficient mechanical stirring was 
maintained, and the progress of the reaction was followed 
by t.1.c. using ethyl acetate as irrigant. The starting 
material (R, = 0.38) had disappeared after 5 h and a new, 
faster-running spot (R, = 0.52), detectable by exposure 
to U.V. light, was produced. After removal of thesolids 
bv filtration. the chloroform was evauorated to yield 

Ethyl-6-0-p-tolrrerzesulfonyl 2,3-Dideoxy-a-D-glycero- 
hex-2-enopyratlosid-4-ulose (IOc) 

Ketone 10a (0.50 g, 0.003 mole) was esterified with 
p-toluenesdlfonyl chloride (1.11 g, 0.005 mole) in a 
manner similar to that described above for benzoylation 
except that the reaction period was 14 h. The residue 
from the usual work up was crystallized from petroleum 
ether - diethyl ether mixture (3:l) affording a 0.71 g, 75 % 
yield. A second crystallization gave material (10c) whose 
physical properties are recorded in Table 1 and n.m.r. 
parameters for H-1, -2, and -3 in Table 2. Hydrogen-6e 
shows up as a four-line pattern (c.f. 24) centered at t 
5.34; the signals for H-6a and -5 overlap around t 5.5. 

Anal. Calcd. for C15H1806S: C, 55.20; H, 5.56. Found: 
C, 55.24; H, 5.50. 

lba, 4.40 g (82% yield) which was anal;tically purehfter Ethyl 6-0-Acetyl-2,3-dideoxy-a-D-glycevo-hex-2- 
one recrystallization from ethanol. Physical constants enopyranosid-4-ulose (IOd) 
of 10a are recorded in Table 1 and n.m.r. parameters for Ketone 10a (0.50 g, 0.003 mole) was added to pyridine 
H-1, -2, and -3 are listed in Table 2. The entire spectrum which had been cooled in an icesalt bath. Acetic anhy- 
is shown in Fig. 1 ; H-5 appears as a triplet at t 5.60 with dride (1.3 ml) was added with good stirring and the 
J 5 6  = 4.5 HZ. Hydrogen-6 and H'-6 are not chemically cooling was maintained until the reaction was complete 
shifted, and appear as a doublet at T 6.01 superimposed @.l.c., 3 h). Methanol (5 ml) was added to utilize the 
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excess acetic anhydride and then the solution was Anal. Calcd. for C14H1408N2: C, 49.71; H, 4.14; N, 
evaporated under reduced pressure at 40". Toluene was 8.28. Found: C, 49.41; H,  3.96; N, 7.57. 
evaporated from the residue three times to remove the Compound B obtained from the preparative chroma- 
pyridine. The residue was crystallized from ethanol to togram (48 mg) [aIDZ3 = +44.3 (c, 5.8 in chloroform) 
give 0.283 g of 10d (46% yield). Physical constants for showed the following n.m.r. parameters: H-I:  r 5.12, 
the keto-acetate are recorded in Table 1 and n.m.r. J12 = 3.0, J13 = 0 Hz; H-2: 7 4.19, J12 = 3.0, J23 = 
parameters for H-1, -2, and -3 are recorded in Table 2. 10.5 Hz; H-3: r 3.91, J13 = 0, J 2 3  = 10.5 HZ; H-5e: r 
Hydrogen-6a occurs as four lines between r 5.19 and 5.88, J,,,, = 13.0, J45c = 3.0 HZ. 
5.36; H-5 and -6e give overlapping signals between r The substance was characterized as its 3,4-dinitroben- 
5.40 and 5.57 (c.f. 27). zoate ester: m.p. 165-165.5'. 

The keto-acetate (10d) was characterized as its 2,4- Anal. Calcd. for Cl4HI4o8N2: C, 49.71; H, 4.14; N, 
dinitrophenyldrazone, physical constants for which are 8.28. Found: C, 49.62; H, 4.00; N, 7.57. 
shown in Table 1. Ethyl 2,3- Dideoxy-pent-2-enopyranosid-4-ulose 

Anal. Calcd. for C16H1808N4: C, 48.73; H, 4.57; N, (6~EthOXy~2,6-d~hydropyran~3-one) (12) 
14.2. Found: C, 48.72; H, 4.34; N, 13.17. (a) A portion of 14a ( A )  obtained above (0.050 g) was 
Ethyl 2,3-Dideo~y-a-~-glycero-hexo~~ranosid-4-ulose dissolved in 37 ml of chloroform and stirred with man- 

and its 6-0-Benzoyl Derivative 1 5  ganese dioxide (0.55 g) for 7 h, at  which time t.1.c. showed 
The benzoylated ketone (lob) (0.1 g) was dissolved in the complete disappearance of the alcohol. The product 

ethyl acetate and 5 % pa]ladized charcoal (0.01 g) was isolated in the usual way weighed 35 mg, 70% yield. It 

added. Hydrogenation at atmospheric pressure and identified as ketone l2 (vide infra). 

ambient temperature was continued until the uptake of (b) The crude mixture of alcohols obtained from the 

hydrogen ceased (usually within 1 h). prolonged exposure methylene chloride layer (see above experiment) (5.0 g) 

to hydrogen caused no further reaction. The catalyst was was dissolved in 2.5 1 of chloroform and oxidized with 
removed by filtration through celite. The residue after manganese dioxide (53 g) for 14 h. The solid was removed 
evaporation the absence of olefinic protons in by filtration and the chloroform by evaporation under 

the n.m.r., and thei.r. absorption for the a,p-unsaturated reduced pressure. The residue was dissolved in 

ketone at 1701 cm-l had disappeared. The material chloride and washed well with water. The organic phase 
was a syrup; ~ ~ 1 ~ 2 3  = +128.4 (,., 2.16 in ch]oroform), after drying with calcium chloride and evaporation 
which was characterized as its 2,4-dinitrophenylhy- afforded 0.923 g of substance. This was dissolved in water 
drazone; m.p. 156.5-157.5 ; [ a l D 2 ~  + +.184.0 (c, 0.82 in and poured into a separatory funnel. Petroleum ether 
chloroform). (60-80") was swirled very gently with the aqueous phase. 

Anal. Calcd, for c ~ ~ H ~ ~ ~ ~ N ~ :  C, 55.01; H, 4.80; N, The dried organic layer afforded 0.118 g of ketone 12. 
12.23. Found: C, 54.72; H, 4.66; N, 11.58. The substance obtained in this way gave the n.m.r. 

~h~ hydroxyketone loa could similarly be hydro- spectrum shown in Fig. 2; H-1 : r 4.90, J12 = 3.0, J13 = 0 
genated to a dihydroketone; ~ ~ 1 ~ 2 3  = + 29.5 (c, 1.26 in HZ; H-2: 7 3.22, J12 = 3.0, J23 = 10.0 Hz; H-3 : 7 4.02, 
chloroform). J13 = 0, J 2 3  = 10.0 HZ;  H-5a: r 5.60, J,,,. = 16.0 Hz; 

H-5e: r 6.06, J,,,, = 16.0 Hz. The ketone was a syrup 
Ethyl 2,3-Dideoxy-a- and P-D-Glycero-pent-2- which was characterized as its semicarbazone, m.p. 

enopyranosides (14a and 140) 183-184"; [a]D23 = +4.55 (c, 0.22 in chloroform); I,,, = 

3,4-Di-0-acetyl-D-xylal (13) (21) (16 g) was treated 269 ( E ,  9954) in ethanol; p,,, = 1553 and 1690 cm-' in 
with ethanol (6.4 ml) and boron trifluoride etherate (3.2 chloroform. 
ml) for 1 h. The residue (12.3 g) from the usual work up Anal. Calcd. for CsH1303N3: C, 48.23; H, 6.52; N, 
(4f) showed on t.1.c. an intense new spot, but the starting 21.12. Found: C, 48.41 ; H, 6.21; N, 21.41. 

diacet~l xylal, which is readily recogized by the rose w e  are grateful to the National Research Council of 
color it forms when sprayed with sulfuric acid, was COm Canada and the Department of University Affairs of 
pletely absent. The material was allowed to stand in 350 Ontario for generous financial support. We are deeply 
m: of triethylamine-water-methanol mixture (1 145) for indebted to Varian Associates of Toronto for lending the 
2.5 h and the resulting deacetyhted substance (11.3 g) Varian T-60 n.m.r. spectrometer to the Chemistry 
showed two discrete spots, Rr 0.58 and 0.46, A and B Department. Some technical assistance by Mrs. S. 
respectively, on t.1.c. in petroleum ether - ethyl acetate subramanian is acknowledged. 
mixture (1 :I). The mixture (300 mg) was separated on a 
preparative layer chromatogram made fronl-60 g of silica B. FRASER-REID, A. MCLEAN, and E. W. USHERWOOD. gel. The plate was developed three times successively in J. Amer. Chem. sot. 91, 5392 (1969). 
the irrigant used for the analytical run; the plate was 2. J. M. SUGIHARA and G. U. YUEN. J. Amer. Chem. 
allowed to dry completely between developments. The SOC. 79, 5780 (1957); W. G. OVEREND. Chem. Ind. 
spots were visualized by spraying at the edges with sul- (London), 342 (1963) and references cited therein; 
furic acid, and an overlapping zone was discarded. V. M. PARIKH and J. K. N. JONES. Can. J. Chem. 

A pure sample of A (64 mg) obtained from the prepam- 43, 3452 (1965); P. T. BENYON, P. M. COLLMS, D. 
tive chromatogram [aID23 = +22.2 (,-, 0.2 in chloro- GARDINER, and W. G. OVEREND. ~ a r b o h ~ d .  ~ e s .  6, 

form) showed the following n.m.r. spectral parameters: :ib$f:); ~ ? , ~ ~ ~ k ~ :  ~~~;~~C~~~-~'~: 
H-1: 7 4.99, JI2 = 2.5, J13 = 1.1 HZ; H-2: 1 4.26, Jz3 = JACKSON and J. K. N. JONES. Can. J. Chem. 47, 
10.0 Hz; H-3: r 3.70. 2498 (1969). 

The compound was characterized as the 3,s-dinitro- 3. B. FRASER-REID and B. BOCTOR. Can. J. Chem. 47, 
benzoate ester; m.p. 148-148.5'. 393 (1969). 
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Benzene solvent induced shifts of the proton magnetic resonance spectra of some 
benzene derivatives. Importance of charge effects 

R. WASYLISHEN, T. SCHAEFER, AND R. SCHWENK 
Chemistry Department, University of Manitoba, Winnipeg, Manitoba 

Received April 27, 1970 

The benzene solvent shifts of the proton magnetic resonance spectra of numerous polysubstituted 
benzene derivatives are measured with respect to cyclohexane as reference solvent. For many of these 
compounds, an additive scheme can be devised in which the effect of a substituent, X, on the solvent 
shift, A, of a pfoton is given by AiX so that A = Z X i  AiX where i = ortho, meta, or para. There is a 
linear correlation of AmX or ApX w ~ t h  Taft's subst~tuent constants a,,O and apo.  It is suggested that 
charge effects are much more important than steric effects in determining both the magnitude and 
sign of A. 
Canadian Journal of Chemistry, 48,2885 (1970) 

Introduction the vicinity of the solute molecule, a probable 

Aromatic solvent induced shifts (a.s.i.s.) of 
proton magnetic resonance (p.m.r.) spectra have 
been studied intensively (14) .  Apart from their 
utility in the simplification of complex spectra 
and in the structural and stereochemical elucida- 
tions of organic molecules, a.s.i.s. have been 
investigated with a view to specifying the 
physical nature of the interaction between a 
solute molecule and the aromatic solvent: its 
geometry, its stoichiometry, and its energy (I, 2, 
5). The interaction has been widely assumed to 
involve a 1 :1 complex with a heat of formation 
near kT (6,7) and rather precise geometries have 
often been proposed for this complex (8, 9). 

Reasonable and sometimes severe doubt exists 
as to the general and continuing usefulness of 
this model (1, 10-13). Thus, the existence of a 
1 : 1 complex'in the solid state at a certain relative 
concentration of the two components as indi- 
cated, say, by the phase diagram, does not 
prove its existence in the liquid unless, of 
course, the heat of formation of the complex is of 
sufficient magnitude: never the case in the 
systems under discussion. Nor does the absence 
of a charge-transfer band in the optical spectrum 
of a solution (14) disprove the existence of the 
complex of one aromatic molecule with .another: 
symmetry may forbid such a band and the inter- 
action energy may be a dispersion or a polariza- 
tion energy (15). The problem is complex. 
Precise and consistent descriptions in terms of 
thermodynamic parameters are not likely in 
the near future. 

However, the available results suggest that in 
many instances a.s.i.s. 'arise from nonrandom 
orientations of the benzene solvent molecules in 

consequence of weak specific solute-solvent 
interactions. The a.s.i.s. often depend additively 
on the various substituents in a solute molecule 
and the solvent molecules tend to avoid electron- 
rich relative to electron-deficient regions of the 
solute molecule (16). 

In the absence of a sophisticated and generally 
useful model, there is predictive value in 
correlating a.s.i.s. with well-defined parameters 
of the solute molecules (these parameters, e.g., 
dipole moments or sigma constants, can some- 
times be derived most simply by a.s.i.s. measure- 
ments on a single peak in a nuclear magnetic 
resonance (n.m.r.) spectrum). This paper takes 
such an empirical approach to the discussion and 
systematization of the a.s.i.s. values for about 
200 protons in many benzene derivatives. 

Experimental 
The benzene derivatives, obtained from the usual 

commercial sources, were used without further purifica- 
tion. Peaks due to impurities would have been easily 
recognized. 1-Bromo-3-chloro-5-iodobenzene was pre- 
pared by the method of Ault and Kraig (17). The com- 
pounds were prepared as 3 mole % solutions in benzene- 
d6 and cyclohexane and were degassed by the freeze- 
pump-thaw technique. 

Proton resonance spectra were measured at 28.5 f 1 "C 
and calibrated by period averaging in the frequency 
sweep mode of a Varian DA-60-1 spectrometer locked to 
internal tetramethylsilane (TMS). Peak positions were 
normally obtained with a precision of better than 0.05 Hz. 

Nontrivial spectra were analyzed with the aid of 
LAOCOON 3 (l8), total root mean square errors lying 
between 0.004 and 0.025 Hz. Matched experimental and 
computed spectral curves were often compared. In some 
cases three-spin systems were also analyzed by the 
method of Castellano and Waugh (19) and Cavanaugh 
(20). 
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The spectrum of 2,3-dichloronitrobenzene in benzene- 
ds was ABC, approaching AB2, and an iteration to a 
consistent set of paxameters was not possible using 
LAOCOON 3. The chemical shifts, however, could be 
extracted with sufficient accuracy by analyzing the 
spectrum as AB2. 

The shifts are not those at infinite dilution. The a.s.i.s. 
values (A) in the present study are: shift relative to 
internal TMS in a 3 mole % solution in benzene minus 
the shift relative to internal TMS in a 3 mole % solution 
in cyclohexane. A few dilution experiments with repre- 
sentative solutes indicated that the measured A values at 
3 mole % could differ from their infinite dilution values 
by as much as 10%. However, such differences are 
systematic in the following sense. Consider two observed 
A values which deviate from their infinite dilution values 
by 7 and 10%. Because the observed A values are always 
smaller than the ones at infinite dilution, the errors tend 
to cancel in a comparison of the two A values and are not 
near 17%. The quoted deviation ab,ove includes the effect 
of dilution by TMS in the benzene solutions. 

Our use of 3 mole % solutions, although not ideal, 
follows the general practice in this field of using dilute 
solutions without extrapolating to infinite dilution. The 

butions from the individual substituents, X. If 
A," represents the contribution of substituent X 
to the total A of a proton in position i (i = 
ortho, meta, or para) relative to X then A = xi Cx Aix. Agreement between observed and 
calculated A values was reasonably good (devia- 
tion of up to 10% of the observed A or more 
generally up to 2 to 3 Hz at 60 Mz) but became 
markedly worse when substituents were placed 
ortho to one another. Diehl derived mainly 
A," and Amx values and used an external refer- 
ence for 5 mole % solutions. 

In Table 2 are given A,,,," values for nine 
substituents (a sizeable series of compounds 
having X = OCH, was also analyzed but a 
"reasonable" set of Ax values for OCH, evaded 
our analysis). These Ax values were derived by 
writing numerous equations in A and A,", 
followed by judicious minimization of the 
deviations between observed and calculated A 

~ - 

ideal practice would use an external reference (21) but, values. A simple systematic minimization pro- 
in the absence of the field configuration of a solenoid 
magnet (22), the uncertainties in the bulk susceptibilities cedure was not applicable because of the varied 
also lead to considerable errors. The recent work of nature of the substituents in 
Becconsall et al. (22) with two field configurations implies our compounds. The Aix values in Table 2 were 
that an approximate conversion to their newly defined derived from those trisubstituted compounds 
reference-independent solvent shift, A, can be made for containing no more than two adjacent substitu- 
our data by adding 25 Hz to the A values in Table 1. ents. This was done to avoid as far as ~ossible 

Results and Discussion 

In Table 1 the proton chemical shifts of 
polysubstituted benzenes as 3 mole % solutions 
in cyclohexane and benzene-d, are given. The 
shifts are reported in Hz in the fashion adopted 

I by at least some other workers (23-25) when 
reporting the results of the precise analyses of a 
series of molecules. The number of significant 
figures is consistent with the precision of our 
analyses (the reader may convert these primary 
data to other scales, giving due consideration to 
the uncertainties mentioned in the Experimental 
section). 

For purposes of discuss~on, the first 48 
compounds in Table 1 are trisubstituted (except 
for 1,3-dichlorobenzene, no. 13) and contain no 
mQre than two adjacent substituents. The next 
51 compounds are 1,2,3-tri-, tetra-, or penta- 
substituted derivatives. 

(I) Additivity of Substituent Effects on the 
Solvent Shifts, A 

In early work Diehl(26,27) demonstrated that 
in disubstituted benzenes, the A value of a 
given proton is a linear superposition of contri- 

the compounding of the difficulty out 
by Diehl. Nomura and Takeuchi (28) recently 
measured values under our conditions for a 
series of xylene derivatives and their data were 
also used in finding ACH3 and AoH values. 

The Aix values in Table 2 are not a unique set. 
They are derived for cyclohexane as the refer- 
ence solvent and for 3 mole % solutions. Thus, 
if carbon tetrachloride (a better solvent in 
general and therefore less "inert") were used as 
the reference solvent the A," values would be a 
little larger because proton shifts in this solvent 
are normally somewhat to low field of those in 
cyclohexane (29). Nevertheless, as long as an 

\ internal reference is used, the A: values in 
Table 2 can probably be applied with some 
confidence to other polysubstituted benzenes 
when carbon tetrachloride or chloroform are the 
reference solvents, but deviations of observed 
from calculated A values will likely be larger 
than those discussed next. 

(a) A Values for the First 48 Compounds in 
Table I 

In Table 1 the deviations between 108 ob- 
served and calculated A values average to 1.6 Hz 
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TABLE 1 

Observed and calculated solvent shifts of the ring protons in some benzene derivatives 

Compound Proton In C6H,,'F In C6D6t AC6D6C6H1Z A (calcd.)t. 
-- 

2,4-Dichloronitrobenzene (1) H3 446.603 404.064 42.54 41.61 
H5 434.837 382.760 52.08 53.88 
Hs 463.205 411.998 51.20 47.39 

2,5-Dichloronitrobenzene (2) H3 440.33 386.64 53.69 53.13 
H4 439.77 387.72 52.05 52.05 
Hs 464.56 424.75 39.81 35.87 

3,4-Dichloronitrobenzene (3) Hz 495.247 462.678 32.57 35.87 
H, 449.364 395.922 53.44 53.13 

2,5-Dichloroaniline (5 mole % in both 
C6D.5 and C6H12) (8) 

3,5-Dichlorobenzaldehyde (9) 

H, 
H3 
H5 
H.5 
H3 
H4 
H6 
Hz 
Hs 
H6 

Hzr H6 
H4 
H3 
H4 
H6 

Hz, H6 
H4 
HZ 
Hs 
H.5 
H3 
HS 
H6 

HZ, H6 

H4 
Hz 

H4, Hs 
H5 

Hz, H6 
H4 

HZ. H6 

H4 
Hz, H6 

H4 
Hz, H4, H.5 
HZ, H4, H.5 
Hzr H4, Hs 
Hz, H4, Hs 

Hz, Hb 
HA 

Deviation 
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TABLE 1 (Continued) 

Compound Proton In C.SHIZ~ In C.5D.51- Ac6D6C6H'* A(calcd.)$ Deviatil 

1-Iodo-2,5-dichlorobenzene (28) 

1-Iodo-3,4-dichlorobenzene (29) 

1-Fluoro-3,4-dichlorobenzene (30) 

1-Fluoro-2,4-dibromobenzene (31) 

3,5-Difluoroiodobenzene (32) 

3,5-Dichlorotoluene (33) 

3,5-Dimethylaniline* (34) 

3,5-Dimethylphenol* (35) 

3,5-Dimethylchlorobenzene* (36) 

3,5-Dimethylbromobenzene* (37) 

3,5-Dimethyliodobenzene* (38) 

3j5-Dimethylbenzonitrile* (39) 

3,5-Dimethylnitrobenzene* (40) 

2,4-Dimethylaniline* (41) 

2,4-Dimethylphenol* (42) 

2,4-Dimethylchlorobenzene* (43) 

2,4-Dimethylbromobenzene* (44) 

2,4-Dimethyliodobenzene* (45) 

2,4-Dimethylbenzonitrile* (46) 

2,4-Dimethylnitrobenzene* (47) 

Mesitylene (48) 
2,3-Dichloronitrobenzene (49) 

1,2,3-Trimethoxybenzene (50) 

2,6-Dimethoxytoluene (51) 
3 mole % in C6D6; 5 mole % in C6H12 

2,6-Dichloroaniline (52) 

2,6-Dibromoaniline (53) 

2,6-Dichlorobenzaldehyde (54) 

H 3  

H4 
H.5 
H2 

H5 

H.5 
H z  
H5 

H6 
H 3  

Hs 
H.5 

Hz, H6 
H4 

Hz, H.5 
H4 
Hz. H6 
H4 
HZ, H.5 
H4 

Hz, H6 
H4 

Hz, H6 
H4 

Hz, H.5 
H4 

Hz. H.5 
H4 

Hz, H.5 
H4 
Ha 
H5 

H6 

H 3  

H5 

H.5 
H 3  

HI 
H.5 

H 3  

H 5  

H6 

H 3  

H5 

H6 

H3 

Hs 
H.5 
H 3  

H 5  

H.5 
ring 
H4 
H5 

H6 
H4, H.5 
H5 

H3, H 5  

H4 
H3, H 5  
H4 

H3, H5 
H4 

H3, H5 

H4 
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TABLE 1 (Concluded) 

Compound Proton In C6Hl,I. In C6D67 AC6D6C6H12 A(calcd.)$ Deviation 

1,2,3-Trichlorobenzene (55) H4, H6 433.50 404.88 28.62 34.62 -6.00 
H. 416.70 375.48 41.22 46.14 -4 92 

H; 
H6 
H3 
H6 
H4 
H5 
H4 
H5 
H3 
H6 
H3 
H6 
H3 
H.5 
H3 
H6 

H3, H5 
H3, H5 
H3, H6 
H5, H6 
H4, H.5 
H3, H5 
H3, H5 
H5, H6 
H,. H, " .  , 

1;2;3;4-~etrafluorob&ene (75) H;; H, 
1,2,3,5-Tetrafluorobenzene (76) H4, Hs 
1,2,4,5-Tetrafluorobenzene (77) Hz. Hs 
1,2,3,4-Tetrachlorobenzene (78) H5, H6 

1,2,4,5-Tetrachlorobenzene (79) H3, Hs 
1,2,4,5-Tetrabromobenzene (80) H3, H.5 
2,4,6-Tribromoiodobenzene (81) H3, H5 
1,4-Difluoro-2,5-dibromobenzene (82) H3, Hs 
2,4,6-Trichlorophenol (83) H3, H5 
2,4,6-Triiodophenol (84) H3, H5 
2,6-Dinitro-4-chlorophenol (85) H3, Hs 
2,4-Dichloro-5-ethyl-3-methylphenol (86) Hs 

methyl 
2,4-Dichloro-3-ethyl-5-methylphenol (87) H6 

methyl 
2,4-Dibromo-3,6-dichloroaniline (88) HS 
2,3,5,6-Tetrafluoroanisole (89) H4 
Pentamethyl benzene (90) H6 
2,3,5,6-Tetrafluorotoluene (91) H4 
4-Chloro-2,3,5-trimethylphenol (92) H6 

1 .5 mole % in C6HI2; 3 mole % in C6D6 
2,3,5,6-Tetrafluoroaniline (93) H4 
2,3,5,6-Tetrafluorophenol(94) H4 
2,3,5,6-Tetrafluorothiophenol (95) H4 
PentamethoxvbenzeneG (96) HA 
~entafluorobenzene (97)' ' 

Pentachlorobenzene (98) 
2,3,5,6-Tetrachloronitrobenzene (99) 

*Taken from ref. 28. 
tIn Hz at 60 M H ~  to low field from internal TMS for 3 mole% solutions unless otherwise stated. 
$Calculated from A values in Table 2. 
§Inert solvent was carbon tetrachloride. 
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TABLE 2 
Substituent constants, A,X, in Hz at 60 MHz, and Taft o0 

parameters (40) 

Substituent 
X AoX AmX AnX G P O  om0 

I 1.14 14.40 
CN 25.37 31.53 
NO2 17.13 34.39 
OCHB - - 
CHO - - 

for an observed range of 74 Hz in A, a mean 
deviation of 2.2 %. If we arbitrarily take 3.7 Hz 
(5 % of the observed range) as a reasonable upper 
limit to inaccuracy of a calculated A value, then 
eight values of the 108 fall outside this limit. 
Note, however, that only four of these are just 
greater than 4 Hz (some deviations can be 
reduced by a physically reasonable procedure as 
shown below, see section 3a). The additivity 
scheme is roughly as satisfactory for these 
trisubstituted benzenes as the scheme devised by 
Diehl for disubstituted benzenes. 

( 6 )  The A Values for Compounds 49 to 99 
in Table 1 

The calculated A values for these compounds 
are expected to deviate more from the observed 
values than for the first 48 compounds in Table 
1. The expectation is based on the nonlinear 
effect of substituents accumulated in adjacent 
positions, as noted first by Diehl; and is borne 
out by an average deviation of 3.5 Hz in a 
range of 69.5 Hz for the 71 observed A values, 
or 5.0% of the range. Twenty-three of these 
deviations are larger than 4 Hz and may be as 
large as 12.6 Hz. With ten exceptions, the 
magnitude of the calculated A values is larger 
than the observed values. Such consistent be- 
havior is not noted for the first 48 comvounds 
and one is tempted to ascribe this to steric 
effects. On the other hand, those compounds (64, 
67-70, 90) containing three or more methyl 
groups show very small deviations of calculated 
from observed A values (average deviation = 0.9 
Hz). There is no obvious relationship between 
size of silbstituent and size of deviatibn among 
compounds 49-99 in Table 1. 

(2) Dependence of A Values on Charge Effects 
Benzene solvent molecules prefer positive to 

negative regions of the solute molecule. An 
attempt to describe this preference quantitatively 
must involve a molecular parameter which 
measures relative charge densities at various 
sites in the solute molecule. Theoretical calcula- 
tions of charge densities in aromatic molecules 
have, until recently, considered only the n 
electrons and it is hardly expected that a solvent 
molecule can differentiate between a fictitious 
division of o and n charge densities. Neverthe- 
less, we have measured the ring proton shifts in 
many polymethoxybenzenes in both cyclo- 
hexane and benzene-d,. Zweig et al. (30) 
measured these shifts in carbon tetrachloride 
and calculated the n electron densities at the 
carbons attached to hydrogen by Hiickel meth- 
ods. They found a satisfactory linear dependence 
of the ring proton shift on the n charge density 
at the bonded carbon: shift = 9.95 p.p.m.1 
electron. In cyclohexane solution we find a 
similar linear relationship (correlation coeffi- 
cient, r = 0.9472) with the shift = 8.5 + 0.9 
p.p.m./electron. But the A values do not correlate 
with the calculated n densities (r = 0.36). This 
is not unexpected but note also that we did not 
find consistent Ax values for the methoxy group. 
Both negative results may be a consequence 01 
the various orientations, two planar and also 
nonplanar ones with respect to the ring, which 
the methoxy group may display: depending on 
whether or not it is crowded by adjacent 
substituents (see a similar situation for the nitro 
group, discussed below). Therefore, it may be 
that satisfactory correlations of A with n charge 
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densities can be found for other series of benzene 
derivatives. 

(a) Correlation of A with Taft's Sigma 
Constants 

Many workers have satisfactorily correlated 
chemical shifts of protons, fluorine, and carbon 
nuclei in benzene derivatives dissolved in inert 
solvents with various types, or linear combina- 
tions, of sigma constants (31-39) of substituents 
placed para or meta to  the nuclei. Apparently 
the sigma parameters are a measure of the 
charge density near the nuclei, as determined by 
a resonance and/or an inductive (field) effect 
from the substituent. 

Diehl(26) first plotted A values vs. o, + 1/20, 
where o, and o, are, respectively, the inductive 
and resonance constants of X. In correlations 
of this sort it is probably wise to restrict as 
much as possible the number of adjustable 
parameters. Consequently we use one sigma 
parameter only: the Taft constants, opO and 
onl0, which apparently include the polar and 
resonance effects of the substituent. They are 
taken mainly from a compilation by Ritchie and 
Sager (40). The opO value for fluorine was taken 
from Niwa (41a), while for the formyl group, 
opO was assumed to be equal to its Hammett 
op value (41b). 

There exist many sets of sigma constants (42). 
We do not find a good correlation between the 
Ax values in Table 2 and the individual resonance 
or field parameters given by Swain and Lupton 
(42) and in terms of which any other defined 
sigma constants can be written. 

Figure 1 gives the least squares straight line 
relating the A values of H, in some 1-X-3,5- 
dichlorobenzenes to opO. The plot includes the 
A values for m-dichlorobenzene (measured in 
this laboratory) and is represented by eq. [I]. 

I 

I [l ] A(H4) = (37.50 $. 1 . 1 7 ) ~ ~ ~  + (12.25 
$. 0.50) Hz (correlation coefficient, 

I r = 0.9966 for nine values)' 

Using the data of Nomura and Takeuchi (28) 
for the 1-X-3,5-dimethylbenzenes we find eq. 
[2]. Comparing solvent shifts of H, in these two 
series yields eq. [3]. These correlations imply a 

FIG. 1. The aromatic solvent induced shift, A, of 
proton 4 in a series of 1-X-3,5-dichlorobenzenes is 
plotted vs. the Taft sigma parameter, uD0 of X. The least 
squares straight line is that defined by eq. [ I ]  in the text. 
Shifts are given in Hz at 60 MHz. 

[2] A(H,) = (35.21 5 2.13)op0 + (3.92 
5 0.86) Hz (r = 0.9821 for 12 values) 

[3] A(H, in 3,5-diC1) = (1.07 & 0.02) A(H4 

in 3,5-diCH,) + (7.09 $. 0.38) Hz 
(r = 0.999 1 for seven values) 

similar dependence of the A values of H, on X 
in the two series and indicate that this depen- 
dence is not strongly influenced by the steric or 
electronic nature of the methyl and chlorine 
substituents adjacent to H,. 

There also exists a correlation between the A 
value of H, and opO of X in some 1-X-2,3,5,6- 
tetrafluorobenzenes, eq. [4]. 

[4] A(H,) = (53.38 & 5.75)op0 + (40.46 
5 1.07) Hz (r = 0.9722, 6 values) 

'When employing these equations under somewhat The AP,,,X parameters in Table 2 correlate 
different solvent or concentration conditions, it would 
be wise to round the numbers off to two significant with o: and onlo. The plot of A," vs. o: in Fig. 
figures. 2 is described by the least squares eq. [5]. The 
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correlation between A," and o,,,' is given by eq. 
[61. 

[5] A," = (35.83 f 1.30)op0 + (5.39 f 0.55) 
Hz (r = 0.9948, 10 values) 

[6] A," = (48.69 f 2.83)om0 + (- 1.48 
f 1.13) Hz (r = 0.9884, nine values) 

The A," values do not correlate with opO 
(r = 0.703). It appears (43-45) that ortho and 
para substituents should have comparable elec- 
trical effects. The oo- values of Tribble and 
Traynham (44b) apparently describe the electri- 
cal effects of ortho substituents. We find no 
correlation between 0,- and A," (r = 0.642). 
Of course, the A," values will also depend on the 
charge on the substituent itself. 

We prefer to take the existence of the good 
correlations above to imply the importance of 
charge effects in determining the packing of 
solvent molecules about these solute  specie^.^ 
Relatively small extensions of the list in Table 1 
would provide correlations for other series of 
molecules. 

(b) Correlation of A with Dipole Moments 
Schneider (46), Diehl (27), and Brown and 

Stark (47) have correlated dipole moments of 
solute molecules of various types with solvent 

FIG. 2. The substituent constant A," in Hz from 
Table 2 is plotted vs. the Taft sigma parameter, aGO of X. 
The least squares straight line is defined by eq. [5] in the 
text. 

shifts. The correlation equation of A for H4 in ecules. In this connection, the heats of mixing 
the 1-X-3,5-dichlorobenzenes with the dipole (50) of pyridine derivatives with benzene have 
moments (48) of the corresponding l-X- been interpreted in terms of an association 
benzenes is eq. ['I. The direction of the dipole whose heat of formation lies near 1 kcal/mole. 

[7] A(H4) = (7.08 f 0.52) pD + (11.23 
f 1.22) Hz (r = 0.9814, nine values) 

moment for X = NH,, OH, and CH, is taken 
opposite to that of the halogens, NO, and CN. 
The NH2 group, for example, is a good n 
electron donor to the para position and itself 
becomes a center of positive charge. Hence the 
"solvation cloud" of benzene molecules is 
shifted nearer to the NH, group, leading to a 
negative A value for the para proton. 

The correlation implies a dipole-induced 
dipole or dipole-quadrupole interaction (the 
quadrupole moment of benzene is - 5.6 f 2.82 
esu cm2 (49)) between solute and solvent mol- 

However, thermodynamic data (51) for pyridine 
and carbon tetrachloride mixtures can be inter- 
preted in a similar way (50). As we have pointed 
out before (52), the p.m.r. measurements employ 
the large magnetic anisotropy of aromatic 
molecules as an amplified indicator of weak 
interactions. Yet 1 :1 complexes between solute 
molecules and carbon tetrachloride are never 
suggested even though the low-field shifts of 
protons in benzene derivatives in this solvent 
are roughly proportional to, but much smaller in 
magnitude than, the high-field shifts observed 
in benzene as a solvent (the mean polarizabilities 
of carbon tetrachloride and benzene are nearly 
equal). 

(3)  The Question of Steric Effects on A Values 
ZThe ease of measuring oP0 for a given substituent is steric, in the sense of bulk, effects are widely 

obvious: the position of one peak (antisymmetric transi- 
tion) in the AB2 spectrum of a I-x-3,5-dichlorobenzene assumed t~ play an important role in determining 
gives the shift of proton 4. A values (1, 26, 28, 53, 54). Some workers, 
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TABLE 3 

The A value in 1-X-2,%dichlorobenzenes and 1-X-2,%dimethylbenzenes 

Compound X NH3) AW5) ACH5)/AW3) 

NHz 3.71 9.23 2.49 &z3 H 10.86 19.38 1.79 
I 18.60 32.52 1.75 

H5 C1 22.86 34.62 1.51 
CI No2 42.54 52.08 1.22 
X 

Laszlo (1) in particular, argue against such an 
interpretation of observed A values. The steric 
interpretation typically (9, 28) involves an 
argument about the precise orientation, or 
modification thereof by a steric effect, of one 
solvent molecule near the proton whose A value 
is of interest. In this section we discuss a few 
examples from Table 1 : the first suggests that 
steric effects can arise when a bulky substituent 
forces a change in the conformation of another 
substituent with respect to the ring; the others 
indicate the ambiguity which arises when more 
general steric effects are adduced from the A 
values. 

(a) A Steric EfSect on AONo2 
An apparently straightforward steric effect 

occurs when a bulky substituent is placed ortho 
to a nitro group. If, in the presence of an ortho 
chlorine atom, AONo2 = 21.01 and if, in the 
absence of an ortho chlorine atom, AONo2 = 
13.59 Hz, the large deviations of the calculated 
from the observed A values of protons ortho to 
the nitro group decrease to near zero (com- 
pounds 1, 2, 3, 10, 14 but not 6 in Table 1). 
That an ortho chlorine atom can twist the nitro 
group out of the plane of the ring by a substantial 
angle is confirmed by crystallographic (55) and 
chemical shift (56) data. The oxygen atoms in 
the nitro group are centers of relative negative 
charge. As they move out of the plane of the 
ring the benzene solvent molecules can approach 
the ortho proton more closely, leading to the 
larger, observed ATo2. 

The insensitivity of to an ortho 
chlorine substituent can be understood in terms 
of the very large field constant, F, of the nitro 
group as compared to its resonance constant, R 

(42). Consequently, a rotation out of the ring 
plane by a substantial angle need not decrease 
the overall om0 or opO constant by very much. 

A correlation may exist between the size of 
the ortho substituent and AONo2 (the "steric" A 
values above do not work for 2,4-dimethylnitro- 
benzene but do work for 3,Sdimethylnitro- 
benzene). At present it is not certain that groups 
other than chlorine will show such a steric effect. 

The amino group does not 'appear to display 
effects similar to nitro. However, its A, value is 
much smaller than that of nitro and an actual 
effect may be lost in the experimental error. 

(b)  Cases Where an Apparent Steric EfSect is 
Hard to Substantiate 

Consider the A values in the 1-X-2,4-di- 
chlorobenzenes (Table 3). Spatial crowding of 
H, suggests A(H,) > A(H,), as found. How- 
ever, as the electron-withdrawing power of X 
increases, the ratio A(H,)/A(H,) decreases. If a 
simple steric effect were the only factor in 
causing A(H,) > A(H3) the ratio should be 
approximately constant. 

In this connection consider the A values in 
I-X-2,4-dimethylbenzenes in Table 3. Spatial 
crowding again implies A(H,) > A(H,), con- 
trary to observation. Nomura and Takeuchi (28) 
explain this by a detailed description of the 
rearrangement of the plane of the solvent 
molecules relative to that of the solute. However, 
the sizes of the chlorine atom and the methyl 
group cannot greatly difTer, so that the opposite 
trends in the above two series are hard to 
understand on a steric basis. On the other hand, 
chlorine atoms behave as negative centers 
relative to methyl groups and hence the benzene 
solvent molecules tend more to solvate the 
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A(H3) > A(H5). 
74, 235 (1970). 

14. T. G. BEAUMONT and K. M. C. DAVIS. J. Chem. 
The decrease of the ratio A(H,)/A(H,) in the Soc. A, 145 (1968). 

2,4-dichlorobenzene series above may be ration- 15. W. J. GAW and F. L. SWINTON. Trans. F a r a d a ~  
SOC. 64, 2023 (1968). 
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(1966). is reduced relative to the molecule in which X = 18. S. CASTELLANO and A. A. BOTHNER-BY. J. Chem. 
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capacities increase in the order c(cH,), > 28. Y. NOMURA and Y. TAKEUCHI. Tetrahedron, 25, 
3825 (1969). 

CH(CH,), > CH, > H, implying at least the 29. T. SCHAEFER, B. RICHARDSON, and R. SCHWENK. 
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apply to the A values of H6 of 86 T. MEGLIA. J. Arner. Chem. Soc. 85, 3940 (1963). 
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(1961). 
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Studies on nucleation from solution of some soluble inorganic salts 

J. A. VELAZQUEZ' AND 0. E. HILEMAN, J R . ~  
Department of Clzemistry, McMaster University, Hamilton, Ontario 

Received February 12, 1970 

Vonnegut's droplet technique in combination with selective extraction of solvent is reported as a new 
method for the study of nucleation from solution of soluble substances at constant temperature. The 
method is applied to studies on NH4CI, NH4N03, NH4SCN, (NH4)ZCr207, and K2Cr207. The results 
are reported and various nucleation parameters are calculated and d~scussed In terms of the limitations 
of the Becker-Doring model of nucleation when it is applied to crystal nucleation from solutions of 
electrolytes. 

Canadian Journal of  Chemistry, 48, 2896 (1970) 

Introduction height 25 mm) made from Nessler tubes and centrifuged 
by means of an International Clinical centrifuge. 

Vonnegut's droplet technique (1) has been The droplets were examined with an MPS Lumex 
used with considerable success in studies on the polarizing microscope (40 x magnification) which was 

nucleation process (2-6). usually, in studies on provided with high intensity illumination by adapting 
an A 0  Spencer Ortho-illuminator with a 600 W projector 

nucleation from solution, supersaturation within ,,,, miup. 
the droplets has been generated by cooling a The photographs were taken with an Olympus PM-6 
saturated solution, a limitation which. if over- microscope camera using Anscochrome 500 film and a 
come, would represent a "major 'technical 
advance" (7) in nucleation studies. In 1967 
Thompson and Gordon (8) and Hileman (9) 
simultaneously reported the results of preliminary 
experiments employing precipitation from homo- 
geneous solution (p.f.h.s.) as a means of gen- 
erating the supersaturation required to initiate 
crystallization within each droplet. Further work 
(10, 11) has shown that the combination of 
p.f.h.s. and the droplet technique is readily 
applicable to nucleation studies of sparingly 
soluble substances but is somewhat limited in its 
application to similar studies on soluble sub- 
stances. 

This paper describes a new technique of 
producing supersaturated solutions within the 
droplets and reports the results of studies on 
nucleation from aqueous solution of some 
soluble salts. 

Experimental 
The supersaturation required to initiate crystallization 

was generated in droplets of aqueous salt solutions 
dispersed in a suitable silicone oil. Photomicrographs of 
the results of the nucleation events were taken at 
appropriate times. 

Apparatus 
The dispersions were prepared with the aid of a Virtis 

microhomogenizer, then placed in cups (diameter 32 mm, 

shutter speed of 1/50 s. The 35 mm slides were projected 
(Leitz projector) on a calibrated screen so that accurate 
drop diameter measurements could be made. 

Reagents and Solutions 
All saturated salt solutions were prepared from 

"Analytical Reagent" grade chemicals and were kept in 
contact with the solid salt at room temperature. Each 
was filtered just prior to use. 

Silicone Fluids No. 200,200 centistokes viscosity, and 
No. 210, 1 000 000 centistokes viscosity (Dow Corning 
Silicones Ltd., Toronto), and the mineral oil, 21 centi- 
stokes viscosity (The British Drug Houses (Canada) Ltd., 
Toronto) were used as supplied. 

Procedure 
One drop of a freshly filtered, saturated salt solution 

was added' to 5 ml of-light mineral oil and stirred at 
10 000 r.p.m. for 10-15 s with the microhomogenizer. 
The dispersion was transferred to a Nessler cup which 
was coated inside with a thin layer of heavy silicone oil, 
and centrifuged for a few seconds. Then nearly all of 
the dispersion was decanted from the Nessler cup and 
1 ml of light silicone oil was added. The dispersion was 
again centrifuged until a layer of droplets was situated 
at the interface between the two silicone oils. The first 
photomicrograph was taken and then the Nessler cup 
and contents were placed in a vacuum desiccator over 
P20,. Subsequent photomicrographs were taken at  
suitable intervals until crystallization had occurred in all 
of the droplets. 

Results and Discussion 

Results from preliminary experiments showed 
'Present address: Ch~mistry Department, College of that the average diameter i f  water droplets 

Agr~culture and Mechan~c Arts, Mayaguez, Puerto RICO. 
2Author to whom all should be dispersed in certain silicone oils decreased with 

. .  . 

addressed. time. Further, it was noted that solutes which 
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were sparingly soluble in the same silicone oils 
and readily soluble in water were not extracted 
from their aqueous droplets. Consequently, selec- 
tive extraction of the solvent from the droplets 
into the surrounding oil appeared to circumvent 
a major difficulty encountered when applying 
Vonnegut's droplet technique to studies of 
nucleation from solution; namely, generation of 
the requisite supersaturation in the droplets. In 
addition, the supersaturation could be generated 
isothermally. Thus, the combination of Von- 
negut's droplet technique and selective extraction 
of the solvent from the droplets was applied to 
studies on nucleation from aqueous solution of 
soluble salts. 

Figure 1 shows that, in the size range studied, 
the onset of crystallization within a droplet was 
independent of its initial size. (Data for K2Cr20, 
are shown for illustration.) Thus, the relative 
frequency of crystallization as a function of the 
ratio d2/dl, the diameter of the droplet when 
crystallization was first detected divided by the 
initial diameter of the droplet, was calculated 
without regard to droplet size. The results of 
these calculations are shown in Fig. 2. From the 
data of Fig. 2, the probability of crystallization 
as a function of d2/dl was determined. The results 
are shown in Fig. 3. 

The probability, P, that a droplet of a certain 
volume, V, will contain a crystal at a given time, 
t, is expressed by eq. [I ] (12). 

0 - u  1.8 1 . 0  2 . 1  2 . 6  

log d l ( p )  

FIG. 1. Median dz/d, vs. log dl for K2Cr207. 

:S ON NUCLEATION FROM SOLUTION 2897 

Time (min) 
1021 1064 1107 1110 1191 1136 

I 1 I I I I I 

FIG. 2. Relative frequency of crystallization vs. dz/dl 
for KZCrZ07. 

Time (min) 
1021 1064 1107 1150 1193 

I I I I I I 

FIG. 3. Probability of crystallization vs, dZ/dl for 
K2CrZ07. 

Consequently, the rate of nucleation, J, was 
calculated from the slope of Fig. 3 at various 
values of P after transforming from d2/d1 to time 
dependence. Figure 4 shows the form of the 
transformation for droplets with an initial diam- 
eter of 135 p, the drop size used for the 
calculation. 

The Becker-Doring model of the nucleation 
process (13a) described by eq. [2] (13b) predicts 
a linear relationship between log J and (log S)-'. 
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0 I I I I I 1 
100 BOO 1100 

Time (minl 

FIG. 4. Drop diameter vs. time for K2Cr707. 

[I21 
- 16n03u2 

J = A exp [3(l~T)~(ln s)' I 
where A = kinetic factor = ( ~ / d ~ n * )  (4AG*/ 
3nkT)'I2, o = surface energy, u = molecular 
volume of the solid state, k = Boltzman's con- 
stant, T = absolute temperature, D = diffusion 
coefficient, d = mean ionic diameter, n* = crit- 
ical number of ions, and AG* = critical free 
energy change. To evaluate the applicability of 
the model to the nucleation of the salts studied, 
plots of this functional relationship were pre- 
pared. The data for K2Cr207 are shown in Fig. 5. 
The super saturation was calculated usingeq. [3]. 

where d, = density of the saturated solution, 
dw = density of water, W ,  = weight of solute/ 
gram of saturated solution, Ww = weight of 
water/gram of saturated solution, M, = molec- 

FIG. 5. Log J VS. (log S)-' for K2Cr207. 

TABLE 1 

Results of the calculation of nucleation parameters 
-- 

d 

Substance 
--- 

d2/dr S (ergs cm-') n* $) 
NH,SCN 0.89 2.07 37 151 12 
NH4N03 0.86 2.33 47 141 10 
NH4CI 0.76 2.82 66(35)" 107 9 .0  
(NH4)2CrZ07 0.63 6.85 58 58 9 .6  
K2Cr207 0.46 18.3 82(72)" 43 8 . 6  

-. 

'Reference 14. 

ular weight of solute, and Mw = molecular 
weight of water. Similar calculations were carried 
out on the other salt systems and subsequently, 
values of the various nucleation parameters 
appearing in the Becker-Doring model were 
calculated. These are collected in Table 1 along 
with n* and r*, the critical radius, calculated 
from o by use of the Gibbs-Thompson equation. 
Also shown for comparison are data taken from 
the literature for NH,C1 and K2Cr207 (14). 

The value of the kinetic constant computed 
from the data of Fig. 5 is many orders of mag- 
nitude lower than the calculated value of 
loi2 ~ m - ~  s-'. An explanation for this dis- 
crepancy between the experimental and calculated 
values of the kinetic constant may reside in the 
classical theory. Presently, the validity of the 
functional relationships predicted by the Becker- 
Doring model when applied to nucleation of 
liquid drops from the vapor is being debated (1 5). 
Further, Dunning (16, 17) has pointed out that 
entropy changes which accompany phase trans- 
formations are neglected in the model. With the 
additional complications of the ionic nature of 
the species present in solutions and solvation and 
entropy effects which are known to accompany 
nucleation from solution, it is doubtful if agree-, 
ment between calculated and experimental values 
of A should be expected. 

The authors acknowledge the financial assistance 
provided by the National Research Council of Canada 
and the Department of University Affairs, Province of 
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Unsaturated derivatives of the 1,2;5,6-di-0-isopropylidene-D-hexofuran-3-uloses 

K. N. SLESSOR AND A. S. TRACEY 
Department of Chemistry, Simon Fraser University, Burnaby 2, British Columbia 

Received April 1, 1970 

The formation of the two 3-0-acetyl-1,2;5,6-di-O-isopropylidene-~-hex-3-enoses from the four 1,2;5,6- 
di-0-isopropylidene-D-hexofuran-3-uloses is reported. Treatment of the two en01 acetates with hydrogen 
or deuterium in the presence of palladium or platinum leads to rearrangement as well as reduction and 
reductive hydrogenolysis of the acetoxy group. This rearrangement makes the en01 acetates unsuitable 
as intermediates in the stereospecific synthesis of deuterated sugars of high isotopic purity. 
Canadian Journal of Chemistry, 48,2900 (1970) 

During our investigation of the reactions and 
syntheses of the 1,2;5,6-di-0-isopropylidene-D- 
hexofuranoses (1) it was observed that reduction 
of the enol acetate of 1,256-di-0-isopropylidene- 
a-D-ribohexofuranos-3-ulose prepared by the 
method of Meyer zu Reckendorf (2) did not 
proceed through a simple cis addition of hydro- 
gen. In an attempt to clarify the mechanism by 
which the reduction proceeds, we have studied 
the reduction of the en01 acetates derived from 
diacetone 3-keto-D-ribohexose and 3-keto-D- 
lyxohexose under a variety of conditions. 

In the formation of the two en01 acetates from 
their parent ketones a marked difference in the 
rate of formation of the final products was ob- 
served. Treatment of the four ketones; 1,2;5,6- 
di-0-isopropylidene-a-D-ribohexofuranos-3-ulose 
(I), 1,2 ;5,6-di-0-isopropylidene-a-D-xylohexofur- 
anos-3-ulose (2), 1,2;5,6-di-0-isopropylidene-P- 
D-lyxohexofuranos-3-ulose (3), and 1,2;5,6-di-0- 
isopropylidene- P-D-arabinohexofuranos-3 -ulose 
(4) as 1 % solutions of the sugar in 30% acetic 
anhydride in pyridine at 36" yielded the enolic 
sugars (5 and 6) (see Scheme 1). A qualitative 
comparison of reaction rates was provided by 
following the reactions by thin layer chromatog- 
raphy (t.1.c.) until complete. The results are given 
in Table 1. 

An attempt to form 5 by treating the 3-keto- 
diacetone-D-ribohexose with isopropenyl acetate 
resulted in the formation of 1,2-0-isopropylidene- 
3,5-di-0-acetyl-WD-ribohexofuranos-3-use (13) 
in good yield. The identity of this compound 
was deduced from nuclear magnetic resonance 
(n.m.r.), infrared (i.r.), ultraviolet (u.v.), and mass 
spectroscopy. The n.m.r. spectroscopy indicated 
the presence of two isopropylidene methyls (8.43 
and 8.59 T), two acetate methyls (7.79 z), and six 
non-equivalent protons which were assigned as 

TABLE 1 

Times for the formation of 
en01 acetates from 1,2;5,6-di- 
0-isopropylidene-D-hexofur- 
anos-3-uloses in acetic an- 
hydride - pyridine (3:7) at 36' 
- 

Ketone Time* (days) 

1 3.8-4.3 
2 1.5-1.8 
3 22-24? 
4 1.1-1.3 

*The times given are estimated 
from a series of t.1.c. plates which 
were run on the reaction mixtures. 

?This time may be longer than 
given. After this length of time 
breakdown products begin ap- 
pearing on the 1.l.c. plates. 

shown in Table 2. The presence of acetate was 
also confirmed by the presence of an i.r. absorb- 
ance at 1750cm-'. The absence of an OH 
absorbance above 3000 cm-' in the i.r. and the 
absence of any carbonyl absorption in the 
260-340 mp region ruled out the presence of a 
free or hydrated ketone in 13. The mass spectrum 
gave a large (M-15)+ peak at m/e 287. Identifi- 
cation of this compound was confirmed by 
acetylating the known 1,2-0-isopropylidene-a-D- 
ribohexofuranos-3-ulose prepared from 1,2 ;5,6- 
di-0-isopropylidene-a-D-ribohexofuranos-3-ulose 
by the method of Theander (3). 

Reduction of 5 in ethanol over palladium 
black provides an almost quantitative yield of 
3-0-acetyl-1 ,2;5,6-di-0-isopropylidene-a-D-gulo- 
hexofuranose (9) while reduction of 6 provides 
the corresponding 3-0-acetyl-1,2 ;5,6-di-0-isopro- 
pylidene-P-D-mannofuranose (10) in comparable 
yield. This identification was verified by deace- 
tylation to the known 1,2;5,6-di-0-isopropyli- 
dene-P-D-mannofuranose (1, 4). 

Reduction of 5 with deuterium over palladium 
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SLESSOR AND TRACEY: UNSATURATED DERIVATIVES OF HEXOFURANULOSES 

/ 
OAc 

x :  *:p) that either some sort of exchange reaction was 
occurring on the catalytic surface, or the double 
bond was migrating to the exocyclic position as 
shown in compound 7. The latter is of consider- 
able interest since it has been found that 

4 OAC O& methylene and ethylene cycloalkanes rearrange 
1 13 on catalytic surfaces to give a very high per- 

centage of the alkyl cycloalkene; that is, 97.6% 
black in ethanol resulted in scrambling of of I-methylcyclopentene and 94.2 % of l-ethyl- 
deuterium and hydrogen throughout the 3, 4, cyclopentene (5).  After various unsuccessful 
and 5 positions as judged by n.m.r. spectroscopy. attempts to observe catalytic exchange in these 
On changing the solvent to ether, an identical products, an attempt was made to identify and 
scrambling pattern was observed. This indicated isolate a rearranged product if it did in fact exist. 
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TABLE 2 
The n.m.r. data for 1,2;5,6-di-0-isopropylidene-D-hexose derivatives 

Chemical shift* 
Coupling 

Compound H-1 H-2 H-3, H-3, H-4 H-5 H-6' H-6, 0-Ac 0-Isopropylidene J1.z 

'The chemical shifts are given in tau values and are for a chloroform solution. The coupling is in Hz. 

To this end 5 was partly reduced in ethanol and 
the fully reduced 3-0-acetyl-1,2;5,6-di-0-isopro- 
pylidene-D-gulofuranose (9) was crystallized out. 
The t.1.c. of the mother liquor gave a spot corre- 
sponding to the complete reduction product, a 
minor second spot, and a spot with an R, 
corresponding to the starting material but which 
on development (10% H2S0, and heat) came 
up initially a different color from starting 
material (5). The n.m.r. spectroscopy showed 
that this compound (7) was substantially 
different from the starting material. Partial re- 
duction of (5) in ether gave a much higher 
yield of 7, which finally, under optimal con- 
ditions (method A) was formed in an approxi- 
mately 65 % yield of crystalline product. 

The n.m.r. spectrum in chloroform gave a low 
field doublet with a chemical shift of 4.09 z and 
a coupling of 4.1 Hz consistent with an assign- 
ment of HI for this proton (6). On the basis of 
this assignment Hz is found at 5.12 z with an Hz 
to H, coupling of 6.2 Hz. Such a value of 6.2 Hz 
indicates that Hz and H, are cis, as the related 
cis H2-H3 compounds 9, 10, 11, and 12 all have 
J2,, couplings of 5.5-6.5 Hz.' Specifically 3,4- 
dideuterated 11 proved that the proper proton 
assignments had been made for 11. The trans 
Hz-H, compounds 1,2;5,6-di-0-isopropylidene- 
D-glucofuranose and -L-idofuranose derivatives 
have small couplings of less than 0.5 Hz (6). 
With Hz and Hg cis in 7, the acetate group 
(7.9 z) must be cis to the oxygen at C-2, the ex- 
pected arrangement since catalytic reduction 
gives only the D-gulo compound (9). The C-3 
hydrogen is at 4.35 z occurring as a tripleted 
- -  

'Unpublished results. 

doublet being coupled to the two C-6 hydrogens 
at 5.5 z. The four isopropylidene methyls are 
found at 8.6 t. The assignment of the ring protons 
was verified by the formation of 7a containing 
deuterium in the three position by rearranging 5 
in the presence of deuterium rather than hydro- 
gen. The n.m.r. showed the loss of the signal at 
4.35 z and the collapse of the signal at 5.5 z 
to a single peak and the collapse of the quartet 
at 5.12 z to a doublet. The mass spectrum of 7 
gave a molecular ion at mle 300 corresponding to 
a compound isomeric with 5. No significant peak 
at m/e 101 was observed. This is an important 

peak from 5,6-0-isopropylidene hexofuranose 
derivatives as it has been shown by DeJongh and 
Biemann (7) to be the peak resulting from the loss 
of the 5,6-carbons complete with their isopro- 
pylidene group. The i.r. spectrum showed an 
absorbance at 1740 cm-' indicating the presence 
of an ester carbonyl. The presence of the double 
bond, although not clearly discernible in the i.r., 
was confirmed by reduction over palladium to 
3-0-acetyl-1,2 ;5,6-di-0-isopropylidene-a-D-gulo- 
furanose (9). Reduction of 7 with deuterium gave 
a scrambling pattern identical to that obtained 
from reduction of 5 with deuterium. It thus seems 
that equilibrium between 5 and 7 is set up on the 
catalyst surface prior to reduction. Such allylic 
rearrangements have been observed on catalytic 
surfaces in several systems (5,8). 
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SLESSOR AND TRACEY: UNSATURATED DERIVATIVES OF HEXOFURANULOSES 

Treatment of 7 with 0.01 N NaOMe in metha- 
nol gave a product 14 whose n.m.r. spectrum had 
no peak in the acetate region, but had four iso- 
propylidene methyl groups and a D,O exchange- 
able hydrogen. The mass spectrum of this com- 
pound gave a molecular ion at mle 258, confirm- 
ing the loss of acetate on treatment with base, 
and no significant peak at m/e 101 indicated that 
no ordinary 5,6-isopropylidene group was 
present. 

The configuration about C-5 in 7 is difficult 
to establish but can be inferred from the stereo- 
chemistry of the reduction product. cis-Reduc- 
tion must occur trans to the 1,2-0-isopropylidene 
group and results in the known D-gulo product 
(9). In the hope that n.m.r. could be useful in 
resolving stereochemical problems of this nature 
through use of the observed long range coupling, 
it was decided to attempt the synthesis of the 
isomer which should be preparable from 3-keto- 
diacetone D-lyxohexose or D-arabinohexose. That 
6 was the product obtained on treating the lyxo- 
hexose or arabinohexose derivatives (3 and 4) 
with acetic anhydride - pyridine was confirmed 
by n.m.r. and mass spectroscopy. The mass 
spectrum of 6 was very similar to that of 5 with a 
molecular ion at m/e 300 and a large peak at 
m/e 101. Reduction of this compound yielded 
3-0-acetyl-1 ,2;5,6-di-0-isopropylidene-D-man- 
nofuranose (lo), which was identified by n.m.r. 
and mass spectrometry. Deacetylation afforded 
1,2 ;5,6-di-0-isopropylidene-P-D-mannofuranose, 
in high yield, identical to that obtained by boro- 
hydride reduction of 1,2;5,6-di-0-isopropylidene- 
P-D-arabinohexofuranose-3-ulose (4) (1,4). 

Under the rearrangement conditions of method 
A, 6 was converted into the desired 8 in approxi- 
mately 65 % yield as judged by n.m.r. Compound 
8 did not crystallize and attempts to purify it in 
other ways failed or resulted in decomposition. 
The n.m.r. parameters determined from the 
impure product are given in Table 2. 

Reduction of 5 or 7 (Scheme 2) over platinum 
in anhydrous ether proceeded quite slowly com- 
pared with the reduction over palladium, re- 

quiring at least 24 h compared with about 7 h 
for the palladium reduction. The t.1.c. indicated 
the formation of two major compounds, one 
having an R, corresponding to 3-0-acetyl-1,2;5,6- 
di-0-isopropylidene-a-D-gulofuranose (9) and 
the n.m.r. spectrum of the reaction mixture sup- 
ported this assignment. The second spot had an 
R, different from that of the starting material 
and n.m.r. indicated that this compound was 3- 
deoxy-1,2 ;5,6-di-0-isopropylidene-a-D-xylohexo- 
furanose (11). The product was purified and was 
found identical by n.m.r., i.r., mass spectroscopy, 
melting point, and optical rotation to 11 prepared 
by the reduction of 1,2;5,6-di-0-isopropylidene- 
a-D-erytlvohex-3-enose (9). 

Hydrogenolysis of 6 occurs under conditions 
identical to that of the hydrogenolysis of 5 and 
in similar yield. The n.m.r. spectrum .was con- 
sistent with the expected products,, 3-deoxy- 
1 ,2;5,6-di-0-isopropylidene-P-D-arabinohexofur- 
anose (12). The mass spectrum gave a large peak 
(M-15)' at m/e 229 and a large peak at mle 101. 
High resolution mass spectroscopy showed this 
to be 101.0620 which is in good agreement with 
the calculated value of 101.0602 and our observsd 
value of 101.0610 for the tail fragment of 
diacetone D-glucose. 
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3-Deoxy-D-mannose (10) was acetonated di- 
rectly and the product was found identical by 
i.r., n.m.r., and mass spectroscopy, melting point 
and optical rotation to the product of hydrogen- 
olysis of 6.  This work adds conclusive evidence, 
therefore, that the 3-deoxy-di-0-isopropylidene- 
P-D-arabinohexofuranose (12) prepared by Rem- 
barz (1 1) from 3-deoxy-D-mannose is in fact the 
1,2;5,6-diketal as postulated by Prokop and 
Murray (12) and not the 1,2;4,6-diketal originally 
proposed. 

This work has shown that enolization of the 
1,2 ;5,6-di-0-isopropylidene-hexofuranos-3-ulose 
systems occurs between C-3 and -4. No evidence 
of 2,3 double bond formation was encountered 
in agreement with Bredt's rule. The rearrange- 
ment of the en01 acetate to an exocyclic double 
bond system was surprising since the reaction 
was reversible, indicating the exo form to be more 
stable, the opposite of that of the 1-alkylcyclo- 
pentenes. An effort to eliminate this rearrange- 
ment by substituting platinum for palladium 
failed in that a major pathway of this reaction was 
the hydrogenolytic cleavage of the acetoxy group. 
Since both the en01 acetate 5 and the rearranged 7 
gave the same products on platinum reduction, 
it seems likely that the double bond rearrange- 
ment occurs on the platinum surface as wdl. 

Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus and are uncorrected. Evapora- 
tions were carried out under reduced pressure on Buchi 
rotatory evaporators at bath temperatures not exceeding 
50". Optical rotations were measured on a Perkin Elmer 
P22 Spectropolarimeter. Infrared studies were performed 
on a Beckman IR 12, the samples being prepared as KBr 
discs. The n.m.r. spectra were obtained from a Varian 
A56-60 Spectrometer with TMS as internal reference. 
All proton assignments have been checked using the 
n.m.r. program LACOON 111 of Bothner-By and 
Castellano (13) on an IBM 360150 computer. The t.1.c. 
was carried out on silica gel G in ethy1ether:toluene (2:l). 
Ten percent sulfuric acid and heat were used for develop- 
ment. 

3-0-Acetyl-1,2;5,6-di-O-isopropylidene-a-~-erythrohex-3- 
enose (5) 

Method A 
Prepared according to the method of Meyer zu 

Reckendorf (2) with the following minor changes. 
1,2;5,6-Di-O-isopropylidene-a-~-ribohexofuranos-3-ulose 
(1) (hydrate) (1) (10 g) was dissolved in 30% acetic 
anhydride in pyridine (45 ml). The solution was kept at 
35" until the reaction was complete by t.1.c. (4 days). Ice 
water (500 ml) was seeded with several crystals of the 
product and the reaction mixture was slowly added to the 

vigorously stirred solution. The solution was kept at 0" 
until crystallization was complete. The mixture was 
filtered, and the product washed thoroughly with water, 
then recrystallized from ethanol-water. A further small 
amount of product was obtained by extracting the 
aqueous solution once with chloroform (50 ml). Crystal- 
line product (10 g of long needles) was obtained melting 
at 58-59", [aIDZZ -32" (c, 0.95 CHCI,); literature (2) 
m.p. 62-63", [aIDZ0 -33" (c, 1 CHCI,). 

Method B 
1,2 ;5 ,6-Di-0-isopropylidene-a-D-xylohexofuranos-3- 

ulose (2) (150 mg) was dissolved in an acetic anhydride 
(1 ml) - pyridine (2 ml) mixture and the solution was kept 
at 35" for 30 h. The solution was evaporated several times 
with toluene until no further pyridine was present. The 
resulting sirup was dissolved in CHCI, (25 ml) and 
washed with dilute (2%) aqueous sodium bicarbonate. 
The chloroform fraction was dried over magnesium 
sulfate, filtered, and evaporated. The residue was crystal- 
lized from an ethanol-water solvent then recrystallized 
to give material (95 mg) melting at 57.5-58.5". The mixed 
m.p. with material prepared from method A was 58-59", 
[a]D - 31.4 (c, 0.94 CHC13). 

3-0-Acetyl-I ,2;5,6-di-0-isopropylidene-p-D-threohex-3- 
enose (6) 

Method A 
1,2;5,6-Di-0-isopropylidene-13-~-arabinohexofuranos- 

3-ulose (4) (2.5 g) was dissolved in 30 %acetic anhydride in 
pyridine (30 ml) and was kept at 35" until the reaction was 
judged complete by t.1.c. (2 days). The solution was 
poured into ice water (300 ml) and extracted into chloro- 
form (3 x 75 ml). The solution was evaporated and then 
distilled, b.p.,.,, 118". The distillate crystallized and was 
recrystallized from ethanol-water to give crystals (1.5 g) 
melting at 57-58", [aIDz0 43.4" (c, 0.87 CHCI,). 

Anal. Calcd. for CI4H2007: C, 56.0; H, 6.67. Found: 
C, 55.95; H, 6.57. 

Method B 
1,2 ;5 ,6-Di-0-isopropylidene-13-D-lyxohexofuranos-3- 

ulose (3) (2 g) was dissolved in 30% acetic anhydride in 
triethylamine (45 ml). The solution was kept at room 
temperature until the reaction was complete by t.1.c. 
( 1 5 2  days). The solution was evaporated down several 
times with toluene and then ethanol, care being taken to 
prevent the sirup from becoming too thick since de-0- 
acetylation appeared to occur quite readily. The product 
was taken up in ethanol, water was added, and the solu- 
tion seeded. The short, chunky needles (1.5 g) of the 
recrystallized product were identical to the material 
produced in method A (above). 

3-0-Acetyl-1,2;5,6-di-O-isopropylidene-a-~-erythrohex- 
trans-4-enose (7) 

Method A 
3-0-Acetyl-1,2 ;5,6-di-0-isopropylidene-a-~~erythrohex- 

3-enose (5) (1 g) was dissolved in anhydrous ether (75 ml). 
This solution was added to a reduction vessel containing 
palladium black (300 mg) in anhydrous ether (30 ml) 
which had been prereduced for 1 h at atmospheric 
pressure. The reaction vessel was flushed with hydrogen at 
atmospheric pressure, then stirred for 4 min. The solution 
was filtered and the catalyst washed with several small 
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portions of ether. The ether solution was evaporated and 
the resulting product crystallized. Recrystallization from 
hot ethanol gave the product (650 mg) as cubes. The m.p. 
10&107", 67.8" (c, 0.814 CHCl,). 

Anal. Calcd. for C14H~007:  C, 56.00; H, 6.67. Found: 
C, 55.80; H, 6.61. 

Method B 
Compound 5 (0.5 g) was dissolved in anhydrous ether 

(50 ml) and added to a reduction flask containing pal- 
ladium black (75 mg). The system was flushed with 
deuterium gas several times and then reduced at atmo- 
spheric pressure for 22 min. The product was worked up as 
in method A to yield a product (300 mg) virtually identical 
to 7. Spectroscopy indicated that the 3-deuterio 7a had 
-80 % isotopic purity. 

I,Z;5,6-Di-0-isopropylidene-a-~-erythrohex-trans-4-enose 
(14) 

3-0-Acetyl-1,2 ;5 ,6-di-0-isopropylidenea-D-erythrohex- 
trans-4-enose (7) (1 g) was dissolved in anhydrous 
methanol (100 ml) and 0.1 N NaOMe in methanol (5 ml) 
was added. The reaction was followed by t.1.c. until it 
was complete (approximately 4 h). The solution was 
neutralized with solid CO, and evaporated. On evapora- 
tion the product crystallized and was recrystallized from 
petroleum ether (65-1 10"). Extremely fine needles of the 
recrystallized product (750 mg) were obtained. The m.p. 
89-90", [u ]~"  - 19.0°, (c, 0.918 CHCI3). 

Anal. Calcd. for CI,H1806: C, 55.81 ; H, 6.98. Found: 
C, 55.93; H, 6.91. 

3-0-Acetyl-1,2;5,6-di-O-isopropylidene-a-~-erythrohex- 
cis-4-enose ( 8 )  

3-0-Acetyl-1,2 ;5,6-di-0-isopropylidene-P-D-threohex- 
3-enose (6) (500 mg) was dissolved in anhydrous ether 
(50 ml) and reacted for 4 min with prereduced palladium 
catalyst as described for the formation of 3-0-acetyl- 
1,2;5,6-di-O-isopropylidene-a-~-erythrohex-3-enose (8, 
method A). The mixture was filtered and the catalyst 
washed with several small portions of ether. The filtrate 
and washings were combined and evaporated to a sirup 
which contained about 65 % of the rearranged product as 
judged by n.m.r. and t.1.c. All attempts to purify this 
compound by crystallization, distillation, and chromatog- 
raphy have been unsuccessful. 

3-0-Acetyl-1,2;5,6-di-O-isopropylideize-a-~-gulofuranose 
(9)  

3-0-Acetyl-1,2;5,6-di-O-isopropylidene-a-~-erythrohex- 
3-enose (5) was reduced as previously reported (1) to yield 
long needles melting at 76-77', 68.3 (c, 0.832 
CHCIa), literature (I), m.p. 73-74', [a]DZo 66.0 (c, 0.36 
CHC13). 

3-O-Acetyl-I,Z;5,6-di-O-isopropylidene-~-~-maiznofura- 
nose (10) 

3-0-Acetyl-1 ,2;5,6-di-0-isopropylidene-P-D-threohex- 
3-enose (6) (300 mg) was dissolved in ethanol (50 ml) and 
reduced over palladium black (100 mg) for 8 h at atmo- 
spheric pressure. The t.1.c. showed one major component 
with a trace of a minor component. The solution was 
filtered and evaporated to a sirup. The sirup was kept in 
the freezing compartment of a refrigerator (- -20") 
until crystallization started. The product was taken up in 

warm petroleum ether (65-110"), the solution cooled, 
and seeded. The product crystallized out in flat cubes 
(200 mg). The m-.p. 45-46", -22.6" (c, 0.866 
CHC1,). 

~ n ~ i .  Calcd. for C ,4H~,07:  C, 55.63; H, 7.28. Found: 
C, 55.43; H, 7.13. 

1,2;5,6-Di-0-isopropylidene-P-D-mannofirnose 
3-O-Acetyl-1,2;5,6-di-O-isopropylidene-~-~-manno- 

furanose (10) (180mg) was dissolved in methanol 
(15 ml) and 0.1 NNaOMe in methanol was added until 
the solution stayed slightly basic to p H  paper. When 
deacetylation was complete as indicated by t.l.c., solid 
CO, was added to neutralize the solution. Evaporation 
and recrystallization from petroleum ether (65-110") 
gave material (130 mg) identical in every way to 1,2;5,6- 
di-0-isopropylidene-p-D-mannofuranose. The m.p. and 
mixed m.p. 52-53', [a], 12.3" (c, 0.83 water). 

3- Deoxy-1 ,2;5,6-di-0-isopropylideile-a-D-xylohexofr- 
anose (11) 

3-0-Acetyl-1,2 ;5,6-di-0 -isopropylidene-a -D-erythro- 
hex-3-enose (5) (1.1 g) was dissolved in anhydrous ether 
(75 ml) and reduced over platinum (100 mg) for 24 h. 
The mixture was filtered, evaporated to a thin sirup, 
taken up in chloroform (100 ml), and washed with dilute 
sodium bicarbonate solution. The chloroform fraction 
was dried over magnesium sulfate, filtered, and evapor- 
ated. The resulting sirup was dissolved in methanol 
(25 ml) and 0.01 N sodium methoxide in methanol was 
added until the solution stayed basic to p H  paper. When 
de-0-acetylation of the 3-0-acetyl-1,236-di-0-isopropyli- 
dene-a-D-gulofuranose was complete as indicated by t.l.c., 
the base was neutralized with solid CO, and evaporated. 
Water (20 ml) was added and the product was extracted 
into petroleum ether (65-110") (10 x 100 ml). The com- 
bined extracts were dried over magnesium sulfate, filtered, 
and evaporated. The product was recrystallized from 
petroleum ether to give the crystalline product (0.6 g) as 
long needles. The m.p. and mixed m.p. with authentic 
material (9) 79-80", [a]D22 -27.4', (c, 0.972 CHCI3); 
literature (9), n1.p. 81°, [a], -38.1, (c, 4.1 1 ethanol). 

3-Deoxy-1,2;5,6-di-O-isopropy~idene-~-~-arabirzohexo- 
furanose (12) 

Method A 
3-0-Acetyl-1,2;5,6-di-0-isopropylidene- P-D-threohex- 

3-enose (6) (250 mg) was dissolved in anhydrous ether 
(50 ml) and reduced with hydrogen over platinum for 24 h 
at atmospheric pressure. The solution was filtered, the 
catalyst washed with ether, the filtrate and washings 
combined and evaporated to a sirup. The product was 
dissolved in anhydrous methanol (40 ml) and deacetylated 
as described in the preparation of 11 to remove the acetyl 
from the side product 3-0-acetyl-1,2;5,6-di-0-isopropyl- 
idene-P-D-mannofuranose (10). The deacetylated sirup 
was dissolved in water (15 ml) and extracted with 
petroleum ether (65-110") (6 x 100 ml). The extracts 
were combined, dried over magnesium sulfate, filtered, 
and evaporated. The product was distilled under high 
vacuum, b.p.,.,, 68", to give a sirup (80 mg) which 
crystallized on standing in the refrigerator. The m.p. 
21-22', 24.1°, (c, 1.17 CHCIS). 
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Method B 
3-Deoxy-D-mannose (10) (2 g) was dissolved in acetone 

(60 ml) containing zinc chloride (4 g) and phosphoric acid 
(0.2 ml) and the solution stirred for 24 h. The solution 
was then neutralized with 50% sodium hydroxide and 
the mixture filtered. The filtrate was evaporated to about 
5 ml, dissolved in chloroform, and washed with dilute 
sodium bicarbonate solution. The chloroform solution 
was dried over magnesium sulfate, evaporated, and 
distilled under high vacuum, b.p.,.,, 68". The redistilled 
product (2.1 g) crystallized onstanding in the refrigerator. 
Careful recrystallization from 30-60" petroleum ether 
gave material melting at 22-23", [a]DZ2 27.5, (c, 0.40 
CHCI3); literature (11) sirup, [ci]DZO 21.1, (c, 1 3  CHCI3). 

Anal. Calcd. for Cl2Hz0OS: C, 59.02; H, 8.16. Found: 
C, 58.91 ; H, 8.07. 

3,5-Di-0-acetyl-1,2-0-isopropylidene--ranos- 
3-ulose (13) 

Method A 
1,2 ;5,6-Di-0-isopropylidene-a-D-ribohexofuranos - 3 - 

ulose (2.5 g) was dissolved in isopropenyl acetate (50 ml). 
p-Toluenesulfonic acid (50mg) was added and the 
solution was heated on a steam bath for 8 h. Water 
(100ml) was added and the mixture extracted with 
chloroform (6 x 75 ml). The combined extracts were 
washed with water (2 x 150 ml), dried over calcium 
chloride, filtered, and evaporated to a sirup. The sirup 
was dissolved in ethanol. The crystalline material 
(950 mg) obtained could be recrystallized from ethanol 
or sublimed under reduced pressure at 100". The m.p. 
124-126", [aIDZZ 74.8' (c, 0.334 methanol). 

Anal. Calcd. for C13H1808: C, 51.66; H, 5.96. Found: 
C, 51.63; H, 6.06. 

Method B 
1,2-0-Isopropylidene-a-D-ribohexofuranos-3-uose was 

prepared from the 1,2;5,6-diketal (I g) by the method of 
Theander (3). This material was acetylated directly with- 
out prior purification by dissolving it in a mixture of 
acetic anhydride (5 ml) and pyridine (10 ml). The solution 

CHEMISTRY. VOL. 48, 1970 

was kept overnight at room temperature, then evaporated 
repeatedly with toluene until no further pyridine was 
present. The sirup was dissolved in hot ethanol, cooled, 
and the resulting crystalline material (310 mg) was 
recrystallized from ethanol. This material had a m.p. and 
mixed m.p. with the product of method A of 124-126", 
and an identical n.m.r. and mass spectrum and optical 
rotation. 
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of the National Research Council of Canada. We wish to 
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Aryl complexes of platinum(I1). A study of the bonding between platinum and 
tertiary phosphine, arsine, and stibine 

A. D. WESTLAND AND M. NORTHCOTT 
Departtnetzt of Clzetnistry, Utziversity of Otta~va, Ottawa, Canada 

Received March 25, 1970 

Phenyl and fluorophenyl complexes but not alkyl complexes of platinum may be prepared from 
(Et3Sb),PtClz by Grignard reactions. Dipole moment and 19F nuclear magnetic resonance studies 
indicate a slight gradation in electronic properties which correlates with previous equilibrium studies. 
Canadian Journal of Chemistry, 48,2907 (1970) 

Despite the existence of numerous complexes 
of platinum group metals containing tertiary 
phosphines, arsines, and stibines, little informa- 
tion is available as yet concerning the relative 
bond characters of the metal-ligand coordinate 
links. Previous work in this laboratory on equi- 
libria involving the formation of five-coordinate 
complexes of platinum and palladium has sug- 
gested that the positive charge on the metal atom 
increases in the order of ligands: phosphine -+ 

arsine -+ stibine (1, 2). The argument presented 
which was based on variations in d,d, bonding 
is at variance with the ideas of previous workers 
who believed that phosphorus encourages the 
strongest component of n-bonding amongst the 
Group V donor atoms (3). More recently, 
Venanzi has argued that d,-d, bonding has been 
much overemphasized and that most data may 
equally well be interpreted by a proper recog- 
nition of a-inductive effects (4). 

Parshall has developed a technique based upon 
an examination of the 19F nuclear magnetic 
resonance (n.m.r.) chemical shift in meta and 
para positions of a phenyl group bonded to a 
platinum atom (5). This group is placed in a 
coordination position trans to the ligand whose 
n-bonding potential is being investigated. Bruce 
has examined 19F resonance in pentafluorophenyl 
complexes (6). However, Church and Mays have 
questioned Parshall's conclusions concerning n- 
bonding, for when they applied the 19F n.m.r. 
technique to a series of cationic platinum com- 
plexes, the results seemed to indicate that a a- 
inductive mechanism was more strongly oper- 
ative than a n mechanism (7). 

The present state of confusion about interpret- 
ing the more indirect physical phenomena in 
chemical terms suggests that further work is 
much needed. The present paper examines the 
comparison of dipole moment data and 19F 

resonance spectra obtained for complexes of the 
type c~s-(E~,M),P~(C,H,F)~ where M = P, As, 
or Sb. 

Experimental 
Reagents 

The compounds PtL2C12 where L = Et,P, Et3As, and 
Et3Sb were prepared by established procedures (8) from 
commercial grade platinum sponge. The ligands were 
prepared in the manner described by Adams and Raynor 
(9). Bromofluorobenzenes supplied by Aldrich Chemical 
Company were distilled prior to use. Grignard reagents 
were prepared in diethylether which had been freshly dis- 
tilled from an ethyl Grignard solution containing excess 
magnesium. 

Preparatiot~ of Aryl Complexes 
The cis-diary1 complexes were prepared by a method 

of which the following is a typical example. 
cis-(Et,Sb) 2PtPIi2 
Solid cis-(Et,Sb),PtC12 (I g) was added slowly to a 

cooled (-60 "C) solution of phenylmagnesium bromide 
in ether (50cc). After the addition was complete, the 
sample was allowed to  warm to room temperature a t  
which point it was stirred for 1 h. The solution was then 
cooled to 0 "C and hydrolyzed with water (50 cc).' The 
ether layer was dried over MgS04 and the solvent re- 
moved by evaporation. The residue was placed on a 100 g 
alumina column and eluted with a 5 % solution of diethyl- 
ether in light petroleum. A pure fraction was located by 
thin layer chromatography (t.1.c.) and this solution was 
evaporated to  dryness. The product, which consisted of 
white needles, was recrystallized from methanol in 29% 
yield. 

cis atld trans- (Et, As) 2Pt (m-FC6 H4) 
c i s - (E~ ,AS)~P~C~,  (0.5 g) was added to  m-FC6H4MgBr 

(1.16 g) in ether (50 cc) which had been cooled to - 60 "C. 
The solution was allowed to  warm to room temperature 
and it was stirred for 2 h. After hydrolysis with NH,Cl 
solution, the dried ether layer was evaporated to  an oil 
which was purified chromatographically on an alumina 
column. Elution with petroleum ether (30-60") gave white 
tratz~-(Et,As),Pt(m-FC~H~)~ which was recrystallized 
from methanol. Further elution with 5 %  ether - petro- 

'Dilute HCl acid was used to  prepare the complexes 
containing triethylphosphine or triethylarsine. 
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TABLE 1 
Analytical data for aryl complexes of platinum(I1) 

Melting Anal. Calcd. (%) Anal. Found (%) 
point 

Compound ("C) Yield C H F C H F  

C~S-[(C~H~)~P]~P~(~-FC~H~)~ 159-160 47 46.38 6.16 6.11 46.23 6.22 5.96 
~~~-[(CZH~)~PIZP~(P-FC~H~)~ 158-159 38 46.38 6.16 6.11 46.54 6.14 6.02 
~ ~ S - [(CZH~)~A~]~P~(~-FC~H~)~ 123-124 40 40.63 5.40 5.36 40.56 5.51 5.41 
trans-[(C2H5)3As12Pt(m-FC6H4)2 144-145 13 40.63 5.40 5.36 40.47 5.39 5.47 
~~S-[(CZH~)~A~I~P~(P-FC~H~)~ 125-126 38 40.63 5.40 5.36 40.64 5.49 5.28 
~~S-[(C~H~)~S~]~P~(~-FC~H,), 78-79 22 35.89 4.77 4.73 35.75 4.89 3.44 
~~S-[(CZH~)~S~I~P~(P-FC~H~)~ 92-93 35 35.89 4.77 4.73 35.21 4.71 4.66 
trans-[(CzH5)3Sb]ZPtCl(p-FC6H4) 106-107 28 29.08 4.61 2.55 28.66 4.60 2.23 
cis- [(CzH5)3SblzPt(C6H5)z 68-69 29 37.57 5.25 37.50 5.52 

[(CsHs)3PlAu(m-FC6H4) 146-147 64 52.04 3.45 3.42 52.19 3.43 3.33 
(dec.) 

leum ether gave white ci~-(Et~As)~Pt(m-FC6H~)2 which 
was recrystallized from methanol. 

trans- (Et3Sb) ~ P t c / ( p - F c ~ H ~ )  
A solution of cis-(Et3Sb),PtClZ which had been treated 

with p-FC6H4MgBr as described above, was hydrolyzed 
with 4 N HCI. A t.1.c. of this solution gave a spot with an 
Rf value of about one half that for (Et3Sb)zPt(p-FC6H4)2. 
Purification by chromatography using 10% ether - petro- 
leum ether gave white tran~-(Et~Sb)~PtCl(p-FCJl~) 
which was recrystallized from methanol. 

Prolonged treatment with HCl solution resulted in 
complete conversion back to (Et3Sb),PtClz. Hydrolysis 
with NH4CI solution also resulted in replacement of one 
of the aryl groups of the diary1 complex although not so 
rapidly as when HCl was used. 

Nuclear Magnetic Resonance Spectra 
Proton n.m.r. spectra were obtained with a Varian 

Associates model T-60 spectrometer. Fluorine spectra 
were obtained with a Varian Associates model HR-100 
spectromerer using side-band modulation for calibration. 
Spectra were run using chloroform or deuterochloroforn~ 
as a solvent and with external reference substances. 

Dipole Moments 
A Wissenschaftlich-Technische Werkstatten Dipol- 

meter model DM-01 was employed for dielectric constant 
determination at 25 "C. Samples were dissolved in 
benzene. 

Smith's method was used for evaluating the dipole 
moment values (10). The results were consequently 
corrected for electronic polarization but not atomic 
polarization. 

Analyses 
Analyses were performed by the firm of A. Bernhardt 

Mikroanalytisches Laboratorium, Elbach, West Ger- 
many. 

Results and Discussion 
At the commencement of our work no organo- 

metallic compounds of platinum stabilized by a 
tertiary stibine had been reported. Recently, how- 
ever, triphenylstibine complexes wcre described 
by Kistner et al. (11). These were made by a 
method which differed fundamentally from that 

which employs Grignard reactions (12). Although 
we were successful in making aryl complexes, 
cis-dichlorobis-(triethylstibine)platinum(II) gave 
dark decomposition products when it was added 
to strongly cooled ethylmagnesium bromide. We 
conclude that alkyl compounds of this type are 
too unstable to be prepared by the Grignard 
method and that tertiary stibine is less effective 
than tertiary arsine or phosphine in stabilizing 
organometallic derivatives of platinum. The 
meta-fluorophenyl complex containing Ph3Sb 
was least stable of the platinum complexes and it 
decomposed readily during evaporations and 
chromatographic treatment. The para-fluoro- 
phenyl complex was more stable owing possibly 
to an enhancement of the n-bonding from 
platinum to carbon. 

Still less stable was (Ph3P)Au(m-C,H,F). Re- 
peated attempts to prepare the para-fluorophenyl 
analogue failed as the solutions were found to be 
so unstable at room temperature, they could not 
be worked up. In striking contrast to our ex- 
perience, Vaughan succeeded in preparing this 
compound in a Grignard reaction which involved 
refluxing at 60" (13). It may be that the quality of 
the reagents is of crucial significance here. 

Melting points and analyses of the compounds 
prepared are given in Table 1. 

The location of the fluoro group in the phenyl 
rings was verified in all cases by proton magnetic 
resonance spectra. The stereochemistry of the 
isomers was established by dipole moment 
measurements. The data associated with these 
measurements is presented in Table 2. Refractive 
indices were measured for one isomer in each 
case. Solutions of the other isomer were assumed 
to have the same molar refractive index. 

As expected, the para-fluorophenyl isomers 
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WESTLAND AND NORTHCOTT: ARYL COMPLEXES 

TABLE 2 
Dipole moment measurements on aryl complexes of platinum(I1) 

-- 

Weight 
fraction, 

( X  104) AEIW A ( ~ ~ ) I , v  &) 

trans- [(CzH,)3Sb],PtCl(p-FC,H,) 13.533 
271.6 

have a somewhat higher dipole moment in each 
case than the meta-fluorophenyl analogues. The 
trend in moment exhibited by the phosphorus, 
arsenic, and antimony analogues is interesting al- 
though one must be careful not to place too much 
reliance upon any given interpretation. We have 
obtained for both (Et,P),PtPh, and (Et,As),- 
PtPh, dipole moment values of 7.2 D. These agree 
well with the values obtained by Chatt and Shaw 
(12). The value obtained for (Et,Sb),PtPh, was 
6.3 D. The generally lower value for the antimony 
analogue is observed in the chloro compounds 
(Et,M),PtCl, (13) and the meta- and para-fluoro- 
phenyl series of compounds as well. One might 
assume that the Sb-Pt-Sb bond angle is larger 
than the As-Pt-As and P-Pt-P angles which 
would have the effect of diminishing the observed 
resultant of the bond moments. Molecular models 
fail to indicate categorically whether steric 
crowding must occur. However, we have pre- 
viously shown a similar trend in the moments of 
the compounds (Ph,M)AuBr where the steric 
factor does not arise (2). It is conceivable that 

solvation effects are responsible or that indeed, 
as previously suggested (1, 2), the n electron drift 
from platinum to antimony is greater than that 
toward either arsenic or phosphorus. In any case, 
the dipole moment data appear to reflect the 
same influences as do the equilibrium data of our 
previous studies. 

When interpreted in the manner proposed by 
Parshall (9, the 19F n.m.r. spectra indicate a 
marginally greater n-bonding ability on the part 
of triethylstibine relative to triethylphosphine. 
The last column in Table 3 labelled "n-bonding 
index" contains the differences between values in 
the preceding two columns. These differences, 
according to Parshall's argument, are a measure 
of the extent to which the aromatic ring draws 
electron density from the platinum atom by a 
mesomeric mechanism. This should bear an in- 
verse relationship to the degree of n-bonding 
to the ligand in the trans position. 

Parshall observed only a small variation in the 
n-bonding index as do we. This represents an 
uncertain result. Furthermore, Dewar has pointed 
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TABLE 3 
The 19F chemical shift data for fluorophenyl derivatives of platinurn(I1) and gold(1) 

Chemical shift* (p.p.rn.) 
n-Bonding 

Compound rneta-Fluoro para-Fluoro index (p.p.rn.) 

*Relative to fluorobenzene. Values are rounded off to the nearest 0.05 p.p.m. 

out that the influence of remote groups on 19F (Ph3P)AuC6H5 (6.2 D) is large relative to 5.1 D 
n.m.r. chemical shifts is a vector quantity while estimated for the linear (Et3P)PtC6Hj grouping2 
chemical equilibria and reactivity depend upon a (18). Vaughan has commented on the low degree 
scalar quantity (14). Since the exact geometry of of electron delocalization onto the phenyl ring in 
these molecules is not known and hence the (Ph,P)Au(p-FC6H,) as estimated using Parshall's 
orientation of the meta C-F bond may differ technique. Further work on gold(1) is being 
somewhat from one compound to another, it may hampered by the generally low stability of its 
be that the "n-bonding index" is a more complex complexes. 
quantity than Parshall or Church and Mays (7) 
suggested. This work was supported by a grant from the National 

The chemical shift of the para fluorine atom Research Council of Canada. 
alone may be a simpler quantity for the orienta- 
tion if the para C-F bond is fixed. Indeed, l .  A. D. WESTLAND. J. Chern. SOC. 3060 (1965). 
Hogben et al. (15) concluded that it is determined 2. A. D. WESTLAND. Can. J. Chern. 47,4135 (1969). 

3. J. CHATT, L. A. DUNCANSON, B. L. SHAW, and L. M. largely by o ~ ,  the Hammett-Taft VENANZI. Discuss. Faraday Soc. 26, 131 (1958). 
parameter (16), and so to a first approximation 4. A. PIDCOCK, R. E. RICHARDS, and L. M. VENANZI. 
it is a measure of n: interaction between the phenyl P r ~ c .  Chern. Sot. 184 (1962). 

5. G. W. PARSHALL. J. Arner. Chern. Soc. 88, 704 ring and its substituent. The series of values for (1966). 
the para fluorine chemical shift given in Table 3 6. M. I. BRUCE. J. Chern. Soc. (A), 1459 (1968). 
agree qualitatively with the trend in dipole 7. M. J. CHURCH and M. J. MAYS. J. Chem. Sot. (A), 

3074 (1968). 
rmments. The same trend was observed in the 8. GMELIN'S Handbuch der anorganischen Chernie. 
chemical shift for the para hydrogen atoms in the Platin. Teil D, System Nurnrner 68. Verlag ~hern ie ,  

1957. pyridine trans-(Pr3M)PtC12~~, 9. D. M, ADAMS and J, B. RAYNOR. Advanced prac- 
though in these the "n-bonding index" difference tical inorganic chemistry. Wiley, 1965. p. 117. 
values did not correlate with any obvious 10. J. W. SMITH. Trans. Faraday Soc. 46, 394 (1950). 

11. C. R. KISTNER, J. D. BLACKMAN, and W. C. HARRIS. ical facts (17). While we cannot account for these Inorg. Chern. 8, 2165 (1969). 
various observations with any certainty, we 12. J. CHATT and B. L. SHAW. J. Chern. Soc. 4020 

(1959) suggest that their may be significant' 13. J. CHin and R. G. WILKINS. J. Chern. Sot. 4300 
In tran~-(Et,As),Pt(nz-FC~H~)~ the chemical (1952). 

shift of the meta fluorine atom is slightly higher 14. M. J. S. DEWAR and T. G. SQUIRES. J. Amer. Chern. 
Soc. 90,210 (1968). W. ADCOCK and M. J. S. DEWAR. than that of the cis isomer. The value is similar J. Amere Chern. Sot. g9, 379 (1967). 

to that reported for tr~ns-(Et,P),Pt(rn-FC~H~)~ 15. M. G. HOGBEN, R. G. GAY, and W. A. G. GRAHAM. 
(5). We have also included in Table 3 the 19F J. Arner. Chern. Soc. 88, 3457 (1966). 

16. R. W. TAFT and J. W. RAKSHYS, JR. J. Amer. Chern. 
shift for (Ph3P)Au(m-FC6H4) which is So,. 87, 4387 (1965) and references cited therein. 

seen to be lower than comparable values for the 17. J. CHATT and A. D .  WESTLAND. J. Chern. Soc. (A), 
88 (1968). platinum Vaughan obtained a higher 18. G. CALVIN, G. E. COATEs, and P. S. D I ~ O N .  Chem. 

value for this compound but he worked in a ~ n d .  1628 (1959). 
different solvent (13). Although this low value for 
the chemical shift in the gold compound would 

ZThis is I /  J2 (1,) where PI, is the observed moment for seem to indicate that there is less electronic charge cis-(Et3P)zPt(C6H5)z (7). The negative end of the dipole 
build-up in the phenyl ring, the dipole moment of lies between the phenyl rings. 
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Biosynthesis of lycopodine. Incorporation of A'-piperideine and of pelletierine' 

M. CASTILLO, R. N. GUPTA, Y. K. Ho, D. B. MACLEAN, AND IAN D. SPENSER 
Department of Clzemistry, McMaster Utziversity, Hamilton, Otltario 

Received April 16, 1970 

The biogenetic hypothesis that the Lycopodium alkaloids are modified dimers of pelletierine (2, 3) was 
tested experimentally in Lycopodiun7 tristachyrrm. Pelletierine is indeed incorporated into lycopodine, 
but only one pelletierine unit entered the alkaloid, rather than two units, as predicted. The hypothesis 
thus requires modification. 

A'-Piperideine serves as a specific precursor of lycopodine. Two A'-piperideine moieties are incor- 
porated in such a way that the identity of C-2 and -6 of each of the precursor units is maintained. 

Canadian Journal of Chemistry, 48, 2911 (1970) 

Lysine and acetate supply the atoms of the The distribution of label from 2-14C- and 
entire ring skeleton of lycopodine (2) (2, 3). The 6-14C-lysine (approximately one quarter of the 
mode of incorporation of these precursors into activity of the intact alkaloid at each of C-5 
the alkaloid, inferred from tracer experiments and -9, in either case) is consistent with the view, 
with 2-I4C- and 6-I4C-lysine (1) (2, 3) and with fully discussed in an earlier paper (3), that two 
1-14C- and 2-I4C-acetate (3), is shown in identical C, units, derived from lysine via a 
Schemes 1 and 2. symmetrical intermediate, are incorporated, 

yielding the C, units, C-1 to -5 and C-9 to -13, of 
the alkaloid. The mode of incorporation of ac- 

Q::H 
tivity from 1-14C-acetate (approximately one half 
of the activity of lycopodine within the fragment 

--f--f--f C-15,16, presumably at C-15) and from 2-14C- 
acetate (approximately one quarter of the activity 

L&;y within the fragment C- 15,16, presumably at 
2 C-16), supports the inference that two identical 

Lycopodine C3 units, generated by decarboxylation of 
1 acetoacetate,' supply the C, units, C-6 to -8 and 

Lysine C-14 to -16, of lycopodine. 
SCHEME 1 These results support the view that the 

Incorporation of lysine into lycopodine. Sites of activity 'ycOpodine consists of 
derived from 2-14C-lysine and 6-14C-lysine, established by both of which originate from a common eight- 
degradation (.A) (-25% of total activity, from either carbon intermediate, and that this intermediate 
radiomer) or Inferred (A). is in turn derived from lysine and acetate. 

We made the suggestion (2, 3) that pelletierine 
I (5) might be the common eight-carbon inter- 

CH3SO2H mediate in question and proposed (2) a hypo- 
+++ 

2 
thetical sequence from lysine and acetate to 

CH3C02H 0 lycopodine (Scheme 3) which is consistent with 
e the incorporation data. The sequence predicts 

that cadaverine (3), a symmetrical molecule 
2 formed from lysine by decarboxylation (4), was 

SCHEME 2 a stage on the route of biosynthesis. Cadaverine 
Incorporation of acetate into lycopodine. Sites of activ- does indeed enter lycopodine in the predicted 

ity derived from I-14c-acetate (squares) (-50% of total manner (approximately one quarter of the activity 
activity) and 2-14C-acetate (circles) (-25 %), established at c - ~  and approximately one quarter at C-9) by degradation (0, a) or inferred (0, 0). 

(Scheme 4) (3). 

'A preliminary report of part of this work has been 'Direct incorporation of an intact C3 unit derived from 
published (I). acetoacetate could not be demonstrated, however (3). 
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CASTILLO ET AL.: BIOSYNTHESIS OF LYCOPODINE 

5 6 2 

SCHEME 3 
Incorporation of lysine and acetate into lycopodine. Postulated intermediates. 

3 2 

SCHEME 4 
Incorporation of cadaverine into lycopodine. Sites of 

activity derived from 1-14C-cadaverine, established by 
degradation (a) (-25 %) or inferred (0). 

In the present investigation we have examined 
the status in the biosynthesis of lycopodine of 
two further intermediates of the hypothetical 
sequence, A'-piperideine (4) and pelletierine (5). 

Labelled A'-piperideine was prepared by 
oxidation of lysine (5), labelled pelletierine was 
synthesized by condensation of A'-piperideine 
with acetoacetate (5). The radiomers of A1-piperi- 
deine and of pelletierine which were administered 
to Lycopodium tristachyum Pursh are listed in 
Table 1, which summarizes the details of the 
feeding experiments that were carried out. 

Each of the experiments yielded radioactive 
lycopodine. To locate the sites of labelling the 
lycopodine samples were partially degraded by 
reactions, which are fully described in an earlier 

I 

paper (3) and are summarized in Scheme 5. The 
results of these degradations are presented in 
Tables 2, 3, and 4. 

As anticipated, A'-piperideine (4) serves as a 
specific precursor of lycopodine. Consistent with 
the established evidence (5, 6) that the position 
of the double bond in A'-piperideine is fixed, the 
patterns of distribution in lycopodine of activity 
from 2-14C- and from 6-14C-A'-piperideine differ 
(Table 2). Half of the radioactivity of the 
lycopodine, derived from 2-14C-A'-piperideine, 
was recovered from C-5 (benzoic acid), whereas 
C-9 (formic acid) was devoid of activity. Con- 
versely, half the activity of the alkaloid derived 
from 6-14C-A'-piperideine was present at C-9 
(formic acid), while C-5 (benzoic acid) was 
essentially inactive. 

The observed mode of incorporation into 
lycopodine of activity from the two radiomers of 
A'-piperideine (Scheme 6) corresponds exactly to 
that predicted by the hypothesis (Scheme 3), that 
two intact units of this substrate are incorporated 
in a non-symmetrical manner, supplying the 
piperidine nuclei of the C16N2 intermediate 6, 
modification of which accounts for the formation 
of lycopodine, C16N (2). 

A'-Piperideine is the third substrate, the others 
being lysine and cadaverine, whose specific 
incorporation into the two C, units, C-1 to -5 
and C-9 to -1 3, of lycopodine can be inferred from 
tracer data. But whereas the individuality of C-2 
and -6 of labelled A'-piperideine is maintained 
within the product, the corresponding carbon 
atoms, C-2 and -6, of labelled lysine become 
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Zinc dust mlz distillation Kuhn-Roth oxidation ZH3hzH 
'N 13 CH3 

7 9 

9 
PhLi KMn04 5 

HC02H &+ 4 KMn04 ---+ H02C-Ph 

SCHEME 5 

Degradation of lycopodine. 

TABLE 2 
Incorporation of A'-piperideine into lycopodine 

-- -- 
Precursor 2-'4C-A'-Piperideine 6-14C-A1-Piperideine 

Experiment no. 13 14 
--- 

Product S A* RSAt S A RS A S A RSA 

Lycopodine 3.14+0.05$ l o o k 2  13.82k0.30§ l o o k 2  2.42k0.060 100+3 
Benzoic acid (C-5) 1 .62+0.05 52+2 0.14+0.03 l i 0 . 2  - 
Formic acid (C-9) 0 .03k0 .01  1 k 0 . 2  - 1 .26k0 .02  52+2 

(as a-naphthylamide) 

*Specific activity (counts min-1 mmole-I) x 
?Relative specific activity: percent (lycopodine = 100). 
$Obtained from the original lycopodine (specific activity (104.4 + 1.6) x lo4 counts min-1 mmole-') of experiment 13 by dilution with 

inactive lycopodine. 
$Obtained from the original lycopodine (specific activity (190.4 + 4.1) x 104 counts min-I mmole-I) of experiment 14 by dilution with 

inactive lycopodine. 

so lysine by decarboxylation (4) and is directly con- 
vertible to A'-piperideine (7), in well documented 

-+ L-61 -+ enzymic reactions which are essentially irrevers- 
ible. Both of these enzymic reactions have been 
detected in higher plants (8, 9). The evidence is 
clearly compatible with the view that the sequence 

4 2 lysine -> cadaverine -z A'-piperideine constitutes 
SCHEME 6 part of the biosynthetic route to lycopodine. 

Incorporation of A1-piperideine into lycopodine. Sites The quantitative distribution within lyco- 
of activity from 2-14C-A'-piperidehe (squares) and from pd ine ,  of label from all the tracers which have 
6-14C-A'-piperideine (triangles), established by degra- 
dation (A, m) (-50%) or inferred (A,  0). been tested as  precursor^,^ presents a consistent 

pattern. In every case it can be inferred that each 
identical on route to the product. If A'-piperi- of the two C, units, C-1 to -8 and C-9 to -16, 
deine is an obligatory intermediate of the pathway which constitute lycopodine, contains one half 
to lycopodine, as seems likely in view of the of the activity of the intact alkaloid. Equal 
comparatively high radiochemical yield (Table l), incorporation of radioactivity into the two seg- 
and lysine is the primary precursor, randomiza- ments of a "dimeric" product is obligatory only 
tion of C-2 and -6 of lysine must take place at a if two identical units of "monomeric" precursor 
stage of the metabolic route prior to the formation combine to yield a true dimer as a biosynthetic 
of A'-piperideine, since, once the latter is formed, intermediate (10). Such a distribution of label, 
equilibration of these centers does not occur. The found in every one of eleven separate experiments 
incorporation data suggest that a symmetrical with six different  precursor^,^ is unlikely to be 
intermediate lies between lysine and A'-piperi- coincidental. 
deine. Cadaverine has the attributes of the 
intermediate in question. It is a symmetrical 3Lysine (4 experiments) (3); cadaverine (3); A'- 

piperideine (2 experiments) (this paper); sodium acetate 
molecule. 1t is incorporated into lyco~odine in (2 experiments) (3); sodium acetoacetate (3); sodium 
the expected manner (3). I t  is formed from e-hydroxybutyrate (3). 
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CASTlLLO ET AL.: BIOSYNTHESIS OF LYCOPODINE 291 5 

TABLE 3 
Incorporation of pelletierine into lycopodine 

3H/14C Ratio 

Experiment In In  
no. Precursor Product SA* RSAt precursor lycopodine 

7 2-14C-Pelletierine Lycopodine 4.14k0.08 100f 2 
Benzoic acid (C-5) 0.05 f 0.01 1 k 0 .  1 

7 2-14C-Pelletierine Lycopodine 0.63+0.02$ 100f2 
7-Methyltetra- 0.59k0.02 94f4  
hydroquinoline 
hydrochloride 
(C-7 to -16) 

7 4,5-3H2,2-14C-Pelletierine 9.5k0.1 9.6k0.1 
12 6-14C-Pelletierine Lycopodine 0.87k0.025 100f2 

Formic acid (C-9) 0.90f0.02 104f3 
(as a-naphthylamide) 

10 2,3'-14C2-Pelletierine Lycopodine 2.60k0.0511 100f2 
Acetic acid (C-15,16) 0.47f 0.01 18&2 
(as a-naphthylamide) 

10 2,3'-'4C2-Pelletierine Lycopodine 0.72*0.01(( look  1 
7-Methyltetra- 0.69k0.02 96f 3 
hydroquinoline 
hydrochloride 
(C-7 to -16) 

'Specific activity (counts min-1 mrnole-1) x 10-4. 
tRelative specific activity: percent (lycopodine = 100). 
$Obtained by recrystallizing a mixture of 35 mg lycopodine, specific activity (4.11 + 0.08) x lo4 counts min-1 mmole-1, and 190 mg carrier 

Iycopodine. 
§Obtained from the original lycopodine (specific activity (13.1 + 0.27) x 104 counts rnin-1 rnmole-1) of experiment 12 by dilution with - ~- 

carrier lycopodine. 
JJObtained from the original lycopodine (specific activity (18.0 + 0.25) x lo4  counts min-' mmole-1) of experiment 10 by dilution with 

carrier lycopodine. 

Indications are thus strong that lycopodine is 
generated by modification of a true dimer, 
CI6N2 (e.g., 6), formed from a C,N monomer 
which is in turn derived from lysine and acetate. 
On the basis of the observed pattern of incorpora- 
tion of these substrates into lycopodine (2, 3) and 
into N-methylpelletierine (1 1) we advanced the 
idea (2,3) that pelletierine (5) might serve as the 
required C,N monomer. Radioactivity from 
labelled pelletierine is indeed incorporated into 
lycopodine (Table 1). 

Recovery, from the experiment with 4,5-3H,,2- 
'4C-pelletierine, of lycopodine whose 3H:14C 
ratio matched that of the precursor (experiment 7, 
Table 3), was consistent with the hypothesis that 
lycopodine is a modified dimer of pelletierine. 
The absence of activity derived from 2-'"C- 
pelletierine (experiment 7, Table 3) at C-5 of 
lycopodine (benzoic acid) was not, however. The 
hypothesis demands 50 % of activity at this site. 
It is evident that the C8 unit of the lycopodine 
molecule which includes C-5 (i.e. C-1 to -8) is 
not derived from pelletierine in the predicted 
manner. Since all activity derived from 2-14C- 

pelletierine (experiment 7, Table 3) was confined 
to the portion of the molecule represented by 
7-methyl-5,6,7,8-tetrahydroquinoline (C-7 to 
-16), it seemed likely that whereas the C, unit, 
C-1 to -8, was not derived from pelletierine at all, 
a pelletierine unit did indeed serve as the pre- 
cursor of the other C, unit of the lycopodine 
molecule, C-9 to -16. This conclusion is supported 
by the recovery from C-9 (formic acid) of all 
activity derived from 6-14C-pelletierine (experi- 
ment 12, Table 3). Intact incorporation of a 
pelletierine moiety into the C8 unit, C-9 to -16, 
is clearly established by the results of the 
experiment with 2,3'-'"C2-pelletierine(experi- 
ment 10). Not only was all activity from this 
precursor present in the quinoline derivative 
(C-7 to -16) (experiment 10, Table 3), but the 
fraction of this activity, recovered in the Kuhn- 
Roth acetate (C-15,16), was identical with the 
fraction of activity at the C-methyl group of the 
precursor (Table 4). 

It is thus demonstrated that an intact pelletier- 
ine unit serves as a specific precursor of the C, 
unit, C-9 to -16, of lycopodine, as predicted 
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TABLE 4 

Incorporation of 2,3'-14C2-pelletierine into lycopodine (experiment 10) 
-- 

Distribution of label in 
-- 

2,3'-14C2-Pelletierine Lycopodine 

SA* RSAt SA* RS A t  
- - -  - 

Pelletierine 5.98+0.10$ 1OOf-2 Lycopodine 2.60f-0.05 1 0 0 t 2  
Acetic acid (C-2',3') 1.09 + 0.01 1 8 t 0 . 3  Acetic acid (C-15,16) 0.47+ 0.01 18 t0 .4  

(as a-naphthylamide) (as a-naphthylamide) 
Pipecolic acid 4.72t0.08 7 9 t 2  
(nucleus, C-1 ') 

*S~ecific activity (counts min-1 mmole-1) x 
?Relative specific activity: percent. 
$Obtained by mixing a small sample (total activity -0.2 P C ~ )  of the original 2.3'-14C2-pe11et~erine hydrochloride, used in experiment 10, with 

inactive pelletierine hydrochloride (350 mg), and recrystallizing the mixture to constant activity. 

v 
5 2 

SCHEME 7 
Incorporation of pelletierine into lycopodine. Sites of 

activity established by degradation (A, O) or inferred 
(0 ,T). 

(Scheme 7). Contrary to prediction, however, the 
C8 unit, C-1 to -8, is not derived from this 
precursor. It follows that lycopodine is not a 
modified dimer of pelletierine. 

Incorporation of pelletierine into one of the 
two C8N units of the Lycopodium base cernuine 
has recently been shown to take place in an 
analogous manner (12). 

One of two conclusions is thus inescapable: 
Either (i), pelletierine is an obligatory precursor 
of lycopodine, in which case the alkaloid cannot 
be derived from a dimeric intermediate, C16N,. 
This inference is inconsistent with the finding. 
discussed earlier, that in 11 experiments wirh 
other tracers the two "halves" of lycopodine were 
equally labelled. Or (ii), lycopodine is indeed 
generated by modification of a dimeric inter- 
mediate, C16N,, in which case pelletierine cannot 
be a normal precursor. This conclusion gives rise 
to the apparent paradox that pelletierine can 
replace one but not the other of two identical 
C8N moieties, serving as precursors of the 
dimeric intermediate. 

Each one of these apparent contradictions can 
be rationalized. The model, shown in Scheme 8, 

can, in principle, account for equal incorporation 
of early precursors into the pelletierine-derived 
as well as the non-pelletierine-derived "half" of 
lycopodine, as demanded by alternative (i), 
provided the steady-state concentration of 5 is 
small compared to that of 8, and the conversion 
of 8 to 5 is irreversible. 

A hypothetical sequence, consistent with alter- 
native (ii) is shown in Scheme 9. It is suggested 
that 2-allylpiperidine (11) rather than pelletierine 
serves as the C8N unit, from which the dimeric 
precursor 6 of lycopodine is ultimately derived. 
Dimerization of an oxidized derivative (12) of 
2-allylpiperidine is initiated by prntonation at the 
terminal carbon atom of the side chain. In the 
dimerization step the protonated species 13 may 
be replaced by pelletierine, if the latter is avail- 
able, whereas the non-protonated species 12 
cannot be so replaced. 

Investigations to test these and other hypo- 
theses are in progress. 

Experimental 
Synthesis of Labelled Cornpounds 

14C-A1-Piperideine 
The samples of 2-14C-A'-piperideine (experiment 13) 

and 6-14C-A'-piperideine (experiment 14) were obtained 
from 2-14C-DL-lysine monohydrochloride (New England 
Nuclear) and from 6-14C-~~-lysine dihydrochloride 
(Commissariat B I'Energie Atomique, France), respec- 
tively. 

2-14C-A'-Piperideine was prepared as follows (c.f. 
ref. 5): 2-14C-DL-Lysine monohydrochloride (0.1 mCi), 
together with unlabelled DL-lysine monohydrochloride 
to make a total of 0.25 mmole, was dissolved in water 
(10 ml). N-Bromosuccinimide (0.52 mmole) was added 
and the solution was kept at 40-50" for a few minutes. 
Light suction was applied to remove bromine vapors. 
Dilute hydrochloric acid (0.25 M, I rnl) was added to 
the clear solution which contained A'-piperideine 
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co2 
%+-+ 

c.l, Ref. 2 

hydrochloride as the major radioactive component and 
was administered to L. tristuclryurn without further 
manipulation. For radiochemical analysis a drop of the 
solution was applied to a thin-layer plate coated with 
silica gel (MN-Polygrarn SILS-HR). The chromatogram 
was developed in 1-butanol - acetic acid - water, 2:1:1, 
and scanned (Packard Radiochromatogram scanner, 
model 7201), to reveal A'-piperideine, Rf 0.55, as the 
major radioactive component (85-95%) together with 
some unchanged lysine, Rf 0.25 (5-15%). 

A solution of 6-14C-A'-piperideine hydrochloride was 
prepared in an analogous manner, from 6-14C-~~-lysine 
dihydrochloride (0.1 mCi). 

C-Pelletieuine 
The samples of 2-14C-pelletierine hydrochloride 

(experiments 7 and lo), 6-14C-pelletierine hydrochloride 
(experiment 12), and 4,5-3H2-pelletierine hydrochloride 
(experiment 7) were prepared from 2-14C-~L-ly~ine 
monohydrochloride (New England Nuclear), from 
6-14C-DL-lysine dihydrochloride (Commissariat a 1'Ener- 
gie Atomique, France), and from 4,S3H2-L-lysine 
monohydrochloride (Radiochemical Centre), respec- 
tively (5). 

The sample of 3'-14C-pelletierine hydrochloride 
(experiment 10) was prepared as follows: a mixture of 
ethyl 4-14C-acetoacetate (nominal total activity 0.5 mCi, 
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nominal specific activity 0.25 mCi per mmole) (Radio- 
chemical Centre) and of sodium hydroxide solution 
(4.1 ml, 0.5 M )  was kept at room temperature overnight, 
and citrate buffer, pH6.9 (5 ml) was then added. A 
solution of A'-pi~eriheine hydrochloride, prepared from 
inactive DL-lysine monohvdrochloride (0.5 mmole) (5) , ,, 
was then addkd dropwise, over 24 h, and'(*)-pelletierine 
hydrochloride, total activity 0.034 mCi (7% yield), was 
isolated and purified by the method reported previously 
(5). Final purification was achieved by sublimation at 
140" and 3 x mm. 

The site of label within this product was confirmed by 
degradation to pipecolic acid and acetic acid (c.f. ref. 11) 
as follows: a small sample (total activity approximately 
0.6 pCi) of this pelletierine hydrochloride was mixed with 
unlabelled (+)-pelletierine hydrochloride (500 mg) in 
methanol. The solution was concentrated, ether was 
added, and the (?)-pelletierine hydrochloride which 
crystallized was purified to constant activity by repeated 
sublimation. This pelletierine hydrochloride (350 mg, 
specific activity (14.2 + 0.3) x 10' counts min-' 
mmole-I) was dissolved in sulfuric acid (10 M, 3 ml). 
Chromic acid (120 mg) in water (3 ml) was added and the 
mixture was kept at 90" for 4 h. Steam was passed 
through the reaction mixture until 50 ml distillate had 
been collected. The distillate was neutralized with 
sodium hydroxide (0.1 M,  5 ml) and the solution 
evaporated to dryness. The sodium acetate so obtained 
was converted to acetyl-a-naphthylamide (53 % yield) 
(13). Pipecolic acid, isolated from the residual aqueous 
solution as described previously (14), was purified by 
sublimation. The pipecolic acid (specific activity (0.022 + 
0.003) x 10Jcounts min-' mmole-I) contained less than 
0.2% of the activity of the starting material. The acetic 
acid derivative (specific activity (13.4 f 0.3) x lo4 
counts min-I mmole-I) contained essentially all the 
activity of the original pelletierine. Condensation of 
4-14C-acetoacetate with A'-piperideine had thus taken 
place entirely in the expected manner, the product being 
3'-14C-pelletierine, uncontaminated by l'-14C-pelletier- 
ine. 

The doubly labelled pelletierine, used in experiment 10, 
was a mixture of 2-14C-pelletierine and 3'-l4C-pelletier- 
ine. The total activity of the intermolecularly labelled 
2,3'-14C;-pelletieririe lzydroclrloride used in experiment 10 
was 0.072 mCi. A small sample (total activity approx- 
imately 0.2 pCi) of this 2,3'-14C2-pelletierine was mixed 
with unlabelled carrier pelletierine (350 mg), and the 
resulting product was purified to constant activity and 
oxidized to a mixture of pipecolic and acetic acid (see 
above). The distribution of label in 2,3'-14C2-pelletierine, 
deduced from the specific activity of these degradation 
products, is shown in Table 4. 

The doubly labelled pelletierine, used in experiment 7, 
was a mixture of 2-14C-pelletierine (0.07 mCi) and 
4,5-3H2-pelletierine (0.6 mCi). The 3H:14C ratio of the 
mixed sample, determined by liquid scintillation counting, 
was found to be 9.5 f 0.1. 

Tracer Experiltients 
The labelled samples of A'-piperideine and pelletierine 

were administered to Lycopodirrnz tristachyum Pursh. The 
labelled lycopodine, isolated from each of the five 
experiments, was purified to constant activity and 
partially degraded. Carbon-5 of lycopodine was obtained 
as benzoic acid, C-9 as formic acid, C-15 and -16 as 
acetic acid, and C-7 to -16 as 7-methyl-5,6,7,8-tetra- 
hydroquinoline (Scheme 5). The expe~imental methods 
used in the administration of tracers to the plants, in the 
isolation and degradation of the labelled samples of 
lycopodine and in the determination of radioactivity 
were those described in our earlier publication (3). 

This investigation was supported by the National 
Research Council of Canada. 
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Vibrational energy distribution in MF formed by elimination 
from activated CM,CF, and CH2CF2 

P. N. CLOUGH,~ J. C. POLANYI, AND R. T. TAGUCHI 
Department of Clzemistry, University of Toronto, Toronto, Ontario 

Received2 December 2, 1969 

The combination~elimination reaction CH3 + CF3 -> CH3CF3f -> CH2CF2 + H F  has been studied 
in a fast-flow system. Infrared chemiluminescence arising from the H F  product has been observed from 
vibrational levels v = 1 4 ,  and relative rate constants, k(v), have been obtained for HF formation in 
these levels. A study has also been made of the reaction CH,CF2 + Hg*(63PI) -> CHCF + HF + 
Hg(6lSo), which has been found to produce vibrationally-excited HF. Relative rate constants k(v) for 
vibrational levels u = 1 4  have been obtained. It appears that channelling of the potential energy into 
H F  vibration, in the course of the elimination step, is more efficient in the first than in the second of 
these reactions. In the second reaction HF is eliminated with considerable rotational excitation. 
Canadian Journal of Chemistry, 48, 2919 (1970) 

Introduction conditions from those in the elimination laser. 

The type of reaction in which halogenated 
methyl radicals combine and eliminate hydrogen 
halide was discovered by Pritchard, Venugopalan, 
and Graham (I), who found CH2CHF and H F  
in the photolysis products of (CH,F),CO. The 
combining radicals in this case were 2CH2F. 
Giles and Whittle (2) demonstrated that such a 
process also occurs in the combination of methyl 
and trifluoromethyl radicals, and showed that the 
combination occurs with zero activation energy 
to give an activated trifluoroethane molecule 
(CH,CF,?) which may decompose to give 
difluoroethylene and H F  or may be stabilized by 
collision 

The activated molecule is formed with some 
99 kcal mole-' of energy above its zero point 
(see Discussion). 

Berry and Pimentel were first to show that 
reaction [ l ]  produces vibrationally excited H F  
which can give rise to laser emission (3). From 
an examination of the laser characteristics, they 
obtained limits for the ratio of reaction rates into 
the lowest and first excited vibrational levels of 
HF, k(v = l)/k(u = 0). 

In the present work, reaction [ l ]  has been 
investigated under quite different experimental 

'Present address: Department of Chemistry, University 
of Reading, Reading, England. 

'Revision received June 22, 1970. 

CF, and CH, radicals were generated by 
Hg*(63P,) sensitized photolysis of (CF,),CO 
and (CH,),Hg, respectively, in a fast-flow 
system. Observations have been extended to 
higher vibrational levels of H F  than in the laser 
measurements (3), and values of the relative rate 
constants for the levels v = 1-4 obtained. It has 
also been possible to gain some qualitative 
information on the extent of rotational excitation 
of the HF. 

An elimination process analogous to that for 
haloethanes occurs in the case of activated 
haloethylenes, and as a complementary study, the 
reaction 

[31 CH2CF2 + H~*(~,P,) -+ CH2CF2* + ~ ~ ( 6 ~ ~ 0 )  

1 
HCCF + HF 

which is closely related to reaction [I], has 
been examined. Mercury-sensitized elimination 
of this type has previously been reported by 
Trobridge and Jennings, who found that for 
CH2CHF it was the only photolytic process 
occurring (4). The present work shows that 
reaction [3] yields H F  molecules with consider- 
able vibrational excitation, and thus resembles 
direct photoelimination in a number of halo- 
ethylenes which has recently been found by Berry 
and Pimentel to give vibrationally excited 
hydrogen halide molecules (5). Relative rate 
constants for formation of H F  in vibrational 
levels 1 to 4 in reaction [3] are reported, for the 
first time, in the present work. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

FIG. 1. Reaction vessel and mercury lamp: C, cold wall; H, lead to heating wire; Hg, mercury lamp; J, water 
jacket; N, nozzle; P, sidearm to pressure gauges; W, CaF2 window. 

Experimental 
Apparatus 

The reactions were investigated under two sets of 
experimental conditions. For both, the reaction vessel 
was a fused qux tz  tube of 65 mm internal diameter, 
jacketed in a larger quartz tube. Distilled water was 
circulated through the 5 mm annular space between the 
tubes; this served to filter out infrared lines from the 
mercury lamp, which might otherwise have been scattered 
into the spectrometer, and also to eliminate the 1849 &. 
Hg resonance line. 

Figure 1 shows the arrangement of the reaction vessel 
and mercury lamp. The lamp was a quartz spiral Toronto 
arc, providing intense Hg 2537 &. resonance radiation, 
and the reaction vessel, placed inside the spiral, had an 
illuminated zone 14cm long. Infrared emission was 
observed through a calcium fluoride end-window using 
a Perkin-Elmer 12-G monochromator, equipped with a 
liquid-nitrogen-cooled lead sulfide detector. Only emis- 
sion from a central cone, well clear of the reaction vessel 
walls, could enter the spectrometer. 

The first set of experimental conditions was designed 
for reaction at low pressure and short residence time, 
approaching the conditions of Method I1 described by 
Anlauf et al. (6). The reagents, saturated with mercury 
vapor, were introduced into the vessel through a heated 
6 mm i.d. nozzle, and condensed out on a cold wall 3 cm 
beyond the end of the illuminated zone. This cold wall, 
which formed part of a Pyrex cold-trap, was cooled by 
liquid nitrogen (77 OK) or liquid helium (4°K). The 

system could be pumped out to an ultimate pressure of 
Torr with a 2 in. NRC oil diffusion pump. In most 

experiments, with the reagents flowing, the pressure 
measured by a Mcleod gauge at the point indicated in 
Fig. 1 was in the range (2-5j x Torr. 

The second conditions were similar to those described 
by Karl, Kruus, and Polanyi in investigating electronic- 
to-vibrational energy transfer (7). The reagents flowed 
through the vessel at high velocity in a large excess of 
argon carrier, at total pressures of 0.35 to 0.55 Torr. 
A Stokes 412H rotary pump was used to achieve high 
pumping speed. Blackened metal vanes set at 30" to the 
flow direction cut off the spectrometer cone-of-sight 
immediately at the end of the illuminated zone. 

Reagents 
Hexafluoroacetone (HFA) supplied in cylinders by 

Matheson Ltd., was passed through a trap at -20 OC 
to remove any hydrat;. Dimethyl mercury (DMM), from 
Strem Chemicals Inc., was vacuum distilled before use, 
and was stored in the dark. 1,l-Difluoroethylene 
(Matheson) was dried by passage through a trap at 
- 78 "C, but not otherwise purified. 

All gas flow-rates were measured with Fisher-Porter 
triflat floating-bal! meters. 

Results 
Reaction Conditions 

Details of the optimum reaction conditions for 
which adequate kmission intensities could be 
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TABLE 1 

Reaction conditions 

Pressure (Torr) 

Experiment HFA DMM CH2CF2 Ar g) 

obtained, with and without argon carrier gas, are 
given for both reactions in Table 1. Information 
on mercury concentrations is not included in the 
table since these were not accurately known. 
However, from the measured temperatures and 
gas pressures in the saturator, the Hg vapor 
pressure in the reaction vessel can be estimated 
as close to 5 x Torr in the low pressure 
experiments, and approaching the 20 "C satura- 
tion vapor pressure of Torr in the Ar carrier 
runs. Liquid helium cooling was necessary in the 
low pressure experiments on CH, f CF, com- 
bination, to trap CO released in the photolysis 
of HFA, but liquid nitrogen cooling was adequate 
for the Hg* + CH,CF, observations. 

The contact time, z,, given in Table 1 is the 
mean residence time of the reagents in the 
illuminated zone. This quantity cannot be deter- 
mined accurately for the low pressure experi- 
ments, since pressures were in the region between 
viscous and molecular flow. However, values 
calculated assuming viscous flow and assuming 
diffusion from the nozzle to the cold surface agree 
within 25%; the average value is given in the 
table. Pressure "mapping7' measurements in the 
reaction vessel showed that the pressure was 
almost uniform across the vessel 5 cm down- 
stream from the inlet nozzle. Contact times for 
the argon carrier experiments are better-defined, 
and the values given in Table 1 were calculated 
assuming Poiseuille flow and taking an average 
within the cone-of-acceptance of the spectrom- 
eter. 

CH3 f CF, Recombination 
A spectral trace of the H F  fundamental 

emission from the recombination-elimination 
reaction [ l ]  is reproduced in Fig. 2, and corre- 
sponds to the reaction conditions ofexperiment 2. 
At the resolution of about 8 cm-' employed, the 
rotational structure was clearly resolved. Emis- 
sion intensity in experiments without argon 

carrier was somewhat lower than in those with 
it, but the same resolution could still be used. In 
both cases, the highest vibrational level which 
could be detected was v = 4. 

Evidence that the H F  emission was in fact due 
to reaction [ l ]  was obtained by examining 
variation of the emission intensity with incident 
Hg light intensity. Reaction conditions were 
close to those for experiment 2, and the incident 
intensity was changed by introducing perforated 
cylinders of calculated transmission between the 
mercury lamp and the reaction vessel. The results 
of these measurements are given in Fig. 3, which 
shows an accurate dependence of the emission 
intensity on the square of the incident intensity. 

To  explain this simple square-law dependence, 
some consideration of the extent of photolysis in 
these experiments is required. From the 
H~*(,P,) concentration measured by Karl et nl. 
(7) under closely similar conditions, an estimated 
maximum value of [HgX(3Pl)] = 2 x 10-l4 
g-atom cm-, can be arrived at for experiment 2. 
The reactive quenching cross-section of HFA is 
probably smaller than that of acetone, due to the 
absence of C-H sites. As a maximum, the value 
of 32 corresponding to acetone (8) will be 
taken, giving a quenching rate constant kQ = 
1.5 x 1014 cm3 mole-' s- '. The HFA concen- 
tration in the experiment was 5 x 10-l' mole 
ern-,, so that the product kQ[HFA] = 7,5 x 
10, s-'. Since the radiative rate constant of 
Hg(,P1) is > lo7 s-', it is clear that the concen- 
tration of excited mercury was determined by 
radiative processes and not by quenching, So that 
it was independent of [HFA]. Thus, the decom- 
position of HFA along the reaction vessel was 
first order, with maximum effective rate constant 
kQ[Hg*] = 3.0 s-l .  The maximum extent of 
HFA decomposition in the residence time then 
comes to 1.8 %, giving a CF, radical concentra- 
tion of about 10-l2 mole ~ m - ~ .  Similarly, for 
DMM, taking the quenching rate constant as 
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CLOUGH ET AL.: VIBRATIONAL ENERGY DISTRIBUTION IN HF 2923 

FIG. 3. HF emission intensity vs. (incident mercury 
light intensity)', for CH3 + CF3. 

3 x 1014 cm3 mole-' s-' (8), the percentage 
I 

decomposition calculated is 3.7%, giving a 
maximum CH, radical concentration of about 

1 5 x lo-', mole cm-,. With a CH, + CF, re- 
combination rate constant of 5 x 1013 cm3 

1 mole-' s-' (9), it is calculated that, for these low 
radical concentrations, gas phase recombination 
made a much smaller contribution (< 10%) to 
radical removal than did pumping from the vessel 
or loss at the walls. 

The steady-state concentration of CF, radicals 
can be expressed as kQ[HFA ([Hg*]/(k, + R,), 
where k, is a first order rate constant for radical 
removal by pumping and at the wall, and R, the 
combined rate of all second-order gas phase 
processes for radical loss. Since it has just been 
concluded that k,  was much greater than R,, this 
expression reduces to [CF, ] = kQ [HFAI [Hg*]/ 
k,, and an analogous expression holds for [CH,]. 
It therefore follows that if reaction [ l ]  was the 
only process contributing to H F  emission, the 
emission intensity should have been proportional 
to [HFA] [DMM] [Hg*I2, and hence depended 
on the square of the incident intensity, as 
observed. 

Additional evidence was obtained confirming 
the absence of contributions to excited H F  
formation by reactions other than [l 1. It is shown 
below that reaction [3], which was a possible 
secondary process in the system, gives rise to H F  
emission, but separate experiments demonstrated 

that this emission wasainsignificant for the 
CH2CF2 concentrations which could have re- 
sulted from reaction [I]. Investigations were also 
made of direct electronic-to-vibrational energy 
transfer from Hg'Y3P,) to HF, but H F  emission 
was only detected for concentrations of the gas 
several orders of magnitude higher than could 
have been present in these experiments. 

The observed rotation-vibration lines of H F  
were identified using the spectroscopic data of 
Mann et ul. (lo), and the steady-state vibrational 
distribution determined by the rotational popula- 
tion sum method described by Charters and 
Polanyi (1 1). Only the fundamental region of H F  
was examined. The Einstein coefficients for 
spontaneous emission were calc~~lated according 
to the quadratic expression of Heaps and 
Herzberg (12), employing the known absolute 
value of the probability for the 1 -> 0 transition 
(13). Rotational line areas were measured by 
planimeter, and corrected for wavelength varia- 
tion of the spectrometer transmission before 
conversion to relative populations. There was 
always a slow build-up of brownish deposit inside 
the reaction vessel during experiments, but the 
emission intensity (as checked by repeated 
scanning of the same group of lines) never fell by 
more than 10% over a complete trace, and a 
correction was made for this fall with time. 

The results of these measurements, expressed 
as steady-state vibrational populations of HF, 
N(v), relative to a value of N(l) = 1.0, are given 
for both sets of experimental conditions in 
Table 2u. These results are in fact averaged over 
a number of measurements in the two cases. The 
maximum uncertainty in N(2) and N(3) is + 5 %, 
but for N(4) a much larger uncertainty of f 20 % 
exists, due to the low emission intensities fro'm 
this level. No change in the distributions was 
found on varying the incident light intensity or 
the mercury concentration. This provides further 
evidence that the emission resulted from reaction 
[ l ]  with no other contributions. 

In the low-pressure experiments, plots of the 
quantity In IJ/o/SJFJ vs. J ( J  + l), where I, is 
the intensity of the line originating from rota- 
tional level J of a given vibrational level, always 
yielded straight lines corresponding to Boltzmann 
rotational temperatures of 450-500 OK. The 
difference between these temperatures and the 
ambient temperature can be adequately ac- 
counted for as the combined result of introducing 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2924 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48. 1970 

TABLE 2 
Relative rate constants, k(v), and mean steady-state 
vibrational distributions, N(v), along the length of 

the cone-of-sight 

Tc 
u k(v) Experimental Computed* (s x lo3) 

(a) CH3 + CF3 

'Using the stated, k(u).  

INCIDENT Hg L IGHT I N T E N S I T Y  

FIG. 4. H F  emission intensity vs. mercury light 
intensity, for Hg* + CH2CF2. 

Table 1, are given in Fig. 4, which shows a linear 
relationship between the intensities. The Hg(3Pl) 

the reagents through a nozzle heated to about quenching cross-section of CH2CF, has been 

450 OK, and of heating due to reaction. As the measured as 27.2 A2 (14), and performing a 

following section shows, any significant extent of similar calculation to that given above for HFA, 

rotational excitation of the H F  formed in a maximum extent of CH2CF2 decomposition 

reaction [ l ]  should have been evident under the of 2.3% is arrived at. Thus, the rate of H F  
formation along the reaction vessel was essen- low pressure conditions as curvature of the 

rotational plots, and the straight-line nature of tially constant, and this resulted in the linear 

the plots indicates that H F  is eliminated from intensity relationship. Such linearity would not 

activated CH3CF3 without large rotational be expected if any secondary processes had con- 

excitation. tributed appreciably to the formation of excited 
HF. 

Hg* + CH;CF2 
The intensities of H F  emission in the Hg 

sensitized elimination from CH2CF, were con- 
siderably higher both with and without argon 
carrier than in the recombination-elimination 
reaction. Nonetheless, it was not possible to 
detect emission from vibrational levels above 
v = 4. 

By comparison with CHFCH, (4), reaction [3]  
is expected to be the only process in the Hg* + 
CH2CF2 system forming H F  (see, however, 
Discussion, part (b)). Evidence that the excited 
H F  detected in this work resulted directly from 
reaction [3]  was obtained by investigating the 
variation of infrared emission intensity with 
incident Hg light intensity, as for the recombina- 
tion reaction. The results of these measurements, 
carried out under the conditions of experiment 4, 

Determinations of the steady-state vibrational 
population distribution of HF under the condi- 
tions of experiments 3 and 4 were made as for 
the recombination reaction. The results are given 
in Table 2b. The uncertainty limits in the values 
for v = 2 and 3 are + 5 %. Although intensities 
from the level v = 4 were much higher in this 
case than for the recombination reaction, a 
corresponding increase in the accuracy of mea- 
surement was not possible because of uncertain- 
ties about the background level in the spectral 
region concerned. A weak, apparently continuous 
emission underlay much of the P branch of the 
4 -> 3 H F  transition, from 3400 to 3200 cm-'. It 
seems most likely that this was emission from 
vibrationally excited HCCF, the v, C-H stretch- 
ing mode of which has its origin at 3360 cm-' 
(15). Because of these difficulties, an uncertainty 
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J(J+I)--+ 

FIG. 5. Rotational plot for Hg* + CH2CF2. Straight 
lines represent 500 OK. 

limit of f 15 % exists for the relative population 
of the v = 4 level. The population distribution 

I was independent of incident Hg light intensity, 
I further evidence for a single formation process 1 for vibrationally excited HF. 

For the low pressure conditions of experiment 
1 3, rotational plots of In IJ/o/SJFJ vs. J ( J  + 1) 

exhibited marked curvature, as shown in Fig. 5. 
I , Such curvature is characteristic of a non- 

Boltzmann initial rotational distribution which 
I has undergone partial collisional relaxation, and 

comparison with the results of Anlauf et al. (6) 
and Pacey (16) for the H + C1, reaction leads to 
the conclusion that H F  is eliminated in reaction 
[3] with considerable rotational excitation. The 
work on H + C1, also shows that unrelaxed 
vibrational population distributions can be 
observed even when extensive rotational relaxa- 
tion has occurred, a point of importance in the 
present measurements. 

Relative Rates of Formation, k(v), from 
Steady-state Populations, N(v) 

In order to obtain relative rates of formation 
into different vibrational levels from observed 
steady-state distributions, it is necessary to 
consider the possible vibrational relaxation pro- 
cesses. Since these processes are similar for both 
cases, the two reactions will be discussed together 
in the following sections. 

(a) Gas Pl~ase Relaxation 
Vibration-to-translation (V-T) collisional re- 

laxation will be considered first. Under the 
conditions of experiments 1 and 3, assuming 
diameters of 10 and 8 A, respectively, for 
collisions of H F  with HFA and CH,CF,, the 
mean numbers of collisions undergone by H F  in 
the residence times for the two cases are calculated 
as approximately 90 and 50. For such small 
collision-numbers, V-T relaxation would be 
negligible. In the argon-carrier experiments 
2 and 4, the calculated mean number of HF-Ar 
collisions in T, for a 5 A diameter is close to lo4. 
There are no experimental data on the vibrational 
relaxation rate of H F  in Ar, but it can be esti- 
mated from two approaches. Although H F  is a 
highly polar molecule, the S.S.H. theory (17) 
should not be seriously in error in treating its 
relaxation in a noble gas. Calculations using the 
theory (with ~ / k  = 500 OK, o = 2.8 A for HF) 
yield a value 2.7 x 10" as the number of 
collisions needed to bring about a 1 -> 0 transi- 
tion. Recent measurements on the relaxation of 
HCl in noble gases show that in this case --lo7 
collisions are required for V-T relaxation at 
room temperature (18). It seems unlikely that H F  
relaxes faster than HC1 in view of its higher 
vibration frequency. Thus, it can be concluded 
that in the experiments with argon carrier, V-T 
relaxation was entirely negligible. 

Consideration of the importance of vibration- 
to-vibration (V-V) energy transfer presents more 
difficulties. The possibility of vibrational ex- 
change between H F  molecules can be eliminated, 
since for the low concentrations present in these 
experiments the calculated number of HF-HF 
collisions per molecule in the residence time is 
less than unity. No theoretical calculations can 
be made of the probable rates of vibrational 
transfer from H F  to the organic molecules 
present, but the available data on this type of 
process (19) suggest that for a molecule with such 
a high vibration frequency as HF, considerably 
larger numbers of collisions than the -- 10' 
quoted at the beginning of this section would be 
needed even for near-resonant transfer. 

Direct experimental evidence for the un- 
importance of V-V relaxation under the condi- 
tions employed was also obtained by varying the 
reagent concentrations. The H F  population 
distribution from reaction [I] showed no change 
under the conditions of experiment 2, Table 1, 
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on reducing the HFA pressure from 8.5 x 
to 3 x lop4 Torr. With this latter pressure, an 
H F  molecule underwent only - 20 collisions 
with HFA in the residence time, so that V-V 
transfer was completely negligible. As shown 
below, the observed steady-state vibrational 
populations in these Ar carrier experiments and 
in the experiments with higher HFA pressures 
but without carrier, such as experiment 1, can 
be well explained in terms of a single set of rate 
constants for H F  formation. This could only be 
so if V-V transfer at the higher HFA concentra- 
tions were also negligibly small. Similar con- 
clusions can be reached in the case of reaction [3] 
from the fact that a single set of k(v) values fits 
the observed N(v) distributions in experiments 3 
and 4, in which the CH,CF, concentrations 
differed by a factor of ten. 

(b) Wall Relaxation 
Since H F  reacts readily with silica, it seems 

reasonable to assume that vibrationally excited 
H F  molecules which diffused to the wall in the 
low pressure experiments were removed there by 
reaction, or at least completely deactivated, so 
that the observed steady-state distribution was 
not distorted by wall relaxation. Part of the 
purpose of the argon carrier experiments was to 
confirm this supposition. In the presence of 
0.4 Torr of argon a negligible fraction of excited 
H F  molecules which had undergone collision 
with the wall could diffuse back into the observa- 
tion zone before radiating. The fact that the 
vibrational distributions observed with and with- 
out argon can be accounted for in terms of single 
sets of relative reaction rate constants for each 
of the reactions therefore supports the assump- 
tion that in the low pressure experiments there 
was no contribution to the emission from 
molecules which had undergone partial wall 
deactivation. 

(c) Radiative Relaxation 
The mean radiative lifetimes of the relevant 

vibrational levels of H F  are in the range 
(2-5) x s, so that appreciable radiative 
distortion of the initially-formed vibrational 
distribution occurred in the contact times quoted 
in Table 1. In order to correct for this, a computer 
program was employed which, for given relative 
formation rates, simulated the build-up and loss 
by radiation of H F  in each vibrational level along 
the illuminated zone, taking into account the 

flow velocity. The calculations given earlier show 
that in both reactions the concentrations of 
primary photolysis products increased linearly 
with distance along the reaction vessel, so that 
for the CH, + CF, recombination the H F  
formation rate was taken to increase as the square 
of the distance into the illuminated zone, while 
for elimination from CH,CF, a constant forma- 
tion rate was assumed. Having calculated the 
steady-state vibrational distribution at each 
point, the computer program integrated along 
the reaction vessel to give the average distribution 
observed by the spectrometer. 

The rate constants k(v) for H F  formation in 
the levels v = 1 to 4 giving a best fit to the 
observations, are presented in Table 2. The table 
also compares the steady-state distributions com- 
puted from these k(v) values with the observed 
distributions at the two contact times, for both 
reactions. The agreement in both cases is suffi- 
ciently good to justify the conclusions reached 
earlier about the unimportance of relaxation 
processes other than radiation. Uncertainty limits 
in the k(v) ratios, arrived at by considering the 
extremes which could still be consistent with 
the observations, are f 8 % for v = 2 and v = 3, 
and f 15% for v = 4. 

Discussion 
(a) CH, + CF, 

The thermochemistry of the CH, + CF, 
combination-elimination reaction involves sev- 
eral uncertain quantities. Results concerning the 
value of AH,-(CF,) are in conflict, but the figure 
of -1 12.6 kcal mole-' obtained by Coomber 
and Whittle (20) from thermal and kinetic data 
appears more reliable than results based on 
electron impact methods, and is adopted here. 
The value of AH,-(CH,) = 34.0 kcal mole-' 
quoted by Coomber and Whittle (20) will also 
be em~loved. 

A sicoid uncertainty arises regarding the value 
of AH,(CH,CF,). Lacher and Skinner (21), in a 
recent compilation of adjusted thermochem- 
ical data of fluorinated hydrocarbons give 
AH,(CH,CF,) = - 178.2 kcal mole-' based on 
the combustion measurements of Kolesov et ul. 
(22). This figure, together with those quoted 
above, would require D(CH,-CF,) = 99.6 kcal 
mole-', which is higher than both D(CF,-CF,) 
(= 96.5 kcal mole-') and D(CH,-CH,) 
(= 88 kcal mole-') (20). It seems more likely 
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that D(CH3-CF,) lies between these latter two 
figures. However, in the absence of alternative 
experimental data the value of 99 kcal mole-' has 
been used. A preferred value for AHf(CH,CF,) 
of - 82.5 kcal mole-' is given by Lacher and 
Skinner (21), and this is employed here, together 
with AHf(HF), = - 64.9 kcal mole-'. All of 
these values refer to 298 OK; in view of the 
uncertainties correction to 0 OK is unnecessary. 

Finally the critical energy for H F  elimination 
from CH3CF3 is required. A recent shock-tube 
measurement of the activation energy for this 
elimination (23) has yielded a value of 71 kcal 
mole-', corresponding to a critical energy of 
69 kcal mole-'. This is in good agreement with 
the value E,  = 68 kcal mole-' arrived at by 
Chang and Setser in an R.R.K.M. treatment of 
the decomposition rate of chemically activated 
CH,CF3 (24), based on D(CH3-CF,) = 98 kcal 
mole-'; we have therefore used E,  = 69 kcal 
mole-'. The thermochemistry of reaction [I], 
incorporating all of these data, is summarized in 
Fig. 6. 

From Fig. 6 it can be seen that the activated 
CH3CF3 molecule formed on radical combina- 
tion has some 30 kcal mole-' of energy in excess 
of the minimum needed for H F  elimination. The 
lifetime of the activated molecule with respect to 
elimination has been shown by Giles and Whittle 
(2) to be in the range 10-8-10-9 S. It follows that 
in both the low pressure and argon carrier 
experiments reported here, the probability of 
gas-phase collisioil during the lifetime of the 
activated molecule was very much less than unity. 
Thus, the relative rate constants, lc(v), measured, 
correspond to dissociation of CH3CF3t in a 
narrowly-defined energy range. 

The k(v) values, given in Table 2a, correspond 
to an initial vibrational distribution of H F  which 
is non-Boltzmann. Successive population ratios 
from v = 1 to 4 define "vibrational tem- 
peratures" of 6500, 4300, and 3600 OK. Thus a 
trend of decreasing vibrational temperature with 
increasing v exists: It is interesting to note that 
Berry and Pimentel's results (3) for the lowest v 
levels are in qualitative accord with this trend, 
their lowest limit for the N(l)/N(O) ratio corre- 
sponding to a temperature of 10 600 OK. If 
N(l)/N(O) is taken as 0.75, in the middle of the 
range they quote, then combining this result with 
those of the present work, the average amount 
of energy entering vibration of H F  in reaction [I]  

is calculated to be 9.1 kcal mole-', representing 
13 % of the total available energy in the products. 
No definite conclusion can be drawn about the 
extent of rotational excitation in the reaction, but 
the present observations suggest that it is not 
large. 

The kinetics of unimolecular elimination from 
chemically activated halo-ethanes have been 
treated in terms of the R.R.K.M. theory with 
considerable success (25-28). This theory is 
essentially concerned with the transition from 
the "energized" to the "activated" state of the 
decomposing molecules, and cannot predict 
product energy distributions when the activated 
molecules break up. 

However, in terms of the theory, a distinction 
can be made between the "critical energy" of the 
activated molecule, that is, the minimum energy 
needed for elimination, and the "excess energy" 
possessed above this minimum. In the present 
case, the "excess energy" is 30 kcal mole-', all 
of which is available to the products, and the 
"critical energy" is 69 kcal mole-', of which 
only 42 kcal mole-' is available to the products 
(Fig. 6). 

It is clear that the "excess energy", which on 
an R.R.K.M. basis would be randomly dis- 
tributed between the products, cannot alone 
account for the observed H F  excitation, since it 
is lower than the energies of the v = 3 and 
v = 4 levels of HF, viz. 32.5 and 42.4 kcal mole- ', 
respectively. Thus the 42 kcal mole-' of "critical 
energy", about which the R.R.K.M. theory can 
make no prediction, must be contributing to the 

C H F  1 - - - - -  

FIG. 6.  Therlnochemistry of CH, + CF,. All values 
in kcal mole-l. 
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vibrational excitation in the HF. An indication 
of the maximum possible extent to which random 
distribution of energy could be responsible for 
the excitation can be made by assuming that this 
second contribution is also random in nature, as 
has been done in the following calculation. A 
completely statistical distribution of the 72 kcal 
mole-' total available energy amongst the 
vibrational modes of the products was assumed, 
and the vibrational energy level sum for CH,CF, 
was calculated according to the formula of 
Whitten and Rabinovitch (29) at energies corre- 
sponding to the total available energy minus 
0, 1, 2, ... quanta of HF. The I ,olt was taken to 
be proportional to the probability of that number 
of H F  quanta being vibrationally excited. Since 
energy could also flow into H F  translation and 
rotation, these calculated values represent upper 
limits. The probabilities obtained were, in order 
(relative to N(l) = 1) 5.1, 1.0, 0.163, 0.021, 
0.0019; indicating a much more rapid fall with 
increasing v than the measured values. This 
discrepancy grows larger as the amount of energy 
which is assumed to be randomly distributed is 
reduced. 

Although the calculation is oversimplified, it 
strongly indicates that excitation of H F  in the 
elimination process does not result to a significant 
extent from that part of the available energy 
which is statistically distributed in the activated 
precursor (namely, the 30 kcal which we termed 
the "excess energy"). The excitation therefore 
derives from forces which are released as H F  
splits off from CH,CF,, with the release of the 
residual 42 kcal. The forces operating during this 
process are the slopes on the potential energy 
hypersurface on which the elimination can be 
pictured as taking place. It is interesting to note 
that the energy of the highest H F  level observed, 
42.4 kcal mole-', is close in value to the 42 kcal 
mole-' released in the course of elimination. 

The rearrangement energy (approx. 42 kcal) 
is observed to be inefficiently channelled into 
H F  vibration. If it becomes, instead, translational 
energy of the products, this would suggest that 
the energy-release occurs along the coordinate of 
separation of H F  from CH,CF,, rather than 
during the approach of H to within normal 
bonding distance from F. This is analogous to 
the "repulsive" type of energy-release in exchange 
reactions, A + BC -> AB + C. The energy- 
release is termed "repulsive" if it occurs as the 

CHEMISTRY. VOL. 48, 1970 

products. in this case H F  + CH,CF,, separate. 
It is termed "attractive" if it occurs as a new 
bond, in this case H-F, is forming. Repulsive 
energy-release tends to be less efficient in channel- 
ing reaction-energy into product vibration in 
reactions A + BC -> AB + C (30). This is 
understandable since the release of AB C repul- 
sion resembles the second half of an AB + C 
collision. Such collisions have a low probability 
of producing AB vibration. The probability is 
low because the forces on A and B are not 
sufficiently different to produce internal motion 
in AB. This is especially likely to be true if AB 
recoils laterally from BC, as in the present case. 

Alternatively, the energy of reaction might be 
deposited in vibration of CH,CF,. This would 
suggest a type of attractive energy-release, in 
which the change in CC bond-length (in the 
course of forming a double bond) corresponded 
to the coordinate of descent on the potential- 
energy hypersurface. In the absence of informa- 
tion concerning the ultimate fate of the missing 
energy, it is not possible to choose between these 
alternatives. However, the failure to observe a 
high degree of rotational excitation in the H F  
(cf. (6) below) argues against predominantly 
repulsive energy release, and in favor of the 
mechanism leading to vibrational excitation in 
the CH,CF,. This conclusion is at variance with 
the models of the activated complex which best 
fit the observed kinetics of unimolecular elimina- 
tions in R.R.K.M. treatments (25-27). In these 
models the formation of the CC double bond is 
taken to be almost complete, whilst the HX bond 
order is only 0.1-0.2 of a single bond. 

(6) CH,CF, + Hg*(6jPI) 
The 6jPl state of mercury lies at an energy of 

112 kcal mole-' above the 6lS0 ground state, and 
presumably all of this energy is transferred to 
electronic plus vibrational energy of CH,CF2 on 
collision. The process 

CHzCFZ -> CHCF + HF 

is 43 kcal mole-' endothermic if the JANAF 
value for AHJ(CHCF) of 30 kcal mole-' is 
taken, though this value has a large probable 
error of + 15 kcal mole-'. Thus, the total 
energy-release in reaction [3] is approximately 
70 kcal mole-'. 

The excited electronic states of CH,CF, have 
not been investigated, but by comparison with 
ethylene (31) it should have a triplet state lying 
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at an energy well below that of Hg*(63P,), while 
the lowest excited singlet state probably lies above 
this energy. If spin is conserved on collision 
between Hg(63~, )  and CH2CF2, the initially- 
formed excited CH2CF2 molecule must be in a 
triplet state, and must possess considerable energy 
of vibrational excitation. In the Hg-sensitized 
decomposition of CH2CF2, Trobridge and Jen- 
nings (4) arrived at a lifetime of the excited state 
with respect to elimination of (2-3) x 10-1°s. 
They suggested that the triplet molecules under- 
went a rapid crossing to high vibrational levels 
of the ground electronic state, with elimination 
occurring from the singlet molecules so formed. 
This mechanism could also apply in reaction [3]. 
The alternative route of direct decomposition of 
the initially-formed triplet into H F  and triplet 
acetylene appears impossible on energetic 
grounds, since the present results show H F  to 
be formed with up to 4 vibrational quanta 
(= 42.4 kcal mole-'), which would require the 
lowest triplet state of monofluoroacetylene to lie 
only 3040  kcal above the ground state. How- 
ever, if spin is not conserved in the quenching 
collision, as is possible for a heavy atom such as 
Hg*, direct formation of vibrationally excited 
ground state CH2CF2 could occur, or a singlet 
ethylidene species might be formed which could 
give rise to 1,l-elimination of HF. 

The initial vibrational distribution resulting 
from reaction [3], which corresponds to the 
relative k(v) values in Table 2b, differs signi- 
ficantly from that for elimination from activated 
CH3CF3. Not only are the relative rates into 
higher vibrational levels greater, but the "vibra- 
tional temperatures7' defined by successive 
population ratios go through a maximum. These 
temperatures are 5900,7700, and 4600 OK for the 
ratios from v = 1 to v = 4. For the pressures 
used in these experiments, an activated CH2CF2 
molecule would not undergo any collisions in its 
lifetime, provided that the latter is - lo-'- 
lo-'' s as for CH2CHF. A statistical calculation, 
similar to that described above, was performed 
for CH2CF2f assuming elimination occurred 
from molecules in the ground electronic state with 
some 112 kcal mole-' of vibrational excitation. 
Then, taking all of the 70 kcal mole-' available 
to the products to be statistically distributed 
between them, relative rate constants of 1 .O, 0.31, 
0.084, and 0.018 were obtained for HF  formation 
in the levels u = 1 to 4. These values do not differ 

as greatly from the observed distribution as in 
the case of reaction [I  1, but the discrepancy is 
still large. It appears that here again vibrational 
excitation is due predominantly to energy release 
associated with specific forces arising in the 
course of H F  excision. This is easiest to under- 
stand if there exists a significant activation energy 
for the elimination; then the energy released on 
the far side of the barrier could be channelled 
to some extent into product vibration. However, 
it is also possible that the type of motion required 
for the system to climb the endothermic hill is 
such as to channel a portion of the excess energy 
into H F  vibration (cf. ref. 32). 

The observation that H F  formed in reaction [3] 
must have considerable rotational excitation is 
of some interest. Substantial rotational excitation 
has been found in the H-atom transfer reactions 
A + HC + A H  + C studied in this laboratory 
(6). This is attributed to AH . C repulsion (the 
dot represents the location of the repulsion) in a 
bent configuration. In the present case the 
requirement is that the repulsive forces resulting 
in the separation of H F  should be greater at one 
end of the incipient H F  than at the other. If the 
repulsion is to result in a. significant torque on 
the H F  it must be greater at the H-atom end, at 
a distance from the center-of-mass. The location 

H 
of the repulsion can be symbolized C .H .  The 

I I 
C F 
F 

C . H F  axis is sharply bent. 
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NOTES 

The single crystal Raman spectrum of or thorhombic  PbCI, 

G. A. OZIN 
Lash Miller Chemical Laboratories and Erindale College, Utziversity of Toronto, Toronto I81, Ontario 

Received May 22, 1970 

The frequencies and symmetries of the even parity lattice vibrations of orthorhombic lead dichloride 
are determined by means of polarized Raman scattering from an oriented single crystal. The frequencies 
of the vibrations are interpreted in terms of symmetry co-ordinates and by comparison with the modes 
of the isomorphous lead dibromide. 

Canadian Journal of Chemistry, 48, 2931 (1970) 

The previously reported Raman data for 
PbCl, was for the powdered solid (1) where it 
was assumed that the six observed lines belonged 
to the totally symmetrical A , ,  class, on the basis 
that these modes would be expected to be the 
most intense in the Raman spectrum. While it 
is true that the four highest frequency observed 
lines can be assigned to vibrations involving 
motion chiefly of the chlorine atoms (undergoing 
shifts to lower frequency in PbBr,), the single 
crystal Raman polarization data of the present 
study proves quite unambiguously that many of 
the observed lines are not of A,, class and allows 
a more detailed assignment of the vibrational 
spectrum to be made. 

One of the advantages of single crystal Raman 
measurements compared to powder measure- 
ments is that weak lines in the close proximity of 
strong lines and lines obscured because of 
accidental coincidence can often be resolved in 
different polarization measurements. This is 
certainly true in the case of lead dichloride where 
it is found that the 18 expected Raman active 
optical phonon transitions occur below 180 cm-' 
and accidental or near coincidences are to be 
expected. Let us formalize the single crystal 
Raman data for lead dichloride. 

Lead dichloride crystallizes in the ortho- 
rhombic system with space group Pnam (D,,:~) 
with four PbCl, molecules in the primitive unit 
cell (2). The lead and chlorine atoms are each 
situated (3) at the equipoint 4(c), that is, on the 
xy mirror planes with z = 114 and 314. 

The lead atoms have nine chlorine atoms as 
nearest neighbors where the co-ordination of the 
lead atoms may be approximately described as 
trigonal prismatic with the remaining three 

chlorine atoms lying in a plane (xy) and occupying 
central positions of the rectangular faces of the 
prism. 

A factor group analysis of the primitive unit 
cell predicts 18 Raman active and 15 infrared 
active optical phonons (k = 0) as follows 

divided into modes of the following symmetry 

where the three rigid translations of the whole 
unit cell have been removed. The g modes are 
Raman active and the corresponding derived 
polarizability components under D,,:~ are as 

I 1 .  follows: A,: a,,.', ayyt , ctzz , Big: axyl ;  B2,: axzl ;  
B3,: ctyzl. 

While the assignment of normal modes is more 
difficult for ionic lattices than for molecular 
crystals some assignment is possible in the present 
case. In PbC1, the internal binding in the nine 
co-ordinate lead-chlorine polyhedron may not 
be significantly different from other ionic forces 
in the crystal, so it is not very helpful to examine 
the vibrational spectra from the point of view of 
internal and external vibrations. However, the 
symmetries of the crystal and its normal vibra- 
tions allow us to exclude certain types of motion, 
because each mode must transform in a definite 
way under the operations of the point group of 
the crystal. As PbC1, and PbBr, have been 
shown to be isomorphous (4), then to a first 
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FIG. 1 .  A diagrammatic representation of the symmetry co-ordinates of the six predicted Raman allowed modes 
involving motion of the lead atoms in the primitive unit cell*. Conventional crystallographic symbols are used here 
to designate the unit cell symmetry elements. 

approximation it would be expected that (a) 
modes involving motion mainly of the lead atoms 
should occur at very similar frequencies and (b) 
modes involving motion mainly of the chlorine 
atoms would be expected to occur at frequencies 
greater than 100 cm-' and to be shifted by a 
factor of approximately 1.5, that is, the ratio 
(mass of Cl/mass of Br)'I2, in PbBr,. 

Figure 1 shows a diagrammatic representation 
of the symmetry co-ordinates of the six predicted 
Raman allowed modes involving motion of the 
four lead atoms in the primitive unit cell. It must 
be emphasized that these are not normal modes; 
a normal mode of a given symmetry will, in 
general, be a mixture of all the co-ordinates of 

single crystal Raman polarization data for these 
three lines in PbCl, show that at least two of 
them have intensity contributions arising from 
more than one polarizability component of the 
Raman tensor, of which the corresponding 
symmetry species agree reasonably well with 
those predicted for the lead atom modes. Regard- 
ing the high frequency modes at 178, 158, 134, 
and 126 cm-' in PbCI,, if these modes are 

TABLE 1 

The single crystal Raman polarization 
data for PbCl,* 

Symmetry Frequency t 
that symmetry. B I S  178 

Thus we expect Raman active modes of Al,  + BZE + (B3g?) 1568 
Bz s 134 symmetry type B1 !3 126 

(Bl 6 ?) loo$ 
r v i b P b  = 2 4  + 2Blg + BZg + B3g Bz, + B3, 86 

B1s 58 
which involve mainly lead atom movement to AIE + (Bz,?) 35 

occur (a) at very low frequencies (< 100 cm-') BIE 26 
Als 18 and (b) to be approximately invariant on passing 

from PbCI, to PbBr,. *Frequencies in cm-', uncertainties f 2 
cm-1. 

Inspection of the Raman data for PbCl, and tThe, powder Raman data fof PbBr, (l,) 
shows llnes at 118,108,88.74,54, and 34 cm- . 

PbBr, shows this to be the case for the lines $Very weak shoulder observed only in B,,  
measurements. 

observed at 86, 58, and 35 cm-' and 88, 54, and $Very broad and strong in parallel measure- 
ments and could possibly conceal the presence 

34 cm-' for PbCI, and PbBr,, respectively. The of weaker A', modes. 
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NOTES 

FIG. 2. The single crystal Raman polarization data for orthorhombic PbC12. 

mainly associated with chlorine atom motion. spontaneous emission lines. Spectral slit widths were 

then i n  the basis of the previous discussion the; 2-3 cm-l. 
The lead dichloride crystals were grown from the melt 

be expected shift I2l, in a sealed evacuated silica tube, allowing the sample to 
106,97, and 67 cm-l, respectively in PbBr,. This cool slowlv for several davs. Raman ~olarization mea- 
could then account for the bands observed at surementswere recorded on many different crystals in 
118, 108, 88, and 74 ~ m - 1  in the spectrum of order to obtain the best data and to check for incomplete 

PbBr, (1). polarization discrimination which arises from crystal 
imperfections and birefringence depolarization effects (5). 

Table 1 and Fig. 2 list the freauencies and 
polarization behaiior of the 10 observed lines I would like to thank the National Research Council 
where many are found to have intensity contribu- of &nada for generous financial support. 
tions arising from more than one tensor 
component. 1. L. A. ISUPOVA and E. V. SOBOLEV. Zh. Struct. Khim. 

9, 324 (1968). 
2. H. BRAEKKEN. Z. Krist. 83, 222 (1932). 

Experimental 3. International tables for X-ray crystallography. Kynoch 
Press, Birmingham. 1962. The Raman data were obtained at room temperature 4. R. W. G. wyCKoFF. crystal structures. Znd ed. 

with the use of a Carson argon ion laser emitting 1-2 W vol. 1. ~~h~ wiley and sons, I ~ ~ . ,  N~~ york, 1963. 
at 4880 and 5145 A coupled to a Spex Model 1401 Raman 298. 
Spectrometer. Both lines were used to record Stokes and 5. I. R. BEATTIE and T. R. GILSON. Proc. Roy. Soc. 
anti-Stokes lines and to check for low frequency argon 307, 407 (1960). 
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Group vibrations 

J. M. FREEMAN AND T. HENSHALL 
Departt7zetzt of Chemistry and Applied Chemistry, Utziversity of Salford, Salford M5 4 WT, England 

Received February 5 ,  1970 

The procedure introduced by King and Crawford (1) for the factorization of group frequencies from 
the vibrational secular determinant is extended to cover more than two group frequencies in any 
symmetry species. The case in which the frequencies are not sequential is included. 

Canadian Journal of Chemistry, 48, 2934 (1970) 

When a molecule exhibits vibrational fre- 
quencies that are characteristic of a substituent 
group (e.g. CH3, CH,, NH,), a reduction in the 
order of the vibrational secular determinant is 
possible using a procedure developed by King 
and Crawford (1). This involves the construction 
of an orthogonal matrix A from an L-' matrix 
of a "standard molecule", R-X, wherein R is 
the substituent group under consideration, and X 
an "anchor atom" of "infinite" mass. 

Under the matrix A, itself a product of or- 
thogonal transformations, the matrix H = GF 
in each symmetry species is reduced to the 
Jacobian canonical form 

wherein A,, . . ., h are the group frequency 
parameters (hi = 4$c2v;), and the submatrix 
HI. leads to a reduced secular determinant 
IG+ffF+,f - hE,.,.( = 0 for the framework 
vibrations. Perturbations arising from the fac- 
torization procedure are accountable in G+., 
through an effective inverse mass matrix (M- ') +, 
and in F+/.. by a matrix of corrections 
which should be small for satisfactory application 
of the factorization method. Solution of this 
reduced secular determinant leads either to the 
frequencies of the framework inodes Qg+, + 
Q3,-,, or to F'!, if the former are known. 

The construction of the matrix A is based on 
repeated application of a theorem on canonical 
transformations due to Schur, described in 
detail in ref. 2. Under appropriate substitutions, 

the orthogonal matrix R of eq. [I 31 on p. 104 of 
ref. 2 leads to the notation of King and Crawford 
(I) ,  viz. 

[ I ]  R + J (i) = [a, {(L-I),' + ail]- '  

x [(T-I)~ + Ti11 [(L-l)i + Zi] - E 

whereby a group frequency parameter hi can be 
factorized from H knowing the ith row of the 
L-' matrix of the standard molecule. 

King and Crawford (I),  however, sketch the 
development and construction of A only for the 
case of two group frequencies in any one sym- 
metry species. It is the purpose of this note to 
extend their development, and to include the case 
in which, as in the vinylidene group (3), the group 
frequencies are not sequential. 

We first consider briefly the development in 
ref. 1. If i = 1 in eq. [I 1, then (L2)'H = 
h , ( ~ - ' ) l ;  and  sin^ (L-')I =_Z,J(l) by 
refL2, then also ZIJ( l )H = hlZIJ(l).  Hence 
Z,J(l)HJ(l) = h,Z,, orZ,W(l) = h,Z,. ButZ, 
is of the form {a,, 0, 0, ..., 0), with a, = 
[(L-')'(L-l)']* by ref. 2; hence the transformed 
matrix H(l) has the required canonical form 

Consider now the second row of L-'. Then 
(L-')'H = h2(L-I)', and therefore 

Evidently (L-')'J(~) is an eigenvector of H(1) 
corresponding to the. eigenvalue 1,; and the 
vector obtained from (L-')'J(l) by omitting the 
first element is clearly an eigenvector of M(1) 
corresponding to h,. 

Hence the second orthogonal matrix, J(2), by 
which h2 is factorized from H, is obtained from 
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NOTES 2935 

eq. [I] on substitution of (L-')'J(l) for (L-I)', (L,,-I)', wherein the suffix n denotes the number 
having first suppressed the first element in the of eigenvalues already factorized from H, and 
former. The matrix J(2) is of order one less than i = (n + 1) when the group frequencies are 
J(1); and hence a new matrix j(2) is defined by sequential. 

Then 
8 2 )  = O ) N 

0 J(2) , [3] H(n) = J(n)H(n - l)T(n) 

so that H(2) = 32)~(1)3(2) ,  with R(2) now of [dl (Ln-1-l)'r(n)n(n) 
the form = (L,, - - ') '~(rz)?n)~(n - l)J(n) 

Extension of this procedure to the g-rows of the and hence by eqs. [41 and [51 
L-' matrix which involve group frequencies 
leads to a modified H matrix of the form (L,-I)' = ( ~ ~ - , - ' ) ' ~ ( n )  

But 
1 2 -  L - 1 2 -  

(Ll- ) - ( 0 1 J(1) 

and hence by induction 
1 3 -  L - 1 3 -  ( L  ) - ( ) J(2) = (Lo-1)35(1)J(2) 

Now 

PI R g )  = T(g)Wg - 1)Tg) 
N N 

[3 I = J(g) J(g - l)H(g - 2) 
x J(g - l)J(g) etc. 

and by comparison of eqs. [2] and [3], evidently 

the matrix A = kf( i ) .  Since each J(i) is orthog- 
1 = 1  

onal, so also is A. 
The problem remains of how to construct the 

eigenvectors of H forg = 3,4, . . . The following 
further development covers not only this situa- 
tion, but also the case for which the group 
frequencies are not sequential (e.g. in the A, 
vibrational specie% of the vinylidene halides 
v(C-H) and G(HCH), the first and third fre- 
quencies, respectively, are group frequencies). 

It is convenient to introduce a slight change of 
notation. Let the eigenvector of H(n) correspond- 
ing to the frequency parameter hi be denoted by 

or generally 
n 

(L,, - I)' = (Lo - J(k)  
k =  1 

To illustrate the procedure, we continue with 
the example of the A, vibrational species of the 
vinylidene group. The analysis of the "standard 
molecule" is described in ref. 3, and the corre- 
sponding normal coordinate matrix (La-') is 
given in Table 1 (the computer outputs have, in 
all Tables, been rounded to four decimal places). 

The frequencies calculated for the "standard 
molecule" are 3020, 1602, 1398, 537, 0 (cm-I), 
of which the first and third satisfy the require- 
ments (1) of group frequencies. 

Then to factorize the frequency parameter h, 
from H: (I) Consider the leading element in L-', 
and calculate 

(2) Construct the row vector 

and from it, the normalization factor 
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TABLE 1 
The L-' matrix of the A ,  species of the standard molecule CH,X, 

TABLE 2 

The J(1) matrix 

0.0096 0.1040 -0.0075 0.0032 
- 0.9833 0.1810 -0.0131 0.0055 

J(1) = 0.9658 -0.1419 0.0598 
(Symmetric) - 0.9898 - 0.0043 

-0.9982 

TABLE 3 

The j(2) matrix 
0.6893 

- 

0.6608 0.2738 -0.1153 
J(2) = -0.7415 0.1071 -0.0451 

- 0.9556 -0.0187 
(Symmetric) -0.9921 

TABLE 4 

The A matrix 

TABLE 5 
The fi matrix, Jacobian canonical form 

5.3713 0.0000 0.0000 0.0000 0.0000 
1.1513 0.0000 0.0000 0.0000 

-0.4241 1.4821 0.0719 - 0.0303 
-0.1903 - 0.0337 0.3144 0.1137 -0.0479 

0.1564 0.7018 -0.5447 -0.2035 0.0857 

(3) Now form J(1) according to (i) {(LI- ' )~ + 23) = {(L0-1)35(1) + 2,) 

X [(Lo-,)' + Z,] - E 

The result is the 5 x 5 matrix of Table 2; and 
by definition, this is also z(1). 

We now proceed to the factorization from H of 
the second group frequency h,, and to this end 
we consider the third row of L-l .  The corre- 
sponding results are 

Suppress the leading element (0.1040)* before 
proceeding to the calculation of 

= { ( ~ ~ - l ) ~ J ( 1 )  + a,) 

= (1.7294, 0.6765, 0.2803, -0.1 180) 

(ii) The normalization factor 

-')13 + a311-I 

= 1.0237 x 1.7294 = 0.5648. 

(3) Now construct the 4 x 4 matrix J(2) according 
to 

J(2) = [a3{(L,-1),3 + a3}]-'[(c,-1)3 + z 3 ]  

x [(L1-'), + 2 3 1  - E 

The result is given in Table 3, and the correspond- 
ing "bordered" matrix 
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NO? *., 2937 

and is presented in Table 4. The matrix Fi in 
canonical form is given in Table 5. 

The procedure has been programmed in 
~n~lish-Electr ic  KDF-9 ~ 1 ~ 0 1 , -  an; copies are 

Finally, the orthogonal matrix, A, by which H available on request. 
is reduced to Jacobian canonical form, and from - - 
which the G, F, W,,, (M-')+, and Qff matrices 1. W. T. KING and B. L. CRAWFORD, JR. J. Mol. 

Spectrosc. 5, 421 (1960). are derived, is obtained from the product 2. H. W. TURNBULL and A. C. AITKEN. An introduction 
to the theory of canonical matrices. Blackie and Son, 
Ltd., London. 1952. 

A = fi J(k) 3. J. M. FREEMAN and T. HENSHALL. Can. J. Chem. 
k =  1 47, 935 (1969). 

Phosphorescence of chloropentafluoroacetone at 77 O K  

H. S. SAMANT AND A. J. YARWOOD 
Department of Chemistry, McMaster University, Hamilton, Ontario 

Received April 14, 1970 

The phosphorescence of chloropentafluoroacetone at 77 "K is reported and the energy of the triplet 
state is estimated to be 74 kcal. The phosphorescence lifetimes and the relative phosphorescence yields of 
chloropentafluoroacetone and hexafluoroacetone at 77 "K were measured. The results show that substi- 
tution of a chlorine atom in the fluorinated aliphatic ketone changes the radiative and non-radiative rate 
constants from the triplet state at 77 "K by factors of about 1.7 and 2.3, respectively. 
Canadian Journal of Chemistry, 48, 2937 (1970) 

In a recent gas phase study (17) the first excited 
singlet state of chloropentafluoroacetone (chloro- 
ketone) was populated by absorption in the 
n*-n band. The effect of chlorine substitution 
in hexafluoroacetone on the radiative and non- 
radiative processes from the singlet state was 
investigated. Only fluorescence was observed in 
the gas phase. However, studies of energy transfer 
to  biacetyl (unpublished work) showed that 
triplet state molecules are a major feature of the 
gaseous photochemical system. The quantum 
yield of phosphorescence would be given by 
4 p  = kr$i.s.c./(kr + knr), where 4i.s.c. is the 
efficiency of intersystem crossing from the first 
excited singlet state to the triplet state, k, is the 
rate constant for the radiative triplet to singlet 
process, and kn, is the sum of the rate constants 
for the non-radiative processes from the triplet 
state. The internal heavy atom effect on k, and 
k,, for the triplet state of fluorinated ketones is 
an important feature of the system and the experi- 
mental data can be compared with the theoretical 
calculations (1-3) on aliphatic carbonyl com- 
pounds. 

In principle, k, may be estimated from f = 
1.500 guk,/g, V2 where f is the oscillator strength, 
V the wavenumber of the forbidden transition, 
and g the degeneracy of the upper (u) and lower 
(1) states. However, for aliphatic ketones the 
singlet-triplet absorption is usually hidden under 
the long wavelength tail of the singlet-singlet 
n*-n transition (4). Experimentally, k, can be 
determined from k, = 4p/4i.s.c. . zp, where zp is the 
actual phosphorescent lifetime. 

This study of the phosphorescence of chloro- 
pentafluoroacetone at 77 OK was undertaken to 
explore the effect of chlorine substitution in 
hexafluoroacetone on the rate constants asso- 
ciated with the radiative and radiationless trans- 
itions from the triplet state. A further advantage 
of such studies is that the energy of the triplet 
state can be estimated. 

Experimental 
The chloropentafluoroacetone (Allied Chemical) and 

hexafluoroacetone (Pierce Chemical Co.) were purified 
by low temperature distillation and stored in the dark at 
77 OK. The 3-methyl pentane (Philips pure grade) was 
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and is presented in Table 4. The matrix Fi in 
canonical form is given in Table 5. 

The procedure has been programmed in 
~n~lish-Electr ic  KDF-9 ~ 1 ~ 0 1 , -  an; copies are 

Finally, the orthogonal matrix, A, by which H available on request. 
is reduced to Jacobian canonical form, and from - - 
which the G, F, W,,, (M-')+, and Qff matrices 1. W. T. KING and B. L. CRAWFORD, JR. J. Mol. 

Spectrosc. 5, 421 (1960). are derived, is obtained from the product 2. H. W. TURNBULL and A. C. AITKEN. An introduction 
to the theory of canonical matrices. Blackie and Son, 
Ltd., London. 1952. 

A = fi J(k) 3. J. M. FREEMAN and T. HENSHALL. Can. J. Chem. 
k =  1 47, 935 (1969). 

Phosphorescence of chloropentafluoroacetone at 77 O K  

H. S. SAMANT AND A. J. YARWOOD 
Department of Chemistry, McMaster University, Hamilton, Ontario 

Received April 14, 1970 

The phosphorescence of chloropentafluoroacetone at 77 "K is reported and the energy of the triplet 
state is estimated to be 74 kcal. The phosphorescence lifetimes and the relative phosphorescence yields of 
chloropentafluoroacetone and hexafluoroacetone at 77 "K were measured. The results show that substi- 
tution of a chlorine atom in the fluorinated aliphatic ketone changes the radiative and non-radiative rate 
constants from the triplet state at 77 "K by factors of about 1.7 and 2.3, respectively. 
Canadian Journal of Chemistry, 48, 2937 (1970) 

In a recent gas phase study (17) the first excited 
singlet state of chloropentafluoroacetone (chloro- 
ketone) was populated by absorption in the 
n*-n band. The effect of chlorine substitution 
in hexafluoroacetone on the radiative and non- 
radiative processes from the singlet state was 
investigated. Only fluorescence was observed in 
the gas phase. However, studies of energy transfer 
to  biacetyl (unpublished work) showed that 
triplet state molecules are a major feature of the 
gaseous photochemical system. The quantum 
yield of phosphorescence would be given by 
4 p  = kr$i.s.c./(kr + knr), where 4i.s.c. is the 
efficiency of intersystem crossing from the first 
excited singlet state to the triplet state, k, is the 
rate constant for the radiative triplet to singlet 
process, and kn, is the sum of the rate constants 
for the non-radiative processes from the triplet 
state. The internal heavy atom effect on k, and 
k,, for the triplet state of fluorinated ketones is 
an important feature of the system and the experi- 
mental data can be compared with the theoretical 
calculations (1-3) on aliphatic carbonyl com- 
pounds. 

In principle, k, may be estimated from f = 
1.500 guk,/g, V2 where f is the oscillator strength, 
V the wavenumber of the forbidden transition, 
and g the degeneracy of the upper (u) and lower 
(1) states. However, for aliphatic ketones the 
singlet-triplet absorption is usually hidden under 
the long wavelength tail of the singlet-singlet 
n*-n transition (4). Experimentally, k, can be 
determined from k, = 4p/4i.s.c. . zp, where zp is the 
actual phosphorescent lifetime. 

This study of the phosphorescence of chloro- 
pentafluoroacetone at 77 OK was undertaken to 
explore the effect of chlorine substitution in 
hexafluoroacetone on the rate constants asso- 
ciated with the radiative and radiationless trans- 
itions from the triplet state. A further advantage 
of such studies is that the energy of the triplet 
state can be estimated. 

Experimental 
The chloropentafluoroacetone (Allied Chemical) and 

hexafluoroacetone (Pierce Chemical Co.) were purified 
by low temperature distillation and stored in the dark at 
77 OK. The 3-methyl pentane (Philips pure grade) was 
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stored over molecular sieves and distilled. The ether- 
pentane-alcohol was supplied by Matheson, Coleman and 
Bell. The samples were degassed by the freeze-pump- 
thaw technique and sealed in quartz tubes (2 mm internal 
diameter). The phosphorescence spectra and relative 
quantum yields were measured using an Aminco Bowman 
spectrofluorometer with rotating can phosphorometer 
attachment. The lifetimes of the chloroketone at 77 "K 
were determined using a Xenon flash (255 with I/e 
lifetime of 6 x s). The phosphorescence was 
analyzed by a 0.5 Ebert grating monochromator and the 
wavelengths in the 460 nm region were detected by a 
RCA 8575 photomultiplier, displayed on an oscilloscope, 
and photographed. The lifetimes were calculated from 
log intensity vs. time plots. 

Results and Discussion 

The phosphorescence of chloropentafluoro- 
acetone (0.02 M) in 3-methyl pentane at 77 OK 
extends from about 380 to a maximum at about 
460 nm and has a long wavelength limit of about 
610 nm (the actual long wavelength limit prob- 
ably lies at longer wavelengths since the sensitivity 
of the detection system decreases very rapidly at  
these wavelengths). Similar emission behavior 
was observed for ketone solutions in EPA and for 
the pure solid at 77 OK. The only other simple 
chlorinated aliphatic ketone reported to phos- 
phoresce is oxalyl chloride (5) and the triplet 
state energy is given by Kanda as 69 kcal. 

The difference in energy between the first 
excited singlet state and the lowest triplet state of 
chloropentafluoroacetone can be estimated from 
a comparison of the onset of the phosphorescence 
(380 nm) and the fluorescence (337 nm) (17) as 
about 9 kcal. A further estimate of 8 kcal for the 
singlet-triplet splitting may be made from the 
comparison of the maximum in the phosphores- 
cence and the fluorescence (460 and 408 nm, 
respectively, in the uncorrected spectra). Since the 
energy of the first excited singlet state of chloro- 
pentafluoroacetone is about 83 kcal, this places 
the energy of the triplet at about 74 kcal. 

The singlet and triplet energies of chloropenta- 
fluoroacetone can be compared to those of 
hexafluoroacetone and contrasted to those of 
acetone. The energy of the singlet state of acetone 
was estimated (4) as about 80 + 4 kcal from the 
absorption and fluorescence spectra which do not 
overlap in the gas phase. The triplet state of 
acetone is estimated (6) a t  77 kcal from phos- 
phorescence studies and at  80 kcal from kinetic 
data (7). The energies of the singlet and triplet 
states of hexafluoroacetone are about 83 and 74 
kcal, respectively (8). Thus the triplet states of 

chloropentafluoroacetone and hexafluoroacetone 
are about 9 kcal lower than the singlet states 
whereas the triplet-singlet splitting in acetone is 
probably smaller. The photochemistry of chloro- 
pentafluoroacetone is expected to be similar to 
that of hexafluoroacetone. For example, elec- 
tronically excited hexafluoroacetone reacts with 
fluorinated olefins in the gas phase to form 
oxetanes (9, 10) and the chloroketone might be 
expected to form oxetanes under similar con- 
ditions. 

In the determination of the phosphorescence 
lifetimes of chloroketone and hexafluoroacetone, 
good exponential decays were observed at the 
times when the scattered light from the flash was 
negligible. Table 1 collects the data for chloro- 
ketone and hexafluoroacetone and the literature 
data for acetone for experiments at 77 OK. The 
lifetime of the chloroketone depends on the 
environment, as expected, (e.g. the lifetimes in the 
pure solids are about 1.7 times as long as those in 
the polar EPA solvent). 

The emission spectra as a function of wave- 
length for chloropentafluoroacetone and hexa- 
fluoroacetone at 77 OK are almost identical, so the 
relative quantum yields of phosphorescence can 
be simply determined from the relative intensities 
of the emissions. The concentrations were such 
that the amount of light absorbed by both 
ketones was the same. The spectra were recorded 
while the phosphoroscope was operating so that 
only the long-lived emission was detected. (The 
triplet lifetimes of the ketones at 77 OK were 
different, and the apparent relative yields were 
corrected for the phosphoroscope factor). The 

TABLE 1 
Triplet state lifetimes at 77 "K 

-- 
-- 

Lifetime 
Ketone Solvent (ms) 

0.02 M Chloropenta- 
fluoroacetone 3-Methyl pentane 3.1 

0.02 M Chloropenta- 
fluoroacetone EPA 4.7 

Chloropentafluoro- 
acetone crystals - 7.8 

0.06 M Hexafluoro- 
acetone 3-Methyl pentane 6.6 

Acetone EPA 0.6* 
Acetone EPA 0.331 
0.2 M Acetone Ether-isopropanol 0 .4t  
0.2 M Acetone Glycerine 0.3f 
Acetone crystals - 1.Of 
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ratio of the phosphorescence quantum yield of 
chloropentafluoroacetone, to that of hexa- 
fluoroacetone, +pH, is 0.82 in 3-methyl pentane 
at 77 OK. The ratio k,C/krH ( = +pC4i,S.c .H~pH/ 

4pH4i.s.c.C~pC) can be estimated if 4i .s.c.C/4i.s.c.H 
is assumed to be unity. This is reasonable since 
4i.s.c. in acetone is 1.0 f 0.1 (4). The effect of 
substituting a chlorine atom in hexafluoroacetone 
is to alter the radiative rate from the triplet state 
by a factor of about 1.7. This effect on the radia- 
tive rate constant from the triplet state of the 
fluorinated ketone can be compared with that on 
the singlet state where the radiative rate constant 
is increased (17) by about 2.7. 

The calculations of Carroll, Vanquickenborne, 
and McGlynn (I) concern the radiative rate 
constants for aliphatic carbonyl compounds in 
which the heavy atom is substituted directly on 
the carbonyl group. For the dihalogenated 
formaldehydes they show that the radiative rate 
constants from the triplet state should be greater 
for Br,CO and 1,CO than for H2C0,  F2C0,  and 
C1,CO. Shimada and Kanda (5) calculated the 
matrix elements of the spin orbit interaction in 
glyoxal and its halogenated derivatives to 
interpret the experimental behavior of the 
forbidden singlet to triplet absorption in oxalyl 
chloride (f = 2.7 x lo-') and oxalyl bromide 
(f = 3 x The experimental data presented 
above on the fluorinated ketones support the 
proposal of El-Sayed (3) that the internal heavy 
atom effect on the radiative rate constant from the 
triplet state of aliphatic ketones is small when the 
substitution is not directly on the carbonyl group. 

The value of k: has been determined as 37 s-' 
from gas phase measurements at room tempera- 
ture (13). If there is a negligible effect of tem- 
perature and phase on k: then k: is 65 s-'. 
These values for the fluorinated acetones can be 
compared to the data obtained recently by 
O'Sullivan and Testa (12) on alkyl substituted 
acetones in EPA at 77 OK. They showed that the 
radiative rate constant from the triplet state only 
varied between about 70 and 120 s-' in the 
ketones studied. 

From the actual phosphorescent lifetimes the 
non-radiative rate constants from the triplet 
state in 3-methyl pentane at 77 OK can be 
obtained; k,: = 115 s-' and k,: = 260 s-'. 
The substitution of a chlorine atom in the fluori- 
nated ketone has increased the non-radiative 
rate constant by a factor of about 2.3. In contrast, 

when bromine and iodine atoms are substituted 
in acetone the triplet lifetime at 77 OK is too small 
to measure (1 I). 

O'Sullivan and Testa (12) found that replacing 
the a-hydrogens in acetone by alkyl substituents 
decreased the radiationless rate constant from 
the triplet state. They tentatively proposed that a 
major feature governing the radiationless rate 
constant is the energy of the C-H stretching 
vibration. That is consistent with the data on 
hexafluoroacetone and chloropentafluoroacetone 
since the energies of the C-F vibration (1100 
cm-') and the C-Cl vibration (650 cm-') are 
much lower than the energy of the C-H vibra- 
tion (2900 cm- ') (14). 

Although phosphorescence of chloropenta- 
fluoroacetone is prominent at 77 O K  in 3-methyl 
pentane no phosphorescence was observed in the 
gas phase at room temperature (17). Similar be- 
havior is exhibited by many other molecules e.g. 
cyclopentanone (15) and benzene (1 1, 16) and 
indicates that there is a large increase in the non- 
radiative processes with the change in environ- 
ment and temperature. 

We thank the National Research Council of Canada 
for financial support and Dr. J. D. Laposa and Dr. J. J. 
McCullough for the use of the spectrometers. 
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Structure of an artifact formed during isolation of 
Penicillium gladioli metabolites1 

A. N. STARRATT 
Research lt~stitute, Canada Department of Agriculture, University Sub Post Ofice, Lot~cloton 72, Ontario 

Received April 6, 1970 

A new compound obtained from extracts of Pet~icillium gladioli has been shown to be 3-ethoxy-4- 
hydroxymethyl-7-methoxy-6-methyl phthalide, an artifact formed from dihydrogladiolic acid during 
isolatioh. 

Canadian Journal of Chemistry, 48, 2940 (1970) 

An alteration in the usual method (1) employed 0CH3 0 
for the isolation of gladiolic acid (1) and dihydro- 
gladiolic acid (2) (2, 3), required for biochemical 
studies, from Penicilliurn gladioli McCull. and 

H3c@4k2 4 3 

Thom, led to the formation of a new substance. R x 
The charcoal used to adsorb the metabolites in 1 R = C H O ; X =  OH 
the culture filtrate was treated with boiling ether 2 R = CH20H; X = OH 
and a . neutral compound, Cl,H,,O,, was 3 R = CH20H; X = 0C2Hs 

4 R = CH20Ac; X = 0C2H, obtained for which structure 3 is proposed. I t  5 R = CH20Bz; X = OCzHs 
yielded a monoacetyl (4) and a monobenzoyl (5) 6 R = C H O ; X = H  
derivative. The close relationship of this substance 7 R = CHO; X = 0C2Hs 

to dihydrogladiolic acid was apparent from the 
nuclear magnetic resonance (n.m.r.) spectrum 
(see Experimental), which had bands attributable 
to methyl, methoxyl, and hydroxymethyl groups 
as well as a proton on an aromatic nucleus. Upon 
acetylation or benzoylation, the signal, a singlet 
at 6 4.70, assigned to the methylene protons of 
the benzylic alcohol grouping, showed the 
expected downfield shift; however, it appeared 
as a quartet indicating non-equivalence of the 
two protons due to restricted rotation. The 
neutral compound upon heat or acid treatment 
rearranged (2) with loss of ethanol to deoxy- 
gladiolic acid (dihydrogladiolide, 6)  under con- 
ditions analogous to those used by Raistrick 
and Ross (4) to obtain the same product from 
dihydrogladiolic acid. Also, the neutral com- 
pound was hydrolyzed easily by hot water giving 

yielded an aldehyde identified by melting point 
and spectra as 3-ethoxy-4-formyl-7-methoxy-6- 
methyl phthalide (gladiolic acid pseudo-ethyl 
ester, 7) (1, 7). 

On the basis of these results the neutral com- 
pound is proposed to be 3-ethoxy-4-hydroxy- 
methyl-7-methoxy-6-methyl phthalide (3). It can 
be obtained from dihydrogladiolic acid under the 
conditions of the original isolation but was not 
observed when the metabolites were eluted, 
under milder conditions, from the charcoal in a 
Soxhlet apparatus. This indicates that 3 is an 
artifact apparently formed during lengthy con- 
tact of dihydrogladiolic acid with the charcoal in 
boiling ether. As expected, dihydrogladiolic acid 
was unchanged by treatment with boiling ether 
in the absence of charcoal. 

dihydrogladiolic acid. Experimental The presence of an ethoxyl group was indicated 
by the occurrence in  the n.m.r. spectrum of a Melting points are uncorrected and were determined 

on a Kofler hot stage or Biichi melting point apparatus. 
(3H) at ' and a multiplet Infrared (i.r.) spectra were obtained on a Perkin-Elmer 

(2H) at 6 3.95, partly obscured by the methox~l  model 21 spectrometer and n.m.r. spectra were obtained, 
band, with a pattern typical of methylene protons in CDCI3 unless otherwise stated, with a Varian A-60A 
of an ethoxyl group attached to an asymmetric spectrometer using TMS as internal standard. The molec- 

center (5). oxidation of the neutral compoun~  ular weight was determined with a Varian M-66 mass 
spectrometer. Kieselgel (Carnag) containing fluorescent with chromium triOxide - pyridine (6) indicator was used for thin-layer chromatography (t.1.c.). 

-- Microanalyses were performed by Dr. C. DaesslC, 
'Contribution No. 446. Montreal, Quebec. 
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lsolatiotl oj ' t l~e Nerrtral Compound (3) 
The conditions used to culture Pet~icillirtnz gladioli 

McCull. and Thom were those described by Grove (1). 
The culture filtrate (15 1) was adjusted to p H  4.0 and 
treated with activated charcoal. (British Drug Houses; 
5 g/l). The charcoal was removed by filtration, dried, and 
treated with boiling ether for 15 h. After removal of the 
charcoal, the ether extract was shaken with 5 % sodium 
bicarbonate solution to remove gladiolic and dihydro- 
gladiolic acids and with 5 %  sodium hydroxide solution 
to remove phenols. The ether was evaporated and the 
residue (5.25 g) recrystallized from ether-isopropyl 
ether to yield as needles a substance identified as 3-ethoxy- 
4-hydroxymethyl-7-methoxy-6-methyl phthalide (3), m.p. 
80-81"; v,,, (KBr) 3475, 1762, 1602 cm-'; 6 1.33 
(triplet, J = 7 Hz, 3H, -OCH2CH3), 2.32 (singlet, 3H, 
ArCH3), 2.66 (broad band, lH ,  hydroxyl proton), 3.95 
(multiplet, 2H, -OCH2CH3), 4.05 (singlet, 3H, -OCH3), 

4.70 (singlet, 2H, ArCH20), 6.36 (singlet, lH ,  A~CH-0), 
7.48 (singlet, lH ,  ArH);  mass spectrum: M + ,  252. 

Anal. Calcd. for C13H1605: C, 61.89; H, 6.39. Found: 
C, 62.23; H ,  6.47. 

Dihydrogladiolic acid was isolated in good yield and 
neutral compound 3 was not obtained when the charcoal 
was eluted in a Soxhlet apparatus. 

Acetate I 
The neutral compound (112 mg) was treated with 

acetic anhydride - pyridine (1:2) for 3 h at room tem- 
perature. After addition of water the product was 
extracted into chloroform. Recrystallization of the 
product from isopropyl ether gave the acetate (4, m.p. 
46-48"; v,,, (CCI,) 1773, 1744 cm- ' ;  6 (CC1.J 1.31 
(triplet, J = 7 Hz, 3H, -OCH2CH3), 2.03 (singlet, 3H, 
-OAc), 2.29 (singlet, 3H, ArCH3), 3.88 (multiplet, 2H, 
-OCH2CH3), 4.13 (singlet, 3H, -OCH3), 5.07 (quartet, 

12.5 Hz, 2H, ArCH20),  6.27 (singlet, IH, A~CH-0), 
7.37 (singlet, lH ,  ArH). 

Anal. Calcd. for C15H1806: C, 61.21 ; H, 6.1 7. Found: 
C, 61.64; H ,  6.17. 

Bet~zoate 5 
The neutral compound (34 mg) in pyridine was treated 

with benzoyl chloride for 75 min a t  room temperature. 
The product, isolated in the manner described for the 
acetate, was filtered through Woelm alumina (Grade I; 
3 g) and crystallized from an  acetone - aqueous ethanol 
mixture to  give the benzoate (5) as plates, n1.p. 68-70"; 
v,,, (KBr) 1774, 1722 cm-'; 6 1.29 (triplet, J = 7 Hz, 
3H, -OCH2CH3), 2.33 (singlet, 3H, ArCH,), 3.92 
(n~ultiplet, 2H, -OCH2CH3), 4. I1 (singlet, 3H, -OCH3), 
5.41 (quartet, 12.5 Hz, 2H, ArCH20),  6.43 (singlet, IH,  

0 
I 

(25 mm Hg) a t  155" for 22 h yielding a sublimate (27 mg) 
which was recrystallized from chloroform-methanol 
giving needles identified as deoxygladiolic acid (6), m.p. 
(capillary) 174-175"; v,,, (KBr) 1755, 1694, 1592 cm-' ; 
6 2.41 (singlet, 3H, ArCH3), 4.28 (singlet, 3H, -OCH3), 
5.56 (singlet, 2H, ArCH20),  7.92 (singlet, l H ,  ArH), 
10.03 (singlet, lH ,  -CHO). Raistrick and Ross (4) 
report m.p. 172.5-173" for deoxygladiolic acid (dihydro- 
gladiolide). 

(b) The neutral compound (7-2 mg) was dissolved in 
dioxane (3 1-111) containing 2% (v/v) sulfuric acid and the 
mixture allowed to stand (nitrogen atmosphere) at room 
temperature for 1.5 h. After dilution with water the 
product was extracted into ether. Separation by prepara- 
tive t.1.c. (chloroform-methanol, 49:l vlv) gave deoxy- 
gladiolic acid (7 mg) identical with that described above. 
A small amount of deoxygladiolic acid was formed when 
the neutral compound (34 mg) was heated on the steam 
bath in acetic acid (3 ml) and water (3 ml). 

Hydrolysis of'tlre Nelrtral Cotnporrtrd 3 
The neutral compound (39 mg) was converted quanti- 

tatively to a single substance (t.1.c. evidence) by heating 
in water (10 ml) for 15 min on the steam bath. Removal 
in uacrro of part of the water yielded needles of dihydro- 
gladiolic acid (2), m.p. 135- 137" (dec.), v ,,,,, (KBr) 3340, 
1717 cm-', which was identical with that obtained from 
the culture filtrate. The n.m.r. spectrum of this compound 
in acetic acid-d, showed signals at 6 2.32 (singlet, 3H, 
ArCH3), 4.02 (singlet, 3H, -OCH3), 4.82 (singlet, 2H, 

0 
I 

ArCH20),  6.68 (singlet, lH ,  ArCH-0), 7.59 (singlet, 
lH ,  ArH).  

Oxidation of Ntrrtral Contportrrd 3 
The neutral compound (45 nlg) in pyridine (1 1111) was 

added to chromium trioxide (55 mg) in pyridine (1 ml). 
After 18 h at room temperature, water was added and 
the product extracted into ether. Recrystallization of the 
product from chloroform - isopropyl ether and then from 
chloroform-ethanol gave the aldehyde (7), needles, m.p. 
109-110"; v,,,, (KBr) 1774, 1701, 1610 cm-'; 6 1.32 
(triplet, J = 7 Hz, 3H, -OCH2CH3), 2.38 (singlet, 3H, 
ArCH3), 4.04 (multiplet, 2H, -OCH2CH3), 4.28 (singlet, 

0 

3H, -OCH3), 6.62 (singlet, lH ,  A~CH-o), 7.96 
(singlet, IH,  ArH), 10.12 (singlet, IH ,  -CHO). Grove 
(1,7) reports m.p. 105" and v,,, (nujol) 1770, 1705 cm-' 
for the pseudo-ethyl ester of gladiolic acid. 

Preparation 0.f 3 frot?~ DiItydrogladiolic Acid ( 2 )  
Dihydrogladiolic acid (47 mg) was dissolved in water 

(10 ml) and treated with activated charcoal (B.D.H.: 213 
m d .  The charcoal was removed by fiitration, dried, and 

I 
A~CH-O), 7.s5 (singlet, 1 ~ ,  ArH), 7.41-8.16 (nlultiplet, extracted twice with boiling ether(40 ml) for periods of 

5H, -0Bz). 16 and 20 h. The materials contained in the first (22 mg) 

~ ~ ~ 1 .  calcd. for c ~ , H ~ , ~ ~ :  C, 67.40; H, 5,66. Found: and second (11 mg) extracts were combined in ether and 

C, 67.50; H, 5.50. acidic components removed by washing with 3 % sodium 
bicarbonate solution. After removal of the ether, the 

Deoxygladiolic Acid (6) frotn Neutral Compound 3 neutral fraction (21 mg) was crystallized from ether - 
(a) The neutral compound (52 mg) was heated in urrcuo isopropyl ether to give pure 3 (6 mg), identical (t.l.c., 
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m.p., mixture m.p.) with that described above. Neutral 1. J. F. GROVE. Biochem. J. 50, 648 (1952). 
compound 3 was not produced (t.1.c. evidence) when 2. L. A. DUNCANSON, J. F. GROVE, and J. ZEALLEY. J. 
dihydrogladiolic acid (8 mg) was treated with boiling Chem. Sot. 3637 (lg53). 
ether ( I  5 ml) for 21 h in the absence of charcoal. 3. J. J. BROWN and G. T. NEWBOLD. J. Chem. Soc. 

3648 (1953). 
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Introduction 

Traces of methane and hydrogen cyanide are 
formed during the thermal isomerization of 
methyl isocyanide at 200 "C. Both substances 
are formed in similar amounts, to the extent of 
0.1-0.5% of the methyl cyanide produced. 
These by-products were identified by their gas- 
chromatographic retention times together with 
high-resolution mass-spectrographic analysis of 
the corresponding portions of the chromato- 
graphic effluent. 

I f  the formation of methane involves the 
presence of methyl radicals, then the thermal 
decomposition of the isocyanide 

Materials and Experimental Technique 
The preparation and/or purification of methyl iso- 

cyanide (I), ethyl isocyanide (I), propane (2), and carbon 
dioxide (3) have been described previously. 

Experiments were carried out in a manner which we 
have already described (2, 3) using a pair of stainless-steel 
cylindrical pressure vessels (volume 12 cc, approximately 
10 cm long). All runs were carried out at 200 "C, the 
lowest of the three temperatures used by Schneider and 
Rabinovitch (4), since the apparatus, which was not 
designed for this experiment, could not be used above 
210 "C. A quantity of about 4 x mole of isocyanide 
was used in each experiment, either alone, or pressurized 
with propane or carbon dioxide up to pressures of about 
100atm; all reactions were of 30 min duration, and at 
no time in the whole series of experiments was air or 
moisture admitted to the reaction vessels. 

The analytical procedure was as follows. The contents 
of the reaction vessel were condensed out at liquid 

must have a substantial chain component, since nitrogen temperature, any methane escaping being 
trapped in silica gel, also held at - 195 "C: the reaction 

the reaction products were then raised to - 160 "C to complete the 
collection of methane in the silica-gel trap; themethane 

[2] CHJNC + CH3 -> CH3 + CH3CN was desorbed by warming, and measured chromato- 
graphically using a silica-gel column. The bulk of the 

is known to have a long chain-length at high propane (or carbon dioxide) was then removed at - 130 
isocyanide (1). In  note, we 'C using two LeRoy stills as described previously (2, 3):  

describe the erect of adding large quantities of a the remaining mixture was analyzed using a 12 ft silicone 
oil/chromosorb chron~atographic column, the residual 

agent, propane, the reacting ~ r o ~ a n e  beine eluted at 0 "C. the hvdrogen cyanide at - - 
isocyanide. 55 'c, and th;: isocyanide-cyanide mixture at GO OC. 
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Results Discussion 

First, a comparison was made between un- 
pressurized experiments in metal and in glass 
vessels at (a nominal) 200 "C. The mean of six 
experiments in glass vessels gave k, = (6.35 
+ 0.15) x l op5  s-l ,  whilst four experiments in 
metal vessels gave k, = (6.50 + 0.15) x 
s - l ;  Schneider and Rabinovitch (4) found 
k, % 7.0 x s- l  at about the same tem- 
perature and pressure. 

In the presence of high pressures of propane, 
the rate constant was significantly reduced, and 
the following is a summary of the observed 
rate constants expressed as a fraction of that 
observed in the unpressurized reactions: 1 
atrn C3H8, 1.04; 25 atrn C3H,, 0.89, 0.91; 
75 atrn C3H8, 0.80, 0.81 ; 100 atrn C3H8, 0.80, 
0.75, 0.75, 0.83, 0.80. This decrease in apparent 
rate constant could have been due to preferential 
losses of methyl cyanide in the analytical 
procedure, but tests on synthetic cyanideliso- 
cyanide mixtures showed that even in the 
presence of 100 atrn of propane, the cyanide 
and isocyanide were recoverable with an ac- 
curacy of k 5 % in their ratio.' This conclusion 
is reinforced by a parallel set of experiments 
using carbon dioxide instead of propane, when 
the rate constants relative to unpressurized runs 
were: 10 atrn CO,, 1.00; 30 atrn CO,, 1.01, 
1.05; 100 atrn CO,, 0.97, 1.03, 0.97. Thus, the 
rate constant is unchanged by the addition of 
100 atrn of carbon dioxide. The formation of 
traces of methane and hydrogen cyanide per- 
sisted through both sets of high-pressure experi- 
ments. No ethane (detection limit -10% of the 
methane formed) was found in any experiment, 
and it should also be noted that in the propane 
experiments, we did not positively identify any 
of the possible secondary radical products i.e. 
butanes, hexanes, or isopropyl cyanide. 

A similar reduction in the rate of isomerization 
of ethyl isocyanide was observed when the 
reaction was carried out at 200 "C in the presence 
of 100 atrn of propane; however, further study 
of this reaction was not undertaken. 

The difference in behavior of propane and 
carbon dioxide as pressurizing gases is clearly 
consistent with the supposition that the thermal 
isomerization of methyl isocyanide occurs by 
two parallel reaction paths [ I  ] and [2]. So is the 
persistence of methane formation at high pro- 
pane pressures, since reaction [2] neither con- 
sumes nor generates methyl radicals: thus, all 
that happens is that in the presence of propane, 
the methyl radicals are converted to methane 
before they have had a chance to catalyze the 
isomerization via reaction [2]. An analysis of 
the effect of propane on this reaction requires (at 
least) the following unknown information: (i) 
the rate of abstraction of hydrogen from methyl 
isocyanide by methyl radicals; (ii) some charac- 
terization of how methyl (and presumably also 
CN) radicals appear in the system; (iii) a 
knowledge as to whether there is an analogous 
CN-catalyzed isomerization route2 

[3 1 CN + CH3NC -> CH3CN + CN 

or 

r3aI CH3NC + CN -> CH3 + CzN2 

(iv) the rate of propyl-radical analogue of 
reaction [2]. 

A steady-state treatment of the reaction 
scheme [l  ] and [2], even excluding [3] and [3a], 
shows that there are many plausible combina- 
tions of the known and the unknown parameters 
for which the apparent rate constant k, would 
tend to diverge as [CH3NC] increases. And in 
fact, if the data of Schneider and Rabinovitch 
(4) are plotted in the form of k, vs. [CH3NC]-I 
there is some evidence of incipient divergence 
both at 200 and 230 "C; in contrast, k, is un- 
changed when the reaction is pressurized with 
carbon dioxide, and reduced by about 20% 
when pressurized with propane. 

Three conclusions emerge: (i) the carbon 
dioxide experiments confirm Schneider and 
Rabinovitch's conclusion that self-heating is un- 
important under these conditions; (ii) they also 

'Reaction [3a] seems more likely in view of the un- 
'One needs onlv two auantities. the time and the saturated nature of the isocvanide grouu. but we never 

cyanidelisocyanide-ratio t6  determine kl.  Since every found any cyanogen in any of ou; reaction mixtures. 
run was of the same duration, warm-up time uncertain- B. K. Dunning of this laboratory has looked for evidence 
ties (3) are eliminated, hence the accuracy of values of of reactions [3] and [3n] by photolyzing ICN (5) in the 
k1 obtained in pressurized experiments may be put presence of CH3NC; however, addition reactions (1) 
conservatively at ? 5 %  for purposes of comparison with obscured all other processes, and no conclusions were 
each other. reached. 
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suggest that reaction [ l ]  is already at its high- 
pressure limit at a [CH,NC] concentration of 
4 x moles in 12 cc, i.e. 1.3 atm at 200 "C; 
(iii) the propane experiments show that at 200 "C, 
the high-pressure limiting rate constant k, x 5 
x 10-5s-1 rather than the value 7.5 x 
s-I chosen by Schneider and Rabinovitch. 

In view of the fact that over the past 10 years, 
the isocyanide (particularly methyl isocyanide) 
isomerization reaction has achieved central 
importance in the unimolecular reaction field 
(6), we believe it is urgent that independent 
corroboration of our results be obtained. If our 
findings are confirmed, then it would appear that 
history is repeating itself. The development of 
the theory of unimolecular reactions in the 
1930's received considerable stimulus from the 
experimental study of a number of thermal 
reactions which were thought to be unimolecular 
reactions, but which eventually turned out to be 

free-radical chain reactions (7). Similarly, in the 
1960's, theoretical advances have been stimulated 
by the study of the thermal isomerization of 
isocyanides; in this case, however, there is no 
doubt that these reactions do exhibit unimolec- 
ular reaction characteristics, but it may be that 
they will be found unsuitable reactions against 
which to make quantitative tests of the theory. 

1. D. H. SHAW and H. 0. PRITCHARD. Can. J. Chem. 
45, 2749 (1967). 

2. C. K. YIP and H. 0. PRITCHARD. Can. J. Chem. 47, 
4708 (1969). 

3. D. H: S H ~ W  and H. 0. PRITCHARD. Can. J. Chem. 
46, 2721 (1968). 

4. F. W. SCHNEIDER and B. S. RABINOVITCH. J. Amer. 
Chem. Soc. 84. 4215 (1962). 

5. C. A. GOY, D.'H. SHAW, and H. 0. PRITCHARD. J. 
Phys. Chem. 69, 1504 (1965). 

6. D. L. BUNKER. Theory of elementary gas reaction 
rates. Pergamon, London. 1966. Chap. 3. 

7. A. F. TROTMAN-DICKENSON. Gas kinetics. Butter- 
worths, London. 1955. p. 70. 

Reinvestigation of the nature of the reactive intermediate in 
electropl~ilic bromine addition to styrenes 

JAMES A. PINCOCK AND KEITH YATES 
Department of Chemistry, Utziversity of Toronto, Toronto 5 ,  Ontario 

Received April 28, 1970 

The rate constants for the electrophilic addition of bromine to a series of ring-substituted styrenes 
have been redetermined. The new p +  value of -4.71 is discussed in terms of the intermediate involved 
for these substrates. 

Canadian Journal of Chemistry, 48, 2944 (1970) 

It has been previously reported from this 
laboratory (I), that the rates of electrophilic 
addition of molecular bromine to a series of ring- 
substituted styrenes in acetic acid followed eq. [I ]. 

[ I  ] - d = k, (styrene) (Br,)' + 
k, (styrene) (Br,), 

The k, values (Table 1) previously obtained by a 
spectrophotometric method were found to cor- 
relate well with the substituent constants with 

state leading to a cyclic bromonium ion inter- 
mediate. The reported AS* values of approxi- 
mately - 30 e.u. were also in agreement with this 
interpretation. 

However, in a more recent study by Rolston 
and Yates (2), values of k, were also reported for 
the reaction of bromine with a similar series of 
substituted styrenes. These values were obtained 
by measuring k,,, by a potentiometric method, as 
a function of [LiBr], and extrapolating to zero 
[LiBr] using eq. [2], where K is the equilibrium 

p = -2.21. This low value of p (compared to 
[2] (1 + K[LiBr]) k,,, = k, + kB,,-K[LiBr] values of av~roximatelv -4.2 for the solvolvsis 

of benzyl derivatives i n d  the chlorination- of constant for tribromide ion formation (2). In this 
cinnamic acids) and the correlation with a rather case values of k, (Table 1) either at ionic strength 
than a+ were interpreted in terms of a transition of 0.10 (kept constant by added LiC10,) or at zero 
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NOTES 

TABLE 1 
Second order rate constants, k2, for the bromination of styrenes in acetic acid 

k2 X loZ 
(M-' s-I)* 

Temperature 
Substituent ("0 a b c d 

3-C1 25.0 29.5 23 21.5k1.5 131 

*a, Values from ref. 1, ionic strength of 0.0; b, values from ref. 2, ionic strength of 0.0; c, present work, ionic 
strength of 0.0; d, values from ref. 2, ionic strength of 0.10. 

ionic strength, correlated well with o+ giving p 
values of - ' 21 and -4.26 respectively. Dubois 
and Schwarcs (3) have also obtained a p value of 
-4.30 for the bromination of styrenes in meth- 
anol at  0.20 M NaBr. Furthermore, results on the 
stereochemistry of the bromination of styrene 
derivatives (4, 5) showed that products are 
formed as a result of both syn and anti addition. 
This would not be expected from a cyclic bromo- 
nium ion intermediate. A weakly bridged inter- 
mediate lacking complete freedom of rotation 
was suggested, rather than an open ion, to 
account for the observation that product distribu- 
tions were not independent of starting olefins 
(e.g. cis- or trans-P-methylstyrene). 

No satisfactory explanation could be found for 
the large difference between the two p values 
based on either spectrophotometrically or poten- 
tiometrically obtained rate constants, since the 
only significant difference in the two investiga- 
tions was the presence or absence of added 
electrolyte. 

While studying the rates of bromine addition to 
some acetylenes (6, 7) by a spectrophotometric 
method, it became apparent that measurements 
made at  400 mp, the maximum of the bromine 
absorbance band, did not always give reliable 
results. This was explained as follows. Additions 
to multiple bonds in nucleophilic solvents such 
as acetic acid often give solvent-incorporated 
products (8), and hence significant concentra- 
tions of HBr can be generated during the reaction. 
This complexes with the unreacted Br, to form 
tribromide ion. Since Br,- has a much higher 

extinction coefficient than Br, (in acetic acid, 
E~~~ = 189 and E,,,- = 777 at 390 mp (2)), 
changes in optical density during reaction will no 
longer be directly proportional to changes in 
bromine concentration. An example of this effect 
is shown in Fig. 1 where plots of AIA, vs. time are 
given for the bromination of methylphenyl- 
acetylene at  400,430,460, and 480 mp. By 480 mp 
the effect of the tribromide absorbance has be- 
come negligible and hence rates can be lneasured 
at 490 mp with confidence. 

The results of Yates and Wright (1) had been 
obtained at 400 mp (450 mp for the nitro- 
styrenes). It therefore seemed possible that the 
unusiial substituent plots froin their data were a 
result of incorrect rate constants. The present 
method of obtaining Ic, values avoids the above 
difficulty (6) and, consequently, a re-evaluation 
of the k2 values in acetic acid with no added 
electrolyte seemed desirable. 

The k, values obtained' are given in Table 1.  
The results are the average of at  least two deter- 
minations and the error quoted is the average 
deviation. The pre'sent /c2 values are in reasonably 
good agreement with those of Rolston and Yates 
(2), allowing for the experimental error involved 
in extrapolation to zero ionic strength. Further- 
more, a salt effect of approximately seven is 
observed for all the compounds studied (whether 
spectrophotometrically or potentiometrically) 
compared with those at ionic strength of 0.10. 

'At low bromine concentrations (3 < M) where 
the k, term in eq. [ I ]  makes a negligible contribution to 
the total rate. 
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1.0 

Time (rnin) 

FIG. 1. Plots of A/Ao vs. time (min) for the bromination of niethylphenylacetylene in acetic acid a t  400, 430, 
460, and 480 nip. 

The results of Yates and Wright (I) fail to satisfy 
either of these requirements, especially those for 
the nitrostyrenes. 

A plot of log k2 vs. o+ (8) for the present values 
is given in Fig. 2.2 The p value of -4.71 is in 
good agreement with those values obtained by 
Rolston and Yates (2) and Dubois and Schwarcs 
(3). 

In view of the fact that the p value for the 
bromination of styrenes is now established as 
about -4.5, there no longer seems to be any 
justification for invoking cyclic bromonium ion 
transition states or intermediates for this type of 
substrate. The observation of different product 
distributions depending on whether the reactant 
is cis- or trans-P-methylstyrene (4, 5) is possibly a 
result of the differences in structure and reactivity 

ZThe value of IS+ for the 3,4-dichloro "substituent" 
was the same (0.476) as that used previously (2) for 
electrophilic addition of bromine to styrenes. 

of the initially formed ion pair intermediates, 
rather than a result of weak bridging. This revi- 
sion of the mechanism for styrenes is important 
because several authors (4, 9, 10) have discussed 
in some detail the low p value of -2.2 reported 
earlier by Yates and Wright (1). Miller (9) has 
even stated that this type of kinetic study is an 
excellent way of demonstrating the importance of 
cyclic intermediates since the observation of anti 
stereospecific addition may only be consistent 
with, but not proof of, their existence. 

Further, the activation parameters for 4-nitro- 
styrene (AH* = 9.0 kcal/mole, AS* = -39 
e.u.) and 3,4-dichlorostyrene (AH* = 6.1 kcall 
mole, AS* = -42 e.u.) were calculated from the 
rate constants in Table 1. The large negative AS* 
values of approximately - 30 e.u. reported pre- 
viously (1) were reasonably interpreted in terms 
of a cyclic bromonium ion transition state. The 
values obtained here of -40 e.u. are even more 
negative and yet it now seems unlikely that cyclic 
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NOTES 

FIG. 2. Plot of log k ,  vs. cr+ for the bromination of styrenes in acetic acid. 

ion structures are i m ~ o r t a n t  in these reactions. The continued financial support of the National . . 

l-his further illustrat[s that large negative AS* Research Council of Canada and the awards of an 
NRCC Studentship and an Ontario Graduate Fellowship values in polar or ionic reactions are not neces- to J.A.P. are acknowledged. 

sarily a consequence of cyclic transition states. 
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Experimental 
Reagents 

1 Mallinckrodt analytical grade bromine was used with- 
out further purification. Comn~ercial acetic acid was 
purified by the method described previously (1, 11). The 
four styrenes were commercially available compounds 
and were distilled before use. 

Kinetics 
The rates of bromine addition to the styrenes were 

measured on a Cary 16 Spectrophotorneter by following 
the change in bromine absorbance at 490 rnH. Initial 
bromine concentrations were always less than 3 x 
M. The reaction cell was a 10 cm cyclindrical cuvette 
equipped with a therrnostattlng jacket; cell temperature 
was controlled to ? 0.01 OC. The rate constants kz  were 
obtained by plotting log ( A  - A,) vs. time, which 
yielded good first order plots. 
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Erratum : Radiation-induced oxidation of 2-propanol by hydrogen peroxide in 
aqueous solutions 

C. E. BURCHILL AND I. S. GINNS 
Departn~ent of Cl~ernistry, Uriiuersity of Manitoba, Winnipeg 19, Manitoba 

Received June 23, 1970 

(Ref.: Can. J. Chem. 48, 1232 (1970)) 

Canadian Journal of Chemistry, 48,2948 (1970) 

In the final paragraph of p. 1235, reaction [2] constants for reactions [2] and [7] have been 
is twice referred to as reaction [3]. Thus the first assessed ... reaction [7] must be considered in 
sentence of this paragraph should read "The rate addition to reaction [2]." 
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The microwave spectrum, dipole moment, and structure of 
cyclopropyl carbinol 

A. BHAUMIK, W. V. F. BROOKS, S. C. DASS, AND K. V. L. N. SASTRY 
Departments of Chemistry and Physics, University of New Brunswick, Fredericton, New Brlinswick 

Received April 30, 1970 

The microwave spectra of cyclopropyl carbinol (cH~-cH2-CH-cH2-OH) and its deuterated 
(-OD) form were studied in the region of 8 to 35 gHz. Only one of the possible rotational isomers 
was identified. The measured rotational constants and dipole moments for C3H,CH20H and C3H5- 
CH,OD are, respectively, A (mHz): 12485.13, 12064.04; B (mHz): 3236.46, 3177.22; C (mHz): 2894.38, 
2826.19; K :  -0.928665, -0.924001 ; p, (D): 1.81, 1.78; p, (D): 0.36,0.32; p, (D): 0.31, 0.30; p,,,,, (D): 
4 " "  .", 
1 . 0 1 ,  1.84. 

Rotation is apparently hindered by hydrogen bonding between the hydroxyl hydrogen and the 
electrons in the strained bonds of the cyclopropyl ring. 
Canadian Journal of Chemistry, 48, 2949 (1970) 

Introduction 
Microwave spectroscopy has been used to 

study the molecular structure of a number of 
cyclopropyl compounds (14) .  Most of these 
have been semi-rigid molecules and the results 
have been consistent enough that the structure 
of the cyclopropyl group is reasonably well 
known. Cyclopropyl carbinol has a less well- 
defined structure since rotations of the entire 
carbinol group (relative to the ring) and of the 
OH group are possible. This work was under- 
taken to determine whether or not free rotation 
occurs in the molecule, whether one or more 
forms could be observed, and to investigate the 
conformations. 

Experimental 
The cyclopropyl carbinol was purchased from the 

Aldrich Chemical Company and it was used without 
further purification. The -OD molecule was formed by 
admitting vapors of both D,O and the normal carbinol 
to the Stark cell. 

The spectra were measured at room temperature 
(about 25 "C) and at - 18 "C at pressures in the range 
0.025 to 0.075 Torr. The spectrometer is a conventional 
Stark modulation instrument operating at 85 kc/s with 
oscilloscope display. The Stark field was calibrated with 
the OCS line J = 1 c 0 (5). 

Results and Discussion 
Microwave Spectra 

The most obvious feature of the spectrum of 
the normal molecule is a series of strong lines 

occurring in well-defined groups with readily 
resolved Stark lobes. These lines were assigned 
to a-type R transitions of an almost symmetric 
rotor. From these frequencies it was not possible 
to determine all three rotational constants 
precisely; but, with approximate constants, the 
frequencies of b- and c-type transitions could be 
predicted, and the predictions were accurate 
enough to help in identifying the much weaker 
b and c lines. The final rotational constants 
(Table 3) were determined by a least squares 
fitting procedure from the lines listed in Table 1. 

The spectrum of the deuterated species is 
similar and was analyzed by the same method. 
One set of vibrational satellite lines was identified 
and assigned for each species (Table 2). 

There are, in the region studied, a number of 
strong lines which were not assigned, but the 
Stark effects and general patterns suggest that 
these are lines of higher J of the same molecular 
species. It is possible, however, that some of the 
lines may be due to other geometrical isomers 
present at low concentrations or with small 
dipole moments. 

Dipole Moments 
Only quadratic Stark effects were observed. 

Stark coefficients were determined graphically 
from the plots of Stark shifts vs. the squares of 
the applied fields. Most of the Stark coefficients 
depend only upon y,, so that determination of 
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TABLE 1 

Rotational assignment of the n x m a l  and deuterated species of cyclopropyl 
carbinol in the ground vibrational state 

Frequency (mHz) 

Transition Obsd. Calcd. Obsd. Calcd. 

pb and pc is not straightforward. However, once 
good values of p, were known, relatively small 
trial values of pb and pc were used in calculations 
of Stark shifts in order to find which, if any, 
lines would have lobes especially sensitive to pb 
and p,. This was successful and the values of 
dipole components given in Table 4 are deter- 
mined by a least squares program which, for 

each molecule, finds the set of dipole components 
which gives the best fit to a set of observed Stark 
coefficients. The same computer program does 
both the trial calculations and the final fitting. 
Most of the reported dipole moments for lighter 
alcohols are in the range 1.60 to 1.70 D (6), and 
methyl cyclopropane has a moment of 0.14 D 
(4). The relative magnitudes of the dipole 
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BHAUMIK ET AL.: PHYSICAL PROPERTIES OF CYCLOPROPYL CARBINOL 

TABLE 2 
Rotational assignment of the normal and deuterated species of cyclopropyl 

carbinol in the excited vibrational state 
-- 

Frequency ( ~ H Z )  

CH~CHZCHCH~OH ~ H C H ~ O D  

Transition Obsd. Calcd. Obsd. Calcd. 

components are superimposed upon the structure 
in Fig. 1. 

Structure and Discussion 
The structure is not, of course, adequately 

determined by the rotational constants of two 
isotopic species. However, if it is assumed that 
the geometries of the cyclopropyl and carbonyl 
groups are adequately known from previous 
work (1-8), then the principal unknown struc- 
tural factors are the degrees of rotation about 
the Cring-C ,,,, in,, and C--0 bonds. The 
solution of Kraitchman's equations (9), using 
the normal and deuterated moments of inertia, 
gives the position of the hydroxyl hydrogen 
atom relative to the molecular center of mass. C 

Once the hydroxyl hydrogen is placed, the 
oxygen position is also roughly fixed, and the 
general conformation is, therefore, known. A 
model constructed in this way gives fair agree- 
ment with the observed moments of inertia, but - - - - -  a 
a small change in the C-4 -H  angle gives 
considerable improvement. The parameters of 
our final model-are given in m able 5. Further 
adjustment of positions to give a better fit with 
observation seems to be of little value since there 
is no clear indication of which coordinates FIG. I. Projection of cyclopropyl carbinol structure 

should be changed. significant result is the 0" the a,b and a,c planes of the principal axes. The 
relative values of pa, p,, and p, are shown as arrows; 

general conformation rather than the exact the directions of the arrows are conjectural. 
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BHAUMIK ET AL.: PHYSICAL PROPERTIES OF CYCLOPROPYL CARBINOL 

TABLE 4 
Stark effect and dipole moments of cyclopropyl carbinol 

Av x 104/E2 (mHz x cm2/V2) 

Transition M Obsd. Calcd. 

TABLE 5 
Structural parameters of model of cyclopropyl carbinol molecule 

Parameter Valuea Source 

Crlng-Cr1ne 
Crlne-Ccarblnol 
C-0 
0-H 
Crlng-H 
Ccorblnol-H 
L C-C-C (ring) 
L H-C,,.,-H 
L H-Crlns-Ccarblnol 
L crlng-cCarbinoI-~ 
L C-0-H 
L H-Cr~ng-Cc~rbInoi-Oc 
L Cr~n~Ccarb~nol-0-HC 

1.082 d 
1.091 b 

60" Assumed 
116" b 
116" Assumed 
109.45" Assumed 
116.7" + 124.2" 

f 
+ 32.3" 

f 
f 
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TABLE 5 (Concluded) 

Calculated moments of inertia and observed~alculated 
difference values 

C,H5CHZOH C,H5CHzOD 
Moments - 
of inertia Calculated Obsd. - Calcd. Calculated 0bsd.-Calcd. 

Coordinates of hydroxyl hydrogen in principal axes systems 
--- 

Coordinate Calculated Observed" 

atoms. 
!Adjusted (one at a time) lo slve a best least squares f i t  with the measured rotational 

constants ofnormal and deute~ated molecules. Estimated reliable to uithin I 1.0'. 
QCalculated from Kraitchman's equation and observed moments o f  inertia. 

values of the bond distances and angles. There 
are actually two similar, mirror image structures, 
one of which is shown in Fig. 1. 

The fact that the spectra can be interpreted in 
terms of rigid rotor models indicates that a 
relatively high barrier prevents rotations about 
the ring-carbinol and carbon-oxygen bonds. We 
propose that in addition to steric factors, there is 
an attraction between the hydroxyl hydrogen 
and the electrons of the nearest strained bond of 
the cyclopropyl ring. The model we are con- 
sidering for the ring electrons is similar to what 
has been proposed by Walsh (lo), and the 
attraction of these electrons for protons has been 
calculated by Hoffmann (1 1). Hoffmann also 
refers to the "quasi-n" character of cyclopropyl 
carbon-carbon bonds (12). Since n electrons 
seem to form intramolecular hydrogen bonds 
with hydroxyl and thiol hydrogens in allyl 
alcohol (13) and allyl mercaptan (14), the 
" quasi-n" electrons should behave in the same 
way although the forces may be weaker. 

We are grateful to the National Research Council of 
Canada for the grants which have supported this work. 
We also thank the personnel of the University of New 
Brunswick Computing Centre for their assistance. 
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The photochemistry of aqueous solutions of Tl(III) perchlorate 

C.  E. BURCHILL AND W. H. WOLODARSKY' 
Departnzent of Chemistry, Utziversity of Manitoba, Winnipeg 19, Manitoba 

Received May 22, 1970 

In deaerated aqueous perchloric acid solution TI(II1) is reduced and 2-propanol oxidized to acetone 
in equivalent yields via a chain reaction initiated by light of 2537 A. Initiation is attributed to  a charge- 
transfer-to-metal excitation followed by dissociation 

The formation of TI(I1) in the primary process is demonstrated by flash photolysis. An upper limit 
of 0.36 _+ 0.07 is estimated for the primary quantum yield. 
Canadian Journal of Chemistry, 48, 2955 (1970) 

Introduction 

A number of metal ions in solution display a 
strong absorption in the ultraviolet which is 
attributed to a charge-transfer excitation (1). 
Absorption of light in such a charge-transfer 
process is known to initiate a number of redox 
reactions (2). In the case of oxidizing metal ions, 
this initiation is envisaged as an electron transfer 
from a ligand to the metal ion in the excitation 
followed by dissociation to give a reduced metal 
ion and a free radical derived from the ligand. 
A large number of such processes have been 
described for ions of the transition and inner 
transition series. Relatively little study has been 
given to the corresponding photochemical pro- 
cesses for main-group metals, in part because the 
majority have only a single stable oxidation state. 
The photo-induced formation of X,- from 
Hg(I1) halide complexes in aqueous solution has 
been attributed to such a charge-transfer process 
(3). The high-yield photo-induced exchange be- 
tween Tl(II1) and Tl(1) was explained by a chain 
mechanism (4) initiated by reaction 1. 

Recently (5), in a study of the radiation-induced 
oxidation of alcohols by Tl(III), it was proposed 
that the propagating step of the observed chain 
process was the reaction of a Tl(I1) intermediate 
with the alcohol as in reaction 2. 

[2] TI(II),, + HROH -t TI(I),, + H t  + . ROH 

If the absorption of ultraviolet light by Tl(II1) 
in acid aqueous solution leads to the dissociative 

'Present address: Department of Chemistry, Queen's 
University, Kingston, Ontario. 

process, reaction 1, it should be possible to 
initiate the same chain oxidation of alcohols as 
was observed under y-irradiation. To test this 
proposal a study of the photo-reduction of Tl(II1) 
in the presence of 2-propanol was undertaken. 

The absorption spectrum of a species believed 
to be Tl(I1) has been observed in the pulse 
radiolysis of aqueous Tl,SO, solutions contain- 
ing N 2 0  (6) and in y-irradiated low temperature 
sulfuric acid glasses containing T12S0, (7). From 
the position ofthe absorption maximum (260 nm) 
and the relatively large molar absorptivity 
(5400 M - '  cm-') reported for this species, it 
seemed probable that it would be possible to 
observe the formation and decay of Tl(I1) by the 
ultraviolet flash photolysis of aqueous Tl(II1) 
solutions. 

Experimental 
Solutions of TI(II1) were prepared by dissolving TI2O3 

(Fisher, purified) in HC10, (Baker and Adamson, 
reagent, 70%) and triply distilled water to  give a stock 
solution 2 x M in TI(II1) and 4 M in HCIO,. 
Aliquots of this stock solution plus any other solutes 
were then diluted with triply distilled water to give 
solutions 5 x M in TI(II1) and 1.0 M in HC10,. 

2-Propanol (Fisher, certified);i-propylamine (Eastman, 
high purity), and TICIO, (City Chemical Corp., purified) 
were used as received for the preparation of experimental 
solutions. 

For steady-state photolysis experiments the light source 
was a Hanovia Z 1500-108 low pressure mercury arc with 
a Vycor envelope. The absorption by the envelope 
effectively eliminated the mercury emission line at  1849 A 
while the lack of any significant absorption by TI(II1) 
solutions above 2800 A ensured that reaction was 
initiated solely by the 2537 A resonance emission. 

Aliquots of the solution (10 ml) were degassed in 25 ml 
Pyrex bulbs using the freeze-pump-thaw technique. After 
degassing the solution was tipped into a cylindrical fused 
silica optical cell (of 4.2 cm 0.d. and 1.00 cm light path) 
attached to  a side arm and irradiated. Light from the 
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lamp was roughly collimated by a series of masks. 
Spectrophotometric measurements gave a transmittance 
of 0.66 (34% absorption) a t  2537 A for solutions 
5 x M in Tl(II1) and 1.0 M in HC10,. Irradiations 
were carried out at  ambient room temperature (25 + 
2 "(2). 0 . 0 8 -  

Actinometry was by the ferrioxalate method of 
Hatchard and Parker (8). The incident intensity was 
measured in silica cells, similar to those used for experi- 
mental solutions and identically positioned, first using 
the unfiltered light from the arc and then with a 4 mm 
thick Pyrex plate between the lamp and the cell. The 0.06- 

difference was assumed to  be the incident intensity, I,,, 
of the 2537 A light (5.32 x einstein 1-I s-I  for the g 
majority of experiments). The light transmitted by the 4 

Pyrex filter was 10% of the total. Wire screens were 
introduced between the lamp and the sample to study z 0 . 0 4 -  
the effect of varying light intensity. The rate of energy 
absorption from the light beam, I,, was calculated from 
10 and the measured absorbance of the sample at 2537 A. 

The reaction was generally followed by measuring the 
concentration of acetone formed after each of a series 
of timed irradiations, using the salicylaldehyde method (5). 0.02 
Tl(II1) concentrations,were measured using o-phenylene- 
diamine (5). Reduction of Tl(II1) was held to  less than 
20% of the initial concentration to  minimize the 
change in I, as a result of the changing concentration. 

I I I 

- 

- 

- 

- P - 

The flash photolysis experiments were carried out at  0,00 Atomic Energy of Canada's Whiteshell Nuclear Research 
w 

250 270 290 31 0 
Establishment using equipment which has been described WAVELENGTH (nrn) 
elsewhere (9). Three flash lamps having Vycor jackets 
were arranged concentrically about the sample tube which =IG. Vectrum transient 
had a diameter of 2.7 cm and a light path of 10.0 cm ~ . ~ ~ 0 ~ ~ ~ 4 T ~ ~ ~ ~ ; ~ ~ n ~ i $ e ~ s ~ e ~ 0 ~ ~ o ~ s  ~ ~ ~ ~ O ~ a s ~  
for the analyzing light. The Vycor envelopes of the flash 
lamps limited the exciting light to  wavelengths mostly in 
excess of 2500 A. (2) Steady-State Photolysis 

Under continuous illumination from the low 
Results pressure mercury arc Tl(III), in the presence of 

(1)  Flaslz Photolysis 2-propanol, was reduced with a quantum yield 
A solution 5 x Min  Tl(III), 1 x M very much in excess of unity, indicative of a chain 

in Tl(I), and 1.0 M in HClO,, subjected to a flash reaction. Acetone was formed in an equivalent 
showed a transient absorption in the region of yield. Because the acetone formation could be 
270 nm. This absorption decayed to the original measured more precisely than the small reduction 
base line in a time > 20 ms. The transient in Tl(III), only the acetone formation was mea- 
absorbance measured 100 ps after the flash is sured in the majority of experiments. With no 
shown in Fig. 1. The absorption maximum is at alcohol present there was little or no reduction 
270 nm. A second order decay plot for the of Tl(II1). The light absorption by the solutions 
absorbance at 270 nm is shown in Fig. 2. The at 2537 A was independent of the concentration 
slope of such a plot gives 2 k l ~ l  for a bimolecular of 2-propanol present and was not affected by 
decay. From Fig. 2, 2k/~,,, = (6.1 f 0.6) x the addition of i-propylamine. The addition of 
104 cm s-'. acetic acid or sulfuric acid caused a marked 

In a second series of experiments a solution increase in the absorbance at 2537 A. 
containing 5 x M Tl(1II) and 5 x lo-, M In the presence of 2-propanol the quantum 
2-propanol in 1.0 M HClO, was subjected to a yield of acetone formation increased linearly with 
flash. A transient absorption was observed at increasing alcohol concentration in the range 
270 nm which decayed with second order kinetics. (1-10) x lo-, M, as shown in Fig. 3 for I, = 
For this experiment 2k/~,,, was estimated as 9.4 x einstein 1-' s-'. With decreasing 
(1.3 f 0.2) x lo5 cm s-'. light intensity the quantum yield of acetone for- 
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lo3 x TIME ( s )  

FIG. 2. Second order plot for decay of transient in 

0 
'0 2 4 6 8 10 12 

Fig. 1. Analyzing light path = 10.0 cm. lo2 x [2-PROPANOL] ( M )  
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mation increased and, as shown in Fig. 4, this 
variation was an inverse square root relationship 
for I, in the range 1.81 x lo-' to 1.91 x lo-' 
einstein 1-' s-l. 

When 2-propanol was replaced by i-propyl- 
amine the quantum yield of Tl(II1) reduction was 
reduced to a value less than unity and was 
essentially independent of the amine concentra- 
tion in the range 0.02 to 0.10 M. The average 
quantum yield of Tl(II1) reduction in the presence 
of i-propylamine was 0.36 + 0.07. 

I I I I 

40- - 
160- 

Discussion 

1 I I I I I 

- - 

- 

- - 

On the basis of the spectrophotometric data of 
Rogers and Waind (10) for the equilibrium 
system 

30- - 
120- - 

- 
W 
z 
2 

- - 
ul - V 

- 

- 

- 

- 
Oo 

I I I I 
1 2 3 4 

the principal Tl(II1) species in 1.0 M HClO, is 
T13 + ,, (- 90 %) but the first hydrolysis product, 
T10H2+, absorbs most (ca. 80%) of the light at 
254 nm. At the concentrations in which it was 
added or formed in the experiments described 
Tl(1) would not absorb a significant amount of 
energy. In the flash photolysis experiments the 

FIG. 3. Variation of quantum yield with 2-propanol 
concentration. [Tl(III)] = 5 x M, I, = 9.4 x lo-' 
einstein I-' s-'. 

exciting light was not monochromatic but the 
sharp cutoff below 2500 by the Vycor jacket 
of the flash lamps would give a similar effect to 
that described above: absorption only by Tl(II1) 
and principally by ~10H" .  

In the flash photolysis the primary process 
proposed by Stranks and Yandell (4) would be 
the charge-transfer dissociation, reaction 4. 

hv 
[4 1 TI(OH)'+ -> +,TIZ+ + +,OH 

OH reacts with ~ 1 '  in a very rapid reaction (1 1) 
assumed to give T12 + as a product (6) 

15 I OH + T1+ -> OH- + TIZ+ 

This reaction is sufficiently fast to be complete 
during the time of the flash (flash half-width - 
25 ps). Thus the only transient expected after the 
flash is TI2+. The absorption maximum for the 
observed species (270 nm) is very close to that 
reported for TI2+ by Cercek et al. (6) in neutral 
solution (260 nm) and by Brown and Dainton (7) 
in a sulfuric acid glass (267 nm). TI2+ has been 
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FIG. 4. Variation of quantum yield with intensity. 
[Tl(III.)] = 5 x M, [(CH3)zCHOH] = 9.13 x 
10-z M. 

assumed to undergo a very rapid dismutation 
reaction (4-6, 12) 

[6 1 2TlZ+,, + TI+,, + TI(III),, 

The bimolecular decay observed for the 
transient is consistent with its being TI2+ and the 
dismutation reaction is consistent with the obser- 
vation of no net change under ultraviolet irradia- 
tion in the absence of an organic scavenger (4). 
In the pulse radiolysis experiments, Cercek et al. 
(6) observed a value of 2k/c,,, of 5.3 x lo5 cm s-I 
for the bimolecular reaction of the species 
assumed to be TI2+. This is nearly an order of 
magnitude greater than that obtained in this work 
(2k/cZ,, = (6.1 + 0.6) x lo4 cm s-l) and when 
it is recognized that the current work was carried 
out in a medium of much higher ionic strength 
(- 1.0) the discrepancy is considerably greater. 
However, although the transients formed in the 
photochemical and radiation chemical experi- 
ments absorb light in the same spectral region 
they are not necessarily identical species. The 
pulse radiolysis studies were carried out in 
neutral solution where a Tl(I1) species might be 
extensively hydrolyzed (as TIOH'). Tl(I1) formed 

in the 1.0 M HClO, medium used in the photo- 
chemical experiments would be much less likely 
to show any hydrolysis and consequently be 
present as TI2+,,. This latter species could well 
have a maximum molar absorbancy greater than 
that of the hydrolyzed species and/or a dismuta- 
tion rate constant less than that for TIOH'. These 
results do not confirm absolutely that the species 
observed is Tl(I1) but they do give considerable 
support to the supposition. 

The steady-state photolysis is characterized 
by a linear dependence of acetone yields on 
2-propanol concentration and a reciprocal square 
root intensity dependence. These characteristics 
are consistent with the chain mechanism pro- 
posed for the radiation-induced oxidation of 
2-propanol by Tl(II1). For the photo-induced 
reaction the analogous mechanism would be 

which is in good agreement with the observed 
characteristics of the chain reaction. Equation 9 
implies that the linear relationship between 
+(acetone) and [2-propanol] should extrapolate 
to +, at zero alcohol concentration. Figure 3, 
however, shows a significantly higher intercept 
(- 18). The origin of this discrepancy is not clear 
since, in the radiation-induced oxidation of 
2-propanol by Tl(III), no such large intercept was 
observed and the precision of the photochemical 
results would seem to rule out so large a probable 
error in the intercept. We are unable to provide 
any satisfactory explanation for this phe- 
nomenon. 

If the chain mechanism as outlined above 
applies even at the high radical concentrations 
after the flash, the initial concentration of TIZ+ 
would not be affected by the presence of 
2-propanol and, as reaction 6 is the only one by 
which chain centers are removed, the kinetics of 
its decay should not be altered. When 2-propanol 
was present in the system exposed to a flash, the 
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initial absorbance at 270 nm was about 20 % less 
than in its absence and the second order decay 
constant was increased by about a factor of 2. 
Although these experiments were of relatively 
low precision, these differences were outside the 
probable uncertainty. We consider it probable 
that the major portion of the absorbance at 
270 nm does originate with TI2+ but that, at the 
radical concentrations involved, termination may 
also occur via reactions such as [lo] and [ l l ]  
which would increase the effective rate of decay. 

By extrapolation of the intensity dependence 
of the Tl(III)/Tl(I) exchange Stranks and Yandell 
(4) estimated a value of 4, = 0.5 f 0.3. We 
propose that the quantum yield of Tl(II1) reduc- 
tion in the presence of i-propylamine (0.36 + 
0.07) represents an upper limit for 4,. In the 
y-radiolysis of aqueous solutions of Tl(II1) and 
i-propylamine, G(-TI3+) = 5.3 0.2 (13). The 
stoichiometry of Tl(II1) reduction by a purely 
non-chain process would be expected to be 

from the sequence 

Using values of GH = 3.7, Go, = 3.0, and 
GHZo2 = 0.75 (14) gives G(- TI3 +) = 4.1. Thus, 
in the radiation reduction of Tl(III), i-propyl- 
amine gives little or no chain reaction and, if an 
analogous mechanism applies to the photo- 
reduction, the observed yield of Tl(II1) reduction 
would represent an upper limit of 4,. 

Accepting the chain mechanism previously 

outlined and using the value of 4, = 0.36 + 0.07 
estimated above it is possible to estimate values 
of k2/(k6)'/' from the slopes of Figs. 3 and 4. 
From these data k2/(k6)'/2 is 0.43 + 0.05 and 
0.49 f 0.05, respectively. From the radiation 
chemical reduction (5) the corresponding ratio 
was calculated as 0.60 _+ 0.04. In view of the 
uncertainty in 4, the agreement is quite good. 

It is clear from the results that the chain 
reduction of Tl(II1) by 2-propanol initiated by 
ultraviolet light has a kinetic form similar to that 
induced by y-irradiation. This, with the flash 
photolysis experiments, supports the contention 
that the primary event in the 2537 A photolysis 
of Tl(II1) in aqueous perchloric acid solution is a 
charge-transfer-to-metal dissociation leading to 
the formation of a Tl(I1) species. 

The authors gratefully acknowledge financial support 
for this work from the National Research Council of 
Canada. We also wish to acknowledge the generous 
assistance of the staff of the Whiteshell Nuclear Research 
Establishment, particularly Dr. Ajit Singh, in carrying 
out the flash photolysis experiments. 
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Studies of fluoroberyllate complexes in aqueous solution by 19F nuclear 
magnetic resonance1 

M. G. HOGBEN,' K. RADLEY, AND L. W. REEVES 
The Chemistry Department, University of Waterloo, Waterloo, Ontario 

Received May 5, 1970 

Studies of aqueous solutions containing fluoride and beryllium ion in ratios between 5 and 0.5 were 
made by I9F nuclear magnetic resonance at  temperatures between the melting point of solutions and room 
temperature. Signals clearly identifiable as arising from BeFaZ-, BeF3-, BeF,, and BeF+ were assigned. 
Chemical shifts and coupling constants JBc-F are reported for all species and approximate equilibrium 
constants are determined from intensity measurements for the reactions BeF3- $ BeF, + F- ,  BeF, =$ 
BeF+ + F- , andBeF+ +Be2+ + F- .  
Canadian Journal of Chemistry, 48, 2960 (1970) 

Introduction 

Although aqueous beryllium fluoride chemistry 
has been studied by more classical techniques for 
some years, it has only recently (1) been analyzed 
by the nuclear magnetic resonance (n.m.r.) tech- 
nique in reasonable detail. Everest (2), in his 
monograph on beryllium chemistry, reviews the 
electrochemical evidence for the presence of 
species BeF+, BeF,, BeF3-, and BeF4'- (3). The 
relative concentration of each of these fluoro- 
beryllate ion complexes depends on the overall 
concentration ratio [F]/[Be] as well as pH. The 
complexions are evidently hydrated in the manner 
B~F,(H,o),-,,("-~)-. 

Gutowsky and Hoffman (4) included BeF, in 
an early survey of chemical shifts of fluoride 
molecules. Francis and Lawrenson (5) made a 
qualitative study of the 19F n.m.r. in tetrafluoro- 
beryllate solutions and reported a chemical shift 
of + 85.5 p.p.m. from an external trifluoroacetic 
acid reference (TFA) signal with a coupling con- 
stant JBeUF - 33.7 Hz for the species BeF42-. 
A recent study by Reeves and co-workers (I) 
included among other things an equilibrium and 
kinetic study of the reaction 

in the region where concentrations of BeF, and 
BeF+ are suppressed. The equilibrium constant 
of the above reaction was reported as (8.0 + 
2.0) x lo-' moles kg-' and the kinetic analysis 
showed rapid fluoride exchange amongst all 
species with the slow process being the primary 

'This work was supported by research grants from the 
National Research Council of Canada to  L.W.R. 

'NRCC Postdoctorate Fellow, 1968-1970. 

dissociation of the first fluoride ion from BeF4'-. 
Cursory studies of BeF, solutions were incorrectly 
interpreted because of the apparent absence of a 
signal for the fluoride ion. In this work an identi- 
fication of lgF resonances for all species BeF4'-, 
BeF3-, BeF,, and BeF+ are made and overall 
equilibrium data obtained. 

Experimental 
"Analar" ammonium fluoride was supplied by B.D.H. 

laboratories, beryllium fluoride by Alpha Inorganic Inc., 
and beryllium sulfate by Fisher Chemicals Ltd. Their 
purity was found to  be quite adequate for the studies 
reported here. Solutions were prepared by weighing 
samples and adding water to the required volume. The 
I9F n.m.r. spectra were recorded from a Varian H.R. 60 
spectrometer tuned to  56.4 MHz for observation of IgF. 
An external capiilary of TFA was used as a reference. The 
variation of equilibrium concentration of the species 
observed was within the experimental error over the 
temperature range between the freezing point of the 
solutions and room temperature. It was convenient, there- 
fore, to obtain the area of peaks as the solutions warmed 
after immersing in liquid nitrogen. Lower temperatures 
were desirable in order to  slow down the fluoride exchange 
reactions and enable the resolution of quartets for each 
complex ion due to indirect spin-spin coupling of 9Be of 
spin 312 with I9F (1). 

Results 

Solutions of 1.0 M BeF, in water were made up 
with varying concentrations of additional NH4F 
and BeSO,. The overall ratio [F-]/[Be2+] was 
varied between 5 and 0.5. The ambient tempera- 
ture fluoride resonance of this series of samples 
showed broad resonances from + 84 to f 94 
p.p.m. from TFA, resolving neither the different 
BeF2- ,  BeF3-, BeF,, and BeF+ species nor 
their multiplet structure. N o  resonance due t o  
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I I I I I I 
86 88 90 92 94 (P.P.m.) d6 i 8  910 92 ( P . P . ~ . )  

FIG. I. Fluorine nuclear magnetic resonance spectra of fluoroberyllate complexes in aqueous solution. 

fluoride was discerned at  - +37 p.p.m. from 
TFA, from any of the above samples. 

The spectra were improved, however, if the 
sample tube was cooled by quickly immersing it 
in liquid nitrogen, placed in the probe, and spectra 
taken while the sample warmed to room tempera- 
ture (25 "C) from its melting point (- - 10 "C). 
In this way, four spectra were measured using 
the usual audio sideband technique, sweeping 
alternatelv UD and downfield. 

It  sho;ldLbe mentioned that these varying 
temperature conditions did not affect the spectra 
to any noticeable extent. Differences in chemical 
shifts and coupling constants were less than the 
random errors encountered using the audio side- 
band technique. Differences in intensity measure- 
ments between spectra of different temperature 

could not be detected upon inspection and were 
less than the errors from cutting out the peaks. 
This agrees with previous work (1) in which 
no systematic change in equilibrium constant 
[BeF,-][F-]/[BeFz-] with temperature was 
discerned, implying that AH of dissociation is 
close to zero. 

At these low temperatures, the spectra of each 
species of BeFz- ,  BeF,-, BeF,, and BeFf are 
found to be 1 : 1 : 1 : 1 quartets (due to coupling to 
the Be with magnetic moment 312) with linewidths 
at half height of -20-30 Hz. Selected spectra 
are shown in Fig. 1 for samples of different 
[F]/[Be] values. Chemical shifts and coupling 
constants for each species at  each concentration 
are presented in Tables 1 and 2, respectively. It 
can be seen that each quartet is distinct from the 
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TABLE 1 

Chemical shifts of the beryllium fluoride species* 

[Additional ions] (M)t Chemical shift (p.p.m. upfield for TFA) 

NH4F BeS04 BeF42- BeF3- BeF2 BeF+ 

1.50 84.61 86.85 
2.00 84.51 86.66 
3.00 84.38 

Range 84.4-85.0 86.7-88.1 89.3-90.3 91.8-93.0 

*Concentration effect of BeFf opposite in sign to other species. 
tAll samples contained 1.0 M BeFz apart from additional fluoride and beryllium. 

TABLE 2 

Coupling constants for the t~eryllium fluoride species 

Additional ions 
(MI Coupling constant (Hz) 

NH4F BeS04 BeF4'- BeF3- BeF2 BeF+ 

Mean 33.84 36.47 38.50 40.53 

others since each species has characteristic chemi- 
cal shift and coupling constant values. There can 
be no confusion as to the identity of each quartet. 

The spectra of BeF, in water had been described 
as a broad resonance at + 90.0 p.p.m. ascribed to 
"BeF, polymer" and a quadruplet at +92.2 
p.p.m. from TFA ascribed to "BeF, mono- 
mer" (1). The present results show that these 
resonances correspond to those due to BeF, and 
BeFf, respectively. Similarly the coupling con- 
stant for "BeF," monomer (JB,- ,  = 39.9) 

agrees with that found for the species we identify 
as BeFf. Our assignment of all these multiplets 
to the various species in Fig. 1 seems reasonable, 
since it explains the regular changes in chemical 
shift and coupling constants as each fluorine is 
replaced by water of solvation and also the 
regular way in which the intensity of each quartet 
changes with the [F:I/[Be] ratio. The sample with 
highest [F]/[Be] ratio shows a single quartet due 
to BeF2- and, as the [F]/[Be] ratio decreases, 
the intermediate species appear then disappear in 
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TABLE 3 
Intensities and intensity ratios of beryllium fluoride species 

[Additional ions] 
(MI* 

14 - r, - 12 g2 
NH4F BeSO, [F]/[Be] 1, 13 12 11 13 12 11 KI KZ 

*All solutions contained 1.0 M BeFz apart from the additional fluoride and beryllium. 

the expected fashion. The sample with lowest 
[F]/[Be] ratio contains predominantly BeF+, 
but also BeF, and, presumably, Be2+. 

The intensities of each quartet were measured 
by photocopying the spectra onto good quality 
bond paper and cutting out the estimated portion 
due to each species and weighing. The results are 
presented in Table 3. Values of I, are calculated 
from the weight (in mg) of the cut-out for 
~ ~ ~ ~ ( n - 2 ) -  divided by n. Ratios of I, represent 
the relative molarities of each species and are 
used in the calculation of equilibrium constants 
below. 

Discussion 
The system 

involves the following equilibria 

The first constant, K,, has been calculated pre- 
viously (1) to be (8.0 + 2) x moles kg-' 
assuming K,, K,, and K4 to be zero. The concen- 
trations and [F]/[Be] values in this study preclude 
a direct measurement of fluoride concentration 
and thus we are unable to calculate K ,  to K4 
directly. Assuming the previous value of K,, 

however, the subsequent equilibrium constants 
are obtained from the following relationships 

These computations are possible when at least 
three Be species are present in measurable 
amounts in the same sample. These ratios are 
presented in Table 3 and provide the following 
results 

K, = (1.1 f 0.5) x 

Substitution of these values into equations 
used to derive K, in ref. 1 shows that the resulting 
corrections to K, are within the accuracy quoted, 
thus validating our assumption. 

Although the Be2+ concentration was not 
directly measured, its value could be deduced 
with acceptable accuracy. K4 represents the 
equilibrium 

BeF2 + Be2+ 2[BeF+] 

The following equations hold true if [F-1, 
[BeF3-1, and [BeF:-] are negligible, which is 
reasonable for low [FII/[Be] ratios 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2964 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Be balance meaning - 

{BeF,] + [Be2+] + [BeF'] K3/K4 = 0.50 
Therefore 

= [original BeF,] + [added Be2+]  K, = (1 + 1) x lo-3 
. \ > , ,  

F balance 1. J. FEENEY, R. HAQUE, L. W. REEVES, and C. P. YUE. 
Can. J. Chem. 46, 1389 (1968). 

2 [BeF,] + [BeFf ] = 2 [original BeF,] 2. D. A. EVEREST. The chemistry of beryllium. Elsevier 
Publishing Co. 1964. Chap. 4. 

= 2.0 3. M. P ~ r r z .  A. Anorg. Chem. 231, 238 (1937). 
Combining these t w o  equations we  get 4. H. S. GUTOWSKY and C. J. HOFFMAN. J. Chem. Phys. 

19, 1259 (1951). 
[B~F,] [Be2f 11 [ ~ ~ ~ 4 ] 2  = (0.500, 0.501, 0.494) 5. P. E. FRANCIS and I. J. LAWRENSON. J. Inorg. Nucl. 

Chem. 26, 1462 (1 964). 
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The mercury-(3P,)-photosensitized decomposition of formamide vapor1 

J. C. BODEN' AND R. A. BACK 
Division of Chemistry, National Research Council of Canada, Ottawa, Canada 

Received May 12, 1970 

The mercury-(3P1)-photosensitized decomposition of formarnide vapor has been studied briefly at 
150 "C and pressures of about 1-30 Torr. Volatile products observed were CO, Hz, and NH,. Three 
primary processes are postulated 

Hg* + NHZCHO + NH3 + CO + Hg 

-t NHzCO + H + Hg 

+ NHCHO + H + Hg 

with estimated quantum yields of 0.53, 0.32, and 0.08, respectively. A dependence of product ratios on 
light intensity and formarnide pressure is attributed to hydrogen-atom "cracking" reactions. 

Canadian Journal of Chemistry, 48, 2965 (1970) 

Introduction 

The photolysis of formamide vapor at 2062 A 
has been studied recently in this laboratory (l,2). 
Three major primary processes were thought to 
occur with estimated quantum yields as shown 

[I] NHzCHO + hv + NH, + CO + H (or HCO) 
(@ = 0.35) 

[2 1 + H + NHCHO (@ = 0.22) 

At temperatures below 200 "C, the secondary 
reactions 

[41 H + NHZCHO -> HZ + NHzCO 

and combination reactions of NH'CO and 
NHCHO radicals completed the reaction mech- 
anism. 

The mercury-photosensitized decomposition is 
of obvious interest for comparison with the 
photolysis, and has not been investigated before. 

The mercury-photosensitized decomposition of pro- 
pane at 150 "C and 300 Torr was used as an actinometer. 
The Phillips Research grade propane contained less than 
0.01 % olefin (by vapor phase chromatographic analysis), 
and the yield of Hz was linear with time up to a conver- 
sion of 0.015%. Under these conditions, the quantum 
yield of hydrogen may be taken to be unity (5, 6). The 
evacuated heated cell was allowed to equilibrate with 
mercury at room temperature before reagent gases were 
admitted. The propane was saturated with mercury vapor 
at room temperature before admission; the formamide 
was not, because its low volatility did not permit contact 
with mercury at room temperature. The partial pressure 
of mercury vapor in the formamide system resulting from 
this procedure was somewhat irreproducible. In the 
quantum yield experiments, the light absorption was 
measured and taken into account. The yield was found 
to be generally less with formamide (N 80%) than with 
propane (- 98 %), probably because of line broadening 
effects. Complete quenching of Hg(3Pl) in both systems 
was assumed in calculating quantum yields. 

All experiments were done at 150 "C, a temperature 
at which the carbarnyl (NH2CO) radical is stable and 
free-radical chain decomposition does not occur (1, 2). 
As in the photolysis, corrections were made for the 
thermal "dark" reaction which accompanied the photo- 
sensitized decomposition. 

Experimental Results and Discussion 
Apparatus, techniques, purification of formamide, and ~ h ,  major products observed were CO, H,, 

product analyses were all the same as used in the 
photolysis experiments (1, 2). The flat-spiral mercury and NH,, as in the direct photolysis. Much 
resonance lamo (3) was ooerated at room temoerature smaller amounts of HCN and C 0 2  were detected 
with a current'of 30 mA. kith a 7910 ~orning'filter to under some conditions. Yields ofindividual~rod- 
remove light of wavelengths below 2200 A.  he-intensity ucts showed considerable scatter, probabl; due 
of the 2537 A light transmitted through the reaction to varying mercury concentration, and as light 
vessel was measured by a type 935 phototube equipped 
with a suitable filter (4). absorption was not measured in most experi- 

ments, corrections could not be made. Product 
'NRCC No. 11 477. ratios, however, were consistent and repro- 
'NRCC Postdoctorate Fellow, 1967-1969. Present 

address: British Petroleum Research Centre, Sunbury- ducible. The Co varied with 
on-Thames, Middlesex, England. formamide pressure (Fig. 1) and with the ab- 
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FORMAMIDE PRESSURE (TORR) 

FIG. 1. The dependence of the CO/H2 ratio on 
formamide pressure, at approximately constant absorbed 
light intensity of about 1.5 x einsteins I- '  s-'. 

I I I I I 
2 4 6 8 10 

ABSORBED INTENSTY (ARBITRARY) 

FIG. 2. The dependence of the CO/H2 ratio on 
absorbed light intensity at a formamide pressure of 
17.5 Torr. 

sorbed intensity (Fig. 2), in marked contrast to 
the photolysis in which no such variation oc- 
curred (1). The yield of NH, was not measured 
in all the experiments, but appeared to be con- 
sistently about 70% of the CO. Quantum yields 
of CO and H, were measured under two condi- 
tions of pressure and light intensity, with careful 
monitoring of absorbed light intensity and are 
shown in Table 1. 

The similarity of the products to those of 
the photolysis suggests that a similar mech- 
anism is probably operative in the mercury- 
photosensitized decomposition. Before a detailed 
comparison can be made, however, the depen- 
dence of product ratios on pressure and intensity 
must be explained. The light intensity effect must 
axiomatically involve secondary rather than 

TABLE 1 

Quantum yields in the mercury-photosensitized 
decomposition of formamide vapor 

Absorbed 
Formamide light 

pressure intensity 
(Torr) (einstein/l s) Qco QH2 QCO/QH2 

primary processes, and the most probable cause 
of both effects would appear to be an "atomic 
cracking" reaction analogous to those well 
established in low-pressure, high-intensity 
mercury-photosensitized decomposition of al- 
kanes, and other low-pressure, high atom- 
concentration systems 

[6] H + NH2C0 (or NHCHO) + NH2CHO* 

[7 I NH2CHO* + NH3 + CO 
(or NH2 + HCO) 

18 1 NH2CHO* + M + NH2CH0 + M 

where NH,CHO* is a vibrationally excited 
formamide molecule. Reaction 6 will compete 
with reaction 4 for H atoms, thus reducing the 
yield of H,, with high light intensity favoring the 
former and high formamide pressure the latter. 
Reaction 7, which produces extra CO, competes 
with reaction 8, which regenerates formamide 
and is favored by high pressure. Quantitative 
treatment of the dependence of the CO/H, ratio 
on pressure and intensity in terms of this mech- 
anism involves a number of unknowns and is not 
practical with the present data. Approximate 
linear dependence on Ill2 and pressure-112 can 
be predicted, and the plots in Fig. 3 support this 
prediction. It is also intuitively evident that at 
sufficiently high pressure or low light intensity, 
reaction 4 should become quantitative, and a 
common value of CO/H, should be attained. The 
curves in Fig. 3 in fact can both be extrapolated 
to 1.33, the value of CO/H, observed in the direct 
photolysis, but the extrapolation, especially of 
the pressure dependence data, is somewhat 
~nce r t a in .~  

From the extrapolations in Fig. 3 and the 

3The apparent absence of reactions 6 to 8 in the direct 
photolysis appears to be due to the generally lower 
absorbed light intensities plus the fact that the highest 
absorbed intensities occurred at the highest pressures. 
Inhomogeneous absorption of mercury resonance radia- 
tion may also have accentuated the differences between 
the two systems. 
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I 
2 4 6 8 10 

(ARBITRARY) 

FIG. 3. Plots of the. CO/Hz ratio us. (absorbed 
i n t e n ~ i t y ) ' ~ ~  and (formam~de pressure)-'/'. 

quantum yields in Table 1 approximate limiting 
(low intensity - high pressure) values of @,, = 
0.53 and @,, = 0.40 may be estimated. These 
may reasonably be equated to primary yields of 
CO and H, respectively, as in the direct photolysis 
(1). The results suggest that 3 major primary 
dissociation reactions occurred in the mercury- 
photosensitized decomposition 

[ lo] -> NH2C0 + H + Hg } (Q = 0.40) 
[I 1 1 + NHCHO + H + Hg 

In the absence of evidence for collisional de- 
activation of primary excited species, a total 
primary quantum yield close to unity seems 
probable. Because @,, + @,, E 1, it is therefore 
suggested that CO and H arose from these 
separate primary processes rather than from a 
dissociation to NH, + CO + H (or HCO) 
which would lead to @,, + QHz > 1. Support 
for reaction 9 as the major source of CO comes 
from the higher yield of NH, (70% of the CO 
compared with 25% in the direct photolysis), 
since the reactions thought to be responsible for 
the loss of NH, would then be less important (1). 
Reaction 9 also seems the most reasonable way 
to account for the excess of CO (@ = 0.53) over 
H, derived from formyl H-atoms (@ = 0.32, see 
below). An argument against reaction 9 is that 
it violates spin conservation. 

To assess the relative importance of reactions 
10 and 11, experiments were done with NH,CDO 
and ND,CHO. Isotopic composition of the 
hydrogen produced is shown in Table 2. 

TABLE 2 

Isotopic composition of hydrogen from the 
mercury-photosensitized decomposition of 

NHzCDO and ND2CH0 

Isotopic composition (%) 
Pressure 

Compound (Torr) Hz HD D z 

NHZCDO 20.7 4 37 59 
ND,CHO 20.3 81 19 < 0.5 
NDzCHO 14.6 78 22 < 0.7 
-- 

From a comparison of these data with those 
obtained from similar direct photolysis experi- 
ments (I), it may be estimated that the hydrogen 
atoms produced in the primary dissociation were 
78% D from NH,CDO and 83% H from ND2- 
CHO. Thus for NH,CHO, reaction 10 probably 
occurs about 4 times more often than reaction 11, 
so that @,, = 0.32 and @,, = 0.08. 

It also follows from the internal consistency of 
the data in Table 2 and those from the direct 
photolysis (1) that the hydrogen arose almost 
entirely from H atoms and not from a molecular 
process. Also worthy of note is the relatively 
small deuterium isotope effect in reactions 10 
and 11, much smaller than usual for a mercury- 
photosensitized decomposition. 

Tentative estimates of the quantum yields of 
the three suggested primary processes are 
0, = 0.53, @,, = 0.32, and @,, = 0.08. Com- 
parison with the direct photolysis (reactions 1 
to 3) reveals somewhat more molecular dissocia- 
tion to NH, + CO, and much less dissociation 
of the strong H-NHCHO bond in the merculy- 
photosensitized decomposition. Both differences 
may be attributed to the lower energy involved 
(1 12.6 us. 138.5 kcal/mole). The major difference 
postulated between the two systems is the break- 
ing of the H-CO.NH, bond (reaction 10) in the 
mercury-photosensitized process instead of the 
NH,-CHO bond (reaction I),  which is almost 
certainly weaker. Such preferential rupture of 
C-H bonds (instead of weaker C-C bonds, for 
example) is a common feature of mercury- 
photosensitized decompositions, and is usually 
attributed to the occurrence of a specific chemical 
interaction of the H~(,P,-) atom rather than 
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simple energy transfer. It might be suggested that 1. J. C. BODEN and R. A. BACK. Trans. Faraday Soc. 
66, 175 (1970). reactions lo and l1 proceed by the former type 2. R. A. BACK and J. C. BODEN. Trans. Faraday Soc. 

of process and reaction 9 by the latter. The (TO be published). 
tentative nature of the interpretation and con- 3. R. A. BACK and D. VAN DER AUWERA. Can. J. 

Chem. 40, 2339 (1962). clusionsofthe present study must be 4. J, G. CAW,,, and J. N. P ~ m s .  Photochemistry. 
however, and it is clear that much more work is John Wiley and Sons, Inc., New York. 1966. p. 729. 
required before the details of the decomposition k E: $AK~.J. ~ ~ ; ~ . ~ ~ , " ~ ;  ~ ~ c 7 d , f ~ ~ ~  \\95:i19:9::1964). 
can be established with certainty. 
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The preparation and kinetics of complex formation of 
hexadimethylsulfoxidovanadium(III) perchlorate' 

COOPER H. LANGFORD~ AND FINE MAN C H U N G ~  
Department of C/~emistry, Carleton University, Ottawa I ,  Canada 

Received November 20, 1969 

We report the synthesis of the ion V(DMS0)63+ and kinetics of its reactions with SCN-, sulfosalicylic 
acid, and 2,2-bipyridine. The complex formation rates show some dependence on the ligand. The value 
of AS* found for the reaction with bipyridine is quite negative. A definite mechanistic assignment 
cannot yet be made. 

Canadian Journal of Chemistry, 48, 2969 (1970) 

Introduction 

Since Taube's suggestion in 1952 (1) that 
octahedral V(II1) complexes might undergo 
ligand substitution by an associative mechanism 
because of the vacancy in the t 2 ,  subshell, the 
chemistry of this system has appeared to be a 
critical test of theories of substitution. It  is 
interesting that crystal field models also suggest 
associative reactions of V(II1) complexes (2). In 
contrast, there is no evidence that do ions of 
small radius are subject to nucleophilic attack (3). 
Recently, the reaction of V(0H2)?+ with NCS- 
has been discussed (4, 5) and the substantial 
negative entropy of activation taken as evidence 
of associative activation. This contention is, 
apparently, not supported by results of Espenson 
(6) who has studied reactions of V(OH2)63+ with 
azide and failed to find a substantial nucleo- 
philicity difference between the two ligands, 
N3- and NCS- . 

We have prepared V(DMS0)6(C10,)3 
(DMSO = dimethylsulfoxide). It  is a green 
crystalline material which detonates easily. Its 
reactions in DMSO solution with SCN-, sul- 
fosalicylic acid (SSA), and 2,2-bipyridine (bipy) 
are reported. Several other ligands gave no useful 
results because of small values of formation 
constants. Apparently, V(DMS0):' is quite 
stable in DMSO solution. 

Experimental 
The complex salt V(DMS0)6(C104)3 was prepared by 

addition of excess DMSO to an aqueous solution of 

'We thank the National Research Council of Canada 
for financial support. 

'Alfred P. Sloan Foundation Research Fellow 1968- 
1970. 

3 ~ o r t h e r n  Electric Predoctoral Fellow, 1969-1970. 

V(I1) perchlorate which was exposed to air. The solvent 
was evaporated and the crude V(DMS0)6(C104)3 
purified by several recrystallizations from DMSO under 
vacuum. 

Anal. Calcd. for VC6H36S6C130~8: C, 17.73; H, 4.44; 
S, 23.55; C1, 13.31; V, 6.22. Found: C, 17.45; H,4.52; 
S, 23.58; C1, 12.84; V, 6.12. 

The pure dry compound detonates easily. 
Materials for reaction studies were reagent grade 

DMSO dried over 4 A molecular sieve, reagent grade 
sodium thiocyanate and sodium perchlorate, reagent 
grade sulfosalicylic acid, and reagent grade 2,2-bipyridine. 
Reaction studies were carried out spectrophotometrically 
in cell chambers thermostatted (+ 0.02 "C) by circulating 
water. Most experiments were performed at  25 "C. 
Equilibrium studies were performed using a Gilford 240 
visible-ultraviolet spectrophotometer. Kinetic studies 
were performed on a Durrum-Gibson stopped flow 
spectrophotometer. In all cases, data reported are based 
on the wavelength of maximum absorbance difference 
between the V(DMS0)63+ ion and the product complex 
(within the range of the tungsten filament lamp of the 
instruments). 

Equilibrium data were analyzed using the Newton- 
Arcand procedure (7). Kinetic data were recorded by 
photographing oscilloscope traces and were analyzed by 
the Guggenheim method (8) to give pseudo first order 
constants for rate of approach to equilibrium. All except 
T (temperature) dependence studies were made with 
metal concentration in excess over ligand concentration 
to ensure that only mono-complex formation was under 
observation. Ligand concentrations were chosen in the 
range 1-5 x M and V(DMS0)63+ concentrations 
chosen in the range 1-2.5 x M except in studies of 
the reaction with SSA where metal ion concentrations 
were chosen in the range 4-7 x M. The reaction 
with thiocyanate was studied at an ionic strength of 
p = 0.15 maintained with NaC10,. Data on the Tdepen- 
dence of one complex formation reaction was obtained 
from study of the reaction of 0.01 M V(DMS0)63+ with 
0.2 M bipyridine. 

Nuclear magnetic resonance transverse relaxation 
times for DMSO protons in solutions of V3+ in DMSO 
were obtained from measurement of the width at half 
height of absorption signals on a JEOL C-60 spectrometer 
equipped with a variable temperature probe. 
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Results 

CHEMISTRY. VOL. 48, 1970 

TABLE 2 

In all cases but for the experiments with 
bipyridine in excess over metal ion, the observa- 
tions of complex formation are relevant to a 
system approaching equilibrium and described by 
reaction [I 1. 

kr + DMSO 

For reaction [I] we have an equilibrium 
constant, Kc,, obtained from the Newton- 
Arcand analysis and a rate constant for approach 
to equilibrium, kc,, obtained from the stopped 
flow data. We wish to resolve these observed 
constants into the second order rate constant for 
complex formation, kf and the first order rate 
constant for complex dissociation k,. This is 
accomplished by noting that for every (large) 
value of the metal concentration the rate constant 
for approach to equilibrium is pseudo first order 
and noting that the result for opposed first order 
reactions (the rate constant for approach to 
equilibrium is the sum of the forward and reverse 
rate constants) holds. 

The analysis for a typical case is illustrated by 
data on the reaction of V(DMS0)63+ with 
sulfosalicylic acid shown in Table 1. The results 
for all three ligands are collected in Table 2. 

The temperature dependence of the complex 
formation reactions was not studied under the 
conditions relevant to the data in Table 2. The 
requirement for accurate determination of the 
temperature dependence of both Kc, and kc, 
makes evaluation of AH* and AS* for the 
forward reaction an uncertain business. It was 
found that the reaction of V(DMS0)63+ with 
excess bipyridine gave a trace corresponding to 

TABLE 1 
Reaction of V(DMSO),3+ with SSA 

studied at 435 mp* 

[V3 + ] kc, (pseudo first order) 
( M  x 103) (S-' x lo3) MM-' S-I) 

*[V"] = 4-7 x 10-3M;K. ,  = 122 f 1 0 M ;  [SSA] 
= 1 x M .  k r  (average) = 0.21 f 0.01 M-I  s-l; 
k ,  = kr/Kc, = 1.7 x s-1. 

Rate and equilibrium constants for complex formation 
reactions of V(DMS0)63 + at 25 "C 

Wave- 
length 

Ligand K,, (M-') kf (M- s-') k, (s-') (mp) 

SCN-* 143+10 210k10 1.5 356 
Bipy 30.8k1.0 0.11k0.01 0.0036 366.5 
SSA 122+ 10 0.21 kO.01 0.0017 435 

*Ionic strength for these experiments = 0.15 maintained with 
NaC104. 

first order kinetics but associated with a larger 
absorbance change. The rate constant for this 
reaction at 25" (0.122 M-' s-') is in fairly good 
agreement with the value of kf quoted in Table 2 
for the reaction with bipyridine (0.1 1 $. 0.01 M - ' 
s-'). Therefore, the Tdependence of this reaction 
with excess bipyridine was studied to give an 
estimate of the activation parameters for a case 
of complex formation in the range from 20 to 
45 "C. Figure 1 shows the Arrhenius plot. 
It yields AH* = 11.7 kcal/mole and AS* = 
-25 e.u. 

The one additional reaction which would be 
of great interest in the elucidation of the mech- 
anisms employed by V(DMS0)63+ is the solvent 
exchange process. Potentially, measurement of 
nuclear magnetic resonance (n.m.r.) transverse 
relaxation times (from line width at half height) 
as a function of T could provide this information 
(9). However, we found the DMSO proton line 
in this system underwent slight narrowing with 
increasing T over the range 20 to 140 "C. The 
apparent activation energy was less than 
1 kcal mole-'. Lines were relatively narrow. This 
suggests outer sphere relaxation only, modulated 

I/T r lo3 
FIG. 1. Log of the rate constant (M-' s-') for the 

reaction with excess bipyridine as a function of the 
reciprocal of the absolute temperature ("K-'). 
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LANGFORD AND CHUNG: COMPLEX FORMATlON OF V(DMS0)6(C104)3 297 1 

by the electronic relaxation time of the para- 
magnetic vanadium. It would appear that 
chemical exchange is not controlling up to 140'. 

Discussion 

It is probable that the reaction described in [l ] 
should be written (3) as 

kl 
F=+V(DMSO)~L + DMSO 
k-1 

In reaction [2], the first step is the rapid formation 
of the encounter complex (outer sphere complex 
or ion pair represented as V(DMS0)63f,L) 
which may be described by an equilibrium 
constant KE. The second step is the slow replace- 
ment of a coordinated DMSO by L and its 
reverse reaction. The observed value of k ,  is 
interpreted as 

The first mechanistically interesting question 
is whether k ,  varies significantly with variation 
of L indicating significant binding of L in the 
transition state and an associative mode of 
activation. This is a difficult question to answer. 
KE must be estimated to get k ,  values for this 
purpose. Fuoss' equation (10) which includes 
steric and electrostatic factors in the estimation 
of KE was used with an assumed distance of 
closest approach between V(DMS0)63f and L 
of 5 A. (This distance has little more to justify it 
than that it has been used in other similar cal- 
culations (1 l )  and that the relative values of KE 
are not especially sensitive to the choice.) For a 
singly negative ion, the value estimated for KE is 
approximately 7 at an ionic strength of 0.15. 
(Perhaps the value of KE is too small since an 
extended Debye-Hiickel expression had to be 
used for ionic strength correction.) The value of 
KE for the neutral ligands is estimated to be 0.3. 
Using the KE values from the simple calculations, 
estimated values of k ,  are: 30 sK1 (SCN-), 
0.4 s-' (bipy), and 0.7 s-l (SSA). 

The differences among these three estimated 
first order rate constants should define a nucleo- 
philicity order but that is not certain. It is worth 
noting that the two neutral nucleophiles in this 
study are significantly different; one is an 
N donor, the other an 0 donor yet the rate 
constants are close. 

Ignoring the attempt to calculate KE from a 
crude theoretical model, the observed second 
order rate constants mav be compared to some 
results obtained in one other solvent of moderate 
dielectric constant for which appropriate data 
are available. Reactions of Ni(CH30H)62f with 
dithiooxalate2-, SCN-, and bipy have been 
reported by Pearson and Ellgen (12). At an ionic 
strength of 0.100 the second order rate constants 
are 2.5 x lo5, 7.4 x lo3, and 1.2 x lo2 M - l  s-l. 
These three cases are of charge type 2:2, 2:1, 
and 2:O. The methanol results are suggestively 
similar to those for the vanadium(II1) reactions 
of charge types 3 : 1 and 3 :O. Unfortunately, the 
Ni(I1) results have been taken to imply dis- 
sociative substitution without any nucleophilic 
assistance from the entering ligand (12). 

Another factor may be more mechanistically 
suggestive. Substantially negative values of AS* 
have been taken as indicative of the associative 
mode of activation. The arguments are appealing 
although it must be admitted that the origins of 
AS* are com~lex and an isolated value is 
dangerous ground on which to found a mech- 
anistic hypothesis. Although the one AS* result 
here supports the result of the study of 
V(OH2)63 + with SCN- (4, 5), the dependence of 
rate on nucleophilicity of the entering ligand 
cannot be claimed to have been unambiguously 
demonstrated. Regrettably, our search for ad- 
ditional ligands to test only revealed that 
many complex formation equilibria favor 
V(DMS0)63 +. 
1. H. TAUBE. Chem. Rev. 50,69 (1952). 
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Thermogravimetric analysis of Ontario limestones and dolomites I. Calcination, 
surface area, and porosity 

R. K. CHAN 
Departtr~ent of Chemistry, Ut~iversity of Western Ot~tario, Lot~dot~ 72, Ontario 

AND 

Chemical Research Department, Ontario Hydro Research Divisiot~, Torot~to 18, Otztario 

Received April 8, 1970 

The calcination of natural Ontario limestones and dolomites in a flow of 100 cm3/min of nitrogen at 
745 "C required from 0.43 + 0.03 to 0.35 + 0.05 min/mg of 100 mesh samples, respectively. The 
nitrogen adsorption isotherm at 77 "K for all the calcined samples belonged to the type I1 isotherm of 
the B.D.D.T. classification. There was hardly any hysteresis between the adsorption and desorption 
branches which implied that most of the pores were relatively large in agreement with independent 
measurements of themost probable pore diameter by an Aminco mercury intrusion porosirneter (-0.1 p). 
The B.E.T. surface areas ranged from 13.6 to 34.2 mZ/g of oxide calcined at 745 "C. The surface area 
decreased rapidly with increasing calcination temperature. At 1090 "C the surface area was less than 
1 m2/g. The surface area was also related to percentage calcination, percentage calcium oxide in the 
sample, and size of the sample. A sample of pure magnesium carbonate calcined at 565 "C had an 
inordinately large surface area of 174 m2/g; pure calcium carbonate calcined at 745 "C, 15.2 mZ/g. Using 
a model of non-intersecting cylindrical or square capillaries for the pore configurations, one could 
calculate the surface area, porosity, and bulk density of the calcined samples with satisfactory agreement. 
Canadian Journal of Chemistry, 48, 2972 (1970) 

Introduction 

There exists in Ontario an abundant, low cost, 
and readily accessible supply of limestone and 
dolomite. The present study is conducted to 
survey the chemical and physical properties of 
selected local supplies. The survey was made 
because of their potential application in con- 
trolling sulfur dioxide emission from the smoke 
stacks of fossil-fuel-fired electricity generating 
stations. 

Experimental 
The calcination of samples was carried out on the 

heated pan of a Cahn recording gram electrobalance. The 
schematic diagram of thermogravimetric analysis (TGA) 
apparatus with the concentric flow-through tube is shown 
in Fig. 1. The glass vacuum bottle was modified by re- 
placing the standard taper joints with O-ring joints so 
that the flow-through tube could be removed and replaced 
frequently without disturbance to the delicate weighing 
mechanism and the weight calibration. The electrobalance 
was flushed constantly by a stream of dry nitrogen at 
200 cm3/min to prevent back-diffusion of gases from the 
flow-through tube. 

The sample was ground in an unglazed porcelain 
mortar and pestle. The powder was stored in a small 
screw-cap glass vial. The size range of the powder was 
such that 70-80% of it was between 149 to 74 p (100 and 
200 mesh). The remaining 30-20% was finer. Baker 
reagent grade CaC03 and MgC03 were powdered pre- 
cipitates all of which passed through a 200 mesh screen. 
Approximately 100 mg of a ground sample were placed in 

the quartz bucket and weighed accurately to the nearest 
0.1 mg. Dry nitrogen at a flow rate of 100cm3/minpassed 
over the sample. Because the inner diameter of the con- 
centric flow-through tube was 20 mm, the linear velocity 
of flow at the calcination temperature of 745 "C was 1.8 
cm/s, which caused an apparent weight loss of 0.1 mg. 
A Fisher Model 360 Linear Temperature Programmer 
was used to control the furnace temperature. The linearity 
of the program was + 1 % and isothermal control was 
+0.25%. For calcination, the furnace was heated up to 
745 "C as quickly as possible. Because of the thermal 
inertia of the furnace, the heating period was approxi- 
mately 11 min. The electromotive force (e.m.f.) equivalent 
to the weight change, and the e.m.f. equivalent to the 
temperature which was measured by a 26-gauge chromel- 
alumel thermocouple, were displayed simultaneously on 
a Hewlett-Packard two-channel strip chart recorder. One 
hundred mg full scale and 6 in. h-' were convenient 
settings to display the rate of calcination. During calcina- 
tion, the sample lost weight because of the thermal 
decomposition of carbonates. 

After calcination, the sample of oxide was cooled to 
room temperature and evacuated at the same time for at 
least 4 h. The final vacuum was better than Torr. 
The surface areas were determined gravimetrically by the 
B.E.T. method (1). The nitrogen adsorption isotherms at 
77 "K for all the calcined samples belonged to the type I1 
isotherm of the B.D.D.T. classification (2). The surface 
areas were calculated by eq. [I], which worked best for 
type I1 isotherms 

where X is the amount of nitrogen adsorbed, X,,, the 
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CHAN ET AL.: TGA OF ONTARIO LIMESTONES AND DOLOMITES. I 

FIG. 1. Schematic diagram of TGA apparatus. A, Matheson low flow flowmeters and supplies of N, and SO,; 
B, furnace controlled by Fisher model 360 linear temperature programmer; C, exhaust; D, to Cahn R G  Electro- 
balance control unit and two-channel strip chart recorder; E, cold trap; F, capillary flowmeter and supply of N,; 
G, to McLeod gauge, Hg diffusion pump, cold traps and mechanical pump; H, concentric flow-through tube. 

monolayer capacity, E is a measure of the net heat of 
adsorption, P and Po the pressure and saturated vapor 
pressure of nitrogen. When P/X(Po - P )  is plotted against 
PIPo, a straight line is obtained in the range of 0.05 < 
PIPo < 0.35 with slope s = (c  - l)/(X,c) and intercept 
i = l/(X,c). Therefore, X, = I/(s + i). X, divided by 
the amount of calcined sample gives the monolayer 
capacity per gram of oxide, T , .  The surface area, S, in 
m2/g, is directly proportional to the monolayer capacity 
per gram, 

where N is the Avogadro's number, M molecular weight 
of nitrogen, A the average area in square Angstrom units 
occupied per nitrogen molecule. The latter may be cal- 
culated from the density of liquid nitrogen at 77 OK. If 
the adsorbate molecules are assun~ed to be close-packed 
in the bulk liquid and on the surface of the adsorbent, 
the average'area occupied per molecule would be given by 

where d is density of liquefied adsorbate (3). For liquid 
nitrogen the density is 0.808 g/cm3 at 77 "K and A was 
calculated to be 16.2 AZ. 

The pore volume of calcined samples was measured by 
an Aminco 60 000 p.s.i. mercury intrusion porosimeter. 
AS the pressure was increased stepwise, mercury was 
forced into progressively smaller pores. The amount of 
mercury intrusion was monitored as changing electrical 
capacitance of a receding mercury column. The un- 
certainty in the measurement of the intrusion volume was 
* I % .  

Results and Discussion 

Nine samples from quarries located strategi- 
cally around the Great Lakes were collected for 

this study (4). Table 1 gives the composition of 
these samples which were determined by the 
standard limestone analysis (5). The main un- 
desirable impurities in the carbonate rocks are 
silica and alumina. These impurities combine 
with calcium oxide at elevated temperatures to 
form a slag which would reduce the pore volume 
and the amount of available active lime (6). Such 
impurities either occurred in the matrix or came 
from the material in the crevices and other strata 
excavated along with the limestone. Samples 
were chosen from quarries in which these im- 
purities are low. When the limestone samples are 
decomposed essentially isothermally, the rate of 
decomposition seems to be controlled by some 
stage of the process occurring in the interface. 
However, at temperatures above 950 "C the rate 
of decomposition is governed by the rate of heat 
transfer across the layer of reaction product to the 
receding interface (7, and references therein). A 
correction was made to obtain the duration 
of decomposition under isothermal condition. 
Assuming constant rate of interface movement 
under isothermal condition, a plot of [1 - 
(1 - a)"3] against time should give a straight 
line for a spherical or cubic sample, where cr is 
the fraction of decomposition. Extrapolation of 
[l - (1 - plot to zero yields the starting 
time of the isothermal decomposition. In contrast 
to the smooth decomposition of limestone, 
dolomite decomposes rapidly to calcium car- 
bonate, magnesium oxide, and carbon dioxide on 
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TABLE l 
Chemical compositions of limestones and dolomites in weight % 

Standard limestone analysis 

Number Sample source CaO MgO R z 0 3  SiOz COz 

1211 Beachville 1 54.7 0 .6  0 .2  0.1 43.5 
1213 Uhthoff 52.1 1.2 1 .2  2 .5  42.0 

- . . . - . - - -  - - .  

i2i7 Beachville 2 55.1 0.5 0.1 - 44.3 
1212 Dundas 30.2 21.0 0.4 0.5 46.6 
1215 Queenston 32.6 16.4 2 .0  4.1 43.6 
1216 Gueloh 30.5 21.5 0.2 - 47.4 
1218 ~ a y i g a  29.1 19.0 1 .5  4.4 44.1 
1219 Acton 30.2 19.8 0.8 0.6 46.7 

TABLE 2 

Calcination of 100 mesh samples at 745 "C in 100 cm3/min of nitrogen flow 

Duration Duration 
Wt. of for 100% t Wt. of for 100% t 
sample Oxide calcination Wt. sample sample Oxide calcination Wt. sample 

Number (mg) 

Limestones 
1211 100.7 
121 1 104.5 
1211 269.0 
121 1 356.6 
1213 100.4 
1213 103.6 
1213 266.6 
1214 100.5 
1214 104.5 
1214 268.0 
1217 99.G 
1217 102.5 

CaCO, 103.9 

Number 

Dolomites 
1212 
1212 
1212 
1215 
1215 
1216 
1218 
1218 
1219 
1219 

heating to 745 "C in nitrogen, followed by a 
slower decomposition of the remaining calcium 
carbonate (8). Therefore, for dolomites the initial 
stage of decomposition was assumed to be due to 
decomposition of dolomite only and the correc- 
tion to isothermal condition was applied accord- 
ingly. The starting time of the isothermal de- 
composition could be determined to an accuracy 
of + 1 min. The rate and temperature of calcina- 
tion for typical samples of limestone and dolomite 
are shown in Figs. 2 and 3. As expected, the 
durations for 100% calcination were longer for 
limestones (0.43 + 0.03 min/mg) than for dolo- 
mites (0.35 + 0.05 min/mg) because of the higher 
decompositioil temperature of limestone samples. 
The results in Table 2 are depicted graphically in 
Fig. 4 in which each sample was assigned equal 
statistical weight. 

After calcination the resultant oxides have 

lower molar volumes, larger surface areas, and 
greater porosities than the carbonates. According 
to Glasson (9), calcination of a carbonate entails 
the formation of an oxide having a pseudo- 
lattice of the carbonate and subsequent re- 
crystallization to the normal cubic lattice of the 
oxide. If the temperature is high enough, sintering 
of the oxide will result. The surface areas of 
calcined samples were determined gravimetrically 
by the B.E.T. method (1). The nitrogen adsorp- 
tion isotherms at 77 OK belong to the type I1 
isotherm according to the B.D.D.T. classification 
(2). Representative adsorption isotherms and 
B.E.T. plots of limestoile 121 1 and dolomite 1212 
are shown in Figs. 5 and 6. There is hardly any 
hysteresis between the adsorption and desorption 
branches, which implies that most of the pores 
are relatively large (ca. 0.1 p, Table 3). For such 
large pore diameters, the hysteresis would occur 
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CHAN ET AL.: TGA OF ONTARIO LIMESTONES AND DOLOMITES. 1 2975 

Time (min) 

FIG. 2. Rate of calcination for limestone 1214. The 
dashed curve is corrected to isothermal condition. 

Weight of Sample (mg ) 

FIG. 4. Duration for complete decomposition vs. 
weight of sample. Solid and dashed lines represent the 
average slopes which are the durations per n ~ g  of lime- 
stone and dolomite, respectively. 

Time (min 

FIG. 3. Rate of calcination for dolomite 1216. The 
dashed curve is corrected to isothermal condition. 

near the saturated vapor pressure of the ad- 
sorbate (10). The surface areas of all samples 
calcined at 745 "C in 100 cm3/min of nitrogen are 
given in Table 3. The pore volumes and most 
probable pore diameters of samples calcined at 
837 "C were measured by an Aminco 60 000 p.s.i. 
mercury intrusion porosimeter. Typical results 
for limestone 121 1 and dolomite 1212 are shown 
in Fig. 7. The histograms of pore size distribution 
are given in Fig. 8. The bulk density of a calcined 
sample is equal to the reciprocal of the sum of 
pore volume per gram and specific volume of 
crystalline oxide. The porosity is equal to  pore 
volume times bulk density. 

The surface area of a calcined sample can be 
estimated from pore volume and the most prob- 
able pore diameter when a simple model is used 
to represent the pore configurations. When the 
pores are assumed to be non-intersecting cylin- 
drical capillaries (1 I), then 
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[4] surface area of pores = nD1 

[5 I pore volume = ~ ( D / 2 ) ~ 1  

where D is the most probable pore diameter and 
1 is the total length of the pores. Eliminating 1 
from eqs. [4] and [5], one obtains 

[6] surface area of pores = 

4 x pore volume 
most probable pore diameter 

The calculated surface areas are listed in column 
3 of Table 3. It is worthwhile to point out that a 
similar model based on non-intersecting square 
capillaries with sides equal to D gives identical 
results. There is a correlation between the mea- 
sured surface areas for samples calcined at 745 "C 

Pressure (rnrnHg) 

FIG. 5. Nitrogen adsorption isotherm at 77 "K and 
B.E.T. plot of limestone 1211: 356.3 mg of sample 
calcined at 875 "C for 12 min; 200.6mg of oxide with 
surface area of 8.7 m2g; X is the amount of nitrogen 
adsorbed in mg; P and Po are the pressure and saturated 
vapor pressure of nitrogen in mm Hg at 77 OK. 

CHEMISTRY. VOL. 48, 1970 

o adsorption 
A desorption 

FIG. 6. Nitrogen adsorption isotherm at 77 "K and 
B.E.T. plot of dolomite 1212: 109.9mg of sample 
calcined at 745 "C for 46 min; 58.4 mg of oxide with 
surface area of 26.4 m2/g; X is the amount of nitrogen 
adsorbed in mg; P and Po are the pressure and saturated 
vapor pressure of nitrogen in mm Hg at 77 OK. 

and calculated values at 837 "C. The slope of the 
correlation is 0.57 + 0.10. When limestone 121 1 
was calcined at 745 "C the surface area was 24.6 
m2/g, and when it was calcined at 875 "C, 8.7 
m2/g. After it has been heated to 1090 "C for 20 
min, the surface area was reduced to less than 
1 m2/g. The interpolated surface area at 837 "C 
is 12 m2/g. The ratio of surface area at 837 "C to 
that at 745 "Cis 0.49 which agrees with the slope, 
within the experimental errors. In addition, there 
is evidence of an inverse relationship between the 
most probable pore diameters and surface areas. 
Therefore, the simple models postulated for the 
pore configurations are reasonable. 

The theoretical porosities of oxides obtained 
from calcination of limestone and dolomite are 
summarized in Table 4. .The calculations are 
based on the X-ray data of the carbonates and 
oxides assuming no sintering has occurred during 
calcination (12). 
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CHAN ET AL.: TGA OF ONTARIO LIMESTONES AND DOLOMITES. I 

TABLE 3 
Surface areas, pore volumes, most probable pore diameters, bulk densities, and porosities of 

calcined samples 

Ratio of Most 
Surface area (m2/g) calcd. and probable Experi- 

meas. Pore pore Bulk mental 
Measured Calculated surface area volume diameter density porosity 

Number (745 "C) (837 "C) (%I (cm3ig) ( 1  (g/cm3) (%I 
1211 24.6 14.2 0.577 0.32 0.090 1.61 51.6 

*MgCO, was calcined a t  565 O C .  

c71 
theoretical - molar volume of carbonate - molar volume of oxide - 
porosity molar volunle of carbonate 

x 100 

The theoretical and experimental porosities agree 
satisfactorily for calcined limestone and dolomite 
samples. Such quantitative agreements imply 
little or no sintering of the sample calcined at 
837 "C. It is interesting to compare the present 
results with those of limestones calcined at con- 
siderably higher temperatures. Boynton (13) 
listed calcination temperatures ranging from 930 
to 1320 "C, retention times 46 to 474 min, bulk 
densities 1.72 to 2.67 g/cm3, porosities 18.6 to 
48.4 %, volumetric shrinkages 12.1 to 44.2%, and 
surface areas less than 2 m2lg. 

Pore diarnetertp) 

The higher porosity of magnesium oxide 
(Table 4) is expected to give a higher surface area 
(Table 3). Indeed, there exists some correlation 
between the surface areas and the percentage of 
calcium oxide in the samples. Pure magnesium 

Pore diameter(p) 
m m 

Absolute pressure (psi.) FIG. 8. Histograms of pore size distribution of lime- 
stone 1211 and dolomite 1212 calcined at 837 "C. The 

FIG. 7. Pore size distribution of limestone 1211 and pore size ranges are 0.02 from 0.04-0.30 p. The last 2 
dolomite 1212 calcined at 837 "C. ranges are 0.3-0.5 p and 0.5-1.0 p. 
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TABLE 4 

Porosities of oxides 

Molar Porosity (%) 
volume 
(cm3/ Theo- Experi- 

Substance mole) retical mental 

CaCO, 36.93 
CaO 16.76 54.62 54.4+ 1.2 

CaC03.  MgC0, 64.34 
CaO, MgO 28.01 56.47 57 .2k1 .6  

carbonate calcined at 565 "C has an inordinately 
high surface area of 174 m2/g (14). For limestone 
sample 121 1, 83.5 % calcination at 745 "C gives a 
surface area of 15.6 m2/g; loo%, 24.6 m2/g. In 
other words, 83.5 % calcination attains only 
63.5 % of the final surface area. For a number of 
samples the surface areas have been measured for 
different sample sizes. According to data in Table 
2, the surface areas decrease at an average rate of 
3.4 f 0.8 m2lg for every 100 mg of sample. All 
these findings are in qualitative agreement with 
Glasson who found that surface areas increased 
non-linearly with percentage decomposition (9) 
but were correspondingly lower where larger 
samples required longer duration of calcination 
(15). 

CHEMISTRY. VOL. 48. 1970 
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Thermogravimetric analysis of Ontario limestones and dolomites. 11. 
Reactivity of sulfur dioxide with calcined samples 
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Thermogravimetric analysis was done for representative calcined samples of Ontario limestones and 
dolomites in a 5 %  SO, controlled atmosphere. The SO, absorption vs. temperature curves showed three 
distinct regions. (i) A unimolecular chemisorption of SO, at room temperature. (ii) An intermediate 
temperature region between 200450 "C where absorption of SO, was due to increased rate of SO, 
diffusion into the interior of CaO via grain boundaries. When the surfaces of these internal spaces were 
almost fully occupied the rate of SO2 absorption decreased. Further absorption was due to diffusion of 
SO, into CaO lattice, which was a much slower process. (iii) A fast absorption region between 500-70O0C, 
where a disproportionation of CaS03 into CaS04 and CaS took place which effectively broke down the 
original CaO structure to expose fresh layers of CaO. The amount of SO, absorption after 1 h at 745 "C 
corresponded to approximately 80 % conversion of CaO to mainly CaSOJ and CaS and smaller amount 
CaS03. 

Finally, the calculations showed that the reaction of SO, with CaO was more exothermic than the 
reaction of SO, with MgO, which accounted for the faster rate of the former. 
Canadian Journal of Chemistxy, 48, 2979 (1970) 

Introduction 

The present study was made to further our 
efforts to investigate methods for reducing the 
sulfur dioxide emission from the smoke stacks 
of fossil-fuel-fired boilers. The removal of sulfur 
dioxide by calcined limestones or dolomites is 
a solid-gas reaction. At the present time, no 
satisfactory methods have yet been developed to 
predict the kinetics of a heterogeneous reaction 
from first principles. It  is necessary, therefore, 
to measure the reaction rates under controlled 
laboratory conditions that may approximate the 
situation in a steam boiler. The data obtained 
may be used to correlate with various physical 
and chemical properties of Ontario limestones 
and dolomites (1). 

Experimental 
Thermogravimetric analysis (TGA) was done with a 

Cahn RG electrobalance equipped with a controlled 
atmosphere accessory. A Fisher model 360 linear tem- 
perature programmer was used to control the furnace 
temperature. The anhydrous sulfur dioxide (99.80% min) 
and high purity grade nitrogen (99.9 % min) were supplied 
by Matheson of Canada Ltd. The flows of nitrogen and 
of sulfur dioxide were controlled individually by a 
Matheson low-flow flowmeter with a range of 0.2 to 
100cm3/min. The composition of sulfur dioxide in 
nitrogen was made up by adjusting the flow rates. The 
controlled atmosphere was preheated to the furnace 

temperature in the concentric arrangement of the flow- 
through tube. A schematic diagram of the TGA apparatus 
was given in Part I of this series (2). A quartz bucket 
containing the sample was suspended inside the flow- 
through tube. The temperature of a freshly calcined 
sample in an  atmosphere of N2 was adjusted to the 
desired temperature and then SO, was introduced. The 
size range of the powdered sample was 70-80% between 
149 and 74 (100 and 200 mesh) and the remainder was 
finer particles. Baker reagent grade CaC03 and MgC03 
were powdered precipitates that passed through a 200 
mesh screen. 

After absorption of SO,, the sample was analyzed for 
the distribution of sulfur in the form of sulfate, sulfide, 
and sulfite according to the methods outlined by Foerster 
and Kubel (3). Addition of a concentrated solution of 
MgC12 to the sample and bubbling CO, through the 
mixture converted the sulfide to H,S, which was absorbed 
by a slightly acidified solution of cadmium acetate. The 
resulting yellow CdS precipitate was determined gravi- 
metrically. Next, the sulfite was decomposed to SO, by 
addition of dilute HC1. SO2 was swept out by a stream 
of helium and absorbed by a molar solution of KOH. 
The resulting potassium sulfite was oxidized to sulfate by 
Br, and determined by the standard BaS04 method. 
Similarly, the remaining sulfate was determined as BaS04. 

Results and Discussion 
( A )  50 % SO2 

Absorption took place at 745 " C  in a flow of 
85 cm3/min of SO, and equal flow of N, by 
samples freshly calcined at the same temperature. 
Such a high concentration of SO, was used 
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mainly to see how fast and how much would be 
taken up under these extreme conditions. 
Approximately 100 mg samples were used. They 
required approximately 40 min for 100 % cal- 
cination. Since the inner diameter of the flow- 
through tube was 20 mm, a total flow of 170 
cm3/min at 25 OC corresponded to a linear 
velocity of 3.1 cm/s at 745 "C. The rates of SO, 
absorption per mg of oxide for limestone and 
dolomite samples are given in Figs. 1 and 2. The 
absorption curves all showed similar character- 
istics: a straight portion which curved over to a 
plateau. The maximum rates for nine samples did 
not differ much. The average maximum rate of 
SO, absorption was 0.36 f 0.2 mg/min per mg 
of oxide. The plateau was generally higher, the 
higher the CaO content of the sample. Pure 
CaCO, was the best absorbent, both on the 
basis of rate and on the total amount of SO, 
absorption. Pure MgCO, calcined at 490 "C 
showed little absorption of SO, in spite of its 
higher surface area and porosity (2). 

Figure 3 shows the effect of sample size on 
SO, absorption. The maximum rate was hardly 
affected by a 35 % increase of sample size but the 
plateau at 5 min was increased by 39%. The 
following is a probable explanation. Because of a 
reaction interface receding into the pile of oxide 
powder which had a packing density of approxi- 
mately 1.1 g/cm3 or 40 % of the true density, the 
rate of absorption would probably be controlled 
by the interfacial area of the pile and the 

pure CoCO3 
1217 (55.1/0.5) ------- 
1211 (54.7/0.6) 

1213(52.1/1.2) ?---- 1214 [50.9/1.3) 

I 

0 2 4 6 

FIG. 1. Absorption of SO, at 745 "C in 50% SO2 
by freshly calcined limestone samples. 

FIG. 2. Absorption of SO2 at 745 "C in 50% SO2 
by freshly calcined dolomite samples. 

FIG. 3. Effect of sample size on the SO2 absorption 
at  745 "C and in 50% SO2. 

chemical processes in the interface at such a high 
rate of absorption. 

(B)  5% SO2 
Absorption took place at 565 OC in 5% SO, 

in 100 cm3/min of N, by samples calcined at 
745 "C. The linear velocity of flow was 1.5 
cm/s. The lower temperature and SO, concen- 
tration enabled more accurate rate measure- 
ments. Again, the absorption curves were similar 
to those in Figs. 1 and 2, and the maximum 
rates for nine samples did not differ much: 
(4.58 + 0.15) x lo-' mg/min per mg of oxide. 

For two limestone samples with substantially 
different initial B.E.T. surface areas, they were 
remeasured after SO, absorption. Sample 121 1 
had an initial surface area of 24.6 m2/g. After 
absorbing 76% of SO, the surface area de- 
creased to 3.3 rn2Ig. On the other hand, after 
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31 % of SO, absorption the surface area of 
sample 1214 decreased only from 14.7 to 
8.8 m2/g. Generally speaking, larger surface 
area was associated with a smaller most probable 
pore diameter (see Table 3 in Part I, 0.09 and 
0.17 p). Absorption of SO, into these smaller 
pores might destroy them and, consequently, 
eliminate a large percentage of the surface area. 
The larger pores in a lower surface area sample 
were not as susceptible to filling as the little 
pores. 

(C )  Thermogravimetric .4nalysis in 5 % SO, 
In Fig. 4, TGA was run on representative 

samples of limestone 121 1 and dolomite 1212. 
Approximately 100 mg of the samples were 
calcined at 745 "C in 100 cm3/min of N,. The 
average weight of these two calcined samples 
was 60.0 + 0.1 mg. It was allowed to cool slowly 
for 1 h to room temperature followed by 
programmed heating at a rate of 10 "C/min in 
5% SO, in 100cm3/min of N,. All of the 
samples absorbed SO, rapidly at room tempera- 
ture, of the order of 1 mg. For the limestone 
sample 121 1 the rate of absorption rose gradually 
at 200 "C until it slowed down at 390 "C (-6 
mg). For dolomite sample 1212 this intermediate 
temperature absorption region (-3 mg) was 
barely significant and it appeared also in a 
similar temperature region. They all possessed 
a high temperature region of fast absorption 
starting between 500-600 "C. As the furnace 
reached the isothermal zone of 745 "C, the SO, 
absorption was already starting to taper off, 
presumably due to almost complete conversion 
of CaO. The final amounts of SO, absorbed after 
1 h at 745 "C for samples 121 1 and 1212 were 
5 1 and 44 mg, respectively. 

The initial absorption at room temperature 
was caused by chemisorption of SO, in a 

monolayer. The area occupied by a SO, molecule 
is 19.3 A', based on the assumption of closest 
packing of adsorbate molecules in the bulk 
liquid and on the surface of the adsorbent with 
the liquefied adsorbate density being 1.43 g/cm3. 
The monolayer capacity is 0.55 mg/m2. Using 
the surface areas of 24.6 and 26.4 m2/g (2), the 
calculated amounts of SO, for a monolayer 
for limestone 121 1 and dolomite 1212 are 0.81 
and 0.87 mg compared with the observed values 
of 1.7 and 1.3 mg. The agreements are gratifying 
in view of the uncertainty regarding the con- 
figuration of SO, molecules on the CaO surface. 
The average area per SO, molecule, 19.3 A', 
is only a rough guide. The actual area taken up 
by each SO, molecule depends on how the 
molecule interacts with the lattice sites of CaO 
on the surface. The interaction for a chemi- 
sorption is specific in contrast to the non-specific 
interaction in the case of a physical adsorption. 
Therefore, there is a strong possibility that the 
initial absorption is indeed a chemisorption 
because the isotherms at 25 "C have the shape 
of a type I isotherm according to the B.D.D.T. 
classification, which is similar to the chemi- 
sorption of 0, on charcoal at -183 "C (4). 
The absorption took place rapidly: virtually 
complete in 1 min at 5% SO, or PIP, = 0.01 
with an initial rate of 2.5 mg/min. Presumably, 
it forms a stable complex of CaSO, with CaO. 

In the intermediate absorption region between 
200-450 "C, the rate of SO, absorption on 
limestones samples increased from 200-390 "C 
and then slowed down at temperatures above 
390 "C until disproportionation of CaSO, began 
at  still higher temperatures. As the temperature 
is increased, the chemisorbed SO, on the surface 
may become mobile (5) and may be capable of 
diffusing into the interior of CaO via grain 
boundaries. During calcination cubic CaO is 

-. 

0 w- x 
P 
0 0 6 -  

5 
$02. 

T E M P E R A T U R E  c.c, C 0 2  by CaO (1 1). 
FIG. 4. 5 %  TGA of representative limestone The fast absorption region starting between 

and dolomite samples calcined at 745 "C. 500-600 "C is due to the disproportionation of 

, im>,mc- - - -'-': 
?a: - 

,,., m,om,,t , ,2,*.--.- 

/ ,,.,.... . 
i .. , ., i .. 
! ,.' 

,i' 
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. formed by rapid reirystallization from a pseudo- 
.-----.- lattice of the carbonate (6). Thus, CaO is 

expected to be polycrystalline. When the sur- 
faces of these internal spaces are almost fully 
occupied by a layer of chemisorbed SO,, the 
rate of SO, absorption slows down. Further 
absorption is due to diffusion of SO, into CaO 
lattice which is a much slower process. Similar 
behavior has been observed in the absorption of 
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CaSO,. According to Foerster and Kubel (3) 
in the vicinity of 650 "C, the following reaction 
takes place 

1 4 CaS03 (s) + 3 CaS04 (s) + CaS (s) 

When this happens the surface layers of CaSO, 
are disrupted to a very large extent, effectively 
breaking down the original CaO structure and 
exposing fresh layers of CaO. At higher tem- 
peratures a faint yellowish ring of elemental 
sulfur was observed to deposit on the inside of 
flow-through tube just above the asbestos 
furnace baffles, which may be due to the follow- 
ing reactions (7) 

121 CaS (s) + 2 SO2 (g) -> CaS04 (s) + S2 (g) 

[3] CaSO, (s) + SO2 (g) -> CaS04 (s) + 4 S2 (g) 

For limestone sample 121 1 after 1 h at 745 "C 
the distribution of sulfur was as follows: 
69 % in sulfate, 24 % in sulfide, and 7 % in sulfite. 
The sulfur ratio in sulfate and sulfide was 2.9. 
According to reactions [I], [2], and [3] the ratio 
should be slightly over 3. When the sample was 
heated for 1 h at 565 "C the distribution of 
sulfur was substantially different: 34% in 
sulfate, 11 % in sulfide, and 55 % in sulfite. The 
much higher proportion of sulfur in sulfite at a 
lower temperature is expected in view of the 
slower rate of disproportionation. Thus, at least 
the main features of the limestone TGA can be 
explained qualitatively. 

( D )  Tliermodynamics 
The enthalpies of reaction at 25 "C for the 

reaction of SO, with CaO and MgO are calcu- 

lated from the thermochemical data of Rossini 
et al. (8), except the enthalpy of formation of 
CaSO, which is given by Wilcox and Bromley 
(9). The reaction of CaO with SO, is much more 
exothermic (- 50 kcal/mole) than the corre- 
sponding reaction of MgO with SO, (-26 kcall 
mole). Therefore, SO, will react with CaO at  a 
faster rate than with MgO as observed experi- 
mentally in view of an empirical correlation 
between enthalpy of reaction and activation 
energy (10). 
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The dielectric properties of 1,l-dichlorocyclohexane in a supercooled region 

R. K. CHAN AND W. L. CLAYTON' 
Department of Chemistry, University of Western Ontario, London, Ontario 

Received April 29, 1970 

From dielectric constant measurements of supercooled 1,l-dichlorocyclohexane in the anomalous 
dispersion region, the free energy, entropy, and enthalpy of activation for dielectric relaxation are 
found to be 4.05 kcal mole-l, 123 cal OK-' mole-', and 22.3 kcal mole-', respectively, at  - 125 "C. 
The calculated maximum free energy barrier of crystal nucleus formation based on simple nucleation 
theory is 3.64 kcal mole-'. In view of the qualitative agreement between the experimental free energy 
of activation of dielectric relaxation and the calculated free energy of activation of nucleation, it is 
reasonable to  conclude that the processes of molecular orientation and of crystal nucleus growth are 
similar. A calculation of the free energy barrier us. crystal nucleus size diagram also predicts spontaneous 
crystallization when the radius of crystal nuclei exceeds 12.8 b;. 
Canadian Journal of Chemistry, 48, 2983 (1970) 

Introduction in the supercooled liquid, it will show a similar 

~~l~~~~~~ with spheroidal shape, which pack distribution of relaxation times to those of dipole 

with reasonable economy in free volume in liquid relaxation. In the same manner, the e n t h a l ~ ~ ,  

and crystallize into an anisotropic lattice, can free energy, and entropy of activation for the 

often supercool to a large extent (1). The forma- cr~stallization process can be found. When a 

tion of a supercooled liquid is dependent on the temperature is reached at which the nuclei are 

two steps involved in crystallization. Formation and steady growth can Occur, the super- 

of crystal nuclei in the liquid and growth of these cooled liquid crystallizes s~on t aneOus l~  and 

nuclei must occur to form the crystal (2). If either exothermically '0 the stab1e phase. 

of these is prevented, crystallization cannot take 
place and the liquid will supercool. Since the Experimental 

melting point of small crystals is lower than that The dielectric constant was measured by a General 
Radio 1615-A transformer ratio arm capacitance bridge of large cr~stals, than a of 0.01 % precision from 1-10 kHz and 0.2% up 

certain size are unstable. The factor preventing to loo ~ H Z .  The automatic temperature control was 
the second step is a free energy barrier which k0 . l  'C (4). The stainless steel dielectric cell consisted 
prevents the movement of a molecule at the of two 25 mm diameter parallel electrodes with a 4 rnrn 
solid-liquid interface from a liquid-like position spacing, which were enclosed completely by a guard 

electrode casing. It had a small volume of 2.3 cm' and a to a position. The first effect cell constant of 1.10 pF, calibrated by air, cyclohexane, 
prevent crystallization over a temperature region and benzene. 
just below the melting point and the second effect The preparation of 1,l-dichlorocyclohexane was 
will prevent crystallization below that region. If carried out at  one tenth the scale and in the same manner 

either of these preventative measures is not as Was done by Carroll et a / .  (5). The product was 
fractionated in a distillation column with a platinum 

effective, the supercooled liquid will crystallize spinning band. The portion boiling between 56-58 oc 
spontaneously. As the temperature of a super- at 12 mm Hg was retained and had n, = 1.4792 a t  25 "C. 
cooled liquid is raised the molecules begin to gain The corresponding literature values were 1.4780 (5) and 
additional molecular freedom until sufficient 1.4788 (6). A trace of I-chlorocyclohexene was detected 

by i.r. and n.m.r. spectra, which could not be eliminated 
energy and are for the molecules because 1,l-dichlorocyclohexane decomposed Slowly a t  
to rotate and begin to form crystal nuclei. The room temperatures to  I-chlorocyclohexene. Therefore, 
molecular motion in crystal growth has been only freshly distilled samples were used for dielectric 
shown by Richards (3) to be very similar to that measurements. 
in dipole orientation in an oscillating electric Results 

free energy barrier to growth On quenching liquid 1,l-dichlorocyclohexane, 
and to dielectric relaxation are also very similar. the dielectric constants at kHz followed a 
Therefore, when crystal nucleus formation starts Debye temperature dependence (AB in 

'Present address: Imperial Oil Enterprises Ltd., Sarnia, Fig. As the reached BtheviscOsit~ 
Ontario. became so large that the dielectric constants 
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TABLE 1 

Dielectric constants of supercooled 1,l-dichlorocyclohexane at 10 kHz 

Heating Heating Cooling Heating 

T PC) E T PC) E T PC) E T PC) E 

I I I I I 

-180 -140 -100 
TEMPERATURE ("C) 

FIG. 1. Dielectric constant of 1,l-dichlorocyclohexane 
at 10 kHz us. temperature. 

showed anomalous dispersion in which the 
dielectric constants decreased rapidly from B 
to C. In other words, the molecular dipoles could 
no longer rotate to follow the oscillations of a 
10 kHz applied field because dipolar interactions 
increased with increasing density and decreasing 
temperature. Consequently, the orientational 

polarization contribution to the dielectric con- 
stant diminished until only the atomic and 
electronic polarization contributions remained, 
and the dielectric constant approached the square 
of refractive index. The anomalous dispersion of 
dielectric constants could also be induced artifi- 
cially by pressure. Danforth (7) confirmed 
experimentally that the same effect took place in 
liquid glycerol at 0 "C and 250 kHz when the 
pressure was raised to 6000 atm. As the tem- 
perature was raised slowly from C to B, the 
dielectric constant rose steeply. Further increase 
of temperature beyond B resulted in a drop of 
the dielectric constant which plunged rapidly with 
only moderate increase of temperature. In the 
region BD, crystallization of the supercooled 
1,l-dichlorocyclohexane took place. Simulta- 
neously, the temperature of the sample showed 
self-heating due to the release of latent heat of 
crystallization. If the temperature of the sample 
was quenched before the dielectric constant 
dropped to D, on subsequent heating the di- 
electric constant rose again at C to a peak which 
was lower than B and plunged again at tem- 
peratures above - 125 "C. A smaller peak was 
observed after each thermal cycle. If the dielectric 
constant was allowed to drop to D, it followed CD 
on subsequent thermal cycles. The peak at B 
disappeared entirely which implied that crystal- 
lization was complete. The results are sum- 
marized in Table 1. Finally, the sample melted 
at -47 "C. 

In the anomalous dispersion region CB, the 
real and imaginary parts of the dielectric con- 
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RG. 2. Cole-Cole diagrams of supercooled 1,l- 
dichlorocyclohexane. The numbers refer to the frequency 
of measurements in kHz. 

stants were measured at various frequencies. 
Figure 2 shows the Cole-Cole diagrams for three 
different temperatures. They are symmetrical arcs 
with a distribution parameter o: equal to 4 imply- 
ing a wide distribution of dielectric relaxation 
times (8). The calculation of dielectric relaxation 
time was made by taking E,  = 2.6 which was 
the dielectric constant of the crystalline phase. 
Table 2 shows the dielectric relaxation time, T, as 
a function of temperature. The temperature 
dependence of T can be obtained by application 
of absolute rate theory to the dipole rotation (1). 

where AG*, A S * ,  and A H *  are free energy, 
entropy, and enthalpy of activation. From Fig. 3, 
A H *  was estimated to be 22.3 + 1 kcal mole-'. 
AG* and AS* values are given in Table 3. Strictly 
speaking, In (TT) instead of In T should be used 
in Fig. 3. In practice, the temperature range is so 
small that it makes little difference. 

Discussion 

The freedom of molecular rotation is restricted 
severely at low temperatures. This is evident from 
the absence of orientational polarization con- 
tribution to the dielectric constant. The formation 
and growth of crystal nuclei from a supercooled 
liquid entail rearrangements of molecules at the 
liquid-solid interface. In the anomalous disper- 

TABLE 2 

Dielectric relaxation times of 
supercooled I , l  -dichlorocyclohexane 

Temperature Relaxation time 
PC> 6) 

FIG. 3. Temperature dependence of dielectric relaxa- 
tion time. 

sion region freedom of molecular rotation is much 
less restricted. It is reasonable to assume that 
formation and growth of crystal nuclei are likely 
to be favorable in the same temperature region. 

An attempt is made to estimate the free energy 
barrier for the growth of crystal nuclei as a 
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TABLE 3 

Free energy and entropy of activation 

Temperature AG* AS* 
("c) (kcal mole-') (cal mole-' deg-') 

function of size. The continual growth of a 
crystal nucleus is contingent on a series of 
favorable molecular rotations as aresult of energy 
fluctuations. The free energy barrier for the 
formation of one mole of crystal nuclei of radius r 
from the supercooled liquid can be expressed in 
terms of its bulk properties. 

[2] AG* = 4nr2No + 4nr3N(-AG,) 

where o is the surface free energy per unit area 
of liquid-solid interface, AG, is the free energy of 
fusion per unit volume, and N is the Avogadro's 
number. The negative sign is introduced because 
AG, refers to fusion whereas AG* refers to 
formation of crystal nuclei. Introducing AGf = 
AH, - TAS, and AS, = AHf/Tf where T, is the 
temperature of fusion, into eq. 2, one gets 

[3] AG* = (4nNo)r2 

A similar result has been obtained by Turnbull 
and Fisher for nucleation in condensed phases 
(9). For a supercooled liquid, i.e. T, > T, AG* 
in eq. 3 goes through a maximum and becomes 
negative, which implies the existence of a critical 
size for the crystal nuclei (Fig. 4). 

~ 5 1  
20 T 

rmax = - ( ) AH, T , - T  

The latent heat of fusion at the melting point 
of -47 "C is 1.65 kcal mole-' measured by a 
Perkin-Elmer Differential Scanning Calorimeter. 
The liquid density is 1.156 g cm-3 at 20 "C (5). 
Using a coefficient of thermal expansion of 

CHEMISTRY. VOL. 48, 1970 

FIG. 4. Effect of crystal nucleus size on free energy 
barrier. 

1.3 x "C-l, which is the average of ten 
widely different molecular liquids, the latent heat 
of fusion per cm3, AH,, is estimated to be 
13.6 cal ~ m - ~ .  Based on the results of Turnbull 
and Fisher (9), De Nordwall and Staveley (10) 
established empirically for molecular liquids the 
following expression for surface free energy per 
unit area of liquid-solid interface. 

where V is the molar volume of liquid. Using 
eq. 6 and V = 121 cm3 mole-', o is estimated 
to be 8.33 erg cm-'. When the estimated values 
of AH, and o are substitutedinto eq. 1, at - 125 "C 
where the rate of crystallization is appreciable, 
the free energy barrier of crystal nucleus forma- 
tion at - 125 "C becomes 

[7 I AG* = 0.151 r2  - 0.0118 r 3  

where AG* and r are expressed in terms of 
kcal mole-' and A, respectively. In view of the 
approximations inherent in eq. 7, the numeric 
values of AG'hre  not too important. However, 
the inference of a maximum free energy barrier 
and spontaneous crystallization is most signifi- 
cant (see Fig. 4). The maximum occurs at 
3.64 kcal mole-' and 8.6 A. It is evident from 
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Fig. 4 that for crystal nuclei of radius smaller 
than 8.6 A further growth is accompanied by an 
increasing free energy barrier, whereas for those 
larger than 8.6 A, by a decreasing free energy 
barrier which becomes zero at r = 12.8 A. There- 
fore, for crystal nuclei larger than the critical 
radius of 12.8 A or more than 44 molecules, the 
free energy barrier is negative which implies 
spontaneous crystallization. The sharp drop of 
free energy barrier in Fig. 4 is consistent with the 
experimental observation that crystallization 
took place rapidly in the vicinity of - 125 "C. 
The calculated free energy barrier maximum of 
3.64 kcal mole-' also agrees satisfactorily with 
the free energy of activation, 4.05 kcal mole-' 
from dielectric relaxation measurements at 
- 125 "C. Therefore, molecular rotations asso- 
ciated with dielectric relaxation and growth of 
crystal nucleus are related. According to Eyring's 
rate theory the large values of AS*  (Table 3), 
which are common in dielectric relaxation, are 
indicative of a highly co-operative process in- 

volving many molecules. In other words, when a 
molecule enters its transitional state, its neigh- 
boring molecules become disoriented and gain 
considerable freedom of their own (1 1). 

The authors are grateful for the financial support from 
the National Research Council of Canada. 
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Molar polarizations of the constituents in a molecular complex system 

Department of Clzeniistry, University of Western Otlmrio, London, 011mrio 
Received May 4, 1970 

A method of evaluating the molar polarizations of the constituents and the dipole moment of the 
complex simultaneously in a quaternary molecular complex system of A + B F? AB in an inert solvent, 
S, is proposed on the basis of an empirical relationship between the specific polarization of the solution 
and the weight fraction of molecule A in combination with the mass action law and the mixture law of 
specific polarization. The validity of the method is tested by using the data obtained in Smith's papers 
for the systems of aniline in dioxane-benzene, n-butyl alcohol in pyridine-benzene, and pyridine in 
n-butyl alcohol - benzene. The agreement in dipole moment of the complex between the proposed and 
Smith methods for the first two systems verifies the applicability of the proposed method, which also 
gives consistent results for the second and third systems, while no value for the third system is given in 
Smith's paper. 
Canadian Journal of Chemistry, 48, 2988 (1970) 

Introduction 
The formation of a molecular complex is 

accompanied by intercomponent electron trans- 
fer, from donor to acceptor, resulting in corre- 
sponding changes of the electrical property of 
the components. The observed dipole moment of 
the complex which is different from its con- 
stituents plays a significant role in the inter- 
molecular charge-transfer resonance theory 
proposed by Mulliken (1). The coefficients of the 
wave functions describing the complex at the 
ground and excited states can be evaluated 
experimentally with the aid of the dipole moment 
and the charge-transfer spectrum of the complex. 

For the system containing a molecular 
complex, AB, formed by the intermolecular 
interaction between molecules A and B in an 
inert solvent, S, Few and Smith (2) reviewed 
previous works and derived a method for 
evaluating the equilibrium constant of the 
association process and the dipole moment of 
aniline-dioxane complex in benzene solution. 
This approach is based on the difference between 
the apparent molar polarization of aniline, 
calculated on the assumption of no complex 
formation of aniline in various mixtures of 
dioxane in benzene solvent, and the molar 
polarization of aniline at infinite dilution in 
benzene. It has also been applied to other systems 
such as n-butyl alcohol in pyridine-benzene, and 
pyridine in n-butyl alcohol - benzene (3). How- 

The Smith method, however, does not apply to 
the system in which a determination of the molar 
polarization of molecule A in the solvent cannot 
be carried out due to the insolubility of A in 
the s01vent.~ 

The proposed method is based on the empirical 
dependence of the specific polarization of the 
complex solution on weight fraction of mol- 
ecule A in solution, the mixture law of specific 
polarization, and the mass action law. It has also 
been tested with the data for three systems 
available in Smith's papers. The satisfactory 
agreement in the dipole moment of the complex 
between both methods indicates the applicability 
of the present method. 

The proposed method supplies all the necessary 
molar polarizations for calculating the dipole 
moment of the complex from the experimental 
data. No individual effort is required to determine 
the molar polarizations of the reactants in a 
pure solvent. 

Results and Discussion 

The Benesi and Hildebrand equation (4), used 
principally for calculating the association con- 
stant of a molecular complex having a charge- 
transfer spectrum, has been derived on the basis 
of the combination of the Beer-Lambert law and 
the mass action law. It is possible to derive a 
similar equation for determining the dipole 
moment of a complex with the aid of the mixture 

ever, in the latter case, the Smith method-gave no 
result for the dipole moment of the complex ZThe tetracyanoethylene (TCNE) complexes with 
probably because ofan almost zero intercept.l methyl-substituted benzenes in carbon tetrachloride are 

the exam~les in which the insolubilitv of TCNE in 
carbon tekachloride makes it impossibie to determine 

'See the figure in ref. 3. The factor of lo5 in abscissa the molar polarization of TCNE at infinitely dilute 
should read solution by extrapolation. 
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law of specific polarization and the mass action 
law for the system of A + B AB in an inert 
solvent, S at equilibrium. 

The weight fractions of species A, B, AB, and S 
may be expressed by (wA - AwA), (w, - AwB), 
(AwA + Aw, = AwAB), and w,, respectively; 
where wi is the weight fraction of reactant and 
Aw, the loss in weight fraction of the reactant i to 
form the complex AB. If the concentration of B 
is much larger than that of A, which is experi- 
mentally feasible, the concentration of complex 
will be negligibly small compared to that of B, 
i.e. CB >> CAB. According to the mass action 
law, if the active masses of the species can be 
expressed in terms of their concentrations, the 
association constant, Kc, is given by 

where Mi  and Ci refer to the molecular weight and 
I concentration of the ith component, respectively. 
i Since AW,/AW,, = MAIMAB, therefore AwA, 

AwB, and AwAB can be expressed in terms of w,. 

The specific polarization of a very dilute complex 
solution, p,  consisting of the contribution from 
individual specific polarization, pi, of the com- 
ponents including the complex, at infinite 
dilution in solvent can be written as 

If the concentration dependence of the specific 
, polarization of the components is taken into 

. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . .  . . . . . . . . . . . . .  . . . .  . consideration, higher order terms in w,, w,, and 
. . . . . . . . . . . . . . . . .  .! . . . . . . . . . . . . . . . . . . . .  . . .  AwAB appear in eq. [5]. These terms will account 

for the curvatures in Figs. 3 and 5. Aw, in eq. [5] 
cannot be neglected compared to w,, otherwise 
it leads to the term PB missing in eq. [6]. Sub- 
stitution of eqs. [2] to [4] into eq. [5] gives 

where Pi is the molar polarization of species i in 
the solvent. In addition, for a very dilute complex 
solution, ws = 1 - wA - w,, then eq. [6] 
becomes 

171 P = PS + (PB - PSNB 

If wA is neglected regardless of the extent of dilu- 
tion in the solution, it causes a significant error in 
eq. [7] in which the term psMA will be missing. 
Empirically, the specific polarization of a solution 
of A in a mixed solvent containing B and S can 
be expressed in terms of w,. 

where E and dare  the dielectric constant and the 
density of the solution. Thus, the coefficients 
C, and C2 can be deduced by comparison with 
eqs. [7] and [8]. 

Similarly, at different concentrations of B in a 
mixed solvent, the values of C, and C2MA(1 + 
KcCB) can be expressed also in terms of w, and 
KcCB, respectively. Therefore, the molar polariza- 
tion of solvent, P,, and the molar polarization 
of B, P,, in solvent are calculable from the slope 
and the intercept by plotting C, against w,. 
PA and PA, at zero concentration in solvent are 
evaluated from the corresponding terms by 
plotting C2MA(1 + KcCB) against KcCB. The 
dipole moment of the molecular complex is 
obtained by assuming that the distortion polar- 
ization of the complex is equal to the sum of the 
distortion polarization of the components. 

The proposed eqs. [8], [9], and [lo] have been 
tested by using Smith's data for the systems of 
aniline in dioxane-benzene, n-butyl alcohol in 
pyridine-benzene, and pyridine in n-butyl 
alcohol - benzene solution. The association con- 
stants are taken from Smith's results: 128 and 
2000 cm3 mole-' for the 1 :l complex of aniline- 
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I I I I I I I I I  
0 2 4 6 8 

1ooxw, 

FIG. 1. Plot of p against loA for aniline in dioxane- 
benzene at  25 "C. 

1 ooxw, 

I d 0 2.83 
x 4.41 

FIG. 2. Plot of p against lo, for ?I-butyl alcohol in 
pyridine-benzene at 25 "C. 

dioxane and n-butyl alcohol - pyridine in benzene 
solution. 

The plots o fp  against w, for three systems are 
shown in Figs. 1,2, and 3. At small values of w,, 
the plots are linear which indicates the complete 
complexation between A and B in solution (5). 
Therefore, the linear relation o fp  = C, + C,w, 
is applied to this range and the results are 
indicated by (a) in Table 2. The results evaluated 

FIG. 3. Plot of p against wA for pyridine in n-butyl 
alcohol - benzene at 25 "C. 

FIG. 4. Plot of C1 against lo, for three systems in 
Table 2. 
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TABLE I 

Summary oFresults for eqs. [ 8 ] ,  [9 ]  and [ l o ]  
-- 

C I  cz CZMA(I  + K C B )  
System IOOw, (cm3/g) (cm3/g) (cm3/mole) Kc C B  

'Aniline in dioxane-benzene. 
tn8utyl alcohol in pyridine-benzene. 
SPyridine in n-butyl alcohol - benzene. 
§Values in parentheses are calculated from p = Cl + CzwA + C3ivAz. The rest of the values are from 

p = Cl + C2,vn. 

TABLE 2 
The dipole moments of the molecular complexes and molar polarizations of constituents at 25 "C* 

System A B Ps PB PA PAB ~ + ~ P A B  O ~ A B  PAB 

1 Aniline Dioxane (a)t 2 6 . 6  24.7 79 126 52 7 4  1 .90  
(b)$ 26.6 24.7 78 141 52 89 2 .04  
(c)S 26.6 24.6 7 8  124 52 7 2  1 .88  

2 n-Butyl alcohol Pyridine 26.7 117 84 262 46 216 3.25 
(b)$ 26 .7  117 88 262 46 216 3.25 
(c)5 2 6 . 6  123 81 280 46 234 3.37 

3 Pyridine rz-Butyl alcohol (a)t 26 .6  85 118 287 46 241 3 . 4 3  
(b)t 2 6 . 6  86 125 260 46 214 3 . 2 4  

*The unit of PI  is cm3 mole-' and pnn is Debye. 
?(a) From P = CI + Czwn. 
S(b) From P = CI + Czwn + C3wnZ. 
§(c) From Smith's papers and refs. 6 and 7. 

from p = C, + C,wA + C,wA2 are also given 
in parentheses in Table 1 and as (b) in Table 2. 
The data calculated for different values of w, in 
a mixed solvent are shown in Table 1. 

The calculated molar polarizations of the four 
components in each system and the dipole 
moments of the complexes are given in Table 2. 
The literature values are indicated by (c) in which 
the values of PA,, pA, are from Smith's papers 
and the rest from the literatures (6, 7). 

The linear plots of C, against w, are shown 

in Fig. 4. The numeric codes refer to the systems 
in Table 2. The calculated molar polarizations of 
the constituents in a mixed solvent, P, and PB, 
are in good agreement with the values from the 
literatures. 

The coefficient C, varies slightly, dependent on 
the use of the linear or quadratic expression for 
p-wA, while C, is apparently independent of them 
at small w,. Figure 5 shows the plots of 
C,MA(l + KcCB) against KcCB for the systems 
in Table 2. Hence, the molar polarizations of A 
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0 4 8 
10xK,C~ 

FIG. 5. Plot of CZMA(1 + KcCB) against K,CB for 
three systems in Table 2. 

and AB can be deduced. The agreements between 
the calculated dipole moments using the proposed 
method and Smith's values are in the order of 
0.1 D which is very reasonable in view of the 
experimental difficulty. The pAB for pyridine in 
a mixed solvent of n-butyl alcohol and benzene 
is found to be 3.43 D by the proposed method, 
while no value is given in Smith's paper (3) 
because the difference between the molar polar- 
ization of the complex and the sum of molar 
polarizations of the two components assumed an 
unreasonably large value. 

The consistent results in pAB of n-butyl 
alcohol - pyridine, deduced from the systems of 
n-butyl alcohol in pyridine-benzene and pyridine 
in n-butyl alcohol - benzene, indicate that the 

complex is existing as the same species in both 
systems (Table 2). Although the 0.2 D higher 
value in the latter system may be due to the 
effect of hydrogen bonding in a mixed solvent 
containing -- lo-' in mole fraction of n-butyl 
alcohol, it seems more reasonable to attribute 
the difference to experimental errors. 

For small wA, the linear expression p = C,  + 
C2wA gives values of p,, which are in better 
agreement with the literature values than the 
quadratic expression (Table 2). Within the limit 
of a few percent error, the ratio of wA:wB:ws may 
be considered in the order of 10-4:10-2:1, so 
that successive increments of wA in a mixed 
solvent will not change wB nor ws in the solution 
significantly. For example, wB changes about 7 % 
from 0.044 in a mixed solvent to 0.041 in a 
solution; ws from 0.956 to 0.879 with w, in- 
creasing from 0 to 0.08 for the system of n-butyl 
alcohol in pyridine-benzene. The high values of 
w, might cause a slight discrepancy in p,, 
calculated by the proposed method with respect 
to the accurate value. 

We are grateful to the National Research Council of 
Canada for financial assistance. 
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Intermolecular forces in gaseous ammonia and in ammonia - nonpolar gas mixtures 
C. S. LEE, J. P. O'CONNELL, C. D. MYRAT,' AND J. M. PRAUSNITZ 

Departmetzt of Cf~emical Engineering, University of Florida, Gaitlesville, Florida 32601 
and 

Department of Cflemical Engineering, University of California, Berkeley, California 94720 
Received February 23, 1970 

Intermolecular potential parameters for ammonia have been determined for the Stockmayer-Kihara 
function using experimental second virial coefficient, diffusivity and viscosity data of binary mixtures 
with argon, methane, nitrogen, and oxygen. The parameters Uo/k = 215 PK,  core-to-core) = 2.70 A 
and a* = 0.2 reproduce essentially all of the data nearly w ~ t h ~ n  expermental error and accurately 
reproduce pure ammonia transport properties. Upon considering both physical and chemical contribu- 
tions to the second virial coefficient of ammonia, the apparent standard-state hydrogen-bond enthalpy 
for chemical dimerization is -3.2 kcal/mole while the vibrational entropy change is 20.2 cal/mole OK, 
indicating weak association. 
Canadian Journal of Chemistry, 48,2993 (1970) 

In recent vears. considerable effort has been Intermolecular Potential 
expended in determining the form of the inter- 
molecular potential for simple nonpolar sub- 
stances from dilute gas properties, second virial 
coefficients, viscosity, diffusivity, thermal con- 
ductivity, and dielectric properties; agreement 
with experiment has generally been the criterion 
with which a given potential function was judged. 
Although it is not completely satisfactory, the 
Kihara potential with a spherical core has been 
successful in reproducing experimental data for 
several properties using a single set of parameters 
(1, 2). For more complex substances, particularly 
those containing permanent dipoles, little detailed 
examination of the potential has been made, 
probably because there is no rigorous theory for 
the transport properties ofpolyatomic substances, 
because there are few calculated values of the 
reduced equilibrium properties, and because 
accurate experimental-data are scarce. In this 
work, we attempt to bring together as much 
knowledge as possible on the properties char- 
acterizing interactions of ammonia molecules 
with themselves and also with nonpolar gases 
such as argon, nitrogen, oxygen, and methane. 
We first summarize the properties which may be 
related to the intermolecular potential and dis- 
cuss the various theories which provide the 
quantitative relations. We then analyze theexperi- 
mental data which are available with respect to 
calculations based on the Stockmayer-Kihara 
potential function with a rigid spherical core. 
Finally, we discuss the consequences of the 
choice of potential parameters on hydrogen 
bonding in pure ammonia vapor. 

'Present address: Van der Waals Laboratorium, 
University of Amsterdam, Netherlands. 

For two particles which have permanent charge 
separations, the potential energy of interaction is 
written in terms of the multipole expansion about 
the two centers of charge (3). For complex 
molecules, the first approximation to the dipolar 
interaction, $ijd, assumes ideal, point dipoles 
located at the centers of mass 

[I] &jd = --(pi pj/rij3) [2 cos oi cos o j  
- sin 0, sin O j  cos ($i - $j)] 

where p is the measured dipole moment; r is the 
distance between the centers of mass; 0 is the in- 
plane angle between the dipole vector and the 
vector from the center of i to the center of j; and 
$ is the out-of-plane rotation of the dipole 
vectors. 

The induction interaction, $iji, between a 
dipole (i) and an isotropically polarizable charge- 
distribution (j) is given by 

Finally, the nonpolar interaction between two 
polarizable charge distributions, +ij", is given by 
anempirical function such as the Kihara potential 
with a spherical core, 

where 2ai is the core diameter and 2aij + oij is 
the collision diameter, i.e., the center-to-center 
separation when $ij" = 0. 
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The total intermolecular potential energy is 
given by the sum of eqs. [l], [2], and [3]. Contri- 
butions to equilibrium properties from nonideal 
and non-central dipoles, quadrupoles and higher 
order moments and other induction forces can 
be taken into account (4, 5). 

The spherically-symmetric induction inter- 
action may be included approximately in the 
Kihara form of the dispersion interaction by 
modifying the potential parameters of eq. [3] (6) 

For the interaction of different molecular 
species, we use the following combination rules 

For spherical molecules, the first and second of 
these equations are of high accuracy. The third 
is an approximation which generally leads to 
calculated values of Uo12 exceeding the correct 
values by a few percent (7). 

Transport Properties 
Chapman-Enskog kinetic theory (8) relates the 

dilute gas transport properties (viscosity, diffusiv- 
ity, and thermal conductivity) to the spherically 
symmetricintermolecular potential of monatomic 
substances. For polar polyatomic molecules 
where inelastic and resonant collisions are im- 
portant, Monchick and Mason (9) assumed that 
the two molecules retain the same configuration 
during a collision and the collision integrals are 
simple averages over all possible orientations with 
equal weight given to each orientation. The 
viscosity and diffusivity coefficients for inter- 
actions between like and unlike species are given 
by 

x fD/6ij2(C2ij(111)*(T*, t*)) 

where mij is the effective molecular mass = 
2mimj/(mi + mj); f, and fD are higher approxi- 
mations obtained from kinetic theory; Z i j  is 
center-to-center distance parameter in the poten- 
tial (6,j = oij + 2aij); n is molecular density; 
T * = KT/ Uo ; t * = p2/2U063 ; and the (!J(',") *) 
are average collision integrals presently available 
for the Stockmayer potential (eqs. ['I] and [3] 
with 2a = 0 (9)) and for the Kihara potential 
(eqs. [3] (l)), but not for the present Stockmayer- 
Kihara model. 

In addition, Mason and Monchick (10) formu- 
lated expressions for thermal conductivity of 
pure gases which take into account the transfer 
of energy by internal degrees of freedom, par- 
ticularly rotation. These expressions are based on 
modifications of Eucken's approximation and are 
of the form 

where M is the molecular weight; p is the density 
in mass per unit volume; Din, is the average 
coefficient for the diffusion of internal energy; 
Cv trans and Cv in ,  are the translational and in- 
ternal contributions to the molar heat capacity at 
constant volume; Ck is the molar heat capacity of 
an internal mode k; and Zk is the number of 
collisions for relaxation of that mode. The value 
of Din, for nonpolar gases is often assumed equal 
to the self-diffusion coefficient, D. However, for 
polar molecules, "resonant exchange" of rota- 
tional energy may occur and a correction factor 
is included 
L121 Dint = D/(l + Z1/Zo) 

For near-spherical tops like ammonia 

where p is the dipole moment in D; 0 = h2/ 
8nkIrot; I,,, is the moment of inertia about the 

x f,/6ij2(i2ij(212) (T*, t*)) dipole axis (A)  and the other two principal axes 
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(B) (assumed equal). In eq. [13], the units of p 
are g/cm3; of D, cm2/s; of T and 9, OK; and of 
Ci,,, cal/g-mole OK. For the thermal conductivity 
of binary mixtures, Brokaw (1 1) and Monchick 
et al. (12) have suggested similar formulas. 

While the Mason and Monchick formulations 
are not exact, they are probably not far in error; 
therefore, in addition to providing an accurate 
predictive method, comparison of calculations 
from this theory with experimental data can lead 
to meaningful tests of potential models, par- 
ticularly for simple, nearly-spherical molecules 
like ammonia. 

The viscosity of binary mixtures can be cal- 
culated from eqs. [8.2-221 of Hirschfelder et al. 
(3). 

Equilibrium Properties 
The virial equation of state provides the link 

between the intermolecular potential and the 
compressibility factor 

where, for pure components, B, C, etc. are 
functions only of temperature and take into 
account interaction between two molecules, three 
molecules, etc. For mixtures the virial coefficients 
are functions of composition, e.g., 

1351 B~~~ = z z x ~ x ~ B ~ ~  
i j 

where Bij is the second virial coefficient for 
interaction between species i and species j. The 
statistical mechanical derivation of the virial 
equation gives for the second virial coefficients, 
for instance, 

[I61 Bij = ( ~ 0 1 4 )  J: so2"  Jon Jon rij2 

x (1 - exp [-+ij/kTl) sin Bi  sin B j  

x dgi dgj d($i - q j )  d r i j  

where No is Avogadro's number; + i j  is the inter- 
molecular potential between species i and j as 
given by eqs. [I] and [3] using the modified 
parameters of eqs. [4] and [5]. 

For molecules containing permanent dipoles, 
tables of reduced second virial coefficients are 
available (1) for several potentials of the Stock- 
mayer-Kihara core form (13, 14). 

First-order contributions from angular-depen- 
dent induction forces and quadrupole forces are 

where q = a/F3 ; T = p2/2UoF3 ; Q is the quadru- 
pole moment (assumed axially symmetric) 

When the dipole is assumed to be on the surface 
of the core, the first order effect of an off-center 
dipole on the second virial coefficient can be in- 
cluded through the equation of Lawley and 
Smith (5), 

where y* = 2a/F = a*/(l + a*). Higher order 
effects are not used for any of the angle-dependent 
forces because their sum for all effects tends to 
cancel. The calculated values of the second virial 
coefficient from eqs. [16]-[18] should be accurate 
to about 2 cc/g-mole except at very low tem- 
peratures. 

If, in addition to the physical interactions of 
molecular collisions, chemical association can 
occur through hydrogen-bonding or other charge 
transfer mechanism, the compressibility at mod- 
erate pressures may deviate significantly from that 
calculated on the basis of physical interactions 
alone. We expect that the interactions of am- 
monia molecules with themselves involve hydro- 
gen bonding (15) while interactions with non- 
polar molecules do not (16-18). Thus, we expect 
that the parameters for the potential of eq. [3] 
should describe the cross coefficients and the pure 
ammonia dilute gas transport coefficients, but 
will lead to insufficiently negative values of the 
pure ammonia second virial coefficient. 

Lambert, et al. (19,20) have shown that for a 
weakly associated gas the second virial coefficient 
is of the form 

; given by Buckingham and Pople (4), [I91 B = Bphys + Bchern = Bphys - RTKp 
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TABLE 1 

Molecular parameters 

Gas Uolk CK) (A) a* a (A3) p @) Reference 

NH3 215 2.70 0.20 2.24 1.47 This work 
A 147.2 2.946 0.125 1.63 - 5 1 
N2 139.2 2.821 0.250 1.76 - 5 1 
CH, 230.5 2.754 0.280 2.60 - 1 

where B,,,, is the physical contribution (cal- 
culated from the intermolecular potential, eqs. 
[16]-[18]) and Kp is the chemical equilibrium 
constant for hydrogen-bonded dimer formation. 
A plot of In Kp vs. 1/T yields the apparent stan- 
dard enthalpy and entropy of association 

[20] In Kp = -AHO/RT + AsO/R 

For pure components, second virial coefficients 
are obtained from vapor-phase compressibility 
measurements. However, cross virial coefficients 
(B, j )  characterizing the interaction between un- 
like species can be obtained also from phase 
equilibrium data (1,16,18,21). When the pressure 
is not large and the vapor mole fraction of the 
polar substance is small, Bij  can usually be 
determined to within f 5 cc/mole. 

Comparisons with Data 
Parameters used in our calculations are shown 

in Table 1. The ammonia quadrupole moment 
was assumed to be 0.3 x e.s.u. (22). The 
nonpolar parameters for ammonia were chosen 
as "best" after comparison of data with calcula- 
tions using many sets of parameters. This pro- 
cedure is somewhat inefficient; however, since 
there is uncertainty in the weights to be given to 
the various data and in the possible experimental 
errors, simple least-squares fitting covers up the 
fact that a range of parameters is usually com- 
patible with all data. The present choice of a 
single set as "best" is only a judgment until more 
complete and accurate data become available. 

Calculations with the Kihara potential show 
that cross transport properties are insensitive to 
the energy parameter but sensitive to the center- 
to-center distance. On the other hand, cross 
virial coefficients are more sensitive to the energy 
parameter U,, while only pure transport proper- 
ties of polar substances are sensitive to the core 
size, through its pronounced effect on the reduced 
dipole moment. 

A. Ammonia Nonpolar Systems 
I .  Virial CoefJicients 
B,, data for ammonia-argon were obtained at 

three temperatures from the vapor-liquid equi- 
librium data of Michels et al. (23). For data 
reduction, the third virial coefficient C,  ,, (polar- 
nonpolar-nonpolar) was estimated by the method 
of Orentlicher and Prausnitz (24). Since the total 
pressure and the ammonia concentration were 
high, the analysis probably yields values of Bij  
that are accurate to f 10-15 cc/g-mole. Michels 
(25) gives experimental values of B,, for am- 
monia with argon and with krypton at 298.15 "C 
obtained from volumetric measurements. B,, 
with argon from these measurements is about 20 
cc/g-mole more negative than that obtained from 
equilibrium measurements. 

The equilibrium data of Lurie and Gillespie 
(26) were used to provide B,, for ammonia with 
nitrogen at 318.15 OK. Compressibility data for 
ammonia-nitrogen mixtures by Lichtblau et al. 
(27) give additional cross coefficients at 350, 400, 
and 450 "C. 

Kazarnovskii and Levchenko (28) have re- 
ported compressibility data for ammonia with 
methane. Because of the large uncertainties of the 
compressibility in the low density region, ex- 
trapolated values of the cross virial coefficients 
are uncertain (perhaps as high as f 20 cc/g-mole). 
Further, without accurate third virial coefficients, 
detailed comparison with experiment is not 
possible and these data cannot be weighed 
strongly. 

Figure 1 and Table 2 summarize the com- 
parisons. In general agreement between cal- 
culated and experimental results is good. In 
particular, the calculated values of B,, for NH, 
with Ar and N, reproduce the experimental vapor 
mole fraction of NH, within the experimental 
error despite some disagreement (up to 20 cc/g- 
mole) with the "best" experimental B,, values. 
The single value of B,, for ammonia with argon 
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TABLE 3 

LEE ET AL.: INTERMOLECULAR FORCES 

Pure-component and binary diffusivities for ammonia systems 
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Q 
55 ' -150- 
0 
Z 
0 
U W 

V, 

-200- 

Root mean square 
Number of Temperature deviation from 

Gas data points range ("C) experiment (%) Reference 

I I I I 

-&----P--- -Q- _______------- - 

- 

- 
VIRIAL COEFFICIENT FROM CALC EXPTL 
INTERACTION OF NH3 WITH 

NH3 - 
N2 --- - 
CH4 A - 

KIHARA POTENTIAL PARAMETERS FOR NH3 
UO/k = 215°K u = 2 708.  (1". 0 2 

PURE NH, VIRIAL COEFFICIENTS INCLUDE 
CONTRIBUTION FROM DlMER WITH 
AH'=-3 2 kcal lmale  ASD=-21 6 callmole-OK - 

I I I I 
0 100 200 300 400 

Ammonia 4 - 40-1 73 f 3 . 0  46, 47 
Argon 4 - 19-60 f 8 . 4  29 
Nitrogen 3 25-80 -2 .2  30 
Krypton 4 - 19-60 f 1 5 . 5  29 

T E M P E R A T U R E ,  O C  

FIG. 1. Pure component and cross second virial coefficients for ammonia systems. 

TABLE 2 

Second cross virial coefficient for mixtures of ammonia with nonpolar gases 

Root mean square 
Number of Temperature deviation* in 

Gas Type of data data points range ("C) B,,(cc/g-mole) Reference 

Argon Equilibrium? 8 25-75 - 10 23 
Volume of mixing 1 25 + 10 25 

Krypton Volume of mixing 1 25 + 3 25 
Nitrogen Equilibrium3 7 45 + 22 26 

Compressibility 12 3 5 M 5 0  - 5 27 
Methane Compressibility 16 150-300 + 19 28 

*The sign indicates the direction in which the calculat~ons are In error. 
tVapor-liquid data. 
$Vapor-solid (BaC12. 8NH3) data. 

from compressibility data is not reproduced well 2. Transport Properties 
but this inconsistency was previously noted by Binary diffusion coefficients are available for 
Michels (25). The uncertain ammonia-methane ammonia with argon and for ammonia with 
data of Kazarnovskii (28) are also not predicted krypton (29) and with nitrogen (30). They are 
accurately. These disagreements with unsure data shown in Table 3, which also gives a comparison 
lead to an uncertainty in U,/k of perhaps 30 or with calculated values. 
40 OK. Agreement between calculated and experi- 
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TABLE 4 
Comparison of calculated and experimental viscosities of ammonia with nonpolar gases 

Root mean square Root mean square 
Number of Temperature deviation in deviation in 

Gas data points range ("C) r l ~ z  (%) -(lmlx (%) References 

Argon 

Nitrogen 

Oxygen 
Methane 

mental results is nearly within experimental error 
for the nitrogen system but disagreement with the 
diffusivity data for ammonia with argon, is the 
same as indicated by Brokaw (11). Since the 
ammonia-krypton diffusivity data and the am- 
monia-argon data were taken by the same in- 
vestigators (29), and since the calculations do not 
agree well with experiment in both cases, it is 
likely that both sets of data are in error. Thus an 
overall comparison for Dl, (such as that given 
below in Table 6) is probably not truly indicative 
of the accuracy of our theoretical model. 

Two sets of viscosity data for ammonia-argon 
mixtures are available (3 1, 32). Unfortunately, 
although these workers essentially agree on the 
pure component values, the composition depen- 
dence (and thus the values of qI2) are markedly 
different. Two sets of viscosity data are available 
for ammonia-nitrogen mixtures (33, 34) and for 
ammonia-methane mixtures (31,35). Here, agree- 
ment between experimenters is within experi- 
mental error. Trautz and Heberling (34) also have 
given a set of viscosity data for the ammonia- 
oxygen system. 

Experimental and calculated viscosities are 
compared in Fig. 2 and Table 4. (When the cal- 
culated values were definitely too high or too low, 
the + or - signs have been used. No sign means 
no definite trend.) Except for one set of ammonia- 
argon viscosity data (31), the agreement is prob- 
ably within experimental error. Based on this 
agreement, the uncertainty in the center-to-center 
distance is less than k0.05 A. 
B. Pure Ammonia 

1. Virial Coeficients 
Cheh et al. (36) and O'Connell (13) have ob- 

tained the most recent set of second virial 
coefficients for ammonia from available com- 
pressibility measurements. Figure 1 and Table 5 
present the complete set of virial coefficient data 

VISCOSITY FROM 
INTERACTION OF 

CALCUL4TED EXPERIMENT4L - ,O  

I I I I I I 
-100 0 100 200 300 400 

T E M P E R A T U R E ,  OC 

FIG. 2. Pure component and cross viscosities for 
ammonia systems. 

used here. Also presented are the contributions 
from physical interactions and from a hydrogen- 
bonded dimer with a standard enthalpy of forma- 
tion of - 3.2 kcal/mole and an entropy of forma- 
tion of -21.6 cal/mole OK. Using an analysis 
identical to that of Cheh et al. (36) for the 

\ ,  

ammonia-acetylene dimer,2 the entropy of vibra- 

'The basic conclusions of Cheh's work are unchanged 
when our final parameters are used in his analysis. 
Correcting an error in obtaining K, from BcI,,,, for unlike 
association (16) and a numerical error in eq. [18] in 
Cheh's work leads to ASVlb0 of + 21.8 cal/mole OK 
and AH0 of - 2.06 kcal/mole for the ammonia-acetylene 
dimer. 
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TABLE 5 

Second virial coefficients for ammonia (cc/g-mole) 

Temperature 
c'c) Bohvn* Bchernt  Bcalcd  B e x J  

*Calculated from the potential parameters Uolk = 215 OK, o = 2.70 A, and a* = 0.2. 
tcalculated from AH0 = -3.2 kcal/mole and AS0 = -21.6 cal/mole "K. 
$Experimental values as smoothed by Cheh el a/. (36) and O'Connell(l3): root mean square 

!?viation, 2.0 cclmole. 

tion of the ammonia-ammonia dimer ASvi,', is 
20.2 cal/mole OK, which indicates very weak 
hydrogen bonding according to Shepp and Bauer 
(37) and Slutsky and Bauer (38). We have 
assumed the N-N distance to be 3.38 A as given 
by Mark and Pohland (ref. 39a, quoted from ref. 
39b). Comparison of  AS,^: for the ammonia- 
ammonia dimer with that for the ammonia- 
acetylene dimer suggests that these hydrogen 
bonds are similar. 

Our calculated standard enthalpy of dimeriza- 
tion, - 3.2 kcal/mole, is comparable to the pre- 
vious values of -3.7 kcal/mole reported by 
Rowlinson (40) and - 4.4 kcal/mole reported by 
Lambert et al. (20). 

2. Transport Properties 
Extensive measurements of the viscosity of 

ammonia over a wide temperature range are 
available (34, 41-45). Unfortunately, there is 
some disagreement at high temperatures. Figure 
2 presents the data which were used as well as our 
calculated results. Since no collision integrals are 
available for the Stockmayer-Kihara model, the 
collision integral tables of Mason and Monchick 
for the Stockmayer potential (no core) were used 
with an empirical modification of the reduced 
dipole moment 

The small core would also slightly affect the non- 
polar contribution to the collision integral, but 
no quantitative estimate is available. The cal- 
culations suggest that some of the viscosity data 
are too high at high temperatures. Without the 

data of Braune and Linke (41), which are shown 
on Fig. 2 by half-filled circles, the deviation from 
experiment is reduced from 2.1 to 1.4%, but the 
uncertainties in the calculations are about as 
large as the experimental ones until collision 
integrals for the Stockmayer-Kihara model be- 
come available. The core size 2a = 0.54 A was 
adopted on the basis of agreement with viscosity 
at low temperatures but the uncertainty intro- 
duced by using approximate collision integrals 
may be as large as k0.2 A. 

Two sets of data are available for the self- 
diffusivity of ammonia (46,47). Table 3 compares 
calculated values with experimental results (root 
mean square (r.m.s.) deviation 3.0%). It is likely 
that using exact collision integrals for the core 
model would decrease the disagreement. 

Careful measurements of the thermal con- 
ductivity over a range of temperature are avail- 
able (48,49) and the agreement between various 
workers is the best for this property. Unfor- 
tunately, it also contributes the least to our 
analysis because of its additional parameter for 
the transfer of internal energy. Figure 3 compares 
calculated with experimental results (r.m.s. devia- 
tion 2.0%). The collision number was 1.8 and 
essentially independent of temperature. This 
value is identical to that found for water by a 
similar analysis (50); 

Discussion 

Although our parameters reproduce ammonia 
nonpolar transport properties satisfactorily, fur- 
ther accurate cross virial coefficient data may lead 
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TABLE 6 

Potential parameters for ammonia 
-- 

Root mean square deviations 

BLZ* B N H ~  
(cc/ (cc/ DLZ* DNH ~ L Z *  ~ N H  

Source of parameters Uo/k o 2010 mole) mole) (%) ( %  (%) (%f 
Virial 

Rowlinson (40) 218t 2.69t 0 11.7 13.5 +22.4 +32.4 +20.1 +29.8 
Viscosity 

Mason-Monchick (9) 323t 3.18t 0 27.3 -25.1 5.2 +3.1 6.5 2.0 
This work 215 2.70 0.2 13.1 2.0% 10.2 +3.0 5.2 2.1 

*Mixture properties for ammonia with nonpolar gases: argon, krypton, nitrogen, methane, oxygen. See Tables 2 1 .  Inconsistent data for 
argon systems weighed equally with others. 

tThe  original references did not take induction into account. These values of Uo/k  and rn have had the spherically symmetric induction con- 
tribution removed. 

$Using dimer model with AH" = -3.2 kcal/mole and AS0 = - 21.6 cal/mole "K. 

TEMPERATURE , O K  

FIG. 3. Thermal conductivity of ammonia. 

to another set of parameters, though only slightly 
different from the present ones. In any case, the 
present parameters describing the nonpolar inter- 
actions of ammonia molecules (and any expected 
changes) are more compatible with the structure 
and polarizability of ammonia than those ob- 
tained by previous workers and also are appro- 
priately between the values which have been 
found for methane (1) and water (21). 

Table 6, for instance, shows the parameters 
which various workers have obtained. Our 
parameters are significantly different because the 
potential model is more realistic and all experi- 
mentally available properties have been taken 
into account. In addition, the effects of induction 
on the properties and parameters were not pre- 
viously taken into account in the explicit manner 
used here. This choice of parameters forces us to 
include hydrogen bonding for dense gas proper- 
ties. 

The success of our analysis indicates that we 
are using a viable method for determining a 
realistic description of the nonpolar forces of 
simple polar molecules as given by an analytic 
potential function of the Kihara type. Unfor- 
tunately, we have not been able to give a satis- 
factory test to the Monchick and Mason (9) 
expressions since we have had to modify em- 
pirically the collision integrals. However, it would 
seem that the Stockmayer potential without a 
core is probably as inadequate for even simple 
polar molecules as the Lennard-Jones potential 
has been shown to be for simple nonpolar sub- 
stances. Work is in progress (52) to complete the 
collision integral calculations for the polar core 
model which can then be used in this type of 
analysis. It appears that theMonchick and Mason 
expressions lead to results for polar molecules at 
least as accurate as those used presently for non- 
polar molecules, although it is likely that for large 
molecules, the presence of nonspherical repulsive 
forces may lead to appreciable error. 

Conclusion 

Our analysis of the dilute gas properties of 
ammonia and mixtures of ammonia with non- 
polar gases suggests that the Stockmayer-Kihara 
potential function accurately describes the non- 
polar interactions between ammonia and other 
molecules using the parameters U,/k = 215 OK, 
cs = 2.70 A, and a" = 0.2. These parameters are 
not unique because some range about the above 
values may also yield nearly the same results. 
However, within this range, the values are more 
compatible with the structure of ammonia than 
those found previously. 
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It appears that the kinetic theory expressions 
of Monchick and Mason (9) are sufficiently 
accurate for predicting dilute gas transport 
properties for simple polar molecules since the 
agreement between experiment and calculations 
is at least as good as has been obtained previously 
for nonpolar molecules when a single set of 
parameters is used for both thermodynamic and 
transport properties. Weak hydrogen bonding 
exists between ammonia molecules, characterized 
by a standard enthalpy of dimerization of - 3.2 
kcal/mole and a standard entropy of dimerization 
of -21.6 cal/mole O K .  

The authors are grateful for financial support from the 
Office of Saline Water, U.S. Department of Interior, and 
from the National Science Foundation. 
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Quantitative investigation of the ozonolysis reaction. XIV. A simple carbonium 
ion stabilization approach to the ozone cleavage of unsymmetrical olefinsl 

SANDOR FLISZAR AND JEAN RENARD 
Department of Chemistry, University of Montreal, Montreal, Quebec 

Received February 17, 1970 

The direction of ozone cleavage of selected unsymmetrical olefins RlR2C=CR3R4 to give (a) 
RlR2C0 + R3R4CCOO- and (b) RIR,CCOO- + R3R4C0 has been measured, with particular 
emphasis on the mode of participation of alkyl substituents in distributing the reaction paths a and b. 
The interpretation, in terms of substituent effects in stabilizing potential zwitterionic carbo-cations 
in the transition states corresponding to paths a and b, considers (i) the "hyperconjugative stabilization" 
of positive sites, where the stabilizing abilities of the substituents are in the order CH, > C2H5 > 
i-C3H7 > tert-C4H9, and (ii) the participation of inductive effects. The latter appear to be particularly 
important when the substituents on the two C atoms of the primary ozonide act in the same direction 
in favoring its electrocyclic cleavage. In the ozonolysis of monosubstituted ethylenes the inductive 
effects are predominant, i.e. the R-C+HOO- formation is favored by the R groups in the order 
tert-C4H9 > i-C3H7 > C2H: > .CH3, whereas in trans- and cis-l,2-disubstituted ethylenes "hyper- 
conjugation" governs the dlrectlon of cleavage. The cleavage of selected 1,l-disubstituted, tri-, and 
tetrasubstituted ethylenes is also studied. 

Canadian Journal o f  Chemistry, 48,3002 (1970) 

The primary ozonides 1 resulting from the 
1,3-dipolar cyclo-addition (1) of ozone on a 
carbon-carbon double bond have been the object 
of recent studies, both experimental (2-5) and 
theoretical (6, 7). 

Their occurrence in the course of ozonolysis 
reactions (2,4), their structure (1) (4, 5), and 
their conformations (6,7) have been investigated. 
The (LCAO-MO) linear combination of atomic 
orbitals and molecular orbitals conformational 
analysis of a series of primary ozonides (7) con- 
firmed the particularly unstable nature of cis 
primary ozonides bearing a tert-butyl substituent, 
However, even in the most favorable cases, as 
with the primary ozonide of trans-di-tert-butyl- 
ethylene, the intermediates 1 are extremely un- 
stable;' the trans-di-tert-butylethylene primary 

'Abstracted from the Ph.D. Thesis of J. Renard, 
Universite de Montreal, Montrkal, Quebec, 1969. 

'The lower thermal stability of the 1,2,3-trioxolanes, as 
compared to their aliphatic O3 analogs R,COOOCR, is 
attributed to ( i )  the prevention of the normal skew con- 
formation of the -0-0-0- chain by the constraint 
of the five-membered ring, and (ii) the assistance to its 
decomposition from concerted cleavage of the central 
C-C bond (8). 

ozonide decomposes in an explosive way when 
"heated" up to -60" (2). For the primary 
ozonide of 3-hexene, Greenwood's kinetic study 
of its decomposition at - 100 "C indicated the 
reaction to be of first order (9). 

According to Criegee's mechanism of ozonol- 
ysis (lo), which is well supported by a great 
number of experimental verifications (1 l), the 
primary ozonides cleave into zwitterion and 
carbonyl compound. The proportions of the two 
possible ways of cleavage (a and b) have been the 
object of recent studies (Scheme 1). 

Transition states corresponding to the two 
possible ways of cleavage have been considered 
(12). These transition states could approach 
structure 2 corresponding to the cleavage follow- 
ing path a, and similar ones for path b. The 
participation of zwitterion structures 3 and 4 has 
been the object of recent discussions (6, 13, 14), 
but 5 has been rejected (15). 

Because of the complexity of the reactions 
occurring in ozonolyses in inert solvents (CCl,, 
hexane, for example), the cleavage of the primary 
ozonides of unsymmetrical olefins is studied 
adequately in the presence of a participating 
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FLISZAR AND RENARD: OZONOLYSIS REACTION. XIV 

solvent, e.g. methanol or ethanol. In the presence 
of alcohol, the ozonolysis yields only four prod- 
ucts which are well defined, i.e. two carbonyl 
compounds and two alkoxyhydroperoxides 
R,CH(OR)OOH and R,CH(OR)OOH, the lat- 
ter resulting from the attack of the alcohol ROH 
on the zwitterions. It has been shown, in all cases 
studied, that in the presence of enough methanol 
(or ethanol) the zwitterions are quantitatively 
trapped to give the corresponding alkoxyhydro- 
peroxides (16, 17).3 It has been also shown that 
the ozonolysis of 1 mole of olefin, in the presence 
of excess alcohol, results in the production of a 
total of 1 mole of the mixture of carbonyl com- 
pounds. This is in complete agreement with the 
stoichiometry of Criegee's mechanism (Scheme 1) 
(12, 16, 18). 

Bailey's determinations (19) of the direction of 
cleavage of 1-substituted 1,2-dibenzoylethylenes, 
made by isolation of the ozonolysis products in 
the presence of methanol, have indicated that the 
inductive, rather than the resonance effects, play 
a role in distributing the proportions of cleavage. 
Similarly, Keaveney et al. (20) have measured the 
proportions of cleavage of styrene, propenyl- 
benzene, and 2-methyl-propenylbenzene by isola- 
tion of the reaction products. The results 
indicated the predominant role of the inductive 
effect and a minor participation of resonance 

3P. Kolsaker and P. S. Bailey (38) have shown that 
methoxyhydroperoxides react with aldehydes in Baeyer- 
Villiger fashion when the reaction mixtures are allowed 
to stand for several days at room temperature, and are 
then heated to reflux until the peroxide is decomposed. 
It is important, therefore, to analyze for aldehyde im- 
mediately after completion of the ozonolysis. However, 
control analyses performed 2 h after the ozonolysis did 
not indicate any appreciable change in the aldehyde 
content. It is concluded that no reaction between aldehyde 
and methoxyhydroperoxide occurs under our experi- 
mental conditions. 

stabilization by the phenyl ring. The merits of 
direct isolation experiments are obvious. The 
disadvantage is clear, however, when the relative 
unstability of the hydroperoxides4 is considered. 
Hence, only a poor precision can be obtained in 
using isolation techniques. Precision has been 
considerably improved by the use of non-destruc- 
tive analytical methods for determining the 
amounts of reaction products, and because of 
this detailed studies on the factors governing the 
distribution of the paths of cleavage became 
possible (12, 16, 18,22). 

PI 1% [xl(l - 4 1  = 

-(AGO,R* - AG0,b*)/2.3RT + (PR - pblo 

Equation [2], which is derived from eq. [ I . ]  by 
standard methods (16a, 18, 23), was found to 
satisfactorily describe the proportions of ozone 
cleavage of a series of ring- and P-substituted 

4Razumovskii and Yurief (21) have taken advantage of 
the thermal instability of a-methoxyhydroperoxides; the 
direction of cleavageof some primary ozonides, including 
that of styrene, were determined by v.p.c. analyses of the 
thermal decon~position products of the methoxyhydro- 
peroxides formed in methanolic ozonolyses. A study of 
the v.p.c. behavior of phenyl-methoxyhydroperoxide by 
means of a UCW 98 colun~n at  different temperatures 
indicates, however, that the production of the main de- 
con~position product, the methyl benzoate, is neither 
quantitative nor very reproducible. These observations 
agree thus with the findings of Keaveney et nl. (20) who 
reported five minor decomposition products, in addition 
to the ester, for the decomposition of phenyl-methoxy- 
hydroperoxide. The work of Spencer et al. (39) also 
indicates that the ester production by thermal deconl- 
position of cc-methoxyhydroperoxides obtained by 
ozonation of unsaturated fatty acids is far from being 
quantitative. It is considered, therefore, that the method 
used by Razumovskii and Yurief is not very reliable, or 
accurate. 
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styrenes into (a) RC,H,CHO + R,C+HOO- 
and (b) RC,H,C+HOO- + R,CHO. The pro- 
portion of cleavage following path a (with a rate 
constant k,) is indicated by x, and, consequently, 
1 - x is the proportion of cleavage following 
path b, with a rate constant k,. AGO* and AGb* 
represent the Gibbs activation energies accom- 
panying the formation of the transition states 
corresponding to paths a and b, respectively, and 

and AGO,,* the corresponding quantities 
for the compounds bearing no substituent in the 
phenyl ring; p and o are Hammett's reaction and 
substituent constants. 

In the study of ring- and P-substituted styrenes 
(16, 18), an interpretation of the Hammett rela- 
tionship, eq. [2], and of the behavior of the P 
substituents in terms of transition states concludes 
that the zwitterion which is formed preferentially 
is the one whose environment is better able to 
stabilize the positive charge by increasing the 
electron density in the vicinity of the potential 
zwitterionic carbo-cation (in the transition state) 
via inductive and mesomeric effects. The relative 
efficiencies of the p substituents in stabilizing 
zwitterions can be placed in the order COCH, > 
CH, > COOH > Ph > H > CH20H > 
COOCH,. The behavior of the groups COCH, 
and COOH which tend to stabilize the zwitterions 
RpC+HOO- despite the fact that they are 
electron-withdrawing groups is explained by 
resonance stabilization (1 8). 

Similar results are also obtained in the study 
(12) of the cleavage of the primary ozonides of a 
series of trans-1,2-disubstituted ethylenes 
R,CH=CHR,. The proportions of the two ways 
of cleavage to yield (a) R,CHO + R,C+HOO- 
and (b) R,C+HOO- + RpCHO obey eq. [3], 
which is derived from eq. [I], where x is the 

131 log [xl(l - 4 1  = 

[AG~*(cI )  - AGR"(P)]/2.3~T 

proportion of cleavage following path a, and 
AAG" = - AGR*(a) + AGR*(P), the Gibbs acti- 
vation energy difference between transition states 
of paths a and b. This equation enables the 
proportions of cleavage (x) following path a to be 
calculated from a table of values for the group 
contributions AGR* [AG,*(cl) for R, and 
AG,*(P) for Rp] which, in most cases, are 
constant for each group, irrespective of the sub- 
stituent on the other ethylenic carbon atom. The 
relative efficiencies of the groups (indicated by 

their AGR* values) in stabilizing zwitterions are 
in the order5 COCH, (- 0.34) > CH, (-0.28) > 
COOH (- 0.1 8) > H (0.00) > 0 C H 3  (0.12) > 
CN (0.23) > CH20H (0.44) > CH21 (0.59) > 
0-CO-CH3 (0.68) > COOCH, (0.74) > 
CH2Br (0.82) > CH2C1 (0.95) > CH2CN (1.07). 
For the phenyl group, however, no constant 
group contribution AGR* is observed. 

The object of the present paper is to offer a 
geileralization of the rationale which can prove 
helpful in predicting the direction of cleavage of 
a variety of mono-, di-, tri-, and tetra-substituted 
ethylenes by ozone, with particular emphasis on 
the study of the methyl, ethyl, n-propyl, i-propyl, 
and tert-butyl groups. The general approach is 
that of the stabilization of carbonium ions. The 
dependence of the distribution of the reaction 
paths on olefin geometry is also investigated, as 
are the temperature and solvent effects. 

Temperature and Solvent Effects 

The invariance of the direction of cleavage 
with temperature has been demonstrated (1 8) for 
styrene and p-chlorostyrene at 15, 25, and 35 "C 
and, for cinnamyl alcohol and anethole, at tem- 
peratures ranging from 0 to 35 "C. These rela- 
tively high temperatures were chosen because, 
owing to the extreme instability of the primary 
ozonides, it was considered that the participation 
of any possible side reaction (e.g. the reaction of 
alcohol or aldehyde with the primary ozonide) 
should be negligible, compared to the contribu- 
tion of the unimolecular decomposition of the 
primary ozonide to give zwitterion and carbonyl 
compound. However, subsequent low tempera- 
ture determinations of the proportions of cleavage 
of crotonic acid, 2-propen-1-01, cyanoethylene, 
2-buten-1-01, and 1-chloro-2-butene indicated no 
significant change on varying the temperature of 
ozonolysis between - 78 and 25 "C (12). Table 1 
indicates the results obtained with styrene, 
trans-P-methylstyrene, trans-2-methyl-3-hexene, 
and cis-2,2-dimethyl-3-hexene at temperatures 
ranging from - 78 to 25 "C. 

According to these results, there is only a 

5These AG,* values are indicated in kcal/mole, a t  
25 "C. The use of eq. [3] is illustrated by the following 
example. Let x be the proportion of CH,CHO + 
HOCHZC+HOO- formed in the ozonolysis of CH3- 
CH=CH-CHzOH. Insertion of the appropriate AG,* 
values in eq. [3] gives: log [x/(l - x)] = (-0.28 - 
0.44)/1.363 and, hence, x = 0.229 [experimental 0.230 f 
0.005 (12)l. 
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FLISZAR AND RENARD: OZONOLYSIS REACTION. XIV 

TABLE 1 
Temperature dependence of the direction of cleavage of selected unsymmetrical olefins, 

in methanol 

% Zwitterion formed* at  temperatures ("C): 
Zwitterion 

Olefin considered 25 - 15 - 78 

'Referred to the olefin consumed. The results are indicated with a 95% confidence limit. The analytical 
methods used for determining the directions of cleavage are indicated in Table 8. 

minor, if any, temperature effect on the direction 
of cleavage, except for the cis-2,2-dimethyl-3- 
h e ~ e n e , ~  the only olefin, at present, for which a 
significant temperature effect on the direction of 
cleavage has been observed. Hence, from a con- 
sideration of the more general case for which the 
proportions of the two ways of cleavage are 
invariant with temperature, it follows from eq. [l  ] 
that ~(AAG*/T)/~T = 0 and, consequently, that 
AAH* = AH,* - AHb* = 0. Equation [[I can 
thus be written as shown where AAS* (=AS,* - 

[4] log [x/(l - x ) ]  = AAS*/2.3R 

ASb*) is the activation entropy difference between 
transition states corresponding to the paths of 
cleavage a and b. It appears, therefore, that the 
entropy factors, which may be related to the 
vibrational states of the transition states, pri- 
marily govern the direction of cleavage of the 
primary ozonides. In the case of cis-2,2-dimethyl- 
3-hexene, the AAH* = AAG* + TAAS* value 
can be estimated by using eq. [5]. By taking into 
consideration the uncertainties due to experi- 
mental errors, it is estimated that AAH* 5 0.2 
kcal/mole. 

[51 log [XI(] - x)iT, - log [x/(l - x)iT2 = 

AAH*(Tl - T2)/2.3RTlT2 

The effect of solvent in directing the propor- 

6This olefin differs from the others in that its primary 
ozonide does not appear to possess a "stable" con- 
formation; the attempt to assume a stable form is 
accompanied by the cleavage of the "primary ozonide" 
(7). 

tions of cleavage has been investigated for the 
same four olefins. Methanol (3.0 M)  solutions in 
carbon tetrachloride, ethyl acetate, n-hexane, and 
ether were used, as well as pure methanol and 
ethanol. The directions of cleavage were deter- 
mined by nuclear magnetic resonance spectros- 
copy on 0.1 M olefin solutions, which were 
ozonized with about 75% of the theoretical 
amount of ozone, at 25 "C (Table 2). 

These results clearly indicate that the direction 
of cleavage of primary ozonides is not affected by 
the solvent or by the alcohol which is used to 
auench the zwitterions. 

Theoretical Considerations 
The principal theoretical arguments which will 

be used in the discussion of the experimental 
results are summarized as follows. Since external 
factors, such as temperature of ozonolysis and 
solvent, do not affect the distribution of the two 
ways of cleavage, only substituent effects in 
directing the cleavage need to be considered. The 
heat of decomposition of the primary ozonide of 
trans-l,2-di-tert-butylethylene, as determined by 
calorimetric methods (2), is close to 40 kcal/mole. 
The cleavage of the primary ozonides is thus very 
exothermic. According to Hammond's postulate 
(24), for highly exothermic reactions the transi- 
tion states are expected to possess structures 
close to that of the initial state (primary ozonide); 
there should be no regular tendency for the most 
stable products to be formed most rapidly in 
competitive reactions. The possible structures of 
the transition state 2 mentioned above closely 
resemble the initial state, the primary ozonide 1. 
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TABLE 2 

Direction of cleavage of selected unsymmetrical olefins in different solvents, at 25 "C 
- ---- 

- 

% Zwitterion formed* in: 

Zwitterion 
Olefin considered 

CC14 CH3COOEt n-C6H14 E t 2 0  
MeOH MeOH MeOH MeOH 
(3 M )  (3 M )  (3 M )  (3 M) MeOH EtOH 

-- 

*Referred to the amount of olefin used. The results are indicated with a 95% confidcnce limit. 

It is considered that the proportions of the two 
ways of cleavage are governed by the relative 
stability of the corresponding transition states. 
The "hyperconjugative stabilization" and the 
dynamic (inductive) effects which participate in 
the formation of the transition states (or during 
the cleavage) are discussed in separate sections, 
for convenience. The resonance stabilization 
which, in some cases, may play an important role, 
a s  in  t h e  f o r m a t i o n  of t he  zwi t t e r ions  
R-C+HOO- with R = COCH, and COOH 
(18), will not be discussed further in the present 
paper, although it may be invoked occasionally. 
Attention will be focussed mainly on the behavior 
of aliphatic substituents such as the methyl, ethyl, 
n-propyl, i-propyl, and tert-butyl groups, for 
which effects other than resonance become im- 
portant. 

The arguments which will be used in the 
following section concern (i) the "hypercon- 
jugative" relative stability of transition states 
corresponding to paths a and b, (ii) the charge 
transfer during the cleavage (inductive effects), 
and (iii) steric effects. 

(i) Relative "Hyperconjugative Stability" of 
the Transition States 

The transition states corresponding to paths a 
and b (Scheme I )  differ in the site of localization 
of the partial positive charge on one carbon atom 
in preference to the other in the 1,2,3-trioxolane 
ring. It is considered that the energies of the 
transition states are governed by the more or less 
efficient stabilization of the corresponding poten- 

tial zwitterionic carbo-cations by neighboring 
groups. 

The experimental results indicate that in some 
cases the formation of zwitterion is favored by 
substituents in the order CH, > C,H, > 
i-C,H, > tert-C,H9.' In line with the concepts 
which are commonly used, this order of stabil- 
izing ability is designated, in the following, by 
"hyperconjugative stabilization" although, in 
the final analysis, organic chemists seem to 
disagree on what hyperconjugation really is. In- 
deed, all shades of meaning have contributed to 
obscure this concept; the common interpretation 
of the Baker-Nathan effect (29, 30) in terms of 
net electron release in the order CH, > . . . > 
iert-C,H, and the conclusion (31) that "hyper- 
conjugation of C-~H bonds provides the most 
consistent and satisfactory explanation" has been 
seriously questioned (27, 32, 33). Hoffmann (34), 
in his study on the relative stabilities of alkyl 
carbonium ions, has pointed out the weakness of 
the usual argument that electron donation toward 
-- 

'This order is the same as that observed in aromatic 
substitutions (e.g. bromation and benzoylation of R-Ph), 
in the solvolysis of R-Ph-CH2Br, R-Ph-CH(Ph)CI, 
R-CH=CH-CH2C1, as well as in some other reactions 
[Baker-Nathan effect (25)l. This effect is discussed in 
detail by Dewar (26) and has been interpreted in terms of 
(i) C-C or C-H hyperconjugation (25) or (ii) steric 
hindrance in the solvolysis (27). Dewar (26) considers 
that "there is in any case no reason for believing that 
hyperconjugation could account for the Baker-Nathan 
effect even if it were significant". Recent work (28) on the 
relative stabilities of trialkylcyclopropenyl cations also 
indicates that the relative ability of substituents to stabilize 
a cyclopropenyl cation is given by the order methyl > 
ethyl > i-propyl > iert-butyl. 
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a positive site is the effect that explains the 
relative stabilities of carbonium ions. 

There is, however, one point which may be 
noteworthy: the net negative charge which is 
carried by a C atom is the greater the more H 
atoms are attached to it. Thus C in methyl carries 
a significantly higher negative charge than the 
central C atom in the tert-butyl group. Because of 
this, whichever the interpretation is that can be 
derived from this observation, it is equivalent to 
say that a zwitterionic carbo-cation is favored in a 
situation where the neighboring atoms are 
electron-richer or to say that zwitterions are 
favored by alkyl groups in the hyperconjugative 
order. The order of stability of carbonium ions 
also indicates that stability is the greater, the 
electron-richer are the neighboring atoms (34). 

This is possibly a convenient way to look at 
hyperconjugation. However, any discussion of 
the nature of the hyperconjugative effect is beyond 
the scope of the present work. This concept is 
thus used in the following discussion of ozonol- 
vsis results with all the tacit reservations which 
may seem appropriate.8 
(ii) Charge Transfer During the Cleavage. 

Inductive Efects 
The cleavage of the primary ozonides 1 (viz. 

the transition states 2) is believed to take place 
via an electron circulation, as indicated below. 
This dynamic effect which occurs in the trans- 
formation of the transition states to give the 
products zwitterion RC'OO- and carbony] 

I 
compound is favored by electron releasing 
substituents R (inductive effect). The direction 
and amplitude of this electron circulation are 
related tb the charge distribution in the transition 
state. The present considerations imply that 
electroneutrality is a good thing, i.e. the more the 
negative charge that can be donated to the 
positive site, the more the formation of the 
corresponding zwitterion is favored by its sta- 
bilization in the reacting transition state. 

8A more detailed discussion of the hyperconjugative 
effect in correlation with charge distributions IS con- 
sidered in a forthcoming paper. 

Clearly, as far as the participation of inductive 
effects of the substituents in distributing the 
reaction paths is concerned, the order operating 
in favoring the zwitterion formation is the usual 
one, i.e. tert-C,H, > i-C3H, > C2H5 > 
CH, > H. 
(iii) Steric Efects 

The cleavage of the primary ozonides is 
assumed to take place via a unimolecular pro- 
cess; this has been shown recently by Greenwood 
(9) in his kinetic study of the decomposition of 
3-hexene primary ozonide. Hence, inhibition of 
either one of the two possible ways of cleavage by 
steric hindrance (as occurring in plurimolecular 
reactions) need not be considered. However, 
during the cleavage, a rehybridization of the 
carbon atoms of the 1,2,3-trioxolane ring from 
sp3 to sp2 takes place. This change of hybridiza- 
tion results in a modification of the steric inter- 
actions between the substituents. This change is 
the same for both carbon atoms in the transition 
state corresponding to path a. The same applies 
to path b. Hence, the steric effects which can be 
expected from the change in hybridization are the 
same for both reaction paths and are thus not 
likely to participate in distributing the propor- 
tions of cleavage. 

The stereochemical dependence of the distribu- 
tion of the reaction paths on olefin geometry is 
considered in the discussion of the experimental 
results obtained with cis-1,2-disubstituted 
ethylenes. 

Results and Discussion 
The experimental results are discussed in the 

following section by grouping the cases according 
to the parent olefins, i.e. (i) monosubstituted 
ethylenes, (ii) trans-1,Zdisubstituted ethylenes, 
(iii) cis-1,2-disubstituted ethylenes, and (iv) 
1 ,1-disubstituted-, tri-, and tetrasubstituted ethyl- 
enes. 

(i) Monosubstituted Ethylenes 
The electronic effects which participate in 

directing the cleavage of primary ozonides are 
revealed by the results obtained with aliphatic 
monosubstituted ethylenes (Table 3). 

These results can be interpreted as follows, in 
terms of aTaft linear free energy relationship (35). 
For the olefins RCH=CH2 listed in Table 3, 
let x be the proportion of cleavage giving 
RCHO + HC'HOO- with the rate constant k,, 
and 1 - x the proportion of cleavage giving 
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TABLE 3 
Direction of ozone cleavage of monosubstituted ethylenes 

Proportion of zwitterion 
Olefin (1 - x )  

CH2C1-C+ H 0 0 - *  
CH2Br-C + HOO - * 
CHzI-C+HOO-* 
CH3-C+ HOO- 
C2H5--C+ HOO- 
n-C3H7-C+HOO- 
i-C3H7-C+HOO- 
t-C4H,-C+ HOO - 

(-++Hoe- 
'Results extracted from ref. 12. The results are indicated with a 95% con- 

fidence limit. 

RC'HOO- + HCHO with the rate constant k,. 
Equation [6] then follows if both reactions are 

[6 1 x/(l - X) = ka/kb 

of the same order, which is reasonable to assume. 
The dependence of the rate constants k on the 
substituents is given by the Taft relationship, 
eq. [7], where k = k, for R = CH, (i.e. u *  = 0). 

[7 I log k = log k, + p*u* 

The substituent constant u *  depends on R, 
irrespective of the direction of cleavage, but since 
two distinct reaction paths are considered, a 
distinct reaction constant p'$ is associated with 
each path, i.e. pa* with path a and p,* with path 
6. Hence, the corresponding rate constants are 
given by eqs. [8] and [9]. 

[8 1 log k, = log k,,, + pax:u * 
[91 log k, = 

The final eq. [lo] 
PI,  and PI .  

log k,,, + p,*u" 

is obtained from eqs. [6], 

[lo] log [x/(l - x)] = 

log (ko,,/ko,b) + (pas - pb")u* 

The comparison of eq. [lo] with the expeli- 
mental results is illustrated in Fig. 1. It is noted 
that with respect to R = H (for which x = 0.5, 
because the cleavage of ethylene primary ozonide 
is necessarily symmetrical) the electron releasing 
substituents favor the formation of RC'HOO- 
since x (i.e. the proportion of RCHO formation) 
is less than 0.5, whereas the electron-withdrawing 
groups (with respect to H) behave in the opposite 
way (i.e. x > 0.5). 

FIG. 1. Verification of ecl. [lo] for the ozone cleavage 
of mono-substituted ethylenes: log [x/(l - x)] vs. Taft's 
polar substituent constants o*. The experimental points 
are in the order tert-C4H, (o* = -0.3), i-C3H7, x-C3H7, 
CzH5, CH3 (CS* = 0.0), H, CHJ, CH2Br, CH2CI. 

The results indicate that the formation of the 
zwitterion is favored by the substituents R in the 
ordertert-butyl > i-propyl > ethyl > methyl > H, 
i.e. in the order of increasing inductive effect. 
Hence, assuming that electroneutrality is favor- 
able to zwitterion formation (as indicated by 
previous studies (16a, 18) on ring-substituted 
styrenes), the present results show that the 
inductive effects, rather than hyperconjugative 
stabilization, govern the distribution of the 
reaction paths. This is also indicated by the 
comparison of the results obtained with R = 
CH,I, CH,Br, and CH,Cl; the more R is 
electron-withdrawing, the greater the proportion 
(x) of RCHO which is produced, i.e. the less the 
proportion of zwitterion RC'HOO-. 

This predominant participation of inductive 
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effects can be visualized as follows. In Taft's 
scale of polar substituent constants o*, the alkyl 
substituents are described as electron-releasing 
groups with respect to H, which behaves like an 
electron attractor [o*(H) = + 0.4901. Hence, 
the effects due to R and H (which are attached to 
different C atoms of the ring 1) are codirectional 
in promoting the electron circulation which 
resu l t s  in t he  preferen t ia l  f o rma t ion  of 
RC'HOO-. These combined effects of R and H 
can be represented as follows, for the preferential 
cleavage. 

As discussed in the preceding section, the 
alkyl groups are placed in reverse order when 
their hyperconjugative stabilization abilities are 
compared to their inductive effects. In the tert- 
butyl group, for example, when compared to 
methyl, the gain in inductive effect is attenuated 
by the loss in hyperconjugative stabilizing ability. 
This results in lowering the tert-C,HgC'HOO- 
formation, hence in an increase of the x value. A 
consideration of this mutual partial compensa- 
tion of the effects may thus explain the relatively 
low value of the slope which is calculated by 
inserting the experimental values in eq. [lo], i.e., 
pa* - pb * z 0.43. 

If this interpretation is valid, the following 
behavior is to be expected for the halogenated 
alkyl groups. The inductive effects clearly indicate 
that the CH,C1 group is the less favorable one 
from the point of view of zwitterion formation 
[o* = 1.05 (CH,Cl), 1 .OO (CH,Br), 0.85 (CH,I)]. 
On the other hand, the electronegativity of the 
halogens increases in the order I, Br, C1, and the 
negative charge on the C atom of the group is 
therefore expected to decrease as electronega- 
tivity of the halogen increases. Hence, the 
negative charge on the C atom of the substituent 
decreases in the order CH,I > CH,Br > CH,Cl. 
If the correlation is correct that the hypercon- 
jugative stabilizing ability is greater, the more the 
negative charge is carried by the central C atom, 
the lowest stabilizing ability is expected for 
CH,Cl. The hyperconjugative and inductive 
effects thus operate in the same direction and any 
destabilization due to inductive effects is also 

enhanced by the concurrent decrease in hyper- 
conjugative stabilization. From a consideration 
of these effects, a steeper slope of log [x/(l - x)] 
us. o *  is expected for the halogenated alkyl 
groups than for the unsubstituted alkyl groups 
discussed previously. This is indeed observed 
(see Fig. l), and the value pa* - pb* = 1.2 is 
calculated, by means of eq. [lo], from the experi- 
mental results obtained with R = CH,-halo- 
gen. 

It is concluded, for mono-substituted ethylenes, 
that both inductive and hyperconjugative stab- 
ilization of carbonium ions participate in distri- 
buting the reaction paths; the inductive effect is, 
however, predominant. The inductive and hyper- 
conjugative effects are opposite in order for the 
electron-releasing substituents tert-butyl, 
i-propyl, ethyl, and methyl, which results in a low 
value for pa * - pb * ( ~ 0 . 4 3 ) ;  whereas these 
effects are concurrent for the CH,-halogen 
groups, which results in a steeper slope 
(pa* - pb* = 1.2). 

It must be borne in mind, however, that in any 
discussion of inductive and hyperconjugative 
effects in connection with eq. [lo], such groups 
(e.g. COCH,, COOH) (18) which may offer 
resonance stabilization of the positive site should 
not be included. Styrene is a typical example 
(16a, 18). In Taft's scale of polar constants o*, 
the phenyl group has an electron-withdrawing 
effect estimated at 0.600 with respect to the 
methyl group; and H, a similar effect estimated at 
0.490. From a consideration of inductive effects 
only, the preferential formation of the zwitterion 
HC'HOO- should therefore be expected in the 
cleavage of styrene.g This is in variance with the 
experiments which show that this cleavage pro- 
ceeds with the formation of 59% of PhC'HOO- 
and, consequently, 41% of HC'HOO- (16a). 
Hence, in the ozonolysis of styrene, the inductive 
effects do not seem to play the predominant role; 
the phenyl group appears to stabilize the zwit- 

gRazumovskii et a/. (21) held the point of view 
that the inductive effects govern primarily the ozone 
cleavage of styrene. Their determination of the direction 
of cleavage, which would support this view, is, however, 
in error (45% of PhCCHOO- formation, instead of 
59%). Criticisms of the analytical method used have 
been i n d i ~ a t e d . ~  As shown in the Experimental section 
(Table 8), five different analytical methods have been used 
In the present work for determining the dlrect~on of 
cleavage of styrene, all of which give the same result. The 
latter is also confirmed by Keaveney's isolation experi- 
ments (20). 
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TABLE 4 
Direction of cleavage (x) of the primary ozonides of selected 

trans-l,2-disubstituted ethylenes 

R1 R2 Proportion of zwitterion 

CH3 i-C3H7 0.71 kO.01 
CH3 t-C4H9 0.88k0.01 
CH3 Phenyl 0.82k0.01 
CH, D-MeO-~henvl 0.68+0.01 

terionic positive charge (in the transition state) 
via a mesomeric effect, with the participation of 
its .n electron-system and, possibly, also via an 
electromeric effect during the cleavage (16a, 20). 
The importance of these effects is increased by 
electron-releasing substituents in the phenyl ring, 
as  indicated by the experiments. For ring- 
substituted styrenes, the results are suitably 
described by the Hammett relationship, eq. [2] 
(16a, 18). 

(ii) trans-1,2-Disubstituted Ethylenes 
Two series of trans-olefins R,CH=CHR,have 

been investigated: (i) with R, = CH, and 
R, = C2H5, n-C,H7, i-C3H7, tert-C4Hg, phenyl, 
and p-methoxyphenyl, and (ii) with R, = C2H5 
and R, = i-C3H7 and tert-C4Hg. The quantity x 
is defined as the proportion of cleavage giving 
R,CH(OCH,)OOH + R,CHO. The experi- 
mental results are given in Table 4, with a 
confidence limit of 95%. 

A correlation of these experimental values with 
Taft's polar substituent constants o *  is attempted 
in Fig. 2. For the first series (R, = CH,), 
2-butene is chosen as reference compound, and 
2-pentene for the second series, with R,  = C2H5. 

Figure 2 clearly indicates that the linear corre- 
lation which is anticipated by eq. [lo] is not 
observed. In addition, the results also indicate 
that the methyl group is a better stabilizing agent 
than, say, tert-butyl; the 4,4-dimethyl-2-pentene 
is found to cleave with the formation of 88% of 
CH3C+HOO- and only 12% of tert-C4HgC+- 
HOO-. Clearly, an inspection of the results in 
Table 4 reveals that the substituents favor the 
formation of the corresponding zwitterion in the 
order CH, > C2H5 > n-C3H7 > i-C3H7 > tert- 
C4Hg, i.e. in the order expected from a con- 
sideration of the hyperconjugative stabilization 

6. 
FIG. 2. A comparison of log [x/(l - x)] with Taft's 

constants o* for trata-l,2-disubstituted ethylenes. 
R1 = CHB (1); R1 = CzHs (2). 

of positive sites. This effect thus seems to play 
the predominant role in directing the reaction 
paths. 

For the dialkyl-substituted trans-ethylenes 
under consideration, the difference in electron 
releasing ability of the two groups is relatively 
small and ranges between the extremes of 
a*(CH3) = 0 and ~"'(tert-C,Hg) = -0.300. In 
addition, the electroncirculation whichisinitiated 
by the inductive effects is opposite in direction 
for each substituent. This tends, therefore, to 
compensate (at least in part) the global effect due 
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to inductive properties of the substituents. In that, 
the trans-1,2-disubstituted ethylenes differ from 
the monosubstituted ethylenes, since, for the 
latter, the effects of R and H are codirectional, 
with o* ranging from -0.300 (tert-butyl) to 
o*(H) = 0.490. 

The present results can thus be interpreted by 
considering that the inductive effects cancel each 
other, at least to an important extent, and that the 
contribution of the hyperconjugative stabiliza- 
tion of the positive sites in their respective 
transition states becomes therefore important. 
Since these are effects other than those described 
by Taft's o* constants, a linear relationship [lo] 
is not to be expected. The order exhibited by the 
groups in stabilizing ability, which is the reverse 
of Taft's order, is readily understood in terms of 
hyperconjugative stabilization; the zwitterion 
which is formed preferentially is the one whose 
environment is electron-richer. 

In the case of the trans-1-phenylpropene, the 
inductive effects of the phenyl and the methyl 
groups are in the same direction (l8,20) and, thus, 
strongly favor the formation of the zwitterion 
CH3Cf HOOP. The resonance stabilization by 
the phenyl group and the electromeric effect 
operate in the same direction, and are increased 
by electron-releasing substituents on the phenyl 
ring. These points have been discussed in detail 
for a number of substituted phenylethylenes 
R-C,H,-CH=CH-R', and it wasshown that 
the Hammett eq. [2] satisfactorily describes the 
experimental results (1 8). 

(iii) cis- 1,2-Disubstituted Ethylenes 
The discussion of the results obtained with 

cis-olefins is attempted in the following section in 
terms of hyperconjugative and inductive effects, 
in a way similar to that considered for the trans 
isomers. For the trans-olefins it was considered 
that the inductive effects of the substituents in 
positions 1 and 2 cancel each other to a certain 
extent when the expected individual effects are 
similar, but no details have been given about the 
mode of this mutual partial compensation. Either 
it can be thought that each substituent favors 
individually the incipient carbonium ion to which 
it is attached and that the partial cancellation 
results because both substituents behave in a 
similar way or else, it may be assumed that each 
one of the substituents prevents the other from 

manifesting its inductive ability, i.e. from re- 
leasing electrons during the electrocyclic cleavage 
so as to favor the formation of the zwitterion to 
which it belongs. 

Any attempt to discriminate between these two 
possibilities would be, at this stage, highly specu- 
lative. The interest of this point is, however, 
revealed by the question: how do opposite 
inductive effects in the 1,2,3-trioxolane ring com- 
pensate each other in cis primary ozonides, as 
compared to their trans isomers? 

Because of the difficulty of giving a priori 
arguments to this question, the experimental 
results (Table 5) shall be examined and discussed. 

An inspection of these results reveals that, with 
the exception of the olefins containing the tert- 
butyl group, the formation of the CH3Cf HOO- 
zwitterion is favored with respect to the zwitter- 
ions C2H5CfHOO-, n-C,H7Cf HOO-, and 
i-C3H7Cf HOO-. In addition, the production of 
the methyl-zwitterion increases when C2H5 is 
replaced by n-C3H7 or i-C,H7. Hence, these 
substituents are found to favor the formation of 
their corresponding zwitterions in the order 
CH, > C2H5 > n-C3H7 > i-C3H7, i.e. in the 
order corresponding to a predominant hyper- 
conjugative effect. A comparison of these results 
with those obtained with the corresponding trans 
isomers (Table 5) also indicates that the produc- 
tion of CH3Cf HOOP is lower in the cis than in 
the trans cases. 

In the cleavage of cis primary ozonides it 
would therefore appear (i) that the inductive 
effects of R,  and R2 cancel each other to a certain 
extent, leaving thus the hyperconjugative stabili- 
zation to be the predominant factor in directing 
the cleavage, and (ii) that this mutual partial 
cancellation of inductive effects is somewhat 
reduced in cis primary ozonides, with respect to 
their trans isomers. 

For the smaller alkyl groups, up to i-C3H7, the 

TABLE 5 

Direction of ozone cleavage of selected 
cis-l,2-disubstituted ethylenes 

R I  R, Proportion of zwitterion 
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general trends are thus similar in cis and trans 
primary ozonides. When R, is tert-butyl, how- 
ever, the trend is reversed in cis primary ozonides 
since the tert-butyl group, rather than methyl or 
ethyl, appears to favor the formation of the 
corresponding zwitterion (Table 5). This result is 
not unexpected, for the following reasons. 

Throughout the present work, the assumption 
is that the transition states resemble the initial 
state, i.e. the primary ozonide, when the latter is 
in its most stable conformation. Recent LCAO- 
EHMO calculations (7) indicate clearly that cis 
primary ozonides bearing a tert-butyl group do 
not appear to possess such a "stable" conforma- 
tion; it would rather appear that the attempt to 
assume a stable form is accompanied by the 
cleavage of the "primary ozonide". These con- 
clusions are drawn on the basis of (i) conforma- 
tional analyses, (ii) unusual gross electron 
densities of the 1,2,3-trioxolane ring, and (iii) 
unusual Mulliken overlap populations for cis 
primary ozonides with a tert-butyl group. In 
addition, these conclusions agree with the experi- 
mental results of Durham and Greenwood (3) and 
Bailey and Thompson (4), which show that all 
trans primary ozonides, including that of 1,2-di- 
tert-butylethylene, can be observed, whereas only 
the cis primary ozonides bearing small substit- 
uents (e.g. those of 2-hexene and 2-pentene) can 
be observed. All attempts to observe the cis-1,2- 
di-tert-butylethylencprimary ozonide havefailed. 

Hence, in the absence of any stable form of the 
cis primary ozonides under consideration, no 
transition state can correspond to it; there is 
nothing but cleavage, once the ozone is added on 
the double bond. Consequently, the whole process 
being a continuous evolution toward cleavage, it 
is expected that the inductive effect, rather than 
hyperconjugative stabilization, largely predom- 
inates in distributing the reaction paths. This is 
indeed indicated by the results observed with 
cis-4,4-dimethyl-2-pentene and cis-2,2-dimethyl- 
3-hexene, in which cases the zwitterion tert- 
C,H,--C'HOO- is preferred (62-63%). 

There is still another point which merits atten- 
tion. In any comparison of trans primary ozonides 
with their cis isomers it must be borne in mind 
that trans primary ozonides possess axia1,axial or 
equatoria1,equatorial conformation, whereas cis 
primary ozonides possess axia1,equatorial con- 
formation. Consequently, no conformational 
effect will participate in distributing the propor- 

tions of cleavage in trans primary ozonides, 
whereas in the cis isomers such a contribution of 
conformational effect may participate, since the 
contribution of a substituent when in axial or in 
equatorial position is not necessarily the same. 

In a recent paper on the stereospecificity in 
ozonide and cross-ozonide formation, Bailey and 
co-workers (6) have offered several refinements 
to Criegee's theory of ozonolysis, involving the 
stereoselective decomposition of cis and trans 
primary ozonides to isomeric syn and anti 
zwitterions and the stereoselective recombination 
of these with aldehydes to give final ozonides. 
The stereochemical course of ozonide formation 
has been formulated into three general rules. 
Using the results reported in Table 5, it is now 
possible to discuss, in isolation, the Bailey-Bauld 
second rule, i.e. "an equatorial substituent is 
incorporated into a zwitterion moiety in prefer- 
ence to an axial substituent". The verification of 
this rule is made possible from the knowledge 
(i) of the substituent which prefers equatorial 
conformation, and (ii) of the proportion of cleav- 
age giving the zwitterion retaining the equatorial 
substituent. 

a/ 

Re, - C' HOO - -t RaxCHO 

The preferential conformations which were 
established previously (7) from a consideration of 
the minimized total electronic energies are in- 
dicated in Table 6. The energy E,,, refers to the 
configuration with the small substituent in axial 
position, and E,,, to the configuration with the 
bulky group in axial position. 

Inspection of these values reveals only a little 
difference between the two conformers of cis-2- 
pentene primary ozonide, slightly favoring the 
form having the ethyl group in equatorial posi- 
tion. Whilst in the primary ozonide of 2-hexene 
and 4-methyl-2-pentene the small methyl group 
prefers the equatorial position, the tert-butyl 
group directs the smaller substituent in axial 
position. 

The preferential incorporation of a substituent 
into a zwitterion moiety can now be deduced 
from Tables 5 and 6. With the primary ozonide of 
2-pentene, where both substituents exhibit little 
steric effects, and for which there appears to be a 
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TABLE 6 

Total electronic energies and preferential conformation of primary ozonides 
of selected cis olefins (7)* 

-Etas - Ecab -Ep,annr 
Equatorial 

Parent olefin (eV) substituent 

'The results apply to the half-chair conformation of the 1,2,3-trioxolane ring, which is more stable 
than the envelope or planar forms. 

small difference between the two conformers, a 
little less than 50% of zwitterion retaining the 
ethyl group is formed, although the equatorial 
position of the ethyl group seems to be slightly 
favored. However, in all the other cases, involving 
a substituent larger than the ethyl group, the 
comparison of the results in Tables 5 and 6 clearly 
indicates a significant preference for the equa- 
torial substituent in the primary ozonide to be 
retained in the zwitterion moiety. This can be 
considered as an experimental evidence for the 
Bailey-Bauld second rule, for primary ozonides 
possessing sufficiently large substituents. 

( iv)  1,l-Disubstituted, Trisubstituted, and 
Tetrasubstituted Ethylenes 

The results indicated in Table 7 can be inter- 
preted in terms of substituent effects in a way 
similar to that employed in the preceding 
sections. 

If it is assumed that identical substituents in 
relative trans configuration on the C atoms of the 
1,2,3-trioxolane ring mutually cancel their induc- 
tive abilities, similar directions of cleavage should 
be expected for the trimethylethylene and the 
propene primary ozonides. This is not the case, 
since 77 f 3% of (CH,),C+OO- is produced in 
the cleavage of trimethylethylene primary ozon- 
ide, and only 62 f 1% of CH,C+HOO- in the 
cleavage of propene. As indicated by Hoffmann's 
c~lculations (34), the secondary propyl-carbo- 
nium ion (CH,),CH+ is more stable than the 
ethyl-carbonium ion CH,CH,+. Hence the 

efficient stabilization of the positive site by the 
two gem methyl substituents (in the transition 
state) is capable of explaining the higher yield of 
(CH,),C+OO-, as compared to the production 
of CH,C+HOO- in the ozonolysis of propene. 

A consideration of the results obtained with 
the olefins having R, = R, = CH, and R, = 
CH,, C2H5, i-C,H,, or tert-C,H, also illustrates 
the participation of the hyperconjugative stabili- 
zation of the positive site in the transition state. 
It is seen from this comparison that the propor- 
tion of (CH,),C+OO- zwitterion increases with 
increasing bulk of the R, substituent. Again, this 
is attributed to a decrease in stabilizing ability of 
the site leading to R,C+HOO- by the R, groups, 
in the order methyl > ethyl > isopropyl > tert- 
butyl, which corresponds to the situation where 
the hyperconjugative stabilization is predom- 
inant. The situation is thus similar to that of the 
trans-1,2-disubstituted ethylenes. 

The high proportion (95 f 2%) of (CH,),C+- 
HOO- which is formed in the ozonolysis of 
2-methyl-1-phenylpropene can be attributed to 
the great difference in inductive effects between 
the two electron-releasing gem methyl groups and 
the electron-withdrawing phenyl group; these 
effects are codirectional and thus favor the 
electrocyclic cleavage giving the aliphatic zwitter- 
ion. As in the case of the trans-1-phenylpropene, 
the stabilization of the positive site in the transi- 
tion state by a mesomeric effect of the phenyl 
group does not compensate the inductive effect 
of the methyl group. 
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TABLE 7 

Direction of cleavage of selected primary ozonides of 1,l-disubstituted, trisubstituted, 
and tetrasubstituted ethylenes 

R1 Rz R3 R4 Proportion of zwitterion produced 

A comparison of the results observed with the 
cis and trans-3-methyl-2-pentene and with tri- 
methylethylene indicates that the replacement of 
a gem methyl group by ethyl favors the formation 
of R,R2CfOO-. This may be interpreted in 
terms of a participation of the inductive effect, 
which is more important for ethyl than methyl. 
As is shown in Table 7, this additional effect 
contributed by the ethyl group is more pro- 
nounced in the cis isomer, i.e. when ethyl and H 

are in relative trans configuration, than in trans-3- 
methyl-2-pentene, in which case the ethyl and the 
methyl groups are in trans position. This inter- 
pretation is, therefore, consistent with the one 
offered in the discussion of the cis-1,2-disubsti- 
tuted ethylenes, in terms of an apparently better 
transmission of inductive effects in trans systems 
than in the corresponding cis isomers. 

The high proportions of the ketonic zwitterions 
which are formed when R, and R2 are replaced 
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by a cyclopentyl or cyclohexyl group may also be 
attributed to the participation of the inductive 
effect. The corresponding 1,l-disubstituted ethyl- 
enes, i.e. methylidene cyclohexane and 2-methyl- 
1-pentene, give rise to even higher proportions of 
ketonic zwitterion, under the influence of the 
electron-withdrawing inductive effect of the two 
methine-H atoms, as in the monosubstituted 
ethylenes. 

The cleavage of the 2-methyl-3-phenyl-2- 
butene indicates that the methyl and phenyl 
groups in gem position have a global stabilizing 
ability which is only slightly lower than that 
exhibited by two gem methyl groups. The latter 
groups are excellent for their stabilizing property; 
this indicates that the phenyl group fully partici- 
pates by resonance stabilization in the ozone 
cleavage of this tetrasubstituted ethylene. The 
excellent stabilizing ability of the gem phenyl- 
methyl pair is further confirmed by the direction 
of cleavage of the 2-phenylpropene, in which 
93% of ketonic zwitterion is produced. 

However, the relatively low proportion of 
ketonic zwitterion which is produced in the 
cleavage of 1,l -diphenylethylene (67%) suggests 
that the two gem phenyl groups possibly do not 
participate fully in the resonance stabilization. 
Ultraviolet spectroscopy (36) and theoretical 
calculations (37) agree in representing the mole- 
cule of 1,l-diphenylethylene having the two 
benzene rings in planes which are inclined with 
respect to the plane of the double bond. The 
resonance stabilization of a positive charge can 
only be fully efficient when the K orbitals of the 
phenyl ring are parallel to the vacant orbital of 
the carbonium ion. Since the two gem phenyl 
groups cannot be found in the same plane, the K 

orbitals of the two aromatic cycles cannot be 
simultaneously in the most efficient position for 
stabilizing the positive site in the transition state. 
Further studies are in progress to confirm this 
point. 

Experimental 
Ozorzolysis Procedure 

The technique of ozonolysis, using O2-o3 mixtures, 
together with the dosimetry of ozone, has been described 
previously (16b). The ozone output was varied between 
0.07 and 0.2 mmole of 03/min. The ozone used was 
limited to less than 80% of the theoretical amount, in 
order to prevent autoxidation of aldehydes to peracids; 
this autoxidation is enhanced by ozone in the absence of 
olefin. 

The solvents used were methanol (for n.m.r. analyses), 

3.0 M methanol in ethyl acetate (for polarographic 
analyses), and 1.0 or 3.0 M methanol in CC14 (for v.p.C. 
and i.r. analyses). In some cases other solvents were 
used (see Table 2). The initial olefin concentration was 
0.1 M and, in most cases, 10 n ~ l  of solution were submit- 
ted to ozonolysis. 

The time required for the ozonolysis never exceeded 
15 min. I t  can therefore be assumed that the amounts of 
carbonyl compounds and alkoxyhydroperoxides, which 
were measured immediately after completion of the 
ozonolysis, had not been affected by secondary reactions, 
such as a slow decomposition of the hydroperoxides or an  
autoxidation of the aldehydes. This is confirmed by the 
observations reported below concerning the relative 
stability of the hydroperoxides under our experimental 
conditions. 

Amoltnts of Hydroperoxides (Active Oxygen) 
These amounts were measured by iodometry, as de- 

scribed previously (18). The analyses made under these 
conditions were very reproducible, providing they were 
carried out shortly after completion of the ozonolysis; 
the values found for the amounts of hydroperoxides 
decreased by only a few per cent 1 h after ozonolysis. 

Gas Chromatographic Analyses 
The v.p.c. was performed using a 5750 F & M gas 

chromatograph, with a flame detector. Columns (6 ft 
long) of Silicone Rubber UC W 98, Carbowax 20.000, o r  
20% diiso-propyl-phthalate were used. After the ozoni- 
zation, the solvent loss due to  evaporation during the 
ozonolysis was carefully compensated and 5-PI samples 
were injected in the gas chromatograph. The chroma- 
tograms were integrated by means of a planimeter; and 
the areas under the peak corresponding to the olefin 
which did not react and to  the carbonyl compounds 
which were formed were compared to  the areas under the 
peaks obtained under the same conditions using standard 
samples of the appropriate substances. The analyses were 
repeated a minimum of five times. Two different oven 
temperatures were used with no effect on the results. No 
v.p.c. pyrolysis occurred at  sufficiently low oven tem- 
perature. 

Polarographic Analyses 
These analyses were made by means of a Metrohm 

E-261-R polarograph, as described in previous work (17). 

Infrared Spectra 
The i.r. spectra were recorded by means of a Perkin- 

Elmer 621 spectrometer,with the object of determining the 
intensities of the carbonyl bands in the region 1680-1720 
cm-'. The formation of hemiacetal of the aldehydes was 
checked using standard solutions of the aldehydes in the 
presence of 1.0 M CH30H.  

Nuclear Magnetic Resollance Meas~vements 
On completion of the ozonization, the solvent was 

evaporated and replaced by the minimum amount of 
CCI,. The n.m.r. spectra were recorded, with tetra- 
methylsilane as internal reference, using a Jeolco C-60 H 
and a Jeolco 4 H-100 spectrometer. The following signals 
are suitable for the determination of the direction of 
cleavage (17): methyl-H (1.3-1.4 6), methoxy-H (3.35- 
3.50 6), and the signal a t  4.5-4.8 6 of the methine pro- 
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TABLE 8 
Analytical methods used for determining the direction of cleavage 

Reaction products Olefin consumed 

Product Method Product Method 

Polarography Active 0 Iodometry 

Active 0 Iodometry Polarography 

Polarography Active 0 Iodometry 

Polarography Active 0 Iodometry 

Active 0 

Olefin 

Active 0 

Active 0 

Active 0 

Active 0 

Iodometry 

V.P.C. 

Iodometry 

Iodometry 

Iodometry 

Iodometry 

Polarography 
I.r., v.p.c. 

Polarography 

Polarography 

Polarography 

Polarography 

Polarography 
n.m.r. 
i.r. 

Active 0 

Olefin 

Iodometry 
V.P.C. 

Polarography 
n.m.r. Active 0 Iodometry 

Polarography 
n.m.r. Active 0 Iodometry 

Polarography 
n.m.r. Active 0 Iodometry 

i.r., v.p.c. 
n.m.r. 

Polarography 

Olefin V.P.C. 

Active 0 Iodometry 

Polarography Olefin V.P.C. 

Olefin V.P.C. 
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TABLE 8 (continued) 

Reaction products Olefin consumed 

Olefin Product Method Product Method 

1.r. Olefin U.V. 

1.r. Olefin V.P.C. 
Active 0 Iodometry 

ton(s). From the integrated values of these signals, the 
direction of cleavage can be calculated by solving the 
appropriate system of equations. 

Materials 
The olefins were obtained from K & K Laboratories 

Inc. and Aldrich Chemical Co., Inc., or prepared by 
standard methods reported in the literature. Purifications 
were carried out, in many cases, by preparative v.p.c. 

Analyticul Methods 
Analytical methods used to determine the direction of 

cleavage depend on the nature of the olefin investigated 
and the properties of the compounds formed upon 
ozonolysis. The specific products which were measured 
and the analytical methods used in each case are sum- 
marized in Table 8. 

The financial support given by the National Research 
Council of Canada is gratefully acknowledged. 
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Infrared spectrum of HDO in aqueous solutions of perchlorates and 
tetrafluoroboratesl 

GEORGE BRINK' AND MICHAEL FALK 
Atlantic Regional Laboratory, National Research Co~rncil of Canada, Halifax, Nova Scotia 

Received April 10, 1970 

The OH and OD stretching bands of HDO in aqueous solutions containing the ions C10,- and BF4- 
are split into two components. The high-frequency component, A, does not shift with temperature. It is 

. interpreted as due to O H  groups involved in weak O H  . .  .CI04- or O H .  .BF4- hydrogen bonds. This 
interpretation is in line with the corresponding OH frequencies of other systems containing C10,- ions, 
such as methanolic solutions and crystalline hydrates. Solvent-separated ion pairs may account for the 
observed cation effect on band A. The low-frequency component, .B, varies with temperature almost 
exactly like the corresponding band of pure water. It is interpreted to be due to those OH groups which 
are not associated with the anion. Components A and Bare  not resolved in solutions of most electrolytes 
because the distribution of strengths of interactions of O H  groups with most anions overlaps that of 
OH. .  . O  interactions between water molecules. 
Canadian Journal of Chemistry, 48,3019 (1970) 

Introduction Experimental 

The OH and OD stretching vibrations of 
H D 0 3  in aqueous solutions of electrolytes gen- 
erally give rise to broad, single-peaked bands 
which resemble the bands of HDO in pure water 
(14) .  Hartman (2) has shown that for aqueous 
solutions of perchlorate salts, however, the bands 
are split; a new high-frequency component 
appears near 3575 cm-' for the OH stretching 
vibration of HDO. K ~ c k i  and coworkers (5,6) 
have shown that the corresponding OD stretching 
band of HDO appears between 2618 and 2634 
cm-' for various perchlorate salts. 

In this paper we are presenting data on the 
concentration and temperature dependence of 
the OD stretching bands of HDO in aqueous 
solutions of NaClO, and Mg(ClO,),. We also 
show that for aqueous solutions of the tetra- 
fluoroborate ion, high-frequency components of 
the HDO stretching vibrations are observed and 
are similar to those of the perchlorate solutions. 
Further, the OH stretching band for solutions of 
NaC10, and LiCIO, in methanol is similarly 
split. Our findings, together with the results of 
our recent study of crystalline hydrates of per- 
chlorate salts (7) are discussed in connection with 
the effect of ions on the spectrum and structure 
of water. 

'Issued as NRCC No. 11455. 
2NRCC Postdoctorate Fellow, 1968-70. 
31sotopically dilute HDO has a far s im~le r  vibrational 

spectrum than H 2 0  and D 2 0 ,  hence is' preferable in 
structural studies (1). 

Samples of anhydrous sodium, lithium, barium, silver 
and magnesium perchlorates (G. F. Smith Chemical Co., 
Columbus, Ohio) were kept at  140" under vacuum for 
several days before being used. "AnalaR" grade methanol, 
dried over molecular sieves (Linde 1/16" pellets), and 
doubly distilled H 2 0  were used. The D 2 0  was supplied 
by Merck, Sharp and Dohme, Montreal, and was of 
99.7% isotopic purity. Sodium tetrafluoroborate (Alfa 
Inorganics, Beverly, Massachusetts) was recrystallized 
from aqueous solution; the insoluble material present 
was filtered off. 

The BF4- ion is known to  be hydrolyzed in water 
according to the equation BF4- + H 2 0  = BF3(OH)- + 
HF, to the extent of 5.5 % in a 5.4 M solution of HBF, 
(8). However, the rate of hydrolysis of BF4- in neutral 
solutions is very slow (9) and we have not been able to  
detect any changes with time in the i.r. spectra of the 
aqueous solutions of NaBF,. 

A solution of HDO in H 2 0  was used for the quantita- 
tive study of the OD stretching band of aqueous per- 
chlorate solutions. The concentration of HDO was about 
2 moles/l, and was calculated by assuming the value of 
3.8 for the equilibrium constant (10) for H 2 0  + D 2 0  = 
2 H D 0  at 25". The OD stretching vibration was studied 
in preference to the O H  stretching vibration because of 
the difficulty of maintaining a constant low concentration 
of H 2 0  in D 2 0 .  A concentration of about 2 moles/l 
HDO in D 2 0  was used for investigating the O H  stretching 
bands qualitatively. Aqueous perchlorate solutions -were 
prepared volumetrically and concentrations are expressed 
in moles/l solution. 

Spectra were recorded on a Perkin-Elmer model 521 
spectrophotometer. Cells with calcium fluoride windows 
and optical paths between 20 and 50 microns were used. A 
thermostated cell holder, which has previously been 
described ( l l ) ,  was used for the variable temperature 
spectra. The spectra of saturated solutions of NaCIO, 
and LiC10, in methanol were obtained with capillary 
films between two calcium fluoride windows. 
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The OH and OD band profiles were obtained by 1 1 1 1 1  1 1  I I 

subtraction of the spectra of the solution in pure HzO or B 
DzO from the spectra of the solution which contained 
HDO. - M ~ C I O ~  m o l e / \  - 

Results 

The absorptivities of the OD stretching bands ; 
of HDO in water are shown in Figs. 1 and 2 for 40 - 
a series of concentrations of NaC10, and 
Mg(C104),. A shoulder on the high frequency % 
side of the OD bands appears at low concentra- ", 30 - 
tions. This shoulder grows and becomes a well- 
defined peak as the solute concentration is in- 2 
creased. A similar set of curves was obtained for ; 2o - 
the OH stretching bands of HDO. The spectra 2 
in the OD stretching region agree with those 
reported by Kg.cki et al. (5, 6); those in the OH - 
region agree with the spectra of Hartman (2). .X 

We have also observed similar spectra for solu- 
tions of perchlorates of barium, lithium, and 
silver. 2700 2500 2300 

Figure 3- shows the absorptivities of the OD F R E Q U E N C Y  (CM-'1 

FIG. 2. Molar absorptivities of the OD stretching stretching band of HDO for a series of concentra- bands of HDO in aqueous Mg(CI04)z at 280. 
tions of NaBF,. These curves contain a high- 
frequency feature similar to that found in the 
perchlorate solutions. If we consider that the two 
features in the spectra of the Cl0,- and BF,- 
solutions correspond to two classes of OH groups, 
then the two components can be mathematically 
resolved. We shall refer to the high-frequency 

I ~ I ~ I I I I I  

B 

F R E Q U E N C Y  (CM-') 

FIG. 1. Molar absorptivities of the OD stretching 
bands of HDO in aqueous NaC104 at 28'. 

F R E Q U E N C Y  (CM-' )  

FIG. 3. Molar absorptivities of the OD stretching 
bands of HDO in aqueous NaBF4 at 28O. 

component as A and to the low-frequency com- 
ponent as B. We have assumed that both com- 
ponents have symmetrical band profiles de- 
scribed by the Gauss-Cauchy product function 
(12). Using the Band-Fit Optimization Program 
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TABLE 1 

Effect of  perchlorate concentration on the peak frequencies, half-widths, and areas* of the component OD stretching 
bands of HDO at 28 "C 

Band A Band B 

Concentration VO Half-width Area VO Half-width Area 
(mole/]) (cm-') (cm-I) (lo6 cm/mole) (cm-') (cm-') (lo6 cm/mole) 

*Area = $S loslo dv, where c i s  the total concentration of HDO in molesll and dis the optical path in cm. 
( F ) v  

TABLE 2 

Effect of sodium tetrafluoroborate concentration on the peak frequencies, half-widths, and areas of the component O D  
stretching bands of HDO at 28 "C 

Band A Band B 

Concentration VO Half-width Area VO Half-width Area 
(mole/l) (cm-') (cm- I) (lo6 cmlmole) (cm-') (cm-') (lo6 cmlmole) 

of Jones and Pitha (13) we have obtained the peak 
frequencies, half-widths, and areas (molar inte- 
grated absorptivities) of the two component 
bands, listed in Table 1. The same information is 
given in Table 2 for sodium tetrafluoroborate 
solutions. The standard deviation (root mean 
square of the residuals) of the fit for a curve was 
typically about 0.006 transmittance units. The 
areas of the resolved bands are only accurate to 
within 5% over most of the concentration range. 
At low perchlorate collcentrations band A ap- 

HDO band in water, while band A remains 
nearly stationary. Figure 4 shows the effect of 
temperature on the OD band of a 7 mole11 (at 25") 
solution of NaC10,. The frequency shift and 
intensity change are considerable for band B, but 
very small for band A. The frequency of A varies 
from 2627 cm- at - 1 1 to 2630 cm- ' at + 75" 
while its absorbance, neglecting density changes, 
remains essentially constant at 0.323 ) 0.003. 

Figure 5 compares the spectra of saturated 
solutions of NaClO, and LiC10, in methanol and 

pears only as a small shoulder and the error in of pure methanol. The NaC10, spectrum shows 
resolution is probably greater. that the OH band contains A and B components. 

Table 3 shows the effect of temperature on the Resolution of the band for NaC10, gives com- 
parameters of bands A and B of a nearly saturated ponent peak frequencies of 3541 and 3373 cm- ', 
solution of NaC10, and compares it with data for and half-widths of 93 and 268 cm-l, compared 
HDO in pure water. Band B undergoes a tem- with 3340 and 262 cm-' for the OH stretching 
perature shift similar to that of the corresponding band of pure methanol. LiC10, is much more 
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TABLE 3 
Effect of temperature on the peak frequencies and half-widths of bands of HDO in pure water and in 9 

mole11 NaCIO, solution 

H z 0  Band A Band B 

Temperature VO Half-width VO Half-width VO Half-width 
("C) (cm-') (crn-') (cm-') (cm-l) (cm-l) (cm-') 

OH stretching band 
4 3387 250 3569 83 3430 255 

28 3403 255 3572 84 3446 26 1 

OD stretching band 
4 2492 160 2627 52 2516 155 

28 2503 162 2629 54 253 1 165 
50 2509 170 2629 56 2539 167 

I I I I I I I 
2700 2500 2300 

FREQUENCY (CM- ' )  

FIG. 4. Effect of tem~erature on the OD stretching 
bands of HDO in an apdroximately 7 mole/l solution 
NaC10,. 

soluble in methanol than NaClO,, and the OH 
band of the saturated LiC10, solution consists 
almost entirely of component A.  

Discussion 
Nature of Bard A 

The high frequency, relatively narrow half- 
width, and lack of appreciable temperature shift 
of band A are characteristic of OH groups which 
interact weakly with their environment (14). Thus 
Hartman's original assignment of this band to 
OH groups of water molecules weakly hydrogen- 

bonded to the C10,- ions (2) appears reasonable. 
This assignment is consistent with the observation 
that the frequency of band A in aqueous solutions 
of perchlorates is almost identical to the stretch- 
ing frequencies of HDO in crystalline NaC10,- 
.H,O, LiClO, .3H20 and Ba(ClO,), -3H,O. The 
water molecules in these compounds participate 
in OH .ClO,- hydrogen bonds, which al- 
though weak are well documented (7). The 
appearance of band A for solutions of perchlorate 
salts in methanol confirms the assignment of this 
band to OH . . .ClO,- interactions. Figure 6 
shows that the frequency shifts of band A with 
respect to the frequencies of the vapor, CCl, 
solution, and pure liquid are nearly the same for 
HDO and for CH30H. Band A therefore appears 
to originate in the interactions of OH groups and 
Cl0,- ions and is not a consequence of some 
special fit of the perchlorate ion into the structure 
of liquid water, as sometimes suggested (15). 

Band A lies 146 cm-' below the vapor fre- 
quency for OH stretching of methanol and 134 
cm-l below the vapor frequency for the OH 
stretching of HDO. Assuming a linear relation 
between the frequency shift and hydrogen-bond 
enthalpy [the Badger-Bauer rule (16)], one ob- 
tains about 2 kcal/mole for the enthalpy of the 
OH . C10,- bonds (7). A non-linear correlation 
of frequency and enthalpy, which fits experi- 
mental data for HDO somewhat better (17), 
would give a slightly higher enthalpy value. The 
OD groups of HDO in liquid water at density of 
1.0 g/cm3 at 400" have almost the same OD fre- 
quency (IS) as band A for HDO in aqueous 
NaClO,. Whether the water-water bond at such 
high temperatures, or the water-perchlorate 
bonds in solution, are to be regarded as weak 
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BRINK AND FALK: INFRARED SPECTRUM O F  HDO 

4000 3500 3000 2500 
FREQUENCY ICM-'I 

FIG. 5. Spectra in the OH and CH stretching regions of saturated solutions of NaC104 and LiC104 in methanol at 
28". 

FIG. 6.  The OH stretching peak frequencies of HDO and methanol in various environments. 

hydrogen bonds or strong non-hydrogen-bonded 
I interactions of the OH group is arbitrary (14). 

The frequency of band A depends on the cation : 
for saturated solutions the OD frequency is 2629 
cm-I for NaClO,, 2626 cm-I for Ba(ClO,),, 
2625 cm-I for LiClO,, 2620cm-I for Mg(ClO,),, 

I and 2606 cm-I for AgC10,. We explain the 

I cation effect by the formation of solvent-separated 
cation ... water ... anion pairs. Such pairing would 
cause the frequency of band A to vary with the 
cation but to remain independent of the per- 
chlorate concentration for any particular cation. 
Solvent-separated ion pairs have often been 
postulated to occur in aqueous solution (19). 

Such pairs have been considered by Dryjanski 
and Kgcki (6) as a possible explanation for the 
spectrum of the perchlorate solutions, but were 
rejected because of the lack of a discrete band A 
for solutions of sulfates. Our view is that the 
OH . .SO,'- hydrogen bonds are sufficiently 
strong that the frequencies of the OH groups 
bonded to the sulfate ions merge with the broad 
band due to the other OH groups. 

Nature of Band B 
If band A corresponds to OH groups asso- 

ciated with the perchlorate ions, then band B 
must correspond to all the remaining OH groups 
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in solution. Its greater half-width is due to a 
wider variety of OH - . .O bond strengths, and its 
lower peak frequency to a greater average hydro- 
gen bond strength. For solutions of NaClO,, 
band B shifts to higher frequencies with increas- 
ing concentration (Table l), indicating a general 
weakening of hydrogen bonding. The shift for 
OD stretching is from 2503 cm- ' in pure water 
to 2534 cm-' for a nearly saturated solution of 
NaClO,. This shift is about the same as that 
observed for water when the temperature is 
raised by 100 "C (1 1, 18). LiClO, and Ba(ClO,), 
also cause band B to shift to higher frequencies 
with increasing concentration. Mg(ClO,), on the 
other hand, causes a slight shift of band B to 
lower frequencies with increasing concentration. 
The difference between M ~ ~ +  and the other 
cations is probably due to the greater water- 
coordinating ability of Mg2+, which may cause a 
small net strengthening of water-water hydrogen 
bonds. 

The effect of increasing temperature on band 
B is to shift its maximum to higher frequencies 
and to decrease its intensity. This lost intensity is 
not gained by band A, which remains almost un- 
changed between - 11 and + 75" (Fig. 4). This 
indicates that the number of water molecules, or 
OH groups, surrounding the perchlorate ions 
does not vary greatly with temperature and that 
the already weak OH.  . .ClO,- interactions do 
not weaken appreciably with higher temperature. 
The remaining OH groups, i.e. those giving rise 
to band B, have a wide distribution of hydrogen- 
bond strengths, which shifts under the influence 
of temperature in the same way as the corre- 
sponding distribution for pure water (1 1). 

Effect of Ions on the Spectrum and Structure 
of Water 

Most of the common anions are capable of 
forming hydrogen bonds with water, which are 
comparable in strength to water-water bonds. 
In aqueous solution one can therefore formally 
distinguish OH groups bonded to an anion from 
those bonded to a water molecule. The former 
should give rise to band A and the latter to band 
B, in analogy with the spectrum of perchlorate 
solutions. However, if the OH . .anion bonds are 
comparableinstrength to theOH . .water bonds, 
and a wide variety of interactions of either type 
occurs, then we obtain bands A and B whose 
peaks differ by a small fraction of their half-width. 

Such peaks cannot be spectroscopically resolved 
(3,4). Thus no splitting of the stretching bands of 
HDO can be observed for solutions of halide ions 
( 1 4 )  and of oxyanions such as SO,,-, NO,-, 
NO,-, C103-, 10,-, and ReO,- (20). Only small 
overall shifts of these bands are observed. 

The special property of the Cl0,- ion which 
causes band A, due to OH.  .anion bonds, and 
band B, due to O H ,  -water bonds, to become 
spectroscopically well separated, is the weakness 
of OH . . .C10,- interactions. The distribution 
of strengths of these interactions is much narrower 
than that of OH . - .water interactions, hence the 
band is relatively narrow (5CL60 cm- ' half-width 
for OD stretching) compared with band B (160- 
170 cm-' half-width for OD stretching). Bands 
A and B are resolved, because the half-width of 
A is smaller than their peak-to-peak distance of 
about 120 cm-'. It should be noted that the half- 
width of 50 cm-' for band A in solution is still 10 
or 20 times greater than the half-widths of the OH 
stretching bands in crystalline NaClO, .H,O, 
LiC10, .3H20, and Ba(ClO,), .3H20 (7). This 
points to the essential difference between the 
crystalline solid and the solution: although the 
strengths of the O H .  . vC10,- interactions (re- 
flected by the frequencies) are about the same, 
the order present in the crystal (reflected by the 
narrow band widths) is absent in solution. 

The weakness of the O H .  . .perchlorate bond- 
ing is in line with the well-known low reactivity 
of the perchlorate ion, which has been explained 
by Nightingale (21) as due to the double bonding 
between the C1 and 0 atoms. This localizes the 
negative charge on the central chlorine atom, 
thereby rendering the charge less accessible for 
hydrogen bonding i.e. the n-bonds utilize the 
oxygen p-orbitals and render them unavailable 
for intermolecular bonding (21). 

It is known that the tetrafluoroborate ion, 
BF,-, is structurally similar to the perchlorate 
ion, the salts with these two anions having 
similar properties, e.g. solubility (22). We have 
found that HDO in solutions of NaBF, shows 
the characteristically split OD and OH bands 
(Table 2). Band B almost exactly matches that of 
NaC10, solutions in frequency and half-width, 
while band A at 2644 to 2649 cm- ' lies about 20 
cm-' higher than that of NaC10, solutions. This 
shows that the OH . . -BF,- interactions are even 
weaker than OH - - C10,-. 

The distinction between OH groups involved in 
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water-water interactions and those involved in 
water-anion interactions may be somewhat arti- 
ficial. Large monovalent anions like C1-, Br-, I-,  
and particularly C10,-, have charge densities too 
low to orientate water molecules rigidly. Thus 
many of the OH groups might be at the same time 
interacting with an anion and a water molecule. 
Our picture of two distinct types of interaction, 
and the division of the OH stretching band into 
the sub-bands A and B is thus an oversimplifica- 
tion, even in the cases of ClO,- and BF,- 
solutions, when two maxima are actually 
observed. 

Addendum 

The effects of the perchlorate ion on the Raman 
spectrum of water have been discussed at length 
by Walrafen (23). Walrafen holds that the per- 
chlorate ion "does not 'form directed hydrogen 
bonds with water" and interprets band A as being 
due to "non-hydrogen-bonded OH groups". We 
prefer to consider the OH . .perchlorate inter- 
actions as weak hydrogen bonds, this inter- 
pretation being more consistent with our experi- 
mental findings. It should be particularly noted 
that weak hydrogen bonds between water mol- 
ecules and perchlorate ions occur in crystalline 
hydrates (see ref. 7 and the refs. therein) and that 
the frequency of band A in solutions is about the 
same as the OH stretching frequencies in such 
hydrates (7). 
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The Raman spectrum and molecular structure of Me3SiORe03 in the solid, 
liquid, solution, and gaseous phases 
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The Raman spectrum of Me3SiORe03 is found to be essentially the same in all of the above phases, 
proving that the non-linear SiORe bridged structure found in the solid phase is retained in the other 
phases and is not just the result of crystal packing requirements. The interpretation of the spectrum of 
Me3SiORe03 is found to be particularly straightforward as the vibrational data can be considered to be 
intermediate between that of the parent, non-linear molecules (Me3Si)z0 and (03Re),0. In the present 
work, assignments for the R e 0  and SiO bridge stretching modes are proposed. 
Canadian Journal of Chemistry, 48, 3026 (1970) 

Laser Raman spectroscopy is now recognized 
by the inorganic chemist as being a valuable aid 
towards structural and vibrational assignment. 
The availability of high energy lasers now means 
that molecules can often be investigated in the 
vapor phase as well as in all other phases. 

The Raman data for molecular Me,SiOReO, 
in its various phases is extremely relevant to the 
stereochemical consequences of replacing silicon 
by rhenium(VI1) which, like silicon, also has 
vacant d orbitals. It has been found that SiOSi 
angles generally fall in the range 130-150" 
whereas the more limited data for ReORe angles 
has been found to vary from 180" in the lineaf 
Re ( Iv  anion (1) (Cl,ReOReC1,)4- to approx- 
imately 120" in liquid and gaseous rhenium 
heptoxide (2), 03ReORe03. 

The recent X-ray data (3) for Me3SiORe03 
shows the presence of a molecular species with 
a SiORe bridge angle1 of 164 f 5". Some degree 
of d orbital participation in the bonding was 
invoked to rationalize the wide SiORe angle. 

It was thus of considerable interest to investi- 
gate the vibrational spectrum of Me3SiORe03 
in all of its possible phases to try to determine 
whether the non-linear SiORe skeleton found for 
the molecule in the crystal was retained in its 
other phases and was not just the result of crystal 
packing requirements., The present paper reports 

'The rhenium co-ordinates in Me3SiORe0, were better 
defined than those of the light atoms because the heavy 
rhenium atom dominated the diffraction of X-rays and, 
as a, result, the bond lengths and angles were not very 
preclse. 

'The recent X-ray crystal structure (4) for technicium 
heptoxide, Tcz0,, shows the presence of oxygen bridged 
molecules, linear at the oxygen atom. The bridge oxygen 
atom was required to lie on a center of symmetry in the 
crystal. 

for the first time Raman data for trimethylsilyl- 
perhennate, Me3SiORe03. 

The sensitivity of metal-oxygen bridge stretch- 
ing frequencies to changes in the angle of the 
bridge has been demonstrated on a number of 
occasions (5) .  Thus an essential part of our dis- 
cussion depends on a satisfactory assignment of 
the SiO and Re0  bridge stretching modes in 
Me3SiORe03 and the "parent" compounds. 

Our approach to the problem was to obtain 
the Raman spectrum and Raman polarization 
data for Me3SiORe03 in all possible phases and 
to compare the frequencies with those of 
(Me3Si),0 and (03Re),0 whose vibrational 
spectra have been satisfactorily assigned (6,2). 

The X-ray data (3) for Me3SiORe03 shows the 
crystal to be monoclinic with the centrosymmetric 
space group C2/c (c,:) and having four mol- 
ecules in the primitive unit cell. In the crystal, 
the Sic bonds are staggered with respect to 
the terminal R e 0  bonds and the molecule has 
an overall symmetry of approximately C,. 
Although there are four molecules in the primitive 

TABLE 1 

Correlations for the normal modes of vibration of 
Me3SiORe03 

Approximate 
description* C3,, residue C, molecule 

vSiMe + vReO, 201 20' 
vSiMe + vReO, 2e 20' + 2a" 
vSiOb 4- vReOb 2a I 20' 

SSiMe + SRe0, 201 2a' 
SSiMe + SRe0, 2e 2a' + 20" 

p,SiMe + p,ReO, 2e 20' + 2a" 
p,SiMe + p,ReO, 202 20" 

2a I 20' 
~ @ e  2e 20' + 20" 
SSlORe al a' 

*v = stretch; 6 = deformation; p, = rock; pr = torsion. 
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TABLE 2 

The Raman Spectra of Me3SiORe03 in the solid, liquid, solution, and gaseous phases, Re207 in the gaseous phase, 
and (Me3Si)20 in the liquid phase* 

Me3SiORe03 

Re207 (2) Appro-ximate 

(3g6"'0) (Me3Si)~o (6) Liquid Gas description 
liquid Solid (100") Solution (180") C, assignment of mode 

1007 vs 1006 vsp 1007 vsp$ 
959 m 960 mp 964 w$ 

1053t 518 SP} 931 wsh 915 wp 934 vw 
889 wp 857 w 857 vw 

831 w 834 vwp 
835 mp? } - 807 wp 

763 w 760 w 
702 w 

683 mp 
s 635 sp 638 msp 

446 w 475 mwp 

1010 vsp 
970 w 

926 wp 

vReO 
vReO 

vSi0 

a' $. (a"?) 

639 msp - 800 vvw 
456 wp 
341 mbr 
322 wsh 
268 vw 

vReO 

335 wp 350 343 mp 344 msp 
315 wsh 322 vwsh 326 wsh 

347 mp 
328 wsh 
299 wp 

1;; zh) p 193 vsbr 185 sp 190 msbr 

157 w? 

180 msbrp 

150 vw? 
113 w w  
95 vvw 
50 mp ? terminal 

torsions 

*v = very, w = weak m = medium s = strong, sh = shoulder, br = broad, p = polarized. 
?Observed only in inriared spectrum: 
$These refer to the recorded values in (Me3Si)20 solution, as this region was obscured by benzene lines. 
§Not resolved clearly from band due to Pyrex glass in the region 52W70 cm-1 as this was a high sensitivity scan. 

unit cell, no correlation splitting of the vibrational 
modes of the molecule into a, + b,, Raman 
active crystal components was observed. 

The main difference between the unsym- 
metrical bridge system found in Me,SiOReO, 
and the symmetrical bridge systems found in 
(Me,Si),O and (O,Re),O lies in the fact that in 
the former the SiO and R e 0  bridge stretching 
modes are both totally symmetrical and can be 
expected to occur in the Raman spectrum as 
polarized lines. However, in the latter two species 
two bridge-stretching modes are still expected to 
occur (a high and low frequency mode), but only 
the lower frequency mode will be totally sym- 
metrical. 

imately 1100 cm-l) associated with the basic 
C,SiOReO, skeleton. In addition there will be 
methyl rocking modes associated with the Me,Si 
group which under C,, symmetry (for the 
residue) have the symmetry species 2a1 + 2e. 
These are expected to occur in the range 
870-720 cm- l. 

If there is very little vibrational coupling across 
the SiORe bridge, as would be expected by 
analogy with previous results on symmetrical 
bridge systems, then one can consider the two 
halves of the molecule as separate C,, residues. 
We then arrive at the correlations for the normal 
modes of vibration of Me,SiOReO, (below 
approximately 1100 cm- l) as shown in Table 1. 

The lowering of the symmetry of the terminal 
groups from C,, to C, results in practice, in either 
a small splitting or slightly polarized character 
for some of the modes assignable to degenerate 
e modes of the C,, residues. On this basis and 
taking into account the assignments for the 
related species (Me,Si),O and (O,Re),O, we 
assign SiO and R e 0  bridge stretching modes in 
Me,SiOReO, to polarized bands observed at 915 

P 
Re. y.0 

Me 0 

Let us consider Me,SiOReO, to be a rigid 
molecule without free rotation of the terminal 
Me,Si- and 0,Re-groups about the respective 
metal-oxygen bonds. Then we can expect 
13a' + 8a" vibrational modes (below approx- 
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and 475 cm-I (in the liquid) and 931 and 
446 cm-I (in the solid), respectively: cf. 
(Me3Si),0 v,,, 518 cm-I and vanti 1053 cm-'; 
(03Re),0 v,,, 456 cm-l and - 800 cm-l. 
Although the modes involving mainly stretching 
of the SiO and R e 0  bridge bonds both involve 
motion of the central oxygen atom and will be 
of mixed character, the above assignment is 
acceptable purely on a mass basis. 

The remaining bands for Me3SiORe03 are 
assigned as in Table 2 by analogy with the 
"parent" compounds whose Raman spectra are 
included in Table 2 for the purpose of com- 
parison. The unassigned bands are the Me3Si- 
and 03Re- torsional modes and the totally 
symmetrical SiORe deformational mode, all of 
which are expected to occur below 180 cm-l. 

The changes in frequency of the bridge 
stretching modes are small and variable between 
phases and correspond to a decrease of approx- 
imately 10" (with respect to the solid) in the 
SiORe angle. The changes may be attributable 
to crystal packing requirements in the solid and 
intermolecular interactions in the liquid and 
solution phases. However, the internal con- 
sistency of the Raman spectra for Me3SiORe03 
between phases shows unambiguously that the 
molecular structure is retained in all phases with 
only slight variations in the SiORe bridge angle. 

Experimental 
Rhenium heptoxide was prepared by oxidizing rhenium 

metal powder under anhydrous conditions and then 
sublimation of the pale yellow product in vacuo. Hexa- 

methyldisiloxane was dried by refluxing over CaHz and 
then distillation in vacuo. All solvents used, diethyl ether, 
chloroform, and benzene were also dried with CaHz by 
standard procedures. 

Trimethylsilylperhennate, Me3SiORe03, was prepared 
by refluxing Rez07 in excess hexamethyldisiloxane under 
anhydrous conditions (7). The crystallized Me3SiORe03 
was further purified by vacuum sublimation (obs. m.p. 
80.0 "C; lit. m.p. 79.5-80.5 OC). 

Raman spectra were recorded on a Spex 1401 Raman 
spectrometer using ether argon-krypton or argon ion 
laser excitation. The spectra of liquid and gaseous 
MeaSiOReOB were recorded at 100 and 180 "C, respec- 
tively, using cell and furnace designs similar to those 
described previously (2, 8). 

Attempts to record laser Raman solution spectra in 
diethyl ether and chloroform were unsuccessful owing to 
rapid photodecomposition reactions. Solution data 
could, however, be obtained in hexamethyldisiloxane and 
benzene solution although photodecomposition reactions 
were still observed to be occurring very slowly in benzene 
solution. In order to identify any impurity bands, many 
solution spectra were recorded. 

One of us (G.A.O.) would like to thank the National 
Research Council of Canada for financial support. 
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The radiation chemistry of carbon monoxide at very high dose rates1*' 

C. WILLIS AND 0. A. MILLER 
Plzysical Chemistry Branch, Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, 

Chalk River, Ontario 
Received April 14, 1970 

Carbon monoxide has been irradiated with single intense pulses from an electron accelerator at a 
dose rate of -- 2 x lo2' eV g-I s-'. The yield of carbon dioxide obtained was G(C02) = 0.7 + 0.1 
with a very small yield of carbon suboxide, G(C302) < 0.02. 

Addition of propene reduces the carbon dioxide yield to almost zero while addition of propane has 
no effect. This suggests that propene is acting as an oxygen atom scavenger rather than as a quencher 
of an excited state of carbon monoxide. However, rate constant data do not support this suggestion and 
it is concluded that the residual yield of carbon dioxide observed at high dose rates arises from reaction 9 

[9 I CO' + CO -> co2 + C+ 
where CO+ is in an A2H or B2C+ state. 

Canadian Journal of Chemistry, 48, 3029 (1970) 

Introduction [2 I CO* + CO .-t C 2 0  + 0 

Some aspects of the radiation chemistry of [3] Co* + C o  + CO2 + C 
carbon monoxide are well established. The prod- 
ucts of radiolysis are carbon dioxide and a The dose rate effect was then explained (1, 5) 

carbon-oxygen polymer with general formula in terms of reactions 4 8  

(C, ,, ,0.20), ( l ) . -~he  yield of carbon dioxide at 
low dose rates ( 1 0 ~ ~ - 1 0 ~ '  eV g- I  S- l )  is 
G(C0,) = 2.0 t- 0.2 (1-3) with G(- CO) = 8 t- 1 
(1, 4).3 As the dose rate is increased, the yields 
of both carbon dioxide and polymer decrease to 
limiting values of G(C0,) = 0.6 t- 0.2 and4 
G(po1ymer) z 1.5 f 0.5 above 10" eV g-l s-l  
(1, 5). 

The mechanism associated with the production 
of these products has not been clearly defined. It 
is generally assumed that there is no ionic con- 
tribution to the yields ( l ,3 ,5)  and that the species 
C20,  0 ,  C, and CO, arise predominantly from 
excited carbon monoxide molecules by reactions 
1-3, where the excited electronic state of the 
carbon monoxide molecule involved is not 
necessarily the same for each reaction. 

[1 I C O * + C + O  

[8 I 0 + CO (+ M) + C02 (+ M?) 

with reactions 6 and 7 becoming more important 
as the dose rate was increased. The residual 
limiting yield of G(C0,) = 0.6 & 0.2 at the high 
dose rates was assumed to arise from direct 
production of carbon dioxide by reaction 3. 

Attempts to measure yields of intermediates 
directly have been sparse. One notable exception 
is the work of Briggs and Clay (6, 7), who report 
measurements of the yield of oxygen atoms in a 
3P state in irradiated carbon monoxide. Using 
propene as an oxygen atom scavenger they con- 
cluded that G(03P) = 1.41 & 0.22, leading to 
about 75% of the observed yield of carbon 
dioxide at low dose rates and that ionic reactions 

'AECL No. 3696. 
'Presented in part at 52nd c.1.~. Conference, are not involved in o(~P)  atom formation.   he^ 

Montreal, June 1969. could not preclude the possibility of O(lD) 
3G value is the number of molecules of a species atoms as precursors of the ~ j ( 3 ~ )  atoms measured. 

produced per 100 eV of energy absorbed. This yield of 
G(-CO) = 8 + 1 is the number of molecules of carbon In a previous publication we the 
monoxide consumed per lOOeV of energy absorbed, observation of C20(3Z) as a transient in the 
based on the overall equation radiolysis of carbon monoxide (8). We speculated 

4 CO W C O z  + C302 on the origins of C20(3Z) and on its importance 
4The polymer yield is on the basis of G(C),,ll, (1). in the system. Because of this work and because 
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of the lack of certainty of the mechanism for the 
dose rate effect, we have measured yields in 
carbon monoxide irradiated at very high dose 
rates. 

Experimental 
Irradiations 

The irradiation source used was a Febetron 705. This 
is a pulsed electron accelerator which gives single electron 
pulses with a peak current of - 3000 A. Samples of gas 
were irradiated in 75 ml quartz cells with thin electron 
windows. The procedures involved have been reported 
elsewhere (9, 10). 

Dosimetry 
The energy absorbed in a cell was measured by nitrous 

oxide dosimetry taking G(N2) = 12.4 If: 0.3 a t  Febetron 
dose rates (10-12). 

Analyses 
The yields of carbon dioxide and carbon suboxide were 

measured using gas chromatography. The irradiated gas 
sample was expanded into two large liquid nitrogen traps 
and then slowly pumped through a "scrubbing" loop at 
liquid nitrogen temperature. The condensed gases were 
then transferred to  the inlet loop of a Loenco 15C gas 
chromatograph equipped with hot-wire thermal con- 
ductivity detectors. A 3/16 in., 2 m column packed with 
Poropak Q was used. The efficiency of the overall method 
was established using synthetic mixtures of CO-CO,. The 
sensitivity of the method was sufficient to measure the 
carbon dioxide yield in a single-pulse (1.7 Mrad) irradia- 
tion with an accuracy of about + 5%. 

Products were identified by mass-spectrometry. Char- 
acteristic peaks at m/e = 68 and 40 (13) were observed 
for carbon suboxide. 

Polymer was formed in the high dose rate radiolysis 
of carbon monoxide. This was not the characteristic 
yellow-brown polymer observed in low dose rate 
radiolysis or  photolysis (14) but was white and almost 
transparent. All polymer was removed from the cell by 
flaming to red heat in air after each experiment. No  
quantitative analysis of the polymer was attempted. 
Standard vacuum ~vrolvsis gave both carbon dioxide and 
carbon monoxide a n d  ieft a black, carbon-likc residue. 

Materials 
The carbon monoxide used was Matheson research 

grade gas. This was found to contain traces of oxygen, 
carbon dioxide, and a metal carbonyl. I t  was further 
purified by passing over copper "Flitters" (British Drug 
Houses) at 700 "C in a quartz tube to catalyze combina- 
tion of the oxygen and carbon monoxide. This also served 
to pyrolyze the metal carbonyl. The carbon dioxide was 
removed by passing the gas through Linde 13X molecular 
sieve followed by a final scrubbing through a 1 mm i.d., 
2 m long glass coil immersed in liquid nitrogen. 

This procedure gave reproducible results whereas if any 
stage of the purification train was omitted, high, irre- 
producible yields of carbon dioxide were obtained. Very 
small traces of oxygen in particular gave increased yields 
of carbon dioxide similar to those reported for low dose 
rate radiolyses of carbon monoxide (2). 

FIG. 1. Amount of carbon dioxide formed in the 
radiolysis of carbon monoxide at lo2' eV g-' s-'. 

The propene and propane were Matheson research 
grade gases and were used without further purification 
other than outgassing thoroughly to remove non- 
condensible impurities. 

Results 
The amounts of carbon dioxide formed from 

high dose rate radiolysis of carbon monoxide at 
760 Torr as a function of absorbed energy are 
shown in Fig. 1. The variation of absorbed energy 
was achieved by multiple pulse irradiations. As 
can be seen, the yield is independent of absorbed 
energy up to loz0 eV (1 to 8 pulses). The slope of 
the straight line gives G(C0,) = 0.7 & 0.1. 

Carbon suboxide was also formed in the 
radiolyses but in amounts not very much above 
the limit of detection of the gas chromatography 
method. The amount of carbon suboxide ap- 
peared to increase linearly with dose and 
G(C3O2) < 0.02. 

Fairly small amounts of olefin added to the 
system rapidly reduced the yields of carbon 
dioxide. Figure 2 shows the effect of additions up 
to about 8 mole % added propene. The yields are 
not corrected for the increase in absorbed energy 
caused by the addition of propene. The limiting 
yield of carbon dioxide at high propene con- 
centrations is G(C0,) = 0.02 + 0.02. 

Addition of up to 4.3 mole % propane had no 
effect on the carbon dioxide yield. The effects of 
propene and propane additions on the carbon 
dioxide yields are compared in Table 1. The mean 
yield in the presence of propane is identical with 
that observed in its absence. 
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LC01 1 [C,H61 
0.2 

m 
I I I 1  I I I I - 
1 2 3 4 5 6 7 8  

MOLE PERCENT PROPENE 

FIG. 2. Effect of propene on the yield of carbon 
dioxide in the radiolysis of carbon monoxide at 10 2 7  eV 
g-I s-I. Inset shows Stern-Volmer plot of results. 

TABLE I 
Comparison of effects of propene and propane on the 

carbon dioxide yield 

Mole G(C0,) with G(C0,) with 
% additive added propene* added propane 

0.0 0.70 0.70 
0.6 0.16 0.62 
1.3 0.11 0.75 

Mean 0.69 

'Yields taken from Fig. 2. 

Discussion 

Carbon Dioxide Yield 
The carbon dioxide yield, G(C02) = 0.7 + 0.1 

at loz7 eV g-I s-' is in good agreement with 
the limiting yield of G(C02) = 0.6 + 0.2 re- 
ported by Anderson et al. (1) at a dose rate of 
lo2' eV g-' s-I. 

There are four possible origins of this residual 
yield of carbon dioxide observed at high dose 
rates : 

(I)  Excited states of carbon monoxide 

[3 I c o *  + CO -> CO, t C 

(2) Oxygen atoms in a 3P state 

(3) Oxygen atoms in a 'D state 

(4) CO' ions in states above ground 

As will be seen, we can eliminate the first three of 

these on fairly good grounds leaving the ionic 
mechanism as the remaining possibility. 

(I) Excited States of Carbon Monoxide 
It has been suggested that reaction 3 is the sole 

origin of the limiting yield of carbon dioxide at 
high dose rates (1). 

The results shown in Fig. 2 show that G(C0,) 
can be almost completely suppressed by propene. 
It could be argued that this suppression is due to 
deactivation of CO* by the olefin, but it seems 
rather doubtful that such small amounts of olefin 
have so marked an effect. Small amounts of olefin 
do not suppress the formation of C20(3C) (15) 
in the pulse radiolysis of carbon monoxide where 
it is expected (8) to be formed from reaction 2. 
The lack of effect of propane on the carbon 
dioxide yields, shown in Table 1, strongly argues 
against deactivation as the explanation of the 
decrease in yields. 

Slanger in a study of xenon-sensitized fluores- 
cence of carbon monoxide (16) derives a value 
for the rate of reaction 3 ask, = 1.2 x lo-" cm3 
molecule-' s-' based on known radiative life- 
time data. If indeed deactivation of CO <: were the 
explanation for the effect of propene then, using 
the relative rate constants obtainable from the 
Stern-Volmer plot in Fig. 2, propene would have 
to deactivate the excited carbon monoxide 
molecule with a rate constant some 300 times 
greater than the collision rate constant, which is 
not reasonable. 

Reaction 3 probably does occur to a small 
extent in irradiated carbon monoxide. Slanger 
(16) observes radiation from CO(d3A) and 
suggests deactivation of this by reaction 3. 
Bushmann and Groth (17), in studies of the 
radiolysis of carbon monoxide in both liquid and 
solid states, produce convincing evidence for 
reaction 3 but with very low yields which do not 
contradict the observations given in the present 
work. 

(2) o(~P)  A ~ O ~ I S  

It is possible that there could be residual oxygen 
atoms at high dose rates if reaction 10 is included 
in the reaction scheme. Under these 

[lo1 C 2 0  + CzO -t C402 -f Polymer 

circumstances C 2 0  could be consumed indepen- 
dently of oxygen atoms and the residual oxygen 
atoms could then either react with the polymer 
or with carbon monoxide to form carbon dioxide. 
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In agreement with this, C20(3Z) is known to 
disappear bimolecularly in both flash photolysis 
(18) and pulse radiolysis (8) systems. 

The Stern-Volmer plot shown in Fig. 2 is based 
on the competition between propene and carbon 
monoxide for the precursor, (A), of carbon 
dioxide, reactions 11 and 12. 

[ I l l  CO + A +  CO, 

From the slope and intercept of the plot it can be 
derived that k12/kll = 4 x lo2. 

Now if A is an 0(3P) atom, using a value of 
3.2 + 0.4 x 10'' cm3 mole-' s-' (19) for the 
rate constant of reaction of 0(3P) with propene, 
then the rate constant for reaction 8 (which 
reaction 11 would then be equivalent to), based 
on the Stern-Volmer plot, would be 8 x 10, cm3 
mole-' s-'. Values in this range can be derived 
from high pressure combustion studies as has 
been discussed by Brabbs and Belles (20). How- 
ever, Mahan and Solo (21), in a very careful study 
of the kinetics and light emission of the CO- 
o(~P) reaction, report k, = 10" exp (- 40001 
RT) cm3 mole-' s-' which at 25 "C is 9.0 x lo6 
cm3 mole-' s-'. The work of Briggs and Clay 
(6, 7) where the yields of reaction 13 in carbon 

C3H6 + 0(3P) -t C3H60 type products 

monoxide were shown to be independent of 
propene concentration above 0.03 mole % pro- 
pene, clearly contradicts these high values and 
supports that of Mahan and Solo. 

( 3 )  O('D) Atoms 
Reliable published rate constant data on the 

rate of reactions of O('D) with C3H6, C3H,, and 
CO are not available, hence the possibility that 
the reduction of the CO, yield by propene re- 
ported here is due to reaction of O('D) with C3H6 
cannot be excluded. The lack of effect of C3H, 
on the CO, yield appears, however, to exclude 
the possibility that the propyl alcohol formation 
during radiolysis of CO/C3H, mixtures, observed 
by Briggs and Clay (6), is duetoO('D)formation; 
because no effect on G(C0,) is observed at 
propane contents where propyl alcohol formation 
is observed and O('D) is known to react with CO 
to form CO, (22). 

(4) CO + Ions 
A possible source of carbon dioxide in irradi- 

ated carbon monoxide which cannot be 
discounted on present evidence is reaction 9.5 

On thermodynamic grounds, this reaction is not 
possible for COf ions in a ground state (X2Zf) 
but is possible for both COf (A2n) and COf 
(B2Zf) (23). Reactions of COf + CO have been 
studied (23) and reaction 9 has been shown to 
occur with non-trivial cross-sections. 

If this reaction 9 is the mode of formation of 
the residual carbon dioxide yield, the effect of 
propene would be explained by charge transfer6 
reaction 

[I51 CO+ + C3H6 -f CO f C3H6+ 

The equivalent reaction with propane would have 
to be slow. 

Carbon Suboxide Yield 
There is a small but certain yield of carbon 

suboxide formed in the radiolysis of carbon 
monoxide at the present dose rates. Presumably, 
it is formed via reaction 5 

It is well established that C 2 0  can exist in both 
singlet and triplet states of very different reac- 
tivities (24,25) (probably C,O('A) and C20(3Z)) 
and that deactivation of the singlet to the triplet, 
ground state is very slow indeed (24). The pre- 
cursor of carbon suboxide in the high dose rate 
radiolysis of carbon monoxide is probably 
C20('A> 
L5'1 c20('A) + co + c302 
In terms of spin conservation, it is expected that 
C20(3Z) reacts much more slowly to form carbon 
suboxide than does C,O('A). The yield of 
C,O('A) can then be equated to the yield of car- 
bon suboxide: that is G(C201A) = G(C30,) ,( 
0.02. All C20(3Z), at high dose rates will 
disappear via either reactions 6 or 10 

[61 C,o + 0 + 2C0 

[lo1 C 2 0  + C,O -t C,O, -> Polymer 

5We should like to thank Dr. J. P. Briggs, Chemistry 
Division, National Research Council of Canada, Ottawa, 
for pointing out this possibility to us. 

6Both charge transfer to C3H6 and C3HB are thermo- 
dynamically exothermic. Ionizing potential (i.p.) for 
CO = 14.01 eV; C3HB = 11.21 eV; C3H6 = 9.73 eV 
(see ref. 27). 
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Conclusions 
The observed yield of carbon dioxide and the 

effect of propene are tentatively explained in 
terms of reactions 9 and 15 

[9] CO+ (A211, or B2X+) + CO + C 0 2  + C+ 

The other possible precursors of the residual yield 
of carbon dioxide observed at high dose rates, 
excited carbon monoxide, and O(lD) and 0(3P) 
atoms, are eliminated on kinetic grounds. 

The observed limiting yield of G(C302) < 0.02 
is equated with the primary yield of C,O('A) 
plus carbon atoms in singlet states. 
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Branched-chain aminodeoxy sugars. Methyl 3-C-aminomethyl-2-deoxy-a-D-ribo- 
hexopyranoside and methyl 3-C-aminomethyl-2-deoxy-a-D-arabino 

hexopyranoside 

Department of Chemistry, University of British Columbia, Vancolrver, British Cohrtnbia 

Received April 6, 1970 

Addition of methyl 4,6-O-benzylidene-2-deoxy-a-~-e,.ythro-hexopyranosid-3-ulose (1) to excess 
nitromethane and 1 molar equivalent of sodium methoxide in methanol gave methyl 4,6-0-benzylidene- 
2-deoxy-3-C-nitromethyl-a-D-ribo-hexopyranode (2) and the arabino stereoisomer 3 in 63 and 22% 
yields, respectively. The proof of structure of the branched-chain deoxy nitro sugars is described. 
Debenzylidenation of the nitro sugars afforded the partially blocked nitro sugars 4 and 5. Catalytic 
hydrogenation of the latter or of 2 and 3 yielded the branched-chain aminodeoxy sugars 7 and 9 (7 
characterized as its N-acetyl derivative and 9 as its N-2,4-dinitrophenyl derivative). 

Canadian Journal of Chemistry, 48, 3034 (1970) 

We have recently reported in preliminary form 
(1) the synthesis of two branched-chain nitro 
sugars by an extension of the nitromethane syn- 
thesis (2) to methyl 4,6-0-benzylidene-2-deoxy-a- 
D-erythro-hexopyranosid-3-ulose (1). This paper 
describes the complete experimental details of this 
research and, in addition, reports the conversion 
of the nitro sugars into branched-chain amino- 
deoxy sugars. 

Introduction of a branched-chain at C-3' of the 
furanose ring of nucleosides has resulted in a 
striking modification of the biological activity of 
the nucleoside (3, 4).' Although aminoacyl nu- 
cleoside antibiotics (for example puromycin and 
amicetin) are known to be inhibitors of protein 
synthesis (5), there is no published report of the 
biological activity of aminoacyl nucleosides de- 
rived from branched-chain amino sugars. It there- 
fore seemed of interest to develop a general 
method for the introduction of a branched-chain 
aminoalkyl group into sugars and to subsequently 
use these unusual sugars as intermediates in the 
synthesis of aminoacyl nucleosides. 

Addition of 4,6-0-benzylidene-2-deoxy-a-D- 
erythro-hexopyranosid-3-ulose (1) (6) to an excess 
of nitromethane and 1 molar equivalent of 
sodium methoxide in methanol for 16 h at room 
temperature gave crystalline 4,6-0-benzylidene- 
2-deoxy-3- C-nitromethyl-a-D-ribo- hexopyrano- 
side (2) and the arabfno isomer (3) in 63 and 22 % 
yields, respectively. Although the two nitro sugars 
were readily separable by fractional crystalliza- 
tion, chromatographic separations were very 

difficult because both had almost identical R,'s on 
silica gel G with different solvents as developers. 

The structures of the nitro sugars 2 and 3 were 
ascertained by classical chemical conversions and 
were indicated on the basis of their circular 
dichroism (c.d.) spectra. The debenzylidenated 
nitro sugar 4 was converted by sulfonylation into 
the 6-0-p-toluenesulfonate 6. The latter readily 
condensed with acetone to yield methyl 2-deoxy- 
3,4- O-isopropylidene-3-C-nitromethyl-6-p- 
tolylsulfonyl-a-D-ribo-hexopyranoside (11). This 
evidence confirms the presence of a cis glycol at 
C-3 and -4, and therefore compound 4 is un- 
doubtedly methyl 2-deoxy-3-C-nitromethyl-a-D- 
ribo-hexopyranoside. On the other hand, the 
monosulfonate of 5 did not yield the corre- 
sponding 3,4-0-isopropylidene derivative; thus 
indicating that compound 5 is probably the 
arabino isomer. Based on the facts that the 
spectrum of the nitro sugar 2 showed a negative 
c.d. maxima, whereas the spectrum of its stereo- 
isomer 3 exhibited a slight positive (essentially 
zero) maxima, it might be inferred that 2 and 3 
are the rib0 and arabino isomers, respectively (7). 

Debenzylidenation of the nitro sugars 2 and 3 
presented a problem of unexpected difficulty. 
Although removal of the benzylidene group from 
2 and 3 was readily carried out with Dowex 
50 W-X8 (H') resin to afford the nitro sugars 4 
and 5 in high yield, it was essential that the 
reaction be stopped immediately after disappear- 
ance of the starting material (monitored by t.1.c.) 
to prevent isomerization of the product. Utiliza- 
tion of Reynn 101 (H') resin as the debenzyl- 

'Biological tests were carried out on the nucleosides idenation reagent gave a much lower yield 
of the branched-chain sugars. product (about 27 %). Use of aqueous acetic acid 
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ROSENTHAL AND ONG: AMINODEOXY SUGARS 

for the hydrolysis of 2 and 3 is to be avoided 
because mixtures of products were obtained. 
Catalytic debenzylidenation of 2 over 10% 
palladium-on-charcoal gave the free amino sugar 
7. 

Sulfonylation of 4 with 1.1 molar equivalents 
of p-toluenesulfonyl chloride did not selectively 
sulfonylate the primary hydroxyl of 4. A mixture 
of two monosulfonates was obtained which was 
separated by silica gel column chromatography 
with chloroform-ether as developer. The faster- 
moving sulfonate was deduced to be the 6-0-p- 
toluenesulfonate 6 on the basis of its n.m.r. 
spectrum (H-6 was shifted 42 c.p.s. downfield). 
No attempt was made to determine the structure 
of the slower-moving component as it was not 
needed in the determination of the structure of 2. 

Although the p.m.r. spectra of 2 and 3 could 
not be used to determine the structure of the nitro 
sugars (no hydrogen attached to C-3), their 
spectra were different enough to merit a brief 
discussion (see Experimental). The n.m.r. of 
the arabino isomer 3 showed the expected two 
quartets at z 7.60 and 8.05 which are attributed 
to H-2e and -2a (8-10). Geminal hydrogens on 
C-2 of 2-deoxy pyranosides usually have large 
coupling (J - 14 Hz), and there is usually a con- 
siderable downfield shift of H-2e with respect to 
H-2a. The downfield shift of H-2e of 3 is attrib- 
uted to the strong deshielding effect of the nitro- 
methyl group on C-3. On the other hand, the 
H-2a and -2e signals of the rib0 stereoisomer 2 
overlapped each other and occurred at T 7.70- 
7.85. Because both stereoisomers 2 and 3 must 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3036 CANADIAN JOURNAL OF C :HEMISTRY. VOL. 48. 1970 

exist in a locked-chair conformation due to the 
benzylidene group on C-4 and -6, the upfield 
chemical shift of H-2e and downfield shift of 
H-2a of 2 might be due to a fortuitous equaliza- 
tion of the electronic effects of the nitromethyl 
and hydroxyl groups. 

The branched-chain aminodeoxy sugars 7 and 
9 were produced from the nitro sugars 2 and 3 in 
two different routes. In the first procedure "ihe 
debenzylidenated nitro sugar 4 was reduced over 
pre-hydrogenated platinum oxide in the presence 
of hydrochloric acid to give in almost quantita- 
tive yield the aminodeoxy sugar 7 as a hydrate. 
After removal of water of hydration, 7 was con- 
verted into its N-acetyl derivative 8. In the second 
procedure the blocked nitro sugar 2 was simul- 
taneously debenzylidenated and reduced with 
hydrogen over 10 % palladium-on-charcoal to 
yield the aminodeoxy sugar 7 in 86% yield. 
Similar deblocking of the nitro sugar 3 over 
Dowex 50 W-X8 (Hf )  followed by catalytic 
reduction of the unblocked nitro sugar over 
platinum oxide gave the aminodeoxy sugar 9 in 
75 % yield. The latter was characterized as its 
N-2,4-dinitrophenyl derivative 10. 

Because the acetylated derivatives of the nitro 
sugars 2 and 3 proved to be unstable, no attempt 
was made to utilize them in nucleoside synthesis. 
The N-acetyl derivative of the aminodeoxy sugar 
could not be utilized because of the participation 
of the N-acetyl group to form a compound having 
nitrogen in the ring (1 1). 

Experimental 
General Consideration 

The n.m.r. spectra were obtained in chloroform-d 
solution (unless otherwise stated), with tetramethylsilane 
as the internal standard (set at T 10) by using a Jeolco 60 
or Varian HA-60 spectrometer (s, singlet; d, doublet; 
t, triplet; q, quartet; m, multiplet). The i.r. spectra were 
obtained with a Perkin-Elmer Model 457 spectrometer. 
The c.d. spectra were measured with a Jasco Model 
ORD/UV-5 spectropolarimeter. All melting points (micro 
hot stage) are corrected. Solutions were concentrated in 
vacuo. Silica gel G was used for t.1.c. and column 
chromatography. Elemental analyses were performed by 
the microanalytical laboratory of the University of 
British columbia, Vancouver, B.C. 

Reaction of Methyl 4,6-0-Benzylidene-2-deoxy-a-D- 
erythro-hexopyranosid-3-rrlose ( I )  ivith Nitrotnethane 
to Yield Methyl 4,6-0-Benzylidene-2-deoxy-3-C- 
nitromethyl-a-D-ribo-hexopyranoside (2) and Methyl 
4,6-0-Benzylidene-2-deoxy-3-C-nitromethyl-a-D- 
arabino-hexopyranoside (3) 

A 1 M solution of sodium methoxide in methanol (5.3 

ml, 5.3 mmoles) was added dropwise with stirring to a 
solution of compound 1 (1.35 g, 5.3 mmoles) in 35 ml of 
anhydrous nitromethane. The reaction mixture was 
stirred for 16 h at room temperature and then was 
deionized with IR 120 (Ht)  resin and the filtrate was 
evaporated to a solid. The t.1.c. of the product on silica 
gel with 4:l chloroform*ther revealed two spots with 
R<s of 0.57 and 0.52. Fractional crystallization (twice) 
of the product from ethyl acetate - petroleum ether (b.p. 
30-60") gave methyl 4,6-0-benzylidene-2-deoxy-3-C- 
nitromethyl-a-D-ribo-hexopyranoside (2) (1.03 g, 63 %); 
m.p. 192-194'; [aIDz2 + 88" (c 2, chloroform); RI 0.57; 
v (0.005 M CCl,) 3600 (OH), 1550 (NO,); c.d. (c 0.0006, 
methanol) [0]z85 - 1100; T (CDC13) 4.40 (s, CHPh), 5.1 
(q, H-I), 5.4 (an AB system, Ja,b = 13 HZ, methylene 
protons a and b on C-1'), 5.5-6.4 (m), 6.6 (s, OCH,), 7.7 
(4. Hze, J1E.20 = 7 HZ), 7.85 (9, Hz0, JzO.zO = 7 HZ). 

Anal. Calcd. for CI5H19NO7: C, 55.38; H, 5.89; N, 
4.31. Found: C, 55.22; H, 5.88; N, 4.28. 

After the combined mother liquors from the crystal- 
lizations of 2 were evaporated to dryness, the residue was 
dissolved in ethanol (25 ml) and water then added drop- 
wise to the point of incipient turbidity. Methyl 4,6-0- 
benzylidene-2-deoxy-3-C-nitromethyl-c/-~-arabino-hexo- 
pyranoside (3) crystallized after standing at 0' for several 
hours, 0.37 g (22%); m.p. 117-118'; [aIDZZ -1-69' (C 2, 
chloroform); v (0.005 M CCI,), 3500 (OH); c.d. (c 0.002, 
methanol) [e]Z70-z80 0;  T (CDC13) 4.45 (s, CHPh), 5.02 
(an AB system, JaSb = 13 HZ, methylene protons a and b 
on C-l'), 5.18 (q, H-1), 5.3-6.38 (m), 6.6 (OCH,), 7.6 (q, 
Hzo J ~ s . 2 a  = 14 HZ, Jze,le = 1 HZ), 8.05 (q, Hzar Jza,ze = 
14 HZ, Jza, lr  = 4.3 HZ). 

Anal. Calcd. for CI5Hl9NO7: C, 55.38; H, 5.89; N, 
4.31. Found: C, 55.26; H, 5.79; N, 4.38. 

Attempted Preparatiort of Methyl 3-0-Acetyl-4,6-0- 
bertzylidene-2-deoxy-3-C-nitrot1~ethyl-~o- 
hexopyranoside 

Compound 2 was allowed to react with acetic anhydride 
(0.5 ml) andp-toluenesulfonic acid monohydrate (0.022. g) 
at room temperature overnight. After addition of ice-cold 
aqueous sodium hydrogen carbonate the product was 
extracted with chloroform (3 x 50 ml). Work-up of the 
product in the usual way gave a mixture of three com- 
ponents. The major component (presumed to be the 
3-0-acetate) was found to be unstable on silica with 
9:l benzene - ethyl acetate as developer. Treatment of 2 
with acetic anhydride and pyridine gave unchanged 
starting material. 

Debenzylidenation of 2 to Yield Methyl 2-Deoxy-3-C- 
~~itromethyl-a-D-ribo-hexopyranoside ( 4 )  

The nitro sugar 2 (0.300 g) dissolved in 25 ml methanol 
was allowed to react under reflux for 1 h (or until no 
starting material remained) with methanol pre-washed 
Dowex 50WX-8(H + )  (1.2 g). Careful monitoring of the 
reaction was essential to avoid excessive isomerization of 
the product. The resin was removed by filtration and the 
residue evaporated to dryness. Water (10 ml) was added 
to the residue and the solution treated with a small 
amount of charcoal. After the water was evaporated 
from the filtrate the residue was treated with ethanol 
followed by benzene. The solvents were evaporated under 
vacuum to remove water. The residual syrup (0.202 g, 
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90%), was crystallizedfirst from ethanol - light petroleum 
ether (b.p. 30-6O0), and then from ethyl acetate - petro- 
leum ether (b.p. 30-60"); m.p. 105-106"; [aIDz2 +85" 
(c 2, ethanol); T @,0) 5.2 (q, H-1), 5.5 (CHzNOz), 6.32 
(CHZOH), 6.2-6.7 (overlapping peaks, H-5, H-4), 6.7 
(s, OCH,), 8.0-8.1 (H-2). 

Anal. Calcd. for C8H15N07: C, 40.51 ; H, 6.32; N, 5.91. 
Found: C, 40.48; H, 6.44; N, 5.90. 

An attempt to debenzylidenate 2 with 70% acetic acid 
on the steam bath for 30 min gave incomplete debenzyl- 
idenation. Two debenzylidenated products were formed. 

Hydrogenation of 2 over platinum oxide in the 
presence of 0.1 N hydrochloric acid afforded a mixture 
of three products. One of the components was an amino 
sugar (positive ninhydrin test). 

Debenzylidenation of 2 with Rexyn (101 H + )  resin 
gave 27 % yield of 4. 

Debet~zylider~atior~ of 3 to Yield Methyl 2-Deoxy-3-C- 
t~itromethyl-a-D-arabino-hexopyranoside (5) 

The nitro sugar 3 was debenzylidenated in the same 
way as already described to give 5 as a syrup, [a]DZZ 
+ 126" (c 1, methanol). 

Anal. Calcd. for C8H15N07 .l/2H20: C, 39.02; H,  
6.55; N, 5.69. Found: C, 38.93; H,  6.52; N, 5.48. 

Catalytic Reduction of 4 to Yield Methyl 3-C-Amino- 
methyl-2-deoxy-a-D-ribo-Resopyra~zoside (7) 

The nitro sugar 4 (200 mg), dissolved in 0.1 N HCl(10 
ml) was hydrogenated in the presence of prehydrogenated 
platinum oxide (100 mg) until no further up-take of 
hydrogen was observed. After filtration the solution was 
passed through a column of Dowex 50WX-8(H+) (5 ml). 
The resin was washed with water until the eluent was 
neutral and chloride-free. Elution of the column with 
0.6 M ammonium hydroxide, followed by evaporation 
of the basic eluent, gave 180 mg of the amino sugar 7 as a 
foam. This amino sugar was hygroscopic and was dried 
under high vacuum for 6 h prior to analysis, [ci]DZ2 + 79' 
(c 2, water), T (DZO) 5.02 (q, H-I), 6.1-6.4 (nl), 6.6 (s, 
OCH,), 7.2 (d, CHzNHz). 

Anal. Calcd. for C8H17N05: C,46.31; H, 8.22; N, 6.76. 
Found: C,46.11; H,8.38;N,6.71. 

Metlryl3-Acetamidotnetl1yl-2-deoxy-a-~-ribo- 
Rexopyranoside (8) 

The amino sugar 7 (0.100g) was acetylated with a 
mixture of 0.2 ml of acetic anhydride and 5 ml of an- 
hydrous methanol at room temperature for 3 h (until 
ninhydrin negative). After evaporation of the volatile 
components the residue was treated with several portions 
of toluene followed by subsequent evaporations to yield 
0.087 g of 8 as a syrup, +71° (C 3, water); T (DzO) 
5.1 (q, H-I), 5.9-6.4 (m), 6.5 (s, CHzNHZ), 6.68 (s, 0CH3), 
7.98 (s, CH3C), 7.8-8.5 (H-2). 

Catalytic Debenzylidenation and Reduction of 2 to Yield 7 
The blocked nitro sugar 2 (0.200 g) in 5 ml ethanol was 

allowed to react with hydrogen in the presence of 10% 
palladium-on-charcoal (0.100 g) in the usual way to yield 
7 (0.1 10 p) in almost pure form. 

When platinum oxide was used as a catalyst a mixtl~re 
(as evidenced by its n.m.r. spectrum) of two products in 
almost equal amounts was obtained which were not 
separated. 

Methyl 2-Deoxy-3-C-methylamino-a-D-arabino- 
hexopyranoside (9) and Methyl 2-Deoxy-3-C- 
methyl(2,4-dinitroanilir20)-a-D-arabino- 
hexopyranoside (10) 

The debenzylidenated nitro sugar 5 (0.26g) was 
hydrogenated in 11 ml of 0.1 N HC1 over platinum oxide 
(pre-reduced) in the usual way to give 0.176 g (75%) of 
the amino sugar 9 as a syrup, [aIDz2 +41° (C 2, ethanol); 
T (DzO) 4.98 (q, H-1), 6-6.4 (m), 6.52 (s, OCH,), 6.78 
(d, H-2, CHzNHz), 7.73 (Hz,, JzE,zo = 12 HZ, Jzc,le = 2 
Hz), 8.13 (Hz,, JZ.,zc = 12 Hz, Jzo.le = 4 HZ). 

The amino sugar 9 (0.10 g) in 2 ml ethanol was allowed 
to react with 1-fluoro-2,4-dinitrobenzene (0.13 g) in the 
presence of sodium hydrogen carbonate (0.10 g) with 
stirring at room temperature until no starting material 
remained (monitored by t.1.c. with 9:l benzene-ethanol 
as developer). After evaporation of the ethanol, water 
(2 ml) was added and the amino derivative extracted with 
chloroform. After evaporation of the chloroform, the 
residue was purified by preparative t.1.c. with 9:l benzene 
ethanol as developer. The product was crystallized from 
ethyl acetate- petroleum ether (b.p. 30-60") to yield 
0.035 g of crystalline material, m.p. 145-147", [a]nz2 
+ 139"~ 2, ethanol). 

Anal. Calcd. for C,,H,oN,OQ: C. 45.04: H. 5.13; N, - .  - -  
11.26. Found: C, 45.16; H, 5108: N; 11.58. 

Methyl 2-Deoxy-3,4-O-isopropylidetrc-3-C-nitrometl1yl- 
6-0-p-tolyls11lfotz.v~-a-~-ribo-/re.ropyroid (11) 

To a solution of 0.300 g of the nitro sugar 4 in 5 ml of 
anhydrous pyridine was added 0.290g (1.1 molar 
equivalent) of p-toluenesulfonyl chloride. The reaction 
mixture, protected from moisture, was kept at 0" for 3 h 
and then left overnight at room temperature. Two sepa- 
rate portions of toluene were added to the reaction 
mixture and were evaporated off to remove pyridine. 
Water (5 ml) was then added and the aqueous mixture 
extracted with chloroform (3 x 10 ml). The combined 
chloroform extract was washed with aqueous sodium 
hydrogen carbonate, water, and then dried (sodium 
sulfate). Evaporation of the filtrate gave a syrup (0.610 g). 
The t.1.c. of the residue, with 4:l chloroform-ether as 
developer, showed the presence of two products but no 
starting material. Column chromatography of the residue 
on 60 g of silica gel (activity I[) with 9:l chloroform-ether 
as developer gave 0.1 35 g of the faster-moving sulfonate 
6, [ u ] ~ ~ '  + 158' (c 2, chloroform) and 0.1 19 g of a slower- 
moving component, [aIDz2 + 54" (c 2, chloroform) which 
was probably the 4-0-tosyl derivative of 4; T (CDCl,) (of 
6) 5.16 (H-I, q), 5.35-5.5 (CH2N02), 5.65 (d, CHzOTs), 
6.0-6.5 (overlapping peaks = 2H), 6.63 (s, OCH,), 6.7-7.5 
(OH, broad), 7.56 (s, CH3CsH4), 7.7-8.2(H-2); T (CDC1, 
+ DzO) (of 6), OH peaks disappeared. 

The monosulfonate 6 (0.070 g) was allowed to react 
with stirring with anhydrous acetone (2 ml), anhydrous 
copper sulfate (0.160& and a trace of concentrated 
sulfuric acid overnight at room temperature. The course 
of thereaction was followed by t.1.c. with4:l chloroform- 
ether as developer. The reaction mixture was neutralized 
with solid barium carbonate. After filtration and evapora- 
tion of the filtrate the residue (0.065 g) was chromato- 
graphed on 6 g of silica gel (activity 11) with 9:l chloro- 
form+ther to give 0.030 g of the 3,4-0-isopropylidene 
derivative 11, [a]D22 + 83' (C 2, chloroform); T (CDCl,) 
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8.6 (d, CMe2), 7.5-8.4 (H-2), 7.5 (s, CH,C,H,), 6.65 4. A. ROSENTHAL and L. NGWEN. J. Org. Chern. 34, 
(s, 0CH3), 5.6-6.1 (two m), 5.5 (s, CH2N02), 5.25 (q, 1029 (1969). 
H-1), 2.17-2.7 (q, CbH4-CH3). 5. J. J. Fox, K. A. WATANABE, and A. BLOCK. Progr. 

Anal. Calcd. for CI,Hz,NO,S .1/2H20: C, 49.07; H, in Nucleic Acid Res. and Mol. Biol. 5, 251 (1966). 
5.95;N,3.17.Found:C,49.01;H,6.14;N,2.78. 6. A. ROSENTHAL and P. CATSOULACOS. Can. J. Chem. 
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Etude par rksonance magnktique nuclkaire tempkrature variable de composks 

MICHEL BERNARD ET MAURICE ST-JACQUES 
Dipartement de Clzitnie, Utziversiti de Montrda/, Motzrrda/, Qrrdbec 

R e ~ u  le 27 avril 1970 

Des modifications ont CtC observies dans le spectre r.m.n. B basse temperature des difluoromCthylene- 
cyclohexane, isopropylidenecyclohexane, et dichloromethylenecyclohexane. Les barritres d'intercon- 
version conformationnelles AF*  de ces composCs ont e t t  calculees et sont discutkes. 

Spectral modifications have been observed in the n.m.r. spectra of difluoromethylenecyclohexane, 
isopropylidenecyclohexane, and dichloromethylenecyclohexane. The free energy barriers for conforma- 
tional interconversion in these compounds have been estimated and are discossed. 
Canadian Journal of Chemistry, 48,3039 (1970) 

Introduction Les rtsultats de l'ttude r.m.n. B basse temdra-  

Les barritres d'inversion conformationnelles ture de ces composts sont ttroitemeilt relits B 

des cycles a six chainons ont t t t  largement l'origine de l'inversion du cycle dans cette classe 

ttudites au cours des derni6res anntes par r.m.n. de composts et font l'objet du prtsent article. 

B basse temptrature (1). Le comportement des 
syst6mes cyclohexaniques posstdant un seul 
atome de carbone hybrid6 sp2 prtsente un grand 
intCrGt, cette gtomttrie correspondant au 
squelette de la cyclohexanone. 

Les travaux de Jensen et Beck (2) et Gerig et 
Rimerman (3) ont montrt que l'inversion de la  
cyclohexanone ne pouvait Gtre ttudite B l'aide 
de cette technique, l'tnergie libre d'activation 
mise en jeu etant trop faible. Par contre, le 
ralentissement de l'inversion du mtthyl6necyclo- 
hexane (1) a t t t  mis en tvidence par ces auteurs 2 
une temptrat~~re inftrieure - 100 "C environ. 
D7apr6s Gerig et Rimerman (3), la symttrie du 
spectre r.m.n. B basse temptrature du tttradeu- 
ttrio-3,3,5,5 mtthyl6necyclohexane ainsi que les 
dtplacements chimiques et les constantes de 
couplage dans le cas du dideuttrio-4,4 mtthylene- 
cyclohexane sont dus a une conformation chaise, 
voisine de celle du cyclohexane. 

Dans le cadre d'une ttude de l'influence de 
difftrents groupements exomtthyltniques substi- 
tuts sur la conformation priviltgite des dtrivts 
du dimtthyl6ne-1,4 cyclohexane (4) nous avons 
prCpart les composts 2,3, et 4 pour nous en servir 
comme modtles. 

X,/X 

RCsultats 

Les spectres r.m.n. du difluoromtthyl6necyclo- 
hexane (2), de 17isopropylidtnecyc10hexane (3), 
et du dichloromtthyl~necyclohexane (4) ont 
prtsentt des modifications a basse temptrature. 

A la temptrature de 24 "C, le spectre 6 100 MHz 
de 2 (fig. 1) consiste en deux massifs non rtsolus 
centrts 6 = 2.09 p.p.m. (quatre protons) et 
1.53 p.p.m. (six protons). Ces signaux sont 
respectivement attributs aux protons des atomes 
de carbone en position 2 et 6, et ceux des 
carbones en position 3, 4, et 5. Lorsque la 
temptrature de l'tchantillon est abaisste, les deux 
signaux s'tlargissent et a partir de -126 "C, le 
spectre se transforme pour donner finalement B 
- 150 "C quatre massifs larges centrts 2.48, 
2.36, 1.79, et 1.27 p.p.m. 

Les pics centrts 2 1.79 et 1.27 p.p.m. sont dus 
au dtdoublement du signal centrt 6 1.53 p.p.m. 
a temperature ambiante. La largeur des raies est 
due a des couplages "spin-spin7' importants 
entre les protons. La difftrence de dtplacement 
chimique entre protons axiaux et equatoriaux a 
basse temptrature Av = 0.52 p.p.m. peut Gtre 
comparte 6 la valeur de 0.48 p.p.m. observte 
dans le cas du cyclohexane (5). La ternptrature 
de coalescence observte est de - 128 "C. 

De meme, le signal dO aux protons en cl de la 
double liaison est dtdoublt en un syst6me du 
type AB (6) dont seule la moitit gauche peut Gtre 
nettement observCe a 2.48 et 2.36 p.p.m., l'autre 
moitit coincidant avec le pic des protons tqua- 
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toriaux en position 3, 4, et 5 (1.79 p.p.m.). La 
constante de couplage entre protons gtmints est 
d'environ 12.5 Hz, la difftrence de dtplacement 
chimique entre proton axial et proton tquatorial 
est de 65 Hz. La temptrature de coalescence pour 
cette partie du spectre est de - 126 "C. 

~ ( P P &  2.09 1.53 

FIG. 1 .  Spectre r.m.n. a 100 MHz du difluoromt- 
thylenecyclohexane (2) difftrentes temperatures. Con- 
centration: 4 %  en volume dans un mtlange CHFzCl 
(15%), CH,=CHCI (85%). L'tchelle est en p.p.m. 
relativement au TMS. 

La constante de vitesse de l'tquilibre confor- 
mationnel est calculte pour chacune des tem- 
pkratures de coalescence. Le changement d'allure 
du massif centrt a 1.53 p.p.m. peut &tre considtrt 
comme un systeme "a deux raies" avant coales- 
cence, tel que l'tquation: k = 7cAv/ 4 2  (7) permet 
une bonne estimation de la constante de vitesse. 
Pour un systeme AB coalescant en un singulet, 
l'tquation utiliste est: k = 7c(6J2 + A V ~ ) ~ / ~ /  J2 
(8) oh Av est la difftrence de dtplacement 
chimique B basse temptrature et J,  la constante 
de couplage. I1 est donc possible de calculer 
k = 159 s-I B -126 "C et k = 116 s-I a 
- 128 "C. L'tnergie libre d'activation conforma- 
tionnelle calculte B partir de ces valeurs est de 

6.7 kcal/mole.l L'incertitude sur la valeur de 
AF* est probablement de I'ordre de f 0.5 kcall 
mole (2). 

La fig. 2 reprtsente le specke a 100 MHz de 3 
en fonction de la temptrature. A temptrature 
ordinaire, les protons du cycle donnent deux 
massifs centres 6 1.52 p.p.m. (six protons, posi- 
tions 3, 4, et 5) et 2.16 p.p.m. (quatre protons, 
positions 2 et 6); les protons des groupes mtthyles 
se trouvent 1.64 p.p.m. (six protons). Lorsque 
la temptrature dtcroit, les signaux centrts a 1.52 
et 2.16 p.p.m. s'tlargissent puis se dtdoublent 
alors que la forme du signal des mtthyles reste 
inchangte. A - 159 "C, du fait de l'encombre- 
ment du spectre vers 1.65 p.p.m., une analyse 
prtcise des systemes dtdoublts n'a pu &tre entre- 
prise. Les difftrences de dtplacement chimique 
sont calcultes dans l'hypoth6se oh le dtdouble- 
ment des raies est symttrique par rapport au 

FIG. 2. Spectre r.m.n. a 100 MHz de l'isopropylid&ne- 
cyclohexane (3) a difikrentes temptratures. Concentra- 
tion: 3 % dans CHFzCl (15 %), CH,=CHCl (85 %). 

'L'tnergie AF* est calculte en utilisant un coefficient 
de transmission tgal a 112 dans l'tquation d'Eyring. 
L'tnergie libre ainsi calculte correspond a la barriere 
d'inversion entre la forme chaise et une forme bateau, 
cette derniere reprtsente un intermediaire metastable au 
cours de l'interconversion conformationnelle. 
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signal correspondant B temptrature ordinaire, 
soit en ntgligeant la variation possible du 
dtplacement chimique avec la temptrature. 

A - 159 "C, seule la moitit droite du systbme 
dQ aux protons en position 3, 4, et 5 peut ttre 
observte a 1.24 p.p.m., la moitit gauche est trop 
proche du pic des protons mtthyliques pour ttre 
distingute. La coalescence a lieu B - 146 "C pour 
cette partie du spectre, en utilisant Av z 55 Hz, 
la constante de vitesse calculte est de 122 s-I a 
cette temptrature. De mtme, les protons en ct de 
la double liaison montrent seulement un doublet 
vers 2.71 p.p.m. (J z 12 Hz), la moitit droite du 
syst6me AB correspondant est vraisemblablement 
situte dans la rtgion 1.70-1.60 p.p.m. La tem- 
ptrature de coalescence observte est de - 141 "C, 
avec un Av estime a 110 Hz, la constante de 
vitesse est de 244 sf ' .  L'Cnergie libre d'activation 
d'interconversion conformationnelle est de 5.8 f 
0.5 kcal/mole. 

Enfin, le mtme type de modification a ete 
observt dans le spectre B basse temptrature de 4 
(fig. 3). Le spectre r.m.n. B temptrature ordinaire 
consiste en deux massifs non rtsolus centrts B 
6 = 2.33 p.p.m. (quatre protons) et 1.51 p.p.m. 
(six protons). Les protons des carbones en posi- 

tion 3, 4, et 5 (1.51 p.p.m. a temptrature ordi- 
naire) donnent B - 160 "C deux massifs centrts 
A 1.66 et 1.35p.p.m. soit un Av z 0.31 p.p.m. 
pour une temptrature de coalescence de - 157 "C. 
Etant donnt la proximitt de la coalescence, il 
semble qu'a - 160 "C, la stparation entre les 
deux signaux n'ait pas atteint sa valeur maximale, 
probablement voisine de 0.50 p.p.m. L'enregistre- 
ment du spectre aux temptratures inftrieures B 
-160 "C n'a pas t t t  possible du fait de la 
cristallisation partielle de la solution. La cons- 
tante de vitesse i la temptrature de coalescence 
est de 110 s-I environ, en utilisant Av = 50 Hz. 

Les protons en ct de la double liaison rtsonnent 
B 2.33 p.p.m. B la temptrature ambiante; a 
-160 "C, seule la moitit gauche du systbme 
dtdoublt peut ttre observte sous forme d'un 
massif centrt vers 2.77 p.p.m. L'autre moitit 
forme un tpaulement peu visible dans le massif 
centrt B 1.66 p.p.m. La temptrature de coales- 
cence est de - 152 "C, la valeur de k B cette 
temptrature est de 200 s-I avec Av z 90 Hz. 
L'tnergie libre d'activation conformationnelle 
est de 5.4 + 0.5 kcal/mole pour 4. 

Discussion 

I1 a t t t  ttabli que la conformation de 1 dans 
l'ttat fondamental est une forme chaise (3) et il 
est vraisemblable que ceci soit tgaleinent le cas 
pour 2, 3, et 4. Le processus d'interconversion 
conformationnelle responsable des modifications 
spectrales observtes pour les moltcules 1 B 4 est 
donc une inversion du cycle analogue B celle du 
cyclohexane (9,lO). Les tnergies libre d'activation 
conformationnelle AF* de ces composts sont 
rassembltes dans le tableau 1. 

Gerig et Rimerman (3) ont comparC la diffe- 
rence de AF* entre le cyclohexane et le mt- 
thylbnecyclohexane, soit 2 kcal/mole environ, 
avec la difftrence entre les barribres de rotation 

TABLEAU 1 
Energies libres d'activation conformationnelles 
du cyclohexane, du mithylenecyclohexane, et de 

composis apparentis 

AF* 
Molicule (kcal/mole) Rifirence 

~ I P P ~ J  2.33 1.51 Cyclohexane 10.3 10 

FIG. 3. Spectre r.m.n. a 100 MHz du dichloro- 1 8.4 3 

mtthyl6necyclohexane (4) a diffirentes tempiratures. 2 6.7 Ce travail 
Concentration: 2% dans CHFzCl (15%), CHz=CHC1 3 5.8 Ce travail 

(85 %). 4 5.4 Ce travail 
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interne autour du lien CH,-C dans le propane 
et l'isobutbne. 

Les formules de projection 5 et 6 reprtsentent 
la conformation la plus stable du propane et de 
l'isobutbne. Les barrikres de rotation interne pour 
un groupe mtthyle sont de 3.3 kcal/mole pour 
le propane (1 1) et de 2.2 kcal/mole pour l'isobu- 
tbne (12), soit une difference d'tnergie de 1.1 kcall 
mole. Le double de cette tnergie, soit 2.2 kcall 
mole (rotation autour de deux liens CH,-C) est 
comparable la difftrence des AF* du cyclo- 
hexane et du mtthylbnecyclohexane (2 kcal/mole). 

Les barrieres de rotation interne des dtrivts 
substituts en position 1 de l'isobutkne n'ttant pas 
connues, nous avons chercht B comparer les AF* 
des moltcules du tableau 1 aux barrikres de 
rotation interne des groupes mtthyles des 
composts du tableau 2. 

La comparaison des barribres de rotation de 
l'tthane et du propane d'une part, du propbne 
et de l'isobutbne d'autre part, met en tvidence 
pour chaque paire, des valeurs voisines de 
l'tnergie de rotation. Ceci suggere l'existence 
d'une relation de similitude entre les dtrivts 
substituts en position 1 du propkne (tableau 2) 
et les dtrivts correspondants de l'isobutbne dont 
les barribres n'ont pas t t t  dttermintes jusqu'ici. 

Le difluoro-1 , 1 propbne et le fluoro-1 propkne 
cis sont groupCs pour montrer que l'atome en 
position cis exerce un effet dtterminant sur la 
barrikre de rotation du groupe mtthyle, et donc, 
que les valeurs donnCes pour le butbne-2 cis et le 
chloro-1 propbne cis donnent une bonne .indica- 
tion de la valeur de la barrikre du dimdthyl-2,3 
butkne-2 et celle du dichloro-1,1 propbne. Dale 
(16) a suggCrC que ce comportement Ctait do en 
grande partie B une rtpulsion entre les groupe- 
ments cis. 

Une comparaison qualitative des tableaux 1 et 2 
montre que du point de vue tnergttique, les 
substituants ttudits ici se retrouvent dans le meme 
ordre dans les deux stries. D'un point de vue 
quantitatif, la correlation entre les diffkrences de 
AF* d'inversion en strie cyclohexanique et les 
barrikres de rotation du groupe mtthyle des 
moltcules simples correspondantes du tableau 2 

TABLEAU 2 

Barrieres de rotation du groupe mtthyle dCterminCes par 
spectre de micro-onde 

- -- 

Barriere 
de rotation 

MolCcule (kcal/mole) References 

a pu &re vtrifite de f a ~ o n  satisfaisante comme 
l'indique la fig. 4. Ce graphique montre qu'il 
existe bien une relation lintaire entre les tnergies 
d'activation d'inversion2 des mtthylbnecyclo- 
hexanes et les barribes de rotation interne des 

'Les tentatives de determination de I'entropie d'activa- 
tion d'inversion AS* pour le cyclohexane (10) ont conduit 
a des resultats souvent contradictoires. I1 semble que 
pour les derives du mCthylenecyclohexane, la valeur de 
AS* soit faible (ref. 3) et que AF* represente une bonne 
approximation de I'enthalpie d'activation AH*.  En fait, 
des valeurs de AS* voisines pour les composCs 1 ti 4 
contribueraient aussi a la relation linkaire observie. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BERNARD ET ST-JACQUES: RESONANCE MAGNETIQUE NUCLEAIRE 

Bar r ie res  d e  r o t a t i o n ,  kcal / rnole  

FIG. 4. Relation entre les barrieres d'inversion (AF*) des m~thylCnecyclohexanes et les barrieres de rotation 
interne du groupe mCthyle en serie propenique. 

dtrivts proptniques correspondants, en fonction 
des substituants, comme le calcul dtcrit plus haut 
pour 1 pouvait le laisser entrevoir. 

Nous avons tentt d'ttendre ce type de corrtla- 
tion ti la cyclohexanone (AF* < 5 kcal/mole) (2) 
en considtrant la barribre de rotation interne de 
l'acttona (0.78 kcal/mole) (17) et celle de l'actt- 
aldthyde (1.16 kcal/mole) (13). Dans ce cas, la 
relation entre les tnergies n'est plus vtrifite. Cette 
observation s'explique peut &tre a la lumibre de 
la thtorie qualitative avancte par Dale (16) sur 
l'origine de la barribre de rotation. Cet auteur 
suggbre que la plus grande polarisabilitt de la 
liaison C==O comparte ti la liaison C==C est a 
l'origine d'un comportement difftrent pour les 
deux classes de composts, ce qui ne permet pas 
de comparaison directe. 

La corrtlation entre les barribres d'tnergie des 
tableaux 1 et 2 rapportte dans la fig. 4 fait 
apparaitre que la torsion des liaisons C(1)-C(2) 
et C(1)-C(6) dans les composts 1 ti 4 joue un 
r61e important dans l'ttablissement de l'ttat de 

transition au cours de l'inversion du cycle. Cette 
conclusion suggbre que l'inversion du cycle des 
composts 1 ti 4 passe par un ttat de transition 
semblable ti celui calcult pour la cyclohexanone 
(18) et qui peut &tre reprtsentt schtmatiquement 
par la conformation 7. 

-9-7 X-C 'x 

Les spectres i.r. sont enregistres sur un spectrometre 
Beckman modkle IR-8; le spectre est celui d'un film 
liquide de la substance pure, determine entre deux faces 
de NaCl. 

Les analyses par c.p.g. ont 8tC effectukes a l'aide d'un 
chromatographe Varian, modkle 90P-3 ti detection 
thermique, utilisant I'hClium comme gaz vecteur. Les 
produits ont CtB purifies en chromatographie preparative 
sur une colonne de carbowax 20M, 20% sur chromo- 
sorb P. 

Les spectres r.m.n. ont Bte enregistres sur un spectro- 
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metre Jeol modele JNM-4H-100. Les ~roduits  sont en 1. G .  B m s c ~ .  T o ~ i c s  in stereochemistry. E. L. Eliel et 
solution peu concentree dans un melange de chlorure de 
vinyle et de chlorodifluoromCthane, ce dernier Ctant 
utilisC pour fixer le champ magnetique. Le TMS est 
utilist comme rkfirence interne, les Cchantillons sont 
dtgaz6s et scelles sous vide. La regulation de la tempera- 
ture est rdalisee a l'aide d'un contrBleur de temperature 
Jeol modile JES-VT-3. ~rkalablement calibre a l'aide 
d'un thermocouple. L; i6rification r6guliere de cette 
calibration a permis de determiner I'incertitude maximale 
sur la temp6rature a + 2 "C. 

Le difluorom6thylenecyclohexane (2) a Btt obtenu a 
partir de la cyclohexanone par la mCthode decrite par 
Fuqua et al. (19). La synthese du dichloromCthylene- 
cyclohexane (4) a ttC effectu6e d'apres la mkthode de 
Speziale et Ratts (20) en partant de la cyclohexanone. Les 
spectres i.r. et r.m.n. des composes 2 et 4 correspondent 
a ceux d6crits dans la litt6rature (19, 20). 

L'isopropylid~necyclohexane (3) a CtC prepare a partir 
de l'acide cyclohexanecarboxylique par la methode 
d6crite par Lautenschlaeger et Wright (21) pour la 
synthese du bis(isopropy1idene)-1,4 cyclohexane. 

L'acide cyclohexanecarboxylique (0.06 moles) est 
esterifie reflux par le m6thanol dans le benzene en 
presence d'acide sulfurique. L'ester obtenu (95%) est 
trait6 par le chlorure de mCthylmagnCsium dans 1'6ther 
anhydre. Apres hydrolyse, 5.5 g d'isopropylolcyclohexane 
(67%) sont isolCs. L'acide formique est utilisC pour 
d6shydrater cet alcool par chauffage 5. 100 "C pendant 
10 min, les diffirents produits de dtshydratation sont 
sCpar6s et isolts en chromatographie preparative (temp6- 
rature de la colonne: 150 "C). 

L'isopropylid~necyclohexane (25 %) est caractiris6 par 
son spectre r.m.n. (fig. 2) et par son spectre i.r., ce dernier 
dtant identique A celui dBcrit dans la littkrature (22). 

Les auteurs remercient Monsieur D. F. Williams pour 
l'enregistrement des spectres r.m.n. et le Conseil National 
de Recherches du Canada pour l'aide financiere apportee 
sous forme de subventions et de bourse pour l'un d'entre 
nous (M.B.). 
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Photoaddition of a-diketones to olefins. Stereospecificity of the addition reaction 

Y. L. CHOW, T. C. JOSEPH, H. H. QUON, AND J. N. S. TAM 
Department of Ct~etnistry, Simon Fraser University, Burnaby 2, British Columbia 

Received March 9, 1970 

Phenanthraquinone (PQ) photolytically adds to cis- and trans-alkenes to give a mixture of cis- and 
trans-1,4-dioxenes and two reduction products. The ratios of cis- to trans-1,4-dioxenes remain the 
same irrespective of the photoaddition to cis- o r  trans-alkenes and are 1:l for 2-butenes, 6:4 for 3- 
hexenes, and 8:2 for cyclohexene. A triplet excited phenanthraquinone is proposed as the reactive 
species which initiates the addition leading to the intermediate diradical 10. Depending on the nature of 
addenda the diradical 10 may be stabilized by a charge transfer structure in different conformations 
leading to  the observed stereochemistry of the adducts. The PQ fails to add to  fumaronitrile photolytically 
or thermally and thermally adds to  2-butenes only inefficiently. Biacetyl undergoes photoreduction 
readily in the presence of a large excess of cyclohexene. 

Canadian Journal of Chemistry, 48,3045 (1970) 

The formation in sunlight of 1,4-dioxenes by 
the addition of aromatic a-diketones and o- 
quinones to carbon-carbon double bonds was 
originally discovered by Schonberg (1). Due to 
limitations in both instrumentation and stereo- 
chemical knowledge at that time, much remains 

to be studied in terms of the reaction mechanism. 
A number of investigations concerning this 
photoaddition have since been published (2), but 
the major contribution was made by Schenck and 
his co-workers who studied the addition to 
various conjugated olefins and a few simple 
alkenes (3). Certain o-quinones are also known 
to add thermally to reactive carbon-carbon 
double bonds (3,4). 

The availability of n.m.r. spectroscopy, and 
the intense interest in the photochemistry of 
carbonyl compounds (5-8) in recent years, has 
led to clarification of some mechanistic aspects 
of this photoaddition. Several communications 
dealing with such aspects have been published 
(4, 9-1 1) ; they include perturbation molecular 
orbital calculation which predicts a concerted 
cycloaddition reaction (12). Some results pub- 
lished so far, however, do not agree completely. 
The purpose of this paper is to extend the results 
of our earlier communication (1 1) on the stereo- 
chemical study and to discuss the addition 
mechanism. 

Results 
Since phenanthraquinone (PQ) has been most 

widely studied as the addendum, the initial state 

of this investigation was aimed at clarifying the 
stereospecificity of its addition to simple olefins. 
PQ (ET = 48 kcal/mole) (13, 14) is known1 to be 
a triplet sensitizer for the isomerization of piper- 
ylene (16) and stilbenes (14). Simple olefins 
(ET = 80 kcal/mole) (15) have been chosen in the 
hope of eliminating any complication from sen- 
sitized isomerization of olefins2 during the photo- 
addition. 

The photoaddition was carried out with a 
suspension of finely divided PQ in benzene in the 
presence of an olefin (concentration 0.1-0.001 M) 
under nitrogen atmosphere. Irradiation was pro- 
vided by a Hanovia medium pressure lamp placed 
in a water cooled Pyrex finger. Although benzene 
limits the solubility of PQ, it also suppresses the 
photoreduction of a carbonyl compound to a 
ketyl radical since benzene is a poor hydrogen 
donating solvent; since the adducts are readily 
soluble in benzene, PQ dissolves as the photolysis 
proceeds. In benzene solution, PQ exhibits intense 
absorption at  420 mp  (E, 1200) and a shoulder at 
510 mp  (E, 100). As solid PQ is consumed, the 
absorption at 400-500 mp  region slowly decreases 
to nil while a new peak at  350 mpregion increases. 
The t.1.c. analysis of the photolysis solution at 
regular intervals showed the progressive accu- 
mulation of photoproducts. 

The products from the photoaddition to sym- 

'From sensitization experiments, ET of PQ has been 
estimated at  65 kcal/mole above the ground state (16). 
The figure of 48 kcal/mole represents the lowest triplet 
state and was obtained from phosphorescence spectros- 
copy (13, 14). 

'During the photoaddition of benzophenone to 2- 
butenes, isomerizations of the latter are reported to be 
insignificant (17). 
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a R1 and R2 = CH3- 
b R1 and R2 = CH3CH2- 
c R1, R2 z-(CH2)4- 

metrically disubstituted cis- and trans-alkenes 
(RCH=CHR) were partially separated to a mix- 
ture of 1,4-dioxene derivatives (2) and fractions 
containing at least two by-products; t.1.c. of the 
former showed a single spot readily separated 
from other materials in the photolysate. The 
crude 1,4-dioxenes were obtained in 30 to 75% 
yield and showed three n.m.r. multiplets of z 1.4, 
1.8, and 2.5 (ratio 2:2:4) due to the phenanthrene 
ring protons, and two multiplets in the z 5.5-6.2 
region equivalent to two protons due to the 
methine protons of -CH-0-linkage. The 
methine proton multiplet at lower field was 
assigned to the cis-isomer of 1,4-dioxene 2 and 
that at higher field to the trans-isomer (see Dis- 
cussion) (18). The ratio of these two multiplets 
varied depending 011 the type of olefin but re- 
mained the same (within experimental error) with 
a pair of cis- and trans-olefins; thus the ratio of 
cis- to trans-1,4-dioxenes 2 is 6:4 from either cis- 
or trans-2-butenes, 2:l  from cis- or trans-3- 
hexenes and 8 :2 from cyclohexene. 

The PQ was shown to be completely consumed 
in the photolysis, but a small amount of this com- 
pound was always isolated in chromatography 
probably due to an air oxidation (14, 19) of 
9,lO-dihydroxyphenanthrene (3). The latter was 
formed as a by-product, through photoreduction 
of PQ. In agreement with this, a photolysate 
shown by U.V. and t.1.c. analysis to contain no 
PQ, after aeration exhibited the typical PQ 
absorption in the 420 m p  region, and the t.1.c. 
spot corresponding to PQ. Further, 9,lO-bis- 
acetoxyphenanthrene was isolated and identified 
from a crude photolysis mixture after acetylation. 

Another solid by-product in the photoaddition 
to cyclohexene was shown to be hydroxyketone 
4c; the material showed i.r. absorptions at  3490 
and 1695 cm-', and an n.m.r. multiplet in the 
z 4.5 region equivalent to two olefinic protons. 
The vigorous conditions required for the acetyla- 

tion, and the thermal instability, suggest the 
presence of a tertiary hydroxyl group. Lack of a 
bathochromic shift in the U.V. spectrum in the 
presence of sodium hydroxide confirms that the 
compound must have the structure 4c rather thaii 
structure 5 (20). Since both by-products were 

unstable, they were isolated and characterized 
as their acetates. The acetate of 4c showed U.V. 

absorptions (in EtOH) at 332,253, and 244 mp, 
similar to those of 9,lO-dihydro-9-hydroxy-9- 
benzyl-10-ketophenanthrene at 242, 248 and 327 
m p  (20). The corresponding by-product 4b from 
the photoaddition to cis-3-hexene was obtained 
as a solid, but could not be purified due to its 
instability. On completion of the photolysis, 
v.p.c. analyses of the remaining olefins showed 
that trans-3-hexene and trans-4-octene completely 
retained the initial stereochemistry but several 
percent of cis-3-hexene was isomerized to the 
trans-isomer during the irradiation. 

5 5' 
The photoaddition to cis-2-butene gave a 

better yield of 1,4-dioxene derivative 2a (65-75%) 
than does the photoaddition to trans-2-butene 
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(yield 55-35%). The t.1.c. analysis also showed 
that more by-products (other than 1,4-dioxenes) 
were formed in the latter case. Fractional recrys- 
tallization of the dioxene fraction from both 
photoadditions afforded two crystalline products, 
m.p. 89-91 and 161-163". The first of these, cis- 
1,4-dioxene 2a, showed the multiplet of methine 
protons (XX' part of A3XX1A3' system) at a 
lower field (z 5.68) than the other material, trans- 
1,4-dioxene 2a (z 6.07). 

The photoadducts, cis-2a and trans-2a, were 
shown to be stable under the irradiation con- 
ditions. The &:trans ratios described above, 
therefore, were kinetically controlled values. The 
mixture of 1,4-dioxenes 2b and 2c obtained from 
photoaddition to 3-hexenes, and to cyclohexene, 
could not be separated into cis- and trans- 
isomers. In these photoadditions, t.1.c. analysis 
showed that higher percentage of by-products 
were formed and that the yields of 1,4-dioxenes 
were consequently lower than 2a. 

Although heating a mixture of PQ, rrans-2- 
butene and benzene in a sealed tube at 120" for 4 h 
did not produce any reaction, about 5% of the 
dioxenes 2a, with a cis:trans ratio of 6:4, were 
obtained when the reaction mixture was kept at 
145". At higher temperatures, 2a was produced 
in trace amounts only, while the percentage of 
tars was increased. However, a thermal addition 
to cis-2-butene gave only a trace of the 1,4- 
dioxenes 2a, barely detectable by t.1.c. analysis. 

Irradiation of a mixture of PQ and fumaro- 
nitrile in benzene under similar conditions, how- 
ever, did not give any reaction; n.m.r. spectro- 
scopy and v.p.c. analysis showed that the 
recovered nitrile fraction contained only fumaro- 
nitrile. The same reaction mixture, when heated 
at 145", also failed to give an adduct, and the 
starting material was removed in nearly quanti- 
tative yield. 

Unlike the well investigated 1,4-addition of 
o-quinones or aromatic diketones, photoaddition 
of aliphatic a-diketones does not appear to have 
been reported previously. When a solution of 

biacetyl and cyclohexene was irradiated under 
conditions similar to above, the absorption peak 
of biacetyl at 410 mp disappeared gradually. The 
only photoproducts identified were 3-(2'-cyclo- 
hexeny1)-3-hydroxy-2-butanone (6, 19%) and a 
mixture of meso- and dl-3,4-dimethyl-3,4-di- 
hydroxy-2,Shexanedione (7, 38%) (21). The 
n.m.r. spectrum of 6 showed the alkyl methyl 
protons as two singlets, of equal intensity, at z 
8.74(Av = 2 Hz), while the acetyl methyl protons 
showed a singlet at z 7.84. This separation of the 
methyl signal indicated that the sample is a 1 :I 
mixture of two diastereoisomeric pairs, although 
t.1.c. analyses showed only one spot. All other 
spectroscopic data were in agreement with the 
proposed structure of 6. The n.m.r. of the dia- 
stereoisomeric mixture of 7 showed two pairs of 
singlets due to ineso and dl-isomers; the former 
was isolated by chromatography, and was shown 
to have the same spectral data as previously 
reported (21). 

Discussion 

Before one can discuss the stereochemical 
course of the 1,4-dioxene formation, it is desirable 
to put the stereochemical assignments of cis- and 
trans-1,4-dioxenes on a firmer basis. The assign- 
ments described above are based on the chemical 
shift relation (18), by which the methine protons 
of a cis-1,4-dioxene should resonate at a lower 
field than those of the trans-isomer, since the 
former has axial and equatorial C-H orienta- 
tions while the latter has two axial orientations. 
This relation is derived from the well established 
rule that an axial proton resonates at a higher 
field than an equatorial proton in a cyclohexane 
system if other environmental factors are com- 
parable (22). 

Since it has recently been reported (23) that 
oxygen causes a very large lowering of the 
chemical shift of a 3-axial proton relative to that 
of the 3-equatorial proton in dioxane systems, a 
direct extension of this chemical shift rule to the 
dioxene system should be treated with caution. 
Ideally, the coupling pattern should be analyzed 
to obtain the coupling constants of the methine 
protons (24). Fortunately, the coupling patterns 
of the A,XX1A3' systems in cis- and trans-2,3- 
dimethyl-l,4-dioxanes have been precisely ana- 
lyzed (25) and bear close resemblance to those of 
our 1,4-dioxenes 2a. Using Anet's method (24) 
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of analysis and assuming that the J A x r  values of 
the 1,4-dioxanes (-0.33 Hz for trans and -0.09 
Hz for cis) found by Gatti et al. (25) are also 
applicable to our case, it can be shown3 that the 
trans-1,4-dioxene 2a has JAx = 6.33 Hz, Jxx, = 
7.62 Hz and the cis-1,4-dioxene2a h a d A x  = 6.39 
Hz and Jxx, = 0.20 + 0.1 1. These values are in 
agreement with the 1,4-dioxane systems (25), and 
confirm the axial-axial orientation of the methine 
protons in trans-2a and the axial-equatorial in 
cis-2a. 

The fact that the PQ photoaddition to either 
cis- or trans-2-butenes (or 3-hexenes) gave an 
identical mixture of 1,4-dioxenes 2a (or 2b) 
proves (i) that the photoaddition is completely 
nonstereospecific, and (ii) that additions to both 
cis- and trans-alkenes take place via a common 
intermediate. PQ has been shown to be a good 
triplet sensitizer for 1,3-pentadienes (16) and stil- 
benes (14) in which intersystem crossing has been 
assumed to be very efficient. Two observations 
led us to believe that the photoaddition occurs 
from a triplet excited state of PQ. Firstly, the 
photoaddition takes place at a cyclohexene con- 
centration of lo-", which places the lifetime 
of the reactive state of PQ longer than s if 
the reaction rate constant is assumed to be as high 
as that controlled by diffusion (10" M-' s-') 
(8). This lifetime (> 10- s) is approaching to the 
upper limits of various reactions of the lowest 
singlet state of aryl ketones and does not un- 
ambiguously exclude the singlet state reaction. 
However, since the yields and ratio of photo- 
products at this low concentration of cyclohexene 
are virtually unaltered from that at a higher con- 
centration, the lifetime of the reactive PQ is con- 
sidered to be far longer than lo-' s and may well 
be in the region of a triplet excited carbonyl 
compound (8). Secondly, the yield of the 1,4- 
dibxene 2c decreased when the photoaddition to 
cyclohexene was run under an oxygen atmo- 
sphere. This appears to indicate a quenching of 
the reactive triplet state (7, 8) of PQ by oxygen, 
although other possibilities are not rigorously 
excluded. 

There is good evidence that, in general, photo- 
addition (to form oxetanes) and photoreduction 
of the carbonyl compound take place from the 
n + n*  triplet state (26-28). Both pathways have 

3We are grateful to Professor D. P. Chong who helped 
us to perform the calculation. 

been suggested to involve a triplet diradical 
(such as 8) as the chemically reactive species (26- 
28). On the basis of this information, the reaction 
mechanism, Scheme 1, is proposed. The triplet 
excited state of PQ is visualized as a resonance 
hybrid of 8 and 9, in which the contribution of 9 
is expected to be the predominant one as a result 
of the closed shell (14 n-electrons) stabilization. 
The triplet diradical 10 is the logical candidate 
for the common intermediate in the addition and, 
therefore, ought to possess a lifetime long enough 
to allow the alkyl moiety to re-orient itself to 
attain a conformational equilibrium. The di- 
radical 10, after intersystem crossing, collapses 
to the same mixture of 1,4-dioxenes 2 regardless 
of the original stereochemistry of the olefin. The 
distribution of cis-2 and trans-2 is probably con- 
trolled by the conformational equilibrium during 
the triplet lifetime of 10 since combination of the 
singlet diradical must be a very rapid process. 
Formation of cis-2a and cis-2b in excess may 
reflect the relative stability of the cis-conforma- 
tion in the half-closed ring 10. For the diradical 
derived from cyclohexene, a cyclohexene ring 
inversion4 is required in order to attain the 
equatorial orientation of the PQ moiety so that 
the trans- addition can take place. Since the acti- 
vation energy for the ring inversion (10.5 kcal/ 
mole) (29) is relatively high in comparison to that 

4This argument explicitly assumes an axial approach of 
PQ radical to the K-bond of cyclohexene leading to the 
axial orientation of the PQ group in 10. This stereo- 
chemical course of a radical addition has ample prece- 
dent; one example is ref. 306. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHOW ET AL.: PHOTOADDITIONS TO OLEFINS 3049 

of the diradical combination, the latter process oc- 
curs faster than the former in this particular case. 
This probably explains why less stable cis-2c is 
formed in large excess. 

As partial charge transfer is characteristic for 
a radical pair (30a), the ionic structure 11 should 
contribute, as a resonance form, to a certain 
extent to the diradical depending on stabilization 
of the positive and negative charges. Thus the 
contribution of the charge transfer structure 11 
must be very significant in the diradical derived 
from tetrachloro-o-quinone and stilbene since the 
positive and the negative poles are respectively 
stabilized by resonance (4). Interaction of the 

I charges conceivably restricts the free rotation 
around the C,-C, bond. The high stereo- 
specificity observed in the addition of tetrachloro- 
o-quinone to stilbenes5 (4) and some selectivity 

1 observed in the addition of PQ to stilbenes (9) are 
both in consonance with this proposal. It follows 

I that in a PQ addition to a simple olefin the con- 
tribution of the charge transfer structure 11 is 

i insignificant, resulting in complete non-stereo- 
1 specific addition. This proposal is also in agree- 

I ment with the observation that the cis:trans 
I ratio6 of 2a are very slightly susceptible to tem- 

perature change while that of the PQ addition to 
stilbenes is somewhat temperature dependent (9). 

As photoreduction via a ketyl radical is typical 
of triplet excited carbonyl groups ( 6 4 ,  the 
formation of 3 can readily be seen as a hydrogen 
transfer reaction from either 8 or 9. However, the 

, formation of 5 (or 5') is also to be expected from 
9 (or 8) via hydrogen transfer followed by the 
combination of the two radicals. These two types 
of addition reactions have been demonstrated 

I 

(20). Since 5 (or 5') has also been shown to 
, efficiently rearrange photolytically to 4 (20), it is 

reasonable that only the latter, and not the 

5The addition takes place either by irradiation or 
thermolysis to give, in both cases, a high degree of 
stereoselectivity for which Professor D. Bryce-Smith has 
proposed the charge transfer structure 11 as the inter- 
mediate (4). The authors appreciate very much the dis- 
cussion exchanged with Professor Bryce-Smith. 

6Farid (9) has reported that the yields of cis-2a were 
57 and 70% respectively, when the photoaddition of PQ 
to trans and cis-2-butene were carried out with the light 
source > 390 mp. Since we performed our photoaddition 
in a Pyrex apparatus (h  z 280 mp), the discrepancy in 
the yields of 2a could be ascribed to the difference in the 
incipient light. It is, however, difficult to explain the 
formation of more cis-2a (5773, than trans-2a, from the 
addition to trans-2-butene in Farid's experiment. 

former, is isolated under the present photolysis 
condition. 

Although it is of secondary importance as far 
as the present results are concerned, the lack of 
photosensitized isomerization of trans-alkenes in 
contrast to a small degree in the case of cis-3- 
hexene requires some comment. The energy level 
of the lowest singlet state of PQ can be estimated 
from the absorption peak of the longest wave- 
length (465 mp), and is found to be approxi- 
mately 56 kcal/mole. Since the lowest triplet 
energy of PQ is 48 kcal/mole (1 3, 14), it is difficult 
to see how a classical or a non-classical energy 
transfer (31) can take place either from singlet 
or triplet PQ to olefin. However, dissociation of 
the common intermediate 10 (from the ground 
state) to PQ and the olefin is possible and may 
explain the observed is~merization.~ Further, if 
one assumes that the common intermediate 10 
has lost a substantial amount of excess vibrational 
energy, it is not difficult to see that the regenerated 
olefin will have more stable trans-configuration. 
A lack of isomerization in a trans-alkene, there- 
fore, does not necessarily contradict this proposed 
mechanism.' 

The scope and limitations of the addition of 
PQ to a carbon-carbon double bond have been 
summarized (3). To this, several observations can 
now be added. 

( I )  From the failure of addition to fumaro- 
nitrile and other known examples (3), it can be 
concluded that PQ photoaddition does not take 
place with an electron deficient double bond.g 

(2) Although the formation of an oxetane is a 
side reaction frequently observed in the photo- 
addition of PQ (3, 9, lo), it is now clear that the 
photoaddition to a simple olefin does not give 
the expected oxetane. Photoadditions to certain 
conjugated olefins have been shown to give 
oxetanes as the major product (3), but the factors 
favoring oxetane formation, are not clear. 

'The general idea of this isomerization mechanism has 
been proposed by Schenck in another study (32) and has 
been proven to be important in certain cases (33). 

81t should be pointed out that photosensitized isomeri- 
zation in cis-2-pentene was found to be faster and more 
steady than trans-Zpentene using a carbonyl sensitizer 
(16). 

91t is interesting to point out that alkyl ketones 
photolytically add to fumaronitrile stereospecifically for 
which a singlet addition mechanism has been suggested 
(17). The triplet state addition has been shown to be an 
electrophilic reaction (26-28). 
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(3) It  is demonstrated that PQ does undergo 
thermal addition to a simple olefin, albeit ex- 
tremely inefficiently, to give the 1,4-dioxenes 2. 

(4) In contrast to a facile 1,4-addition exhibited 
by photoexcited aromatic diketones (including 
o-quinones), it is demonstrated that a photo- 
excited alkyl cr-diketone does not form a 1,4- 
dioxeile derivative. 

In the presence of cyclohexene, biacetyl under- 
goes the typical photoreduction of a carbonyl 
compound. It has been proposed that the triplet 
diradical of the keto group triggers inter and 
intramolecular hydrogen transfers (35, 36). This 
result is in agreement with the detailed studies of 
the photoreduction of biacetyl, reported recently 
by Turro and Engel (37). 

Experimental 
The n.m.r. spectra were taken with a Varian A56160 

spectrometer by dissolving the samples in CDC13 solution 
using TMS as the internal standard. The i.r. spectra were 
measured in a Perkin-Elmer 457 instrument, in Nujol 
mulls or liquid film. The U.V. spectra were recorded with a 
Unicam SP-800 spectrophotometer. Melting points were 
taken in a Fischer-Johns hot stage instrument and were 
uncorrected. Analyses were performed by Dr. A. Bern- 
hardt, Engelskirchen, W. Germany. 

Cyclohexene (b.p. 82-93") and biacetyl (b.p. 89-90") 
were distilled before reaction. Fumaronitrile and phen- 
anthroquinone (Aldrich Co.), and 2-Butenes (Mathieson), 
were used as supplied. The purities of cis- (96%) and 
tratls-3-hexene (100%) and trans-4-octene (100%) were 
confirmed by v.p.c. analysis on a 30% AgNO, - TEG- 
firebrick column. The chromatographic fractions were 
analyzed by t.1.c. to check the purity. 

Photoaddition 
A mixture of PQ, and an olefin in benzene was photo- 

lyzed with a Hanovia medium pressure mercury lamp 
(100 or 450 W) in a Pyrex apparatus. PQ did not dissolve 
completely, and the suspension was stirred with a slow 
stream of purified nitrogen. The solid disappeared 
gradually as the reaction proceeded. The concentration 
of the olefin varied from 0.1 to 0.001 M. The lamp 
sleeve was cooled with tap water, and the reaction vessel 
with an ice bath. The progress of the reaction was traced 
by the disappearance of the PQ absorption in the 450 mp 
region, and/or by t.1.c. analyses. 

The crude product was chromatographed on a column 
of neutral alumina. The 1,4-dioxene adducts were eluted 
first with benzene, followed by other by-products, and 
finally by unreacted phenanthraquinone. The separation 
was followed by silicic acid t.1.c. analysis. The mixture of 
1,4-dioxenes obtained in this manner showed a single 
spot on a t.1.c. plate with a higher Rr value than other by- 
products. Repeated chromatography was required to 
yield a pure fraction of the by-product. 

Plloroaddirion to Cyclohexene 
A suspension of PQ (3 g) and cyclohexene (6 ml) in 

benzene (160 ml) was photolyzed for 7.5 h. The t.1.c. 

trace during the photoaddition showed three components, 
due to by-products having intermediate Rr values be- 
tween those of the dioxene adducts and PQ. Repeated 
chromatography of the crude product yielded the dioxene 
adduct 2c (1.3 g, 3473, a mixture (1.6 g), and compound 
4c (90 mg, 2 %). 

The dioxene fraction could not be purified by column 
chromatography or preparative t.1.c. and gave, from an  
acetonelight petroleum mixture, a non-~rystallinesolid;'~ 
i.r. 1610, 1500, 1450, 1240, 1010, 1080, and 715 cm-'; 
n.m.r. r 5.72 and 6.28 (both multiplets integrated to 2H 
with a ratio of 81.9); mass spectrum, m/e(%) 290(100), 
274(17), 247(9), 231(13), 220(11), 210(54), 209(30), 
194(17), 180(57), and 152(28). 

Anal. Calcd. for CZoHls02: C, 82.73; H, 6.25. Found: 
C, 82.52; H ,  6.33. 

The compound 4c was obtained as a solid and decom- 
posed on heating to 160" but gave one spot on a t.1.c. 
analysis; i.r. 3500, 1695, 1605, 1200, 1015, 990, and 730 
cm-'; mass spectrum m/e(%) 211(14), 210(91), 209(12), 
208(10), 181(52), 180(100), 152(50); U.V. h,,, 335 m p  in 
EtOH or EtOH-NaOH solution. 

Part of the mixture (650 mg) was treated with acetic 
anhydride in pyridine under reflux for 4 h. The crude 
product was worked up in the usual manner and was 
chromatographed on a basic alumina column. The first 
fraction (150 mg) eluted with benzene, crystallized from 
ether, and recrystallized from benzene to  give 9,lO- 
bisacetoxyphenanthrene; m.p. 202-205" [lit. (38) 202'1; 
i.r. 1765 and 1200; n.m.r. r 2.5 (8H) and 7.6 (6H, s); 
mass spectrum rn/e(%) 294(19), 253(14), 252(57), 211(48), 
210(100), 209(68), 197(35), and 182(42). A mixed m.p. 
of this material with an authentic sample prepared 
according to the known method (38) was not depressed. 

The following three fractions (240 mg) eluted with 
benzene were combined, recrystallized from methanol 
three times, and sublimed to white crystals (the acetate 
of 4c); m.p. 155-158"; U.V. (EtOH), 244 m p  (E 29 500), 
253 (24000), 332 (3050); i.r. 1740, 1685, 1600, 1485, 1240, 
1040, 770, and 740 cm-'; m.n.r. 7 4.2 (m, 2H), 7.30 
(m, IH), and 7.89 (s, 3H); mass spectrum rn/e(%) 332(1), 
274(2.4), 253(4.8), 211(17), 210(100), 209(44), 181(24), 
153(6), 152(14), and 151(6). 

Anal. Calcd. for C22H2003: C, 79.50; H, 6.06. Found: 
C, 79.37; H, 5.93. 

The fractions (495 mg) eluted with 20% chloroform in 
benzene were combined and recrystallized to give PQ. 

The ratios of the products were not altered significantly 
when one molar equivalent of cyclohexene was used, or  
when the concentration of cyclohexene was adjusted to 
0.001 M. The yields of the crude dioxene, however, 
varied from 33 to 42%. 

Photoaddition to 3-Hexenes 
A suspension of PQ (505 mg) and cis-hexene (1 ml) in 

benzene (45 ml) was photolyzed for 19 h. The v.p.c. 
analyses of the solution showed that the content of 
trans-3-hexene was 3.5% at 0 h, and 7 + 1 % at  the end 
of 6 h irradiation. The crude product was chromato- 
graphed to give a mixture of the dioxene adducts (426 mg, 
60%), compound 46 (68 mg, 273, and PQ (130 mg). The 

1°Pfundt and Schenck (3) reported m.p. 80' and 38 % 
yield for the same photoadduct. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHOW ET AL.: PHOTOADDITIONS TO OLEFINS 3051 

fractions of dioxene adducts exhibited two n.m.r. signals 
at r 5.80 and 6.16 in the ratio of 2:l although the t.1.c. 
analysis showed a single spot. A part of this fraction was 
sublimed at 180°/1 mm to afford a semi-crystalline light 
brown solid (26); m.p. 73-78" ; i.r. 1630, 1610,1500, 1100, 
760, and 725 cm-'; n.m.r. r 8.88 (two q, J = 5.5 Hz, 
Av = 2 Hz), 8.33 (broad, J = 5.5 Hz), 6.16 (t, J = 4 Hz), 
and 5.80 (dd, J = 4.5 and 7 Hz); mass spectrum m/e(%) 
292(10), 234(2), 210(10), 209(5), 208(4), 180(18), and 
152(10). 

Anal. Calcd. for Cz0HZoO2: C, 82.16; H, 6.89. Found: 
C, 82.50; H, 6.92. 

Compound 4b was a non-crystalline solid and decom- 
posed on sublimation; i.r. 3800, 1695, 1605, 1200, 1000, 
770, and 734 cm-I ; n.m.r. T 5.0 (broad m, 2H), 6.05 (OH, 
DzO exchangeable), 9.25 (m, 6H); U.V. h,,, 330 mp in 
EtOH or EtOH-NaOH solution. 

The same ~hotoaddition was run with trans-3-hexene 
(100% by v.p.c. analysis). Similar v.p.c. analyses of the 
solution during irradiation showed that no cis-3-hexene 
was formed during 6 h irradiation. The fraction of the 
dioxene adducts (70%) obtained by chromatography 
showed n.m.r. triplets at r 5.80 and 6.16 in the ratio of 
2:l. The i.r. and the mass spectra of this fraction are the 
same as that obtained from the addition to cis-3-hexene. 
Photoaddition to 2-Butenes 

A suspension of PQ (505 mg) and cis-2-butene (0.5 ml) 
in benzene (200ml) was photolyzed for 4 h. The t.1.c. 
analysis during the reaction showed a major and minor 
spot, gradually increasing proportionally to PQ. Column 
chromatography gave a fraction of the dioxene adducts 
(422 mg, 66%) which exhibited a single t.1.c. spot; the 
integrated ratio of the n.m.r. multiplets at r 5.68 and 6.07 
was in the ratio of 57:43. The first crop of crystals from a 
cyclohexene solution of the adducts were recrystallized 
from cyclohexane three times, and sublimed to afford the 
trans-isomer of 2a: m.p. 162-163"; i.r. 1600, 1500, 1450, 
1240, 1220, 1100, and 1180 cm-'; n.m.r. (in pyridine) 
r 8.55 (m, 6H) and 6.07 (m, 2H); M +  264.1218 (Calcd. 
for C18H1602: 264.1150). 

Anal. Calcd. for C18H1602: C, 81.79; H, 6.10. Found: 
C, 81.56; H, 6.13. 

The second crop of crystals obtained from the cyclo- 
hexane mother liquor was recrystallized from methanol 
several times to afford white crystals (cis-2a): m.p. 89- 
91"; i.r. 1630, 1605, 1500, 1340, 1090, 1035,760, and 725 
cm-'; n.m.r. (in pyridine) r 5.63 (m, 2H) and 7.77 (m, 
6H); M +  264.1218 (Calcd. for Cl8Hl6OZ: 264.1150). 

When the photoaddition was run with trans-2-butene 
under the same conditions, the fraction of the dioxene 
adduct (250mg) exhibited n.m.r. signals at r 5.68 and 
6.07 in the ratio of 58:42. The trans- and cis-adduct were 
isolated by recrystallization and were found to be identical 
with those isolated from the previous experiment. In this 
photoaddition an unstable by-product was also formed 
in ca. 10% yield, but this substance could not be purified. 
The t.1.c. analyses showed this compound to have the 
same Rf value as that of 3. When the photolysate was 
aerated, the long wavelength absorption of PQ (450 mp) 
appeared. A small amount of PQ was also isolated by 
chromatography. 

A mixture of PQ (2.02 g), trans-2-butene (0.5 ml) and 
benzene (150 ml) was heated in an autoclave at 140" for 

5 h, until there was no further decrease in pressure. The 
residue was treated with light petroleum and the light 
petroleum solution was chromatographed in the usual 
manner. The first fraction (111 mg) eluted with benzene 
showed an i.r. spectrum identical to that of the crude 
dioxene adduct as obtained in the photoreaction, with 
n.m.r. signals at r 5.68 and 6.07 in the ratio of 6:4. When 
the mixture was heated to 165", tar was formed, but 
only a trace of dioxene adducts was obtained. 

Photoaddition to 4-Octene 
The photolysis was repeated using pure trans-4-octene 

as the olefin. After 17 h irradiation the crude mixture was 
distilled at 120" bath temperature to give a distillate, 
whose v.p.c. analysis with a 30 % SE-30 column showed 
no peak corresponding to cis-4-octene. The t.1.c. analysis 
of the residue showed that three products were formed in 
approximately the same proportion. 

Addition to Fumaronitrile 
. A suspension of PQ (102 mg), fumaronitrile (44 mg) 
in benzene (45 ml) was photolyzed for 6 h. The t.1.c. 
analysis during the irradiation showed no significant 
change, but the u.v. trace showed a small increase in 
intensity at 310 mp. The remaining residue from evapora- 
tion of the solvent was chromatographed in the usual 
manner to afford a crude fraction of the nitrile and PQ. 
The v.p.c. analysis of the nitrile fraction on 10 % XF-1150 
on a chromosorb W column showed that it contained 
only fumaronitrile (Rf = 15 min) and no maleonitrile 
(Rf = 9.5 min). 

Phenanthraquinone (2.88 g) and fumaronitrile (1.36 g) 
in benzene (100 ml) were placed in a sealed tube. This 
mixture was heated for 45 h. On working up in the above 
manner, the starting materials were recovered. 

Photoaddition of Biacetyl 
A solution of redistilled biacetyl(834 mg), cyclohexene 

(0.85 ml), and benzene (125 ml) was photolyzed for 3 h. 
The reaction mixture was evaporated to give a residue 
(1.04 g). Chromatography of the residue on a silicic 
acid column gave an oily fraction (305 mg, 18 %), and a 
mixture of oil and crystals (318 mg, 38%). The oily 
fraction was distilled at 10O0/l rnrn to give 6 U.V. end 
absorption; i.r. 3480, 1720, 1360, and 1110cm-I; n.m.r. 
r 8,74(two s, Av = 2 Hz, 3H), 7.84(s, 3H), 4.22 (m, lH), 
and 4.6 (m, 1H); mass spectrum, m/e(%) 150(3.5), 125(21), 
88(23), 81(23), 59(28), and 43(100). The semicarbazone of 
6 was recrystallized from ethanol; mg.  187-189". 

Anal. Calcd. for C11H,9N30z: N, 18.65. Found: N, 
18.77. 

The mixture showed i.r. absorptions at 3450 and 1710 
(broad) and n.m.r. signals r 8.80,7.67 (same intensity) and 
8.72,7.77 (same intensity). This fraction was recrystallized 
from light petroleum and sublimed (9O0/5 mm) to give 
white needles of meso-3,4-dihydroxy-3,4-dimethyl-2,5- 
hexanedione (7); m.p. 91-94' [lit. (21), m.p. 95-96"]; 
n.m.r. (CC14) T 5.6 ( D 2 0  exchangeable), 7.65 (s, 3H), 
8.80 (s, 3H) and the small signals due to the dl-isomer; 
i.r. 1695 and 3450 cm-'. 

We are grateful to the National Research Council of 
Canada for generous support by Operating and Capital 
Equipment (mass spectrometer) grants. 
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CinCtique de relaxation des complexes Ce(1V). alcooll 

G. BOIVIN ET M. ZADOR 
Ddpartement de chimie, Uniuersitd de Montrdal, Montrdal, Qudbec 

R q u  le 12 mars 1970 

La cinktique de relaxation des cornplexes Ce(1V). alcool a Bte etudiee. Les constantes de vitesse de 
formation et de dissociation ont et6 determinees et dependent de la nature de I'alcool: primaire > 
secondaire > tertiaire. De plus les constantes de vitesse augmentent avec I'acidite ce qui est discute 
dans le mecanisme propos6. 

Relaxation kinetics of Ce(1V). alcohol complexes has been studied. The rate constants of formation 
and dissociation have been determined and are found to depend on the nature of the alcohol: primary > 
secondary > tertiary. In addition, there is an increase in the rate with acidity; a mechanism is proposed 
to explain this. 

Canadian Journal of Chemistry, 48,3053 (1970) 

Introduction 

Le Ce(1V) est un oxydant tres puissant; il 
oxyde diverses substances organiques telles que 
les alcools, les aldthydes, les cttones etc. ... (1). 
L'oxydation des alcools a fait l'objet de nom- 
breuses ttudes; le mtcanisme accept6 pour 
l'oxydation fait intervenir un complexe Ce(1V). 
alcool dans le mtcanisme (2-7) 

rapide 
[I 1 Ce(IV) + a1 CeUV). a1 

lente 
Ce(1V). a1 A Produits 

La formation du complexe ttant tres rapide, 
ne fut ttudite dans les travaux anttrieurs qu'au 
point de vue de sa stoechiomttrie et de sa 
constante d'tquilibre (2-7). L'ttude des rtactions 
rapides de formation de complexes mttal-ligand 
a connu ces dernieres anntes un dtveloppement 
considtrable dfi, en partie, aux nouvelles tech- 
niques mises au point (8, 9). 

Dans un tres grand nombre de cas on admet un 
mtcanisme A deux ttapes dont la premiere est la 
formation rapide d'une paire d'ions de type 
complexe externe qui est suivi du dtpart lent 
d'une moltcule d'eau et la rentrte du ligand dans 
la where interne du metal: la vitesse de cette 
deuxieme ttape est indtpendante de la nature du 
ligand. 

rapide 
[3] M(HZO)""'+ + LP- 

lente 
[4] [M(H20),"+ . . . LP- ] 

M(H20)n-lLm-P + Hz0 

'Prksentk en partie au 5 2 h e  Congrks Annuel de 
1'Institut de Chimie du Canada, Montrkal, mai 1969. 

Ce type de mtcanisme a t t t  propost la premikre 
fois par Eigen (10); depuis il a t t t  confirm6 dans 
un grand nombre de cas qui sont rtsumts dans les 
articles de revues (11, 12). 

En fait ce mtcanisme reprtsente un cas limite 
de la formation de complexes; on l'appelle 
mtcanisme S,l limite. Ce mtcanisme et d'autres 
mtcanismes de formation de complexes ont t t t  
amplement discutts (12, 13). 

Le mtcanisme simple prtsentt par les tqs. 3 et 4 
est dans certains cas compliqut par l'influence du 
pH. La vitesse de formation du complexe peut 
augmenter avec le p H  A cause de la formation 
d'espkces hydrolystes telles que FeOH2+ dont le 
groupe hydroxy facilite l'tchange d'une moltcule 
d'eau de coordination de l'ion Fe3+ (14). L'in- 
fluence contraire du pH, donc une "catalyse 
acide", a t t t  tgalement observte due A la protona- 
tion du ligand (15-18). 

La prCsente ttude est consacrte aux complexes 
Ce(1V). alcool intermtdiaires dans l'oxydation. 
L'ttude a t t t  effectute par la mtthode de 
relaxation dite de saut de temperature (T. Jump). 
Dans notre cas, 1'Cquilibre 1 est constamment 
perturb6 par la reaction 2, qui impose certaines 
limitations quant au choix des alcools ainsi que 
des concentrations des rtactifs en gCntral. 

Partie Exphrimentale 
Rdactifs 

Le solvant est I'eau distillee. Les alcools ont BtB 
purifies par les mkthodes habituelles. Le Ce(1V) a BtB 
utilisk en solution dans I'acide perchlorique 6 N (G. F. 
Smith); le titre des solutions a kt6 determine par iodo- 
m6trie. Les autres solutions ont kt6 preparkes par gravi- 
mktrie. La force ionique des solutions a kt6 maintenue 
constante par le perchlorate de lithium, etant donne que 
I'augmentation de la force ionique entraine une diminu- 
tion sensible des temps de relaxation. 
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Appareillage 
L'appareil de relaxation utilisk provient de la com- 

pagnie Messanlagen Studiengesellschaft m.b.H. Gottin- 
gen, Allemagne Fedtrale. Le principe de l'appareil a 6tB 
dCcrit dans la litterature (8). Le monochromateur utilist 
est de marque Bausch et Lomb et I'oscillographe 
cathodique est un Tektronix modele 535A. On a utilise 
des cellules a Clectrode de platine d'un volume total de 
7 ml avec un volume d'environ 1 ml entre les Blectrodes. 
Le condensateur d'une capacite de 0.05 pF peut-&re 
charge 40 kV; dans ce cas la d6charge est d'environ 
42 J et le saut de temperaturecorrespondant est d'environ 
10 "C. Le compartiment a cellule est thermostat6 et la 
temperature est mesurke a I'intkrieur de la cellule a I'aide 
d'un thermocouple. 

Manipulations 
La solution Btudiee est introduite dans la cellule et dbs 

que la temperature est stabiliske on effectue la d6charge 
pour minimiser la perturbation due I'oxydation (Cq. 2). 
La courbe de relaxation obtenue par photographie du 
signal sur I'oscillonra~he, est due au channement de 
densite optique de-1; solution a la longueur d'onde 
choisie. On a travail16 a des longueurs d'onde variant de 
390 a 420mp pour obtenir le rapport signallbruit 
optimum. L'erreur sur le temps de relaxation, 7, est 
d'environ 10%. Pour pouvoir interpreter quantitative- 
ment les resultats nous avons travail16 avec un grand 
excbs d'alcool par rapport au Ce(1V). Dans ces con- 
ditions, seule la concentration en Ce(1V) varie k cause de 
la reaction 2; celle de I'alcool reste pratiquement cons- 
tante et donc connue. On n'a observe aucune influence 
des ions Ce(II1) sur le temps de relaxation. 

Dans les conditions exptrimentales oii le 
travail a t t t  effectut, le Ce(1V) se trouve partielle- 
ment hydrolyst (19) 

A des longueurs d'onde d'environ 305 mp les 
deux formes du Ce(1V) ont un coefficient d'ab- 
sorption difftrent, donc en principe la rtaction 5 
peut-Etre ttudite. L'ttude exptrimentale n'a 
cependant pas montrt de relaxation dans les 
limites de l'appareil ce qui permet d'estimer la 
limite suptrieure du temps de relaxation de ce 
systkme a environ lop6  s. Les solutions d'alcool 
n'ont pas prtsentt de relaxation. 

InJuence de I'alcool 
Dans le cas d'un systkme Ce(IV).alcool on 

observe une seule relaxation avec un temps, z, 
compris entre 5 x et s suivant les 
conditions exptrimentales. A une temptrature 
donnte et a des concentrations en Ce(1V) et H+ 
constantes, I'inverse du temps de relaxation, z-', 
est donnte par l'tquation 

L'tquation [6] est celle que I'on obtiendrait pour 
un mecanisme simple du type 

Le temps de relaxation de ce systkme 7 est 
donnt par 

z-I = k, + Ic , ( [g ]  + [Ce(IV)]) oh 
[ a ]  et [Ce(IV)] 

sont des concentrations B l'tquilibre. Si on prend 
[Ce(IV)] << [all alors on obtient l'tquation [6], 
obtenu justement dans ces conditions pour des 
raisons discuttes plus haut. Nous avons vtrifit 
que dans ce cas z-I est indtpendant de la con- 
centration du Ce(1V). 

Une des droites de la fig. 1 reprtsente la 
variation de z-' en fonction de la concentration 
en alcool B une aciditt donnte et permet de 
vtrifier l'tquation [6] et de determiner k,  et k,. 

Le tableau 1 rtsume les rtsultats obtenus dans 
des conditions identiques pour une strie d'alcools 
B partir des temps de relaxation obtenus pour six 
concentrations en alcools comprises entre 0.02 et 
0.4 M. L'erreur sur les temps de relaxation est 
d'environ 10 %, bien que la reproductibilitt soit 
meilleure que 5 %; l'erreur sur les constantes de 
vitesse est d'environ 20 %. 

Les valeurs des k,  et k,  du tableau 1 sont dans 

FIG. 1. T e m ~ s  de relaxation du svstbme CelIV). 
dimithy-2,2 pr6panol-l. T = 10 "C; [c~(Iv)] = 0.005 
M :  force ionique = 1 M ;  I, [HC104] = 0.1 M ;  2, 
[HCI04] = 0.3 M ;  3, [HCIO4] = 0.5 M ;  4, [HCIO,] = 
0.7 M .  
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TABLEAU 1 
Influence de la nature de l'alcool* 

kd k f Kc Kc Kc 
Alcool (s-l) (M-I SKI) ' (M-')$ (M-')§ 

Isobutanol 2 . 3  lo4 8 .3  lo4 3 . 6 k 1 . 4  - - 
DirnCthyl-2,2 propanol-1 5 . 0  103t 20.0  103t 4 . 0 + 1 . 6 t  - 2 . 0 + 0 . 5 t  
Butanol secondaire 5 . 6  lo3 9 . 2  lo3 1 . 7 + 0 . 7  1 1  - 
Butanol tertiaire 1 . 2  lo2 3 .7  lo2 3 . 1 k 1 . 2  13 1.5k0.411 

*T = 13 O C ,  Ce(1V) = 0.005 M, HCIOJ = 0.5 M. 
t~ = rnoc 

l'ordre: isobutanol > butanol secondaire > bu- rCalisCe entre 0.1 et 0.7 M e n  acide perchlorique; 
tan01 tertiaire et dependent d'une manikre trks a trks haute aciditC. > 0.7 M, l'tquation [8] est 
importante de la nature du ligand. Ceci est trks 
different des rCsultats obtenus dans le cas des 
complexes des mCtaux de transition (20). On a 
Cgalement porte au tableau les constantes de 
stabilitC des complexes Ce(1V). alcool obtenu a 
partir des constantes de vitesse, Kc = k,/k,. En 
comparant ces constantes avec les valeurs publikes 
(21), a une concentration en acide perchlorique 
de 0.5 M, nous avons do faire une correction en 
tenant compte de 1'Cquation 5 ; l'augmentation de 
l'aciditC entraine le dCplacement de 1'Cquilibre 5 
vers la gauche, causant une augmentation de la 
constante d'iquilibre apparente de la formation 
du complexe Ce(1V). alcool dans lequel, comme 
il a CtC montrC (5-7), seule l'espkce Ce4+ participe. 
La correction apportCe a nos valeurs est de 20 B 
50 % d'aprks les valeurs extremes de 0.2 (22) et de 
5.2 (19) de la constante d'hydrolyse publiCes. 
Etant donne que meme apr@s correction 1'Ccart 
Ctait trks important, nous avons vCrifiC les 
approximations faites dans 1'Ctude des auteurs 
(21) et nous avons trouvC dans l'tquation 
utiliste pour interprCter les rCsultats,'qu'ils avaient 
nCgligC la quantitt de Ce(IV) engagCe dans le 
complexe. A une concentration de 0.1 lM en 
Ce(IV) et en butanol tertiaire elle serait de 0.056 
M avec la valeur de 13 M - ' pour la constante 
d'Cquilibre. Cette mauvaise approximation a 
comme consCquence des constantes d'tquilibre 
beaucoup trop grandes. Pour Ccarter tout doute 
possible nous avons effectuC une Ctude spectro- 
photomCtrique de la formation des complexes et 

trks dCplacCe vers la formation du Ce4+ et ne 
contribuant plus au saut celui-ci devient trop 
petit, tandis qu'a basse aciditt, < 0.1 M, il y a 
formation d'espkces polynucltaires (19). 

En effet I'aciditC a une influence trks impor- 
tante; B une concentration en alcool donnCe .r-l 
augmente avec l'aciditk. 

L'Ctude systkmatique de l'influence de I'aciditC 
est illustree par les rtsultats prCsentCs B la fig. 1 
et on constate que k,  et kd,  donc pente et ordonnte 
a l'origine, augmentent avec 1'aciditC; l'ensemble 
des valeurs de ces constantes apparentes est 
rCsumC au tableau 2. 

Le micanisme le plus simple qui pourrait 
rendre compte des rtsultats expkrimentaux est de 
trois Ctapes 

kt 
18 1 CeOH3+ + H +  + Ce. H2O4+ tr6s rapide 

k2 

k3 
[9 1 Ce. H2O4+ + a1 +(Ce. H204+)al rapide 

k4 

TABLEAU 2 
Influence de I'aciditC* 

(a) DirnCthyl-2,2 propanol-1 

nous avons trouvC des valeurs beaucoup plus (b) Butanol secondaire A 10 "C 
prks de celles obtenues par relaxation. 

[HCIO,] (M) k, (s-') l o - 3  kf (M-I 
Influence de l'acidite' 0.1 1 .9  2 . 5  

Au dCbut de notre travail, nous avons envisagC 0 . 3  2.7 7 . 5  
1'Ctude de l'influence de 1'aciditC Ctant donnt 0 . 5  4 . 6  15 
qu'elle intervient dans 1'Cquilibre 5. L'Ctude a CtC *[C~OV)I = 0.005 M, force ionique = 1.0 M. 
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k5 
[lo] (Ce.H204+)al + H+ + Ce. a14+ + H3O' lente 

ks 

oG Ce.H204+ reprCsente l'ion cCrique avec la 
molCcule d'eau de coordination qui est impliquie 
dans le micanisme. 

L'expression gCnCrale des temps de relaxation 
d'un tel systeme a trois Ctapes est extremement 
complexe et ne se prete pas 6 une vkrification 
expkrimentale; dans le calcul des temps de 
relaxation nous avons retenu les hypotheses sui- 
vantes: (i) l'Ctape 8 est tr6.s rapide par consCquent 
6 1'Cquilibre; (ii) 1'Ctape 9 est nettement plus 
rapide que 1'Ctape 10 ce qui donne une expression 
simplifike pour le temps de relaxation de ce 
systeme, identique A celle utilisCe dans la littk- 
rature (8): 

oG les a,, sont les coefficients du dkterminant 
sCculaire du systeme des Ctapes 9, 10, (iii) les 
concentrations des rCactifs sont dans le rapport 

H+l,  [all >> 
[Ce4 + 1, [CeOH3+ 1, [CeOH, . . . a14+ 1, [Ce.a14+ ] 

Tenant compte de ces hypoth6ses on obtient 

K,,,[a]] << 1, Ctant donnC que la formation d'un 
complexe externe avec les alcools implique des 
intkractions Clectrostatiques beaucoup plus 
faibles que dans le cas de la formation d'une 
paire d'ions. 

En introduisant le potentiel d'intiraction ion- 
dipole dans les relations utiliskes par Eigen (23) 
et Hammes et Steinfeld (20), on a estimC la limite 
supCrieure de K3,, ti 0,2 pour une distance 
d'interaction de 4 A. Le calcul exact n'est cepen- 
dant pas possible car en plus des approximations 
habituelles concernant le potentiel d'interaction 
dans ce milieu, la constante diClectrique et la 
distance d'interaction, il faudrait utiliser le 
moment dipolaire du ligand, obtenu en phase 

gazeuse ou en solvant non-polaire, dans l'eau qui 
forme avec celui-18 des ponts hydrogene. 

Dans ces conditions l'kquation 11 devient 

Les figs. 2 et 3 montrent l'accord entre les 
valeurs de kd et k, exphrimentales (les points) avec 
les courbes calculCes l'aide de 1'Cq. 12 en utilisant 

FIG. 2. Influence de l'aciditC sur kd: dimkthyl-2,2 
propanol-1 ; points expgrimentaux et courbe calculee; 
T = 10 "C; [Ce(IV)] = 0.005 M ;  force ionique = 1 M. 

FIG. 3. Influence de l'acidit6 sur kf: dimethyl-2,2 
propanol-1; points expkrimentaux et courbe calculke; 
T = 10 "C; [Ce(IV)] = 0.005 M ;  force ionique = 1 M. 
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TABLEAU 3 

Comparaisons des T , . ~ .  et real,. 

Dimethyl-2,2 propanol-1 Butanol secondaire 

10 "C 20 "C 10 "C 

lo4 lo4 lo4 lo4 lo4 lo4 
[H+ 1 [all Tcxp. ~ c a l c . *  ~ c r p .  7 c a l c . t  [H+ I [all Texp. 7calc.S 

(M) (M) 6 )  6 )  ( 4  6 )  (M) (MI 6 )  6 )  

- -. . . 

0.50 0.026 1.9 1.6 1.7 1.45 Butanol tertiaiie 35 "C 
0.70 0.131 0.85 0.83 0.75 0.7 0.10 0.08 6.0 - 
0.70 0.105 0.9 0.91 0.85 0.8 0.30 0.08 6.0 - 
0.70 0.052 1.0 1.05 0.95 0.9 0.70 0.08 6.0 - 

les parametres du tableau 2. Bien que les valeurs 
de la fig. 3 seraient en accord avec une droite, il 
ttait impossible de trouver un mtcanisme pouvant 
l'expliquer, car ceci impliquerait que l'on ntglige 
le dtnominateur dans l'tq. 12, c'est-&-dire que 
l'on ne tient pas compte de I'hydrolyse, pourtant 
bien ttablie, du Ce4+. L'ensemble des rtsultats 
pour le dimtthyl-2,2-propanol-1 et le butanol 
secondaire est prtsentt au tableau 3, et on 
constate que l'accord entre les temps de relaxation 
exptrimentaux et calcults avec les parametres du 
tableau 3 est satisfaisant. 

Discussion 

Le mtcanisme propost est plus complexe que 
celui gtntralement trouvt dans le cas des alcalino- 
terreux, les mttaux de transition, et m&me dans 
le cas des complexes du Ce(III), qui se font par un 
mtcanisme S,1 (24) et dont il differe sur deux 
points importants: (i) le dtpart d'eau (ou du 
ligand) est catalyst par H +  (ii) la vitesse varie 
d'une maniere notable avec la nature du ligand. 

la protonation de la moltcule d'eau de coordina- 
tion dans le complexe activt, rend la rupture de 
la liaison de transfert de charge Ce-0 beaucoup 
plus facile et c'est ce dernier phtnomene qui 
l'emporte. 

Dans l'ttude des rtactions d'tchange de pro- 
tons des moltcules d'eau de coordination de 
certains ions mttalliques l'influence comparable 
de H+ a t t t  observte; l'interprttation des rtsultats 
a tgalement fait intervenir une moltcule d'eau de 
coordination protonte dans l'ttape lente (25). 

Toutefois dans le cas des complexes Ce(1V). al- 
cool le mtcanisme catalytique ne semble consti- 
tuer qu'un cas limite. En effet l'tq. 12 ne permet 
pas l'interprtter les rtsultats dins le cas du 
butanol tertiaire oh un mecanisme non-cataly- 
tique serait prtpondtrant. M&me dans les cas du 
dimtthyl-2,2 propanol-1 et du butanol secondaire 
on ne peut exclure ce mecanisme non-catalytique 
contribuant a raison de quelques pourcents aux 
temps observts et pouvant expliquer les Ccarts a 
basse concentration en H+ du tableau 3, bien que 
ces rtsultats soient aussi influencts Dar un dtbut 

Influence de I'acidite' de dimtrisation du Ce(1V). 
L'influence catalytique de H +  est semblable B 

celle trouvte dans le cas de la dissociation de Ir~fluence de I'alcool 
certains complexes (15-18). Bien que tr&s dt-  L'influence importante de la nature de I'alcool 
favoriste B cause de la rtpulsion tlectrostatique, montre que contrairement aux complexes d'al- 
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calino-terreux, mttaux de transition (24) on est 
ici en presence d'un mtcanisme a un caractere 
S N ~  non nCgligeable. Le fait que celle-ci soit peu 
prks identique sur les vitesses de formation et de 
dissociation des complexes ne peut pas &tre 
attribute a une seule cause, par consequent 
l'interprttation en est t r b  sptculative. Le change- 
ment important de l'encombrement stCrique de 
l'oxygkne en passant de l'isobutanol au butanol 
tertiaire expliquerait assez bien la diminution de 
la vitesse de formation, a cause des inttractions 
rtpulsives avec l'ion central ainsi qu'avec les 
molCcules d'eau de coordination. Toutefois si 
l'effet stCrique Ctait le seul a intervenir le m&me 
raisonnement menerait B une diminution de la 
constante de stabilitt. Les rtsultats expkrimen- 
taux montrent que tel n'est pas le cas et que la 
force de liaison de transfert de charge formte, 
plus grande dans le cas du butanol tertiaire, peut 
compenser cet effet et entrainer en m&me temps 
une diminution de la vitesse de dissociation. 11 est 
a noter que l'effet sttrique du ligand a dtja CtC 
mis en Cvidence dans le cas de formation de 
certains chtlates (26). 

11 est tvident que les effets observts sont en 
partie dus aux changements de la couche de 
coordination secondaire de l'ion et aux change- 
ments de solvatation des alcools; mais ces derniers 
ne peuvent ttre Cvaluts. 

Nous rernercions le Conseil National de Recherches du 
Canada pour I'octroi grdce auquel ce travail a pu &re 
rkalise. 
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New preparation of benzs-2,1,3-oxadiazoles (benzof~azans)~ 

J. M. PROKIPCAK AND P. A. FORTE 
Department of Chemistry, Uniuet.sity of Guelph, Guelph, Ontario 

Received March 10. 1970 

A new procedure for the synthesis of substituted benzo-2,1,3-oxadiazoles (benzofurazans) has been 
established. The method involved the pyrolysis of substituted methyl N-(0-nitropheny1)carbamates. 
A possible mechanism for the reaction is outlined. 
Canadian Journal of Chemistry, 48, 3053 (1970) 

Previously it was reported (1) that the thermal 
decomposition of alkyl N-(0-nitropheny1)car- 
bamates yielded benzofurazan. Further investiga- 
tion of the reaction has shown that this relatively 
simple procedure could be generally applicable 
as a synthetic route to benz-substituted benzo- 
furazans (Table 1). The only apparent limitation 
would be the availability of the properly sub- 
stituted starting carbamates. 

The preferred alkyl carbamate has been shown 
(1) to be the methyl carbamate. When the alkyl 
group was ethyl or isopropyl, side reactions 
involving olefin formation occurred. These were 
shown to be occurring by passing the gaseous 
products through a CC1,-Br, solution. When 
different phenyl carbamates were used, benzo- 
furazan formation was noticeably reduced or 
failed to occur (Table 2). In making use of this 
reaction for the preparation of benzofurazans it 
was necessary to prepare the substituted methyl- 
N-(0-nitropheny1)carbamates. These carbamates 
were prepared in two different ways depending 
on the availability of the starting materials. 
Certain carbamates were readily obtained by 
reacting substituted o-nitroanilines with methyl 
chloroformate. Other carbamates were prepared 
by starting with the substituted o-nitrobenzoic 
acid and converting the acid to the acid chloride 
by using thionyl chloride. The acid chloride was 

then reacted with sodium azide (Curtius reaction) 
to yield the substituted o-nitrophenylisocyanate. 
Addition of absolute methanol to the isocyanate 
gave the substituted methyl carbamate. 

In the absence of kinetic data the proposed 
mechanism is based on product yields (Table 1) 
and from the results of special reaction mixtures 
listed in Table 3. Attempts to run kinetics on the 
reaction in solvents such as diphenyl ether, 
dimethyl sulfoxide, hexamethylphosphoramide, 
and benzonitrile yielded only trace amounts of 
benzofurazans. Two tentative routes which could 
lead to the final products are shown in Scheme 1. 

Both routes 1 and 2 require the formation of a 
cyclic intermediate: route 1 in the cyclization of 
the starting urethank and route 2in the cyclization 
of the o-nitrophenylisocyanate once it has formed. 
In addition to the carbamate pyrolysis reactions, 
the following findings are of both preparative 
and mechanistic interest (Table 3). Pyrolysis of 
o-nitrophenylisocyanate itself resulted in a lower 
yield of benzofurazan than most of the studied 
carbamates. Also the yield of product was un- 
affected by the addition of base. However, 
addition of base to the pyrolysis of methyl 
N-(0-nitropheny1)isocyanate which should facili- 
tate breakdown of carbamate into isocyanate 
and alcohol (2) drastically reduced the yield of 
benzofurazan. 

The experimental results obtained would favor 
the formation of the benzofurazans via route 1. 
The cyclic intermediate formed then could break 
down to a nitrene-type intermediate similar to 
that proposed by Huisgen (3) as a feasible 
intermediate when benzofuroxan was formed 
from o-nitrophenyl azide according to eq. 1. Sub- 
sequent cyclization of the nitrene intermediate 

'Taken from the thesis of Peter A: Forte presented yield benzofurazan. However, route 2 is 
to the Faculty of Graduate Studies, Un~versity of Guelph, 
Grlelph, Ontario, as part of the requirements for the probably 'perative and does lower the yields of 
degree of Master of Science. benzofurazan due to undesirable side reactions. 
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TABLE 1 

The preparation of substituted benzofurazans* 

Substituents Melting points (OC) 

R4 R s R.s R7 Observed Reported %Yield 

H NO, H H 64-65 65 35 

*The general structure was R5ez>o 
R6 

R7 

tAnal. Calcd. for CsHsNzO: C, 64.85; H, 5.44; N, 17.35. Found: C, 64.55; H, 5.43; N, 17.09. 

TABLE 2 

The preparation and decomposition of substituted phenyl N-(0-nitrophenyl)carbamates* 
-~ 

% Composition 
Calcd. Found - -.- -. - . ~ ~ - -  ~~ 

Melting point % Yield 
X ("C) C H N C H N benzofurazan 

0 
I 

'General Formula 
U N " O  N - c - o ~ x  

I I1 
H 0 

All the phenyl-N-o(nitrophenyl)carbamates were prepared by treating the o-nitrophenyl isocyanate with the corresponding phenol. 

TABLE 3 

Special reaction mixtures 

Reaction 
temperature* % Benzo- 

Reactant($ PC) furazan 

o-Nitrophenylisocyanate 255 
o-Nitrophenylisocyanate; 

24 t 
18% Me0 190 28 

o-Nitrophenylisocyanate; 
79% Me0 190 26 

Methyl N-(0-nitropheny1)- 
carbamate; 2 % Me0 250 20 

Methyl N-(0-nitropheny1)- 
carbarnate; 70 % M e 0  200 0 

*Reaction temperature is taken as the temperature where the 
evolution of COz gas is at a constant rate. 

tPreviously reported (I) as 5%. An improved workup technique 
raised the yield over a series of run's. 

Experimental 
All melting points were determined on the Fisher-Johns 

melting point apparatus and are uncorrected. Analyses 
were performed by Organic Microanalyses, 5757 Decelles 
Avenue, Montreal, Quebec. The n.m.r. spectra were 
measured on a Varian A60A instrument using tetra- 
methylsilane as a standard and the i.r. spectra on a 
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PROKIPCAK AND FORTE: BENZOFURAZANS 

Route 1 / Route 2 \ 

Beckmann IRSA. All product yields are based on an 
average of at least three runs. 
Preparation of Substituted Methyl N-(0-Nitropheny1)- 

carbamates 
Method A :  Preparation of Methyl N-(4-Methyl-2- 

rtitrophetiyl) carbamate 
In a typical experiment, a slurry of 4-methyl-2-nitro- 

aniline (50.0 g, 0.328 mole) and CCI4 (400 ml) was made. 
To this 50.0 ml (61.1 g, 0.650 mole) of methyl chloro- 
formate were added over a period of 30 min. The mixture 
was stirred continuously at room temperature for an 
additional hour. Pyridine (26.5 ml, 0.328 mole) was then 
added over a period of 1 h and the reaction mixture 
stirred at room temperature for an additional hour. The 
solid material which separated was removed by filtration. 
The CC14 from the remaining liquid was removed irt vacrlo 

whereupon an orange-yellow precipitate resulted. Re- 
crystallization of this precipitate from hexane - carbon 
tetrachloride (9:l) gave 39.0 g (56%) of methyl N-(4- 
methyl-2-nitrophenyl)carbamate, m.p. 104-105" with the 
following spectral data: n.m.r. (CDCI,) 6 9.54 (1 NH 
broad singlet which disappears on the addition of DzO), 
7.10-8.51 (3H multiplet), 3.80 (3H singlet), and 2.36 

0 
I I 

(3H singlet); i.r. (CCI,) 3325 (-N-H), 1740 (-C-), 
and 1250 (-0-CH3) cm-l. 

Anal. Calcd. for C9H10NZ04: C, 51.43; H, 4.80; 
N, 13.33. Found: C, 51.48; H, 4.83; N, 13.19. 

Method B: Preparation of Methyl N-(5-Methyl-2- 
nitrophenyl) carbamate 

The method of McElvain and Carney (4) was followed 
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TABLE 4 
The preparation of methyl N-(substituted-2-nitrophenyl)carbamates* 

Analysis 

Substituents Melting Calcd. (%) Found ( %) 
point 

R4 R5  Rs R 7  Method ("C) %Yield C H N C H N  

CH, H H H B 4849 .5  75 51.43 4.79 13.33 51.43 4.38 13.51 

H '  NO, H H B 125-1 27 58 39-84 2.92 17.42 40.13 3.23 17.66 

*The general structure was 

R7 H 0 

?Reference 1 for preparation. 
$Analysis for Cl: Calcd., 15.37; Found, 15.65. 
§Analysis for Cl: Calcd., 15.37; Found, 15.31. 

for the preparation of the acid chloride of 5-methyl-2- 
nitrobenzoic acid. 5-Methyl-2-nitrobenzoic acid (50.0 g, 
0.277 mole) was dissolved in 600 ml of dry benzene and 
cooled to 13" by a cold water bath. T o  this solution 
93.0 ml (132.0g, 1.108 mole) of thionyl chloride were 
added slowly with stirring after which the solution was 
refluxed gently for 24 h. The solvent and excess thionyl 
chloride were removed in uaclro to give the crude acid 
chloride which was used in the unpurified form for 
preparing the isocyanate according to the method of 
Allain and Bell (5). 

Sodium azide (27.0 g, 0.415 mole) was dissolved in 
le0  ml of distilled water and cooled to 10'. While stirring 
this solution, the acid chloride (dissolved in 150 ml of 
reagent acetone) was added at  a rate such that the 
reaction teniperatilre did not exceed 15". After addition 
of the acid chloride, the reaction mixture was stirred at  
18" for 3 h. A solid formed which was filtered off. The 
organic layer of the filtrate was separated and thc solvent 
removed it2 uacuo whereupon a solid formed. This solid 
azide was combined with the original solid and was added 
in small portions to dry benzene which had been heated 
initially to 60". The addition of the azide was exothermic 
and so no further warming was necessary. After complete 
addition the solution was allowed to stand at  room 
temperature for 2 h. 

To the benzene solution was added 20.0 ml anhydrous 
methanol and the solution was refluxed for 3 h. The 
solvent and excess methanol was removed in vacuo 
whereupon an oil resulted. Addition of hot hexane yielded 
32.6g (57%) of methyl N-(5-methyl-2-nitropheny1)- 
carbaniate, m.p. 59-60", with the following spectral data: 
n.m.r. (CDCI,) 6 9.90 (1 N H  broad singlet which dis- 
appears on the addition of D20) ,  5.80-8.40 (3H multi- 

plet), 3.82 (3H singlet), and 2.41 (3H singlet); i.r. (CC14) 
0 
I I 

3325 (-N-H), 1745 (-C-), and 1250 (-0-CH,) 
cm-'. 

Anal. Calcd. for C9HloN204: C, 51.43; H, 4.79; 
N, 13.33. Found: C, 51.43; H, 4.70; N, 13.46. 

The remainder of the carbamates were prepared by one 
of the two methods given. Details are shown in Table 4. 

Preparation oJ'Suhstituted Benzojirraznns 
The method of preparation of the substituted benzo- 

furazans was identical for all cases. The thermal decom- 
position of methyl N-(4-methyl-2-nitrophenyl)carbamate 
resulting in the formation of 5-rnethylbenzofurazan, 
CO,, and methanol will be described as a typical method. 
The remainder of the benzofurazans were similarly 
prepared and these details are shown in Table 1. 

Tlier~nal Decor71positiari of Metlzyl N-(4-metl7yl-2- 
nitrophetiyl) carbanlate 

Methyl N-(4-methyl-2-nitropheny1)carbamate (8.9 g, 
0.065 mole) was placed in a 50 nil two-necked conical 
flask fitted with a thermometer and a simple distillation set 
up consisting of a stillhead, condenser, and receiver. The 
flask contents were raised to 255" by means of a heating 
mantel. The evolution of C 0 2  gas was detected by use 
of a limewater solution. After the evolution of gas 
ceased, the niaterial in the pot was distilled a t  0.2 rnm 
pressure. All distillable material caliie off a t  a pot 
temperature less than 169" and solidified in the condenser. 
This solid was scraped out of the condenser and purified 
using a Nester-Faust sublimation apparatus. Pure 
5-methylbenzofurazan, m.p. 35-36.5" (lit. (8) 37') was 
obtained with the following spectral properties: n.m.r. 
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(CDCI,) 6 7.08-7.75 (rnultiplet) and 2.43 (singlet) with 1. J. M. PROKIPCAK, P. A. FORTE, and D. D. LENNOX. 
1 an integrated area ratio of 1 :1 respectively; i.r. (CCI,) Can. J. Chern. 47, 2482 (1969). 

showed strong absorption at 1630,1530,1460,1440,1410, 2. T. MUKA1YAMA and Y. HOSHINO. J. Arner. Chern- 

1370, 1315, 1155, 1040, 1010, 890, and 850crn-'. SOC. 78, 1946 (1956). 
3. R. HUISGEN. Angew. Chern. Intern. 2, 565 (1962). 
4. S. M. MCELVAIN and T. P. CARNEY. J. Arner. Chern. 

The authors would like to acknowledge the National Soc. 68, 2599 (1946). 
a Research Council of Canada for financial support of this 5. C. F. H. ALLAIN and A. BELL. Org. S Y ~ .  E. C. 

i research. We also thank Mr. H. S. McKinnon for running Horning, editor. ~ o l .  VOI. 111. ~ l l e y ,  ~ e w  York, N.Y. 
1 all the n.rn.r. spectra. 1955. p. 846. 
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Potassium fluoride catalyzed reactions between malononitrile and 
a, fl-unsaturated ketones 

J. W. APSIMON, J. W. HOOPER, AND B. A. LAISHES 
Department of Chemistry, Carleton University, Ottawa, Canada 

Received April 23, 1970 

The preparation and structure elucidation of the condensation products between malononitrile and a 
variety .of a,e-unsaturated ketones using potassium fluoride as catalyst is described. If the carbonyl 
group,of the a,e-unsaturated ketone is hindered, then Michael addition occurs. If, however, the carbonyl 
group is unencumbered, a Knoevenagel reaction appears to occur first which, in many cases, is then 
followed by conjugate addition and intramolecular condensation to yield compounds of unusual 
structure. 
Canadian Journal of Chemistry, 48,3064 (1970) 

During the course of the work directed towards 
the total synthesis of pentacyclic triterpenes we 
required an intermediate of type 1, intended to 
become ring E and part of ring D of the natural 
products, e.g., P-amyrin (2). An obvious route 
was Michael addition of a two-carbon unit to 
3,6,6-trimethyl-2-cyclohexenone (3). 

Base catalyzed condensation of methyl vinyl 
ketone with 3-methyl-2-butanone gave a mixture 
of ketone 3 and its isomer 4 (82: 18). The structures 
of these ketones were established by comparing 
their physical constants, and the rates of forma- 
tion of their semicarbazones, with the data of 
Buchman and Sargent (3) for the same com- 
pounds. These structural assignments were con- 
firmed by the subsequent reactions of the ketones 
3 and 4.' 

'Several reports of the preparation of ketones 3 and 4 
exist (1-5) and the former has usually been the major 
product of condensations of the type described above. 
The substance obtained by Dauben et al. (5) and assigned 
structure 4 is probably ketone 3 judging from the spectral 
data given and its mode of formation. 

Attempts to induce a Michael addition of 
diethyl malonate to 3 in the presence of various 
bases failed. Such an addition has been successful 
in the case of 3-methyl-2-cyclohexenone (7), but 
in low yields. Reports (8) of the use of anhydrous 
potassium fluoride as a catalyst in Michael and 
Knoevenagel reactions induced us to investigate 
its use in our case. We chose also to use the more 
acidic malononitrile, a substrate that probably 
also has smaller steric requirements than malonic 
ester. 

The solvent choice for this reaction was critical. 
Thus, at room temperature in dimethylforma- 
mide (DMF) a slow reaction occurred between 3 
and malononitrile. Heating at 100" did not appre- 
ciably alter the rate of Michael addition, rather, 
the i.r. spectra of aliquots indicated the formation 
of 1,2-addition products (Knoevenagel reaction) 
(2210 cm-' unsaturated nitrile) (9, 14). Anhy- 
drous potassium fluoride is only sparingly soluble 
in DMF (10) and it was reasoned that if its con- 
centration in the reaction could be raised, then 
formation of the Michael adduct 5 might be 
facilitated. The reaction was carried out in mix- 
tures of ethylene glycol and DMF (1:l) (11). 
Time studies showed that the concentration of a 
component absorbing at 1695 cm- ' (saturated 
ketone) was at a maximum after 2-2.5 h and 
thereafter steadily declined with regeneration of 
starting material and formation of the substance 
showing i.r. absorption at 2210 and 1615 cm-' 
(C=C). Apparently the Michael reaction i s  re- 
versible and subsequent removal of malononitrile 
by oligimerization (12) and formation of a 
Knoevenagel product displaces the equilibrium 
away from the Michael adduct. The optimum 
yield of Michael adduct 5 m.p. 68-69", was 56 % 
after 2-3 h. The i.r. spectrum of5 showed absorp- 
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APSIMON ET AL.: KF ( 3ATALYZED REACTIONS 3065 

tions for saturated nitrile (2250 cm-l) and satu- 
rated ketone (1695 cm- l) and the n.m.r. spectrum 
showed signals for three tertiary methyl groups 
and a one proton singlet at 6 4.87 assigned to the 
methine proton ci to the nitrile groups. Reaction 
for 24 h gave a reduced yield of 5 and an increase 
in the yield of Knoevenagel product 6. Conversion 
of the contaminating Michael adduct to the cor- 
responding ketal7, which readily crystallized out 
of the mixture, followed by distillation of the 
residues and crystallization of the distillate pro- 
vided pure Knoevenagel product 6,  m.p. 67-68". 
The U.V. spectrum of 6 showed a maximum at 
306 nm (14) and the i.r. spectrum exhibited 
absorption at 2210 (unsaturated nitrile) and 
1615 cm-' (double bond). The n.m.r. spectrum 
included signals for the gem-dimethyl (6 1.42), 
the vinylic methyl (6 2.07), and the ethylenic 
proton (6 6.58). Attempts to prepare this product 
by the normal ammonium acetate catalyzed 
Knoevenagel process (13) failed. Both 3 and 4 
were recovered unchanged when treated with 
anhydrous K F  in the solvent system used in the 
absence of malononitrile, thus eliminating the 
possibility of any rearrangement process during 
the addition reactions (6). Under similar condi- 
tions the Michael adduct 5 underwent reversion 
to 3 (85 %), but not to 4, with some formation of 
the Knoevenagel product 6. The ketal7 has since 
been converted into tosylate 1 (X = OTs) and 
this work will be reported in context with our 
triterpene syntheses. 

The anhydrous K F  catalyzed reaction of 
3,4,4-trimethyl-2-cyclohexenone 4 with malono- 
nitrile gave essentially one substance identified 
as the Knoevenagel product 8, m.p. 55-56". Its 
i.r. spectrum showed absorptions at 2210 (un- 
saturated nitrile) and 1600 and 1545 cm-' 
(double bonds) whilst the U.V. spectrum showed 
a typical maximum at 304.5 nm (14). The n.m.r. 
spectrum was consistent with this structure (see 
Experimental). 

These early experiments suggested that if the 
carbonyl group of a 2-cyclohexenone is sterically 

hindered then a Michael reaction is favored; on 
the other hand, if the p-terminus is hindered and 
the carbonyl is relatively available, then a 1,2- 
addition takes place to give the Knoevenagel 
product. This idea was reinforced when testos- 
terone was treated under the same reaction 
conditions to give only the dicyanoethylidene 
derivative 9, m.p. 184", with no evidence of the 
Michael product. 

In order to investigate the scope of this reaction 
somewhat further we studied the behavior of 
several ci,P-unsaturated ketones under the con- 
ditions described. The substrates examined and 
the products obtained are dealt with in turn. 

Pulegone (10) 
Inspection of the structure of pulegone 10 

shows an enone carbonyl group that is relatively 
hindered. Reaction with malononitrile in the 
presence of K F  afforded a crystalline product 
C13Hl,N20 in 50% yield whose i.r. spectrum 
indicated NH, (3450 and 3320 cmP1), C==C 
double bond (1 640 cm- l), and unsaturated nitrile 
(2180 cm-l) (15), and what appeared at first to 
be a carbonyl absorption at 1710 cm-l. That 
conjugate addition had occurred was indicated 
by the n.m.r. spectrum of the product where the 
signal for the isopropylidene methyl groups 
(6 2.00 and 1.60 in pulegone) now appeared at 
6 1.22. These data led us to consider a structure 
such as 11 or a closely related one for this adduct. 
However, the ready acid hydrolysis to an en01 
lactone, C13Hl,N02, v ,,, 1755cm-l, which 
would appear to have structure 12, suggested 
revision to structure 13. The U.V. spectrum of the 
adduct showed a maximum at 269 nm (E 5800) 
as well as strong end absorption, which is attrib- 
utable to the enamino cyano system proposed 
for 11 or 13 (18,21). Support for structure 13 was 
immediately available from the recent work of 
Wolinsky (16) who showed that the reaction of 
pulegone with ethyl acetoacetate gave compound 
14, and further in a large series of y-pyrans of 
similar structure, strong absorption around 
1710 cm-' in the i.r. was observed (17). This 
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CN COOEt 

information enabled us to assign all spectral data 
in support of 13. Further evidence was available 
from the mass spectrum2 of 13. Thus, the base 
peak is at M-15, corresponding to the loss of 
-CH3 to yield the stable pyrilium ion 15 (16), 
(Scheme 1). There is one other major fragment 
at mle 161 (1 1 %) which can be accommodated 
by a reverse Diels-Alder process as shown to yield 
ion 16, a process supported by a metastable 
peak of mle 128. 

The mass spectrum of en01 lactone 12 is more 
complex with very intense fragments at mle 204 
(loo%), 152 (9573, and 81 (71 %). That at  
mle 204 is doubtless loss of -CH3 to yield ion 17; 
however, an alternate fragmentation appears to 
lead to mle 152 via a retro Diels-Alder pathway 
(Scheme 2) in which cleavage of the lactone, 
accompanied by loss of cyanoketene, yields ion 
18 (19).3 

The stereochemistry indicated in 12 is that 
favored since the new asymmetric center 
(H-C-CN) will probably be formed under 
equilibrating conditions and the cyano group 
would then be expected to take up a pseudo 
equatorial configuration. 

way, When the anhydrous K F  catalyzed pro- 
cedure with malononitrile was carried out, a 63 % 
yield of a compound analyzing for C16H14N6 
was obtained, corresponding to a 3 : 1 condensa- 
tion product with malononitrile. The i.r. spectrum 
of this material exhibited absorption bands for 
-NH,, non-conjugated nitrile (2275 and 2255 
cm-I), conjugated nitrile (2200 cm-I), and C=C 
(1650 cm-I). Thus, there are apparently 3 types 
of cyano grouping present in the adduct. The U.V. 

spectrum (h,,, 274 nm, E 35 300) indicated a 
similar chromophore (NC-C=C-NH,) to 
that present in 13 (18). The n.m.r. spectrum of 
this adduct showed three exchangeable protons 
of which two appeared at 6 7.10 (-NH,) and the 
other as a singlet at 6 4.85. The latter signal is 
assigned to the methine proton on -CH(CN),, 
the exchange being autocatalytic in the presence 
of the basic amino grouping in the a d d ~ c t . ~  The 
methyl signal now appears at 6 1.48 as a singlet 
indicating that conjugate addition has probably 
occurred (6 2.00 in 19). 

These data are consistent with two structures 
for the adduct, 23 or 24, and at this stage we are 
unable to distinguish between these possibilities 
although apparently only one compound is 3-Methyl-2-cyclohexenone (19) 
formed. In the case of 3-meth~1-2-c~c10hexen0ne (20) The mode of formation that we favor for 23 or  we chose a in which we that 24 is illustrated in Scheme 3 and is supported by 

KnOevenagel be the path- the following. The Knoevenagel adduct of 3- 

methyl-2-cyc!ohexenone (20) was prepared and 
'In the mass spectral data presented in this paper we reacted for a short time with malononitrile in the 

discuss only those major fragments pertinent to the struc- 
tural elucidation. N o  deuterium labelling work has been presence of KF yield 38 % of the 1,6-addition 
performed in support of the proposed fragmentation. product 21. When this material was in turn 
However, in the majority of cases, the processes depicted treated under the same reaction conditions, the 
are supported by metastable peaks, shown In the varlous 
schemes by m* on the arrows indicating the fragmenta- product 23 Or 24 be detected. Inter- 
tions. Ions are indicated as percentages of the base peak. mediate 21 proved very difficult to purify rigor- 

3The origin of the fragment m/e 81 must await further ously for iombustion analysis (as did many 
studies but we favor a species such as 

H 4This proton exchanges more slowly with DzO than 
those whose signal appears at 6 7.10, but is accelerated 

HN=C-&=C=CHz+ by added base. Further, the normally nonexchangeable 
I protons of malononitrile rapidly exchange with DzO o n  

CH3 addition of traces of diethylamine (n.m.r. evidence). 
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1 lf l t  $ rn* 111.5 5 or c ' ~ = ~ ~  

CI r - - 

CN 

~+224 (21%)  !n/e 158(75?:) m/e 66(100%) 

mle 143(50%) 

SCHEME 4 

compounds in this study), however, all spectro- 
scopic properties supported the forinulation 
shown. Thus, the mass spectra of20 and 21 proved 
useful in confirming their structures. That of 21 
showed major fragments at nz/e 158 (75%), 143 
(50%), and 66 (100%) which can be readily 
assigned as indicated in Scheme 4 (21). 

The mass spectrum of 20 was dominated by 
fragments at nz/e 143 (72 %) (M-CH,) and 130 
(47%) which is readily accounted for by the 
reverse Diels-Alder process as shownin Scheme 5. 

The mass spectrum of the adduct 23 or 24 was 
very complex, but showed the base peak at m/e 66 
and the next major fragment at nz/e 225 (72 %) as 
well as the parent ion at m/e 290 (7%). These 
ions can be accounted for on the basis of the 
proposed structure as shown (Scheme 6). 

Mesityl Oxide (25) as -NH2. The simple n.m.r. spectrum showed 
On reaction with malononitrile in the presence a six-hydrogen singlet (2 x CH,) at F 1.25, indi- 

of anhydrous KF, a modest yield of an adduct cating that conjugate addition hadoccurred, and 
CI2Hl2N, was obtained whose i.r. spectrum in- a three-hydrogen doublet (J = 2 Hz) at F 1.80 
dicated the presence of both saturated (2220 coupled with a one-hydrogen quartet at 6 5.15 
cm- ') and unsaturated nitrile (2190 cm- ') as well suggesting a methyl group on a trisubstituted 
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double bond. A two-hydrogen signal at 6 7.70 was 
exchangeable with D,O. The U.V. spectrum 
showed maxima at 218 (E 8900), 238 (E 3500) and 
325 nm (E 4100). These data are consistent with 
structure 26 arising by the route shown in 
Scheme 7. 

Structure 26 has been previously assigned to a 
condensation product of acetone and malono- 
nitrile (22,23) and our physical properties corre- 
sponded closely to those reported. A sample of 26 
prepared from acetone and malononitrile in the 
presence of piperidine (23) was identical to the 
mesityl oxide sample. The mass spectrum of 26 
showed a base peak at  mle 197 corresponding to 
loss of -CH, probably arising as indicated. 

Isophorone (27) 
Isophorone reacted (under the conditions 

described) to yield a product analyzing for 

Cl,Hl,N4, whose i.r. spectrum showed the 
absence of ci,P-unsaturated ketone and NH, 
absorptions. A single saturated nitrile absorption 
at 2220 cm-I was present. The n.m.r. spectrum 
showed retention of the olefinic double bond 
originally present in isophorone (methyl doublet 
at 6 2.05 and olefinic one-proton quartet a t  
6 6.63). The mass spectrum, M +  252, showed a 
base peak at mle 196 (M-56) with other major 
fragments corresponding to M-15 (17%) and 
M-71 (33 %). These data are consistent with the 
structure 28 for the adduct and the fragmenta- 
tions indicated in Scheme 8. 

D-Carvone (29) 
The anhydrous KF catalyzed reaction gave a 

high yield of a pale yellow compound C16H16N4 
whose i.r. spectrum suggested the cyanoenamine 
grouping encountered previously (2170 cm-I) 
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1 !- l? 

H ~ N , $ ~ ~  - H2~* E 

CN m* 146 RDA . 
CN CN 

mle 196(100%) 

m* 167 

(cf. 13 and 24) as well as the presence of another 
unsaturated nitrile (2230 cm-I). The latter is 
probably present as part of a dicyanoethylidene 
group since the n.m.r. spectrum indicated that 
saturation of the enone double bond had occurred 
(methyl doublet at 6 1.1 8, and absence of olefinic 
proton signal). The isopropylidene side chain was 
unaffected. Two protons at 6 6.88 exchangeable 
with D20  supported the presence of an -NH2 
grouping. This information, plus the physical 
data quoted in the Experimental, are consistent 
with structure 30, the formation of which can be 
rationalized as shown in Scheme 9 which also 
indicates the proposed fragmentation of 30 on 
electron impact. 

The formation of this adduct is apparently 
highly stereoselective since only one product 
could be isolated and we suggest the stereo- 
chemistry indicated in 30 for this material on the 
basis that the Michael reaction will proceed in a 

perpendicular manner via a 'pre-chair transition 
state' to 31 (24). Since this intermediate will be 
formed under equilibrating conditions the methyl 
group cl to the dicyanoethylidene group will be 
expected to take up an axial position in preference 
to an equatorial one to relieve A(133) strain (25) 
and give 32, whose anion can react in a boat form 
via cyclization and tautomerism of the resultant 
imino group to yield 30 in stereochemically pure 
form (Scheme 10). 

Discussion 

The competition between Michael and Knoe- 
venagel reactions in the above cases is obviously 
very dependent on the steric environment of the 
cl,P-unsaturated ketones under study. Where the 
carbonyl group of the enone is relatively unen- 
cumbered, the addition in a 1,2-sense occurs 
initially to yield the Knoevenagel product and, 
conversely, when the P-carbon terminus of the 
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enone is readily available by comparison to the 
carbonyl group, 1,4-addition in a Michael sense 
is observed. 

Apparently, once 1,Zaddition has occurred the 
conjugated system is activated to further Michael 
addition resulting in multi-addition of the 
Michael donor, malononitrile anion. Thus, in 
the case of mesityl oxide, we favor the sequence 
of 1,2- followed by 1,6-addition and subsequent 
cyclization to 26, whereas with 3-methyl-2- 
cyclohexenone (19) a further 1,4-addition is 
required before a precursor suitable for cycliza- 
tion, 22, is obtained. Isophorone would appear to 
undergo 1,2-addition by an activated Michael 
donor, but 1,6-addition is prohibited in this 
instance by the developing 1,3-diaxial interaction 
between one of the methyl groups of position 5 
and the Michael addend approaching in a perpen- 
dicular manner from the top face to the terminus 
of the conjugated system (24), as shown in 33. 
Approach of the malononitrile anion from the cc 
face is less favored since this would involve a 
boat-like transition state. The alternate 1,4- 
Michael addition is thus favored, yielding 28. 

The formation of 13 from pulegone is readily 
explained via the intermediate enolate 34 which 

is formed close to one of the cyano groups on 
Michael addition. 

The obtention of 30 from carvone necessitates 
formation of the anion 31, although an alternate 
mechanism is that proceeding by way of the anion 
from Michael attack 35, followed by enolate 
exchange to 36, cyclization to 37, then Knoeve- 
nagel reaction t o  30. Again the methyl group 
stereochemistry is predicted on the basis of relief 
of A('13) strain (25) under equilibrating con- 
ditions. 

Our continuing work includes examination of 
the behavior of other a,P-unsaturated carbonyl 
systems under these reaction conditions as well 
as a deeper study of the utility of anhydrous 
potassium fluoride in organic synthesis. Varia- 
tions in products on changing the molar ratios of 
ketones to malononitrile is also under study.' 

Experimental 
Melting points were determined on a Kofler hot stage 

and are corrected. Thin layer chrornatography was per- 
formed with pre-coated plates (E. Merck, Silica Gel F-254, 
0.25 mm thickness) and developed with ceric sulfate. The 
n.m.r. spectra were obtained on JEOLCO C-60 and 
Varian A-60 spectrometers with tetraniethylsilane as an 
internal standard; chemical shifts are expressed on the 
6 scale. The following abbreviations are used to designate 
nlultiplicity of the n.m.r. signals: s, singlet; d, doublet; 
t, triplet; q, quartet; and rn, multiplet. Optical rotations 
were measured in ethanol solution at 25" in 1 dm tubes 
on a Perkin-Elmer 141 automatic polarimeter. Infrared 
spectra were determined on a Perkin-Elmer 237B grating 
spectrophotometer and ~1.v. spectra (in ethanol) on a 
Perkin-Elmer 2G2 spectrophotometer. Gas-liquid chro- 
matography was carried out on a Hewlett-Packard 402 
gas chromatograph using a n  OV 210 on Diatoport S 
column at 150'. Mass spectra were determined on an 
A.E.I. MS 12 at the University of Liverpool or on a 
Thomson-Houston machine at l'lnstitut de Chimie, 
Strasbourg. Major fragments in the mass spectra are 
expressed as percentages of the base peak. Petrol ether 
is the fraction b.p. 60-110". 

3,6,6-Trinzetlyl-2-cyclohexenone (3) and 
3,4,4-Trinzethyl-2-cyclokexenorle (4 )  

3-Methyl-2-butanone (178 g) in ether (225 ml) was 
added to a stirred solution of potassium hydroxide (50 g) 
in ethanol (190 ml) at 0" during 15 min. This was stirred 
for 10 min and then a solution of freshly distilled methyl 
vinyl ketone (156 g) in ether (1 1) was added during 3 h 
at 0". The cooling bath was removed and the reaction was 
stirred for a further 45 min, then poured into water, and 
diluted with ether (500 ml). The ether layer was washed 
successively with water ( x  3), dilute sulfuric acid, dilute 
sodium bicarbonate solution, and saturated salt solution 

51n the present work no attempt was made to study 
these parameters in detail. 
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and then dried (MgSO,) and evaporated to a red oil. 
Distillation of this afforded a mixture of 3 and 4 (88 g, 
31 %) b.p. 80-95"/7 mm (82:18 (+ 1.5) by g.1.c.). 

A similar experiment in which the reaction mixture 
was stirred at room temperature for 48 h gave a mixture 
of 3 and 4 (28%) in the proportions 88.5:11.5 (k 1.5) (by 
g.1.c.). 

Redistillation of mixtures of 3 and 4 through a 25 cm 
Vigreux column gave early fractions containing pure 3, 
b.p. 80-82"/8 mm; nDZ5" 1.4781 (lit. b.p. 86'113 mm (3), 
86-88"/15 mm (2), 8688"/13 mm (1) and nDZ5" 1.4780 (3), 
nDZZ" 1.4747 (2)); h,,, 23 1 nm (E 12 900); v,,, (neat) 1670 
(unsaturated C=O) and 1635 cm-' (C=C); n.m.r. 
(CDCI,) 6 1.05 (s, 6H, (CH,), at C-6), 1.80 (t, 2H, CH, 
at C-5), 1.93 (broad s, 3H, vinyl CH,), 2.33 (t, 2H, CH, 
at C-4), and 5.73 (broad s, IH, vinyl proton). Semicar- 
bazone forms slowly m.p. 195-198' dec., lit, m.p. 201' (3). 

Three redistillations of fractions rich in ketone 4 (by 
g.1.c.) produced pure material, b.p. 94-97"/7 mm; nD250 
1.4878 (lit. b.p. 98'113 mm (3), 93-95"/10mm (4) and 
tzDZ5" 1.4889 (3), noz4' 1.4840 (4)); h,,,,, 235 nm (E 14 200); 
v,,, (neat) 1665 (unsaturated C=O) and 1615 cm-' 
(C=C); n.ni.r. (CDCI,) 6 1.17 (s, 6H, (CH,), at C-4), 
1.1-0.7 (m, 2H, CH, at C-5), 1.92 (broad s, 3H, vinyl 
CH3), 2.38 (m, 2H, CH, at C-6), and 5.75 (broad s, lH,  
vinyl proton). Semicarbazone forms rapidly m.p. 201- 
204" dec., lit. m.p. 206207' (3,4). 

Reaction of 3,6,6-Trimethyl-2-cyclohexenone (3) with 
Malononitrile 

To a stirred solution of the ketone 3 (26.2 g) in DMF 
(100ml) containing malononitrile (75 g) was added a 
solution of anhydrous potassium fluoride (20g) in 
ethylene glycol (100 ml). A red color developed in 1 min 
and the solution became warm. After 2.3 h the mixture 
was poured into water and extracted with ether ( x  2). 
The organic layers were washed with water ( x  5) and 
then with saturated salt solution, dried (MgSO,), and 

evaporated to a brown oil. Distillation of this afforded 
the ketone 3 (10.0 g, 38% recovery) and a viscous oil 
which solidified on standing (13.5 g, 56% based on un- 
recovered 3) b.p. 108-11l0/0.l mm, shown to be sub- 
stantially pure Michael adduct 5 by i.r. and n.m.r. 
spectroscopy. This was recrystallized from petrol ether 
to give pure material (10.1 g) m.p. 68-69"; v,,, (Nujol) 
2250 (saturated CN) and 1697 cm-' (saturated C=O); 
n.m.r. (CDC1,) S 1.12 (s, 3H, CH, at C-3), 1.23 (s, 6H, 
(CH,), at C-6), 2.5-3.0 (m, 6H, CH, at C-2, C-4, and 
C-5), and 3.87 (s, IH, -CH(CN),). 

Anal. Calcd. for CI2Hl6NZO: C, 70.56; H, 7.90; 
N, 13.71. Found: C, 70.74; H, 7.92; N, 13.69. 

The mother liquors showed weak i.r. absorption at 
2210 and 1615 cm-' indicating the presence of some 
Knoevenagel adduct 6. 

A similar experiment to the one above, in which the 
reaction mixture was stirred for 24 h and then worked up 
in the same way, afforded ketone 3 (3.6g) and higher 
boiling fractions (13.2 g). From the latter, Michael adduct 
5 (4.6 g) was obtained by crystallization from petrol 
ether. The mother liquors were evaporated and a solution 
of the residue in benzene (200 ml) and ethylene glycol 
(20 ml) containing p-toluenesulfonic acid (100 mg) was 
heated under reflux with water separation for 24 h, and 
worked up in the usual way. Several crops of the ketal7 
(4.3 g), m.p. 97-98', were obtained from petrol ether; 
v,,, (Nujol) 2245 (saturated CN) and 1075 cm-' (ketal); 
n.m.r. (CDCI,) 6 0.90 (s, 3H, CH,), 1.03 (s, 3H, CH,), 
1.28 (s, 3H, CH,), 1.4-2.00 (m, 6H), 3.97 (s, 4H, 
-OCH2-CH,-0-), and 4.75 (s, lH, -CH(CN),). 

Anal. Calcd. for C14H18N,0,: C, 67.72; H, 8.12; 
N, 11.28. Found: C, 67.74; H, 8.08; N, 11.28. 

The residue obtained after evaporation of the mother 
liquors was purified by short path distillation at 120°/ 
0.1 mm and the distillate was recrystallized three times 
from petrol ether to give the Knoevenagel adduct 6 (0.6 g) 
m.p. 67-68"; h,,, 306 nm (E 22 000); v,,, (Nujol) 2210 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



APSIMON ET AL.: KF CA .TALYZED REACTIONS 3073 

(unsaturated CN), 1615 and 1520cm-I (C==C); n.m.r. 
(CDCI,) 6 1.42 (s, 6H, (CH3)2 at C-6), 1.68 (t, J = 6 Hz, 
2H, CH2 at C-5), 2.07 (broad s, 3H, vinyl CH,), 2.33 
(t, J = 6 Hz, 2H, CH, at C-4), and 6.58 (broad s, lH,  
vinyl proton). 

Anal. Calcd. for Cl2Hl4NZ: C, 77.40; H, 7.58; 
N, 15.05. Found: C, 77.65; H, 7.55; N, 14.91. 

Reverse Michael Reaction of Adduct 5 
The adduct 5 (0.5 g) was treated with anhydrous potas- 

sium fluoride (0.5 g) in DMF (3.5 ml) and ethylene 
glycol (3.5 ml) at room temperature for 18 h. The product 
was shown by g.1.c. and i.r. spectroscopy to contain the 
ketone 3 (85%), the Knoevenagel adduct 6 (1273, and 
the Michael adduct 5 (ca. 3 %). 

Attempted Preparation of the Knoevenagel Adduct 6 
Using Ammonium Acetate as Catalyst 

A solution of the ketone 3 (3.2 g), malononitrile (1.7 g), 
ammonium acetate (0.5 g), and acetic acid (0.25 g) in 
benzene (100ml) was refluxed for 18 h with water 
separation (13). The product (3.0 g) was shown by g.1.c. 
and i.r. spectroscopy to be unchanged starting material. 

Reaction of3,4,4-Trimethyl-2-cyclohexenone (4)  with 
Malononitrile 

Reaction of the ketone 4 (2.0 g) with malononitrile 
(6.0 g) and anhydrous potassium fluoride (1.6 g) in DMF 
(8 ml) and ethylene glycol (8 ml) was carried out as 
described for the isomeric ketone 3. After 3 h at room 
temperature this gave a yellow oil shown by g.1.c. and i.r. 
spectroscopy to consist of almost pure Knoevenagel 
adduct 8 (2.5 g, 93%). No trace of ketone 4 or of a 
Michael adduct could be detected. Short path distillation 
of this oil (12S0/0.1 rnrn) and crystallization of the distil- 
late from petrol ether afforded the Knoevenagel adduct 
8 (1.65 g) m.p. 55-56'; h,,, 304.5 nm (E 25 000); v,,, 
(Nujol) 2210 (unsaturated CN), 1600 and 1545 cm-I 
( G C ) ;  n.m.r. (CDCI,) 6 1.13 (s, 6H, (CH,), at C-4), 
1.70 (t, J = 6 Hz, 2H, CH, at C-5), 2.03 (d, J = 1.5 Hz, 
3H, vinyl CH,), 2.80 (t, J = 6 Hz, 2H, CH2 at C-6), and 
6.50 (m, lH,  vinyl proton). 

Anal. Calcd. for C12H14N2: C. 77.40; H, 7.58; 
N, 15.05. Found: C, 77.61; H, 7.60; N, 14.80. 

Reaction ofpulegone 10 with Malono?ritrile 
Reaction of pulegone (5.0 g) with malononitrile (6.5 g) 

and anhydrous potassium fluoride (3.6 g) in DMF (16 ml) 
and ethylene glycol (16 ml) for 10 h at room temperature 
was carried out in the usual way. The orange mixture was 
poured into water and the precipitate crystallized twice 
frommethanol togive the pyran 13 (3.5 g), m.p. 131-132", 
[a], = 85"; h,,, 220 (E 8400) and 269 nm (E 5800); 
v,,, (Nujol) 3450 and 3320 (NH2), 2180 (unsaturated CN), 
1710 (pyran), and 1640cm-I (C=C); n.m.r. (CDC1,) 
6 0.89 (d, J = 5.8 HZ, 3H, CHCH,), 1.22 (s, 6H, (CH3)2 
at C-4), and 4.28 (broad s, 2H, exchanges with D 2 0 ,  
NH,); mass spectrum M+ 218 (673, major fragments 
at mle 203 (100%) and 161 (1 1 %). 

Anal. Calcd. for C13H18N20: C, 71.29; H, 8.31; 
N, 12.83. Found: C, 71.21; H, 8.30; N, 12.72. 

Hydrolysis of Pulegone Adduct 13 
A mixture of acetic acid (50 ml), water (200 ml), and 

the pyran 13 (5.0 g) was refluxed for 30 min, cooled, and 

extracted with ether ( x  2). The combined organic layers 
were washed free of acetic acid, dried (MgS04), and 
evaporated to a yellow oil which crystallized from ethanol 
to give colorless prisms of the en01 lactone 12 (3.0 g) 
m.p. 69-71', [a], = 62"; h,,, 222 nm (E 2500); v,,, 
(Nujol) 2250 (saturated CN), 1755 (lactone C=O), and 
1690 cm-l ( G C ) ;  n.m.r. (CDCI,) 6 1.00 (d, J = 4.5 Hz, 
3H, CHCH,), 1.15 (s, 3H, CH,), 1.26 (s, 3H, CH,), and 
3.61 (d, J = 2.0 Hz, lH,  -CH(CN)-C=O); mass 
spectrum M+ 219, major fragments at mle 204 (loo%), 
152 (95 %), and 81 (71 %). 

Anal. Calcd. for C13H17N02: C, 71.21; H, 7.82; 
N,6.39.Found: C,70.95;H,7.67;N,6.56. 

Reaction of3-Methyl-2-cyclohexe?10?1e (19) and 
Malono?titrile 

3-Methyl-2-cyclohexenone (6.0 g), malononitrile (10.8 
g), and anhydrous potassium fluoride (6.3 g) in DMF 
(18 ml) and ethylene glycol (18 ml) were reacted in the 
usual way for 10 h at room temperature. The mixture was 
poured into water and the product was isolated with 
ether to yield an orange solid which crystallized from 
methanol-water as pale yellow plates of the adduct 23 or 
24 (10.2 g) m.p. 267-268' (sublimes at 240'); h,,, 274 nm 
(E 35 300); v,,, (Nujol) 3420, 3335, 3260, and 3230 (all 
NH,), 2275 (saturated CN), 2255 (saturated CN), 2200 
(unsaturated CN), 1650 and 1610 cm-I ( G C ) ;  n.m.r. 
((CD,),CO) 6 1.48 (s, 3H, CH,), 4.85 (s, lH, exchanges 
with D 2 0 ,  -CH(CN)2), and 7.10 (broads, 2H, exchanges 
with D20,  NH2); mass spectrum M+ 290 (770, major 
fragments at mle 225 (72 %) and 66 (100 %). 

Anal. Calcd. for C16H14N6: C, 66.21; H, 4.86; 
N, 28.96. Found: C, 65.76; H, 4.76; N, 29.43. 

Reaction of Knoevenagel Adduct 20 with Malono?zitrile 
Adduct 20 was obtained by the literature methods (13) 

and had m.p. 88-89'; h,,, 302.5 nm (E 25 000); v,,, 2220 
(unsaturated CN), 1625 and 1615 cm-I (C=C); n.m.r. 
(CDCl,) 6 1.05 (s, 3H, vinyl CH,), 6.62 (m, IH, vinyl 
proton); mass spectrum M+ 158 major fragments at 
mle 143 (72 %) and 130 (47 %). 

Adduct 20 (0.50 g), n~alononitrile (0.40 g), and anhy- 
drous potassium fluoride (0.60 g) in DMF (5 ml) and 
ethylene glycol (5ml) were reacted for 40 h at room 
temperature and worked up in the usual way to yield the 
adduct 23 or 24 (0.1 g) identical with a sample prepared 
from 3-methyl-2-cyclohexenone. 

In another experiment Knoevenagel adduct 20 (2.0 g), 
malononitrile (1.6 g), and anhydrous potassium fluoride 
(7.2 g) in DMF (25 ml) were stirred together for 8 min at 
room temperature and then worked up in the usual way 
to afford the 1,6-addition product 21 (0.75 g) m.p. 11 1- 
113" (needles from ether). Attempts at recrystallization 
gave less pure material and combustion analyses were 
poor; v,,, (Nujol) 2240 (saturated CN), 2220 (unsatur- 
ated CN), and 1600 cm-I (C=C); h,,, 302 n m ( ~ 2 3  100); 
n.m.r. (CDCl,) 6 1.25 (s, 3H, CH,), 2.78 (q, 2H, CH, at  
C-2), and 3.8 (s, lH,  -CH(CN),); mass spectrum M +  
244, major fragments at mle 158 (7573, 143 (SO%), and 
66 (100%). 

Reaction of I,6-Addition Product 21 with Malo?ro?zitrile 
Adduct 21 (0.20 g), malononitrile (0.10 g), and anhy- 

drous potassium fluoride (0.05 g) in DMF (2.5 ml) 
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and ethylene glycol (2.5 ml) were reacted together for 3 h 
at room temperature. Routine workup gave 23 or 24 
identical with an authentic sample. 

Reaction of Testosterone with Malononitrile 
Testosterone (8.0 g), rnalononitrile (5.6 g), and anhy- 

drous potassium fluoride (3.2 g) in D M F  (25 ml) and 
ethylene glycol (25 ml) were reacted for 30 min at room 
temperature and then poured into water. The product 
was isolated by ether extraction and crystallized from 
ethanol to give pale yellow plates of the Knoevenagel 
adduct 9 (5.9 g) m.p. 184-184.5'; [a],, = +251°; h,,, 
309 nm (E 30 000); v,,, (Nujol) 3600 (OH), 2225 (un- 
saturated CN), and 1600 cm-' (C=C); n.m.r. (CDC1,) 
6 0.77 (s, 3H, CH, at C-18), 1.13 (s, 3H, CH3 at C-19), 
and 6.44 (s, lH ,  vinyl proton); mass spectrum M +  336. 

Anal. Calcd. for C22H28N20:  C, 78.53; H, 8.39; 
N, 8.33. Found: C, 78.23; H, 8.38; N, 8.27. 

Reactio~z of Mesityl Oxide 25 ~vitir Malononitrile 
Mesityl oxide (5 g, redistilled), malononitrile (3 g), and 

anhydrous potassium fluoride (3 g) in D M F  (20 ml) and 
ethylene glycol (10 nil) were reacted together for 2 h at 
room temperature, poured into water, and kept at OD 
overnight. The crystalline deposit was recrystallized from 
acetone to give needles of the adduct 26 (1.1 g) m.p. 171- 
174"; h,,,,218 (E 8900), 238 (E 3500), and 324 nm (~4100) ;  
v,,, (Nujol) 3400-3100 (NH,), 2220 (saturated CN), 2190 
(unsaturated CN), and 1640cm-' (C=C); n.m.r. 
((CD3)ZSO) 6 1.25 (s, 6H, (CH,),C), 1.80 (d, J = 1.5 HZ, 
3H, vinyl methyl), 5.15 (q, J = 1.5 Hz, lH,  vinyl proton), 
and 7.70 (broad s, 2H, exchanges with D 2 0 ,  NH2); mass 
spectrum M +  212 (3773, major fragment at rn/e 197 
(100%). 

Anal. Calcd. for CIZHIZN4:  C, 67.91; H, 5.70; 
N, 26.40. Found: C, 68.04; H, 5.92; N, 26.90. 

Reaction of Isophorone 27 wit11 Malononitrile 
Isophorone (5 g), malononitrile (2.5 g), and anhydrous 

potassium fluoride (3.0 g) in D M F  (15 ml) and ethylene 
glycol (1 5 ml) were reacted for 4 h at room temperature 
and then poured into water. The precipitate was recrystal- 
lized from methanol to give yellow prisms of the adduct 28 
(2.1 g) m.p. 69-70"; h,,, no intense absorption above 
210 nm; v,,, (Nujol) 2220 (saturated CN) and 1610 cm-I 
(C=C); n.m.r. (CDCI,) 6 1.02 (s, 6H, (CH3),C), 2.05 
(d, J = 2 Hz, 3H, vinyl CH,), 2.20 (s, 2H, C-CH,-C), 
2.53 (s, 2H, C-CH,-C), 3.48 (s, lH ,  -CH(CN),), an: 
6.63 (q, J = 2 Hz, lH ,  vinyl proton); mass spectrum M 
252 (13 %), major fragments at m/e 237 (16%), 197 
(loo%), and 181 (33%). 

Anal. Calcd. for CISHI6N4:  C, 71.40; H, 6.39; 
N, 22.20. Found: C, 71.25; H, 6.16; N, 21.93. 

Reactiorr of D-Carvone 29 and Malononitrile 
D-Carvone (10 g), malononitrile (10 g), and anhydrous 

potassium fluoride (10 g) in D M F  (30 ml) and ethylene 
glycol (30 ml) were reacted for 10 h at room temperature 
and then poured into water. The precipitate was recrystal- 
lized from methanol to yield pale yellow needles of adduct 
30 (7.1 g) m.p. 208"; h,,, 252 (E 15 700) and 346 nm 
( E  1390); v,,, (Nujol) 3430, 3350, 3265, 3240 (all NH,), 
2230, 2170 (unsaturated CN), 1650 and 1600cm-I 
(C=C); n.m.r. ((CD,),SO) 6 1.18 (d, J = 6 Hz, 3H, 
CHCH3), 1.83 (s, 3H, vinyl CH3), 4.95 (d, J = 12 Hz, 

:HEMISTRY. VOL. 48, 1970 

2H, CH,), 3.95 (d, J = 2.5 HZ, 1 H, C=CCH-C==C), 
and 6.88 (broad s, 2H, exchanges with D 2 0 ,  NH,); mass 
spectrum M + 264 (18 %), major fragments at rn/e 196 
(100%) and 181 (64%). 

Anal. Calcd. for C16H16N4: C, 72.70; H, 6.10; 
N,21.20.Found: C,72.47;H,6.02;N,21.75. 
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Cobalt(I1) and nickel(I1) complexes of some bidentate imidazoline ligands. 
Stereochemically dependent delocalization in the imidazoline rings 

A. B. P. LEVER, B. S. RAMASWAMY, S. H. SIMONSEN,' AND L. K. THOMPSON 
The Department of C/iemistry, York University, Downsview (Toronto), Ontario 

Received May 1 1, 1970 

Tetrahedral and octahedral cobalt(II), and square and octahedral nickel(I1) complexes of 1,2-bis(2'- 
imidazolin-2'-yl)benzene, 1,2-bis(2'-imidazolin-2'-yl)ethane, and some imidazoline ring methyl sub- 
stituted ligands are reported. The structures are confirmed by three X-ray structural analyses, magnetism, 
and electronic and vibrational (conventional and far i.r.) spectroscopy. Both cis and trans octahedral 
complexes of the type M(ligand)z(NCS)z [M = Co(II), Ni(II)] have been characterized, and none of 
these exhibit splitting of the v(CN)(NCS) absorption in the i.r. spectrum at room temperature. Low 
temperature studies reveal splitting of the v(CN) band in the cis isomers. Both 13C and I5N satellite 
absorption is identified. The delocalization of the double bond in the imidazoline rings in these complexes 
is discussed in terms of the i.r. and X-ray data. 
Canadian Journal of Chemistry, 48, 3076 (1970) 

We report here the metal complexing ability calibrant. The U.V. spectra were recorded with a Cary 14 

of some novel bidentate ligands containing spectrometer and molecular weight data with a modified 
Gallenkamp Model 7665K semi-micro ebulliometer, imidazoline rings. the coordination calibrated with azobenzene and with benzoic acid. Infra- 

chemistry of imidazole and its derivatives has red and far i.r. data were obtained with a Beckman IR 12 
been extensively investigated (1, 2), studies of its spectrometer, and magnetic susceptibilities, via the Gouy 
dihydro derivative are restricted to the chemistry method with an  Alpha 4 in. magnet calibrated with 

of 2,2,-bi-2-imidazoline (3). since the dihydro mercury cobalt tetrathiocyanate. Low temperature elec- 
tronic and vibrational data were obtained with a Beckman 

ligand is somewhat simpler than imidazole, being V L T - ~  Variable Temperature Cell, with quartz (elec- 
non-aromatic, it was thought that a study of its tronic), o r  NaCl (i.r.) windows. Microanalyses were 
metal complexing ability might prove rewarding. carried out by Galbraith Laboratories, Knoxville, Ten- 

The ligands 1 ,2-bis(2'-imidazolinyl)benzene (1, nessee, and by A. B. G ~ g l i ,  Toronto. Mass spectra were 
obtained with a Hitachi-Perkin Elmer model RMU-6 

LP)y the imidazoline ring mass spectrometer. Melting points are gncorrected, 
substituted derivative (2, LMP), 1,2-bis(2'-imi- I,2-Bis~2,-i,,7idazolin-2~-yl)benze,le 
dazoliny1)ethane (3, LE), and its ring methyl Method A 
substituted derivative (4, LME) were synthesized TO 1,3-diiminoisoindoline (6) (7.25 g, 0.05 mole) dis- 
by the phosphorus pentasulfide catalyzed reaction solved in boiling absolute ethanol, was added ethylene- 
of ethylenediamine (or 1,2-propanediamine) with diamine (6.2 g, 0.1 mole) and the mixture refluxed until 

phthalodinitrile or succinonitrile, a standard evolution of ammonia had ceased. The bulk of  the solvent 
was removed by distillation at  reduced pressure until route for the preparation Of imidazolines (4). crystallization occurred. The white crystalline product 

The ethane derivative LE has been reported (5) (6.1 g, 60% yield) was recrystallized from benzene. T h e  
but the other ligands were previously unknown. pure product melted at  174-175". 

Reaction of the parent ligands with cobalt and Method B (Based on (7)) 
nickel salts in alcohol led to the isolation of a 0-Dicyan~benzene (6.4 g, 0.05 mole), ethylenediamine 

series of square, tetrahedral, and octahedral (6.2 g, 0.1 mole), and a catalytic amount of phosphorus 
pentasulfide (20 mg) were mixed together. Upon applica- 

complexes whose structures have been justified tion of heat (go0), vigorous evolution of ammonia 
by electronic and vibrational spectra (conven- occurred and the entire reaction mixture solidified. This 
tional and far i.r.), magnetism, and X-ray strut- product was crushed and recrystallized from benzene to  

tural analysis. The ring methyl substituted ligands yield the same product (7.9 g, 75 % yield, mixed m.P. 
undepressed) as method A. exhibited great reluctance in forming Anal. Calcd. for C1 ZH14N4 (rnol. wt. 214) : C, 67.3 ; 

and few were characterized. H,  6.5; N, 26.15. Found (218 (ebullioscopic), 214 (mass 
soectrum)): C. 66.9: H. 6.65 : N, 25.9. ,, . 

Experimental ' The U.V. spectrum (in methanbl) (wavenumbers, molar 
intensities in parentheses) 44  640 (11 500), 39 210 (3425) 

The n.m.r. data were obtained in CDC13 with a Varian cm-l; i.r. 3100(vNH), 1585, 1600(vCN) cm-1; n.m.r. 
Associates A60 spectrometer using SiMe, as an  internal  relative intensity)], 2.5 (4) (multiplet, aromatic CH), 

4.0 (2) (broad, NH), 6.33 (8) (singlet, ring CHZ);  mass 
'Department of Chemistry, University of Texas, peaks, m/e (relative intensities) 214(12)P, 185(48), 

Austin, Texas. 129(69), 102(55), 54(26), 42(46), 32(74), 30(5 I), 28(100). 
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1,2-Bis(4'-methyl-2'-in1idazolin-2'-yl)be11zene (2) 
Utilization of 1,2-diaminopropane in lieu of ethylene- 

diamine in the preparation of LP (1) in either method A 
or B leads to the preparation of compound 2 (65 % yield), 
m.p. 149-150". 

Anal. Calcd. for Cl4HI8N4 (mo1. wt. 242): C, 69.4; 
H, 7.5; N, 23.1. Found (243 (ebullioscopic), 242 (mass 
spectrum)): C. 69.7; H, 7.7; N, 23.2. The U.V. spectrum 
(in methanol) (wavenumbers, molar intensities in paren- 
theses) 44 640 (10 OOO), 39 210 (2770) cm-I ; i.r. 3125 
(vNH), 1587, 1603(vCN) cm-'; n.m.r.   relative inten- 
sity)] 2.5 (4) (multiplet, aromatic CH), 4.15 (2) (broad, 
NH), 5.9-6.8 (6) (multiplet, ring CH, CHz), 8.77 (6) 
(doublet, CH3, J = 6.0 Hz); major mass peaks mle 
(relative intensities) 242 (6) P, 227 (29), 170 (46), 129 (63), 
102(43), 42(44), 41(39), 28(100). 

1,2-Bis(2'-imidazolitz-2'-y1)etfiane (3) 
This compound was prepared via method B using 

succinonitrile in place of o-dicyanobenzene. Recrystalliza- 
tion from benzene yielded the pure derivative 3 (60% 
yield), m.p. 203-204', lit. m.p. 235' (5). 

Anal. Calcd. for CsHI4N4 (mol. wt. 166): C, 57.8; H, 
8.5; N, 33.7. Found (166 (mass spectrum)): C, 57.6; H, 
8.3; N, 33.6. The i.r. 3160 (vNH), 1610(vCN) cm-'; 
insufficiently soluble for n.m.r. study; major mass peaks, 
~ n l e  (relative intensities) 166(27)P, 84(60), 83(35), 55(39), 
54(90), 45(38), 42(49), 41(51), 33(37), 30(53), 28(100). 

1,2-Bis(4'-methyl-2'-in1idazolin-2'-yl)Et/1ane ( 4 )  
Method B was employed using 1,2-diaminopropane 

and succinonitrile. The compound (50% yield) melted at 
161-162". 

Anal. Calcd. for Cl0H1,N4 (mol. wt. 194): C, 61.8; H, 
9.3; N, 28.8. Found (194 (mass spectrum)): C, 61.8; E;I, 
9.4; N, 28.9. The i.r. 3140 (vNH), 1605(vCN) cm- ; 
n.m.r.  relative intensity)] 4.71 (2) (singlet, NH), 6.0-6.9 
(6) (multiplet, ring CH, CHZ), 7.47 (4) (singlet, bridge 
CH,), 8.81 (6) (doublet, CH3, J = 6.5 Hz); major mass 
peaks, mle (relative intensities) 194 (5) P, 179 (20), 82 (24), 
68(21), 54(47), 42(32), 41(38), 30(30), 28(100). 

Hydrolytic Degradatiori 
The compounds were hydrolyzed by refluxing in con- 

centrated hydrochloric acid for 6 h. On cooling, phthalic 
acid, compound 1, or succinic acid, compound 3, was 
obtained and identified by its i.r. spectrum. The hydro- 
chloric acid was removed at the pump leaving a white 
residue of the amine hydrochloride which was also 
identified by its i.r. spectrum. The weights of the products 
obtained were in accord with the structures proposed for 
each compound. 

General Preparation of Metal Complexes of Imidnzolines 
The complexes reported in this paper, unless otherwise 

stated, were prepared by the following general technique. 
Stoichiometric amounts of the metal salt and ligand 

were dissolved separately in hot absolute alcohol and 
filtered. The filtered solutions were heated and a hot 
solution of the ligand was added to the hot metal salt and 
the mixture heated with stirring for about 1 h. The metal 
complex which crystallized out was filtered, washed with 
ether, and dried under vacuum at 100 "C. The complexes 
were recrystallized by Soxhlet extraction with an appro- 
priate solvent, and dried under reduced pressure at 100 "C. 

Metal Con~plexes of 1,2-Bis(2'-in1idazoliri-2'-yl)- 
benzene ( I ,  LP)  

Dichloro Bis[(l,2-bis(2'-in1idazolin-2'-yl)be1izene]- 
nickel(Z1) 

Soxhlet extraction of the product in methanol gave an 
orange crystalline product. 

Anal. Calcd. for Cz4Hz8ClZNsNi: C, 51.6; H,  5.1; C1, 
12.7;N,20.1;Ni, 10.5.Found:C,51.45;H,5.1;C1,12.7; 
N, 20.2; Ni, 10.5. 

Dibromo Bis[l,2-bis(2'-in1idazolin-2'-yl) benzene]- 
nickel(l1) 

Recrystallization from methanol gave an orange 
product. 

Anal. Calcd. for CZ4HzsBrzN8Ni: C, 44.5; H, 4.4; 
Br, 24.7; N, 17.3; Ni, 9.15. Found: C, 44.4; H, 4.2; Br, 
24.1; N, 17.15; Ni, 9.2. 

Diiodo Bis[l,2-bis(2'-in1idazolin-2'-yl) benzene]- 
nickel(I1) 

Recrystallization from ethanol gave an orange crys- 
talline product. 

Anal. Calcd. for C24HzsIzN8Ni: C, 38.9; H, 3.8; I ,  
34.3; Ni, 7.9. Found: C, 38.65; H, 3.8; I, 34.75; Ni, 7.9. 

Diperchlorato Bis[l,2-bis(2'-itnidazolin-2'-yl)- 
be~~zene]nickel(Zl) 

Recrystallization from methanol gave an orange 
crystalline substance. 

Anal. Calcd. for CZ,HzsClzN8NiOs: C, 42.1; H, 4.1; 
Ni,8.6.Found: C,42.3;H,4.2;Ni,8.7. 

Dinitrato Bis[l,2-bis(2'-imidazolin-2'-yl)be?1zene]- 
nickel(ZZ) 

Recrystallization from methanol gave an orange 
crystalline substance. 

Anal. Calcd. for Cz4H2,NloNi06: C, 47.2; H, 4.6; Ni, 
9.6. Found: C, 47.0; H, 4.6; Ni, 9.6. 

Dithiocyanato Bis[l,2-bis(2'-imidazolin-2'-yl)- 
benzene]nickel(Il) 

Recrystallization from methanol gave a mauve colored 
crystalfine product. 

Anal. Calcd. for CZ6HzsNloNiSz: C, 51.7; H, 4.6; N, 
23.2: Ni, 9.7; NCS, 19.2. Found: C, 51.7; H, 4.5; N, 
23.1; Ni, 9.75; NCS, 19.1. 

Dithiocyanato [1,2-bis(2'-imidazolin-2'-yl)benzene]- 
r~ickel(ZZ) 

The product could not be recrystallized as it is con- 
verted thereby to (LP),Ni(NCS),. The light brown 
precipitate was washed with hot ethanol and dried. 

Anal. Calcd. for Cl4HI4N6NiS2: C, 43.2; H, 3.6; Ni, 
15.1; NCS, 29.8. Found: C, 43.2; H, 3.7; Ni, 15.1; 
NCS, 29.9. 

Dithiocyanato Bis[l,2-bis(2'-imidazolin-2'-yl)~ 
benzene]cobalt (ZZ) 

The ligand was used in excess. A buff colored product 
was obtained; on recrystallization from absolute alcohol 
orange crystals were produced. 

Anal. Calcd. for C26H28C~N10S2: C, 5117; H, 4.7; 
Co, 9.8; NCS, 19.2. Found: C, 52.2; H, 4.9; Co, 9.75; 
NCS, 19.25. 

Dithiocyanato [1,2-Bis(2'-ir~1idazolin-2'-yl)benzene]- 
cobalt(1Z) 

Crystallization from acetonitrile gave a dark blue 
crystalline product. 

Anal. Calcd. for Cl4Hl4CoN6S2: C, 43.2; H,  3.6; CO, 
15.1; NCS, 29.8. Found: C, 43.35; H, 3.6; NCS, 29.40. 
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Dichloro [1,2-Bis(2'-i1~zidazoli11-2'-yl) benzene]- 
cobalt(ZZ) 

Crystallization from absolute ethanol gave a dark blue 
crystalline product. 

Anal. Calcd. for ClZH14CoCI,N4: C, 41.9; H, 4.1; C1, 
20.6; Co, 17.1; N, 16.3. Found: C,41.8; H, 4.2; C1,20.9; 
Co, 17.15; N, 16.2. 

Dibromo [I ,2-Bis(2'-imidazolin-2'-yl) benzeriel- 
cobalt(Z1) 

Crystallization from methanol gave a dark blue 
crystalline product. 

Anal. Calcd. for ClZH14BrZCoN4: C, 33.3; H, 3.3; Br, 
36.9; Co, 13.6; N, 12.9. Found: C, 33.4; H, 3.2; Br, 37.0; 
Co, 13.6; N, 13.0. 

Diiodo [1,2-Bis(2'-imidazolin-2'-yl) benzene]- 
cobalt(Z1) 

Crystallization from acetonitrile gave a dark blue 
crystalline product. 

Anal. Calcd. for ClZH14CoIzN4: C, 27.3; H, 2.7; CO, 
11.2; I,  48.2; N, 10.6. Found: C, 27.7; H, 2.7; Co, 11.15; 
I, 48.4; N, 10.7. 

Diperchlorato Bis[l,2-bis(2'-imidazolin-2'-yl)- 
berzzene]cobalt(ZZ) 

Recrystallization from ethanol gave a violet product. 
Anal. Calcd. for CZ4HZ8C12C0N808: C, 42.0; H, 4.1 ; 

Co,8.6.Found:C,42.3; H,4 .2 ;Co ,8 .4 .  

Dithiocyarzato Bis[l,2-bis(4'-metlzyl-2'-imidazolin- 
2'-yl) benzene]nickel(ZZ) 

Recrystallization from absolute ethanol gave mauve 
colored crystals. 

Anal. Calcd. for C,oH36NloNiSz: C, 54.6; H, 5.5; Ni, 
8.9; NCS, 17.6. Found: C, 54.5; H, 5.2; Ni, 9.1; NCS, 
17.3. 

Dithiocyanato Bis[l,2-bis(4'-metl1yl-2'-imidazolin- 
2'-yl) etlzane]nickel(IZ) 

Recrystallization from ethanol gave a brown product. 
Difficulty was experienced in obtaining adequate C and 
H analyses. 

Anal. Calcd. for CZZH36NIONiSZ: Ni, 10.4; NCS, 20.6. 
Found: Ni, 10.2; NCS, 20.8. 

Dithiocymlato Bis[l,2-bis(2'-imidazolin-2'-yl) etlrmze]- 
>~ickel(ZZ) 

A large excess of the ligand was necessary; a greenish- 
blue powder was obtained and recrystallized from 
ethanol to give green-blue crystals. 

Anal. Calcd. for Cl8HZ8NlONiSZ: C, 42.6; H, 5.6; Ni, 
11.6; NCS, 22.9. Found: C, 42.7; H, 5.5; Ni, 11.5; NCS, 
22.5. 

Dibromo Bis[l,2-(2'-imidazolitr-2'-yl) ethane]nickel(ZZ) 
Recrystallized from methanol to give a reddish-brown 

product. 
Anal. Calcd. for Cl6HZ8N8Br2Ni: C, 34.9; H, 5.1 ; Br, 

29.0; Ni, 10.7. Found: C, 34.6; H, 5.9; Br, 28.7; Ni, 10.5. 

Dichloro Bis[l,2-(2'-imidazolin-2'-yl) ethane]- 
nickel(Z1) 

A large excess of the ligand was used in the preparation 
to give a reddish-brown product. Recrystallization from 
ethanol gave reddish-brown crystals. 

Anal. Calcd. for Cl6Hz8N8C1zNi: C, 41.6; H, 6.1 ; C1, 
15.3; Ni, 12.7. Found: C, 41.6; H, 6.4; C1,15.3; Ni, 12.6. 

Diiodo Bis[l,2-bis(2'-imidazolin-2'-yl) ethane]- 
nickel(Z1) 

Recrystallization from ethanol gave a reddish-brown 
crystalline product. 

Anal. Calcd. for C16H,81zN8Ni: C, 29.8; H, 4.4; I, 
39.4; Ni, 9.1. Found: C, 29.8; H , 4 . 5 ;  I, 39.1; Ni, 9.4. 

Diperchlorato Bis[l,2-bis(2'-in1idnzolin-2'-yl)etl1ane]- 
nickel(ZZ) 

Recrystallization from ethanol gave an orange product. 
Anal. Calcd. for C16Hz8CIzN8Ni08: C, 32.6; H, 4.8; 

Ni, 9.9. Found: C, 32.7; H, 5.0; Ni, 10.15. 

Dirzitrato Bis[l,2-bis(2'-in1idazolin-2'-yl)etl1ane]- 
nickel(1Z) 

Recrystallization from ethanol gave a brick red 
crystalline product. 

Anal. Calcd. for C16HZ8N10Ni06: C, 37.3; H, 5.5; 
Ni, 11.4. Found: C, 37.4; H, 5.6; Ni, 11.1. 

Dithiocyanato Bis[l,2-bis(2'-in1idazolin-2'-yl)- 
ethane]cobalt (11) 

The complex was prepared by adding an excess of the 
ligand in ethanol to the metal salt and leaving the mixture 
in a shaker overnight. The light brown precipitate that 
separated out was recrystallized from absolute alcohol to 
give a brown crystalline product. 

Anal. Calcd. for ClsHz8CoNloSz: C, 42.6; H, 5.6; Co, 
11.6; NCS, 22.9. Found: C, 42.4; H, 5.5; Co, 11.4; NCS, 
23.2. 

Dithiocyanato [1,2-Bis(2'-imidazolin-2'-yl)ethane]- 
cobalt(1Z) 

This was prepared by the general method but aceto- 
nitrile was used instead of ethanol. Recrystallized from 
ethanol to give a dark blue crystalline product. 

Anal. Calcd. for C10H14C~N6SZ: C, 35.2; H, 4.1; CO, 
17.3; NCS, 34.0. Found: C, 35.4; H, 4.0; Co, 17.2; NCS, 
33.7. 

Dichloro [1,2-Bis(2'-imidazolin-2'-yl) ethane]- 
cobalt(Z1) 

Recrystallized from methanol to give dark blue crystals. 
Anal. Calcd. for C8H14ClzCoN4: C, 32.5; H, 4.8; C1, 

23.95; Co, 19.9. Found: C, 32.4; H, 4.9; C1, 23.5; CO, 
19.0. 

Dibron~o [I ,2-Bis(2'-imidazolin-2'-yl) ethane]- 
cobalt(ZZ) 

Recrystallized from methanol to give blue crystals. 
Anal. Calcd. for C8HI4BrzCoN4: C, 25.0; H, 3.7; Br, 

41.5; Co, 15.3. Found: C, 24.8; H, 3.6; Br,41.5; Co, 15.0. 

Diiodo [I ,2-Bis(2'-imidazoliiz-2'-yl) ethane]cobalt(lZ) 
Recrystallized from ethanol to give bluish-red crystals. 

Difficulty was experienced in obtaining adequate C and 
H analyses. 

Anal. Calcd. for C8H14CoIzN4: Co, 12.3; I,  53.0. 
Found: Co, 12.1; I, 53.1. 

Diperchlorato Bis[l,2-bis(2'-imidazolin-2'-yl)etliane]- 
cobalt(Z1) 

Recrystallized from methanol to give a violet crystalline 
product. 

Anal. Calcd. for C16Hz8ClzCoN~08: C, 32.6; H, 4.8; 
Co, 10.0. Found: C, 32.9; H, 4.8; Co, 9.7. 
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Results and Discussion 
Characterization of the Ligands 

The ligand LP was initially discovered through 
the reaction of ethylenediamine with 1,3-diimino- 
isoindoline, which we had hoped would generate 
an interesting tridentate ligand analogous to 1,3- 
di(2'-pyridy1)iminoisoindoline (8). Since LP was 
soon found to give rise to an interesting series of 
metal complexes, a more rational synthesis was 
sought. 

Such a synthesis followed from a report in the 
Japanese patent literature (7) that nitriles will 
condense with ethylenediamine to yield imidazol- 
ine ring systems. Acetonitrile and p-dicyano- 
benzene had been investigated (7). Reaction of o- 
dicyanobenzene with ethylenediamine was found 
to proceed at 80" with the evolution of ammonia 
to yield the same derivative (1). Molecular weight 
studies and mass spectra indicate that the mol- 
ecule is monomeric. The structure l is confirmed 
by i.r., n.m.r., mass spectroscopy (experimental) 
and X-ray spectroscopy (see below). The i.r. 
spectrum is consistent with the presence of an 
ortho disubstituted benzene derivative containing 
both NH and C-N groups. In the n.m.r. spec- 
trum the -CH,- absorption is shifted to low 
field as a consequence of the adjacent nitrogen 
atoms. The presence of a singlet for the four 
methylene protons of each ring implies their 
chemical equivalence which is not a t  first sight 
expected on the basis of the structure 1. It is 
likely that there is fast exchange of the hydrogen 
atoms resulting in the nitrogen atoms, and the 
methylene protons, becoming chemically equiv- 
alent. The compound may be further character- 
ized by hydrolysis with hydrochloric acid under 
reflux, which leads to the formation of one 
equivalent of phthalic acid and two equivalents 
of ethylenediamine hydrochloride, identified by 
their i.r. spectra. 

The cleavage pattern of imidazoline rings in the 
mass spectrometer (9) is similar to that of the 
related thiazoline ring system (10). The most in- 
tense fragments observed in the spectrum of com- 
pound 1 are recorded in the experimental section. 
The mass spectrum is quite consistent with the 
structure1 proposed and with the earlier literature 
(9). 

The C-methyl derivative of 1, namely 1,2-bis(4'- 
methyl-2'-imidazolin-2'yl)benzene (2) was ob- 
tained through the reaction of 1,2-diamino- 
propane with o-dicyanobenzene. The i.r., n.m.r., 

and mass spectra of this derivative are quite con- 
sistent with the proposed structure (2). The methyl 
resonance is, as expected, split into a doublet by 
the adjacent hydrogen atom. The remaining 
resonances fall in the same regions as in the 
preceding compound 1. The compound may be 
hydrolyzed with hydrochloric acid to yield 
phthalic acid and 1 ,2-diaminopropane hydro- 
chloride in the appropriate ratio. 1n view of the 
intramolecular hydrogen exchange in solution 
and the likelihood of hydrogen bonding in the 
solid state, no distinction seems possible between 
the two alternate methyl substituted isomers, 
substitution in the 4' or 5' positions. A distinction 
may however be anticipated in the metal com- 
plexes of this ligand. 

When succinonitrile was employed in place of 
o-dicyanobenzene, the aliphatic analogue of 1, 
namely 1,2-bis(2'-imidazolin-2'-y1)ethane (3), was 
generated, ammonia being evolved. The i.r. and 
mass spectra of this complex confirm its identity. 
Whilst it was not soluble enough for an n.m.r. 
study, the n.m.r. spectrum of its methyl sub- 
stituted derivative (below) provided further con- 
firmation. Hydrolysis leads to the formation of 
succinic acid and ethylenediamine in the molar 
ratio 1 :2. The primary bond breaking process in 
the mass spectrometer appears to be cleavage of 
the ethane bridge followed by breakdown of the 
rings. 

Reaction of succinonitrile and 1,2-diamino- 
propane leads to the methyl derivative of 3, 
namely 1,2-bis(4'-methyl-2'-imidazolin-2'-yl)- 
ethane (4). The n.m.r. spectrum of this compound 
shows a high field doublet assigned to the methyl 
groups split by the adjacent hydrogen atom and 
two sets of resonances attributable to the remain- 
ing ~ ro tons .  Those at  low field of relative in- - A 
tensity 6 are assigned to the ring protons shifted 
downfield by the deshielding effect of the adjacent 
nitrogen atoms, and those at  higher field (relative 
intensity 4) are attributed to the bridging methy- 
lene groups. The latter give rise to a singlet 
indicating the high symmetry of this compound, 
4. ~ ~ d r o l ~ s i s  of this compound gave the expected 
products. 

Characterization of the Complexes 
Several series of complexes were synthesized; 

complexes of nickel(I1) were either square or 
octahedral, (or contained nickel species of both 
these stereochemistries), whilst the cobalt(I1) 
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TABLE 1 
Magnetic and i.r. data* 

Type of 
complex XR p.rr(BM) v(CN) t v(M-I-12 

(LP)zNiClz - Dia 1582, 1598, 1614w L 
(LP),N1Br2 - Dia 1580, 1600, (1615) L 
(LP),NiI, - Dia 1587, 1605 L 
(LP)zN~(NO~)Z - Dia (1582), 1599, (1608) L 
(LP),Ni(CIO,), - Dia 1585. 1603. 1617w L ., - 
~LE\;N~CI, - Dia 1600: 1631' H 435 (Ni-N) -~~ - - ~  - - - -  

~LE\:N~B~; - Dia 1603: 1620. (I 635) H 435 i ~ i - N )  
\--,A- .---a - -- 7 - --- 7 \ - - - - ,  -- 

(LE)ZNiIz - Dia i595, 1627 H 
(LE)zNj(NO,)z - Dia 1590, 1617, (1 625) H 
(LE)zNl(C104)2 - Dia 1602, 1626 H 

Octahedral 

Tetrahedral 
(LP)Co(NCS), 19.56 4.31 1595, (1605) L ?  296, 31 5 (Co-NCS) 
(LP)CoCI z 22.71 4.36 1588, 1605 L ?  310, 325 (CO-CI) 
(LP)CoBr2 18.83 4.46 (1582), 1590 L ni 
(LP)C0I2 16.25 4.58 (1570), 1590 L 214 
(LP)~CO(CIO~)~  1 1 .05 4.35 1580, 1595 L 
(LE)Co(NCS), 20.59 4.13 1582, 1603 L :: 
(LE)CoCIZ 24.25 4.17 1586, 1602 L 293, 320 (CO-Cl) 
(LE)CoBr2 16.76 3.97 1585, 1602, (1615) L 255 (Co-Br) 
(LE)CoIz 16.34 4.33 1589, 1602 L 204 
(LE)2Co(C104)2 12.3 1 4.23 1590br L ni 

Mixed stereochemistrv 

*The vWH) absorption is generally broad, in the range 3100 to 3400 cm-1 and in somecases the apparent peak centers shift 
from one sample preparation to another; we therefore do not report the data here. 

tL and H refer to division o f  the complexes into two series according to whether they have low or high v(CN) frequencies. 
Sni-no metal ligand vibrations have as yet been positively identified in these complexes. 

complexes were octahedral or tetrahedral (Table 
1). The gross stereochemistries of most of these 
complexes follow readily from their magnetism 
(Table l), far i.r. spectra (Table l), electronic 
spectra (Table 2), or conventional i.r. spectra 
(Tible 1). In three cases X-ray structural analyses 
have been completed and the broad details are 
presented here. It is convenient to first discuss the 
cobalt and nickel derivatives grouped according 
to their stereochemistries. 

Tetrahedral Cobalt(I1) Complexes 
These derivatives have electronic spectra and 

magnetism typical for their stereochemistry (1 1); 
solution of the appropriate secular determinants 
leads to Dq values for these ligands of 465 (LP) 
and 531 cm- (LE) (Table 2) (calculated from the 
perchlorates). These are somewhat higher than 
those of many other CON, chromophores (8) 
but parallel closely the behavior of the imidazoles 

(1). The very distorted nature of these complexes 
renders a more sophisticated discussion of their 
crystal field strength rather futile. By comparison 
of their far i.r. spectra with those of the other 
complexes it is easy to distinguish the cobalt- 
halogen stretching frequencies (Table 1) which 
lie in the appropriate regions (12, 13). Cobalt- 
nitrogen stretching frequencies have not yet been 
unequivocally identified. 

Square Planar Nickel(I1) Complexes 
Reaction of nickel halides, nitrate, or per- 

chlorate with the ligands leads to the isolation of 
orange diamagnetic complexes in which the 
stereochemistry about the nickel(I1) ion is evi- 
dently square. An X-ray determination of the 
structure of (LP),Ni(ClO,), has been completed 
and confirms a square planar stereochemistry. 
The gross details are shown in Fig. 1 ; detailed 
evidence for this structure will be presented else- 
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TABLE 2 
Electronic spectra - mull transmittance spectra (cm-I)* 

-- 

Type of complex*,(l 

Square 
(LP),NiC12 
(LP),NiBr, 
(LP)2Ni12 
(LP)2Ni(CI04)2 
(LP),Ni(NO,), 
(LE),NiC12 
(LE),NiBr2 
(LE)zN[I, 
( L E ) ~ N I ( C ~ O ~ ) Z  
(LE)2Ni(N03), 

Octahedral? 
(LP),Ni(NCS), 

20 000 24 000 
(20 000) 23 500 
(20 000) 24 200 
19 050 23 900 (28 600) 

v1 v2 v3 
10 950 17 850 28 400 

L.T. 10 100, 11 450 18 400 28 700 
9750 16 350 29 600 

L.T. (9500), 10 400 17 000 28 200 
9830, 10 590 17 700 

L.T. 11 200 18 200 
9750 (19 050), (20 000) 

21 100 
L.T. 10 150, (1 1 400) (19 450), (20 450) 

22 000 
8500, 9500 (19 500), 21 250 

L.T. (8450), 10 300 (19 050), 20 000 
20 900, 22 000 

L.T. 7970. (8695). (10 000) 15 925 

~ - .  
90lbbr (1 6 670) 

L.T. 9010, 10 150, (10 525) (1 6 670) 

Spin forbidden 

*br -. broad, L.T. = - 196 OC, and ( ) shoulders. 
tAssignments are as follows: octahedral nickel complexes, vl  3T26 c ~ A ~ ~ ,  v2 3Tll +3A26, v3 3T~6(P) c ~ A ~ ~ ;  octahedral 

cobalt complexes, vl  4T2, + -'Tls, v3 (TIP(P) +4T16. 
$Tetrahedral cobalt complexes v2 'TI c 4 A 2 .  v3 4T1(P) c~Az. 
\!Low temperature data for cokplexes of mixed stereochemistry: (LP)Ni(NCS)2 6250, 15 550, 20 200, 26 670 cm-: 

(LME),Ni(NCS), 10 200, 16 700,20 600.24 200 cm- . 
where (14). The imidazoline rings cant in a 
propeller-like fashion around the NiN,. plane 
and the benzene rings are almost perpendicular 
to this plane. Most of the corresponding nickel 
complexes with imidazole are paramagnetic (I), 
leading to the supposition that: (i) the crystal 
field strength of these bidentate ligands towards 
nickel(I1) is substantially greater than that of the 
imidazoles or; (ii) the stereochemistry is sterically 
imposed. The crystal field strength of imidazole 
and its derivatives is of the order (1) of 1080 cm- ' 
(Dq) whilst the mean crystal field strengths in the 
octahedral complexes (LP),Ni(NCS), and (LE),- 
Ni(NCS), are 1095 and 975 cm-l, respectively. 
Thus the diamagnetism of the other nickel com- 

plexes cannot arise through electronic factors. I t  
is clear both from molecular models and from the 
structure reported above that the conformation 
of the ligands causes considerable crowding above 
and below the molecular plane of the ligand; as a 
consequence of this crowding only small and 
strongly coordinating groups, such as the thio- 
cyanate ion, can cause the nickel ion to take up an  
octahedral stereochemistry. 

The electronic spectra of these complexes are 
all very similar, being essentially independent of 
the nature of the anion. The LP complexes have 
two bands near 21 000 and 25 000 cm-l, whilst 
the LE complexes have a similar spectrum but 
shifted about 1000 cm-I to lower energy. Thus 
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FIG. 1. The structure of (LP),Ni(C104)2. The space group is P2,lc and R = 0.077. The imidazoline rings cant in 
a propeller-like fashion about the NiN4 plane and the benzene rings are approximately perpendicular to this plane. 
The angles at the nitrogen atom are close to 90", and there are two molecules to the unit cell. 

the LE ligand probably has a somewhat smaller 
crystal field towards square nickel than LP; the 
reverse of the situation towards tetrahedral 
cobalt(I1). It is not possible to make unequivocal 
assignments of the spectra of square planar nickel 
complexes (1 l), and little can be said about these 
spectra except that the bands fall in the region 
anticipated for a square NiN, chromophore. 

The far i.r. spectra of these complexes are very 
complicated. Comparison with the spectra of the 
tetrahedral and octahedral complexes, and with 
the free ligand, leads to the tentative assignment 
of a metal nitrogen stretching vibration near 430 
cm-' in the LE complexes. 

The spectra of the LP complexes in the 400 
cm-' region are more complicated than those of 
the LE derivatives. Certain bands have been 
tentatively identified as metal nitrogen modes, 
as have additional bands between 400 and 200 
cm-' in both series of complexes. These will be 
published when further work has positively 
identified them (15). Nickel nitrogen stretching 
frequencies in square nickel amine complexes 
have not been characterized in the literature. It is 
pertinent that square nickel complexes of the 
imidazoles (1, 16) also have bands in the 400 cm- 
region which may be vNi-N in origin. A normal 
coordinate analysis of the square planar bis- 
(imidazolinato)nickel(II) has been reported (17) 
and a band at 445 cm-I assigned to the nickel 
nitrogen stretching mode. Our own work (18) 
with an extensive series of metal ethylenediamine 
complexes, also suggests that this mode should 
be sought near 400 cm-'. 

Octahedral Cobalt(I1) and Nickel(II) 
Complexes 

Reaction of cobalt or nickel thiocyanates with 
the ligands leads to a series of octahedral com- 
plexes L,M(NCS), [L = LP, LE, LME, and 
M = Co(I1) and Ni(II)]. All these derivatives 
have a single band near 2100 cm- ' assigned to the 
vCN stretching mode of the NCS groups and a 
band at 880-890 cm-' assigned to the vC-S 
stretching vibration of a terminally nitrogen co- 
ordinated thiocyanate group. The vNCS bending 
frequency near 470 cm-I is obscured by ligand 
absorption (Table 3). 

The octahedral stereochemistry follows from 
the electronic spectra and magnetism of these 
complexes and is confirmed by X-ray structural 
analyses (14) of (LP),Ni(NCS), and (LE),Ni- 
(NCS),. The former complex, shown in Fig. 2, 
has a cis configuration, whilst the latter, shown in 
Fig. 3, has a trans configuration. In view of the 
crowding above and below the molecular plane 
of the square LP nickel complex, a cis configura- 
tion for the octahedral thiocyanate is by no means 
surprising. In this way the ligands will minimize 
their mutual interaction. In the case of LE, 
crowding above and below the molecular plane 
in a trans derivative would be less serious since 
the methylene bridges will be much less bulky 
than the benzene rings. The absence of a splitting 
in the v(CN)(NCS) absorption in the cis com- 
plexes implies very little coupling between these 
thiocyanate group vibrations. This does not 
appear to be due to a lengthening in the nickel 
thiocyanate bond since the distance observed 
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TABLE 3 
The i.r. spectra of the complex thiocyanates (cm-') 

v(CN)* 

Complex 13C 15N 12C ~(c -s )?  
- 

L.T. 

L.T. 

L.T. 

L.T. 

L.T. 

L.T. 

L.T. 

L.T. 

L.T. 

*w -. weak, s = strong m = medium ( ) shoulders, n = narrow sharp band, and L.T. = - 196 "C. 
t n r  = not recorded a t  temperature'. The  v(NCS) bending modes near 470 cm-I could not be distinguished Rom the iigand absorption. 

FIG. 2. The structure of (LP)2Ni(NCS)2. The space group is C2/c (aniso.) and R = 0.129. The angles at the nickel 
atom are close to 90' and the Ni-NCS atoms are approximately collinear. 

here is similar to that observed (19) in the com- 
plex Ni(en),(NCS),. This result emphasizes that 
caution should be exercised in assuming that the 
absence of a splitting of the v(CN) mode in an 
octahedral dithiocyanate complex necessarily 
infers a trans geometry for that complex. 

However, we were successful in resolving the 
CN stretching vibrations in this complex into two 
main components at liquid nitrogen temperature 
(Fig. 4); under similar low temperature con- 
ditions, no resolution of the CN stretching 

vibration of the trans complex was observed. 
Studies of the other complexes led to resolution 
of the stretching vibration in both the LP cobalt 
and nickel complexes and in the LMP nickel 
complex, but no resolution in the LE cobalt and 
nickel complexes. We are tempted to conclude 
therefore that the (LP),M(NCS), and (LMP),Ni- 
(NCS), complexes contain a cis octahedral 
arrangement about the metal ion, whilst in the 
(LE),M(NCS), complexes, a trans octahedron is 
present. 
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FIG. 3. The structure of (LE)2Ni(NCS)2. The space group is PI and R = 0.045. 

In the tetrahedral LCo(NCS), complexes the 
v(CN)(NCS) stretching vibration is well resolved 
at room temperature, there being a splitting of 
some 16-1 8 cm-' compared with about 6 cm- ' 
at liquid nitrogen temperature in the octahedral 
complexes (Table 3). 

The somewhat higher crystal field strength of 
the LP ligand in the square complexes is also 
reflected in the octahedral complexes, the mean 
crystal field strengths having been cited above. 
As might be expected for a NiN, chromophore, 
there is no observable splitting of the first spin- 
allowed d-d transition (near 10 000 cm-') in the 
room temperature spectra of these complexes. At 
low temperature however (- 196 "C, Table 2) 
some resolution into two components is observed. 
The splitting in the trans complex is seen to be 
900 cm-l, whilst that in the cis complex is 1350 
cm-'. This is rather surprising in that the splitting 
in cis isomers is expected to be about half that in 
the trans isomer, the crystal field strengths of the 
ligands concerned remaining constant (20). How- 
ever, calculation reveals that this can be readily 
explained. In the LE complex the two bands con- 
cerned are assigned to the transitions from the 
3B1g ground state to the E, and 3B2g excited 
states in D,, symmetry. However, the relative 
order of these excited states is not immediately 
obvious. We calculate here the values of 10DqLE 
and 10DqNcs according to the two possible 
assignments (i and ii) shown in Table 4. A 
similar calculation may be carried out on the cis 
LP complex assuming it to possess pseudo D,,, 
symmetry (21). 

Assignment i must be eliminated because the 
value for 10DqNcs exceeds that for the Ni- 
(NCS),4- chromophore (about 10 800 cm- l) (1 1) 
yet the nickel thiocyanate bonds are known to be 
somewhat long; assignment ii for (LE),Ni(NCS), 
is quite consistent with the known facts. Assign- 
ment iv for (LP),Ni(NCS), is rejected because the 
10DqLp value lies well below 10DqLE; from 
the square nickel complex spectra we know 
10DqLp is greater than 10DqLE. Thus assign- 
ments ii and iii are chosen. These are fully con- 
sistent in that 10DqLp exceeds 10DqLE, the 
10DqNcs values are low and of similar magnitude, 
and the actual assignments are inverted as ex- 
pected for a pair of related cis and trans isomers. 

Whilst the absolute values derived from such 
first order calculations should not be taken too 
seriously, they are sufficiently accurate to allow 
assignments to be made with confidence, and 
they do corroborate the conclusion from X-ray 
and i.r. data that the nickel thiocyanate bond 
lengths are somewhat long. The unexpectedly 
large splitting in the cis isomer is now sub- 
stantiated. The spectra of the corresponding 
cobalt(I1) derivatives show similar splittings; 
however, the presence of the ,T,, ground term 
(in 0,) renders this species intractable to cal- 
culation. 

Other Complexes 
Reaction of a deficiency of the ligand LP with 

nickel thiocyanate led to the isolation of a brown 
complex, (LP)Ni(NCS),. This complex has a 
magnetic moment of 2.35 BM, which is essen- 
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FIG. 4. The room temperature, A, and low tem- 
perature, B, spectra of (LP)2Ni(NCS)2 in the v(CN)(NCS) 
reglon. 

tially independent of temperature (room tem- 
perature down to - 196 "C). The electronic spec- 
trum exhibits bands consistent with the presence 
of the diamagnetic (LP),Ni2+ chromophore, and, 
in addition, exhibits bands due to spin triplet 
nickel(I1). These data are consistent with the 
formulation of this complex as (LP),Ni2+(Ni- 
(NCS)4)2-. Forster and Goodgame (22) have 
shown that the structure of the Ni(NCS),,- ion 
depends upon the cation, and may be either 
tetrahedral monomeric or octahedral polymeric. 
Comparison of their data with ours leads to the 
conclusion that the anion is polymeric in this 
complex. The complex shows multiple v(CN) 

TABLE 4 

Possible ligand field assignments of nickel complexes 
- 

3Bzg 3Eg lODqLe IODqNcs 
Assignment (cm-I) (cm-') (cm-') (cm-') 

(LE)*N~(NCS)Z 
i 9 503 10400 9 500 11 300 

I I  10400 9500 10400 8600 

(LP)zN~(NCS)~ lODqLP 

iii 10100 11450 12800 7400 
iv 11 450 10 100 8 750 8 600 

absorption near 2100 cm-' (Table 3) consistent 
with hypothesis. Forster and Goodgame report 
magnetic moments of 3.24 and 3.33 BM for the 
polymeric ions they studied. Assuming a mean 
value of 3.3, our complex should theoretically 
exhibit a moment of 2.33 BM in excellent agree- 
ment with experiment. 

Many attempts were made to prepare com- 
plexes of the methyl substituted ligands LMP and 
LME. These were for the most part unsuccessful. 
It was possible, however, to isolate complexes 
with nickel thiocyanate analyzing as (LMP),Ni- 
(NCS), and (LME),Ni(NCS),. The former com- 
plex is typical of the parent octahedral derivatives 
and is included within the discussion above. The 
latter complex, however, is brown and exhibits a 
temperature-independent reduced moment of 
2.27 BM. Its electronic spectrum suggests the 
presence of the diamagnetic (LME),Ni2 + cation, 
and a spin-triplet nickel species. It has a single 
v(CN) absorption in the i.r. at 21 10 cm-' with an 
ill-defined shoulder at 2138 cm- '. No resolution 
is achieved at low temperature. We are unable to 
adequately characterize this species at the present 
time. 

Reaction of nickel thiocyanate with a deficiency 
of the ethane ligand LE led to the isolation of the 
olive green (LE)Ni(NCS),. Unfortunately it was 
not found possible to adequately purify this com- 
plex. However, the data obtained with the slightly 
impure derivative suggested its formulation as 
(LE)2Ni2+Ni(NCS)42- with the anion, in this 
case, a tetrahedral monomer. 

Nature of the Imidazoline Rings 
Of particular interest to this discussion are the 

NH stretching and bending vibrations and the C N  
stretching vibrations in the ligands and their 
complexes. Attempts were made to relate these 
frequencies with structural features in the com- 
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plexes. The NH and CN stretching modes are 
readily assigned near 3300 and 1600 cm-l, re- 
spectively. The bending modes were identified by 
deuteration of the ligands and some of their com- 
plexes. Unfortunately no correlation was ob- 
served between the NH vibrations and any struc- 
tural feature. Their variation appears random and 
this must undoubtedly arise as a consequence of 
marked changes in the extent of hydrogen bond- 
ing from one complex to another. 

Systematic variations in the v(CN) bands near 
1600 cm-' however, were observed. Both LP and 
LE exhibit two bands in this region assignable 
to this vibration; the LP complexes frequently 
have an additional shoulder or weak peak which 
is probably a benzene C=C vibration. The 
energy of the highest of these two bands appears 
to be a function of the stereochemistry of the 
complexes. Two series of derivatives may be 
detected, those with their highest v(CN) vibration 
near 1620 cm-l, and those with this band near 
1600 cm- ' ; whilst the separation is small, the 
division into two series is clear cut for most of the 
complexes. 

Octahedral complexes of LP and LE and 
square nickel complexes of LE absorb .at higher 
energy, whilst tetrahedral cobalt complexes of all 
the ligands, and square nickel complexes of LP 
absorb at lower energy. There is little doubt that 
in these complexes the ligand coordinates via the 
tertiary nitrogen atom rather than the secondary 
one. This is what would be expected and it is 
confirmed by the X-ray studies already com- 
pleted. Given this situation two extreme struc- 
tures may be postulated, 5 and 6, containing 
localized and delocalized rings, respectively. 

5 6 

These would be distinguishable via X-ray 
studies since the former should yield two very 
different C-N bond distances, whilst the latter 
will not. In the i.r. spectra the vCN frequency 
is expected to occur at a higher energy in the 
former than in the latter. Given a classification of 
the complexes into two series according to vCN, 
as shown above, and in Table 1, it is tempting to 
conclude that the two series are distinguished 
according to the degree of delocalization in the 

imidazole rings. The X-ray structure of the 
square nickel LP complex shows that this does 
contain essentially delocalized rings as predicted 
by the i.r. spectrum. The octahedral LP complex, 
on the other hand, shows two very different 
C-N distances expected for an essentially local- 
ized structure also in agreement with the i.r. 
spectrum. The crystal structure of the LE octa- 
hedral nickel complex suggests delocalization of 
the ring, whilst the i.r. spectrum suggests localiza- 
tion. The discrepancy here may arise through the 
question of how much delocalization is needed 
before it will show up in each of the techniques. 
In an attempt to answer this question, the N- 
methyl derivative of LE was synthesized, and a 
few of its metal complexes prepared (15). The 
free ligand, which must necessarily contain a 
localized ring, has avCN frequency at 1605 cm- l ,  
whilst the complexes absorb at about 1612 cm- l. 
Thus coordination to a metal leads to an increase 
in the vCN frequency paralleling the behavior of 
pyridine (23). The ligand LE absorbs at 1610 
cm-l, and must surely be at least partially de- 
localized. Since coordination to a metal will in- 
crease the CN frequency as proven above, it 
follows that a CN frequency of around 1600 cm- 
is definitive of a highly delocalized imidazoline 
ring. However, a frequency above that of the free 
ligand, say around 1620 cm-l, is ambiguous. It 
will not readily distinguish between a state mid- 
way between the two extremes and a completely 
localized structure. 

Thus the tetrahedral complexes and the square 
nickel complexes with the ligand LP may be 
assigned structures involving delocalized rings, 
but accurate X-ray structures will be needed to 
identify the extent of delocalization in the other 
complexes. Certainly it is reasonable to suppose 
they will involve at least partial localization of the 
double bond in the imidazoline rings. 

Additional X-ray structures are in progress 
and further discussion of this point will be 
deferred until the data are available. 

Magnetism 
The magnetic properties of these complexes 

are typical for the stereochemistries proposed. 
Worthy of comment are the rather low moments 
for the tetrahedral complexes of cobalt(I1). To a 
first approximation tetrahedral complexes should 
exhibit a spin-only moment of 3.87 BM since 
they have an orbitally singlet ground state. How- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEVER ET AL.: BIDENTATE IMIDAZOLINE LIGANDS 3087 

ever, moments of 4.4-4.9 BM are generally ob- 
served as a consequence of the mixing of the first 
orbital triplet excited state through spin-orbit 
coupling. In a highly distorted complex, such as 
those under discussion, the degeneracy of the 
excited state concerned will be lifted and its 
contribution to the ground state magnetic mo- 
ment greatly reduced. This is evidently what is 
happening in these complexes. It is noteworthy 
that the LE complexes have a lower moment than 
their corresponding LP complexes in agreement 
with the increased ligand field strength (the ex- 
cited state contribution to the moment being in- 
versely proportional to the crystal field strength) 
(24). 

Thiocyanate Stretching Frequencies 
It has already been pointed out that the tetra- 

hedral CoL(NCS), complexes exhibit two v(CN) 
stretching vibrations as expected, whilst both the 
cis- and trans-ML,(NCS), complexes exhibit only 
one band at room temperature. As indicated in 
Table 3, the spectrum of the cis isomers may be 
resolved into two bands at liquid nitrogen tem- 
perature. In addition the low temperature spectra 
have additional structure on the low energy edge 
of the main band (Table 3, Fig. 4). The very sharp 
band near 2060 cm-' is a 13C satellite predicted 
by a first order (diatomic oscillator) calculation 
to lie at about 2056 cm-I (if main band is at 2100 
cm-l). The intensity is in line with the fact that 
the natural abundance of 13C is 1.1%. The 
weaker band at 2070-2080 cm- ' is believed to be 

I 

I a 15N satellite since its intensity is about one third 

I 
that of the 13C satellite and the natural abundance 
of 1 5 ~  is 0.37%. With the main band at 2100 

1 
I 

cm-' a first order calculation predicts the 15N 
satellite at 2072 cm-' in excellent agreement with 

I the observations. 
1 

I Electronic Spectra; Variations in Ligand Field 
Strengths of the Ligands 

I Closer inspection of the data for the square 
1 planar complexes reveals not only that the LP 
i ligand exerts a stronger field than the LE ligand, 

but also that the nitrates are typical in having a 
band envelope displaced somewhat to lower 
energy. Both the nitrates behave in a similar 

I fashion and it seems reasonable to propose that 
I the nitrate groups are to be found along the z axis 

i of the molecule, there being a weak axial nickel 
oxygen interaction. 

I The tetrahedral complexes of cobalt(I1) exhibit 

spectra typical of strongly distorted tetrahedral 
chromophores (24) and provide thereby some 
justification for the low magnetic moments ob- 
served. Although it would be meaningless to 
calculate Dq and B parameters from these data, 
it is pertinent that the band envelopes for the LE 
complexes lie to somewhat higher energies than 
those for the LP complexes. This is particularly 
evident in the (L),Co(ClO,), derivatives. Thus 
in the tetrahedral complexes the LE ligand 
appears to exert a stronger ligand field than the 
LP, the converse of the situation in the square 
and octahedral cases. 

In view of the close similarity in the donor 
characteristics of the two parent ligands, these 
differences in field strength are probably steric in 
origin. Because of the different angular con- 
straints of the ethane us. the phenyl bridge, the 
'bite' of the two ligands will differ. The con- 
clusion is that the LP ligand can more readily 
accommodate a 90" angle at the metal atom, than 
the LE ligand, whilst the LE ligand can more 
readily adopt a 109" angle than the LP. 

Comparison of the X-ray data for the two 
octahedral complexes suggests that the nickel 
nitrogen bonds in the LE complex are slightly 
longer than those in the LP complex in agreement 
with the ligand field data. However at the present 
stage of refinement of the (LP),Ni(NCS), com- 
plex, it is not yet certain that the differences are 
significant. 
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Vibrational spectra of phosphorus ligand derivatives of some 
alkyltricarbonyl-n-cyclopentadienylmolybdenum compounds 
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Raman and infrared 
o-C3H5, CH,Ph; L = 
[P(OPh), l~t-CsHs have 

spectra of a series of complexes R C O M O ( C O ) ~ [ L ] ~ - C ~ H ~  (R = Me, Et, 
PPh,, P(OCH2),CCH,) and of CIMo(CO),[PPh,]x-C5H5 and HW(CO),- 
been recorded. In this complementary study of complex metal carbonyl 

compounds, assignments are suggested for metal-carbon-oxygen deformation, metal-carbon stretching, 
metal-ring, and metal-phosphorus stretching vibrations. It is thought that the latter occur in the range 
240-200 cm-', frequencies for phosphite complexes being lower than for the corresponding phosphine 
derivatives. 

Canadian Journal of Chemistry, 48, 3089 (1970) 

Introduction 

Infrared (i.r.) spectra of metal carbonyl 
complexes have been extensively studied in the 
v(C0) region, but only more recently has much 
attention been directed towards the lower fre- 
quency regions of the spectrum where F(MC0) 
and v(MC) vibrations occur. There are rather 
few reports of complementary Raman and i.r. 
studies of these regions for more complex metal 
carbonyls. ~nferences concerning the relative 
n-bonding abilities of phosphorus ligands have 
been made as a result of observations on v(C0) 
frequencies, but there are few direct observations 
of metal-phosphorus stretching frequencies in 
carbonyl compounds. In this work Raman and 
i.r. spectra of some molybdenum complexes in 
low frequency regions are compared, and sug- 
gestions are made concerning the origins of some 
vibrations. It should be realized that owing to the 
complexity of these molecules any detailed 
assignment of vibrations must be somewhat 
tentative, but nevertheless, useful information 
can be obtained from their vibrational spectra. 

Experimental 
The complexes were those reported previously (1). They 

were purified by recrystallization immediately before the 
spectra were recorded. 

Infrared Spectra 
The i.r. spectra were measured as Nujol mulls between 

CsI plates in the region 4000-200 cm-' on a Perkin- 
Elmer 621 spectrophotometer. Between 350-33 cm-' a 
Beckmann IR-11 instrument was used, with the sample 
supported on polythene windows. Spectra were also 

'Present address: I.C.I. Petrochemical and Polymer 
Laboratory, P.O. Box 11, The Heath, Runcorn, 
Cheshire, England. 

recorded in CS2 solution in the relevant regions to 
confirm that bands reported did not arise through solid 
state effects. Accuracy was + 2  cm-' with the Perkin- 
Elmer and k 3  cm-' with the Beckmann (calibrated 
with polystyrene). 

Raman Spectra 
Raman spectra of the solids were obtained with a 

Cary 81 using helium-neon excitation. In some cases the 
laser beam gradually decomposed the sample. This was 
prevented by application of a film of glycerol to the 
sample surface to exclude air. Accuracy was + 3  cm-', 
calibrated from the exciting line. Solution spectra were 
not obtained because of insufficient solubility. 

Results and Discussion 

Carbon-oxygen Stretching Vibrations 
The i.r. spectra of solutions for this region have 

been reported (1). The stereochemistry of these 
complexes has been inferred from the relative 
intensities of the two terminal carbonyl stretching 
vibrations (1-4), and is supported by an X-ray 
study in one case (5). Raman spectra have not 
been reported previously. The v(C0) modes are 
of medium intensity in the Raman spectrum, and 
the symmetric and asymmetric bands are of 
approximately equal intensity, though for the 
trans complexes the higher frequency (symmetric) 
vibration was usually the more intense. The 
v(C0) vibrations of the acyl groups were ex- 
tremely weak in the Raman effect and were 
sometimes not observed. 

Metal-carbon-oxygen Deformation and 
Metal-carbon Stretching Vibrations 

These occur in the range 700-300 cm-' and 
for any one complex the F(MC0) vibrations 
normally occur at higher frequencies (and are 
more intense in the i.r.) than the v(MC) modes, 
which usually occur over a narrower frequency 
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range below 500 cm-' (6). More recent investiga- 
tions into the Raman spectra of carbonyl com- 
plexes indicate that the v(MC) vibrations often 
give rise to intense absorption bands, whereas 
the 6(MCO) modes may be very weak (7). For 
such complex and asymmetric compounds it can 
be pointed out that labelling of bands as pure 
6(MCO) or v(MC) is inaccurate, as all of these 
vibrations are to some extent mixed. However 
it is usually true that a particular absorption is 
mainly either 6(MCO) or v(MC). (e.g. The 
symmetric v(MC) mode of CO(CO),NO is 
calculated to consist of 87% v(MC) with the 
remainder being other modes of the correct 
symmetry mixed in (8).) 

The i.r. work on Ph,P derivatives of metal 
carbonyls is made more difficult by strong 
absorption of the ligand in the 6(MCO) and 
v(MC) regions (9). For Ph,P, these absorption 
bands are very weak in the Raman spectrum and 
though the 6(MCO) modes are also weak, the 
absence of an intense ligand band can aid 
identification of bands in the 6(MCO) region, 
e.g. for EtCOMo(CO), [PPh,]n-CsHs. 

The 6(MCO) and v(MC) modes of XFe(CO),n- 
CsHs (X = C1, I, SnBr,) and X,M(CO),n-CsHs 
(X = C1, Br, I ;  M = Mo, W) containing 
M(CO), groups have been identified using i.r. 
spectroscopy (10, 11). The i.r. and partial Raman 
data on these modes has been reported for 
X,Sn[Fe(CO),x-CsHs], (X = C1, Br, I) (10). In 
most .cases three bands assignable to 6(MCO) 
vibrations were observed. A detailed assignment 
of the 6(MCO) modes based on the "local 
symmetry" of the M(CO), group has been made 
from i.r. studies of LFe(CO),n-CsHs (L = 
PPh,', I, SnCl,I, SnPh,) and trans LMo(CO),- 
[SnPh,]x-CsHs (L = P(OMe),, PPh,, SbPh,) 
(12). Local symmetry of the M(CO), group 
would lead to a prediction of three i.r.-active and 
four Raman-active 6(MCO) vibrations. 

For the present series of complexes, vibrations 
that do not originate within the phosphine 
ligands were assigned to 6(MCO) or v(MC) 
modes (after comparison with the spectra of the 
pure ligands). In these complexes i.r. spectra 
revealed in most cases three strong bands 
assignable to (mainly) 6(MCO) vibrations, with 
the formally i.r.-forbidden vibration usually 
appearing weakly. Fewer Raman bands were 
observed than predicted in nearly every case. 
Observations are presented in Tables 1-3. 

In these complexes two bands not assignable 

to ligand vibrations occur, weakly in the i.r., 
quite strongly in the Raman, between 470 and 
440 cm-', and it is suggested that these are the 
expected two v(MC) vibrations. These are found 
in the same general region as in other n-cyclo- 
pentadienyl metal complexes with M(CO), 
groups (10-12). The mode occurring at lower 
frequency is always very intense in the Raman 
spectrum, and is much stronger than the other 
vibration. Accordingly this lower frequency mode 
is preferred as the symmetric A ,  vibration because 
of its intensity (13). Hence the symmetric and 
asymmetric v(C0) and v(MC) vibrations appear 
to be in the reverse order. 

Substitution of carbonyl groups by poorer 
n-bonding Ph,P would be expected to lead to a 
lowering of the v(C0) frequencies of the remain- 
ing carbonyl groups, with a simultaneous in- 
crease in the v(MC) and 6(MCO) frequencies. 
Comparison with similar unsubstituted carbonyl 
complexes reveals this trend. (In [n-CsHSMo- 
(CO),], the lowest frequency assignable to a 
v(MC) vibration is observed at 411 cm-', in 
PhCH,Mo(CO),n-CsHs it occurs at 422 cm-I.') 
Within the present series, replacement of Ph3P 
by the better n-bonding (14) phosphites would 
be expected to lower the v(MC) and, to a lesser 
extent, the 6(MCO) frequencies. Such a lowering 
is observed for the highest frequency peak 
assigned to a v(MC) vibration, supporting the 
assignment. Within the series of vibrations 
assigned to 6(MCO) there is a reduction of 
frequency on substitution of P(OCH,),CCH, for 
Ph,P in CH,COMo(CO), [Lln-CsHs. 

Little is known about metal-acyl vibrations in 
these and similar complexes. Two vibrations of 
the MCOCH, group are reported between 590 
and 510 cm-' for a series of trans MX(C0Me)- 
[P(Et,)], complexes (M = Pt, Pd; X = anionic 
ligand) (15). These are of weak to medium 
intensities compared to the very strong v(C=O) 
vibration of the acetyl group. In the present series 
of complexes it is suggested that the metal- 
acetyl vibrations occur in the region of the 
6(MCO) modes, and in the i.r. spectrum are 
obscured by them, and also by the strong ligand 
vibrations in this region. 

Metal-x-cyclopentadiene Ring Vibrations 
In most of these complexes three vibrations 

occur between 370 and 300 cm-', which cannot 
be easily assigned to ligand or metal-acyl 

2 0 ~ r  own data, Nujol mulls. 
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TABLE 1 

Suggested assignments for XMo(CO), [Lln-C5H5 complexes* 

No. Complex S(MC0)T v(MC)t 

I M~COMO(CO)~ [PPh3]n-C5H5 i.r. 584 (4.7) 575 (4.4) 546 (sh) 540 (4.7) 468 (2.6) 440 (1 .O) 
R 588(4.0) 548 (1 .5) 470 (3.0) 440 (10.0) g 

I1 
r* 

E~COMO(CO)~ [PPh3]n-C5H5 i.r. 581 (3.0) 560 (6.2) 535 (0.1) 525 (sh) 466 (1.6) 442 (1 .O) g 
R 580(1.1) 561(0.4) 540(0.7) 523(0.7) 468 (1.8) 449 (10.0) 9 

VI 
5i 

E~COMO(CO)~ [P(OCHZ)3CCH3]n-C5H5 i.r. 580 (3.7) 558 (10.0) 535 (sh) 459(3.5) 446U.0) m 
R 583 (0.6) 559 (0.2) 539 (0.4) 521 (1.8) 462 (2.7) 448 (1 0.0) 8 

w 
VII ClMo(CO), [PPh3]n-C5H5 i.r. 590 (1.2) 568 (1.6) 543 (4.2) 536 (0.8) 460 (0.8) 442 (1 .O) p 

R 544 (3.1) 462 (7.5) 438 (10.0) 

VIII HW(CO), [P(OPh),]n-C5H5 i.r. 581 (3.5) 566 (1.9) 553 (sh) 531 (2.3) 470 (2.2) 445 (1 .O) 
R 476 (12.1) 441 (10.0) . . 

'Peak positions in cm-1. Complexes I-VI are trans: VII and VIII are cis. 
tFigures in parentheses are peak heights relative to the lower frequency v(MC) vibration. 
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TABLE 2 

Suggested assignments for XMo(CO), [Lln-C5H5 complexes* 

Complex 
No. v(C0) (Metal-ring)? v(MP)? 

I i.r. 1930 vs 1850 vs 1600 s 360(0.7) 351(0.9) 237 (0.8) 
R 1935 m 1847 m 1603 vvw 364 (12.6) 353 (12.0) 237 (3.0) 

VI i.r. 1948vs 1861vs 1620s 368 (0.4) 344 (0.7) 306 (1 .O) 202 (0.9) 
R 1949m 1869m 1625vw 372 (6.3) 351 (10.1) 307 (2.5) 203 (7.5) 

VII i.r. 1946vs 1861vs 358 (0.3) 344 (0.3) 313 (0.2) 235 (0.3) 
R 1960m 1855m 360(10.0) 342(15.0) 

VIII i.r. 1951 vs 1882 vs 
R 1957 m 1870m 

*Peak positions in cm-1. 
tFigures in parentheses are peak heights relative to the lower frequency v(MC) vibration; see Table 1. 

TABLE 3 
Other vibrations of XMo(CO),[L]n-C5H, complexes 

Complex Peak positions (cm-') 

VII i.r. 
1.r. 

VIII i.r. 
- -- 
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vibrations (because of their nearly constant 
positions in different compounds). These are 
thought to be metal-ring tilting and stretching 
modes. A mono-n-cyclopentadienyl complex 
would be expected to exhibit two tilting and one 
stretching mode, but usually the tilting vibrations 
are degenerate (16a). In the complexes showing 
three vibrations, it is tentatively suggested that 
the degeneracy of the tilting modes is removed 
either by the bulk of the acyl or ligand groups, or 
by the asymmetric nature of the (cis) complexes. 
The metal-ring vibrations are weak in the i.r. and 
very strong in the Raman spectrum. 

Metal-phosphorus Stretching Vibrations 
These have been reported to vary considerably 

for complexes with differing stereochemistries, 
electronic configurations, and oxidation states, 
and have been observed in the range 460- 
100 cm-' (9, 16b). A number of assignments of 
v(MP) vibrations in phosphorus-ligand sub- 
stituted metal carbonyl complexes have been 
made. Frequencies (cm-') for some monotri- 
phenylphosphine complexes are as follows: 
Ni(CO), [PPh,] (17), 192 ; M(CO), [PPh, ] (M = 
Cr) 206, (M = Mo) 204 (9). Spectra of some 
phosphite-ligand substituted compounds indi- 
cate that, for monosubstituted derivatives, v(MP) 
is lower than for the analogous phosphine 
complex; v(MP) frequencies (cm-I) are as 
follows: Ni(CO), [P(OCH,),CCH,] (18), 143 ; 
M(CO), [P(OCH,),CCH,] (M = Cr) 164, (M = 
Mo) 195, (M = W) 180 (18). For Ni(CO),-,- 
[PF,], v(MP) occurs between 260 and 190 cm-I 
(19). 

For the present series of complexes of 
n-bonding ligands with a transition metal in a 
low oxidation state, it would be reasonable to 
look for v(MP) in the same general region as for 
the M(CO), [PPh,] derivatives. For the acyl 
series of Ph,P complexes, where only the acyl 
group varies, v(MP) would probably occur at 
very similar frequencies for each derivative. For 
this series no peak of fairly constant position 
occurred in the i.r. or Raman spectra in the range 
450-300 cm-' that could not be better assigned 
to Ph,P, v(MC), or metal-ring modes. The 
region below 150 cm-' appeared unlikely to 
contain the v(MP) mode, by analogy with other 
carbonyl complexes, and the vibrations that are 
found here are more suitably assigned to G(CMC), 
G(CMP), or ring-twisting modes. 

The i.r. spectrum of pure Ph,P was run 
between 300 and 150 cm-' and agreed very 
closely with a published spectrum for this com- 
pound (20). The i.r. spectra of the complexes 
RCOMo(CO), [PPh,]n-C,H, (R = Me, Et, 
o-C,H,, CH,Ph) revealed one additional band 
compared to Ph,P in this region, at about 
230 cm-'. The other vibrations all had close 
counterparts in the spectrum of Ph,P, and so the 
band at 230 cm-' is believed to be the v(MP) 
vibration. No assignments were made which 
depended on enhanced intensities of bands 
already occurring in the ligand spectrum; these 
have been shown to be misleading in some 
cases (20). The Raman spectra of Ph,P and the 
above complexes were compared in three cases 
(R = Me, Et, CH,Ph) and an additional band 
was observed for the complexes coincident with 
the extra band noted in the i.r. 

The i.r. spectrum3 of (PhO),P below 300 cm-' 
revealed only a broad, weak band near 200 cm-'. 
The complex HW(CO), [P(OPh),]n-C,H, shows 
two bands near 200cm-', a weak, broad 
absorption at about 180 cm- ', and a stronger, 
sharp peak at 216 cm-' which is assigned to 
v(MP). 

The ligand P(OCH,),CCH, is reported (18) to 
have no i.r. vibrations between 250 and 120 cm-I. 
For MeCOMo(CO), [P(OCH,),CCH,]n-C,H, a 
peak which could be assigned to v(MP) appeared 
in the Raman at 210 cm-'. Raman and i.r. 
spectra of EtCOMo(CO), [P(OCH,),CCH, In- 
C,H, showed bands at 224 (weak) and 202 cm-' 
(stronger), either of which could be assigned to 
v(MP). Intuitively the lower frequency peak is 
preferred because of its intensity and because 
v(MP) would not be expected to be higher in the 
Et compared to the Me derivative. 

Assignments made on this basis would agree 
with a trend noted previously (18), that for 
monosubstituted derivatives higher v(MP) fre- 
quencies are found for phosphine complexes than 
for the equivalent phosphites and since phos- 
phites are generally thought to be more effective 
n-bonding ligands than phosphines (14) (and the 
v(C0) frequencies observed for these compounds 
would suggest this), it is perhaps surprising that 
the observed trend in v(MP) frequencies exists. 
It  has been tentatively suggested that a coupling 
effect may be responsible (18). 

3 0 ~ r  own data, liquid film spectrum. 
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NOTE ADDED IN PROOF: It has recently been 
suggested that the degeneracy of the ring-tilt 
mode is lifted in some (n-arene)M(CO), com- 
plexes (21). 

The author thanks Dr. M. Green (University of 
Bristol, Bristol, England) for advice and encouragement 
during the preparation of these complexes, and Drs. 
P. M. Boorrnan and T. W. Swaddle (University of 
Calgary, Calgary, Alberta) for provision of a post- 
doctoral fellowship and for very helpful discussions. The 
author would like to thank Dr. J. E. Bertie (University 
of Alberta, Edmonton, Alberta) for use of the Beckrnam 
IR-11 in that Department. 
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NOTES 

The low frequency infrared and Raman spectroscopic studies of some uranyl 
complexes: the deformation frequency of the uranyl ion 

J. I. BULLOCK 
Department of Clzemistry, University of Surrey, Guildford, Surrey, England 

AND 

F. W. PARRETT 
Department of Clremistry, Royal Military College of Canada, Kingston, Ontario 

Received April 23, 1970 

A study of the low frequency vibrational spectra of compounds of the type L2UOz(N03)2 (L = mono- 
dentate ligand), MU02(N0& (M = monovalent cation), and Cs2U02X4 (X = C1 or Br) has shown that 
the deformation frequency of the uranyl group occurs in the region 274-245 cm-' but detailed assign- 
ments of the U-0 (nitrate) frequencies are not given since it is shown that structurally related complexes 
do not necessarily give similar low frequency infrared (i.r.) and Raman spectra. 

Canadian Journal of Chemistry. 48, 3095 (1970) 

Introduction using a Research and Industrial Instruments Ltd. 
~h~~~ are conflicting reports of the deformam FS-720 Fourier Spectrophotometer, the transformation 

to a spectrum being carried out by a digital computer frequency of the uranyl ion (U022+)' For using a program described in detail elsewhere (9). 
nitrat0 complexes Ferra1-0 and Walker (1) assign Raman spectra were determined on solid complexes using 
an absorption at 140 cm-' to this vibration the Cary 81 Laser Raman spectrometer with He-Ne 
whilst Topping (2) prefers 212 cm-l. Recently excitation. Many of the complexes are fluorescent and in 

Hart and Newbery (3, 4) have shown clearly that Some cases Poor quality Raman spectra were obtained. 

the vibration occurs near 260 cm-' for some 
halide complexes. The halide-uranium vibra- 
tional modes were adequately assigned for the 
U02X42- ions in terms of the D,, point group 
although the true symmetry (5) is lower than 
this for the chloride. 

All of these authors assign only one i.r. band 
to the doubly-degenerate deformation mode, 
implying that the ion is linear in a variety of 
ligand environments. This assumption is fully 
justified by X-ray crystallographic results (6) and 
by i.r. and Raman studies (7, 8) of the stretching 
frequencies. 

We report the i.r. and laser Raman spectra of 
L2U02(N03)2, MU02(N03),, and Cs2U02X4 
showing that the UOZ2+ deformation mode is 
in the range 274 to 248 cm-' and is i.r. active. 

Results and Discussion 
Table 1 shows the observed spectral results. 

In all cases a strong i.r. band is observed between 
274 and 248 cm-'. With the exceptions of 
Cs2U02C14 and [(C,H5)3PO]2U02(N03)2 this 
has no strong, coincident Raman shift. A com- 
parison of the spectra of Cs2U02C1, and 
Cs2U02Br4 shows that the strong Raman band 
at 267 cm-l in the chloride is not present in the 
bromide but instead a strong shift at 172 cm-' 
is observed which is accompanied by a strong i.r. 
absorption at 170 cm-'. The Raman shifts are 
assigned (4) to U-X stretching vibrations whilst 
the i.r. bands at 254 cm-I in the chloride and 
248 cm-' in the bromide are assigned (4) to the 
UOZ2+ deformation mode. In addition the 
bromide has a very weak Raman shift at 

Experimental 253 cm-I which could be assigned to the doubly- 
Preparation and Analysis of the Complexes degenerate UOZ2+ deformation since two bands 

Full details are given elsewhere (7, 8). at 248(s) and 258(sh) cm-l occur in the i.r. 

Spectroscopic Measurements In the nitrato complexes there is a strong i.r. 
Infrared spectra (300-30 cm-I) of the solid complexes absorption near 250 cm-I which we assign to the 

were obtained as Nujol mulls between polyethylene plates UOz2 + deformation mode by comparison with 
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TABLE I 

Infrared and Raman spectra (300-30 cm-') of the uranyl complexes* 

CszUO~Cl, CslU01Br4 KuOz(N03)~  N H ~ U O I ( N O J ) ~  KbUOz(NO3)3 CsUOz(NO3)3 

Infrared Raman Infrared Raman Infrared Raman Infrared Raman Infrared Raman Infrared Raman Assignmentst 

- 267(s) 258(sh) 253(w) - - 278(sh) - - - 269(sh) - 
254(s) - 248(s) - 260(s) - 266(s) - 268(s) - 262(s) - UOZ1+ deformation 
236(m) 230(w) 192(w) 192(m) - - - - - - ZSZ(m) - 5 i? 
- 206(s) 170(s) 172(m) 234(m) 234(s) - 23 1 (m) - 231(m) - - 
- - - - - II F 

184(w) 158(w) 225(sh) 223(m) 223(s) 220(m) 224(m) u 
- 131(m) lOS(w) l09(w) 208(w) - 205(s) - 214(sh) - 212(m) - F 

- - - - - Molecular 
2: 

11 ~ ( m )  83(m) 168(s) 157(m) 166(s) 165(s) 154(s) 
- 9 2 ( ~ )  - 75(sh) 128(w) - 140(m) - - 142(w) - deformation 8 
- 80(sh) 6 % ~ )  - - 107(m) - 106(w) 112(m) 107(m) 11 6(w) - and 
- 71(w) - 45(w) 9o(w) 78(w) - 82(s) 93b) lOO(w) - lattice modes 

58(w) - - - - - - - - - - 61(s) 

B 
- 

F 
(C1HdaNU01(N03)3 U01(N03)2.6HzO [(C6H5)3PO]zUOz(N03),t [(C6H5)3As0]1U01(N0,),t [ ( C 2 H ~ O ) ~ P O I ~ U O z ( N O ~ ) ~  

8 
0 

Infrared Raman Infrared Raman Infrared Raman Infrared Raman Infrared Raman Assignmentst 

- - - - 296(w) - 298 (w) - 268(sh) - 
I 
Li 

264(s) - 248 (s) - 270(s) - 274(s) - 262(s) - UOzl+ deformation g 
- - - - 259(s)§ 263(s)§ 252(s)§ 246(w)§ - - § 

5 
- 234(m) 226(w) - - - - 218(sh) - I1 < 

0 
224(m) - - - 2125h) - - - 210(s) - ? 
216(m) 218(m) 204(w) 209(s) 203(m) - 190(m) - - 195(s) % 
170(m) - 166(w) - - - - - - - Molecular - 
- 138(s) - 126(s) 142(w) - - - - 124(w) deformation \O -4 

- - - - - - - 98(w) W w )  93(m) and 
0 

86(w) - - - - - - - - 73(w) lattice modes 

64(w) - - - - - - - - - 
*s = strong, m = medium, w = weak, sh = shoulder. 
tPoor quality Raman spectra were obtained for these compounds. 
$These assignments refer to the nitrato complexes only, for assignments of the halide spectra see ref. 4. 
BPhenyl rocking modes. 
IlThese bands may he associated to some extent with U-0(N02) and U-0 (ligand) stretching. 
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NOTES 3097 

the halide spectra. As expected this has no 
coincident Raman shift. The stretching fre- 
quencies of the UOZ2+ ion vary little on changing 
the equatorial ligand environment (8). Fre- 
quencies below 170 cm-' have been assigned to 
molecular deformation and lattice modes. 

There have been several attempts (2, 10, 11) to 
predict the frequency, the pattern, and the 
nature of the vibrational modes of coordinated 
nitrate ions. All of these predict relatively simple 
patterns but since the mixing and coupling of 
vibrations and the unit cell dimensions were not 
rigorously considered observed spectra (12) are 
often more complicated. The uranyl nitrate com- 
plexes, which have bidentate nitrate groups, have 
up to nine i.r. and Raman active bands which 
could be assigned to " U 4 "  vibrations (8). It 
is tempting, therefore, to assign bands in the 
region 235-190 cm-' to U-0 stretching modes. 
However, structurally related ions, e.g., in the 
trisnitrato complexes, do not have identical 
spectra or the same total number of bands or 
bands of corresponding activity (see Table 1). 
The complete crystal structures of three of the 
complexes are known whilst there are partial 
structures for two of them (for [(C,H,),PO],- 
U02(N03), and [(C,H5)3AsO12U02(N03)2, see 
ref. 6a; RbUO,(NO,),, ref. 6b; U02(N03),.-  
6H,O, ref. 6c; and [(C2H,0)3PO]2UO(N03),, 

ref. 6d). Not all contain the same number of 
molecules or ions per unit cell. In view of the 
general lack of precise crystallographic informa- 
tion and the reported variations in spectral 
properties, it would be unwise to assign bands in 
these complexes to the equatorial U 4  modes 
or to use the spectra as a basis for the identifi- 
cation of bidentate nitrate groups in compounds 
of unknown structure. 
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Synthesis of p-O-(tetra-O-acetyl-a-~-g~ucopyranosy~)-penicillin G 

T. L. NAGABHUSHAN' AND C. G. CHIN 
R & L Molec~rlar Research Ltd., 8045 Argyll Road, Edtnonton 82, Alberta 

Received May 6,  1970 

The synthesis of p-O-(tetra-O-acetyl-a-~-gl~~copyranosyl)-pheny~acetic acid from tetra-0-acetyl-2- 
deoxy-2-nitroso-a-D-glucopyranosyl chloride and t-butyl-p-hydroxyphenylacetate and its coupling with 
6-aminopenicillanic acid by way of the corresponding acid chloride to give p-0-(tetra-0-acetyl-a-D- 
glucopyranosyl)-penicillin G is described. 
Canadian Journal of Chemistry, 48,,3097 (1970) 

In view of high biological activity exhibited by 
a number of naturally occurring a-glycosides it 
is conceivable that a variety of non-glycosidic 
drugs may be beneficially modified for thera- 
peutic application by conversion to a-glycosides. 
Such structural changes, whether they enhance 

'Present address: Department of Chemistry, University 
of Alberta, Edmonton 7 ,  Alberta. 

the intrinsic biological activity of the drug or 
increase its effectiveness by improving the 
pharmacodynamic properties, could lead to 
clinically useful agents. Recent developments in 
a-glucoside synthesis (1-3) clearly indicate that 
an a-glucosidic linkage between the hydroxyl 
group of a desired aglycon and D-glucose can 
readily be established with a very high degree 
of stereoselectivity using dimeric 3,4,6-tri-0- 
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NOTES 3097 

the halide spectra. As expected this has no 
coincident Raman shift. The stretching fre- 
quencies of the UOZ2+ ion vary little on changing 
the equatorial ligand environment (8). Fre- 
quencies below 170 cm-' have been assigned to 
molecular deformation and lattice modes. 

There have been several attempts (2, 10, 11) to 
predict the frequency, the pattern, and the 
nature of the vibrational modes of coordinated 
nitrate ions. All of these predict relatively simple 
patterns but since the mixing and coupling of 
vibrations and the unit cell dimensions were not 
rigorously considered observed spectra (12) are 
often more complicated. The uranyl nitrate com- 
plexes, which have bidentate nitrate groups, have 
up to nine i.r. and Raman active bands which 
could be assigned to " U 4 "  vibrations (8). It 
is tempting, therefore, to assign bands in the 
region 235-190 cm-' to U-0 stretching modes. 
However, structurally related ions, e.g., in the 
trisnitrato complexes, do not have identical 
spectra or the same total number of bands or 
bands of corresponding activity (see Table 1). 
The complete crystal structures of three of the 
complexes are known whilst there are partial 
structures for two of them (for [(C,H,),PO],- 
U02(N03), and [(C,H5)3AsO12U02(N03)2, see 
ref. 6a; RbUO,(NO,),, ref. 6b; U02(N03),.-  
6H,O, ref. 6c; and [(C2H,0)3PO]2UO(N03),, 

ref. 6d). Not all contain the same number of 
molecules or ions per unit cell. In view of the 
general lack of precise crystallographic informa- 
tion and the reported variations in spectral 
properties, it would be unwise to assign bands in 
these complexes to the equatorial U 4  modes 
or to use the spectra as a basis for the identifi- 
cation of bidentate nitrate groups in compounds 
of unknown structure. 
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Synthesis of p-O-(tetra-O-acetyl-a-~-g~ucopyranosy~)-penicillin G 

T. L. NAGABHUSHAN' AND C. G. CHIN 
R & L Molec~rlar Research Ltd., 8045 Argyll Road, Edtnonton 82, Alberta 

Received May 6,  1970 

The synthesis of p-O-(tetra-O-acetyl-a-~-gl~~copyranosyl)-pheny~acetic acid from tetra-0-acetyl-2- 
deoxy-2-nitroso-a-D-glucopyranosyl chloride and t-butyl-p-hydroxyphenylacetate and its coupling with 
6-aminopenicillanic acid by way of the corresponding acid chloride to give p-0-(tetra-0-acetyl-a-D- 
glucopyranosyl)-penicillin G is described. 
Canadian Journal of Chemistry, 48,,3097 (1970) 

In view of high biological activity exhibited by 
a number of naturally occurring a-glycosides it 
is conceivable that a variety of non-glycosidic 
drugs may be beneficially modified for thera- 
peutic application by conversion to a-glycosides. 
Such structural changes, whether they enhance 

'Present address: Department of Chemistry, University 
of Alberta, Edmonton 7 ,  Alberta. 

the intrinsic biological activity of the drug or 
increase its effectiveness by improving the 
pharmacodynamic properties, could lead to 
clinically useful agents. Recent developments in 
a-glucoside synthesis (1-3) clearly indicate that 
an a-glucosidic linkage between the hydroxyl 
group of a desired aglycon and D-glucose can 
readily be established with a very high degree 
of stereoselectivity using dimeric 3,4,6-tri-0- 
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(I) AcOH, levulinic 
ac~d. HCI 

CH2OAc 

A E q  
I I  c1 
0 

AC09 0 CH3 (2)NaBH4. aqueous dioxan 
II I 1 O ~ C H Z - C - 0 - C - C H ~  (3) Ac20/pyridine b 

OH I 
CH3 

0 
I I  

CH3 
I + H ~ ~ c H ~ - c - o - c - - c H ~  DMF 
I 

CH3 

acety~-2-deoxy-2-nitroso-cl-~-glucopyranosy~ 
chloride as the precursor (3). It was, therefore, 
apparent to us that this method could be applied 
to synthesize an cl-glucosidic derivative of 
penicillin G so that a study of the effect of such 
a structural change on the biological property 
of the antibiotic could be undertaken. Although 
a large number of penicillin G derivatives have 
been made since 6-aminopenicillanic acid became 
available, to our knowledge the preparation of 
a derivative of this antibiotic containing the 
phenyl ring linked glycosidically to a sugar in 
the cl-configuration has not been described. In 
this paper we wish to report the synthesis of one 
such derivative in which the phenylacetic acid 
side chain forms an cl-glucoside at the para 
position. 

The starting material in our synthesis, t-butyl 

p-hydroxyphenyl acetate (2), was prepared by 
reaction of the corresponding acid 1 with 
isobutylene in the presence of sulfuric acid in a 
manner analogous to that described for the 
preparation of di-t-butyl malonate from malonic 
acid (4). Condensation of this compound with 
dimeric 3,4,6-tri-0-acetyl-2-deoxy-2-nitroso-cl-D- 
glucopyranosyl chloride (3) provided, as ex- 
pected, the oximinoglycoside 4 (see Scheme 1). 
Hydrolysis of the oximino group of 4 under mild 
conditions followed by reduction of the resulting 
ketoglycoside by sodium borohydride yielded, 
after 0-acetylation, p-0-(tetra-0-acetyl-cl-D-glu- 
copyranosy1)-t-butyl phenylacetate (5) (1). Re- 
moval of the t-butyl group of 5 with hydrobromic 
acid gave the corresponding acid 6 which was 
coupled with 6-aminopenicillanic acid by the 
modified acid chloride method to give the 
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penicillin 7 (5). Structural proof for compounds 
4 7  was obtained by elemental analysis, infrared 
(i.r.) and nuclear magnetic resonance (n.m.r.) 
spectroscopy (see the Experimental). The new 
penicillin 7 exhibited strong antibacterial activity 
against Gram-positive microorganisms. 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

recorded with a Perkin-Elmer model 137 "Infracord" 
spectrophotometer. The n.m.r. spectra were measured at 
60MHz with a Varian A-60 spectrometer. Chemical 
shifts refer, unless otherwise stated, to spectra measured 
in deuteriochloroform using tetramethylsilane as the 
internal standard. Optical rotations were determined 
with a Carl Zeiss Circular Polarimeter model 0.01". 
Solutions were dried over anhydrous sodium sulfate and 
concentrated on a rotary evaporator at  45". 

t-Butyl p-Hydroxyphenylacetate (2) 
This compound, m.p. 98-99", was prepared in 54% 

yield from p-hydroxyphenylacetic acid (1) by application 
of a procedure described in the literature for the prepara- 
tion of di-t-butyl malonate (4); v,,, (Nujol) 3325 
(hydroxyl), 1690 cm-I (r-ester carbonyl); n.m.r. data: 
T 8.59 (t-butyl), 6.59 (methylene), 3.47 (hydroxyl). 

Anal. Calcd. for Cl2Hl6O3: C, 69.29; H, 7.75. Found: 
C, 69.14; H, 7.73. 

p-O-(Tri-O-acety~-2-oximi11o-a-~-arabino- 
hexopyratlosyl) -t-butyl phenylacetate (4) 

A solution of tri-0-acetyl-2-deoxy-2-nitroso-a-D-glu- 
copyranosyl chloride dimer (3, 3.37 g) and the above 
ester 2 (3.12 g) in dry N,N'-dimethylformamide (11 ml) 
was set aside at room temperature for 65 h. The solvent 
was removed in vacuo (oil pump) and a solution of the 
residue in methylene chloride (100 ml) washed succes- 
sively with water (2 x 30 ml), 0.05 N sodium hydroxide 
solution (2 x 50 ml) and water. After drying, the solvent 
was rembved and ;he residue chromatographed on a 
column (3 x 55 cm) of silica gel (28-200 mesh) using 
ethyl acetate - 11-hexane (1 :3) as the developing solvent. 
After collecting 1.15 1, the solvent system was changed 
to ethyl acetate - ti-hexane (1 :I) whereupon the com- 
pound was eluted in the next 600 ml. The compound was 
isolated in the usual manner, crystallized from 12-hexane, 
and recrystallized from chloroform - n-hexane to yield 
2.4 g (47.5 %), m.p. 113-1 14" and [a]Dz4 +70.2' (c, 0.93 
in chloroform); v,,, (Nujol) 3200 (oxime hydroxyl), 
1725 (ester carbonyl), 1670 cm-' (1-ester carbonyl); 
n.m.r. data: .r 8.59 (r-butyl), 8.02, 7.96 (0-acetyl), 6.55 
(methylene), 3.4 (H-1, singlet), 4.06 (H-3, doublet 
J3,4 = 9.0 c.P.s.), 4.77 (H-4, near triplet, J4,5 = 10 c.P.s.), 
0.9 (oxime hydroxyl). 

Anal. Calcd. for C24H31NOll: C, 56.58; H, 6.13; 
N, 2.74. Found: C, 56.32; H, 6.04; N, 2.51. 
p-O-(Tetra-O-acetyl-a-~-ghrcopyrat~osyl)-t-b~rty~ 

phenylacetate (5) 
Levulinic acid (600mg) and 1 N hydrochloric acid 

(1 ml) were added to a solution of 4 (500 mg) in acetic 
acid (3 ml). The mixture was stirred at room temperature 
for 17 h, poured into ice-water and partitioned between 

chloroform and water. The chloroform solution was 
freed of acids in the usual manner and concentrated to 
a sirup. The sirup was dissolved in dioxan (3 ml) and 
water (1.5 ml) and the solution was cooled with stirring 
in an ice-water bath. A solution of sodium borohydride 
(100 mg) in dioxan (1 ml) and water (1 ml) was added, 
dropwise, and the stirring continued for 0.5 h at ice 
temperature and then for 1 h at room temperature. 
Excess borohydride was destroyed with acetic acid and 
the solvents removed. The dried residue was acetylated 
with pyridine (10 nil) and acetic anhydride (3 ml) over- 
night at room temperature. Work-up in the usual manner 
provided a sirup which was crystallized from n-hexane, 
yield 45%, m.p. 105-108"; [aIDz4 +138.2" (c, 2.3 in 
chloroform); v,,, (Nujol) 1725 (carbonyl), 1675 
(shoulder, t-ester carbonyl), 1600 cm-' (phenyl); n.m.r. 
data: T 8.57 (t-butyl), 7.96 (0-acetyl), 6.55 (methylene), 
4.32 (doublet, H-1, JlVZ = 3.5 c.p.s.), 5.0 (pair of 
doublets, H-2, JZ,, = 9.5c.p.s.), 4.30 (triplet, H-3, 
J3,, = 10.0 c.p.s.), 4.89 (triplet, H-4). 

Anal. Calcd. for CZ6H34O12: C, 57.99; H,  6.36. 
Found: C, 57.79; H, 6.52. 
p-0-(Tetra-0-aceryl-a-D-gl~rcopyratiosyl) -phenylacetic 

acid (6)  
To the ester 5 (4 g) was added a cold solution of 

30-32 % hydrogen bromide in glacial acetic acid (--4", 
16 ml) and the mixture was- swirled until it was homo- 
geneous ( 3 4  min). The solution was concentrated and 
on addition of ice-cold water a solid precipitated which 
was isolated and crystallized from chloroform - 11-hexane 
to give 3.4 g (92 %) of product m.p. 89-90"; [a]DZ4 + 150' 
(c, 1.2 in chloroform); v,,, (Nujol) 3550,3400 (hydroxyl), 
1725, 1700cm-' (broad, acetyl and acid carbonyl, 
respectively); n.m.r. data: T 7.97 (acetyl), 6.42 (methyl- 
ene), 4.3 (doublet, H-1, J1,2 = 3.5c.p.s.), 5.0 (pair of 
doublets, H-2, J 2 , 3  = 9.5c.p.s.), 4.32 (triplet, H-3, 
J3,4 = 9.5 c.P.s.), 4.89 (triplet, H-4). 

Anal. Calcd. for CZ2H26012: C, 54.77; H, 5.39. 
Found: C, 54.35; H, 5.22. 

p-O-(Tetra-O-acety~-a-~-g~rrcopyra~zosy~)-per~ici~~in G 
as the Potassilrm Salt (7) 

Ice-cold thionyl chloride (20 ml) was added to the acid 
6 (3.2 g) and nitrogen bubbled through the solution. 
After 0.5 h at 0" and 0.5 h at room temperature, thionyl 
chloride was removed by co-distilling with benzene three 
times. A solution of the residue (3.3 g) in methylene 
chloride (20 ml) was added to triethylamine salt of 
6-aminopenicillanic acid dissolved in methylene chloride 
(60 ml) containing triethylamine (0.65 g) and maintained 
at 0". After 1 h the solvent was removed and work-up 
in the usual manner (5) afforded 3.4g (73%) of 7, 
m.p. > 190" dec.; [a]DZ4 +202" (c, 2.47 in chloroform); 
v,,, (Nujol) 1775 (13-lactam), 1750 (ester carbonyl), 
1660 (amide), 1600cm-' (carboxylic acid); n.m.r. data 
(deuterium oxide, external tetramethylsilane): T 8.54 
(methyl), 8.09, 7.97 (0-acetyl), 5.82 (H-3 of the thiazoli- 
dine ring), 4.54 (13-lactam hydrogen). 

Anal. Calcd. for C30H35Nz014SK: C, 50.12; H, 4.87; 
N,3.89;S,4.46.Found: C,49.91;H,4.78;N,3.57. 

The authors thank Professor R. U. Lemieux, Director 
of Research, for his advice and encouragement in the 
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Acid dependence and ion pairing in the anation reactions yielding iron(II1) 
monosulfate 

F. L. BAKER AND W. MAcF. SMITH 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received May 12, 1970 

Stopped-flow studies of the kinetics of the anation reaction yielding iron(II1) monosulfate indicate a 
significant dependence of rate constant on acidity and also a dependence on iron concentrations. This 
is consistent with association constants for outer ion pair formation between the reactants which have 
about three times the Fuoss values. 
Canadian Journal of Chemistry, 48,3100 ,(I9701 

Introduction 
The anation reaction of iron(II1) ion with 

sulfate has been examined by Wendt and Strehlow 
(1) and Cavasino (2) by relaxation methods, by 
Davis and Smith (3) by continuous flow methods, 
and the data interpreted on the basis of the 
reaction scheme 

K e  

k 
Fe3+ + ~ 0 4 ~ -  & F ~ S O ~ '  

k-l 

where the proton transfer reactions are fast 
compared to the anation reactions and the 
Fe(OH)SO, is in such small concentrations that 
its effects may be ignored. All investigations imply 
that at hydrogen concentrations less than 0.20 M, 
the contribution of the anation reaction involving 
Fe3 + and HSO,- is nearly negligible. However, 
Cavasino and also Wendt and Strehlow reported 
an acid dependence of rate which is interpretable 
in terms of the kinetic activity of Fe(OH)'+ 
whereas the results of Davis and Smith seemed 
to imply an almost negligible dependence. We 
have further investigated this reaction using 
stopped-flow methods with the view of resolving 
the conflict and also to examine the effect of ion 
pairing and, from the kinetic data, to assess values 

of effective association constants for (outer) ion 
pairing. Our conditions do not include the range 
of lower acidities investigated by Cavasino, but 
they do cover a range of iron(II1) concentrations 
greater than those examined by previous in- 
vestigators. We ignore consideration of the 
reaction between FeOH2+ and HSO,- which 
may not be distinguished from reaction I on the 
basis of reaction order and which Cavasino (2) 
considers does not contribute appreciably to ;he 
acid independent reaction. 

Experimental 
Solutions were prepared using distilled water which 

had been passed through Barnstead organic removal and 
mixed bead demineralizing ion exchange columns. 
Sodium perchlorate solution was prepared from G Fred- 
erick Smith's reagent grade 70% perchloric acid and 
British Drug Houses standard sodium hydroxide solution. 
Otherwise the preparation and analysis of solutions were 
as described previously (3). 

Measurements were made at temperatures 15, 25, and 
35 "C with the iron concentration at 2.175 x M, 
sulfate at 0.75 x 1.5 x and 3.0 x M, 
and perchloric acid ranging from 0.08 to 0.2 M. At 25 "C 
iron concentration ranged from 0.40 x to 2.175 x 

M. Ionic strength was adjusted with sodium 
perchlorate to 0.50 in all solutions. 

Our stopped-flow equipment of local but conventional 
design yielded a photographic record of the position of 
the plungers of the driving syringes as well as a record 
of the intensity of the light transmitted through the 
reacting solution as they depend on time. An estimate 
of the transmission in the absence of outer ion pairing 
between iron(II1) and sulfate was obtained by mixing 
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Stopped-flow studies of the kinetics of the anation reaction yielding iron(II1) monosulfate indicate a 
significant dependence of rate constant on acidity and also a dependence on iron concentrations. This 
is consistent with association constants for outer ion pair formation between the reactants which have 
about three times the Fuoss values. 
Canadian Journal of Chemistry, 48,3100 ,(I9701 

Introduction 
The anation reaction of iron(II1) ion with 

sulfate has been examined by Wendt and Strehlow 
(1) and Cavasino (2) by relaxation methods, by 
Davis and Smith (3) by continuous flow methods, 
and the data interpreted on the basis of the 
reaction scheme 

K e  

k 
Fe3+ + ~ 0 4 ~ -  & F ~ S O ~ '  

k-l 

where the proton transfer reactions are fast 
compared to the anation reactions and the 
Fe(OH)SO, is in such small concentrations that 
its effects may be ignored. All investigations imply 
that at hydrogen concentrations less than 0.20 M, 
the contribution of the anation reaction involving 
Fe3 + and HSO,- is nearly negligible. However, 
Cavasino and also Wendt and Strehlow reported 
an acid dependence of rate which is interpretable 
in terms of the kinetic activity of Fe(OH)'+ 
whereas the results of Davis and Smith seemed 
to imply an almost negligible dependence. We 
have further investigated this reaction using 
stopped-flow methods with the view of resolving 
the conflict and also to examine the effect of ion 
pairing and, from the kinetic data, to assess values 

of effective association constants for (outer) ion 
pairing. Our conditions do not include the range 
of lower acidities investigated by Cavasino, but 
they do cover a range of iron(II1) concentrations 
greater than those examined by previous in- 
vestigators. We ignore consideration of the 
reaction between FeOH2+ and HSO,- which 
may not be distinguished from reaction I on the 
basis of reaction order and which Cavasino (2) 
considers does not contribute appreciably to ;he 
acid independent reaction. 

Experimental 
Solutions were prepared using distilled water which 

had been passed through Barnstead organic removal and 
mixed bead demineralizing ion exchange columns. 
Sodium perchlorate solution was prepared from G Fred- 
erick Smith's reagent grade 70% perchloric acid and 
British Drug Houses standard sodium hydroxide solution. 
Otherwise the preparation and analysis of solutions were 
as described previously (3). 

Measurements were made at temperatures 15, 25, and 
35 "C with the iron concentration at 2.175 x M, 
sulfate at 0.75 x 1.5 x and 3.0 x M, 
and perchloric acid ranging from 0.08 to 0.2 M. At 25 "C 
iron concentration ranged from 0.40 x to 2.175 x 

M. Ionic strength was adjusted with sodium 
perchlorate to 0.50 in all solutions. 

Our stopped-flow equipment of local but conventional 
design yielded a photographic record of the position of 
the plungers of the driving syringes as well as a record 
of the intensity of the light transmitted through the 
reacting solution as they depend on time. An estimate 
of the transmission in the absence of outer ion pairing 
between iron(II1) and sulfate was obtained by mixing 
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NOTES 

solutions identical with those of a kinetic run except that 
sodium sulfate was replaced by sodium perchlorate. An 
estimate of the time elapsing between mixing and obser- 
vation could be made from the rate of plunger movement 
and the geometry of the equipment. The wavelength of 
the spectrophotometric beam was identical with that used 
by Davis and Smith i.e. 305 mp. 

Results and Discussion 

We have interpreted our results initially on the 
basis of the reaction Scheme 1, assuming a first 
order dependence of rate on the concentration of 
Fe3+, FeOH2+, S 0 2 - ,  and of FeS04+ and that 
the concentration of Fe3+ was substantially con- 
stant. On the basis of these assumptions, relation 
2 was obtained 

where 

and 

where K, is the association constant of FeS04+ ; 
Kh thehydrolysis constant of Fe3+;  and K, the 
acid ionization constant of HS04-. 

Therefore 

where Do, Dm, and D, represent the optical 
densities of the reacting solution at zero time, 
equilibrium, and intermediate time t. The slope 
of the plot of In (Dm - D,) vs. t yields k,,, F. 

Interpretation of the data using eq. [3] and the 
same values for the various constants as used by 
Davis and Smitli yields the results summarized 
graphically in Fig. 1, where k,,, is plotted against 
l /[H+]. A significant dependence of k,,, on 
acidity at 25 and 35 "Cis apparent. There is also 
a dependence on the total iron concentration. 

The dependence of lc,,, on the iron(II1) con- 
centration is consistent with an effect due to a 
significant degree of ion pairing between iron(II1) 
ion and sulfate and iron(II1) ion and bisulfate, 
through which the outer ion pairs hold a signifi- 
cant fraction of uncomplexed sulfate and the rate 
constant falls to less than first order in iron(II1). 

We have interpreted the data, allowing for the 
effect of ion pairing, on the basis of the scheme 
given below, retaining the view that the reactions 
of proton transfer and outer ion pairing are 
relatively very rapid compared to the reactions 
with rate constants kol and ko2. 

Fe3+ SO4'+, Fe3+ HS04-, and FeOH2+ . 
SO4- represent outer sphere ion pairs. 

The product ko1K032 of this scheme is identifi- 
able with klf of Scheme 1 and k,, KO,, Kh/[H+] is 
identifiable with kZf Kh/[H+]. The relationship 
2 still applies but 

If significant ion pairing is occurring then the 
relation between (KO,, KO3,) and the values of the 
association constant (Kc) reported by Davis and 
Smith need re-interpretation. We have assumed 
that the extinction coefficient at h = 305 mp for 
iron(II1) ion in the outer sphere complex is the 
same as that for free iron(II1) ion, an assumption 
supported by the fact that plots of In (Dm - D,)/ 
(Dm - Do) extrapolated to zero time show inter- 
cepts with no significant deviation from zero. (A 
large difference in the extinction coefficients for 
iron(II1) in the free form and in the outer ion pair 
would produce, in the presence of marked outer 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3102 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

7, 16 DATA NOT CORRECTED FOR ION 

m PAIRING EFFECTS 
Ig 14 

FIG. I. Plot of kOp, against l / [Hf] .  kobs estimated 
without allowance for ion pairing. 0, Fe(II1) = 2.175 x 
10-2 M ;  0, Fe(I1I) = 0.80 x M ;  A, Fe(II1) = 
0.40 x M. 

ion pairing, a considerable change in optical 
density after mixing but before anation.) On the 
basis of this assumption 

where Kc is the association constant determined 
by Davis and Smith. 

Values for Ko3,KOc1 required for the inter- 
pretation of the kinetic data cannot be assessed 
solely from experimental data available but can 
be estimated for various assumed (or calculated) 
values for the outer pair association constant 
KO,,. We have interpreted our data using eqs. 5 
and 6 and various values for KO,, and KO,,. 
Values derived from the simple Fuoss (4) 
relationship, using a value for a (the distance of 
approach of the ions) of 5 A, lead to decrease in 
the dependence of Ic,,, on the iron concentration 
but values three times the Fuoss values were 
required to yield values of k,,, which are indepen-, 
dent of the iron concentration. The results of 

calculations using a value of 49.2 1 mole-' for 
KO,, and 6.9 1 mole-' for KO,, are shown in 
Fig. 2. The Fuoss values are 16.4 and2.3 1 mole-'. 
It may be noted that the ion pair association 
constants KO,, and KO,, have been arbitrarily 
increased in the same ratio, also that the magni- 
tude of the association constant (Ko32Kocl) is 
being simultaneously adjusted in accordance with 
eq. 6. 

Our data fork,,, along with those of Davis and 
Smith for comparable conditions are displayed 
in Fig. 3. Only at 35 "Cis the discrepancy marked. 
Table 1 contains the values of the equilibrium 
quotients K,, K,,, and Kc used in interpreting the 
kinetic data. Table 2 contains values for k,, and 
k,, determined from the data applying to iron 
concentration of 0.02175 M (the only concentra- 
tion used at 35 and 15 "C) and ignoring ion 
pairing and Table 3 the values for Ic,, and k,, 
determined from all data for 25 "C and consider- 
ing ion pairing as indicated above. Our data 
relate to a narrower range of [H+] than do those 
of Cavasino and the uncertainty associated with 
the estimation of k,, correspondingly larger. 

DATA CORRECTED FOR ION PAIRING 
EFFECTS 

FIG. 2. Plot of kobs against l / [Hf]  for data at 25 "C. 
k,,, estimated with allowance for ion pairing. 0, 
Fe(II1) = 2.175 x M ;  0, Fe(II1) = 0.80 x 10-2 M ;  
A, Fe(II1) = 0.40 x M. 
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FIG. 3. Comparison of values for k,,, at various 
hydrogen ion concentrations obtained by Davis and 
Smith and by Baker and Smith. 0, Baker and Smith; 
0, Davis and Smith; :::, Davis and Smith's value for 
l / [H+]  = 20 M-'. 

TABLE 1 
Equilibrium quotients 

Temperature K, x 10' K,, x lo3 Ke 
("C) (MI (MI (M-'1 

TABLE 2 
Rate constants kl, and k,, ignoring ion pairing and 

applying to iron(II1) concentration of 0.02175 M 

Temperature klf x lo4  kz, x lo-4 
("c) (1 mole-' s-') (I mole-' s-l) 

15.0 1.65+0.28 4.5 2 2 . 3  
25.0 5.64k0.40 10.9 k 0 . 2  
35.0 16.3 k 0 . 4  21.7 k 1 . 8  

However, it is apparent that our data do imply a 
significant dependence of rate constant on acidity 
that supports the view that the speciesFe(OH)'+ 
has significant kinetic activity. Our conditions of 
concentration are close to those of Cavasino only 
at the lowest iron concentration at  25 "C. For 

TABLE 3 

Rate constants k,, and k,, at 25 "C considering 
ion pairing 

Temperature klf x lo4  kzf x lo-4 
("C) (1 mole-' s-') (1 mole-' s-l) 

this condition our data (ignoring ion pairing) 
imply values fork,, and k,, of(5.79 + 0.12) x lo3 
and (21.7 + 1.8) x lo4, respectively, whereas 
Cavasino's values are 4.6 x lo3 and 23.1 x lo4. 
It  is notable that our values fork,, estimated with 
allowance for ion pairing are greater than those 
obtained with ion pairing effects ignored but that 
the values for k,, are somewhat reduced by 
allowance for ion pairing, a result which arises 
from the values of Ko32Kocl being appreciably 
less than the values for K, obtained by Davis 
and Smith. 

The results referred to above were obtained 
using the values reported by Davis and Smith 
and our kinetic data interpreted on the basis of 
eq. 6. We have further scrutinized the original 
equilibrium data upon which the values of the 
association constants were based and have 
attempted a tentative re-interpretation retaining 
the conclusion of the earlier paper that F~HSO,'+ 
is formed to a negligible extent but introducing 
the assumption that FeOHSO, is present in 
significant amounts. The data may be interpreted 
on this basis with considerable internal consis- 
tency to imply a hydrolysis constant for 

H z 0  
FeS04 FeOHS04 + H +  of 4.33 x lo-' 
at 25 "C; a value k,, of 1.34 x lo3 and a value 
for k,, not significantly different from zero. 
However, the .implication of marked hydrolysis 
of FeS04+ seems decidely questionable and we 
are consequently planning further investigations 
of the protolytic reaction of the iron(II1) sulfate 
system. 

We thank the National Research Council of Canada 
for financial support of this work. 
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Effect of pH on the reaction of 1,3-dihydro-l-hydroxy-3-oxo-1,2-benziodoxole 
with 2-mercaptoethanol, 2-mercaptoethylamine, and glutathione 

JAMES LESLIE 
Deparimerzt of Medicirzal Chemistry, School of Pharmacy, University of Murylu?zd, 

636 West Lombard Street, Baltirnore, Maryland 21201 

Received March 23, 1970 

The kinetics of the oxidation of 2-mercaptoethanol, 2-mercaptoethylamine, and glutathione with 
1,3-dihydro-1-hydroxy-3-0x0-l,2-benziodoxole (1) have been examined at p H  4-5.6. The reaction is 
second-order, which can be explained by a rate-determining step involving the reaction of one n~olecule 
of the thiol with one molecule of 1. The second-order rate constants vary in a linear manner with the 
reciprocal of the hydrogen ion activity. The ionic species involved in the reaction are discussed. 

Canadian Journal of Chemistry, 48,3104 (1970) 

The reaction of 1,3-dihydro-1-hydroxy-3-0x0- 
1,2-benziodoxole (I), also known as o-iodoso- 
benzoic acid, is frequently used as an enzyme 
inhibitor (1), and as a reagent for the quantitative 
analysis of sulfhydryl groups (2). The reaction of 
1 with thiols is shown in eq. 1. Recently, it has 
been shown that the reaction of 1 with cysteine 

follows second-order kinetics (3) and a mech- 
anism was postulated in which the initial step was 
the reaction of one molecule of each of the 
reactants facilitated by the formation of com- 
plexes of 1 with the charged amino- and carboxy- 
groups of cysteine in its zwitterionic form. In 
order to study the effect of p H  on the rate of 
oxidation of the sulfhydryl group without the 
complications of the effect of amino- and carboxy- 
groups, the oxidation rate of Zmercaptoethanol 
by 1 was examined. For comparison, however, 
the rate of reaction of 1 with glutathione, which 
contains a carboxy-group, and with 2-mercapto- 
ethylamine, which contains an amino-group, was 
also measured. 

Experimental and Results 
The 1,3-dihydro-1-hydroxy-3-0x0-1,2-benziodoxole 

was prepared from o-iodobenzoic acid by oxidation with 
potassium permanganate (2). The product was repre- 
cipitated from alkaline solution with carbon dioxide at 
least three times, and was greater than 99% pure as 
determined by the amount of iodine liberated from 
acidified potassium iodide. 2-Mercaptoethanol was ob- 
tained from Eastman Organic Chemicals. Rather than 

attempting to weigh precise amounts of this malodorous 
volatile liquid, stock solutions were prepared of the 
approximate required concentration, and the thiol content 
determined by spectrophotometric titration with N- 
ethylmaleimide (4). It  was ascertained that no oxidation 
of the mercaptoethanol stock solution by dissolved 
oxygen occurred by repeated assay of the stock solution 
during any series of experiments. Glutathione and 2- 
mercaptoethylamine were obtained from Nutritional 
Biochemicals Corporation. 

The kinetics of the oxidation of 2-mercaptoethanol and 
of 2-mercaptoethylamine were followed by measuring the 
acid liberated as a function of time. This was done auto- 
matically and recorded using a Radiometer SBR2/SBUl/ 
TTA3 1 titration assembly. Measurements were made a t  
25 + lo. The use of this apparatus permitted the reaction 
to be followed at constant pH. In a typical experiment 
7 ml of a 1 m M  solution of the oxidant was added to the 
titration vessel, adjusted to the desired pH with a 

FIG. 1. First-order plots for the oxidation of 2- 
mercaptoethanol, 1.57 x M, at p H  4.6 (0) and 
2-mercaptoethylamine, 1.59 x M, at pH 4.95 ( x )  
by 1,3-dihydro-1-hydroxy-3-0x0-1,2-benziodoxole at 25'. 
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NOTES 

FIG. 2. Plots of the second-order rate constants for the oxidation of 2-mercaptoethanol (0, titrimetric method; 
A, spectrophotometric method), 2-mercaptoethylamine ( x  ), and glutathione (0)  by 1,3-dihydro-1-hydroxy-3-0x0-1,2- 
benziodoxole at 25' as a function of the hydrogen ion activity. 

measured volume of 0.05 N NaOH, then 2 ml of thiol 
solution added, and the volume of 0.05 N NaOH required 
to maintain a constant pH was recorded as a function of 
time. In all experiments the amount of acid titrated at the 
completion of the reaction was consistent with eq. 1. 

The thiol was always in excess over the 1,3-dihydro-1- 
hydroxy-3-0x0-l,2-benziodoxole. Although the reaction 
was followed to completion, only the data from the first 
85 % of the reaction were used in the analysis of the data 
because of the small differences between V,, the total 
volume of NaOH added by the end of the reaction, and 
V,, the volume added at time t after the initiation of the 
reaction. Plots of In (V, - V,) us. t were linear; typical 
plots are shown in Fig. 1. This showed that the reaction 
had a first-order dependence on the oxidant, and pseudo 
first-order rate constants were obtained from the slopes 
of the linear plots. It was also found that these first-order 
rate constants were directly proportional to the con- 
centration of thiol in the reaction mixture, indicating that 
the reaction was also first-order in thiol; this pro- 
portionality is shown in Table 1. The plot of the second- 
order rate constants, obtained by dividing the first-order 
rate constants by the thiol concentration, us. the recip- 
rocal of the hydrogen ion activity was linear, as shown in 
Fig. 2. For 2-mercaptoethanol, the intercept of this plot 
was 0.540, the slope was 7.87 x and the correlation 
coefficient was 0.996, as determined by least squares, and 
the corresponding values for 2-mercaptoethylamine were 
0.210, 8.38 x and 0.991, respectively. 

When the thiol has a carboxy-group, as in glutathione, 
the titrimetric procedure for following the reaction 
described above is not suitable because of the buffering 
effects of the carboxy-groups. Furthermore, the spectro- 
photometric method described by Wolf and Wu (3) 

TABLE 1 

Proportionality of first-order rate constant to 
the thiol concentration. Data presented are for 
2-mercaptoethanol at p H  4.4. Proportionality 

is shown by constancy of values in third 
column 

[2-mercapto- 
k (s-') ethanol] k/  [2-mercapto- 
x loz x loz ethanol] 

1.32 2.30 0.57 
1.50 2.36 0.64 

presents difficulties when used with buffer solutions in the 
p H  range of interest in this study as it was observed that 
at constant p H  the reaction rate increases as the buffer 
concentration increases. Caraway and Hellerman (5) have 
found that the oxidation of ascorbic acid by 1 is catalyzed 
by undissociated acids. However, in order to obtain 
results comparable to those obtained using the titrimetric 
procedure some measurements were made by the spectro- 
photometric procedure in acetate buffers. Absorbance 
changes were measured on a Beckman DU-2 spectro- 
photometer; otherwise, the procedure is as previously 
described (3). A typical second-order plot is shown in 
Fig. 3. It was observed that the second-order rate con- 
stant was a linear function of the acetic acid concentration 
in the buffer solution, at constant pH. For the oxidation 
of 2-mercaptoethanol at p H  4.5 the second-order rate 
constants were 0.595, 0.645, 0.737, and 0.853 M-' s-I in 
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FIG. 3. Second-order plot for the oxidation of 2-mercaptoethanol by 1,3-dihydro-1-hydroxy-3-0x0-l,2-benzio- 
doxole at 25". Initial concentrations were 1.17 x and 2.16 x M, respectively, in 0.699 M acetate -acetic 
acid buffer at pH 4.42. 

buffer solutions containing 0.0564, 0.108, 0.243, and 
0.480 M acetic acid, respectively, and extrapolation to 
zero acetic acid concentration yielded a value of 0.55 
M-' s-'. This rate constant at zero acetic concentration 
is consistent with the results obtained by the titrimetric 
method, as illustrated in Fig. 2. The oxidation of 
glutathione was carried out in a similar manner in acetate 
buffers at pH 4.05, 4.55, and 5.00, and the results are 
summarized in Table 2. Figure 2 shows the plot of the rate 
constants at zero acetic acid concentration us. the recip- 
rocal of the hydrogen ion activity; it is linear with an 
intercept of 0.339, a slope of 4.45 x with a 
correlation coefficient of 0.996. 

Discussion 

The rate equation for the oxidation of 2- 
mercaptoethanol, 2-mercaptoethylamine, and 
glutathione by 1,3-dihydro-1-hydroxy-3-oxol1,2- 
benziodoxole is similar to that for the oxidation 
of cysteine (3). The second-order rate equation is 
consistent with a mechanism in which one 
molecule of thiol and one molecule of oxidant 
react in a rate-determining step, followed by 
subsequent fast reactions involving another thiol 
molecule. In the oxidation of cysteine (3) it was 
postulated that the charged amino- and carboxy- 
groups form complexes with the oxidant such 
that the sulfhydryl group is oriented to facilitate 
reaction with the iodine atom. Obviously this 
complex formation cannot occur in the oxidation 
of 2-mercaptoethanol and so it is likely that 
direct reaction occurs between the sulfhydryl 

TABLE 2 
Rate constants for the oxidation of 

glutathione by 1,3-dihydro-1-hydroxy-3-0x0- 
1,2-benziodoxole in acetate buffers at 25' 

Buffer 
concentration k 

pH  (MI M-1 s-l 

4.05 0.0 (0.406)* 
0.233 0.543 
0.582 0.817 
1.164 0.989 

'Extrapolated values. 

group and the 1,3-dihydro-1-hydroxy-3-0x0-1,2- 
benziodoxole. 

The p H  dependence of the reaction rate can be 
explained by realizing that in the solutions used 
there exist ionized and unionized forms of the 
thiol (pK 8-10) and 1,3-dihydro-1-hydroxy-3- 
0x0-1,2-benziodoxole (pK 7.2), although under 
the conditions used in these experiments the un- 
ionized forms would greatly predominate. A rate 
equation may be written for this reaction as 
shown in eq. 2; RSH and RS-, OX and OX- are 
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NOTES 3107 

[2] -d(OX)/dt = kl(RSH)(OX) + k2(RS-) 
x (OX) + k,(RSH)(OX-) 

+ k4(RS-)(OXp) 

the unionized and ionized forms of the sulfhydryl 
compound and 1, respectively. When the union- 
ized forms predominate, as in the experiments 
described here, the observed second-order rate 
constant, k, may be expressed by eq. 3, in which 
the various rate constants are related thus: k, = 

kl, kb = k2KSH + k,KOX, and kc = k4KSHKOXY 
where KsH and KO, are the dissociation constants 
of thiol and 1, respectively, and a,+ is the hydro- 
gen ion activity. These equations take into con- 
sideration only the sulfhydryl group of the thiol 
ionizing, and do not include the amino- or car- 
boxy-group. Since it has been found that there 
is a linear relationship between the rate constant 
and the reciprocal of the hydrogen ion activity, 
the term involving the square of the hydrogen 
ion activity is negligible. Therefore, under the 
experimental conditions used it may be concluded 
that there is substantial reaction between the 
unionized forms of the sulfhydryl groups and the 
oxidant with a rate constant of kl equal to 0.54 
M - l  s-' for 2-mercaptoethanol, 0.21 M - l  s-' 
for 2-mercaptoethylamine, and 0.34 M - '  s-' 
for glutathione. I t  is not possible to separate 
values for k, and k, from the kinetic data, but 
kb, obtained from the slope of the plots in Fig. 2, 

gives the overall dependence of the reaction rate 
on the pH. I t  can be seen that this is greatest for 
2-mercaptoethylamine, and least for 2-mercapto- 
ethanol. However, it is not possible to determine 
from the data the extent, if any, of participation 
by the amino- and carboxy-groups in the reaction. 

The apparent simplicity of the kinetics of 
oxidation of thiols by 1,3-dihydro-1-hydroxy-3- 
0x0-1,2-benziodoxole is interesting in that the 
kinetics of the oxidation of thiols are usually 
complex and subject to a number of factors, in- 
cluding catalysis by traces of heavy metal ions 
and heterogeneous catalysis (6). Nothing was 
observed during the course of this work to 
indicate any unusual effects, and indeed, it was 
ascertained that EDTA had no effect on the 
reaction rate, indicating absence of catalysis by 
heavy metal ions. Although in much more con- 
centrated solutions reactions other than the 
simple oxidation to disulfide may occur (2) the 
reaction appears to be kinetically simple in the 
dilute solutions used in this work. 
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2. F. P. CHINARD and L. HELLERMAN. Iit Methods of 
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Interscience, New York, N.Y. 1954. p. 1. 

3. W. WOLF and T. Wu. J. Pharm. Sci. 58, 491 (1969). 
4. N. M. ALEXANDER. Anal. Chem. 30, 1292 (1958). 
5. W. T. C ~ R A W A Y  and L. HELLERMAN. J. Amer. Chem. 

SOC. 75, 5334 (1953). 
6. R. CECIL and J. R. MCPHEE. Advan. Protein Chem. 
14, 292 (1959). 

Thermal and photochemical rearrangements of methyl-substituted 
cyclopentadienes 

STEWART MCLEAN AND D. M. FINDLAY 
Department of Cl~emistry, University of Toronto, Toronto 181, Ontario 

Received May 7, 1970 

5,5-Dimethylcyclopentadiene undergoes a thermal rearrangement by migration of a methyl group, 
the kinetics of which have been studied, but no rearrangement product was observed on U.V. irradiation. 
However, methylcyclopentadiene is converted photochemically to 2-methylbicyclo[2.1.O]pentene, which 
is thermally unstable. 

Canadian Journal of Chemistry, 48,3107 (1970) 

Rearrangements of suitably substituted cyclo- can consequently be used to illustrate aspects of 
pentadienes represent processes which, under the these rules. We have previously been concerned 
appropriate reaction conditions, should be gov- with demonstrating that thermally-induced hy- 
erned by the Woodward-Hoffman rules concern- drogen migrations taking place in cyclopenta- 
ing the conservation of orbital symmetry (I), and dienes are [1,5]-sigmatropic reactions with a very 
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NOTES 3107 

[2] -d(OX)/dt = kl(RSH)(OX) + k2(RS-) 
x (OX) + k,(RSH)(OX-) 

+ k4(RS-)(OXp) 

the unionized and ionized forms of the sulfhydryl 
compound and 1, respectively. When the union- 
ized forms predominate, as in the experiments 
described here, the observed second-order rate 
constant, k, may be expressed by eq. 3, in which 
the various rate constants are related thus: k, = 

kl, kb = k2KSH + k,KOX, and kc = k4KSHKOXY 
where KsH and KO, are the dissociation constants 
of thiol and 1, respectively, and a,+ is the hydro- 
gen ion activity. These equations take into con- 
sideration only the sulfhydryl group of the thiol 
ionizing, and do not include the amino- or car- 
boxy-group. Since it has been found that there 
is a linear relationship between the rate constant 
and the reciprocal of the hydrogen ion activity, 
the term involving the square of the hydrogen 
ion activity is negligible. Therefore, under the 
experimental conditions used it may be concluded 
that there is substantial reaction between the 
unionized forms of the sulfhydryl groups and the 
oxidant with a rate constant of kl equal to 0.54 
M - l  s-' for 2-mercaptoethanol, 0.21 M - l  s-' 
for 2-mercaptoethylamine, and 0.34 M - '  s-' 
for glutathione. I t  is not possible to separate 
values for k, and k, from the kinetic data, but 
kb, obtained from the slope of the plots in Fig. 2, 

gives the overall dependence of the reaction rate 
on the pH. I t  can be seen that this is greatest for 
2-mercaptoethylamine, and least for 2-mercapto- 
ethanol. However, it is not possible to determine 
from the data the extent, if any, of participation 
by the amino- and carboxy-groups in the reaction. 

The apparent simplicity of the kinetics of 
oxidation of thiols by 1,3-dihydro-1-hydroxy-3- 
0x0-1,2-benziodoxole is interesting in that the 
kinetics of the oxidation of thiols are usually 
complex and subject to a number of factors, in- 
cluding catalysis by traces of heavy metal ions 
and heterogeneous catalysis (6). Nothing was 
observed during the course of this work to 
indicate any unusual effects, and indeed, it was 
ascertained that EDTA had no effect on the 
reaction rate, indicating absence of catalysis by 
heavy metal ions. Although in much more con- 
centrated solutions reactions other than the 
simple oxidation to disulfide may occur (2) the 
reaction appears to be kinetically simple in the 
dilute solutions used in this work. 
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II. Academic Press, New York, N.Y. 1966. p. 701. 

2. F. P. CHINARD and L. HELLERMAN. Iit Methods of 
biochemical analysis. Vol. 1. Edited by D. Glick. 
Interscience, New York, N.Y. 1954. p. 1. 

3. W. WOLF and T. Wu. J. Pharm. Sci. 58, 491 (1969). 
4. N. M. ALEXANDER. Anal. Chem. 30, 1292 (1958). 
5. W. T. C ~ R A W A Y  and L. HELLERMAN. J. Amer. Chem. 

SOC. 75, 5334 (1953). 
6. R. CECIL and J. R. MCPHEE. Advan. Protein Chem. 
14, 292 (1959). 

Thermal and photochemical rearrangements of methyl-substituted 
cyclopentadienes 

STEWART MCLEAN AND D. M. FINDLAY 
Department of Cl~emistry, University of Toronto, Toronto 181, Ontario 

Received May 7, 1970 

5,5-Dimethylcyclopentadiene undergoes a thermal rearrangement by migration of a methyl group, 
the kinetics of which have been studied, but no rearrangement product was observed on U.V. irradiation. 
However, methylcyclopentadiene is converted photochemically to 2-methylbicyclo[2.1.O]pentene, which 
is thermally unstable. 

Canadian Journal of Chemistry, 48,3107 (1970) 

Rearrangements of suitably substituted cyclo- can consequently be used to illustrate aspects of 
pentadienes represent processes which, under the these rules. We have previously been concerned 
appropriate reaction conditions, should be gov- with demonstrating that thermally-induced hy- 
erned by the Woodward-Hoffman rules concern- drogen migrations taking place in cyclopenta- 
ing the conservation of orbital symmetry (I), and dienes are [1,5]-sigmatropic reactions with a very 
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low activation energy (2). A consequence of this 
facile hydrogen shift is that the study of alter- 
native modes of rearrangement is made more 
difficult because both reactants and products may 
be undergoing rapid isomerization by hydrogen 
migration even at room temperature. 

We examined, therefore, the thermal rearrange- 
ment of 5,5-dimethylcyclopentadiene (I), in 
which the hydrogen-shift isomerization is not 

possible and the corresponding methyl-shift 
isomerization would be expected to take place 
much less readily because, although strictly 
governed by the same symmetry rule, the orbital 
associated with the C-Me bond has a different 
spatial distribution from that of the C-H bond. 
In this case a temperature in excess of 200" was 
required to effect isomerization and the products 
were the 1,2- and 2,3-dimethylcyclopentadienes 
(2 and 3) (2) expected from a l,2-methylmigration 
([1,5]-sigmatropic reaction) followed by rapid 
hydrogen migration. The kinetics of the methyl 
migration were studied between 240 and 257 "C, 
in which range the first order rate law was 
obeyed and specific reaction rates for methyl 
migration (i.e. statistically corrected) were 

k(Me migration) = 

(9.3 x loL3) exp (-43 300/RT) s-I 

in this limited range (with measurements at seven 
temperatures), the Arrhenius parameters, E, = 
43.3 kcal/mole (standard deviation 2.4) and 
A S  = 3 e.u. (standard deviation 3), although 
rather imprecise, are similar to those obtained by 
others (3) for closely related processes. Outside 
this range the reaction was inconveniently slow 
for the technique employed or side reactions 
became appreciably competitive. When the reac- 
tion was carried out in the presence of cyclo- 
pentadiene-d,, the rate of rearrangement was not 
appreciably changed, but there was a small incor- 
poration (based on examination of the mass 
spectrum) of deuterium into the products. We 
can conclude, therefore, that at temperatures 
below 200" no significant amount of rearrange- 

[1,5]-sigmatropic reaction involving the methyl 
group becomes important and at about 250" is 
the dominant process observed, while a radical 
process is a minor competitor in this temperature 
range, but probably becomes more significant at 
higher temperatures still. 

We turned next to an examination of the 
behavior of 1 when subjected to photochemical 
excitation, since two rearrangements, methyl 
migration by a [1,3]-sigmatropic reaction and an 
electrocyclic reaction leading to the bicyclo- 
[2.1.0]pentene skeleton, are allowkd by the 
Woodward-Hoffman rules, and either or both 
might be observed. The photochemical conver- 
sion of cyclopentadiene to bicyclo [2.l .O]pentene 
(4; R, = R, = H) itself has been observed 
previously (4), but several possible pathways can 
be suggested for this transformation and it has 
not yet been established that it does involve a 
simple electrocyclic process. One of our aims in 
continuation of the present work has been to 
carry out the rearrangement on cyclopentadienes 
suitably substituted to test the various alterna- 
tives. Unfortunately, in our hands, the irradiation 
of 1 in solution under a variety of reaction con- 
ditions afforded no rearrangement product what- 
soever and unchanged 1 was the only volatile 
material recovered from the reaction mixture. 
However, we have been able to carry out conver- 
sion of cyclopentadiene to bicyclopentene under 
the conditions originally used by Brauman et al. 
(4)l; success in this conversion is critically depen- 
dent on the conditions used for the irradiation 
and isolation. Moreover, we have demonstrated 
that we can convert the equilibrium mixture of 
methylcyclopentadienes (2) by irradiation under 
similar conditions to a product which contains 
2-methylbicyclo [2.l .O]pentene (4; R, = Me ; 
R, = H); the 1-methyl isomer (4; R, = H ;  
R, = Me) may also have been present, but only 

4 

the 2-methyl isomer was obtained in a relatively 
pure state. The reaction mixture was subjected 
to v.p.c. and the component which produced a 
peak not found in the starting material was 

ment of 1 by thermally-induced migration of the 
methyl group occurs; at higher temperatures the 

'We are grateful to Professor Brauman for a detailed 
account of these reaction conditions. 
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collected. Its n.m.r. spectrum resembled that of 
bicyclopentene (4; R, = R, = H) but showed 
a methyl doublet (J = 1.5 Hz) at T 8.34 and a 
narrow multiplet centered at T 4.14 corresponding 
to the vinyl proton. This product was thermally 
unstable and the spectrum changed with time, the 
characteristic peaks of methylcyclopentadienes 
(2) replacing those of the photoproduct. At 47 "C 
this decay followed the first order rate law with a 
half life of about 4.5 h, a rate comparable with 
that of the thermal reversion of bicyclopentene 
to cyclopentadiene (5). 

It  seems probable, therefore, that our failure 
to obtain any observable rearrangement product 
in the photochemical reaction of 1 must be caused 
by the gem-dimethyl group in this compound. 
Since the methyl substituents can not significantly 
affect the photoexcitation process, they must 
either inhibit the bond-forming process leading 
to the bicyclopentene or increase the rate of the 
retrograde thermal reaction to such an extent 
that the product does not last long enough to be 
isolated. However, since it is clear that the reac- 
tion is observed with other cyclopentadienes only 
under very carefully specified conditions, we can 
not preclude the possibility that we simply failed 
to find the precise conditions required for a 
successful isomerization of 1. 

Experimental 
Thermal Rearrangement of 5,5-Dimethylcyclopentadiene 

Small samples of 5,s-dimethylcyclopentadiene (6) were 
sealed in evacuated tubes, placed in a thermostatted bath 
for the required time, and then rapidly cooled. The 
progress of the reaction was followed by v.p.c. analysis 
and the identity of the products was confirmed by con- 
verting samples to their N-phenylmaleimide adducts (7). 
The kinetic results were calculated by standard pro- 
cedures (3). 

Irradiation of 5,5-Dimethylcyclopentadiene 
The procedures used were modeled on those described 

previously (4); in addition, the conditions were varied 

with respect to (a) the solvent (ethanol, 1-pentanol, and 
iso-octane), (b) the temperature (- 35"-O0), (c) the length 
of time of irradiation ( 1 4  h), and (d) the use of a variety 
of v.p.c. conditions. In every case the only non-solvent 
peak identified in the v.p.c. was that of 1. 

Irradiation of Methylcyclopentaciienes 
A 3 % solution of the isomeric methylcyclopentadienes 

(7) in decalin, cooled in an ice-salt bath, was irradiated 
by a Hanovia 450 W high-pressure mercury lamp for 
1-3 h. The volatile products were distilled at mm Hg 
and collected in a trap cooled with liquid nitrogen. When 
the products were examined by v.p.c. (6 ft UCON-LD- 
550-X column), peaks corresponding to solvent, starting 
materials, and at least one product were identified; 
treatment of the mixture with a solution of potassium 
t-butoxide in dimethyl sulfoxide followed by a further 
vacuum distillation, produced a mixture in which the 
relative amount of starting cyclopentadienes was dimin- 
ished, and it was possible by preparative v.p.c. to isolate 
a product which, on the basis of the appearance in its 
n.m.r. spectrum of peaks at T 4.14 (narrow multiplet), 
8.0-8.5 (m), 8.34 (d: J = 1.5 Hz), in the ratio 1 :4:3, was 
predominantly 4 (R1 = Me; R 2  = H), but the spectrum 
included other peaks, attributed to small amounts of 
contaminants. When the sample was allowed to stand, 
the growth of peaks characteristic of methylcyclo- 
pentadienes could be observed. The kinetics of this 
process were followed by observing the decay as a func- 
tion of time of the signals due to the methylbicyclopentene 
in a spectrometer with the probe temperature set at 47". 

We thank the National Research Council of Canada 
for financial support of this work. 
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Trimethylsilyl-substituted cyclopentadienes 

S. MCLEAN AND G. W. B. REED' 
Department of Chemistry, University of Toronto, Toronto 181, Ontario 

Received May 7, 1970 

An account is given of the migratory behavior of the silyl group and of hydrogen in trimethylsilyl- 
substituted cyclopentadienes. The reaction of trimethylsilylcyclopentadiene with dimethyl sulfoxide 
is described. 
Canadian Journal of Chemistry, 48,3110 (1970) 

1 2 3 
Trimethylsilylcyclopentadiene under ordinary 

conditions consists of a set of interconverting 
isomers (1, 2, 3) in which, at equilibrium, the 
5-substituted isomer (1) predominates (85-90%). 
Isomerization within this set results from a series 
of 1,2 hydrogen shifts ([1,5]-sigmatropic reac- 
tions (1)) which occur at a rate comparable with 
those in alkylcyclopentadienes. In addition, 
5-trimethylsilylcyclopentadiene is a "fluxional" 
molecule (2) in which the silyl group migrates 
about lo6 times faster than the hydrogen does, 
and produces a degenerate set of molecules of 
structure 1, distinguishable only if the ring sites 
are labelled. A methyl substituent on the ring 
does not migrate and can act as a label, but the 
thermodynamic and kinetic complexity of the 
system is increased even further. These dienes can 
be trapped as their Diels-Alder adducts by reac- 
tion with suitable dienophiles under a variety of 
conditions, but it can be anticipated that, when 
the thermodynamic and kinetic problems asso- 
ciated with direct and retrograde Diels-Alder 
reactions are superimposed on those already 
described, the distribution of isomers in the prod- 
uct does not necessarily reflect the equilibrium 
composition of the reactants. 

The availability of vacant d orbitals on the 
silicon atom which can interact with the n-elec- 
trons of the diene system in 1 allows the sigma- 
tropic process to follow a path that is not open 
when the migrating species is hydrogen or an 
alkyl group; this is undoubtedly the cause of the 
extremely facile migration of the silyl group and 
accounts for the kinetic results. However, the 

'Taken from the M.Sc. Thesis of G .  W. B. Reed, 
University of Toronto, Toronto, Ontario, January 1970. 

thermodynamic observation that isomer 1 is more 
stable than its isomers 2 and 3, strongly contrasts 
with the situation in the alkylcyclopentadienes 
(3), and no ready answer to the interesting and 
significant questions it raises appears to be 
available. The attractive possibility that the inter- 
action of the silicon and the n-system also 
stabilizes the ground state of the molecule is not 
supported by the evidence that the U.V. spectra 
(down to 185 mp) of the trimethylsilyl derivatives 
of cyclopentadiene and methylcyclopentadiene 
are very similar to those of the parent hydro- 
carbons; the silyl compounds show a less pro- 
nounced absorption minimum near 210 mp, but 
the positions and intensities of the maxima are 
almost identical. The most significant point may 
be, in fact, that the trimethylsilyl substituent 
appears to perturb the chromophore even less 
than an alkyl substituent does (3). 

These conclusions are based on the studies we 
have made, because of our interest in the con- 
clusions drawn in the original report (4) on this 
subject and their relationship to our own earlier 
work (3), of the n.m.r. spectra of trimethylsilyl 
derivatives of cyclopentadiene and methylcyclo- 
pentadiene, the temperature dependence of these 
spectra, and the formation of Diels-Alder 
adducts with a number of dienophiles at various 
temperatures (5). Our results are in substantial 
agreement with those reported (6) regarding the 
structures of the Diels-Alder adducts, and both 
our results and the conclusions we draw from 
them correspond closely with those in the very 
recent accounts (7, 8) of careful and thorough 
studies of the n.m.r. characteristics of the 
trimethylsilylcyclopentadienes. 

The original report on this topic (4) led to the 
appearance of a number of publications on the 
subject and a considerable amount of confusion. 
The trimethylsilylcyclopentadiene system is 
clearly a complex one and it is now obvious that 
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NOTES 3111 

some reports were based on incomplete results protonated ylid and Me,SiO-, and a proton 
and some were simply in error. Particularly in the shift finally produces the ylid and trimethyl- 
light of the most recent work (7, 8) it is now silanol. 
possible to get a consistent and satisfactory view 

+ PO 
of the whole situation, as outlined above, and to \a 
clear up the earlier confusion. However, the 
observation (9) that the n.m.r. spectrum of tri- 
methylsilylcyclopentadiene in dimethyl sulfoxide bSiMe3 
is that of a non-fluxional molecule remains to be 
explained satisfactorily. We have confirmed the 
observation of a low-field multiplet with fine 
structure characteristic of a molecule with a long 
lifetime on the n.m.r. time-scale, but the explana- 
tion (9) that this results from an inhibition of 
silyl migration because of complex formation 
involving silicon d orbitals and dimethyl sulfoxide 
is wrong; the spectrum produced is that of cyclo- 
pentadienylidenedimethylsulfurane (4) which re- 
sults from the vigorous exothermic reaction of 

trimethylsilylcyclopentadiene with dimethylsul- 
foxide. We have isolated this interesting stable 
ylid (lo), m.p. 131-133", directly from this 
reaction, and the n.m.r. spectrum of the pure 
compound in CDCI, shows that the vinyl protons 
give rise to two multiplets centered at z 3.58 and 
3.74, slightly solvent-shifted from the correspond- 
ing signals in the dimethyl sulfoxide reaction 
mixture, and that the singlet due to the methyl 
groups is at z 7.16, and was buried in the solvent 
peak in the reaction mixture. The other reaction 
product isolated was hexamethyldisiloxane, 
which is known to be a spontaneous transforma- 
tion product of trimethylsilanol (11). It can be 
surmised that 4 is produced in a reaction in which 
the oxygen of the dimethyl sulfoxide attacks the 
silicon of 1, the electron shifts, concerted or 
stepwise, summarized below, then lead to the 

Experimental 
Trimethylsilylcyclopentadiene (4) h,,, (MeOH) 240 mp 

(E 2500), h,,, (hexane) 240.5 mp (E 2400), h,,, (hexane) 
212 mu (E 2100) (recorded on a Perkin Elmer model 350 
spectrometer) was allowed to react with an equimolar 
amount of dry dimethyl sulfoxide at room temperature. 
The solution warmed up, became discolored, and formed 
two layers. After 3 h the layers were separated and the 
upper clear colorless layer was identified as hexamethyl- 
disiloxane by direct comparison with an authentic sample. 
When ether was added to the lower dark-colored layer, 
a tan crystalline product separated (yield -40%). This 
material, m.p. 131-133", C7HIOS (by mass spectrometry), 
corresponded in m.p., u.v., and n.m.r. characteristics with 
those reported (10) for the ylid 4. 

Support of this work by the National Research Council 
of Canada is gratefully acknowledged. We thank Drs. 
Davison and Rakita for an account of their results (7) 
prior to their publication. 
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Assignment and conformational properties of the sugar-ring hydroxyl protons 
of the common nucleosidesl 

D. B. DAVIES AND S. S. DANYLUK 
Division of Biological and Medical Research, Argonne National Laboratory, Argonne, Illinois 60439 

Received March 18. 1970 

A 60 MHz proton magnetic resonance study has been made of the hydroxyl protons of the ribose and 
deoxyribose rings for the common nucleosides dissolved in mixtures of dry DMSO-d6 and CsD6. Use of 
this solvent system permitted the detection and assignment of the exchange-free spin-coupled multiplets 
for the hydroxyl protons. The assignment was confirmed by spin-decoupling experiments. 

Based on the magnitudes of the observed coupling constants, it is concluded that the 0-H,, group is 
freely rotating around the C,,-O,, bond. It is calculated that the O-H,, bond favors a gauche con- 
formation relative to the C3,-H3, bond, consistent with the preferred conformation found in the solid 
state for the H3,-C3,-0,'-P bonds of the nucleoside 3'-phosphates. The conformation of the 0-H2. 
bond relative to the C2.-Hz. bond demonstrates no preference for the gaztche rotamer. Such a rotamer 
might be expected if a hydrogen-bond between the 2'-OH and the purine base exists in this solvent system, 
as well as in aqueous solutions where such an interaction has been postulated as a stabilizing influence 
for ribosides. 

Canadian Journal of Chemistry, 48,3112 (1970) 

Introduction 
High-resolution proton magnetic resonance 

(p.m.r.) studies have yielded valuable informa- 
tion about the structure and interactions of base- 
rings in nucleic acid derivatives (1-4). From this 
work a clear picture has emerged of the part 
played by base-rings in stabilizing the structure 
of nucleic acids in solution. I t  would be useful if 
the data for base-rings could be combined with - 
similar results for the ribose and ribose-phos- 
phate moieties. Since the sugar-ring hydroxyl 
protons might have an important influence on 
the conformation of the ribose-phosphate back- 
bone of polynucleotides, this study has been 
concerned with the observation and assignment 
of signals for these protons. 

The three ribose hydroxyl protons of a nucleo- 
side are the 0-Hz,, 0-H,. and 0-H,, 
protons shown in Fig. 1. In deoxyribose nucleo- 
sides the 0-Hz, group is replaced by a hydrogen. 

Hydroxyl coupling constants are known to 
vary with polarity of the solvent (5, 6), electro- 
negativity of neighboring substituent groups (5, 
8), and the geometry of the molecule (6,7, 9, 10). 
Bearing in mind these limitations, the stereo- 
chemical dependence of the vicinal H-C-0-H 
coupling constants has been calculated (1 1) as 

JHCoH = 10.4 COS' $ - 1.5 COS $ -k 0.2 

where J is the spin-coupling constant and $ the 
dihedral angle between vicinal protons. 

'Work supported by the U.S. Atomic Energy Com- 
mission. 

FIG. 1. Numbering scheme for the ribose and deoxy- 
ribose ring of the nucleosides. 

If proton exchange processes are sufficiently 
minimized, then well-resolved multiplets arising 
from spin-coupling interactions with vicinal 
methine protons should be observed for hydroxyl 
protons of both ribose and deoxyribose nucleo- 
sides. Although separate hydroxyl signals were 
observed in an earlier study (12), the residual 
H 2 0  concentration in the dimethyl sulfoxide 
(DMSO) solvent was sufficiently high to prevent 
detection of fine structure in the signal. 

Results 
A typical spectrum for the ribose and hydroxyl 

protons of a nucleoside is illustrated by adenosine 
in Fig. 2. An assignment of the hydroxyl proton 
signals was carried out in the following manner. 
Comparison of the spectrum in the dried solvent 
system with that obtained previously in "wet" 
DMSO (12) permitted the assignment of multi- 
plets at 5.26, 5.56, and 5.80 p.p.m. to hydroxyl 
protons. The remaining signals in the region of 
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NOTES 

ADENOSINE 

s 

CHEMICAL SHIFTS I N  P.P.M. FROM INTERNAL TMS. 

FIG. 2. Part of the 60 MHz n.m.r. spectrum of 0.1 M adenosine in 40% benzene-DMSO solution showing the 
proton resonance spectrum of the ribose ring and the double resonance spectra used in spectral analysis. The horizontal 
lines connect coupled signals with the solid arrow indicating the irradiating frequency and the open arrow showing the 
observing frequency in double resonance experiments. 

the spectrum shown in Fig. 2 are due to ribose pling scheme C,.H,,--C2,H2,-OH,,; cf. con- 
ring protons. nected arrows in Fig. 2. Hence, an assignment of 

A further assignment of the signals to indi- the doublet at 5.56 p.p.m. to the 0-Hz, proton 
vidual hydroxyl groups can be made by the use of is possible. Similarly, an assignment may be made 
double resonance techniques (13). For example, of the signals at 5.80 and 5.26 p.p.m. to the 
double resonance experiments establish the cou- 0-H,, and 0-H,, protons respectively. As- 
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TABLE I 
Proton chemical shifts in p.p.m. (k0.002 p.p.m.) from TMS and spin-coupling constants (J  t 0.1 Hz) 

of 0.1 M solutions of the nucleosides in various benzene-DMSO mixtures at 30 "C 

Proton chemical shifts (p.p.m. from TMS) Spin-coupling constants (Hz) 
% Benzene 

Nucleoside* in solution HI* H3, H5s.t H5.t OHI* OHs, OH45 H2.OH2, H3.0H3, H5.0H5. 

'Abbreviations: T = thymidine; dC = deoxycytidine, etc. 
tcaleulated from 220 MHz spectra. 
$220 MHz measurements at 22 OC. 
§Cannot be determined due to virtual coupling (HI, and H3. have similar chemical shifts even at 220 MHz). 

signment of the hydroxyl protons for the other 
purine riboside, guanosine, was made in an 
analogous manner. 

The similar chemical shifts of the Hz,  and H,. 
proton resonances for the pyrimidine ribosides at 
60 MHz means that the corresponding hydroxyl 
proton resonances do not exhibit first-order cou- 
pling and therefore the signals cannot be un- 
ambiguously assigned by spin-decoupling experi- 
ments. The chemical shifts of the OH,, and OH,, 
proton signals of uridine and cytidine were there- 
fore assigned by comparison with the 60 MHz 
purine riboside ~pec t r a .~  

A summary of the observed chemical shifts and 
coupling constants for all the nucleosides is given 
in Table 1. 

Several points may be noted regarding the 
magnitudes of the coupling constants. A sur- 
prising constancy is observed for the H5#-OH5# 
coupling constants for all the nucleosides. More- 
over, the magnitude of this coupling, 5.0 f 0.1 
Hz, is close to the value observed for hydroxyl 
couplings in simple aliphatic alcohols. For ali- 
phatic alcohols (methanol, ethanol, t-butyl al- 
cohol) the hydroxyl coupling constants (5) ob- 
tained in CCl, and DMSO as solvents were 5.3 
(f 0.3) Hz. The latter value is very close to the 
theoretical magnitude expected for a hydroxyl 
group rotating freely about the C-0 bond (1 1). 

Accordingly, it is reasonable to conclude that the 
5'-hydroxyl group of nucleosides is rotating 
freely (on the nuclear magnetic resonance (n.m.r.) 
time-scale) about the C5,--05t bond. 

In contrast with the 5'-hydroxyl couplings, the 
H3#-OH3r coupling constants vary for different 
nucleosides, although all of the couplings are 
significantly less than the value arising from a 
freely rotating hydroxyl group. A number of 
assumptions allow calculation of the relative 
rotamer populations from the observed hydroxyl 
group coupling constants. These assumptions are 
that the empirical relation (1 1) between vicinal 
coupling constant, JHcoH, and dihedral angle, 

holds, that the observed J's are weighted 
time-averages for values given by the classical 
staggered rotational isomers (two gauche and one 
trans in this instance), and that the gauche and 
trans coupling constants for the different con- 
formers are the same. The observed J is given by 

J(,,,, = 2.1Pg + 12.1Pt 

where Pg and P, are the fractional populations of 
the gauche and trans conformers respectively. An 
observed coupling of 4.0 Hz for J H , r O H , ,  indicates 
that the 0-H,, group exists for 80 % of its time 
in a gauche conformation and 20 % of its time in a 
trans conformation with respect to the C3,-H,, 
bond. In the solid state the preferred conforma- 

%pectra for uridine and cytidine have now been tion for the nucleoside 3'-phosphates is that in 
measured at 220 MHZ (14). At this frequency the shifts which the bond sequence H3,-C,,-O,,-P 
for Hz, and H,, of uridine are sufficiently different so that assumes an approximately gauche conformation 
the corresponding hydroxyl signals are close to first-order. 
For cytidine, however, the H1, and H,, chemical shifts (I5). 
are still very similar. The H2,-OH2, couplings are all only slightly 
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NOTES 3115 

greater than that observed and calculated for a 
freely rotating hydroxyl group, and a calculation 
similar to the above indicates that the relative 
populations of the gauche and trans rotamers are 
only slightly different from the values expected 
for free rotation. 

In aqueous solutions a hydrogen-bond inter- 
action between the OH,, of the ribose ring and 
the N, atom of the purine ring has been suggested 
from chemical shift data (16). A Dreiding model 
of adenosine shows that for the ribose ring in an 
approximate C,. endo conformation, observed in 
DMSO solutions (14), such a hydrogen bond 
would result in a gauche orientation of the 
hydroxyl group relative to the C,,-Hz, bond, 
with a dihedral angle of approximately 45". If 
this hydrogen-bond exists for a time comparable 
to the n.m.r. time-scale, one might expect to 
observe a JH2:,H2, of about 4.5 Hz. However, the 
observations In Table 1 demonstrate that there is 
no preference for a gauche rotamer in the purine 
ribosides. An intramolecular hydrogen bond be- 
tween OH,. and N, is therefore considered un- 
likely in the present systems. 

Experimental 
The solvent system selected consisted of a mixture of 

DMSO-d6 and C6D6. The proportions of these solvents 
in the binary mixture were adjusted to give the best 
resolution of the ribose and deoxyribose ring and hy- 
droxyl protons. Extreme precaution was taken to elim- 
inate trace amounts of water from solvents. Solvents 
were stored over molecular sieve (Linde 3A) and the 
nucleosides were pumped on a high-vacuum line for long 
periods to remove adsorbed water molecules. Solutions 
were made up in a dry box and sealed in n.m.r. tubes to 
prevent absorption of water vapor. 

High-resolution spectra were measured at 30 "C for 
0.1 M solutions of the common purine and pyrimidine 
nucleosides. Spectra were recorded at 60 MHz with a 

Varian DA 601 Internal-lock spectrometer locked on 
internal tetramethylsilane. Double resonance experiments 
were performed in the usual manner (13). 

Since the OH,, and OH3, doublet signals were close to 
first-order, the chemical shifts and coupling constant 
values were estimated directly from the 60 MHz spectra. 
The pseudo-triplet of the OH5. proton resonance has 
further been analyzed by second-order analysis of the 
220 MHz spectrum and the coupling constants checked 
by computer simulation (14). All the chemical shifts and 
coupling constants will be published in a paper dealing 
with the conformational properties of the pentose ring 
and the exocyclic carbinol group (14). The chemical 
shifts of the C,., C3,, and C4, protons listed in Table 1 
are estimated values sufficient for this discussion while 
the C,, chemical shifts are values derived from second- 
order analysis of the 220 MHz spectra. 
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Vibrational spectra of some perfluoro-arsenates and antimonates with 
nitrogen heterocations 
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Received April 20, 1970 

The infrared spectra from 4000-250 cm-' and the laser Raman spectra of NOAsF,, NO,AsF,, 
N2F3AsF6, F2NOAsFs, NOSbFe, N02SbF6, N,F3Sb2Fl ,, and F,NOSb,F,, are recorded. E~ght  of the 
nine fundamentals expected for the N2F3+ cation can be observed and are tentatively assigned. The 
vibrational spectra of the MF, adducts are in agreement with an ionic formulation; however, the mutual 
exclusion rule for infrared and Raman active vibrations appears to be relaxed and one of the funda- 
mentals v, [F,,] is split into a doublet in almost all cases. 

Canadian Journal of Chemistry, 48,  3117 (1970) 

The interaction of the nitrogen oxyfluorides 
FNO (I), F3N0  (2, 3), and FNO, (4) and the 
binary fluorides N2F4 (5-7) and N,F, (7-8a-c) 
with the strong Lewis acids AsF, and SbF, has 
been found to yield solid products, frequently 
with the reactants in a 1 :1 molar ratio. These 
complexes are commonly regarded as ionic with 
the anions AsF,-, SbF,-, and Sb,F,,- and the 
cations NO', NO,', F,NO', N,F+, and 
N2F3 + - - - 

In the absence of detailed X-ray diffraction 
studies on any of these compounds, the claim of 
ionicity is primarily based on vibrational spectra, 
X-ray powder diagrams, and the solution be- 
havior in polar solvents. The reported vibrational 
data are frequently incomplete and almost always 
limited to infrared studies extending primarily 
over the sodium chloride spectral region. Raman 
spectra on solid complexes are reported only for 
F2NOAsF6 (9) and N,FAsF, (10). The present 
study reports the infrared spectra from 4000 to 
250 cm-' and the laser Raman spectra for the 
following complexes : NOAsF,, NO,AsF,, NO- 
SbF,, N02SbF6, F2NOAsF6, F2NOSb2FI1, 
N2F3AsF6, and N2F3Sb2Fll. Since vibrational 
spectra for N,FAsF, (8, 10) and the related 
complex NF,AsF6 ( I  1) have previously been 
reported, a comparison of the spectra for these 

'To whom correspondence should be addressed. 

nitrogen heterocation complexes is now possible. 
Inclusion of the spectra for KAsF, and KSbF, in 
this discussion should allow one to study the 
deviations from ideal octahedral symmetry, 
possibly due to site symmetry lowering or possible 
anion-cation interaction, resulting in a distortion 
of the MF, group and loss of 0, symmetry. 

The following features would be expected: 
removal of degeneracies, relaxation of the mutual 
exclusion rule for Raman and infrared active 
vibrations, and a frequency shift compared to the' 
potassium compounds. The fact that all com- 
pounds in this series gave very well resolved 
Raman spectra on polycrystalline samples pro- 
vides a good basis for the intended discussion. 
Main emphasis will have to be placed on the 
spectra for the ideally highly symmetrical anions, 
since all cations involved are of relatively low 
symmetry (C,,, C,, and Dm,, etc.), where, anion- 
cation interaction will primarily result in a fre- 
quency shift only. A meaningful study of these 
effects on the cations as, e.g.,  carried out for the 
NO' cation (12) would require incl~ision of a 
larger number of related complexes than are 
presently reported. 

In addition, it was intended to provide a 
frequency assignment for the cation N2F3', at 
present only incompletely characterized, and to 
characterize the polymeric Sb2Fll-  in these 
complexes more fully. 
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I 

250 

FIG. 1. Raman spectra of N2F3AsF6+ and N2F3+Sb2F,,. 
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QURESHI AND AUBKE: VIBRATCONAL SPECTRA 3119 

Experimental NOAsF, 
Materials atzd Preparations Infrared: 2340 m, 1285 vw, 1150 w, 970 vw, 860 

Anhydrous H F  (Matheson of Canada), AsF, (Pennin- w, 820 VW, 695 Vs, 565 VW, 385 S, 380 sh, W, 355 
sular Chemresearch), SbFs (Ozark Mahoning CO.), N z F ~  sh, W. 
(Air Products), and anhydrous SO, (Matheson of 
Canada) were all reagent grade. They were purified by Raman: 2342 m, 693 vs, 582 m, 379 s, 370 m. 
repeated distillation in a monel vacuum line, their purity NO,AsF, 
was checked by infrared spectroscopy. A sample of ONF, Infrared : 2385 m, b, 1300 vw, 1 155 vw, 1030 w, 
was obtained from Professor J. M. Shreeve of the 825 vw, 690 vs, 598 s, 560 vw, 385 vs, 380 w, sh, University of Idaho. 

Nitrosylchloride (13) and nitrylchloride (14) were pre- 370 w. 
pared as described, and used after purification in the Raman: 1404 S, 693 VS, 582 m, 382 m, 370 m, sh, 
preparation of NOAsF,, NoSbF,, N02AsF6,  and 
N02SbF6 according to  Kuhn (15). The reactions in H F  0 NF, AsF, 
solution were carried out in Kel-F traps with n~onel  Infrared : 1855 s, 1 165 s, 8g7 s, 820 vw, 720 w, sh. 
fittings and valves. The interaction of ONF, and N2F4 692 VS, 650 sh, 595 S, 565 m, 373 W. 
with AsF, and SbF, were carried out in monel reaction Ramall: 1845 m, 1400vw, 1 167 w, 895 S, 800 vw 
cans equipped with Hoke valves as  described in the 689 vs, 636 w, 584 w, sh, 573 s, 378 m, 372 w. 
original preparations. The reactions were followed by 
weight. All solid materials were handled in a dry box. NzF3AsF6 

Itgrared Spectra 
Infrared: 1510 w, 1435 ms, 1295 s, 1 120 s, 995 

A Perkin-Elmer 457 grating spectrophotometer was m' 920 m' 830 w, 695 vs, 672 m7 595 m7 "17 m2 

used for recording spectra In the 4000-250 cm-I range. 495 ms, 380 s, 305 In. 
The region below 250cm-I was investigated with a Raman: 1305 w, 1120 m, 997 m, 926 s, 690 vS, 
Perkinl-Elmer 421 spectrophotometer, fitted wlth a 673 m, 584 s, 520 m, 499 m, 370 ms, 376 ms, 310 m. 
purging unit. Spectra of the 0 N F 2 +  and N2F3+  com- 
plexes were obtained without using any mulling agent, KAsFG 
Nujol and hexachlorobutadiene were employed for the Infrared: 698 vs, 382 sb. 
rest. Silver chloride, cesium iodide, KSR-5 (Harshaw R ~ ~ ~ ~ :  692 s, 580 m, 375 m. 
Chemical Corp.) and polyethylene windows were used. 

Raman Spectra 
NOSbF, 

A Cary 81 spectrophotometer equipped with a Spectra Infrared: 2342 m, 1300 vw, 660 vs, 285 w, sh, 
Physics model 125 He-Ne laser was used. The 6328 A 275 S. 
wavelength line was used as exciting light. The solid Raman: 2345 m, 658 vs, 570 m, 294 W, 284 m. 
samples were contained in flat bottom Pyrex tubes with 
6 mm 0.d. The tubes were filled in a dry box and im- 
mediately flame sealed. Infrared: 2368 m, b, 1305 W, 1255 W, 660 VS, 

Results 
The vibrational frequencies for NOAsF,, 

NO,AsF,, NOSbF,, N0,SbF6, N,F,Sb,F,,, 
N,F,AsF,, F,NOAsF,, and F,NOSb,F,, are 
listed below together with estimated intensities. 
Tracings of the Raman spectra of N,F,+AsF,- 
and N,F3+Sb,F,,- and of the i.r. spectrum of 
N,F,+AsF,- are shown in Figs. 1 and 2. 

I 
1500 1300 1100 90C 

FIG. 2. Infrared spectrum of N2F,+AsF6-. 

601 m, sh, 285 w, sh, 273 s. 
Raman: 141 1 s, 661 vs, 576 w, 568 ms, 294 w, 

283 m. 

ONF,Sb,F, , 
Infrared: 1856 s, 1165 s, 900 s, 725 s, sh, 710 

w, sh, 690 vs, 680 s, sh, 665 s, 610 vw, sh, 565 m, 
520 m, 285 w, sh, 270 w. 

Raman: 1864 m, 1176 m, 902 vs, 699 m, sh, 
680 s, sh, 665 vs, 614 vw, 570 w, 284 w, 296 w. 

N2F3Sb2F11 
Infrared: 1500 w, 1370 w, 1295 m, 1120 s, 1000 

m, 920 ms, 730 w, sh, 705 s, 695 vs, 68 1 m, sh, 675 
vs, 610vw, 520m, 500m, sh, 380vw, 33'5 w, 319 w, 
280 m, b. 

Raman: 1310 w, 1124 w, 1006 m, 928 s, 725 In, 
695 m, sh, 670 w, sh, 665 vs, 615 vw, 520 m, 500 
m, sh, 310 m, sh, 298 s, 220 m. 
KSbF, 

Infrared : 13 10 vw, 1 160 w, 655 vs, 270 s. 
Raman: 661 vs, 575 s, 294 m, 278 m. 
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Discussion 

(a) The Vibrational Assignment for the 
N ,  F3 + Cation 

Previous assignments of the stretching modes 
for N2F3+ AsF,- (5) and N2F3+ Sb2F, ,- (7) are 
based on infrared spectra in the AgCl region only. 
A medium-weak vibration at - 1500 cm-' is 
assigned as vNN whereas vibrations at - 920, - 1100, and - 1295 cm- ' lare regarded as N-F 
stretching modes. The proposed (5) resonance 
structure 

is primarily based on the non-equivalence OF the 
three fluorine atoms in the 19F nuclear magnetic 
resonance spectrum, obtained in SO, and H F  
solution as well as in the melt. indicating the - 
absence of free rotation along the N-N molec- 
ular axis up to temperatures of + 120 "C and the 
likely presence of multiple bonding. 

The symmetry of such a cation would be C, or 
C,, resulting in a maximum of nine infrared and 
Raman active vibrations for a 5-atom species. 
The Raman data should therefore provide a 
second set of identical vibrational frequencies 
and facilitate the interpretation. The vibrational 
spectra for both compounds together with a 
tentative assignment is found in Table 1. The 
previous assignment of the vibration at - 1500 
cm-I as vN-, is not confirmed by the Raman 
spectrum, where a corresponding band was not 
observed. It seems therefore appropriate to regard 
this vibration as a combination band. From a 
comparison with previously reported assignments 
in the N-F stretching region listed in Table 2, 
involving related molecules, it appears doubtful 

TABLE 1 
Frequencies of the N2F3+ cation in cm-' 

N ~ F ~ + A s F ~ -  N2F3+Sb2Fl 1- 

Assign- 
Raman Infrared Raman Infrared ment 

1305 1295 1310 1295 VI.  V N - N  
1120 1120 1124 1120 v6, V , , N F ~  
997 995 1006 1000 V ~ , V N ~  
926 920 928 920 ~ 3 ,  vs N F ~  

673 672 670 675 ~ 4 ,  ~ N N F  

520 515 520 520 v,, 6,s N F ~  

499 49 5 500 500 v5, 8~ N F Z  

310 305 310 319 v8 
- - - - v,, torsion 

CHEMISTRY. VOL. 48, 1970 

TABLE 2 

Nitrogen-fluorine stretching vibrations 

Van t i sym Vsym 
Compound (cm-') (cm- I) Reference 

HNF, 972 888 22 
ONF3 883 743 23 
FzNOSOzF 913 1033 24 
CINF, 854 930 25 
ONF,+AsFc- 1165 897 This work 

--. 

+ - 1124 920 This work 
cis-N2F2 924 17 
trans-N2F, 1000 18 
N2F+AsF6- 1050 10 

that such a vibration would be found as high up 
as - 1300 cm- even considering sp2 hybridiza- 
tion for the N F  bond together with some n- 
character as suggested by the structure 2. In 
addition, a medium intensity band is found for 
both compounds at - 1000 cm-', i.r. as well as 
Raman active, which can be assigned as N-F 
stretching mode. Such an absorption for N,F3 + 

was previously also reported by Ruff (6). Thus the 
following assignment is suggested: v,, at 1300, 
v,, ,,, - 1 120, v,,, NFz - 920, and v,, - 1000 
cm-I. The N-N stretching mode appears to be 
closer to a value found for the hyponitrous ion 
(16) found at 1383 cm-I and different from the 
values reported for cis- and trans-N,F,, found at 
1525 and 1523 cm-I (16, 17). This may indicate 
a weaker N-N bond in N2F3+ than in both 
difluorodiazine isomers. This finding is best ex- 
plained by invoking some contributions from 
structure 1, which in turn would mean that the 
F,N-N part of the ion would not be completely 
planar as suggested by structure 2. 

Assignment of the NF, stretching vibrations 
is in good agreement with the identical vibrations 
at 1162 and 905 cm-I for the ONFZf cation, 
indicative of strong NF  bonds and appreciable 
s-character of the NF  bonds. The assignment of 
the 1000cm-' vibration as due to the N F  
stretching is supported also by a similar position 
for trans-N, F,. 

The remaining deformation modes are as- 
signed, assuming C, symmetry for N,F3+, in 
analogy to the assignment for N,03 (19). 

In conclusion it appears that the i.r. and 
Raman spectrum are consistent with an ionic 
formulation for the N2F3 group in both com- 
plexes, N,F3AsF, and N,F3Sb,F, ,. The differ- 
ences in the band position for the cation in both 
salts are minor and within the estimated limit of 
accuracy. 
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TABLE 3 
Frequency assignnlent for the cations 

(a) NO+, symmetry C,, 

v1 

This work Previous work 

Compound Infrared Raman Infrared Reference 

(b) NOZ+, symmetry Dmh 

This work Previous work 

v 1 vz v3 v2 v3 
Compound (Raman (i.r.) (i.r.) (i.r.) (i.r.) 

(c) FZNO+, synlnletry CZu 

vl (Al) v2 (Al) v3 (All ~4 (B1) ~5 (B1) v6 (Bz) 

Compound Infrared Ranlan Infrared Raman Infrared Raman Infrared Raman Infrared Ranlan Infrared Raman 

FzNOASFG* 897 895 1855 1845 565 573 1165 1167 650 636 720 - 

F Z N O A S F ~ ~  898 902 1858 1863 569 573 1162 1169 645 634 720 - 
F2NOSbF6, SbFS* 900 902 1856 1864 565 570 1165 1176 665 665 710 - 

*This work. 
tReference 9. 
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TABLE 4 
Fundamental frequencies for the AsF6- and SbF6- ions in cm-' 

-- -- 

Compound V I  (A,,) v2 (Es) 3 I 4 I v5 (F~s) Reference 

(a) AsF,- Anion 
KAsF, 692 580 698 382 375 This work 
NOAsF, 693 582* 695 385 379,370 This work 
N02AsF6 693 582" 690 385 382,370 This work 
N2F3AsF6 690 584 695 3 80 376,370 This work 
NF4AsF6 687 5817 709 406 378 I1  
0NF2AsF6 689 584* 692 373 378,372 This work 
N2FAsF6 688 579 -715 - 375 7, 10 

(b) SbF6- Anion 
KSbF, 661 575 655 270 294,278 This work 
NOSbF, 658 570* 660 275 294,284 This work 
N02SbF6 661 576,568* 660 273 294,283 This work 

*Denotes a vibration found in the i.r. and Raman spectrum. 
?Found in the i.r. spectrum only. 

The remaining cations NO', NO,', and 
ONF,' are well established; the observed fre- 
quencies are listed in Table 3 and compared to 
previously reported values. Here again, all assign- 
ments are favoring an ionic formulation for the 
complexes. 

The vibrational frequencies for the anions 
AsF,- and SbF,- are listed in Table 4, the 
potassium compounds are listed for comparison. 
It is surprising that v, for KSbF, is split into two 
components of an approximate intensity ratio of 
1 :2. A similar observation was published recently 
(20). A previous assignment (21) of the i.r. active 
band v, at 350 cm- ' for LiSbF, is not confirmed 
for the potassium compound where v, is found 
at 270 cm-'. 

In general, the found range of the fundamental 
frequencies is very narrow for both the AsF,- 
and SbF,- compounds. The reported v, for 
NF,'AsF,- presents the only exception, but the 
assignment here may be questionable. Except for 
the potassium salts all compounds covered in this 
study show two departures from the expected 
behavior: (a) all v, vibrations appear to be 
Raman and infrared active indicating a relaxation 
of the mutual exclusion rule. (6) the Raman 
active v, (F,,) is split into two components in- 
dicating a removal of degeneracy. The intensity 
ratio of both components is either 1 :2 or 2:l. 
The v, mode appears to be split into two com- 
ponents only for NO,'SbF,- 

All departures from the expected behavior 
might be accounted for by a possible lowering of 
the site symmetry for the anion without having to 
invoke strong anion-cation interaction. Lower 
site symmetries are observed in a number of 

hexafluorosalts with alkali cations (for a detailed 
discussion see ref. 21). Since apparently the 
Raman active fundamentals v, and v, are most 
affected by such site symmetry effects, the im- 
portance of laser Raman spectroscopy in judging 
these effects becomes self evident. 

In spite of these minor departures of the spectra 
from those expected for ideal octahedrons (more 
obvious for the SbF,- complexes) all com- 
pounds, perhaps with the possible exception of 
NF,'AsF,-, can be regarded as predominantly 
ionic complexes where appreciable anion-cation 
interaction is absent. 

Two final comments remain to be made. The 
polyanion Sb,Fll - has been identified previously 
in the system N2F4/SbF, without any detailed 
characterization. The vibrational frequencies as- 
signed to this species are listed in Table 5 and are 
compared to previously reported values (30-32). 
Agreement with the reported i.r. spectrum of 

TABLE 5 
Vibrational frequencies of the Sb2FII-  ion in cm-' 

-. 

VO2Sb2F1 I Se4Sb2F1 I (3 I ) *  N z F ~ S ~ ~ F I  I 

(30) 
infrared Infrared Raman Infrared Raman 

523 

272 :::) 285 280 298 

225 225 289 
237 220 

*No values above 500 cm-1 are reported. 
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V02Sb2Fl, (30) is fair and allows one to identify 9. K. 0. CHRISTIE and W. MAYA. Inorg.  hem. 8,1253 
(1969). this A suggested assignment is found 10. J. SHAMIR and J. B 1 ~ ~ ~ ~ o y p . q .  J. M01. StrUct. 4, 100 

there (30) and will not be discussed at this point. (1969). 
When F,NO and SbF, are reacted, in de- 11. K. 0. CHRIST~E, J. P. GUERTIN, A. E. PAVLATH, and 

W SAWODNY Inorg Chem 6 533 (1967). 
parture from the normal synthesis (291, with the 12. D.' W. A. SHARP and J. T H ~ R L E Y .  J. Chem. Sot. 
latter component in excess, the obtained vibra- 3557 (1963). 
tional spectrum contains bands attributable also 13. G. BRAUER. Handbook of preparative inorganic 

chemistry. 2nd ed. Academic Press Inc., New York. 
to the Sb2Fll+ ion. The small amount of sample 1963. p. 511, 
did not allow a more complete characterization 14. G. BRAUER. Handbook of preparative inorganic 

of this  compound^ It is noteworthy that the chemistry. 2nd ed. Academic Press Inc., New York. 
1963. p. 513. 

cation frequencies of the F21VOf ion are not 15. S. J. KUHN. Can. J. Chem. 45, 3207 (1967). 
Strongly affected whether the anion is AsF6-, 16. D. J. MILLEN, C. N. POLYDOROPOULOS, and D. 

WATSON. J. Chem. Soc. 687 (1960). 
SbF6- (9), o r t h e ~ o l ~ a n i o ~  Sb2F11- as be 17. S. T. KING and J. OVEREND. Spectrochim Acta, 
expected for dominantly ionic complexes. 22A, 689 (1966). 

18. S. T. KING and J. OVEREND. Spectrochim. Acta, 
23A, 61 (1967). 
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Crystallographic studies of cobalt arsenates 11. Crystal structure of Co,As30,, 
N. KRISHNAMACHARI AND C. CALVO 

Department of Cltetnistry and T l~e  Institute for Materials Research, McMaster University, Hamilton, Ontario 

Received March 10, 1970 

Co8As3OI6, the Co analogue of the mineral aerugite, crystallizes in the rhombohedra1 space group 
Rlnz with hexagonal unit cell parameters n = 6.046(1) and c = 28.062(8) A, and Z = 3. The structure 
has been refined by a full matrix least squares technique using 613 reflections to a final R value of 0.080. 
The cations are in tetrahedral and octahedral interstices between layers of oxygen atoms nearly showing 
cubic closest packing. The structure has one third of the As ions in sites of point group symmetry 3m 
with a nearly perfect octahedral environment of oxygen atoms. The remaining As ions lie in sites having 
the point group 3tn and showing tetrahedral coordination to oxygen atoms. In the former case the 
mean As-0 bond length is 1.84 A while in the latter case i t  is 1.68 A. The Co ions lie in positions 
having either 2/m or m symmetry with a mean Co-0 bond length of 2.13 8, in each case. All the atoms 
have at least mirror symmetry about them. Some deviation from stoichiometry has been found and 
may indicate that some of the cobalt has been oxidized. 

Canadian Journal of Chemistry, 48,3124 (1970) 

Introduction 

In the first two studies in this series (1, 2), it 
was shown that cobalt oxide - arsenic pentoxide 
mixtures show a preference for structures based 
upon close packed layers of oxygen atoms. For 
a closest packed array of oxygen atoms, assumed 
to have ionic radii of 1.40 A (3), the tetrahedral 
sites have the oxygen atoms displaced by 1.71A 
from the center while the octahedral sites have 
the oxygen atoms displaced by 1.98 A from the 
center. From recent structural studies it would 
appear that either As5+ (1, 2) or V5+ (4) could 
be readily accommodated in the tetrahedral sites 
while any of the cations among Mg2+, Ni2+ 
Zn2+,  and Co2+ could be housed in the octa- 
hedral sites with only modest expansion. In con- 
trast, in the extensively studied divalent metal ion 
phosphate structures only one example of a 
structure based on a closest packed array of 
oxygen atoms is found, that in the mineral 
sarcopside (5). On the other hand, the phosphate 
ion itself shows considerable regularity with a 
mean P-0 bond length of 1.54 A and nearly 
tetrahedral environment with a stable pentavalent 
oxidation state for the phosphorus. 

In the first study of this series, concerned with 
the structure of Co3(As04),, the.oxygen atom 
packing was symbolized as ABAC. These letters 
designated the arrangement of an entire layer of 
oxygen atoms by indicating in which holes in the 
antecedent layer the oxygen atom lie (1). No 
significant deviation from stoichiometry was 
noted. The average Co(I1)-0 bond length over 
three types of cation sites was 2.12 A while the 
mean As-0 bond length was 1.69 A. In the 
second study (2), concerned with the structures 

of C O , ~ ~ A ~ ~ . ~ O , , ,  an AB oxygen atom layer 
packing sequence was found with variable 
occupancy of both the Co and As sites in an 
olivine-like structure. Despite the fractional Co 
site occupancy the Co-0 bond length did not 
differ from that found in Co3(As04), although 
the As-0 bond lengths appeared to shorten. 

The preparation of the compound, whose 
study is the subject of this paper, was reported by 
Taylor and Heyding (6). They gave the stoichiom- 
etry as 6Co0.As205, and suggested an ortho- 
rhombic cell for this and its Ni isomorph. In a 
subsequent study by Davis, Hey, and Kingsbury 
(7), the stoichiometry was given as nearly 
Ni,As30,, and it was suggested that about 
one-sixth of the As are in the trivalent oxidation 
state. They further suggested a close packed 
arrangement of oxygen atoms based upon J5 
relationship between the monoclinic axis a and b. 

The structures of COO and Co,O, are also 
based upon a cubic closest packing of oxygen 
atoms with the former oxide manifesting the rock 
salt structure and the latter the spinel structure 
(8). Unfortunately, Co203,  where the Co is 
trivalent, as yet has not been prepared (9). The 
structure reported here is the first in this series 
based upon a cubic closest packing and the 
relationship between this packing and that in 
hexagonal closest packing is discussed along the 
lines recently set forth by Kamb (10) in consider- 
ing the olivine-spinel stability. 

Experimental 
The crystals investigated were prepared by heating 

hydrated C O ~ ( A S O ~ ) ~  in air until the product fused. Two 
crystal forms were identified. The one with a deep pink 
color was shown to  be C O ~ ( A S O ~ ) ~  while the second 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KRISHNAMACHARI AND CALVO: CRYSTALLOGRAPHIC STUDIES OF COBALT ARSENATES. 11 3125 

crystal, dark purple in color, is the subject of this study. 
Preliminary photographs of this crystal using both 
Weissenberg and precession cameras indicated that it had 
space group symmetry of C2, Ctn, o r  C2/m with unit cell 
dimensions near those reported by Davis et 01. (7) for 
aerugite. From density measurements and chemical 
analysis these authors concluded that the stoichiometry 
was Ni lBA~G031 ,  although all their analyses showed low 
values for Ni. Such a result would suggest fractional 
occupancy of some of the cation sites in the monoclinic 
space group and this, together with a b-to-a ratio of 
suggested a possible rhombohedra1 cell. A proposed 
transformation relating n~onoclinic cell dimensions 
(primed) to hexagonal lattice parameters (unprimed), 
involving the matrix equation 

proved to be correct. The crystals, with Laue symmetry 
3tn, thus have space group symmetry R32, R3n1, or R h ,  
since the only extinctions are those reflections with 
-h  + k + 1 =l 311. Accurate unit cell parameters were 
determined from films calibrated with reflections from a 
single crystal of TiOz whose a and c lattice parameters 
were taken as 4.5929 and 2.9591 A (11). The derived 
lattice parameters, a = 6.046(1) and c = 28.062(8) A, 
together with the density results reported by Davis et al. 
(7) for aerugite suggested a n~olecular formula near 
C o 2 7 A ~ 9 0 4 8  per unit cell. 

Since the imaginary component of the atomic scattering 
factor for C o  was reasonably large when CUKE radiation 
was employed, the first five layers of the [010] zone 
containing reflections lrtrl, n = 0, 1 ,2 ,  3 ,4 ,  together with 
oscillation photographs about the b axis were examined 
for deviations from Friedel's law. Since no significant or  
systematic deviations could be detected the space group 
was assumed to be R3nl initially. 

Data of the type lrrrl, 11 = 0, 1,2,  3, 4, (monoclinic cell) 
were collected using a nlanually oriented scintillation 
counter in conjunction with a Supper Weissenbergcamera. 
The crystal was rocked through an o angle of 2" while 
the intensity was recorded and each reflection was cor- 
rected for the background n~easured near the Bragg peak. 
The intensity was corrected for the effects of counter 
saturation. In addition reflections of the type Ilk0 
(hexagonal), IikO, and Okl (monoclinic cell) were measured 
with a Joyce-Lobel microdensitonleter from integrated 
precession photographs. All these data were recorded 
with MoKcr,, crz radiation (h  = 0.71069 A). The crystal 
used had the dimensions 0.01 x 0.01 x 0.15 mm3 which 
leads to a pR value of 1.0 and thus absorption corrections 
were deemed necessary and applied. Of the 1226 reflec- 
tions measured 613 were non-symmetry related and of 
these 386 had sufficient intensity to be detected. 

The c axis length, at 28.062 A, is smaller than 12 layers 
of close packed oxygen atoms based upon 3 x the 
b axis length (9.675 A) in Co3(AsO4),, where Co in 
octahedral sites and As in tetrahedral sites lie between 
the same oxygen aton1 layers. It was considered likely, 
therefore, that the tctrahcdrally coordinated As would lie 
in layers between oxygen atom layers devoid of cobalt 
ions. 

The structure was derived from Patterson functions 
calculated at intervals of 5/60 along the O axis. The 
Patterson function, P(U, V, W), had relatively large peaks 
at sections V = 0 and 112 at U,W = (O,O), (1/2,0), and 
(1/4,1/4) and at sections V = 114 and 314 at U, W = 
(0,1/4), (1/4,0) and (1/2,1/4). A trial structure with cations 
located at x,z = (0,0), (1/2,0), and (1/4,1/4) at level y = 0 
and 112 and x,z = (0,1/4), (1/4,0), and (112,114) a t  
levels y = 114 and 314 gave a reasonable interpretation 
of the Patterson function. This model, based upon the 
monoclinic cell, without distinguishing between Co and 
As accounted for all the cations and would suggest that 
all the cations lay in either sites of octahedral or  tetra- 
hedral coordination. A three-dimensional electron density 
map, computed with the signs determined for the struc- 
ture factors based upon this trial structure, indicated that 
the atom at (1/4,1/2,1/4) had been incorrectly located and 
instead an atom should be placed near (0.3,0.5,0.4). A 
significant improvement was noted in the subsequent 
structure factor calculations. The atom coordinates were 
now transformed to those corrcsponding to a trigonal 
cell and these positions adjusted to correspond with the 
demands of the higher syn~nletry. The cations, save for 
the last one located, lay at levels roughly 5/60 apart. 
These were identified with C o  ions and the remaining 
cations regarded as As ions. The former were found to 
lie in sites having, as their point group symmetry, either 
3111, 2/m, or  tn,  while the As ion lay in a site showing 3nz 
symmetry. Oxygen atoms were now inserted between C o  
ion layers showing cubic closest packing with four oxygen 
atoms per layer. The stoichiometry a t  this point corre- 
sponded to Co30A~G048  This s t r~~c tu re  was refined 
through one cycle of least squares using isotropic tenl- 
perature factors and the resulting parameters used to 
calc~llate cation-oxygen atom distances. Since the Co on 
the site having ~ N I  syn11ne:ry sllowed a Co-0 distance 
of 1.8 A, this atom was considered to ac t~~a l ly  be an 
As ion. This identification caused the value of the residual 
to drop from 0.18 to 0.15. The str~lcture was then refined 
 sing a full matrix least squares program written by 
J. S. Stephens. In addition to the positional parameters, 
the anisotropic thermal components and seven scale 
constants were refined. Common reflections from dif- 
ferent batches were averaged and assigned to one of the 
batches from which they arose without prejudice. 
Weights, o ,  were chosen so that the value of o(l F,J - 
I F,J)' would be independent of the n ~ a g n i t ~ ~ d e  of F,, the 
observed structure factor. The function used was 
o = (60 + 0.032 IF,j + 0.0077 except for those 
reflections whose calculated value was less than the 
minimum observable, in which case the weight was set 
equal to zero. The atomic scattering curve for C o 2 +  was 
taken from the tables listed by Cromer and Waber (12) 
while those for As5+ and 0- were taken from the 
International Tables (13). In  the case of cobalt and 
arsenic, the curves were corrected for dispersion. When 
the minimum of 0.12 had been obtained in 

the values of the multiplicities in the C o  and As sites were 
varied. Since the multiplicity of neither As ion deviated 
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g 
TABLE I 2 

Atomic parameters for co8As3ol6* 
4 

Fractional coordinates Thermal parameters (A2)? 3 
Atoms/ s 

Atom Site symmetry unit cell .Y Y z Ul 1 u2 2 u3 3 UIZ u13 u23 2 

'Estimated standard deviations are in parentheses. 
?The thermal parameters have been obtained from P,, = 2n2b1b,Vlj 

are reciprocal lattice vectors. 
$The letters follow the convention set forth by ref. 18. 

where the ail's appear as a thermal effect through exp [-(P,, h2 + 2P12/1k + ...)I in the structure factor expression and bj 
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significantly from the value required to fill the site these 
values were reset to that required by the space group and 
left unvaried. The value of R then settled to 0.080 while 
R, was 0.102 when the refinement was terminated. The 
values of the final positional and thermal parameters are 
given in Table 1. The estimated standard deviations were 
computed from the elements of the inverse matrix 
obtained in the least squares refinement. In Table 2, the 
calculated structure factors and the observed ones are 
compared. The final composition corresponds to 
CoZ3.,As9O4, with an estimated standard deviation of 
0.4 Co atoms per cell. 

As a final test for the correctness of the space group, 
and therefore the structure, the Patterson function was 
interpreted so as to satisfy the requirements of the R32 
space group. The oxygen atoms were then inserted as 
above and the structure refined. The final value of R, 
was 0.091 and of R, was 0.1 11. Since this model contained 
about 25% more parameters than did the model in RSm, 
it was rejected. A model showing R3m symmetry was 
also rejected since it yielded R and R, values larger than 
either of the above models. 

Description of the Structure 
The structure of consists of 12 layers 

of nearly ideally cubic closest packed oxygen atoms. The 
As ion at the origin sits in a site surrounded by six oxygen 
atoms and shows no significant deviation from regularity. 
All the As(1)-0 bond lengths are symmetry related with 
the value 1.84(1) A, while the angles lie within lo (o  = 
estimated standard deviation) of their ideal value. This 
As(1)-O6 group shares its 12 edges with 12 different 
COO, octahedra. Six of these cobalt ions, Co(l), lie in 
the same plane as  As(1). The As(1)-0, and Co(1)-0, 
groups form sheets of edge shared octahedra in the 
ab plane as shown in Fig. '1. These sheets also occur in 
the thortveitite-series of structures, where the As(1) site 
is empty, as for example in Mg,As,O, (14). The Co(1)-0, 
octahedra deviate substantially from ideality, showing a 
range of Co-0 bond distance from 2.09 to 2.16 A. The 
greatest irregularity results from the short edge shared 
with As(1) resulting in an O(1)-Co(1)-O(1) bond angle 

FIG. 1. The arrangement of the edge sharing As06 
and Coo6  octahedra lying near the plane z = 0 is shown 
in projection down the c axis of the hexagonal cell. The 
smaller octahedra represent As06 while the larger 
represent Coo6. The oxygen atoms are at  the corners of 
the octahedral groups. 

of 74". A similar effect is found in the Co(2)-0, group 
where the angle subtending the shared edge is contracted 
to 74". The Co(2)-0 bond lengths range from 2.06 to 
2.21 A and both types of cobalt ions show a mean Co-0 
bond length of 2.1 3 A. These bond lengths and angles are 
to be found in Table 3. 

Co(2) lie between the oxygen atoms composing the 
sheets of octahedra of Fig. I and the next layer of oxygen 
atoms. Three Co(2)-0, groups lie on one side of the 
sheet, each sharing an edge with As(l), two edges with 
two Co(1) ions, and two edges with the other two Co(2) 
ions in the array. These three Co(2)-0, groups all share 
one common oxygen atom and that one lies on the three 
fold axis as is shown in Fig. 2. The oxygen atoms of the 
upper face of the Co(2)-0, octahedra, that is, the one 
parallel to the a-b plane but on the side furthest removed 
from As(1) are each shared with three different As(2)-0,. 
The As(2) ion lies above the plane of the oxygen atoms. 
These As ions lie in planes separating oxygen atoms layers 
which contain no other cations. This results in a con- 
tracted c axis as suggested above. The As(2)-0, tetra- 
hedra corner sharc three of its oxygen atoms each with 
two different Co(2). The oxygen atom that lies on the 
three fold axis, 0(3), is the oxygen atom shared by the 
three Co(2) ions as described above and related to that 
one by an inversion followed by the rhombohedra1 
centering. The As-0 bond lengths about As(2) are all 
1.68 A, while the 0-As-0 angle deviates from 
regularity by about four standard deviations. A view of 
the structure projected down the c axis is shown in Fig. 3. 

Discussion 

The ideal composition of this compound, that 
is with all sites fully occupied, is Co,,As,O,,. 
The composition determined by refilling the 

/ 

FIG. 2. The arrangement of edge sharing C o p - 0 ,  
groups in the layer near z = 0.14 is shown as v~ewed 
down the c axis of the hexagonal cell. The c axis passes 
through the intersection of the three octahedra in the 
upper left corner. The tetrahedrally coordinated As site, 
shown with dashed lines, lies above the upper plane of 
oxygen atoms and shares three such atoms with three 
CO, groups. The remaining oxygen atom arises from the 
next layer of oxygen atoms. 
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TABLE 3 

Bond distance and angles in C O & S ~ O , ~ *  
(a) C o o - 0 ,  group 

Bond Distance (A) Bonds Angle (deg) 

Co(1)-O(1) 4 x 2.16(1) O(1)-Co(1)-O(1)" 73.9(4) 
I -0(2)' 2 x 2,09(1) -0(2y 91.2(4) 

(b) co(2)-o6 group 

Bond Distances (A) Bonds Angle (deg) Bonds Angle (deg) 

Bond Distances (A) Bonds Angle (deg) 

j (dl As(2)-04 group 

Bond Distances (A) Bonds Angle (deg) 

As(2)-O(3)' 1 .69(2) 0(3)C-As(2)-0(4)f 108.3(4) 
- O(4)' 3 x 1.68(1) 0(4)f-A~(2)-0(4) 110.6(5) 

*The letter designates the transformations to be applied to the positions listed in  Table 1 in  order to derive the appropriate oxygen atom 
positions. Lattice translations are not included. Superscripts denote the follo\ving: o, - y ,  x  - y ,  z ;  6. y  - x, -x ,  2 ;  c, - x ,  - y ,  - r ;  d , y .  
y - ~ , - r ; e , x + f , y + + , z + j ; f , - x + 3 , - ~ + + , - ~ + 3 ; ~ , - x + ~ ~ - Y + + , - z + J I ; ~ , ~ +  i , Y - x +  + v - = + j .  

X-ray data corresponds to C O , ~ . ~ A S ~ O ~ , ,  where difficult to decide purely on crystallographic 
it has been assumed that the oxygen atom sites grounds whether the octahedral As is to be 
are fully occupied. The estimated standard designated 3' or 5'. The average As-0 bond 
deviation on the number of cobalt ions per unit length in octahedral coordination found in 
cell is 0.4. The deficiency in Co content is AszO, . 5/3H20 is 1.85 A (15) and corresponds 

I randomly distributed among the Co sites. very closely to the value expected when changing 
I Davis et al. (7) concluded that the theoret- from an octahedral to a tetrahedral packing of 
, ical composition of aerugite corresponds to oxygen atoms. The crystallography of As3+ has 

Niz,Asg04, but their chemical analysis on not been extensively investigated and therefore 
I natural and synthetic materials suggested an there are no well refined and characterized struc- 

atom ratio of Ni to As varying between 2.59 and tures for comparison, although As3+ does seem 
2.95. The number of arsenic atoms per unit cell to prefer a triangular coordination geometry. 
of aerugite varied from 8.58 to 9.44 while the Charge balancing considerations are inclusive. 
number of Ni atoms lay between 23.65 to 25.72 If one assumes a -2 charge on the oxygen atoms 
with low values of Ni correlated with high values then with all the As as + 5 and all the Co as +2  
of As. These authors obtained evidence for some the cell comes within 5 charges of charge neutral- 
As3+ in their aerugite samples but its atomic ity. This deviation (- 50) seems significant in 

I ratio to the total As was near 0.215.7 rather than terms of the 0 on the cobalt com~osition. Thus 
the 116 their formula suggests. 1t is interesting, some of the Co must be oxidized ;o the trivalent 
however, that the ratio of octahedral As to total state in this formulation. On the other hand if 
As in the structure of Co2,Asg04, is 113. It is As(l), one-third of the total As, were to be 
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FIG. 3. That portion of the structure of Co,As,O,, 
that lies between z = -0.05 and z = 0.15 is shown in 
projection down the c axis of the hexagonal cell. The 
larger circles are oxygen atoms with A at z = -0.04, 
B at z = 0.04, and C at z = 0.13; the cobalt ions are 
represented by the next larger circles with type a a t  
z = 0 and type b at z = 0.14. The As-0 bonds are 
shown as dashed lines. 

assigned as trivalent and the remainder penta- 
valent, then Co(l), one-third of the total Co could 
be trivalent with the remainder divalent, and the 
cell would be neutral to within two units of 
charge. The bond lengths about the two Co ions 
do not differ and therefore they provide no con- 
firmation for this charge assignment. A similar 
situation has arisen in the olivine-like cobalt arse- 
nates (2) and may be a result of charge sharing 
amongst the Co ions. 

Finally these crystals were grown together with 
Co3(AsO,), where deviations from the nominal 
charge of As equal to 5+  and Co equal to 2 +  
are unnecessary. The reaction that occurs is the 
decomposition of orthoarsenate with the 
resultant loss of As205 as 

However, the As,O, decomposes in air giving 
rise to the reaction 

Thus trivalent As may be expected to appear in 
the system. Since pure COO is converted to 
Co304 upon heating (9) it is possible that some 
Co3+ might also exist in our system. If the pro- 
posed changes do take place then the fact they do 
so in both Ni and Co systems is interesting in the 
light of the greater relative stability of trivalent 
state in Co. It would be of considerable value to 
investigate the structure of the 6Mg0 As,O, 
compound prepared by Travnicek, Kroger, 

Botden, and Zalm (16) since its powder pattern, 
compared to that of aerugite, suggests they would 
have similar structures. It would probably be 
necessary to grow the crystals in a flux to prevent 
decomposition, since the melting temperatures of 
the Mg compounds are generally substantially 
higher than their Co analogues. 

Kamb (10) has suggested that structures can be 
stabilized by the contraction of edges shared 
between the polyhedral units composing the 
structure. This is a consequence of the repulsion 
of the positively-charged cations. In the close 
packed structures with stoichiometry AB,O, a 
small ion, A, in the tetrahedral site leads to a 
natural shortening of the relevant shared edges 
relative to the unshared edges in the olivine 
structure. In the spinel form this change results 
in a lengthening of the shared edges. The relevant 
shared edges are between the BO, octahedra and 
the AO, tetrahedra in the former case and 
between octahedra in the latter. Thus, if all the 
other effects nearly cancel, it will be the ratio of 
the B-0 bond length to the A-0 bond length 
that determines which of these phases will appear. 
These arguments, in fact, should apply to any 
close packed arrangement with the hexagonally 
close packed arrangement being olivine-like while 
the cubic close packed ones are spinel-like. As 
has previously been shown (4), the cobalt arsenate 
phases have the bond length ratio B-O/A-0 
greater than 1.25 and are based upon hexagonally 
closed-packed layers while the orthovanadates of 
Mg (4) and Zn (17) have this ratio below 1.23. The 
compound at hand has both Co and one third 
of the As in octahedrally coordinates sites and 
thus the relevant parameter would require a 
weighted mean of the two ratios. If the weights 
are chosen in proportion to their number the 
ratio, B-O/A-0, obtained is 1.24. Although 
the A s 0  bond lengths do not appear lengthened 
by the strain of sharing every edge with a COO, 
octahedron the angles subtended by the shared 
edge at the cobalt is 74" in both Co(1)-0, and 
Co(2)-0,. If the cation repulsion across these 
edges is really significant presumably it could 
help drive AsSf to As3+ for the As in the octa- 
hedral site, since' then the cation charges giving 
rise to the repulsion are changed from + 5 and 
+2Q to + 3  and +2+. 

The authors acknowledge the support of the National 
Research Council of Canada. 
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Acenaphthene I. The preparation of derivatives of 4,5-diamino 
naphthalic anhydride' 

LOUIS A. JONES,~  CHARLES T. JOYNER, HONG KI KIM, AND ROBERT A. KYFF3 
Department of Clrernistry, North Carolinn State Ut~iuersity, Raleigl~, North Carolina 27607 

Received April 22, 1970 

The preparation of 5-nitroacenaphthene (2) using several nitrating agents resulted in a product which 
was found to be contaminated with 20-30% of the 3-nitro isorneride. Separation was accomplished by 
t.1.c. and the n.m.r. spectra of the isomers are now reported. A new synthesis of 4,s-dinitronaphthalic 
anhydride (5) and an improved preparation of the dimethyl and diethyl esters of 4-nitronaphthalic 
anhydride and 5 is described. The esters were converted to the corresponding diarnino derivatives by 
high pressure hydrogen-Pd reduction. 
Canadian Journal of  Chemistry, 48,3132 (1970) 

Acenaphthene (1) has been used as a convenient 
starting material for the preparation of 5-nitro- 
acenaphthene (2) which can be oxidized to the 
4-nitronaphthalic anhydride (3). It has been 

reported that the nitro group can be reduced to 
the amine although the literature is in conflict (1). 
For nitration, mixtures such as glacial acetic 
acid - nitric acid (2), concentrated sulfuric acid - 
nitric acid (24 3) and U02(N0,), . H,O . N,O, 
(4n) have been used successfully to prepare 2 in 
75-85 % yield. Oxidation to 3 using glacial acetic 
acid and sodium dichromate occurs in yields of 
5 9 x 2 ,  5). In our studies of the published 
methods of nitration, modification of Sachs and 
Mosebach's procedure (2a, b) gave superior 
results. However, in all methods used to prepare 
2, the n.m.r. spectra suggested that 20-30% of 
the 3-nitro isomer was present and extensive 
recrystallization failed to improve the melting 
point or the n.m.r. pattern. A search of the 
literature revealed that only 2 has been considered 
to be the product of nitration of acenaphthene 
using acetic acid - nitric acid. Use of benzoyl- 

'The financial support from NASA Grant N G R  
34-002-056 is gratefully acknowledged as is the technical 
assistance of C .  H. McDonald and Miss Gail Gescheidle. 

2To whom inquiries should be sent. 
3Present address: IBM Research Laboratories, Essex 

Junction, Vermont. 

nitrate as the nitrating agent has been reported 
to produce 3-nitroacenaphthene (41 %) while 
diacetylorthonitric acid gave a 22% yield (6). In  
our hands, attempts to resolve the mixture by 
column chromatography, sublimation, and zone 
refining were unsuccessful but t.1.c. afforded 
separation. Preparative t.1.c. gave two com- 
pounds, pure 2 and the 3-nitro isomeride and the 
n.m.r. spectra, when combined, gave the original 
spectrum of impure 2 (Fig. 1). Reduction of 
impure 2 to the amine gave the pure 5-amino 
derivative after two recrystallizations from 
ethanol as indicated by comparison with the 
product derived from the t.1.c. purified com- 
pound. 

Attempts to oxidize impure 2 to 3 by neutral 
sodium dichromate under high pressure (7) and 
also by the Cornforth reagent (8) resulted in 
complete degradation in the former case and less 
than 10 % yield in the latter. Although it has been 
reported (2b, 46) that 4-nitronaphthalic acid is 
the original product of oxidation which then 
dehydrates to 3, only 3 was obtained on acetic 
acid - sodium dichromate oxidation and t.1.c. 
indicated no 3-nitro isomer survived the oxida- 
tion. Attempted reduction (1) of 3 to the amine 
gave only an amorphous yellow-orange powder 
of an indefinite m.p., and the i.r. and n.m.r. 
spectra suggested some polymerization had 
occurred as indicated by diffuse N-H and poorly 
defined anhydride carbonyl absorptions. 

The preparation of 4,5-dinitronaphthalic an- 
hydride (5) has been accomplished with acetic 
anhydride - nitric acid and oxidation was carried 
out as previously described (2b). However, the 
extensive length of time required for stepwise 
preparation of 5 prompted an investigation into 
quicker methods of nitration and oxidation. 
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Mixture Recryst 1 x EtOH 3 x Hexane 

m.p. 1 ~ 0 5 - 1 0 1 °  

I I I I I I I I L 
I . . .  I . . . . I . . . . , . . . . I . . . . > . . . . l  t .  I .  

10 9 8 7 6 PPM. 5 4 3 2 

FIG. 1. Nitration products of acenaphthene. Run on an HA-100 in CDCI, with 1 % TMS. 

Oxidation with concentrated nitric acid under 
reflux conditions overnight showed that 4 -> 5 
occurred in 24% yield and 2 -> 5 gave a 22% 
yield. Starting with 1 and refluxing for 16-18 h 
gave ca. 25 % yield of pure 5 and it seems reason- 
able therefore that the pathway follows 1 + 2 + 
4 -> 5 under the it1 situ nitrating-oxidizing 
conditions. It  should be noted that no nitrated 
product other than 5 was found nor was there 
any evidence for the formation of any of the 
corresponding acid, contrary to published results 
(26). Attempts to reduce the nitro groups to 
amines using Pd-H, under pressure or SnC1,- 
HCl (26, 5) resulted in a brown powder of 
indeterminate m.p. and an i.r. spectrum com- 
pletely lacking in the two carbonyl stretching 
vibrations characteristic of anhydrides. 

It was considered desirable to determine if the 
esters of 3 and 5 could be successfully reduced 
to give the corresponding amines. Several 
methods of esterification were investigated in- 
cluding the formation of the acid chlorides but 
yields were too low to be practicable. The pro- 
cedure of Bickoff et al. (9) (i.e., refluxing an 
acetone solution of 3 or 5 with dialkylsulfate and 
potassium carbonate) resulted in low yields of 
the desired esters. However, when the corre- 
sponding alcohol was used as the solvent and the 
anhydride refluxed overnight with the dialkyl- 

sulfate and potassium carbonate, yields were 
considerably improved. In this manner, a 76% 
yield of 4-nitronaphthalic-1,s-dimethyl ester (4), 
69 % of 4-nitronaphthalic-1 ,%diethy1 ester (7), 
90 % of 4,5-dinitronaphthalic-1,s-dimethyl ester 
(8), and 51 % of 4,5-dinitronaphthalic-1,s-diethyl 
ester (9) was obtained. An 18.4% yield of 6 has 
been previously reported from refluxing the 
potassium salt of 3 with dimethylsulfate (26). 

6 R = Me; X = H ;  Y = NO2 6n Y = NHz 
7 R = Et; X = H;  Y = NOz 7n Y = NHz 
8 R = M e ; X = Y = N O z  8 n X = Y = N H 2  
9 R = E t ; X = Y = N O z  9 a X = Y = N H 2  

Reduction was attempted via SnC1,-HCl (5), 
Fe-HCl (la), and Pt0,-H, in ethanol (lo), and 
in the latter case a blue precipitate was formed 
which was not investigated further. However, in 
all cases, the yield was small. Successful conver- 
sion of 6 ,7 ,8 ,  and 9 to the correspondingamines 
occurred by the Pd-H, reduction of the hetero- 
geneous nitronaphthalic ester-benzene system 
under high pressure and moderate temperature. 
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Acenaphthene (1) (practical, Aldrich Chemical Co., 
Inc.) was conveniently purified by batch chromatography 
on alumina using hexane as the elutant. Approximately 
750 g of alumina slurried in hexane was added to  a 
column 9.5 x 80cm and on this was placed 2 kg of 
practical 1. Hexane was continuously run through the 
bed until all of 1 disappeared and the collected elutant 
stripped off under vacuum; m.p. 95 OC, n.m.r. 6 3.18 
(4H, s, cycloaliphatic H), 6.53-8.00 (6H, m, aromatic H). 

5-Nitroacenaphtlrene (2) 
The procedure used was similar to  that of previous 

workers (2a, b). A mixture of 400 g of 1 and acetic acid 
(3.2 1) was cooled to 15 "C in an  ice bath and nitric acid 
(180g, d = 1.42) was added with stirring at  such a 
rate as to maintain a temperature of 15-20 "C. After 1 h, 
the precipitate was filtered, washed with acetic acid, and 
recrystallized from hexane. This gave 340 g (66%) of 
impure (ca. 20% of 3-nitroacenaphthene) 5-nitro- 
acenaphthene (2). A portion of this was successively 
recrystallized from ethanol and hexane to  give yellow- 
green needles, m.p. 101-105 OC, lit. m.p. 101-102 "C (2b). 
Qualitative t.1.c. (Barkerflex Silica Gel 1 B, hexane:ether 
3:l v/v) showed the 3-nitro isomer to have the larger Rf 
and preparative t.1.c. (silica gel HF, 40 x 20cm glass 
plates, hexane:ether, 3:l v/v) separated the two bands. 
The n.m.r. spectra are shown in Fig. 1 and integrate 
correctly; 3-nitroacenaphthene m.p. 146.5-147 "C, lit. 
m.p. 151.5 "C (6). 

Anal. Calcd. for C12H9N02 (mol. wt. 199.14): C, 
72.36; H,4.52; N,7.04.Found: C, 72.21; H,4.58; N,6.94. 

Impure 2 (0.5 g) was refluxed with 2 ml of hydrazine 
hydrate and 0.05 g of 10% Pd on carbon in 50ml of  
ethanol for 2 h, and filtration, followed by evaporation, 
gave impure 5-aminoacenaphthene. This was recrystal- 
lized twice from ethanol to give 0.3 g (71 %) of pure 
compound, m.p. 106 OC, lit. m.p. 104 "C (1 1). The t.1.c. 
purified 2 was treated similarly and the product melted 
at  106.5 OC; mixed m.p. showed no depression. The n.m.r. 
and i.r. spectra were identical and t.1.c. showed no 
impurities present; i.r. 1330 (NO2 sym. stretch) and 
1520cm-I (NO2 asym. stretch); n.m.r. 6 3.30 (4H, s, 
methylene H), 3.65 (2H, s, amine H), 6.60-7.60 (5H, m, 
aromatic H). 

4-Nitronaphthalic Anllydride (3) 
The solid from above was added to  acetic acid (5.2 1) 

containing technical sodium dichromate (3200 g) and the 
mixture was heated on a boiling water bath for 5 h. The 
solution was poured into water and the orange crystals 
were filtered and dissolved in 3% potassium carbonate 
solution. This was filtered and the filtrate was acidified 
with hydrochloric acid, producing a light tan precipitate. 

4Melting points were determined on a Thomas Hoover 
capillary melting point apparatus and elemental analyses, 
by Galbraith Laboratories, Inc., Knoxville, Tennessee. 
The U.V. spectra were determined on a Perkin-Elmer 
Model 202 ultraviolet-visible spectrophotometer. The 
n.m.r. spectra of all the compounds were run in deu- 
terochloroform with TMS as an  internal standard on a 
Varian T-60 n.m.r. spectrophotometer except where 
otherwise noted. The i.r. spectra were run on a Perkin- 
Elmer 521 i.r. spectrophotometer. 

After filtration, water washes, and drying, a total of 301 g 
of 3 (48%), m.p. 228-229 "C, was obtained, lit. m.p. 
228-229 "C (2b). No 2-nitro compound was indicated by 
t.1.c.; i.r. (KBr) 1300 (NO, sym. stretch), 1525 (NO, 
asym. stretch), 1760 ( G O  sym. stretch), and 1790 cm-' 
(C=O asym. stretch). 

5,6-Dinitroacenaphthene (4) 
Compound 1 (90.5 g) was added slowly to 700 ml of 

nitric acid - acetic anhydride (2:5 v/v). The mixture was 
stirred for two h (28.C-68.5 "C) and then heated to 
93.0 "C for 1 h, and then diluted with water and filtered. 
The resulting precipitate was recrystallized from glacial 
acetic acid and toluene, yielding 32 g of 4 (2073, reddish- 
brown needles, m.p. 213-214°C; lit. m.p. 210-212 "C 
(1 1). Qualitative t.1.c. indicated only one compound; i.r. 
(KBr) 1325 (NO,), 1515 (NO2) cm-'; n.m.r. (DMSO) 
6 3.55 (4H, s, methylene H) and 6.75-7.63, (4H, AB 
pattern, aromatic H). 

4,s-Dinitronaphthalic Anl~ydride (5) 
T o  a vigorously stirred sample of 150g of 1 in cold 

acetic acid (900m1, 15 "C) was added 405 ml of nitric 
acid (d = 1.5) slowly in small portions such that the 
temperature did not rise above 20 "C. The yellow mixture 
was stirred for 1 h a t  15-20 "C and heated to 80 "C for 
an  additional 20 min. Nitric acid (2.5 1, d = 1.42) was 
then added and the mixture refluxed for 16-18 h, cooled, 
and filtered. The light yellow crystals obtained were 
washed with water until neutral and then dried. A 73.5 g 
sample (26%) of 5, m.p. 324-326 "C, was obtained, lit. 
m.p. 323-324 "C (2b), i.r. (KBr) 1330 (NO,), 1530 (NO,), 
1750 ( G O ) ,  and 1780 cm-' ( G O ) .  

4-Nitronaphtl~alic-1,8-dimethylester (6) 
A 146 g sample of 3 was added to  methanol (2.5 1) and 

114 ml of dimethylsulfate. The mixture was refluxed, 91 g 
of potassium carbonate added, and refluxing continued 
overnight. The addition of water caused a tan precipitate 
to  form and, following filtration, the solid was washed 
and dried to  give 131.4 g of 6 (76%), m.p. 125-126 "C, 
i.r. (KBr) 1280 (C-0), 1345 (NO2), 1525 (NO,) and 
1725 cm-' (C=O); n.m.r., 6 3.85 (6H, s, methyl), 
7.3C-8.60 (5H, m, aromatic H). 

Anal. Calcd. for Cl4HI1NOS (289.26): C, 58.13; 
H, 3.84; N, 4.84. Found: C, 58.27; H, 3.76; N, 4.76. 

4-Aminonaphthalic-1,8-dir,1etlzylester (6a) 
A mixture of 131.4 g of 6, benzene (1 I), and 6.5 g of Pd 

catalyst was placed in a 2 1 high pressure apparatus which 
was sealed, flushed three times with 200 p.s.i. hydrogen, 
and then filled to  llOOp.s.i. hydrogen. Stirring and 
heating to 75 "C initiated the reaction which continued 
for 5 min. The maximum temperature reached was 
110 "C, at  which point the mixture was cooled to  room 
temperature, excess hydrogen released, and the mixture 
was filtered to  recover catalyst. The filtrate was stripped 
of benzene and the gum-like yellow-brown product 
dissolved in 600 ml of methanol. Concentrated hydro- 
chloric acid (300ml) was added and the precipitated 
white salt was filtered and washed twice with acetone. 
After drying, 94.2 g of the salt was obtained. This was 
dissolved in water and the solution made basic and 
exhaustively extracted with ether. The ether was partially 
evaporated in air, cooled in an  acetone -Dry Ice bath, 
and filtered to give 64.9 g (55 %) of 6a, m.p. 86-90 "C; 
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JONES ET AL.: ACENAPHTHENE I 3135 

i.r. (Nujol) 1250 (C-0), 1725 (C=O), and 3340cm-' 
(NH,); n.m.r. 6 3.80 (6H, s, methyl H), 4.38 (2H, s, 
amine H), 6.50-7.90 (5H, m, aromatic H). 

Anal. Calcd. for CI4Hl3NO4 (259.28): C, 64.84; 
H, 5.06; N, 5.40. Found: C, 64.90; H,  5.03; N, 5.35. 
4-Nitronaphthalic-1,8-diethyl Ester (7) 

Compound 3 (24.4 g), 500 ml of ethanol, 13.4 ml of 
diethyl sulfate, were refluxed, and potassium carbonate 
(7.6 g) added. Refluxing was continued for 2 h and then 
an additional 13.4 ml of diethyl sulfate and 7.6g of 
potassium carbonate was added and refluxing continued 
for an additional 3 h after which the hot mixture was 
filtered. The filtrate was diluted with water and the 
precipitate was filtered, washed, and dried to give 21.8 g 
(69%) of yellow-green crystals, m.p. 83.0 "C; i.r. (KBr) 
1275 (C-0), 1335 (NO,), 1530 (NO,), and 1715 cm-' 
( G O ) ;  n.m.r., 6 1.50 (6H, t, methyl H), 4.50 (4H, q ,  
methylene H), 7.58-8.56 (SH, m, aromatic H). 

Anal. Calcd. for C16H15NO6 (317.30): C, 60.56; 
H, 4.77; N, 4.42. Found: C, 60.41; H, 4.66; N, 4.54. 

4-Aminonaphthalic-1,8-dietlyl Ester ( 7a) 
A mixture of 100 g of 7, benzene (1 l), and 5 g of Pd 

catalyst was placed in a prepared high pressure apparatus 
(vide ante). The mixture was stirred constantly and heated 
at 125 "C for 1 h, cooled to room temperature, and 
treated as previously described. The filtrate, stripped of 
benzene, produced a brown gummy substance which 
dissolved in 700 ml carbon tetrachloride and resulted in 
the formation of a yellow precipitate when cooled to 
0 "C. Filtration yielded 72 g (80%) of yellow crystals, 
m.p. 127-130 OC. Recrystallization from EtOH-H20 
(1:l) yielded 64.8 g (72%) of 7a, m.p. 132-132.5 "C; i.r. 
(Nujol) 1260 ( L O ) ,  1740 (C=O), and 3380cm-' 
(NH,); n.m.r. 6 1.38 (6H, t, methyl H), 4.38 (4H, q, 
methylene H), 4.60 (2H, s, amine H), 7.20-8.08 (5H, m, 
aromatic H). 

Anal. Calcd. for C16H17N04 (287.34): C, 66.85; 
H,5.96;N,4.87.Found: C,66.72;H, 5.96;N,4.84. 

4,5-Dinitronaphthalic-1,8-dimethyl Ester (8) 
Methanol (3 1) containing 172.4 g of 5, and dimethyl 

sulfate (1 14 ml) were refluxed and 91.2 g of potassium 
carbonate was added. After refluxing for 2 h, 22.8 g of 
potassium carbonate and 28.5 ml of dimethyl sulfate was 
added and the mixture refluxed for an additional 3 h and 
filtered while hot. The precipitate was washed once with 
methanol and 3 times with water and dried, yielding 
180 g (90%), m.p. 247-249 "C; lit. m.p. 236240 "C (26); 
i.r. (KBr) 1270 ( G O ) ,  1340 (NO,), 1540 (NO,), and 
1715 cm-' (C==O); n.m.r. 6 3.99 (6H, s, methyl), 8.28 
(4H, AB pattern, aromatic H). 

Anal. Calcd. for C14H10N208 (334.26): C, 50.30; 
H, 3.02; N, 8.38. Found: C, 50.20; H, 3.11; N, 8.33. 

4,5-Diaminonaphthalic-1,8-dinzethyl Ester (8a) 
A mixture of 100 g of 8, benzene (1 l), and 10 g of Pd 

catalyst was placed in a high pressure reaction apparatus 
and reduced as previously described. The reaction pro- 
ceeded for 15 min at 75 "C. After cooling, the mixture 
was filtered and the dark green precipitate boiled in 
methanol, filtered hot, and the filtrate cooled to -4 OC. 
Filtration gave 45.5 g (55%) of light yellow -green 
crystals of 4,5-diaminonaphthalic-1,s-dimethyl ester (8a) 

m.p. 213.5-215.O0C; i.r. (Nujol) 1250 (C-0), 1680 
(C==O), 3370 (NH,), and 3400 cm-' (NH,); n.m.r. (on a 
HA-100, in DMSO-d,): 6 3.68 (6H, s, methyl H), 6.38 
(4H, s, amine H), 7.15 (4H, AB pattern, aromatic H). 

Anal. Calcd. for C14H14NZ04 (274.30): C, 61.30; 
H, 5.15; N, 10.22. Found: C, 61.42; H,  4.97; N, 10.09. 

4,5-Dinitro1zaphthalic-1,8-dietlzyl Ester (9) 
Ethanol (250 ml), 17.3 g of 5, and diethyl sulfate (9 ml) 

were refluxed and 5.25 g of potassium carbonate added 
and refluxed for 2 h. An additional 5.25 g of potassium 
carbonate and 9 ml of diethyl sulfate was added after a 
2 h reflux, refluxing continued for an additional 3 h and 
filtered while hot. The light tan crystalline precipitate 
was washed several times with water and dried, yielding 
11 g (50.7%) of 4,5-dinitronaphthalic-1,8-diethyl ester (9) 
m.p. 155-157 "C, lit. m.p. 156.5-157 "C (26); i.r. (KBr) 
1260 ( G O ) ,  1350 (NO,), 1545 (NOz) and 1725 cm-' 
(C==O); n.m.r. 6 2.48 (6H, t, methyl H), 4.42 (4H, q, 
methylene H), 8.28 (4H, AB pattern, aromatic H). 

Anal. Calcd. for C16H14N~08 (362.32): C, 53.04; 
H, 3.90; N, 7.73. Found: C, 52.96; H, 3.91; N, 7.56. 

4,5-Diamiizonaphthalic-1,8-dietlzyl Ester (9a) 
A mixture of 50 g of 9, 500 ml of benzene, and 5 g of 

Pd catalyst was reduced as previously described at 
100 "C overnight. After filtering the mixture, the pre- 
cipitate was dissolved in 700 ml of boiling ethanol and 
filtered for catalyst removal. Upon cooling, brown crys- 
tals were obtained which were dried to yield 15.9 g 
(3973, m.p. 166167 "C, lit. m.p. 167.0-167.5 "C (26); 
i.r. (Nujol), 1240 ( G O ) ,  1690 (C=O), 3380cm-' 
(NH2); i1.m.r. 61.36 (6H, t, methyl H), 4.30 (4H, q, 
methylene H), 4.83 (4H, s, amine H), 7.10 (4H, AB 
pattern, aromatic H). 

1. (a) F. ANSELM and F. ZUCKMAYER. Ber. 32, 3283 
(1899). (6) C. GRAEBE. Ann. 327, 84 (1903). 
(c) M. OKAZAKI and N. ISHIKAWA. YOki GGsei 
Kagaku KyGkai Shi, 14, 398 (1956). 

2. (a) F. SACHS and G. MOSEBACH. Ber. 44, 2852 
(19,ll). (6) I. HONDA and M. OKAZAKI. J. SOC. Org. 
Syn. Chem. Japan, 7, 25 (1950). (c) M. OKAZAKI, 
T. TANAKA. and S. TANIGUCHI. YDki GBsei Kaeaku 
~ ~ ~ k a i - s h j ,  14,344 (1956). (d) M. M. DASHE~SKI.  
Zhur. Priklad Khim. 32, 2749 (1959). 

3. T. ISHII and Y. YAMAZAKI. Mem. Fac. Technol. 
Tokyo Metropol. Univ. 1, 21 (1951). 

4. (a) J. R. LACHER. K, ENSLEY. and A. TENGE. J. Ora. 
 hem. 24, 1347 (1959). (b) M. OKAZAKI, Y. SUHARA, 
and M. FUJIYAMA. YOki GBsei Kagaku KyBkai Shi, 
14, 394 (1956). 

5. M. OKAZAKI and I. ISHIKAWA. YOki GGsei Kagaku 
KyBkai Shi, 14, 398 (1956). 

6. G. T. MORGAN and H. A. HARRISON. J. SOC. Chem. 
Ind. 413T (1930). 

7. (a) S. KATO, H. HASHIMOTO, and H. SUGIYAMA. 
YDki GBsei Kagaku KyBkai Shi, 14, 723 (1956). 
(b) L. FRIEDMAN, D. L. FISHEL, and H. SCHECTER. 
J. Org. Chem. 30, 1453 (1965). 

8. R. H. CORNFORTH, J. W. CORNFORTH, and G. 
POPJAK. Tetrahedron, 18, 1351 (1962). 

9. E. M. BICKOFF, R. L. LYMAN, A. L. LIVINGSTON, and 
A. N. BOOTH. J. Amer. Chem. Soc. 80,3969 (1958). 

10. R. ADAMS and F. L. COHEN. Org. Syn. Coll. Vol. 1, 
240 (1 944). 

11. M. P. CAVA, K. E. MERKEL, and R. H. SCHLESSINGER. 
Tetrahedron, 21, 3059 (1965). 

12. H. J. RICHTER. J. Org. Chem. 21, 619 (1956). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Cyanoethylations and Michael additions. IV.' The synthesis of allylic 
cyclohexenols by y-cyanoethylation of a ,  p-unsaturated aldehydes and 

ketones. Part IV2- 

CH. R. ENGEL AND L. RUEST 
Department of Chemistry, Laual University, Quebec, Quebec 

Received April 24, 1970 

The cyclo-y-cyanoethylation of 3P-acetoxy-~-homo-5a-pregn-l7a-en-21-al is reported. It is shown 
that the orientation of the cyanoethylation of 2-cycloalkyl-substituted ethenals does not significantly 
depend on the ring size of the cycloalkyl substituent. It is further shown that the stereochemistry of the 
cyclohexadienonitrile obtained by dehydration of the main reaction products seems to be, in the case 
of a fusion to a six-membered ring, in agreement with Moscowitz' rule relating the helicity of the 
chromophore to the sign of its Cotton effect, in contradistinction to the situation in the case of a system 
in which one of the double bonds of the chromophore is exocyclic to a five-membered ring. 
Canadian Journal of Chemistry, 48, 3136 (1970) 

In previous publications of this series (3, 4, cf. 
also 5) we reported the first cyclo-y-cyano- 
ethylation of an a,P-unsaturated carbonyl system 
which led in high yield, in a single operation, to 
allylic a'-cyano hexenols. Evidently, such a 
reaction would present synthetic interest if its 
generality could be established, if, in particular, 
one could foresee when to expect a-substituted 
products, and when to expect cyclized y-addition 
products. Indeed, in practically all previous ex- 
amples of Michael-type additions, in which the 
carbanion is derived from an a,bunsaturated 
polar system (such as an a,P-unsaturated carbonyl 
compound), addition occurs in the a-position (cf. 
3, 4). It has now been suggested to us4 that the 
orientation of such additions may be related to 
the difference in stability of five- and six- 
membered rings with endocyclic, respectively 
exocyclic unsaturations (6, cf. also 7-10). 

In order to investigate such a hypothesis and 
also to contribute to the determination of the 
degree of generality of the cyclo-y-cyanoethyla- 
tion, we studied the cyanoethylation of 3P- 
acetoxy-~-homo-5a-pregn-17a-en-21-al (5), the 

'For paper I11 of this series cf. ref. 1. 
'This publication represents part XXXIII in the series 

on Steroids and Related Products. For paper XXXII 
see ref. I .  

3Abbreviated from the doctoral thesis of L. Ruest, 
submitted to the School of Graduate Studies of Lava1 
University, Quebec, Quebec in 1969 and from the "thbe 
de doctorat d'Etat es sciences", University of Paris, Paris, 
France, registered at the C.N.R.S. under the number 
A.O. 1987. For a preliminary report see ref. 2. 

4We thank Prof. V. Prelog, Zurich, and Prof. H. Favre, 
Montreal, for interesting discussions in which they drew 
such a consideration to our attention. 

D-homo analog of the first aldehyde which had 
been subjected to such a r ea~ t ion .~  

Aldehyde 5 was synthesized from 3P-acetoxy- 
D-homo-5a-androstan-17a-one (2)6 exactly like 
the lower homolog of the normal steroid series 
(3,4). Ethoxyacetylenation of ketone 2 led, after 
reacetylation, to the 17a- and 17P-ethoxyacetyl- 
ene derivatives 3A and B which were reduced to 
the epimeric ethoxyethylene derivatives 6A and B, 
both of which were readily rearranged to aldehyde 
5, the total yield of the sequence of reactions 
amounting to 75 %.7 

Cyanoethylation in benzene with a sodium 

'The choice of aldehyde 5 was motivated by the desire 
to arrive at valid conclusions concerning the inference 
of the ring size of the ethenal substituent on the orienta- 
tion of the reaction. We also studied the reaction of 
trans-decal-I-yledenethanal with acrylonitrile which leads 
predominantly to cyclized y-cyanoethylation products 
(2, 11). 

6The D-homo ketone 2 (12) was prepared in a classical 
fashion from 3P-acetoxy-5a-androstan-17-one (I), which 
was transformed with potassium cyanide, under the 
reaction conditions used by Allinger and Greenberg (13), 
to a mixture of the 17-epimeric 17-cyanohydrins (13), 
which was reduced with platinum and hydrogen to a 
mixture of the corresponding 17-aminomethyl 17-alcohols 
(13, 14). Tieffeneau rearrangement (15, cf. also 14) led to 
the desired ketone 2 and its 17-0x0 isomer (14), which 
were separated by chromatography on alumina. 

'The isomeric ethoxyacetylene derivatives 3A and B 
could be separated by chromatography on alumina. Their 
respective stereochemistry in position 17a was determined 
by n.m.r. spectroscopy, the 18-methyl group of the isomer 
with a p-configuration of the ethoxyacetylene substituent 
being strongly deshielded. The stereochemistry of the 
ethoxyvinyl derivatives 6A and B was also deduced by 
n.m.r. analysis, the olefinic 20-proton of the derivative 
with a P-configuration of the ethoxyvinyl group appearing 
29 Hz up-field from the signal of the olefinic proton of 
its epimer. 
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-- 
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0-CH2-CH2-CN 

? L  t 

AcO AcO h AcO 

4A and B 5 6A 17-OH = 0 
6B 17-OH = a 

,------r------, 
OR 

__f 

AcO AcO 

amylate catalyst under conditions identical to 
those used for the reaction of the lower homolog 
(4), led to a mixture from which 15% of the 
starting material was recovered and which 
consisted mostly of cyclized y-cyanoethylation 
products. The two epimeric cyano alcohols 7 
and 8 were isolated in 55 % yield, in a proportion 
of 4:3, the dienonitrile 9 in 18 % yield.8 We also 
obtained in 6 %yield a mixture of nitriles to which 
we tentatively assign the structures of isomeric 
dicyanoethylated products, arising from an addi- 
tional oxygen-cyanoethylation(cf. 4A and B). The 
proofs of structure of the various products follow 

mono-addition of acrylonitrile. The spectra of 
the acetoxy hydroxy nitriles 7 and 8 reveal an 
acetoxy group, a hydroxy group, a non- 
conjugated nitrile function, and a trisubstituted 
double bond. In the n.m.r. spectra one sees the 
couplings of the olefinic 20-proton of the alcohols 
7 and 8 with the 21-proton and the allylic 
17-proton; the chemical shift of the 21-proton is 
indicative of its vicinity to the double bond.g 
These data are compatible with structures 7 and 8 
but not with structures of products arising from 
an a-cyanoethylation, followed by a cycli~ation. '~ 

those reported in the case of the cyanoethylation gFor details see Experimental. 
of the lower homologs of the normal steroid series ioThe i.r, absorptions of the isolated double bonds of 
(4). The elemental analyses of the main cyano- compounds 7 and 8 [v,,, (CHC13) 1642cm-'1 corre- 
ethylation products 7, 8, and g correspond to a spond well to  those of cyclohexenes, the double bonds of 

which are exocyclic to another six-membered ring and 
differ therefore from those of the homologous products 

'These yields take into account the recovery of starting of the normal steroid series in which the double bond is 
material. exocyclic to  a five-membered ring (4). 
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In the case of alcohol 8, the structure was 
confirmed by oxidation with Jones' reagent (16) 
to  the a,P-unsaturated ketone 10 whose spectral 
characteristics (cf. Experimental) are in perfect 
agreement with those expected for a conjugated 
cyclohexenone substituted in position a '  by a 
nitrile function, and which are not compatible 
with those of a four-membered ring ketone 
(cf. 41.". l 2  

Both the elemental composition of dienonitrile 
9 and its spectral characteristics are compatible 
only with the suggested structure. We refer to the 
Experimental for the description of the spectra, 
and for their inter~retation to the discussion of 
the absolutely analogous spectra of the lower 
hornologs of dienonitrile 9. 

In order to correlate dienonitrile 9 to the 
hydroxy nitriles 7 and 8, we treated the diacetates 
7a and 8a with sodium rnethoxide in methanol; 
after reacetylation, the acetoxy dienonitrile 9 was 
obtained in both instances, in 75 % yield in the 
case of diacetate 7a, in 40% yield in the case of 
diacetate 8a. 

The minor reaction ~ r o d u c t s  4A and B were 
unstable. Therefore no analytical results are 
available. The structures tentatively suggested 
and which correspond to analogous products 
identified in the case of the cyanoethylation of 
trans-decal-1-ylidenethanal (1 1), were based on 
the interpretation of their spectral characteristics. 
Their i.r. spectra (taken in KBr) show the usual 
acetate absorption and that of an isolated double 
bond, as well as a non-conjugated nitrile band, 
the intensity of which would correspond to two 
nitrile functions. There also appear a t  1130 

"The position of the i.r. absorption band of the double 
bond corresponds again to that of a conjugated cyclo- 
hexenone, the double bond of which is exocyclic to a 
six-membered ring and thus differs from that of the lower 
homolog (4) in which this double bond is exocyclic to a 
five-membered ring. 

121n accord with structure 10, the olefinic proton 
appears in the n.m.r. as a doublet centered at 6.02 6 
(J = 2.5 Hz), which confirms that this proton is solely 
coupled with the only allylic proton of position 17. 

and 1100 cm-' peaks which can be attributed to  
the ether function. In the n.m.r., the olefinic 
proton in position 20 appears as a large triplet 
( J  = 6.0 Hz), centered at 5.28 6, with a half-band 
width of 2-3 Hz;  this corresponds well to the 
coupling of this proton with the protons in 
positions 17 and 21. At 3.63 and 2.75 6 appear 
two triplets ( J  = 6.5 Hz), each corresponding 
to two protons, which we assign to the two 
methylene groups of the ether function. This 
assignment corresponds to values from the lit- 
erature (17). The formation of such nitriles can 
readily be rationalized by the assumption of a n  
additional oxygen-cyanoethylation. 

Stereochemistry 
In this study, the determination of the stereo- 

chemistry of the various products was not our 
prime concern. However, the available spectral 
data, combined with the consideration of certain 
chemical results, allow, in our opinion, depend- 
able stereochemical assignments. 

The formation of only one dienonitrile (9) in 
the dehydroacetylation of both diacetoxy nitriles 
7a and 8a, seems to  indicate the identity of 
configuration in position 17 of the three main 
reaction products, if one may extrapolate the 
findings from the normal steroid series, for which 
it has been established that under the reaction 
conditions no isomerization occurs during de- 
hydroacetylation (4). In the preceding com- 
munication of this series (I), we have put forward 
indirect evidence for a 16a-hydrogen configura- 
tion ofthe main cyclo-y-cyanoethylationproducts 
of the lower homolog of aldehyde 5. In  another 
paper (4), we have established the configuration 
of these products on the grounds of an n.m.r. 
analysis, principally by showing that in the 
hydroxy nitriles analogous to structures 7 and 8 
and in their derivatives the 18-methyl group is 
deshielded when the nitrile function is axial and 
cis to  the angular hydrogen a t  the DIE ring 
junction (in position 16 in the normal steroid 
series, which corresponds to  position 17 in the 
D-homo series). In the case of the hydroxy nitriles 
7 and 8 and of their acetates 7a  and 8a of the 
D-homo series we observe again that the isomers 
8 and 8a, in which the nitrile functions are axial 
and cis to the 17-hydrogen (see below), the 
18-methyl group is more deshielded than in the 
case of their epimers 7 and 7a in which the nitrile 
group is equatorial and trans to the 17-hydrogen. 
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This again can be rationalized by the assumption 
of a cis-relationship of the nitrile group of com- 
pounds 8 and 8a and the 18-methyl group, which 
implies a cis-relationship of the 17-hydrogen and 
the 18-methyl group and thus a 17P-hydrogen 
configuration. 

Furthermore, the spin coupling of the olefinic 
20-proton of dienonitrile 9 with the proton in 
position 17 is indicative of an axial conformation 
of the latter, which is possible only if it is P, 
provided that ring D has the preferred chair 
conformation. The assignment of a 17ghydrogen 
configuration is in perfect agreement with 
Moscowitz' rule (18) relating the helicity of a 
conjugated homodiene to the sign of its Cotton 
effect, since the observed Cotton effect of di- 
enonitrile 9 is strongly positive, which should 
indicate a right-handed helicity and therefore a 
17P-hydrogen configuration. This is noteworthy 
because the assigned 16P-hydrogen configuration 
of the lower homolog of dienonitrile 9 (14) and 
of the dienonitrile obtained by cyclo-y-cyano- 
ethylation of a parent methyl ketone (2, 19) is in 
opposition to Moscowitz' rule. One might tenta- 
tively take into consideration that the exceptions 
to Moscowitz' rule are in relation to the fact that 
in the dienes in question one of the conjugated 
double bonds is exocyclic to a 5-membered ring. 
The fact that the polar nitrile group is not 
responsible for this exception is demonstrated by 
the "normal" Cotton effect of dienonitrile 9.13 

The facile dehydroacetylation of the diacetoxy 
nitrile 7a suggests a trans-diaxial arrangement of 
the 21-oxygen function and the 17'-hydrogen. 
The relative difficulty in dehydroacetylating di- 
acetate 8a could suggest a cis-arrangement of the 
corresponding groups, if the situation were 

I3The non-determining role of the polar group con- 
jugated with the diene moiety became already probable o n  
the basis of the reduction of the dienone i [obtained 
either by a Diels-Alder addition of methyl vinyl ketone 
to the Iower homolog of aldehyde 5 (1) or by the action 
of methyllithium on the lower homolog of dienonitrile 9 
(20)] to the corresponding hydroxy diene, which still 
exhibits a n  "abnormal" Cotton effect. 

-CO-CH, \ 

analogous to that in the normal steroid series (4). 
This is borne out by the n.m.r. spectra. The 
21-proton of alcohols 7 and 8 appears as a 
multiplet centered at 4.33 6 with a half-band 
width of 6.0 Hz. In the case of the diacetoxy 
derivative 7a this proton appears as a multiplet 
of the same nature centered at 5.37 6, and in the 
case of the diacetate 8a as a multiplet centered at 
5.36 6. According to Bhacca and Williams (21), 
this indicates an equatorial or quasi-equatorial 
conformation of this proton; this, in turn, 
corresponds to a P-configuration of this pro- 
ton if ring E exists in the thermodynamically 
favorable half-chair conformation. The olefinic 
20-proton of the hydroxy nitrile 7 appears as a 
doublet of doublets at 5.65 6 with coupling 
constants of4.5 and 2.0 Hz, the latter arising from 
the allylic coupling with the 17-proton. The 
coupling constant of 4.5 Hz thus arises from the 
coupling with the proton in position 21 and this 
coupling constant should correspond to a di- 
hedral angle of approximately 40". Such an angle 
is possible only in the case of a half-chair con- 
formation of ring E and an equatorial conforma- 
tion of the 21-proton which must therefore be P. 
The situation is analogous in the case of alcohol 8 
where the 20-proton appears as a doublet of 
doublets at 5.63 6 with coupling constants of 
5.0 and 2.0 Hz. The alcohols 7 and 8 and their 
derivatives must therefore be epimeric in position 
17'. Now, the 172-proton of alcohol 7 appears as 
a doublet of triplets centered at 2.72 6 with 
coupling constants of 12.5 and 3.5 Hz; the larger 
coupling constant must correspond to diaxial cou- 
pling (with the axial 171-proton), thus the proton 
in position 17' must be axial, the nitrile group 
equatorial. The data from the spectrum of the 
diacetate 7a (cf. Experimental) are fully con- 
firmatory. By exclusion, it follows that the 
conformation of the nitrile function of alcohol 8a 
must be axial, its configuration P. This is con- 
firmed by the fact that the 17'-proton of alcohol 8 
and of its acetate 8a is more shielded (by 
0.18 p.p.m.) than the corresponding proton of 
alcohol 7 and of the acetoxy derivative 7a. 
Furthermore, the 17'-proton ofcompounds 8 and 
8a shows no vicinal diaxial coupling. The cis- 
relationship between the axial nitrile group of 
alcohol 8 and acetate 8a with the 18-methyl 
group,apparent from the deshielding effect of this 
substituent on the methyl signal, has already been 
pointed out; similarly, the axial 17P-proton of 
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compounds 8 and 8a is more deshielded than the 116-1 17". was treated with 150 g of potassium cyanide 
17P-proton of the isomers 7 and 7a. and 160 ml of acetic acid in 835 m1 of methanol. The 

crude reaction product (26.81 g) was dissolved in 675 ml The 172-pr0t0n of ketone lo appears as a of acetic acid and hydrogenated at atmospheric pressure 
triplet, centered at 3.37 6, with a coupling con- over 6 g  of platinum oxide, 4.2 1 of hydrogen being 
stant of 3.5 Hz which cannot arise from a diaxial absorbed. The ~ r o d u c t  was filtered. the filtrate reduced 
coupling; therefore, this proton must be equa- 
torial, the nitrile function axial; this in turn 
indicates a P-configuration of this nitrile sub- 
stituent if ring E has a half-chair conformation, 
an assumption in agreement with the positive 
Cotton effect in the region corresponding to the 
n -> n* transition (22). 

The stereochemically most significant finding 
seems the congruency of the n.m.r. data with the 
determination of configuration in position 17 on 
the basis of Moscowitz' rule, applied to dieno- 
nitrile 9. 

In sunmary, we have shown that the previously 
observed cyclo-y-cyanoethylation of 3P-acetoxy- 
5a-pregn-17-en-21-a1 (3, 4) was not an isolated 
case, that the reaction proceeded in excellent 
yields also in the case of the D-homo analog 5, 
and that the size of the ring to which the ethenal 

u 

moiety is attached seems to play no decisive role 
in orientating the addition to the y-position. 
Together with the experiments in the normal 
steroid series and with those in the decaline series 
(2, l l ) ,  the present investigation contributes to 
establish sufficient generality for the cyclo-y- 
cyanoethylation of a,P-unsaturated aldehydes of 
type 5 to permit the hope that it might become 
useful for the synthesis of polyfunctional poly- 
cyclic systems. 

3~-Acetoxy-~-hon~0-5a-a11dros/nn-I7n-one ( 2 )  nnd 
~ ~ - A C ~ / ~ ~ ~ - D - / I O ~ ~ O - ~ ~ - ~ I I ~ ~ O ~ ~ C I I I - I  7-one 

According to the method of Allinger and Greenberg 
(13), 25 g of 3a-acetoxy-5a-androstan-17-one (I), m.p. 

- 
14The melting points were taken in evac~~ated capil- 

laries and the temperatures were corrected. For colunin 
chromatography, neutral aluminum oxide Woelm, 
activity 111, and Davison's silica gel 923 were en~ployed. 
The t.1.c. was performed with Merck-Darmstadt silica 
gel. The i.r. spectra were recorded on a Beckman IR-4 
spectrophotometer and the U.V. spectra on a Beckman 
DK-1A instrument. The n.m.r. spectra were recorded on 
a Varian A-60 spectrometer, tetramethylsilane serving as 
internal standard and deuteriochloroform as solvent. The 
rotatory dispersion curves were registered on a Jasco 
ORD/UV 5 spectropolarin~eter, the mass spectra were 
taken on a Varian M-66 mass spectrometer. The micro- 
analyses were perforriled by the late Mr. A. Bernhardt, 
Max Planck Institute for Coal Research, Mulheim, 
Germany, and by Dr. F. Pascher, Bonn, Germany, to  
whom we are much indebted. 

it1 vacrro to 50 ml and diluted with .600 ml of ice water. 
To  the stirred niixture, 11.5 g of sodium nitrite in 100 ml 
of water was added dropwise, in the cold. After 2 h at On, 
the niixture was kept I5 h at 1.oon1 temperature and 
precipitated in water. The usual work-up gave 26.38 g 
of a partly crystalline residue which was chromatographed 
on 700g of aluminum oxide. Elutions with petroleum 
ether - benzene (4:l) gave 13.92 g (55%) of 3D-acetoxy- 
~-/lotno-~a-arfdrostan-~7a-one ( 2 ) ,  m.p. 122-123". A 
sample was recrystallized three times from ether-hexane 
for analysis; m.p. 124.5-125"; [aJDZS -45.0" (c, 1.00 in 
CHCI,) [lit. (12a): n1.p. 124-125"; [a], -45" (CH30H)]; 
v,,,, (KBr) 1740 (acetate), 1700 (ketone), 1240cn1-' 
(acetate); n.m.r.: 6 (CDCI,) 0.84 (s) (19-CH,), 1.08 (s) 
(18-CH,), 2.00 (s) (CH,COO), 2.28 (m) (17-CH,), 4.70 
(m) (3a-H). 

Anal. Calcd. for CZ,H3403: C, 76.26; H, 9.89. Found: 
C, 76.32; H, 9.95. 

Elutions with petroleum ether - benzene (1 :1) gave 
5.63 g (23 %) of 3~-acetoxy-~-horn0-5a-a1fdrostan-17-01fe, 
m.p. 104-107". For analysis, a sample was recrystallized 
four times from ether-hexane; m.p. 1 1 1.5-1 12"; [a]oZS 
-4.5" (c, 1.00 in CHCI,) [lit. (126): m.p. 102-104"; 
[a], - 3.7" (dioxane)]; v,,, (KBr) 1745 (acetate), 17 15 
(ketone), 1255 cm-' (acetate); n.m.r.: F (CDCI,) 0.78 (s) 
and 0.82 (s) (18- and 19-CH,), 2.00 (s) (CH,COO), 
2.05-2.28 (m) (16- and 17a-CH,), 4.70 (ni) (3a-H). 

Anal. Calcd. for CZZH34O3: C, 76.26; H, 9.89. Found: 
C, 76.03; H, 9.93. 

3~-Acetoxy-I7a~-~1ydroxy-I7aa-ethoxye/~1y11~~l-~-/10n1o- 
5a-m1clrostarre ( 3 A )  nrzd 3~-Acetoxy-l7aa-/1ydroxy- 
I7a~-etho,~yetI~yt~yI-~-/101~10-5a-atfdros/a1e ( 3 8 )  

To a Grignard solution prepared from 10.3 g of 
n~agnesiun~, 39 ml of ethyl bromide, and 375 nil of 
absolute ether, a solution of 32 g of ethoxyacetylene in 
2401111 of absolute ether was added in the course of 
30 min. The niixture was refluxed for 1.5 h and sub- 
sequently there was added, at room temperature, 11.87 g 
of 3~-acetoxy-~-~iomo-5a-androstan-17a-one (2) in 
210 ml of absolute ether, in the course of 30 min. The 
mixture was refluxed for 1 h and worked-up in the usual 
fashion (4). The reaction product was dissolved in 60 ml 
of pyridine and 24 ml of acetic anhydride was added. 
After 15 h at room temperature the product was worked- 
up, as usual. The product (17.6 g) was chromatographed 
on 450 g of aluminum oxide. Petroleum ether -benzene 
(9:l and 4 : l )  eluted 7.34 g (51 %) of 3~-ncetoxy-I7a~-  
/fydroxy-17aa-e//foO~yet/~y~fyl-~-/~on~o-5a-a~~drostatfe ( 3A) ,  
m.p. 117-1 19". A sample was recrystallized three times 
from ether-hexane for analysis; n1.p. 124-125"; [a]Dzs 
-25.0" (c, 1.00 in CHCI,); v,,, (KBr) 3540 (hydroxyl). 
2250 (triple bond), 1730 and 1246 (acetate), 1125 (ether), 
1038cm-' (acetate and alcohol); n.tii.r.: 6 (CDC1,) 
0.80 (s) (19-CH,), 0.88 (s) (18-CH3), 1.39 (t, J = 7.0 HZ) 
(0-CH2-CH,), 1.95 (s) (exchanged with D,O) (17aa- 
OH), 2.00 (s) (CH3COO), 4.12 (q, J = 7.0 HZ) (0-CHz- 
CH,), 4.70 (m) (3a-H). 
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Anal. Calcd. for CZ6H4,O4: C, 74.96; H, 9.68. Found: 
C, 75.05; H, 9.79. 

Petroleum ether - benzene (1 :1) and pure benzene 
eluted 4.71 g (33%) of 3~-acetoxy-17aa-l1ydroxy-17a~- 
ethoxyetl1yt?yl-~-l10111a-5a-androstane (3B), m.p. 142-143". 
A sample was recrystallized twice from ether-hexane for 
analysis; m.p. 143-144"; [a],'' +23.0° (c, 1.00 in 
CHCI,); v,,, (KBr) 3505 (hydroxyl), 2245 (triple bond), 
1723 and 1260 (acetate), 1130 (ether), 1028 cm-' (acetate 
and alcohol); n.m.r. : 6 (CDCl,) 0.78 (s) (19-CH,), 0.94 (s) 
(18-CH,), 1.32 (t, J = 7.0 Hz) (0-CH2-CH,), 1.98 (s) 
(exchanged with D 2 0 )  (17aa-OH), 1.98 (s) (CH,COO), 
4.03 (q, J = 7.0 Hz) (0-CH,-CH,), 4.70 (m) (3a-H). 

Anal. Calcd. for CZ6H4004: C, 74.96; H, 9.68. Found: 
C, 74.94; H, 9.73. 

3~-Acetoxy-l7a~-kydroxy-I7aa-ethoxyuC1yl-~-homo- 
5a-androstane (6A) 

A quantity of 5.39 g of 3~-acetoxy-17a[3-hydroxy-l7aa- 
ethoxyethynyl-D-homo-5a-androstane (3A), m.p. 122- 
124", was hydrogenated in 130ml of pyridine with 1.82 g 
of a 2.5 % palladium - on - calcium carbonate catalyst, 
325 ml of hydrogen being absorbed in 10 min. The usual 
work-up gave 5.49 g of the vinyl derivative 6A, m.p. 
138-140". For analysis, a sample was recrystallized twice 
from ether-hexane; m.p. 142-143O, - 36" (c, 1 .OO 
in CHCI,); v,,, (KBr) 3600 (hydroxyl), 1740 (acetate), 
1655 (double bond), 1250 (acetate), 1122 and 11 15 (ether), 
1037 cm-' (acetate and alcohol); n.m.r.: 6 (CDCI,) 
0.81 (s) (19-CH,), 0.95 (s) (18-CH,), 1.26 (t, J = 7.0 HZ) 
(0-CH2-CH,), 1.99 (s) (CH3COO) 3.83 (q, J = 7.0 HZ) 
(0-CH,-CH,), 4.18 (s) (17aB-OH), 4.63 (m) (3a-H), 
4.87 (d) and 6.01 (d) (AB system, J = 7.0 Hz) (20-H 
and 21-H). 

Anal. Calcd. for CZ6H4204: C, 74.60; H, 10.1 1. Found: 
C, 74.58; H, 10.13. 

3g-Acetoxy-17aa-hydroxy-1 7ag-etl~oxyuinyl-D-homo- 
5a-at~drostane (68) 

A quantity of 4.56 g of 3!3-acetoxy-l7aa-hydroxy-l7a!3- 
ethoxyethynyl-D-homo-5a-androstane (3B), m.p. 142- 
143", was hydrogenated with 1.54 g of a 2.5 %palladium - 
on - calcium carbonate catalyst in 110 ml of pyridine a t  
atmospheric pressure. The crystalline reaction product 
(4.57 g) melted at 122-126'. Three recrystallizations from 
ether-hexane gave an analytical sample, m.p. 146-147"; 
[aIDZ5 -29' (c, 1.00 in CHCI,); v,,, (KBr) 3550 
(hydroxyl), 1739 (acetate), 1659 (double bond), 1246 
(acetate), 1108 (ether), 1025 cm-' (acetate and alcohol); 
n.m.r.: 6 (CDCI,) 0.78 (s) (19-CH,), 0.82 (s) (18-CH,), 
1.24 (t, J = 7.0 Hz) (0-CH2-CH,), 4.13 (s) (17aa-OH), 
4.40 (d) and 5.95 (d) (AB system, J = 7.0 Hz) (20-H 
and 21-H). 

Anal. Calcd. for CZ6H42O4: C, 74.60; H, 10.1 1. Found: 
C, 74.59; H, 10.21. 

3~-Acetoxy-~-hotno-5a-pregn-17a-en-21-a (5) 
(a) From 3p-Acetoxy-l7ag-hydroxy-I 7aa- 
ethoxyuinyl-D-homo-5a-androstane (6A) 

To a solution of 7.2 g of 3P-acetoxy-l7ae-hydroxy- 
17aa-ethoxyvinyl-D-homo-5cc-androstane (6A), m.p. 138- 
140°, in 160 ml of dioxane, 50 ml of 2 N hydrochloric 
acid was added and the mixture was stirred for 30 min 
at room temperature. The crystalline reaction product 

was filtered, washed with water, and dried. Thus, 5.36 g 
of aldehyde 5, m.p. 172-174O, was obtained. A sample 
was recrystallized twice from ether-hexane for analysis; 
m.p. 175-176'; -99.5' (c, 1.00 in CHCI,); 
A,,, (EtOH) 243 nm (E 17150); v,,, (KBr) 2750 (C-H 
of aldehyde), 1745 (acetate), 1672 and 1614 (AL7-21- 
aldehyde doublet), 1240 and 1022 cm-' (acetate); n.m.r.: 
6 (CDCI,) 0.83 (s) (19-CH,), 1.06 (s) (18-CH,), 2.00 (s) 
(CH,COO), 2.20 (m) (17a-H), 3.32 (d, large, J = 14.0 Hz) 
(17e-H), 4.68 (m) (3a-H), 5.87 (d of t, J, = 8.0 Hz, 
J ,  = 0.9 HZ) (20-H), 10.11 (d, J = 8.0 HZ) (21-H). 

Anal. Calcd. for C24H3603: C, 77.37; H, 9.74. Found: 
C, 77.48; H, 9.80. 

(b) From 3~-Acetoxy-l7aa-11ydro,xy-17a~- 
ethoxyuinyl-D-homo-5a-androstat~e (6B) 

A quantity of 4.29 g of 3P-acetoxy-l7aa-hydroxy-17ag- 
ethoxyvinyl-D-homo-5a-androstane (6B), m.p. 122-126", 
was treated as under (a) with hydrochloric acid and gave 
3.56 g of pure aldehyde 5, m.p. 174-175", identified by 
the determination of a mixture melting point and the 
comparison of its i.r. spectrum with that of the product 
described under (a). 

The washings of the crystals of experiments (a) and (b) 
were extracted with ether, the ethereal layer was washed 
with cold saturated sodium bicarbonate solution and with 
water and was dried over sodium sulfate. Evaporation 
of the solvent gave 1.2 g of a crude product which was 
chromatographed on 30 g of aluminum oxide. Elutions 
with petroleum ether - benzene (9 :1, 4:1, and 1 :I) gave 
680 mg of aldehyde 5, m.p. 172-174". 

Cyat~oethylation of 3P-Acetoxy-~-homo-5a-pregt1-17a- 
en-21-a1 (5) 

To a stirred solution of 3.5 g of aldehyde 5, m.p. 
174-175", in 34ml of absolute benzene, 0.56 ml of a 
1.9 N solution of t-sodium amylate in benzene was added 
in a nitrogen atmosphere. To this mixture there was 
add.ed, within 10 min, dropwise and with stirring, 11.8 ml 
of a 0.83 M acrylonitrile solution in benzene. The reaction 
mixture was stirred at 24" for 3 h, at 55" for 5 h, and at 
room temperature for 12 h. The product was poured into 
600 ml of ice water containing 6 ml of an aqueous 0.1 M 
acetic acid solution. The precipitate was extracted with 
ether, the ethereal layer was washed with water, and 
dried over sodium sulfate. Evaporation of the solvent 
gave 3.88 g of a product which was chromatographed on 
500 g of silica gel. 

Elutions with benzene - ethyl acetate (96:4) gave 
600 mg of 3~-aceto~y-l7a-erh~l-I7~-cyanu-l7~,21-cyclo- 
~-homo-5a-pregna-17a,21-diene ( 9 ) ,  m.p. 258-261'. A 
sample was recrystallized three times from dichloro- 
methane%ther-hexane for analysis; m.p. 264264.5"; 
[aIDZ5 + 105.0' (c, 0.95 in CHCl,); A,,, (EtOH) 297 nm 
(E 11 620); v,,, (KBr) 3050 (vinylic hydrogens), 2190 
(conjugated nitrile), 1735 (acetate), 1638 and 1568 
(conjugated double bonds), 1247 cm- ' (acetate); n.m.r.: 
6 (CDCI,) 0.82 (s) (19-CH,), 1.08 (s) (18-CH,), 2.02 (s) 
(CH,COO), 2.25 (m) (17'-CH,), 2.35 (m) (17P-H), 
4.68 (m) (3a-H), 5.84 (d of d, J = 6.0 and 2.5 Hz) 
(20-H), 6.67 (d of d, J = 6.0 and 2.0 Hz) (21-H); optical 
rotatory dispersion (0.r.d.) (c, 0.001 in CH,OH): 
+ZOO, +600, [a],,, +2300 (max), [a1300 0, 

-3000, [a]Z64 -5500 (min), [a]Z5o -5400" 
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(positive Cotton effect); mass spectrum: rn/e 407 (M'), of hydroxy nitrile 8, 195 mg of oxygen-cyanoethylated 
392, 347, 332. products (4A and B), and 375 mg of unidentified products. 

Anal. Calcd. for CZ7H3,0ZN: C, 79.56; H, 9.15; The total yield of y-cyanoethylation products amounted 
N, 3.44. Found: C, 79.34; H,  9.04; N, 3.39. to 79 % (the recovery of starting material 5 being taken 

Elutions with benzene - ethyl acetate (94:6) gave into account when calculating the yields). , . 
525 mg of starting material, ald~tzyde 5, m.p. 172-1740. 

Elutions with benzene - ethyl acetate (92:8) gave oily 
fractions (195 mg) which could not be crystallized and 
to which we assign tentatively the structures of isomeric 
3~-aceto~y-17a-ett~yl-17~~-cya110-21-(2~-cya11oethoxy) - 
17Z,21-cyc~o-~-homo-5a-pregn-17a-e~~es ( 4 A  and B) ; v,,, 
(KBr) 2230 (non-conjugated nitrile), 1740 (acetate), 
1670 (double bond), 1245 (acetate), 1130 and 1100 cm- ' 
(ether); n.m.r.: 6 (CDCI,) 0.82 (s) (19-CH,), 0.97 (s) 
(18-CH,), 2.00 (CH,COO), 2.30 (m) (17-H, 17'-CHz, 
172-H), 2.57 (t, J = 6.5 Hz) (CH2-CN), 3.63 (t, J = 
6.5 Hz) (0-CH2), 4.09 (t, J = 6.0 Hz) (21-H), 5.28 
(t, large, J = 6.0 Hz) (20-H). 

The following chromatogram fractions (1.92 g), eluted 
with benzene -ethyl acetate (90:lO to 50:50), were 
combined and rechromatographed on 45 g of aluminum 
oxide. Petroleum ether - benzene (1 :9) and pure benzene 
eluted 810 mg of 3~-acetoxy-2la-lzydroxy-l7a-etl1yl-l7~~- 
cyano-1 72,21-cyclo-~-t~orno-5a-pregn-1 7 a - I  (8), m.p. 
205-207". A sample was recrystallized twice from ether- 
hexane for analysis; m.p. 213-214"; [aIDZ5 +43.0° 
(c, 1.00 in CHCl,); v,,, (KBr) 3460 (hydroxyl), 2220 
(non-conjugated nitrile), 1740 (acetate), 1652 (double 
bond), 1245 (acetate), 1036 and 1019 (acetate and 
alcohol); v,,, (CHC1,) 3600,3460,2240,1724,1642,1255, 
1027, and 1006 cm- ' ; weak coloration with tetranitro- 
methane; n.m.r.: 6 (CDCI,) 0.80 (s) (19-CH,), 1.01 (s) 
(1 8-CH,), 2.00 (s) (CH,COO), 2.36 (m) (exchanged with 
DzO) (21-OH), 2.90 (t, J = 3.8 Hz) (172a-H), 4.33 
(m, w/2 6.0 Hz) (21p-H), 4.70 (m) (3a-H), 5.63 (d of d, 
J = 5.0 and 2.0 Hz) (20-H). 

Anal. Calcd. for C27H3903N: C, 76.19; H, 9.24; 
N, 3.29. Found: C, 76.03; H, 9.42; N, 3.31. 

In the secondary chromatogram, benzene-ether (20:l 
and 9:l) eluted 1.08 g of 3~-acetoxy-2la-hydroxy-17a- 
ethyl-1 72a-cyano-1 72.21 -cyc~o-~-hon10-5a-re11 -1 7a- ene 
(7), m.p. 236-2380. 'A sample was recrystaiized twice 
from ether-hexane for analysis; m.p. 241-242"; [aIDz5 
-24.0" (c, 1.10 in CHCl,); v,,, (KBr) 3465 (hydroxyl), 
2225 (non-conjugated nitrile), 1744 (acetate), 1655 
(double bond), 1240 (acetate), 1032 and 1000cm-' 
(acetate and alcohol); v,,, (CHCI,) 3600, 3455, 2240, 
1722,1642,1255, 1027, and 1007 cm-' ; n.m.r.: 6 (CDCI,) 
0.81 (s) (Ig-CH,), 1.00 (s )  (18-CH,), 2.00 (s) (CH,COO), 
2.35 (m) (exchanged with D20)  (21-OH), 2.72 (d of t, 
J,  = 12.5Hz, J ,  = 3.5Hz) (17'p-H), 4.33 (m, w/2 
6.0 Hz) (21p-H), 4.70 (m) (3a-H), 5.65 (d of d, J = 4.5 
and 2.0 Hz) (20-H). 

Anal. Calcd. for C27H3903N: C, 76.19; H, 9.24; 
N, 3.29. Found: C, 75.99; H, 9.20; N, 3.28. 

The final fractions of the original chromatogram, 
eluted with benzene - ethyl acetate (25:75) mixtures and 
with pure ethyl acetate consisted of complex cyano- 
ethylation products (375 mg) which could not be 
separated by chromatography; v,,, (KBr) 3400 (large), 
2240, 1740, 1720, 1700, 1680, 1670, 1630, 1245, 1180, 
1100, and 1030 cm-'. 

112 toto, there were obtained 600 mg (18%) of dieno- 
nitrile 9,1.08 g (31 %) of hydroxy nitrile 7,810 mg (24%) 

3p,2la-Diacetoxy-l7a-ethyl-I 7Za-cyat~o-172,21-cyclo-~- 
homo-5a-pregn-17a-ene (7a) 

Acetylation at room temperature, under the usual 
conditions, of 68 mg of hydroxy nitrile 7, m.p. 238-24O0, 
with 1.3 ml of acetic anhydride in 2.5 ml of pyridine, 
gave 71 mg of the diacetate 7a, m.p. 166-169". A sample 
was recrystallized twice from ether-hexane for analysis; 
m.p. 176.5-177"; [aIDZ5 -64.0" (c, 1.00 in CHCl,); 
v,,, (KBr) 2245 (non-conjugated nitrile), 1745 (acetates), 
1655 (double bond), 1260, 1235, 1055, 1035, and 
1018 cm-' (acetates); n.m.r.: 6 (CDC13)0.78 (s) (19-CH,), 
0.97 (s) (18-CH,), 1.97 (s) (3p-CH,COO), 2.07 (s) 
(21a-CH3C00), 2.30 (m) (17p-H), 2.80 (d of t, Jd = 
12.5 Hz, J ,  = 3.5 Hz) (17'p-H), 4.67 (m) (3a-H), 5.37 
(m, w/2 6.0 Hz) (21p-H), 5.61 (d of d, J = 5.0 and 
2.0 HZ) (20-H). 

Anal. Calcd. for CZ,H4,04N: C, 74.48; H, 8.84; 
N, 3.00. Found: C, 74.50; H, 8.81; N, 3.05. 

3p,2la-Diacetoxy-l7a-ethyl-1 72~-cyano-17z,21-cyc~o-~- 
homo-5a-pregn-17a-ene (8a) 

Acetylation of 18 mg of cyano alcohol 8, m.p. 209- 
21 lo,  with 0.5 ml of acetic anhydride in 1.0 ml of pyridine 
gave 21 mg of diacetate 8a, m.p. 179-180". The product 
was recrystallized twice from ether-hexane for analysis; 
m.p. 180-181"; [aIDz5 -47.7' (c ,  1.01 in CHCI,); 
v,,, (KBr) 2230 (non-conjugated nitrile), 1742 (acetates), 
1655 (double bond), 1245, 1230, 1065, and 1025 cm-' 
(acetates); n.m.r.: 6 (CDCI,) 0.80 (s) (Ig-CH,), 1.00 (s) 
(1 8-CH,), 2.00 (s)(3p-CH,COO), 2.05 (s) (21a-CH3C00), 
2.63 (m) (17p-H), 2.98 (large triplet, J = 3.8 Hz) (172a-H), 
4.68 (m) (3a-H), 5.36 (m, w/2 6.0 Hz) (21p-H), 5.57 (d 
of d, J = 5.0 and 2.0 Hz) (20-H). 

Anal. Calcd. for C29H4104N: C, 74.48; H, 8.84; 
N, 3.00. Found: C, 74.54; H,  8.90; N, 3.04. 

Dehydroacetylation of the Diacetoxy Nitrite 7a 
To a solution of sodium methylate prepared from 

80 mg of sodium and 5 ml of methanol, 39 mg of diacetate 
7a, m.p. 172-174", in 0.5 ml of absolute benzene was 
added. The mixture was refluxed for 1 h and poured into 
ice water. The precipitate was extracted with ether, the 
ethereal layer was washed with water and dried over 
sodium sulfate. Evaporation of the solvent gave 37 mg 
of a residue which was dissolved in 2.0 ml of pyridine to 
which 1.0 ml of acetic anhydride was added. The product 
was worked-up after 15 h. The amorphous material 
obtained was subjected to preparative t.1.c. (petroleum 
ether - ether 1 :I); thus, 25 mg (75 %) of dienonitrile 9, 
m.p. 259-26l0, [aIDZ5 +101.O0 (c, 1.00 in CHCl,), and 
12 mg of starting material, diacetate 7a, m.p. 174-175", 
were isolated. The structures of the products were deter- 
mined by comparison of their i.r. spectra with those of 
authentic samples and by the determination of mixture 
melting points. 

Dehydroacetylation of Diacetoxy Nitrile 8a 
Under the conditions described for the analogous 

reaction of diacetate 7a, 30 mg of diacetate 8a, m.p. 
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179-18O0, were dehydroacetylated. After reacetylation, 3. CH. R. ENGEL and J. LESSARD. J. Arner. Chern. 
the product was subjected to preparative t.1.c. and 10 rng SOC. 85, 638 (1963). 
(40%) of dierIonirrile 9, rn.p. 260-262'; [alD25 f103.0" 4. CH. R. ENGEL and J. LESSARD. Can. J. Chern. 48, 
(c, 1.00 in CHCl,), and 20 rng of starting material, 2819 (1970). 
diacetate 8a, m.p. 179-180'. were isolated The identity 5. f:; ~;~~~~~~ :y","p"gEl Ab:F; ~E:$E;:~ 
of the products was determined as described above. natural ~roducts. Prarrue. Czechoslovakia. 1962. 
3~-A~eto.uy-l7a-et/~y~-l7~~-cyar~o-I7~,21-~yc~o-~- 

hot11o-5a-preg1z-17a-erz-21-one (10) 
To a stirred solution of 18 rng of hydroxy nitrile 8, 

rn.p. 209-21l0, in 2 nil of absolute acetone, 0.075 rnl of 
Jones' reagent (16) was added. The mixture was stirred 
for 2 rnin and poured into ice water. The precipitate was 
extracted with ether, the ethereal layer was washed with 
cold water and dried over sodium sulfate. Removal of 
the solvent gave 17 rng of the cyano ketone 10, rn.p. (dec.) 
198-201"; [aIDZ5 -45.0" (c, 0.82 in CHCl,); h,,, 
(CH30H) 245 nrn (E 11 200); v,,, (KBr) 2240 (non- 
conjugated nitrile), 1738 (acetate), 1684 and 1605 
(A17-21-keto doublet), 1252 and 1032 crn- ' (acetate); 
n.rn.r.: 6 (CDCI,) 0.77 (s) (19-CH,), 1.04 (s) (18-CH,), 
1.95 (s) (CH,COO), 2.77 (rn) (17p-H), 3.37 (t, J = 3.5 Hz) 
(17'a-H), 4.61 (rn) (3a-H), 6.02 (d, J = 2.5 Hz) (20-H); 
0.r.d. (c, 0.04 in CH,OH): [(1]600 -20, [a]450 0, [a]400 
-10, [a1380 -80, [a1356 -160, [a1344 0, [a1320 +640, 
[a]300 f 920, + 1160, [a]28o + 1860'; (c, in 
CH3OH): 0, [a1310 +240, [a128s +380, [a1z54 
+I520 (rnax), [a1244 0, -2240 (rnin), [alz18 
- 1200" (negative Cotton effect); mass spectrum: mle 423 
(M+), 408, 397, 370, 363, 348, and 309. 

We acknowledge with gratitude the excellent coopera- 
tion of Mrs. J. Capitaine and the devoted technical 
assistance of Mr. D. Capitaine and Mrs. G. Pelletier. 
Sincere thanks are due to the National Research Council 
of Canada and to Ayerst Laboratories, Montreal, Quebec, 
for financial assistance; we also thank the latter organiza- 
tion for a generous gift of starting material. One of us 
(L.R.) expresses his gratitude to the National Research 
Council of Canada for scholarships during the years 
1965-1968. 
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Lignans of western red cedar (Thuja plicata Donn). X. r-Thujaplicatene 

BRUCE F. MACDONALD AND G. M. BARTON 
Department of Fisheries and Forestry, Canadian Forestry Service, Forest Products Laboratory, 

Vancouver, British Columbia 

Received May 20, 1970 

The structure of the tenth in the series of novel lignans from the heartwood of western red cedar 
(Thuja plicata Donn) has been determined as 2-(3",4"-dihydroxy-5"-methoxybenzy1idene)-3-(4'- 
hydroxy-3'-methoxybenzy1)-butyrolactone (y-thujaplicatene) (1) by spectrometric methods and com- 
parison with synthetic derivative reactions. The discovery of this lignan with a double bond conjugated 
with an aromatic ring confirms previously suggested biosynthetic routes to the cedar lignans. 
Canadian Journal o r  Chemistry, 48, 3144 (1970) 

Introduction 
Previous work has elucidated the structural 

relationship of nine lignans present in the heart- 
wood of western red cedar (Thuja plicata Donn), 
two of which were 4-aryltetrahydronaphthalenes, 
five were substituted dibenzyl butyrolactones, the 
eighth was a 4-aryl-u-naphthol lactone, and the 
ninth was an aromatized naphthalene (1). 

The new lignan is the first member of this series 
of lignans (l).which possesses a double bond 
conjugated with the aromatic nucleus. 2-(3",4"- 
dihydroxy-5" methoxy benzy1idene)-3-(4'-hy- 
droxy-3'-methoxy-benzy1)-butyrolactone, given 
the trivial name y-thujaplicatene, provides one of 
the intermediate structures in the suggested 
biosynthesis of western red cedar lignans (2). 

y-Thujaplicatene was separated by extracting 
western red cedar meal with ethyl acetate which 
after evaporation of the solvent was triturated 
with chloroform. The chloroform solubles were 
column chromatographed on polyamide (Woelm) 
and y-thujaplicatene purified on a cellulose 
column. 

The i.r., n.m.r., and blue fluorescence under 
short-wave U.V. light indicated a structure similar 
to a naphthalene or conjugated double bond with 
a benzene ring of the thujaplicatin type. The U.V. 

spectrum of y-thujaplicatene, which showed 
peaks at 338 and 288 mp, was not indicative of 
plicatinaphthalene (1) which has peaks at 356, 
3 15, and 259 mp, or of the apopicropodophyllin 
series whose peaks are 310, 290, and 350 mp for 
the u, p and y positions of the double bond 
respectively (3). Attempts to shift the conjugated 
double bond of y-thujaplicatene to the P position 
by use of piperidine acetic acid (3) were un- 
successful, indicating that the position of the bond 
remained unchanged. 

y-Thujaplicatene gave a positive test with the 

ferric-ferri-cyanide reagent (4). When chro- 
matographed on molybdic acid-treated paper 
with butanol - acetic acid - water it showed a 
considerably reduced R, value (0.61) and a yellow 
color indicating the presence of pyrocatechol 
group when compared with untreated paper R, 
(0.80). 

The structure of the y-thujaplicatene was 
inferred from a double-focusing high-resolution 
mass spectrum of the acetylated derivative (3) 
which showed a molecular weight of nzle 498, but 
the intensity of the parent ion peak was too low 
for isotopic work. A study of the fragmentation 
showed the compound could not be of the 
plicatin series as the peak at 269 indicative of 
closed-ring lignans (5) was missing. The major 
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fragmentation peaks at mle 235 and 137 indicated 
the oDen structure similar to those of the 
thujaplicatin series (6). Acetyl groups were 
accounted for by peaks at nz/e 456,414, and 277, 
giving further evidence of y-thujaplicatene. 

The n.m.r. spectra of the methylated (4) and 
the acetylated (3) derivative confirmed the 
presence of two methoxyl and three hydroxyl 
groups in the original thujaplicatene. The n.m.r. 
spectra in deuterated solvents of y-thujaplicatene 
and its triacetyl derivative (3) showed the expected 
chemical shifts. An im~or tan t  feature of the 
acetyl spectrum was a clearly defined AB eight- 
line pattern which previously had not been 
observed in this lignan series. Determination of 
the geminal protons coupling constant of this 
AB pattern (JAB = 16 MHz) provided additional 
proof that they belonged to C-5, since the 
coupling constant for C-4 protons in a y-lactone 
would be only 9 MHz (7). The n.m.r. of the 
methylated derivative (4) was markedly different 
in all regions, as was its i.r. which showed a loss 
of the 1635 band attributed to a conjugated 
double bond and a shift of the lactone band from 
1744 to 1767 cm-l. Correspondingly, there was 
a loss of the absor~t ion band at 338 mu in the 
U.V. spectrum of thk methylated product. These 
differences in spectra suggested that diazo- 
methane had added on across the double bond (8) 
as well as methylating the three phenolic hydroxyl 
groups. Confirmation of this was obtained from 
the mass spectrum which showed a parent ion 
peak at mle 428 indicative of structure 4. 

Final confirmation of the structures of 
y-thujaplicatene (1) and its methylated cyclo- 
addition product 4 was obtained by treating 
synthetic methylated y-thujaplicatene (2) (8) with 
diazomethane for 40 hours. After crystallization 
from ether, the cyclo-addition product gave an 
identical quantitative i.r. spectrum with the 
similarly treated natural product. 

Experimental 
The following equipment and materials were used: 

m.p., Fisher-Johns heated block (uncorrected); i.r. 
spectra, Perkin-Elmer 521 grating spectrometer (KBr 
disks); U.V. spectra, Beckman DK-2 spectrophotometer 
(ethanol); n.m.r., Varian HA-100 (tetramethylsilane 
o = 0 as internal standard in the solvents shown). High 
resolution mass spectrum by Morgan-Schaffer, Montreal. 
The t.1.c. values were obtained with silica gel G (Merck) 
as absorbent, benzene-ethanol - acetic acid (90:10:1) as 
developer, with u.v. light followed by nitric acid - sulfuric 
acid (1:l) spray and heat as detector. Papergrams were 

developed with 2 % aqueous acetic acid and detected with 
potassium ferri-cyanide - ferric chloride reagent (mixed 
I % solutions). 

y-Thujaplicatene (1) 
Western red cedar wood meal was soxhlet extracted 

with ethyl acetate, dried, and the residue triturated several 
times with hot chloroform. The evaporated chloroform 
solubles were dissolved in a minimum quantity of 
methanol and extracted with petroleum ether (3 x 400 ml) 
to remove thujaplicins, thujic acid, methyl thujate and 
other terpenoids. The remaining methanol solubles were 
chromatographed on a polyamide (Woelm) column 
(3 cm x 40 cm) eluting with benzene followed by a 
gradient elution with ethanol. The fractions were 
monitored by both t.1.c. and paper chromatography. 
y-Thujaplicatene gave a single spot RI 0.23 in the former 
and a blue fluorescent streak (short wave u.v.) R, 0.16 to 
0.29 in the latter. Final purification was achieved by 
eluting from a cellulose column with water. The spectra 
gave: h,,, in mp  (log E) 338 (4.02) and 288 (3.39) shifting 
in alkaline media to 292 (4.19) and 248 (3.89); v,,, 3380 
(broad hydroxyl), 1720 (lactone), 1635 and 1585 (double 
bond conjugated with aromatic ring) cm-'; n.m.r. 
(deuterioacetone) 2.60 ( lH,  singlet, C-6), 3.08-3.41 (5H, 
multiplet, aromatic), 4.20-5.00 (3H, broad singlet, 
hydroxyls), 5.78 (2H, doublet, C-4), 6.15 (6H, singlet, 
methoxyls), 6.92-7.59 (2H, AB part of ABX, JAB  = 
16 MHz, C-5) T units. (C-3 proton hidden under methoxyl 
peak). 

Triacetyl Thujaplicatene (3) 
y-Thujaplicatene (150 mg) was dissolved in pyridine 

(15 ml) and acetic anhydride (10 ml) and left standing 
3 h. The reaction mixture was heated on a steam bath 
for 1 h. The product was added with stirring to ice water 
(250 ml), filtered, and washed with 2 %  hydrochloric acid 
(100 ml). The crude acetate (110 mg) was purified on an  
alumina column using gradient elution with benzene 
chloroform. The column was monitored by silica gel 
t.1.c. (R, 0.53) and the best fraction crystallized from 
ethanol to yield 42 mg m.p. 148-149". The spectra gave: 
v,,,, no hydroxyl band, 1756 (lactone shoulder), 1770- 
1740 (acetyl), 1640 (double bond conjugated with 
aromatic ring) cm-'; n.m.r. (deuteriochloroform), 2.60 
( lH,  singlet, C-6), 2.97-3.40 (5H, multiplet, aromatic), 
5.82 (2H, doublet, C-4), 6.89-7.57 (2H, AB part of ABX, 
JAB = 16 MHz, C-5) 6.22 and 6.24 (3H each, singlets, 
methoxyls), 7.44 and 7.76 (3H and 6H, singlets, acetyls) 
T units (C-3 proton hidden under methoxyl peak); mass 
spectrum, parent ion = 498 (0.3 %), base peak 137, 456 
(lo%), 414 (lo%), 277 (lo%), 237 (39%). 

Trimethyl Thujaplicaterze Cyclo-addition Comporrrzd (4) 
y-Thujaplicatene (100 mg) was dissolved in methanol 

(15 ml) and diazomethane in ether (5 ml) was added at 
intervals to keep the color yellow for 40 h at room 
temperature in a stoppered reaction flask. Experiments 
using less time produced a mixture that could not be 
separated by silica or alumina chromatography. The 
reaction was monitored using methods followed for the 
acetylated compound. This product was crystallized from 
chloroform-ethanol (1:4) followed by ether to yield 
20 mg, m.p. 95"-96". The spectra gave: h,,, in mp (log E) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3146 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

277 (3.80); v,,,, no hydroxyl band, 1585 (aromatic) cm-'; 1. H.  MACLEAN and B. F. MACDONALD. Can. J. Chem. 
and an identical quantitative i.r. spectrum to that 47, 4495 (1969). 
obtained from an i.r. analysis of the compound resulting 2- E. P. SWAN, K. S. JIANG and J. A. F. GARDNER. 
from treatment of synthetic trimethyl thujaplicatene (2) Phytochem. 8y  345 

3. A. W. SCHRECKER and J. L. HARTWELL. J. Amer. (8) with diazomethane for 40 h;  mass spectrum, parent Chem. 74, 5676 (1952). 
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Synthesis of 5-substituted ether derivatives of 5-hydroxymethyldeoxyuridine 
and their a-anomers1 

G. L. BUBBAR AND V. S. GUPTA' 
Department of Plzysiology, Western College of Veterinary Medicine, 

University of Saskatchewan, Saskatoon, Saskatchewan 
Received March 6, 1970 

The synthesis and properties of ether derivatives 6a-dof 5-hydroxymethyldeoxyuridine and their corre- 
sponding a-anomers 7a-d are described. Acid-catalyzed etherification of 5-hydroxymethyluraci1 (1) 
gave the corresponding 5-alkoxymethyluracils 2a-e in excellent yields. Treatment of compounds 2a-e 
with trimethylchlorosilane gave bis(trimethylsilyl)pyrimidines 3a-e in high yields which, upon condensa- 
tion with 3,5-di-(0-p-to1uoyl)-2-deoxy-D-ribofuranosy chloride, furnished an anomeric mixture of 
substituted nucleosides, p-anomers 4a-e and a-anomers 5(a-e). The nucleosides with p-configuration 
were the major products in each case and were recovered as crystalline solids in good yields. Deblocking 
of compounds 4a-d by alcoholysis resulted in the corresponding ether derivatives 6a-d. From mother 
liquors, two substituted a-anomers, 5a, b were isolated as crystalline solids in small yields. Compounds 
7c, d were obtained from mother liquors after hydrolysis by using preparative t.1.c. The structures were 
confirmed on the basis of p.m.r. studies, U.V. and i.r. absorption spectra, and elemental analysis. The 
compounds 2a-e and 6a-d did not inhibit thymidylate synthetase at  a concentration of 2.5 mM. 

Canadian Journal of Chemistry, 48, 3147 (1970) 

The hydroxymethylpyrimidine deoxyribonu- corresponding blocked p-anomers 4a-e, and 
cleotides are unique constituents of viral DNA a-anomers, 5a-e; the p-anomers predominated 
(1-5); furthermire, 5-substituted pyrimidines 
have been suggested as possible intermediates 
during the transformation of thymine to RNA 
pyrimidines (6). The hydroxymethylation of 
pyrimidine deoxyribonucleotides is carried out 
by specific hydroxymethylases; the hydroxy- 
methyl group originates from the Cl-unit of 
5,lO-methylene tetrahydrofolic acid (7, 8). In 
this commuilication we report the synthesis of 
5-substituted ether derivatives of 5-hydroxy- 

in all cases.4 After removal of the silyl groups by 
aqueous ethanol, p-anomers IV (a-e), were 
isolated from the reaction mixture as crystalline 
solids in good yields (45-72 %). The F-configura- 
tion was assigned to 5-alkoxymethyl deoxy- 
ribonucleosides 4 (a-e) on the basis of a charac- 
teristic triplet in the p.m.r. spectrum; it exhibited 
a coupling constant (J,,,,, = J,.,,., of 7.0 + 0.1) 
c.p.s. for the anomeric proton at 6 6.30-6.35. 
Treatment of the substituted nucleosides 4a-e 

methyldeoxyuridine and their corresponding &- with hot sodium methoxide in methanol or with 
anomers (Scheme 1). We have prepared these ethanolic sodium hydroxide at room tempera- 
compounds for the study of the bulk tolerance ture gave the corresponding 5-alkoxymethyl de- 
of thymidylate synthetase to substituents on the rivatives of deoxyuridine 6a-e in excellent yields 
5-position of the pyrimidine ring. (75-85%). In compounds 6a-e the signal of the 

The conversion of 5-hydroxymethyluracil (1) anomeric hydrogen (1 '-H) appeared in the form 
was successfully modified (9) to obtain 5-alkoxy- of a triplet as 6 6.16 with a coupling constant of 
methyluracils 2a-e in excellent yields (92-97%). J,,,,, = J,,,,., = 6.95 + 0.1 c.p.s. This triplet 
These ethers 2(a-e) on treatment with trimethyl- due to the anomeric proton (1 '-H) is characteristic 
chlorosilane in the presence of triethylamine (10) of deoxyribonucleosides having the P-configura- 
gave the corresponding bis(trimethylsily1) deriva- tion (15, 16).' Signals of other protons appeared 
tives 3a-e in high yields (70-90 %). The structure 

I of silyl ethers 3a-e was confirmed by i.r. and 
3Since the trans-rule is not obeyed in the case of spectra' Condensation of 3a-e with 3755i- deoxyr~bonucleosides, both anomers are formed during 

(0-p-toluoyl)-2-deoxy-~-ribof~~~~0~~~ chloride the condensation reaction (12). 
by a modified silyl condensation procedure (1 1) "The silyl condensation method has been observed pre- 
at  185-195" an anomeric mixture3 of the viously to favor the p-configuration (13). 

5Thvmidine. whose O-configuration has been unequiv- 
oca~l~~establ ished (14); exhibTted a triplet at  6 6.16-(see 

'This work was supported by the Medical Research also Lemieux (15) for a detailed discussion of the theor- 
Council of Canada (Grant MA-31 36). etical basis of the p.m.r. spectra of thymidine and its 

'To whom all enquiries should be sent. a-anomer. 
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R1'OPc' ; R0 

J < ~ H Z O R '  

R"0 3a-e 

1 1 
0 

Rr'0H2C 

H N + H ~ ~ R ,  

R r t O H 2 d  q 7f)-CH20k 

OR" 0 

4a-e 5a-e 

1 1 

at the expected positions and the observed et al. (17) for the preparation of 6b." The mixture 
integration ratios were equal to calculated values. m.p., R, value, U.V. and p.m.r. spectra, and 

Further proof of the structural assignment specific rotation of 6c prepared by this procedure 
and configuration for the compounds 6a-e was 

65-Hydroxyrnethyl deoxyuridine was poorly soluble 
by the in poor yield 6c in the higher alcohols and preparation of compounds 

essentially the same procedure as used by Baker 6c-e by this procedure resulted in low yield (<lo%). 
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BUBBAR AND GUPTA: DERIVATIVES 0 

and the silyl condensation method were iden- 
tical. 

The two substituted a-anomers, 1-[2-de- 
oxy - 3,5 - di - ( 0  - p -  toluoy1)-a-D-ribofuranosyll-5- 
methoxymethyluracil (5a) and 1 - [2-deoxy-3,5- 
di- ( 0 - p  - toluoy1)- a-D-ribofuranosyl] - 5-ethoxy- 
methyluracil (5b), were recovered as crystalline 
solids in small amounts from the mother liquom7 
In these compounds, 5a, b, the anomeric hydro- 
gen (1'-H) exhibited a broad doublet at 6 6.60 
and on raising the temperature to 70°, it split 
into a quartet (coupling constant = J,,,,,, = 
3.20 and J,,,,, = 7.25 c.p.s.). After deblocking, 
1 -(2- deoxy - a -  D-  ribofuranosyl) - 5 - propyloxy- 
methyluracil (7c) and I-(2-deoxy-a-D-ribofuran- 
osy1)-5-butyloxymethyluracil (7d) were isolated 
by preparative t.1.c. In compounds 7a-d, the 
signal of the anomeric hydrogen (I '-H) appeared 
as a quartet at F 6.48 (coupling constant = 
J,.,,,, = 3.2 and J,,,,, = 7.8 c.p.s.). The quar- 
tet due to the anomeric hydrogen (1'-H) is char- 
acteristic of deoxyribonucleosides having the 
a-configuration (15, 16). 

It is noteworthy that compounds 6a-d and 
their corresponding a-anomers, 7a-d did not 
obey Hudson's rules of isorotation. These 
observations are consistent with the phenomenon 
previously observed with other pyrimidine 
deoxyribonucleoside anomers (1 6, 18-20). 

The compounds 2a-e and 6a-d failed to 
inhibit thymidylate synthetase of pig thymus 
gland at a concentration of 2.5 mM. 

Experimental 
Melting points were determined with a GallenKamp 

apparatus and are uncorrected. Specific rotations were 
measured (1 dm tube) with a Perkin-Elmer model 141 
automatic digital readout polarimeter. The p.m.1. spectra 
were recorded on a Varian Associates A-100 spectrometer. 
All compounds were dissolved in dimethylsulfoxide 
(DMSO-d6). The i.r. spectra were measured with a Perkin- 
Elmer model 421 spectrophotometer. A Unicam spectro- 
photometer, model SP-800, was used to  measure the 
complete U.V. absorption spectra. Microanalyses were 
performed by the College of Pharmacy and the Prairie 
Regional Research Laboratory,Saskatoon, Saskatchewan. 
Silica gel (HFZ54), was purchased from E. Merck, 
Darmstadt, Germany. The t.1.c. was carried out on silica 
gel plates (0.3 mm) at  room temperature and spots were 
detected under U.V. illumination. Paper chromatograms 

'The poor yield of a-anomers can be attributed to the 
high stereospecificity of the silyl condensation method for 
0-configuration, vide supra (13). 

were run overnight on Whatman No. 1 paper. Solvents 
used (by volume) were: (A) 11-butanol- glacial acetic 
acid - water (4:1:5), upper phase; (B) i-propanol- 
N H 4 0 H -  water (7:1:2); (C) CHC1,-MeOH (8:2). All 
evaporations under reduced pressure were performed 
on rotary evaporator at 35". 

5-HydroxymethyluraciI (1) was prepared by base- 
catalyzed hydroxymethylation of uracil (9) and 5-hy- 
droxymethyldeoxyuridine was synthesized by the method 
of Baker et al. (17). 

Ether Derivations of 5-Hydroxyn~ethyl~rvacil (2a-e) 
The ether derivatives of 1 were synthesized by the 

following modification of the procedure of Cline et al. 
(9). To 100 ml of each alcohol containing 1 ml of con- 
centrated HCl was added 2 g of 1. The suspension was 
stirred at room temperature for 15 min, and then kept 
on a steam bath for 3 4  h. The reaction mixture became 
homogeneous after 3 0 4 5  min in all instances, and t.1.c. 
of a sample (90 min or thereafter) using silica gel in 
solvent C for development showed only a single quenching 
spot. The reaction mixture was refrigerated and filtered 
to remove the crystals (yield 85-88%). Mother liquors on 
concentration gave an additional yield (5-10%) of the 
pure products. The m.p., total yields of the crystalline 
material, and Rf x 100 values in solvents A, B, and C, 
respectively, were: for 5 methoxymethyluracil (Za), 
203-204" (lit. (9) 203-204"), 97.7%, 30, 46, 37; 5-ethoxy- 
methyluracil (26), 212-213" (lit. (9) 212-213"), 97.2%, 54, 
61, 68; 5-propyloxymethyluracil (2c), 221-222", 95 %, 77, 
78, 73; 5-butyloxymethyluraci1 (24 ,  215-217" (lit. (9) 
215-217"), 9474, 81, 78, 79; and 5-benzyloxymethyluracil 
(2e), 205-206" (lit. (16) 202-203"), 94.5%, 81, 84, 88. 

Bis(trimetlgvlsilyl) Derivatives of 5-Alkoxytt~etlgvluracil 
(3a-e) 

T o  a suspension (12.4 mmoles) of each uracil ether 
2a-e in anhydrous benzene (25 ml), was added trimethyl- 
chlorosilane (4.07 g, 37.5 mM). Triethylamine (3.79 g, 
37.5 mM) in benzene (10 ml) was then added dropwise. 
and the reaction mixture was stirred overnight at room 
temperature. The precipitated triethylamine hydrochlo- 
ride was collected by filtration and washed with benzene 
(3 x 5 ml). The filtrate and washings were combined and 
the solvent was evaporated under reduced pressure. The 
viscous oily liquid of each silyl pyrimidine was distilled 
under high vacuum to yield compounds 3a-e. I n  the i.r. 
spectrum (liquid film) the silyl pyrimidines exhibited 
absorption bands at 1250 (vs), 835 (s), 753 (vs), Si(CH&; 
1037 (vs), Si-0-C; 1087-1092 (s), Si-0-C and 
C-0-C and 1595 cm-I (s), pyrimidine ring 110, 21). 
The physical properties and yields of these compounds 
are summarized in Table 1. 

1-[2-Deoxy-3,5-di-(O-p-toluoyl)-~-~-ribofurat1osyl]- 
5-akoxyt~~etlgvluracil (4a-e) 

Anhydrous 3a-e (5 mM) and 3,5-di-(0-p-toluoy1)-2- 
deoxy-D-ribofuranosyl chloride (1.94 g, 5 mM) (22) were 
mixed and introduced into a preheated (to 170") oil bath. 
After the halogenose melted, it was flushed with a gentle 
stream of nitrogen, the temperature of the oil bath was 
rapidty increased, and the reaction mixture was kept at  
185-195" for an  additional 30 min. The gummy residue 
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TABLE 1 

Physical properties and yields of the trimethylsilyl pyrimidines 

Boiling point Yield Proton magnetic resonance data* of ether 
Compound ("C/mm Hg) ( %) linkage 6 (p.p.m.) 

Bis(trimethylsily1)-5-methoxy 12010.3 72 5.53 (3H,s,0CH3)? 
methyluracil (3a) 

Bis(trimethylsily1)-5- 120/0.1 88 5.67 (2H,q,-OCHz-), 3.39 (3H,t,-CH3) 
ethoxymethyluracil (36) 

Bis(trimethylsily1)-5- 13310.15 80 5.62 (2H,t,-OCHz-), 3.62 (2H,se,-CH2-), 
propyloxymethyluraci1 (3c) 3.16 (3H,t,-CH,) 

Bis(trimethylsily1)-5- 13710.1 72 5.62 (2H,t,-OCHz-), 3.69 (4H,m,-CH2- 
butyloxymethyluracil (3d) CHz-), 3.12 (3H,t,-CH,) 

Bis(trimethylsily1)-5- 152-15412 87 6.56 (2H,s,-OCHz-); 7.22 (5H,m,5-phenyl 
benzyloxymethyluracil (3e) protons)$ 

'Formic acid external. Abbreviations: singlet (s), doublet (d), triplet (t). quartet (q), sextet (se) and multiplet (m). 
?In addition thesignals common in compounds 3a-e were at 6 2.57 i 0.02 (9H, s , 2  or 4 (3CH3), 2.61 f 0.02 (9H, s, 2 or 4 (3CHP)3 and 

6.60 +- 0.12 (2H, s, 5-CH2-with ring) p.p.m. The s~gnal of the hydrogen (H,) of the pyrimidine ring was located by using TMS (internal) and 
in 30-e appeared at 6 1.86 f 0.02 p.p.m. 

$Located by using TMS (internal). 

TABLE 2 

Properties of 3,5-disubstituted pyrimidine 2-deoxy-D-ribonucleosides 
- 

Ultraviolet absorption data 
[aIDz5" E t o ~  (95 %) 
CHC13 Proton magnetic resonance data of ether linkage 

Compound (Concentration)* h,,, (mp) E,,, x lo4 6 (P .P .~ . )  

4c -61.4" ' 241.0 3.75 3.20 (2H,q,-OCHz-), I .31 (2H,se,--CHz-), 
(1 .14) 0.78 (3H,t,-CH3)? 

4d -65.0" 240.0 3.75 3.23 (2H,q,-OCHZ-), 1 .l-1.46(4H,m,-CHz- 
(1.17) CHz-) 0.81 (3H,t,-CH,)? 

4e - 68" 242.0 3.20 4.35 (2H,s,-OCHz-), 7.29 (SH,s,phenyl ring 
(1 .24) at 5-position)? 

'Concentration = glml. 
tTMS internal. 
$TMS external. 

was dissolved in 30 ml of ethanol (95 %), refluxed for 30 
min, and filtered hot through charcoal-Celite. The 
charcoal-Celite mixture was washed with hot ethanol 
(3 x 20 ml), filtrate and washings were combined, 
solvent was reduced in volume to 25 rnl, and refrigerated. 
The crystals were collected by filtration and upon 
crystallization from ethanol and then methanol, yielded 
the substituted nucleosides 4a-e as white needles. The 
total amount of blocked nucleosides formed (based on 
the amounts of 3a-e used), m.p., and yields of the 
crystalline material based on total nucleoside formed 
were: for 1-[2-deoxy-3,5-di-(0-p-toluoy1)-p-D-ribofurano- 
syll-5-methoxymethyluracil (4a), 70%, 170-172", 45%; 
1 - [2-deoxy-3,5-di-(O-p-toluoyl)-~-~-ribofuranosyl]-5- 
ethoxymethyluracil (46), 73 %, 183-185" (lit. (16), 
185-186"), 54%; 1-[2-deoxy-3,5-di-(0-p-toluoy1)-p-D- 
ribofuranosyl]-5-propyloxymethyluracil (4c), 86%, 187- 

188", 68.7 %; I -  [2-deoxy~3,5-di-(0-~-toluoyl)-~-~-ribo- 
furanosyll-5-butyloxymethyluracil (4d), 88 %, 160-1 62" 
(lit. (16) 162-163"), 60%; and 1-[2-deoxy-3,5-di-(0-p- 
toluoyl) - !3 - D - ribofuranosyl] - 5 - benzyloxymethyluraci1 
(4e), 60.5%, 142-143" (lit. (16) 141-142"), 44.8%. The 
chromatography (t.1.c.) of the mother liquors after 
deblocking indicated that the major constituent (ca. 
80%) in every case was the p-anomer. However, none 
of the substituted nucleosides 4a-e could be induced to 
crystallize even after long standing. The physical prop- 
erties are summarized in Table 2 and the signals of 
protons common to 4a-e in the p.m.r. spectra appeared 
at 6 7.66 (1 H, s, 6-H), 11.40-11.45 (1 H, s, 3-NH), 3.94 f 
0.02 (2H, s, 5-CHz-with ring), 6.35 (lH, t, J,.,2. = 
J,.,,,, = 7.0 c.p.s., 1'-H), 5.62 (lH, m, 3'-H), 4.57(2H, s, 
5'-CHz- and 4.47, m, 4'-H overlapped with 5'-CHz-), 
2.37-2.60 (2H, m, solvent and 2', 2"-H), 7.87 and 7.95 
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BUBBAR AND GUPTA: DERIVATIVES OF 

(4H, a ,  2 sets, 3-H and 5-H of two phenyl rings), 7.28, 
7.38 (4H, d, 2 sets, 2-H and 6-H of two phenyl rings), 
2.40 (6H, s, two p-methyl groups of benzene) p.p.m. 

Anal. Calcd. for 46, C28H30N208 (522.5): C, 64.35; 
H, 5.79; N, 5.36. Found: C, 64.20; H, 5.83; N, 5.37. 

I-[2-Deoxy-3,5-di-(O-p-toluoyl)-a-~-ribofuranosyl]- 
5-methoxymetl~yluracil (5a) 

Mother liquors left after removal of the B-anomer, 4a, 
were combined, dried, and the residue (575 mg) was 
shaken with warm benzene (3 x 10 ml), filtered, con- 
centrated until turbid, and left overnight at room tem- 
perature. The crystalline mass (160 mg; m.p. 140-145") 
was filtered and recrystallized twice from methanol to 
give 5a, as white shining needles (85 mg); m.p. 160-161". 
The physical properties are given in Table 2 and common 
proton signals for compounds 5a, b in the p.m.r. spectra 
were, at 6 11.75 (IH, s, 3-NH), 8.29 (lH, s, 6-H), 4.38 
(2H, s, 5-CH2-with ring), 6.59 ( lH,  d, broad) which, at 
70°, split into a quartet, 1'-H), 3.18-3.38 ( lH,  m, 2'-H), 
2.74-2.88 (IH, m, 2"-H and the solvent), 5.90 (IH, d,  
3'-H), 5.37 ( lH,  t, 4'-H), 4.79 (2H, d, 5'-CHZ), 7.59, 7.67 
(4H, d, 2 sets, two phenyl rings 2-H and 6-H), 8.11, 8.17 
(4H, d, 2 sets, two phenyl rings 3-H and 5-H), and at 2.70 
(6H, s, two-p-methyl groups attached to benzene rings) 
p.p.m. 

I-/2-Deoxy-3,5-di- (0-p-toI1ioyl) -a-D-ribofura~~osyl]- 
5-etl~oxymetlgvl~iracil (56) 

The solvent was evaporated from the mother liquors 
and the residue (830 mg) was dissolved in boiling ether 
(50 ml). On cooling, the crystals (575 mg; m.p. 112-146") 
were filtered and twice recrystallized from ether to give 
56 as a fine microcrystalline powder (165 mg, m.p. 
117-118"). 

Anal. Calcd. for C28H30N208 (522.5); C, 64.35; H, 
5.79; N, 5.36. Found: C, 64.20; H, 5.83; N, 5.39. 

Physical properties are summarized in Table 2. 

I-(2-Deoxy-~-~-ribofirm1osyl)-5-alkoxyn1etl1yli~racil 
(6a-d) 

300 mg each of compound 4a-d was dissolved in 4.0 ml 
of NaOH (2 N) containing EtOH (8.0 ml) and the solution 
was left at room temperature overnight. After dilution 
with water (3 ml), Dowex 50 (H+;  X8; 200400 mesh) 
was added and the resulting solution at p H  4 5  was 
stirred for 30 min at room temperature. The resin was 
filtered, washed with water (3 x 4 ml), and the combined 
filtrate was evaporated to dryness. The residue was 
triturated with water (20 ml) and precipitated toluic acid 
was collected by filtration; mother liquors were freed 
of residual toluic acid by extraction with ether (2 x 25 
ml). The aqueous phase on evaporation gave 6a-d as an 
amorphous white powder (yield 80-92%). The solvent 
of crystallization, yields of crystalline material, m.p., 
and Rr x 100 values in solvents A and B, respectively, 
were: for I-(2-deoxy-e-D-ribofuranosy1)-5-methoxy- 
methyluracil (6a), EtOAc-cyclohexane, 45 %, 120-125", 
55, 57; I-(2-deoxy-e-D-ribofuranosy1)-5-ethoxymethyl- 
uracil (6b), EtOAc-MeOH, 54%, 136-137" (lit. (17) 
135-136"), 67, 66; I-(2-deoxy-~-~-ribofuranosyl)-5-pro- 
pyloxymethyluracil (6c), EtOAc-ether, 68%, 127-128", 
76, 73; 1-(2-deoxy-e-D-ribofuranosy1)-5-butyloxymethyl- 

uracil (6d), EtOAc+zther, 75%, 119-12l0, 83, 79. The 
physical properties of compounds 6a-d are summarized 
in Table 3; signals for common protons in the p.rn.r. 
spectra were, at 6 11.38 (lH, s, 3-NH), 7.92 (IH, s, 6-H), 
4.03 (2H, s, 5-CH2-with ring), 6.16 (lH, t, J1,,2. = 
Jlr,2,. = 6.95 c.P.s., 1'-H), 2.09 (2H, q, 2', 2"-H), 4.23 
( lH,  t, 3'-H), 5.21 (lH, d, proton of hydroxyl 3'-CHOH), 
3.77 (IH, q, 4'-H), 3.57 (2H, s, (broad), 5'-CH2-), 4.99 
( lH,  t, proton of hydroxyl group 5-CH20H). Each 
mother liquor showed a homogeneous quenching spot 
on paper chromatograms in solvents A and B and Rc 
values were the same; the crystalline products were not 
obtained in significant quantity even on long standing, 
however. 

Direct Synthesis of 6c (17) 
5-Hydroxymethyl deoxyuridine (500 mg) was sus- 

pended in n-propanol (50 ml) containing concentrated 
HC1 (0.1 ml). The reaction mixture was stirred at room 
temperature for 30 min and then kept on a steam bath 
for 4 h. Solvent was removed 61 vacno, the residue was 
taken up in MeOH (5 ml) and examined by paper 
chromatography (solvent A). In addition to 6c (Rr 0.76, 
major spot), there were two minor quenching spots: Rc 
0.34, starting material (15%) and Rr 0.05, probably 
polymerized material (5%). 'The product did not crys- 
tallize and was therefore chromatographed on a column 
(2 x 25 cm) of silica gel packed in benzene. Elution 
was begun with CHC13 (200 ml) and followed with 
CHC13-MeOH (95:5, 500 ml); 25 ml fractions were 
collected and monitored by t.1.c. (solvent C). Fractions 
containing mostly 6c (tubes no. 15-28) were combined 
and evaporated in vacrio. The residue (112 mg) after 
crystallization from ethyl acetate - ether gave 6c as a 
microcrystalline solid (75 mg). The physical properties 
of this product were identical with those of 6c obtained 
by the condensation method. Mother liquors on standing 
at 4" gave an additional amount (20 mg) of material 
with a slightly lower m.p. 121-123", but it was chromato- 
graphically homogeneous. 

I-(2-Deoxy-a-~-ribofrIranosy~)-~-i~1et/1oxymet/1y~riraci~ 
(70) 

The reaction mixture, consisting of 300 mg 5a, MeONa 
(150 mg), and anhydrous MeOH (6.0 ml), was refluxed 
for 30 min, deionized, and worked up as described under 
6a. The residue (150 mg) was twice crystallized from 
ethylacetate and 7a was recovered as a fine microcrys- 
talline solid (85 mg), m.p.149-15O0, Rf (A ,  B), 51, 73; sig- 
nals common to compounds 7a-d in p.nl.r. were: at 6 11.65 
(IH, s, 3-NH), 8.27 ( lH,  s, 6-H), 4.42(2H, s, 5-CH2-with 
ring), 6.47 ( lH,  q, J,,,2,. = 3.0 + 0.2 c.p.s. and J1,,2, = 
7.5 + 0.1 c.p.s., 1'-H); 2.78-3.06 ( lH,  m, partially 
buried under the solvent, 2'-H), 2.17 and 2.32 (lH, two 
triplets, 2"-H), 4.53 (2H, m, 3'-H and 4'-H), 5.66 (lH, s 
(broad), proton of the hydroxyl group 3'-CHOH), 5.18 
(lH, t, proton of the hydroxyl group 5'-CH20H), 3.75 
(2H, t, overlapped with DOH, 5'-CH2-) p.p.m. Mother 
liquors on prolonged standing at 4' gave an additional 
quantity (30 mg) of 7a. This product was chromato- 
graphically homogeneous but the n1.p. (146-149") was 
slightly lower. The physical properties and analytical 
values of compounds 7a-d are given in Table 3. 
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TABLE 3 

Properties of pyrimidine 2-deoxy-D-ribonucleosides 
-- 

Ultraviolet 
absorption data 0.1 
M HCI (pH 1.0) Analyses 

 ID^^^ Proton magnetic resonance 
EtOH, 95 % h,,, Emax data of ether linkage Formula Calcd. Found 1: 

Compound (Concentration)* (mp) x lo3 6 (P .P .~ . )  (mol. wt.) ( %) ( %) 5 - 
P 

6a +21.7" 206 11.4 3.50(3H,s,0CH3)? C11H16N206 C,48.52; H, C,48.35; H,5.95; N,10.40 
(0.01) 264 10.7 (272.26) 5.92; N.10.28 o 

6b +21 .go 208 11.8 3.34(2H,q,-OCH2-), 1.10 C12H18N206 C,50.32; H, C,50.25; H,6.28; N,9.75 
(0.096) 264 11.3 (3H,t,-CH3)$ (286.17) 6.34; N,9.78 

6c +21.7" 208 11.9 3.35 (2H,q,--0CH2-over- 
B 

C13HzoNzOs C,51.99; H, C,52.1; H,6.74; N,9.40 $ 
(0.012) 264 11.5 lapped with DOH of solvent), (300.32) 671 ; N,9.32 

1.32-1.37 (2H,se,-CHj-), o v 
0.87 (3H,t,-CH,)? n 

6d +19.0° 207 10.7 3.36 (2H,q,-0CH2-over- C14H22N206 C,53.49; H, C,53.20; H,7.15; N,9.05 
(0.01) 264 10.3 lapped with DOH of solvent), (314.35) 7.05; N,8.91 

1.13-1.61 (4H,m,-CH2-CH2-), 
I - 
V) 

0.87 (3H,t,) 
7a +9.0° 207 10.5 3.61(3H,s,5-0CH3)$ 

P 
C1lH16N2o6 C,48.52; H, C,48.75; H,5.80; N,10.50 5 

(0.04) 263.5 9.8 (272.26) 5.92; N,10.28 
207 

< 
7b +7.S0 10.9 3.75(2H,q,-OCH2-), 1.48 C12Hl~N206 C,50.32; H, N,9.85 0 

(0.02) 263.5 10.4 (3H,t,-CH3) (286.17) 6.34; N,9.78 !- 

7c +6.7" 204 9.6 3.58(2H,q,partially buried Cl3H2~N2O6 C,51.99;H, C,52.3;H,6.84;N,9.10 -% 
(0.015) 263.5 8.5 under DOH,-0CH2-), (300.32) 6.71; N,9.32 - 

1.40-1.84 (2H,m,-CH,) w 21 

7d +7.75" 208.5 8.6 3.60(2H,q,-OCH,-), C14H22N206 C,53.49; H, N,8.87 
0 

1.40-1.84 (314.35) 7.05; N,8.91 
(4H,m,-CH2-CH2-) 

'Concentration = g/ml. 
tTMS internal. 
STMS external. 
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BUBBAR AND GUPTA: DERIVATIVES OF 5-HYDROXYMETHYLDEOXYURIDINE 3153 

I-(2-Deoxy-a-~-ribofuranosyl)-5-ethoxymet~yuraci (76) (Pharmacy College) for microanalysis facilities, and 
The reaction mixture, consisting of 56 (100 mg), F. M. Loew (Veterinary College) for helpful suggestions 

MeOH (1.5 ml), and MeONa (50 mg), was worked up as in the preparation of this manuscript; Mr. T. Mazurek 
described under 6a. The residue (52 mg) was dissolved for measuring the p.m.r. spectra and Mr. B. Haid for 
in ethyl acetate and precipitated twice with cyclohexane recording the i.r. spectra. 
(43 mg); Rc (A,B) 50, 71 (see Table 3 for other physical 
properties). 1. J. G .  FLAKS and S. S. COHEN. J. Biol. Chem. 234, 
1-(2-Deoxy-a-~-ribofuranosyl)-5-propyloxymethyluracil 3501 (1959). 

( 7 ~ )  
2. R. G .  KALLEN, M. SIMON, and J. MARMUR. J. Mol. 

Biol. 5, 248 (1963). 
Mother liquors left after the removal of 4c were dried, 3. S. oKUBO, B. sTRAUSS, and M. sTODOLSKY. Viral. 

the white fluffy residue (0.6 g) was suspended in MeOH a, 552 (1964). 
(15 ml)containingNaOMe(400mg), refluxed for 30min 4. J. J. PENE and J. MARMUR. Fed. Proc. 23, 318 
and worked up as described under 6a. The aqueous layer (1964). 
was concentrated to dryness, the residue was dissolved 5. D. H. ROSCOE and R. G .  TUCKER. Biochem. 
in MeOH (10 ml), spread on silica gel plates (6, 20 x 20 Biophys. Res. Gxnmun. 16, 106 (1964). 
cm, 0.65 mm) which were developed three times with 6. M. T. ABBorr, R. J. KADNER, and R. M. J. 

Biol. Chem. 239, 156 (1964). CHCkMeOH @:I). The respective zones were marked 7. D. H. RoscoE and R. G .  TUCKER. Viral. 29, 157 under U.V. illumination and the nucleoside was extracted (1966). 
with hot methanol. After removal of solvent, the residue 8. A. H. ALEGRIA, F. M. KAHAN and J. MARMUR. 
(60 mg) was dissolved in EtOAc and precipitated twice Biochem. 7, 3179 (1968). 
with cyclohexane (49 mg), R,, 49, 74 (solvents A and B). 9. R. E. CLINE, R. M. FINK, and K. FINK. J. Amer. 

Chem. Soc. 81, 2521 (1959). 
1-(2-Deoxy-a-~-ribofuranosyl)-5-butyloxymethyluracil 10. T. NISHIMURA and I. IWAI. Chem. Pharm. Bull. 

(7d) Tokyo, 12, 352 (1964). 
After recovery of 4d, the mother liquors were dried 11. T. NISHIMURA and B. SCHIMIZU. Agr. Biol. Chem. 

in vacuo, and the residue (0.82 g) was hydrolyzed using Tokyo, 28, 224 (1964). 
MeONa (0.4 g) in anhydrous MeOH (20 ml) and worked 12. B. R. BAKER. The chemistry and biology of ~urines. 
up as described under 6a. The precipitate (300 mg) was Ciba Churchill, Lond0n. 

1957. p. 123. dissolved in MeOH (5 ml) and purified using preparative 13. H. G .  STOUT and R. K. ROBINS. J. Org. Chem. 33, 
t.1.c. (vide supra). The gum remaining after the removal 1219 (1968). 
of methanol was dissolved in EtOAc and precipitated 14. A. M. MICHELSON and A. R. TODD. J. Chem. Soc. 
twice with cyclohexane to give a white fluffy powder 816 (1955). 
(44 mg); R,, 51, 75 in solvents A and B. The analysis and 15. R. U. LEMIEUX. Can. J. Chem. 39, 116 (1961). 
physical properties are given in Table 3. 16. R. BROSSMER and E. ROHM. Hoppe-Seyler's Zeitsch. 

Assay of Thymidylate Synthetase Phys. Chem. 348, 1431 (1967). 
17. B. R. BAKER, T. J. SCHWAN, and D. V. SANTI. J. 

The direct spectrophotometric assay (23) was used for ~ ~ d .  them. 9, 66 (1966). 
determining the activity of thymidylate synthetase. The 18. J. J. Fox, N. C. YUNG, I. WEMPEN, and M. HOFFER. 
contents of the reaction mixture and assay conditions J. Amer. Chem. Soc. 83, 4066 (1961). 
were the same as described by Wahba and Friedkin (23), 19. J. FARKAS, L. KAPLAN, and J. J. FOX. J. Org. 
except that deoxyuridylate was used at a concentration Chem. 29, 1469 (1964). 
of 50 pm. For inhibition experiments, the enzyme was 20. R. LEMrEUX and M. H°FFER. Can. J. Chem. 397 

pre-incubated with each compound for 10 min and then (Ig6'). 

other co-factors were added. The reaction was run at 21' L' J' BELLAM'. The infrared 'pectra of 
molecules. 2nd ed. John Wiley and Sons, Inc., New 

room temperature. York, N.Y. 1958. p. 115 and 334. 
22. M. HOFFER. Chem. Ber. 93, 277 (1960). 

The authors gratefully thank Drs. J. C. MacDonald 23. A. J. WAHBA and M. FRIEDKIN. J. Biol. Chem. 
(PRL) for allowing use of the polarimeter, J. R. Dimmock 236, PC1 1 (1961). 
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Dkplacement chimique du proton en rksonance magnhtique nuclkaire. 
I. Calcul du terme diamagnktique en vue de son utilisation ?I l'ktude 

de la structure des molkcules. Application aux kthers vinyliques 

FRANCOIS TONNARD 
Grolipe de Plzysicocl~imie Structurale, Equipe Associie au C.N.R.S. 12" 15, Facliltt des Sciences, 

35-Rennes-Beaulieu 

SIMONE ODIOT 
Laboratoire de Pl~ysique Exptrimentale Molic~ilaire, 9, Qliai Saint-Bernard Paris (5dme) 

MARYVONNE L. MARTIN 
Laboratoire de Chinlie Organiqlre Pl~ysique, Facultt des Sciences 44-Nantes, 

R e ~ u  le 7 novembre 1969 

On a Ctabli une formule permettant de calculer le terme diamagnktique de la constante d'Ccran d'un 
proton i partir de la charge 1.c.a.o. sur ce proton et sur le carbone auquel il est lib. Cette formule a CtC 
appliquCe aux protons de quelques ethers vinyliques, ce qui a permis d'obtenir des indications sur la 
conformation du groupement Cthoxyle dans ces molCcules. 

A relation between the diamagnetic term for a proton bonded to a carbon atom and the linear com- 
bination of atomic orbital charges on C and H is established. Proton diamagnetic terms of some vinyl 
ethers are calculated, and the conformation of ethoxy group in these molecules studied. 

Canadian Journal of Chemistry, 48, 3154 (1970) 

Introduction avec 

De nombreux travaux ont t t t  rtalists pour 
ttablir l'expression thtorique de la constante 
d'tcran (1 a 11). Les formules obtenues sont plus 
ou moins simples selon que la mtthode utiliste 
consent des approximations plus ou moins 
stvkres. Ces expressions se ramknent toujours B 
une somme de deux termes : l'un, diamagnttique, 
engage une distribution tlectronique B symttrie 
sphtrique, l'autre, dit paramagnttique, rend 
compte de la perte de symttrie au niveau de la 
moltcule. 

Les ttudes thtoriques sont bastes soit sur la 
mtthode des variations soit sur celle des pertur- 
bations. Nous avons montrt par ailleurs (12) 
que, ces deux mtthodes ttant tquivalentes, elles 
conduisent B des expressions identiques B condi- 
tion que les approximations faites dans les deux 
cas soient de m&me nature. Si l'on ntglige la 
corrtlation tlectronique, la constante d'tcran o 
peut s'tcrire sous la forme 

eL 
[I] o = - 

6mc2 

x f (+i(u)I 
ri. (2ri - Rot Gi(u)) 

i =  1 ri3 1 +i(u)) 

Le terme diamagnttique est dtcrit par les 
seules fonctions + i  non perturbtes, alors que le 
terme paramagnttique introduit les vecteurs Gi, 
solutions des tquations [2]. Les difficultts que 
soulkve la rtsolution de ces tquations limitent 
1 'application de la formule [ l ]  B des systkmes tels 
que H2, CH,, C2H2, . . . (13-15). En outre, nous 
remarquons (12) que si l'expression formelle du 
terme diamagnttique est indtpendante de la 
corrtlation tlectronique, celle du terme para- 
magnttique, au contraire, devient trks complexe 
lorsque l'hamiltonien tient compte implicitement 
de l'interaction coulombienne des tlectrons (16). 

Pour ces raisons. nous renoncons au calcul 
direct du terme paramagnttique, dans la mesure 
oh nous ttendons le domaine d'application de la 
thtorie du dtplacement chimique B l'ttude des 
moltcules organiques courantes. En constquence 
nous proposons de dtterminer indirectement la 
contribution paramagnttique au dtplacement 
chimique par la difftrence 
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TONNARD ET COLL.: DEPLACEMENT CHIMIQUE DU PROTON EN R.M.N. I. 3155 

Notre centre d'inttrct se dtvlace alors vers la 
recherche d'expressions du terke diarnagnttique 
en fonction de parametres tlectroniques calcu- 
lable~ de f a ~ o n  simple et prtcise. 

Bonham et Strand (17), Malli et Fraga (18) ont 
calcult ce terme pour les atomes libres. Pour les 
atomes engagts dans une moltcule, Flygare et 
Goodisman (19) ont propost une formule em- 
pirique qui utilise les valeurs de 6, pour l'atome 
libre. 

Nous avons propost une expression de la 
contribution diamagnttique directement utili- 
sable (20). Elle concerne un proton port6 par un 
carbone, mais est limitte au cas d'une moltcule 
non saturte dont les grandeurs physicochimiques 
dtpendent surtout du mouvement des tlectrons 
dtlocalists. Cette formule, de type n, relie le 
terme diamagnttique aux seules charges n (au 
sens 1.c.a.o.) des carbones voisins. Elle a t t t  
appliqute avec succes B une ttude de l'encombre- 
ment sttrique sur une strie de nitro-naphtalenes 
substituts (21). 

L'objetde la premiere partiede ce travail estde 
dtvelopper une formule generale du terme 
diamagnttique d'un proton chimiquement lit a 
un carbone appartenant B une moltcule dans 
laquelle tous les tlectrons de valence, localists ou 

non, ont la meme importance vis A vis des 
grandeurs ttudites. Le terme diamagnttique est 
relit par cette formule de type n-o aux 
densitts en tlectrons de valence sur la liaison 
C-H considtrte, densitts que l'on peut calculer 
par application de la mtthode CND0/2 (22). 

Dans la deuxieme partie, la contribution para- 
magnttique tvalute B l'aide de la formule [ 3 ]  
permet d'apprtcier l'importance relative des 
effets tlectroniques et d'apporter des renseigne- 
ments sttrtochimiques. Nous illustrons ce proces- 
sus d'analyse des rtsultats exptrimentaux par 
l'ttude d'tthers vinyliques. Nous calculons 
l'influence de la configuration cis ou trans sur la 
distribution Clectronique, donc sur le terme 
diamagnttique, et montrons que l'examen du 
terme paramagnktique apporte des informations 
sur la conformation au niveau des liaisons C-0. 

1. Expression du terme diamagnktique 

Considtrons un fragment C-H et un point courant M situt a une distance r de H et r '  de C (Fig. 
1). Soit R la distance entre C et H. Comme le potentiel-vecteur di3 au champ magnttique exttrieur 
garde la m&me expression dans n'importe quel systeme de coordonntes on peut l'exprimer en fonction 
de r', ce qui donne pour le terme diamagnttique 

Dans une mtthode l.c.a.o., +i est une combinaison lintaire d'orbitales atomiques X ,  

avec 

C6l 

oh  q reprtsente le nombre d'occupation de l'orbitale moltculaire. On voit qu'il est possible d'expfimer 
o, en fonction des quantitts P,, du fragment C-H ttudit: il suffit pour cela de calculer l'inttgrale 
de [ 5 ]  pour les differentes orbitales atomiques X ,  de ces deux atomes. 

(a) X ,  = X v  = Is, 
Dans ce cas on tvalue l'effet de l'tlectron de l'atome d'hvdroatne sur la constante d'tcran de cet - - 

atome. L'orbitale de Slater Is, de l'hydrogtne s'tcrit 
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3156 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Le coefficient de pH, dans la formule [5] est alors, en prenant Z = 1.2 (22) 

(b) Xp = Xv = 2% 
Dans la suite des calculs nous utiliserons les coordonnkes elliptiques : h = (r + rl)/R, p = (r - rf)/R 

et +. 
Rappelons que, dans ce systkme de coordonnkes, 1'Clkment diffkrentiel a pour expression 

P O I  dz = (R3/8)(h2 - p2)dhdpd$ 

et le produit scalaire r . r f  a pour valeur 

L'orbitale de Slater 2sc du carbone s'kcrit alors 

I1 faut donc calculer l'intigrale 

hva r i an tde lg  co, pde  -1% + l e t + d e O i 2 n .  
Cette inttgrale se calcule analytiquement par intkgration par parties sur les lignes h = cte puis 

p = cte. En posant a = Z1R/2, on obtient 

d'oh pour Z' = 3.25 et R = 2.060 u.a. 

[I51 1 12sc2,c = 1.43 x 1 
(c) Xp = Xv = 2poc 

Nous appelons 2p(rc l'orbitale 2p du carbone qui est dirigke suivant la liaison C-H. On a, en 
coordonnkes polaires 

112 
2poc = (g) rr' cos 0 e-ztrt/2 

En coordonnkes elliptiques de p8les C et H 

~171 r f  cos 0 = (R/2)(1 - hp) 

d'oh 

\ ,  

et I'intkgrale i calculer est 

En inttgrant 2 nouveau par parties 
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TONNARD ET COLL.: DEPLACEMENT CHIMIQUE DU PROTON EN R.M.N. I. 3157 

(d)  X,, = XY = 2pnc 
Nous dtsignons par 2pnc une orbitale 2p du carbone dirigte perpendiculairement h la liaison 

C-H. Les deux orbitales 2pn ont pour expression 

On aura, par exemple pour 2pyc 

L'inttgrale 12pzc2pzc ne differe de [24] que par le changement de cos2 4 en sin2 4;  on a donc 
- 

12pzC2pzC - 12pyC2pyC et leur valeur commune est 

Lorsque l'axe Ox n'est pas dirigt suivant la liaison C-H, on doit effectuer une rotation d'un angle 
a. On a alors 

(e l  X,, = Is,; x v  = 2sc 
En coordonntes elliptiques, l'orbitale Is, s'tcrit 

et l'expression h calculer est donc 

Une inttgration par parties, sur les lignes h = cte par exemple, ramkne cette intigrale B une forme 
plus simple dans laquelle le dtnominateur en h + p est au premier degrt. On doit alors rtaliser un 
calcul numCrique utilisant, le cas tchtant, les formules de rtcurrence donntes par Guy et al. (23) 
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3158 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

pour les inttgrales du type 

On obtient ainsi 
[331 

( fl x p  = Is,; X v  = 2poc 
On doit alors Cvaluer 1'intCgrale 

. . . . - -- .- I I,sH2sc = 2.39 x lo-' 1 

Cette intCgration se fait sans difficult6 de la m&me manikre que pour I,sH2sc et on obtient 

[351 1 I,sH2p, = 3.07 x lo-' 1 
Lorsque l'une des orbitales est 2pnc, l'autre Ctant diffkrente, l'inttgration de 0 B 2n sur sin 4 et 

cos 4 entraine une annulation de I. On a donc 

[361 - - 
I l s H ~ p n c  - I ~ s c 2 p n c  - I2poc2pnc  = 0 

Si l'axe Ox fait un angle a avec la liaison C-H, on a :  

[37 I - 
I l S l 1 2 P X C  - Ils€12poc COS a 

[381 - 
I l S l l 2 P Y C  - -Ils"2Poc sin 

(gl x p  = 2%; X v  = 2poc 

[41 1 12sc2puc = - 1.07 x lo-' ~ 
Lorsque l'axe Ox fait un angle a avec la liaison C-H, on a 

t421 - 
I2sc2pxc - 12sc2poc cos a 

[43 I - 
12sc2pyc - -12sc2poc sin a 

On constate, d'aprks [20] et [25], que l'effet global des orbitales 2px, 2py et 2pz est Cgal B trois fois 
l'effet de l'orbitale 2s. Si l'on calcule, pour un atome de carbone C' non chimiquement liC au proton 
considCr.5, 17intCgrale 12sc,2sc,, on trouve, dans le cas d'un carbone aromatique par exemple, que pour 
le plus proche voisin (R = 4.068 u.a.) 

[44 1 12scr2sc, = 0.013 x lo-' 

ce qui nous permet de dire que la contribution des atomes non chimiquement lies est nCgligeable. 
Finalement, la formule qui relie le terme diamagnktique de la constante d'Ccran d'un proton aux 

charges 1.c.a.o. sur le groupement C-H est la suivante 

[45] o, = 21.30PHH + 1.43P2sc2sc + (0.33 cos2 a + 1.98 sin2 a)Pxx + (0.33 sin2 a 

+ 1.98 cos2 a)Pyy + 1.98Pzz + 2.39P1sH2sc + 3.07 cos aPlsH2pxc - 3.07 sin aP1SH2PYC 
- 1.07 cos aP2sc2pxc + 1.07 sin aP2sc2pyc 
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2. Application B l'6tude de quelques ethers 
vinyliques 

Afin d'appliquer le processus d'analyse prC- 
cCdent, nous avons entrepris une Ctude prC- 
liminaire de l'influence d'un substituant alcoxy 
sur les dkplacements chimiques de protons 
CthylCniques. Cette Ctude a pour but de priciser 
notamment dans quelle mesure le terme dia- 
magnCtique participe aux Ccarts A6 observables 
entre les configurations cis-trans. L'Cvaluation 
du terme paramagnktique doit ensuite renseigner 
sur la stCrCochimie au niveau de la liaison C-0. 
Ce travail sera poursuivi en sCrie dienique. 

Les tthers vinyliques CH2=CH-OR ont dCji 
fait I'objet de plusieurs Ctudes par risonance 
magnCtique nucltaire (r.m.n.) (24-26). La com- 
paraison de leurs dCplacements chimiques a celui 
de lYCthyl&ne fait ressortir un effet diamagnktique 
important de OR sur le proton H, situC en trans 
(1.25 p.p.m. pour R = CH, et 1.42 p.p.m. pour 
R = C2H5) (26). Ce phinomine a CtC attribuC a 
une influence de la conjugaison de la paire libre 
de l'oxygene plutat q u ' i  une contribution 
d'anisotropie; cette dernikre est en effet prCsumCe 
faible en raison de la distance 0 . . . H, relative- 
ment ClevCe. 

D'autres recherches s'intiressent a u  problkme 
de la conformation de la liaison C-0. En admet- 
tant une hybridation trigonale de I'oxygene on 
peut envisager les schCmas conformationnels 
suivants 

Les structures a et c sont planes "s cis" et "s 
trans" respectivement, la forme b Ctant non 
plane. Ces isomeres, qui se transforment mutuel- 
lement par rotation de 0-R autour de la liaison 
C-0 peuvent &tre dCfinis par l'angle 0 que 
forment le plan COR et le plan CthylCnique. Les 
structures a et c sont caractCrisCes par 0 = 0" et 
0 = 180" respectivement. Selon des Ctudes de 
1'Cther de vinyle et methyle gazeux, par spectros- 
copies infrarouge (27) et de microondes (28), 
I'isomere s cis a est le plus stable a temperature 
ordinaire. D'autre part, des rtsultats r.m.n. 
indiquent qu'une forme non plane est favoriste 

par l'introduction de substituants R encom- 
brants (29). 

Nous avons entrepris 1'Ctude thCorique de ces 
probltmes en examinant les parametres des 
dCrivCs CthoxylCs 3 a 6, les molCcules d'Cthyl6ne 
(1) et de propene (2) Ctant prises pour rCfCrences. 

H \ /CH3 CH3\ ,, H H 
\ / 

H 
/C =C ,c= C /c=C 

\ \ \ 
H OEt H OEt CH3 OEt 

4 5 6 

Dans cette sCrie nous considberons des molC- 
cules qui ne different l'une de l'autre que par la  
prCsence d'un substituant. Nous pourrons ainsi 
estimer systCmatiquement les contributions para- 
magnktiques propres au substituant. En se 
rCfCrant a la molCcule non substituCe, on a 

Dans cette expression les composCs 3 h 6 
constituent les Cchantillons et 1, 2 les rCfCrences. 

(a )  Calcul du terilie diamagnktique 
Afin d'Cvaluer le terme diamagnktique nous 

avons calculC les indices thCoriques n et o par la 
methode CND0/2  (22). Les calculs ont CtC 
rCalisCs pour les trois conformations s cis a ,  non 
plane b et s trans c du systkme C=C-0-Et et 
pour une m&me gCometrie du squelette. Ces 
indices thioriques, dont une partie est rassemblie 
dans le tableau 1, ont ensuite CtC utilisies pour 
dCterminer les termes diamagnetiques o, au 
moyen de la formule [45] (tableaux 2 a 4). Dans 
ces tableaux, nous prCcisons de plus les Cnergies 
totales CND0/2,  ET, relatives aux differentes 
structures CtudiCes. 

L'examen des charges thtoriques appelle diffC- 
rentes remarques: les charges n, P,,, et les 
charges totales PC, sur les carbones traduisent 
convenablement les variations attendues sur la 
base des effets inductif -I et mCsom6re + M de 
l'atome d'oxygtne. Une relation simple du type 
6,,, = kg s'applique donc approximativement. 
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TABLEAU 1 
Valeurs de charges thkoriques, calculkes par la mkthode CNDO/2, dans quelques Bthers vinyliques* 

- 
Structure Conformation PHH(A) PHH@) PHH(C) PZi(CJ Pln(C2) Pc,c, 

H H 
\ / 
,C=C 

\ 0.987 1 .OOO 4.026 
H H 

1 
H(B) /CH, 
\ 
/CTIC\ 1 .OOO 0.991 0.985 0.975 1.038 3.987 4.048 

H(A) H(C) 
2 

H(B) H(C) (a) 0.977 0.983 0.994 0.957 1.109 3.845 4.119 
\c=c/ (b) 0.974 0.981 1.004 0.958 1.085 3.842 4.105 

H ~ A ;  ' ' 0 ~ t  ( 4  0.967 0.972 0.996 0.976 1.080 3.841 4.103 
3 

'c=d 
/ 2 I \  

H(A) OEt 

'Lcs PHH(i) designent les charges sur les hydrogbnes, P;, les charges rr et PC,,, les charges totales sur les carbones se raffortent aux confor- 
mations; (a), (b), et (c). 

TABLEAU 2 
Analyse des dkplacements chimiques du proton Hc (30)* 

Structure 6,,, ~d A6,,, A0.d A69 ET 

*ASp, = 6:,h - &:r; And = ua - ~d A; A6, = 6D 
mole- . 

Cependant 1'Ctude theorique approfondie que 
nous avons entreprise(secti0n 1)montre que, pour 
Cvaluer le terme diamagnitique a, on doit en fait 
tenir compte de l'ensemble de la repartition Clec- 
tronique au voisinage du proton considCrC; les rt-  
sultats rassemblCs dans les tableaux 2 4montrent 
que Aad calculC reste relativement faible. La vali- 
ditC de ce calcul est Cvidemment tributaire de la 
prCcision avec laquelle sont obtenus les para- 

, :,, - 6, ,:,; 6 et o sont exprimes en p.p.m. Er en kcal 

mktres PHH qui participent de f a ~ o n  importante 
au terme diamagnktique; bien que nous ayons 
eu recours a une mCthode tlaborCe, une erreur 
absolue notable n'est pas exclue. 

Une dipendance nette de Aa, en fonction de la 
gkomttrie molCculaire se dCgage de l'ensemble 
des rtsultats. Cette contribution est influencCe 
notamment par l'orientation des paires libres de 
l'oxygkne; ainsi un groupement R situC dans le 
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TABLEAU 3 
Analyse des dkplacernents chirniques du proton HA* 

Structure LP 06 A6cxp Aod A ~ P  ET 

- 
'AS.., = Slch - S,:,; Aad = a d  ich - ad .ir; ASp = Sp lch - Sp ,lr; S et a sont exprimes en p.p.m. et ET en kcal 

mole-'. 

TABLEAU 4 
Analyse des dtplacements chirniques du proton H,* 

Structure 6,Xp ~d A L P  Aod Asp ET 

'AS.., = S:eh - SAr; Aad = a d  leh - a d  rb; ASp = Sp : ~ h  - Sp ,tr; 8 et a sont exprimes en p.p.m. et ET en kcal 
mole-'. 

plan de la molCcule introduit une diminution de (b) Terme paramagnktique et structure 
la valeur de AD, relative au proton C alors qu'un mole'culaire 
groupement R hors plan peut entrainer une Les termes paramagnitiques AS, dCduits de la 
1Cgere augmentation (tableau 2). On constate formule [46] sont rassemblks dans les tableaux 2 
d'autre part, que le terme diamagnktique dCpend A 4. A gComCtrie identique on attend en premiere 
de la disposition des protons gkminks en P par approximation1 des contributions caractCris- 
rapport au substituant: OR introduit un Ccran 

'Les contributions a A6, associCes par exernple aux diamagnCtique plus en trans ( H ~ )  champs Clectriques intramolCculaires (31) dtpendent en 
qu'en cis (HA). fait de la rkpartition des charges. 
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tiques de OEt sensiblement constantes en cha- 
cune des positions HA, H, ou Hc respectivement. 
A l'inverse, des valeurs A6, notablement difft- 
rentes pour une m&me position sont probable- 
ment l'indice d'une modification conformation- 
nelle au niveau de la liaison C-0. La compa- 
raison des rtsultats (tableaux 2 a 4) autorise les 
conclusions suivantes : 

(1) Si, quelle que soit la conformation, les 
effets paramagnttiques de OEt sur Hc sont 
sensihlement identiques dans les molkcules 3 et 5, 
la structure 6 est nettement difftrencite; ceci 
incite a attribuer au systkme HC-OEt de 6 une 
conformation difftrente de celle qu'il adopte dans 
les composts 3 et 5;  un changement de con- 
figuration cis-trans est probablement associt a 
une modification de l'kquilibre conformationnel. 

(2) Selon les energies totales E, la conforma- 
tion non plane serait priviltgike dans 6. Par contre 
les moltcules 3, 4 et 5 seraient soient planes s cis 
soit non planes, la seconde hypothtse ttant alors 
exclue dans 3 et 5 en raison de la remarque 1. 

(3) L'effet paramagnttique de OEt sur Hc dans 
un compost 6 non plan est voisin des valeurs 
relatives aux moltcules 3 et 5 planes s cis (tableau 
2). 

(4) Quel que soit le modtle adoptt, les para- 
mttres A6, relatifs au proton HA de 3, 4 et 5 sont 
peu diffkrents (tableau 3); l'kquilibre conforma- 
tionnel resterait donc assez voisin dans ces trois 
composts. Cependant le tableau 4 montre que 
A6,(H,) de 4 se distingue nettement de A6,(H,) 
de 3. L'hypothtse de ltgeres deformations 
angulaires ou de modifications conformation- 
nelles du CH,, dans 4 par rapport a 2, peut 
notamment &tre avancte (31); un tel phtnomtne 
est en effet susceptible d'influencer de f a ~ o n  
prkpondtrante le proton H, situt en cis du CH, 
dans 4. 

En rtsumt, ces considtrations sont en faveur 
de structures conformationnelles difftrentes dans 
les isomtres cis et trans. L'existence d'un faible 
couplage du type JH-c-o-c-H dans le composk 
CH, CH=CH-OCH, de configuration trans et 
son absence apparente dans l'isomtre cis cor- 
roborent ces conclusions (30). En effet les 
couplages a longue distance sont gtntralement 
mieux transmis lors d'une disposition "zig-zag" 
plane analogue a celle qui caracttrise laconforma- 
tion s cis. Les composts 3, 4 et 5 prtsenteraient 
donc une gtomttrie prtftrentiellement plane s 
cis (a) ,  alors que le compost 6 serait en majoritk 

s trans ou non plan, la seconde alternative ktant 
ttayte par la comparaison des tnergies totales. 
En ce qui concerne le dtrivt 3, ces conclusions 
sont en accord avec les rtsultats relatifs a l'tther 
de vinyle et de mkthyle (27,28). Des informations 
suppltmentaires sont recherchtes par spectros- 
copies ultraviolette et infrarouge. 

Conclusion 
Dans le souci de rendre les expressions 

thtoriques du dkplacement chimique applicables 
a la discussion des probltmes structuraux cou- 
rants en chimie organique, nous avons chercht 5 
les expliciter en fonction de parametres calcu- 
lable~ pratiquement. 

Les formules issues du dtveloppement de 
l'tquation de Ramsey dans le cadre des thtories 
de perturbations et variations sont identiques et 
constitutes d'un terme diamagnttique et d'un 
terme paramagnttique (formule [l I). La seconde 
contribution fait appel B des grandeurs difficiles 
2 tvaluer de f a ~ o n  rigoureuse ou meme approchke 
et nous nous sommes limitks au dkveloppement 
du terme diamagnttique o,. Celui-ci s'exprime 
en fonction de charges tlectroniques 1.c.a.o. qui 
s'obtiennent par les mkthodes habituelles de la 
chimie quantique (formule [45]). La prtcision de 
son tvaluation dtpend donc de la qualitt de la 
mtthode employke. Le terme paramagnttique est 
ensuite dttermint par application de la formule 
[3]. La discussion des termes Ao, et A6, ainsi 
evaluts permet de prtciser les contributions des 
effets klectroniques et spatiaux assocites 2 des 
changements de substituants ou de gtomttrie, et 
donc de renseigner sur la structure moltculaire. 
Nous avons appliquk ce processus d'analyse a 
l'ttude de que!ques tthers vinyliques; les charges 
tlectroniques calculkes par la mkthode CND0/2 
conduisent 2 des termes diamagnktiques qui dt-  
pendent de la configuration de la double liaison 
et de la conformation au niveau de la liaison 
C-0. L'effet prtdominant du substituant OEt 
semble introduit cependant par le terme para- 
magnttique. Les rtsultats obtenus sont en faveur 
d'une conformation prtfkrentiellement plane s 
cis du systtme C=C-0-C,H, dans l'tther de 
vinyle et d'tthyle 3, dans son dtrivt mtthylt sur 
le carbone en a de OEt 4 et dans l'tther de 
proptnyle et d'kthyle trans 5 ;  par contre, la 
structure est probablement en majorite non 
plane si le substituant mtthyle en P est dispost 
en cis par rapport a OEt 6. 
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The ternary system silver-indium-aluminum 
A. N. CAMPBELL AND R. WAGEMANN 

Department of Chemistry, University of Manitoba, Winnipeg, Manitoba 
Received April 30, 1970 

A number of alloys have been examined microscopically. From these observations, from the equilib- 
rium diagrams of the component binary systems, and from the application of the phase rule, a room 
temperature isothermal section has been deduced. Three vertical sections through the ternary system 
have been partially constructed from differential thermal analysis. These data show that invariant 
planes occur at  143, 148,241, and 506 "C. From the information obtained from the vertical sections and  
the room temperature isothermal section, isothermal sections have also been proposed at 143 and 148". 
The transformation at  the 143 "C invariant plane is a ternary eutectic, at  148" a ternary peritectic, and 
the other transformations at  241 and 506" are also ternary peritectics. 

Some evidence indicates that the S-phase of Ag-A1 system and the y-phase of Ag-In system link up 
through the ternary system forming a single phase region, and that such may also be the case with the 
phases p and a' of the systems Ag-A1 and Ag-In, respectively. The phases E and + of the system Ag-In 
d o  not appear to be capable of dissolving aluminum appreciably. 
Canadian Journal of Chemistry, 48,3164 (1970) 

Introduction 

This paper is a continuation of our work on the 
system Ag-In-Al. Previous papers have dealt 
with two of the component binary systems. The 
system Al-In is very simple, its main feature of 
interest being an extensive solubility gap. We 
have determined the limits of this gap up to the 
critical solution temperature of 945" (1). 

The system Ag-A1 is more complicated, ex- 
hibiting a eutectic, two peritectics, and five 
different solid phases. The system is well estab- 
lished (2) and we saw no reason to question it. 

The third binary system Ag-In is the most 
complicated and still somewhat in doubt. We 
therefore subjected this system to a lengthy 
experimental investigation; the results have been 
published (3). Reference should be made to this 
paper for a bibliography and a discussion of our 
results and those of our predecessors. The experi- 
mental techniques, which are those of the present 
paper, are also described. 

In the present study, the nomenclature of the 
binary system Ag-In has been retained, wherever 
possible, to describe the ternary phases. For 
example, the hexagonal phase 5 of the binary 
system Ag-A1 is isomorphous with the y-phase 
in the system Ag-In. The phase-field in the 
ternary system which connects these two phases 
in the binary systems is designated y. However, 
when this phase is referred to in the binary system 
Ag-A1 the symbol 5 is retained in accordance with 
the original nomtnclature of this binary system. 
The symbol o has been introduced to designate 
the aluminum-rr, solid solution. 

Three isothermal sections of the ternary system 
were constructed at room temperature, 143 
and 148 "C, respectively. The room temperature 
isotherm was drawn on the basis of experimental 
data. The two other isothermal sections were 
drawn on the basis of a knowledge of the type of 
equilibria that exist in the system, the data from 
the vertical sections, the room temperature iso- 
thermal section, and some reasonable assump- 
tions. 

Thermal Analysis 

In order to study the ternary system we 
investigated alloys lying on vertical sections of the 
solid model. The composition of these sections 
is shown in Fig. 1. In all, we investigated 105 

FIG. 1. Plan of "vertical sections" 
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I . . . . ( I , . .  I 
100 M I)O 1 0  6 0  1 0  40 10 P O  10 0 

1 0 0  P O  a0  1 0  W 50 40 3 0  2 0  10 0 

A 8  WEIGHT- %)I . I  C O N I T A I I T  1.710 A t l l n .  I 
AS . c # a ~ r - % . ~  A T  C O N S T A N T  R A T I O  IIJAI.IPOZ/UIO~ 

FIG. 2. Vertical section I. FIG. 4. Vertical section 111. 

A1 WLICHT- X11 I T  CONSTANT 111710 1111.;1 0 0  

FIG. 3. Vertical section 11. 

alloys by differential thermal analysis from which 
these sections were constructed, as shown in 
Figs. 2, 3, and 4. The data for these sections as 
well as the X-ray and other pertinent data are to 
be found in the Depository of Unpublished 
Data.' Such sections are. of course. not ~ seudo -  
binary since in general, when a solid phase 
separates, the composition of the residual melt 
moves away from that of the vertical section. 

'Photocopies may be obtained free of charge, upon 
request, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa 2, Canada. 

Despite this limitation, the vertical sections yield 
much information about the ternary system. For 
example, the identity of some phases that must 
participate in the isothermal equilibria at 143 and 
148 "C was established, as well as the type of 
equilibrium that must exist at these temperatures. 
The extent of the isothermal planes was roughly 
delineated with the use of these sections. If no 
metastability occurred the extent of these planes 
could be established accurately from these 
vertical sections. In general, it was possible to 
construct the room temperature isothermal 
section with a relatively small number of annealed 
alloys, with the aid of these vertical sections. 
Differential thermal analysis is, of course, much 
less laborious and time consuming than the 
preparation of microsections. 

The Room Temperature Isothermal Section 
At room temperature all phases are solid. We 

suggest that three three-phase areas exist, viz., 
(o + 4 + E), (o + y + E), and (o + 4 + In). 
Obviously, a two-phase area (o + 4) must exist 
separating the two three-phase areas to which o 
and 4 are common. We show, by means of a 
dotted line, that this area exists but we have no 
experimental data for it. The phase boundaries 
have been drawn very tentatively, in accordance 
with the microstructure of annealed alloys, shown 
in the photomicrographs of Plates 1 to 11. This 
isothermal section is shown in Fig. 5. 

The phases were identified under the micro- 
scope by their characteristic appearance when 
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A I  In 

FIG. 5. Isothermal section at room temperature. 

PLATE 1. Alloy No. 8. Composition: 80.00% Ag, PLATE 2. Alloy No. 6. Composition: 60.00% Ag, 
20.00% Al. Annealed at 135 "C for three weeks. Grain of 40.00% Al. Annealed at 135 "C for three weeks. Consists 
&phase separated by the eutectic matrix. Magnification nearly completely of eutectic of the lamellar type. 
approximately 80 x . Magnification approximately 80 x . 
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CAMPBELL AND WAGEMANN: THE TERNARY SYSTEM Ag-In-A1 3167 

PLATE 3. Alloy NO. 2. Composition: 20.00% Ag, PLATE 4. Alloy NO. 15. Composition: 60.00% Ag, 
80.00% AI. Annealed at 135 "C for three weeks. Needle- 30.00% Al, 10.00% In. Annealed at 135 OC. for three 
like 6-phase precipitate at the grain boundaries can be weeks. Evidently it is a two-phase alloy. Darker y-phase 
seen. Magnification approximately 80 x . grains are separated by o-phase (lighter areas). Magnifica- 

tion approximately 80 x . 

suitably etched. For the purpose of reference discernible in Plate 7. The alloy in Plate 1 1  has 
some Ag-A1 alloys were examined (Plates 1-3) in little o-phase and must therefore be near the 
order to discover the change in appearance of the (E + $) boundary, while the alloy in Plate 10 
microstructure when indium is added. Through- shows only traces of o-phase and therefore lies 
out the ternary system the o-phase had a spongy approximately on the boundary. The k-phase of 
appearance and was easily scratched. The physical the system Ag-A1 and the y-phase of the system 
characteristics of this phase did not change Ag-In are both close packed hexagonal with 
noticeably regardless of the gross composition similar cell edges, viz., a = 2.961 A, c = 4.778 A, 
of the alloy, and this indicates that silver and for y (3); a = 2.865 A, c = 4.653 A, for 5 (7). 
indium have a very limited solubility in this phase. An alloy of composition 80.00 % Ag, 10.00 % Al, 
The &-phase and the $-phase were also easily 10.00% In,' was annealed for three weeks at 
identified in the ternary system since their 
physical characteristics such as etching properties 
and hardness changed little when aluminum was 
added. Again, this indicates that the solubility 
of aluminum in these phases is small. 

The alloy shown in Plate 4 consists of two 
phases o, y with no eutectic present, such as is 
found in the binary alloys shown in Plates 1 and 2. 
The alloys shown in Plates 6-9 and 11 all consist 
of three phases (o + E + 4). These alloys differ 
only in the proportion of these phases. The pres- 
ence of a small amount of metastable indium is 

135 "c.~ When examinedunder the microscope 
this alloy appeared homogeneous. In view of this, 
it appears that the k-phase and the a-phase of the 
respective binary systems are connected in the 
ternary system by a single-phase field namely, y. 

The 143 "C Isothermal Section 
This section is shown in Fig. 6. T h e  trans- 

formation at this temperature is of the ternary 
eutectic type: L P $ + o + In. The composition 

ZCompositions are in weight percent throughout. 
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PLATE 5. Alloy No. 26. Composition: 60.00% Ag, 
20.00% Al, 20.00% In. Annealed for three weeks at 
135 "C. Careful scrutiny shows that three phases are 
present, o, y, and E. Magnification approximately 80 x . 
of the liquid in equilibrium with the three solids 
was estimated from the intersection of the eutectic 
troughs as 95 % In, 4 % Ag, 1 % Al. Due to the 
very narrow range of homogeneity of the +-phase 
the two-phase field (+ + o), is not shown in. this 
section. The three-phase field (E + o + 4) 
adjoining the invariant plane represents a limiting 
case. 

The compositions of the three solids, a ,  4, In, 
as shown in Fig. 6, are very nearly the same as the 
compositions of these phases in the respective 
binary systems. This is borne out by the fact that 
the 143 "C arrest line (eutectic) in vertical section 
I1 (Fig. 3) abuts on the binary system Ag-In, 
which evidently suggests that + does not incor- 
porate aluminum at this temperature. With regard 
to the o-phase (aluminum-cl solid solution), 
we note that the solubility of silver (2) or indium 
(1) in aluminum is very small at this temperature. 
It is reasonable to assume, we think, that the 
solubility of these metals in aluminum in the 
ternary system is not greater than in the respective 
binary systems. The approximate termination of 

PLATE 6. Alloy No. 10. Composition: 10.00% Ag, 
80.00% Al, 10,00% In. Annealed at 135 "C for three 
weeks. The major phase is o-phase. A small amount of 
+-phase is present (grey) and a very small amount of 
&-phase (light) is also present. Magnification approxi- 
mately 80 x . 

the 143 "C arrest line on the binary Al-In, in 
vertical sections I and I11 (Figs. 2 and 4) does 
indicate that the o-phase is nearly pure aluminum. 
The &-phase has a composition range of 2% in 
the binary system Ag-In (3, 8) and, since the 
148 "C arrest line (peritectic) in vertical section I1 
(Fig. 3) terminates at approximately 8 % Al, 
the solubility of aluminum in E can only be small, 
and the field of homogeneity of E in the ternary 
systemmust thereforebe smallat this temperature. 

The 148 "C Isothermal Section (Containing the 
Invariant Plane) 

This section is shown in Fig. 7. From the 
location and direction of the ternary troughs, 
as deduced from the vertical sections, it is known 
that a peritectic type of equilibrium exists at this 
temperature. We deduced the nature and approxi- 
mate composition of the equilibrium phases as 
follows: The vertical sections show that the 
binary arrest line at 166", for the system Ag-In 
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CAMPBELL AND WAGEMANN: THE TERNARY SYSTEM Ag-In-A1 3169 

PLATE 7. Alloy No. 22. Composition: 20.00% Ag, 
60.00% Al, 20.00% In. Annealed at 135 PC for three 
weeks. It is a three-phase alloy with o (major), E (small 
light areas) and some +-phase (smooth grey) present. 
Some metastable In-phase is also present. Magnification 
approximately 80 x . 

terminates on the invariant plane at 148" which 
means that three phases of the four equilibrium 
phases must be L, E, and +. The fourth phase 
is o since it coexists with solid In at room tem- 
perature and also with liquid indium, and no 
phases other than those present in the respective 
binary systems occur in the ternary system 
between room temperature and 166 "C. The 
equilibrium at 148 "Cis therefore L + E d o + +. 

The composition of the liquid in equilibrium 
with the three solid phases is 89 % In, 5 % Ag, 6 % 
A1 with an error of + 2 % in indium or aluminum 
and negligible error in silver. This was established 
by chemical analysis of the liquid of five different 
alloys, differing widely in gross composition. The 
alloys were first annealed at 135 "C for three 
weeks and then heated to 150 "C, and kept at this 
temperature for approximately 1 h. Droplets of 
liquid oozed out of the alloy after it was heated to 
this temperature. The alloy was then cooled to 
room temperature and the solidified globules were 

PLATE 8. Alloy No. 34. Composition: 50.00% Ag, 
20.00% Al, 30.00% In. Annealed at 135 "C for three 
weeks. Three phases are present: o (Ilght "spongy"), 
E (light smooth), and + (smooth grey). Magnification 
approximately 80 x . 

collected and analyzed by titration and polarog- 
raphy. In this analysis the error in composition 
of the equilibrium liquid due to the 2" rise in 
temperature of the liquid from equilibrium is 
negligible. The extent of the isothermal plane had 
to be such that the 148 "C "isotherms" of vertical 
sections I1 and I11 (Figs. 3 and 4) when transferred 
to this plane would fall within the area of this 
isothermal plane. The directions of the boundaries 
were also fixed to some extent by the requirement 
of thermodynamic stability of all phases. 

Since the difference in temperature between 
this section and that at 143 "C is only 5 "C, it is 
not surprising that, apart from the invariant 
planes, there is considerable similarity between 
the two sections. The composition of the solids 
at this temperature is assumed to be practically 
the same as at 143 "C. 

The p-Phase and the a'-Phase 
We have recently found that at the composition 

Ag,In an a'-phase exists in the system Ag-In, 
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Aa 

Al  In 

FIG. 6 .  Isothermal section at 143 "C. 

PLATE 9. Alloy No. 41. Composition: 40.00% Ag, PLATE 10. Alloy No. 48. Composition: 40.00% Ag, 
20.00 % Al, 40.00 % In. Annealed at 135 "C for three 10.00 % Al, 50.00 % In. Annealed at 135 "C for three 
weeks. Three phases are present: a (light scratched), E weeks. This alloy consists of E-phase, +-phase (brown), 
(light smooth), and + (dark grey smooth). Magnification and a very smalt amount of a-phase. The black areas are 
approximately 80 x . holes. Magnification approximately 80 x . 
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CAMPBELL AND WAGEMANN: THE TERNARY SYSTEM Ag-In-Al 

Ag 

FIG. 7. Isothermal section at 148 "C. 

PLATE 11. Alloy No. 42. Composition: 50.00% Ag, 
10.00% Al, 40.00% In. Annealed at 135 "C for three 
weeks. This alloy consists of E-phase (light areas) within 
the $-phase (grey) and a small amount of o-phase. 
Magnification approximately 80 x . 

which is structurally closely related to the terminal 
Ag-a phase of that system (3). The cubic 
a'-phase has the same cell edge as the terminal 
Ag-a phase viz. 4.144 A, but the two types of 
atoms occupy definite sites on the lattice. The 
silver atoms occupy the face-centered positions 
and the indium atoms occupy the corner positions 
of the cubic lattice. 

In the system Ag-AI, the p-phase exists at the 
composition Ag,Al, which is reported as cubic 
(P-manganese) with a cell edge of 6.916 A (4). 

We have examined the powder X-ray diffrac- 
tion data of Obinata and Hagiya (4b), and find 
that we can index all their diffraction lines, except 
two weak lines, on a smaller cubic cell edge, viz. 
4.051 A, if we allow for the presence of &phase. 
The p-phase is formed at 448 "C by aperitectoid 
reaction from 5 and (Ag-a) phases. That 5 could 
be present in such an alloy at room temperature is 
reasonable since peritectoid reactions are slow 
and are frequently responsible for the presence of 
metastable phases. 

We suggest that in the system Ag-Al, the 
p-phase is related to the terminal Ag-a phase in 
the same way that the a'-phase in the system 
Ag-In is related to the terminal Ag-a phase. If 
the two phases, a' and p have the same crystal 
structure and very similar cell edges, viz. a = 4.144 
A for a' and a = 4.051 A for p, we would expect 
that aluminum and indium atoms are inter- 
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changeable on the two lattices, and that the two 
phases would be joined by a homogeneous phase- 
field in the ternary system as we have shown in the 
isothermal sections. 

Against this view it may be urged that the atom 
positions for Ag and A1 in the P-Mn structure 
have actually been determined by Fagerber and 
Westgren (5) and that their results rule out an 
a' structure. Neither can we account for the two 
faint lines in the diffraction pattern. If' indeed 
a' and p do not have the same structure, then the 
homogeneous field which we have labelled a' will 
have to be replaced by two small fields, making 
this a heterogeneous area. 

Other Aspects of the Ternary System 
The two peritectic reaction arrests at 780 and 

695" inthe Ag-A1 and Ag-In systems, respectively, 
form a connecting reaction surface through the 
ternary system. This is evident from vertical 
Section I, Fig. 2. Similarly the 610" peritectic halt 
of the binary Ag-A1 system and the 670" peritectic 
arrest of the Ag-In system form a connecting 
reaction surface through the ternary system. The 
727" arrest of the Ag-A1 system and 660" arrest 
of the Ag-In system are similarly connected. This 
is again evident from Fig. 2. Thus the high 
temperature P-phase (body-centered cubic) which 
exists in the binary system Ag-In and Ag-A1, 
respectively, forms a connecting homogeneous 
volume through the ternary system. This is not 
surprising since the P-phases of the two binary 
systems have the same crystal structure and the 
cell edges are comparable, viz. a = 3.3682 A (6) 
for p (Ag-In), i.e. Ag,In, at 648" and a = 3.3OO2A 
(6) for p (Ag-Al), i.e. Ag,Al, at 700". This means 

that In and A1 atoms are interchangeable on the 
lattice sites of the body-centered cubic structure. 

The three-phase equilibrium of the binary 
system Ag-Al, at 566" (peritectic) terminates in 
the ternary system in an invariant plane at 506" 
(vertical section 11, Fig. 3). From vertical section 
111, Fig. 4, it appears that an invariant plane also 
exists at 241". 
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Vapor pressures and vapor * liquid equilibria in the systems: 
( I )  acetone - chloroform, (2) acetone - carbon tetrachloride, 

(3) benzene - carbon tetrachloride 

A. N. CAMPBELL AND G. M. MUSBALLY 
Department of Cl~etnistry, Utzioersity of Manitoba, Winnipeg, Manitoba 

Received May 20, 1970 

The saturation vapor pressures of ten mixtures of the binary systems (I)  acetone -chloroform, 
(2) acetone - carbon tetrachloride, and (3) benzene - carbon tetrachloride have been determined, from 
100 to 230" for system 1 and from 100" up to the highest temperature at  which llquid and vapor coexist 
for systems 2 and 3. The system acetone - chloroform could not be studied at higher temperatures 
because of decomposition. 

The gas-liquid critical temperatures of the three binary systems have been determined by the dis- 
appearance of meniscus method. The orthobaric compositions of the vapor-liquid equilibria of the 

I binary systems have been measured from 100 to 180' for system 1 and from 100" to the critical region 
for systems 2 and 3, using a glass bomb enclosed in a steel bomb. 

From the vapor-liquid composition curves and the vapor pressure curves at  constant temperatures 
I (100, 150, 160, 170, and 180°), the existence of an azeotrope in the system acetone-chloroform at these 

temperatures, and having a composition of 36.2 mole% acetone at  low,  was confirmed. The composition 
of the azeotrope shifts towards lower acetone content as the temperature is raised. Azeotropes were not 
found In the systems acetone - carbon tetrachloride and benzene - carbon tetrachloride, over the 
ranges of temperature and pressure of this research. 

The data of the binary systems were treated thermodynamically to yield the liquid phase activity 

i coefficients and, as suggested by Chueh and Prausnitz, the Redlick-Kwong equation was used in a 
modified form to obtain the fugacity coefficients of components in the vapor phase. Several liquid 
phase parameters, such as the binary interaction constant, Henry's constant, and dilation constant have 
been calculated, using the van Laar equation as modified by Chueh and Prausnitz. 

I 
I Canadian Journal of  Chemistry, 48, 3173 (1970) 

Introduction 
Although most of the common liquids have 

been investigated at high temperatures, the 
thermodynamic treatment of mixtures has been 
largely limited to those of the paraffins. The 
reason for this is obviously the difficulties of the 
technique. Acetone, chloroform, benzene, and 
carbon tetrachloride were chosen for this study 
because they have been extensively investigated 
at low temperatures; the vapor P liquid equi- 
librium compositions have been determined for 
the binary systems between 10 and 55" and the 
vapor pressures at 25". Chatterjee and Campbell 
(1) have recently determined the orthobaric 
densities and vapor pressures of the pure liquids, 
up to the critical region. 

In addition to investigating the vapor pressures 
and vapor * liquid compositions, of the three 
binary systems, we have determined the critical 
temperatures of each system, as a function of 
composition. Rowlinson (2) points out that the 
critical temperature of a simple mixture is one of 
the most direct sources of information about the 
energy of interaction of two unlike molecules. 

  he svstem acetone - chloroform has been 
thoroughly investigated at low temperatures. 

Campbell, Kartzmark, and Friesen (3) reported 
HE values for 25" and Campbell and Kartzmark 
(4) showed that a compound of acetone and 
chloroform exists in the liquid state; from their 
data on heats of mixing they calculated the 
enthalpy of the hydrogen bond. The vapor pres- 
sures and vapor * liquid compositions, at tem- 
peratures ranging from 15 to 55", have been 
studied by many workers, including Zawidski (5) 
and Rock and Schroder (6). A complete review 
of the work done on this system is given by 
Chatterjee and co-workers (7). 

The vapor P liquid compositions of the system 
benzene - carbon tetrachloride, a t  temperatures 
ranging from 25 to 45", have been investigated by 
at least 12 different investigators, including 
Young (8), Scatchard, Wood, and Mochel (9), 
and Fowler and Lim (10). The existence or non- 
existence of an azeotrope has been a question for 
more than 50 years. Young (8) first suggested the 
possibility of an azeotrope of composition 
91.65 mole % carbon tetrachloride at 760 mm Hg 
pressure. Scatchard, Wood, and Mochel (9) in- 
vestigated this system under isobaric and iso- 
thermal conditions at 760 mm and 40" but failed 
to find any azeotrope. Campbell and Dulmage 
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(1 1) found that the vapor phase is never richer 
in benzene than the liquid phase, that is, there is 
no reversal of composition as there would be in 
passing through an azeotropic point. 

Vapor + liquid compositions of the system 
acetone - carbon tetrachloride have been mea- 
sured at 0" by Gerrits (12), at 50" by Severns et al. 
(13), and by many other workers at relatively low 
temperatures. Brown and Smith (14) carried out 
vapor + liquid measurements at 45" and con- 
cluded that an azeotrope exists, under a pressure 
of 513.2 mm at a mole fraction of acetone of 
0.964. Ellis and Rose (15) have measured the 
vapor pressures of this system over the tem- 
perati~re range 5-25". 

Experimental 
Purificatiot~ of Materials 

Organic impurities were removed from spectroanalyzed 
acetone by treating it with silver nitrate solution, followed 
by sodium hydroxide. After shaking, the solution was 
filtered and distilled from anhydro~ls calcium sulfate. The 
portion distilling between 56.1 and 56.2", under a n  
atnlospheric pressure of 746 nun Hg, was collected. A 
fresh batch was prepared every week. 

Since it is notorious that chloroform decomposes when 
exposed to air and light, a fresh batch of this substance 
was prepared every 3 days. T o  remove ethanol, chloro- 
form was shaken several times with concentrated sulfuric 
acid and then washed with water. The product was then 
dried with calciun~ chloride and distilled fro111 phosphorus 
pentoxide. The final distillate was stored in a closed 
cupboard, in brown bottles wrapped in black paper. 

Thiophene-free benzene was shaken with successive 
portions of concentrated sulfuric acid until a yellow 
color was no longer produced in the acid layer, then with 
water, dilute sodium hydroxide, and again with water. 
It was finally dried over phosphorus pentoxide and 
distilled from metallic sodium. 

Carbon tetrachloride was boiled with dilute potassium 
hydroxide solution, then shaken with alkaline potassium 
permanganate solution, and finally distilled from barium 
oxide. The refractive indices and densities (at 25") of our 
products were: 
- - -- - - -- - - -- - 

Substance t lDZ5  d425 
- - - - - -- 

Acetone 1.3561 0.7880 
Chloroform 1 ,4433 1 .4805 
Benzene 1.4979 0.8734 
Carbon tetrachloride 1.4576 1.5842 

Method of Analysis of Mixtures 
Mixt~ires were analyzed refracton~etrically or by 

density, after preparation ofcalibration curves. Generally, 
the error of analysis was about 0.1 %. 

Detern~itmtion o f  Critical Tetrrperatrrre 
If a sealed tube containing liquid and vapor is heated 

uniformly, and if the overall density is not too different 
from the critical density, it is observed that the meniscus 
becomes flatter and fainter until the critical temperature 
is reached, when the meniscus disappears in the body of  
the tube. It had been observed by many workers, includ- 
ing ourselves, that it is not necessary that the overall 
density be exactly the critical density for these phe- 
nomena, including the occurrence of fluctuating striae, 
to be observed. There has been much discussion as to  
whether the temperature of disappearance of the meniscus 
is the true critical temperature, but, at  all events, it is 
what we describe here as such. The method indicated 
above was the one chosen by us for the investigation of 
the systems (I) acetone - chloroform, ( 2 )  benzene - 
carbon tetrachloride, (3) acetone - carbon tetrachloride. 
The experimental tubes were 15 cm long and had a n  
internal diameter of 2 mm. The internal volume of each 
tube was determined as a function of length. The pure 
liquid components were degassed by repeated freezing 
in liquid nitrogen and pumping off to a high vacuum line. 
Still under vacuum a suitable amount of liquid 1 was 
transferred to the capillary tube. The length of the tube 
occupied by liquid was measured with a cathetometer 
and the mass determined from the known density. 

The second liquid was then distilled into the capillary 
and the height again measured. Any change in volume 
on mixing was considered to be negligible for our 
purposes. The tube was then sealed while in liquid 
nitrogen. 

The tube with its contents of known composition was 
then placed in a thermostat a t  200 O C .  Temperature was 
controlled with a solid state proportional temperature 
controller. Up to a temperature of 225", Dow Corning 
Silicone Oil 550 was used as thermostat liquid. Above 
this temperature, the eutectic mixture of potassium, 
sodium, and lithiuln nitrates was used. T o  prevent cor- 
rosion in the latter case, the temperature sensor was a 
thermistor sheathed in stainless steel and the heating 
element was encased in a non-corrosive nickel-chrome- 
iron alloy. 

The temperature of the thermostat was then re-adjusted 
at  higher temperatures. As the critical temperature was 
approached, the temperature intervals were reduced. The 
meniscus was viewed through a telescope placed at  a 
distance of 2 m. The temperature at  which the meniscus 
disappeared was measured with a copper-constantan 
multiple junction thernlocouple. The bath was then 
allowed to cool slowly and the temperature of re- 
appearance of the meniscus noted. The mean of these 
two temperatures was taken as the correct temperature. 
The reproducibility was 0.05 to 0.1". 

Measrrremetzt of Eq~~~liDriurrz Vapor-Liclrrid Co1?7positiotrs 
This has been described previously (1). 

Meas~rretnet~t of Vapor Pressrrre 
The method has been described previously (1). 
Not more than 30 lnin could be allowed for the 

establishment of equilibrium, because chemical decom- 
position became appreciable with time. T o  avoid this 
incipient decomposition as far as possible, two sets of  
experiments were carried out. In one, the temperature 
was raised from 100 to 190" and then a fresh filling was 
used for the range 200 to 280". Because the volume of  
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MOLE % CHCL,  

FIG. 1 .  Gas s liquid critical temperatures of the acetone-chloroform system as a function of mole% chloroform. 

MOLE % ACETONE 

FIG. 2. Gas 8 liquid critical temperatures of the acetone carbon tetrachloride system as a function of mole% 
acetone. 

the vapor phase was always much smaller than that of 
the liquid, we thought ourselves justified in assuming that 
the composition of the liquid did not change appreciably 
with temperature. 

Results 
Critical Temperatures 
A. Pure Liquids 

Critical temperatures of pure liquids are listed 
in Table 1. 
B. Binary Systems 

Acetone-Clzloroform 
The gas & liquid critical temperatures have 

TABLE 1 

been determined over the whole concentration 
range. These data, together with most of the other 
extensive data of this paper, are to be found in the 
Depository of Unpublished Dataof the National 
Research Council of Canada.' The results are ex- 
pressed graphically in Fig. 1, which represents 
critical temperature us. mole % CHCI,. Chloro- 
form and mixtures having high chloroform 
content develop a yellowish color on prolonged 
heating. For this reason, tubes containing such 
mixtures were not introduced into the bath until 
the temperature was only a few degrees below the 
critical point. 

Critical temperatures of pure liquids Acetone - Carbon Tetrachloride 

Substance Critical temperature ('C) The data are expressed graphically in Fig. 2. 

Acetone 235.OkO. 1 
Carbon tetrachloride 283.2k0.1 'Photocopies may be obtained free of charge, upon 
Benzene 288.0k0.1 request, from the Depository of Unpublished Data, 
Chloroform 263.2k0.1 National Science Library, National Research Council of 

Canada, Ottawa 2, Canada. 
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2654 1 
0 l b  20 30 20 5b 60 7 0  0 0  90 100 

MOLE % CCL* 

FIG. 3. Gas liquid critical temperatures of the benzene - carbon tetrachloride system as a function of mole% 
carbon tetrachloride. 

Benzene - Carbon Tetrachloride 
The data are expressed graphically in Fig. 3. 

Vapor + Liquid Equilibrium Compositions 
Acetone-Chloroform 
The vapor @ liquid equilibrium compositions 

of this system have been determined at 100, 150, 
160, and 180". The data are to be found in the 
Depository of Unpublished Data. A typical 
graph, that for 160°, is given as Fig. 4. 

Acetone - Carbon Tetrachloride 
The data have been obtained for 100, 150,200, 

250, and 270". A typical graph, that for 200°, is 
shown as Fig. 5. 

MOLE % ACETONE IN LlOUlD 

MOLE % ACETONE IN LlOUlD 

FIG. 4. The vapor-liquid equilibrium composition 
curve of the system acetone-chloroform a t  160 OC. 

FIG. 5. The vapor-liquid equilibrium composition 
curve of the system acetone-carbon tetrachloride a t  
200 "C. 

Benzene - Carbon Tetrachloride 
The data have been obtained for 100, 108, 150, 

200, 250, and 270". The data for 150°, which are 
typical, are plotted in Fig. 6. 

Vapor Pressures 
Acetone-Chloroform 
The saturation vapor pressures have been 

determined over the whole concentration range 
in the temperature interval 100 to 180". The 
figures, together with all other vapor pressures, 
are to  be found in the Depository of Unpublished 
Data. The results for mixtures containing 7.50 
and 80.01 mole % acetone are expressed graph- 
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MOLE % CPRBON TETRACHLORIDE IN LlOUlD 

FIG. 6. The vapor-liquid equilibrium composition 
curve of the system benzene -carbon tetrachloride at 
150 "C. 

ically in Fig. 7. All intermediate compositions lie 
between these two limits. 

Acetone - Carbon Tetrachloride 
Figure 8 shows the plots of vapor pressure us. 

temperature for different constant compositions, 
at the bubble-points of the system. 

despite the fact that the compositions of the ten 
mixtures varied from 5.00 to 97.21 mole% 
carbon tetrachloride. 

Discussion 

Thermodynamic Analysis 
Thermodynamic reduction and correlation of 

vapor + liquid equilibrium data are common at 
low pressures but, at high pressures, little attempt 
has been made to reduce such data with thermo- 
dynamically significant functions. In high pres- 
sure phase equilibria it is not possible to make 
the simplifying assumptions commonly made at 
low pressures; in such systems both phases, vapor 
and liquid, exhibit large deviations from ideal 
behavior. 

We have treated our experimental data by the 
method of Chueh and Prausnitz (16). Vapor 
pressure non-idealities are expressed as fugacity 
coefficients (+i) and the liquid phase non- 
idealities as activity coefficients (y,). The Redlich- 
Kwong equation, modified by the introduction of 
binary interaction constants, has been used for 
vapor phase properties. The van Laar equation, 
modified to allow for the rapid change of liquid 
molar volume which occurs in the critical region, 
has been used to represent the effect of composi- 
tion on liquid phase properties. Benzene - Carbon Tetrachloride The parameters we have determined are : 

Ten mixtures of different compositions were (I) Henry's constant, H,!, To. investigated between the temperatures of 100 and (2) The binary interaction constants a,,(,), 270'. Figure 9 shows the relation between tem- defined by the equation 
perature and pressure for two of these mixtures: 
fhe pressureseare very similar for all mixtures, gE/RT(x19, + ~292)  = - a 2 2 ( 1 )  b2 

I I I I I I I I I 
100 110 I20 130 140 150 160 170 180 

TEMPERATURE 1.C I 

FIG. 7. Bubble point pressures of constant composition mixtures as function of temperature of the system 
acetone~hloroform. 
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TEMPERATURE I°Cl 

FIG. 8. Bubble point pressures of critical composition mixtures as functions of temperature of the system acetone - 
carbon tetrachloride. The compositions are 0.0, 6.22, 15.01, 24.89, 34.11, 46.80, 52.01, 72.02, 58.20, 86.70, and 
100 mole% acetone. 

FIG. 9. Bubble point pressures of mixtures of constant composition of the system benzene -carbon tetrachloride. 
The lower curve represents a mixture containing 5.00 mole% carbon tetrachloride, the upper a mixture containing 
97.21 mole% carbon tetrachloride, curves of the remaining eight mixtures lie in between. 

a,,, defined by the equation 

where gE = molar excess Gibbs energy, q,, q, = 
the effective molal volumes; Vcl ,  VG = the 
critical molal volumes. 
(3) The dilation constant. 

For a given binary system, the above param- 
eters depend only on temperature, so that 
isothermal experimental data are required. From 
the large scale plots of P us. T ,  for fixed liquid 
compositions and of vapor s liquid equilibrium 
compositions, P-x-y data were read off for each 
isotherm. These data were then treated by the 
programs of Chueh and Prausnitz (16) and the 
analysis carried out, using an IBM 360165 com- 
puter. As all details are given in ref. 16, there is 
no need to repeat them here. 

Tl~ert?zodynamic Coizsisteizcy Test of the 
Vapor s Liquid Equilibriunz Data 

Vapor s liquid equilibrium data are said to 
be thermodynamically consistent when they 
satisfy the Gibbs-Duhem equation. When the 
data satisfy this equation, it is probable, but by 
no means certain, that they are correct. However, 
if they do not satisfy this equation, they are 
certainly incorrect. Thermodynamic consistency 
tests have been described by many authors; a 
good review is given in the monograph by 
van Ness (17). 

Chueh, Muirbrook, and Prausnitz (18) have 
described a consistency test which is an extension 
to isothermal high pressure data of the integral 
(area) test given by Redlich and Kister (19) and 
by Herington (20) for isothermal low pressure 
data. Again details are out of place here. Chueh 
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and Prausnitz (16) have replaced the data plotting 
procedure by a regression analysis. Chueh and 
Prausnitz use the criterion that if the average 
deviation of the activity coefficients y, and y, 
differ by more than 3 %, the data are inconsistent. 

Discussion of Results 
Chloroform-Acetone 

Figure 1, which is a plot of T,, the temperature 
of disappearance of meniscus, us. mole % chloro- 
form, shows that the system chloroform-acetone 
deviates from ideality. This has been observed 
previously by many workers, including Swietos- 
lawski and Kreglewski (21) and Chatterjee and 
co-workers (7). The deviation from ideality is also 
apparent in the vapor pressure plots. The negative 
deviation from Raoult's law has been explained 
by the fact that a 1 : 1 hydrogen bonded compound 
exists in this system, and Campbell and Kartz- 
mark (4) have determined the enthalpy of the 
hydrogen bond as -2.7 kcal mole-'. We doubt, 
however, if this compound continues to exist 
under critical conditions. 

The existence of an azeotrope has been con- 
firmed from the vapor + liquid equilibrium 
composition curves, e.g. Fig. 4. It was found that 
the composition of the azeotrope, a negative 
azeotrope in the terminology of Rowlinson (2), 
which is 36.2 mole% acetone at 100°, shifts 
towards lower acetone content as the temperature 
is raised (Table 2). Rock and Schroder (6) came 
to the same conclusion from their study of this 
system at 10 to 55". This observation also agrees 
with the well known fact that an increase of 
temperature of a negative azeotrope decreases 
the mole fraction of the component whose vapor 
pressure increases more rapidly with temperature. 
This system was investigated only up to 180 "C, 
at which temperature the azeotrope still exists, 
but it is known (22) that the azeotrope does not 
exist up to the critical point. 

The experimental data for vapor + liquid 
composition and saturation vapor pressure ofthis 
binary system were treated to yield the fugacity 
coefficients, 4, and 4,, and the activity co- 
efficients, y, and y,, of the two components, in 
the vapor and liquid phases, respectively. For 
this purpose we used the programs of Chueh and 
Prausnitz (16). Here again, most of the results 
are to be found in the Depository of Unpublished 
Data but a sample calculation (for 160") is given 
in Table 3. The second round of fitting has been 

TABLE 2 

Dependence of azeotropic composition 
on temperature in the system 

CHCI,(l) - acetone(2) 

Azeotropic composition 
Temperature ("C) (mole fraction acetone) 

omitted since it was identical with the first round. 
From Table 3 it is seen that, though yi -> 1, as 
xi  -> 1, the system acetone-chloroform is not 
ideal at the temperatures and pressures of this 
work. The activity coefficients have been plotted 
as functions of mole fraction acetone in the liquid 
phase, for 160" only, in Fig. 10. The curves for 
the other temperatures are similar. The deviations 
between the experimental values of the activity 
coefficients a n d  the calculated values are rather 
large but this is discussed later. 

Carbon Tetrachloride ( I )  -Acetone (2) 
The plot of T,, the temperature of disappear- 

ance of the meniscus, us. mole % acetone (Fig. 2) 
for this system shows a slight deviation from 
ideality but the vapor pressure plots show neither 
maximum nor minimum. The vapor F? liquid 
equilibrium curves (e.g. Fig. 5) also do not 
indicate the existence of an azeotrope. Brown and 
Smith (14), who studied the vapor + liquid 
equilibria of this system at 45", claim the existence 
of an azeotrope at a mole fraction acetone of 
0.964 and a pressure of 513.2 mm Hg. In our 
work, the vapor was found always to be richer in 
acetone, that is, we did not find an azeotrope. If 
an azeotrope exists at 45", it must disappear at 
higher temperatures. 

Thermodynamic analysis of this system was 
carried out in two parts. Data reduction for the 
isotherms at 150 and 200" were carried out using 
a one-parameter model for the excess Gibbs 
energy with q,(l) = 0. The results for 150" are 
shown in Table 4. The Table shows that yi -> 1 
as xi -> 1 for this system. Figure 1 1 is a graphical 
representation of the activity coefficients as a 
function of mole fraction of acetone in the liquid 
phase. The differences between the experimental 
values for the activity coefficients and their cal- 
culated values are small; in other words, this 
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TABLE 3 

Thermodynamic analysis of the system CHCI, (1) -acetone (2) at  160 "C* 
-- 

Volume 
fraction of 
component - - Poynting 

2 in the P VI VZL correction 
y2 liquid phase (atm) (cc/mole) (cc/mole) for yl 

0.225 0.214 11.40 112.1 104.7 1.036 
0.320 0.288 11.36 111.9 104.3 1.036 

Poynting . 
correction 

for y2 ylPO(exp) 

1.034 0.851 
1.033 0.829 
1.034 0.784 
1.035 0.707 
1.037 0.624 
1.039 0.550 

0.235 0.225 0.882 0.865 0.964 -0.113 0.652 0.015 
0.313 0.320 0.883 0.865 0.937 -0.107 0.704 0.006 
0.416 0.465 0.880 0.860 0.889 -0.105 0.771 0.020 
0.540 0.630 0.878 0.855 0.816 -0.109 0.847 - 0.000 
0.800 0.867 0.870 0.843 0.622 0.001 0.967 -0.131 
0.929 0.960 0.865 0.835 0.517 0.033 0.995 -0.069 

Ave. deviation 0.078 Ave. deviation 0.040 

*Correction to geometric mean K12= 0.010; ~ T ~ ~ / ( T c ,  + TC2) = 0.008; 2vI2/(VCI + VC2) = 0.035; reference fugacity 1 = 11.55 atm 
reference fugacity 2 = 13.66 atm; a12, interaction constant of 1 and 2 = -0.0032 mole/cc. 

0 9 0  
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0 
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MOLE FRACTION ACETONE IN LIQUID RULSE 

Activity coefficients us. mole fraction acetone in liquid phase of the systems chloroform-acetone at  160 OC. 

system responds better to the solution model of 
Chueh and Prausnitz (16). This system is nearly 
ideal at 150°, since the activity coefficients are 
very nearly equal to one, but at 200" the deviations 
from ideality are larger. The deviations are 
positive at 150" and negative at 200". 

Data reductions for the system at 250 and 270" 
were carried out using a two parameter dilated 
van Laar model for the excess Gibbs energy and 
the unsymmetric convention of normalization 
for activity coefficients. As can be seen from 
Table 5, the program calculates f,(')/x, us. x, 
for each point and, by extrapolating the plot of 
In f2(')/x2 US. x2 (Fig. 12), Henry's constant of 
(2) in (1) is obtained, H z ( , ) .  The program also 

prints out the saturation pressure of component 1, 
liquid partial molal volumes of both components 
at infinite dilution, the reference fugacity of 
component 1 at zero pressure, the molal volumes 
of the saturated liquid mixture, for each concen- 
tration, and the corrected reduced temperatures 
of the liquid mixture for each concentration 
(Table 5). This information is then used to 
evaluate the self-interaction constant, a,,(,, and 
the dilation constant q2(l) of the dilated van Laar 
model. 

Benzene (I) - Carbon Tetrachloride (2) 
The plot of Tm us. composition (Fig. 3) for this 

system deviates only slightly from straight line 
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TABLE 4 

Thermodynamic analysis of the system CCl, (1) -acetone (2) at 150 OC* 
-- - . --- -----A- -~ - - . - - - . . - . . . . - ~ ~ ~ - ~ . - . . - - ~ A ~ - - - ~  

Volume 
fraction of 
component - - Poynting Poynting 

2 in the P VI VzL correction correction 
X 2 y2 liquid phase (atm) (cclmole) (cclmole) for yl for y2 ylPO(exp) yZP0(exp) 

0.582 0.692 0.852 0.866 1.01 0.02 1.02 0.00 
0.720 0.806 0.847 0.859 1.02 -0.01 1 .OO 0.00 
0.867 0.906 0.846 0.854 1.03 0.03 1 .OO -0.05 

Ave. deviation 0.026 Ave. deviation 0.019 

'Correction to geometric mean K, ,  = 0.01 ; ~ T , ~ / ( T ~  + TCZ) = -0.033; 2vL2/VC1 + VCZ) = -0.124; reference fugacity 1 = 6.07 atrn; 
reference fugacity 2 = 10.14 atm; all, interaction constan:of 1 and 2 = -0.0087mole/cc. 

MOLE FFACTION ACETONE IN LIOUIO FXASE 

FIG. 11. Activity coefficients us. mole fraction acetone in liquid phase for the system carbon tetrachloride- 
acetone at 150 "C. 

M O L E  FRACTION ACETONE 
FIG. 12. Plot of Henry's constant H2(~+". 

behavior. The vapor F! liquid equilibrium com- 
position curves (Fig. 6) do not suggest the 
existence of an azeotrope, since the vapor is 
always richer in carbon tetrachloride than the 
liquid. 

Since the volatilities of the two pure compo- 
nents are very similar, no dilation constant is re- 
quired and the binary system can be treated, usinga 
one-parameter model for the excess Gibbs energy. 
Therefore, data reduction for this system was 
carried out using the symmetric convention for 
activity coefficients. The thermodynamic analyses 
for 150, 200, 250, and 270" are to  be found in 
Depository but that for 200" is given as Table 6. 
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TABLE 5 

Thermodynamic analysis of the system carbon tetrachloride (1) - acetone (2) at 250 "C* n 
P 

Molal volume 2 
Saturation of saturated - - Corrected 
pressure of P liquid mixture VI VzL TR of liquid 2 (at,) I (atm) 

X2 xz Y2 (at m) (cc/mole) $1 $2  (cc/mole) (cc/mole) mixture 
- 8 

1.933 0.062 0.079 31.42 173.23 0.7455 0.8107 
c 

32.45 173.58 167.95 0.9756 
32.69 3.953 0.150 0.185 33.44 175.24 0.7298 0.7925 176.09 170.44 0.9817 
31.82 4.943 0.249 0.295 34.43 180.82 0.7234 0.7802 181.65 178.32 0.9891 

0 v 
Vol. fraction cl 
of component Poynting Poynting 

2 in the correction correction 
8 z 

xz liquid phase for YI for yz yl "(exp) yzPO(exp) yl p"(calcd) yl (exp) - y,(calcd) yz P"(calcd) yz(exp) - y,(calcd) 

0.7864 
2 

0.062 0.0492 1.1355 1.1309 0.9919 0.8876 -0.1012 0.9726 0.0193 5 
0.150 0.1214 1.1471 1.1420 0.7921 0.9891 0.8721 0.9801 0.0090 -0.1200 
0.249 0.2061 1.1569 1.1538 0.7847 0.9533 0.8412 -0.0565 0.9856 -0.0323 2 

F 
Ave. deviation 0.0926 Ave. deviation 0.0202 P 

m 
'Henry's constant at  the saturation pressure of solvent determined graphically from above data in upper table = 32.46 atm. Reference fugacity 1 = 25.75 atm; saturation pressure 1 = 29.49 

atm; liquid partial molal volume 1 at infinite dilution = 172.53 cclmole; Vzw = 167.22 cclmole; azz( , , .  self-interaction constant of molecules 2 in the environment of molecules 1 = -0.001788 
molelcc; nz(,,, dilation constant of solute 2 in solvent 1 = 1.2868; Henry's constant at  zero pressure = 28.98 atm. o 
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TABLE 6 

Thermodynamic analysis of the system C6H6 (1) - CCI, (2) at  200 "C* 
-- - -. - - -. .- - 

Volume 
fraction of 
component - - Poynting Poynting 

2 in the P VI VZL correction correction 
xz y2 liquid phase (atm) (cc/mole) (cc/mole) for y, for y2 ylPO(exp) yZP0(exp) 

0.103 0.104 0.832 0.852 0.993 -0.020 0.760 0.047 
0.165 0.168 0.832 0.850 0.984 -0.012 0.786 0.031 
0.244 0.248 0.832 0.849 0.966 0.005 0.816 0.000 
0.326 0.332 0.832 Q.848 0.941 0.030 0.845 -0.024 
0.520 0.582 0.833 0.845 0.894 -0.035 0.902 0.001 
0.621 0.684 0.833 0.844 0.856 -0.030 0.935 -0.042 

Ave. deviation 0.022 Ave. deviation 0.024 

*Correction to geometric mean K,, = 0.010; 2 r 1 ~ / ( T , ~  + Tc2) = -0.003; 2v12/(Vc, + VC2) = -0.040; reference fugacity 1 = 11.62atm; 
reference fugacity 2 = 14.24 atm; a,,, interaction constant of 1 and 2 = -0.00201 rnolelcc. 

MOLE FRACTION OF CARBON IElRACHLORlDE IN LIOUIO PHASE 

FIG. 13. Activity coefficients us. mole fraction carbon tetrachloride in liquid phase for the system benzene - carbon 
tetrachloride at 200 OC. 

The deviation of the activity coefficients from 
unity is not large but the system cannot be 
described as ideal. Since this system consists of 
two non-polar components, it would seem to be 
the ideal one whereby to test the solution model 
of Chueh and Prausnitz (16). Table 6 shows that 
the differences between experimental and cal- 
culated values of the activity coefficients are very 
small. An example of the plot of activity coeffi- 
cients us. mole fraction carbon tetrachloride 
(for 200") is given as Fig. 13. 

Coinparison of Systems 
The system acetone-chloroform shows neg- 

ative deviation from Raoult's law and Campbell 

and Kartzmark (4) have shown that a 1 : 1 com- 
pound exists in the solid (and to some extent in 
the liquid) state. Many theoretical and semi- 
theoretical treatments of this system have been 
attempted (23, 24). Although there is no doubt 
of the hydrogen bonding, at room temperature, 
as indicated by the results of ultraviolet spec- 
troscopy (24) and proton magnetic resonance 
(25), the attempt to construct a theory is com- 
plicated by the fact that both acetone and 
chloroform are associated in the pure state. 

Our results (e.g. Table 3) show that the one 
parameter model of the van Laar equation is 
not successful in reproducing activity coefficients 
of the system acetone-chloroform at temper- 
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atures 150, 160, 170, and 180"; that is, at tem- 
peratures a t  which both components can exist in 
the liquid state. The dilated van Laar model of 
Chueh and Prausnitz (16) is based on the assump- 
tion that the non-ideality of liquid mixtures is 
due to the interaction of solute molecules with 
each other in the environment of the solvent 
molecules and not to interaction between solute 
and solvent molecules. I t  is doubtful if such 
a concept applies to the acetone-chloroform 
system. Furthermore, Prausnitz and Chueh's 
theory applies mostly to non-polar or slightly 
polar components, but both acetone and chloro- 
form are polar compounds. 

Neither does the solution model of Prausnitz 
and Chueh apply in strictness to the system 
acetone - carbon tetrachloride. Table 4 shows 
that the one-parameter model of the van Laar 
equation is fairly successful in reproducing 
activity coefficients for the temperatures 150 and 
200°, but the two-parameter model applied at 
temperatures where one of the components 
(acetone) is supercritical (Table 5) is apparently 
not very successful. The same conclusion was 
reached by Campbell and Chatterjee (1) who used 
the two-parameter model for the system acetone- 
benzene a t  temperatures higher than 200". 

The system benzene - carbon tetrachloride 
consisting of two non-polar components should 
be the ideal system for testing the solution model 
of Prausnitz. It has been shown, however (26), 
that the deviation of physical properties from the 
mixture rule in this system can be ascribed to the 
association of carbon tetrachloride. 

Our results (cf. Table 6) show that the one- 
parameter solution model gives thermodynam- 
ically consistent results for the activity coefficients 
at 150, 200, 250, and 270°, but we are a t  a loss to 
explain why the activity coefficients are so far 
removed from unity. Interaction between benzene 
molecules and carbon tetrachloride molecules 
might constitute an explanation if there were any 
reason to suppose such an interaction. It is 
interesting that, according to Ho, Boshko, and 
Lu (27), at lower temperatures this system shows 

very slight positive deviations from Raoult's law 
but there does seem to be a tendency for these 
to become less positive as the temperature rises. 
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Copper(II) derivatives of the stereochemically adaptive ligands 
1,2-bis(2'-pyridy1)ethane and bis(2-pyridy1)disulfide 

M. KEETON, A. B. P. LEVER, AND B. S. RAMASWAMY 
Departme~zt of Chemistry, York Ur~iuersity, Downsuiew, Ontrrrio 

Received May 25, 1970 

Tetrahedral, square, square pyramidal, and tetragonally distorted octahedral complexes of copper(I1) 
with the title ligands are characterized by electronic and vibrational spectroscopy (at ambient and low 
temperature) and magnetism. The infrared spectra are utilized to infer information about the conforma- 
tion of the ligands in these complexes. The variation in structural types observed is believed to be a 
consequence of the stereochemical adaptability of these ligands to the electronic demands of the metal 
ion. 

Canadian Journal of Chemistry, 48, 3185 (1970) 

We recently reported (1) the structural and 
physical characteristics of the cobalt(II), nickel- 
(11), zinc, and mercury(I1) complexes of the title 
ligands (1,2). Four, five, and six coordinate com- 
plexes were synthesized and the coordinating 
abilities of the two closely related ligands com- 
pared. The ability of the ligands to form com- 
plexes in various different geometries is, for 
complicated ligands such as these, moderately 
uncommon, and betokens unusual adaptability 

to different environments. With an ion such as 
cobalt(I1) whose stereochemical requirements are 
quite severe, only tetrahedral complexes were 
observed. However, with nickel(II), an ion for 
which the energy barriers from one stereo- 
chemistry to another are moderately small, tetra- 
hedral, square, and five coordinate complexes 
were observed. It  was anticipated that with 

copper(lI), an ion whose ability to form variable 
and distorted stereochemistries is auite remark- 
able (2), an even wider range of derivatives of 
these ligands could be prepared. This paper 
shows that this is indeed the case. 

Experimental 
Electronic spectra were recorded as transmittance 

through Nujol mulls with an Applied Physics Cary 14 
spectrophotometer. Infrared data were recorded with a 
Beckman IR 12 spectrophotometer. The low temperature 
far infrared spectra were obtained via transmittance 
through thin polythene films obtained by compression of 
a mixture of the complex and a low melting polythene 
wax. A Beckman VLT-2 variable temperature cell was 
used to cool the samples down to liquid nitrogen tem- 
perature. Room temperature far infrared data were 
obtained as Nujol mulls on polythene plates. Magnetic 
measurements were made via both the Faraday and Gouy 
methods using a 4 in. Alpha magnet, the system being 
calibrated with mercury tetrathiocyanatocobaItate(1I). 
Metal and halogen analyses are by the authors and C and 
H analyses by Galbraith Laboratories of Knoxville, 
Tenn. or A. B. Gygli of Toronto. 

Preparatiorl of the Complexes 
The ligands were obtained as previously described (1). 

Complexes of 1,2-bis(2'-Pyvidyl) ethane 
(LE) Cu Clz 
Equimolar solutions of the ligand and metal salt in 

ethanol were mixed in the hot; a light green micro- 
crystalline precipitate formed rapidly on cooling, in high 
yield. Recrystallization could be effected from ethanol. 

Anal. Calcd. for ClzHl2CI2CuNz: C, 45.2; H, 3.8; CI, 
22.2; Cu, 19.9. Found: C,45.3; H, 3.9; CI,22.2; Cu, 19.6. 

(LE) CuBrZ 
Prepared in the same fashion as the chloride. The com- 

plex is dark green and is not very stable towards re- 
crystallization. 

Anal. Calcd. for ClZHlZBrZCuN2: C, 35.4; H, 3.0; 
Br, 39.2; Cu, 15.6. Found: C, 35.3; H, 3.1; Br, 39.0; 
Cu, 15.3. 
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(LE) zCl~(ClO4) 2 

Ethanol solutions of copper perchlorate and the ligand 
were mixed in a 1 :2 M ratio, and the mixture allowed to 
stand at room temperature. After several hours, a maroon 
red crystalline product was formed. The complex was 
recrystallized from ethanol and dried in a desiccator. 

Anal. Calcd. for C24H24C12C~N408: C, 45.7; H, 3.8; 
Cu, 10.1. Found: C, 45.2; H, 4.0; Cu, 10.1. 

(LE) Cu(NOs)z 
Copper nitrate and the ligand were each dissolved in 

ethanol in equimolar amounts and then mixed. A deep 
blue crystalline product was formed immediately. Re- 
crystallization may be readily effected from acetonitrile. 

Anal. Calcd. for C,,H,,CuN406: C, 38.8; H, 3.25; 
Cu, 17.1. Found: C, 38.8; H, 3.4; Cu, 17.0. 

(LE) CII, (OAc), 
Copper acetate was extracted from a soxhlet thimble 

by a boiling solution of the ligand in ethanol. The 
crystals which eventually formed in the boiler were 
purified by further soxhlet extraction to yield the pure 
green complex. 

Anal. Calcd. for C20H24C~2N208:  C, 43.9; H, 4.4; 
Cu, 23.3. Found: C, 44.1; H,4.2; Cu, 23.35. 

bis(2-Pyridy1)disulfide Co~nplexes 
(LS) CuCl, 
Yellolv Green Isonlev 
When cold equimolar solutions of the ligand and 

copper chloride are mixed in ethanol, a yellow green 
precipitate is immediately produced. This was filtered, 
washed with ethanol, and dried at room temperature. It 
is converted into the dark blue isomer when heated or 
mulled intensely or on prolonged standing (several weeks). 

Anal. Calcd. for C10H8C~C12N2S2: C, 33.9; H, 2.3; 
C1, 20.0; Cu, 17.9. Found: C, 33.9; H, 3.6; C1, 20.1; Cu, 
17.9. 

Dark Blue Zso~ner 
This is most conveniently prepared by mixing the 

reactants in equimolar proportions in hot ethanol and 
refluxing momentarily. 

Anal. Calcd. for ClOH8CuCl2N2S2: C, 33.9; H, 2.3; 
CI, 20.0; Cu, 17.9. Found: C, 34.05; H, 2.65; C1, 20.3; 
Cu, 17.7. 

(LS) CIrBr, 
This was prepared after the same manner as the 

chloride. A dark red product was obtained from the hot 
solution. The complex is unstable on standing (towards 
reduction to Cuq)) and cannot be recrystallized. 

Anal. Calcd. for CloH8Br2CuN2S2: C, 27.1; H, 1.8; 
Br, 36.0; Cu, 14.3. Found: C, 27.0; H, 1.9; Br, 36.3; Cu, 
13.9. 

(Ls) CI~(NO~)Z 
Equimolar quantities of the ligand and copper nitrate 

were dissolved in warm ethanol and the solution filtered. 
The resulting clear pale green solution was maintained 
at the boiling point for some hours. During this period, 
olive green crystals of the product slowly appeared. They 
may be recrystallized from alcohol. An accurate C and H 
analysis could not be achieved. 

Anal. Calcd. for C l O H 8 C ~ N 4 o 6 S ~ :  C, 29.4; H, 2.0; 
Cu, 15.6. Found: C, 30.6; H, 2.4; Cu, 15.6. 

Results and Discussion 

The ethane and sulfide ligands (1,2), labelled 
LE and LS, respectively, form a range of copper- 
(11) complexes which differ markedly from one 
another, as is immediately evident from their 
electronic spectra (Figs. 1-3). The complexes, 
together with their magnetic and spectroscopic 
(electronic) properties, are shown in Table 1. Far 
infrared data are presented in Table 2. 

In the earlier paper (1) it was demonstrated 
that the metal complexes could be divided into 
three series, I, 11, and 111, according to the com- 
plexity of their infrared spectra in several regions 

FIG. 1. The electronic transmittance spectra (at 
-190 "C) of the complexes CuLSX2 (X = C1, yellow 
green and dark blue isomers, and Br). 

FIG. 2. The electronic transmittance spectra (at 
- 190 "C) of the complexes CuLEXz (X = C1 and Br) 
and Cu(LE),(C1O4),. 
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KEETON ET AL.: STEREOCHEMISTRY OF CU(II) COMPLEXES 3187 

TABLE 1 

Magnetic data and electronic spectra* 
- - 

p (B.M., Tem- 
Complex xM'* 22 "C) perature? Electronic spectrum$ (cm-l) 

1,2-Bis(2'-pyridy1)ethane complexes 
(LE)CuCI, 1560 1.92 r.t. 13 335 

1.t. 13 335 

(LE)Cuz(OAc), 892 1.45 r.t. 13 795 26 670 
1.t. (1 1 110) 14 285 27 400 (29 630) 

(LE)ZCu(C104)2 1633 1.96 r.t. (17 390) 21 050 
1.t. 18 180 21 620 

Bis(2-pyridy1)disulfide complexes 
(LS)CuCIz 5 5 r.t. (8890) 12060 
(Yellow green) 1.t. 8835 12 500 (22 820)w 
(LS)CuC12 1329 1.77 r.t. 15700 18150 
(Dark blue) 1.t. 16000 18690 

*Molar susceptibility corrected for diamagnetism of the ligands. 
tr.t. = room temperature spectra; 1.t. = spectra a t  liquid nitrogen temperature. 
SShoulders are indicated in parentheses. 
§Not possible to obtain magnetic data because grinding converts sample to the dark blue isomer. 

FIG. 3. The electronic transmittance spectra (at 
- 190 "C) of the complexes CU~LE(OAC)~ ,  C U L E ( N O ~ ) ~ ,  
and CULS(NO~)~ .  

characteristic of pyridine. It was concluded that 
in the series I complexes the ligands were biden- 
tate with a cis conformation, whilst in the series I1 
complexes a gauche bidentate conformation, with 
respect to the bridging atoms, was present. The 
series 111 complexes had more complicated 
spectra which were assigned to a bidentate ligand 
in which the two pyridine residues, though both 
coordinated, were not chemically equivalent. Of 

particular importance to the discussion of the 
conformations of the ligands were the C-C out- 
of-plane deformations near 400 cm-'. The free 
ligands and all the nickel, cobalt, zinc, and 
mercury complexes show at least two bands; the 
appearance of at least two bands arises from a 
cis rather than a trans arrangement of the 
pyridine residues about the bridging atoms. 
Azopyridine metal complexes (3) exhibited one 
or two C-C deformation frequencies near 400 
cm-', one for a trans coordinating ligand with 
both pyridine residues coordinating, and two 
when one pyridine residue was uncoordinated. 

Certain of the copper complexes, in contra- 
distinction to the other complexes of LS and LE 
alluded to above, also only exhibit a single C-C 
deformation near 400 cm-' and are expected 
therefore to have a trans configuration about the 
bridging atoms. Whilst this is a hypothesis rather 
than a strict rule, it is surely significant that the 
complex (LE)Cu,(OAc), has such a spectrum. 
This complex is formulated with dimeric copper 
acetate residues bridged by the ligand in a trans 
configuration. It is difficult to see how the 
dimeric units could readily be bridged by the 
ligand if the latter has a cis conformation. The 
intraligand steric interaction would surely exclude 
this possibility. 
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TABLE 2 

Low temperature far infrared spectra (460-200 cm-') 
- -- 

Series 
Complex number* Far infrared spectruml/ 

1.2-Bis(2'-pyridy1)ethane complexes 
(LE)CuCI, 111 210m 276vs 296vs (298) 333m 398s 435s 450s 

i ~ ~ j c u ; ( o X i j ,  IV 24om 270s 348s 364; 4 2 1 ~ ~  424si. 
(LE)2Cu(C104)z I1 202m 248m 254m 270s 278s 308m 318m 401s 4 4 2 ~ s  

Bis(2-pyridy1)disulfide complexes 
(LS)CuC12 (yg)$ IV 235mt 285m 335s 423m 
(LS)CuCl, (db)$ I 211m 243s 252s 260s 274s 3 2 3 ~ s  368m 374s 427s 441 
(LS)CuBr, I1 235m 245w 258s 263s 299w 318s 342m 424s 434s 
(LS)Cu(N03)? I1 240s 291s 296s 364vs 390m 427s 449m 

'Infrared series to  which complex belongs (see ref. 1 and text). 
tCoalesce t o  one band at 417 cm-1 at room temperature. 
t R o o m  temperature spectrum; complex isomerizes t o  blue form under conditions necessary l o  prepare low temperature sample. 
Byg, Yellow green isomer; db, dark blue isomer. 
((Shoulders are indicated in parentheses. 

The far infrared spectra of the previously 
reported complexes were assigned relatively easily 
(I), the varying stereochemistries occurring in 
this series of copper complexes, however, provide 
spectra which are not so readily interpreted. In 
order to facilitate this interpretation all the 
spectra were recorded at liquid nitrogen tem- 
perature when highly resolved spectra are gen- 
erally obtained. It is convenient to discuss the 
complexes individually henceforth. 

I,2-bis(2'-Pyridy1)etliane Conzplexes 

(LE) Cu2 (OAc)4 
The presence of the well-known dimeric 

Cu,(OAc), unit is inferred by the analytical data 
and confirmed unequivocally by the magnetism, 
electronic, and vibrational spectra of the com- 
plex. The moment of 1.45 B.M. is exactly that 
expected (4) for a dimeric copper acetate moiety 
with axially coordinated pyridine residues. The 
electronic spectrum parallels those of other 
axially amine substituted copper acetate dimer 
chromophores (5, 6) both at room temperature 
and at low temperature. The low temperature far 
infrared spectrum is also very similar to that of 
related derivatives, a discussion of which will be 
published elsewhere (7). 

The presence of only one C-C deformation 
frequency at 417 cm-' suggests a traris con- 
formation for the ligand, and indeed, as indicated 
above, if the ligand is to bridge dimer units, a cis 
conformation is highly unlikely. It is interesting 
that at low temperatures the band at 417 splits 
into two bands lying at 421 and 424 cm-'. This 

may be a site symmetry effect or may imply that 
the two pyridine residues are not strictly 
equivalent. 

This derivative is closely related to the corre- 
sponding complex formed between copper acetate 
and azopyridine (LN), namely, (LN)Cu,(OAc), 
which has essentially identical physical properties 
(3). All attempts to prepare the corresponding 
complex with bis(2'-pyridy1)disulfide were un- 
successful. 

(LE) CuCI, 
The infrared spectrum of this complex places 

it into series I11 in which both pyridine residues 
are deemed to be coordinating but are not chem- 
ically equivalent. The electronic spectrum of this 
complex is fairly typical ofa tetragonally distorted 
octahedron (8) which would be achieved via 
chlorine bridges. This is supported by considera- 
tion of the far infrared spectrum, comparison of 
which with those of other LE derivatives suggests 
assignment of the very strong band at 296 cm-' to 
a terminal copper chlorine stretching mode, 
whilst the band at 210cm-' is probably a 
bridging copper chlorine vibrational frequency. 
These bands are in good agreement with those 
found in the spectrum of CuPy2C12 (295 and 234 
cm-' (9)) which is known to have a tetragonally 
distorted octahedral structure with long copper 
chlorine bridging bonds (10) connecting the 
planar CuPy,Cl, units. 

The presence of a series I11 infrared spectrum 
requires that the pyridine residues of the ligand 
span equatorial and axial sites of the tetragonally 
distorted octahedron. The lowest C-C deforma- 
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tion frequency, observed at 398 cm-' is only 4 
cm-' higher than that of the free ligand. The 
energy of the C-C deformation frequency is 
known to increase with increasing metal-ligand 
interaction (11). Thus the small increase in fre- 
quency of the lowest energy band is associated 
with a weakly coordinated pyridine residue, pre- 
sumably the one along the long bonded axis. This 
behavior parallels that of the five coordinate 
nickel complexes previously described (I). The 
complex exhibits a broad band centered at about 
13 300 cm-' in its electronic spectrum; this is 
somewhat below the corresponding band in the 
electronic spectrum of CuPy2C12 (namely 14 600 
cm-' (12)). The somewhat lower energy of the 
LE complex is fully in agreement with the struc- 
ture proposed since, whilst the pyridine complex 
has an in-plane CuN2CI, chromophore with two 
long copper chlorine interactions, the LE com- 
plex is postulated to have an in-plane CuNC1, 
chromophore (via halogen bridging) with a long 
copper chlorine and a long copper pyridine 
interaction. 

I (LE) CuBr, 
I This complex has a series I infrared spectrum 
I and therefore should contain a bidentate LE 

ligand in the cis conformation. The structure of 
the complex may be deduced by consideration of 
its electronic spectrum. The relatively high energy 
of the absorption bands excludes a tetrahedral 
formulation, which would give rise to absorption 
near or below 10 000 cm- ' (8, 13). A square 
planar complex with no near neighbors along the 
four fold axis would be expected to absorb at  a 
rather higher energy and should show only one 
broad band. Moreover such complexes are rare 
with halogen ligands in the absence of a pro- 
nounced steric interaction suppressing axial co- 
ordination. By analogy with the chloro complex 
above, a six coordinate tetragonally distorted 
octahedron is also eliminated since it would be 
expected to absorb near or below 14 000 cm-'. 

I 

A five coordinate structure, on the other hand, 
with an essentially square pyramidal chromo- 

I phore would be consistent with the observed 
I data. The complex [Cu(l,3-propanediamine),- 

H20]"S0,2- has such a chromophore with a 
C u N 4 0  microsymmetry. It exhibits a band at 
17 900 cm- ' with weaker absorption near 16 000 
cm-' (8). (LE)CuBr2 is proposed to have a 
polymeric CuN,Br, square pyramidal chromo- 
phore, giving rise to a shift in the band envelope 

to lower energies relative to the CuN40 chromo- 
phore. A trigonal bipyramidal arrangement is 
excluded because it would certainly absorb at 
much lower energies (8, 14). Further support is 
forthcoming from consideration of some five 
coordinate square pyramidal copper complexes 
of a polyfunctional phthalazine ligand, which we 
have recently reported (1 5). A copper phthalazine 
complex with a CuN2Br,0 chromophore in a 
square pyramidal array absorbs at  16 300 cm-', 
closely similar in energy to the spectrum of the 
above complex. In this case the low temperature 
study failed to resolve the low energy tail. Com- 
parison of the far infrared spectra of the LE 
chloro and bromo complexes enables the tenta- 
tive assignment of the strong band at 263 cm-I 
to a copper-bromine stretching frequency. The 
corresponding band in the five coordinate phthal- 
azine complex alluded to above is at 265 cm-I 
(16). 

(LE)Cu(N03) 2 

This brilliant blue complex has a spectrum 
essentially similar to that of the previously de- 
scribed bromo complex, but with the main band 
shifted some 500 cm-I to higher energy. Similar 
arguments may be employed to suggest that this 
complex is also five coordinate and square 
pyramidal (3). It differs from the bromide, how- 
ever, in a number of interesting ways. Firstly, its 
infrared spectrum places it into series 111, im- 
plying that the ligand spans equatorial and 
axial sites; secondly, five coordination may be 
achieved without recourse to bridging ligands. 
The presence of an axially coordinated, and 
apparently weakly coordinated, pyridine residue 
is indicated by the C-C out-of-plane deforma- 
tion band at 399 cm-' similar in energy to the 
copper chloride complex described above. The 
infrared spectrum in the regions associated with 
absorption by the nitrate group (17, 18) are ex- 
ceedingly complex, much more so than in the cor- 
responding (LS)Cu(NO,), derivative described 
below. It is concluded, therefore, that the two 
nitrate groups are inequivalently coordinated as 
required by structure (3). Two very intense bands 
in the infrared spectrum at 296 and 332 cm-' are 
tentatively assigned to Cu-O(N0,) stretching 
vibrations. Interestingly the complex is soluble in, 
and quite stable to, water. 

(LE) 2Cu(c104) 2 

The very high energy electronic absorption of 
this complex, 21 620 and 18 180 cm-' (at low 
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temperature) argues cogently for a square co- 
planar structure with a CuN, chromophore and 
no near neighbors along the four fold axis. The 
complex has a series I1 infrared spectrum sug- 
gesting the presence of bidentately coordinated 
LE ligands in a gauche conformation, and in this 
respect is similar to the corresponding (LE),Ni- 
(ClO,), complex (1). It is difficult to  rationalize, 
however, the very low energy of the first C-C 
deformation frequency (395 cm-I). This implies 
a weak copper-pyridine interaction, yet there is 
no cause to postulate this. 

bis (2-Pyridyl) disulJide Complexes 
(LS)  CuCI, 
This complex exists in two isomeric forms: a 

yellow green isomer isolated from a reaction of 
the constituents in the cold, and a dark blue 
isomer obtained on heating. The yellow green 
isomer is converted into the dark blue isomer by 
pressure (extensive mulling) or by heat. 

Yellow Green Isomer 
This complex has a very simple infrared spec- 

trum with only one pyridine ring breathing 
vibrational frequency at 1024 cm-', and only one 
C--C deformation frequency at 424 cm-'. Fol- 
lowing the earlier classification (I), this may be 
labelled a series IV spectrum; the ligand is 
expected to exist in a trans geometric form, and 
will presumably bridge copper atoms in a 
polymeric array. 

The electronic spectrum consists of two com- 
ponents at relatively low energy (8835 and 12 500 
cm-', with the higher energy band of higher 
intensity); following the arguments above a 
square or square pyramidal structure is excluded. 
The energies would appear to be of the correct 
order of magnitude for a tetragonally distorted 
octahedron [cf. (LE)CuCl,]. The only other 
alternative formulation is a trigonal bipyramidal 
arrangement, expected to absorb near 12 000 
cm-' (8, 14). Consideration of model compounds 
of each of these structural types (8) reveals that 
the octahedral complexes have their most in- 
tense absorption in the visible region with a lower 
intensity tail to lower energy which may or may 
not be resolved into an additional lower intensity 
band. The trigonal bipyramidal complexes, on 
the other hand (8, 14), generally exhibit two com- 
ponents, with the lon~er energy component of 
higher intensity. Thus the yellow green isomer 
would appear, if this criterion is valid, to  have a 

tetragonally distorted octahedral structure. Since 
the ligand belongs to series IV, a polymeric 
structure is envisaged with both halogen and 
ligand bridges. Since the C-C deformation fre- 
quency is relatively high the ligand probably co- 
ordinates in the equatorial plane of the distorted 
octahedron. The far infrared spectrum does not 
convey very much information except that its 
simplicity, relative to the other isomer suggests 
high symmetry. The band at 335 cm-' is strong 
and suggestive of a copper-chlorine stretching 
vibration; however, this vibration is not expected 
at  so high a frequency if the structure is adjudged 
correctly. Instead this band may be a ligand band 
(the free ligand absorbs at  347 cm-'). 

Dark Blue Isomer 
This complex absorbs at a much higher energy 

in its electronic spectrum, higher than any other 
complex except CU(LE)~(CIO,),. It is probable 
therefore that the complex is cis square coplanar; 
the infrared spectrum puts the complex into 
series 1 with a bidentate ligand of cis conforma- 
tion. The far infrared spectrum is fairly com- 
plicated with a strong band at 323 cm-' which 
should be assigned to a copFer chlorine stretching 
frequency. In this case an additional band is 
observed at 368 cm-' (absent in the yellow green 
isomer) which is probably the ligand vibration 
alluded to above. The electronic and vibrational 
data are very similar to those of the complex 
(2-Br-pyridine),CuCl, which is also believed to 
be square planar (19). This latter complex has a 
Cu-C1 stretching vibration at  333 cm-' (20) and 
absorbs in the visible region at  15 250 and 18 700 
cm-' (12). The possibility of a very weakly co- 
ordinated chlorine atom, from a neighboring 
molecule, being present along the axis to form a 
five coordinate derivative should be considered 
in view of the fact that the LS ligand appears to 
be in a cis configuration rather than the gauche 
configuration which might have been anticipated. 
The complex (4-methylpyridine),CuCl, does in 
fact have this kind of five coordinate structure (a 
plane with a long fifth bond) (2 1) ; it absorbs in the 
visible region at 14 950 cm-' (12) and has its 
Cu-Cl stretching vibration in the far infrared 
region at 299 cm-' (22). Thus a similar five CO- 

ordinate structure for (LS)CuCl, (dark blue) 
seems very unlikely. 

( L S )  CuBr, 
The relatively low energy of the electronic 

absorption of this complex would indicate a 
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tetrahedral (or distorted tetrahedral) or five co- 
ordinate trigonal bipyramidal structure as the 
most likely structures. Both are expected to give 
multiple absorption in this region, although a 
regular tetrahedral stereochemistry might absorb 
at lower energies (13). Of key significance to the 
elucidation of the structure of this complex is the 
broad band near 22 000 cm-I which can only be 
ascribed to a bromine-to-copper charge transfer 
band. The energy of this band will increase with 
increasing coordination number of the metal ion 
(23). A trigonal bipyramidal copper complex with 
bromine ligands exhibits a Br -z Cu transition 
near 27 000 cm-' whilst the tetrahedral CuBr,'- 
ion has comparable absorption (24) from 17 000 
cm-l. Since the transition is from a n orbital on 
the bromine atom to the dX2-y2 orbital of the 
copper ion, distortion of the tetrahedron via 
flattening towards a square structure will increase 
the energy of the d-d transitions (25) and simul- 
taneously raise the energy of the bromine-to- 
metal charge transfer band. The data would there- 
fore be totally consistent with a flattened tetrahe- 
dral structure for thiscomplex. Thereis no obvious 
mechanism by which, in a five coordinate trigonal 
bipyramidal complex, the charge transfer band 
could decrease in energy by some 5000 cm-l ;  
both five coordinate square pyramidal or octa- 
hedral bromine copper complexes would be ex- 
pected to exhibit charge transfer appreciably 
above 22 000 cm-l. The far infrared spectra of 
copper bromo complexes have been fairly ex- 
tensively studied. Tetrahedral complexes of the 
type L2CuBr2 are expected to absorb in the 
region 219-229 cm-I (26), whilst square com- 
plexes absorb at higher energies and may exhibit 
bands as high as 266 cm-' [e.g. (quinoline),Cu- 
Br, (27)l. The complex under discussion shows 
several bands in the region 219-266 cm-l, but it 
is not possible to unequivocally identify the 
metal-bromine absorption. The complex has a 
series I1 infrared spectrum, suggesting the pres- 
ence of a bidentately bound ligand group with a 
gauche conformation similar to some zinc and 
cobalt tetrahedral complexes described earlier (1). 
The complex is not very stable, decomposing to a 
copper(1) derivative on standing (several days). 
There is also evidence for a light colored isomer 
of this complex which is formed when the 
reactants are mixed in the cold; however, it is 
converted very rapidly to the brown form and 
cannot be characterized. The electronic spectra 

of the (LS)CuC12 (yellow green) and (LS)CuBr, 
are at first sight very similar (Fig. 2), which might 
suggest that they have similar structures. How- 
ever, this is not the case. The splitting of the 
electronic absorption bands is appreciably greater 
in the case of the bromide, the two complexes 
belong to two different infrared series, and the 
far infrared spectra are very different. It is 
probable that the very unstable light colored 
bromo complex is structurally related to the 
yellow green chloride isomer. 

(LS)Cu(N03)2 

This pale green complex, unlike its LE analog, 
has a series I1 infrared spectrum suggestive of 
equivalently bound pyridine residues. It also 
differs from the earlier complex in having much 
simpler absorption in the NO3- absorption 
regions. Consequently, it is probable that both 
nitrate groups are similarly bound. The complex 
does not absorb at nearly so high an energy as 
(LE)Cu(NO,),; indeed, the spectrum is very 
similar to that of the yellow green (LS)CuCl, but 
is displaced slightly to higher energy. Accepting 
that the two nitrate groups are equivalently 
bound, then a coordination number of four is 
reauired if the nitrates are unidentate and six if 
bidentati. A coordination number of four can be 
clearly eliminated by consideration of the elec- 
tronic spectrum (a tetrahedral complex would 
not absorb at so high an energy, a square complex 
would absorb at a higher energy, and a distorted 
version would probably have a inore grossly split 
spectrum cJ (LS)CuBr,). A six coordinate octa- 
hedral complex with bidentate nitrate groups 
(111) presumably tetragonally distorted along one 
0-Cu-0 axis would seem com~atible with the 
observed facts. The complex is typical in having 
three bands near 400 cm-', which is generally 
only the case with series I11 complexes. However, 
the simplicity of the rest of the infrared spectrum 
is incompatible with the presence of non- 
equivalently bound pyridine residues. 

Magnetism 
The magnetic properties of copper complexes 

rarely provide much information concerning 
their stereochemistry. Most complexes have 
moments in the range 1.73-2.00 B.M. if mag- 
netically dilute. Tetrahedral complexes, having 
an orbital triplet ground state, should theoreti- 
cally have moments exceeding 2.00 B.M. but 
rarely do, because distortion almost invariably 
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removes the degeneracy of this ground state. 
Consideration of the data in Table 1 clearly 
shows that, whilst all the LE complexes have 
moments near 1.9 B.M., the LS complexes have 
moments near 1.8. The difference, though not 
very large, is significant. Moments above 1.73 
B.M. in copper complexes which do not have 
orbital triplet ground terms, are achieved by the 
mixing in of excited orbitally degenerate terms 
into the ground state. This mixing process is 
directly proportional to the spin-orbit coupling 
coefficient (very large for Cu(I1)) and inversely 
proportional to the energy separation between 
the ground state and excited term concerned. 
Since the stereochemistries vary throughout the 
complexes studied, so will the energy separation 
between ground and excited states. Further com- 
plexes are needed to see whether the difference 
between the two ligands is real, but it does seem 
as if the ligand LS causes a larger decrease in the 
spin-orbit coupling coefficient than does the 
ligand LE. 

Summary 

The extraordinary adaptability of these ligands 
to the electronic demands of the metal ion has 
been demonstrated by the existence of cobalt(II), 
nickel(II), copper(II), zinc, and mercury com- 
plexes in a wide range of stereochemistries. A 
linear two coordinate complex was observed 
with mercury (1) whilst four coordinate square 
and tetrahedral, five coordinate square pyramidal 
(and possibly trigonal bipyramidal), six co- 
ordinate octahedral, and tetragonally distorted 
octahedral complexes were observed with the 
other ions. 

The rationale for this behavior stems from the 
extreme flexibility of these ligands. They can 
adopt a conformation which will allow a wide 
range of possible angles to be subtended at the 
metal ion, and can therefore coordinate in various 
stereochemical modes. It is also likely that the 
high polarizability of the electron cloud on the 
pyridine residues will allow the metal-nitrogen 
bond lengths to vary somewhat without a serious 
loss in bond energy. 

Hopefully, X-ray structures of some of these 
complexes can be obtained in the future to clarify 

the bonding modes and substantiate the structures 
proposed. 

We are indebted to the National Research Council of 
Canada for financial support. 
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The photo-electron spectrum of XeF, 
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Six electronic states of XeF, + have been found in the photo-electron spectrum of XeF,. The adiabatic 
ionization potentials, vertical ionization potentials, and relative ionization probabilities for these states 
are compared with theoretical predictions and an attempt is made to assign the states in terms of 
molecular orbitals. 

Canadian Journal of Chemistry, 48, 3193 (1970) 

Introduction 

The discovery (1) of the xenon fluorides in 
1962 was soon followed bv an extensive discussion 
of the electronic structure of these compounds 
(2, 3). Several different theoretical approaches 
were used out of which the linear combination 
of atomic orbitals and molecular orbitals (1.c.a.o.- 
m.0.) scheme (3-7) appears to be the most 
successful in explaining properties such as molec- 
ular geometry, thermochemical data, visible and 
ultraviolet-absorption spectra, and magnetic 
properties. 

We report the photo-electron spectrum of 
XeF,, which gives direct information about some 
low lying electronic states of the XeF,' ion and 
within the approximation of Koopmanns' the- 
orem (8) about the binding energy and bonding 
properties of the molecular orbitals occupied 
in XeF,. 

Experimental 
The spectrometer, which has been described previously 

(9) employs a planar retarding field and an einzellens for 
collimation of the electron beam prior to the retarding 
field. The electrons produced by 584 A resonance 
radiation of a He discharge lamp are counted and regis- 
tered in the 400 channels of a n~ultichannel analyzer which 
is swept in the multiscaling mode synchronously with a 
sawtooth voltage applied to the retarding field grid and 
the einzellens. The XeF, gas emerged from a multi- 
channel jet of sintered glass. The resolving power, as 
measured by the 10 to 90% step width of electrons from 
Ar or Xe is 10 meV, although this resolution apparently 
has not been reached in this study, probably due to 
surface changes caused by the reactive gas under 
investigation. 

Figure 1 shows a photo-electron spectrum of XeF,. 
Upon initial admission of the gas the two steps at 12.13 
and 13.43 eV were ten times as large as in Fig. 1. By 
addition of some Xe gas it could be proven that these 
two steps are due to Xe-atoms formed by decomposition 

'Present address: Department of Chemistry, University 
of Toronto, Toronto 181, Ontario. 

of the xenon fluoride probably at  the walls of the gas 
inlet system. After conditioning for I h these two steps 
had decreased to the size displayed in Fig. 1 where they 
serve as a convenient internal standard for the energy 
calibration. 

Six steps corresponding to different electronic states 
of the XeF,+ ion are found and there seems to be a 
seventh structure at the high ionization energy end. I t  
occurs at  the low electron energy end of the spectrum 
where the bad signal-to-noise ratio and an appreciable 
background of slow electrons make the investigation of 
the spectrum difficult. Table 1 summarizes the experi- 
mental findings. 

Theory 

The Results of Linear Combination of Atomic 
Orbitals and Molecular Orbitals 

Before discussing the electronic state assign- 
ment in terms of the various molecular orbitals, 
a short summary of the theoretical predictions (6) 
may be appropriate. Taking only the three 5p 
orbitals of Xe and the six 2~ orbitals of the two 
F atoms as a basis set, the following molecular 
orbitals (m.0.) can be.formed: there is one o, 
orbital which is the difference of the two fluorine 
2p, atomic orbitals (a.0.). Symmetry excludes 
any contribution of the Xe 5p orbitals. The same 
is true of the only n, orbital which is the difference 
of the two fluorine 2p, orbitals. These two 
orbitals should be non-bonding and close to- 
gether on the orbital energy scale. If the band 
intensities are assumed to be approximately 
proportional to the degeneracies of the vacated 
orbitals, an intensity ratio of 2:l in favor of the 
ng orbital is expected. 

Two o, orbitals can be formed out of the sum 
of the two 2p, a.0. of fluorine and the Xe 5p, a.o., 
one of which should be strongly bonding (low 
energy) and the other strongly anti-bonding 
(high energy). The contribution of the Xe a.0. 
should be larger for the anti-bonding o, orbital 
because of the lower ionization energy of Xe. 
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Finally two K, orbitals can be formed out of 
the sum of the two F 2pn a.0. and the Xe 5pn a.0. 
Again one should be bonding and the other 
anti-bonding, but the binding of these orbitals 
is expected to be small due to the small overlap. 
The intensity of the ionization process elimi- 
nating an electron from a K orbital is expected 
to be roughly twice as large as in the case of a 
o orbital, but deviations from this rule are not 
uncommon. 

The spin-orbit coupling can split only the two 
K, orbitals into K , , ~ ,  and KU3/,  components, 
since the K, orbital is localized on the F atoms 
which are too small to cause measurable spin- 
orbit effects. Altogether, there are eight molecular 
orbitals (K, is doubly degenerate), the order of 
which with decreasing ionization energy from left 
to right is: (oub)2, (xu, (0J2, 
( K , ~ / , ~ ) ~ ,  ( K , ~ , , ~ ) ~ ,  (oua), where "a" stands for 

m ..- 
3 
0 0 

20- 

15- 

10- 

5- 

1 - 

anti-bonding and "by' for bonding. As there are 
only 16 valence electrons to be accommodated by 
the basis set chosen thus the o,;, orbital is left 
unoccupied for the ground state of XeF,. This 
leads to an atomic net charge distribution with 
about + 1 around the Xe atom and - 112 around 
each F atom (3, 6). The order of the o, and K, 

orbitals is practically undetermined within this 
approximation. The ionic states in a photo- 
electron spectrum should correspond to the 
electronic states generated by removing one 
electron out of either one of the occupied 
orbitals. 

3 

=I; 
i 

. XeF,  1 
..&,fa .*..hh' 

t *... .*.p-i* 
1 S" ' 

.*' 
'b &#&.>.+-. 

'1; 1 t" 

x. l 
Z 
-' 'P-. 1 * "&&..*# 

'4 
1 

.$ 
F.r. 

x. 
I :-' 

;J 

--. 
eV 

11 12 13 1L 15 16 

Interpretation of the Results 

A. Energetic Position and Relative Intensity 
Comparing these predictions with the mea- 

surements (see Fig. l )  the first two steps a t  12.44 
and 12.94 eV, essentially equal in size and shape, 

17 1'8 19 20 

FIG. 1. The photo-electron spectrum of XeF,. 584 A. The contents of consecutive channels of a multichannel 
analyzer are plotted as a function of the difference of the photon energy and the electron energy hv - E,,. 

TABLE 1 
Observed transitions and their assignments 

-. 

Ionization potential (eV) Relative 
step Width Molecular orbital 

Adiabatic Vertical height (ev) classification 

12.33+0.02 12.44 1 0 .2  nu,, R = 312 
12.83+0.02 12.94 1 0 . 2  nu,, R = 112 
13.58+0.05 13.68 0.43 0 .3  (?) 0, 
14.06+0.05 14.36 1.3 0.7 Kg 

15.4010.05 15.9 (?) 1 .6  1 .O nu,, R = 312, and 112 
17.10+0.1 17.5 1 .1  1.0 Gub 

20.0510.1 ? ? ? ? 
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can safely be assigned to the electronic states 
produced by ionization from the nu,l2, and the 
xul12, orbitals. Their small width also supports 
the prediction that these orbitals are only slightly 
anti-bonding. 

Our value for the first ionization potential of 
XeF, 12.33 eV agrees with the photo-ionization 
result of Morrison et al. (lo), 12.28 eV. The 
0.05 eV difference between the two numbers is 
caused by a difference in the interpretation of the 
curves. In both measurements the ionization 
starts with a small foot at 12.28 eV. We believe 
that this small foot is due to ionization processes 
of molecules in vibrationally excited states, 
because at 300 OK the majority of the molecules 
is in vibrationally excited states due to the 
relatively low vibrational frequencies (1 1). This 
assumption can be proven or disproven by mea- 
surements of the onset of the ionization at 
different gas temperatures. The apparent dis- 
agreement with the value 1 1.5 +_ 0.1 eV given 
by Wilson et al. (7) seems to indicate that these 
authors have overestimated the precision of their 
extrapolation procedure based on four bands out 
of a Rydberg series. 

Of the two next steps which are expected to 
correspond to the two "gerade" orbitals the 
smaller one at 13.68 eV can only involve the 
transition to the (0,)-' state of the ion while the 
large step comes from (n,)-' state of the ion. The 
next broad step at 15.9 eV is assigned to the 
(nub)-' state and gives an indication of the 
strongly overlapping spin orbit doublet R = 112, 
R = 312. This leaves the step at 17.5 eV to the 
(cub)-' ionic state. 

B. Bonding Character of the Orbitals 
While the energetic order and relative ioniza- 

tion probabilities of the ion states seem to be in 
rough agreement with the expectations, an 
evaluation of the width of the observed structures 
in terms of bonding properties of the m.o.'s leads 
to some difficulties. The 1.c.a.o.-m.0. model 
predicts strong bonding only for the IS,, m.o., 
while the other orbitals should be non-bonding 
(o,, n,), or only slightly bonding (nub), or slightly 
anti-bonding (nu,), but only the first two steps 
identified as (nu,)-', R = 312 and (xu,)-', 
R = 112 are in agreement with this. The predic- 
tions of the bonding properties of the m.0. based 
on qualitative m.0. arguments have to be taken 
with caution, however, especially in molecules, 
where ionic binding makes an important con- 

tribution to the stability of the molecule as in 
XeF, (6). 

As has been mentioned before, the charge 
distribution in XeF, is believed to be + 1 at the 
Xe atom and - 112 at each F atom. Ionization 
of an electron out of an m.0. localized on the 
two F atoms will decrease the net charge of these 
atoms to zero eliminating the ionic contribution 
to the binding. So, within this simple model, the 
ionization of an electron from the o, or n, orbital 
will behave like the ionization of an electron from 
a bonding orbital in spite of the fact that these 
orbitals can have no interaction with any of the 
5p a.0. of Xe. An application of this argument to 
the two nu electrons suffers from the lack of 
information about the relative contribution of 
the Xe a.0. and the F a.0. to these m.0. If one 
simply takes point charges, one finds that the 
attractive forces are increased as one removes an 
electron from an orbital where the contribution 
of the Xe a.0. is more than 63%; in the other case 
the forces are decreased. This is consistent with 
the experiment, if the nu, m.0. has about 60% 
Xe a.o., while the nub m.0. has about 40% Xe a.0. 
contribution. 

C. Spin-Orbit Coupling 
The observed spacing between the two com- 

ponents of the (nu,)-' state of XeF,' (0.5 eV) 
can be compared with the splitting of the two 
'P states of Xe' (1.3 eV). Since the expectation 
value of the spin orbit coupling operator is large 
only around the nucleus and the inner shells of 
the Xe atom, the part of the wave function around 
the Xe nucleus determines the spin-orbit splitting. 
Within the "almost closed shell" approximation 
widely used for atoms and within the one-electron 
m.0. approximation, the nu, m.0. must be com- 
pared with the 5p a.0. of Xe in the vicinity of the 
Xe nucleus. They should be very similar, except 
for a normalization factor h2 giving the relative 
contribution of the Xe a.0. to the m.o., because 
the binding energy of the two electrons compared 
is fortunately the same while the difference in net 
charges influences mainly the outer shells and not 
the inner shells of Xe, where the spin-orbit 
coupling takes place. If one furthermore assumes 
that in the molecule the orbital angular momen- 
tum is more strongly coupled to the molecular 
axis than to the spin (Hund's case a), the ratio 
of the molecular spin-orbit splitting to atomic 
spin-orbit splitting comes out to be $ h2. This 
leads to h2 = 0.58 or 58% if one takes the 
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experimental numbers given above. This value 
of 58% Xe a.0. contribution to the IT,, m.0. is in 
amazing agreement with the other simple model 
presented above to rationalize the bonding 
characteristics of the m.o.'s. 

If one accepts that the IT,, m.0. has 60% 
contribution of the Xe a.o., the IT,,, m.0. must be 
about 40% a.0. due to the orthogonality require- 
ment. From this one could predict a spin-orbit 
splitting of 0.37 eV, but the interaction of the 
Q = 112 component of the IT,, m.0. with the 
close, by (1.7 eV) o,, m.0. induced by the spin- 
orbit coupling and the effect of the different 
energy of the IT,, m.0. as compared to the 
Xe 5p a.0. on the wave function in the vicinity of 
the Xe nucleus cannot easily be taken into 
account. As a result the value of 0.37 eV for the 
spin-orbit splitting of the IT,, orbital can only be 
taken as a rough guess, but together with the 
argument about the "bonding properties" of 
this orbital the possibility to clearly resolve the 
two spin-orbit components of this state appears 
to be plausible. 

Even though both theoretical models are quite 
crude they seem to lead to a consistent inter- 
pretation of all experimental results. 

D. Contribution of Other Atoinic Orbitals 
Aside from the structure observed at 20 eV, 

the energetic order of the os and  IT^ orbital seems 
to make the consideration of the interaction of 
the orbitals discussed so far with other atomic 
orbitals worthwhile, even though they are either 
10 eV or more below (Xe 5s, Xe 4d, F 2s) or 10 eV 
or more above (Xe 6s, Xe 4f, F 3s) the orbital 
energies used in the present basis set. Calculations 
indicate (6) that the F 2s orbitals show the largest 
interactions. These F 2s orbitals generate one 
a, m.0. and one o, m.0. which would have the 
effect of a small upward shift of the o, and 
o, m.o.'s discussed here. This may be the reason 
why the o, orbital has a lower ionization potential 
than the  IT^ orbital. 

It is not easy to see which of the additional 
orbitals can be taken to explain the structure 
observed at 20 eV. This question must be left 
open until better calculations or photo-electron 
spectra produced with more energetic radiation 
give enough information about the lower molec- 
ular orbitals of XeF,. 

NOTE ADDED IN PROOF: After submission of 
the manuscript an article by Brundle, Robin, and 
Jones (12) about the photo-electron spectrum of 
XeF, appeared. These authors found some 
vibrational structure around the ionization 
threshold and detected the S-0 splitting of the 
IT, level at 15.8 eV and the structure at 20 eV 
using the 304 A radiation of He+. Their results 
are in very good agreement with the results given 
in this article; some small deviations in the 
numbers given for the 2., 5. and 6. adiabatic 
ionization potential (i.p.) appear to be due to 
differences in the evaluation procedures. Sub- 
traction of estimated contributions from hot 
bands resulted in the somewhat higher values 
given in this article for the 5. and 6. adiabatic i.p. 
The structure at the 2. i.p., after subtraction of 
the hot band contribution, seems to be broadened 
either by unresolved vibrational structure or by 
pre-dissociation, as Brundle et al. (12) suggest. 
Both effects would, however, tend to shift the 
peak of the ionization probability away from the 
adiabatic i.p. toward higher energies. In addition 
the definition of an "adiabatic ionization poten- 
tial" itself loses precision, if broadening due to 
pre-dissociation is assumed. 

We thank Dr. J. Heitz and Dr. J. P. Adloff of the 
Centre des Recherches Nucleaires in Strasbourg, France, 
for providing us with a XeF, sample. The award of an 
Alexander von Hurnboldt Fellowship and financial 
support through the National Research Council of 
Canada to one of us (M.M.) is gratefully acknowledged. 
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Cu2 + - fulvic acid chelation equilibrium in 0.1 rn KC1 at 25.0 "C 

DONALD S. GAMBLE, M. SCHNITZER, AND I. HOFFMAN 
Analytical Chemistry Research Service1 and Soil Research I11stitute,2 Research Branch, 

Canada Department of Agriculture, Ottawa, Canada 
Received June 9 ,  1970 

CuZ+ reacts with fulvic acid to form a site-bound chelate on the fulvic acid polymer molecules. It is 
deduced from literature evidence that this chelate is the same type that Cu2+ forms with salicylic acid. 
This is supported by a Job's continuous variations plot. The mass action quotient for the chelate forma- 
tion in 0.1 172 KC1 at 25.0 "C has been measured as a function'of the degree of ionization of the chelating 
carboxyl groups. The strength of the Cu2+ -fulvic acid chelate is comparable to that of other bidentate 
Cu2+ chelates. 

Canadian Journal of Chemistry, 48, 3197 (1970) 

Introduction The Complexing Reaction 

Humic materials constitute a group of aromatic 
polymers ranging from low molecular weight, 
soluble polyelectrolytes to high molecular weight 
cation exchangers (1-3). The various soluble, 
colloidal; and ion exchange fractions have similar 
polymer backbones and weak acid functional 
groups. Their range of polyelectrolyte and ion 
exchange properties is therefore quite comparable 
to that of synthetic polyelectrolyte systems, such 
as polyacrylic and polymethacrylic acid (4-7), 
which are extensively described in the literature. 
An important difference is that unlike synthetic 
chain polymers, humic materials such as fulvic 
acid consist of irregular two or three dimensional 
arrays of condensed and broken aromatic rings, 
with no identifiable monomer units. 

As is the case with the polyacrylic acids (8, 9), 
both soluble and crosslinked humic acid fractions 
complex metal ions (10, 11). The common prac- 
tice (12, 13) of using soluble polyelectrolytes as 
model systems for predicting ion exchanger 
properties should therefore apply to the humic 
materials. 

This investigation of the Cu2+- fulvic acid 
complexing equilibrium accordingly has the 
following objectives: (I) to re-evaluate the evi- 
dence for the nature of the complexing sites and 
of the complex, in the light of recently available 
fulvic acid ionization data; (2) to confirm the 
number of Cu2+ complexing sites per gram of 
fulvic acid that earlier work had indicated; (3) to 
measure the Cu2+ -fulvic acid complexing 
equilibrium as a function of the degree of 
ionization of the carboxyl groups at the com- 
plexing sites. 

'Contribution No. 126. 
'Contribution No. 336. 

Fulvic acid has three general types of functional 
groups that influence any metal ion - fulvic acid 
complexing study : (a) phenolic OH groups, which 
remain unneutralized except by prolonged 
reaction with concentrated strong base (14); 
(6) Type I carboxyl groups, defined as those ortho 
to the phenolic groups, which are about 80% 
ionized at lop3  m H +  and virtually all ionized 
at in H +  ; (c) Type I1 carboxyl groups, which 
probably include some that are meta to the 
phenolic groups, and are nearly unionized at 

m H+,andabout43 Xionizedat 10-'mH+. 
A previous report (15) gives the ionization 
equilibria and numbers of Type I and Type I1 
carboxyl groups per gram of fulvic acid, for the 
sample used in this work. 

The familiar Cu2+ chelation reactions of 
salicylic acid and phthalic acid (16) suggest that 
reactions 1 and 2 are both possible with humic 
acids. 

By heavily loadingfulvic acid with Fe3+ andA13 +, 
Schnitzer and Skinner (17) evidently complexed 
more metal ion per gram of fulvic acid than could 
be accounted for by reaction 1. Reaction 2 must 
therefore have occurred, either alone or together 
with [I]. The trace Cu2+ concentrations generally 
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found in nature will not cause such loading, 
however. The available evidence indicates that 
under natural conditions reaction 1 will occur. 
This evidence comes from two types of experi- 
ments. 

(I) Selective Blocking of Metal Cornplexing 
Funcional groups 

In 1957 Himes and Barber (1 8) found that the 
blocking of noncarboxylic acid functional groups 
reduced Zn2+ retention just as effectively as did 
the blocking of carboxyl groups. From this they 
concluded that the carboxyl groups did not 
constitute independent complexing sites. Himes 
and Barber suspected the existence of bidentate 
chelating sites as seen in reaction 1. 

Schnitzer and Skinner (19) exploited this 
technique more fully in 1965, using Cu2+, Fe3+, 
and A13+. The Type I and Type I1 carboxyl 
groups, and the phenolic and alcoholic OH 
groups were blocked in various combinations. 
This was followed by metal retention measure- 
ments effected with cation exchanger in an 
aqueous acetone solvent. Their results were as 
follows. (a) The largest reduction in metal ion 
retention by the fulvic acid occurred when 
carboxyl groups and phenolic O H  groups were 
both blocked. (b) The second largest effect was 
obtained when either carboxyl groups or phenolic 
groups were blocked. (c) No effect resulted from 
the blocking of alcoholic OH groups. 

There was a residual metal ion retention, even 
for case (a). The probable reason for this was that 
the aqueous acetone solvent was required for 
fulvic acid with blocked functional groups. The 
resulting loss of metal ion solubility limited the 
amount of complexed metal ion to about 1 
mole% of the total carboxyl groups of the un- 
modified fulvic acid. If the blocking of the 
functional groups were, for example, only 99.5 % 
effective, then the observed residual metal ion 
retentions could be explained. The residual metal 
ion retentions of cases (a) and (b) are, therefore, 
compatible with reaction 1. The results obtained 
by Schnitzer and Skinner, therefore, lead to two 
conclusions. Firstly, at least 50 % of the retained 
Cu2+ was chelated according to reaction 1. 
Secondly, because of the small amounts of metal 
bound per gram of fulvic acid and the possibility 
of incomplete blocking, the residual metal ion 
retentions cannot be interpreted as evidence for 
complexing at  other sites. For example, reaction 2 
cannot be assumed to apply. 

(2) The Effect of Added Cu2+ on the 
Titration of Humic Materials 

In 1959, Beckwith examined the effect of added 
Cu2+ on the potentiometric titration of a humic 
material (I), after first testing this procedure with 
salicylic and citric acids. All three samples gave 
the same result. That is, the Cu2+ released an 
otherwise untitratable H+ from the fulvic acid. 
Within the limits of what was likely their experi- 
mental error, Khanna and Stevenson (10) found 
the same effect of Cu2+ on the titration curves of 
fulvic acid in 1962. Although referring to 
"nitrogenous materials" in their humic polymer 
fractions, Khanna and Stevenson did not consider 
that a-amino groups had made any significant 
contribution to complexing. 

With further confirmation of these titration 
results by Schnitzer and Skinner in 1963 (17), 
reaction 1 is assumed to be the correct description 
of the Cu2 + - fulvic acid chelation reaction. From 
this it follows by definition that the number of 
bidentate chelating sites is identical to the number 
of Type I carboxyl groups. 

Formulation of the Problem 
The chemical assumptions described in the 

previous report (15) for Type I carboxyl groups 
apply, by definition, to the bidentate chelating 
sites which consist of the Type I chelating site and 
the ortho phenolic OH. 

The chelation equilibrium defined for all of the 
chelating sites is accordingly described by eqs. 
3 and 4. 

K4 
[3 1 AH- + CuZ+ +ACu + H +  

where rnc, mH, rn,,, and mM stand for the molality 
of the site-bound, bidentate Cu(I1) chelate, H + ,  
the singly ionized bidentate chelating sites, and 
Cu2+, respectively; and R4 is the mass action 
quotient for chelate formation. Like the Type I 
carboxyl groups, the bidentate chelating sites are 
assumed to be similar but inherently chemically 
non-identical. The chelation equilibrium may 
therefore be written for the ith infinitesimal 
increment of chelating sites as follows 

For k such infinitesimal increments one has the 
totals given by eqs. 7 and 8. 
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The rest of the argument is essentially the same 
as that presented earlier for the weak acid 
ionization equilibria of fulvic acid (15). The 
above equations give [9], from which it is seen 
that f(, is a weighted average of all of the K4, 
values. 

By definition, the number of bidentate chelating 
sites is identical to the number of Type I carboxyl 
groups. Therefore, if m, = molality of ionized 
Type I carboxyl group, nz,, = molality of 
unionized Type I carboxyl group, m,,, = 
molality of unionized bidentate chelating sites, 
then mT is defined as 

If a ,  = mole fraction of Type I carboxyl groups, 
I including mole fraction ionized (a, = mL/mT = 

degree of ionization), we have 

Again following the reasoning referred to above, 
the final results are given by eqs. 10 and 11. 

In principle, therefore, the K4 which characterizes 
the infinitesimal mole fraction increment of 
chelating sites at any a ,  can be calculated from 
eq. 11. 

Ion Exchange Method of Complexing 
Measurement 

Cation exchange methods of complexing 
measurement have been fully reviewed, both by 
Helfferich (20) and by Marcus (21). Equilibrium 
distributions of Cu2+ between the ion exchange 
and solution phases have been used here. The 
required ion exchange calibration curve, eq. 12, 
is obtained in the absence of ligand. 

where R is the Cu2+ content of the cation 
exchange resin, in moles of Cu2+ per gram of 
dry K +  form resin. For small metal ion concen- 
trations and low resin loadings, [12] will generally 
be a linear function. With the presence of back- 
ground electrolyte, low ligand concentration, 
and no metal ion hydrolysis, it will also be 
independent of m, and c,, where c, = mT f 
mc = molality of total bidentate chelating sites. 
Literature data for Cu2+ hydrolysis equilibria 
(22) were used to estimate the extent of hydrolysis 
at lop4  m H + .  This was found to be negligible. 
The chelation experiment consists of measuring 
the total concentration of Cu2+ in solution as a 
function of R, total ligand concentration, and H +  
concentration. That is, the empirical relationship 
of eq. 13 is determined. 

[I31 c1 = fl(R,c,,m~) 

The concentrations of site-bound chelate and of 
ionized, unreacted chelating sites are then 
calculated from eqs. 14 and 15. 

where 

C, = m, f mc 
= molality of total Cu(I1) in solution 

Experimental 
( a )  Chemicals 

Fulvic acid Batch No. 4: a previous report (15) gives a 
general description of this sample, together with measure- 
ments of the numbers of Type I and Type I1 carboxyl 
groups per gram, and of their respective ionization 
equilibria in 0.1 rn KC1 at 25 "C. 

Cu metal foil: Analar, 99.99% pure, no acid-insoluble 
residue. It was washed with diethyl ether and with dilute 
HCI, and dried to constant weight at 100 OC. 

Cation exchange resin: Bio-Rad AG50W-X8, 20 to 
50 U.S. mesh size, Na+ form, 5.1 milliequivalents per 
dry gram. Two batches were thoroughly mixed, and 
converted to the K +  form. The resin was washed with 
0.1 rn KCI, and stored under this solution until used. 

KCI: Fisher Certified A.C.S. reagent crystals: dried to 
constant weight. 

H,OZ: British Drug Houses Analar Reagent, 30 w/v%.  
HzO: refluxed for 4 h with acid dichromate, and 

redistilled. 
HCI: Fisher 0.1 N standardized solution. 
HCl: Allied Chemical C.F., 37.0 to 38.0%. 
HZS04: Allied Chemical C.F., specific gravity, 1.84. 
HNO3: Allied Chemical C.P. 
HCIO,: Allied Chemical, 70 to 72 % solution. 
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(b)  Apparatus 
Techtron Pye Type AA3 atomic absorption spectro- 

photometer: with Cu lamp, h = 3247 A. 
Beckman Research Model p H  meter: with Sargent 

combination electrode No. S-30072-15. 
Constant temperature bath: 25.00 + 0.05 "C. 
Sargent thermometer: Hg-in-glass, total immersion, 

range 0 to 50 "C; graduations 0.1-0.015 "C, correction 
at 25 "C. Serial No. 580210A. Calibrated by Division of 
Applied Physics, National Research Council of Canada. 

Orion 94-29 solid state copper specific ion electrode: 
used with Beckman 39071 frit junction calomel reference 
electrode, with Orion filling solution 90-00-01. 

( c )  Job's Continuous Variations, with CuZ+ and 
Bidentate Chelating Sites 

CuZ+ and fulvic acid stock solutions were prepared 
having 1 x m C U ( N O ~ ) ~  and 1 x m chelating 
sites, respectively. Both had 1 x m H + .  A set of 
Job's variations samples were prepared volumetrically 
in the usual way. CuZ+ standard solutions were also 
prepared volumetrically.Twosets of voltage measurements 
were made on the samples with the Orion CuZ+ electrode, 
and averaged. The same was done with the standards. 

( d )  Cuz+-K+ Ion Exchange Calibration Curve 
CuZ+ standard stock solutions were prepared gravi- 

metrically, having 0.1 m KCI. Cu metal foil was weighed 
and dissolved to give CuZ+ molalities about 1.2 x 
accurate to at least four significant figures. 

Portions of wet resin and stock solution were weighed 
into flasks to give 20 to 65 g samples. These had solution- 
to-resin dry weight ratios ranging from 21 to 214. A total 
of 51 such samples were run in four sets. Each set was 
shaken at ambient temperatures for one week, and then 
thermostatted for one week at 25.00 k 0.05 "C. A time 
study had demonstrated a one week ion exchange 
equilibration time. Upon equilibration, the two phases 
were quickly separated on filtering funnels, and the resin 
beads were freed from external electrolyte and dried to 
constant weight at about 110 "C. 

(e)  Ion Exchange Chelation Measurements 
A standard stock solution was prepared gravimetrically 

for each of two sets of experiments. These were made 
using Cu metal foil, and contained 0.1 m KCI. One had 
1.908 x total Cu(I1) and 4.49 x lob4 m total 
chelating sites, and the other had 1.800 x m total 
Cu(I1) and 4.26 x m total chelating sites. 

The samples were prepared, equilibrated, and separated 
as described above. Their weights ranged from 20 to 83 g, 
with solution to dry resin weight ratios of 34 to 136. 

(f) Chemical Analyses 
The H +  molalities of the equilibrated, freshly separated 

solution phases were measured essentially as described in 
the preceding report (15). 

Dried, weighed ion exchange beads were destroyed by 
perchloric digestion. H z 0 2  digestion was used to remove 
fulvic acid from complexing solutions. Weighed sample 
solutions were prepared from the digests and from the 
ion exchange calibration solutions, for atomic absorption 
measurements. Sample and standard solutions were made 
up so as to avoid errors from viscosity and density effects. 
Standard curves were fitted by themethodof least squares. 

CHEMISTRY. VOL. 48. 1970 

Results and Calculations 
( I )  Job's Continuous Variations Method 

The variations curve in Fig. 1 has a blunt 
maximum because a relatively small fraction of 
the chelating sites had reacted. For example, 
at X, = 0.5, about 25 % of them were chelated. 
A 1 : 1 mole ratio of Cu2+ to bidentate chelating 
sites is nevertheless indicated. 

( 2 )  Chelate Formation Equilibrium 
The Cu2+-K+ ion exchange calibration curve 

was calculated using 51 data points from 4 sets 
of experiments. A straight line was found by the 
method of least squares to give the best descrip- 
tion of these measurements. The calibration 
curve is described in Table 1. As expected, the ion 

F . ,  . . . . . . . 
0.1 02 0.3 Q4 Cl5 0.6 Q7 48 a9 I:O 

MOLE F R A C T I O N  Cul'(X,) 

FIG. 1. CuZ+ -FuIvic acid chelate composition. Job's 
continuous variations, with mole fractions of CuZ+ and 
bidentate chelating sites. Total concentration of reactants, 
1 x 1 x m H+. No KC]. 

TABLE 1 
Cu2+-K+ ion exchange calibration curve 

- - -  ~ 

Error in m, = + 8 % 
2 . 7 ~  m < m ~ < 1 . 9 ~  10- 'm 

2.5 x molelg< R<2.2x molelg 
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GAMBLE ET AL.: C U ~ +  - FULVIC ACID CHELATION 

TABLE 2 
Ion exchange measurements : Cu2 + - fulvic acid complexing* 

Samples C94 to CIO8 
cl x 10' = 1.844 + 0.02139Y 

o  = k 0 . 1 3 ;  error in cl is k 3% 
R x 10' = 0.01865 + 0.01600Y - 0.000024Y2 

o =  k0 .012;  errorin R i s  21% 
2.61 x lo-' m < c, < 4.27 x 10- m 

Samples C79 to C93 
cl x 10' = -0.1162 + 0.05766Y - 0.000415YZ+ 0.000001Y3 

a  = k0 .067;  error in cl is + 3 %  
R x 10' = -0.006555 + 0.01814Y - 0.000026Y2 ~~ ~ ~ ~ ~~~- 

o  = _+ 0.020; error i n - ~ - i s  $ 1  % 
1.38 x 10-'m < cl < 3.72 x 1 0 - 5 m  

0.585 x lo-' (mole/g) < R < 1.95 x lo-' (mole/g) 
2.40 x m < mH < 3.23 x m 

*[KC11 = 0.1 m; T = 25.00 O C ;  Y = composition of the experimental sample, 
in grams of stock solution per gram of dry K+ form resin. 

exchange calibration measurements were inde- the four sets of samples averaged about +4%. 
pendent of acid concentration over the range The four sets of samples showed randomly 
1.66 x lo-, to 2.58 x m H+. occurring systematic errors of similar magnitude, 

The chelation data were fitted to c, vs. Y and giving a total error in the m, vs. R calibration 
R vs. Y polynomials by the method of least curve of 3 ~ 8 % .  
squares. In each case the function giving the best 
fit was chosen for subsequent calculations. 
Table 2 gives the results and experimental con- 
ditions for each of the two sets of ion exchange 
chelation samples. The mass action quotient for 
chelate formation, R,, was calculated directly 
using the polynomials in Table 2, the ion exchange 
calibration curve, and the concentrations of total 
chelating sites. The degrees of ionization of the 
Type I and Type I1 carboxyl groups were cal- 
culated from the measured H +  molalities, using 
the weak acid ionization data previously reported 
for this fulvic acid sample (1 5). All ion exchange 
sample dry weights were corrected to the weights 
of pure K+ form. These corrections were generally 
small. 

The Cu2+ - fulvic acid chelate formation 
results are presented in Table 3. 

(3) Experimental Errors 
(a) Cu2+-K+ Ion Exchange Calibration 

Curve 
I The experimental errors in the atomic absorp- 

tion measurements were f0.5 to f 1 %. including 
those required for both standards and samples, 
the atomic absorption measurements contributed 
k 1 to f 2 % error to the Cu2+ analyses. The 
scatter in the Cu2+ material balance for each of 

(b) Cu2+ - FuIvic Acid Chelation 
Experiments 

The atomic absorption errors were as described 
above. For samples C94 to C108, the error in the 
Cu2+ material balance was f 2 %, and for 
samples C79 to C93 it was +2.6%. The errors in 
c,, R, and m, may be found in Tables 2 and 3. 

The previously reported errors (15) in the 
Type I and Type I1 carboxyl ionization data, and 
in the number of Type I carboxyl groups per 
gram for fulvic acid Batch No. 4 were h 2 ,  f 20, 
and 0.7 %, respectively. The errors inK,, a,, and 
a, were calculated from these errors (a, = degree 
of ionization of Type I1 carboxyl groups). 

Discussion 
The Job's variations plot agrees with the 

number of Type I carboxyl groups per gram of 
fulvic acid that. was measured by titration (15). 
The postulated composition of the site-bound 
chelate is also substantiated. A sharper peak 
could have been obtained with somewhat higher 
concentrations of reactants. Such concentrations 
would have less relevance to conditions existing 
in nature, however. Schnitzer and Hansen (24) 
and Schnitzer and Skinner (17) have done Job's 
variations experiments based on moles of Cu2+ 
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TABLE 3  

Cu2+ - fulvic acid chelate formation equilibrium* 
- 

a2 Total Cu2+ H + Total chelating sites 
& a 1 + 20 ( m x 1 0 5 + 3 % )  (mx104+1%) (mx 104f 0.7%) 

*[KC11 = 0.1 ni; T = 25.00 'C. 

and moles of number-average polymer molecules 
rather than moles of chelating sites. In both cases 
a 1 :1 mole ratio was found. Since the average 
polymer molecule has about three chelating sites, 
this result is to be expected if less than 113 of the 
chelating sites have reacted. In discussing the 
nature of the Cu2' - fulvic acid chelate, Geering 
and Hodgson (25) noted that the complexing 
reaction releases an otherwise non-titratable H + ,  
and that the complex is more strongly formed 
than would be expected if only one functional 
group were bound to each metal ion. They 
postulated the existence of a chelate ring, but 
suggested that a phosphate acid group and a 
carboxyl group might constitute the bidentate 
chelating sites. If their suggestion were correct, 
then the displaced H' would be titratable in the 
absence of Cu2+. 

On the basis of reaction l ,K4 might be expected 
to be an increasing function of a,. If any such 
trend exists, it has been obscured in the present 
case by other effects. For example, 0.1 m KC1, 
which was used to reduce the risk of ligand 
sorption by the ion exchange beads, may have 

resulted in some K+-polyelectrolyte ion pairing, 
and some cupric chloride complex formation. 
The net effect of these on the K, us. a, curve is 
unknown. 

CU" chelation data recalculated from the 
literature have been compiled in Table 4, for 
comparison with the present results. Although 
estimates of experimental errors were unfortu- 
nately not provided for any of the literature data, 
they set the present results into perspective. Some 
of the synthetic polymers (ethylene - maleic acid 
copolymer and crosslinked polyacrylic acid) 
having dicarboxyl chelating sites, show Cu2+ 
chelating strengths that fall within the range of 
the present fulvic acid values. The Cu2+ - fulvic 
acid values obtained by Schnitzer and Hansen(24) 
for fulvic acid have a wide range that encompasses 
the results presented here. As expected, salicylic 
and phthalic acids form weaker Cu2+ chelates 
than do the polymeric materials. The unexpected- 
ly low values for peat might have been caused, 
at least partly, by the assumption by Coleman 
et al. (1 1) that every carboxyl group participated 
in a chelating site. The weak acid ionization and 
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GAMBLE ET AL.: C U ~ +  - FULVIC ACID CHELATION 

TABLE 4 
Cu2+ chelation data* 

Complexing H +  concentration Reference 
agent AH- KI % (M) Salt K4 number 

0 

Ethylene- 1 -!PO- 10-4.97 10-9.60 
maleic acid 
copolymer 

Polyacrylic 0 10-6.17 
acid 11  10-4.91 -c-o- 10-4.30 

-C-OH 
I I  
0 

Polyacrylic 
acid 

gel 

0 
I I  

Salicylic 
acid xC-"- 10-2.9 10-13.1 

OH 

0 
I I 

Phthalic xCp0- 10-2.8 10-5.1 p =  0.1 0.010 16 
acid C-OH 

II 
0 

0 

Fulvici C-O- 1 1  2 . 2 ~  lo4 2.5 x lo4 lo-s 0.1 MKCI 0.033 
acid lo-3 0.00 M KC1 20. 

3 . 6 ~ 1 0 - ~  3 . 9 ~ 1 0 - ~  lo-3 0.10 M KC1 0.90 24 
OH 1 0 - ~  0.15 M KC1 0.20 

Peat 10-5.5 A 10-4.8 
OH 10-4.3 

'Generalk, literature results were found expressed on  the molar scale. However, for the concentrations used, M z nr. 
tKl and K2 estimated using data from ref. 15. 
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Cu2+ chelation properties of peats need to be 
re-examined in the light of recent results. 

The biggest single source of experimental 
error in this work occurred in the ion exchange 
measurement of total Cu2+ concentration in the 
solution phase. Because this is the case for both 
the ion exchange calibration curve and the 
chelation samples, the R, values have two error 
contributions from this source. For this reason 
the Cu2+ specific ion solid state electrode, which 
became available when this work was well 
advanced, should make possible a substantial 
reduction in the experimental error in R4. This 
in turn might make practical the calculation of 
K4 according to eq. 11. 

Mr. J. G. Desjardins and Mr. D. A. Hindle rendered 
experimental assistance. This work depended especially 
on the dedicated efforts of Mr. K. A. Wilson at the bench. 

1. R. S. BECKWITH. Nature, 184, 745 (1959). 
2. F. E. BROADBENT and G. R. BRADFORD. Soil Sci. 

74, 447 (1952). 
3. M. SCHNITZER and S. I. M. SKINNER. Isotopes and 

radiation in soil organic-matter studies. Inter- 
national Atomic Energy Agency, Vienna, (1968). p. 41. 

4. R. ARNOLD and J. TH. G. OVERBEEK. Rec. Trav. 
Chim. 69, 192 (1950). 

5. HARRY P. GREGOR and MICHAEL FREDERICK. J. 
Polymer Sci. 23, 451 (1957). 

6. FREDERICK T. WALL. J. Phys. Chem. 61, 1344 
(1957). 

7. M. MANDEL, J. C. LEYTE, and M. G. STADHOUDER. 
J. Phys. Chem. 71, 603 (1967). 

8. HARRY P. GREGOR, LIONEL B. LUTTINGER, and 
ERNEST M. LOEBL. J. Phys. Chem. 59, 34 (1955). 

9. RICHARD L. GUSTAFSON and JOSEPH A. LIRIO. J. 
Phys. Chern. 72, 1502 (1968). 

10. S. S. KHANNA and F. J. STEVENSON. Soil Sci. 93, 
298 (1962). 

11. N. T. COLEMAN, A. C. MCCLUNG, and DAVID P. 
MOORE. Science, 123, 330 (1956). 

12. JACOB A. MARINSKY. Interpretation of ion-ex- 
change. Vol. 1. Ediled by Jacob A. Marinsky. 
Marcel Dekker Inc., New York. 1966. Chap. 9. 

13. DONALD S. GAMBLE. Doctoral Dissertation, State 
University of New York at Buffalo. 1965. 

14. M. SCHNITZER and J. G. DESJARDINS. Soil Sci. SOC. 
Amer. Proc. 26, 362 (1962). 

15. DONALD S. GAMBLE. Can. J. Chern. 48,2662 (1970). 
16. ANDERS RINGBOM. Complexation in analytical 

chemistry. Interscience Publ. Inc., New York. 1963. 
17. M. SCHNITZER and S. I. M. SKINNER. Soil Sci. 96, 

86 (1  963). 
18. F R ~ N K ~ :  HIMES and STANLEY A. BARBER. Soil Sci. 

Amer. Proc. 21, 368 (1957). 
19. M. SCHNITZER and S. I. M. SKINNER. Soil Sci. 99. 

278 (1965). 
20. FRIEDRICH HELFFERICH. Ion exchange. McGraw- 

Hill Book Co., Inc., 1962. p. 202. 
21. Y. MARCUS. Ion-exchange studies of complex 

formation. Vol. 1. EdiIed by Jacob A. Marinsky. 
Marcel Dekker Inc., New York. 1966. Chap. 3. 

22. JANNIK BJERRUM, GEROLD SCHWARZENBACH, and 
LARS GUNNAR SILLEN. Stability constants of 
metal-ion complexes with solubility products of 
inorganic substances. Part 11: Inorganic ligands. The 
Chern. Soc. London, 1958. 

23. BETTY J. FELBER, ERNEST M. HODNETT, and NEIL 
PURDIE. J. Phys. Chem. 72,2496 (1968). 

24. M. SCHNITZER and E. H. HANSEN. Soil Sci. 109, 
333 (1970). 

25. H. R. GEERING and J. F. HODGSON. Soil Sci. Soc. 
Amer. Proc. 33, 54 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Pyrolysis of dimethylzinc and dimethylzinc-d6 by the toluene carrier method 
A. N. DUNLOP' AND S. J. W. PRICE 

Departmerzt of Clletnistry, University of Windsor, Wit~dsor, Ontario 
Received June 22, 1970 

The pyrolysis of dimethylzinc has been studied over the temperature range 823-1015 "K using toluene 
to alkyl ratios from 51 : 1  to 121 :1 and total pressure of 17 to 169 mm. The decomposition occurs in two 
steps 

1 Z ~ I ( C H ~ ) ~  -t ZnCH, + CH, 

[2 1 ZnCH3 -t Zn + CH, 

By extrapolation to infinite pressure 

log k,/s-' = 13.3 - (54 000 f 2000/4.58T) 
and at 10 cm Dressure 

Assuming E2 must be increased by 2 4  kcal mole-' to obtain E2 at infinite pressure Dl + D2 = 88 + 4 
kcal mole-' ; cf. 86+ 3 kcal mole-' from thermochemistry. When dimethylzinc-d6 is used only traces of 
CD.4 are produced. This indicates that the non free radical decomposition of methylzinc, suggested by 
the results of a previous sealed ampoule study, is not a significant process under the present experimental 
conditions. 
Canadian Journal of Chemistry, 48, 3205 (1970) 

Introduction 
The pyrolysis of dimethylzinc has previously 

been studied by the toluene carrier method (I), 
in sealed ampoules using cyclohexane as a radical 
scavenger (2) and by an argon carrier technique 
(3). The toluene carrier study indicated a stepwise 
decomposition in which both Zn(CH,), and 
ZnCH, decomposed by a free radical mechanism. 
The activation energy for the first step, the 
decomposition of Zn(CH,), into ZnCH, and 
CH,, was obtained in a pressure dependent 
region using rate constants which were calculated 
without taking into account those methyl radicals 
which combined with benzyl radicals to form 
ethylbenzene. The activation energy of the second 
step, the decomposition of ZnCH, into Zn and 
CH,, was determined in essentially the second 
order region. Again the rate constants did not 
allow for ethylbenzene formation and, inaddition, 
c0ntained.a further uncertainty because of the 
corrections that had to be made to allow for 
decomposition of the toluene carrier. 

The sealed ampoule study was carried out at 
much lower temperatures (250400 "C, cf. 573- 
825 "C in the toluene carrier work) and used both 
Zn(CH,), and Zn(CD,),. From the 1 :I yield of 
CH,D to CH, when Zn(CH,), was studied in the 

'Present address: Department of Chemical Engineer- 
ing and Applied Chemistry, University of Toronto, 
Toronto, Ontario. 

presence of C6D1 ,, it was concluded that ZnCH, 
decomposed by some process that did not involve 
the release of free methyl radicals. A detailed 
mechanism was not given but it was proposed 
that the first step was probably the formation of 
(ZnCH3)2. 

The argon carrier work was a preliminary 
survey to test the feasibility of studying the 
pyrolysis by leaking a small part of the reaction 
stream directly into a mass spectrometer (3). The 
temperature control of the reactor was inadequate 
for a detailed kinetic study although the limited 
results reported are in approximate agreement 
with the toluene carrier work. 

In the present investigation, Zn(CD,), has 
been used to ascertain if any processes occur 
which produce CD, and to eliminate the necessity 
of making a correction for the decomposition of 
toluene. In the first bond region, where the 
decomposition of the carrier is negligible, 
Zn(CH,), was used and an attempt was made to 
collect sufficient data to allow an approximate 
extrapolation to infinite pressure. 

Experimental 
Materials 

(a) Toluene from sulfonic acid (Eastman Organic 
X325) was prepared for use by refluxing over sodium 
under vacuum for 24 h and then degassing twice by 
bulb-to-bulb distillation. 

(b) Dimethylmercury was prepared by adding methyl 
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TABLE 1 

Pyrolysis of dimethylzinc, second bond 

Alkyl* CD3H CD, C2D6 Ethylbenzene-d3 Styrene-d, -- 
Temperature P t, Alkyl kz 

("K) (rnrn) (s) (molar ratio) (moles x 10') 6 - I )  

1014.6 105 2.07 102 75.1 112.4 Trace 0.304 1.5 21.9 0.80 
54 3.63 74 42.8 63.3 0.399 0.108 2.5 9.4 0.40 

997.4 85 3.55 78 51.9 77.9 0.055 0.028 4.6 10.5 0.44 
948.4 105 4.01 70 84.7 115.4 Trace 0.136 10.2 6.4 0.21 

85 3.42 85 75.6 104.6 Trace 0.128 10.6 4.4 0.25 ~ - .. .. . 

56 3.53 93 49.8 62.9 Trace 0.118 7.6 2.1 0.17 
924.6 106 3.51 93 75.7 98.8 Trace 0.134 8.4 2.4 0.17 

56 3.38 102 48.9 58.0 Trace 0.117 6.6 1.1 0.13 
17 3.25 53 63.6 75.5 Trace 0.081 3.0 1.5 0.07t 

Toluene AlkylS CH,§ -- CzH6§ Ethylbenzenes Styrenes 
Tem erature P t, Alkyl - kz 

FK) (mm) (s) (molar ratio) (moles x lo5) (s-11 

'Dimethylzinc-d,. 
tRate data obtained at  930 OK, k2 corrected to 924.6 OK. 

$Dimethylzlnc. 
§Corrected for the contribution from toluene decomposition. Values 

magnesium iodide to an ether slurry of mercuric chloride 
(4). 

(c) Dimethylzinc was prepared by refluxing zinc metal 
with dimethylmercury under a nitrogen atmosphere (5). 
The product (b.p. 41 "C at 712 mm) was degassed and 
stored under its own vapor pressure at - 78 "C. 

(d) The preparation of dimethylzinc-d6 (b.p. 41.4 "C 
at 714 mm) followed the procedure under (b) and (c), 
except methyliodide-d3 was used in the preparation of the 
Grignard reagent. 

Apparatus and Procedure 
The experiments were carried out using the same 

system previously used in studying the decomposition of 
dimethylmercury in a benzene carrier (4). The gaseous 
products were analyzed using a Perkin-Elmer 154 gas 
chromatograph equipped with a 114 in. x 6 ft silica gel 
column. The column was maintained at 80 "C and a 
helium flow rate of 20 cc/min was used. 

The liquid products condensed along with the toluene 
in an acetone- Dry Ice trap were analyzed using a 
Perkin-Elmer model 800 gas chromatograph equipped 
with a 150 ft x 0.02 in. inside diameter Golay Column 
coated with poly(propy1ene glycol) (isothermal operation 
at 60 "C, inlet pressure of Nz carrier is 7 lb). 

The mass spectrometric analyses were carried out using 
an AEI MSlOc2 mass spectrometer. Samples were han- 
dled in a conventional vacuum system and were admitted 
to the mass spectrometer through a porous leak. The 
yields of CH,, CD3H, CD,, C2H6, and C2D6 were based 
on m/e = 15, 19,20,29, and 36, respectively. No appreci- 
able background subtraction was required at any of these 
masses. The mle = 20 peak was corrected for the con- 
tribution from 13CD3H and a small correction for CDH 
was required at mle = 15. 

Analysis for C6H5CHzCD3 and C6H5CHCD, in the 
total ethylbenzene and styrene, respectively, was carried 

of kz at 900.1 'K are from consecutive order calculations. 

out on the appropriate fractions obtained by gas chroma- 
tography. In the ethyl benzene fraction nz/e = 106 was 
used for ethylbenzene and m/e = 109 for ethylbenzene-d3. 
In the styrene fraction m/e = 104 was used for styrene 
and m/e = 106 for styrene-d,. 

Results and Discussion 

The experimental results are given in Tables 1 
and 2. It is clear from the very small yields of CD, 
that the apparent molecular elimination of 
methane encountered in the sealed ampoule work 
(2) did not occur to any significant extent in the 
toluene carrier system. The results may be dis- 
cussed in terms of the following mechanism. I t  is 
assumed that all reactions shown for Zn(CH,),, 
ZnCH,, and CH, apply equally well to Zn(CD,),, 
ZnCD,, and CD, since only secondary isotope 
effects are involved. 

Zn(CH3), -> ZnCH3 + CH3 

'ZnCH, + Zn + CH3 

CH3 + C6H5CH3 -> CH4 + C6H5CHz 

2CH3 + CzH6 

ZnCH3 + CsH,CHz + C6H5CH2ZnCH3 

2ZnCH3 -> (ZnCH3), 

2C6H5CH2 -> Dibenzyl 

CH3 + C6H5CH2 + C6H5C2H5 

CsHSCZH5 + C6H5C2H3 + Hz 
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DUNLOP AND PRICE: PYROLYSIS OF DIMETHYLZINC 3207 

TABLE 2 

Pyrolysis of dimethylzinc, first bond 

Toluene Alkyl* CH,f CzHsf Ethylbenzenef Styrene1 
Temperature P Alkyl k~ 

(OK) (mm) ($ (molar ratio) (moles x lo5) ( s - ~ )  

*Dimethylzinc. 
tcorrection for toluene decomposition negligible. Note: in a run using Zn(CD3), at 874 "K and 17 rnm pressure (approximately 40% de- 

composition first bond) the ratio o f C D s H  to CD4 was 1000:I.) 

Reactions 3,4,7,8,9 and other minor processes indicative of a stepwise decomposition, in which 
which produced traces of ethylene and xylenes reaction 2 is occurring to a major extent only at 
in the present work are characteristic of toluene temperatures where reaction 1 is essentially com- 
carrier work in which appreciable quantities of plete (1, 6, 7). The values of k, in Table 1 at 
CH, are released. The characteristic break in the 924.6 OK and up were therefore calculated on the 
Arrhenius plot of k ,~k , ' /~  shown in Fig. 1 is assumption that 

fraction ZnCD, - 
- 

decomposed 
moles [CD3H + C6H5CH2CD3 + C6H5CHCD2] + 2 x moles C2D6 - moles Zn(CD,), 

moles Zn(CD,), 

Extrapolated values of k, were then used to used to calculate k, that reaction 1 is complete 
calculate the values of k, shown in Table 1 in a negligible fraction of the reaction zone is not 
by successive approximations from the expression valid so that consecutive reaction calculations 

moles product = moles Zn(CH,), used were also done to obtain the values of k, at this 
temDerature. 

kl x (2 - ---- 
k, - k, Cexp (-k,t) + exp (- 

where moles product = moles [CH, + C6H5C2H5 
+ C6H5C2H3] + 2 x moles C2H6. At 874.6 OK 
and 169 mm, approximately 20 % of the products 
are from second bond decomposition while at the 
lowest temperature used, 822.7 "C, only about 
4 %  of the products are from this source. At 
900 OK the assumption inherent in the method 

~kac t ions  5 and 6 are tentatively proposed as 
reasonable reactions for removal of ZnCH, that 
does not undergo decomposition. Both reactions 
would probably occur primarily in the outlet tube 
as the products should have little stability at the 
temperature of the reaction zone. The dimer 
produced in reaction 6 might reasonably be 
expected to reach the acetone - Dry Ice trap used 
to condense toluene, unreacted alkyl, ethyl- 
benzene, and styrene. The bulk of the C,H,CH,- 
ZnCH, would probably deposit in the outlet tube 
along with dibenzyl. Zinc analyses were carried 
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FIG. 1 .  Arrhenius plots for dimethylzinc ( k l ) ,  
methylzinc (k,), and the reaction of methyl radicals with 
toluene (expressed in terms of k3/k4lI2) .  0, k l  at infinite 
pressure; 0, k ,  at 10 cm pressure; Q, k3/k4' lz  at 10 cm 
pressure. 

out on a number of runs by EDTA titration using 
Eriochrome Black T as indicator. 

The small quantities of zinc (20-30 mg) and 
the volatility of the alkyl made accurate analysis 
difficult. However, in 8 runs in the first bond 
region, the quantity of zinc found in the acetone - 
Dry Ice trap led to a material balance for zinc 
of 95 f 10% (based on the assumption that the 
only zinc compound reaching the trap was 
unreacted Zn(CH,),). This is consistent with the 
expectation that most of the C,H,CH,ZnCH, 
would not be expected to get to the trap and 
indicates that reaction 6 is probably not a major 
process. Analyses carried out on samples from 
the second bond region showed only 0-5 % of the 
zinc got through to the trap. As well, after all the 
runs were completed, the reaction vessel was 
removed, and analysis of the zinc metal present 
compared favorably with the amount of zinc that 
would be expected from second bond decomposi- 
tion calculated on the basis of the mechanism 
(1.16 g expected ; 1.20 g found). 

The apparatus used in the present work is not 
suitable for use over a wide range of pressure. 
However, an attempt was made to cover a 
sufficient range of conditions to obtain an 
estimate of El at infinite pressure. The required 
values of k, at infinite pressure were obtained by 

extrapolation of approximately linear Ilk us. 
(11P)" curves (8). The best linearity was obtained 
in the present work when x = 0.6. The resulting 
Arrhenius plot is shown in Fig. 1. Least squares 
analysis gives 

klw/s-' = 2.0 x 1013 exp (-54 00011.987T) 

An estimated uncertainty of f 2  kcal mole-' 
should be assigned to El .  

Similarly, the plot of k, at 10 cm yields 

k2l0 "/ss-' = 3.5 x lo6 exp (-31 000/1.9873) 

with an estimated uncertainty of +2  kcal mole- '. 
The value of E, at infinite pressure should 
probably be 2-4 kcal mole-' above the 10 cm 
value. The value of A,  is of the same order of 
magnitude as previously reported and is quite 
reasonable for a unimolecular reaction that is 
occurring close to its second order region (1). 

The infinite pressure activation energies should 
be a good approximation to the corresponding 
bond dissociation energies. Thus, D [CH,Zn- 
CH,] = Dl = 54 + 2 kcal mole-' and D[Zn- 
CH,] = D, = 34 L- 2 kcal mole-'. Hence, 
Dl  + D, = 88 + 4 kcal mole-'. From the heat 
of formation of dimethylzinc (9, lo), of the zinc 
atom (l l ) ,  and of the methyl radical (12) Dl  + 
D, = 86 f 3 kcal mole-'. The agreement be- 
tween the kinetic and thermochemical estimates 
substantiates the conclusion drawn from the 
original toluene carrier study (1) that when 
methylzinc undergoes decomposition the zinc 
atom is released in its ground state. 

This work has been supported by a grant from the 
National Research Council of Canada. 
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The pyrolysis of trimethylarsine 

S. J. W. PRICE AND J. P. RICHARD 
Department of Cl~emistry, Utziversity of Windsor, Windsor, Ontario 

Received June 22, 1970 

The pyrolysis of trimethylarsine has been studied in a toluene carrier flow system from 764 to 858 "K 
using total pressures from 6.35 to 35.5 mm. Contact times varied from 0.9 to 3.7 s and the amount of 
decomposition, from 1.2 to 73 %. The progress of the reaction was followed by measuring the amount of 
methane, ethane, ethylene, and ethylbenzene formed. No heterogeneous reaction was detected and the 
first order rate constants appear to have been determined at approximately the high pressure limit. In 
seven runs the undecomposed alkyl was also measured. The quantity found was in agreement with 
the product analysis if three methyl radicals are released for each molecule undergoing reaction. 

Least squares analysis of the results gives 

log,, k1s-l = 15.82 - (62 800 k 800)/2.3RT 

The activation energy should be a good approximation to D[(CH3),As-CH3]. The product analysis and 
the values of k4/k,'12 are consistent with the simple consecutive release of three methyl radicals but 
thermodynamic and kinetic considerations may preclude this possibility. 
Canadian Journal of  Chemistry, 48, 3209 (1970) 

Introduction Apparatus a d  Procedure 
The experiments were carried out in a system similar to 

The pyrolysis of trimethylarsine in a static that used in previous work (4). The reaction vessel had a 
system has been reported by Ayscough and volume of 156 cc. To test for surface effects a vessel was 

~~~l~~~ (1). ~h~~ found the reaction to be packed with small quartz tubes. This vessel had a volume 
of 117 cc and a surface to volume ratio 18 times that of the 

homogeneous and Of the first Order with an unpacked vessel. Both vessels were treated with hot con- 
activation energy of 54.6 f 1-8  kcal/mole centrated nitric acid before use. The residual acid was 
(log,, k = 12.77 - 54 60012.3RT). It was as- baked out under vacuum after the vessels were installed 
sumed that the eventual fate of (CH3),AsCH2 in the reaction system. 

The gaseous products were analyzed using a Perkin- had no effect On the Observed rate Elmer model 154 gas chromatograph equipped with a 114 
and the activation energy was associated with in. x 6 ft silica gel column. The column was maintained 
D [(CH3),As-CH,]. at 80 "C, and a helium flow rate of 20 cm3 per min was 

The present toluene carrier work was under- used. 
taken to study the pyrolysis of trimethylarsine The liquid products which condensed along with the 

under conditions such that no significant attack toluene in an acetone - Dry Ice trap were analyzed 
using a Perkin-Elmer model 800 gas chromatograph 

On the parent a l k ~ l  should equipped with a 150ft x 0.02in. i.d. Golay colun~n 
occur. coated with poly(propy1ene glycol). (Isothermal operation 

Experimental at 60 "C, inlet pressure of nitrogen carrier was 7 Ib.) 
After a number of runs, the grey deposit at the outlet 

Materials of the reaction zone was dissolved in nitric acid and 
(a) Trimethylarsine was prepared by the reaction of an%lyzed for arsenic by titration with iodine (5). The 

CH3MgI in butyl ether with AsC13. The complex formed results indicated that this deposit is essentially pure 
was decomposed by gradually heating to 120-150 "C (2). arsenic (98.4% As found). 
The fraction boiling at 50-52 "C was separated, re- 
fractionated, and degassed. Vapor pressure data for the 
final product over the temperature range - 14 to 20 "C Results and Discussion 
may be represented by logP/mm = -1574/T + 7.749. 
This equation gives an extrapolated standard boiling 
point of 50.2 "C, in excellent agreement with literature 
values of 50.1-50.3" (1) and 50.4" (3). 

(b) Toluene from sulfuric acid (Eastman Organic X325) 
was used. Gas chromatographic analysis detected traces 
of higher hydrocarbons (xylenes, ethylbenzene). These 
were reduced to less than 40 p.p.m. by a fractional dis- 
tillation in which a large tail fraction was discarded. 
Prior to use, the toluene was dried by refluxing over 
sodium metal for 24 hand  then degassed by bulb-to-bulb 
distillation. 

The experimental results are given in Tables 1 
and 2. They may be discussed in terms of the 
following mechanism 

[I 1 As(CH3), + A s ( C H ~ ) ~  + CH3 

[21 As(CH3), + AsCH3 + CH3 

[2al 2As(CH3), + A s ( C H ~ ) ~  + AsCH3 

[3 1 AsCH3 -> As + CH3 

P a l  2As(CH3) + As(CH3), + As 
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TABLE 1 

Experimental data for pyrolysis of As(CH3), 

As(CH313 Ethyl- kl 
used CH4 C2H6 C2H4 benzene (s-l) -- T t c  P T/A* 

(OK) (s) (mm) ratio (moles x lo4) 

3.549 5.028 0.179 0.111 2.132 0.668 
5.282 7.490 0.345 0.172 2.267 0.667 

0.000 0.066 
0.000 0.061 
0.000 0.086 
0.000 0.046 

be calculated from this 'Molar ratio of toluene to  As(CH& at the inlet of the reaction vessel. 
pressure (P) and the temperature of the reaction zone (T). 

t racked vessel runs. 

Initial concentrations may figure, the total 

141 CH3 + C6H5CH3 + CH4 + C6H5CHZ usual first order equation 

2.303 1 
I t  = - log - 

t , 1 - x  

plus the usual reactions leading to small quan- where tc is the average residence time in the 
tities of ethylene and traces of xylenes and reaction zone and the fraction decomposed, x ,  is 
styrene. Values of k, were calculated from the given by 

moles CH, + moles ethylbenzene + 2(moles C2H6 + moles C2H,) 
X = 

3(moles As(CH,),) used 

The only volatile arsenic containing compound 
that could be found by either flame or electron 
capture gas chromatography following a run was 
the parent alkyl. The only involatile products 
were dibenzyl and a grey deposit at the outlet of 
the furnace which, as previously mentioned, was 
98.4% arsenic. These facts, coupled with the dis- 
tribution of products shown in Table 1 and the 
agreement shown in Table 2 between the percent 

decomposition calculated from product analysis 
and from the differences between the quantity of 
alkyl used and the residual alkyl, indicate that 
reaction 1 is the rate controlling step in a 
sequence of reactions that produces three methyl 
radicals and free arsenic. The simple linear nature 
of the Arrhenius plot of k4/k,'/2 shown in Fig. 1 
is further supporting evidence (6). 

All contact times used should be such that 
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TABLE 2 

Percent decomposition by product analysis 
and alkyl recovery 

Percent decomposition 

T Product Alkyl 
("K) analysis recovery* 

858.0 72.7 67.1 
852.7 55.2 53.8 
852.6 54.1 53.4 

'From gas chromatographic analysis of the 
toluene trapped at the outlet of the reaction vessel 
in a trap cooled by acetone - Dry Ice. Conditions 
used were the same as those for ethylbenzene 
analys~s. Analyses were carried out immediately 
Follow~ng the run and fresh standard solutlons 
were used. The solutlons have llmited s t a b ~ l ~ t y  and 
care must be taken to avold loss of alkyl by 

I evaporat~on. 

FIG. 1. Arrhenius plot of k4 /k511Z .  Numerals denote 
the number of runs averaged to obtain the given point. 
Total pressure 21-26 mm. 

thermal equilibrium and diffusion problems 
should not be significant (7). The experimental 
results at 858 OK support this conclusion. 

The negligible effect on k, of a variation by a 
factor of 3.7 in concentration at 852 OK and by a 
factor of 7.2 at 836 OK indicates that the decom- 
position is first order. The agreement in Fig. 2 
between the four experiments in the packed vessel 
and those in the unpacked vessel shows that no 
detectable surface reactions are occurring. Least 
squares analysis of the points used to obtain this 
plot gives 

lo3/ T 
FIG. 2. Arrhenius plot for k,.  Numerals denote the 

number of runs averaged to obtain the given point. 
0, runs in unpacked reaction vessel; a, runs in packed 
reaction vessel. 

log k,/s-' = 15.82 - (62 800 I f I  800)2.3RT 

From the runs at 836 OK it is apparent that above 
approximately 13 mm total pressure the values of 
k, are essentially the high pressure limiting 
values. The observed activation energy should 
therefore be a reasonable measure of D[(CH,),- 
AS-CH,]. 

From AHF",,, [As(CH,),,,] = 3.7 kcal mole-' 
(3), AHfo2,, [CH,,,] = 33.2 kcal mole-' (8), and 
AHfO,,, [As, g] = 72.3 kcal mole-' (8) the sum of 
the dissociation energies for reactioils 1, 2, and 3 
should be approximately 168 kcal mole-'. There- 
fore, with D l  = 63 kcal mole-', D, + D, = 105 
kcal mole-'. At the temperatures and pressures 
used, the A factor for reaction 2 should have a 
maximum value of about 1015 and, in all likeli- 
hood, would be considerably lower. If reaction 1 
is to be rate controlling, k, must be significantly 
smaller than k,. Taking the rather conservative 
estimate that k, must be at least twice k, leads 
to what should probably be considered an 
absolute maximum value of D, = 59 kcal mole-'. 
This then requires that D, >, 46 kcal mole-' and 
for k, = 2k2 the minimum value of A, would be 
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about 10'' S-', avalue which is probably at least This work has been supported by a grant from the 
a power of ten greater than that expected (6). National Research Council of Canada. 

Obviously the preceding discussion does not 
rule out completely the possibility that reactions &z.&'.'.r and H. J. 
2 and 3 occur and, in fact, based on experience 2. R. A. ZINGDRO and A. MERIJANIAN. Inorg. Chem. 

3, 580 (1964). 
with other reaction is much 3. L. H. LONG and J. F. SACXMAN. Trans. Faraday Soc. more likely than reaction 2a. The regeneration of 52, 1201 (1956). 
As(CH,), by either reaction 2a or by recombina- 4. M. KRECH and S. J. PRICE. Can. J. Chem. 41, 224 

(1963). t i0n0fCH3 withAs(CH3)2 is probably 5. A, v O G E ~ .  ~ ~ ~ ~ t i t ~ t i ~ ~  inorganic analysis. 3rd ed. 
To the extent that it does occur, the reported  mans. 1961. 
value of D[(CH,),As-CH,] may be slightly low. 6. M. G. JACKO and S. J. W. PRICE. Can. J. Chem. 42, 

1198 (1964). There does seem to be a distinct possibility that 7. M. F. R. and M. R. PETHARD. AUSt. J. 
the decomposition of methylarsine must occur Chem. 16, 527 (1961). 
largely by reaction 3a or some other similar 8. Selected values of chemical thermodynamic properties. 

Natl. Bur. Std. U.S. Tech. Notes, No. 270-3. 1968. process. 
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Mass spectral studies of metal chelates. VI. Mass spectra and appearance potentials 
of P-diketonates of ~opper(I1)~ .2 

C. REICHERT~ AND J. B. WESTMORE 
Department of Chemistry, University of Manitoba, Winnipeg, Mar~ifoba 

Received April 1, 1970 

The mass spectra of several copper complexes of e-diketones are discussed. The extent of fragmentation 
of the molecular ions depends upon the nature of the substituents on the chelate ring, being larger for 
electron-withdrawing, and smaller for electron-releasing subst~tuents. In a number of fragmentations, 
migration of an aryl group to the copper atom occurs. Hydrogen atom migrations are also observed in 
some fragmentations. Attempts are made to correlate the appearance potentials of the molecular ions with 
acid dissociation constants of the (3-diketones, formation constants and polarographic reduction 
potentials of the complexes, and Hammett o constants of the substituents. 

Canadian Journal of Chemistry. 48, 3213 (1970) 

Introduction 

Recently, mass spectrometric investigations of 
transition metal complexes of P-diketones have 
been reported. These studies included the mass 
spectra of acetylacetonates (2-6), various P- 
diketonates of chromium(111) (7), copper(I1) (8), 
various metal complexes of dibenzoylmethane 
(9), Ianthanide complexes of hexamethylacetyl- 
acetone (lo), and fluorine-substituted acetyl- 
acetonates (1 1). The effect of variation in metal 
or ligand upon appearance potentials has also 
been investigated (1, 5-8, 10, 12). 

In this paper we report the mass spectra of 
several copper(I1) P-diketonates (see Table I), 
the appearance potentials of the molecular ions, 
and, in a few cases, of fragment ions. Mass spec- 
tra for only three of these compounds, viz. 1 
(2, 8), 3 (8), and 12 (9) and appearance potentials 
for four compounds, viz. 1, 3-5 (8) have been 
reported previously by other workers. 

Experimental 
The copper (3-diketonates were prepared by the aqueous 

solution synthesis of Fernelius and Bryant (13). In this 
method, an alcoholic solution of the purified (3-diketone 
is mixed with an aqueous solution of copper acetate. The 
complex usually precipitated from the solution although 
in some cases it was necessary to add a few drops of 
ammonium hydroxide before the diketone would react. 
The mixed ligand complex, 5, Cu(acac)(hfacac) was pre- 
pared by the method described by Farona et al. (14), in 

'See ref. 1 for Part V. 
ZPresented, in part, at the 21st Annual Southeastern 

Regional Meeting of the American Chemical Society, 
Richmond, Va, November, 1969. 

3Present address: Department of Chemistry, University 
of Western Ontario, London, Ontario. 

which an equimolar mixture of acetylacetone and hexa- 
fluoroacetylacetone was added to a small excess of 
basic copper carbonate suspended in chloroform. The 
unreacted material was filtered off and the solvent was 
evaporated. All complexes were purified by fractional 
sublimation at reduced pressure. If, like Cu(acac), the 
complexes are square planar (IS), then the unsymmetri- 
cally substituted chelates can exist in cis and trans forms. 
A determination of the geometry of the complexes ob- 
tained in these preparations appears not to have been 
undertaken. 
3-Methyl-2,4-pentanedione was prepared by the 

method of Morgan and Rawson (16), by reaction of 
sodium ethoxide with acetylacetone, and reaction of the 
sodium acetylacetonate produced with methyl iodide in a 
sealed tube at 100' for several hours. The 3-methyl-2,4- 
pentanedione was distilled from the reaction mixture, at 
reduced pressure. 
3-Phenyl-2,4-pentanedione was prepared by Hauser's 

method (17). A mixture of 0.4 mole of phenylacetone, 0.8 
mole of acetic anhydride, and 0.12 mole of p-toluene 
sulfonic acid was stirred for 5 min and saturated at 0-10" 
with boron trifluoride for 3-4 h. The mixture was then 
allowed to warm to room temperature over a 3 h period, 
then poured into a solutionof sodium acetate and refluxed 
to hydrolyze the boron fluoride complexes. The mixture 
was cooled and extracted with ligroin. The product was 
purified by recrystallization from ligroin. The remaining 
P-diketones were purchased as follows: acetylacetone, 2- 
thenoyltrifluoroacetone, Fisher Scientific Co.; trifluoro- 
acetylacetone, hexafluoroacetylacetone, Peninsular'chem- 
research Inc. ; dibenzoylmethane, benzoylacetone, Aldrich 
Chemical Co.; benzoyltrifluoroacetone, Znaphthoyltri- 
fluoroacetone, 2-furoyltrifluoroacetone, Eastman Organic 
Chemicals. The (3-diketones were purified by' distilla- 
tion, or by recrystallization from a suitable solvent, as 
appropriate. 

Deuteration of the complexes at the bridging carbon 
atom was achieved by shaking the complex with a 
solution of NaOD in D,O (9). 

The mass spectra were obtained on a Hitachi Perkin- 
Elmer RMU-6D single focussing mass spectrometer. The 
samples were introduced by the direct insertion method. 
The temperature of the ion source was about 150". The 
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TABLE 1 
Copper P-diketonates studied 

Compound P-Diketone a' a" Y 
- - - - -  

Acetylacetone CH3 CH3 H 
3-Methyl-2,4-pentanedione CH3 CH3 CH3 
Trifluoroacetylacetone CH3 CF3 H 
Hexafluoroacetylacetone CF3 CF3 H 
Acetylacetone EF: } H 
Hexafluoroacetylacetone {E;: 
Benzoylacetone CH3 Ph H 
3-Phenyl-2,4-pentanedione CH3 CH3 Ph 
Benzoyltrifluoroacetone CF3 Ph H 
2-Furoyltrifluoroacetone CF3 2-Fury1 H 
2-Thenoyltrifluoroacetone CF3 2-Thenyl H 
2-Naphthoyltrifluoroacetone 

;I? 
2-Naphthyl H 

Di benzovlmethane Ph H 

*5 is the mixed ligand complex Cu(acac) (hfacac). 

masses of the ions at high mass were verified by the 
simultaneous introduction into the ion source of per- 
fluorokerosene, which gives ions of known mass, at small 
intervals, to masses beyond 1000. Appearance potentials 
were determined, as described previously (5), by the 
semilogarithmic method (18) using xenon as a standard. 

Results and Discussion 
The Mass Suectra 

The relative intensities of all copper-containing 
ions (with the exception of those having a relative 
intensity of less than 1 %) are shown in Table 2. 
Intensities of non-copper-containing ions are not 
recorded. They tend to be variable, are usually 
quite low (the sum of their intensities was less 
than 20% of the total ion current for all com- 
pounds except 11 and 12, when this sum was 
between 30 and 40 %) and are considered to be of 
little diagnostic value. 

The general features of the mass spectra of 
mdal 0-diketonates have been interpreted in 
terms of the relative stabilities of odd- or even- 
electron ions, and the tendency of the metal to 
undergo valency change (1, 2, 5, 7, 8), i.e. upon 
the abilitv of the metal to stabilize the molecular 
ion throLgh metal-to-ligand charge-transfer 
(metal d-orbital expansion) (1). Thus, a bis-0- 
diketonate will ~ roduce  a molecular ion which 
we formally represent as the odd-electron species 
1 (see Fig. I), since we have presented data which 
suggest that ionization causes the removal of an 
electron from a ligand-dominated molecular 
orbital (1, 5, 7). The subsequent fragmentation 

of the molecular ion will depend upon the nature 
of the cr and y substituents as well as upon the 
nature of M. Expected fragmentations involve 
homolytic fission of the C-cr or C-y bonds with 
assumed transfer of one electron from the bond 
to the half-filled bonding ligand n orbital, to give 
species which we formally represent as the even- 
electron species 2, 3, and 4. Unless 1 can be 
stabilized by release of electron density to the 
ring from M, or from the cr or y substituents, 
appreciable n-stabilization of 2,3,  and 4 relative 
to 1 would be expected, and the reaction should 
occur readily, resulting in major ion peaks for 
one or more of these ions. No formal valency 
change of the metal is required in this reaction. 
These reactions should be enhanced if the C-cr 
or C-y bonds are weak or if the cr and y sub- 
stituents are electron-attracting. These reactions 
will occur less readily if electron release to the 
chelate ring of 1 can occur. Probably the most 
important way in which the electron release 
occurs is via n-interactions. The n-stabilization 
can occur either (a) by metal-to-ligand charge- 
transfer via the metal d orbitals, if permitted by 
symmetry, or (b) by delocalization of the positive 
charge on the chelate ring into the cr or y sub- 
stituents. In case (a) the amount of stabilization 
should parallel the ease of oxidation of the metal. 
Thus, on the basis of appearance potential 
measurements, substantial n-stabilization of 1 
was proposed for Fe(acac),, Fe(tfacac),, and 
Fe(hfacac),, while for the corresponding Cu(I1) 
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TABLE 2 
Relative intensities of copper-containing ions in the mass spectra of copper P-diketonates, at an electron energy of 50 V and an ionization chamber 

temperature of 150 "C* 

Relative intensity? 

Compound 1 2 3 4 5 6 7 8 9 10 11 12 
a '  CH3 CH3 CH3 CH3 CH3, CF3 CH3 CH3 CF3 CF3 CF3 CF3 Ph 
a" CH3 CH3 CF3 CF3 CH3, CF3 Ph CH3 Ph 2-Fury1 2-Thenyl 2-Naphthyl P h  

Ion Y H CH3 H H H H P h  H H H H H 

LzCu+ (a) 
(L2Cu - CH3)+ (6) 
(L2Cu - CF3)+ (c) 
(LzCu - HzO)+ 
(L1Cu - CHICO)+ 
(LzCU - CFO)+ 
(LzCu - PhCOIH)+ 
(LICu - 2CH3)+ ( d )  
(L2Cu - 2CF3)+ (e)$ 
LCuAr+ (f)$ 
( L ~ C U  - 138)+$ 
LCuH+ 
LCu+ (!3) 
(LCu - H)+ 
(LCu - CH3)+ (h) 
(LCu - CF3)+ (i) 
(LCu - Ph)+ 
(LCu - 42)+ 
(LCu - 2CH3)+ 
CuAr+ 
CuOCCHl + 

CuOCCH+ 
Cu+ 

2711 
38 
39 8 

100 
35 10 

1 OOJ 

*Identified metastable transitions are indicated by superscripts which relate the daughter ion to its precursor as labelled in column 1. 
tNumbers in parentheses are the percentage of the total ion current of the copper-containing ions carried by the molecular ion. 
$These ions have the same mass. Assignments for 3 and 4 have been discussed previously (I), and for 8 , 9  and 10 by deuterium labelling (see Table 3). 
5L = acac. 
 incorrectly reported in ref. 6. 
**A metastable peak was detected for the transition LCua"+ + L+ f Cua". 
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. ,  
IC-7 and LM : C-'Y M " 

\ - , I /  \ .--,/ 
*C\".,, 0-C+ 

MOCCH~' 

FIG. 1. Major fragmentation pathways for bis-a-diketonate complexes, with special reference to copper complexes. 

chelates the stabilization was quite small (I), 
consistent with the much greater ease of oxidation 
of Fe(I1) to Fe(II1) than of Cu(I1) to Cu(II1). In 
view of this apparently limited ability of copper 
to stabilize the molecular ions, 1, the series of 
complexes listed in Table 1 forms an excellent 
series in which to study the ability of substituents 
on the chelate ring to stabilize 1 via their effects 
on the mass spectra. Thus, in case (b) the delocal- 
ization of the positive charge on the ring could 
be accomplished via n donation from the a or y 
substituents. This donation would be expected 
to occur most readily if the ct or y substituents 
have lone pair electrons, or have aromatic 
character. 

The data presented in Table 2 are consistent 
with the above suggestions. Thus, when one or 

more of the a or y substituents have aromatic 
character. as in com~ounds 6 1 2 .  the molecular 
ions represent a significantly larger proportion of 
the total ion current. This remains true even when 
the intensities of non-copper-containing ions are 
taken into account. Also, there is generally less 
extensive fragmentation than for compounds 
1-5, in which only aliphatic groups are bonded 
to the chelate ring. For compounds 6 1 1 ,  which 
have one aromatic and one aliphatic substituent, 
the aliphatic substituent is lost more readily on 
fragmentation. In fact, there is no example in 
which the aromatic substituent is eliminated. 
This is consistent with the expected greater 
strength of the bond of an aromatic group to the 
chelate ring. In this group of compounds the 
fission of a C--y bond has not been confirmed. 
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TABLE 3 
Increase in mass of selected ions upon y-deuteration of some copper a-diketonates 

Mass change with respect to 

Ion 6 8 9 10 12 

. - 

L ~ U A ~ + C  - + 1 + 1 + 1 - 
LCuH +1(40%) +1(56%) +1(44%) 

+2(60%) +2(44%) +2(56%) - 
LCu+ + 1 + 1 + 1 + 1 - 
(LCu - H)+ 0 0 + 1 0 0 
(LCU - CH3)++ + 1 - - - - 
( L h  - CF$ - + 1 + 1 + 1 - 
(LCu - Ph) + 1 - - - + 1 
(LCu - 42) + + 1 - - - - 

Alternatively, the molecular ion may decom- migration is indicated and the origin of the 
pose to the species 5, LCuf, by elimination of a hydrogen atom is of some interest. This can be 
ligand radical. 1 is not necessarily the only pre- partially clarified by deuteration of the central 
cursor of 5 as shown by the detection of meta- carbon atom of the ligand, although in some cases 
stable peaks for the reactions (L,Cu - CH,)' + specific deuteration of the aryl substituents would 
LCuf and (L,Cu-2CH3)' + LCuf for com- be necessary. The effects of this deuteration on 
pound 1, Cu(acac),. the mass spectra are shown in Table 3. 

In the spectra of compoundscontainingtheCF, Lacey, MacDonald, and Shannon (9) found 
substituent are ions labelled as (L,Cu- 138)' that for compound 12 the hydrogen atom trans- 
in Table 2. These could be due to loss of two. CF, ferred into the neutral product, HL, originated 
radicals, or loss of CF,COCHCO (or .CF, + from the bridging position of the ligand. We 
C O ~ H C O )  from the molecular ion. The identity agree with this finding and note that a similar 
of this ion can be clarified by using ligands result is obtained for compounds 6, 8, and 10. 
deuterated at the central carbon atom. In this For the Co(I1) and Ni(I1) complexes of dibenzoyl- 
way it has been shown (1) that for compound 4 methane they also found that the hydrogen atom 
this ion, 6, corresponds to loss of two -CF, transferred in the formation of the LMH' ion 
radicals and for compound 3 both processes originated from the ortho position of the phenyl 
occur with approximately equal probability. For substituent. The results in Table 3 indicate that 
compounds 8-11, the latter process is expected for compounds 6, 8, and 10, there are competing 
since (a), the aromatic groups should stabilize reactions in which a hydrogen atom is transferred 
the molecular ions and effectively strengthen the either from the bridging carbon atom, or from 
C-CF, bond, and (b), the (L,Cu - 138)' ion the aromatic substituent. Since the relative in- 
corresponds to species 7 in which migration of tensities of the group of peaks LCuH', LCuf,  
the aromatic group has occurred. The aromatic and (LCu - H)' are independent of electron 
group can stabilize the ion by partial delocaliza- energy, even to just above the ionization thresh- 
tion of the positive charge into its n-system. old, it is likely that they have a common precursor, 
Further support for the aromatic group migration possibly a molecular ion in which ring opening 
is given by the presence of CuArf, 8, ions in the has occurred. Following the rationalizations of 
spectra of these compounds. Ions of this type Lacey, MacDonald, and Shannon (9) we may 
have also been observed in other work on speculate that these ions are formed by the 
copper compounds (19,20). These expectations sequences of reactions given in Fig. 2, in which it 
are confirmed by the data of Table 3. is possible to write reasonable canonical forms 

In many of the spectra, especially of the com- for all species involved except for the neutral 
pounds containing an aromatic substituent, there (L - H) species (which is also formed for com- 
are, apart from the LCuf species, ions which pound 1). It is interesting to note that one of the 
differ from it by one hydrogen atom, namely, the canonical forms of (LCu - H)' formally in- 
LCuH' and (LCu - H)' species. In the forma- volves Cu(1). The corresponding ion is absent in 
tion of this latter pair of ions a hydrogen atom the mass spectra of the benzoylacetonates of 
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FIG. 2. Possible fragmentation pathways to the LCuH+ and (LCu - H)+ ions. In pathways A and B the migrating 
H atom comes from the bridging carbon atom; in pathway C it comes from the aryl group. 

Co(I1) and Ni(II), metals in which the + 1 
oxidation state is much less stable. (The only 
major peaks we have observed in the spectra of 
these latter compounds are L2Co+ (loo%), 
(L2Co - CF,)+ (81 %), LCo + (17 %), and L2Nif 
(100 %), (L2Ni - CF,)+ (62 %), LNiH+ (1 1 %), 
LiNi + (1 5 %). 

Other fragmentations which occur are given in 
Fig. 1. These have been discussed previously 
(2, 5, 9). In many cases support for a proposed 
fragmentation is given by the detection of a 
metastable peak (see Table 2). 

Appearance Potentials 
All of the chelates gave abundant molecular 

ions, and consequently it was possible to measure 
the appearance potentials of the complete series 
of compounds with a reproducibility of $. 0.05 V 

and a probable accuracy of $. 0.1 V. The appear- 
ance potentials of the molecular ions are shown 
in Table 4. In a few cases the appearance poten- 
tials of the LCuf ions are also shown. 

In previous papers (1, 5, 7) we have suggested, 
in agreement with other workers (8, 12), that the 
appearance potential of the molecular ion de- 
pends much more upon the nature of the ligand 
than upon the nature of the metal, and that 
ionization of the molecule results in the removal 
of an electron from a ligand-dominated orbital. 
The present results are consistent with this pro- 
posal since the variations in the appearance 
potentials can be related to electronic effects in 
the ligand. Thus, in Table 5 are tabulated data 
relating to acid dissociation constants of the 
ligands, formation constants between the ligands 
and copper, and polarographic half-wave poten- 
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TABLE 4 
Appearance potentials of copper a-diketonates 

Appearance potential (V) 

This work Literature 
value (8) 

a-Diketone L2Cu+ LCu + L2Cu+ 

1 Acetylacetone 8.31k0.05 13.1k0.1 7.75k0.05 
2 3-Methyl-2,4-pentanedione 7.97k0.05 10.8k0.1 - 
3 Trifluoroacetylacetone 9.05k0.05 13.1 kO.l 8.61 k0.05 
4 Hexafluoroacetylacetone 9.86k0.05 - 9.68k0.01 
5 Acetylacetone 9.03k0.05 - Hexafluoroacetylacetone) 8.65k0.01 
6 Benzoylacetone 8.37k0.05 10.7k0.1 - 
7 3-Phenyl-2,4-pentanedione 8.05k0.05 - - 
8 Benzoyltrifluoroacetone 9.06k0.05 - - 
9 2-Furoyltrifluoroacetone 8.89k0.05 - - 
10 2-Thenoyltrifluoroacetone 8.90k0.05 - + 

11 2-Naphthoyltrifluoroacetone 8.39k0.05 - - 

12 Dibenzoylmethane 8.28k0.05 10.3k0.1 - 

TABLE 5 
Acid dissociation constants of the a-diketone, and formation constants and 
polarographic half-wave potentials of copper a-diketonates, all in aqueous 

75 volume % dioxane 

a-Diketone PK, (21) Log KIKZ (21) El,, (22,23) 

1 Acetylacetone 12.75 22.6 -0.502 
2 3-Methyl-2,4-pentanedione - - -0.559 
3 Trifluoroacetylacetone 8.7 17.2 -0.169 
4 Hexafluoroacetylacetone 6.0 8 * f0.038 
6 Benzoylacetone 12.85 23.0 -0.381 
7 3-Phenyl-2,4-pentanedione - - -0.497 
8 Benzoyltrifluoroacetone 9.3 18.8 -0.150 
9 2-Furoyltrifluoroacetone 8.5 17.2 -0.130 
10 2-Thenoyltrifluoroacetone 9.1 19.0 -0.137 
11 2-Naphthoyltrifluoroacetone 9.3 18.4 - 
12 Dibenzoylmethane 13.75 25.0 -0.379 

*Estimated value, log K ,  = 4.3. 

tials of the copper complexes. These results were 
all obtained in a 75 volume% dioxanelwater 
solvent. It should be noted that the polarographic 
reduction waves were not reversible and hence do 
not give equilibrium data, but in spite of this, a 
correlation between the E+ values of the aliphatic- 
substituted chelates with acid dissociation con- 
stants of the ligand and with Hammett o constants 
has been noted to exist (23). Earlier, a correlation 
between acid dissociation constants and chelate 
formation constants had been noted (21). In Fig. 
3 the ionization potentials are plotted against the 
data of Table 5. In each plot, a straight line can be 
drawn so that most of the points lie fairly close to 
it. In each case the biggest deviation from the line 
occurs fpr compound 11, which contains the 
naphthyl substituent. 

The appearance potentials of the molecular 
ions shown in Table 4 can also be compared with 
ionization potentials of some appropriate aro- 
matic compounds which are listed in Table 6. 
There is much experimental evidence for the 
quasi-aromatic nature of the chelate ring in 
metal P-diketonate complexes (see ref. 7 and 
references therein). With respect to the chelates, 
the main points to note are as follows: (a) sub- 
stitution of CF, for CH, raises the appearance 
potential by approximately 0.7 V (compare com- 
pounds 1, 3, and 4, and also 6 and 8); (b) sub- 
stitution of CH, for H lowers the appearance 
potential by approximately 0.3 V (compare com- 
pounds 1 and 2); (c) substitution of Ph for CH, 
has only a small effect on the appearance poten- 
tials (compare compounds 1, 6 ,  and 12, com- 
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TABLE 6 
Ionization potentials determined by the photoionization method for selected 

aromatic compounds (24-26) 

Ionization 
potential 

Compound (v) 

Ionization 
potential 

Compound (v) 

Benzene 9.245 Trifluoromethylbenzene 9.68 
Furan 8.89 1,2,3-Trimethylbenzene 8.48 
Thiophene 8.91 1,2,4-Trimethylbenzene 8.27 
Toluene 8.82 1,3,5-Trimethylbenzene 8.39 
o-Xylene 8.56 Naphthalene 8.12 
m-Xylene 8.56 Biphenyl 8.27 
p-Xylene 8.45 

FIG. 3. Plot of appearance potential against pK, (of 
the (3-diketone), log KlK2 and polarographic half-wave 
potential of the complex. (Numbers beside points refer to 
complexes listed in Table 1.) 

pounds 2 and 7, and 3 and 8); (d) substituent of 
2-fury1 or 2-thenyl for CH, lowers the appearance 
potential by approximately 0.15 V (compare 
compounds 3, 9, and 10); (e) substitution of 2- 
naphthyl for CH, lowers the appearance poten- 
tial by approximately 0.65 V (comparecompounds 
3 and 11). 

The variations of appearance potential under 
points (a) and (6) are similar to those observed 
in a previous study (7) on P-diketonates of Cr(III), 
and are consistent with variations to be expected 
for substituents bonded to a quasi-aromatic ring 
(compare ionization potentials of benzene, tolu- 
ene, xylene, trimethylbenzene, and trifluoro- 

methylbenzene given in Table 6). Under points 
(c) and (d) the effects of the phenyl, 2-furyl, and 
2-thenyl substituents are smaller than expected 
when the ionization potentials of benzene, tolu- 
ene, and biphenyl are compared. This suggests 
that conjugation between the chelate ring and the 
aryl substituent is smaller than in biphenyl 
although, except for compound 7 there appears 
to be no steric reason why the aryl substituent 
cannot become coplanar with the chelate ring. I t  
may be significant that the appearance potentials 
of compounds 8,9, and 10 are similar to those of 
benzene, furan, and thiophene, respectively. On 
the other hand substitution of the 2-naphthyl 
substituent for a methyl group (point (e)) pro- 
duces a significant lowering of the appearance 
potential. Recalling that electron impact appear- 
ance potentials are often 0.3-0.4 V higher than 
ionization potentials determined by the photo- 
ionization method, it seems probable that ioniza- 
tion of compound 11 removes an electron from an 
orbital dominated by the naphthyl substituent. 
The energy of such an orbital may also be 
lowered slightly (i.e. the ionization potential 
should be raised) by the inductive effect of the 
electron-attracting CF, substituent. If, in fact, 
ionization occurs by removal of an electron from 
the highest energy, occupied ligand-dominated 
orbital, this would explain the deviation of the 
appearance potential of compound 11 from the 
straight lines of Fig. 3. In compounds 1-7 and 
12 this orbital should be localized mainly on the 
chelate ring. In compounds 8-10 the chelate ring 
and arvl orbitals are expected to have similar 
energies. In compound 11 the naphthyl domi- 
nated orbitals should have the highest energies. 
The acid dissociation constants and complex 
formation constants are of course dependent 
upon the electron density at the oxygen atoms 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



REICHERT AND WESTMORE: MASS SPEC TRAL STUDIES OF METAL CHELATES. VI 3221 

which may reasonably correlate with the energies 
of chelate ring-dominated orbitals. 

The appearance potential of the mixed ligand 
chelate, compound 5, Cu(acac)(hfacac), is of 
interest (see ref. 8). In agreement with these 
authors we find a value close to that for com- 
pound 3, i.e. close to the mean appearance 
potential value of compounds 1 and 4. This is 
contrary to the expected result if ionization 
causes removal of an electron from an orbital 
dominated by the acac ring, i.e. the ligand orbital 
expected to have the highest energy. We were not 
able to detect any upward breaks in the ionization 
efficiency curve near threshold. A break might be 
expected at the onset of ionization of the hfacac 
ring. We are therefore in agreement with an 
earlier statement (8), namely, that the energy of 
the orbital from which the electron is removed is 
controlled about equally by substituents in both 
rings. 

In Fig. 4 an attempt has been made to correlate 
the appearance potentials with substituent effects 
as given by Hammett o constants. It is realized 

FIG. 4. Plot of appearance potential against Zap+ 
and Z(o,+ + op+) for the substituents. (Numbers beside 
points refer to complexes listed in Table I.) 

that the presence of the copper and oxygen atoms 
will mean that the chelate ring will not be truly 
aromatic. The o+ constants of Brown and 
Okamoto (27) have been used although use of the 
o values of McDaniel and Brown (28) leads to the 
same conclusions. In one plot the values used 
have been selected with respect to the position of 
the substituent relative to the copper atom, i.e. 
o,,' values for a-substituents, op+ values for 
y-substituents; in the other plot op+ values have 
been used. The first set of values should relate to 
the electron density near the copper atom, the 
second set to the electron density on the chelate 
ring. The o+ values used for each compound are 
the sum of the individual values for each sub- 
stituent. In both plots a good linear correlation is 
obtained for the aliphatic-substituted chelates but 
the aromatic substituted chelates fall below this 
line, as noted by Streitweiser for substituted 
benzenes (29). The naphthyl substituent lies so 
far below the line that a different mechanism of 
ionization is indicated. 

The appearance potentials of compounds 1,3,  
4, and 5 have been reported previously (8). The 
values, although obtained in a similar instrument, 
were 0.2-0.6 V lower than our values, probably 
because a different method of obtaining the - 
appearance potentials was used. The electron 
energies were calibrated via benzene and anthra- 
cene using ionization potentials obtained by the 
photoionization method. Electron impact values 
are usually higher and this may account for most 
of the discrepancy. 

NOTE ADDED IN PROOF: In a recent communica- 
tion (30) preliminary results on the measurement 
of the ionization potentials of some hexafluoro- 
acetylacetonates by photoelectron spectroscopy 
have been reported. These values may differ from 
appearance potentials determined by electron 
impact and may extend discussions on ionization 
mechanisms of metal chelates and related com- 
pounds. 

We thank the National Research Council of Canada 
for financial assistance. 
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The effect of pressure on the hydrolysis equilibria of aqueous metal ions 

T. W. SWADDLE AND PI-CHANG KONG 
Department of Chemistry, University of Calgary, Calgary 44, Alberta 

Received June 1 1, 1970 

The molal acid dissociation ("hydrolysis") constant Km of aqueous hexaaquochromium(II1) ion, at 
25.0" and ionic strength 0.5 m, has been determined spectrophotometrically as a function of pressure P 
up to 3 kbar. Km increases with P (kbar) in accordance with the equation 

In K,,, = 0.151 P - 9.474 

The molal volume change is -3.8 + 0.7 cm3 mole-', and the enthalpy and entropy changes at 1 bar 
are 9.3 kcal mole-' and 12.1 cal deg-I mole-'. Compressions of 0.1, 0.5, and 1.0 M aqueous perchloric 
acid, lithium perchlorate, and sodium perchlorate up to 4 kbar have also been measured. 

Canadian Journal of Chemistry, 48, 3223 (1970) 

Introduction ambient temperature over a convenient period 

The experimental data relating to the effect of time without complications arising from 

of pressure on the dissociation of electrically hydrolytic polymerization (reaction 5), which is 

neutral weak acids (eq. 1) and bases (eq. 2) in essentially a substitution process. 

aqueous solution have been reviewed by Hamann [51 2Cr(HZ0)50HZ+ = (HZ0)4Cr(OH)zCr(OHz)44+ 

I 
(1,2) and Weale (3). + 2H20 (etc.) 

H A =  H +  + A -  High pressures place considerable restrictions 
B + H 2 0  = HB+ + OH- on the experimental methods available for the 

determination of the hydrolysis constant K of 
However, datarelatingto the effects of pressure reaction 4. We have developed a spectrophoto- 

on the acid dissociation ("hydrolysis") constants metric method, based on that of Emerson and 
(eq, 3) are Graven ( 3 ,  which utilizes the ligand-field 

non-existent. absorption band of Cr(H20),0H2+ centered on 
[31 M(HzO),"+ = M(HZO),-lOH(n-')+ + H +  435 rnp at room temperature and pressure; the 

This information is needed if we are to utilize corresponding band of ~ r ( H , 0 ) , ~ +  has a maxi- 

the pressure dependence of the kinetics of mum at 407 mp with half the intensity of the 

substitution (4) and oxidation-reduction (5) Cr(H20),0H2+ peak. 

reactions of aqueous metal ions as a mechanistic It is customary, in high-pressure studies, to ex- 

criterion. The pressure dependence of metal ion press concentrations on the molal or mole- 

hydrolysis is also of considerable interest per se, fraction scales, since these are independent of 

with reference to theories of the volumetric and pressure. However, volume can be an important 

piezometric properties of aqueous ions (1-3, 6), variable, and we have therefore also measured 

and also in connection with the chemistry of the compressions of some aqueous electrolyte 

metal ions in pressurized high-temperature solutions commonly used to provide media of 

aqueous systems, in which hydrolysis is of major constant ionic strength. 

We have therefore investigated the hydrolysis Experimental 
of the hexaaquochromiurn(111) ion (eq. 4) as a Materials 
function of pressure up to 3 kbar. Baker Analyzed perchloric acid and fresh Fisher 

reagent-grade Cr(N03)3.9H,0 were used without 
[4] Cr(H20)63+ = Cr(H20)50H2+ + H+ further purification; Fisher sodium perchlorate was 

recrystallized before use. Lithium perchlorate trihydrate 
This system was chosen because chromium(II1) was made from Baker Analyzed lithium carbonate. 

species react conveniently slowly in substitution Deionized distilled water was used throughout. 
reactions, so that they are ideally suited for Compressiorl Studies 
kinetic studies, and furthermore one can study Mercury piezometers, as described by Adams (8), 
the extremely rapid equilibrium [4] close to were used, following the recommendations of Newitt and 
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Weale (9). The piezometers were contained in a thick- 
walled stainless-steel pressure vessel which was immersed 
in a thermostatic oil bath (25.00 + 0.02 "C), and 
pressure was applied with hydraulic oil from an air- 
driven mechanical pump (Autoclave Engineers, Inc., 
Erie, Pa.). Pressures at the pressure-vessel head were 
measured with an accuracy of + 5 atm with a 40 cm 
diameter Heise Bourdon gauge (0-4100 atm, calibrated 
against a deadweight pressure balance), which was fitted 
with a microswitch to activate the pump to maintain a 
preselected pressure. Compressions were measured at 
250 atm intervals up to 1000 atrn, and thereafter at 500 
atm intervals to 4000 atrn, except 3500 atrn. 

The compressions so measured were reproducible to 
within 1 %; the compression of water at 1000 atm was 
measured occasionally as a check and found to be within 
1 % of Gibson and Loeffler's (10) value of 0.0399. The 
accuracy of the compression data is thus of the order of 
+ 1 %, except at the lowest pressures, which were less 
easily controllable. 

Determination of K at  Atmospheric Pressure 
The procedure followed was similar to that described 

by Emerson and Graven (7). Chromium nitrate solution 
(ca. 0.0667 M, 25.0 ml) and sodium perchlorate solution 
(1.6 M, 25.0 ml) were mixed in a 100 ml graduated flask, 
brought to the desired temperature, and treated slowly 
under vigorous magnetic stirring with 45 ml of a tempered 
aqueous solution containing 1.0-9.0 ml of 0.1 Msodium 
hydroxide. It was imperative to avoid the formation of 
pockets of high p H  in the mixture, otherwise hydrolytic 
polymerization resulted and led to inconsistent K, values. 
The solutions were made to the mark with water. 

The p H  of stirred, thermostatted samples of the solu- 
tions was measured with a Beckman Research Model 
pHmeter fitted with a Beckman No. 41263 glasselectrode. 
The reference electrode was an Orion No. 90-02-00 
double junction calomel electrode with ammonium 
nitrate solution as the connecting electrolyte. The 
assembly was standardized against 0.0500 M potassium 
hydrogen phthalate solution, for which p H  = 4.005 at 5 
and 25" (11). The p H  of a chromium(111) solution was 
monitored continuously while the optical absorbance 
of separate samples of the same solution was being 
measured on a Cary Model 15 spectrophotometer at 450, 
440,430, and 420 mp in a conventional 2.00 cm cell or in 
the high-pressure spectrophotometer cell (see below) at 
atmospheric pressure. 

Temperature control (f 0.1") of the optical cell was 
achieved with a thermostatable cell compartment (Cary 
No. 1540500) which was augmented with a thermostatable 
cell jacket (Cary No. 1540750) when the conventional 
cells-were used. A solid aluminum mounting-block was 
used to improve thermal contact between the high- 
pressure cell and the compartment walls. Solution tem- 
peratures were measured with calibrated thermistor 
thermometer probes (Atkins Technical). 

The total chromium content of the solutions was 
determined spectrophotometrically as Cr042-, after 
oxidation with alkaline hydrogen peroxide. 

Spectrophotometry at  High Press~acs 
The spectrum of hexaaquochromium(111) nitrate in 

0.4 Mperchloric acid was studied as a function of pressure 
over the wavelength range 700-350 mB using a Cary 
Model 15 spectrophotometer and an Aminco No. 
41-11551 high-pressure spectrophotorneter cell with 
sapphire windows and a Hastelloy C interior. The 
optical path length in the solution cavity was 2.0 cm. 
Pressure was transmitted with hydraulic oil from a hand- 
pump through a 10:l intensifier (Autoclave Engineers, 
Inc.) designed for service to 5 kbar. 

To avoid direct contact between the hydraulic oil and 
the solution under investigation, pressure was transmitted 
to the solution through a separator vessel (Aminco), 
which consisted of a Hastelloy-C-lined cylinder con- 
taining a free piston. The pressure was measured at the 
separator, with a 40 cm Heise Bourdon gauge (0-4100 
bar, + 4 bar). 
Determination of K at High Pressures 

The high-pressure spectrophotorneter cell was brought 
to the desired temperature (_t 0.05") before filling it with 
the thermostatted solution (freshly prepared and analyzed 
as described for experiments at atmospheric pressure) 
and was placed in the thermostatted cell compartment of 
the spectrophotorneter. The temperature of the cell was 
measured using a calibrated thermistor inserted in a 
narrow well drilled close to the solution cavity. Good 
temperature control (+ 0.1') was maintained throughout 
each experiment at 25", but some difficulty was experi- 
enced in maintaining constant temperatures near 5". 

The optical absorbances of the solutions were measured 
at 450, 440, 430, and 420 mp at 500 bar intervals up to 
3 kbar. Pressure was increased slowly (over about 5 min 
for each 500 bar interval); optical measurements extended 
over about 5 min in each case and absorbance readings 
were steady to within 0.001 unit. The optical measure- 
ments were repeated while decreasing the pressure from 
3 kbar over the same 500 bar intervals, and were the same 
(f 0.002) as those obtained while increasing the pressure. 

The efficiency of temperature equilibration between the 
solution and the high-pressure spectrophotometer cell 
was checked by injecting water (25, 35, and 45") into the 
cell (23") and recording the cell and solution temperatures 
( f  0.1") with thermistors as a function of time. The 
liquid temperature decayed approximately exponentially 
to the constant temperature of the cell, with a half-period 
of about 60 s, so that a 10" differential effectively dis- 
appeared within 7 min. 

Results 

Compression Studies 
We define the compression k of a liquid at a 

pressure P as 

where Vo and V ,  are the specific volumes of the 
liquid at atmospheric pressure and pressure P, 
respectively. Our data were analyzed with a 
least-squares computer program in terms of the 
modified Tait equation 
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SWADDLE AND KONG: HYDROLYSIS EQUILIBRIA OF AQUEOUS METAL IONS 

TABLE 1 

Parameters in Tait eq. 7 

x 
Concentration k,,, 

Solute (MI 1000 (atm) P (katm) (kbar) 

1 .O 0.0354 0.252 2.58 2.61 
NaCl* 1 .O 0.0365 0.293 3.01 3.05 
None - 0.0402 0.321 3.02 3.06 

'Interpolated from data of Adams (8). 

where p and TC are constants for a given liquid TABLE 2 
l 

and temperature. Table 1 lists averaged values Hydrolysis constant K of Cr(H20)63* an!yolar 
of k measured at 1000 atm and values of p and TC absorbancy indices a and B Cr(H20)6 and 

Cr(H20)50HZ*, at atmospheric pressure and ionic 
I which reproduce the experimental data to within strength 0.5 M 

about f 1 % over the range 7504000 atm. The 
measurements made at 250 and 500 atm were less 
reliable than those at higher pressures and con- 
sequently the fit was somewhat poorer. In all 
cases, however, the Tait parameters of Table 1 
reproduce the observed k values to within 0.0010, 
and are therefore accurate enough for volumetric 
calculations at least. 

The four-parameter equation proposed by 
Adams (8) gave a closer fit of the data than did 
eq. 7, but convergence of the computation was 
not achieved in all cases. 

Determination of K at Atmospheric Pressure 
If a and p are the molar absorbance indices 

of Cr(H20):+ and C~(H,O),OH~+, respec- 
tively, and C is the total chromium(111) concen- 
tration, then the optical absorbance A (per cm 
path length) is given (7) by eq. 8. 

In our experiments [H'] is the activity of 
hydrogen-ion at ionic strength 0.5 M, as mea- 
sured with a glass electrode. The spectrum of 
Cr(H20):+ in 0.4 M perchloric acid gave a. 
For each series of measurements at a given 
temperature T and wavelength h, nine pairs of 
corresponding [H'] and A values were fitted 
to eq. 8 with a least-squares computer program, 
and values of K and p were obtained with typical 
standard deviations of f 8 and f 3 %, respec- 

tively (Table 2). These nine data pairs referred to 
solutions, the optical absorbance of which was 
constant (f 0.002) and the p H  of which did not 
decrease by more than 0.010 p H  unit over 2 h, 
i.e., to solutions for which hydrolytic polymeriza- 
tion (eq. 5) was negligible in the time-span of 
these experiments and those conducted at high 
pressure. At 25", these criteria placed the upper 
limit of p H  at 3.90, while the lower limit (pH 
2.96) was set by those solutions to which no 
sodium hydroxide had been added. 

The averaged K data of Table 2, together with 
that of Bjerrum and Jargensen (12) for 20.0" 
and the same ionic strength, give a good linear 
plot of In K us. T-', from which we find AH0 = 
9.2, kcal mole-'; this compares favorably with 
AH0 = 9.4 f 0.4 kcal mole-' reported by 
Postmus and King (13). It  follows that tempera- 
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ture fluctuations of 0.2" in our experiments would 
result in an error in Kof 1.0 %, which is negligible. 

Spectrum of Hexaaquochromium(III) Ion at 
High Pressures 

Compression to 4 kbar of a solution of 
chromium(II1) nitrate in 0.1 M perchloric acid 
resulted in shifts of the 570 and 407 mp maxima 
of Cr(H20)63+, and the 300 mp maximum of 
NO,-, of approximately 5, 4, and 2 mp toward 
shorter wavelengths. The 'intensities of these 
maxima at 4 kbar exceeded the values, calculated 
from atmospheric pressure data on the basis of 
compression alone, by 1 1, 7, and 4 %, respec- 
tively, although the bandwidths were not 
appreciably affected. Absorbances on the red side 
of the bands, notably in the region 430-450 mp, 

Determination of K at High Pressure 
In principle, absorbance data obtained for 

chromium(II1) solutions at high pressure can be 
analyzed in terms of eq. 8 to yield the high- 
pressure parameters K, and p,. The absorbancy 
index a, of CI-(H,O)~~+ was obtained as above 
(uncorrected for compression of the medium), 
but [Hf 1, could not conveniently be measured 
directly. However, for any given solution for 
which the pH, C, and K at atmospheric pressure 
are known, the material balance of eq. 4 deter- 
mines [Hf ], in terms of [Cr(H20)63+ ], and 
[C~(H,O),OH~+],, and these in turn can be 
expressed as functions of C,, E,, P,, and K,. It is 
convenient to define a function F for a solution 
at  atmospheric pressure. 

were not so much affected by pressure, because [g] F = [H+ 1 + C[H+ ]/(K + [H+ 1) 
the compressional increase in intensity is partly 
counteracted by the hypsochromic shift of the If all concentrations, absorption indices, and 
band. Nevertheless, it became clear that absorb- K are on the nzolai scale, K, and P, can be cal- 
ance indices at high pressures must be determined culated from eq. 10 (in which the subscripts P 
experimentally. have been dropped for clarity). 

In practice, experimental values of A, a ,  C, 
and F were left in molar units valid at atmos- 
.pheric pressure for fitting to eq. 10 with a least- 
squares computer program, and the values of 
Kso obtained for each pressure were subsequently 
converted to K,,, (molal units) using the measured 
density of the solutions (1.032 g cmP3 at atmos- 
pheric pressure). True molar hydrolysis con- 
stants, Kc, were calculated from the raw K values 
using the compression data of Table 1, it having 
been established that the compressions of the 
solutions were virtually identical with those of 
0.5 M sodium perchlorate. The results are 
summarized in Table 3; the K,,, values are the 
average of four determinations at different 
wavelengths, the standard deviation in K,, being 
about 9 % in all cases. 

The molal values of P calculated from eq. 10 
at  each pressure had standard deviations of 2 % 
in all cases, and increased uniformly with 
pressure. The molar values of P at 440 mp were 
essentially constant, within the experimental 
uncertainty, but this was probably fortuitous, 
since the 435 mp maximum of Cr(H20),0H2+ 

TABLE 3 

Molal (K,,,) and molar (Kc) hydrolysis con- 
stants for hexaaquochromium(111) ion* 

P, bars 105K,,, nl 1O5K,, M 

1 7.4 7.3 
500 8.1 7.8 

*T = 25.0°, ionic strength = 0.5 M. 

appeared to move toward the violet with 
increasing pressure. 

A similar set of experiments was run at 5.4", 
with a view to eliminating any possibility of 
hydiolytic polymerization, but the K values 
calculated from eq. 10 had unacceptably large 
standard deviations, because of difficulties in 
controlling the temperature and preventing 
condensation of water vapor on the optical 
surfaces (despite flushing the cell compartment 
with dry nitrogen at 5"). However, a general 
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SWADDLE AND KONG: HYDROLYSIS EQUILIBRIA OF AQUEOUS METAL IONS 3227 

increase in K,,, with pressure, of the same order 
of magnitude as at 25", was noted. 

At either temperature, heating of the solution 
by compression could constitute a major source 
of error. However, the rate of relaxation of a 
temperature differential was sufficiently rapid 
that any significant temperature deviations would 
have been manifested by inconstant optical 
absorbance readings. Furthermore, it is extremely 
improbable that such good agreement between 
absorbance measurements made with ascending 
pressure and those made with descending 
pressure would have been achieved, had re-equili- 
bration of the solution and cell temperatures not 
occurred within the course of measurements at a 
given pressure. 

Discussion 

Pressure Dependence of K 
The data collected by Hamann (1, 2) and by 

Weale (3) show that dissociations of electrically 
neutral aqueous acids HA (reaction 1) are 
accompanied by a marked contraction in volume 
i.e., dissociation of HA is strongly favored by 
increasing pressure. The magnitude of the molal 
volume change AVO varies considerably with 
HA, but a value of -13 cm3 mole-' is typical. 
For mononegative acids HA-, AVO is typically 
about -28 cm3 mole-'. These data suggest that, 
if the Drude-Nernst equation (2) is applicable, 
i.e., if the "electrostrictive" volume change AVel 
is essentially proportional to -AZ2 for the 
reaction, then AVO is made up very largely of 
AVcl for the ionization of HA (AZ2 = + 2) and 
HA- (AZ2 = + 4). Again, for the dissociation 
of weak, electrically neutral aqueous bases B 
(reaction 2), AVO is typically about -27 cm3 
mole-', so that, using AVO = - 21.3 cm3 
mole-' for the autoprotolysis of water (14), we 
estimate AVO = + 6 cm3 mole-' for the acid 
dissociation of BHf ,  which is not inappropriate 
for AZ2 = 0. 

These considerations lead to the expectation 
that for the hydrolysis of Cr(H20),3f, for which 
A Z 2  = - 4 (reaction 4), AVO might be about 
+ 25 cm3 mole-'. Adamson and Stranks (5) 
have predicted AVO -- + 20 cm3 mole-' for the 
analogous hydrolysis of thallium(III), on the 
basis of Noyes' treatment (6). Finally, Hepler's 
correlation (1 5) of A V0 with AS0 for the dissocia- 
tion of a variety of aqueous acids predicts 

AVO -- + 18 cm3 mole-', since our temperature- 
dependence studies give AS0 = + 12.1 cal deg 
mole-' at 25" and ionic strength 0.5 M. 

It is therefore surprising to find that the data of 
Table 3 require a small, negative value of AVO. 
Within the limits of the 9 %  uncertainty in K, 
one can represent the data of Table 3 by eq. 11, 
which is a least-squares fit (K in molal units, P 
in kilobars). 

This implies that AVO is - 3.8 + 0.7 cm3 
mole-' and is essentially independent of the 
pressure. A precedent for a AVO value of this 
magnitude for metal-ion hydrolysis can be found 
in Spiro, Revesz, and Lee's (16) dilatometric 
value of AVO = + 20.6 cm3 mole-' for reaction 
12 at low ionic strength and atmospheric pressure ; 
combination of this value with AVO = - 21.3 
cm3 mole-' for the autoprotolysis of water under 
similar conditions (14) leads to AVO = - 0.7 
cm3 mole-' for reaction 13, which is closely 
analogous to reaction 4. 

[I21 C O ( N H ~ ) ~ O H ~ ~ +  + OH- = 
Co(NH3)s0HZ+ + HZO 

The failure of AVO for reactions such as [4] 
and [13] to correlate with A V0 for the dissociation 
of simple protonic acids probably originates in the 
effective spreading of the triple positive charge of 
the aqueous metal ion over the surface of an 
unusually large sphere, since the central cation 
is complexed with aquo (or ammine) ligands. 
Thus, the reduction of the formal charge of this 
large species by one unit, together with the 
creation of a free aqueous proton, niay not result 
in a significant dissipation of charge density, so 
that AVcl may be much less positive than pre- 
dicted on the basis of naive applications of the 
Drude-Nernst equation. 

Compression Data 
These data were obtained for purely utilitarian 

purposes, and do not merit detailed theoretical 
attention. It is sufficient to note that the com- 
pressions decrease with increasing concentration 
of a given electrolyte, and also decrease in the 
order HCIO, > LiClO, > NaClO,. The com- 
pressions of 1.0 M sodium chloride (estimated 
by interpolation from the data of Adams (8)) 
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and 1.0 M sodium perchlorate art: similar, as are 
those of water and 0.1 Mperchloric acid, although 
the parameters of the Tait equation differ con- 
siderably in these pairs. 

We thank Atomic Energy of Canada, Ltd., for financial 
support of this work through Whiteshell Nuclear 
Research Establishment, and Dr. G. Guastalla for his 
contributions in the construction of the apparatus and in 
some preliminary experiments. 
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Infrared spectra and the molecular conformations of some aliphatic amines 

P. J. KRUEGER AND J. JAN 
Department of Chemistry, University of Calgary, Calgary 44, Alberta 

Received July 31, 1969' 

The presence of two CD stretching bands for (CH3),CDNHZ in dilute CCI4 solution is interpreted in 
terms of two conformations differing in enthalpy by 0.12 + 0.02 kcal/mole. The low frequency com- 
ponent is assigned to the thermodynamically more stable conformer with the CD bond trans to the N 
lone pair. Similar rotational isomerism is observed in CH3CD,NHZ and CD3CH,NH,. Band contours 
for the NH stretching vibration in some N-alkyl anilines reported previously are also interpreted in 
terms of rotational isomerism and a change in hybridization of the N atom when the lone pair is trans 
to an a-CH bond, which results in an increase in v,, and a decrease in vcli. 
Canadian Journal of Chemistry, 49, 3229 (1970) 

Introduction into a singlet. The CH3CD,NHz was prepared by 
LiAID, reduction of acetonitrile; here the normal methyl 

In some recent publications dealing with re- triplet at 8.95 r had collapsed to a singlet. An analogous 
stricted rotation about the C-N bond and reduction of CD3CN (Merck, Sharpe and Dohme of 
rotational isomerism in amines (1, 2) the doublet Canada, Ltd., 99 atom % D) with L ~ A ~ H ,  gave CD~CH,- 

NH2, in which the n.m.r. quartet of the methylene group 
character of the NH stretching vibration was found in normal ethylarnine had collapsed to a single line 
attributed largely to variations in the steric effect at  7.30 r. 
of R in CH3-CH2-NH-R in different molec- All other compounds used were commercial products 
ular conformations. This paper provides further purified by distillation or sublimation. - 
evidence for rotational isomerism in amines, and 
re-interprets the doubling of the NH bands in 
secondary amines. Following the arguments 
advanced in the interpretation of the i.r. spectra 
of some quinolizidine alkaloids (3) and cyclic 
imines (4), conformers with an u-CH bond trans 
to a lone pair of electrons on N are considered 
to be subject to a "lone pair-bond" interaction 
(5) which is equivalent to a specific partial electron 
delocalization from N into the N-C bond (6). 
This can also be described as a change in hy- 
bridization at N which leads to an increase in v,, 
and a decrease in v,,. 

Experimental 
Spectra were obtained in a conventional manner using 

a Perkin-Elmer Model 621 spectrophotometer and 
matched 2.0 or 5.0 cm quartz (Infrasil) cells to avoid 
complications due to association. Temperature depen- 
dence studies were carried out in standard 1 mm cells. 
Spectroscopic quality CC14 was used as solvent. The 
svectra of aromatic amines were obtained in 2.0 cm cells 
at concentrations of the order of 0.004-0.005 M, while 
aliphatic amines were investigated at pathlengths of 5.0 
cm, using 0.01-0.02 M concentrations. 

The (CH3),CDNH, was prepared by LiAlD, (Bio Rad 
Laboratories, 99 atom % D) reduction of acetone oxime, 
followed by equilibration of the amino protons (17). The 
n.m.r. spectrum of the product showed that the CH 
septet found at 6.96 r in the normal compound was gone, 
and the methyl doublet centered at 9.00 r had collapsed 

'Revision received June 22, 1970. 

Results and Discussion 

2-Propylamine-2-C-d, 
Rotational isomerism in (CH3),CDNH2 is 

firmly established through the appearance of two 
vcD bands (2156 and 2081 cm-') in dilute CCI, 
solution (Fig. 1 and Table I). The high frequency 
component, which has shoulders on both sides, 
corresponds to conformer 1 with a "free" or 
"normal" CD bond, while the low frequency 
component corresponds to conformer 2 with a 
lone pair/u-CD interaction. 

In conformer 2 the decrease in vcD can be 
understood in terms of the following electron 
shifts which result in a decrease of the C D  
stretching force constant accompanied by an in- 
crease in the s-character of the NH bonds.' 
Hamlow et al. (6) have rationalized this trans 
interaction in terms of partial participation of the 
lone pair in a o* C-H(D) orbital on the adjacent 
carbon atom. In effect, this allows some overlap 

2This should result in a corresponding increase in v~~~ 
as that stretching force constant increases. While this has 
been observed in secondary amines (4) and is discussed 
further later in this paper, a doubling of the NH2 v,,,, 
and v,,, stretching vibrations in primary aliphatic amlnes 
cannot be detected. However, both bands are inherently 
very broad and this feature may be masked. Some spectra 
were obtained of the "secondary amine" NH stretching 
vibration in n-propylamine-NHD at various levels of 
deuteration in an attempt to resolve two components. 
The results were inconclusive, although the NH band is 
broad. 
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F R E Q U E N C Y  (cm-I) 

FIG. 1. Infrared spectra of (a) (CH3),CHNH, and (6) (CH3),CDNH2 in the CH and CD stretching regions 
(dilute CCI4 solutions) and temperature dependence of conformational equilibrium. 

between the o* orbital and the lone pair orbital, 
generating some C x N  double bond character. 
This postulated orbital interaction has been used 
to explain the decrease in v,, in the i.r. and the 
increased shielding of the a-proton in n.m.r. 
spectra (6,7). 

From the temperature dependence of the peak 
heights of the CD bands a value of AH = 0.12 + 
0.02 kcal/mole is obtained, with conformer 2 
being thermodynamically more stable. Stabiliza- 
tion by means of the trans lone pairla-CD 
interaction is therefore suggested. 

The "normal" CD peak is flanked by two 
shoulders at 2165 and 2138 cm- l ,  respectively, 
both of which become more prominent at lower 
temperature. An additional weak band appears 
at 21 10 cm-I at low temperatures. The features 
associated with the main CD band of 1 at 2156 
cm-' could arise from sub-minima in the poten- 
tial energy function which do not coincide with 
the traditional exact staggering of bonds on 

adjacent a t o r n ~ . ~  Recent calculations by Scott 
and Scheraga (9) have demonstrated that even in 
propane the rotations about the two C-C bonds 
are correlated due to near-neighbor nonbonded 
interactions. For long chain molecules (C, and 
beyond) their calculations indicate that the tradi- 
tional procedure of assuming that each bond in a 
hydrocarbon molecule can exist in three rota- 
tional isomeric states is an oversimplification, and 
that more minima occur. 

If such additional energy minima exist for 
rotation about C-C bonds, then it is even more 
likely that they exist for rotation about a C-N 
bond where the C has two methyl substituents 
(with energy minima for rotation about the C-C 
bond) and the N a lone pair of electrons. It may 
also be significant that these additional bands are 
?.ssociated with the main CD band of 1, where 
rotation about the C-N bond is postulated to be 
less restricted than in 2. In 2 it is proposed that the 
lone pair interaction with the C-N and C-D 
bonds stabilizes a more rigid trans geometry of 

3While rotation in solution has been well-documented 
(8), it appears unlikely that the contours observed can 
arise from rotation of a molecule as large as this. Also, 
the temperature dependence of the shoulders and the fact 
that the CD band of 2 does not have shoulders cannot be 
accounted for in this way. 
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TABLE 1 
Methyl and methylene stretching frequencies in amine conformers (cm-') 

Mode Conformer (CH3)~CHNH2 (CH3)~CDNH2 CH3CH2NH2 CH3CD2NH2 CD3CHzNHz v c ~ / v c ~  

Asym. CH3 
Syrn. CH3 
CH(D) 
CH(D) "pert." 
Asym. CH3(CD3) 
Asyrn. CHdCD3) 

"pert." 
Sym. CH3(CD3) 
Syrn. CH3(CD3) 

"pert." 
Asym. CHz(CDz) 
Asym. CHz(CDz) 

"pert." 
Sym. CH2(CD2) 
Syrn. CHZ(CD2) 

"pert." 

the conformer. These satellite bands are also 
found in (CH3),CDOH and (CH3),CDSH (10). 

Recently Brignell et al. (1 1) have evaluated a 
scheme of "standard intramolecular interactions" 
on the basis of which energy differences between 
conformations may be estimated. In terms of this 
scheme, conformer 1 suffers three "propane 
interactions" and an "ethylamine interaction", 
whereas 2 undergoes two "propane interactions" 
and two "ethylamine interactions", predicting 
that the free energy of 1 should exceed that of 2 
by 0.2 kcal/mole. Since this is a crude approxi- 
mation, the agreement with the experimental AH 
value is a~ceptab le .~  

Assignments in the CH and CD stretching 
region of (CH3),CHNH2 and (CH3),CDNH2 
are given in Table 1. 

Etlzylamine-1-C-d, and Etlzylanzine-2-C-d3 
The trans lone pair/cl-CH interaction was in- 

vestigated further with regard to its effect on the 
characteristic v,,,, and vsym stretching vibrations 
of the methylene group in a compound where 
the force constant of only one of the CH bonds is 
lowered, while the other remains unchanged (or 
is increased since it is bonded to a C atom with 
partial sp2 character). Methyl and methylene 
stretching vibrations are separated cleanly in 
CH3CD2NH2 and CD3CH2NH2, as shown in 
Fig. 2. 

Four CD stretching vibrations are observed 
for CH3CD2NH2, and these are interpreted as 
vaSym and v,,, modes of a "normal" CD, group 
as in conformer 3, and corresponding modes 

shifted to lower frequencies arising from "per- 
turbed" CD, groups in the mirror-image con- 
formers 4 and 4'. The four corresponding CH2 
vibrations can be identified in CD3CH2NH2, and 
hence the complex CH stretching absorption of 
CH3CH2NH2 becomes much more intelligible 
(Table 1). Conformers 4 and 4' appear to be 
thermodynamically more stable than 3 although 
no accurate enthalpy differences were obtained. 

The CD, group in CD3CH2NH2 also gives rise 
to two v,,,, and two vsy, stretching bands (Fig. 
2c). This is consistent wlth the conformers pre- 
sented, as the methyl groups in 4 and 4' are likely 
to be influenced more directly by the lone pair 
than in 3, and they are also attached to methylene 
carbon atoms of slightly different character. How- 
ever, it must also be borne in mind that the vaSym 
CH stretching vibration of methyl groups is 
known to split into two components in some cases 
because of an unsymmetrical local environment 
which removes the degeneracy (12). 

Conformers 3 and 4 are clearly distinguishable 
in the skeletal region, where Wolff and Ludwig 
(13) have shown that the "symmetric" CCN 
stretching vibrations lie at 881 and 891 cm-I, 
respectively, in the Raman spectrum of the vapor. 
A doublet was also resolved in the Raman 
spectrum of the liquid at low temperatures. The 
high frequency component is about twice as 
intense as the low frequency component, in 
keeping with the statistical weighting of two for 4. 
These observations are in agreement with a 
higher C-N bond order in 4 than in 3. 

4Assuming that the entropy difference between 1 and 2 N-A1k~lanilines 
is small. In N-alkylanilines the NH stretching bands are 
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3100 3000 2900 2800 2700 2200 2100 2000 
FREQUENCY (cm-I) 

FIG. 2. Infrared spectra of (a) CH3CH2NH2, (b) CH3CD2NH2, and (c) CD3CHzNHZ in the CH and CD 
stretching regions (dilute CCI4 solutions). 

considerably narrower than in alkyl amines, and 
shoulders on these bands in certain compounds 
have been noted previously (1,2). Extensive 
delocalization of the lone pair into the aromatic 
ring reduces the intensity of the "perturbed" NH 
band (at higher frequency than the normal NH 
band), and possibly also the population of con- 
former 5' relative to 6,5 assuming that 5 is not 
populated because of steric interference of the 
methyl group with an ortho ring H atom. The 
high frequency NH component therefore only 
appears as a shoulder on the main band (Fig. 3 

(Lone pair, a-CH trans) 

5The extinction coefficient of vNH in 5' is likely to be 
greater than in 6, so that relative band intensities cannot 
be related directly to conformer populations. 

and Table 2), except where it is the only band 
expected, as in N-methylaniline. Here all con- 
formers are equivalent (R = 13) and of the type 
5', which is consistent with a single NH band at 
3438 cm-l, while in N-t-butylaniline this inter- 
action is entirely precluded and a single low fre- 
quency band at 341 8 cm-I is observed, consistent 
with conformers essentially of the type 6. N- 
Isopropylaniline appears to be similar to N-t- 
butylaniline, and conformer 7' is probably 

TABLE 2 
NH Stretching frequencies in N-alkylaniline conformers* 
- 

VNH (cm-'1 

Substituents Conformer 5' Conformer 6 

p-C1-N-Et 3435 (sh) 3418 
N-E t 3435 ( ~ h )  341 7 

m-Me-N-Et 3435 (sh) 3412 
N-Me 3438 - 
N-i-Pr - 3415t 
N-t-BU - 34181. 

'Apparent frequency positions of overlapped bands. 
tconformer 7', or equivalent. 
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- '4, n 

0.2 

N- Me 

t 

a 
0 
V) 
m 
a - I I I I I 

3500 3400 3300 3500 3400 3300 
FREQUENCY (cm-I) 

FIG. 3. Fundamental NH stretching vibrations of N-alkylanilines in dilute CC1, solution: (a) p-chloro-N-ethyl- 
aniline, (b) N-ethylaniline, (c) m-methyl-N-ethylaniline, (d)  N-methylaniline, (e)  N-i-propylaniline, and (f) N-t- 
butylaniline. 

favored because of greater steric interference all three equivalent conformations contribute to 
between a methyl group and the ring H atom in the most intense CH band displaced downward 
7 and 8. While a shoulder at 3395 cm-' on the to 2814 cm-' ("perturbed" v,,, of CH,).~ In N- 

ethylanilines the relatively weak CH absorption 

H-..O,.-R R.. 0 -H R. .. 0. ..R below - 2860 cm-' is consistent with reduced 
N *N.- electron density on N and the high population of 

H" \ ~ 6 ~ 5  H" / \~6'5 ~ " ~ ~ 6 ~ 5  conformer 6, which has "normal" CH stretching 
R R H frequencies. 
7 7' 8 The strong band near 2800 cm-' in N-methyl- 

(Lone pair, a-CH trans) aniline has been used as a "characteristic group 
frequency" for the N-CH, group for some time 

main NH band of N-iso~ro~Ylaniline has been (see ref. 14 for a review of the literature and a 
noted (1, 21, we find this small and its relation to discussion of correlations). Its absence when the 
another type of conformer not consistent with the lone pair is delocalized has also been noted. This 
spectra in the CH region. investigation supports the assignment of this 

Figure 4 shows that only in N-alk~lanilines in band to a shifted v,,, stretching mode of the CH, 
which conformers are expected with a trans N group and not to an overtone of the s y r n - c ~ ,  
lone pairla-CH relationship is significant CH deformation mode. ~h~ absence of this band 
absorption found below 2860 cm-l ("Bohl- when the N lone pair is delocalized is then simply 
mann" band region, cf. ref. 7)- Thus N-t-butYl- explained because the CH, stretching modes 
aniline and N-ethylbenzamide (lone pair de- 
localized into the amide system) have the lowest 
CH bands at 2868 and 2875 cm-1, respectively. 6The "perturbed" v,,,, CH stretching vibrations of 

CH, and CHI groups are more difficult to locate since N- l sO~rO~~ lamine  behaves like N-t-butylaniline, they are probably displaced less, and remain in the 
for reasons suggested above. In N-methylaniline complex normal CH region. 
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FREQUENCY (cm-'1 

FIG. 4. Fundamental CH stretching vibrations in dilute CCI, solution: (a) m-methyl-N-ethylaniline (b) N-ethyl- 
aniline, (c)  p-chloro-N-ethylaniline, (d )  N-ethylbenzamide, (e)  N-methylaniline, (f) N-i-propylaniline, and (g)N-t- 
butylaniline. 

TABLE 3 
Substituent effects on "perturbed" CH and N H  stretching vibrations in n-alkyl amino 

compounds (measurements in dilute CCI, solution) 

Compound 

"Pert." vSym 
CH3 stretch 

(cm-I) 

2780 (s) 
2780 
2807 
2850 (w) 

L'Pert.'' vsym 
Hammett CH3 stretch VN H f(vasym f v,,,) A 

IS (cm-I) (cm-I)*? NHz? (an-')$ 

*"Perturbed" NH frequency; three equivalent conformers. 
tFrom ref. 15, supplemented by new measurements. 
t A  = VN>I(CH,) - [k(vowm + ~ r y r n ) ~ ~ ~ ]  (cm-') . 
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KRUEGER AND IAN: lNFRARED SPECTRA AND CONFORMATIONS 3235 

occur in the normal CH region. The presence of 
two bands in the ranges 2825-2810 and 2775-2765 
cm-' as a "characteristic" feature of alkyl- 
N(CH,), (14) arises because of coupling of the 
vibrations of the two CH, groups through the N 
lone pair. 

Substituent Effects 
While the ring substituent effect on vNH in the 

N-ethylanilines is too small to be observed in the 
limited range of compound type investigated, it 
is evident from the "perturbed" v,,, CH, stretch- 
ing frequencies in N-methylanilines presented in 
Table 3. This frequency increases (i.e. becomes 
more "normal") as ring substituents become more 
electron-withdrawing. At the same time the an- 
ticipated increase in the "perturbed" vNH, which 
is clearly noticeable for strongly electron- 
donating ring substituents, disappears progres- 
sively as the trans lone pairla-CH interaction falls 
off with the withdrawal of N electron density into 
the aromatic ring. Thus, while vNH in N-methyl- 
anilines with electron-donating ring substituents, 
e.g. inp-hydroxyaniline, is greater than *(v,,,, + 

FIG. 5. Fundamental CH stretching vibrations in 
dilute CCI4 solution: (a) methylamine, (6) N-methyl 
hydrazine, and (c) N-i-propyl hydrazine. 

- 

v,,,) for NH frequencies of corresponding anil- 
ines, it falls progressively as the Hammett o 
value of substituents increases until it is smaller 
than +(v,,,, + v,,,) for corresponding anilines, 
e.g. in p-nitroaniline (see Table 3).' 

The substituent effect in aliphatic amines is 
demonstrated in Fig. 5, which shows the "per- 
turbed" v,,, stretching mode of CH, in CH3NH2 
at 2807 cm-', while it is lowered to 2779 cm-' in 
H,NNHCH, where the electron density on the 
N atom adjacent to the methyl group is increased. 
N-Isopropylhydrazine shows weak "perturbed" 
CH absorption at 2850 cm-', as a broadening of 
the 2861 cm-' band, which is consistent with the 
fact that only one of the three conformers which 
arise from rotation about the N-C bond has a 
trans lone pairla-CH relationship. 

I I I I I I I 

This research was supported by the U.S. Army 
Research Office, Durham, North Carolina, U.S.A., under 
Grant No. DA-ARO-D-31-124-G658. 
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Conformational equilibria in some cyclic imines: NH and CH stretching vibrations 
and the axial lone pair 

P. J. KRUEGER AND J. JAN 
Department of Chetnistry, Uniuersity of Calgary, Calgary 44, Alberta 

Received July 31, 1969' 

The fundamental NH and CH stretching vibrations of a number of cyclic imines have been examined 
in dilute CCI, solution. A trat~s orientation of the N lone pair orbital and one or more hydrogen atoms 
on adjacent carbons lowers the relevant vo, ("Bohlmann" bands) and raises VNH, reflecting an increase 
in the s-character of the CH bond(s), consistent with a partial delocalization of the lone pair electrons 
into the CN bond. Conformations in which this interaction occurs are thermodynamically favored, 
and the AH values for the lone pair axial-equatorial equilibrium in piperidine, pyrrolidine, and indolene 
are estimated to be 0.4, 0.2, and 0.1 kcal/mole, respectively, in dilute CCI, solution. 

The effects of hetero ring size, N-substitution, a-methyl substitution, and the solvent environment 
are investigated. 

Canadian Journal o f  Chemistry, 48,3236 (1970) 

Introduction 

Conformational problems which arise from 
different orientations of the nitrogen atom lone 
pair orbital in heterocyclic compounds (la) have 
received much attention in the case of six- 
membered rings like piperidine or morpholine, 
and a variety of methods like i.r. spectroscopy 
(2-12), n.m.r. spectroscopy (12-22), microwave 
spectroscopy (23), and dipole moment measure- 
ments (24-30) have been employed. The results of 
these studies have not been uniformlv consistent. 
A comparative review has appeared r&ently (3 l), 
and there has been a full discussion of the 
question of the "size" of the lone pair on N with 
respect to other substituents (32, 33). A simple 
quantitative approach to intramolecular inter- 
actionsin saturated heterocycles has been achieved 
(34, 35), from which axial-equatorial equilibria 
can be predicted. 

This investigation sho'ws that the low frequency 
CH stretching vibrations identified by Bohlmann 
in some cyclic imines (36) arise in conjunction 
with a secondary increase in the NH stretching 
frequency, supporting a decrease in the N atom 
charge density and a partial delocalization of 
charge into the CN bond (37, 38) when one or 
more a-CH bonds are trans to the lone pair. The 
hybridization of N in this molecular conforma- 
tion therefore differs from the hybridization in 
conformations where no a-CH bond(s) bear this 
geometrical relation to the lone pair. 

It has been possible to assess the spectral 
changes arising when the electron density on N is 

'Revision received June 22, 1970 

altered, and to make some specific vibrational 
assignments concerning the origin of CH absorp- 
tion bands below -2850 cm-' through the use 
of specifically deuterated species. 

Experimental 
Except where otherwise noted, all the compounds used 

were commercial products which.were purified prior to 
use and had acceptable physical constants, or they were 
prepared by standard methods. The deuterated materials 
a-d,-piperidine, a-d2-pyrrolidine, and a,af-ci-pyrrolidine 
were prepared by LiAID, reduction of a-piperidone, 
a-pyrrolidone, and succinimide respectively. A deutera- 
tion level of 95% or better was indicated by n.m.r. 
spectra. 

Spectroscopic measurements were made with a Perkin- 
Elmer Model 621 i.r. spectrophotometer, and a few 
spectra were obtained with a Cary Model 81 laser Raman 
spectrometer. Commercial "spectroquality" CC14 was 
used as a solvent for i.r. measurements at path lengths 
from 2.0-10.0 cm, except in the CD stretching ~egion 
where shorter path lengths are required. Spectra in 
deuterated solvents were also obtained at shorter path- 
lengths. 

A complete list of absorption frequencies is filed in the 
Depository of Unpublished Data, National Science 
Library, NRCC, Ottawa, Canada. 

Results and Discussion 

Piperidine 
Figure 1 shows the spectrum of piperidine and 

a-d2-piperidine in the CH and CD stretching 
regions. Piperidine exhibits normal v,,,, and 
v,,, CH, stretching vibrations2 at 2933 and 2850 

2The a-, P-, and y-methylene vibrations in the lone pair 
equatorial form and the p- and y-methylene vibrations in 
the lone pair axial form are likely superimposed to a high 
degree, leading to relatively broad bands. 
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3000 2900 2800 2700 2600 
FREQUENCY (cm-I) 

FIG. 1. Methylene stretching vibrations in the i.r. 
spectra of (a), (b) cr-d2-piperidine, and (c) piperidine 
(CCI, solutions; 2 cm cells in C H  stretching region and 
0.1 cm cells in C D  stretching region). 

cm-' respectively, and all other piperidines in- 
vestigated show similar absorptions. Deuteration 
of one a-methylene group removes the shoulders 
at 2915 and 2895 cm-' from v,,,,, and replaces 
the low frequency bands at 2730 and 2803 cm-' 
with an intermediate band at 2760 cm-'. 

These spectral features can be accounted for in 
terms of a trans diaxial lone pairla-CH inter- 
action, and consequent coupling of the two 
a-CH, group vibrations in the piperidine con- 
formation with an axial lone pair. Figure 2 shows 
the vibrations that might be expected. The bands 
at 2915 and 2895 cm-' can be explained as the 
two components of v,,,,, and the bands at 2803 
and 2730 cm-' as the two v,,,  component^.^ 
Insertion of one a-CD, group breaks the coupling 

I .In I tti I 

FIG. 2. Projected coupling of asymmetric and sym- 
metric CH stretching vibrations in piperidine conforma- 
tion with axial lone pair. 

and accounts for the appearance of the 2760 
cm-I band, while the shoulders at 2915 and 2895 
cm-' also become less marked. 

In the CD stretching region the interpretation is 
guided by spectroscopic studies of CH3CD,NH2 
(38) which show that "normal" v,,,, and v,,, 
frequencies arise from the conformation which 
does not have a trans lone pairla-CD interaction, 
while the CD, frequencies are lowered by 32 and 
39 cm-' respectively if such an interaction is 
present. This is in agreement with calculations for 
an XH, group showing that v,,, is lowered by 
more than v,,,, if one of the HX force constants 
is progressively reduced (39). The four main CD 
bands in a-d,-piperidine are therefore interpreted 
as shown in Table 

The shifted v,,, band at 2043 cm- ' is unusually 
intense, which may reflect the high degree of 
interaction between the axial lone pair on N and 
the axial a-CD bond, and the greater involvement 
of the lone pair in v,,, relative to v,,,, (40). No 
quantitative conclusions can be based on the 
CH and CD stretching frequencies regarding the 
relative proportions of lone pair axial and lone 
pair equatorial conformers, but it is clear that 
both exist in piperidine in CCl, solution. 

Measurements in the NH stretching region are 
collected in Fig. 3. Piperidine (curve e, at concen- 
tration 3 x moles/l) has a main NH band 
at 3343 cm-' with a shoulder at 3315 cm-l. The 
dominant high frequency component is assigned 

'The band a t  2803 cm-' appears to be overlapped with to the NH equatorial (lone pair axial) conforma- other absorptions and therefore does not disappear 
entirely on deuteration but is only reduced in intensity 
relative to the main C H  bands. Both the 2803 and the ,It is recognized that equatorial CD bonds of -CHD 
2730 cm-' bands were noted in the Raman spectrum of groups absorb about 30 cm-' higher than axial C D  
piperidine. The appearance of "Bohlmann bands" in bonds in cyclohexanes (Ic), reflecting slight non-equiva- 
Raman spectra has not been reported to  date. lence of the two bonds of CH, (or CD2) groups. 
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TABLE 1 
Main CD bands in a-d2-piperidine 

vasym (ern-') (VCH/VCD) vsym (cm-') (VCH/VCD) 

Lone pair equatorial 2194 1.337 2100 1.358 
Lone pair axial 2164 1.347 2043 1.346 

0.0 I I I I I I I I  

3500 3400 3300 3200 3500 3400 3300 3200 
FREQUENCY (crn-') 

FIG. 3. Infrared spectra in the NH stretching region: (a) aziridine, (b)  propyleneimine, (c) azetidine, (d) pyrrolidine, 
( e )  piperidine, (f) heptamethyleneimine, ( g )  trans-decahydroquinoline, (h) indoline, (i) 3-azabicyclo[3.2.2]nonane, ( j )  
morpholine and (k) piperazine (A = association bands; measurements in dilute CCl, solution at 5 or 10 crn path 
length). 

tion, and the increase in frequency ascribed to the solutions with AH = 0.6 f 0.2 kcal/mole. Our 
partial loss of charge from the N atom. The low own estimate of AH based on badly overlapped 
frequency component is assigned to the NH axial NH bands in solution is 0.4 kcal/mole, with the 
form. Baldock and Katritzky (5, 6) have recently lone pair axial form being the more stable form. 
made similar assignments for piperidine based 
on gas phase and CCI, solution spectra in the Alkyl Piperidines 
first overtone NH region. In the gas phase they The spectrum of 2,2,6,6-tetramethylpiperidine 
conclude that the NH equatorial form of piperi- has only CH, and normal CH, stretching 
dine predominates (ca. 60%) with AH = 0.53 +_ vibrations, the lowest of which lies at 2840 cm-l, 
0.13 kcal/mole, and that the same holds for CCI, in marked contrast to the 2803 and 2730 cm-I 
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Methyl Piperidines 

I I  <- I I 1 ,  I 1 
3000 2900 2800 2700 2600 

FREQUENCY (cm-'1 

FIG. 4. Infrared spectra of a-methyl piperidines in 
the C H  stretching region: (a) 2,2,6,6-tetramethylpiper- 
idine, (b) piperidine, (c) cis-2,6-dimethylpiperidine, (d) 
trans-2,6-dimethylpiperidine, (e )  2-methylpiperidine. 

bands of piperidine (Fig. 4a and b). Booth et al. 
(18) have recently shown from n.m.r. measure- 
ments that cis-2,6-dimethylpiperidine has its two 
methyl groups in the equatorial conformation. 
Shifted CH absorption at 2790 and 2701 cm-' 
confirms that the a-CH bonds are axial5 (Fig. 4c), 
particularly when compared with the corre- 
sponding trans-2,6-dimethylpiperidine (Fig. 4d) 
which only has weak CH absorption below 2840 
cm-' consistent with one axial tertiary a-CH 

51n-phase and out-of-phase coupling in the lone pair 
axial conformation. 

group.6 2-Methylpiperidine exhibits absorption 
similar to that of piperidine, which would be 
expected with the methyl group in an equatorial 
position. 

Measurements in the fundamental NH stretch- 
ing region were in general agreement with those 
reported by Baldock and Katritzky (6) for the 
first overtones. Because the interpretation of the 
fundamental region is complicated by the pres- 
ence of combination bands no such data are 
reported here. Only a single v,, band at 3312 
cm-' was observed in 2,2,6,6-tetramethyl- 
piperidine; this corresponds to the low frequency 
component in those cases with a-CH groups, as 
expected. 

N-Substituent Effects 
The effect of substitution on N is summarized 

in Fig. 5 and in Table 2, which also gives some 
tentative assignments. In N-benzoylpiperidine 
the lone pair on N is withdrawn and no absorption 
occurs below 2855 cm-' (Fig. 5j). The N-p-tolyl 
group does not withdraw charge from N as 
effectively, and weak absorption below 2855 cm- ' 
remains (Fig. 5h). Although piperidine-N-oxide 
is held to exist as the N-hydroxypiperidine, its 
spectrum also shows only very weak absorption 
below 2855 cm-' (Fig. 5i). 

On the other hand, electron-donating substit- 
uents enhance the perturbed in-phase and out-of- 
phase a-CH, bands near 2780 and 2730 cm-', 
relative to the normal CH bands. The particular 
compounds investigated were N-amino-, N-t- 
butyl-, N-methyl-, and N-methyl-4-hydroxy- 
piperidine (Fig. 5a-d).7 

N-Chloropiperidine is a special case with a 
relatively intense CH band at 2830 cm-' ; in view 
of the absence of absorption near 2730 cm-l, its 
assignment to "perturbed" a-CH, groups is 
uncertain. 

trans- Decahydroquinoline 
According to Booth and Bostock (16) this 

compound is expected to exist entirely in the 
conformation shown in Fig. 5f. The perturbed 
CH bands at 2794 and 2740 cm-' are consistent 
with this conformation and an appreciable pro- 
portion of axially oriented lone pairs on N. 

6We thank Dr. H. Booth for making samples of cis- 
and trans-2,6-dimethylpiperidine available. 

'In N-methylpiperidines the band at  2780 cm-' is 
enhanced by v,,, of the CH, group, which is expected to 
have one C H  bond trans to  the lone pair. 
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However, from Fig. 3c it appears that the NH 
band is a doublet (-3336 and -3316 cm-l), 
which indicates equatorial as well as axial lone 
pair orientation. 

Piperazines 
Relative to piperidines the piperazines exhibit 

more intense perturbed CH bands, which in some 
cases are stronger than the normal CH bands 
(Fig. 6). N,N-Diamino-piperazine and N-amino- 
N'-methylpiperazine fall into the latter category. 
This is expected since the substituents are strong 

electron donors, and all the CH, groups are 
adjacent to a N atom. 

The CH absorption of piperazine is un- 
doubtedly complicated by the existence of con- 
formers with axial-axial, axial-equatorial, and 
equatorial-equatorial lone pair combinations 
(25). The spectrum of N,N1-diaminopiperidine is 
simpler than that of piperidine, since the sub- 
stituents are probably largely in equatorial orien- 
tations, yielding a conformer with two intensified 
axial lone pairs. Nevertheless, the presence of a 
v,,,, CH, stretching band in the normal position 
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TABLE 2 

Methylene stretching vibrations of some six-membered N-heterocycles 
(in cm-'; measurements in dilute CCI, solution) 

Asymmetric mode Symmetric mode 

Compound Normal Perturbed* Normal Perturbed* 

Piperidine (P) 2933 
2-Methyl P 2930 
trans-2,6-Dimethyl P 2925 
cis-2,6-Dimethyl P 2925 
2,2,6,6-Tetramethyl P 2925 
N-Amino P 2937 
N-t-Butyl P 2932 
N-Methyl P 2935 
N-Methyl-4-piperidinol 2939 
N-Chloro P 2941 
N-p-Tolyl P 2932 
Piperidine-N-oxide 2944 
N-Benzoyl P 2938 
Piperazine (Pz) 2944 

's-triazine 

2915 sh, 2895 sh 
2915 sh 
-2895 sht 
2910 sh 

- 
2920 sh, 2887 
2915 sh 
2920 sh, 2903 sh 
2920 sh, 2889 sh 
2925 sh, 2905 sh 

*Belonging to a-CH1 groups in lone pair axial conformer. 
?Tertiary a-CH group(s) only. 
Sv,,, of N-CH, group. 

(2938 cm-l) indicates that at least some mole- 
cules have an axial substituent (equatorial lone 
pair). 

The NH stretching region, with a main band at 
3351 cm-' and a shoulder at 3314 cm-', shows 
strong preference for the axial orientation of lone 
pairs in piperazine (Fig. 3k). 

1,3,5-Trimethylhexahydro-s-triazine is ex- 
pected to show a conformational preference for 
equatorial substituents (41). Again the CH region 
is complicated because each methylene is adjacent 
to two N atoms, of which a significant number 
must have axial substituents to account for the 
normal v,,,, CH, intensity at 2940 cm-l. How- 
ever, trans diaxial lone pairla-CH interactions 
(plus vibrational coupling) account for the in- 
tense and complicated absorption below 2835 
cm-I. 

Pyrrolidines 
By analogy with tetrahydrofuran (42) the non- 

planar semi-chair conformation appears most 
reasonable for pyrrolidine (Fig. 7). In conforma- 
tion (1) an a-CH bond at C-l is trans to the N 
lone pair while none of the hydrogens at C-4 are 
trans. With inversion at N to form conformer 2, 

none of the a-CH bonds are trans to the lone pair. 
A principal difference between piperidine and 
pyrrolidine should therefore be the absence of 
coupling between a-CH, groups in the latter. 

The relevant frequencies and assignments are 
tabulated in Table 3. Pyrrolidine exhibits a 
shoulder at 2930 and a band at 2821 cm-' 
corresponding to v,,,, and v,,, of a "perturbed" 
a-CH, group. In the a-CD, compound the 2930 
cm-I is largely gone (leading to resolution of an 
underlying weak band at 2911 cm-I), and the 
2821 cm-I band is reduced to a shoulder. In the 
a,al-di-CD, compound both bands are elim- 
inated. 

In the CD stretching region pyrrolidine-a-d, 
has "normal" CD, stretching frequencies at 2215 
and 2110 cm-' (v,,,, and v,,,, respectively) 
arising from 2 with the CD, group at either C-1 
or C-4, and from 1 with the CD, group at C-4. 
"Perturbed" v,,,, and vSy, CD, frequencies at 
2195 and 2088 cm-I, respectively, must arise 
from 1 with a 1-CD, group; since these bands are 
relatively more intense conformer 1 with the 
trans lone pairla-CH interaction seems to be 
favored over 2. The weak CD absorption at 21 37 
cm-I is probably due to -CHD impurity. 
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3000 2900 2800 2700 2600 
FREQUENCY (crn- ' )  

FIG. 6. Infrared spectra in the CH stretching region: 
(a) piperazine, (b) I-amino-4-rnethylpiperazine, (c) 1,4- 
diarninopiperazine, (d) 1,3,5-trirnethyltriazine. 

In pyrrolidine-a,al-d the same four bands 
appear, with no new features such as would be 
expected if two a-CD bonds were trans to the 
lone pair. Although the asymmetric CD, band 
was more difficult to resolve, the apparent peak at 
2207 cm-' shows both high and low frequency 
shoulders consistent with the spectrum of the 
a-CD, compound. 

In the NH stretching region pyrrolidine has a 
main band at 3362 cm-' with a shoulder at 3320 
cm-' (Fig. 3c), confirming that 1 is favored over 
2. From the temperature dependence of these 
bands the enthalpy difference is estimated as - 0.2 kcal/mole. 

The intensity of the perturbed v,,, CH, 
stretching vibration at 2789 cm-' in N-amino- 

pyrrolidine is almost equal to that of the normal 
v,,,, CH, band (Fig. 8e). This spectrum provides 
further evidence that only one "Bohlmann band" 
is induced below 2850 cm-' in pyrrolidine, even 
if the electron density on N is increased. The 
perturbed v,,,, CH, stretching vibration is tenta- 
tively assigned to the band at 2928 cm-' in the 
N-amino compound. 

If the electron density is removed from N, as in 
indoline (Fig. 8b), the CH absorption below 2850 
cm-' is reduced to two very weak bands at  2796 
and 2708 cm-'. Figure 3h shows that in the N H  
stretching region the conformer with the pyrrol- 
idine ring of type 1 and having the aromatic ring 
fused on the C-4 side now absorbs only very 
weakly at 3483 cm-', while the conformer with 
the pyrrolidine ring of the type 2 having the lone 
pair delocalized into the fused aromatic ring is 
much more abundant and absorbs strongly at  
3403 cm-'. Both bands can be shifted by deutera- 
tion. Conformer 1 is more stable than conformer 2 
by - 0.1 kcal/mole in dilute CC14 solution. 

Morpholine 
The C H  stretching region of morpholine 

(Fig. 8a) is surprisingly like that of piperazine, 
with the exception of changes in relative inten- 
sities. This suggests that the lone pair orbitals on 
oxygen may play a similar role to those on 
nitrogen in shifting certain CH bands. This effect 
has been investigated further in this laboratory, 
using simpler model compounds (43). 

In the NH stretching region (Fig. 3j) mor- 
pholine shows the same strong preference for 
axial orientation of the lone pair as piperazine.' 

3-Azabicyclo[3.2.2]nonane 
The weak CH absorption below 2850 cm-' 

(Fig. 8c) suggests that some molecules exist in a 
conformation where trans N lone pairla-CH, 
interaction is possible. This is consistent with 
molecular models. In the NH region the spectrum 
resembles that of morpholine (Fig. 3j). 

EfSect of Heterocyclic Ring Size 
The i.r. spectra of cyclic imines of ring size 3-7 

have been investigated (44), and the increase in 
v,, as ring size decreases is well known. The 
frequency assignments for 3-membered hetero- 

81n agreement with recent conclusions by Baldock and 
Katritzky (6)  for morpholine in the gas phase and in 
dilute CCI, solution. 
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3100 3000 2900 2800 2700 2300 2200 2100 2000 
FREQUENCY ( c m - ' I  

FIG. 7. Methylene stretching vibrations in the i.r. spectra of (a) pyrrolidine, (b) a-d2-pyrrolidine, and (c) a,a'-d,- 
pyrrolidine. 

cyclic rings are firmly based (45), and the bands essentially "axial" and "equatorial" and this is 
at 2935, 2903, and 2896 cm-' in ethyleneimine borne out by NH and CH frequencies (Figs. 3c 
(aziridine) must be overtones and/or combination and 9c). 
bands (Fig. 9a). Similar absorptions are observed 
in Zmethylaziridine (Fig. 9b), although a doublet 
vNH is observed for the latter (Fig. 3a and b) 
because of cis-trans isomerism of the CH, group N N 0 
and the NH (46). The vNH components at 3322 \ 

H 

3 4 
CH3/NH cis CH3/NH trans 

(Low frequency VNH) (High frequency vNH) 

and 3305 cm-' are shifted to 2465 and 2453 cm-' 
on deuteration. 

By analogy with mono-substituted cyclo- 
butanes (47), azetidine should exist in two con- 
formations with lone pair orientations that are 

5 
Lone pair "axial" 

(two trans CH/lone pair interactions) 
high frequency vNII(3387 cm-') 

6 
Lone pair "equatorial" 

(no trans CH/lone pair interaction) 
low frequency vNH(3339 cm-') 

The lowest CH frequency (2859 cm-') has the 
highest intensity, and this band is tentatively 
related to  the quasi-trans orientation of a-CH 
bonds to the lone pair in 5. It should be noted that 
the electron donor ability of N in cyclic imines is 
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3000 2900 2800 2700 2600 
FREQUENCY (cm- ' )  

FIG. 8. Infrared spectra in the CH stretching region: 
(a) morpholine, (b)  indoline, (c) 3-azabicycIo[3.2.2] 
nonane, (d) pyrrolidine, (e)  N-aminopyrrolidine. 

known to follow the ring size order 4 > 5 > 6 > 
7 > 3 (48). In N-benzoyl azetidine where the lone 
pair has been delocalized the lowest frequency 
C H  band is found at 2885 cm-'. 

The only large ring imine investigated was 
heptamethyleneimine, which has normal v,,,, 
and v,,, CH, modes at 2920 and 2850 cm-I, 
respectively, and weak absorption below 2850 
cm-I (Fig. 9d). In the N H  region the main band 
at 3381 cm-I shows some asymmetry on the high 
frequency side. 

Solvent Effect Studies 
The vcD shift of CDCI, when amines are added 

to it until the "free" CD band at 2252 cm-I 

FREQUENCY (crn- ' I  
FIG. 9. Infrared spectra in the CH stretching region: 

(a) aziridine, (6 )  2-methylaziridine, (c) azetidine, ( ( I )  
heptamethyleneirnine. 

disappears (49) shows a dual basicity for piper- 
idine and N-alkylpiperidines (Fig. 10). Similar 
spectra are obtained if CCl, is used as a ternary 
solvent. The relative intensities for the two 
CD.  . - N  bands do not, however, represent the 
relative proportions of the less basic (lone pair 
axial, Avo z 33 cm-I) and more basic (lone pair 
equatorial, AvCD = 75 cm-') forms under these 
conditions. Lord et al. (50) have shown that the 
integrated vcD intensity of CDCl, increases 
dramatically on hydrogen bond formation, e.g. 
for AvcD = 36 cm-I on hydrogen bond forma- 
tion with pyridine the CD band intensity increases 
more than 20-fold. Thus Fig. 10 grossly accen- 
tuates the low frequency CD .N band (lone pair 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

~ t -  t-omt-wq 
N.? 1 ?NNN?t- 
00 oooooc 

.. 
I 

5 
2 
t- 
N 

n 

moo - m ~ m m g  
'?"? 1 '??'?'??a 
00 oooooc 

n 

woo mat-at-3 
?N 1?9???" 
00 oooooc 

n 

P-W400$*oom~ 
m m m m  q*.*., 
00000oooc 

L- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KRUEGER AND JAN: CONF( 3RMATIONAL EQUILIBRIA 3247 

1 "free" CD 

2300 2200 2100 
FREQUENCY (cm-') 

FIG. 10. Fundamental CD stretching vibrations of 
CDCI,: (a) in dilute CCI,, (b) in N-t-butylpiperidine, (c) 
in N-methylpiperidine, and (d) in piperidine. 

equatorial form). Nevertheless it provides some 
further evidence that the lone pair axial con- 
former is less basic than the lone pair equatorial 
conformer. 

While the concentration of axially oriented 
t-butyl groups is normally considered to be 
negligible (lb), N-t-butylpiperidine appears to 
have some, altl~ough if E~~...,""'"' (2170 cm-I) > 

equa to r i a l  
EcD...N (2219 cm-l) a very small per- 
centage of axial t-butyl groups could account for 
the observed spectrum. 

For piperidine and N-methylpiperidine in 
which ca. 60 and 66%, respectively, of the 
N-substituent are now deemed to be equatorial in 
benzene solution (6), the low frequency CD. - N  
chloroform complex band predominates, but 
probably only because of its intrinsically greater 
extinction coefficient. 

The axial-equatorial equilibrium in piperidines 
is expected to show some solvent sensitivity, and 
CH spectra were obtained for piperidine and 
N-methylpiperidine in a variety of deuterated 
solvents (Table 4). The projected properties of 
the two conformers are summarized in Fig. 1 I .  

Since only peak height ratios for these over- 
lapped bands are readily obtained, the data can 
only be interpreted qualitatively. The 2730 cm-' 
band in piperidine assigned to the lone pair axial 

7 8 
X = H, D,  or CH, 

Basicity of N:  7 < 8 
Acidity of NH: 7 > 8 
Steric hindrance of N-CH,: 7 > 8 
Steric hindrance to solvent attack on lone pair: 7 > 8 
Polarity of conformer: 7 < 8 
Thermodynamic stability: 7 > 8 

FIG. 11. Projected properties of N lone pair axial and 
equatorial conformers in piperidine and N-methylpiperi- 
dine. 

form has the highest relative intensity in the pure 
liquid and in low temperature solid film spectra. 
In the glassy film spectrum, where the resolution 
is improved, the 2850 cm-I normal vasym CH, 
band has the lowest relative intensity. In the 
crystalline state the concentration of the lone pair 
axial form has previously been held to increase 
(3). In dimethyl sulfoxide-d,, acetonitrile-d,, 
chloroform-d, acetone-d,, and methanol-d, the 
2730 cm-I piperidine band is relatively less 
intense than in CCl, solution, and decreases in 
the order given. In all cases except the low 
temperature solid film the 2850 cm-I band is 
relatively more intense than in CCl, solution. 
These changes can be explained by increased 
stabilization of the more polar conformer (N lon'e 
pair equatorial) in polar solvents, and in the case 
of CDCI, and CD,OD, also by preferential 
stabilization of the lone pair equatorial form by 
hydrogen bonding. Obviously a number of fac- 
tors must be involved, some of which are men- 
tioned in Fig. 1 1. 

While the CH frequencies are not markedly 
solvent dependent, the CD,OD solution. appears 
exceptional. The frequency of the normal v,,,, 
CH, reference band is hardly altered but all the 
others are shifted to higher frequencies (Table 4). 
This is consistent with hydrogen bonding in the 
lone pair axial form, thereby reducing the effective 
charge on N and in turn making the E-CH, bands 
in this conformer more normal. 

N-Methylpiperidine shows roughly similar 
behavior in deuterated solvents, although the 
relative decrease in the 2709 cm-I band with 
respect to the value in CCI, solution is not as 
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great. In CD3CN no significant change in the low 
frequency band is noted, and in (CD3),S0 a small 
increase is observed. The lower solvent sensitivity 
of the conformational equilibrium in M-methyl- 
piperidine may arise from the fact that the N lone 
pair can always be trans to  at  least one C H  bond 
(of the methyl group) in both conformations, plus 
the greater steric hindrance in the N-methyl axial 
position. 

The assistance of Miss Marelle Law with some of the 
experimental nleasurements is gratefillly acknowledged. 
This work was supported by the U.S. Army Research 
Office, Durham, North Carolina, U.S.A., under Grant 
NO. DA-ARO-D-31-124-G658. 
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Thermodynamics of proton dissociations from imidazolium ion, 6-uracilcarboxylic 
acid, and protonated hypoxanthine in aqueous solution 

EARL M. WOOLLEY, RICHARD W. WILTON, AND LOREN G. HEPLER 
Department of Clretnisfry, The Uiliuersify of Letlrbridge, Lethbridge, Alberta 

Received May 22, 1970 

Equilibrium constants have been determined potentiometrically for proton dissociations from 
imidazolium ion, 6-uracilcarboxylic acid (pKl and pK2), and protonated hypoxanthine (pK,, pK2, and 
pK3) in aqueous solution at 25 "C and used for calculation of AGO values for the corresponding reactrons. 
Enthalpies of these same proton dissociations have been measured calorimetrically and combined with 
the AGO values to yield AS" values for these reactions. 

Canadian Journal of Chemistry, 48, 3249 (1970) 

Introduction 
Thermodynamic data for proton dissociation 

reactions in aqueous solution are useful for such 
calculations as extent of ionization, pH of buffer 
solution, and change of equilibrium constant with 
change in temperature. These data have also led 
to increased understanding of relations between 
structure, substituent effects, and reactivity of 
many molecules and ions in solution (1-3). 
Knowledge of solute-solvent interactions and 
thence improved understanding of solvent prop- 
erties has also been derived from previous studies 
of thermodynamics of proton dissociation reac- 
tions (14) .  In addition to these general reasons 
for interest in thermodynamics of proton dis- 
sociation reactions, there are specific reasons for 
investigation of certain acids. Pyrimidines and 
related compounds are present in living systems 
and are well known as important components of 
nucleic acids. Earlier workers have carried out 
measurements related to ours because of the bio- 
chemical importance of these kinds of compounds 
(5-7). 

We have made potentiometric and calorimetric 
measurements leading to pK, AGO, AH0, and 
AS0 values for proton dissociations from im- 
idazolium ion, 6-uracilcarboxylic acid, and pro- 
tonated hypoxanthine in aqueous solution at 
25 "C. Our results are discussed in relation to 
similar results of earlier workers. We have also 
used imidazole as a test compound in investigat- 
ing relative advantages of "traditional" and 
titration calorimetry. 

Experimental 
Imidazole, 6-uracilcarboxylic acid monohydrate (also 

called orotic acid), and hypoxanthine were all obtained 
(A Grade) from California Biochemical Corp. Different 

samples of imidazole were further purified by zone 
melting, by recrystallization from benzene, and by re- 
crystallization from petroleum ether. Several samples of 
hypoxanthine and 6-uracilcarboxylic acid were purified 
by recrystallization from water. Calorimetric results 
obtained with different samples of the same conlpound 
were identical within our quoted uncertainties. 

Carbonate-free NaOH solutions and HCI solutions 
were prepared and standardized by usual methods (8). 
All measurements were made with boiled, doubly dis- 
tilled water and precautions were taken to minimize 
subsequent contamination with COz. 

The "best" pK value for ionization of imidazolium ion 
was taken from the results of hydrogen electrode measure- 
ments by Datta and Grzybowski (9). Our measurements 
with a glass electrode were in agreement with this value. 

We have obtained pK, and pK2 values for 6-uracil- 
carboxylic acid and pKl, pKz, and pK3 values for 
protonated hypoxanthine by way of p H  titration measure- 
ments in which we used a glass electrode (1). We also 
obtained pK, for 6-uracilcarboxylic acid by a difference 
potentiometric method using a glass electrode (10). 

All calorimetric measurements were made with an. 
LKB Precision Calorimetry System. The titrant for 
titration calorimetric measurements was supplied by a 
Metrohm Dosimat automatic titrator. All measurements 
refer to 25.0 "C, with results reported in terms of the 
defined calorie (1 cal = 4.1840 J). 

Results and Discussion 
Heats of solution ofimidazole in 1.5 x M 

NaOH and in dilute HCl are reported in Tables 1 

TABLE 1 

Heats of solution of imidazole, eq. 1 
--- ... - -. - 

g Imidazole/100 rnl AH,/(kcal mole-')* 

'Average A H ,  = 3.088 kcal mole-', with avcrage devi- 
ation = 0.005 kcal mole-'. 
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TABLE 2 TABLE 3 

Heats of solution of imidazole in aqueous HCI, eq. 2 

g Imidazole/ mmole A&/ 
100 ml HC1/100 ml (kcal mole-')* 

*Average AH2 = -5.619 kcal mole-', with average deviation = 
0.008 kcal mole-'. 

and 2. Calorimetric reactions are represented by 
eqs. 1 and 2, in which we use Im and ImH+ for 

C1 I Im(c) = Im(aq) AH1 

imidazole and imidazolium ion. These data lead 
us to AH," = 3.09 kcal mole-' and to AH," = 
- 5.62 kcal mole-', which we combined to obtain 
AH," = 8.71 kcal mole-' for the proton ioniza- 
tion represented by eq. 3. We estimate that the 
total uncertainty (chemical impurities, calori- 
metric errors, heats of dilution) in this AH," is 
less than +_ 0.04 kcal mole-'. 
[3] ImH+(aq) = Im(aq) + H+(aq) AH3 

Two calorimetric titration runs in which 0.2445 
M HCl was titrated into 0.01400 M imidazole led 
to AH," = 8.70 kcal mole-', with our estimate 
of the total uncertainty in this value being f 0.12 
kcal mole- '. 

We have also made calorimetric measurements 
of the heats to be associated with eqs. 1 and 2 in 
solutions maintained a t  ionic strength of 0.20 M 
with NaCl and have combined these results to 
obtain AH, (I = 0.20) = 8.81 kcal mole-', with 
total uncertainty estimated to be & 0.04 kcal 
mole-'. 

The pKvalues at several temperatures obtained 
by Datta and Grzybowski (9) led these investi- 
gators to report AH," = 8.79 f 0.03 kcal mole-'. 
Christensen et al. (11) have made calorimetric 
measurements in which aqileous imidazole was 
titrated with aqueous acetic acid. Their results 
yielded pK for reaction (3) and also led them to 
report AH," = 8.78 f 0.04 kcal mole-'. Calori- 
metric measurements by Wadso (12) have led him 
to report AH, (I = 0.20) = 8.79 & 0.03 kcal 
mole- '. 

All of the reported AH, values are summarized 
in Table 3. It is an indication of the considerable 

Heats of proton ionization from imidazolium ion 

AH 
Method (kcal mole-') Reference 

"Traditional" calorimetry, 
I = 0 8.71 + 0.04* This work 

Titration calorimetry, 
I = 0 8.70f0.12* Thiswork 

Titration calorimetry, 
I = 0 8.78+0.04-f 11 

dpK/dT 8.79+0.03.t 9 
"Traditional" calorimetry, 

I = 0.20 8.81 + 0.04* This work 
"Traditional" calorimetry, 

I = 0.20 8 .79k0.03t  12 

*We use f to indicate estimated total uncertainties, rather than 
average deviations, standard deviations, etc. 

?The i values cited are those given by the original authors. 

progress in investigation of thermodynamics of 
ionization reactions that these values range only 
from 8.70 to 8.81 kcal mole-'. 

The values calculated from dpK/dT (9) and 
obtained by calorimetric titration with acetic 
acid (1 1) are in excellent agreement, both being 
larger than our AH," values. Our analysis of 
uncertainties in the reported pK values (9) and  
subsequent calculations leading to AH," suggests 
that the total uncertainty is larger than the & 0.03 
kcal mole-' originally reported. On this basis we 
therefore say that this AH," value is in satis- 
factory agreement with all of the other values 
listed in Table 3. Our results and those of Wadso 
(12) that refer to solutions with I = 0.20 M are 
in agreement with each other, but are not directly 
applicable to evaluation of the best AH," value 
referring to solutions with I = 0. But the excellent 
agreement of these independent calorimetric AH 
values does provide support for our assessment of 
our uncertainties. 

In calculating AH," from results of their 
calorimetric titration measurements, Christensen 
et al. (11) used AH0 = -0.01 kcal mole-' for 
proton ionization from aqueous acetic acid. 
There is some evidence (2) that the "best" AH" 
value for this reaction is a little more negative 
than their -0.01 kcal mole-'. Recalculation of 
their results with a more negative AH0 for ioniza- 
tion of aqueous acetic acid decreases the derived 
AH," and can accouilt for all of the difference 
between the values cited in Table 3. 

On the basis of considerations cited above and  
because we were able to draw upon useful advice 
from earlier workers (1 I ,  12), we believe that our 
AH," = 8.71 f 0.04 kcal mole-' from "tradi- 
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TABLE 4 

Thermodynamics of proton ionizations in aqueous solution at 298 OK* 

pp - 

Acid 

ASo 
AGO A H o  (cal deg-I 

(kcal mole-') (kcal mole-') mole-') 

Imidazollum ion 6.993 (kO.002) 9.545 (k0.003) 8.71 (k0.04)  -2 .8  ( k 0 . 1 )  

6-Uracilcarboxylic acid 
1st 1 .8  ( k 0 . 2 )  2 .4  (k0 .3 )  0 .5  ( k 0 . 5 )  -6 .4  (&3) 
2nd 9.55 (+0.15) 13.0 (k0 .2 )  8.7 (k0 .7 )  -14.4 ( k 3 )  

Protonated hv~oxanthine 

*We have used f to indicate our  estimates of total uncertainty (chemical purity, measurement errors, heats o f  dilution, etc.) rather than 
average o r  standard deviation. 

tional" calorimetry is the "best" value for this 
proton ionization reaction. We combine this 
AH," with AG," = 9.545 kcalmole-' from pK = 
6.993 (9) to obtain AS," = -2.8 f 0.1 cal deg-' 
mole-'. 

Because 6-uracilcarboxylic acid and hypoxan- 
thine are only slightly soluble and dissolve 
slowly, it was found to be more convenient to 
investigate the proton ionization properties of 
these compounds by titration calorimetry than by 
"traditional" calorimetry. In all such measure- 
ments we titrated 95.00 ml of dilute (M = 0.0032 
to 0.0061) organic solute with standardized 
aqueous HC1 or standardized aqueous NaOH. 
Results of these measurements are reported in 
Table 4 where we also list our DK values and the 
derived AGO and AS0 values. ~Acluded in Table 4 
are the "best" values for imidazole cited earlier 
in this paper. 

Equilibrium constants and other thermody- 
namic data for proton ionization reactioils refer 
to well-defined reactions, but do not necessarily 
provide evidence concerning the structures of the 
species involved in the reaction. For example, the 
data reported here for proton ionization from 
imidazolium ion refer quite explicitly to the 
reaction represented by eq. 3. These data, how- 
ever, do not tell us (at least, do not tell us directly) 
to which nitrogen the "extra" proton is attached 
in imidazolium ion. Similarly, the thermody- 
namic data for 6-uracilcarboxylic acid refer 
explicitly to loss of one proton from the neutral 
acid and loss of another proton from the anion 
formed as a result of loss of the first proton. But 
these data do not necessarily tell us which proton 
is involved in either ionization reaction, nor do 
these data necessarily tell us whether the en01 or 

keto form is predominant. Similar consideratioils 
also apply to the successive proton ionizations 
from protoilated hypoxanthine. On the other 
hand, it is clear from earlier iiivestigations (2, 5-7) 
that we can expect considerable guidance from 
thermodynamic data in making decisions abo~it 
these and similar questions, once we have data for 
related heterocyclic acids and bases. 

It is commonly believed, partly on the basis of 
resonance stabilization arguments, that the struc- 
ture of imidazolium ion may be represented by 1. 

Dolman (13) has recently obtained spectroscopic 
evidence to support this formulation. On the 
basis of comparison of data in Table 4 for 
imidazolium ion with similar data (2) for other 
nitrogen-containing compounds, we conclude 
that the thermodynamic data are coilsistent with 
this formulation. 

The data in Table 4 for the first ionization of 
6-uracilcarboxylic acid (2) are consistent with 

other data (2) for ionization of highly polar 
carboxylic acids. We have a less satisfactory 
basis for similar coinparisons for the second 
ionization, but suggest that the second proton 
ionization is from the 3 position rather than the 
1 position. We have pictured 6-~~racilcarboxylic 
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acid in the keto form, although the en01 form 
might be predominant. 

We represent protonated hypoxanthine by 3 in 

which the positive charge may be distributed 
between the 7 and 9 positions. It seems reason- 
able to suggest that the first protoil ionization 
refers to loss of a protoil from either the 7 or 9 
position, while the second proton is lost from the 
1 position and the third from either the 7 or 9 
position. Again, we have drawn the keto structure. 

Our experience with numerous measurements 
on imidazole and critical comparisons (14) of 
earlier results obtained in different ways lead us t o  
make the following comments. First, titration 
calorimetry is probably the q~~ickes t  and easiest 
way to determine reliable AH0 values for most 
proton ionization reactions. Secondly, "tradi- 
tional" reaction calorimetry can lead to more 
accurate AH0 values, usually after expenditure of 
greater effort and more time. Finally, we believe 
that uncertainties in AHo values obtained calor- 
imetrically are easier to assess and likely to be 
smaller than uncertainties in AH0 values derived 
from proton ionization constailts a t  several 
temperatures and the van't Hoff equation. 

This research has been supported by the National 
Research Council of Canada and the University of 
Lethbridge Research Committee, Lethbridge, Alberta. 
We are grateful to C. Bender, J. Christensen, D.  Dolman, 
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comments. 
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Branched-chain 2-deoxy sugars. V. Application of the Wittig reaction to 
methyl 3,4-0-isopropylidene- 0-D-evythvo-pentopyranosid-2-ulose and attempted 

synthesis of nucleosides of 2-deoxy-2-C-methylpentoses 

ALEX ROSENTHAL AND MATEJ SPRINZL 
Departtnet~t of Cl~etnistry, Utliuersity of British Col~o~~Din, Vnr~couuer 8, Bririsll Colunlbia 

Received April 24, 1970 

Oxidation of methyl 3,4-0-isopropylidene-p-D-arabinopyranoside (1) with ruthenium tetroxide 
afforded methyl 3,4-O-isopropylidene-~-~-erythro-pentopyranosid-2-~1lose (2) in 78 % yield. Condensa- 
tion of methylenetriphenylphosphorane with 2 in the presence of ti-butyllithium yielded methyl 3,4-0- 
isopropylidene-2-deoxy-2-C-methylene-~-~-eryt1ro-pentopyranoside (3) in 55 % yield. Reduction of the 
latter with 10% palladium-on-charcoal gave a 7:l mixture of two isomeric 2-deoxy-2-C-methylpentoside 
derivatives in 95% yield: the preponderant product had the D-I'~/>o configuration. The fully blocked 
methyl glycosides were de-isopropylidenated with methanolic hydrogen chloride to yield 6 and 7 and 
these were converted into thep-toluoyl esters (8) and (9). Attempts to utilize the latter in the synthesis of 
nucleosides of 2-deoxy-2-C-methyl pentoses were unsuccessful. 
Canadian Journal of Chemistry, 48, 3253 (1970) 

Introduction Results and Discussion 
Until 1967 there were few useful synthetic 

routes for the preparation of branched-chain 
deoxy sugars possessing a hydrogen and a 
C-alkyl, hydroxyalkyl, or aminoalkyl substituent 
on the same carbon (1-3). During the past few 
years the Wittig reaction has been successfully 
applied to several 3-keto sugar derivatives to 
afford unsaturated sugar derivatives; the latter 
have been readily converted stereoselectively in 
high yield into the aforementioned type of 
branched-chain deoxy sugars (4-7). There is also 
a report of a light-induced addition of 1,3- 
dioxolan to an unsaturated carbohydrate in the 
presence of acetone to afford a branched-chain 
sugar (8). Although sodium cyanide and hydro- 
gen cyanide have been used to open carbohydrate 
epoxides (9, lo), and the 0x0 reaction has been 
applied to unsaturated carbohydrates (1 1) to 
afford branched-chain sugars, these routes give 
complex mixtures of products. A more promising 
supplementary route to the branched-chain 
amino sugars has been provided via the nitro- 
methane addition to keto sugar derivatives and 
the nitroethane addition to dialdehydo sugar 
derivatives (12). 

In continuation of our studies on the synthesis 
of branched-chain sugars and their subsequent 
utilization in the preparation of 3'-deoxy-3'- 
C-methyl (and hydroxyalkyl) sugar nucleosides 
(6, 13) we now wish to report an extension of the 
Wittig reaction to a 2-keto sugar derivative to 
afford two novel isomeric 2-C-methylpentoside 
derivatives. 

Oxidation of methyl 3,4-0-isopropylidene-P-D- 
arabinopyranoside (1) with ruthenium tetroxide, 
according to a slight modification of the pro- 
cedure of Lawton et al. (14), afforded methyl 
3,4- 0-isopropylidene- P-D-erythro-pentopyrano- 
sid-2-ulose (2) (see Scheme l), which was obtained 
as the hydrate in crystalline form in 78 % yield. 
Distillation of anhydrous benzene from the 
hydrate converted the latter into the keto sugar 
(2). Methyl 3,4-0-isopropylidene-P-L-erytf7ro- 
pentopyranosid-2-ulose has been prepared by 
ruthenium tetroxide oxidation of the appropriate 
glycoside in 40 % yield (15), whereas the D-enan- 
tiomer of the latter was prepared in 80% yield 
(16). Treatment of 1 with methylsulfoxide- 
phosphorus pentoxide (17) as oxidant gave a 
40% yield of the keto sugar (2); utilization of 
methyl sulfoxide - acetic anhydride as oxidant 
(18) raised the yield to 55 %. Reaction of methyl- 
triphenylphosphonium bromide with n-butyl- 
lithium in hexane (19) with the 2-keto sugar (2) 
afforded the branched-chain unsaturated sugar, 
methyl 3,4 - 0 - isopropylidene - 2 - deoxy -2  - C -  
methylene-P-D-erythro-pentopyranoside (3), in 
55 % yield. Contaminants accompanying 3 were 
removed by chromatography on silica gel, with 
10:l benzene - ethyl acetate as eluent. The 
unsaturated sugar (3) was stable and could be 
distilled under reduced pressure. Substitution 
of tetrahydrofuran for ether as solvent in the 
Wittig reaction led to a significant decrease in 
yield of 3 and also led to partial degradation of 
the product. When methylenetriphenylphos- 
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RuOj Ph3PCH3Br 
BuLi 

CH 

R" HCI 
0 "C 

phorane was obtained by allowing methyltri- 
phenylphosphonium bromide in methyl sulfoxide 
to react with sodium hydride, according to a 
previously published procedure (6), then 3 was 
obtained in 3 % yield. 

Hydrogenation of the unsaturated sugar (3), 
with 10 % palladium-on-charcoal as catalyst, 
gave a 7: 1 mixture of ribo and arabino epimers, 
namely, methyl 2-deoxy-2-C-methyl-3,4-0-iso- 
propylidene-P-~-ribo (4) and arabhlo (5) pyrano- 
side in a combined yield of 95%. This mixture 
was separated by silica gel column chromato- 
graphy with 50:l benzene - ethyl acetate as 
developer. When Wilkinson catalyst (20) (tri- 
phenylphosphine ruthenium chloride) was used 
as catalyst, a 7:4 mixture of 2-C-methylribo- (4) 
and -arabinopentosides was obtained. The struc- 
tures of 4 and 5 were readily deduced from their 
n.m.r. spectra in chloroform-d. The ribo-isomer 
(4) showed a 1-proton doublet at z 5.62 with 
J = 8 Hz, which collapsed to a singlet on irradia- 
tion of H-2 at z 8.3, that was assigned to H-1. 
The large geminal coupling of the axial anomeric 
hydrogen with the C-2 hydrogen indicates 
strongly that H-2 must be in an axial orientation, 
and therefore, the C-2 methyl group is in an 
equatorial orientation and 4 must be the ribo- 
isomer. On the other hand, the n.m.r. of 5 showed 
a 1-proton doublet at z 5.51 with J = 3 Hz. The 

much smaller J,,, of compound 5 than of com- 
pound 4, indicates that H-2 of 5 must be in an 
equatorial orientation, and therefore compound 
5 must be methyl 2-deoxy-3,4-0-isopropylidene- 
P-D-arabinopyranoside. 

Hydrolysis of 4 and 5 to  afford the branched- 
chain methyl glycosides 6 and 7 posed a problem 
of unexpected difficulty. Hydrolysis of 4 and 5 
with about 0.01 M hydrogen chloride in anhy- 
drous methanol must be done under careful 
surveillance by t.1.c. monitoring. For optimal 
yield of product, the reaction mixture was kept 
at 0" for 2 h. Purification of the product was 
achieved by silica gel column chromatography 
with 10:l benzene - ethyl acetate as eluent. 
Utilization of Dowex 50 ( H f )  resin in methanol 
for removal of the isopropylidene group gave a 
mixture of at least four products which could not 
be separated by column chromatography. Com- 
plete hydrolysis of 4 and 5 was achieved in 5 min 
with 90% trifluoroacetic acid to afford 2-deoxy- 
2 - C - methyl - D - ribo - (and ara6ino)pentose as 
evidenced by their n.m.r. spectra. The free sugars 
were accompanied by impurities which could not 
be removed and as a consequence no attempt was 
made to characterize the free sugars. 

As the primary objective of the research out- 
lined herein was to prepare 2'-C-methyl pyranosy 1 
(and furanosyl) nucleosides, the next step was the 
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conversion of the methyl glycosides 6 and 7 into 
suitably blocked pyranosyl sugar halides. When 
thep-nitrobenzoyl group was used as a blocking 
group thep-nitrobenzoates of sufficient analytical 
purity for nucleoside synthesis could not be 
obtained. Treatment of 6 and 7 with p-toluoyl 
chloride in pyridine afforded the y-toluoyl esters 
8 and 9 (crystalline) which appeared to have the 
correct structure (as judged from their n.m.r. 
spectra) but which gave elemental analysis which 
deviated slightly from the theoretical values 
(about 1 %). These toluoyl esters were allowed to  
react with hydrogen bromide o r  hydrogen chlo- 
ride in methylene chloride to afford the pyranosyl 
halide which was immediately allowed to react 
with 6-benzamidochloromercuripurine by an 
already published procedure (21) to afford a 
mixture of products. This mixture, after the 
usual work-up, was partially separated by 
preparative silica gel G t.1.c. with 1 : 1 benzene - 
ethyl acetate as developer to afford trace quan- 
tities of impure 2'-deoxy-2'-C-methylribo-P(and 
a)pyranosyl adenine nucleosides. The great 
difficulty in obtaining sufficient quanties of 
nucleosides for analysis and the recent publica- 
tion (22) of nucleosides from 2-C-methyl-2- 
deoxy-erythro-D-pentose led us to abandon 
further work on the project. 

Experimental 
General considerations were similar to those previously 

described (6, 13). 

Methyl 3-4-0-Zsopropylirlene- p-D-arabinopyrat~osicIe ( I )  
The title compound (1) was prepared from D-arabinose 

in 59% yield, b.p. 94" (at 0.75 mm pressure); [aIDz2 
-202" (c 1, chloroforn~), according to a procedure 
used for the preparation of the L-enantiomer (23, 24), 
and agrees with the physical constants given for the 
enantiomer. 

Mefly1 3,4-O-Zsopropylirlene-~-eryf/2ro-pe11topyra11osirl- 
2-alose (2) 

To a solution of methyl 3,4-0-isopropylidene-0-D- 
arobitlo-pyranoside (1) (4 g) in carbon tetrachloride (75 
mi) was added water (15 ml), sodium hydrogen carbonate 
(1 g), and ruthenium dioxide (80 mg). Sodium meta- 
periodate (1.2 equiv of 5 % aqueous solution) was added 
dropwise in small aliquots tcj the vigorously stirred 
solution (it is important to avoid adding excess of oxidant 
and toadd the oxidant only when thecolor of the solution 
changes). After any excess oxidant was destroyed, by the 
addition of a few drops of isopropyl alcohol, the preci- 
pitated ruthenium compound was removed by filtration. 
The water layer was then extracted with chloroform 
(7 x 30 ml). This combined extract was now added to the 
carbon tetrachloride layer and evaporated to yield 3.2 g 
(78%) of the hydrate of the ketose (2). Recrystallization 

of this hydrate from methanol afforded 2.8 g of the ketose 
hydrate, m.p. 114"; [aIDZ2 - 161' (c I ,  ethanol); v(Nujo1) 
3600 (OH). The hydrate was converted to the ketose 2 
by distilling benzene from it; ~(Nujol)  1750 (carbonyl). 

When 1 was oxidized with ~nethyl sulfoxide in the 
presence of phosphorus pentoxide (17) the yield of 
ketose (2) was 40%. Compound 1 was also converted 
into 2 in 55% yield using methyl sulfoxide - acetic 
anhydride as oxidant (18). 

Applicatio~z of the Wittiz Reaction to 2 to Yielrl Metllyl 
3,4-O-Zsoprop~~l ir le11e-2-r /eoxy-2-C-mef  -D- 

erythro-pe~~topyrnnosirle (3) 
Methyltriphenylphosphonium bromide (10.95 g) was 

added in small portions with stirring to a solution of 
n-butyllithium in hexane (13.2 ml of 2.25 M )  and ether 
(50 1111) contained in a nitrogen-filled dry box. After the 
reactants were stirred for 4 h, a solution of the ketose (2) 
(6 g dissolved in 50 ml of ether) was added dropwise to 
the ylide and the reaction allowed to proceed for an  
additional 2 h. The reaction mixture was filtered and the 
filtrate extracted with water (3 x 10 ml) until the last 
aqueous extract was neutral. The combined ether 
extracts were dried with n~agnesiun~ sulfate, filtered, and 
the filtrate evaporated to a syrup (3.3 g, 55%). Silica gel 
columnchron1atography of this syrup with 10:l benzene - 
ethyl acetate as developer gave 1.7 g of pure unsaturated 
sugar 3. The analytical sample was prepared by distilla- 
tion at 80" at 0.005 atnl pressure; [a]," - 176" (c 2, 
chloroform); r (CDCI,) 4.6 (m, methylene group), 
4.9 (t, H-I), 5.2 (d, H-3), 5.8 (d, H-4), 6.2 (d, H-5), 6.55 
(s, OCH,), 8.5 (d, CMe,). 

Anal. Calcd. for Cl0HI604:  C, 60.00; H, 8.07. Found: 
C, 60.12; H, 8.14. 

When the ketose 2 was allowed to react with the same 
ylide in methyl sulfoxide containing sodium hydride 
according to a previously published procedure (6), then 
a 3 %  yield of 3 was obtained. Use of 11-butyllithium 
in tetrahydrofuran led to considerable cleavage of the 
glycosidic bond of 2. 

Hydrogermti011 of 3 to Yield Metl1yl2-Deoxy-2-C- 
1net/1yl-3,4-O-isopropylide11e-~-~-ribopyra11oside 
(4) onrl Metl~yl 2-Deoxy-2-C-1~1etl1j~l-3,4-0- 
isopropylirle~~e-p-~-orabi~~opyro~~oside ( 5 )  

(a) Usitlg Pd-C os Catolyst 
The unsaturated sugar 3 (0.4 g) in 20 ml of methanol 

was hydrogenated using 10% palladium-on-charcoal as 
catalyst; 1 in01 equiv of gas was absorbed in 1 h. The 
catalyst was removed by filtration through Celite and 
the filtrate was then evaporated to a syrup (0.38 g, 95 %). 
The ratio of isomers 4 and 5 was 7:1 as evidenced by 
n.m.r. 

The mixture of isomers 4 and 5 (2.65 g) was separated 
by chromatography on silica1 gel (40 g, activity grade 11) 
with 50:I benzene - ethyl acetate as developer. The 
slower moving zone (1.61 g, ribo-pentoside (4)) had an  
R, 0.50 with 10:l benzene-ethyl acetate as developer 
and a b.p. of 60-65" at 12 nlnl pressure; [aIDZ2 -81' 
(c 2, chloroform); r (CDCI,) 5.62 (d, H-1, J 1 , 2 =  8 Hz), 
5.8 (m, one H), 6.35 (m, two H), 6.6 (s, OCH,), 8.3 (nl, 
H-2), 8.6 (CMe,), 8.85 (d, J = 6 Hz, Me-2). 

Anal. Calcd. for 4, CIOHL104: C, 59.40; H, 8.97. 
Found: C, 59.34; H, 9.06. 
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The faster moving zone (0.32 g of arabino-pentoside 
(5) had an R, 0.55 and b.p. of 60-65" at 12 mm pressure; 
[ c ( ] ~ ~ ~  -78' (c 2, chloroform); T (CDCI,) 5.5 (d, H-1, 

J l . 2  = 3 Hz), 5.9-6.3 (m, equal to 4H), 6.65 (s, OCH,), 
8.2 (m, H-2), 8.55 (d, CMe2), 8.95 (d, J = 6.5 Hz, Me-2). 
For analysis 5 was distilled under reduced pressure. 

Anal. Calcd. for 5, C10H1804: C, 59.40; H, 8.91. 
Found: C, 59.30; H, 9.02. 

(b) Using Triphet~ylphosphine Ruthenium Chloride 
( Wilkinson Catalyst) 

The unsaturated sugar 3 (0.66 g) was dissolved in ben- 
zene (50 ml) and hydrogenated in the presence of tri- 
phenylphosphine ruthenium chloride (0.2 g) (20) at 20' 
at atmospheric pressure for 3 days. After the solvent was 
removed under reduced pressure, petroleum ether (20 
ml, b.p. 30-60") was added. The precipitate was removed 
by filtration, washed with petroleum ether (2 x 10 ml), 
and the filtrate evaporated under reduced pressure to 
yield 0.60 g (91 %) of a 7:4 mixture of the isomers 4 
and 5. 

Partial Hydrolysis of 4 to Yield Methyl 2-Deoxy-2-C- 
methyl-P-D-ribopyrarloside (6) 

Methyl 3,4-O-isopropylidene-2-deoxy-2-C-methyl-~-~- 
ribopyranoside (4) (0.32 g) was dissolved in an ice-cold 
solution of 5 ml anhydrous methanol containing 0.01 
M anhydrous hydrogen chloride. After the reaction 
mixture was kept at 0" for 2 h, it was neutralized with an 
excess of solid sodium hydrogen carbonate, filtered, and 
the filtrate evaporated to yield a syrup (0.22 g, 87%). 
This syrup was chromatographed on 20 g silica gel 
(activity grade 11) with 10:l benzene -ethyl acetate as 
developer to afford 0.181 g of a homogeneous powder 
(by t.l.c.), R, 0.25 onsilica gel G with 10:l benzene - ethyl 
acetate as developer; [aIDZZ - 151' (c 1, chloroform); 
T (CDC1,) 5.6 (d, H-1, Jls2 = 8 Hz), 6.1-6.5 (m, H-5, 
H-4, H-3), 6.6 (OCH,), 7.2 (s, OH), 8.3 (m, H-2), 8.9 
(d, J = 7 Hz, CH3). 

Methyl 2-Deoxy-2-C-metlzy/-~-~-arabit1opyra& (7) 
The arabino sugar 5 (0.100 g) was partially hydrolyzed 

according to the same procedure used for the hydrolysis 
of 4. The product was, however, not purified by column 
chromatography but was crystallized from petroleum 
ether (b.p. 30-60") to give 0.054 g (67%) of crystalline 
methyl 2-deoxy-2-C-methyl-P-D-arabinopyranoside, R, 
0.7 with 10:l benzene-ethyl acetate as developer; m.p. 
136"; - 24' (c 2, chloroform); T (CDCI,) 5.45 (d, 
H-1, J1,, = 3 Hz), 6.0-6.5 (m, H-5, H-4, H-3), 6.65 (s, 
OCH,), 8.0 (s, OH, overlapping H-2), 7.8-8.2 (m, H-2), 
9.0 (d, J = 7 HZ, CH3). 

Anal. Calcd. for C,H140,: C, 51.84; H, 8.70. Found: 
C, 51.66; H, 8.67. 

Attempted Complete Hydrolysis of Srrgars 4 atzd 5 
with Trifuoroacetic Acid to Yield 2-Deoxy-2- 
C-metl~yl-D-ribo-petrtose and 2-Deoxy-2-C-methyl- 
D-arabirzo-pentose 

The blocked ribo-isomer 4 (0.49 g) was allowed to 
react at room temperature for 5 min with 90% trifluoro- 
acetic acid (5 mi). The solution was immediately 
evaporated at 30' at 1 mm pressure. The syrup was 
triturated with ether and the white precipitate was 
isolated by decantation, yield 0.35 g. The main com- 

ponent had RGlucore 1.7 on paper with 8:2:2ethyl acetate - 
pyridine - water as developer (several additional spots 
were visible). The sugar gave a positive Fehling's test. 
T (DzO) of the ribo free sugar 4.8-5.3 (m, H-1, poorly 
resolved), 5.5-6.7 (m, H-5, H-4, H-3), 7.5-8.3 (m, H-2), 
8.8-9.1 (three d, CH3). The free sugar was probably a 
mixture of a- and p-anomers of both pyranose and 
furanose sugars. 

Similar treatment of the arabino-isomer (5) gave 
mainly one reducing sugar having RGlucore 1.7 which in 
D 2 0  solution probably existed as an anomeric mixture 
of pyranose and furanose sugars. 

Methyl 2-Deoxy-2-C-methyl-3,4-di-O-p-toluoyl-~-~- 
ribopyranoside (8) 

To an ice-cold solution of compound 6 (0.282 g) in 
anhydrous pyridine (8 ml) was added with mixing freshly 
distilled p-toluoyl chloride (0.5 ml). After the reaction 
mixture stood overnight at room temperature, water (10 
ml) was added, and then the mixture was extracted with 
chloroform (3 x 15 ml). The combined chloroform 
extracts were washed with saturated aqueous sodium 
hydrogen carbonate, water, dried with magnesium 
sulfate, filtered, and the filtrate evaporated under reduced 
pressure to yield a syrup (0.65 g). This syrup was chro- 
matographed on 50 g silica gel (grade 11) with 50:l ben- 
zene -ethyl acetate as developer to afford chromato- 
graphically pure 8 (0.530 g, 73 %), R, 0.7 (10:l benzene - 
ethyl acetate); [aIDZZ -62' (c 1, chloroform); T (CDC13) 
2.0 (m), 2.7 (m), 4.22 (t, equal to one H), 4.55 (m, equal 
to one H), 5.35 (d, H-1, JlV2 = 6 HZ), 5.9 (m, equal to 
three H), 6.45 (s, OCH,), 7.6 (d, toluoyl CH,), 2.1 (m, 
H-2), 8.8 (d, C-2CH3, J = 7 HZ). 

Methyl 2-Deoxy-2-C-rr1ethyl-3,4-di-O-p-toluoy/-~-~- 
arabinop yranoside (9) 

The arabinopyranoside 7 was allowed to react with 
p-toluoyl chloride in the same manner as described for 
the preparation of 8 to afford 9 in 69 % yield. Compound 
9 was recrystallized from methanol-ther, m.p. 84-85"; 
Rf = 0.7; [aIDZZ -69" (c 1, chloroform); T (CDC13) 2.0 
(m), 2.7 (m), 4.45 (t, equal to one H), 4.6 (d, equal to one 
H), 5.23 (d, H-I, J1,Z = 3 HZ), 5.95 (m, equal to two H), 
6.58 (s, OCH,), 7.6 (d, toluoyl CH,), 8.7 (m, H-2), 8.95 
(d, C-2CH3, J = 7 Hz). The elemental analysis of 9 
deviated by about 1 % from the theoretical values, but 
the n.m.r. spectrum of 9 was in complete accord with the 
title compound. 

Attempted Synthesis of 9-(2'-Deoxy-2'-C-methyl-P- 
(and a) -D-arabino(and ribo)pyranosyl)adenine 

The blocked methyl arabinopyranoside (9) was con- 
verted into the blocked pyranosyl bromide by reaction 
with hydrogen bromide in methylene chloride at 0" and 
subsequently immediately condensed with 6-benzamido- 
chloromercuripurine in the presence of cadmium car- 
bonate according to a procedure already published (21). 
A mixture of a- and P-blocked nucleosides as syrups 
was obtained in very low yield having R, of 0.4 and 0.3 
on silica gel G with 1:l benzene-ethyl acetate as 
developer; [C(]DZ2 (faster component) -94" (c 0.2 
chloroform), [a]DZZ (slower component) -62" (c 0.2, 
chloroform); T (CDCI,) (faster component) 3.6 (d, 
probably H-1', J,.,,. = 3 Hz), 7.5 (d, p-toluoyl CH,), 
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8.95 (d, C-2'-CH3, J = 7 Hz); r (CDCI,) (slower com- 
ponent) 4.15 (d, probably H-1', J,. ,2.  = 1.5 Hz), 7.6 (d, 
p - t ~ l ~ o y l  CH,), 9.3 (d, C-2'-CH,, J = 7 HZ). 

Insufficient quantity of nucleosides was obtained for 
satisfactory analyses. 

Attempts to use the blocked methyl ribopyranoside 
(8) as an intermediate in the nucleoside synthesis gave 
only trace amounts of nucleosides. Attempts to convert 
the p-nitrobenzoyl esters of 6 and 7 into nucleosides 
were also unsuccessful. 

This research was supported by the National Research 
Council of Canada. 
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Reactivities of ions and ion-pairs in the base-catalyzed reaction of phenyl glycidyl 
ether and benzoic acid in various solvents 
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The conductance of pyridinium benzoate has been measured in various solvents such as nitrobenzene, 
benzonitrile, o-dichlorobenzene, monochlorobenzene, and toluene, and its dissociation constant, K, 
was determined, using the Kraus and Bray's equation with the A, value estimated from Walden and 
Ulich's rule and Stokes's law. The logarithm of K was found to  be linear with the reciprocal of the 
dielectric constant, E, or with the Kirkwood-Laidler-Eyring function, (E - l ) / ( 2 ~  + 1). Kinetic studies 
for pyridine-catalyzed reaction between phenyl glycidyl ether and benzoic acid were also made in these 
solvents. Both the free ions and ion-pairs including the molecular addition complex participate in the 
reaction. The apparent rate constants, k", of the reaction were shown to be linear with ~ / ( K / C ) ' / ~ ,  c being 
the concentration of pyridinium benzoate. The intercepts of such lines give the rate constant for forma- 
tion of ion-pairs, ki ,  and the slopes yield the rate constant for formation of free ion, k,. The free ion 
rate constant increases fairly rapidly as the dielectric constant decreases, while the ion-pair reaction 
constant drifts downward comparatively slowly. A plot of the logarithm of k, or ~ , ( K / C ) ' / ~  against 
1 / ~  or (E - 1 ) / ( 2 ~  + 1) is found to be linear, but the plots of log ki against the same function are curved. 
The tangent of the curve is steeper for polar solvents than for non-polar solvents. The results have been 
compared with those predicted from classical dielectric theory. 
Canadian Journal of Chemistry, 48,,3258 (1970) 

Introduction 

The ring-opening reaction of an epoxide by 
acidic and basic catalysts is usually assumed to 
involve some form of ionic intermediate (I), the 
preferred being the ion pair (2). It is therefore 
essential for the understanding of the intricacies 
of this process to know the detailed structure of 
these species. 

In previous papers (3-5), the rate of the 
tertiary amine catalyzed reaction of phenyl 
glycidyl ether (PGE) and benzoic acid (BA) was 
suggested to depend on the structural alteration 
of the hydrogen bond in the transition state 
due to the structural changes in the catalyst 
and the reactants. It was also suggested that the 
proton transfer from the molecular addition 
compound or the ion-pair to the epoxide 

chlorinated hydrocarbons and nitrobenzene, the 
possibility that free ions are the major species 
should be considered. 

The problem is far from simple. Ionic species 
may exist in a great variety of forms such as free 
ions, ion-pairs, triple ions, quadruplets, and as 
still higher aggregates. It is, then, difficult to 
determine the state of the ions in normal ionic 
reactions owing to the transitory nature of the 
reacting species. In order to demonstrate the 
transition from one type of behavior to another 
for the ring-opening reaction of epoxide, the 
rate constant for the pyridine-catalyzed reaction 
between PGE and BA, and the ion association 
constants, have been measured in pure solvents 
such as nitrobenzene; benzonitrile, o-dichloro- 
benzene, monochlorobenzene, and toluene. 

throigh the activated complex or the transition Experimental Section 
state species, in various pure and mixed solvents, Materials 
Was affected by the dielectric character and the Reagent grade PGE was dried over calcium hydride 
hydrogen bonding abilities of these solvents. for several days and distilled a t  reduced pressure. T h e  - - 

Consideration if the probable concentration fraction boiling at  103' (6 mm) was collected for use. 

of the active species, and the wide range of Reagent grade BA was recrystallized from its aqueous 
solution and dried over phosphorus pentoxide. Pyridine dielectric constants of the solvents used leads to was distilled after refluxing with barium oxide 

some questions if the ion-pair, as defined by Reagent grade toluene was shaken successivelv with - - 
Fuoss and Kraus (6). is alwavs the medominant concentrated sulfuric acid and aqueous sodiim bi- , ,, 
species. ~t is generally thatLdissociation carbonate solution, dried with calcium chloride, and 

stored over calcium hydride; before use, it was distilled into free ions is in such non-polar fractionally, and the fraction boiling at  110.~110.5°  was 
as but when the collected and used. Monochlorobenzene was purified (8) 

constant is 10 or above in solvents such as by shaking repeatedly with portions of sulfuric acid 
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until the acid no longer became colored. It was then 
washed with water and with a dilute sodium bicarbonate 
solution, dried with calcium chloride, and fractionally 
distilled through a 40 cm column. A fraction boiling at 
131.5" was collected and used. o-Dichlorobenzene was 
distilled through a 60 cm Widmer column and the middle 
fraction boiling at 179-180" was collected (9). A com- 
mercial nitrobenzene was dried with calcium chloride 
and fractionated at reduced pressure. The nitrobenzene 
was freshly distilled for each series of measurements, 
only the middle fraction being used (10). Reagent grade 
benzonitrile was purified (11) by steam distillation, and 
the distillate was washed with sodium carbonate solution, 
dissolved in ether, washed with water, and dried over 
calcium chloride. The solution was filtered and the ether 
was removed by distillation. The residue was fractionally 
distilled under reduced pressure. 

Reaction Procedure 
Reaction apparatus, procedure, and analytical methods 

for epoxide and acid in kinetic measurements, have been 
described previously (3, 12). A reaction flask containing 
BA and the solvent was heated to the desired temperature 
and to this were added solutions of PGE and of pyridine 
preheated to the same temperature. In all cases, the time 
was measured from the moment of mixing the acid and 
amine. Aliquots (3 or 4 ml) of the reaction mixtures were 
taken for analysis at convenient intervals. The acid and 
epoxy contents of the sample were determined respec- 

I tively by direct neutralization method (13) and by the 
method of Durbetaki (14). The initial concentrations of 
PGE, BA, and pyridine were 0.25C2.00 x lo-', 
0.25C2.00 x lo-', and 0.162.48 x lo-' M, respec- 
tively. The temperature of the reaction mixtures was kept 
constant to f 0.2'. 

Direct current measurements were made using a 
Takeda Riken TR-84M vibrating reed electrometer with 
a TR-300B power supply. Calibrated lo8 and 10" ohm 
standard resistances, Takeda Riken TR-45, were used in 
parallel with a conductivity cell.The cel1,consisting of a 

1 
100 ml cylinder with the electrode assembly, had a cell 
constant of about 0.134. The measurements were made 
in an oil-bath held at 25.0 2 0.01". The specific conduc- 
tivities of these solvents were found to be: 3.2 x lo-'' 
for nitrobenzene, 7.4 x lo-'' for benzonitrile, 2.6 x 
lo-'' for o-dichlorobenzene, 8.1 x lo-'' for mono- 
chlorobenzene, and 3.6 x 10-I4 mho cm- ' for toluene, 
and therefore corrections had to be introduced when 
determining the conductances of the diluted solutions in 
benzonitrile, monochlorobe~lzene, and tolpene. 

Results and Discussion 
From the electrical conductivity measurements 

of the solutions, concentration dependences of 
the equivalent conductances, A, were calculated 
and these results are given in Table 1. A range 
of dielectric constant was chosen in which the 
conductance is sensitive to the dielectric cons- 
tant. The conductance at a given pyridinium 

I benzoate concentration changes by several 
I orders of magnitude in going from E = 2.38 to 

34.8. This behavior is shown on log A - log c 

FIG. 1. Conductance for pyridinium benzoate in 
various solvents plotted as logA against logarithm of 
concentration: 0, in nitrobenzene; Q ,  in benzonitrile; 
0, in o-dichlorobenzene; C), in nionochlorobenzene; 
0, in toluene. 

plots in Fig. 1, where c is the concentration of 
pyridinium benzoate. In all cases, the points are 
found to lie close to lines of slope - 112 which 
is the behavior expected from salts existing 
mainly as ion-pairs in equilibrium with free ions 
in low concentration (15). In this case, we may 
test the results by the Kraus and Bray method 
(16) which assumes that the effects of interionic 
attraction are negligible. They derived eq. [ I ]  so 

that in the plot of 1/A against cA, the slope of a 
line is 1/KAo2 and the intercept is l/Ao, where 
K is the ion-pair dissociation constant and A, is 
the equivalent conductance at zero concentra- 
tion. The results plotted in this manner gave 
straight lines in all cases. If the equivalent 
conductance at infinite dilution, A,, is known, 
it is possible to evaluate the ion dissociation 
constant, K, but unfortunately the intercept was 
too small to be read accurately from the data 
because of the low degree of dissociation. 
Fuoss and Accascina (15) derived eq. [2], but 

this cannot be used here because of the high 
concentration of the salt (> 3 x There- 
fore calculations involving Walden and Ulich's 
rule (17), and Stokes's law (18) were used to 
obtain a fair approximation of A,. 
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TABLE 1 

Ion dissociation constant of pyridinium benzoate, and rate constant for pyridine-catalyzed reaction between phenyl glycidyl ether (PGE) 
and benzoic acid (BA) at 81" in various solvents 

Concentration 
Third-order Ion-pair rate Free ion rate 

Pyridine PGE & BA* A K t  rate constant, k" constant, k i t  constant, kf$ kf(Kp)L'2 
(lo-' M )  (10- M) (mho cm2) (MI (M-2 s-I) (M-2 s- ') (M-2 s- l) ( M -  s-') 

In  nitrobenzene (K= 1.00-1.50 x 10-%ho cm-I) 
1.24 2.00 1.21 x lo- '  9.74 x 
0.62 1 .OO 2.23 
0.31 0.50 3.65 

In  benzonitrile (K= 3.74-6.00 x mho cm-l) 
1.24 2.00 4.84 x 6.50 x lo4  
0.62 1 .OO 8.23 
0.31 0.50 13.2 

In  o-dichlorobenzene (K= 1.34-2.05 x niho cm- ') 
2.48 2.00 8.27 x 2.85 x 10-lo 

In  monochlorobenzene (K= 5.98-9.56 x 10-"mho cm- l) 
2.48 2.00 3.86 x 2.71 x 10-l3 
1.24 1 .OO 6.45 
0.62 0.50 11.2 
0.31 0.25 19.3 

In  toluene (K= I .20-1.78 x 10-l2 mho cm-I) 
2.48 2.00 7.18 x 5.78 x 
1.24 I .OO 12.9 
0.62 0.50 22.6 
0.31 0.25 38.7 

'Equimolar amounts o f  PGE and BA were used. 
tCalculated by Kraus and Bray's equation (16) (eq. [I]) using the slope o f  the line for the plot o f  I/A against cA. The A, values were estimated by Walden and 

Ulich's rule (17) and Stokes' law (18).  and given in Table 2. 
$Obtained graphically in Fig. 2. 
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TABLE 2 

Limiting conductivities of pyridinium cation, benzoate anion, and pyridinium benzoate in various solvents* 

Solvent 
A,+ for A,- for A, for 

q at 25" C5H5NH+ C6H5COO- C,H5NH+-0COC6H5 
E t (cp) (mho cm2) (mho cm2) (mho cm2) 

Nitrobenzene 34.8 1.811$ 18.8tt  16.0$$ 34.8 
Benzonitrile 25.2 1.2285 27.7 23.6 51.3 
o-Dichlorobenzene 9.93 1.0011 34.0 29.0 63.0 
Monochlorobenzene 
Toluene 

*By calculations involving Walden and Ulich's rule (17), and Stokes's law (18). See text. 
?See ref. 32. 
%Reference 22. 
$Obtained graphically with the data of J. Tirnrnerrnans and Mrne. Hennaut-Roland (33). 
\/Estimated by Stokes' law (1Fj) with the data of benzonitrile and rnonochlorobenzene. 
TObtained graphically with the data of T. Titani (34). 
**See ref. 35. 
ttReference 22. 
%$The value for picrate anion (22). See text. 

Since these solvents have often been used for 
conductivity measurements, it is possible to 
obtain A, from the literature if Walden's rule is 
valid in these solvents. This rule is fairly true 
when the ions are large as tetrabutylammonium 
ion while small ions show considerable devia- 
tions when tested by conductances in a variety 
of solvents (15, 19). Elliott and Fuoss (20) 
suggested that the abnormally higher mobility 
of the ions is due to slipping in which small ions 
can pass between certain configurations of large 
solvent molecules without displacing them. 
These solvents have similar molecular volumes;' 
106.3 for toluene, 101.6 for monochlorobenzene, 
112.4 for o-dichlorobenzene, 102.5 for benzo- 
nitrile, 102.3 for nitrobenzene, and 80.9 and 96.4 
cm3 for pyridine and benzoic acid, respectively 
at 25". Thus this kind of slipping effect should 
be absent, negligibly small, or constant in 
magnitude. 

The limiting conductivity A, = A,' + A,-, 
where A,' and A,- denote the limiting con- 
ductivities of the pyridinium cation and benzoate 
anion. The A,' values for pyridinium cation in 
various solvents are known (22, 23). Therefore, 
to complete our task, we have only to determine 
A,- for benzoate anion. Walden's rule is not 
valid, but should be nearly true for pyridinium 
cation for which A,' values in various solvents 
are given in Table 2. The limiting conductivity 
for benzoate anion cannot be found in the litera- 
ture, so it is assumed to be similar to that for 
picrate anion. In this study, the limiting con- 

'Calculated from the densities listed in ref. 21. 

ductivity for picrate anion was taken as the A,- 
value for benzoate anion as shown in Table 2. 
No simple application of Walden-Ulich's rule 
(17) can be made to the anion (15, 19), but the 
product qAo- for picrate anion are almost 
constant at 0.290 and 0.297 rnho dyne s in nitro- 
benzene and pyridine, which are estimated by 
applying Stokes's law (18) to A,- values of 16.0 
and 33.7 rnho cm2 given by Witschonke and 
Kraus (22) and by Burgess and Kraus (23), where 
q is the viscosity of the solvent. The values of 
viscosities and dielectric constants were taken 
from the literature and are shown with the 
resultant A, values in Table 2. The limiting con- 
ductivities (22) of the pyridini~~m and benzoate 
ions were taken as 18.8 and 16.0 rnho cm2, respec- 
tively, in nitrobenzene, for which viscosity was 
taken as 1.8 1 1 cP (22) (25"). Using thest: values, 
0.340 and 0.290 rnho dyne s were obtained as 
the products I~A,' and qAo-, respectively, which 
give A,' and A,- values shown in Table 2. The 
estimated values of A, for the pyridinium benzo- 
ate salt are thus 34.8,51.3,63.0,83.8, and 114 rnho 
cm2 in nitrobenzene,,benzonitrile, o-dichloroben- 
zene, monochlorobenzene, and toluene. These 
values of A,, when inserted in eq. [l] ,  give the 
ion-pair dissociation constants, K, shown in 
Table 1. 

We suggest that the pyridine-salt of benzoic 
acid may exist in two forms, a molecular addition 
compound, C5H5N . HOCOC6H5, and a salt- 
like form, C5H5NHf . -OCOC6H5. This con- 
cept may be compared to that of Pedersen (24), 
who suggested that the two forms of aniline 
picrate with different solubilities might be a 
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0  I 1 6  8 10 12 11, 16 
1 1 0 - ~ ( c l c ~ 1 1 ~ )  

r 10-101~ll,~6ii51 

I K / ~ ) ' / ~  

FIG. 2. Dependence of the third-order rate constant, k", for the pyridine-catalyzed reaction between phenyl 
glycidyl ether and benzoic acid on pyridinium benzoate concentration in various solvents: 03, nitrobenzene; 0, 
benzonitrile; 0, o-dichlorobenzene; Q, monochlorobenzene; 0, toluene. 

molecular addition compound and electrolyte, 
and of Elliott and Fuoss (20) who assumed two 
isomeric polar and non-polar structures for 
amine picrates and heavy metal cyanides (25). 
The non-polar molecular addition compound of 
BA with pyridine may undergo dissociation into 
free acid and base when dissolved in these 
solvents. Such dissociation, however, should be 
repressed by addition of either acid or base, as 
the acid-base dissociation of pyridinium picrate 
is completely repressed on addition of 0.001 M 
acid (22). Pyridinium benzoate in the salt-like 
form may exist in two ionic forms in solution, 
viz., contact or intimate ion-pairs and solvent- 
separated ion-pairs, as CO(NH,),SO,~ in water 
(26) and the fluorenyl salts in solvents such as 
tetrahydrofuran, dioxane, and dimethyl sulf- 
oxide (27). The problem of possible forms of 
ion-pairs will be investigated further. 

The reaction in these solvents was found to be 
third-order, being first-order in each of the three 
reactants, pyridine, PGE, and BA, as mentioned 
previously (5), and the observed reaction rate 
was expressed as eq. [3], where k" is the third- 

order rate constant, k '  is the second-order rate 
constant for the uncatalyzed reaction, and [PI, 
[PGE], and [BA] are the concentration of 
pyridine, PGE, arid BA, respectively. The 
apparent termolecular rate constant, k", of this 

reaction was determined for initial concentra- 
tions of pyridine ranging from 0.16 x lo-' to 
2.48 x lo-' M with the various concentrations 
of PGE and BA (0.25-2.00 x lo-' M), as given 
in Table 1. The observed increase of k" on 
dilution may arise from the ionic dissociation of 
ion-pairs. If ion-pairs such as C5H5NHf  . - 0 C -  
OC,H,, and free ions C,H5C02- and C,H5- 
N H f ,  participate in this reaction with respective 
rate constants of ki  and k,, and if the free ions 
react faster than ion-pairs with PGE, then the 
observed k" is given by eq. [4] (28), where a is 
the fraction of reactant dissociated. For a < 

[4 1 k" = (1 - a)k, + ak, 

0.05, the approximations (1 - a )  = 1 and a = 
(K/c)'/' are valid, and thus, eq. [5] is obtained. 

In eq. [5], K denotes the dissociation constant of 
the relevant ion-pairs. Hence, plots of k" 
against (K/c)'/' should result in straight lines, 
and indeed, such lines are shown in Fig. 2, 
supporting, therefore, the proposed explanation 
for the variations of k" on dilution. The slopes 
of these lines give k, values, and their intercepts 
lead to k,, the ion-pair rate constants. 

The free energy of an ionic reaction, or its free 
energy of activation, is commonly found to 
involve a term representing electric work, the 
magnitude of which depends on the dielectric 
constant of the medium. For reactions between 
ions, the electrostatic energy is proportional to 
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TANAKA ET AL.: REACTIVITIES OF IONS AND ION-PAIRS 3263 

FIG. 3. Dependencies of the ion-pair dissociation 
constant, K, and of the rate constant of free ion, kl ,  on 
dielectric constant: 0 And 63, log K; and 0,  log kc. 

the reciprocal of the dielectric constant, E. The 
dissociation of the ion-pair, pyridinium ben- 
zoate, into free ions, pyridinium cation and 
benzoate anion, is a typical example of such a 
situation, and as shown in Fig. 3. With due 
allowance for the large uncertainties in dissocia- 
tion constants, K, the plots appear to be linear. 
As the interaction energy falls relatively slowly 
with ionic separation, use of the bulk dielectric 
constant is moderately successful, though it is 
found to be a poor measure of the electric 
properties of a medium in the immediate 
vicinity of ion-pairs (1 5). Where dipoles are 
concerned, the interaction energy falls off more 
rapidly with distance, and use of the bulk 
dielectric constant is likelv to  be less realistic. 
for much of the interaction energy occurs at 
small separations where saturation effects are 
important. Tt seems, therefore, that the involve- 
ment of further neighboring molecules must be 
appreciable, or the reaction field of the dipole 
must be considered. Moelwyn-Hughes (28) has 
suggested, that for dipole interactions, (E + 2)/ 
3 s  is a more appropriate dielectric function. 
Kirkwood (29) and Laidler and Eyring (30) 
considered the medium surrounding the cavity 

in which the reaction takes place and have used 
the function (E - 1)/(2s + 1). However, since 
in the investigated range of E, all three dielectric 
functions are almost linearly related and, in 
fact, give equally good fits when plotted against 
the logarithm of the dissociation constant, it is 
not yet feasible to discriminate among these 
approaches. 

The free ion reaction constant rises fairly 
rapidly as the dielectric constant decreases, but 
the ion-pair rate constant drifts down compara- 
tively slowly. The rate constants measured for 
overall reaction are all reproducible to + 3 % or 
better in duplicate determinations, but in spite 
of this uncertainty, some effects of dilution and 
solvents are evident. The free ion rate constants 
in these solvents are given in Table 1 and pre- 
sented in Fig. 3 as a plot of the logarithm of k, 
vs. (E - 1 ) / ( 2 ~  + 1) or 1 / ~ .  The experimental 
points conform fairly well to a linear relation. 
The linearity of similar plots is also found when 
the above dielectric functions are plotted against 
the logarithm of the k,(K/c)'/2 value, as shown 
in Fig. 4. The results in Table 1 and Fig. 3 may 

FIG. 4.  Dependencies of therate constant of ion-pairs, 
k , ,  and of kr(K/c)'12 on dielectric constant, in various 
pyridinium benzoate concentrations: I, 0.16; 11, 0.31; 
111, 0.62; IV, 1.24; V ,  2.48 x 10-'M. 
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indicate that the lower reactivity of the free ions 
in polar solvents such as nitrobenzene is due to 
participation of several molecules of solvent. 
The reaction of the free pyridinium cation or 
benzoate anion can only be observed over a 
limited kind of solvent or a limited range of 
solvent composition (5), and the results are very 
sensitive to errors in measurement of both K 
and the slopes of the lines in Fig. 2. The major 
reason for the rapid decrease in the importance 
of the free ion reaction is not a decrease in 
reactivity, but a rapid decrease in free ion 
concentration as the medium becomes less polar. 

In contrast to the dissociation process and 
the contribution of the free ion reaction, the 
reactivity of the pyridinium benzoate ion-pair 
or the molecular addition complex, C5H5- 
N - HOCOC,H,, cannot be accounted for in 
these simple terms. As shown in Fig. 4, the plots 
of logarithm of ki against 1/& or (E - 1)/(2& + 
1) deviate substantially from linearity. The ' 

tangent of the curve shown in Fig. 4 is steeper 
for the polar solvent than for the non-polar 
solvent. This may indicate that the higher 
reactivity of the ion-pairs in polar solvents is due 
to participation of several molecules of solvent 
in the transition state of the reaction. A majority 
of ion-pairs may be present as less reactive 
contact ion-pairs of molecular addition com- 
pounds (4, 5) with only a small fraction existing 
as highly reactive, solvent-separated ion-pairs. 
This aspect will be investigated further. Alterna- 
tively, the increase in the ion-pair rate constant 
at higher dielectric constants formally corre- 
sponds to an increase in dipole moment in 
transition state formation as mentioned before 
(5, 31). 
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NOTES 

Photochemical rearrangement of diene endoperoxides'. 
K. K. MAHESHWARI, P. DE MAYO, AND D. WIEGAND 

Department of Cl~emistry, U~ziuersity of Western O~ztario, London, Ontario 

Received June 23. 1970 

It has been shown that the direct irradiation of cyclic peroxides such as ascaridole, and those derived 
from cyclohexadiene, 1,3,5,5-tetramethylcyclohexadiene, and levopimaric acid methyl ester rearrange 
on irradiation. The bisepoxides are obtained, as  in the thermal rearrangement, together with, where 
the structure permits, the ketoepoxide. The reaction can be induced by triplet-triplet energy transfer. 
Canadian Journal of Chemistry, 48, 3265 (1970) 

The discovery (1,2) in nature of a cis bisepoxide, 
crotepoxide (1) raised the problem of a general 
mode of synthesis of substances containing such 
functional groups. An obvious method was the 
thermal rearrangement of endoperoxides. The 
most studied of these is ascaridole (2), which on 
such treatment has been shown (3, and references 
there cited) to give isoascaridole (3), but other 
examples are available in alicyclic chemistry 
(4, 5). An objection to the use of this procedure 
was that the temperature needed (ca. 140") might 
well be such as to lead to decomposition of the 
product should it be substituted with sensitive 
groups. An alternative mode of rearrangement 
was therefore sought. 

"OAc 

The photolytic rearrangement of peroxides 
derived from the oxidation of acenes has been a 
subject of study by Dufraisse, Rigaudy and their 

'Photochemical synthesis: Part 34. 
2Publication No. 10 from the Photochemistry Unit. 

school (6, 7 and references cited). Recently the 
rearrangement has been extended into the 
naphthalene series (8), as exemplified by the 
transformation of 4 into 5. It  was therefore 
possible that the simple endoperoxides of type 2 
might also rearrange. The irradiation of acyclic 
peroxides was already known (9, 10) to lead to 
photolysis, and evidently if the intermediate 
species so generated were the same as in the 
thermolysis then the same transformation should 
be expected (1 I). 

Indeed, it was found that ascaridole (2) and 
peroxides derived from 1,3,5,5-tetramethylcyclo- 
hexadiene (6),  cyclohexadiene (7), and levo- 
pimaric acid methyl ester (8) all behaved in 
essentially the same manner on irradiation 
through Pyrex or at 366 nm as on heating. 
In all cases a bisepodde was obtained, but this 
was accompanied, where the structure permitted, 
by the corresponding ketoepoxide. The latter 
was unstable with respect to the corresponding 
keto alcohol, and chromatographic treatment 
usually yielded the latter. 

A number of incidental points of interest 
emerge. Ascaridole has, as have most peroxides, a 
long tail in the U.V. absorption spectrum which 
reaches beyond 360 nm. In ascaridole this 
absorption is intensified somewhat as compared 
with normal peroxides and there appears to be a 
maximum at 233 nm of low intensity (E -166). 
The origin of this is conjectural, but it presumably 
implies interaction of the oxygen lone pairs with 
the double bond, perhaps in the antibonding 
orbital. It was possible that this interaction might 
allow the conversion ofascaridole to isoascaridole 
without passing through any intermediate bi- 
radical. This would then suggest participation of 
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&+{G+\g COOMe 

some excited singlet state. Some qualitative ex- 
periments were undertaken to ascertain if this 
were so. 

It was found, however, that irradiation of solu- 
tions of ascaridole or of 8 in the presence of any 
of the sensitizers, Michler's ketone, phenan- 
threne, or triphenylamine (such that the sensi- 
tizers absorbed essentially all the light), gave a 
faster conversion to products than did direct 
irradiation under the same conditions. Presum- 
ably, then, the triplet was a possible pathway 
though not necessarily the only one. However, 
the complementary quenching experiments were 
more difficult to perform. Essentially the problem 
was to find a quencher which did not absorb 
more than the peroxide. The acyclic dienes were 
possible candidates and indeed appeared to 
quench the reaction. But careful measurements of 
the extinction coefficient near 366 nm indicated 
that the dienes had residual absorption which 
required quantitative yield measurement to give 
decisive information. A similar experiment was 
performed with di-tert-butyl nitroxide as  
quencher by irradiation at 334 nm. In this case the 
yields were estimated by t.1.c. using a densito- 
meter. The results (see the Experimental section) 
indicated, apparently beyond the limits of error, 

that quenching was occurring. Such a result is 
surprising and cannot be regarded as definitive 
since a number of points remain unclear. The 
possibility of singlet quenching, known to be 
possible with di-tert-butyl nitroxide (19) cannot 
be excluded. Assuming diffusion controlled 
quenching the lifetime of a species showing the 
degree of "quenchedness" observed can be calcu- 
lated to be of the order of 10-9-1~-10 s. 

The absorption spectrum of peroxides may 
result from the overlapping of two lone-pair 
orbitals with resulting splitting of so-formed n 
levels into bonding and antibonding, both filled. 
The transition may then be n* -> o*. The quench- 
ing then requires that this state be not immediately 
dissociating, but yet that it may efficiently become 
so, since the quantum yield of peroxy radicals 
from di-tert-butyl peroxide and other peroxides 
is unity even in solution. The significance of the 
experiment is thus unclear. 

The nature of the products suggests that when 
the biradical is formed, and a methine hydrogen(s) 
exist on the carbon(s) bearing oxygen addition* 
(to give 15) to the double bond takes place faster 
than hydrogen migration (Scheme 1). For the 
second step, if the reaction proceeds via a triplet, 
a spin inversion is required. It may be that this 
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delays the closure to the bisepoxide sufficiently to 
allow the hydrogen migration to ~ o m p e t e . ~  

An alternative possible explanation is that the 
bisepoxide is first formed and is then further re- 
arranged. The thermal rearrangement of epoxides 
to ketones has been observed as have exceptions 
(12), but such rearrangements are not known to 
occur photochemically with light of such long 
wavelength4 in the absence of an additional 
vicinal chromophore (such as a ketone carbonyl). 
In control experiments the bisepoxides appeared 
stable, which suggests that the 1,3-biradical 15 
rearranges directly to the ketoepoxide at least in 
the photochemical process. That the relative pro- 
portions of the products have a rough parallel in 
the thermal and photochemical processes suggests 
that the same is true for the thermal process. In 
addition thermal or photochemical rearrange- 
ment of the bisepoxides should not be restricted 
to just one of the pair, nor restrict the direction of 
opening to essentially one sense. 

Experimental 
Ascaridole 

Ascaridole was distilled (56-57" at 0.17 mm) and gave 
a single spot on t.1.c. It showed h,,, 233 nm, E 188. It was 
further purified by the method of Halsall (14). Repeated 
purification gave material with E = 166 which was un- 
changed on further chromatography. Isoascaridole was 
prepared by heating a solution of ascaridole in refluxing 
xylene for 4 h followed by chromatography. 

3This raises the interesting possibility that the ketone 
may first be formed in the triplet state. 

4The irradiation of epoxides at 254 mm has been re- 
corded (13) but beyond this wavelength there is in- 
sufficient absorption for reac~ion to occur under normal, 
conditions of irradiation. 

Irradiation of Ascaridole 
(a) A solution of 100 mg ascaridole in cyclohexane 

(10 ml) was degassed by nitrogen purge (30 min). The 
solution was then irradiated through Pyrex for 6 h 
(85 W G.E. mercury medium pressure arc). The t.1.c. 
indicated the absence of ascaridole and the presence of 
isoascaridole as the only detectable substance. The 
isolated oil (85 %) was identified as isoascaridole by com- 
parison of i.r. and n.m.r. spectra which were identical. 

Irradiation of ascaridole in methanol gave identical 
results. 

(b) Solutions of ascaridole (32 mg) in (i) cyclohexane 
(ii) dioxan and dioxan containing (iii) 150 mg phen- 
anihrene, (iv) 100 mg Michler's ketone, (v) 1 6 0 - k ~  tri- 
phenylamine, (vi) 5 mg hexadiene-2,4, (vii) 11 mg 
hexadiene-2,4, and (viii) 22 mg hexadiene 2,4 were 
simultaneously irradiated on a merry-go-round (15) using 
a 450 W medium pressure mercury source and filters 
(Corning 760 and 052) to permit transmission in the 366 
nm region. After 3 h irradiation the presence of iso- 
ascaridole was detectable in small amounts by t.1.c. in 
tubes ( i )  and (ii), and in decreasing amounts in tubes (vi) 
to (viii). In the latter the isoascaridole was barely detect- 
able. Tubes (iii) to (v) showed the presence of large 
amounts of isoascaridole. In the case of tube (iv) the 
products were isolated and the isoascaridole (yield - 50 %) identified by comparison of its i.r. spectrum with 
that of an authentic specimen. Control experiments 
showed that isoascaridole itself was stable under the 
conditions of the experiment. 

(c) Solutions of ascaridole (ca. 125 mg) in methanol 
(5 ml) were prepared and di-I-butyl nitroxide (ca. 35 mg) 
added to half, such that greater than 90% of the incident 
light was absorbed by the ascaridole. The light from the 
200 W high pressure mercury arc was passed through the 
following filters (i) NiS04.6H20 (saturated solution), 
2 cm, (ii) CS 7-51, (iii) naphthalene, 12.8 g/l isooctane, 
1 cm. This system gave 30 %transmission at 334nm <2 % 
at 320 nm and <5% at 355 nm. The product was esti- 
mated by t.l.c., standardized charring and relative inten- 
sities measured on the plates by a densitometer after 
moistening with Nujol. The irradiation was followed over 
13 h. The amount of quenching at the end of this time in 
two separate experiments was 30 and 45% where re- 
producibility of the analysis appeared to be + 10%. The 
agreement between the separate experiments is not good, 
but the fact of quenching appears to be beyond experi- 
mental error. 

Cyclohexa-I ,3-diem Endoperoxide 
This was prepared by the method of Murray and 

Kaplan (16). The endoperoxide was first obtained as a 
waxy solid, but after sublimation was crystalline in form. 
However, some benzenoid material was present. The 
procedure of Foote et al. (17) also, in our hands gave 
material having some benzenoid absorption. Separation 
by t.1.c. eliminated this impurity but some diene absorp- 
tion (h,,, -230 nm) remained. This could not effectively 
be further purified and was used as such. 

Zrradia t ion 
(a) A solution of 125 mg of the endoperoxide (6) in 

25 ml cyclohexane was irradiated as described for 
ascaridole (1.5 h). The mixture was separated by t.1.c. 
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(eluant ether:benzene, 1:4). Two main products were 
isolated: 

(i) The alcohol (9) (28 mg; 2279, v,,, (CHCI,) 3600, 
3400, 1680 cm-'; h,,, (cyclohexane) 220 nm ( E  6700). 
Vinylic protons were present in the n.m.r. spectrum at 
6 6.95 and 5.92. These protons were not present in the 
n.m.r. spectrum of the crude irradiation mixture. 

Anal. Calcd. for C6H,02:  C, 64.27; H, 7.19. Found: 
C, 63.87; H, 7.29. 

(ii) The bisepoxide (10) (35 mg; 27%). This substance 
was optically transparent (210-300 nm) and showed no 
hydroxyl or carbonyl absorption in the i.r. spectrum. The 
n.m.r. spectrumshowed signals in the region 6 3.C3.3 for 
four protons and at 1.77 for a similar number. 

Anal. Calcd. for C6HsOZ: C, 64.27; H, 7.19. Found: 
C, 63.71; H, 7.48. 

(b) Irradiation of a nitrogen-flushed solution of 102 mg 
of the endoperoxide in 20 ml methanol at -70" for 7 h 
gave 9 and 10 in 24 and 29% yield respectively. 

Thermal Rearrangement 
A solution of 245 mg of the endoperoxide in 6 ml 

xylene was refluxed for 3 h. The reaction product, which 
appeared cleaner than that obtained by irradiation, 
consisted essentially of 9 and 10. Separation by t.1.c. gave 
45 and 36 % respectively, of these substances. 

1,3,5,5-TetrametIgvl-1,3-cyclohexadie1ie Elldoperoxide 
The diene (2 g) in 200 ml methanol containing 35 mg 

Rose Bengal was irradiated (300 W tungsten lamp) with 
the concomitant passage of oxygen. The endoperoxide 
(7) was partly purified by chromatography and t.1.c. 
(0.82 g; 41 %) but contained small amounts of a hetero- 
annular diene (h,,, 236) which was a contaminant of the 
starting material. 

Irradicztiorz 
A solution of 200 mg endoperoxide in 200 ml cyclo- 

hexane on irradiation (6 h) gave two major products and 
several substances in minor amounts which were not 
further investigated. The two main products were isolated 
by t.1.c. One was the enone 11, v,,, (CHCl,) 3600,3400, 
and 1685 cm-'; h,,, (MeOH) 228 nm (E 7600). 

Anal. Calcd. for ClOHl6O2 : C, 71.39 ; H, 9.59. Found : 
C, 70.75; H, 9.30. 

The second substance was the bisepoxide (12) n.m.r 
(CDCI,) 6: 2.88H (IH, S),2.56 ( lH,  S), 1.53 (3H, S), 1.31 
(3H, S), 1.02 (3H, S), and 0.97 (3H, S). 

The methylene group appeared as an AB centered 
approximately at 1.42 (J - 15 Hz), but only the outside 
two of the four peaks were resolved, one of the center 
two being a shoulder on the 1.31 singlet and the other 
being observed by the 1.53 singlet. 

Anal. Calcd. for C10H1602: C, 71.39; H, 9.59. Found: 
C, 71.48; H, 9.77. 

Methyl Levopitriarate Elidoperoxide (8)  
(a) This was prepared by the method of Schuller and 

Lawrence (18). Irradiation of 210 mg in 60 n ~ l  cyclo- 

hexane (5 h) gave two main products. Separation by t.1.c. 
gave: (i) 78 mg of 13 (30%) m.p. 147-148". Recrystal- 
lization from methanol gave material of m.p. 149-150"; 
v,,, (CCI,) 1725, 1705, 1245 cm-'. 

Anal. Calcd. for C21H3204: C, 72.38; H, 9.26. Found: 
C, 72.60; H, 9.31. 

(ii) The bisepoxide, 14, 63 mg (31 %), m.p. 118-1 19' 
unchanged on further crystallization from methanol 
v,,, (CCI,) 1725, 1245 cm-l. 

Anal. Calcd. for CZ1H32o4: C, 72.38; H, 9.26. Found: 
C, 72.53; H, 9.45. 

(b) Thermal rearrangement of 75 mg of the endo- 
peroxide in 7 ml refluxing xylene for 8 h gave 13 and 14 
in 41 and 29% yields respectively. 

(c) Solutions of the endoperoxide (35 mg) in (i) cyclo- 
hexane, (ii) dioxane, and dioxane containing (iii) 120 mg 
Michler's ketone, (iu) 150 mg phenanthrene, and (v) 150 
mg triphenylamine were irradiated on a merry-go-round 
as described for ascaridole. After 2 h the presence of the 
irradiation products was readily detectable in tubes (iii) 
to (u) but not in (i) and (ii). After 6 and 18 h the difference 
was more marked (at least a factor of 10). 
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NOTES 

On the deexcitation of the singlet excited oxygen atoms 

HIDEO YAMAZAKI 
Laboratory of Plzysical Clzetnistry, Tokyo It~stitute of Technology, Meguro-ku, Tokyo, Japan 

Received May 8, 1970 

The relative efficiency of a number of gases for the collisional deexcitation or chemical reaction with 
the singlet excited oxygen atoms O('Dz) was studied by a competitive technique. Excited oxygen atoms 
were produced by the photolysis of nitrous oxide at 2139 and of ozone at 3132 A. The order of the 
relative efficiency of the foreign gases is C 0 2  Xe > CO > N2 > Kr > Ar in the photolysis of nitrous 
oxide and N 2 0  g C02 > Xe > Ne in the case of ozone. These trends are consistent with the previous 
results. 

Canadian Journal of Chemistry, 48,3269 (1970) 

Introduction 

A considerable number of investigations of the 
deexcitation of the excited oxygen atoms O('D,) 
has been carried out by various methods, such 
as the kinetic method with product analysis 
(1-17), the measurement of chemiluminescence 
(18-24), and flash photolysis (25). However, some 
of these data are still not mutually consistent. 
It is therefore important to study these processes 
by as many independent techniques as is experi- 
mentally feasible. In the present work an attempt 
has been made to obtain the relative efficiency 
of deexcitation of the excited oxygen atoms and 
of their reaction with various gases by measuring 
the rate of formation of NO in their reaction 
with N,O. In a second method, the destruction 
of O, in the presence of H, by the chain reaction 
initiated by the excited oxygen atoms has been 
used to assure that the excited oxygen atoms are 
indeed O('D). In the presence of deactivating 
gases, the rates of these reactions are decreased 
and the relative rates of the deexcitation or the 
reaction of the excited oxygen atoms can be 
determined. 

Experimental 
The apparatus consisted of a mercury free vacuum 

system with the quartz reaction vessel of 2.5 cm in di- 
ameter and 14 cm in length. Phillips 93106E Zinc lamp 
(25 W) was used as a light source for the photolysis of 
N20. Its main spectral line was 2139 A and the intensity 
of light was measured by a phototube with Pd surface. 
For the photolysis of O3 a Toshiba H400P medium 
pressure mercury lamp (100 W) was used with a Toshiba 
UV31 filter; the main transmitted line was 3132 A. 
Research grade rare gases and other gases were obtained 
from Takachihoshoji Co. Ozone was synthesized by the 
1849 A photolysis of pure oxygen in a circulating system 
with a liquid nitrogen trap. After pumping out the 
residual oxygen from the trap, O3 was transferred to the 
reaction vessel. 

The excited oxygen atoms were formed by the photol- 

ysis of N 2 0  at 2139 A or by the photolysis of 0 3  at 3132 
A. The formation of NO was detected as one of the 
reaction products between the excited oxygen atoms and 
N20.  The changes in the intensity of the absorption 
spectrum of NO and O3 were measured by Cary 14 
spectrophotometer and Shimadzu MPS-50 spectropho- 
tometer. The relative amounts of nitric oxide produced 
were measured by the absorption of the y-band of NO 
with Cary 14 spectrophotometer with a slide wire 
expansion of the 0.1 absorbance to the full scale. Since 
the y-band spectrum is very sharp, an atmosphere of He 
was added before the measurements to broaden the band 
and the slit of the spectrophotometer was made as 
narrow as possible so that the absorption varied linearly 
with the concentration in the quantitative measurements. 
The changes in the concentration of 0 3  were measured 
by absorption at 2600 A. 

Results and Discussion 

In the photolysis of N,O the deexcitation and 
the scavenging of the excited oxygen atoms ( 0  *) 
can be represented by the following reaction 

'A primary split of NzO into N(4S1 and NO(XZII) also 
occurs to a smaller extent at the shorter wavelength of 
1830 A (26, 27), and is also energetically possible at 2138 
A. The reactions of N(4S) with NzO, CO, and C02 are 
immeasurably slow at room temperature (28, 29) and 
that with O2 has a considerable energy of activation (28). 
On the other hand the reaction N(4S) + NO + N2 + 
0(3P) has a rate coefficient of 2 x lo-" cm3/molecule 
s (30). Therefore, chis effect on the production of NO 
can be ignored, even if the primary split takes place to 
some extent at 2138 A. However, there is no indication 
that a split into N and NO occurs at 21 38 A since nitroso- 
alkanes have not been detected as products in the 
photolysis of N 2 0  at 2138 A in the presence of hydro- 
carbons such as propane (a),   so butane (14), and neo- 
pentane (1 5, 16). 
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where M is a deactivating gas, and S is a scavenger 
of the excited oxygen atoms. 

In the photolysis of N 2 0  at 2139 A, there is 
still some possibility of production of O('S) as 
well as O('D), although the calculated available 
energy is 133 kcal/mole while the minimum 
required energy to form O('S) is 135 kcal/mole. 
The steady state treatment gives the following 
relation between l/RNo and [MI (for S = 0) 

Equation 1 can be rearranged to give 

where (l/RNo), is the value at [MI = 0. From 
the linear plots of (l/R,o)/(l/RNo), against 
[M]/[N,O] the relative efficiencies of the 
deexcitation are obtained. For a scaverlging 
process, k,, and [MI in eqs. 1 and 2 are replaced 
by k2, and [Sl. 

Several straight line plots of eq. 2 were ob- 
tained, as shown in Fig. 1 and their slopes gave 
the relative efficiencies of the deexcitation and 
the scavenging of the excited oxygen atoms by 
various simple molecules. The relative efficiencies 
are shown in the first column in Table 1. These 
relative values of the rates of destruction of the 
excited oxygen atoms are practically coincident 
with the previous results (6-9, 15). 

When 0( 'D2) oxygen atoms are produced by 
the photolysis of ozone in the presence of a larger 
amount of Hz (so that 0('D2) atoms do not 
react with 0, to ally significant extent), the 
reaction mechanism proposed by Norrish and 
Wayne (1 1) may be applied.' The excited atoms 
will be consumed in reaction 

- 

ZTn the photolysis of O3 at 3132 A 0(3P) is also pro- 
duced (31), but thereaction of 0(3P) with Hz is very slow 
and is not likely to produce vibrationally excited hydroxyl 
radicals, OH*, as chain initiators. Furthermore, the rate 
of reaction of O3 with any O(V) formed in the primary 
split of O3 is independent of pressure of foreign gases 
introduced. The OH* produced by O('D) (10, 11, 32) in 
reaction 2c is also deactivated by the various gases 
introduced. However, the effect of such a deactivation 
of OH* on the course of the reaction is evidently not 
large since addition of Ne and Ar, which have almost 
the same mass as OH, did not affect the rate of decom- 
position of 0 3  (Fig. 2). However, a slight increase in the 
relative efficiencies of deactivation by polyatomic gases, 
C 0 2  and NzO, may be partially due to deactivation 
of OH*. 

FIG. 1. The relative reciprocal rate of formation of 
NO plotted against the reduced concentration of foreign 
gases. 

TABLE 1 

Relative rate constants for the reaction or 
deexcitation of the excited oxygen atoms 
-- 

Relative rate constants 

NzO 0 3  
M Photolysis Photolysis 

'Evaluated by assuming bo = k2c/!i(03) = m in eq. 3. 
VEvaluated by assuming bo = 4. 

and, when M or N 2 0  are present, in reactions 2a, 
3a, and 3b as well. Further reactions involved in 
the decomposition of ozone and chain termina- 
tion are 

14 I H + 0 3  -> OH + 0 2  

15 I OH + 0 3  -> HOZ + 0 2  
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NOTES 3271 

[61 ~0~ + 0 3  -> 2 0 2  + OH Since in the chain process k6(03) >> k,,, and 

[7 I O ~ P )  + 0 3  202  assuming approximately that lc = 4lc , I C ~ ~ / ( ~ ,  
+ klok,/lc6) remains constant in all the experi- 

[8 I NO + 0 3  4 NO2 + O2 ments carried out, steady state treatment gives 
[9 I OH -> Termination the following general expression, valid when 
[lo1 H 0 2  -> Termination both M and N 2 0  are present 

where + is the quantum yield of decomposition 
of ozone. The light absorption in the reaction 
vessel is proportional to the 0, pressure for 
sufficiently small absorption by 0, at 3132 A. 
The decrease of 0, is then a first order reaction 
in 0, concentration, assuming that + remains 
approximately constant in the course of the 
reaction at the relatively small conversions of O, 
used, i.e. 

[41 [O,(t)l= [O,(O)leXP{-+aIoVt) 

where a is the absorption coefficient of 0, at 
3 132 A, I, the light intensity, and V the volume of 
the reaction vessel. 

The experimental results, given in Fig. 2, 
show the first order decay of 0, in the presence 
of various gases at constant pressure ([MI = 
250, [H,] = 10, [O,] = 0.3 Torr). The slopes 
gave the values of + from which the relative rates 
of deexcitation of O('D,), shown in the second 
column of Table 1,  were evaluated from the 
appropriately simplified forms of eq. 3. In the 
case of Ne, Ar, Xe, and CO,, [N,O] = 0, and in 
the case of N,O, [MI = 0. In the latter case, eq. 3 
can be written in the form 

and the required value of k,,/k,, has been 
assumed to be 2, as most of the experimental data 
in the literature seem to indicate. 

The results in Table 1 are quite consistent with 
the various data on the deexcitation of the excited 
oxygen atoms (9, 15). Thus, the excited oxygen 

t ,  s 

FIG. 2. First order decay of O3 in the presence of 
foreign gases. 

reaction with CO has been studied by flash 
photolysis (25), which showed that the rate was 
quite fast, in qualitative agreement with the 
present finding. The data obtained in the chemi- 
luminescence experiments (18-23) do not always 
agree with the results of the kinetic methods 
(1-17). Further investigation will be necessary in 
order to reconcile these disagreements. 

atoms produced in the photolysis of N,O, O,, 
The author w~shes to thank Dr. R. J. CvetanoviC, and NO2 ''1 show very similar kinetic behavior ~ ~ t i ~ ~ ~ l  ~~~~~~~h council of canada, ottawa, for his 

for deexcitation. It is most likely that in all these careful of the Professor S. 
cases the excited oxygen atoms are O('D). The Shida, Tokyo Institute of Technology, for his continued 
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interest in this work, and also Dr. M. Izawa, National 
Institute of Radiological Sciences, for the use of various 
experimental equipment. 
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COMMUNICATIONS 

Stereoselective synthesis of (=t)epihinesol (agarospirol)' 

M. M O N G R A ~ N , ~  J. LAFONTAINE,~ A. B ~ ~ L A N G E R , ~  AND P. DESLONGCHAMPS 
Laboratoire de syrzthkse organiqrre, Dkpartmerzt de chinlie, Urziuersitk de Sherbrooke, Slzerbrooke, Qltkbec 

Received June 18, 1970 

An efficient stereoselective synthesis of (+)epihinesol (1) (agarospirol) is described. 
Canadian Journal of Chemistry, 48, 3273 (1970) 

Current interests in degradative and synthetic 
studies on spiro[4.5]decane sesquiterpenes (1) 
prompt us to report a total synthesis of epihinesol 
1 (lc, a?. 

The readily available keto ester 2 (2) was first 
converted into the dienone 4 (b.p. 65-68 "C 
(0.8 mm); v,,, 1665 cm-'; z 4.09 (lH, broad 
singlet), 4.56 (lH, singlet), 4.64 (lH, multiplet), 
7.91 (3H, doublet, J = 1.5 Hz), and 8.80 (3H, 
doublet, J = 7 Hz); h,,, (EtOH) 273 mp ( E  = 
16 300)) via the corresponding ketal ester and 
ketal alcohol 3 in 72% overall yield. 

Michael addition with sodiomalonate followed 
by hydrolysis decarboxylation and reesterifica- 
tion with diazomethane gave the enone ester 5 
(65 % overall yield from 4). 

After protection of the ketonic carbonyl which 
was accompanied by migration of the double 
bond, the resulting ester was hydrolyzed to the 
crystalline acid (m.p. 72-73 "C). Conversion to 
the diazoketone 6 was then accomplished by 
standard procedures. 

Copper-catalyzed internal cyclization (3) of 
the diazoketone 6 proceeded in a highly stereo- 
selective manner to give 7a (10 %) and b (90 0/,)4 
(40 % overall yield from 5). 

On being subjected to the following sequence 
of reactions: carbomethoxylation (-> 8), boro- 
hydride reduction (-> 9), Grignard reaction 
(-> 10) and aqueous acid treatment, the mixture 
7a and b gave the spiroketone 11 (m.p. 65-66 "C). 
Crude spiroketone 11 was further reduced to the 
diol 12 (m.p. 118-120 "C) which can be con- 
veniently purified by direct crystallization (40 % 
overall yield from 7a and b). The diol12 was then 
converted in a quantitative yield into the mono- 
acetate 13 (m.p. 79-80 "C). 

Hydrogenolysis of the allylic acetate grouping 
(4) and specific reduction of the cyclopentene 
double bond was realized in a single operation 
giving epihinesol 1 almost quantitatively by 
treatment of 13 with lithium in ethylamine (5). 
Analogous reduction of the diol 12 also gave 
epihinesol (I), albeit in inferior yield (ca. 55%). 
The synthetic acetate 14 was found to be identical 
in all respect with an authentic sample of 
epihinesol acetate (la, b).'. 

All new compounds reported in this com- 
munication gave satisfactory elemental analysis 
and spectroscopic data. 

'Support for this work by the National Research 
Council of Canada, Ottawa, Canada, and by the 
"Ministere de 1'Education" (QuCbec) is gratefully ac- 
knowledged. Collaboration at the initial stage of this 
project with Dr. J. S. Wilson is deeply appreciated. 

'Holder of an NRCC Studentship (Canada) 1968-1970. 
3Holder of a "bourse du Ministere de 1'Education" 

(QuCbec) 1966-1969. 
4Assignment of stereostructures of the two chromato- 

graphically separated isomers 7a and 76 will be presented 
in details in our forthcoming full publication. Professor 
G. Stork has kindly informed us that the identical 
reaction (6 -> 7a, b) has been carried out in his labora- 
tories and similar conclusions were reached (P. McCurry 
(7)). 

SWe thank Professor James A. Marshall who kindly 
made this identification. 

'!jEpihinesol (isopropylol epimer of hinesol) could very 
well be identical to agarospirol (Id) on the basis of 
biogenetic considerations (6). This conjecture is now 
strengthened by the identity of the n.m.r. spectrum of the 
crystalline epoxide 15 (m.p. 94-95 "C) with agarospirol 
epoxide. We thank Professor S. C. Bhattacharyya for this 
identification. However, the n.m.r. spectrum of our syn- 
thetic epihinesol differs from the one recorded in Bhatta- 
charyya's paper in such a way that we suspect the natural 
"agarospirol" used by the Indian workers was probably 
contaminated. This was further hinted by our experience 
of quantitative epoxidation of epihinesol to a single 
product. We have not been able to secure a sample of 
authentic agarospirol. 
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Notes for authors of papers presenting the results of X-ray 
crystal-structure analysis1 

The crystallographic nomenclature should 
correspond to that given in the International 
Tables for X-Ray Crystallography, Vol. I(1). 

The following primary crystallographic data 
should be given: chemical formula, formula 
weight, unit cell dimensions, unit cell volume, 
observed density, number of formula units in 
cell, calculated density, working temperature, 
and the assumed value for the wavelength or 
other reference parameter used in calculating 
the cell dimensions. All measured ,quantities 
should be accompanied by an estimate of the 
accuracy, and the basis for the estimate should 
be stated. The crystal data should be presented in 
a condensed form, such as : 

the manner of its resolution should be stated. It  
must be emphasized that the space-group symbol 
given, and the origin implied by the symbol, 
should correspond to the setting and origin 
actually used. 

The following information pertaining to the 
measurement of intensity data should be given: 
method of recording and measurement, the 
region of reciprocal space explored, and the 
number of accessible and observed reflections 
in this region, specimen size and shape, the 
radiation used, and details of any special correc- 
tions such as absorption or extinction. 

The final refinement should be reported in 
sufficient detail to enable the reader to assess its 
reliability and completeness, and if necessary, 

C6H4N204 f.w. = 168.1 to repeat or extend it. The origin of the scattering 
Orthorhombic, a = 13.20(3), b = 13.97(3), c = factors used should be specified, together with 
3'800(5)A9 = 700'7 PO = 1'57(1)9 ' = 49 details of any corrections for anomalous scat- 
PC = (20 OC; CuK'l, ' = A)' tering. A suitable table of observed and cal- 
(The formula and formula weight may, if more 
convenient, be given elsewhere in the paper). 

Authors are reminded that for presentation in 
such compilations as Crystal Data (2), certain 
conventions regarding the choice of unit cell are 
mandatory. Confusion in the literature can be 
avoided if these conventions are adopted in 
primary publication. Full details are given in 
Crystal Data, and in the International Tables for 
X-Ray Crystallography, Vol. I1 (I). 

The space group should be reported in the 
Hermann-Mauguin notation. If the setting differs 
from the standard setting in the International 
Tables for X-Ray Crystallography, Vol. I (l), 
the corresponding Schoenflies symbol and the 
systematic absences should be given also. If there 
is any ambiguity in the choice of space group, 

'These notes have been read and approved by the 
Canadian National Committee for Crystallography, at 
Ottawa, July 3, 1970. 

culaGd structure amplitudes must accompany 
the paper; it should include the calculated 
structure amplitudes of unobserved reflections 
in the region of reciprocal space explored. This 
table will not be published, but will be placed in 
the Depository of Unpublished Data, National 
Science Library, National Research Council of 
Canada, Ottawa 7, which will supply copies on 
request. It must, therefore, be suitable for 
limited duplication and circulation. A final 
agreement index ( R  = C 1 IFo l - IFc I I /  
C IFo I) should be given and defined with respect 
to the treatment of unobserved reflections. For 
least-squares refinement, any approximation 
(e.g., block-diagonal) should be specified, as 
should the quantity minimized. The weighting 
scheme should be given, and should include a 
statement of any reflections assigned zero weight. 
If the weighting scheme cannot be specified by a 
function (as, for example, when the weights are 
based on the total counts recorded for the reflec- 
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TABLE 1 

Final parameters (e.s.d.'s) x lo4 
f I ~ , Y ,  z ; 9  + x , 9  - y,zl 

T.F. = exp{ - 2n2(a*2h2Ull + . . - + 20*b*hkU12 + . . . +)} 

X Y  Z ul 1 u2 2 u3 3 ul2 u13 u2 3 

c ( 1 )  1268(6) 4171(2) 9020(4) 175(5) 350(10) 217(7) 41(4) -26(2) 2(4) 
C(2) etc. 

tion, or other data unavailable to the reader), 
individual weights should be included in the table 
of structure amplitudes. Where possible, the 
correctness of the reported structure should be 
checked by a method independent of that used 
for refinement (e.g.,  by a difference-Fourier 
synthesis) and the result of this procedure 
briefly reported. 

The final structural parameters (positional 
and thermal) should be given in a single table, 
with the coordinates expressed as fractions of 
the cell edges. If the space-group setting is non- 
standard, a statement of the equivalent positions 
should be given also. The table should preferably 
include, or at least be accompanied by, an esti- 
mate of the standard deviations of the parameters. 
The asymmetric unit defined by the coordinates 
should, where possible, specify a single molecule 
or other appropriate chemical entity. Tempera- 
ture factors should be defined explicitly in terms 

of the parameters given. Atoms of the same 
chemical species should be distinguished by 
appended arabic numerals in parentheses. Sub- 
scripts are not acceptable, as they may lead 
to confusion in chemical contexts. In order to 
conserve space, the parameters should be multi- 
plied by appropriate powers of ten. A suitable 
(but not mandatory) format for the table of 
Darameters is: 

The volume of information required for com- 
pliance with these notes is formidable, and it is 
essential that the presentation be concise and 
relevant. It should not be a narrative account of 
the progress of the analysis, or a discussion of 
method, unless these elements have a direct 
bearing on the chemical conclusions. 

1. International tables for X-ray crystallography. Vols. 
1-111. Kynoch Press, Birmingham. 1952,1959,1962. 

2. Crystal Data, determinative tables. 2nd ed. Mono- 
graph 5, American Crystallographic Association. 1963. 
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The radiolysis of ethane. 11. Liquid phase at 195 O K ;  effect of electron and 
positive ion scavengers 

P. T. HOLLAND AND J. A. STONE 
Chemistry Department, Queen's University, Kingston, Ontario 

Received April 30, 1970 

H atoms and . C2H, radicals in the radiolysis of liquid ethane have both ionic and non-ionic precursors. 
The use of SF6 as an electron scavenger leads to very low C,H, yields which is consistent with the addition 
of .SF, radicals to this product. H and D atoms produced by neutralization of ND3H+ can either add to 
C2H, or abstract from C2H6 at 195 OK. 

Canadian Journal of Chemistry, 48, 3277 (1970) 

Introduction 

In a previous paper (1) we showed that the 
product yields obtained in the radiolysis of liquid 
ethane at 195 OK are quantitatively explicable in 
terms of the reactions of H atoms and ethyl and 
methyl radicals. Initial G values for all major 
products and radical intermediates were deter- 
mined. However, the precursors of these radicals 
were not determined. In this paper we report 
the effects of an electron scavenger, SF,, and a 
proton acceptor, ND,, on the radiolysis of liquid 
ethane from which we estimate the ionic con- 
tribution to radical formation. The results of 
these studies emphasize again the problems 
caused by H atom addition to product olefin in 
the quantitative interpretation of experimental 
data obtained from the radiolysis of ethane at 
low temperature. Because of this self-scavenging 
the number of electrons scavenged cannot be 
determined simply from the decrease in G(H2). 
A mechanism consistent with experimental 
results requires the formation of .SF5 subsequent 
to electron capture by SF,. 

1 

Experimental 
I 

Ethane purification, sample preparation, irradiation, 
and product analysis were as described previously (1). 
SF, (Matheson, 99.8 %) and ND3 (Merck, Sharpe and 
Dohme of Canada, Ltd. 98% D) were subject to 
trap-to-trap distillation before use. The analysis of the 
isotopic hydrogens was performed with an AEI MS-10 
mass spectrometer. 

I 

I Results and Discussion 

1 Sulfur Hexafluoride as  an Electron Scavenger 
SF, has seen wide use as a specific electron 

scavenger in organic systems even though its fate 
following electron capture is not known. In 

liquid cyclohexane at 298 OK, it reduces G(H2) 
but at the same time does not lead to.increased 
yields of the usual radiolytic products from the 
hydrocarbon alone as does either N 2 0  (2, 3) or 
some perfluorinated hydrocarbons (4). Sagert 
and Blair (3) studied the radiolysis of cyclo- 
hexane-SF, mixtures in the solid phase at  77 OK 
and concluded that (a) the chemistry of the system 
is complex and (b) no cyclohexyl radicals appear 
to be formed when the neutralization step 
c-C6H12+ + SF,- occurs. Van Ingen and Cramer 
(5) disagree with this latter conclusion. We are not 
aware of any results reported for the radiolysis 
of solutions of SF, in liquid hydrocarbons at 
reduced temperatures. 

Figure 1 shows the yields of the major products 
(G > 0.1) as functions of dose in the radiolysis 
of liquid ethane containing 1.5 mole% SF,. No 
fluorinated products were observed although 
Bakale (6) has reported detecting C2H5F in 
unknown yield in this system. No authentic 
sample was available as standard and it may be 
that such a product would not be eluted from the 
columns used in our chromatographic analyses. 
The curves in Fig. 1 are to be compared with those 
for ethane in the absence of SF, (Figs. 1 and 2 of 
ref. 1). While the yields of CH,, C,H,, and 
n-C,H,, show similar dose dependences in the 
presence and absence of SF,, the H2 and C2H4 
yields do not. The ethylene concentration is 
constant a t  2 x 1016 molecules/g from 1 to 7 
x 1019 eV/g in the presence of SF, whereas in its 
absence a steady increase in concentration 
(G = 0.7) occurs at doses above 4 x 10" eV/g. 
The hydrogen yield in the presence of SF, shows 
much less curvature with dose than it does in its 
absence. 

These results can be rationalized in terms of the 
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FIG. 1. Product yields from liquid ethane containing 
1.5 mole% SF6 at 195 OK. 

free radical mechanism, involving H and -C2H5,  
operating in liquid ethane (1, 7) 

At very low dose, reaction 2 is negligible com- 
pared with [ I  ] and G(C2H4) = 2.96. Since 
G(H.) = 2.3 then at doses above 4 x 101'eV/g, 
when all H atoms disappear by reaction 2, 
G(C2H4) z 2.96 - 2.3 z 0.7. The low, constant 
concentration of C2H4 (Fig. 1) shows that in the 
presence of SF,, C2H4 is being removed at the 
same rate as that at which it is formed i .e. either 
G(H-) > G(C2H4) or C2H4 is being removed in a 
secondary reaction. The latter contention is sup- 
ported by the C:H balance as discussed later. 

The effect of increasing SF, concentration on 
product yields at a dose of 2.1 x 10'' eV g-' is 
shown in Fig. 2. The values for G(C,H,) show 
that the steady state concentration of ethylene 
changes little with SF, concentration. In pure 
ethane a good C:H balance for products of 

H2 
@ n-C4HI0 

O C2H4 
8 CH, 

FIG. 2. The effect of SF6 on product yields from 
liquid ethane (dose = 2.1 x 1019 eV/g). 

1 :3.05 was obtained from which, with the aid of H 
atom scavenging experiments with cyclopentene, 
it was deduced that at very low dose g(H-)  = 2.3 
and g(.C2H5) = 5.8 (1). Such calculations are 
not possible in the ethane/SF, system since the 
C:H balance is poor (e.g. 1 :3.3 for 1.5 mole% SF, 
at 2 x 10'' eV/g). Carbon-rich products are 
unaccounted for. If plausible assumptions as to 
the nature of these missing products can be made 
then due allowance may be made in the product 
balance and estimates of the role of ionic pre- 
cursors in the formation of reaction intermediates 
may be made. 

Capture of thermalized electrons by SF, in the 
gas phase yields mainly SF,- (8). 

The reaction of SF,- and C2H,' must lead 
to chemical reaction in some of the encounters, 
otherwise the C:H balance would be as good in 
the presence of SF, as in its absence. The most 
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HOLLAND AND STONE: THE RADIOLYSIS O F  ETHANE. 11 3279 

probable neutralization reaction is (5) 

In the absence of SF,, neutralization of RH' 
would lead mainly to either C2H4 or n-C4Hlo 
and H, ([6a] or [6b] followed by [3a] or [3b]). 

Reaction 5 produces one ethyl radical without 
any H or H, and so cannot lead to a deficit of 
carbon in the material balance even if this .C,H, 
disappears by combination with- SF,. No plaus- 
ible reaction scheme involving charge neutraliza- 
tion and radical-radical reactions can lead to a 
surplus. It is most probable that a reaction 
product, namely ethylene, is disappearing in a 
secondary reaction. This cannot be wholly due to 
H atom scavenging since this does not change the 
C:H balance of the products. Two possible 
reactions which might occur subsequent to 
reaction 5 are addition of either H F  or -SF5 to 
ethylene. 

[7 I HF + CzH4 + C2H5F 

[8 1 'SF5 + CzH4 + .CzH4SF5 

Little is known about reaction 7 although it is 
described as a preparative method for C,H,F 
(9). Radiolysis of solutions of perfluorocyclo- 
hexane in n-hexane give high yields of H F  which 
are little changed by the addition of olefin (10). 
In two experiments we find G(C,H,) = 0.71 and 
0.62, respectively, for 0.5 and 2 mole% c-C6F12 
in C2H6. Reaction 7 therefore appears improbable 
in the C,H,/SF, system. 

Van Ingen and Cramer (5) have explained the 
high G value for cis-trans isomerization of 2- 
pentene in y-irradiated liquid cyclohexane con- 
taining SF, in terms of the reversible addition of 
-SF,. 

[9] .SF5 + cis-2-pentenes SF5C5Hl0. + 
. SF, + trans-2-pentene 

This is supported by the work of Sidebottom, 
Tedder, and Walton (1 1) who estimate for the gas 
phase reaction 

k+ 10 

[lo] .SF5 + CzH4 ,'SF5CzH4. 
k-10 

k,,, FZ 4 x lo5 exp (1900/RT)M-' s-' while 
k- ,, has an activation energy of 8.5 kcal mole-'. 
At 195 OK the forward reaction may be possible 
and can remove ethylene but the reverse reaction 

will be too slow to compete with addition or dis- 
proportionation with .C,H, radicals. 

Reaction 1 l a  would lead to the regeneration of 
some ethylene but as an approximate value for 
the removal of ethylene by secondary reaction we 
may take the number of moles of C,H, required 
to bring the C:H ratio back to the value observed 
for pure ethane; 0.8 G units are required at 
1.7 mole% SF,. The yield of ethylene when 
protected by another olefin from both .SF, and 
H atom attack should be at least this value. Figure 
3 shows the effect of small concentrations of 
c-C5H, on liquid ethane containing 1.7 mole% 
SF,. The "protected" yield of C2H4 is 1.25 which 
is to be compared with the value of 2.6 in the 
absence of SF,. 

0 0.2 0.4 
MOLE Oh CYCLOPENTENE 

FIG. 3. The effect of cyclopentene on product yields 
from liquid ethane containing 1.7 mole% SF6 (dose = 
3 x 10lg eV/g). 
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TABLE 1 
Product yields in the system C2Hs/ND3 (2 x 1019 eV/g) 

- -- -- 
Mole% ND, ~ ( H Z )  G(HD) G(D2) G(CzH4) G(n-C4H1 O) 

In a previous paper (1) we showed how mass 
balance equations may be written for C2H4 and 
n-C4HIo in the presence and absence of cyclo- 
pentene. The solution of these equations gives the 
yields of the radical intermediates .C,H, and - H  
and the yields of H, and C2H4 arising from 
processes not susceptible to radical scavengers. 
We performed these calculations for the systems 
C2H6/1.7 mole% SF, and C2H6/1.7 mole% 
SF,/O.l mole% c-C5H, and obtained g(H.) = 
1.33, g(.C2H5) = 2.18, G,(C2H4) = 1.33, and 
G,(H,) = 1.93. (Here G, denotes a yield from 
sources other than scavengeable radicals and 
ions.) We assume that the .SF5 and SF5C2H4. 
radicals react with ,C,H, i.e. the .C,H5 radicals 
produced in reaction 5 need not be included in 
the mass balance. In the absence of a detailed 
knowledge of the fate of the fluorinated radicals 
this is a reasonable approximation since the major 
radical is .C2H5 and C2H4 regeneration via [I la]  
does not affect the mass balance. The yield of 
n-C4H,, not scavengeable by normal concentra- 
tions of either radical or ionic scavengers which 
was required in the calculation was taken as 0.28, 
a value obtained in liquid C2H6 containing 8 
mole% D2S. 

1.7 mole% SF, does not scavenge all electrons, 
but from the declining G(H,) values in Fig. 2 we 
estimate that approximately 83% of the total 
decrease expected at high SF, concentration has 
occurred. If the reasonable assumption is made 
that the declining radical yields follow G(H2) then, 
allowing for a further 17% decrease in yield reduc- 
tions and taking into account that in pure C,H, 
g(H-)=2.3f  0.2andg(.C2H5) = 3.5 f 0.4(from 
ref. 1 where g(-C2H,) is given erroneously as 
3.18 f 0.4), the fully electron scavenged system 
has g(H.) = 1 .I and g(.C2H5) = 1.9. The ionic 
yields are therefore 1.2 and 1.6, respectively. The 
total decomposition due to ionic reactions is 
-3.2 molecules per 100 eV absorbed. These 
values are approximate because of the lack of 
detailed knowledge of the system, however, they 

do show that both radicals are produced by ionic 
and non-ionic mechanisms each contributing 
about 50% of the yields. We have been able to 
make one check on the non-ionic yield of H. .  
At very low concentrations of D2S in liquid 
ethane G(HD) = g(H.) (1). The addition of 
2 mole% SF, causes this value to fall to - 1.0 
confirming that about 50% of the thermalized H .  
atoms formed in liquid C2H6 have ionic pre- 
cursors. The only comparable measurement was 
by Asmus, Warman, and Schuler who found that 
in liquid cyclohexane at 298 OK, 60% of the 
thermalized H atoms have ionic precursors (1 2). 

Positive Ion Scavenging by ND,  
Williams (1 3) has shown that ND, may be used 

as an efficient ion scavenger in irradiated paraffins. 
The proton affinity of ND, is 59 kcal mole-' 
greater than that o f .  C2H5 (14) so that the proton 
transfer reaction 

should be facile. Table 1 shows the yields of 
major products from the radiolysis of low con- 
centrations of ND, in C2H6 at a dose of 2.0 x 
1019 eV/g. ND, appears to have a very limited 
solubility in ethane at 195 OK since attempts to 
prepare solutions containing 1 mole% or more 
always resulted in a two phase system. 

As the concentration of ND, increases, G(HD) 
increases but G(H, + HD) decreases. At room 
temperature G(H2 + HD) remains constant for 
ND, in c-C,H,,. This is consistent with the self- 
scavenging at the lower temperature of H and D 
atoms formed by 

The H and D atoms will either abstract from 
C2H6 or be scavenged by the C2H4 produced. 
The ratio of abstraction to addition will change 
as the olefin concentration builds up. In pure 
ethane up to a dose of 2.0 x 1019 eV g-' the 
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HOLLAND AND STONE: THE RADlOLYSlS O F  ETHANE. I1 

TABLE 2 

Estimates of G(ions scavenged by ND3) in C2H6 

Mole % ND3 (& X $)G(HD) AG(H2) + (& X ~ ) G ( H D )  

hydrogen yield curve shows (see Fig. 1 of ref. 1) 
that on the average 55% of the H atoms produced 
are scavenged by C,H, while 45% abstract. In the 
presence of ND, the C2H4 concentration is 
decreased (Table l), due partly to the production 
of more hydrogen atoms (H and D) and probably 
partly to the reduced formation of C2H4 having 
ionic precursors. As an approximation, since the 
forms of the C2H4 or H, yield us. dose curves 
other than those for pure C2H6 are not known, 
we will assume that the ratio of addition to 
abstraction remains equal to that in pure C2H6 
at the same dose. If we take the ratio k13,/k13, 
to be the statistical ratio of 3:l then G(ions 
scavenged) by reaction 12 will be (110.45) x 
(4/3)G(HD). Another measure of the number of 
ions scavenged will be the decrease in Hz. At 
room temperature for ND, in cyclohexane 
AG(H,) = G(HD) = $ G(ions scavenged) (13). 
At 195 OK in C,H, G(ions scavenged) will be 
given approximately by AG(H,) + (110.45) 
G(HD) x (113). The values of these two estimates 
of ions scavenged at different ND, concentrations 
are presented in Table 2. The agreement is good 
within the limits of the approximation of no 
change in the additionlabstraction ratio with 
change in olefin yield. 

If all ions scavenged normally lead to H atom 
production in pure ethane, then AG(hydrogen) 
i.e. AG(H2 + H D  + D,) = 0 for all ND, con- 
centrations. G(hydrogen) decreases while G(C,- 
H,) decreases and G(n-C,H,,) increases (Table 1). 
The results are consistent with those obtained with 
SF,. When reactions 6a and 6b are superceded 

by reactions 12 and 13 the yield of hydrogen 
atoms (H and D) increases, and therefore a larger 
fraction of the hydrogen yield is scavengeable, 
and hence G(hydrogen) decreases while G(C,H,) 
decreases and G(n-C,H, ,) increases. 

The generation of D and H atoms by neutrali- 
zation of the ammonium ion and the subsequent 
decrease in G(H, + HD) compared with 
G(H,),,,,, is confirmation of the previous de- 
scriptions (1, 7) of the behavior of hydrogen 
atoms in liquid ethane at 195 "K. 

We thank the National Research Council of Canada and 
Atomic Energy of Canada Ltd. (Commercial Products) 
for financial assistance. 
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Radiolysis of liquid hydrocarbons containing deuterium sulfide 
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Received June 4, 1970 

The radiolysis of hydrocarbons containing dissolved D2S leads to HD, D2,  and H Z  formation, the total 
hydrogen yields being greater than those in the absence of D2S. A limiting yield of H D  is attained at  low 
D2S concentrations (-5 mole%) in all solvents studied. This limiting yield is equal to G(H.) in ethane at 
195 "K but not in c-C6H12 at 298 "K when G(HD) is much greater than accepted values of G(H.). D,S 
behaves as both an electron and a positive ion scavenger, most of the D 2  and probably some of the H D  
being formed in these processes. The use of D2S  to determine H atom and ion yields in irradiated alkanes 
is not recommended. 
Canadian Journal of Chemistry, 48, 3282 (1970) 

Introduction scavenged and G(D,) = 3. When this occurs no 

Meissner and Henglein (1) have suggested that Hp at0ms are formed and a limiting yield 

deuterium sulfide possesses admirable properties HD is obtained which is a measure of Ha. For 

as a scavenger for the study of transient species n-hexane this limiting yield is G. 

in the of saturated hydrocarbons. The above scheme is very attractive in that it 

They studied the yields of isotopic hydrogens in appears possible, measuring 

the n-hexane/deuterium sulfide system in the hydrogen yields, to obtain much information 

liquid phase, mainly at room temperature; we about reactive intermediates in irradiated hydro- 

here present an outline of the radiolytic mech- carbons. We have examined the yields of the 

anism they propose as an explanation of the isotopic hydrogens obtained when D,S is 

yields obtained. irradiated in cyclohexane, n-hexane, and cyclo- 

Two types of thermalized atoms can be pentane at 298 OK and in liquid ethane at 195 OK. 

recognized in n-.,exane; those formed without In all cases the variations of yields with D,S 

ionic precursors concentration are similar to those obtained by 
Meissner and Henglein. We find, however, that 

[ I ]  11-C6H14 -> n-CbH14* -> n-C6H13. + H. the above simple interpretation of these yields is 
are designated Ha while those which have ionic not valid- The HD yield always has ionic Pre- 
precursors cursors and in addition D,S appears to behave as 

+ I I - C ~ H ~ ~ .  + H. 
are designated H,,. 

H atoms can abstract D from D,S to yield HD, 

so that the yield of this product is a measure of 
the number of H atoms scavenged. 

Charge transfer from n-C6H,,+ to D,S 
occurs and, following neutralization of D,S+, 
D, is produced 

The D, yield is therefore a measure of the 
number of ions scavenged. At high D,S concen- 
tration (- 10 mole %) almost all ions are 

'Present address: Space Sciences Laboratory, Univer- 
sity of California, Berkeley, California 94720. 

an electron scavenger. 

Experimental 
Cyclohexane (Fisher Spectranalysed), cyclopentane 

(Phillips Research Grade), and 11-hexane (Phillips Pure 
Grade) were usually used as received. Treatment with 
concentrated sulfuric acid followed by distillation, o r  
storage over sodium had no effect on  the experimental 
results obtained. Ethane (Phillips Research Grade) was 
purified as described previously (2). D2S (Stohler Isotope 
Chemicals) was 98 atom % in D and was used after 
degassing under vacuum. 

Samples for room temperature irradiation were con- 
tained under vacuum in Pyrex tubes, 0.6 cm o.d., sealed 
off so that the gas volume was negligibly small (less than 
3 % of the liquid volume). All these samples contained 
2 ml of the liquid hydrocarbon plus the appropriate 
amount of D2S and any other solute required. The 
preparation of the liquid ethane samples has been 
described (2). 

Samples were irradiated in a G°Co Gammacell 220 
(Atomic Energy of Canada Limited) to total doses of 
about 1019 eV/g. Except for those samples containing 
very low concentrations of D2S when a large fraction 
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1 
0 5 10 15 20 

MOLE % D2S 

FIG. 1. Hydrogen yields from c-C6H12/D2S solutions at 298 "K (dose = 9.6 x 10'' eV/ml). 

was used up, the yields showed no dose dependence up to TABLE 1 
at least 2.5 x 1019 eV/g. The effect of 1.5 mole % SF6 on the isotopic 

The hydrogen was separated from other products by hydrogens in c-C6H12/D2S solutions 
pumping through solid nitrogen traps and was then 
measured volumetrically. Isotopic analysis was per- 
formed with a calibrated mass spectrometer (AEI Mole 

MS-10). 
% D2S AG(H2) AG(HD) AG(D2) 

-- 

Results 

The addition of D,S to all the hydrocarbons 
studied resulted in (a) a reduction in G(H,) and 
the formation of H D  and D, and (b) the total 
hydrogen yield (Hz + HD + D,) being greater 
than G(H,) for the hydrocarbon alone. Our 
results for the n-C,H,,/D,S system are in agree- 
ment with those of Meissner and Henglein (1). 

The hydrogen yields for the c-C,H,,/D,S 
system at 298 OK are shown in Fig. 1. In this, as in 
all other figures and tables, G values are calcu- 
lated from the total absorbed dose. In the presence 
of SF, as electron scavenger all yields are reduced, 
the D, much more than the others. There is no 
substantial difference between results obtained 
with either 1.5 or 2 mole % SF,. Table 1 shows 
the reduction in yields brought about by this 
lower concentration of SF, for a series of c-C,H, ,/ 
D,S samples. 

The products of neutralization of SF,- and 
hydrocarbon positive ions have not been identi- 
fied and so the effect of D,S on the extent of 
electron scavenging by this solute cannot be 
studied. However, N,O captures electrons with 
about the same efficiency as SF, and gives a 
measurable product, N,. Figure 2 shows the 

MOLE % D2S 

FIG. 2. The effect of D2S on the N2 yields from 0.3 
mole % N 2 0  in c-C6H12 at 298 "K (dose = 4.3 x 1019 
eV/ml). 
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1 
0 2 3 

MOLE 7. 02S 

FIG. 3. The effect of D2S on hydrogen yields from 
c-C6H12/2.44 mole % ethanol-d solutions at 298 "K 
(dose = 1.05 x 1019 eV/ml). 

effect of increasing concentrations of D,S on the 
N, yield from c-C,H12 containing 0.3 mole % 
N20.  A similar figure for the n-C,H14/N20/D2S 
system has been published (3); in that case the 
D2S concentration was extended to 8 mole %. 
The results are essentially the same in the two 
hydrocarbons. 

PerAuorocyclohexane also gives a measurable 
product, c-C,FllH, subsequent to its capture of 
thermalized electrons (4). A cyclohexane solution 
0.27 mole % in c-C,F12 and 3.3 mole % in D,S 
was irradiated to the same total dose as a solution 
containing the same amount of c-C6F12 but no 
D,S. The height of the c-C,FllH chromato- 
graphic peak was decreased by 50% when D,S 
was present. No c-C,FllH was available as 
standard but if Sagert's value of G(c-C,FllH) z 
1.5 at 0.27 mole % c-C,P12 (4) is used, the reduc- 
tion in yield is 0.75 G. 

The effect of positive ion scavengers was also 
studied. Figure 3 shows the effect of D,S on 
hydrogen yields from solutions of c-C,H,, con- 
taining 2.44 mole % of ethanol-d. Similar results 
were obtained with c-C5Hl0 as solvent. 

cz-Methyltetrahydrofuran (MTHF) in low con- 
centration rapidly reduces G(D,) from 0.8 mole 
% D,S in n-hexane while the HD yield is less 

TABLE 2 
The effect of a-methyltetrahydrofuran on the 
isotopic hydrogens in n-C6H14/0.8 mole % D2S 

solutions 

Mole 
% MTHF G(H2) G(HD) G(D2) 

TABLE 3 
Isotopic hydrogen yields from c-C6H12/D2S and 

n-CsHI4/D2S solutions containing C-C3H6 

Mole % Mole % 
Solvent D2S c-C3H6 G(H2) G(HD) G(D2) 

TABLE 4 
Hydrogen and methane yields from c-C5Hlo/D2S/5 mole 

% C(CH3)4 solutions (dose = 1.1 x 1019 eV/ml) 

Mole % 
D2S G(H2) G(HD) G(D2) G(CH4) G(CH3D) 

effect of D,S on the methane yield from a solution 
5 mole % in neopentane is shown in Table 4. 
The olefins, ethylene, and propylene, decrease 
G(HD) from IZ-C,H,,/D,S e.g. 2.6 mole % C2H4 
reduces G(HD) from 1.75 to 0.77 at a D,S con- 
centration of 1.5 mole %. At the same time 
G(D,) is not affected. 

The yields of isotopic hydrogens from liquid 
C2H6/D2S solutions at 195 "K are qualitatively 
similar to those described above. Figure 4 shows 
the isotopic hydrogen yields for D2S concentra- 
tions up to 8 mole % while Fig. 5 shows the effect 
of 2 mole % SF, on these yields. The effect of 
D,S on the N, yields from liquid ethane con- 
taining 0.31 mole % N,O is presented in Fig. 6. 

readily reduced as shown in Table 2. Cyclopro- 
pane had a negligible effect on either G(HD) or Discussion 

G(D,) from c-C6H12/D,S and c-C5Hlo/D2S The yields of isotopic hydrogens in c-C,H12 
solutions as shown in Table 3. Neopentane is a and C,H, (Figs. 1 and 4) show similar depen- 
positive ion scavenger in cyclopentane (5) yielding dence on D,S concentration to thosefor n-hexane 
methane as an easily measured product. The (1) and appear at first sight to be consistent with 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STONE AND HOLLAND: RADIOLYSIS OF LIQUID HYDROCARBONS 

FIG. 4. Hydrogen yields from C2H6/D2S solutions at 195 "K (dose = 2 x 10" eV/g). 

A+ 
0 2 4 6 8 

MOLE % D2S 

FIG. 5. The effect of 2 mole % SF6 on hydrogen yields from C2H6JD2S solutions at 195 "K (dose = 1.9 x 10'' 
eV/g). 

2 4 6 8 
MOLE '1. D2S 

FIG. 6. The effect of D2S on the N, yields from 0.31 mole % N 2 0  in C2H6 at 195 "K (dose = 1.4~ 1019 eV/g). 
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the reaction scheme outlined in the introduction. 
The HD yield reaches a limiting value at about 5 
mole % D,S in c-C6H12 but at a much lower con- 
centration (< 0.2 mole %) in liquid ethane at 
195 OK. This is as expected since at the lower 
temperature the abstraction of H from the solvent 
by H atoms is very slow compared with reaction 
3 (2). The D, yields increase much more slowly 
with increasing D,S concentration than do the 
H D  yields, this is consistent with the relative 
efficiencies of H atom and positive ion scavenging. 
The H, yields decrease continuously as HD and 
D, increase while the total yield of hydrogen 
(H, + HD + D,) increases. 

The Formation of HD 
At the highest D,S concentrations only H, 

atoms should contribute to H D  formation and 
the limiting value of G(HD) should equal 
G(Ha). In n-hexane we find, in agreement with 
Meissner and Henglein, that this limiting value 
is -1.5. However, 1.4 mole % SF, will reduce 
G(HD) from 1.47 to 0.78 in n-hexane containing 
2.9 mole % D,S. The limiting HD yields in 
c-C,H,, and C,H, are also reducible by SF, 
(Table 1 and Fig. 5). The limiting yield must 
therefore either have contributions from both 
H, and Hp or there must be another means by 
which HD may be formed. If the former were the 
case and G(D,) does represent the degree to 
which positive ion scavenging, a less efficient 
process than H atom scavenging, occurs then 
G(HD) should decline with increasing D,S 
concentration. This apparently does not occur. 
However, Table 1 and Fig. 5 show that a fixed 
concentration of SF, is more efficient in 
decreasing G(HD) at low than at high D,S con- 
centrations. In the absence of SF, the apparently 
constant HD yield therefore has contributions 
from at least two sources, one of which is declining 
with increasing D,S while the other increases. 
This is discussed later. 

Reliable values for G(H.) in liquid hydrocar- 
bons are scarce since most so called H atom 
scavengers also react with electrons or positive 
ions. Rajbenbach and Kaldor (6) from a kinetic 
analysis of hydrogen yields from c-C4F,/n-C6H14 
solutions in the presence and absence of hexene-1 
find G(therma1 hydrogen atom) = 1.4 in n-C6H14. 
This value is numerically in agreement with 
the limiting HD yield from D,S in n-C6H14 
but Rajbenbach and Kaldor's analysis is based 

CHEMISTRY. VOL. 48, 1970 

on the supposition that thermalized H atoms do 
not have ionic precursors. Since about 50% of 
the HD yield is suppressible by SF, the agree- 
ment between the two sets of results appears to 
be fortuitous. This does not rule out the possibil- 
ity that G(H.) is actually close to 1.4 in n-hexane. 

Asmus et al. (7) have found from a careful 
study of H atom scavenging by C2H4 in liquid 
c-C6H12, and after making allowance for positive 
charge scavenging, that G(H.) in liquid c-C,H,, 
is 1.46. Of this, 0.89 G can be ascribed to Hp and 
0.57 G to H,. Figure 1 shows that the limiting 
HD yield would give G(H.) = 2.2. Even in the 
presence of 1.5 mole % SF, G(HD) = 1.3 which 
should equal G(H,). The two sets of data are 
inconsistent. The lower value of 1.46 is supported 
by the work of Hagemann and Schwarz (8) who 
used a-chlorotoluene to obtain G(H.) = 1-1.5 
and by the work of Sauer and Mani (9) who 
obtained G(H) - 1.4 L- 0.2 by measuring the 
yield of the cyclohexadienyl radical from solu- 
tions of benzene in cyclohexane. The only value 
of G(H.) close to 2.2 is that of - 2.0 by Holroyd 
(10) who also used C2H4 as scavenger but a less 
direct method than Asmus et al. for the measure- 
ment of the resulting .C2H5 radicals. The more 
direct method should give the better value for 
G(.C2HS) and hence G(H.). We conclude that 
the limiting yield of HD in the D,S/c-C6H12 
system does not equal G(H.), let alone G(.H,). 

Two determinations of G(H.) in liquid ethane 
at 195 OK, both employing scavenging of H 
atoms by olefins, gave G(H.) = 2.3 + 0.2 (2, 1 1). 
At this low temperature only very small concen- 
trations of olefin are required to scavenge all H 
atoms since H atom abstraction from solvent is 
slow. Figure 4 shows that the addition of a very 
small amount of D,S gives immediately a 
limiting G(HD) z 2.3. Under these circum- 
stances G(HD) = G(H.) and G(H, + HD + 
D,) = 5.9, the calculated value of G(H,) for 
pure ethane at very low dose. With increasing 
D,S concentration G(HD) remains constant, but 
this yield has at least two precursors as discussed 
earlier. Once again the limiting G(HD) value 
cannot be equated with G(Ha) alone. 

The Yield of D, 
G(D,) is greater than can be accounted for by 

direct radiolysis of D,S. G(H,) for liquid H,S 
at both 298 and 195 "K is 9.4 (12). G(D,) from 
liquid D,S will probably be about 20 % less. It is 
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impossible to calculate a priori how much D, is 
formed by direct radiolysis in a hydrocarbon/D,S 
mixture and therefore no corrections have been 
applied to the total D, yields shown in the 
figures. The non-ionic contribution may be 
estimated from the SF, scavenging experiments. 
There is little change in G(D,) when the SF, 
content of a c-C,H,,/D,S solution is changed 
from 1.5 to 2.0 mole %. This is as expected since 
as shown by the H, yield (13) almost all scavenge- 
able electrons have been captured at these 
concentrations. This residual D, yield may be 
ascribed mainly to direct radiolysis of D,S 
yielding either D, directly or D atoms which are 
subsequently scavenged by D,S. At the highest 
D,S concentrations there may be some contri- 
bution from electron scavenging by D,S (see 
later). Therefore, at 8 mole % D,S the yields of 
D, from "indirect" action are 3.0 in C2H6, 2.5 
in n-C6HI4, and 2.2 in c-C,H,,. The D, yield 
increases more rapidly with increasing D,S 
concentration in C,H, than in either n-C6H14 or 
c-C6H,, while G(D,) for a given concentration 
of D,S in n-C6H14 is always - 0.3 units above 
that in c-C,H,,. 

The gas phase photoionization potentials of 
D,S, C2H6, n-C6H14, and c-C6Hl, are 10.46, 
11.65, 10.18, and 9.88 eV, respectively (14). 
Therefore exothermic charge transfer from the 
molecular ion to D,S in the gas phase is possible 
only with C,H,. Ionization potentials of hydro- 
carbons are lower in the liquid phase (15) but 
evidence favors the retention of the relative 
order of values (16). If the reduction in G(D,) by 
SF, is due to prevention of D2 formation after 
exothermic charge transfer then the ionization 
potential of D,S must be decreased to a greater 
extent than those of the hydrocarbons. 

MTHF is very efficient in reducing G(D2) 
(Table 2) and at higher concentrations reduces 
G(HD). Since the D, yields from D,S/n-C6H14 
solutions, when interpreted in terms of positive 
ion scavenging, show that D,S is a more efficient 
scavenger than either ND, or C,H50D (17), 
the results of Table 2 suggest that MTHF is even 
more efficient than D,S. We do not see why this 
should be. Similarly the D, yields from D,S/ 
C2H50D/c-C6Hl, solutions are only slightly 
higher than those in the absence of C2H50D 
(Figs. 1 and 3). The slight increase is probably 
due to scavenging of D atoms produced by 
neutralization of C2H50DHf.  Interpretation 

of experimental results in these systems may be 
complicated to some extent by proton or deuteron 
transfer between the solutes subsequent to charge 
transfer but prior to charge neutralization. The 
results do not, however, appear to support simple 
competition between the added solutes. 

This conclusion is supported by the lack of 
effect of c-C3H6 or olefins on the D, yield. 4 mole 
% c-C,H, decreases G(H,) in c-C6Hl? by - 1 G 
unit (7) which implies the scavenging of this 
number of positive ions. However, Table 3 
shows that this concentration has little effect 
on the isotopic hydrogens from a solution 1.8 
mole % in D,S. The same applies in c-C,Hlo as 
solvent. Ion scavenging by c-C3H6 in c-C6H12 
leads to -- 60 % C3H8 by H, transfer and -- 40 % 
C3H,  (18). It would, therefore, be expected that 
c-C3H6 would reduce G(D,) since the c-C6Hlo+ 
ion, (or c-C,H8+ in c-C,Hlo) resulting from H, 
transfer should not be scavenged by D,S (1.5 
mole % D2S in c-C6Hl0 at 298 "C yielded 
essentially no D, (G -- 0.01)). Ethylene and 
propylene in concentrations at which charge 
scavenging has been observed (19) do not affect 
G(D,). Similarly we find that benzene does not 
affect G(D,) from D,S/C,H, solutions at 
195 OK. 

The reduction in G(methane) upon the addition 
of D,S to a solution of neopentane in cyclopen- 
tane (Table 4) is evidence that charge transfer can 
be inhibited by D,S. There is a marked reduc- 
tion in G(methane) for the addition of 2 mole % 
D,S but essentially no further decrease when 
the concentration is increased to 5 mole %. 
(G(methane) from direct radiolysis of neopentane 
should be no greater than 0.19.) This does not 
correlate with the -- 70 % increase in G(D,) over 
the same concentration range if it is all attri- 
butable to ion scavenging. 

In summary, it appears that the D, yield may 
arise in part from positive ion scavenging but 
experiments with a second positive ion scavenger 
lead to results which are not easily interpretable. 
In particular MTHF appears to be much too 
efficient relative to D,S while c-C3H6 and olefins 
appear relatively inefficient. 

The Total Hydrogen Yield 
D,S increases the total hydrogen yield in all 

three solvents. This increase is most marked in 
liquid ethane due to scavenging of H atoms which, 
a t  the doses employed, normally add to product 
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ethylene (2, 11). Even in this system G(H, + 
HD + D,) soon exceeds the value of 5.95 
estimated for G(H,) at very low dose when no 
addition to olefin occurs (2). Meissner and 
Henglein (1) attribute the increase in total 
hydrogen to the scavenging of positive ions which 
do not normally lead to H, production in the 
pure hydrocarbon. We reject this explanation 
since neither ND, (20) nor C,H,OD (21) lead to 
such an increase. There is no reason why these 
two solutes should not be equally as efficient as 
D,S in scavenging ions and producing an equiva- 
lent number of hydrogen molecules, indeed they 
are assumed to react upon the first encounter. 

Increased hydrogen yields in non-branched 
liquid hydrocarbons are associated with electron 
scavengers such as HCl(22) or HI (23). That the 
increased total hydrogen yield from D,S/hydro- 
carbon mixtures might also be associated with 
such an occurrence was one reason for examin- 
ing the electron scavenging properties of D,S 

D,S as an Electron Scavenger 
When liquid hydrocarbons containing K,O 

are irradiated, G(N,) > G(e1ectrons scavenged) 
(24). The increased N, yield is due to secondary 
reaction, for example, it has been suggested that 
0- produced by dissociative electron capture 
may react further (25) 

. The reaction mechanism is not known with 
certainty but the above two equations may be 
taken as a guide to the overall stoichiometry. The 
extent of reaction 6 will depend upon N,O con- 
centration and G(N,) will lie in the range G(e) 
to 2G(e). D,S may interfere with the secondary 
reaction and so reduce G(N,). However, Figs. 2 
and 6 show that G(N,) is, at the highest D,S 
concentrations, reduced to a value less than one- 
half its initial one. Competition of D,S and N,O 
for electrons must be occurring, more especially 
at the lower temperature in liquid C2H6. The 
reduction in G(c-C6F, ,H) in the c-C6Hl,/c- 
C6Fl, system supports the assignment of electron 
scavenging properties to D,S. 

Acceptance of electron capture by D,S in liquid 
hydrocarbons requires its reconciliation with the 
1.56 eV activation energy (26) required in the gas 
phase for 

This reaction could be energetically feasible 
under any of the following circumstances : 

(a) If the affinity of D,S for thermalized elec- 
trons is far different in the gas phase from that 
in the liquid phase. We have no data on such 
effects but French and Willard (27) report 
observing .CH, probably from thermal electron 
capture by CH,F in solid 3-methylpentane at 
77 OK, a process which does not occur in the gas 
phase. 

(b) If non-thermalized electrons are captured. 
This might occur at the highest D,S concentra- 
tions employed but will be improbable in the 
more dilute solutions where a large part of the 
increase in G(tota1 hydrogen) occurs. 

(c) If thermal electron capture is aided by 
solvation of the anion. Meissner and Henglein 
(1) have argued against this on the basis of the 
low dielectric constants of hydrocarbons. How- 
ever, the dielectric constant of the solution will 
be raised by added.D,S (E = 9.05 for H,S in the 
liquid phase at -78.5 OC (28)). Also the solution 
may not be homogeneous on the molecular level 
and clusters of D,S molecules may be present, 
since the dipole moment of H,S is 0.9 D. Solva- 
tion of the DS- would therefore probably be by 
D,S molecules rather than by hydrocarbon. 

Comparison of Figs. 4 and 6 shows that at 8 
mole % D,S, G(H,), G(HD), and G(D,) are 
only slightly lower in the presence of 0.31 mole 
% N,O than in its absence. Therefore, electron 
capture by D,S in C2H6 at 195 OK leads to D, 
and probably to HD formation since Fig. 6 
shows AG(N,) = 4, i.e. D,S is scavenging a 
maximum of 4 and a minimum of 2 G units of 
electrons. In n-hexane G(e1ectrons scavenged) 
at 8 mole % D,S has a minimum value of 0.5 and 
a maximum of 3.0 G (3). Electron capture is most 
efficient in ethane at 195 OK. 

A Possible Mechanism for D, and H D  
Formation 

Our results are consistent with both electron 
capture and positive charge scavenging by D,S 
in addition to H atom scavenging. If we interpret 
the dependence of the D, yield on D,S concen- 
tration solely in terms of electron scavenging 
then D,S is an inefficient electron scavenger 
compared to e.g. N,O or c-C6F12 (a Stern- 
Vollmer type plot of the results in Fig. 6 after 
allowing for complete quenching of reaction 6 
by D,S suggests it would be six times less efficient 
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than N,O). Interpretation of the yields solely 
in terms of positive charge scavenging shows 
D,S to be an extremely efficient charge scavenger 
(Freeman (17) has suggested that this is due to a 
"loose association" between D,S and an electron 
which reduces the mobility of the latter and 
therefore allows a longer time for positive charge 
transfer). We suggest that D,S participates in 
both charge and electron scavenging, both of 
which lead to D,, and most probably HD, 
formation. A possible reaction scheme is 

[12al e + D 2 S + - t D z + S  

[12bl + D .  + D. + S 

[I31 DS- + RH+ + No hydrogen 

Reaction 12b is exothermic by - 2 eV if a 
decrease of -- 1 eV below the gas phase ion 
recombination energy is allowed for the change 
of phase density (29). This reaction would lead 
to the increased total hydrogen yield observed. 
At higher D,S concentrations it would be 
superceded by neutralization of D3S+ formed by 
deuteron transfer 

Reaction 15b is also exothermic but to a lesser 
extent than [12b]. If [12b] but not [15b] occurs 
then the total hydrogen yield should decrease 
with increasing D,S concentration. This is not 
observed and so either both or neither reactions 
occur. 

As written, no hydrogen is formed by neutrali- 
zation of RH+ by DS-. This is by analogy with 
similar reactions of electron scavengers, e.g. 
N 2 0  or SF,. We have no evidence that this is 
correct and it may be that the increased total 
hydrogen yield is due to hydrogen production in 
this reaction. 

Although Meissner and Henglein (1) suggest 
charge transfer (reaction 8) as the only major 
reaction of molecular ions with D,S, proton 
transfer may also occur. Bone and Futrell (30) 
have shown that in the gas phase deuteron 
transfer is the predominant reaction between 

C3D,+ and H2S. The proton affinity of H2S is 
178 kcal mole-' (31) while those of C,H, and 
c-C6Hll- are 143 and -- 174 kcal mole-', 
respectively (29). The proton affinity of n-C6H13- 
will be in this range. We can, therefore, also 
expect the following reactions to occur 

[17bl -t D. + HDS 

At the highest D,S concentrations the H and 
D, after thermalization, will give H D  and D,, 
respectively. This may account in part for the 
yield of H D  scavengeable by SF, and also for the 
difference in D, and H D  yields obtained in 
c-C6Hl, and n-C6H14, since, due to the difference 
in their ionization potentials there may be a 
difference in the relative rates of reactions 8 and 
16. In c-C6Hl, the D, yield is lower and the H D  
yield is higher at a given D,S concentration 
compared with those in n-C,H,,. 

The above reaction scheme is qualitatively 
consistent with many of our experimental results 
but a quantitative description will be impossible 
until methods of unambiguously measuring the 
yields of H D  and D, from each reaction can be 
devised. For example SF, may reduce the D, 
yield either by competing with D,S for electrons 
(reaction 9) or by suppressing D, production via 
reactions 12 or 17. In either case all that is ob- 
served is a reduction in G(D,). 

We have no explanation for the lack of effect 
of c-C3H6 or other olefins on the D, yields. The 
high efficiency of MTHF in reducing G(D,) 
suggests that it reacts in more than one way e.g. 
(a) by competitive positive ion scavenging; (b) 
by deuteron transfer from either D,S+, D3S+, 
or D,HS+ ; (c) by interfering with D,S clustering 
which aids electron capture by D,S (reaction 7). 
Deuteron bonding -S-D..,O- will disrupt 
the clustering of D,S alone. (MTHF has no 
affinity for thermalized electrons since 4 mole % 
MTHF did not change G(N,) from 0.31 mole % 
N,O in c-C,Hl,.) 

Our results show that the simple interpreta- 
tion of Meissner and Henglein of the H D  and D, 
yields in terms of H atom and ion scavenging 
respectively is not valid. The system is much more 
complex than their simple picture and the use of 
D,S as a scavenger in liquid alkanes does not 
yield readily interpretable results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3290 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

NOTE: A referee has suggested that associative lo. R. A. HOLROYD. J. Phys. Chem. 70, 1341 (1966). 

electron capture to yield D2S- followed by 11. G. BAKALE and H. A. GILLIS. J. Phys. Chern. 73, 
2178 (1969). 

D2S- + RH' -> HD,  D 2  may also explain our 12. G. MEISSNER and A. HENGLEIN. Z. Naturforsch. 
results without the requirement of dissociative 20b9 lo05 (1965). 

13. N. H. SAGERT and A. S. BLAIR. Can. J. Chem. 45, electron capture. Associative electron capture 1351 (1967). 
has not been observed in the gas phase but a 14. K. WATANABE, T. NAKAYAMA, and J.  MOTTL. U.S. 
brief communication reporting its detection in dept. com. office technical service Report. 158, 319 

(1959). 
solid H2S and D2S at 77 "K has been published i s .  C. VERMILE, F. MULLER, M. MATHESON, and S. 
(32). The energetics of this capture are not known LEACH. Bull. Sot. Chim. Belg. 71, 837 (1962). 

16. J. A. STONE, A. R.  QUIRT, and 0. A. MILLER. Can. and further speculation is not warranted. We do J. Chem. 44, 1175 (1966). 
question whether the above neutralization reac- 17. G,  R. FREEMAN. J. Chem. ~ h y s .  46, 2822 (1967). 
tion could lead to  the large D 2  yields observed; 18. S. J. RZAD and R. H. SCHULER. J. Phys.  hem. 72, 

228 (1968). 
capture can these 19. P. Aus~oos ,  A. A. SCALA, and S. G. LIAS. J. Amer. 

yields. Chem. Soc. 89, 3677 (1967). 
20. F. WILLIAMS. J .  Arner. Chem. Soc. 86, 3954 (1964). 

The authors thank the National Research Council of 21. J. W. BUCHANAN and F. WILLIAMS. J. Chem. phys. 
Canada and Atomic Energy of Canada Limited, Com- 44, 4377 (1966). 
mercial Products for financial assistance. One of us 22. P. J. DYNE. Can. J. Chem. 43, 1080 (1965). 
(P.T.H.) gratefully acknowledges the receipt of a National 23. J. R. NAsH and W. H. HAMILL. J. Phys. Chem. 66, 
Research Council of Canada postgraduate fellowship. 1097 (1962). 

24. W. V. SHERMAN. J. Chem. Soc. (A), 599 (1966). 
1 .  G. MEISSNER and A. HENGLEIN. Ber. Bunsenges. 25. G. R. A. JOHNSON and J. M. WARMAN. Trans. 

Phys. Chem. 69, 264 (1965). Faraday Soc. 61, 1709 (1965). 
2. P. T. HOLLAND and J. A. STONE. Can. J .  Chem. 48, 26. K. JAGER and A. HENGLEIN. Z. Naturforsch. 2la, 

1078 (1970). 1251 (1966). 
3. P. T. HOLLAND and J. A. STONE. J. Phys. Chem. 27. W. G. FRENCH and J. E. WILLARD. J. Phys. Chern. 

73, 4397 (1969). 74, 240 (1970). 
4.  N. H. SAGERT. Can. J. Chem. 46,95 (1968). 28. Handbook of chemistry and physics. 50th ed. The 
5. J.  A. STONE. Chem. Cornmun. 1677 (1968). Chemical Rubber Company, Cleveland, Ohio, U.S.A. 
6. L. A. RAJBENBACH and U. KALDOR. J. Chem. Phys. 1970. p. E-61. 

47, 242 (1967). 29. G. R. FREEMAN. Rad. Res. Rev. 1, 1 (1968). 
7. K.-D. A s ~ u s ,  J. M. WARMAN, and R. H. SCHULER. 30. L. I. BONE and J. H. FUTRELL. J. Chem. Phys. 47, 

J. Phys. Chern. 74, 246 (1970). 4366 (1 967). 
8. R. J.  HAGEMANN and H. A. SCHWARZ. J. Phys. 31. J.  L. BEAUCHAMP and S. E. BUTTRILL. J. Chem. 

Chem. 71, 2694 (1967). Phys. 48, 1783 (1968). 
9. M. C. SAUER and I. MANI. J. Phys. Chem. 72, 3856 32. J.  E. BENNET, B. MILE, and A. THOMAS. Chem. 

(1968). Cornmun. 182 (1966). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The kinetics of hydration of tricalcium silicate 

K. G. MCCURDY AND B. P. ERNO 
C/zetnistry Department, University of Lethbridge, Lethbridge, Alberta 

Received June 15, 1970 

An investigation has been made of  the kinetics of hydration o f  tricalcium silicateat several temperatures 
in a large excess of water in the presence of various added ions. The rate data have been interpreted by a 
reaction mechanism which involves: (a) the first order hydration of tricalcium silicate to form an inter- 
mediate product, 1.5Ca0.Si02, which can react by two pathways, (b) the direct first order decomposition 
of intermediate, 1.5Ca0.Si02, to form lime and silica or (b') complexing of intermediate with silica and 
subsequent decomposition to form lime and silica. This reaction mechanism predicts the rate of pro- 
duction of base during the hydration. The effect of various added ions is interpreted in terms of the 
proposed mechanism. 

Rate constants and activation energies for the various steps in the proposed mechanism are reported. 

Canadian Journal of  Chemistry, 48, 3291 (1970) 

Introduction 

Tricalcium silicate contains calcium (Caz + ), 
oxygen (0'-) ions, and silicate (SO:-) groups 
(1) which hydrate during dissolution as repre- 

I 
I sented by 

I 
Numerous studies have been made of the 

I stoichiometry and thermochemistry of hydration 
of tricalcium silicate, Ca3Si05. Extensive reviews 
of the investigations on this system are available 
(2). 

While a considerable amount of some kinds 
of information on the hydration of tricalcium 
silicate has been published, there is little informa- 
tion available on the rate ofhydration of Ca3Si05. 
The few published data refer to widely varying 
experimental conditions and are therefore diffi- 
cult to compare or interpret. 

Kantro, Brunauer, and Weise (3) have in- 
vestigated the disappearance of unhydrated 
tricalcium silicate and the development of surface 
as a function oftime in paste systems oftricalcium 
silicate. Their proposed mechanism involves : 
(a) the formation of a gel coating on the surface 
of the unhydrated silicate, (6) the splitting off of 
thin sheets from the gel surface, and (c) the con- 
version of the thin sheet into stable tobermorite. 

A kinetic investigation of the influence of silica 
I on the hydration of Ca3Si05 led Stein and Stevels 

(4) to conclude that their results were consistent 
with the results of Kantro et al. (3). The accelera- 
tion of the rate of hydration of Ca3Si05 in the 
presence of amorphous silica was explained in 
terms of an increased rate of conversion of a first 

formed protective hydrate into a less protective 
one. 

Greenberg and Chang (5) investigated the 
hydration of tricalcium silicate and interpreted 
their data as supporting a solution theory for 
hydration. They could not fit their data to either 
a simultaneous solution and precipitation mech- 
anism or to a mechanism in which the rate of 
solution was controlled by diffusion of ions into 
solution. An alternative method of interpreting 
their data was proposed by Stein and Stevels (6), 
who suggested that the data could be interpreted 
either in terms of recrystallization of the calcium 
silicate hydrates or changing reactivity of the 
Ca3Si0,. 

In the present work, we have measured the rate 
of hydration oftricalcium silicate in dilute hydrox- 
ide solutions under conditions of constant pH, 
ranging from 7.5 to 10.6. The effect oftemperature 
and added salts was studied.as well as a small 
range of weight solid to weight solvent ratios. 

This heterogeneous chemical reaction is of 
interest because there has been little progress 
made on the understanding of heterogeneous 
chemical kinetics particularly for solution-solid 
reactions. The reaction is also of fundamental 
interest to cement technologists because the rate 
of hydration of tricalcium silicate is important to 
an understanding of cement chemistry. 

Experimental 
Materials 

The tricalciurn silicate used in these experiments was 
kindly supplied by the Portland Cement Association, 
Skokie, Illinois. The preparation wasnumbered B-101 and 
the analysis reported as:  CaO 73.87%, A120, 0.13 %, and 
SiOZ 26.14%. They also supplied the calculated com- 
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position as: tricalcium silicate 96.77 %, dicalcium' silicate 
1.81 %, tricalcium aluminate 0.34%, and free lime as 
1.08%. The tricalcium silicate had a Blaine surface area 
(ASTM designation C-204-51) of about 3310 cmZ g - I .  

All solutions were prepared using doubly distilled 
water. 

Fisher Certified Reagent chemicals were used through- 
out. 

Equipmemt 
The p H  stat used was a Radiometer titrigraph SBR2C/ 

SBUl composed of TTTl automatic titrator, SBR2 
recorder, and SBUl syringe burette. The titrant was 
delivered from a calibrated 9 ml syringe. A Radiometer 
G202C glass electrode and a K401 calomel reference 
electrode were used to monitor the pH. 

Procedure 
The reactions were carried out with 10 ml solution in a 

reaction vessel in which an access port above the solution 
was available for the introduction of the tricalcium 
silicate, usually 10 mg. The reaction cell was thermostated 
to 25 + 0.05 "C, unless otherwise indicated. A stream of 
nitrogen was bubbled through water and then through the 
reaction solution. 

In a typical experiment, 10 ml of solution were pipetted 
into thereaction vessel. Thestat was set tomaintain the p H  
of the solution, which had beenpreadjusted with Ca(OH)2 
solution to thedesired pHvalue. After thermalequilibrium 
had been attained, the tricalcium silicate was introduced 
fhrough the access port by means of a small funnel. The 
stat began to record the volume of standardized HCl 
solution required to maintain the pH of the solution at the 
preset value. 

The hydration was followed by the stat until no further 
HC1 was required for a 5 min interval. In all cases in these 
investigations, reactions were complete in 30 min. 

Theory 

Chemical System 
Reaction 1 indicates that as the hydration of 

tricalcium silicate proceeds, the solution becomes 
increasingly basic. The silicic acid produced in 
the reaction will be distributed in solution as 
H4Si04, H,Si04-, and H2Si042- as a function 
of the p H  of the solution and the dissociation 
constants of silicic acid. The values used for the 
ionization of silicic acid (7, 8) were pK, = 9.77 
and pK2 = 11.8. 

The amount of Ca3Si05 that reacted was 
calculated from the number of equivalents of acid 
involved in neutralizing the products of the 
reaction, with consideration given to the ioniza- 
tion of silicic acid. The amount of acid required is 
usually less than the theoretical amount required 
to titrate all the Ca3Si05. It was assumed that 
the unreacted material was unhydrated Ca3Si05. 

Since the pH  of the reaction solution was held 
constant, calculations are readily made which 

show that the solution is never saturated with 
Ca(OH),; Ksp = 8.25 x (5). 

The solut~on does become saturated with 
CaH2Si04, K,, = (4), in the later stages of 
reaction. The experimental evidence of Greenberg 
(5) indicates that at the p H  and the times involved 
in the present investigation the amount of this 
species formed would be negligible. 

The hydration of tricalcium silicate produces a 
hydrate of variable lime-silica ratio. This species 
is denoted as rCa0.Si02,  where r is the molar 
lime-silica ratio in the hydrate. Graphs of the 
value of r us. the equilibrium concentration of 
lime are available (2). Under the experimental 
conditions of the present investigation no calcium 
silicate hydrate is precipitated. 

Results 

The experimental conditions including pH's, 
addant conditions, and temperatures used in the 
present investigation are given in Table 1. All 
experiments, except those listed below, were 
initiated by the addition of 10 mg of tricalcium 
silicate to 10 ml of dilute calcium hydroxide 
solution. Series 26, 5 mg of tricalcium silicate; 
Series 27, 15 mg of tricalcium silicate; Series 28, 
20 mg of tricalcium silicate. 

Kinetics and Mechanism-Reaction Order 
Heterogeneous solid-liquid reactions are gen- 

erally studied by examination of weight of solid 
(w,) remaining at various extents of reaction 
(9-12). The values of weight solid that had dis- 
solved at various times (w,,,,), were determined 
from the volume of standardized acid required 
to titrate the liberated base at that time. The 
weight of solid remaining at any time, w,, was set 
equal to [wo - (ws0l.I r I. 

The series of experiments in which the weight 
ratio of solid to liquid was varied was analyzed 
by plotting the initial rate of liberation of base us. 
the initial weight of tricalcium silicate. The initial 
reaction velocity was found to be proportional 
to the first power of the weight of tricalcium 
silicate.Attempts to apply first order kinetics over 
the entire extent of any reaction were unsuccessful, 
suggesting a more complicated reaction scheme. 

Previous investigators (13) of this system, using 
a ball mill hydration method and a higher solid to 
liquid ratio, had suggested the formation of an 
intermediate, 1.5CaO. SiO,, denoted "Hydrate 
111". Using this proposal, an analysis was 
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TABLE 1 

Experimental conditions for the hydration of tricalcium silicate in dilute calcium hydroxide 
solution 

Number of 
Series Initial experimental Temperature experiments 

number P H  conditions ("c) averaged 

1 10.6 0.22 x M Ca(OH)Z 25 10 
2 9.8 0.132 M CaCI, 25 10 

15 10.0 0.163 x M c~(oH); 35 4 
16 9.8 0.163 x M Ca(OH)Z 45 3 
17 9.6 0.163 x M Ca(OH)Z 55 3 
18 10.5 0.195 x M Ca(OH), 15 5 
19 10.3 0.195 x M Ca(OH)Z 25 5 
20 9.9 0.195 x M Ca(OH), 35 5 
21 9.7 0.195 x M Ca(OH)z 45 5 
22 9.5 0.195 x M c a ( 0 H ) ~  55 5 
23 9.1 0.195 x M Ca(OH)2 65 5 
24 8.8 0.195 x M Ca(OH)2 75 3 
25 10.6 0.290 x MCa(OH), 25 4 
26 10.6 0.290 x M Ca(OH), 25 4 
27 10.6 0.290 x M Ca(OH)2 25 4 
28 10.6 0.290 x M Ca(OH)2 25 4 
29 7.5 Trace Ca(OH)2 I 2 
30 7.5 Trace Ca(OH), 10 2 
31 7.5 Trace Ca(OH), 20 2 
32 7.5 Trace Ca(OH)Z 30 3 
33 7.5 Trace Ca(OH), 40 2 
34 7.5 Trace Ca(OH), 50 2 
35 9.5 Trace Ca(OH)Z 25 2 
36 9.5 Trace Ca(OH), 25 1 
37 9.5 Saturated with SiOz 25 1 
38 9.5 Saturated with SiOZ 25 2 
39 10.0 Trace Ca(OH), 25 2 
40 10.2 0.021MCa(C1)2 25 2 

attempted using a system of consecutive first liberates lime on coming in contact with water 
order reactions. (14). Kantro et al. (3) proposed that the initial 

k, 
product of the hydration of tricalcium silicate was 

3Ca0.Si02(s) + l.5CaZ+(aq) + 30H-(aq) + a lime-rich intermediate that was converted to a 

1 .5Ca0.SiOz(s) lime-poor intermediate and ultimately to hy- 
k2 dration products. Stein and Stevels (4) found that 

1.5Ca0.SiOz(s) -4 1.5CaZ+(aq) + 30H-(ad + SiOz amorphous silica increased the rate of hydration 

~h~ notation S~O, is used to represent the total of tricalcium silicate. In an attempt to satisfy 

silica in solution, realizing that it is distributed these requirements, the following reaction scheme 

in solution among H4Si04, H,Si04-, and was proposed. 

H,Si02-. All calculations included corrections k, 
3Ca0.Si02(s) + 1.5CaZ+(aq) + 30H-(aq) + 

for the formation of these species. 1 . X a o  .SiOz(s) 
The above reaction scheme was found to be kz 

unsuccessful at large extents of reaction. 1.5Ca0.SiOZ(s) + 1 .5Caz+(aq) + 30H-(aq) + 
It has been proposed that tricalcium silicate sioz 
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The reaction with rate constant k, is assumed 
first order in weight of Ca3Si05.2 

Integration of this expression yields 

where OH,,- is the base liberated from the first 
reaction at time t and OHo,- is the total amount 
of hydroxide that would be generated by com- 
pletion of the first reaction. Only one-half the 
total amount of the base in the reacting tricalcium 
silicate is released during this step. 

The overall rate of formation of base 
d [OH- ],/dt, is 

If we define 8 as the fraction of 1.5CaO.Si0, 
that is complexed at any time, then (1 - 8) is the 
fraction of 1.5Ca0. Si0, that is not complexed. 
If it is assumed that the equilibrium denoted by 
K3 is a rapid reaction, then it is easily shown that 

if the silica is adsorbed on the 1.5CaO.Si0, 
intermediate which is on the unhydrated Ca3Si05 
and one silica is adsorbed per 1.5CaO.Si0,. 

The rate eq. 2 above can be rewritten to give 

The value of the rate constant k, was obtained 
from the amount of lime liberated at + min. At 
this time the amount of product formed from 

ZParentheses denote solid in moles per liter; square 
brackets denote concentration in moles per liter. 

1.5Ca0. Si0, is negligible since its concentration 
is low. 

From the stoichiometric equations of the 
proposed mechanism, it is possible to write a 
computer program which will allow calculation 
of the total concentrations ,of 1.5Ca0. SiO, and 
SiO, at any time, as well as the base produced 
from the first step at any time. The value of 
d[OH-],/dt was determined by drawing slopes 
of the plot of base produced us. time at + min 
intervals. The left hand side of eq. 3 above can 
then be calculated at various times. The right 
hand side of eq. 3, when we substitute for 8, 
becomes 

At the beginning of the reaction when the con- 
centration of SiO, is low and K3 [SiO,] is small 
compared to unity, the right hand side of the 
equation becomes 

Plots of the left hand side of eq. 3 against the 
concentration of SiO, should give a straight line 
of intercept k, and slope (-k,K3 + k4K3), K3 
cannot be determined if k, is equal to k,. At later 
stages in the reaction when the concentration of 
SiO, becomes large, and K3 [SiO,] is large com- 
pared to unity, a plateau region should be 
observed with a value of k,. 

Using this type of analysis the values for k,, 
k,, K3, and k, reported in Table 2 were obtained. 

A measure of the reproducibility of the data 
can be best made by considering experiments 
numbered 1, 14, 19, 25, 35, 36, and 39. These 
experiments were conducted at low concentrations 
of added ions and over a small p H  range. The 
average values of the kinetic parameters with 
their standard deviationsare: k, = 0.746 + 0.033, 
k, = 0.185 f 0.064,K3 = 706 + 131,andk4 = 
0.152 f 0.01 5. The results for k ,  and k, can be 
considered to be reliable to f 5-10%. Errors in 
k, and K3 are considerably larger and should be 
considered reliable only to f 20-30 %. Typical 
plots for the determination of k,, K3, and k, 
have been given in Fig. 1. 

The contributions of base from each of the 
reaction steps are plotted in Fig. 2. The experi- 
mental amount of base produced is plotted for 
comparison. 
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McCURDY AND ERNO: HYDRATION OF TRICALCIUM SILICATE 

TABLE 2 
Kinetic parameters for the hydration of tricalcium silicate 

Tricalcium 
silicate 
reacted kl  k2 K3 

(pmoles) (min-') (min-') (molar-') 

39.57 0.776 0.082 723 
31.41 0.548 0.700 1060 

Series 
number 

The activation energies for the reaction steps 1, 
2, and 4 are given in Table 3. 

The calculated amounts of 1.5Ca0. Si0, and 
SiO, at various times are given in Fig. 3. 

silicate, the method of determining the extent of 
the reactions, and the experimental environment 
of the reactions including temperature, pH, and 
the presence of extraneous ions. These effects 
make comparison and interpretation of the 
results of different investigators difficult. The 
present investigation was undertaken with an 
appreciation of the above problems and an 
attempt was made to control their effects. The 
reactions were conducted with a homogeneous 
sample of tricalcium silicate using conditions of 
high water to solid ratio. The temperature of the 
reaction was controlled and more significantly 
the p H  of the media was not allowed to change 
with the extent of the reaction. 

Discussion 
A review of the published material on the 

kinetics of the hydration of tricalcium silicate 
indicates that the results have been obtained under 
various experimental conditions. The materials 
used in the preparation, the method of prepara- 
tion, the purity and particle size distribution of 
the tricalcium silicate all undoubtedly have an 
effect on its rate of hydration. Also to be con- 
sidered are the weight ratio of water to tricalcium 
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FIG. 1. Typical plots of eq. 3 for the determination 
of k2, K3, and k,. 0, series 13; A, series I .  

Time min 

FIG. 2. Experimental plot 0, and its resolved corn-. 
ponents kl -----, k,-, and k4 -.-.-. in equivalents of base 
liberated as a function of time. 

The problem of the method of determining the 
extent of the reaction has been thoroughly 
reviewed (2). Determination of the base liberated 
from the tricalcium silicate at various times has 
been criticized because it has been suggested that 
the reaction products in the early stages differ 
from those formed in the later stages (15). These 
criticisms apply mainly to those experiments 
where a calcium silicate hydrate is produced, and 
the KSp7s of Ca(OH), and CaH,SiO, are exceeded, 
as occurs when the p H  is allowed to vary and 

TABLE 3 
Calculated activation energies for the hydration of 

tricalcium silicate 
-- 

Series El(kcal/mole) E2(kcal/mole) E,(kcal/rnole) 

Time (min) 

FIG. 3. Plot of [1.5Ca0 .Si02] -----and [SiO,] -.-.-. as 
a function of time, series 1. 

lower liquid to solid ratios than the present ratios 
are investigated. 

Greenberg and Chang (5) have suggested that 
under their experimental conditions, where the 
p H  increased with the extent of the reaction, that 
more than 0.5 g of tricalcium silicate per liter 
may not lead to complete dissolution of the 
tricalcium silicate. In the present work, the extent 
of the reaction is quite high (see Table 2); in the 
calculations in this work, it was assumed that the 
unreacted material was tricalcium silicate. 

The data were analyzed according to several 
previously proposed mechanisms before the 
present mechanism was accepted. These mechan- 
isms included: (a) rate of solution controlled by 
the rate of diffusion of ions into solution ( 9 ,  
(b) simultaneous solution and precipitation (5), 
(c) third order kinetics (16, 17), (d) diffusion 
mechanism (18), (e),  413 order kinetics (1 I), and 
(f) 213 order kinetics (13). None of these were 
found to fit the experimental data to  any appreci- 
able extent of reaction. Other methods of analysis 
attempted were two parallel first order reactions 
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McCURDY AND ERNO: HYDRATION OF TRICALCIUM SILICATE 3297 

producing a common product (19) lime and silica, 
and consecutive irreversible first order kinetics 
(20)- 

3CaO.Si0, 4 1.5CaO.Si0, + 1.5Ca0 
J 

1.5Ca0 + SiO, 

Neither of these gave acceptable results. 

Intermediates 
The mechanism proposed in the present paper 

suggests an intermediate product, 1.5Ca0 - SiO,, 
formed by a first order reaction of 3Ca0.Si02. 
Other species, 1 Ca0 .  Si0, and 2CaO. SiO, were 
also proposed; however, both of these inter- 
mediates gave results which were not as acceptable 
as the 1.5Ca0-Si0, species. The lCaO.Si0, 
proposal gave results which were totally un- 
acceptable since it could not account for the 
amount of lime in the system at any time except 
at very short intervals (0.5 min) and at very high 
percentages of reaction. The intermediate 
2CaO.Si0, gave better results than the 1 CaO. 
SiO, but not as good as the 1 .5Ca0.Si02 inter- 
mediate. It is possible that there is a species with a 
lime-silica ratio between 1.5 and 2.0 that would 
give better results but the kinetic analysis is not 
precise enough to differentiate between these 
limits. Kantro et al. (13) proposed a hydration 
mechanism involving a first formed intermediate 
3Ca0.Si0,yH20 which is converted to a 
hydrate intermediate 1.5Ca0. Si0, designated 
"Hydrate 111". The experimental method used in 
the present investigation would not detect the 
formation of 3CaO. SiO,yH,O ; however, its 
existence would add a fast reaction prior to the 
first reaction step (k,) and not affect the rest of 
the kinetic analysis. Kawada and Nemoto (14) 
also suggested an immediate liberation of lime 
from tricalcium silicate when it comes into con- 
tact with water forming an intermediate product. 

Autocatalysis 
Previous investigations (21) of the hydration of 

3Ca0.  SiO, pastes exhibited an increasing rate of 
heat evolution during the first hours of hydration 
followed by a decrease in the rateof heat evolution. 
Similar heat evolution patterns (22,23) occur in 
cement pastes which contain a high percentage 
of tricalcium silicate. Angstadt and Hurley (24), 

1 using an X-ray diffraction technique, found that 
the amount of 3CaO.Si0, in cement pastes 
decreased slowly at first during hydration, de- 

creased more rapidly during the time period of 
maximum heat evolution and then slowed down. 
Kantro, Brunauer, and Weise (3) found similar 
results on 3CaO.Si0, pastes. The hypothesis 
proposed for these effects has been discussed by 
Stein and Stevels (4). The proposed mechanism 
can account for autocatalysis via the silica 
complexing step. 

The present results do not cover a sufficiently 
wide range of pH's to allow calculation of the 
particular silica species involved in the auto- 
catalysis. 

Mechanism 
The present results support the results of 

Kantro et al. (3) and Stein and Stevels (4). The 
tricalcium silicate, when it comes into contact with 
water liberates base forming an intermediate, 
1.5Ca0-Si0,. This intermediate reacts by either 
of two possible paths; in the absence of silica, 
a simple first order reaction forming lime and 
silica. As soon as silica is formed, the inter-' 
mediate has an alternative path, silica is adsorbed 
on the surface of the intermediate and then this 
complex decomposes to form lime and silica. 
Kantro et al. (3) have proposed a high lime initial 
product, first hydrate, (f.h.), formed during the 
hydration of tricalcium silicate. They suggest that 
this high lime product is converted by splitting 
off layers of gel into another intermediate, second 
hydrate, (s.h.), which has a lower lime silica ratio. 
Stein and Stevels (4) suggest that there is electron 
microscope evidence for the ultimate conversion 
of this second hydrate into reaction products. 

Reactions which are first order with respect to  
powder weight have previously been proposed 
(9-1 1, 25). Granquist (9) has studied the acid 
dissolution of bentonite and proposed that the 
reaction is first order in weight of bentonite. A 
cylindrical model with edge attack gave the best 
fit to his experimental data. This model predicts 
a second order surface dependency. He pro- 
posed that the reaction proceeds through H +  
adsorbed on the reactive surface and gave the 
following process 

[lattice components] ,,,I,,, + [H+] ,,,I,,. +products 

The concentrations of both reactants (lattice 
components in the surface and adsorbed H + )  
are proportional to the surface, and the rate of 
dissolution becomes second order with respect to 
lattice surface. 
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The present results are not complete enough to 
determine this second order surface dependence. 
Investigations on surface effects are now under- 
way in this laboratory. 

Effect of Addants 
In the present investigations, the rate of reac- 

tion was monitored by titrating the liberated base 
with standardized hydrochloric acid. Series 39 
and 40 were performed to investigate whether the 
chloride added during the titration influenced the 
rate ofthe reaction. Experiment 40 was initiated in 
a solution in which the initial chloride concen- 
tration was approximately equal to the value it 
would have when the base had been completely 
neutralized at the end of the reaction. Experiment 
39 is a control experiment started without any 
initial chloride. The results of these experiments 
are within the expected experimental error of the 
measurements, and chloride at  least a t  this low 
concentration does not influence the progress 
of the reaction. 

When the concentration of added salt is high, 
the rate constants k, and k, decrease with 
increasing concentration of the salt. Previous 
results (2a) have indicated that added CaC1, 
accelerates the hydration of tricalcium silicate. 
The mechanism proposed in this work can 
account for this acceleration by removal of 
hydroxide and precipitation with calcium ion, 
particularly if further investigations indicate a 
p H  dependance of k,. The parameters K, and k ,  
are not affected by the presence of added salt. 

The series numbered 36, 37, 38, and 39 form a 
set in which the effect of silica on the rate of 
hydration of tricalcium silicate can be evaluated. 
The experimental results indicate that reactions 
started in a solution that was saturated with silica 
are not appreciably different than those in the 
absence of initial silica. Stein and Stevels (4) 
found that silica accelerated the hydration of 
tricalcium silicate in suspension and in paste 
studies and suggested that the silica lowers the 
calcium and hydroxide concentrations in the 
medium and increases the rate of conversion of 
the first hydrate into a second hydrate. In our 
experiments with the high excess of solvent, the 
calcium concentration and the hydroxide con- 
centration are low enough that the addition of 
silica does not assist the rate of the reaction by 
further lowering of the calcium concentration. 

Series in which comparable experimental con- 

ditions were used indicate that the rate constant 
values increased with increasing acidity of the 
solution. A more thorough examination of this 
effect is underway. 

Effect of Weight Solid - Weight Liquid Ratio 
The series 25,26,27, and 28 were undertaken to  

investigate the effect of various weight ratios over 
a small ratio range. 

The results suggest that k, is large when 5 mg 
of tricalcium silicate are dissolved in 10 ml of 
solvent; however, this result is subject to con- 
siderably larger experimental error than the others 
and k, may be taken as essentially constant as the 
weight of solid per unit weight solvent is increased. 
Both k, and k4 are diminished as the weight of 
solid is increased. The ratio of k,/k, decreases 
from 1.44 to 1 .OO as the amount of solid is in- 
creased, supporting the proposal of inhibition of 
adsorption by added salts of calcium. The 
mechanism proposes that the calcium ion con- 
centration increases more rapidly in the initial 
stages of reaction as the weight solid - weight 
liquid ratio increases. 

Temperature Dependence 
The activation energies of the various steps in 

the mechanism are reported in Table 3. The effect 
of temperature on K ,  is slight and indicates a low 
heat of complexing of silica with the intermediate. 
The series labelled 13- 17 and 18-24 have different 
pH's at the different temperatures studied but do 
indicate an increasing rate constant with in- 
creasing temperature. Series 29-34 were con- 
ducted at a low p H  which was constant for all 
temperatures. The activation energies seem to be 
lower for this lower p H  series. Previous in- 
vestigators have reported various activation 
energies for the reaction. Knoblauch (16) and 
Schwiete and Muller-Hesse (17) proposed a third 
order rate equation for the hydration of tri- 
calcium silicate and calculated a 2.1 Kcal/mole 
activation energy. 

Studies are now being carried out in this 
laboratory on the effect of pHand particle size on 
the kinetics of hydration of tricalcium silicate. 

K. G .  M. is indebted to theNational Research Council of 
Canada for financial assistance. The continuing financial 
support of the University of Lethbridge Research Com- 
mittee is greatly appreciated. The authors wish to thank 
the Departments of Physics and Mathematics for use of 
their computing facilities. 
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The kinetics of the thermal insertion reaction of tin(I1) halides with 
cyclopentadienyliron dicarbonyl dimer 

P. F. BARRETT AND KENNETH K. W. SUN 
Department of Chemistry, Trent University, Peterborough, Ontario 

Received June 18, 1970 

The kinetics of the thermal insertion reaction of SnBrz and SnCI, with the metal-metal bonded 
dimer [x-C5H5Fe(CO)Z]2 have been studied by following the change in the visible spectrum. The kinetic 
data are consistent wlth a two-stage mechanism involving the formation of a carbonyl-bridged inter- 
mediate followed by nucleophilic attack by the halides on this intermediate. The formation of the 
intermediate requires an activation enthalpy of 38.0 _+ 1.0 kcal/mole, and an activation entropy of 
45.5 _+ 1.5 cal mole-' deg-'. The activation energy required to break the Fe-Fe bond is estimated 
to be about 32 kcal/mole. 
Canadian Journal of Chemistry, 48, 3300 (1970) 

Since the relatively recent discovery of the prepared in a similar manner except that the preparation 

existence of covalent metal-metal-bonds in was carried out in an atmosphere of nitrogen in a dry 
bag. Both anhydrous SnC1, and SnBrz were stored in pounds 'Ontaining d-block there has vacuo over phosphorus pentoxide. Tetrahydrofuran was 

been considerable interest in the synthesis and purified by refluxing over sodium wire, and was freshly 
structure of metal-metal bonded carbonyl or distilled before use in the kinetic runs. 
substituted carbonyl compounds. Although the 

Kinetics insertion reaction of a lower valent metal halide With stannous halides in excess, the thermal reactions 
such as SnC12, GeI2, or InBr with a metal were studied in the temperature range 35-55 "C. A 
carbonyl dimer is a well established method for weighed amount of the tin(I1) halide was transferred into 
forming metal-rnetal bonds between main group a 10 ml volumetric flask and was dissolved and made up 

IV transition metal atoms (1-6), very little with freshly distilled tetrahydrofuran, THF. The solution 
was warmed up to the desired temperature before com- 

kinetic data are available to date for such in- pletely filling a 1 cm silica cell which contained an es& 
sertion reactions into metal-metal bonds. The mated amount of the complex, [x-C5H5Fe(C0)2]2, re- 
kinetics of the insertion reaction of tin(I1) halides quired to give an approximately 2 4  x M solution. 
with hexacarb~ny]bis(tri-n-butyl-phosphine) di- Thecell was tightly stoppered and immediately placed in 

cobalt (7) have been previously investigated. In a thermostated cell holder, making sure that no air 
bubbles were trapped inside. The change in the visible 

this paper we report the kinetic data for the spectrum of the reaction mixture was recorded on a 
thermal insertion reaction of SnC1, and SnBr, Unicam SP800 spectrophotometer, or the decrease in the 
with [x-c,H,Fe(CO),],. optical density at 550 mp was measured with a Gilford 

l-he structure of [ n - ~ , ~ , ~ e ( ~ ~ ) 2  I, in solution 2400 spectrophotometer. The infrared spectrum of the 
reaction products showed no bridging carbonyl fre- has been the Of debate for some time. It is quencies. The slow decomposition of [5r-C,H5Fe(CO)2]z 

now believed that the solution contains cis- in THF was also followed in a similar manner, 
bridged and trans-bridged species in comparable In all cases the reaction solutions were handled so that 
quantities which interconvert rapidly via a non- they were exposed to a minimum of air and light. 

bridged intermediate (8). l-he insertion of  tin(^^) Exposure to air resulted in varying degrees of oxidation 
of the tin(I1) halide and the complex, and hence led to 

into the Fe-Fe bond is substanti- irreproducibility of the kinetics. The rates of the reactions 
ated (1, 2) and X-ray crystallographic studies of were found to  be greatly accelerated during exposure to 
[T~-C ,H ,F~(CO)~] ,S~C~ ,  (9) show that this corn- laboratory light. 
pound is indeed Fe-Sn-Fe bonded. Pseudo first order kinetics were observed in all cases 

with SnBrz and SnCI, and the plots of log (o.d., - o.d.,), 
Experimental and Results where o.d., and o.d., are the optical densities at 550 mp 

Materials at timestand co, respectively, against time were linear for 
All chemicals were purchased from either Alfa In- approximately 50% reaction. The observed pseudo first 

organics Inc. or Fisher Scientific Co. Cyclopentadienyl- order rate constants, kobr, are plotted in Figs. I and2 as a 
iron dicarbonyl dimer, [ x - C ~ H ~ F ~ ( C O ) ~ ] ~ ,  was purified function of the tin(I1) halide concentration. In Fig. 1, the 
by recrystallization from methanol. Anhydrous tin(I1) line drawn through the experimental points is a theoretical 
chloride was prepared by dehydrating the dihydrate with one calculated on the basis of rate parameters derived by 
acetic anhydride (10). Anhydrous tin(I1) bromide was a least-squares treatment (11). 
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FIG. 1. Plot of the observed pseudo first order rate 
constant us. tin(I1) bromide concentration for the thermal 
reaction [ R - C ~ H ~ F ~ ( C O ) ~ ] ~  + SnBrz -> [R-CSH5Fe- 
(CO)?12SnBrz in THF. The curves drawn through the 
expermental points are theoretical lines calculated from 
the rate constants in Table 1. 

Discussion 

Figure 1 shows the variation of the pseudo first 
order rate constant k,,, with the concentration of 
tin(I1) bromide for the thermal reaction of 
[x-C,H,Fe(CO),], with excess SnBr, in THF at 
temperatures as indicated on the curves. It can 
be seen that at low concentrations of SnBr,, 
k,,, increases with increasing concentration, while 
at high concentrations, the rate levels off and 
k,,, becomes independent of the concentration 
of SnBr,. Such behavior is consistent with a two- 
stage mechanism which may be written as follows 

kl kz 
AZ + A2* -+ ABA 

k-1 B 

where A, represents the iron complex dimer 
[n-C,H,Fe(CO),],, and A, * is a reactive inter- 
mediate, produced from A, which can either 
return to A, by a first order process or react with 
B (tin(I1) bromide) by a bimolecular reaction to 
form the insertion product ABA. It is interesting 
to note that no second order contribution to the 

FIG. 2. Plot of  the observed pseudo first order rate 
constant US. tin(I1) chloride concentration for the thermal 
reaction [n-CsHsFe(C0)z]2 + SnC12 ;. [n-C5H5Fe- 
(C0)z]zSnC12 in THF. 

rate was observed as was the case in the sub- 
stituted cobalt carbonyl system (7). 

If B is present in large excess and the con- 
centration of A, * remains small, the steady state 
approximation may be used for the concentration 
of A,*. This yields the rate equation 

Thus at low values of [B], k,,, varies linearly with 
[B] but at high concentrations, k,,, should reach 
a limiting value equal to k,. The test of eq. 1 is 
the plot of Ilk,,, us. l/[B] because [ l ]  can be 
rearranged to give 

This plot should be a straight line with slope 
k-,/k,k, and intercept Ilk,. Figure 3 shows that 
plots of this type for the thermal reaction of 
[K-C,H,Fe(CO),], with SnBr, do fit eq. 2. The 
kinetic parameters together with their standard 
deviations shown in Table 1 were obtained from a 
least-squares treatment of these plots assuming 
equal uncertainties for all values of k,,,. The 
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FIG. 3. Plot showing linear relationship between 
values of Ilkob, and 1/[SnBr2] taken from Fig. 1. The 
straight lines are least-squares plots and lead to the rate 
constants given in Table 1. 

TABLE 1 
Kinetic parameters for the SnBr, thermal reaction* 

- 

Tem- 
perature 

("C) 
k-tlkz 

(mole I-') 

- - 

*The uncertainties are standard deviations: AHl* = 38.0 2 1.0; 
AH-I* - A H 2 9  = 5.4 2 1.4 kcal mole-I; AS1* = 45.5 2 1.5; 
AS-I* - AS2* = 13 2 4calmole-1 deg-I. 

values for activation enthalpies and entropies, 
and their standard deviation were obtained from 
k, and k-,/k, values by means of a weighted 
least-squares treatment (1 1). 

The plots in Fig. 2 indicate that the observed 
pseudo first order rate constants for the SnCl, 
reaction also increase with increasing SnCl, con- 
centration but level off much more slowly than 
in the SnBr, case so that much higher concentra- 
tions of SnCl, would be necessary to reach the 
limiting rate. This type of behavior was also 
noted in the insertion reactions of the substituted 
cobalt carbonyl (7). The non-zero intercepts in 
Fig. 2 may be attributed to simultaneous decom- 
position of [IT-C,H,Fe(CO), 1, caused by traces 
of oxygen present in the THF even though the 
solvent was freshly distilled before use. The 
observed rate constants for the decomposition of 

[IT-C5H5Fe(CO),], in T H F  under the same con- 
ditions as the insertion reactions were estimated 
by independent experiments and found to be of 
the same order of magnitude as the intercepts in 
Fig. 2. Presumably decomposition also occurs in 
the SnBr, reactions but its rate is negligible com- 
pared with the much greater rate of the main 
insertion reaction. 

Because of the very slight curvature of the 
plots in Fig. 2 and the uncertainty in the con- 
tribution due to decomposition, it was not 
possible to obtain reliable values for the limiting 
rate constants k,. However, at low concentrations 
of B, eq. 1 reduces to eq. 3 

and the slope of the near-linear portion of the 
plots in Fig. 2 at low concentrations of SnCl, 
should equal k,k,/k- ,. Assuming that the limit- 
ing rate constants k, are the same as those found 
for the SnBr, reactions, and using the values for 
k,k,/k-, determined from a least-squares treat- 
ment of the kObs us. [SnCI,] plots at SnCl, con- 
centrations up to 0.3 M, the k-,/k, ratios were 
evaluated and are recorded in Table 2. The values 
for the activation enthalpies and entropies and 
their standard deviations were obtained from 
these k- ,/k2 values by means of a weighed least- 
squares treatment. 

Since the dimer [n-C5H5Fe(C0),], exists 
mainly as carbonyl-bridged species 1 in solution, 
it seems reasonable to postulate that a carbonyl- 
bridged species, 2, is formed as the intermediate 
during the insertion reaction similar to inter- 
mediates that have been suggested might be in- 
volved in the reactions of Mn2(CO),o (12) and 
the insertion reactions of the substituted cobalt 
carbonyl system (7). The activation energy re- 

TABLE 2 
Kinetic parameters for the SnC12 

thermal reaction* 
.- 

Tem- 
perature 105klt k-,lk, 

("(2) W 1 )  (mole I-') 

'The uncertainties are standard deviations; AH-1* - 
AH1 * = 8.7 2 1.2 k c a l m ~ l e - ' ; A S - ~  * - AS2 * =342 
4 c d  mole-' deg-'. 
tValues are obtained from the SnBrl thermal reaction at  

50.0, 45.0, and 40.0 "C, and the value for k l  and its 
standard deviation at 55.0 "C are est~mated. 
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quired to break the two carbonyl bridges of the 
dimer 1 has been estimated to be about 13 + 2 
kcal/mole (8). The value of 38 ) 1 kcal/mole for 
AH, * may be reasonably considered to be the 
energy required to break one carbonyl bridged 
bond and an iron-iron bond, so that if the 
energy required to rupture one carbonyl bridge 
is about 6-7 kcal/mole, an estimate of about 32 
kcal/mole can be made for the energy of the 
Fe-Fe bond on the basis of this mechanism. 

The rather large value of AS,* is consistent 
with a mechanism which involves the conversion 

, of the rigid dimer molecule 1 containing a metal- 
I metal bond and two bridging carbonyl groups to 
1 a singly bridged species 2 in which two of the 

links between iron atoms have been broken. I Although the AH, * is greater in the iron case than ' in the cobalt system, this more favorable entropy 
term results in higher values for k, in the iron 
case over the temperatures studied. 

The second step in the proposed mechanism 
can be thought of as involving initially the 
nucleophilic attack of the tin(I1) halide on the 
coordinatively unsaturated iron atom of the inter- 
mediate forming a four-centered transition state 
as depicted in 3. The much lower values ofk- ,/k, 
for the SnBr, reaction compared with the SnC1, 

reaction indicate that k, for the SnBr, reaction 
is much greater than for the SnC1, reaction and 
this is consistent with the expectation that the 
"softer" SnBr, should be more nucleophilic 
towards the metal carbonyl intermediate (13). 
The similarity in the values for AH-, * - AH, * 

for the two reactions however shows that the 
entropy of activation must be the important 
factor in establishing the rate differences and this 
is borne out by the fact that AS,* is about 21 e.u. 
lower for the SnCl, reaction than for the SnBr, 
reaction as calculated From the AS-, * - AS, * 
values. 

Although the data are consistent with, and 
have been interpreted according to a mechanism 
involving a single carbonyl bridged intermediate, 
the structure of this intermediate is by no means 
certain. The formation of a pair of n-C5H5Fe- 
(CO), radicals trapped in a solvent cage as an 
intermediate, similar to the suggestion put for- 
ward for the insertion reactions of [Co(CO),- 
PBu,],, is not inconceivable, but would appear 
to be a higher energy and less favorable pathway 
than that in which only one, rather than both of 
the carbonyl bridges is broken. An intermediate 
formed simply by the rupture of the Fe-Fe bond 
leaving the carbonyl bridges intact would seem 
unreasonable in view of the rather large AS,* 
observed for the reaction. 

The authors are grateful for the assistance of Mr. W. J. 
Perry for performing some of the kinetic experiments, and 
are indebted to the Department of University Affairs of 
the Province of Ontario and the National Research 
Council of Canada for financial support. 
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Structure of thallium amalgams and their reaction with oxygen 

W. T. FOLEY, MASAAKI NEMORI, AND JAMES D. MACNEIL 
Department of C/~ernistry, St. Francis Xavier University, Antigonish, Nova Scoria 

Received' September 17, 1969 

The stoichiometry was determined for the oxide formed by bubbling oxygen through thallium amalgam 
until the wt. % thallium in the amalgam was reduced by about 2%. The composition of the oxide de- 
pended upon the wt.% TI in the amalgam. In the most dilute amalgams the oxide approached the 
formula T1,O and as the wt. % TI increased the oxide became richer in thallium(II1). Between 20 and 
29 wt. % TI the oxide approximated T1,02 and for alloys richer in thallium the oxide became richer in 
thallium(II1). When the wt. % TI in the alloy was 41.0 the ratio of thallium to oxygen in the oxide was 
1.19. It is suggested that the experimental results indicate the existence of shortrange order in the liquid. 

Canadian Journal of Chemistry, 48,  3304 (1970) 

This is a report on an experimental study to 
test the hypothesis that short-range order exists 
in liquid thallium amalgams. There is con- 
siderable evidence to support the view that 
intermetallic compounds retain some of their 
solid-state characteristics on melting (1). The 
equilibrium diagram of the mercury-thallium 
system (2, 3) reveals the existence of an inter- 
mediate phase about the T12Hg, composition 
(28.9 wt.% thallium) and this intermediate phase 
at -79 "C extends from 21.4 to 30.7 wt.% 
thallium and at 0 "C it extends to 33.7 wt.% 
thallium. There are also two eutectics at 8.7 and 
40.5% with temperatures of -59 and 0.6 "C, 
respectively. There is a maximum in the liquidus 
curve of the intermediate phase at 14.5 "C. 

Smallman and Frost (4) made an X-ray investi- 
gation of the structure of liquid mercury and 
liquid mercury-thallium alloys at 17 "C and their 
analysis of the intensity and atomic distribution 
curves indicated a more orderly arrangement of 
the atoms in the liquid at a composition corre- 
sponding to T12Hg, than at any other composi- 
tion. Halder et al. (5) made a complete reinvesti- 
gation of the Hg-TI system at 25 "C by X-ray 
diffraction methods and their findings did not 
confirm the work of Smallman and Frost. 

Ward and Wilson (6) measured the e.m.f. of 
concentration cells of thallium amalgams over a 
range of temperatures and calculated the partial 
molar entropy of solution of thallium, and, from 
the variation of this thermodynamic property, 
they deduced that there was short-range order in 
the liquid at a 'composition close to that of 
T12Hg5. 

Foley et al. (7-9), in studies of mutual and 

'Revision received June 30, 1970. 

tracer diffusion, found that when diffusion co- 
efficients were plotted against mole fraction of 
thallium a minimum occurred at a composition 
corresponding to T12Hg,. Clair et al. (10) have 
made-a calorimetric study of the mercury- 
thallium system at the temperature of the melting 
point of T12Hg,, and they also determined the 
entropy of fusion. They assert that the difference 
between the calculated and measured values of 
the entropy of fusion can be interpreted as 
evidence supporting the existence of short-range 
order in the liquid. 

Addison et al. (1 l), for the systems they studied, 
have found that there exists a direct correlation 
between the liquidus curve for a binary metal 
solution, and the chemical reactivity of the liquid 
mixture, and that large and sudden changes in 
chemical reactivity are predictable from the phase 
diagram. This paper is a report on the reactivity 
of thallium amalgam towards oxygen and the 
relation existing between this reactivity and the 
phase diagram. 

Experimental 
Thallium amalgam was prepared in a manner previ- 

ously described (9). The apparatus used in the oxidation 
studies is shown in Fig. 1. The amalgam was stored in 
flask A until the apparatus had been pumped down to a 
pressure of I mTorr. About 200g of amalgam was 
transferred to the reaction chamber, and oxygen, dried by 
passage through a tower containing anhydrous mag- 
nesium perchlorate, was admitted to the apparatus, 
which was then isolated from the manifold by means of 
the stopcock. The pressure and temperature of the oxygen 
was recorded and then mercury from the levelling bulb 
was permitted to flow into the apparatus. A reversible 
electric motor was used to raise and lower repeatedly the 
levelling bulb, thus forcing the oxygen to bubble through 
the amalgam. 

The oxide which first formed when the oxygen was 
bubbled through the amalgam was cobalt-blue in color 
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FIG. 1. Oxidation apparatus. 

(if this blue oxide were exposed to the laboratory air it 
changed in color to brownish black). However, as  the 
oxidation proceeded beyond the initial stages, the surface 
of the amalgam in the flask became greyish-black in 
color. This surface coat on quiescent amalgam rendered 
the amalgam inert towards further attack by oxygen. In  
the early stages of the addition of oxygen, the gas, 
neglecting that portion of it which reacted with the 
thallium, bubbled through the amalgam, and the bubbling 
sounds could be heard about 30 ft away, but as  time 
went on the bubbling sound was replaced by a feeble 
pulsing sound, and finally the gas passed through the 
mixture of alloy and oxide noiselessly. When the hand 
was placed on the reaction flask only a faint throb could 
be felt as the oxygen was forced through the reaction 
vessel. At this time the reaction between the oxygen and 
the alloy had come to  a virtual halt, and the absolute 
wt.% decrease in the thallium content of the amalgam 
was between 1.5 and 2.0 percentage points. The rate of 
uptake of the oxygen by the amalgam decreased rather 
steadily with time. The reaction time varied from about 
40 h for the concentrated amalnams to  about 70 h for 

products, and for this purpose the reaction vessel was 
removed after about 200 ml of oxygen had reacted, and 
a n  amount of liquid metal which corresponded to  about 
half of the original charge of metal was poured out of the 
vessel and it was readily filtered clean by passage through 
a pin-hole in a filter paper supported in a funnel. The 
remainder of the metal and oxide had to  be scraped from 
the reaction vessel with a spatula and this material was 
somewhat resilient and it could not be filtered through a 
pin-hole. When it was centrifuged for 25 min in a Clay- 
Adams clinical centrifuge a t  4000 r.p.m., there was no 
separation of the oxide from the liquid metal. It was 
concluded that this material was possibly in the colloidal 
state. When this portion of the reaction product was 
stirred while covered with dilute sodium hydroxide, the 
bottom layer became beautifully clean thallium amalgam, 
readily filterable through a pin-hole, and the top aqueous 
layer was rich in thallium (1). 

The extreme difficulty of separating the reactive liquid 
metal from the oxide by physical means made an X-ray 
examination of the oxide a rather formidable task 
especially since the scattering power of thallium is 
virtually the same as  that of mercury. The thallium 
content of the amalgam both before and after oxidation 
was determined by the method of Foley and Osyany (1 I ) ,  
and these data along with the value of the volume of 
oxygen consumed permitted the calculation of the com- 
position of the oxide. 

The procedure adopted was as follows. The oxidation 
was permitted to take place until about 200 ml of oxygen 
were consumed and this corresponded to a change in 
thallium composition of 1.5 to 2.0 percentage points. 
Before a final reading of the temperature and pressure of 
the oxygen was taken, the mercury was restored to the 
levelling bulb. The unreacted oxygen was then pumped 
off. When the stopcock a t  the base of the reaction 
chamber was opened, about half of the amalgam remain- 
ing ran into flask B. The stopcock at  the base of the 
reaction chamber was closed, and the apparatus was 
filled with nitrogen gas. Flask A was replaced by a flask 
containing 1 N NaOH which had been degassed by 
successive freeze-thaws. When the sodium hydroxide 
was added to  the reaction chamber, the amalgam fell to 
the bottom, and with the exception of a few grams, it was 
transferred to flask B. 

The precision of the chemical analysis and of the 
measurement of the volume of oxygen consumed was 
such that the ratio of the number of atoms of thallium to 
oxygen would be reproducible to f 0.03 units. The 
sodium hydroxide solution could permit thallium oxide 
to react with the thallium in the amalgam. Two important 
electrode potentials are 

the dilute amalgams. The heat offormation of thallium(1) 
oxide is -44 kcal and, since the amount of thallium L2] T1(0H)3(s) + 2e- = 20H- T1OH(s) 
oxide formed was less than one hundredth of a mole, Eo = -0.05 V 
cooling of the apparatus was not a problem. The en- 
closure of the apparatus was maintained a t  23 + 1 "C. The potential for reaction 1 is dependent upon the 
When gas pressures were being determined, the tempera- logarithm of the activity of thallium in the amalgam. 
ture was held to within 23 + 0.1 "C. Thus from thermodynamic considerations one would 

Before the actual kinetic experiments were begun some expect that TI(OH),, if it were present, would be unstable 
preliminary observations were made on the reaction in the presence of thallium amalgam. 
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In addition to the possibility of the amalgam reacting 
with the thallium(II1) oxide if present, there is the 
certainty that the thallium amalgam reacts with solutions 
containing dissolved oxygen. 

To determine whether the amalgam reacted with the 
thallium oxide while the sodium hydroxide was present, 
two chemical analyses were performed. The amalgam 
which was withdrawn before the addition of the caustic 
solution was analyzed, and an analysis was made of the 
amalgam that was withdrawn after the addition of the 
base. The difference in concentration of the two samples 
was less than 0.1 wt.% thallium each time. The amalgam 
that was recovered after the addition of the sodium 
hydroxide solution was richer in thallium. A difference in 
thallium concentration of 0.lOwt.X thallium would 
make a difference of no more than 0.05 in the thallium- 
to-oxygen ratio. The fact that the two batches of amalgam 
yielded almost the same analytical result does not pre- 
clude the possibility that the amalgam had reacted with 
the oxide, because at the beginning of the oxidation 
some of the amalgam may have been trapped by the 
dispersing action of the oxide and thus be protected 
from further attack by oxygen. One can presume that 
errors resulting from the interaction of the amalgam and 
the oxide during the separation of the phases are more 
likely to occur with amalgams of high thallium concentra- 
tion and that these errors would tend to inflate the 
calculated value of the ratio of thallium-to-oxygen in the 
oxide product. The experimental results show that the 
highest ratio of thallium-to-oxygen occurred in the oxide 
from the most dilute amalgam. 

There still remained the possibility that some of the 
oxygen was retained by the reaction product by ad- 
sorption. T o  test for adsorption, the residual oxygen at 
the conclusion of an  experiment was allowed to expand 
into an  evacuated flask of known volume which was 
attached at  the place where flask A had been located. 
This procedure was repeated many times until a very low 
pressure of oxygen was reached. The original volume, 
temperature, and pressure of the residual oxygen was 
known. Since the final low pressure of the oxygen agreed 
exactly with the calculated pressure, it was concluded 
that there was no oxygen adsorbed by the reaction 
products. The experimental results obtained are displayed 
in Fig. 2. 

Discussion 

The results indicate that in very dilute amal- 
gams the formula of the oxide approaches a 
limiting value of T1,O. As the amalgam becomes 
richer in thallium the proportion of thallium(I1I) 
in the oxide increases except in the composition 
range between 21 and 29 wt.% thallium in which 
region the formula of the oxide corresponds 
fairly closely to T130,. Thus there is a correlation 
between the reactivity of the alloys and the 
intermediate a phase. The work of Addison and 
co-workers (1, 12) has shown that in the case of 
the reaction of nitrogen with liquid alloy of 
barium and sodium the product changed sharply 
in composition to Ba,N from Ba3N at a 

la I 
0 10 20 30 40 

Weight % Thallium 

FIG. 2. Ratio of thallium to oxygen in oxide as a 
function of amalgam composition. 

composition of the alloy of about 8 atomic % of 
barium. What is remarkable is that there is a 
break at this same composition in the liquidus 
curve of the sodium-barium phase diagram. No 
such abrupt break in oxide composition occurred 
in the mercury-thallium system at compositions 
corresponding to the extremities of the inter- 
mediate phase. It is noteworthy that as the con- 
centration of thallium in the amalgam diminishes, 
the effect of the mercury seems to inactivate two 
of the three thallium electrons. In a study of the 
nitrogen with lithium amalgams (1 3), it is shown 
that as the concentration of lithium diminishes, 
the mercury is able to inactivate the single 
valency electron. Taken together, these results 
have more interest than when taken separately. 

Grateful acknowledgment is made by W. T. Foley of 
the grant-in-aid of research from the National Research 
Council of Canada. 
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Department of Chemistry, University of Waterloo, Waterloo, Otztario 

Received July 2,  1970 

Nuclear spin - lattice relaxation times TI of protons have been measured as a function of concentration 
at room temperature for H20/CD3COCD3 and CH3COCH3/D20 solutions. The results show that TI 
reaches a minimum at - 0.8 mole fraction of water In both solutions. This is interpreted in terms of 
molecular association between water and acetone molecules by hydrogen bonding. 

Theoretical values for (l/Tl),,, and (l/T,),,,., are also calculated from rotational and translational 
correlation times using Stokes' model and the microviscosity model. Comparison with the experimental 
Tl's shows that both models are inadequate to describe the system. 

Contributions to the overall (l/Tl) from (l/T1),., and (l/Tl),,.,, are analyzed. It is found that the 
rotational motion dominated the relaxation process. The use of two different interaction parameters 
h and 11' to describe molecular association is discussed. 

Canadian Journal of Chemistry. 48. 3307 (1970) 

Introduction The present work is an additional proof for 

The study of nuclear spin - lattice relaxation molecular association between water and acetone 

time T, in liquids can provide useful information molecules to a maximum at Con- 
I about motions of molecules in the liquid. As is centrations of about 0.8 mole fraction of water. 
I known, (l/T1) can be written as In fact, Neronov and Drabkin (10) came to the 

same conclusion from their measurement of the 
111  TI) = (~/TI),,I + ( ~ / T I ) I ~ , ~ ,  self-diffusion coefficient of protons in acetone/ 

where (l/T1),,, is the contribution due to random water solutions by the spin-echo method. 

rotational motion and (l/T,),,,ns is the contribu- 
tion due to translational motion of the molecules. Theory 

Separation of these two terms leads to an under- The theory for dipole-dipole relaxation is now 
standing of the nature of the motion of molecules well-understood. Detailed derivations of the 
and the relaxation mechansim. The study of nuclear spin -lattice relaxation time T, with 
molecular association in solution by measuring TI contributions from both the inter- and intra- 
has been demonstrated by Giulotto et al. (1) and molecular dipole-dipole interactions can be 
Murthy and Spence (2). found in literature (3, 4, 11). The intermolecular 

The basic theory of nuclear magnetic relaxation dipole-dipole contribution is mainly due to the 
and interaction of nuclear spins with their relative translational motion of the molecules, 
environment has been well developed (3, 4). while the intramolecular contribution depends on 
Different models have been used to relate TI with the tumbling motion of the molecules or rotation 
the viscosity of liquids (3, 5, 6). Unfortunately, of internal groups of atoms. The expressions used 
none of the proposed models is applicable to all for (l/T,),,, (3, 12) and (l/T,),,ans (3) in this work 
kinds of solutions. In this paper, we only apply are 
Stokes' model and the microviscosity model (5) 
to calculate rotational and translational correla- C21 = +A2y4 C dij-6Tr0, 

tion times. The results will be discussed in a later 
J 

section. 1 ~ N A ~ ~ ~  
Various physical properties of the acetone/ (h)trans = i6 . 7 TtranS 

water solution have been studied (7-10). The 
results show that water and acetone molecules Y is the gyromagnetic ratio, d is the 
interact strongly and as a consequence there are between different spins, a is the molecular radius, 

large deviations from the ideal solution behavior. '101 and 'trans are the and 
correlation times, and N is the number of spins 

'To whom all correspondence should be addressed. per unit volume. 
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The rotational and translational correlation 
times zrot and ztrans can be evaluated by different 
models. zrot is related to the diffusion coefficient 
Dr by 

where 
D, = kT/P 

and p is the "friction drag" constant for rotation 
for a spherical molecule in a viscous medium. 

In Stokes' model, P = 8nqa3, where q is the 
viscosity of the medium. Equation 4 now has the 
following form 

The subscript rot(S) denotes the Stokes' model. 
The microviscosity model developed by Gierer 

and Wirtz (5) has a different value for P ;  it is 
related to the spherical shell of solvent molecules 
with thickness 2r1 surrounding a solute molecule. 

With the above value for P ,  zrOt is expressed by 

The subscript M denotes the microviscosity 
model. 

The translational correlation time z,,,,, is 
defined by 

where 
p = 6nqa 

in Stokes' model and 

in the microviscosity model. This leads to the 
following expressions 

The molecular radius a is evaluated by assuming 
a hexagonal closed-packed structure for the 
solutions, and using the expression 

where No = 6.023 x loz3 mole-' and Vm is the 
molar volume. 

For a binary solution with one perdeuterated 
component, the experimental proton spin - lattice 
relaxation time is given by 

[I23 (1) = (L) 
Tl exp Tl rot 

where x is the mole fraction and R - 0.042 to 
account for the contribution due to the per- 
deuterated molecules. 

Two other models developed by Moniz et al. 
(13) and Hill (6) are not used in this work. The 
model of Hill is only applicable rigorously to 
non-polar liquids. 

Experimental 
The binary solutions were prepared by mixing weighed 

amounts of pure liquids. Doubly distilled H,O was used. 
Deuterated compounds were supplied by Merck, Sharp 
and Dohme of Canada Limited. Spectro grade acetone 
supplied by Eastman Organic Chemicals was used. The 
samples were carefully degassed by a series of freeze- 
pump-thaw cycles. Values of TI were obtained by the 
usual n,n/2 pulse method on a spin-echo spectrometer 
(14) operated at 40 Mc/s at room temperature (-25 "C). 
Experimental error of TI is about 5 %. 

Results and Discussions 

We plot in Figs. 1 and 2 the values of experi- 
mental l /T l  as a function of mole fraction. In 

FIG. 1. Relaxation rates for acetone protons in 
acetone/H20 mixtures as a function of viscosity. 
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TABLE 1 
Physical properties of H20/CD3COCD3 solutions at room temperature (-25 "C) 

Mole fraction 
H2O q* (mP) D, x 105i (s/cm2) dS (g/cc) N x loZ2§  TI)^^^ 1 1  6- ' )  

0.90 11.80 1.74 0.9618 2.38 0.377 
0.80 13.40 1.51 0.9253 1.68 0.422 
0.60 8.85 1.89 0.8744 0.94 0.357 
0.50 6.80 2.22 0.8515 0.66 0.314 
0.40 5.43 2.65 0.8356 0.48 0.299 
0.20 3.72 3.49 0.8065 0.20 0.203 

*For viscosity data, see ref. 8. 
?Self-diffusion coefficient for H20, see ref. 9. 
$Density of the solution, see ref. 7. 
§Spin density, number of spinslunit volume. 
JIPresent work. 

TABLE 2 

Physical properties of CH3COCH3/D20 solutions at room temperature (-25 "C) 

Mole fraction 
CH3COCH3 q* (mP) D, x 1O51 (s/cm2) dS (g/cc) N x lo2'§ (l/Tl)=~p 11 W1) 

0.10 11.85 0.98 0.9603 2.67 0.112 
0.20 13.43 1.08 0.9275 4.29 0.153 

*For viscosity data, see ref. 8. 
?Self-diffusion coeficient for CH3COCH3, see ref. 9. 
$Density of the solution. see ref. 7. 
5 S ~ i n  densitv. number of soinslunit volume. 

TABLE 3 
Comparison of theoretical and experimental relaxation time Tl and molecular interac- 

tion parameters in H20/CD3COCD3 solution 

Mole fraction (l/TIS)* (l/Ti")i (l/Tl)exp Y % tlc§ 

0.90 0.433 0.066 0.377 4.24 3.3590 
0.80 0.456 0.063 0.422 3.79 5.6081 

'Values obtained from Stokes' model. 
?Values obtained from microviscosity model. 
SIntermolecular interaction parameter, see ref. 15. 
$Excess viscosity, see ref, 8. 

the CH3COCH3/D,0 solution, l/Tl reaches a 
maximum at about 0.2 mole fraction of acetone, 
and it varies linearly with the mole fraction of 
acetone in the region from 0.40 to 1.00. In the 
H,0/CD3COCD3 solution, l/T1 varies linearly 
with the mole fraction of H,O from 0.00 to 0.60, 
and a maximum is reached at about 0.80 mole 
fraction of H,O. A plot of l/Tl us. viscosity for 
the CH3COCH3/D,0 solution is shown in Fig. 1. 
It shows that l/Tl is linearly proportional to the 
viscosity q of the solution up to q = 8.5 mP as 

predicted from the B.P.P. equation (3), but 
afterwards it varies non-linearly with viscosity. 

Some physical properties with (l/Tl),,p of 
these two solutions are shown in Tables 1 and 2. 
It is interesting to note that the viscosity q has a 
larger value at -0.80 mole fraction of H,O in 
these two solutions. Self-diffusion coefficient of 
water in H,0/CD3COCD, solution at 0.80 mole 
fraction is also small as compared to values at 
other concentrations. 

The change of l/T1 with mole fraction in these 
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TABLE 4 

Comparison of theoretical and experimental relaxation from T1 and molecular 
interaction parameters in CH3COCH3/D20 solution 

Mole fraction (l/TIS)* (l/TIM)t ( l /T~ )~=p  Y $ rle§ 

0.10 1.394 0.350 0.112 4.19 3.4330 
0.20 1 .587 0.402 0.153 3.85 5.6020 
0.43 0.990 0.257 0.083 1.54 1 .7863 
0.53 0.786 0.206 0.081 0.99 0.6253 
0.63 0.626 0.166 0.074 0.53 -0.1187 
0.81 0.451 0.122 0.069 -0.09 -0.4879 
0.91 0.407 0.111 0.066 -0.03 -0.3189 

*Values obtained from Stokes' model. 
+Values obtained from microviscosity model. 
~lntermolecular interaction parameter, see ref. 15. 
§Excess viscosity, see ref. 8. 

viscosity q e  defined by 

C131 q e  = 11 - C xiqi 
i 

o 16 CH, COCH,/O~O 

'+'mp. - / 
I 

has been used as a measure of the strength of 
0 0 8  - 1 hydrogen bonding formed between components 

I in the solution (8). The subscript i in eq. 13 refers 
0 0 6  ! to the ith component, x i  is the mole fraction, 

interpreted as due to strong molecular association 
between water and acetone molecules. Excess 

0.04 1 1 TABLE 5 
I I 

0 0 0  0 2 0  0.40 0 6 0  0.80 1.00 Calculated rotational and translational correlation times 
Mole Fracllon of CH,COCH, (T x 10-lZ S) for HzO in HzO/CD3COCD3 solutions at 

FIG. 2. Relaxation rates for acetone protons in room temperature (-25 O C ) *  
acetone/DZO mixtures; temperature, -25 "C 

Mole fraction 
Hz0 7 , s ~ ~  ztranSs Ttrans 

M 
TrotS 

Mole Froclfon H20 

FIG. 3. Relaxation rates for water protons in acetone- 
d6/Hz0 mixtures; temperature, -25 "C. 

two solutions is similar to the change of viscosity 
with mole fraction. In fact, the curves plotted in 
Figs. 2 and 3 are similar to the viscosity - mole 
fraction curve in H,0/CH3COCH3 solution in 
ref. 8. The non-linear region in these curves is 

*Superscript S indicates Stokes' model is used; superscript M indi- 
cates microviscosity model is used. 

TABLE 6 

Calculated rotational and translational correlation times 
(T x 10-lZs) for CH3COCH3 in CH3COCH3/Dz0 

solution at room temperature (-25 "C)* 

Mole fraction 
CH3COCH3 GotS  GotM TtranlS 7transM 

*Superscript S indicates Stokes' model is used; superscript M indi- 
cates microviscosity model is used. 
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TABLE 7 
Theoretical values of ( l /Tl) , , ,  and (l/Tl),,.., of protons calculated from different 

models in H20/CD3COCD3 solution* 

Mole fraction 
Hz0 ( 1  /Tls)rot (I/Tt")rot (I/T~~)trans ( I / T I ~ ) ~ ~ = " ~  

'Superscript S indicates values calculated from Stokes' model; superscript M indicates values 
calculated from microviscosity model. 

TABLE 8 

Theoretical values of (I/Tl), , ,  and (I/Tl),,,,, of protons calculated from different 
models in CH3COCH3/D20 solution* 

Mole fraction 
CH3COCH3 (1  TI^)^^^ (l/Tlhl)rot ( 1  /TlS)trans (1/TlM)trans 

'Superscript S indicates values calculated from Stokes' model; superscript M indicates values 
calculated from microviscosity model. 

q i  is the viscosity of the ith component when it is 
pure. Large positive value of qe indicates strong 
hydrogen bonding formation, and this is true for 
the acetonelwater solution in the region that 
corresponds to 0.6 -- 1 .OO mole fraction of H20.  
Calculated values of qe are listed in Tables 3 and 4. 

Another intermolecular interaction parameter 
y was suggested by Grunberg and Nissan (15). 
For a binary solution, it is defined by the 
expression 

[14] Inq  = X l l n q l  + X21nq2 + XlX2y 

y is proportional to wIRT where w is the inter- 
change energy. Values of y are also listed in 
Tables 3 and 4. It seems that y is not a proper 
measure of the strength of intermolecular inter- 
action between two different components in the 
solution. 

Reduction in the translational mobility of 
molecules can also serve as a measure of the 
degree of molecular association. Neronov and 
Drabkin (10) measured self-diffusion coefficients 
in acetonelwater solution by the proton spin-echo 
method. They found a minimum for the proton 
self-diffusion coefficient corresponding to a con- 
centration of about 0.80 mole fraction of water. 

They indicated that this was due to molecular 
association. The mobilities of molecules of 
different types approached one another in value. 
The reduction in the translational mobility due 
to molecular association is also reflected by the 
calculated correlation times as shown in Tables 5 
and 6. Both the rotational and translational 
correlation times in the region corresponding to 
maximum molecular association are larger than 
values at other concentrations. This is clearly due 
to the reduction of mobilities of molecules by 
molecular association, resulting in the correlation 
times for the translational and rotational motion 
of the molecules increasing in value. 

Tables 7 and 8 show the calculated (l/T,),,, 
and (l/Tl)tr,ns from the Stokes' model and the 
micro viscosity model. (l/T,)rot is much larger 

TABLE 9 

Relaxation times from extrapolation 

Compound T I  TlrOt 

- 
'Reference 16. 
?Theoretical value, ref. 17. 
$Reference 18. 
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than (l/T1),,,,, and contributes a major part to 
the overall l/Tl. Contribution from the inter- 
molecular dipole-dipole interaction is small in 
the region of molecular association. Values of 
calculated l/Tl from these two models are also 
shown in Tables 3 and 4 and compared with the 
experimental results. Both models are inadequate 
to describe the motions of molecules in the binary 
solution but molecular association is clearly 
illustrated. TI and (TI),,, for water and acetone 
obtained by extrapolation are shown in Table 9 
and they are in good agreement with literature 
values. 

This research was supported by the National Research 
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Kinetics of the pyrolysis of propylene. Part II 

M. SIMON AND M. H. BACK 
Chemistry Department, University of Ottawa, Ottawa, Canada 

Received June 5, 1970 

Analysis of the products of the pyrolysis of propylene in the initial stages shows that products of 
molecular weight up to C9 are primary products of major significance below about 850 "K and above 
about 200 Torr. As these products accumulate in the system, their dissociation causes secondary 
initiation and a rapid increase in pressure. Measurements of the initial rate of decrease in pressure and 
of the final maximum rate of increase in pressure of the reaction are consistent with this interpretation 
of the mechanism. 
Canadian Journal of Chemistry, 48, 3313 (1970) 

Introduction 
In Part I of this study of the pyrolysis of 

propylene (1) a mechanism for the reaction was 
proposed in which two main features were empha- 
sized. The first was the bimolecular initiation step 

2C3H6 -t C3H5 + C3H7 

which was deduced from the order and activation 
energy of the rate of formation of the main 

, products. The second was the formation of 
primary products of molecular weight higher than 

I C6 in the initial stages of the reaction. At tem- ' peratures below about 850 OK the pressure change 
calculated from the products measured, which 
did not include compounds of molecular weight 
greater than C6, was significantly smaller than 
that actually measured, both in the initial and in 
the later stages of the reaction. The mechanism 
was therefore formulated to allow for the initial 
production of these "polymers". The significance 
of the formation of these polymers was that they 
were the unstable intermediates responsible for 
the observed induction period of the over-all 
rate. The increase in rate after the short induction 
period was caused by the secondary initiation 
provided by the decomposition of these polymers. 
Analysis of these products was not attempted 
with the technique described in Part I but now a 
qualitative analysis using a slightly modified 
technicwe has confirmed their vresence and the 

this region are likely to be complex, considering 
the suggestion that initiation is largely from 
secondary dissociation of products and measure- 
ments of the initial pressure change seemed 
essential to the understanding of the mechanism. 
To do this the pyrolysis was studied in a lower 
temperature region where the induction period is 
longer and the initial decrease in pressure is 
measurable. 

In their discussion of the pyrolysis of propylene, 
Amano and Uchiyama (5) defined zones of 
polymerization and decomposition on a pressure- 
temperature diagram separated by a curve corre- 
sponding to the equivalence of the two rates 

C3HS + C3H6 -t Polymer + H 

C3HS -t C3H4 + H 

Our studies concur with this general view and 
attempt to describe the polymerization rate more 
specifically in terms of elementary rates and to 
show its dependence on conditions of temperature 
and pressure. 

Experimental 
Analysis 

The apparatus and procedure have been described in 
Part I. To collect the products of molecular weight higher 
than C6 the reaction vessel was modified to be detachable 
and after filling with propylene was sealed off under 
vacuum. After the appropriate reaction time the vessel 
was removed from the furnace and a small side finger 
was immersed in liquid nitrogen. After all the con- 

results *are reported in the presint paper. densable products had condensed in this small tube the 

M~~~ studies of the pressure change accom- vessel was opened, and the total amount of liquid 
collected (a few microliters) was injected into the gas 

panying the pyrolysis of propylene have been chromatograph for analysis. It was assumed that this 
made in the temperature range 820-910 OK and sample contained all the products of molecular weight 
at pressures between 50 and 500 Torr (24) .  All greater than CS, but the error introduced by this as- 

these studies reported a sigmoidal form of sumption was probably quite large, and may be the main 
source of the scatter observed in the yields of the products. pressure-time curve and measurements were A 3-ft column of silica gel and alumina programmed at 

I made at the point of I-naximum rate after the 7.s0/min up to 250 "C separated the products according 
induction period. The kinetics of the reaction in to carbon number. For further separation the peaks were 
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Peak number 1 2 3 4 5 6 7 8 9 
a b  a b 

Carban number % Cj C4 C5 C6 C, C7 C9 

FIG. 1 Typical analysis chromatogram showing the separation of the.products obtained on the silica gel column. 

collected and analyzed isothermally on a 9-ft column of 
30% tricresyl phosphate on Chromosorb P. Finally, the 
mass spectrum of each peak was measured. 

Pressure Meastlrements 
The pressure was measured with a Texas Instrument 

fused quartz spiral gauge Model 145. The sensitivity of 
the gauge was 2.58 Torrtdeg. The position of the spiral 
could be estimated to 0.001" so that the instrument was 
capable of detecting changes in pressure of about 0.003 
Torr. The temperature of the reaction vessel was recorded 
as the pressure measurements were made and corrections 
made accordingly. The volume of the gauge and connect- 
ing tubing was determined by measuring the change in 
pressure of a n  inert gas as the temperature of the reaction 
vessel was changed. The correction to the observed 
pressure change from this factor was 28 %. The reaction 
vessel was connected to  the apparatus with a Hoke 
stainless steel diaphragm seal valve which eliminated loss 
of propylene through absorption in stopcock grease. The 
scatter in the data gave an error of about 5 % in any one 
determination of the initial rate, but the reproducibility 
was only about 30% a t  temperatures up to about 800 OK. 

At temperatures higher than 820 "K the initial decrease in 
pressure was too small to measure with confidence. The 
reproducibility of the maximum rate was about 20% at 
800 "K but the error became much less at higher 
temperatures. 

Results 
Analysis 

A typical chromatogram is shown in Fig. I 
with the carbon number indicated for each peak. 

Peaks numbered 6 and 7 each gave two main 
peaks when analyzed on the tricresyl phosphate 
column (as also shown from the silica gel 
column), while peak number 8 gave only one 
main peak. Each of these peaks, of course, may 
contain more than one isomer. Complete analysis 
of the higher molecular weight compounds was 
not attempted since the number of possible 
isomers is very large. Nevertheless the mass 
spectra of these peaks established the molecular 
weight and gave indication of the most probable 
constituents. These are listed in Table 1. The total 
yield of C, products (excepting toluene) was 
about half the total yield of C, products, while 

TABLE 1 

Peak number Molecular 
(from Fig. 1) formula 

Most probable 
constituents 

4-Methyl-2-hexyne 
I-Heptyne 
Benzene 
I-Methylcyclohexene 
4-Methylcyclohexene 
3-Methylcyclohexene 
Toluene 
cis-Hexahydroindan 
3,3,5-Trimethylcyclohexene 
cis-Cyclononene 
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SIMON AND BACK: KINETICS O F  THE PYROLYSIS OF PROPYLENE. PART I1 

the yield of C, products was about 115. These 
estimates are approximate and are based on peak 
height only. The analysis was not sufficiently 
accurate to calculate a pressure-time curve and 
pressure measurements were, in any case, not 
made under the same conditions as the analysis. 
I t  can be concluded only that the amounts of 
products of molecular weight higher than C, are 
roughly what was expected from the pressure 
measurements and the analysis under other 
conditions. 

The ratios of the yields of products of mol- 
ecular weight higher than C, to the total yield of 
C, products were obtained from the peak 
heights observed from the temperature-pro- 
grammed analysis on the silica gel - alumina 
column. The ratios of peaks number 6a, 7a, and 
8 to the total C, product were, within the errors 
involved, constant with time, showing these 
products to be primary. The benzene and toluene 
appeared to be secondary. The yield of the C, 
products approached a maximum value at  fairly 
short reaction times. These higher molecular 
weight products thus appear less stable than the 
lighter products. 

Pressure Measurements 
At each temperature except the highest (873 OK) 

the pressure decreased initially, went through a 
minimum value and then increased, eventually 
reaching a constant rate. Typical pressure-time 
curves are shown in Fig. 2. The initial rate of 
pressure decrease became greater as the tem- 
perature was increased and the minimum value 
occurred a t  shorter reaction times. Consequently, 
the initial rate became more difficult to measure 
as the temperature was increased and was un- 
reliable above about 810 OK. At the lowest tem- 
perature studied, 743 OK, the reaction was not 
allowed to proceed for a time sufficient to observe 
the maximum rate. Both initial and maximum 
rates could be measured only at  temperatures 
between 783 and 803 OK. 

The initial rate of przssure decrease, R,, was 
second order in propylene. At temperatures 
below 783 OK the order increased at  lower pres- 
sures. Typical results are shown in Fig. 3. The 
maximum rate of pressure increase, R,, was 
approximately equal to the initial rate a t  pressures 
above about 400 Torr, but was greater than the 
initial rate at  lower pressures. Figure 3 shows this 
behavior a t  793 OK. At higher temperatures the 

-71 I 
500 1000 1500 2000  2500 

TIME (s) 

FIG. 2. Pressure-time curves. Initial pressure of 
propylene 600 Torr. 

maximum rate was of 1.5 order, in agreement 
with previous measurements. Values of the initial 
and maximum rates a t  high pressures are given 
in Table 2. 

Discussion 

The analysis confirms the conclusion reached 
in Par t  I ,  from the measurement of the pressure 
changes accompanying the reaction, that primary 
products of molecular weight higher than C6 are 
formed in the pyrolysis of propylene. The follow- 
ing reactions represent the framework of the 
mechanism in the initial stages of the pyrolysis 
but do  not include many of the decompositions 
and isomerizations that occur. These reactions 
emphasize the features mentioned in the Intro- 
duction and do not attempt to account for the 
formation of all the products. 

I 2C3H6 -> C3H5 + C3H7 

[2 1 C3H7 + C3H6 -> C3Hs + C3Hs 

[3 1 C3H7 + C3H6 -> csH13 

[41 C3H7 -> CH3 + C2H4 

[5 I C3H5 f C3H6 -> C6Hii 

[61 CsHii + C3H6 -> C6Hlo + C3H7 
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By continuing addition and abstraction reactions 
starting with the allyl and propyl radicals the 
compounds of molecular weight C, and higher 
in multiples of three may be formed as primary 
products. There is some indirect evidence to 
suggest that the higher molecular weight com- 
pounds are formed mainly from the chain 
propagated by allyl radicals and that the lower 
molecular weight compounds arise from reactions 
of the propyl radicals. Since the higher radicals 
are increasingly unstable their decomposition 

log P ( T o r r )  

FIG. 3. Logarithm of the initial rate and of the 
maximum rate as a function of the logarithm of the initial 
pressure. a, R,; 0, RI at 793 OK; A, Rl at 783 OK. 

TABLE 2 
Comparison of initial and maximum rates 

T Pressure RI Rm 
("K) (Torr) (Torr/s x lo3) (Torr/s x lo3) 

reactions will compete with further addition 
reactions, thus limiting the molecular weight of 
the products and providing a mechanism for 
formation of products with carbon number other 
than a multiple of three. 

The rate of change of pressure was almost un- 
affected by changing the surface/volume ratio by 
a factor of 8.5. Nevertheless the rates of forma- 
tion of several of the products were considerably 
increased when the reaction occurred in the 
packed vessel (1). The reactions occurring on the 
surface must be those which form both low and 
high molecular weight products with the result 
that the net pressure change observed in the 
packed vessel is very similar to that observed in 
the unpacked vessel. The results of this study do 
not provide sufficient evidence to decide which 
reactions might be heterogeneous but they do 
illustrate that pressure measurements alone can- 
not provide a basis for testing the homogeneity of 
a reaction. 

The formation of products of molecular weight 
higher than C, causes a decrease in pressure 
according to the following stoichiometry 

[l 1 ] - dP/dt = 4 Rate C, + 3 Rate C, 
+ Rate C, + 4 Rate C7 + 3 Rate C, 

+ 2 Rate C, 

These products will subsequently be referred to 
as polymers. At low temperatures the initial rates 
of formation of C, and C, products other than 
cyclopentadiene were smaller and the initial de- 
crease in pressure may therefore be expressed as 

[12] - (dP/dt), = Rate(Polymers), 
= f (Rate C,), 

where f is a constant greater than one which takes 
into account the formation of cyclopentadiene 
and the primary products of molecular weight 
higher than C,. 

The formation of products of molecular weight 
smaller than C, causes an increase in pressure. 
Such products were almost entirely methane and 
ethylene and since these were formed in almost 
equivalent amounts the increase in pressure may 
be described as follows, 

[I31 +dP/dt = 4 Rate (CH, + C,H,) 

The initial change in pressure observed as the 
reaction proceeds may thus be expressed as 
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[I41 (dP/dt)i = f Rate (CH, + C2H4)i 
- f (Rate C6)i 

If the rate of formation of polymer exceeds that 
of the lower molecular weight products then a 
decrease in pressure is observed. 

Equations I I and 13 represent a consideration 
of the carbon stoichiometry only. Provided mol- 
ecular hydrogen is not formed, and the measured 
yields were very small, it is not necessary to con- 
sider the fate of the hydrogen. Products rich in 
hydrogen, with respect to propylene, are balanced 
by products deficient in hydrogen, and although 
these are not all identified the pressure measure- 
ment represents the sum of the moles of each. 

In Part I it was shown that the initial rate of 
formation of the C, products was close to the 
rate of the initiation reaction and it was concluded 
that the mechanism did not involve a long chain 
process. If all the ally1 and propyl radicals formed 
C, products by reactions such as 3, 6, and 7, the 
initial rate of formation of C, products would 
equal 2k1(C3H6)'. Some of the propyl radicals 
dissociate to yield lighter products, making the 
constant less than 2, and some of the C, radicals 
react to form higher molecular weight products, 
making the constant greater than 2. Furthermore 
some of the C, products may be formed by com- 
bination of C, radicals. If all the C, products 
were formed in this way their rate of formation 
would equal k,(C,H,)'. Therefore, a reasonable 
expression for the initial rate of formation of C, 
products is 

[151 (Rate C6)i = a k , ( ~ , ~ , ) '  

where a lies between 1 and 2 and k, is the rate 
constant for the initiation reaction. A fraction of 
the propyl radicals, P = k,/[k, + (k, + k3)- 
(C3H6)] decompose to yield methane and ethyl- 
ene so that the initial rate of formation of meth- 
ane and ethylene may be written as Pk,(C,H,)'. 
The initial rate of change of pressure may be 
expressed as 

where p includes the factor of 112 from eq. 14, 
At low temperatures the pressure decreased ini- 
tially, showing that the fraction P is smaller than 
the product a .  The initial rate of decrease of 
pressure was second order at high pressures but 

at lower initial pressures of propylene and lower 
temperatures this rate fell below the rate projected 
from the second-order region (Fig. 3). The frac- 
tion of product formed of molecular weight 
higher than C, is very likely a function of pres- 
sure and if this fraction becomes smaller at lower 
pressures the rate of decrease of pressure will be 
proportionately smaller. The analyses of the, 
higher molecular weight products were not exten- 
sive enough to show this effect but such an as- 
sumption appears reasonable. 

The activation energy of the initial rate was 
35 kcal/mole. This is considerably less than the 
temperature coefficient of k, and indicates that 
the constants p, a ,  and f must be temperature 
dependent. Both f and ci are measures of the 
extent of formation of products of molecular 
weight greater than C, and areinversely related to 
each other. Their individual effects will largely 
cancel. The factor P, although not large, will in- 
crease with temperature, having an activation 
energy of at most 32 kcal/mole (6). This factor 
acts in the opposite direction to k, which causes 
the initial pressure decrease to become larger as 
the temperature is increased. Thus the observed 
temperature coefficient for the initial rate of pres- 
sure decrease would be expected to be between the 
activation energy for k,, 52 kcal/mole, and the 
difference between the activation energy for k,  
and fork,, about 20 kcal/mole. The fact that the 
observed temperature coefficient was 35 kcal/ 
mole shows that a considerable fraction of propyl 
radicals dissociate to yield lighter products. 

As the higher molecular weight products accu- 
mulate in the system they begin to decompose and 
yield a variety of new products. The main prod- 
ucts whose rate increases rapidly in this region are 
methane and ethylene. If the rate of initiation 
remains sufficiently fast to keep the chain length 
very short the rates of formation of methane and 
ethylene may be set equal to the rate of decom- 
position of the polymers. 

[17] Rate (CH, + C2H4) = kd(C6) 

+ kd1(C7) + kd11(C9) 

where kd is the rate constant for dissociation. For 
simplicity this sum may be represented as follows 

[I81 Rate (CH, + C2H4) = gkd(C6) 

where g is a constant, since the kinetic character- 
istics of the higher primary products are probably 
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similar. The total rate of formation of methane 
and ethylene is therefore the sum of this rate and 
the initial rate. 

[19] Rate (CH, + C2H4) = Pkl(C3H6)2 
+ gkd(c6) 

The rate of formation of polymer may be written 
as 

[20] Rate (Polymer) = U ~ ~ , ( C , H , ) ~  - gkd(C6) 

The rate of change of pressure may thus be 
expressed as 

where the concentration of polymer products is 
the only variable with time. The rate of change of 
C6 and higher molecular weight products with 
time is equal to their initial rate of formation, eqs. 
12, 15, minus their rate of dissociation, eq. 17. 

and the concentration at any time is 

initiation is important is still essentially a radical 
non-chain reaction. If the chain length in the 
region of maximum rate is greater than in the 
initial stages then the maximum rate will be 
greater than the initial rate by the extent of this 
difference. Changes in the rate of initiation would 
affect both initial and maximum rates in the 
same way but the main propagation steps in each 
region will not be the same, and if these change 
with pressure in different ways the chain length 
would be different in the two regions. 

It seems, therefore, that the maximum rate may 
very likely be greater than the initial rate and 
only where the simplest mechanism applies will 
they be similar. The increase in the maximum rate 
relative to the initial rate as the pressure is 
lowered causes the observed order of the maxi- 
mum rate to be considerably lower than the order 
of the initial rate. From the present measurements 
the order of the maximum rate was close to 1.5, 
in agreement with previous measurements. It is 
apparent from the results of this study that this 
measured order does not allow deductions about 

P I  (C6) = (~fk,/gk.J(C,H,)~ - e-gkdtl the initiation and termination steps of the re- . - - - - . . 

action. The fact that the initial and maximum The rate of change of pressure therefore becomes rates are similar at hiah Dressures shows that the - A 

[24] dP/dt = k,(C,H,)' [2u f (1 - e-gkd3 mechanism in the region of maximum pressure 
increase is a radical reaction of very short chain 

- + length and not, as previously supposed, a very 
In the initial stages of the reaction, when t is long chain reaction. Only in the lower pressure 

small, region does the chain length become appreciable. 

which is identical to eq. 16. At long reaction time 
when the steady state concentration of polymers 
is attained and the rate is a maximum, 

[261 dPldt = (P + ~ t f ) k ~ ( C , H ~ ) ~  

If p is small compared to uf the maximum rate 
will be equal to the initial rate but opposite in 
sign. Figure 3 and Table 2 show that the initial 
and maximum rates are close at high pressures 
but that the maximum is greater than the initial 
rate at low pressures. 

There are several factors which could cause the 
maximum rate to exceed the initial rate. First, the 
decomposition of the propyl radical would likely 
become more important relative to its other 
reactions at low pressures. This would increase P 
relative touf. Secondly, the assumption was made 
that the reaction in the region where secondary 

At the minimum in the pressure, where the rate 
of change of pressure is zero, 

[27 I (uf + +)/2uf = e-"dt 

In the region where the initial and maximum 
rates are equal, where P is small compared to cif, 

[28 1 gk, = In 2/t 

Measurements of the time at which dP/dt = 0 
will give gk,. This rate constant was found to 
increase as the pressure was lowered but ap- 
proached a constant value at the higher pressures. 
This increase in gk,, or decrease in t(min), at low 
pressures is the result of the increase in the maxi- 
mum rate relative to the initial rate, since eq. 28 
holds only where Ri = R,. An Arrhenius plot of 
gk, is given in Fig. 4. The expression for gk, 
obtained from this graph is 

gkd = 1 1015 e-66000 /RTS-1  
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position of propylene in the temperature range 
740-850 OK and the pressure range 100-600 Torr 
is a radical reaction of very short chain length. 
lnitiation occurs bv the bimolecular reaction of 
propylene to give propyl and ally1 radicals. Addi- 
tion of the radicals to propylene gives primary 
products of molecular weight as high as C,, 
causing the pressure in the system to decrease in 
the initial stages. As these products accumulate 
in the system their rate of decomposition be- 
comes com~arable to the rate of initiation bv 
propylene and secondary initiation occurs. This 
secondary initiation yields methane and ethylene 
as the major products and consequently an in- 

\ crease in pressure is observed in the later stages 
of the reaction. 

The authors thank the National Research Council of 
I I I I Canada for generous financial assistance. 
120 1 25 1 30 1 35 

lo3/ T (OK-I) I. M. SIMON and M. H. BACK. Can. J. Chern. 48, 317 
FIG. 4. Arrhenius plot of kd. (1970). 

2. K. U. INGOLD and F. J. STUBBS. J. Chem. Soc. 1749 
I (1951). 

I This is a reasonable value for the rate of dissocia- 3. K. J. LAIDLER and B. W. WOJCIECHOWSKI. Proc. 
Roy. Soc. Ser. A. 259, 257 (1960). 

I of a high weight 'Iefin? in 4. A. S. KALLEND, J. H. PURNELL, and B. C. SHURLOCK. 
mind that the factor g is greater than one. The PKOC. ROY. SOC. Set. A. 300, 120 (1967). I 

parameters are, however, only approximate since 5. A. AMANO and M. UCHIYAMA. J. Phys. Chem. 68, 
1133 (1964). 

I the factor g is and may be a 6. M. C. Lm and K. J. LAIDLER. Can. J. Chern. 44, 
function of temperature. 2927 (1966). 

I In summary, the polymerization and decom- 
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Liquid phase photolysis of cyclobutanone' 

R. F. KLEMM 
Research Council of Alberta, Edmonton 7 ,  Alberta 

Received May 4, 1970 

The photolysis of cyclobutanone has been examined at 3260,3130, and 2537 A in a variety of solvents 
and as a pure liquid. Both decarbonylation and photocleavage to C2H4 and CH,CO occur with sub- 
stantial yield in a manner which appears to be somewhat at variance with the currently accepted gas 
phase mechanism. While C2H,/(cyclopropane + propylene) is relatively insensitive to photon energy, 
there is a significant wavelength dependence in the rate of propylene formation suggesting that the 
photoreactions of cyclobutanone occur at rates comparable with relaxation times in solution. 

Canadian Journal of Chemistry, 48,3320 (1970) 

The mechanism of the gas phase photolysis of in the gas phase, then one would anticipate 
cyclobutanone (CB) has received considerable ethylene formation to be efficiently quenched in 
attention (1). In the wavelength region 3130- the liquid while the decomposition of (TI)* 
2500 A it is currently accepted that decarbonyla- would depend on the relative rates of decom- 
tion occurs after intersystem crossing to the position and quenching of T, by the solvent. It 
n,n* triplet (T,). Adiabatic internal conversion was on the basis of these considerations that the 
converts the remainder of the initially formed present investigation was begun. 
n,n* singlet (S,) to the excited ground singlet, 
which then yields the same products as observed 
in primarily ethylene and ketene. 
Formation of C2H4 and ketene are reduced by 
collisional quenching particularly at long wave- 
lengths. The rates of intersystem crossing (isc), 
internal conversion (ic), and decomposition are 
of such magnitude as to preclude the observation 
of fluorescence or phosphorescence in the gas 
phase (2, 3). This interpretation is illustrated by 
eq. 1, where the asterisk denotes vibrational 
excitation. 

Since no study has been reported of the liquid 
phase photolysis of CB other than that of Turro 
and Southam (4) dealing with various photo- 
induced ring expansions, it was of interest to 
compare the photolytic behavior of CB in solu- 
tion with that in the vapor. If indeed C2H4 and 
ketene arise from a hot ground state molecule, as 

lcontribution No. 497 from. the Research Council of 
Alberta, Edmonton, Alberta. 

Results and Discussion 

Our concern was primarily with ethylene, 
propylene, and cyclopropane as a function of 
system variables. Ketene was noted as an inter- 
fering gas chromatography peak in preliminary 
work, but was irreversibly absorbed by the 
squalane column routinely employed. It is a 
product which has been confirmed as methyl 
acetate by Turro and Southam (4). Up to ap- 
proximately 10% reaction in heptane g.c. analysis 
failed to reveal any products other than those 
mentioned above. Moreover, up to 1% reaction 
the yields of these products were found to increase 
linearly with irradiation time (as shown in Fig. 1) 
implying that they are formed directly from CB. 
All subsequent data were obtained under these 
conditions of linear yield. In Table 1 quantum 
yield data are presented for the formation of 
ethylene and cyclopropane in a variety of solvents 
at 3130 A. Propylene was also observed and 
found to be approximately 0.6% of the cyclo- 
propane in all solvents at 3130 A. The first four 
solvents are of similar low dielectric strength but 
increasing strength as Lewis bases. The other 
solvents were chosen either because they illus- 
trated a range of polarities or because of their 
diagnostic sensitivity toward triplet species (1,3- 
cyclohexadiene, piperylene, iso-propanol(5-9)). 

The quantum yields in Table 1 have been 
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KLEMM: PHOTOLYSIS OF CYCLOBUTANONE 

TABLE 1 

Solvent dependence of product yields at 3130 A; all solutions 0.25 M in CB 
- 

3130 A 

Solvent 

- .  

cyclopropane 
+ propylene (~c,H, (bcyclopropans $TOTAL 

n-Heptane 1.3 0.1S5 0. 145 0.33 
c-Hexane 1.4 0. Is5 0.13 0.32 
Benzene 1.S5 0.1S5 0.10 0.28 
1,4-Dioxane 2.2 0.18 0.08 0.26 
1,3-Cyclohexadiene 1.6, 0.094 0.056 0.15 
Piperylene 1 .45 0.17 0.12 0.29 
t-Butanol 1.7 0.17 0.10 0.27 
i-Propanol 1.7 0.18 0.11 0.29 
Methanol l.S5 0. 145 0.08 0.22 
Acetonitrile 2.1 0.18 0.085 0.26 

0 20  4 0  b 0  8 0  100 120 

T I M E  ( M I N J  

FIG. 1. C2H4 and cyclopropane yields as a function 
of irradiation time. 3130 A, 0.25 M CB in n-heptane. 

measured relative to a quantum yield for the 
disappearance of 2-hexanone equal to  0.33 mole/ 
Einstein (9) and therefore are of uncertain 
reliability; they do establish an order of magni- 
tude which indicates the liquid phase photolysis 
to  be a non-trivial process. The error limits on 
the relative rates of product formation among the 
various solvent systems are & 5%, while values of 
ethylene/(cyclopropane + propylene) have an 
error of f 3%. The error in cyclopropane/ 
propylene may be larger in those cases where the 

amount of propylene is small compared with 
cyclopropane. 

The effect of photon energy on the quantities 
C,H,/(cyclopropane + propylene) and cyclo- 
propane/propylene are given in Table 2 a for 
0.25 M CB in n -he~ tane .~  Included in this table 
is an experiment wherein an n-heptane solution 
1.3 Min benzene and 0.05 Min  CB was irradiated. 
at 2537 A. These data are taken to represent 
photosensitized decomposition of CB by singlet 
benzene. A value of cyclopropane/propylene 
close to that obtained by direct photolysis at 
2537 A tends to act as internal confirmation of 
this supposition. Normally all experiments were 
conducted in 12 mm i.d. Pyrex or quartz cells. 
However, preliminary experiments were carried 
out in 2 mm i.d. tubes where values of C2H4/ 
(cyclopropane + propylene) were consistently 
10% higher than those from the larger cells. 
Because of a limited supply of cyclobutanone the 
data in Table 2b were obtained from the smaller 
tubes and for that reason are likely high by 10% 
relative'to all other values of this parameter 
reported here. While solutions of CB in benzene, 
cyclohexadiene, and piperylene were always de- 
gassed, for the remaining solvents the same 
results could be obtained from either aerated or 
thoroughly degassed solutions. 

It is apparent that both decomposition reac- 
tions proceed with high yield in all solvents. In 
view of the rapid vibrational quenching in solu- 
tion it is inconceivable that significant amounts 

'In solution at 3260 A Hemminger et al. (lb) report a 
value of 1.25 for C2H4/cyclopropane, supporting the 
figure we report in Table 2 a. 
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TABLE 2 

Energy dependence of CzH4/(cyclopropane + propylene) and cyclopropane/propylene; 
(a) 0.25 M CB in n-heptane; (6)  CB neat 

a b 

C2H4 C2H4 
cyclopropane cyclopropane cyclopropane cyclopropane - 
+ propylene propylene + propylene propylene 

3130 A (91 kEal jmiiij 
*Benzene sensitization at 2537 A 
2537 A (1 12 kcal/mole) 

'1.3 M Benz-nc, 0.05 M CB in n-hcptanc. 

of ethylene and ketene could be formed (as in the 
gas phase photolysis) via the vibrationally excited 
ground singlet state. Hence another route to 
ethylene must be open to CB (S,) in solution. 

The following arguments furthermore suggest 
neither set of products originate from a species 
which could be described as the CB (TI) proposed 
to participate in the gas phase photolysis. The 
rate of ethylene production (Table 1) is i i -  
dependent of the solvent with the exception of 
methanol, in which solvent Turro and Southam 
report (and we confirm) 8% of the total photo- 
reaction of CB involves reaction with methanol 
leading to ci-methoxy tetrahydrofuran (4). Al- 
though the cyclohexadiene was carefully purified 
by preparative gas chromatography, it still ab- 
sorbed close to 50% of the incident light at 
3130A with a 12mm i.d. cell, supporting a 
similar experience reported by Schenk et al. (10). 
Correcting the quantum yields for C2H4 and 
cyclopropane to account for this would give 
product yields in accord with the other systems. 
Thus neither the rate of C2H4 production nor 
that of cyclopropane changes in any discon- 
tinuous way in those solvents normally considered 
efficient triplet quenchers, namely cyclohexa- 
diene, piperylene, and isopropanol. Additionally, 
no trans-piperylene was observed when the sol- 
vent was cis-piperylene, nor was there evidence 
of acetone or cyclobutanol in the solvent iso- 
propanol (7). It has been shown (11) that the 
quantum yield for the photosensitized dimeriza- 
tion of cyclohexadiene is 1.0 and that a constant 
3 : 1 :1 ratio of possible cyclohexadiene dimers is 
obtained as long as the sensitizer triplet energy is 
greater than 53 kcal/mole which most certainly 
is the case for CB. The above dimer ratio was not 
obtained when CB was photolyzed in cyclo- 
hexadiene, and the dimers observed proved to be 
characteristic of the direct photolysis of cyclo- 

hexadiene, concurring with the results of Schenk 
el al. (10). Attempts to sensitize the formation of 
CB (T,) using acetone as donor also failed. In 
this case an acetone triplet energy of 78 kcal/mole 
and a value of 75 kcal/mole for CB(T,) were 
used (12). On the basis of these values and the 
quantitative (I$,, = 1.0) formation of triplet 
acetone in solution (T 1: lop6  s) (13), diffusion 
controlled energy transfer from triplet acetone 
was anticipated to afford at least CB decarbony- 
lation products. Only a small amount of CH, was 
detected (14). 

Lee and Lee favor a CB(Tl) lifetime with 
respect to decarbonylation in the gas phase of 
approximately lo-" s, based upon a constant 
rate of C, formation at pressures up to 1500 Torr 
(1). The lack of any evidence to support either 
quenching of triplet CB or sensitization of or by 
such a species in the present work could only 
occur if such a triplet had a lifetime comparable 
with relaxation times in solution ( ~ 1 0 - ' ~  to 
10-l3 s). On this basis the existence of such a 
bound state in the solution photochemistry of 
CB becomes exceedingly doubtful. 

In sum, the data suggest that the reaction 
mechanism in solution is incompatible with the 
accepted gas phase mechanism for CB photolysis. 
It is not possible to define whether this is due to a 
major difference in the mode of decomposition 
in the two phases or to an imperfect gas phase 
mechanism. In discussing the liquid phase results 
no gas phase data will be considered; however, 
the following liquid phase observations are con- 
sidered relevant: (I) A rate of ethylene formation 
which is independent of solvent. (2) A rate of 
cyclopropane formation which depends upon the 
solvent. When combined with (I) this implies a 
solvent-dependent total quantum yield. (3) A 
C2H,/(cyclopropane + propylene) ratio which 
varies only slightly with wavelength. (4) A 
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wavelength-dependent rate of propylene pro- 
duction. 

The solvent-independent rate of C2H4 forma- 
tion combined with a solvent-dependent rate of 
cyclopropane formation implies that the two sets 
of products do not arise from the same immediate 
precursor. The constant rate of ethylene forma- 
tion on the other hand does suggest the common 
ancestor (S, *) of both sets of products must 
react by competitive processes which are equally 
solvent sensitive. Although photo-reactions in 
solution are normally not wavelength dependent, 
there is definite evidence in the cyclopropane/ 
propylene ratio (Table 2) for energy carry-over 
from the initial photon-substrate interaction, 
which is independent of concentration and light 
intensity. In the gas phase it is believed that 
propylene arises from rearrangement of vibra- 
tionally excited cyclopropane. In the liquid phase 
such a process would be so efficiently quenched 
as to rule out the observation of any propylene. 
Hence, it is assumed that propylene comes from 
the cyclopropane precursor and that the reactions 
leading to cyclopropane and propylene formation 
occur at rates comparable to relaxation rates in 
solution. It is unfortunate that the small amount 
of propylene (-0.6%) makes it impossible to 
decide whether its production is solvent sensitive 
at 3130 A;  the limited data at 2537 A are also 
inconclusive on this point. Such information 
would have been useful in deciding whether 
propylene in fact does originate from the im- 
mediate cyclopropane precursor. 

The significant change in cyclopropane/pro- 
pylene with photon energy is to be contrasted 
with the relative insensitivity of C,H,/(cyclo- 
propane + propylene) to changes in this param- 
eter. This suggests both processes (decarbonyla- 
tion and ethylene formation) have about the 
same energy sensitivity and perhaps invariant 
quantum yields. In the gas phase such a distribu- 
tion of products is explained by two competing 
electronic transitions, internal conversion and 
intersystem cross-over. Internal conversion fol- 
lowed by total quenching no doubt accounts for 
the fractional total quantum yield observed in the 
present work. In solution two electronic processes 
which might lead to the observed products are 
cross-over from CB(S,) to the repuisive surfaces 
representing .CH2COCH2CH2. and .CH,CH,- 
CH,CO., the former being responsible for ethyl- 
ene formation and the latter the source of cyclo- 

propane and propylene. Stereochemical studies 
are required to define further whether these 
processes occur in concerted or stepwise fashion. 

Experimental 
The CB was an Aldrich chemical used directly from 

the bottle upon verification of its purity. n-Heptane, 
acetone, and benzene were spectrograde chemicals; other 
solvents were the best dried reagent grades and known to 
be free of the products observed in CB photolysis. cis- 
Piperylene and 1,3-cyclohexadiene were purified by gas 
chromatography. Photolyses were done in 12 mm i.d. 
Pyrex or quartz tubes as well as tubes of 2 mm i.d. 

Experimental wavelengths were obtained and isolated 
in the following hshion: 

3260 A: Cadmium low pressure lamp with Corning 
filters 0-54 (2) and 1-64. Less than 0.1 % 31 30 8, through 
Pyrex cell. 

3130 A: Medium pressure mercury lamp with Corning 
filters 0-54 plus 7-54 passed less than 1 % 3020 A 
through a Pyrex cell. 

2537 A: Low pressure mercury lamp and quartz cell 
preceded by a 2 mm thick 7910 Vycor plate and 1 cm 
thick C12 gas filter cell. 

Analyses for C2H4, propylene, and cyclopropane were 
done by aliquot syringe injections on a squalane column 
and F.I.D. 

The author wishes to acknowledge the assistance 
provided by G. Fried and L. Schallig in carrying through 
portions of the experimental work. The many discussions 
with Dr. A. T. Blades have also been of particular value. 
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The hydrogenation of allene. 111. The reaction of allene with hydrogen catalyzed by 
nickel, copper, and their alloys 

R. S. MANN AND A. M. SHAH 
Department of Chemical Engineering, University of Ottawa, Ottawa, Canada 

Received May 4, 1970 

The reaction between allene and hydrogen over unsupported nickel, copper, and their alloys has been 
investigated in a static constant volume system between 26 and 131 "C for a wide reactant ratios. The 
orders of reaction with respect to hydrogen and allene were one and zero, respectively, and temperature 
independent. The reaction over metals and their alloys is largely simple hydrogenation, the early stages 
being principally a selective formation of propylene, with small yields of reduced polymers of allene. 
The overall activation energies varied between 4.8 and 11.8 kcal/g-mole. Selectivity was highest with 
copper and least with nickel. The amount of allene polymerized was not related in any particular way 
to the copper content of alloy. 
Canadian Journal of Chemistry, 48, 3324 (1970) 

Introduction 
The kinetics of catalytic hydrogenation of 

olefins and alkynes has been extensively studied 
in the past. However, very little work has been 
reported about the hydrogenation of allene over 
metals and their alloys. Bond and Sheridan (1) 
studied the hydrogenation of allene over pumice 
supported nickel, palladium, and platinum cata- 
lysts. Mann and To (2) have reported the kinetics 
of allene hydrogenation over pumice supported 
transition metal catalysts. Recently, Mann and 
Tiu (3) investigated the kinetics of allene hydro- 
genation, catalyzed by unsupported nickel, iron, 
and cobalt catalysts. They found that the reaction 
orders were one and zero with respect to hydrogen 
and allene, respectively, and that the selectivity 
was highest with nickel, and least with cobalt. In 
the present study, we have examined the hydro- 
genation of allene over nickel, copper, and their 
alloys. Here we report the kinetics of the reaction, 
and the yields of propylene and propane over a 
wide range of conditions. 

Experimental 
The apparatus and experimental techniques were the 

same as described by Mann and Naik (4). Homogeneous 
nickel-copper alloys, pure nickel, and copper powders 
were prepared by the method of Best and Russell (5). The 
mixed basic carbonates (in case of alloys), or basic 
carbonates (for nickel and copper) precipitated by am- 
monium bicarbonate from their nitrate solutions, con- 
taining appropriate quantities of the nitrate, were dried 
at 105 "C overnight. The basic carbonates were decom- 
posed to oxides by calcination at 500 "C in a muffle 
furnace, and then reduced in a hydrogen stream for 24 h 
at 400°C. Quantitative analysis of the products was 
carried out by means of Fisher gas partitioner, maintained 
on the top of a Fisher thermal stabilizer, maintained at 

40 "C, as described by Mann and Khulbe (6). The two 
columns employed were a 14 ft long 30% hexamethyl- 
phosphramide (HMPA) on 60-80 mesh Fisher columnpak 
and a blank. Helium at the rate of 60 ml/min at a pressure 
of 20 p.s.i.g. was used as the carrier gas. 

The amount of polymers formed (allene lost) was cal- 
culated as the difference between the initial allene pressure 
and the pressure of hydrocarbons in the products. The 
pressure of hydrocarbons was the sum of the unreacted 
allene, propylene, and propane in the products. These 
polymers could not be detected by HMPA column under 
the experimental conditions. 

X-Ray analysis of the reduced nickel-copper oxides 
showed that solid solutions closely corresponding to the 
expected compositions were indeed formed. None of the 
alloys contained detectable free metal, and all had face 
centered cubic structure. The lattice constants and cal- 
culated composition for these catalysts are given in Table 
1. These checked very well with the expected values. 
Surface areas of these catalysts were determined by B.E.T. 
method and are given in Table 1. 

Results 
(a) Pressure-Time Curves 

The various types of pressure-time curves 
observed in the hydrogenation of allene over 
supported and unsupported metals of the eighth 
group have been discussed in detail previously 
(2, 3). The pressure-time curves observed in the 
present investigation of hydrogenation of allene 
(Fig. 1) were of Type I11 (curve AD and AE) 
regardless of (i) the initial reactant ratio, (ii) the 
order of admission of the reactant, and (iii) the 
temperature. However, in the case of 80% Ni - 
20 % Cu catalyst a bilinear type of pressure-time 
curve (Type 11, curve ABC) was always obtained 
for hydrogenlallene ratio greater than 1. A similar 
type of curve was also observed by Bond and 
Wells (7) in acetylene hydrogenation over alumina 
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MANN AND SHAH: THE HYDROGENATION OF ALLENE. III 3325 

TABLE 1 
Characteristics of the catalysts, reaction orders, and activation energies* 

Catalyst Ni-Cu 
alloy Activa- Average 

Tem- Specific tion reaction order 
Corn- Lattice Surface perature rate energy E 

position Weight parameter area range k (min-I (kcall n m 
(% cu) (g) (4 (mz/g) PC) m-') g-mole) (f 0.008) (f0.05) log,, A 

0 0.1098 3.521 0.34 55-116 0.1033 6.79 0.994 0.00 3.0012 
(0.0515)t ( 88-1 12) 

10 0.1038 3.530 2.09 26-108 0.2040 6.10 0.997 0.00 3.6327 
(0.0520)t (106-128) 

20 0.1102 3.538 2.42 26-55 0.2164 5.61 0.990 0.00 3.4005 
(0.1500)t ( 47-123) 

30 0.2530 3.543 1.39 40-66' 0.0947 5.22 0.990 0.00 2.5447 
50 0.4208 3.570 1.12 36-116 0.1041 4.82 0.990 0.00 2.2298 
75 0.6958 3.590 5.20 62-124 0.0070 7.89 1.000 0.00 3.8161 

100 1.0019 3.610 0.96 83-131 0.0051 11.77 0.990 0.00 5.4145 

*n = reaction order with respect to hydrogen; nr = reaction order with respect to allene; k = specific reaction rate in min-I rn-' at 60 'C; 
r ,  = ~ P H ~ " P C ~ H ~ ~ ;  A = frequency Rctor in min-1 g-1. 

?Amount o f  catalyst used during analysis. 

TIME , min genation of propylene to propane. In the region 
BC the rate was accelerated. 

(b) Orders of Reaction by the Initial Rate 
Method 

Using a fixed allene pressure (50 mm) and a 
wide range of hydrogen pressure (30-200 mm) 
the order of reaction with respect to hydrogen (n) 
was determined at several temperatures. Simi- 
larly, the reaction order with respect to allene (m) 
was determined at different temperatures using a 
fixed hydrogen pressure (50 mm) and varying 
allene pressure (40-1 30 mm). The reaction orders 
with respect to hydrogen and allene were 1 and 0, 
respectively, and were temperature independent 
(Table 1). 

6 0  1 (c) Temperature Dependence of Rate Constants 
Plots of log,, specific reaction rate against the 

FIG. 1. Pressure-time curves, curve AD Cu powder reciprocal of absolute temperature Were good 
P H ~  = 50 Hg, PC,", = 50 Hg, T = 131.0 "C; straight lines over a wide range of temperatures 
curve ABC Ni = 80%, Cu = 20%, P ~ Z  = 80 mm Hg* for all catalysts, satisfying the Arrhenius equa- 
P C 3 H 4  = 50 mrn Hg, T = 55.0 "C; curve AE Ni powder 

= mm Hg, Pc3H4 = 50 mm Hg, = 116.0 oC. tion. The apparent activation energies for all the 
catalysts are given in Table 1 (Fig. 2). 

A very satisfactory "compensation effect" 
supported platinum and by Mann and exists between all the activation energies and the Khulbe (6, 8, 9, in the methylacetylene logarithmic frequency factors (Fig. 3). 
genation over cobalt and nickel-copper alloys 
and in the ethylacetylene hydrogenation over (d) The Dependence of Activity on Composition 
nickel. In the first stage (AB) the reaction was of Nickel-Copper Alloys 
mainly the hydrogenati~n of allene to propylene The hydrogenation of allene has been investi- 
and in the second region (BC) subsequent hydro- gated over seven different unsupported nickel- 
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% COPPER ATOM 

FIG. 2. Effect of copper content of the binary Ni-Cu 
alloys on the activity and the activation energy. 

ACTIVATION ENERGY , k cal / mole 

FIG. 3. Activation energy us. loglo A. 

copper alloys. The results are summarized in 
Table 1. The striking feature of these results is 
that the catalytic activity rapidly increased with 
the slight increase of copper content (up to 20% 
Cu) in the alloy, and then decreased with in- 

creased copper content (Fig. 2). Similar behavior 
was observed by Mann and Khulbe (8) in methyl- 
acetylene hydrogenation over nickel-copper 
alloys. However, Best and Russell (5) observed 
the maximum activity in the hydrogenation of 
ethylene over nickel~opper  alloys in the copper 
rich region. 

( e )  Course of Reaction and Dependence of 
Selectivity upon Pressure-fall 

The course of reaction and the dependence 
of selectivity upon pressure fall was studied for 
hydrogen/allene ratios of 1 and 2 over various 
catalysts by analyzing the reaction products a t  
different pressure falls. The selectivity ( S )  has 
been defined as the ratio of propylene to propyl- 
ene plus propane. Thus 

S = Ppropy lene 

Ppropylene + Ppropane 

The product distribution during the course of 
reaction for hydrogenlallene ratio of 2 is shown 
in Fig. 4 ( A )  and (B). Propylene, propane, and 
some polymers were observed as the initial prod- 
ucts of the reaction, propylene being the major 
product. Figure 5 shows the dependence of 
selectivity upon the pressure fall for different 
alloys, for hydrogen/allene ratio of 2. Selectivity 
decreased with the pressure fall for all alloys. 
However, it was independent of pressure fall for 
all alloy compositions for hydrogenlallene ratio 
of 1. The amount of allene polymerized increased 
with the progress of the reaction for hydrogenlal- 
lene ratio of 1 and 2. 

( f )  The Dependence of Selectivity upon Initial 
Pressures of Hydrogen and Allene 

Measurements were made of the selectivity of 
nickel, copper, and nickel-copper alloy catalysts 
at several temperatures as a function of initial 
hydrogen pressure by using a fixed allene pressure 
(50 mm) and varying hydrogen pressure between 
40-190 mm. The products were analyzed when 
the total pressure fall was equal to 30 mm. The 
results are shown in Fig. 6. The selectivity was 
independent of initial hydrogen pressure for 
copper, but it decreased with increased hydrogen 
pressure for all other catalysts. While the amount 
of allene polymerized was independent of initial 
hydrogen pressure for the catalysts containing 30 
and 50% copper, it increased with increased 
hydrogen pressure for other catalysts. 

Similarly the variation of the selectivity with 
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MANN AND SHAH: THE HYDROGENATION OF ALLENE. 111 3327 

PRESSURE FALL, mm Hg 

FIG. 4. Distribution of products during the course of reaction, PHI = 100 mm, PC,,, = 50 mm. Ni powder, 
T = 112.0 "C; Cu powder, T = 131.0 "C. Curve I, hydrogen; curve 2, allene; curve 3, propylene; curve 4, propane; 
curve 5, polymer; curve 6, selectivity. 

allene pressure was determined by using a fixed 
hydrogen pressure (50 mm) and varying allene 
pressure (40-160 mm) and analyzing the products 
for a total pressure fall of 20 mm (Fig. 7). The 
selectivity was independent of allene pressure for 
all catalysts. The amount of allene polymerized, 
increased with increased allene pressures for 
nickel, copper, and the alloy containing 10% 
copper. For all other catalysts, it was independent 
of initial allene pressure. 

(g )  The Dependence of Selectivity upon 
Temperature 

The temperature dependence of the selectivity 
for hydrogenlallene ratios of 1 and 2 was studied 
by analyzing the products at several temperatures 
at the pressure fall of 20 mm of total pressure. 

The results of the investigation are shown in Fig. 
8. While the selectivity increased with increasing 
temperature for 20% copper, it decreased with 
increasing temperature for nickel for hydrogen/ 
allene ratios of 1 and 2. For others, the selectivity 
was temperature independent when hydrogen/ 
allene ratio was 1. When the hydrogenlallene 
ratio was 2, while the selectivity increased with 
increasing temperature for the alloys containing 
50 and 75 % copper, it decreased with increasing 
temperatures for the catalysts containing 10 and 
30% copper. For copper the selectivity was one, 
and independent of temperature for hydrogen/ 
allene ratios of 1 and 2. The extent of allene 
polymerization increased with increased tem- 
perature for all catalysts for hydrogenlallene ratio 
of 1. While it was independent of temperature for 
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PRESSURE FALL,  mm Hg 

FIG. 5. Dependence of selectivity upon pressure fall, 
PH = 100 mm, PC . = 50 mm. Curve 1 ,  Ni powder, 0, 
T 112.0 "C; c&;e 2, Ni = 90%, Cu = lo%, A, 
T = 128.0 "C; curve 3, Ni = 80%, Cu = 20%, B, 
T = 123.0 "C; curve 4, Mi = 70%, Cu = 30%, 0, 
T = 123.0 "C; curve 5, Ni = SO%, Cu = SO%, 0, 
T = 116.0 "C; curve 6 .  Ni = 25 %, Cu = 75 %, 0, 
T = 84.0 "C; curve 7, Cu powder, A, T = 131.0 "C. 

PRESSURE . mrn Hg 

FIG. 6. Dependence of selectivity upon hydrogen 
pressure. Curve 1, Ni powder, 0, T = 112.0 "C; curve 2, 
Ni = 90%, Cu = lo%, 0, T = 128.0 "C; curve 3, Ni = 
80%, Cu = 2 0 % , 0 ,  T = 123.0 "C; curve 4, Ni = 70 %, 
Cu = 3 0 % , 0 ,  T = 123.0 "C; curve 5, Ni = SO%, Cu = 
5 0 % , @ , T =  116.O0C;curve6,Ni = 25%,Cu = 75%, 
Q, T = 124.0 "C; curve 7, Cu powder, 0, T = 131.0 "C. 

The first order reaction with respect to hydro- PRESSURE , m m  Hg 

FIG. 7. Dependence of selectivity upon allene pres- gen and zero order with respect to allene indicate sure. Curve Ni powder, 0, = 12.0 oC; curve 2, 
that the latter was the more strongly adsorbed Ni = go%, cU = 1 0 % , 0 ,  T = 128.0 OC; curve 3, Ni = 
reactant and its surface coverage was high, where- 80% Cu = 2 0 % , 0 ,  T = 123.0 "C; curve 4, Ni = 70% 

Cu = 30%, 0, T = 123.0 "C; curve 5, Ni = SO%, Cu = as hydrogen was weakly adsorbed in comparison %, O, = 16.0 oC; curve 6, Ni = 25 %, Cu = 75 %, 
and its surface coverage wascorrespondingly low. B, T = 124.0 "c; curve 7, Cu powder, a, T = 131.0 "C. 

copper, it increased with increased temperature 
for other catalysts for hydrogenlallene ratio of 2. 

(h)  Polymerization 
The amount of allene polymerized was cal- F 2 0 -  

culated from the allene loss during the reaction. 
There seems to be no direct relationship between - lo- 
the polymer formation and alloy composition. 
However, the amount of allene polymerized was 5 
higher for pure metals (Ni, Cu) than for their 

O- 

alloys. 
L I I I I I 

Discussion 40 60 80 100 120 140 160 
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TEMPERATURE , O C  

FIG. 8. Dependence of selectivity upon temperature: A :  pH2 = 50 mm; PC = 50 mm; B: PH2 = 100 mm; 
PC = 50 mm. Curve I, Ni powder, 0 ; curve 2, Ni = 90%, Cu = lo%, A ;  cu%<e 3, Ni = 80%, Cu = 20%, ; 
cu:v; 4, Ni = 70%, Cu = 3 0 % , 0 ;  curve 5, Ni = SO%, Cu = 5 0 % , 0 ;  curve 6, Ni = 25 %, Cu = 75 %, M; curve 7, 
Cu powder, 0. 

The activation energy for the unsupported 
nickel (6.8 kcal/g-mole) compares well with the 
previously reported (3) value (6.5 kcallg-mole) 
for allene hydrogenation. However, no com- 
parison is possible for the activation energies for 
other catalysts (for allene hydrogenation) due to 
lack of availability of the published data. 

A sudden increase in the activity of the nickel 
catalyst was observed with slight addition of 
copper. The activity appeared to increase on 
small addition of copper (Fig. 2) pass through a 
maximum for about 20% copper, and then de- 
crease with further addition of copper. Several 
investigators (5, 8, 10, 11) have observed similar 
phenomenon. According to Dowden et al. (12) 

the holes in d-band are responsible for the 
catalytic activity ofthe transition metals. Dowden 
et al. regulated the concentration of d-holes by 
making alloys. The X-ray analysis of the alloys 
revealed that the alloys were homogeneous solid 
solutions. The catalytic activity of n icke l~opper  
alloys in hydrogenation reactions has been in- 
vestigated by several workers (1 3, 14). However, 
their results were not always in agreement with 
each other. For instance, it has been reported that 
the catalytic activity decreases progressively, as 
the concentration of d-holes falls until a sudden 
decrease marks the filling of the d-band or in 
some cases it exhibits one or two maxima 
depending on the catalyst (15). Takai et al. (14) 
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investigated the catalytic activities for the liquid 
phase hydrogenation of maleic acid, allyl alcohol, 
and acetone over nickel-copper alloys. They 
observed an increase in the activity on small 
addition of copper. They interpreted the activity 
pattern for the catalyst containing 5-60 % copper 
on the basis of Dowden's theory for maleic acid 
and allyl alcohol hydrogenation. But in case of 
acetone, the activity was independent of d-holes. 
However, Campbell and Emmett (15), while 
studying the hydrogenation of ethylene over 
nickel-copper films, observed a minimum in the 
activity composition curve for an alloy containing 
approximately 25-30 % nickel. 

Considering the catalyst structure, it was found 
that the catalytic activity of copper catalyst 
having a face centered cubic structure was nearly 
zero, whereas nickel having the same face 
centered cubic structure was much more active 
than copper. According to Beeck's (16) correla- 
tion between the catalytic activity of metals and 
their lattice parameters, the activity of the series 
of alloys would be expected to increase markedly 
between pure nickel and copper. The results of 
the present investigation are contrary to this also. 

Takeuchi et al. (17) observed that though the 
activity pattern observed in the hydrogenation of 
ethylene and benzene over massive nickel-copper 
alloys was similar to the one predicted by Dowden 
et al., it was quite complicated over granular 
alloys. They have also shown that the heat of 
adsorption of hydrogen and the catalytic activity 
of the hydrogenation of ethylene are closely 
related to the composition of the alloy. In another 
paper, Takeuchi (18) attempted to correlate the 
heat of adsorption of hydrogen with the rate of 
hydrogenation of ethylene and the activation 
energy. Takai and Yamanaka (14) found that the 
ability of nickel metal to absorb hydrogen in- 
creased with increasing amount of copper with a 
maximum for an alloy containing about 80% 
copper. It then rapidly decreased with further 
addition of copper. Recently Takeuchi et al. (19) 
measured the electric resistance of nickel-copper 
alloys, but they could not get a simple relationship 
between the electric resistance and the catalytic 
activity. There appears to be no relationship 
between the heat of adsomtion and electric 
resistance with the activity of the catalysts in the 
allene hydrogenation. 

Considering the concentration of d-band holes, 
Bond and Mann (20) and Mann and Khulbe (8) 

have suggested three idealized possible forms of 
activity pattern in the activity-composition dia- 
gram. In one of the activity patterns, case B, it is 
suggested that as the d-band is filled, the binding 
strength decreases, and the activity increases 
reaching a maximum before the d-band is com- 
pletely filled. As soon as the d-band is completely 
filled, the activity becomes very nearly equal to 
that of copper. This type of pattern has been 
confirmed by Couper and Eley (21) in the para- 
hydrogen conversion over palladium-gold alloys 
and by Mann and Khulbe (8) in the methyl- 
acetylene hydrogenation over nickel-copper al- 
loys. The results of the present investigation are 
also very similar. However, there may be several 
other factors present. These opposing effects may 
lead to an earlier maximum. 

While the selectivity increased with increased 
amount of copper, the activity increased to a 
maximum at about 20% copper, and thereafter 
decreased. It was observed that the selectivity 
and the activity are not related. It appears that 
besides the activity, some other factors, such as 
different types of active centers, lattice defects, 
may play an important role in controlling the 
selectivity. 

The experimental results largely confirm the 
expected similarity between the hydrogenation of 
acetylene, methylacetylene, and allene. Hence, it 
may be presumed that the reaction mechanism is 
the same. 

The authors are grateful to the National Research 
Council of Canada for the financial support of the project, 
through grant no. A-I 125 (to R.S.M.) and a post graduate 
scholarship (to A.M.S.) and to Messrs. J.  F. Rowland 
and R. K. Collings of Energy, Mines, and Resources 
Department, for X-ray analysis and the surface area 
measurements of the nickel-copper alloys, respectively. 
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Kinetics and mechanism of electrophilic bromination of acetylenes 

JAMES A. PINCOCK AND KEITH YATES 
Department of Chemistry, University o f  Toronto, Toronto 181, Ontario 

Received June 16, 1970 

The rates of addition of molecular bromine in acetic acid to a number of acetylenes have been found to 
follow the general equation 

- d(Br,)/dt = [acetylene](k, [Br,] + k3 [Br212 + k,,- [Br,] [Br- 1) 
In the absence of bromide ion and at low bromine concentrations (< 2 x M), only the k 2  process 
is observable. These k 2  values for a series of ring-substituted phenylacetylenes are correlated well with 
o+ values and give a p value of -5.17 which is interpreted in terms of a transition state leading to a 
vinyl cation intermediate. As expected from this intermediate, both cis and trans dibromide products are 
formed and the bromoacetates are only of the Markownikoff type (I-acetoxy-1-phenylethylene deriva- 
tives). An ion pair scheme has been presented to account for the variation in product composition with 
substrate structure. 

In contrast to these results for phenylacetylenes, a cyclic bromonium ion intermediate is postulated for 
alkyl acetylenes on the basis of only trans dibromide formation for 3-hexyne and 1-hexyne. 

The k,,- values have also been obtained for the ring-substituted phenylacetylenes as well as 3-hexyne. 
For all the substrates studied, this k,,- process represents a bromide ion catalyzed attack of molecular 
bromine in an Ade3 mechanism. Thus only trans dibromide products are formed from this rate process. 
The non-linear a+ plot for these values has been interpreted in terms of change in transition state struc- 
ture with substituent. 

Canadian Journal of Chemistry, 48, 3332 (1970) 

Introduction 

As recent reviews by de la Mare and Bolton (1) 
and Fahey (2) indicate, the electrophilic addition 
of bromine to acetylenes has received much less 
attention than the corresponding reaction with 
olefins. Furthermore, the results available are so 
incomplete and, in some cases contradictory, 
that little confidence can be placed in any of the 
postulated mechanisms. Thus, Robertson et al. 
(3) have suggested that the rate equation for the 
addition of bromine to several substituted 
acetylenes in acetic acid is similar to that observed 
for olefins (first order in substrate and both first 
and second order in bromine) and that the overall 
rates are in the expected order for an electro- 
philic process. In contrast, Sinn et al. (4) have 
measured rates for the brominatioii (by a process 
second order in bromine) of diphenylacetylenes 
in bromobenzene, that are best interpreted in 
terms of a nucleophilic reaction. Only slightly 
more information is available on the stereo- 
chemistry of the products of this addition reac- 
tion. Bergel'son and Nazarov (5) have reported 
that the addition of bromine to 3-hydroxypro- 
pyne, 3-hydroxy-3-methylbutyne, propyne, and 
acetylene gives exclusively trans addition under 
conditions that favor an ionic reaction. On the 
other hand, results for the bromination of 
diphenylacetylene by molecular bromine (6) and 

N-bromosuccinimide (7) in acetic acid indicate 
non-stereospecific addition. 

As the limited results available demonstrate, 
a systematic examination of product stereo- 
chemistry under conditions of known kinetic 
control is necessary before any definite mecha- 
nism for the addition of bromine to acetylenes can 
be postulated. Therefore, in the present work, 
rates and product compositions are presented 
for the bromination of a number of phenyl and 
alkyl acetylenes in acetic acid with and without 
added bromide ion salts. The choice of this solvent 
system was made on the basis that the results 
would then be directly comparable with similar 
results for olefin substrates where the main 
details of the reaction are well understood (1, 2, 
8,9). 

Results and Discussion 

( I )  Rates in the Absence of Bromide Ion Salts 
Robertson et al. (3) have reported that the 

addition of bromine to acetylenes in acetic acid 
follows the rate eq. 1. In agreement with this 

[I] - d [Br2]/dt = [acetylene](k, [Br,] 

+ k3 tBr212) 

equation, curved rate plots were obtained when 
either simple first or second order dependence 
on bromine concentration was assumed for the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PINCOCK AND YATES: BROMINATION OF ACETYLENES 

TABLE 1 TABLE 2 

Second order rate constants, k,, for the bromination of 
acetylenes in acetic acid 

Temperature k2 x lo3? 
Substrate n* CC) (M-I s-l) 

3 39.8 1 1 . 6 z 0 . 3  
4-C1 PA$ 3 24.8 1.54k0.16 
4-Br PA$ 3 24.8 1.13k0.03 

3 39.8 3.27k0.04 
Methylphenyl- 

acetylene 2 17.3 1.37k0.02 
5 24.8 2.46k0.06 
3 29.9 3.6320.07 
4 39.8 6 .8k0 .3  

*n is the number of determinations. 
?The errors quoted are the average deviations. 
SPA represents phenylacetylene. 

bromination of methylphenylacetylene at a 
bromine concentration of approximately 1 x 
lo-' M. However, by working at low bromine 
concentration (less than 3 x M)  only the 
first term in eq. 1 makes a significant contribution 
to the observed rate. Using pseudo-order con- 
ditions ([acetylene] >> [Br,]), excellent first order 
plots of log (A - A,) values us. time were 
obtained. The rate constants, k,, for the acety- 
lenes studied are listed in Table 1. 

Using the values of k ,  fcr methylphenylacety- 
lene, the rate constants, k,, can be evaluated 
from kinetic runs at higher bromine concentra- 
tion where both k, and k, contribute to the 
overall rate equation. Integration of eq. 1 and 
rearranging gives eq. 2, where log Y = kZ1t/2.303, 
k,' = k, [acetylene], k,' = k, [acetylene] and 

[Br,], is the bromine concentration at t = 0. 
The k,' values can be calculated for each value 
of [Br,] and t. These values are then averaged 
to obtain k,' and, hence, k, for any given run. 
The results for methylphenylacetylene are shown 
in Table 2. As the average deviations indicate, 
these are less reliable rate constants than those 
obtained by a graphical method. However, the 

Third order rate constants, k3, for 
the bromination ofmethylphenyl- 

acetylene in acetic acid 

Temperature n* k3 t 
("c) (M-2 S-l) 

17.3 3 2 . 3 k 0 . 2  
24.8 7 2 . 6 k 0 . 2  
29.2 3 3 . 2 k 0 . 2  
39.8 3 3 .6k0 .1  

*n is the number of determinations. 
?The errors quoted are the average devia- 

tions. 

accuracy is sufficient to justify accepting eq. 1 as 
the general rate expression for the bromination 
of acetylenes in acetic acid. Values of k, were not 
determined for the other acetylenes. 

The effect of substituents on the k, values of the 
bromination reaction can be evaluated from the 
Hammett plot in Fig. 1. The p value (us. o + )  is 
- 5.17 (correlation coefficient, 0.997). The o+ 
values are those given by Brown and Okamoto 
(10). Their listing does not, however, include a 
value for the 3,4-benzo group (P-naphthylacety- 
lene). In a recent study of substituent effects in 
polycyclic aromatic compounds ( l l ) ,  values of 
o+ ranging from -0.135 to -0.280 are quoted 
for this group, implying that the value may 
reflect the operation of variables that differ from 
reaction to reaction. Using the rate constant of 
153 x l op3  M- '  s-' obtained for P-naphthyl- 
acetylene, a o+ value of -0.28 can be obtained 
from the log k, vs. o+ correlation for the other 
substituents. In effect, this determines a value of 
o+ for the 3,4-benzo substituent which will be 
used in a correlation described below. The value 
of -0.28 is similar to those for aromatic nitration 
(-0.28) and bromination (-0.27). Since the 
addition reaction is a side chain reaction, the 
lower values of -0.20 or -0.135 obtained for 
the solvolysis of side chain derivatives might 
seem more reasonable. However, the point would 
then deviate markedly from the correlation in 
Fig. 1. 

Although Sinn et al. have concluded that the 
bromination of diphenylacetylene derivatives is 
a nucleophilic reaction (4), the large negative p 
value and the good o+ correlation clearly 
demonstrate that the bromination of phenyl- 
acetylenes in acetic acid is an electrophilic 
reaction. The two cases are, however, not strictly 
comparable since in bromobenzene the reaction 
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-0.3 - 0.1 0 .I 

d +' 

FIG. 1. Plot of log k2 us. o+ for the bromination of phenylacetylenes in acetic acid. 

is second order in bromine whereas the rate 
constants obtained in this work are for the 
simpler first order in bromine process. In the 
corresponding olefin systems, the p +  values are 
also quite different. Thus, for the bromination 
of styrenes in acetic acid p +  value for the k ,  rate 
constants is approximately -4.5 (9, 12) whereas 
for the stilbenes the values for the k ,  process (1 3) 
are - 0.67 in carbon tetrachloride and - 1.99 
in bromobenzene. 

The p +  value of -5.2 for the bromination of 
acetylenes in acetic acid can be compared with 
values for similar systems. The hydration of 
acetylenes has a p +  value of approximately 
-4.5 (14, 15). As well, a p f  value of -3.6 has 
been obtained by Miller and Kaufman (16) for 

the solvolysis of triaryliodoethylenes. These 
reactions have been interpreted in terms of 
transition states leading to vinyl cation inter- 
mediates. The similarity of these p +  values to that 
for the bromination of acetylenes is therefore 
strongly indicative of rate determining formation 
of a vinyl cation 2 through a transition state 
resembling 1, as shown in eq. 3. The bromination 
of olefins in acetic acid is also believed to proceed 
by a mechanism involving rate determining 
formation of a carbonium ion (1). The two 
systems, olefins and acetylenes, might therefore 
be expected to exhibit a similar substituent 
dependence. The p +  value of approximately 
-4.5 (9, 12) for styrenes is therefore in agreement 
with the suggested rate determining step in eq. 3. 

Br2 Ph-C=C-R 
HOAc 

+6 /R 
Ph-CGC.' 

'Br 
dr 

-6 

-Br- + /R - Ph-C=C,& 
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PINCOCK AND YATES: BROMINATION OF ACETYLENES 3335 

As the great number of recent publications 
indicate (17, 18), there has been a considerable 
upsurge in interest in the structure, reactivity and 
stability of vinyl cations. The results available 
imply that linear structures of the type 2 with sp 
hybridization at the cationic center are favored 

over either of the bent forms 3a or 3b with sp2 
hybridization. This has been confirmed by 
theoretical molecular orbital calculations which 
show the bent structure to be less stable than the 
linear one by approximately 5&60 kcal/mole 
(19, 20). As well, the high negative p f  values for 
reactions where vinyl cations are generated 
adjacent to phenyl rings (vide supra) suggests 
that the phenyl ring is directly conjugated with 
the positive charge on the a-carbon atom as in 
4a rather than with the remaining n-bond of the 
vinyl system as in 4b. In the discussion that 

follows, therefore, the structure of the cationic 
intermediate is assumed to be 4a although, for 
simplicity, it will be drawn as shown in 2, 

The activation parameters for several of the 
acetylenes are shown in Table 3. These values 
are obtained from a least-squares fit of the data 
to a plot of log (k2/T) us. 1/T according to eq. 4 
(21). For the phenylacetylenes, the entropy values 

143 log- " - - [ log-+ f 2 . ~ 0 3 A i * ]  
T 

of approximately - 30 e.u. are consistent with the 

TABLE 3 
Activation parameters for acetylenes 

-- 

AH$* AS$ * 
Substrate (kcal/mole) (e.u.) 

Methylphenylacetylene, k ,  12.3 + 0 . 3  -(29+ 1) 
PA,? kz 11.7 -31 
4-Br PA.? k2 12.5 - 30 
3 - ~ e x ~ n ' k ,  ki 8 . 4 k 0 . 2  -(41+ 1) 
Methylphenylacetylene, k3  3 . 0 k 0 . 2  -(51+ 1) 

'Values quoted with n o  error are from rate constants at  only two 
temperatures. The errors quoted are evaluated from the standard 
deviations of  the slope and intercept o f  the least-squares line. 

tPA represents phenylacetylene. 

rate determining step proposed earlier (eq. 3). 
Thus, Wiberg (22) has estimated that, for a 
bimolecular reaction, an entropy change of -20 
e.u. is expected because of loss of translational 
and rotational, degrees of freedom. The excess 
over this estimate is presumably a result of 
restriction of solvent motion because of solvation 
changes as the reaction proceeds from neutral 
ground state molecules to a dipolar transition 
state. Similar values of -28 e.u. have been 
reported for the corresponding styrene substrates 
(23) but revised values of approximately - 40 
e.u. have been obtained more recently (12). A 
similar decrease to that observed for the entropy 
and enthalpy values of the k, process for methyl- 
phenylacetylene (AH* = 3.0 kcal/mole and AS* 
= -51 e.u. compared with AH* = 12.3 kcal/ 
mole and AS* = -29 e.u. for the k2  process) 
has also been previously observed for olefin 
substrates (24). Both these changes can be 
explained in terms of the usual mechanism 
postulated for this third order process : a bromine- 
assisted heterolysis of the bromine-bromine bond 
as in eq. 5 (1). The more negative entropy value 
is a reflection of the unfavorable nature of such 
a termolecular transition state. As well, the 
second molecule of bromine is acting as a 
catalyst in the breaking of the bromine-bromine 
bond and, hence, dispersing the negative charge 
of the bromide ion released. This should give a 
lower enthalpy of activation as observed. The 

Br2 
Ph-CzC-R w 

HOAc 

/R Ph-c=c. 
+6 

I 
-6,Br 

-Br - 
4 ph-C=C /R 

+ 'Br 
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[61 R1-CEC-R2 
Br R2 Br ' ~ r  AcO 

lower value of -40 e.u. for 3-hexyne compared 
to those of - 30 e.u. for the phenylacetylenes will 
be discussed later. 

The relative reactivity of olefins and acetylenes 
in electrophilic bromine additions can be esti- 
mated from the rate constants in Table 1 and 
those available in the literature for olefins.' 
Thus, the ratio for styrene:phenylacetylene is 
2 x lo3 and for 3-hexene:3-hexyne is 1.4 x lo5. 
Perrin (25) has suggested that, for substrates that 
react via open ions rather than cyclic "bromo- 
nium" ion transition states, the reactivity of 
olefins and acetylenes might be similar. The 
reactivity factor of 2 x 10, for styrene over 
phenylacetylene does not agree with this hypoth- 
esis. However, the two substrates, 3-hexene 
and 3-hexyne, are believed to react via cyclic ions 
(vide infra) and in this case the reactivity ratio is 
1.4 x lo5. Perhaps this extra factor of approxi- 
mately 10' may be accounted for in terms of 
Perrin's argument. 

(2) Products of the Addition of Bromine to 
Acetvlenes 

The priducts for the addition of bromine to 
acetylenes in acetic acid are outlined, for the 
general case, in eq. 6. The bromoacetylene 6 is 
only formed if the acetylene is a terminal one, 
i.e. R, is H. The bromoacetates 9 and 10 are 
regiospecific in the Markownikoff sense so that 
for phenylacetylene derivatives only l-acetoxy- 
1-phenyl products were observed. The dibromo- 
ketone (11) is formed by the reaction of bromine 
with the bromoacetates 9 and 10 and conse- 
quently can be regarded as a secondary reaction 
product. Fahey and Lee (26) have observed a 
similar reaction of the en01 acetates formed from 
the addition of HCl to methylphenylacetylene in 
acetic acid. The, bromoacetates themselves were 
not well characterized because they could not be 

separated by g.1.c. methods. Because of this 
problem, as well as the secondary reaction with 
bromine to form the ketone 11, all three of the 
products, 9, 10, and 11, are classified under one 
heading as solvent-incorporated (SI) products. 

The results for methylphenylacetylene are 
shown in Table 4 and for the other acetylenes in 
Table 5. All of the products are formed under 
conditions of kinetic control since no isomeriza- 
tion or reaction of the dibromides (to form either 
bromoacetates or tetrabromides) was observed 
under the reaction conditions. 

The results for methylphenylacetylene in 
Table 4 will be discussed first since the experi- 
mental results for this substrate are more com- 
plete. At the bromine concentrations shown, 
both the terms first order in bromine and that 
second order in bromine from eq. 1 are contri- 
buting to product formation. From the integrated 
form of eq. 2, one can derive eq. 7, where P, is 

amount of product formed from the k, process 
and P, the amount from the k, process. In other 
words, the fraction of the product from the k, 
process, P,/(P, + P,), is determined only by the 
rate constants k, and k, and [Br,],. Over the 
range of [Br,], shown in Table 4 this ratio varies 
from 0.24 to 0.40 (using k, = 2.46 x lo-, M- '  
s-' in Table 1 and k, = 2.7 M - 2  S-' in Table 2). 
Since no change in the product ratio (within 
experimental error) is observed, both k, and k, 
must lead to the same product distribution. This 
is also confirmed by the observation that the 
product distribution remains effectively constant 
for samples taken at 50,75, and 100 % conversion 
with initial bromine concentration of 6.66 x 
lo-, M even though the fraction of products 
from each rate will be differentfor each 

'The k ,  value for styrene is from ref. 9 at zero bromide 
ion concentration. The k ,  value for 3-hexene is estimated These that the product 
from data obtained by R. S. McDonald in this laboratory. forming intermediate is the same for both k, 
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TABLE 4 
Product distribution for the bromination of methylphenylacetylene 

T* C* SI* 
[MPAIo [Brz 10 Salt 

(M x loZ) (M x lo3) 0.10 M (%) by g.1.c.t 

1 1 . 1  10.3 - 59 14 27 
8.55 8.4  - 56 13 31 

10.6 6 . 3  - 56 14 30 
8.96 4.56 58 12 30 
3.34 3.78 - 59 14 27 
1.40 6.66$ - 62 12 26 

5 - 6 1 13 26 
II - 59 13 28 

7.61 5.14 LiBr 97 < 0 . 5  3 
3.37 3.78 LiBr 98 1 0 . 5  2 

10.0 5.82 LiC104 49 10 41 
7.91 3.96 LiC104 53 10 37 

*T is trans dibromide, C is cis dibromide and SI is solvent-incorporated products 9. 10, 
and 11. 

tAll results are from areas of  g.1.c. peaks. Estimated accuracy is f 1 to f 2%. 
$, 5, llAll from the same reaction at 50, 75, and 100% reaction respectively. 

TABLE 5 
Product distribution for the bromination of acetylenes 
-- 

T t c t sIt 
Substrate and conditions* BrAt (%) by g.l.c.3 

4-Me phenylacetylene, HOAc - 56 44 - 
O.1OLiBr - - 81 19 - 
0.06 LiBr, 0.04 LiC10, - 73 27 - 
0.02 LiBr, 0.08 LiC104 - 59 41 - 
- 0.10 LiC10, - 42 58 - 

Phenylacetylene, HOAc 25 42 19 14 
O.1OLiBr - - > 99 - - 
- 0.10 LiC104 - 52 21 27 

3-Hexyne, HOAc - 725 - - 
0.10LiBr - - > 99 - - 

1 -Hexyne, HOAc - > 99 - - 
*Salt values are in molarity. 
tBrA is bromoacetylene, T is trans dibromide, C is cis dibromide and SI is solvent- 

incorporated products 9, 10, and 11. 
SAll results are from areas of g.1.c. peaks. Estimated accuracy is f 1 t o ?  2%. 
528% of the product was an unknown compound which was not BrA, C, or SI. 

and k, as has been postulated for olefins (1). For 
the other substrates in Table 5 the ratio of 
P,/!P2 + P,) cannot be calculated because k, 
is unknown. However, by analogy with methyl- 
phenylacetylene, the products are assumed to be 
the same for both rate processes. 

The product results in the absence of lithium 
bromide will be discussed first. For the phenyl- 
acetylene derivatives, the non-stereospecific for- 
mation of dibromides as well as the formation of 
large amounts of solvent-incorporated products 
clearly point to a reactive intermediate, the vinyl 
cation, which reacts in a fast step with either 
bromide ion or the solvent acetic acid. This is in 

agreement with the kinetic results. The ratio of 
the various products will be dependent on the 
structure and reactivity of this intermediate 
cation. In a non-dissociating solvent, like acetic 
acid, ion pairing phenomena are extremely 
important as the early work of Winstein et al. 
on solvolysis demonstrated (27). Recently, 
several authors (26, 28, 29) have had some 
success in explaining product composition for 
addition reactions in terms of the various ion 
pairs possible. Figure 2 shows the completely 
general approach for the addition of bromine to 
phenylacetylenes. 

The advantage of this type of scheme is, of 
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Br- 
+ /Br 

Ph-c=c\ 
HOAc 

Br, /Br Ph\ /Br /c=c 
Ph \R AcO/C=C\R 

" 8 
HOAc 

+ /Br 
Ph-C=C 

Br- \R - 
\ 

\ 
HOAc 

+ Br 
P~--c=c/ 

HOAc \R 

Ph, /Br AcO, /Br 
/c=c 

\R 
/c=c 

Br P h \R 

FIG. 2. General ion pair scheme for the addition of bromine to phenylacetylenes in acetic acid. 

HOAc HOAc 
+ /Br + /Br 

clod- 

HOAc HOAc 

course, that any combination of products can 
usually be rationalized although there may only 
be rather tenuous arguments for invoking the 
particular ion pairs necessary. Perhaps the best 
approach would be to realize that, on the basis 
of the limited results available, any conclusions 
must be considered as speculative. The results for 
the phenylacetylenes will illustrate the difficulties 
involved. 

The first point to note is that 4-methylphenyl- 
acetylene behaves quite differently from phenyl- 
acetylene and methylphenylacetylene. Thus, the 
4-methyl compound gives no solvent-incor- 
porated or elimination products. Furthermore, 
added LiC10, has little effect on the trans:cis 
dibromide ratio for the unsubstituted compounds 
(52 :21 changes to 42 : 19 for phenylacetylene) 
whereas the ratio is significantly altered for the 
4-methyl case (56 :44 becomes 42 : 58 on addition 
of LiClO,). 

LiClO, is believed (27) to interact with solvent- 
separated ion pairs as shown in eq. 8. The per- 
chlorate ion pair 13 is more likely to yield 
solvent-incorporated products than the bromide 
ion pair 12. Consequently, the addition of 
LiClO, might be expected to increase the amount 
of bromoacetate product if solvent-separated 
ion pairs are important in these reactions. This 

effect is observed for the unsubstituted phenyl- 
acetylenes. However, this increased reaction 
with the solvent does not affect the trans:cis 
dibromide ratio for these substrates. There seem 
to be two possible interpretations of this result. 
First, there may be no return of solvent-separated 
ion pairs to intimate ion pairs. Thus, once 
dissociation occurs, the only product is a bromo- 
acetate and the formation of dibromides is 
determined only by the relative reactivity of 14 
and 15. The effect of LiC10, must then be 

B r- HOAc 
+ /Br 

Ph-c=c + /R 
\R 

Ph-C=C, 
Br 

HOAc Br- 

visualized as enhancing the dissociation of 
intimate ion pairs to solvent-separated ion pairs 
by increasing the polarity of medium. The capture 
of solvent-separated ion pairs by LiC10, would 
only be a secondary effect and not the major 
contributor to increased bromoacetate produc- 
tion. The second possibility is that there is return 
from solvent-separated ion pairs to intimate ion 
pairs. In this case, the same behavior must be 
exhibited by ions that are returning as those that 
did not dissociate. In other words 14 and 15 
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equilibrate faster than they react to form dibro- 
mides. It is interesting to note at this point that 
Poutsma and Kartch (28) have concluded that an 
initially formed "cis" ion pair like 14 can rear- 
range to a "trans" ion pair like 15 without the 
intervention of solvent-separated ion pairs. This 
type of rearrangement is, of course, necessary in 
this second hypothesis. 

The first of these interpretations seems pre- 
ferable on the basis of the results for 4-methyl- 
phenylacetylene. The 4-methylphenylvinyl cation 
is more stable than the corresponding unsubsti- 
tuted ions. Thus, it only reacts with bromide ion 
and not with the less nucleophilic acetic acid. 
However, since it is a more stable ion, solvent- 
separated ion pairs must also be important in its 
reaction scheme. Therefore, some of the dibro- 
mides must be formed from intimate ion pairs 
that are the result of return from solvent-sepa- 
rated ion pairs. Since the ratio of trans:cis 
dibromide changes on the addition of LiClO,, 
ions returning from 13 through 12 to the intimate 
ion pairs give a different ratio of dibromides than 
those initially formed. This observation would 
seem to preclude complete equilibration of the 
intimate ion pairs. 

In summary then, for phenylacetylene and 
methylphenylacetylene, the dibromides are prob- 
ably formed from collapse of the initially formed 
intimate ion pairs. A similar conclusion has been 
reached for the bromination cf P-methylstyrenes 
where added LiC10, also increases the bromo- 
acetate products but does not affect the trans:cis 
ratio (8). The opposite conclusion has been 
reached by Fahey and Lee (26) for the addition 
of HCl to methylphenylacetylene since their 
scheme indicates that return of solvent-separated 
ion pairs to intimate ion pairs is important. This 
situation is more comparable to the scheme 
suggested here for 4-methylphenylacetylene. 

On the basis of the results available, there seems 
to be no simple explanation for the observed 
dibromide ratios for these phenylacetylenes. 
More information is necessary on the stereo- 
chemistry of bromoacetate formation which 
presumably affects the amount of dibromide 
formed from the intimate ion pairs 14 and 15. 
As well, the formation of bromophenylacetylene 
is more probable from 15 since the basic bromide 
ion is better situated for hydrogen abstraction 
than in 14. This side reaction may well interfere 
with the "normal" reactivity of the two ion pairs. 

Br 
/'+ '\ 

c-& 
/ \ 

16 

The results in Table 5 for the alkyl acetylenes 
are quite different than those for the phenyl- 
acetylenes. For both 3-hexyne and 1-hexyne only 
trans dibromides are observed. This is in agree- 
ment with the results of Bergel'son and Nazarov 
(5) for some other alkyl acetylenes and is good 
evidence that these alkynes react via an Ad,2 (2) 
cyclic "bromonium" ion mechanism with an 
intermediate like 16. This type of mechanism 
has been firmly established for the addition of 
sulfenyl halides since no cis addition has ever 
been observed (30, 31). There are several factors 
in favor of this interpretation. First of all, from 
solvolysis studies, alkyl vinyl cations are less 
stable than phenyl vinyl cations (17, 18) and, 
therefore, participation by bromine should be 
more favorable in the alkyl case, Second, the 
more negative entropy of activation value of 
- 40 e.u. (Table 3) for 3-hexyne compared to that 
of - 30 e.u. for the phenylacetylenes is consistent 
with a loss of degrees of freedom because of a 
more ordered transition state. Finally, the com- 
plete absence of solvent-incorporated products 
is also observed for the bromination of cis- and 
trans-2-butene in acetic acid (8). These olefins 
also react via cyclic bromonium ion inter- 
mediates. 

The final point to be mentioned in this dis- 
cussion of the products of addition is the change 
on the addition of LiBr. There is a marked 
decrease in bromoacetate product and a large 
increase in trans dibromide formation. An 
examination of the kinetics under these con- 
ditions is necessary before a mechanistic inter- 
pretation can be made. 

(3) Rates in the Presence of Bromide 
Ion Salts 

As the review by de la Mare and Bolton 
indicates ( I ) ,  the kinetics of bromine addition to 
olefins in the presence of added bromide ion 
have been interpreted in a number of ways. More 
recent work (9, 32), although providing more 
results, has done little to clarify the problem. 
Before discussing this more fully, the main 
details of the kinetics will be briefly outlined. 

If both tribromide ion and molecular bromine 
are electrophiles, the rate of consumption of 
bromine is given by eq. 9 where [Br,], is the total 
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TABLE 6 

Second order rate constants,* k ,  x lo3, for the bromination of phenylacetylenes with added LiBr 

LiBr LiCIO, 4-Me 3,4-Benzo 
(MI (MI PAT PAT 4-F PAT PAT 4-Br PAT 3-C1 PAT MPAS 

*ko values in units of M-1s-1. 
tPA stands for phenylacetylene. 
XMPA stands for rnethylphenylacetylene 

TABLE 7 

Second order rate constants* for the bromination of 3-hexyne and 
t-butylacetylene with added LiBr 

k,, x 103 
LiBr LiC10, K 
(M) (M) (M-') [I + K(Br-)I 3-HxT TBAS 

0.10 - 92 10.2 474 + 7 1.01 k0.02 
0.08 0.02 93.7 8.50 494 k 6- - 
0.07 0.03 95.6 7.69 491k5 0.981k0.002 
0.06 0.04 99.4 6.96 488 k 2 0.983kO 
0.04 0.06 108 5.31 471+2 0.948k0.02 
0.03 0.07 114 4.41 448 k 1 - 
0.02 0.08 120 3.40 396k3 0 . 7 8 0 ~ 0 . 0 1  
0.01 0.09 128 2.28 329k 1 - 

*ko values are in units of M-Is-'. 
t3-Hexyne. 
XI-Butylacetylene. 

+ k ~ 1 3 -  lBr3- 1) 

bromine concentration and [Br,], is the free bro- 
mine, uncomplexed as tribromide ion. The two 
are related by eq. 10 where K is the equilibrium 

[lo1 LBr2l-r = (1 + KLBr-1) [Brzl, 

constant for tribromide ion formation. Substi- 
tution of eq. 10 into eq. 9, integrating and rear- 
ranging gives eq. 11 where ko is the observed 
second order rate constant. 

An alternative equation can be derived 
assuming that molecular bromine is the only 
electrophile but a bromide ion catalyzed process 
is possible as in eq. 12. Substituting eq. 10 into 

eq. 12, again integrating and rearranging gives 
eq. 13. As shown, eqs. 11 and 13 are kinetically 
indistinguishable, with kBr- = KkBr3-. 

Dubois et al. have discussed in considerable 
detail (326) the problems in obtaining the rate 
constants k2 and kBr- (or kBr3-) from these equa- 
tions using the usual plots of (1 + K[Br-I) k, 
us. [Br-1. However, there should be little diffi- 
culty if salt concentrations of up to only 0.10 
M are used. Thus, the kBr3- values at either 
variable ionic strength or constant ionic strength 
agree well for the styrenes studied by Rolston 
and Yates (9). 

The k, values for the phenylacetylene deriva- 
tives are given in Table 6 .  The values for 3-hexyne 
and t-butylacetylene are shown in Table 7 along 
with the K values (9) and the derived parameters 
necessary for (1 + K[Br-I) k, us. [Br-] plots. 
The rate constants were obtained from the 
excellent linear plots of log (A - A,) values at 
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TABLE 8 

Separated rate constants for the phenylacetylene derivatives 

k ~ , -  [Br-I§ 
kBr-* kz  x1 lo3* 

Substrate (M-2 s s l )  (M- s-') k2 

4-Me PAT 12.8k0.9 826+ 61 1.5 
3,4-Benzo PAT 7.85 i- 0.47 128k31 6.1 
4-F PAT 1.80k0.06 21.9k3.6 8.2 
PA t 1.29k0.03 14.2L-2.2 9.1 
4-Br PAT 0.625_+0.027 6.5121.78 9.6 
3-Cl PAT 0 . 2 5 1 ~ 0 . 0 0 5  - - 
MPAf 2.88k0.03 8 . 1 k 7 . 6  35 

*Errors quoted are obtained from the standard deviations of the least-squares 
line. .... 

?PA represents phenylacetylene. 
SMPA represents methylphenylacetylene. 
§Calculated at  0.10 M LiBr. 

( B r-1 

FIG. 3. Plot of [l + K(Br-)I ko us. (Br-) for phenylacetylene. 

320 mp vs. time. The values listed are the average sample plot for phenylacetylene is shown in Fig. 
of two runs and the error quoted is the average 3. In general, the errors in the intercepts (k,) are 
deviation. quite large because they are so close to the origin. 

The least-squares slope (k,,-) and intercept Since these values have already been indepen- 
(k,) for the (1 + K[Br-I) ko us. [Br-] plots are dently measured (Table 1) no attempt was made 
shown in Table 8 for the phenylacetylenes. A to  use those obtained by extrapolation. 
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Now that the rate constants are known for the 
two rate processes occurring in the presence of 
added bromide ion, the ratio of the products 
obtained from each can be calculated. This ratio 
is equal to kB,- [Br-Ilk, for the bromide ion 
catalyzed case. These values are shown for the 
phenylacetylenes in Table 8 (bromide ion con- 
centration is 0.10 M).  

In view of the magnitude of this ratio for some 
substrates (kB,- [O. 10]/k2 = 9.1 for phenylacety- 
lene) it is no longer surprising that the product 
ratios shown in Tables 4 and 5 change in the 
presence of added bromide ion. The reaction is 
now being dominated by a different kinetic 
process and the molecular bromination, k,, is 
only a minor contributor. 

The problem of distinguishing between the 
above two mechanisms (the tribromide ion and 
the bromide ion catalyzed) has been discussed in 
some detail in a preliminary communication on 
this work (33) and only the more recent results 
will be mentioned here. The data obtained by 
Rolston and Yates (8, 9) for the bromination of 
styrenes in acetic acid have been interpreted in 
terms of an electrophilic attack by tribromide 
ion mainly on the basis of product composition. 
The major objection to this conclusion is that 
for unreactive substrates, like 3- and 4-nitro- 
styrene, k,,,- > k,. It is surprising that tribro- 
mide ion becomes a better electrophile than 
molecular bromine, especially for unreactive 
substrates. Conversely, one would expect the 
bromide ion catalyzed process to become more 
favorable as the reactivity decreased. Finally, 
Dubois et al. (32) have given a lengthy discussion 
of this problem for the kinetics of a series of 
substituted olefins in methanol. The possibility 
of tribromide as an electrophile was rejected for 
the same reason mentioned above, that for 
unreactive compounds its reactivity would be 
equal to that of bromine. 

Furthermore, the bromide ion catalyzed 
process as proposed here was also rejected. 
However, the argument used in this case assumes 
that the rate determining step of the molecular 
bromination is the formation of the n-complex 
between the olefin and bromine. All other 
authors (1) and even Dubois in other papers (34) 
have postulated a rate determining break-down 
of this complex. The reason for not considering 
the bromide ion catalyzed mechanism is therefore 
far from convincing. At any rate, Dubois et al. 
conclude that for the more reactive substrates 

the process with an order in bromide ion is simply 
a salt effect on the molecular bromine process. 
For the less reactive cases, a mechanism involving 
pre-equilibrium formation of a complex between 
the olefin and bromide ion followed by an  
electrophilic attack of molecular bromine on the 
negatively charged complex in the rate deter- 
mining step is suggested. 

As discussed previously for methylphenyl- 
acetylene (33), the case for acetylenes seems to be 
much more definite. The marked decrease in 
bromoacetate formation and the increase in 
trans dibromide in the presence of bromide ion 
is consistent with a bromide ion catalyzed process 
proceeding through a transition state like 17. This 

type of change in dibromide and solvent-incor- 
porated products would not be expected for elec- 
trophilic attack by tribromide ion. Of particular 
interest is the product distribution for 4-methyl- 
phenylacetylene where both k, and kB,- are 
competitive even at 0.10 M LiBr. The ratio of 
trans:cis dibromide of 4258 in 0.10 M LiClO, 
can be used for the product distribution of k, 
at ionic strength of 0.10. Assuming k,,- gives 
only trans dibromide, as is reasonable, a com- 
parison of the calculated kB,- [Br-Ilk, (kB,- = 
12.8 M P 2  s-' and k, = 0.826M-Is-' inTable 8) 
and the observed ratio is shown in Table 9. The 
agreement is very good considering the errors 
involved in the rate constant and product com- 
position determinations. 

In summary this is one of the few cases where 
a clear-cut decision can be made between these 
two mechanisms. The bromide ion catalyzed 
process is obviously preferred for acetylenes over 
direct electrophilic attack by tribromide ion. 

In view of the quite different transition state, 

TABLE 9 

Calculated and observed % trans dibromide 
for the bromination of 

4-rnethylphenylacetylene 

LiBr LiCI04 ( %) trans (%) trans 
(M) (M) (observed) (calculated) 
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6+ 

FIG. 4. Plot of log kBr- US. IS+ for bromination of phenylacetylenes in acetic acid. 

17, postulated for the kBr- process compared to 
the molecular bromine, k,, process substituent 
effects should also be quite different. This is 
shown by the Hammett po+ plot shown in Fig. 4 
for the kBr- values from Table 8. (As mentioned 
above the o+ value for the 3,4-benzo substituent 
was determined as -0.28 from the linear log 
k, zw. o+ correlation (Fig. I).) The plot is curved 
and furthermore the effect of substitution is much 
less than for the k, process since the slope is 
approximately - 1.9 for four substrates of lower 
reactivity. 

Non-linear Hammett plots have generally 
been regarded as a criterion for a change in 
mechanism (35). However, this cannot be the 
case here since the product distribution for the 
4-methyl compound is successfully explained by 
assuming the same Ad,3 (2) trans mechanism 
(Table 9) as the unsubstituted compound. The 
curvature may be explained by another approach. 
The transition state 17 involves synchronous 
bond formation with both an electrophile 
(bromine) and a nucleophile (bromine ion). 
Presumably, as the substituent becomes more 
electron donating, bond formation between the 
electrophile and the substrate may have pro- 

ceeded further than bond formation between 
the nucleophile and the substrate because positive 
charge build-up on the a-carbon atom is more 
favorable. Conversely, for electron withdrawing 
substituents nucleophile-substrate bonding may 
have proceeded further. The overall result would 
be that both types of substituent would have a 
rate accelerating effect and the Hammett plot 
would be concave upwards. This type of behavior 
has been observed previously for the reaction of 
benzyl halides with nucleophiles (36, 37). 
Unfortunately, this explanation is not certain 
because over the range of substituents used no 
minimum was reached. The possibility is currently 
being examined further in this laboratory. 

As a final point on the reactivity of acetylenes 
in the presence of bromide ion, the rate constants 
for the alkyl acetylenes in Table 7 should be 
mentioned. The results for t-butylacetylene are 
quite straight-forward and a plot of (1 + K- 
[Br-I) k, us. [Br-] gives the two rate constants, 
kBr- = (8.31 f 0.26) x lo-' M- '  s-' and 

s '. Bergel'son k, = (18.5 f 1.8) x M-'  - 
and Nazarov (5) have observed that t-butylacety- 
lene gives exclusively trans dibromide in the 
presence of LiBr in acetic acid so this substrate 
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( Br-1 

FIG. 5. Plot of [l  + K(Br-)I ko us. (Br-) for 3-hexyne. 

seems completely analogous to the phenylacety- 
lenes for the bromide ion catalyzed case. The rate 
constants for 3-hexyne are somewhat different. 
Thus, a plot of (1 + K[Br-I)  k, us. [Br - ]  is 
decidedly curved as shown in Fig. 5. There are no 
changes in product composition for 3-hexyne 
in the presence of bromide ion since in both cases 
only trans dibromide is formed (Table 5). We 
have not as yet arrived a t  a completely satisfactory 
explanation for this curvature. 

Experimental 
All melting points and boiling points are uncorrected. 

The i.r. spectra were recorded on a Perkin-Elmer model 
137B spectrophotometer: spectra of liquids were taken 
as thin films on sodium chloride discs and those of solids 
as solutions in CC14. Only bands used for identification 
purposes are reported. The n.m.r. spectra were recorded 
on a Varian model A-60 spectrometer. Samples were 
approximately 20% in CCI,, with 1 % tetramethylsilane 
as  reference. Line positions (6) are in p.p.m. downfield 
from this reference. The g.1.c. was carried out on either a 
Wilkens model A-705 "Autoprep" instrument or a 
Wilkens model 600D "Hy-Fi" instrument both equipped 
with flame ionization detectors. Peak areas were measured 
with a disc integrator on the former instrument and by 
the product of height times width at  half peak height on 

the latter. Columns and conditions (column temperature, 
flow rate) will be outlined for the individual cases. 
Microanalyses were performed by A. Gygli, Toronto, 
Ontario. 

Dipole moments were measured on a Wissenschaftliche- 
Technische Werkstatten Type D M 0 1  Dipolmeter as  
used previously in this laboratory (38). The instrument 
was not recalibrated but the measured dielectric constant 
of benzene (2.2726 to 2.2735) was in good agreement with 
that quoted (2.2730) in the previous work. The Halver- 
stadt-Kumler equation (39) was used to  obtain total 
molar polarizations, and electron polarizations were 
estimated from Vogel's values (40). No correction was 
made for atom polarization. The dipole moments were 
then obtained from the Debye equation (41). 

Bromine - Acetic Acid Solutions 
Acetic acid was purified by the method used previously 

in this laboratory (9). Bromine (Mallinckrodt) was used 
without further purification. Anhydrous LiBr and 
LiC104 were dried at  100 "C and 1 mm over P2O5 for at  
least 48 h. Stock 1.0 M solutions of these salts were pre- 
pared by weighing in a dry box to  prevent the absorption 
of atmospheric water. Aliquots of the stock solutions 
were then used to  prepare solutions of the desired con- 
centration for kinetic and product studies. 

Bromine concentrations in acetic acid were determined 
by titration with Na2SZ03 (standardized against KIO3) 
as  described by Vogel (42) using the "dead-stop" end 
point technique (43). For more convenient work, as well 
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as  for some of the kinetics, extinction coefficients in 
acetic acid were determined. The values a t  490 mp and 
the temperatures given are: 17.2 "C, 58.6 + 0.1; 24.8 "C, 
60.5 + 0.3; 29.9 "C, 61.3 + 0.1; 39.8 "C, 63.6 + 0.3. 
The errors quoted are the average deviation for at  least 
five points. 

Kinetic Measurements in Acetic Acid 
(a) Specfrophotometric Method 
The rates of molecular bromination, k2, for the 

acetylenes were measured on a Cary 16 spectrophotom- 
eter by following the change in bromine absorbance 
with time at  490 mp. The maximum of this band (405 mp) 
was not used for the reason described previously (12). 
Since low concentrations of bromine were necessary 
(less than 3 x M )  a 10 cm cylindrical cell equipped 
with a circulating jacket was used. The temperature of 
the cuvette was controlled to +O.l "C with circulating 
water. 

The kinetics for methylphenylacetylene bromination 
were also measured at higher bromine concentration 
(2.0 to  5.0 x M )  using 1 cm cuvettes and the Cary 
16 constant temperature cell holder for thermostatting. 

(b) Spectropliotometric Method: Added Salts 
The rates for the acetylenes were also measured o n  the 

Cary 16 spectrophotometer at  LiBr concentrations 
varying from 0.01 to 0.10 M. Ionic strength was kept 
constant at  0.10 by addition of LiC10,. The 1 cm cuvette 
was used and the change in absorbance a t  320 mp  (335 
mp for 0-naphthylacetylene and 380 rnp for t-butyl- 
acetylene) was followed. 

Preparation a t ~ d  Purification of Acetylenes 
Methylphenylacetylene, phenylacetylene, 3-hexyne, 

I-hexyne, and t-butylacetylene were commercial com- 
pounds and were purified by distillation in a 24" Nester- 
Faust spinning band still. The substituted phenylacety- 
lenes (except 0-naphthylacetylene) were prepared by the 
methods described previously (44). 0-Naphthylacetylene 
was also prepared by the treatment of P-naphthylmethyl 
ketone with PCI, followed by base catalyzed dehydro- 
halogenation with KOH in ethanol. The product was 
purified by sublimation to  give a white crystalline solid: 
m.p. 37-38 "C. The n.m.r. spectrum showed peaks at  3.0 
(s, 1.OH) and 7.1-8.0 6 (multiplet. 7.4H). 

Anal. Calcd. for C12H8: C, 94.70; H,  5.30. Found: C, 
94.80; H,  5.33. 

Products of Acetylene Broniination 
(a) MethylpAenylacetylene(MPA) 
Bromine (6.9 g, 0.043 mole) in 50 ml of acetic acid was 

dropped into 5 g (0.043 mole) of MPA in 50 ml of acetic 
acid. The reaction mixture was left stirring for 10 h, then 
poured into 200 ml of water and extracted with two 50 ml 
portions of pentane. The extract was washed with 5 %  
NaHCO, and then dried over MgS04. Concentration on 
the rotary evaporator gave 9.6 g of a mixture consisting 
of trans-1,2-dibromophenylpropene (81 %), cis-1,2-dibro- 
mophenylpropene (8 %), trans- and cis-l-acetoxy-2- 
bromo-1-phenylpropene, and 1 ,I -dibromoethylphenyl 
ketone (the last three combined are 10%) plus some 
unreacted acetylene. The ratio of the products was deter- 
mined by g.1.c. on  a 1/4" x 5' 5 % DEGS on Chromosorb 
G column (140 "C, 60 mllmin). 

The compounds were characterized as follows. The 
dibromides could be separated from the ketone and 
bromoacetates by column chromatography on Florisil 
with pentane eluant. Pure samples of the dibromides 
were then obtained by preparative g.1.c. on  a 318" x 12' 
5 %  Carbowax on Chromosorb G column (170 "C, 150 
ml/min). 

Anal. Calcd. for C9H8Br2: C, 39.17; H,  2.92; Br, 
57.91. Found for trans dibromide: C, 39.57; H, 2.99; Br, 
57.86. Found for cis dibromide: C, 39.47; H, 3.07; Br, 
57.55. 

The stereochemistry of the dibromides was established 
by the measured dipole moment values of 0.1 D for the 
trans compound and 2.2 D for the cis isomer. This corre- 
sponds well with values given by McClelland (45) of 
1.77 D for cis-1,2-dibromoethylene and 0.0 D for trans- 
1,2-dibromoethylene. This agreement is substantiated 
by the n.m.r. spectra. The trans dibromide shows 2.58 
(s, 3.OH), and 7.33 6 (s, 5.2H) while the cis dibromide 
gives 2.22 (s, 3.OH) and 7.33 6 (s, 5.3H) in agreement with 
the observation that, for P-methylstyrene derivatives, 
methyl groups cis to  phenyl absorb at higher field than 
those trans to  phenyl (30). In addition the i.r. spectrum 
of the cis isomer has a band at  6.18 p whereas the tram 
dibromide has only a very weak absorbance in this C=C 
stretch region. 

1,l-Dibromoethylphenyl ketone was synthesized by 
acid catalyzed bromination of propiophenone. This 
sample had identical spectral properties to one obtained 
from the reaction mixture. The ketone could also be 
prepared by the reaction of bromine with a mixture of 
trans and cis-I-acetoxy-2-bromo-1-phenylpropene. This 
mixture was obtained by molecular distillation of the 
appropriate fraction from the column chromatography 
of the crude products from the bromination of MPA. 

Anal. Calcd. for C l lHJJ02Br :  C, 51.78; H, 4.35; Br, 
31.33. Found for mixture: C, 51.93; H, 4.21; Br, 31.29. 

The n.m.r. spectrum of this mixture showed 2.10 (s, 
1.8), 2.15 (s, 1.2H), 2.33 (s, 1.9H), 2.37 (s, 1.3H), and 
7.25-7.45 6 (m, 5.OH) and indicated the two bromo- 
acetates were there in the ratio of 1.85 : 1.25 but no 
assignment of stereochemistry was made. Unfortunately 
the two isomers could not be separated by g.1.c. The 
bromoacetates could also be synthesized by the addition 
of NBS to  MPA in acetic acid as  described by Jovtscheff 
(7). This reaction gave a mixture of the dibromoketone 
(57%) and the trans and cis bromoacetates (43%) as 
determined by n.m.r. analysis. 

To establish that the products reported in Table 4 are 
kinetically controlled, a check for dibromide isomeriza- 
tion was made. Neither the trans or the cis dibromide 
showed any sign of reaction or isomerization when 
subjected to the reaction conditions. However, as 
mentioned above the bromoacetates do react with 
bromine. Because of this problem and the difficulty in 
separating and identifying the bromoacetates, these three 
products were combined as "solvent-incorporated" 
products (Table 4). 

(6) Phenylacetylene (PA) 
Bromine (12.0 g, 0.075 mole) in 50 ml of acetic acid 

was added slowly to  7.5 g (0.075 mole) of PA in 50 ml of 
acetic acid. The reaction was left to stand for 3 h and 
then poured into water and extracted with two 50 ml 
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portions of pentane. The extract was washed with 5 %  
NaHCO, and dried over Na2S04. After removal of the 
pentane, analysis o n  a 114" x 5' 5 % DEGS on Chromo- 
sorb G column (150 "C, 50 ml/min) gave four products: 
bromophenylacetylene (26 %), trans-l,2-dibromophenyl- 
ethylene (4373, cis-l,2-dibromophenylethylene (17%), 
and 1-acetoxy-2-bromophenylethylene (14 %). The bro- 
moacetate could again be separated from the other 
components by column chromatography on Florisil with 
pentane eluant. Pure samples of the bromoacetylene and 
the dibromides were then prepared by preparative g.1.c. 
on a 318" x 12' 5 %  Carbowax on Chromosorb G 
column (175 "C, 175/min). 

A sample of bromophenylacetylene was prepared inde- 
pendently by the reaction of PA with NaOBr (46). This 
compound had identical retention time, n.m.r. and i.r. 
spectra with the compound from the addition reaction. 

The dibromides were characterized as follows. 
Anal. Calcd. for C8H6Br,: C, 36.68; H, 2.31; Br, 

61.01. Found for trans dibromide: C, 36.66; H, 2.43; Br, 
61.37. Found for cis dibromide: C, 36.81; H, 2.45; Br, 
61.02. 

The dipole moments were 0.6 D for the trans isomer 
and 2.1 D for the cis in agreement with the observation 
that cis dibromides have considerably higher dipole 
moments than the trans forms (vide supra). This assign- 
ment is also verified by n.m.r. spectra. The trans isomer 
gave 6.72 (s, l.OH), 7.1-7.6 6 (m, 5.2H) whereas the cis 
isomer showed 6.90 (s, 1 .OH), 7.CL7.5 6 (m, 5.1H). Again, 
protons cis to phenyl appear at lower field than those 
trans to phenyl for styrene derivatives (30). 

1 - Acetoxy - 2 - bromophenylethylene was prepared 
independently by the reaction of NBS with PA in acetic 
acid (7). This reaction gave 52% of the bromoacetate 
product and 48 % of a,a-dibromoacetophenone. A pure 
sample of the bromoacetate was obtained by preparative 
g.1.c. on a 318" x 12' 5 %  Carbowax or Chromosorb G 
column (175 "C, 175 ml/min). This sample was identical 
to that obtained from the addition of Br, to PA. 

Anal. Calcd. for CloHgBr2O2: C, 49.82; H, 3.76; Br, 
33.15. Found: C, 50.02; H, 3.7; Br, 32.97. 

The n.m.r. spectrum for the bromoacetate was 2.20 
(s, 3.1H), 6.50 (s, l.OH), and 6.7-7.5 6 (m, 5.3H). The 
g.1.c. and n.m.r. analysis indicated only one of the bromo- 
acetate isomers but its stereochemistry is unknown. 

A check of both the trans and cis dibromides in acetic 
acid under the reaction conditions indicated no isomeri- 
zation or reaction to form either tetrabromides or 
bromoacetates. 

(c) 4-Metl~yylphenylacefylene (4-Me PA) 
Bromine (2.07 g, 0.013 mole) in 15 ml of CCI, was 

dropped slowly into 1.5 g (0.013 mole) of 4-Me PA in 
15 ml of CCI,. The solvent was then removed on the 
rotary evaporator. The g.1.c. analysis on the 114" x 5' 
5 %  DEGS on Chromosorb G column (150 "C, 50 
ml/min) showed only two compounds: trans-1,Zdibro- 
mo-(4-methylpheny1)ethylene (30 %) and cis-1,2-dibromo- 
(4-methylpheny1)ethylene (70%). The two isomers could 
not be separated completely by preparative g.1.c. because 
they isomerized under the high temperatures required 
(190 "C) for reasonable retention times on the preparative 
column. However, a sample containing 43 % trans and 
57 % cis was sent for analysis. 

Anal. Calcd. for C9H8BrZ : C, 39.16; H, 2.92; Br, 57.91. 
Found: C, 38.85; H, 2.89; Br, 57.98. 

This sample was obtained by distillation, t = 108- 
11 1 "C (1 mm). The stereochemistry of the two isomers 
was established bv n.m.r. only. The olefinic proton of the 
cis isomer is at 6.93 6; that of the trans isomer at 6.70 6 
in agreement with the previous assignment for the phenyl- 
acetylene dibromides (vide supra). 

No  other products were obtained for the addition of 
Br, to 4-Me PA in either acetic acid or CCI,. 

(d) 3-Hexyne 
Bromine (10.0 g, 0.061 mole) in 20 ml of acetic acid 

was dropped slowly into 5 g (0.061 moles) of 3-hexyne in 
20 ml of acetic acid. The reaction mixture was poured 
into water, extracted with pentane, washed with 5 %  
NaHCO, solution, and dried over MgSO,. Removal of 
the pentane gave 13.5 g (90% yield) of product that by 
g.1.c. analysis was greater than 99% trans-3,4-dibromo-3- 
hexene. Analysis was carried out on the 114" x 5' 5 % 
DEGS on Chromosorb G column (105 "C, 55 ml/min). 
Preparative g.1.c. on a 318" x 13' Tide (8) column 
(155 "C, 100 ml/min) gave the pure compound. 

Anal. Calcd. for C6Hl0Br,: C, 29.78; H, 4.18; Br, 
66.05. Found: C, 30.31; H, 4.18; Br, 65.39. 

The i.r. spectrum showed an absorption band in the 
C=C region. The n.m.r. spectrum was 1.10 (t, J = 7.5 
c.p.s., 3.OH), 2.65 6 (q, J = 7.5 c.p.s., 2.OH). 

In order to confirm that no cis-3,4-dibromo-3-hexene 
was being formed, a sample was prepared by aceto- 
phenone photo-sensitized isomerization of the trans 
compound in benzene. The g.1.c. analysis indicated a 
trans:cis ratio of 3.9 after 48 h. The dibromides were 
separated by preparative g.1.c. on a 318" x 12' 5 % DEGS 
on Chromosorb G column (160 "C, 120 ml/min). The 
i.r. spectrum of the cis isomer showed a band at 6.3 p in 
the C=C region and the n.m.r. spectrum was 1.16 (t, 
J = 7.5 c.p.s., 3.OH), 2.57 6 (q, J = 7.5 c.p.s., 1.9H). 

Samples of 4,4-dibromo-3-hexanone and 3-acetoxy-4- 
bromo-3-hexene was also prepared by the reaction of 
NBS with 3-hexyne in acetic acid (7). Neither of these 
compounds were found to be formed in the molecular 
bromine reaction. 

(e) I-Hexyne 
Bromine (20.0 g, 0.125 mole) in 30 ml of acetic acid 

was dropped slowly into 10 g (0.125 mole) of 1-hexyne in 
acetic acid and the reaction was left stirring for 12 h. The 
reaction was then ~ o u r e d  into water and extracted with 
pentane. The extract was washed with 5 %  aqueous 
NaHC03, dried over Na2S04, and then the pentane 
removed on the rotary evaporator. The yield was 24.4 g 
(80%) of a mixture of trans-1,2-dibromo-1-hexene (72%) 
and cis-l,2-dibromo-1-hexene (28 %). The analysis was 
carried out on the 114" x 5' 5 % DEGS on Chromosorb 
G column (105 "C, 50 ml/min). 

Anal. Calcd. for C6HloBr,: C, 29.99; H, 4.12; Br, 
66.39. Found for the mixture: C, 29.78; H, 4.12; Br, 
66.05. 

The dibromides were separated by preparative g.1.c. 
on a 318" x 12' 5 % DEGS on Chromosorb G column 
(120 OC, 100 ml/min). The i.r. spectrum of the cis isomer 
had a +C stretch band at 6.23 p whereas the trans 
isomer showed only a very weak band. The n.m.r. 
spectrum of the trans isomer was 1.00 (3, J = 7 c.p.s., 
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3.3H), 1.2-1.8 (rn, 4.2H), 2.60 (t, J = 7 c.p.s., 2.OH), 
and 6.20 6 (s, 1.OH). That of the cis was 0.92 (t, J = 7 
c.p.s., 3.2H), 1.2-1.8 (rn, 4.2H), 2.50 (t, J = 7 c.p.s., 
2.1H), and 6.55 6 (t, J = 1 c.p.s.,'l.OH). The coupling 
across the double bond between the vinyl and rnethylene 
protons is therefore somewhat larger for the cis compound 
(1 c.p.s.) than for the trans case (negligible). This effect 
has been observed previously (47, 48). 

No other products were observed for the brornination 
of 1-hexyne in acetic acid. 

Product Ratio Determinations 
The procedures involved in the characterization of the 

reaction products were, in general, large scale reactions 
where the bromine concentrations are quite high. How- 
ever, for accurate product determinations this procedure 
is undesirable because the k,  kinetic process which would 
be dominant under these conditions is only well charac- 
terized for rnethylphenylacetylene (Table 2). Two pro- 
cedures were used to ensure lower bromine concentration. 

For reactive acetylenes, an acetic acid - bromine 
solution was dropped slowly into an acetylene solution 
so that the bromine concentration remained low because 
of rapid reaction. This procedure has the advantage that 
enough product can be obtained to compare g.1.c. and 
n.rn.r. analysis. In all cases where this was possible, good 
agreement was obtained. As an example, for 4-methyl- 
phenylacetylene, 0.740 g of Br, in 10 rnl of acetic acid 
was added slowly to 0.507 g of acetylene in 10 rnl of 
acetic acid. Work-up yielded 1.06 g (85 %yield). The g.1.c. 
analysis gave a trans:cis ratio of 1.31 whereas n.rn.r. 
analysis indicated 1.25. 

For less reactive acetylenes, stock solutions of known 
concentration were mixed and reaction allowed to go to 
completion. Since again bromine concentrations were 
kept low (< 1.0 x loMZ M), only enough product for 
g.1.c. analysis was obtained. 

In either case the reactions were worked-up by pouring 
into water, extracting with pentane, washing the extract 
with 5 %  NaHC03, drying over MgSO,, filtering, and 
evaporating at room temperature on a rotary evaporator. 
For all the acetylenes the product ratios were determined 
on the 114" x 5' 5% DEGS on Chrornosorb G column. 
Column conditions and retention times are given in the 
section on preparation and characterization of the corn- 
pounds. Ratios are determined by peak areas, and repro- 
ducibility of the results in any given run or from run to 
run is estimated at f 1 to + 2%. 
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Mechanism of decarboxylation of substituted anthranilic acids at high acidity 

G.  E. DUNN AND S. K.  DAYAL 
Department of Chemistry, University of Manitoba, Winnipeg 19, Manitoba 

Received March 12, 1970 

The rates of decarboxylation of 4-methyl-, 4-methoxy-, and unsubstituted anthranilic acids have been 
determined in aqueous buffers over the p H  range 2.5-3.8. Electron-releasing substituents increase the 
rates of ring-protonation about equally for an acid and its anion, and decrease the ratio of decarboxyla- 
tion to deprotonation of the protonated acid. Rates, 13C-carboxyl kinetic isotope effects, and deuterium 
solvent isotope effects have been determined for the decarboxylation of anthranilic acid in aqueous 
sulfuric acid up to 10 M. No  evidence for decarboxylation by cleavage of the unionized carboxyl group 
was obtained. 
Canadian Journal of Chemistry, 48, 3349 (1970) 

In previous papers (1, 2) it was proposed that the general mechanism for decarboxylation of 
substituted anthranilic acids is as shown in eq. 1, 

COOH 

NH: 

coo- 

NH2 NH2 

H2A* HA* 

where HA can be either unionized acid, as shown, 
or zwitterion and for which the overall rate 
constant is given by eq. 2. For 4-methoxyan- 

X 
k*K,* + Ic+[H+] 

(k* + k-,)K2* + (k+ + k-HA)[H+] 

thranilic acid at 60" there is no 13C-carboxyl 
kinetic isotope effect at low acidity, so k-, is 
small compared to k* and, because there is 
such an isotope effect at high acidity, k +  is small 
compared to k-,, (2). Hence, eq. 2 reduces 
to eq. 3. It was also shown that for 4-methoxy- 

anthranilic acid in up to 2 M HCI, k +  [H+]  is 
negligible compared to k*K2* (2), leading to the 
rate expression, eq. 4, which fits the rate data 
from p H  3.8 to 0. 

The question then arises whether the k +  [H+] 
term may become significant at higher values of 
[H']. An evaluation of the k*/k+ ratio, or the 
establishment of a lower limit for it, would be of 
interest as a measure of the relative reactivities of 
CO, and C 0 2 H +  as electrophilic leaving groups. 

In order to work at higher acidities it is nec- 
essary to allow for the fact that [H'] in eqs. 2 and 
3 actually represents hydrogen ion activity, which 
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can not be approximated by hydrogen ion con- 
centrations at values higher than those used in 
the previous work (1). The common practice in 
such situations is to replace hydrogen ion con- 
centration [H'], by the Hammett acidity func- 
tion h, (3), so that a reaction which obeys the 
simple kinetic expression 

at low acidities, would be expected to fit the 
equation 

k = kHho 

at high acidities. Since h, increases much more 
rapidly than [H+]  it is convenient to use H, = 
- log h, (3) and to test the fit of the data to the 
above equation by plotting log k against - H,, 
which should give a straight line of unit slope. In 
fact, however, it is commonly observed that al- 
though such plots give straight lines they often 
have non-unit slopes (3). This implies that the ratio 
yz/y of the activity coefficients of transition and 
ground states in the reaction investigated is not 
equal to the ratio yBH,/y, of the protonated and 
unprotonated forms of the indicators used to set 
up the acidity function, but that the two ratios are 
linearly related. In other words, different acid- 
catalyzed reactions may require different acidity 
functions to describe them but, since most acidity 
functions are proportional to H, (4), the rates of 
most acid-catalyzed reactions will fit the relation- 
ship given by eq. 5, where n is often, but not 

[5J log k = log kH - nH, or k = kH(h0)" 

always, unity. It is important to note that a 
linear plot of log k us. - H, with non-unit slope 
corresponds to a curved plot of k us. h,. 

Willi et al. have reported (5) that the de- 
carboxylation of anthranilic acid fits eq. 4 up to 
H, = - 1.4(4 M HCI) so that there is no evidence 
for cleavage of CO,H+ in this acid. Similarly, 
Longridge and Long (6) find only CO, cleavage 
from azulene-1-carboxylic acid up to H, = -2.8 
(6 M HCIO,). For p-aminobenzoic acid, how- 
ever, Willi and Vilk find some deviation from eq. 
4 beginning at H, = -0.68 (2 M HCI) which is 
explained as a small contribution from the term 
k+[H+]  of eq. 3 corresponding to cleavage of 
C02H+ (7). However, they used h, for [H+]  in 
eq. 4 so that the deviation from linearity may 
result from a non-unit value of n in eq. 5. In fact, 
if their data are replotted in logarithmic form the 
curvature disappears. 

There is, therefore, as yet no compelling 
evidence for decarboxylation of a carboxylic acid 
in its unionized form. It was the object of the 
present work to look for such evidence. Two 
approaches were used; first, investigation of the 
effects of substituents on the various rate con- 
stants of eq. 3 with the hope of gaining informa- 
tion which would make it possible to choose a 
carboxylic acid for which cleavage of C02H+ 
would be readily demonstrable and, second, 
examination of the effect of increasing acidity on 
the rate of decarboxylation at high acidities. 

Results and Discussion 

Equation 3 describes the general dependence 
of rate of decarboxylation upon acidity according 
to the mechanism of eq. 1. This rather complex 
rate expression can be simplified to a straight-line 
equation in three separate regions of acidity. At 
low acidity (pH greater than 1) there is no 
appreciable '3~-carboxyl kinetic isotope effect in 
the decarboxylation of anthranilic (8) or 4- 
methoxyanthranilic acids (2). Consequently, the 
right-hand fraction in eq. 3 must equal unity at 
low acidities, since the rate constants for carbon- 
carbon bond breaking, k* and k+ ,  appear only 
in this fraction. Then eqs. 2 and 3 reduce to eq. 6. 

At intermediate acidities, where [H+]  exceeds 
K,  and kA/kHAK2, the left-hand side of eq. 3 
reduces to kHAK,. If it is then assumed that 
k +  [H'] is negligible compared to k*K,*, as was 
shown to be true for the 4-methoxy acid at 60" 
(l), eq. 3 becomes eq. 7. 

At higher acidities, where [H'] >> k*K,*/ 
k-,,, and still assuming k+  [H'] is negligible, 
eq. 3 can be reduced to eq. 8. 

Of these three straight-line equations, only eq. 
6 is applicable at acidities low enough to permit 
using hydrogen ion concentration as an approxi- 
mation for activity. In eqs. 7 and 8, [H'] should 
be replaced by (h,)". This makes the region of 
intermediate acidities (eq. 7) difficult to handle, 
since it contains three unknowns of which one (n) 
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DUNN AND DAYAL: DECARBOXYLATION OF ANTHRANILIC ACIDS 

TABLE l 
Rates of decarboxylation of anthranilic acids in phthalate buffer at 80 "C, 

p = 0.1 

Anthranilic 4-Methyl- 4-Methoxy- 

k x 106 k x 105 k x 104 
DH (ssl) DH (ssl) VH (s-l) 

TABLE 2 
Rate and equilibrium constants for the decarboxylation of anthranilic acids 

T ("C) Equation Constant Anthranilic 4-Methyl- 4-Methoxy- 

is an exponent. At high acidities eq. 8 can be used 
in the straight-line form, eq. 9. 

~ H A K I  k*K * [9] log k = nHo + log-- 2 
k- HA 

Anthranilic acid and its 4-methyl and 4- 
methoxy derivatives were chosen for examination 
of the substituent effect because electron-attract- 
ing substituents reduce the rate of decarboxyla- 
tion to values inconvenient for measurement (I). 
Table 1 shows rates of decarboxylation at 80" as 
a function of pH. The k, and kHA values obtained 
by plotting the data of Table 1 in eq. 6 are shown 
in Table 2. Since the p H  data of Table 1 were 
obtained at  25", as were the available values of 
K, and K, (9), the k, and k,, results shown in 
Table 2 are only approximate. However, they 
should not be in error by more than a factor of 
two, and the errors will be in the same direction 
for all three acids, so comparisons between the 
rate constants for protonation of neutral acid, 
kHA, and of anion, k,, should be valid. Both in- 
crease by a factor of about 10 each time the 4- 
substituent is changed from hydrogen to methyl 
to methoxy, so that the ratio of rates of protona- 
tion of acid and anion is only slightly affected by 
4-substituents. Since K, and K2 are also not much 
affected by substituents (9), it is evident that 
substituents will have little influence on the ratio 
of rates of formation of the protonated inter- 

mediates derived from acid and anion, respec- 
tively. 

To see the effects of substituents upon the rates 
of decarboxylation of the protonated inter- 
mediates it is necessary to  work at  higher acidities 
where C-C bond breaking becomes part of the 
rate-determining process. Since the region of 
intermediate acidity is difficult to analyze, atten- 
tion was directed to the region of high acidity 
where eqs. 8 and 9 apply. Equation 9 was derived 
on the assumption that k + [ H t ]  is negligible. 
Consequently, a plot of log k us. Ho should give a 
straight line if the assumption is correct. If, in 
fact, cleavage of the unionized carboxyl group 
occurs, then the rate will decrease less rapidly 
with increasing acidity than eq. 9 predicts. Con- 
sequently, an upward curvature of the plot would 
indicate C 0 2 H +  decarboxylation. 

Rates become inconveniently low at high 
acidities so the reaction temperature was in- 
creased to 115". Under these conditions the 4- 
methoxy acid gave erratic and irreproducible 
results, possibly because of cleavage of the 
methoxy group. Anthranilic acid behaved well, 
however, and the rates in moderately concen- 
trated sulfuric acid solutions are reported in 
Table 3. Figure 1 shows that the data do not 
deviate from eq. 9, so it must be concluded that 
C 0 2 H +  decarboxylation is unimportant in sul- 
furic acid up to at least 60 %. In sulfuric acid more 
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FIG. 1. Rates of decarboxylation of anthranilic ncid 
in sulfuric acid solutions at 115 "C. 

TABLE 3 

Rates of decarboxylation of anthranilic 
acid in sulfuric acid at 115 "C 

concentrated than this, anthranilic acid becomes 
significantly protonated on the functional group 
and is half-protonated at about 72% sulfuric 
acid (10). 

Figure 1 yields a value of 0.7 for the slope, n, 
thus confirming that a treatment which assumed 
unit slope would be unreliable. The intercept 
gives 3.6 x s-' as thevalue ofkH,K,k*K2*/ 
k-,,. If the value of kHAKl derived from eq. 6 at 
ionic strength 0.1 could be applied in 30-60 % 
sulfuric acid, this would yield a value of about 
0.01 for the ratio of deprotonation to decarbox- 
ylation of ring-protonated anthranilic acid. Ob- 
viously, the solvents are very different, but 0.01 
may be taken as indicative of the order of 
magnitude of the ratio. 

Another approach to the substituent effect on 
the ratio of deprotonation to decarboxylation is 
through kinetic isotope effects. Since the only 
rate constants affected by C-isotopic substitution 
in the carboxyl group are those for the C-C 
breaking steps, k* and k', there will be no I3C- 
carboxyl kinetic isotope effect until k - ,, [H' I/ 
k*K2* in eq. 4 approaches unity. For 4-methoxy- 
anthranilic acid this has been shown to occur at 
[H'] - 0.2 M (I), SO that there is a large carbon 
isotope effect at [H'] = 2 M (2). On the other 
hand, the value of 0.01 for k-,,/k*K2* in 
anthranilic acid indicates that for this acid the 
carbon isotope effect will not become important 
until (h,)" - 100; that is, until the sulfuric acid 
concentration reaches about 4.5 M. This pre- 
diction agrees with the observation by Stevens 
et al. that there is no detectable isotope effect for 
anthranilic acid up to 1 M sulfuric acid. The 
prediction is confirmed by the data of Table 4. 
In 2 M sulfuric acid the carbon isotope effect is 
negligible, but in 10 M sulfuric acid it is large. 

It is therefore possible to conclude that, al- 
though electron-releasing substituents increase 
the rate of ring-protonation of anthranilic acids, 
they also increase the ratio of ring-deprotonation 
to decarboxylation of the ionized carboxyl group. 
It thus appears possible that decarboxylation of 
the unionized carboxyl group might reasonably 
be sought among acids with several electron- 
releasing substituents. I t  is unfortunate that 4- 
methoxyanthranilic acid is not stable at the high 
acidities required. 

The change in carbon isotope effect w ~ t h  
acidity reflects the change in mechanism from 

TABLE 4 
13C-Carboxyl kinetic isotope effect in the 

decarboxylation of anthranilic acid in sulfuric 
acid at 115 "C 

Mass 
HzSO4 (M) Reaction % 45/44 ratio, l W ( 2  - 1) 

Mean C
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TABLE 5 
Solvent deuterium isotope effect in the 

decarboxylation of anthranilic acid in sulfuric 
acidat 115°C 

Sulfuric 
acid k (s-l) k (s-') 
(M) H2S04-H20 D2S04-D20 k ~ l k ~  

slow protonation (eq. 6 )  to slow CO, cleavage 
(eq. 8) but it can hardly be used to detect the 
onset of C02HC cleavage, because the differences 
in 13C-isotope effect between CO, and C02HC 
cleavage will no doubt be too small to detect. 
However, a change from slow CO, cleavage 
(k*K2*) to slow C02HC cleavage (kC) would be 
accompanied by the disappearance of the ioniza- 
tion constant K2* from the rate expression (eq. 8). 
It would therefore appear possible to detect the 
change by means of a solvent deuterium isotope 
effect. 

Table 5 shows the rates of decarboxylation of 
anthranilic acid in H20-H2S04 and D20-D2S04 
solutions of concentrations such that eq. 8 should 
apply. Since Ho = Do at the same acid con- 
centrations (1 l), the rate ratios should reflect the 
solvent deuterium isotope effects on the various 
rate and equilibrium constants in the rate ex- 
pression. The rate ratio kHA/k-,, in eq. 8 
represents the equilibrium constant for ring- 
protonation of anthranilic acid, while Kl and K2* 
are equilibrium constants for deprotonations. It 
would therefore be expected .that kHA/k-,, will 
increase in deuteriated solutions while Kl and 
K2* will decrease by a factor of about 2-3 (12). 
The overall effect of deuteriation of the solvent 
should therefore be a decrease in rate, as 
observed. 

If k*K2*/[HC ] were to become small com- 
pared to kC,  K2* would disappear from eq. 8, 
leading to a decrease in the rate ratio kH/kD. 
However, this is not observed. When the experi- 
mental uncertainty of about 2 %  in each rate 
constant is combined with some additional un- 
certainty in reproducing acid concentrations in 
the two solvents, the combined uncertainties in 

the rate ratio kH/kD are at least 5%. Within this 
error, Table 5 shows the solvent deuterium 
isotope effect to be constant. 

It may reasonably be concluded, therefore, 
that there is no evidence for cleavage of C 0 2 H C  
in acidities up to at least Ho = -4. This means 
that k*K2*/kC > lo4. Although K2* is unknown 
it is probably considerably less than 1, so that the 
rate constant for C 0 2  cleavage, k*, must be 
greater than that for CO,HC cleavage, kC,  by 
10' or more. 

Experimental 
Preparation and purification of the three anthranilic 

acids have been previously described (9). Standardized 
solutions of perchloric and sulfuric acids were diluted by 
weight. Rates were determined by the ampoule technique, 
following concentration changes by measuring absorb- 
ance on a Beckman Model DU spectrophotometer in 
alkaline solution at 320 nm for 4-methoxy-, at 315 nm for 
4-methyl-, and at 310 nm for anthranilic acid. Excellent 
first-order plots were obtained to more than three half 
lives. 13C-Isotope effects were determined as described 
previously (2), except that the percent reaction was 
calculated from the amount of unreacted starting 
material measured spectrophotometrically. Mass ratios, 
13C02/12C02, were determined with a mass spectrometer, 
MAT Model GD150, having dual collectors. 

The authors are grateful to Mr. W. D. Buchannon for 
the mass spectral measurements, and to the National 
Research Council of Canada fox financial support. 
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The H- acidity function for dimethylformamide-water 
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The H- acidity function has been determined for N,N-dimethylformamide-water mixtures containing 
tetramethylammonium hydroxide by the Harnmett indicator method. Basicity in the aqueous dimethyl- 
formamide system exceeds that in aqueous tetran~ethylenesulfone but is slightly less than in aqueous 
dimethylsulfoxide, at  equivalent molar compositions of solvent and base. However, the basic aqueous 
dimethylformamide solvent system is only of limited utility as a result of reaction of hydroxide ion with 
the dimethylformamide. 
Canadian Journal of' Chemistry, 48, 3354 (1970) 

Introduction water (3, 5), pyridine-water (3), DMSO-water 

There has been an increasing interest recently 
in the properties of strongly basic systems and 
particularly in the utilization of dipolar aprotic 
media in achieving such systems. The H- acidity 
function, as defined by Hammett (I), measures 
the proton abstracting ability of a medium 
toward a neutral, weakly acidic, substrate AH. 

In eq. [I], a,+ is the hydrogen ion activity in 
solution, fA- ,  f,, are activity coefficients, pK, is 
the dissociation constant and [A-]/[HA] is the 
ionization ratio, often termed the indicator ratio. 
In very dilute aqueous solution H -  = p H  but 
above 1 M base the H- scale increases more 
rapidly than the p H  scale; an aqueous 10 M 
NaOH solution has a basicity corresponding to 
H- = 16.4 (2). Solutions of even higher basicity 
are available by replacing, in part, the aqueous 
component of the medium with a dipolar aprotic 
solvent such as dimethylsulfoxide (DMSO) and 
keeping the hydroxide ion concentration quite 
low. For example a 50 mole% aqueous DMSO 
solution, 0.01 M in Me,NOH, has H- = 17.3 (3). 
The enhanced basicity of such media has been 
attributed to increased hydroxide ion activity and 
concurrent decreased water activity (4). 

A number of dipolar aprotic media in combina- 
tion with water or alcohols have been studied in 
the H -  context, including tetramethylenesulfone- 

(3), ~ ~ ~ 0 - m e t h a n o l  (6), and DMSO-ethanol 
(7). Summaries of data for these and other basic 
systems (including amines) are available (8, 9). 

N,N-Dimethylformamide (DMF) as a typical 
dipolar aprotic solvent (lo), has the property of 
greatly enhancing the rates of reactions involving 
anionic or basic reagents (10-13). Since in 
previous work we had used aqueous DMF media 
for proton abstraction, in -1,3-dinitrobenzene 
(14), 1,3,5-trinitrobenzene (15, 16), and 2,4,6- 
trinitrotoluene (17), a knowledge of the basicity 
of such solutions was desirable. Hence, an H- 
study was undertaken and is presently reported. 

Experimental 
Reagents 

D M F  (Fisher Certified Reagent) was purified by 
vacuum distillation from phosphorus pentoxide after 
standing over Linde Type 4A molecular sieves (18). The 
middle fraction, b.p. 3841" over the pressure range 
6-8 mm, was collected and stored in the dark at  room 
temperature under nitrogen. The presence of dimethyl- 
amine impurity in the distilled D M F  was estimated by 
adding ca. 25 mg of 1,3,5-trinitrobenzene to 1-2 ml of 
solvent and noting the color of the resulting solution. 
Pure solvent yielded a pale yellow solution whereas the 
presence of dimethylamine gave various shades of orange, 
as a result of complex formation (19). 

Distilled water used to prepare the DMF-water 
mixtures was degassed by boiling for 1 h and bubbling 
nitrogen through during subsequent cooling. 

Tetramethylammonium hydroxide solutions were ob- 
tained by dilution of a 25 % aqueous solution (Matheson, 
Coleman and Bell) followed by titration with standard 
acid. Sodium hydroxide solutions were prepared sim- 
ilarly. The resulting stock solutions of bases were stored 
in sealed polyethylene bottles equipped with rubber 
syringe caps. 
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BUNCEL ET AL.: ACIDITY FUNCTION 

TABLE 1 

The pK, data and spectral characteristics of the H- indicators in DMF-water 
- -- - -. - - 

Neutral form* 

Indicator 
lmax Mole % 
mp E DMF 

Anionic form* P K ~  

hmax Literature 
m~ E Observed (ref.) 

'The spectrum o f  the neutral form of the ~ndlcalor was taken In the med~um glven (thlrd column). The composltlon o f  this medlum was chosen 
In such a manner that In the presence o f  0.019 M tetramethylammon~um hydroxide the lndlcator would be completely ~onlzed.  

tPotass~um 1-butox~de was added to generate the an~onlc  form 
t lnd~cator 1 IS used as the anchor ~ndlcntor (4). 

The indicators used (3, 4) were purified by recrystal- 
lization and/or column chromatography and had the 
following m.p. (uncorrected) and absorption maxima. 
2,4-Dinitrodiphenyla~nine (I) ,  m.p. 156.5-1 57.0°, 
E (352 mp) 17 600 in 95 % EtOH. 2,4-Dinitro-4'-amino- 
diphenylamine (2), m.p. 181.5-183.5", E (375 mp) 14 600 ' in sulfolane. 4-Nitrodiphenylamine (3), m.p. 133.5- ' 135.0°, E (393 mp) 21 400 in 95% ethanol. 4-Chloro-2- 

I nitroaniline (4), m.p. 117.0-117.5", E (422 mp) 4570 in 
I water. 2-Nitrodiphenylamine (5), m.p. 75.0-75.5", 
, E (425 mp) 6540 in 95% ethanol. 4-Methylsulfonyl- 
I diphenylamine (6), m.p. 170-170.5", E (308 mp) 24 600 

in 95% ethanol. 2,3,5,6-Tetrachloroaniline (7), m.p. 
1 108.5-109.O0, E (308 mp) 4040 in 95% ethanol. 
I 

Procedures 
A series of DMF-water mixtures of known composi- 

tions were prepared by introducing into 50 ml volumetric 
flasks the two components, first a known volume of 
D M F  and then making up to  mark with water, and 
weighlng after each addition. Stock solutions of the 
indicators were made up in pure DMF.  The main body 
of indicator measurements was taken using tetramethyl- 
ammonium hydroxide as base (0.019 M). Sodium 
hydroxide (0.019 M )  was used for a limited range of 
solvent compositions with identical procedures. 

Spectral measurements were taken by means of a 1 cm 
quartz cell placed in the thermostatted (25") cell compart- 
ment of a Bausch and Lomb Spectronic 600 spectro- 
photometer coupled to a Sargent SRL Recorder. The 
cell was filled under nitrogen by means of syringes 
through a silicone rubber disc (3). Flrst 3.0 ml of a given 
DMF-water mixture was introduced, followed by 25 p1 
of indicator stock solution in D M F  (3-23 x M 
depending on the extinchon coefficient) and the absor- 
bance at h,,,, was measured. A 29.2 111 aliquot of the 
2.09 N Me4NOH solut~on was then added and the 
spectrum recorded. In general the absorbance decreased 
with time, as a result of reactlon of hydroxide with D M F  
(basic hydrolysis (20)) and extrapolation at constant h 
was required to obtain zero time absorbance values. 
Measurements were performed in duplicate. 

Indicator measurements as a function of Me4NOH 
concentration were performed similarly but now the 
DMF-water composition was kept constant and stock 

base solutions of varying concentrations were added in 
constant volume. 

Ionization Ratio Data 
Evaluation of the indicator ionization ratio I = [A-I/  

[HA] = (E - E " ~ ) / ( E ~ -  - E), requires availability of the 
extinction coefficient of the neutral form (E"~) ,  of the 
ionized form ( E ~ - ) ,  as well as the extinction in a medium 
where the indicator is partly ionized (E), all values 
referring to a particular wavelength. The value of EHA was 
recorded in the DMF-water medium of composition such 
that addition of Me4NOH (final concentration 0.019 M )  
resulted in complete ionization and thus also yielded 
E ~ - .  Since beyond ca. 75 mole% DMF, Me4NOH became 
increasingly insoluble, for the weaker indicator acids E,- 
values were obtained by addition of solid potassium 
t-butoxide (Alfa Inorganics) to ca. 85 mole% D M F  in 
small amounts until a maximum absorbance was ob- 
tained. The extinction data (EH,, E,-) for the various 
indicators and the media in which the values were ob- 
tained are given in Table 1. Measurement of indicator 
ratios was usually confined to  I values ranging between 
0.1 and 10. 

Results 

The ionization ratios determined for each 
indicator over the solvent composition range 
resulting from 10 to 90% ionization in 0.019 M 
Me,NOH were used to construct curves of 
log I vs. mole % DMF. By means of the normal 
stepwise overlap procedure (1,21) and using the 
relationship pK2 - pK, = log I, - log Z2 the 
pK's of the various indicators were evaluated 
relative to the standard indicator 2,4-dinitrodi- 
phenylamine, pK, 13.84 (3). The resulting pKa 
values are listed in Table 1. The H- values were 
then calculated from the pK, and log I values 
(eq. [l I) for each indicator and  solvent composi- 
tion. The H- values over the entire range of 
solvent compositions, averaged for the various 
indicator measurements, are recorded in Table 2. 
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TABLE 2 
The H- values for dimethylformamide-water mixtures 
containing 0.019 M tetramethylammonium hydroxide 
-- 

Deviation 
Mole % Average from Particular 
D M F  H- value the mean indicators 

0.00 12.28 - 
5.29 12.87 - 1 * (pH) 

7.83 13.15 - 1 

'Extrapolated value from log I - mole % D M F  plot for indicator 1. 
t H -  values in media containing 0.019 M NaOH (see text on solu- 

bility consideration). Thedata were obtained using indicators 1,3,  and 
4 only. 

Plots of log I vs. H- for all the indicators are 
given in Fig. 1 ; the slopes range between 0.99 and 
1 .oo. 

Some H- measurements were carried out in 
which the solvent composition was kept constant 
and the tetramethylammonium hydroxide con- 
centration varied. The results, for three solvent 
compositions, are given in Table 3. If the 
equation A H -  = log [OH-],/[OH-], holds, as 
previously noted for [OH-] < 1 M in media of 
relatively high water content (a), then a plot of 
H- vs. log [OH-] should be linear with unit 
slope. The data for the 15.9 mole% DMF 
medium with indicator 1 show significant devia- 
tion in this plot1 above 0.05 M Me4NOH. It is 
possible that the cause of this deviation is that 
the two activating nitro groups in 1 cause this 
indicator to be susceptible to addition of OH- to 
aromatic carbon to form a Meisenheimer type 
adduct (22, 23) at high base concentrations. It is 
noteworthy that Ritchie and Uschold (24) made 
the following observation in titrating this same 
indicator in pure DMSO. Upon the addition of 

'The data of Table 3 were plotted, H- us. log [OH-], 
and lines of unit slope were drawn, the deviation being 
estimated visually. If the lines are drawn through the 
actual data, one then obtains slope values of 0.88, 1.00, 
and 1.21, for the 15.9,32.6, and 55.5 mole% D M F  com- 
positions, respectively. 

-'" 1 0.99 099 0199 1.00 1.00 0.99 1.00 SLOPE 

I I 

13.0 14.0 15.0 16.0 17.0 18.0 19.0 

H - 

FIG. 1. Plots of log [ionization ratio] vs. H- for the 
indicators used in determining the H- function for the 
DMF-water system containing 0.019 M Me,NOH. The 
indicators are numbered as in Table 1. 

one equivalent of base to the indicator solution 
a good end-point was observed but excess base 
caused the solution color to change from reddish 
brown (believed to be due to the anion) to a 
bright red-orange (species unknown). This color 
change was accompanied by a second break in 
the titration curve. 

Indicator measurements in which sodium 
hydroxide was used as base were explored but 
were limited by solubility considerations. The 
H- values, obtained as for the tetramethyl- 
ammonium hydroxide system, are given in 
Table 2. The two sets of results agree initially but 
above ca. 50 mole % DMF the NaOH data exhibit 
increasing deviation from the Me4NOH data, 
apparently as the result of decreasing solubility 
of sodium hydroxide in DMF solutions of 
relatively low water content. The low solubility 
of sodium hydroxide in DMF solutions was noted 
previously (10). 

TABLE 3 
The H- values as a function of [Me,NOH] at constant 

medium compositions 

H- (mole% DMF) 
[Me,NOH] 

(MI H- (15.9)* H- (32.6)t H -  (55.5)$ 

*Data obtained using indicator 1. 
?Indicator 3 used. 
$Indicator 4 used. 
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TABLE 4 

Selected H- data for aqueous binary mixtures with several dipolar 
aprotic solvents, each with 0.01 1 M tetramethylarnmonium hydroxide 

Mole % Aqueous 
dipolar tetra- Aqueous Aqueous 
aprotic Aqueous methylene dirnethyl- diniethyl- 

component pyridine* sulfone* formamidel sulfoxide* 
- 

20 13.75 13.22 14.20 14.48 
40 14.76 14.25 15.75 16.50 
60 15.31 15.56 17.34 18.50 

'Data from ref. 3 
?Data from presenr w o r k  rec3'culared to 

Discussion 

The validity of acidity function measurements 
has been tested in the past by several criteria. One 
criterion concerns the nature of log I - H- plots. 
In the present work the' linearity of these plots 
(Fig. 1) and their unit slope provides a good 
indication of the validity of the overlap pro- 
cedure for this series of aniline and diphenylamine 
indicators. Another criterion is the requirement 
of constancy of indicator pKa values, independent 
of the nature of the medium (see also ref. 12). 
The pK's obtained in the aqueous DMF media 
(Table 1) agree within 0.2 pK units with literature 
values, which is within the acceptable limit (8). 
Since the pK's are determined in a step-wise 
manner, a possible error of 0.2 pK units in 
indicator 6 would automatically result in cor- 
responding error in 7. 

Comparative H- data for several solvent 
systems at constant (mole%) medium composi- 
tion are presented in Table 4. It is seen that the 
effectiveness of the dipolar aprotic component 
in enhancing medium basicity decreases in the 
order DMSO > DMF > tetramethylene sul- 
fone > pyridine. The dielectric constant of tetra- 
methylene sulfone is greater than that of DMF 
(44.0 vs. 36.7) so that dielectric constant is not 
a main factor in determining solution basicity. 
The dominant factor is most likely hydrogen- 
bonding (4, 10, 12), resulting in desolvation of 
hydroxide ion. The evidence indicates that DMF 
is apoor hydrogen-bond donor toward hydroxide 
ion but a strong hydrogen-bond acceptor from 
solvent water. In these properties DMF and 
DMSO are about comparable, though DMSO 
excels slightly. 

The relatively facile reaction (20) of hydroxide 
ion with DMF liberating dimethylamine and for- 
mate ion is of consequence in affecting the utility 
of this basic system. The aqueous DMF system 

allow for change i n  base concenlrotion 

may still be of value for conducting certain re- 
actions involving hydroxide ion, albeit of limited 
value. 

Financial support from the National Research Council 
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Systiimes m6taux alcalins-oxygiine. 3iime Partie.' Polymorphisme du 
monooxyde de potassium K,O 
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R e ~ u  le 8 avril 1970 

Le monooxyde de potassium de structure connue (KzOy : cubique faces centrees, a = 6.436A) 
presente deux transformations cristallines rtversibles du ler ordre successivement aux temperatures 
de 317 et 372 "C. Ces transformations ont tte suivies par analyse thermique diffkrentielle. Les nouvelles 
formes sont : KzO a (entre 317 et 372 "C), cubique simple (a = 12.125 A) et KzO a (de 372 "C jusqu'au 
point de fusion), rhomboedrique (a  = 12.543 A, a = 91.47"). Une transformation ordre-desordre est 
notee h 446 "C, temperature a laquelle se situe approximativement le debut de la dismutation de KzO 
en KZ02 et K. 

First order reversible transitions occur in potassium monoxide successively at 317 and 372 "C. 
These transitions have been observed by differential thermal analysis. The known form is y-KzO, 
face-centered cubic, a = 6.436 A. The new forms are a-KzO between 317 and 372 "C, primitive cubic, 
a = 12.125 A and a-KzO from 372 "C to the melting point, rhombohedral, a = 12.543 A, a = 91.47". 
An order-disorder transformation occurs at 446 "C. It is at approximately this temperature that KzO 
begins to disproportionate into KZOZ and K. 
Canadian Journal of Chemistry, 48, 3358 (1970) 

Le monooxyde de potassium, K,O, n'ttait 
connu jusqu'ici que sous une seule forme cris- 
talline de structure cubique faces centrtes con- 
tenant quatre groupemenis formulaires dans une 
maille de 6.436A (1). L'analyse thermique 
difftrentielle de ce composC nous a permis de 
mettre en tvidence et de suivre deux transforma- 
tions rtversibles aux temptratures de 317 et 
372 "C respectivement. Une troisibme transfor- 
mation beaucoup moins nette est perceptible a 
la temptrature de 446 "C (2). 

Toutes les manipulations concernant le monooxyde de 
potassium sont effectutes dans une boite ti gants sous 
atmosphere d'azote anhydre et exempt d'oxygirne. Le 
monooxyde de potassium est prepare, suivant la methode 
decrite par Rengade (3), par oxydation m6nag6e du potas- 
sium suivie d'une distiilation sous vide, h 250-300 "C, du 
potassium en ex&. Une serie d'echantillons de KZO est 
recuite en tubes capillaires scelles sous azote B diverses 
temperatures au dessus de 317 "C. Certains tchantillons 
sont refroidis lentement tandis que d'autres sont refroidis 
brusquement par immersion dans I'azote liquide. Ces 
echantillons sont alors rapidement examines aux rayons 
X par la methode Debye-Scherrer. D'autres sont main- 
tenus a 330,390,450 et 500 "C pendant 24 h avant d'&tre 
examines dans une chambre de diffraction h haute 
temperature, UNICAM de 190 mm de diamirtre. Tous 

lPour la deuxiirme partie, voir reference 2. 

les films de poudre sont pris avec la radiation K, du 
cuivre de longueur d'onde h Cu K, = 1.54178A. Les 
mesures de conductibilitt Blectrique sont effectuks avec 
un pont de Wheatstone Wayne Kerr, en courant alter- 
natif de frequence de 1592 c/s. L'oxyde KZO en poudre 
est place au contact de deux electrodes de tungstirne dans 
un tube de verre Pyrex. 

RCsultats et discussions 
Les spectres de diffraction X obtenus a tem- 

ptrature ambiante confirment la maille cubique 
faces centrCes (tableau 1). Les tchantillons re- 
froidis lentement prtsentent le m&me spectre. 
Par contre, pour les tchantillons trempCs, un 
certain nombre de nouvelles raies s'aioutent au 
spectre de la forme cubique faces centrtes. 

Ces nouvelles formes cristallines n'Ctant pas 
suffisamment stables a tempkrature ordinaire, on 
a obtenu leurs diagrammes de rayonsx a hautes 
temptratures. Deux nouvelles formes cristallines 
de K,O ont pu &tre caracttristes : (i) K,O P 
entre 3 17 et 372 "C, cubique simple, a = 12.125 + 
0.010 A a 330 "C. (ii) K,O ci de 372 "C jusqu'au 
point de fusion 2 646 "C, rhombotdrique, 
a = 12.543 + 0.010 A, ci = 91.47" + 0.10" A 
450 "C (dans le systbme hCxagonal : a, = 17.964, 
c, = 21.165 A). Les donntes fournies par les 
spectres Debye-Scherrer des nouvelles varittts 
cristallines sont indiqutes sur les tableaux 2 et 3. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TOUZAIN ET AL.: SYSTEMES METAUX ALCALINS-OXYGENE. 3EME PARTIE 3359 

TABLEAU 1 

K20y cubique faces centrtes* 

d calcultes Intensitt 
en A calculte hkl 

* n  = 6.436 -1 0.003 A A 20 "C; d'aprb Zintl 
et coll. 

TABLEAU 2 

K 2 0  cubique simple* 

d en A 
Intensit6 

Observtes Calcultes observee hkl 

*n  = 12.125 _+ 0.010 A A 330 "C. 

La transformation a 317 "C (y-P) est assez 
lente; elle n'est complkte qu'au bout de 24 h 
environ. Par contre. la transformation a 372 "C 
(P-ct) est plus rapide. 

La transition B 446 "C n'est pas due a un 
changement de systkme cristallin. Elle correspond 
B une transformation du 2kme ordre, le cristal 
passant lentement de la forme ordonnCe a '  a la 
forme dCsordonnCe ct. Les spectres Debye- 
Scherrer sont dans les deux cas identiaues. B . , 

l'exception de quelques raies de surstructure qui 
disparaissent au passage de la forme ordonnCe B 
la forme dCsordonnCe, tandis que les intensitis 
d'autres raies augmentent 1Cgkrement. Un tel 
phCnomkne a dCja CtC observe dans le cas de la 
transition ordre-dCsordre du chlorure de stron- 
tium (4). 

On n'observe pas de raies dans la phase P 
correspondant aux raies de forte intensit6 de la 
phase y ce qui indique que ces deux phases ne 
dCrivent pas directement l'une de l'autre. La tran- 

sition y-P apparait alors comme une reconstitu- 
tion complkte du rCseau cristallin. 

Au contraire, nous noterons une certaine 
analogie entre les deux formes P et ct : (a) D'une 
part, les volumes de leurs mailles sont du m2me 
ordre de grandeur : Vp = 1785A3 et V, = 
1971 ti3 contre V, = 267 A3. (b) D'autre part, 
on observe une correspondance entre les dis- 
tances rCticulaires des deux phases pour les raies 
d'intensitks les plus fortes. 

Ceci indiquerait que la phase ct dCrive de la 
phase P par une lCgkre distortion de son rCseau 
cristallin. 

Les mesures de densite de K 2 0  en fonction de 
la tempkrature n'ont pas CtC entreprises du fait 
de la trks grande difficult6 expirimentale de ces 
mesures B hautes tempkratures. Le passage d'une 
variCtC a l'autre devrait cependant n'entrainer 
qu'une faible variation de densite. En supposant 
celle-ci a peu prks Cgale ou 1Cgkrement infkrieure 
B la densit6 de la forme y, basse tempirature 
(d, = 2.33 g/cm3 (1,3)), les deux nouvelles formes 
comprendraient 24 groupements formulaires par 
maille; leurs densitCs calculCes seraient alors 
dp = 2.10 et d, = 1.90 g/cm3. 

Selon cette hypothkse, les volumes formulaires 
de ces phases seraient : v, = 66.7 A3, v a  = 
74.3 A3, v, = 82.1 A3. Les variations de volume 
Av n'Ctant pas nulles et les entropies de transition 
AS n'Ctant pas nulles non plus (pics endothermi- 
ques des courbes d'analyse thermique diffkren- 
tielle (2)), les transitions cristallines B 317 et 
372 "C sont probablement toutes deux du ler 
ordre. 

Les mesures de conductibilitC Clectrique sur 
l'oxyde K 2 0  n'ont pas permis de distinguer avec 
nettetC ces transitions cristallines. On note sim- 
plement un lCger dCcalage positif de la conduc- 
tibilitC vers 365-380 "C (P-ct). 

Par contre, l'analyse thermogravimktrique de 
K,O dCcrite antkrieurement (2), montre que, 
sous vide, une importante volatilisation de potas- 
sium mCtallique se produit B partir de 430- 
440 "C (fig. 1) laissant du peroxyde K202.  La 
transformation ordre-dCsordre, observCe B 446 
"C par ATD, confirmCe par les rayons X, 
apparait comme Ctant une Ctape conduisant la 
dismutation de l'oxyde selon : 

Notons (fig. 1) que la masse de 1'Cchantillon 
augmente 1Cgkrement de 1 % avant d'atteindre la 
temperature de dismutation. L'absorption des 
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TABLEAU 3 
K,Oa rhomboidrique* 

d e n  A Intensite a hkl 

Observees Calculees 390°C 450°C 500°C Rhomb. Hexagonal 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

*a = 12.543 f 0.010 A, a = 91.47 f O.lOO a 450 OC; ind6x6 en hexagonal: a = 17.964, c = 21.165 A. 

ternp6rature en "C 

FIG. 1. Thermogravim6trie du monooxyde de potas- 
sium sous un vide de low4 mm Hg et avec une vitesse de 
chauffe de 8-10 "C/min. 

gaz rksiduels tels H 2 0  et 0, en est naturellement 
la cause. Cependant, il est intkressant de remar- 
quer que l'augmentation de masse, qui est faible 
aux basses tempkratures (0.4% entre 20 et 
372 "C), devient nettement plus importante A 
partir de 372 "C, tempkrature de transition entre 

les phases P et a'. Ce rksultat semble indiquer que 
la forme a' est chimiquement plus active que la 
forme p. 

Le schCma des transformations successives de 
K 2 0 ,  en fonction de la tempkrature, est le suivant : 

317 "C 
K,O c.f.c. ( Z  = 4) - K,O c. simple (Z = 24) 

372 "C - K,O rhomb. (Z = 24) 

446 "C - K,O rhomb. des. (Z = 24) $ 

dismutation partielle en K,OZ + 2K 
646 "C - prifusion de K,O (fusion rCelle B environ 685 "C) 

On constate d'apres ce schkma que le dksordre va 
croissant au fur et A mesure que la tempkrature 
croit, pour finalement conduire A une fusion 
d'autant plus progressive que le produit s'ktait 
dkcomposk au prkalable. 

Pour confirmer cette idke, il serait nkcessaire de 
dkterminer la position des atomes dans les deux 
nouvelles structures, le sens des dkplacements des 
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atomes dans la transition ordre-dtsordre, et 
aussi de mesurer la variation de la capacitt 
calorifique C, de K,O en fonction de la temptra- 
ture; cela nous permettrait en particulier de 
savoir si la transformation B 446 "C est une trans- 
formation ordre-dtsordre relativement rapide ou 
si elle fait partie d'un phtnomkne de transition 
diffuse s'etendant sur un domaine de temptrature 
plus large et reflttant le dtsordre graduel des 
cations potassium. Cette transition diffuse serait 
a rapprocher des rtsultats relatifs aux composts 
AB, a structure du type fluorine et antifluorine 
comme K,S, SrCl, et CaF, (5 ) ,  K,O appartenant 
a cette cattgorie par sa structure antifluorine B 
basse temptrature. 

Nous remerqions le Conseil National des Recherches 
du Canada pour l'aide financiere apportee A ce travail et 
le Centre de Calcul de 11Universit6 de Montreal. Les 
auteurs remercient egalement le Professeur A. Beau- 
champ du dkpartement de chimie de 1'Universitt de 
Montreal ainsi que F. Natola pour son assistance 
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Effets de solvant sur les frkquences des vibrateurs 
CD et CH de quelques haloformes 

INGA ROSSI, NGUYEN-VAN-THANH, CLAUDE BRODBECK ET CLAUDE HAEUSLER' 
Laboratoire d'lnfrarouge, Chimie Physique, Facultt des Sciences de Paris, Britirnenr 350 (91) Orsay, France 

(Equipe de recherche associke au C.N.R.S.) 

R e p  le 17 mars 1970 

Les frkquences des bandes fondamentales et harmoniques des vibrateurs C-D et C-H ont CtC 
mesurtes pour les molCcules CDCI,, CHCI, et CHBr, a I'Ctat dissous dans quelques solvants non 
polaires ou ltgtrement polaires. 

On a remarquC que l'anharmonicitt m6canique de ces vibrations est forte et dtpend de la nature du 
solvant. C'est ainsi que ]'approximation Aw/w 2: Av/v n'est plus valable pour les oscillateurs considtrCs 
dans ce travail. 

L'Cnergie d'interaction entre solutC et solvant est la somrne des Cnergies d'induction, de dispersion 
et d'orientation (pour les solvants polaires). Les calculs bash sur un modtle cellulaire de I'Ctat liquide 
ont montr6 que 1'Cnergie d'induction est peu importante par rapport a I'tnergie de dispersion qui est 
fortement responsable du dkplacement des fr6quences observtes. 

The frequencies of the fundamental C-D and C-H stretching band and the overtones have been 
measured for CDCI, and CHBr3 in some nonpolar and some slightly polar solvents. 

We have pointed out that the mechanical anharmonicity of these vibrations is strong and solvent- 
dependent. Therefore, the approximation Awlw - Av/v is not valid for the vibrators considered in - - 
thk work. 

The solute-solvent interaction energy is the sum of induction, dispersion, and orientation energies 
(for polar solvents). Calculations based on the cell model for the liquid state showed that induction 
energy is of slight influence with respect to dispersion energy, which is greatly responsible for the ob- 
served frequency shift. 

Canadian Journal of Chemistry, 48, 3362 (1970) 

Introduction 
Dans le cadre des travaux consacrts a l'ttude 

des interactions moltculaires entre solutt et sol- 
vant non complexant, on a dttermint les frt- 
quences des bandes fondamentales v, et harmo- 
niques nv, des moltcules CDCl,, CHCI, et 
CHBr, a l'ttat dissous dans difftrents solvants 
non polaires et faiblement polaires. Les quatre 
solvants utilists (CCI,, C,CI,, CS, et CC1,Br) 
sont parfaitement transparents dans le domaine 
d'absorption des vibrateurs CH. L'analyse des 
bandes v, et 2v, de CHCI, et CHBr, relatives 
l'ttat gazeux, a fait l'objet d'une publication 
rtcente (1). Les bandes v,, 2v, et 3v, de CDCI, ?i 

l'ttat gazeux sont tgalement ttudites dans le 
~ r t s e n t  travail. 

La thtorie de Buckingham (2-4) relative aux 
effets de solvant sur les frtquences de vibration 
des moltcules diatomiques, prtvoit que le dt-  
placement Av de frtquence, dO au solvant, est 
proportionnel au nombre quantique v de vibra- 
tion du niveau excitt, si l'on suppose que la 

'Laboratoire de Chimie Physique MolCculaire, Faculte 
des Sciences de Rennes, France (35). 

constante d'anharmonicitt mtcanique du solutt 
est la mCme pour les ttats gazeux et dissous. 

Mais rtcemment plusieurs auteurs (5, 6) ont 
montrt que pour certains vibrateurs XH, la 
constante d7anharmonicitt dtpend de la nature 
du solvant. 

Le modkle cellulaire rend compte d'une ma- 
nikre assez satisfaisante de certains effets de 
solvant. L'hypothkse de l'analogie cristalline est 
alors faite pour obtenir une fonction de distribu- 
tion des moltcules de solvant A l'ttat liquide (7). 

I1 s'agit dans le prtsent travail de vtrifier les 
relations obtenues par Buckingham, et d'en 
dtterminer les limites de validitt dans le cas des 
vibrateurs CD et CH. 

Conditions expkrirnentales 
Les spectres ont 6tC obtenus sur un spectromttre de 

type PFUND a reseau Cchelette de 240 traits/mm fonc- 
tiomant dans 1es ordres 1, 2 et 3. 

Selon le domaine spectral expIor6, les dktecteurs sont 
des cellules photoresistantes, soit au sulfure de plomb, 
soit au tellurure de plomb. Ces cellules sont refroidies 
respectivement a la tempkrature de la neige carbonique 
et a celle de I'azote liquide. 
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ROSS1 ET COLL.: FREQUENCES DES VIBRATEURS CD ET CH 3363 

La fonction d'appareil est une fonction triangle (8), 
dont la largeur a mi-hauteur est de 0.5 cm-I a 2000 cm-', 
de 1.0cm-' a 4000cm-' et de 1.5cm-I a 6000cm-'. 

L'etalonnage du domaine spectral en nombre d'onde 
se fait par la methode de Poggendorff. Nous avons 
repere les bandes d'absorption des haloformes con- 
sider& par rapport aux raies de vibration-rotation des 
molecules suivantes: a 2300 cm-', CO, (9); 3000 cm-', 

HCI (10); 4500 cm-', HI  (11); 6000 cm-', CH4 (12); 
6500 cm-I, HI  (13). 

Les cuves a section circulaire avaient une tpaisseur 
variant de 0.5 a 2 cm pour l'etude des solutions; pour 
1'6tude de CDCI, gazeux deux cuves de longueur &gale 
10 cm et 100 cm respectivement ont kt6 utilisCes. La 
concentration des solutions etait de l'ordre de lo-' 
mole/cm3. 

Rappels thkoriques 
A .  Expression du de'placement de fre'quence 

A 1'Ctat gazeux, pour une moltcule diatomique, l'hamiltonien de vibration peut se mettre sous la 
forme 

gf = = ( 0 )  + %,(a) v  Y 

L'hamiltonien X V ( O ) ,  relatif a l'oscillateur harmonique (14) s'Ccrit 

oh o, est la frtquence harmonique exprimCe en cm-' ; q, la coordonnCe normale sans dimension, 
p, le moment de quantitC de mouvement. 

L'hamiltonien perturbateur peut s'Ccrire 

Les termes K3q3, K4q4, . . . qui rCsultent de I'anharmonicitC mCcanique de la vibration sont in- 
finiment petits les uns par rapport aux autres, de sorte que l'on a 

hco, 
2 

-q2 >> K3q3 >> K4q4 >> ... >> Kn-lqn-l  >> Knqn >> ... 

Quand la molCcule diatomique se trouve a 1'Ctat dissous, il faut tenir compte de 1'Cnergie d'interac- 
tion entre la molCcule de solutt et le solvant. L'Cnergie d'interaction U peut etre exprimCe en fonction 
de certaines grandeurs microscopiques du solute et du solvant. 

On peut adopter un modtle cellulaire dans lequel la molCcule de solutt prend la place d'une molCcule 
de solvant, et se trouve ainsi placCe dans une enceinte constituCe par les molCcules de solvant environ- 
nantes. Les positions moyennes des molCcules de solvant et celle de la moltcule de solutC sont situCes 
aux noeuds d'un rCseau cubique a faces centrCes (systtme, en particulier, dans lequel cristallise le 
solvant CC1,). On dCsigne par a,, la distance minimale entre deux noeuds conskcutifs d'une maille 
unitaire. 

Buckingham (4) exprime 1'Cnergie intermoltculaire comme une fonction de deux variables z et q 

z reprCsente l'ensemble des variables qui permettent de fixer la position et l'orientation de la molCcule 
de solutC 2 I'intCrieur de la maille. 

En fait, il y aurait lieu en toute rigueur de tenir compte de l'ensemble des orientations possibles de 
la molCcule au sein de la maille considCrCe. Mais dans ce cas, le calcul rigoureux de la fonction %(z,q) 
devient trts laborieux. On se propose donc d'expliciter %, seulement en fonction de la variable q. 
Ceci revient a raisonner sur une valeur moyenne du paramttre z, caracteristique de la position et de 
I'orientation de la molCcule CtudiCe. 

L'hamiltonien de vibration de la molCcule a 1'Ctat dissous s'tcrit alors 
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TABLEAU 1 (Concluded) 

Contributions diagonales et non diagonales de (.Y,/hc) 
. - -. 

Optrateurs Expression des tltments diagonaux et non diagonaux de (&?"/he) en fonction du nombre quantique v z 

C - ((~l(~,"'lhc)lk>)'(ol(~:~)/I~c)lu) 
k f "  (E,'"' - E,(O' )~  

+ termes d'ordre suptrieur ntgligeables . . . . . 
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3366 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

En considtrant (HV(") + 42) comme une perturbation infiniment petite devant A?,('), on obtient 
par la mtthode des perturbations les valeurs de 1'Cnergie jusqu'a l'ordre n. 

L'tnergie de vibration Ev est donnte par 

[5 1 Ev = EV(O) + EV(l) + EV(') + EV(,) + E,,(~) + 
Dans le tableau 1 figurent les diffirents termes Ifv('), A?,('), A?,',) et des hamiltoniens 

perturbateurs par rapport l'hamiltonien Ifv(') d'ordre zero et les expressions des energies EV(O), 
EV(l), EV('), EV(,) et E,(~).  

Le terme spectral de vibration dtveloppt jusqu'a l'ordre quatre pour une moltcule diatomique B 
l'ttat gazeux s'exprime par la relation suivante 

C6l 
Evgaz 

GvBaz = - = (0, - W)(U + +) - X(U + 3)' + Y(v + + C hc 

Le terme spectral relatif B l'ttat dissous s'tcrit 

E ~ = O '  

[7] G,'"' = --- = (0, - W - V)(V + 4) - (X + x)(v + 3)' + (Y + Y)(v + 3), + c + ? 
h c 

Dans le cas de la molCcule CDCl, oh les trois bandes v,, 2v1 et 3v1 sont Ctudites, on ntglige les 
termes d'ordre suptrieur B (v + &),. Pour les molCcules CHCl, et CHBr, oh seules les deux bandes 
v, et 2v1 ont pu Etre ttudites, on se limite au terme en (v + i)'. 

Les grandeurs intervenant dans l'tquation 7 sont donnCes par les relations suivantes 

les grandeurs t ~ ,  (aulaq), -.. et k,, k4 sont exprimtes en cm-l. 
Afin d'alltger l'expost, la grandeur P(  P << Y) de 1'Cquation 7 dont l'expression est assez com- 

plexe, n'est pas explicitCe. W, X et Pdtpendent du potentiel intermoltculaire 
On retrouve ainsi une expression analogue a celle donnte par Durocher et Sandorfy (5), mais non 

identique. Des difftrences apparaissent entre les deux expressions obtenues pour G,. Elles proviennent 
de la maniere dont sont groupts les difftrents termes qui interviennent dans les diffCrents hamiltoniens 
A?,(", Ifv('), Ifv(" et (cf. tableau 1). 

En effet, nous avons fait un choix tel que 
(a) d'une part, l'hamiltonien de la moltcule diatomique a 1'Ctat dissous puisse s'tcrire 

oh h est un parametre ne dtfinissant que l'ordre de grandeur des difftrents termes A?,('), A?,('), 
A?,',) et dont la convergence vers ztro est supposte rapine. 
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ROSS1 ET COLL.: FREQUENCES DES VIBRATEURS CD ET CH 3367 

(b) d'autre part, tout terme d'ordre pair ne contienne que des tltments d'ordre pair en q, 
et que tout terme d'ordre impair A?v(2n+1) ne renferme que des tltments d'ordre impair en q. Ceci 
prtsente I'avantage que les energies d'ordre impair E,(') et EV(,' sont nulles. 

Tandis que Foldes et Sandorfy (15) traite le potentiel perturbateur 

Hv' = Hv - H,'O' 

comme un tout, et dkfinit les ordres de perturbation suivant l'ensemble des termes non ntgligts dans 
l'tquation seculaire. Ceci peut se justifier par le fait que les termes en K,, K,, ... prtsentent une 
convergence Iente dans le cas des systemes solutt-solvant renfermant des liaisons hydrogene. 

Dans le cas des haloformes, le calcul de la localisation de l'tnergie correspondant a la vibration de 
valence v, montre que pratiquement toute l'tnergie se trouve localiste dans la vibration de la liaison 
CH (16) et que la moltcule peut alors &tre considtrte comme un oscillateur diatomique. I1 semble 
donc ltgitime de considtrer la moltcule d'haloforme comme un simple dip8le oscillant H-(CX,), 
oh, du reste, la masse des trois atomes d'halogene joue un r8le ntgligeable. Dans ce cas, le moment 
dipolaire prendre en considtration est p'C-H) associt ?i la vibration C-H. 

L'expression gtnCrale des nombres d'onde correspondant la transition (v = v') + (v = v") est 
la suivante 

[ I l l  v,.+,~. = G(vf) - G(v") 

Pour simplifier l'tcriture, on dtsignera les nombres d'onde relatifs a l'ttat gazeux et i l'ttat dissous 
respectivement par vO,,,,,, et v,,,,,,. D'apres les relations 6 et 7 on deduit les expressions donnant 
les nombres d'onde relatifs aux dtplacements de frtquence Av des bandes du solutC lors du passage 
de la moltcule de l'ttat gazeux i 1'Ctat dissous 

, A partir de ces dernieres relations, on prtvoit que 
(a) les dtplacements de frtquence Av,,,, Av,,, et Av,,, ne sont pas proportionnels au nombre 

quantique de vibration v = 1, 2, 3, car ils dipendent de W, X et F. 
(b) la constante d'anharmonicitt (X + X) est fonction de la nature du solvant. 
Buckingham ( 2 4 )  au contraire, a prtvu que les dtplacements de frtquence Av,,,, Av,,, et Av, ,, 

sont cians le rapport 1 :2:3 en supposant que I'anharmonicitt de la moltcule en solution est la m&me 
que celle de la moltcule B l'ttat gazeux. 

Ayant choisi un potentiel intermoltculaire 42, on peut donc atteindre l'expression des grandeurs - - 
W, X et F. I1 est alors possible de comparer les valeurs thtoriques ainsi obtenues, aux valeurs exptri- 

mentales de ces m&mes grandeurs dktermintes partir des relations 12, c'est-&-dire B partir des 
frtquences observtes. 

La comparaison est facile ?i effectuer en ce qui concerne W(re1ation 8). En effet, on voit que dans 
l'expression de W les termes prkpondtrants sont les deux premiers. On peut donc en premiere approxi- 
mation ntgliger les deux derniers termes intervenant dans [8], et la valeur de Vtheorisue ainsi obtenue 
peut &tre valablement comparte A la valeur exptrimentale. 

Au contraire, en ce qui concerne X, on doit prendre en considtration plusieurs termes qui sont 
I 

fonction de (aulaq),, (a2u/aq2), et (a4u/aq4),. Le calcul est donc ici plus dtlicat. 
De surcroit, si la valeur exptrimentale de Wpeut &tre obtenue avec une prtcision acceptable, celle 

, de X est dejh beaucoup moins prtcise et 7, qui est un terme inftrieur a X, l'est encore moins. 
Comme le dkplacement de frtquence harmonique Ao  est tgal h Wd'aprb les relations 6 et 7, nous 
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3368 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

nous proposons d'tvaluer le dtplacement relatif de frtquence harmonique Aolo, au lieu de Av/v 
dont l'expression est une fonction de F, X et F 
B. Expression du ddplacement relatf de frdquence harmonique Aw/o, 

Le dtplacement de frtquence harmonique s'tcrit 

avec 
o,SOl = 0, - v, 

relatif B l'ttat dissous. 
L'expression du dtplacement relatif de frtquence harmonique Ao/o, est donnte par la relation 

C .  Expression du poten tie1 intermoldculaire 
Dans la relation 14 interviennent les dtrivtes premikre et seconde du potentiel intermoltculaire a. 

Difftrents types de forces dtrivent de ce potentiel: les forces d'induction, de dispersion et d'orienta- 
tion. Les forces d'orientation ttant ntgligeables pour les solvants non polaires ou faiblement polaires, 
on peut donc tcrire 

~ ~ o b s e r v b e  no induction + no dispersion 

C.I .  Choix d'un potentiel d'induction 
Si nous assimilons l'oscillateur C D  ou CH A un dipale non polarisable plact au centre d'une maille 

unitaire d'un rtseau c.f.c., reprtsentant la distribution moltculaire au sein du liquide, l'tnergie 
d'interaction du dipale avec le solvant est donnte en premikre approximation par l'expression due 
B Debye (17): 

La sommation porte sur toutes les moltcules de solvant (18). 
Dans l'expression de ~ i n d u c t i O n  nous n'introduisons pas un facteur d'orientation, car nous sup- 

posons que la moltcule de solute peut tourner librement; p est le moment dipolaire de la liaison CH 
du solutt B I'ttat gazeux; p,, sa valeur B I'tquilibre, p,, est donnee par 

a, est la polarisabilite moyenne moltculaire du solvant; E,, sa constante dielectrique; R, la distance 
qui separe la moltcule de solutt d'une molCcule de solvant; as, la distance minimum entre deux 
molecules du liquide. 

Le potentiel ~ i n d u c t i O n  peut se mettre sous la forme 

avec 
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ROSS1 ET COLL.: FREQUENCES DES VIBRATEURS CD ET CH 

En combinant les tquations 14 et 16 on obtient finalement 

us 14.45 
- -' 2hme  [($): + Pe (8) - 2T e me 

Le calcul des quantitts (aaind/aq), et (a2%ind/aq2)e ntcessite la connaissance des grandeurs a,, 
(a~laq)e et (a2~/aq2)e. 

La distance intermoltculaire a, est obtenue 2 l'aide de la relation suivante 

oh M dtsigne la masse moltculaire de la moltcule de solvant; d, la densitt du solvant (g cm-,); 
N, le nombre d'hvogadro. 

Pour obtenir les valeurs de (ap/aq), et (a2p/aq2),, on utilise la mtthode de Herman et Shuler (19). 
C.1.1. De'termination de (a p/aq), et (a2p/aq2), 
L'intensitC inttgrte d'une bande d'une molCcule 2 l'ttat gazeux s'exprime sensiblement par la 

relation suivante 

oh RV'+U" reprtsente I'tltment matriciel de transition entre les niveaux d'tnergie v' et v", relatifs a 

un vibrateur anharmonique. R"""" peut s'tcrire sous la forme 

ou en utilisant le diveloppement en strie de p(q) 

On ne retiendra dans le dtveloppement de R"""" que les deux premiers termes; il vient alors 

Les termes RjU""" s'expriment en fonction des constantes moltculaires (B,, me, a,, X et re) et du 
nombre quantique v". Les valeurs de Be et ue sont celles qui ont CtC calcultes pour la moltcule dia- 
tomique fictive correspondant a H-(CX,). 

La connaissance des quantitts A et v nous permet d'obtenir d'apres la relation 19 la valeur absolue 
de R"""" . Nous sommes ainsi conduits 2 rtsoudre pour une moltcule donnCe le systeme d'tquations 
suivant 

pour toutes les combinaisons de signes possibles (tableau 2). 
Les quantitts (aplar), devant Ctre les mCmes pour les deux moltcules diatomiques fictives corres- 
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TABLEAU 2 

Valeurs exp6rimentales des coefficients (g): ($)= et (g) 
e 

A1+o Az+o 
Bc * a,* cm mole-' cm mole-' 

Mol6culc (cm-') (cm-l) (2) x l o -4  x lo-4  

CHBr, 14.639 0.2221 1.073 30.360t 6.224t -2.35 -2.16 -22.86 
+3 .04  -1.38 $29.58 
- 3.04 + 1.38 -29.58 

*Les valeurs de B. et a, sont celles qui ont kt6 calculbes pour la moldcule diatomique fictive correspondant A H-('2x3). 
TRdfdrence 1. 

pondant D-(CCI,) et H-(CCI,), nous avons choisi comme combinaison de signes, celle qui 
redonnait sensiblement la m6me valeur pour les quantitts (aplar), du chloroforme et du chloroforme 
deutert (tableau 2). 

En adoptant la valeur p>-H = 0.7 D (20) et en remarquant que le dtplacement de frCquence 
Ao est positif, on peut en dtduire d'apr6s l'tquation 17, que p, et (a2p/aq2), sont de m6me signe. 
Nous retenons finalement le dtveloppement suivant 

pour CDCl, 
pCWD(q) = 0.7 - 0.62 x 10-2q + 0.91 x 10-'q2 

pour CHCI, 
~ ' - ~ ( q )  = 0.7 - 1.06 x 10-2q + 1.10 x 10-'q2 

pour CHBr, 
~ ' - ~ ( q )  = 0.7 - 3.04 x 10-2q + 0.69 x 10-2q2 

Ainsi avec ces valeurs numtriques, la quantitt (Ao/oe)induc'iOn peut etre calculCe d'aprb la relation 
17 (cf. tableau 3). 

C.2. Choix d'un potentiel de dispersion 
L'tnergie d'interaction due aux forces de dispersion du dipble avec le solvant est donnte en pre- 

mi6re approximation par I'expression obtenue par Kirkwood (21) et Muller (22): 

oh o: et X" dtsignent respectivement le polarisabilitt molCculaire et la susceptibilitt diamagnttique 
moleculaire du solutt as et xSm sont les quantitts correspondantes pour le solvant (23). 

La polarisabilitt or de la liaison CH est une fonction de q 

Entre X" et o: existe la relation suivante due i Kirkwood 
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ROSS1 ET COLL.: FREQUENCES DES VIBRATEURS CD ET CH 

C221 x"' = - 4mc 

a, = rayon de Bohr, e = charge tlementaire de l'tlectron, n = nombre de moltcules par gramme, 
Z = nombre d'tlectrons de la moltcule. 

En dkrivant %div=sion par rapport ?i la coordonnte normale q de la moltcule de solutt, et en tenant 
compte du fait que xm est proportionnel A a l i2 ,  on obtient les relations suivantes 

Le calcul de (i3@/aq),di" et (a2%/aq2),di" ntcessite la connaissance des grandeurs (aa/aq),, a, et 
xem relative A la moltcule de solutt. Nous avons calcult la valeur de (aa/aq), a partir de la valeur de 
(aa/ar), publite par Holzer (24): la relation entre q et (r - re) est la suivante 

oh Be est la constante rotationnelle de la moltcule diatomique fictive correspondant ii H-(CX,). A 
l'heure actuelle, nous ne disposons pas de valeur exptrimentale de (a2a/ar2),. 

Ne disposant pas de valeur expkrimentale x(,-,,", nous sommes conduits A dtterminer le rapport 
~,"'/a, a partir des quantitts moltculaires correspondantes. 

Les expressions 23 et 24 nous permettent de calculer les valeurs de Amdiv (voir tableau 3). 

'TABLEAU 3 partir des transitions 1 + 0 et 2 + 0. Pour 
Valeurs calcultes et observ6es de (Ao/o)  CDCI,, on a dttermint X ,  P et w ii partir des 

transitions 1 t 0, 2 + 0 et 3 t 0. 
AO/O x l o 3  L'imprtcision des mesures sur les frtquences 

M6lange Induction Dispersion fondamentale v, et harmoniques 2v1 et 3v, Ctait 
respectivement de 0.3, 0.6, et 1 cm-'. 

CDCI3-CCI4 0.007 1.036 3.9 
0.007 1.094 3.8 

Des valeurs obtenues par Lascombe et al. (25), 
CDCl3-C2C14 
CDCI3-CC13Br 0.006 1.088 4.6 Anttila (26) et Durocher et Sandorfy (5) sont 
CHCI,-CCI, 0.006 1.099 2.8 indiqutes dans les tableaux 4, 5 et 6. 
CHCl3-C2C14 0.005 1.161 2.7 
CHC13-CS, 0.010 2.036 7.0 
CHCI3-CCI3Br 0.005 1.155 3.1 

Discussion 
CHBr3--CCI, <0.001 1.116 4.4 D'aprds les tableaux 4,5 et 6, on remarque que 
CHBr3-C,C14 <0.001 1.179 4.1 le dtplacement Av,,, n'est pas proportionnel au 
CHBr3-CS2 ~ 0 . 0 0 1  2.067 
CHBr3-CC13Br < 0.001 1.173 : nombre quantique v .  En effet, d'aprds la relation - - 

12, Av,,, est fonction des quantitts W, X et F 
Resultats experimentaux Les grandeurs W, X et (- Y) ttant toujours 

positives pour les moltcules CDCI,, CHCI,, 
Les rtsultats expkrimentaux relatifs aux molt- CHBr3, le dtplacement est systtmatiquement 

cules CDCI,, CHCI, et CHBr, sont relatks suptrieur a v .  w. 
respectivement dans les tableaux 4, 5 et 6. Ayant choisi un potentiel intermoltculaire %, 

Dans ces tableaux figurent (a) les frtquences on peut dtterminer ]'expression de W donnte 
d'absorption v,,, et les dtplacements de frt- par la relation 14 
quence Av,,,; (b) les constantes molkculaires X - 1 a2u 

Am= W E  -- 3k3 a~ 
et me (dtterminkes pour les moltcules CHCI, et 
CHBr, dans un travail anttrieur (I) et les valeurs 2 (v). + 0, (G), 
de X et Wcalcultes A l'aide des tquations (12). La valeur thtorique de F peut alors Ctre com- 
Pour CHCl, et CHBr,, nous calculons X et W i  parte i sa valeur exptrimentale. 
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TABLEAU 4 

Frtquences d'absorption vle0, v2+,, v3+, et dtplacements de frtquences Avl+o, Av2+,, Av,+o du D-Chloroforme 
-- 

Solvant vlto (cm-l) vzto (cm-') v3+0 (cm-l) AvltO (an-1) AVZ+O ( ~ m - l )  Av3+o ( ~ m - l )  

Gaz 2263.9 ( )  4460.63 (26) 6588.5 
CCI4 2252.4 4435.2 6549.5 11.5 25.4 39.0 

2253.5 (25) 
CXI, 2252.0 4433.7 6550.0 11.9 26.9 38.5 

Constantes moltculaires du D-Chloroforme gazeux et dissous 

Solvant X (cm-l) B(cm-')  Y (cm-I) F(cm-l) w. (cm-l) W(cm-l) 

TABLEAU 5 
Frtquences d'absorption vlto, vzto et diplacements de frtquence Av1+o, Avzco 

du chloroforme 
- 

Solvant vlto (cm-l) vzto (cm-I) Avlto (cm-') Avzco (cm-') 

Gaz 3032.9 (1) 5941.4 (1) 
3033 (5) 5943 (5) 

CCI4 3018.2 (8) 5906.2 14.7 35.2 
3021 (5) 5904 (5) 

C7Cla 3018.1 5905.4 
12 (5) 
14.8 

39 (5) 
36.0 

Constantes moltculaires du chloroforme gazeux et dissous 
-- 

Solvant X (cm-') X (cm-l) O, (cm-l) W(cm-') 

Gaz 
ccI4 
C2CIA 
cs, 
CCI3Br 

Pour le potentiel d'induction choisi, la valeur 
thtorique de Wind,,,ion est sensiblement tgale au 
premier terme en (a2u/aq2),. Comme le dtplace- 
ment Am est positif, les grandeurs p, et (a2p/Llaq2), 
sont de mEme signe d'aprks la relation 17. 

Mais pour le potentiel de dispersion choisi, la 
valeur thtorique de Vdispersion se rtduit au second 
terme en (aulaq),. Am ttant toujours positif, et, 
dans notre cas, k, ntgatif, la quantitt (aulaq), 
est alors ntgative. D'aprks la relation 23 on 
dtduit que (acllaq), est aussi ntgatif. 

D'aprks le tableau 3, on peut remarquer que 
les forces de dispersion sont plus importantes que 
celles d'induction. L'effet d'induction n'est 
d'ailleurs notable que dans le cas oh la moltcule 

prtsente une anharmonicitt tlectrique impor- 
tante (moltcules CHCl, et CDC1,). Notons que 
l'tnergie d'induction a t t t  sous-estimte, dans nos 
calculs, car nous avons ntgligt la polarisabilitk 
de la mol&ule de solutC. 

Ces rtsultats recoupent les calculs de Le Men 
(27). Celui-ci a en effet Cvalut les diverses con- 
tributions possibles aux interactions binaires 
entre une moltcule dissoute et une moltcule de 
solvant. En appliquant ce calcul au melange 
HCl-CCl,, il avait dtjk mis en tvidence que le 
terme de dispersion est le terme prtpondtrant. 

Mais les contributions des forces de dispersion 
dans le cas des melanges Ctudies sont encore 
faibles, car elles ne reprtsentent que les 30% de la 
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ROSS1 ET COLL.: FREQUENCES DES VIBRATEURS CD ET CH 

TABLEAU 6 
Frequences d'absorption vl+,, v2+, et deplacernents de frequence Avl+,, Av2+, 

du brornoforrne 

Solvant vlco (cm-') v,+, (crn-') Avl+, (crn-') Av2+, (crn-') 

Gaz 3048.3 (1) 5964.9 (1) 
CC1, 3029.8 (8) 5923.2 18.5 
C~CIL 3029.8 5922.2 18.5 
CS, 301 8.2 (8) 5901.5 30.1 63.4 

Constantes rnolCculaires du brornoforrne gazeux et dissous 

- 
Solvant X (crn-I) X (crn- ') w. (crn-') W (crn-') 

valeur expkrimentale. I1 apparait plusieurs raisons 
a cet Ccart: (a) d'une part, le dipale considCrC 
n'est certainement pas situC au centre de la maille 
unitaire, compte tenu des parametres gComC- 
triques de la molCcule (rC-, = 1.07 A ,  rc-x = 
1.80 A); (b) d'autre part, nous avons assimilk la 
molCcule d'haloforme a un simple dipale 
H-(CX,). I1 en rCsulte que les valeurs calculCes 
des grandeurs ( a ~ / a q ) ~ ,  (a2p/aq2)c et (act/aq), qui 
interviennent dans le calcul du ~otentiel inter- 
molCculaire 42, ont CtC obtenues ii partir de la 
valeur de la constante rotationnelle Be, relative 
a cette molCcule diatomique fictive; (c) enfin, il 
faudrait en toute rigueur tenir compte des 
interactions molCculaires a court rayon d'action, 
en particulier des forces de repulsion. 

Nous tenons a rernercier M. A. Levy, Maitre-Assistant, 
dont les conseils precieux nous ont perrnis de rnener a 
bien ce travail. 
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Mechanism of a base-catalyzed carbonium ion rearrangement 

T. S. SORENSEN, I. J. MILLER, AND C. M. URNESS 
The Department of Chemistry, University of Calgary, Calgary, Alberta 

Received May 7, 1970 

The rearrangement of cis-1,2,3,4,5-pentamethylcyclopentenyl cation to the trans isomer in aqueous 
sulfuric acids has been found to follow Ho with unit slope (d log k,,,,,. = dHo). This rearrangement 
involves the intermediacy of a neutral compound, 1,2,3,4,5-pentamethylcyclopentadiene, which on 
reprotonation is only partly efficient in leading to the trans ion product. Under both steady-state 
intermediate and direct protonation conditions, this diene protonates to give about 55 % of the cis ion 
and only 45 % of the thermodynamically more stable trans isomer. 
Canadian Journal of Chemistry, 48,3374 (1970) 

Introduction 
A number of directly observable carbonium 

ion rearrangements are base-catalyzed and in 
this category are two distinct types: 

(I) rearrangements involving a base-catalyzed 
proton transfer, where, for aqueous sulfuric 
acid solvents, the plots of log k,,,,,. us. Ho (a con- 
venient indication of acid "strength") are ap- 
proximately linear and approximately of unit 
slope (1); 

(2) rearrangements, as above, where the plot 
is approximately linear but of slope about 0.5 
(2, 3). 

This paper reports on a rearrangement belong- 
ing to category I ,  namely, the interconversion of 
cis- and trans-1,2,3,4,5-pentamethylcyclopentenyl 
cations (1 and 2 respectively) in aqueous sulfuric 
acids. 

Results and Discussion 

Ions 1 and 2 can be prepared quantitatively, 
in situ, in 84-100% aqueous sulfuric acid, each 
in about 90-95 % geometric purity. The analyti- 
cal procedure, using n.m.r. spectroscopy, for 
determining the relative amounts of 1 and 2 in 
mixtures, has been published (4). The cis ion 
1 - trans ion 2 equilibrium (211) favors the trans 
isomer (K = 3.9 k 0.3) and the most accurate 
kinetic data are obtained naturally by measuring 
the cis + trans conversion. The rates have been 
plotted assuming reversible first order kinetics 

(however, see later) and the pseudo-first order 
rate constants (k,) for 25 "C are given in Table 1, 
varying in turn the percent water in the sulfuric 
acid, the effect of added bisulfate ion and finally, 
the effect of changing the (1 + 2) total car- 
bonium ion concentration. Since carbonium ions 
1 and 2 are prepared from alcohols, the percent 
sulfuric acid figures in Table 1 have been cor- 

[ l ]  ROH + H2S04 -> R +  + "H20" + HS04- 

[2] ROH + SOa -t R +  + HS04- 

rected using either of the eqs. 1 or 2, the latter in 
the case of the 100% acid. The water is further 
~rotonated but this is an eauilibrium of the sul- 
i'uric acid. The percent sulfuiic acid figures quoted 
in column 2 of Table 1 are the same therefore as 
if one had prepared the solutions by adding car- 
bonium ion bisulfate to the acid solvent. 

The reaction is quite obviously of the base- 
catalyzed variety since the rate increases by a 
factor of about 100 in going from 100 to 88% 
aqueous sulfuric acid. Using the data for the 10 % 
carbonium ion concentration solutions and plot- 
ting these against Ho, one obtains a slope of 
0.99 (Fig. I).' 

As one lowers the concentration of the car- 
bonium ion in the acid solutions there is a steady 
decrease in the rate of the equilibration reaction. 
This can be explained in part because the sulfuric 
acid solvent in the lower carbonium ion con- 
centration solutions is less "diluted" during the 
ion preparation (see column 2 in Table 1). Com- 
paring a 10 and 1 % carbonium ion solution, 
using the slope of 0.99 for log kf us. Ho and using 

'The point for 100% acid deviates greatly from this 
line. We have used the Ho value quoted by R. Gillespie 
(9) for 100% sulfuric acid. It is perhaps questionable to 
use this value (-12.1) for a solution which is 10% by 
volume in carbonium ion. 
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SORENSEN ET AL.: CARBONIUM ION REARRANGEMENT 

8.4 9.2 10.0 10.8 11.6 12.4 

- H, 
FIG. 1. Experimental values of -log k ,  at 25" plotted against - Ho. The slope is 0.99. 

TABLE 1 

Kinetics for 1 F? 2 at 25' 

Ion 
Original Forrected Added Total concentration 
% HzSO4 HzSO4 HSO4- ( M )  HSO4- ( M )  (% w/v)* kr (s-')t 

'We~ght of alcohol in glvolume of acid in ml x 100. 
?The error 1s estimated as at least ?r 10% based on the scatter from, in most cases, four determinations. 
$Probably +20%, since the n.m.r. resolution is much poorer in this acid. 

an original sulfuric acid concentration of 97.0 %, 
one might predict a rate decrease by a factor of 
about 0.75 (the relative difference in Ho for the 
dilution values of 96.9 and 96.2 % sulfuric acid, 
corresponding to the 10 and 1 % carbonium ion 
concentrations respectively). The actual decrease 
is a factor of about 0.3. However, decreasing the 
carbonium ion concentration also decreases the 
bisulfate ion concentration and since this ion 
may act as a base in the equilibration reaction, 
the rate decrease may be more than that esti- 
mated above, the log kf us. Ho correlation being 
based on 10% carbonium ion concentrations in 
each case. For this reason, a study was made of 
the effect of added bisulfate ion on the reaction 

rate. With 96% sulfuric acid, the effect is not 
large, for example, using a 10% carbonium ion 
concentration and adding 1.1 M bisulfate ion (a 
relative increase of 1.24) the rate increases by a 
factor of about 1.3 (Table 1). With higher per- 
cent sulfuric acid solvents, the relative rate 
increase with added bisulfate ion is roughly the 
same. Increasing the bisulfate ion concentration 
also increases the water concentration (eq. 3). 
Since both species probably act as bases it is 
difficult to effect an evaluation of the individual 
rate constants for water and bisulfate ion base 
catalysis. 
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A crude separation indicates that in 96% 
sulfuric acid, water, and bisulfate ion catalysis 
are about equal. The catalytic constants are 
however quite different since bisulfate ion is 
present in much larger concentrations. Further 
experiments will be needed to prove this particu- 
lar point. 

The effect on the kinetics of decreasing the 
total carbonium ion concentration still seems 
rather large and the following process may be 
occurring in the more concentrated carbonium 
ion solutions, the diene being produced as an 
intermediate in the bisulfate ion or water- 
catalyzed reactions. This second order process 

cis 

would not be completely catalytic since one 
would expect the diene concentration to decrease 
somewhat during the course of the reaction. The 
experimental data are not accurate enough 
however to pick up any deviation in the first 
order plot. 

We next turned our attention to the more 
detailed aspects of the reaction mechanism and 
Scheme 1 was used as working model, where 

k k  
lc, (Table 1) = ' -' 

k-, + lc-, 

k k  
andk ,  = 

k-1 + It-, 

using the steady-state approximation for the 
diene, all of these being pseudo-first order rate 

constants. Each reaction corresponds to a proton 
transfer; the slow steps (k, and k,) with proton 
transfer from the carbonium ion to the base 
(probably water or bisulfate ion), the fast steps 
(k- , and k -  ,) with proton transfer from the acid 
(H,O+ or sulfuric acid) to the diene. Three 
different methods of attack were used in evalu- 
ating these rate constants; one gives k, (and k,) 
directly while the other two give the k-,/k-, 
ratio directly. Each method, however, is indirect 
in the sense that these rate constants are not 
obtained under the identical conditions used to 
obtain k,. In fact, all three methods give rate 
constants which agree very well with one another 
and give strong support therefore for the signifi- 
cance of each single method. 

Two of the methods involve the preparation of 
1 and, independently, 2, in deuteriosulfuric acid 
solvent (D2S04). Three separate aqueous (D,O) 
concentrations of D,SO, were used in the study 
(99.0, 95.0, and 92.2%). The rate of the H-D 
substitution from the solvent into the methyl 
groups is insignificant under the conditions used 
in this study. 

During the course of the reactions of 1 (or 2) 
in D2S04, a total of six species can in theory 
exist in solution. These are, besides 1 and 2, 
the corresponding mono-D carbonium ions, 1-D 
and 2-D, and the di-D ions, 1-D, and 2-D,. One 

I 

CH3 CH3 

2-D 2-D2 

cannot independently measure all six species in 
the n.m.r. spectrum since the methyl resonance in 
the grouping 
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SORENSEN ET AL.: CARBONIUM ION REARRANGEMENT 3377 

has the same chemical shift in 1 and 1-D (double 
intensity in 1). Exactly the same problem also 
occurs in the trans ions, 2 and 2-D. Also the 
methyl resonance of the grouping 

has the same chemical shift in 1-D and 1-D, 
(double intensity in 1-D,). In the trans ions, 
2-D and 2-D,, the situation is again entirely 
analogous. At short reaction times, however, 
1-D, and 2-D, exist in only small concentrations 
and one can take the initial appearance of the 

cHg+f trans 

methyl group signal in the n.m.r. spectrum to 
indicate the concentrations of 1-D and 2-D. 
Typical n.m.r. spectra, at 100 MHz, obtained 
after short reaction times, starting from the cis 
ion 1 (Fig. 2a), and the trans ion 2 (Fig. 2b) are 
illustrated, together with the identification of the 
peaks involved. Note that in both cases the con- 
centration of the mono-D cis ion (1-D) is initially 
fractionally larger than that of the mono-D 
trans ion (2-D). One can measure this ratio at 

b 0 

FIG. 2. (a) The C-4 and C-5 methyl n.m.r. region of 
(initially mainly) ion 1 in 95.0% D,S04 solvent at  100 
MHz. The measurement was made after ca. 40% deute- 
rium incorporation had occurred. The chemical shift 
value of these methyl groups in 1-D and 2-D appears to be 
subject to a small isotope effect, shifting the resonance to 
slightly higher fields compared to these same groups in 
1 and 2. 

(6) The C-4 and C-5 methyl n.m.r. region of (initi- 
, ally mainly) ion 2 in 95.0% D,S04 solvent at 100 MHz. 

The measurement was made after ca. 30% deuterium 
incorporation had occurred. 

low overall H-D conversions to obtain the 
k-,/k-,  ratio, as is shown by the following 
schematic (Scheme 2). Using duplicate data for 
all three aqueous D2S04 concentrations and 
starting initially with either 1 or 2, one obtains 
average values of 50-55 % 1-D and 45-50 % 2-D, 
giving a k- ,(D)/k-2(D) ratio of 1 .O-1.2. 

In addition to determining the initial 1-D/2-D 
ratio, it is possible to measure the overall dis- 
appearance of the n.m.r. methyl peak associated 
with either 

starting from 1, or 

starting from 2. The rate constant associated with 
this process is not identical with Ic,(D) or k,(D) 
as can probably be best seen from an examination 
of Scheme 2 (using 1 as an example). All reaction 
proceeding via k-, results in the loss of the 

methyl signal but that portion of the reaction 
proceeding via k- ,  still retains one 

methyl grouping and as previously mentioned, 
this resonance coincides with that of 1. In order 
to evaluate k,(D), we have subtracted the 

methyl area of 1-D from the total peak area of 
this group. This is easily done because the 
amount of 1-D formed is independently known 
from the appearance of the 

CH3+ cis 

methyl resonance. One must also operate in the 
low H-D exchange region to ensure that 1-D, 
is not formed in significant amounts. The rate 
constants (first order) for the corrected dis- 
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TABLE 2 
Kinetics in D2SO4 solvents at 25" 

% D2S04 ki(D)*(s-l) kz(D)*(s-') ki@)lkz@) Kk- ilk-2t 

99.0 1.5 x 10-4 3.6 x 1 0 4  4 .2 4.7 
95.0 9.6 x lo4 2.4 x 4 .0  4.7 
92.2 2.8 x 8.9 x lo-4 3.1 4.7 

*The errors are estimated as f 20% based on the reproducibility of duplicate experiments. 
tUsing k - J k V 2  = 1.2. 

0.7 

0.5 , 
Peak 

T i m e  ( m i n )  

FIG. 3. The change in the relative areas associated with the following n.m.r. peaks, as a function of time, starting 

initially with mainly ion 1 in 95.0% D2SO4 at 25"; 0, the doublet of CH3 A; O, thesinglet of CH 

X, the doublet of CH3 ; A, the singlet of CH3 
trans 
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SORENSEN ET AL.: CARBONIUM ION REARRANGEMENT 

TABLE 3 
Direct addition experiments with pentamethylcyclopentadiene 

Temperature* 
of ion 

preparation 
PC) Acid "/. cis "/. trans 

*Cooling bath temperature; solutions occ 
from time to time. 

FIG. 4. The C-4 and C-5 methyl n.m.r. region at 
100 MHz in 95.0% D2S04, showing the final equilibrium 
mixture of 2-D, and 1-D, obtained. 

appearance of 1 (k,(D)) are listed in Table 2, 
as a function of the percent aqueous D2S04 used 
as a solvent. The corresponding values for the 
disappearance of 2 (k,(D)) are also given in 
Table 2. 

At longer reaction times, the areas associated 
with the four different n.m.r. groupings (Fig. 2) 
continue to change and in Fig. 3, we show, as 
an example, the change in the area of these peaks 
as a function of time for ion 1 in 95.0 % D,S04. 
The final equilibrium result is shown in Fig. 4, 
yielding a 2-D2/1-D, ratio of 4 f 1, within 
experimental error of that found for the protium 
compounds (211). 

:asionally froze and had to be warmed slightly 

Since the diene proposed as an intermediate 
in these reactions is a completely accessible 
organic compound, we next measured the initial 
ratios of 1 and 2 obtained when the diene, 
1,2,3,4,5-pentamethylcyclopentadiene, was added 
to a number of strong acids, including the solvent 
systems used for the kinetic measurements. In all 
cases, the ratios are measured under conditions 
where it can be shown that no subsequent (to 
protonation) cis + trans reaction occurs. The 
measurements were made in several cases at two 
different temperatures. The results are given in 
Table 3. Within experimental error (ca. f 3 %), 
the ion ratios (2/1), obtained in 96% H2S04 or 
D2S04 are identical to those found by the kinetic 
method in the H-D exchange work. 

At low temperatures, in other solvents, some 
of the ratios are found to favor the cis ion by an 
even greater amount. These ratios are to be 
compared in all cases with the thermodynamic K 
of 3.9 favoring the trans isomer. The direct 
protonation results are also useful in providing 
information concerning the k-,/k-, ratio for 
acid solvents (FS03H, C1S03H, CF3SO3H? 
1 :1 SbF,-FS03H) for which one cannot reason- 
ably use the H-D substitution method, because 
the rate of this reaction is simply too slow in these 
cases. 

The three measurements, k -  ,/k-, (direct pro- 

'The amount of the cis ion 1, formed in this acid 
solvent by the direct addition of the diene, is much greater 
than that produced in the "stereospecific" dienylic cation 
cyclization reactions (4). 
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TABLE 4 
Calculation of k 1  and k ,  at 25" and comparison with k l (D)  and k2(D) 

% Acid kr (~- ' )*  kl(calcd.)t kl(D)$ k2(calcd.)§ k2(D)$ 

98.0 6.2 x 1 .5  x 3 x 3.2 x 6 x 
96.2 1.8 x 4 .0  x 6.4 x lo-: 8.5 x lo-' 1 .5 x 
93.3 5.4 x lo-4 1.2 x 1 .7  x 10- 2.5 x lo-4 5.8 x lo-4 

*From Table 1. 

t k~  (calcd.) = kr (w), using k-,/k-> = 1.2. 
ZSince these measurements were not made in the same percentage sulfuric acid as were kr (see Table 2) we 

have extrapolated the values of k,(D) and k2(D) from Table 2 to the same acid concentrations employed in' the 
kt measurement. This was done by making a graph of k,(D) and kz(D) us. "/ D2S04, using in each case the 
three points from Table 2, and then directly reading off this graph the aboveovalues. 

§k2 (calcd.) = (w), using k -~ lk-~  = 1.2. 

tonation), k-1(D)/k-2(D) and k,(D) or k2(D), 
are independent in derivation but may be related 
to one another through k, or k,, viz. eq. 4. An 
obvious discrepancy arises in trying to fit both 

k-, k, k- , - 141 ;=&- 1 and -- k r 
k - k-2 kP2 - k, 

the k,(D) and k2(D) data and the k-,/k-, data 
to these equalities. This is shown in Table 4. 
The problem almost certainly arises from the 
equating of k, and k,(D) since it would not be at 
all unexpected to find a kinetic isotope effect 
operating ( H 2 0  us. D20,  HS04- us. DS04-, and 
H2S04 solvent us. D2S04 solvent). The value of 
the k-,/k-, ratio, from the two independent 
measurements, is the same, and this ratio in any 
case would not be expected to show a significant 
isotope effect. 

Further support for this interpretation comes 
from a comparison of k,(D) and k2(D) listed as 
(k,(D)/k2(D)), shown in Table 2, which should 

and does equal K%. Thus, even though k, and 
k-2 

k,(D) or k2 and k2(D) differ in absolute value, 
the ratios are the same because the isotope 

kl(D) = k, effects, as expected, cancel, i.e. --- 
k2(D) k2 ' 

Although one can accurately obtain the 
k-,/k-, ratio, it is possible only to obtain an 
order of magnitude value for k- ,  or k-,. Deno 
et al. (5) have reported a value of - 1.9 for the 
pK, of 1,3-dimethylcyclopentenyl cation. Equilib- 
rium measurements in this laboratory have shown 
that a 2-methyl substituent is stabilizing (over 
2-H) by a factor of at least 100 (6). Using this 
minimum figure, the pKa of 1 or 2 can be estimated 
as 0. ' ~ t t e m ~ t s  to directly measure the pKa of 
1 - 2 were unsuccessful because of solubility 

problems and because the diene has a rather 
broad u.v. maximum which appears to merge 
with that of the ion. Using the data for the 1 % 
carbonium ion concentration in 96.9 % sulfuric 
acid, one calculates k, under these conditions, 
eq. 5. The treatment is simplified if one ignores 

the fact that one has two ions in equilibrium with 
the diene and for this order of magnitude calcu- 
lation we will assume that only 1 is present. The 
acidity function value, Ho, for 96.9% sulfuric 
acid is - 10.20 (7) and if one assumes that the 
[diene]/[ion'] equilibrium follows H,, as is 
reported for similar compounds by Deno et al. 
(5), then one would calculate log K for the 
[diene]/[ion'] ratio, in this acid, as about - 10. 
This then yields k- ,  = about 1 x lo6 s-'. 

The temperature dependence of k, in 96.2% 
sulfuric acid (0, 25, 45, 59 "C) was used to calcu- 
late an activation energy of 21 kcal/mole for the 
reaction of the cis ion 1 going to the trans ion 2. 
If one uses approximately this same value for the 
activation energy of the reaction represented by 
k,, one calculates an activation energy of about 
8 kcal/mole for the reverse reaction (using a 
K = e s  value of 1 x 10-lo (see above) and 
AH -- AF). 

The rate of the reverse reaction, given by k-  ,, 
cannot be very dependent on the "acidity" of the 
medium (H,) over the acid range studied. Log k, 
follows Ho with unit slope (Experimental) 

and since k - - k-, k1k-2 + k-, , ands incek- , /k- ,  

(Table 3) does not appear to vary with the 
"acidity" of the solvent, then k, must follow Ho 
with unit slope. The previous assumption that K 
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SORENSEN ET AL.: CARBONIUM ION REARRANGEMENT 3381 

for [diene'll [ i o n + ]  follows H,, then requires  k- , 
to be relatively constant, where K = k,/k- ,. 

Experimental 
The purification of the acid solvents, the method of 

adding the organic compound to the acids and the method 
of analyzing for 1 and 2 in mixtures have been reported 
previously (4). Particular care was taken to prepare the 
ion solutions under anhydrous conditions and in each 
case the n.m.r, tubes were sealed with tape. All of the 
kinetic measurements were carried out in the n.m.r. 
tubes a t  100 MHz using a Varian Associates HA-100 
spectrometer, operated in the field sweep mode and using 
the acid solvent peak as a lock signal. 

The temperature control for most of the kinetic experi- 
ments is good. The samples spend most of their time in a 
constant temperature bath (25 f 0.1 'C) and onlya small 
amount of time in transit (room temperature 25 + 1 
"C) or in the n.m.r. probe (25 -1: 1 'C). The much faster 
kinetic measurements in 88.4 and 93.3 % sulfuric acid 
were however carried out entirely within the n.m.r. probe 
and are less accurate. 

The deuteriosulfuric acid of 99 % isotopic purity was 
obtained from Fluka AG. Dilutions were made with 

1 deuterium oxide of 99.5% isotopic purity.The concentra- 
I tion of carbonium ion in these experiments was 10 % w/v, 

defined as in Table 1. Using the alcohol as a carbonium 
1 ion precursor introduces one proton/molecule of car- 
j bonium ion into the solvent, so that the isotope ratio at  
I the time of the initial H-D substitution process is about 
I 1:36 (HID), of no consequence in the experiments 

described. 

Bisulfate ion additions were made by adding anhydrous 
sodium sulfate to the sulfuric acid. A small correction 
was necessary in each case to take into account the result- 
ing small decrease in sulfuric acid concentration 
(H2S04 + -> 2HS0,-). At least two and usually 
four duplicate runs were made for each set of conditions. 

Bisulfate ion concentrations a t  any percent sulfuric acid 
were obtained by plotting selected values of [HSO,-] us. 
% sulfuric acid (using the data of Robertson (8)). 

All organic compounds used have been previously 
reported (4). 

The authors wish to thank the National Research 
Council of Canada for generous financial support. We 
wish also to acknowledge the valuable discussions with 
Dr. E. B. Robertson. 
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Bicyclo[2,2,l]heptylphosphonates II.' StCrCochimie de l'addition de Diels-Alder du 
vinylphosphonate de dimCthyle sur quelques cyclopentadihnes; Ctude par r.m.n. 

HENRY J. CALLOT ET CLAUDE BENEZRA 
D6partemenf de Chimie, Universite' dYOtfawa, Ottawa 2, Canada 

R e ~ u  le 30 avril 1970 

La sttrtochimie de I'addition de Diels-Alder du vinylphosphonate (1) sur le cyclopentaditne, I'hexa- 
chlorocyclopentaditne (6), le dimtthoxytttrachlorocyclopentaditne (8) et le pentachlorocyclopentaditne 
(10) a ett Ctudite. La configuration des composts obtenus a C t t  prouvte par corrklation chimique et 
surtout par r.m.n. L'ttude des spectres de r.m.n. confirme la dtpendance angulaire du couplage vicinal 
31P,1H et donne une idte de 1'electrontgativitC du groupe (CH30),P(0)-. 

The stereochemistry of the Diels-Alder addition of the vinylphosphonate (1) to cyclopentadiene, 
hexachlorocyclopentadiene (6), dimethoxytetrachlorocyclopentadiene (8), and pentachlorocyclopenta- 
diene (10) has been studied. The configuration of the compounds has been proved by chemical correlation 
and essentially by n.m.r. spectroscopy. The study of the n.m.r. spectra confirms the 31P,'H vicinal 
coupling dihedral angular dependence and suggests an electronegativity range for the -P(O)(OCH3), 
group. 
Canadian Journal of Chemistry, 48,3382 (1970) 

Bien que l'addition de Diels-Alder de phospho- 
nates vinyliques sur des diknes conjuguts soit 
connue depuis un certain nombre d'annees (14) ,  
il ne semble pas que l'ttude de la sttrtochimie 
de cette rtaction ait t t t  entreprise. Cela vient sans 
doute de ce que la stparation des tpimeres exo 
et endo s'avere souvent difficile et n'a pu etre 
rtaliste dans plusieurs cas (3). 

Nous avons entrepris l'ttude de l'addition 
thermique du vinylphosphonate de dimtthyle 
(1, CH2=CH-P(O)(OCH,),) sur difftrents 
cyclopentaditnes en pensant que, d'une part, les 
spectres de r.m.n. seraient plus simples, du fait 
de la prtsence des mtthoxyles, que ceux des pro- 
duits d'addition avec CH2=CHP(O)(OC2H5), 
(3), d'autre part, des rtsultats rtcents de ce labora- 
toire (5) nous permettant d'attribuer sans am- 
bigiiitt la configuration endo ou exo au groupe 
dimtthylphosphonique. 

L'addition de 1 aux divers cyclopentadienes 
est en gtntral lente et ce fait semble montrer que 
I'effet tlectroattracteur du groupe P(O)(OCH,), 
est faible. Ce rtsultat, confirm6 par I'ttude des 
couplages en r.m.n. n'est pas surprenant et on 
sait, par exemple que bien que l'tchange d'un 
hydrogtne en u du groupe dimethylphosphonique 
soit rtalisable, il ne I'est que dans des conditions 
tnergiques, avec des bases fortes telles que les 
dtrivts lithits (6). 

Ce travail dtcrit l'addition de CH,=CHP(O)- 
(OCH,), sur quatre cyclopentadienes; tous les 
- 

1Bicyclo[2,2,1]heptylphosphonates I: voir rtf. 5. 

produits ont &t i  skparts, caracttrids et leur 
structure dtmontrte essentiellement par r.m.n. 

Addition de Diels-Alder du vinylphosphonate 
de dimkthyle sur le cyclopentadiine 

Les additions de Diels-Alder sur le cyclopenta- 
diene conduisent gtntralement (7) A un mtlange 
des deux isom2res endo et exo. Avec comme 
ditnophile le vinylphosphonate de ditthyle, 
Daniewski et Griffin (3) ont montrC qu'un me- 
lange 1 :1 des deux isomtres se forme. Ces deux 
auteurs n'ont pu stparer les deux tpimeres, ni 
leur attribuer de sttrtochimie. 

Dans le cas du vinylphosphonate de dimtthyle, 
nous avons obtenu les isomeres exo et endo dans 
un rapport 1.2:l et les avons stparts par chro- 
matographie sur colonne de silice (tq. 1). 

L'attribution des configurations peut se dtduire 
de l'examen en r.m.n. de I'hydrogene situt en tete 
de pont, H4. Cet hydrogene est en effet coup16 
avec le phosphore lorsque le groupe dimtthyl- 
phosphonique est exo (,JP, = 7.5-8.5 Hz) alors 
qu'il n'y a pas de couplage dtcelable lorsqu'il est 
endo (3~ ,H < 0.5 Hz) (5). Le couplage vicinal 
H-C-C-P est en effet une fonction de I'angle 
ditdre +I (P, H) et suit une relation de type 
Karplus (8): il est maximum pour 0 et 180" et 
s'annule pour +I = 90°, de la meme facon que le 
couplage H-C-C-H (9). Nous attribuons la 
structure exo au compost 2 (3~p,4 = 8.5 Hz) et 
endo au compost 3 ( 3 ~ p H 4  - 0). 

La configuration exo du dtrivt 2, le moins 
polaire en chromatographie sur colonne est 
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CALLOT ET BENEZRA: BICYCL0[2,2,1]HEPTYLPHOSPHONATES. I1 

confirmCe par son hydrogknation quantitative en 
dCrivC saturC, 4. La r.m.n..de 4 montre un cou- 
plage 3Jp,, = 8.5 HZ (l'irradiation du 31P permet 
les attributions univoques des couplages P, H). 

Nous avons pu obtenir ce meme dCrivC 4 en 
additionnant du phosphite de dimCthyle sur le 
norborntne 5 en prCsence d'un gCnCrateur de 
radicaux, le peroxyde de benzoyle (Cq. 2). Prati- 
quement toutes les additions radicalaires sur le 
norborntne 5 conduisent d'une f a ~ o n  prCpondB 
rante, sinon exclusive au dCrivC exo (10). L'addi- 
tion radicalaire de HP(O)(OMe), ne semble pas 
faire exception a la rtgle. 

Addition de 1 sur I'hexachlorocyclopentadi6ne et 
le dime'thoxy-5,5 te'trachlorocyclopenta- 
di6ne-1,3 

Cette addition conduit dans les deux cas a un 
seul isomtre, conformCment B la "rtgle endo" 
d7Alder. L'hexachlorocyclopentaditne 6 donne le 

I dCrivC 7 auquel nous avons attribue la configura- 
tion endo (Cq. 3). Outre les considCrations d'ordre 
mCcanistique qui, suivant la rtgle d'addition endo 
conduisent A considCrer la formation d'un dCrivt 

! exo comme hautement improbable (cela tendrait 
en effet a rapprocher dans 1'Ctat de transition des 

groupes aussi volumineux que C1 et (CH,O),- 
P(0)-), nous avons Ctabli la structure du com- 
posC 7 en le transformant complttement en 
dCrivC 3. Cette dernitre reaction a CtC effectuCe 
en traitant le produit d'addition 7 par le sodium 
dans un mtlange de THF et de methanol, 
modification d'un proctdC dCja dCcrit (1 1). 

I1 a d'ailleurs CtC Ctabli que l'addition de 
diverses olefines A l'hexachlorocyclopentaditne 
conduisait exclusivement a 1'Cpimke endo (12). 
L'addition du vinylphosphonate de diCthyle a 
l'hexachlorocyclopentaditne ne conduit donc 
certainement pas, comme cela l'a CtC dCcrit (3) 
au mClange des isomlres endo et exo. Les donnCes 
de r.m.n. qui ont conduit les auteurs a cette 
conclusion erronCe (aspect du signal du groupe 
tthyle) sont entitrement interprttables si l'on 
considtre que le carbone porteur du groupe 
diCthylphosphonique est asymmCtrique (13). 

De meme, nous attribuons la configuration 
endo au produit d'addition de 1 sur le dimtthoxy- 
5,5 tCtrachlorocyclopentaditne-1,3, 8 (Cq. 4); 
d'une part, pour les memes raisons que nous 
avons invoquCes plus haut (etat de transition 
conduisant a l'exo, defavorable), d'autre part, la 
partie du spectre de r.m.n. attribuable aux pro- 
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tons 5 et 6 est pratiquement superposable la 
partie correspondante du spectre du compost 7. 
Ces rCsultats sont en parfait accord avec les 
travaux de Williamson (12) sur l'addition de 
diverses olCfines au cyclopentaditne 6. 

Addition du vinylphosphonate de dime'thyle 1 au 
pentachloro-1,2,3,4,5 cyclopentadiine 10  

Cette addition pouvait conduire a priori aux 
quatre isomires, 11-14. La formation du com- 
posC 14 est peu favorisCe en raison de la forte 
interaction qui rksulterait entre des groupes aussi 
volumineux que C1 ou (CH,O),P(O)-dans l'itat 
de transition. Nous n'en avons par trouvC trace. 

Ce rCsultat semble gCnCral et Williamson et 'al. 
(14) ont rCcemment montrC que l'addition du 
pentachlorocyclopentaditne 10 a diverses olCfines 
monosubstituCes conduisait, dans des propor- 
tions Cgales, a trois isomtres analogues des 
composCs 11, 12 et 13. 

Lorsque le pentachlorocyclopentaditne 10 est 
mis en rCaction dans le xyltne avec le vinyl- 
phosphonate de dimCthyle pendant 3 h a 133", 
aprts separation d'une quantiti importante de 
goudrons insolubles, on isole par chromato- 
graphie sur colonne de silice trois composCs (dans 
le rapport 1 :3 5:2.8) auxquels nous attribuons les 
structures 11, 12, et 13. 

La structure du composC 12, le plus abondant, 
dCcoule de l'examen de son spectre de r.m.n. 
L'hydrogtne port6 par le carbone C-7 apparait a 
champ faible (6 = 4.05 p.p.m.) sous forme d'un 
doublet de doublet qui se riduit a un simple 

sont caracttristiques des systtmes bicyclo [2,2,1]- 
heptaniques (1 5, 16). 

La r.m.n. des composCs 11 et 13 montrent que 
H, est anti par rapport a la double liaison; dans 
les deux composCs, en effet, ils apparaissent sous 
forme d'un fin sigulet (pas de couplage longue- 
distance en W). 

L'aspect, en r.m.n., des signaux des protons 
attach& aux carbones C-5 et C-6 est rCvClateur. 
Si 1'01-1 compare les absorptions attribuables ices  
hydrogtnes dans les spectres des composCs 11 et 
13 a celles correspondantes dans le composC 7 
(oh le groupe phosphorC est endo) on remarque 
une certaine similarit6 entre les composCs 7 et 13 
alors que le composC 11 semble nettement a part. 
Cette constatation nous avait conduits (17) a 
postuler une configuration exo pour le groupe 
(CH,O),P(O)- dans le composC 11. 

Cette hypothtse a CtC confirmCe par la rCduc- 
tion du composC d'addition 7 par le zinc dans 
l'acide acktique. Williamson et al. (18) ont 
montri qu'une telle rCduction Ctait sterioselective 
et conduisait d'une facon prCpondCrante au dCrivC 
syn-chloro. Dans notre cas, cette rCduction con- 
duit a 90% d'un compose identique a 13 et a 10 % 
d'un composC identifik a 12 (Cq. 5). Dans le 
composC 11, H, apparaissant sous forme d'un 
fin singulet, est donc en position anti par rapport 
a la double liaison. comme dans le com~osC 13. 
Dans ce dernier produit le groupe phosphorC 
Ctant endo, il s'ensuit que 11 a la structure exo 
indiquCe plus haut. 

doublet par irradiation du 31P a 40 MHz (4J,H = Spectres de r.rn.n. des compose's 2, 3, 4, 7, 9, 
4.0 Hz) (5). Le H, est coup16 au phosphore et 11, 12, et 13  
2 H, endo (4~1,,,H, = 1.5 HZ). Ces couplages en W Les spectres de r.m.n. des composCs dCcrits 
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CALLOT ET BENEZRA: BICYCL0[2,2,l]HEPTYLPHOSPHONATES. I1 

Zn/AcOH 
Ref lux H 

P(O)(OCH3)2 

plus haut sont parfaitement en accord avec les decrite dans un brevet (20). Nous domons ici le processus 
structures propdstes. E~ plus de ce qui a dit expkrimental prCcis que nous avons suivi. 

Les chromatographies sur colonne ont CtC effectukes prtckdemment, certains faits sent inttressants 5 sur du  silica gel (cc-7 mesh: 100-200), les 
notere Si l'on compare le com~osk 9 avec les rCactions ont 8tC suivies par chromatographie en couche 
produits d'addition de l'hexachlorocyclopenta- mince (c.c.~.) .  
di&ne avec diverses oltfines ttudites par William- Les spectres i.r. ont CtC mesurCs sur I'IR 20 de Beckman. 

son (121, on constate que les constantes de NOUS ne donnons pas ici leur description detaillie; ils 
sont tous compatibles avec les structures proposkes: les couplages J 5 x p 6 x  = 9.5 Hz, Jsxo6n = 5.0 Hz absor~tions sernblent caracttristiaues du sauelette bi- 

ltgbrement suptrieures a celles trouvtes pour 
R = CN (9.3 et 4.6 Hz respectivement); cela 
signifierait que le groupe (CH,O)P(O)- est 
1Cgbrement moins tlectrontgatif que le groupe 
cyano. Ce rtsultat permet decomprendre la faible 
rtactivitt du vinylphosphonate dimtthylique 
constatte dans notre Ctude. I1 semble que l'effet 
inductif du groupe est ici le plus important. 

Les couplages vicinaux 3'P,'H sont en accord 
avec une dtpendance angulaire de type Karplus. 
On trouve en effet 3J,, (4 = Oo) compris entre 
16.9 et 17.6 Hz, 3JH (4 = 60') compris entre 7.6 
et 8.4 Hz et 'J,, (4 = 30") entre 8 et 8.5 Hz. Ces 
valeurs sont ltgbrement suptrieures 5 celles 
trouvtes dans le cas d'hydroxyphosphonates (5). 

Les couplages P-4-CH, sont tous compris 
entre 9.6 et 11 .O Hz, sauf dans le cas du dtrivt 13 
o l ~  il est anormalement bas: 5.2 Hz. Nous 
n'avons pas d'explication, pour l'instant, pour 
ce phtnomkne. 

Partie expkrirnentale 
Indications gdndrales 

L'hexachlorocyclopentadiene est un produit commer- 
cial (Hooker Chemical Corporation). Le cyclopentadiene 
utilisC a 6tC prCpare par distillation du bicyclopentadiene 
commercial. Le pentachlorocyclopentadiBne a CtC prtparC 

partir d'hexachlorocyclopentadiene par la rnethode 
dCcrite par Newcomer et McBee (19). 

La prtparation du vinylphosphonate dirnCthylique est 

cycloi2,2,1]heptane. Tous cornpoitent des bandes trts 
intenses: P=O (1210-1240 cm-') et P-0-C (-1050 

\ / 
cm-'). Les doubles liaisons C=C sont caractkristiques et 

/ \ 
C1 C1 

apparaissent a 1600 cm-'. 
Les spectres de masse pris sur Hitachi-Perkin-Elmer 

RMU-6D seront dCcrits en dCtail dans une publication 
ul tCrieure. 

Prdparatioiz du vinylphosphonate de clitndtkyle 1 
On porte a reflux pendant 5 h un mClange de dibromo- 

Cthane (565 ml; 1240 g) et de trimkthylphosphite (70 ml; 
73 g) puis on  distille sous vide. Apres passage des produits 
de depart qui n'ont pas rCagi, on recueille deux fractions 
distillant respectivement a 70-100 et a 100-130' sous 
20 Torr. 

La premiere fraction est redistillCe (Cbullition 179- 
183"/760Torr) pour donner une huile incolore (15 g) 
identifike par r.m.n. au mCthylphosphonate de dimkthyle 
(181") 760 Torr cf. rCf. 21. 

Spectre de r.m.n. (CDCl,, pris sur T-60 Varian): 
1 d & 1.49 p.p.m. (3H, CH3P, JpH = 18.0 HZ); 1 d a 
3.82 p.p.m. (6H, CH,OP, J P f ,  = 11.6 Hz). I1 est intt- 
ressant de noter que la reaction du dibromoethane avec 
P(OMe)3 donne des quantitCs a peu pres tquivalentes du 
produit attendu par rkarrangement d'Arbuzov: BrCH2- 
CH2P(0)(OCH3)2 et d'un produit secondaire provenant 
de la rdaction du brornure de mCthyle sur le phosphite 
trimkthylique. 

Ceci n'a CtC, 5 notre connaissance, soulignt nulle part. 
La seconde fraction (25 rnl) est traitCe par la tri- 

Cthylarnine (15 ml) dans le benzene (40 ml) et le mClange 
IaissC a ternpkrature ordinaire pendant 24 h. Une fois 
filtrCs les cristaux de brornhydrate de trikthylarnine et le 
benzene CvaporC, on recueille une fraction qui bout a 
70-8O0/10Torr qui est cornposee de vinylphosphonate 
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dimkthylique pur (13.5 g; litt. ebullition 72.5"/10Torr 
rCf. 22). 

Spectre de r.m.n. (CDC13, pris sur T-60 Varian): 
1 d B3.81 p.p.m. (6H, CH30P, JpH = 11.2Hz); 1 mvers 
6.5 p.p.m. (3H, systeme ABCX, CH2=CH-P). 

Re'action du cyclopentadi2ne avec le vinylphosphonate 
de dime'thyle: composis 2 et 3 

On chauffe pendant 18 h, a 160-17Oo, dans une bombe 
en acier, un melange de cyclopentadikne (1.2g), de 
vinylphosphonate dimethylique (2.0 g), et d'hydroquinone 
(50mg). Apres refroidissement, on ajoute de l'tther, 
filtre pour Climiner un rtsidu insoluble puis evapore le 
solvant. On obtient une huile (2.7 g) qui est chromato- 
graphide sur silica gel (50 g.). On 61ue successivement le 
produit 2 (695 mg; ttherlether de pktrole, 317) puis le 
produit 3 (575 mg; etherlether de petrole 111). Les deux 
produits sont purifies par microdistillation (70°/10 Torr). 

Anal. Calc. pour compos6 2, CqH1503P: C, 53.47: 
H, 7.43; P, 15.35. Trouvb: C, 53.46; H, 7.75; P, 15.40. 

Spectre de masse: pic molCculaire a m/e 202. 
Anal. Calc. pour composC 3, CqH1503P: C, 53.47; 

H, 7.43; P, 15.35. TrouvC: C, 53.36; H, 7.39; P, 15.33. 
Spectre de masse: pic moleculaire m/e 202. 

Addition radicalaire du phospltite de dime'thyle sur le 
norborn2ne: composi 4 

On chauffe a reflux un melange de norbornene (4.5 g) 
et de phosphite dimithylique (100 g) et on y ajoute du 
peroxyde de benzoyle (2 g) dans le tktrachlorure de car- 
bone (20 ml). On chauffe a reflux 30 min supplkmentaires 
puis distille sous vide (10 mm). On recueille successive- 
ment une fraction de tete contenant l'exces de phosphite 
puis le produit qui est redistill6 127-132"/10 Torr. Huile 
incolore (84 g, soit 86% par rapport au norbornene de 
dipart). 

Anal. Calc. pour C9Hl7O3P: C. 52.94; H, 8.33; 
P, 15.20. TrouvC: C, 52.76; H, 7.99; P, 14.95. 

Spectre de masse: pic molCculaire ti m/e 204. 

Hydrogination catalytique de 2: compose' 4 
Le composC 2 (100 mg) est dissous dans le methanol et 

hydrogen6 en prCsence de Pd/C a 2.7 atm pendant 22 h. 
On filtre, Climine le solvant sous vide. L'huile incolore 
(-100 mg) est identifike a 4 (c.c.m , i.r., r.m.n.). 

Addition de I sur I'hexachlorocyclopentadi2ne: 
composi 7 

On chauffe pendant 46 h a 125-127" un mClange 
d'hexachlorocyclopentadiene (7 g), de vinylphosphonate 
dimethylique (4 g), d'hydroquinone (200 mg), et de xylene 
(30 ml). On refroidit, Climine le xylene sous vide et 
chromatographie I'huile sombre obknue sur silica gel 
(100 g). Le melange etherltther de pttrole, 111, Clue le 
compost 7 (4.1 g) qui cristallise lentement et est sublimC 
(130°/0.1 Torr) pour l'analyse; p.f. 4446". 

Anal. Calc. pour CqH,CI,03P: C, 26.41; H, 2.20; 
P, 7.58; C1, 52.08. Trouvt: C, 26.88; H, 2.19; P, 8.02; 
C1, 51.81. 

Addition de I sur le dimithoxy-5,5-titrachlorocyclo- 
pentadizne: compuse' 9 

On chauffe pendant 21 h a 122-123" un mClange de 
dimCthoxyt~trachlorocyclopentadi~ne (6 g), de vinylphos- 
phonate dimkthylique (4 g), d'hydroquinone (200 mg), 

et de xylene (20 ml). Apres refroidissement, on Climine 
le xylene sous vide et chromatographie l'huile obtenue 
sur silica gel (100 g). Le produit 9 est Clue par le mClange 
6therIbther de pCtrole, 111, sous forme d'une huile (4.5 g) 
qui est microdistillee (130"; 0.1 Torr) pour l'analyse. 

Anal. Calc. pour Cl1Hl5C1,O5P: C, 33.00; H, 3.75; 
P, 7.75; C1, 35.50. Trouve: C, 33.47; H, 4.04; P, 8.03; 
C1, 35.20. 

Re'action de I avec le pentachloro-1,2,3,4,5 
cyclopentadi2ne: composis 11,12, et 13 

On chauffe pendant 3 h a 133' un mtlange de penta- 
chlorocyclopentadiene (2.6 g; monomere, fraichement 
distilld), de vinylphosphonate dimethylique (1.5 g), d'hy- 
droquinone (200 mg) et de xylene (5 ml). La solution se 
colore fortement avec dCpGt de polymkres insolubles en 
cours de reaction. On refroidit, dilue a l'tther, filtre, 
Climine le solvant et chromatographie I'huile sur silica gel 
(35 g) en utilisant des melanges chlorure de methylenel 
chloroforme jusqu'au chloroforme pur. On elue succes- 
sivement les compods 11 (70 mg), 12 (220 mg), et 13 
(180 mg) qui tous trois cristallisent apres evaporation du 
solvant et sont sublimes (125"/0.1 Torr) pour l'analyse. 

Anal. Calc. pour compost 11 (p.f. 89-90"), C,HloC15- 
03P:  C, 28.84; H, 2.67; P, 8.28; C1, 47.13. TrouvC: 
C, 28.69; H, 2.86; P, 8.49; Cl, 47.18. 

Anal. Calc. pour compost 12 (p.f. 62-64"), CqHloClS- 
0 3 P :  C, 28.84; H, 2.67; P, 8.28; C1, 47.13. TrouvC: 
C,28.96; H,2.81;P, 8.48;C1,47.24. 

Anal. Calc. pour composC 13 (p.f. 147-15l0), CqHlo- 
C1503P: C, 28.84; H, 2.67; P, 8.28; CI, 47.13. TrouvC: 
C,29.08;H,2.66;P,8.37; CI,47.10. 

Traitement d~r prodrrit d'addition 7par Na/MeOH/THF: 
composB 2 

On dissout le composk 7 (300 mg) dans un melange 
de titrahydrofurane (10 ml) et de methanol (2 ml) et on 
refroidit a 0". On ajoute du sodium (150 mg) par petites 
portions puis on dilue par du tttrahydrofurane (10ml) 
et du methanol (3 ml) et rajoute du sodium (200mg). 
Durant toute l'addition (2 h 15 min), on agite vigoureuse- 
ment le mtlange rkactionnel. On isole le produit en 
ajoutant de l'eau (100 ml) et du benzene (50 ml), puis 
on lave la phase organique avec de l'eau et ensuite avec 
une solution saturee de chlorure de sodium. On s k h e  
sur sulfate de sodium et elimine le solvant. On obtient 
une huile incolore (70 mg; 45 %) identifite a 2 (c.c.m., 
i.r., r.m.n.). 

Re'duction par le zi17c dans I'acide adtique du compose' 7 :  
composis I2 et I3 

On dissout 7 (210 mg) dans l'acide acttique glacial 
(8 ml) et y ajoute du zinc en poudre (500 mg). On porte 
a reflux pendant 20 h en agitant vivement puis, apres 
refroidissement, on dilue par l'eau (50 ml), extrait trois 
fois au chloroforme, lave par une solution de carbonate 
de potassium a 10% puis a l'eau. Apres evaporation du 
solvant, on obtient une huile (190 mg) qui cristallise. On 
identifie le produit a un melange des composts 13 (90%) 
et 12 (10%) (c.c.m.; r.m.n.). 

Spectres de r.m.17. 
Les spectres de r.m.n. ont CtC mesures sur le spectro- 

metre Varian HA-100, les composb Ctant dissous dans 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CALLOT ET BENEZRA: BICYCLO[2,2,1)HEPTYLPHOSPHONATES. I1 

TABLEAU 1 

Diplacements chirniques (6 p.p.rn.) 

H 2 3 4 7 9 11 12 13 

'Non attribuable avec precision. 

TABLEAU 2 

Constantes de couplage (en Hz) 

2 3* 4 7 9 11 12 13 

J5 .61  n.rn.t 10.0 n.rn. 9.5 10.0 n.rn. 10.2 n.rn. 
J 5 . 6 ~  n.rn. 5.2 n.rn. 5.0 5.0 n.m. 5.2 n.rn. 
J 6 x . 6 ~  n.rn. n.m. n.rn. 12.5 12.0 n.rn. 12.2 n.rn. 
J p . 4  8 .5  0 8.5 - - - - - 
J p . 5  n.rn. 15.0 n.rn. 16.0 13.0 n.rn. 15.2 n.rn. 
J p . 6 ,  n.rn. 8.4 n.rn. 8.0 7 .6  n.rn. 8 .2  n.rn. 
j ~ , 6 n  n.rn. n.rn. n.m. 17.6 17.4 n.rn. 16.9 n.rn. 
J P O C H ~  10.6 10.5 9.6 11.0 10.0 5.2 11.0 10.6 

'Pour le compose 3, on peut egalement mesurer: J l , 2  = J3 ,4  = 3.0 Hz; J2 .3  = 5.6 HZ; J4 .5  = 3.2 Hz (alors que J, , ,  = 0 pour 2) et enfin 
J1,6, = 10.0 H Z .  

tNon mesurable: n.m. 

le deuteriochloroforrne. Les deplacernents chirniques sont 
exprirnes en p.p.rn. et donnis en unitis 6 par rapport au 
TMS, reference interne. Les couplages sont exprimes en 
Hz (a 0.2 Hz pres). Le decouplage du 31P a ete realise a 
40 MHz avec un dkcoupleur de spin hCteronuclCaire, 
n.rn.r. Varian Specialties. Les rCsultats sont resumes dans 
tableaux 1 et 2. 

Nous rernercions le Conseil National de Recherche du 
Canada pour I'assistance financiere (Octroi A-5496) 
accordee a ce travail. 
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Studies on pyrylium and thiopyrylium salts 

D. M. MCKINNON 
Cllemistry Department, University of  Manitoba, Winnipeg, Matiitoba 

Received June 2, 1970 

2H-Thiopyran-2-ones, 4H-thiopyran-4-ones, and 4H-pyran-4-ones may be reduced by lithium 
aluminum hydride to the corresponding thiopyranols or pyranols, which on treatment with perchloric 
acid are converted to pyrylium or thiopyrylium salts. The reaction fails with 2H-pyran-2-ones. Peracetate 
oxidation of 2H-thiopyran-2-thiones affords thiopyrylium salts, but with other pyran-2- and 4-thiones 
yields the corresponding ketones. The rearrangement of an acetylenic thiolester to thioflavone is 
described. 

Canadian Journal of  Chemistry, 48, 3388 (1970) 

The treatment of various pseudo-bases with 
acid is a convenient method for the preparation of 
various heteroaromatic cations (1) Thus, the 
hydride reduction of pyranones or thiopyranones 
should provide a convenient route to 2- or 4-un- 
substituted pyrylium, 1, or thiopyrylium, 2, salts 
via the pyranol or thiopyranol pseudo-bases. In 
fact, little is reported on this approach. 4H-Thio- 
pyran-4-one (3a) can be converted (2) to the 
thiopyrylium cation (2a) by this method, and 
xanthydrol (4a) and thioxanthydrol (4b), which 
are available by reduction of the corresponding 
ketones, give the xanthylium (5a) and thio- 
xanthylium (5b) cations respectively (3, 4) on 
treatment with acids. The reduction of2H-pyran- 
2-ones 6, Z = 0, with lithium aluminum hydride 
gives acyclic products (5, 6) and no information 
appears to be available on the reduction of 
2H-thiopyran-2-ones 7, Z = 0. Certain 2- or 
4-unsubstituted pyrylium and thiopyrylium salts 
were needed for another investigation, and it 
seemed desirable to investigate this method to 
determine its scope and utility. 

A representative variety of pyrones and thio- 
pyrones was studied. Some of their benzo- 
derivatives were also included. In most cases, 
excepting the 2H-pyran-2-ones 6, Z = 0, these 
could be reduced successfully to the correspond- 
ing pseudo-bases, which were not isolated, but 
were converted directly to the pyrylium 1 or thio- 
pyrylium 2 cations by treatment with perchloric 

R1 = Rz = H; R3 = R4 = Ph 
R1 = Ph; R2 = R3 = H; R4 = Ph 
RI, Rz = (CH=CH)Z; R3 = H, R4 = Ph 

R1 = Rz = R3 = R4 = H 
R1 = Rz = H; R3 = R4 = Ph 
R1 = H; Rz = Ph; R3 = H; R4 = Ph 
RI = P h ; R z  = R3 = H;.R4 = Ph 
RI, Rz = (CH=CH)z; R3 = H; R4 = Ph 

R1 = R2 =. R3 = H; Z = 0 
R1 = Ph; R2 = H; R3 = Ph, Z = 0 
R1, Rz = (CH=CH)z; R3 = Ph, Z = 0 
R1 = Ph; Rz = H;  R3 = Ph; Z = S 
R1, R2 = (CH=CH)z; R3 = Ph, Z = S 

acid. The structuresof most of these products 
were-confirmed by comparison with authentic 
specimens or by -alternate syntheses, some of 
which are new. 

When the 2H-thiopyran-2-one 7a, prepared by X + 
treatment of the corresponding thione 7b, with 4 5 
mercuric acetate, was reduced, using one quarter a X = O  a X = O  
equivalent of lithium aluminum hydride, a crude b X = S  b X = S  
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McKINNON: PYRYLIUM 1 LND THIOPYRYLIUM SALTS 3389 

a R1 = Ph; R, = H ;  R3 = ~ h ,  Z = o 
b R1, RZ = (CH=CH)z; R3 = H, Z = 0 
c R1 = Ph; R2 = H;  R3 = Ph, Z = S 
d RI, RZ = (CH=CH)z; R3 = H, Z = S 

a R1 = R, = Ph; R3  = H, Z = 0 
b R1 = RZ = Ph; R3 = H, Z = S 
c R1 = Ph; Rz = H;  R3 = Ph, Z = 0 
d R1 = Ph; Rz = H;  R3 = Ph,Z  = S 

product was obtained which on treatment with 
acid afforded the thiopyrylium salt 2b. Similar 
treatment of the thiopyrone 7c afforded the thio- 
pyrylium salt 2c. The structures of these were 
confirmed by alternate syntheses, employing the 
peracetate oxidation of the corresponding 2H- 
thiopyran-2-thiones, 7b and d respectively. These 
reactions are related to known reaction of 
1,2-dithiole-3-thiones (7, 8) and 1,3-dithiole-2- 
thiones (9, lo), with which the thiopyranthiones 
are isoelectronic and have some similar structural 
features. The success of this reaction in the 
dithioles has been ascribed to the resistance of 
the dithiolium cation products to further oxida- 
tion ( l l ) ,  and similar considerations may hold 
here. However, similar oxidation of 4H-thio- 
pyran-4-thiones 3, Z = S, and pyranthiones 6 
and 8, Z = S, failed to give any salt-like product, 
and other factors appear also to be important. 
Only the corresponding pyranones or thio- 
pyranones were isolated in these cases. Similar 
results have been reported for other oxidative 
studies (12). 

This hydride reduction was unsuccessful when 
applied to two 2H-pyran-2-ones studied, 4,6-di- 
phenyl-2H-pyran-2-one (6a), and coumarin (6b). 
The first of these gave a pale yellow oil, but 
treatment of this with perchloric acid gave only 
traces of salt-like material. In view of the low 
yield, the product may be a protonated form of 
some acyclic reduction product similar to those 
known (13, 14). The expected product, 2,4-diphe- 
nylpyrylium perchlorate (la) was prepared by 
the addition of phenyl magnesium bromide to 

2-phenyl-4H-pyran-4-one @a), followed by treat- 
ment with acid, similar to known methods (15, 
16). This product, m.p. 22g0, did not correspond 
to that, m.p. 240°, reportedly prepared (17) from 
acetophenone and cinnamaldehyde using tri- 
phenylmethyl perchlorate. A repetition of this 
latter synthesis afforded in fact 2,6-diphenyl- 
pyrylium perchlorate (lb), probably produced by 
cyclization of initially formed 1,5-diphenylpenta- 
2,4-dien-1-one. Indeed this diene has been shown 
(18) to form the salt (lb) on oxidative cyclization. 

The reduction of coumarin (6b) gave a pale 
yellow oil. Treatment of this with perchloric acid 
gave apparently polymeric material. Tautomer- 
ism of the initially formed pseudo-base would 
give o-hydroxycinnamaldehyde, which might be 
expected to polymerize under the influence of 
acid. The success of this method when applied to 
the thio-2-pyrones 7, Z = 0, contrasted to the 
2-pyrones 6, Z = 0, is probably a consequence 
of the greater electron-releasing ability of sulfur 
over oxygen affecting the ring-chain tautomeric 
equilibria of the pseudo-base. 

Application of this reductive method to the 
4H-pyran-4-ones 8, Z = 0 ,  and the 4H-thio- 
pyran-4-ones 3, Z = 0 ,  gave unsatisfactory re- 
sults when only the theoretical quantities (one 
quarter equivalent) of lithium aluminum hydride 
were used. In most cases starting materials were 
recovered, usually as the protonated forms (19) 
after the addition of perchloric acid. However, 
use of a ten-fold excess of reagent gave satisfac- 
tory results. Similar results are known in the 
reactions of certain ketones with Grignard 
reagents owing to complex formation (20). Indeed 
in tlie preparation of 2,4-diphenylpyrylium per- 
chlorate (la) from the 4-pyrone 8a and phenyl 

a Rl  = Ph; Rz = R3 = H ;  Z = 0 
b R1 = Ph; Rz = H ;  R3 = Ph, Z = 0 
c R1, RZ = (CH=CH)Z; R3  = Ph, Z = 0 
d R1 = CH3; R2 = H ;  R3 = CH3, Z = 0 
e R1 = Ph; R, = H; R3 = Ph, Z = S 
f RI, RZ = (CH=CH)z; R3  = Ph, Z = S 
g R1 = C H 3 ; R Z = H ; R 3 = C H 3 , Z = S  
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CI 
TABLE 1 p 2 

Conversion of pyrones and thiopyrones to pyrylium and thiopyrylium salts Ei 
Analyses !i 

u 

Melting Calculated (%) Found (%) $ P 
Starting Source Yield point 
pyrone reference Product (%) Formula PC) C H C1 S C H Cl S r 2 

*Literature (24) 186-187'. 
tThis work. 
$Literature (25) 163'. 
§Literature (28) 230". 
IIK. and K. Laboratories. 
YLiterature (29) 178-179'. 
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MCKINNON: PYRYL~UM AND TH~OPYRYLIUM SALTS 3391 

magnesium bromide mentioned above, satis- 
factory results were only obtained when an 
excess of Grignard reagent was employed. Thus, 
2,6-diphenyl-4H-pyran-4-one (8b) and 2,6-di- 
phenyl-4H-thiopyran-4-one (3b) were converted 
to  the salts l b  and 2d respectively. Similarly 
flavone (8c) and thioflavone (3c) were converted 
to flavylium perchlorate ( l c )  and thioflavylium 
perchlorate (2e) respectively. Thioflavone (3c) 
was made by treatment of phenyl phenylthiol- 
propiolate with aluminum chloride. Presumably 
a Fries rearrangement of the thiophenolic ester 
first forms o-phenylpropiolylbenzenethiol, which 
cyclizes to the thioflavone. The product obtained 
was identical to that prepared by a known 
method, (21). In the presence of excess benzene- 
thiol, phenyl 3-phenylthiothiolcinnamate (9) was 
obtained by further addition of mercaptan to the 
acetylenic ester. 

This preparative method for pyrylium and 
thiopyrylium cations failed to give any salt-like 
product when applied to 2,6-dimethyl-4H-pyran- 
4-one ( 8 4  and 2-phenyl-4H-pyran-6-one (8a). 
There is little apparent reason why these reactions 
failed to give the desired products, although 
possibly steric effects are significant, and in these 
cases hydride reduction gives alternate or further 
reduction products which cannot be converted to 
pyrylium salts. From the above results, it appears 
that this reductive method is satisfactory for the 
preparation of pyrylium and thiopyrylium salts 
from the corresponding pyrones or thiopyrones 
except in the case of the 2H-pyran-2-ones, 6. 

Experimental 
Reductions were performed by lithium aluminum 

hydride supplied by Alfa Inorganics Ltd., in diethyl ether, 
previously dried over sodium. Ether or benzene extracts 
were dried over anhydrous sodium sulfate. Pyrones or 
thiopyrones were either available commercially or were 
synthesized according to the literature (See Table 1). 
New methods are described below. The i.r. spectra were 
obtained in liquid paraffin mulls on a Perkin-Elmer 
Model 337 spectrophotometer. 

Preparation of 4,6-Diphenyl-2H-thiopyran-2-one (7a)  
To 4,6-diphenyl-2H-thiopyran-2-thione (4 g) (22) in 

acetic acid (50 ml) at 60" was slowly added with shaking 
a saturated solution of mercuric acetate in acetic acid 
until the red color of the thione had disappeared. The 
mixture was thrown on ice and the yellow precipitate 
recrystallized from ethanol as yellow felted needles, m.p. 
97-So, lit. (22) 97-98" (92%). 

Preparation of Pheizyl 3-Phenylthiolpropiolate 
To a solution of phenylpropiolyl chloride (30 g) in 

pyridine (100 ml) was slowly added phenylmercaptan 
(20 g). The mixture became warm and was shaken 1 h 
then poured into water. The ether extract was washed 
with dilute sodium hydroxide, dilute hydrochloric acid, 
and water, and dried. Evaporation gave a red oil which 
was used directly in the next reaction. 

When phenylpropiolyl chloride (30 g) was treated with 
excess phenyl mercaptan under the same conditions, a red 
oil was obtained which partly crystallized on standing. 
The mixture was triturated with ethanol and the crude 
yellow solid recrystallized from ethanol as yellow plates, 
m.p. 138" (39%). 

Anal. Calcd. for CZ1H160S2: C, 72.65; H, 4.60; S, 
18.39. Found: C, 72.71; H, 4.29; S, 18.01. 

Preparation of Thioflavone (3c)  
The crude phenyl 3-phenylthiolpropiolate (10 g) pre- 

pared above was dissolved in dry benzene (50 ml) and 
treated with powdered anhydrous aluminum chloride 
(15 g). After 3 days the greenish solution was poured into 
water, and the dried benzene extract was evaporated to 
give a dark solid product. This was washed with cold 
ether and recrystallized from ethanol as colorless needles, 
m.p. 129-130" (68 %). This was identical (mixed m.p. and 
i.r.) with an authentic specimen (21). 

Reductions of 2H-Pyrarz-2-ones and 2H-Thiopyran-2-ones 
by Lithium Aluminurn Hydride 

To a stirred solution of the pyrone (2.00 mmoles) in 
anhydrous ether (200 ml) was added powdered lithium 
aluminum hydride (0.50 mmole). Usually a slight yellow 
coloration was evident. After 3 h ethyl acetate (10 ml) was 
added, and after a further 10 min, 10% dilute hydro- 
chloric acid (10 ml) was added. The ether layer was 
separated, dried, and evaporated below 30" in vacuo. The 
crude pyranol products were used directly in the next 
stage. 

Reductions of 4H-Pyran-4-ones and 4H-Thiopyrarz-4-ones 
b y  Lithium Ahrnzinum Hydride 

These were performed exactly as with the 2-pyrones, 
except that 5.00 mmoles of lithium aluminum hydride 
were used. Use of lesser amounts gave incomplete 
reaction. The crude pyranol products were used directly 
in the next stage. 

Treatment of Pyranols and Thiopyranols with Perchloric 
Acid 

The crude products obtained above by reduction of 
pyrones or thiopyrones were dissolved in cold acetic acid 
(5 ml) and 70% perchloric acid (0.5 ml) added. The salts 
either crystallized directly, or the mixtures were diluted 
with ether (50 ml) and scratched to induce crystallization. 
The crude products were recrystallized from acetic acid 
containing a trace of perchloric acid. The results are 
summarized in Table 1. 

The reduction products of the pyrones 6b and 8d failed 
to give any salt-like material, and those of the pyrones 
6a and 8a gave only traces (-5 mg). 

Hydrogen Peroxide Oxidatiorz of 4,6-Diphenyl-2H- 
thiopyran-2-thione (76) 

To the thione (0.5 g) (22), suspended in acetic acid 
(20 ml), was added 30% hydrogen peroxide solution 
(0.5 ml) and the mixture maintained at 30'. The mixture 
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became dark red in color, then slowly lightened to pale 
yellow. After 2 h 70 % perchloric acid (0.6 ml) was added 
to the solution. Dilution with ether gave yellow needles 
which were recrystallized from acetic acid containing 
perchloric acid, m.p. 157" (66%). The conipound 2b was 
identical (mixed m.p. and i.r.) to that prepared by the 
reductive method. 

Hydrogen Peroxide Oxidatiorz of 3,6-Dipherzyl-2H- 
thiopyrarz-2-tl~iorze (7c)  

Oxidation of this thione (26) was performed exactly as 
above. Yellow needles of 2c were obtained (99%), 
identical (mixed m.p. and i.r.), to that prepared by the 
reductive method. 

Hydrogerz Peroxide Oxidation of Thiones 3d, e; 6c, d; 
8e, f ,  &? 

These reactions, performed under the same conditions 
as above, gave no salts on treatment with ether. The solu- 
tions were diluted with water, and the ether layers 
separated. Evaporation gave the corresponding carbonyl 
compounds in almost quantitative yields. 

Reaction of 2-Phenyl-4H-pyrarz-4-one (8c)  ~ i t l r  Plrenyl- 
magrresirrm Bromide 

To a solution of the pyrone (4.3 g) (30) in anhydrous 
ether (100 ml) was slowly added a solution of phenyl- 
magnesium bromide prepared from bromobenzene (7.8 g) 
and magnesium (1.2 g) in anhydrous ether (100 ml). The 
solution initially became cloudy, but cleared towards the 
end of the addition. After 10 min the solution was poured 
into dilute hydrochloric acid (100 ml of 5% in water). 
The dried ether layer was concentrated to a red oil it1 
uacuo at room temperature which on treatment with 70% 
perchloric acid (1 ml in acetic acid (10 nil)), and dilution 
with ether (20 ml) gave a yellow precipitate which was 
recrystallized from acetic acid containing perchloric acid, 
m.p. 227" (33%). 

Anal. Calcd. for C17H13C105: C, 61.35; H, 3.91; C1, 
10.67. Found: C, 61.17; H, 3.98; C1, 10.83. 

Reaction of Acetophenone and Cinnamallel~yle with 
Triphenylmethyl Perclrlorate 

This reaction was performed as described (17). The 
product, m.p. 230°, obtained was identical (mixed m.p. 
and i.r.) to that obtained from 2,6-diphenyl-4H-pyran-4- 
one by the reductive method outlined above, or by 
oxidative cyclization of 1,5-diphenylpentane-1,5-dione as 
described (28). 
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Detection of the intermediate in the aqueous acid catalyzed isomerization 
of cis-cinnamic acid1 

M. B. HOCKING 
Exploratory Research Laboratory, Dow Clzemical of Carzada, Linzited, Sartzia, Ot~tario 

Received June 4, 1970 

The rates of isornerization of cis-cinnamic acid and of dehydration of p-hydroxy-p-phenylpropionic 
acid have been determined in strong HCI solutions. The ratio k,,h,d,,,ion/kiaomeriLilLIOn was found to be 
in the range 1.6 to 4 and has been used to account for the observed lengthy isomerization induction 
periods. Concentrations of a previously suggested intermediate, 5, assuming its presence, have been 
calculated. Accounting for the concentration of intermediate present has enabled mathematical and 
experimental removal of the induction period from the kinetics. Attempted isolation of this intermediate 
resulted at  least in positive detection of its presence. 
Canadian Journal of Chemistry, 48, 3393 (1970) 

Introduction 

The isomerization of cis-cinnamic acid to the 
trans has been extensively studied in aqueous 
acid systems by Noyce and his co-workers (l), 
who have formulated the process as shown in 
Scheme 1, with k, > k,. More recently, some 
attention has been given to the thermal isomeriza- 
tion of neat cis-cinnamic acid and the observed 
kinetics have been explained on the basis of a 
transitory carbonium ion intermediate (2), as 
shown in the sequence 1 -> 2 -> 3 in Scheme 2, 
without involvement of the hydrated inter- 
mediate 5. The complete forinulation of the 
aqueous acid isomerization process, outlined in 
Scheme 2, is based on Noyce (3-3, who reported 
the relative order of the rate constants ask,, k, >> 
Ic, > k,. Since the rate constant for the neat 
isomerizations, when extrapolated to the same 
temperature and hydrogen ion concentration, 
was found to be of the same order of magnitude 
as that for an aqueous acid isomerization (2), it 
was suggested that the same mechanism was 
operating in the two systems. 

While the latter fact, the extensive body of 
earlier data on the observed induction period for 
the isomerizations (l), and the faster alpha 
deuterium exchange concurrent with isomeriza- 
tion (I) all suggest involvement of an inter- 

mediate, they do not cast any light on the relative 
importance of 2 and 5. Likewise, the faster rates 
of dehydration of 5 than isomerization of 1, 
qbserved both by Noyce and ourselves, are only 
suggestive of the possibility of the intermediacy 
of 5. This study endeavors to further substantiate 
the extent of involvement of 2 and 5 in the 
aqueous acid isomerization of cis-cinnamic acid 
by mathematical and chemical experiments. 

Results and Discussion 

As a measure of the importance of 5 as an 
intermediate an effort was made to find an 
aqueous acid solution in which the rate constant 
for the dehydration of 5 was likely to be smaller 
than, or more nearly the same as, the rate constant 
for the isomerization. Plots of log Ic us. Ho (6) for 
Noyce's dehydration and isomerization data at a 
number of different sulfuric acid strengths yielded 
a pair of smooth curves convergent at a point 
somewhere near a rate constant of 1 x 10-lo 
s-' (Ho = $2.5), conditions which were too 
remote from the practical, in time and acidity, for 
a kinetic study. However, it was considered that 
changing to an acid less favored for dehydrations 
than sulfuric might well not only change both the 
dehydration and isomerization rate constants for 
a particular hydrogen ion activity, but also affect 

'Contribution No. 184, Exploratory Research Laboratory, Dow Chemical of Canada, Limited, Sarnia, Ontario. 
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the slopes of the log k vs. H ,  plots such that con- 
vergence could be achieved at a higher acidity 
and rate constant. Both objectives were achieved 
in hydrochloric acid solutions, with significant re- 
duction in the ratio kd,,,dr,,ion/kisomeriz,,ion (Table 
1). However, it still appeared unlikely that it 
would be possible to arrange conditions such that 
the rate of dehydration would be slower than the 
rate of isomerization. Furthermore, the induction 
period in the isomerization experiments at lower 
acidity becomes so long (about 2 days, Tables 2 
and 3) that kinetic data from further experi- 
mentation at lower acid values could be severely 
affected by unrelated errors. The increase in in- 
duction time and proportion reacted is a natural 
consequence of convergence of the rate constants 
for protonation of 1 and deprotonation of 2. As 
these become more nearly equal a much larger 
proportion of 1 must have proceeded to 2 before 
steady state concentrations of 1 and 2 can be 
reached (7). The induction period is not, there- 
fore, a consequence of a lag in the formation of 5 
but only of the rate determining protonation of 
the alpha carbon of cis-cinnamic acid since the 

earlier on the basis of the large kinetic isotope 
effect (5) observed in sulfuric acid-d,. 

It was assumed, then, that the isomerization of 
cis-cinnamic acid to trans proceeds via two con- 

k, k2 
secutive first order Drocesses. A + B C. r 

where A = 1, B = 2, and C = 3. Since upon 
completion the cis acid A is essentially com- 
pletely converted to the trans C2, equations which 
have been developed for this sequence (8) could 
be used to calculate a number of different 
variables from the data obtained. By the use of 
eq. 1, k, was calculated point-to-point by sub- 
stitution of [C],, [A],, k,, and t into an iterative 

computer program (Tables 3 and 4). Constant k, 
obtained in this way was the theoretical rate 
constant for the protonation of cis-cinnamic acid, 
and, as expected, was greater than kisomeriza,ion, 
which was an experimentally determined resultant 
of k, and k,. From the standpoint of showing 

rate of hydration of 2 is relatively much faster 
2Perhaps not completely true since 1.7 % of the hydroxy 

(3). This conclusion, i.e. that alpha protonation acid 2 has been detected in the dehydration equilibrium 
to 2 is the rate determining step, was reached in 52% HzSO, (3). 
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HOCKING: ISOMERIZATION O F  CIS-CINNAMIC ACID 

TABLE 1 
Comparison of rate of dehydration of 0-phenyl-0-hydroxypropionic acid with the rate of 

isomerization of cis-cinnamic acid at 45.0 "C 

Isomerization 
Acid kdchydriltlon k~sorner~zat~on k d ~ h ~ d r a t l ~ n  induction 

(weight %) - Ho* (s-' x lo5) (s-' x 10') k~sorncr~znt~on period (%) 

HCI 3.00 
(25.9) 

HzS04 4.20 59.71 1.491 40 Slight 
(41 .8) 

*From data of ref. 6. 
tInterpolated from data of ref. 1. 
llnduction period from ref. 1 is 15% a t  Ho = -3.6. 
§First order rate constant during induction period. 

TABLE 2 
Comparison of observed us. calculated induction periods, and the calculated 

maximum concentration of the intermediate for the isomerization of cis-cinnamic acid* 

Hydroxy acid, 5, 
Induction period concentration 

Acid 
concentration Observed Calculated1 Calculated Experi- 

(%) (s) (s) maxirnumf mental 

51.87 H2SO4 3 . 0 ~  lo4 3 . 0 4 ~  lo4 3.78% - 
58.05 HzS04 Slight 5 . 3 7 ~  lo3 2.0 
25.9 HCI 1.6x105 1.71 x lo5 36.1 5.3 
34.9 HCI 5 . 0 ~  103 5 . 1 7 ~  103 16.5 - 

'Sulfuric acid data derived from those of ref. 1 
t,Calculated using eq. 3. 
$Calculated using eq. 4. 

TABLE 3 
Isomerization of cis-cinnamic acid to the trans in 25.9 % HCl at 45.0" 

Experimental 
optical k~sorncr~zat~on Calculated 

Time density x lY6 kl  x ?06f 
(s x lo-4) (0.d.) (l-trans)* x 100 s- S- 

0 [O. 5491 98.80 
2.28 0.553 98.29 0.76 3.01 

68.70 1.142 21.00 2.27 3.02 
77.34 1.186 15.22 2.44 3.15 
77.91 1.192 14.44 2.49 3.21 

196.6 (m) 1.302 

*(o.d., - o.d.,/o.d., - 0.540) x 100. 0.540 in this run corresponds to the calculated 
optical density expected for 100% cis-cinnamic acid initially. Reported as (I-rrans) since this 
figure includes both 13-hydroxy-P-phenylpropionic and cis-cinnamic acids. 

tCalculated using eq. 1. 
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TABLE 4 

Jsomerization of cis-cinnamic acid to the trans in 34.9% HCI at 45.0' 

Experimental 
Optical klsomerlrvtlon Calculated Calculated 

Time density x lo5 k ,  x !05t (%) hydroxy 
(S x (0.d.) (I-tram)* x 100 s-' S- acid, 5$ 

14.10 1.334 35.32 7.38 9.50 9.45 
16.26 1.399 28.73 7.67 9.54 7.74 
18.72 1 .460 22.53 7.96 9.61 6.26 
22.68 1.524 16.04 8.07 9.40 4.35 
86.40 (m) 1.682 - - - - 

.- 

YO.~. ,  - o.d.,lo.d., - 0.697) x 100. 0.697 in this run corresponds to the calculated optical density 
expected for 100% cis-cinnamic acid initially. Reported as (1-trans) since this figure includes p-hydroxy-p- 
phenylpropionic and cis-cinnamic acids. 

tcalculated using eq. 1. 
SCalcula<ed using experimental k 2  for dehydration of 2 in 34.9% HCI, and experimental klromrr~r . l lon  in eq. 2.  

much less of a definite trend or  induction period 
this calculated k, appears to be more reliable. 

Other findings also lent support for the initial 
assumption. The concentration of the inter- 
mediate was calculated point for point using 
eq. 2 (Table 4). A plot of log [(1-trans) % - B %] 

us. t gave very nearly a straight line, without a 
sharp rate difference for the induction period 
(Fig. 1). Thus the isomerizations, if followed by 
loss of cis-cinnamic acid rather than the appear- 
ance of the trans, would be expected to give 
straight line first order plots. The maximum 
concentration of the intermediate and the time 
at which this occurred were calculated using eqs. 
3 and 4 (8). 

where T = kit; K = kJk, 

[4 I p = K ~ / l - K  
milx 

where p = [B],/[A], = [OH a c i d ] / [ c i ~ ] ~  

The calculated times agree quite closely with the 
observed induction periods (Table 2). A kinetic 
experiment conducted with the calculated pro- 
portions of p-hydroxy-p-phenylpropionic acid 
to cis-cinnamic acid present at  the start also gave 

a first order kinetic plot with only a very slight 
slope change for the induction period (Fig. 1). 

Further calculations showed that 36.1 % of P- 
hydroxy-P-phenylpropionic acid (5) was evidently 
present at the end of the induction period in the 
lower dilution hydrochloric acid experiments, 
high enough to suggest the possibility of isolation. 
Preliminary blank experiments established that it 
was possible to quantitatively recover the hydroxy 
acid 5, unchanged, from these aqueous acid 
solutions. Work-up ofa  number of isomerizations 
failed to yield this high percentage of the hydroxy 
acid 5, but in all cases its presence was demon- 
strated. The most reliable experiment yielded 
5.3 % of 5, and 21.5 % (16.5 % formed during the 
isomerization) of trans-cinnamic acid. Thus, the 
presence of 5 as an intermediate in the aqueous 
acid catalyzed isomerization of cis-cinnamic acid 
postulated by Noyce, has now been conclusively 
demonstrated. The amount detected was so much 
lower than that for which a blank work-up 
technique had been developed that isolation of 
the hydroxy acid was not attempted. 

Conclusions 
A previously derived set of equations has been 

used to calculate (a) k,  independently of k, and 
thus to give a more reliable indication of the ratio 
k,/k, when this is near to 1, (b) the maximum and 
the point-to-point concentration of the inter- 
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HOCKING: ISOMERIZATION OF CIS-CINNAMIC ACID 3397 

TIME ( S X  

FIG. 1. First order plots of the isomerization of cis-cinnamic acid to the trans in 34.9% HCI at 45" = X; same 
data corrected for e-OH-13-phenylpropionic acid (5) present = 0 ;  experiment with 5 present initially = (ordinate 
moved down 0.1 units). 

mediate 5 and from this the actual concentration 
of cis-cinnamic acid present at any time, and (c) 
the theoretical induction period. It was possible 
to  test the theoretical concentration of 5 by the 
first order plot, log [cis] us. t ,  and to try an 
experiment starting with the calculated maximum 
concentration of 5. Both treatments gave much 
improved linear plots. Finally, an attempt to 
isolate the intermediate 5, was unsuccessful, al- 
though its presence was proved conclusively by 
n.m.r. spectroscopy. 

Experimental 
Materials 

cis-Cinnamic acid was prepared by isomerization of the 
traru-acid under u.v. irradiation, as previously described 
(2). a-Hydroxy-13-phenylpropionic acid, purchased from 
K and K Laboratories, was recrystallized once from 
water (m.p. 92-94", lit. 96") before use. The HCI was 
Baker and Adamson reagent grade material. 

General Kinetic Corlditio~rs 
Progress of the reactions was followed by the increase 

in U.V. absorption of the reaction solution at 300 mp 
using a Perkin-Elmer 350 spectrophotometer. The solu- 

tion was held in a cell surrounded by a water-jacketed cell 
block held at 45.0 "C. The slower reactions were carried 
out on much larger solutions in an  external thermostat 
from which aliquots were withdrawn and examined at 
intervals. For all the reactions a time-drive accessory was 
used to give a direct plot of absorbance us. t at 300 mp. 

Kinetic Experi~nerzts 
(a) Del~ydratio~z 
At the higher acid concentration these runs were all 

complete in a relatively short time requiring only a 
reaction on the scale accommodated (3.1 ml) by the 
jacketed u.v. cell. An accurately weighed amount of about 
10 mg of 5 was made up to a 25 ml solution in ethanol, 
while the acid-filled U.V. cell reached thermal equilibrium. 
Four drops of the solution of 5 were then added to the 
U.V. cell via a calibrated dropper (93 drops/ml) and the 
cell vigorously inverted several times to thoroughly mix 
the contents before returning it to the spectrophotometer. 
In these runs, the time elapsed from mixing to absorbance 
measurementwasusually less than 3 min. The slower runs, 
scaled up about 15 times, were conducted in a tightly 
stoppered thermostatted flask. Aliquots (3.1 ml) were 
withdrawn as required, and absorbance changes followed 
for a period of 8-10 h before the aliquot was discarded. 
Runs at both hydrochloric acid concentrations proceeded 
smoothly to completion, and the first order rate constants 
obtained are recorded in Table 1. 
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(b) Isornerization 
Solutions of cis-cimamic acid in ethanol were used to 

initiate these experiments in a precisely analogous way 
to those with 13-hydroxy-P-phenylpropionic acid. The 
chief anomaly consistently observed at both hydrochloric 
acid concentrations was a definite induction period 
(Tables 3 and 4). 

(c) Combined Dehydration-Isornerization 
The maximum concentration of 13-hydroxy-13-phenyl- 

propionic acid in the 34.9% HC1 run was 16.5 % (Table 
2). The extent of formation of trans-cinnamic acid at the 
end of the calculated induction period should have been 
20.1 %and that found at the end of the observed induction 
period was 23 %. The mole ratio of cis-cinnamic acid to 
P-hydroxy acid for these two situations was thus 3.83-1 
and 3.66-1 respectively. 

P-Hydroxy-P-phenylpropionic acid (3.2 mg; 13.4 
mmoles) and cis-cinnamic acid (7.6 mg; 34.5 mmoles) 
were dissolved and made up to a volume of 10 ml in 
ethanol. With a calibrated dropper, 30 drops of this 
solution were added to 15 ml of 34.9% HCI at 45' and 
vigorously mixed. A U.V. cell was filled with an aliquot of 
this solution and the gradual rise in absorbance followed 
spectrophotometrically. The results are plotted in Fig. 1. 

Attempted Isolation of Intermediate 
(a) Blank Work-up 
13-Hydroxy-P-phenylpropionic acid (30 mg) was dis- 

solved in 25.9% HC1 (100 ml) a t  45' by stirring for 1 h. 
(This corresponds to the concentration of P-hydroxy acid 
expected from the large scale reaction following.) The 
HC1 solution was cautiously neutralized with solid 
sodium bicarbonate (9) while being allowed to cool. After 
the solution was re-acidified to p H  2 with sodium bi- 
sulfate, and saturated with sodium chloride at 0" it was 
extracted with ether (5 x 20 ml). The combined extracts 
were dried (MgS04) and the ether removed at room tem- 
perature leaving 40 mg of pale brown crystalline solid. 
An n.m.r. spectrum of this material in deuteriochloroform 
showed that it consisted of P-hydroxy-P-phenylpropionic 
acid and traces of silicone grease. 

(b) Attempted Isolation 
cis-Cinnamic acid (0.9964 g of 95 % cis, 5 % trarls) was 

dissolved, with 10 min stirring, in 25.9% HCI (500 ml) 
at 45 OC. This solution was tightly stoppered and thermo- 
statted at 45" for 48 h, conditions calculated to yield the 

concentration of P-hydroxy acid present in the blank, and 
then allowed to cool as neutralization with solid sodium 
bicarbonate was begun. The remainder of the work-up 
was carried out in a precisely analogous way to the blank 
and yielded 1.22 g of colorless oil which slowly crystallized 
at room temperature. An n.m.r. spectrum of a portion of 
this oil in acetone-d6 established that it consisted of 
74.2% cis-cinnamic acid, 21.5 % trat~s-cinnamic acid, and 
5.3 % P-hydroxy-13-phenylpropionic acid. The identity of 
the latter was confirmed by the superimposed peaks pro- 
duced by addition to the n.m.r. solution of a small 
portion of the authentic material. 

The 60 MHz n.m.r. spectrum of P-hydroxy-P-phenyl- 
propionic acid in acetone-d6 at room temperature con- 
sisted of what appeared to be a doublet3 at 161.2 c.p.s., 
J., = 6.8, J., 2: 0 cycles; a triplet for the methine at 
308.2 c.p.s., J,,. = 6.8 cycles: OH at 325 c.p.s.;and for 
the aromatics a complex multiplet from 430 to 450 c.p.s. 

The author thanks H. D. Mak for obtaining all the 
n.m.r. spectra and E. C. Clarke for the use of his poly- 
nomial regression computer program and for writing a 
program for the solution of eq. 1 in the test for kl. 
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1,3-Dipolar cycloaddition reactions of 2-(2'4hienyl)aziridines 

J. W. LOWN AND K. MATSUMOTO' 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received June 3, 1970 

The 1,3-dipolar cycloaddition of 2-(2'-thieny1)aziridines to a series of acetylenic and heterornultiple 
dipolarophiles leading to a series of new linked heterocycles is described. The versatility of these reactions 
suggests a general synthetic route to linked heterocycles. 
Canadian Journal of Chemistry, 48, 3399 (1970) 

We have recently described the preparation of 
the hitherto unknown 2-(2'-thieny1)aziridines (1) 
and have shown that, despite the lower resonance 
energy of the thiophene ring (20 kcal mole-' (2)) 
compared with benzene, 2-(2'-thieny1)-3-aroyl- 
aziridines undergo thermal cleavage of the 
2-3 bond of the aziridine ring to azomethine 

u 

ylides at moderate temperatures. The transient 
dipoles could be trapped with olefinic dipolaro- 
philes affording 2-(2'-thieny1)pyrrolidines. 

We report the examination of 1,3-dipolar 
cycloadditions of 2-(2'-thieny1)aziridines to acet- 
ylenic and heteromultiple bonds as a first ap- 
proach to a general synthesis of linked hetero- 
cycles. 

(a) Acetylenic Dipolarophiles 
Both cis- and trans-3-benzoyl-l-cyclohexyl-2- 

(2'-thieny1)aziridine (1) reacted with dimethyl 

~ 6 ~ 1 1  

3 

yl-3-deutero-2-(2'-thieny1)aziridine (91 % deu- 
terium incorporation) gave 5 in which both 
branches of the 12 Hz AB quartet due to the 
methine protons were diminished to an equal 
extent (20 %). This discounts the trans-3-pyrroline 
structure 4 for the compound (which is in any 
case unlikely in view of the magnitude of the 
methine coupling) which would be expected 
to show one branch of the AB quartet diminished 

I 
C6Hll 

1 

acetylenedicarboxylate to form a 1 :I adduct, the 
spectral data of which were consistent with the C6Hll 

cis-2-pyrroline structure 2, together with some 5 

of the pyrrole (I). Heine et have shown that in intensity. The observed scrambling of the 
3 - ~ ~ r r 0 1 i n e s  are formed when 1,2,3-tri~hen~1- deuterium label in 5 suggests its formation by 
aziridine reacts with acetylenic esters (3) but rapid prototropy of the 3-pyrroline the inter- 
Padwa and Hamilton isolated 2-pyrrolines like mediacy of which in this type of reaction was 
2 when 3-aroylaziridines reacted with acetylenes previously suggested by Padwa and Hamilton 
(4). In the present work, addition of dimethyl (4). The extent of deuterium incorporation in 
a c e t ~ l ~ ~ ~ d i c a r b ~ x ~ l ~ t ~  to 3-benzo~l-l-c~c10hex- 1,3 dipolar addition products of 3-deuterated 

aziridines with reactivedipolarophiles is normally 
--C02CH3 vcH302cg --C=H~ 

about 70-80 % (27). The observed 20 % incorpo- 
ration with the powerful acetylenic dipolarophiles 

I H attests to the lability of the methine protons in the 
C6Hll intermediate 4. 
2 Similar 2-(2'-thieny1)pyrroles prepared in this 

'NRCC Postdoctorate Fellow, 1969 to present. way are listed in Tables 1 and 2. Addition of 
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TABLE 1 W 

P 0 

5-Aroyl (or acyl) -2-(2'-thienyl)pyrroles* 0 
- -- 

- . - -- 

Found Calculated 

Mol~cular 
ron 

Molecular 
ion . - .. 

Melting Yield (mass 
No. R,  RZ point ('C) C H N S spectrum) 

*Compounds of structure: CHJOZC R I  wcoR2 
?Yield after recrystallization. C ~ H I I  

(mass 
C H N S spectrum) 

TABLE 2 8 
Spectroscopic properties of 5-aroyl (or acyl) -2-(2'-thieny1)-pyrroles C) 

Nuclear magnetic resonance spectrum (CDC13)6 m 1 
Infrared Absorption spectrum* 3 
spectrum Aryl, thienyl, 3-Carboxy 4-Carboxy (CHCI,) 5 
CHCI, and (-CH=) methyl methyl Aroyl N- < 

No. (C=O) protons protons protons substituent Substituent hmax log& 0 
? 

a 7.09-9.0(7H)m 3.65(3H)s 3.35(3H)s 3 .74 .2 (1  H)m 314 3.52 $ 
0.3-2.2(1 0H)m - 

b 7.0-8.0(7H)m 3.65(3H)S 3.33(3H)S 2.41(3H)s 0.3-2.2(10H)m 264 4.34 s 
1720 3 .64 .3 (1  H)m 310(sh) 3.38 

C 
1659 6.7-8.1 (7H)nl 3.65(3H)s 3.38(3H)s 3.86(3H)s 0.5-2.3(10H)m 29 3 4.32 

3.54.3(IH)m 
d 7.0-8.0(9H)m 3.58(3H)s - - 0.5-2.6(10H)m 303 4.21 

4.04.5(1H)m 

*Absorption spectrum of compound Rz = C02CH3, R1 = C ~ H S  previou~ly reported (1) was h,,,,: 250 (log E 4.38), 300 mp (sh) (log E 3.80). 
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LOWN AND MATSUMOTO: C YCLOADDITION REACTIONS 340 1 

methyl propiolate to 1 gave only the2-(2'-thieny1)- 
pyrrole 6, evidently in this case the intermediate 
pyrroline was readily dehydrogenated by atmos- 
pheric oxygen. In contrast 1,2,3-triphenylaziri- 
dine afforded the 3-pyrroline 7 which showed a 

singlet for the methine protons, and no allylic 
coupling as was observed in the analogous com- 
pound prepared with ethyl propiolate by Heine 
et al. (3). 

The orientation of addition in the case of 6 is 
based on the following evidence. The n.m.r. line 
positions of the carbomethoxy groups in the 
series of 2-(2'-thieny1)pyrroles 8 fall into two 
groups at 3.65 and 3.28-3.38 6. By comparison 

in 9 in which the carbomethoxy groups are 
necessarily adjacent to an aromatic ring the line 
position was 3.69 6, which allows the assignment 
of ester methyl groups in 8 as 3.65 (4-ester) and 
3.28-3.38 6 (3-ester). It has been demonstrated 
that the ring current in thiophen does not differ 
significantly from that in benzene despite the 
observed differences in resonance energy (5). 

Since the prepared series of adducts of 2-(2'- 
thienyl) aziridines with methyl propiolate all 
showed a carbomethoxy singlet at 3.65 6 they 
were accordingly assigned structure 6. Careful 

examination of the i.r. spectrum of the acid 10 
in carbon tetrachloride at different concentrations 
showed no evidence of intra-molecular hydrogen 

bonding such as might have been expected had the 
reverse mode of addition been adopted (6). The 
conclusions reached above with respect to the 
orientation of the addition of methyl propiolate 
in 6 are in agreement with studies of the addition 
of olefinic dipolarophiles to 2-(2'-thieny1)aziri- 
dines in which bulky addends were found to 
adopt positions remote from the 3-aroyl group 
which presumably exerts greater steric hindrance 
than does the 2-(2'-thienyl) group in this type of 
addition (1). 

(b) Carbonyl Dipolarophiles 
The 2-(2'-thieny1)aziridine 1 reacted readily 

with chloral in benzene to give the 2-(2'-thieny1)- 
oxazolidine 11. The orientation of the 1,3-dipolar 

cycloaddition to the carbon bond was proven by 
a parallel reaction with 3-benzoyl-l-cyclohexyl-3- 
deutero-2-(2'-thieny1)aziridine (91 % deuterium) 
to give 12, the n.m.r. spectrum of which confirmed 
specific deuterium labelling (77%) at the 4- 
oxazolidine position by the modified AB quartet 
due to the trans 4,5-protons. This experiment dis- 
poses of the product of the alternative mode of 
addition, i.e. structure 13. The method used to 

assign the full stereochemistry to oxazolidine 
structures obtained from analogous 2-aryl-3- 
aroylaziridines has been reported elsewhere (7). 
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The 2-(2'-thienyl)aziridine, 1, reacted readily stantially reduced resonance energy compared 
with diphenylcyclopropenone to give a 1:l with an aryl group. 
adduct assigned the 2-(2'-thieny1)-4-oxazoline 
structure 14 on the basis of its dipolarophilic (c) Aryl Isothiocyanates as Dipolarophiles 

activity (8, 9). For example, treatment of 14 with We have reported that 3-aroyl-2-arylaziridines 
react with aryl isothiocyanates to form (a) 

N-phenylmaleimide afforded the known di- 
hydrofuran adduct 15 (9) in 82 % yield with the 
expulsion of the 2-thiophen aldimine. The latter 
reaction shows that 4-oxazolines cleave thermally 
to 1,3-dipoles of the externally stabilized keto- 
carbene type even with a Zsubstituent of sub- 

4-aroyl-5-arylamino-4-thiazolines, 16, by 1,3- 
dipolar cycloaddition to the C==S bond followed 
by tautomerization and/or (b) 2-arylimino-4- 
aroyl-4-thiazolines 17 (10) (Scheme 1). 

The novelty of this reaction and the observed 
marked dependence of the course of the reaction 
on the nature of the substituents both at the 1 and 
2 positions ofthe aziridine ring demanded further 
investigation. 

The 2-(2'-thieny1)aziridines bearing an N- 
cyclohexyl substituent reacted with a series of 
aryl isothiocyanates to give, after chromatog- 
raphy on alumina, 2-(2'-thieny1)-4-thiazolines 
and 2-arylimino-4-(2'-thieny1)-4-thiazolines ex- 

p-C6H5-C6H4-CH-CH-COC6H5 
16 

'N' 
I 

CsHll p - ~ ~ 2 ~ 6 ~ 4 - ~ 4 N  SfH4CaH5r I 

I COC6H5 
C6Hll 

17 
SCHEME 1 

emplified by 18 and 19 respectively. In this set of The previously postulated initial product of 
reactions compounds of type A were by far the 1,3-dipolar cycloaddition (10) was frequently 
major products. detected in this series of reactions as an extremely 

labile species 20 before chromatographic separa- 
C6H4-p-NO2 
I tion of A and B. (Scheme 2). Compound 20 and 

pa&N:: similar structures tautomerized completely to the 

S stable form 18 upon attempted chromatographic 
H I  I purification on neutral alumina or merely on 

C 6 H ~ ~  C6H5 standing in CDCl, solution so that the progress 
~ y p e .  A 18 of this tautomerization could be followed by 

n.m.r. (see Fig. 1). *J It was observed in this series that smaller 
S N-substituents e.g. isopropyl instead of cyclo- 

~ - ~ ~ ~ ~ 6 ~ 4 - ~ ~ ~  c ~ ~ 6 ~ r  hexyl lead to the exclusive formation of thiazo- 
lines of type B, regardless of solvent type. This 

C6Hll result, which parallels that observed previously 
Type. B 19 with 3-aroyl-2-arylaziridines, may now be given 
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LOWN AND MATSUMOTO: CYCLOADDITION REACTIONS 

O n  standing 

18 

1 . . . .  . . . .  1 . . . .  8 . . . .  I . . . .  , . . . .  I .... t .... t . . . .  s .... I .... 4 . . , .  I....,,.., . , < ,  ! < * * < 4  , . . ,  I . * , ,  , , , , ,  l , # < l  
10 9 8 7 6 5 4 3 2 1 0 

FIG. 1. The n.m.r. spectrum at 100 MHz of (A) labile intermediate in the reaction of 3-p-anisoyl-I-cyclohexyl- 
2-(2'-thieny1)aziridine with p-nitrophenyliso-thiocyanate. (B) 4-p-anisoyl-3-cyclohexyl-5-p-nitrophenyl-amino-2-(2'- 
thieny1)-4-thiazoline. 

a plausible interpretation. Professor Stamm in- (Scheme 3). Steric hindrance to quaternization 
formed us that he has observed a similar tendency of the aziridine nitrogen when R is larger than 
towards increased yield in the reaction of aziri- CH, will tend to favor the competing 1,3-dipolar 
dines with carbon disulfide to form thiazolidin- cycloaddition as observed when N is cyclohexyl 

I Zthiones with smaller N-substituents (1 1) for example. 
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(d) Su~onylimines as Dipolarophiles 
The 2-(2'-thieny1)aziridine 1 reacted readily 

with N-(m-nitrobenza1)-p-nitrobenzene sulfon- 
amide (12, 13) to give the thienyl imidazolidine 22 
in 90% yield. A control reaction with the 

corresponding specifically 3-deuterated thienyl- 
aziridine afforded 23 in 94% yield, the n.m.r. 
spectrum of which confirmed the orientation of 
addition of the dipolarophile. 

(e) Methyl Azodicarboxylate as Dipolarophile 
The aziridine 1 added readily to methyl azo- 

dicarboxylate (3) in benzene to give the triazoli- 
dine 24 in 65 % yield. 

Inspection of the literature of heterocyclic 
chemistry reveals that many naturally occurring 
and synthetic compounds in which heterocycles 
are linked directly together often have valuable 
applications in agriculture and pharmacology. 
The representative examples shown in Chart 1 

CHEMISTRY. VOL. 48, 1970 

have been cast in a perhaps unfamiliar form to 
bring out this feature. 

While specific syntheses have been developed 
for particular compounds and some of their 
analogues, no attempt at a general synthesis of 
linked heterocycles has been made hitherto. A 
general route to linked heterocycles would also 
be useful for studies of comparative reactivity in 
substitution reactions. 

The demonstrated versatility and synthetic 
utility of 1,3-dipolar cycloadditions of substituted 
3-aroylaziridines to heteromultiple bonds illus- 
trated above suggests the general synthetic scheme 
(Scheme 4) for the formation of a wide variety of 
otherwise inaccessible linked heterocycles. 

This approach has the advantages of (i) ver- 
satility, (ii) availability of starting materials, 
(iii) generally good yields, (iv) predictability of 
full stereochemistry of the new heterocyclic ring 
from considerations of the Woodward-Hoffmann 
rules to ring opening (in the case of aziridines (22) 
and oxiranes (23, 24)), and (v) a wide variety of 
substituents in the products. 

In view of the recent demonstration of photo- 
lytic cleavage of epoxides to carbonyl ylides 
(23,24), the application of epoxides in Scheme 4 
is under examination. 

Experimental 

Melting points were determined on a Fisher-Johns 
apparatus and are uncorrected. The i.r, spectra were 
recorded on a Perkin-Elmer model 421 spectrophotom- 
eter, and only the principal, sharply defined peaks are 
reported. The n.m.r. spectra were recorded on Varian 
A-60 and A-100 analytical spectrometers. The spectra 
were measured on approximately 10-15 % (w/v) solutions 
in CDC13, with tetramethylsilane as a standard. Line 
positions are reported in p.p.m, from the reference. 
Absorption spectra were recorded in ‘spectra'-grade 
solvents on a Beckman DB recording spectrophotometer. 
Mass spectra were determined on an Associated Electrical 
Industries MS-9 double focusing high resolution mass 
spectrometer. The ionization energy, in general, was 
70 eV. Peak measurements were made by comparison 
with perfluorotributylamine at a resolving power of 
15 000. Kieselgel DF-5 (Camag, Switzerland) and East- 
man Kodak precoated sheets were used for t.1.c. Micro- 
analyses were carried out by Dr. C. Daessle, Organic 
Microanalysis Ltd., Montreal, Quebec and by Mrs. D. 
Mahlow of this department. 

General Preparation of 2-(2'-Thieny1)aziridines 
The details of the method of preparation of most of the 

2-(2'-thieny1)aziridines employed in this paper have been 
given elsewhere (I). One new aziridine was prepared, 
the physical and spectroscopic data of which follow. 
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LOWN AND MATSUMOTO: CYCLOADDITION REACTIONS 

CH3 
Sodium phethenylate Niridazole 0-Nicotyrine 
(anticonvulsant) (14) (schistomicidal amebicidal) (15) (insecticide) (1 6) 

(Antimicrobial agent) 
(17) 

~ , \ I < H  N COOH 

Luciferin 
(20) 

Vitachrome 
(18) 

Furacin 
(antibacterial) (19) 

H 

Thibendazole (21) 
(Vermifuge) 

'. 
@CHO + &$--CH-CH-R, ------t 

x x \Z/ >-": Q J F ~ ~ ~ ,  'z' 

X = 0 ;  S; NR; -C=N- 
2 = NR; NAr; 0 

P-Q = C=C; CEC; O=C, S=C, N=C; N=C; N=N 
R, = COAr; COR; C02R; C=N; Ar 

I,2-Dibromo-I-(P-11aphthoyl)-2-(2'-thierzyl)et/zylene 
1,2-Dibromo-l-((3-naphthoyl)-2-(2'-thienyl)ethylene was 

prepared from I-(8-naphthoy1)-2-(2'-thieny1)ethylene (25) 
by bromination in chloroform in 91 % yield, m.p. 132- 
133". 

Anal. Calcd. for C,,H,,BrOS: C, 48.12; H, 2.85; Br, 
37.68; S, 7.56. Found: C, 48.17; H, 2.87; Br, 37.39; 
S, 7.54. 

The i.r. spectrum v,,,(CHCI,): 1686 cm-I (C=O). The 
n.m.r. spectrum 6 TMS ((CD,)SO): AB quartet centered 
at 6.28 and 6.81, J = 10.5 Hz (2H, 1, 2-protons); 7.5-8.5 
(lOH, multiplet, thienyl and naphthyl protons). 

I-Cyclohexyl-3- (p-napthoyl) -2- ( 2  '-thienyl) aziridine 
This aziridine was prepared in the manner previously 

described (1) in 91 % yield, m.p. 103-105" (cis and trans 
mixture). 

Anal. Calcd. for CZ3HZ3NSO: C, 76.42, H, 6.41; 
N, 3.88; S, 8.87. Found: C, 76.65; H, 6.12; N, 3.72; 
S, 8.79. 

The i.r. spectrum: v,,,(CHCI,): 1663 cm-I (C==O). 

The n.m.r. spectrum 6 TMS (CDCI,): 0.3-2.9 ( l lH,  
multiplet, cyclohexyl protons); 3.35 and 3.81 (2H, 
singlets, cis and trans 2,3-protons); 6.8-8.3 (lOH, multi- 
plet, thienyl and naphthyl protons). 

Addition of 2-(2'-T/1ie11yl)aziridi11es to Acetylenic 
Dipolarophiles 

The additions of aziridines to dimethyl acetylene- 
dicarboxylate and to methyl propiolate were carried out 
in the manner described in the following representative 
examples. Thereafter the analytical and spectral data on 
new thienyl pyrroles are summarized in Tables 1 and 2. 

I- Cyclo/1exyl-3,4-dicnrbomethoxy-5-(4-methoxybenzoyl)- 
2-(2'-thie1gvl)-2-pyrroli1ze 

A solution of 0.683 g (2 mmoles) of l-cyclohexyl-3- 
(p-methoxybenzoyl-2-(2'-thieny1)aziridine and 0.286 g (2 
mmoles) of dimethyl acetylenedicarboxylate in 30 ml dry 
benzene was refluxed for 5 h under nitrogen. The solution 
was concentrated to ca. 10 ml and subjected to chroma- 
tography on alumina (BDH). Elution with benzene 
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followed by benzene*ther (3 :1) gave one main fraction. 
Evaporation of solvent gave a yellow oil, trituration of 
which with hexane gave a pale yellow crystalline solid 
which was recrystallized with ether-hexane (m.p. 160- 
162") 0.543 g (56 % yield). 

Anal. Calcd. for CZ6HzgNSO6 (mol. wt. 483.1716): 
C, 64.59; H, 6.05; N, 2.90; S, 6.63. Found: ((mass 
spectrum) 483.1710) C, 64.57; H, 5.64; N, 2.95; S, 6.60. 

The i.r. spectrum v,,,(CHCI,): 1666 (aryl C=O), 
1727 cm-' (ester C-=). The n.m.r. spectrum 6 TMS 
(CDCl,): 0.C2.2 (lOH, multiplet, cyclohexyl protons); 
2.6-3.2 (lH, multiplet, CH-N); 3.39 (3H, singlet, ester 
methyl protons); 3.45 (3H, singlet, ester methyl protons) 
3.92 (3H, singlet, methoxyl protons); AB quartet centered 
at 4.34 and 5.56 (2H, J = 12 Hz, 4,5-protons); 6.8-8.5 
(7H, multiplet, thienyl and aryl protons). Absorption 
spectrum h,,,(EtOH): 224 (log E 4.26); 293 mp (log E 

4.34). 

1-Cyclohexyl-3,4-dicarbomethoxy-5-(4'-methylbenzoyl)- 
2-(2'-thietzy1)-2-pyrroline 

A solution of 0.650 g (2 mmoles) of 1-cyclohexyl-3-(p- 
methylbenzoy1)-2-(2'-thieny1)aziridine &d 0.286 g 72 
mmoles) of dimethvl acetvlenedicarboxvlate in 50 ml drv 
benzene.was refluxed for 5 h under nitrogen and worked-up 
exactly as described above to give the 2-pyrroline, m.p. 
143-146 "C, 0.478 g (51 % yield). 

Anal. Calcd. for CZ6HzgNSO5 (mol. wt. 467.1767): 
C, 66.82; H, 6.18; N, 2.91 ; S, 6.80. Found ((mass spectrum) 
467.1762): C, 66.77; H, 6.25; N, 3.00; S, 6.80. 

The i.r. spectrum v,,,(CHCI,): 1675 (aryl C=O), 
1732 cm-' (ester C=O). The n.m.r. spectrum 6 TMS 
(CDC1,): 0.C2.2 (lOH, multiplet, cyclohexyl protons); 
2.44 (3H, singlet, methylprotons); 3.39 (3H, singlet, ester 
methyl protons); 3.43 (3H, singlet, ester methyl protons); 
AB quartet centered at 4.39 and 5.56 (2H, J = 12.5 Hz, 
4,5 protons); 6.8-8.4 (7H, multiplet, thienyl and aryl 
protons). Absorption spectrum h,,,(EtOH): 210 (log E 

4.13) 265 mw (log E 4.26). 
Similar reaction of 1-cyclohexyl-3-(p-methoxybenzoy1)- 

2-(2'-thieny1)aziridine or 1-cyclohexyl-3-Cp-methylben- 
zoy1)-2-(2'-thieny1)aziridine with 10 equiv. of dimethyl 
acetylenedicarboxylate afforded only the corresponding 
pyrroles and not the 2-pyrrolines. In the reaction of 1- 
cyclohexyl-3-(tn-nitrobenzoyl)-2-(2'-thienyl)aziridine with 
only 1 equiv. of dimethyl acetylenedicarboxylate only 
the pyrrole was obtained directly. 

~eactiotz of 3-Benzoyl-I-cyclohexyl-3-deutero-2-(2'- 
thieny1)aziridine with Dimethyl Acetylenedicarboxy- 
late 

The reaction between 0.933 g (3 mmoles) of 3-benzoyl- 
1-cyclohexyl-3-deutero-2-(2'-thieny1)aziridine (prepared 
according to a previously described procedure and con- 
taining ca. 91 % deuterium incorporation by n.m.r. 
integration) and 0.426 g (3 mmoles) of dimethyl acetylene- 
dicarboxylate was carried out in the manner described 
above, the product subjected to chromatography on 
alumina to yield (a) 5-benzoyl-3,4-dicarbomethoxy-1- 
cyclohexyl-2-(2'-thienyl)pyrrole, m.p. 158-16O0(petroleum 
ether) 0.246 g (18 % yield) and (b) 5-benzoyl-3,4-dicarbo- 
methoxy-5-deutero-2-(2'-thienyl)-2-pyrroline, n1.p. 140- 
141" (petroleum ether) 0.52 g (38 % yield). The analytical 
and spectroscopic data on the labelled pyrroline were 
identical with that of the corresponding protium com- 

pound with the exception of the n.m.r. intensities of the 
methine protons which confirm equal labelling at the 4 
and 5 positions. The n.m.r. spectrum 6 TMS (CDCI,): 
0.5-2.0 (10H, multiplet, cyclohexyl protons); 2.5-3.3 
(lH, multiplet CHN); 3.37 (3H, singlet, COOCH,); 
3.41 (3H, singlet COOCH,); AB quartet centered at 4.34 
and 5.52 (1.81H, J = 12 Hz, 4,5-protons); 6.8-8.4 (8H, 
multiplet aromatic protons). 

Dehydrogenation of Pyrrolines to Pyrroles with 
Tetrachloro-1,4-benzoquinone 

(a) 1-Cyclohexyl-3,4-dicarbomethoxy-5-(p-methoxy- 
benzoy1)-2-(2'-thieny1)pyrrole 

A mixture of 0.292 g (0.5 mmoles) of lcyclohexyl-3,4- 
dicarbomethoxy-5-Cp-methoxybenzoyl)-2-(2'-thienyl)-2- 
pyrroline and 0.615 g (2.5 mmoles) of tetrachloro-1,4- 
benzoquinone in 20 ml dry chlorobenzene was heated 
under reflux with stirring for 4 days. The reaction mixture 
was cooled and 200 ml ether was added. The solution 
was washed with 4 %  aqueous sodium hydroxide solution 
containing 1 % sodium bisulfite and then washed with 
water. The organic layer was dried (MgSO,) and evapora- 
tion of the solvents gave a pale green solid which was 
recrystallized from ether-hexane, m.p. 17C177", 0.103 g 
(43 % yield). This compound was identical in all respects 
with the compound which was obtained by the reaction 
of l-cyclohexyl-3-(p-methoxybenzoyl)-2-(2'-thienyl)aziri- 
dine with 10 equiv. of dimethyl acetylenedicarboxylate 
(Table 1). 

(b) I-Cyclohexyl-3,4-dicarbomethoxy-5- 
(p:methylbenzoyl) -2-(2'-thieny1)pyrrole 

A mixture of 0.936 g (2 mmoles) of 1-cyclohexyl-3,4- 
dicarbomethoxy -5-(p-methylbenzoy1)-2-(2'- thieny1)-2- 
pyrroline and 2.460 g (0.01 mole) of tetrachloro-1,4- 
benzoquinone in 50 ml dry chlorobenzene was refluxed 
with stirring for 4 days. The mixture was worked-up 
exactly in the same manner as above, m.p. 194-195" 
(ethyl acetate - hexane), 0.288 g (31 % yield). This com- 
pound was identical in all respects with the product which 
was obtained by reaction of the corresponding aziridine 
with 10 equiv. of dimethyl acetylenedicarboxylate (see 
Tables 1 and 2). 

3,4-Dicarbomethoxy-l,2,5-tr@henyl-3-pyrrone and 
3,4-Dicarbomethoxy-l,2,5-tr@henylpyrrole 

These compounds had been prepared by Heine and 
Peavy (26) but the n.m.r. line positions required for the 
present studies had not been reported. Therefore the 
pyrrole was prepared by the procedures described above 
and then dehydrogenated with tetrachloro-1,4-benzo- 
quinone. 

(a) 3,4-Dicarbomethoxy-1,2,5-tr@henyl-3-pyrroline 
Melting point 158-159" (ethyl acetate - hexane), 93 % 

yield. 
Anal. Calcd. for CZ6Hz3No4 (mol. wt. 413.1627): 

C, 75.51; H, 5.61 ; N, 3.39. Found ((mass spectrum) 
413.1623): C, 75.60; H, 5.75; N, 3.40. 

The i.r. spectrum v,,.(CHC13): 1723 cm-' (ester 
C=O). The n.m.r. spectrum 6 TMS (CDCI,): 3.60 (6H, 
singlet, ester methyl protons); 6.23 (2H, singlet, 2,5- 
protons); 6.1-7.5 (15H, multiplet, aryl protons). 

(b) 3,4-Dicarbomethoxy-l,2,5-triphenylpyrrole 
Melting point 19C197" (ethyl acetate - hexane). 
Anal. Calcd. for Cz6HzlN04 (rnol. wt. 411.1471): 
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LOWN AND MATSUMOTO: CYCLOADDITION REACTIONS 3407 

C, 75.92; H, 5.15; N, 3.41. Found ((mass spectrum) Examination of the i.r. spectrum at three different 
411.1468); C, 75.68; H,5.17; N, 3.69. concentrations showed no evidence for the presence of 

The i.r. spectrum v,,,(CHCI3): 1717 cm-' (ester -). intra-molecular hydrogen bonding but showed a free OH 
The n.m.r. spectrum 6 TMS (CDCI,): 3.69, (6H, singlet, bond at 3428 cm-' at high dilution which adopted a value 
ester methyl protons); 6.7-7.4 (15H, multiplet, aryl of ca. 3000 cm-' under conditions at which intermolec- 
protons). Absorption spectrum ;L,,.(CHC13): 277 mp ular hydrogen bonding was appreciable. 
(log E 4.18). 

Reaction of 3-Benzoyl-I-cyclohexyl-2-(2'-thieny1)aziridine 
Reaction of 1,2,3-Triphenylaziridine with Methyl with Chloral 

Propiolate A solution of 0.933 g (3 mmoles) of 3-benzoyl-l- 
A solution of 1.626 g (6 mmoles) of 1,2,3-triphenyl- cyclohexyl-2-(2'-thieny1)aziridine and 0.442 g (3 m o l e s )  

aziridine and 0.504 g (6 mmoles) of methyl ~ r o ~ i o l a t e  in of chloral in 50 ml dry benzene was heated under reflux 
50 ml toluene was heated under reflux for 24 h. EvaPora- for 5 h. Evaporation of solvent gave a dark red oil which 
tion of the solvent gave 3-carbomethoxy-l,2,5-tri~hen~l- was subjected to chromatography on alumina (BDH). 
3-pyrroline as a white solid, m.p. 195-196" (ethyl acetate - Elution with benzene gave one fraction. Evaporation of 
hexane), 1.391 g (65 % yield). solvent and trituration of the residual oil with hexane 

Anal. Calcd. for CZ~HZINOZ (mol. wt. 355.1573): gave ~-~enzoyl-3-cyclohexyl-2-(2'-thien~l)-5-trichoro- 
C, 81.11; H, 5.96; N, 3.94. Found ((mass spectrum) methyloxazolidine as a yellow solid, m.p. 88-90" (ether- 
355.1573): C, 81.16; H, 5.92; N, 4.25. hexane), 0.605 g (45 % yield). 

  he i.r. spectrum vma~(cHCI3): 1724 cm-' (ester Anal. Calcd. for CzlHzzNSC1302: C, 54.96; H, 4.83; -1. The n.m.r. spectrum 6 TMS (CDC13): 3.63 N, 3.05; S, 6.99; CI, 23.18. Found: C, 54.84; H, 4.72; 
(3H, singlet, ester methyl protons); 6.13 (2H, singlet, N, 2.89; S, 7.04; ~ 1 ,  23.46. 
2,5-~rotons); 6.3-7.7 (16H, multiplet, aromatic protons).  he i.r. spectrum vm,.(CHCI3): 1677 cm-' (aryl G O ) .  
Absorption spectrum hm,.(CHC13): 298 mP (1% E 3-34].  he n.m.r. spectrum 6 TMS (CDCI,): 0.3-3.0 ( l lH,  

Dehydrogenation of 3-Carbomethoxy-l,2,5-triphetgvl-3- 
pyrroline with Tetrachloro-],I-bet~zoquinotze 

A solution of 0.710 g (2 mmoles) of 3-carbomethoxy- 
1,2,5-triphenyl-3-pyrroline and 0.984 g (4 mmoles) of 
tetrachloro-l,4-benzoquinone in 25 ml of p-xylene was 
heated under reflux for 8 h. The reaction mixture was 
worked-up as described above affording 3-carbomethoxy- 
1,2,5-triphenylpyrrole, m.p. 152-153" (ethyl acetate - 
hexane), 0.583 g (83 % yield). 

Anal. Calcd. for C24Hl,N02 (rnol. wt. 353.1416): 
C, 81.56; H, 5.42; N, 3.96. Found ((mass spectrum) 
353.1415): C, 82.06; H, 5.36; N, 3.88. 

The i.r. spectrum v,,.(CHCI,): 1702 cm-' (ester C=O). 
The n.m.r. spectrum 6 TMS (CDCI,): 3.69 (3H, singlet, 
ester methyl protons); 6.8-7.4 (16H, multiplet aryl pro- 
tons). Absorption spectrum Am,.(CHC13): 279 mp (log E 

4.26). 

Hydrolysis of 3-Carbonlethoxy-I-cyclohexyl-5-p- 
n~ethoxybenzoyl-2-(2'-thieny1)pyrrole to 
I-Cyclohexyl-3-carboxy-5-p-rnethoxybenzoyl- 
2-(2'-thier1y1)pyrrole 

A solution of 0.212 g (5 mmoles) of 3-carbomethoxy-l- 
cyclohexyl-5-p-methoxybenzoyl-2-(2'-thieny)pyrroe and 
155 mg (3.9 mmoles) of sodium hydroxide in 25 ml of 
95% dimethylsulfoxide was heated to about 80" with 
stirring for 3 h. The solution was diluted with water and 
made slightly acidic with hydrochloric acid. A white 
crystalline solid precipitated and was collected and dried, 
m.p. 22&222", 0.181 g (88 % yield). 

Anal. Calcd. for Cz,Hz3NSO4 (rnol. wt. 409.1348): 
C, 67.47; H, 5.66; N, 3.42; S, 7.83. Found ((massspectrum) 
409.1346): C, 67.26; H, 5.52; N, 3.59; S, 7.92. 

The i.r. spectrum v,,.(CCI,): 3000 (OH, inter- 
molecular hydrogen bonding, vide itlfra), 1638 (aryl 
&0), 1679 cm-' (carboxyl C=O dimer). The n.m.r. 
spectrum 6 TMS (CDCI,): 0.5-2.7 (lOH, multiplet, 
cyclohexyl protons); 3.88 (3H, singlet, methoxyl protons); 
3.94.5 (lH, multiplet CHN): 6.8-8.0 (8H, multiplet, 
aromatic protons); 10.73 (1 H, singlet, exchangeable with 
D,O, carboxyl proton). 

multiplet, cyclohexyl and 'CH-N protons); 4.81 (IH, 
/ 

doublet, J = 4 Hz 5-proton); 5.31 (IH, doublet, J = 4 
Hz, 4-proton); 6.61 (lH, singlet 2-proton); 6.8-8.4 (8H, 
multiplet, thienyl and aryl protons). 

Reaction of 3-Benzoyl-I-cyclohexyl-3-deutero-2- (2'- 
thieny1)aziridine with Clrloral 

A mixture of 0.933 g (3 mmoles) of 3-benzoyl-l- 
cyclohexyl-3-deutero-2-(2'-thieny1)aziridne (91 % T) in- 
corporation) and 0.442 g (3 mmoles) of chloral in 50 ml 
dry benzene was heated under reflux for 3 h. The reaction 
mixture worked-up exactly as described above affording 
4- benzoyl-3-cyclohexyl-5-deutero-2-(2'-thienyl)-5-trichlo- 
romethyloxazolidine, m.p. 89-90", 0.687 g (51 % yield). 

The n.mr. spectrum 6 TMS (CDCI,): 0.2-3.0 (IIH, 
multiplet, cyclohexyl protons); 4.81 (IH, singlet, 5- 
proton); 5.31 (0.23H, doublet, 4-proton); 6.61 (IH, 
singlet, 2-proton); 6.8-8.4 (8H, multiplet, thienyl and 
phenyl protons). 

By this experiment the orientation of the 1,3-dipolar 
addition of the chloral was confirmed. 

Reaction of 3-Bet~zoyl-1-cyclohexyl-2-(2'-tRieny1)- 
aziridit~e with Dipl~et~ylcyclopropenone 

A solution of 0.933 g (3 mmoles) of 3-benzoyl-l- 
cyclohexyl-2-(2'-thieny1)aziridine and 0.620 g (3 mmoles) 
of diphenylcyclopropenone in SO ml dry benzene was 
heated under reflux for 12 h. Evaporation of the solvent 
gave a yellow oil which was subjected to chromatography 
on alumina. Elution with benzene gave one fraction. 
Evaporation of solvent and trituration with hexane gave 
4-benzoyl - 3 - cyclohexyl - 5 - (cis - 1,2 - diphenylvinyl) -2- 
(2'-thieny1)-4-oxazoline as a white solid, m.p. 108-110' 
(ether-hexane), 1 .O1 g (65 % yield). 

Anal. Calcd. for C34H,lNS02 (rnol. wt. 517): C, 78.87; 
H, 6.05; N, 2.71 ; S, 6.19. Found: ((mass spectrum) 517): 
C, 79.49; H, 6.47; N, 2.52; S, 6.15. 

The i.r. spectrum vm,,(CHC13) : 171 5 cm-' (aryl C=O). 
The n.m.r. spectrum 6 TMS (CDCI,): 0.3-2.2 (lOH, 
multiplet, cyclohexyl protons); 2.5-3.2 (IH, multiplet, 
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TABLE 3 
4-Aroyl-5-arylamino-2-(2'-thienyl)-4-thiazolines* 

Found Calculated 
2 

No. R4 

Molecular Molecular 
ion ion 

Melting Yield.1 (mass (mass 
R5 point ("C) (%) C H N S spectrum) C H N S spectrum) E 

*Compounds of structure: R 4 C 0  ,CPHII 

tYield after recrystallization. R5NH 
&- 
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LOWN A N D  MATSUMOTO: CYCLOADDITION REACTIONS 

TABLE 4 

Spectroscopic properties of 4-aroyl-5-arylamino-2-(2'-thienyl)-4-thiazolines 
-- 

Infrared spectrum 
(CHC13) 

Nuclear magnetic resonance spectrum 
(CDCI3)G 

Absorption spectrum 
(CHC13) 

N-H Aryl 2- N-Alkyl Aryl Chelated 
No. Bonded C=O protons Proton groups methyl N-H x ( 1  1% E 

I 3050 1607 (s) 6.8-8.4 6.42 0.6-3.2 
br (12H)m (IH) s (11H) m 

C6Hll 
3050 1599 (s) 6.7-8.4 6.43 0.5-2.2 2.40 13.38 440 4.12 
br (1IH)m (1H)s (10H)m (3H)s (1H)s 370 4.03 

2.3-3.0 28 1 4.15 
OH) m 
C ~ H I ,  

k 3050 1607 (s) 6.6-8.4 6.40 0.5-2.3 3.86 13.43 450 4.19 
br (11H)m (1H)s (10H)m (3H)s (1H)s 371 4.09 

2.3-3.0 292 4.11 
(1H) m 
C6H1, 

3050 1608 (s) 6.6-8.6 6.44 0.5-2.2 
br (14H)m (1H) s (10H)m - 

2.3-2.9 
OH) m 

n 3050 1610 (s) 6.6-8.5 6.42 0.5-3.0 - 13.35 428 3.80 
(15H)m (1H)s (11H)m (1H) s 280 4.16 

/ 
CH-N ): 5.15 (IH, singlet, 2-proton); 6.8-8.1 (15H, 

\ 
multiplet, aryl and vinyl protons). 

Reactiotz of 4-Bet1zoyl-3-cyclol1exyl-5-(cis-1,2- 
rlipl1et~lvit1yl)-2-(2'-thiet1yl)-4-oxazoline wit11 
N-Phet~yltt~aleit?zide 

A solution of 0.259 g (5 rnmoles) of 4-benzoyl-3- 
cyclohexyl-5-(cis-] ,2-diphenylviny1)-2-(2'-thieny1)-4-oxa- 
zoline and 0.10 g (5.8 mmoles) of N-phenylmaleimide in 
25 ml of dry toluene was heated under reflux for 25 h. 
Evaporation of the solvent afforded an oil which was 
subjected to chromatography on alumina (BDH) with 
benzene as eluant affording one fraction. Evaporation of 
the solvent gave 3-benzoyl-2-(cis-l,2-diphenylvinyl)-6- 
phenyl-4,8-dihydrofurano-[4,5-c]-pyrrolin-2,5-dione, m.p. 
22e224" (lit. m.p. 222-224" (9)), 0.24 g (82% yield). 
This compound was identical in all respects with that 
obtained by reaction of 4-benzoyl-3-cyclohexyl-5-(cis- 
1,2-diphenylviny1)-2-phenyl-4-oxazoline with N-phenyl- 
maleimide. 

Reaction of 2-(2'-T/~iet~yl)aziridines with Aryl 
Isothiocyanate. 

General Method 
The method is exemplified by two reactions in 

which the products were respectively a 5-arylamino-4- 
thiazoline and a 2-arylimino-Cthiazoline. 

(a) Reactiot~ of 3-Bet1zoyl-l-cyclol1exyl-2-(2'-thiet~yl)- 
aziriditle with p-Nitropl~enyl Isotl~iocyat~ate 

A solution of 0.933 g (3 mmoles) 3-benzoyl-1-cyclo- 
hexyl-2-(2'-thieny1)aziridine and 0.540 g (3 mrnoles) of 
p-nitrophenylisothiocyanate in 50 ml of dry benzene was 
heated under reflux for 5 h under nitrogen. The solution 
was concentrated it1 vacuo to ca. 10 ml and chromato- 
graphed on grade 1 alumina (BDH). Elution with bcnzene 
afforded one main fraction which upon evaporation 
afforded 4-benzoyl-3-cyclohexyl-5-p-nitrophenylamino-2- 
(2'-thieny1)-4-thiazoline as orange crystals, m.p. 176-1 77" 
(ethyl acetate), 0.633 g (43 % yield after recrystallization). 
Full details on this and other analogous 5-arylamino-2- 
(2'-thieny1)-4-thiazolines are summarized in Tables 3 and 
4. 

(b) Reactiotl of I-Isopropyl-3-plret~ylbet~zoyl-2- 
(2'-thietlyl) aziriditle with p-Nitropket~yl 
Isothiocyat~ate 

A solution of 0.695 g (2 mmoles) of l-isopropyl-3- 
p-phenylbenzoyl-2-(2'-thieny1)aziridine and 0.360 g (2 
mmoles) of p-nitrophenyl isothiocyanate in 50 ml of dry 
benzene was heated under reflux for 5 h under nitrogen. 
The solvent was evaporated and the residual red oil 
was chromatographed on alumina with elution by ben- 
zene followed by chloroform, which gave one main 
fraction. Evaporation of solvent gave an orange oil, 
which by trituration with ethyl acetate gave 3-cyclohexyl- 
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LOWN AND MATSUMOTO: CYCLOADDITION REACTIONS 341 1 

thiazoline as a yellow solid, m.p. 254-255O, 0.334g 
(32 "/, yield). 

G a l .  Calcd. for C29H23N3S203.(m~1. wt. 525.1181); 
C, 66.25; H, 4.41 ; N, 8.00; S, 12.20. Found: ((mass 

I spectrum) 525.1183): C,66.37; H,4.28; N, 7.84; S, 11.90. 
The i.r. spectrum vm,,(CHC13): 1619 (C=O), 1603 

(C=N). The n.rn.r. spectrum 6 TMS (CDCI,): 1.62 (6H, 
doublet, isopropyl-methyl protons); 4.5-5.1 (lH, rnulti- 
plet, isopropyl methine proton); 6.9-8.4 (16H, rnultiplet, 
thienyl and aryl protons). The analytical and spectral 
data on other 4-aroyl-2-arylimino-5-(2'-thienyl)-4-thia- 
zolines are summarized in Tables 5 and 6. 

Reactiorz of 2-(2'-thieny1)aziridine wit11 N-(m-nitro- 
benzal) -p-nitrobenzenesulfonamide 

A mixture of 0.933 g (3 rnrnoles) of 3-benzoyl-l- 
cyclohexyl-2-(2'-thieny1)aziridine and 1.005 g (3 mmoles) 
of N-(m-nitrobenzoy1)-p-nitrobenzenesulfonarnde (27) in 
50 ml of dry benzene was heated under reflux for 3 h. 
Evaporation of the solvent gave 5-benzoyl-1-cyclohexyl- 
3-(N-p-nitrobenzenesulfonyl)-4-m-nitrophenyl-2-(2-thien- 
y1)irnidazolidine as a pale yellow solid, rn.p. 18C181° 
(ethyl acetate - hexane), 1.73 g (89% yield). 

Anal. Calcd. for C32H30N4S207: C, 59.43; H, 4.68; 
N, 8.66; S, 9.92. Found: C, 59.79; H, 4.67; N, 8.43; S, 
9.79. 

The i.r. spectrum v,,,(CHCI,): 1690 (aryl C=O). 
The n.rn.r. spectrum 6 TMS ((CD,),SO): 0.4-2.0 (10H, 
rnultiplet,cyclohexyl protons); 5.16 (lH, singlet, 4-proton, 
see below); 5.24 (lH, singlet, 5-proton); 6.48 (lH, singlet, 
2-proton); 7.C8.7 (16H, multiplet, thienyl and aryl 
protons). 

Mass spectrum Calcd. for CZ6H2,N3S (irnidazole 
fragment ion) : 457.1460. Found: 457.1464. 

Reaction of 3-Berzzoyl-I-cyclohexyl-3-deutero-2- 
(2'-thienyl) aziridine with N-(m-Nitrobenzal) -p- 
nitrobenzenesulfonamide 

A mixture of 0.933 g (3 rnrnoles) of 3-benzoyl-l- 
cyclohexyl-3-deutero-2-(2'-thieny1)aziridine (91 % deu- 
terium incorporation) and 1.006 g (3 rnrnoles of N-(m- 
nitrobenza1)-p-nitrobenzenesulfonarnide in 50 ml of dry 
benzene was refluxed for 3 h. Evaporation of the benzene 
gave the product as a pale yellow solid which was re- 
crystallized from ethyl acetate - hexane, m.p. 18C181°, 
1.833 g (94% yield). 

The n.rn.r. spectrum 6 TMS ((CD,),SO): 0.4-2.0 (lOH, 
cyclohexyl protons); 5.16 (lH, singlet, 4-proton); 5.24 
(0.3H, singlet, 5-proton); 6.48 (lH, singlet, 2-proton); 
7.C8.7 (16H, rnultiplet, thienyl and aryl protons). 

Examination of the n.rn.r. spectrum thus showed the 
position and extent of deuterium incorporation and 
confirmed the orientation of the 1,3-dipolar cycloaddition. 

Reaction of 2-(2'-Thieny1)aziridines with Dimethyl 
Azodicarboxylate 

(i) 5-Benzoyl-4-cyclohexyl-1,2-dicarbomethoxy-3- 
(2'-thieny1)-1,2,4-triazolidine 

A solution of 0.933 g (3 rnrnoles) of 3-benzoyl-1-cyclo- 
hexyl-2-(2'-thieny1)aziridine and 0.438 g (3 mrnoles) of 
dirnethyl azodicarboxylate in 50 rnl of dry benzene was 
heated under reflux for 5 h. The solution was concen- 
trated to 10 rnl and chrornatographed on alumina (BDH) 

with elution by benzene, which gave one fraction. 
Evaporation of the solvent gave 5-benzoyl-4-cyclohexyl- 
1,2-dicarbomethoxy-3-(2'-thienyl)-1,2,4-triazoidine as a 
white solid, m.p. 141-142' (dec.) (ether-hexane), 0.887 g 
(65% yield). 

Anal. Calcd. for CZ3HZ7SN30~: C, 60.37; H, 5.95; 
N, 9.19; S, 7.01. Found: C, 60.33; H, 5.78; N, 8.82; S, 
6.97. 

The i.r. spectrum v,,,(CHC13): 1684 (aryl W), 
1717 cm-' (ester C=O). The n.m.r. spectrum 6 TMS 
(CDCI,): 0.5-2.0 (lOH, cyclohexyl protons); 2.8-3.3 

\ 
(IH, multiplet N-CH+yclohexyl proton); 3.66 and 

/ 
/ 

3.71 (6H, singlets, ester methyl protons); 6.37 (lH, singlet, 
5-proton); 6.58 (lH, singlet, 3 proton); 6.8-8.2 (8H, 
rnultiplet, thienyl and phenyl protons). 

(ii) 4-Cyclo/1exyl-l,2-dicarbomethoxy-5-~-naphthoyl-3- 
(2'-thieny1)-1,2,4-triazolir~e 

A solution of 1.807 g (5 mrnoles) of 1-cyclohexyl-3-e- 
naphthoyl-2-(2'-thieny1)aziridine and 0.731 g (5 mrnoles) 
of dimethyl azodicarboxylate in 50 rnl of dry benzene was 
heated under reflux for 3 h. The reaction mixture was 
worked-up as described above affording the product as a 
white solid, rn.p. 86" (dec.) (pentane), 2.08 g (82% yield). 

Anal. Calcd. for CZ7HZ9N3S05: C, 63.89; H, 5.76; 
N, 8.28; S, 6.32. Found: C, 63.91; H, 5.70; N, 8.20; S, 
6.24. 

The i.r. spectrum vmaI(CHC13): 1680 (aryl C=O), 
1717 cm-' (ester C=O). The n.rn.r. spectrum 6 TMS 
(CDCI,): 0.5-2.2 (lOH, rnultiplet, cyclohexyl protons); 
2.8-3.3 (IH, cyclohexyl CH-N proton); 3.64 and 3.73 
(6H, singlets, ester methyl protons); 6.43 ( lH,  singlet, 
5-proton); 6.76 (IH, singlet, 3-proton); 6.8-8.3 (lOH, 
rnultiplet, thienyl and aryl protons). 
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The 19F nuclear magnetic resonance spectra of antimony pentafluoride, 
cis-Sb,F,, - and higher polyanions Sb,F,,, + , - 

J. BACON, P. A. W. DEAN, AND R. J. GILLESPIE 
Department of C/~emisfry, McMaster Utriuersity, Hamilton, Ontario 

Received March 26, 1970 

The resonances in the 19F nuclear magnetic resonance (n.rn.r.), spectrum of antimony pentafluoride 
have been reassigned and it is shown that the fine structure observed in the spectrum of antimony 
pentafluoride in various inert solvents can only be explained by considering the effects of magnetic 
nonequivalence. Solutions of t-butyl fluoride and tetra-n-butylammonium hexafluoroantimonate in 
excess SbF,/SO,CIF are shown to contain the Sb3F16- and Sb4Fzl- anions which have cis-fluorine 
bridged structures. The coupling constants and chemical shifts in the n.m.r. spectra of Sb3FI6-, 
Sb4Fzl-, (SbF,), and 1 :1 and 2:l complexes of SbF, are compared and discussed. 
Canadian Journal of Chemistry, 48, 3413 (1970) 

In a previous paper (1) it was shown that when 
t-butyl fluoride is allowed to react with SbF, and 
the product is dissolved in SO, the solution con- 
tains the trimethylcarbonium ion, the Sb,F,,- 
anion, and the adduct SbF,. SO,. The Sb,F, ,- 
ion and SbF, . SO, were unambiguously iden- 
tified by means of their characteristic 19F n.m.r. 
spectra (2, 3). In the absence of SO, the fluorine 
resonance of t-butyl fluoride/SbF, mixtures was 
a very broad line on which was superimposed 
the spectrum of SbFs which when present in 
sufficient excess remained as a finely dispersed 
insoluble phase. It was suggested that the main 
liquid phase consists of a fused salt (CH,),- 
C+Sb,F,,+,- where the anion is a mixture of 
different polyanions Sb,F,,-, Sb4F,,-, etc., 
giving a complex but unresolved 19F n.m.r. 
spectrum. However these polyanions, if formed, 
are decomposed in SO, solution to give Sb,F,,- 
and SbF,. SO, and no direct evidence for them 
was obtained. About this time Edwards et al. (4) 
reported the crystal structure of the compound 
Br,+Sb,F,,- in which the anion was found to 
have the trans-fluorine bridged structure 1. 

In another recent paper (5) it was shown that 
S0,ClF is a much weaker base towards SbF, 

than SO, and hence it seemed possible that the 
higher polyanions such as Sb,F,,- might be 
stable in this medium. This paper reports a study 
of the "F n.m.r. spectra of some t-BuF/SbF,/ 
S0,ClF and Bu4NSbF,/SbFs/S0,C1F solutions. 
The observed spectra are rather complicated and 
were only interpreted after a reinvestigation and 
reinterpretation of the closely related spectrum 
of liquid SbF,. This is reported first in this paper. 

"F Spectrum of Antimony Pentafuoride 
Hoffman, Holder, and Jolly (6) found the 

fluorine spectrum of liquid SbF, to consist of 
three peaks of relative areas 11212, and therefore 
proposed the cis-fluorine bridged polymeric 
structure 2 for the liquid. 

Here we have numbered structure 2 according 
to the uniform numbering scheme recently intro- 
duced (5) for the fluorines in both the Sb,F,,- 
anion 3 and the 1 : 1 complexes 4 and 2: 1 com- 
plexes 5 of SbF, with a base B. 

This scheme in which numbering starts from the 
terminal fluorine opposite a fluorine bridge, or, 
if that is not present, opposite a donor molecule, 
and which gives the same number to chemically 
equivalent fluorines has the advantage that 
similar fluorines in different species are given the 
same number, simplifying the comparison of 
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chemical shifts and coupling constants. Struc- 
ture 2 should give rise to three chemically shifted 
resonances with the relative areas observed, and 
it is also in accord with the extremely high 
viscosity of SbF,, which suggests a polymer of 
considerable length. The spectrum observed by 
Hoffman et al. (6) showed fine structurein two 
of the resonances, that at high field being split 
into a triplet ( J  = 130 + 15 Hz) and that in 
mid-spectrum appearing to be a septet ( J  = 70 + 
10 Hz). The authors assigned the high-field 
resonance to the two fluorines (F,) which are 
each cis to both of the bridging fluorines, split 
by coupling to the two fluorines (F,) which are 
each trans to one bridging fluorine and cis to the 
other. In this interpretation, the resonance of the 
F, fluorines, split into a triplet by the coupling 
to the two F, fluorines, is further split by the 
smaller coupling to the bridging fluorines (F,). 
Since J,, w W,,, the resulting triplet of triplets 
appears as a septet. The authors assumed 
J,, < 30 Hz. 

We have found that the dilution of pure SbF, 
with Freon-1 14 (CF2C1. CF2Cl), perfluorocyclo- 
butane (C,F,), or arsenic pentafluoride increases 
the resolution in the fluorine spectrum markedly, 

presumably because a decrease in the polymer 
chain length and in the viscosity causes a narrow- 
ing of the natural width of the individual lines. 
The 56.4 MHz spectrum of a solution with the 
composition SbF,/Freon-114 = 2.5, recorded 
at -56", the temperature of best resolution, is 
shown in Fig. 1. The septet is quite well resolved, 
and two of the lines in the triplet at the high field 
end of the spectrum are split into doublets. 

No simple explanation of the doublet splitting 
in the high-field resonance can be given on the 
basis of the interpretation of the spectrum pko- 
posed by Hoffman et al. (6). We now show that 
the spectrum of diluted SbF, can be satisfactorily 
interpreted by reassigning the chemical shifts 
and considering the effects of magnetic non- 
equivalence. The value of 130 Hz for J,, reported 
by Hoffman et al. (6) compares very favorably 
with literature values for JFF in other cis-SbF4X2 
species, e.g., for the cis-polymer of SbF,SO,F, 
J = 125-128 Hz(7) and for the cis-SbF,(SO,F),- 
ion, J = 122-126 Hz (8). However, J,, < 30 Hz 
is somewhat surprising, since in Sb2Fll- the 
coupling between the bridging fluorine and 
fluorines cis to it is 60 Hz (2). Trans couplings to 
the bridging fluorine in Sb2F,, - are very small, 
perhaps <10 Hz, yet Hoffman et al, report 
J,, = 70 Hz for SbF,. Clearly the earlier assign- 
ment is in error and the mid-field resonance 
should be assigned to F, and the high-field 
resonance to F,, giving J,, < 30 Hz, J,, = 
70 Hz, which is consistent with the Sb2Fll- 
results.' Such a reassignment makes no difference 
to the first-order spectrum. 

In the SbF, unit in the polymer all four of the 
coupling constants J,, are equal to each other, 
as are the four coupling constants J,,. The 
coupling between F, and F, cannot be described 
by a single value, however, since the cis-coupling, 
J,,, would be expected to be much larger than 
the trans-coupling, J,,', by comparison with the 
Sb2Fll-  ion. This situation is known as 
"magnetic non-equivalence" and generally re- 
sults in spectra of greater complexity than 
expected from first-order considerations. We 
have, therefore, calculated theoretical six-spin 
spectra for the SbF, unit in the polymer, using 

'Since the manuscript of this paper was submitted a 
paper has appeared (13) giving a better resolved 19F 
n.m.r. spectrum of SbF, than that of Hoffman et a[. (6) .  
The authors attempt a first-order analysis of the spectrum 
but make the same incorrect chemical shift assignment 
as in the earlier work. 
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FIG. 1. (a) The 56.4 MHz 19F spectrum of a solutionofSbF, inFreon-114; mole ratio of SbF,/Freon-114 = 2.5 
(lowfield resonance A omitted). (b) The 94.1 MHz spectrum (highfield triplet only) of SbF, diluted with AsF,. 
The calculated spectra are shown below; in (b)  the horizontal scales are slightly different. 

the general n.m.r. spectral program LAOCN3 of 
Bothner-By and Castellano (9). We find that the 
theoretical spectrum depends on six coupling 
constants, J,,, J4,, J,,, J,,', and the geminal 
coupling constants J,, and J,,. The one remain- 
ing coupling constant in the SbF, unit, J,,, has 
no effect on the spectrum. The theoretical spec- 
trum consists of 128 lines, many of them quite 
closely spaced and overlapping. For this reason, 
a program NMRPLT was written which takes 
the line positions and intensities calculated by 
LAOCN3 and calculates the line shape as the 
sum of individual Lorentzian curves, given a 
value for the natural line width, and plots this 

I 
summed line shape on an off-line plotting system. 

I It is this plotted line shape which is compared 
I with the experimental spectrum. 

Trial six-spin spectra were calculated for SbF, 
using the initial valuesJ,, = 70 Hz, J4, = 130 HZ, 

J3, = 53 Hz, J,,' = 10 Hz, J,, = 25 Hz, 
J,, = 100 Hz together with appropriate chemical 
shift values and an estimate of 30 Hz for the line 
width. J,, and J,, were varied until the splittings 
observed in the septet were reproduced. The 
other four coupling constants were then varied. 
When J,, = 85.6 Hz, J,, = 144.3 Hz, J,, = 
61.5 HZ, J3,' = -8.5 HZ, J,, = 25 HZ, 
J,, = 85 Hz, and a 32 Hz line width is taken, the 
spectrum shown at the bottom of Fig. 1 is 
obtained. It is an excellent fit for the experimental 
spectrum. The same two lines of the triplet are 
split into doublets in both spectra, and the 
magnitude of these splittings and those in the 
septet are well reproduced (largest deviation 
1.8 Hz, average deviation 1.4 Hz). The calculated 
line shape for the triplet resonance is shown in 
greater detail in Fig. 2, together with the in- 
dividual lines making up the multiplet. 
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FIG. 2. Calculated line shape and individual lines for the highfield triplet in the 56.4 MHz 19F spectrum of 
SbF,/Freon-114 = 2.5. 

Dilution of SbF, with Freon-114, C,F,, or 
AsF, has little effect on resonance A, that of the 
bridging fluorines, which remains a single broad 
peak. In our calculated spectrum, resonance A 
is a broad complex multiplet, showing less resolu- 
tion than B and C, but still having some degree 
of structure. However, the theoretical spectrum 
was calculated for one SbF6 unit only, i.e., the 
coupling between a bridging fluorine and the 
fluorines of the neighboring SbF6 unit was 
ignored. This coupling would result in a further 
splitting of the A resonance resulting, we may 

reasonably assume, in a broad line showing no 
structure as was experimentally observed. 

The coupling constants for SbF, obtained 
above are all reasonable values. The only trans- 
coupling constant obtained, J,,', is less than 
10 Hz as expected by analogy with the Sb,Fll- 
ion. All the remaining coupling constants involve 
fluorines which are cis to one another, and are 
in the order J,, > J,, > J,, > J3,  > J,,. The 
reason for this order is not clear, but it is inter- 
esting to note that the cis coupling between a 
given fluorine and the bridging fluorine is less 
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than that between the same fluorine and a non- 
bridging fluorine. The same relationship holds 
for the two cis-coupling constants in the Sb,F,, - 
ion. The calculation of the theoretical spectrum 
is of interest chiefly because of the splitting of the 
F, resonance due to magnetic non-equivalence. 
The effects of magnetic non-equivalence are quite 
striking. If J,, and J3,' are varied, the theoretical 
spectrum for resonance C shows splitting of the 
individual lines of the triplet into triplets, AB-like 
quartets, or doublets, depending on the relative 
values of J,, and J,,'. The successful calculation 
of the doublet splitting in the present case con- 
firms the reassignment of chemical shifts pro- 
posed here and gives us a basis for understanding 
the fluorine spectra of species with two fluorine 
bridges cis to one another, as will be seen in the 
next section. 

In principle, other combinations of the six 
coupling constants in the SbF, unit could give 
rise to essentially the same theoretical spectrum. 
This would seem to be unlikely, however, since 
the second order effects in the s~ec t rum arise 
primarily from magnetic non-equivalence, sug- 
gesting that the only ambiguities in the coupling 
constants given lie in some of the relative signs 
and in a possible interchange of J,, with J,,' or 
J,, with J,,. Our assignment gives values con- 
sistent with those found for the analogous ., 
coupling constants in similar systems, as dis- 
cussed above. Nonetheless, we have tested our 
assignment by calculating the theoretical spec- 
trum at 94.1 MHz, using the same coupling 
constants. The calculated spectrum is very similar 
to the 56.4 MHz spectrum and shows all the same 
features except that all three lines of the high 
field triplet show a doublet splitting (Fig. I). This 
splitting of all three lines of the triplet is observed 
in all the spectra we have recorded at  94.1 MHz, 
e.g., SbFs diluted with AsF, (Fig. l), and would 
appear to be an additional confirmation of the 
assignment. 

t-Butyl Fluoride in SbF,/SO,ClF Solution 
A sample having t-BuF/SbFs/S02C1F = 112.51 

2.2 was prepared, and its low temperature 56.4 
and 94.1 MHz 19F spectra and its proton spec- 
trum were recorded. The proton spectrum showed 
the presence of the r-butyl ion (CH3),Cf. The 
94.1 MHz 19F spectrum was more useful than the 
56.4 MHz spectrum since not only is the spectrum 
more spread out, reducing the overlap of adjoin- 
ing multiplets, but also the multiplets themselves 

are better resolved. The improved resolution 
occurs because the fluorine exchange can be 
effectively stopped at a slightly higher tem- 
perature at  the 94.1 MHz operating frequency 
(-75" us. -95" for 56.4 MHz) where the relaxa- 
tion time is longer and the natural width iess. 
The 94.1 MHz spectrum obtained at  -75" is 
shown in Fig. 3. Given t-BuFISbF, = 112.5, we 
might reasonably expect the solution to contain 
either equimolar amounts of the Sb2F,,-  and 
Sb3F16- ions or Sb,F,,- and SbF, coordinated 
with the solvent, as is the case when SO, is the 
solvent. The spectrum of Fig. 3 shows seven 
main resonances. Resonance a, a broad signal 
89.8 p.p.m. above CFCl,, is in the bridging 
fluorine region. Resonance c at  112.4 p.p.m. is 
close to the resonance position found for the 
eight equivalent fluorines of Sb,F, , - in SO, 
solution and appears to be a doublet of doublets. 
Resonances f and g are simple quintets ( J  = 
100 + 2 Hz) at  136.3 and 141.1 p.p.m. Res- 
onances b and e are multiplets at 108.3 and 
127.8 p.p.m., and the remaining resonance, d, is 
a broad peak at 117.9 p.p.m. We may first assign 
the quintet f and resonances a and c to the 
Sb,F,,- ion. Peak d is due to SbF6-; for solu- 
tions of SbF, in H F  (2) the resonance of SbF6- 
lies 5-6 p.p.m. above that of the eight equivalent 
fluorines in the Sb,F, ,- ion, in good agreement 
with the 5.6 p.p.m. shift between peaks c and d. 
The quintet g and multiplets b and e remain to 
be assigned. 

Consider the structure 8 for cis-Sb,F16- 

Assuming free rotation about the fluorine bridges 
there are five groups of chemically different 
fluorines in such an ion. If trans couplings are 
small, as is the case in the Sb,F,,- ion and SbF,, 
the resonance of the F,  fluorines should be a 
quintet with J -- 100 Hz. The quintet resonance 
g can therefore be assigned to these fluorines. 
SbF,.SO,ClF would also give rise to a quintet 
with J N 100 HZ in the same region, but a strong 
doublet resonance of SbF,.SO,ClF expected at  
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FIG. 3. The 94.1 MHz "F spectrum of t-butyl fluoridel2.5 SbFJ2.2 S0,CIF at -75", F-on-Sb region only. 
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105.1 p.p.m. (5) is not seen in the spectrum of 
Fig. 4, and therefore little or no SbF,.SO,ClF is 
present. The resonance of the F, fluorines in 
cis-Sb,F,,- should be a doublet of doublets, for 
the same reasons as in Sb,F, ,-, and the bridging 
fluorines F, will give rise to a very complicated 
multiplet, since each F, will be coupled strongly 
( J  = 50-80 Hz) to four F, fluorines, both F, 
fluorines, and one of the F, fluorines. If we 
assume that fluorines F, and F, of Sb3F16- make 
up part of resonances a and c, already assigned 
to the analogous fluorine atoms in the Sb,F, ,- 
ion present in this solution, then multiplets b and e 
can be assigned to fluorines F, and F, of the. 
Sb3F16- ion. Resonance c shows an additional 
peak at high field, its position consistent with the 
presence of two overlapping doublets of doublets, 
at 112.4 and 113.2 p.p.m. We may note that 
resonance e, assigned to F,, is a triplet showing 
the doublet splittings on all three lines in the 

I 94.1 MHz spectrum, and on two lines only in the 
56.4 MHz spectrum, the same as in the spectra ' of diluted SbF, discussed above. Multiplet b is 
a septet similar to that observed for the F, 
fluorines in SbF,. The splittings in multiplets b 
and e are of the same order of magnitude as in 
SbF,, but slightly different, as would be expected 
for a different species. We see therefore that the 
experimental spectrum can be interpreted on the 
basis of the spectrum of the Sb2Fll - ion plus the 
spectrum of a new ion cis-Sb,F,,-, the spectrum 
of this ion having some of the features of the 
spectra of both the Sb2Fl ,- ion and SbF,. Since 
relative areas 21811 are expected for the res- 
onances from the Sb2Fl ,- ion and relative areas 
Fl/F2/F3/F4/F, = 2/8/2/2/2 for the cis-Sb3F16- 
ion equimolar amounts of the two ions should 
give relative areas a/(b + c)/e/(j + g )  = 311 81214 
in excellent agreement with the observed experi- 
mental areas 2.8118.41214.2. The spectral areas 
thus appear to confirm the proposed assignment. 

Reference to  the structural diagram for 
Sb,F,,- (8) shows that the center SbF, unit of 
this ion should give rise to a spectrum similar to 
that of SbF,, as is observed, and that the spectrum 
of the F, and F, fluorines should depend on the 
same six coupling constants. A trial LAOCN3 
spectrum was calculated using values of J,, and 

' J,, estimated from multiplet b and the final values 
obtained for the other four coupling constants 
in SbF,, that is J,, = 91.5 Hz, J,, = 131.1 Hz, 
J,, = 61.5 HZ, J,,' = -8.5 HZ, J,, = 25 HZ, 

, J,, = 85 Hz. The parameters were varied until 

the splittings in the spectra were well reproduced 
with the largest deviation 1.7 Hz and the average 
deviation 0.9 Hz. The final set of coupling 
constants is J,, = 85.6, J,, = 135.7, J,, = 79.3, 
J,,' = - 11.1, J3, = 27.5, J4, = 112.5. The 
spectrum for multiplets b and e calculated with 
these parameters is shown in Fig. 3. The doublet 
splittings of the high field triplet e in the experi- 
mental spectrum (49.9, 45.0, 32.2 Hz, from low 
to high field) are particularly well reproduced in 
the calculated spectrum (50.1,44.7,31.9 Hz). The 
very small peak on the left hand side of the 
multiplet b is not reproduced in the calculated 
spectrum. It can probably be assigned to the low 
field half of the doublet of the AX, spectrum 
arising from a very small amount of SbF,. SO2- 
ClF. The other half of this doublet presumably 
lies beneath the adjacent peak and indeed causes 
the intensity of this peak to be greater than is 
the calculated spectrum. The corresponding very 
weak quintet will lie under the quintet g and 
would be much too weak to be observed. The 
final set of coupling constants were also used to 
calculate a theoretical 56.4 MHz spectrum which 
compared very well with the experimental spec- 
trum. In particular, only two of the lines in the 
high field triplet were split into doublets, as 
observed at 56.4 MHz. The difference in the 
spectra at 56.4 and 94.1 MHz is a second order 
effect, and in the limit of infinite chemical shift 
three equal doublet splittings would be observed. 
It may be noted that the fit between the experi- 
mental and calculated spectra is better than that 
obtained for the SbF, polymer. This is to be 
expected because in the latter the mixing of the 
F, spins with two additional F, spins is not 
allowed for in the simple six-spin approximation. 

The n.m.r. spectra, area measurements, and 
calculated spectra given above clearly show the 
existence of the Sb3F16- ion in S0,ClF. The 
observation of the effects of magnetic non- 
equivalence on the triplet resonance at 127.8 
p.p.m. shows that the fluorine bridges in the 
Sb,F,,- ion are cis to one another as is the case 
for SbF,. If Sb,F,,- were trans-bridged the four 
non-bridging fluorines in the center SbF, unit 
would be chemically equivalent, and give a single 
resonance split into a triplet by coupling to the 
two bridging fluorines, rather than the two 
multiplets observed experimentally. It is interest- 
ing to note that although the Sb,F,,- ion in 
Br,+Sb,F,,- has a trails structure no evidence 
for any appreciable concentration of such an ion 
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HO (p.p.m. from CFCI) 1- 

FIG. 4 (a). The 94.1 MHz19Fn.m.r. spectrum (F-on-Sb region only) of a solution with Bu4NSbF6/SbF5/S02CIF = 
1/1.97/12.4, at -90". (b). The 94.1 MHz 19F n.m.r. spectrum (F-on-Sb region only) of a solution with Bu4NSbF6/ 
SbF5/S02CIF = 1/2.89/14.7, at -94". (c) .  The 94.1 MHz I9F n.m.r. spectrum (F-on-Sb region only) of a solution 
with SbF,/S02CIF = 111.92, at - 104". 
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TABLE 1 

Chemical shift data* for SbF6-, Sb2F11-, and Sb3F16- in several solvents 

Chemical shifts 

Solvent Ion F 1 FZ F3 F4 F5 

SO2 SbzFll- 132.2 110.2 90.3 
S02ClFt S bFrj - 117.9 

SbzFi 1 - 136.4 113.2 89.7 
Sb3F1,- 141.1 112.4 89.7 127.8 108.3 

HF SbF6- 125 
SbzFi 1 - 141.8 120.1 93.0 

*Chemical shifts in  p.p.m. relative to CFCI,. Fluorines are numbered as explained i n  the text. The data for SO2 and 
HF as solvents is taken from refs. 1 and 10. 

tThe solution was about 1.9 molal in each of the Sb2FII- and Sb3F16- ions and the cation was (CH&C+. 

was found in the S0,CIF solution that we studied. 
A few percent of the trans form should have been 
observable and we can only suppose that the 
lattice energy of Br,' trans-Sb3F16- is suffi- 
ciently greater than that of Br,' cis-Sb,F,,- that 
the trans form is preferred in the solid state. 

Table 1 summarizes the chemical shifts ob- 
tained for SbF,-, Sb,F,,-, and Sb,F,,- in 
S0,ClF and compares them with those previously 
found for SbF,- and Sb,F,,- in SO, and H F  
(1, 10). It can be seen there is a considerable 
solvent effect on the chemical shift of Sb2Fll-  
and SbF,- in the direction H F  > S0,ClF > 
SO,. However, it would appear that the chemical 
shifts of the Sb,Fl ,- ion in S0,CIF is markedly 
dependent on both the nature of the cation and 
the concentration, unlike its behavior in the other 
solvents, while the chemical shifts of the Sb3F16- 
ion in S0,ClF show little cation or concentration 
dependence (see below). 

The 2:l complexes of SbF, with the weak bases 
SO,ClF, SO,, and SOF, have the structure 5 (5). 
The half of this dimer containing the coordinated 
base presents a case which is, in principle, similar 
in many respects to that for the SbF, unit in 
liquid SbF, and the center SbF, unit in cis- 
Sb3F16-. We might, therefore, expect similar 
values for certain fluorine-fluorine coupling 
constants in these cases; for example, J,, in 
Sb,F,,- should be about the same as J,, and J5, 
in Sb2FloB. In a previous study ( 9 ,  it was not 
possible to measure these coupling constants 

, from the 56.4 MHz spectrum with any degree of 
accuracy, due mainly to second order effects and 
to line broadening at the low temperatures neces- 
sary to stop exchange. In the present work we 
have obtained the coupling constants of interest 
for the 2:l  complexes of SbF, with SO,CIF, 
SO,, and SOF,, all in S0,ClF solution, from low 

temperature 94.1 MHz spectra. These and the 
coupling constants previously measured (J,,, 
J,,) are shown in Table 2, together with the 
analogous coupling constants for Sb,F,, - and 
Sb,F,,-. As expected, the corresponding cou- 
pling constants in the various species are similar 
in size. 

Table 3 compares the chemical shifts for neat 
liquid SbF, and S0,CIF solutions of cis- 
Sb3F,,- and the 2:l and 1 :1 complexes of SbF, 
with SO,ClF, SOF,, and SO,. It can readily be 
seen that fluorines given the same number in the 
system proposed have similar chemical shifts. 

Evidence for Higher Polyanions in S0,CIF 
Solutions 

The 19F n.m.r. spectra of the RF/SbF,/SO2ClF 
mixtures discussed above can be duplicated using 
mixtures of Bu,NSbF, and SbF, in S0,ClF. As 
has been previously observed (I), decomposition 
of the n-BU,N' cation by SbF, occurs on 
standing; however, a negligible amount of reac- 
tion occurs if the solutions are made up rapidly 
and kept at liquid nitrogen temperature until 
used. Bu,NSbF, itself is quite insoluble in 
SO,ClF, but dissolves in the presence of SbF,. 

Figure 4a shows the -90" 19F (94.1 MHz) 
n.m.r. spectrum of a solution having the com- 
position SbF,-/SbF,/SO,ClF = 111.97112.4. 
The observation of two quintets f and g at 135.3 
and 140.4 p.p.m. shows the solution to contain 
both Sb,F,,- and cis-Sb,F,,- (see above). A 
weak doublet h can be seen at 104.8 p.p.m., which 
by comparison with earlier work (5) can be 
assigned to SbF,. S0,ClF. Since the amount of 
the latter is clearly very small, this solution must 
also contain some Sb,F,, - ; we suppose that in 
a solution having the stoichiometry SbF,-/ 
SbF, = 112, an equilibrium distribution of at 
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TABLE 2 
Coupling constants* for various species in S0,CIF solution 

Species J ~ z  JZ 3 J3 4 J3 5 J36t J4 5 J4 6 Jsdt 

*In Hz. . . . . . -. 
and .I5= in the 2:l complexes correspond to and .Id5 in Sb3FL6-. 

tFor Sb2FI1- in SO1, .Ill = 102, J 2 a  = 59 Hz. 

least three polyanions exists and that Sb,F,,- 
is probably partly solvolyzed to Sb,F,,- and 
SbF, . S0,ClF. 

At higher SbF,/SbF,- ratios, further changes 
occur in the n.m.r. spectra of the solutions. When 
SbF,-/SbF,/SO,ClF = 112.89114.7, the fluorine- 
on-antimony regions of the - 94" spectrum is as 
shown in Fig. 4b. The quintet f is not seen, 
showing the absence of Sb,F,,- in this solution 
and the doublet h is more intense. From the 
observation of three lines in the F-on-S region 
of the spectrum, it appears by comparison with a 
previous study (5) that both SbF,. S02C1F and 
(SbF,),SO,ClF are present in solution, and com- 
parison of the intensities of the F-on-S lines 

assignable to the monomer and dimer, shows that 
the mole ratio SbF,. SO,ClF/(SbF,),SO,CIF = 
3011. In fact, comparison with the F-on-Sb region 
of the - 100" spectrum of a solution with SbF,/ 
S0,ClF = 1.0011.92 (Fig. 4c), where the starred 
resonances are attributable solely to (SbF,),- 
S02ClF ( 9 ,  shows that the F-on-Sb region of 
'the present solution has no observable resonances 
attributable to (SbF,),SO,ClF. Furthermore, by 
calculation of the amounts of SbF,. S0,ClF and 
(SbF5),S02C1F from the intensities of the three 
lines in the F-on-S region of the spectrum, we 
deduce that polyanions present have the average 
composition (SbF,-) (SbF,),,,, and hence that 
the solution must contain larger polyanions than 
cis-Sb,F,,-. By comparison with the cis-bridged 
structure of Sb,F,,- in thesesolutions, we expect 
that Sb,F,,- will also be cis-bridged (7) 

But for some intensity differences resulting from 
a change in the number of terminal and non- 
terminal SbF, units, such an anion would 
certainly have a 19F n.m.r. spectrum similar to 
that of cis-Sb,F,,-, with the important difference 
that the fluorines F, and F,, F, and F7 are no 
longer chemically equivalent. The two apparently 
equally intense regions of resonance, j and k, on 
either side of the resonance e due to F, of cis- 
Sb,F,,- (see Fig. 4b, inset) are in positions 
consistent with their being due to F, and F, of 
Sb,F,,-. Also, in the absence of either Sb,F,, - 
or (SbF,),SO,ClF, the second double-doublet, 

m overlapping that due to F, of cis-Sb,F,,-, c, 
must be due to the fluorines F, in cis-Sb4F2,- 
which will be coupled to both F,  and F,. No 
other separate resonances are observed, but it is 
likely that these overlap with their counterparts 
in the more intense Sb,F,,- spectrum. The 
changes we observe on increasing the SbF,/ 
SbF,- ratio to 2.89 are thus consistent with 
production of cis-cis-Sb,F,,- anion and not a 
trans-trans or cis-trans Sb,F,, - anion; this anion 
also undergoes more solvolysis than Sb,F,,-. 

At still higher SbF,/SbF,- ratios, the spectra 
become increasingly complicated since the 
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TABLE 3 
Chemical shift data* for SbF,, and SbFS complexes in S02CIF solution 

Chemical shifts 

Species 

*Chemical shifts in p.p.m. relative to CFC13. The data for the 1 :1 and 2:l  complexes of SbF, with S02CIF, SOF2, 
and SOZ is taken from ref. 5. 

tNeat liquid SbF,. Data taken from ref. 6 and converted to CFC13 scale. 
*Resonances found in the spectrum of the BurNSbF6/SbF5/SOZCIF = 1/2.89/14.7 sample discussed in the text. 

The F,, F3, and F, resonances presumably lie under the corresponding resonances of the Sb3F16- Ion. 

TABLE 4 
Cation and concentration dependence of chemical shifts for Sb2Fll- in S02ClF and SO2 

Solvent 

Concentration (m) Chemical shift 
Temperature 

Cation ("c) Cation Sb2Fll- F l  Fz F3 

*This work. 
tReference 11. 
*Only the resonance of F1 was visible, those of FZ and F3 lying under the corresponding resonances of Sb3F16-. 
§Reference 1. 
IlOnly the resonances of FZ and F3 were visible, that of F1 lying under the corresponding resonance of SbF5SOZ. 

amounts of (SbF5),SO2C1F present become 
appreciable. However, using the intensities in the 
F-on-S region to estimate the amounts of the 
solvolysis products, as outlined for the previous 
solution, it is possible to show that still larger 
polyanions are being formed along with the 
solvolysis products. For instance, in the case of a 
solution where SbF6-/SbF,/SO,ClF = 115.531 
16.1, we deduce that the polyanions formed have 
the average formula (SbF6-) (SbF,),,,,. Hence, 
the existence of Sb,FZ6- is indicated; by analogy 
with Sb3F16- and Sb4F2,- this presumably has 
the all cis-bridged structure. Presumably the 
higher polyanions also occur in solution when 
alkyl halides are ionized in S02ClF containing a 
sufficiently high concentration of SbF,. 

Cation and Concentration Dependence of 
Chemical Shifts 

Table 4 shows various values obtained in this 

laboratory for the chemical shifts of Sb2Fl1- in 
S02ClF and SO, solution. Where the molality 
given for the cation differs from that given for 
Sb2Fl,-, either SbF,- or Sb3F16- is also 
present in solution. We note that in S02ClF 
solution the resonances of Sb2F,,- occur at 
higher field as the concentration of Sb2Fll- is 
increased, but that there also appears to be a 
marked effect from the cation, solutions contain- 
ing the tetrabutylammonium ion giving res- 
onances at higher field than similar solutions 
having a carbonium ion as the cation. Table 5 
shows the chemical shifts obtained for Sb3F16- 
in S02ClF when its concentration is varied or the 
cation changed. (The solutions of Table 5 also 
contain some Sb2Fl or Sb,F, ,- ion.) Here we 
note that all the chemical shifts are virtually 
constant, none changing by more than -1 p.p.m. 
Clearly Sb3F16- is not very susceptible to cation 
and concentration effects. 
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TABLE 5 

Cation and concentration dependence of chemical shifts for Sb3FI6- in S0,CIF 

Concentration (m) Chemical shift 
Temperature 

Cation PC) Cation Sb3FI6- F I  FZ  F3 F4 F5 

Experimental 
Fluorine n.m.r. spectra were obtained at 56.4 and 

94.1 MHz using Varian DA-60 and HA-100 spectrom- 
eters, respectively. Both spectrometers were equipped 
with Varian variable temperature analytical probes and 
temperature controllers. Spectra were recorded in the 
HR centerband or sideband mode and calibrated by 
generating sidebands with an  audio oscillator. Spectra 
were referenced relative to CFC13 by sample interchange. 
Fluorine chemical shifts and coupling constants were 
reproducible to  better than I p.p.m. and about 1 Hz, 
respectively. 

Antimony pentafluoride was obtained from Ozark 
Mahoning Company and distilled twice in glass apparatus 
in an  atmosphere of dry air before use. t-Butyl fluoride 
and tetra-n-butylammonium hexafluoroantimonate were 
prepared and purified as previously described (1). The 
inert solvents AsF, (Ozark Mahoning Co.), Freon-114 
(Matheson of Canada Ltd.), and perfluorocyclobutane 
(Matheson) were purified by vacuum fractionation. 
Sulfuryl chlorofluoride, SO,CIF, was prepared from 
KS0 ,F  and chlorine by the method of See1 and Riehl 
(12). Sulfur dioxide present as an  impurity in the product 
was removed by distilling the product onto about 5 g of 
SbF, on a vacuum line and distilling the S0,CIF back 
out of the resulting solution, the SO, remaining behind 
as the adduct SbF, .SO, The absence of SO, was con- 
firmed by the absence of the characteristic 19F n.m.r. 
spectrum of either SbF, .SO, or (SbF,),SO, (5) in the 
n.m.r. spectra of the S0,CIF solutions. 

Nuclear magnetic resonance saniples of SbF, in the 
inert solvents were prepared by a niethod analogous to 
that used previously to prepare SbF,/SO,CIF samples 
(5). In a dry box an all-glass syringe was used to transfer 
SbF, into an n.m.r. tube fitted with a detachable tap, the 
tube was attached to a standard glass vacuum line and 
the required amount of solvent condensed in prior to 
sealing off. The n.m.r. sample of t-butyl fluoride in 
SbF,/SO,CIF was prepared on a vacuum line using a 
small flask with a detachable tap and n.m.r. tubes sealed 
to the flask. A small amount of SbFs (about 0.04 mole) 
and the appropriate amount of solvent were distilled 
into the flask in weighed amounts. A known volume of 
t-butyl fluoride was then allowed to evaporate into the 
reaction flask, giving a solution of known composition. 
The flask was then removed from the vacuum line and 
tilted so that a suitable volume of solution entered the 
n.m.r. tube, and the tube sealed off. T o  allow preparation 
of S~FS/BU,NS~F~/SO,CIF  samples whilst keeping 
room temperature contact between Bu4N+ and SbF, 
minimal (the cation is decomposed by prolonged contact 

with the pentafluoride (I)), a glass apparatus was con- 
structed as  follows: two tubes of ca. 15 mm o.d., both 
closed at  one end and open via 114 in. tubing at  the other, 
were interconnected by 114 in. tubing; one of the large 
tubes had an n.m.r. tube attached at  right angles to the 
interconnection. T o  prepare the samples, solids were put 
into the apparatus in the dry box; the salt was weighed 
into the tube with two sidearms and SbF, into the other. 
Both exits were closed with detachable tops; the whole 
apparatus was connected to a glass vacuum line via one 
of the detachable fittings and evacuated. S0,CIF was 
condensed onto the SbF, and both exits sealed. On 
warming to room temperature the SbF, dissolved in the 
solvent and the solution was poured onto the Bu4NSbF6 
via the interconnection. The salt dissolved on shaking. 
The resulting solution was quickly tipped into the n.m.r. 
sidearm and the n.m.r. tube sealed off. Samples were 
kept in liquid nitrogen until used. It was found that this 
method gave a negligible amount of the coloration due 
to decomposition of the Bu4N+ cation. 

We thank the Directorate of Chemical Sciences of the 
United States Air Force Office of Scientific Research and 
the National Research Council of Canada for financial 
support of this work. We also thank Dr.  R. A. Rothen- 
bury who recorded the spectra of solutions of SbF, 
in Freon-1 14. 
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Cyanoethylations and Michael additions. V.' The synthesis of allylic cyclohexenols 
by y-cyanoethylation of u,p-unsaturated aldehydes and ketones. Part V's " 

CH. R. ENGEL, V. S. SALVI, AND L. RUEST 
Deparftnenf of Clletnistry, Lava1 Ut~iversity, Quebec, Quebec 

Received May 19, 1970 

It is shown that the cyanoethylation of3(3-acetoxy-21-methyl-5a-pregn-17-en-21-one resultsin part in the 
addition of acrylonitrile to the y-position, with concomitant cyclization, and that therefore the cyclo-y- 
cyanoethylntions of a,P-unsaturated carbonyl compounds reported previously were not confined to 
aldehydes. However, the main reaction products of the conjugated ketone were a-cyanoethylated deriva- 
tives. A variation of the reaction time did not affect the proportion of a-  and y-cyanoethylated products; 
the implications of this finding on mechanistic considerations are discussed; in particular, an explanation 
based on the assumption of an equilibrium between reactants and a -  and y-cyanoethylated products is 
ruled out. It is shown that the y-additions observed, particularly in the case of a,P-unsaturated aldehydes, 
are not due to steric hindrance, neither to an  abnormal charge distribution in the anion. It is further shown 
that in the presence of base the propionitrile moiety of oxygen-cyanoethylated a,P-unsaturated aldehydes 
with a suitable geometry is transferred to the y-position of the original aldehyde and that cyclization occurs 
so that the same products are obtained from such cyano-en01 ethers as in the direct cyanoethylation of the 
free aldehydes. On the basis of this finding, a mechanism for the cyclo-y-cyanoethylations of u,B-unsatu- 
rated carbonyl compounds, involving such a transfer reaction, can be tentatively proposed. 

Canadian Journal of  Chemistry, 48, 3425 (1970) 

In previous publications of this series (1, 3, 4, 
cf. also 2, 5, 6), we have shown that certain a,P- 
unsaturated aldehydes were cyanoethylated, in 
contradistinction to earlier findings reported in 
the literature, in the y-position, with concomitant 
cyclization, and that these reactions thus led in 
high yield to allylic a'-cyano cyclohexenols. I t  
was now of interest to investigate whether or not 
this reaction took a similar course in the case of 
a,P-unsaturated ketones. We decided to investi- 
gate the cyanoethylation of a ketone closely 
related to the aldehydes which had given rise to 
such cyclo-y-cyanoethylations, 3P-acetoxy-21- 
methyl-5a-pregn- 17-en-2 1 -one (5), the methyl 
ketonic homolog of the first aldehyde investigated 
(3, 4). 

A suitable synthetic precursor for the desired 
unsaturated methyl ketone 5 seemed the known 
(7, 8) 17-unsaturated pregnenoic acid 3. Two 
classical methods are known for the preparation 
of such acids: the Favorsky rearrangement of 
17,21-dihalogenated 20-ketones (cf. 7-12), and 
dehydration of the products obtained from 

'For paper IV of this series cf. ref. 1. 
'This publication represents part XXXIV in the series 

on Steroids and Related Products. For paper XXXIII see 
ref. 1. 

3Abbreviated in part from the doctoral thesis of L. 
Ruest, submitted to the School of Graduate Studies of 
Lava1 University, Quebec, Quebec, 1969; and from the 
"these de doctorat dlEtat es-sciences", University of 
Paris, France, registered at the C.N.R.S. under the 
number A. 0. 1987. For a preliminary report see ref. 2. 

Reformatzky reactions of 17-ketones (1 3-1 5).4 
According to the literature, none of the methods 
gives satisfactory yields but we considered the 
Reformatzky sequence promising since its short- 
comings were not connected with the actual 
Reformatzky reaction but with the dehydration 
step (cf. 13, 15). One of us (C.R.E.) (17) has 
previously shown that such difficult dehydrations 
of P-hydroxy carboxylic esters could be circum- 
vented by dehydroacetylation with base of the 
corresponding acetates, a finding independently 
confirmed by Linstead et al. (18). Therefore, 
3P-acetoxy-5a-androstan-17-one (1) was trans- 
formed with ethyl bromoacetate and zinc to a 
mixture of the 3P,17P-dihydroxy 5a-pregnanoic 
ester 2 and the corresponding 3-monoacetate 2a 
in an overall yield of 80 %; acetylation, under the 
conditions of Turner (19), gave the diacetoxy 
ester 26. Treatment of this product with sodium 
ethylate in absolute ethanol gave in 77% yield 
the desired 3-hydroxy ethyl ester 3b. Analogous 
results were obtained when the Reformatzky 
reaction was carried out with methyl bromo- 
acetate and the dehydroacetylation with sodium 
methylate (cf. 1 + 2d,c -> 3d). According to  
Magrath et al. (15), the hydrolysis of such 
unsaturated esters with potassium hydroxide in 
methanol is unsatisfactory, but we obtained 

4The oxidation of 313-acetoxy-5a-pregn-17-en-21-a1 
(3,4) with Jones' reagent (16) gave only an unsatisfactory 
yield (30 %) of acid 3a (cf. Experimental). 
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excellent yields with potassium hydroxide in 
aqueous dioxane. The hydroxy acid 3 (7) was 
acetylated and the acetoxy acid 3a transformed 
with oxalyl chloride (cf. 20-22) into the acid 
chloride 6 which gave with dimethyl cadmium 
(cf. 23) the desired methyl ketone 5 in 80 % yield, 
calculated from the hydroxy acid 3. 

The cyanoethylation of the unsaturated ketone 
5, under the conditions used in the case of 
analogous unsaturated aldehydes (1, 4), gave a 
product from which we isolated, after separation 
of 16 % of the starting material (5), a mixture of 
a-cyanoethylated ketones (4A and B) (50% 
yield), a mixture of cyclized y-cyanoethylation 
products (7 and 8) (23% yield), and very small 
quantities (2 %) of a dehydration product of these 
cyclized derivatives, dienonitrile 9.* 

The elemental composition of the ketones 4A 
and B indicates the addition of one acrylonitrile 
moiety. Their i.r. spectra show, apart from the 
usual acetate bands, the presence of a non- 
conjugated nitrile function, of a non-conjugated 
carbonyl function, and of a double bond. The tri- 
substituted nature of the double bond is con- 
firmed by the n.m.r. spectra, which also show the 
18- and 19-methyl groups and the methyl ketone 
moiety. Furthermore, there appears in each case a 
peak at 3.28 6 which we attribute to the allylic pro- 
ton in position 20, a to the carbonyl function; the 
protons of the methylene group, a to the nitrile 
function, absorb at 2.25 6. These data are com- 
patible with structures 4A and B, arising from 
a classical a-addition of acrylonitrile to the 
a,P-unsaturated ketone 5, and cannot be re- 
conciled with products arising from a y-addi- 
tion. The fact that only one acrylonitrile moiety 
was attached to ketone 5 seems plausible in view 
of the steric hindrance exerted by the 18-methyl 
group. The two a-cyanoethylated ketones 4A 
and B must be epimeric in position 20. 

The structure determination of the cyclized 
y-cyanoethylation products, 7, 8, and 9, fol- 
lowed that of the corresponding products of 
the previously described cyanoethylations of 
analogous aldehydes (1, 4). The elemental 
composition of the products corresponds again 
to the addition of one acrylonitrile moiety. The 

'The a-cyanoethylated ketones 4A and B form a 
eutectic adduct, in a ratio of 1:2, which is eluted from 
aluminum oxide after the pure ketone 4A; the pure ketone 
4B could only be obtained by reducing the reaction time 
considerably (see below). 

i.r. spectra of the cyclized hydroxy derivatives 
7 and 8 reveal the presence of an acetoxy 
group, of an alcohol function, of a non-con- 
jugated nitrile group, and of an isolated double 
bond; the position of the absorption band of the 
latter, at 1682 cm-' (in CHCI,) in the case of 
hydroxy nitrile 7, and at 1675 cm-' in the case 
of hydroxy nitrile 8, corresponds well to that of 
a double bond endocyclic to a six-membered 
ring and exocyclic to a five-membered ring (cf. 
4). The n.m.r. spectra confirm the presence of a 
.trisubstituted double bond and reveal, apart from 
the 18- and 19-methyl groups, the methyl group 
attached in position 21. The proton of the alcohol 
function appears at 2.70 6 for alcohol 7 and at 
2.52 6 for alcohol 8. The 162-proton is seen as a 
triplet, centered at 3.08 6 in the case of alcohol 
7, and at 3.10 6 in the case of alcohol 8. The 
16-protons of these products are observed as 
multiplets, centered at 3.02 and 2.75 respectively. 
The olefinic proton of each alcohol is coupled 
allylically with the 16-proton. These data are 
compatible only with structures of cyclized 
y-addition products of type 7 and 8 and cannot 
correspond to products arising from an addition 
in position a ,  followed by aldol cyclization 
(cf- 44). 

The spectral characteristics of the dienonitrile 
9 correspond entirely to .the assigned structure. 
For details we refer to the Experimental and for 
their interpretation to the discussion (4) of the 
structures of analogous products formed by the 
y-cyanoethylation of 3P-acetoxy-5a-pregn-17-en- 
21-a1 (10). Furthermore, both hydroxy nitriles 
7 and 8 were transformed with p-toluenesul- 
fonic acid in a mixture of acetic anhydride and 
acetic acid into dienonitrile 9, in yields of 70 and 
20%, respectively for alcohol 7 and alcohol 8. 
If one extrapolates the findings on the parent 
aldehyde 10 (4), and assumes that during these 
dehydrations no epimerization in position 16 
occurs, one has to assign to the y-cyanoethylation 
products 7, 8, and 9 identical configurations in 
that position. 

As mentioned above, the 162-proton of the 
hydroxy nitriles 7 and 8 appears as a triplet, 
produced by the coupling with the protons in 
position 16'. Since the coupling constants are 
only of 3.2 Hz, they cannot arise from vicinal 
diaxial couplings and therefore the 162-proton of 
both isomers 7 and 8 must be equatorial, their 
nitrile function axial. If one now assumes that 
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2 R = Rz = H; Rl  = CZH5 
a R = Ac; R, = CzH5; Rz = H 
b R = R2 = Ac; Rl  = C2H5 
c R = RZ = H; R1 = CH, 
d R = A c ; R l = C H 3 ; R 2 = H  
e R = RZ = Ac; R1 = CH, 

CH3 

4A and B 

H0.,c~3 

AcO 

dCN 
H 

3 R = R , = H  
a R = Ac; R, = H 
b R = H; R1 = CZH5 
c R = Ac; R, = CzHs 
d R =  H ; R l  = CH, 
e R = Ac; R, = CH, 

both hydroxy nitriles 7 and 8 have the same 
stereochemistry in position 16, one concludes 
that they must be 21-epimers. Therefore, the 
difference in chemical shifts of the 18-methyl 
group (seen at 0.83 6 in the case of alcohol 7 and 
at 0.76 6 in alcohol 8), and of the 16-proton (which 
appears at 3.02 6 for alcohol 7 and at 2.75 6 for 
alcohol 8) must be due to this difference in stereo- 
chemistry. We attribute the parallel deshielding 
of the 18-methyl group and the 16-proton of hy- 
droxy nitrile 7 to the influence of a 21-substituent, 
the hydroxyl function, cis to both these groups. 
We thus conclude that the 16-hydrogen must be 
cis to the 18-methyl group and therefore P (com- 
pare also refs. 1 and 4). It follows that the con- 
figuration of the 16-nitrile function of alcohols 7 
and 8 must be p. The assumption that the parallel 
deshielding effect of the 21 -substituent of alcohol 
7 on the 16-proton and the 18-methyl group is 
due to the hydroxyl function is confirmed by the 

facile dehydration of the product, which suggests 
a trans arrangement of the 21-hydroxyl group 
and the 16'-hydrogen. Thus, we have to assign to 
the hydroxyl function of alcohol 7 a P-configura- 
tion, to that of alcohol 8 an a-configuration. 

In previous publications of this series (4, 24) 
we have also given indirect evidence for a 16P- 
hydrogen configuration of the main cyclo-y- 
cyanoethylation products of type 7 and 8. If, 
as we have done, one extrapolates from the 
findings concerning aldehyde 10 that no signifi- 
cant epimerization in position 16 occurs during 
dehydration, (cf. 41, dienonitrile 9 must have a 
16P-hydrogen configuration. However, this con- 
figuration is in opposition to Moscowitz' rule 
(25), relating the sign of the Cotton effect of a 
conjugated homodiene to its helicity, and we are 
thus in the same situation as in the case of the 
cyclo-y-cyanoethylation of aldehyde 10 (4). We 
have amply discussed this discrepancy (I, 4) and 
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we have suggested that the exception to 
Moscowitz' rule may be due to the fact that one 
double bond of the diene system is exocvclic to a 
five-membered ring since in the D-homo series 
this discrepancy is not observed. 

The ex~eriments described show that the 
~ ~ c l o - ~ - c ~ a n o e t h ~ l a t i o n  observed in the case of 
an aldehyde of the steroid series (3, 4), an alde- 
hyde of the D-homo steroid series (l), and an 
aldehyde of the decaline series (2, 6), applies also 
to an a,P-unsaturated ketone, with the important 
difference. however. that in that instance the 
cyclized y-cyanoethylation products are not the 
sole addition products but rather that the main 
products arise from a "normal" a - a d d i t i ~ n . ~  

The Mechanism of the Cyclo-y-cyanoethylation of 
u,p-Unsaturated Carbonyl Compounds 

The reaction of ketone 5 with acrylonitrile 
allowed the experimental investigation of a 
hypothesis which seemed to  explain the addition 
of acrylonitrile to  the y-position of a,p-unsatu- 
rated carbonyl compounds, in spite of the greater 
negativity, in the anion, of the a-carbon atom.7 
This hypothesis was based on the assumptions 
that the greater negativity of the a-carbon atom 
should not completely prevent addition to  the 
y-carbon atom, which represents also a negative 
center; and that there existed an equilibrium 
between reactants and a- and y-addition prod- 
ucts. While the y-cyanoethylated products could 
now readily undergo aldol-cyclization to  ther- 
modynamically highly stable compounds, an 
analogous cyclization of a-addition products 
would lead to thermodynamically unfavored 
four-membered ring compounds. In the case of 
the products investigated by us, it could further 
be assumed that the free energy level of the 
cyclized y-addition products should also be lower 
than that of the non-cyclized a-addition prod- 
ucts; hence, the isolation, in high yield, of 
cyclized y-addition products after reasonable 
reaction times would become plausible. Such a 
"thermodynamic" hypothesis had already been 
considered by Nielsen in order to rationalize the 

6After completion of our experiments, Wiemann et a/. 
(26) published results confirmatory to ours. They report 
that addition of acrylonitrile to mesityl oxide does not 
only give, as previously observed by Bruson and Riener 
(27), an a,a-dicyanoethylated derivative, but also some 
cyclized y-cyanoethylation product. 

'For literature references see the discussion in Part I1 of 
this series (4) and in particular ref. 28 of the present paper. 

dimerization of 2-ethyl 2-hexenal (29) and would 
have explained the a-orientation of cyanoethyl- 
ations of rigid transoid a,P-unsaturated carbonyl 
systems (30, 31), since in these instances the 
cage-like cyclized y-addition products would not 
be thermodynamically favored. In a previous 
publication (24) we have shown that such a 
hypothesis could not be confirmed by the drastic 
reduction of the reaction time of acrylonitrile 
with 3P-acetoxy-5a-pregn-17-en-21-a1 (lo), since 
even in that instance no a-addition products 
could be isolated. However, the cyanoethylation 
of ketone 5, in which both a- and y-addition 
products are formed, lent itself to a more con- 
vincing verification, since a variation of the 
reaction time should necessarily lead to  a varia- 
tion of the proportion of the addition products, 
if the "thermodynamic" hypothesis were accu- 
rate. We therefore subjected ketone 5 to cyano- 
ethylations, under "standard" conditions, with 
the exception of the length of the reaction times. 
The results are summarized in Table 1. It can be 
seen that such a variation of the reaction time 
does not change the proportion of a- and y-cyano- 
ethylated products, and that the "thermodyna- 
mic" hypothesis has to be abandoned.' 

Although the argument that the "atypical" 
y-cyanoethylations were due to  atypical charge 
distributions in certain anions derived from 
a,P-unsaturated carbonyl compounds (the y-car- 
bon atom being more negative than the a-carbon 

TABLE I 

Proportion of a -  and y-cyanoethylation 
products of ketone 5 in relation to 

the reaction time 

Proportion of a- and 
Reaction time y-cyanoethylated products 

t * 2.08 
4t 2.13 

* r  = 15 min at 24". 25 min at 55' ,  and 60 rnin at 
24'. 

'We also subjected one of the two isomeric a-addition 
products (4A) to the cyanoethylation conditions but were 
not able to observe the formation of any y-cyanoethylated 
product; the main result was an epimerization in position 
20, leading to isomer 4B. In itself, this experiment is not 
conclusive because, in order to equilibrate a non-anionic 
a-addition product of type4 to a cyclized addition product 
of type 7 or 8, one would have to abstract a proton in 
position a to the nitrile function, whereas, evidently, the 
20-proton should be abstracted far more readily. 
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CHO CHO 
I I 

H,C-C-CH~ 

AcO & H + Aco& H 

atom) was not attractive, we subjected, for 
experimental proof, aldehyde 10, which had 
given in high yields cyclized y-cyanoethylation 
products (3, 4), to the action of methyl iodide in 
the presence of t-butoxide in t-butanol, under 
the reaction conditions of Woodward et al. (32). 
After the recovery of 22% of starting material, 
we isolated in 98 % the 20,20-dimethylated 
product 11 and did not detect a trace of a y-addi- 
tion product. The structure determination of the 
dimethylated aldehyde 11 was based on its 
elemental analysis and its spectral characteristics. 
The i.r. spectrum confirms the presence of the 
non-conjugated aldehyde function and of the 
isolated double bond of the five-membered ring, 
whose absorption band appears at 1605 cm-'. 
The n.m.r. spectrum shows the four methyl 
groups (in positions 18, 19, and 20), the only 
olefinic proton (in position 16) and the proton of 
the aldehyde function. The experiment confirms 
that in the anion derived from aldehyde 10 the 
a-carbon atom is more negative than the y-carbon 
atom. 

We were also able to rule out the possibility 
that the y-cyanoethylations observed were due 
to steric hindrance in the a-position, by sub- 
jecting aldehyde 10 to alkylation with a bulky 
reagent, isopropyl iodide. After recovery of 23 % 
of starting material, three mono-a-alkylation 
products (12, 13, and 14) were isolated in 97% 
yield. Their mass (400) was indicative of the 
addition of one isopropyl moiety, which is 
plausible in view of the steric hindrance exerted 
by the 18-methyl group. Aldehyde 12 shows in the 

i.r. characteristic bands of a non-conjugated 
unsaturated aldehyde. In the n.m.r. one observes, 
among other signals, a not well defined triplet 
at 5.61 6 with a coupling constant of 2.5 Hz, 
which we assign to the olefinic proton in position 
16, and a doublet at 11.04 6 (J = 4.5 Hz) which 
corresponds to the aldehydic proton coupled 
with the only proton in position 20. These spec- 
tral characteristics cannot satisfy a product 
arising from a y-alkylation since such a derivative 
would possess either a conjugated carbonyl 
function or a tetra-substituted double bond in 
positions 16,17. 

The aldehydes 13 and 14 absorb in the U.V. a t  
253 and 252 nm, respectively; these values corre- 
spond well to those calculated for such systems 
(33). In the i.r., aldehydes 13 and 14 show the 
typical absorptions of a,P-unsaturated aldehydes. 
In the n.m.r., no olefinic proton is visible and the 
aldehydic proton appears as a singlet. The 16- 
protons appear as multiplets, at 2.52 6 for 
aldehyde 13, and at 2.40 6 for aldehyde 14. The 
greater shielding of these protons in isomer 14 
suggests the proximity of the isopropyl group. 
Again, these data exclude structures correspon- 
ding to an addition in position 16. Steric 
hindrance can therefore be eliminated as explana- 
tion for the observed y-cyanoethylations. 

In a previous publication (24), we have already 
excluded the possibility that the observed 
y-cyanoethylations were not Michael-type reac- 
tions but that they represented Diels-Alder-like 
additions to an enolic form of the carbonyl 
derivatives. 
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The observation that no y-cyanoethylation 
of a,$unsaturated carbonyl compounds seems 
to occur in the case of a rigid transoid arrange- 
ment of the unsaturated system, for instance in 
the case of the cyanoethylation of isophorone 
(31) or of Woodward's tricyclic ketone (30), and 
the consideration of the particular stereochem- 
istry of a,$unsaturated carbonyl systems, such 
as aldehyde 10, which lend themselves to cyclo- 
y-cyanoethylations, made it conceivable that the 
occurrence of this reaction could be connected to 
the "geometric predisposition" of such molecules 
for a cycle-addition(irrespective of the actual 
mechanism); indeed, in the cases in which the 
cyclo-y-cyanoethylation occurs, the four carbon 
atoms of the anion tend to assume a cisoid 
arrangement. 

Although one could now argue that the 
alternation of charges, both in the anion and in 
the electrophile, would favor a y-addition (by 
placing the reactants through electrostatic forces 
in a favorable position), provided a suitable geom- 
etry of the anion  exist^,^ such a hypothesis suffers 
from the consideration that the alternation of 
charges would also be quite favorable for an 
a-addition. However, the apparent importance 
of the geometric requirements suggested another 
hypothesis: that cyanoethylation occurred origi- 
nally on the most negative center of the mesomeric 
anion, the oxygen, and that the intermediate 
anionic en01 ether would be then transformed 
through a cyclic six-membered transition state 
(cf. representation i) to a y-addition product; 
the driving force for the reaction would be the 
negative charge in the acrylonitrile moiety. 

Alternatively, one could consider that the transfer 
would not be concerted but that the acrylonitrile 
would be released from the oxygen in the vicinity 
of the negative y-carbon atom which would 
capture it immediately, before it could reach, 
after breaking through the solvent cage, the even 

'Such an assumption could explain, to some extent, 
that a,p-unsaturated ketones of type 5 are less prone to 
cyclo-y-cyanoethy1:tions than the corresponding alde- 
hydes, since the bulky" substituent of the carbonyl 
function would not favor a geometry suitable for a 
1,4-addition. 

more negative a-carbon atom, or before the 
anion could change its stereochemistry suffici- 
ently for an a-addition1' (cf. Scheme 1). 

In order to investigate the validity of the 
hypothesis of such transfers, we synthesized 
from aldehyde 10 the isomeric oxygen-cyano- 
ethylated en01 ethers 16 and 17 by subjecting the 
aldehyde to the action of 3-hydroxypropionitrile 
and p-toluenesulfonic acid (for aldehyde acetyla- 
tions with this catalyst, cf. ref. 34), and by 
treating the resulting acetal 15 with phosphorous 
oxychloride in pyridine (cf. 35). The en01 ethers 
are unstable and are readily hydrolized to 
aldehyde 10. Their mixture was separated by 
preparative t.1.c. 

Treatment of the (analytically pure) mixture of 
the isomeric en01 ethers 16 and 17 with t-sodium 
amylate in benzene at 55" gave a product 
containing small amounts of the unsaturated 
aldehyde 10 and which consisted primarily of the 
main cyanoethylation products of the free 
aldehyde 10, the hydroxy nitriles 18 and 19, and 
dienonitrile 20. No reaction took dace when the 
mixture of the en01 ethers was heated in refluxing 
toluene; furthermore, it was necessary to employ 
for the transformation of the en01 ether mixture 
to the cyclic products a higher concentration of 
base than in the direct cyanoethylation of 
aldehyde 10." Treatment with sodium amylate 
of the pure cis cyano en01 ether 16, also led to the 
cyclized products; however, these derivatives 

'Owe are grateful to Professor Peter Yates, Toronto, 
Ontario, for his very helpful suggestions concerning a 
transfer mechanism, and to Professor G. Just, Montreal, 
Quebec, and Dr. J. Lessard, Sherbrooke, Quebec, for 
fruitful discussions. 

I1This is not surprising, since the proton cc to the nitrile 
group is not abstracted as readily as the proton cc to the 
conjugated carbonyl group of the aldehyde. 
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1 I 
CH(OCH~CH~CN)~ OCHzCHzCN 

AcO 
H H H 

&. 
AcO ' AcO 

H H H 

\ 

d;cN & &CN 

AcO ' AcO AcO i 
H H H 

I 
I could not be obtained by treatment of the pure 

trans cyano en01 ether 17. In that case, the main 
products isolated were unchanged en01 ether 17 
and aldehyde 10. 

These experiments show that under basic 
conditions the transfer of acrylonitrile from the 
enolic oxygen of a suitably shaped en01 ether of 
type 16 to the y-position of the original carbonyl 
compound indeed takes place; they thus support 
the explanation of the y-cyanoethylation based 
on a transfer reaction from oxygen to the y-carbon 
atom. The fact that no transfer reaction occurs 
in the absence of base seems to  indicate that 
either the negative charge in the propionitrile 
moiety of the en01 ether represents a necessary 
driving force, or that the reaction is not concerted 
(cf. above). We intend to investigate this problem 
further. However, whatever the intimate mech- 
anism of the transfer may be, such a reaction 
seems to represent, for the moment, the only 
explanation compatible with all experimental 
findings and accounts well for the importance of 
stereochemical factors in the orientation of 
cyanoethylations of cc,P-unsaturated carbonyl 
compounds. We therefore suggest for the forma- 
tion of cyclic y-cyanoethylation products a 
pathway involving initial cyanoethylation on the 
oxygen, followed by a transfer reaction which, 
in turn, is followed by an aldol cyclization. 

~xperimental" 
Ethyl 3B,I 7B-Dihydroxy-5a-pregnan-21-oate (2) and 

Ethyl 3~-Acetoxy-l7~-hydroxy-5a-pregt1atz-21-oate 
(20) 

To a solution of 1.5 g of 3B-acetoxy-5a-androstan-17- 
one (I), m.p. 121-121.5", in 25 ml of absolute benzene, 4.6 
g of activated granular zinc and 25 ml of absolute ether 
were added; 10 ml of the solvents was removed by distilla- 
tion; and 6.25 ml of ethyl bromoacetate was added. 
Another 20 ml of solvent was distilled off and after the 
strongly exothermic reaction had partly subsided, 8 ml 
of absolute dioxane was added and the mixture was 
refluxed for 2 h. After cooling, 40 ml of 2 N aqueous 
hydrochloric acid was added dropwise, with stirring, and 
the mixture was extracted withether. Theethereal solution 
was washed with iced saturated sodium bicarbonate and 
with water and was dried over sodium sulfate. Removal 

l2The melting points were taken in evacuated capillaries 
and the temperatures were corrected. For column chro- 
matography, neutral aluminum oxide Woelm, activity 111, 
and Davison's silica gel 923 were employed. Thin-layer 
chromatography was performed with Merck-Darmstadt 
silica gel. The i.r. spectra were recorded on a Beckman 
IR-4 spectrophotometer and the U.V. spectra on a Beckman 
DK-1A instrument. The n.m.r. spectra were recorded on 
a Varian A-60 spectrometer, tetramethylsilane serving 
as internal standard and deuteriochloroform as  solvent, if 
not otherwise stated. The rotatory dispersion curves were 
registered on a Jasco ORD/UV 5 spectropolarimeter, the 
mass spectra were taken on a Varian M-66 mass spectrom- 
eter. The microanalyses were performed by the late 
Mr. A.Bernhardt, Max Planck Institute for Coal Research, 
Miilheim, Germany, and by Dr. F. Pascher, Bonn, 
Germany, to whom we are much indebted. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3432 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

of the solvent gave 3.22 g of a dark residue which was 
chromatographed on 100 g of aluminum oxide. Elutions 
with petroleum ether and petroleum ether -benzene 
mixtures (9:1, 4:1, and 1 :1) gave 800 mg (42%) of ethyl 
3P-acetoxy-I7~-hydroxy-5a-pregt1a~1-21-oate (2a), m.p. 
98-100". A sample was recrystallized twice from hexane; 
m.p. 100-101"; [aIDz5 -30.1" (c, 1.00 in CHCI,); v,,, 
(KBr) 3550 (hydroxyl), 1745 (acetate), 1735 (ethyl ester), 
1290, 1270, 1245, 1188 (ester functions), 1080, 1035, and 
1015 cm-' (hydroxyl and acetate); n.m.1.: 6 (CDCI,) 
0.85 (s) and 0.90 (s) (18- and 19-CH,), 1.28 (t, J = 7.0 Hz) 
(0-CH2-CH,), 2.00 (s) (CH,COO), 2.45 (d) and 2.58 
(d)(ABsystem, J = 16.0Hz) (20-CHz),4.15(s)(exchanged 
with D,O) (17P-OH), 4.19 (q, J = 7.0 Hz) (0-CH2- 
CH,), 4.68 (m) (3a-H); mass spectrum: inle 420 (M+), 
402,387,360,342,333,328, and 314. 

Elutions with petroleum ether - benzene (1 :4 and 1 :9) 
and with pure benzene gave 667 mg(39 %) of ethyl3P,17!3- 
dil1ydroxy-5a-~regnan-21-oate, (2), m.p. 134-135". A 
sample was recrystallized three times from ether - hexane 
for analysis; m.p. 139-140"; [aIDz5 -13.5" (c, 1.00 in 
CHCI,); v,., (KBr) 3490 and 3430 (hydroxyls), 1718, 
1308, 1238, and 1204 (ester), 1080, 1044, and 1020 cm-' 
(alcohols); n,m.r.: 6 (CDCI,) 0.82 (s) and 0.88 (s) (18- 
and 19-CH,), 1.27 (t, J = 7.0 Hz) (0-CH2-CH,), 2.07 
(s, large) (exchanged with D20)  (3P-OH), 2.47 (d) and 
2.55 (d) (AB system, J = 16.0 Hz) (20-CH,), 3.55 (m) 
(3a-H), 4.17 (q, J = 7.0 Hz) (0-CH2-CH,), 4.22 (s) 
(exchanged with D20)  (17P-OH). 

Anal. Calcd. for C23H3804: C, 72.97; H, 10.12. 
Found: C, 73.01; H, 10.09. 

Ethyl 38,1713- Diacetoxy-5a-pregt~aiz-21-oate (26) 
(a) Froin the Aceroxy Hydroxy Etltyl Ester 2a 
A solution of 717 mg of ethyl 3P-acetoxy-17P-hydroxy- 

5a-pregnan-21-oate (2n), m.p. 100-10l0, in 14 ml of 
acetic anhydride and 28 ml of acetic acid was treated at 
room temperature for 15 h with 680 mg ofp-toluenesul- 
fonic acid. To  the cooled solution, 20 ml of methanol 
was added and the product was extracted with ether. The 
organic phase was washed with a cold saturated sodium 
bicarbonate solution and with water and was dried over 
sodium sulfate. Evaporation of the solvent gave 800 mg 
of crystalline ethyl 3~,17(3-diacetoxy-5a-pregnan-21-oate 
(2b), m.p. 129-132". A sample was recrystallized three 
times from ether-hexane for analysis; m.p. 141-141.5"; 
[aIDZ5 + 18.O0 (c, 1.00 in CHCI,); v,,, (KBr) 1750, 1740, 
1735, 1250, and 1025 cm-' (ester functions); n.rn.1.: 6 
(CDCI,) 0.84 (s) (18- and 19-CH,), 1.22 (t, J = 7.0 Hz) 
(0-CH2-CH,), 2.00 (s) (3P- and 17P-CH3C00), 2.62 
(d) and 3.28 (d) (AB system, J = 14.0 Hz) (20-CH,), 4.17 
(q, J = 7.0 Hz) (0-CH2-CH,), 4.71 (m) (3a-H). 

Anal. Calcd. for C2,H4,06: C, 70.10; H, 9.15. Found: 
C, 70.17; H, 8.98. 

(b) Froin Ethyl 3!3,1713-Dihydroxy-5a-pregf1an-21- 
oate (2) 

As described under (a), 649 mg of ethyl 3P,17!3- 
dihydroxy-5a-pregnan-21-oate (2), m.p. 132-134", was 
acetylated. There was obtained 780 mg of diacetate 2b, 
m.p. 129-132". Recrystallization raised the m.p. to 
140-141". 

Methyl 3~,17P-Di11ydroxy-5a-pregnatz-21-oate (2c) and 
Methyl 3~-Acetoxy-l7~-hydroxy-5a-pregnan-21- 
oate (2d) 

A solution of 50 g of 3~-acetoxy-5a-androstan-l7-one 
(I), m.p. 120-12l0, was subjected, under the same reaction 
conditions as those described for the preparation of the 
ethyl esters 2 and 2a, to the action of 140 g of zinc and 
84 ml of methyl bromoacetate. The crude reaction 
product (87 g) was chromatographed on 2.6 kg of 
aluminum oxide. Petroleum ether - benzene (9:l and 
4:l) eluted 24.7 g (40.5%) of methyl 3P-acetoxy-17P- 
Izydroxy-5a-pregnan-21-oate (2d), m.p. 120-1 22". A 
sample was recrystallized twice from ether - hexane for 
analysis; m.p. 123-124'; [aIDZ3 - 11.3" (c, 1.00 in 
CHCI,); v,,, (KBr) 3540 (hydroxyl), 1735, 1282, 1245, 
and 1200 (esters), 1038 and 1002 cm-' (hydroxyl and 
acetate); n.m.1.: 6 (CDCI,) 0.83 (s) and 0.88 (s) (18- and 
19-CH,), 1.99 (s) (CH,COO), 2.46 (d) and 2.59 (d) (AB 
system, J = 16.0 Hz) (20-CH,), 3.71 (s) (OCH,), 4.11 
(s) (exchanged with D20)  (17P-OH), 4.70 (m) (3a-H); 
mass spectrum: m/e 406 (M+), 388, 373, 346, 333, 328, 
and 314. 

Anal. Calcd. for: C24H3805: C, 70.90; H, 9.42. 
Found: C, 71.13; H, 9.25. 

Petroleum ether - benzene (1 :1 and 1:4) and pure 
benzene eluted 21.3 g (39.3%) of methyl 3!3,17o-dihy- 
droxy-5a-pregt~an-21-oate (2c), m.p. 169-171 ". Three 
recrystallizations from ether-hexane gave the analytical 
sample; m.p. 172-173"; [lit. (36): m.p. 179-18l0]; 
[aIDz5 - 12.7" (c, 1.05 in CHCI,); v,,, (KBr) 3450 and 
3370 (hydroxyls), 1710, 1300, 1205 (ester), 1078, 1042, 
1030, and 1002 cm-' (ester and hydroxyls); n.m.r.: 6 
(CDCI,) 0.80 (s) and 0.86 (s) (18- and 19-CH,), 1.87 (s) 
(exchanged with D20)  (3P-OH), 2.46 (d) and 2.56 (d) 
(AB system, J = 16.0 Hz) (20-CH,), 3.55 (m) (3a-H), 
3.67 (s) (OCH3), 4.1 1 (s) (exchanged with D20)  (17P-OH). 

Anal. Calcd. for: C ~ z H , ~ 0 4 :  C, 72.49; H, 9.96. Found: 
C, 72.55; H, 9.87. 

Methyl 313,17~-Diacetoxy-5a-pregnan-21-oate (2e) 
(a) From Methyl 3P-Acetoxy-l7!3-hydroxy-5a- 

pregnatr-21-oate (2d) 
A quantity of 22.7 g of hydroxy acetoxy methyl ester 

2d, m.p. 120-122", was acetylated, as described for the 
corresponding ethyl ester 2a, with acetic anhydride, 
acetic acid, and p-toluenesulfonic acid. There was 
obtained 23.5 g of methyl 3P,17P-diacetoxy-5a-pregnan- 
21-oate (2e), m.p. 99-101". For analysis, a sample was 
recrystallized three times from hexane; m.p. 103-103.5"; 
[aIDZ5 -16.0" (c, 1.00 in CHCI,); v,,, (KBr) 1740 
(large), 1240, 1198, and 1028 cm-' (esters); n.m.r.: 6 
(CDCI,) 0.84 (s) (18- and 19-CH,), 1.99 (s) (3P- and 
I7P-acetates), 2.66 (d) and 3.28 (d) (AB system, J = 14.5 
Hz) (20-CH,), 3.65 (s) (OCH,), 4.70 (m) (3a-H). 

Anal. Calcd. for C26H400S: C, 69.61 ; H, 8.99. Found: 
C, 69.78; H, 8.81. 

(b) From Methyl 3!3,17!.3-Dihydroxy-5a-pregnaiz- 
21-oate (2c) 

A quantity of 2.34 g of methyl 3!3,17!3-dihydroxy-5a- 
pregnan-21-oate (2c) was treated as described under (a) 
and gave2.55 gofdiacetate2e, m.p. 100-101". The identity 
of the product with the above-described sample was 
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established by the determination of a mixture m.p. and 
by the comparison of the i.r. spectra. 

Ethyl 3~-Hydro.ry-5a-pregr1-l7-erz-21-oate (36) 
To  a refluxing solution of sodium ethylate in ethanol, 

prepared from 8.0 g of sodium and 370 ml of absolute 
ethanol, 9.5 g of ethyl 3&17(3-diacetoxy-5a-pregnan-21- 
oate (26) in 170 ml of absolute ethanol was added. The 
mixture was refluxed for 10 min and then allowed to 
stand at room temperature for another 20 min. The 
product was poured into ice water and the mixture was 
extracted with ether. The ethereal layer was washed with 
water and dried over sodium sulfate. Evaporation of the 
solvent gave 7.1 g of a residue which, upon crystallization 
from ether-hexane, gave 4.66 g (63%) of ethyl 3e- 
lgvdroxy-5a-preg1z-I7-e1~-21-oate (36), m.p. 149-150.5". 
A sample was recrystallized three times from ether-hexane 
for analysis; m.p. 152-152.5"; [a]DZ4 + 14.0' (c, 1.00 in 
CHCI,); I,,,, (EtOH) 222 nm (E 13 400); v,,,, (KBr) 
3480 (hydroxyl), 1695 (ester), 1650 (double bond), 1280, 
1240, and 1 180 (ester), 1075, 1050, and 1040 (ester and 
alcohol), 875 cm-I (double bond); n.m.r.: 6 (CDCl3) 
0.83 (s) (18- and 19-CH,), 1.27 (t, J = 7.0 Hz) (O- 
CH2-CH,), 2.00 (s) (exchanged with D 2 0 )  (3p-OH), 
2.83 (m) (16-CH2), 3.58 (m) (3a-H), 4.16 (q) (0-CH2- 
CH,), 5.54 (t, J = 2.5 HZ) (20-H). 

Anal. Calcd. for C23H3603 : C, 76.62; H, 10.07. Found : 
C, 76.84; H, 10.22. 

The residue of the mother liquors of the crystallization 
of the crude product (2.45 g) was chromatographed on 
82 g of aluminum oxide. Petroleum ether - benzene 
mixtures (4:1, 1 :I, and 1 :4) eluted 806 mg (1 1 %) of the 
unsaturated ester 36, m.p. 148-150". Pure benzene eluted 
320 mg (4%) of ethyl 3!3,17~-di/zydroxy-5a-pregna11-21- 
oate (2), m.p. 139-14O0, identified by a mixture m.p. and 
by the comparison of its i.r. spectrum with that of an 
authentic sample. 

Taking into acc6unt the recovery of starting material, 
in the form of the dihydroxy adduct 2, the yield of the 
unsaturated ester 36, amounted to 77%. 

Acetate 3c 
A quantity of 85 mg of the hydroxy ester 36, m.p. 

149-15O0, was treated for 15 h at  room temperature with 
1.5 ml of acetic anhydride in 3 ml of pyridine. The usual 
work-up gave 86 mg of ethyl 3!3-acetoxy-Sa-pregn-17-en- 
21-oate (3c), m.p. 74-76". The product was recrystallized 
four times from hexane for analysis; m.p. 79-80"; 
[a]DZ5 +14.0° (c, 1.00 in CHCI,); X,,,, (EtOH) 222 nm 
(E 15 480); v,,, (KBr) 1745 (acetate), 1715 (ethyl ester), 1660 
(double bond), 1280, 1250, and 1238 (esters), 1205, 1185, 
and 1170 (ethyl ester), 1042 and 1030 (esters), 862 cm-'  
(double bond); n.m.r.: 6 (CDCI,) 0.80 (s) and 0.84 (s) 
(18- and 19-CH,), 1.25 (t, J = 7.0 Hz) (0-CH,-CH,), 
2.00 (s) (CH,COO), 2.84 (m) (16-CH,), 4.14 (q, J = 7.0 
Hz) (0-CH2-CH,), 4.68 (m) (3a-H), 5.52 (t, J = 2.5 
Hz) (20-H). 

Anal. Calcd. for C25H3804:  C, 74.59; H, 9.52. Found: 
C, 74.47; H,  9.50. 

Methyl 3e-Hydroxy-Sa-pregr2-I 7-en-21-oate (3d) 
T o  a refluxing solution of sodium methylate in meth- 

anol, prepared from 1.45 g of sodium and 70 ml of 

methanol, 1.74 g of methyl 3B,l7~-diacetoxy-Sa-pregnan- 
21-oate (2e), m.p. 99-10lo, in 29 ml of absolute methanol 
was added. The mixture was refluxed for 10 min, was 
left for another 20 min at  room temperature, and the 
product was extracted with ether. The ethereal solution 
was washed with water and dried over sodium sulfate. 
Evaporation of the solvent gave a residue (1.22 g) which, 
upon crystallization from ether-hexane, gave 753 mg 
(56 %) of methyl 3!3-lzydroxy-5a-pregrz-I 7-err-21-oate (3d), 
m.p. 178-179". A sample was recrystallized three times 
from ether-hexane for analysis; m.p. 180-181" [lit. (8): 
m.p. 174-176"]; [aIDZ5 +32.7" (c, 1.00 in CHCI,); h,,, 
(EtOH) 221 nm (E 12 100); v,,, (KBr) 3480 (hydroxyl), 
1700 (ester), 1652 (double bond), 1200 and 1180 (ester), 
1049 and 1022 (ester and hydroxyl), 875 cm-' (double 
bond); n.m.r.: 6 (CDCI,) 0.87 (s) (18- and 19- CH,), 
1.95 (s) (exchanged with D 2 0 )  (3e-OH), 2.95 (m) (16- 
CH,), 3.77 (m) (3a-H), 3.86 (s) (0-CH,), 5.81 (t, 
J = 2.5 HZ) (20-H). 

Anal. Calcd. for C2,H,,O3: C, 76.26; H,  9.89. Found: 
C, 76.46; H, 9.78. 

The residue of the mother liquors of the crystallization 
of the crude product (470 mg) was chromatographed o n  
12 g of aluminum oxide. Petroleum ether - benzene (1 : 1 
and 1 :4) eluted 310 mg (23%) of the hydroxy ester 3d, 
m.p. 177-179". Pure benzene and benzene-ether (1 : l )  
eluted 140 mg (4 %) of methyl 3!3,17!3-di/zydroxy-5a- 
pregrian-21-oate (2c), m.p. 172-173", identified by a 
mixture m.p. determination and by the comparison of its 
i.r. spectrum with that of an  authentic sample. 

Taking into account the recovery of starting material, 
in the form of the dihydroxy ester 2c, the yield of the 
unsaturated ester 3d  amounted to  79%. 

Acetate 3e 
A quantity of 100 mg of the hydroxy ester 3d, m.p. 

179-18O0, was acetylated with 1.5 ml of acetic anhydride 
in 3 ml of pyridine in the usual fashion. There was 
obtained 115 mg of the acetoxy ester 3e, m.p. 193-194". 
The product was recrystallized twice from ether-hexane 
for analysis; m.p. 194.5-195" [lit. (8): 193-194"] ; [aIDZ5 
+ 15.0" (c, 1.00 in CHCI,) [lit. (8): [a]," + 14.7" and 
+ 13.l0]; X,,, (EtOH) 221 nm (E 15 500); v,,, (KBr) 
1740 (acetate), 1725 (methyl ester), 1660 (double bond), 
1245 (large) (esters), 1205, 1185, and 1170 (methyl ester), 
1020 (acetate), 860 cm-' (double bond); n.m.r.: 6 
(CDCl,) 0.80 (s) and 0.84 (s) (18- and 19-CH,), 2.00 (s) 
(CH,COO), 2.82 (m) (16-CH,), 3.67 (s) (0-CH,), 4.70 
(m) (3a-H), 5.53 (t, J = 2.5 Hz) (20-H). 

Anal. Calcd. for C24H3604: C, 74.19; H, 9.34. Found: 
C, 74.09; H ,  9.27. 

3e-Hydroxy-5a-pregn-I 7-en-21-oic Acid (3) 
(a) From Ethyl Ester 36 
A solution of 6.00 g of ethyl 3!3-hydroxy-5a-pregn-17- 

en-21-oate (36), m.p. 150-1 5 1 ", in 300 ml of dioxane was 
refluxed with 50 ml of a 7 Naqueous potassium hydroxide 
solution, under nitrogen, for 5 h. The product was poured 
into ice water and the mixture was extracted with ether. 
The organic phase was washed with water and dried over 
sodium sulfate. Evaporation of the solvent gave 927 mg 
of starting material, hydroxy ester 36, m.p. 149-1 50". The 
aqueous phase of the ether extraction and the first water 
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washings were acidified with dilute sulfuric acid to the 
Congo-blue reaction and the precipitate was extracted 
with dichloromethane. The organic solution was washed 
with water and dried over sodium sulfate. Removal of 
the solvent gave 4.58 g of 3P-hydroxy-5a-pregn-17-en-21- 
oic acid (3), m.p. 242-244". A sample was recrystallized 
twice from methanol for analysis; m.p. 245-246" [lit. (7): 
m.p. 249", (8): m.p. 247-289"]; [a]D25 + 19.6" (c, 1.00 in 
C2H50H) [lit. (8): [aIDl7 +25.8']; h,,, (EtOH) 221 nm 
(E 13230); v,,, (KBr) 3400 (hydroxyl), 322C-2500 
(associated hydroxyl of acid), 1685 (acid), 1650 (double 
bond), 1200-1188 (large band), 1040, and 1030 cm-' 
(alcohol); n.m.r.: 6 (C5D5N) 0.77 (s) and 0.85 (s) (18- 
and 19-CH3), 1.98 (s) (exchanged with D 2 0 )  (3P-OH), 
3.06 (m) (16-CH2), 3.76 (m) (3a-H), 5.82 (t, J = 2.5 Hz) 
(20-H), 9.35 (m) (exchanged with D2O) (21-COOH). 

Anal. Calcd. for C21H3203: C, 75.86; H, 9.70. Found: 
C, 75.89; H, 9.80. 

Taking into account the recovery of starting material, 
the yield of acid 3 amounted to 98 %. 

(b) From Methyl Ester 3d 
A solution of 250 mg of methyl 3P-hydroxy-Sa-pregn- 

17-en-21-oate (3d), m.p. 179-18O0, in 25 ml of dioxane 
was refluxed with 5 ml of an aqueous 7 N potassium 
hydroxide solution for 5 h, under nitrogen. After cooling, 
the mixture was poured into ice water and extracted with 
ether. The product was worked up as described under (a). 
There was obtained 40 mg of starting material, hydroxy 
ester 3d, m.p. 177-179", and 200 mg of hydroxy acid 3, 
m.p. 243-245", identified by the determination of a mix- 
ture m.p. and the comparison of its i.r. spectrum with 
that of the sample described above, under (a). Taking 
into account the recovery of starting material, the acid 
was obtained in 98% yield. 

Methylation 
A solution of 68 mg of hydroxy acid 3, m.p. 244-245", 

in 5 ml of absolute methanol and 15 ml of absolute ether 
was treated at 0' with 5 ml of a 3.1 % ethereal diazo- 
methane solution. After 15 h, theexcess diazomethane was 
destroyed with acetic acid and the solvents were removed 
in oacuo. Thus, 70 mg of methyl 3p-hydroxy-5a-pregn- 
17-en-21-oate (3d), m.p. 175-177", was obtained. The 
identity of the product was determined by a mixture m.p. 
and i.r. analysis. 
3[3-Acetoxy-5a-pregn-l7-en-21-oic Acid (3a) 

(a) By Acetylation of tlre Hydroxy Acid 3 
A solution of 200 mg of hydroxy acid 3, m.p. 243- 

245", in 3 ml of pyridine was treated for 15 h with 1 ml 
of acetic anhydride. Subsequently, 3 ml of water was 
added and the mixture was refluxed for 45 min, cooled, 
and poured into ice water. The product was extracted 
with ether, the ethereal solution was washed with cold 
aqueous hydrochloric acid and with water. Removal of 
the solvent gave 224 mg of the acetoxy acid 3a, m.p. 
229-232". A sample was recrystallized twice from 
methanol for analysis; m.p. 235-236" [lit. (8): m.p. 
234-236"]; ,+16.2" (c, 1.25 in CHCI,) [lit. (8): 
[aIDl7 + 17.4"]; h,,, (EtOH) 221 nm (E 14 500); v,,, 
(KBr) 2750-2500 (associated acid hydroxyl), 1735 
(acetate), 1682 (acid), 1640 (double bond), 1260, 1240, 
and 1220 (acid and acetate), 1020 cm-I (acetate); n.m.r.: 
6 (C5D5N) 0.78 (s) (18- and 19-CH,), 1.99 (s) (CH,COO), 

3.04 (m) (16-CH*), 4.77 (m) (3a-H), 5.80 (t, J = 2.5 Hz) 
(20-H), 12.4 (m) (exchanged with D 2 0 )  (COOH). 

Anal. Calcd. for C23H3404: C, 73.76; H, 9.15. Found: 
C, 73.63; H, 9.12. 

( b )  From Aldehyde I0 
A solution of 1.00 g of 3P-acetoxy-5a-pregn-17-en- 

21-a1 (10) (3,4) in 70 ml of absolute acetone was treated 
at 0" with 3 ml of Jones' reagent (16) and stirred for 20 
min. The mixture was poured into ice water and extracted 
with dichloromethane. The organic phase was washed 
with water and dried over sodium sulfate. Evaporation 
of the solvent gave 1.025 g of a residue which, upon 
crystallization from methanol, gave 257 mg (25%) of 
acetoxy acid 3a, m.p. 229-231". The mother liquors 
(750 mg) still contained some aldehyde 10 and were 
reoxidized under the same conditions. After the usual 
work-up and crystallization, another 50 mg (5%) of 
acetoxy acid 3a, m.p. 223-229", was obtained. The 
mother liquors contained no more aldehyde 10, or a,P- 
unsaturated acid 3a, and were not further investigated. 

3P-Acetoxy-5a-pregn-I 7-en-21-oic Acid Chloride (6) 
A solution of 1.5 g of acetoxy acid 3a, m.p. 235-236", 

in 12 ml of absolute benzene was treated at 0' with a 
solution of 2 ml of oxalyl chloride in 10 ml of absolute 
benzene. The mixture was shaken periodically for 1 h at 
room temperature. Evaporation of the solvent and of the 
volatile substances under vacuum gave 1.56 g of acid 
chloride 6, m.p. 162-164"; v,,. (KBr) 3080 (vinylic 
hydrogen), 1768 (acid chloride), 1740 (acetate), 1615 
(double bond), 1240, 1062, 1035, and 1010 (acetate), 890 
and 885, 860 and 850, 830 and 820 (doublets), 790 and 
710 cm-l. 

Ethyl Ester 3c from Acid Chloride 6 
Acid chloride 6, prepared from 530 mg of acetoxy acid 

3a, as described above, was dissolved in 6 ml of absolute 
benzene and treated with 3 ml of absolute ethanol. The 
mixture was refluxed for 10 min, the solvents were 
evaporated in oacuo, and 535 mg of ethyl 3P-acetoxy-5a- 
pregn-17-en-21-oate (3c), m.p. 76-77", was obtained. 
The identity of the product with an authentic sample 
(see above) was established by the determination of a 
mixture m.p. and by comparison of the i.r.spectra. 

3~-Acetoxy-21-nieflryl-5a-pregn-l7-en-21-one (5) 
Methyl Grignard reagent was prepared from 800 mg 

of magnesium, 3.5 ml of methyl iodide and 40 ml of 
absolute ether. There were added 40 ml of absolute ether 
and, with stirring, 3.2 g of dry cadmium chloride. The 
mixture was refluxed for 1.5 h and rapidly filtered 
through sodium sulfate. To the filtrate there was added, 
within 5 min, with stirring, a solution of 1.56 g of acid 
chloride 6, m.p. 165-166", in 30 ml of absolute ether and 
15 ml of absolute benzene. The mixture was refluxed for 
1 h, cooled and treated portionwise with 20 ml of an 
aqueous 10% acetic acid solution. The product was 
extracted with ether, the organic solution was washed 
with iced sodium bicarbonate solution and with water, 
and was dried over sodium sulfate. Evaporation of the 
solvent gave 1.5 g of 3P-acetoxy-21-methyl-5a-pregn-17- 
en-21-one (5), m.p. 179-181". A sample was recrystallized 
three times from ether-hexane for analysis; m.p. 183- 
184"; [ u ] D ~ ~  -33.8" (C, 1.00 in  CHCI,); h,,, (EtOH) 241 
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nm (E 12 650); v,,, (KBr) 1740 (acetate), 1688 and 1620 
(A17-21-keto doublet), 1255 (shoulder) and 1240 (acetate), 
1202, 1185, 1030 (acetate), 860 cm-l (double bond); v,,, 
(CHCI,) 1730,1685, 1615,1255,1230,1028 cm-' ; n.m.r. : 
6 (CDCI3)0.78 (s)and 0.83 (s) (19- and 18-CH,), 1.98 (s) 
(CH3COO), 2.14 (s) (21-methyl-21-ketone), 2.82 (m) 
(16-CH,), 4.70 (m) (3a-H), 5.92 (t, J = 2.0 Hz) (20-H). 

Anal. Calcd. for Cz4H3,o3: C, 77.37; H, 9.74. Found: 
C, 77.31 ; H, 9.84. 

Cyanoethylation of 3~-Acetoxy-2I-methyl-5a-pregn- 
17-en-21-one (5) 

(a) Under "Standard" Conditions (cf. I ,  4): Reaction 
Time: 3 h a t  24", 5 h at 55", 12 h at 24' 

To a solution of 9.00 g of 3!3-acetoxy-2l-methyl-5a- 
pregn-17-en-21-one (5), m.p. 183-184", in 90 ml of 
absolute benzene was added, with stirring, under nitro- 
gen, 1.5 ml of a 2 N solution of t-sodium amylate in 
benzene. To this mixture was added, dropwise and with 
stirring, in the course of 10 min, 31 ml of a 0.83 M 
acrylonitrile solution in benzene. The mixture was 
stirred at 24" for 3 h. at 55" for 5 h, and for 12 h at 24'. 
The product was poured into 800 ml of ice water con- 
taining 20 ml of an aqueous 0.1 M acetic acid solution 
and the precipitate was extracted with ether. The organic 
phase was washed with water and dried over sodium 
sulfate. Evaporation of the solvent gave 10.1 g of a 
product which was chromatographed on 300 g of 
aluminum oxide. 

Pure petroleum ether and a mixture of petroleum ether 
and benzene (9:l) eluted 1.65 g of a mixture containing 
the starting material 5 and dienonitrile 9. Fractional 
crystallization afforded 1.44 g of starting material, 
3p-acefoxy-21-methyl-5u-pregn-I 7-en-21-one (5), m.p. 
181-183", and 130 mg of 3~-aceto~y-16a-etIiyl-I6~-cyarto- 
21-metI1yl-16~,21-cyclo-5a-pregna-I 7,21-diene (9) ,  m.p. 
186189". For analysis, a sample was recrystallized four 
times from ether-hexane; m.p. 194.5-195"; [aIDz5 
-268.0" (c, 1.00 in CHC1,); h,,, (EtOH) 295 nm (E 
9900); v,,. (KBr) 3020 (vinylic hydrogen), 2180 (con- 
jugated nitrile), 1740 (acetate), 1660 and 1585 (conjugated 
double bonds), 1240 and 1028 cm-l (acetate); v,,, 
(CHCI,) 3005,2245, 1725, 1710, 1609, 1255, 1028 cm-' ; 
n.m.r.: 6 (CDCI,) 0.84 (s) (18- and 19-CH,), 2.00 (s) 
(CH,COO), 2.03 (s) (21-CH,), 2.32 (m) (16'-CH,), 2.67 
(m) (16-H), 4.70 (m) (3a-H), 5.50 (d, J = 2.5 Hz) (20-H); 
optical rotatory dispersion (0.r.d.) (c, 0.00125 in 
CH,OH): [a]500 -320, [a]400 -640, [a]35o -1920, 
[a],,, -4160, [a]314 -4800 (min), [a]294 -1600, 
[aIzso 0, [aIzs2 +3680, +6560, +8000, 
[a]246 + 8400 (max), [a],,, + 8150" (negative Cotton 
effect). 

Anal. Calcd. for C27H3702N: C, 79.56; H, 9.15; N, 
3.44.Found: C,79.38;H,9.13; N,3.58. 

In the above-described chromatogram, petroleum 
ether - benzene (4: 1) eluted 1.15 g of 3p-acefoxy-21-0x0- 
2I-tnetIiyl-5a,20~-chol-16-eno-24-nitrile (4A), m.p. 108- 
110". Four recrystallizations from ether-hexane gave 
the analytical sample; m.p. 1 12.5-1 13"; [uIDz5 + 1 18.5" 
(c, 1.00 in CHCl,); v,,, (KBr) 3030 (vinylic hydrogen), 
2230 (non-conjugated nitrile), 1735 (acetate), 1718 
(ketone), 1620 (double bond), 1245 and 1028 cm-l 
(acetate); n.m.r.: 6 (CDCI,) 0.87 (s) (18- and 19-CH,), 

1.99 (s) (CH,COO), 2.13 (s) (methyl ketone), 2.25 (m) 
(CH2-CN), 3.28 (m) (20-H), 4.70 (m) (3a-H), 5.42 (m) 
(16-H); 0.r.d. (c, 0.02 in CH30H): [a]400 +270, 

+480, +1020, +2010 (max), 
[aIz9, +1320, [aIzs2 0, [a1z7o -1200, -1590 
(min), [aIZ4, - 1170, [a],,, -900" (positive Cotton 
effect). 

Anal. Calcd. for C27H3903N: C, 76.19; H, 9.24; N, 
3.29. Found: C, 76.05; H, 9.33; N, 3.41. 

Further elutions with petroleum ether - benzene (4:l) 
and with petroleum ether - benzene (1 :I) afforded 3.30 
g of a crystalline eutectic product formed of keto nitriles 
4A and B; m.p. 95-98". A sample was recrystallized ten 
times from ether-hexane for analysis; m.p. 102.5-103" ; 
[aIDz5 - 16.5" (c, 1.00 in CHCl,); v,,, (KBr) 2240 (non- 
conjugated nitrile), 1745 (acetate), 1720 (ketone), 1620 
(double bond), 1250, 1240, and 1035 cm-' (acetate); 
n.m.r. : 6 (CDCl,) 0.78 (s), 0.82 (s) and 0.86 (s) (18- and 
19-CH,), 1.99 (s) (CH,COO), 2.13 (s) (methyl ketone), 
2.25 (m) (CH2-CN), 3.28 (m) (20-H), 4.70 (m) (3a-H), 
5.42 (m) and 5.56 (m) (olefinic 16-proton). 

Anal. Calcd. for C27H3903N: C, 76.19; H, 9.24; N, 
3.29. Found: C, 76.43; H, 9.49; H, 3.30. 

According to the integration of the olefinic protons in 
the n.m.r. and to the rotation, the product is a eutectic 
con~pound formed in a proportion of 1:2 from keto 
nitriles 4A and B. 

Further elutions in the chromatogram with petroleum 
ether - benzene (1 :4) and with pure benzene gave 1.50 g 
of 3 1  -acetoxy-2IB - Iiydroxy-21a- tnethyl- 16a -etI~yl- 
162~-~ya~zo-162,21-~y~lo-5a-pregn-17-erie (7), m.p. 230- 
233". A sample was recrystallized three times from ether 
for analysis; m.p. 240-240.5"; [u]D'' -21.5" (c, 1.00 in 
CHC1,); v,,, (KBr) 3460 (hydroxyl), 2225 (non-con- 
jugated nitrile), 1730 (acetate), 1690 (double bond), 1248 
(acetate), 1080,1035,and 1025 cm-I (acetate and alcohol); 
v,,, (CHCl,) 3600, 3480, 3017, 2240, 1730, 1682, 1255, 
1027 cm-'; n.m.r.: 6 (CDCI,) 0.83 (s) (18-CH,), 0.85 
(s) (19-CH,), 1.32 (s) (2la-CH3), 1.99 (s) (CH3COO), 
2.70 (s) (exchanged with D 2 0 )  (21p-OH), 3.02 (m) 
(16B-H), 3.08 (t, J = 3.2 Hz) (16'a-H), 4.68 (m) (3u-H), 
5.05 (d. J = 2.5 HZ) (20-H). 

~ n i i .  Calcd. f o r ' d , , ~ ~ ; ~ ~ ~ :  C, 76.19; H, 9.24; N, 
3.29. Found: C, 75.99; H, 9.18; N, 3.32. 

Benzenexther (9:l) eluted 490 mg of 3p-acetoxy-2Ia- 
Iiydroxy-21~-methyl-16a-etI1yl-16~~-cyat1o-I6~,2I-c~~clo- 
5a-pregn-17-et~e ( 8 ) ,  m.p. 250-252". A sample was 
recrystallized twice from ether for analysis; m.p. 254- 
254.5"; [aIDz5 +40.0° (c, 1.00 in CHCl,); v,,, (KBr) 
3400 (hydroxyl), 2220 (non-conjugated nitrile), 1725 
(acetate), 1680 (double bond), 1270 and 1240 (shoulder) 
(acetate), 1080 and 1038 cm-I (acetate and hydloxyl); 
n.m.r.: 6 (CDCI,) 0.76 (s) (18-CH3), 0.87 (s) (19-CH,), 
1.34 (s) (21p-CH,), 2.00 (s) (CH,COO), 2.52 (s) 
(exchanged with D 2 0 )  (21a-OH), 2.75 (m) (16p-H), 3.10 
(t, J = 3.2 Hz) (16'a-H), 4.67 (m) (3a-H), 5.17 (d, J = 
2.5 HZ) (20-H). 

Anal. Calcd. for C27H3903N: C, 76.19; H, 9.24; N, 
3.29. Found: C, 76.22; H, 9.11; H, 3.45. 

The end fractions (1.6 g) of the chromatogram, eluted 
with pure ether and with ether-methanol mixtures, 
represented very complex mixtures of cyanoethylated 
products which could not be separated by chromatog- 
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raphy; they were not further examined; v,,, (KBr) 
3450 and 3360 (large hydroxyl bands), 2230 (non-con- 
jugated nitrile), 2170 (conjugated nitrile), 1735 (acetate), 
1710 (shoulder) (carbonyl), 1640, 1620, and 1560 (large 
bands, unsaturations), 1250 and 1030 cm-' (acetate). 

In toto, considering the recovery of starting material 
(1.44 g, 16 %), there were obtained 130 mg (1.6 %) of .  
dienonitrile 9, 1.15 g (13.3 %) of cyano ketone 4A, 3.30 g ,  
(38 %) of a eutectic mixture of cyano ketones 4A and B, 
1.50 g (17.3 %) of hydroxy nitrile 7, 490 mg (5.6%) of  
hydroxynitrile 8, as well as 1.6 g of unidentified prod- 
ucts; a-cyanoethylated products: 51.3%, y-cyanoethy- 
lated products: 24.5 %. 

( b )  Reaction Time: 15 min at 24', 25 min at 55', 60 
min at 24" 

A quantity of 2.15 g of the unsaturated ketone 5, m.p. 
183-184", was subjected to  the cyanoethylation reaction 
under identical conditions to those described under (a) 
but with the reaction times indicated in the title. The 
product (2.40 g) was chromatographed on 75 g of 
aluminum oxide. Petroleum ether - benzene (4:l) eluted 
580 mg of a mixture of starting material and dienonitrile 
9 from which, by crystallization, 28 mg of dienonitrile 
9, m.p. 191-193", and 535 mg of starting material, ketone 
5, m.p. 181-183", were isolated. 

Elutions with petroleum ether -benzene (1 :1) gave 
405 mg of cyano ketone 4A, m.p. 107-logo, and 340 mg 
of 3P-acetoxy-21-oxo-21-methyl-5a,20~-chol-l6-eno-24- 
nitrile (cyano ketone 4B) ,  m.p. 127-129'. A sample was 
recrystallized four times from ether-hexane for analysis; 
m.p. 133-133.5"; [aIDZ5 -83.0" (c, 1.00 in CHCI,); 
v,,, (KBr) 3030 (vinylic hydrogen), 2230 (non-conjugated 
nitrile), 1724 (acetate and ketone), 161 5 (double bond), 
1238 and 1022 cm-' (acetate); v,,, (CHCI,) 3018, 2242, 
1723, 1712, 1610, 1255, 1226 cm-l ;  n.m.r.: 6 (CDCI3) 
0.78 (s) (18-CH3), 0.85 (s) (19-CH3), 1.98 (s) (CH3COO), 
2.12 (s) (methyl ketone), 2.25 (m) (CH2CN), 3.28 (m) 
(20-H), 4.70 (m) (3a-H), 5.56 (m) (16-H); 0.r.d. (c,  0.02 
in CHC1,): [a],,, -140, [a],,, -260, [aIslo - 1280, 
[a1302 -1540 (min), [a],,, -800, 0, + 1220, [a]257 + 1470 (max), [a]245 + 1280' (negative 
Cotton effect). 

Anal. Calcd. for C2,H3,03N: C, 76.19; H,  9.24; N, 
3.29. Found: C, 76.03; H,  9.19; N,  3.19. 

Petroleum ether - benzene (1 :4) eluted 188 mg of the 
eutectic compound of ketones 4A and B, m.p. 98-100'. 
Benzene and benzene-ether (9:l) eluted 310 mg of cyano 
alcohol 7, m.p. 233-235", benzene*ther (4:l) 110 mg 
of cyano alcohol 8, m.p. 25W252'. Again, the last 
chromatogram fractions (310 mg) were complex mixtures. 

In toto, there were obtained (yields calculated on the 
basis of the recovery of 435 mg of starting material): 28 
mg (1.5%) of dienonitrile 9, 405 mg (22.0%) of cyano 
ketone 4A, 340 mg (18.5%) of cyano ketone 4B, 188 mg 
of the eutectic mixture of cyano ketones 4A and B 
(10.2%), 310 mg (16.8%) of cyano alcohol 7, 110 mg 
(6%) of cyano alcohol 8, and 310 mg of unidentified 
products; a-cyanoethylated products: 50.7%; y-cyano- 
ethylated products: 24.4%. 

( c )  Reaction Time: I h at 24O, 100 rnin at 55', 
4 h at 24" 

A quantity of 2.00 g of the unsaturated ketone 5 was 

cyanoethylated under identical conditions as before but 
using the above-mentioned reaction times. There were 
obtained 400 mg of starting material, ketone 5, m.p. 
179-181"; 30 mg (1.7 %) of dienonitrile 9, m.p. 189-191"; 
260mg (14.8%) of cyano ketone 4A, m.p. 106-108"; 640 
mg (35%) of the e~itectic mixture of ketones 4A and B, 
m.p. 96-99"; 296 mg (16.2%) of cyano alcohol 7, m.p. 
233-236"; 100 mg (5.5%) of cyano alcohol 8, m.p. 
249-251"; and 340 mg of the above-mentioned complex 
and unidentified mixtures. The calculation of yields 
takes into account the recovery of starting material; 
a-cyanoethylated products: 49.8%; y-cyanoethylated 
products: 23.4 %. 

( d )  Reaction Time: 6 h at 24", I0 h at 55', 25 h 
at 24" 

From the cyanoethylation of 2.00 g of ketone 5 with 
the above-mentioned reaction times, there were obtained 
220 mg of starting material, ketone 5, m.p. 178-180"; 40 
mg (2.1 %) of dienonitrile 9, m.p. 19W192"; 201 mg 
(10.3%) of cyano ketone 4A, m.p. 107-109"; 785 mg 
(38.6%) of the eutectic mixture of ketones 4A and B, m.p. 
98-100"; 322 mg (15.8%) of cyano alcohol 7, m.p. 
230-233"; 108 mg (5.3%) of cyano alcohol 8, m.p. 
25W252"; and 584 mg of the unidentified mixture; 
a-cyanoethylated products: 48.9 %; y-cyanoethylated 
products: 23.2 %. 

Treatment of Cyano Ketone 4A with t-Sodium Amylate 
and Acrylonitrile 

T o  a solution of 300 mg of 3P-acetoxy-2l-oxo-21- 
methyl-5a,20~-chol-l6-eno-24-nitrile 4A, m.p. 110- 
110.5", in 8 ml of absolute benzene, 0.1 ml of a 1:3 N 
solution of t-sodium amylate in benzene and 1.0 ml of a 
0.83 M acrylonitrile solution in benzene were added. The 
mixture was stirred for 3 h at  24", for 5 h at 55', and for 
12 h at  24". The usual work-up gave 310 mg of a crude 
product which was chromatographed on 15 g of alumi- 
num oxide. Elutions with petroleum ether - benzene 
(1 :I) gave 62 mg of starting material, cyano ketone 4A, 
m.p. 104-107". Petroleum ether - benzene (1 :4) and pure 
benzene eluted 236 mg of the eutectic mixture of the 
ketones 4A and B, m.p. 96-98", 

Delydratiori of Cyano Alcohol 7 
T o  a solution of 175 mg of 30-acetoxy-21P-hydroxy- 

2la-methyl-16a-ethyl-162~-cyano-162,21-cycl0-5a-pre5- 
17-ene (7, m.p. 237-23g0, in 8 ml of acetic acid and 4 ml 
of acetic anhydride, 170 mg ofp-toluenesulfonic acid was 
added and the mixture was stirred a t  room temperature 
for 15 h. The product was treated with 5 ml of methanol 
and poured into ice water. The ether extract was washed 
with a cold saturated sodium bicarbonate solution and 
with water and was dried over sodium sulfate. Evapora- 
tion of the solvent gave 170 mg of a residue which gave 
upon crystallization from ether-hexane 91 mg of dieno- 
nitrile 9, m.p. 192-193.5". The residue of the mother 
liquors (74 mg) was subjected to preparative t.1.c. 
(petroleum ether - ether 1 :1) and thus gave another 28 
mg (16%) of dienonitrile 9, m.p. 190-192'. The identity 
of the product was established by the determination of a 
mixture m.p. and the comparison of the i.r. spectrum 
with that of anauthentic sample.Tota1 yield of dietionitrile 
9: 70%. 
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distilled phosphorous oxychloride, 2.0 ml of pyridine, 
and 5 ml of absolute toluene. The mixture was stirred 
under nitrogen for 45 min at 95', cooled and poured into 
50 ml of cold saturated sodium bicarbonate solution. 
The product was extracted with benzene and was washed 
with saturated sodium bicarbonate and dried over sodium 
sulfate. Removal of the solvent gave 1.0 g of a crude 
product which crystallized from benzene - petroleum 
ether. Thin-layer chromatography indicated two com- 
ponents (16 and 17). They could not be separated by 
crystallization. A sample of the mixture was recrystallized 
twice for analysis; m.p. 172-173"; v,,, (KBr) 2250 
(nitrile), 1715 (acetate), 1640 and 1575 (diene), 1260 
(acetate), 1020 cm- ' (ether). 

Anal. Calcd. for CZ6H37N3: C, 75.87; H, 9.06; N, 
3.40. Found: C, 75.62; H, 8.84; N, 3.15. 

A sample of 110 mg of this product was subjected to 
preparative t.1.c. (petroleum ether - ether - ethyl acetate 
6:4:1). Thus, 49 mg of homogenous cis en01 ether 1 6  
(R, 0.57) was obtained; recrystallization from benzene - 
petroleum ether gave the analytical sample; m.p. 172- 
174", [a]D24 +36.4" (c, 0.985 in pyridine); h,,, (EtOH) 
245 nm (E 14 500); v,,, (KBr) 2250 (nitrile), 1720 
(acetate), 1645 and 1635 (split band) (diene), 1575 
(charact. band of the cis isomer), 1260 (acetate), 1025 
cm-' (ether); n.m.r.:16 6 (CsDsN) 0.76 (s) and 0.82 (s) 
(18- and 19-CH,), 1.96 (s) (CH,COO), 2.88 (t, J = 6 Hz) 
(-CH2-CN), 3.88 (t, J = 6 Hz) (-0-CHZ-), 4.7 (m) 
(ill def.) (3a-H), 5.56 (d, J = 13 Hz) (20-H), 6.78 (d, 
J = 13 Hz) (21-H); mass spectrum: m/e 411 (M+), 396, 
336, 265, 242, 228, 189. 

Anal. Calcd. for CZ6H3703N: C, 75.87; H, 9.06; N, 
3.40. Found: C, 75.67; H, 8.98; N, 3.32. 

The trans en01 ether 17  (38 mg, R, 0.7) was recrystal- 
lized from benzene - petroleum ether; m.p. 154-158"; 
h,,, (EtOH) 254 nm (E 12 800); v,,, (KBr) 2250 (nitrile), 
1730 and 1720 (split band) (acetate), 1640 and 1635 
(split band) (diene), 1250 (acetate), and 1025 cm-' (ether); 
mass spectrum: m/e 411 (M+), 396, 336, 265, 242, 228, 
189. 

Anal. Calcd. for CZ6H3,O3N: C, 75.87; H, 9.06; N, 
3.40. Found: C, 76.07; H, 8.90; N, 3.65. 

Reaction of the Mixture of En01 Ethers I 6  and 17  
with t-Sodirrm Anrylate 

A 1.85 N solution (0.18 ml) of t-sodium amylate in 
absolute benzene was added to a solution of 409 mg of the 
mixture of the en01 ethers 16 and 17 in 5 ml of absolute 
benzene. The mixture was stirred under nitrogen at room 
temperature for 2 h. The product was poured into 
crushed ice (25 ml) and extracted with ether. The ethereal 
layer was washed with water and dried over sodium 
sulfate. Removal of the solvent gave 380 mg of a solid 
product which was separated by preparative t.1.c. 
(petroleum ether - ether - ethyl acetate 4:6:1). There 
was obtained 107 mg (25% yield) of 3p-acetoxy-l6a- 
ethyl-162a- cyano -16',21- cyclo -5a-pregn-17-en-2la-01 
(IS), m.p. 219-22l0, not depressed upon admixture of an 
authentic sample (4). The identity of the product was fur- 
ther confirmed by the comparison of its i.r. spectrum with 

16Taken on a Varian HA 100 instrument. We are 
indebted to Prof. G .  Just, Montreal, Quebec, for this 
spectrum. 

that of authentic material. There was further obtained 
92 mg (20 % yield) of 3~-a~etox~-16a-ethyl-l6~~-cyano- 
162,21-cyclo-5a-pregn-17-en-21a-ol (19), m.p. 208-21O0, 
not depressed uponadmixture of an authentic sample. The 
i.r. analysis confirmed the structure. As a third com- 
ponent, 30 mg (7.3% yield) of 3~-a~etoxy-16a-ethy-16~-  
cyan0-16~,21-cyclo-5a-pregna-I7,21-diene (20), m.p. 166- 
167", h,,, (EtOH) 295 nm (E 10 350), was obtained. The 
identity was confirmed by i.r. analysis and by the deter- 
mination of a mixture m.p. Furthermore, 20 mg (5.6 %) 
of aldehyde 10 was isolated. 

When the same reaction was carried out on 510 mg of 
the mixture of en01 ethers 16 and 17, with a lower con- 
centration of base (0.05 ml of a 1.85 N t-sodium amylate 
solution), no cyclization occurred. 

Also, when 40 mg of this mixture of en01 ethers 16 
and 17 was heated for 25 h under reflux in toluene, no 
reaction took place. 

Reaction of the Cis En01 Ether 1 6  with t-Sodium 
Amylate 

A quantity of 0.03 ml of a 1.65 N sodium t-amylate 
solution in absolute benzene was added to 57 mg of en01 
ether 16, in 1 ml of absolute benzene. The reaction was 
carried out as described above and there was obtained, 
by preparative t.1.c. of the product, 16 mg (28%) of 
hydroxy nitrile 18, m.p. 219-22l0, 9 mg (16%) of 
hydroxy nitrile 19, m.p. 208-21O0, and 2 mg (3%) of 
dienonitrile 20, m.p. 166-167". 

Reaction of the Trans En01 Ether 17  with t-Sodium 
Amylate 

A 1.65 N t-sodium amylate solution (0.015 ml) in 
absolute benzene was added to a solution of 29 mg of the 
trans en01 ether 17, in 1 ml of absolute benzene and the 
reaction mixture was stirred under nitrogen at room 
temperature for 2 h. The product was worked up as 
described above. The crude product (23 mg) was sub- 
jected to preparative t.1.c. There were obtained: 5 mg 
(17%) of the starting material, trans en01 ether 17, and 
3 mg (12%) of aldehyde 10. The products were identified 
in the usual fashion. No cyclized products of types 18, 
19, and 20, could be detected. 

Sincere thanks are due to Mrs. J. Capitaine for expert 
assistance in some of the experiments and to Mr. D. 
Capitaine and Mrs. G .  Pelletier for devoted technical 
assistance. One of us, (V.S.S.) gratefully acknowledges 
the award of a Laval University post-doctorate fellow- 
ship, another (L.R.) the award of NRCC scholarships. 
We express our appreciation to the National Research 
Council of Canada, to Ayerst Laboratories, Montreal, 
Quebec, and to the Schering Corporation, Bloomfield, 
New Jersey for financial support. We sincerely thank 
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Electron spin resonance study of the 1,3,5-trinitrobenzene-NaOH system 

A. R. NORRIS, A. BRECK, W. DEPEW, AND J. K. S. WAN 
Department of Chemistry, Queen's University, Kingston, Ontario 

Received July 14, 1969' 

Electron spin resonance spectra were observed in an aqueous system containing 1,3,5-trinitrobenzene 
and concentrated sodium hydroxide a t  0 to 40 "C. From the hyperfine structure of the spectra and 
temperature studies, it is concluded that the paramagnetic species is a radical generated by reduction 
of a 1,3,5-trinitrobenzene-OH- o-complex. The spectral assignments were supported by using deuterated 
1,3,5-trinitrobenzene. 

Canadian Journal of Chemistry, 48,3440 (1970) 

Introduction ysis of the compound, using an i.r. technique described 
by Symons (6), indicated 91 + 2% deuteration. "Spectro- 

Nitroaromatic compounds can generally be grade" solvents and reagent grade chemicals were used 
converted into radical anions by accepting a without further purification. 
charge transferred from a strong base (1). The Samples were contained in a small, flat quartz cell 
rate and extent of radical anion formation and placed in a variable temperature control insert. The e.s.r. 

spectra were recorded with a Varian 4500-10A X-band 
the of the anion depend on the nature of spectrometer equipped with a circulator microwave 
the solvent, the donor, and the acceptor. Few bridge and a Mark 11 field dial.The magnetic field wascali- 
systematic studies have been made in this area brated with a Varian F-8A flux meter by monitoring its 

particularly in systems involving 1 ,3,5-trinitro- transmitter frequency with a Hewlett-Packard frequency 
counter model 5245M. The microwave frequency was benzene in which the predominant reaction with measured using the same electronic counter and a 

anions is the formation of o-complexes. Hewlett-Packard frequency converter plug-in model 
Gold and Rochester (2) failed to observe 5256A. 

radical anions from solutions of 1,3,5-trinitro- Results and Discussion 
benzene in methanolic sodium methoxide or from The observations which follow arose from 
solutions of 2,4,6-trinitroanisole in ethanolic attempts to produce the 1,3,5-trinitrobenzene 
sodium hydroxide. However, 1,3,5-trinitroben- radical anion in the manner described by Kolker 
zene and tert-butoxide give a very low concentra- and Waters (7, 8). In those experiments the 
tion of radical anions in t-butanol and an aromatic nitro compounds were dissolved in  a 
appreciable concentration of radical anions in a 0. solution of NaOH in 25 % aqueous 
t-butanol-dimethylsulfoxide mixture (3). Elec- acetone to give solutions 1 0 - ~  in the nitro 
tron spin resonance spectra have been observed compound. The solutions were then mixed with 
in basic solutions of 1,3,5-trinitrobenzene and aqueous solutions 1 0 - ~  in sodium dithionite 
ketones such as acetone, ethylmethyl ketone, and 0.10 M in  NaOH and flowed through an 
diethy' ketone, and c~clohexanone (2), and during e.s.r. cavity where e.s.r. spectra were recorded. 
the course Of a slow reaction between In our present experiments we have found that 
trinitrobenzene and diethylamine both in the when an aqueous acetone solution (25 volume % 
presence and absence of acetone (2,4). water) is made 0.10 M in NaOH, two colorless 

We wish to report here our observations on the liquid layers begin to form immediately with 
paramagnetic species formed by 1,395-trinitro- formation being complete within 30 min at 25 OC. 
benzene in concentrated aqueous NaOH solution. At lower temperatures, e.g. at OC, complete 

separation of the two layers may take several 
Experimental hours. The lower viscous layer which is approx- 

Eastman 1,3,5-trinitrobenzene was recrystallized sev- imately 3-5 % of the total volume of the system, 
era1 times from an ethanol-water mixture and dried contains more than 50% of the base and little or 
in uacuo over silica gel, m.p. 122°C. 1,3,5-Trinitro- 
benzene-d, was prepared as described by Buncel and no acetone. Thus, it is essentially a concentrated 
Symons ( 9 ,  recrystallized from ethanol-water, and dried solution of sodium hydroxide in water. The lower 
in uacuo to constant weight, m.p. 120.5-121.5 "C. Anal- layer is completely miscible with water but im- 

miscible with acetone. Smaller amounts of total 
'Revision received June 5, 1970. base added lead to smaller volumes of the lower 
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NORRIS ET AL.: ESR STUDY O F  TNBNaOH SYSTEM 

1 
3280 3290 3300 33X) 3320 

FIELD (G) 

FIG. 1. The e.s.r. spectrum at 30 OC of the species resulting from the interaction of 1,3,5-trinitrobenzene and 
sodium hydroxide in aqueous solution. 

layer. This suggests that the lower layer must 
contain a certain minimum concentration of 
NaOH in order for separation to occur. 

On addition of 1,3,5-trinitrobenzene (TNB) to 
the two-layered solution at room temperature a 
deep wine-red color is formed immediately in the 
upper layer and a light red-brown color is formed 
more slowly in the lower layer. Upon standing, 
the lower layer becomes progressively darker in 
color (red) and the color of the upper layer fades 
to a light yellow or yellow-orange. Separation 
and titration of the two layers at this stage 
reveals that approximately 85% of the added 
base is in the lower layer. After 3 days at room 
temperature, the lower layer is deep brown in 
color and gives off a strong odor of ammonia. 
Repeated attempts to separate and characterize 
the nitroaromatics in this layer were not success- 
ful. Other workers have reported the production 
of 3,5,3',5'-tetranitroazoxybenzene, 3,5-dinitro- 
phenol and ammonia under similar reaction 
conditions (9-1 1). 

A strongly basic deeply colored lower layer is 
also formed when an aqueous acetone solution 
(25 volume % water) which is l op2  M in TNB 
is made 0.10 M in NaOH eitKer at room tem- 
verature or at 0 "C. Similar results were obtained 
employing acetonitrile in place of acetone. 

An e.s.r. study was undertaken to reveal the 
nature of the paramagnetic species formed in the 
above systems. In the aqueous acetone solutions 
no e.s.r. absorption was obtained from either the 
upper or the lower layer immediately after addi- 
tion of TNB. After several hours at 0 "C. 
however, the lower layer, now a dark red in color, 
gave a poorly resolved multi-line e.s.r. spectrum. 
The resolution of the hyperfine structure of the 
spectrum increased with temperature up to 40 "C 

and the original spectrum was reproduced when 
the sample was returned to 0 "C. A typical 
spectrum taken at 30 "C is shown in Fig. 1. The 
spectrum diminished appreciably when the 
sample was warmed above 50 "C. No e.s.r. spec- 
trum was obtained at any stage from the upper 
layer. 

Although o-complex 1 would be expected to 
be the predominant species present in the lower 
layer (10, 11) the observed e.s.r. spectrum cannot 
be satisfactorily explained either in terms of a 
species formed by electron transfer within an ion 
pair of 1 and Na' or on the basis of a radical 
such as 2 formed by the reduction of 1. Alternative 
formulations based on species such as 3 and 4, 
which are generated as a result of both substitu- 
tion and electron transfer processes, seem unlikely 
in view of the coupling constants reported for 
these and analogous types of radicals (12, 13). 

We suggest therefore that the spectrum is due 
to either 6 or 7. Both could be generated via 
reduction of the o-complex 5 by either Na' or 
uncomplexed TNB. Of the two, 7 might be 
expected to be the more stable. 
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HO NO2 The requirements for a high ionic strength 
Hm environment and a large concentration of 

o-complex 5 probably account for the time lag 
N02 between mixing of solutions and the appearance 

I% H , of an e.s.r. spectrum in the lower layer and for 
5 6 7 previous failures to observe free radical species 

Though spectroscopic evidence for the exis- 
tence of o-complexes such as 6 is lacking these 
species must exist, probably as short-lived inter- 
mediates, since substitution of NO,- by OH- is 
known to occur under the reaction conditions 
employed in these experiments (10, 11, 14). 

An analysis of the spectrum in Fig. 1 in terms 
of the free radical 7 was made using the following 
spectral parameters: a, (in the 3 and 5 posi- 
tions) = 7.5 + 0.2G,aH, = 7.0 + 0.2G,aHp = 
1.4 + 0.2 G, and maximum slope width 0.6 G. 
The value of a, would be expected to be small 
(15); our e.s.r. studies consequently cannot 
distinguish between 6 and 7. 

Experiments using deuterated TNB support 
the above assignments. The spectrum observed 
at 30 "C (Fig. 2) consisted of five broad lines 
resulting from the interaction of the electron spin 
with the two equivalent nitrogen atoms. 

1 

FREQUENCY 
9290 MHz 

I 1  
3270 3280 3290 3300 3310 3320 3330 

FIELD (G) 
FIG. 2. The e.s.r. spectrum at 30 'C of the species 

resulting from the interaction of 1,3,5-trinitrobenzene-d3 
and sodium hydroxide in aqueous solution. 

in like systems. 
Further experiments, designed to differentiate 

between 6 and 7 and to determine the nature of 
the reducing agent in this system, are anticipated. 
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NOTES 

Stabilities of nickel-alkyl compounds 

J. THOMSON AND M. C. BAIRD 
Department of Chemistry, Queen's Unicersity,  king^,,^‘, Ontario 

Received April 30, 1970 

The compounds n-C,H,Ni(PPh3)R (R = Me, Et, n-Pr, iso-Pr, n-Bu, see-Bu, iso-Bu) have been 
prepared and characterized. Thermal decomposition of these compounds in xylene solution yields, in 
all cases except the methyl, an olefin and an olefin isomerization catalyst. 

Les composCs n-CSHsNi(PPh,)R (R = Me, Et, n-Pr, iso-Pr, n-Bu, see-Bu, iso-Bu) ont t t t s  preparts 
et caracterists. La dCcomposition thermique de ces composes dans une solution de xylol produit, en 
touts cas sauf le methyle, une olefine et une catalyte d'isomerization d'olefine. 

Canadian Journal of Chemistry, 48, 3443 (1970) 

Transition metal alkyl compounds have been H H 
postulated as intermediates in a number of metal- \6' .' \ catalyzed reactions of olefins, and several recent 

M-CH2cH,R - h! CH2 
C-R - M 6 ( 1  

publications (1-5) have been concerned with ,,H/ \H I CHR 
reactions involving cleavage of metal-carbon H 

o-bonds. Thus Sneeden and Zeiss (1) have found 
that trialkyl chromium compounds decompose Prompted by some of the above-mentioned 
thermally to give mixtures of alkanes and olefins. studies, we have investigated the properties of 
Similar products have been reported from the the homologous series n-C5H5Ni(PPh,)R, where 
thermal decomposition of n-butyl(tri-n-butyl- R = methyl, ethyl, n-propyl, iso-propyl, n-butyl, 
phosphine)copper(I) (2), diethyl (cl,clf-dipyrida1)- sec-butyl, iso-butyl and tert-butyl. This series is 
nickel(I1) (3), and diethylbis(cl,af-dipyrida1)- apparently unique, in that it appears to be the 
iron(I1) (4), while reactions of Grignard reagents only one known in which the higher branched 
with transition metal halides have long been chain derivatives are stable enough to be isolated 
known (5) to yield olefins and alkanes, presum- and characterized; even platinum sec- and iso- 
ably from the decomposition of unstable alkyl- compounds are unknown, although the normal 
metal derivatives. Some compounds of platinum alkyl derivatives are extremely stable (9). Since 
(6) and ruthenium (7), on the other hand, yield the product distribution from the thermal de- 
only an olefin, there apparently being no alkanes composition of other metal alkyl compounds 
detected. seems to depend greatly on both the metal and 

Although details of the mechanisms of 'the the nature of the ligands on it, it seemed of 
formation of the hydrocarbon products from the interest to investigate the influence of the nature 
various systems studied may vary, it seems likely of the alkyl groups. 
that the saturated hydrocarbonsarisefrom homo- We also wanted to test the assumption (1) that 
lytic fission of the metal-carbon bond to yield the stability sequence for metal-alkyl compounds 
radicals. These can abstract a hydrogen atom is generally normal > secondary > tertiary. 
from another alkyl group or the solvent, or can Much of the evidence in the literature pertaining 
dimerize. Olefins are believed to arise from to stabilities of organometallic compounds ap- 
migration of a P-hydrogen atom to the metal to pears to be based not on direct observations of 
give an olefin-metal hydride complex (see eq. 1). the compounds concerned, but solely on whether 

This reaction is often reversible, and is believed or not they could be prepared. It seemed im- 
to be an important step in such reactions as the portant to clear up this point if possible because 
transition metal-catalyzed isomerization and of its obvious bearing on the course of catalytic 
hydrogenation of olefins (8). reactions involving metal-alkyl intermediates. 
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TABLE 1 

Analytical figures for n-C5H5Ni(PPh3)R, R = iso-Pr, iso-Bu 

Found Calculated 

Compound Carbon Hydrogen Carbon Hydrogen 

Experimental 
The n.m.r. spectra were run on Bruker HX-60 and 

Varian T-60 spectrometers. Melting points were obtained 
on samples sealed in capillaries under nitrogen using a 
Gallenkamp melting point apparatus. Some of the 
operations described below were carried out in a Fisher 
"Isolator Lab" glovebox. A Beckman GC/2 chromato- 
graph using a Sargent 1 MV full scale recorder and a 
thirty foot column of 20.8% propylene carbonate on 
activated alumina (10) was used for identification of 
hydrocarbons. 

Preparation of the Compounds 
The compounds n-C5H5Ni(PPh3)R (R = Me, Et, 

n-Pr, n-Bu, and see-Bu) have been prepared previously by 
Yamazaki et a[. (1 1) from the reaction of n-C5H5NiPPh3- 
Cl(12) with the appropriate Grignard reagent. In our 
hands, the rather briefly described experimental procedure 
of these workers gave only poor yields of the desired 
products. The following procedure was found to  give 
much better and more consistent results. 

The appropriate Grignard reagent (0.02 mole) in 
75 ml of a 2:l benzene - ethyl ether solution was added 
slowly to a stirred, ice-cooled solution of n-C5H5Ni- 
(PPh3)CI (0.024 mole) in 100 ml benzene under nitrogen. 
During the reaction, the color changed from deep red to  
dark green. The reaction was sti~red for 2 h, treated with 
5 ml of ethanol to  destroy any unreacted Grignard, and 
then the solvent was removed under reduced pressure. 

The residue was redissolved in 50 ml of benzene and the 
resulting solution was passed through a column of 
activated alumina (Fisher, 80-200 mesh) which had been 
de-aerated by a stream of nitrogen. Using a I :1 mixture 
of benzene-hexane, the dark green product was the first 
fraction to be eluted from the column; the volume of the 
solution was reduced to about 20 ml, 30 ml of hexane 
were added, and the solution was cooled overnight to 
give dark green crystals of the product. 

The m.p. of the compounds reported previously (11) 
were in good agreement with the literature values 
(Table 2). The iso-propyl and iso-butyl derivatives are 
new compounds and were analyzed for carbon and 
hydrogen (Table 1). The former is very air-sensitive, even 
in the solid state, and a satisfactory analysis could not be 
obtained. However, its chemistry, n.rn.r. spectrum and 
appearance showed that the material isolated was the 
desired iso-propyl compound. 

All the compounds, with the exception of the iso- 
propyl derivative are reasonably stable in solution under 
nitrogen and even in air for short periods of time in the 
solid state. The tert-butyl derivative could not be pre- 
pared; attempts using tert-butyl Grignard led only to 
dark brown n~ixtures and evolution of isobutene. 

The 'H n.m.r. spectra of all compounds contained a 

TABLE 2 
Melting points* of the compounds n-C5H5Ni(PPh3)R 

Melting point "C Melting point "C 
R (lit.) R (lit.) 

*All compounds melted with decomposition. 

TABLE 3 
Hydrocarbon products from the thermal decomposition 

of the compounds n-C5H5Ni(PPh3)R 

Composition of the 
R State gases evolved 

Me Solid 92% Methane, 8 % ethane 
Solution 79 % Methane, 21 % ethane 

Et Solid 88% Ethylene, 12% ethane, 
trace of butane 

Solution 99% Ethylene, 1 % ethane, 
trace of butane 

n-Pr Solid 99 % Propylene, 1 % propane 
Solution* 99 % Propylene, 1 % propane 

iso-Pr Solid 99 % Propylene, 1 % propane 
Solution 99 % Propylene, 1 % propane 

n-Bu Solid 87 % But-I-ene. 7 % trans-but-2- 
eie,  5 % cis-but:i-ene, 
lo% butane 

Solution 81 /. But-I-ene, 11 % trans-but- 
2-ene, 7 % cis-but-2-ene, 
:% butane 

see-Bu Solid 60 But-1-ene, 23 % trans-but- 
2-ene, 16 % cis-but-2-ene, 
1 % butane 

Solution 63 % But-1-ene, 21 % tratis-but- 
2-ene, 15 % cis-but-2-ene, 
1 % butane 

iso-Bu Solid 98 % iso-Butene, 2% isobutane 
Solution 99 % iso-Butene, 1 % isobutane 

-- 

*The evolved gases in this case accounted for at least 85% of the 
nickel compound decomposed. 

multiplet at  about r 2.33 and a singlet at  r 4.78 + 0.03 
which may be assigned to the triphenylphosphine and 
cyclopentadienyl protons, respectively. The aliphatic 
regions of the spectra are characteristic for each com- 
pound. but the resonances overlap considerably and in 
most cases cannot be interpreted on a first order basis. 
However, the spectra all integrate satisfactorily for the 
expected numbers of protons. 

T/zermul Decomposition 
Solutions of each of the alkyl compounds in dry 
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NOTES 

TABLE 4 
Results of the isomerization reactions 

Gas composition after 24 h at 100 "C 

Initial gas But-1-ene trans-But-2-ene cis-But-2-ene 

xylene (b.p. 139") were refluxed for 1 h and the gases 
evolved were carried by a stream of nitrogen through a 
water-cooled condenser (to eliminate xylene) and trapped 
in a U tube immersed in liquid nitrogen. After decom- 
position was complete, as shown by a change in color of 
the solution from green to dark brown, the U tube was 
evacuated, closed off, and allowed to warm to room 
temperature. The gases in the U tube were sampled by 
syringe through a serum cap and identified by gas 
chromatography. 

A different procedure was followed in the case of the 
methyl derivative because of the low m.p. of methane, 
one of the expected products. The decomposition was 
carried out on a solution in a-methylnaphthalene (b.p. 
246") at 140" in a closed, evacuated system and the 
evolved gases were identified by mass spectroscopy. Solid 
state decompositions were carried out similarly. 

The results of the thermal decomposition of the alkyl- 
nickel compounds are shown in Table 3. 

lsomerization of Blrtenes 
The n-propylnickel compound (0.002mole) in 8 ml 

dry toluene was placed in each of three Carius tubes and 
0.02 mole of each of the linear butene isomers was frozen 
into each solution. The tubes were sealed, heated for 
24 h at 100°, and the gases in the systems were sampled 
(Table 4). 

Discussion 

If decomposition temperatures can be taken as 
a rough guide to thermal stabilities, then the 
methyl compound is the most stable, followed by 
the ethyl. Although the iso-propyl derivative is 
relatively air-sensitive and is therefore the most 
difficult to isolate, it appears, surprisingly, to be 
more stable thermally than the n-propyl com- 
pound. Similarly the sec-butyl compound ap- 
pears to be at least as stable as the n-butyl and 
iso-butyl compounds. Rausch et al. (13) have 
recently extended the series in the other direction 
and have shown that the phenyl (dec. 134-135") 
and trifluoromethyl (m.p. 160-161" without dec.) 
compounds are even more stable. 

In several cases, the 'H n.m.r. spectra of the 
compounds in the aliphatic region are too com- 
plicated to make assignments without computer 
analyses. In the case of the methyl compound, the 
resonance of the methyl protons is centered at 
T 10.42 and is a doublet because of coupling 

with the phosphorus ( J  = 6 Hz) of the triphenyl- 
phosphine. The spectrum of the iso-butyl com- 
pound contains a strong doublet at T 9.10 which 
may be assigned to the six equivalent methyl 
protons coupled with the methine proton ( J  = 
6 Hz) and a 1 : 1 : 1 :1 quartet at T 9.38 which may 
be assigned to the methylene protons coupled to 
the methine proton ( J  = 6 Hz) and the phos- 
phorus atom ( J  = 9 Hz). The methine resonance 
would be a multiplet and probably lies under the 
other st ong lines. The spectrum of the sec-butyl 
compound contains a triplet (T 9.30) and doublet 
(T 8.87) which can be assigned to the two methyl 
groups. The spectra of the other compounds are 
too complicated to make assignments. 

It has been shown (14) that there is a linear 
relation between the di'ffeience in chemical shifts 
of the methyl and methylene resonances of the 
ethyl groups of compounds CH3CH,X and the 
electronegativity of X. Normally the methyl 
triplet is at higher field than the methylene 
quartet, but there have been several reports 
(3, 15) of spectra of ethyl metal compounds in 
which the methvlene resonance is at a similar or 
even higher field than the methyl resonance, 
presumably because of the low electronegativity 
of the metal. The spectrum of the ethyl com- 
pound, K-C5H5Ni(PPh3)Et, is very similar to the 
spectra of several ethyl silicon and zinc com- 
pounds (15), and thus the K-C,H,Ni(PPh,) 
group appears to have a rather low electro- 
negativity. 

Decomposition of the methyl compound 
yielded products characteristic of homolysis, as 
expected. The ethyl compound also showed 
evidence of homolysis in the solid state, but in 
solution it and all the higher alkyl compounds 
yielded only olefins, presumably by p-elimination 
(eq. 1). In the case of the n-propyl compound, it 
was shown that the propylene produced ac- 
counted for at least 85% of the nickel-alkyl 
compound decomposed, and we assume that in 
all cases except the methyl, an olefin is the 
predominant product. 
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decomposition products. 

E. L ~ D E W ~ J K  and D. WRIGHT. J. Chem. Soc. (A), 
1 19 (1968). 
T. MCKENNA. Anal. Chem. 32, 1301 (1960). 
H. YAMAZAKI, T. N I S H ~ O ,  Y. MATSUMOTO, S. 
SUMIDA, and N. HAGIHARA. J. Organometal. Chem. 
6, 86 (1966). 
M. VAN DEN AKKER and F. JELLINEK. Rec. 86, 897 
(1967). 
M. D. RAUSCH, Y. F. CHANG, and H. B. GORDON. 
Inorg. Chem. 8, 1355 (1969). 
J. R. CAVANAUGH and B. P. DAILEY. J. Chem. Phys. 
34, 1099 (1961). 
P. T. NARASIMHAN and M. T. ROGERS. J. Amer. 
Chem. Soc. 82. 5983 (1960). 

16. Y. TAKEGAMI,' C. YOKOKAWA, Y. WATANABE, and 
Financial assistance by the National Research Council Y. OKuD.4. Bull. Chem. Sot. Jap. 37, 181 (1964). 

of Canada and the International Nickel Company of 17. H. F E L ~ ~ ~  and G.SWIERC~EWSKI. C.R. 266c, 161 1 
Canada is gratefully acknowledged. (1 968). 

Radiolysis of gaseous isobutene by 60Co y-rays. 111. Low boiling point 
condensation products 

JAN A. HERMAN 
DPparretnenr de Clzimie, UniversitP Laval, QuPbec, QuPbec 

Received May 4, 1970 

During the y-rays irradiation of gaseous isobutene the following low boiling point condensation prod- 
ucts are formed : 2-methyl-1-butene, 2-methyl-2-bu tene, 1 ,I-dimethyl-cyclopropane, 3-methyl-1-butene, 
neopentane, isopentane, and n-pentane. All these products are formed in radical processes, as shown by 
the scavenging action of nitric oxide. The formation of the pentenes results from the reaction of the 
methylene radical with isobutene, whereas the reaction of the methyl radical with the monomer accounts 
for the production of pentanes. 

Canadian Journal of Chemistry, 48,3446 (1970) 

In recent papers (1, 2) we reported radiation 
chemical yields of decomposition products 
formed during radiolysis of gaseous isobutene. 
We noted (1) the presence of some condensation 
products, however their identification and quan- 
titative analysis were poorly performed. 
Sparapany (3) studied the formation of the 
polymer in the irradiated monomer, and later 

Viswanathan and Kevan (4) reported the forma- 
tion of C, and C , ,  products, but in both cases 
the irradiation was carried out on liquid iso- 
butene and was specifically oriented toward 
ionic polymerization processes. Okamoto et al. 
(5) studied the gas-phase radiation induced poly- 
merization of the isobutene and they established 
the ionic mechanism of this reaction. However, 
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In recent papers (1, 2) we reported radiation 
chemical yields of decomposition products 
formed during radiolysis of gaseous isobutene. 
We noted (1) the presence of some condensation 
products, however their identification and quan- 
titative analysis were poorly performed. 
Sparapany (3) studied the formation of the 
polymer in the irradiated monomer, and later 

Viswanathan and Kevan (4) reported the forma- 
tion of C, and C , ,  products, but in both cases 
the irradiation was carried out on liquid iso- 
butene and was specifically oriented toward 
ionic polymerization processes. Okamoto et al. 
(5) studied the gas-phase radiation induced poly- 
merization of the isobutene and they established 
the ionic mechanism of this reaction. However, 
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NOTES 

TABLE 1 
G-Values of products as a function of the pressure 

Pressure (Tom)* 

Products 6 12 24 47 95 

Allene 

2-Methyl-] -butene 

2-Methyl-2-butene 

I,]-Dimethyl-cyclopropane 

3-Methyl-1-butene 

Neopentane 

*The relative yields are in parentheses. 

about 70% of the stable decomposition prod- 
ucts proceed via .mechanisms involving excited 
neutral states of the monomer with elimination 
of radical fragments. A good example of the 
subsequent action of the radical fragment is the 
formation of about 60% of the total isobutane 
in radical reaction via disproportionation between 
tertiary butyl radicals (2, 6), the t-C,H; being 
formed efficiently by thermal hydrogen addition 
to the tertiary carbon in isobutene. Other radical 
fragments: (:CH,, CH;, etc.) are present in the 
system and they react with the isobutene giving 
heavier products. In this work we account for 
some of these condensation products and propose 
mechanisms of their formation. 

dependent (it decreases with increasing pressure), and its 
value at  low pressure (< 20 Torr) is not well established. 
Therefore, we present the yields in two ways (Tablel): 
G-values of the condensation products for pressures 
where dosimetry was well established, and relative 
yields (in brackets), taking as 100 the yield of allene at all 
pressures. Such a presentation has the advantage of 
illustrating the relation between some C, products and 
methylene or methyl radicals formed during the decom- 
position of the monomer into propene, allene, and 
propyne. 

All products were completely scavenged by nitric 
oxide (- 6 %). 

Discussion 
The C, condensation products (with the 

exception of the minor 1,4 pentadiene) belong to 
two groups, each one resulting from processes 
involving either methylene radical or methyl 
radical. The pentenes can be derived from the 
reaction of methylene with isobutene in two 
distinct processes: insertion into a carbon- 

Experimental and Results 
The experimental procedure was described previously 

(1, 2). Phillips research grade isobutene was purified by 
gas chromatography before use; it did not contain any 
compounds other than the monomer. Pure nitric oxide 
was obtained from Matheson and was used without any 
further purification. The irradiations were performed at  
a dose-rate around 2 x 10" eV g-' min-' and the total 
doses did not exceed 2 x loL9  eV g-l .  The yields are 
calculated relative to the yields of allene in the unscav- 
enged radiolysis experiments because the formation of 
this compound is dose and dose-rate independent at a 
given pressure, and it is also insensitive to radical scav- 
engers (I). But the radiation yield of allene is pressure 

hydrogen bond or addition to a carbon--carbon 
double bond. The pentanes arise from the interac- 
tion of methyl radicals with isobutene or 
tertiary butyl radicals. The scavenging action of 
nitric oxide on all condensation products is an 
indication of radical mechanisms involved in the 
formation of these compounds. Indeed, one 
would not expect these products to be formed 
from butene ions based upon knowledge of the . 
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ion-molecule chemistry of butenes (7). The 
charge transfer between iso-C,H, + (ionization 
potential (i.p.) = 9.23 eV) and NO (i.p. = 9.25 
eV) must be excluded as an alternative scavenging 

path of NO, because reaction 1 is slow (8), and 
therefore a much higher concentration of nitric 
oxide than that used in the present experiments 
would be required. This was corroborated in 
recent photolytical studies of isobutene by 10.0 
and 1 f.6-11.8 eV radiation (9). 

The 2-methyl-1-butene and the 2-methyl-2- 
butene are formed in an insertion reaction of 
:CH2 into a carbon-hydrogen bond (lo), eq. 2. 

The distribution of these products relative to 
carbon-hydrogen bonds available in the iso- 
butene is very close to statistical. This confirms 
the indiscriminate reaction of the :CH2 radical 
with the C-H bond, as shown earlier by Doering 
(10a). The formation of these two branched 
pentenes is slightly pressure dependent, sug- 
gesting a small contribution of a collisional 
deactivation process. Apparently a stronger 
collisional deactivation process is needed for the 
formation of 1,l -dimethyl-cyclopropane, which 
results from the addition of :CH, across the 
carbon--carbon double bond, eq. 3. The addition 

of methylene to a carbon--carbon double bond 
is known to produce a cyclopropane with more 
than enough excess energy to undergo further 
reaction, even to isomerize (1 1). It is possible 
that the minor product 3-methyl-1-butene results 
from an isomerization of the vibrationally 
excited 1 ,1-dimethyl-cyclopropane, eq. 4. 

The total relative yields of pentenes formed in 
reactions 2,3, and 4 is slightly higher than 100 for 
pressures above 12 Torr. We have shown that 
around 50 % of propene is formed in unimolec- 
ular decomposition reaction, the remaining part 
being produced in ion-molecule reactions (2). 
It follows then, that at 47 Torr about half of the 
pentenes formed in reactions 2, 3, and 4 account 
for the methylene radicals produced simul- 
taneously with propene. We have then to. assume 
that other paths exist for :CH2 formation. The 
decomposition of an excited isobutyl radical 
formed in a hot hydrogen addition is a possible 
path for the formation of methylene radicals. 

The energy required for reaction 5 is of an order 
which is easily accessible in radiation chemistry 
processes. 

The constituents of the second group of C, 
products are isopentane, 11-pentane, and neopen- 
tane. Isopentane is formed by CH,' addition to 
isobutene, eq. 6. Following Szwarc and co- 
workers (12) reaction 6 is about 20 times more 

+ M  
4 isopentane 

favorable than the hydrogen abstraction by 
CH,' from isobutene. In this case also there is a 
pressure dependence for process 6 as can be seen 
in Table 1. If the addition of a hot methyl radical 
is responsible in part for such behavior, it might 
also explain the formation of n-pentane. Indeed, 
the energy transmitted by a hot methyl may be 
sufficient to isomerize the transient complex to 
n-C5H12. The neopentane behaves quite differ- 
ently compared to the other saturated pentanes. 
Its formation decreases strongly with increasing 
pressure recalling a similar trend of isobutane 
formation (1). The formation of neopentane is 
scavenged completely by nitric oxide, indicating 
that we deal with a radical process. A combina- 
tion reaction between tertiary-butyl and methyl 
radicals might explain the formation of neopen- 
tane, eq. 7. Following Kutschke and co-workers 
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NOTES 

(13) the combination reaction 7 is slightly more 5. 
favorable than the disproportionation reaction 

6. involving the same radicals. 
With increasing pressure the competition for 

methyl and tertiary-butyl radicals in other con- 
densation reactions increases (including some 
polymerization processes), therefore the produc- 7. 

tion of neopentane diminishes. Such behavior 
would not be expected for isopentane and n-pen- 
tane which are formed by hydrogen abstraction 

8. from isobutene by isopentyl or n-pentyl radicals. 
9. 
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Contrary to previous reports, the methylation of quinazoline with methyl iodide has been shown to 
produce both 1-methylquinazolinium iodide and 3-methylquinazolinium iodide. These quaternary 
salts are formed in the ratio of 5:l in favor of the latter isomer. 
Canadian Journal of Chemistry, 48, 3449 (1970) 

There are a number of reports in the literature 
(1-4) that suggest that the quaternization of '  
quinazoline with methyl iodide gives exclusively 

*!Me d ~ - M e  

the 3-methylquinazolinium ion 1. Formation of 
the 1-methylquinazolinium ion 2 in this reaction 

O d 
3 4 

We have used n.m.r. spectroscopy to study the wPe @Q products methyl iodide, of the and methylation wish to report of quinazoline that, contrary by 
I 

Me 
to previous reports in the literature, appreciable 

1 
methylation of the N-1 atom does occur, although 

2 the main product is the 3-methylquinazolinium 
has never been observed. This conclusion is based ion. 
upon the oxidation of the pseudo-base 3, which 1 Results and Discussion 
readily forms in aqueous solutions, to 3,4-di- The n.m.r. spectrum (in trifluoroacetic acid) of 
hydro-3-methyl-4-oxoquinazoline 4 by alkaline the product from the methylation of quinazoline 
potassium ferricyanide. with methyl iodide is shown in Fig. 1. Two peaks 
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methylation of the N-1 atom does occur, although 
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has never been observed. This conclusion is based ion. 
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CFJCOOH Sideband 

FIG. 1. The n.m.r. spectrum, in trifluoroacetic acid, of the product from the methylation of quinazoline with 
methyl iodide. 

(6 4.62, 4.74) which can be assigned to N-methyl 
groups are apparent, and have relative intensities 
of 5: 1. The n.m.r. spectrum of the same reaction 
product in dilute aqueous acid solution (0.1 N 
HCl in D,O) is shown in Fig. 2. Dual peaks, with 
relative intensities 5:1, appear at three places in 
this spectrum: 6 8.32, 8.45; 6.21, 6.34; and 3.53, 
3.69. i n  aqueous acid solutions the 3-methyl- 
quinazolinium ion is known to exist as the 
cation 6 of the pseudo-base which is formed by 
hydroxide addition to C-4 (4). The dual peaks in 

the spectrum in Fig. 2 are readily assigned to 
protons in similar environments to those on C-2 
and -4 and N-methyl protons respectively in a 
structure such as 5. They compare well with the 
peaks a t  6 8.42 (C(2)-H) and 6.38 (C(4)-H) in 

the n.m.r. spectrum of the covalently hydrated 
quinazoline cation 7 (5). 

The similarities of the chemical shifts of these 
major and minor sets of peaks suggest that they 
arise from very similar chemical structures. We 
assign these structures as the covalent hydrates, 
6 and 8, of the 3-methylquinazolinium ion (major 
isomer) and 1-methylquinazolinium ion (minor 
isomer) respectively. Evidence in support of this 
structural assignment is presented in the following 
paragraphs. 

When an aqueous solution of the mixture 
of N-methylquinazolinium ions was carefully 
titrated with aqueous potassium hydroxide, a 
white precipitate started to appear at p H  8.5. 
After the addition of one equivalent of alkali the 
precipitate was collected. The n.m.r. spectrum of 
this product in dilute aqueous acid indicated that 
only the major isomer was present, since the 
peaks for the minor isomer that were initially 
present (Fig. 2) were no longer observed. Oxida- 
tion of the original mixture of pseudo-bases with 
alkaline potassium ferricyanide gave a product 
that had an n.m.r. spectrum in which two peaks 
were assignable to N-methyl groups (6 3.52 
(major) and 3.80 (minor) in DMSO-d,). Oxida- 
tion of 3 has previously been shown to give 4 (3). 
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NOTES 

FIG. 2. The n.m.r. spectrum, in 0.1 N HCl in D,O, of the product from the methylation of quinazoline with 
methyl iodide. 

Thus this oxidized product should be a mixture 
of 4 and 9. The methyl group in 9 has been 

reported (6) to have a chemical shift of 6 3.8 in 
DMSO-d,. On this basis, the minor oxidation 
product can be assigned to 9 and the major prod- 
uct must therefore be 4. This was confirmed by 
oxidation of the precipitated pure pseudo-base 
to give a product which has only one peak 
(6 3.52 in DMSO-d6) in its n.m.r. spectrum that 
is assignable to an N-methyl group. 

Since 4 is derived from the major product of 
the methylation of quinazoline, this indicates that 
this major product is 1 (previously reported to be 
the only product) and therefore 2 is the minor 
product. The presence of 9 in the oxidation 
products also eliminates the remote possibility 
that the two pseudo-bases contributing to the 
spectrum in Fig. 2 are stereoisomers of 6 arising 
from a slow inversion of N-3. Such stereoisomers 
would give rise to the same oxidation product, 4. 

The possibility that the dimethylated quin- 
azoline dication 10 is the minor product of the 
reaction can be ruled out on the basis of the 

oxidation experiments discussed above and the 
following evidence. The pseudo-base 3 was 
treated with methyl iodide to give 11. The n.m.r. 
spectrum of 11 in trifluoroacetic acid has peaks 
at 6 3.70 (singlet, 3H), 3.87 (singlet, 3H), 7.69 
(center of multiplet, 5H) and 8.35 (singlet, lH), 
while in D 2 0  the peaks are at 6 3.58 (singlet, 3H), 
3.73 (singlet, 3H), 6.28 (singlet, lH), 7.62 (center 
of multiplet, 4H), and 8.50 (singlet, IH). There is 
a close correspondence between the spectra in 
these two solvents except for the peak at 6 6.28 
in D 2 0  which seems to move downfield in tri- 
fluoroacetic acid and occurs along with the ben- 
zene ring protons in the multiplet centered at 
6 7.69. This downfield shift can be explained by 
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a conversion of 11 into 12 in trifluoroacetic acid, 
with the downfield shift of C(4)-H resulting 
from the replacement of the hydroxyl group on 
C-4 by the more strongly electron-withdrawing 
trifluoroacetoxy group. The spectrum in tri- 
fluoroacetic acid is not consistent with what 
would be expected for the dication 10. For 10, the 
peaks for the protons on C-2 and -4 should be 
even further downfield than those for the protons 
on the same two carbon atoms in 1 (6 9.45 and 
9.97 in Fig. 1). Finally, oxidation of 11 did not 
give a product with an N-methyl peak at 6 3.80 
as was observed for the minor oxidation product 
in the mixture of pseudo-bases. 

It is interesting that the 1-methylquinazolinium 
ion forms the pseudo-base cation 8 rather than 13 
which would result from nucleophilic addition-at 
the more electron-deficient C-2. The formation 
of 8 can be explained by its enhanced stability 
due to amidinium-type resonance stabilization 
(7) which is not possible in 13. This type of 
resonance stabilization has also been invoked to 
explain the stabilities of the cation of the pseudo- 
base of the 3-methylquinazolinium ion, 6, and of 
the covalently hydrated quinazoline cation, 7. 

Methylation of a nitrogen heterocycle contain- 
ing more than one azine nitrogen atom is expected 
to occur predominantly at the most basic nitrogen 
atom in the absence of opposing steric effects. 
Owing to the ready formation of a covalent 
hydrate by the quinazolinium ion (7), it is not 
possible to ascertain experimentally the site of 
protonation in quinazoline. Estimates have been 
made of the relative basicities of N-1 and -3 in 
quinazoline on the basis of an empirical equation 
that has been developed to generate estimates of 
pK, values for substituted quinolines and iso- 
quinolines (8). These considerations suggest that 
N-3 is probably only slightly more basic than N-1 
and that the non-hydrated quinazolinium ion is 
probably a mixture of N(3)- and N(1)-protonated 
species in which the former predominates. The- 
oretical calculations of the electron density dis- 
tribution in the quinazoline molecule also indicate 
that there is probably little difference in the 
basicities of the N-1 and -3 atoms in quinazoline 
(9-11). Thus, one would predict that N-3 should 

be only slightly favored over N-1 as the methyla- 
tion site, and that methylation may possibly 
produce a mixture of the isomeric N-methyl- 
quinazolinium ions. Our experimental results are 
in accord with such a rationalization of this 
reaction. 

It is noteworthy that the presence of sub- 
stituents on C-4 can alter the preferred site of 
methylation from N-3 to -1 (3). This further 
confirms that there is little difference in the 
susceptibilities of N-1 and -3 to methylation, 
since the preferred site of attack may be readily 
influenced by the electronic and/or steric effects 
of substituents. 

Experimental 
The n.m.r. spectra were recorded on Varian T-60 or 

A-60 spectrometers using sodium 2,2-dimethyl-2-silapen- 
tane-5-sulfonate as internal reference. 

Methylatiorl of Quinazoline 
( A )  Quinazoline (1 g) was dissolved in ethanol (5 ml). 

Methyl iodide (1 ml) was added and the solution was 
refluxed for 4 h. The solvent was evaporated and the 
viscous residue dissolved in chloroform. The chloroform 
solution was extracted with dilute aqueous hydrochloric 
acid and the aqueous extracts were evaporated to yield 
a mixture of the hydroiodides of the pseudo-bases of the 
N-methylquinazolinium ions as a yellow viscous oil which 
solidified on standing; m.p. 89". 

Anal. Calcd for C9HllN201: C, 37.4; H, 3.48; 
N, 9.69; I, 43.8. Found: C ,  38.2;' H, 3.64; N, 9.64; 
I, 44.0. 

(B) Quinazoline (1 g) and methyl iodide (1 ml) were 
allowed to stand at room temperature overnight. The 
excess methyl iodide was evaporated and the residue 
worked-up as described above. 

The ratio of I-methyl- to 3-methylquinazolinium ions 
in the trifluoroacetic acid solution was the same, within 
experimental error, for the products from quaternization 
in ethanol solution (method A )  and the neat methyl 
iodide (method B). 

3,4-Dihyrlvo-4-l1ydroxy-3-methylquinazolit1e 
Aqueous potassium hydroxide (1 M )  was added drop- 

wise to an aqueous solution (1 M )  of the mixture of 
products from the quaternization reaction, until the p H  
reached 9.5. The white precipitate which had formed was 
filtered off and redissolved in water (2 ml) to which 1 drop 
of hydrochloric acid had been added. The pseudo-base 
was then reprecipitated by addition of potassium 
hydroxide solution; m.p. 161-162", lit. m.p. 162-163" (I), 
164-165" (2), 158" (3), 167-168" (4). Mass spectrum: 
molecular ion peak at 162; most intense peak at M-17 
(loss of OH). 

Anal. Calcd. for C9HloN20:  C, 66.7; H, 6.21; N, 17.3. 
Found: C ,  65.7;' H, 6.22; N, 17.2. 

Methylatiorl of 3,4-Dihydro-4-hydroxy-3-nzethylquinazolitze 
The pure pseudo-base (0.05 g) and methyl iodide (1 ml) 

'Difficulty in obtaining satisfactory carbon analyses for 
this class of compound has been reported previously (12). 
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were refluxed in ethanol (3 ml) for 24 h. The reaction 
product was worked-up as described for the methylation 
of quinazoline. 

Incubation of the pseudo-base cation with methyl 
iodide in ethanol, under the same conditions that were 
used for the methylation of quinazoline, did not result 
in the methylation of N-1. 

Oxidation Experimerzts 
The pseudo-base was treated with a solution of 

potassium ferricyanide (1 M )  in aqueous potassium hy- 
droxide (1 M )  for 10-15 min. The oxidation products 
were extracted into chloroform; these extracts were dried 
over magnesium sulfate and the solvent removed on the 
rotary evaporator. Treatment of either the pseudo-bases 
or their oxidation products with strong alkali for excessive 
periods of time resulted in their decomposition products 
being present in the chloroform extracts. 

This work was supported by a grant from the Ontario 
Department of University Affairs, and was carried out 
during the tenure (by W.G.M.) of an Ontario Graduate 
Fellowship. 
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Electron spin resonance studies of radiation damage. Part IV.ls2 
The effect of photobleaching on the trapped radicals in gamma irradiated 

2-methyltetrahydrofuran glasses at 77 O K  
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The concentration of trapped radicals was found to decrease during the course of photobleaching 
trapped electrons in gamma irradiated 2-methyltetrahydrofuran glasses at 77 OK. 
Canad~an  Journal of Chemistry, 48, 3453 (1970) 

The electron spin resonance (e.s.r.) spectra of 
gamma irradiated 2-methyltetrahydrofuran 
glasses at 77 OK consists of a narrow singlet 4 G 
wide due to a trapped electron and a broad septet 
of linewidth 10 G and hyperfine spacing of 20 G 
due to a trapped radical (1-3). The reported 
e.s.r. studies have been in agreement apart from 
one exception, namely, the effects of photo- 
bleaching. Smith and Pieroni (4) reported that 
photobleaching led to the complete removal of 
the singlet together with one third of the radical 
septet; however, Shirom and Willard (5 )  report 
no change in the intensity of radical spectrum 
within + 2 % and Dainton and Salmon (2) report 

'For Part 111, see ref. 8 .  
=AECL No. 3699. 

"no significant change took place in the back- 
ground spectrum" (i.e. the radical) when the 
electron singlet was photobleached. We thought 
these differences were sufficiently important to 
re-investigate the photobleaching of these glasses. 

Methyltetrahydrofuran, MTHF, was purified 
by the usual methods (2), but the final stages 
involved treatment with naphthalene and a 
sodium mirror on a vacuum line followed by 
distillation to a storage vessel containing a 
sodium mirror only. After several months there 
has been no deterioration of this mirror. Grease- 
less and O-ring free stopcocks were used through- 
out the vacuum system. Samples were prepared 
by distillation from the storage bulb to thin 
walled spectrosil e.s.r. tubes which had been 
flamed out at red heat. These were gamma 
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were refluxed in ethanol (3 ml) for 24 h. The reaction 
product was worked-up as described for the methylation 
of quinazoline. 

Incubation of the pseudo-base cation with methyl 
iodide in ethanol, under the same conditions that were 
used for the methylation of quinazoline, did not result 
in the methylation of N-1. 

Oxidation Experimerzts 
The pseudo-base was treated with a solution of 

potassium ferricyanide (1 M )  in aqueous potassium hy- 
droxide (1 M )  for 10-15 min. The oxidation products 
were extracted into chloroform; these extracts were dried 
over magnesium sulfate and the solvent removed on the 
rotary evaporator. Treatment of either the pseudo-bases 
or their oxidation products with strong alkali for excessive 
periods of time resulted in their decomposition products 
being present in the chloroform extracts. 
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The concentration of trapped radicals was found to decrease during the course of photobleaching 
trapped electrons in gamma irradiated 2-methyltetrahydrofuran glasses at 77 OK. 
Canad~an  Journal of Chemistry, 48, 3453 (1970) 

The electron spin resonance (e.s.r.) spectra of 
gamma irradiated 2-methyltetrahydrofuran 
glasses at 77 OK consists of a narrow singlet 4 G 
wide due to a trapped electron and a broad septet 
of linewidth 10 G and hyperfine spacing of 20 G 
due to a trapped radical (1-3). The reported 
e.s.r. studies have been in agreement apart from 
one exception, namely, the effects of photo- 
bleaching. Smith and Pieroni (4) reported that 
photobleaching led to the complete removal of 
the singlet together with one third of the radical 
septet; however, Shirom and Willard (5 )  report 
no change in the intensity of radical spectrum 
within + 2 % and Dainton and Salmon (2) report 

'For Part 111, see ref. 8 .  
=AECL No. 3699. 

"no significant change took place in the back- 
ground spectrum" (i.e. the radical) when the 
electron singlet was photobleached. We thought 
these differences were sufficiently important to 
re-investigate the photobleaching of these glasses. 

Methyltetrahydrofuran, MTHF, was purified 
by the usual methods (2), but the final stages 
involved treatment with naphthalene and a 
sodium mirror on a vacuum line followed by 
distillation to a storage vessel containing a 
sodium mirror only. After several months there 
has been no deterioration of this mirror. Grease- 
less and O-ring free stopcocks were used through- 
out the vacuum system. Samples were prepared 
by distillation from the storage bulb to thin 
walled spectrosil e.s.r. tubes which had been 
flamed out at red heat. These were gamma 
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FIG. 1. ~ l e c t r o n  spin resonance spectra of gamma irradiated MTHF glasses. (a) and (b),  center of spectrum at 
gain setting 25 before and after photobleaching. (c) and (d), high field lines of radical at gain setting 630 before and 
after photobleaching. 

irradiated in liquid nitrogen in the dark to doses 
of the order of 10" eV g-'. The e.s.r. spectra 
were recorded at low microwave power levels 
of about 0.01 mW, using a Varian low power 
bridge together with a resistive termination to 
ensure no dispersive contribution to the signal. 
Photobleaching was performed with the unfiltered 
output of a tungsten projector lamp. 

The e.s.r. spectra shown in Fig. 1 are only part 
spectra, i.e. only the central section before and 
after photobleaching is shown in (a) and (b) at 
gain setting 25 and only the high field lines of the 
septet are shown in (c) and (d) at gain setting 630. 
Clearly photobleaching leads to the complete 
removal of the singlet (see Fig. 1 (a) and (b)); in 
addition about 40% of the radicals are also 
removed (see Fig. 1 (c) and (d)). The decrease in 

the intensity of the radical septet was shown to be 
real because there was no change in the spec- 
trometer sensitivity during photobleaching when 
a dual cavity was used with a reference sample of 
bleached MTHF glass, and the line shape of the 
singlet is Gaussian which contributes to a 
negligible extent to the outer radical lines. The 
effects of photobleaching were studied in detail, 
the sample being bleached in situ for a few 
seconds followed by taking spectra at gain 
settings of 25 and 630 to monitor the changes of 
the trapped electron singlet and the radical 
septet, respectively. The results are summarized 
in Table 1. These show that the loss of electrons 
and radicals i.e. E(N0RM) and AR(N0RM) are 
closely correlated, implying that the fraction of 
electrons lost which lead to radical removal 
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NOTES 

TABLE 1 

Peak-to-peak first derivate electron spin resonance intensities as a function of 
photobleaching 

Bleaching 
time E* E ( N 0 R M )  R t  R - R ,  A R ( N 0 R M )  

'Intensity o f  electron signal a t  gain setting 25. 
tIntensity o f  second high field septet line at  gain setting 630. 

remains constant throughout the course of 
photobleaching. We find that the presence of 
comparatively large amounts of water, i.e. 
sufficient to give a cloudy glass due to precipita- 
tion of ice, has little effect either on the yield of 
trapped electrons or on the fractional loss of 
radicals during photobleaching. The presence 
of air led to a decrease in' the number of trapped 
electrons to about half the deaerated value; 
furthermore, the loss of radicals during photo- 
bleaching was completely inhibited. 

To account for the removal of radicals during 
photobleaching it is necessary to invoke mecha- 
nisms similar to those of Smith and Pieroni (4). 
These all involve the neutralization of positive 
charge to form hydrogen atoms followed by 
addition to the radicals; however, we were 
unable to detect any hydrogen atoms during 
photobleaching. This could mean that the 
radical and the positive charge are trapped close 
together and might be trapped on the same 
molecule as suggested by Smith and Pieroni (4); 
however, this is only one of several possible 
explanations. The comparatively small amounts 
of electron scavenger i.e. 0.03 mole% biphenyl 
(4) or oxygen, necessary to inhibit radical loss 
suggest that the electrons are trapped in locations 
far removed from the ~ositive charge and that 

u 

photobleaching causesL electrons to scan out 
large volumes of the matrix via successive 
detrapping and retrapping before encountering 
either the positive charge or an added solute. 
This model is essentially that of Dyne and 
Miller (6). 

The substantial agreement between the results 

r resented here and those of Smith and Pieroni 
(4) prompted us to closely examine the e.s.r. 
spectra of Dainton and Salmon (2). This revealed 
that their septet did in fact decrease in intensity 
by about one third when the electron was photo- 
bleached (7), although with respect to the singlet 
this decrease was only about two %.3 Therefore, 
our results together with those of Smith and 
Pieroni (4) and those of Dainton and Salmon (2) 
are in substantial agreement. We are at a loss to 
ex~la in  the results of Shirom and Willard (5).  
bu; we wish to point out that their procedure i'd; 
MTHF purification did not involve treatment 
with a sodium mirror. It is ~ossible that sodium 
removes other impurities which, like oxygen and 
biphenyl (4), would inhibit the loss of radicals 
during photobleaching. 

I. D. R .  SMITH and J .  J. PIERONI. Can. J. Chem. 43, 
876 (1965). 

2. F. S: DA~NTON and G .  A. SALMON. P ~ o c .  ROY. SOC. 
London. Ser. A. 285, 319 (1965). 

3. J .  LIN, K. TSUII, and F. WILLIAMS. J. Amer. Chem. 
SOC. 90, 2766 (1968). 

4.  D .  R .  SMITH and J .  J. PIERONI. Can. J. Chem. 43, 
2141 (1965). 

5. M .  SHIROM and J .  E. WILLARD. J. Phys. Chem. 72, 
1702 (1968). 

\ - -  --,- 
6.  P.-J. DYNE and 0. A. MILLER. Can. J. Chem. 43, 

2696 (1965). 
7.  G .  A. SALMON. Private communication. 
8. F. P. SARGENT. Can. J. Chem. 48, 1780 (1970). 

3The Dainton and Salmon spectra consist of a singlet 
of peak-to-peak intensity 2.66 in. and the penultimate 
high field radical peak is 0.20 in. After photobleaching 
the singlet, the radical intensity is 0.14 in. This decrease 
was measured more accurately on a photographically 
enlarged spectrum. 
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The vibrational spectra of C1F2 SbF,, BrF2SbF6, and ClO, SbF, 

H. A. CARTER AND F. AUBKE' 
Department of Chemistry, The University of British Columbia, Vancouver 8 ,  British Columbia 

Received April 24, 1970 

Infrared and Raman spectra of CIFZSbF6, BrFZSbF6, and C!OZSbF6 are reported. Vibrational fre- 
quencies for the BrFz+ cation are assigned. In all compounds varlous degrees of anionxation interaction 
are found. The symmetry of the anion is reduced but no internal similarity between the three spectra is 
recognizable. In addition, strong coupling of vibrational modes for BrF2SbF6 is observed. 
Canadian Journal of Chemistry, 48, 3456 (1970) 

Over the last years the study of fluoro and oxy 
cations of the heavier halogens has received much 
attention (I). Hexafluoroarsenates and antimon- 
ates are found to be a good source of hetero- 
cations, because the interaction of halogen 
fluorides or oxyfluorides with the strong fluoride 
acceptors can proceed under F- transfer. The 
four atom molecules ClF,, BrF,, and FClO, can 
serve well to illustrate this reaction type. The 
interaction results in the stable solid compounds 
ClF,SbF6 (2,3), BrF,SbF6 (4,5), and C10,SbF6 
(6, 7). Structural studies have been restricted to 
the Raman spectrum of ClF,SbF6 (8), an infrared 
spectrum of C10,SbF6 (9), and an X-ray diffrac- 
tion study of BrF,SbF6 (10). The structural 
interpretations of this class of compounds differ 
quite distinctively. The vibrational spectra of the 
related compounds C102AsF6 (1 1) and ClF,AsF6 
(12, 13) have been interpreted using a strictly ionic 
model as evidenced by elaborate force constant 
calculations. A more cautious approach (8-10) 
has found some evidence for anion+ation in- 
teraction via fluorine bridge bonding in these 
compounds. 

To clarify this point more fully for these related 
series of compounds, where a certain structural 
similarity would be expected, we have started a 
comparative study using infrared spectroscopy 
down to 250 cm-' and Laser Raman spectros- 
COPY. 

A study of a number of related nitrogen oxy 
and fluoro hexafluoroarsenates and antimonates 
(14) had established a narrow range for the five 
i.r. and Raman active fundamentals, some minor 
discrepancies interpreted as site symmetry effects 
notwithstanding. In this study, the SbF6- group 
has been found to be slightly more sensitive to- 
wards distortion. 

'To whom correspondence should be addressed. 

Experimental 
General 

A monel metal vacuum line was employed for material 
transfer in all preparations. Two-part reaction vessels of 
monel equipped with Hoke valves were used. The solids 
were handled in a dry box containing a dry nitrogen 
atmosphere. All compounds studied were found to be 
highly reactive and very corrosive. 

Materials 
Antimony pentafluoride (Alpha Inorganic Chemical 

Corp.) was added to the reaction vessel in the dry box 
after purification. Chlorine and bromine trifluoride were 
obtained from Matheson Co. and purified by distillation. 
Chloryl fluoride was prepared by the reaction of KC103 
with BrF3 according to Woolf (7). Except for the use of 
monel metal vacuum line equipment and reactors, the 
reported preparative routes were employed (3, 4, 7). The 
reactions were followed by weight, with the most volatile 
component in an excess. 

Instrumentation 
The i.r. spectra were recorded on a Perkin-Elmer 457 

grating spectrometer for the region of 400-250 cm-'. 
Silver chloride and KSR-5 windows were used (Harshaw 
Chemicals) in all cases without any mulling agent. Raman 
spectra were obtained on a Cary 81 spectrophotometer 
equipped with a Spectra Physics Model 125 He-Ne Laser 
as a source of exciting light. The samples were contained 
in flat bottom Pyrex or silica tubes (5 rnm 0.d.). The 
tubes were flame sealed after charging in a dry box. 

Results 

The infrared and Raman frequencies with their 
intensities for the three hexafluoroantimonates 
together with the frequencies for KSbF, are listed 
in Table 1. The Raman spectra in the range of 
900-300 cm-' for all three heterocation com- 
pounds are reproduced in the figure. 

Agreement with the previously published 
Raman spectrum of ClF,SbF6 (8) is good except 
for minor differences. We were not able to resolve 
a small splitting for v,(,,,~~ observed and inter- 
preted by Gillespie and Morton as a factor group 
splitting. In addition we find a shoulder of weak 
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TABLE 1 

The vibrational spectra of CIFzSbF6, BrFzSbF6, and C1O2SbF6 in crn-'* 

CIFzSbF6 C1O2SbF6 BrFZSbF6 KSbF6 

Infrared Rarnan Infrared Rarnan Infrared Rarnan Infrared Rarnan 

647 s 
604 s,sh 
582 mw 
375 rnw 
290 w,sh 
283 w,sh 

1290 s 1293 w 
1048 rns 1053 s 
810 vw 706 rn 
720 s,b 680 s 
680 s,b 649 vs 
670 s 592 rns 

715 rns 

523 rns 
495 ms 
370 w,sh 
285 m,sh 
270 rn,sh 
265 m 

706 vs 655 s 661 s 
693 w 270 s 575 s 
679 s 294 rn 
641 s 278 m 
552 vs 
523 rn 
493 rns 
367 rn 

265 s 

*v = very, w = weak, m = medium, s = strong, b = broad, sh = shoulder. 

intensity at 644 cm-l. We also agree with their 
reassignment of v,(,,,,+,. Some very weak ab- 
sorption peaks in our ClF2SbF6 spectrum are 
obviously due to C102SbF6 impurities, produced 
by hydrolysis or glass interactions. When Pyrex 
tubes are used as Raman cells, all SbF6- com- 
pounds showed very weak and diffuse back- 
ground bands at - 420 and - 370-'. 

The infrared spectrum of ClO,SbF, previously 
reported by us (9) is now extended down to 250 
cm-l. As discussed more fully in another paper 
(14), principal disagreement in the assignment of 
v, for the undistorted SbF,- exists. A previously 
reported value of 350 cm-' found for LiSbF, (15) 
is not confirmed even though the other assign- 
ments agree well. We find v, a t  270 cm-' for 
KSbF, as well as for NO- and NO,SbF, (14). 

Discussion 
Previously reported assignments for the cations 

C10,' (9, 11) and ClF,+ (8) are confirmed. 
As the only departure from previous reports, 
v , ( , , ~ , + ~  appears to be split in the infrared. 

Principal difficulties are encountered in the 
assignment of the vibrational frequencies v, and 
v, for BrF,+, because both are expected and 
found roughly in the same region as v, and 
v , ( ~ ~ , ~ - ) .  This leads to poor resolution noticeable 
particularly in the i.r. spectrum. The bending 
v2(BrF2+) is found at 366 cm-'. The intense vibra- 
tion at 706 cm-' in the Raman spectrum of 
BrF,SbF, is best assigned as v, and a strong 

shoulder in the infrared at 715 cm-' is assigned 
as v,, which is not resolved in the Raman 
spectrum. This tentative assignment is in good 
agreement with the C1F2+ bands. The extremely 
high intensity of v,(,~,,+, which is found to be the 
strongest peak in the Raman spectrum is in 
contrast to the intensity of vlC1F2+. Assignment 
of the vibrational frequencies for the SbF6- 
group is more difficult. Instead of the three 
Raman active modes v, [A,,], v, [E,], and v, [F,,] 
expected for octahedral symmetry, all spectra 
show far more lines. This is reiterated by the i.r. 
spectra. In addition no similarity between the 
spectra for the three compounds is found. 

Since no high resolution i.r. spectra for the 
compounds are available and the resolution of the 
low frequency bands in the Raman spectra is not 
too good, the discussion will be restricted to the 
higher frequency range shown in the figure. In- 
volving the three fundamental frequencies v,, v,, 
and v, of the SbF6- group, found at 661,575, and 
655 cm-', respectively, for KSbF,. 

The least difficulties are expectedfor BrF,SbF,, 
where the known crystal structure (10) should aid 
in interpreting the vibrational spectrum. As ex- 
pected for a cis-fluorine bridged SbF, group, the 
symmetry is lowered from 0,  to C,,. In addition, 
arrangement of BrF,SbF, in polymeric coiled 
chains with two molecules in the same chain per 
unit cell will lead to an overall symmetry D,. The 
reported Br-Fbridgin, distance of 2.29 A is longer 
than the Br-F single bond distance of -1.70 A 
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TABLE 2 

Correlation diagram for the XF, species 
-- 

Free Distorted Molecule in 
Vibrational molecule molecule chain 

mode (0,) (C2J ( 0 2 )  

V I  Als A I A + B2 

v2 Ec A1 A + B2 
B2 B3 + B1 
A1 A + B2 

v3 (or v4)  FI u BI B3 + Bi 
B2 Bs + BI 
A 1 A + B2 

v5 F2g A2 A + B2 
- - . . . - -. . . .. . . BI B3 + B1 

but shorter than the sum of the Van der Waals 
radii of about 3.30 A. Therefore, the coupling of 
SbF, groups via BrF, units appears to be quite 
strong and has to be invoked to explain the multi- 
tude of bands found for the compound in the 
vibrational spectrum. 

A brief correlation diagram illustrating the 
symmetry lowering and the coupling is found for 
the three fundamentais in Table 2. The absorption 
bands which are the components of v, can be 
assigned. One finds in the infrared spectrum, BrE Sbk 
bands at 535 (B,), 523 (B,), and 495 (B,) cm-' as 
expected. Only three of four expected modes 
appear in the Raman spectrum, 552 (A), 523 (B,), 
and 493 (B,) cm-', and it is assumed that the B, 
band in the Raman is obscured by the very in- 
tense band at 552 cm-'. 

I t  is also relatively easy to assign the two 
remaining A modes originating from v, and v, as 
the strong bands found at  678 and 641 cm-', 
respectively. Assignment of the weaker B modes 
in the Raman spectrum is very difficult due to the 
closely spaced A modes and v,(,,,~+, at 706 cm-'. 
Only a weak shoulder is found at 690 cm-' which 
is tentatively assigned as originating from v,. The 
above mentioned high intensity of the 706 cm-' 
band suggests coupling between all the different 
A modes. 

It  should also be pointed out that coupling will 
likewise affect the BrF,' vibrations, and for the I I I I I I I 

chain modes, four components for v, and v, are goo 800 700 600 500 400 300 

expected of the type A,-B,, B,, and B,.  hel lack 
of resolution in the infrared region and the closely 

Wavenumber (cm-I ) 
spaced bands in the Raman region do not allow a ape16;S&y Raman 'peCtra of BrF2SbF6, 

complete assignment beyond the point where the 
706 cm-' band is assigned as the A mode and the 
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715 cm-' shoulder as B, or B,. It may also be 
possible that the shoulder at 690 cm-' is better 
assigned as B, and belonging to BrF,+. Finally 
some of the B modes originating in v, and v, are 
found at 673, 663, and 638 cm-' and again 
coupling and superposition may occur. 

A similar approach cannot be used for the two 
remaining compounds C10,SbF6 and ClF2SbF6 
where the crystal structures are unknown. 

The previous interpretation of the ClF2SbF6 
spectrum (8) has invoked an identical molecular 
model as found for BrF,SbF6 (10). This is not 
confirmed by the vibrational spectra of both, 
compounds. The apparent dissimilarity between 
the vibrational spectra for both compounds can 
have various reasons such as different crystal 
structures, a weaker ClF,+ linkage so that no, 
coupling of vibrations can occur, or an entirely 
different molecular structure. The splittings 
found for v, and v, and the relaxation of the 
mutual exclusion rule for the 647 cm-' band are 
in our opinion sufficient evidence for anion- 
cation interaction. 

No certain assignment is possible for SbF6- in 
CI02SbF6. Strong Raman active bands are found 
at 706, 680, and 649 cm-' in the region of v,. 
Here, v, appears not to be widely split; the small 
splitting of 4 cm-' may possibly be caused by the 
crystalline field. These features are difficult to 
reconcile but again departure from an ionic model 
is apparent. Similar features as the shift of the 
anion frequencies to higher wavelengths are also 

found for (C1O2),SnF6 and are discussed there 
more fully (16). 

We gratefully acknowledge the financial support re-' 
ceived from the National Research Council of Canada. 
We are indebted to Dr. A. V. Bree for helpful discussion 
of the vibrational spectra and to Mr. E. Matter for his 
help in building the monel vacuum line and the metal 
reactors used in this study. 
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Nitric oxide was found to be an autocatalyst in the reaction of acetic acid and nitrogen dioxide at 
470 and 527 "K in the vapor phase. The observed products, in addition to NO, were CO, CO,, and 
CH3N02.  
Canadian Journal of Chemistry, 48, 3459 (1970) 

Autocatalysis by NO was observed in the re- effects which were found in the reaction of NO, 
action of NO, with formic acid (1) but not in the with formaldehyde were interpreted in terms of a 
reactions of NO, with formaldehyde (2), acet- chain mechanism (5). However, the origin of the 
aldehyde (3), glyoxal(4), and some other organic hydrogen isotope effects in the reaction of NO, 
molecules. The peculiar hydrogen kinetic isotope with formic acid is still obscure (6) and the 
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715 cm-' shoulder as B, or B,. It may also be 
possible that the shoulder at 690 cm-' is better 
assigned as B, and belonging to BrF,+. Finally 
some of the B modes originating in v, and v, are 
found at 673, 663, and 638 cm-' and again 
coupling and superposition may occur. 

A similar approach cannot be used for the two 
remaining compounds C10,SbF6 and ClF2SbF6 
where the crystal structures are unknown. 

The previous interpretation of the ClF2SbF6 
spectrum (8) has invoked an identical molecular 
model as found for BrF,SbF6 (10). This is not 
confirmed by the vibrational spectra of both, 
compounds. The apparent dissimilarity between 
the vibrational spectra for both compounds can 
have various reasons such as different crystal 
structures, a weaker ClF,+ linkage so that no, 
coupling of vibrations can occur, or an entirely 
different molecular structure. The splittings 
found for v, and v, and the relaxation of the 
mutual exclusion rule for the 647 cm-' band are 
in our opinion sufficient evidence for anion- 
cation interaction. 

No certain assignment is possible for SbF6- in 
CI02SbF6. Strong Raman active bands are found 
at 706, 680, and 649 cm-' in the region of v,. 
Here, v, appears not to be widely split; the small 
splitting of 4 cm-' may possibly be caused by the 
crystalline field. These features are difficult to 
reconcile but again departure from an ionic model 
is apparent. Similar features as the shift of the 
anion frequencies to higher wavelengths are also 

found for (C1O2),SnF6 and are discussed there 
more fully (16). 
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Autocatalysis by NO was observed in the re- effects which were found in the reaction of NO, 
action of NO, with formic acid (1) but not in the with formaldehyde were interpreted in terms of a 
reactions of NO, with formaldehyde (2), acet- chain mechanism (5). However, the origin of the 
aldehyde (3), glyoxal(4), and some other organic hydrogen isotope effects in the reaction of NO, 
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TABLE 1 

Summary of the results of complete reactions a t  526.5 OK* 

CH3COOH NO2 Product, moles x lo6 
Exp. 
NO. P o  N o  P o  N o  APr CO C 0 2  CH3N0, NO APo/Ar 

'Po ,  initial pressure in mm Hg; No initial concentration in moles x lo6; AP,, final pressure change in mm Hg; APo/At, initial rate ofpressure 
rise in mm Hg s-1. 

tExcess acetic acid. 
$Results in this row are average of 5 to 8 runs. 
§No analysis. 

mechanism of the autocatalysis is unknown. The 
possibility was considered that autocatalysis is 
specifically related to  the carboxyl group. In 
order to test this hypothesis information on the 
reactions of NO, with other carboxylic acids is 40 

required. In this note some results of an ex- 
ploratory study of the reaction of NO, with acetic 
acid are reported. Further details may be found in 
ref. 7. 30 

- 
Experimental E E - 

The apparatus and procedure were similar to  those a 
previously described (6). Glacial acetic acid and acetic a 
acid prepared from acetic anhydride were used. Acetic 2 0  
acid-d (CH3COOD) was prepared from acetic anhydride 
and D 2 0  (7). 

The products were divided into three fractions, the 
first collectable by toepler pump a t  -220 "C, the second 
a t  - 120 "C, and finally the residue. The first fraction, 
mainly CO, was oxidized over hot CuO. The second lo 
fraction, mainly C 0 2  and NO, was analyzed using a trap 
at - 160 "C. The residue was analyzed for CH3N02 in a 
gas infrared cell with CaF2 windows. Attempts were 
made to detect N 2 0  in the C 0 2  by means of gas chroma- 
tography using a silica gel column, and by using caroxite. 

0 10 2 0  3 0  

Results TIME 1 1 0 0  s 

FIG. 1 .  Pressure-time curves at 526.5 "K. Reactant 
Examples of pressure-time curves a t  526.5 OK pressures are initial pressures. Experiment 29: V, 

are illustrated in Fig. 1 .  Product yields, pressure ~ H $ ~ ~ ~ ~ ~ ~ ; n 6 1 ; 1 ~ ~ ~ 2 0 f o ~ " m ; ~ ~ ~ ~ k ~ ~ d n ~ ~ ~ ~  
changes, and initial rates of pressure change are ., CH,COOH 19.6 mm, 60.4 mm, NO, 19.7 mm; 
listed in Table 1.  Mole fractions of products experiment 50: 0, CH3COOH 56.0 mm, NO2 60.4 mm. 

assumed to arise from the methyl group are listed 
in Table 2. The cumulative analytical errors are fractions, respectively, but were not identified 
such that about 5% of the nitrogen or of the and if present do not exceed 1% of the total 
carbon could be present as products other than nitrogen. 
CO, CO,, CH,NO,, or NO. Small amounts o f N 2  The rates of pressure rise are not particularly 
or of N 2 0  were suspected in the C O  and CO, useful because of the complicated stoichiometry 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 3461 

TABLE 2 

Fate of the methyl group* 

Mole fraction of 
methyl group products 

Po Po 
CH3COOH NO2 CO CH3N02 CO 

*Po ,  initial reactant pressures in rnrn He. 

and also because of the concurrent decomposition 
of NO,. In any further study of the reaction the 
technique of Gagarina and Emanuel might be 
used, in which NO, is added first and the NO,, 
O,, and NO are allowed to approach equilibrium 
before the organic compound is added (8). 

Experiments carried out at 470 OK, not re- 
ported here, gave results which were essentially 
the same as those at 527 OK. 

Discussion 

The shapes of the pressure-time curves are 
characteristic of autocatalytic reactions in which 
the rate expression contains a non-autocatalytic 
term, since the rate does not approach zero at 
zero time. In fact the curves resemble those 
observed for the reaction of NO, and formic 
acid (1, 6). The pressure-time curve of experi- 
ment 27, Fig. 1, with NO added initially, shows 
that NO is a catalyst. The results are consistent 
with the suggestion that the carboxyl group is 
related to catalysis by NO and indicate that 
further work should be profitable. However, 
since the oxidation of CH, by NO, is catalyzed 
by NO (at much higher temperatures) (8) the 
autocatalysis cannot be viewed as being due to 
some unique property of the carboxyl group. 

The observation ofa hydrogen isotope effect, as 
in experiment 28B, indicates the importance of 
carboxyl hydrogen abstraction. 

Since the quantity of CO, which is produced 
in experiments with excess NO, (Table 1) exceeds 
that available from the carboxyl group, the methyl 
group is partially oxidized to CO,. By assuming 
that the carboxyl group appears entirely as CO,, 
the proportions of CO, CO,, and CH,NO, 
which are formed from the methyl group have 
been calculated and are listed in Table 2. Al- 
though reactions are known which are consistent 
in a qualitative way with the fate of the methyl 
group, the observed variation in the ratio [CO,]/ 
[CO] as a function of pressure of NO, could not 
be accounted for. In columns 7-10 of Table 1 it 
can be seen that the final pressure change is 
smaller at a high pressure than at a low pressure 
of acetic acid, indicating that a high pressure of 
acetic acid favors formation of CH,NO,. This 
observation also could not be explained. 

The results of this exploratory study indicate 
that a more detailed investigation should move - 
interesting in connection with reactions involving 
the methyl group as well as with the mechanism 
of autocatalysis. 

Financial support from the National Research Council 
of Canada is gratefully acknowledged. 
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Ionic reactions occurring in the irradiation of carbon dioxide - oxygen mixtures 
at very high dose rates' 
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Ozone yields have been measured in C02 -0 ,  mixtures irradiated with single p~rlses from a Febetron 
705 at a dose rate of eV g - '  s - ' .  Low concentrations of carbon dioxide in oxygen rapidly reduce the 
yield from G ( 0 3 )  = 12.8 to G ( 0 3 )  z 9. At 300 Torr total pressure, as the oxygen concentration is 
reduced, the ozone yield decreases from this yield of  G(0,) z 9 to an  extrapolated yield, at  zero oxygen, 
of close to G ( 0 3 )  = 7.8. Changes of yields with composition are explained in terms o f  ionic reactions, the 
main neutralization process being 

At 700-1500 Torr total pressure, the ozone yields are lower than that at 300 Torr. I t  is proposed that 
clustering of the ionic species affects the products of the neutralization reaction. 

Sulfur hexafluoride suppresses the dissociative neutralization reaction and ozone yields from mixtures 
containing I .S-20,< SF6 are those predicted from direct neutral dissociation processes in the pure gases. 

Computer calculatjons are used to compare the experimental res~llts to the proposed mechanism and,  
in general, a good fi t  is obtained. 

Canadian Journal or Chemistry, 48. 3463 (1970) 

Introduction 

Previous studies of the radiation chemistry of 
carbon dioxide - oxygen mixtures have been 
reported by Anderson and Best (1) and by 
Meaburn et al. (2). 

Anderson and Best (1) carried out a very 
detailed study of the system at  dose rates from 
10" to  10'' eV g-Is-'. In discussing the ionic 
mechanism they were unable to present precise 
conclusions. They did suggest, on kinetic 
grounds, that 0,- and C0,- would be the 
predominant negative ions and that one or both 
of these was responsible for the rapid re-oxida- 
tion of carbon monoxide observed in the radiol- 
ysis of carbon dioxide at low dose rates (3). 

Meaburn et al. (2) irradiated carbon dioxide - 
oxygen mixtures with single electron pulses at  the 
much higher dose rate of about 2 x lo2' eV 
g-Is- '  as part of a survey of reactions of oxygen 
atoms. They studied the effect of sulfur hexa- 
fluoride on the yields but reported only isolated 
results which did not allow general conclusions 

'AECL No. 3701. 

to be made. They suggested that energy transfer 
from carbon dioxide to oxygen was important 
in the radiolysis so as to  preclude any quantitative 
mechanistic speculations. However, they did 
speculate that either CO,- or C0,- was involved 
in the radiolysis mechanism. 

We have previously studied the radiation 
chemistry of both pure oxygen (4) hnd pure 
carbon dioxide (5) with single electron pulses a t  
high dose rates of 1026-1027 eV g-Is-' ,  con- 
ditions similar to  those of Meaburn et al. (2). As 
a result of these studies, we felt that the carbon 
dioxide - oxygen system warranted further study. 
We have measured ozone yields over the whole 
range of composition, with and without the 
addition of sulfur hexafluoride. A fairly complete 
ionic mechanism is proposed based on known 
reactions and, in particular, the ion neutraliza- 
tion steps are examined in detail. 

Experimental 
Irradiations 

The source of electron pulses used in these experiments 
is a Febetron 705. This gives single, very intense pulses 
which were used to irradiate the gas mixture contained in 
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100,300 AND 400 TORR   RE^^^^^ 

________----------------- 

0 I/ I I I I I I I I I I 
0 20 40 60 80 100 

MOLE PERCENT OXYGEN 

FIG. I. Ozone yields from C02-O2 mixture at 100, 300, and 400 Torr total pressure. 0, 100 Torr dose rate 2 x 
loz6 eV g-Is-'; 0 , 3 0 0  Torr dose rate 2 x 102%V g-Is- ' .  , x ,  400 Torr dose rate - 10'' eV ggls-I;  -, results taken 
from ref. 2; ----, yields in presence of SF6 taken from Fig. 3. 

a stainless steel cell fitted with a multiple reflection 
mirror system. More complete details are given elsewhere 
of the irradiation procedures and optical techni'ques 
( W .  

Ozone Analysis 
Ozone was determined by its optical absorption at 

254 nm using the decadic extinction coefficient as (9, 10) 

E~~~ ,,,,, = 135 cm-' S.T.P. 

The gas mixture in the cell was irradiated and the absorp- 
tion at 254 nm measured about 200 ms after the irradia- 
tion pulse, when the ozone concentration had reached a 
limiting value. The ozone yield for a particular sample, 
then, was obtained by comparicg the optical density at 
this wavelength to that obtained for pure oxygen. The 
usual corrections for pressure and relative stopping 
powers were made in calculating relative doses. 

No carbon monoxide yields are presented as attempts to 
measure small concentrations of carbon monoxide in the 
presence of a large excess of oxygen have not given 
sufficient precision for the values to be meaningful. 
Dosimerry 

The mean dose absorbed in the cell over the volume 
illuminated by the analyzing light was determined by 
irradiating pure oxygen at various pressures. The yield 
of ozone from pure oxygen at pressures from 100-800 
Torr at dose rates of 1025-1027 eV g-ls-l can be taken 
as G(03) = 12.8 + 0.6 (2, 4, 11, 12). For the conditions 
of the present experiments, the mean dose in the cell was 
about 0.1 Mrad per pulse delivered at a dose rate of 
approximately loz6 eV g-Is-'. 
Materials 

The oxygen, Matheson C.P. grade, was used directly 
from the cylinder. The carbon dioxide, Matheson 
"bone-dry", and sulfur hexafluoride, Matheson C.P. 
grade, were outgassed prior to use. All gas mixtures were 
thoroughly mixed by thermal cycling before irradiation. 

Results 
The ozone yields from single pulse irradiations 

of carbon dioxide - oxygen mixtures at  a total 
pressure of 100 and 300 Torr are given in Fig. 1. 
Included on this figure are results taken from the 
paper of Meaburn et al. (2) for a total pressure 
of 400 Torr and a dose rate of 2 x eV 
g-'s-'. Actual values reported by Meaburn 
et a[. (2) are based on nitrous oxide dosimetry 
taking G(N2) = 10. As we have discussed else- 
where ( 9 ,  the value a t  2 x eV g-'s-' 
should be close to G(N2) = 12.4 and all values 
taken from this paper are corrected to this latter 
nitrogen yield. 

The results show a rapid decrease in ozone 
yield from G(03) = 12.8 for pure oxygen to  
G(0,) z 9 for 90% oxygen. As the amount of 
oxygen in the mixture is further decreased, the 
ozone yield decreases slowly until a t  - 20% 
oxygen the yield starts to decrease again more 
rapidly. 

Ozone yields for carbon dioxide - oxygen 
mixtures a t  total pressures of 700 and 1500 Torr 
are given in Fig. 2. The values shown are qualita- 
tively similar to those a t  the lower pressures 
given in Fig. 1 but are some 10-15% lower 
between 20 and 80 % oxygen. 

A limiting value for the ozone yield from pure 
carbon dioxide a t  700 Torr for the present experi- 
mental conditions (stainless steel optical cell, etc.) 
a t  a dose rate of eV g-'s-' has been mea- 
sured to  be G(0,) < 0.2. This is comparable to 
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12 
r 7 0 0  AND 1500 TORR PRESSURE 

MOLE PERCENT OXYGEN 

FIG. 2. Ozone yields from CO1-OZ mixtures at 700 and 1500 Torr total pressure. 0, 700 Torr dose rate 2 x 10'" 
eV g-Is-'; 0, 1500 Torr dose rate 2 x l oz6  eV g-Is-' ; ---, yields in presence of SF, taken from Fig. 3. 

,2  3 0 0  AND 7 0 0  TORR PRESSURE 

10 

- I 
0 20 40 60 80 100 

MOLE PERCENT OXYGEN 

FIG. 3. Ozone yields from C02-0,  mixtures at 300 and 700 Torr total pressure containing 1 5 2 . 0 %  SF,. 0, 300 
Torr dose rate 2 x loz6 eV g-',-I; 0, 700 Torr dose rate 2 x eV g-Is-'. 

that previously reported (5) for the higher dose 
rate of 2 x loz7 eV g-ls-l  where G(0,) d 0.1. 

The effect of SF, on the product yields as a 
function of concentration has been previously 
reported for both pure oxygen (4) and pure 
carbon dioxide (5). In both cases, at a dose rate 
of 2 x eV g-ls-l ,  0.1-0.2 mole"/, SF, was 
sufficient to produce a limiting effect. Ozone 
yields from carbon dioxide - oxygen mixtures at 
300 and 700 Torr total pressure in the presence 
of 1.5-2.0 mole% added SF, are shown in Fig. 3. 
The results obtained at the two pressures are 
indistinguishable. Addition of SF, markedly 

reduces the observed yield of ozone throughout 
the range of compositions. Furthermore, the 
marked decrease in ozone yields on adding an 
amount of carbon dioxide to oxygen is not 
observed in the presence of SF,. 

Discussion 
There is agreement between our ozone yields 

and those of Meaburn et al. (2) as shown in Fig. 1. 
It is the purpose of the following discussion to 
examine the underlying radiolytic mechanism 
which results in the yields observed'. 

The immediate precursor of all ozone formed 
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TABLE 1 
Yields of primary processes in oxygen and carbon dioxide 

-- -- 
-- 

Oxygen* Carbon dioxide? 

Yield Yield 
Process (G units) Process (G units) 

Yield of 0 atoms (excluding ion-rnolec~~le and ion-neutralization reactions) 
--- --- -- 

Oxygen Carbon dioxide 

'Yields taken from ref. 4. 
?Yields taken from ref. 5. 

in the radiolysis of carbon dioxide - oxygen 
mixtures is an oxygen atom. Meaburn et al. (2) 
have shown that "the pseudo-first order plots of 
ozone formation in carbon dioxide-oxygen 
mixtures are strictly linear and can be interpreted 
in terms of a single reaction, 

[I 1 0(3P) + O2 + M -> O3 + M "  

They could not exclude prior deactivation of 
O('D) or the participation of the CO, molecule. 
However, their results show that ozone has no 
direct ionic mode of formation in the system. 

The oxygen atoms produced in irradiated 
carbon dioxide - oxygen mixtures have two 
distinct origins: neutral, dissociative excitation 
processes, and ionic processes. 

The primary processes and their yields for 
pure oxygen and pure carbon dioxide are sum- 
marized in Table 1. These values and their deriva- 
tions are discussed fully in the two papers referred 
to. This table is presented here as the yields of the 
various primary processes will be used through- 
out the following discussion. 

Yields in the Presence of SF, 
Sulfur hexafluoride reduces the yields of 

products of radiolysis of oxygen and of carbon 
dioxide by suppressing dissociative neutraliza- 
tion of ions (4,5). The total yield of oxygen atoms 
from oxygen for processes other than dissociative 
neutralization will be that from direct dissociative 
excitation, shown in Table 1, plus that produced 

from the small amount of 0' present via reac- 
tion 2.2 

The yield of oxygen atoms from pure oxygen in 
the presence of SF,, then, is 

The oxygen atom yield from carbon dioxide 
when dissociative neutralization is suppressed 
should be G(0) = 4.65. The 0' ions in carbon 
dioxide do not directly yield oxygen atoms but 
react via reaction 3 to give O,', yielding oxygen 
atoms only on dissociative neutralization. 

Thus the yield of ozone formed in carbon 
dioxide - oxygen mixtures containing SF, is 
expected to give an extrapolated yield for 100% 
carbon dioxide of G(0,) = 4.65 representing 
the yield of oxygen atoms. The yield of ozone 
should then vary with composition from 
G(03) = 4.65 to 6.2 from 0 to 100% olygen. 

The ozone yields in the presence of SF,, 
shown in Fig. 3, are in very good agreement 
with the predictions made from the pure gases. 
The yield of ozone decreases steadily from 
G(03) = 6.2 + 0.5 for pure oxygen to an 
extrapolated yield of G(0,) = 4.5 + 0.5 for 

'All references to ionic reactions are given in Table 3 
and will not be generally referred to throughout the text. 
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pure carbon dioxide. The fall-off in measured 
ozone yields below ,- 25 % oxygen is presumably 
due to inefficient scavenging of oxygen atoms by 
the oxygen as discussed by Meaburn et al. (2). 

The agreement between the predicted and 
experimental yields for these conditions excludes 
serious complications from energy transfer from 
carbon dioxide to oxygen as suggested by 
Meaburn et al. This suggestion was made as the 
value of the rate constant estimated for reaction 
4 was an order of magnitude higher than that 

generally accepted in the literature. They pro- 
posed that "energy transfer from carbon dioxide 
to oxygen leads to an instantaneous increase in 
oxygen atom concentration and a consequent 
over-estimate of the pseudo-bimolecular rate 
constant". We find no evidence for such energy- 
transfer processes. 

I Ionic Processes 
Positive Ions 
The predominant positive ions formed in 

1 oxygen and carbon dioxide will be 0,' and 
CO,'. However, for the sake of completeness, 

I 
the fates of the other ions formed will be 
examined. 

In pure oxygen, O f  rapidly reacts to give 
0,' via reaction 2. Addition of carbon dioxide 
should not affect the production of 0,' as O+ 
can react with carbon dioxide to give 0,' via 
reaction 3. 

The situation for the minor ions produced 
from carbon dioxide is more complex. Initially 

I formed CO' and C', in pure carbon dioxide, 
will react as in [5] and [6] .  Thus most positive ions 

[5 I CO+ + C02 -> C02+ + co 

will react to give CO,' except for 0,+ formed 
from 0'; and the C0,' ion in carbon dioxide 

1 

at the pressures of the present experiments will 

I 
rapidl;form C204+ (16,23) via reaction 7. 

I 
I 

t71 coz + + 2 c 0 2  --, C204+ + coz 
Addition of oxygen to carbon dioxide will 

I significantly change the reactions of the positive 
ions discussed above. As the concentration of 

oxygen is increased CO+ will tend to react via [8] 
instead of [5] 

and C' via [9] instead of [6]. Moreover, 

CO,' and presumably C,O,', as will be dis- 
cussed below, can also react with oxygen, 
yielding 0,'. 

[lo1 CO,+ + 0, -> o,+ + co, 
[11] Cz04+ + 0 2  -> 0.2' + 2C02 

When sufficient oxygen is added, then, all positive 
ions will end up  as 0,' provided neutralization 
does not intercede. 

Negative Ions 
In both oxygen and carbon dioxide the pre- 

dominant negative species formed initially will 
be the electron. Thermal electrons can attach to 
oxygen, via reaction 12, but apparently 

[I21 e + O2 + M -> 02- + M 

thermal electrons cannot attach directly to  
carbon dioxide. A very recent report (24) has 
shown C 0 2 -  to be stable but it is almost certainly 
a bent molecule and Franck Condon factors may 
exclude a rapid thermal attachment process (25). 
In pure oxygen, then, 0,-, or a more complexed 
form (0,,,-) (4), will be the predominant negative 
species and in pure carbon dioxide the negative 
species will initially be the e l e ~ t r o n . ~  

In  carbon dioxide - oxygen mixtures the 
0,- ion formed can react further to  give C04- 
(21). 

[I31 0 2 -  + CO2 + M -t Cod- + M 

Whether C04-  or 0,- is the predominant 
negative ion depends on concentrations, pressure, 
and dose rate. 

Neutralization Reactioils 
We are now in a position to consider the 

product yield formed from the neutralization 
reactions. Which ions are involved in the neu- 
tralization step, for the dose rates of the present 
experiments, will be very dependent upon the 

3Rigorously, this is only applicable for very low doses 
at very high dose rates. As oxygen is produced by the 
radiolysis it can compete for the electron with the 
neutralization step and at low dose rates (1016 eV g-' 
s-I),  only very low doses will be required to produce 
sufficient oxygen for the 0,- ion to be formed. 
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mixture considered. Below, by computer cal- 
culation, the contributions of each process will 
be given; however, 'the products of neutralization 
must first be considered. 

In pure carbon dioxide the neutralization step 
will be 

This reaction gives one oxygen atom as we have 
discussed elsewhere (5). In pure oxygen the 
neutralization step will be of the form 

In reporting our results for pure oxygen (4) we 
discussed various neutralization processes in- 
volving the 0,' ion. Briefly, we concluded that 
if the electron, 0 , - ,  or 04- ions were involved, 
dissociative neutralization occurred yielding 
two oxygen atoms as shown in reaction 15. This 
reaction involving the electron or 0,- has been 
treated theoretically by Chan (26, 27) who pro- 
poses an "electron-jump" tunnelling mechanism 
for the neutralization step. In ref. 4, we also 
considered neutralization by SF,-, c-C4F,-, 
and 0,- and concluded that two oxygen atoms 
were not formed (i.e. no dissociation of 0,' on 
neutralization). We were unable to determine if 
there was any dissociation of the negative species. 

In carbon dioxide-oxygen mixtures the 
neutralization step, in addition to the reactions 
just given, will also include reactions of the form 

and 

1141 02+ + cO4- -t products 

Based on the "electron-jump" mechanism for 
neutralization by 0,- ,  it is reasonable to suppose 
that the products of reaction 20 will be similar to 
those formed from neutralization of C204+  by 
the bare electron, as in reaction 18. However, we 
cannot make any such predictions for the prod- 
ucts of reaction 14. 

There are three possibilities for this reaction: 

(i) positive ion dissociation 

(ii) non-dissociative neutralization 

(iii) negative ion dissociation 

The first of these, [14a], gives two oxygen atoms 
per neutralization; the second, [14b], none; and 
the third, [14c], one. As we shall see below, of 
these three possibilities only the process involving 
negative ion dissociation, [14c], giving one 
oxygen atom and one carbon monoxide molecule 
per neutralization, is consistent with the experi- 
mental results. 

As is reported below in the section presenting 
computer calculated results, for carbon dioxide - 
oxygen mixtures between 30 and 70% oxygen, 
the predominant neutralization reaction is [14]. 
As carbon dioxide is added to oxygen, the 
measured ozone yields at all pressures shown in 
Figs. 1 and 2 decreases from the pure oxygen 
value of G(O,) = 12.8 4 0.6 where two oxygen 
atoms are formed per neutralization. The ozone 
yields extrapolated from intermediate mixtures 
(30-70% oxygen) shown in Fig. 1 give G(03) = 
9.3 f 0.5 for 100% oxygen and G(03) = 7.7 f 
0.5 for 100% carbon dioxide. Subtracting from 
these values, the contributions from processes 
other than neutralization, the extrapolated 
yields from neutralization processes are, for 
100% oxygen, 9.3 - 6.2 = 3.1 and for 100% 
carbon dioxide 7.7 - 4.6 = 3.1. Within experi- 
mental error these are equal to the ion pair yield 
for each of the gases, Wo2 = 30.6 eV per ion 
pair (28); WCo2 = 33.1 eV per ion pair (29). One 
ozone (and hence one oxygen atom) then must 
be produced from each ion pair (i.e. per neutrali- 
zation). 

In this context it is important to note that 
Meaburn et al. (2) report that the yield of carbon 
monoxide from carbon dioxide is unaffected by 
up to at least 1 % added oxygen. Since, at their 
dose rate, this is sufficient to significantly reduce 
the amount of C,04+ ions in the neutralization 
step and since, in pure carbon dioxide, one 
molecule of carbon monoxide is produced per 
neutralization, this observation strongly supports 
the above prediction that one carbon monoxide 
molecule is produced for each 0,+ ion neu- 
tralized. 

Computer Calculations 
Computer calculations have been used t o  

estimate the detailed contributions ofall reactions 
to the final yields. The program used, originally 
written by Schmidt (30) as WR 16, calculates 
the concentrations of all species as a function of 
time during and following the irradiation pulse. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WILLIS A N D  BINDNER: IRRADIATION O F  CARBON DIOXIDE - OXYGEN MIXTURES 

TABLE 2 

Primary yields in carbon dioxide - oxygen mixtures 
- --- pppp--p -- 

Percentage 
of dose Initial yields (G units) 

Percentage absorbed - 
oxygen in oxygen C02+ CO+ O+ C + 0 2  + CO 0 e 

TABLE 3 
Ionic reactions in irradiated carbon dioxide-oxygen mixtures 

Rate constant Reference No. 
Reaction (cm3 molecule-' s-I)  or footnote 

--P~~----- 

[2 1 O+ + 0, -> 02+ + 0 2 +  1 x 1 0 - l 1  13 
13 1 O+ + CO, -> 02+ + CO 1 . 2 ~  lo-= 13, 14 
15 1 CO+ + C0, -t CO,+ + C 0  1 .  1 x 1 5  

- .. 

f7 j  co2+ + 2co; + c 2 0 4 +  + CO, 3 x i o - 2 8  

181 CO+ + 0, -> o z +  + co 2 . 0 ~  1 0 - ' O  
[9 I c + + o , - . C O +  + o  l . O + O . l  x 1 0 - l o  

[I01 co,+ + 0 2  + 0 2 +  + co, 1 . o x  1 0 - ' O  
11 1 I c2o,+ + 0, -j 0 2 +  + 2C0, 1 . o x  1 0 - ' O  

o,+ +CO,- -> products 2x 1 0 - 6  i- " 

'This rate constant has units cm6 molecule-2 s-1. 
tThis rate constant is assumed. 
$With 0, as third body the rate constant is reported as 1.4 + 0.2 x 10-29 (300/T)e-600'r cm6 molecule-2 s-I  

(19) and with C 0 2  as the third body as 3.3 + 0.7 x lo-" cm6 molecule-2 s - '  between 300 and 525 "K (20). 
$With 0, as third body the rare constant is reported as 2 x cm6 molecule-2 s-1 and with C 0 2  as third 

body as 9 x 10-30 cm6 molecule-2 s- '  (21). 

We have used this program before for extensive 
calculations of this type (4, 31). The primary 
yields of species, as a function of oxygen concen- 
tration in the mixture, are given in Table 2. These 
were interpolated from the yields in the pure gases 
assuming energy absorption proportional to 
electron density. The irradiation pulse was 
approximated by a step function w i t h  ns steps. 
The ionic reactions of importance in carbon 
dioxide - oxygen mixtures and their rate con- 
stants used in the program are given in Table 3. 

The calculated concentrations of ionic species 
as a function of time during and following the 

Febetron pulse are shown graphically in Figs. 
4a, 4b,4c for 10, 50, and 90% oxygen in carbon 
dioxide. The Febetron pulse shape is the same 
as that given elsewhere (4, 31) and is not repeated 
on the figures. Species given in Table 3 but not 
shown on the figures had maximum concentra- 
tions of less than M. 

It is clear from the figures that the predominant 
ionic species predicted are: 02' ,  CO4-, C204', 
0 , - ,  and the electron. These species vary in 
importance with oxygen concentration very much 
as might be expected. Clearly none of the frag- 
ment ions from carbon dioxide (CO', O', C') 
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0 
0 20 40 60 0 20 40 60 0 20 40 60 80 

TIME (ns) 
FIG. 4. Calculated concentration of ions in Febetron irradiated COz-O2 mixtures: dose rate, 1.4 x loz6 eV 

g-Is-'; total dose, 1.515 x 101%V I - ' ;  pressure, 700 Torr; temperature, 25 "C. A, 10% 0 2 ,  90% C 0 2 ;  B, 50% 02,  
50% CO?; C, 90% 02, 10% CO,. 

12 
OZONE Y I E L D  
1 0 0 - 3 0 0  TORR 

\ - - 
Z 

7 0 0 - 1 5 0 0  TORR 

OZONE YIELD 
3 0 0 - 7 0 0  TORR ' 4 k  2r cF6 YIELD 

0- I I I I I I I Y 
0 20 40 60 80  100 

MOLE PERCENT OXYGEN 

FIG. 5. Comparison of calculated and measured ozone yields from C02-0,  mixtures at 700 Torr pressure. 0, 
calculated ozone yields with and without SF6;  0, calculated carbon monoxide yields. Curve marked ozone yield 
100-300 Torr is taken from Fig. I ; curve marked ozone yield 700-1 500 Torr is taken from Fig. 2; curve marked ozone 
yield 300-700 Torr with SF6 is taken from Fig. 3 (carbon monoxide yields are all calculated). 
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will be directly neutralized: all will undergo [14cl 02+ + Co4- -> 0 + CO + 202  
ion-molecule reactions either with carbon dioxide 
or oxygen. 

The yields of ozone and carbon monoxide 
calculated using the above program, and 
assuming each oxygen atom yields one molecule 
of ozone, are shown in Fig. 5. The calculated 
points shown are for a total pressure of 700 Torr 
and a dose rate of 1.4 x lo2, eV g-'s-'. Except 
at very high concentrations of oxygen, there is 
very little difference between the results cal- 
culated for 300 and 700 Torr and for this reason 
only those for 700 Torr are given. 

The calculated yields of ozone are in very good 
agreement with the experimental curve for 100, 
300, 400 Torr total pressure from Fig. 1. How- 
ever, the experimental curve for 700-1500 Torr 
total pressure from Fig. 2 lies somewhat below 
this. Based on the reactions given in Table 3, 
there is no explanation for this. The difference 
cannot be accounted for by differences in reac- 
tions of neutral species since the yields with SF, 
are the same for 300 and 700 Torr and both agree 
well with the calculations. 

At high oxygen concentrations different curves, 
are expected for different pressures due to the 
pressure dependences of reactions 12 and 13 

[I  31 0,- + CO, + M2-COs- + M 

competing with the neutralization step. However, 
this should not give less than one oxygen molecule 
per neutralization. 

It is possible that the lower yields observed at 
700-1 500 Torr represent inefficient production 
of ozone from oxygen atoms at these pressures. 
A more plausible explanation is the effect of 
clustering of ions leading to different neutraliza- 
tion products. 

In the calculations, we have not considered 
clustering of the ions. In ref. 4 we discussed 
clustering of oxygen ions in pure oxygen and its 
effect on the neutralization reactions. It was 
postulated that neutralization occurred by the 
electron jump mechanism of Chan (26, 27) with 
the positive ion being neutralized while the 
negative species was still a considerable distance 
away. 

The situation in carbon dioxide - oxygen 
mixtures, however, is different. The neutraliza- 
tion step envisaged for the present system, 

is unlikely to occur by any tunnelling inechan- 
ism. Considerable energy must be realeased to 
the C 0 4 -  species to cause dissociation to CO, 
0 ,  and 0, .  Thus it is reasonable to suppose that 
neutralization occurs only after the positive and 
negative ions have coalesced. If this is the case, 
then, if there were ally clustering of the ions, 
energy could be transferred to the clustered 
molecules suppressing dissociation. 

On the basis of this explanation for the 
difference between the experimental curve for 300 
Torr and that for 700 Torr, it would be expected 
that the results for the higher pressure of 1500 
Torr would lie even lower. The results given in 
Fig. 2 for 1500 Torr do appear to be lower than 
those for 700 Torr but because of experimental 
errors, they are not conclusively so. 

A recent paper has discussed clustering of ions 
in carbon dioxide- oxygen mixtures (32) and 
has given equilibrium constants for the con- 
stituents of the clusters. However, our present 
experiments are not sufficiently precise to apply 
this data in  a quantitative manner. 

All the above discussion assumes that C204+ 
undergoes charge exchange with oxygen in a 
manner similar to CO,+. We have no evidence 
that this reaction does-occur. Neutralization of 
C204+  by an electron (and probably by 0,-)  
very likely gives one oxygen atom and one mol- 
ecule of carbon monoxide (5) which would agree 
with the observations. However, the rapid fall-off 
in ozone yield at fairly high oxygen concentra- 
tions requires less than two oxygen atoms to be 
produced per neutralization. For neutralization 
of C204+  to be an explanation for this, it would 
require that 0,' could charge exchange to give 
C204+ ,  which is not probable. 

Conclusions 

We have presented an ionic mechanism for the 
radiolysis of carbon dioxide-oxygen mixtures 
at high dose rates using our results and drawing 
from previous observations of Meaburn et al. (2). 
In this mechanism, it has been necessary to pro- 
pose a neutralization step involving dissociation 
of the originally negative fragment. It should, 

perhaps, be emphasized that the only proof we 
present for this neutralization reaction is its 
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agreement with the kinetic analysis presented. 
Possibly, some sort of geometrical restraint, such 
as that we have proposed for the case of neu- 
tralization of O,+ by 0,- (4), leads to the 
break-up of the CO, fragment. However, further 
speculation must await a deeper understanding 
of gaseous ion-neutralization reactions, a very 
little understood region. 

The present work has not been compared to the 
results obtained in the detailed study of Anderson 
and Best (1) because the conditions of their 
experiments are so widely different from ours. 
The major conclusions of these authors refer to 
the.back reactions observed in the low dose rate 
radiolysis of carbon dioxide. It is hoped that a 
study of the radiation chemistry of carbon 
monoxide - oxygen mixtures at our high dose 
rates will enhance understanding of these back 
reactions. We are at present beginning work on 
this system. 

At present we have no explanation for the 
difference in yields between 100-300 Torr and 
700-1500 Torr other than clustering of ions, as 
has been discussed; Further work at different 
dose rates and pressures could give additional 
information on this effect. This work is now in 
progress and will be reported later. 

We should like to thank Drs. A. W. Boyd and W. A. 
Seddon of CRNL for their careful reading of the 
manuscript. 

1. A. R. ANDERSON and J. V. F. BEST. Advan. Chem. 
82, 23 1 (1968). 

2. G. M. MEABURN, D. PERNER, J .  LECLAVC, and M. 
BOURBNE. J. Phys. Chem. 72, 3920 (1968). 

3. (a) A. R. ANDERSON and D. A. DOMINEY. Rad. Res. 
Rev. 1, 269 (1968). (b) A. R. ANDERSON. Funda- 
mental processes in radiation chemistry. Edited by 
P. Ausloos. John Wiley and Sons, Inc., New York. 
1968. p. 281. 

4. C. WILLIS, A. W. BOYD, M. J. YOUNG, and D.  A. 
ARMSTRONG. Can. J. Chem. 48, 1505 (1970). 

5. C. WILLIS, A. W. BOYD, and P. E. BINDNER. Can. 
J. Chem. 48, 1951 (1970). 

6. C. WILLIS, A. W. BOYD, and 0. A. MILLER. Can. J. 
Chem. 47, 3007 (1969). 

7. C. WILLIS, A. W. BOYD, and M. J. YOUNG. Can. 
J. Chem. 48, 151 5 (1970). 

8. C. WILLIS, W. A. SEDDON, and M. J. YOUNG. 
AECL report. To be published. 

9. W. B. DEMORE and 0. RAPER. J. Phys  Chem. 68, 
412 (1964). 

10. M. GRIGGS. J. Chem. Phys. 49, 857 (1968). 
11. J. A. GHORMLEY, C. J. HOCHANADEL, and J. W. 

BOYLE. J. Chem. Phys. 50, 419 (1969). 
12. A. W. BOYD, C. WILLIS, R. CYR, and D. A. 

ARMSTRONG. Can. J. Chem. 47, 4715 (1969). 
13. D. B. DUNKIN,  F. C. FEHSENFELD, A. L. SCHMELTE- 

KOPF, and E. E. FERGUSON. J.  Chem. Phys. 49, 
1365 (1968). 

14. F. C. FEHSENFELD, E. E. FERGUSON, and A. L. 
SCHMELTEKOPF. J. Chem. Phys. 44, 3022 (1966). 

15. F .  C. FEHSENFELD, A. L. SCHMELTEKOPF, and E. E. 
FERGUSON. J. Chem. Phys. 45, 23 (1966). 

16. J. F. PAULSON, F. DALE, and R. L. MOSHER. Nature, 
204, 377 (1964). 

17. J. L. FRANKLIN and M. S. B. MUNSON. 10th Com- 
bustion Symp. Comb. Inst., Pittsburgh. 1965. p. 561. 

18. E. E. FERGUSON. Space research. Vol. VII. North 
Holland Publ. Co., Amsterdam. 1967. p. 135. 

19. J. L. PACK and A. V. PHELPS. J. Chem. Phys. 44, 
1870 (1966). 

20. J. L. PACK and A. V. PHELPS. J. Chem. Phys. 45, 
4316 (1966). 

21. J. L. MORUZZI and A. V. PHELPS. J. Chem. Phys. 
45. 461 7 (1966). 

22. E.' E. FERGUSON. Advan. in Electron. and Elec. 
Phys. 24, 1 (1968). 

23. S. M. SCHILDCROUT and J. L. FRANKLIN. J. Chem. 
Phys. 51, 4055 (1969). 

24. J. F. PAULSON. J. Chem. Phys. 52, 963 (1970). 
25. J. N.  BARDSLEY. J. Chem. Phys. 51, 3384 (1969). 
26. F.  T. CHAN. J. Chern. Phvs. 49. 2533 (1968). 
27. F. T. CHAN. J. Chem. ~h;s.  49: 2540 (1968). 
28. G .  G. MEISELS. J. ~hem.>hys.'41, 51 '(1964). 
29. W. P. JESSE and J. SADAUSKIS. Phys. Rev. 97, 1668 

(1965). 
30. K. H. SCHMIDT. USAEC Research and Develop- 

ment Report, ANL-7199, 1966. 
31. C. WILLIS, A. W. BOYD, and D. A. ARMSTRONG. 

Can. J. Chem. 47, 3783 (1969). 
32. N. G. ADAMS, D. K. BOHME, D. B. DUNKIN, F. C. 

FEHSENFELD, and E. E. FERGUSON. J. Chem. Phys. 
52, 3133 (1970). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Studies on hydrogen-oxygen systems in the electrical discharge. IV. Spectroscopic 
identification of the matrix-stabilized intermediates, H 2 0 3  and H20 ,  
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The infrared absorption of the products from electrically dissociated H 2 0  or D 2 0  vapor and other 
hydrogen-oxygen systems trapped at liquid nitrogen temperature was measured between 4000 and 
300 cm-'. Four new absorption bands were found in the deuterated systems at 857, 820,760, and about 
440 cm-'. By isotopic substitution of 180 the frequencies are shifted to 806, 775, 717, and -420 cm-' 
as expected for 0-0 vibrations. In the hydrogen systems this region is obscured by the strong libration 
bands of H 2 0  and H 2 0 2  molecules. Temperature and composition effects show that more than one new 
species is involved. Accordingly the new spectra are assigned to  the often postulated polyoxides, H203  
and H 2 0 4 ,  stabilized in the water-peroxide matrix. The more abundant, and also more stable, H 2 0 3  
has a half-life of some 5 h at - 65 "C. 

The observed frequencies are consistent with zigzag chain structures linked by single covalent bonds as 
in hydrogen polysulfides. Relative concentrations of the polyoxides are estimated at 5 to 10 mole% de- 
pending on the composition of the starting material. Possible mechanisms of formation and decomposi- 
tion are discussed. 

On a Ctudit les spectres infrarouges entre 4000 et 300 cm-' des produits pieges de la vapeur d'eau, 
H 2 0  ou D 2 0 ,  et autres systtmes oxhydriques dissocies dans une decharge Clectrique. Quatre nouvelles 
bandes apparaissent 857, 820, 760 et environ 440 cm-' dans les systemes deuteries. Par substitution 
isotopique de ''0 les frequences sont decalees a 806,775,717 et environ 420 cm-' tel que prevu pour des 
vibrations 0-0. Avec l'hydrogene ordinaire cette region est completement obscurcie par les fortes 
bandes de libration des moltcules H 2 0  et H 2 0 2 .  Les effets decomposition et de temperature confirment 
qu'il y a plus d'une nouvelle espece molCculaire dans les produits piiges. Par analogie avec les poly- 
sulfures d'hydrogene il doit s'agir des polyoxydes H 2 0 3  et H204 .  Le plus abondant et le plus stable des 
deux, H203 se decompose avec une demi-vie de I'ordre de cinq heures a - 65 "C. 

Les nouveaux spectres sont en accord avec des structures en chaines reliees par des liaisons covalentes 
simples. La concentration molaire des polyoxydes varieentre 5 et 10 % selon la composition des materiaux 
de depart. On discute brievement les mecanismes possibles de formation et de decomposition. 
Canadian Journal of Chemistry, 48, 3473 (1970) 

Introduction systems, mainly from kinetics evidence (5-7). In 

The existence of higher oxides of hydrogen such the much studied material (2) condensed from 

as H203 and H204 has been postulated re- electrically dissociated water vapor and other 

peatedly since the original suggestion of Berthelot hydrogen-oxygen systems, H2°3 and H2°4 have 

in ,880 For a review of the question cf. the been postulated on the basis of such experimental 

recent monograph by Venugopalan and Jones (2). as Oxygen On warming 

In particular the trioxide' has been considered as (81, (9), Or phase change (lo). 

a metastable intermediate in the reaction between However, this interpretation has been questioned 

ozone and hydrogen peroxide (4), and more (1 1, 12). On the other hand, on kinetics grounds 

recently in the radiation chemistry of aqueous H 2 0 3  is unlikely to be produced from known 
reactions although, thermodynamically speaking, 
it should be less unstable than H 2 0 4  (13, 14). 

'This is the logical name for Hz03 by analogy with 
hydrogen trisulfide, the accepted name of H2S3. The In the the question this series 
term sesquioxide has also been used in the past, specially investigations was initiated a few years ago (1 5). 
by radiation chemists. However, according to the ~ ~ t ~ l ~  our effort was centered on infrared 
official nomenclature rules of the I.U.P.A.C. (3) there is 
no  need to specify the combining ratio of the two elements absorption of the frozen products, the technique 
in naming this kind of simple inorganic compound. As considered most likely to provide definite evid- 
for the homologous series H202 ,  H 2 0 3 ,  etc., it should ence. ~~i~~ a few similar studies have been be called the polyoxides, again by analogy with the 
hydrogen polysulfides. The often used superoxides is carried out in the past, both in this laboratory 
misleading since it is already reserved for combinations and elsewhere (16-23). Unfortunately,.the many 
of the 02- ion with the more electropositive metals, like 
K02, Their oxidizing power is higher than the element in pitfalls and limitations of the method were not 
its standard state, contrary to  the polyoxides. always fully appreciated. 
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Indeed, besides the many possible contamin- 
ants previously mentioned (24), the infrared 
absorption of these systems is a real chameleon. 
It changes considerably with the physical state 
(glassy us. crystalline), composition (e.g. forma- 
tion of a dihydrate H20, .2H20),  mixed isotopic 
species (e.g. from traces of H,O in D20),  etc. 
Interpretation of the spectra is further com- 
plicated by the diffuse nature of the OH bands, 
and the overlapping of high frequency lattice 
modes in the region of the fundamentals. A large 
amount of experimental data (some 200 different 
spectra) was required to complete this in- 

Experimental 
The apparatus was essentially the same as used 

previously in this laboratory for studying the reactions of 
ozone with either atomic hydrogen (24) or ammonia (25). 
The combined plasma tube- low temperature infrared 
cell (Fig. I) was constructed somewhat differently to make 
it more efficient and easier to handle. For instance, the 
large standard taper ground glass joint, which tended to  
freeze, was replaced by a flange joint (A) with 10 cm 
diameter O-ring. The injector tube (B) was positioned so 
as to provide the maximum trapping of the dissociated 
stream. This was found by trial to be quite critical, 
depending on the size of the injector orifice, its orientation 
towards, and distance from the cold plate. The injector 
entered the cell through a slanted 14130 taper joint (C)  
lubricated with a little silicone grease. T o  minimize sur- 
face reactions the distance from the plasma (D) to the 
cold plate was kept as short as feasible (about 10cm). 
The inlet vacuum stopcock (E) was of the greaseless type, 
with a Teflon plug and Viton O-ring to avoid contamina- 
tion. At the same time it afforded better control of the 
gas stream than a n  ordinary glass stopcock. The inner 
coolant well, terminating in a Kovar seal and the copper 
plate holder (F), was insulated with Teflon tape. This was 
necessary to avoid sublimation of the sample, followed by 
condensation onto the colder metal parts during thermal 
treatments. 

The outer windows, of cesium bromide, were sealed on 
with Cenco Vacuum Wax for easy removal and cleaning. 
To prevent attack due to evaporation of the sample the 
cell was opened to the air after each run. For the cold 
plate the most suitable material turned out to be Irtran-6 
(Eastman Kodak's microcrystalline cadmium telluride). 
Besides its chemical inertness its transparency over the 
whole region covered here was satisfactory; about 50% 
as far as 350 cm-' for a 3 mln thick plate. (Thinner plates 
had insufficient heat capacity.) One drawback was its 
dark color which prevented observation of the yellow 
tint usually associated with the glassy deposit. In contrast, 
rock-salt is clear, but it cuts off at  15 p. Also, being 
hygroscopic, it was badly attacked by the sample on 
warming up. New silver chloride plates could be used for 
a few runs; thereafter, they tended to darken due to 
traces of ozone or under the electrical discharge (solariza- 
tion). As for cesium bromide, it was found to react with 

FIG. 1. Combined low temperature infrared ab- 
sorption cell and microwave plasma tube. 

hydrogen peroxide, even at -100 'C. The addition 
compound presumably thus formed showed some strong 
absorption bands, particularly one at 945 cm-I. 

The temperature of the sample was measured with a n  
accuracy estimated at  2 l o  C by means of a tiny copper- 
constantan thermocouple G inserted between the cold 
plate and the copper holder. An automatic digital 
potentiometer ("Megatronix", United Systems Corp.) 
gave direct readings of the temperature in "C. With 
liquid nitrogen the lowest temperature attainable was 
-189". This rose by 4 or 5" when the microwave dis- 
charge was turned on due to surface reconlbination of the 
dissociated species. In the plasma itself, the temperature 
of the Pyrex tube was kept below 40" with an  air blast 
through the microwave cavity. The power dissipated in 
the latter was somewhat below the maximum capacity 
of the generator ("Microtron" 200 W, Electro-Medical 
Supply). 

Prior to a run the entire system was evacuated to  
Torr by means of a large capacity oil diffusion 

pump, and then checked for leaks. A most sensitive test 
was the intense N,03 band at  1305 cm-I readily detected 
in the spectra of the trapped discharge products (17). 
Water vapor was admitted through a calibrated needle 
valve from a thoroughly deaerated liquid sample at room 
temperature. A suitable deposit, some 10 p thick, was 
obtained after 2 h with an  evaporation rate of some 
0.15 g h-' and a carrier gas to bring the pressure up t o  
about 0.1 Torr. Faster rates (for instance 20 min without 
carrier gas) gave deposits of poor quality, partly crystal- 
line, with a marked tendency to  peel off the cold plate. 
The carrier gas was argon or krypton, either pure o r  
mixed with hydrogen or oxygen as stated below. The 
heavy water was 99.7 % pure D,O. For the experiments 
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with isotopic oxygen the samples (Miles-Yeda Lab.) 
were 98.8% in deuterium and either 50 or 98% in "0. 
The 1 8 0 2  gas had an isotopic purity of about 90%. In a 
few experiments hydrogen peroxide vapor, from a 99 % 
solution (Buffalo Electro-Chemical Co.), was dissociated 
either in the microwave or a Tesla coil discharge. The 
spectra were recorded with a Perkin-Elmer double-beam 
spectrometer Model 621. 

Results 
The New Bands 

As reported before (17-19), the spectra of the 
products from dissociated water vapor show no 
clear indication of new features arising possibly 
from some higher oxides of hydrogen (Fig. 2A). 
This is because of the very strong libration bands 
of H,O and H 2 0 2  molecules in the 700 to 900 
cm-I region where the 0-0 vibrations are 
expected., Even in deposits containing as much 
as 50 % hydrogen peroxide the 0-0 stretching 
band at 880 em-' is barely noticeable in the 
original glassy deposit. Only upon crystallization 
(Fig. 2B) does it emerge as a weak ~ h o u l d e r . ~  
Fortunately, in fully deuterated systems that 
region is quite free, which enables observation of 
a new, fairly strong band at 760 cm-' (Fig. 2C 
and D). Incidentally, the weak band reported 
previously a t  that frequency in the infrared 
spectra of crystalline D 2 0 2  (27) must be ascribed 
to  the hybrid molecules HDO, and HDO, from 
isotopic contamination of the samples. Recent 
measurements (28) have confirmed that relation- 
ship. The band at 760cm-' has been observed 
before in the reaction products of condensed 
ozone with atomic hydrogen or  deuterium (21) 
or mixtures of the two isotopes (24). In addition 
a second, much weaker band at 820 cm-I was 
found in the former system by Csejka et al. (21). 
These authors pointed out that the two new 

2From a theoretical analysis of their spectra based on 
analogy with the vibrations of normal paraffin molecules 
the Russian authors (26) arrived at a group of calculated 
frequencies for the O3 and O4 skeleton of hydrogen 
polyoxides in the range from 1000 to  l I00 em-', in close 
agreement with some of their observed frequencies 
(20,22, 23). However, the latter no doubt were due to 
some contamination as they have never been observed, 
either by us or by other workers (l9,21). 

3This behavior was interpreted by some workers (19, 
22,23) as evidence against the formation of H 2 0 2  in the 
trapped products. However, the present study of deuter- 
ated systems has confirmed that the peroxide bands 
show hardly any intensity increase on crystallization. 
Only their contour is altered appreciably. For instance, 
that at 880 cm-' becomes slightly sharper, while the 
broad OD bending, centered around 1050 em-', splits up 
into two components, v2 and v6, at  1090 and 1025 cm-'. 

frequencies could fit the 0-0 stretching modes 
of hypothetical H,O, molecules. However, the 
presence of organic contaminants in their 
samples, and the variation in relative intensity 
of the two bands, depending on the substrate, 
precluded any definite conclusion. In order to  
establish the identity of these new bands we have 
carried out the following sequence of tests. First, 
it was ascertained that they do not arise from 
some secondary reactions with the substrate. In 
fact, they could be reproduced on a variety of 
materials: Irtran-2 or -6, silver chloride, rock-salt, 
cesium bromide, etc. Contamination from the 
discharge tube itself, previously suspected (1 1,15), 
is also ruled out as the bands were still present 
when the Pyrex tube was coated with phosphoric 
acid (to reduce hydrogen atoms recombination) 
or replaced by a fused quartz tube. With the latter 
the two bands at 820 and 760 cm-I. as well as all 
the peroxide bands, were somewhat weaker, in 
agreement with recent observations made in this 
laboratory (29). 

On the assumption that the two extra bands 
were due to some polyoxide species it was logical 
to search for other characteristic bands, partic- 
ularly the chain bending, at lower frequencies. 
These should occur around 400 to 500 cm-' bv 
analogy, for instance, with the normal alkanes 
(30). Now that area is badly encumbered in both 
hydrogen and deuterium systems (Fig. 2). In the 
latter, however, some additional absorption was 
usually visible, specially in the crystallized 
samples, centered near 440 cm-'. Exact location 
of the maximum is uncertain as it lies on the slope 
of the O D  libration bands. In addition, a couple 
of sharp lattice bands of the dihydrate D,O,. 
2 D 2 0  appear precisely at 430 and 395 cm-' on 
crystallization (28). Nevertheless, the extra 
absorption is genuine as it is already detectable 
in the glassy deposit. 

The Oxygen-rich Systems 
In order to  bring out more clearly the new 

absorption bands, specially the very weak ones at 
820 and 440 cm-', it seemed logical to increase 
the concentration of oxygen in the starting 
material. This was achieved most simply by adding 
molecular oxygen to the carrier gas. Dissociating 
deuterium peroxide vapor should yield somewhat 
similar results, but at greater cost and com- 
plication. Addition of oxygen to the system 
increased markedly the intensity of the three new 
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Fr eq uency , cm- ' 
FIG. 2. Infrared spectra of the trapped products from dissociated H,O vapor before crystallization ( A ) ,  and after 

(B); D20 before crystallization (C), and after (D). 

bands, but not in the same ratio. For instance hardly affected, but those of water were some- 
with a molar ratio O,/D,O of about 0.25 the what reduced. This last remark also holds for the 
absorption a t  760 cm-' was roughly doubled reaction products of liquid ozone with atomic 
whereas it increased many fold for the other two hydrogen (21, 24). Even in dissociated H,O f 0, 
bands. In contrast the peroxide bands were systems it was possible t o  detect extra absorption 
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GIGUERE AND HERMAN: HYDROGEN-OXYGEI 

at 760 and 450 cm-' on top of the broad libration 
bands. 

In an attempt to simulate the conditions of 
inert matrix isolation a few runs were made with 
krypton (m.p. - 156.6 "C) as the carrier gas. 
At the same time the temperature of the sample 
holder was lowered to about - 196" by pumping 
over the liquid nitrogen, and the flow rate of 
dissociated gas was reduced to improve trapping. 
The concentration of 0, was increased and that 
of D 2 0  vapor decreased making the ratio about 
0.35. Still, their overall concentrations in krypton 
were much too high for true inert matrix isolation. 
This yielded somewhat clearer spectra, but more 
importantly, a fourth, very weak band at 875 
cm-' (Fig. 3C). Increasing the concentration of 
oxygen in the reagents also changed noticeably 
the physical properties of the sample. In general it 
was less transparent than in the case of dissociated 
water vapor alone. Then, on warming it began to 
devitrify at a slightly lower temperature (- 115"). 
The crystallization could not be followed much 
above - 90" due to blistering of the thin film. This 
was due in part to evaporation of some trapped 
ozone since the spectra showed the sharp absorp- 
tion peak at 1035 cm-' on top of the OD bending 
bands,4 and the weaker one at 702 cm-'. On 
the other hand, adding deuterium gas to the 
heavy water vapor decreased the peroxide bands, 
and that at 760 cm-' as well. However, very 
large concentrations (in excess of 5 to 1) of 
deuterium were required to suppress entirely the 
latter. 

The ' '0 Spectra 
Definite identification of the new bands was 

achieved through an isotope effect. On sub- 
stituting ''0 for ordinary oxygen the bands at 
857, 820, and 760 cm-' were shifted to 806,775, 
and 717 cm-', respectively, as calculated for 
0-0 vibrations. For N-0 vibrations, for in- 
stance, the shifts would be only half as large. The 
bending band at about 450 cm-' also seemed 
shifted to lower frequency, although it could not 
be ascertained exactly to what extent. The 
peroxide band at 880 cm-' was shifted to lower 
frequency by the same ratio of 0.94. All the other 
bands moved very little, if at all, in accordance 
with OD vibrations (Table 1). Next an equimolar 

~- -- 

4This frequency, already reported before (24), is in 
agreement with recent measurements (31) on solid ozone 
in an oxygen matrix at 10 OK. In ''0 systems it was 
shifted to 976 cm-'. 

N SYSTEMS IN ELECTRICAL DISCHARGE. IV 3477 

mixture of the two oxygen isotopes revealed 
clearly the triplet 0-0 band of the three isotopic 
species D,'~o,, D , '~O '~O,  and D21s02 and in 
the correct intensity ratios 1:2:1 (Fig. 3). As for 
the new bands, that at 760 cm-' was transformed 
into a single broad peak with maximum near 
740 cm-'. This must be due to overlapping of a 
number of close components, a further indication 
that the species involved contains more than two 
oxygen atoms. Incidentally, this feature rules out 
assignment of that band to the hypothetical 
isomer of hydrogen peroxide, H20-0, sug- 
gested at one time (32). 

The Thermal Decomposition 
Since the new bands are not to be found in 

deuterium peroxide samples prepared in the 
electrical discharge (33) after melting, the 
implication is that they disappear on warming 
to room temperature. Furthermore, it is well 
known (2) that the oxygen evolution from the 
glassy deposit occurs mainly above - 100". 
Attempts to record the infrared spectrum as a 
function of temperature were inconclusive as the 
sample melted (around - 60") before showing 
appreciable decomposition. Luckily, a fairly 
constant temperature of about - 65" could be 
maintained by means of acetone - Dry Ice slush 
in the coolant well of the absorption cell. This 
made it possible to follow the evolution with time 
of the various bands by scanning periodically 
the most significant region (700 to 1300 cm-') 
under conditions as constant as feasible. From 
the relative intensities shown in Fig. 4 in arbitrary 
units it appears that over a period of 8 h the D 2 0  
band at 1200 cm-' decreased regularly by about 
one-third, and those of D 2 0 2  (1090 + 1025 
cm-') by somewhat less (about one-quarter). 
Evaporation of the sample into the evacuated 
cell was no doubt responsible for this, even if the 
infrared beam was on for brief periods only 
(4 or 5 min each hour). By contrast the 760 cm-' 
band dropped by as much as four-fifths over the 
same time. Allowing for some slight evaporation 
the half-life of the species responsible is seen to 
be of the order of 5 h. Within the rather low 
accuracy of the intensity measurements, due to 
uncertain base line and alteration of band contour 
by continuing crystallization, the decay seemed 
to follow a zero-order law, as for diffusion con- 
trolled process. Unfortunately it was not possible 
to study likewise the other new bands for reasons 
already mentioned. 
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TABLE 1 
Infrared absorption of the condensed products from various oxygen-deuterium systems 

.- - - - -- 
(Frequencies In cm- ') 

D 2 I 6 0  D2180  D ~ I G I I ~ O  Assignments 

0-H stretch. 
(H20,  H202) 

0 - D  stretch. 
(D20,  DzO2) 
v2 + V 6  (D202) 

v2 (H2O) 
v2, VG (H202) 
v2 (D20)  

0-0 stretch. (D202)  

857 vw* 

820 m* 

760 m 

702 vw* 

806 vw* 0-0 stretch ( D z 0 3 ,  D 2 0 4 )  
0-0 stretch (D203 ,  D 2 0 4 )  

0-0 stretch ( D z 0 3 ,  D204) 

V2 (03) . 

775 m* 

717 m 
661 vw* 

585 s 
530 w 

-490 sh 
420 w 
395 w 

Lattice bands 

'With added O2 only. 
t440 m with added 02, due to 0-0-0 bend 

Discussion 
The Hydrogen Polyoxides 

The present results provide the first positive 
identification of stabilized polyoxides in the 
reactions of oxy-hydrogen systems. Previous 
evidence was either indirect or negative; for 
instance, the evolution of oxygen (8) or heat 
(9, 34) on warming the trapped products, or the 
presumed absence of hydrogen peroxide among 
the primary products of the reduction of liquid 
ozone by "atomic hydrogen (19,23). Such 
evidence is always liable to alternative explana- 
tion. The formation of traces of hydrogen trioxide 
in the pulse radiolysis of air-saturated water (5) 
and aqueous solutions of strong mineral acids 
(6) has been postulated mostly on kinetics 

grounds. In the latter case a fleeting ultraviolet 
absorption was ascribed to H,O,. However, this 
interpretation is somewhat hazardous because 
the U.V. absorption is only a continuum, and very 
similar to that of hydrogen peroxide. For 
obvious reasons there is no proof in our spectra 
that the new molecular species also contain 
hydrogen. This is a foregone conclusion in view 
of the chemical composition of the systems, and 
by analogy with the polysulfides, H,S, and 
H,S, (35). Other conceivable species, such as 
cyclic, single-bonded 0, or 0, molecules, seem 
highly improbable. In addition, their infrared 
spectra would be entirely different from the 
present ones. 

The discovery of three new 0-0 stretching 

FIG. 3. Infrared absorption spectra of the products from the electrically dissociated systems: D2180  (A), D 2 1 6 / 1 8 0  
(B), and D2160  + 1 6 0 2  (C), after crystallization at -80' (-90' for C). 
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1 I 
2 4 6 8 h i  

Time 

FIG. 4. Decrease in relative intensity at  -65" of the 
absorption bands of the trapped products from electrical 
dissociation of water vapor. 0, the polyoxide band at 
760 cm-':  a, the D 2 0  band at 1200 cm-I;  0, thc DZOZ 
bands at 1090/1025 cm-I. 

bands with slightly different temperature and 
composition patterns confirms the presence of 
more than one hydrogen polyoxide. This is in 
agreement with previous evidence such as the 
already noted variation in relative intensity of the 
two bands at  820 and 760 cm-' (21), and the two 
distinct steps observed in calorimetric (34), mano- 
metric (1 5), and kinetics (36) studies of the warm- 
ing process in the condensed products from disso- 
ciated water vapor. The present data are not 
sufficient to  allow definite assignments to specific 
vibrations. A Raman investigation now underway 
should make this possible. Some of the vibrations 
of H 2 0 3  and H 2 0 4  must overlap as was observed 
in the analogous case of H2S3 and H2S4 (35). A 
priori one might conclude that the strong band at  
760 cm-' arises mainly from the antisymmetric 
0-0 stretching of the most abundant species, 
namely H 2 0 3 .  Indeed, thermodynamics indicate 
that it should be somewhat more stable than 
H204 .  As for the structure of these molecules, 
the present frequencies are consistent with zigzag 
chains held together by single bonds. The latter 
should have about the same lengths ( -  1.5 A) as 
in hydrogen peroxide, and 0-0-0 angles of 

100 to 120". Internal rotation of the O H  groups 
would be only weakly hindered in the free mole- 
cules; in the solid their orientation will be strongly 
dependent on hydrogen bonding, again as in 
hydrogen peroxide (37). 

Other Polyoxides 
Until a few years ago (38) there was no known 

example of molecules with more than two oxygen 
atoms joined by a single covalent bond. From 
thermochemical considerations (14) alkyl poly- 
oxides should have about the same stability as the 
corresponding hydrogen compounds. On that  
basis the first claim (39) for the existence below 
-30°, of di-ter-butyl tetroxide was considered 
dubious (14). Subsequently the formation of 
di-ter-butyl- and di-cumyl trioxides was reported 
(40) and their decomposition process measured. 
The latter was found to be exothermic by about 
23 kcal, with half-life of the order of + h and 1 h, 
respectively at  -25". Much more stable are the 
perfluoroalkyl trioxides isolated and identified 
in recent years (41, 42). An infrared study of 
di-perfluoromethyl trioxide (43) has shown two 
strong bands in the 0-0 stretching region: the 
one a t  773 cm-' was assigned to the antisym- 
metric mode and the other, at  897 cm-', tenta- 
tively to the symmetric mode. By comparison 
with our data the latter seems of rather high 
frequency for such a vibration. A weak band a t  
810 cm-', assigned to a combination, might 
possibly belong to the symmetric mode. On the 
other hand, in the corresponding peroxide the 
0-0 stretching frequency is 890 cm-' (44). The 
situation in these molecules is quite different 
from that in hydrogen polyoxides; among other 
things there must be a strong coupling between 
the C-0 and the 0-0 vibrations. As far as we 
know, no other spectroscopic study of alkyl 
trioxides has been published so far. The infrared, 
Raman, and n.m.r. spectra reported for di-ter- 
butyl trioxide (45) have been shown since to  
belong, in fact, to another compound (40). As for 
the tetroxides, there are indications from n.m.r. 
that traces may be formed in the preparation 
of di-perfluoromethyl trioxide (41). 

I t  may be noted incidentally that the oxygen 
fluorides 0 3 F 2  and 0 ,F2  synthesized in the 
elxtrical discharge (46) are not yet very well 
characterized from the structural viewpoint. 
Recently their reality has been questioned (47, 48). 
At any rate, if the case of 0 2 F 2  is any indication 
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(49), the 0-0 bonds in these compounds are 
certainly not of the single covalent type. 

Thermodynamics and Kinetics 
On thermodynamics grounds the very existence 

of hydrogen polyoxides seems rather marginal. 
Indeed, enthalpies of formation of the order of 
- 13 kcal for H 2 0 3  and + 5 kcal for H 2 0 4  have 
been estimated by Benson (14) from bond 
additivities and other group properties. The 
standard free energy of formation would be still 
less favorable because of the entropy term. From 
estimated thermodynamic functions (28) the 
latter would amount to  some -4.5 kcal at  
100 OK for H 2 0 3 .  On the other hand these 
calculated quantities apply to  the free molecules. 
In condensed phases hydrogen bondingand other 
intermolecular forces alter the picture consider- 
ably. The importance of that contribution to  the 
stabilization of the intermediate species may be 
gauged from a rough estimate of the enthalpies 
of sublimation. From the experimental values of 
12.2 kcal for ice and 15.6 kcal for H 2 0 2 ,  those 
for H 2 0 3  and H 2 0 4  must be of the order of 18 
to  20 kcal. Therefore, the formation in the frozen 
matrix of both polyoxides from gaseous species is 
certainly an exothermic reaction. 

The most likely process for the latter is via free 
radical recombination 

and 

This must be so even in the reaction of atomic 
hydrogen with condensed ozone (1 3). Kinetically 
speaking formation of H 2 0 3  is hampered by 
competition from the very fast disproportiona- 
tion reactions. For H 2 0 4  the situation is less 
unfavorable because the HO,. radical is more 
inert than the hydroxyl, and higher steady state 
concentrations are possible. As for the decom- 
position of H 2 0 3 ,  it is not possible from the 
present data nor from previous calorimetric 
measurements t o  decide between the two 
possibilities 

[3 I H 2 0 3  = H,O + 0 2  

The alkyl trioxides studied so far (40,41) decom- 
pose into the corresponding peroxide. If such 

.N SYSTEMS IN ELECTRICAL DISCHARGE. I V  348 1 

were the case for hydrogen trioxide, then our 
estimates of its concentration in the samples 
would have to be doubled. These are based on the 
following reasoning. 

The molar ratio of evolved oxygen to  residual 
hydrogen peroxide in the case of dissociated 
water vapor has been found t o  vary between 0. I5 
and 0.2 (2). On the other hand the composition 
of the glassy deposit is usually close to  that of the 
dihydrate H 2 0 , . 2 H 2 0 .  This leads to  molar 
concentrations of polyoxides o f4  or 5 % according 
t o  reaction 3 above. Obviously, somewhat higher 
concentrations are achieved in systems richer 
in oxygen. 

Conclusions 
The unique interest of the hydrogen polyoxides 

as higher members of the homologous series 
comprising H 2 0  and H 2 0 ,  stems from the great 
natural abundance of their constituent elements, 
and the wide diversity and importance of the 
chemical reactions between them. The long time 
and effort needed for their identification and 
characterization was due t o  the combined 
circumstances that they are quite labile, and 
require very special conditions for their forma- 
tion, always as minor components, well camou- 
flaged in water-hydrogen peroxide mixtures. I t  
is likely that they were first obtained in the 
laboratory as long as 40 years ago (50), at the 
time when electrical dissociation of gases and 
vapors began to  attract attention. 

Quite apart from the considerable difficulty of 
concentrating and purifying them, the prospects 
for any practical use for of these polyoxides now 
appear rather slim. As pointed out before their 
oxidizing power is less than that of ozone, and 
even oxygen. On the other hand, their f'undamen- 
tal importance as intermediates, for instance, 
in the radiation chemistry of aqueous systems, or 
in the reactions (combustion, explosion, etc.) of 
hydrogen-oxygen mixtures hardly needs to  be 
emphasized. 

The authors are grateful to the National Research 
Council of Canada for continued financial assistance, 
and for other help in the form of samples of D 2 1 8 0  
(courtesy of Dr. L. Leitch) and analysis of band intensities 
by computerized methods (courtesy of Dr. R. N. Jones). 

1. M. BERTHELOT. Compt. Rend. 90, 656 (1880). 
2. M. VENUGOPALAN and R. A. JONES. Chemistry of 

dissociated water vapor and related systems. Inter- 
science Publishers, John Wiley and Sons, Inc., 
New York. 1968 Chap. 7. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3482 CANADIAN JOURNAL OF 

3. I.U.P.A.C. J. Arner. Chern. Soc. 82, 5529 (1960). 
4. W. C. BRAY. J. Arner. Chern. Soc. 60, 82 (1938). 
5. G. CZAPSKI and B. J. J. BIELSKI. J. Phys. Chem. 67, 

2180 (1963). 
6. B. H. J. BIELSKI and H. A. SCHWARZ. J. Phys. 

Chern. 72, 3836 (1968). 
7. K. SEHESTED, E. BJERGBOKKE, 0. L. RASMUSSEN, and 

H. FRICKE. J. Chern. Phys. 51, 3159 (1969). 
8. E. OHARA. J. Chern. Soc. Jap. 61, 569 (1940). 
9. J. A. GHORMLEY. J. Arner. Chern. Soc. 79, 1862 

(1957). 
10. J. A. GHORMLEY. J. Chern. Phys. 39, 3539 (1963). 
11. P. A. GIGUBRE. ICSU Rev. 4, 172 (1962). 
12. P. A. GIGUBRE. J. Chem. Phys. 42, 2989 (1965). 
13. S. W. BENSON. J. Chern. Phys. 33, 306 (1960). 
14. S. W. BENSON. J. Arner. Chern. Soc. 86,3922 (1964). 
15. N. HATA and P. A. GIGUBRE. Can. J. Chern. 44, 

869 (1966). 
16. P. A. G I G U ~ R E .  J. Chern. Phys. 22, 2085 (1954). 
17. P. A. G I G U ~ R E  and K. B. HARVEY. J. Chern. Phys. 

25, 373 (1956). 
18. P. A. G I G U ~ R E  and D. CHIN. J. Chern. Phys. 51, 

1685 (1959). 
19. J. A. WOJTOWCZ, F. MARTINEZ, and J. A. ZASLOWSKY. 

J. Phys. Chern. 67, 849 (1963). 
20. T. V. YAGODOVSKAYA and L. I. NEKRASOV. RUSS. 

J. Phys. Chern. 38, 953 (1964). 
21. D. A. CSEJKA et a[.  Study of Superoxidizers. Final 

Reoort. Air Force Office of Scientific Research. 
washington 25. D.C. Document AD 617 964 (1965): 

22. T. V. YAGODOVSKAYA and L. I. NEKRASOV. ' RUSS. 
J. Phys. Chern. 40, 698 (1966). 

23. T. V. YAC~ODOVSKAYA and L. I. NEKRASOV. RUSS. 
J. Phys. Chern. 41, 108 (1967). 

24. K. HERMAN and P. A. GIGUPRE. Can. J. Chern. 
46, 2649 (1968). 

25. K. HERMAN and P. A. GIGLIERE. Can. J. Chern. 43, 
1746 (1965). 

26. T. V. YAGODOVSKAYA. N. P. KLIMUSHINA. L. I. 
NEKRASOV, and Yu. A. PENTIN. RUSS. J: Phys. 
Chern. 41, 369 (1967). 

27. P. A. GIGUERE and C. CHAPADOS. Spectrochirn. 
Acta, 22, 1131 (1966). 

28. J. L. ARNAU. Unpi~blished results. 

CHEMISTRY. VOL. 48, 1970 

29. P. BRUNET, X. DEGLISE, and P. A. GIGUERE. Can. 
J. Chern. 48, 2041 (1970). 

30. N. B. COLTHUP. L. H. DALY, and S. E. WIBERLEY. 
Introduction to infrared and Raman spectroscopy. 
Academic Press, Inc., New York. 1964. 

31. L. LE BRUMANT, A. BARBE, and P. J o u v ~ .  Compt. 
Rend. 268, 549 (1969). 

32. K. H. GEIB and P. HARTECK. Ber. 65, 1551 (1932). 
33. P. A. G I G U ~ R E ,  E. A. SECCO, and R. S. EATON. 

Discuss. Faraday Soc. 14, 104 (1953). 
34. I. I. SKOROKHODOV, L. I. NEKRASOV, and N. I. 

KOBOZEV. Russ. J. Phys. Chem. 35, 994 (1961). 
35. W. WIESER, P. J. KRUEGER, E. MULLER, and J. B. 

HYNE. Can. J. Chem. 47. 1033 (1969). 
36. R. A. JONES, W. CHAN,' and M. VENUGOPALAN. 

J. Chern. Phys. 51, 1273 (1969). 
37. Y. AMAKO and P. A. GIGUERE. Can. J. Chern. 40, 

765 (1962). 
38. W. E. DASENT. Nonexistent conlpounds. Marcel 

Dekker Inc.. New York. 1965. o. 55. 
39. N. A. MIL'AS and S. 'M. DJOKIC. Chern. Ind. 

London. 405 (1962). 
40. P. D.-BARTLETT a& P. GUNTHER. J. Arner. Chem. 

SOC. 88, 3288 (1966). 
41. P. G. THOMPSON. J. Amer. Chern. Soc. 89, 4316 

(1967). 
42. L. R. ANDERSON and W. B. Fox. J. Amer. Chem. 

SOC. 89,43 13 (1967). 
43. R. P. HIRSCHMANN, W. B. FOX, and L. R. ANDERSON. 

Spectrochim. Acta, 25A, 81 1 (1969). 
44. J. R. DURIG and D. W. WERTZ. J. MoI. Spectry, 

25, 467 (1968). 
45. N. A. MILAS and G. G. ARZOUMANIDIS. Chern. Ind. 

London, 66, (1966). 
46. A. V. GROSSE, A. G. STRENG, and A. D. KIRSCHEN- 

BAUM. J. Arner. Chem. Soc. 83, 1004 (1961). 
47. R. D. SPRATLEY, J. J. TURNER, G. C. PIMENTEL. 

J. Chern. Phys. 44, 2063 (1966). 
48. I. J. SOLOMON, J. N. KEITH, A. J. KACMAREK, and 

J. K. RANEY. J. Amer. Chern. Soc. 90, 5408 (1968). 
49. R. H. JACKSON. J. Chem. Soc. 4585 (1960). 
50. G. I. LAVIN and F. B. STEWART. Nature, 123, 607 

(1929). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The rubidium chloride - sodium chloride phase diagram 
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The phase diagram of the RbCI-NaCI system has been measured by the method of cooling curves. By 
combining these data with available thermochemical data for the system, the integral molar excess free 
energy of mixing at 800 "C has been calculated as AGE = - 6 3 2 X R b ~ I X N a ~ I  cal/mole; and the integral 
molar excess entropy of mixing has been calculated as ASE = - 0 . 2 0 8 X R b ~ I X ~ a ~ I  cal/'K mole. Estimated 
precisions are T 50 cal for AGE and ~ 0 . 0 5  cal/"K mole for ASe at XR,cl = XN=C, = 0.5.  

Canadian Journal of Chemistry, 48, 3483 (1970) 

Introduction 

A knowledge of the thermodynamic properties 
of mixtures of alkali halides is important in the 
understanding of the fundamental properties 
of simple fused salt systems. Because of the 
solubility of the alkali metals in their molten 
halides, measurements of free energies using 
reversible electrochemical cells are not possible 
in these systems. In cases in which the system is a 
simple eutectic, and in which solid solubility is 
limited, however, an accurate knowledge of the 
phase diagram will permit thermodynamic 
properties to  be calculated with quite a high 

points for the pure salts and their eutectic tem- 
perature agree well with those measured in the 
present work. Their reported liquidi in the 
region of the eutectic point, however, are 10 to 
20 OK lower than those determined in the present 
study. It is quite difficult to draw a phase diagram 
from their reported liquidus points so that the 
liquidi meet a t  the eutectic temperature. Ther- 
modynamic calculations (7) based upon these 
results give positive excess entropies of liquid 
mixing. However, in all other binary alkali 
chloride systems for which data are available, 
negative excess entropies are found (7). 

precision. Such is the case in t h e - ~ b c l - N a C l  Exoerimental a - -  system. 
Reagent grade NaCl was used. The RbCl (Matheson) 

Enthal~ies  mixing in the RbC1- was of  99+% purity. The salts were dried under vacu- 
NaCl system have been measured calorimetrically um and with dry HCI gas at  550 "C, and were stored in 
at  810 "C by Hersh and Kleppa (1) who obtained a vacuum desiccator. 
the following equation for the integral molar Liquidus and eutectic points were found by the 

enthalpy of mixing method of cooling curves. Measurements were carried 
out on samples of approximately 25 g in sealed, evacu- 

[I1 AH = XR~CIXN,C, (-770 - ~ ~ X N , C I )  ated, quartz cells. A thermocouple was sheathed in 
. . close-fitting quartz tubes blown into the cells. The cells 

cal/mole were "laced in an  Inconel metal sheath and lowered into 
a vertical tube furnace. By grounding the Inconel sheath, 

where XN,CI and X R ~ C I  are the mole fractions any spurious voltages induced in the thermocouple by 
(1 cal = 4.1840 J). the a.c. field of the furnace windings were entirely elim- 

Accurate heats of fusion and heat capacities inated. The use of such a grounded sheath was found 

are available (3, 4). ~ l ~ ~ ,  the limits of solid to be essential if accurate results are to be obtained. The 
melt filled the cells to a depth of about 3  cm, and the have been measured (5)' With the thermocouple sheath extended about 2  cm below the sur- 

available data, then, as will be shown, quite face of the melt. Temperature differences over the depth 
~ r e c i s e  thermodvnamic calculations can be made. of the melt were 0.25 "K or less. 

Liquidi in the system were measured by The furnace was controlled by a variable auto-trans- 

Zhemchuzhnui and Rambach (2) in 1910, who former. The furnace could be cooled at any desired rate 
by means of an electric motor which drove down the 

that the system exhibited auto-transformer through a variable-ratio gear reductor. 
eutectic behavior. The accuracy of this work is With cooling rates of less than 1 "K per min, super- 
questionable, however. The reported melting cooling could be kept to a tolerable level of 0.5 to 3  OK. 
point of pure N ~ C ~  was 20 OK higher than the A rate of 0.75 "K/min was adopted in all experiments. 

Supercooling was avoided as much as possible by 
presently (3) for instance' vigorous]y rocking the entire furnace. 
Murgulescu and Sternberg (6) also measured The output from the thermocouple was recorded on a 
liquidi in this system. Their reported melting 1 mV full-scale Sargent SRG recorder, with most of the 
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N ~ C I  - 
FIG. 1. The RbCI-NaCI phase diagram. 

thermocouple output compensated by a Leeds and 
Northrup K3 potentiometer. A 24-gauge chromel- 
alumel thermooouple was used. The thermocouple was 
calibrated by the manufacturer, and the calibration was 
also checked against the melting points of pure tin, lead, 
and gold. The two calibrations were in agreement to 
better than 0.5 OK. 

Results 

Experimental liquidus and eutectic points are 
listed in Table 1. Except for one measurement, 
the various determinations of the eutectic tem- 
perature agree with a spread of 0.75 OK. The 
measured melting points of pure NaCl and RbCl 
(799.25 and 720 "C), compare well with the most 
recent literature values of 800 (3) and 722 "C (8). 
The phase diagram is shown in Fig. 1. 

Short and Roy (5) used the method of inter- 
diffusion to measure the solid solubility limits. 
These were found to be 6 mole% NaCl in RbCl 
and 0.8 mole % RbCl in NaCl at 51 5 "C. These 
two points are shown in Fig. 1. The solid solu- 
bility and solidus lines were then estimated as 
shown in Fig. 1 so as to give reasonable values for 
the slopes of these lines. The estimated solid 
solubilities at the eutectic temperature would 
seem to be accurate to +50% or better. As will 
be shown later, these error limits will not give rise 
to appreciable errors in the thermodynamic 
calculations of the liquid state properties. 

TABLE 1 
Experimental liquidus and eutectic points 

in the RbCI-NaCI system 

0 .0  (Pure RbCl) 
0.1088 
0.1938 
0.3118 
0.3831 
0.5056 
0.5071 
0.5602 
0.6627 
0.7744 
0.8767 
1 .0 (Pure NaCl) 

The eutectic composition was found to be at 
XNaC1 = 0.44 at 550 "C. 

Calculations 

The van't Hoff relationship in the following 
form was used to calculate partial molar free 
energies of mixing of RbCl and NaCl along their 
respective liquidi. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



of mixing calculated from ea. 1. Values if FIG. 2. Partial and integral molar excess free energies 
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where AGACI(TL) is the partial molar free energy 
of mixing of ACl (RbCI or NaCl), with respect 9 -0.10 - 
to the pure liquid standard state, at  a point on its 
liquidus at  T,, TL is the liquidus temperature, 
T, is the fusion temperature of pure ACI, -0.05 
a A c l  is the activity of ACI on the solidus g 
line at  TL with respect to the pure solid standard 
state, AH, is the enthalpy of fusion of AC1. 

For calculations along the NaCl liquidus, I I I I 

AH, of NaCl is known with an accuracy of about R ~ C I  0.2 0.4 0.6 0.8 NaCl  

_+2 % (3) at  T,. Also, heat capacities of liquid X ~ a c l  - 
and solid NaCl are known (4), and so AH, may 
be written as a function of temperature. Solid I I I I 

AG;~,, at-800 oc are shown in 2. of mixing at 800 "C and pactial and integral molar excess 
entropies of mixing in the RbCI-NaCI system from phase 

pies of mixing were assumed to be independent diagram calculations (lines are From least sauares fits). 

solubility was taken to be 1 mole% at the -200 

of temperature.) The six points were fitted by a 
- 

least squares technique to an equation as follows introduced by this can be shown 
be of the order of +25 cal. The calculation 

- - 

[3] AGE,,, = -632XRbC? cal/mole of (RTln a,,,, ,,,,) was made assuming 8 

eutectic temperature, and a linear solidus - 
between the eutcctic and the melting point of 
pure NaCl was assumed. The solid solution, 

- 

being very dilute in RbCl, was assumed to be 
Raoultian with respect to the solvent, NaCl, so 
that a,,,, could be calculated. Values - - 
of (RTln a,,,, were never greater than B -100 - 
about 15 cal, and so, errors introduced by 
uncertainties in the position of the solidus and 2 
by assuming Raoultian behavior are very small. 

Values of the partial molar excess free energies 
of mixing, AGE,,,, were calculated a t  each 
experimental point on the NaCl liquidus. 
Isothermal values of AGE,,, a t  800 "C were 
then calculated using the Gibbs-Helmholtz 0.8 NaCl 

equation and using the partial molar enthalpy '~acl-  

The mean deviation was 12 cal. Error limits may 
be estimated by considering maximum probable 
errors in the heat of fusion, heat capacities, 
liquidus temperatures, and solid solubility cal- 
culations. The error in AGE,,, at X,,,, = 
X,,,, = 0.5 is probably about f 50 cal. 

Similar calculations were made for each 
experimental point along the RbCl liquidus. 
AH, of RbCl is known with an accuracy of _+2 % 
at T, (3). The heat capacity, C,, for solid RbCl is 
known (4), but C, for liquid RbCl is not. In the 
calculations, a value of C, for liquid RbCl of 
16.0 cal/"K mole was chosen, as this is the value 
given in the literature (4) for both liquid NaCl 
and licruid KC1, and is close to the values (4) 

mole% solid solubility at  the eutectic tem- 
perature, assuming a linear solidus between the 
eutectic and the melting point of pure RbCl, 
and assuming that the solid solutions are 
Raoultian with respect to RbC1. Values of 
(RTln a,,,, calculated in this manner 
were as large as 100 cal at temperatures near the 
eutectic. Probable errors introduced by the 
various assumptions are of the order of + iOO 
cal. 

Values of AG;,,, were calculated in this 
manner, and isothermal values at  800 "C were 
then calculated using the Gibbs-Helmholtz 
equation. Points are shown in Fig. 2. Also shown 
in Fig. 2 is the curve 

- ,  
for various othe; molten halides. Probable errors [4] AG,E,,, = -632XNnC? cal/mole 
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calculated from eq. 3 using the Gibbs-Duhem 
relation. Agreement with the calculated points 
is very good. This, then, shows that eq. 3, which 
was obtained by fitting only the points calculated 
from the NaCl liquidus, can probably be extrap- 
olated with confidence to the "RbC1-side" of 
the system. 

In view of the larger errors inherent in the cal- 
culations along the RbCl liquidus, the points 
calculated from this liquidus were not included 
in the least squares fit, and eqs. 3 and 4 were 
taken as the final "best" fits. A   lot of the excess 
integral molar free energy of mixing 

is also shown in Fig. 2. As has been shown, 
probable error limits in AGE are +50 cal at  
XRbCl = XNaCl = 0.5. 

Values of the partial molar excess entropy 
of mixing of NaCI, AS;,,,, were calculated for 
each experimental point using the isothermal 
values of AGE,,, as in Fig. 2, and using values of 
A&,,, calculated from eq. 1. Points are shown in 
Fig. 2. These six points were fitted to an equation 
as follows 

[6]   AS:,^^ = -0.208XRbc,2 call0K mole 

Values of AS:,,, were similarly calculated from 
the experimental points on the RbCl liquidus, 
and are also shown in Fig. 2. Agreement is very 
good with the curve 

[7] AS:,cl = -0.208XN,C12 callOK mole 

A plot of the excess integral molar entropy of 
mixing is also shown in Fig. 2. 

[8] ASE = -0.208XRbC1XNaC1 call OK mole 

Considering the errors in AGE and AH, the error 
in AsE a t  XRb,, = X,,,, = 0.5 is probably about 
+ 0.05 call0K mole. - 

CHEMISTRY. VOL. 48, 1970 

Conclusions 

The phase diagram of the RbC1-NaCl system 
has been measured. By combining the present 
results with other available tl~ermochemical data 
for this system, excess free energies and excess 
entropies of mixing have been calculated with a n  
estimated precision of +50 cal and k0.05 
cal/"K mole, respectively, a t  XRbc, = XN:,,, = 

0.5. The precision was not great enough to 
permit the asymmetry terms in the concentration 
dependences of these properties to be determined, 
however. 

The very small negative excess entropy of  
mixing observed in this system would indicate 
that ideal random mixing is closely approached. 
The small negative deviations from ideality could 
be due to a small degree of ordering on the cation 
sublattice as, for instance, is predicted by the 
quasichemical (9) theory. 

A maintenance fellowship for one of us (A.D.P.) from 
Shell Canada Ltd., and financial assistance from the 
National Research Council of Canada are gratefully 
acknowledged. 
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Decomposition of BrO studied by kinetic spectroscopy' 

J. BROWN' AND GEORGE BURNS 
Depnrtttrent of C/~ettristry, Ut~iuersity of Torot~to, Torotrto 181, O~ltorio 

Received April 13, 1970 

Kinetics of BrO decomposition was studied between 293 and 673 "K using the technique of kinetic 
spectroscopy. At 293 "K the reaction rate is second order with respect to BrO and is independent of [Br,], 
[O,], and total pressure of diluent gas. The activation energy for decomposition obtained from rate 
measurements between 293 and 450 "K is 0.65 f 0.05 kcal/mole. Above 450 "K this activation energy 
appears to increase to 4.5 kcallmole. It is shown that, although kinetically the CIO and BrO decom- 
positions are similar, the mechanism for BrO decomposition below 450 "K is much simpler than that of 
C10. The reaction proceeds, most likely, via one step: 2 BrO -> 2 Br + 0 2 ,  with Br20, being an activated 
complex, which has either linear or  staggered configuration. CIO and BrO decomposition is compared 
with H z  + I,$ 2 HI reaction. 

Canadian Journal  of Chemistry, 48, 3487 (1970) 

Introduction 

Although the kinetics of C10 decomposition 
have been investigated previously (I-7), a study 
of BrO decomposition using the flash photolysis 
technique has not been attempted. On the other 
hand, the kinetics of BrO formation in flash pho- 
tolytic experiments has already been studied (8). 

Experimental 
The apparatus used in the present investigation has 

been described previously (9). British Drug Houses 
analytical reagent bromine (99.9%) was kept in contact 
with pure KBr for several days to remove other halogens; 
then i t  was distilled ill anclro over PzO, the middle fraction 
was retained, following the procedure described else- 
where (10). Oxygen and argon were supplied by Matheson 
Co.; the minimum purity of these gases was reported by 
the manufacturers as 99.9 PI; they were used without 
further purification. 

Results and Discussion 

Bromine monoxide radical concentration was 
followed by measuring the peak areas of the 
microdensitometer trace at five wavelengths. 
Each peak is well separated from the other and 
the slope of the blank line, taken by flashing 
spectroscopic lamp alone, coincided, within the 
accuracy of the experiment, with the base line 
of the microdensitometer trace which shows 
BrO absorption (Fig. I ) .  

The mean peak area was calculated and this 
average taken as being proportional to [BrO]. A 
typical plot ofthe BrOpeak area against timeafter 

'This work was supported in part by the Directorate 
of Chemical Sciences, Air Force Office of Scientific 
Research, Grant No. 506-66 and 1695-69. 

'Present address: Ontario Hydro Research Division, 
200 Kipling Avenue S o ~ ~ t h ,  Toronto 18, Ontario. 

flash is shown in Fig. 2. Figure 3 shows the plot 
of log [BrO] against time and [BrO]-' against 
time. It follows from Fig. 3 that at 293 OK, the 
reaction of BrO is second order with respect to 
BrO. In the present experiments, the bromine 
pressure was varied from 5 to 20 Torr, oxygen 
pressure from 150 to 750 Torr, while the total 
Dressure was maintained constant by the addition 
of argon. In another series of experiments, the 
total pressure was varied from 169 to 785 Torr. 
Under all these variations, at room temperature, 
the rate of reaction was independent, within the 
accuracy of the experiment ( i 7 % ) ,  of Br,, O,, 
and total gas concentrations. However, the 
absolute concentration of BrO produced depends 
upon [Br,] and [O,]. In the present experiments, 
the maximum concentration of BrO was pro- 
duced when the mixture containing 20 Torr of 
Br, and 1 atm of 0, was flash photolyzed. 

The decomposition of BrO was also studied 
over a temperature range between 293 and 
673 "K (Fig. 4). However, the measurements 
became progressively more difficult with increase 
of temperature. This is most probably because 
the transparency of quartz to the radiation 
shorter than 2000 A decreases with temperature, 
and it is this radiation that is responsible (8) for 
the production of BrO. In experiments at 
673 OK, the accuracy of the measurement is not 
sufficient to differentiate between the first and 
second order for BrO decom~osition. However. 
lower temperature results yield a relatively 
accurate value of the activation energy for second 
order decomposition of BrO (0.65 i 0.05 kcall 
mole). Although the accuracy of the activation 
energy above 450 "K is also satisfactory (4.5 + 
0.3 kcal/mole), this accuracy may very well be 
spurious. 
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WAVELENGTH, 
FIG. 1. Microdensitometer trace of BrO spectrum taken 100 ps after flash photolysis of Br2 plus 0, mixture at 

room temperature. 

T i m ,  ms 

FIG. 2. Plot of [BrO] in relative units against time after flash initiation in a typical experiment. 

Discussion 

In order to explain the experimental results, 
it may be profitable to compare present data with 
the more thoroughly investigated CIO decom- 
position. The latter reaction was also found to be 
second order with respect to its halogen mon- 
oxide. The presently accepted scheme for the 
C10 decomposition was proposed by Benson 
and Buss (6) 

[I I 2 C10 e ClOO + CI 

[2 I C1 + ClOO -+ Cl2 + 0 2  

[3 1 ClOO (+ M) -> C1 + 0, (+ M) 

Clyne and Coxon (3) provided evidence in 
support of the mechanism [I]-[3], as well as for 
the reaction 

Johnston et al. (7) demonstrated unequivocally 

that the disappearance of the C10 radical 
depends upon the inert gas concentration 
(reaction 4). 

It was generally suspected (3, 6) that BrO 
decomposition should be similar to CIO decom- 
position. However, it follows from the work of 
Burns and Norrish (8) that, unlike ClOO radical, 
BrOO is unstable. Thus, while the reaction 

2 C1 + 0 2  -> 2 C10 

which proceeds in two steps via C100, is very 
rapid, the reaction 

2 Br + 0, -> 2 BrO 

does not occur (8). Clyne and Coxon (3) also 
reported that the reaction 

Br + ClOO -> BrOO + C1 

seems not to occur. Further evidence for stability 
of ClOOcan bededuced from the knownefficiency 
of 0, as a third body in C1 atom recombination re- 
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BROWN AND BURNS: DECOMPOSITION OF BrO 

Time,  m s  

FIG. 4. Arrhenius plot for BrO decomposition reaction. 

FIG. 3. log [BrO] and [BrO]-' (straight line) against time at 293 "K for a typical experiment.Theordinate is given 
in relative units. 

actions. Porter and Wright (1) reported that 0, is 
46 times more efficient than N, in C1 recombina- 
tion. On the other hand, the efficiencies of 0, and 
N, differ only by a factor of two (1 1) for the 
Br recombination. Blake, Browne, and Burns 
recently (12) calculated that the depth of the 
intermolecular potential between Br and 0, is 
about 1 kcal/mole, while the intermolecular 
potentials for Br-N, and Br-Kr pairs are about 
1.7 and 2.2 kcal/mole deep, respectively. On the 
other hand, the bond-dissociation energy for 
ClOO was estimated to be 7 kcal/mole (3) and 
8 + 2 kcal/mole (6). Furthermore, we were not 

able to find a third body dependence, and for this 
reason the reaction 

15 1 2 BrO + M -> Br202  + M 

is not substantiated in our experiments. 
Therefore, present experimental data coupled 

with previous findings (8) yield the following 
scheme for BrO decomposition 

[6 1 2 BrO Br202 

[7 1 Brz02 -> 2 Br + O2 

Since the activation energy in [7] is, most 
probably, zero the activation energy for the 
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reaction 6, below 450 OK, is 0.65 kcal/mole. 
Therefore the Br,O, is unstable and can be 
thought to be an "activated complex" which 
reacts either in one step, [7], or via 

[8 1 Br20z -> BrOO + Br 

[9 I BrOO -> Br + 0, 

The one step decomposition is preferred because 
the binding energy of BrOO is only 1 kcal/mole 
(12). Similar mechanism is not likely for C10 
decomposition (3) on account of the endother- 
micity of the reaction 

of some 9.3 kcal/mole. Since reactions 7, 8, and 
9 appear to be irreversible, one may expect that 
BrO decomposition should be faster than C10 
decomposition. This conclusion is supported in 
the work of Clyne and Coxon (3, 13). Although 
we were unable to measure our rate constants, 
qualitatively, by examining our plates, we concur 
at this point with Clyne and Coxon (3, 13). 

Thus we arrive at an interesting conclusion that, 
although the BrO decomposition is similar to the 
C10 decomposition, the mechanisms for the two 
reactions differ substantially. 

We favor linear or staggered (14) configuration 
for the Br,O, activated complex. This is because 
a trapezoidal (14) activated complex would pro- 
vide a partial bond between two Br atoms, which 
would then rapidly recombine. Actually there 
seems to be no evidence that the presence of BrO 
accelerates Br, reappearance in flash photolysis 
experiments (11). The shape of the activated 
complex for some four center reactions is of 
considerable interest, both experimentally and 
theoretically (14-1 7). 

Finally, it may be of interest to compare BrO 
and C10 recombination to the much studied 
H, + I, + 2 HI reaction. BrO decomposition 
appears to be very similar to HI decomposition. 
The mechanism of the latter reaction can be 
obtained from recent work of Sullivan (18). 
There, as in the present work, the linear or 
staggered activated complex leads to the forma- 
tion of a new strong bond (either --0-0- or 
-H-H-). Thereafter, one halogen is lost, and 
then the other 

As in the case of HI reaction, the BrO decom- 
position is relatively simple only at lower tem- 
peratures. Some complexities in the BrO decom- 
position seem to appear above 450 OK. 

The BrO formation differs from the HI forma- 
tion reaction. In the former case, rupture of 
Br-Br bond does not lead to the formation of 
BrO, because 2 Br + 0, -> BrO reaction is endo- 
thermic. Therefore, in order to produce BrO 
in flash photolysis experiments,. it is necessary 
to break a strong 0--0 bond (8). On the other 
hand, the H, + I, reaction is initiated by rupture 
of the weak 1-1 bond (18). 

There is an analogy between HI and C10 
formation. In these cases. both reactions are 
initiated with rupture of the weak halogen- 
halogen bond. Although these mechanisms are 
similar, there is an appreciable difference in the 
absolute values of rate constants and activation 
energies in these two reactions. 

This work was supported by the Defence Research 
Board, Grant No. 9530-54, the Directorate of Chemical 
Sciences, Air Force Office of Scientific Research, Grant 
No. 506-64 and Grant No. 506-66 and 1695-69. and the 
Petroleum Research Fund of the American Chemical 
Society. 

We are grateful to Drs. M. A. A. Clyne and H. W. 
Cruse for the preprints of their papers on the formation, 
decay, and reactions of BrO radicals. 
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The aqueous solubility of the system silver selenide has been investigated in an inert atmosphere of 
nitrogen at a unit molar ionic strength and constant temperature of 25 "C. The experimental evidence 
indicates the formation of two aqueous species [Ag2(HSe)(OH)], and [Ag(Se)2(0.H)]4- In contact with 
the precipitated selenide in different regions of acidity. The former exists In acidic medium and has a 
pg value of 48.49 i 0.10 while the latter is stable only in alkaline conditions and has a pgvalue of  
24.07 i 0.19. A mathematical treatment has been elaborated to identify and calculate the stabil~ty con- 
stants of such selenide complexes formed through a heterogeneous equilibrium. 
Canadian Journal of Chemistry, 48, 3491 (1970) 

Introduction 

In the course of systematic investigations on 
the solubility characteristics of metal chal- 
cogenides, we have earlier reported on the 
formation of thiocomplexes of cadmium and 
zinc (1, 2). These complexes are not unique since 
other workers have also observed these charac- 
teristics in the solubility equilibria of the sulfides 
of antimony (3), mercury (4, 5), lead (6, 7), silver 
(8, 9), and cobalt (10). In some cases aqueous 
complexes of exceptionally high stabilities have 
been observed, e.g. the thiocomplexes of silver 
and mercury. 

Surprisingly nothing is known on the similar 
interactions of insoluble selenides, though their 
precipitation characteristics are reported to be 
similar to their corresponding sulfides (1  1). This 
apparent lack of interest in the aqueous chemistry 
of metal selenides may in part be attributed to the 
low solubilities and also obnoxious character of 
the selenium compounds. Nevertheless, a knowl- 
edge of the comparative complexing properties 
of the analogous series of compounds derived 
from S, Se, and Te is desirable. 

The solubility and complexing characteristics 
of silver selenide have been investigated in this 
study in order to compare its behavior with the 
corresponding sulfide. The natures of the aqueous 
species in contact with the precipitated selenide 
have been established under uniform experimen- 
tal conditions. 

Experimental 
The aqueous solubility of this system has been deter- 

mined over the entire p H  range at a constant ionic 

'Presented in part at  the 51st annual meeting of the 
C.I.C. Vancouver, British Columbia, June 1968. 

2Present address: Department of Chemistry, University 
of Moncton, Moncton, New Brunswick, Canada. 

strength of unity, controlled with pure sodium perchlorate 
at 25 "C. The precipitate at any desired p H  was produced 
by mixing known volumes of standard radioactive silver 
perchlorate and an excess of sodium hydrogen selenide 
as precipitating ligand. The radiotracer "OAg employed 
in this study was obtained from A.E.C.L., Chalk River, 
Ontario, and all other reagents were of the analytical 
grade purity. The compound sodium hydrogen selenide 
was synthesized when necessary by a method similar to 
the synthesis of sodium hydrogen sulfide (12). The stock 
and all other solutions were prepared in deoxygenated 
and deionized double distilled water, and furthermore 
the aqueous medium was kept free of any other com- 
plexing ions. Only solutions of perchloric acid and 
sodium hydroxide were employed to  control the p H  of 
the medium. The system was equilibrated for a period of 
five days in a constant temperature water bath at 25 "C 
before making the final analytical determinations. In  
each case the equilibrated aqueous phase was analyzed 
for total silver (Ag,,,), ionic silver (Agf), total selenide 
(Se,,,), and the acidity (pH) of the system. A Polymetron 
type-42 p H  meter with an expanded scale arrangement 
was employed with appropriate electrode assemblies, 
to measure the p H  and Ag+ concentrations of the 
medium, whereas a well type y-ray scintillation spectrom- 
eter was utilized for the determination of Ag,,, radio- 
metrically. The selenide total concentration was obtained 
iodimetrically by the method of Wood (13). The method 
was suitably modified and the end point in the titration 
was determined electrometrically on a Metrohm potentio- 
graph E-336, using a platinum and a normal calomel cell 
assembly. 

The precipitations and other experimental measure- 
ments were done in an  inert atmosphere of nitrogen in 
specially constructed Pyrex glass vessels. The apparatus 
was so designed that air could be expelled by nitrogen 
before effecting selenide precipitations at any desired 
acidity. The aliquots from the reaction vessel were 
similarly carefully passed through a fritted glass filter by 
applying nitrogen pressure into an  attached pipette from 
which a measured volume could be drawn for analytical 
determinations. I t  was established in preliminary experi- 
ments that this procedure gives reproducible results, 
moreover air oxidation of the selenium compound is thus 
minimized. 

I n  a separate determination the physico chemical 
constants of this system, i.e., solubility product of silver 
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selenide and the ionization constants of hydrogen 
selenide, were obtained under identical experimental 
conditions of ionic strength and temperature by the 
potentiometric technique. The details of the experimental 
procedures are cited elsewhere (12). 

Theoretical 

In the precipitation of silver selenide in an 
excess of sodium hydrogen selenide, any of the 
three species H2Se, HSe-, and Se2- can give rise 
to aqueous complex formation. In some parallel 
determinations with sodium hydrogen sulfide 
it has, however, been established that either the 
aqueous complexing interactions of the molecular 
species H,S are absent or they are too small to be 
of any special significance. Hence, it is assumed 
in this case as well that the species H2Se does not 
function as a complexing ligand. In an aqueous 
medium, on the other hand, the species OH- 
may be regarded as a complexing ligand partic- 
ularly in alkaline conditions. The following 
equilibria then adequately represent the general 
complex formation conditions of the system. 

[3] [Hf][OH-]  = Kw (Kw = ion product 
of water) 

[4] [ ~ g ' ] ~  [se2-] = K,, (K,, = solubility 
product) 

[5] [Se],,, = [H2Se] + [HSe-1 + [Se2-1 
+ [Secomp~exI 

In view of the low solubilities of the selenides 
(I]), it is reasonable to assume that the term 
[Se,o,,,,x] remains negligibly small and can even 
be neglected in reaction 5. Introduction of the 
two ionization constants, K,K2 of the diprotic 
acid H2Se in reaction 5 and rearrangement lead 
to two more equations as follows 

when K, >> [ H + ]  >> K2 and likewise [Se],,, 
corresponds to concentration of species Se2- 
when K2 >> [H']. These conditions may be 
expressed as 

[8] [Se],,, = [HSe-] when K, >> [ H + ]  >> K2 

[9] [Se],,, = [se2-] when K2 >> [ H f ]  

This implies that HSe- and Agf interactions 
will be apparent only when the pHof the medium 
is in between the values of the two ionization 
constants of the ligand acid, whereas the Se2- 
reactions will show up only in the alkaline con- 
ditions when the pH is beyond the value of the 
second ionization constant of the H2Se. It is 
further evident that at any other condition of 
acidity in the medium the concentrations of the 
species HSe- and Se2- shall be pH dependent, 
i.e. the solubility ofthe system will vary depending 
on the pHof the medium. It is interpreted to mean 
that if any complexing interactions do occur with 
either HSe- or Se2-, the system as a whole will 
exhibit certain characteristic solubility slopes, 
which will indicate the nature of interaction, 
hence the nature of the species formed. 

A general mathematical treatment of the 
solub$ity data has already been elaborated for 
HS--metal interaction (2), which by suitable 
modifications can be ada~ ted  for HSe--silver 
complexing interactions as in this study. The 
characteristic solubility slopes for some postu- 
lated HSe--Agf complexes are recorded in 
Table 1. The general complexing characteristics 
of the Se2--Agf interactions can be similarly 
derived theoretically by taking into consideration 
the pHdependency of the ligand species as shown 
in reaction 7. We may divide the effect of pH on 
[Se2-] into three broad regions of acidity; before 
the first ionization constant of hydrogen selenide, 
in between the first and second ionization con- 
stants, and finally after the second ionization 
constant. These conditions can be mathematically 
expressed as shown in the following equations. 

. - 

when [Hf]  >> K l  >> K2 

[se2-:1 [H'] 
171 [Se],,, = [se'-] [[z + '3 + 1 

KlK2 K2 K2 
when K ,  >> [H'] >> K2 

In eqs. 6 and 7 an approximation can be intro- 
duced such that concentration expressed by 1121 [Sel,,, = [se2-] 
[Se],,, corresponds to concentration of HSe- when K, >> K1 >> [Hf]  
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TABLE 1 

Theoretical slopes of postulated selenide complex species of silver 

8 log [AgltOtlapH a log [Agl,,, 

Species p H  << pK, pK, << p H  << pK2 pK2 << pH ap[Se]lot 

The silver total concentration, [Ag],,,, in an 
equilibrated system at any instant may be 
regarded as the sum of all the species formed in 
some significant concentrations. The equilibrium 
constant of general Se2--Agf reaction expressed 
in reaction 2 can therefore be written as 

where the constant expressed by $,, is unique 
such that it always has a positive value even when 
there is no complex formation, i.e. the system 
consists only of simple free silver ions. In all 
other cases where seleno complexing does occur 

= sum ofall the species in the solution 

We may therefore write eq. 13 as a function of 
[Ag],,, and the other experimental parameters, as 

where N in eq. 14 represents the coordination 
number of silver which is generally 4. 

Equation 14encompasses all the possible com- 
plex species. However, it is known that in such. 
heterogeneous systems rarely more than two or 
three species are formed in appreciable concen- 

trations. One can in fact say that for all practical 
purposes the total concentration of silver in 
solution represents the concentrations of these 
limited number of aqueous complexes. The 
experimental variations in the concentration of 
[Ag],,, as function of pH or [Se],,, can also be 
said to represent the variations in the concentra- 
tion of a given complex, as a function of these 
variables. 

In a given pH region and a certain concentra- 
tion interval of the ligand, if the experimentally 
observed [Ag],,, corresponds to variations 
predicted for a given complex, one may conclude 
that [Ag],,, corresponds to the concentration 
of that particular complex. The complex is thus 
identified and its formation constant is calculated 
from known values of [Ag],,,, pH, and [Se] ,,,. 

It is easy to visualize now that in the summation 
eq. 14 in a particular pH region and at a 
specific interval of [Se],,, only one dissolved 
species may be significant at a time, which may 
be represented by a general formula [Ag(Se),- 
(OH),]' - ("+,). Assuming this to be true and 
introducing eqs. 10, 11, and 12 alternately into 
significant term, eq. 14 may be further divided 
into three equations for this significant species as 

when [H+]  >> K ,  >> K, 
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when K, >> [H'] >> K2 

[I71 [Agl,,, = $s,~[Ag+:l[Sel,o,"[OH- IY 
when K ,  >> [H'] 

Introducing eqs. 3 and 4 into eqs. 15, 16, and 17, 
the final expressions are 

[18] [Ag],,, = $,,K,,~~ [Se],,,"-4[K, K,]"-% 
[K,"I"[H+] 1 -""+,' 

[I91 [Ag],,, = $ , , , K s , ' ~ [ S e ] , o , ' ~ ~ [ K 2 ] ~ t - 3  
[K,"]" [H + 13 - '" +"' 

The theoretical solubility characteristics of the 
complex can be established as shown earlier in 
HS--metal complexing reactions (2) by differen- 
tiating eqs. 18, 19, and 20 with respect to the 
experimental variables, pH. and [Se],,, with one 
being constant at any particular instant. The 
final equations expressing the solubility slopes 
of the species at  a constant [Se],,, are as given 
below in their logarithmic forms. 

a log IAg1t.t = (2x + ) - 1) 
[211 apH 

when [H'] >> K ,  >> K 2  

when K ,  >> [H'] >> K 2  

- a log [AgltOt - (y) when K, >> [H '1 L2)1 a p H  

while at  a specific pH the species will have a 
constant slope as a function of [Se],,, as given in 
eq. 24 

Theoretically the knowledge of the numerical 
values of two of the four derivatives shown above 
is sufficient to establish the'values of x and y in 
the general formula and hence the identity of the 
species in question.Theexact nature of thespecies 
is, however, assured by comparing the experimen- 

tally observed solubility slopes with the theoret- 
ically derived characteristics for the same species 
(cf. Table 1). 

In this manner careful investigations over the 
entire p H  range, and at  sufficiently well spaced 
[Se],,, intervals, lead to the identification of all 
the species formed in appreciable concentrations. 
In the case when more than one species may be 
formed in the same pH region as defined earlier, 
one can still establish their identities by observing 
the changes in the slopes of the solubility curves 
in the specific region of interest. Such interactions 
have been observed earlier for the Ag'-SeO,,- 
system (16). 

A n  important point to be noted here is that 
validity of eqs. 21 through 24 depends on eqs. 
18, 19, and 20, which shall be the case provided 
only one term with a nonzero value for the 
exponent of [H'] or [Se],,, is significant at  a 
time in the summation. Fortunately this restric- 
tion holds true for polyprotic acids having a large 
difference in the values of their individual 
ionization constants. Furthermore, eqs. 21 
through 24 show that one may expect pure 
seleno, pure hydroxy, or  mixed seleno hydroxy 
species in the system depending on the values of 
x and y in the postulated complexes. The theoret- 
ical solubility slopes of a number of seleno silver 
complex species are recorded in Table I .  

In conclusion identification of a species 
formed becomes straightforward if only one 
complex is formed at a time. However, simul- 
taneous formation of several species is also 
probable as discussed earlier. In the event when 
such species are formed in a systematic manner 
i.e. their characteristic slopes remain well defined 
in a specific region of acidity or  [Se],,, interval, 
their identification can be s~~ccessfully made by 
the method ofconiparison as shown in this study. 
On the other hand should the information from 
the solubility curves remain i~iconclusive, onecan 
still identify the complex formed in the highest 
concentration from the experimental data. The 
natures and the stability constants of the ~inder-  
lying species, in such cases, are established by 
resorting to the system of simultaneous equations 
a s  has been shown in an  earlier study (1). This 
treatment has the advantage that only species 
contributing significantly to [Ag],,, in solution 
are taken into account, thus eliminating the 
possibilities of negative values for their formation 
constants. 
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TABLE 2 

*Experimental data from the solubilily curves. Fig. 1. 

The Formation Constant 
The final expression for the over-all stability 

constant p, of a complex with HSe- or Se2- as 
ligand is given by eqs. 25 or 26, and depends on 
the nature of interaction, with Agf ions. 

= + x y  

Results 
The potentiometric determination with a silver 

and a standard Calomel electrode cell assembly 
gave the values of the two ionization constants 
of hydrogen selenide as 10-3.48 and 10-11.60, 
respectively, while the value of the solubility 
product of silver selenide from the same experi- 
mental data was 10-53.79, thereby showing the 
extreme insolubility of the compound. These 
data have been utilized in the present calculations 
wherever necessary. 

The aqueous solubility data for silver selenide 
as  a function of both the experimental variables, 
p H  and [Se],,, are shown in Fig. 1, while the 
solubility variations (at a constant pH) as a 
function of [Se],,, are traced in Fig. 2. The 
salient features of these graphs are that in the 

FIG. 1. Solubility curves of Ag2Se as a function of 
pH. C,, [Se],,, r 0.0645 M; C2, [Se],,, E 0.0263 M; C3, 
[Se],,, E 0.0135 M: [llOAg]t,, (original) = 4 x M. 

former case two distinct solubility slopes are 
apparent; slope of zero in acidic regions and a 
positive slope of one in alkaline medium, while 
in the latter case a slope of 1.5 in alkaline medium 
is evident from the graphical data. Comparison of 
these characteristic slopes with the theoretical 
data in Table 1 readily confirms the possibility 
of two important species in the aqueous phase 
of silver selenide, which may be described by the 
formula [Ag,(HSe)(OH)] and [Ag(Se),(OH)I4-. 
Formation Constant of [Ag,(HSe)(OH)] 

The average value of [Ag],,, in acidic medium 
was found to be 10-7.70 M, this may be sub- 
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FIG. 2. Solubility curve of AgzSe as a function of 
[Se] ,,,. p H  2. 12.5; [llOAg],,, (original) = 4 x M. 

stituted in eq. 25 to obtain the stability constant 
of this species. 

Fortnation Cot~stant of Species 
[Ag(Se),(Off)14- 

The experimental data from Fig. 1 in alkaline 
medium are recorded in Table 2. In this case 
[Ag],,, is regarded as the sum of two species, 
hence the concentration of the species [Ag(Se),- 
(OH:1I4- alone is obtained by subtracting the 
concentration of species described above. 

The stability constant of the complex may be 
calculated from eq. 26 utilizing the data from 
Table 2, or from the following expression, 

CHEMISTRY. VOL. 48, 1970 

In this case since solubility increases in the p H  
regions beyond pK2 of hydrogen selenide, 
evidently Se2- remains the principal complexing 
ligand in the medium. 

Discussion 

The data available on the physico chemical 
constants of metal selenides are very meagre; 
even the simple solubility product constants of 
metal selenides in an aqueous medium are not 
known with any certainty. In addition there is a 
considerable uncertainty on the reported values 
of the two ionization constants of hydrogen 
selenide (15). It therefore became essential to  
establish these constants under the same experi- 
mental conditions as utilized in the solubility 
studies, i.e. controlled ionic strength and tem- 
perature. We have already demonstrated the 
technique of obtaining these constants in a 
sulfide system by a potentiometric method (12, 
14), which has been extended to  the selenide 
system as well. The main advantage of this 
technique is that both the io~iization constants 
of hydrogen selenide and the solubility product 
constant of silver selenide are obtained simul- 
taneously from the same experimental data. 
Since reliable results have been obtained in sul- 
fide systems, we presume the data obtained for 
H,Se constants are also the best available so far. 
The solubility product of silver selenide has thus 
been experimentally established for the first time 
by this method. 

The actual solubility of silver selenide is much 
higher than that calculated on the basis of simple 
solubility product alone, which certainly implies 
that some complex aqueous species are formed 
in the system. The analysis of the solubility data 
indicates the existence ofat  least two predominant 
species [Ag,(HSe)(OH)] and [Ag(Se),(OH)I4- 
in acidic and alkaline conditions, respectively. 
These unusual aqueous species appear to be 
exceptionally stable as shown by their formation 
constants. This is not surprising since in many 
sulfide systems such interictions have given rise 
to aqueous complexes of high stabilities (2, 4, 
9). However, the surprising feature is that silver 
selenide solubility behavior is very different from 
that of its sulfide, where in the latter case only 
one species [Ag(HS),]- was noticed in neutral 
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medium besides the presence of a complex 
[Ag,(HS)(OH)], both in acidic and alkaline 
medium (12). Nevertheless in acidic conditions 
their behavior is parallel to the extent that both 
the selenide and the sulfide systems give a 
soluble species of the similar nature. However, 
the selenide complex (pp, 48.49) is more stable 
than the sulfide species (pp, 41.89) which may 
primarily be due to the greater insolubility of 
silver selenide. Comparatively speaking the 
absence of any HSe- complexing in silver 
selenide equilibrium leaves the impression that 
this species acts as a poor complexing ligand, 
which appears justified too since in a parallel 
study on the complexing characteristics of 
H2Se03 it has been shown that the species 
HSe0,- has negligible complexing properties, 
while the species SeO,,- coordinates with silver 
with greater ease (16). The res~~lts  of the present 
investigation supplement this view to a large 
extent since in alkaline conditions Se2- com- 
plexing is well characterized (cf. Fig. 2). Hence, 
HSe- is a weaker ligand than HS-, while se2-  is 
a stronger ligand than s2- as shown in the respec- 
tive determinations on silver systems. However, 
some more systems must be analyzed before any 
generalizations can be definitely ascribed to such 
interactions. 

I t  is, nevertheless, clear that the increase in the 
solubility of the selenide precipitate is not due to 
any hydroxy complex formation as found in an 
independent investigation on the solubility 
characteristics of silver oxide (17). If it were so, 
the solubility in alkaline medium would have 
decreased as a function of increasing selenide 
concentration, even though a positive slope of 
unity as a function of pH might still remain the 
principal solubility feature. The a c t ~ ~ a l  results 
(cf. Figs. 1 and 2) show that the species formed 
incorporates one OH- ion and two Se2- ions, 

leading to the formation of an unusual species 
[Ag(Se),(OH)I4-. We have also noticed similar 
solubility increases in the interactions of mercuric 
sulfide and selenide systems, which we think are 
due to the formation of mixed species as observed 
in this system (12). I n  this respect the solubility 
behavior of silver selenide in alkaline conditions 
is totally different from that of its sulfide, which 
hardly forms any mixed thio complexes in 
alkaline conditions. As far as known to the 
authors this is the first report on the aqueous 
species of insoluble selenides of metals. 
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Canada. 
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The chemical shift. I. Approximate theory and application to 
first row binary fluorides 

F. G. HERRING 
Department of Chemistry, University of British Columbia, Vancouver 8, British Columbia 
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Starting from the approximations of the i.n.d.0.-1.c.a.o.-s.c.f. method and using approximate Hartree- 
Fock perturbation theory, a method has been developed whereby the nuclear shielding of a nucleus for a 
first row element may be estimated. The method avoids the use of the average energy approximation. 
The method is demonstrated by calculating the 19F chemical shifts in the first row binary fluorides rela- 
tive to the fluorine molecule. 

Canadian Journal of  Chemistry, 48, 3498 (1970) 

The basic theory of nuclear magnetic shielding 
has been developed by Ramsey (1). This work 
indicates that the nuclear shielding of a nucleus 
is made up of two parts i.e. the Lamb term which 
may be evaluated from the ground state wave- 
function and the paramagnetic term which is a 
second order contribution and requires a sum 
over excited states. It is the latter term which has 
proved to be the most difficult to evaluate as it 
requires a knowledge of excited state wave- 
functions. 

The work of Lipscomb and co-workers (2-4) 
has shown, within the framework of Hartree- 
Fock perturbation theory, that the nuclear 
magnetic shielding for a nucleus in a diatomic 
molecule may be calculated satisfactorily. 

The treatment of larger molecular systems is, 
however, at  a much more approximate level. 
Previous calculations of chemical shifts have all, 
with one exception (16), employed the average 
energy approximation to simplify the paramag- 
netic term (1, 5-13). This appi.oximation results 
in an expression for the paramagnetic term as a 
function of bond order and charge density matrix 
elements for the ground state. The average energy 
approximation has the obvious defect that it fails 
to take into account the fact that there may be 
terms of opposite sign in the sum over excited 
states (14), although for some magnetic prop- 

erties this approximation may be applicable 
(15). The inadequacy of this approximation has 
been demonstrated in the case of C1F (16). Thus 
in order to understand qualitatively the varia- 
tions in chemical shift for a number of molecules 
it seems necessary that the average energy 
approximation be avoided. 

Recently, in the light of extended basis set 
calculations, Hegstrom and Lipscomb (17) dis- 
cussed the various approximations to the 
paramagnetic term and showed the relationship 
of these approximations to perturbed Hartree- 
Fock theory. This work indicated that certain 
"off-diagonal" self-consistency terms may be 
neglected, although there is no apriori reason for 
doing so, so that the calculation of the nuclear 
shielding may be simplified. 

The purpose of the present work is to avoid 
the pitfalls of the average energy approximation 
by using approximate perturbed Hartree-Fock 
theory. In conjunction with this the necessary 
molecular wavefunctions will be obtained from 
the i.n.d.0.-1.c.a.o.-s.c.f. method, developed by 
Pople et al. (18). The calculations will be con- 
fined to those nuclei whose nuclear shielding is 
dominated by the paramagnetic term. It should 
be noted here that a similar theory, although 
different in detail, for the estimation of diamag- 
netic susceptibilities has been presented by 
Bley (19). 

Theory 

The approximate theory to be developed here follows the method known as Hartree-Fock perturba- 
tion theory (2, 17, 20). The one electron nature of the magnetic perturbations make this method 
particularly suitable for the estimation of the chemical shift. This has been amply demonstrated by the 
calculations of Lipscomb and co-workers (2-4). It  is the aim of this work to estimate the chemical shift 
of a nucleus of a first row element in the framework of the i.n.d.0.-1.c.a.o.-s.c.f. method devised by 
Pople et al. (18) together with the necessary Hartree-Fock perturbation theory. 
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HERRING: THE CHEMICAL SHIFT. I 3499 

The requisite expressions for the chemical shift may be obtained from the following molecular 
Hamiltonian, in which all magnetic interactions, other than those contributing to the chemical shift 
directly, have been neglected (21,22) 

where 2, is the electronic Hamiltonian for the unperturbed 2N-electron system, Lo,  and Lni are the 
dimensionless angular momentum operators for electron i about a common molecular origin and 
about the nucleus n, respectively (the electron position vectors voi and vni are similarly defined), H i s  
the applied magnetic field, p,,, the magnetic moment of the nucleus n, U is the unit dyadic, Pe  = eh/2mc 
and re = e2/mc2. 

The unperturbed electron Hamiltonian is approximated by a Hartree-Fock operator, which for a 
single electron is 

2 N  

C21 
0 

h (1) = - 4 4  - C z,r,' + x (x:l~12lx:) 
n j =  1 

where O,, = r;21 (1 - P I 2 )  in which PI, permutes the electron coordinates (see ref. 20) and xi is a 
molecular spin orbital. The one electron nature of the magnetic perturbations in eq. 1 allows us to 
formalize the problem in the following way (assuming for simplicity a single nuclear spin p # 0) 

where hlOO, ho1O, and hoO' correspond to the operators in eq. 1, whence, expanding&, and xi as double 
power series in p and H ,  we obtain the following expressions for those energy terms independent of p 
and H a n d  bilinear in them 

There are no linear terms in p and Hsince the perturbations hlOO and ho10 are imaginary. The first 
term in [5] corresponds to the Lamb term and the second term to the so-called paramagnetic term. 
This second term (in eq. 5) may be simplified using Dalgarno's Interchange Theorem (23) so that only 
one or other of the first order corrections need be calculated, viz., 

All that is required now is to write down the coupled equations necessary to obtain xi0 or x?'. 
These have been given previously (2, 17, 20) and are 

The equations may be solved by expanding xO' as a linear combination of zeroth order function, 
that is, we write 
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where the zeroth order functions are defined by 

and 

i.e. solutions of the Hartree-Fock operator. It is only necessary for the sum in eq. 8 to be over 
unoccupied orbitals since mixing the occupied orbitals does not change the wavefunction. Substi- 
tuting eq. 8 into eq. 7, premultiplying by X; (1) and integrating, we have 

We now change the basis set to the N doubly occupied orbitals 

+q(xq(l> = +q(l>% xq+ l(2) = +9(1)P) 
whence 

which is the e.quation derived by Lipscomb et al. (2-4). Now since both perturbations hOIO(l) and 
hlo0(l)are imaginary the Cii  are imaginary thus C s  = - CC and keeping only those terms in eq. 10 
for which j = i, we have 

which corresponds to  the method (b) of Langhoff, Karplus, and Hurst (21). 
In addition to the neglect of the above off-diagonal self consistency terms one may also approximate 

eq. 11 by setting q = p, whence 

C121 C' P 1 . = (Q:lhol'"l+P> 
EOp - EY + (+g+Plr;2l+P+:) - <+P+Oplr;211+P+Op) 

which corresponds to  the method suggested by Lipscomb and Hegstrom (17). These workers were 
careful to emphasize that the terms neglected above are not always small and that their magnitude can 
only be estimated by doing a fully coupled Hartree-Fock perturbation. However, within the frame- 
work of an approximate 1.c.a.o.-s.c.f., it would seem reasonable to adopt eq. 12 and this is what has 
been done. The form of the energy denominator in eq. 12 arises as a consequence of the pure imaginary 
character of the perturbations involved (see, for example, ref. 2), therefore it differs from the usual 
singlet-singlet energy difference presumably used by Hendrickson and Kuznesof (13). 

Substituting eq. 8 together with eq. 12 into eq. 6 we obtain 
N N M  

1131 EO" = P. i =  1  (+plhooll+p) + 4 i = l  p = ~ + l  (+~ lho10+~) (O~lh1001+~)E2]  - H 

where Epi = E p  - E i  + (+:+plr;i I+?+:) - (+P+;lr;: I+:+;> 
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HERRING: THE CHEMICAL SHIlT. I 3501 

Comparing eq. 13, with the usual spin Hamiltonian for the nuclear shielding and dividing the 
chemical shift into a diamagnetic (od) and a paramagnetic (oP) part, we can write for a diagonal com- 
ponent (a = x, y, or z) of the shielding tensor 

N 

C14al 02, = I., C 2(+pl(r2 - ~1~)1.-~1$:) 
i =  1 

where the origin of L, and I. are taken to be the nucleus of interest (17). 
The unperturbed 1.c.a.o. molecular orbitals are to be evaluated using the i.n.d.0. (intermediate 

neglect of overlap) method devised by Pople et al. (18). Using the approximations of this theory the 
matrix elements of Hartree-Fock operator, expanded in an atomic orbital basis set +,, are given by 

FllV = %PpvC3(~vl~v)  - (~ l~ lvv ) l  (P # v, P and v E A) 

where 

and the remaining notation is that of Pople et al. The molecular coulomb and exchange integrals 
required in [14b] have the following form in the i.n.d.0. framework 

It is now necessary to consider the evaluation of the magnetic integrals needed for eqs. 14a and 146. 
We propose to consider, at the present, only those nuclei in which i t  is believed that changes in the 
nuclear shielding are manifested mainly in the paramagnetic term and that the Lamb term (dominated 
in the main by the 1s contribution for first row elements) remains essentially constant. Consequently 
for the present investigation we define the chemical shift (6) as the difference between the paramag- 
netic nuclear shielding of the molecule in question (oe) and some arbitrarily chosen standard 
molecule (o,P), i.e. 

s = o:, - o:, 

Cornwell (16, 20) has devised approximate expression for the angular momentum integrals in eq. 
14b; these are 

Cljl ($jiLaI$p> = i C (C: x Cy), 
B 

($pILar-31$j> = i(r-3)Ap(c; cf)u 

where the summation runs over all atom Bin the molecule, the components of the vectors C: are the 
coefficients of the corresponding p,, p,, p, orbitals and (rC3),, is the expectation value of r - 3  for an 
electron in the valence p-orbitals on center A.  The value of (r - 3 ) A p  can be evaluated from c3/3 where 5 
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is the orbital exponent of a Slater 2p orbital. The approximate expressions in [15] are in the same spirit 
as the approximations inherent in the i.n.d.0. method in that overlap between different atoms is 
neglected and that only valence electrons are considered. Integrals of the form ( $ B J L A r A - 3 J $ B >  
although formally allowed in the z.d.0. approximation have been neglected due to their r - 3  depen- 
dence. 

In addition the rotational invariance of the i.n.d.0. method and the neglect of overlap terms in eq. 
15 ensure that the present calculations are gauge invariant. 

The approximate perturbed Hartree-Fock method employed here together with the appropriate 
approximation to the magnetic integrals (19) may be extended to spin-spin couplings, g-shifts etc.; 
such extensions are being considered. 

Computational Details and Results TABLE 1 

The i.n.d.0.-1.c.a.o.-s.c.f. program employed 
in this work was written in this laboratory for an 
IBM 360167. The results of many s.c.f. calcula- 
tions have been carefully checked against the 
previously published results of Pople et al. The 
estimation of the nuclear shielding is attached as 
an option to this program. All calculations are 
performed as indicated in the theoretical section. 
A computational point should be noted here, 
care must be taken in the use of eq. 12 when 
degeneracies are present and the nuclear shielding 
at  a nucleus not at the origin of coordinates is 
being computed, e.g. the fluorine atom in CF,. 
It is mandatory that the degenerate orbitals be 
symmetry adapted, otherwise the other arbitrary 
choices df orbjtals can lead to different values ;f 
the nuclear shielding at  different centers. In the 
present work the degenerate orbitals were 
symmetry adapted so that no problem arises. 

In order to test the previously described theory 
it was decided to estimate the 1 9 ~  chemical shifts 
of the first row binary fluorides relative to the 
fluorine molecule. The results are given in Table 1.  
It will be seen that the results are in reasonable 
agreement with experimental values. 

Discussion 

Chemical shifts for "F are usually interpreted 
in terms of changes in the high frequency (para- 
magnetic) contribution to the nuclear shielding. 
The present calculations have made the same 
assumption although variations in the Lamb 
(diamagnetic) term are not negligible (24), 
especially if we consider a series of molecules 
which have different geometries. The first con- 
clusion that may be reached on the basis of the 
present calculations is that variations in the 
Lamb term are relatively small and that the 
avoidance of the average energy approximation 

19F chemical shifts for the binary 
first row fluorides 

- 
Nuclear 6r2 ( P . P . ~ . )  

Shielding 
Molecule* (p.p.m.) Calcd. Observed 

+657 +599f 
+591 ca. + 5705 

'All molecular geometries are taken from ref. 27. 
?Reference 28. 
$Reference 29. 
§Reference 16. 

has led to a reasonable description of the 1 9 ~  

chemical shifts. 
The 19F chemical shifts have been computed 

with respect to the fluorine molecule. The caicula- 
tions confirm that the principal contribution to  
the paramagnetic term in F2 arises from a TC + o* 
excitation. It may be noted that the value cal- 
culated here for the paramagnetic shielding for 
the 19F nucleus in the F, molecule is in good 
agreement with the full calculation of Stevens 
and Lipscomb (4). This agreement, however, is 
no doubt somewhat fortuituous but does lead us 
to believe that the method outlined here may a t  
least describe the major contributions to the 
nuclear shielding of a nucleus whose chemical 
shift depends mainly on the paramagnetic term. 

It is noticeable from Table 1 that as the 
symmetry of the molecule in question increases 
there is an improvement between theory and 
experiment. Presumably this is due to the fact 
that as the molecule approaches T, symmetry the 
paramagnetic term is dominated by excitations 
amongst the valence p orbitals and as a con- 
sequence, these terms neglected in the evaluation 
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HERRING: THE CHEMICAL SHIFT. I 3503 

of the molecular magnetic integrals (i.e. two- 
center 2s and 2p overlap integrals) are less 
important in determining the magnitude of the 
paramagnetic term. 

Another manifestation of the approximations 
employed may be in the overestimation of the 
chemical shifts in OF, and NF,. In OF,, for 
example, the chemical shift is over-estimated 
(i.e. nuclear shielding underestimated) due to the 
neglect of 2s contribution in the B, -t A, 
excitations. Both of these orbitals are of o-type 
and overlap effects are expected to  be important. 
This is brought out by the fact that the computed 
paramagnetic term of OF, is only just over 50% 
of that measured by Flygare (26). 

I t  is instructive to comuare the relative chemical 
shifts of the three isoelectronic tetrahedral mole- 
cules BF,-, CF,, and NF,'. Both calculation 
and experiment show that the 19F chemical shift 
decreases, i.e. the 19F resonance moves down 
field as the electronegativity of the central atom 
increases. As analysis of the calculation shows 
that on going from B, C, to N there is a marked 
decrease in the excitation energies ( E P j )  which 
causes an increase in the absolute value of the 19F 
nuclear shielding in NF4+ which in turn manifests 
itself as a lowering of the chemical shift (down 
field shift). This marked lowering of the excita- 
tion energies in NF4+ relative to CF, and 
BF,- is no doubt due to the fact that the energy 
difference between the valence orbitals on 
nitrogen and fluorine is much less than between 
carbon and fluorine and boron and fluorine; in 
other words the N F  bond is more covalent. 

In a subsequent paper it will be shown that the 
method described here adequately accounts for 
the 14N chemical shifts in a number of nitrogen- 
oxygen-halogen compounds. 

The communication of ref. 11 by C. D. Cornwell (16) 
is gratefully acknowledged. The author is grateful to 

K.A. R.  Mitchell and D .  P. Chong for many discussions. 
This work was supported by a grant from the National 
Research Council of Canada. 
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The chemical shift. 11. A study of 14N chemical shifts in 
nitrogen-oxygen-halogen compounds 
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The chemical shifts of the 14N nucleus in a number of nitrogen-halogen-oxygen compounds have 
been estimated within the framework of the i.n.d.0.-1.c.a.o.-s.c.f. method using approximate perturbed 
Hartree-Fock theory. Generally good agreement with experiment is achieved. The calculations indicate 
that the variation in 14N chemical shift is due to either changes in orbital angular momentum, or  to 
the presence of low lying excited states, or to a combination of both effects. 

Canadian Journal o f  Chemistry, 48, 3504 (1970) 

Introduction 

A fair number of 14N nuclear magnetic 
resonance studies are reported over the last 
years and chemical shifts for many inorganic 
and organic molecules have been obtained. The 
variations observed in these chemical shifts are 
thought to be determined by changes in the 
paramagnetic (high frequency) term in Ramsey's 
expression, as is the case for a number of other 
nuclei, e.g . ,  19F. Estimation of these variations 
can be made using the theory developed by 
Pople (2), Karplus and Pople (3), and Prosser 
and Goodman (4). The expressions for the 
nuclear shielding developed by these workers 
entail a sum over charge densities and bond 
orders together with an average energy approxi- 
mation. 

The work of Kent and Wagner (5) on linear 
triatomic molecules and by Witanowski (6, 7) 
on a number of organic nitro compounds 
demonstrated that for a series of related com- 
pounds the variations in the 14N chemical shifts 
are due mainly to changes in x-electron den- 
sities in the ground state of the molecules. The 
success of these calculations is no doubt due to 
the fact that the molecules considered were very 
similar and the variation in AE, treated as a con- 
stant parameter, is small. As indicated, it is 
the usual practice ro treat AE as a parameter 
which may be varied from one series of closely 
related molecules to another. Hendrickson and 
Kuznesof (8) attempted to compute the 14N 
chemical shifts for a number of structurally 
different nitrogen containing molecules by 
setting AE equal to the energy separating the 
first magnetically allowed excited state and the 
ground state, the results gave uniformly too 
high chemical shifts. 

The validity of the application of the average 

energy approximation to the estimation of chem- 
ical shifts has been in some doubt since the work 
of Cornwell (9) on the C I F  molecule, where a 
positive contribution to the paramagnetic term 
occurs in the sum over excited states leading to 
the apparently anomalous upfield 19F chemical 
shift. In addition the recent work of Emsley 
(10-12) on fluorobenzene and other benzenoid 
molecules has indicated that the average energy 
approximation is not applicable in all cases. Con- 
sequently, it seems desirable that the average 
energy approximation be avoided. 

The recent work of Herring (1 3) has shown that 
within the framework of the i.n.d.0.-1.c.a.o.-s.c.f. 
method (14) and approximate perturbed Hartree- 
Fock theory (1 5-17) the average energy approx- 
imation may be avoided. The calculation per- 
formed gave a reasonable description of the 19F 
chemical shifts in the first row binary fluorides. 

Qureshi, Ripmeester, and Aubke ((18) and ref- 
erences therein) carried out a study of 14N 
nuclear magnetic resonance in some nitrogen- 
oxygen-halogen compounds. The results they 
obtained and those of other workers (19-22) 
provide an ideal test for the computational pro- 
cedure given in ref. 13. 

Theory and Results 
The method used to estimate the 14N chemical 

shifts revolves around approximate Hartree- 
Fock perturbation theory. The molecular Hamil- 
tonian employed is 
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AUBKE ET AL.: THE CHEMICAL SHIFT. I1 3505 

TABLE 1 

Molecular geometries employed 
-- -- 

Bond distances Angles 
Species Symmetry (Ac) (degree) Reference 

NO,- 
NO, - 
0"NN0'2 

NO = 1.21 
NO = 1.236 

NO' = 1.18 
NO" = 1.12 

NN = 2.08 
NN = 1.750 
NO = 1 .I80 
N F  = 1.52 
NO = 1.13 
NO = 1.1798 
N F  = 1.467 
NF = 1.371 
NO = 1.17 
N F  = 1.44 
NF = 1.48 
N F  = 1.393 
NN = 1.530 
NF = 1.42 
NN = 1.25 
N F  = 1.42 

0'6J0" = 134 
O"NN = 110 

NNO = 133.7 
O!O = 108 
ONF = 110 NOF 

FI$F = 102.9 
O F F  = 116.45 
F N F  = 101.33 

23, This work 

23. This work 

where X, is the electronic Hamiltonian for the 
unperturbed 2N-electron system, LOi and Lni are 
the dimensionless angular momentum operators 

not be related to the electronic spectra of the 
molecules concerned. 

The zeroth order wave function is calculated 
using the i.n.d.0.-1.c.a.o.-s.c.f. method devised by 
Pople et al. (14). The expressions for the molec- 
ular electron repulsion integrals at this level of ap- 
proximation have been given previously (13). The 
molecular magnetic integrals have been evaluated 
using the approximate formulas due to Cornwell 
(9). 

The calculations have been performed on an 
IBM 360167 computer using a program written 
in this laboratory (13). The estimation of the 
nuclear shielding is attached as an option to this 
program (1 3). 

Table 1 shows the molecules studied in this 
work together with the geometries employed. For 
the cis and trans isomers of difluorodiazine addi- 
tional calculations were performed to determine 
the N-N-F angle, using the bond distances 
N-F = 1.44 A and N-N = 1.25 A. The re- 
sults obtained, 113" for cis-N2F, and 103" for  
the rrans isomer, are in good agreement with 
recent data reports by Bohn and Bauer (23) and 
in disagreement with previous reports (24). 

Table 2 gives the results of our calculations of 
the nuclear shielding of the molecules studied 
here. The chemical shift is defined, in the present 
work, as the difference between the paramagnetic 
nuclear shielding of the molecule of interest and 

about a common molecular origin and about the 
nucleus n, respectively (the electron position 
vectors are similarly defined), H is the applied 
magnetic field, p ,  the magnetic moment of 
nucleus n, U is the unit dyadic, PC = ehl21nc and 
r, = e2/mc2. It can now be shown that, if a 
perturbation calculation is carried out with either 
the second or third terms in eq. 1 using the un- 
perturbed molecular orbitals (4;) as zeroth order 
functions, the paramagnetic term o,P, (a = x,  y, 
or z )  is given bv 

N M 

where the first order coefficients are given by 

where E: and EP are the eigenvalues of the zeroth 
order problem and Jpi and Kpi are the molecular 
coulomb and exchange integrals, respectively. As 

I 

I noted in ref. 13, the energy denominator in eq. 2 
does not correspond to  the usual singlet-singlet 
transition energy which differs by + K,,. This 

1 particular form arises from the preimaginary 
character of the perturbations in eq. 1. As a con- 
sequence the excitation energies quoted later can- 
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TABLE 2 excited states caused by the presence of the lone 
14N nuclear shielding and chemical shifts pair. 

In order to investigate these ideas we have 
Nuclear 
shielding 6,,,,,. 8obr.* 

Species (p.p.m.1 (p.p.m.1 (P .P .~ . )  

NO3 - - 286 
NO2 - - 621 

(0) 
-335 

ONNO, - 348 - 62 
ONNO2 - 605 -319 
NzO, - 277 + 9 
NOF - 390 - 104 
NOlF - 246 + 40 
ONF3 - 198 + 88 
NF3 - 254 + 32 
NzF4 - 243 + 43 
NF4 + -235 + 51 
trans-NzF2 - 384 - 98 
cis-N2F2 - 347 - 61 

'Experimental values taken from refs. 18, 19, 20, and 21. 

some arbitrarily chosen standard (in this case 
NO3-). It can be seen that the results are in 
reasonable agreement with experiment. 

Discussion 

The 14N chemical shifts may be qualitatively 
accounted for by a consideration of the variations 
of the orbital angular momentum with increasing 
or decreasing electronegativity of the attached 
atoms (25). The presence of a lone pair on the 
nitrogen atom leads to a large negative para- 
magnetic term and concomitant lowering of the 
chemical shift i.e. down field shift relative to a 
molecule in which the lone pair is absent. This 
behavior has been attributed (19,22) to low lying 

considered in some detail the terms that con- 
tribute to eq. 2. Since there are many terms 
contributing to this sum we have arbitrarily 
omitted any such that are less than $. 10 p.p.m. 
Tables 3 and 4 give such an analysis for the 
isoelectronic molecules NO2- and NOF and it 
will be seen that the neglect of small terms leads 
only to slightly different values for the nuclear 
shielding. 

A comparison of Tables 3 and 4 shows that 
the paramagnetic term in NO2- is dominated by 
a very large (- 1100 p.p.m.) contribution from 
an A ,  + B, (0 -+ x") excitation in the x-direction 
(in the plane of the molecule perpendicular to 
the bisector, y-axis, of the ONO angle). In 
NOF this term is reduced nearly three-fold 
(- 350 p.p.m.) due to (i) an increase in E,,j from 
0.08 to 0.14 a.u. (a factor of 1.75) and (ii) a 
decrease in the molecular angular momentum 
integrals by a factor of approximately 1.5. The 
latter effect is caused by both a reduction of 
electron density at the nitrogen and that the 2,, 
orbital on the fluorine atom in NOF contributes 
very little to the A" orbital, whereas in NO,- 
both oxygen atoms contribute 2,, orbitals to the 
B2 orbital. The changes are reflected in reduction 
of orbital coefficients which in turn reduce the 
magnetic integrals. 

A similar investigation of the terms contri- 
buting to the nuclear shielding in NO3- and 

TABLE 3 
Terms contributing to the principal components of the nuclear shielding tensor of the 

I4N nucleus in NO2-* 

Contribution ED f 

Component Excitationt 
(ilL.Ip> (~ lL . l r~ l i>  

(p.p.m.1 (a.u.) (a.u.) (a.u.) 

'Average nuclear shielding = -614 p.p.rn. 
t A n  A l  -> B2 excitation corresponds to a o to n* excitation and an A ,  -> B, excitation corresponds roughly 

to a D to o* excitation. 
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AUBKE ET AL.: THE CHEMICAL SHIFT. I1 

TABLE 4 

Terms contributing to the principal components of the nuclear shielding tensor of the 14N 
nucleus in NOF* 

Contribution E, <i/LmIp) <il L J - ~ ~  P) 
Component Excitation? (P .P .~ . )  (a.u.) (a.u.) (a.u.) 

'Average chemical shift = -384 p.p.m. 
?An A'-+ A ' '  excitation corresponds roughly to a o to x* excitation. 

TABLE 5 

Terms contributing to the principal components of the nuclear shielding tensor of the 14N 
nucleus in NO3-* 

Contribution E,, <ilL.Ip> <ilLmr-31~) 
Component Excitation (P .P .~ . )  (a.u.) (a.u.) (a.u.) 

- 

x E' + Az" - 35 1.20 -0.40 +0.99 
E' -t Azl' -44 0.50 +0.30 -0.72 
E' + Az" - 181 0.23 -0.82 +0.47 

Az" + E' - 97 0.91 -0.72 +1.16 

Y This component identical to x-component 
z E ' - t E f  - 34 1.55 -0.53 +0.93 

E' + E' - 60 0.84 +0.70 -0.67 
E' + E' + 22 0.55 -0.25 -0.44 
E' -t E' - 34 1.55 +0.53 -0.93 
E' + E' - 60 0.84 -0.70 +0.67 
E' + E' + 22 0.55 -0.25 -0.44 

'Average chemical shift = -286 p.p.m. 

N0,F shows that the decrease in nuclear shield- 
ing on going from NO,- to N0,F is due to a 
low lying E' + A," (o -, n *) excitation con- 
tributing to the y-component of the shielding 
tensor (see Table 5) ,  but this contribution is 
absent in the y-component in N0,F (see Table 6). 
This is brought about by the fact that the E' 
orbital is the highest occupied in NO,- whereas 
in N0,F it is a symmetry determined B, orbital 
which does not contribute to any of the para- 
magnetic terms. The x- and z-components of the 
14N shielding tensors are essentially the same in 
both molecules. 

The effect of the presence of a lone pair may 
now be investigated by considering the following 

pairs of molecules, NF, and ONF,, NOF and 
FNO,, and NO,- and NO3-. A break down of 
the terms contributing to the nuclear shielding 
of the 14N nucleus in these molecules is given in 
Tables 3-8. 

A consideration of Tables 7 and 8 shows that 
on going from NF, to ONF,, the number of 
contributing excitations increases (because of the 
larger basis set); however, the nuclear shielding 
in ONF, is less than in NF,. The reason for this 
appears to be the substantial reduction of the 
orbital angular momentum integrals in the ONF, 
molecule relative to NF,. To illustrate this point 
consider the x-component of both I4N nuclear 
shielding tensors. There are three contributions 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

TABLE 6 

Terms contributing to the principal components of the nuclear shielding tensor of the 
14N nucleus in N02F* 

Contribution E,, <~IL=IP) < ~ / L J - ~ / P )  
Component Excitation ( P . P . ~ . )  (a.u.) (a.u.) (a.u.1 - ---- 

x B1 -> B2 - 43 1.20 -0.49 +0.99 
Bl -> B, - 78 0.45 -0.50 +0.66 
Bl -> Bz - 57 0.41 -0.51 $0.43 
Bl -> B2 -51 0.21 +0.49 -0.20 
B2 -> B1 -113 0.91 -0.83 +1.17 
B, -> B1 - 10 0.84 +0.31 -0.24 

A, -> B2 - 12 1.30 +0.20 -0.67 
A1 -> Bz - 16 0.51 -0.12 +0.61 
A1 + B 2  - 90 0.22 +0.70 -0.27 
B2 -> Al - 30 0.61 -0.22 +0.80 
B z  -. A1 + 30 0.33 -0.56 -0.16 
B2 -> Al - 64 0.77 -0.48 +0.96 

BI + A 1  - 17 1.30 -0.33 +0.65 
Bi + A ,  - 45 0.51 -0.49 +0.43 
BI + A ,  + 24 0.34 +0.27 +0.28 
BI+ A1 - 24 0.32 +0.55 -0.13 
BI+ A1 - 24 1.45 -0.42 +0.78 
B1 ->Al - 49 0.69 -0.60 f 0 . 5 3  
B1-> Al + 16 0.47 -0.45 -0.16 
A, -> B, - 15 1.69 -0.38 +0.65 
A1 -> Bl - 38 1.03 f0.52 -0.70 
A1 + BI - 40 0.89 f0.56 -0.59 
A1 -> Bl + 15 0.61 +0.31 f 0 . 2 6  

*Average chemical shift = -243 p.p.m. 

TABLE 7 
Terms contributing to the principal components of the nuclear shielding tensor of the 

14N nucleus in NF3* 
- - -- 

Contribution E,, <i/La1p) < i lLar -3 /~)  
Component Excitation (p.p.m.1 (a.u.) (a.u.) (a.u.) 

x E + A l  - 58 
A1 +E - 101 
A1 + E  - 103 

Y E + A ,  5 8  
A1 +E - 101 
A1 + E - 103 

z E+E - 14 
E+E - 97 
E -7 E - 14 
E+E - 97 

*Average chemical shift = -249 p.p.m. 

for NF,, all of which have their energeticcounter- 
parts (i.e. excitation with similar energy) in 
ONF,;  comparing these we see the substantial 
reduction in angular momentum integrals. The 
presence of additional excitations in ONF,  of 
somewhat higher energy does not compensate for 
the reduction of the three principal contributions. 
The presence of the additional oxygen reduces 
the p-orbital coefficients at the nitrogen i.e. the 
orbital angular momentum is reduced as the 

nitrogen atom approaches the spherically sym- 
metric electron distribution of an inert gas (25). 

Comparing Tables 4 and 6, which contain the 
results for F N O  and FNO,, again we see an 
increase in the number of excitations. In this 
case, however, it appears that the addition of an 
oxygen atom does affect a t  least one excitation 
substantially, viz. the A' + A" excitation of 
0.14 a.u. in F N O  is raised to  0.21 a.u. as a 
B ,  4 B, excitation in FNO,. This can be at- 
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TABLE 8 

Terms contributing to the principal components of the nuclear shielding tensor of the 
I4N nucleus in 0 N F 3 *  

Contribution E,,, P < ~ \ L , r - ~ / i )  
Component Excitation (p.p.m.1 (a.u.) (xu.) (xu.)  

Y This component identical to x-component 

z E  -> E  - 15 1.44 -0.25 
E + E  - 74 0.71 + 0.50 
E + E  + 13 0.51 +O. 18 
E + E  -15 1 .44 -0.25 
E + E  - 74 0.71 -0.50 
E + E  

-- 
+ 13 0.51 +0.18 

*Average chemical shift = - 191 p.p.m. 

tributed to  a lone pair effect of sorts. I t  should 
also be noted that, again, there is a substantial 
reduction in the orbital angular momentum. 
Therefore. in this wair of molecules we have a 
combination of boih a lone pair effect and the 
reduction of orbital angular momentum. 

At the other extreme it would awwear that it is . . 
a lone pair effect that dominates the change in 
nuclear shielding on going from NO,- to NO,-, 
a comparison of Tables 3 and 5 shows this. 

In conclusion then, it may be said that the 
variation of 14N chemical shifts may be dom- 
inated by either changes in excitation energies or 
orbital angular momentum, or that there can be 
a combination of both effects. so it can be 
dangerous to ascribe changes in nuclear shielding 
to  one or  other of these effects exclusively. 
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Studies on metal hydroxy compounds. XII. Thermal analyses, 
decomposition kinetics, and infrared spectra of copper basic oxysalts 

P. RAMAMURTHY AND E. A. SECCO 
Cliemistry Department, St. Francis Xauier. University, Antigotzislr, Nova Scotia 

Received June 11, 1970 

The thermal analyses of copper basic oxysalts of the type Cu?(OH),XO,, where X = S, C, C1, Br! I, 
N, H C  and y = 4, 3, or 2 reveal that decomposition occurs, In most cases, by dehydroxylatlon w ~ t h  
concomitant disproportionation of the oxysalt. An outstanding exception to this pattern of decornposi- 
tion is the basic sulfate. Calorimetric measurements along with related enthalpic values for the decorn- 
position reaction are given. 

The kinetics of thermal decomposition of the compounds are classified into three main categories: 
(i) three-dimensional contracting sphere model, (ii) first-order rate, and (iii) nucleation controlled rate 
processes. 

The infrared spectral data of nine copper basic oxycompounds in the frequency region 4000-250 cm-' 
are presented with their assignments. The fundamental infrared inactive modes of the anionic species 
SO,'-, NO3-, etc. become active by the presence of the copper hydroxide ligand indicating a lowering 
of symmetry in the anion. 

Canadian Journal of Chemistry, 48, 3510 (1970) 

Introduction 
This study extends our earlier studies on copper 

compounds (1) and deals with the copper basic 
oxysalts, viz, sulfate, nitrate, halates, etc. Tarte 
(2) reported on the infrared spectra of some of 
these copper derivatives, but his study was mainly 
concerned with the OH active region of the 
s~ectrum. 

This report represents a more comprehensive 
physicochemical study of copper basic oxysalts 
which includes differential thermal analysis 
(DTA), thermogravimetry (TG), calorimetric 
measurements, decomposition kinetics, and in- 
frared spectra. The discussion on the infrared 
spectra reported herein is intended to complement 
Tarte's work with attention focussed on the effect 
of the hydroxide on the prevailing symmetry of 
the XO, group in the appropriate compound 
where X = S, C ,  C1, Br, I, N, HC and y = 4, 
3, or 2. 

Experimental 
All compounds used in this work, except the basic 

carbonate, were prepared in this laboratory by following 
known procedures; the basic carbonate was Fisher 
Scientific Purified grade. Brief descriptions of the methods 
of preparation are giveil below. All chemicals used were 
Reagent grade. In each preparation, unless otherwise 
specified, the precipitate was filtered and washed 
thoroughly with distilled water, which was followed by 
drying overnight at 110 "C. 

CuS0, .2Cu(OH), and Cu(N03), . ~ C U ( O H ) ~  were 
prepared by digesting CuO with medium concentrated 
aqueous solutions of copper sulfate and nitrate at 110 "C 
over a week respectively (3, 4). 

Copper basic nitrite, formate, chlorate, bromate, and 

iodate were prepared by the action of the corresponding 
alkali salt on copper basic acetate (5 ) .  A two-fold excess 
of alkali salt with mechanical stirring at room tem- 
perature for 10 h was found most suitable for the 
preparations. 

The identities of the compounds were confirmed by the 
available X-ray diffraction patterns (6, 7). 

The heating curves, calorimetric measurements, and 
isothermal kinetic traces were recorded on a duPont 
Thermal Analyzer DTA-900 and TGA-950 with appro- 
priate accessories and programming adjustments as 
previously described (1). 

The heating rate used for most curves was 20 "C/min; 
however, in the case of overlapping steps, slower heating 
rates of 4 or 2 "C/min were used in an attempt to resolve 
the steps. An ambient atmosphere of dry N2 (Matheson 
Prepurified Grade with a stated impurity of 0.003 % 02)  
was maintained during all the experiments unless other- 
wise specified. 

The infrared spectra of the compounds were obtained 
by using the standard KBr disc technique in a Perkin- 
Elmer 521 spectrophotometer; KC1 was used as the 
matrix material in a Beckmann IR-8 spectrophotometer 
to identify the intermediate products from CuSO, . 
3Cu(OH), in differential thermal analysis. 

Results and Discussion 

Tllermogravimetry 
The results of thermogravimetry are presented 

in Table 1 and each com~ouiid is discussed in 
sequence. The proposed decomposition reactions 
for each compound, represented by the equation 
with its onset and terminal temperatures, are 
those which best fit the observed weight loss; the 
products of decomposition were confirmed by 
X-ray diffraction and correlated with DTA 
curves. 
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RAMAMURTHY AND SECCO: STUDIES ON METAL HYDROXY COMPOUNDS. XI1 351 1 

TABLE 1 

Ther~nogravimetry results 

% of total we~ght lost 
Step 

Compound number* Observed Calculated Reaction 
-- -- -- 

CU(NOZ)~  ~ C U ( O H ) ~  1 27.72 27.75 
33.74 

[I I 
C~(N03)z .  3Cu(OH)z 1 33.50 [2 1 
CuC03 CLI(OH)~ 1 28.01 28.05 

32.29 
[3 I 

CU(HCOZ)Z. 3Cu(OH)2 1 33.01 [4al 
1 28.50 28.70 

10.15 
[4b I 

CuS04 2Cu(OH), 1 10.14 [5al 
2 32.70 32.79 [5bI 

C U S O ~ .  3Cu(OH)Z .0.65HZO 1 14.08 14.13 
31.33 

[6 I 
2 31.20 

28.67 
[5bl 

C U ( C I O ~ ) ~ .  ~ C U ( O H ) ~  1 28.60 [7al 
2 59.73 53.69 [7b] and partla1 [7c] 

C U ( B ~ O , ) ~ .  ~ C U ( O H ) ~  1 42.53t 47.83 
Cu(I03)~ 3Cu(OH)z.2HzO I 12.10 12.14 

[8 I 
[gal 

2 57.00 57.09 --- [go1 
*In all cases d~spropor t~onat~on  of CuO was observed above 800 'C. 
tD~screpancy between observed and calculated values for C U ( B ~ O , ) ~ . ~ C U ( O H ) ~  expla~ned In text. 

( I )  Cu(N02), .3Cu(OH), 
I Decomposition occurs by dehydroxylation 
I 
I with simultaneous disproportionation of the 

nitrite to the oxide according to 
I 

(2 )  C I ~ ( N O , ) , . ~ C L ~ ( O H ) ,  
Dehydroxylation of the compound occurs with 

concomitant disproportionation of the nitrate to 
the oxide according to 

Our observation that the weight loss occurs in 
a single step according to reaction 2 is at variance 
with the two-step thermogravimetry results of 
Bouillon and Wafelaer (7), who reported the loss 
of 3 moles of water at 120 OC with dispropor- 
tionation occurring between 120-300 "C. Re- 
peated attempts at slower heating rates in this 
laboratory have failed to resolve the two over- 
lapping steps. There is a further inconsistency in 
their claim that the X-ray powder pattern of the 
product at 120 OC was identical to the pattern 

I of the basic compound. 

(3)  CuCO, . Czl(0H) , 
The compound breaks down via dehydroxyla- 

tion accompanied by disproportionation of the 
carbonate as follows 

(4) CI~(HCO,) ,  .3Cu(OH), 
In nitrogen atmosphere the compound decom- 

poses via dehydroxylation with simultaneous 
disproportionation of the formate to copper 
metal as follows 

190-240 "C 
[4a] Cu(HCO,), . ~ C U ( O H ) ~ ( . )  A 3Cu0(,) 

Nz 

+ CUC,) + 4HzOcg) + COcE) + COz(g) 

When the decomposition occurred in air the 
weight loss corresponds to CuO as the residue, 
that is ~-- .~  - ~ 

190-390 "C 
[4b] Cu(HC0Z)Z. 3Cu(OH)z(., A 4CuO(s) 

air 

(5)  CuSO, . 2 C 1 1 ( 0 H ) ~  
The first step is the dehydroxylation to the 

oxide and oxysulfate according to 

390-520 "C 
[5a] C U S O ~ . ~ C U ( O H ) ~ ( , )  - CuO(,) 

+ CUO. CuS04(.) + 2HzO(,) 

which was followed by disproportionation of the 
oxvsulfate 

(6)  CuS0,.3Cu(OH),.O.65 H 2 0  
The initial step corresponds to dehydration and 

dehydroxylation of the compound, i.e. 
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followed by disproportionation according to 
reaction 56. These observations are concordant 
with those by Pannetier et al. (8) 

(7) Cu(C103), .3Cu(OH), 
The first step involves dehydroxylation and 

decomposition of the chlorate according to 

which was followed by disproportionation of 
CuCl, and volatilization of CuCI, i.e. 

As in the thermogravimetry of the basic chlorides 
reported earlier (I), the observed weight loss for 
a CuO-CuC1, mixture is higher than the calcu- 
lated value due to partial chlorination of the 
oxide as follows 

(8) Cu(BrO,), .3Cu(OH), 
Dehydroxylation occurs with concomitant dis- 

proportionation of the bromate to mainly the 
oxide as follows 

200-250 OC 
[8] Cu(BrO,), .3Cu(OH),(,) A 4Cu0(,) 

+  BIZ(^) + 5Z02(,) + ~HzO( , )  

The observed weight loss value for reaction 8 
is always lower than the calculated value. This 
discrepancy arises from the disproportionation 
of the bromate partially to bromide as well as 
the oxide shown by Dusek and Petru (9). 

(9) Cu(Io,), .3Cu(O H), . 2H,O 
The first step corresponds to overlapping de- 

hydration and dehydroxylation to form the oxide 
and the iodate according to  

the overlap of these processes is such that the 
anhydrous basic iodate can be prepared by heat- 
ing isothermally at 200 "C. The final step is the 
disproportionation of the iodate to the oxide, i.e. 

Lumme and Lumme (10) reported the prepara- 
tion of basic chlorate, bromate, and iodate by 
incomplete precipitation of the copper mineral 
salt solution with NaOH. Their claim that two 
OH groups in the compound Cu(X03), .3Cu- 
(OH), on drying reacted with atmosphere CO, 
giving the product Cu(XO,), . CuC0,. 2Cu- 
(OH), is in contrast to our observations. The 
dried basic halates, in this study, displayed no 
detectable sign of CO, uptake either by thermo- 
gravimetry or in their infrared spectra where the 
characteristic CO, bands are expected to be 
clearly evident even in very low concentration. 

Differential Thermal Analysis 
The results of DTA measurements are assem- 

bled in Table 2 and a discussion of the pertinent 
features of the compounds are given to accom- 
pany the T G  results. Since all compounds dis- 
played the endothermic peak at 1000 "C due to 
disproportionation of CuO to Cu,O, this detail 
will not be included to avoid unnecessary 
repetition. 

The basic nitrite, nitrate, and carbonate showed 
one main endotherm attributed to dehydroxyla- 
tion and disproportionation of the mineral salt 
to the oxide. 

The basic formate gave two characteristic 
thermal effects with the following peak tempera- 
tures: endotherm at 230 "C and sharp exotherm 
at 250 "C. The endotherm is assigned to de- 
hydroxylation and concomitant disproportiona- 
tion of the copper formate to CO, CO,, H,O, and 
Cu metal. The sharp exotherm is interpreted in 
terms of a secondary reaction between CO and 
CuO. 

CuS0,. 3Cu(OH), .0.65 H,O exhibited four 
endotherms plus an exotherm. These observa- 
tions are in agreement with the results of 
Pannetier et al. (8) and Margulis (1 1). The initial 
endotherm at 110 "C due to dehydration is fol- 
lowed by a broad endotherm between 250-500 "C 
with centers at 300 and 420 "C. Margulis assigned 
the 300" peak to the loss of one molecule of water 
of zeolitic character according to 

CuO. CuS04. ~ C U ( O H ) ~  + HzO 

Pannetier et al. disputed the formula of the com- 
pound and its interpretation in terms of zeolitic 
water which appeared inconsistent with their 
infrared data. 
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RAMAMURTHY AND SECCO: STUDIES ON METAL HYDROXY COMPOUNDS. XI1 

TABLE 2 

Differential thermal analysis 
ppp --- -- 

- 

Peak 
Peak temperature 

Compound number ("c) Reaction 

(1 1 
Disproportlonation CuOt 

1 110 Dehydration 
300 [6a I 

CuS04.3Cu(OH)z. 0.65H20 420 [i* 530 Crystallization [661 of products 
810 ~501 

Crystallization of products 
[Sol 

170 I 
Disproportlonation CuC12 

~701 

200 Dehydration 

C~(I03)2.  3Cu(OH)z. 2H20 300 Dehydroxylation 
Crystalljzation of products 

[go I 
*Indicate exotherrns; all other numbers signify endotherms. 
tobserved in all cases, but  not cited to avoid unnecessary repetition. 

In an attempt to clarify the dispute we have 
followed the progress of decomposition of 
CuS04.3Cu(OH), between 110 and 530 "C by 
infrared spectroscopy and X-ray diffractometry. 
A solid bearing zeolitic water is expected to dis- 
play the absorption band due to the bending mode 
of molecular water, ZOH, in the infrared region 
of 1700-1 600 cm- ' as observed by Bertsch and 
Habgood (12) and Carter et al. (13). Our infrared 
spectra of the compound heated up to 300 "C 
showed no absorption band characteristic of ZOH 
which confirms the results of Pannetier and co- 
workers and prompts us to rule out the presence 

and F, effects a merging of the band details 
attributed to the amorphous nature of the solid 
resulting in a broad band with shoulders barely 
in evidence. Finally, after heating for 30 min a t  
530 "C, the spectrum G regains its structural detail 
with four bands prominent: 1005, 1050, 1160, 
and 1235 cm-'. These latter bands are identified 
with copper oxysulfate, CuO.CuS0, (14) and 
normally characteristic of SO, in C,, symmetry. 

The mode of decomposition a t  300 "C can be 
expressed by 

300 "C 
[6a] CuSO., .3Cu(OH),(,, - 

of zeolitic water in-the basic sulfate. CuO. CuS04.2Cu(OH),~,, + H20(,, 
The infrared spectra of the heat-treated basic 

sulfate a t  different temperatures are presented in with subsequent dehydroxylation of the basic 

Fig. 1.  Spectrum A a t  120 "C shows two strong Oxysulfate according to 
420 "C 

bands at I2O and cm-' with a [66] CuO. CUSO~.~CU(OH)~-----+ CuO. CuS04(,) 
medium intensity band at  980 cm-'; these bands 
are usually identified with the SO, group of C,, + 2Cu0(,) + 2HzO(,) 

symmetry. The band a t  940 cm-' is due to O H  The exotherm at  530 "C is the effect of crystalliza- 
bending which disappears by dehydroxylation a t  tion of the products which was confiimed by 
375 "C, spectrum C. Heating the compound to X-ray diffraction patterns; the 810 "C endotherm 
300 "C, spectrum B, reveals a new band a t  has its origin in decomposition of the oxysulfate 

I 1050 cm-' ;  further heating, spectra C, D, E, to CuO according to [5b]. 
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TABLE 3 
--- 

Heat of decomposition* 

AHlmole of - AHr" (kcal/mole)t 
AHImole of compound 

Temperature H 2 0  formed decomposed This Litera- 
Compound Reaction range ("C) (kcal) (kcal) work ture 

. .,- - - 
-- 

*All determinations were done in duplicate; AH values are given with their average deviations: 
tAHro values of cornpounds used in our calculations, unless stated otherwise, are from N.B.S. Circular NO. 

were calculated using Kopp's rule approximation (1). 
500 (1951). The above AHra values 

W u 
z .a 
8 
m < 

CuS04. 2Cu(OH), undergoes dehydroxylation 
parallel to [6b] at 500 "C for the first endotherm. 
Crystallization of the products gives rise to an 

A exothermic effect at 530 "C which is followed by 
the expected endotherm for oxysulfate decom- 
position [5a]. 

Cu(C103), .3Cu(OH), showed three endo- 
thernlic effects: (i) dehydroxylation and dis- 
proportionation of the chlorate at 295 "C, (ii) 
disproportionation of CuCl, at 500 "C, and (iii) 
volatilization of CuCl at 880 "C. 

Cu(BrO,), .3Cu(OH), gave a weak endotherm 
at 220 "C. The low intensity of this endotherm 
is the net result of an endotherm due to de- 
hydroxylation and a concomitant exotherm due 
to disproportionation of the bromate. 

Cu(I03),. 3Cu(OH),. 2H,O exhibited four 
thermal effects: (i) endotherm at 200 OC due to 
dehydration, (ii) dehydroxylation endotherm a t  
300 "C, (iii) exotherm at 380 "C due to crystalliza- 
tion of products, and (iv) iodate decomposition 
endotherm at  490 "C. 

Calorimetric Measurements 
The calorimetric results along with the related 

enthalpic values for the decomposition of the 
compounds are presented in Table 3 according 
to the equations given under thermogravimetry. 
The sole distinguishing feature between the 

I I I I I 

1300 1K)O 900 thermogravimetric equation and the observed 

FREQUENCY (CM-I) calorimetric reaction is the slightly different 
onset-terminal temperature limits which is in- 

FIG. 1. Infrared spectra of CuS04. 3Cu(OH), an- cluded in Table 3. 
nealed at different temperatures: A, 120 OC for I h; 
B, 300 oC for h; ,-, 375 oC for h; D, 400 oC for h;  The following reactions represent an alternate 
I?, 450 "C for 3 h;  F, 475 "C for 3 h; G, 530 "C for 3 h. reaction path for the appropriate compound in 
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RAMAMURTHY AND SECCO: STUDIES ON METAL HYDROXY COMPOUNDS. XI1 3515 

TABLE 4 
Kinetic results for decomposition 

Number 
of Activation 

Temperature tempera- Rate. energy 
Compound range ("C) tures exuress~on E. (kcal) log A 

First order 
a = kt" (a < 0.4) 
-In( l  - a ) =  kt (a > 
-In (1 - a)  = (kt)' (a 
- In( l  - a) = kt (a > 
-In (1 - a) = (kt)' 
-In (1 - a)  = (kt)3 
In a/(l - a) = kt + C 

addition to that described under thermogravim- and the known rate expressions over the maxi- 
etry mum reaction fraction (a - 0.90) for all com- 

[2al CU(NO,)~. 3Cu(OH),(,) -+ 3Cu0(,) pounds, excepting the nitrite and formate, and 
over the temperature range studied are given in 

+ cu(NO3)2(~) + 3HzO(,) Table 4. 
[3al Cu(C03)'. CLI(OH)~(,, -+ CuO,,) + C U C O ~ ( ~ ,  The compounds studied can be classified on 

I + H,O,c, the basis of their reaction kinetics into three 

I The AH,' for the bromate, formate, and 
CuSO,. 3Cu(OH), . 0.65H20 could not be evalu- 
ated because of overlapping processes; AH,' for 
Cu(IO,), decomposition was determined since it 
was not available in the literature. 

Our value of AH,' for Cu(NO,), .3Cu(OH), 
differs from the literature value. Cu(NO,), dis- 
proportionate~ concomitantly with dehydroxyla- 
tion in the decomposition reaction 2. If one 
assigns the experimentally observed AH of de- 
composition for the two combined processes to 
reaction 2a, a value of -425.04 kcalimole is 
obtained which approaches the literature value. 

The column of values for AH per mole of H 2 0  
formed indicates lower values for the copper 
basic oxysalts relative to the copper basic halides 
and the parent Cu(OH),. This lower AH value is 
interpreted in terms of a weakening of the 
Cu-OH bond in the presence of the oxysalt 

groups. 
(i) Phase boundary control with the kinetic 

data fitting the three-dimensional contracting 
sphere model equation, viz. 

where k = (uir); u, the velocity of movement of 
an interface and r, the distance or length of 
particle interface. The basic nitrate obeys this 
rate equation. 

(ii) First-order rate kinetics with CuS0,. 2Cu- 
(OH), and Cu(IO,), .3Cu(OH), conforming to 
this rate equation throughout the reaction. The 
formate and nitrite follow a nucleation con- 
trolled relationship in the initial stage and then 
revert to the unimolecular decay law in the final 
stage. 

(iii) Nucleation controlled rate processes. 
The basic formate rate data fit a power law 

relationship in the initial accelerating stage up 
to a = 0.4, 

cc = kt" 
anion species. 

The basis of the power expression has been 
Reaction Kinetics Data described by Jacobs and Tompkins (16) where 

The experimental a ,  t data for the decomposi- the value of n is in the range 2-6; in this case n 
tion reactions were processed through a large was found to be 2.1-2.7. The non-integral and 

I number of kinetic rate expressions. The best temperature-dependent nature of n has been 
linear relations between the experimental data interpreted by Thomas and Tompkins (17) in 

I 
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terms of nuclei growth rates dependent on 
nuclear size. 

The basic nitrite, chlorate, and bromate kinetic 
data obey an Avrami-Erofeyeev (A-E) type 
equation, 

-In (1 - a)  = (kt)" 

where n can have any integral value from 1 to 4. 
For the nitrite and bromate n = 2 which 

implies either random nucleation followed by 
one-dimensional growth or extremely rapid 
nucleation followed by two-dimensional growth. 
One-dimensional growth is not a very efficient 
method of propagating a reaction in a three- 
dimensional particle although nuclei could grow 
linearly rapidly in one direction initially along a 
surface step and then proceed at a constant slower 
rate at right angles, resulting in a rectangular 
nucleus by one-dimensional growth. As the reac- 
tion accelerates the power exponent or n value 
should drop by one, since nucleation has become 
unimportant, leading to a first-order rate equa- 
tion. The value of n can change from 2 to l when 
the interface between the product and reactant 
phases collapses before the reaction is complete 
leaving isolated blocks of material with no nuclei 
present. In isolatcd blocks each molecule pos- 
sesses an equal probability for decomposition and 
the rate of reaction is proportional to the amount 
of undecomposed substance, i.e. first-order rate. 
This rate behavior is observed for the nitrite. 
However, no rate change-over was observed for 
the bromate which maintained a value of n = 2 
up to a 0.90. 

The A-E equation with n = 3 describes the 
decomposition rate for the chlorate which sug- 
gests either random nucleation followed by 
two-dimensional growth or extremely rapid 
nucleation with three-dimensional growth. How- 
ever, the unsupported bare a ,  t data do not allow 
an interpretation of n, where n = r + A; r is the 
number of molecular decompositions required to 
form a viable growth nucleus and h represents 
the number of dimensions of active nucleus 
growth (18, 19). 

The basic carbonate decomposition kinetics is 
described by the Prout-Tompkins (P-T) equa- 
tion, 

In [a/(l - a)] = kt + c 

which is based on a model involving linear and 
branching nuclei as proposed by Garner and 

Halles (20) and extended by Prout and Tompkins 
(21). . . 

The pre-exponential A values of the Arrhenius 
equation for first-order rate kinetics in the solid 
state have been examined and interpreted by 
Shannon (22), Cordes (23), and the authors (1). 

Injrared Spectral Data 
The infrared spectral data of the compounds 

are presented in Tables 5 and 6. Since Tarte (2,24) 
has already reported on the infrared spectra of 
basic sulfate, nitrate, formate, and carbonate in 
the OH active region we have restricted our spec- 
tral data in Table 5 to the anion band activity in 
these compounds. However, in the case of basic 
chlorate, bromate, iodate, and nitrite we have in- 
cluded in Table 6 the entire infrared region 
available to us. 

The bands assigned to vo, and tio, are dis- 
placed to lower frequencies on deuteration with 
the v,/v, ratio falling in the range 1.33-1.35. The 
multiple bands assigned to OH can originate 
from a variety of Cu-4-H band distances in- 
corporated in the lattice as suggested by Hartert 
and Glemser (25). The remaining bands un- 
affected by deuteration are assigned to anion or 
Cu-0 modes. Each compound is discussed 
in tabular sequence. 

The splitting of the degenerate v, and v, modes 
into two bands along with the appearance of 
v, (infrared inactive in T, symmetry) strongly 
suggests the SO, group in CuS0,. 3Cu(Oh), to 
possess C,, symmetry. Two structural effects can 
account for this lowering of symmetry, (i) mono- 
dentate or tridentate SO, group and (ii) crystal 
field. Recognizing that it is virtually impossible 
to distinguish between these two effects in the 
absence of single crystal structural data, the 
formula-symmetry association as evident in this 
compound and CuSO,. 2Cu(OH), tentatively 
suggests a tridentate SO,. 

The SO, group in CuS0,. 2Cu(OH), exhibits 
C2, symmetry on the basis that the degenerate 
v, and v, modes are split into three bands and 
v, appears as a strong band. In conjunction with 
CuSO,. 3Cu(OH), we speculate that CuSO,. 
2Cu(OH), incorporates a bidentate SO,. 

The NO, group in Cu(NO,), .3Cu(OH), shows 
a splitting of the degenerate v, mode along with 
the appearance of the v, mode (infrared inactive 
in D,, symmetry) which is characteristic of C2, 
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TABLE 5 

Infrared absorption band frequencies* 

Frequency (cm-') 

Assignment CuS0,. 3Cu(OH), CuSO,. 2Cu(OH), C U ( N O ~ ) ~ .  ~ C U ( O H ) ~  CuC03. CU(OH)~ Cu(HC02), .3Cu(OH), 

XO, or XO, 

1 120 (s) ( 1085 (s) 

V1 980 (m) 

465 (m) 

i 510 (m) 
480 (m) 
415 (rn) 

( 325 (s) 

1155 (s) 
1 100 (s) 
1080 (s) 

990 (s) 

670 (m) 
640 (s) 
610 (s) 
460 (m) 

520 (m) 
490 (s) 
420 (s) 
370 (m) 
330 (s) 

1420 (s) 
1345 (s) 

1040 (rn) 

720 (m) 

810 (s) 

510 (s) 
450 (m) 
425 (m) 
390 (w) 
325 (m) 

1520 (sh) 
1500 (s) 
1425 (s) 
1395 (s) 

1095 (m) 

750 (rn) 
715 (m) 

825 (s) 

500 (s) 
480 (s) 
350 (s) 
325 (s) 

2800 (m) 
27 I 5 (m) ) 
1535 (vs) VCOO(,,,.,, 
13706) nctl 
1340 (s) vcoo(,,,r 
780 (s) 

735 (m) 

490 (s) 
450 (s) 
420 (rn) 
310 (s) 

*vs = very strong; s = slrong; m = medium; w = weak; br = broad; sh =shoulder. 
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TABLE 6 

Infrared absorption band frequencies* 
- - 

Frequency (cm-') 

Assignment Cu(C103), .3Cu(OH), Cu(BrO,)>. 3Cu(OHI2 Cu(IO,), .3Cu(OH), . 2 H 2 0  Cu(NO,), .~CU(OH) ,  

( 3550 (s) 
J 3495 (s) 

3440 (s) 1 3345 (s) 

3500 (s) 
3430 (s) 

3505 (s) 
3455 (s) 
3200 (br sh) 3270 (s br) 

1610 ( ~ n )  

I 905 (s) 
850 (sh) 
825 (m) 
750 (m br) 
710 (m br) 
655 (s) 

885 (m) 
840 (w) 965 (m) 

895 (m) 
845 (m br) 

1000 (m) 
910 (m) 

770 (w) 
725 (s) 

X03 or NO, 
v3 790 (s) 

750 (m) 

700 (m) 

520 (w) 

775 (s) 
735 (s) 

703 (w) 
365 (m) 

345 (w) 
325 (m) 

505 (s) 
430 (s) 

930 (m) 

590 (s) 

{ :::a?2) 
I 400 6 )  
{ 325 (m) 
i 300 (w) 

1315 (m) 

1230 (s) 

810 (w) 
350 (s) 
320 (w) 

500 (s) 
420 (s) 

500 (s) 
420 (s) 
325 (m) -- . . 

*s =strong; m = medium; w = weak; br = broad; sh = shoulder. 
tAffected by deuterium substitution. 

or C, symmetry. The single crystal study of this 
compound shows the two oxygens of NO, to be 
attached to Cu along with four O H  groups in a 
deformed octahedral arrangement (26). The sym- 
metry of NO, remains C,, or C, in a mono- 
dentate or  a bidentate configuration. The basic 
carbonate also displays C,, or C, symmetry for 
the CO, group (27). 

The assignment of the formate frequencies is 
made according to Petrov et al. (28). The splitting 
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Studies on microcapsules. VII. Further characterization of sulfonated 
polyphthalamide microcapsules 

KIKUKO TAKAHASHI, MASUMI KOISHI, AND TAMOTSU KONDO 
Faculty of Pharmaceutical Sciences, Science Utliuersity of Tokyo, F~rnagawara-machi, Sl~injuku, Tokyo, Japat~ 

Received April 6 ,  1970 

Characterization was made on the sulfonated polyphthalamide microcapsules (SPPAM) prepared by 
making use of the interfacial polycondensation reaction of p-phthaloyl dichloride with mixtures of 
4,4'-diaminostilbene-2,2'-disulfonic acid and diethylenediamine of varying mole ratios. The specific 
conductance of dialyzed dispersions of the H form of SPPAM in water was always higher than that 
of Na form microcapsule dispersions. 

On the other hand, the former dispersions invariably gave a much lower p H  in comparison with 
the latter. Cation binding experiments established increasing orders, Ca2+ < Sr2+ < Ba2+ and 
Li+ < K+, NH4+,  Na+  < Cs+, for the binding of di- and monovalent cations to SPPAM, respectively. 
The results were interpreted as showing that less hydrated ions are easier to adsorb on the negatively 
charged microcapsules. Finally, the feasibility of using SPPAM as ion-exchanger was indicated. 

Canadian Journal of Chemistry, 48, 3520 (1970) 

Introduction 40 "C with occasional shaking. The initial volume of 
dispersion to be dialyzed was about 200 ml. The dialysis 

sulfonated polyphthalamide was continued with changes of deionized water every 3 h 
capsules (SPPAM) were prepared by making use until constant readings of p H  and specific conductance 
of the interfacial polycondensation reaction be- were obtained. 

tween mixtures of a sulfonated and an unsulfon- sulfur ~ ~ ~ ~ t ~ ~ ~ t  
ated diamines and a diacid chloride, and their The sulfur content of the niicrocapsule membranes was 
electrophoretic behavior was studied in solutions 
of various inorganic salts (I). As a result, the 
cation binding was strongly suggested to sulfonic 
groups in the microcapsule membranes. This 
implies that SPPAM may serve as an ion- 
exchanger or, more specifically, a model for 
biological cells. Before applying SPPAM to prac- 
tical uses, however, further information will be 
needed on their properties. Accordingly, this 
paper has aimed at characterizing SPPAM with 
particular emphasis on their cation binding 
ability. 

Experimental 
Preparatiot~ 

SPPAM used in this work were prepared by the same 
method as in the previous work (1)  except that poly- 
ethylene glycol was dropped from the solution to be 
encapsulated and a concentration of 5% was used for 
Span 85, as emulsifier. The diamines employed were 4,4'- 
diaminostilbene-2,2'-disulfonic acid diethylenediamine 
and they are abbreviated hereafter as DASSA and 

determined by usual elemental -analysis with. dried 
H form SPPAM. The H form SPPAM was obtained by 
treating the dialyzed Na form SPPAM with hydrochloric 
acid, followed by dialysis against deionized water. 

Anlotint Bound of Catiot~s 
The determination of amount bound of various cations 

was carried out in the following manner. T o  a known 
volume of the dispersion of dialyzed SPPAM in a beaker 
was added an  equal volume of salt solution, and the 
mixture was allowed to react for 1 h with continuous 
stirring. At the end of this period, the mixture was 
centrifuged at 12000 r.p.m. for 5 min to remove the 
microcapsules. The supernatant liquid was filtered 
through a 0.45 p millipore filter where necessary. An 
appropriate volume of the supernatant liquid was with- 
drawn by a pipette and analyzed. 

In  the binding experiments of monovalent cations, the 
H form SPPAM was used because the analysis of H +  
can be made more easily and accurately than the alkali 
metal ions. Therefore, the following ion-exchange reac- 
tion takes place between the microcapsules and mono- 
valent cations in the solution 

HS + M +  G MS + H +  
DEDA, respectively. 

The microcapsules thus obtained were dispersed in where represents SPPAM and M +  
deionized water with the aid of T~~~~ 20 as dispersing cat~ons.  The concentration of hydrogen ions thus liber- 

agent after separating them from organic solvent by ated from the microcapsules was determined by means 
centrifugation. of conductometry or  potentiometry, which gives directly - 

the amount bound of the cations. 
Dialysis The binding of divalent cations was measured with the 

In  order to remove any remaining unreacted diamines, Na form SPPAM. Hence, the ion-exchange reaction is 
inorganic salts, and dispersing agent, the microcapsule 
dispersion was dialyzed in a cellophane tubing (Visking) 2NaS + M2+ G MS2 + 2Na+ 

against deionized water in a thermostat controlled a t  where M2+ denotes divalent cations. The concentration 
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( a )  Na form (b) H form 

I I 
0  6  12 18 2 4 3 0  3 6 4 2  0  6  12 1 8 2 4  30 3 6 4 2  

Volume o f  deionized wa te r ,  1  

FIG. 1 .  Variations in specific conductance and pHduring dialysis against water of dispersion of SPPAM prepared 
at  55.6 mole% of DASSA. 

of divalent cations remaining in the supernatant was 
determined by chelatometric titration. The amount bound 
is given by the difference between the concentrations of 
divalent ions before and after mixing with the micro- 
capsule dispersion. 

Itlorgarlic Sulrs 
The inorganic salts used for binding experiments were 

chlorides of lithium, sodium, potassium, cesium, ammo- 
nium, calcium, barium, and strontium. All of these 
chlorides were of analytical reagent grade with a purity 
of more than 99.5%. 

Results and Discussion 

Dialysis and Elemental Analysis 
In Fig. 1 are given the changes in specific 

conductance and pH during the dialysis of dis- 
persions of Na form (Fig. l(a)) and H form 
(Fig. l(b)) SPPAM against the volume used of 
deionized water. 

As the inorganic salts and unreacted diamines 
diffused out through their membranes and the 
cellophane tubing, both specific conductance and 
p H  of the dispersion of Na form SPPAM de- 
creased and then levelled off. The pH of the 
dialyzed dispersion was the same as that of 
deionized water, indicating the completion of 
dialysis. On the other hand, the specific conduc- 
tance of the dispersion was higher than that of 
deionized water. This will be due to the sodium 
ions dissociated from the microcapsule mem- 
branes. Figure 2 seems to confirm this view, that 

0 10 20 30 40 50 60 

Mole % o f  DASSA 

FIG. 2. Final specific conductances of dialyzed dis- 
persions of Na form SPPAM as a function of mole% of 
DASSA in diamine mixtures. 

there is an increase in specific conductance with 
increasing number of sodium sulfonate groups in 
the membranes. 

The treatment of the dialyzed Na form 
SPPAM with excess hydrochloric acid gave the 
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Equilibrium concentration of  catfan, mmlell 

FIG. 3. Cation binding isotherms for Na form SPPAM at 20 "C (mole ratio of DASSA to DEDA in membranes 
is 0.173:l). Ba2+, A; Sr2+, E; Ca2+, 0. 

dispersion a very high conductance and a low 
pHvalue. The excess hydrogen ions were removed 
very rapidly by redialysis against deionized water 
as shown in Fig. l(b). The final high conductance 
and low p H  values of the redialyzed dispersion 
will prove the conversion of the Na form to the 
H form. 

The sulfur contents of microcapsule mem- 
branes increased with the increase in mole"/, of 
DASSA in the mixed diamines used for the prep- 
aration of SPPAM. Table 1 gives the molar ratios 
of DASSA to DEDA in the membranes. These 
values were calculated on the basis of the sulfur 
contents. An inspection of the table reveals that 
only a small portion of DASSA in the diamine 
mixtures can be chemically incorporated in the 
membranes. This should arise from the much 
lower reactivity of DASSA with the diacid chlo- 
ride as compared with DEDA, since the inter- 
facial polycondensation reaction occurs in the 
organic phase (2) and the partition coefficient is 
much smaller for DASSA than for DEDA (1). 

Binding of Cations 
The results of cation binding experiments are 

illustrated in Figs. 3 and 4. In these figures, the 
amounts bound of cations are expressed in terms 

TABLE 1 

Mole ratios of DASSA to DEDA 
-- --- 

In diamine mixtures In microcaps~~le membranes 

of the number of sulfonic groups occupied by 
cations per ml of SPPAM. The volume of 
SPPAM was evaluated from the volume of 
aqueous phase encapsulated in the preparation 
and the dilution ratio of dispersion in later stages. 
This method of evaluation would be adequate 
for the purpose of the present work because the 
emulsification of aqueous phase in the first step 
of preparation of SPPAM was found to be com- 
plete, the microcapsule membrane thickness (less 
than 0.03 p) was negligible compared with their 
mean diameter (about 3 p), and the centrifugation 
was carried out in as low a field as possible to  
minimize the breakdown of the microcapsules. 

From the binding isotherms shown in Fig. 3, 
it is evident that the divalent cation binding by 
SPPAM increases in the order Ca2 '  < Sr2+ < 
Ba2+, which is in accordance with the order of 
decreasing hydration for these three cations. As 

- 
0 1.0 2.0 3.0 1.0 5.0 6.0 7.0 8.0 

= Equillbrlum concentration o f  cation, mmlell 

FIG. 4. Cation binding isotherms for H form SPPAM 
at 20 "C (mole ratio of DASSA to DEDA in membranes 
is 0.173:l). Csf ,  Q; NH,+, El; K t ,  A;  Na+, V; 
Li+, 0. 
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the hydration of ions corresponds to the forma- 
tion of ordered regions of water around the ions 
(3, 4), less hydrated ions would be easier to 
approach closely to and adsorb on the oppositely 
charged microcapsules. In view of this, the se- 
quence of divalent cations in the present work 
seems to be a reflection of the above-mentioned 
tendency of ions. I t  is interesting to note here the 
cation order is the same as that already well 
established for the selective coefficient of ion- 
exchange resins (5). An increase in the molar 
ratio of DASSA to DEDA in the membranes 
brought about an increase in the binding ability 
of SPPAM to cations, owing to an increase in 
the number of sulfonic groups. 

The amounts bound of monovalent cations 
were smaller than those of divalent cations by a 
factor of 3 or 4. As is seen from Fig. 4, an increas- 
ing order Li' < K', NH,', Na' < Cs' is 
apparent for the binding of monovalent cations. 

, The positions of Li' and Cs' in the sequence are 
I likely to be correct, because the difference in their 

amount bound by SPPAM appears to be large 
enough to make this conclusion. Strongly 

structure-promoting lithium ions would be con- 
siderably harder to be captured by the micro- 
capsules than are cesium ions. However, exact 
order of Na+,  K', and NH,' is still uncertain 
because no significant difference was found in 
their binding. 

The experimental findings reported so far 
would indicate the feasibility of using SPPAM 
as ion-exchanger since they were found to be a 
kind of ion-exchange membranes in nature; 
though there are no cross-linkings, contrary to 
ordinary ion-exchange membranes. 

The authors are indebted to the Research Laboratory 
of Eisai Co., Ltd., Tokyo, for carrying out the elemental 
analysis in this work. 
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Coordination complexes of gallium(II1) and indium(II1) halides. VI. 
The structures of gallium(II1) halide complexes with 1,lO-phenanthroline 

A. J. CARTY AND K. R. DYMOCK 
Clremistry Departtnetlt, Utricersity of Waterloo, Waterloo, Otltario 

AND 

P. M. BOORMAN 
Clletriistr)~ Departtnetlt, Utricersity of Calgary, Calgary, Alberta 

Received June 29, 1970 

Reaction of 1,lO-phenanthroline (phen) with gallium trihalides yields the complexes GaX,(phen) (X = 
C1, Br, I), GaX3(phen), (X = CI, Br), and GaX,(phen), (X = Br, I). Raman and infrared measureliients 
have established the structures of these conipounds as [GaX2(phen),][GaX41, [GaX2(phen)z]X, and 
[Ga(phen),]X,. Gal,(bipy) (bipy = 2,2'-bipyridyl) has the structure [GaIZ(bipy),][GaI4]. Raman and 
far-~nfrared measurements allow ready identification of GaX,- ions in these systems. The stereochemistry 
of the cation [GaXz(phen),]+ cannot be established from vibrational data alone. 

Canadian Journal of Chemistry, 48, 3524 (1970) 

Introduction 
2,2'-Bipyridyl reacts with gallium(II1) halides 

to give the complexes GaCl,(bipy), GaBr,(bipy),, 
and GaI,(bipy) (bipy = 2,2'-bipyridyl). The 
chloride and bromide complexes were shown by 
far-infrared spectroscopy to have the ionic 
structures [GaCl,(bipy),l[GaCI,] and [GaBr,- 
(bipy),]Br (I). A single crystal X-ray study of 
GaCl,(bipy) confirmed this result and established 
a cis configi~ration for the cation [GaCl,(bipy),]+ 
(2). GaI,(bipy) was tentatively assigned the 
structure [GaI,(bipy),:l[GaI,] on the basis of 
inconlplete infrared measurenlents (I). We have 
now obtained additional evidence for the ionic 
dimer formulation of GaI,(bipy) from Ranlan 
measurenlents on the solid. In addition we now 
report a complete study of the corresponding 
reactions of GaX, (X = C1, Br, I) with 1,lO- 
phenanthroline. Infrared and Raman data have 
been used to suggest structures for all the com- 
plexes prepared. Preliminary X-ray data are 
reported for GaBr,(phen). Previous incomplete 
studies of the,GaX3/1, 10-phenanthroline system 
established the existence of GaCl,(phen),, 
GaBr,(phen),, and GaI,(phen), (3) but no struc- 
tural data were available for the solid compounds. 
Ga(phen),(ClO,), and Ga(phen),(NO,), are also 
known (4). 

Experimental 
Spectroscopic grade acetonitrile and acetone were 

dried over phosphorus pentoxide or Linde type 4A 
molecular sieves, then fractionated. Gallium trihalides 
(Fluka 99.99% purity) were handled on a conventional 
vacuum line. 

Reactiotz of 1,lO-Pliet~atrtlrrolitre ,vitlz Galliutrz 
Triclrloride 

Approxiniately 2 g of gallium trichloride was sub- 
limed in vacuo froni a weighed anipoule into a 3-necked 
flask containing acetone (50 ml) cooled to liquid nitrogen 
temperature. The flask was allowed to warm to room 
temperature to dissolve the halide. A quantity of 1,lO- 
phenanthroline slightly less than that required for a 1:1 
GaC1,:ligand ratio in acetone (25 nil) was then added 
with stirring. Solvent (en. 25 ml) was removed and the 
solution allowed to crystallize, yielding colorless prisms 
of GaCl,(phen). The crystals were filtered off, washed 
with acetone, and dried in vacuo. A slight excess of 
GaCI, is essential in this reaction to avoid contamination 
of the product by GaCI3(phen),. 

An analogous reaction using 2 moles of ligand per mole 
of GaCI, yielded tlie less soluble GaCl,(phen), as color- 
less crystals. The same product can be obtained from 
GaCl,(phen) in acetone by addition of one liiole of 
1,lO-phenantliroline. The melting point, nitrogen and 
gallium analyses show that this complex is similar to that 
prepared by other workers (3) .  

Attempts to prepare GaC13(plien)3 using either of the 
above complexes and excess I, 10-phenanthroline gave 
products which always contained a high percentage of 
bis product. 

Reactiotr of I ,  10-Pl~etratrtl~rolbre ~ i t l r  Ga l l i~~ t~ l  
Tribrotrride 

Colorless prisms of GaBr,(phen) and GaBr,(phen), 
were prepared as above using gallium tribromide in 
acetone. Reaction with an excess of 1,lO-phenanthroline 
in boiling acetone gave the sparingly soluble tris adduct, 
GaBr,(pIien),, previously prepared (3) from diethyl ether. 
GaBr,(phen) can be converted to tlie bis or tris adducts 
using the stoichionietric amount of ligand in hot acetone. 

Reactiotr of I ,  10-Plrerrc~~~tl~roli,re 11.i11z GaNilltrr Triio~licle 
The ligand (0.4 g) in acetone was carefully added drop- 

wise to a stirred solution of gallium triiodide (1.0 g) in 
acetone (20 nil). The initial yellow precipitate dissolved 
on stirring to give a deep yellow solution. After filtration 
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Compound 
... -- 

TABLE 1 
Microanaly ses 

-- 

Melting 
point ----------- 

%C %H -- 
("C) Calcd. Found Calcd. Found 

-- 

362 40.45 40.36 2.30 2.30 
180-182 

%N %Ga 

Calcd. Found Calcd. Found 
- 

7.86 7.46 19.57 19.09 
10.44 10.76 13.00 13.00 

14.97 14.48 
5.70 5.29 14.23 14.67 
8.40 7.86 10.40 10.20 

8.20 8.08 
9.49 9.06 

4.44 4.52 11.06 11.05 

*Compound similar to that  reported previously (3), identified by m.p. and gallium analysis. 

the solution was cooled overnight. The crystals of (X = Br, I). The results contrast with similar 
GaI,(phen) produced were recrystallized from acetonitrile reactions i n  dietllyl ether (3) where only the 
as yellow needles. 

Reaction of 1 :I  or 1 :2 molar quantities of Gal,(plien) plexes GaCl,(phen), and GaX,(phen), (X = Br, 
and l,lO-phenanthroline in acetone or acetonitrile gave a 1) could be isolated. All the coln~lexes  prepared 
brilliant yellow precipitate of the tris adduct Gal,(phen),. are stable and non-hygroscopic in air although 
Repeated attempts to prepare a bis adduct from acetone the iodides are solnewhat light sensitive. We find 
or acetonitrile failed. no evidence for complexes of stoichiometry 
Prepnrnliot~ o J" PF, - Salts MX,(phen),., which are the main products from 

The complexes ~aCl , (phen)  and GaCl,(phen)z were the reaction of 1,lO-phenanthroline with indium 
converted into the salt [GaC12(phen)~lPF6 by reaction trihalides ill methyl cyanide or ethanol ( 5 ,  6 ) .  
with an excess of sodium hexafluorophosphate in boiling 
acetonitrile. Initial precipitates were discarded, pure Itfiared and Ranian Spectra 
products crystallizing as large prisms on standing. The structures of complexes of the types 
[GaBr,(phen),]PF, was prepared in an analogous MX,B,, MX,B (M = trivalent metal; B = 
manner from GaBr,(phen) and GaBr,(phe~~)~.  Infrared 
spectra of all these derivatives in the region 1650-700 2,2'-bipyridyl, l,l0-phenanthroline) are of con- 
c m - ~  were run to confirm the presence of siderable current interest since Inany compounds 
uncoordinated PF,- ion (1 ) .  with these stoichioinetries are known for group 

Attempts to stabilize the ion [Ga12(phen),lA with I11 elements (7, 8). Moreover, recent work in the 
PF6- and BF4- were unsuccessful. 

Microanalyses for all compounds prepared are shown 
transition metal field (9, 10) has shown that  

in Table 1. structural assignments for several colnplex ions 
of the type trans-[MX,B,]+ (M = Co, Cr, Rh, 

Pllysicnl iMens~rrettret~ts 
Microanalyses were performed by Chenialytics Inc., 

Ir) are in error. Indeed it now appears that trans- 

Tempe, Arizona and Alfred Bernliardt, 5251 Elbach [MX,B,]+ ions may not exist in the solid state 
iiber Engelskirchen Fritz Pregl Strasse, Germany. (9). Utilizing the far-infrared (I), Raman (1 I) ,  

Far-infrared measurements were made on Nujol and X-ray data (2) for GaCl,(bipy) for com- 
mulls between caesiuni iodide plates using a Beckniann parison pllrposes we discuss possible stereo- 
IR 12 spectronieter. All spectra were run on an expanded chemical assignlnellts for the complexes 
scale of 50 cm-' per inch. Ranian spectra were recorded 
on solids with a Cary 81 Helium-Neon laser equipped GaX3(~hen)> GaX3(~hen)27 and GaX3(~hen)3. 
instrument using the 6328 A exciting line. In both For GaX,(phen) (X = CI, Br, I), several 
instances observed frequencies should be accurate to structural formulations are possible (1). By 
t 2  cm-'. analogy wit11 GaCl,(bipy) the most likely struc- 

X-Ray measurements were made on Weissenberg 
Oscillation and Buerger precession cameras using a single ture is ionic [GaX,(phen),][GaX,]. This deduc- 
crystal grown from acetone/benzene solution. tion is confirmed for GaCl,(phen) by an analysis 

of the far-infrared (Table 2) and Raman (Table 3) 
Results and Discussion spectra. In the far-infrared 1 ,lo-phenanthroline 

The reaction of gallium trihalides in acetone or absorbs weakly at  404, 257, and 240 cm-' while 
acetonitrile solution with 1,lO-phenanthroline Raman bands occur a t  404 and 247 cm-I (12, 13). 
yields the complexes GaX,(phen) (X = Cl, Br, In the complexes the 404 cm-' band moves to  
I), GaX,(phen), (X = Cl, Br), GaX,(phen), higher frequency and increases in intensity in 
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TABLE 2 

Far-infrared spectra (450-200 cm-I) of gallium complexes* 

Compound Frequency (crn-') 

*An arbitrary intensity o f  20 is assigned to the strongest band in each spectrum for comparison purposes. 
?Bands due t o  v, of GaX,-. 
$Bands due to v(Ga-X) o f  GaX2(phen),+ cation. 

TABLE 3 
Rarnan spectra (450-150 cm-I) of gallium complexes 

-- -- - .. -- - . 

Compound Frequency (cm-') 

*Spectra measured to 125 cm- ' .  
?Bands duc  to v3 of  GaX,-. 
$Bands due to v, of GaX,-. 
§Bands due to v(Ga-X) o f  cation [GaX,(phen),li. 

both infrared and Raman spectra. The lower 
frequency bands cannot be traced with any 
degree of certainty in the complexes although 
several medium intensity features occur between 
200 and 250 cm-'. For GaCl,(phen), a broad 
intense absorption appears near 380 cm-' which 
is absent from the spectra of [GaCl,(phen),]PF,, 
GaBr,(phen), and GaI,(phen). The correspon- 
ding Raman spectrum shows the presence of 
weak lines at 385 and 370 cm-' with an intense 
band at 347 cm-'. The Raman spectra of solu- 
tions containing the GaC1,- ion show v, at 381 
cm-' and v, at 345 cm-' (14). In the infrared 
of solid Et,N+GaCI,- v, occurs as a broad band 
at 373 cm-' (15). These results together with the 

fact that simple tetranuoroborate and hexafluoro- 
phosphate salts of the [GaC12(phen)2]+ cation 
can be prepared from GaCl,(phen) suggest that 
GaC1,- ions are present in the GaCl,(phen). 
However, there still remains the question of the 
configuration of the cation and spectral assign- 
ments in the lower frequency region. The sharp 
intense absorption at 318 cm-' in the infrared 
spectrum of GaCl,(phen) is present in all the 
complexes prepared and may be due to v(Ga-N) 
and/or a ligand mode. For cis-[GaCl,(bipy),]+- 
X- v(Ga-C1) is at 306 cm-' (i.r.) and 307 cm-' 
(R) (X = GaC1,-) and at 304 cm-' (i.r.) and 307 
cm-' (R) (X = PF6-). We have concluded (11, 
16) that the two v(Ga-C1) modes (a + b) 
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expected for a cis cation are almost degenerate 
in these systems, thus invalidating the possibility 
of assigning cis or trans stereochemistry from 
vibrational data alone. Similar conclusions apply 
to the phenanthroline complexes. Only one mode 
due to v(Ga-C1) of the [GaCl,(phen),]+ cation 
can be identified near 300 cm-' in the infrared 
and Raman spectra (Tables 2 and 3). We should 
point out, however, that a wealth of X-ray 
powder and spectroscopic evidence for similar 
ions (9) indicates that the trans configuration is 
thermodynamically destabilized with respect 
to the cis isomer. Our single crystal X-ray data for 
GaCl,(terpy) (terpy = 2,2',2"-terpyridyl) also 

Frequency (cm-I) 
FIG. 1. Infrared spectra (450-200 cm-') of (a) 

GaCl,(phen), (b) GaC13(phen),. 

indicate that the tratw isomer might be destabi- 
lized by a lengthening of trans Ga-CI bonds 
(16). A cis configuration for the GaCl,(phen),+ 
cation therefore seems likely. 

Infrared and Raman data for GaCl,(phen), 
indicate the absence of GaC1,- ions. Comparison 
of the infrared (Fig. 1) and Raman (Fig. 2) 
spectra of GaCl,(phen) and GaCl,(phen), as 
well as the synthesis of a PF,- derivative from 
GaCl,(phen), suggest a structure [GaCl,- 
(phen),]Cl although the cation stereochemistry 
cannot be unequivocally established. 

The structure [GaBr,(phen),]GaBr, is also 
established for GaBr,(phen). v, of GaBr, 
appears as a doublet at 276 cm- ' in the infrared. 
In aqueous solutions of GaBr,- v, occurs at 278 
cm-' and v, at 210 cm-' (14, 17). The Raman 
spectrum of GaBr,(phen) exhibits a weak 
doublet in the v, region and a strong line at 21 1 
cm-' due to v,(Ga-Br) of GaBr,-. Comparison 
of the infrared (Fig. 3) and Raman (Fig. 4) 
spectra of GaBr,(phen) and [GaBr,(phen),]PF, 
confirms the above conclusions. Single crystal 
X-ray measurements for GaBr,(phen) yield the 
following parameters: Ga,Br,, (C,,H,N,),, space 
group P 2,,, (C,,,5); a = 12.85 (9), b = 16.51 (8), 
c = 14.06 (4); P = 92" 15'; D,, = 2.20 g cm-3 
(by flotation), D, 2.17 ; 2 = 4. There are no crys- 

LA--- 
400 300 200 

Frequency (crnl) 

FIG. 2. Raman spectra (450-150 cm-') of (a) 
GaCl,(phen), (b) GaCl,(~hen)~.  
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'J I 

I 
40 3 2 0 

OFrequenc y (cr% 
FIG. 3. Infrared spectra of (a) GaBr,(phen), (b) 

[GaBr,(phen),]PF, in the region 450-200 cnl-'. 

tallographically imposed symmetry restrictions. 
Molecules of dimers occur on the general po- 
s i t i o n s x , y , z ; ~ , j , F ; x , ( t + y ) , ( f  -z ) ;x , ($  - y ) ,  
(4 + z). On the basis of the above X-ray data a 
site symmetry analysis of the vibrational modes 
of GaBr4- is trivial. However, for both GaC1,- 
(phen) and GaBr,(phen) it is worth noting that 
v3(t2) of GaX4- appears as a doublet in the 
infrared and Raman spectra. Comparison of the 
spectra of GaBr,(phen), [GaBr,(phen),]PF,, 
and GaBr,(phen), (Tables 2 and 3; Figs. 3 and 
4) allows the following conclusions to be drawn: 
(I) the cation [GaBr,(phen),]' is also present in 
GaBr,(phen),; (2) v(Ga-Br) for the cation 
appears at 221, 230 cm-' (GaBr4- salt), 228 

Frequency (crn-I) 

FIG. 4. Raman spectra of (a) GaBr,(phen), (b) 
[GaBr2(phen),]PF6 in the region 450-200 cm- I .  

cm-' (PF,- salt), and 212 cm-' (Br- salt), (3) 
in no single case can both modes of a suspected 
cis cation be distinguished in both the infrared 
and Raman. Stereocheinical assignments cannot 
be based on the number of v(Ga-Br) bands. 

Also of interest is the observation that 
v(Ga-Br) of the cation GaBr,(phen),+ appears 
at higher frequency than v, of GaBr4- when for 
the analogous chloro complex v, is higher by ca. 
40 cm-'. Intensity data are being collected for 
GaBr,(phen) in an attempt to find out whether 
these results are explicable in terms of Ga-Br 
bond lengthening in GaBr4- or Ga-Br bond 
shortening in GaBr,(phen),+. 

For GaI,(phen) the infrared spectrum is 
dominated by the appearance of a broad strong 
band at 210-221 cm-'. In the Raman weak 
scattering occurs near 217 cm-' with a very 
intense line at 144 cm-'. Comparison with the 
Raman spectrum of aqueous Gal4- (18) shows 
v, at 222 cm-' and v, at 145 cm-'. The line 
positions in the infrared and Raman together 
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with the relative intensities leave little doubt  tha t  
the ion G a l 4 -  is present in the structure of 
GaI,(phen). T h e  analogous 2,2'-bipyridyl com- 
plex GaI,(bipy) shows intense infrared absorpt ion 
centered a t  224 c m -  ' with R a m a n  lines a t  219(m) 
a n d  147(vs). Again the spectra a re  consistent with 
the presence of Gar,-. These results suggest that  
both complexes be formulated [GaI,B, ][Ga14] 
(B = I, 10-phenanthroline, 2,2'-bipyridyl). In  
view of the lack of infrared d a t a  below 200 c m - '  
assignment of v(Ga-I) modes for  the cation 
cannot  be attempted. 

T h e  structure of Gal,(bipy) has now been shown 
t o  be [GaI,(phen), [GaI,]. A s  a final note it may 
be pointed o u t  that  cations of the type [MX,B,]+ 
have now been firmly established for  GaX,(bipy) 
(X = CI, I), GaBr,(bipy), (I),  GaX,(phen) (X = 
CI, Br, I), GaX,(phen), (X = CI, Br), InX,- 
( b i ~ y ) , . ~  (X = Cl, Br, 1) ( 5 ,  6, 13), InX,(phen),., 
(X = Cl, Br, 1) (19), Tl(bipy)X, (X = Br, 1) (20), 
TIX,(bipy),, TlX,(phen), (X = C1, Br, I) (21) 
as  well as for many  derivatives prepared from the 
above by metathesis with M X  (X = BF4-, 
PF,-, NO,- etc.). 

T h e  tris con~plexes  GaX,(phen), (X = I, Br) 
This work was supported by the National Research which were previously Russian Council of Canada. We thank Dr. A, Walker, 

workers (3) have rather simple far-infrared a n d  Scarborough College, Scarborough, Ontario, for the use 
Raman spectra. Modes d u e  t o  tetrahedral of infrared facilities. 
GaX4-  a n d  v(Ga-Br) of  [GaBr,(phen),]+ 
a r e  clearly absent.  Apar t  f rom the ligand bands 1 .  A. J. CARTY. Can. J. Chern. 46, 3779 (1968). 

near  430 c m - '  a n d  the lines a t  ca. 310 cm- ' ,  n o  
2. R. RESTIVO and G. PALENIK. Chem. Commun. 867 

(1969). 
Ranlan scattering of significant intensity could 3. 6. N. IVANOV-EMIN, L. A. NISELSON, Y. A. I. 
be detected down t o  125 cm-' .  T h e  absence o f  RABOVIK, and L. G. LARIONOVA. RUSS. J. Inorg. 

Chem. (Engl. Transl.) 5, 583 (1961). 
halogen-sensitive bands in the spectra of  GaX3- 4. G. J. SUTTON. Aust. J. Chenl. 16, 278 (1963). 
(phen), (X = Br, I) implies structures o f  the type 5. A. J. CARTY and D. G. TUCK. J. Chem. Soc. A, 

1081 (1966). [Ga(~hen)313+3X- '  Of the four  infrared bands 6, R. A. WALTON. J, Chem. Sot, A, 1485 (1967). 
found in each spectrum above 200 cm-  ', those 7. R. A. WALTON. Coord. Chem. Rev. (1970). In 
a t  212 and 215 cn1- a r e  most likely ligand press. 

8. A. J. CARTY. Coord. Chern. Rev. 4, 29 (1969). We make no detailed at tempt 9, J, G. GIBSON and E. D, M c K E N ~ ~ E .  J, Chern. Sot. 
assign the three bands between 260--3 15 cnl- '  A, 2637 (1969). 
but  note tha t  for a D, cation two metal-nitrogen l o .  J .  G. G l B s 0 ~ ,  R. and E. D. MCKENzlE. J. 

Chem. Soc. A, 2089 (1969). 
stretches (a, + e) a re  expected. 11.  A. J .  CARTY and P. M. BOORMAN. Unpublished 

results. 

Conclusions 
12. J. R. FERRARO, L. J. BASILE, and D. L. KOVACIC. 

lnorg. Chem. 5, 391 (1966). 

In  addition t o  GaCl,(phen), a n d  GaX,(phen), I:: :: 2: ~ ~ ~ ~ ~ ; , , ' ; 3 1 1 . 2 " f i ~ ~  j ! ~ ~ ~ n l ,  SoC. 
(X = Br, I) prepared by other  workers (3) reac- 3721 (1956). 
t ion of  gallium trihalides with l , lO-phenanthro- 15. D. M. ADAM% J. CHATT, J. M. DAVIDSON, and J. 

GERRATT. J. Chem. Soc. 2189 (1963). l i n e  gives GaX3(phen) (X = Br, and 16. G. BERAN, A. J. CARTY, and G. PALENIK. Chem. 
GaX,(phen), (X = Br). T h e  complexes GaX,- Conunun. 222 (1970). 

(X = ~ 1 ,  B ~ ,  I),  G ~ x , ( ~ ~ ~ ~ ~ ) ~  (X = ~ 1 ,  17. R. A. PLANE and J. NIXON. J. Arner. Chern. SOC. 
84, 4445 (1962). 

Br), G a X 3 ( ~ h e n ) 3  (X = Br, I) have structures 18. L. A. WOODWARD and G.  H. SINGER. J.  Chem. Soc. 
[GaX,(phen), I P a x 4 ] ,  [GaX,(phen),IX, a n d  716 (1958). 

19. A. J. CARTY and D. G. TUCK. Unpublished results. 
[Ga(l'h"'),IX, [dentification of 20, R. A, W A ~ T O N ,  Inorg. Chel-n, 7, 640 (1968). 
G a X 4 -  ions in these conlplexes is simple when 21. (rr) F. YA KULBA, N. G. YAROSLAVSKII, L. V. 
R a m a n  and  infrared d a t a  a re  utilized. Vibra- KONOVALOV, A. V. BARSUKOV, and V. E. MIRONOV. 
tiollal spectroscopy alone cannot distinguish RUS. J. Inorg. Chenl. 13,79 (1968). (b)  F. YA KULBA, 

V. G. MIRONOV, CHIN-YANG TS'UNG, and Z. G. 
cis-GaX,(phen),+ from tral~s-GaX,(phen), +. FILIPPOVA. RUSS. J. Inorg. Cheni. 8, 341 (1963). 
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Chemistry of Zsubstituted adamantanes. I. Adamantanethione, its dimer and trimerl 

J .  W .  GREIDANUS 
Department of Chemistry, Tile University of Calgary, Calgary 44, Alberta 

Received May 11 1970 

The preparation of adamantanethione from adamantanone is reported, either via 2-ethoxy-2-adaman- 
tanethiol or  directly with the aid of phosphorus pentasulfide. The conditions for the latter reaction were 
developed so as to give the highest yield (91 %). Dimerization or  trimerization of the thioketone under the 
influence of methanesulfonic acid leads to dispiro[l,3-dithietane-2.2':4.2"-diadamantane], resp. tri- 
spiro[l,3,5-trithiane-2.2':4.2":6.2"'-triadamantane]. The spectral properties of the compounds are dis- 
cussed, especially the n.m.r. spectrum of the thione in connection with the anisotropy of the thiocarbonyl 
group, and the aromatic solvent-induced shift. 

Canadian Journal of Chemistry, 48,3530 (1970) 

The more successful synthetic methods for the compound for our study of the thiocarbonyl 
preparation of aliphatic thioketones have only group in thioketones. Because of our research 
been developed in the last decade. Especially, interest in the chemistry of adamantane com- 
Mayer et al. have contributed much to our pounds, we realized that adamantanethione (2) 
present understanding and the topic has been might be very suitable for our work with thio- 
reviewed (1). ketones as its structure made enethiol formation 

Paquer and Vialle (2) very recently reported 
that use of the method of Bleisch and Mayer (lb) 
for the preparation of many thiones resulted in 
almost all cases where a-hydrogen was present 
in the formation of thione-enethiol mixtures, as 
was shown by v.p.c. 

The use of sulfides of ~ h o s ~ h o r u s  for the con- 

&::: CH3 ps 
. A 

version of simple aliphatic or alicyclic ketones has 
usually led to dimeric products (la, 3) and it 
seems that among the aliphatic thiones, apart 
from perfluorothioketones (4), diphenyl cyclo- 
propenethione (5 ) ,  and some sulfur analogues of 
dimethylketene dimer (6),  only thiofenchone (1) 
has been obtained in this manner as a pure 
compound (7). 

Because pure simple aliphatic thioketones have 
been hard to obtain, and are often unstable, their 
chemistry as a whole has not been fully investi- 
gated. In particular the photochemistry, their 
potential in cyclo-addition reactions and spectral 
properties should be further investigated. Optical 
rotatory dispersion (0.r.d.) studies of aliphatic 
thioketones have been rare, this again as a result 
of the unavailability of stable pure thiones (8, 9). 

After some initial work on the synthesis of the 
rather unstable cyclohexanethione by a variety 
of methods (mainly the reactions of ketone with 
hydrogen sulfide in the presence of acid or base 
catalyst (lb, lo)), it became clear to us that this 
compound would be unsatisfactory as a model 

'Part of the results has appeared as a preliminary 
communication; see ref. 11. 

impossible. In addition, 2 would probably be a 
solid and as a result would be easier to purify 
than cyclohexanethione by means of crystalliza- 
tion or sublimation. 

Compound 1 is one of the most stable aliphatic 
thiones known (la) but if fairly stable pure 2 
would become available it would have the 
advantage of a highly symmetrical environment 
of its thiocarbonyl group, when serving as a model 
compound. 

In addition, adamantanethione would be an 
excellent starting material for the preparation of 
2-adamantanethio12 and compounds derived 
from it. 

If suitably substituted adamantanethiones 
could be secured by means of a generally appli- 
cable method for C=O to C==S conversion, a 
great number of thioketones would become 
accessible for study of the 0.r.d. and circular 
dichroism (c.d.) of the thiocarbonyl chromo- 

'Details for the preparation of this thiol, which has 
been reported in our preliminary communication ( l l ) ,  
will be published shortly. 
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15-100 Torr 

phore. Several optically active adamantanones 
have been reported and used for 0.r.d.-c.d. 
studies (12). For the various reasons given it was 
decided to prepare adamantanethione and to 
explore some of its chemistry. 

Results and Discussion 
Adamantanethione 

Adamantanethione could not be prepared 
satisfactorily by the method of Bleisch and Mayer 
(lb), i.e. by treatment of the ketone with H,S at 
-70" in ethanol-ether, containing HCI. The 
major product of this reaction, an insoluble 
colorless powder, was identified as the trimer of 
the thione, to be referred to later. 

When subsequently adamantanone (3) was 
heated with an excess of phosphorus pentasulfide 
in pyridine (20 h at 115"), a reaction took place, 
but no thioketone could be isolated. When the 
reaction was run at 25" for 90 h the thioketone 
was obtained in quantity for the first time. By 
adjusting the reaction times, the temperatures, 
and reagent ratios it was possible to raise the 
yield to 55 % (this was the highest yield obtained 
at the time of our preliminary communication 
(1 I)), and eventually to more than 90% of crude 
thione, which contained only a trace of starting 
material as indicated by its i.r. s p e ~ t r u m . ~  A 

3A number of attempts to prepare the thioketone by 
reaction of adamantanone and phosphorus pentasulfide 
in toluene or carbon disulfide at 2S0, or in heptane at 
100" (this method has been reported (7) for the prepara- 
tion of thiofenchone (1)) were not successful. 

large excess of P,Sl, must be avoided as secon- 
dary reactions of the thione with P,Sl, will 
occur, especially at higher temperatures, with 
the formation of a yellow very viscous mass 
(Scheme 1). 

The purity of the crude thione was determined 
by spectroscopic methods (n.m.r. and i.r.). 
Removal of ketone impurity by repeated recrys- 
tallization at low temperature (-50") from 
petroleum ether or by repeated fractional 
sublimation in uacuo was a very tedious process 
and satisfactory results were only obtained if the 
quantity of impurity was low. The best purifica- 
tion method was chromatography on silica and 
elution with petroleum ether - benzene mixtures. 
If 2 is to be used for the preparation of 2-ada- 
mantanethiol it is not necessary to purify the 
crude thioketone as it is much easier to purify 
the thiol. 

The thioketone 2 was also obtained when 
2-ethoxy-2-adamantanethiol (4) was heated for 
45 min at 100-130" under reduced pressure 
(15-100 Torr). The initially colorless, at that tem- 
perature, liquid geminal ethoxythiol (m.p. 30.5") 
turned into an orange-red solid. This was found 
to be 2 of high purity. The not very stable geminal 
alkoxythiols are a little known class of com- 
pounds. Compound 4 was obtained when an 
attempt was made to prepare 2,2-adamantanedi- 
thiol using a procedure reported by Demuynck 
and Vialle (13). They reported that two represen- 
tatives of this class of compounds easily lost a 
molecule of ethanol and formed enethiol. As 
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TABLE 1 

Electronic absorption spectra of adamantanethione and some cyclic thioketones 
- - - 

Main bands, mp Minor bands and 
Compound Solvent (log E) shoulders, mp (log E) Reference 

Adamantanethione 11-Hexane 240(4.10); 223 sh; 488(1.05) 450; 503 ; 514; 554(0.43) 
Thiofenchone n-Hexane 240(4.00); 215(3.60); 488(1.04) 445; 501 1, 14 
Thiocamphor Cyclohexane 244(4.06); 214(3.62); 493(1.09) 450; 515; 551 I ,  14 
Androstane-17-thione Dioxane 239(3.94): 492(1.11) 9 

TABLE 2 

The n.rn.r. spectra (7 units) of 2 and 3 in CCI4 and benzene 

Compound CC!, Benzene 

Adamantanone* (3) 7.58(28) 7.98(12H) 7.52(28) 8.32(8H) 8.45(4H) 
Adamantanethione (2) 6.60(2H) 7.96(12H) 6.60(2H) 8.24(8H) 8.38(48) 
- 

'The  data for the spectrum in benzene corrcspond t o  those reportcd ( 1 5 ) .  

this is not possible in 2, the formation of thione on this basis. The n.m.r. data of Paquer and  
from 4 is not surprising. Vialle (2) for a great number of aliphatic thiones 

Adamantanethione is a red-orange compound, 
with m.p. 173" and, like so many adamantane 
derivatives, it can be easily sublimed. Its i.r. spec- 
trum shows a very strong absorption a t  1150 
cm-', in the general area (1025-1225 cm-') of 
the stretching frequencies for C=S (when 
bonded to elements other than nitrogen) 
according to Rao and Venkataraghavan (7) and 
close to  the absorptions shown by some other 
homocyclic non-aromatic thiones: 1179 cm-'  in 
androstane-17-thione (9) and 1 180 cm- ' thio- 
fenchone (7). 

The electronic absorption spectrum of ada- 
mantanethione in n-hexane shows two main 
bands at  488 (log E 1.05) and 240 mp (log E 4.10) 
with several shoulders and minor bands. From 
the data in Table 1 it can be seen that the elec- 
tronic absorption spectra of 2 and those of some 
other cyclic-non-aromatic thioketones are very 
similar to each other, in the position as well as  in 
the intensities of the bands. 

The n.m.r. spectrum of 2 resembles that of 
adamantanone. For both compounds only two 
peaks are obtained in carbon tetrachloride, but in 
benzene three signals are observed (Table 2). 

In our earlier communication (1 1) it was stated 
already that the n.m.r. results were yet another 
piece of evidence for the greater anisotropy of the 
C=S group as compared with the C=O group. 
The n.m.r. data obtained with thion esters (16, 
17) and thiocamphor (17) have been explained 

also show clearly the greater deshielding effect of 
the thiocarbonyl group (in general causing a 
downfield shift of 0.45-0.55 p.p.m. in the thio- 
carbonyl compound compared with the ketone). 
Very recently detailed information was published 
(18) on the geometry of positive and negative 
shielding regions surrounding the carbonyl 
group. As a result of a comparative study of 
camphor and thiocamphor at  220 MHz strong 
evidence has been presented that "the coordinate 
susceptibilities associated with the C=S function 
are quantitatively different from, but qualitatively 
similar to, those associated with the C=O 
function" (19). The evidence was in fact that the 
three coordinate susceptibilities for the thiocar- 
bony1 group were stronger positive (shielding) or  
negative (deshielding) than those for the carbonyl 
group. 

In our spectra the position of the signal for the 
tertiary protons adjacent to  the thiocarbonyl 
function in 2 at T 6.60 (in CC1,) corresponds very 
well with that reported (2) at  t 6.64 for the methine 
protons in 2,4-dimethyl-3-pentanethione, and it 
shows that these bridgehead protons are more 
strongly deshielded than in the ketone. Compared 
with adamantane itself, all protons in these com- 
pounds are deshielded. This is to  be expected as  
they would all be located in the ellipsoidal 
deshielding cone (1 8) of the C=O, and apparently 
of the C=S as well. When the same spectra are 
taken in benzene as solvent, it is found that the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GREIDANUS: 2-SUBSTITUTED ADAMANTANES. I 3533 

aromatic solvent-induced shift of these same 
a-bridgehead protons is very small in the case of 
the ketone. and nil for the thioketone. The main 
peak, representing the other 12 protons on the 
adamantane skeleton has been shifted upfield 
(Table 2), and is now split into two peaks with 
integrated intensities corresponding to eight and 
four protons, of which the latter have the highest 
field position. If the geometry of polar solute - 
aromatic solvent collision "complexes" according 
to Ledaal (20) is accepted4 the geometry in the 
case of adamantanone or  adamantanethione in 
benzene would be: 

This would result in strongest shielding of the 
protons closest to the benzene ring, i.e. the four 
protons in the y and 6 position with respect to 
the C=X group. It is tempting to explain the 
signal in the highest field position on this basis. 
The eight P-protons are also moved to an upfield 
position in benzene, but the two a-bridgehead 
protons are virtually insensitive to the solvent 
change. The fact that the n.m.r. absorptions of 
equatorial protons a to the carbonyl function 
show very small aromatic solvent-induced shifts 
is well documented (21,22). In adamantanone the 
a-protons are slightly deshielded (Table 2) and 
therefore appear to be on the same side of the 
reference plane (as first defined by Connolly and 
~ c ~ r i n d l k  (21)) as the carbony1 oxygen. It 
appears that for the thiocarbonyl group a similar 
reference plane can be drawn and this is not 
surprising. 

Dimeric and Trirneric Adarnantanethione 
When pure, adamantanethione possesses con- 

siderable thermal stability, and it is recovered 

4This model for benzene - polar solute association was 
successfully applied in the interpretation of aromatic 
solvent-induced shifts in camphor and thiocarnphor (19). 

unchanged from its solution in toluene or  
p-xylene after 4 0 4 5  h of reflux (1 10, 138", respec- 
t i ~ e l y ) . ~  

The formation of dimers, trimers, and poly- 
mers from aliphatic or alicyclic thioketones is a 
well-known reaction. When 2 was stirred in 
niethanesulfonic acid at 22" the orange solid 
changed in about 5 min to a colorless product, 
which was shown to be the stable dimer of 2, 
dispiro [I ,3-dithietane-2.2' : 4.2"-diadamantane] 
(5), m.p. 306-307" (see Schenie 2). Its 1i.m.r. 
spectrum (CCI,) showed the bridgehead protons 
adjacent to the dithietane ring at s 7.68 as a 
broad singlet (4H) and all other protons as a 
multiplet between s 7.9 and 8.6 (24H). In the 100 
MHz spectrum this multiplet is seen to consist 
of an AB quartet for the 16 methylene protons 
with a 1,3-relationship to the spiro carbon atoms 
with J = 12 Hz and a calculated s 8.39 for HA, 
8.09 for H,. The protons which have a 1,3-diaxial 
relationship to a C-S bond give probably the 
downfield signal at  s 8.09 (23). The other protons 
in the molecule cause a peak at s 8.31. The trimer 
of 2, trispiro [I ,3,5-trithiane-2.2' :4.2":6.2"'-tri- 
adamantanel (6), was obtained when a solution - . ,. 

of the thioketone in ether was treated with some 
niethanesulfonic acid (Scheme 2). It was insoluble 
in all solvents tried, but was p~lrified by sublima- 
tion (250" at 0.05 Torr). The dimeric and trimeric 
nature of 5 and 6 was confirmed by their mass 
spectra, which showed M +  at ni/e 332 and 498. 

Pyrolysis of the trimer 6 at 355" gave 2 in high 
yield (82%). Pyrolysis of trithianes has on 
occasion been ~ ~ s e d  to prepare thioketones, 
especially alkyl aryl thioketones. In general 
pyrolytic methods can not be applied for the 
synthesis of aliphatic thiones ( la)  because the 
1,3,5-trithianes are freq~lently very stable and 
will only decompose under conditions which are 
destructive for the thioketones that are formed. 

Reduction arid Oxidation of Adarnantanethione 
Adamantanethione was found to be a n  

excellent starting material for the preparation of 
2-adamantanethiol ( l l ) ,  which in turn permits 
synthesis of a variety of 2-substituted sulfur 
containing adamantanes. With several other 
substituted adamantanones becoming more 

5As a precaution against decomposition during storage 
2 was usually stored at 0' in the dark, in a closed con- 
tainer. 
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readily available, the corresponding thioketones, 
and thiols, will be accessible. Work in this 
direction, as well as on the oxidation of adaman- 
tanethione to its S-oxide, is in progress. Pre- 
liminary experiments indicate that ~ ~ n s t a b l e  
adamantanethione-S-oxide is formed upon oxi- 
dation with m-chloroperbenzoic acid ; the product 
dissolved in CCI, shows in the n.m.r. spectrum 
two non-equivalent protons (the two bridgehead 
protons adjacent to the S-oxide group) at z 5.98 
and 7.1 1, as well as a main peak at z 8.00, of the 
expected intensities. The S-oxide decomposes 
slowly into adamantanone on standing, even 
at  - 10". 

Experimental 
The starting material adaniantanone was initially pre- 

pared from adamantane,' later obtained commercially 
(Aldrich Chemical Conipany). 

Melting points were determined on a Buchi melting 
point apparatus in sealed capillary tubes, and are uncor- 
rected. The electronic absorption spectra were recorded 
on  a Cary 15 instrument, the i.r. spectra on  a Perkin- 
Elmer spectrophotometer, Model 337. The mass spectra 
were determined on a Varian-Mat CH-15 instrument at 
an ionization energy of 70 eV. The n.m.r. spectra were 
recorded at 60 or 100 MHz on Varian A-60 and HA-100 
spectrometers, in the solvent indicated (concentrations 
5-10% (w/w)). Tetramethylsilane (r = 10) was used as 

6Results using the photo-oximation of adamantane 
as reported by Miiller et al. (24) were poor and similar to 
those described by Carpenter (25). Photo-oxinlation 
using nitrosylsulfuric acid (26) or oxidation of the 
hydrocarbon with chromyl chloride (27) did not afford 
the ketone in the desired quantity either. Oxidation of 
adamantane with sulfuric acid (28) proved to be the best 
method (unpublished results, J. W. Greidanus and 
W. J. Schwalm). 

internal standard. Microanalyses were carried out by 
Dr .  C. Daessle, Organic Microanalysis, Montreal, 
Quebec, and by Mrs. S. Swaddle of this department. 

2-Ethoxy-2-ndatnnntat1et/1iol(4) 
In a three-necked flask, equipped with gas-inlet tube 

and Dewar condenser, and cooled to -75", 30 ml o f  
liquid hydrogen sulfide was collected. A suspension of 
15 g (0.10 mole) of adaniantanone in a mixture of 110 ml 
of dry ethanol and 15 rnl of dry ether, also cooled to 
-75", was all at once added to the stirred liquid hydrogen 
sulfide; this gave a clear solution. The temperature was 
allowed to rise to - 55" and a stream of dry hydrogen 
chloride was introduced into the solution. After 30 min a 
colorless crystalline precipitate had been formed in the 
reaction mixture which turned gradually orange. After 
1 h the flow of hydrogen chloride was stopped and the 
reaction mixture was kept at -55" for 2 h. Then i t  was 
added to 500 ml of ice water and 500 nil of petroleum 
ether. (Caution! Great quantities of hydrogen sulfide 
gas escape.) The orange organic layer was washed four 
times with water, dried (MgSO,) and evaporated it2 
vacuo at room temperature till an  orange oily residue 
was left. To  this 150 ml of acetonitrile was added and the 
mixture was cooled to -50" and filtered giving 12.1 g of 
almost colorless 2-ethoxy-2-adamantanethiol, m.p. 29.5- 
30.5" (yield 57%). After two crystallizations from aceto- 
nitrile the analytical sample was dried at 0.02 Tors; m.p. 
30.5-31.5". The product slowly decomposed, even at 0°, 
into an  orange liquid. 

Anal. Calcd. for C12H2,0S: C, 67.87; H, 9.49. Found: 
C,  67.51; H, 9.79. 

The i.r. spectrum v ,,,, (KBr): 2560 (weak, SH), 1103, 
1087, 1070 (all very strong, C-0-C), 2975 cm-' 
(CH,); n.m.r. spectrum r (CCI,): 8.84 (triplet, 3H, 
J = 7Hz), 8.68 (singlet, IH, SH), 6.41 (quartet, 2H, 
J = 7Hz), 7.5-8.6 (multiplet, 14H). 

Adan7at1tat7etl1iot1e (2) 
(a) In  a three-necked flask equipped with an efficient 

mechanical stirrer and a condenser with drying tube 48 
g (0.32 mole) of adaniantanone (3) was dissolved in 300 
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ml of dry pyridine (H,O < 0.05%). The solution was 
heated in an oil bath to 90°, 17.8 g (0.04 mole) of phos- 
phorus pentasulfide (Pasl,) was added in portions in 10 
min, and the reaction mixture was stirred vigorously 
for 1 1 h a t  90". The initially yellow solution turned red 
and a small quantity of an intensely colored violet-red 
glassy syrup was fornied, covering the interior of the 
flask. After cooling the reaction mixture was added to 
1.5 1 of petroleuni ether (boiling range 30-60") and the - - 
mixture was f o ~ ~ r  times extracted with water, twice with 
2 N HCI, and again twice with water. After drying 
(MgSO,) the solvent was removed hz vocrro, leaving 48.0 g 
of orange adaniantanethione (yield 90.5%). This product 
still contained a trace of starting material (C = 0 at 1725 
cm-' in the i.r. spectrun~). Chromatography on a silica 
column (grade 950, Fisher, 60-200 mesh) wilh mixtures 
of petroleum ether and benzene in ratios 95:s to 4:1, 
afforded the pure thioketone, n1.p. 173-174". 

Anal. Calcd. for CloH,,S: C, 72.23; H, 8.49; S, 19.28. 
Found: C. 71.97: H. 8.22: S. 19.14. , ,  , ,  

Mass sbectrum: t ~ , / e  166 (M+).  The i.r. spectrum 
v,,,, (CCI,): 1150 cnl-' (very strong, C = S); n.m.r. 
spectr~lni in CCI, and benzene, see text and Table 2;  
electronic absorption spectra, see text and Table 1. 

(b) In a small flask 1.45 g (6.8 niniole) of 2-ethoxy-2- 
adamantanethiol(4) was heated in an oil bath to 100-130" 
under a pressure of initially 100 Torr, later 15 Torr, for 
45 min. The colorless liquid gradually turned orange and 
solidified. The product, 1.05 g, was virtually pure ada- 
mantanethione (2), yield 93 %, identical to that prepared 
from adamantanone. After recrystallization from low 
boiling petroleum ether the m.p. was 173". 

Tlte Dit~ier of Arlatno~rtatlethiotle: Dispiro[l,3- 
ditlrictotie-2.2':4.2"-diadat11atitane] (5) 

To  15 ml of reagent grade methanesulfonic acid, 
stirred at 22". was added 3.32 g (0.02 mole) of adaman- 
tanethione. The orange color of the insoluble solid dis- 
appeared and a colorless powder was formed. After 1 h 
of stirring the reaction mixture was added to 200 ml of 
water. The crude product was recrystallized from hot 
1,4-dioxane, giving 2.27 g (68%) of analytically pure 

Anal. Calcd. for CLOHZ8SZ: C, 72.23; H, 8.49; S, 19.28. 
Found: C, 72.54; H, 8.62; S, 19.50. 

Mass spectrum: tn/e 332 (M+).  The i.r. spectrum v,,, 
(KBr): the seven strongest peaks in order of decreasing 
intensity between 800 and 1300 cni- are 964,915, 1092, 
1037, 1204, 1267, and 839 cm- ' ;  n.m.r. spectrum r 
(CCI,): 7.68 (broad singlet, 4H), between 7.95 and 8.54 
(multiplet, 24H), see text. 

The Trimer of Ada~~~at i ta t i e t l i io~e:  Trispiro[l,3,5- 
trifhiane-2.2':4.2":6.2"'-triadamatrtatie] (6 )  

To  a stirred solution of 4.98 g (0.03 mole) of adaman- 
tanethione in 50 ml of anhydrous ether was added 
dropwise 3 g of methanesulfonic acid. The addition of the 
first drop already caused formation of some colorless 
precipitate. When all the acid had been added, the reac- 
tion mixture was stirred for 90 min. After filtration and 
washing with 1,4-dioxane 4.01 g of colorless trispiro[1,3, 
5-trithiane-2.2':4.2":6.2"'-triadamantan] (6) was ob- 

tained (yield 80%), m.p. 354" (dec.). No  solvent was 
found for recrystallization, but at 250-270" and 0.05 Torr 
the compound could be sublinied. 

Anal. Calcd. for C30H42S3: C, 72.23; H, 8.49. Found: 
C, 72.54; H ,  8.45. 

Mass spectrum: tn/e 498 (M+) .  The i.r. spectrum v,,,, 
(KBr): the ten strongest peaks in order of decreasing 
intensity between 800 and 1300 cni-' are 1092,968, 1210, 
1192, 843, 892, 1030, 1270. 1304, 797, and 821 cm-'. 

Tlrert~irrl Decotnpositioti of /Ire Trin~er of 
Adat~iantat iet l~io~~e (6 )  

In a test t ~ ~ b e  0.50 g (1 mniole) of 6 was heated in a 
metal bath at 350-355" for 3 niin. Decomposition started 
and a red liquid was fornied. After cooling, the niixture 
wasextracted with pet ro le~~m ether and 0.23 g of adaman- 
tanethione (2) was isolated. The insoluble material was 
found to be unchanged 6, weighing 0.22 g. Taking the 
quantity of recovered trimer into account, the yield of 
thione was 82 %. 

We thank the National Research Council of Canada 
for financial support of this work. 
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Multiple resonance n.m.r. study of 2a-fluoro-cholestan-3-one 
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A detailed n.m.r. study has been made of 2a-fluoro-cholestan-3-one, with particular emphasis on the 
parameters of the nuclei attached to ring A. This study illustrates the potential of 'H-{I9F} and lgF-{'H) 
heteronuclear decoupling experiments and of the 'H-{'H) INDOR technique as adjuncts to n.m.r. 
studies of fluorinated, and other, steroid derivatives. 

Canadian Journal of Chemistry, 48, 3537 (1970) 

Introduction tetramethylsilane to establish a field-frequency lock. 
Since the tetramethylsilane interfered with the INDOR 

Although many studies of steroid derivatives measurements. these were ~erformed with the instrument 
by 'H  n.m.r. svectroscovy have a r n ~ l y  demon- locked onto the proton resonance of chloroform. 
strated the power of thisAiechnique (i)-for strut- Analysis of the n.m.r. spectra were made with a modi- 

tural elucidation, i t  is obvious that the method fied version of  the L A 0 C 0 0 N  111 program, and a n  
I.B.M. 360-67 computer in the U.B.C. Computer Centre. 

has many limitations. Of these, 2cr-fluoro-cholestan-3-one (1) was prepared by the 
the most notable arises from the low sensitivity of method described in the literature (5). 
proton chemical shifts with respect to  changes in 
chemical and stereochemical environment. As 
part of a program to  evaluate the potential of 
fluorine as  a sensitive stereochemical  robe for 
facilitating n.m.r. studies of steroids we have 
made a detailed study of 2a-fluoro-cholestan-3- 
one. In addition we have also investigated the 
potential of a variety of multiple resonance ex- 
periments, including the noise-modulated hetero- 
nuclear decoupling and ' H-{' H )  INDOR, tech- 
niques. As will be seen, the latter technique 
enables one to probe successfully beneath the 
"methylene envelope" which, characteristically, 
complicates the 'H  n.m.r. spectra of steroids, and 
to  determine the parameters of resonances which 
cannot be detected by direct measurement of the 
normal 'H n.m.r. spectrum. 

Experimental 
All nuclear magnetic measurements were made with a 

modified Varian HA-100 spectrometer, operating in the 
frequency-swept mode. 

The equipment required for the heteronuclear de- 
coupling experiments has been described elsewhere (3). 
An account of the modifications necessary for the mea- 
surement of 'H-{' H )  INDOR spectra has also been given 
previously (4). 

The n.m.r. measurements were made with a ca. 25% 
(w/v) (0.63 M) solution of I in deuterochloroform con- 
taining sufficient trichlorofluoromethane, chloroform, or 

'Recipient of an NRCC 1967 Science Scholarship, 
1968-1970. 

'An acronym coined by Baker (2) for InterNuclear 
Double Resonance. 

Results 

The normal 'H n.m.r. spectrum of 1 in a 
deuterochloroform-chloroform solution is given 
in Fig. 1A. The low field octet, assignable (vide 
infra) to  the H21, proton exhibits a characteristic- 
ally large (ca. 48 Hz) getninal coupling with the 
F,, substituent. Irradiation a t  the resonance 

FIG. 1. The ' H  n.m.r. spectra (100MHz) of 2a- 
fluoro-cholestan-3-one (1) in deuterochloroform-chloro- 
form solution. The normal proton spectrum. The 
spectrum measured with simultaneous irradiation at the 
19F resonance frequency (94, 076, 140.0 Hz). The first- 
order assignment of the H,, resonance is indicated 
diagrammatically. The assignment of the C-methyl 
resonances follows previously established criteria (ref. 1). 
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FIG. 2. The 'H-{'H) INDOR experiments per- 
formed on the I9F decoupled spectrum of 1 in deutero- 
chloroform~hloroform solution. Using the transition 
numbering system of Fig. 1 ,  the spectrum in corre- 
sponds to,monitoring transition 12, corresponds to 
monitoring transition 11, and to transition 9. The 
composite assignment resulting from these spectra is 
shown diagrammatically above the normal proton 
spectrum. The chloroform resonance was used as the 
internal-reference signal for the field-frequency lock. 

frequency of the fluorine substituent resulted 
(Fig. 1 B) in the collapse of this octet to a quartet 
due to removal of the 19F-Hzp splitting. The 
changes which occur in the high-field region of 
Fig. 1A during fluorine decoupling are discussed 
later. 

Two series of 'H-{'H) INDOR measurements 
were made. The first of these was performed3 on 
the l g F  decoupled spectrum. The responses shown 
in Fig. 2A were obtained by monitoring transition 
12 (using the numbering system of Fig. I), while 
scanning a weak radio-frequency field through 
the methylene region. Sequential monitoring 
of transitions 11 and 9 gave the responses shown 
in Figs. 2B and C. The effective summation of 
these three sets of INDOR responses is shown 
diagrammatically above the normal spectrum in 
Fig. 2. It is important to note that for the pur- 
poses of this summation the frequency at which a 

3AII of the INDOR spectra shown in Figs. 2 and 3 were 
performed on a "first-run" basis and no special pre- 
cautions were observed. T o  this extent, they may be 
regarded as "typical". 

CHEMISTRY. VOL. 48, 1970 

particular transition gives an INDOR response 
is independent of whether the response is positive- 
or negative-going. The four, low-field INDOR 
responses confirm that the four, low field 
transitions of the normal spectrum belong to a 
single proton and indicate that it is one of the HI  
resonances. Perhaps more importantly the higher 
field set of INDOR responses now identify the 
transitions of the other H,  resonance which are 
normally obscured by the resonances of the other 
methylene protons. 

The second series of INDOR experiments, 
shown in Fig. 3, were obtained by monitoring 
in turn five of the transitions of the "normal" 
HzI, resonance (no 19F decoupling). Because of 
the decrease in the intensity of the transitions 
being monitored the effective signal-to-noise 
ratio for these responses is poorer than that of the 
responses shown in Fig. 2. Nevertheless, it is 
possible to make a summation of the individual 

FIG. 3. The 'H-'H INDOR experiments performed 
on the normal spectrum of 1 in deuterochloroform- 

as follows: 

diagrammatic summary of these responses is given above 
the normal spectrum. The chloroform resonance was used 
as the internal-reference signal for the field-frequency 
lock. 
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responses and obtain the complete set of transi- 
tion frequencies for both of the H I  resonances. 
Due to the fortuitous near equality of the spectral 
splittings, there is considerable degeneracy for the 
upfield C-l proton. 

In order to obtain a more complete set of n.m.r. 
parameters for ring A, it was necessary to identify 
the H, resonances. This was achieved as follows. 
Inspection of the lower field portion of the normal 
and 19F decoupled methylene region (Fig. 4) 
indicated that in addition to the changes asso- 
ciated with the collapse of the known H I  transi- 
tions, two further proton multiplets ~ e r ~ s u b j e c t  
to some decoupling; likely, these were from the 
H, protons. 

Several of these transitions were clearly 
resolved and a series of INDOR experiments in 
which these transitions were monitored. made 
possible a reasonably accurate assignment, of the 
entire resonances of both the H, protons. Further 
responses were also observed around r 8.4 and 
these were assigned to the H, resonance. 

Close inspection of the INDOR spectra shown 
in Figs. 2 and 3 reveals that some responses occur 
at frequencies corresponding to the C-methyl 
resonances. Although it seems likely that these 
are instrumental artifacts arising from over- 
loading of some amplifier stage in the spectrom- 

FIG. 4. Partial 'H n.m.r. spectrum of the high field 
region of 1 in chloroform solution. The normal spectrum 
is shown in a, and the 19F decoupled spectrum in m. 
The first-order assignments of these spectra were based on 
the data obtained from the INDOR experiments shown 
in Figs. 2 and 3 and from other INDOR measurements 
discussed in the text. 

-TIPLE RESONANCE N.M.R. 

+ 10.5 
PPM. 

FROM CFC13 

FIG. 5. 19F n.rn.r. spectra (94.07 MHz) of 1 in 
chloroform solution. The normal spectrum is shown in 
the lower trace. The inset was recorded at the same gain, 
but with simultaneous irradiation of the entire 'H 
spectrum using a noise-modulated radio-frequency 
centered at 99,997,945.0 Hz. 

eter, further studies will be necessary before this 
rationale is proven. 

The normal 19F spectrum of 1 is shown in Fig. 
5. The comparatively poor resolution of this 
spectrum is due to the fact that the 19F sub- 
stituent is part of a highly coupled proton 
spectrum and to the presence of a number of 
small, long-range couplings. In addition to the 
large geminal coupling with H Z p  (ca. 48 Hz) a 
number of smaller proton couplings are resolved. 

Discussion 

The experiments discussed in the previous 
section of this paper served to identify the reson- 
ances of all of the protons associated with ring A 
of derivative 1. Comparison of the transitions 
assigned to the "normal" and ' 9 ~  decoupled 
resonances of HI,  and H l p  provided an estimate 
of the magnitudes of the 'H-'H and 19F-'H 
couplings, which proved to be in reasonable 
accord with the estimates obtained by direct 
measurement of the 19F spectrum (Fig. 5). These 
data are included in Table 1. Simulation of the 
spectra of the HI  and H Z p  resonances using the 
parameters involving these three nuclei and the 
F,, substituent, gave calculated transition ener- 
gies which were in close accord with the experi- 
mental values; on this basis it was concluded 
that a full, iterative analysis was unnecessary. 
Interestingly, the 'H-'H couplings listed in 
Table 1 are identical, within experimental error, 
with those previously reported by Allinger et al. 
(6) for 2a-fluoro-5a-androstane-3,17-dione. 
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TABLE 1 

Nuclear magnetlc resonance parameters for the ring A resonances of 2a-fluoio-cholestan-3-one 
-- - - - - -- - - - 
- -- - -- - - - - - - - - - - - - - - - - - -- -- 

Chemical shifts (~-values, $,-value)* 
~ ~~ - ~ - ~-.  -~ ~- ~. 

Nucleus HI, H I P  Hzp H40 H ~ P  HS Fz, 
8.52 7.52 5.01 7.79 7.65 8.47 $,+194.5 

~ ~ - .  ~. ~p~ 

Coupling constants (Hz) 
~ -~ -- 

*Measured in deuterochloroiorm solution containing CHCI,, CFCI, o r  T M S  
t T h e  estimated error for  these parameters is i 0.2 Hz. 
t T h e  estimated error for these oarameters is + 0.4 Hz. 
$ ~ s t i m a t e d  error i 1.0 Hz. 

. - 

NOTE: The  error figures ind~cated by $ and 5 represent the limits between which the coupling constants were found to 
vary when the individual transitions were varied over the maximum possible limits. 

Evaluation of the parameters of the H, and H, 
resonances proved to be more difficult. In spite 
of the small chemical shift separation of the two 
H, resonances a satisfactory estimate of the 
interproton couplings was readily made by 
examination of the 19F decoupled spectra and 
by iterative, computer-based, analysis involving 
the H,,, H4p, and H, resonances. However, 
because of several fortuitous degeneracies, many 
attempts were required before a full analysis 
which included the l gF  couplings could be made. 
It should be noted that the presence of a spin-112 
heteronucleus was crucial for these assignments 
since in its absence it would have been impossible 
to assign the H,, and H,,, resonances. The l g ~ -  

H,, coupling was assigned an absolutely positive 
sign on the basis of previous studies (7). 

We turn now to consider the conformational 
significance of the coupling constants determined 
for 1. In a previous study, Abraham and Holker 
(8) had rationalized the uicinal HI-H, couplings 
of the 2a-bromo analog (2) of the derivative we 
were studying, in terms of a slightly distorted 
chair conformation for ring A. Since the HI-Hz 
couplings of 1 are closely similar to those of 2 
it seems probable that both systems have similar 
conformations. The remaining couplings deter- 
mined for 1 appear to support this contention and 
hence, indirectly, the validity of the previous 
conclusions. Thus, the H4p,, coupling of 14.4 Hz 
clearly accords with a trans-diaxial relationship 
between these two protons. Furthermore, the 
magnitudes of the vicinal 19F-'H couplings are 
only consistent with a gauche relationship be- 
tween the F,, substituent and the two protons at  
C,. Although there is a paucity of data concerning 

4 ~ , , , ,  couplings the values listed in Table I for 
the couplings between F,, and H,, and H4P 
appear to be in reasonable accord with expecta- 
tion (7). 

One of the more interesting points which we 
wished to evaluate in the course of this study, was 
whether it might be possible to use a fluorine 
substituent to label a specific site of a steroid 
molecule for subsequent n.m.r. studies. It is 
obvious from the normal 19F spectrum of 1, 
shown in Fig. 5, that conventional l gF  measure- 
ments have little to recommend them. However, 
the detection of a 19F resonance whilst simul- 
taneously irradiating the proton spectrum appears 
to be a more attractive proposition. In the case of 
1, the 'H resonances were spread over ca. 
4.5 p.p.m. and continuous-wave 1 9 ~ - { ' ~ )  de- 
coupling experiments only resulted in partial 
collapse of the proton couplings. However, 
noise-modulated 19F-'H decoupling effectively 
removed all of the proton couplings and, as is 
indicated in the insert of Fig. 5,  the IgF resonance 
was then detected as a reasonably sharp singlet. 

In conclusion, it seems obvious that 19F-{'H) 
and 'H-{19F) heteronuclear decoupling experi- 
ments can considerably facilitate n.m.r. studies 
of fluorinated steroidal systems. In particular, 
the observation that noise-modulated irradiation 
of the entire 'H spectrum can effectively reduce a 
19F resonance to a narrow singlet augurs well for 
the future of fluorine as a probe for evaluating 
the interaction of steroidal derivatives with other 
systems of biochemical significance, such as 
membranes. We also conclude that 'H-{'H) 
INDOR measurements should find widespread 
application in a number of structural problems 
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c o m m o n l y  encountered in  s teroid  chemistry.  3. R. ERNST. J. Chem. Phys. 45, 3845 (1966); R. 
Clearly,  the presence of a fluorine subst i tuent  i s  Ex:p and L. D. HALL. Can. J. Chem. 4 8 ~  59 

,A, ,., 
n o t  a necessary prerequisite for  such  measure-  4. R. B~RTON, L. D. HALL, and P. R. STEINER. Can. J. 
ments .  Chem. 48, 2679 (1970). 

5. S. NAKANISHI, K. MORITA, and E. JENSEN. J. Amer. 
This work was supported by the National Research Chem. Soc. 81, 5259 (1959). 
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measurements. 7. T. A. WITTSTRUCK, S. K. MALHOTRA, H. J. RINGOLD, 

and A. D. CROSS. J. Amer. Chem. Soc. 85, 3038 
1. D. H. WILLIAMS and N. S. BHACCA. Applications of (1963). 
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Studies in ferrocene derivatives. IX.' The dimerization of 
a-ferrocenyl carbonium ions2 

W. M. HOR~POOL,~  R. G. SUTHERLAND,~ AND J. R. SUTTON 
Department of Chetnistry and Chetnical Etrgineerinp, The Unicersity of Saskatche)van, Saskatoon, Saskatche)van 

Received October 10. 19695 

Ferrocenylethylenes dissolve in 90% HCOOH to give solutions of the a-ferrocenyl carboniurn ions in 
equilibrium with the unprotonated species. These subsequently react by an ionic-addition mechanism to 
give dimeric carbonium ions which can cyclize by both homo- and heteroannular pathways. 
Canadian Jou rna l  of Chemistry. 48,3542 (1970) 

Both ferrocenylethylenes (1) and the corre- 
sponding carbinols (2) are protonated by strong 
acids to form a-ferrocenylcarbonium ions. These 
ions are stable, and give well resolved n.m.r. 
spectra. The stability of these carbonium ions, 
and the stereoselectivity of their reactions has 
given rise to speculation, and considerable con- 
troversy as to the electronic and structural 
factors responsible for this stability (3). In view 
of our work with ferrocenylethylenes, it 'was 
decided to investigate the acid strengths necessary 
for half-protonation of a series of these alkenes 
as a more direct probe of the stability of these 
carbonium ions rather than the kinetic approach 
previously adopted. During this work we 
observed that at acid strengths close to that 
required for half-protonation6 an irreversible 
reaction of these carbonium ions took place and 
it was decided that this reaction required further 
investigation. At this time the possibilities of 
hydride transfer to a-ferrocenyl carbonium ions 
was also under studv. Since the alkenes were 
readily protonated, and it was known that the 
formate ion was a good hydride donor (4), the 
protonation of ferrocenylethylenes by formic 
acid was investigated. It was found that these 
alkenes dissolved readily in 90 % HCOOH to give 
a red solution which quickly becomes turbid, and 
an immiscible oil separated out in less than 2 
min. A comparison of the reaction mixtures 
showed that the same product mixture was 

obtained in 40% H,SO, and 90% HCOOH. 
This is not too surprising, since both acids 
have approximately the same strength, acidity 
function Hr = - 4.7. Further experiments 
showed that the same reaction mixture was 
obtained no matter whether a ferrocenylethylene 
or the corresponding carbinol was used as sub- 
strate. It was also found that the reaction was 
a general one for all potential a-ferrocenyl car- 
bonium ions, and that similar product mixtures 
could be obtained from potential 1 - 1'-ferrocenyl 
dications. 

All of these reaction mixtures were extremely 
difficult to handle experimentally, and it was 
decided to concentrate our attention on the 
carbonium ion derived from 2-ferrocenyl- 
propene 1. Examination of the mass spectrum 
of the red oil derived from 1 after reaction in 
90 % HCOOH gave a molecular ion at mle 452. 
The product is dimeric and it was first thought 
that it might have the structure 2. This would 
be the expected product of an ionic addition 
mechanism, a n d  would correspond to the 
product recently isolated by Goldberg et al. (5) 
from an alumina-catalyzed dehydration of 
1-ferrocenylethanol. Although the analytical 
and mass spectra data fitted 2 the n.m.r. spectrum 
was significantly different. In particular, it 
lacked any proton resonance which could be 
confidently assigned to the olefinic proton, and 
additionally, the methyl region of the spectrum 
was exceedingly complex showing six non- 

'For part VIII see W. M. Horspool et al. (IS). 
2Reported in part at the 158th A.C.S. National groups. The i.r. data was 

Meeting, New York, N.Y., September 8-12, 1969. ambiguous with regard to the presence or absence 
Abstract Orgn. 87. 

3Department of Chemistry, The University, Dundee, 
of a double bond. Because of this several attempts 

Scotland. were made to hydrogenate the product under 
4The author to whom correspondence may be increasingly severe conditions. NO uptake of 

addressed. 
'Revision received June 16, 1970. hydrogen was observed. This ruled out structure 
62-Ferrocenylpropene is 112 protonated in 40% w/w 2 since the hydrogenation ferrOcen~l- 

H2S04. butenes, which had been synthesized unam- 
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TABLE I 
Properties of dirners 

-p--pp --- 

Molecular Melting 
Din~er weight C (%) H (%) point ('C) 

pp.ppp-- 

biguously, could be accomplished under mild 
conditions. 

At this stage the dimeric nature of the product 
had been establisbd as had the lack of olefinic 
unsaturation which led to the conclusion that a 
ring was present in the product(s). Low tempera- 
ture fractional crystallization showed that the 
oil was, in fact, a mixture. Crystallization from 
Skellysolve F at -70' gave dimer A as yellow 
crystals; the residue eventually crystallized when 
the solvent was changed to pentane to give dimer 
B. The properties of the dimers are given in 
Table 1. The resonance absorptions of both 
compounds account for all peaks observed in 
the crude dimeric mixture. The total yield of A 
and B was 85 %, and the yields of A and B, based 
on integration of the n.m.r. spectrum, were 34 
and 5 1 % respectively. 

Reaction Scheme 1 suggests that three saturated 
dimers may be formed. 2-Ferrocenylpropene 
(1) is protonated by the reaction medium to form 
the dimethyl-ferrocenyl carbonium ion which is 
attacked by a further molecule of 1 to give the 
dimeric carbonium ion 3. Rather than depro- 
tonate to form 2, the carbonium ion 3 attacks 
the cyclopentadienyl rings to form either 4 or 5, 
the former resulting from heteroannular cycliza- 
tion, the latter from homoannular cyclization. 

4 5 
a R = Fc; R' = CH3 
b R = CH3; R' = Fc 

SCHEME l 

This scheme leads to three possible saturated 
structures, 4, 5a, and 5b where the ferrocenyl 
substituent is exo (5a) or endo (5b) to the other 
iron atom. Two saturated dimers, A and B, were 
isolated from the reaction mixture and the n.m.r. 
spectra for A and B are recorded in Table 2. 

The n.m.r. spectra of A and B are very similar, 
but quite distinct. They each have 17 ring pro- 
tons, three methyl groups and one methylene 
group. Compelling evidence for a bridge in both 
A and B comes from the methylene resonance 
signal. In both cases this appears as an AB quartet 
at 60 MHz and can be assigned to a methylene 
group in a ring system with no protons on the 
adjacent carbon atoms; the J value of 12 Hz is 
also consistent with geminal coupling. More 
detailed analysis of the AB quartets by standard 
methods shows that the line separation in isomer 
A is 33 Hz which means that the true line positions 
are 7.45 and 7.95 r respectively, while in isomer B 
the line separation is 45 Hz with the true line 
positions at 7.13 and 7.87 r respectively. These 
spectra are compatible with both structures 
4 and 5. 

The cyclization of suitable ferrocenealkane- 
carboxylic acids to give bridged ferrocenes has 
been investigated by many workers (8). All of 
these results show that three carbon units lead to 
[3] ferrocenophanes while four carbon units give 
homoannular cyclization exclusively. Very few 
exceptions are known; thus a,a-dimethyl-p- 
ferrocenyl propionic acid gave a 1 :1 mixture of 
the homo- and heteroannularly cyclized products 
under forcing conditions (9). This information 
would lead us to expect that a carbonium ion 
such as 3 would cyclize heteroannularly to give 4 
as the major product. However, the bulky 
ferrocenyl substituent could retard heteroannular 
cyclization leading to the formation of 5a or b. 
Unfortunately, it would be very difficult to dis- 
tinguish between 5a and b, but it appears more 
likely that the bulky ferrocenyl group would be 
exo during the cyclization step and so 5a appears 
to be a more likely structure. 

The problem then is to assign structures to 
dimers A and B. The latter compound was 
obtained in the greater yield and since hetero- 
annular cyclization should be preferred we have 
given dimer B structure 4. Additionally, the 
n.m.r. spectrum of dimer A is more compatible 
with 5 than 4. Thus the methylene proton which 
is at highest field is that at 7.95 r and it seems more 
likely that in the methylene group of the homo- 
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TABLE 2 
The n.m.r. spectra for dimers A and B* 

---- - -- --- -- - -- - - 
Protons Dirner A Dimer B Integral 

Ring 6.6(b), 6 .  I (b), 5.95(b) 6.4(b), 6.2(b), 6.12(s) 
5.88(bs), 5.75(bs) 5.83(s), 5.6(b) 17 

Methyl 9.14(s), 8.64(s), 8.09(s) 8.75(s), 8.5(s), 8.4(s) 9 
Methylene 7.7.t(J = 12 Hz) 7 .5 i  ( J  = 12 Hz) 2 

'Spectra are reported in I ,  solvent CDCl,; s, singlet; b, broad; bs, broad singlet 
?Center o f  AB quartet. 

and solvent removed. A viscous golden-yellow oil (0.84 
g, 85%) remained. Crystallization was effected using 
Skellysolve F as solvent at -70 "C when a bright yellow 
solid was obtained. Repeated crystallization gave com- 
pound A ,  m.p. 185-186 "C. The solvent was changed to 
pentane when an isomer, compound B, was obtained, 

7.95 
m.p. 105-106 "C. The yield of A and B a s  determined from 
n.m.r. spectra was 34 and 51 % respectively. 

The dimer can be separated from monomer by v.p.c. 
using 10% S.E. 30 on Chromosorb W (acid washed, 
D.M.C.S. treated) on a column 8' x 118". RT. of alkene 
is ca. 1 min and the dimeric mixture ca. 5 min at 225 "C. 

O l m e r  B O i m e r  A We thank the University of Saskatchewan for the 
award of a research assistantship (J.R.S.) and the 
National Research Council of Canada for generous 
financial assistance. 

Fig. 1 .  Structure of dirners A and B. 

annularly cyclized product 5a, one of the hydro- 
gens will be in the field of the iron atom, i.e. 
effectively an "endo" situation whereas the other 
hydrogen will not be affected by such a   hi el ding.^ 
Our tentative assignments are shown in Fig. 1. 

Experimental 
Ferrocenylethylenes were prepared as previously de- 

scribed (6, 7). The n.m.r. spectra were recorded on a 
Varian A60 spectrometer in CDCI, solution. Mass 
spectra were recorded on an A.E.I., M.S. 12 instrument. 

Reac!ion of 2-Ferrocenylpropene in 90% HCOOH 
2-Ferrocenyl-2-propene (1.01 g, 0.04 mole) was added 

to rapidly stirred HCOOH (90%, 15 ml) over 8 rnin under 
a nitrogen atmosphere. The mixture was allowed to stand 
for 10 rnin while an oil separated out. The mixture was 
extracted with benzene (15 ml). The benzene layer was 
separated, washed free of acid (HZO), dried (Na2S0,), 

'The assignment of the endo proton to the high field 
resonance is controversial. However, a considerable 
amount of support can be found for this assignment (10). 
The molecular anisotropy studies of Mulay e! 01. (1 1, 12) 
suggest that erldo protons in ferrocenes should be 
deshielded. Unpublished results quoted in Abbate's 
thesis (13) show that the erldo side of the ferrocene mole- 
cule is deshielding at one carbon distance from the 
ferrocene nucleus; however, the hydroxylic protons of 
ferrocenyl carbinols experience an upfield shift when in 
the vicinity of the metal (7, 14). Clearly more work is 
required in this area. 
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Isobutane from acid-catalyzed dehydration of butanols 

JOHN WARKENTIN AND KENNETH E. HINE' 
Depmfmenf of Clle,~iistry, McMaster Unive~sity, Har~1iltor7, Ontario 
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Dehydration of the fo~lr isomeric butanols by strong acid at about 160" gives a C,-fraction containing 
isobutane as well as the isomeric butenes. Isobutane probably arises by hydride transfer, fro111 one or 
more donors including the substrate alcoholand hydrocarbons formed from i t  in the medium, to one or 
more carbonium ions incl~lding the I-butyl cation. Materials which react with 2,4-dinitrophenylhydrazine 
reagent to form 2,4-dinitrophenylhydrazones can be swept out of the hot acid solution with a stream of 
nitrogen. 

Canadian Journal of Chemistry, 48, 3545 (1970) 

Introduction cationic precursors of isobutane could be the 

In the course of an experiment illustrating the 
utility of gas chromatography as an  analytical 
tool (1) we found that acid catalyzed dehydration 
of 1- and Zbutanol yields an extra product which 
is eluted well before the isomeric butenes. 
Speculation that it might be methylcyclopropane 
(2) or  an acyclic, saturated hydrocarbon (3) led us 
to treat the mixture with alkaline permanganate 
to destroy the alkenes. The remaining gas was 
shown, by comparison of the p.m.r. spectrum and 
of the g.1.p.c. retention time with those of authen- 
tic material, to be isobutane. It is formed also 
during dehydration of isobutyl alcohol and 
t-butyl alcohol. 

Saturated hydrocarbons have been identified 
before among the products from treatment of 
alcohols with strong acid. Deno et al. (3) found 
that treatment of butanols, or  of 2,2,4-trimethyl- 
pentenes, with 96% H,S04 at  25" gave a hydro- 
carbon fraction the carbon content of which 
ranged principally from C5-C18. A small C4- 
fraction was not identified further. Correspond- 
ing oxidized products include dienes and allylic 
cations with which they are in equilibrium (3). 
Although a direct comparison of our product 
mixture, from dehydration under preparative 
conditions at  high temperature, with that of 
Deno et al. (3) is not warranted, it is likely that 
their C,-fraction was also mostly isobutane and 
that the same mechanism operates under both 
sets of conditions. Presumably that mechanism 
is hydride transfer from a donor to a carbonium 
ion. Known donors of hydride ion to carbonium 
ions include alkenes (3), hydrocarbons (4), 
alcohols (5), and formic acid (6). Immediate 

'Much of this work was done by K.E.H. as part of a 
final-year, undergraduate laboratory course. 

t-butyl cition, the isobutyl cation or protonated 
methylcyclopropane (2). 

The primary objective of this report is to com- 
municate the identity of the saturated C4- 
fragment and the dependence of the relative yield 
on alcohol structure. Some experiments aimed at  
identification of the sources of isobutane are also 
described. 

Results and Discussion 

Dehydration of alcohols by hot mineral acids 
is a complex process producing many products, 
the ratios of which are not highly reproducible. 
Part of the problem may stem from rearrange- 
ment of first-formed alkenes; a complication that 
can be overcome partly by sweeping the products 
out of the hot acid medium with an inert gas 
(Experimental section). In spite of this precaution 
the relative yields varied considerably, as did 
overall yields. The results are gathered in Table I .  

The striking features of the dehydrations are 

TABLE 1 

Dehydration of butanoIs at 164 + 2" 
by H,S04 in &PO,* 

Product distribution (relative percent)? 

1-Butene 
C4-AlcohoI and trans-2- cis-2- 

fed Isobutane isobutenel Butene Butene 

n-Butylg 5-19 2C51 22-47 16-27 
sec-Butylg 2-6 31-46 29-36 23-27 
i~o-Butyl 1 1  25-43 42-66 7-11 2-5 
!-Butylll 0.5-2.0 98-99 Trace Trace 

'Volume percent: H,SO,, 10; 85% H,POa, 90. 
tOverall yields of  volatlle C1-products ranged from about 15% for 

>I-butyl alcohol to  45% for t-butyl alcohol. 
t l -Butene and  isobutene were not well separated in the column and 

are given together. 
$Results reoresent the rances from a t  least six runs. Two-fold 

derreases in rde rate of sweeping with N2 OI in the rate of addition of 
nlcohol did notcnuse the product distribution to  leavethe normulmnge. 

IlThree runs. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3546 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 

Dehydration of mixtures of alcohols and of n-butyl-t-butyl ether 

Product distribution (relative percent) 

1-Butene 
Temperature and trans-2- cis-2- 

Reactants* Acid? ("c) Isobutane isobutene Butene Butene 

Zso- and t-butyl 1 :9 170 + 3 4.0 94.5 trace trace 
alcohols (1 : 1) 

Iso- and t-butyl 1 :9 165 c 2 6.3 89.5 2.0 1.4 
alcohols (3 :1) 

n-Octyl and r-butyl 1 :9 165 3 7.0 86.8 6.2 trace 
alcohols (4:l) 

n-Butyl-t-butyl 1 :9 162-153 6.0 81.5 6.5 5.1 
ether 

n-Butyl-t-butyl 1 :9 97-95 4.3 87.2 3.8 3 .O 
ether 

n-Butyl-t-butyl 1:16 7&75 3.8 87.0 3.8 1.4 
ether 

'The bracketed ratios refer to volumes and are in the order of listing of  the components. 
tH2S04: 85% H,P04, by volume. 

the large fractions of isobutane that can be ob- 
tained and the fact that isobutyl alcohol gives the 
highest fraction of that product. 

Several probes were made for likely sources of 
hydride ion. To  detect transfer of the a-hydrogen 
from alcohols, eq. 1, or from their inorganic 

esters formed in the medium, the effect of feeding 
mixed alcohols ( l o  -t 3") was determined. A 
mixed ether, (CH3),COCH2CH,CH,CH3, was 
also fed because it should provide the strongest 
test for the reaction of eq. 1. By leaving a molecule 
of n-butanol in the immediate proximity of a 
t-butyl cation, eq. 2, the system provides for a 
high local concentration of potential reducing 
agent. Table 2 gives the results of those experi- 
ments. 

sources of hydride. In a highly-acidic medium, 
alcohols presumably are relatively poor reducing 
agents because protonation keeps the concen- 
tration of free alcohol low (eq. 1) or, in the case of 
eq. 2, because the lifetime of a newly-formed 
molecule of alcohol is short. 

That alpha hydrogen transfer does occur was 
also indicated by the formation of carbonyl 
products, as required by eq. 1. Rapid bubbling 
of N, through the hot acid medium in a large- 
scale dehydration of isobutyl alcohol gave a 
liquid fraction which reacted with .2,3-dinitro- 
phenylhydrazine. The purified product had 
h,,,(EtOH) 361 m p  in the u.v. spectrum, 
indicating the absence of a,p-unsaturation (7). 
There was no vinyl absorption in the 'H spectrum 
and comparison with the n.m.r. spectrum of 
isobutyraldehyde-2,4-dinitrophenylhydrazone 
showed that the latter and other aldehyde 
derivatives were absent. In the mass spectrum 

[2] ( C H ~ ) ~ C ~ C H ~ C H ~ C H ~ C H ~  (CH3).,C+ the highest value of m/e was 308, which fits the 

I formula (C,,H,,N,O,) for the dinitrophenyl- 
H hydrazone of a saturated C8-ketone. The complex 

+ H°CH2CH2CH2CH3 n.m.r. spectrum (220 MHz) indicated a mixture, 
Although the relative yields of isobutane are 

increased (Table 2) by feeding an alcohol with 
alpha hydrogens along with t-butyl alcohol, or 
by feeding the ether, the increases over the yields 
from t-butyl alcohol alone (Table 1) are modest. 
This result, together with the fact that t-butyl 
alcohol alone gives isobutane, indicates that alpha 
hydrogens of alcohols are not the only available 

probably including geometric isomers. Separa- 
tion and further identification was not attempted 
because the carbonyl components swept out may 
well represent only a small fraction of the total 
formed in the reactions. The presence of a C,- 
ketone and the absence of isobutyraldehyde 
indicate clearly enough that the formation of 
carbonyl compounds is also complex, like the 
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hydrocarbon formation studied by Den0 et a/. phoric acid, Fisher Certified Reagent, were used directly 

(3). as supplied. 

Second and third increments of isobutyl n-~utyl - t -but~l  Ether 
alcohol were added to a dehydrating medium to T o  a mixture of n-butyl alcohol (200 ml) and 20% 

probe for reduction of cations by the non-volati]e HzS04 (200 ml) a t  80'3 in a 2 1, three-necked flask, was 
added, by drops during vigorous stirring, 100 ml of a organic residues that in the reaction solution of t-butyl alcohol (90%) in n-butyl 

vessel. The three batches of product showed no (10%). When addition was complete the mixture was 
trend toward an increase in the relative yield of heated for 30 min more before it was cooled and the 
isobutane. This result suggests that the more layers were separated. After the organic layer had been 

effective hydride donors among the residues are washed five times with 100 ml portions of saturated salt 
solution, g.1.p.c. analysis showed that it was composed 

relatively short-lived intermediates. of n-butyl alcohol (ca. 80%), n-butyl-t-butyl ether 
The identity of one important cationic pre- (,a. 20%) and an impurity (< 1 %) believed to  be n-butyl 

cursor of isobutane can be inferred from some of ether. 
the results. Low temperature hydrolysis of 
n-butyl-t-butyl ether (Table 2) left the n-butyl 
alcohol largely undehydrated, as indicated by the 
low yields of 2-butenes, but led to significant 
increases in the relative yields of isobutane, com- 
pared to those from t-butyl alcohol alone.What- 
ever the hydride donors are, it is very likely that 
the major acceptor under the mild conditions is 
the t-butyl cation. The same long-lived cation 
probably gives rise to most of the isobutane at the 
higher temperatures also, although some could 
come from the isobutyl cation or from protonated 
methylcy~lopropane.~ 

It is not clear why isobutyl alcohol gives con- 
sistently higher relative yields of isobutane than 
the other butanols. Perhaps it surpasses 1-butanol 
and 2-butanol in this respect because it can form 
the t-butyl cation in fewer steps and because it has 
not only cr-hydrogens but also a tertiary hydrogen 
to serve as hydride sources. Tertiary butyl 
alcohol, although it forms the most long-lived 
cation directly, has no good sources of hydride in 
the alcohol itself and presumably gives little 
isobutane because of the scarcity of suitable 
reducing agents. 

Experimental 
Alcohols and Acids 

The butyl alcohols were commercial products free of 
dissolved hydrocarbons and other volatile impurities, as 
judged by g.1.p.c. analysis. Sulfuric acid, C.P. Reagent 
from C.I.L., 95.5 % minimum H2S04, and 85 % phos- 

'The presence of traces of 2-butenes among the prod- 
ucts from dehydration of t-butyl alcohol at  high tem- 
peratures must mean that cations other than t-butyl 
intervene. It has been argued, however, that 3" + l o  
rearrangements of cations are too endothermic to be 
important processes (8) and that bimolecular reactions 
can account for the rearrangements (9). 

The mixed ether was purified by oxidation of the 
n-butyl alcohol in the mixture with alkaline KMnO, in 
water. Extraction with ether (5 x 100ml), drying over 
K2CO3 and distillation of the ether left a residue (7.2 g) 
which was about 98% n-butyl-t-butyl ether (g.1.p.c.): 
n.m.r. (6, CS2): 3.20, t, 0 C H 2 ;  1.57-0.67, m, with 1.08, s, 
(CH3)& superimposed. 

Identification of Isobutane 
Into a 250 ml, three-necked flask fitted with paddle 

stirrer, gas inlet, dropping funnel, condenser, and drying 
tube was placed 150 ml of a solution of sulfuric acid 
(10% by volume) in 85% phosphoric acid (90% by 
volume). When a thermometer in the liquid registered 
16S0, n-butyl alcohol (20 ml) was added gradually (30-50 
dropslmin) while nitrogen was passed in above the liquid 
at 75 ml/min. The gas mixture was swept out through 
the water condenser and the drying tube into a trap 
cooled with liquid nitrogen. Gases were collected for 
5 min after all the alcohol had been added. The products 
in the trap were then distilled in the vacuum line into an  
evacuated bulb charged with 250 ml of 1.0 M KMnO,, 
0.1 N in KOH. The oxidizing mixture was stirred for 
several hours a t  room temperature before the remaining 
gas above the solution was distilled, first into another 
trap and then into an  n.m.r. tube containing CCI4 and 
TMS. The tube was sealed and the spectrum was recorded 
at  -20" with a Varian A-60 Spectrometer. It showed a 
doublet at 6 0.90, J = 7 Hz, and a multiplet centered 
at  6 1.67. Authentic isobutane gave the same spectrum 
except for small differences in the shapes of peaks in the . 
multiplet. The retention volumes of the collected gas and 
of authentic isobutane on a 10' SE 550 column were 
identical. 

Cotnposition of the Volatile Product 
Dehydrations for determining product composition 

were analogous to  the one described above but on a 
smaller scale. The quantity of acid was reduced to 50 ml 
and that of alcohol to 2g.  Instead of KMnO,, the 
scrubbing bulb contained aqueous NaOH to remove SO2 
and other acidic components. The gas volume was read 
with the aid of a burette and levelling-bulb arrangement 
and the gas was introduced into the Aerograph A90-P3 
gas chromatograph directly from the line by means of  
the Aerograph Gas Sampling Accessory. A 10' x 114" 
column packed with SE 550 (31 %) on firebrick was used 
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at room temperature with a helium flow rate of 20 ml/min. 
At 24" the relative retention times were: isobutane, 1.00; 
I -butene plus isobutene, 1.39; trans-2-butene 1.80; cis-2 
butene, 2.12. Ratios were determined by triangulation of 
peaks or by cutting and weighing the paper. They are 
not corrected for differences in thermal conductivity. 

Hydrolysis of n-Butyl-t-butyl Ether 
The ether (1.5 ml) was dropped into a stirring solution 

of H,S04 (5 ml) in H,P04 (45 ml) at 162". The tem- 
perature of the mantel-heated flask dropped to 153' by 
the time addition was complete. Product gases were 
swept from the flask and analyzed as already described. 

Carbonyl Cornpounds 
Isobutyl alcohol (10 ml) was dropped into a paddle- 

stirred solution of sulfuric acid (75 ml) in pyrophosphoric 
acid (150ml) at 165-170". The flask was fitted with a 
fritted gas-delivery tube through which N2 was blown 
below the acid surface. The effluent was passed through 
a downward-pointing, water-cooled condenser. About 
5 ml of a two-phase mixture was collected. The upper, 
organic layer, on treatment with 2,4-dinitrophenyl- 
hydrazine reagent (10) deposited a red precipitate which 
was crystallized from ethanol and recrystallized from 
methanol to yield 0.0295 g, m.p., 98.5-100.5"; u.v. 
(EtOH): h,,, 361 mp, E,,, 18 000 (based on CL4HZ0N4O4, 
see text). The low field part of the n.m.r. spectrum was 
characteristic of the three aromatic protons of dinitro- 
phenylhydrazones, with no absorption at 6 7.50, where 

I 
H-C=N of isobutyraldehyde dinitrophenylhydrazone 
appears as a doublet. The high field portion of the 
spectrum totalled about 16H, taking the low-field integral 

as representing 3H, but was of such complexity as to 
suggest a mixture. 

The isobutyl alcohol used in the experiment gave a 
negative test with the dinitrophenylhydrazine reagent. 

This work was supported, in part, by the National 
Research Council of Canada. The Shell Oil Company 
of Canada, Oakville, Ontario, provided a sample of  
isobutane. 

1. C. N. REILLY and D. T. SAWYER. Experiments for 
instrumental methods. McGraw-Hill Book Co., Inc., 
1961. p. 256. 

2. M. SAUNDERS, E. L. HAGEN, and J. ROSENFELD. 
J. Amer. Chem. Soc. 90. 6882 (1968). and references . .. 
therein. 

3. N. C. DENO. D. B. BOYD. J. D. HODGE. C. U. 
PITTMAN, JR.; and J. 0 .  TURNER. J. ~ m e i .  Chem. 
SOC. 86, 1745 (1964). 

4. P. D. BARTLETT, F. E. CONDON, and A. SCHNEIDER. 
J. Amer. Chem. Soc. 66, 1531 (1944). 

5. P. D. BARTLETT and J. D. MCCOLLUM. J. Amer. 
Chem. Soc. 78, 1441 (1956). 

6. R.  STEWART. Can. J. Chem. 35.766 (1957). 
7. J. R. DYER. Applications of absorption ipectros- 

copy of organic compounds. Prentice-Hall, Inc., 
1965. p. 10. 

8. G. J. KARABATSOS and F. M. VANE. J. Amer. Chem. 
SOC. 85, 729 (1963). 

9. G .  J. KARABATSOS, F. M. VANE, and S. MEYERSON. 
J. Amer. Chem. Soc. 83, 4297 (1961); 85, 733 (1963). 

10. R. L. SHRINER, R. C. FUSON, and D. Y. CURTIN. 
The systematic identification of organic compounds. 
4th Edition. John Wiley and Sons, Inc., New York' 
1956. p. 111. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Termolecular ion-molecule reactions involving C3H5 + 
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The reaction of C3,H5+ with C2D4 to produce C5H5D4+ is shown to be second order in C2Dq The 
rate coefficients are in the range to cm6 molecule-2 s-' but decrease markedly with In- 
creasing ion kinetic energy. This decrease reflects the effect of the ion kinetic energy on the lifetime of 
the initial collision complex. Small differences in rate coefficients are observed depending on the source 
of the C3HSf ion but these are insufficient to distinguish between possibly different ionic structures. 
The reaction of C3HSf with C2H3F forms C5H,+ in a reaction second order in C2H3F. The rate 
coefficients are also in the range to cm6 molecule-' s- '  and show a similar dependence on 
ion kinetic energy. These high third order rate constants are compared with data for other termolecular 
reactions and are shown to be consistent with the effect of molecular size on the third order rate constant. 

Canadian Journal o f  Chemistry, 48. 3549 (1970) 

Introduction be in the range to  cm6 m ~ l e c u l e - ~  

Recent work (1-3) has shown that the C5H,+ 
ion observed in the high-pressure mass spectrum 
of ethylene originates predominantly by the 
reaction sequence shown in eqs. 1 and 2, where 

[1 I CaHSf + C2H4 + C5Hgf * 

the second step is the collisional stabilization of 
the complex formed in the initial ion-molecule 
collision. Experimental evidence (1) indicates 
that this overall termolecular reaction is quite 
rapid, presumably because the collision complex 
has a long lifetime. Recently Bowers et al. (3) 
have estimated an upper limit of -1.1 x s 
for the dissociative lifetime of the complex a t  
thermal ion energies. N o  quantitative data on the 
overall rate of the reaction has been reported 
since in ethylene the C3H5+ ion is produced by 
reaction 3l and,  therefore, has an  unknown and 
variable ion source residence time. 

A further termolecular reaction of the C3H5+ 
ion has been observed in the vinyl fluoride system 
(4). The C3H,+ produced by reaction of the 
molecular ion reacts further by reaction 4 to  

[4] C3Hsf + 2 C2H3F -> C5H7+ + (HF + C2H3F) 

produce C5H,+ in a reaction which has been 
shown (4) to  be second order in C2H3F. Again 
no accurate value for the rate coefficient was 
obtained although it was estimated that it must 

'The C ,Hqf  has also been shown (2. 6) to be oroduced 
by the reaction sequence C2H3+ +' C , H ~  -> c,H,+ + 
C2H2, CzHsf + CZH4 + C3HSf + CH4. 

s-l .  
The present work reports the results obtained 

in a quantitative study of these third-order reac- 
tions involving C3H5+.  The C3H5+ reactant ions 
were produced directly by dissociative ionization 
of suitable derivatives and the formation of the 
appropriate product was followed as a function 
of the pressure of the added reactant gas. In the 
ethylene case C2D4 was used while C,H3F was 
used in the vinyl fluoride study. The use of E2.D4 
was necessary because in C2H4 the C,H5 ion 
is formed rapidly and in large yield by reaction 3. 
In contrast, in vinyl fluoride formation of C3H5+ 
occurs predominantly by a third order reaction 
(4). 

Experimental 
The experiments were carried out using the medium 

pressure instrument described previously (5). The perti- 
nent operating conditions were a source temperature of 
-100 "C, a primary ion travel distance of 0.54 cm, and 
repeller voltages corresponding to 0.64, 0.96, and 1.60 eV 
ion exit energy. The electron beam was pulsed with the 
primary ion residence times being measured directly by 
the deflection technique described previously (5). Source 
pressures were measured directly using an MKS Baratron 
micromanometer. 

The C3H5+ reactant ions were produced by dis- 
sociative ionization of the various bromo derivatives, 
1-bromopropene, 2-bromopropene, allyl bromide, and 
cyclopropyl bromide. Typical operating conditions were 
1 to 3 p of C3H5Br with the C2D4 pressure being varied 
from 0.5 to -8 p pressure and, for the vinyl fluoride 
studies, the C2H3F pressure being varied from 0.5 to 
-18 p. The electron energy was in the range 11 to 13eV 
nominal energy to avoid excessive fragment ion forma- 
tion. 

The C3H5Br compounds were obtained from Aldrich 
Chemical Co. and were purified by bulb-to-bulb dis- 
tillation itz vacrco with a middle fraction being retained 
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for use. Ethylene-d, (98.2% isotopic purity) was obtained 
from Merck, Sharp and Dohme while the vinyl fluoride 
was obtained from Matheson and Co. 

Results and Discussion 

Reaction of C3H5+ with C3H5 Br 
The mass spectra of the bromo compounds 

were studied as a function of pressure to deter- 
mine the reactions occurring between the C3H5 + 

fragment ion and the neutral molecule. In all 
cases the only products attributable to reaction 
of C3H5+ were C4H7+ (mle 55) and C,H9+ 
(mle 81) formed by reactions 5 and 6. The total 

rate constant for disappearance of C3H5 + varied 
between alow of 0.7 x 10-'0cm3  molecule-'^-^ 
for cyclopropyl bromide and a high of 7 x lo-'' 
cm3 molecule-I s-'  for allyl bromide, with the 
rate constants decreasing slightly with increasing 
ion exit energy. The ratio C4H7+/C,H,+ varied 
from a low of -2.8 for I-bromopropene (at 
1.6 eV exit energy) to a high of -18 for allyl 
bromide (at 0.64 eV exit energy) with the ratios 
in all cases decreasing slightly with increasing ion 
exit energy. 

Reaction oj'C3H5+ with C2D4 
In addition to the ionic species characteristic 

of the C3H5Br system and those characteristics 
of the C2D? system, in C3H5Br-C2D4 mixtures 
significant ion currents were observed at mle 73 
(C5H5D4+) and at mle 42, 43,44, and 45 corre- 
sponding to C3H4D+,  C 3 H 3 D Z f ,  C3H2D3+,  and 
C3HD4+.  The C,H5D4+ ion is the collisionally- 
stabilized product from condensation of C3H5+ 
with CzD4, while the isotopically mixed ions 
from mle 42 to 45 are those expected from de- 
composition of the C5H5D4+* complex with 

to the third-order reactions 7 and 8, where either 
C,H5Br or C2D4 may act as the third body to  
stabilize the collision complex. For low extent of 

reaction of C3H5+ eq. 9 may be derived where K 
is the conversion factor from source pressure in p 

to concentration in molecule cm-3 units, t is the 
reaction time, and k7 and k ,  are the relevant 
third order rate constants. At constant C3H5Br 
pressure a plot of the function on the left hand 
side of eq. 9 us. PC,,, should yield a straight line, 
the third order rate constant being calculable 
from the slope. 

Figure 1 shows typical results obtained for the 
cyclopropyl bromide - C2D4 system at the three 
different exit energies employed. From the slopes 
of such straight line plots we have evaluated the 
third-order rate constants summarized in Table 1. 
Each value is the average of two or more deter- 
minations which were found to be in agreement 
within 10%. No  attempt has been made to  
evaluate k, from the intercepts of the plots since 
there is a distinct possibility that the intercept 
may contain a second-order contribution if the 
collision complex survives to reach the ion 
collector. 

Several points should be noted concerning the 
results in Table 1.  For all sources of C3H5+ the 
third order rate constant decreases rapidly with 
increasing ion exit energy or, since for low con- 
version the average reactant ion kinetic energy 
E = Eel3 (7), with increasing reactant ion kinetic 

isotopic mixing of the hydrogens and deuteriums. TABLE 1 
The same products were observed by Tiernan and 

Rate coefficients for reaction 
Futrell (2) in tandem experiments where C3H5+ C3H5+ + 2 C2D4 -, C5H5D4+ + C2D4 
was reacted with C,D4. The product distribution -- 

in the C, region could not be determined accu- k(cm6 molecule-2 s - I )  x lo2' 
rately in The present work because of overlap with 

of C3H5+ 0.64eV* 0.96eV* l.6,eV* products formed from reactions characteristic of - 
the ethylene system. In the present study no C~clopropyl 
products were detected analogous to the C5H7+ Al&'zt~ide 8.4  4 .6  2.35 

14.1 7.1 3.4 
ion observed (3,6) at low pressures from reaction 2-~romopropene 6.2 2.45 0.g3 
of C3H5+ with C2H4. 1 -Bromopropene 3.6 2.1 O.lo 

The production of C5H5D4+ can be attributed *Ion exit energy. 
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HARRISON AND HEROD: TERMOLECULAR REACTIONS 

0 
1 2 3 4 5 6 7 8 

'c,D, ( P )  

FIG. 1. Third order plot for cyclopropyl bromide - C2D4 system. 

energy. This undoubtedly reflects the effect of 
the ion kinetic energy on the lifetime of the 
C5H5D,+" collision complex. For a given ion 
kinetic energy the third order rate constant varies 
with the source of the C3H5+ reactant ion, being 
lowest for 1-bromopropene and highest for ally1 
bromide (3-bromopropene). The various isomers 
were studied in the hope that the results might 
permit a distinction between the possible isomeric 
forms of the C3H5+ ion, particularly the possibly 
cyclic ion from cyclopropyl bromide compared 
to the possibly acyclic ions from the other deriva- 
tives. The rate differences are not sufficiently 
large to permit such distinctions and it is probable 
that these differences arise from the effect of the 
differing internal energies of the reactant ions on 
the lifetime of the C5H5D,+ collision complex. 

Reactions of C3H5+ with C2H3F 
Since the results in the above study indicated 

only minor effects attributable to the source of 
the C,H5+ ion the reaction of C3H5+ with 
C2H3F was studied only for the cyclopropyl 
bromide - C,H,F system. In such mixtures the 
reactions 10-12 lead to disappearance of C3H5+. 

[lo] C3HS + + C3H5Br -f products 

+ C5H7+ + (HF + C3H5Br) 

[12] C3H5+ + CZH3F + CzH3F 

-, C5H7+ + (HF + CzHsF) 

Considering these three reactions, we may 
derive eq. 13 where CIc3,,+ represents the 
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I 
0 I I I I I 

2 4 6 8 10 12 14 16 

PC,H,F ( P )  

FIG. 2. Third order plot for cyclopropyl bromide - C2H,F system. 

Ic~H,+ - k l O K t P ~ a ~ s ~ r  0.64 eV, 6.6, x at 0.96 eV and 3.5, x 
log ( I +  ) 2.303 at 1.6, eV ion exit energy. As for the 

C131 - - 
P ~ 2 ~ a ~  

ethylene system the third order rate coefficients 
decrease rapidly with increasing average reactant 

~ I I K ' ~ P c ~ H , B ~  + ion kinetic energy. In this case the product ion 
2.303 2.303 observed is not the stabilized collision c o m ~ l e x  

ion current for C,H,+ and all products origin- 
ating from reactions of C3H5+ and K and tagain 
represent, respectively, the conversion factor 
from pressure to source concentration and the 
reaction time. The second term in the numerator 
of the left hand side of the equation may be 
obtained from measurements in the absence of 
C2H3F. 

Figure 2 shows typical results obtained at 0.64, 
0.96 and 1.6, eV ion exit energy plotted in the 
form of eq. 13. As predicted, straight lines result. 
Repeat determinations (in agreement within 5%) 
yielded from the slopes the third order constants 
k13 (cm6 molecule-2 s-I), 8.8, x lopz5  a t  

but the ion formed by elimination of H F  &om 
this complex. Why this reaction should require 
third-body intervention is not clear. 

Conclusions 

The present studies have shown that, in agree- 
ment with previous qualitative conclusions, the 
third order reaction of C,H,+ with C2D4 is a 
rapid reaction leading to formation of the 
stabilized collision complex with a rate coefficient 
in the range to lopz4  cm6 molecule-2 s-' 
for reactant ions with energies in the range 0.2 to 
0.5 eV kinetic energy. Such a high rate coefficient 
is certainly adequate to explain the high yield of 
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HARRISON AND HEROD: TERMOLECULAR REACTIONS 3553 

C,H,+ observed in the high pressure mass spec- 
trum of ethylene. The third order reaction of 
C,H,+ with vinyl fluoride also has a rate co- 
efficient in the range to cm6 mol- 
eculeC2 s-',  in agreement with the previous 
rough estimate, although the present work casts 
no further light on the question of why this 
reaction is third order since it does not involve 
simple stabilization of the ion-neutral collision 
complex. 

Bohme (8) recently has reviewed the literature 
on ion-neutral termolecular association reactions 
and has found that an order-of-magnitude estima- 
tion of the rate coefficients may be obtained from 
the empirical relationship shown in eq. 14 where 

N is the number of atoms in the product ion 

cluster. For the reaction leading to C,H,D,+ 
formation this equation predicts a rate coefficient 
of 10-25.3 * in reasonable agreement with the 
present experimental results. 

The authors are indebted to the National Research 
Council of Canada for financial support. 
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Radicals derived from heteroaromatic systems. 11. Thiazolyl radicals' 

MRS. A. L. LEE, DONALD MACKAY, AND E. L. MANERY 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received May 29, 1970 

2-Thiazolylhydrazine and all three thiazole carbonyl peroxides have been synthesized and examined as 
radical precursors in solution in benzene, bromobenzene, and cumene. Silver oxide oxidation of the 
hydrazine or thermal decomposition of the 2-peroxide gives good yields of 2-arylthiazoles but negligible 
amounts of esters; in cumene a trace of bicumyl is formed. The isomer ratios in bromobenzene and 
cumene fully support the involvement of 2-thiazolyl radicals (1). 

The Ccarbonyl peroxide gives fair yields of 4-arylthiazoles but the phenyl ester is also amajor product 
in benzene, indicative of reactions of both 4-thiazolyl radicals (2) and thiazole-4-carbonyloxy radicals. 
The 5-peroxide gives no products clearly diagnostic of 5-thiazolyl radicals (3) or thiazole-5-carbonyloxy 
radicals. Bicumy! is a major product of the reactions of the 4- and the 5-peroxides in cumene. 
Canadian Journal of Chemistry, 48,3554 (1970) 

In a continuing study of routes to, and reactions 
of, free radicals with the unpaired electron on a 
heteroaromatic ring an account has already been 
given of 3-pyridyl radicals (I), 2- and 3-thienyl 
radicals (2, 3) and 5-nitro-2-thienyl radicals (3). 
2-Thiazolyl radicals (1) have been generated 
under Gomberg conditions in a variety of aro- 
matic solvents (4), and thiazolyl and 4-methyl- 
thiazolyl radicals have been implicated in the 
reactions of benzoyl peroxide with thiazole (5, 6) 
and 4-methylthiazole (7). We now wish to describe 
the synthesis of 2-thiazolylhydrazine and of all 
three thiazole carbonyl peroxides and to examine 
all these as potential sources of the 2-, 4-, and 
5-thiazolyl radicals (1, 2, and 3) in benzene, 
bromobenzene, and cumene as representative 
aromatic solvents. This permits a comparison 
of the three different sources of the 2-radical and 
of the decomposition pattern of the three iso- 
meric peroxides in relation to one another. 

No unsubstituted thiazolylhydrazines have 
been properly described, though Hantzsch-type 
syntheses have been applied to the preparation 
of the 2-isomer. Thus condensation of acetothio- 
semicarbazide and 1,2-dibromoethyl acetate 
followed by acid hydrolysis was claimed (8) to 
yield 2-thiazolylhydrazine hydrobromide, from 
which the base could be liberated as an unstable 
substance giving a hydrazone with acetophenone 
of m.p. 152-154". Beyer et al. (9) reacted 1,2- 

'For part I of this series see ref. 3. 

dichloroethyl ether with acetophenone thiosemi- 
carbazone and obtained a 65% yield of 
acetophenone 2-thiazolylhydrazone hydrochlo- 
ride, m.p. 195". With sodium acetate it gave the 
hydrazone, m.p. 155", and with hot hydrochloric 
acid it gave 2-thiazolylhydrazine hydrochloride 
as an impure solid, m.p. 104". The readily avail- 
able 2-aminothiazole, however, has not. been 
investigated as a starting point for the hydrazine. 

Diazotization of 2-aminothiazole, followed 
by reduction with stannous chloride and treat- 
ment with ammonia, gave 2-thiazolylhydrazine 
(60%), m.p. 97-98", stable indefinitely in the 
dark at room temperature. Its hydrochloride 
had m.p. 162-164", unlike that reported by Beyer 
et al. (m.p. 104'), but the acetophenone hydrazone 
hydrochloride was identical (m.p. 195-198") 
with an authentic sample (9). 

The three isomeric thiazole carboxylic acids 
were prepared by published procedures (1 0-1 3). 
Attempts to make ethyl thiazole-2-carboxylate 
from ethyl thiooxamate and chloroacetaldehyde 
dimethyl acetal (cf. the free aldehyde (14)), and to 
directly deaminate the readily available ethyl 
2-aminothiazole-4-carboxylate (12) to ethyl 
thiazole-4-carboxylate, failed. 

Thiazole-2-carbonyl chloride, not hitherto 
described, was prepared from thionyl chloride 
and the sodium salt (1) as a low melting solid 
extremely sensitive to moisture. Treatment of the 
acid directly with thionyl chloride gave a different 
solid, perhaps the acid chloride hydrochloride; 
difficulties in the preparation of chlorides of 
thiazole-2-carboxylic acids have been attributed 
to the great ease with which the acids decarboxy- 
late (1 5). 
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LEE ET AL.: RADICALS FROM HETEROAROMATIC SYSTEMS. I1 3555 

The usual methods for diacyl peroxide produc- 
tion involving aqueous media (16) failed when 
applied to thiazole-2-carbonyl chloride. Under 
anhydrous conditions in pyridine containing 
ethereal hydrogen peroxide (I) a poor yield of the 
2-carbonyl peroxide resulted. The method of 
Greene and Kazan (17) using the carboxylic 
acid, ethereal hydrogen peroxide and dicyclo- 
hexylcarbodiimide proved more effective (30- 
40 % yields). 

A variation of this method was applied to the 
4- and 5-carbonyl peroxides, taking advantage of 
the solubility of the parent acids in aqueous media 
and the availability commercially of the water 
soluble 1-cyclohexyl-3-(2-morpholinoethy1)-car- 
bodiimide metho-p-toluenesulfonate. Addition 
of 50% hydrogen peroxide to a solution in 
aaueous acetone of the acid and the diimide 

(unresolved), but isolation of the isomer mixture 
by preparative g.1.c. enabled the m:p ratio to be 
determined by quantitative i.r. analysis. 

The yields of 2-cumylthiazoles may be some- 
what in error since the reference isomers were 
not available for com~arison. The ~ e a k s  for the 
m- and p-isomers were only partially resolved 
and their ratio was determined by curve fitting. 
The areas were then com~ared  with the bicumvl 
peak (a minor reaction product) on the basis of 
their carbon  number^.^ Support for the identity 
of each component in the triple peak was obtained 
by preparative g.1.c. of the reaction products, with 
direct elution into a rapid scan gas-phase i.r. 
spectrophotometer. The expected (20) substi- 
tution pattern for o-, m-, and p-disubstituted 
benzene derivatives was observed in the region 
750-850 cm-l. 

caused precipitation of the carbonyl peroxide The o:m:p isomer ratios in bromobenzene and 
(40-45 % after crystallization). As well as being cumene are in agreement with those found in 
rapid and convenient this method avoids the most arylation procedures (21) and point clearly 
rather hazardous ethereal hydrogen peroxide. 

All three peroxides were crystalline solids, 
stable if kept in the cold and the dark. They 
melted sharply and detonated violently above 
their melting  point^.^ 

The 2-thiazolylhydrazine oxidations (18) were 
carried out with an excess of silver oxide in dilute 
(ca. 1 %) solutions in benzene, bromobenzene, 
and cumene at room temperature; the three 

to the involvement of 2-thiazolyl radicals (1). 
The affinity for the o-position is, however, 
remarkably lower than that observed in the 
reactions of 2-thiazolyl radicals, produced by the 
Gomberg method (4), in similar solvents, e.g. 
chlorobenzene and toluene. 

Thiazole is a predictable (18) end product of 
the oxidation of the hydrazine with a metal oxide, 
though the yields are unusually high. Particularly 

peroxides were decomposed by heating dilute noteworthy is the fact that the yield in cumene is 
solutions in the same solvents. All yields of comparable with that in benzene and not, as might 
thiazole and non-acidic products were deter- have been supposed, much higher. Side chain 
mined by analytical g.1.c. against internal hydrogen abstraction by 2-thiazolyl radicals is 
standards and are shown in Table 1 along with evidently not a favored process and the low yield 
the yields of acid.3 of bicumyl (1 %) is consistent with this. The 

The silver oxide oxidations gave, as well as possibility that the intermediate oxidation species, 
considerable thiazole, moderate yields of 2-aryl- 2-thiazolylnitrene (Scheme 1, R = 2-thiazolyl), is 
thiazoles, 12 % from benzene, 1 1 "/, from bromo- capable of concerted decomposition to thiazole 
benzene, and 10% from cumenei The isomers and nitrogen as well as of homolytic fragmenta- 
from bromobenzene were in the ratio o:m:p = tion might merit testing with deuterium labelling. 
51 :31:18; g.1.c. gave the ratio of o:m + p 

R H  
R ........ H + t '. : - R. + N 2 +  H. ....... 

20n one occasion an unpurified specimen of the N=N 
2-peroxide spontaneously ignited. N2 

3All yields are based on the simplified general eqs. SCHEME 1 
1 and 2. 

[l I RNHNH2 + Ag20 + Ag + H 2 0  
"On the assumntion that for eauimolar amounts the - - -  --. ~~~-~ r ~ ~ ~ -  ~~ + RN=NH -t R. + N2 + H. signal area for cumylthiazole:bicumyl = 12:18 (the ratio 

and of the numbers of carbon atoms in the molecules). The 
carbon number is claimed to be roughly proportional 

[21 (RC02), + RC02. + R. + CO2. to signal area in flame ionization detection (19a). 
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TABLE 1 

Products from 2-thiazolylhydrazine and thiazole carbonyl peroxides* 

Solvent Temperature Acids 
ArH ("c) RCOzH C 0 2  Thiazole 

Arylthiazole Ester 
R-Ar RCOzAr Other 

N PhH 

C s N H N H ,  PhBr 

Cumene 
(RC0z)z 

1 .3  Bicumyl 5 
2 

PhH 

PhBr 

Cumene 
I I 

1 . 3  Bicumyl 3 
E 

1 Ph, V) PhH 

PhBr 

Cumene 
< 
0 

40.7 Bicumyl r 

PhH 

PhBr 

Cumene 13.8 Bicumyl 

Y i e l d s  are  in moles percent moles ofstarting malerial. 
?See footnote 5. 
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Thermal decomposition of thiazole-Zcarbonyl 
peroxide in the same solvents gave good yields 
of 2-arylthiazoles, 37 % from benzene, 54 % from 
bromobenzene (o :m + p = 49 :5 1) and 23 % 
from cumene (o:m:p = 43 :32:25), the isomer 
ratios being in excellent agreement with those 
obtained in the oxidation reactions. In cumene 
again there was only slight evidence (I % bicumyl) 
of side chain attack by 2-thiazolyl or other 
radicals. All three reaction mixtures showed 
small amounts of higher boiling components in 
their gas chromatograms. From benzene the 
ester phenyl thiazole-2-carboxylate was identi- 
fied, but esters are clearly very minor products 
from this peroxide. In all its properties it resem- 
bles nicotinoyl peroxide (I) or a benzoyl peroxide 
and is quite unlike the dicarbonyl peroxides of 
thiophene. 

The yields of thiazole-2-carboxylic acid and of 
carbon dioxide were not determined. Control 
experiments showed that the temperature and 
duration of the reactions caused extensive 
decarboxylation of the acid. This is reflected in 
the yields of thiazole, though the very high value 
in cumene points to an additional pathway, 
involving reactions of thiazolyl or thiazole 
carbonyloxy radicals with the substrate and not 
at the solvent side-chain. 

Decomposition of thiazole-4-carbonyl per- 
oxide in benzene and bromobenzene gave sub- 
stantial amounts of acid (90 and 120 %) and traces 
of thiazole (2 and 1 %) which did not arise by 
decarboxylation of the carboxylic acid formed 
(control experiment). Carbon dioxide evolution 
(determined in bromobenzene only) was 55%. 
Strong evidence for the generation of 4-thiazolyl 
radicals (2) is provided by the yields of 4-aryl- 
thiazoles, 21 % in benzene and 28 % in bromoben- 
zene, and in particular by the isomer ratio from 
the latter (o:m + p = 69:31). Thiazole-4-car- 
bonyloxy radicals are also involved in nuclear 
attack, at least in benzene where a 13 % yield of 
phenyl thiazole-4-carboxylate was observed; in 
bromobenzene the gas chromatogram showed 
minor peaks that might be attributable to esters. 
The percentage of ortho attack in bromobenzene 
by 4-thiazolyl radicals is noticeably higher than 
that by 2-thiazolyl radicals, suggesting that the 
former are more electrophilic. 

The peroxide was rather insoluble in cumene 
at 80" and so the reaction was carried out under 
reflux. A control experiment showed that a 1 % 

suspension of the acid in refluxing cumene 
suffered 60% decarboxylation. In line with this 
the amount of acid isolated from the decom- 
position rzaction was low (64 %). Bicumyl (41 %) 
was the only simple non-acidic product formed 
in other than trace quantities. Whether the 
4-thiazolyl or the thiazole-4-carbonyloxy radicals 
are responsible for the side-chain dehydrogena- 
tion leading to bicumyl is obscured by the 
decarboxylation of the acid. Both radical pro- 
cesses would lead to thiazole. 

Thiazole-5-carbonyl peroxide also gave high 
yields of carboxylic acid and trace amounts of 
thiazole when decomposed i n  benzene and bro- 
mobenzene at 80" (again there was no decarboxy- 
lation of the carboxylic acid at this temperature, 
though there was a 19 % yield of carbon dioxide 
from other sources measured in the bromoben- 
zene reaction). There was no evidence whatsoever 
for the formation of 5-phenylthiazole or 5-bro- 
mophenylthiazoles. In the benzene reaction 7 % 
of the phe~iyl ester was present, diagnostic of 
thiazole-5-carbonyloxy radicals. The only other 
simple product, in unexpectedly large amount 
(7"/,), was biphenyl (the 4-peroxide also pro- 
duced a trace in benzene). The formation of 
biphenyl during peroxide decomposition in 
benzene is almost certainly a consequence of 
phenyl radical reactions. It has been noted in 
earlier work and an explanation has been 
suggested (3). 

The bromobenzene deconiposition gave one 
major and ~~nidentified neutral p r o d ~ ~ c t , ~  more 
volatile than a 5-bronioplienylthiazole or a 
broniophenyl thiazole-4-carboxylate, neither of 
which was detected. 

During the decomposition in cumene, in this 
case again carried out at reflux temperature, the 
production of thiazole-5-carboxylic acid must 
have been co~isiderable, since 35 % survived the 
reaction even though in a control experiment a 
1 % suspension of acid in refluxing cumene was 
80 $:, decarboxylated in the same time period. No 
products of nuclear attack on the solvent were 
detected, but there was substantial side chain 
attack leading to a 13 0/, yield of bicumyl. 

Though the Inass balance of products derived 
from the three peroxides is far from complete, 

51t had the same retention time as, but was not, 
p-dibromobenzene. On the basis of a comparable carbon 
number i t  was accorded a yield of 25 %. 
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as Table I shows, it is clear that with respect to 
the formation of simple products at least, these 
peroxides show very different behavior. The 
decomposition pattern of the 2-peroxide is typical 
of that of an aroyl peroxide, reactive thiazolyl 
radicals being involved to the exclusion of 
thiazole carbonyloxy radicals. The 4-peroxide, 
like the thenoyl peroxides, gives thiazolyl and 
thiazole carbonyloxy radicals both of which are 
reactive towards the nucleus. By contrast the 
5-peroxide gives radicals of low reactivity. 

Experimental 
General 

Solvents were purified by conventional methods and 
fractionated. Petroleunl ether refers to the fraction b.p. 
35-60" unless otherwise stated. Anhydrous magnesium 
sulfate was used as drying agent for solutions in organic 
solvents. 

The i.r. spectra were obtained on Beckman instruments: 
for routine work the IRS or IRIO; for quantitative 
analysis, the IR9; and for rapid scan analyses, the 
IR102. The n.m.r. analyses were done on  a JEOL C60 
spectrometer, absorptions being quoted in T values 
against tetramethylsilane. 

A Beckman GC-4 gas chromatograph with flame 
ionization was used for the analytical determinations. 
Preparative g.1.c. was performed on an Aerograph 
Autoprep Model 700 with a 10' x 318" column of 30% 
SE-30 silicone gum rubber on Chromosorb W. An F and 
M Model 810 was used in conjunction with the rapid 
scan Beckman IR102 spectrometer. 

All the thiazole determinations were done at 100" 
on a 6' x 114'' column of 25% Carbowax 20M on 
Chromosorb W pretreated with 3 % potassium hydroxide; 
untreated columns caused tailing of the feebly basic 
thiazole. The internal standard was cyclopentanone for 
the benzene and bromobenzene reactions and bromoben- 
zene for the cumene reactions, since the latter solvent 
had the same retention time as cyclopentanone. 

Other columns, used as described later, for the GC-4 
chromatograph are designated as follows: 6' x 118" 10% 
SE-30 on Chromosorb W, column A ;  6' x 118" 3 %  
SE-30 on  Chromosorb W, column B; 6' x 114" 25% 
Apiezon L on  Chromosorb W, column C ;  6' x 1/8" 3 % 
Apiezon L on Chromosorb W, 3% KOH, column D. 

The following materials were available commercially. 
I-Cyclohexyl-3-(2-morpholinoethyl)-carbodnide metho- 
p-toluenesulfonate, all three bromobenzonitriles, and 
chloroacetaldehyde and its dimethyl and diethyl acetals 
from Aldrich; ni- and p-bromophenacyl bromides from 
Eastman; o-bromoacetophenone from Sapon Labora- 
tories. Thiazole, from K and K Laboratories, was of high 
purity (g.1.c.). 2-Aminothiazole, from Aldrich, was badly 
discolored and of poor m.p. 84-88", It was purified by 
dissolving 10 g in the minimum hot ethanol and passing 
the hot solution through a 1" layer of charcoal; the 
amine crystallized from the filtrate as colorless prisms, 
m.p. 88-89". 

Thioformamide was prepared just before use by 
gradually adding phosphorus pentasulfide to formamide 

in the cold, extracting the product with ether and 
evaporating. 

2-Plrenyltl~iazole 
Reaction of thiobenzamide, m.p. 116.5-1 17.5" (lit. (22) 

n1.p. 116") and chloroacetaldehyde diethylacetal in 
ethanol containing a catalytic amount of piperidine gave 
2-phenylthiazole (23). It had b.p. 96"/1 mm (lit. (23) b.p. 
125"/18 mm), and was further purified by preparative 
g.1.c. Its picrate, m.p. 124-127", was prepared in and 
crystallized from methanol. 

Anal. Calcd. for C,,Hl0N4O,S: N, 14.4. Found: N, 
14.3. 

2-Br-ottiopl1et1ylrl1iazo/es 
A modification of Erlenmeyer's method (24) for the 

p-isomer was used. The bromothiobenzamides were made 
from the appropriate nitrile with hydrogen sulfide in 
pyridine-triethylamine solution (22). o-Br-o~notl~iobenz- 
arnide had m.p. 83-84"; ~ ( N i j o l )  3335 cnl-' (NH). The 
rt1-isort~er had n1.p. 118-119"; v(Nujo1) 3330 c m T L  (NH). 
p-Bromothiobenzamide had m.p. 145-146" (lit. (25) m.p. 
145"). The thioaniide was refluxed with a three-fold 
excess of chloroacetaldehyde for 12 h. The solution was 
evaporated, ether and aqueous sodium carbonate were 
added, and the ether extract dried and worked-up to give 
crude product contaminated with the thioamide. 2-0- 
Brornopl~enylthiazole was purified by steam distillation, 
isolated from the distillate with ether, and subjected to  
preparative g.1.c. at 250" to give an oil, nD20 1.6734. 

Anal. Calcd. for C9H6BrNS: C, 45.0; H, 2.5; Br, 
33.3; S, 13.35. Found: C, 45.0; H, 2.7; Br, 33.3; S, 13.2. 

The nz-isortier, also an oil, was similarly purified, nDZ0 
1.6702. 

Anal. Found: C, 44.8; H, 2.6; Br, 33.2; S, 13.3. 
The p-isomer was purified by chromatography on  

alumina and crystallized from pentane as colorless 
needles, m.p. 50-51" (lit. (24) m.p. 52-53"). 

4-PltenyltAiazole 
Phenacyl bromide (2.0 g, 0.01 mole) was added with 

stirring to a solution of thioforniamide (1.0 g, 0.015 
mole) in ether. After the spontaneous reaction had 
ceased the mixture was refluxed for 5 min and then 
washed with aqueous sodium carbonate. The residue 
from the ether was steam distilled and the distillate chilled 
to give crystalline product which was recrystallized from 
petroleum ether, m.p. 50-51" (lit. (23) m.p. 51-52"). 

The picrate was prepared in methanol and crystallized 
from methanol-acetone as yellow prisms, m.p 164- 
166.5". 

Anal. Calcd. for C,5HloNd07S: N, 14.4. Found: N, 
14.2. 

4-Bromophet~ylthiazoles 
The method just described was used for each, the 

o-bromophenacyl bromide being obtained by direct 
bromination of o-bromoacetophenone. 4-o-Brornopl~enyl- 
tl~iazole was purified by distillation, b.p. 150-155"/10 mm. 

Anal. Calcd. for C9H6BrNS: C, 45.0; H, 2.5; N, 5.8. 
Found: C, 45.6; H, 2.7; N, 5.0. 

The ni-isomer crystallized directly on work-up and was 
recrystallized from petroleum ether, as faintly pink 
crystals, m.p. 51-52". 

Anal. Found: N, 6.3. 
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The p-isomer was twice sublimed, m.p. 73.5-74" (lit. 
(24) m.p. 76-77"), 

5-Phenylthiazole 
Phenylacetaldehyde was brominated by treatment with 

1 equiv. of pyridinium hydrobromide perbromide in 
methylene chloride, followed by immediate and thorough 
washing of the solution with aqueous sodium bicarbonate. 
The a-bromoaldehyde was purified by distillation and 
allowed to react with thioforn~amide as before. The 
5-phenylthiazole was purified by steam distillation and 
crystallized directly pure, m.p. 4343.5" (lit. (23) m.p. 
4041"). 

2-T/iiazolyl/1ydrazitte 
2-Aminothiazole (10 g, 0.10 mole) was dissolved in 

12 N hydrochloric acid (80 ml) and diazotized by the 
addition of concentrated aqueous sodium nitrite (7 g, 
0.10 mole), which was slowly introduced under the 
surface with vigorous stirring. The internal temperature 
was maintained between - 10 and +5"; remaining in 
this range was of critical importance. The diazonium 
solution was then reduced with a solution of stannous 
chloride (45 g SnCI2.2H2O, 0.20 mole) in 12 N hydro- 
chloric acid (20 ml). During the reduction the temperature 
was kept below - 10". The heavy precipitate was filtered 
off, sucked dry, and washed thoroughly with ether; 
washing with methanol, or methanolic hydrochloric acid 
led to a substantial loss in yield. 

The precipitate was covered with benzene (1 I), 
ammonia gas was passed through the solution to expel 
oxygen, water (10 ml) was added, and the benzene solu- 
tion was saturated with ammonia gas. The solution was 
dried, filtered, and concentrated under reduced pressure 
until separation of solid began. Precipitation was com- 
pleted by the addition of petroleum ether to give the 
hydrazine as a granular, almost colorless solid (7 g, 61 %), 
m.p. 97-98". Recrystallization from benzene - petroleum 
ether failed to improve the m.p. and resulted in some 
decomposition with the formation of a purple color. 

It was found that larger scale preparations decomposed 
when the ammonia saturation of the benzene solution 
was attempted. It was also noted that the ammonia- 
saturated benzene solution decomposed if allowed to 
stand for several hours. 

The hydrazine had v(CCI4) 3340 (NH), 1635 cm-' 
(NH, deformation); h.,,, (EtOH) 258 mp ( E  5.96 x lo4); 
.r(CDC13) 2.52 (4-H), 3.10 (5-H) as a quartet (J4,5 = 4 
c.p.s.), 4.4 p.p.m., broad (three N-H's). 

Anal. Calcd. for C3H5N3S: C, 31.2; H, 4.4; N, 36.4: 
S, 28.0. Found: C, 31.2; H, 4.4; N, 36.6; S, 28.2. 

The hydrochloride was formed as a colorless solid by 
passing dry hydrogen chloride into an ethereal solution of 
the hydrazine. Recrystallized from methanol-ether it 
gave almost colorless orisms. m.o. 162-164' (with . . 
decomposition). 

Anal. Calcd. for C3H,CIN3S: C1,23.4; N, 27.8. Found: 
Cl, 23.2; N, 27.6. 

The picrate, m.p. 184-185", was prepared in methanol 
and was recrystallized from aqueous methanol. 

Anal. Calcd. for C9H8N,0,S: N, 24.4. Found: N, 24.4. 

Acetone 2-Thiazolylhydrazone 
The hydrazine (2.0 g, 0.017 mole) reacted exothermally 

in acetone (25 ml) when two drops of glacial acetic acid 

were added. The solution was further heated for a few 
minutes, cooled, and water (10 ml) was added. Recrys- 
tallization of the product from aqueous methanol 
(charcoal) gave the itydrazone (1.4 g, 53%) as large 
straw-colored prisms, m.p. 139-141"; v(CCI4) 3360 cm-I 
(NH); .r(CDCI,) - 1.10 (NH), 2.50 (4-H), 3.15 (5-H) as a 
quartet (J,,, = 4 c.p.s.), 7.90, 8.02 p.p.m. sharp singlets 
(two Me groups). 

Anal. Calcd. for C,H,N3S: N, 27.1; S, 20.6. Found: 
N, 27.1; S, 20.8. 

Acerophetrone 2-Tltiazolyll~ydrazotre 
A solution of the hydrazine (170 mg, 1.5 mmoles) and 

acetophenone (180 mg, 1.5 mmoles) in methanol (20 ml) 
containing acetic acid (I ml) was refluxed for 15 min. 
Addition of water (10 ml) with cooling gave the hydrazone 
which on recrystallization from aqueous methanol 
(charcoal) gave straw-colored prisms, m.p. 158-160"; 
v(CC14) 3360 cm-' (NH). 

Anal. Calcd. for C11H,,N3S: N, 19.3; S, 14.7. Found: 
N, 19.3; S. 14.5. 

The .hydrazone hydrochloride precipitated when 
hydrogen chloride was passed into an ethereal solution 
of the hydrazone. It was recrystallized from methanol- 
ether as fine, almost colorless needles, m.p. 195-198". 

A direct synthesis of the hydrazone hydrochloride was 
achieved by a modification of Beyer's method (9). 
Acetophenone thiosemicarbazone, m.p. 118.5-1 19.5", 
(0.03 mole) and chloroacetaldehyde diethyl acetal (0.04 
mole) were refluxed + h in ethanol (10 ml) and 12 N 
hydrochloric acid (4 ml). The light red solution was 
pumped to dryness and triturated with ether-methanol 
to give a gummy solid, which was again similarly treated 
leaving the hydrochloride (60%) of high purity (i.r.). 
Recrystallization from methanol-ether gave material of 
m.p. 196-199", undepressed in admixture with the above 
specimen. 

Thiazolecarboxylic Acids 
The 2-acid, m.p. 97-98" (lit. (10) m.p. 97-98"), was 

made by lithiation of 2-bromothiazole (26) followed by 
carbonation, and the 4-acid, m.p. 196-197" (lit. (12) m.p. 
196197"), by decarboxylation of the 4,5-di-acid at 180" 
(11, 12). The 5-acid, m.p. 222-223" (lit. (13) m.p. 218"), 
was obtained either by hydrolysis of its ethyl ester (1 1) 
or directly by lithiation and carbonation of 5-bromo- 
thiazole (10). 

Thiazole-2-carbonyl Cltloride 
Moisture was rigidly excluded throughout. The dry 

sodium salt was refluxed with an excess of acid-free 
thionyl chloride for 1 h and thesolution evaporated under 
reduced pressure. Slow distillation of the sticky residue 
at 2 mni gave the acid chloride as a yellow solid, m.p. 
2629". It was used without further purification. 

N-P/~enyl Tltiazole-2-carboxarnide 
Reaction of the acid chloride with 2 equiv of aniline 

in benzene and work-up of the benzene soluble fraction 
gave the amide; it was recrystallized from aqueous 
ethanol as colorless needles, m.p. 88-89"; v(CC14) 3385 
(NH), 1690, 1605 cm-' (amide I and I1 bands). 

Anal, Calcd. for CI0H8N20S:  N, 13.7; S, 15.7. Found: 
N 13.7; S, 15.8. 
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Phenyl Esters (followed by explosion); ~(Nujol)  1790, 1750 cm-I 
Thiazole-2-carbonyl chloride was refluxed with a slight (C=O doublet). 

excess of ~ h e n o l  in ~vr idine  for b h and the solution Anal. Found: iodometric eauiv. 127. 
poured o n  ice. ~ecrisiallization of the precipitate from 
aqueous ethanol gave phenyl thiazole-2-carboxylate as 
colorless prisms. m.p. 72-73': v(CCI4) 1772. 1740 cm-' . .  . 
(-0 doublet): * 

Anal. Calcd. for CtnH,NO?S: C. 58.5: H. 3.4: N. 6.8. , ,  . .  
Found:C,58.6; H,3.%5fN,6.9. ' 

Thiazole-4-carboxylic acid was refluxed for 2 h with an 
excess of thionvl chloride. Eva~oration gave the liaht 

Thiazole-5-carbonyl Peroxide 
The method and scale for the 4-peroxide were used 

exactly. Recrystallization from petroleum ether - chloro- 
form gave colorless prisms (40%), m.p. 129" (followed 
by explosion); v(Nujo1) 1805, 1770 cm-' (C=O doublet). 

Anal. Calcd. for C ~ H ~ N Z O ~ S Z :  N, 10.85; iodometric 
equiv. 128. Found: N, 10.7; iodometric equiv. 127. 

- .  - - 
yellow crystalline acid chloride which was treated as Radical Reactio~rs of the Hydrazine and Peroxides 
above. The 4-ester formed colorless needles, m.p. General Work-lip and Analytical Methods 
87-87.50, from aqueous ethanol; v(Nujo1) 1750 cm- Approximately 1 % solutions of the hydrazine were 
(C=O). stirred and treated portionwise with 2 mol equiv of 

Found: C, 58.7; H, 3.6; N, 6.95. freshly precipitated silver oxide at room temperature: 
The 5-isomer~ prepared similarly, was a colorless nitrogen was evolved and the formation of  water was 

crystalline powder (aqueous ethanol), m . ~ .  57-58'; evident. ~h~ mixtures were heated at go0 for 12 h and 
v(CC14) 1742 cm-I (C=O) then distilled at atmospheric pressure through an efficient 

Found: C, 58.4; H, 3.4; N, 6.9. fractionating column. The distillate in each case was 

Thiazo~e-2-carbotryl Peroxide 
Powdered thiazole-2-carboxylic acid (2.58 g, 20 mmoles) 

was added to an ice-cold solution of N,N'-dicyclohexyl- 
carbodiimide (4.12 g, 20 mmoles) in 1.5 N ethereal hydro- 
gen peroxide (70 ml) and the whole stirred for 5 h at 0'. 
The mixture was then filtered and the precipitate washed 
with a small portion of ether. The ethereal soiution was 
washed first with small portions of saturated aqueous 
ammonium sulfate, saturated aqueous potassium bicar- 
bonate, and saturated aqueous ammonium sulfate again, 
and the solution was then dried. The original precipitate 
was stirred at 0" for 1 h with chloroform to extract 
further peroxide. The whole was filtered and the precipi- 
tate identified as N,Nf-dicyclohexylurea by mixed m.p. 
with an authentic specimen. The yield of the urea at this 
point was 83 %, but overall it was probably higher since 
it is somewhat soluble in chloroform. 

The chloroform filtrate and the ether solution were 
combined and evaporated to dryness below room tem- 
perature to give crude peroxide, containing some dicyclo- 
hexylurea. At this point on one occasion the residue 
spontaneously and violently inflamed. 

The residue was dissolved in a minimum amount of 
chloroform, and methanol was added with cooling to 
precipitate the colorless, crystalline peroxide which was 
filtered and air dried (30%), m.p. 98" (with brisk effer- 
vescence followed by detonation); v(CCI,) 1768, 1737 
cm-I (C=O doublet). 

Anal. Calcd. for C8H4N,04S2: iodometric equiv. 128. 
Found: iodometric equiv. 125, 126. 

Thiazole-4-carbonyl Peroxide 
Thiazole-4-carboxylic acid (1.5 g, 12 mmoles) was 

dissolved in aqueous acetone (30 ml, 1 :I) and the solution 
chilled in an ice-bath. A solution of I-cyclohexyl-3-12- 
morpholinoethyl) - carbodiimide metho - p  - toluenesulfo - 
nate (7.0 g, 18 mmoles) in aqueous acetone (30 ml, 1 :I) 
was added with stirring within 2 min, followed by 50% 
hydrogen peroxide (10 ml). Stirring was continued for 
6 h at 0" and the peroxide was filtered off and washed 
thoroughly with aqueous sodium carbonate and water. 
Dried and recrystallized from petroleum ether - methy- 
lene chloride it formed colorless prisms (45 %), m.p. 149" 

diluted with sufficient benzene to dissolve the water 
carried over; this solution was then brought to standard 
volume with the inclusion of an internal standard for the 
g.1.c. determination of thiazole. The residue was filtered 
from the silver and silver oxide which were thoroughly 
washed with benzene, the filtrate and washings being 
brought to a standard volume. Aliquots of this were 
taken for g.1.c. determination as required and brought 
to a known volume with inclusion of an appropriate 
internal standard. 

One percent solutions of the peroxides were heated 
in the dark until decomposition was complete (12 to 
24 h ;  followed iodometrically). The solutions were then 
filtered from any acidic or polymeric material and brought 
to a standard volume with benzene, aliquots being used 
for g.1.c. analysis as required. In the case of the 4- and 
5-peroxides the carboxylic acid content (mainly the 4- 
and 5-carboxylic acids) was determined by taking aliquots 
of both the insoluble precipitate and of the standard 
solution and titrating them potentiometrically in aqueous 
methanol. 

Gas chromatographic analyses were carried out essen- 
tially as described by Dal Nogare and Juvet (19b). The 
solutions from the reaction were analyzed against a 
calibration curve obtained with solutions of the authentic 
reference materials in varying concentrations, each con- 
taining a fixed concentration of internal standard. Peak 
areas were determined using either a planimeter or a disc 
integrator. 

The reaction temperatures and the yields of all prod- 
ucts are listed in Table 1. A brief account of each indi- 
vidual reaction follows, giving the reaction scale and the 
columns, temperature programs and internal standards 
used, and including, where necessary, a description of 
additional analytical determinations and isolation and 
characterization of products. 

2-Thiazolylhydrazine 
Benzene, 6.00 g (52.1 mmoles) in 600 ml; column A, 

150 to 300°, bibenzyl. Thiazole was found in both the 
distillate and the residue. Evaporation of a portion of the 
reaction solution gave slightly impure 2-phenylthiazole 
which was steam distilled and identified as its picrate, 
mixed m.p. 124-127" with authentic picrate. 
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Broti1obet1zet7e, 5.90 g (51.3 mmoles) in 600 ml; 
column C, 250°, o, 0'-dichlorobibenzyl. The m- and 
p-isomers could not be separated using a wide range of 
g.1.c. conditions, and to separate the o-isomer cleanly 
small sample injections (0.1 PI) were necessary. 

The bulk of the solution was evaporated and the 
residue subjected to preparative g.1.c. to collect all three 
isomers together. The i.r. analysis of each of the three 
synthesized isomers showed the 683 cni-' band in the 
meta- and the 830 cm-I band in the para- to be uniquely 
characteristic and to be free of overlap from other bands 
in a mixture of o-, 111- and p-.somers. Using the absorb- 
ance-concentrationcurve obtained for thepuretn-and pure 
p-isomers in carbon disulfide solutions, the concentrations 
of these in a carbon disulfide solution of the p.g.1.c. frac- 
tion were determined as being in the ratio ofm:p = 1.74:1. 

C~tnlene, 3.00 g (26.0 mnioles) in 100 ml, under purified 
nitrogen to avoid autoxidation of solvent; column A, 
150 to 300°, 3-phenylthiophene (see footnote 4 for the 
basis of yield calculation). The meta and para peaks over- 
lapped slightly and were resolved by curve analysis. 

The p.g.1.c. was used to collect separately the 2-cumyl- 
thiazoles and the bicumyl using a temperature program 
from 200 to 250'. Only the tops of the three isomer peaks 
were collected. These were then re-chromatographed 
and directly eluted into the IR102 spectrometer. This 
confirmed the substitution pattern for each isomer, by 
the strong band at 750 cm-I for the o-, 790 cm-' for the 
177-, and 840 cm-I for the p-cumylthiazole (16). The 
bicumyl fraction from the p.g.1.c. was crystallized from 
methanol giving material of m.p. and mixed m.p. 
117-1 18". 

A control experiment using only silver oxide and 
cumene on the same scale as before and with the same 
work-up procedure showed the formation of a trace of 
bicumyl (0.0094 g). The corrected yield is shown in 
Table 1. 

Thiazole-2-carbony1 Peroxide 
The g.1.c. analyses were done exactly as for the hydra- 

zine reactions. 
Benzene, 0.510 g (1.99 mrnoles) in 50 ml. A substance 

of retention time similar to that of the phenyl ester was 
observed in the chromatogram, possibly 2-thiazolyl 
thiazole-2-carboxylate. 

In a control experiment in the same proportions 
thiazole-2-carboxylic acid was refluxed in benzene. The 
g.1.c. showed the formation of thiazole equivalent to 3 1 % 
decarboxylation. 

Brotnobet~zene, 0.427 g (1.67 mmoles) in 42.7 ml. The 
177 t o p  ratio for the bromophenylthiazole isomers was not 
determined in this case. 

Cumene, 0.300 g (1.17 mmoles) in 30 ml. 
Thiazole-4-carbot~yl Peroxide. 
Benzene, 2.70 g (10.6 mmoles) in 270 ml; colun~n B, 

100 to 300°, 9,10-d chloroanthracene. Evaporation of 
most of the solution and alkaline hydrolysis of the 
residue gave impure 4-phenylthiazole which was isolated 
with ether and converted into its picrate, identical with 
synthetic picrate. 

A small portion of the solution was washed with dilute 
acid and base. Evaporation of the benzene then left 
neutral high molecular weight material corresponding to 
an overall weight of 0.99 g. 

Bromobenzene, 0.662 g (2.58 mmoles) in 60 ml ; column 
D, 110 to 300°, biphenyl. The carbon dioxide evolved 
was trapped by passing a stream of purified nitrogen 
through the reaction solution and then jilt0 a solution of 
barium hydroxide (saturated, then diluted with an equal 
volume of water). The precipitate of barium carbonate 
was weighed. A blank was done using bromobenzene 
alone. 

Clrmene, 0.595 g (2.32 mmoles) in 60 ml;column B, 100 
to 300°, biphenyl. A portion of the solution was evapo- 
rated.  he- crude residue was washed with dilute acid 
and base and chroniatographed on alumina with 
petroleuni ether - ether mixtures. Bicuniyl of m.p. and 
mixed m.p. 117.5-119" was eluted. 

Cot~trol Reactions. A 1 % suspension of thiazole-4- 
carboxylic acid in benzene was refluxed for 24 h. The 
solvent was removed and the acid reweighed. There was 
no loss in weight. A similar control in refluxing cumene 
showed 60% decarboxylation. 

Thiazole-5-carbor~yl Peroxide 
The g.1.c. analyses were done exactly as for the 4-per- 

oxide. 
Benzerle, 0.995 g (3.89 mmoles) in 100 ml. A portion 

of the solution was evaporated and the residue extracted 
with ether. The ether solution was washed with dilute 
acid and base and the unextracted material was chro- 
matographed on alumina. Petroleum ether eluted 
the biphenyl, which was twice crystallized from aqueous 
methanol, and had a mixed n1.p. of 69-70". 

Bromobenzet~e, 0.533 g (2.08 mmoles) in 50 ml. An 
unidentified compound of shorter retention time than the 
bromophenylthiazoles was observed. On the basis of 
the n~olecule containing one benzene ring i t  could be 
assigned an approximate yield of 25 %. 

Ctrri7etle, 0.470 g (1.84 ninioles) in 50 ml. The bicumyl 
was again isolated and identified. 

Cot7trol Reactions were carried out on the 5-acid, 
as described for the 4-acid, and showed that there was 
no decarboxylation in refluxing benzene, and 80% 
decarboxylation in refluxing cumene. 

We wish to thank the National Research Council of 
Canada for support of this work. 
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Synthesis of pyrazol-4-01s 

M. J. NYE' AND W. P. TANG 
Department of Chemistry, Utziuersity of Guelph, Guelph, Ontario 

Received July 6 ,  1970 

3,5-Diphenylpyrazol-4-01 (4) has been prepared by four convenient routes starting with the following 
compounds: diphenylpropanetrione (I), 2-acetoxyl-1,3-diphenyl-I,3-propanedione (5) ,  chalcone oxide 
(7), and 1,3-diphenyl-2-propanone (10). 

Canadian Journal of Chemistry, 48, 3563 (1970) 

Pyrazoles bearing an oxygen atom in the 4- 
position have not been extensively studied, in 
contrast to the 3- and 5-oxygenated compounds. 
Two review articles have regarded such com- 
pounds as "relatively few" (1) and "relatively 
inaccessible" (2). We report here the experi- 
mental details of four synthetic routes to the 
previously unknown (3) 3,5-diphenylpyrazol-4-01 
(4) 

In route 1 treatment of diphenylpropanetrione 
(1) (4) (or its hydrate) with excess hydrazine (or 
its hydrate) gives an 88 % yield of 4. The mechan- 
ism involves the intermediacy of first 2a and then 

3 (5), since either will produce 4 under the 
conditions of the reaction, and 2a2 can be isolated 
as a by-product. Further support for the mech- 
anism is given by the observation that if methyl- 
hydrazine is used instead of hydrazine, a good 
yield of 26 is produced and none of 12a (N-1 in 
formula 2 must bear a hydrogen for the reaction 
to proceed further). This route is based on the 
method for the preparation of 12b of Sachs and 
Rijhmer (6). 

Route 2 gives a 97 % yield of 4 by treatment 
of 2-acetoxyl-l,3-diphenyl-l,3-propanedione (5) 
(7) with hydrazine hydrate. An intermediate (6) 

P h q P r 3  

OCOCH, - ph+ph - 4  
0 0 N-N 

H/ 
5 6 

' h 9 f p h  - P~I*P~ _ P h f l I l  - 4 
0 N-N 

z' / 
Ts 

'To whom correspondence should be addressed. 
2Structural identification of this compound and other related hydrazones will be reported in a later paper. 
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is formed by a double condensation, and it can 
be isolated as a by-product if the temperature is 
kept low. This method has no close precedents in 
the literature. 

Route 3 involves treatment of chalcone oxide 
(7) with p-toluenesulfonylhydrazide to give 8a 
which is oxidized by chromium trioxide to 9, 
and then hydrolyzed by acid to 4in a 20 % overall 
yield. The first step of this synthesis is taken from 
the work of Padwa (8). 

In route 4,1,3-diphenyl-2-propanone is treated 
withp-toluenesulfonylazide and sodium ethoxide 
to give a 45 % yield of 4. This route is analogous 
to Regitz's preparation of 12e (9). 

R1 RZ Y Z a X  = 0 
a phenyl phenyl H CH3 b~ = NH 
b methyl phenyl H H 
c phenyl phenyl COCH, H 
d phenyl phenyl COCH, CH, 
e benzoyl bcnzoyl H H 

Discussion 

Probably the most versatile of the four routes 
is route 2, since 011 initial inspection it appears 
that by slightly modifying the reactants, com- 
pounds of general formula 12 can be prepared 
with different substituents at N-1, C-3, C-5, and 
0. In this laboratory we have only prepared com- 
pounds 4, 12a, 12c, and 12d by this method, but 
in each case vields were excellent. Routes 1 and 
4 on the othe; hand have variation of substituents 
limited to C-3 and C-5, and route 3 allows sub- 
stituent variation at N-I. C-3. and C-5. However. , , 

on the last route, if N-1 carries a hydrogen atom, 
the chromium trioxide oxidation is not successful, 
probably because under the conditions used, 
which were similar to those used in the oxidation 
of 8a, 8b is more completely oxidized to 3 which 
would react further t ~ - ~ i v e  complex products (5). 

From the point of view of yields and avail- 
ability of starting materials, route 4 is probably 
the most attractive since 1,3-diphenyl-2-propan- 
one is available from suppliers and is inexpen- 
sive, and the whole synthesis is carried out in one 
step. Routes 1 and 2 however are also attractive 
since the starting materials can be prepared from 
the available 1,3-diphenyl-1,3-propanedione in 
yields of 84 and 71 % respectively. 

In view of these four simple routes to pyrazol-4- 
ols, we point out that this area of chemistry need 
no longer be neglected. Indeed this group of 
compounds together with the isoxazoles (13a) 
invites a much more thorough investigation since 
they are the main representatives of the hetero- 
cyclic system of general formula 13 (where X is a 
heteroatom) which has chemistry quite distinct 
from the isomeric 3- and 5-hydroxy analogues. 

Experimental 
Melting points were determined on a Meltemp 

apparatus and are uncorrected. Microanalyses were 
carried out by A. B. Gygli, Microanalysis Laboratories 
Limited, Toronto, Ontario. The reported i.r. spectra give 
only the principal sharply defined peaks. The n.m.r. 
spectra are reported in p.p.m. relative to internal tetra- 
mcthylsilane. 

Route I 
( A )  A solution of 1.28 g (0.005 mole) of diphenyl- 

propanetrione hydrate (4) in 15 ml 95% ethanol was 
treated with 0.51 g (0.01 mole) of 99-100% hydrazine 
hydrate in 1.5 ml ethanol. The reaction mixture became 
yellow and was refluxed on a water-bath for 30 min. On 
cooling, bright colorless prisms were formed, filtered, 
and washed with cold diluted ethanol. Yield: 1.033 g 
(87.5%), m.p. 231-233". One recrystallization from 
ethanol gave 3,s-diphenylpyrazol-4-01 (4), m.p. 235-237". 

(B) A solution of 1.19 g (0.005 mole) of diphenyl- 
propanetrione (4) in 25 ml absolute ethanol was treated 
with 0.51 g (0.01 mole) of 99-100% hydrazine hydrate 
in 1.5 ml ethanol. The color of triketone solution intensi- 
fied on addition of hydrazine solution. The reaction mix- 
ture was worked-up as above, giving colorless prisms. 
Yield: 1.057 (89.6%), m.p. 231-233". This substance was 
identical with the one prepared by method A by mixture 
m.p. and i.r. spectrum. 

Anal. Calcd. for CISH1ZN20:  C, 76.26; H, 5.12; 
N, 11.86. Found: C, 76.04; H, 5.28; N, 11.62. 

The i.r. (KBr): 3222, 2520, 1591, 1263, 1150 cm-'. 
The U.V. (95 % EtOH, 25"): h,,, mp (E): 252 (22 700); 276 
(shoulder, 17 loo), 295 (shoulder, 10 040). The n.m.r.: 
(dimethyl sulfoxide-d,): 7.45 (7H, multiplet: 6H aro- 
matic, 1H hydroxyl exchangeable with D,O); 8.02 (4H, 
multiplet, aromatic); 8.40 ( lH,  broad, NH). 

(C)  Into a stirred, cooled (ice-bath) solution of 1.025 g 
(0.004 mole) of diphenylpropanetrione (4) in 12 ml of  
methanol was dropped fairly rapidly a solution of 0.44 g 
(0.0088 mole) of 99-100% hydrazine hydrate in 2 n ~ l  of 
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NYE AND TANG: 

methanol. During addition of hydrazine solution, some 
precipitates formed which soon dissolved to give a yellow 
solution. After stirring for 30 min, 70 ml of water was 
added resulting in heavy precipitation. The mixture was 
well chilled and the bright yellow prisms of 3,Sdiphenyl- 
5-hydroxyl-4-pyrazolone were collected on a filter and 
washed withcold, diluted methanol, m.p. 120-122" (dec.). 
Further recrystallization from cold, diluted methanol 
gave the same m.p. (dec.). Yield: 89 % (from 1,3-diphenyl- 
propanetrione hydrate); 95.8 % (from 1,3-diphenyl- 
propanetrione). Recrystallization from hot solvents 
rendered a complete change of this substance (see below). 

Anal. Calcd. for C,,H,,N202: C, 71.44; H, 4.80; 
N, 11.11. Found: C,71.48; H, 5.08; N, 10.89. 

Thei.r.(KBr): 3368,1747,1714,1306,1197,1018cm-I. 
The U.V. (95% EtOH, 25"): h,,, mp (E): 254 (19 100); 
356 (3210). The n.m.r. (acetone-&): 6.32 ( lH,  broad, 
OH); 7.45 (8H, multiplet, aromatic), 8.08 (2H, multiplet, 
aromatic); 9.50 ( lH,  broad, NH). 

Conversion of 3,5-diphenyl-5-hydroxyl-4-pyrazolone to 
the desired 3,5-diphenylpyrazol-4-01 (4) was effected by: 
(a) recrystallization in boiling ethanol, (b) heating at its 
melting temperature, or (c) treating with strong acids with 
dehydrating properties. Under conditions (a) and (b), 
orange-brown dirty substances were formed as side 
products. Under condition (c), a purple solution con- 
taining 3 formed initially and then gradually turned light 
brown. Crystallization from ethanol gave 4. The yields 
ranged from 40-70 %. 

Route 2 
A solution of 0.15 g of 99-100% hydrazine hydrate in 

1 nil of 95% ethanol was added to a warm solution of 
0.5648 2-acetoxyl-l,3-diphenyl-1,3-propanedione (7) in 
7 ml of 95 %ethanol. The mixture was refluxed for 20 min 
and allowed to cool to room temperature. It was then 
poured into 20 ml of ice-water under slight agitation to 
give colorless prisms, m.p. 235-237". The yield of 4 was 
97 %. 

Route 3 
Into a stirred, cooled (10-15") solution of 0.784 g 

(0.002 mole) of 3,5-diphenyl-4-hydroxy-1-p-toluenesul- 
fonyl pyrazoline (8a) (8) in 100 ml acetone was added 
dropwise a standard chromic acid reagent3 (ca. 1.5 ml) 
until a permanent brown color persisted. After 10 min, 
500 ml of water were added and the mixture was stirred 
in an ice-bath for an additional hour. During this time, 
the initially waxy mass turned into yellow crystals which 
were filtered and washed with water; m.p. 150-155". 
Recrystallization from ethanol afforded 3,5-diphenyl-1- 
p-toluenesulfonyl-pyrazol-4-01 (9) as slightly yellow 
plates, m.p. 161-163", 0.465 g (59.6%). Another crystal- 
lization raised the m.p. to 165-167". 

3Prepared by dissolving 2.67 g chromium trioxide in 
2.3 ml concentrated sulfuric acid diluted to a volume of 
10 ml. 

Anal. Calcd. for C,,H,,N20,S: C, 67.66; H, 4.65; 
N,7.18.Found:C,67.74; H,4.81; N,7.13. 

The i.r. (KBr): 3357, 3301, 1452, 1384, 1226, 1190, 
1175 cm-'. The U.V. (95% EtOH, 25"): h,,,mp (E): 
224 (25 loo), 275 (1 3 OOO), 289 (12 loo), 370 (814). The 
n.m.r. (acetone-&): 2.38 (3H, singlet, CH,); 7.48 (13H, 
multiplet, aromatic, including OH exchangeable with 
D 2 0 ) ;  8.08 (2H, multiplet, aromatic). 

Hydrolysis of this product to (4) was achieved by 
refluxing it in a mixture of concentrated HC1 and acetic 
acid for 10 h. Recrystallization of the crude, colorless 
solids gave the desired product; colorless prisms, m.p. 
233-235"; yield, ca. 70%. 

Route 4 
Into a well-stirred and well-cooled (ice-bath) solution of 

1.05 g (0.005 mole) of 1,3-diphenyl-2-propanone in 15 ml 
of absolute ethanol was added a solution of 0.01 mole 
of sodium ethoxide in 10 ml absolute ethanol, followed 
immediately by rapid addition of a solution of 1 g of 
p-toluenesulfonyl azide (10) in 5 ml ethanol. The reaction 
mixture was then stirred for 1 h at ice-bath temperature. 
Dry ether (100 ml) was added to precipitate sodium salts 
of p-toluenesulfonamide which were filtered and well- 
washed with dry ether. The ethereal filtrate was extracted 
with 80 ml of water and the ethereal layer dried with 
sodium sulfatt. Evaporation of ether at reduced pressure 
to a quarter of its initial volume afforded the almost 
colorless product as prisms, m.p. 232-236". Further 
concentration of the filtrate gave two crops of the same 
material, m.p. 232-236". The combined yield was 47 %. 

We thank the National Research Council of Canada 
for their financial support. 
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Structure of a diazecine derivative from the condensation of 
phthaloyl chloride with ethylenediamine 

SAUL WOLFE AND S. K. HASAN 
Departti~etzt of Clzetnistry, Q~ree~z's Utziuersity, Kingston, Ontario 

Received May 8, 1970 

The high dilution condensation of phthaloyl chloride with ethylenediamine has afforded not the 
benzodiazocine derivative 14, as reported earlier, but a more complex compound (17) which has been 
found to be a bridged dibenzodiazecine derivative. Treatment of 17 with ethanol causes alcoholysis of two 
of the four bridgehead lactam linkages. On heating, 17 isomerizes by a double ring 7- chain rearrange- 
ment to 1,2-diphthalimidoethane. The n.m.r. spectrum of 17 is discussed in terms of three possible 
conforn~ations of the ten-membered ring. 

Canadian Journal o f  Chemistry, 48, 3566 (1970) 

In the course of various studies in progress in 
this laboratory (1 ,  2) we became interested in 
certain properties of 1,6-dioxo-2,Sdiazocines (I), [21 
in particular their behavior in dynamic n.m.r. 

e-? 5 4 <NdNH2 
experiments (3, 4) and the possibility of ring- H ~ .  o 
chain tautomerism (1 F? 2) (5). The latter 5 6 
behavior has been demonstrated for the 6,lO- 
dioxo-1,5-diaza and 5,lO-dioxo- l,6-diazacyclo- 
decanes (3 F? 4 and 5 @ 6; eqs. I and 2) (6); and R 
thermal rearrangement of the dihydrodiazepinone 
7 to the imidazolidone 8, eq. 3 (7) and of the 

R~ 

dibenzodiazocines 9 and 10 to 11 and 12, eqs. 
4 and 5 respectively, has been achieved (8). In 

[31 a ; > o  

H 0 
H 

contrast, 2-aminoethylphthalimide (13) fails to 
cyclize to 1,6-dioxo-2,3,4,5-tetrahydro-2,5-benzo- 7 8 

diazocine (14) (9), apparently because of the 
susceptibility of the phthalimido group to both 
the inter and intramolecular action of amines 
(10). A synthesis of the diazocine 14 has been 

[41 
reported by Stetter et al. (Il) ,  and the original 

KEyJ \ N A 

intention of the present work was to repeat this 0 
H 

synthesis and determine whether rearrangement 
of 14 to 13 could be demonstrated. Repetition 9 
of the work has afforded a compound having the 
reported (I 1) melting point, but the compound 
now obtained has been found not to be a simple 
diazocine. QQ---/J \ 

In Stetter's synthesis ( I  1), a 31.8 % yield of 14, 
m.p. 17S0, was quoted. The spectral properties o 
of the compound were not given, but the micro- 11 
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WOLFE AND HASAN: DlAZEClNE DERIVATIVE 

I 

WAVELENGTH ( p i  

FIG. 1. The i.r. spectrum (in KBr) of 15. 

analysis and a molecular weight determination 
were presented which support the molecular 
formula C,,H,,N,02. The preparation consisted 
of addition to benzene, through constant addition 
dropping funnels, of dilute benzene solutions 

of phthaloyl chloride and ethylenediamine. 
Removal of polymer by filtration, followed by 
evaporation, trituration of the residue with hot 
ethanol, and concentration of the ethanol 
solution afforded the product. In the present 
work, this sequence of operations was followed 
as closely as possible (see Experimental), but in 
no case was the product of the ethanol treatment 
obtained in greater than 2.9% yield. Initial 
preparations of the material melted at 176-177"; 
later preparations yielded a substance having 
identical spectroscopic properties which melted 
at 192-194". 

The i.r. spectrum of the compound (Fig. I) 
shows amide absorption at 3.05, 6.1, and 6.45 p, 
and ester carbonyl absorption at 5.8 p. The n.m.r. 
spectrum (Fig. 2) shows, among other peaks, a 
triplet at T 8.77 and a quartet at T 5.34, and 

indicates the presence of at least one ethyl group 
in the compound. The microanalysis indicates a 
formula C,,H2,N,06, and this formula is 
confirmed by the high resolution mass spectrum 
(calcd. for C2,H2,N20,, 412.1634; found, 
412.1640). The mass spectrum also shows 
prominent peaks at 366 and 320 corresponding 
to loss of one and two molecules of ethanol from 
the molecular ion (calcd. for M-C2H60, 
366.1201 ; found, 366.121 5). The spectroscopic 
data are consistent with structure 15; in agree- 
ment with this formulation, 15 eliminates ethanol 
when heated above its melting point to give 
1,2-diphthalimidoethane (16), m.p. 242-245". 

The diester 15 could only have been produced 
from a reaction of ethanol with a primary product 
of the initial condensation. Omission of the 
ethanol treatment or re-examination of the 
ethanol-insoluble material permitted the isolation 
of this primary product, m.p. 224-227" following 
crystallization from benzene. This compound 
has the molecular formula C ,  8H,2N204;  al- 
though it is an isomer of 16, the melting points, 
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I I I I 
2 3 4 5 10 

FIG. 2. The n.m.r. spectrum of 15. 

WAVELENGTH ( p )  

FIG. 3. The i.r. spectrum of 1,2-diphthalimidoethane. 

solubility properties and spectroscopic behavior 
of the two compounds are different. The n.m.r. 
spectrum of 16 shows a doublet centered at r 2.25 
and a singlet at r 5.98, in the ratio 2 : l ;  the n.m.r. 
spectrum of the new compound shows a multiplet 
centered at r 2.25 and a singlet at r 5.90, also in 
the ratio 2 : 1. Consequently both compounds have 
eight aromatic protons and four equivalent 
methylene protons. The i.r. spectra of 16 and the 
new compound are displayed in Figs. 3 and 4; 
whereas 16 shows typical phthalimido bands at 
5.62 (w) and 5.79 p (s), the new compound has 
strong carbonyl absorption at 5.6 and 5.85 p, 
indicative of a diacylimide structural unit (12). 
Structure 17, 6,13-ethanodibenzo(c,h)(1,6)diaze- 
cine-5,7,12,14-tetraone is proposed for the con- 
densation product. This structure is compatible 
with the spectroscopic data described above, and 
with the chemical properties of the compound. 

As a bridgehead lactam, 17 is expected to exhibit 
exceptional reactivity for its amide carbonyl 
groups (13); thus, brief refluxing with ethanol 
affords the diethyl ester 15, as already anticipated 
by the isolation of 15 from the original work-up 
of the condensation reaction. Further, heating 17 
above its melting point causes conversion to 
1,2-diphthalimidoethane. This reaction is entirely 
analogous to the thermal rearrangement of 
1,4,6,9-tetraketopyridazo [I  ,2-alpyridazine (18) 
to N,N1-bisuccinimide (19) eq. 6 (14). 

We are unable to account for the difference 
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I I I I I I 

W A V E L E N G T H  ( p )  

FIG. 4. The i.r. spectrum of 17. 

between the present results and those reported by 
Stetter. I t  is perhaps of interest to  note that 
Paudler and Zeiler (8) have recently synthesized 
and characterized the dibenzodiazocine deriva- 
tive 9, m.p. 301-302.5". The compound is not the 
same as that, m.p. 29S0, claimed by Stetter et al. 
(1 I) from the high dilution condensation of 
o-phenylenediamine with phthaloyl chloride. The 
latter was shown (8) to beo-diphthalimidobenzene 
(20). 

Compound 17 is a 2:l adduct of phthaloyl 
chloride with ethylenediamine. Its mode of 
formation has not been examined, but it can be 
speculated that the benzodiazocine derivative 14, 
formed initially, reacts with a second mole of 

phthaloyl chloride. The compound can be 
viewed either as a bridged dibenzodiazecine or  a s  
two connected benzodiazocines. In the latter 
case, the thermal rearrangement to diphthalimi- 
doethane corresponds to ring + chain rearrange- 
ment of each diazocine ring, as originally en- 
visaged for 14 + 13. The rearrangement of 17 t o  
16 can then be described in terms of a sequence 
shown in eq. 7. 

When 17 is viewed as a dibenzodiazecine 
derivative, three possibilities for stereoisomerism 
can be discerned, depending on the conformation 
of the ten-membered ring. These three conforma- 
tions are most readily viewed in terms of their 
reflections across the mirror plane which bisects 
the molecule in all cases. Structure 22, which has 
C,, symmetry, is termed "mariner"; structure 23, 
which has C, symmetry, is termed "triclinium";' 
structure 24, which has C,,  symmetry, is termed 

'Latin, a corich for reclining or eating 
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"saddle". On the basis of the aromatic chemical 
shifts, i t  appears possible to ruleoutconformation 
24. In the "saddle" the two benzene rings are face- 
to-face, and an  upfield shift ofabout 1 p.p.m. could 
then be expected for the aromatic protons of 17 
when compared to 16 (15). In fact, the two com- 
pounds have the same center of gravity of their 
aromatic' protons. 

22 
Mariner 

23 
Tricliniurn 

24 
Saddle 

Under conditions of slow ring inversion, the 
ethylene protons of 23 would be expected to  give 
an  AA'BB' pattern in the n.m.r. spectrum. At 
room temperature the spectrum shows a singlet 
for these protons. If 17 has the triclinium con- 
formation, this result would imply rapid inversion 
of the ten-membered ring a t  room temperature on 
the n.m.r. time scale. Unfortunately, this point 
could not be checked because of the low solubility 
of 17 at  lower temperatures. The evidence 
presented here does not, therefore, distinguish 
conformations 22 and 23, and further work will 
be needed to resolve the conformational problem. 

Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus, and are uncorrected. The i.r. 
spectra were recorded on a Beckman IR  5A instrument 
and were calibrated against the 6.238 p peak of poly- 
styrene. The n.m.r. spectra were obtained on Va~ ian  A60 
or T60 spectronieters as 10% solutions in deuterochloro- 
form, and were calibrated against tetramethylsilane as an  
internal standard. Mass spectra were recorded on a 
JEOL-JMS-OISG double focussing mass spectrometer, 
at 75eV and 200 mpA. Microanalyses are by A. B. Gygli, 
Toronto, Ontario. 

Absolute ethanol was prepared by distillation from 
niagnesium ethoxide (16). Distilled benzene was dried 
over sodium wire and redistilled before use. Phosphorus 
pentachloride was purified by heating in a distillation 
apparatus on  the steam bath to remove low boiling 
impurities such as phosphorus oxychloride (1 1). Phthalic 

anhydride was purified by sublimation (17). Ethylene- 
diamine was dried over sodium metal (1 1). Small pieces of 
sodium were added in portions to ethylenediamine (40 ml) 
until the initial reaction was complete. Then additional 
sodium (total 2 g) was added and the mixture was re- 
fluxed for 1 h. The solvent was distilled, and the distillate 
redistilled, a fraction boiling at 115-1 16" being retained. 
This fraction shows singlets (ratio 1 :1) at r 7.13 and 8.17 
in its n.m.r. spectrum. Thepeak a t  r 8.17 disappears when 
the solution is shaken with DzO. 

Phthaloyl Chloride (1 7) 
(i) Phthalic anhydride (14.8 g, 0.1 mole) and phos- 

phorus pentachloride (22.0 g, 0.106 mole) were mixed 
and heated together for 12 h at 150-160". A light brown 
liquid resulted, from which phosphorus oxychloride was 
removed by distillation at 40" under reduced pressure. 
The temperature of the bath was then raised to 240" and 
phthaloyl chloride was collected at 150-160°/40 mm. 
Redistillation gave a colorless liquid, b.p. 150-155"/20 
mm; the yield was 11.1 g (54%). The i.r. spectrum shows 
peaks at 5.6 and 5.75 p and the n.m.r. spectrum shows a 
multiplet at r 2.2. 

(ii) Phthaloyl chloride prepared by the procedure of 
Kyrides (18) gave identical results in the condensation 
reaction. Phthalic anhydride (74 g, 0.5 mole) and 
anhydrous zinc chloride (400 mg) were placed in a three- 
necked flask fitted with a dropping funnel, thermometer, 
and water cooled condenser. The mixture was heated to 
200°, and thionyl chloride (59.5 g, 0.5 mole) was added 
dropwise during a 6 h period, the temperature being 
maintained at 200-230'. The mixture was then refluxed 
for an  additional 5 h, and distilled at 1 15-120°/1 mm to 
give 20.5 g (20.5 %) of phthaloyl chloride. 

Reactiotz of Pl~tl~nloyl Cl~loride wit11 Etl~yleneclintnine 
(11) 

Solutions of phthaloyl chloride (2.0 g, 0.01 mole) in 
dry benzene (200ml) and dry ethylenediamine (1.2 g, 
0.02 mole) in dry benzene (200 ml) were prepared. A 
four-necked flask was fitted with a magnetic stirrer, a 
nitrogen inlet, and a condenser with a drying tube 
attached. The flask was flame-dried, fitted with precision 
dropping funnelsZ and then charged, under nitrogen, 
with dry benzene (150 mi). The two reactants were added 
to the flask at room temperature at a rate of 5 drops every 
4.2 s, the ethylenediamine being added through the center 
neck to minimize deposition of polynier on the walls of 
the flask. Addition was complete in 3 h, and the insoluble 
polymer was then removed by filtration. Evaporation of 
the filtrate gave a residue which was extracted with 
benzene (50 ml). Removal of the benzene afforded 0.5 g 
of a white solid. This was partially soluble in hot absolute 
ethanol (25 ml). The ethanol-insoluble part (319 mg) was 
recrystallized from benzene to give 17, n1.p. 224-227". 

Anal. Calcd. for C18H12N204 (niol. wt., 320.0797): 
C, 67.5; H, 3.75; N, 8.75. Found (320.0801): C, 67.4; 
H, 4.29; N, 8.59. 

Concentration of the ethanol extract afforded 55 mg 
of 15 as colorless crystals, n1.p. 192-194" or 176-177". 

Anal. Calcd. for CzzHz4NZ06  (mol. wt. 412.1634): 

ZObtained as Catalog No. 7340 from Ace Glass Inc., 
Vineland, New Jersey. 
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C, 63.97; H, 5.87. Found (412.1614; 412.1640): C, 64.1; E. L. Eliel and N. L. Allinger, Editors. Wiley- 
H, 5.82. Interscience, New York. 1968. p. 97. 

A mixture of 17 (48.5 mg) and absolute ethanol (15 ml) 4. S. WoLFE and J. R. CAMPBELL. Chem. COmmun. 
was refluxed for 0.5 h. Filtration and concentration of the 5. ~ ~ ~ . ' J ' ~ ~ ~ s ~  Chem. Rev. 461 (1963). yielded lo mg (18.5 %) m.p. 19&1930, 6. G .  1. GLovER, R. B. S M I ~ H ,  and H. R ~ p o p o ~ ~ .  
identified by its i.r. spectrum and by a mixture m.p. J. A ~ ~ ~ .  them. sot, 87, 2003 (1965). 
determination. Repetition of this experiment and ex- 7. M. ISRAEL, L. C. JONES, and E. J. MODEST. Tetra- 
tension of the reflux period to 20 h led to the formation hedron Lett. 481 1 (1968). 
of 1,2-diphthalimidoethane, m.p. 243-244" (lit. (19): 8. W. W. PAUDLER and A. G. ZEILER. J. Org. Chem. 
243-244"). 34, 2138 (1969). 

The ethyl ester 15 (9 mg) was heated to 200° and 9. C. J. M. STIRLING. J. Chem. Soc. 4531 (1958). 
maintained at this temperature for 15 min. Cooling and lo. S. WOLFE and S.  K. This issue. 
crystallization of the material from absolute ethanol 'I .  E, ~ 7 ~ f ~ 4 $ ~ . M A R x - M o L L 7  and H. Ber' 

(1 ml) afforded 2 mg of 1,2-di~hthalimidoethane, identi- 12. L. J. BELLAMY. The infra-red spectra of complex 
fied by its m.p., i.r. spectrum, and a mixture m.p. with an molecules. John Wiley and Sons, Inc., New York. 
authentic specimen. 1962. p. 221 ; T. UNO and K. MACHIDA. Bull. Chem. 

Compound 17 (26.9 mg) was heated for 15 min at Soc. Japan. 34, 545 (1961); 35, 1226 (1962). 
24&250°. The i.r. spectrum of the cooled residue was 13. M. DENZER and H. O n .  J. Org. Chem. 34, 183 
identical with that of 1,2-diphthalimidoethane. Recrystal- (1969). 
lization from ethanol yielded 1,2-diphthalimidoethane, 14. E. HEDAyA, R. L. V. SCHOMAKERl S. THEO- 

m.p. 243-244". DOROPULOS, and L. M. KYLE. J. Amer. Chem. Soc. 
89, 4875 (1967). 

15. L. A. SINGER and D. J. CRAM. J. Arner. Chem. Soc. 
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Five-membered rings. 11.' Inter and intramolecular reactions of 
simple amines with N-substituted phthalimides. Methylamine as a 

reagent for removal of a phthaloyl group from nitrogen 

SAUL WOLFE AND S. K. HASAN 
Department of  Cilerrrisfry, Qrreen's University, Kingston, Ontario 

Received May 8, 1970 

A reexamination of the literature on inter and intramolecular reactions of amines with N-substituted 
phthalimides has led to the demonstration that methylamine is a convenient reagent for removal of a 
phthaloyl protecting group from nitrogen at room temperature. Application of this procedure (first 
described in 1896) to the Gabriel synthesis of primary amines and to peptide synthesis is recommended. 
The simplicity of the reaction is a consequence of the consecutive occurrence of two unexpectedly rapid 
processes: (I) methylaminolysis of one of the imide bonds; (2) intramolecular catalysis, by an N-methyl- 
amido group, of the hydrolysis or aminolysis of an adjacent phthalamido linkage. 

Some unsuccessful attempts to prepare 2-aminoethylphthalimide are also described. 

Canadian Journal of  Chemistry, 48,3572 (1970) 

0 catalysis (5), and is also of synthetic importance as 

a C F N - C 0 2 C 2 H 5  \ NNP$ the amines final (1). step In in the the Gabriel course of synthesis several of synthetic primary 
co 

0 0  investigations in progress in this laboratory, in 
CO2H which the phthalimido protecting group has been 

There is an extensive literature on the partial 
and total hydrolysis, aminolysis, and hydrazin- 
olysis of N-substituted phthalimides (1, 2). The 
first stage of these reactions is of interest as a 
convenient synthetic route to phthalamic acid 
derivatives (3). The second has been the subject 
of numerous kinetic investigations (4) because of 
its relationship to mechanisms of intramolecular 

'Part I is S. K. Hasan et al. (41). 

employed, a number of observations have been 
made recently which seem to indicate that this 
group is more sensitive to acyl cleavage than had 
been anticipated (6). Thus, ( A ) :  N-carbethoxy- 
phthalimide (1) (Nefkens' reagent (7)) transfers 
its phthaloyl group at room temperature and 
pH 7.5 to 6-aminopenicillanic acid (6-APA) to 
form 2 (8). This reaction, devised by Nefkens (7), 
implies cleavage of one acyl linkage -of 1 by the 
amino group of 6-APA, followed by ready ring 
closure ofthe phthalamate 3; (B): the phthalimido 
group of the anhydropenicillin 4 undergoes 
hydrolysis to a phthalamic acid at p H  7.4 in 
DMSO-H20 in the course of the reversal of the 
anhydropenicillin rearrangement (4 + 5 (9)); 
(C): treatment of the epimeric 2-phthalimido- 
methylthiazolidinecarboxylic acids 6 with dilute 
potassium carbonate also effects conversion to a 
phthalamic acid (7 (10)); (D): finally, 2-amino- 
ethylphthalimide (8) cannot be isolated following 
neutralization of the hydrochloride (cf. 111, and 
the phthalimido group rapidly disappears from 
the solution. Although, as indicated by the 
references cited, none of these observations is 
without precedent, taken together they suggested 
that closer examination of some aspects of the 
cleavage of the acyl bonds of N-substituted 
phthalimides might be warranted. 

von Braun and Pinkernelle noted in 1934 (12) 
that N-3-aminopropylphthalimide is not stable in 
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the form of the free base but can be characterized 
as the crystalline hydrochloride 9. Later, after 
successful inter (13) and intramolecular (14) 
transfer of acyl groups from acyclic diacylimides 
had been achieved, Stirling (1 1) examined the 
possibility of ring-chain tautomerism of N-2- 
aminoethylphthalimide (8 ;. 10). The hydro- 
bromide of 8 was prepared by treatment of the 
carbobenzoxy derivative with hydrogen bromide, 
but, as in von Braun's work, the free base could 
not be characterized. Neutralization of the 
hydrobromide produced only an unidentified 
acid, a small amount of ethylenediamine and 
none of the diazocine 10. More recently, Peck 
has found that liberation of the N-methyl 
derivative of 8 from its hydrochloride proceeds 
with instantaneous hydrolysis to the phthalamic 
acid (15). All of these results indicated that a 
report by Spring and Woods (16) (in which no 
experimental details, yields or characterization 
of products were given) that 8 is obtained upon 
treatment of N-methylphthalimide with ethylene- 
diamine required reexamination. 

12 

In 15 min at room temperature, the reaction in 
chloroform of equimolar quantities of ethylene- 
diamine and N-methylphthaliinide has now 
afforded a crystalline compound C20H22N404, 
m.p. 164-1 66", which shows amide absorption 
inthei.r. spectrumat 3.1, 6.1-6.2, 6.4, and 6.6 p. 
The compound is an adduct containing two units 
of N-methylphthalimide and one of ethylene- 
diamine, and structure 11, N,Nf-(N,N'-dimethyl)- 
diphthalamidoethane is proposed. Refluxing of 
this compound in ethanol causes cyclization to 

1,2-diphthalimidoethane (12). The same process 
can be observed in the mass spectrometer, which 
shows no molecular ion (17), but peaks at 
M-CH3NH2 (calcd. for Cl,Hl,N,04: 351.1219; 
found : 351.1219) and M-2CH3NH2 (calcd. for 
C18Hl ,N,04: 320.0797 ; found : 320.0787). The 
compound can be considered to have formed by 
intermolecular reaction of ethylenediamine with 
two moles of N-methylphthalimide. 

Extensive and unsuccessful efforts were also 
made in the present work to obtain 8 by neutrali- 
zation of the hydrochloride and from the reaction 
of Nefkens' reagent with ethylenediamine. From 
the latter reactions only 12 and polymeric 
material were obtained. The hydrochloride of 8 
was synthesized by the sequence shown in Chart 1 ; 
as in Stirling's work (1 I), neutralization of this 
compound under a variety of conditions afforded 
no recognizable monomeric product. From a 
reaction conducted under high dilution conditions 
with triethylamine in methylene chloride, a 
solution was obtained which displayed phthal- 
imido absorption in the i.r. spectrum. However, 
removal of the solvent led to disappearance of 
these i.r. peaks, and heating of the residue 
afforded 1,2-diphthalimidoethane. It appears 
that 8 does not cyclize to a diazocine but, rather, 
undergoes polymerization with opening of the 
phthalimido ring. In this sense its behavior is 
quite different from that of the saturated analogs 
13 and 14 (18), both of which undergo ready 
intramolecular cyclization to diazecine deriva- 

CHART I.  Synthesis of the hydrochloride of 2-amino- 
ethylphthalimide 
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tives. All of these observations provide further 
evidence that phthalimides display exceptional 
reactivity towards an amino group. 

One of Gabriel's synthetic routes to N-sub- 
stituted diaminoalkanes (19) consisted of treat- 
ment of 2-bromoethylphthalimide with an aroma- 
tic amine, followed by removal of the phthaloyl 
group. An attempt by Ristenpart to extend this 
sequence to the synthesis of alkylaminoethyl- 
amines met with mixed success (20). Diethylamine 
effected displacement of bromine from 2-bromo- 
ethylphthalimide, but ethylamine reacted at 0" 
in ethanol to form the phthalamide 15, and 
methylamine reacted a t  room temperature in 
ethanol to give N-methylphthalimide. Similar 
behavior has occasionally been noted by other 
workers (1, 21-24), and it is not surprising, 
therefore, that a reported addition of amines to 
the double bond of N-vinylphthalimide (16) (25) 
could not be substantiated (26). We have found 

CONH Q > ~ ~ ~  CCONHI) 

CONH as'"' = CNHC0, 
0 

14 

that ethylamine reacts with 16 to give a compound, 
m.p. 142-143" (lit. (26) 143.5-144.5') whose 
spectral properties are consistent with the 
phthalamide structure 17. The reaction of 16 
with methylamine proceeded differently; shaking 
of a benzene solution of 16 at  room temperature 

with excess 40 % aqueous methylamine produced 
in 5 min, as in the case of ethylamine, a heavy 
precipitate. This was not the expected (26) 
N-methyl-N'-vinylphthalamide but, rather, N,Nf- 
dimethylphthalamide 18. 

The possible existence of the series of reversible 
reactions shown in Scheme 1 has been discussed 
(21,27,28). Depending on the experimental condi- 
tions and on the nature of R,  and R,, one may ex- 

pect selective formation of one of the imides (19 
or  21), the unsymmetrical phthalamide 20 or the 
symmetrical phthalamides 22 and 23. However, 
it does not appear to have been appreciated that 
forcing of the reaction of 19 to the imide 21 or the 
phthalamide 23 corresponds to dephthaloylation 
of 19. All of the evidence cited above (1, 20, 21 ; 
and the formation of 18 from 16) indicates that 
aqueous methylamine is a suitable reagentfor this 
purpose. The generality of this statement can be 
demonstrated. In addition to 16, phthalimide, 
2-hydroxyethylphthalimide, N-methylphthali- 
mide, phthaloylglycine and phthaloylalanine 
react with methylamine to give 18 at  room tern- 
perature and with release of the original amino 
function. In the cases of the glycine and alanine 
derivatives (eq. I), formation of the amino acids 
was quantitative. 

The initial stage in these reactions with methyl- 
amine presumably consists of the now well- 
documented aminolysis of one of the imide 
linkages. The second is considered to consist of 
intramolecular catalysis, by the new N-methyl- 
amido function, of the hydrolysis or  aminolysis 
of the second phthalamido bond. Most studies of 
intramolecular catalysis of amide hydrolysis (4) 
have been performed under acidic conditions and 
are not directly applicable to the present system. 
However, mechanisms for intramolecular cataly- 
sis under neutral and alkaline conditions d o  exist 
(29, 30). At p H  7.8, methanol is eliminated from 
the methyl esters of phthalamic acid (k, = 
31 00 M - ' s- ') and N-methylphthalamic acid 
(k, = 12,400 M - '  s-') more rapidly (29) than 
from methyl o-formylbenzoate which had been 
described (31) as the most reactive known methyl 
ester. Imide formation from phthalamic acid 
derivatives is not confined to the esters; in 
neutral or  basic aqueous solutions, the amide 
group is several orders of magnitude more 
effective as an intramolecular nucleophilic re- 
agent towards ester or amide linkages than either 
the imidazolyl or carboxylate functions (30). 
For example, at  25.9" and p H  7.8, N,N1-dimethyl- 
phthalamide was converted to N-methylphthal- 
imide with a rate constant of 7.6 M - '  s-' (29). 

The above kinetic studies refer to concentra- 
tions of the order of 1 x M and, under 
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CH3NH2 
a ) N - C H - C O O H  20-250 + H2N- H COOH + 18 7 - 

these conditions, the product is the imide. It 
seemed desirable to examine the hydrolytic 
behavior of N,N1-dimethylphthalamide, as a 
model substrate, at  higher concentrations. This 
compound is surprisingly soluble in water; the 
n.m.r. spectrum of a 10% solution in deuterium 
oxide showed, initially, two singlets at z 2.62 
and 7.25 in the ratio 4:6. After 16 h at room tem- 
perature the spectrum consisted of a multiplet 
(4H) at z 2.55-2.74 and two three-proton singlets 
at  z 7.19 and 7.5. The new spectrum was shown 
to be that of 24, the methylammonium salt of 
N-methylphthalamic acid (eq. 2) in the following 
way. An exactly identical n.m.r. spectrum was 
obtained when a suspension of phthalic anhydride 
in deuterium oxide containing 2 mole equiv of 
methylamine was shaken for 12 h at  room tem- 
perature. Acidification of each solution afforded 
N-methylphthalamic acid, which was converted 
to N-methylphthalimide upon treatment with 
diazomethane (29). The n.m.r. spectrum of a 
10% solution of N-methylphthalamic acid (25) 
in deuterium oxide showed initially a multiplet 
(4H) at  T 2.07-2.77 and a singlet (3H) at  27.17. 
After 16 h at room temperature the spectrum 
consisted of a multiplet (4H) centered at  T 2.4 
and singlets at T 7.17 (1.8 H) and 7.44 (1.2 H). 

This result indicates further hydrolysis of 25 
to 26, the methylammonium salt of phthalic acid. 
The relative intensities of the methyl singlets 
reflect the position of the equilibrium shown in 
eq. 3. These results demonstrate that, at the aCoNoCH3 D ~ & C H ~  

20" 
COOD C02D 

concentrations employed in preparative experi- 
ments, stepwise hydrolysis of an N-methyl- 
phthalamide proceeds readily in the absence of 
base. Rapid methylaminolysis of such a com- 
pound, as in the dephthaloylation described 
above, is therefore consistent with these proper- 
ties. 

Hydrazinolysis (32) is the generally accepted 
procedure for removal of the phthalimido group 
in the Gabriel synthesis (1) and in peptide syn- 
thesis (33), although base-catalyzed hydroxyl- 
aminolysis has been recommended recently as an 
alternative (34). The present methylamine pro- 
cedure ought to provide a useful adjunct to these 
other methods because of its simplicity and the 
ease of removal of excess amine from reaction 
mixtures. 
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Experimental 
Melting points were determined on a Fisher-Johns 

melting point apparatus, and are uncorrected. The i.r. 
spectra were recorded on s Beckman IR  5A instrument, 
and calibrated against the 6.238 p peak of polystyrene. 
The n.m.r. spectra were obtained on Varian A60 or 
T60 spectrometers as 10% solutions in chloroform or 
deuterium oxide; tetramethylsilane (TMS) or trimethyl- 
silyl-1-propanesulfonic acid (TSS) were employed as 
internal standards, as required. Mass spectra were 
recorded on a JEOL-JMS-OlSG double focussing mass 
spectrometer, at 75 eV and 200 mpA. Microanalyses are by 
A. B. Gygli, Toronto, Ontario. 

The t.1.c was performed on plates coated with silica gel 
or with alumina. Spots were developed in an iodine 
chamber and then observed, if necessary, under U.V. light. 
All solvents were distilled before use; ethanol, benzene, 
and ether were dried by standard procedures. Petroleum 
ether refers to a hydrocarbon fraction which boils at 
30-60". Magnesium sulfate was employed routinely as a 
drying agent. 

N,N ' -Dimethylphthalamide 
Phthalimide (5.0 g, 0.034 mole) dissolved initially when 

added to 40% aqueous methylamine (7.5 ml), and after 
1 min a heavy precipitation took place. This precipitate 
was collected and recrystallized from aqueous acetpne to 
give 3.55 g (54.5%) of 18 as colorless needles, m.p. 
206-207". The i.r. spectrum shows peaks at 3.15, 6.15, 
and 6.45 p. 

N-Methylphthalimide 
N,N'-Dimethylphthalamide (1.9g, 0.01 mole) was 

heated for 15 min at 205-210". Recrystallization from 
ethanol of the cooled residue afforded 1.4 g (87%) of 
N-methylphthalimide, m.p. 136-137" (lit. (21) 133"). The 
i.r. spectrum shows phthaloylamino absorption at 5.65 
and 5.85 p;  the n.m.r. spectrum shows a multiplet at 
r 2.07-2.4 (4H) and a singlet at r 6.87 (3H). 

Reaction of N-Methylphthalinlide ~vi t l~  Ethyletledianline 
N-Methylphthalimide (483 mg, 0.003 mole) and an- 

hydrous ethylenediamine (35) (180 mg, 0.003 mole) were 
stirred in chloroform (50 ml) for 15 min. Removal of the 
solvent afforded a viscous oil which crystallized upon 
treatment with ethanolather. Recrystallization from 
ethanokther  gave 257 mg (56%) of 11, m.p. 164-166". 

Anal. Calcd. for CZ0H2,.N4O4.H20: C, 60.00; H, 5.5; 
N, 14.00. Found: C, 59.66; H, 5.3; N, 13.89. 

The mass spectrum shows peaks at tn/e 351.1226, 
351.1219 (calcd. for M-CH3NH2, i.e., C19H17N304: 
351.1219), and 320.0806, 320.0787 (calcd. for M- 
2CHJNH2, ix., Cl8HI2N2O4: 320.0797); h ,,,, (KBr) 
3.1, 6.1-6.2, 6.4-6.6 p. 

The compound (22 mg) was heated for 15 min at 160- 
170" and the cooled residue was then triturated with 
chloroform (2 ml). Recrystallization of the chloroform 
soluble material (16.55 mg) from ethanol afforded 1.2- 
diphthalimidoethane, m.p. 244", identified by this m.p., 
a mixture m.p. and its i.r. and n.m.r. spectra (35). 

Nefkens' Reagent (7) 
Potassium phthalimide (55.5 g, 0.3 mole) was added to 

dimethylformamide (300ml), and the suspension was 
cooled in an ice-salt bath. Ethyl chloroformate (30.8 g, 

0.35 mole) was then added, with stirring, during a 15 min 
period. Stirring was continued for 1 h after the addition 
was complete and the reaction mixture was then poured 
into a mixture of ice and water (600 ml). The resulting 
precipitate was collected and dried. Recrystallization from 
ethanol afforded 31.8 g of N-carbethoxyphthalimide as 
colorless crystals, m.p. 78-80". 

Reacfiotl of Nefkens' Reagetlf with Ethyletlediatnine 
(A) Two methylene chloride solutions containing, 

respectively, N-carbethoxyphthalimide (4.4 g, 0.02 mole) 
and ethylenediamine (1.2 g, 0.02 mole) in 1000 ml of 
solvent were added, simultaneously and with stirring a t  
room temperature, to methylene chloride (100 ml). 
Constant addition dropping funnels were employed for 
this addition (35) and a rate of 1 dropls was maintained 
throughout. When the addition was complete, the solvent 
was removed under reduced pressure and the residue was 
triturated with chloroform (100 ml). The chloroform- 
soluble residue weighed only 195 mg. Two recrystalliza- 
tions from methanol yielded 79 mg of 1,2-diphthalimido- 
ethane, m.p. 243-244". 

(B) To  a solution of N-carbethoxyphthalimide (2.2 g, 
0.01 mole) in methylene chloride (200 ml) was added, 
at 0" and with stirring, a solution of ethylenediamine 
(600 mg, 0.01 mole) in methylene chloride (25 ml). The 
reaction mixture was stirred for 2 11 after the addition 
was complete, and the solvent was then removed under 
reduced pressure. The residue was extracted with hot 
ethanol; cooling of this extract afforded 225 mg of 
material (in two crops) which showed both amide and 
phthaloylamino peaks in its i.r. spectrum (h,,,(KBr): 
3.1, 5.65, 5.85, 6.1, 6.5 p). The ethanol mother liquor was 
then evaporated and the residue dissolved in methylene 
chloride. Addition of ether to this solution precipitated 
1.16 g of a white solid which, like the earlier material, 
showed both amide and phthaloylamino peaks in its i.r. 
spectrum. The constitutions of these materials were not 
investigated further. 

2-Hydroxyefhylpht/~alimide 
(A) Following the procedure of Wenker (36), phthalic 

anhydride (74 g, 0.5 mole) and 2-aminoethanol (30.5 g, 
0.5 mole) were heated together for 90 min at 175-190". 
The resulting liquid solidified when cooled. Crystalliza- 
tion from chloroform - petroleum ether gave 90.5 g 
(95%) of material, m.p. 129-131" (lit. (36) 127-128"). 
The n.m.r. spectrum shows peaks at 72.24 (m, 4H), 
6.14 (s, 4H) and 7.29 (s, lH). 

(B) A solution of N-carbethoxyphthalimide (1.1 g, 
0.005 mole) in methylene chloride (20 ml) was added at 
room temperature to a solution of 2-arninoethanol 
(300 mg, 0.005 mole) in methylene chloride (20 ml). The 
mixture was stirred for 2 h and the solvent was then 
removed under reduced pressure. Crystallization of the 
residue from chloroform - petroleum ether afforded 
481 mg (50.5%) of 2-hydroxyethylphthalimide, m.p. 
129-1 30°, identical with the material prepared ill A .  

2-P/1tha/in7idoet/1yl-p-toluet1esu~ot1ate 
2-Hydroxyethylphthalimide (9.55 g, 0.05 mole) and 

p-toluenesulfonyl chloride (9.5 g, 0.05 mole) were melted 
together at 140". The melt was maintained at this tem- 
perature for 5 min and then at 110-120' for an additional 
14 h. This change of temperature was necessary because 
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N-vinylphthalimide was the ~najor  product which formed 
at the higher temperature (see below). Crystallization of  
the cooled reaction ~nixture from ethanol-acetone 
afforded 5.1 g of ~naterial. Recrystallization from the 
same solvent gave 4.6 g of 2-phthalimidoethyl-p-toluene- 
sulfonate, n1.p. 140-142" (lit. (37) m.p. 142"); h,,,,(KBr) 
5.65, 5 . 8 5 ~ ;  n.m.r.: r2.25, 2.39, 2.77, 2.92 (9H), 5.77 
(2H, t), 6.04 (2H, t, J = 5.0 Hz), 7.3 (3H, s). 

When the above experiment was performed for 12 h 
in refluxing benzene or refluxing toluene, there was no 
reaction. 

2-Azidoet/~ylplrthali111ide 
Tetraethylammonium chloride (8.25 g, 0.05 mole) was 

dissolved in methylene chloride (250mI), and sodium 
azide (3.25 g, 0.05 mole) was added to this solution. The 
suspension was stirred for 3 h and then filtered. The 
insoluble material showed no absorption at 4.7 p in the 
i.r. spectrum and the conversion of the chloride to tetra- 
ethylammonium azide was, therefore, judged to be 
complete. The solvent was removed from the filtrate, and 
the residue, suspended in dry acetone (lOOnll), was 
en~ployed directly in the next step. 

2-Phthalimidoethyl-p-toluenesulfonate (5.2 g, 0.015 
mole) was added to the above acetone suspension, the 
mixture refluxed for 18 h, and the solvent was then 
removed under reduced pressure. The residue was dis- 
solved in chloroform (100ml) and this solution was 
washed with four 25 ml portions of water, dried, and 
concentrated to a syrup which weighed 3.65 g. Trituration 
with ether and slow evaporation of the ether-soluble 
material afforded a crystalline conlpound. Two recrystal- 
lizations from ether - petroleunl ether gave 2.2 g (68 %) 
of 2-azidoethylphthalimide, m.p. 65-67"; h,,,(KBr) 4.7, 
5.65, 5.85p;n.m.r. :  r2.17 (4H,d),  5.94-6.55 (4H,m). 

Anal. Calcd. for C,,H8N402.0.5 HzO: C, 53.4; H, 
4.00. Found: C, 53.42; H, 3.73. 

2-Arninoetl lylpI1tl~1ide Hydrochlorirle 
2-Azidoethylphthalin~ide (2.0 g, 0.009 mole) was dis- 

solved in ethanol (60 ml) containing N hydrochloric acid 
(36 ml, 0.036 mole) and 10% palladium-on-charcoal 
catalyst (400 mg). The mixture was hydrogenated at 
45 p.s.i. for 4 h at room temperature. After removal of 
the catalyst and evaporation of the solvent, there was 
obtained 1.85 g of a white solid. Recrystallization from 
aqueous ethanol afforded 1.45 g (71 %) of the desired 
compound, m.p. 270-272" (dec); h ,,,, (KBr) 3.5, 5.65, 
5 . 8 5 ~ ;  n.m.r. (D20) :  r2.17 (s, 4H), 5.95 (t, 2H, J =  
5.5 Hz), 6.62 (t, 2H, J = 5.5 Hz). 

Anal. Calcd. for CloHI,N,O2CI: C, 52.98; H, 4.85; 
N, 12.36. Found: C, 52.4; H, 4.84; N, 12.18. 

Atterr~pted Prepar'atiot~ of 2-Arr1b1oetl1ylphthnlirr1ide 
(A) By Redrrctiot~ of the Azide 
(i) Wit11 Al~rrnin~rt?~ Atr~algnrri (38) 
Aluminum foil (100mg) was cut into small strips 

(1 x 0.5 cm) and these were immersed for 15 s in 2 %  
mercuric chloride solution and then, s~iccessively, into 
ethanol and ether. They were then added to a solution of 
2-azidoethylphthalimide (512 mg,0.0024 mole) in aqueous 
tetrahydrofuran (tetrahydrofuran, 27 ml; water, 3 ml). 
Evolution of hydrogen began after I min and the reaction 
soon became vigorous. The mixture was refluxed for 
90 min and then cooled, filtered, and the filtrate concen- 

trated to remove the tetrahydrofuran. The aqueous 
residue was extracted with five 10 ml portions of chloro- 
form. Evaporation of the dried cl~loroform extract gave a 
greenish yellow liquid (333 mg), h.,,,(KBr) 3.0, 4.7, 5.65, 
5.85 p. The peak at 4.7 p indicated that the reduction was 
incomplete. The liquid crystallized from chloroform - 
petroleum ether to give 78 nlg of material, h,,,(KBr) 3.0, 
4.7, 5.9 p. The n.nl.r. spectrum showed singlets at r 2.44 
(4H), 4.1 (lH), 6.3, 6.45 (4H). 

(ii) Wit11 Arlrrtr~s' Cnmlysr 
2-Azidoethylphthalinlide (253 mg) was dissolved in 

absolute ethanol (100 ml), platinum oxide (20 mg) was 
added, and the mixture was hydrogenated overnight at  
room temperature and atnlospheric pressure. Removal 
of the catalyst and evaporation of the solvent gave 236 mg 
of a sticky solid. Treatment of an ethanol solution of this 
solid with petroleun~ ether afforded 35 mg of crystals, 
m.p. 138-14O0, h ,,,, (KBr) 3.05, 5.95, 6.1,6.5 p. The t.1.c. 
examination (using chloroform) of the mother liquor 
showed it to consist of at least four compounds. 

(iii) With Pnllndi~rrrr-on-clrar.con1 
2-Azidoethylpllthali~nide (135 mg) was dissolved in 

ethanol (50 ml) and 10% palladium-charcoal catalyst 
(50 mg) was added. The mixture was hydrogenated over- 
night at room temperature and 30 p.s.i. After removal of 
the catalyst and the solvent there was obtained a colorless 
syrup (137 mg), h,,,(KBr) 3.0, 5.65, 5.85, 6.1, 6.5 p. 
The t.1.c. (chloroform:ethanol, 20:l) showed this syrup 
to be a mixture of at least four compounds. These 
appeared to be secondary products since the original 
hydrogenation mixture had shown only one spot upon 
examination by t.1.c. 

(B) By Ne~rtralizatior~ of the Arrrble H~~droclrloride 
(i) Triethylanline (100 mg, 0.001 mole) was dissolved in 

methylene chloride (200 ml), and 2-aminoethylphthali- 
mide hydrochloride (226 mg, 0.001 mole) was added. The 
solution was stirred at room temperature for 30 min and 
then extracted with four 25 ml portions of water. After 
drying and evaporation of the organic layer there was 
obtained a light yellow solid (91 mg), h,,,(KBr) 3.0, 
5.65, 5.85, 6.0, 6.2,6.5 p. This was triturated with chloro- 
form. The chloroform soluble portion contained 18.3 mg 
of a light yellow solid, from which 2.6 mg of white 
crystals were obtained on recrystallization from chloro- 
form - petroleunl ether. The i.r. spectrum showed both 
ainide absorption, at 3.0, 6.0, 6.5 p, and phthaloylamino 
absorption at 5.65 and 5.85 p, and suggested that the 
product was perhaps N,N'-diphthalimidoethylphthal- 
amide. The chloroform insoluble residue was recrystal- 
lized from ethanol - petroleum ether to give 8.5 nlg of 
material which was now insoluble in hot ethanol. This 
suggested that polymerization had occurred during the 
crystallization. 

(ii) 2-Aminoethylphthalimide hydrochloride (113 mg, 
0.005 mole) was dissolved in 0.5 ml of 1.04 N sodium 
deuteroxide - deuterium oxide and the n.m.r. spectrum 
of the resulting solution was run after various intervals. 
Broad m~~ltiplets were observed at 72.29-3.0 and 
6.34-7.14. The multiplet at r 6.34-7.14 appeared to split 
into two multiplets, at 7 6.27-6.67 and 6.67-7.14 after 
some time. No  other information could be drawn from 
these spectra. 

(iii) 2-Aminoethylphthalin~ide hydrochloride (22 mg) 
was suspended in nlethylene chloride (I ml), and tri- 
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ethylamine was added dropwise until a clear solution was 
obtained. The i.r. spectrum of this solution was taken at 
various intervals. No  change was detected during a 4 h 
period. At this point the spectrum showed no amide 
absorption but did have peaks at 3.3-3.55 p, and 5.65 and 
5.85 p. The solution was then evaporated at  room tem- 
perature and the residue triturated with chloroform. 
Evaporation of the chloroform extract afforded a n  oily 
solid, h,,,(KBr) 3.4, 4.1 (several peaks), 5.65, 5.85, 6.0, 
6.5 p (weak), which now appeared to  be a polymer. 

(iv) 2-Aminoethylphthalimide hydrochloride (1 13 mg, 
0.5 mmole) was suspended in chloroform (200 ml), and a 
solution of triethylamine (100 mg, 0.001 mole) in chloro- 
form (100 ml) was added dropwise at  room temperature. 
The resulting clear solution was concentrated to a volume 
of 200 ml and then washed with four 25 ml portions of 
water, dried, and evaporated to give 51.7 mg of a syrup. 
The n.m.r. spectrum of this syrup showed peaks at 7 2.24 
(d, 4H), 7.64-8.07 (m, 2H), 8.74 (m, 2H). No change was 
observed when the solution was shaken with deuterium 
oxide. The material was recovered from the n.m.r. tube 
and recrystallized from ethanokther  to  give a white solid 
(5.85 mg), h,,,(KBr) 3.1, 6.1, 6.5 p. This solid melted 
partially near 240" and completely, with decomposition, 
at  254-260". The compound (1.57 mg) was heated for 15 
min at  16@165" and then cooled and extracted with 
chloroform (1 ml). The chloroform extract gave 0.91 mg 
of a light yellow solid identified as 1,2-diphthalimido- 
ethane on the basis of its i.r. spectrum and thin layer 
chromatographic behavior. 

N- Vinylphthalimide 
2-Hydroxyethylphthalimide (19.1 g, 0.1 mole) and 

p-toluenesulfonyl chloride (19 g, 0.1 mole) were heated 
together at  13@160° for 8 h. The melt was then cooled. 
Two crystallizations from ethanol afforded 12.4.g of the 
product, h,,,(KBr) 5.65, 5.85 p. The n.m.r. spectrum of 
this product showed it to  be mostly N-vinylphthalimide 
with 2-phthalimidoethyl-p-toluenesulfonate as an  im- 
purity. Recrystallization from chloroform - petroleum 
ether and then again from ethanol gave N-vinylphthal- 
irnide (16), m.p. 78-80" (lit. (39) 83"), h,,,(KBr) 5.65, 
5.851.1. The n.m.r. spectrum shows two multiplets 
7 1.97-2.35 and 5.8-6.35 in the ratio 4:3. 

Reaction of Methylatnine with N-Vinylphthalimide 
A solution of N-vinylphthalimide (1.7 g, 0.01 mole) 

in benzene was added to  40% aqueous methylamine 
(5  ml, 0.065 mole) and the mixture was shaken. A white 
precipitate appeared in 5 min. It was collected and 
recrystallized from ethanol. The product (450 mg) 
melted at 206208" and had h,,,(KBr) 3.1, 6.1, 6.25, 
6.45 p. The i.r. spectrum was the same as that of N,N'- 
dimethylphthalamide (18). It was found that the reaction 
was incomplete when equivalent amounts of the reactants 
were used and the precipitated product then appeared to 
be a mixture of N-vinylphthalimide and N,N'-dimethyl- 
phthalamide. 

N-Ethyl-N'-vinylphthanlide (17) (25, 26) 
N-Vinylphthalimide (500 mg, 0.0029 mole) was dis- 

solved in benzene and a 33 % aqueous solution of ethyl- 
amine (1 g, 0.0075 mole) was added. A white precipitate 
appeared after the mixture had been shaken for 5 min and 
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this precipitate was collected after 30 min. I t  weighed 
532 mg (84.5%). Recrystallization from benzene gave 
340 mg, m.p. 142-143" (lit. (26) 143.5-144.5"), h,,,(KBr) 
3.1, 6.15, 6.5 p. The n.m.r. spectrum in deuterochloro- 
form, after shaking with a drop of deuterium oxide, 
shows peaks at 7 2.39-2.75 (m, 4H), 6.24-6.75 (m, 5H), 
8.82 (t, 3H, J = 7.0 Hz). The amide protons appeared as  
a broad peak at 7 2.9-3.29 because a decrease in the 
integral was noticed when the solution was shaken with 
deuterium oxide. 

Reaction of Methylamine with 2-Hydroxyethylphthal- 
imide 

2-Hydroxyethylphthalimide (1.9 g, 0.01 mole) was 
dissolved in ethanol (50 ml) by warming on the steam 
bath. The solution was then cooled to room temperature 
and 40% aqueous methylamine (3 ml, 0.04 mole) was 
added. Stirring of the reaction mixture for 8 h followed by 
evaporation under reduced pressure afforded a crystalline 
solid. Recrystallization from ethanol yielded 994 mg 
(45 %) of N,Nf-dimethylphthalamide. 

Reaction of a-Phthalimido Acids with Methylanline 
(A) General Procedure for the Assay of Amino 

Acids (40) 
The aqueous reaction mixture (10 p1) was chromato- 

graphed during 20 h on Whatman paper #3 with a 
12:3:5 mixture of n-butanol: acetic acid: water as the 
developing solvent. Spots were detected under U.V. light 
and with the ninhydrin reagent. For quantitative deter- 
mination, the spot corresponding to the amino acid was 
developed and then excised from the paper, extracted into 
acetone solution, and the intensity of the peak was 
measured a t  570 nm against a known standard of the 
amino acid (25 pg). 

(B) (i) Methylamine hydrochloride (135 mg, 0.002 
mole) was dissolved in water (1 ml) and potassium car- 
bonate (138 mg, 0.001 mole) was added .followed by 
phthalimidoglycine (205 mg, 0.001 mole). The reaction 
mixture was left for 48 h and, after this time, the yield 
of glycine was 23 %. 

(ii) Phthaloylglycine (100 mg, 0.5 mmole) was dissolved 
in 1 ml of a 40% aqueous solution of methylamine. The 
yield of glycine after 48 h was 97%. 

(iii) Phthaloylalanine (220 mg, 0.001 mole) was dis- 
solved in a solution of methylamine hydrochloride 
(1 35 mg, 0.002 mole) in water (1 ml) containing potassium 
carbonate (138 mg, 0.001 mole). The yield of alanine after 
48 h was 12%. 

(iv) Phthaloylalanine (100 mg; 0.45 mole) was dis- 
solved in 1 ml of a 40 % aqueous methylamine solution. 
The yield of alanine after 48 h was quantitative. 

Reaction of N,N'-Dimethylphthalarl~ide with Water 
N,Nf-Dimethylphthalamide (200 mg, 0.001 mole) dis- 

solved readily in deuterium oxide (2 ml). After 5 rnin, a n  
n.m.r. spectrum of the solution showed peaks at 7 2.62 
(s, 4H) and 7.25 (s, 3H). After standing overnight, the 
solution now showed peaks at  r 2.55-2.74 (m, 4H), 7.19 
(s, 3H), and 7.5 (s, 3H). The i.r. spectrum of this latter 
deuterium oxide solution showed peaks at 6.18, 6.3, 6.4, 
6.65 p. The solution was acidified to p H  4 and extracted 
with three 25 ml portions of ethyl acetate. Evaporation 
of the dried ethyl acetate extract yielded 77 mg (46%) of 
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N-methylphthalamic acid (25); h,,,,(KBr) 3.0, 5.8, 6.15, 
6.45 p. The n.m.r. spectrum of this acid in deuterium 
oxide showed peaks at r 2.07-2.77 (m,4H) and 7.17 
(s, 3H). After this solution had stood overnight the n.m.r. 
spectrum showed peaks at r 2.14-2.79 (m, 4H), 7.17 
(s, 1.8H), 7.44 (s, 1.2H). Treatment of the N-methyl- 
phthalamic acid with diazomethane afforded N-methyl- 
phthalimide. 

Reaction of Phthalic Anhydride with Methylamine 
Methylamine hydrochloride (135 mg, 0.002 mole) was 

dissolved in deuterium oxide. Potassium carbonate 
(138 mg, 0.001 mole) was then added followed by 
phthalic anhydride (150 mg, 0.001 mole). The anhydride 
did not dissolve readily and, after 5 niin, the n.m.r. 
spectrum of the supernatant liquid showed peaks at  
r 2.6 (t), 7.17 (s) and 7.45 (s) in the ratio 35:25:58. The 
integral ratio indicates the presence of unreacted methyl- 
amine. When the mixture was stirred overnight the 
phthalic anhydride dissolved completely and the n.ni.r. 
spectrum now showed peaks at r 2.54-2.7 (m), 7.17 (s), 
and 7.45 (s) in theratio40:26:38. Theratio of the integrals 
of the multiplet to those of the two singlets is thus 
approximately 4:6. The n.m.r. spectrum is the same as 
that of anaqueoussolution of N,N'-dimethylphthalamide 
at equilibrium. On standing for an additional 8 h, the 
solution deposited a crystalline material which was 
collected and dried to yield N-methylphthalimide (8 mg), 
m.p. 134-136", identified by its i.r. spectrum and a mix- 
ture m.p. After removal of this material, the filtrate was 
acidified to p H  4 and extracted with three 15 ml portions 
of ethyl acetate. Evaporation of the dried ethyl acetate 
extract and trituration of the residue with ether yielded 
85 nig of a foamy solid, h ,,,, (KBr) 3.0, 5.8, 6.15, 6.2, 
6.45 p, which appeared to be N-methylphthalamic acid. 
The n.m.r. spectrum in deuteriuni oxide showed, after 
5 min, peaks at r 2.14-2.79 (m, 4H) and 7.17 (s, 3H). 
Two days later the n.ni.r. spectrum showed peaks at  
r2.27-2.69 (m,4H), 7.17 (s, 1.8H), 7.44 (s, 1.2H). 
Treatment of the phthalamic acid with an  excess of 
diazomethane affc -ded N-niethylphthalimide. 

We thank the National Research Council of Canada for 
support of this work. 
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Hydrogen-deuterium exchange of medium ring cycloalkenes during deuterogenation 
with tris(triphenylphosphine)chlororhodium(I)' 

J. G. ATKINSON AND M. 0. LUKE 
Isotopic Laboratories, Merck Sllarp & Do/znze Cariada Ltd., Poitlte Claire/Dorual 700, Q~rebec 

Received June 2,  1970 

Cyclooctene, and, to a lesser extent, cycloheptene and cyclododecene undergo H-D scrambling during 
deuterogenation with tris(triphenylphosphine)chlororhodium(I), whereas this catalyst affords clean 
addition of two deuterium atoms to cyclohexene and I-octene. Cyclooctene containing up to 0.4 deu- 
terium atoms per molecule has been isolated after 50% reduction and the isotope shown to be randomly 
distributed about the ring. This unexpected exchange reaction has been accounted for in terms of the 
medium size ring effect (I-strain) and provides impressive further evidence for the reversible formation 
of a normally unobserved rhodium-alkyl species as an  intermediate in the hydrogenation reaction. 

Canadian Journal of Chemistry, 48, 3580 (1970) 

Introduction 
The effective homogeneous hydrogenation cat- 

alyst tris(triphenylphosphine)chlororhodium(I) 
discovered by Wilkinson and co-workers (1) is 
known to be effective for the clean addition of 
deuterium to disubstituted olefins (2). Addition 
of the two hydrogen (or deuterium) atoms of the 
catalytically active species RhCl(H,)(PPh,), to a 
monoolefin was originally thought to be syn- 
chronous ( l ) ,  but now appears to proceed via a 
o-bonded rhodium-alkyl intermediate. This type 
of intermediate was postulated first for the 
Wilkinson catalyst by Biellmann and Jung (2c) 
to explain the isomerization of an exocyclic 
double bond to an endocyclic position. Further 
evidence came from several reports of H-D 
scrambling during deuterogenation with RhCl- 
(PPh,), (3, 4) including the recent work of Hussey 
and Takeuchi ondeuterogenation of trisubstituted 
olefins (5). 

The early promise of RhCl(PPh,), as a clean 
deuterogenation catalyst led us to investigate the 
possibility of its use to obtain 1,2-dideutero- 
cyclooctane by the deuterogenation of cyclo- 
octene. Our failure to obtain cleanly labelled 
material then prompted us to investigate the 
deuterogenation of this and other cycloalkenes in 
more detail. 

Experimental 
Material 

Cyclohexene, cycloheptene, and cyclooctene were 
purified prior to use by passage through neutral alumina 
followed by distillation. Cyclododecene (Aldrich) and 
I-octene (Chemical Samples Co., 99%) were used as 
received. 

RhC1(PPh3), was prepared as described previously (1). 

'Aspects of stable isotope chemistry, VIII. For part 
VII, see ref. 11. 

Derrterogerzatiorl Procedure 
The deuterogenations were carried out in 100 ml flasks 

fitted with a magnetic stirrer and attached to a graduated, 
deuterium reservoir. Catalyst, solvent, and substrate were 
added in the order indicated, the system evacuated and 
filled with deuterium gas 3 times, then stirring was 
started and continued until the desired amount of 
deuterium gas was absorbed. 

Producr Isolarion 
Reaction products and solvent were removed from the 

catalyst by evacuation of the reaction mixture and 
collection of volatiles in a liquid nitrogen cooled trap. 
Product cycloalkenes and/or cycloalkanes were freed of 
solvent by careful distillation. Cycloalkanes were shown 
to be free of olefin contamination by vapor phase 
chromatography (v.p.c.) (AgN03, 50 "C thermal con- 
ductivity detector), prior to mass and/or nuclear magnetic 
resonance (n.m.r.) analyses. Cyclohexene<yclohexane 
mixtures were separated by preparative scale v.p.c. 
(AgN03). Cyclooctene~yclooctane mixtures were sepa- 
rated with AgCIO, (6). Cyclododecane was freed of 
residual urneduced cyclododecene by sacrificial recrys- 
tallization from pentane. 

Atlalyrical 
Mass spectral analyses were done by the Morgan- 

Schaffer Corporation, Montreal. 

Results and Discussion 

Reduction of cyclooctene with deuterium gas 
in the presence of RhCl(PPh,), gave cyclooctane 
containing an average of two deuterium atoms 
per molecule but with isotopic species from do 
to d, present. This unexpected result prompted us 
to examine the products of incomplete deutero- 
genation, during the course of which it was dis- 
covered that cyclooctene recovered after 50% 
reduction contains an average of 0.4 deuterium 
atoms per molecule with species from do to d, 
present. This experiment was repeated several 
times and in each case similar results were 
obtained. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ATKINSON AND LUKE: H-D EXCHANGE O F  MEDIUM RING CYCLOALKENES 

TABLE 1 

Deuterium addition to cycloalkenes using tris(triphenylphosphine)chlororhodium(I)" 
- 

- - - 

J o J 0 ~ d 3  

Product analyzed 

Species and % 
do 67.13 11.81 13.20 99.79 0.88 3.80 10.38 
dl 26.06 28.81 29.37 0.21 2.03 5.42 13.26 
dz 5.74 50.23 30.70 97.09 87.83 65.14 
d3 0.89 7.79 14.48 2.85 8.13 
d~ 0.18 1.07 6.95 0.10 2.16 

1.98 

'All reductions were carr~ed out at  25 "C and 1 atm Dl pressure, w ~ t h  0.08 moles cycloalkene and from 5.4 X to 1.4 X moles 
RhCI(PPh3)3 In 15 ml of solvent 

bAfter half reduction. 
=In benzene. 
*After complete reduction. 
C l n  1 : I  benzene-ethanol. 
f l n  1 : I  xylene-thanol. 
RReduct~on was only 80% complete. The low d,,. value is probably due to deuterium in unreduced cyclododecene. 

TABLE 2 

Deuterium distribution in exchanged cyclooctene 

By deuterium n.m.r. By mass spectrometry 

% of total D % 

Position Observed Calculated* Species Observed Calculated? 

Viny 1 10 14 do 67.13 66.07 
Allylic 38 29 d1 26.06 27.82 
Aliphatic 52 57 dz 5.74 5.41 

d3 0.89 0.65 
d4 0.18 0.05 

-- 

'Calculated assuming statistical distribution about the ring. 
tBinomial distribution for C,H,+ containing an average of 0.41 deuterium atoms and 14 exchangeable 

hvdroren atoms. - - 

Isotopic scrambling also accompanies deu- 
terogenation of cycloheptene and cyclododecene 
although to a lesser extent than with cyclo- 
octene, whereas 1-octene shows the expected 
clean addition of two deuterium atoms per 
molecule. 

In sharp contrast to the behavior of medium 
ring cycloalkenes, cyclohexene gives 1,2-dideu- 
terocyclohexane, and cyclohexene recovered after 
50 % of the theoretical deuterium gas uptake con- 
tains only traces of deuterium. The isotopic dis- 
tribution patterns of the products of cycloalkene 
deuterogenation are shown in Table 1. 

The results of mass spectral and deuterium 
n.m.r. (cf. ref. 7) analyses on the recovered cyclo- 
octene are given in Table 2. The principal features 
of interest in this unexpected exchange are (a) 

that the deuterium n.m.r. shows the isotope to be 
nearly statistically distributed around the ring, 
and (b) that the mass distribution pattern is 
virtually identical to that calculated for a binomial 
distribution (8) of the isotopic species. 

These results, the most striking illustration of 
H-D exchange yet reported for tris(tripheny1- 
phosphine)chlororhodium(I), have several im- 
portant mechanistic implications. 

Scheme 1, similar to that previously proposed 
( 9 ,  provides a route to all the observed isotopic 
species in partially deuterated cyclooctene. In the 
scheme, species such as 2, 3, and 4 must be in 
rapid equilibrium relative to steps -1, - I 1 ,  
and 3 in order to account for the introduction of 
deuterium into all parts of the recovered olefin. 
The recent results of Gale (9) on the relative rates 
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L = PPh,, S = solvent 

of reversible free-radical additions to cyclo- 
olefins seem to provide a reasonable explanation 
for our observations. In medium ring size com- 
pounds, there is an increase in non-bonded inter- 
actions (I-strain) in going from an sp2- to an 
sp3-hybridized carbon atom (lo), which, in our 
case, would facilitate the reversion of 3 to 2 and/or 
4, and allow double bond migration to occur.2q3 

The binomial distribution pattern observed 
(Table 2) means that only one hydrogen of the 
cyclooctene is exchanged per contact with the 
c a t a l y ~ t . ~  Since Rh(D,)CI(PPh,), (1) will always 
be the major hydride species in s ~ l u t i o n , ~  this 
result requires that the two deuterium atoms of 1 
be non-equivalent and that only one of them is 
involved in equilibria such as that between 3 and 
4. However, we are unable to say at this point 
which of the deuterium atoms takes part in this 
previously unobserved selectivity. 

'It may be noted that no appreciable exchange with D2 
gas or solvent was observed in this work. 

3The relative rates of deuterium absorption for cyclo- 
hexene and cyclooctene were 4:l. See ref. 5 for the pos- 
sible significance of larger rate differences. 

4For a similar example in heterogeneous catalysis see 
_ ^ P  * ?  
I C I .  1'5. 

=The formation of Rh(H2)CI(PPh3)2 and Rh(HD)CI- 
(PPh3)2 is also required to account for do and d, cyclo- 
a1 kanes. 

ZHEMISTRY. VOL. 48, 1970 

The fact that in no case were products con- 
taining more than an average of two deuterium 
atoms per molecule obtained shows that exchange 
of RhHD, RhH,, and RhH(C,H,,D) with D, 
is very slow under the conditions employed for 
reduction. 

The unusual behavior of medium ring size 
compounds might also be explained in terms of 
transannular hydride (or hydrogen atom) shifts, 
but this possible route would not, in itself, give 
rise to the statistical deuterium distribution 
observed in this work.6 

This work was supported by an Industrial Research 
Grant from the National Research Council of Canada. 
The deuterium n.m.r. was kindly supplied by Dr. L. F. 
Johnson of Varian Associates. The proton n.m.r. was 
provided by S. C. Ho and J. G. Lachambre of our 
Analytical Laboratory. 
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o- and n-Bond ing  capabilities of P+,, As+,, and Sb+, in molybdenum 
hexacarbonyl derivatives 
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cis- and trans-Mo(CO),(Sb+,), and cis- and trans-Mo(CO),(S~+~). have been prepared. The dipole 
moments of Mo(CO),L, cis-Mo(CO),L,, and c i~ -Mo(cO)~L,  (L = PC$,, AS+,, and Sb+,) as well as 
those of cis- and trans-Mo(CO),(Sb+,). have been measured 

As the infrared data for stretch~ng as well as deformation vibrations do not clearly explain the differ- 
ences in stability, ease of subst~tut~on, or dipole moments with the d~fferent I~gands, we have used the 
model of variable donor-acceptor ability of ligands combined with the model of non-retention of charges 
on the metal to show the importance of steric hindrance In substituted metal carbonyls. It IS also possible 
to differentiate the o and n bonding capabilities of the ligands P+,, As$,, and Sb+,. It is shown that PC$, 
is a better donor or acceptor than As+, o r  Sb+,. 

Les derives cis- et tratrs-Mo(CO)~(S~+,),, cis- et trans-MO(CO)~(S~+,), ont CtC synthetises. On a 
mesure les moments dipola~res des dkr~ves Mo(CO),L, cis-Mo(CO),L,, cis-Mo(CO),L, (L = PC$,, 
AS+, et Sb+,) ainsi que ceux des isomeres cis- et trans-Mo(CO),(S~+,)~. 

Les domkes lnfrarouges des vibrations C-0, M e C .  Mo-C-0 et Mo-L ne permettent pas d'ex- 
pliquer la f ac~ l~ te  de substitution, la stabilitk et les moments dlpolaires des derives. 

En utilisant le modele du pouvolr donneur-accepteur var~able des ligands et celui de la conduct~vite 
I 

du metal central, nous avons pu montrer I'importance des effets stiriques sur la stabilite des metaux 
I carbonyle substituks et stparer les pouvoirs o et n des donneurs P+,, As+, et Sb+,. On trouve que P43 
I est un meilleur donneur et un meilleur accepteur que Sb4, ou As+,. 

I 
Canadian Journal of Chern~stry, 48, 3583 (1970) 

Introduction known to replace up t o  three C O  groups and they 

It  is generally accepted that most ligands have induce similar C-0 stretching frequencies in 

a net charge-donating effect compared to  carbon ca rbOn~l s  (4-7). The three group VA atoms 

monoxide when substitution in metal carbonyls vacant d orbitals available for dn-dn back- 

takes place. This effect is accompanied by a bonding and the o-donating ability of the ligand 

decrease in the C-O bond order, an increase in should be mainly controlled by the inductive 

the M-C stretching frequency and in the effect of the phenyl groups. 

M--C-0 deformation frequency. The M-L Experimental 
bond and the partial dipole moments pL-M 
and p ~ - ~  should also reflect the changes Molybclenun1 He-~acarboflyl Derivatives 

occurring in the complex. M o ( C O ) ~ L  
Using Strohmeier's technique (8), the monoderivatives 

Study of the dipole moments in relation to  the with p+,, AS+,, and sb+, are prepared, in 50 to 80% 
stability of the derivatives, to  the ease and degree yield, by refluxlng for 23 h a solut~on of Mo(C0h  and 
of substitution, and to  the various bond strengths excess donor (L) In petroleun~ ether ( b . ~ .  65-110 "C). 

could provide a means to separate the o- and After cooling, the solut~on is filtered and the precipitate 

n-bonding capabilities of the ligands. is freed from any remaining hexacarbonyl by sublimation 
at  60°C under vacuum. The purity of the white, soluble 

Strohmeier and Hellmann (1) and Bigorgne con~pounds IS verlfied through their infrared spectra (6) 
and Messier (2) have developed equations which and elemental analyses. 
may be used to  calculate partial moments in Mo(CO),L, 
metal carbonyl derivatives. Strohmeier and co- The cis der~vatlve with P+3 is obtained through sub- 

workers (3) have deduced, from a number of sti tut~onof l,5-cyclooctadienemolybdenum tetracarbonyl 
(9). On heat~ng to 80 "C for 5 to 10 min, a solution of  the 

measured a between diene and P4, in petroleun~ ether (b.p. 65-110 "C) y~elds 
partial moment, x-accepting ability of the ligand a colorless solution which prec~pitates, on cooling, glving 
and stability of the compound. a 30% y~eld of cis-Mo(CO,)(PC$,),. 

this work we wanted to c o m p o u n ~ s  The trans derivat~ve IS obtained when a solution of 
Mo(CO)(, and PI$, In benzene I S  heated or radiated with which are very similar. We have chosen deriva- ultraviolet l ight ,  

tives of Mo(CO)6 with t r i ~ h e n ~ l  ligands, namely The c i ~  derivat~ve Mo(CO),(AsC$,), precipitates from a 
P$,, As+,, and Sb+,. These three donors are  solut~on of ~ o ( C 0 ) ~  and As+, In petroleum ether which 
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has been radiated with a mercury vapor lamp for 9 to 
12 h at room temperature, using the technique already 
described (10). 

The cis derivatives M o ( C O ) ~ ( S ~ + , ) ~  and Mo(CO)~- 
(As+,), are obtained through thermal reaction in the 
same way as with the monoderivatives. Substitution 
occurs when a solution of the carbonyl and Sb+, or AS+, 
is refluxed at 140 "C. The white compounds precipitate 
on cooling. 

The infrared spectra in the C-0 stretching region were 
used to differentiate cis- and tram-isomers. 

Mo(CO)sLa 
cis-Mo(CO),(P+,), and cis-Mo(CO),(As+,), are both 

precipitated when benzene solutions of cycloheptatriene 
molybdenum tricarbonyl and the donor are refluxed (1 1). 
P+, reacts within 10 min. whereas As+, reacts only after 
10 h of treatment. 

c i ~ - M o ( C 0 ) ~ ( S b + ~ ) ~  is obtained, with a close to 
100% yield, when a mixture of Sb+, and Mo(CO)~ in 
petroleum ether is radiated with a high-pressure mercury 
vapor lamp (GE H100-A4/T) until no further precipita- 
tion occurs in solution. 

trans-MO(CO)~(S~+,), precipitates in very small 
quantities (15 to 25 mg) when a benzene solution of 
Mo(CO)6 (1 g) containing excess donor (3 g), is radiated 
with mercury for at least 48 h. The compound is white, 
very sparingly soluble in benzene and chloroform, 
insoluble in ethanol, cyclohexane, and petroleun~ ether. 
In  solution, it undergoes'rapid isomerization at room 
temperature (total rearrangement inside 5 h in benzene). 

Anal. Calcd: C, 55.25; H, 3.66. Found: C, 55.38; H, 
3.99. 

The number of bands in the infrared spectra (7), the 
dipole moment, and the solubility enable a differentiation 
between the trans isomer and the cis isomer. 

Mo(C0) 2L4 
The yellow solution, obtained after 6 h of irradiating 

a benzene solution of 1 g Mo(CO), and 3 g Sb+,, 
contains the cis derivative, MO(CO)~(S~+,),, in small 
quantities. The solution is partially evaporated, then 
added to petroleum ether, and the cycle so repeated until 
c~s-Mo(CO),(S~+,)~ precipitates as a fine pale yellow 
substance. The yield varies between 5 and 10%. The 
compound is soluble in benzene and chloroform, partially 
soluble in cyclohexane, ethanol, tetrahydrofuran and 
acetone, and insoluble in petroleum ether. The solutions 
are not very sensitive to atmospheric oxygen. The solid 
compound is stable for months without a nitrogen 
atmosphere. 

Anal. Calcd: C, 56.82; H,  3.86. Found: C, 56.76; H,  
3.94. 

Irradiating the above mixture for a period of 50 to 70 h 
produces much decomposition with a small amount of 
yellow precipitate. Its C and H contents are identical to 
the previous compound but its infrared spectrum is quite 
different. On the basis of infrared spectrum, dipole mo- 
ment, and solubility, this compound is described as trans- 
M O ( C O ) ~ ( S ~ + , ) ~ .  The yield is very low (about 50 mg) 
and the solubility in benzene negligible (20 mg/100 ml) 
The yellow substance is very stable under atmospheric 
oxygen. 

Anal. Calcd: C, 56.82; H, 3.86. Found: C, 56.71 ; H, 
3.83. 

A mixture of the cis- and trans-isomers is obtained 

whenever the irradiation time is less than 50 h and more 
than 8 h. Fractional precipitation from chloroform- 
ethanol (2:l) yields the same relative amounts of cir- and 
trans-M~(CO)~(Sb+,)~. No evidence for the formation 
of the trans isomer through irradiation of a solution con- 
taining only the cis isomer and Sb41~ could be found. 

Repeated experiments, involving irradiation of  
MO(CO)~ with As+, or P+, in benzene, were all unsuc- 
cessful in isolating a tetra derivative. The resulting 
solutions were, however, of the yellow color which would 
be expected if the tetra derivatives were present. 

Infrared Spectra 
Due to the very low solubility of a few con~pounds, all 

spectra were taken from Nujol mull with CsI windows. 
For the region 3000-250 cm-', spectra were recorded 

on a Perkin-Elmer 621. A RIIC Fourier Spectrophotom- 
eter was used in collecting data between 300 and 80 cm-'. 

Dipole Moments 
The dipole moments were measured in benzene with 

the apparatus and procedure as previo~~sly described (12). 
The calculations were based on Guggenheim's equation 
(13) when the refractive index was obtainable. In the case 
of very dilute solutions, an estimate of the slope of 1 2 , ~ ~  

us. molar fraction was made ( I  2). 
The dipole moment of t ra t~s-Mo(CO)~(Sb+~)~ was 

measured by dissolving 8 mg of the isomer in 40 ml 
benzene. 

Results and Discussion 
Dipole Motlzents 

The experimental dipole moments p,' are 
shown in Table 1. The values calculated according 
to  Higasi's equation (14) are much higher in the 
poly-substituted carbonyl on account of the 
identical electronic polarization assigned to all 
compounds by the Higasi method. For com- 
parative purposes, p,' has been reduced to  a 
ligand - metal - carbon monoxide dipole mo- 
ment p,. This is obtained by making use of the 
geometrical factor (Fig. 1) for the different 
derivatives and assuming no variation in the 
bond angles. 

Dipole moments have been measured in 
benzene because of the low solubility of certain 
derivatives in cyclohexane. Measurements in 
cyclohexane of the mono and bis derivative with 
Sb+, show that no  solvent effect occurs. Rapid 
trans + cis isomerization in solution prevented 
the measurement of the dipole moment of 
trans-Mo(CO),(Sb+,),. 

Substitution influences both the ligand-metal 
dipole moment pL and the metal -carbon 
monoxide moment pc. If these effects are inter- 
related, p, will show the total variation. 

I t  is seen from Table 1 and Fig. 2 that p, varies 
linearly only in the case of Sb+, and only up to  
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BARBEAU AND TURCOTTE: u- AND rr-BONDING CAPABILITIES OF PC$,, As$? AND Sbb, 

TABLE 1 

Dipole moments (D) of molybdenum hexacarbonyl derivatives in benzene solution (25 "C)* 
- -- -- - 

Compound 

Mo(CO),(Sb43) 28.52t 117 2.66 5.30 5 .  05t 1 5.05 - 
cis-Mo(CO),(S b+,), 46.67t 200 5.27 6.79 6.39t J2/2 4.52 0.53 

*a = d ~ , ~ / d j ~ ;  P, = molecular electronic po la r~za t~on;  y '  = d ~ r , ~ ~ / d / , ;  p ~ ,  p(; = dipole moment calculated from Higasi and Guggenheim 
equations; F = geometrical factor. 

tDlpole moments in  cyclohexane. 

FIG. I .  Reduction of p,' to a linear dipole moment 
PK. 

the tris derivative. pK1 and pK2 with AS+, are 
similar to p,' and pK2 with Sb+, whereas, with 
P+,, only pK1 is of the same magnitude as the 
other pK1. 

A sharp decrease in p, accompanies a fall in the 
stability of the compounds. Thus, solutions of 
cis-Mo(CO),(P+,), are more sensitive to oxygen 
than are solutions of cis-Mo(CO),(As+,), which, 
in turn, are more sensitive than solutions of 
cis-Mo(cO),(Sb+,),. The fall of pK4 with Sb4, 
seems to indicate that Mo(CO)(Sb+,),, if it 

existed, would be very unstable. Repeated experi- 
ments to detect this compound have been un- 
successful. The sharp fall in pK3 for As+, and 
P+, also tends to indicate that the tetra deriva- 
tives would hardly be stable. In fact, the only 

L 
c 1 s - M d C 0 ) ~ L ~  YK' )Jb@/2 

FIG. 2. Correlation between degree of substitution 
and p,. 
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TABLE 2 

Infrared absorption bands of substituted metal carbonyls in the 2500-80 cm-I region ~1 

5 
Total Total Total Total 
bands bands bands bands 

6 
possible v(C-0) possible 6(M-C-0) possible v(M-C) possible v(M-L)+ 

Compound (obsd) ( f  2 cm-') (obsd) ( f  2 cm-l) (obsd) ( f  2 cm-l) (obsd) ( f  4cm-') 3 

'Raman values (ZG). 
t T h e  two possible series are given. C

an
. J

. C
he

m
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
21

0.
87

.2
54

.4
0 

on
 0

9/
05

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BARBEAU AND TURCOTTE: o- AND rr-BOND1 NG CAPABILITIES OF PQ3, AsQ3, AND SbQ3 3587 

evidence for the existence of these two compounds 
is the yellow color (initially colorless) of the 
irradiated solutions of the tris derivative in 
benzene in the presence of excess donor. 

Infrared 
The infrared spectra have been divided in four 

regions, corresponding to the different vibrational 
modes. The results are given in Table 2. Each 
region was studied for a relationship between 
changes observed in dipole moments and 
variations in the vibrational frequencies. 

c-0 
The assignments of the carbonyl stretching 

frequencies have already been made for most of 
these compounds (7) and the linear relationship 
between the degree of substitution and the mean 
value of the CO frequencies is well established 
(15). This linear relationship up to the tetra 
derivative, as shown in Fig. 3, could indicate a 
constant change in the electronic environment of 
the CO group. The slope is negative which 
corresponds to a lower n-acceptor capability of 
the ligands compared to CO. The mean values for 
P$,, As$,, and Sb$, are similar. The slightly 
lower values with P$, could indicate that P$, 
induces a higher negative charge on CO via 
n-bonding. 

FIG. 3. Correlation between degree of substitution 
and mean stretching frequencies vm(C-0) and vm 
(Mo-C). 

Mo-C 
The region 350-700 cm-' contains both the 

Mo-C stretching vibrations and the Mo-C-0 
deformation vibrations. According to Adams 
(16), the stretching vibrations occur at lower 
frequencies than the deformation vibrations 
which, for any derivative, vary very little from 
the deformation vibration in the unsubstituted 
carbonyl. As shown in Fig. 3, the linear relation- 
ship also holds. The slope is positive as expected 
if, through n-bonding, the Mo-C bond increases. 
Here again the mean values for P$,, As$,, 
and Sb$, are very close, with P$, inducing 
slightly higher values than As$, and Sb$,. 

This is in agreement with a stronger donating 
power for P$,. 

Mo-C-0 
The mean values for this vibrational frequency, 

calculated from a smaller number of bands than 
the theoretically expected number, lie between 
570 and 590 cm-'. No important or consistent 
variation is therefore apparent. 

M O T  
The region 80-300 cm-' shows many bands 

due to the donor molecule, C-Mo-C and 
C-Mo-L deformation vibrations (17). Two 
series of bands could be related to Mo-L 
stretching vibrations: one situated around 215 
cm-I, the other restricted to the 150 cm- ' region. 
Many authors (18-20) have assigned M-L 
stretching vibrations to bands in the neighbor- 
hood of 200 cm-'. We tentatively consider the 
region around 150 cm-' as the one containing the 
stretching vibrations of Mo-L because of the 
shift to lower frequencies of these bands with 
substitution. The bands in the 215 cm-' region 
present a mean frequency which remains constant 
for all degrees of substitution. Comparison of this 
last behavior with that of Mo-C-0 deforma- 
tions leads us to consider the 215 cm-' region 
as a possible one for deformation. However, the 
weak intensities and the width of the bands 
preclude us to discard the other assignment. 

The infrared data do not show any major 
variations which could be linked to the differences 
in stability or dipole moments. P$, seems to be a 
stronger donating ligand than As$, or Sb$, and 
the Mo-P bond would appear to be stronger 
than Mo-As or Mo-Sb. The instability of the 
derivatives does not, however, reflect itself 
openly in the different vibrational modes. 
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TABLE 3 

Net charges on ligands and COs with angular distortion in derivatives of Mo(CO), 
- -- 

Compound 
6, 6, 

Electron Electron 
pK (Experimental) 

(Dl 

- 
7 

6s,,, = 0.42 electron* 
- 
- 
10 

&Ase = 0.48 electron* 

1 I 
8?,, = 0.54 electron* 

-- -- 
'Net charges on ligands relative to an infinity of COs. 

Cl7arge Distribution 
The derivatives of Mo(CO), with Sb$, show a 

constant change in pK up t o  the tris derivative. 
They should constitute an excellent system on 
which Bigorgne's theory concerning the variation 
of donor-acceptor capability of ligands and the 
non-retention of negative charges by the metal 
(21) could be applied and verified. 

Assuming. that the total charge on the metal 
brought through o-bonding remains constant and 
equal to the charge returned through n-bonding, 
the ratios pK1/pK2/pK3 should be a function of the 
distance separating the centers of gravity of 
positive and negative charges. The distance a ,  
between the center of positive charges P and the 
metal M, and the distance b, separating the center 
of negative charges N and the metal, can be 
considered constant in all derivatives. 

a b  
P - M - N  

Sb$, has a stronger donating capability than 
CO. In  a monoderivative, Sb$, will carry a 
positive charge equal t o  516 of its net donating 
power relative to  CO. Each CO will receive, 
through n-bonding, 116 of the negative charge. 
In a bis derivative the net donating capability 
of Sb$, has been reduced to 416 of its initial 
power while each C O  carries 216 of the net 
negative charge. If 6 represents the net donating 
power of a ligand, the dipole moments pK of the 
derivatives are as follows 

In  order that 6 remains constant, b in the case 
of the three cis derivatives with Sb$, must be 
equal to 0 . 4 3 ~ .  T o  determine b for the derivatives 
with As$, and P$, is difficult because pK3 does 
not lie in line with p,' and p;. The ratio pKL/pK2 
gives a value of b equal to  0 . 3 6 ~  for As$, and 
0 . 0 8 ~  for P$,. The center of gravity of the positive 
charges is taken on the donor atom mainly 
because the ligands show a stronger o-donating 
power than n-accepting capability. Based on 
crystallographic data (22) and covalent radii, the 
distances a have been chosen as 2.5,2.6, and 2.8 A 
for P$,, As$,, and Sb$,. In Table 3 are given the 
charges, in parts of electron, on the ligands and 
the resulting dipole moments p,. 

As the infrared data are similar for derivatives 
with the same degree of substitution, it seems that  
the fall in pK and the decrease in stability cannot 
be explained on the basis of charges either on 
P or N. 

Short a distances for P$, and As$, can bring 
about steric hindrance due to  the phenyl groups, 
and this in turn induces instability. The longer 
Mo-Sb bond length would allow a tris derivative 
to  exist without any distortion in the octahedron. 
The fall in pK4 with Sb$, can be explained if steric 
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BARBEAU AND TURCOTTE: a- AND rr-BONDING CAPABILITIES O F  Pg3, Asg3, AND Sbg, 

TABLE 4 

0- and x-capabilities of ligands and mean frequencies of Mo-L 
in derivatives of Mo(CO), 

(electron) 

Compound 0 x v,(Mo-L)* 

*The two possible series are given. 
tcapabilities of ligands relative to five COs. 

hindrance opens the angle between adjacent 
Sb+, moieties by 7". In Mo(CO),(As+,),, 
repulsion of the phenyl groups would open the 
angle by 10". With b = 0.08a in the P+, series, 
the angle opening in Mo(CO),(P+,), is about the 
same as in Mo(CO),(As+,),. The fact that 
neither tetra derivative with As+, or P+, could 
be isolated can also be explained by the steric 
hindrance. The yellow color of irradiated tris 
derivative solutions appearing only when excess 
donor is present shows the importance of the 
donor in enabling recombination with the metal 
before total dissociation occurs. 

The presence of the center of gravity of 
negative charges so close to the metal leads us to 
conclude that b is determined by the total amount 
of negative charges returning via n-bonding, on 
the CO's and on the ligands. The b value obtained 
from dipole moments of molybdenum derivatives 
containing ligands with negligible n-accepting 
capability and offering no steric hindrance would 
represent the center of gravity of negative charges 
brought by the ligand's o-bonding. From the 
values of pK with pyridine (23), which can be 
regarded as a very poor n-acceptor (24), N would 
be located at about mid-distance on the C-0 
axis. We have chosen 2.5 A as the center of 
negative charges. However, this value deduced 
from only one type of derivatives could be in 
error up to 20%. This would put the center of 
negative charges either on the oxygen atom as 
suggested by Carroll (25) or on the carbon atom 
as proposed by Bigorgne (2). The 6 values of 

Table 3 represent therefore the net donating 
power. 

X . ?. . ,M -.-.-. 'N 
p 4 b  - 

0 

To obtain the o-donating capacity, the 6 values 
must be calculated forb = 2.5 A. These corrected 
values 6' are given in Table 4 together with the 
n-accepting capability. The values given for 
P+, are maximum values because b is taken as 
0.08a, which is very low considering the fact that 
the trans isomer is stable and that the fall in pK 
from Mo(CO),P+, to cis-Mo(CO),(P+,), is 
much greater than that to Mo(CO),(As+,),. It 
seems therefore possible that the steric hindrance 
in Mo(CO),(P+,), would permit the existence of 
a trans isomer and would lower the dipole 
moment. Taking a b value close to that for As+, 
would give about the same departure from 
orthogonality in the tris derivative but it would 
imply an angle opening of about 6" in the bis 
derivative and a o-n capacity of 0.42,-0.04, 
electron for P+,. 

Studies on the kinetics of substitution of ligands 
by u,ul-bipyridyl in cis-disubstituted molybdenum 
hexacarbonyl derivatives have shown that the 
lability of the leaving groups follow the order 
As+, 2 P+, > Sb+, >> CO (9). It was hinted 
that the group lability reflects the Mo-L bond 
strength. On the other hand, Graham (24) has 
deduced from C-0 force constants in mono- 
substituted molybdenum hexacarbonyl a relative 
o-donor and n-acceptor scale for different 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3590 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

ligands. Sb+, was found to  have an  overall 
stronger o-n: bonding ability than As+, or P+,, 
both of which were found similar. En accord with 
our results of dipole moments, the frequencies 
observed in the region 140-300 cm-' are higher 
for P+, than for As+, or Sb+,. I t  seems therefore 
that the metal-phosphorus bond is the strongest. 
Of the two series of frequencies which could be 
attributed to  metal-ligand bond, one remains 
constant throughout substitution whereas the 
second series follows the same trend as that shown 
in the dipole moments. The mean frequencies of 
these two series are given in Table 4. 

Conclusion 

Stability in Mo(CO), derivatives seems to be 
controlled by two factors. The first one is the net 
donating power of the ligand. If the ligand has 
a strong net donating power, the negative charges 
on the CO's will be large enough to  induce 
instability. The second factor is the steric hin- 
drance which becomes important whenever large 
groups are coordinated to the metal. This factor 
explains the anomalies in the stability and in the 
dipole moments of derivatives with Sb+,, As+,, 
and P+,. 

I t  appears that a trans isomer will be stable if 
the cis derivative undergoes internal steric 
repulsion. This is the case with P+, in the bis 
derivative and with Sb+, in the tetra derivative. 
In the tris derivative with Sb+,, no  steric hin- 
drance has been found and consequently the 
trans isomer is very difficult to obtain and study 
because of a rapid cis isomerization. trans- 
Mo(CO),(As+,), or trans-Mo(CO),(Sb+,), 
should therefore be quite difficult t o  study in 
solution as predictably the isomerization to the 
cis isomer will be quite rapid. 

By means of Bigorgne's model, it appears 
possible to  separate o- and n:-bonding capabilities 
of ligands. This requires, however, precise 
measurements of the dipole moments of poly- 
substituted carbonyls. The ligands Sb+,, As+,, 

and P+, are mainly o-donating ligands, with 
P+, being a better donor and acceptor than As+,, 
which in turn is a better donor and acceptor than 
Sb+,. 

We thank the National Research Council of Canada 
for financial support. 
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NOTES 

Cyclononatrienes us. dihydroanthracenes 

ROBERT R. FRASER AND ADEL JURAYDINI 
Department of Chemistry, University of Ottawa, Ottawa, Canada 

Received June 24, 1970 

This paper provides evidence that three compounds previously assumed to be methoxyl derivatives of 
dihydroanthracenes (1) are actually cyclononatriene derivatives. The revised structural assignments, 
made on the basis of mass spectral and n.m.r. evidence, remove a previous inconsistency in their n.m.r. 
properties. The constancy of geminal coupling constants in all three cyclononatrienes is discussed. 

Canadian Journal of Chemistry, 48, 3591 C1970) 

A recent article in this journal reported an un- 
usual feature in the n.m.r. spectra of three 
methoxylated dihydroanthracenes (1). In contrast 
to the appearance of a singlet for the methylene 
proton absorption in 9,lO-dihydroanthracene (1) 
a nonequivalent AB quartet was observed for 
the methylene absorption in the 2,6-dimethoxy, 
2,3,6,7-tetramethoxy, and 2,3,4,6,7,&hexameth- 
oxy derivatives, 2, 3, and 4 respectively. The 
authors interpreted this nonequivalence as being 
due to an increase in the barrier to interconversion 
between the two boat forms of the central dihy- 
droanthracene ring. In view of the known flexi- 
bility of this ring system (2,3,4) and the lack of 
any obvious mechanism by which a non-adjacent 
methoxyl could influence this property, we under- 
took an investigation of the phenomenon. 

A search of the literature revealed the fact that 

the compound assumed to be 3 by Jimenez and 
co-workers (1) is actually the cis,cis,cis-cyclo- 
nonatriene derivative, 6, commonly referred to as 
cyclotriveratrylene.' Proof of structure was pro- 
vided by two independent groups on the basis of 
chemical, n.m.r. and mass spectral evidence (5, 6). 
An alternate synthesis of this compound has also 
appeared (7). Recent additional evidence (8) 
shows that 6 exists in the symmetrical "crown" 
conformation shown in Fig. 1. This conformation 
is rigid and accounts for the observed n.m.r. 
nonequivalence of the methylene protons. 

It remained then to prepare the compounds 
reported to have structures 2 and 4 and to deter- 

Y L Y  

/ "'rnR' FIG. 1. Symmetrical "crown" conformation of6. 
RI  R2 

TABLE 1 
Benzylic proton shifts* for the cyclononatrienes 

Compound &.A 6, J.AB(Hz) 
- 

5, m.p. 242-243" 
(lit. n1.p. 245" (1)) 4.749 3.619 -13.50 

6, m.p. 227-228" 
(lit. m.p. 227" (1)) 4.750 3.532 -13.65 

7, m.p. 201-202" 
(lit. m.o. 202-203" (1)) 4.418 4.033 - 13.55 

*In p.p.m. downfield from TMS. 

'The trivial name, cyclotriveratrylene, stems from its 
synthesis in high yield by treatment of veratryl alcohol 
or veratrole and formaldehyde with acid. The correct 
name for 6,10,15-dihydro-2,3,7,8,12,13-hexamethoxy-5H- 
tribenzo[a,d,g]cyclononene is somewhat longer. 
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TABLE 2 

Mass spectra of cyclononatrienes 

5 6 6 (ref. 6) 

mle % Base mle % Base mle % Base 

361 11 45 1 19 451 30 
360 44 450 60 450 100 
345 12 435 19 435 27 

mine their mass spectra to establish whether or 
not they too were cyclononatriene derivatives. 
Samples of all three compounds in question were 
synthesized. They possessed physical constants 
and n.m.r. spectra (see Table 1) in agreement with 
those reported (1). The mass spectra of supposed 
2 and 4 gave parent peaks and fragmentation 
patterns consistent only with structures 5 and 7. 
The prominent peaks (> 10% of base) for 5, 6, 
and 7 are recorded in Table 2. The presence of 
only one methylenic absorption in the n.m.r, of 
each requires that they all exist in the "crown" 
conformation, and the simplicity of the aromatic 
absorption (1) indicates identical substitution 
patterns for all three aromatic rings. The correct 
structures, therefore, are 5,6, and 7. 

An additional aspect of the cyclononatrienes is 
of interest to us because of the unusual conforma- 
tion of the methylene protons in 6 with respect to 
the benzene ring. It has been predicted on the 
basis of studies on a series of para-substituted 
benzyl tetrahydropyranyl ethers that protons in 
the conformation possessed by structure 6 would 
be insensitive to a para-substituent effect (9) since 
the angle 4, between the 7c orbitals of the benzene 
ring and the antisymmetric CH, group M.O. is 
-80". It can be seen that the effect of a methoxyl 
substituent on J,,, is negligible in contrast to the 
0.5 Hz decrease noted in the tetrahydropyranyl 
ethers (9). Although the three geminal coupling 
constants for 5, 6, and 7 provide only mild 
corroboration of our proposal, the potential of 
this ring system for further testing substituent 

effects on geminal coupling constants is clear 
and work in this area has been initiated. 

Experimental 
The n.m.r. spectra were recorded on a Varian HA 100 

n.m.r. spectrometer using 0.05 M solutions in deutero- 
chloroform as solvent. The mass spectra were measured 
on a Hitachi Perkin-Elmer RMU-6D spectrometer using 
an ionization voltage of 70eV. The compounds were 
readily prepared according to the procedures in (1). The 
only notable difference was that, in our hands, 5 was 
obtained in a yield of 1.5% after chromatography on 
silicic acid and elution with 10% ethyl acetate in hexane, 
followed by crystallization from ethyl acetate. 

The authors thank the National Research Council of 
Canada for generous financial support. 
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NOTES 3593 

Chemistry of 2-substituted adamantanes. 11. Preparation of Zadamantanethiol and 
some of its derivatives.' Aromatic solvent-induced shifts in their n.m.r. spectra 

J. W. GREIDANUS 

Deparrmet~r of Chetnisrry, The University of Calgary, Calgary 44, Alberta 

Received May 1 1, 1970 

Reduction (NaBH4) of adamantanethione gives high yields of pure 2-adamantanethiol, from which 
several derivatives including the methyl sulfide, sulfoxide, and sulfone were prepared. The sulfenyl 
chloride was prepared and used in situ. From the n.m.r. spectra the aromatic solvent-induced shifts 
A =  benzene) - s(CC14 or CDCI,) were determined, where possible. 

Canadian Journal of Chemistry, 48, 3593 (1970) 

Recently we reported the details for the prep- 
aration of adamantanethione (2), which can be 
obtained in a 90 % yield from adamantanone (1) 
by treatment with phosphorus pentasulfide in 
pyridine (2) (Scheme 1). Reduction of 2 seemed 
an attractive method to prepare 2-adamantane- 
thiol (3) which had not yet been reported. Its 

cal reasons it seemed to us therefore unlikely that 
a more satisfactory method than the sequence 
1 + 2 + 3 would become available for the prep- 
aration of 2-adamantanethiol, if a good reduction 
method could be found. As sodium borohydride 
reacts very readily with the thiocarbonyl group 
(7) and had been used successfully by others in a 
few cases (8), it was our first choice. 

We now report the details for the preparation 
and purification of the thiol(3) and a number of 
derivatives (4-10). 

4 R = S-CH3 
5 R = SO-CH3 
6 R = S02-CH3 
7 R = 2-adamantyldithio 
8 R = S-3,5-dinitrobenzoyl 
9 R = S-CI 

10 R = S--phthalimido 

isomer, 1-adamantanethiol, has been prepared 
from the readily available 1-bromoadamantane Adamantanethione (2) was reduced with excess 

via the isothiouronium salt (3). Ionic substitution sodium borohydride in 1,2-dimethoxyethane at 

reactions in adamantane derivatives occur much approximately 45". We have used impure starting 

less readily at the secondary carbon than at the material (2) containing up to 30 % of adamantan- 

bridgehead positions (4). But even if it would be one (1) and found that the crude thiol, which on 

possible to prepare the 2-thiol from the 2-bromo occasion contained large quantities of 2-adaman- 

compound in a good yield, then the starting tanol, can be easily and effectively purified via its 

material would still have to be prepared from the yellow lead salt. In the experimental section the 

ketone: ,adamantanone -t 2-adamantanol 4 
conversion of 2, containing about 1 % of ketone, 

2-bromoadamantane.' For economic and practi- into pure thiol is described (yield 85%). 2-Ad- 
amantanethiol sublimes readily (90°, 15 Torr), 

'Part of this work has been reported in a preliminary like many adamantane derivatives. 
communication (1). The new thiol was converted into S-(2-adaman- 

'Practical syniheses of 2-bromoadamantane from the tyl) 3,5-dinitrobenzoate ($), and by methylation 
secondary alcohol have been reported, using either 
phosphorus pentabromide (65% yield (5)) or thionyl- (yield 83%) jnto 2-meth~1thi0adamantane ('1- 
bromide (88 % yield (6)). The latter, a liquid, was oxidized with l-chloro- 
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p" Triethylarnine PMhalimide + B:/$J~ 
benzotriazole (9) to 2-methylsulfinyladamantane 
(5), or with hydrogen peroxide in acetic acid to 
the corresponding sulfone (6). Oxidation of 3 
with iodine gave di-(2-adamantyl) disulfide (7). 

As 2-adamantanesulfenyl chloride (9) seemed 
a compound of considerable potential in the 
synthesis of a variety of 2-adamantylthio- 
compounds, a reaction with the sulfenyl chloride, 
prepared by the general method of Emde (lo), 
was carried out. 

When N-chlorosuccinimide was added to 
2-adamantanethiol (3) in benzene, a yellow- 
orange solution of 9 was obtained in less than 
15 min. After filtration the solution was used for 
the reaction with phthalimide, giving N-(2-ada- 
manty1thio)-phthalimide (10) (Scheme 2), yield 
72 X .  

The Nuclear Magnetic Resonance Spectra of 
Compounds 3-7 

The n.m.r. spectra showed in general the typical 
pattern for a 2-monosubstituted adamantane 
( l l ) ,  as reported by van Deursen and Korver (1 1). 
In Table 1 the observed chemical shifts (or cal- 
culated origin positions in the case of the AB 
systems) are presented for all protons where this 
was possible in compounds 3-7, as well as for 
2-adamantanol. Carbon tetrachloride or deu- 
teriochloroform, and benzene were used as 
~olvents .~  

In most cases, a.s.1.s. values could be deter- 
mined for the five protons H-2, H-4,9(e), and 
H-4,9(a) on the adamantane skeleton 11, in addi- 
tion to shift values for some other protons. Unfor- 
tunately it was impossible to get a.s.i.s. values 

%s carbon tetrachloride and benzene are for various 
reasons an ideal pair (12) for the study of aromatic 
solvent-induced shifts (a.s.i.s.), deuteriochloroform was 
used only when solubility problems were met. Solvent 
shifts for the pair CDCI, and CCI4 have been determined 
for a number of substituted cyclohexanones and in most 
cases were found to be small, although there were some 
striking exceptions (13). The shifts for the two solvent 
pairs as reported in this work are therefore not strictly 
comparable in all cases, but our mixed data fit well 
together and no trends, if noticeable, seem disturbed by 
the change of solvent. 

for the two other proton pairs H-8,10 (a and e) 
in any of the compounds, including 2-adaman- 
tan01.~ 

Our data show that the methyl protons in the 
sulfide 4, sulfoxide 5 and sulfone 6 are becoming 
more deshielded in the order given in all solvents, 
but the aromatic solvent-induced shift A = 
 benzene) - ~ ( C c l ,  or CDCI,) increases from 
0.21 p.p.m. for the sulfide to 0.69 p.p.m. for the 
sulfone, i.e. in the order of their expected dipole 
 moment^.^ 

In all cases where complete data could be 
collected, the a.s.i.s. values show that the equa- 
torial (with respect to the substituent X) proton 
pair H-4,9(e), and H-2 (except in compound 7) 
are shielded, while the axial pair H-4,9(a) is de- 
shielded by the aromatic solvent. 

The thiol proton in Zadamantanethiol (3) 
shows virtually no solvent-induced shift in our 
experiments. It is interesting to note that in 
1-adamantanethiol the thiol proton shows a 
downfield solvent shift of 0.13 p.p.m. for the same 
solvent pair (unpublished observations of the 
author). This fact shows clearly how much cau- 
tion is required in the interpretation of aromatic 
solvent shift data. 

The lack of data for the sulfoxide 5 in Table 
1 is the result of the complexity of its n.m.r. 
spectrum, especially in the region where H-2, 
H-1,3, and H-4,9(a) were expected to have their 

4This compound was the only one for which the origin 
positions for the H-8,10 (a and e) protons could be 
determined by van Deursen and Korver (11) in CDC13 
solution. In  CC14 or benzene this was not possible, we 
found. 

SThe following dipole moments p have been reported 
in benzene solution: dimethyl sulfide, 1.45 D (14); 
dimethyl sulfoxide, 3.9 D (15); dimethyl sulfone, 4.25 D 
(16). 
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TABLE 1 
Chemical shift (T units) of protons in compounds 3-7,* and in 2-adamantanol, and their aromatic solvent-induced shift A t  

3 4 5 6 7 2-adamantanol 

Protons$ CCll Benzene A CCll Benzene A CDC1, Benzene A CDC13 Benzene A CCll Benzene A CCll Benzene A 

*Solutions were 5-10% (wlw). 
t A  =  benzene) - r(CCI4 or CDC13). A positive value of the solvent shift indicates a shift to higher field, i.e. more shielding, in the aromatic solvent. 
tDcsignation as in text. 
$Doublet, J = 7 Hz. 
IlRepresenting one half of an AB quartet. J = 12 Hz. 
l[Approximately; signal for H-4,9(e) could not be observed. 
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signals. We found it impossible to make the 
necessary assignments and seek the explanation 
for the far more complicated spectrum in the fact 
that the two bridgehead protons H-1,3 are not 
equivalent any more as a result of the adjacent 
sulfoxide group. 

General conclusions regarding the shifts in- 
duced by aromatic solvents cannot be drawn 
from the data in Table 1. They are presented as 
a contribution to the gradually increasing body 
of information on these shifts which ultimately 
may make it possible to arrive at a more quan- 
titative understanding of the phenomenon. At 
present the qualitative aspects are on many 
occasions not clear. 

Experimental 
Melting points were determined on a Biichi melting 

point apparatus in sealed capillary tubes, and are un- 
corrected. The i.r. spectra were recorded on a Perkin- 
Elmer spectrophotometer, Model 337. The mass spectra 
were determined on a Varian-Mat CH-15 instrument at 
an ionization energy of 70 eV. The n.m.r. spectra were 
recorded at 60 or 100 MHz on Varian A-60 and HA-100 
spectrometers, in the solvent indicated, at concentrations 
5-10% (w/w). Tetramethylsilane (r = 10) was used as 
internal standard. Microanalyses were carried out by 
Dr. C. DaesslC, Organic Microanalysis, Montreal, 
Quebec, and by Mrs. S. Swaddle of this Department. 

2-Adamantanethiol (3) 
To a stirred solution of 22.5 g (135 mmoles) of adaman- 

tanethione (2) (containing approximately 1 % adaman- 
tanone) in 170ml of 1,2-dimethoxyethane was added 
3.0g (80mmoles) of sodium borohydride in small portions 
in 3 min. When the temperature of the reaction mixture 
had risen to about 45". external cooling was started to - 
keep the temperature from rising more. The orange color 
of the thione faded and after 10 min some colorless 
precipitate was present. To decompose excess boro- 
hydride, 10 ml of water was added dropwise, and then 
very slowly concentrated hydrochloric acid till p H  2 was 
reached. The reaction mixture was extracted four times 
with carbon tetrachloride. The extract was washed 
twice with water, dried (MgSO,), and concentrated 
in vacuo giving 22.4 g of solid crude 2-adamantanethiol. 
I t  was dissolved in a mixture of 150 ml of 1,2-dimethoxy- 
ethane and 100 ml of ethanol. This solution was added to 
a stirred solution of 25.8 g (68 mmoles) of lead acetate 
in 250 ml of 70% ethanol. A bright yellow lead thiolate 
precipitated. After filtration, the lead salt was twice 
washed with water, then twice with acetone. Afterdrying, 
36.1 g of the fine yellow powder was obtained.  his was 
suspended in 150 ml of water and 250 ml of petroleum 
ether (boiling range 30-60") was added. Hydrogen sulfide 
was bubbled through the aqueous layer for 1 h and lead 
sulfide was removed by filtration. The aqueous and 
organic layers were separated, the petroleum ether was 
washed three times with water, dried (MgSO,), and 
concentrated to dryness, giving 19.2 g of 2-adamantane- 
thiol (3) (yield 85 % from the thione), m.p. 153-155". 

An analytical sample of the thiol was obtained by 
sublimation at 90" and 15 Torr, m.p. 160-161". 

Anal. Calcd. for CloH16S: C, 71.37; H, 9.58; S, 19.05. 
Found: C, 71.42; H, 9.79; S, 18.81. 

Mass spectrum: 111/e 168 (M+). The i.r. spectrum 
v,,,,(KBr): 2560cm-I (weak, SH); for the n.m.r. 
spectrum, see Table 1 and text. 

S-(2-Adanlantyl) 3,5-Dinitrothiobenzoate (8 )  
Reaction of 2-adamantanethiol with 3,5-dinitroben- 

zoylchloride in the presence of pyridine afforded S-(2- 
adamantyl) 3,5-dinitrothiobenzoate (a), m.p. 171-172" 
after two recrystallizations from chloroform - petroleum 
ether. 

Anal. Calcd. for C17H18N205S: C, 56.34; H, 5.01; 
N,7.73. Found: C,56.04; H,4.95;N,7.52. 

The i.r. spectrum v,,,(KBr): 1660 (C=O), 1545 and 
1350 cm-I (C-NO,), all very strong; n.m.r. spectrum 
r(CDC1,): between 0.75 and 1 .OO (multiplet, 3H, aromatic 
protons), 5.71 (singlet, IH, proton at C-2), between 7.67 
and 8.50 (unresolved multiplet, 14H). 

2-Methylthioadamanta,re (4) 
To  a solution of 8.40 g (50 mmoles) of 3 in 25 ml of 

methanol and 50 nil of 1,2-dimethoxyethane was added 
a solution of 2.6 g (65 mmoles) of sodium hydroxide in 
20 ml of water. While this mixture was well stirred in 
a N2-atmosphere, 7.56 g (60 mmoles) of dimethyl sulfate 
was added dropwise in 5 niin and the reaction mixture 
was stirred for another 2 h. It contained a lower layer 
of the sulfide and after 200 ml of water had been added 
the reaction mixture was extracted three times with 
petroleum ether. After washing (H,O), drying (MgSO,), 
and concentration of the extract, 8.42g uf oil was 
obtained which was distilled at 95-97' and 4 Torr giving 
7.50 g of 2-methylthioadamantane (yield 83 %), I ID~ '  

1.5460. 
Anal. Calcd. for CllH18S: C, 72.46; H, 9.95; S, 17.59. 

Found: C, 72.31; H, 9.94; S, 17.42. 
Mass spectrum: m/e 182 (M+). For the n.m.r. spectrum 

see Table 1 and text. 

2-Methylsulfinyladamantane (5 )  
With I-chlorobenzotriazole 1.46 g (8 mmoles) of 4 in 

methanol - methylene chloride (2:l) at -78' was con- 
verted into the corresponding sulfoxide using a recently 
reported method (9). 2-Methylsulfinyladamantane (5) was 
obtained in a 77 %yield, m.p. 120". After recrystallization 
from n-hexane (containing 5 % benzene) shiny plates were 
obtained, m.p. 122-123". 
Anal.Cal~d.forC~~H~~OS:C,66.61; H,9.15;S, 16.16. 

Found: C, 66.79; H, 8.99; S, 15.89. 
Mass spectrum: m/e 198 (M+). The i.r. spectrum 

v,,,(KBr): 1041 and 1030 cm-I (very strong, SO stretch- 
ing in sulfoxide); for the n.m.r. spectrum see Table 1 
and text. 

2-Methylsulfonyladamantane (6) 
Oxidation of 0.88 g (4.8 mmoles) of 4 with hydrogen 

peroxide in glacial acetic acid gave a 60% yield of 
2-methylsulfonyladamantane, m.p. 114.5-1 15.5". 

Anal. Calcd. for CllH18O2S: C. 61.64; H, 8.47; 
S, 14.96. Found: C, 61.47; H,  8.41; S, 14.66. 

Mass spectrum: m/e 214 (M+). The i.r. spectrum 
v,,,(KBr): 1130 and 1275 cm-I (very strong, SO,); for 
the n.m.r. spectrum see Table 1 and text. 
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NOTES 3597 

Di(2-adatt~antyl) Disulfide (7) Mass spectrum: mle 313 (Mf) .  The i.r. spectrum 
A solution of 1.27 g (5 mmoles) of iodine in 25 ml of v,,,(KBr): 1755 cm-' (very strong, C=O); n.m.r. 

ethanol was added dropwise to a stirred solution of .r (CCI4): 2.19 (multiplet, 4H, aromatlc protons), 6.52 
1.68 g (10 mmoles) of 2-adamantanethiol and 0.54 g (10 (singlet, IH, proton at C-2), .r 6.4-8.7 (unresolved 
mmoles) of sodium methoxide in 50 ml of a 1 :1 mixture multiplet, 14H). 
of ethanol and 1,2-dimethoxyethane. The disulfide pre- 
cipitated and was isolated by filtration (weight 1.61 g). The author thanks The National Research Council of 
It was very well soluble in carbon tetrachloride, benzene, canada for financial support of this work. 
ethylacetate, and petroleum ether, only slightly in hot 
acetonitrile or hot ethanol. It was twice recrystallized 
from benzene - acetonitrile (1 :2) giving 1.32 g of di(2- kh:, ~ ~ , , ~ , ! ~ d  W' 

SCHWALM' Can' J' 

adamantyl) disulfide (yield 79 %), m.p. 275". 2. J. W. GREIDANUS. Can. J. Chem. This issue. 
Anal. Calcd. for C 2 ~ H 2 ~ S 2 :  C, 71.80; HI  9.04; S, 19.16. 3. J. R. GEIGY A.-G. Belg. Pat. 629 370 (1963); 

Found: C, 71.44; H, 8.95; S, 19.14. Chem. Abstr. 60, 9167c (1964). 
Mass spectrum: mle334 (M+). For the n.m.r. spectrum 4. P. VON R. SCHLEYER and R. D. NICHOLAS. J. Amer. 

see Table 1 and text. Chem. Soc. 83, 182 (1961). R. C. FORT, JR. and 
P. VON R. SCHLEYER. Chem. Rev. 64, 277 (1964). 

N-(2-Adarnar1tyltf1io)-pf1tf1alimide (10) C. R. CARPENTER. Ph.D. Thesis. The Pennsylvania 
A solution of 2-adamantanesulfenyl chloride (9) was State University, University Park, Pennsylvania, 1967. 

prepared as follows (10): to a stirred suspension of 2.72 g 5. W. HoEK J. STRATING, and H. WYNBERG. Rec. 
(20.4mmoles) of N-chlorosuccin~mide in 30ml of benzene Trav. Chim. 85y 1045 
was added a solution of 3.36 g (20 mmoles) of 2-adaman- 6. Sikc6$j.J. BuRKHARDy and VA1s' 'Iy 
tanethiol in 10 ml of benzene. The vigorously stirred 7. J. C. and F. H. wESTHEIMER. J. A ~ ~ ~ .  
reaction mixture turned yellow-orange and was filtered them. sot. 82, 5431 (1960). 
after 15 min. 8. R. M. DODSON and P. B. SOLLMAN. U.S. Pat. 

I The clear filtrate, containing the sulfenylchloride was 2753361 (1956); Chem. Abstr. 51, 2079 (1957). 
I added to 2.94 g (20 mmoles) of phthalimide in 20 ml of R. M. DODSON and P. B. SOLLMAN. U.S. Pat. 
I N,N-dimethylformam~de containing 2.7 g (27 mmoles) 2840577 (1958); Chem. Abstr. 53, 453 (1959). 
I of triethylamine. After 20 mln of stirring at 25", the 9. W. D. KINGssuRy and C. R. 

Commun. 365 (1969). reaction mixture was left standing for 40 h. After filtration H. EMDE. German Pat. 804572 (1951); Chem. to remove the formed triethylammonium chloride the ~ b ~ ~ ~ .  46, 529 (1952). 
filtrate was poured into 200 ml of water. After extraction 11.  F. W. VAN DEURSEN and p. K. KORVER. Tetra- 
with carbon tetrachloride (three times) the extract was hedron Lett. 3923 (1967). 
washed with water, dried (MgS04), and concentrated till 12. T. LEDAAL. Tetrahedron Lett. 1683 (1968). 
almost dry. Addition of lOOml of petroleum ether, 13. M. FETIZON, J. GORE, P. LASZLO, and B. WAEGELL. 
filtration, and drying of the product gave 4.5 g of almost J. Org. Chem. 31, 4047 (1966). 
coiorless N-(2-adamanty1thio)-phthalimide (72%). which 14. ~ ; a ~ ~ : ~ : ~ ~ 9 ; ; ~  could be recrystallized from ethanol; m.p. 166-167". 15. F. A. COTTON and R. FRANCIS. J. Amer. Chem. 

Anal. Calcd. for ClsH19N02S: C, 68.98; H, 6.11; SOC. 82, 2986 (1960). 
N, 4.47; S, 10.23. Found: C, 69.20; H, 6.16; N, 4.28; 16. H. LUMBROSO and R. PASSERINI. Bull. Soc. Chim. 
S, 10.46. France, 1179 (1955). 

Identification of I-(4-methoxygheny1)-I-methoxy-Zaminopropane 
diastereoisomers 

K. BAILEY 
Research Laboratories, Food and Drug Directorate, Ottawa, Canada 

Received April 29, 1970 

A method for the assignment of erytflro and tflreo configurations to the diastereoisomeric 1-(4-methoxy- 
pheny1)-1-methoxy-2-aminopropanes and related compounds based on p.m.r. data is presented and 
discussed. 
Canadian Journal of Chemistry, 48, 3597 (1970) 

The physiological activities of the (+) is essential in analysis and for investigations of 
I and (-) forms of the erythro and threo isomers structure-activity relationships (1). Synthetic 
I 

of derivatives of phenylpropanolamine, compounds of the type A~cH(OR')CHR~NH, 
C,H,CH(OH)CH(CH,)NH, may be expected to (2, 3) are a case in point, and the difficulties in 
differ, and a positive identification of the forms assigning configurations to the potentially hypo- 
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T A B L E  1 

T h e  p.m.r, spectral data* from p-nitrostyrene derivatives 
-- -- 

Compound p-R 4-OCH3 a -0CH3  a-H P-H B-CH3 

5 NO2 6.20 6.77 ca. 5.10 q ( 4 , 8 )  ca. 5.35 q (12, 8 )  - 
and ca. 5.65 a (12.4) 

6a NO2 6.22 6.75 5.15 5 . 7 ] a - ~ a n i b - ~ g i v e  8 . 4 7 d ( 6 . 5 )  
6b NOz  6.20 6.85 5.15 5.7Joverlapping multiplet 8.76 d (6.5)  
7 MH27.77  6.21 6.77 5.90 t (6)  7 .13  d (6)  - 
8a N H 2  8.30 6.20 6.78 -6.15 d ?  6 .85  m 8.93 d (6.5)  
8b NH2 8.30 6.20 6.80 -6 .28d? 6.85 rn 9.13 d (6 .5)  . . 
9 N + H ~  1.55 6.21 6.73 5.38 q (6 .5 ,  7 . 5 )  6.85 rn - 

10a N + H 3  1.45 6.20 6.61 5.33 d (4 .5)  6.50 rn 8.72 d (6'. 5)  
l ob  N+H3  1.25 6.20 6.73 5.77 d (9)  6.55 m 8.72d (6.5) 
11 N H 2 8 . 2 2  6.25 - ca. 7.60 q (13, 8 )  ca. 6.88 rn 8.92 d (6.5)  

andca.  7 . 3 2 q ( 1 3 ,  5 .5)  

'T-Values, measured with a Varian A-60A spectrometer using solutions ca. 15% in CDCl, containing T M S  as internal standard, C H 3  signals 
were experimentally reproducible within 2 0.01 p.p.m. Chemical shift differences cited in the text were confirmed by measuring spectra of appro- 
priate mixtures. Signals were singlets except when d = doublet, t = triplet, q = quartet, and m = multiplet, with first-order coupling constants 
(Hz) indicated.The a-  and p-protons of 5, 6 and  11 give complex signals and T-values are approximate. The a - H  of  8a and of 86 gives a doublet, 
one branch obscured by the 4-OCH,. The spectrum of 86 was obtained only in the presence of  8a. 

tensive derivatives 1 and 2 have been alluded to 
recently (3). In the present study the p.m.r. 
spectra of some derivatives of 4-methoxy-P- 
nitrostyrene (3) which exist as erythro and threo 
racemates, were examined in an attempt to assign 
their relative configurations by methods of 
conformational analysis. 

Nitrostyrenes react with methoxide ion in 
methanol to give methoxynitropropanes (2, 3), 
and the nitrostyrene 4 produces a mixture of 
the ( f )  threo and ( f )  erythro compounds 6 in 
the ratio major product a:minor b = 2:l (by 
integrated p.m.r.). These isomers could not be 
separated by analytical t.1.c. using several sys- 
tems. Reduction of the mixture 6 with lithium 
aluminum hydride afforded the amino com- 

pounds (+) 8 in the ratio major a:minor b = 3 :2 
(by p.m.r.). The high yield (90 %) shows that the 
ratio change is not due to preferential reduction 
or recovery of one form, but that some racemiza- 
tion of the acidic P-carbon occurs under the 
influence of the reagent. A net inversion under 
these conditions is unreasonable and contrain- 
dicated by the observation that in both 6 and 8 the 
(generally similarly environed, see below) down- 
field P-CH, compound predominates. Compound 
(+) 7 was obtained similarly. The two diastereo- 
isomers of 8 were separated in small amounts by 
column chromatography, and then converted 
into the (+) hydrochlorides 10. 

Salient features of the p.m.r. spectra of com- 
pounds 5 1 0  are presented in Table 1. Newman 
projections of the staggered-form rotamers 
corresponding with erythro and threo forms are 
depicted in Fig. 1. Assuming that steric inter- 
actions principally govern the relative con- 
formational energies, rotamer A should dominate 
in every case. (In an investigation of ephedrine 
and +-ephedrine, Hyne (4) pointed out that such 
views must be held with caution). Hence, in 
compounds 6, 8, and 10, effects on the a-OCH, 
and P-CH, due to electric fields and the magnetic 
anisotropies of the nitro and aryl groups re- 
spectively would be more marked in the threo 
form. Comparing 7 and 8 the (upfield) a-OCH, 
shifts on methylation of the P-carbon are very 
small in both series. However, when compounds 
5 and 6 are compared there results an a-OCH, 
upfield shift of 0.08 p.p.m. for the minor product 
6b and a downfield shift of only 0.02 p.p.m. for 6a. 
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NOTES 

B 
erythro 

x CH, H 

A B C 
threo 

FIG. 1. erythro and threo 6, 8 ,  and 10 where X = NOz, NH2, and N+H3 respectively. 

Since the highly anisotropic NO, group would be 
expected to exert greater through-space effects 
than a CH, group, this indicates (assuming that 
rotamers about the C,-Cp bond in 5 are roughly 
equally populated) that the upfield shift is due to 
resultant. net shielding of the a-OCH, by the 
P-NO, group and therefore that the threo form is 
probably the minor product 66. In compounds 8 
the a-OCH, groups fall into similar electronic 
environments, but the P-CH, groups are seen to 
be disposed fairly similarly to their average in 6. 

The amino function of the ephedrines relatively 
deshields gauche protons (4). If the NO, shielded 
the gauche OCH, of threo 6, on reduction the 
threo a-OCH, of 8 would be the more deshielded 
(0.05 p.p.m.) and changing inductive effects could 
account for the small upfield shift (0.03 p.p.m.) 
of the erythro a-OCH,. However, if the NO, 
group deshielded the gauche a-OCH,, the threo 
isomers would be the major components a, but it 
seems unlikely that the erythro a-OCH, would 
shift downfield by 0.05 p.p.m. (from 6.85 to 
6.80~) on reduction of the generally remote NO,. 
These interpretations, favoring shielding of the 
a-OCH, by a gauche P-NO, require simultaneous 
relative shielding of the P-CH, by the gauche 
aromatic ring. A comparison of the P-CH, shifts 
in mixed and single samples of 8 and p-methoxy- 
amphetamine (11) shows a large (0.21 p.p.m., 
8b) and small (ca. 0.01 p.p.m., 8a) upfield shift 
results on a-methoxylation. Following the argu- 
ment presented for 5 and 6 above the aryl group 
shields thegauche CH,, and 86 is the threo isomer. 
The p.m.r. spectra (CS,) (5) of meso and dl-2,3- 
diphenylbutane, in which the CH, and C6H5 
groups are predominantly gauche and trans dis- 

posed respectively, demonstrated relative shield- 
ing of the CH, groups (at 9.04and 8.78 respective- 
ly) by the gauche benzene ring, and a study of a 
1,2-diphenyl-propyl series (6) showed a shielding 
of about 0.3 p.p.m. (CDCI,) for a predominantly 
gauche us. trans CH3/C6H5 conformation. 

The shielding effects of a NO, group qualita- 
tively resemble those of a carbonyl function (7) 
and Barbieux and Martin (8) investigated 
erythro and threo ethyl a,P-dialkyl-p-methoxy- 
dihydrocinnamates. Coupling constants between 
the a and p protons were not reported, assign- 
ments were made on the basis that gauche aryl 
and carboethoxy groups in the threo isomers 
would result in a relatively upfield position of 
those ethyl protons (9). Their spectra show that 
an a-CH, is overall shielded (higher field) by 
anisotropic effects of a gauche compared with a 
trans carboxyl function. 

Because the aryl and nitro groups of 6 and 8 
rotate and different relative rotamer populations 
of 5-8 and 11 are expected, the criteria for 
comparative shielding effects are difficult to 
assess. However, these results leave little doubt 
that 6b and 8b are the threo isomers. 

Conversion of isomers 8 into the amine salts 
10 preserves the stereochemical integrity of each 
form. Table 1 shows that the more widely split 
a-H of 10 is from the minor component lob and 
appears at higher field than in isomer 10a. 
Vicinal coupling constants of this magnitude 
(9 Hz) are generally associated with dihedral 
angles of about 180" (lo), indicating that lob 
exists largely in the A form (erythro or threo) and 
that the major product has relatively greater 
contributions from B and C type rotamers. Since 
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in Band C rotamers the a-protons are on average 
further away from the ammonium ion, overall 
relative shielding of the gauche protons by it (or 
its ion pairlion complex moiety) is indicated. 
In lob the a-H and a-OCH, are both upfield of 
their positions in diastereoisomer 10a. This 
simultaneous shielding seems reasonable for the 
A rotamer of the tllreo series where both the a-H 
and a-OCH, aregauche to the ionic moiety, and it 
follows that 10h and therefore 8b and 6b are the 
threo isomers, consistent with the evidence for 
8 and 6 assignments presented above. The 
designation threo to the isomer lob with larger 
coupling here is in line with results for ephedrines 
(4) and agrees with the magnitudes of the HE-H, 
coupling constants for the appropriate diastereo- 
isomers of 1 -substituted-1 ,2-diphenylpropanes 
(6).  

In monosubstituted cyclohexanes, conforma- 
tional (steric) preferences in aprotic solvents 
increase as NO, < NH, < N+H,  (12). The 
P-CH, groups of the salts 10 appear at the same 
chemical shift, again suggesting that erythro 
rotamers B and C (gauche aryl/CH,) abnormally 
contribute. In these three forms the a-OCH, 
and P-N'H, are gauche; possibly polar inter- 
actions have a stabilizing influence. 

It is probable that for diastereomeric pairs 
similar to 6,8, and 10 (i.e. with different aromatic 
substitutions), the ( f )  threo configuration may 
be assigned to the isomer with the relatively 
upfield a-H, P-CH,, and/or a-OCH, signals, the 
latter two being easily visible and so diagnostically 
useful. The analysis may be extendable to the 
corresponding signals from compounds with 
other a-alkoxyl and P-alkyl groups, but this has 
not been investigated. 

Experimental 
Melting points are uncorrected. The known nitro- 

styrenes used here were prepared by the condensation of 
anisaldehyde with nitromethane or nitroethane using 
NH40Ac/HOAc (1 I). 

I-(4-MetAo.uypl1enyl)-l-n~eti1oxy-2-nitroethane (5)  
This was prepared by the general method of Howe et al. 

(3) from 4-methoxy-D-nitrostyrene (3). Crude yield (oil) 
97%. Distillation (partial dec.) gave 5 (55%), b.p. 136"/ 
2 mm, m.p. 50-51"; oil v,,, (film): 1555 and 1380 cm-' 
(NO,); (Nujol): 1550 and 1375 cm-I;  lit. m.p. 57-58" (2). 

Anal. Calcd. for C,,H13N04: C, 56.86; H, 6.20; N, 
6.63. Found: C, 57.01; H, 6.29; N, 6.49. 

I - ( 4 - M e t l ~ o x y p h e t 1 y l ) - l - m e t / 1 o x y - 2 - ~ a n e  (6) 
This was obtained similarly from 4-methoxy-D-methyl- 

D-nitrostyrene, (4) in 95% yield as a pale yellow oil, 
examined and used without purification. The t.1.c. (silica 
gel and alumina, Et20,  CHCla, C6H6, and C6HI4: 
MGCO = 2:l) gave a single spot or streak, v,,, (film): 
1555 and 1370 cm-'  (NO2). 

2-(4-MethoxyplzenylJ-2-mefhoxj~ethylatnine (7) 
A crude sample of 5 (3.3 g) in dry ether (30 ml) was 

added dropwise to a stirred suspension of lithium alum- 
inum hydride (2 g) in dry ether (50 ml). The mixture was 
kept a t  reflux for 5 h, cooled, and treated with ordinary 
ether (50 ml) followed by the cautious addition of water 
(6 ml). The ethereal suspension was filtered under weak 
vacuum and the ether solution dried (MgS04) and concen- 
trated to give the amine 7 as a colorless oil, 1.9 g. This was 
quantitatively converted into the hydrochloride 9 using a 
saturated solution of hydrogen chloride in ether. Re- 
crystallization from chloroform-hexane gave prisms, m.p. 
162-163", lit. 165-166.5", dec. 186-187 (2) and 186-187" 
(13); v,,, (Nujol) 2800-2600 cm-' (N + Ha). 

Anal. Calcd. for CloH16CINOI: C, 55.17; H, 7.41 ; 
N, 6.43. Found: C, 55.07; H, 7.50; N, 6.31. 

The amine was regenerated from its hydrochloride by 
treatment with sodium carbonate solution and was 
extracted with chloroform. 

I- (4-Mefi~oxypl~enyI) -I-methoxy-2-aminopropane ( 8 )  
The crude erythro-threo mixture 6 (4 g) was reduced in 

ether with lithium aluminum hydride (2 g), furnishing the 
amine 8 as a colorless oil (3.1 g, 90%). This was examined 
by p.m.r. and then adsorbed on to silica gel (50 g). Elution 
with chloroform (50 ml fractions, 350 ml) afforded the 
major component (0.23 g). Continued elution (700 ml) 
gave mixtures of 80 and 86 (1.39 g). Elution with 1 % 
methanol (200n1l) and 2 %  methanol in chloroform 
(50 ml)gave8aand86(0.51 g). Continuedelution with 2 % 
methanol in chloroform (500nil) gave 86 containing 
traces of 8n (by t.1.c.) (0.22 g). Samples of 8a.HC1, 
m.p. 177-178 raised to 178-180" by recrystallization from 
CHCI, and 86 .HCI, n1.p. 171-173 raised to 178-17g0 
had mixed m.p. 160-162". Their i.r. spectra (KBr) were 
similar. but the samoles showed no detectable amounts of 
the other by i.r. and p.ni.r. 

Anal. Calcd. for C11HlsCIN02:  C, 57.00; H, 7.83; 
N,6.05;CI, 15.31. Foundfor8a.HCI: C,  57.17; H,7.61; 
N, 6.01 ; C1, 15.25. Found for 8b .HCI: C, 56.87; H, 7.85; 
N, 5.97. 

The author thanks Miss D .  Verner for assistance with 
synthesis, and Mr. H. W. Avdovich for determining 
p.m.r. spectra. 
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The reaction between CF3 radicals and ethylene oxide was studied in the range 6&228 "C using CF31 
as a radical source. For the reactions, 

0 0 
\ k~ / \ 

CF3 + C H 2 2 H z  + CF3H + CHI-CH 

kc 
CF3 + CF3 + C,Fs 

we obtain 
log kH/k,'/2(~m3/2 s-'/') = (5.77 + 0.12) - (11.02 + 0.22)/0 

where 0 = 2.3RT kcal mole-'. 
Published data of Phibbs and Darwent on the reaction 

0 0 
[5 I / \ / \ 

CH3 + CHI-CH2 + CH4 + CHI-CH 

have been re-calculated and it is suggested that both the original and re-calculated values of the activation 
energy E, are too low. The Arrhenius parameters for the reactions of CF3 and CH3 radicals with 
ethylene oxide are compared with those for related reactions. 
Canadian Journal of Chemistry, 48, 3601 (1970) 

As part of a study of the vapor phase reactions 
of free radicals with cyclic compounds, we have 
determined Arrhenius parameters for the abstrac- 
tion of hydrogen by CF, radicals from ethylene 
oxide. The radicals were generated by photolysis 
of CF,I. 

We have also re-calculated the data of Phibbs 
and Darwent (1) on the corresponding reaction 
involving CH, radicals with ethylene oxide. Their 
results on CH, + cyclopropane have also been 
re-interpreted. It is found that published data on 
the reaction between CH, radicals and ethylene 
oxide are anomalous and the system appears to 
require re-investigation. 

Experimental 
Ethylene oxide was purified by bulb-to-bulb distillation 

retaining a middle cut which was stored in liquid nitrogen. 
I t  was better than 99.9% pure as ind~cated by g.1.c. 
No impurities could be detected by i.r. spectroscopy. 

Mixtures of CF31 and ethylene oxide were photolyzed 
and the products analyzed using procedures described 
elsewhere (2). 

Results 

Blank experiments without photolysis showed 
that there is no dark reaction between CF,I and 
ethylene oxide, EtO. When the mixture is 
photolyzed, important reactions are [I]-[3]. The 

radical produced by reaction 2 is probably 
scavenged by various reactions producing iodides 
(2, 3). If CF,H and C2F6 are formed only by 
reactions 2 and 3, the rate constants of which we 
donate by k, and kc respectively, then 

where R denotes rate of formation of product. 
The photolyses covered the range 60-228 "C and 
the results are given in Table 1. It is seen that a t  
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re-interpreted. It is found that published data on 
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No impurities could be detected by i.r. spectroscopy. 

Mixtures of CF31 and ethylene oxide were photolyzed 
and the products analyzed using procedures described 
elsewhere (2). 

Results 

Blank experiments without photolysis showed 
that there is no dark reaction between CF,I and 
ethylene oxide, EtO. When the mixture is 
photolyzed, important reactions are [I]-[3]. The 

radical produced by reaction 2 is probably 
scavenged by various reactions producing iodides 
(2, 3). If CF,H and C2F6 are formed only by 
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TABLE 1 
Photolysis of CF31 with ethylene oxide* 

Reactant pressure 
(Torr) 

Photolysis 
T ("C) time (s) CF3I CzH40 R c , F , ~  R C F , H ~  k ~ / k c l / ~ $  

'Reaction vessel volume 161.2 cm3. 
?Rates of formation of Products in mole cm-' 5-1 x 10". 
Sk,/k,f in cm3/2 mole-f s-*. 

any given temperature the value of kH/k,'12 is RcH4/Rc,H6'12[EtO]. This introduces an error 
independent of the pressure of EtO used. An since they used a constantpressure of EtO so that 
Arrhenius plot was a good straight line from the concentration of EtO varied with tempera- 
which ture. We have re-calculated the results correcting " 

for this and also allowing for the occurrence of 
log kH/kc'/2 (cm3I2 mole-'I2 s-'I2) reaction 6 by using data of Rebbert and Steacie (6) 

= (5.77 f 0.12) - (1 1.02 + 0.22)/8 who give 

where 8 = 2.3RT(R in kcal deg-' mole-'). 
Taking A,  = 2.3 x 1013 cm3 mole-' s-' and 

E, = 0, (4, 5), we obtain the absolute Arrhenius 
parameters for reaction 2 given in Table 2. It is 
of interest to compare these results with data on 
the corresponding reaction 5. The only work on 

this reaction is that of Phibbs and Darwent (I)  
who photolyzed mixtures of mercury dimethyl 
and EtO. Relevant reactions are [5] plus [6] 

and [7]. If CH, and C2H, come only from these 
reactions then 

Phibbs and Darwent obtained E, - 4E7 = 
9.6 kcal mole-' but their work includes two 
sources of error. First they neglected the occur- 
rence of reaction 6 by omitting the first term on 
the right-hand side of eq. 8. Secondly they 
obtained E, - 3E7 by plotting RcH4/Rc,H,'12 
against lo3/T instead of using the more usual 

log k6/k7'12 (cm3I2 mole-'12 s-'I2) 

= 5.03 - 10.8/8 

The re-calculated results show that about one 
third of the total methane is produced by reac- 
tion 6 which cannot therefore be neglected. Using 

eq. 8, we obtain eq. 9. The results show consider- 
able scatter and the Arrhenius plot could well 
be curved. 

Phibbs and Darwent also give data on 

[lo] CH3 + c-C3H6 + CH4 + c-C3H5 

from which they obtain El, - 3E, = 10.2 kcal 
mole-'. Their data on reaction 10 was also re- 
calculated as described for EtO to give 

log klo/k7'12 (cm3I2 mole-'I2 s-'I2) 

= (4.7 + 0.7) - (1 1.7 + 1.3)/8 

Discussion 

It is known (7) that when CF, and CH, 
radicals abstract hydrogen from a given substrate 
RH, the activation energy difference AE = 
E(CH3 + RH) - E(CF3 + RH) is usually about 
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NOTES 

TABLE 2 
Arrhenius parameters for reactions of CF3 and CH3 radicals with ethylene oxide and 

related molecules§ 
-. 

E t  log A.1 log k (400K)t  Reference2 

0 
/ \ 

CF3 + CH2-CH2 11.0  12.5 6 . 5  a 

+ CH3OCH3 6 . 8  11.7 8 . 0  13 
+ C H ~ C ~ ~ ~ O C ~ ~ ~ C H ~  5.5 11.9 8 .9  13 

T? + CH2-CH2 8 . 7  11.5 6 .7  2 
+ C H ~ C ~ ~ ~ C H ~  6 . 4  11.7 8 . 2  14 

0 
/ \ 

CH3 + CHz-CH2 (9.6) - - 1 
(10.1) (11.2) (5.7) b 

+ CH30CH3 10.0 11.6 6.1 13 
+ C H ~ C ~ ~ O C ~ ~ ~ C H ~  9 . 7  12.0 6 .7  15 

x2 + CH2-CH2 13.3 11.8 4 .5  9, 1 
+ C H ~ C ~ ~ ~ C H ~  10.3 11.9 6 .3  16 

'Hydrogen atom abstracted. 
t E  in kcal mole-', A and k in cm3 mole-' s-'.  
$References: a, this work; 6, re-calculated from data in ref. (I), see present text. 
$Data in parentheses are suspect, see text. 

2 to 3 kcal mole-'. Exceptions to this rule are similar drop in reactivity from CH, + (CH,),O 
rare and usually involve a highly polar RH (8). or (C,H,),O to CH, + EtO but this is not shown 
We now find that E(CF, + EtO) = 11.0 kcal by the data in Table 2: hence we have a second 
mole-' (see Table 2), hence we expect E(CH, + reason for suggesting that the activation energy 
EtO) to be about 13 kcal mole-' or possibly given there for CH, + EtO is too low. A more 
even higher since we have shown (2) that for reasonable value would be about 14 kcal mole-'. 
RH = cyclopropane, AE = 4.6 kcal mole-'. We conclude that further experimental studies 
Accordingly Phibbs and Darwent's result that of the reaction between CH, radicals and EtO 
E(CH, + EtO) = 9.6 kcal mole-' seems anom- are desirable. 
alously low and our re-calculated value in eq. 9 It might be expected that further conclusions 
seems little better. This suggestion is confirmed could be drawn by comparing the data in Table 2 
by our re-calculated value of El, - +E, for with that for CH, and CF, + ethyleneimine and 
cyclopropane which, although higher than Phibbs dimethylamine. For CH, + ethyleneimine, sep- 
and Darwent's figure by 1.5 kcal mole-', is still arate Arrhenius parameters have been measured 
low compared with the figure of 13.3 kcal mole-' by Gray and Jones (1 1) for abstraction from 
obtained by McNesby and Gordon (9, 2) using a N-H and C-H, using isotopic labelling. How- 
more reliable competitive technique. ever for CF, + ethyleneimine, only overall 

The above data is listed in Table 2 together Arrhenius parameters exist (12) so such discus- 
with Arrhenius parameters for other related sion does not seem justified. 
reactions. First we note that H abstraction by 
CF, from EtO is much more difficult than from One of us (S.H.J.) wishes to thank the Science Research 
(CH,),O or (C,H,),O just as H abstraction by Council for a grant. 

CF, from cyclopropane is more difficult than 
from the corresponding non-ring c o m p o u n ~  pro- 1 .  M. K. PHIBBS and B. DEB. DARWENT. Can. J. Res. 

28B, 395 (1950). 
pane. In both cases, this is expected from Brown's 2. S. H. JONES and E. w ,,,,,. ~ ~ t .  J.  them. 
I-strain theory (10). By analogy, we expect a Kinetics, Nov. 1970. 
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Chemical reactions in a Toepler pump 
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Products have been generated in a Toepler pump from a variety of hydrocarbons and ketones. From 
the nature of the products, it is deduced that the mechanism must involve more processes than just 
mercury 3P0 sensitization. These observations suggest that trace products from samples taken with a 
Toepler pump may be at least partly artifactual. 

Canadian Journal of Chemistry, 48, 3604 (1970) 

During the course of a photochemical investi- 
gation involving the production of trace amounts 
of carbon monoxide, we were plagued by 
extraneous production of carbon monoxide. 
Mechanical agitation of the mercury in a Toepler 
pump by gas bubbles was shown to be the'source. 
Although it has been recognized that bubbling 
gases through mercury and other liquids gives 
rise to spectra of the gases (I), we have not found 
any report of the chemical reactions which occur 
during the process. This is a report on product 
formation by some classes of hydrocarbons and 
ketones. 

An automatic Toepler pump with a 1 1 expan- 
sion volume was used in these experiments. Some 
experiments were conducted by manually 
operating the pump to avoid electrical sparks 
between the contacts, and with the mercury 
grounded and foil wrapped around the outside 
of the pump to minimize electro-static discharges. 
No  significant differences were observed between 
the results with the normal automatic operation 
and operation where extraneous electrical effects 
were minimized. 

To  gain a measure of the rate of formation of 
various products, the pressure of the reactant 
was held constant during the course of the experi- 

ments by setting the discharge valve to return the 
gases to  the manifold rather than the collection 
system. The time for one complete cycle was 
about 1 min and the rates are reported in terms of 
total elapsed time for the experiments. 

All the gas from the experiment was collected 
in a sample flask. CO and methane were analyzed 
on a sieve 5A column, temperature programmed 
from liquid N,. While Hz  shows on a sieve 
column, its sensitivity is so low that Hz values 
were obtained from duplicate runs into a mass 
spectrometer from the sample flask a t  liquid N, 
temperature. Calibration was via mixes of Hz 
and CO, simulating the conditions of the experi- 
mental sample where Hz was in the presence of a 
condensed phase a t  liquid N, temperature. 
Acetone, perfluoro acetone, diethylketone, and 
some saturated and unsaturated hydrocarbons 
were tested. The .results are shown in Table 1. 

It will be noted that acetone yields H, as well as 
CO and CH, as products. Since Hz is produced, 
it indicates that dissociation is not exclusively 
via excited mercury 3P0 sensitization. Similarly 
Hz and CH, are found in the products from 
diethylketone in addition to the products 
expected from excited mercury sensitization. 

Usually Hz  was the only product monitored 
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It will be noted that acetone yields H, as well as 
CO and CH, as products. Since Hz is produced, 
it indicates that dissociation is not exclusively 
via excited mercury 3P0 sensitization. Similarly 
Hz and CH, are found in the products from 
diethylketone in addition to the products 
expected from excited mercury sensitization. 

Usually Hz  was the only product monitored 
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NOTES 

TABLE I 

Products from Toeplering various compounds 

Reactant 

Ace tone 

1 Acetone to 1 Ethane 

Hexafluoroacetone 

Amount 
Pressure Time produced 

(cm) (min) Product (pmoles) 

20 60 CO 0.48 
CH., 0.04 

1 Diethvlketone to 4 Helium 20 60 CO 0.41 

Ethane 

Butane 
Erhene 
Propene 
Butene-l 
fratzs-Butene-2 
cis-Butene-2 
cis-Butene-2 

from hydrocarbons. A chromatographic analysis 
was made of the products from ethane and ethene. 
For ethane, the appearance of methane provided 
evidence of C-C bond breaking. Trace methane 
impurities in the ethene limited the detectability 
of products resulting from C-C bond breaking. 
Within the limits of detection, we could see no 
evidence of any product methane. The source of 
the small amount of CO from ethane is uncertain. 
It was observed that the amount of CO was 
dependent on the presence of 0, and water in the 
reactant gas. The result for ethane quoted in 
Table 1 is for an experiment where care was 

taken to minimize 0, and water, by pumping 
on the liquid ethane at liquid N, temperature 
and then distilling a small part of the pumped 
liquid ethane directly into the Toepler pump. 

These observations show that taking samples 
via a Toepler pump may lead to artifactual com- 
pounds. Since these compounds can be confused 
with other reaction products from the sample, a 
Toepler pump technique is inappropriate when 
the samples are to be analyzed for trace products. 

1. L. J. SCHOEN. Can. J. Phys. 38, 967 (1960). 
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COMMUNICATIONS 

Pyrolysis of bicyclo[2.2.l]hepta-2,5-diene-2,3-dicarboxylic anhydride' 

0. A. MAMER AND F. P. LOSSING 
Division of Chemistry, Natio~zal Research Council, Ottawa, Canada 

AND 

E. HEDAYA AND M. E. KENT 
Union Carbide Research Institute, Tarrytown, New York 10591 

Received July 20, 1970 

The pyrolysis of the titled anhydride at low pressures and short contact times was found by both mass 
spectral and chemical experiments to involve an unusual decarboxylation to benzocyclobutenone. The 
latter subsequently decarbonylates to  give a triad of C,H, isomers: 5-vinylidenecyclopentadiene, 
ethynylcyclopentadiene, and benzocyclopropene. No  evidence was found for dehydronorbornadiene, 
which would be expected on the basis of the pyrolysis of maleic anhydride or phthalic anhydride. 

Canadian Journal of Chemistry, 48, 3606 (1970) 

The pyrolysis of maleic anhydride (1) at 
800-900" is known to give equimolar quantities 
of acetylene, carbon monoxide, and carbon 
dioxide (1). The utility of this type of fragmenta- 
tion of a cyclic unsaturated anhydride is best 
exemplified by the pyrolysis of phthalic an- 
hydride (2) where benzyne is obtained by con- 
secutive (2) or concerted (lb) elimination of 
carbon monoxide and carbpn dioxide. Recently, 
the preparation of 'bicyclo [2.2.l Ihepta-2,5-diene- 
2,3-carboxylic anhydride (3) was described (3). 
This anhydride is a potential thermal source 
of the highly strained cyclic acetylene 4, which it- 
self may undergo novel thermal rearrangements, 
fragmentations, and cyclo-addition reactions. 
We have investigated the flash vacuum- pyrolysis 
of 3 and have found instead that it undergoes 
an unusual sequential loss of carbon dioxide and 
carbon monoxide to ultimately give 5-vinylidene- 
cyclopentadiene (fulvenallene, 5) via benzocyclo- 
butenone (6). 

Compound 3 was first introduced into an oven 
coupled directly to the ionization source of a 
mass spectrometer at about Torr and short 
contact times s) (4). A low voltage scan 

'NRCC No. 11608. 

revealed prominent thermal fragments at m/e 
118 (C,H,O by isotopic distribution) and m/e 90 
(Fig. I): ionization potential (IP) (118, 700") 
8.99 eV; IP (90, 1000") 8.88 eV. Co-pyrolysis 
of the anhydride with ethyl nitrite gave no 
evidence that methyl radicals were adding to a 

FURNACE TEMPERATURE PC) 

FIG. 1. Pyrolysis of bicyclo[2.2.1]hepta-2,5-diene- 
2,3-dicarboxylic anhydride (3): A, m/e 162; 0, m/e 118; 
0, mle 90; 0, m/e 66. 
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COMMUN 

thermal fragment. Finally, 3 was observed to be 
considerably less stable than either phthalic or 
o-methylphthalic anhydride. The latter did not 
fragment appreciably at temperatures < 800". 

The identity of the m/e 118 and 90 products 
was determined by carrying out the above 
pyrolysis in an apparatus which closely duplicates 
the mass spectral pyrolysis conditions and where 
the pyrolysate is rapidly quenched on the surface 
of a dewar at liquid nitrogen temperatures (4b). 
Characterization of the pyrolysate obtained at 
700" showed that the major product was benzo- 
cyclobutenone (6) while the pyrolysate at 900" 
consisted predominantly of fulvenallene (5) with 
minor amounts of benzocyclopropene (7) and 
ethynylcyclopentadiene (8). These were identical 
in all respects to authentic samples which had 
previously been obtained from the flasii vacuum 
pyrolysis of 1,2-indanedione (5). This served to 
identify the m/e 118 (6) and m/e 90 products (5) 
detected in the mass spectral experiments. 

A plausible scheme accounting for facile 
formation of benzocyclobutenone (6) is shown in 
Scheme 1. Unusual features include a radical 
induced anhydride ring opening to give 10.' 
Intermolecular radical addition-elimination re- 
actions to carbonyl moieties have been previously 
proposed in the free radical initiated chloro- 
carbonylation of hydrocarbons with oxalyl 
chloride (6). 

The final step for formation of 6 is depicted as 
involving a 1,3 or 1,5 hydrogen transfer of the 
biradical9. It is conceivable that the latter process 

' ~ n  alternative scheme involving initial anhydride ring 
cleavage was considered but discarded because of the 
observed low stability of 3 compared to o-methyl- 
phthalic anhydride. Also, subsequent intermediates did 
not have structural features consistent with the observed 
decarboxylation-decarbonylation sequence. Finally, 
Scheme 1 incorporates intermediates having greater bond 
strengths and radical stabilization of radical sites than 
those derived from initial anhydride ring cleavage. 

may go through intermediate carbene species 
stemming from 1,2 hydrogen shifts. 

The formation of fulvenallene (5), benzocyclo- 
propene (7), and ethynylcyclopentadiene (8) is 
best rationalized in terms of the 1,3-biradical 13 
which undergoes ring-closure or ring contraction 
depending on the pyrolysis temperature. This 
process for authentic benzocyclobutenone was 
previously elucidated in an investigation of the 
flash vacuum pyrolysis of 1,2-indanedione (5). 

It is interesting to compare the pyrolytic 
fragmentation observed for 3 with that induced by 
electron-impact. The 50 V mass spectrum for 3 
has major peaks at m/e 162 (25.6 %), 118 (10.6 %), 
90 (54.779, and 66 (100%). A metastable was 
observed at m/e 68.8 which corresponds to 
118' + 90' + 28. Thus, the electron impact 
induced fragmentation appears to parallel the 
pyrolytic fragmentation. However, the structure 
of the major intermediates may be very different. 
Scheme 2, for example, would be plausible based 
on the mass spectrum of phthalic anhydride which 
has major peaks at m/e 104 (C6H,CO) and 76 
(C6H,) (2). It is noteworthy that attempts to 
detect, by mass spectroscopy, a pyrolytic fragment 
from phthalic anhydride corresponding to benzo- 
cyclopropenone (mle 104) were unsuccessful (7). 
Similarly, in our chemical pyrolytic studies on 3, 
no evidence was obtained for an intermediate 
corresponding to 14. 

In general, we believe that the practice of 
predicting pyrolytic .fragmentations based on 
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electron impact results or of inferring structures 
of prominent ions obtained by electron impact 
on the basis of pyrolytic studies should be 
exercised wi.th caution (2, 8). 

1. (a)  F. 0. RICE and M. T. MURPHY. J. Amer. Chem. 
Soc. 64, 896 (1942); (b)  A. L. Brown and P. D. 
Ritchie. J. Chem. Soc. C, 2007 (1968). 

2. (a)  S. MEYERSON. Rec. Chem. Progr. 26,257 (1965); 
(b)  E. K .  FIELDS and S. MEYERSON. Chem. Commun. 
474 (1965); (c )  E. K. FIELDS and S. MEYERSON. 
J. Org. Chem. 31, 3307 (1966); ( d )  R. F. C. BROWN, 
D. V. GARDNER, J. F. W. MCOMIE, and R. K. SOLLY. 
Aust. J. Chem. 20, 139 (1967). 

3. J. R. EDMAN and H. E. SIMMONS. 3. Org. Chem. 33, 
3808 (1968). 

4. (a)  F.  P. LOSSING. 01 Mass Spectroscopy. Edited by 
C. A. McDowell. McGraw-Hill Book Co., Inc., 
New York. 1963. p. 442; (b)  E. HEDAYA. ACC~S. 
Cheni. Res. 2. 367 (1969). 

and L. M. KYLE. J. Org. Chem. 32, 
7. F. P. LOSSING and 0. A. MAMER. Unpublished 

results. 
8. (a)  F.  W .  MCLAFFERTY. 112 Mass Spectrometry of 

Organic Ions. Academic Press, New York. 1963. 
p. 311; (b)  0. A. MAMER, R. J. KOMINAR, and F. P. 
Lossr~c.  Org. Mass Spec. In press; (c )  D. W. 
BRENT, J. D. HRIBAR, and D. C. DEJONGH. J. Org. 
Chem. 35, 135 (1970). 
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Recoil reactions in neutron-activated nickel carbonyl 

0. H. WHEELER AND J. E. TRABAL 
Puerto Rico Nuclear Center, Mayagiiez, Puerto Rico 

AND 

Chemistry Department, Carleton University, Ottawa, Canada 

Received February 20, 1970 

Retention of 65Ni in neutron-irradiated Ni(CO), has been measured both in the pure form and in 
n-heptane and Fe(CO), solutions, and mixed with triphenylphosphine (PI$,) in n-heptane solution. 
Retention was found to be nearly 100% in all cases except with high concentrations of Fe(CO),, where 
the retention dropped off strongly. It is concluded that the high retention is the result of rapid exchange 
of CO with inactive Ni(CO),. The effect of Fe(C0)5 is considered to be a hot-zone reaction. The presence 
of triphenylphosphinenickel tricarbonyl was found not to affect the retention in Ni(CO),. This is taken 
to show that the 65Ni atoms formed in crystalline I$,PNi(CO), remain trapped in the lattice. 

Canadian Journal of Chemistry, 48, 3609 (1970) 

Neutron activation of metal carbonyls results 
in various frat-tions of the radioactive metal 
atoms remaining in, or reforming, the parent 
compound. Most thoroughly studied of the 
mononuclear carbonyls have been those of 
Group VI (1-3), which show retention of 40-70 % 
of the radioactive atoms in their original form, 
the exact value being dependent to some extent 
on post-irradiation treatment. Heating the 
irradiated sample at a known temperature for 
various times usually results in an increase in 
retention. Zahn and Collins (3) have shown that 
with the Group VI carbonyls, heating the sample 
in carbon monoxide under pressure results in a 
very marked increase in retention, which increase 
is dependent on the pressure as well as on the 
time and temperature. Thus, availability of CO 
in the crystal seems to be a prime factor in the 
reaction. 

This dependence on the presence of CO can be 
extrapolated to other cases where CO is not 
present in excess but which also show post- 
irradiation annealing effects. In such cases, the 
reaction may involve free carbon monoxide from 

should be related to ligand exchange processes 
which often follow a similar dissociation path- 
way. This argument also applies, of course, to 
possible similar reactions which may occur at 
ambient temperature too quickly to allow chem- 
ical observation. In this context, one notes that 
Fe(CO), and Mn,(CO),,, which are inert to 
exchange (and which thus do not make free CO 
available) have somewhat lower retention values 
(4, 5). 

The present paper describes some studies 
made on nickel carbonyl. This compound, liquid 
at room temperature, is known (6) to exchange 
its carbonyls quite rapidly by a dissociation 
mechanism. 

[I 1 Ni(C0)4 F? Ni(CO), + CO 

[2 1 Ni(CO), + *CO 4 (*CO)Ni(C0)3 

Nickel carbonyl is also found (7) to be rela- 
tively insensitive to radiolysis. Direct evidence 
for the existence of Ni(CO), has recently 
been given by Rest and Turner (8) who found 
that it is stable at 15 OK, although at 30 OK it 
recombines by the reverse of reaction 1. They 

radiolysis (3) or normal chemical dissociation were thus able to measure an infrared spectrum 
(4). If the latter mechanism is valid, the process of what appeared to be a non-planar, C,,,, 
of recombination following nuclear reaction Ni(CO), in the frozen matrix of Ni(CO),. 
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Experimental 
All the operations with nickel carbonyl were carried 

out using a vacuum line mounted in a fume hood. 
Nickel carbonyl (K and K laboratories) was distilled 
into the vacuum line, and stored in a glass tube protected 
from light. The carbonyl was degassed and redistilled 
in vacuo before use. n-Heptane was fractionally distilled 
from sodium, and stored over sodium. All solutions were 
degassed in vacuo before irradiation. 

Samples of nickel carbonyl (> 800 mg) were sealed in 
evacuated tubes fitted with break seals. After neutron 
activation for 30 s in the PRNC swimming pool reactor 
to produce 2.56 h 65Ni, the tubes were opened on the 
vacuum line, and the nickel carbonyl distilled at room 
temperature into a liquid nitrogen cooled trap. The 
activity of the distilled nickel carbonyl was determined 
by removing an aliquot with a hypodermic syringe 
through a silicone rubber septum. This aliquot was 
diluted with chloroform for counting. The empty activa- 
tion tube was then opened to the air and washed with 
chloroform and with nitric acid. Aliquots of these extracts 
were also counted. Measurement of the activity was made 
with a well-type sodium iodide crystal and a single- 
channel pulse height analyzer. 

Ni(CO), could be distilled quantitatively in vacuum 
and since no decomposition was detected visually, the 
chemical recovery found by weighing was always - 
100%. 

Neutron irradiation of samples containing iron car- 
bonyl, n-heptane, or  triphenylphosphine was done in the 
same way. The liquid present was totally transferred at 
room temperature in vociro to remove it from the solid 
or  adsorbed residues. No  attempt was made to separate 
the volatile components, since 65Ni was the only active 
species present and Ni(CO), was the only nickel com- 
pound volatile at room temperature. Total recovery was 
confirmed in all cases by weighing the combined distillate. 
The activated Ni(C0)4-Fe(C0)5 solutions left a dark 
green solid, amounting to about 0.6-0.8%, by weight, 
of the total sample. This substance was most probably 
Fe3(C0), 2 ,  which is formed from Fe(CO), by photolysis 
(9) and by radiolysis (4). 

The triphenylphosphine was used as 5 % solution, by 
weight, in n-heptane. Triphenylphosphinenickel tricar- 
bonyl (m.p. 123 "C) was prepared by heating triphenyl- 
phosphine with nickel carbonyl in methanol, and recrys- 
tallizing from chloroform (1 1). Triphenylphosphine is 
reported (6) to react rapidly and quantitatively with 
nickel carbonyl at room temperature to give @,PNi(CO),. 
In  a tracer experiment using neutror-irradiated solid 
@,PNi(CO), suspended in ?I-heptane, distillation of the 
liquid in the usual manner gave no significant activity 
in the distillate. The same result was found when inactive 
Ni(CO), was added to the solvent. This shows the absence 
of fast disproportionation reactions in the solid 

The method of weighing the total distillate will give 
less reliable values where the amount of residual Ni(CO), 
is small i.e. when the starting composition is +,P:Ni- 

(CO), 3 1. In  such case the reported retention values 
will be proportionately too low. In all cases the retention 
values reported were determined by comparing the radio- 
activity of the vacuum distilled liquid with the total 
activity of all fractions. 

Results and Discussion 
The retention found in pure Ni(CO), is 

98.6 f 1 % as the average of 5 determinations 
using 30 s irradiations. Irradiation for 2 min 
gave a value of 97.1 %, which is not a significantly 
different value. 

Pure nickel carbonyl irradiated as a solid at  
-78 "C showed R = 95 f 0.5 % independent 
of whether the separation was done by direct 
sublimation from the solid, or by vacuum distilla- 
tion following melting or following dissolution 
of the solid in cold (-78 "C) n-heptane. By 
chloroform leaching of the residue following 
distillation less than 1 % of the total activity was 
recovered in all cases. 

Dilution of the samples to be irradiated with 
n-heptane did not cause significant change in the 
retention values. as is seen in Table 1. This 
behavior is to be contrasted with that of 
Mn,(CO),, irradiated in benzene and other 
solvents (10). in which case the observed retention , 3 ,  

fell to an extremely low value. This was inter- 
preted as representing the extent of failure of 
bond rupture, "primary retention". Rosenberg 
and Sugihara (1 1) found a retention of only 4.1 % 
in nickel phthalocyanine, which shows that the 
nickel atom is given sufficient energy to break its 
bonds in the overwhelming majority of events. 
Thus we are dealing mainly with a reformation 
vrocess in the vresent case. Hence we conclude 
that the radioictive nickel atom along with 
whatever of its ligands may remain attached 
diffuses unscavenged through the hydrocarbon 
solution, and collects further carbonyl groups 

TABLE I 
Retention of Ni as Ni(CO), for 
n-heptane solutions irradiated at room 
temperature. Values given are the 

average of 2 determinations 

Ni(CO), concentration Retention 
(mole fraction) ( %) 

1 .OO 98.6 
0.70 97.6 
0.45 97.8 
0.43 98.5 
0.39 97.5 
0.31 95.0 
0.10 97.6 
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until the molecule is once more complete. That 
CO groups are in fact available through the 
dissociation shown in reaction 1 has already been 
demonstrated (6). We are at  present unable to 
deduce anything fi~rther about the nature of the 
diffusing species, and shall call it Ni(CO),, 
where 0 < x < 3. The detection of C6H,Mn- 
(CO), in neutron irradiated benzene solutions 
of CpMn(CO), (5) shows that accretion of car- 
bonyls does occur to some extent, although the 
very low yield may reflect the failure of Mn-CO 
dissociation to provide sufficient CO groups. 

Results of experiments using Fe(CO),- 
Ni(CO), solutions are given in Fig. 1. It is seen 
that the retention values remain only slightly 
affected by the presence of Fe(CO), up to concen- 
trations of nearly 50 mole "/,, and then decrease 
more strongly. Thus, the Ni(CO), is destroyed 
by the recoil and, while the Fe(CO), does hinder 
the reformation, it does so very inefficiently. The 
nature of the reaction involved is not known 
although according to Harris (12), such inefficient 
scavenging must occur within the hot zone itself 
rather than following diffi~sion. 

To follow an earlier conclusion coming from 
the n-heptane experiments, the dilution will not 
of itself cause a decrease in retention. There 
remain two possibilities: (I) that the Fe(CO), 
is somehow able to compete for the available 
CO molecules and leave too few for the nickel 
to recombine with. This would have to be a bulk 
effect resulting in overall decomposition of the 

0.5 1.0 
Mole Froclion 

FIG. 1. Effect of dilution of the Ni(C0)4 before 
irradiation: x ,  11-heptane; @, Fe(CO)S. Mole fraction 
refers to the diluent. 

:TIVATED NICKEL CARBONYL 3611 

Ni(CO),. Since this gross decomposition was not 
detected, this reaction can be eliminated; (2) 
that at high concentrations in the hot zone 
Fe(CO), is able to prevent reaction of the nickel 
atoms beyond a certain very early unstable stage, 
either by scavenging the nickel compound at that 
stage to form a mixed iron-nickel carbonyl, or by 
blocking its access to nearby carbonyl groups. 
The effect of this scavenging, then, would be to 
prevent the formation of a critical intermediate 
which could react fi~rther with available carbonyl 
groups. 

In other work (5) it was found that a very small 
quantity of Fe(CO), greatly reduced the retention 
of 56Mn in CH,CpMn(CO),. The reaction is 
again unknown but from the present results one 
may conclude that it is not a reaction with CO 
but rather must be a scavenging of CH,Cp, or of 
a manganese-containing species such as CH3- 
CpM n. 

Some of the solutions irradiated had triphenyl- 
phosphine added to them before irradiation. 
The sample thus consisted of a slurry of 4,PNi- 
(CO), in heptane with some excess Ni(CO),. The 
results are shown in Fig. 2, which gives the 
retention in Ni(CO), as a function of the mole 
fraction of total 4,P in the mixture. The first part 
of the curve shows that the fraction of the 6 5 ~ i  
found as Ni(CO), is equal to the mole fraction of 

Mole Fraction o3 P 

FIG. 2. Effect of adding $,P before irradiation. 
Mole fraction = $,P/($,P + Ni(C0)4) disregarding 
chemical reaction. The sol~d I ~ n e  shows the effect expected 
for complete reaction to give $,PNi(CO),, with no 
exchange. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
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unreacted Ni(CO),. This shows that either (I) 
there is no interaction whatsoever between the 
two components of the mixture or (2) the 
exchange between the components is rapid and 
complete. Since reactions 3 and 4 have been 
shown not to occur within the time of our experi- 
ment, one must conclude that the radioactive 
nickel atoms generated in the solid +,PNi(CO), 
remain in the solid during and after the nuclear 
reaction. 

3. U. ZAHN, K. E. COLLINS, and C. H. COLLINS. 
Radiochim. Acta, 11, 33 (1969). 

4. S. R. NARAYAN and D. R. WILES. Can. J. Chem. 
47, 1019 (1969). 

5. I. G. DEJONG, S. C. SRINIVASAN, and D. R. WILES. 
Can. J. Chem. 47. 1327 (1969). 

6. J. P. DAY, G. BASOLO, a& R. G. PEARSON. J. Amer. 
Chem. Soc. 90, 6927 (1968). 

7. H. F. BARZYNSKI, R. R.  HENTZ, and M. BURTON. 
J. Phys. Chem. 69, 2034 (1965). 
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The kinetics and mechanism of the reactions between carbon 
monoxide and ruthenium(I1) chlorides in solution 

B. C. HUI AND B. R. JAMES 
Departtnent of  Cl~et~iistry, University of Britislr Colronbia, Vancouver 8,  British Collrtnbin 

Received July 9, 1970 

'The kinetics of formation of mono- and dicarbonyl complexes in two successive stages by direct 
carbonylation of ruthenium(I1) chlorides in diniethylacetaniide solution have been studied at 65-80' and 
up to 1 atni CO by gas uptake techniques. Both stages are first order in ruthenium. Formation of the 
nionocarbonyl is independent of CO pressure; dicarbonyl formation is first order in CO at low pressures 
with the order decreasing towards zero with increasing pressure, and shows an inverse chloride depend- 
ence from 0.1-2.0 Madded chloride. For both stages, the data are consistent with a mechanism involving 
predissociation. A similar mechanism is suggested for the corresponding reactions in 3 M HCI solution 
which had been studied earlier and which showed overall second-order kinetics. 

Discussion on the related formation of molecular nitrogen conlplexes of rutheniuni(I1) is presented. 

Canadian Journal of Chemistry, 48, 3613 (1970) 

Introduction 

The growing interest in the uses of rutheni~im 
complexes as homogeneous catalysts ( I )  prompts 
11s to report new data on the mechanism of 
formation of ruthenium(I1) chlorocarbonyls by 
direct carbonylation in a non-aqueous polar 
medium and consider in more detail some earlier 
data on a corresponding system in aqueous hydro- 
chloric acid (2). Such reactions are of importance 
for more detailed understanding of catalytic reac- 
tions involving ruthenium carbonyls, and also for 
comparison with the mechanism of formation of 
transition metal dinitrogen (N,) complexes 
formed from gaseous nitrogen. 

Carbon monoxide had previously been found 
(2) to react with chlororuthenate(I1) complexes 
in aqueous hydrochloric acid solutions at 80" and 
1 atm pressure to form the carbonyl derivatives 
[RLI(CO)(H,O)CI,]~- and [RLI(CO),C~,]~-. The 
reactions involving rutheni~ini(I1) chloro com- 
plexes in dinietliylacetamide (DMA) were found 
to proceed quite differently kinetically and usu- 
ally with faster rates than those in the aqueous 
medium. but we conclude that a common 
meclianism involving predissociation exists,wliich 
is consistent with the kinetic data for both solvent 
systems. 

Experimental 
Rutheniuni(II1) trichloride trihydrate was obtained as 

RuCI3.3HIO (with 40.59% Ru) froni Johnson Matthey 
Limited. Other materials used and the procedure used for 
following CO uptake at constant pressure have been 
described earlier (2-4). Ruthenium(I1) chloride solutions 
in DMA were prepared by reaction of hydrogen with 
RuCl3.3Hz0 solutions at room temperature as previously 
described (5). 

Visible and ultraviolet spectra were recorded on a 
Perkin-Elmer 202 instrument, and infrared spectra were 
recorded on a Perkin-Elmer 137 as solutions taken 
directly from kinetic runs into 1 nini sodium chloride 
liquid cells. 

The CO solubility in DMA has been measured 
previously (4) and is comp~~ted after allowance for the 
vapor pressure of solvent at various temperatures (6). 

Results 

The deep blue solutions of Rul'C1,, in DMA 
(A,,,, 650 nni, E = 1200) absorbed CO very 
readily at pressures up to 1 atm in the temperature 
range 65-80", the total uptake of CO correspond- 
ing closely to 2 moles ofCO per niole ofruthenium 
as shown in Fig. 1 .  The absorption occurred in 
two distinct stages, the first mole of CO being 
taken up relatively rapidly (-1 h at 80") and the 
second mole more slowly (-10 11). The absorp- 
tion of the first mole of CO was accompanied by 
a color cliange froni deep blue to green (A,,,, 

FIG.  I .  Uptake of CO by a 0.021 M solution of Rul' 
chloride in DMA (550 nini CO, 80"). The broken lines 
correspond to the uptake of I niole of CO and 2, moles of 
CO respectively, per niole of Ru". 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3614 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

385 nm, E = 1000, A,,, 450 nm, E = 1000), and 
of the second mole by a color change from green 
to yellow (h,,, = 465 nm, E = 430). These ob- 
servations suggest a two-step carbonylation 
reaction 

Consistent with this, the infrared spectrum of a 
green RuH(CO) solution showed a broad band 
at 1940cm-I, while the yellow RU"(CO), 
solution showed two bands at 2040 and 1960 cm- 
indicative of cis carbonyls. The reaction is very 
similar to the one in aqueous HC1 as regards the 
overall stoichiometry, the form of uptake curve, 
and color changes (2). 

The formation of Rul'(CO) according to 
reaction 1 obeyed the first-order rate law 

where k, is a true first-order rate constant being 
independent of CO concentration. Values of k, 
were determined using eq. 3 from the slopes of 
first-order log plots such as that depicted in Fig. 
2; the stoichiometric relation 

was used to estimate [Ru"] from the observed CO 
uptake. The values of k, thus obtained are 
summarized in Table 1. The rate was little affected 
on addition of LiCl up to 0.5 M; at higher 
chloride concentrations k, increased somewhat. 

Time, s 
FIG. 2. Kinetic plot for the formation of Ru(C0) in 

DMA (0.021 M Ru", 550 mm CO, 80"). (0) CO absorbed; 
( 0 )  log[Rul']. The broken line corresponds to the uptake 
of 1 mole of CO per mole of Ru". 

TABLE 1 

Summary of kinetic data for reaction 1 
-- 

[Ru" ] CO [CO I k I 
x 1 0 2 ( M )  (mm) x 1 0 3 ( M )  x103(s- ' )  

-2.4 1 h , 
0 2000 4000 6000 8000 10,000 

Time, s 

FIG. 3. First-order rate plots for the uptake of CO by 
Run(CO) solutions in DMA at 80". (0) 0.021 MRu"  
550 mm CO; ( 0 )  0.021 M Ru", 267 mm CO; (A; 
0.01 1 M Ru". 550 mm CO. 

Addition of 0.5 M H,O also increased k, some- 
what. The activation parameters were estimated 
from a good Arrhenius plot to be AH* = 
16.9 $- 1 kcal mole-', AS* = -24 +_ 4 e.u. 

At constant [CO] and [Cl-1, the formation of 
Rul'(CO), according to reaction 2 followed 
pseudo-first order kinetics, the rate being 
proportional to the residual concentration of 
RU"(CO), i.e. 
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TABLE 2 

Summary of kinetic data for reaction 2 at 80' unless 
otherwise noted 

[Rul'(CO)] CO K O ]  k~ ' 
x 10, (M) (mm) x lo3 (M) x lo4 (s-I) 

FIG. 4. Dependence of k,' on [CO] in DMA at 80" 
(0.021 M Rul'). 

TABLE 3 

Formation of RU"(CO)~ in DMA: effects of 
temperature on rate constants 

-...- - FIG. 5. Inverse dependence of k,' on [LiCI] in DMA 
at 80" (0.021 M Ru", 725 mm CO). 

Temperature k, k-2 [Ll/k4 
("C) x 104 (s-I) x lo3 (M) 

[5] -d [~u"(CO)]/dt = 

d [Ru"(C~),]/dt = k,' [Rul'(CO)] 

k,' was evaluated from the slopes of first-order 
log plots such as shown in Fig. 3, and was in- 
dependent ofthe initial [Ru"] from(0.53-2.10) x 
lo-' M. Table 2 summarizes the kinetic data for 
k,'. The kinetic dependence on CO is shown in 
Fig. 4 and indicates a first order at low concen- 
trations but with decreasing order with increasing 
concentration, the rate approaching a limiting 
value (zero order). An inverse dependence on 
added chloride from 0.1-2.0 M is observed and a 
linear graph results from plotting (kZ1)- against 
[Cl-] (Fig. 5). The temperature dependence data 
for k,' is summarized in Table 3. 

volving predissociation of the type 

17 I k3 
Rul'CI,, + CO + Rul'(CO)CI, 

(L may be C1-, DMA or, less likely, H,O or 
OH-). This mechanism yields the rate law, 

Discussion 

The kinetics for the first stage, showing a zero 
dependence on CO, indicate that formation of 
Ru1'(CO) proceeds through a mechanism in- 

When k, [CO] >> k- ,  [L], the rate law reduces 
to that observed (eq. 3). Since the rate is essen- 
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tially independent of CO even at the lowest 
pressure used it is impossible to test the system 
for an inverse dependence on L since the k, [CO] 
term in the denominator of eq. 8 always pre- 
dominates. Consistent with this is the finding that 
the rate is independent of added chloride up to 
0.5 M, although as noted before (7) no suitable 
inert anion could be found which could be sub- 
stituted for chloride in order to maintain a 
constant ionic strength in these experiments. It is 
possible that L could be a Ru" moiety, that is, 
the initial complex in solution is dimeric, but we 
have no evidence of this.' 

The rate law for the reaction corresponding to 
reaction 1 in aqueous 3 M HCI, probably in- 
volving the RuC1,'- species, was of the form 
k[Rul'] [CO] and an inverse dependence on C1- 
was observed although the mechanism was not 
considered (2). The data could be consistent with 
reactions 6 and 7 with L = C1-; if k - ,  [Cl] is 
large compared with k, [CO], then the rate laws 
are equivalent with k = klk,/k-, [CI-1. The 
kinetic data for k (2) over the range 2.44.7 M, 
when the equilibrium distribution of chloro com- 
plexes present appears much the same (8), do 
show a reasonably direct inverse dependence on 
[Cl-] as required. The solubility of CO in water 
(9) is some ten times less than in DMA, and in the 
3 M HC1 the k- ,  [Cl-] could predominate over 
the k3[CO] term and give rise to the observed 
different rate laws. 

Thus we believe that the mechanism of carbon- 
yl formation is the same in both solvent systems 
(both 3 M HC1 and DMA have a dielectric 
constant in the range 3040,  and have similar 
coordinating ability (10 and references therein)) 
and involves predissociation. The expected 
dependence on CO is given by eq. 8. In 3 M HC1 
the system is in the first-order region and shows 

'NOTE ADDED IN PROOF: 
Since this paper was submitted, Rose and Wilkinson (20) 
have reported that the blue Ku" chloride solutions ~n 
water, 10 M HCI, methanol, and dirnethylformaniide are 
likely to contain the Ru,CI,~'-  cluster. since the electron 
spin resonance spectrum of each solution was essentially 
identical to that of the anion isolated from methanol 
solutions. However, there is difficulty in interpreting the 
magnetic behavior of the systems which show about 1 
unpaired electron per 5 Ru atoms for the Ru" d6 con- 
figuration. If Ru,CI,~'-  exists in the DMA solution, our 
k l  value (multiplied by 5) could refer to its slow dissocia- 
tion by solvent to a monomeric, solvated Rul'CI,, species. 
However, i t  is difficult to reconcile the kinetic data in the 
3 M HCI media (2, 7, 11) with the existence of polymeric 
chlororuthenate(1J) species, since a fractional dependence 
on Ru would be expected. 

an inverse chloride dependence, and is in the zero- 
order region in DMA where no chloride (or L) 
dependence is expected. Further evidence for a 
predissociation step in the HC1 system is provided 
by the activation parameters (2) AH* = 19 kcal 
mole-', AS* = -5 e.u., which are very similar 
to those reported for the reactions of chloro- 
ruthenate(I1) with ethylene (7) (AH* = 22.8 kcal 
mole-', AS* = -4 e.u.) and formic acid (11) 
(AH* = 23.5 kcal mole-'), AS* = -5 e.u.) in 
the same media, where the predissociation step 

seems well substantiated. 
In the DMA system, the maximum possible 

number of chlorides initially coordinated is 3 and 
a process such as 

[lo] RuCI,-= RuC12 + Cl- (solvent ligands omitted) 

seems more compatible with the AS* value of 
-24 e.u. than equilibria involving lower chloro 
species since these would involve ionization to 
chloride and a cationic species and such a process 
for a corresponding RhC1, system has a much 
larger negative AS* value (12). The somewhat 
lower AH* value (16.9 kcal mole-') might be 
expected if these equilibria are solvent-assisted 
processes because of the somewhat greater donor 
power of DMA compared to H,O (10j. 

The observed CO dependence of k,' gives more 
definite evidence for a predissociation mechanism 
for the second stage of the reaction. 

k4 
[12] Ru"(C0) + CO -> Ru1'(C0)2 

(other ligands omitted) 

The rate law is of the form shown in eq. 8 and at 
constant [L] and [CO], the measured pseudo 
first-order constant k,' is given by 

Hence, 

The plot of (k,')-' us. [co]-' at SO0, shown in 
Fig. 6, is in accord with this relation and yields 
the values of k, and k-, [L]/k4 listed in Table 3. 
Results from more limited data at other tempera- 
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HUI A N D  JAMES: REACTIONS BETWEEN ( 

0 2 0 40 6.0 8 0  10 0 

[co]-' x lo-: M-' 

FIG. 6. Dependence of rate on the [CO] at 80' 
plotted in accord with eq. 8. 

tures (Table 2) are also included. The observed 
linear plot of (k,')-' against [Cl-] (Fig. 5) might 
suggest that L = C1- ; the intercept from this plot 
according to (13) gives k, -2.5 x s-', 
in reasonable agreement with the value of 
3.0 x s-' obtained from the CO data at 80" 
(Table 3). However, the slope of Fig. 5 gives 
k-,/k, N 3 x lo-' which is not consistent with 
k_,[C1-]/k4 = 3.7 x M since this gives 
[Cl-] - 0.1 2 M for the experiments with varying 
CO pressures with no added chloride. Further in 
these experiments, if L = C1- the [Cl-] would 
increase somewhat from the 0.021 M present at 
theconclusion of the first stage; some deviation in 
the first-order log plots of Fig. 3 would be ex- 
pected although none was observed. The analysis 
thus suggests that L is more likely to be a solvent 
molecule. A good Arrhenius plot for k, gives 
AH," = 28.1 + 1.5 kcal mole-' and AS,' = 
5 f 2 e.u., and the latter seems consistent with 
little charge separation in the transition state. 
The slowness of the second stage results then 
from the high activation energy required for the 
dissociation step. 

The fact that the relative importance of the 
k3(,,[CO] and lc-,[L] terms changes for the 
formation of ~ u " ( C 0 )  and Rul'(CO), could 
result from L being chloride and solvent, re- 
spectively. 

The linear plot of Fig. 5 is considered somewhat 
fortuitous since a constant ionic strength was not 
maintained for these experiments and the com- 
position of the chloro complexes might vary; 
even the solubility of CO could be a function of 
added chloride. If the ionic strength and solubility 

10 AND RU(II) CHLORIDES I N  SOLUTION 3617 

effects are relatively small, Fig. 5 suggests that at 
0.1-2.0 M added chloride a higher chloro com- 
plex exists, which reacts by dissociation of a 
chloride ligand at a rate similar to the dissociation 
rate of the complex present at no added chloride. 

No detailed kinetics were reported for the 
formation of RuH(CO), from Ru"(C0) in 
aqueous HC1 solution, due to the slowness of th; 
reaction. 

The present results are relevant in view of the 
current interest in the mechanism of formation of 
molecular nitrogen complexes. Shilov and co- 
workers (13, 14) have concluded from kinetic 
studies that the formation of RuL5N2 complexes 
(L = C1-, H20 ,  THF), and nitrogen exchange, 
in these complexes proceed via predissociations 
of the type 

Borod'ko and Shilov state in a review (15) that 
this contrasts with the formation of carbonyl 
complexes which involve direct SN2 reactions, 
although no references or details were given. The 
bonding properties of the isoelectronic CO and 
N, may be influenced by the presence of other 
coordinated ligands (16). Page and co-workers 
(17) have shown that the reaction of N2 with 
Ru(NH3),H20Zf to form Ru(NH,),N,~+ in 
aqueous solution is first order in both reactants. 
Similarly, Armor and Taube (18) have shown 
that RLI(NH,),H,O~+ reacts with a number of 
other reagents including CO with overall second- 
order kinetics. The specific rate constants for 
these aquopentammineruthenium(1I) reactions 
are all fairly similar but as pointed out by Page 
and co-workers (17) this does not distinguish 
between the two possible mechanisms: the ligands 
could have about the same nucleophilicity 
for ruthenium(I1) be it in  the direct S,2 dis- 
placement (with loss of H,O) or the step such as 
[I 51 in the S,1 mechanism. 

Our results stress the dangers of implying an 
SN2 mechanism from overall second order 
kinetics for these carbonyl, and presumably 
nitrogen systems. It is necessary to extend the 
studies to higher CO and N, concentrations by 
using higher pressures, or in the present work, 
non-aqueous media, in attempts to detect a less 
than first-order dependence on the gas and 
inhibition by the leaving group. 

We are pursuing studies on the kinetics of 
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fo rmat ion  of carbonyls  b y  direct carbonylat ion of 
ru then ium complexes including those which a r e  
k n o w n  to form molecular  nitrogen complexes  

(19). 

We thank the National Research Council of Canada for 
financial support and Johnson Matthey Limited for the 
loan of ruthenium. We would also like to thank one of the 
referees for helpful comments. 
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The reaction of atomic hydrogen with methyl cyanide 

J. W. S. JAMIESON, G. R. BROWN,' AND J. S. TANNER 
Depart~nent of Cllea~istry, Dall~olrsie Utziversitj~, Halifox, Nova Scotia 

Received May 20, 1970 

Thc rcaction of hydrogen atoms, produced by electric discharge, with methyl cyanide vapor has been 
reinvestigated at seven different temperatures between 40 and 507 "C over a range of methyl cyanide 
flow rates from 2 to 25 pmoles/s. As in the previous limited investigation the products have been found to 
be hydrogen cyanide, methane, and ethane, but the present r e s~~ l t s  indicate the presence of chain charac- 
teristics to a minor extent, propagated by CN. Kinetic parameters for formation of the products have 
been evaluated, as kHcN = 3.55 x e-5816iRT' , k  C H 4  = 1.66 + 10-l3 e-2990iRT; and kCZH6 = 1.70 

10-12 e - 7 8 5 7 / R T  

Canadian Journal of Chemistry, 48, 3619 (1970) 

Introduction 
During a current investigation of the reaction 

of atomic hydrogen with ethyl cyanide it very 
soon became apparent that the results could only 
be explained by a chain mechanism. It therefore 
seemed desirable to study the reaction of atomic 
hydrogen with methyl cyanide, under the same 
conditions in the same reaction system, since it 
might also involve a chain mechanism to some 
extent, and the results of this study might clarify 
the mechanism of the ethyl cyanide reaction 

Experimental 
Materials 

Hydrogen was supplied by the Linde Gases Division, 
Union Carbide Canada Limited and acetonitrile (methyl 
cyanide) "Baker Analyzed" reagent, b.p. 81.6 "C, was 
purchased from the Fisher Scientific Con~pany Limited. 

Apparatus and Methods 
The apparatus was a conventional fast flow system 

which has recently been described (1). In all experiments 
the flow rate of molecular hydrogen was 88.2 pmoIes/s, 
which gave a pressure in the reaction system of 1.10 mm. 
The atomic hydrogen flow rates at the various tempera- 
tures were estimated from the maximum extent of the 
reactions of cyclic imines (2), which have been shown to 
give results in reasonable agreement with those based on 
the maximum extent of the reactions of ethyl chloride, 
formamide, or ethylenimine with hydrogen atoms. 

Flow rates of methyl cyanide were estimated in experi- 
ments with the hydrogen discharge off. The methyl 
cyanide was trapped at liquid nitrogen temperature and 
then distilled into a known volume connected to a 
manometer which was used to measure the pressure of 
the vapor at ambient temperature. 

The hydrogen cyanide produced was measured by 
titration with silver litrate (3) and by gas chromarog- 
raphy, using a triacetin column (4). Ethane was separated 
from other products in a Le Roy still, after which it was 

IPresent address: Department of Chemistry, McGill 
University, Montreal, P.Q. 

measured in a gas burette and shown to be free of 
impurity by gas chromatography, using either a Beck- 
mann No. 17329 di-71-butyl maleate column or a triacetin 
column. Methane was trapped quantitatively by the 
method of Demchuk and Gesser (5), measured in a gas 
burette and analyzed by gas chromatography, using a 
molecular sieve 5A column (1). 

Results and Discussion 
The results obtained at  various temperatures 

are given2 in Figs. 1, 2, and 3. Methane, ethane, 
and HCN were found to be the only products 
apart from a trace of unidentified solid. Figure 
1 shows that the yield of methane decreased not 
only with increasing temperature but also with 
increasing flow rates of methyl cyanide at  the 
higher temperatures. The maximum yields of the 
other products decreased, as shown in Figs. 2 
and 3, at  both 397 and 507 "Care due presumably 
to  increased combination of hydrogen atoms on 
the wall of the reaction vessel at  higher tempera- 
tures. At most temperatures the maximum 
amounts of both methyl radicals (measured as 
twice the ethane formed) and HCN produced 
were substantially higher than the flow rates of 
hydrogen atoms at  these temperatures. Thus a 
chain mechanism is involved to a slight extent. 

The results can be most simply interpreted in 
terms of the following mechanism 

I H + CH3CN + CH4 + C N  

[2 I H + CH3CN + CH3 + HCN 

'More complete data are available from the Depository 
of Unpublished Data, National Science Library, National 
Research Council of Canada, Ottawa, Canada. 
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C H 3 C N ,  F L O W  RATE mole 5-' X 10" 
FIG. I. Methane produced at 40" (O), 83" (@), 152" 

(A), 198" (A), 306" (m), 397" (El, and 507 "C (0). To 
avoid congestion of experimental points and curves, at  
each successively higher temperature the origin has becn 
raised by two units along the ordinate axis which is divided 
into integral units of prnoles/s. 

It appears that reactions 1 and 2 are competitive 
primary steps. These reactions, together with the 
more typical hydrogen abstraction reaction 

have previously (6) been considered as possible 
primary steps. Although reaction 1 may seem to 
be somewhat unusual it appears to be inevitable 
since, as is shown below, cyanide radicals are the 
only feasible chain carriers apart from which the 
C-C bond is surely the weakest bond in methyl 
cyanide. 

No  evidence for the occurrence of reaction 5 
has been observed in the present investigation 
although slight occurrence of this reaction 
followed by combination of CH,CN radicals to 

C H ~ C N , F L O W  RATE mole S-' x 10' 

FIG. 2. Ethane produced x 2 at 83" (@), 152" (A), 
198" (A), 306" (a), 397" (E), and 507 "C (0). As in Fig. 1, 
at each successively higher temperature the origin has 
been raised but only by one unit along the ordinate axis 
which is divided into integral units of prnolesls. 

succinonitrile (6) might account for the deposition 
of very small amounts of a solid product on the 
wall of the first cold trap. 

It has been suggested (6) that reaction 2 fol- 
lowed by the reaction 

[61 CH, + Hz -> CHI + H 

might propagate a chain, but recently it has been 
shown (I), in the present apparatus under similar 
conditions, that this reaction does not occur to a n  
appreciable extent. Therefore, it is probable that 
the limited chain is carried by cyanide radicals, 
formed in reaction 1, which then react readily 
with molecular hydrogen to generate hydrogen 
atoms according to reaction 3. 

Conclusive evidence that reaction 3 occurs 
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I I I 
5 10 15 2 0  

CH3CN, F L O W  RATE mole  s-' x 10' 

FIG. 3. HCN produced at 40°(0),83'(@), 152"(A), 
198" (A), 306" (O) ,  97" (W), and 507 "C (0). As in Fig. 1, 
at eachsuccessively higher temperature the origin has been 
raised but only by one unit along the ordinate axis which 
is divided into integral units of prnoles/s. 

rapidly and quantitatively, when molecular 
hydrogen is present in high concentration, has 
been reported by Haggart and Winkler (7, 8) who 
have also shown that cyanide radicals react with 
methane to form both HCN and CH,CN, 
presumably in the reactions 

[7 I CN + CH4 -> HCN + CH3 

and 

neither of which could compete favorably with 
reaction 3 in the present apparatus containing 
a large excess of molecular hydrogen. Reactions 7 
and 8 might account for the decrease in methane 
production observed in the present study at high 
flow rates and higher temperatures but there 

appears to be no necessity to consider these 
reactions in the calculation of specific reaction 
rates from the results obtained at  low reactant 
flow rates. 

Chain termination seems to be largely due to 
the occurrence of reaction 2 as well as to the com- 
bination of hydrogen atoms a? the reaction vessel 
wall. Another possible chain limiting reaction 

has been found not to occur appreciably in the 
present apparatus (1). It would, of course, also 
require a third body so that it would probably 
not compete favorably with bimolecular reactions 
such as reaction 4. 

No evidence was found that cyanide radicals 
had combined to form cyanogen. Cyanogen was 
specifically sought but not found among the 
products in either the present study or related 
investigations (6, 9). I t  is, however, unlikely that 
cyanide radicals would interact appreciably with 
either hydrogen atoms or one another in the 
presence of a large excess of molecular hydrogen 
which would rapidly consume cyanide radicals 
according to reaction 3. 

Under most conditions the amount of HCN 
produced was found to be approximately equal 
to the amount of methane plus twice the amount 
of  ethane. Thus a reasonable material balance 
is implied. 

As a result of kinetic calculations based on the 
mechanism of reactions 1 to I' appears that 
more quantitative statements cal be made. If 
the rate of reaction 1 is calculated from the 
~ roduc t ion  of methane and the rate of reaction 2 
is taken as the rate of production of methyl 
radicals (which is twice the rate of production of 
ethane, since reaction 4 probably occurs readily 
in the first cold trap), the sum of these two rates 
is virtually equal to the over-all rate of production 
of HCN. It can, ofcourse, also be shown from the 
usual steady state treatment that 

With the use of an 1BM 360150 computer the 
logarithms of the specific reaction rates have been 
calculated according to the usual second order 
expression for streamline flow, as has previously 
been reported (I), from the present data obtained 
at low methyl cyanide flow rates. Where possible 
the methane production was also estimated as 
[HCN - methyl] and the methyl radical produc- 
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b 1 I 
I 2 3 

I O O O / T  
FIG. 4. Arrhenius plots for methane (O), methyl 

radical (A), and HCN (0). 

tion was also estimated a s  [ H C N  - methane]. 
The  Arrhenius plots a re  shown in Fig. 4, f rom 

which the specific reaction rates havc been cal- 
culated as  

A t  the mean temperature of  240 "C (513 OK), 

k,  + k, = 10- l4  and kt,,, = 1.2 x lo-',, in 
satisfactory agreement with eq. 10, which implies 
that  the present results are adequately accounted 
for  by the mechanism of  reactions 1 to 4. 

One  might wonder, however, why the reaction 

is not  involved since it has recently been shown 
(1) in the same reaction system that  this reaction 
has an  activation energy of 7.4 f 1.1 kcal a n d  a 
frequency factor of  about  lo-' ' cm3/molecule s. 
This  difficulty might be  avoided by adopting 
more  recently suggested higher values (10-12) 
for  the activation energy and  frequency factor 

of reaction 11 bu t  these values, albeit mos t  
interesting, were either measured indirectly 
o r  estimated from various data. Thus  they could 
hardly be assumed t o  be a s  reliable a s  those 
cited above (1) which were obtained by direct 
measurement of  both the  activation energy a n d  
the frequency factor from an  Arrhenius plot o f  
da t a  obtained a t  three widely different tempera- 
tures in experiments which a t  500 "C showed tha t  
all the available hydrogen a toms were consumed 
in reaction 11 and  all the  methyl radicals thus 
formed appeared a s  ethane. Since there seems t o  
be n o  justification for  ruling ou t  reaction 11 
except tha t  reaction 2 would be  favored by higher 
concentrations of C H 3 C N  than CH,, it might be 
necessary t o  include both reactions 2 and  11 in 
the mechanism, in which case it would not be  
possible t o  relate the rates of production of 
methane, methyl radical, and  H C N  s o  simply t o  
the rates of  individual reactions. 

Financial assistance from the National Research 
Council of Canada is gratefully acknowledged. The 
authors are also grateful to Mr. D. W. Lemon for pre- 
paring and using some of the preliminary computer 
programs. 
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Mass spectrometric studies of chemical reactions in shock waves. 
Part 11. The thermal decomposition of diazomethane 

J. E. DOVE AND J. RIDDICK 
Departn~ent of C/~emistry, Ut~iuersity of Toronto, Toronto 181, 011tario 

Received1 July 12, 1968 

The thermal decomposition of CH,N,, highly diluted in Kr, has been studied in shock waves by using 
time-of-flight mass spectrometry to follow concentration changes in the reacting gas. Observations were 
made at pressures 45 to 95 Torrand temperatures 820 to 1200 OK. The principal products of reaction are 
C2H4, C2H2, and N2. The primary step appears to be a second order unimolecular decomposition of 
CH,N, Into CH2 and Nz; for this step, log k = (9.61 2 0.21) - (15 800 2 1 000)/2.303RT(caI mole-' 
and cm3 mole s units.) Some decomposition of CH2N2 into HCN and N H  is also indicated. 

The formation of C2H2 is believed to occur through vibrationally excited CzH,, formed by reaction 
between CH, and CH,N2. Calculations using the R.R.K.M. theory indicate that 50 +_ 10% of the energy 
of this reaction appears as v~brational energy of the product C,H,. 

Canadian Journal of  Chemistry, 48, 3623 (1970) 

Introduction 

Diazomethane is important as a source of 
methylene radicals (l), and the kinetics of thermal 
decomposition of gaseous diazomethane have 
been the subject of a number of investigations. 
Early experiments by Steacie (2) in a static 
system in the pressure range 40-200 Torr and 
a t  temperatures between 410 and 490 OK indi- 
cated that the decomposition was homogeneous 
and bimolecular, with an activation energy of 
approximately 36 kcal mole-'. However, it has 
now been established (3-6) that at  temperatures 
greater than 500 OK the initial step is the 
unimolecular reaction 

[1 1 CH2N2 -> CHz + Nz 

Shantarovich (4) studied the decomposition 
in a flow system using nitrogen carrier gas (total 
pressure about 20 Torr, temperature 600-700 OK) 
and obtained k ,  = 0.8 x 10' ' exp(-31 750/RT) 
s-'. Setser and Rabinovitch (5) have reported 
k ,  = 1.2 x 1012 exp(-34 000/RT) in 1 :20 mix- 
tures of diazomethane:cis-butene (total pressure 
25 Torr, temperature range 505-530 OK), while 
Dunning and McCain (6) found lc, = 0.9 x 1012 
exp(-32 000/RT) in the presence of hydrogen 
(mixtures of 0.42 Torr diazomethane and 110 
Torr hydrogen in the range 566-646 OK). Setser 
and Rabinovitch suggest that their measurements 
were made in the fall-off region and that their 
measured activation energy was about 1 kcal 
mole-' lower than E,. 

We have studied the kinetics and mechanism 

'Revision received June 22, 1970. 

of thermal decomposition of gaseous diazo- 
methane diluted with krypton, using shock wave 
techniques to obtain temperatures higher than 
those employed by previous investigators. It is 
to be expected on  theoretical grounds that the 
pressure at which fall-off occurs will decrease 
with increasing temperature (7). The results of 
the ~ r e sen t  work show that the reaction is in the 
fall-off region under our experimental conditions 
(45-95 Torr, 820-1200 OK). 

Experimental 
A detailed description of the apparatus and its opera- 

tion has been given previously (8). The equipment 
included a shock tube coupled to a Bendix Model 12 
time-of-flight mass spectrometer. The gas mixturc 
studied was compressed and heated extremely rapidly 
by means of a reflected shock wave. The chemically 
reacting gas was sampled continuously through an orifice 
of 0.1 mm diameter in the end plate of the shock tube, 
directly into the ion source of the mass spectrometer. The 
rapidly changing concentrations in the gas mixture were 
studied by recording about 20 mass spectra at known 
intervals of 10 to I00 ps. The temperature and pressure of 
the shock-heated gas were calculated from the measured 
value of the incident shock velocity. 

Nitrogen was used as the driver gas in all of the experi- 
ments. 

Materials 
The krypton diluent was Matheson Research Grade 

and was used as supplied. (Stated minimum purity, 
99.995 %; O2 less than 4 p.p.m.) 

The nitrogen diluent was Union Carbide, Linde Gases 
Division, Certified Grade, of stated minimum purity, 
99.995%. (0 ,  content about 2 p.p.m.) It  was passed 
slowly through a series of traps cooled in liquid nitrogen, 
to remove condensables. 

Diazomethane was prepared by dropping a solution 
of N-methyl N-nitroso p-toluene sulfonamide in diethy- 
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lene glycol monobutyl ether into an evacuated flask con- 
taining a saturated solution of potassium hydroxide 
in ethylene glycol. The diazomethane vapor evolved was 
pumped through a trap cooled in solid carbon dioxide/ 
acetone mixture and then condensed at - 196 "C. Small 
quantities were prepared (not more than 0.2 g) and stored 
at -78 "C. No explosions occurred when using this 
method of preparation. 

Deuterated diazomethane was prepared as follows. 
A sample of diazomethane was condensed into a trap 
containing anisole at - 196 "C. The trap was allowed to 
warm up to room temperature, and the resultant solution 
of diazomethane in anisole was shaken for S min with 
three successive portions of a 50% solution of KOD in 
D20.  The organic layer was then separated off and the 
diazomethane distilled under vacuum into a trap cooled 
in liquid nitrogen. The product was analyzed mass 
spectrometrically and found to be 88 % deuterated (79 % 
CDzNz; 19% CHDNZ, 2 % CHzNz). 

The experimental mixtures were prepared by mano- 
metric measurement in a conventional high vacuum 
apparatus and were mechanically stirred before use. 
Special precautions had to be taken because of the 
instability of gaseous diazomethane. The glass apparatus 
was preconditioned with diazomethane for extended 
periods in order to minimize the rate of heterogeneous 
decomposition. Decomposition in the metal shock tube 
was, however, relatively rapid, but was kept to a low level 
by ensuring that the shock wave was always initiated less 
than 20 s after admitting the gas to the shock tube. In 
order to observe the rate of depletion of diazomethane 
under room temperature conditions, separate experi- 
ments were inade in which reaction mixtures in the 
storage vessel and in the shock tube were monitored 
mass spectrometrically. These experiments indicated that 
the extent of decomposition in the glass apparatus in 2 h, 
the maximum period for which mixtures were stored, was 
less than 20%, and in the shock tube was less than 6% 
in 20 s. The possibility of additional loss of diazomethane 
in the transfer lines, during the few seconds taken to fill 
the shock tube, cannot be excluded. The only gaseous 
products observed from the pre-shock decomposition 
were nitrogen and small amounts of ethylene. Since these 
are also found to be the principal products of the high 
temperature decomposition, i t  is unlikely that decom- 
position before shock heating had any major effects on 
the observed kinetics though it did have to  be considered 
in the detailed interpretation of the results. 

Calculation of Shock Wave Parameters 
The temperature and pressure in the unreacted gas 

behind the reflected shock wave were calculated from 
the initial conditions and the incident shock wave 
velocity using the standard conservation relations (9) 
and published thermodynamic data (10, 11). Under our 
conditions the incident shock wave velocity was 
decreasing by about 5 %  per m, so that the velocity at the 
end plate of the shock tube was obtained by a short 
extrapolation. It was assumed that ideal shock reflection 
occurred and that rotational and vibrational equilibrium 
were established both in the incident and reflected shock 
waves. 

Results and Discussion 

Reaction Products and Mechanism 
The results discussed in this section were 

obtained with a mixture of 2% diazomethane, 
98% krypton. Mass spectra were recorded at 
15 V electron energy in the mass range mle = 
12 to 50. The main peaks observed were at mle = 
14, 26, 27, 28, 42; because of the low ionizing 
voltage, it may safely be assumed that these ions 
were all singly charged. 

Mass 42 is the diazomethane parent peak. It 
increased suddenly as the gas mixture was com- 
pressed by the shock wave, and then decayed 
exponentially with time. Herzberg and Shoosmith 
(12) have shown that the rate of the reaction 
between methylene and diazomethane is approxi- 
mately equal to the collision rate. The main 
processes removing diazomethane are therefore 
considered to be reaction 1 and the secondary 
reaction 

Mass 14 is almost certainly CH,', and this 
identification was confirmed by labelling with 
deuterium. The CH2+ ion could arise by direct 
ionization of CH,, but we believe that the major 
contribution is from fragmentation of CH2N2+ 
in the mass spectrometer, as discussed later. 

The peak at mass 28 increased progressively 
as the diazomethane disappeared, and it was 
invariably the largest product peak. It is believed 
to be the parent peak of ethylene formed in 
reaction 2. Under our experimental conditions 
the relative sensitivity of the mass spectrometer 
to C2H4 and N, is such that N, couldaccount for 
less than 10 % of peak 28. 

Reaction 2 is highly exothermic and is likely 
to lead to the formation of ethylene in a highly 
excited vibrational state. Provided that the 
vibrational energy is high enough, the ethylene 
may then decompose by reaction 3. 

The excited ethylene may also be de-energized by 
collision 

The observation of a peak at mass 26 (C2H2+) 
suggests that the products of reaction 3 were 
being detected. 

There is also a major product peak at mass 27. 
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The three product peaks at m/e = 26,27, and 28 
increase simultaneously and, within experimental 
error, the ratios 26/28 and 27/28 are time- 
independent in a given experiment. The ratios 
are plotted as a function of temperature in Figs. 
1 and 2. For comparison, the corresponding 
results for the mass spectrum of ethylene obtained 
under similar experimental conditions are 
included on the same diagram. The mass spec- 
trum of ethylene has a slight temperature depen- 
dence, the extent of fragmentation increasing with 
increasing temperature. However, the dependence 
is small and there must be some other source of 
26 and 27 in the diazomethane experiments. As 
we have seen, mass 26 can be accounted for as 
being due to acetylene formed in reaction 3. It 
might be suggested that vinyl radicals formed in 
the analogous reaction 5 are responsible for the 
peak at mass 27 

FIG. 1. Dependence OF (height of peak m/e = 26)/ 
(height of peak m/e = 28) on temperature. 0, diazo- 
methane decomposition (left hand scale); @, mass spec- 
trum of ethylene (right hand scale). 

0 0 

i i 0.2 
.? .? 
U U 
I I * . . 

O 900 950 D h l  1050 1 1 h l  IIM 1200 1250 

Temperature ( -K)  

FIG. 2. Dependence of (height of peak m/e = 27)/ 
(height of peak m/e = 28) on temperature. 0, diazo- 
methane decomposition; @, mass spectrum of ethylene. 

However, we think this is not the source of mass 
27, for the following reasons. Harrison and 
Lossing (13) have obtained a value of 65 f 3 
kcal mole-' for AHf(C2H3). Hence, the critical 
energy for the decomposition of ethylene to 
form a hydrogen atom and C2H3 is not less than 
101 kcal mole-'. As discussed later, the critical 
energy for reaction 3 is estimated to be about 
77 kcal mole-', so that reaction 5 is expected to 
be very much slower than reaction 3. Further- 
more, there is no evidence that mass peak 27 
decreases once all the diazomethane has decom- 
posed, so that the species involved is probably 
a stable molecule. This also eliminates the 
possibility that the peak at mass 27 might be 
due to enhanced fragmentation of the parent 
ion formed from C2H4". 

A further possibility is that peak 27 is the result 
of ion-molecule reactions taking place in the ion 
source and involving the c,H,' or C2H4+ ions. 
However. calculations indicated that the effect 
of ion-molecule reactions would probably be 
negligible (see also ref. 14). This was confirmed 
experimentally by obtaining the mass spectrum 
of a mixture of 1 % ethylene + 1 % acetylene in 
krypton at seven different temperatures in the 
range 1000-1026 OK. The average value of 27/28 
was 0.1 (3), in good agreement with the results 
for ethylene in krypton (see Fig. 2), and it is con- 
cluded that ion-molecule reactions are not an 
important source of mass 27. 

The above results lead to the conclusion that 
there must be a stable molecular product of mass 
27. HCN fulfils this requirement and it could be 
formed in an alternative unimolecular decom- 
position 

[61 CHzNz -> HCN + NH 

In order to substantiate the identification of 
mass 27 as HCN+ rather than C2H3+, isotope 
labelling experiments were carried out. The 
decomposition of 2% of deuterated diazomethane 
in krypton was studied at 780-1250 OK, and the 
results were analyzed to discover whether there 
was some unsuspected source of additional 
C2D3+. The ratio (peak 30):(peak 32) is plotted 
as a function of temperature in Fig. 3. The 
"theoretical" lines in this figure and in Fig. 4 are 
calculated from the results for CH,N, on the 
basis of the following assumptions: k,  and k, 
are approximately the same for CH,N,, CHDN,, 
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O I L  
800 880 960 IWO 1120 12730 1280 1360 

Temperature ( O K )  

FIG. 3. Comparison of calculated and observed 
dependence of (height of peak tn/e = 30)/(height of 
peak tnle = 32) on temperature, for deuterated diazo- 
methane. Line A, calculated using results from experiments 
on CH2N2 and the mass spectrum of C2H4, assuming 
that the peak of  tn/e = 27 is not C2H3+. Line B, cal- 
culated from the same results assuming that m/e = 27 is 
C2H3+. 0, experimental results for CD2N2. 

and CD2N2; CH,, CHD, and CD, have approxi- 
mately equal reactivity in reaction 2;  the mass 
spectral sensitivities and fragmentation patterns 
for the deuterated compounds are the same as 
for their undeuterated analogues. It is apparent 
from Fig. 3 that peak 30 can be accounted for as 
the sum of the parent peak of C2H2D2 and the 
C2D3+ breakdown peak from C2D4, and we 
conclude that there is no additional source of 
C2D3+; with reference to the CH2N2 experi- 
ments this suggests that the ion at mle = 27 is 
not C2H3+. 

The isotope labelling experiments also give 
information about the formation of DCN. The 
28/32 ratio is plotted against temperature in Fig. 
4. The experimental values for this ratio are lower 
than expected if C,D, and DCN are both formed 
at the same rate as C2H2 and HCN in the thermal 
decomposition of CH,N,, but those results can 
be explained if the rate of decomposition of 
C2D4* to form C2D2 and D, is about 0.3 times 
the rate of the corresponding decomposition of 
C2H4*. This is not an unreasonable postulate in 
view of the fact that Callear and CvetanoviC (15) 
have obtained a value of 0.5 for the ratio of the 
rates of the mercury photosensitized decom- 

0 
1 I I 

BOO 880 960 1040 1120 

Ternpero l u r e  ("K 1 

FIG. 4. Comparison of calculated and observed 
dependence of (height of peak tn/e = 28)/(height of 
peak t>~/e  = 32) on temperature, for deuterated diazo- 
methane. Line A, calculated f r o n ~  the CH2N3 results and 
the mass spectrum of C2H4 allowing for the formation 
of DCN (but not C2D2). Line B, calculated from the 
CH2N2 results and the mass spectrum of C2H, allowing 
for the formation of DCN and C2Dz. 0, experimental 
results for CD2NZ. Line C, experimental. 

position of C2D4 and C2H4. The results of these 
isotope studies, therefore, appear to be consistent 
with our conclusion that some hydrogen cyanide 
is formed during the high temperature thermal 
decomposition of diazomethane. 

Mass 42 never completely disappeared in our 
experiments, and in those cases where the decom- 
position of diazomethane was believed to be 
complete the residual peak at mass 42 was about 
5 % of the initial height. This is probably due to  
the formation of C3H6 by the reaction 

We also found small peaks a t  m/e = 15, 30, 
and 40. The peak a t  mass 40 is probably due t o  
C,H4 from 

There is experimentaI evidence ( I ,  16) that CH, 
can abstract H atoms to form CH, and the peak 
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at mle = 15 may be from methyl radicals formed 
in reaction 9. 

Herzberg and Travis (17) have detected both 
CH, and CHN, in the flash photolysis of diazo- 
methane. The CH, radical could subsequently 
react to form ethylene and ethane (mass 30) 
e.g. by 

[lo] CH3 + CHzNi -> CzH5 + Nz 

[I 1 1 CzH5 -> CLH4 + H 

There was 110 evidence for the presence of CH,. 
I t  is noted that methane is not a product of the 
photolysis of CH2N,, but small amounts of 
ethane are formed (18). 

Kinetics of' Unit?lolec~ilar Decotnposition of 

The thermal decomposition of diazomethane 
was investigated over a temperature range of 
about 300" in each of three different mixtures: 
2 % CH,N2, 98 % K r  (880-1 160 OK); 1 % CH,N2, 
99% Kr  (900-1200 OK); 1% CH2N2,  9% N,, 90% 
K r  (820-1170 OK). In each individual experi- 
ment, semi-log plots of the height of mass peak 
42 against time were linear to within experimental 
uncertainty (Fig. 5), suggesting that the rate has 
an  approximately first order dependence on 
diazomethane concentration. However, as ex- 
plained below, we believe that under our condi- 
tions the reaction was of second order overall, 
energizing collisions being rate determining. 
Accordingly, the first order slopes were divided 
by total gas concentrations to give second order 
rate constants for overall destruction of diazo- 
methane; the results for the CH,N, + Kr mix- 
tures are plotted in Figs. 6 and 7. 

We found that, at  any given temperature, the 
rate constant so obtained was somewhat greater 
for the 2 %  mixture than for 1 %. A detailed 
analysis of the results indicates that two effects 
are responsible for this difference: (a) diazo- 
methane, and probably also reaction products, 
are more efficient than krypton in collisional 
energization; (6) even though the mixtures were 
relatively dilute, there is sufficient exothermicity 
to affect the observed rates appreciably. (Some 
curvature of the first order plots would then be 
expected, but previous experience (8) shows that 

:ACTIONS I N  SHOCK WAVES. PART 11 3627 

I ' I " " ' ' I ~  

m I 
0 - 

O Shock wave arr~vol  

~ I l l I l ' ~  
0 120 240 360 480 600 720 840 

T ~ m e  ( p s )  

FIG. 5. First order plot of the disappearance of peak 
n ~ / e  = 42. 2 %  CHzNz in krypton. Experimental con- 
ditions, 953 OK, 59.6 Torr. 

FIG. 6.  Arrhenius plot of the overall rate constant 
(second order) for decon~position of diazomethane (2% 
CHZNZ in 98 % Kr). k in I mole s units. 

moderate curvature is very hard to detect in 
experiments of this type.) In principle, effects (a) 
and (6) can be separated from one another, to 
allow the calculation of the relative collision 
efficiency of diazomethane and krypton. How- 
ever, in practice we found that this separation 
could not be achieved with satisfactory accuracy 
because pre-shock decomposition caused some 
uncertainty in the initial composition. We have, 
therefore. used our data to remove the two effects 
simultaneously. It may be shown that under the 
conditions of our experiments, k = [k(1 %)I2/ 
k(2 %). k( l%)  and k(2%) are second order rate 
constants for the 1 and 2 %  mixtures, measured 
over the same fractional extent of decomposition 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3628 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

7.2 
I I I I 1 I 4 can just as well be applied to 1c now, to  give 

i 109.61 + 0.21 
k l ' , ~ r  exp (- 15 800 

+ 1 000/RT) cm3 mole-' s- '  

as the second order rateconstant forthe unimolec- 
ular decomposition of diazomethane to CH, 
and N2  with krypton as the only collision 
~ a r t n e r .  The auoted uncertainties are derived 
from the standard deviations of the experimental \ i a t a .  

Addition o f9  % N, did not change the observed 
rates significantly. We conclude that the collision 
efficiency of N2 in the energization of diazo- 

6.0 
0 .85 0.90 0.95 I.W 105 ,.,, methane is most probably not more than 10 times 

I / T  10' that of Kr. Higher percentages of N2 were not 
FIG. 7. Arrhenius plot of the overall rate constant used, as otherwise seriously non-ideal behavior 

(second order) for decomposition of diazonlethane (1 % of the reflected shock waves might have occurred CH2N2 in 99 % Kr). k in 1 mole s units. 
(19). 
\ ,  

Our results can also yield information about 
of diazomethane at  the same initial temperature the rates of reaction 6. ~~~~~i~~ that c,H,, 
after shock reflection. k is then the overall rate c,H,, and HcN are formed entirely via reac- 
constant for the decomposition of diazomethane tions 1 ,2 ,  3 ,4 ,  and 6 ,  and provided that there is 
in very (The significance k no major alternative path for the removal of C H 2  
is further explained below.) The derivation of the and c,H,, the quotient (HCN f o r m e d ) / ( c 2 ~ ,  
expression fo rk  assumes that the processes which formed + c H formed) = I ,/lcl,. The results 2 2 ' 6  remove diazomethane before arrival of the shock are represented as an ~~~h~~~~~ plot in ~ i ~ .  8. 
wave are approximately first order in diazo- From the graph, we find E,, - E l ,  = 10.8 kcal 
methane (this was checked experimentally), so and A,, /A,I  = 40. ~h~~~ figures are 
that the pre-shock concentrations in the two tentative, because of the possibility that H C N  is 
mixtures remain in the ratio of about 1 :2. Note, formed by mechanism, as discussed 
incidentally, that the extrapolation from the later. 
measured rates to is in  any case quite small. Our experimentally observed ArrheniLls activa- 

differs k(l %) by less than 30 %. tion energy for the unimolecular decomposition 
I n t h i s w a ~ , w e f o u n d k  = 109" 'ex~(-  15 8001 to CH, and N2 is much lower than that observed 

RT)  mole- ' s-'. This can be interpreted as a by other workers at  lower temperatures. The  
rate constant for the decom~osit ion of diazo- lowness of this value confirins our supposition 
methane which has been sufficiently diluted with that the reaction was far illto the second order 
krypton for the effects of exothermicity and of 
energizing collisions other than those between T6 I I I 

diazomethane and krypton to have been elimi- 
nated. However, the effects of secondary reac- '"- - 

tions, which also consume diazomethane, have 
not yet been removed. Since k 2  is approximately 
equal to the collision number (12), k , '  is very 

T O -  - 
much smaller than k, in all of our experiments, ; 
and therefore the unimolecular rate is one half of 
the total rate of destruction of diazomethane. 
(Primed symbols refer to second order rate pa- 
rameters of unimolecular reactions.) The effects 
of secondary reactions could, therefore, have 
been eliminated by multiplying k(l %) and k(2 %) I / T  x 10' 

by 3 before calculating k. However, the factor of FIG. 8. Arrhenius plot of k,'/k,'. 
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region. Second order kinetics are in any case to be 
expected, since the reaction has been found (5) 
to be already in the fall-off region at  comparable 
pressures and very much lower temperatures. 
(For technical reasons, the pressure could not be 
varied enough in our experiments to make a 
direct test of the second order dependence.) In 
considering such an activation energy, a standard 
procedure is to compare the results with the 
classical Kassel expression (20) for the low 
pressure second order rate constant of a unimolec- 
ular reaction 

[14] k = hZ/(5 - l)! 
x (E"/RT)"-' exp (- E*/RT) 

or when the inequality E"  >> (s - 1)RTdoes not 
hold 

s- 1 

[14a] k = hZ (l/r!)(E*/l<l)' 
r = O  

x exp (-E*/R7-) 

h is a collision efficiency factor, Z is the collision 
number, and s is one half of the number of square 
terms contributing to the decomposition. E*  is 
the minimum energy required for dissociation, 
and is generally considered to be equal to the 
limiting high pressure Arrhenius activation 
energy, which is about 34 kcal mole-' for 
diazomethane (4-6). To  account for our experi- 
mental energy of activation of about 16 kcal 
mole-', we require s -- 10. This implies that at  
the temperature of our experiments, all of the 
internal degrees of freedom contribute to the 
dissociation. 

The largeness of our value of s is surprising. 
Normally, s is closer to one half of the number of 
vibrational modes, and Johnson and Setser (21) 
have emphasized that there are good theoretical 
grounds to expect this, even at  temperatures of 
1000 "K or greater. Nevertheless, there are a 
number of cases in the literature where s has 
been found to be approximately equal to the 
total number of vibrational degrees of freedom 
(22-27). There is as yet no accepted explanation 
for these abnormally high values of s. Gutman 
et a/. (27) have suggested that the behavior may 
be due to extensive departure from thermal 
equilibrium among molecules having less than 
the minimum critical energy and that this would 
lead to similar behavior for CO, a t  5000 OK and 
for N,O at 2500 OK, since their minimum critical 
energies for decomposition are respectively 125 

and 60 kcal mole-'. A simple extension of this 
argument to diazomethane would suggest that 
abnormally low values of s are to be expected 
at  least as low as 1300 OK, since the minimum cri- 
tical energy for decomposition is approximately 
34 kcal mole-'. However, because of the greater 
molecular complexity of CH,N,, it is not certain 
that this argument, even if valid for CO, and 
N,O, can ac t~~a l ly  be extended in this manner. 

It is of course possible that the assumed reac- 
tion mechanism is wrong and that under our 
conditions a chain mechanism is operative. How- 
ever, we have been unable to propose a chain 
mechanism which satisfactorily accounts for 
both the reaction products and the observed 
kinetics. In particular, the conlplete absence of 
CH, is difficult to explain in this way. A further 
important point is that the measured rate con- 
stants are demonstrably lower than the values 
obtained by extrapolation of the low temperature 
results (see Fig. 9); an alternative mechanism 
would be kinetically preferred at  higher tem- 

-30 I 1 1 1 1 
2.0 

I / T  10' 

FIG. 9. Arrhenius plot of first order rate constant 
( k , ) .  x , experimental results for 2% C H ? N ? ;  A ,  Dunning 
and McCain, ref. 6 ;  B, Setser and Rabinovitch, ref. 5 ;  C, 
Shantarovich, ref. 4. Dashed lines are extrapolations. 
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peratures only if it resulted in an increased rate 
of decomposition. 

If, as we suggest, diazomethane can decom- 
pose by both reactions 1 and 6, we would expect 
the Arrhenius plots to be curved since E,' - 
El' = 10.8 kcal mole-'. Only in the case of the 
2 %  mixture (Fig. 6) is there any evidence of 
curvature. However, the expected effects are 
small and within experimental error: correction 
of the results for reaction 6 leads to a decrease of 
1 to 1,.5 kcal mole-' for E, ', and this change does 
not materially affect the above discussion. 

Origitz of the CH,' Ioiz 
The CH,' ion which was observed in our mass 

spectra could arise by direct ionization of CH,, 
or from fragmentation (28) of CH,N,'. Con- 
sidering these two alternatives, we note first that 
in our experiments peaks 14 and 42 disappeared 
simultaneously (Fig. 10). The results are rather 
scattered, but the trend is evident. (The intercept 
on the ordinate is probably due to some forma- 
tion of C,H, in the later stages, by reaction 7.) 
The average ratio of peak heights of 14 to 42 was 
about 0.25 at  850 OK and about 0.3 at  1 I00 OK. 
Since we found a corresponding ratio of only 
0.05 in static measurements of the mass spectrum 
of diazomethane, this appears at first sight to 
show that substantial amounts of the methylene 
radical were being detected in our shock wave 

1 2 6 

Height of peak rn /e  = 14 

FIG. 10. Variation of peak mle = 14 with peak 
mle = 42 (peak heights in arbitrary units) during a 
single expzriment. 

experiments. Nevertheless we believe that even 
at  high temperatures the main contribution to 
mass 14 came in fact not from methylene but 
from fragmentation of the diazomethane parent 
ion. The difference between the static spectrum 
(where the diazomethane was taken from a room 
temperature source) and the shock wave spectra 
apparently arises from a temperature effect on the 
fragmentation pattern. Our reasons for this con- 
clusion are as follows. 

Because reaction 2 is so fast (12), a stationary 
state in CH, radicals will be established very 
early in the reaction. Then CH, = Ic,/k, and 
should thereafter remain constant throughout 
a given reaction; hence, the observed time depeu- 
dence of the height of the 14 peak indicates that  
CH, is not the main source. Consideration of the 
temperature dependence of the relative heights of 
the 14 and 42 ~ e a k s  leads to the same conclusion. 
Using our experimental activation energy for 
reaction 1 of 16 kcal mole-', we calculate that  
in our experiments the concentration of methy- 
lene radicals at  the upper end of the temperature 
range should be about 10 times that at the lower 
end. As noted above, the ratio of 14 to 42 does 
increase slightly with temperature, but certainly 
not by a factor of 10. A possible complication is 
that the temperature dependence of the methylene 
concentration might, in principle, be reduced by 
the occurrence of the recombination reaction 

However, calculations show that because reac- 
tion 2 is so fast, the effect of reaction 2a will be 
negligible in our experiments. The same calcula- 
tions indicate that the methylene concentration 
probably never exceeds 1 % of the initial concen- 
tration of diazomethane, giving further evidence 
that large peaks at  mass 14 cannot be due 
primarily to methylene. 

In this connection, we note that Berkowitz and 
Wexler (29) were unable to detect CH,' from 
CH, formed in the pyrolysis of diazomethane, 
although they were able to identify CH, as a 
source of CH,' when they pyrolyzed dimethyl 
mercury under the same conditions. 

In our experiments, the sampled gas was 
expanded extremely rapidly from conditions of 
high temperature and high pressure into a 
vacuum. It  is known that in such an expansion 
the number of collisions suffered by each mole- 
cule is quite small, and that the molecules tend to  
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retain most of their initial vibrational energy and 
even some of their rotational energy (30, 31). It 
appears that the diazomethane molecules were 
still sufficiently highly vibrationally excited 
when they reached the electron beam of the mass 
spectrometer for the fragmentation pattern of 
the resultant ions to be influenced. We have 
observed a similar effect in several other mole- 
cules, and this topic is currently under further 
investigation in our laboratory. 

Kinetics of Forn~ation of Acetylene 
We now discuss the origin of the acetylene 

which we found in the reaction products. The 
heats of formation of methylene, diazomethane, 
and ethylene are taken to be 92 (32-35), 71 (5, 
36,37), and 9.2 kcal mole-', respectively, so that 
reaction 2 is approximately 154 kcal mole-' 
exothermic. The heats of formation of diazo- 
methane and ~nethylene have been the subject of 
much discussion, but the values given are prob- 
ably not in error by more than a few kcal. The 
large exothermicity of reaction 2 makes it likely 
that the ethylene will be formed in a highly 
excited vibrational state, since it is now estab- 
lished that in many cases a large fraction of the 
heat of reaction is retained as vibrational energy 
of the bond being formed. The vibrationally 
excited ethylene may decompose by reaction 3. 

[3 1 CZH4* + CiHz + HZ 

Kistiakowsky and co-workers (38) have mea- 
sured an activation energy of 50.5 kcal mole-' 
for the thermal decomposition of ethylene, but 
the reaction mechanism was not definitely estab- 
lished; if the reaction is unimolecular, then the 
measurements were made in the fall-off region. 
Using literature values for the rate constant of 
reaction 3a, 

they estimated that the activation energy (mini- 
mum critical energy) for the unimolecular 
decomposition of ethylene into acetylene and 
hydrogen to be 77 kcal mole-'. In agreement 
with this, a value ofapproximately 80 kcal mole-' 
has recently been obtained by an analysis of data 
available in the literature on the nonequilibrium 
decomposition of ethylene (39). Thus, it seems 
likely the C2H4* formed in reaction 2 will have 
sufficient internal energy for reaction 3 to occur. 
This can account for the presence of a product 
peak at mass 26 (C2H2+). The excited ethylene 

0-&- 

Temperature ( O K )  

FIG. I I. Dependence of k ,  on temperature. 

may also be de-energized by collision 

If all of the ethylene molecules formed in reaction 
2 subsequently react by reactions 3 or 4, k3/k4 = 

[MI x (acetylene produced)/(ethylene produced). 
The values of k, calculated from this equation on 
the assumption of unit collision efficiency in 
reaction 4 and using a mean collision diameter of 
4.5 A are plotted as a function of temperature in 
Fig. 11. 

In order to investigate further the possibility 
that the acetylene in the reaction products was 
formed in reaction 3, we have made calculations 
of the rate of decomposition of vibrationally 
excited ethylene. According to the Rice- 
Ramsperger-Kassel-Marcus quantum-statistical 
theory of unirnolecular reactions (40, 41), the 
specific rate of decomposition of critically 
energized molecules is given by 

If E, is the minimum energy required for decom- 
position, then E +  = E - E,. N(E) is the density 
of energy states for the active degrees of freedom 
of the molecule at energy E, and C P ( E + )  is the 
sum of the degeneracies of all accessible energy 
states of the activated complex at energy E + .  Z +  
and Z  are the products of the partition function 
for the adiabatic degrees of freedom of the acti- 
vated complex and the molecule, respectively, 
and h is Planck's constant. Whitten and 
Rabinovitch (42) have shown that N(E) and 
P(E) may be closely approximated by the 
expressions 
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E s 

[17] 2 P(E) = (E + aE,)"/r(s + 1) fl hv, 

where E, is the zero point energy, s the number of 
vibrational modes of frequency vi (where i = 1 
to  s) among which the vibrational energy is dis- 
tributed, and a is an empirical correction factor 
given by 

Values of o as a function of EIE,, obtained by 
matching the approximate summation with the 
computer-evaluated exact sums of harmonic 
vibrational-energy-level densities for 45 different 
molecules, are given in ref. 42 and are used in our 
calculation. 

In evaluating k(E) for the decomposition of 
ethylene to  form acetylene and hydrogen we have 
assumed that the only adiabatic degrees of 
freedom are the overall rotations and that 
Z+/Z = 1. We have used two different models: 
in model I the vibrational mode at  995 cm-' has 
been equated to  the reaction co-ordinate and the 
remaining frequencies assumed to be the same as 
for the ethylene molecule; in model I1 the C--H 
stretching frequencies v,, v,, and v,, were 
lowered by 500 cm-' and the C-C stretch and 
CH2 deformation frequencies, v2 and v,, were 
increased by 200 cm-', the other properties of the 
model being the same as model I. The fundamen- 
tal vibration frequencies for ethylene (43) are 
3019, 1623, 1342,825,3272, 1050,949,943,3106, 
995,2990, and 1444 cm- '. 

From Fig. 11, k, = 2.6 x lo8 s-'  at  the 
middle of our temperature range (1020 OK). If 
we make the crude assumption that the C2H,* 
molecules formed in reaction 2 are monoenergetic 
we can estimate their vibrational energy, E, by 
matching the experimental value of k, with the 
value calculated from equation 15. Setting E, = 

77 kcal mole-', model I gives E = 84 kcal 
mole-', and model I1 gives E = 86 kcal mole-'. 
Estimating the thermal vibrational energy of 
ethylene at 1020 OK to be 7.1 kcal mole-', and 
using 86 kcal mole-' for E (since model I1 is 
probably more realistic), it follows that 78.9 kcal 
mole-' or 51 % of the exothermicity of reaction 2 
is released as vibrational energy of the product 
ethylene. 

Kirk and Tschuikow-Roux (39) have recently 
reexamined the available data for the relative 
rates of stabilization and decomposition of 
excited ethylene as a function of internal energy. 
From their graph we calculate that for E = 86 
kcal mole-', and under our experimental con- 
ditions, the ratio (acetylene formed):(ethylene 
for~ned) is 0.10 in coniparison with our experi- 
mental value of 0.60. EIowever, the values of I<, 
are based on the assumption of unit collision 
efficiency for krypton. Internal consistency of the 
calculated (model 11) and experimental rate 
constant and the product ratio calculated from 
ref. 39 can be achieved by setting the collision 
efficiency of krypton equal to 0.1. The corre- 
sponding value of E is 80 kcal mole-'. We do not 
consider those figures particularly significant in 
view of the arbitrary nature of the activated 
complex nlodel and the inherent uncertainties i n  
k, and in the graph by Kirk and Tschuikow-Roux. 
Furthermore, the ethylene nlolecules formed in 
reaction 2 are certainly not monoenergetic, but 
will have an  unknown) energy distribution 
arising from the energy distribution of the 
reactant molecules and the partitioning of the 
exothermicity among the products. However, 
using the value 154 kcal for the exothermicity of 
reaction 2, and noting that the calculated value 
of Eis  not very sensitive to  the nlodel used, we feel 
that we are justified in concluding that 50 f 10 % 
of this exothermicity goes into vibration. This 
value may be compared with recent results for 
the reaction HI  + CH2N, -> CH,I + N,. 
Hassler and Setser (37) find that the CH,I con- 
tains 58 + 2 kcal mole-' in the active degrees of 
freedom. This corresponds to approximately 
70% of the heat of reaction if the value of 71 
kcal mole-' is used for AH,(CH2N,). 

Acetylene has seldom been reported as a 
product of diazomethane decomposition at  lower 
temperatures, but it has occasionally been 
detected in both thermal (4, 6) and photolytic 
(1 8) experiments. The absence or  low incidence of 
acetylene under those conditions does not 
necessarily invalidate our proposed reaction 
mechanism, since k, is temperature dependent. 
Calculation of the temperature dependence of 
I<, is complicated by the fact that there seems to  
be no way to determine a priori precisely how E, 
the vibrational energy of the C, H,* formed in 
reaction 2, will depend on temperature. By 
setting the temperature variation of E equal to 
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TABLE 1 

Comparison of experimental and calculated rate constants for the 
reaction CZH4* -> CZHZ + HZ 

~ ~~ ~ . -. - - . .- - -. . . . -- . . -- - . . . - -- . -- -. .- -- 

k,(calcd.) x (s-') 
Temperature k,(experimental) x lo-' 

(OK) (s - '1 
- 

Model I Model I1 
-- - 

300 - 0.00 0.13 
500 - 0.14 0.21 
880 0.9  1 .2  1 .2  

1020 2.6 2.6 2 .6  
1160 4.3  4.8 5 .2  

the temperature variation of the thermal equilib- 
rium vibrational energy of ethylene and making 
use of the value of E deduced above for 1020 OK, 
the rate constants in Table 1 were calculated. In 
view of the gross assumptions involved, we 
regard the close agreement of the calculated and 
experimental dependences of k ,  on temperature 
as somewhat fortuitous. At lower temperatures, 
as E approaches the minimum critical energy, 
Eo, the calculated value of k ,  depends more 
strongly on the model used. On the basis of 
model 11, the ratio (acetylene formed):(ethylene 
formed) at a total pressure of 50 Torr is 0.08 at  
500 OK and 0.06 at 300 OK; model I predicts 0.05 
at  500 OK and 0.00 at  300 OK. Earlier in this 
section we noted a possibility that the efficiency 
of krypton in collisional deactivation is as low as 
0. I, in which case E = 80 kcal mole-' at  1020 OK 
and it follows that E ,< Eo for T ,< 800 O K  and 
the ethylene would not have sufficient energy 
spontaneously to deco~npose into hydrogen and 
acetylene below this temperature. The calcula- 
tions are inconcl~~sive from a q~~ant i ta t ive  stand- 
point, but do  demonstrate that the formation of 
acetylene at high temperatures and its absence 
a t  low temperatures can be reasonably explained. 

Mechcitiisln of' Fo1.17intio17 o f  Hyclrogetl Cya17ide 
The heats of formation of NH and HCN are 

taken to be 79 and 3 1 kcal mole-', respectively. 
Hence, reaction 6 is 38 kcal mole-' endothermic, 
and our value of E,' - 27 kcal mole- ' is reason- 
able if the reaction is in fact in the second order 
region. NH radicals are much less reactive than 
CH, (44) and may event~~ally be removed via 

However, NH is isoelectronic with CH,, so that 
reaction 20, the analogue of reaction 2, may 
occur, the methyIeneimine formed then decom- 
poses to form more HClV 

121 1 CHZNH + HCN + Hz 

Reaction 21 is in some ways comparable to the 
formation of CH,CN, through ethyleneimine as 
intermediate, when N H reacts with C2H4 (44). 

'Hydrogen cyanide has been detected as a 
product when CH,N, is decomposed in the 
presence of H, (6). Its formation was attributed 
to the reaction sequence 

As already noted, CH, was not detected in the 
present work, but CHN, could be formed by 
reaction 9. However, it is probable that CHN, 
would undergo rapid ~~nimolecular decompo- 
sition, riz. 

and reaction 23 is unlikely to be the main source 
of the quite large amounts of hydrogen cyanide 
produced. 

Moore and Pi~nerltel (45) have shown that 
pl~otolysis of diazomethane in solid nitrogen 
produces CH,NH and HCN. They suggest that 
the highly polar CH,N, molecules have a head 
to tail orientation and that the C H 2  produced in 
the primary photolytic act attacks the N-N bond 
of an adjacent CH2N,  molecule 

H z 

-> CH2=NH + HCN 

It is possible that the same reaction could be 
important in the gas phase. 

Our results do not permit a definite choice 
between the several suggested mechanisms. 
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However, the production of HCN has an apparent 
activation energy of 27 kcal mole-'. This would 
imply that reactions 9 and 25 together are < 0.01 
times as fast as reaction 2 which has approxi- 
mately unit collision efficiency. Hence, the 
observed proportion of HCN is an order of 
magnitude greater than can be explained by 
reactions 9 and 25, and to this extent our results 
support the hypothesis that diazomethaile can 
decompose by reaction 6 as well as by reaction 1. 

This work was supported by the National Research 
Council of Canada. We are grateful to Dr. L. C. Leitch 
for advice about the preparation of deuterated 
diazomethane. 
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Spectra of cobalt(I1) and nickel(I1) in molten lead, stannous, 
and bismuth chlorides 

K. W. FUNG AND K. E. JOHNSON 
Departrrzet~t of Chen~istry, University of Saskntcl~ewnn, Reginn, Saskatchewan 

Received March 12, 1970 

From measurements of electronic spectra it is deduced that cobalt(I1) is tetrahedrally coordinated in 
molten PbCl,, SnCl,, and BiCI3, whereas nickel(I1) adopts a coordination in PbCl, and SnC12 which 
is close to octahedral. NiCI, is insoluble in BiC13 and is formed by the reaction of NiS and BiCI, 
whereas CoS is soluble in BiCl,. Solutions of Pd(II), Pt(II), Rh(III), and Ir(II1) may be prepared in 
molten PbC12 but the spectra do not assist in assigning the coordination of the solute ions. 

Canadian Journal of Chemistry, 48, 3635 (1970) 

The spectra of cobalt(I1) and nickel(I1) have Star~norrs chloride 

been in a variety of molten salts (1) The dihydrate was treated with acetic anhydride (12) 
and the crude anhydrous salt heated in an atmosphere of ranging from (2)  through mixtures HCl to the melting point, HCl was passed through the 

such as CsC1-ZnC12 (3) to ox~anion systems melt for 3 h and then displaced by passing dry nitrogen 
(4). Of the post-transition metal halides Pbcl,, for 4 h, after which the liquid was filtered through a glass 
SnC1,, and BiCl, have received little attention frit, allowed to freeze and stored in vacrro. 

as solvents for coordination studies although Bisntuth Cl~loride 
The Reagent grade salt was dried in a current of HCI their properties have been examined' and distilled in first HCl and then dry ,-,itrogen (13). 

It so happens that all three solvents have con- 
siderable ionic character as demonstrated by the 
specific conductances but they are quite viscous 
(5) (cf. Table 1). Raman spectral data suggested 
that molten PbC1, (6) and SnC1, (7) did not 
contain simple units such as MC1,- or MCl,'- 
but rather were polymeric like the solids where 
the metal ions occupy apical positions in chains 
of trigonal pyramids (8, 9). These solvents were 
also of interest because of the possibility of 
forming heterometallic bonds as in ~ t (SnCl , ) ,~-  
(10)- 

Experimental 
Solven f Preparation 

Lead Chloride 
The Reagent grade salt was recrystallized from hot 

water, dried in vncuo at 120 "C for 2 days and further 
purified by HCI treatment (1 1). 

TABLE 1 

Conductance and viscosity of molten PbC1 2, SnC1 2, and 
BiCl, calculated from ref. 5 

-- -- 

Temper- Specific 
ature conductance Viscosity 

Salt ('C) (ohm-' cm-') (cp) 

PbClz 532 6.001 3.87 
SnC12 300 1.107 7.00 (7) 
BiC1 , 270 0.446 29.41 
KC1 (Ionic) 787 2.203 1.15 

Preparntion of Solutiotls 
Concentrated solutions of cobalt chloride in PbC12, 

SnC12, and BiC1, and of >lickel chloride in PbCl, and 
SnCl, were made by mixing known quantities of solvent 
and anhydrous solute (12), melting, and stirring by bub- 
bling dry nitrogen. Cobnlt sulfide prepared from cobalt 
chloride solution and H2S and dried for two days at 
200 "C, was added to molten BiC1, and the mixture 
filtered through a glass frit; the cobalt(I1) concentration 
in the filtrate was determined calorimetrically (14). 
Nickel sulfide was prepared from nickel chloride solution 
and H2S and also dried for two days at 200 "C. 

Concentrated solutions of platirruri~(II),palladiurn(II), 
iridiunr(lII), and rl~odirrin(Ill) in molten lead chloride 
were prepared by anodizing the given metal in a fritted 
compartment, a Sargent Model IV coulometric current 
source being employed. 

Spectroscopic Measriretnents 
Samples were prepared by mixing pure solvent and 

concentrated solution and were sealed under nitrogen in 
1 cm2 cross-section silica cells. The volumes of the solu- 
tions in the cells were obtained from their weights by 
assuming that the densities of the pure solvents and the 
solutions were identical (5). 

Electronic spectra of melts were obtained with a Cary 
14H spectrophotometer using a furnace described previ- 
ously (15) and the absorption curves of the solutions and 
solvents were measured. The spectra were analyzed into 
Gaussian components by the method of Chatt et al. (16) 
using an IBM 360150 computer. 

Infrared spectra were recorded on a Beckman I.R. 12, 
the samples being prepared as KBr pellets which were 
dried irr vaclio at 120" for two days. 
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I 1 3 0 0  

FIG. 1. Spectra of CoC1, in A ,  PbCI, at 532 "C and B, SnCl, at 300 "C. 

FIG. 2. Spectra of A ,  CoCI,; B, CoS; and C, Bi,S3 in BiCl, at 270 "C. 

Results Table 2 gives details of band positions (v), molar 
Figures 1 and 2 show the complete spectra of absorptivities (E), oscillator strengths (f), and the 

cobalt(I1) in molten PbCI,, SnCl,, and BiC1, ligand field parameters (A, B, C, and 0). 
and Figs. 3, 4, and 5 show the visible spectrum NiClz was found to be insoluble in molten 
of CoC1, in molten SnCI, and the spectra of BiC1,: even after filtering a molten mixture of 
NiCI, in molten PbC1, and SnC1,. Gaussian the two, no nickel(l1) was detectable in the 
components are included in the last three figures. filtrate. Whereas cobalt wire reacted with molten 
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FUNG AND JOHNSON: SPECTRA OF Co(l1) AND Ni(I1) 

FIG. 3. Visible spectrum of CoClz in SnClz with Gaussian components (bottom solid line is the residual). 

FIG. 4. Spectrun~ of NiCI, in PbClz at 532 "C with Gaussian components. 

BiCI, to form a violet solution of cobalt(l1) 
and bismuth, nickel wire merely underwent a 
surface reaction, itself becoming darkened, while 
some bismuth was produced leading to a brown 
coloration of the melt; again no nickel(l1) was 
found in the solution. 

Since cobalt and nickel occur naturally as the 
sulfides, the solubility of CoS and NiS in niolten 
BiCI, was investigated. CoS dissolved to give a 
green solution which froze to a green solid (cf. 

the blue solid from CoCI, and BiCI,). NiS 
reacted with molten BiCI, to form insoluble 
NiC1, and a brown solution of Bi2S3 in BiCI,; 
the filtrate from this mixture contained no 
Ni(l1). The spectrum of CoS in BiCI, and 113 
Bi2S3 in BiC1, are included in Fig. 2. The addi- 
tion of CoCI, to the brown Bi2S3 solution turned 
it green and the addition of increasing amounts 
(up to 12 sulfide equivalents) of Bi,S, to the CoS 
solution increased the intensity of the visible 
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TABLE 2 
Spectral data for cobalt(I1) and nickel(I1) w m 

W 
01 

Temperature 
ikK) 

A B C 
System ("c) Found Calcd. E f x lo4 Assignment (cnl-l) (cnl-') (cm-') B Symmetry 

Fitted 
3.31 
- 
- 

Fitted 
Fitted 
- 

Fitted 
3.40 

CoCl in SnCl 

CoCl in BiCl, 

14.84' Fitted 

U:!O> 
Fitted 

5.90 Fitted 
3.55 3.39 

CoS in BiCl , 18.10 - 
- ;::a> - 

14.74 Fitted 

I) Fitted 
- 

5.90 Fitted 
3.50* 3.40 

19.42 Fitted 
15.96 - 

865 3650 0.830 Distorted 
Oh 

13.44 Fitted 
8.92 8.69 
5.05 Fitted 

20.70 Fitted 
18.54 - 

16.11 Fitted 
10.14 9.46 
5.51 Fitted 

910 4800 . 0.875 Distorted 
Oh 

'From infrared KBr pellet. 
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FUNG AND JOHNSON: SPECTRA OF Co(I1) AND Ni(l1) 

FIG. 5. Spectrum of NiCl, in SnCl, at 300 "C with Gaussian components. 

band, particularly the high energy peak (un- 
resolved). 

The spectra of palladium(II), platinum(II), 
rhodium(III), and iridium(II1) in molten PbC1, 
all consisted of a monotonous increase of ab- 
sorption with increasing energy through the 
visible to the solvent cut-ofl' at 21 kK (molar 
absorptivities in the red were: 22 for Pd(I1) at 
12.5 kK, 45 for Pt(I1) at 13.3 kK, 28 for Rh(II1) 
a t  14.2 kK, and 26 for Ir(II1) at 14.0 kK). 

Discussion 
Cobalt (11) Spectra 

The cobalt(I1) spectra in all three solvents are 
typical of tetrahedral coordination (1, 17) and 
have been assigned on this basis (Table 2). The 
splitting of the visible band is probably due to 
intermixing of quartet and doublet excited states 
or a slight distortion from a regular tetrahedron 
since it is somewhat large to be ascribed to spin- 
orbital coupling alone. From the energy of the 
strongest component of the visible band 
(4T1 + 4A1(F)) and the energy of the near infra- 
red band (4T1(F) t 4A1(F)), a further weak 
transition (spin-allowed but electric dipole for- 
bidden) is predicted at 3 kK. This band was 
located in a separate measurement on a KBr 
pellet containing frozen melt. The agreement 
between calculated and observed energies for 
this transition (4T,(F) t 4A1(F)) is satisfactory. 

The observed A values (- 3.4 kK) are somewhat 
lower than those found for LiCl-KC1 and this 
may result from the removal of negative charge 
from chloride to post-transition metal ion in the 
polymeric ligand. 

CoS and CoC1, give almost identical spectra 
in BiC1, but the experiments with Bi,S, and 
BiC1, mixtures indicate that the sulfide ion may 
complex with the cobalt ion even when added to 
CoS but complete transformation to COS,~- 
was certainly not approached. 

Nickel(I1) Spectra 
It is possible to assign most of the transitions 

of Ni(I1) in both PbC1, and SnCl, as those of 
octahedral chromophores (18), in which case 
reasonable values of A, B, C, and P are obtained 
(Table 2). One can argue that the values are low 
for octahedral symmetry because of the polymer- 
ic nature of the ligands and can account for the 
high molar absorptivities if it is assumed that 
such ligands conveniently arrange to provide a 
distorted octahedral environment (cf. Fig. 6). 
However, the second most intense band in each 
case must be assigned as spin-forbidden. This 
situation has arisen in other investigations (1) 
and, in particular, the spectrum of Ni(I1) in 
PbCI, closely resembles that of one of the 
species formed by Ni(I1) in LiCI-KC1 (19), and 
that of Ni(I1) in SnC1, closely resembles that of 
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MCl; 

M<; / -~p a 

M---CI \ 
\ 

c[------M 
/ 

MCl j 

A 

B 

FIG. 6. Distortion of octahedral structure around Ni(1I) caused by the polymeric nature of the ligand in post- 
transition metal halides: A,  D3* distortion (MC13- as ligand); B, D4,, distortion and the polymeric chain structure 
of the melt. 

one of the species formed by Ni(I1) in ZnC1,- 2. H. A. OYE and D. M. GRUEN. Inorg. Chen~. 4, 
1173 (1965) CsC1 (3). Smith and cO-wOrkers (I9) label these 3. W. E. SMITH, J. BRYNESTAD, and G.  P. SMITH. 

species as types of 0 center to imply that their J. Chem. Phys. In press. 
symmetry is approximately octahedral. Except 4. R. A. M. EL GUINDY, and J. A. WALDEN. 

Inorg. Chem. 8, 2526 (1969). 
for an overall intensity reduction, the spectrum 5. G .  J. JANZ (Editor). Molten salts handbook. Aca- 
of Ni(I1) in Li2S04-Na,SO,-K2S04 eutectic demic Press, Inc., New York. 1967. 

melt looks very similar (1, 20). Whether we are 6. p K h $ ~ ~ , s ~ ~ ~ ~ ~ ~ ~ $ A M  and L. NANa. J. 
dealing with Pure 0 centers in PbCI2 and SnC1, 7. J. H. R. CLARKE and C. SOLOMONS. J. Chem. ~ h y s .  
or with equilibrium .mixtures of 0 and T 47, 1823 (1967). 
(PSeUdo-tetrahedral) centers might become ap- 8. K. SAHL and J. ZEMANN. Na turwi~~ .  48,651 (1961). 

9. R. E. RUNDLE and D. E. OLSON. Inorg. Chem. 3, 
parent from studies under way on Ni(I1) in 596 (1964). 
sundry mixtures of PbC1, and SnCl, with KCl. 10. R. D. CRAMER, R. V. LINDSAY, JR., C .  T. PREWITT, 

and U. G. STOLBERG. J. Amer. Chem. Soc. 87, The ability to separate cobalt and nickel by 658 (1965). 
dissolution of the sulfides in molten BiCl, has, 11. J. D. VAN NORMAN, J. S. BOOKLESS, and J. J. EGAN. 
at least, some analytical significance. J. Phys. Chem. 70, 1276 (1966). 

12. G. BRAUER (Editor). Handbook of preparative in- 
The investigation of Pt(II), Pd(II), Rh(III), organic chemistry. Vols. 1 and 2. Academic Press, 

and Ir(II1) in PbCI, was not very rewarding. Inc., New York. 2nd ed. 1965. 
13. S. J. YOSIM, A. J. DARNELL, W. G. GEHMAN, and For all four ions the absorption exceeded that S. W. MAYER. J. PhyS. Chem. 63, 231 (1959). 

obtained in molten LiCI-KC1 (21) but, as no 14. R. E. KITSON. Anal. Chem. 22, 664 (1950). 
bands could be resolved, it is possible to say 15. K. E. JOHNSON, J. R. MACKENZIE, and J. N. SANDOE. 

J. Chem. Soc. A, 2644 (1968). whether the coordination differed in the two 16. J. C H A ~ ,  L. E. ORGEL, and G. A. GAMLEN. 
solvents. J. Chem. SOC. 486 (1958). 

17. R. L. CARLIN. 111 Transition metal chemistry. Vol. 1. 
Edifed by R. L. Carlin, Marcel Dekker, New York. 

This work was supported by the National Research 1965. p. 1. 
Council of Canada, including a grant for the purchase 18. L. SACCONI. In Transition metal chemistry. Vol. 4. 
of the Cary 14H spectrophotometer. We are grateful to Edited by R. L. Carlin. Marcel Dekker, New York. 
L. G. Boxall for help in computer programming and 1968. p. 199. 
G. P. Smith for providing details of some spectra prior to 19. J. BRYNESTAD, C. R. and G. P. 
publication. J. Chem. Phys. 47, 3179 (1967). 

20. J. R. DICKINSON and K. E. JOHNSON. TO be pub- 
lished. 

1. K. E. JOHNSON and J. R. DICKINSON. In Advances 21. J. R. DICKINSON and K. E. JOHNSON. Can. J. 
in molten salt chemistry. Vol. 11. Edited by G. P. Chem. 45, 1631 (1967); 45, 2457 (1967). 
Smith, J. Braunstein, and G. Mamantov. Plenum 
Press, New York. To be published. 
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Nuclear magnetic resonance studies of multi-site chemical exchange. I. Matrix 
formulation of the Bloch equations1 

L. W. REEVES AND K .  N .  SHAW 
Departrnertt of C/temistry, Urziversity of Waterloo, Waterloo, Ontario 

Received May 20, 1970 

A concise matrix formulation of chemical exchange effects on a nuclear magnetic resonance (n.m.r.) 
spectrum using the Bloch equations is described. The method accommodates many-site exchange 
processes, site-dependent relaxation times, differing site populations, and saturation effects in a steady- 
state first-order spectrum. The simple two-site exchange system is analyzed in detail and saturation 
effects in this system are studied numerically. Alternative forms of the basic lineshape equation are 
derived, all of which are readily adapted to  efficient computer calculations for complete lineshape fitting 
to obtain kinetic data for complicated chemical exchange processes. 
Canadian Journal of Chemistry, 48, 3641 (1970) 

Introduction 
The Bloch equations (1) have served as an 

excellent basis for the phenomenological descrip- 
tion of the lineshape characteristics of n.m.r. 
spectra for liquids. These equations are readily 
modified to take into account chemical exchange 
effects (2, 3), thus allowing a simple physical 
interpretation of such effects in n.m.r. Of course, 
it is assumed that use of the modified Bloch 
equations is restricted to first-order spectra (4) so 
that the nuclear spin isochromats (1) associated 
with distinct sites of differing Larmor frequency 
may be considered to be independent except for 
chemical exchange effects. It is known at this 
point that complete steady-state lineshape fitting, 
throughout the temperature region in which the 
n.m.r. spectra are modified by chemical exchange, 
is the most satisfactory method of determining 
rate constants and activation parameters for 
exchange processes (5, 6). The study of multi-site 
exchange processes requires the numerical com- 
putation of lineshape functions and hence a 
matrix formulation of such processes in n.m.r. 
allows the most general, convenient, and lucid 
method of analysis. Although matrix formula- 
tions of exchange processes have been described 
(7-10,26), inconsistent analyses are still apparent 
in the literature and little thought has been given 
to efficient numerical methods for routine studies. 
Thus the aim of this paper is to present a simple 
concise matrix formulation of the modified 
Bloch equations describing multi-site exchange 
processes, as a basis for a series of experimental 
studies of a wide range of chemical exchange 

systems. All Cartesian components of the nuclear 
magnetization are included and the separability 
of the longitudinal and transverse relaxation 
equations in the presence of chemical exchange 
is considered. This allows an analysis of satura- 
tion effects, as normally encountered in exchange 
lineshape studies which leads to a set of condi- 
tions for maximum signal-to-noise ratio and 
minimal lineshape distortion. This feature is im- 
portant when the study of exchange processes in 
dilute solutions leads the experimentalist to 
compromise with larger than normal HI fields 
to achieve the signal-to-noise ratio in a recorded 
spectrum necessary for a reliable complete line- 
shape fit. Using a method similar to thatsuggested 
by Gordon and McGinnis (11); an efficient 
numerical analysis has been developed and 
programmed. The computation of a given line- 
shape function is based upon a single diagonaliza- 
tion of a complex matrix, and an inversion of the 
resultant transformation matrix, for an arbitrary 
number of spectral data points. Previous applica- 
tions (12-15) of a matrix formulation for ex- 
change processes are unnecessarily clumsy and 
uneconomic of computer time, in that a direct 
and uncritical application requires a complex 
matrix inversion (7) for each spectral data point. 
The efficient computation of lineshape functions 
becomes very important in the iterative fitting of 
these functions to digitized experimental data 
(20). Apart from the much smaller computing 
costs (more than two orders of magnitude 
reduction in computation time using the present 
scheme) the matrix formulation described here 

'This work was supported by the National Research 'We are grateful to a referee for pointing out this 
Council of Canada in grants to L.W.R. earlier independent suggestion. 
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enables yet more complicated multi-site chemical 
exchange processes to be tackled. Succeeding 
papers will include experimental applications to 
chemical systems which are both complicated and 
time-consuming to analyze when viewed in terms 
of the techniques being used at present. 

Modified Bloch Equations 

Suppose that we consider n distinct sites of 
differing Larmor frequency, mi, and that exchange 
effects in general modulate all frequency differ- 
ences, loi - o jJ .  Following McConnell (3), a 
transfer of nuclear magnetization may be de- 
scribed for the 6-mode in the form 

n 

C1I dci/dt = C [k j i c j  - kijki]  
j =  1 
j + i  

The indices refer to site and the double indices 
refer to first order transfer rate constants between 
sites such that kij6,  represents the rate of transfer 
of !-mode magnetization froin site i to site j. This 
form of notation is important in defining matrix 
elements for a multi-site exchange process. The 
time-dependence of the u-mode magnetization 
associated with site-i may now be expressed in 
the Bloch form 

with wi = (o - mi); where o is the angular 
frequency of the oscillatory radio frequency field 
defining the normal rotating frame of reference, 
oi is defined as the site-iresonance frequency, and 
T2i is the corresponding spin-spin relaxation time 
including a contribution from magnetic field 
inhomogeneity. The total u-mode magnetization 
for the system is then given by 

the site magnetization isochromats being in- 
dependent except for transfer effects. Considering 
this magnetization as a column vector, u, we may 
write [2] in matrix form to include all sites 

with 
R, = T ,  + K 

T ,  is a diagonal n x n matrix with general 
element T,, - ' ,  K is the transfer rate matrix, 
n x n, with elements 

n 

[3a] K i i  = C ki j  and K i j  = - kj i ,  j # i 
i =  1 

where w is a diagonal frequency deviation matrix, 
n x n with element wi, and v is the v-mode mag- 
netization vector, with element vi. 

The off-diagonal elements of the rate matrix K 
are individual first-order rate constants for each 
pair of sites, and the diagonal elements are the 
sums of rate constants from each site-i. Thus the 
diagonal elements represent the overall rate 
processes for n sites. Also any column has a zero 
sum, consistent with detailed balance of rate 
processes 

Similar matrix equations can be written for the 
v- and z-mode magnetization transfers involved 
in a chemical exchange process 

where 
01  = Y H I  Rl  = T ,  + K 

T ,  is a diagonal spin-lattice relaxation matrix, 
n x n with element T l i - ' ,  T l i  being the spin- 
lattice relaxation time for site-i. P is a column 
vector of the fractional populations for each site. 
We note that 

and 

where Moi is the thermal equilibrium value for 
the z-mode magnetization in site-i, and M ,  is the 
corresponding total magnetization. 

Solving the coupled matrix eqs. 3-5, the steady- 
state v-mode magnetization is given explicitly by 
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with 
C = I + wlZE2 . E l  + E 2  - W . E 2  . W 

I is the unit n x n matrix, and E~ and E ,  are the 
inverse matrices corresponding to R ,  and R, ,  
respectively. 

For an arbitrary reference frequency w,, an 
independent frequency variable x may be defined 
as 

x = w - w o  
such that for site-i 

[8 I w. = x - Q .  

0. = w .  - w 
1 0  

where Qi is the chemical shift with respect to w,. 
The vector v now defines the steady-state n.m.r. 
absorption mode spectrum as a function of x 

The elements of the matrix w in [7] are defined 
by [8] and I is the row vector with each of the 
n elements equal to unity. 

The corresponding matrix equations for the 
steady-state u- and z-mode magnetizations are 
now given in accordance with [3]-[5] and in  
terms of v as 

This formulation allows a compact and versatile 
description of general nuclear magnetization 
transfer effects in a first-order n.m.r. spectrum, 
including those associated with spin-lattice relax- 
ation (16, 17) and nuclear spin transition satura- 
tion. 

Saturation Efects  
Under normal steady-state conditions, a satura- 

tion factor S' may be defined in the form 

Now, since in  the presence of chemical exchange 
saturation effects are described through the 
matrix C in [7] and, in particular, are contained 
in that part defined as 

21 S' = I + w12E2 . E l  

it is convenient to replace w 1 2  by an equivalent 
parameter p defined in terms of an average 
saturation factor S f  as 

where the relaxation part is also an average value 
for all sites. In this way [12] is written in the form 

A complete analysis of saturation effects would 
include the interrelationship with the deviation 
from steady-state conditions (18). Under normal 
experimental conditions, however, locked-field 
spectrometers allow a very good approximation 
to the required slow passage conditions and the 
above formulation is adequate. 

The effects of saturation on the n.m.r. absorp- 
tion mode lineshape have been studied for a 
particular two-site (A- and B-sites) chemical ex- 
change system described by the spectral param- 
eters: PA = 0.5,2!2 = 10, - !2,J = 10.0 Hz and 
T2, = T2, = 0.64 s. Also, as is usual for liquid 
systems, it is assumed that T I ,  = T2,. The 
spin-spin relaxation time, T2,, chosen corre- 
sponds to a Lorentzian full-width at half- 
maximum of 0.5 Hz and 2!2 is the chemical shift 
between sites in the absence of exchange, cf. [8]. 
By means of an iterative numerical analysis, 
using [7] and [9], values of the saturation 
parameters p and S'  were determined corre- 
sponding to a prescribed mean deviation of the 
lineshape function, V(x), from that for the 
reference limit of zero saturation (p = 0). A 
mean percentage deviation, AV, was defined for 
N data points as 

i n  which Vir(x) and Vi(x) are the reference and 
saturated lineshape function values, respectively, 
corresponding to the frequency value xi. The 
results of such an analysis are shown in Fig. 1 
for A V = 5 % by plots of P and S' as a function 
of log,, (k/2!2). It is seen that saturation effects 
for a fixed magnitude of the irradiation radio 
frequency (r.f.)- magnetic field, 2H,, are most 
severe in  the limits of very slow (k << !2) and very 
fast (k >> !2) exchange corresponding to spectral 
lines of minimal width (0.5 Hz). For a mean 
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k~ 2a ( s - 'H~- ' )  

FIG. 1. Computed saturation parameters, a and S', 
for equal population two-site exchange system corre- 
sponding to 5 %  (-) and 2% (---) mean deviation from 
zero saturation reference absorption mode lineshape, for 
T ,  = T2 = 0.64 S. 

deviation A V  = 5 % the values of H ,  for lc/2R = 
0.01 and 1.0 are computed for 'H n.m.r. (yll = 
2.7 x lo4 rad s- '  G- ' )  to be 0.56 x and 
9.4 x lo-' mG, respectively. It is of interest to 
note that these fields correspond to a spectral 
frequency distribution of only 0.002 and 0.04 H z 3  
As H I  is increased, saturation gives rise to a 
general broadening of spectral lines and leads to 
an increased apparent first-order rate constant, k. 
A 5 0/, deviation as considered above may lead 
to an error in a fitted k value of 5-10%. However, 
an irradiation field for an exchange system satis- 
fying k --R of a magnitude approximately 
20 times greater than that for k << R has been 
shown above to be acceptable. In the region for 
which k -- R, the spectral lines are of maximal 
width (-- R rad s-') and hence minimum inten- 
sity. Spectral line intensity is linearly proportional 
to H, only in the absence of saturation effects. 
Nevertheless, it is seen that tlie intensity and 
hence signal-to-noise ratio of a recorded line- 
shape niay be increased to levels acceptable for 
the measurement of reliable data for complete 
lineshape fitting without adverse distortion due 
to saturation, by increasing H,  following an 
experimental linearity check for negligible satura- 
tion in the slow exchange limit. Relative H I  field 

3Gr~~nwald  e/  01. (28) have shown experimentally that 
H ,  fields an  order of ~iiagnitude greater than those calcu- 
lated above give negligible distortion d ~ l e  to saturation for 
chemical exchange systems. This implies that in actual 
fact a complicated combination of steady-state passage 
conditions and r.f. power levels ( H , )  determine the ob- 
served saturation emects. 

strengths corresponding to negligible saturation 
distortion may be estimated over a complete 
range of the parameter k/2R from Fig. 1, and 
hence reliable spectra for complete lineshape 
fitting may be obtained, in effect, in the limit of 
zero saturation. 

Zero Saturation Limit 

For a general n-site exchange system, this limit 
may be defined by o, -> 0 (o,  = yH,) and thus 
the modified Bloc11 eq~~at ion describing the 
steady-state z-mode magnetization is given in 
accordance with [5] as 

with E ,  the inverse of the matrix R,.  
In the absence of chemical exchange 

R, _ T I  
and 

That is, the z-mode magnetization in each site is 
directly proportional to the site fractional popu- 
lations, Pj, and is independent of spin-lattice 
relaxation effects. This condition is shown to be 
valid also in the presence of chemical exchange 
for all exchange rates and is considered in detail 
for a general two-site system in  the following 
section. 

The modified Bloch equations describing 
chemical exchange in tlie limit of zero saturation 
reduce to two coupled equations given in ac- 
cordance with [3], [4], and [14] as 

from which the steady-state v-mode magnetiza- 
tion is given explicitly by 

with 
C = R 2 +  w . e 2 . w  

Again the steady-state n.m.r. absorption mode 
spectrum is determined as a function of the 
independent frequency variable, x, by V ( x )  as 
defined in [9]. Equation 16 isto becompared with 
the more generally formulated [7]. In the limit 
of zero saturation, [16] shows that the n.1n.r. 
absorption intensity is linearly related to the 
effective magnitude of the irradiating r.f. mag- 
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netic field, H I ,  and is independent of spin-lattice 
relaxation effects for all chemical exchange rates. 
Within the limits discussed in the preceding 
section, [16] is the expression defining the line- 
shape function V(x) normally used in the analysis 
of steady-state n.m.r. data. 

Although the absorption mode lineshape func- 
tion, V(x), is given explicitly by [16] in terms of 
the real matrix C ,  the independent variable x is 
contained in the frequency deviation matrix w 
and hence an evaluation of V(x) over a specified 
frequency range requires an inversion of the 
matrix C for each value of x. 

An zlternative formulation in the limit of zero 
saturation based upon the coupled Bloch equa- 
tions [15] allows a much simplified calculation 
of V(x) . Following Pople et al. (19), a trans- 
verse magnetization, G, may be defined for an 
n-site exchange system in vector form as 

where the vector component Vj describes the 
v-mode magnetization associated with the j-site. 

In accordance with [15], the steady-state 
transverse magnetization is now given by 

and the corresponding conzplex lineshape func- 
tion G(x) follows as 

1181 G(x) = -iolMoZ. [R, + iw]-' P 

where Z is the vector with each of n elements 
equal to unity, cf. [9]. The absorption mode 
lineshape function, V(x) , is simply the imaginary 
part of G(x), cf. [17]. The independent variable x 
appears only in the diagonal matrix w, cf. [8], 
and thus it is possible to transform the matrix 
[R, + iw] into acompletely diagonal form, hence 
allowing a ready evaluation of G(x) following a 
single matrix diagonalization. Now consider the 
matrix R 

~ 1 9 1  R = [T, + K - i n ]  

such that 
[R, + iw] = R + ixI 

In these equations !2 is an n x n diagonal matrix 
with element Qj, the chemical shift for the j-site, 
cf. [8], and I is the unit n x n matrix. In terms 
of the diagonalized matrix A corresponding to 
R, [18] may be expressed in the form 

[20] G(x)= - i o l M o Z . S . [ A + i x I ] - ' -  

s-' P 
where S is the matrix which diagonalizes R, viz. 

Following this transformation, the evaluation of 
inverse matrix elements is reduced to the deter- 
mination of reciprocal diagonal elements of the 
matrix [A + ixI], and the complex function 
G(x) is defined in component form by 

where h, is the lth diagonal element of the 
matrix A. Sjl and (S-')j! are the jlth elements of 
the transformation matrices S and S-', respec- 
tively. As the matrix elements involved are all 
complex, the computation of each spectral data 
point defined by G(x) requires a number of 
operations in complex arithmetic on a digital 
computer. These operations are relatively slow 
and hence the absorption mode lineshape func- 
tion, V(x), is finally given in terms of operations 
in real arithmetic only by defining a matrix B as 
the real part of the matrix S - [A + ixl]-' . S-'. 
That is, in accordance with [20] 

in which A is a normalization constant, and the 
matrix elements Bj, are given by 

where ajk, and bjkl (and hlR and 1,') are the real 
and imag~nary parts of Sjr(S-l),k (and A,), re- 
spectively. d, is defined in terms of the indepen- 
dent variable x as 

Analogous to [22], V(x) is now given as 

A computer program (available from the authors) 
based upon [21], [22a] has been developed and 
has been shown to give reliable and efficient 
iterative total lineshape analyses for multi-site 
exchange systems. 

Although specific details will be discussed in 
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following papers dealing with experimental 
applications (20), one aspect of the general 
iterative fitting procedure should be outlined at 
this point. In the (m + 1)th iteration, the refined 
rate constant for any two-sites i and j is deter- 
mined as 

and thus in accordance with [3a], [19] 

R ~ + ~  = Tz + (K" + AK) - if2 

the elements of the matrix AK being simply the 
incremental rate constants Akij. Now, in the mth 
iteration, transformation matrices have been 
determined in accordance with [21] such that 

Am being the diagonal matrix corresponding to 
the rate matrix Rm. Thus in the (m + 1)th 
iteration, it follows that a matrix A' determined 
by 

= (~ -1 )m.  ~ m + l  . Sn' 

is approximately diagonal. The matrix A' may 
now be diagonalized exactly with considerable 
reduction in computation time. The (m + 1)th 
iteration transformation matrices, Sn'+' and 
(S-')"" are readily obtained as follows 

withSm+l = Sm . Tand(S-')"+l = T- 1 . ( s -  1)nl. 
Having defined the complex matrices An'+ ', 
Sm+l ,  and (S-l)"" in this manner, the com- 
putation of the lineshape for the rate constants 
k,jm+' reduces to an application of [22a]. 

Two-Site Exchange System 

The complex matrix formulation of chemical 
exchange processes developed in the preceding 
section is most readily illustrated through an 
analysis of the simple two-site system in the limit 
of zero saturation. 

Consider the system with exchange sites A 
and B defined by relative chemical shifts (rad s-I) 
0, = -R and RB = 0 in terms of the indepen- 
dent frequency variable x (rad s-') with o, = 

CHEMISTRY. VOL. 48, 1970 

+(oA + oB)4 cf. [8] ,  and fractional site popula- 
tions PA and P,. The relaxation, rate, and chem- 
ical shift matrices are then determined in 
accordance with [3]-[5] and [18] as 

in which TIA and TzA (s) are the spin-lattice and 
spin-spin relaxation times, respectively, for the 
A-site and kA (set)  is the first-order rate constant 
for transfer from the A-site. It should be noted 
that the rate constants and site populations are 
related, in terms of detailed balance for rate 
processes, by 

In the limit of zero saturation, the z-mode 
magnetization is given by [5]  as 

M, = MOzl . T I  . P 
with 

and 

Using [23],  it is readily shown that the matrix 
product z1 . T l  . P reduces to P i n  this limit, thus 
showing the validity of the modified Bloch 
equations as expressed in [15]. For analytic 
simplicity it will now be assumed that the spin- 
spin relaxation times for the two sites are the 

40, is the resonance frequency for the A-site in terms 
of the independent frequency variable o, and is given 
as a,, = o, - a. 
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same so that the matrix T2 becomes a scalar 
matrix, viz. (1/T2)I.I is the 2 x 2 unit matrix. The 
exchange matrix R, defined by [19], may now be 
expressed in the form 

C241 
1 

R = - I  + [ K -  i!2] 
T2 

The diagonal matrix A corresponding to [K - 
i n ]  is now defined by 

A = S-' . [K - i n ]  - S 
cf. [21]. 

If, initially, an equal population system is 
considered, the diagonal elements of the matrix A 
above are given by 

[25] h = k f a CY = (/c2 - R2)'I2 

with k = k, = k,. The associated transforma- 
tion matrices, S and S-', are 

where p+_ = (a iR)/k. As the matrix [K - ia],  
or R, is non-Hermitian, the matrix elements h 
are in general complex and the row vectors 
defining the transformation matrix, S, are com- 
plex and non-orthogonal. These vectors are 
normalized in accordance with the condition 

s j j*s j j  + Slj*Slj = 1 

for .j,l = 1,2 and Sjj* the complex conjugate of 
Sjj.  It should also be noted that all normalization 
constants have been combined in the factor k/2a 
in [26]. 

The complex lineshape function, G(x), in 
accordance with [20] and [24]-[26] takes on the 
form 

[27] G(x) = -iol MoZ. S . [A 
+ (1/T2 + ix)I] . S- '  . P 

The parameter a ,  as defined in [25], may be real 
or pure imaginary for k > R and k < R, respec- 
tively. Thus, from [27], the complex lineshape 
function for rate constants in the range 0 ,< 
k d R is expressed in terms of a real parameter 
E as 

with 
A = -lo M 

2 1  0 

r = 1/T2 + k 
and 

& = ( ~ 2  - k2)1/2 

The constant A is merely an overall intensity 
normalization factor. The associated lineshape 
function for rate constants in the range R < 
/< < 03 is 

Equations 28 and 29 allow a lucid and concise 
description of the n.m.r. absorption lineshape 
function, V(x), for the equal population two-site 
chemical exchange system. In general, the diago- 
nal matrix elements h, as defined in [25], deter- 
mine the positions and linewidths of the com- 
ponent spectral lines and the matrix S, as defined 
in [26], determines the intensities of these lines. 

Thus for 0 < k 6 R, [28] defines absorption 
mode components corresponding to modified 
Lorentzian lines described by the lineshape 
function 

In the absence of exchange, k = 0 (r = 1/T2, 
E = R) and [30] shows that the spectrum consists 
of pure Lorentzian lines centered at X = f R 
(rad s-') with full-widths at half-maximum of 
2/T2 (rad s- I). This is consistent with the normal 
definitions of 2R as the chemical shift between 
sites and T2 as the parameter describing spectral 
linewidth in the absence of exchange effects (21). 
In the presence of exchange, the spectral com- 
ponents may be considered in terms of a super- 
position of pure Lorentzian and associated 
dispersion functions, the degree of mixing being 
determined by the factor k/& in [30]. For example, 
for the component centered at x = E, V+(X) is 
given by 
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0.6 0.8 
FIG. 2. Modified Lorentzian component spectral lines (---) and resultant absorption mode lineshape function (-), 

V(x),  for equal population two-site exchange system and slow exchange (k < a). 

Thus it is shown that the Lorentzian type com- 
ponent has a full-width at half-maximum of 
2(1/T2 + k) ,  linearly increasing with k ,  and a 
position E < Q such that the component separa- 
tion, 2 ~ ,  decreases with increasing k .  These basic 
lineshape characteristics for the exchange system 
under consideration are shown in Figs. 2 and 3 
for varying values of k/Q.  

For clarity, the computed lineshapes shown 
have been normalized, through the factor A, to 
an arbitrary maximum independent of k.  Figure 2 
shows the form of the modified Lorentzian com- 
ponent lines for k/Q < 1 as described by [30]; 
whereas Fig. 3 shows the total Lorentzian and 
associated dispersion functions, as defined for 
k/Q < 1 by V+(x)  in [31] and a corresponding 
function V - ( x )  for the component centered at 

x = -Q, determining the overall lineshape 
function V(x). 

Experimentally, use of an r.f. phase-sensitive 
detector allows the observation of an n.m.r. 
signal proportional to a specific component of 
the transverse nuclear magnetization G(x), cf. 
[17], as an oscillatory linearly polarized com- 
ponent at the irradiation frequency, w, in the 
fixed laboratory frame of reference. The direction 
of a specific component of transverse magnetiza- 
tion is defined by the relative phase difference, +, 
between the detector reference r.f. field vector and 
the r.f. irradiation field vector, H,(w), defining 
the u-axis of the normal rotating frame of 
reference as used in the preceding theoretical 
derivations. Thus in the absence of exchange 
effects, by setting + = 90°, the specific compon- 
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0.6 0.8 
FIG. 3. Total Lorentzian [V+(x )  + V-(x ) ]  (---) and associated dispersion [U+(x )  + U - ( x ) ]  (---) functions, and 

resultant absorption mode lineshape function (-), V(x) ,  for equal population two-site exchange system and slow 
exchange (k < a). 

ent corresponding to the v-mode magnetization 
vector V, cf. [17], is observed giving rise to an 
absorption mode spectrum as described by the 
lineshape function -v(x). This spectrum consists 
of pure Lorentzian lines (assuming a simple 
1/T2-type spin-spin relaxation mechanism) cen- 
tered at x = +h; or w = w, + with w, = 
%(w, + w,), w, being the resonance frequency 
for the A-site in the laboratory reference frame. 
The associated dispersion mode spectrum is 
described by a lineshape function u(x) given in 
accordance with [28] as 

with 

This form of spectrum is observed by setting 
4 = 0. The first term in [33] describes the dis- 
persion mode line centered at x = +Q in the 
absence of exchange effects. 

In the presence of chemical exchange for 
k < 0, the mixing of normal absorption and 
dispersion mode n.m.r. signals associated with 
the v- and u-mode components, respectively, of 
the transverse magnetization in the rotating 
frame of reference may now be considered 
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qualitatively in terms of the behavior of the 
transverse components of the individual nuclear 
spin isochromats. A spin isochromat, M(x,$), is 
defined to be the resultant vector magnetization 
due to all spins having a particular Larmor fre- 
quency and relative phase (with respect to the 
u-axis of the rotating frame of reference) in a 
macroscopic sample (1). In the absence of 
chemical exchange, T2 is the relaxation time 
describing the isochromat dephasing and con- 
sequential spectral linewidth due to local mag- 
netic field inhomogeneity, giving rise to distribu- 
tions of Larmor frequencies centered a t  the 
A- and B-site resonance frequencies, x = + R ,  
respectively. This type of isochromat dephasing 
is a coherent effect. I t  should be noted that there 
is also a small contribution to such a relaxation 
time due to natural lifetime limiting of any 
nuclear spin state. In the presence of chemical 
exchange, however, the individual spin iso- 
chromats are involved in a transfer between sites 
corresponding to distinct local magnetic fields 
(chemical shifts) a t  completely random times. 
Conversely, it may be considered that each spin 
isochromat experiences a randomly fluctuating 
local magnetic field with a fundamental frequency 
component in the associated frequency dis- 

tribution of krad s-'. This random process alters 
the form of isochromat dephasing, which may 
be described in terms of a probability function 
(22, 23) for the isochromat relative phase distri- 
bution, the time average effect for all isochromats 
being observed as an effective mixing of the 
normal u- and v-mode transverse magnetizations, 
as described by [30] and [32] and for a particular 
component spectral line by [31] and [33]. I t  
should be emphasized that the function V(x), 
cf. 1301, by definition describes the signal as 
observed in the presence of exchange processes 
for the phase sensitive detector relative phase 
$ = 90°, and this will always be referred to as 
the absorption mode signal. Now, if the funda- 
mental frequency associated with the fluctuating 
local magnetic field due to a chemical exchange 
process becomes comparable to the frequency 
difference between exchange sites, 2R, the modi- 
fication of the basic T2 isochromat dephasing is 
expected to be most significant. This is actually 
observed in the form of maximal broadening and 
coalescence of the component spectral lines for 
rate constants k - R. For rate constants k -. R, 
in accordance with [30], the component line 
Lorentzian and associated dispersion functions 
may be combined as 

[34] V(x) = v+ (x) + v- (x) 

Thus it is seen that the lineshape characteristics 
are strongly dependent upon the second term, in 
addition to the broadening described by the 
parameter r, due to the factor k / ~  --t co. I t  is this 
factor that describes the well known (24) sensi- 
tivity of the observed absorption mode lineshape 
to rate constant for a particular chemical shift 
difference between exchange sites in the region 
about component line coalescence. In accordance 
with [34], for k = R (E = 0) the second term 
now makes no effective contribution to the line- 
shape function V(x) and thus the spectrum 
consists of a single Lorentzian line centered a t  
x = 0 with full-width a t  half-maximum of 
2r = 2[1/T2 + R ]  and intensity factor 2r. Qual- 
itatively, this is consistent with the simple 
isochromat model for exchange effects previously 
discussed. As the rate of isochromat transfer 
between exchange sites increases, or conversely 

as the fundamental frequency associated with the 
fluctuating local magnetic field for an isochromat 
increases, the time average contribution from the 
normal dispersive u-mode magnetization is max- 
imized and then effectively cancelled out for the 
particular condition k = R. This cancellation 
coincides with an exact averaging of the com- 
ponent line separation, 2 ~ ,  to zero. Also, for all 
rate constants k > R there is no effective contri- 
bution to the lineshape from a dispersive type 
function. 

For rate constants k > R, the absorption mode 
lineshape function, V(x) , is given in accordance 
with [29] as 
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with . I - \  \ 

That is, the spectrum consists of a modified 
Lorentzian line centered at x = 0 which may be 
described as the superposition of two Lorentzian 
components, that giving a positive contribution 
to V(x) being defined as 

This component has a full-width at half- /,,,,/ --- 
maximum of 2(r - a) (rad s-I) and an intensity - - - - -  - -  

factor (I + kla). The parameters r and a deter- ----... --.. ---  

L 
__--- _ _ _ _ - - - -  

-. mine a linewidth which decreases with increasing --. -- -. --. _ _ - - -  _ _ _ - - -  
-. -.__ --- -______-- -  _ _ _ - - -  

k and a maximum value for the intensity factor 
of 2. The other component defined in [35] gives 
a negative contribution and is a Lorentzian 
function with linewidth 2(r + a), increasing k / n  = 1.1 
linearly with k, and intensity factor (1 - k / ~ i ) . ~  
Again, fork N R the lineshape is strongly depen- 
dent upon the factor k/a (as a + 0) and the 
observed lineshape is particularly sensitive to the 
rate constant k in this region. 

In the limit of very fast exchange (k >> R) the 
component V+(x) becomes dominant and the 
absorption mode spectrum consists of a single 
Lorentzian line 

centered at x = 0 with linewidth 2/T2 (rad s-I). 
The intensity factor 2 is consistent with the fact 
that the intensities associated with thecomponent 
lines at x = f R in the limit of slow exchange 
(k << R), cf. [30], are now combined for the 
single line centered at the mean Larmor fre- 
quency, x = t ( ~ ,  + o n )  = 0. These lineshape 
characteristics are shown in Fig. 4 for two values 
of k/R, where again the computed lineshapes 
have been normalized to an arbitrary maximum 
independent of k. 

A similar matrix treatment for the more general 
unequal population, PA # P,, two-site exchange 
system using the fundamental eqs. [23], [24], and 

SGutowsky er 01. (29) have also noted similar distinct 
contributions to the lineshape function, V ( x ) ,  for an 
uncoupled two-site exchange system in the fast exchange 
limit. 

FIG. 4. Lorentzian components (---) and resultant 
absorption mode lineshape (-), V ( x ) ,  for equal popula- 
tion two-site exchange system and fast exchange (k > a). 

[27] leads to conlplex lineshape functions, G(x), 
fo r0  < k ,< R 
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and for Q < k < co centered at x = -Q and x = + Q  with intensity 

,f(l - kia) - i(1 - 2PA)Q/a factors PA and (1 - PA) = PB, respectively, and 
[37] G(x) = iA 

1 
full-width at half-maximum of 2/T2 (rad s-I). In 

(r + a) + ix the limit of very fast exchange (k >> Q), the 
(1 + kla) + i(1 - 2P 'Q' second term in [37] becomes dominant and the + - (r -a)  + ix *' la) absorption mode spectrum consists of a single 

Lorentzian line 
where the characteristic parameters are defined 

[40] V(xj = 2A by 
E = [Q2 - k2 - 2i(l - 2PA)kQ]112 

r = 1/T2 + k 
with 

k = +(kA + k,) 

2~ = o, - oA = n, - nA 
and 

oo = +(wA + wB) 

A is the normalization factor defined previously, 
cf. [28]. In this case the parameters E and a 
remain complex, but they may be compared 
directly with the analogous parameters used in 
the analysis of the equal population system. It is 
readily seen that [36] and [37] reduce to [28] 
and [29] for the particular system in which 
PA = P, = 112. An analysis of the absorption 
mode lineshape function in terms of [36] and [37] 
is complicated by the complex parameters E and a.  
However, it is interesting to note that these 
parameters now determine both component line 
position (imaginary part) and linewidth (real 
part) for all rate constants k, whereas in the equal 
population case the real parameters E and a 
determined only line position or linewidth, 
respectively. 

Now consider a general population two-site 
exchange system analogous to that already dis- 
cussed with site chemical shifts (rad s-l) QA = 
-Q and Q, = Q. In the limit of slow exchange 
(k << Q), in accordance with [36] it is shown that 
the absorption mode lineshape function, V(x), 
simplifies to the form 

Thus in the absence of exchange (k = O), the 
spectrum consists of pure Lorentzian lines 

centered at x = (1 - 2PA)Q with a linewidth 
2/T2. That is, for the unequal population system, 
the spectral line in this limit is positioned away 
from the mean frequency x = q(QA + Q,) = 0 
towards the resonance frequency corresponding 
to the larger population exchange site, consistent 
with a previous derivation (19). 

Finally, for the general population exchange 
system under consideration, [36] and [37] may 
be reformulated (25) to give a simple analytical 
expression for the absorption mode lineshape 
function, V(x), valid for all rate constants 
O d k < o o  

[41] V(x) = 

( r  + k) B  + (X + (1 - 2PA)Q) C )  
B~+F ,f 

where 

All other parameters are those as previously 
defined. This lineshape equation is, of course, 
equivalent to the familiar Gutowsky-Holm 
expression (21) for a two-site exchange system. 

Summary 

A variety of n.m.r. methods for studying 
chemical exchange processes in liquids has de- 
veloped over the past decade (5, 6). The applica- 
tion of these methods, both theoretically and 
experimentally, is not straightforward and only 
comparatively recently has there developed a 
growing awareness of the systematic errors in- 
volved and the experimental care required in the 
determination of reliable kinetic data. Although 
many approximate methods have been intro- 
duced to allow a simplified estimation of the 
first-order rate constant for a specific exchange 
process, at a given temperature, from steady-state 
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n.m.r. spectral characteristics; a t  this time, it is providing a computer program which leads to the work 

known that the general method of complete described here. 

fitting of a theoretical lineshape function to  
1. F. BLOCH. Phys. Rev. 70, 460 (1946). data is apparently the only method 2. H. S. GUTOWSKY, D. W. MCCALL, and C. P. 

yielding reliable kinetic data. However, the line- SLICHTER. J. Chen~.  Phys. 21, 279 (1953). 
shape equation describing the simplest exchange 3. H. M. MCCONNELL. J. Chenl. P ~ I Y ~ .  28,430 (1958). 

4. R. K. WANGSNESS and F. BLOCH. Phys. Rev. 89, 
process, between two uncoupled nuclear spin 728 (1953). 
sites, is sufficiently complicated to require corn- 5. L. W. REEVES. IN Advan. Phys. Org. Chem. Vol. 111. 

puter calculations. ~h~~ as studies are extended Edited by V. Gold. Academic Press, London. 1965. 
p. 187. 

to more complicated chemical systems of Sys- 6. C. S. JOHNSON. Advan. Mag. Kes., VOI.  1. Ldited 
tematic interest, it is necessary to have available by J. S. Waugh. Academic Press, New Yolk. 1965. 

p. 33. an efficient lineshape fitting procedure for a 7. A. ABRAGAM. Principles of Nuclear Magnetism. 
general n-site exchange system. This paper out- Oxford Univ. Press, London. 1961. pp. 447, 504. 
lines a matrix formulation of the modified Bloch $: :;,$: 2~~Rs~~~12~,1$~~219~2;~ Mod, phys. 
equations describing exchange effects, applicable 25, 269 (1953). 
only to first-order n.m.r. spectra, which allows 10. P. W. ANDERSON. J .  P ~ Y s .  Sot. Jap. 9, 316 (1954). 

a concise and relatively simple analysis of n-site ' I .  R.  G. and R .  P. MCGINNIS. J. 
Phys. 49, 2455 (1968). 

exchange systems and which is also very readily 12. E. J. WELLS, R. C. FERGUSON, J. G. HALLETT, and 
adapted to computer programming. Of course, L. K. PETERSON. Can. J. Chem. 46, 2733 (1968). 

13. J .  BACON, R. J. GILLESPIE, J. S. HARTMAN, and the description of second-order (tightly coupled) U ,  R,  K, R ~ ~ ,  ~ ~ 1 ,  phys, 18, 561 (1970). 
nuclear spin systems undergoing exchange re- 14. J. R. YANDLE and J.  P. MAHER. J. Chem. Soc. A, 

1549 (1969). quires a 'pin matrix treatment and 15, G. M, W r . l ~ ~ ~ s ~ ~ e s  and J .  S, J. Anler. 
matrix methods similar to  those applied in the them. SOC. 89,2855 (1967). 
first-order case have been used to develop 16. H. M. MCCONNELL and D. D. THOMPSON. J. Chem. 

Phys. 26, 958 (1957). programs for the of these even 17. S. FORSEN and R. A. HOFFMAN. J. Chem. Phys. 39, 
complicated systems (25), independently of 2892 (1963). 
Binsch (27). The general two-site exchange 18. R. R. ERNST and W. ANDERSON. Rev. Sci. Instr. 

36, 1969 (1965). system, being the best has been 19. J. A. POPLE, W. G. SCHNEIDER, and H. J. BERNSTEIN. 
analyzed in detail and it is shown that the matrix High Resolution NMR. McGraw-Hill, Inc., New 

York. 1959. p. 219. formulation leads to a lucid description of the 
20. K. N, SHAW and L. W, REEVES. TO be published. 

lineshape characteristics consistent with previous 21. H. S. GUTOWSKY and C. H. HOLM. J. Chem, phys. 
treatments (19,21). Alternative forms of the basic 25, 1228 (1956). 

absorption mode lineshape equation have been 22. B. MULLER and M. BLOOM. Can. J.  Phys. 38, 1318 
(1960). 

derived corresponding to specific assumptions 23. M. BLOOM, L. W. REEVES, and E. J .  WELLS. J.  Chem. 
for the nuclear spin relaxation processes involved. Phys. 42, 1615 (1964). 

24. A. ALLERHAND, H. S. GUTOWSKY, J.  JONAS, and 
The these equations in a R. A. MEINZER. J.  Amer. Chem. Soc. 88, 3185 
pletely automatic iterative lineshape fitting of (1966). 
digitized steady-state n.m.r, data, and details of 25. K. N. SHAW. Ph.D. Thesis, University of British 

Columbia, Vancouver, British Columbia. 1970. 
the computer programs required, will be de- 26. H. S. GUTOWSKY, R. L. VOLD, and E. J. WELLS. 
scribed in future publications. J.  Chem. Phys. 43, 4107 (1965). 
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The authors are indebted to Dr. C. H. Holm of the 28. E. GRUNWALD, A. LOEWENSTEIN, and S. MEIBOOM. 

Shell Development Company, Emeryville, California for J. Phys. 277 630 
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Isolation and structure of monochaetin, a metabolite of the fungus 
Monochaetia compta1b2 

H.  SPENCER^ AND Y. K. MO 
Department of Chemistry and Chemical Engineering, University of Saskatchewan, Saskatoon, Saskatchewan 

AND 

G .  TERTZAKIAN,~ G. P. SLATER, R. H. HASKINS, AND L. R. NESBITT 
Prairie Regional Laboratory, National Research Council of Canada, Saskatoon, Saskatchewan 

Received April 10, 1970 

A new metabolite has been isolated from the fungus Monochaetia compta. The properties and 
reactions of the metabolite suggest that it is 6,8a-dihydro-4-acetyI-8-methyl-6-oxo-7(3-methyJ-2-oxo)- 
pentyl-1 H-2-benzopyran-1-one ( 2 4 .  

Canadian Journal of Chemistry, 48,3654 (1970) 

A fungus (PRL 1754) was isolated from wild 
rose hips (Rosa acicularis Lindl.) and identified as 
Monochaetia compta (or possibly Cryptostictis 
cynosbati (Fckl) Sacc. (Melanconiales) (1)). The 
only member of the Melanconiales for which a 
metabolite has been reported (2) is Gloeosporum 
musarum (Cke et Mass.) which produced the 
carotenoid canthaxanthin (4,4'-diketo-P-caro- 
tene) (3). The present fungus deposited white 
crystals m.p. 202.5-203.5' in potato dextrose 
agar cultures. Constancy of m.p., t.1.c. and 
p.rn.r. spectroscopy, and mass spectral analysis 
attested to the homogeneity of the new metab- 
olite, which analyzed for C,,H,oO,. We pro- 
pose the name monochaetin for this compound 
and describe work which suggests that its struc- 
ture is represented by 2a. 

The p.m.r. spectrum of monochaetin in deu- 
terochloroform solution (Fig. 1) was interpreted 
as follows: T 9.03 (3H), a triplet ( J  = 7 Hz), 
CH,CH2-; 8.3 (2H), a multiplet CH3CH2- 
CH-; 6.81 (lH),  a sextet CH3CH,CHCH3; 
8.87 (3H), a doublet ( J  = 6 Hz) CH3CH,- 
CHCH,. Double irradiation experiments con- 
firmed the appropriate mutual couplings of this 
group. Since the rnethine sextet occurred at a low 
field position it follows that the next carbon 
atom was not substituted by hydrogen but by an 

'Issued as NRCC No. 1 1515. 
2Taken in part from the M.Sc. Thesis of Y. K. Mo, 

University of Saskatchewan, Saskatoon, Saskatchewan, 
1969. 

'NRCC Postdoctorate Fellow, 1965-1966. Present 
address: Imperial Chemical Industries Ltd., Pharma- 
ceuticals Division, Aldcrley Park, Macclesfield, Cheshire 
SKlO 4TG, England. 

'NRCC Postdoctorate Fellow, 1962-1964. Present 
address: Raylo Chemicals Ltd., Edmonton, Alberta. 

electronegative atom or group. In view of the i.r. 
spectrum (see below) a carbonyl group seemed 
the most probable. A singlet T 8.67 (3H) was 
assigned as 

and a singlet at  T 7.87 (3H) was interpreted as 
being due either to  a methyl ketone or to an 
0-acetyl group. Chemical tests confirmed that 
this was a methyl ketone; no acetic acid could be 
detected after monochaetin was hydrolyzed with 
sulfuric acid but iodoform was generated by an  
alkaline solution of iodine and potassium iodide. 
The remaining peaks were at T 6.25 (lH), double- 
doublet (J's = 2 and 13 Hz); 5.90 (1 H), a doublet 
(J = 13 Hz); 4.72 (1 H), doublet ( J  = 0.5 Hz); 

4.00 (lH), singlet -CH=C' a very small 
\ ' 

coupling to the methyl group' at  .r 7.87 was 
revealed by a sharpening of this peak on double 
irradiation a t  the frequency of the methyl group, 
so that the substitution of this double bond could 
be written 

.r 3.20 (1 H), double doublet (J's = 0.5 and 2 Hz). 
The i.r. spectrum of monochaetin (chloroform) 

had two sharp bands at  1788 and 1718 cm-' 
(Fig. 2), which could be assigned to an enol- 
lactone (or vinyl ester) and a saturated ketone, 
respectively. A third broad band a t  1650-1640 
cm-', together with the bands at 1605 and 1532 
cm-' were interpreted as an a$-a'$'-dienone 
and an a,P-unsaturated ketone. The broad 
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I I I 
3 4 5 6 7 8 9 

T 

FIG. 1. The p.m.r. spectrum of monochaetin in deuterochloroform solution. 

carbonyl band was at lower frequency than is 
usually suggested for these groups (4), however, 
this is probably due to the extended conjugation 
in monochaetin. Additional support for these 
assignments was provided by the U.V. spectrum 
(ethanol-water) which had two maxima at  248 
(E  5.83 x lo3) and 343 nm ( E  2.53 x lo4). The 
high extinction coefficients of these absorptions 
suggested that they were associated with a con- 
jugated unsaturated ketone rather than with 
an aromatic chromophore. Since an a,P-a',P1- 
dienone absorbs close to 244 nm (5) at least one 
more double bond and several substituents are 
needed to extend the absorption to the observed 
maximum at 343 nm. 

Treatment of monochaetin with sodium 
borohydride gave a product, C18H2205 (lo), 
whose i.r. spectrum (KBr) had bands at 3555 and 
3380 cm-' (OH) and 1760 cm-' (en01 lactone). 
The band at 1718 cm-' was missing, showing 
that only the saturated carbonyl group was 
reduced. The U.V. absorption spectrum was 
identical to that of monochaetin, confirming that 
the dienone and a,P-unsaturated ketone func- 
tions were not affected. The p.m.r. spectrum of 
the acetylated reduction product (11, C2,H2,06) 
in deuterochloroform, was similar to that of 
monochaetin but with the following differences. 
The three protons of the acetate group gave rise to 
a singlet at z 7.98. The proton attached to the 
same carbon atom as the 0-acetyl appeared as a 
quartet at z 4.79. There was a single two proton 

doublet at z 6.68 in place of the two separate 
one proton signals which in monochaetin were at 
z 6.25 and 5.9. The signal due to the methine 
proton in the sec-butyl chain had moved upfield. 
Double irradiation experiments showed that it 
was located at z 8.1 and was coupled to the 
quartet at z 4.79 as also was the doublet a t  z 6.68. 
Irradiation at the frequency of the quartet 
caused the doublet to collapse to a singlet at 
z 6.68. This spectrum was consistent only with 
the presence of the group -CH,CH(OAc)CH- 
(CH3)CH2CH3 in this derivative which would 
have been formed from the -CH2COCH(CH3)- 
CH2CH3 side chain in monochaetin. 

Hydrogenation of monochaetin over Adam's 
catalyst at atmospheric pressure resulted in the 
rapid uptake of 3 moles of hydrogen with the 
formation of a crystalline hexahydro derivative 
12. Yields of this crystalline derivative were low 
but the mother liquors, from which the crystalline 
hexahydro compound had been isolated, could 
be further hydrogenated with a slow absorption 
of hydrogen to give a crystalline octahydromono- 
chaetin 13 in good yield. Neither of the hydro- 
genated derivatives showed any absorption in 
the U.V. region. In its i.r. spectrum hexahydro- 
monochaetin did not show any hydroxyl peaks 
so that it was formed from monochaetin by 
reduction of three carbon-carbon double bonds. 
The i.r. spectrum of octahydromonochaetin did 
have an 0-H stretching band at 3390 cm-' and 
differs from the hexahydro derivative in that a 
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v cm" 
FIG. 2. Part of the i.r. spectrum of monochaetin 

(chloroform solution). 

carbonyl group had been reduced. The p.m.r. 
spectra of both hydrogenated derivatives, in 
pyridine-d,, were too complicated to permit a 
full analysis but one point is significant. Both 
spectra contained two high field, three proton, 
doublets. In octahydromonochaetin these were 
at z 8.75 ( J  = 7 Hz) and 8.9 ( J  = 6 Hz). Double 
irradiation experiments showed that the lower 
field one was coupling to a sextet at z 7.10 and 
hence was due to the methyl group in the sec- 
butyl chain. The upper field one was coupling to 
a multiplet at T 6.82. Neither of the hydrogenated 
products had a three proton singlet near z 8.67 
which there had been in the spectrum of mono- 
chaetin. This was interpreted as indicating that 
there was in monochaetin the group 

CH3 
I /  -C=C 

\ 
which gave the singlet at T 8.67 and which 
had been transformed by hydrogenation into 

which gave rise to the doublet at T 8.91. 

Monochaetin was insoluble in water and in 
sodium carbonate solution but dissolved readily 
in dilute aqueous sodium hydroxide, from which 
it was recovered unchanged by the addition of 
acid. The amount of monochaetin recovered 
depended upon the temperature and the time that 
elapsed before acidification. After only a few 
minutes in alkali at room temperature the 
recovery was quantitative but prolonged heating 
caused a degradation of the molecule which is 
discussed in detail at a later point. Such behavior 
is characteristic of a- or y-pyrones and lactones. 
The presence of a y-pyrone system in mono- 
chaetin was discounted because of the complete 
failure of attempts to form pyrylium salts by 
treating ethereal solutions of monochaetin with 
dry hydrogen chloride gas. Confirmatory evidence 
for the presence of a lactone ring was obtained 
by allowing monochaetin to react with concen- 
trated ammonia. This resulted in the formation 
of a new derivative, C,,H,,O,N (14), formed by 
the addition of the elements of ammonia. The 
new compound was insoluble in aqueous acids 
but had bands in the i.r. at 3400,3260, and 3150 
and 1672 cm-', and its p.m.r. spectrum had two 
broad peaks, each one proton, at z 2.48 and 2.86, 
compatible with a primary amide. Only a lactone 
could have been converted into a primary amide 
with the addition of the elements of ammonia. 
Further evidence for the enolic nature of this 
lactone came from the reaction of monochaetin 
with Tollen's reagent. Although the p.m.r. spec- 
trum of monochaetin had not shown any 
aldehydic protons a silver mirror was formed in 
the reaction with Tollen's reagent, implying that 
an aldehyde group was generated in the alkaline 
solution, as would be the case with an en01 
lactone. 

The reaction between monochaetin and 
N-bromosuccinimide (I. 1 mole) in carbon tetra- 
chloride resulted in the formation of a crystalline 
monobromo derivative 4. The p.m.r. spectrum of 
monobromomonochaetin (in deuterochloroform) 
was identical to that of monochaetin except for 
the one proton singlet at z 4.70 which had been 
eliminated by bromination. Since this proton was 
readily replaced by bromine it must have been 
allylic, but in order to account for its unusually 
low field position in the p.m.r. spectrum, we 
suggest that it is allylic to two double bonds and 
a to a carbonyl group. With two moles of 
N-bromosuccinimide two hydrogen atoms were 
replaced. This dibromo derivative 5 reacted with 
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potassium carbonate with the elimination of 
HBr to give a crystalline product, C,,H,,O,Br 
(6), which showed in its p.m.r. spectrum (in 
CDCl,) the peaks of the sec-butyl group at 
c 9.03 (3H, triplet); 9.00 (3H, doublet); 8.40 (2H, 
multiplet); 6.50 (lH, sextet); the methyl ketone 
at 8.30 (3H, singlet), and the vinylic methyl 
group at 7.75 (3H, singlet). Two other protons 
gave rise to singlets at c 3.32 and 1.23. The U.V. 

spectrum of this compound (in 50% aqueous 
ethanol) was different from that of monochaetin 
and its other derivatives, having maxima at 270 
(E 1.35 x lo4), 360 (E 1.0 x lo4), and 555 nm 
(E 3.03 x lo3). 

As mentioned earlier, heating monochaetin 
with aqueous sodium hydroxide caused a degra- 
dation and two smaller fragments were isolated. 
The first of these was acetic acid, characterized as 
its p-bromophenacyl ester, and isolated in 15 % 
yield. Since it has already been demonstrated 
that there was no 0-acetyl in monochaetin the 
acetic acid must have been formed from the 
methyl ketone via a retro-Aldol or retro-Claisen 
reaction. The other product was a non-volatile 
gum 1 (44% yield) which formed a crystalline 
2,4-dinitrophenylhydrazone (la) having the 
formula C,,H2,06N4. After allowance for the 
2,4-dinitrophenylhydrazine residue this led to 
C,6H,203 as the formula of the ketonic gum 
1. The U.V. spectrum (in 50% aqueous ethanol) 
of the ketone showed a single maximum at 282 
nm (E 2720) which moved to 300 nm (E 3490) on 
adding 0.5 N potassium hydroxide, indicative of 
a phenolic compound. The formation of a red 
precipitate with diazotized aniline confirmed the 
phenolic nature of this product. The formation 
of a phenolic degradation product, under the 
conditions of this reaction, from a non-aromatic 
starting material was further strong evidence 

that there was in monochaetin a dienone function 
in a six-membered ring. The i.r. spectrum (liquid 
film) of the gum 1, showed hydrogen bonded OH 
at 3342 cm-' and a ketonic carbonyl at 1705 
cm-'. In its p.m.r. spectrum (CDCI,) a two 
proton signal (broad singlet) at c 3.5 was assigned 
to aromatic protons. Two singlets, each (7 6.27 
and 6.47) were assigned as benzylic protons cr. 
to the carbonyl groups, and two other singlets 
(7 7.87 and 7.95, three protons each) as CH3CO- 
and CH3-aryl respectively. The protons of a 
sec-butyl group were still present as in mono- 
chaetin itself. In deuteroacetone as solvent the 
two aromatic protons had different chemical 
shifts, occurring at c 3.4 and 3.5. The signals 
were broad but became clearly resolved as 
mutually coupled doublets (J = 1.6 Hz) upon 

double irradiation at c 6.47 indicating that the 
protons were meta to each other and confirming 
that the methylene group at c 6.47 was a to the 
ring. The structure of this compound must be 1 or 
an isomer of this in which the positions of the 
nuclear substituents are interchanged. 

We propose the structure 2a for monochaetin 
as the only one which incorporates all of the 
structural elements which have been identified 
and which satisfactorily explains the observed 
chemistry. For example, in dilute alkali the 
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lactone ring would open as shown in Scheme 1 
to give the anion 3 which is an aldehyde and 
would react with Tollen's reagent to give a silver 
mirror. Prolonged heating with alkali could cause 
further reaction as shown, accounting for the 0 
formation of the isolated products. The proposed 
structure also incorporates a chromophoric 
group which could reasonably be expected to COCH3 

give the observed u.v. spectrum viz. 4 

-C=O 
I I I o = c ~ c = c ~ c = c ~ o - c o ~  

I I 
The structure also contains a proton which 
is allylic to two double bonds and a to a 
carbonyl group, which according to Shoolery's 
rules (6) would resonate close to the obser- 
ved value at .r 4.70 in the p.m.r. spectrum. 
One would expect this proton to be the one most 
easily replaced by reaction with N-bromosuc- 
cinimide leading to the monobromo derivative 4. 
The next most easily replaceable hydrogen would 
be the one allylic to one double bond and a to a 
carbonyl group so that the dibromo derivative 
would be 5 for which the spectra are consistent. 
Elimination of HBr could occur to give 6 which 
being a quinone methide ought to be colored, as 
observed. 

The low resolution mass spectrum of mono- 
chaetin (Table 1) also lends support to the pro- 
posed structure, 2a, as indicated by the following 

brief description of the fragmentation. One mode 
of a-cleavage of the methyl ketone would account 
for the abundant ion at mle 43 (CH,COf). The 
alternative mode of cleavage would result in the 
loss of CH, to give ion mle 301 and subsequent 
loss of CO to give ion mle 273. The latter could 
then lose CO, (from the lactone ring) to produce 
ion mle 229. 

The ions mle 259 (loss of C,H,) and 85 
(C,HgOf) are indicative of the two possible 
modes of a-cleavage of the sec-butyl ketone. 
Each of these ions could then lose CO, accounting 
for the ions mle 231 and 57, respectively. A 
metastable peak at 38.3 confirmed the fragmenta- 
tion of ion mle 85 to 57. Loss of CO from ion 
mle 231 would account for ion mle 203 (this is 
supported by the occurrence of a metastable ion 
at mle 178), and subsequent loss of ketone would 
lead to the base peak mle 161. 

Alternative structural proposals such as 2b 
and 2c were discounted because they could not 
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TABLE 1 

The mass spectrum of monochaetin 
-- -- -. 

Relative Relative 
ni/e abundance m/e abundance 

Experimental 
Getzeral Directiotls 

The p.m.r. spectra were determined using either a 
Varian HA-100 o r  a Varian T-60 spectrometer with T M S  
as a n  internal standard. The i.r. spectra were recorded o n  
a Perkin-Elmer 21 spectrometer and U.V. spectra were 
determined using a Cary 14. Mass spectra were deter- 
mined o n  a n  A.E.I. M S  12 spectrometer. A Fisher hot 
stage m.p. apparatus was used for all m.p.'s, which a re  
uncorrected. 

Growth 
A medium consisting of 1 % dextrose and 1 % Difco 

Yeast extract (50 1-111) was inoculated with the organism 
Mot~ochaetia conipta (PRL 1754) and incubated at  24', 
o n  a rotary shaker, for 4 days. The cells were collected 
and dispersed in water (100 ml) and the suspension spread 
with a small paint brush upon the growth medium, which 
consisted of Difco Potato Dextrose agar enriched with 
20 g/l of dextrose and contained in pyrex dishes (31 c m  x 
46 cm, 500 ml of agar per dish) covered with aluminum 
lids. The  cultures were incubated at  24 to 26' for 30 days. 

Extraction 
The whole agar culture was freeze-dried and the 

residue extracted exhaustively with chloroforn~.  The  white 
solid resulting from evaporation of theextract was washed 
with light petroleun~ (30-60') to remove oils. T h e  yield of 
monochaetin determined at  this point was 1.85 g/l ofagar.  
Treatment with charcoal and several crystallizations from 
ethanol gave pure monochaetin, n1.p. 202.5-203.5", 
[ci]DZ5 = 1040 + 10' (c,  0.3 CHC13), h,,, (50% aqueous 
ethanol) 248 (E 5.83 x lo3) and 343 nm (E 2.53 x lo4). 

Anal. Calcd. for C, ,H2,05:  C ,  68.34; H,  6.37. Found:  
C,  68.26; H ,  6.45. 

Test for 0-Acetyl  
Sulfuric acid (2 N, 50 ml) was steam distilled until 

100 ml of distillate had been collected. This was discarded 
and a fresh quantity of distillate (50 ml) was obtained to 
serve as a blank. Monochaetin (95.7 mg) was added to the 
sulfuric acid and the mixture heated under reflux for 
1.5 h. The  residual solution was again steam distilled to 
obtain 50 ml of distillate. Both the blank and the distillate 
after reaction had the same p H  (4.8) and each required 
the same quantity of standard sodium hydroxide solution 
(0.2 ml, 0.036 N )  to take the p H  to 8. 

account for the elimination of HBr. Structures 
such as 2d and 2e would have degraded with 
alkali to give a phenol having protons on adjacent 
nuclear positions for which the coupling constant 
would have been about 6 Hz and hence these two 
structures are untenable. The structure 2f was 
considered less likely than 2a because it contains 
the unit 

in which detectable coupling between the methyl 
group and the vinylic proton would be expected. 

Other locations of the lactone ring were also 
considered but deemed unsatisfactory. No 
structures based upon the system 7 could account 
for the p.m.r. spectrum of monochaetin, while 
the systems 8 and 9 could not provide a satis- 
factory explanation for either the U.V. spectrum 
or for the loss of the lactone carbonyl group upon 
treatment with sodium hydroxide. 

Soclilrm Borohyclricle Recllrction 
Monochaetin (316 mg, 1.0 m M )  and sodium boro- 

hydride (28 mg, 0.75 m M )  were dissolved in dry methanol 
(15 mi) and stirred at  room temperature for 2 h. The  
resulting solution was acidified with dilute sulfuric acid 
(15 ml) and extracted with chloroform. The chloroform 
was evaporated and the residue separated by preparative 
layer chron~atography.  The major product, 10, crystal- 
lized from ethanol (96 n ~ g ,  30% yield), n1.p. 105-107". I n  
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the U.V. i t  had h.,,, (ethanol) 247 (E 6.07 x lo3) and 352 Found: 442.1847. (High resolution measurements by 
nm (E 2.32 x lo4). Dr. A. M. Hogg, University of Alberta, Edmonton, 

Anal. Calcd. for C,8H2205:  C, 67.91; H, 6.97. Found Alberta.) 
(mol. wt. (mass s~ectroscoov) 318): C, 67.69: H, 7.05. The acids in the steani distillate were neutralized with 

Acetylatior~ of tire Sodilrm Borohydride Redlrctiot~ Prod~rct 
The above reduction product 10 (3 1 mg) was dissolved 

in pyridine (0.5 ml) and acetic anhydride (0.5 rill) and 
allowed to stand at room temperature overnight. Water 
(1 n ~ l )  was added to the reaction mixture and the acetyl 
derivative 11 collected (24 n ~ g ,  69 %yield) and crystallized 
from aqueous ethanol, m.p. 216-217 ". 

Anal. Calcd. for C20H2406:  C, 66.65; H, 6.71. Found 
(mol. wt. (mass spectroscopy) 360): C, 66.83; H, 6.66. 

Catalytic Hydrogcrlatior~ 
Monochaetin (459 mg) was dissolved in ethanol (100 

ml) that had been distilled from magnesium ethoxide and 
the solution was shaken with hydrogen in the presence of  
Adams' platinum oxide (197.9 n~g). Rate of uptake 
changed abruptly after 1.66 h when 120 ml of hydrogen 
had been absorbed (theoretical uptake for the catalyst 
and three double bonds, 122.4 mi). After filtering the 
catalyst, the solution was concentrated and a white 
precipitate (78 mg) formed. This was purified by chro- 
matography on a silicic acid column. Hesahyrlrorrror~o- 
chaetin (12) crystallized from methanol, m.p. 247-248". 
No absorption in the u.v. region. 

Anal. Calcd. for ClsH,,O,: C, 67.06; H, 7.89. Found 
(mol. wt. (mass spectroscopy) 322): C, 67.05; H, 7.89. 

The mother liquors were returned to hydrogenate until 
the uptake of hydrogen ceased. The filtrate was concen- 
trated and octal~ydrot~~orrochnetir~ (13), n1.p. 220-22Io, 
precipitated upon standing. No absorption in the U.V. 

region. 
Anal. Calcd. for CIaHZL1O5: C, 66.64; H, 8.70; Found 

(mol. wt. (mass spectroscopy) 324): C, 66.65; H, 8.90. 

Effect of Alkali on Morrochaetir~ 
Monochaetin (24.4 mg) was dissolved in 0.02 Nsodium 

hydroxide (6 ml) with a little gentle warming and imme- 
diately acidified with N sulfuric acid. The precipitate was 
collected and dried (16.8 mg) and crystallized from 
aqueous ethanol. The recovered material had m.p. 
202.5-203.5", and was identical with monochaetin (mixed 
m.p., i.r.) (starting material, m.p. 202.5-203.5"). 

Hydrolysis of Monochaetir~ 
Monochaetin (328 mg) was heated with 5 % sodium 

hydroxide (23 ml) at reflux, in a nitrogen atmosphere, for 
1.5 h. The cooled solution was acidified with dilute 
sulfuric acid and steam distilled until 100 ml of distillate 
had been collected. The residual liquor was extracted 
thoroughly with etherxhloroform (4:l) and the dried 
extract evaporated and fractionated by silicic acid column 
chromatography. Elution with chloroforn1-benzene 
(85 :15) yielded a gum, 1 ,  which appeared to be homog- 
enous (t.1.c.). In the U.V. (1:l aqueous ethanol) it had 
h,,, 282 nm (E 2720) which shifted in alkali to 300 nm 
(E 3490). 

The 2,4-dinitrophenylhydrazone derivative, la ,  had 
m.p. 180". 

Anal. Calcd. for CZ2H2606N4: C, 59.72; H, 5.92; N, 
12.66. Found: C, 59.97; H, 5.89; N, 12.55. 

Mass of parent ion calcd. for C22H2606N4: 442.1852. 

0.02 N sodium hydroxide and the solution evaporated to 
dryness. To the salts, dissolved in water (2 drops) was 
added p-bromophenacyl bromide (1.1 mole) in ethanol 
(100 ml) and the solution was boiled for 30 min. The 
solvent was evaporated and the residue chromatographed 
on silicic acid. Elution with CHC1,-C6H6 (85 :I5 v/v) gave 
p-bromophenacyl acetate, m.p. 84'(lit. (7) m.p. 86"). The 
i.r. spectrum was identical with that of a standard sample. 

Reactiorz ~vith Amn~orria 
Monochaetin (200 mg) was dissolved in concentrated 

ammonia (8 ml) and warmed for 20 min. The solution 
was diluted with water and the precipitate (150 mg) 
collected and crystallized from aqueous ethanol to give 
needle-like crystals, m.p. 238-239". In the u.v., the 
product 14 had h,,, 247 ( E  5.38 x lo3) and 356 nm 
(E 1.96 x lo4). 

Anal. Calcd. for C18H3305N: C,  64.85; H, 6.71; N ,  
4.20. Found (mol. wt. (mass spectroscopy) 333): C, 
65.1 1 ; H, 6.80; N, 4.32. 

Morrobromort~or~oc/~aeti~~ ( 4 )  
Monochaetin (316 mg, 1 mM) was heated with 

N-bron~osuccinimide (178 mg 1 mM) and a trace of 
benzoyl peroxide in carbon tetrachloride (30 1111). After 
2 h the reaction mixture was washed with water (30 ml), 
dried, and evaporated to give a yellow solid (390 mg) 
which crystallized from ethanol as colorless needle-like 
crystals, m.p. 224-225". The parent ion in the mass 
spectrum (mass 394) showed the appropriate isotope 
distribution for a compound containing one bromine 
atom. 

Anal, Calcd. for ClsHI9O5Br: C, 54.68; H, 4.81. 
Found: C, 54.67; H,  4.83. 

Dibror?ronrorrocl1aetir2 ( 5 )  
Monochaetin (121 mg, 0.38 mM)  was heated with 

N-bromosuccinimide (1 57 mg, 0.88 mM) and a trace of 
benzoyl peroxide in carbon tetrachloride (35 ml) over- 
night. The reaction mixture was washed with water, 
dried, and evaporated to give a gum (120 mg) which was 
separated by preparative t.1.c. on silica gel using chloro- 
form-ether-benzene (7:2:1). The major product was a 
gun1 which decomposed to a considerable extent in 2-3 
days at room temperature but was stable indefinitely at 
liquid nitrogen temperature. The parent ion in the mass 
spectrum ( t t~ le  472) showed the appropriate isotope 
distribution for a compound containing two bromine 
atoms. In the U.V. i t  had h ,,,, (EtOH) 225 (E 9 x lo3), 
267 (E 1.4 x lo4), and 357 nm (E  1.45 x lo4). 

Anal. Calcd. for ClsHIBOSBr2: C, 45.58; H, 3.83. 
Found: C, 45.33, H, 3.70. 

Dehydrobrotninatior~ of Dibrornor?ror10chaetir2 
Dibromomonochaetin (80 mg) and potassium carbon- 

ate were heated together in ethanol (30 ml) for 2 h. The 
reaction mixture was filtered and acidified with dilute 
sulfuric acid, then water (I5 n~l),  benzene (15 n~l),  and 
chloroform (15 ml) were added. The aqueous phase was 
separated and the non-polar layer was dried and evapor- 
ated. The residue was fractionated by preparative t.1.c. 
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and a crystalline product (6) (18 mg) n1.p. 109-1 10" was 1. E. F. GUBA. In  Monochaetia and Pestalot~a. Harvard 
obtained from the yellow band on the t.1.c. plates. The University Press, Cambridge, Mass., l961. P. 263. 
u.v. had h,,,(EtOH)270(~ 1.35 x lo4), 3 6 0 ( ~  1.0 x lo4), 2. S. SHIBATA, S. and S. U. UDAGAwA. 

and 555 nm (E 3.03 x lo3). List of fungal products. Univers~ty of Tokyo Press, 
Tokyo, 1964. p. 24. Anal. Calcd. for C,,HI7O5Br: C, 54.98; H, 4.35. 3. F. J. PETRACEK and L. Z. ZECHMEISTER, Arch. 

Found (n~ol.  wt. (mass spectroscopy) 392): C, 55.22; ~ i ~ ~ h ~ ~ ~ .  ~ i ~ ~ h ~ ~ .  61, 137 (1956). 
H,  4.46. 4. L. J. BELLAMY. Itz The infra-red soectra of coniolex 
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molecules. Methuen, London, 1958.. p. 132. 
5. A. I. SCOTT. It2 Interpretation of the ultraviolet 
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1964. p. 255. 
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Preparation and characterization of some a,a-disubstituted-a-hydroxythiolesters 

WILMA E. ELIAS 
Deparrnient of Cllernistry, University of Victoria, Victoria, British Colutnbia 

Received December 9, 1969' 

A series of a,a-disubstituted-a-hydroxythiolesters has been prepared from ketone cyanohydrins by the 
Pinner reaction. The esters have been characterized both by classical methods and by analysis of their i.r. 
n.m.r., and u.v. spectra. 

Canadian Journal of Chemistry, 48, 3662 (1970) 

Introduction 

In view of the widely-known hydrogenolytic 
and reductive desulfurization reactions which 
organic thio compounds undergo in the presence 
of Raney nickel (1, 2) and other reducing agents 
(3, 4 and, for instance, refs. given in 5a), and of 
the hydrogenolysis reactions of carbonyl com- 
pounds with vicinyl oxygen-containing groups 
(e .g.  refs. given in 5b and 6, but compare with 7), 
it was considered that an examination of the 
reactions of cr-hydroxythiolesters with a number 
of reducing agents would be of interest. Since 
cr-hydroxythiolesters are not reported in the 
literature it was necessary to develop a method 
for the preparation of these compounds. This 
paper reports the synthesis and characterization 
of a number of compounds of structure 
RR'C(OH)COSC,H,. 

Several methods for the preparation of 
thiolesters have been developed: among them 
reaction of an acyl halide or acid anhydride with 
the appropriate thiol, transesterification, reaction 
of an acyl halide with the appropriate lead 
mercaptide, and the Pinner reaction. In view of 
the presence of the tertiary alcohol hydroxyl in 
the compounds desired, the latter method 
suggested itself as the most likely to be of general 
use. The acid-catalyzed addition of an alcohol 
across the triple bond of a nitrile, followed 
by hydrolysis of the imidate salt3 (eq. 1) 

[I ] RCN + R'OH + anhydrous HX -> 

hydrolysis 
RC(=NH.HX)OR'--, RC0,R' + NH,+ + X- 

'Revision received July 27, 1970. 
'A brief review is given in ref. 8. 
3The nomenclature of compounds RC(=NH)OR' is 

confused; they have been called iminoethers, iminoesters, 
imidic esters, imidoates, imidates, imidoethers, and 
imidoesters. The convention adopted by Roger and 
Neilson (10) in naming them imidates, will be followed in 
this series of papers. Chemical Abstracts lists these com- 
pounds as esters of imidic acids. 

was first reported by Pinner and Klein (9) and has 
since been used quite extensively but, although 
some cyanohydrins have been treated with 
alcohols and some nitriles with thiols, no report 
of the reaction of cyanohydrins with thiols has 
been found.4 

Results and Discussion 

The thioimidate hydrochlorides were prepared 
according to the 'standard' procedure for bring- 
ing about the Pinner acid-catalyzed reaction. The 
necessity for maintaining the reaction tempera- 
ture close to 0 OC was manifested during one 
preparation which was allowed, inadvertently, 
to warm under its own heat of reaction ; there was 
generated an odor far more powerful and ob- 
noxious than that associated with the normal 
process. The resultant mixture was not analyzed, 
but it was assumed that this indicated the forma- 
tion of at least some thionamide (10 and refs. 
therein, 14). Only a slight excess of thiol was used, 
since reaction of imidate salts with excess alcohol 
is a synthetic route to ortho esters (10 and refs. 
therein). 

Crystalline thioimidate hydrochlorides were 
obtained from only a few of the cyanohydrins 
(marked with an asterisk in Table 1) ; large masses 
of granular, white crystals were obtained in each 
case. Reaction mixtures which did not deposit 
crystals became very viscous, frequently set to a 
glass, and often developed colors ranging from 
yellow to deep orange. 

No attempt was made to isolate the thioimidate 
hydrochlorides, which were converted directly to 
the corresponding cr-hyd roxythiolesters as de- 
scribed in the experimental section, i.e., the 
thiolesters were purified only by distillation 
through a short Vigreux column, during which a 
fore-run and two or three fractions were collected. 

4No recent, comprehensive review of the Pinner reac- 
tion is known to the author, but several partial reviews 
are available (10-13). 
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TABLE 1 

Preparation, physical properties, and analysis of RRfC(OH)COSC2H, m 
t: 
h 

Boiling poinls (LC)t !? 
Substitucnts Rcaclion Molar rclractivilicr Snpon~ficsuon equivalent Sullur conlcnt (%) 

Compound rlmc Yieldt Rcduccd Atmospheric 
u 

R (days) thiolcstcr (%) prcssure prcssure Calculatcdy Found Cnlculalcd 
Q 

No. R'  qo§ 4 Found Calculated Found 
-- 5 

1 CH, CH, 7' 59.2 9lL95119-20 200-203 1.4155 (28) 1.051 (29) 39.258 39.26 148.2 113.5, 145.0 
2 CH, C2H, 20' 53.3 89-92120-21 21 1-214d./710 1.4773 (28) 1.053 (27) 43.905 43.55 162.2 155.0. 157.0 
3 C,H, C:H, 14 25.6 101-103120 219-223 176.3 166.0, 167.5 
4 CH, tr-C,H, I3 73.2 68-7611 223-224.5 1.4752 (25) 176.3 167.1, 166.1, 163.3 
5 CH, i-CIH, 14 59.4 6lL6311 221-224.5 1.4689 (25) 0.9978 (25) 48 552 49.19 176 3 170.9, 174.9, 177.5 
6 CH, n-C,H,, I5 79.4 15lL15818 267.5-270 1.4733 (24.5) 218.4 211.3.211.7,215.9 
7 C,H, n-C,H, 13 64.8 113-116/2.5 250.5-252 1.4732 (24.5) 0.9764 (25) 57.846 58.73 204.3 202.7.200.7 
8 CH, C,H,-CH, 15 80.2 176-185/11-20 281.5-288.5 1.5424 (26) 1.0968 (26) 63.693 64.55 224.3 217.7,218.2,224.3 
9 Cyclohcryl 3' 65.7 122-12517 261.5-262.5 1.5092 (26.5) 1.096 (26) 51.143 51.57 188.3 185.9, 182.5 

10 2-Methylcyclohcryl 16 3 I 110-12515 
11 3-Mcrhylcyclahcxyl I I*  62.8 106-11013 184.5-185.5 1.5030(27.5) 1.0608(27 5) 56.818 56 38 202.3 199.0, 196.5, 202.6 
I2  CMcthylcyclohcxyl I I 79.5 107-10913 267.5-268 1.5030 (27) 1.0627 (27) 56.818 56.28 202.3 198.1,200.0, 205.1 
13 Cvcloocntvl 2. 74.9 103-10717 240.5-242 1.4984 (27) 1.1025 (26) 46.496 46.36 174.3 176.1.175.7.181.1 
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Examination of the data presented in Table 1 
shows that, although the yields of thiolesters 
were variable, the synthesis is practicable. (The 
esters derived from diethyl ketone and 2-methyl- 
cyclohexanone were formed in lower yield, and 
were obtained in a much less pure state, than the 
other compounds.) 

The a-hydroxythiolesters were characterized 
by classical methods and by their spectroscopic 
proper tie^.^ The results of the classical analyses 
are summarized in Table 1 ; in addition, three of 
the esters have been hydrolyzed to the corre- 
sponding a-hydroxyacids, as described in the 
experimental section. 

In analyzing the spectra, cognizance of the 
impurities in 3 and 10 has been made, and 
information concerning these compounds has 
been included only where it is non-equivocal 
and completely in accord with that obtained for 
the other compounds. This is emphasized by 
enclosing compound numbers (3) and (10) in 
parentheses wherever used. 

Nuclear Magnetic Resonance Spectra 
Quartets at 2.82-2.92 p.p.m. and triplets a t  

1.16-1.26 p.p.m. confirmed the presence of the 
S-CH,-CH, group (15a, b, 16); in some 
instances, further splitting indicated the magnetic 
non-equivalence of the methylene protons. The 
presence of the O H  group was confirmed by 
deuterium oxide exchange. 

Ultraviolet Spectra 
All solutions were scanned over the region 

200-670 mp. For all compounds there was a 
single, reasonably sharp peak the base of which 
tailed off more gradually on the short wavelength 
side than on the long. As seen from Table 2a, 
absorption was not intense, but occurred a t  al- 
most identical wavelengths for all but l and was 
in the region expected. The ultraviolet spectra 
of thiolesters are not widely reported in the 
literature, but data for three aliphatic esters have 
been included in Table 2b. 

Infrared Spectra 
The i.r. spectra were examined for bands for 

OH, C=O, C-S, and C--C groups. No  evidence 

TABLE 2 

Ultraviolet spectra of thiolesters 
-- --- -- 

hmax Emax 
Co~npound (mp) ( x  Reference 

( a )  a-Hydroxythiolesters 

(b )  Tt~iolesters reported it1 the literat~rre 
11-Butyl thiolacetate ~ 2 3 0  4 .0  17 
2-Methylcyclohexyl 231 . 5  4.5 18 

thiolacetate 
2-hydroxy-3- E 230 4.0 19 

chloropropyl 
thiolacetate 

- 

in the preparation of these compounds. On the 
other hand, characteristic absorptions for C==O 
in the range 5.89-5.99 p (20-22), C-S in the 
range 7.00-7.05 p (22) and, except for (10) one 
to three bands not present in the precursors in the 
range 9.92-10.75 p (22), were found. Except 
for 8, the O H  group gave a band or shoulder a t  
2.73-2.78 p and a band at 2.80-2.86 p;  8 showed 
only a band at 2.8 p. 

Thus, both the classical and spectroscopic 
analyses provide evidence that compounds of the 
desired structures were obtained, and were 
obtained in a sufficient state of purity to serve all 
practical purposes, by the simple purification 
method described. Furthermore, it can be con- 
cluded that the reaction of ethane thiol with 
ketone cyanohydrins is a reaction of a t  least 
reasonable generality, and hence that the work 
reported here extends the scope of the Pinner 
reaction. However, it cannot be claimed that the 
method is general for the production of a,a- 
disubstituted-a-hydroxythiolesters, since it rests 
upon the availability of the requisite cyanohydrins 
and thus will be mainly confined to esters 
derived from methyl and some ethyl open-chain, 
and alicyclic ketones. 

of carbon-carbon unsaturation was detected, 
indicating the stability of the tertiary hydroxyl Experimental 
group to the experimental conditions employed Preparation ofthe Cya,~ohydrins 

The cyanohydrins were prepared either by the method 
'Details of the mass spectra of these compounds will be of Cox and Stormont (23) or of Bucherer and Grolee (24). 

presented in a subsequent paper. In instances where the cyanohydrin was not isolated in a 
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ELIAS: DISUBSTITUTED a. 

TABLE 3 

Ketone cyanohydrins 
- - 

Boiling point of cyanohydrin 
Ketone ("C/mm of Hg) 

Ethyl 11-butyl 82-8414 
Methyl benzyl 141-14418 
2-Methylcyclohexanone 103-10415 
3-Methylcyclohexanone 106-110/4.5 
4-Methylcyclohexanone 118-12117 
Cyclopentanone 81-8313 

pure state, a nlixture of the washed extracts and benzene 
was rendered anhydrous by removal of the benzene-water 
azeotrope under the vacuum created by a water aspirator. 
Boiling points not given in Beilstein are listed in Table 3. 

Preparation of the a-Hydroxythioirr~idate Hydrochlorides 
Either a mixture of cyanohydrin (1 M quantity) and 

ethyl mercaptan (1.1 M quantity) in anhydrous ether or 
benzene was prepared, or the mercaptan was added to 
the anhydrous benzene solution of cyanohydrin prepared 
from 1 M quantity of ketone. This mixture was then 
cooled in an ice bath and hydrogen chloride was passed in 
to saturation; the weight of hydrogen chloride taken up 
by the solution was not measured. The anhydrous mix- 
ture was then allowed to stand in the refrigerator either 
until a good crop of glistening white crystals was obtained, 
or for some days or weeks; typical reaction times are 
given in Table 1. 

Preparation of the a-Hydroxythiolesters 
Water was added to the crystalline thioimidate hydro- 

chlorides after removal of the supernatant liquid by 
decantation; water was added directly to the whole syrup 
or glass. In either case, steam was passed through the 
aqueous mixture until the distillate was free from water- 
insoluble material. The thiolesters, which separated from 
the cooled distillates as colorless oils, were extracted into 
ether or benzene and these extracts were worked-up 
in the usual manner. Final purification consisted of dis- 
tillation at reduced pressure through a small Vigreux 
colunln; boiling points and other physical properties are 
shown in Table 1. 

All esters prepared were clear, colorless liquids of 
unpleasant odor, an odor which lingered on the skin for 
several hours after contact. During storage in the 
refrigerator, theesters from 2- and 3-methylcyclohexanone 
formed some crystals, which disappeared as soon as the 
flasks were removed from the refrigerator. All esters were 
insoluble in water but soluble in methanol, ethanol, ether, 
benzene, carbon tetrachloride, and chloroform. 

Hydrolysis of a-Hydroxythiolesters 
Three of the esters were converted to the corresponding 

a-hydroxyacids (I, RR1C(OH)C02H). The melting points 
are uncorrected. Required for I, R = R' = CH,, 
m.p. 79"; found, m.p. 78.5-79". Required for R = CH,, 
R'  = C2H5, n1.p. 68-73" (lit. 27a); found, m.p. 67.5-68". 
Required for I, R = R' = C2H5, m.p. 79-80" (lit. 276); 
found, m.p. 78-79". 

Nuclear Magnetic Resorlarlce Spectra 
The n.m.r. spectra were determined at 60 MHz on a 

Varian HA60 spectrometer at room temperature. 
Deuterochloroform was used as solvent, the solutions 
being approximately 10% (v/v) in concentration. All 
chemical shifts are reported as 6 values with respect to 
tetramethylsilane used as an internal standard. 

Ultraviolet Spectra 
The u.v. spectra were recorded on a Unicam SP700 

spectrophotometer. Chloroform was used as solvent, and 
solutions were approximately M. 

Infrarerl Spectra 
The i.r. spectra were recorded either on a Perkin-Elmer 

337 or Beckniann IR-4 spectrophotometer, using chloro- 
form as solvent. 

ADDENDUM: Since the original writing of this 
manuscript the synthesis of S-methyl thioman- 
delate (C,H,CH(OH)COSCH,) from tri(methy1- 
mercapto)acetophenone has been reported (26). 

The author gratefully acknowledges theaid of Dr. R. U. 
Lemieux, University of Alberta, Edmonton, Alberta, 
with whom the problem was discussed during the early 
stages of work, and of Miss P. A. Cockrill, Miss H. L. 
Dougan, and Mrs. P. J. Hoibak, who rendered invaluable 
assistance in the laboratory. 

Gratitude is also expressed to the University of Victoria 
and to the National Research Council of Canada for 
financial assistance. 
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Complexes of Group 111 trimethyls with diamines 

A. STORR AND B. S. THOMAS 
C/ietnistry Department, University of British Colronbia, Vancouuer 8,  British Cokrtnbia 

Received June 30, 1970 

Direct combination of the Lewis acids, Me3M (where M = B, Al, Ga, or In), and the diamines, Me2N- 
(CH2).NMe2 (where n = 1 ,2 ,  or 3) has given two series of complexes. A range of 1 :I complexes can be 
isolated w ~ t h  Me2NCH2NMe2 as ligand. With the other diam~nes, use of a 1 : I  molar ratlo of reactants 
yields crystalline 2:1 complexes with two moles of Me3M per mole of I~gand. Excluding the reactlon 
between Me3B and Me2NCH2NMe2, 2:1 complexes can be isolated by reacting the varlous Lewrs acids 
with the appropriate molar quantlty of the diam~nes. The complexes have been charactenzed by i.r. and 
proton n.m.r. spectroscopy and molecular weight measurements. 

A number of complexes of Me3Ga w ~ t h  methyl substituted ethylenediamines have been prepared and 
the effects of substitution on the n~trogen ligand atoms studied. Pyrolysis of these complexes has demon- 
strated the ready elimination of methane and has resulted in the formation of condensed Ga-N specles. 

Canadian Journal of Chemistry, 48, 3667 (1970) 

Introduction 

The formation of molecular addition com- 
plexes between aluminum alkyls and difunctional 
bases has received much attention. Bruser et al. 
(1) and Thiele et al. (2) have shown that Me3AI 
forms 2:  1 complexes with MeO(CH,),OMe, 
MeO(CH,),NMe,, Me,N(CH,),NMe,, and 
Et,N(CH,),NEt, and 1 :I complexes with MeO- 
(CH,),NMe,, 2,2'-bipyridyl and 1,lO-phenan- 
throline. Thiele and Bruser (3) have reported 
that both 1 : 1 and 2: 1 complexes may be formed 
between Me3A1 and 1,4-dioxane, N-methyl- 
morpholine and N,Nf-dimethylpiperazine. Fetter 
el al. (4, 5 )  have investigated the formation of 
complexes between Me3A1 and the compounds 
Me,N(CH,),,NMe, (where n = 0, 1, 2, or 3). 
They proposed that 1 : 1 complexes are formed 
when the nitrogen atoms of the ditert~ary base 
are separated by one or no intervening methylene 
groups, while 2:l complexes are formed when the 
separation is by two or more methylene groups. 

Fetter and Bartocha (6) have investigated the 
reactions of Me3AI with various methyl hydra- 
zines. They have demonstrated that 1:1 com- 
plexes are formed initially but that, in the cases 
of the partially substituted hydrazines, methane 
is evolved and a condensed A1-N framework 
produced. Clemens et al. (7) and Nielsen and 
Sisler (8), in a similar study using Et3A1 as Lewis 
acid, again demonstrated the formation of 1 :1 
complexes with hydrazine ligands and the ready 
elimination of ethane from a number of the 

(9) have reported that 2: 1 complexes of Me3B are 
formed with R,N(CH,),NR, (where R = Me 
or Et) and that no reaction was observed between 
Me3B and 2,2'-bipyridyl. 

In the present investigation we have extended 
the information already available on difunctional 
base - Group 111 Lewis acid interactions by 
making a systematicstudy of thetertiary diamines, 
Me,N(CH,),NMe, (where n = 1, 2, or 3), as 
ligands towards the trimethyl derivatives, Me3M 
(where M = B, Al, Ga, and In), as Lewis acids. 
As an extension of this study we have investi- 
gated the formation of complexes between 
Me3Ga and the partially substituted ethylene- 
diamines, Me2-,H,N(CH2)2NMe2-yHy (where 
x = 0, 1, or 2 and y = 1 or 2), and the subsequent 
elimination of methane from these complexes. 

Experimental 
Materials were handled in a conventional high vacuum 

line or in a glove box under an atmosphere of oxygen-free 
dry nitrogen. Benzene was dried by refluxing over 
potassium for several days and then distilled. 

Starting Materials 
The diamines were dried over calcium hydride and 

then distilled under reduced pressure. Trimethyl boron 
(K and K Laboratories, Inc.) and trimethyl aluniinum 
(Alfa Inorganics, Inc.) were vacuum distilled before use. 
Trimethyl gallium and trimethyl indium were prepared 
by reaction of dimethyl mecury with a slight excess of the 
appropriate metal at approximately 120" for several days 
in a sealed, thick-walled glass tube. Trimethyl gallium 
was purified by vacuum distillation and trimethyl indium 
by vacuum sublimation. 

complexes. Spectra 
Definitive i.r. spectra were recorded on a Perkin-Elmer In 'Ontrast l i t t l e  has been written 'On- Model 457 spectrometer (4000-250 cm-1). The samples 

cerning the formation of complexes between were run as benzene or cyclohexane solutions, the cells 
Me3B and difunctional bases. Bruser and Thiele being loaded in the glove box. 
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TABLE 1 
Physical properties of some complexes of Group 111 Lewis acids with tertiary diamines 

- 

Molecular weight data 'H  n.m.r. data 
Melting 

Compound point ("C) Found Calculated ~ C H ,  ~ N M C ,  A ( T N ~ .  - ~cti ,)  Thlhle, 

Liquid 
32-35 
33-35 
Liquid 
Liquid 
103-106 
82 
53-56 

Liquid 
98-105 

136-139 
102-103 
9G93 
Liquid 

114-122 
166-1 69 
140 
81-83 

7.84 7.96 
and 8.47 

8.12 8.12 
8.21 8.21 
8.24 8.24 

Proton n.m.1. spectra were obtained on Varian 
HA-100 and T-60 instruments. The benzene solutions 
were prepared in the glove box and the sample tubes 
sealed off to prevent oxidation and hydrolysis. All s 
values are referred to benzene as T c ~ H ~  = 2.84 p.p.m. 
Concentrations of all the solutions were kept roughly 
the same (- 0.3 M )  in an attempt to minimize any con- 
centration dependence of the signals. 

Molecular Weights 
Molecular weight determinations were conducted 

cryoscopically using benzene as solvent. The apparatus 
was designed to provide a nitrogen blanket over the 
solution to Drevent atmos~heric interference. 

Preparative Details 
The complexes were all prepared by the same general 

method which can be illustrated by the preparation of 
Me3Al .Me2NCH2NMe2 .AIMe3. 

Trimethyl aluminum (0.4630 g, 6.42 mmoles) was 
condensed into an evacuated flask and N,N,N',N1-tetra- 
methylmethylenediamine (0.3280 g, 3.21 mmoles) was 
added by vacuum transfer. The mixture was allowed to 
warm slowly to room temperature to yield the white 
crystalline complex, Me3A1, Me2NCH2NMe2 .AIMe3 
(m.p. 103-106"; mol. wt. 254, calcd. 246). 

The complexes can be purified by vacuum sublimation 
at  temperatures ranging from 25-10O0, without loss of 
free Lewis acid or amine. Selected properties are listed 
in Table 1. Melting points are uncorrected. 

integration of the signals and further confirmation of 
compound formation is reflected in the sharp melting 
points and molecular weight data of most of the com- 
pounds. In the experiments where 2:l complexes are 
formed using a 1 :1 molar ratio of reactants a stoichio- 
metric amount of free ligand was always recovered, and 
the complexes formed exhibited identical proton n.m.r., 
melting points, molecular weights etc. to the authentic 
2:l complexes. In decon~positions involving the forma- 
tion of methane the latter was always measured using a 
Toepler pump. 

Pyrolysis Studies 
The 1:l com~lexes of trimethvl aallium and the 

N-methyl-, N,N-dimethyl-, N,N'-dimeth;l-, and N,N,Nf- 
trimethylethylenediamines and the 2:l complex with 
N,N'-dimethylethylenediamine were pyrolyzed. As an 
example of the procedure used the details for the pyrolysis 
of Me,Ga.MeNH(CH,),NMeH .GaMe, are given below. 

The bis(trimethy1 gallium)-N,N'-dimethylethylenedi- 
amine complex (0.395 g, 1.24 mmoles) was weighed into 
a 100 ml round-bottomed flask fitted with a break-seal 
side-arm and a tap adaptor. The flask was cooled to 
- 196", evacuated, sealed off, and then warmed to 120" 
for several days. It was then attached to the vacuum line 
via the break-seal arm, cooled to - 196", and the break- 
seal ruptured. The volume of methane evolved was 
measured by means of a Toepler pump. (Found 55.2 ml, 
2.46 mmoles). 

The pyrolysis products were purified by vacuum 
Analysis sublimation at  temperatures ranging from 40-110". A 

l-he compoun~s described were not t o  summary of the data obtained is presented in Table 2. 

chemical analvsis since thev were all ~ r e ~ a r e d  on a high- . . 
vacuum line from purified starting materials and as Results and Discussion 
nothing is lost by this technique the method of prepara- 
tion itself constitutes an  analysis (10). In all cases proton The reactions of Me2NCH2NMe2 with the - . ,  
n.rn.1. confirmed the various stoichiometries- upon trimethyl derivatives M ~ J M ,  (where M = B, Al, 
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TABLE 2 

Experinlental data for pyrolysis studies 
-~ - ~ . . .~ . .. . . . . .. . . . . . . 

~ 

Molecular weight 
Pyrolysis data data 
CH, evolved/ 

Complex mole complex Product Found Calculated* 
- - -- -- - - -- -. ... - ., - 

Me3Ga. H,N(CH,),NMeH 1.58 Yellow oil 390 345 
Me3Ga. H,N(CH,),N Me, 0.95 Yellow oil 396 373 
Me3Ga. MeNH(CH2)?NMeH 1.20 White solid 410 373 

n1.p. 217-220" 
Me3Ga. MeNH(CH,),NMe, 0.75 Yellow oil 374 40 1 
Me3Ga. MeNH(CH2),NMeH.GaMe3 1.99 White solid - - 

m.u. > 250" dec. 

'Calculated for dirneric pyrolysis product. 

Ga,  or In), in equimolar ratios yield the 1 : 1 com- 
plexes, Me,M. Me,NCH,NMe,. Cryoscopic 
molecular weight determinations show that 
the complexes are monomeric in benzene solution 
(see Table 1). Fetter et al. (4) have prepared the 
aluminum compound Me,Al.Me,NCH,NMe, 
and report that it is associated in benzene solution 
(degree of association 1.38). On the basis of their 
n.m.r. data, which shows only one N-Me proton 
signal, Fetter et al. suggested a chelate structure 
for the complex with both nitrogen atoms 
coordinating to the aluminum which becomes 
five-coordinate. Several other workers have 
proposed chelate structures for complexes of this 
type (3,6,7, 1 I). However, in the present systems, 
it is felt that either an intramolecular rearrange- 
ment could alternate the coordinated nitrogen 
atom via a transition state involving the five- 
coordinate arrangement proposed by Fetter 
et al. (4), or, more likely, intermolecular exchange 
via a rapid dissociative mechanism could take 
place, which would better explain the observed 
n.m.r. spectra especially for those complexes 
involving acceptor atoms which show little 
tendency for five-coordination in this type of 
compound. 

In general the reactions of the Lewis acids 
Me,M (where M = B, Al, Ga ,  or  In) with the 
diamines Me,N(CH,),,NMe, (where n = 1, 2, 
or  3) in the correct stoichiometric ratios have 
yielded the 2:  1 complexes Me,M. Me,N(CH,),,- 
NMe,.MMe,. The one exception was the 
reaction of Me,B with Me,NCH,NMe, which 
produces the 1:l complex and free Me,B. 
Selected properties of the complexes are sum- 
marized in Table 1. The majority of the complexes 
are monomeric in benzene solution. This is in 
contrast with the results of Fetter et al. (4) and 
Fetter and Moore (5) who report a slight associa- 

tion for some of their aluminum complexes. 
Trimethyl boron exhibits a marked tendency to 
form only 1 :1 complexes with the diamines under 
study. Thus, Me,B.Me,NCH,lVMe,.BMe, 
could not be isolated and Me,B.Me,N(CH,),- 
NMe,.BMe, is - 30% dissociated in benzene 
solution. The latter compound has been reported 
previously by Thiele and Briiser (3) to have a 
similar melting point range (93-103" with 
evolution of Me,B) and molecular weight (167) 
to those found in this investigation. I t  appears 
that with increasing carbon chain length in the 
diamine ligands the stability of the 2:l  complexes 
with Me,B (and also with Me,Ga and Me,In) 
increases. The propanediamine complex with 
trimethyl boron, Me,B.Me,N(CH,),NMe.- 
BMe,, is a well-defined stable crystalline solid 
which is monomeric in benzene solution. 
Presumably the reduced basicity of the second 
nitrogen atom in a diamine after con~plexing the 
first nitrogen atom is more pronounced the 
shorter the connecting carbon chain, as might 
be expected, leading to the observed trend in 
stabilities for the 2:l complexes. However, the 
nature of the acceptor moiety must play a critical 
role since the reverse situation is presented by 
diamine complexes of the stronger boron Lewis 
acids BF, and 'BH,'. Brown et al. (12) have 
reported that F,B.H,N(CH,),NH, is unstable 
while the 2: l  complex, with 2 moles of BF, per 
mole of diamine, may be crystallized from water. 
Similarly Gatti and Wartik (13) have shown that 
H,B,Me,N(CH,),NMe, may be prepared by 
dissolving the 2: 1 complex in Me,N(CH,),NMe, 
at  60" but the product when isolated from solu- 
tion soon reverts to the 2:l  complex M,B.Me,N- 
(CH,),NMe,. BH, at  room temperature. The 
latter authors attribute this rather unexpected 
preference for the bis-adduct to lattice stabiliza- 
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TABLE 3 

Infrared spectroscopic data for some complexes of Group 111 Lewis acids with 
tertiary diamines in benzene solution 

Complex v ,,,, M-C* v,,,M-C* v M-N* 
- 

Me3B. Me,NCH,NMe, 1080 s 974 s 678 s t  
Me3B. Me2N(CH2)2NMe2 .BMe3 1070 s 975 s 676 s t  
Me3B. Me2N(CHZ)3NMe2 .BMe3 1071 m 979 m 673 s t  
Me3AI Me,NCH,NMe, 616 vs 572 m 520 s 
Me,AI. Me,NCH,NMe,.AIMe, 616 vs 562 m 522 vs 
Me3AI. Me2N(CH2)2NMe2 .A1Me3 620 vs 588 s 525 s 
Me3AI. M ~ , N ( C H Z ) ~ N M ~ ,  .AIMe3 622 vs 570 m 525 s 
Me3Ga. Me2NCH2NMe2 600 s 540 vs 510 s 
MeGa. Me2NCH2NMe2.GaMe3 570 s 540 vs 509 s 
Me3Ga. Me,N(CH2),NMe2 .GaMe3 570 s 542 vs 511 m 
Me3Ga. Me2N(CH2)3NMe2. GaMe3 586 s 542 vs 511 m 
Me&. Me2NCH2NMe2 520 m 480 vs 466 sh 
Me31n. MezNCHzNMez.InMe3 515 m 480 vs 463 s 
Me31n. Me2N(CH2),NMe,. InMe, 522 s 480 vs 465 sh 
Me31n Me2N(CH2),NMe2.1nMe3 520 w ? 478 vs 465 sh 

'vs = very strong, s = strong, m = medium, w = weak, sh = shoulder. 
tRecorded in cyclohexane solution. 

tion effects resulting from considerations of the gallium and indium derivatives are 50% 
symmetry. dissociated in benzene solution suggesting that 

The proposal of Fetter et a[. (4) that the reac- these complexes are weaker than the correspon- 
tion of Me3A1 with tertiary diamines yields 1 :I ding aluminum complex. The trimethyl boron 
complexes when the nitrogen atoms of the base moiety does not form a 2:l complex in this series 
are separated by one or no intervening methylene indicating that it is perhaps the weakest of the 
groups, while 2: 1 complexes are formed when the Lewis acids studied. Hence the following tentative 
separation is by two or more methylene groups order of Lewis acidity, which has already been 
is viewed by the present authors to be only proposed by Stone (14) for the complexes with 
partially correct. Thus, Me,Al.Me,NCH,- trimethylamine, Me,N.MMe,, is suggested: 
NMe, .AIMe, as prepared by us is a well-defined Me,A1 > Me,Ga - Me,In > Me,B. 
crystalline solid which is monomeric in benzene Spectra 

Indeed it appears that Me2NCH2NMe2 Selected vibrational frequencies from the i.r. 
provides the intermediate case where both 1 : 1 spectra of the complexes in benzene solution are 
and 2:1 may be formed. Similar 2:1 listed i n  Table 3. The tentative assignments of the 
com~lexes with Me2NCH2NMe2 and asymmetric and symmetric M-C stretching 
and can be prepared and vibrations and of the M-N stretching vibrations 
unchanged but these are dissociated in benzene are made on the basis of previous assignments for 
solution. Presumably, on dissociation, the 1 : I  similar donor-acceptor compounds, proposed 
com~lexes  and free Lewis acids are in by other workers. The assignments of the B-C 
equilibrium with the 2:l complexes in solution and B-N stretching frequencies follows from 
since the proton n.m.r. spectra show Only sing1e those of Sawodny and Goubeau (15) for the 
peaks for the N-Me and M-Me compound Me3N.BMe3. The assignment of 
protons. The molecular weight data indicate that the aluminum, gallium, and indium frequencies 
both com~lexes  (Ga and In) are - 50% dissoci- follows from the compilation of spectral data of 
acted in benzene solution. Coates et al. (1 6-1 8) and Wade et al. (1 9-2 1). With 

The strengths Of the Lewis increasing atomic number of the acceptor atom 
acids studied towards the diamine ligands may the various frequencies are observed to decrease 
be tentatively inferred from the dissociation data indicating the of the expected mass 
calculated from the molecular weights of the 
various complexes. The three Lewis acids, 
Me3A1, Me,Ga, and Me,In all form complexes Substituted Etl~ylenediamine Conzplexes 
in each series reported in Table 1. However, in The reaction of Me,Ga with a series of ethyl- 
the Me,M. Me2NCH,NMe2.MMe3 compounds, enediamines of general formula Me, -,H,N- 
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TABLE 4 

Physical properties of complexes of Me3Ga with some partially 
rnethylated ethylenediamines 

Complex 

Molecular weight 
data 

Melting 
point ("C) Found Calculated 

~ e ; ~ a .  M~,N(CH,);NM~H 
Me3Ga. Me,N(CH,),NMeH. GaMe, 

118-125 
143-146 
Liauid 
55158 
Liquid 
59-62 
Liquid 
60-62 
Liquid 
68-70 

(CH,),NMe,-,H, (where x = 0, I, or 2 and 
y = 1 or 2) in the correct stoichiometric ratio 
yields the 2:l complexes with 2 moles of Me,Ga 
per mole of diamine. Selected properties of the 
complexes are tabulated in Table 4. The com- 
pounds are, in general, sharp melting crystalline 
solids, which are monomeric in benzene solution. 
With one mole of Me,Ga per mole of diamine, 
1 :1 complexes were obtained as colorless oils. 
These appear to be stable with respect to dispro- 
portionation to the 2:l complexes and ligands 
since they have negligible vapor pressures and 
free ligands cannot be recovered from the reac- 
tion sphere. This is in sharp contrast to the 
behavior observed using Me,N(CH,),NMe, as 
the ligand. The 1 : I  complex of ethylenediamine 
itself, however, is an unstable solid which decom- 
poses slowly a t  room temperature to the 2:l  
complex and free amine. It will be noted (Table 
4), that the 2:l complexes of Me,Ga with the 
partially methylated ethylenediamines have con- 
siderably lower melting points (ranging between 
55-70") than either Me,Ga.Me,N(CH,),NMe,.- 
GaMe, (143-146") or Me,Ga.H,N(CH,),NH,.- 
GaMe, (102-103"), suggesting that they have 
correspondingly lower lattice energies. If this is 
true, then perhaps the lattice stabilization effects 
proposed by Gatti and Wartik (13) to account 
for the preferred stability of H,B.Me,N(CH,),- 
NMe, -BH, over the corresponding monoadduct 
are insufficient in the present Me,Ga complexes 
to stabilize the 2:l  complexes and thus cause 
disproportionations as illustrated in eq. 1. N o  

doubt steric factors, and possibly hydrogen- 
bonding, also play important roles in the forma- 
tion and stability of the l :1 complexes. 

The i.r. spectra of the 1 : 1 and 2 : 1 complexes 
of Me,Ga and the partially substituted ethylene- 
diamines again displayed characteristic Ga-C 
asymmetric and symmetric stretching vibrations 
in the 570-580 cm-' and 540-550 cm-'  regions 
of the spectra respectively. Absorptions attrib- 
utable to v,,-, modes occurred in the range 
500-515 cm-', although no clear cut trend was 
observed in these frequencies with changing 
extent of methylation of the amine ligand. This 
contrasts with the behavior of 'BH,' (22) and 
'GaH,' (23) as Lewis acids to monofunctional 
methylamines where substitution of dimethyl- 
amine for trimethylamine as donor increases the 
position of the M-N stretching modes by some 
25-30 cm-' in each case. 

Pyrolysis Studies 
Although the data are in some instances non- 

stoichiometric, pyrolysis of the 1 :1 complexes 
of Me,Ga with the partially methylated diamines 
appears to yield methane and isolable dimeric 
Ga-N systems. In a previous pyrolysis study 
(24) it was demonstrated that Me2NHGaMe, 
and MeNH,GaMe,, under suitable conditions 
eliminate methane to yield the dimer (Me2- 
NGaMe,), and the trimer (MeNHGaMe,), 
respectively. It was concluded that steric require- 
ments are critical for alkyl substituents on nitro- 
gen in these cyclic compounds. In the present 
examples it appears that the preference for 
dimeric products is a dominant feature in the 
pyrolyses. It is expected that in the original 
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complexes the Me3@ moiety is bonded to the We thank the National Research Council of Canada 
nitrogen atom with the greatest number of for 

hydrogen atoms attached, and it is assumed that 
molecule elimination occurs intramolecularly 
from adjacent gallium and nitrogen atoms, 
followed by coordinative saturation via cycliza- 
tion or polymerization. Fetter and Bartocha 
(6)  have reached similar conclusions regarding 
complexes of Me3Al with methylhydrazines and 
attribute the effect to steric hindrance of the 
methyl groups attached to nitrogen. 

Thus it appears that four membered, (Ga-N),, 
rings are formed on pyrolysis of the 1:l com- 
plexes e.g. eq. 2. 

Pyrolysis of the 2:l complex Me3Ga-MeNH- 
(CH,),NMeH. GaMe, gave 2 moles of methane 
and a white solid, insoluble in common organic 
solvents, and presumably polymeric. The results 
suggest the formulation, 

as a possible arrangement for the product. 
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Structural and conformational studies on tetrahydroprotoberberine alkaloids 

C. K. Yu AND D.  B. MACLEAN 
Departmetzr of Chemistry, McMaster Ut~iversity, Hamiltotz, Ot~tario 

AND 

R. G. A. RODRIGO AND R. H. F.  MANSKE 
Departoietzt of C/~etnistry, Utziversity of Waterloo, Waterloo, Ontario 

Received June 29, I970 

Two new tetrahydroprotoberberine alkaloids are reported, one from Corydalis thalictrifolia and the 
other from Corydalis tlrberosa. The former is apparently identical with a previously described synthetic 
compound. The latter is a des-methyl derivative of the first. Both compounds are 13-methyltetrahydro- 
protoberberines in which the hydrogens at C-13 and -14 are cis to one another. An examination has 
been made of the p.m.r. spectra of the two new bases and of several 13-methyltetrahydroprotoberberines 
of established structure and stereochemistry. The spectra can be used to assign the relative stereochem- 
istry of these 13-methyl compounds. 

Canadian Journal of Chemistry, 48, 3673 (1970) 

From Coryhl is  rhalictrifolia Franch. (1) 
and from Coryrlalis tuberosa D C  (C. Cava (L.) 
Schweigg. et. Korte) (2) a number of tetrahydro- 
protoberberines and several 13-methyltetra- 
hydroprotoberberines have been isolated along 
with alkaloids of other isoquinoline systems. We 
report here the isolation and structure of two 
new alkaloids, one from each of these species, 
which are tetrahydroprotoberberines with 13- 
methyl groups. In the course of this investigation 
we examined the p.m.r. spectra of many of 
the known 13-methyltetrahydroprotoberberines. 
From this work it is evident that p.m.r. can be 
used to assign the relative configuration at  C-13 

but had absorption in the 2700-2800 cm-' 
region. The mass spectrum of cavidine has a 
molecular ion at  mle 353 (35) and fragment ions 
at n7/e 338 (7 .9 ,  192 (5.5), 190 (4.5), and 162 
(loo).' This fragmentation pattern can be 
rationalized, Scheme 1, on  the basis of structure 
1 for cavidine (3) but the mass spectrum does not 
define the substitution pattern. The p.m.r. spec- 
trum confirmed the nature of the substituent 
groups and enabled them to be assigned to the 
positions shown in structure 1. 

The 100 MHz p.m.r. spectrum of 1 in CDCl, 

is shown in Fig. 1. The presence of ~'cH-CH, 
/ 

and -14 in this series of alkaloids. group is apparent from the signal centered a t  
The first of the two new alkaloids, C2,H2,N0,, 0.98 6, J = 7 Hz, and the presence of two 

from C. thalictrifolia, was assigned the trivial methoxyl groups and of one methylenedioxy 
name, cavidine, 1. The base was optically inac- group by the signals at 3.88 (area 6) and 5.93 
tive, melted a t  192" and had h,,,,(MeOH) 285 (area 2), respectively. The presence of four 
mp in its u.v. spectrum. The i.r. spectrum showed protons in the aromatic region is established by 
the absence of carbonyl or hydroxyl absorption integration but the spectrum in the aromatic 

'Intensities are given in parentheses. 

1 mle 192 1 m/e 190 
2 m/e 178 2 mle 176 
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FIG. 1. The 100 MHz p.m.r. spectrum of cavidine. 

region in CDCI, is disappointing in that it is 
impossible to draw any conclusions about the 
substitution pattern. In DMSO, however, two 
singlets and an AB quartet were clearly discern- 
ible (see inset Fig. 1). The presence of an AB quar- 
tet centered at 4.07 and 3.52 6, JHAH, = 15 Hz, 
ascribed to the protons at C-8, indicates that there 
is an oxygen substituent at C-9 (3). The signal 
centered at 3.74 6 is attributed to the proton at 
H-14 which is coupled (J = 3 Hz) to the adjacent 
cis proton at C-13 (vide infra). The remaining 
unassigned signals in the aliphatic region arise 
from protons at C-13, -5, and -6. 

The spectroscopic examination indicated that 
cavidine is a 13-methyltetrahydroprotoberberine 
with a methylenedioxy group at C-9 and C-10 
in ring D and with two methoxyl groups in ring 
A. This substitution pattern is similar to that in 
thalictrifoline (I) and in an alkaloid described 
by Taguchi and Imaseki (4) which they designated 
"Base 11". They showed that Base I1 was a 
stereoisomer of thalictrifoline by converting 
both alkaloids to a common dehydro base. Upon 
reduction the dehydro base gave a mixture of 
+ -thalictrifoline and +_-Base I1 (m.p. 191-192). 
c f f s  (5, 6) has inferred that the C-13 and -14 
hydrogens in Base I1 are cis while in thalictri- 

foline they are trans to one another. +-Base I1 
has a m.p. close to that of cavidine. Moreover, 
the i.r. and p.m.r. spectra of cavidine are similar 
to those published by Taguchi and Imaseki (4) 
for +-Base 11. It seems likely that cavidine and 
f -Base I1 are identical but we were unable to 
obtain a sample of the latter for a direct com- 
parison. Nevertheless, the evidence above along 
with that presented below for apocavidine defines 
the structure of cavidine. 

The second base, also optically inactive, 
C2,H2,N0,, now named apocavidine, 2 is a 
demethylated derivative of 1. This was apparent 
from an examination of its mass spectrum and 
its p.m.r. spectrum. The mass spectrum showed 
a molecular ion at m/e 339 and fragment ions at 
m/e 178 (6), 176 (4), and 162 (100) which are 
accounted for in Scheme 1. The p.m.r. spectrum 
(Fig. 2) in CDC1, shows signals corresponding 
to a single CH-CH, (0.98 6, J = 7 Hz), a single 
methoxyl at 3.87 6, and a methylenedioxy group 
centered at 5.93 6. The aromatic region integrates 
for four aromatic protons and there is present 
an AR quartet corresponding to the protons at 
C-8 and a doublet corresponding to the proton at 
C-14. The phenolic hydroxyl shows up as a broad 
signal centered near 5.68 6. The relationship of 
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YU ET AL.: TETRAHYDROPROTOBERBERINE ALKALOIDS 

FIG. 2. The 100 MHz p.m.r. spectrum of apocavidine. 

' 1 and 2 was confirmed by conversion of 2 to 1 
by treatment with diazomethane. 

From double irradiation experiments and 
through nuclear Overhauser effect (n.0.e) studies 
(7, 8) it was possible to assign the position 
of the OH group in apocavidine. First, we were 
able to establish that the proton to which the 
C-methyl group is coupled is also coupled to the 
signal centered at 3.71 6 which must therefore 
be attributed to C-14. Irradiation at 3.71 6 causes 
the low field aromatic proton at 6.78 6 to sharpen 
relative to the aromatic proton at 6.58 6. Thus 
we can assign the signal at 6.78 6 to H-1. Irradia- 
tion at 2.6 6 sharpens the signal at 6.58 6 relative 
to that at 6.78 6. Thus the signal at 6.58 6 can be 
assigned to C-4. The irradiated proton must be 
one of those at C-5. We were then able to show 
that upon irradiation of the methoxyl signal the 
area of the signal at 6.58 6 increased by 23 % but 
that the area of the signal at 6.78 6 was unaffected. 
Thus we can assign the methoxyl group to C-3 
and the hydroxyl group to C-2. 

The conformation of the 13-methyltetrahydra- 
protoberberines has been discussed by Jeffs 
(5,6). He has concluded that, in those compounds 
in which the C-13 and -14 hydrogens are cis to 
one another, the quinolizidine system assumes 

a trans conformation. The C-13 methyl will adopt 
an axial conformation and all compounds of 
this stereochemistry exhibit Bohlmann bands in 
their i.r. sDectra. The two new bases described 
above fall into this category since both have 
Bohlmann bands in their i.r. spectra. The 
diastereomeric compounds in which the hydro- 
gens at C-13 and -14 are trans to one another 
are considered by Jeffs to adopt a cis-quinolizidine 
conformation for, to do otherwise, would result 
in strong non-bonded interactions between the 
C-CH, and the hydrogens at C-1 and -12. As 
expected, compounds of this configuration, e.g., 
meso-corydaline and thalictrifoline, do not 
exhibit Bohlmann bands. 

It seemed to us that the p.m.r. spectra of these 
compounds should also be diagnostic of their 
configuration. Accordingly we examined the 
spectra of a number of these compounds as 
shown in Table 1. Only two alkaloids with the 
hydrogens at C-13 and -14 trans to one another 
were available, namely, thalictrifoline and meso- 
corydaline. The spectrum of thalictrifoline is 
shown in Fig. 3. It is obvious that there are three 
noticeable differences between the two groups 
of diastereomers. The first is the chemical shift 
of the C-Me group, the second is the coupling 
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TABLE 1 

Signals of ring C protons in the p.m.r, spectra of some 13-methyltetrahydroprotoberberines* 

Coupling 
Chemical shift in p.p.m. (6) constant Hz 

'The compounds have the following general structure: 

FIG. 3. The 100 MHz p.m.r. spectrum of thalictrifoline. 

constant between the protons at C-13 and -14, also made by Shamma et al. (9) for two synthetic 
and the third is the chemical shift of the two 13-methyltetrahydroprotoberberines. In the sys- 
protons at C-8. The chemical shift of the C-Me tems in which the hydrogens are trans the 
in those compounds with cis hydrogens is near C-methyl group lies nearly in the plane of ring D 
1.0 6 while it is near 1.5 6 in the systems with and is, therefore, deshielded. The coupling 
trans hydrogens at these centers, an observation constants between H-13 and -14 are ca. 3.0 Hz  
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in the systems with cis hydrogens and ca. 7.5 
Hz in the systems with trans hydrogens. These 
coupling constants are expected for the systems 
in which the dihedral angle approaches 90" in 
one case and 180" in the other. The H-14 signal - 
is clearly visible in all spectra. 

In all the spectra of the cis compounds the 
protons at C-8 appear as an AB quartet (J z 16 
Hz) with a large chemical shift (0.6-0.7 p.p.m.) 
between them. The lower field proton is probably 
equatorial and deshielded by the aromatic ring 
D, the lone pair on the adjacent nitrogen, and the 
oxygen at C-9. In the two compounds with trans 
hydrogens at C-13 and -14 the difference in 
chemical shift of the two protons at C-8 is very 
much smaller (0.1-0.2 p.p.m.) with the high 
field proton moving downfield. Thus the p.m.r. 
spectra are diagnostic of the configuration of 
these systems. The results of the p.m.r. study are 
in complete accord with and lend support to the 
stereochemical assignment made on the basis of 
i.r. and conformational arguments. Diagrams A 
and B are typical representations of cis- and 
trans-fused tetrahyd1,oprotoberberines. 

The p.m.r. spectroscopy has been used pre- 
viously to assign conformation in saturated 
cyclic systems in which nitrogen occupies a 
bridgehead position (10, and refs. cited therein). 
It has been shown that in trans-fused systems the 
two protons on the methylene adjacent to nitro- 
gen have a much larger difference in chemical 
shift than the analogous protons in a cis-fused 
system and that the proton at lower field in the 

trans-fused system is the equatorial proton. The 
difference in chemical shift has been attributed to 
the deshielding effect of the lone pair on the 
nitrogen. In the trans-fused system only one 
proton, the equatorial one, is deshielded by the 
lone pair. In the cis-fused system both protons are 
equally affected since the lone pair bisects the 
angle between the geminal protons. 

Experimental 
Methods 

Mass spectra were recorded on a CEC 2 1 - 1 I OB double- 
focusing niass spectrometer. For high resolution work 
spectra were recorded on plates and accurate niass 
measurements were made using perfluorokerosene as a 
marker (1 1). 

The p.m.r. spectra were recorded using the frequency 
sweep mode of a Varian HA-100 spectrometer. Samples 
were dissolved in CDCI, using added TMS as the internal 
locking signal. Chemical shifts were measured relative 
to TMS using a V43 15 frequency counter incorporated 
in the instrument. Double irradiation was achieved by 
employing a Hewlett-Packard 201C audiogenerator a t  
the desired frequency. A Beckmann IR 10 spectrometer 
was used to record i.r. spectra and a Cary 14 spectrom- 
eter was used for the u.v. spectra. 

Isolatiorz of Apocaoidine 
The mixture of bases derived from C. tuberosa (2) 

from which tetrahydropalmatine, corydaline, thalictri- 
cavine etc. had been separated either as free bases or as 
salts was redissolved in ether and the solution shaken 
in a separatory funnel with 40% potassium hydroxide 
solution. There was formed a sparingly soluble potassium 
salt which remained suspended in the lower aqueous 
layer. The addition of a little fresh water facilitated the 
removal of the lower layer along with the suspended 
potassiun~ salt. This procedure was repeated with fresh 
potassium hydroxide solution until no further solid 
separated. The combined aqueous extract was washed 
once with a generous volume of ether, partly neutralized 
with hydrochloric acid, and treated with an excess of 
ammonium chloride. The separated phenolic base was 
removed by filtration, washed with water, and suspended 
in dilute hydrochloric acid. A very sparingly soluble 
hydrochloride then formed. The latter was converted 
to the free base which, when crystallized from methanol, 
melted at 175'. The substance retained solvent of crys- 
tallization very tenaciously and consequently gave 
unsatisfactory elemental analyses. 

Anal. Calcd. for C2,,H2,O4N.+CH30H (before 
drying): C, 69.3; H, 6.5; N, 3.9. Found: C, 69.0; H, 6.7; 
N, 4.0. 

The u.v. spectrum: h,,,(MeOH) 288 mw, log E,,, 

3.85; vo, (CHCI,) 3550 cm-'. The molecular formula 
was confirmed by high resolution mass spectrometry. 

Mol. Wt. Calcd. for CZ,H,,N04: 339.147. Found: 
339.147. 

Met/zylation of' Apocaoidine 
Apocavidine (50 mg) was dissolved in methanol (50 ml) 

and excess diazomethane in ether added to the solution 
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which was then allowed to stand for 36 h in a refrigerator. 
The solvent was allowed to evaporate and the residue 
recrystallized from methanol when it deposited colorless 
rectangular plates melting sharply at 192" (42 mg). 

Anal. Calcd. for C2,HZ3O4N: C, 71.4; H, 6.6, 2 x 
OMe 17.6. Found: C, 71.6; H, 6.9; OMe, 17.6. 

The i.r. spectrum of the compound in CHC13 was 
identical with that of cavidine (Base 11). The molecular 
formula was confirmed by high resolution mass spec- 
trometry. 

Mol. Wt. Calcd. for CZIHZ3NO4: 353.163. Found: 
353.161. 

Isolation of Cavidirze (Base II) from C.  thalictrifolia 
The mother liquor derived from C. fl~alictrifolia (1) 

from which no further thalictrifoline could be separated 
slowly deposited a sparingly soluble base which was 
recrystallized twice from CHCI3-MeOH. It  consisted 
of colorless to pale pink deep rectangular plates which 
melted at 176". Upon chromatography on silica gel in 
benzene-acetone (4:l) it could be separated into two 
fractions the faster moving upon removal of the solvent 
and recrystallization from MeOH yielded cavidine, m.p. 
192". The slower fraction was shown to be protopine, 

CHEMISTRY. VOL. 48, 1970 

m.p. 20g0, by comparison of its i.r. and p.m.r. spectra 
with an authentic sample. 

We thank the National Research Council of Canada 
for financial support of this work. 
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Silylcarbonium ions from the reaction of silylcarbinols with boron trifluoride 

A. G. BROOK AND K. H. PANNELL' 
Department of Chemistry, University of Toronto, Toronto 181, Ontario 

Received April 29, 1970 

The behavior of silylcarbonium ions, Si-C+, generated from various types of a-silylcarbinol with 
boron trifluoride under a variety of conditions of temperature and solvent has been examined. Four 
distinct types of reaction have been observed, depending on the conditions and the structure of the 
carbinol. These are: 1,2-migration of aryl groups from silicon to carbon, yielding a fluorosilane; Friedel- 
Crafts substitution of the carbonium ion on an aromatic substrate; elimination of the elements of water 
to give a vinylsilane; and isomerization to the a-silylcarbonium ion by hydrogen migration, followed by 
elimination of the silyl group to give a simple fluorosilane and an alkene (i.e. a a-elimination). Factors 
affecting the partitioning between these pathways are discussed. 
Canadian Journal o f  Chemistry, 48, 3679 (1970) 

The classic work of Sommer et al. (1) on the R R R 
\ I  I \ I  I \ +  I  reaction of chloroalkylsilanes with Lewis acids 121 /s~-c- + /s~-c- + ,s~-c- 

clearly established that silylcarbonium ions I + 
I X 

I 

~ s i - C -  could be readily generated and that 1 
I 

these tended to exhibit two types of behavior, 
(a) migration of an alkyl group from silicon and/or 
(b) migration of hydrogen from the adjacent 
carbon to give a P-silylcarbonium ion (eq. 1). 

The behavior of these species has been recently 
reviewed (2). Studies by Kumada et al. (3) 
indicated that silyl groups also migrated readily 
from silicon to carbon, and studies by Eaborn 
and Jeffrey (4) showed small amounts of aryl 
migration from silicon to carbon took place when 
compounds such as dimethylarylsilylmethyl ethyl 
ether were treated with aqueous alcoholic 
hydrogen fluoride. A11 of these reactions have 
been described in the literature as analogs of 
a Wagner-Meerwein rearrangement (eq. 2) al- 
though no unambiguous evidence for the forma- 
tion of a free siliconium ion has been found. 

The existence in this laboratory of a wide 
variety of a-silylcarbinols (a-hydroxysilanes) (5) 
offered the possibility of providing a wide variety 

'From the Ph.D. thesis of K. H. Pannell, University of 
Toronto, Toronto, Ontario, 1966. 

of silylcarbonium ions which could serve for the 
further study of these reactions, in particular the 
migration of aryl groups from silicon to carbon, 
which at the time our work was initiated was 
relatively unknown. A preliminary account of 
part of this work has already appeared (6) and 
this paper will present and discuss the data ob- 
tained in greater detail. 

As isomerizing agent for the silylcarbinols, 
gaseous boron trifluoride was employed, this 
having proven to be much more effective than 
boron fluoride etherate (since reactions could be 
completed in minutes, rather than hours or days) 
and much milder than aluminum chloride, which 
is known to lead to cleavage of aromatic groups 
from silicon (7). 

In the course of the study on the various silyl- 
phenyl carbinols two reactions were observed, 
1,2-migrations from silicon, and Friedel-Crafts 
substitution reactions. It is convenient to present 
the results in sections related to the general 
structure of the carbinols studied. 

In virtually all of the reactions of silylcarbinols 
with boron trifluoride, it appears quite clear, as 
will be subsequently established, that relatively 

+ 
free silylcarbonium ions, Si-C, are generated, 
and the discussion of data to follow will pre- 
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suppose the formation and existence of these activation energy for rearrangement is greater 
species. However, no direct evidence in support than that for substitution. 
of the isomeric siliconium ions was found during (c) The more electron-donating the para- 
the course of this work. substituent on the phenyl group attached to the 

carbinol carbon, the greater is the amount of 
Silylmonophenylcarbinols: R,SiCHOHAr rearrangement product formed: e.g. in benzene 

When silylmonophenylcarbinols were treated at 23", OMe, 100 R ;  CMe,, 78 R ;  H, 50 R ;  C1, 
in various solvents with gaseous BF,, two distinct 44 R. This infers that stabilization ofthe proposed 
kinds of reaction were observed; rearrangement benzyl type silylcarbonium ion intermediate 
(R), involving migration of an aryl group from + 
silicon to thk carbon originall; bearing the (P~,s~cH-C,H,X-p) facilitates rearrangement 
hydroxyl group (during which process an Si-F relative to substitution. It has been demonstrated 
bond is formed) and, Friedel-Crafts substitution by Nenitzescu (9) that electron-donating sub- 
(S), in which the intermediate silylcarbonium ion stituents on the aromatic ring in benzyl car- 
ieacts with an aromatic solvent, e.g. eq. 3. 

In all cases where substituted aromatics were 
used as solvents, only para-substituted derivatives 
were isolated, and no evidence for other positions 
of substitution was noted. 

Table 1 summarizes the data obtained with 
silylmonophenylcarbinols. Several trends are 
evident which appear to have straightforward 
explanations. 

(a) For a given silylcarbinol at a given tem- 
perature, the greater the electron-donating 
ability of the substituent on the aromatic ring of 
the solvent, the greater is the proportion (given as 
a percent here and elsewhere) of substitution 
product obtained: e.g. as solvents at 23"; toluene 
z tert-butylbenzene anisole, 100 S;  benzene, 
50 S;  fluorobenzene, 0 S. Obviously the more 
reactive the solvent is toward electrophilic sub- 
stitution, the more favored the intermolecular 
Friedel-Crafts reaction would be. 

(b) For a given silylcarbinol in a given solvent, 
the higher the temperature, the greater the pro- 
portion of rearrangement; e.g. for triphenyl- 
silylphenylcarbinol in benzene; 5", 10 R ;  23", 
50 R ;  80°, 100 R. Since the two competing 
reactions will have different activation energies 
the reaction with the higher activation energy will 
experience the greater acceleration in rate with 
increasing temperature (8). It follows that the 

bonium ions increase the rate-of the Friedel- 
Crafts reactions of the ions by stabilization of the 
transition state; hence it is clear from our results 
that such substituents stabilize the transition 
state of the 1,2-migrations from silicon to an even 
greater extent. 

(d) The more electron-donating the para- 
substituents on the aromatic rings attached to 
silicon, the greater is the proportion of rearrange- 
ment: e.g. in benzene at 23O, CMe,, 100 R ;  
H, 50 R ;  C1,O R. Since the rearrangement process 
can be conceived as an intramolecular electro- 
philic attack by the carbonium ion on the 
aromatic groups attached to silicon, it follows 
that the more susceptible these are to electro- 
philic attack the more readily the rearrangement 
should take place. 

(e) Trimethylsilylphenylcarbinols fail to re- 
arrange, and either undergo Friedel-Crafts 
substitution with an aromatic solvent exclusively, 
or, in a non-aromatic solvent, yield polymer. 
The failure to observe the migration of alkyl 
groups infers that much greater energy is required 
for alkyl migration from silicon to carbon than 
for aryl migration, as would have been expected, 
and the formation of substitution products 
indicates that the activation energy for this pro- 
cess is lower than for alkyl migration. The 
polymer formation observed in the absence of an 
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TABLE 1 
Proportion (%) of rearrangement (R) and Friedel-Crafts substitution (S) for silylmonophenylcarbinols with various 

solvents and temperatures*? 
--- ----- -. 

- -- 

Temperature ("C) 

Compound Solvent 5 23 80 Other 

*Reaction being studied is: 

100 S 
Polymer 

I n t 3  ~ tproportions o f  products, accurate to  about 5%.  were estimated by n.m.r. techniques a n d  a re  given as percentages. Isolated yields generally 
confirmed the proportions given. F o r  details o f  the reactions see the Experimental section. 

$Temperature of  run was 110". 
§Temperature of  run was -40°. 
IICc,H,, is n-hexane. 
f X  = H. OMe, CMeJ,  o r  F. 

TABLE 2 

Products from silyldiphenylcarbinols with BF3 at 23' 
--- --- 

-- -- 

Compound Solvent Product % 

'Product detected by n.m.r. but not isolated. 

aromatic solvent probably arose from attack of 
the carbonium ion on the aromatic ring of a 
second molecule. 

Silyldiphenylcarbinols 
In contrast to the competing reactions ob- 

served with silylmonophenylcarbinols, silyl- 
diphenylcarbinols were observed to undergo 
rearrangement only, as indicated in Table 2. 

In view of the sterically hindered nature of the 
intermediate carbonium ion, it perhaps is not 
surprising that Friedel-Crafts substitution with 
an aromatic solvent did not occur. As was 
inferred earlier, and is now evident, in any 
competition between alkyl and aryl migration 
from silicon to carbon, only the latter occurs, 
since only aryl migration was observed in 
diphenylmethyl- or phenyldimethylsilyldiphenyl- 
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Ph 

R~S~-CH-CH~+ (I) 

TABLE 3 
Results of the reaction of silylmethylphenylcarbinols with BF3* 

Temperature ("C) 

Compound Solvent - 40 23 32 110 

carbinols. However, in contrast to the situation 
with silylmonophenylcarbinols, trimethylsilyl- 
diphenylcarbinol was observed to undergo alkyl 
rearrangement rather than polymer formation. 
When either a phenyl or an a-naphthyl group 
was capable of undergoing migration, as with 
1 - naphthylphenylmethylsilyldiphenylcarbinol, 
phenyl migration occurred about nine times more 
frequently than naphthyl migration, the latter 
possibly being inhibited by the steric requirements 
of the transition state. 

Silylmethylarylcarbinols: R,SiCOHMeC,H,X-p 
When an alkyl group is attached to the 

carbonium ion generated from a silylcarbinol 
with boron trifluoride, additional types of 
reaction other than rearrangement (R) or 
Friedel-Crafts substitution (S) may occur. 
Elimination of a proton (E) would constitute 
an overall dehydration of the parent carbinol. 
In addition the possibility exists, previously ob- 
served in other cases (lo), of isomerization (I) 

caused by hydrogen migration, converting the 
original silylcarbonium ion to its P-isomer, which 
could then react in a variety of ways. Of the four 
possible reactions outlined in Scheme 1, only 
rearrangement and proton elimination were 
observed with the silylmethylarylcarbinols. The 
results obtained are presented in Table 3. 
Friedel-Crafts substitution may not occur be- 
cause of steric considerations, as was proposed 
to explain the behavior of the silyldiphenyl- 
carbinols. The failure of the tertiary ion to 
isomerize to the primary (P) carbonium ion (I) is 
understandable because of unfavorable differ- 
ences in stability. 

Of the two processes elimination and re- 
arrangement, it is evident from Table 3 that the 
former is favored by higher temperature. The 
nature of the solvent also plays an important role 
in determining.the relative importance of the two 
reactions, pentane (non-solvating) favoring re- 
arrangement but toluene (ion-solvating) favoring 
elimination. I t  is also evident that para-sub- 
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BROOK AND PANNELL: SILYLCARBONIUM IONS 3683 

TABLE 4 
Products from triphenylsilylphenyl-p-substituted benzylcarbinols treated with BF3 in toluene at various 

temperatures* 

Products, %Yields 

Stilbene 
Carbinol R't E l  (cis-tmns)§ Ph3SiF Ph3SiOH 

- 40' 

'Yields reported are of isolated material. The cis-trans proportions are based on spectroscopic data. 
tR = Ph2FSiCPhlCH2C6H4X-p. 
$E = Ph3Si 

Ph ' -\csH.,x-p 
BStilbene - PhCH=CHC~H4X-p(cis-trar~s proportions) = IE'. 

stituents on the aryl groups attached to carbon 
play an important role in determining whether 
rearrangement or elimination is the major re- 
action occurring, electron-donating substituents 
(e.g. OMe) favoring elimination, presumably 
because charge delocalization by the aromatic 
ring attached to carbon in the transition stateis of 
paramount importance. 

Silyl-p-substituted Benzylphenylcarbinok 
Ph,SiCOHPhCH2C6H4X-p 

Thep-substituted-benzylphenylcarbinols were 
formed by treatment of benzoyltriphenylsilane 
with the appropriate Grignard reagent (eq. 4). 

Treatment of these carbinols with BF, could 
be expected to yield silylcarbonium ions which 
could attack the toluene used as solvent (S), 
rearrange (R), or directly lose a proton to form a 
silyl-substituted stilbene (E). Additionally, hy- 
drogen migration could occur (I) to give the 
isomeric P-silylcarbonium ion, a reasonable 
reaction here since the P-ion would also be 
benzylic in character and thus of comparable 
stability. This P-ion could lose a proton to give, 
by this alternative route, the same silylstilbene, 
but loss of a proton from a P-silylcarbonium ion 

is not commonly observed (1 1). The alternative 
process available to the P-silylcarbonium ion, 
elimination of the silyl group as triphenyl- 
fluorosilane, IE', with the formation of an 
alkene, in this case a stilbene, is well-documented 
behavior commonly observed in p-elimination 
reactions (1 1). These possibilities are outlined in 
Scheme 2. 

The reaction products from the carbinols 
examined gave evidence that each of the possible 
reaction pathways except Friedel-Crafts sub- 
stitution had occurred: again, as in previous 
situations involving tertiary carbonium ions, 
steric effects presumably preclude substitution 
taking place. The reaction mixtures were suffi- 
ciently complex that estimation of the proportions 
of various products could not be carried out from 
n.m.r. spectral data alone, and the data reported 
in Table 4 are isolated yields, and thus not very 
precise in some cases. In the separation of the 
products by column chromatography some 
triphenylfluorosilane was hydrolyzed to tri- 
phenylsilanol, so that the sum of the yields of 
these two products constitutes some measure of 
the overall amount of elimination of silicon 
(IE') occurring from the P-silylcarbonium ions. 

As is evident from the data in Table 4, the 
reactions are highly temperature sensitive. At 
-4O0, rearrangement of an aryl group from sili- 
con to carbon (R) or isomerization of the 
a-silylcarbonium ion to the P-ion, followed by 
loss of silicon (IE'), were the only processes 
observed, no silylstilbene, the product of simple 
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. ~~ 

Ph3Si -C-CH2 ex- (R )+  Ph2FSi-C-CH ' .ex I 

elimination (E), being detected. Less rearrange- 
ment and more isomerization occurred when the 
benzyl group had an electron-donating sub- 
stituent attached, presumably because isomeriza- 
tion would be more favorable when the new p-ion 
could be stabilized whereas the a-ion would be 
relatively unaffected by substituents on the 
benzyl group. A surprising amount of the 
stilbene resulting from the IE' process was the cis- 
isomer. 

At the elevated temperature (110°), no re- 
arrangement product was detected. Elimination 
of a proton from the a-silylcarbonium ion (E) 
yielding silylstilbene was a major reaction and the 
silylstilbenes isolated were shown by comparison 
with authentic samples to be exclusively the 
isomers where both aryl groups were cis to one 
another, suggesting that less steric interaction 
occurs between cis-aryl groups than when an 
aryl group and a triphenylsilyl group are cis 
to  one another. The other process occurring at  
110" was again isomerization-elimination (IE') 
since significant amounts of fluorosilane and 
silanol and cis- and trans-stilbenes were isolated. 

It seems probable that the silylstilbenes ob- 
served arise solely by loss of a proton from the 
a-silylcarbonium ion. Loss of a proton from 
P-silylcarbonium ions is not normally observed, 
loss of silicon being the usual process (1 1). In the 

present work, and as a test of the source of the 
silylstilbenes, the P-silylcarbinol I-phenyl-2- 
triphenylsilylethanol was treated with BF, in 
toluene (eq. 5) ; triphenylfluorosilane was isolated 
in high yield. No  silylalkene, the product of 
proton elimination, could be detected. Hence, 
we believe the silylstilbene arises solely by loss of 
a proton from the a-silylcarbonium ion, whereas 
fluorosilane and cis- and trans-stilbenes are the 
only products produced by any P-silylcarbonium 
ion formed. 

Since treatment of either the cis- or trans- 
stilbene with BF, under the reaction conditions 
caused no isomerization, it appears that the 
proportions of cis- and trans-stilbenes obtained 
from the reaction of the silylcarbinols with BF, 
are somehow specifically related to their silyl- 
carbonium ion precursors. While it would be 
possible to  speculate as t o  a possible explanation 
for the proportions in which they are formed it 
seems more prudent to await further information. 

Aliphatic Silylcarbinols 
Three triphenylsilylcarbinols having only hy- 

drogen or aliphatic groups attached t o  the 
carbinol carbon were subjected to treatment with 
BF, in hexane and in toluene. 

Triphenylsilylcarbinol was found to resist 
reaction and was recovered unchanged after 
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TABLE 5 

Products from germylcarbinols with BF, 

Temperature Results with 
Compound Solvent PC) Products Si analog 

Ph3GeCOHPh2 ArX or 23 100 R 100 R 
CsH14 

treatment with BF, in hexane at 23", or in toluene Thus the reactions of the carbinols Ph,- 
at either 40 or 110". Similarly I-triphenylsilyl- MCHPhOH (M = C, Si, Ge) with boron 
ethanol failed to react in hexane or toluene a t  23'. fluoride depend noticeably on the nature of the 
This inertness may be due to the instability of the atom M. Each carbinol can be presumed to have 
anticipated carbonium ions, since it is known that 
under the reaction conditions employed neither 
methanol nor ethanol undergoes FriedelLCrafts 
reactions (I 2). 

2-Triphenylsilyl-2-propanol reacted with BF, 
to give only isopropenyltriphenylsilane, the 
dehydration product, under a variety of reaction 
conditions including hexane at 23', or toluene 
at -40 or + 110 "C. 

Germylcarbinols and Carbinols: 
PIz,GeCPhOHR(R = H,  Ph), 
Ph,CCHOHPh 

The reactions of boron trifluoride with a few 
germylcarbinols were investigated to compare 
with the behavior of the analogous silicon com- 
pounds. The data are summarized in Table 5. 

Both the germylmono- and diphenylcarbinols 
behaved rather like their silicon analogs, although 
the germylmonophenyl carbinols showed a 
greater tendency to undergo substitution rather 
than rearrangement under similar conditions, 
compared with their silicon analogs. 

When 1,2,2,2-tetraphenylethanol was treated 
with boron fluoride for comparison purposes in a 
variety of solvents at various temperatures, under 
all conditions the only product formed was 
tetraphenylethylene (eq. 6). 

+ 
formed the carbonium ion Ph,MCHPh. 

In non-aromatic solvents, each underwent re- 
arrangement involving migration of phenyl from 
M to the adjacent electron-deficient carbon atom. 
In aromatic solvents, as the atom M changes from 
Ge to Si to C, it is observed that the amount of 
Friedel-Crafts substitution of the original car- 
bonium ion diminishes relative to the amount of 
1,Zphenyl migration. One of the reasons for 
this-may-be the decreasing size of M, resulting in 
differing steric effects. In particular, with the 
smaller size of carbon, there will be an increase in 
the steric repulsions between the three phenyl 
groups attached to M, increasing the driving 
force for migration. Additionally, the smaller 
the atom M is, the more sterically shielded the 
carbonium ion is likely to be, making approach 
of the aromatic solvent necessary for Friedel- 
Crafts substitution more difficult. Both these 
effects will tend to increase the amount of 1,2- 
migration and reduce the amount of substitution 
on changing M from Ge to Si to C. 

Carbonium Ions 
In the discussion so far it has been assumed 

that carbonium ion intermediates were created by 
reaction of the silylcarbinols with BF,. Some 
fairly compelling evidence for these assumptions 
exists as will be described below. 

Attempts to trap silylcarbonium ions as methyl 
ethers by adding the deep red solution, formed 
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BF3 + MeOH 
Ph2MeSiCPh20H - Ph2MeSi-CPhz -- P h M e s ~ F c P l i ~  (75% yield) 

/ 

BF3 P ~ ~ s ~ - : H c ~ H ~ o M ~  A MeOH Ph3SiqH(C6H40Me) 
T-,..--* 

by addition of BF, to a solution of diphenyl- 
methylsilyldiphenylcarbinol in toluene at -40°, 
to methanol at  - 60' failed, since only the normal 
rearrangement product pheiiylmetkyltritylfluoro- 
silane was obtained (eq. 7). However, when the 
deep red solution was treated with ethereal 
lithium aluminilm hydride, following the pro- 
cedure of Brown for trapping carbonium ions as 
the hydride derivative (13) a 60% yield of di- 
phenylmethylsilylphe~~ylmethane was isolated, 
strongly suggestive of an intermediate carbonium 
ion. 

Similarly, the deep red solution formed at - 40" 
from triphenylsilyl - p  - methoxyphenylcarbinol 
with BF, in toluene when treated witli methanol 
failed to yield the methyl ether, the Friedel-Crafts 
substitution product with toluene being obtained 
in greater than 8 0 m i e l d .  However, when treated 
witli ethereal lithium aluminum hydride, a mix- 
ture of the hydride and the Friedel-Crafts product 
was obtained (eq. 8). These results indicate that 
under conditions where either rearrangement or 
substitution was normally found to occur ex- 
clusively, low temperature quenching led to the 
formation of compounds logically explicable in 
terms of an intermediate carbonium ion. 

We have sought further evidence for the 
existence of the carbonium ions by obtaining 
n.m.r. spectra of various species following the 
general procedures developed by Olah et al. (14). 
Thus dissolving the silylcarbinols in a nlixture of 

antimony pentachloride - sulfi~r dioxide at  - 60 
"C gave rise to deeply colored solutions whose 
n.m.r. spectra were readily interpretable as due 
to  silylcarbonium ions being present in high 
yield. 

Table 6 presents the data for the various silyl- 
carbonium ions observed, together with the data 
of Olah et al. (14, 15) for related carbonium ions. 
In  general the spectra were not clean and integra- 
tion always indicated too many aromatic protons. 
This, coupled to the inability to  recover recog- 
nizable products after quenching with methanol, 
suggests that extensive cleavage of the aromatic 
groups on silicon took place. Aryl-silicon bonds 
are well known to be s~~sceptible to  cleavage under 
these conditions (16). In view of these observa- 
tions it is apparent that the 11.m.r. spectra ob- 
tained for the silylalkylcarboni~im ions are the 
more useful in illustrating the existence of the 
silylcarbonium ions because the alkyl resonances 
may be compared to those of the related car- 
bonium ions. The phenyl resonances although 
in general appearing to be in the expected region 
may contain significant amounts of C,H,+ ion 
or related species thus confusing the spectra in 
this region. 

The preceding data make it possible to  explain 
the reactions of boron trifluoride with the silyl- 
carbinols as involving silylcarbonium ion inter- 
mediates which rearrange, or which undergo 
elimination reactions. Certain details of the over- 
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TABLE 6 

The n.m.r. spectra of silylcarbonium ions in SbCI5:SOZ at -60' 
-- 

Ions Resonance position 6 

3.61 (s) @&Me), 7.3-8.4 (Aryl) 

3.58 (s) (%&Me), 7.3-8.4 (Aryl) 

7.5-8.3 (Aryl) 

0.75(s,Me), 7.7-8.3(Aryl) 

4 .4  (OMe), 4.6 (s) (&-CH,P~), 7 .O-8.0 (Aryl) 

5.2 (s) (CH2Ph), 7.0-8.5 (Aryl) 

3 .5 (s) (&Me) 

Me3C 3.83 (s) 
+ 

Ph3CCPhZ 7.4-8.3 (Aryl) 

P~,&cH,P~ 5.1 6 )  (CHzPh), 7.1 (m) (CHzPh), 7.5-8.3 (Aryl) 

all mechanism have not been clearly resolved 
however. There is no evidence that siliconium ions 
are intermediate species in the rearrangement 
reactions. No products were isolated from any 
reaction whose formation would have involved 
reaction of a siliconium ion with an aromatic 
substrate. Further, when triphenylsilanol in 
toluene was treated with BF, in the hope of 
forming triphenylsiliconium ion, which could 
then react with the aromatic substrate, only 
tris(triphenylsi1oxy)boron was formed. If sili- 
conium ions are not involved, as seems probable, 
then the degree to which fluoride ion or some 
other anion is involved in the migration process, 
and the timing of the silicon-fluorine bond forma- 
tion relative to aryl migration from silicon to 
carbon is not yet clearly established. Recent 
studies in these laboratories (17) have shown that 
silyldiazoalkanes, on treatment with acid, a 
process presumed to give silylcarbonium ions 
(or ion pairs), give the simpler addition product 
R3SiCHXR, with no rearrangement product 
being formed (eq. 9). However, if the diazo 

+ 
[9] R3SiCN2R' + HX -t R3Si-CHR' -t R3SiCHXR 

X- 

compound is treated with BF3.Et20 (under 
conditions where some water may be present) or 
if the addition product R,SiCHXR is treated with 
BF3.Et20, then the expected rearrangement and 
Friedel-Crafts substitution products are obtained 
(1 8) (eq. 10). 

toluene 
R,SiCHXR 

I 
F 

R3SiCHPhC6H4Me-p 

It is therefore evident that more than the mere 
formation of a simple silylcarbonium ion is 
required for rearrangement to occur, and it is 
obvious that BF3 is a particularly good reagent 
for effecting rearrangements of aryl groups from 
silicon to carbon. However, a clearer under- 
standing of the processes involved and their 
timing must await further studies. 

Experimental 
The silylcarbinols employed in this study were known 

compounds prepared according to published routes as 
noted below for each family: silylphenylcarbinols (5), 
silyldiphenylcarbinols (19, 20), silylphenylbenzylcarbi- 
nols (5), silylphenylmethylcarbinols (5), and silylalkyl- 
carbinols (21). 

The solvents employed were reagent grade and the 
boron trifluoride (Matheson) was used direct from the 
cylinder without purification. 

Most reactions were carried out following a standard 
procedure. The silylcarbinol was dissolved in the desired 
solvent in a 100 ml round-bottomed flask under nitrogen, 
and the solution was stirred magnetically. Cooling when 
desired was effected by Dry Ice - acetone or ice-baths, 
and reactions at elevated temperatures were usually 
carried out at reflux. 

Boron trifluoride was rapidly bubbled directly into the 
solution until the effluent gases fumed, which was taken 
as an indication that excess boron fluoride had been 
added. This usually required only a few seconds. In many 
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TABLE 7 

Products from the reactions o f  silylcarbinols with BF, 
- - - 

Reagent Me1 ting Analysis? 
or Yield* point 

solvent Product (%I  ("'3 C H 

(a)  Products front Ph,SiCHOHPh 
C6HsOMe Ph3SiCHPhC6H40Me-p 

(b) Productsfront Ph3SiCHOH(C6H4CI-p) 
C6H5Me Ph3SiCH(C6H4CI-p)(C6H4Me-p) 66'11 16&161 80.88 5.73 

80.85 5.74 
CsH,, Ph2FSiCHPh(C6H4CI-p) 75 102-104 74.49 5.00 

74.47 4.92 
( c )  Products from P/z3SiCHOH(C6H4CMe3-p) 
C6HsMe Ph3SiCH(C6H4CMe3-p)(C6H4Me-p) 65 1441  45 87.04 7.30 

87.01 7.32 
C 6 H ~ 4  PhzFSiCHPh(C6H4CMe3-p) 86 147-149 82.01 6.88 

81.42 6.97 
( d )  Products from (p-XC6H4)3SiCHOHPh 
CsHs (p-CIC6H4)3SiCHPhZ 68 194196 70.23 4.37 

69.97 4.42 
CsHs (p-Me3CC6H4)2FSiCHPh(C6H4CMe3-p) 70 154156 82.70 8.40 

82.50 8.32 

(e)  Products from Ph,Me3 -,SiCOHPh2 
C6HSMe PhzFSiCPh3 

( f )  Products from Me3SiCH0 HP/7 
C6H50Me Me,SiCHPh(C,H,OMe-p) 64 57-5811 75.49 8.19 

75.15 7.75 
C6H5CMe3 Me3SiCHPh(C6H4CMe3-p) 53 5 8 81.02 9.38 

81 .OO 9.15 
C6HsMe Me3SiCHPh(C6H4Me-p) 78 35-36$ 79.92 8.72 

79.77 8.53 

*Yields are based on material isolated from 0.5 g runs in 50 ml of solvent at  a temperature of either 23" or as otherwise noted. 
?Top line. calculated values second line, found values. 
$Recrystallized from methaiol. 

by mixed m.p. with authentic sample. 
n C6H5F yield was 85%; in C6H6 at SO", yield was 77% after recrystallization from petroleum ether (b.p. 90-100"). Reduction of product 

with LiAlH, gave Ph2HSiCHPh, m.p. 130-132". 
Anal. Calcd, for C15HllSi: C,  85.64; H, 6.33. Found: C, 85.58; H, 6.18. 
lIRecrystalllzed from petroleum ether (b.p. 9&100°). 
**On reduction with LiAIH*, Ph2HSiCPh3 was obtained ,m.p. 152-154", from petroleum ether. 
Anal. Calcd. for C,,H16Si: C, 87.27; H, 6.14. Found: C, 87.35; H, 6.01. 
t tLiquid:  b.p. 55"10.02 mm. 
SSRecrystall~zed from pentane at  -70°. 
§§High boiling liquid purified by chromatography on  alumina. 
IIIIRecrystallized from ethanol. 
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TABLE 8 
Data from reactions of silylcarbinols Ph3SiCOHMe(C6H4X-p) in various solvents 

- 

Melting Analysis 
X of Temperature Yield point 

reagent Solvent Product ("c) (%I ("c) C H 

H C6H5Me Ph3SiCPh=CHz* 23 82 133-135t 
H CsHi, Ph,FSiCMePh, 32 58 88-905 81.61 6.06 

J 
81.35 6.05 

CI C6H5Me Ph3SiC(C6H,C1-p)=CH, 

CI C ~ H I ,  Ph,FSiCMePh(C6H,C1-p) 

OMe C6HsMe Ph3SiC(C6H40Me-p)=CHz 

OMe C5H12 Ph2FSiCMePh(C6H40Me-p) 

'The u.v. spectrum, A,,., (EtOH) 249 mp (8800). 
tRecrystallized from ethanol. 
$Identified bv mixed m.o. with authentic samole 
$Recrystalli<ed from me'thanol. 
IIThe u.v. spectrum, h,,, (EtOH) 255 mp (10 800). 
IThe U.V. spectrum, h,,. (EtOH) 264 (10 OOO), 268 (10 300), 272 mp 

of the reactions highly colored (red-yellow) intermediate 
solutions were observed. Reactions were worked-up by 
quenching in water followed by ether extraction. Where 
mixtures of products were obtained they were identified 
by comparison with the spectra of authentic samples, 
and the ratio of the products was determined by n.m.r. 
integration. Several typical examples are given below, 
and the results of all reactions will be found in Tables 
7-10. 

N~rclear Magr~etic Resorrat~ce 
Nuclear magnetic resonance was extensively employed 

in this work to establish the ratio of mixtures of products. 
While the positions of absorptions associated with 
particular groups varied very little between the members 
of a family of con~pounds (e.g. p-CMe3, F 1.20-1.32; 
p-OMe, F 3.64-3.73; p-Me, 6 2.25-2.29; Si-CH- 
6 4.084.3 p.p.m., etc.) absorptions associated with many 
frequently encountered combinations of compounds 
were readily identified. Thus, for example, from the 
reaction of triphenylsilylphenylcarbinol with BF, in 
toluene (eq. l l ) ,  the products formed, benzhydryldi- 
phenylfluorosilane andp-methylbenzhydryltriphenylsilane 
were easily dist~nguished, and the proportions readily 
established by integration. In the fluorosilane, the benzylic 

proton occurred as a doublet, at 6 4.1 p.p.m., J = 7 Hz, 
belng split by the adjacent fluorine whereas the p-tolyl 
compound could be estl~nated quantitat~vely both by 
the benzylic proton wh~ch occurred as a singlet at 
F 4.36 p.p.m.,and by the intensity of the methyl signal 
at 2.25 p.p.m. 

In the compounds containing methoxyphenyl groups 
the four aromatic protons usually were observed as an AB 
quartet at about 6.7-6.9 p.p.m., separate from the other 
aromatic proton s~gnals, indicating unambiguously that 
substitution had occurred in the para position, but 

p-tolyl- or p-t-butylphenyl- signals usually overlapped 
other aromatic protons. 

The I9F spectra of a variety of compounds, e.g.  
PhzFSiCHPhz, PhzFSiCPh3, etc. were consistent with the 
structures assigned. Details of some typical spectra are 
given in Table 11. 

Reactiotr of Triphenylsilylpl~et~ylcarbit~ol in Hexatre 
at 23 "C 

Boron trifluoride was bubbled into a solution of 0.5 g 
(I .37 mmole) of triphenylsilylphenylcarbinol in 50 ml of 
hexane for a few seconds until the effluent gases fumed. 
The reaction mixture was quenched in water, and the 
ether extracts, after drying with magnesium sulfate, were 
evaporated to dryness to give a colorless oil which was 
crystallized from petroleum ether (b.p. 90-100") to give 
0.47 g (94%) of benzhydryldiphenylfluorosilane, 
PhzFSiCHPh,, m.p. 154155"; n.m.r. (CCI,); 64.1 
( lH ,  d, J = 7, SiCH), 7.1-7.2 p.p.m. (20H, m, Ar). 

Reactiotr of Triphet~yl-p-chloropI1et1y~carbi1101 in 
Toluer~e at 23' 

Boron trifluoride was bubbled into a solution of 0.5 g 
(1.25 mmole) of triphenylsilyl-p-chlorophenylcarbinol in 
50 ml of toluene at 23". After quenching with water and 
extraction with ether, the dried ether layer was evaporated 
under reduced pressure to give a colorless oil which was 
crystallized from petroleum ether (b.p. 90-100") to give 
0.35 g (66 %) of triphenyl-p-chloro-p'-methylbenzhydryl- 
silane, Ph3SiCH(C6H,C1-p) (C6H,Me-p), m.p. 160- 
161"; n.m.r. (CCI,); F 2.26 (3H, s, Me), 4.36 (IH, s, 
SiCH), 6.85-7.3 p.p.m. (23H, m, Ar). 

Reaction of Pher~ldin~ethylsilyldipI~et~ylcarbinol in 
Tolrietre at - 40" 

Boron trifluoride was bubbled into a solution of 2.0 g 
(6.4 mmole) of the above carbinol in 50 ml of  toluene at 
-40 "C for 30 s. An immediate red coloration appeared 
and persisted over 30 min, at which time the mixture was 
removed from the cold bath and allowed to warm to 
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TABLE 9 
Products from reactions of Ph3SiCOHPh(CH2C6H4X-p) in toluene at various temperatures 

Temperature 
of 

X of reaction 
reagent PC) 

Melting 
Yield point 

Product ( %) PC) 

Analysis 

C H 

*The U.V. spectrum was in accord with data of ref. 24. 
?Identified by mixed melting point with an authentic sample. 
th,., (EtOH) 298 mp (18 800). 
Bh,., (EtOH) 298 (27 600), 31 1 mp (27 600). 
Ilk,.. (EtOH) 263 mp (14 000). 
llh.,,. (EtOH) 269 mp (19 400). 
**h,.. (EtOH) 265 mp (20 800). 

room temperature. As warming occurred, the red color 
began to fade, and when gone, the mixture was quenched 
in water and extracted with ether. After drying the ex- 
tracts over magnesium sulfate, the ether was removed 
yielding a white solid, which after recrystallization from 
cyclohexane gave 1.42 g (70%) of triphenylmethyl- 
dimethylfluorosilane, Me2FSiCPh3, m.p. 134-135"; 
n.m.r. (CCI4); 6 0.23 (6H, d, J = 7.5, Me2SiF), 7.25 
p.p.m. (15H, s, Ar). 

was formed and persisted as long as the temperature was 
kept cold. Addition of the suspension with vigorous 
stirring to an ether solution of excess lithium aluminum 
hydride at -40" led to immediate loss of the red color. 
After warming to room temperature and aqueous acid 
work-up, the dried ether extracts gave an oil which o n  
recrystallization from methanol gave 0.17 g (59%) of 
diphenylmethylbenzhydrylsilane, m.p. 104-105", identi- 
fied by mixed m.p. with an authentic sample. 

Generation and Trapping of Diphenylmethylsilyldiphenyl- 
carbonium 1012 

A solution of 0.3 g (0.79 mmole) of diphenylmethyl- 
silyldiphenylcarbino1 in 50 ml of toluene at -40' was 
treated with BF3 for a few seconds. A deep red suspension 

Trapping of Triphenylsilyl-p-methoxyphenylcarboniur Ion 
Boron fluoride was bubbled into a solution of 1.6 g 

(4.0 mmole) of triphenylsilyl-p-methoxyphenylcarbinol in 
50 ml of toluene at -40 "C. A pale red solution was 
formed which was slowly added to a solution of excess 
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TABLE 10 
Data for products of reactions of triphenylgermylcarbinols with BF, in various solvents at 23" 

Melting Analysis 
Yield point 

Solvent Reagent Product ( %I ("c) C H 
. 

C6H6 Ph,GeCHOHPh Ph3GeCHPh2 8 1 158-1 60* T 

*Recrystallized from methanol. 
tIdentified by m i ~ c d  m.p. with an authentic sample. 
fRecrystallized from petrolcum ether (b.p. 90-100"). 
SWhen solvent \\,as tolucnc, yield of Ph2FGeCPh, was 70%. On reduction witli LiAIH,, Ph2HGeCPh3 was obtained, m.p. 164-166' from 

ethanol. 
Anal. Calcd. for C , ,H1~Gc:  C, 79.03: H, 5.56. Found: C, 79.37; H, 5.54. 

TABLE I I 

The n.ni.r. data of typical reaction products 
-. . - -. -- - -- -pppp-..---.p- - . 

Compound 6(CCI,) p.p.111. 
- - - pp 

PhzFSiCHPhz 7.1-7.2(m, Ar ) ;4 .1  (d, J =  7Hz ,  CH) 

PhzFSiCHPhC6H4CMe3-p 7.1-7.3 (m, Ar); 4.08 (d, J  = 7 Hz, 
CH); 1.28 (s, CMe,) 

7 .2  (s, Ph); 1.73 (s, broad, C-Me); 
0.14 (d, J  = 7.5 Hz, Me,Si) 

Ph3SiCHPliC6H,0Me-p 7.0-7.2 (m, Ph); 6.71 (AB q, J  = 8 Hz, 
= 15.5 Hz, C6H40Me); 3.68 

(s, OMe); 4 .3  (s, CH) 

(p-Me3CC6H4)3SiCHPIiC6H,Me-p 6.9-7.3 (m, Ar); 4.31 (s, CH); 2.28 
(s, ArMe); 1.30 (s, CMe,) 

Ph2FGeCHPh2 7.2 (m, Ph); 4.45 (d, J  = 4 Hz, CH) 

Me3SiCHPhC6H,F-p 7.0-7.5 (m, Ar); 3.42 (s, CH); 0.02 
(s, Me3Si) 

lithiu~ii a luni in~~m hydride in ether at -40". The red 
color disappeared. After warming to rooni teniperature, 
and aqueous work-up, the dried ether extracts gave an 
oil on renioval of the solvent. Recrystallization from 1 :1 
ethanol-hexane gave 0.03 g (16%) of p-1nethoxy-p'- 
methylbenzhydryltriphenylsilane, m.p. 164", identified by 
mix t~~re  n1.p. Concentration of the mothcr liquors gave 
0.48 g (30%) of p-methoxybenzyltriphenylsilane, m.p. 
103-105", identified by spectra and mixed 1n.p. 

Reaction of Triphet~y/si/~~/phe~~~~/be~~zy/co,.bi~~o/ with BF3 
it1 Tollret~e at - 40" 

Boron trifluoride was bubbled through a solution of 1.0 
g (2.20 mniole) of the carbinol in 50 ml of toluene. A red 
color was formed immediately which soon faded. When 
colorless, water was added and the mixture was extracted 
with ether, the extracts being dried over anhydrous 
magnesium sulfate. Renioval of the ether gave a viscous 
oil whose i.r. spectrum showed no absorption in the 

2.7-2.8 (SiO-H) region. The oil was chromatographed 
on a 1 x 5" silica gel column. Elution with hexane 
(250 1171) gave 0.15 g (38%) of an oil shown to be cis- 
stilbenc by comparison or its spectral properties with 
p~~blished data (10-12). Further elution with 250 ml 
hexane gave an oil containing both trcltls-stilbene and 
triphenylfluorosilane, from which was isolated 0.007 g 
(3 %) of trot~s-stilbene, m.p. 173-124", identified by mixed 
m.p. On further elution with 400 ml of hexane, an oil was 
isolated which crystallized from methanol to yield 0.12 g 
(20%) of triphenylfl~~orosilane, m.p. 62-64", identified by 
mixed m.p. Elution witli 500 ml of carbon tetrachloride 
yielded a white solid which was recrystallized from 
methanol to yield 0.27 g (27%) of l,l,2-triplienylethyl- 
diphenylfluorosilane m.p. 135-136'. Finally, elution 
with 125 n ~ l  of benzene gave material which, after 
crystallization from carbon tetrachloride, afforded 0.10 g 
(16%) of  triplienylsilanol, n1.p. 153-154". Chroma- 
tography of authentic triphenylfluorosilane on a similar 
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column under similar conditions led to conversion of 
part of the fluorosilane to silanol. 

Reaction of Triphet~ylsilylphetylbetzzylcarbit~ol with BF3 
in Toluer~e a t  110' 

Boron trifluoride was bubbled into a solution of 0.9 g 
(1.98 mmole) of carbinol in 50 ml of refluxing toluene 
for a few seconds. No colored species were formed. 
Work-up in the usual manner gave an oil which was 
crystallized from boiling methanol to give 0.30 g (35 %) 
of a-triphenylsilyl-cis-stilbene, m.p. 110-1 12", shown to 
be identical to a material produced by a n  alternate route 
(22). 

Solvent was removed from the mother liquors under 
reduced pressure and the oil was chromatographed on a 
1 x 3" silica gel column. Elution with 500 ml of hexane 
gave 0.095 g (26%) of cis-stilbene, identified by its spec- 
tral properties. From the next 150 ml of hexane was 
isolated 0.005 g (3 %) of trans-stilbene, m.p. 122-124", 
identified by mixed m.p. From the next 300 ml of hexane 
was isolated 0.023 g (4%) of triphenylfluorosilane, m.p. 
62-64", identified by mixed m.p. Elution with 150 ml of 
carbon tetrachloride yielded an additional 0.05 g (total 
0.30 g, 34 %) of triphenylsilyl-cis-stilbene. Finally, elution 
with 150 ml of benzene yielded, after recrystallization 
from carbon tetrachloride, 0.077 g (14%) of triphenyl- 
silanol, n1.p. 152-154", identified by mixed m.p. 

Reactiotz of Tripl~et~ylsilyltnethylpher~ylcarbinol with BF, 
in Toluene a t  -40 'C 

Boron trifluoride was bubbled into a solution of 0.5 g 
(1.32 mmole) of the carbinol in 50 ml of toluene at -40' 
for a few seconds. Aqueous work-up as usual gave a solid, 
shown by n.m.r. spectrum to consist of cr-triphenylsilyl- 
styrene and 1,l-diphenylethyldiphenylfluorosilane in the 
ratio of 3:2. The solid was dissolved in hexane and 
chromatographed on a 1 x 3" column of neutral Woelm 
alumina. Elution with 150ml of hexane gave 0.11 g 
(23%) of a-triphenylsilylstyrene, which after recrystal- 
lization from petroleun~ ether (b.p. 60-70") had m.p. 
132-134". A mixed m.p. with an  authentic sample was not 
depressed. Further elution with 200 ml of hexane gave 
0.21 g (41%) of the fluorosilane, n1.p. 88-90" after 
recrystallization from methanol. 

Treatment of Tripl~enylsilylpropanol it1 Toluet~e at  23 O C  
Boron fluoride was bubbled into a solution of 0.5 g 

(1.53 mmole) of 2-triphenylsilyl-2-propanol in 50 ml of 
toluene. No coloration was observed and the reaction was 
worked-up in the normal manner. Removal of the solvents 
left a white solid that was recrystallized from ethanol to 
yield 0.42 g (89%) of isopropenyltriphenylsilane, m.p. 
94-95 "C. A mixed m.p. with an authenticsample was not 
depressed. When the reaction was repeated in pentane 
0.35 g (72%) of isopropenyltriphenylsilane was obtained. 

Treattnent of 2-Tripl~enylsilyl-I-phenyletl~anol in 
Toluet~e at  23 "C 

Boron fluoride was bubbled into a solution of 0.5 g 
(1.35 mmole) of 2-triphenylsilyl-1-phenylethanol in 50 ml 
toluene. The reaction mixture was worked-up in the 
normal manner to leave a solid that was recrystallized 
from methanol to yield 0.21 g (56%) of triphenylfluoro- 
silane, m.p. 62-63 "C, identified by mixed m.p. with an  
authentic sample. 

Synthesis of cis- atzd trans-p-t-Butylstilbene 
A mixture of 5.0 g (0.0276 mole) of p-t-butylbenzyl 

chloride and 7.24 g (0.0276 mole) of triphenylphosphine 
was heated for 13 h in 5 ml of benzene. Filtration gave 
5.2 g (46%) of p-t-butylbenzyltriphenylphosphonium 
chloride, m.p. 206-209" with decomposition. 

T o  5.2 g (0.013 mole) of the phosphonium salt in ether 
was added slowly 2.0 ml (0.013 mole) of phenyllithium in 
ether. After stirring for 3 h,asolution of 1.35 g(0.012 mole) 
of benzaldehyde in 10 ml of ether was added slowly. After 
stirring for 16 h, the reaction was worked-up with aqueous 
acid, and the dried ether extracts afforded a sticky solid, 
which was crystallized from methanol. This yielded 0.53 g 
of trans-p-t-butylstilbene, m.p. 96-97" which on recrystal- 
lization had m.p. 99-100". 

Anal. Calcd. for CI8H2,: C, 91.53; H,  8.47. Found: 
C, 91.10; H, 8.65. 

The n.m.r.: (CCI,), 6 7.2-7.5 (complex, aryl), 7.0 (s, 
vinyl), 1.32 p.p.m. (s, CMe3); u.v.: A,,, (MeOH), 298 
(E, 27 600), 31 1 mp  (E, 27 600). 

Solvent from the mother liquor from the above was 
removed under reduced pressure and the residual material 
was treated with 1-2 ml of carbon tetrachloride, some 
insoluble material being filtered off. The solution was 
transferred to a 112 x 10" alumina column, and was 
eluted with hexane. Virtually no material was eluted in 
the first 350 ml of solvent, but the next 200 ml yielded 
0.40 g (14%) of cis-p-t-butylstilbene as a viscous oil, 
characterized by its spectra. The n.m.r.: (CCI,), 6 7.2 
(s, Ar) 7.1 (s, Ar), 6.5 (s, =CH), 1.28 p.p.m. (s, CMe3); 
u.v. : h,,, (MeOH), 263 mp (E, 14 000). 

Further elution of the column with 100 rnl of carbon 
tetrachloride yielded 0.22g of the trans-isomer (total 
0.75 g, 27 %). 

Treattt~ent of Triplret~ylgert?~ylp/~et~ylcarbit~ol it1 Benzene 
at  23 "C 

Boron fluoride was bubbled into a solution of 0.3 g 
(7.3 mmole) of triphenylgermylphenylcarbinol in 50 rnl 
of benzene. No coloration was observed and the reaction 
mixture was quenched in water, extracted with ether, 
and dried with magnesium sulfate. Renloval of the 
solvents under reduced pressure left a white solid. The 
solid was recrystallized from methanol to yield 0.28 g 
(81 %) of benzhydryltriphenylgermane, n1.p. 158-160 "C. 
A mixed m.p. with an  authentic sample was not depressed. 

Treatment of 1,2,2,2-Tetraphenylethat~ol it1 Anisole 
at  -40 "C 

Boron fluoride was bubbled into a solution of 0.35 g 
(1.0 mmole) of 1,2,2,2-tetraphenylethanol in 50 ml of 
anisole. A red coloration was observed but this faded 
very quickly and the reaction was quenched in water and 
extracted with ether. After drying with magnesium sulfate 
the solvents were removed under reduced pressure to  
leave a white solid that was recrystallized from benzene 
to yield 0.21 g (63 %) of tetraphenylethylene, m.p. 227 "C. 
A mixed m.p. with an authentic sample was not depressed. 
A repeat of the reaction with 0.2 g (5.7 mmole) of the 
carbinol in 50 ml of hexane at  23" produced 0.1 1 g (58 %) 
of tetraphenylethylene as the only product detected. 

Treatment of Triphet~ylsilanol with BF3 in Toluene 
Boron fluoride was bubbled into a solution of 0.5 g 
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BROOK AND PANNELL: 

(1.83 mmole) of tr~phenyls~lanol in 50 ml of toluene at 
23 "C. No coloration was observed and the reaction was 
quenched In water after about 30 s. The react~on m~xture 
was extracted w ~ t h  ether and dried with magnesium 

sulfate. The solvents were removed under reduced 
pressure leaving a wh~te  sol~d that was recrystallized from 
methanol y~eld~ng 0.37 g (83 %) of tris(triphenylsiloxy)- 
boron, (Ph,SiO),B, (23) n1.p. 153-154 "C. 

Anal. Calcd. for C54H4503S~3B:  C, 77.58; H, 5.56. 
Found: C, 77.41 ; H, 5.42. 

This research was supported by the National Research 
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The near-infrared spectra of some simple aldehydes' 

G.  LUCAZEAU~ AND C. SANDORFY 
De'parternent de Chinlie, U?ziversitt? de Montrtal, Montre'al, Que'bec 

Received July 13, 1970 

The near-infrared spectra of CH3CH0, CD3CH0,  CH3CD0, CF3CH0, CHCI,CHO, and CC13CH0 
were measured from 4000 to 9000 cm-' in solution at room and liquid nitrogen temperatures. Assign- 
ments are made and cases of Fermi resonance are examined. A few potential and anharmoni- 
city constants are obtained. Solvent effects affecting fundamentals and overtones are discussed. 

Canadian Journal of Chemistry, 48,3694 (1970) 

Introduction 

The infrared spectrum of acetaldehyde was 
thoroughly studied by Pitzer and Weltner (1) 
and by Evans and Bernstein (2) and some of its 
deuterated homologues were examined by Cossee 
and Schachtschneider (3) and by Capwell (4). 
The spectra of CC1,CHO and CHC1,CHO were 
studied by Lucazeau and Novak ( 5 , 6 )  and that of 
CF,CHO by Berney (7). Some interesting cases 
of Fermi resonance were observed (2-8) and some 
parts of the near-infrared spectra were measured 
(9, 10). This and the increasing attention given to 
anharmonicity in the analysis of vibrations of 
polyatomic molecules induced us to measure the 
spectra of acetaldehyde and some of its deriva- 
tives in the overtone-region, that is, in the near 
infrared from 4000 to 9000 cm-l. 

The following molecules were examined: 
CH,CHO, CH,CDO, CD,CHO, CF,CHO, 
CCl,CHO, and CHC1,CHO. Most of the spectra 
were measured in solution, in a 1:l mixture of 
CC1,F (freon-l 1) and CF,Br-CF,Br (freon 
114-B-2) which gives a good glass at liquid nitro- 
gen temperature. 

This solvent, first used by Durocher and 
Sandorfy (11, 12), is highly translucent in the 
near infrared and makes it possible to work at 
low temperatures and thereby to obtain better 
resolved solution spectra than has been hitherto 
possible. We measured our spectra at 298 and at 
83 OK. In certain cases vapor and crystal phase 
spectra were also taken. Our aim was to assign 
as many bands as possible in the near-infrared 

'Photocopies of a more detailed version of this paper 
including Tables I to VII may be obtained free of charge, 
upon request, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada. 

2Permanent address: Laboratoire de Chimie-Physique 
du C.N.R.S., 2 rue Henri Dunant, Thiais 94, France. 

part of the spectra, to study cases of anharmonic 
resonances which are found, determine the values 
of anharmonicity and potential constants when- 
ever possible, to make observations on intensity 
ratios of fundamentals and overtones, and on 
solvent effects affecting these. 

Experimental 
All the spectra were determined on a Cary-14 spec- 

trometer. 
The purification of the compounds has been described 

in a recent publication on their far-ultraviolet spectra 
(14). The solvent and low temperature techniques used 
were described in earlier publications from this labora- 
tory (1 1-13). 

The great vapor pressure of CF3CH0, CH3CH0,  
CDBCHO, and CH3CD0 allowed us to examine them 
as gaseous samples at pressures near 600 mm Hg. For the 
last three compounds, the spectra are not well resolved 
and we present only the spectrum of CH3CH0 (Fig. I). 
The resolution is progressively improved in the spectra in 
solution at 295 "K, at 85 OK, and in the solid state (Figs. 
1-9). All solutions were prepared under vacuum by con- 
densing the compounds into a graduated cylinder 
containing the solvent cooled by liquid nitrogen. The 
concentrations were 0.1 2 0.05 M. 

Solid samples were obtained by condensation of the 
vapor on a quartz window cooled by liquid nitrogen. The 
extinction coefficients in the near-infrared region were 
so low that we were obliged to prepare thick solid samples 
(a hundred times thicker than in the fundamental 
region). 

To circumvent the problem of scattered light, we 
projected gaseous helium onto the condensed sample. 
Thus we could observe bands with E values less than 0.05. 
For CF3CH0 we observed a phase change, as shown by 
the 3000 cm-' region: the vo, band which was split into 
three components becomes unique after this treatment 
(Fig. 8) while v o 2 , ~ ~  keeps the same intensity. (The 
indices 0 and 2 stand for the vibrational quantum 
numbers. So vo2 is a first overtone.) 

Generally this treatment favors the formation of a 
vitreous phase (this was the case for CF3CH0 and 
CC1,CHO) and it lowers the amount of scattering. No 
changes due to polymer formation were observed in the 
spectra. 
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Assignments 
Assignments of overtones and combination 

tones are usually more uncertain than those of the 
fundamentals. This is because of the great 
number of possible combinations, and the 
difficulty of predicting the values of anharmoni- 
city constants. We found the following criteria 
useful in making assignments. 

(a) For methyl or aldehydic CH vibrations, 
deuteration of the respective group was used. 

(b) CO vibrations shift to lower frequencies 
in the order gas + solution (295 OK) + pure 
liquid (295 OK) + glassy solution (85 OK) + 

vitreous solid (85 OK) + crystal (85 OK). (The 
shift amounts to about 20 cm-' from the gas to 
the solid for the fundamental and about 40 cm-' 
for the first overtone.) 

The vibrations due to the aldehydic CH bond 
show the opposite trend. This has been estab- 
lished for the fundamentals by Evans and 
Bernstein (2) and by Lucazeau and Novak (5). 
This trend is maintained in the overtones (about 
40 and 80 cm-', respectively). 

Methyl CH, vibrations are much less sensitive 
to changes in physical state. 

We made the assumption that bands of a 
mixed type have an intermediate type of behavior 
concerning this characteristic shifting. 

All this is confirmed by the coherent picture 
which is obtained by the application of the above 
rules. 

(c) Characteristic changes in the relative 
intensities of close lying bands with the change in 
physical state often reveal the presence of a Fermi 
resonance and this can be helpful in the identifi- 
cation of certain bands (15). 

(d) In may cases anharmonicities are approxi- 
mately preserved in going from one molecule 
to another and this can also be used in making 
assignments. 

( e )  Intensities can be helpful in certain cases. 
(f) In cases of Fermi resonance certain assign- 

ments can be eliminated by looking at the terms 
of the perturbing Hamiltonian (see below). 

The following symbols are used throughout 
this paper: vol, vo2, v,,, ... fundamental and 
overtones of stretching vibrations; 601, 602, 
603, ... the same for bending vibrations. 

The indices of the anharmonicity constants 
(XI, ,, XI,,, ...) stand for the normal coordinates 
where 1 represents the (mainly) aldehydic CH 
stretching motion, 2 the in-plane bending of the 

aldehydic CH bond (6), 3 the C=O stretching 
frequency, and 4 the CH, stretching frequencies. 
The potential constant XI,, couples vc, and 
26c,,. 

Anharmonic Resonances 

The energy levels of anharmonic vibrations are 
usually computed from perturbation formulas. 
In polyatomic molecules it often happens that a 
combination or overtone has nearly the same 
energy and the same symmetry as a fundamental 
and that, at the same time, there is a large 
anharmonic term in the potential which 
"couples" them. In this case the usual formulas 
which give the energies to the second order cannot 
be used and the related part of the perturbational 
secular determinant must be solved separately. 

Supposing that the intensity of the combina- 
tion band can always be taken for zero compared 
to the fundamental we obtain (17) for AEo, the 
separation of the unperturbed states 

where AE is the observed separation of the 
interacting vibrational states and p is their 
observed (integrated) intensity ratio. 

The interaction W,, has the form 

W,, = Y,"H'Y, dz 

where Y,  is usually a fundamental and Y ,  a 
combination band and d~ represents integration 
for all normal coordinates. 

Although the best known cases of Fermi 
resonance are those between the fundamental of 
one vibration and the first overtone of another, 
this is by no means the only possibility. In fact 
Fermi resonance is possible between two over- 
tones or combination tones and more than two 
vibrations can participate in Fermi resonance. 
Since, in the case of aldehydes we observed 
several cases of Fermi resonance where none of 
the partners are fundamentals we computed the 
value of W,,, for the cases which are of importance 
for the interpretation of their near-infrared 
spectra. (Details are given in a more complete 
manuscript deposited at the National Science 
Library along with the tables. See also refs. 18 
and 19.) 

The cases of such superior Fermi resonances 
which we observed were produced by the three 
vibrations which can be approximately localized 
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1 -  G o s  298.K 
CH,CHO I 

FIG. 1 .  The near-infrared spectrum of acetaldehyde from 4000 to 6000 cm-'. Dashed curves: the ordinate is to be 
multiplied by four. Wave numbers against molecular extinction coefficients. 

/H 
in the aldehyde group (-C=O): q,  the (mainly) 
C-H stretching mode, q, the (mainly) C-H 
(in-plane) deformation mode, and q, the (mainly) 
C==O stretching mode. 

All cases involve the same potential constant 
k,,,, (Index 1 stands for the aldehydic C H  
stretching vibration and 2 for the bending of the 
CHO group.) However, because of the approxi- 
mations which are implied in (1) we d o  not expect 
to obtain the same numerical values in all cases. 
Outside of the approximations proper to the 
perturbational treatment we had to suppose that 
one of the partners in all the resonances has zero 
intensity. This is partly justified by the fact that 
one of the partners is always a combination of a 
higher order than the other (binary against 
ternary etc.). We could not take into account 
electric anharmonicity. This could affect appre- 
ciably the measured intensities and, through eq. 
1, it could influence the unperturbed frequencies 
computed from Fermi doublets. 

The measured intensities which enter in the 
calculation of p are, of course, approximate. 
The band areas were measured with a planimeter 
assuming an approximate Cauchy (Lorentz) 
shape, and intensity ratios are believed to be 
accurate to f 10 p.c. only. 

For these reasons we shall not attempt to 
interpret variations in the values of the constants 
which can be obtained from different bands in the 
spectra. 

Anharmonic resonances of higher order are 
also possible. The one of the next higher order is 
due to the off-diagonal terms of the quartic part 
of the potential and is sometimes called Darling- 
Dennison resonance (20). 

None of the anharmonic resonances we 
observed required the inclusion of such higher 
terms for its interpretation, however. 

Results 
( I )  Methyl CH Vibrations 

Between 6000 and 5600 cm- ' we find a number 
of peaks and shoulders which are due to CH, 
vibrations as shown by their complete dis- 
appearance in the spectra (Figs. 1 to 4) of 
CD,CHO, CF,CHO, and CC1,CHO. Supposing 
the degeneracy due to the C,, symmetry of the 
methyl group lifted, there are three CH stretching 
fundamentals which could give three overtones 
and three other binary combinations between 
them. Furthermore, the three CH3 bending 
modes near 1460 and 1380 cm-' could give 18 
combinations of the v + 26 type. This means 24 
bands in this area and there are, of course, other 
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CD, CHO 

FIG. 2. The near-infrared spectra of acetaldehyde and its deuterated homologues in 0.1 A4 solution at  295 and 
85 OK. 

possible combinations. Thus we renounce 
assigning these bands individually. A relatively 
clear picture is obtained for the crystalline film 
spectrum of acetaldehyde (Fig. 1). We have made 
tentative assignments for this particular case. 
They are given in Table 1.' The anharmonicity 
constants which can be obtained from them 
were computed from simple second order 
perturbation formulas. For overtones 

x.. = v .  t r  t , 0 1  - (~i ,02/2) 

and for combination tones 

x.. = v 
LJ comb. - ( V ~ , O I  + ~j ,Ol)  

In  making the assignment we supposed that 

the order of frequencies of the bands at the 
fundamental level is preserved at  the level of the 
overtones so that if, for example v,,,, > v,,,,, 
also v,,,, > v,,,,, etc. (a and s stand for anti- 
symmetric and symmetric, respectively). This is 
tantamount to  supposing that the anharmonicities 
d o  not change the order of the frequencies of 
overtones (and combinations) with respect t o  
the fundamentals. We obtained values for the 
anharmonicity constants ranging from 15 to 30 
cm-'. The molecular extinction coefficients of 
the CH, fundamentals are weak, of the order of 
E = 10. The respective overtones have about 
E = 0.2, a factor of about 50. 

In CHCI,CHO, the remaining methyl hydro- 
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FIG. 3. The near-infrared spectrum of CF3CH0. Dotted curves: the ordinate is to be multiplied by four. Dashed 
curves: crystal. 

5.' 
7 

boa 
CF, C H O  

.02 

I 
/L. A A 

FIG. 4. The near-infrared spectrum of CC13CH0. Dotted curves: the ordinate is to be multiplied by four. 
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FIG. 5 .  The near-infrared spectrum of CHC1,CHO in solution. Dotted curve: the ordinate is to be multiplied 
by three. 

gen gives a well defined overtone at 5894 cm-' 
(E = 0.4). The fundamental (6) is at 301 1 (E = 6) 
so that X,, = 64 cm- l .  At both levels there is a 
weaker band due to the gauche isomer (5789 
and 2963 cm-', respectively) giving X,, = 69 
cm-'. The relative values of X,, for the case of 
CHC1,CHO (one hydrogen) and CH,CHO 
(three hydrogens) (15 to 30 cm-') are in line with 
considerations of Siebrand and Williams (21) 
concerning the division of the anharmonic con- 
tribution to the energy between bonds ending at a 
common atom. 

The second overtones of the CH, stretching 
vibrations and the combinations among them 
yield weak bands in the 8600-8400 cm-' region. 
Most of them are likely to be complex. Their 
molecular extinction coefficients are about 0.01 
or less, about a thousand times weaker than 
their fundamentals. 

Between 4300 and 4850 cm- ' we find a number 
of strong combination bands (E between 1 and 2 
for the strongest). By comparing the spectra of 
CH,CHO with those of CD,CHO, CH,CDO, 
and the halogenated aldehydes we can identify 
three groups of bands. Starting at the low fre- 
quency end of this range there are about five CH, 
stretching + CH, bending combination bands 
(Table 11), followed at higher frequencies by 
aldehydic CH stretching + CO stretching and 
by CH, stretching + CO stretching combina- 
tions (see below). 

The coupling constants for the v + 6 type CH, 
bands are of the order of Xij = 15-30 cm-' if 
our assignments made according to the above 
hypothesis are correct. 

(2) Aldehydic CH Vibrations 
The C-H stretching fundamental is affected 

by a pronounced Fermi resonance which was 
reported by previous authors (1-8). We remea- 

sured these bands in our solvent at a concentra- 
tion of 0.1 M (Figs. 6-9, Table 11). 

As is seen, the conditions are not simple. For 
CH,CHO there is a large splitting yielding bands 
at 2852 and 2761 cm-' at 83 OK. Both bands are 
at least doublets, however. The advantage of 
measuring the spectra at  low temperature 
appears clearly on Fig. 6. There is a changeover 
in the intensities of the overlapping bands at  
2761 and 2739 (low temperature values) in going 
from room to liquid nitrogen temperature, which 
may be due partly to the solvent affecting the two 
bands differently and partly to the sharpening of 
the bands leading to changed overlap conditions. 
In CD,CHO only the two main bands at 2843 
and 2746 cm-' are observed. The other two 
bands which intervene in the CH, containing 
molecules are likely to be the first overtone of the 
1425 deformation mode (2850 cm-l) and the 
combination of 1425 and 1342 cm- ' (2728 cm-'). 
So this is a complicated case of multiple reso- 
nance. We computed the unperturbed frequencies 
form [ I  ] by taking mean values for the small 
splittings. 

The unperturbed frequencies, the W,, and 
k,,, values are given in Table 111. The average 
value of W,, is 50 cm-' for the acetaldehydes 
in solution at 83 OK and that of k,,, is 100 cm-' 
under the same conditions. 

CCI,CHO has only one strong band which is 
probably slightly affected by resonance with its 
two weak neighbors. The E values are diminished 
by a factor of about three with respect to acetalde- 
hyde. 

In the gas phase spectrum of CF,CHO the CH 
band shows some rotational contour with, an 
apparent Q branch. It is probably in wEak 
resonance with its neighbor at 2734 cm-' which 
has a similar shape (Fig. 8). This spectrum was 
first published by Berney (7). We also measured 
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FIG. 6. The region of the vcl,, and vcH fundamentals of CH3CH0 in solution. 

FIG. 7. The region of the vcH fundamental of CD3CH0 in solution. 

the spectrum of the solid at 77 O K .  There is a 
spectacular difference between the spectrum of 
the glass3 (solid curve on Fig. 8) and that of the 
crystalline solid. The relative intensities of two 
weak bands at 2765 and 2724 cm-' probably 
in weak resonance with the fundamental, are 

3We found the same frequency, 2918 cm-', as Berney 
for this molecule in a CO, matrix. 

also affected. A similar observation can be made 
in the corresponding overtone region. In spite 
of the weakness of 6,,,,,, (2685 cm-') and 
the presence of a third combination band in the 
fundamental region for halogenated aldehydes, 
k,,, was computed and found equal to 72 and 
105 cm-', respectively, for CC1,CHO and 
CHC1,CHO in solution at 295 O K .  These values 
are very similar to those obtained in the same 
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FIG. 8. The region of the VCH fundamental of CF3CH0. Dotted curve: crystal; solid curve: glass. 

physical state at the first overtone level. The 
agreement is less good for CF,CHO (105 cm-' 
at the fundamental level). 

The first overtone region of the CH vibration, 
seems to "inherit" the Fermi resonance found 
at the fundamental level. 

We find two bands in the spectra of CH,CHO 
and CD,CHO separated by about 100 cm-', 
respectively, at 5385, 5502 cm- ' (E = 0.1 1) 
and 5386, 5487 cm-' in solution at 85 OK 
(E = 0.08). For CH,CHO the band at 5502 
seems to be broadened by the neighboring CH, 
absorptions4 while this is not the case for 
CD,CHO. This, with the effect of temperature 
on the intensity of this band (see below) can be 
closely related to the observations made at the 
fundamental level. We computed W,, = 53, 
k,,, = 75 cm-' for both compounds at 85 OK, 
that is 25% less than the value computed at the 
fundamental level and this may be due to the 
approximations already mentioned. Other data 
are compiled in Tables I11 and V. 

When the bands do not have an equal intensity 
(CF,CHO, CD,CHO in solution at 295 OK, 
CH,CHO in the gaseous and crystalline phases), 
the stronger one is always at the lower frequency 
and therefore must have strong CH stretching 
character. This implies that the ternary v + .26 

41n fact, smaller bands (E 2: 0.01) at this frequency can 
be observed in the spectrum of CH3CD0 and can be 
attributed to combinations of ZicH3 modes. 

combination is the one borrowing intensity from 
the binary 2vc,, and not the opposite. 

The contrary was true at the fundamental level, 
v,, having a higher frequency than 2Fc,. To 
explain this reversal, we computed the anhar- 
monic coupling constant from the unperturbed 
frequency v + 26 for CD,CHO in solution at 
295 OK and obtained 

At the same time, the unperturbed frequencies of 
v,, and 6,, yield 

XI, = v,, - (vo,/2) = -95 cm-' 
and 

X,, = F,, - (6,,/2) = -1 cm-I 

The larger value of XI, compared to XI, 
explains the observed reversal of frequencies in 
going from the fundamental level to the first 
overtone level. (For related formulas see ref. 16, 
p. 206.) 

A similar situation is encountered with 
fluoral (gas) (Fig. 3). From v + 6 we obtain 
XI, = (v,, + 6,') - v,, - F,, = 6 cm-' and 
from v + 26, X,, = - 66 and X,, = - 6 cm- '. 
The large value of XI, suffices to reverse the 
order of the bands. 

For CHC1,CHO X,, = +20 o i  19 cm-', 
XI, = -68 cm-', and X,, = + 3  cm-'. 

It is seen that the XI, coupling constant has 
widely different values for the different molecules. 
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Solution 295" K Solution 83" K 

-10 

A 
I 

2900 2800 2700 2900 2800 2700 

FIG. 9. The region of the vcn fundamental of CCI,CHO in solution. 

In the cases where the coincidence of 2v and 
v + 26 is quasi-perfect we must have the same 
mixture of v and 6, in the two bands resulting 
from Fermi resonance. The respective anhar- 
monicity constants are given in Table VI. X,, = 
-71 cm-' for CH,CHO in solution at 85 OK, 
XI, = - 92,. X,, = +6 very close to those for 
CD,CHO where the two bands were of unequal 
intensity. This confirms our interpretation of the 
reversal of the order of the two bands in the 
latter case. For CC1,CHO XI, = + 4  or + 10, 
XI, = -72, X,, = -4 cm-' in solution at 
85 OK. 

At the level of the second overtone of CH,CHO 
and CD,CHO we find a weak band. There is a 
possibility of a Fermi resonance between v,, and 
v,, + Zo2 so that there should be two bands in 
this area. Actually we find two bands for CCl,- 
CHO and CF,CHO with the one at higher 
frequency stronger. This was so at the level of 
v,, but not at the level of v,,. Whether there is a 
switch back in the order of the frequencies, or 
only the relative intensities change we cannot 
tell. 

and (vo3/3) - (vo,/4) are, X,, = - 8, - 14, and 
- 11, respectively, showing the validity of the 
second order perturbation approach. Only the 
intensity of the third overtone seems to be 
relatively high. 

For gaseous CF,CHO we obtain the anhar- 
monicity constants - 11, - 10, and - 10 in the 
same order. 

For acetaldehyde in solution at 295 OK we 
obtain -4 and - 10 for the first two levels. 

This is a case of low anharmonicity with no 
apparent complications. 

(4) Combination between CH,, CH, and CO 
Vibrations 

These combinations are the most intense in the 
spectra. There is Fermi resonance between 
Vo1,co + V 0 1 , ~ "  and v01,co + 6 0 2 , ~ ~  as well as 
between vo2,co + vo,,c, and vo2,co + 6 0 2 , ~ ~ .  
These bands are in the 4500 and 6200 cm-' areas 
(Table 1). 

We obtain again k,,, (about 90 cm-' for 
acetaldehyde, Table 111). For XI, the unperturbed 
frequencies give - 32 in the case of acetaldehyde 
at 295 OK. It is + 4  for chloral and - 1 for fluoral. 

Combination between CO and CH, stretching (3) The C=O Stretching Bands bands are numerous because of the degenerate 
The were measured previous CH3 bands. The average value of X,, is about 6 

authors (1-7). We measured the first, second, c m - ~ .  and third overtones. Other data are given in Table VI. 
A typical case is that of chloral. The respective 

molecular extinction coefficients are E = 550, (5) Environmental Efects 
10, 0.1, and 0.03. The anharmonicity constants In Buckingham's theory (18) (23, 24) it is 
computed from v,, - (vo2/2), (vo2/2) - (vo3/3), predicted that the gas to solution shifts of the 
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fundamental, first, and second overtones ..- of a 
diatomic vibrator are in a proportion 1 :2:3 : 
This relation does not depend on the actual 
potential between solute and solvent molecules 
but only on the validity of the second order 
perturbation calculation. Since some of the 
vibrations we encounter in the aldehydes can be 
considered as localized in a CH or CO bond we 
thought it interesting to check upon the validity 
of Buckingham's relation. We have gas to 
solution (or glass) values in two cases only but 
we measured the shift from room to liquid 
nitrogen temperature in all possible cases, in the 
same solvent. Since a change in temperature may 
be supposed to have a similar effect on the solute 
as going from one solvent to the other it is 
reasonable to study Buckingham's relation in 
this case too. 

Table VII contains a few typical results. It is 
seen that the 1 :2:3 relation is fairly well kept for 
both the gas to solution and 295, 85 "K shifts 
for the CO and CH stretching vibrations but less 
well for the CH than for the CO. This is in keeping 
with the larger anharmonicity of the CH 
stretching motion. It seems that we are at the 
limit of the second order approach in the latter 
case. As mentioned above vco undergoes a red 
shift whereas vcH undergoes a blue shift. This is 
not due to the anharmonicities which have the 
same sign and comparable magnitudes. The 
6,, bands show much smaller shifts. Also their 
anharmonicities are small. The combinations 
vco + VCH, vCO + 6CH and vcH + 6,, exhibit a 
somewhat irregular behavior. However, with a 
few exceptions, the shifts of the combinations are 
fairly close to the sum of the shifts of the respec- 
tive fundamentals. This is closer to being true 
for CH + CH than for CH + .CO combinations. 
In view of the errors inherent in the method of 
computing the unperturbed frequencies we 
cannot hope to draw more precise information 
from our data. 

Anharmonicity constants should be environ- 
ment-independent to the second order (24, 25). 
This is approximately verified in the cases we have 
studied (Table VI). 

Conclusions 

The near-infrared spectra of aldehydes are 
dominated by the overtones of CH,, aldehydic 
CH and CO stretching vibrations, and combina- 
tions between these and with 6,,, and 6,, 
deformation vibrations. Several cases of Fermi 

resonance are found. The most pronounced are 
of the type v-26, 2v-(v + 26), 3v-(2v + 26). 
In all these cases first order anharmonic resonance 
seems to suffice to interpret the phenomenon. 
We found no cases of higher order anharmonic 
resonances although these might make slight 
contributions to the observed ones. 

The value of the potential constant k,,, was 
computed from observed Fermi doublets. Six 
anharmonicity constants were also computed. 

Buckingham's 1 :2:3 relation concerning sol- 
vent shifts is approximately valid and the shifting 
of combination bands is seen to have a connection 
with that of the corresponding fundamentals. 

We are indebted to the National Research Council of 
Canada for financial help. 
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Thermolysis of thiete l,l-dioxide and related species1 
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Departmer~t of Clten~istry, Ut~iuersity of Western Ofltario, Londor~ 72, Ot~tario 
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Thiete 1,l-dioxide (1) rearranges to 5H-1,2-oxathiole-2-oxide (3) on heating in solution or in'the vapor 
phase. The presence of phenol in the solution leads to formation of phenyl 2-propene-1-sulfonate 
(CHZ=CHCHzSOzOPh) in 15% yield. The results are rationalized in terms of a mechanism involving 
vinylsulfene (2). Flash thermolysis of some thietane 1,l-dioxides (16) and 3-thietanone I,l-dioxides (15) 
gave products derived from extrusion processes, but 3-thietanol 1,l-dioxide (17) yielded, among other 
products, acetaldehyde and forn~aldehyde. The latter is believed to arise by "desulfinylation" of sulfene 
(CH,=SO,) formed along with the en01 form of acetaldehyde by cycloreversion from 17. 

Canadian Journal of Chemistry, 48, 3704 (1970) 

The present paper represents .the results of 
the researches of two groups working in the same 
area, but, initially at  least, with somewhat dif- 
ferent aims and approaches. One group was 
primarily interested in finding new reactions in- 
volving the intermediacy of sulfenes (RRIC==SO,) 
as part of a systematic investigation2 of the 
chemistry of these species. The objectives of the 
second group were simply the generation of a 
sulfene and its possible isolation and trapping at  
low temperature, by a high temperature-short 
contact time technique (flash thermolysis3) in the 
context of a general study of reactions under such 
conditions. For  reasons detailed in the discussion 
of the individual ex~eriments. thiete 1.1-dioxide 
(1) and certain other four-membered ring sulfones 
appeared to be promising substrates for the forma- 
tion of sulfenes bv thermolvsis. and from the 
evidence presented herein itdwobld appear that 
this expectation has, in some measure, been 
fulfilled. Part of this work has been summarized 
in two preliminary communications (3, 4). 

'Organic sulfur mechanisms Part 7 and Flash ther- 
molysis Part 3; for the previous part in each series see 
ref. 1. 

ISee refs. 1 and 2 and earlier papers cited. 
3The term "thermolysis" (Shorter Oxford Dictionary 

(S.O.D.) "decomposition or dissociation by heat") was 
selected rather than the demotic "pyrolysis". The latter, 
unrecognized by the S.O.D., presumably derives its 
signification from pyro- "done with, caused or produced 
by fire" and therefore appeared inappropriate. 

Results and Discussion 

Liquid and Low Tenzperature Vapor Phase 
Tfzermolyses 

At  the time this work was begun it seemed to us 
that thiete 1,l-dioxide (1) might undergo either 
(or both) of the following thermally-induced 
reactions: (i) rearrangement to vinylsulfene (2) 
analogous to the formation of butadiene from 
cyclobutene, (ii) fragmentation (not necessarily 
concerted) with formation of acetylene and 
sulfene (CH,==SO,) itself. Either of these pro- 
cesses would be a new way of forming sulfenes 
which might well have advantages for looking at  
some of the properties of sulfenes not readily 
investigated by previously known routes to these 
species. We accordingly set out to obtain a 
sufficient quantity of 1 to investigate its ther- 
molysis. 

The synthesis of thiete 1,l-dioxide (1) was first 
reported by Dittmer and Christy (5), but we found 
it convenient to prepare 1 from 3-thietanol 1,l- 
dioxide (4a) which was readily available via the 
sulfene-ketene acetal cycloaddition described by 
Truce and Norell (6). Dehydration of 4a to 1 was 
effected in 80-90% overall yield by converting 4a 
to the phenylmethanesulfonate ester (4b) (via the 
sulfene (7)), and treating the latter with triethyl- 
amine. 

Thermal rearrangement of 1 was carried out 
successfully in the vapor phase and in solution, 
both procedures giving a good yield of a material 
shown below to be the cyclic sulfinic ester 3.4 For  
the gas phase reactions we used a simple quartz 

'By analogy with the designation "sultone" for a cyclic 
sulfonic ester, the name "sultine" has been suggested 
(8-10) for a cyclic sulfinic ester. Brevity commends its 
use. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KING ET AL.: THERMOLYSES 3705 

tube heated by an oven and leading into a U-tube 
cooled in a Dry Ice - acetone trap and connected 
to a vacuum pump. The pressure was measured 
between the trap and the pump; this is not 
regarded as indicating the pressure in the tube, but . 
merely as a way of comparing one run with 
another. With an oven temperature above 390" 
and a pressure reading of 0.005 mm, thiete 
dioxide (1) was completely converted to the 
sultine (3). At 350" and 0.05 mm both 1 and 3 
were present in the product; in another run at  350" 
but with a pressure of 0.3 mm, the product was 
estimated to contain more than 70% of 3 and less 
than 30% of 1. In runs at 390and 450" we obtained 
80-90% yields of product estimated to be > 90% 
sultine (3). 

Liquid phase thermolysis of degassed benzene 
solutions a t  220" for 20 min was also found to 
give the sultine (3) in good yield. In cyclohexane 
solution at  220" the result was much the same as in 
benzene, but in xylene the product was a dark 
brown material containing a small amount of 3 ;  
under the same conditions 3 was also found to be 
similarly decomposed. 

Rigorous proof of the cyclic sulfinate structure 
(3) was obtained as follows. Elemental analysis 
and mass s~ectrometric determination of the 
molecular weight showed the molecular formula 
to be C,H,O,S. The i.r. spectrum showed only 
weak absorption between 1300 and 1400 cm-', 
clearly indicating the absence of a sulfonyl group 
whereas a very strong band at 1135 cm-' 
(together with a slightly weaker band at  985 cm- ') 
strongly suggested a sulfinic ester (1 1); confirma- 
tion of this was obtained by peroxide oxidation of 
3 to 5. Sultol~e 5 has been described somewhat 
sketchily (12, 13); these sources report melting 
points of 78 and 83-84", respectively, in accept- 

able agreement with our value, 83-84'. The i.r. 
spectrum of 5 shows very strong bands at  1360 
and 1190 cm-', characteristic of a sulfonic ester 
(1 l), while the n.m.r., spectrum showed a multi- 
plet around 7.0 p.p.m. and an apparent triplet of 
the same integrated intensity at 5.1 p.p.m. 
Though the formation of 5 makes the possibility 
that the thermolysis product might have the 
isomeric en01 sulfinate structure (7) distinctly 
remote, the question was settled by treating it 
with one equivalent of dilute sodium hydroxide. 
The i.r. spectrum of the product (6) showed 
absorption due to sulfinate anion and hydroxyl 
functions but nothing ascribable to a carbonyl 
group, as would have been expected from 7. 
Acidification with hydrochloric acid converted 
the sulfinate salt back to 3, showing that the 
alkaline treatment had not led to any deep-seated 
changes in the material. 

The n.m.r. spectrum is in full agreement with 
structure 3 and possesses features of interest. The 
spectrum shows an ABXY pattern in which 
6, = 5.06,6, = 5.41,6, = 6.70,6, = 6.90p.p.m, 
JAB -15.9, JAx 2.55, JAY -1.84, JBx 2.70, JBY 
- 1.57, and Jxy 6.43 Hz. Protons A and B are 
obviously those of the methylene group, the 
pronounced difference in chemical shift between 
them being in excellent agreement both with 
recent observations on the anisotropy of the 
sulfinyl group (succinctly summarized in ref. 14) 
and with the spectra of the following closely 
related compounds: (a) 8, 6, = 5.42, 6, = 5.78 
p.p.m., J,, 13.5 Hz (15), ( 6 )  9, 6, = 5.31, 
6, = 5.98p.p.m., JAB 14 Hz (a), and (c) 1 0  
(obtained by flash thermolysis as described in the 
next section), 6, = 5.32, 6, = 5.72, 6, = 6.81 
p.p.m., JAB - 16.0, J,, 2.21, J,, 1.95 Hz. The 
previous work on the anisotropy of the sulfinyl 
group (cf. ref. 14) clearly indicates proton A in 
each of the above cases is the one cis to the sulfinyl 
oxygen. 

Not long after we had encountered the for- 
mation of 3 from 1,  Dittmer et al. made a 
preliminary announcement (16) of a similar 
rearrangement of a substituted naphthothiete 
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T 13 
Et3N PhOH 

sulfone when heated in the presence of 9,lO- 
dihydroanthracene. There was no indication in 
their abstract (16) that these authors were 
particularly concerned about the possible inter- 
mediacy of a sulfene and we therefore carried on 
with our study. Much more recently these authors 
have published a full account of their work (8) in 
which they refer to "an intermediate (dipolar or 
diradical in character)" which is represented by a 
sulfene structure and two other canonical forms. 
As we had surmised, the study of sulfenes was 
clearly not the primary purpose of their investiga- 
tion and there is in fact relatively little overlap 
between their work and ours. 

Having firmly established structure 3 for the 
thermolysis product, we turned our attention to 
the problem of gaining information about its 
mechanism of formation. Since it seemed likely to 
us that vinylsulfene (2) was a precursor of the 
sultine (3), and since trapping of an alleged inter- 
mediate is traditionally a good piece of circum- 
stantial evidence for a mechanism. we tried a 
number of experiments with potential sulfene 
traps. Aniline, o-chloroaniline, or cyclohexanol 
led to only small amounts of brown intractable 
material, but phenol gave the hoped for ester 11 
in roughly 15% yield. The ester (11) was identified 
by its spectra and an orthodox preparation from 
2-propene-1-sulfonyl chloride (12), presumably 
via 1,2-addition to vinylsulfene (2) (17). When the 
sultine (3) was similarly heated with phenol only a 
brown tar was obtained, showing that the ester 
(11) did not arise from 3. 

In the hope of finding a more efficient trapping 

agent than phenol, we tried heating 1 with cyclo- 
hexylamine. The product, obtained in good yield, 
was, unexpectedly, N-cyclohexylmetlinnesulfon- 
amide (13). The origin of 13  is not established but 
a plausible mechanism is suggested by the obser- 
vation that cyclohexylamine and 1 react at room 
temperature to give the simple addition product 
14. Thermal decomposition of 14 could lead to 
sulfene and N-vinyl-N-cyclohexylamine, followed 
by reaction of sulfene with cyclohexylamine to 
give 13. Such a fragmentation of 14 finds close 
parallel in the fission of 3-thietanol 1,l-dioxide to 
acetaldehyde and formaldehyde on flash ther- 
molysis (see below). 

Trapping experiments in the vapor phase gave 
only negative results. Neither 1-2 mm of ammonia 
(to trap sulfenes) nor 30 mm of oxygen (to trap 
possible free radical intermediates) gave any sign 
of products derived from reaction with the would- 
be trapping reagents. 

As mentioned above, vinylsulfene (2) has been 
implicated (17) in the reaction of 2-propene-l- 
sulfonyl chloride (12) with triethylamine and 
methanol-d. It therefore seemed conceivable that 
vinylsulfene so generated might yield the sultine 3 
provided sulfene traps were absent, but experi- 
ments at 0 and - 40" gave no sign of 3. This result 
was disappointing but not really surprising in view 
of the difference in reaction conditions, the 
requirement of a cisoid conformation of 2 to 
form 3, and the speed and variety of other reaction 
paths available to 2. 

Another experiment was attempted which also 
gave negative results, though in this instance it is 
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the result that would be expected from the vinyl- 
sulfene mechanism. It was argued that if the 
reaction were not an electrocyclic ring opening 
but merely a homolytic cleavage to the diradical 
(in which each of the odd electrons is orthogonal 
to the n-bond) which then closed to the sultine 3, 
a similar (though presumably slower) reaction 
might be observed on thermolysis of trimethylene 
sulfone, the saturated analogue of 1. Trimethy- 
lene sulfone was found to be stable to conditions 
which completely converted 1 to 4, but at 580' 
in the quartz tube it decomposed to give no 
recognizable products other than starting material 
nor any indication of a sultine. On flash ther- 
molysis trimethylene sulfone also behaved differ- 
ently from thiete 1,l-dioxide (I) ,  as is described 
below. 

Flash Thermolytic Experiments 
The original object of these experiments was 

the generation of sulfene. It was hoped that this 
could be achieved by inducing what would now be 
termed the reversal of a 2s + 2a addition in a 
cyclic sulfone. This assumed, probably unjusti- 
fiably, an analogy of sulfene with ketene. Gen- 
erated in this way the sulfene might possibly be 
trapped at liquid nitrogen temperature where it 
would be available for reaction with subsequently 
added reagents and, eventually, for spectroscopic 
examination. The first of these objects has been 
achieved since the completion of the presently 
described experiments, and has been described 
elsewhere (1). 

The apparatus used for the thermolytic experi- 
ments is described in the Experimental section. 
It consists of a flow system5 wherein the heated 
products are quenched rapidly by impinging on a 
liquid nitrogen-cooled cold-finger. The contact 
times were of the order of 1-5 ms. A similar 
apparatus has been described by Hedaya (19). 

The first substances examined were the keto- 
sulfones 15a, b, and c because of their ready 
availability and because, in principle, ketene 
could be one of the products. However, the not 
surprising observation was made that all three 
substances lost sulfur dioxide and carbon mon- 

*The system derives from that of F. P. Lossing who 
over the years has pioneered this technique (see for 
instance ref. 18 and many subsequent papers from Dr. 
Lossing's laboratories). More recently, and roughly 
contemporarily with our own work E. Hedaya and his 
collaborators (19) have made several important and 
elegant contributions to the area. 

oxide virtually quantitatively to give ethylene, 
isobutylene, or styrene respectively. This pre- 
sumably entails the extrusion of one of the small 
fragments followed by coupling to give the three- 
membered ring. A second extrusion then follows. 
There is analogy for all the separate steps of the 
sequence. 

r Y  r-Y 

The thermolysis of thiete 1,l-dioxides was then 
investigated. The parent substance (1) itself gave, 
at 615", the sultine 3 already obtained and 
characterized as described in the preceding sec- 
tion. Similarly 2-phenyl 1,l-thiete dioxide a t  455" 
gave the sultine 10.  Under these conditions 
fragmentation did not occur, and at higher 
temperature, as was later found, loss of the 
elements of sulfur monoxide6 took place (4). No  
sultine could be obtained from the thermolysis of 
2,2-dimethyl thiete 1,l-dioxide. 

The thermolysis of thietane 1,l-dioxide (16a) 
itself gave cyclopropane, propylene, and sulfur 
dioxide (Table 1). Similarly 2,2-dimethylthietane 
1,l-dioxide (16b) gave 3-methyl-1-butene, 2- 
methyl-2-butene, 2-methyl-1-butene, and sulfur 
dioxide. The initial process would appear to be 
homolysis of the carbon-sulfur bond followed 
normally by formation of the 1,3-diradical and 
closure (or hydrogen migration). The formation 
of cyclopropane and propene from such a 1,3- 
radical has been proposed by Flowers and Frey 
from a study of the photolysis of cyclobutanone 
(23). The ratio of methylbutene formed in the 
thermolysis of 2,2-dimethylthietane 1,l-dioxide is 
close to that found by Flowers and Frey (24) in the 

6By analogy with the term "desulfonylation" (20) which 
refers to loss of sulfur dioxide, we designate the loss of 
sulfur monoxide as "desulfinylation". The process has 
been observed with episulfoxides (21) and sulfones at  high 
temperature (22). 
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TABLE 1 
Thermolysis of thietane and thietanone 1,l-dioxides 

Pressure (p) Products (%) 
Temperature Time 

Compound ("0 Pump Furnace (min) SOz Hydrocarbons 

Ethylene 
96.1 
99.7 

Isobutylene 
96.5 
93.5 

Styrene 
97.6 
91.5 

Ethvlene Propylene Cyclopropane 
43.5 51.2 
46.2  52.5 
3-Methyl-I-butene plus 

2-Methyl-1-butene 
15.6 
15.9 

*At 800' and 1&20 p 160 gave in addition to the hydrocarbons a small amount of starting material (< 15%) and - 10% of the saturated 
sultine analogous to 3. 

TABLE 2 
Products of thermolysis of 3-thietanol 1,l-dioxide (17) at 935" 

Product MeCHO MeCH(OMe)2 CH2(0Me), EtCHO MeCOMe CHz=CHCHO CzH6 CZH4 SOz 

Yield Run1 2 . 8  24.0 6 . 4  
Run2 4 .5  23.3 6 .9  

*Not determined. 

pyrolysis of dimethylcyclopropane. 3-Methyl-l- 
butene and 2-methyl-2-butene plus 2-methyl-l- 
butene were formed in the ratio of 1.0:0.96 as 
against 1.0:0.77 from the thietane 1,l-dioxide. At 
800" and 10-20 p, conditions sufficiently mild to 
give back a little unreacted starting material, 16a 
also gave a small amount (- 10%) of the saturated 
sultine, 1,2-oxathiolane 2-oxide (25), presumably 
from the initially formed diradical. 

Concurrent with the thermolysis of the thiete 
dioxides the flash thermolysis of 3-thietanol 1,l- 
dioxide (17) was also investigated. Here it was 
hoped that occurrence of the desired fission could 
be detected by the observation of the formation of 
acetaldehyde. This (in its enolic form) would be, 
together with sulfene, the product of a reversed 
2a + 2s addition. The product mixture obtained 
was complex (see Table 2). When thermolyzed 
with no trapping agent on the cold-finger, only a 
small percentage of chloroform-soluble material 
was obtained and a large amount of polymer was 
formed. When methanol (intended as a trap for 

any sulfene formed) was deposited on the cold- 
finger the products listed were obtained in the 
indicated yields. 

The formation of some of the products could be 
readily explained. Extrusion of sulfur dioxide 
could give acetone and propionaldehyde by 
hydrogen migration or by closure to cyclo- 
propanol and rearrangement. Some dehydration 
to thiete 1,l-dioxide could occur, and the high 
temperature rearrangement of this was known (4) 
to give acrolein. 

The formation of acetaldehyde and its dimethyl 
acetal indicated that a third mechanism of decom- 
position was operative which could have been 
that originally desired. At the same time the 
formation of formaldehyde required explanation. 
Both observations can be rationalized if it be 
assumed that the initially formed sulfene re- 
arranges to thecyclic isomer 18 which then under- 
goes desulfinylation (4). It would appear that the 
desulfinylation of sulfenes is a general process a t  
temperatures above 700-800". For instance, it has 
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been further observed that methanesulfonyl 
chloride at 940' also gives formaldehyde, ethene- 
sulfonyl chloride above 800" gives chloroacetal- 
dehyde (presumably from chloromethyl sulfene), 
and 1,3-dithietane 1 , I  ,3,3-tetroxide ("sulfene 
dimer") (26) at 900" yields formaldehyde as well 
as sulfur dioxide and ethylene.7 These results are 
readily and consistently accounted for by assum- 
ing thermal fragmentation or rearrangement to 
form a sulfene, followed by desulfinylation. It 
should be further pointed out that with those 
systems for which there is evidence for sulfene 
formation at the lower temperatures, only the 
desulfinylation product is found a t  the higher 
temperatures. 

In the 3-thietanol 1 ,I-dioxide experiment, if the 
foregoing be true, the yield of sulfur dioxide 
should equal that of the acetone and propion- 
aldehyde combined; this is indeed approximately 
so. The remaining sulfur is extruded as SO and 
was observed as a red material on the Dewar 
surface which was transformed into a yellow 
insoluble polymer on being warmed to room 
temperature. This behavior is compatible with the 
disproportionation,of sulfur monoxide to disulfur 
monoxide and conversion of the latter to 
poly(su1fur oxide) (27). 

Discussion of the Mechanism of the Rearrangement 
o f l - 3  

The evidence given above describing experi- 
ments on thiete I ,  1-dioxide (1) and related com- 
pounds is not sufficient to prove the intermediacy 
of vinylsulfene (2) in the rearrangement of 1 to 3, 
but taken with other data does contribute to a 
persuasive circumstantial case for the sulfene 
mechanism. The argument may be summarized 
by the following points. (a) Thermal opening of 
four-membered rings containing an endocyclic 
double bond has in other instances been shown to 
be a cyclic, concerted process. (b) The product 
expected from trapping of a sulfene has been 
obtained in one case; the low yield in this reaction 
and the failure of other trapping experiments can 
be reasonably attributed to one or more of the 
following: (i) instability of the trapped product, 
(ii) fast unimolecular reaction of vinylsulfene (2), 
(iii) diversion of the course of the reaction by 
preliminary interception of the starting material 
by the would-be trapping reagent. (c) The 

'D. L. Verdun and D. R.  K. Harding, unpublished 
observations in these laboratories. 

thermolysis of trimethylene sulfone (16a), which 
cannot undergo analogous ring opening, gives 
different products, probably by a completely 
different route, from 1.' (d) High temperature 
flash thermolysis of 1 gives the desulfinylation 
product, acrolein, and derivatives of 1 which have 
been similarly treated react analogously (3, 4). 
(e) Considerable evidence is now available con- 
cerning the "abnormal" route to and from sul- 
fenes, and, in particular, there is independent 
evidence of formation of a substituted cyclic 
sulfinic ester from a vinylsulfene. Points (a)-(d) 
have already been discussed in recounting the 
experiments, but the final aspect of the argument, 
(e), requires amplification. 

Point (e) concerns "abnormal" addition to 
sulfenes, which has been defined (3), as one 
leading to a sulfinyl derivative; this contrasts with 
"normal" addition which gives a sulfonyl deriva- 
tive. By this definition formation of the sultine 3 
from vinylsulfene (2) (and also of 1 8  from sulfene) 
would be an "abnormal" addition and a mention 
of the present status of such addition would seem 
relevant. 

T o  complement our earlier approach to this 
question (28), we have recently obtained strong 
evidence (29) for the formation of methylsulfene 
from the a-chlorosulfinate anion. This reaction is 
the reverse of "abnormal" addition and shows 
that the free energy of the transition state for the 
"abnormal" route is not impossibly high. As the 
terminology implies, the "normal" addition 
ordinarily has the lower activation energy, but for 
reactions such as those discussed in this paper and 
earlier (28), in which the "normal" process 
merely gives back starting material, product 
formation via the "abnormal" route would seem 
eminently reasonable. 

In addition to our general observations on the 
"abnormal" reaction, we have recently en- 

T h e  formation of a small amount of saturated sultine 
from 160 could be taken as indicating that 1 and 16a 
react by similar mechanisms, the cyclopropane and 
propylene merely arising from further reaction of the 
saturated sultine. Control experiments by D. R. K. 
Harding in these laboratories, however, show that the 
saturated sultine is less susceptible to thermal decomposi- 
tion than 16a and only 25%, at the most, of the products 
from 16a could arise via the sultine. At the same time the 
complete absence of desulfonylation products for 1 over a 
temperature range from 61 5-950" (4, 10) strongly suggests 
that the homolysis mechanism which easily accounts for 
the products from 16n cannot be important in the 
thermolysis of 1. 
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countered another reaction for which our pre- 
ferred mechanism is acyclization of avinylsulfene 
to a sultine. The benzothiadiazine 19 on reaction 
with chlorine in an anhydrous medium gives 22 
(30, and B. L. Huston and L. J. Danks, un- 
published observations). An attractive rationali- 
zation of this observation is that 20, the primary 
product of chlorination, undergoes a reverse 
Diels-Alder reaction with loss of nitrogen to give 
21, which then cyclizes in the same way as 2 to 
give 22. 

Experimental 
Melting points were determined on a Kofler hot stage 

and are uncorrected. The i.r. spectra were obtained with a 
Beckman IR-10 spectrophotonieter using sodium chloride 
cells. The n.m.r. spectra were determined either on  a 
Varian A-60 or a Varian HA-100 instrument. The t.1.c. 
was carried out using Camag Kieselgel D F  5. Degassing 
of sealed tubes prior to thermolysis was carried out by 
freezing the mixture in liquid N,, pumping with a vacuum 
pump for a few minutes, thawing, and then repeating 
the procedure twice more. 

I,I-Dioxy-3-tllietanyl P/let~)~/tnetl~anesu~ot~ate (4b) 
3-Thietanol 1,l-dioxide (17) (1 g, 8.2 mmoles), prepared 

by the method of Truce and Norell (6), and phenyl- 
methanesulfonyl chloride (1.71 g, 9.0 mmoles) were 
dissolved in dry tetrahydrofuran (40 ml). Triethylamine 
(1.01 g, 10 mmoles) was added dropwise and with stirring 
to this solution and the mixture stirred for 1 h further. 
The solvent was then evaporated under reduced pressure; 
the residue was taken up in methylene chloride and this 
solution washed with water, dried, and the solvent 
evaporated leaving a colorless residue (2.2 g). Recrys- 
tallization from methylene chloride gave a product (2.01 
g, 89%) melting at 189-190". 

Anal. Calcd. for C,,H,20,S: C, 43.49; H ,  4.38; S, 
23.20. Found: C,  43.62; H, 4.34; S, 23.01. 

Thiefe I ,  I- Dioxide ( I )  
1,l-Dioxy-3-thietanyl phenylmethanesulfonate (1.0 g, 

prepared as above) was suspended in benzene (50 ml) 
at 50". A solution of triethylamine (3.6 ml) in benzene 
(10 ml) was added and the mixture stirred for 1 h further. 
The solvent was evaporated and the residue extracted 
with ether (three portions of 60 ml). The solvent of the 
combined extracts was evaporated and the residue 
recrystallized from benzene -petroleum ether giving a 
product (360 mg, 96%) melting at 47-49" and showing i.r. 
and n.m.r. spectra agreeing well with those already 
reported (5, 31). 

Low Tenrperaflrre Tl~ert~~olysis  of Tl~iete I ,  I- Diosirle ( I )  
( a )  111 rlre Gas Phase 
The gas phase thermolyses were carried out in a quartz 

test tube (30 cm long and 1 cni outside diameter) fitted 
with a B10 male ground glass joint. The latter was 
connected to a Pyrex U-tube which could be cooled by 
immersing the lower part in a Dewar flask containing a 
Dry Ice-acetone mixture. Thiete 1,l-dioxide (100 mg; 
0.96 mmole) was placed at  the closed end of the quartz 
tube, which was then fitted with the U-tube and evacuated 
to 0.02 mm Hg (measured between the cold trap and the 
pump). In  the meantime the quartz tube was heated to 
450" by nieans of a furnace so arranged that the closed 
end containing the organic material protruded about 3 cm 
out of the furnace. After about 45 min all of the thiete 
1,l-dioxide had passed through the tube and a yellow 
liquid with a sharp irritating odor had collected in 
the U-tube (88 mg, 85%). 'This liquid was distilled 
twice in a small cold-finger distillation apparatus; b.p. 
90°/15 mm. The i.r. spectrum (CCI,) showed absorption 
at  3090(w), 2920(w), 2860(w), 1600(w), 1445(w), 1335(w), 
1280(m), 1195(w), 1135(s), 1085(ni), 1005(ni), 985(s), 
920(m), 705(s), 645(m), 615(m). The n.m.r. values given 
in the Results and Discussion were obtained from a 
spectrum determined on the HA-100 instrument using the 
LAOCOON 111 computer program. The signs of the 
coupling constants could not be rigorously assigned; 
those giving best agreement between observed and com- 
puted spectra are given. 

Anal. Calcd. for C,H402S: C, 34.60; H, 3.87; S, 30.79. 
Found: C, 34.45; H ,  3.85; S, 30.68. 

Thermolyses carried out at 450" and 0.005 mnl and at 
390" and 0.005 mm in the same apparatus gave similar. 
results. 

The above quartz thermolysis tube was fitted with a 
tubulation at the closed end to allow gases to be added 
during the reaction. In one experiment ammonia was 
passed through the tube during the thermolysis of a 
sample of thiete 1,l-dioxide (60 mg). A second trap cooled 
in liquid nitrogen was added to retain the ammonia. The 
pressure measured between the liquid nitrogen trap and 
the pump varied between 1 and 2 mm. The product con- 
tained in the front trap (50 mg) was shown by i.r. and 
t.1.c. to be an  approximately 1 : l  mixture of thiete 1,l- 
dioxide (1) and the cyclic sulfinic ester (3); there was no  
indication of any product derived from reaction with 
ammonia. When a sample of thiete 1,l-dioxide was passed 
through the tube at 450" in the presence of a rapid stream 
of oxygen (pressure between the traps and pump > 30 
mm), the product (43 mg) was also found by i.r. and t.1.c. 
to be 1 :1 mixture of thiete 1,l-dioxide and the sultine 
(3) with no sign of material derived from any reaction 
with oxygen. 

(b )  In Solurior~ 
Thiete 1,l-dioxide (1) (15 mg) was dissolved in benzene 
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(1 ml) contained in a thick-walled Pyrex tube (outer 
diameter 1 cni). The sample was degassed and sealed 
under reduced pressure and the tube heated in a Carius 
oven at 280" for 10 min. The tube was cooled and the 
benzene evaporated leaving an oil (1 1 mg) identical in 1.r. 
spectrum and t.1.c. behavior with the sultine (3) obtained 
from the gas phase thermolyses. 

Similar thermolyses at 220" for 30 min and 230" for 10 
min gave products containing both unreacted thiete 
1,l-dioxide and the sultlne (3). Use of xylene as the solvent 
In an experiment carried out at 270' for 45 min led to a 
dark brown product which was shown by t.1.c. to have, 
amongst others, one component with the same Rr value 
as the sultine (3). Similar treatment of sultine 3 also gave 
an extensively deconiposed material. 

Reaction of Sultine 3 wit11 Sodil~tn Hydroxide 
The sultine (3) (45 mg, 0.43 nimole) was dissolved In 

0.1 N sodluni hydroxide (4.3 ml) and the solution stlrred 
at room temperature for 2 h. The water was evaporated 
under reduced pressure leaving a gummy residue, 
insoluble in ether, methylene chloride, or chloroform, 
which was taken LIP in methanol (2 nil). A small portion 
of thls was deposited on a sodium chloride plate and the 
solvent evaporated Ieavlnga film; the i.r. spectrum of this 
film showed bands at 1020 and 960 characteristic of sul- 
finate anions (1 I), a very strong hydroxyl band at 3300, 
absorption presumably due to water around 1650 and no 
sign of any peaks between 1700 and 200 cnirL.  

The methanol was evaporated from the major portion 
remaining above and the residue dissolved In 5 N HCI 
(3 ml). The solution was saturated with sodium chloride 
and continuously extracted with methylene chloride for 
26 h. The organic extract was dried with niagnesluni 
sulfate and the solvent evaporated leaving an oil (28 mg) 
which was ~dent~fied as sultine 3 by i.r., t.l.c., and v.p.c. 

Oxirlntior~ of Sultrtle 3 with Hydrogen Peroxide 
The sultine (3) (49 mg) was dissolved In a solution 

(1 ml) obtained by nilxlng glacial acetic acid (3 ml) w ~ t h  
30% hydrogen perox~de solutlon (0.8 nil), and the 
resulting solution refluxed for 2 h. The reaction mixture 
was cooled, poured into water, and extracted wlth niethy- 
lenechloride.The methylenechlorlde extracts were washed 
with saturated sodium carbonate solution, drled over 
magnesium sulfate, and the solvent evaporated, leaving 
a nearly colorless solld (40 mg) which on recrystalllzation 
from ether melted at 83-84'. Preparat~on of the unsatu- 
rated sultone (5) has been reported (without experimental 
details) previously; reported m.p. 78" (12) and 83-84" 
(13). The i.r. spectrum displayed strong bands at 1360 
and 1190 cm-', the n.m.r. spectrum showed only a coni- 
plex multlplet around 7.0 and an apparent triplet at 5.1 
p.p.m. wlth the same integrated intensity as the other 
band. 

Tllermolysis of Thiete 1,l-Dioxide in Benzene-Phenol 
Thiete 1,l-dioxide (90 nig) was dissolved in benzene 

(I ml) contained in a thick-walled Pyrex tube as descr~bed 
above and phenol (0.3 g) added. The tube was degassed 
and sealed under vacuum and heated In a Carius oven 
at 220" for 30 min. The dark brown reaction mixture was 
taken up in ether and washed with portions of 10% 
aqueous sodium hydrox~de and water. The ether solution 
was dried over niagneslum sulfate and the solvent 

evaporated leaving a dark brown oil (25 mg) which 
showed bands at 1370 and 1140 cm-' characteristic of a 
sulfonic ester. A number of similarly executed runs gave 
the following results: (i) 15 mg heated at 270-280" for 
10 min gave 7 mg of crude product, (ii) 12 mg heated at 
270-280" for 15 min gave 8 mg of crude product, (iii) 40 
mg heated at 185" for 2 h gave 4 mg of crude product, 
(iu) 400 mg heated at 250" for 15 min gave 80 mg of crude 
product. 

The crude product (- 150 mg) from a number of such 
runs was subjected to preparative t.1.c. using benzene as  
the developing solvent. The purified sulfonate (- 70 mg) 
obtained from the chromatography was distilled in a 
glass tube (b.p. 85"/0.005 mm) and the distillate subjected 
to preparative v.p.c., (GE-SE 30 on Chrom W at 140"). 
 he sample of phenyl 2-propene-l-sulfonate so obtained 
had nDZS = 1.5216, strong i.r. bands at  1390, 1370, 1170, 
1150, and 870 cm-I, and the following n.m.r. signals: 
7.5 (5H, s), a multiplet between 5.4 and 6.4 (3H), and a 
doublet at  4.1 p.p.m. (2H). 

Preparation of Phenyl2-Propene-1-sulfot~ate (11) 
from 2-Propene-I-sulfor~yl Cl~loride ((12) 

Triethylamine (2 ml) in methylene chloride (5 ml) was 
added dropwise to a stirred solution of 2-propene-l- 
sulfonyl chloride (12) (500 nig) and phenol (1 g) in 
methylene chloride (50 ml) at room temperature. The 
stirring was continued for 1 h after the addition. The 
reaction mixture was then washed with 2 N HCI, 10% 
aqueous NaOH, and water, respectively. The methylene 
chloride extract was dried and the solvent evaporated 
yielding a colorless oil (500 mg). A specimen for analysis, 
determination of physical properties, and comparison 
with the material from the thermolytic experiments was 
obtained by v.p.c. as described above; the i.r. and n.m.r. 
spectra were identical to those of the specimen of (11) 
obtained from thiete 1,l-dioxide (1); rlDZ5 = 1.5211. 

Anal. Calcd. for C9Hlo03S:  C, 54.53; H, 5.08; S, 16.18. 
Found: C, 54.59; H,  4.85; S, 16.28. 

Reaction of Slrltit~e 3 111irh Phenol 
The sultine (3) (80 mg) was dissolved in benzene (1 ml) 

in a thick-walled Pyrex tube and phenol (0.5 g) added. 
The tube was degassed, sealed under vacuum, and heated 
at 245" for 15 min. The dark brown reaction mixture was 
taken up in ether (10 ml) and washed with dilute NaOH 
and water. The organic phase was dried and the solvent 
evaporated leaving a brown tar (5 mg) which showed no 
distinctive features either on t.1.c. or in its i.r. spectrum. 

Attenlpted Trapping o j  the Suyene with Anlines and 
Cyclohexanol 

These experiments were carried out in degassed solu- 
tions in dry benzene in sealed tubes as described above. 

Aniline (0.5 ml) was added to a solution of thiete 
1,l-dioxide (1) (45 mg) in benzene (0.5 ml) and the mix- 
ture heated at 240" for 30 min to give an almost black 
product which was diluted with methylene chloride and 
washed with 2 N HCI and water. Evaporation of the 
solvent gave a small amount (5 mg) of a dark brown 
residue showing no distinct features on t.1.c. o-Chloro- 
aniline (0.5 ml) in benzene (0.5 nil) containing the thiete 
dioxide (30 mg) was heated for 20 min at 220". Similar 
work-up gave only a few milligrams of brown product 
showing only a brown streak on t.1.c. Cyclohexanol (0.5 
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FIG. 1. (a, 6 )  A, quarter-swing butterfly valves; B, trapping agent inlet; C, vacuum gauge*; D, vacuum seal 
coupling; E, thermocouple well; F,  main oven; G,  sublimation oven; H, water-cooling coil; I, ball bearing race; 
J, liquid nitrogen cold-finger; K, connection leading to the sample-handling manifold: L, connection to main pump. 

*The apparatus in Fig. I n  also has a Hastings gauge located adjacent to the vacuum seal coupling D and is not 
shown on the drawing. 

with a layer of asbestos paper. The last 4 in. were loosely 
bound with an add~tional 4 ft of the same wire. The ends 
of both wirings were attached to the through-connec- 
tors." Llquids after distillation from the Dewars or 
U-tube collectors were transferred in tne usual way 

I0More recently platinum-iridium wire has been used 
to permit the attainment of temperatures up to 1300'. 

through a vacuum line. Gases were collected in a 75 ml 
stainless steel bomb filled with & stainless steel balls, 
the whole being cooled in liquid nitrogen. The apparatus 
was evacuated using a Welch Model 1403 pump and a 
Consolidated Vacuum Corporation VMF-20 oil diffusion 
pump. The pressure was monitored at several stations 
using Hastings gauges. In more recent modifications we 
have used a Speedivac ED-500 pump. In the presently 
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described experiments pressures of the order of 100 p 
were used. More recently pressures between 1 4 0  p have 
been routine. 

For analytical purposes, calibrating compounds in 
known amounts were added to the products. These are 
specified in the text. Sulfur dioxide was also estimated 
iodometrically. 

Contact times were calculated from the formula 

where P is the pressure, V, the volume of the hot zone of 
reactor, T, the reaction temperature (OK), t the time of 
reaction (s), m the moles of material passed. The contact 
times used were of the order of ms, but in view of the 
dubious significance of the term so derived the values 
should only be given a relative sense. 

The thermolyses for these relatively non-volatile sub- 
stances were carried out by placing a known weight of 
material in the first section of the furnace. The material 
was slowly sublimed through the hot zone with a small 
stream of nitrogen to minimize back sublimation. Any 
starting material which did sublime backwards was 
washed out and weighed. Traps were cooled in liquid 
nitrogen. All materials were shown to be sublimed 
unchanged. 

Therinolyses 
(a) Thietane I,]- Dioxide (Ida) 
(i) Approximately 80 mg of the substance was thermo- 

lyzed at 465,595, and 765" (100 p). The only non-gaseous 
material observed was starting material in 92.5, 78.6, 
and 36.5% yield, respectively. 

(ii) Approximately 90 mg of the substance was ther- 
molyzed at  950" at 100 p. Aftel completion of the reac- 
tion and cooling, 5.0 ml of propane gas was added. The 
mixture was analyzed on a 5 ft x in. 10% Ethofat on 
chromosorb P column at 100". The products were identi- 
fied by i.r. and retention time as ethylene, propylene, and 
SO, (see Table 1). 

(b) 2,2-Dirnethyl-thietane I,]-Dioxide (166) 
(i) At 465 and 610" (180 p) 71 and 40% recoveries were 

obtained. 
(ii) Thermolysis at  950" (120 p) using methyl formate 

as calibrating compound gave, using a 5 ft x in. 
Porapak S at 150" column, the results in Table 1. The 
products were identified by i.r. spectra and v.p.c. retention 
time, and the hydrocarbons also by n.m.r. 

(c) 3-Thietanone, 2,2-Dirnethyl- and 2-Phenyl-3- 
thietanone I,]-Dioxides (15a, b, and c, respectiuely) 

About 200 mg of the ketone was thermolyzed at near 
930" (- 200 p). Propane, n-pentanol, and n-propanol 
were used as the calibrating compounds, respectively. 
The columns used were 5 ft x in. Porapak S at 80' for 
the first analysis, 20 x & in. l w O  FFAP on chromosorb 
P at 110" for the second and third. In the first and third 
cases the SO, analysis was confirmed iodometrically. The 
results are contained in Table 1. 

(d) 3-Thietanol ],]-Dioxide (17) 
(i) Methanol (0.5 ml) was placed in the trap (a U-tube) 

and 200 mg of the alcohol thermolyzed at 935" (1 10 p). 
Methyl formate (calibrating compound) was added, the 

products washed with 0.5 ml methanol, and the mixture 
analyzed (20 x 4 in. 10% FFAP on chromosorb P at 
50"). The following substances were isolated and the 
means of identification are indicated parenthetically: 
acetaldehyde (n.m.r., v.p.c.), dimethoxymethane (i.r., 
n.m.r., v.p.c.), propionaldehyde(v.p.c., 2,4-dinitrophenyl- 
hydrazone), acetone (i.r., n.m.r., v.p.c., 2,4-dinitrophenyl- 
hydrazone), acetaldehyde dimethyl acetal (i.r. n.m.r., 
v.p.c.), acrolein (v.p.c., 2,4-dinitrophenylhydrazone). 

(ii) A cold-finger trap was used omitting methanol. A 
thermolysis at 940" (100 p) with propane as calibrating 
compound gave ethane, ethylene, and sulfur dioxide 
identified by v.p.c. retention time and i.r. spectrum. The 
results are given in Table 2. 

(e) Thiete I,]-Dio.xide (I) 
146 mg of the dioxide were thermolyzed at 615" (10 p). 

Undecomposed material (55 mg) was recovered and 64 
mg (70%, based on unrecovered starting material) of the 
sultine (3) was obtained. 

(f) 2-Pheilylthiete I,]-Dio.uide 
200 mg of the dioxide were thermolyzed at 455' (50 p). 

A mixture of phenyl vinyl ketone (10) and the sultine 
(10) was obtained. This was separated by thin-layer 
chromatography (eluent: CHCI,) to give the pure sultine 
(55 mg, 27%), m.p. 74.5-75.5", v ,,,, (CCI,) 1135, 1028 
cm-l ,  and an ABX pattern at 6 ,  = 5.32, 6 ,  = 5.72, 

= 6.81, JAB = 15, JAX = 2.21, and JBx = 1.95 Hz, 
and a five proton singlet at 7.47. 

Anal. Calcd. for CpH80,S: C, 60.00; H, 4.48; S, 17.77. 
Found: C, 60.18; H,  4.57; S, 17.87. 

We are grateful to Professor J. B. Stothers for his aid 
in obtaining and interpreting the calculated n.m.r. 
spectra, Dr. D. N. Harpp (McGill University) for kindly 
supplying us with the experimental details for preparing 
the saturated sultine, and Mr. D. R. K. Harding for 
completing certain of the experiments. This work was 
supported by the Petroleum Research Fund, administered 
by the American Chemical Society, and by the National 
Research Council of Canada. 
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Simple and quick method for the dielectric study of solid powders 

K. K. SRIVASTAVA, G. F WRIGHT, S. L. KHANNA,' IQBAL KRISHAN, AND R. K. NAYAR 
Department of Chemistry, University of Toronto, Tororzto 181, Ontario 

Received June 8 ,  1970 

The dielectric constant values for many substances have been determined at a frequency of 1 MHz by 
the method discussed in the paper. In some cases, these values have also been determined by other 
commonly used methods and show a good agreement. 

Canadian Journal o f  Chemistry, 48, 3716 (1970) 

Introduction sodium which was subsequently distilled (b.p. 

The method was essentially suggested by 
Knoke (1) who carried out the moisture-content 
measurements of some solid powders. It is based 
on the principle of immersion, i.e. the dielectric 
constant of liquid mixture is varied until the 
introduction of powder does not cause any more 
change. Incidentally no data seem to be available 
on dielectric measurements based on this method. 
The authors have found that the method is not 
only extremely quick but also provides reliable 
results. The limitations of this method have also 
been discussed here which were omitted by Knoke 
probably because he was only interested in the 
measurement of moisture-content. 

Apparatus Used 
( A )  Dielectrometer 
The dielectric constant values have been deter- 

mined with the help of a Dielectrometer (2), 
designed and fabricated by one of us (K.K.S.). 

( B )  Dielectric Cell (Type PD-797) 
The cell was supplied by Haardt and CO., 

G.M.B.H., West Germany. It contains two 
measuring systems, both being concentric cylin- 
drical plates of nearly equal dimensions (capaci- 
ties: 5.33 p F  and 5.4 pF) located one above the 
other in a glass tube. The two systems can be 
separately connected to the Dielectrometer by 
the help of a switch. Figure 1 gives the sketch of 
the cell. 

Chemicals 
The following liquids were chosen for the 

calibration of the dielectric cell. 
Cyclohexane (L.R., B.D.H.) was fractionally 

distilled and the middle cut was dried over 

'Present address: Physics Department, York College, 
York, Pennsylvania. 

2The authors are grateful to Dr. Bal Krishna of 
Allahabad University, Allahabad, India, for lending the 
cell. 

80 "C). 
Carbon tetrachloride (A.R., B.D.H.) was dis- 

tilled over sodium and the middle cut (b.p. 
76.5 "C) was collected for use. 

Benzene ( E .  Merck) was distilled once and the 
middle fraction (b.p. 80 "C) was further crystal- 
lized before use. 

Decalin (Reidel, Pure Grade) was used as such. 
Their accepted values for dielectric constant at  

20 "C are 2.023, 2.238, 2.284, and 2.160 re- 
spectively. 

Experimental 
The cell is first calibrated with substances of known 

dielectric constant values. This is done by filling the cell 
consecutively with liquids of known values and noting 
the dielectrometer readings for the upper measuring 
system. A plot of these readings against the dielectric 
constant values gives the calibration curve, shown in 
Fig. 2. Next, the cell is filled up to well above the upper 
measuring system with decalin (or any other non-polar 
substance of low dielectric constant) and the dielectrom- 
eter settings are noted for the upper as well as the lower 
measuring systems. A few drops of nitrobenzene (or any 
other polar substance of high dielectric constant) are 
then added into the cell which is shaken thoroughly. 
Again the dielectrometer settings for the upper and the 
lower systems are noted. This procedure is repeated 
several times by adding more and more nitrobenzene. 
A graph is then plotted with the dielectrometer readings 
for the upper system as abscissa and the differences of 
readings between the upper and lower settings as 
ordinate. This graph, called the compensation curve, 
should be a straight line, shown in Fig. 1. 

Lastly, the cell is filled with decalin and enough of 
powdered sample is added into the cell so as to cover the 
lower measuring system. After the solid particles of the 
sample settle down and the liquid in the upper measuring 
system becomes clear, the dielectrometer readings for 
both the measuring systems are taken. Thereafter, a small 
amount of nitrobenzene is added into the cell which is 
shaken thoroughly. After the powder settles down, the 
dielectrometer readings for both the systems are again 
noted. This procedure is repeated a few more times by 
adding further quantities of nitrobenzene into the cell. 
The plot of dielectrometer readings for the upper system 
against the differences in readings between the two sys- 
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SRIVASTAVA ET AL.: DIELECTRIC STUDY OF POWDERS 

WXIM OF THE UPPER MEASIIRING SYSTEM IN PF 

FIG. 1 .  Variation of the difference between the upper and lower systems with the dielectric constant of the im- 
mersion mixture. 

w n c r r ~  OF THE UPPER MASMNG s r m n  IN w 

FIG. 2. Variation of the capacitance of the upper measuring system with the known dielectric constants. 

terns should also be a straight line and is called the analy- 
sis curve, shown in Fig. 3.  The scale used for this curve 
should be the same as that for the compensation curve. 
It may be mentioned that the analysis curves for all the 
substances are found to be straight lines. 

The point of intersection of the analysis curve with the 
compensation curve indicates graphically when the 
capacity of the measuring cell, filled with the immersion - 

liquid, is equal to the capacity of the measuring cell with 
the powder sample immersed in the immersion mixture. 

The abscissa value for the point of intersection of these 
two curves is noted and corresponding value of dielectric 
constant is obtained from the calibration curve. 

All the observations3 were madc at 20 "C. Table 1 
Iists the experimental substances, their manufacturers, 
melting points whenever it could be determined, and the 
measured values of dielectric constant. 
-- 

3These measurements were made in the Department of 
Physics of Panjab University, Chandigarh, India. 
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I 1 I I I I I I I I I I I 
76 77 78 79 8 0  81 82 rn M 85 86 87 88  89 

CAPACITY OF THE UPPER UEASURIHG SYSTEU IN PF 

+ I  

0 

-16 

-10 

-3.0 

-4.0 

-50- 

-60 

-7.0 

FIG. 3. Variation of the difference between the upper and lower systems with the dielectric constant of the im- 
mersion mixture containing powder. 

O- C M U I U U  BROMIDE 

- x - POTASSIUU ~ULATE 
A - POTASSIUU CITRATE 

.. 0 - POTASYUU OXALATE 

-.. - 
COUPENSATIOH CURVE 

- 

- 

- 

- 

- 
ANALYSIS CURVE 

- 

TABLE 1 

Dielectric constants of substances under study 
-. -- 

Melting point ("C) 
Dielectric 

Substance Source Observed Literature constant 

Potassium nitrate 
Boric acid 
Urea 
Diaminoethanetetraacetic acid 
Triphenylamine 

Tribenzylamine 
Tetrabutylammonium iodide 
Tetraethylammonium iodide 
Aluminum potassium sulfate 
N,N,Nf,N'-TetramethyI-p- 

phenylenediamine 
dihydrochloride 

Cadmium bromide 
Potassium sulfate 
Potassium citrate 
Potassium oxalate 
p-Chloroaniline 
p-Toluidine 
Lithium carbonate 
Benzophenone 

Merck 
A.R., B.D.H. 
May & Baker 
L.R., B.D.H. 
Dr. Theodor Schuchardt 

(West Germany) 
Fluka (Switzerland) 
Dr. Theodor Schuchardt 
Dr. Theodor Schuchardt 
L.R., B.D.H. 

Dr. Theodor Schuchardt 
L.R., B.D.H. 
Merck 
L.R.. B.D.H. 

7 -- 
L.R:, B.D.H. 
Dr. Theodor Schuchardt 
German (repacked) 
L.R., B.D.H. 
Dr. Theodor Schuchardt 
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SUBSTANCE: TRIPHENYUMINE 

2.5 

100 120 I40 
TEMPERATURE IN OC 

FIG. 4. Variation of dielectric constant with temperature for triphenylarnine. 

4 0  d o  6 0 '  100 120 140 
TEMPERATURE IN OC 

FIG. 5. Variation of dielectric constant with temperature for tribenzylamine. 

Discussion 
The air-capacity of the lower cell is slightly 

greater than that of the upper cell. For liquids, 
having lower values of dielectric constant, the 
lead-capacitances are not negligible in comparison 
to the air-capacitances of the cells. The measured 
capacitance of the upper system, therefore, shows 
a greater value than the lower system which makes 
the difference a positive number. As we increase 
the dielectric constant of the liquid-mixture, the 

lead-capacity starts getting less and less sig- 
nificant which makes the difference a negative 
quantity. Obviously, therefore, this method would 
give slightly higher values for powders having 
large values of dielectric constant, because the 
effective lead-capacity of the lower system, having 
the dielectric material, will not be negligible. 
Another limiting factor is the solubility of the 
experimental substance in the immersion mix- 
ture. The sample must exist in the solid state 
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1 
0.005 0.010 0.015 

T h i c ~ n t s s  i- inches 

FIG. 6. Dielectric constant of benzophenone. 

(covering the lower system) while the measure- tion of the fact that benzophenone is the sub- 
ments are being made. Its slight solubilization stance among those examined which has an 
during shaking of the cell would not affect the appreciable, though slight, solubility in decalin it 
results as the dielectric constant of the immersion appears that there is much to recommend the 
mixture is varied uniformly through the entire immersion method for determination of the 
region of the cell. If the substance has a tendency dielectric constant of solids to high precision. 
to dissolve during the time of measurements, then 
the analysis curve would not be a straight line. Conclusions 

The dielectric constants of trivhenvlamine and 
tribenzylamine, which could easily 6e melted in 
the laboratory, were also determined at different 
temperatures by using a simple cylindrical cell 
(3). At freezing points, these substances show 
values of 2.45 and 2.56 (see Figs. 4 and 5) which 
agree with those obtained bv the immersion 

The immersion method gives reasonably good 
values of dielectric constant of solids. It  should 
be considered as alternative, if not preferable to 
other methods now in use. The limitation of'the 
immersion method is undue solubility of the 
candidate substance in the immersion medium. - 

method, i.e. 2.46 and 2.56. ~ e h a r d  er a1 in this 
KNOKE, Z. Eleklrochem. 41, 749 (1937), 

laboratory, made a series of benzophenone 2. J. K. VIJ and K. K. SRIVASTAVA. Indian J. Pure 
wafers of varying thicknesses and measured their Appi. ~ h y s .  7, 394 (1969). 

3. P. K. SHARMA and K. K. SRIVASTAVA. Oyo Denki dielectric constants by another method (4). His ~ ~ ~ k ~ ~ ~ h ~  lho, J ~ ~ ~ ~ ,  16, 53 (1964). 
observations are shownin Fig. 6. His extrapolated 4. M. BEDARD, H. HUBER, J. L. MYERS, and G. F 
value of dielectric constant is 2.9 16 as against 2.95 Can. J. Chem. 40, 2278 

obtained by the immersion method. In considera- 
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Nuclear magnetic resonance study of anions derived from some carbon acids 

C. A. FYFE 
Cl~emistry Department, Ut~iversity of Guelph, Guelph, Ot~rario 

AND 

A. ALBAGLI AND ROSS STEWART 
Ct~etnistry Department, University of British Columbia, Vat~couver 8 ,  British Colutnbia 

Received June 22, 1970 

High resolution n.m.r. spectroscopy has been used to investigate the interaction of several nitro- 
phenylmethanes with base and to characterize the species thus produced. In hexamethylphosphoramide 
(HMP) containing sodium methoxide, the n.m.r. spectra reveal that the anions present are formed by 
simple proton loss and this enables the U.V. spectra of these carbanions to be assigned. In less basic 
systems U.V. absorption occurs at lower wavelengths and n.m.r. spectroscopy reveals the presence of 
radical-anions. 

Previously observed spectral shifts brought about by solvent changes are thought to be due in whole or 
in part to the formation of radical anions and/or radicals. These are formed by electron transfer from 
carbanion to a neutral molecule of the nitro compound; this process is particularly important under less 
basic conditions, which cause the nitro compound to be only partly dissociated. 

Canadian Journal of Chemistry, 48, 3721 (1970) 

Introduction 

Carbon acids, such as those based on the 
fluorene, 4,4'-dinitrodiphenylmethane, and 4,4'- 
4"-trinitrotriphenylmethane moieties, have been 
widely used as indicators and as the basis of 
acidity scales (1-7). 

However, different pKa values and different 
U.V. spectral characteristics have been reported 
by different groups of workers; h,,,, in particular, 
is found to be markedly solvent dependent 
(Table 1). The purpose of the present study was to 
use high resolution n.m.r. to characterize the 
ionic species formed by the interaction of these 
acids with base, and to thus determine their U.V. 
spectral parameters. Hexamethylphosphoramide 
(HMP), which provides with hydroxide ion ex- 
tremely basic systems, was used as solvent in most 
cases. It was found that side reactions became 
more important in less basic systems, such as 
those obtained with dimethyl sulfoxide. The 
results for the different carbon acids are quite 
diagnostic and will be discussed individually. 

The compounds used have been previously described and 
had melting points in agreement with published values 
(1). 

Results 

Section A. 4,4'-Dinitrodiphenylmethane ( I )  
and Derivatives 

The n.m.r. spectrum of a 0.8 M solution of 1 
in HMP consists of a sharp resonance at 6 = 
-4.45 (relative intensity 1) due to the two methyl- 
ene hydrogens, and an AA'XX' multiplet 
(relative intensity 4) centered at 6 = -8.0, due 
to the aromatic ring hydrogens (Fig. 1A). The 
addition of less than one equivalent of anhydrous 
sodium methoxide to this solution gives an intense 
green coloration and causes a decrease in the 
intensity of the spectrum of the acid substrate 
and the appearance of a new spectrum at higher 
fields (Fig. 1 B). Both spectra appear simultaneous- 
ly and are quite sharp, indicating a relatively slow 
rate of exchange between the two species, and also 
the absence of any radicals which could exchange 
with either. As judged by the intensity of the . - 

Experimental aromatic resonances, the conversion is, within 
experimental error, quantitative. When slightly 

The n.m.r. spectra were recorded at 60 MHz on a 
JEOL C-60H spectrometer and at 100 MHz on a Varian more than One of base is added, there 
H.A.-100 spectrometer. Chemical shifts are reported in is complete ~ ~ n v e r s i o n  into the ~econd species 
p.p.m. from an internal tetramethylsilane reference. (Fig. 1C). The new spectrum, consisting of a 
Calculated spectra were obtained using a copy of the sharp resonance at 6 = -5.4, (relative intensity 
program LAOCOON I11 suitably modified for use on an 1) and an AAIXX, multiplet centered at = 
I.B.M. 360170 computer. The e.s.r. spectra were recorded 
on a Varian E3 spectrometer. The U.V. spectra were -7.27 (relative intensity 8), JAA* = J ~ ~ '  = 2.1, 
measured using matched cells on a Cary 16 spectrometer. JAX = JArX* = 8.0, v06 = 81 HZ, in agreement 
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over the whole svstem. The u~field shift in the 
aromatic resonances observed in going from the 
substrate to the ion is in accord with the dis- 
tribution of the negative charge into the rings. 

I I .  I . .  I I 
1 2 3 4 5 6 

FIG. 1 .  The 100 MHz n.m.r. spectra of: (A) A 0.8 M 
solution of 1 in HMP. (B) This solution after the addition 
of one-half an equivalent of anhydrous sodium methoxide. 
(C) This solution after the addition of one equivalent of 
anhydrous sodium methoxide. 

with the formation of an anion by proton removal 
from the a-carbon atom as indicated in Fig. 1C. 

The electronic structure of the ion can be 
represented by the principal resonance forms 2, 
3, and 4 or by the single formulation 5 where both 
of the phenyl-C, bonds have some double bond 
character, and the negative charge is delocalized 

If the partial double bond character of the 
C,-phenyl bonds indicated in 5 were large 
enough to restrict the rotation of the phenyl 
groups on an n.m.r. time scale, the aromatic 
resonances would appear as any ABXY spectrum. 
That such a spectrum is not observed (Fig. 1C), 
indicates that the barrier to rotation effected by 
the charge delocalization is not large enough at 
room temperature to be detectable by n.m.r., but 
not necessarily that there has been no effect. 
Restriction of rotation of this type, caused by 
delocalization into an aromatic ring system of a 
charge formally localized on a substituent has 
been observed previously in the anions of picra- 
mides (8, 9), p-nitrophenylacetonitrile (10, 11) 
and other compounds (1 1). That it does not occur 
in the present case may be due to the much larger 
extent to which the charge is delocalized. Hiickel 
molecular orbital (H.m.0.) calculations employ- 
ing the heteroatom parameters used by Caveng 
and Zollinger (12) show a decrease in the bond 
order of the C,-phenyl bond from 0.641 in the 
carbanion ofp-nitrophenylacetonitrile to 0.558 in 
the carbanion of 1, i n  agreement with the trend 
indicated by the n.m.r. data. Identical n.m.r. 
results are obtained when a 0.05 M solution is 
used. On the basis of this evidence for the absence 
of side reactions and the quantitative conversion, 
the U.V. spectral parameters were determined 
directly from these solutions using short path- 
length cells (0.1 and 0.01 mm). Because of the 
large extinction coefficient, dilution by a factor of 
about ten was necessary for accurate measure- 
ments. After recording the spectrum, a check was 
made to ensure that additional base did not in- 
crease the absorption. Since the profile of the 
spectrum was unchanged it was assumed that a 
quantitative conversion to the anion had oc- 
curred, as indicated by the n.m.r. study of the 
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more concentrated solution. The spectral param- 
eters found were: I,,, = 787 nm, E,,, = 58 300 
1 mole-' cm-'. 

Somewhat different results are obtained when 
the solvent system is altered. Thus, the addition 
of 10-20% methanol to a solution containing a 
mixture of ion and substrate in HMP (which 
already contains a small amount of methanol 
liberated in the formation of the ion) causes sub- 
stantial broadening of the spectrum of the sub- 
strate but does not affect the spectrum of the ion. 
This is possibly a consequence of exchange 
between the substrate and radical-anions pro- 
duced in the system. At higher methanol con- 
centrations there is severe broadening and 
eventual disappearance of both spectra. 

The addition of anhydrous sodium methoxide 
to a 0.6 M solution of 1 in DMSO causes slight 
broadening of the resonances of the neutral sub- 
strate and gives rise to a new spectrum which can 
be assigned to the ion; H, at 6 = -5.61 and the 
aromatic protons as an A A ~ X X ~  spectrum cen- FIG. 2. The 100 MHz n.m.r. spectra of: (A) A 0.7 M 
tered at 6 = -7.25 and with J = 8.5, vo6 = 68 solution of 6 in HMP. (B) This solution after the addition 

of one equivalent of anhydrous sodium methoxide. 
Hz. Further addition of base increases the con- 
centration of the ionic species to about 3 0 4 0  %. 
Beyond this point, further addition of base 
causes extreme broadening and eventual dis- 
appearance of both spectra, possibly again the 
consequence of exchange reactions with paramag- 
netic species. 

Identical results were obtained from analogs 
of 1 which are substituted on C, with a methyl 
or phenyl group. Neither of these compounds 
shows any evidence for restricted rotation, which 
makes less likely the possibility that the sym- 
metrical spectra observed for the parent com- 
pound are due to fortuitously identical chemical 
shifts within the 2,6- and 3,5-ring hydrogen pairs. 
There is a general similarity in the n.m.r. and U.V. 
spectral parameters for all the ions, consistent 
with their having a common electronic basis. 

Section B. 3,4'-Dinitrodiphenylmethane (6) 
The n.m.r. spectrum of a 0.7 M solution of 6 in 

HMP shows a sharp resonance at 6 = -4.43' 
(relative intensity 1 )  due to the two methylene 
protons, and a series of lines at low field (relative 
intensity 4) due to the two aromatic rings (Fig. 
2A). Of these, the resonances due to the 4'-ring 
can be picked out owing to their symmetry. They 
consist of an AA'XX' multiplet centered at 
6 = -8.05 with JAA* = 2.2, Jxxr = 2.2, JAx, = 
J A S x  = 0.5, J,, = J,.,, = 8.2 and v06,, = 46.1 

Hz. The addition of an equimolar quantity of 
anhydrous sodium methoxide to this solution 
causes the appearance of a new spectrum at 
higher fields, and a broadening and decrease in 
intensity of the substrate peaks until eventually 
they become one broad absorption superimposed 
on which is the spectrum of the second species 
(Fig. 2B). Addition of more base causes the com- 
plete disappearance of the substrate spectrum 
without the second spectrum attaining the full 
intensity expected. In some experiments there was 
also broadening of the spectrum of the second 
species. These effects could be reversed by the 
passage of oxygen through the system, and are 
again thought to be due to the presence of para- 
magnetic species. 

The second spectrum can be rationalized in 
terms of the ion 7 as shown in Fig. 2B, where the 
resonances at 6 = -7.95 and 6 = -7.38 are 
assigned to the 2 and 4, 5, 6 hydrogens of the 
asymmetrical ring respectively, and the hydrogens 
of the symmetrical ring are thought to give rise to 
four "doublets" of major splittings -9 HZ, and 
smaller splittings -2 HZ centered at 6 = -6.02, 
-6.70, -7.26, and -7.44 p.p.m. I-Iowever, if 

this is the case, then part of the "doublet" at 6 = 
-7.44 must be considered hidden by the reson- 
ances of the second ring. Some evidence in favor 
of this assignment is that it is possible to produce 
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almost complete decoupling of the doublet at 
6 = - 6.02 by irradiation of the one centered at 
6 = -7.26 and vice versa, and it is also possible 
to achieve partial decoupling of the multiplet at 
6 = -6.7, by irradiation at 6 = -7.44. 

Implicit in the assignment discussed above and 
indicated in Fig. 2B, is the postulate that, in this 
case, there is no longer free rotation on the n.m.r. 
time scale about the C,-phenyl bond in the 
symmetrically substituted ring. This can be 
rationalized in terms of the electronic structure 
expected for the ion. The resonance forms which 
will contribute in the case will be 8 and only a 
singlet structure 9 where the charge is delocalized 
into an aromatic ring, due to the inability of the 
nitro group in the 3 position to delocalize the 
charge by a mesomeric effect. The subsequent 
restriction of the negative charge to a single ring 
system might well give rise to a higher rotational 
barrier as indicated by the spectrum. 

Although, as discussed above, side reactions 
occur in this system, they seem to be less im- 
portant in the more dilute solutions. Thus com- 
plete conversion to the ion can be effected by the 
careful stepwise addition of an equivalent of base 
to a 0.05 M solution of the compound in HMP. 
From this solution, the U.V. spectral parameters 
can be evaluated and are A,,, = 593 nm, 
E,,, = 28 000 1 mole-' cm- '. 
Section C. 4,4'4"-Trinitrotriphenylmethane (9) 

The n.m.r. spectrum of a 0.8 M solution of 9 
in HMP consists of a single resonance at 6 = 
-6.60 due to the methine hydrogen, and an 
AA'XX' multiplet centered at 6 = -8.02; 

JAA* = Jxx, = 2.0, J A x r  = JAjx = 0.5, JAX = 
J A S x r  = 8.2, and v06,, = 54 Hz, due to the 
hydrogens on the three equivalent rings (Fig. 3A). 
Addition of anhydrous base to this solution 
causes the appearance of a second spectrum and a 
decrease in the intensity of the original one (Fig. 
3B). The second spectrum consists of a second 
AA'XX' multiplet centered at 6 = 7.56, with 
JAAr = J x x r  = 2.0, JAx, = JATx = 0.5, JAx = 
JA,,, = 8.7 and v,6,, = 50.8 Hz, and is in agree- 
ment with the formation of the ion 10 as indicated 
in Fig. 3. There is no broadening of either spec- 
trum, and complete conversion to the ion is 
possible with the addition of further base (Fig. 
3B). Similar results are obtained with a 0.05 M 
solution, and on the basis of the complete ioniza- 
tion and absence of side reactions indicated by 
the n.m.r. spectra, the U.V. spectral parameters 
of the ion can be determined directly: A,,, = 
775 nm, E,,, = 43 000 1 mole-' cm-'. In DMSO 
solution,  very similar changes in the n.m.r. 
spectra are observed, but broadening of the 

FIG. 3. The 100 MHz n.m.r. spectra of:  (A) A 0.8 M 
solution of 9 in HMP. (B) This solution after the addition 
of 0.6 equivalent of anhydrous sod~um methoxide. 
(C) This solution after the addition of slightly more than 
one equivalent of sodium methoxide. 
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TABLE 1. 

The u.v. spectral data of nitrophenylmethanes in strongly basic solutions 

HMP/NaOMe DMSO/EtOH/NaOEt MeOHINaOMe 

Compound h,,,(nm) &(I mole-' cm-I) h,,,(nm) &(I mole-' cm-l) h,,,(nm) &(I mole-' cm-') 

6 593 28 000* 550 31 7007 4307 
570 28 ROO** 

*Values determined in this work in HMP containing sodium methoxide. 
?Values determined by Bowden and Stewart ( I )  in ethanolic DMSO containing 0.01 M sodium ethoxide. 
%Values determined by Kroeger and Stewart (2) in methanolic DMSO containing 0.01 M sodium mcthoxide. 
SValue determined in this work in DMSO containing sodium methoxide EDMSO - 70% of the EHMP. 
IlValue determined by Ritchie and Uschold (3) in DMSO. 
nValue determined in this work in methanolic sodium methoxide: the molar absor~tivities are not r e ~ o r t e d  since the comoound was 

only a small extent. 
**Value redetermined in this work in 90% DMSO - ethanol - 0.01 M sodium ethoxide. 

ionized to 

spectrum of both the molecule and the ion occurs 
after the substrate is about 80% ionized. It is 
difficult to infer from the n.m.r. spectrum of the 
ion anything about possible barriers to rotation 
in this case, as the ion is symmetrical about each 
C,-phenyl bond. 

spectral parameters, and an explanation is sought 
0 in terms of chemical effects. 

In each of the solvent systems quoted in Table 1, 
it had been assumed that the action of the base on 
the substrate was that of proton abstraction. In 
fact, a variety of reactions between aromatic 
nitro compounds are possible (13), and all give 
rise to intensely colored solutions. 

We find that in systems less basic than HMP- 
alkoxide. severe line-broadening occurs in the 

Discussion 

As noted in the introduction, discrepancies 
exist in values of the spectroscopic parameters of 
the anions, and the acid dissociation constants 
of the parent carbon acids as determined by 
different workers. The h,,, and values ob- 
tained in the present work by direct measurement 
are compared with existing literature values from 
equilibrium measurements in different solvents in 
Table 1. 

The very large changes in h,,, in changing from 
basic methanol to basic DMSO solution recorded 
in Table 1 for 1 and 9 have also been found in the 
present work for 6, and by Ritchie and Uschold 
for 9 in going from basic ethanol to basic DMSO. 
The differences shown in Table 1 are too large to 
be accounted for in terms of solvent effects on the 

- 
n.m.r. spectra of both ion and substrate, indica- 
tive of the formation of radicals. 

Russell and Janzen (14) have shown that o- and 
p-nitrotoluenes produce radicals and radical- 
anions in DMSO-t-butyl alcohol solutions con- 
taining a deficient amount of base. 

[ l a ]  02NCsH4CH3 + B- P O2NC6H4CHZ- + BH 

[ Ib]  OzNCsH,CH2- + OZNCsH4CH3 P 

02NCsH4CH2 + 0zNCsH4CHj7 

The mechanism shown in eqs. l a  and b is 
thought to be quite general, the main limiting 
feature being the availability of unreacted sub- 
strate for the second step. The formation of 
radicals will then be favored for weaker acids and 
for less basic solvent systems. 

In the present work, n.m.r. spectroscopy of 
solutions of 1,6, and 9 has indicated the presence 
of radicals in systems that are less basic than 
HMP-methoxide. The e.s.r. studies of such 
systems indicate at least a M concentration 
of radical-anions in solutions containing lo-' M 
substrate. It is thought that the presence of 
radical-anions (and/or radicals) is a reason for the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3726 CANADIAN JOURNAL O F  

discrepancies noted in Table 1, to the extent that, 
for the less basic systems, the measurements may 
in fact be based to a considerable extent on the 
visible spectra of radical-anions or radicals rather 
than on carbanions formed by simple proton loss 
from the carbon acids. 

It is obvious from these results that only carbon 
acids which ionize by simple proton abstraction 
should be used to determine acidity functions. 
Information regarding the ionization should be 
obtained using more than one analytical tech- 
nique since the traditional method, U.V. spectro- 
photometry, is inadequate for the identification of 
the ionization process. 

1. K. BOWDEN and R. STEWART. Tetrahedron 21, 261 
(1965). 

2. D. J. KROEGER and R. STEWART. Can. J. Chem. 45, 
2163 (1967). 

CHEMISTRY. VOL. 48, 1970 

3. C. D. RITCHIE and R. E. USCHOLD. J. Amer. Chem. 
SOC. 87, 1721, 2752 (1967); 90,2821 (1968). 

4. E. C. STEINER and J. M. GILBERT. J. Amer. Chem. 
SOC. 87. 382 (1965): 89, 2751 (1967). 

5. (a) A. STREITWEI~ER. -JR.. E: CIUFFARIN. J. H. 
HAMMONS, and J. I. BRAUMAN. J. Amer.  hem. Soc. 
89, 59 (1967). (b) A. STREITWEISER, JR.,E. CUIFFARIN, 
and J. H. HAMMONS. J. Amer. Chem. Soc. 89, 63 
I1 967). ,-- - ,- 

6. R. KUHN and D. REWICKI. Tetrahedron Lett. 3513 
(1965), 383 (1964); Liebigs Ann. 706, 250 (1967). 

7. H. RAPOPORT and G. SMOLINSKY. J. Amer. Chem. 
SOC. 80, 2910 (1968). 

8. K. L. SERVIS. J. Arner. Chern. Soc. 87, 5495 (1965). 
9. M. R. CRAMPTON and V. GOLD. J. Chem. Soc. B, 

893 (1966). 
> - ~  --,- 

10. MI R. CRAMPTON. J. Chem. Soc. B, 85 (1967). 
11. C. A. FYFE. Can. J. Chern. 47, 2331 (1969). 
12. P. CAVENG and H. ZOLLINGER. Helv. Chim. Acta, 

50, 866 (1967). 
13. E. BUNCEL. A. R. .NORRIS. and K. E. RUSSELL. 

Quart. ~ e v :  London, 22, 123 (1968). 
14. G. A. RUSSELL and E. G. JANZEN. J. Amer. Chem. 

SOC. 84, 4153 (1962); 89, 300 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Organic sulfur compounds. VII.' Some reactions of benzothiazine hydroxamic acids 

R. T. COUTTS, SHARON J. MATTHIAS, AND (in part) E. MAH and N. J. POUND 
Fncrilty of Pl~artt~acy atid Pl~arrnacerrtical Sciences, Ut~iuersity of Alberta, Edtt~ot~totz 

Received June 15, 1970 

Treatment of (3,4-dihydro-4-hydroxy-3-oxo-2H-l,4-benzothiazin-2-yl)acetic acid ( l a )  with sodium 
hydroxide yields the corresponding lactam, i.e. (3,4-dihydro-3-oxo-2H-l,4-benzothiazin-2-yl)acetic 
acid, together with the a,D-unsaturated acid, 3,4-d1hydro-3-oxo-2H-1,4-benzoth1az1ne-A~~~-acetic acid. 
The 6-methyl- and 6-bronio-derivatives of In behaved similarly when reacted with sodium hydroxide 
but when 3,4-dihydro-4-hydroxy-3-oxo-2H-1,4-benzoth1azine was so treated a more complex reaction 
occurred. 

Methyl (6-bromo-3,4-dihydro-4-hydroxy-3-oxo-2H-I ,4-benzothiazin-2-yl)acetate was also treated with 
hydrochloric acid. The two products isolated were (6-bromo-3,4-d1hydro-3-oxo-2H-1,4-benzothiazin- 
2-yl)acetic acid and (6-bromo-7-chloro-3,4-dihydro-3-oxo-2H-1,4-benzoth1azin-2-yl)acet1c acid. 

The action of hydrochloric acid on 3,4-dihydro-4-hydroxy-7-methyl-3-oxo-2H-1,4-benzoth1azine also 
gave two products. One was the corresponding lactam; the other was unexpected and has been tentatively 
identified as bis[2-(3,4-dihydro-7-n1ethyl-3-0~0-2H-1,4-benzothiazine]. 

Canadian Journal of Chemistry, 48, 3727 (1970) 

Some reference compounds were required to 
help identify metabolic degradation products of 
benzothiazine hydroxamic acids. For this reason, 
derivatives of (3,4-dihydr0-4-hydroxy-3-0~0-2H- 
1,4-benzothiazin-2-y1)acetic acid (la) were re- 
acted with aqueous sodium hydroxide and with 
dilute hydrochloric acid, and the major products 
were identified. 

When a solution of the acid l a  in aqueous 
sodium hydroxide was heated under reflux, then 
acidified, three products were isolated, none of 
which retained the hydroxamic acid group. One 
product was the lactam, (3,4-dihydro-3-0x0-2H- 
1,4-benzothiazin-2-y1)acetic acid (2a), which was 

characterized by means of elemental analysis, 
m.p., and i.r. data. The mechanism of its forma- 
tion from la ,  which involves a reduction, is not 
immediately apparent2 but presumably the hy- 

'Part VI see R. T. Coutts et al. (12). 
2A referee suggested that a possible source of reducing 

power was the formation to some extent of -SH bonds 
whlch could form disulfide and, In so doing, would reduce 
some of the NHOH groups. The referee also suggested 
that the isolation of the dlsulfide, 7, might lend some 
support to this theory. 

droxylamine 3 is an intermediate product of the 
reaction and would be capable of oxidation- 
reduction. Heller et al. ( I )  explained the reported 
(2) formation of small quantities of aniline and 
azoxybenzene by the action of acid on phenyl- 
hydroxylamine as due to irrelevant oxidation- 
reduction of the latter. 

SCH(COONa)CH2CONa 

NHOH 

Another product of the action of sodium 
hydroxide on l a  was a yellow solid which 
analyzed satisfactorily for C,,H,NO,S. Its mass 
spectrum showed a molecular ion at m/e 221 and 
fragment ions at m/e 204, 203, 177, 176, and 175 
which are identified as (M-OH)', (M-H,O)+, 
(M-CO,)', (M-CO,H)+, and (M-C02H2)+ 
respectively. The presence of a carbonyl absorp- 
tion band at 1670 cm-' in the i.r. spectrum 
of this product was consistent with an a,P- 
unsaturated carbonyl function. For these reasons, 
the product was deduced to be 3,4-dihydro-3- 
0x0-2H-l,4-benzothiazine-A'*"-acetic acid (4a) 
and this deduction was confirmed when the same 
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HCOOH Q(;X, -7 Q f ~ C H C O O H  OH 

H  

compound was obtained by the interaction of 
o-aminothiophenol and acetylene dicarboxylic 
acid (3). A possible mechanism for the formation 
of 4a from 2a can be envisaged (Scheme 1). 

The third product of the action of sodium 
hydroxide on l a  was isolated in very low yield 
and not identified. 

In the same manner, the action of sodium 
hydroxide on (6-methyl-3,4-dihydro-4-hydroxy- 
3-0~0-2H-1,4-benzothiazin-2-yl)acetic acid (lb) 
yielded (6-methy1-3,4-diliydro-3-0~0-2H-1,4-ben- 
zothiazin-2-y1)acetic acid (26) and 6-methyl-3,4- 
dihydro-3-0x0-2 H- 1 ,4-benzothiazine-A2+"-acetic 
acid (46). 

When methyl (6-bromo-3,4-dihydro-4-hy- 
droxy-3-oxo-2H-l,4-benzothiazin-2-yI)acetate 
(lc) was dissolved in aqueous sodium hydroxide 
and the solution was allowed to stand at 20" for 
2 days, the only product isolated on acidification 
of the solution was the corresponding acid Id. 
When, however, the ester l c  was treated with 
boiling aqueous sodium hydroxide, the two major 
products were the lactam-acids, (6-bromo-3,4- 
dihydro-3-0x0-2H- l,4-benzothiazin-2-y1)acetic 
acid (2c) and 6-bromo-3,4-dihydro-3-0~0-2H- 
1,4-benzothiazine-A2,"-acetic acid (4c). A third 
minor product was not identified. 

The simpler hydroxamic acid, 3,4-dihydro-4- 
hydroxy-3-oxo-2H-l,4-benzothiazine (5a) was 
also treated with boilingaqueous sodium hydrox- 

ide. A high melting solid precipitated from the 
basic solution. Its i.r. spectrum showed absorp- 
tion bands attributable to the COz- anion and 
to N-H stretching which suggested that reduc- 
tion had occurred and s o d i ~ ~ m  (o-aminophenyl- 
thio)acetate (6) had been formed. This was 
confirmed when acidification of a solution of 
the salt gave 3,4-dihydr0-3-0~0-2H-1,4-benzo- 
thiazine (56). 

The filtrate remaining after the removal of 6 
was acidified and yielded two products. One was 
the lactam (56) and the other was shown to be 
2,2'-diaminodiphenyldisulfide (7) by means of its 
mass spectrum and by comparison with an 
authentic sample of the diamine. 

The bromo-ester l c  was also treated with 
aqueous hydrochloric acid and this yielded two 
products. Once again, reduction by an unknown 
mechanism gave the previously described lactam 
2c. The second product contained chlorine. 
Previous observations (4) on the action of hydro- 
chloric acid on related compounds permitted the 
identification of this product as (6-bromo-7- 
chloro-3,4-dihydro-3-0~0-2H- l,4-benzothiazin- 
2-yl)acetic acid (8). The compound analyzed 

satisfactorily for C,,H,BrClNO,S and i.r. data 
supported this structure. The mass spectrum of 8 
showed groups of ions of t v / e  339, 337, and 
335 [MI'; 321, 319, and 317 [M-181'; and 293, 
291, and 289 [M-461' which can be explained as 
illustrated in Scheme 2. Two 1-proton si~iglets, 
located at z 2.35 and 2.67 in the 1i.m.r. spectrum 
of the chlorinated product, indicated that the two 
hydrogen atoms in the aromatic ring were in 
positions para to one another, and i n  agreement 
with the postulated structure (8). 

It was also of interest to investigate the action 
of hydrochloric acid on 3,4-dihydro-4-hydroxy- 
7-methyl-3-oxo-2H-l,4-benzothiazine (5c) since 
nucleophilic attack by chloride ion, which occurs 
at carbon-7 in other benzothiazine hydroxamic 
acids (4), would not be possible in this instance. 
Two solid products were isolated from this 
reaction. The major one was the lactam, (54 ,  the 
structure of which was confirmed by elemental 
analysis, n.m.r. spectroscopy, and mass spectral 
evidence. The mass spectrum displayed abundant 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COUTTS ET AL.: ORGANlC SULFUR COMPOUNDS. V11 

ions of rule 179, 150, and 134 which correspond 
to M+,  [M-HCO]', and [M-HCS]' frag- 
ments. Siinilar ions are observed (5) in the 
spectrum of 5b. The minor product analyzed 
satisfactorily for C18H16N20,S2. Its n.m.r. spec- 
trum showed peaks which corresponded to three 
methyl group protons, three aromatic protons, 
an NH proton, and a CH proton. Its mass 

spectrum showed only four ions of relative abun- 
dance greater than l o x ,  i.e. m/e 356, 138, 107, 
and 18, and accurate mass measurements con- 
firmed that the first three of these were [C, ,H ,6- 

N202S2]+,  [C,H,NS]+, and [C,H,N]+. From 
this evidence, it is concluded that the minor 
product is probably bis[2-(3,4-dihydro-7-methyl- 
3-0~0-2H-1,4-benzothiazine] (9). The two frag- 
ment ions [C,H,NS]+ and [C,H,N]+ are the 
results of complex rearrangements and pre- 
sumably possess structures 10 and 11. 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

measured on KBr discs except where indicated with a 
Becknian IR-I0 spectrophotorneter. Mass spectra were 
measured with an  A.E.I. MS-9 or MS-12 spectrometer 
at an ionization potential of 70eV using the direct 
insertion technique, and n.ni.r. spectra were recorded on  
a Varian A-60 spectrometer using DMSO-d6 as  solvent 
and TMS as standard. 

The a-(0-nitrophenylthi0)-esters (12a, 6, and c), used 
in the syntheses of the hydroxamic acids described below, 
were prepared by the literature (6) method. 

Prepnratiotr of Hydroxa17lic Acids ( I )  
General Method 
A solution of sodium borohydride (I.Og) in water 

(5 ml) was added to a suspension of palladiuni(lO%)-on- 
charcoal (0.1 g) in water (5 ml). Dioxane (5 nil) was added 
to the mixture and nitrogen gas bubbled through it 
(1-2 niin). The substituted a-(0-nitrophenylthi0)-ester 
(1.0 g), dissolved in a minimum of dioxane, was added to 
the reduction niixture dropwise over a period of 15-30 
niin. Nitrogen gas was bubbled through the reaction 
niixture d ~ ~ r i n g  the addition of ester and for an  additional 
15 niin. 

The reaction m i x t ~ ~ r e  was filtered and the charcoal 
washed with portions of water and dioxane. The washings 
were added to the filtrate and the filtrate acidified with 
concentrated hydrochloric acid, keeping the temperature 
below 30". The solid hydroxaniic acid which precipitated 
was removed by filtration. Additional product was 
obtained by extraction of the filtrate with ether, re- 
extracting the ether layer with 10% sodium hydroxide 
solution, and acidifying the basic layer with concentrated 
hydrochloric acid, keeping the temperature below 30". 
If no  precipitate fornied, the acidic solution was extracted 
with ether, the ether layer was dried (NaLSOL) and 
evaporated to yield the hydroxamic acid. 

If no precipitate fornied when the original filtrate was 
acidified, the acidified filtrate was subjected to the same 
extraction procedure as that described immediately above. 

(3,4- Dil~ydro-4-hydro,vy-3-oxo-ZH-1,4-6e1~zothia~i1~- 
2-yl)ncetic Acid (In) 

When dimethyl a-(4-nicthyl-2-nitrophenylthio)succin- 
ate ( 1 2 ~ )  (3 g) was reduced using the general method, the 
pale yellow p r o d ~ ~ c t  (1.51 g), m.p. 190-192" (aqueous 
MeOH) was not the methyl ester le .  Hydrolysis had 
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occurred during the reduction and the title compound, 
lit. (7) m.p. 186-188", was formed. The i.r. spectrum: 
1640 (hydroxamate C=O), 1690 (acid C=O), 3300 cm-I 
(broad), (hydrogen bonded OH). 
(6-Metl1yl-3,4-di/~ydro-4-/1ydroxy-3-0~0-2Ff-I,4- 

benzothiazin-2-y1)acetic Acid ( l b )  
This compound was obtained similarly as a pale 

yellow solid (0.71 g), m.p. 187-188" when dimethyl 
a-(4-methyl-2-nitropheny1thio)succinate (12b) (2 g) was 
reduced using the general method. The i.r. spectrum: 
1650 (hydroxamate C=O), 1685 (acid C=O), 3000 cm-' 
(broad) (hydrogen bonded OH). 

Anal. Calcd. for C11H,,N04S: C, 52.16; H, 4.38. 
Found: C, 52.44; H, 4.44. 

Met/zjd (6-Bronzo-3,4-dihydro-4-/1ydroxy-3-oxo-2H- 
I,4-benzothiazir1-2-yl)acetate (Ic) 

This compound was obtained as a white solid (I .38 g), 
m.p. 159-161" when dimethyl a-(4-bromo-2-nitrophenyl- 
thio)succinate (12c) (2 g) was reduced by the general 
method. Literature (6) m.p. 165-167". The i.r. spectrum: 
1740 (ester C==O), 1665 (hydroxamate C=O), 3450 cm-I 
(broad) (hydrogen bonded OH). 

Action of Alkali on Benzotl~inzirze Hydroxarnic Acids 
(a) 3,4-Dilzydro-4-lrydroxy-3-o.~o-2H-I,4-bet1zothiazir1- 

2-y1)acetic Acid (la) 
This hydroxamic acid (1.6 g) was dissolved in 10% 

sodium hydroxide (50 ml) and heated under reflux for 1 h. 
The dark red reaction mixture was cooled and acidified 
carefully with concentrated hydrochloric acid and prod- 
uct A (0.927 g) precipitated. The filtrate was allowed to 
stand and product B (0.08 g) precipitated. The filtrate 
from product B was then extracted with ether, the ether 
layer dried (Na2S0,) and evaporated to yield product C 
(0.25 g). 

None of these products gave a violet color with 
ethanolic ferric chloride solution. 

Product A was repeatedly recrystallized from methanol 
to give 3,4-dihydro-3-0~0-2H-1,4-benzothiazine-A~~~- 
acetic acid (4a) as a yellow-green powder, m.p. 280-282", 
lit. (3) m.p. 278" (d). The i.r. spectrum was identical to 
that of an authentic sample of 4a, prepared by the lit. (3) 
method. 

Anal. Calcd. for CloH,N03S (mol. wt. 221): C, 54.29; 
H, 3.19; N, 6.33. Found ((mass spectrum) 221): C, 54.49; 
H ,  3.49; N, 6.52. 

Product C was recrystallized from aqueous methanol 
to give (3,4-dihydr0-3-0~0-2H-l,4-benzothiazin-2-yl)- 
acetic acid (20) as a white powder, m.p. 189-19Io, lit. (8) 
1n.p. 195-196". 

The i.r. spectrum: 1665 (amide C=O), 1695 (acid 
C=O), 3200 cm-' (NH). 

Anal. Calcd. for C,,H,NO,S: C, 53.79; H, 4.06; 
N, 6.27; S, 14.36. Found: C, 53.60; H,  4.07; N, 6.42; 
S, 13.88. 

Minor product B was not investigated further. 
(b) (6-Mef/1yl-3,4-dihydro-4-/1ydro.~y-3-0.~0-2H-I,4- 

benzothiazin-2-y1)acetic Acid (Ib) 
A solution of this hydroxamic acid (1 g) in 10% 

sodium hydroxide (50 ml) was heated under reflux for 1 h, 
cooled, and acidified with concentrated hydrochloric acid. 
Product A (0.29 g) precipitated. The filtrate was allowed 
to stand and product B (0.333 g) formed and was 
removed. Extraction of the resulting filtrate with ether 

yielded only a negligible amount of product, which was 
discarded. 

Neither of the products A or B gave a violet color with 
ethanolic ferric chloride solution. 

Product A was recrystallized from methanol to yield 
(6-methyl-3,4-dihydro-3-0~0-2H-1,4-benzothiazine-A~~~- 
acetic acid (4b) as a yellow powder, m.p. 307-309" (dec.). 

The i.r. spectrum: 1659 (a,P-unsaturated C=O), 3300- 
2700 cm-' (OH, NH). 

Anal. Calcd. for C,,H,N03S (mol. wt. 235): C, 56.16; 
H,  3.86; N, 5.95. Found ((mass spectrum) 235): C, 55.66; 
H, 3.90; N, 5.57. 

Product B was repeatedly crystallized from methanol 
to give (6-methyl-3,4-dihydro-3-oxo-2H-1,4-benzothia- 
zin-2-y1)acetic acid (20) as a crealii colored powder, m.p. 
237-239". The i.r. spectrum: 1670 (amide C=O), 1700 
(acid C=O), broad absorption 2800-3300 cm-I (OH) 
with peak at 3280 cm-' (NH). 

Anal. Calcd. for C,lH,lNO,S: C, 55.68; H, 4.67; 
N, 5.90. Found: C, 56.24; H, 4.57; N, 6.24. 

(c) Methyl (6-Brorno-3,4-di/zydro-4-/~ydroxy-3-oxo- 
2H-1,4-be11zothinzin-2-yl)acetnte (Ic) 

(i) The title hydroxamic acid (0.55 g) was dissolved in 
10% sodium hydroxide (30 ml) and the solution allowed 
to stand at room temperature for 43 h. The solution was 
clarified by filtration and the filtrate acidified carefully 
with concentrated hydrochloric acid to precipitate 
(6-bromo-3,4-dihydro-4-hydroxy-3-oxo-2H-1,4-benz- 
othiazin-2-yl)acetic acid (Id) as a cream colored solid 
(0.31 g) m.p. 215-217" (MeOH). This product gave a 
violet color with ethanolic ferric chloride solution. The 
i.r spectrum: 1643 (hydroxamate C=O), 1700 (acid 
C=O), 3200 cm-' (broad, OH). 

Anal. Calcd. for CloHsBrN04S: C, 37.75; H, 2.52; 
N, 4.40; S, 10.07. Found: C, 37.91; H, 2.63; N, 4.41; 
S, 9.66. 

(ii) The hydroxamic acid (2.3 g) was dissolved in 10% 
sodiuni hydroxide solution ( I  00 mi) and heated under 
reflux for 45 min. The reaction mixture was cooled and 
acidified carefully with concentrated hydrochloric acid 
and product A (1.5 g) precipitated. The filtrate was 
allowed to stand and product B (0.479 g) separated as a 
pale yellow solid. The filtrate from product B was then 
extracted with ether, the ether layer dried (Na2S04) and 
evaporated to yield product C (0.169 g) as a brown solid. 

None of these products gave a violet color with 
ethanolic ferric chloride solution. 

Product A was repeatedly crystallized from aqueous 
methanol to give 6-bromo-3,4-dihydro-3-oxo-2H-1,4- 
benzothiazine-A2+-acetic acid as an orange powder (4c), 
m.p. 244-246". The i.r. spectrum: 1665 (a,P-unsaturated 
C=O), 3400-2800 cm-' (OH, NH). 

Anal. Calcd. for CloH6BrN03S: C, 40.02; H, 2.02; 
N, 4.67. Found: C, 40.11; H, 2.28; N, 5.09. 

Product B was recrystallized from methanol to give 
(6-bromo-3,4-dihydro-3-oxo-2H-1,4-benzothiazin-2-yl)- 
acetic acid (2c) as a white powder, m.p. 251-253". The 
i.r. spectrum: 1663 (amide C=O), 1707 (acid C=O), 
3178 cm-' (NH). 

Anal. Calcd. for Cl,HsBrNO,S: C, 39.75; H, 2.67; 
N, 4.64; S, 10.61. Found: C, 39.49; H, 2.68; N, 4.72; 
S, 10.52. 

Product C was a brown solid, m.p. 269-272" which 
was not investigated further. 
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(d) 3,4- Di/1ydro-4-l1ydroxy-3-o.xo-2H-1,4- 
bet~zothinzit~e (5a) 

The title hydroxamic acid (1.87 g) was dissolved in 
10% sodiuni hydroxide solution (20 ml) and heated under 
reflux for 1 h. The reaction mixture was cooled and 
product A (0.29 g) precipitated. The filtrate was acidified 
with concentrated hydrochloric acid and product B 
(0.95 g) was deposited. The filtrate from product B was 
allowed to stand and product C (0.32g) precipitated. 
None of these products gave a violet color with ethanolic 
ferric chloride solution. 

Product A was dissolved in ethanol, filtered, and re- 
precipitated with ether to give the sodium salt of a-(o- 
aminopheny1thio)acetic acid (6) as white crystals, 
m.p. > 340". The i.r. spectrum: 1635, 1363 (C0,-), 
3410 cm-' (NH). 

Anal. Calcd. for C8H8N02SNa:  N, 6.83. Found: 
N, 6.65. 

The sodium salt was dissolved in a minimum of water, 
filtered, and acidified with 10% hydrochloric acid to 
yield 3,4-dihydro-3-0~0-2H-1,4-benzothiazine (56) as a 
white powder, m.p. 171-173", lit. (9) n1.p. 179". It had 
an i.r. spectrum identical with that of an authentic 
sample: 1661 (C=O), 3208 cm-' (NH). 

Product B (n1.p. > 340") was treated with 10% 
sodiuni hydroxide solution. The insoluble fraction 
(0.50 g) was recrystallized from aqueous ethanol to give 
2,2'-diaminodiphenyldisulfide (7) as yellow plates, m.p. 
90-9l0, lit. (10) m.p. 93--94". The i.r. spectrum: 3480, 
3300, 1610cm-' (NH). Mass spectrum: 248 (47) 
[C12HlzN,Sz]+, 125 (38) [CsH,NS]+, 124 (100) 
[C6H6NS] + tnle (relative abundance). 

Product C was recrystallized from aqueous ethanol to 
give 3,4-dihydro-3-0~0-2H-I,4-benzothiazine (56) as a 
white powder, m.p. 170-173", lit. (9) m.p. 179". The i.r. 
spectrum was identical with that of an authentic sample. 

Acriot~ of Hyc/tochloric Acid otz Metl~yl (6-Brot11o-3,4- 
di/1ydro-4-/1~~civoxy-3-oso-2H-1,4-bet1zot/iazn-2-y) - 
ncelrrte (Ic) 

The title hydroxaniic acid (1.0 g) was suspended In 
10% hydrochloric acid (30 ml) and heated under reflux 
for 30 min. The hydroxamic acid failed to dissolve but 
the solution turned a yellow color and the crystalline 
structure of the suspended material altered In appearance. 
The hot reaction mixture was filtered to glve product A 
(0.41 g). The filtrate was then cooled and product B 
(0.33 g) precipitated. The filtrate from product B was 
then extracted with ether, the ether solution dried 
(Na2S0,) and evaporated to yield product C (0.07 g). 
None of these products gave a violet color with ethanolic 
ferric chloride solution. 

Products A and B had s~milar i.r. spectra. These two 
products were combined and crystallized from ethanol 
to give (6-bromo-7-chloro-3,4-dihydro-3-oxo-2H-1,4- 
benzothiazin-2-y1)acetic acid (8) as a white solid, m.p. 
269-271". The i.r. spectruni: 1643, 1700 (C=O), 3181 
cm-' (NH). Mass spectrum: 339 (7), 337 (25), 335 (19); 
321 (1.5), 319 (5), 317 (3.5); 293 (25), 291 (loo), 289 (68) 
mle (%  relative abundance). The n.m.r. spectrum: 2.35, 
2.67 r (I-proton singlets) (aromatic protons). 

Anal. Calcd. for C,,H,BrCINO,S: C, 35.67; H, 2.09; 
N, 4.16; S, 9.52. Found: C,  35.69; H, 2.17; N, 4.01; 
S, 9.77. 

The filtrate remaining from the recrystallization of 8 

was flooded with water to give a white solid which had 
an  i.r. spectrum identical with that of product C. These 
two products were combined and recrystallized from 
aqueous ethanol to give (6-brom0-3,4-dihydro-3-0~0-2H- 
1,4-benzothiazin-2-yI)acetic acid (2c) as a white solid, 
m.p. 251-253". The i.r. spectruni was superimposable on 
that of the sample of 2c formed, as described above, by 
the action of sodium hydroxide on lc.  

(5-Me/l1yl-2-t1itrop/1et1~~I1/1io)nce/ic Acid and its 
Methyl Ester 

3-Chloro-4-nitrotoluene (17.2 g) and thioglycolic acid 
(9.2 g) were added to a solution of sodium bicarbonate 
(24 g) in 50% ethanol (200 ml) and the mixture was 
heated under reflux for 15 h. The solution was con- 
centrated and extracted with ether. The ether extract was 
discarded. The aqueous layer was acidified with hydro- 
chloric acid and the solid which separated was crystallized 
from aqueous ethanol to give (5-methyl-2-nitrop/1et1yl- 
t/~io)acetic ncid as a yellow solid (12.5 g), m.p. 148-150". 
The i.r. spectrum (Nujol mull): 3400 to 2400 (acid OH); 
1720 (C--0) ; 1500 1328 cni-' (NO,). 

Anal. Calcd. for C,H,NO,S: C,  47.57; H, 3.99; 
N, 6.16. Found: C, 48.01; H, 4.12; N, 6.58. 

A portion (10.4 g) of the above acid was heated under 
reflux for 22 h in methanol (150 ml) containing concen- 
trated sulfuric acid (10 ml). The solution was cooled and 
reduced in volume. Me//~yl (5-ttzet/1~~1-2-nitrophenylrhio)- 
ncetate separated as a yellow solid (10.62 g), n1.p. 73-74" 
(from ethanol). The i.r. spectrum (Nujol mull): 1730 
(C=O); 1495, 1328 cm-'  (NO,). 

Anal. Calcd. for C,,H,,NO,S: C, 49.78; H, 4.60; 
N,5.81. Found: C,49.61;H,4.74; N,5.95. 

3,4- Di/1ydro-4-l1ydroxy-7-n~t/1yl-2H-l,4- 
bet~zo/l~iazit~e (5c) 

Methyl (5-methyl-2-nitropheny1thio)acetate (3 g) was 
reduced using the general method for the preparation of 
hydroxaniic acids. The /~yrlvoxnmic acid(5c) was obtained 
as a colorless solid (1.58 g), ni.p. 148-150" (from aqueous 
ethanol). It gave a purple color with ferric chloride 
solution. The i.r. spectrum (Nujol mull): 3080 (OH); 
1668, 1630 cm-' (hydroxamate C=O) (1 1). The n.m.r. 
spectrum: 7.75 (s, 3, CH,), 6.37 (s, 2, CH,), 2.58 to 3.08 
(m, 3, aromatic protons), -0.52 r (s, 1, OH;  exchanged 
in D,O). 

Anal. Calcd. for C,H,NO,S: C, 55.37; H, 4.65; 
N,7.17. Found: C, 55.77; H,4.88; N, 7.05. 

Action of Hydrocl~loric Acid o t ~  3,4-Dihydro-4-lzydroxy- 
7-tt1et/1yl-2H-1,4-bet1zothinzbze (5c) 

The title compound (0.36 g) was heated under reflux 
for 2.5 h in dioxane (10 ml) and dilute hydrochloric acid 
(10 ml). The filtered solution was cooled and diluted with 
water and a product (0.23 g), m.p. 18&185", separated. 
When treated with chloroform, a portion (27 nig), m.p. 
293-297" remained insoluble. Treatment of this solid 
with boiling benzene gave bis[2-(3,4-clilydro-7-met/1yl-3- 
oxo-2H-l,4-be~1zot/1iazit1e)] (9) as a colorless solid, m.p. 
305-308". The i.r. spectrum (Nujol mull): 3300 or 3240 
(NH); 1682, 1662cni-' (C=O). The n.m.r. spectrum 

\ I 
7.87 (s, 3, CH,), 4.75 (s, 1, CH-C=O), 2.70-3.25 (m, 

/ 
3, aromatic protons), -0.8 r (NH). Mass spectrum: 
356 (59) [Accurate mass Calcd. for C,8H16N20ZS2: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3732 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

356.0654. Measured: 356,06511, 138 (100) [Accurate mass 
Calcd. for C7H8NS: 138.0378. Measured : 138.03781, 107 
(95) [Accurate mass Calcd. for C,H,N: 107.0735. 
Measured: 107.07351 mle (% relative abundance). 

Anal. Calcd. for C,8H,6NzOZSz: C, 60.67; H, 4.49. 
Found: C, 60.48; H,  4.70. 

The chloroform-soluble portion of the crude reaction 
product was recrystallized from benzene and yielded 
3,4-di11ydro-7-methyl-3-0~0-2H- 1,4- benzotlrirrzitle (5d, 
76 mg) as a colorless solid, m.p. 201-203". The i.r. 
spectrum (Nujol mull): 3195 or 3095 (NH); 1675 cm-' 
(C=O). The n.m.r. spectrum: 7.77 (s, 3, CHB), 6.57 (s, 2, 
CH2CO), 2.55 to 3.07 (m, 3, aromatic protons), -0.45 T 
(broad s, 1, NH; exchanged in D20) .  Mass spectrum: 
179 (75) [MI+, 150 (100) [M-HCO]+ nl/e (% relative 
abundance). 

Anal. Calcd. for C9H9NOS: C, 60.31; H, 5.06; 
N, 7.81. Found: C, 60.13; H, 5.03; N, 8.01. 
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Gypsum, disodium pentacalcium sulfate, and anhydrite solubilities in concentrated 
sodium chloride solutions1 

D. N. GLEW AND D. A. HAMES 
Exploratory Research Laboratory, Dow Chemical of Canada Limited, Sarnia, Ontario 

Received June 11, 1970 

The solubility of gypsum and anhydrite have been determined at 65 "C in aqueous 3.0 to 6.1 m NaCl 
solutions. Gypsum solubility at 30 "C has been determined in 5.9 m NaCl and in saturated sodium 
chloride. At 65 "C gypsum reacts with sodium chloride solutions more concentrated than 3.7 tn NaCl 
to form disodium pentacalcium sulfate, Na2Ca,(S04)a.3H20, which is isomorphous with calcium 
sulfate hemihydrate. The solubility of this double salt has been determined at 65 "C in aqueous 4.0 to 
6.3 m NaCl solutions. 
Canadian Journal of Chemistry, 48, 3733 (1970) 

Introduction 5CaS04.3H20, which was shown to be petro- 
~ l t h ~ ~ ~ h  many phase equilibrium studies have graphically identical with that found by Hill and 

been made of the geologically important CaS04- Wills (9) in the CaS04-Na2S04-H20 system. 

NaC1-H2O system, the relative solubilities of Without X-ray analysis Marshall and Slusher (1) 
gypsum, hemihydrate, and anhydrite in concen- Were unaware that the solid disodium penta- 
trated sodium chloride brines are uncertain at calcium sulfate was isomor~hous with the 
65 OC. ~ 1 1  recent solubility measurements in sodium-containing calcium sulfate hemihydrate 
concentrated sodium chloride solutions have reported to be non-stoichiometric by Powell (8). 
been made (1-5) by determining the saturation TO better define the CaSO4-NaCl-HzO system 
calcium ion concentration and assuming an equal at 65 OC, we have determined the solubilities of 
concentration for the dissolved sulfate ion. gypsum and anhydrite and for the first time have 
Arguments for this equality have been given by measured the solubility of the double salt Pre- 
Zen (2). While this assumption may be true for pared in situ with a range of concentrated sodium 
gypsum solubility in concentrated brines at chloride solutions at 65 "C. The uncertainty of 
ambient temperatures, the equivalence of calcium the formula and structure of the double salt 
and sulfate is contrary to observation above f ~ r m e d  from the reaction of gypsum with con- 
-65 OC, where the sulfate ion levels are shown to centrated sodium chloride brines at higher tem- 
be significantly lower than those for calcium (6) ; peratures has been unequivocall~ resolved by our 
this early work provides the first evidence for the identification of disodium pentacalcium sulfate 
reaction of gypsum with concentrated sodium by chemical, X-ray, and differential thermal 
chloride brines to form a double salt. analyses. 

Eipeltauer (7) and Powell (8) described the Experimental 
reaction of gypsum with concentrated brine at 

Water was laboratory-distilled. Sodium chloride was 80 OC form a described as a Fisher certified, reagent grade and was dried before use. 
sodium-containing calcium sulfate hemihydrate. Gypsum and anhydrous calcium sulfate (orthorhombic 
In solubility experiments starting with gypsum p-anhydrite, which we refer to as anhydrite) were both 
in concentrated brines at 70 OC, Zen (2) identified Baker analyzed reagents, This anhydrite contained some 

the final solid phase as bassanite, calcium sulfate gypsum impurity, detected by X-ray analysis, which was 
removed by heating at 400 "C for 24 h immediately prior 

hemihydrate, but did not recognize that sodium to solubility determination. Anhydrite was also prepared 
ions replaced calcium isomorphously within the from the gypsum by heating at 400 OC for 24 h. 
hemihydrate lattice. In similar gypsum solubility Calcium sulfate hemihydrate was prepared by refluxing 

measurements with concentrated sodium &loride a 5 Wt % gypsum suspension in a continuousl~ stirred 
aqueous 18 wt % CaC1, solution for 4.5 h. Within this brines between 70 and 95 "'3 and time the gypsum was completely transformed into 

Slusher (1) reported the formation of stoichio- calcium sulfate hemihydrate without formation of 
metric disodium pentacalcium sulfate, Na2S04. anhydrite. 

Glauberite was prepared by the stirred reaction at 
75 "C of gypsum with aqueous 24 wt % Na2S04 for 

'Contribution No. 177. 2 days (9). 
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FIG. 1. Solubility apparatus. 

Disodium pentacalcium sulfate was formed with con- 
tinuous stirring (i) at 65 "C by heating gypsum for less 
than one day with 6.412 NaCl solutions and for in- 
creasing periods of up to 11 days for 5.5 ti1 NaCI, (ii) at  
75 "C by reaction of gypsum with glauberite in the 
presence of aqueous 12 wt % NaZSOL (9). Freshly pre- 
pared samples contained excess adsorbed water which 
was removed by evacuation at 2 Torr for 24 h. N o  further 
water was removed by evacuation for 63 h. 

Apparatus 
A11 solubilities were determined in the apparatus, 

shown in Fig. 1, which consisted of a cylindrical vessel, 
7.5 cm diameter, 40 cm deep, with a 9.5 cm ground-glass 
flange a t  its upper end. The vessel was immersed to a 
depth of 35 cm in a covered liquid thermostat which 
controlled the temperature of the vessel contents to better 
than f 0.05 "C. Super- and subsaturated solutions, 
initially half-filling the vessel, were brought into equi- 
librium withexcess solid by continuous vigorous agitation 
and grinding of a magnetic stirring bar. We particularly 
stress the importance of both the vigorous stirring and 
grinding of the solid between the stirring bar and the flat 
bottom of the vessel because these lead to rapid equi- 
libration. The flanged lid of the vessel contains a rubber 
stopper supporting the solution sampling device, which 
consists of 7 mm diameter, 40 cm long tube carrying at 
its lower end a coarse fritted-glass filter and a 50cm3 
sample bottle attached via 19/22 joint. The upper end of 
the 7 mm tube was stoppered to prevent escape of water 
vapor and both the tube and flanged lid were heated by 

an infrared lamp to slightly above thermostat temperature 
to prevent water condensation. Using this solubility 
apparatus no water losses were detected for numerous 
experiments over 30-day periods at 65 "C. 

Method 
Gypsum and anhydrite solubilities at 65 'C were 

determined from subsaturation by adding 0.07 g-mole of 
the solids to 500 g H 2 0  containing sodium chloride. 
Frequent sampling showed that equilibrium with gypsum 
was established in less than 2 days with 3 to 5 171 NaCl 
solutions, but determinations were made between 4 and 
16 h near to sodium chloride saturation due to  the more 
rapid formation of disodium pentacalcium sulfate. 
Equilibrium with anhydrite was attained within 4 days 
as shown by regular sampling for up to 6 weeks. Di- 
sodium pentacalcium sulfate was formed in situ from 
gypsum with aqueous sodium chloride a t  65 'C as 
described earlier, after which 5 days were required for 
equilibrium with 6.4 tn NaCl, increasing to 11 days for 
equilibrium with 4.0 ttz NaCI. 

Stirrers were stopped 30 min before sampling to permit 
settling of the solid which eliminated possible entrance 
of solids into thesample bottles via the fritted-glassfilters. 
Sample bottles, previously placed above the solution and 
in thermal equilibrium with it, were lowered and a 
15-20 g sample was withdrawn via the glass frits. The 
sample bottles were removed, stoppered, weighed, diluted 
to 50 g with water, and reweighed. Weighed aliquots of 
the diluted solution were analyzed invariably for chloride 
by potentiometric titration, calcium by EDTA titration, 
and sulfate by gravimetric barium sulfate determination. 
The accuracy of determination for chloride was *0.2%, 
for calcium less than f 0.5 %, and for sulfate 22 .8  %. 
Sodium ion concentration was calculated from the elec- 
troneutrality relationship for the solution (Na+)  = 
(Cl-) + 2(S04'-) - 2(Ca2+). All concentrations are 
expressed as molality, molelkg H 2 0 .  

The solids,. after attainment of equilibrium, were 
filtered from solution on a fritted-glass funnel and washed 
with benzene and then acetone. The solid was im- 
mediately identified by its X-ray diffraction powder 
pattern using Cu K. radiation on a Phillips recording 
X-ray diffractometer. The dehydration temperature of the 
solid was determined by differential thermal analysis 
using a Dupont thermograph. The chemical composition 
was determined by dissolving the solid in water and 
analyzing for calcium and sulfate. The solid water 
content was determined by weight loss on heating at 
400 "C for 16 h. 

T o  establish the stability of disodium pentacalcium 
sulfate with concentrated sodium chloride solutions at 
30 "C, the solid was prepared in situ at 65 "C, as described 
above, and the whole system was cooled at 30 "C. 

Results and Discussion 

( a )  Characterization of Disodium Pentacalcium 
Sulfate 

The reaction at 65 "C of gypsum with solutions 
more concentrated than 3.7 m NaCl yields a 
double-salt solid phase and a supernatant liquid 
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GLEW AND HAMES: SOLUBlLITlES O F  GYPSUM AND ANHYDRlTE 3735 

containing more calcium than sulfate and less TABLE 1 

sodium than chloride ions: this indicates removal Gypsum solubility in aqueous sodium 
of sodium and sulfate ions in the formation of the chloride at  65.15 "C 

double salt and enrichment of the solution in 
calcium ion. 

The X-ray diffraction pattern for the double- 
salt, determined on the final solid phase for each 
of the eight solubility experiments reported in 
Table 3, was identical with our calcium sulfate 
hemihydrate pattern and with that for disodium 
pentacalcium sulfate prepared by the reaction of 
gypsum with glauberite in 12 wt % Na,S04 at 
75 "C (9). We agree with ASTM card 2-0675 and 
with Powell's (8) patterns for calcium sulfate 
hemihydrate. 

Our chemical analyses of double-salt samples, 
which were in equilibrium with eight different 
solutions between 4.0 and 6.4 rn NaCI, gave an 
experimental S0,2-/Ca2+ mole ratio of 1.201 + 
0.002. Six evacuated samples of three separate 
preparations were dehydrated a 420 "C and lost 
6.22 + 0.02 wt % H20 .  These results correspond 
to the ratios by weight of 16.25:77.53:6.22 for 
Na2S04:CaS04:H20, compared with the the- 
oretical ratios 16.20:77.63:6.17 for the double- 
salt Na2S04.5CaS04.3H20. This is the same salt 
that Hill and Wills (9) prepared from the reaction 
of gypsum with aqueous sodium sulfate. Our 
chemical analyses show that the non-stoichio- 
metric formu a of Powell (8) is wrong. 

Differentia! thermal analysis of the solids at a 
heating rate of 20 "C/min gave onset tempera- 
tures for dehydration endotherms at 235 + 2 "C 
for the double salt compared with 200 + 2 "C 
for calcium sulfate hemihydrate. No difference 
in onset temperature or in endotherm curve shape 
was observed for eight samples of the double salt 
prepared under the widely different conditions. 
In contrast to the double-salt curve which showed. 
only an endotherm up to 450 "C, our samples of 
calcium sulfate hemihydrate showed both an 
endotherm and exotherm (8). 

The invariant X-ray diffraction pattern, chem- 
ical composition, and differential thermal anal- 
ysis (DTA) endotherm temperature for double- 
salt samples prepared in different ways support 
the formula Na2Ca,(S04),.3H20, disodium pen- 
tacalcium sulfate, which we denote by PS, in 
which two sodium ions isomorphously replace 
calcium in a hemihydrate-like lattice, the replace- 
ment being stoichiometric over two hemihydrate 
unit cells (10). 

Sodium chloride Gypsum solubility 
~ N S C I  SG 

(mole NaCl/kg H 2 0 )  (mole CaS04/kg H,O) 

0.031~ , I I , , 
3.0 40 5.0 6.0 

Chloride mololity 
FIG. 2. Solution concentration in the CaS04-NaCI- 

H 2 0  system as a function of chloride molality at  65 "C. 
Q, gypsum solubility; 0, calcium ion, and x , sulfate ion 
in equilibrium with PS; a, 0-anhydrite solubility. 

(b) Gypsum Solubility 
Gypsum solubilities at 65.15 "C in sodium 

chloride solutions between 3 rn NaCl and satura- 
tion are given in Table 1 and shown in Fig. 2. 
Our solubilities are in agreement with earlier 
measurements (1, 2) but have considerably less 
scatter, with an experimental error, assessed 
from replicate determinations, of 0.0001 1 nz on 
calcium concentration. In these experiments 
where the calcium and sulfate molalities are equal, 
the change of the gypsum solubility S,, in mole 
CaS04/kg H20 ,  with the aqueous sodium chlo- 
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TABLE 2 

CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

Gypsum solubility in concentrated aqueous sodium chloride 
-- 

Sodium chloride Gypsum solubility 
Temperature ~ N ~ C I  SG 

("C) (mole NaCl/kg H,O) (mole CaS04/kg HzO) Reference 

29.80 5.90 0.0471 This work 
25 5.82 0.0465 (0.0466) 4 
30 5.55 0.0453 (0.0492) 3 
35 5.94 0.0483 (0.0479) 2 
29.80 6.15 s* 0.0463 This work 

*s = saturated with halite. 

ride molality m,,,, is expressed by the equation 

with a standard error on a single determination 
of 0.0001 9 m which is of the same magnitude but 
slightly larger than the error assessed from 
replicate determinations. 

Gypsum solubilities a t  29.80 "C with 5.90 and 
6.15 tn NaC1, obtained following the decomposi- 
tion of solid PS as described in section (c), are 
compared with literature values in Table 2. The 
values in parentheses are calculated from our 
solubilities for the other authors' conditions of 
temperature and composition. Our measure- 
ments are in good agreement with that of Madgin 
and Swales (4) and Zen (2), but are in poor 
agreement with the low value of Bock (3) and the 
high value of Marshall and Slusher (1). 

(c) Solubility of PS 
Calcium and sulfate molalities in equilibrium 

at 65.15 "C with PS. formed in situ bv reaction 
of gypsum with aqueous sodium chloride, are 
given in Table 3 and shown in Fig. 2. The 
calcium molalities are slightly larger and the 
sulfate molalities are considerably smaller than 
for gypsum: the chloride molalities mc,- are 
correspondingly larger than those for sodium. 

In the formation of PS the amount of sodium 
and sulfate removed from solution depends on 
the initial excess of undissolved gypsum: with 
larger excesses of gypsum more PS is formed so 
that the solution becomes correspondingly more 
depleted in sodium and sulfate and enriched in 
calcium. Thus earlier measurements (1. 2) in the 

\ ,  , 

region for PS formation are incomplete and mis- 

TABLE 3 

Solubility of PS in aqueous sodium chloride 
at 65.15 "C 

PS solubility 
Chloride ion 

mcl - (CaZ +) (so42-) 
(mole C1-I (mole CaZ+I (mole SOLZ-/ . . 
'kg H Z ~ ) '  kg HzO) kg HZO) ' 

leading since the non-stoichiometric sulfate con- 
centration was neither measured nor taken into 
consideration. 

The solubility and stability of solid PS with 
concentrated aqueous sodium chloride at 30 "C 
was assessed by preparing PS at 65 "C in the 
normal manner then cooling to 30 "C and follow- 
ing the composition of the stirred solution phase. 
Results presented in Fig. 3 (a) for 5.90 mC,- and 
(b) for 6.15 mc,-, saturated with sodium chloride, 
show the initial equal decreases of calcium and 
sulfate concentrations caused by the precipitation 
of gypsum from the solutions. After 10 days the 
calcium concentrations dropped only slowly 
whereas the sulfate concentrations increased 
rapidly up to the calcium levels, showing the 
back-reaction at 30 "C of the solid PS with the 
solution to form gypsum. The solution composi- 
tions after 30 and 36 days gave the gypsum 
solubilities at 29.80 "C reported in Table2. X-Ray 
analysis of the solid phases after 40 days in (a) 
confirmed gypsum only and in (b), gypsum and 
halite. 
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GLEW AND HAMES: SOLUBILITIES O F  GYPSUM AND ANHYDRITE 

FIG. 3. Solution concentration for PS transformation to gypsum at 30 OC (a) in 5.90 m NaCl and (6) in 6.15 m NaCI. 
0, calcium ion and x , sulfate ion. 

(d) Anhydrite Solubility 
Anhydrite solubilities SAY in mole CaSO,/ 

kg H20 ,  at 65.15 "C in aqueous sodium chloride 
with between 3 and 6 m NaCl are presented in 
Table 4 and shown in Fig. 2. Solubilities are for 
our anhydrite prepared from gypsum, while those 
in parentheses refer to the commercial sample of 
anhydrous calcium sulfate. With equal calcium 
and sulfate concentrations, the solubility varia- 
tion with sodium chloride molality is given by 

ments invariably was shown by X-ray analysis 
to be P-anhydrite. 

(e) Gypsum, PS, and Anhydrite Stability 
The calcium times sulfate molality product SG2 

for gypsum, MPps = Ca2+.S0,2- for PS, and 
SA2 for anhydrite at 65.15 "C are plotted against 
chloride ion molality in Fig. 4. The molality 
products are represented by the least squares 
regressions 

with a standard error of 0.00034 m. 
Contrary to Zen's work at 70 "C (2) over a [4] MPps = 0.005334 - 0.000530 mc,- 

period of 6 weeks we find no evidence for the 
transformation of anhydrite to gypsum at 65 "C. 
The solid phase at the termination of all experi- 

TABLE 4 
Anhydrite solubility in aqueous sodium 

chloride at 65.15 "C 

Sodium chloride Anhydrite solubility 
~ N Z C L  SA 

(mole NaCl/kg H 2 0 )  (mole CaS04/kg H 2 0 )  

3.01 0.0442 
3.01 0.0442 
4.01 0.0420 
4.01 (0.0428) 
4.02 0.0426 
4.94 0.0387 
5.01 (0.0389) 
5.01 (0.0391) 
5.95 0.0350 

I I I I I I I 
3.0 4.0 5.0 6-0 

Chloride molal i ty 
5.98 0.0346 
6.00 (0.0343) FIG. 4. Dependence of molal product Ca2+.S0.42- on 

chloride molality. 0, gypsum; x , PS; 0, anhydnte. 
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3738 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

giving a standard error on single determination 
of 0.000023,0.000022, and 0.000029, respectively. 
The error for PS is unrealistic and is too small 
compared with the known error on sulfate 
determination. 

The intersection of the SG2 and MP,, curves 
in Fig. 4, where the right-hand side of eqs. 3 and 4 
are equal, shows that gypsum is unstable with 
respect to PS in solutions more concentrated 
than 3.68 m NaC1. At higher molalities the 
sodium ion from solution competes with calcium 
and stabilizes the lattice of PS. In all of our 
experiments at  65 "C anhydrite is the most stable 
phase of calcium sulfate, into which both gypsum 
and PS will transform on attainment of equi- 
librium with the solutions more concentrated 
than 3 m NaCl. 

Ostroff (11) observed the dehydration of 
gypsum to P-anhydrite via a hemihydrate inter- 
mediate after 10 days with aqueous 2.8 m NaCl 
at  90.5 "C. Since the hemihydrate which was 
reported would actually be PS, we expected the 
similar transformation of PS to anhydrite. Trace 

quantities of anhydrite do form from PS vigor- 
ously stirred with saturated sodium chloride 
solutions at 65 "C after 6 days, whereas PS 
equilibrated with 4.7 m NaCl at  65 "C show only 
a trace of anhydrite after 30 days. In contrast we 
find that gypsum is completely converted via the 
PS intermediate to anhydrite in the presence of 
12 wt % Na2S0, within 40 days at 75 "C. Since 
anhydrite is the thermodynamically most stable 
phase under these conditions, the transformation 
of PS into anhydrite is limited kinetically. 
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NOTES 

Solvolytic reactivity of bridgehead substituted tricyc10[4.4.0.0~~~]decanes 
(twistanes)' 

R. C. BINGHAM~ AND P. VON R. SCHLEYER 
Department of Chemistry, Princeton University, Princeton, New Jersey 08540 

AND 

Y. LAMBERT AND P. DESLONGCHAMPS 
DPpartement de Chimie, UniversitP de Sherbrooke, Sherbrooke, Qukbec 

Received June 18, 1970 

Several bridgehead substituted twistanes (tricycl0[4.4.0.O~~~]decanes) have been prepared and their 
solvolysis rates determined. 1-Twistyl derivatives react only slightly faster than the corresponding bicyclo- 
[2.2.2]octyl derivatives and about lo3 more slowly than 1-adamantyl derivatives. Although the ground 
states of all three of these molecules are essentially free from angle strain, they differ in the degree of 
nonbonded interactions, which is the main reason for the decrease in 1-twistyl and 1-bicyclo[2.2.2]octyl 
reactivity. 

Canadian Journal of Chemistry, 48, 3739 (1970) 

Bridged polycyclic hydrocarbon derivatives 
with their rigid, fixed conformations are ideal 
substrates for the study of the effect of changes 
of geometry on reactivity (1). For carbonium 
ion processes, the bridgehead positions are best 
in this regard for reactions there tend to be 
uncomplicated mechanistically (1, 2). Further- 
more, the rates of bridgehead solvolyses are 
very sensitive to structural effects and large 
reactivity differences are observed (1, 3, 4). 

A comparison of the behavior of 1-adamantyl 
bromide (1) and I-bicyclo [2.2.2]octyl bromide 
(2) is particularly apt (1, 4a). Both substrates 
have very nearly the same ground state geometry 
around the reaction site and yet their solvolysis 
rates differ by more than three powers of ten! 
Qualitatively, we have ascribed this difference 
to the increase in C,. . .C, nonbonded repulsive 
interactions during the solvolysis of 2 which has 
no counterpart in the reaction of 1 (1). This 
argument has been supported by quantitative 
conformational analysis (4). 

'This work was supported at Princeton by grants from 
the National Science Foundation, the National Institutes 
of Health (AI-07766), and the Petroleum Research Fund, 
administered by the American Chemical Society and at 
Sherbrooke by the National Research Council of Canada, 
Ottawa and Ayerst Laboratories, Montreal. 

'National Institutes of Health Predoctoral Fellow, 
1967-1970. 

2 3 
(7 x (2 x 

*(kc,,, 100", 80% ethanol) 

As a further check of this hypothesis, we have 
investigated the solvolysis or 1-twistyl bromide 
(3), 1-twistyl chloride (4) (5a), and I-twistyl 
tosylate (5). These compounds have become 
readily available through the realization of a 
one-step synthesis of 8-acetoxy-4-tricyclo-, 
[4.4.0.03.8] decanone (8 -acetoxy - 4 - twistanone 
(56). I-Twistanol(5a) was converted by standard 
procedures to its tosylate (5) and bromide (3) 
derivatives. The solvolysis rates of 3-5 are sum- 
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3740 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 1 
Solvolysis Data 

Temperature AH* 
Compound Solvent PC) k (s-I) (kcallmole) AS* (e.u.1 

- - -- 

1-Adamantyl bromide (1)" 80% EtOH 100.0 1.26 x lo-3 22.4 -12.3 
1-Bicyclo[2.2.2]octyl 

bromide (2)b 80 % EtOH 100.0 9.05 x 26.0 -16.9 

1-Twistyl bromide (3) 80% EtOH 124.8 2.36k .04 x 24.6 -18.4 
150.1 1.62k.02 x 
100.0 2.79 x 
25.0 5.25 x 

1-Twistyl chloride (4) 50% EtOH 124.4 3.24+ .06 x 26.6 -12.8 
150.1 2.66k .04 x 
100.0 3.37 x 
25.0 3.27 x 

1-Twistyl tosylate (5) CH3COOH 75.2 1.73k .05 x 23.6 -8.3 
100.0 1.78k . l l  x 
25.0 4.74 x 

.- 
'Reference 26 and references cited therein. 
bP. Brennersen et 01. (9). 
'Calculated. 

marized in Table 1 along with the relevant data 
for model compounds 1 and 2. 

The twistyl derivatives, like most bridgehead 
substrates (I), solvolyze without rearrangement. 
In 80 % aqueous ethanol, 3 gives 60 % 1-twistanol 
and 40% of the corresponding ethyl ether. 
Similarly, acetolysis of 5 gives only unrearranged 
1-acetoxytwistane. 

The twistyl (3) and bicyclo[2.2.2]octyl (2) 
systems are closely related geometrically. In both 
the angles are not expected to deviate significantly 
from tetrahedral. The bridgehead. . .bridgehead 
distances in 2 (C,. . .C,) and in 3 (C,. . .C8) are 
probably quite similar and are quite different 
from the chair-tv~e 1.4-C.C distances in adaman- 

The magnitude of the effect appears smaller 
than expected on the basis of a first order con- 
formational analysis (6). Possibly this is due to 
the average D, conformation of bicyclo [2.2.2]- 
octane itself (7) and to a compensating bond angle 
deformation in 3 introduced by the greater 
"twisting" in this system. 

Torsional effects in carbonium ions will be 
discussed in greater detail and the results of a full 
computer conformational analysis (4) of the 
reactivity of 3 will be presented in forthcoming 
publications. 

Experimental 
I-Twistyl Bromide (3) 

,A , , 

tane (1). Therefore, it is not surprising to find that TO freshly distilled thionyl bromide (2.5 ml, 32.2 

the solvolysis rates of and 3 are quite similar, mmoles) dissolved in dichloromethane (15 ml) and cooled 
in an ice-bath was added a solution of 1-twistanol(1.53 g, 

being than 10.1 mmoles) in dichloromethane (12 ml). The reaction 
1 (Table 1). This finding supports the clualitative mixture was left for 1 h a t  room temoerature and refluxed - A -  

explanation for the reactivity difference between for 1.5 h. Pentane was added and the organic phase was 

1 and 2 mentioned above (1). washed with saturated sodium carbonate solution, water, 
and dried over magnesium sulfate. Evaporation of the The 'lightly enhanced of solvent gave crude crystalline 3 (2.75 g) which was 

to 2 is probably due to a torsional effect (44 6). obtained pure by column chromatography over alumina 
The addition of the ethylene bridge to 2 to give (Woelm, neutral, grade 1) with pentane (1.82 g, 85%, 
3 enhances the "twistingv in the bicyclo[2.2.2]- yield). The analytical sample was obtained by sublima- 

octyl portion of the moleoule (7). In 2 the dihedral t 1 0 ~ / ~ ~ ~ ~ ~ : ~ ~ ~ ~ ; H 1 5 B r :  C, 55,81 ; H, 6.98. 
angles between the C-Br bond and the adjacent c, 55.82; H, 7.03. 
methylene C-H's should be significantly larger 

I-Twistyl Tosylate (5)  than the similar dihedral angles involving the In a 50 round-bottom flask fitted with a 
C-Br bond in 3. This interaction is relieved upon magnetic stirrer, condenser, nitrogen inlet, dropping 
ionization enhancing the rate of 3 relative to 2 (6). funnel, and a rubber stopper for syringe inlet was placed 
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NOTES 3741 

200 mg (1.32 mmoles) of I-twistanol in 20 ml anhydrous 
ether. A 1.67 M solution of methyl lithium (1.2 ml, 1.95 
mmoles) was added with a syringe, taking care that the 
tip of the syringe remained in the solution throughout 
the addition. The solution was then gently refluxed for 
15 min. After cooling, 500 mg (2.65 mmoles) of freshly 
recrystallized p-toluenesulfonyl chloride in 10 ml anhy- 
drous ether was added rapidly. The solution was then 
gently refluxed for 30 min. After cooling the solution was 
filtered, and the solvent was removed in vacuo. The 
remaining oil was mixed with 3 ml pyridine and after 5 
min was poured into about 50 ml ice water. The solid 
ester precipitated from the ice water, was filtered, and 
dried in vacuo to give 235 mg (58 % yield). The product 
was dissolved in about 30 ml of 3660"  petroleum ether, 
treated with charcoal, and crystallized by cooling the 
solution.to -78" to give an  analytically pure sample; m.p. 
87-88". 

Anal. Calcd. for C1,HZZS03: C, 66.67; H, 7.19. Found: 
C, 66.75;,H, 7.32. 

I-Ethoxyiwistane 
A mixture containing triethyloxonium fluoroborate 

(2.3 g), dry dichloromethane, and anhydrous sodium 
carbonate (600 mg) was prepared and vigorously stirred 
for 15 min. I-Twistanol (200 mg, 1.31 mmoles) in 
dichloromethane (5 ml) was added and the mixture left 
at  room temperature for 4 h. Ether was added, the organic 
layer was washed with water, dried over magnesium sul- 
fate, and evaporated to dryness. Pure I-ethoxytwistane 
(150 mg, 66 % yield) was obtained by chromatography on 
alumina (Woelm, neutral, grade 1) with petroleum ether 
(b.p. 30-60 "C). The analytical sample was obtained by 
distillation. 

The n.m.r.: ~ (Cc l , ,  TMS) 6.68 (--OCH,; quadruplet, 
J = 7 c.p.s.) and 8.93 (CH3, triplet, J = 7 c.p.s.). 

Anal. Calcd. for ClzH2,0:  C, 80.00; H,  11.11. Found: 
C, 80.30; H, 11.38. 

Kinetic Methods 
The kinetics of the aqueous ethanol solvolyses were 

measured in the usual manner (8). Solvolysis rates in 
anhydrous acetic acid were determined conductimetrically 
with a Wayne-Kerr Model B331 Impedance Bridge, 
capable of 0.1 % accuracy. The conductivity cell used had 
bright platinum electrodes, a cell constant of 0.3, and a 
volume of approximately 25 ml. Typically, M 
solutions were used. At least twelve conductance mea- 
surements were taken during the first three half-lives of 
the reaction. The raw conductance data were then fitted 
to  the first order rate equation by means of a least squares 
computer program. This conductance method accurately 
produces literature data. 

Prod~tct Analyses 
Compound 3 (96.5 mg, 0.45 mmole) was dissolved in 

80% aqueous ethanol (3 ml) containing sodium carbonate 
(78.5 mg, 0.74 mmole). This mixture (in a sealed tube) 
was heated with an oil bath (temperature 130 'C) during 

21 h. Water was added (30 ml) and the mixture was 
extracted with ether. The ethereal extract was dried over 
magnesium sulfate, filtered, and evaporated to dryness 
yielding a solid residue (63.7 mg). 

Thin-layer chromatography showed the presence of 
three compounds identified as I-ethoxytwistane, l-twis- 
tanol, and unreacted starting material. This result was 
confirmed by v.p.c. analyses which showed only three 
peaks: I-twistanol (38%), I-ethoxytwistane (25%), and 
I-twistyl bromide (38%). Identification was made by 
comparison of their respective retention times with those 
of authentic samples. The individual products could also 
be isolated by column chromatography (Fisher Florisil 
(106200 mesh)). Elution of a 60 mg sample with petro- 
leum ether (b.p. 3 6 6 0  "C) gave 3 (18 mg), elution with 
benzene - petroleum ether (1 :I)  gave I-ethoxytwistane 
(15 mg), and elution with benzene+ther (5 and 10%) 
gave I-twistanol (26 mg). The i.r. spectra of these three 
compounds were identical with those of authentic 
samples. 

A similar result was obtained for the acetolysis of 5. 
The unrearranged acetate product was identified by con- 
version to I-twistanol via lithium aluminum hydride and 
comparison of v.p.c. retention time and i.r. spectra with 
those of authentic alcohol. 
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Structural preferences for the double bond position in some 
unsaturated 3,3-diphenylpyrrolidines 

M. M. A. HASSAN AND A. F. CASY 
Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, Alberta 

Received April 24, 1970 

The reaction between 3,3-diphenyl-3-cyano-1-methylpropyl isocyanate and ethyl magnesium bromide 
leads to 2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline rather than the isomeric 2-ethylidenepyrrolidine. The 
protonated N-methyl analogue (identical with a major metabolite of methadone) retains the 1-pyrroline 
structure, but the free base is a cis-trans mixture of the corresponding 2-ethylidenepyrrolidines; the cis 
Me/Ph isomer preponderates and is the sole product (obtained as a quaternary salt) when the mixture is 
treated with methyl iodide. 5-Methyl-2-methylene-3,3-diphenylpyrrolidine, a lower homologue of the 
methadone metabolite, isomerizes to a 1-pyrroline derivative when protonated or methylated. All struc- 
tural conclusions are based on i.r. and p.m.r. spectroscopic evidence. 

Canadian Journal of Chemistry, 48, 3742 (1970) 

The base derived from the product of reaction 
between 3,3 -diphenyl- 3 -cyan0 -1-methylpropyl 
isocyanate (1) and ethyl magnesium bromide 

Ph 
I 

CH2Me Me 
NCO 

may be formulated either as a 1-pyrroline 2a or a 
pyrrolidine 26 since it gives reactions typical of 
both forms (1). We prepared this base in connec- 
tion with work upon the metabolism of metha- 
done (2), and report here its structural preference 
together with that of its derivatives on the basis of 
spectroscopic evidence. 

The p.m.r. spectrum of the base 2 in CDCl, 
displays signals characteristic solely of the 
endocyclic alkene 2a, in particular a quartet and a 
triplet typical of an ethyl group (details in Experi- 
mental).' The i.r. spectrum of the base (film) 
shows bands at 1700 and 1630 cm-' of medium 
intensity as seen in acyclic ketimines and attri- 
buted to C - N  stretching (3), and spectroscopic 
features of the base hydrochloride establish that 
the endo structure is retained in the protonated 
form. Treatment of the pyrroline 2 with dimethyl- 
sulfate gives a tertiary base which may be isolated 
as a hydriodide. Evidence for the pyrroline struc- 
ture 3 of this salt and its identity with a major 

'The p.m.r. evidence upon 2 and its analogues does not 
preclude the existence of minor components, but if other 
structural isomers are present in the various samples they 
must represent less than 10% of the total. 

metabolite of methadone has been given else- 
where (2). The N-methyl base corresponding to 3 
may also be obtained from 1,5-dimethyl-3,3- 
diphenylpyrrolid-2-one (2). A freshly distilled 
sample derived from this sourcehad spectroscopic 
properties which showed it to be a cis-trans 
mixture of the exocyclic alkenes 4 and 5. Thus its 

trans Me/Ph cis Me/Ph a R = H; R' = Me 
~ R = M ~ ; R ' =  H 

p.m.r. spectrum displayed duplicate vinylic 
(quartets), vinylic methyl (doublets), 5-methyl 
(doublets) and N-methyl signals of similar, but 
not equal, intensities, while its i.r. spectrum 
showed an intense band at 1650 cm-I. This i.r. 
band is assigned to v,=, and its high intensity is 
attributed to the polarizing influence of the 
adjacent nitrogen atom; the v,=, bands of the 
related tetrahydrofurans 6a and 66, are similarly 
of high intensity (4). One of the four methyl 
doublets of the p.m.r. spectrum of the t-base 
mixture in various solvents appeared much lower 
field (6 1.72) than the other three which formed 
an overlapping multiplet near 6 1 .O, best resolved 
in benzene. Signal assignments were aided by the 
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NOTES 

FIG. 1. Diagram of Dreiding model of cis and trans 
2-ethylidene-l,5-dimethyl-3,3-diphenylpyrrolidine (4 and 
5) viewed from above. The rectangle and dotted line 
represent the end on views of the two phenyl substitu- 
ents at C-3. 

fact that the vinylic methine protons exchanged 
for deuterium when the base in CDCI, was 
shaken with D,O, with the result that their 
signals disappeared. The methyl doublets which 
simultaneously collapsed to singlets (6 1.72 and 
0.95) were thus identified as the vinylic methyl 
resonances. 

A favored conformation for the exocyclic 
alkenes 4 and 5 is probably one in which the two 
3-phenyl groups are orientated as in Fig. 1, the 
plane of one of the rings being almost at right 
angles to the mean plane of the pyrrolidine ring; 
in this arrangement non-bonded interactions are 
at a minimum (4, 5). This conformation removes 
the R vinylic substituent from the aromatic 
influence and its chemical shift should be in .the 
normal range of a group attached to a carbon- 
carbon double bond; the R' substituent, however, 
falls within the diamagnetic screening zone of the 
aromatic group and its p.m.r. signal should occur 
at an unusually high field position. On these 
grounds the vinylic methine signal at 6 4.33 
(within normal range) (6) and the methyl signal 
at 6 0.95 (upfield of normal range) are assigned 
to the cis Me/Ph isomer 5, and the signals at 6 
3.72 (HE=, high field) and 6 1.72 (MeC=, 
normal) to the trans isomer 4. The lower field 
vinylic signal was clearly the more intense, 
hence the cis form preponderates, and the more 
intense of the two N-methyl signals is therefore 
assigned to the same isomer. This assignment was 
corroborated by data upon the Zmethylene 
analogue 7;  the chemical shift of the N-methyl 
group of this derivative (6 2.68) was closer to that 
of the major ethylidene isomer (6 2.63) than that 
of the minor (6 2.78). It is concluded that the 
vinylic methyl group in trans 4 has a small 
deshielding influence on the N-methyl protons. 

In 7, the higher field vinylic signal is assigned to 
the methine proton cis to the 3-phenyl substituent, 
and the lower field signal to the trans proton 
from arguments already discussed. Vinylic 
chemical shifts calculated using these values and 
the geminal shielding parameter of methyl 
attached to a C - C  double bond (o,,, Me - 0.44 
p.p.m.) (7) agree closely with the observed shifts 
of vinylic protons in the ethylidene derivatives 
4 and 5 (see Scheme 1); this result shows that 
vinylic protons suffer similar degrees of aromatic 
shielding in 7 and the isomers 4 and 5. 

The p.m.r. spectrum of the total product of 
reaction between the mixture of bases 4 and 5 
and methyl iodide displayed a single 5-methyl and 
vinylic methyl doublet. This establishes that the 
exo-cyclic alkene salt, 8, consists of only one of 

the two possible geometrical isomers. The lower 
field doublet (6 1.67) in the spectrum of 8 is 
assigned to 5-methyl because of its broad nature 
(attributed to 14NCCH coupling, known to 
amount to about 2 Hz in quaternary salts) (8) 
and by comparison of its chemical shift with that 
of 5-methyl in the saturated analogue 9 (6 1.58). 
The upfield doublet (6 1.21) is therefore due to 
the vinylic methyl group, and its high field 
position shows that the quaternary salt 8 has a 
cis Me/Ph configuration. The trans isomer is 
probably unfavored on steric grounds since 
models show that this structure entails interac- 
tions between vinylic methyl and both of the 
N-methyl groups. The vC=, band of the quater- 
nary salt 8 waq much weaker than that of the 
corresponding free base mixture 4 and 5, and 
this results supports the argument of the intense 
absorption seen in the latter being due to the 
polarizing influence of the ring nitrogen atom; 
in the quaternary salt 8 the absence of a nitrogen 
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N v ,,,.,, = -3.25 - 0.44 = -3.69; observed, 3.73 p.p.m. (6) 
I 

Me 

N vrrm-,, = -3.81 - 0.44 = -4.35; observed, 4.35 p.p.m. (6) 
I 

H 

SCHEME 1 

lone-pair of electrons precludes the resonance mining preference for cis-trans Me/Ph geometry 
'2 + - 

interaction N-C=C ++ N=C-C. 
The 2-methylene analogue of the bases 4 and 5 

also had a preferred exocyclic alkene structure 
7 since its p.m.r. spectrum showed two broad 
vinylic methine signals and its i.r. spectrum, an 
intense vC=, band at 1650 cm- l. In the spectrum 
of a purified sample in CDCl,, the vinylic 
resonances were considerably broadened (w, 13 
Hz), indicating their exchangeable nature. This 
conclusion was confirmed by the diminution of 
the signal intensities when D,O was added. 
Pronounced broadening of these signals was not 
seen in the spectrum of the base 7 in DMSO-d,, a 
solvent which presumably reduces the proton 
exchange rate by its hydrogen bonding proper- 
ties. Protonation of 7 occurs at the exocyclic 
carbon atom of the methylene group rather than 
at nitrogen (giving lo), as is clear from the 

appearance of a broad 3-proton signal at 6 2.48 
and the disappearance of the vinylic methine 
signals when trifluoroacetic acid is added to the 
base in CDCl,. The signal at 6 2.48, assigned to 
vinylic methyl in 10, was of greatly reduced 
intensity in the spectrum of the acidified base in 
CDC1,-D,O. Methylation of 7 also occurred at 
the same exocyclic carbon atom to yield the 
hydriodide of the methadone metabolite 3. 

This study shows that I-pyrrolines of type 2 are 
more stable than corresponding pyrrolidines with 
an exocyclic alkene substituent at C-2; the latter 
structures are only favored in cases where 
pyrroline formation entails the cleavage of an 
N-C bond (4, 5, and 7) or the generation of 
severe non-bonded interactions (8). The 
governing influence of steric factors in deter- 

in the five-membered ethylidene derivatives 5 
and 8 is also apparent in the tetrahydrofuran 
analogues 6a, 6b, and 11. 

In the first two the trans isomers are preferred 
as is evident by the normal resonance positions 
of their vinylic methyl [6 1.66 (6a), 1.63 (6b)l 
and high field vinylic methine signals [6 3.95 (6a), 
4.03 (6b)l (4). In the bromo derivative 11 (9), 
however, the vinylic methyl chemical shift is very 
close to that of cis 5 (6 0.95) after allowance is 
made for the deshielding influence of a geminal 
bromine atom (v,,, corrected = 1.53 - 0.56' = 
6 0.97); hence 11 has a cis configuration as antici- 
pated from the relative bulk of the bromo and 
methyl substituents. 

Experimental 
The p.m.r. spectra were recorded on a Varian A-60 

spectrometer using CDCla as solvent unless otherwise 
stated. Chemical shifts are expressed in 6 units with T M S  
as internal standard; in most cases only signals diagnostic 
of endocyclic or  exocyclic alkene structures are reported. 
The i.r. spectra of salts were recorded as Nujol mulls and 
bases as liquid films. 

The p.m.r. spectrum of base 2, b.p. 135-14O0/0.3 mm 
(1, 2) showed a quartet at 2.13, J 6.5 Hz (2-CH2Me) and 
a triplet at 1.08, J 6.5 Hz (2-CH2Me). The spectrum of 2 
hydrochloride, m.p. 160-162" (2) showed the same 
signals a t  2.78 and 1.27 ( J  7.5 Hz). 

The mixture of bases 4 and 5 derived from the reaction 
of 1,5-dimethyl-3,3-diphenylpyrrolid-2-one with ethyl 
lithium (2) distilled a t  131-133"/0.1 mm. 

Anal. Calcd. for Cz,Hz3N: C, 86.6; H ,  8.4. Found: C, 
86.5; H, 8.4. 

The mixture had the following p.m.r. characteristics: 

ZCalculated from v,, in propene (6 1.72) and 2-bromo- 
propene (6 2.28) (10). 
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NOTES 

quartets at 4.33 (major) and 3.72, J 7  Hz (vinylic methine); 
singlets at 2.78 and 2.63 (major) (N-Me); doublets at 
1.72 and 0.95, J 7 Hz (vinylic methyl), and at 1.12 and 
1.07, J 5.6 Hz (5-Me). In benzene these signals had the 
chemical shifts: 4.38, 3.92, J 7 Hz (vinylic methine); 2.68, 
2.50 (N-Me); 1.72, 1.17, J 7 Hz (vinylic methyl); 1.17, 
1.02 J 6 Hz (5-Me). 

1,5-Dimetl1yl-3,3-dip/1e11yl-2-methylene Pyrrolidine (7) 
Compound 7 (5 g) b.p. 120°/0.1 mm, was prepared by 

treating 1,5-dimethyl-3,3-diphenylpyrrolid-2-one (8.5 g) 
with methyl lithium obtained from lithium (0.9 g) and 
methyl iodide (6 g) in ether at -40 "C. 

Anal. Calcd. for C19H2,N: C, 86.6; H, 8.05. Found: 
C, 86.9; H, 8.4. 

The und~stilled base had the following p.m.r. charac- 
teristics: broad singlets at 3.8 and 3.25, width at  half 
height (jv,,) -- 3 Hz (vinylic methines); singlet at  2.68 
(N-Me); doublet at  1.1, J 6.5 Hz (5-Me). The vinylic 
methine slnglets were at 3.73 and 3.13 (w,, -- 3) in 
DMSO-d6, and were replaced by a broad singlet at 148, 
w ,  - 4 Hz of relative intensity 3 (vinylic methyl) in 
CDC1,-TFA. The p.m.r. spectrum of the product of 
reaction between 7 and methyl iodide showed signals 
characteristic of 3 (2) namely; a mult~plet at  5.15 (5- 
methine); a singlet at 4.03 (N-Me); a quartet near 3.0 
(2-CH2Me); and a triplet at 0.7, J 7 Hz (2-CH2Me). 

A mixture of 4 and 5 (4.2 g), dimethyl sulfate (1.4 ml), 
and benzene (25 ml) was heated under reflux for 1 h and 
cooled. The solid which separated was recrystallized 
from ethanokther  to give 8 (X = MeSO,-) (3.5 g), 
m.p. 235-237", lit. (1) 227-230". 

Anal. Calcd. for Cz2HzsNO4S: C, 65.5; H, 7.2; N,  
3.5. Found: C, 65.6; H,  7.2; N, 3.3. 

The methiodide 8 (X = I-) m.p. 185-187", was pre- 
pared similarly and crystallized as a hemihydrate, v,.,, 
3420 cm-' (H20).  

A ~ a l .  Calcd. for C2,H2,IN, 0.5 H 2 0 :  C, 58.9; H, 
6.35;N,3.3.Found:C,59.3;H,6.1;N,2.95. 

Its p.m.r. spectrum showed singlets at  3.68 and 3.63 

(N-Me); doublets at 1.27, J 6.5, (w, of each doublet 
line - 3 Hz) (5-Me) and 1.21, J 7.5 (vinylic methyl). The 
quaternary salt 9 (X = Meso,-), m.p. 68-70", prepared 
from 1,5-dimethyl-3,3-diphenyl-2-ethylpyrrolidine (11) 
and dimethyl sulfate, also crystallized as a hemihydrate, 
v,,, 3500 cm-' (H20).  

Anal. Calcd. for C22H31N04S, 0.5 H 2 0 :  C, 63.7; H, 
7.8. Found: C, 63.9; H, 7.8. 

Its p.m.r. spectrum showed a multiplet, centered at 4.6 
(5-methine), singlets at 3.67 (Meso,-), 3.42 and 2.98 
(N-Me), a doublet at 1.58, J 6.5 Hz with broadened 
lines (w,, - 2 HZ) (5-Me), plus a deformed triplet with 
separations - 7 HZ at 1.0 (2-CH2Me). 

The authors thank Dr. A. B. Simmonds, Chelsea 
College of Science and Technology, London, for a sample 
of the bromo derivative 11, and the Medical Research 
Council of Canada for financial support. 
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Hydrophobic folding of maltose in aqueous solution 

J. L. NEAL AND D. A. I. GORING 
Pulp a11dPaper Research Institule of Canada and Department of Cllemistry, McCill University, Montreal, Quebec 

Received April 10, 1970 

The apparent specific thermal expansibilities of glucose, cellobiose, and maltose were compared to 
show that the maltose molecule folds in solution and undergoes intramolecular hydrophobic bonding. 

Canadian Journal of Chemistry, 48, 3745 (1970) 

An examination of a molecular model of dimer of glucose were able to rotate about its 
glucose reveals that certain surfaces are hydro- glycosidic linkage such that the hydrophobic 
phobic in character. Presumably, the net effect surfaces were juxtaposed, these surfaces would 
of glucose on the structure of liquid water is a bond intramolecularly (2) and thus increase the 
sum of the effects of the hydrophilic -OH net hydrophilic character of the molecule. On 
groups and the hydrophobic surfaces (1). If a the other hand, if such a conformational arrange- 
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NOTES 

quartets at 4.33 (major) and 3.72, J 7  Hz (vinylic methine); 
singlets at 2.78 and 2.63 (major) (N-Me); doublets at 
1.72 and 0.95, J 7 Hz (vinylic methyl), and at 1.12 and 
1.07, J 5.6 Hz (5-Me). In benzene these signals had the 
chemical shifts: 4.38, 3.92, J 7 Hz (vinylic methine); 2.68, 
2.50 (N-Me); 1.72, 1.17, J 7 Hz (vinylic methyl); 1.17, 
1.02 J 6 Hz (5-Me). 

1,5-Dimetl1yl-3,3-dip/1e11yl-2-methylene Pyrrolidine (7) 
Compound 7 (5 g) b.p. 120°/0.1 mm, was prepared by 

treating 1,5-dimethyl-3,3-diphenylpyrrolid-2-one (8.5 g) 
with methyl lithium obtained from lithium (0.9 g) and 
methyl iodide (6 g) in ether at -40 "C. 

Anal. Calcd. for C19H2,N: C, 86.6; H, 8.05. Found: 
C, 86.9; H, 8.4. 

The und~stilled base had the following p.m.r. charac- 
teristics: broad singlets at 3.8 and 3.25, width at  half 
height (jv,,) -- 3 Hz (vinylic methines); singlet at  2.68 
(N-Me); doublet at  1.1, J 6.5 Hz (5-Me). The vinylic 
methine slnglets were at 3.73 and 3.13 (w,, -- 3) in 
DMSO-d6, and were replaced by a broad singlet at 148, 
w ,  - 4 Hz of relative intensity 3 (vinylic methyl) in 
CDC1,-TFA. The p.m.r. spectrum of the product of 
reaction between 7 and methyl iodide showed signals 
characteristic of 3 (2) namely; a mult~plet at  5.15 (5- 
methine); a singlet at 4.03 (N-Me); a quartet near 3.0 
(2-CH2Me); and a triplet at 0.7, J 7 Hz (2-CH2Me). 

A mixture of 4 and 5 (4.2 g), dimethyl sulfate (1.4 ml), 
and benzene (25 ml) was heated under reflux for 1 h and 
cooled. The solid which separated was recrystallized 
from ethanokther  to give 8 (X = MeSO,-) (3.5 g), 
m.p. 235-237", lit. (1) 227-230". 

Anal. Calcd. for Cz2HzsNO4S: C, 65.5; H, 7.2; N,  
3.5. Found: C, 65.6; H,  7.2; N, 3.3. 

The methiodide 8 (X = I-) m.p. 185-187", was pre- 
pared similarly and crystallized as a hemihydrate, v,.,, 
3420 cm-' (H20).  

A ~ a l .  Calcd. for C2,H2,IN, 0.5 H 2 0 :  C, 58.9; H, 
6.35;N,3.3.Found:C,59.3;H,6.1;N,2.95. 

Its p.m.r. spectrum showed singlets at  3.68 and 3.63 

(N-Me); doublets at 1.27, J 6.5, (w, of each doublet 
line - 3 Hz) (5-Me) and 1.21, J 7.5 (vinylic methyl). The 
quaternary salt 9 (X = Meso,-), m.p. 68-70", prepared 
from 1,5-dimethyl-3,3-diphenyl-2-ethylpyrrolidine (11) 
and dimethyl sulfate, also crystallized as a hemihydrate, 
v,,, 3500 cm-' (H20).  

Anal. Calcd. for C22H31N04S, 0.5 H 2 0 :  C, 63.7; H, 
7.8. Found: C, 63.9; H, 7.8. 

Its p.m.r. spectrum showed a multiplet, centered at 4.6 
(5-methine), singlets at 3.67 (Meso,-), 3.42 and 2.98 
(N-Me), a doublet at 1.58, J 6.5 Hz with broadened 
lines (w,, - 2 HZ) (5-Me), plus a deformed triplet with 
separations - 7 HZ at 1.0 (2-CH2Me). 

The authors thank Dr. A. B. Simmonds, Chelsea 
College of Science and Technology, London, for a sample 
of the bromo derivative 11, and the Medical Research 
Council of Canada for financial support. 
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Hydrophobic folding of maltose in aqueous solution 

J. L. NEAL AND D. A. I. GORING 
Pulp a11dPaper Research Institule of Canada and Department of Cllemistry, McCill University, Montreal, Quebec 

Received April 10, 1970 

The apparent specific thermal expansibilities of glucose, cellobiose, and maltose were compared to 
show that the maltose molecule folds in solution and undergoes intramolecular hydrophobic bonding. 

Canadian Journal of Chemistry, 48, 3745 (1970) 

An examination of a molecular model of dimer of glucose were able to rotate about its 
glucose reveals that certain surfaces are hydro- glycosidic linkage such that the hydrophobic 
phobic in character. Presumably, the net effect surfaces were juxtaposed, these surfaces would 
of glucose on the structure of liquid water is a bond intramolecularly (2) and thus increase the 
sum of the effects of the hydrophilic -OH net hydrophilic character of the molecule. On 
groups and the hydrophobic surfaces (1). If a the other hand, if such a conformational arrange- 
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TABLE 1 
Coefficients of 42 = A, + A,T + A,T2 + A3T3 and derived data 

Concentration A, A, x lo3 A2 x lo4 A3 x lo6 (d+2/dT)40C x lo3 d@JdT 
Sugar (weight fraction) (ml g-') (ml g-'"C-') (ml g-10C-2) (ml g-'"C-9 (ml g-'"C-') N/M 

Glucose 0.021 0.604 0.98 - 0.12 0.08 0.89 0.0321 
Cellobiose 0.027 0.599 0.80 - 0.06 0 0.75 0.0321 
Maltose 0.023 0.598 0.96 - 0.15 0.17 0.85 0.0363 

FIG. 1. A Stuart-Brieleb model of maltose in the "folded" conformation. Hydrogen atoms H4 and 2H6 on the 
reducing sugar are in contact with H3 and H5 on the non-reducing end (see dotted line). It was not possible to arrange 
a model of the cellobiose molecule into a similar conformation. 

ment is restricted, the hydrophobic surfaces 
would be exposed to the water as in glucose. It is 
likely that the j3 1 4  glycosidic linkage is less 
flexible than the a 1 4  glycosidic linkage (3). 
Thus the disaccharide, cellobiose should be less 
capable of such intramolecular hydrophobic 
folding than maltose. 

A useful diagnostic tool for the above effect 
would be the change of the apparent specific 
volume, 4, of the solute with change in tem- 
perature, T. In a previous report (I) it was shown 
for a variety of non-electrolytes dissolved in 
water, that d+,/dT is ,.high for hydrophilic 
solutes and low for hydrophobic solutes. Non- 
electrolytes rich in -OH groups, such as carbo- 
hydrates, were found to show rather high values 
of d+,/dT (I, 4, 5). 

Accordingly, the thermal expansion of dilute 
solutions of glucose, cellobiose and maltose were 

determined by the methods described previously 
(1, 6) .  The results are expressed in terms of the 
coefficients of the best-fit polynomials shown 
in Table 1. Values of d+,/dT at 4 "C are also 
given in Table 1. 

The results show clearly that d+,/dT for mal- 
tose is greater than the value for cellobiose and 
the difference is well above the reproducibility 
of + 0.02 x ml g-'"C-' in d+,/dT. In 
order to compare the behavior of the disaccha- 
rides with that of glucose, it is necessary to make 
allowance for the difference of hydroxyl content 
by dividing d+,/dT by N/M when N is the num- 
ber of -OH groups per sugar residue and M is 
the molecular weight of a sugar residue. As 
shown in Table 1, the value of ~ + , / ~ T / N / M  for 
glucose is equal to that of cellobiose while both 
are less than the figure for maltose. 

Examination of the molecular models of the 
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two disaccharides reveals that maltose can fold 
together readily to screen hydrophobic surfaces 
while the cellobiose molecule cannot (Fig. 1). 
Thus the results in Table 1 are in keeping with 
the expected behavior of the two disaccharides 
and indicate the presence of intramolecular 
hydrophobic bonding in maltose in aqueous 
solution. Similar effects have recently been pro- 
posed for the oligomers of polypropylene glycol 
in aqueous solution (7). It is interesting to note 
that the conformation shown in Fig. 1 cor- 
responds roughly with the conformation (X) 
which was invoked by Rees (8) to interpret the 
optical rotations of a-1,4 oligomers in dimethyl 
sulfoxide and aqueous solutions. However, 
Rees's arguments were based on hydrogen 
bonding rather than the hydrophobic bonding 
proposed in the present work. 

Finally it should be mentioned that the in- 
solubility of cellulose in water or aqueous alkali 
has been attributed by Rees and Skerrett (9) 
to hydrophobic bonding between the ribbon- 

like cellulose chains arranged in stacks (10). 
Also, Goring (11) has suggested that the floc- 
culation of cellulose fibers in aqueous suspension 
may be associated with hydrophobic bonding 
between nonpolar cellulose surfaces on the 
fibers. 

1. J. L. NEAL and D. A. I. GORING. J. Phys. Chem. 74, 
658 (1970). 

2. W. KAUZMAN. Adv. Protein Chem. 14. 1 (1959). 
3. M. IHNAT and D. A. I. GORING. Can. J. dhem.'45, 

2353 (1967). 
4. M. WAHBA and K. A z ~ z .  J. Text. Inst. 53, T291 

(1962). 
5. M. V. RAMIAH and D. A. I. GORING. J. Polym. Sci. 

C l l ,  27 (1965). 
6. 5.  L. NEAL. Ph.D. Thesis. McGill University. -. 

Montreal, Quebec. 1969. 
7. L. S. SANDELL and D. A. I. GORING. Macrornol. 3, 

50 (1970). 
8. D. A. REES. J. Chem. Soc. (B) 877 (1970). 
9. D. A. REES and R. J. SKERRETT. Carbohyd. Res. 7, 

334 (1968). 
10. J. 0. WARWICKER and A. WRIGHT. J. Appl. Polytn. 

Sci. 11, 659 (1967). 
11. D. A. I. GORING. Pulp Pap. Mag. Can. 67, T519 

(1966). 

Preparation and properties of 5-nitro-, 7-nitro-, and 5,7-dinitrooxindole 

R. T. COUTTS, K. W. HINDMARSH, AND E. MAH 
Faculty of Pharmacy and P/~armaceutical Sciences, University of Alberta, Edmonton, Alberta 

Received June 17, 1970 

The preparation and the mass spectra of the title compounds are discussed. 
Canadian Journal of Chemistry, 48, 3747 (1970) 

An attempt to prepare 8-nitroquinoline 
N-oxide by oxidizing 8-nitroquinoline with 
hydrogen peroxide was unsuccessful. Mainly 
starting material was recovered from this attempt 
but in addition a small amount of a red com- 
pound, m.p. 256-257", was isolated which 
analyzed satisfactorily for C8H6N203. An 
examination of the i.r. spectrum of this solid 
showed bands ascribable to the presence of an 
NH, carbonyl, and nitro group. The compound 
was subjected to mass spectrometry. The Mf  
peak was located at mle 178 and an accurate 
mass determination indicated a molecular 
formula of C8H6N203. This evidence suggested 
that the red compound was the hitherto unknown 
7-nitrooxindole (la). 

1 

R R' 
a NO, H 
b H H 
c H NO2 
d NO, NO2 

An abundant ion in the mass spectrum of this 
product appeared at mle 160 and the presence 
of a strong metastable ion at mle 143.8 indicated 
that the fragment ion was due to the direct loss 
of 18 mass units (i.e. water) from the molecular 
ion. A mass spectrum of oxindole (lb) was 
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two disaccharides reveals that maltose can fold 
together readily to screen hydrophobic surfaces 
while the cellobiose molecule cannot (Fig. 1). 
Thus the results in Table 1 are in keeping with 
the expected behavior of the two disaccharides 
and indicate the presence of intramolecular 
hydrophobic bonding in maltose in aqueous 
solution. Similar effects have recently been pro- 
posed for the oligomers of polypropylene glycol 
in aqueous solution (7). It is interesting to note 
that the conformation shown in Fig. 1 cor- 
responds roughly with the conformation (X) 
which was invoked by Rees (8) to interpret the 
optical rotations of a-1,4 oligomers in dimethyl 
sulfoxide and aqueous solutions. However, 
Rees's arguments were based on hydrogen 
bonding rather than the hydrophobic bonding 
proposed in the present work. 

Finally it should be mentioned that the in- 
solubility of cellulose in water or aqueous alkali 
has been attributed by Rees and Skerrett (9) 
to hydrophobic bonding between the ribbon- 

like cellulose chains arranged in stacks (10). 
Also, Goring (11) has suggested that the floc- 
culation of cellulose fibers in aqueous suspension 
may be associated with hydrophobic bonding 
between nonpolar cellulose surfaces on the 
fibers. 
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Preparation and properties of 5-nitro-, 7-nitro-, and 5,7-dinitrooxindole 
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The preparation and the mass spectra of the title compounds are discussed. 
Canadian Journal of Chemistry, 48, 3747 (1970) 

An attempt to prepare 8-nitroquinoline 
N-oxide by oxidizing 8-nitroquinoline with 
hydrogen peroxide was unsuccessful. Mainly 
starting material was recovered from this attempt 
but in addition a small amount of a red com- 
pound, m.p. 256-257", was isolated which 
analyzed satisfactorily for C8H6N203. An 
examination of the i.r. spectrum of this solid 
showed bands ascribable to the presence of an 
NH, carbonyl, and nitro group. The compound 
was subjected to mass spectrometry. The Mf  
peak was located at mle 178 and an accurate 
mass determination indicated a molecular 
formula of C8H6N203. This evidence suggested 
that the red compound was the hitherto unknown 
7-nitrooxindole (la). 

1 

R R' 
a NO, H 
b H H 
c H NO2 
d NO, NO2 

An abundant ion in the mass spectrum of this 
product appeared at mle 160 and the presence 
of a strong metastable ion at mle 143.8 indicated 
that the fragment ion was due to the direct loss 
of 18 mass units (i.e. water) from the molecular 
ion. A mass spectrum of oxindole (lb) was 
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recorded for comparison purposes. Neither 
OH' nor H,O was expelled from the molecular 
ion; the initial fragmentations in oxindole were 
the expulsion of a CO molecule followed by a 
hydrogen radical. It is conceivable, therefore, 
that the nitro group in the 7-position participates 
in the loss of H 2 0  from the molecular ion of la 
(Scheme 1). A similar involvement of a nitro- 
group has been suggested (I) to explain the loss 
of an OH radical from o-nitroaniline on electron 
bombardment. 

Other abundant ions in the mass spectrum of 
la were found at  m/e 178, 161, 131, 103, and 76 
and may be accounted for as shown in Scheme 2. 

To substantiate these conclusions, the mass 
spectra of two other nitrooxindoles ( lc  and d) 
were required. A literature search revealed that 
only one nitrooxindole, i.e. 5-nitrooxindole 
(lc), is known (2). An earlier claim (3) that 
6-nitrooxindole had been prepared has been 
refuted (2). This derivative (lc) was obtained by 
nitrating oxindole using the literature method; 
however, by raising the reaction temperature 
slightly, some of the dinitro-derivative ( I d )  was 
also formed. 

The mass spectrum of 5-nitrooxindole (lc) 
was comparable to that of oxindole (16). No 
[M--OH] or [M-H20] fragments were 
observed in lc. The initial fragment ions were of 

mass 150, 149, and 148, i.e. [M-CO], [M- 
HCO], and [M-NO] respectively. In contrast, 
the mass spectrum of 5,7-dinitrooxindole (Id) 
fragmented in a manner similar to that of la .  
The molecular ion and [M--OH], [M-H20], 
and [M-OH-NO] fragment ions were observed 
at mle 223, 206, 205, and 176 respectively. 

The mechanism by which 5-nitrooxindole is 
formed from 8-nitroquinoline is not known. It 
may involve the initial formation of 3-hydroxy-S- 
nitroquinoline, in view of the fact that a similar 
oxidation of quinoline-8-carboxylic acid is 
known (4) to give 3-hydroxyquinoline-8-car- 
boxylic acid. 

Experimental 
Melting points are uncorrected. The i.r. spectra were 

recorded as Nujol mulls. Mass spectra were measured 
by Dr. A. M. Hogg and his associates with an A.E.I. 
MS-9 or MS-12 spectrometer at an ionization potential 
of 70 eV, and n.m.r. spectra were recorded by Mrs. S. Li 
on a Varian A-60 spectrometer using TMS as standard 
and DMSO-d6 as solvent. Mr. W. F. Dylke performed 
the microanalyses. 

7- Nitrooxindole (la) 
Hydrogen peroxide (30 %, 4 ml) was added to a solu- 

tion of 8-nitroquinoline (1.74 g) in glacial acetic acid 
(20 ml) and the solution was warmed to 65-70" for 3 h. 
The mixture was then concentrated, basified with sodium 
carbonate solution and extracted with chloroform. 
Removal of the chloroform gave a solid (1.15 g) which 
was recrystallized from acetone. A red product (90 mg), 
m.p. 256-257", was obtained. The i.r. spectrum: 3200 
(NH); 1730 (C=O); 1515, 1350, 845 cm-I (NO,). The 
mass spectrum: 178 (M+, 100); 161 (19); 160 (20); 131 
(27); 104 (27); 103 (32); 77 (28); 76 (19); 51 (24); 50 (12); 
18 (14) m/e (% relative abundance). 

Anal. Calcd. for CsHsN20s: C, 53.94; H, 3.39; N, 
15.73. Found: C ,  53.95; H, 3.16; N, 15.46. 

Evaporation of the acetone filtrate from l a  gave 
8-nitroquinoline. 

5- Nitrooxindole ( I c )  
A solution of oxindole (6.65 g) in concentrated sul- 

-NO' m* 

- HCN - CO 
\ 

[ c 6 ~ , ] t  IC,HSNI' 7 [C,HSNO]' 
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furic acid (25 ml) was cooled to -5" and maintained at 
this temperature throughout the reaction. Fuming nitric 
acid (2.1 ml) was added dropwise and after the addition 
was complete the solution was allowed to stand at -5" 
for 30 min then poured into ice. The product (6.21 g) had 
m.p. 200-210'. Only after four recrystallizations from 
50% acetic acid and then five recrystallizations from 
aqueous ethanol was the title compound obtained as a 
yellow solid, m.p. 241-243" [lit. (2) m.p. 240-24l0]. The 
i.r. spectrum: 3180 (NH); 1716 (C--0); 1508, 1332 
cm-' (NOz). The mass spectrum: 178 (M+, 100); 150 
(6); 149 (10); 148 (8) m/e (% relative abundance). 

Anal. Calcd. for CsHdNZO3: C, 53.94; H, 3.39; N, 
15.73. Found: C, 53.72; H, 3.21; N, 15.51. 

5,7- Dinitrooxindole (Id) 
The reaction immediately above was repeated on a 

twofold scale except that the reaction temperature was 
maintained at +5". The crude product (9.40 g )  had m.p. 
150-172". Repeated recrystallizations from acetone/ 

ethanol gave the title compound as a pale brown solid, 
m.p. 248-250". The i.r. spectrum (Nujol mull): 3200 
(NH); 1751 (G-0); 1534, 1340, 842 cm-' (NOz). The 
mass spectrum: 223 (M+, 100); 206 (1 1); 205 (17); 176 
(20) m/e (% relative abundance). The n.m.r. spectrum: 
6.18 (S, 2, CH2); 1.28 and 1.58 (two 1-proton collapsed 
doublets, J = 1.9, aromatic protons); - 1.7 r (broad S, 
1 ; NH, exchanged in D20).  

Anal. Calcd. for C,H,N,O,: C, 43.06; H, 2.26; N, 
18.83. Found: C, 43.04; H, 2.35; N, 18.54. 

1. H. BUDZIKIEWICZ, C. DJERASSI, and D. H. WILLIAMS. 
Mass spectrometry of organic compounds. Holden- 
Day, San Francisco, 1967. p. 516. 

2. W. C. SUMPTER, M. MILLER, and M. E. MAGAN. J. 
Amer. Chem. Soc. 67, 499 (1945). 

3. W. BORSCHE, H. WEUSSMANN, and A. FRITZSCHE. 
Chem. Ber. 57, 149 (1924). 

4. E. OCHIAI, C. KANEKO, I. SHIMADA, Y. MURATA, 
T. KOSUGE, S. MIYASHITA, and C. KAWASAKI. Chem. 
Pharm. Bull. (Tokyo), 8, 126 (1960). 

Acylation of 2-methyl-2-thiazoline 

T. DURST AND J. DU MANOIR 
Department of Chemistry, University of Ottawa, Ottawa 2, Canada 

Received June 10. 1970 

The acylation of 2-methyl-2-thiazoline initially reported by Sheehan et al. (1) has been reinvestigated 
and reinterpreted. The initially formed 2-chloro-N-acylthiazolidine (e.g. 8) can be dehydrohalogenated 
to a 2-methylene-N-acylthiazolidine by reaction with triethylamine or converted to a 2-hydroxy-N- 
acylthiazolidine on addition of water. Contrary to the earlier report no 2-methyl-N-acyl-4-thiazolines 
are produced when the reaction is carried out in benzene at 60' and in the presence of excess tri- 
ethylamine. 
Canadian Journal of Chemistry, 48, 3749 (1970) 

In 1956 Sheehan et al. (1) reported in connec- 
tion with the synthesis of penicillins a study of 
the reaction of 2-methyl-2-thiazoline (1) with 
phthaloylglycyl chloride (2a). Two acylated prod- 
ucts were described. A "low temperature adduct" 
assigned the 2-methylene-3-phthaloylglycine 
structure (3a) was obtained when the reaction was 
carried out in benzene at room temperature in the 
presence of one equivalent of triethylamine. This 
material reportedly crystallized with one mole of 
water. In benzene at 60°, and in the presence of 
excess triethylamine, acylation led to a so-called 
"high temperature adduct" formulated as 
2-methyl-3-phthaloylglycyl-4-thiazolidine (4a). 
The structure proof of 3a and 4a and their 
relationship to each other was based mainly on 

hydrogenation of 4a and "crude 3a containing 
triethylammonium chloride" to the saturated 
thiazolidine 6 .  The mechanism of the formation 
of 4a was suggested to involve the tautomerism 
1 +5. 

In connection with another problem in which 
we required some simple N-acyl-4-thiazolines we 
attempted to prepare such compounds according 
to the conditions outlined for the formation of 
the "high temperature adduct". Reaction of 
p-nitrobenzoyl chloride (2b) with 2-methyl-2- 
thiazoline in benzene at 60" (excess triethylamine) 
gave a yellow crystalline product in 96% yield. 
The structural assignment of this material as 
2-methylene-3-p-nitrobenzoylthiazolidine (3b) 
was made on the basis of its elemental analysis 
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furic acid (25 ml) was cooled to -5" and maintained at 
this temperature throughout the reaction. Fuming nitric 
acid (2.1 ml) was added dropwise and after the addition 
was complete the solution was allowed to stand at -5" 
for 30 min then poured into ice. The product (6.21 g) had 
m.p. 200-210'. Only after four recrystallizations from 
50% acetic acid and then five recrystallizations from 
aqueous ethanol was the title compound obtained as a 
yellow solid, m.p. 241-243" [lit. (2) m.p. 240-24l0]. The 
i.r. spectrum: 3180 (NH); 1716 (C--0); 1508, 1332 
cm-' (NOz). The mass spectrum: 178 (M+, 100); 150 
(6); 149 (10); 148 (8) m/e (% relative abundance). 

Anal. Calcd. for CsHdNZO3: C, 53.94; H, 3.39; N, 
15.73. Found: C, 53.72; H, 3.21; N, 15.51. 

5,7- Dinitrooxindole (Id) 
The reaction immediately above was repeated on a 

twofold scale except that the reaction temperature was 
maintained at +5". The crude product (9.40 g )  had m.p. 
150-172". Repeated recrystallizations from acetone/ 

ethanol gave the title compound as a pale brown solid, 
m.p. 248-250". The i.r. spectrum (Nujol mull): 3200 
(NH); 1751 (G-0); 1534, 1340, 842 cm-' (NOz). The 
mass spectrum: 223 (M+, 100); 206 (1 1); 205 (17); 176 
(20) m/e (% relative abundance). The n.m.r. spectrum: 
6.18 (S, 2, CH2); 1.28 and 1.58 (two 1-proton collapsed 
doublets, J = 1.9, aromatic protons); - 1.7 r (broad S, 
1 ; NH, exchanged in D20).  

Anal. Calcd. for C,H,N,O,: C, 43.06; H, 2.26; N, 
18.83. Found: C, 43.04; H, 2.35; N, 18.54. 

1. H. BUDZIKIEWICZ, C. DJERASSI, and D. H. WILLIAMS. 
Mass spectrometry of organic compounds. Holden- 
Day, San Francisco, 1967. p. 516. 

2. W. C. SUMPTER, M. MILLER, and M. E. MAGAN. J. 
Amer. Chem. Soc. 67, 499 (1945). 

3. W. BORSCHE, H. WEUSSMANN, and A. FRITZSCHE. 
Chem. Ber. 57, 149 (1924). 

4. E. OCHIAI, C. KANEKO, I. SHIMADA, Y. MURATA, 
T. KOSUGE, S. MIYASHITA, and C. KAWASAKI. Chem. 
Pharm. Bull. (Tokyo), 8, 126 (1960). 

Acylation of 2-methyl-2-thiazoline 

T. DURST AND J. DU MANOIR 
Department of Chemistry, University of Ottawa, Ottawa 2, Canada 

Received June 10. 1970 

The acylation of 2-methyl-2-thiazoline initially reported by Sheehan et al. (1) has been reinvestigated 
and reinterpreted. The initially formed 2-chloro-N-acylthiazolidine (e.g. 8) can be dehydrohalogenated 
to a 2-methylene-N-acylthiazolidine by reaction with triethylamine or converted to a 2-hydroxy-N- 
acylthiazolidine on addition of water. Contrary to the earlier report no 2-methyl-N-acyl-4-thiazolines 
are produced when the reaction is carried out in benzene at 60' and in the presence of excess tri- 
ethylamine. 
Canadian Journal of Chemistry, 48, 3749 (1970) 

In 1956 Sheehan et al. (1) reported in connec- 
tion with the synthesis of penicillins a study of 
the reaction of 2-methyl-2-thiazoline (1) with 
phthaloylglycyl chloride (2a). Two acylated prod- 
ucts were described. A "low temperature adduct" 
assigned the 2-methylene-3-phthaloylglycine 
structure (3a) was obtained when the reaction was 
carried out in benzene at room temperature in the 
presence of one equivalent of triethylamine. This 
material reportedly crystallized with one mole of 
water. In benzene at 60°, and in the presence of 
excess triethylamine, acylation led to a so-called 
"high temperature adduct" formulated as 
2-methyl-3-phthaloylglycyl-4-thiazolidine (4a). 
The structure proof of 3a and 4a and their 
relationship to each other was based mainly on 

hydrogenation of 4a and "crude 3a containing 
triethylammonium chloride" to the saturated 
thiazolidine 6 .  The mechanism of the formation 
of 4a was suggested to involve the tautomerism 
1 +5. 

In connection with another problem in which 
we required some simple N-acyl-4-thiazolines we 
attempted to prepare such compounds according 
to the conditions outlined for the formation of 
the "high temperature adduct". Reaction of 
p-nitrobenzoyl chloride (2b) with 2-methyl-2- 
thiazoline in benzene at 60" (excess triethylamine) 
gave a yellow crystalline product in 96% yield. 
The structural assignment of this material as 
2-methylene-3-p-nitrobenzoylthiazolidine (3b) 
was made on the basis of its elemental analysis 
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X 
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CH3 OH 

and spectroscopic properties. In particular, the 
n.m.r. spectrum showed absorption at 6 3.17 
(t, J = 6.5 c.p.s., 2H), 4.13 (t, J = 6.5 c.p.s., 2H), 
4.70 (d, J =  2.5 c.p.s., lH), and 5.01 (d, J = 
2.5 c.p.s., 1H). When the reaction was carried out 
in benzene or methylene chloride at room tem- 
perature (one equivalent of triethylamine) 3b was 
again the only acylation product. In contrast, 
2-methyl-3-p-nitrobenzoyl-4-thiazoline (4b), the 
product analogous to Sheehan's high temperature 
adduct which was prepared by acylation of 
2-methyl-3-thiazoline (5) (2), showed n.m.r, peaks 
at 6 1.66 (d, J = 6.0 c.p.s., 3H) and 5.6-6.5 
(m, 3H) consisting of two vinyl and the methine 
hydrogen. 

In view of the results described above and the 
unusually facile isomerization required to explain 
the formation of 4a (1) it was decided to re- 
investigate the reactions described by Sheehan 
and co-workers. In our hands, phthaloylglycyla- 
tion of 1 in benzene at 60" led to 2-methylene-3- 
phthaloylglycylthiazolidine (3a) in 57% yield. 
The n.m.r. spectrum of 3a showed the expected 
similarities with 36; peaks were observed at 
63 .13( t , J=  6.5c.p.s.,2H),4.17(t,J= 6.5c.p.s., 
2H), 4.63 (s, 2H),4.88 (d, J = 2.0c.p.s., lH),  
5.60 (d, J = 2.0 c.p.s., lH), and 7.7-8.1 (m, 4H). 
The N-acyl-4-thiazoline isomer 4a, claimed by 
Sheehan's group to be formed under the above 

conditions was again obtainable only by reaction 
of phthaloylglycyl chloride with 2-methyl-3- 
thiazoline. The spectroscopic properties of4a also 
varallelled those of 46 and are recorded in the 
Experimental section. 

The i.r. spectrum of either 3a or 4a showed no 
evidence of the presence of water of crvstalliza- 
tion, an observation which was corroborated by 
the elemental analyses. We have found however 
that a "hydrated" adduct, actually the tertiary 
alcohol 7a, can be produced if the acylation is 
carried out in benzene at room temperature 
followed by trituration of the initial precipitate 
with water (Sheehan's condition for formation of 
his low temperature adduct), or if the reaction 
is carried out in dry ether in the absence of 
triethylamine and the precipitate is again reacted 
with water. For example, addition of 2a to a 
solution of 1 in dry ether gave an immediate 
precipitate which became pink on exposure to 
air. Treatment of this material, formulated as 8a  
with water led to 7a m.p. 156-158" (overall yield 
from 1, 7573, while addition to a solution of 
triethylamine in methylene chloride afforded the 
2-methylene thiazolidine 3a (60 %). When dis- 
solved in methanol, 8a was converted to the 
methyl ether 9. 

The i.r. spectrum of 7a (CHCI,) showed intra- 
molecular hydrogen bonding in the 3400 cm-I 
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region, while n.m.r. peaks were at 6 1.60 (s, 3H), 
2.8-3.2 (m, 2H), 3.3-3.6 (m, 2H), 4.30 (s, 2H), 
6.5 (broad s, l H ,  exchanged on D,O treatment), 
and 7.5-8.1 (m, 4H). The analytical and spectro- 
scopic properties of the methyl ether 9 were also 
consistent with its formulation. 

Comparison of our results for the reaction of 
phthaloylglycyl chloride with 2-methyl-2-thia- 
zoline with those reported earlier is rather difficult 
in view of the discrepancies in physical properties 
between our compounds and those reported 
earlier. The reported m.p. of Sheehan's "high 
temperature adduct" to which was assigned the 
structure 3a is 197-199", while we find for 3a a 
m.p. of 180-181". The tertiary alcohol 7a melts 
a t  157-159", while the m.p. of the "hydrated low 
temperature adduct" is given as 186-1 88". 
Furthermore the m.p. of the 4-thiazoline 4a is 
175-177". 

The formation of 3 or 7 in the acylation of 
2-methyl-2-thiazoline depends on the solubility 
properties of the intermediate 8. If 8 is insoluble, 
the addition of water to the reaction mixture 
produces 7 .  On the other hand, if 8 is soluble 
it is readily converted to 3 on reaction with 
triethylamine. 

In summary, the acylation of 2-methyl-2- 
thiazoline yields an intermediate 2-chloro-N- 
acylthiazolidine which is converted to a variety of 
products depending on reaction conditions (see 
Scheme 1). The hydrogenation reactions referred 
to  earlier which were key reactions in Sheehan's 
structure assignment included hydrogenation of 
"crude low temperature adduct containing tri- 
ethylammonium chloride" in dry dioxane as sol- 
vent. It is suggested that the saturated thiazolidine 
6 obtained in this way was probably formed either 
from hydrogenolysis of the chloride 8a (3) still 
present in the crude precipitate, or that of the 
alcohol 7a itself (4, 5). Under the conditions 
described for the formation of the "high tem- 
perature adduct", i.e. benzene and triethylamine 
a t  60°, 2-methyl-2-thiazoline (1) does not re- 
arrange t o  2-methyl-3-thiazoline (5) and 
N-acylated 4-thiazolines are not formed from 1 
when the acylation reactions are carried out under 
these conditions (I, 6). 

The tertiary alcohols 7a and b represent 
unusually stable alcohols in which the carbon 
bearing the hydroxyl group is attached to two 
other heteroatoms (e.g. N, 0 ,  or S). Other deriv- 

atives of this type having moderate stability, e.g. 
10 have recently been reported by Rothe and 
co-workers (4, 5, 7). Unlike the compounds de- 
scribed by these workers 7a and b are stable in 
aqueous acid and are in fact produced in over 
80 % yield on exposure of 3a and b to hot aqueous 
ethanolic HC1. 

Considerable efforts have been made to estab- 
lish the tetrahedral nature of the intermediate in 
the transfer of acyl groups (8) from nitrogen to 
nitrogen, oxygen to nitrogen, sulfur to nitrogen 
and vice versa. The alcohols 7a and b are thus of 
some additional interest since they represent 
readily isolable examples of such species. 

Experimental 
Unless otherwise specified i.r. spectra were obtained 

as chloroform solutions on a Beckrnan IR-20 and n.m.r. 
spectra as CDC13 solutions on a Varian Associates T-60 
spectrophotometer. Usual work-up refers to washing of 
the reaction mixture with water, drying the organic 
extracts over anhydrous MgS04, and evaporating the 
solvent at reduced pressure. 

p-Nitrobenzoylation of 2-Met/~yl-2-thiazoline (1) 
To 20 ml of benzene at 60' containing 5 ml of tri- 

ethylamine and 1.01 g (IOmmole) of 1 was added 
dropwise 2.0 g (1 1 mmole) of p-nitrobenzoyl chloride in 
20 ml of benzene. The solution became intensely yellow 
and was kept at 60' for an additional 15 rnin then 
worked-up to yield, after recrystallization from methylene 
chloride - pentane, 2.41 g(96%) of3b, m.p. 108-110"; i.r. 
1645, 1520, and 1360cm-I. 

Anal. Calcd. for C1,H,,N,O3S: C, 52.80; H, 4.03; 
N, 11.20. Found: C, 52.53; H, 4.01; N, 10.78. 

When the reaction was carried out in methylene 
chloride at room temperature for 1 h a 79% yield of 3b 
was obtained. 

p-Nitrobenzoylation of 2-Methyl-3-thiazolitze (5) 
2-Methyl-3-thiazoline (1.01 g, 10 mrnole) and 1.8 ml 

of triethylamine were dissolved in 15 ml of methylene 
chloride at 0". To  this solution was added dropwise 2.0 g 
(1 1 rnmole) of p-nitrobenzoyl chloride in 5 ml of methyl- 
ene chloride. The reaction mixture became initially 
yellow then gradually red as it warmed to room tem- 
perature. 
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The reaction mixture was worked-up after 2.5 h to 
yield 1.56 g (63%) of 46 as yellow crystals m.p. 90-92" 
(ether-pentane); i.r. peaks at 1640, 1522, and 1.350 cm-I. 

Anal. Calcd. for C11H10N203S: C, 52.80; H, 4.03; 
N, 11.20. Found: C, 52.38; H, 4.06; N, 10.83. 

Hydration of 2-Methylene-3-p-nitrobenzoylthiazolidine 
(36) 

Thiazolidine 36 (1.60 g) was dissolved in 16 ml of 
ethanol and added to 4 ml of 10% HCI solution. The 
reaction was warmed on a steam bath for 10 min then 
diluted with 40 ml of water. Filtration yielded 1.37 g 
(80%) of solid which on recrystallization from methylene 
chloride - pentane gave 76 as slightly yellowish prisms, 
m.p. 111-112". The i.r. peaks, 3420, 3340, 1650, 1510, 
and 1337 cm-'; n.m.r. absorption at 6 2.40 (s, 3H), 
3.1-3.4 (m, 2H), 3.64.0 (m, 2H), 6.9-7.3 (broad s, IH,  
exchanged on D 2 0  treatment), and 7.9-8.5 (m, 4H). 

Anal. Calcd. for CllH12N204S: C, 49.25; H, 4.51; 
N, 10.45. Found: C, 49.45; H, 4.87; N, 10.60. 

Phthaloylglycylation of 2-Methyl-2-thiazoline (I) 
(a) In Methylene Chloride a t  25" 
To a solution of 1.01 g (10 mmole) of 1 and 5 ml of 

triethylamine in 10 ml of methylene chloride was added 
over a period of 5 min 2.3 g (10 mmole) of 2a in 10 ml 
of methylene chloride. The reaction was worked-up after 
10 min to yield 2.15 g (74%) of slightly yellow solid which 
was recrystallized several times from methylene chloride - 
pentane to give3a, m.p. 180-181"; i.r. 1775(m), 1715(vs), 
1682(s), 1382(m), 1108(rn), 953(m), and 870(w). 

Anal. Calcd. for Cl4HI2N2O3S: C, 58.33; H, 4.20; 
N, 9.72. Found: C, 57.74; H, 4.33; N, 9.45. 

(b) In Benzene at 25" 
To  a solution of 1.01 g (10 mmole) of 1 and 1.1 g 

(10 mmole) of triethylamine in benzene was added over 
a period of 30 min 2.0 g (I 1 mmole) of acid chloride 2a. 
The reaction mixture was stirred for an additional 
30 min, filtered (2.4 g), and the filtrate triturated with 
75 ml of water. The yield of water insoluble material 
was 1.1 g (40%) identified by comparison of n.m.r. and 
i.r. spectra as 7a (see below). 

(c) In Benzene at 60' 
The reaction was carried out as described (1) using 

10 mmole of thiazoline 1, 11 mmole of acid chloride 2a, 
and excess triethylamine. The reaction mixture was 
worked-up by washing with water, drying, and evapora- 
ting the benzene layer. The yield of 3a was 1.65 g (57%). 

(d) In Ether in the Absence of Trietl~ylamine 
To a solution of 1.25 g of thiazoline 1 in 20 ml of dry 

ether was added slowly 3.0 g of acid chloride 2a in 10 ml 
of dry ether. An immediate colorless precipitate formed 
which rapidly became pink. This material to which 
structure 8a was assigned was quickly filtered and then 
treated as described below. 

Reaction of 8a with H 2 0  
The precipitate obtained from 1.25 g thiazoline 1 and 

3.0 g of 2a was stirred with 10 ml of H20 .  The colorless 
solid so obtained was filtered and dried, yield 2.85 g 
(75%) of 7a, m.p. 156-158". The i.r. peaks were at 

CHEMISTRY. VOL. 48, 1970 

3420(w), 3360(w), 1770(m), 1710(vs), 1670(s), 1515(m), 
1380(s), 1125(m), 1105(s), and 943(m) cm-'. 

Anal. Calcd. for ClJH14N204S: C, 54.90; H, 4.61; 
N, 9.15. Found: C, 55.09; H, 4.44; N, 8.84. 

Reaction of 8a with C H 3 0 H  
The pink precipitate (1.65 g, 51 %), obtained by adding 

2.5 g acid chloride 2a to 1.01 g of thiazoline 1, was stirred 
with 10 ml of methanol for 15 min. The colorless material 
so obtained had m.p. 151-153"; yield 73 % from 8a, 35% 
from 1. The i.r. peaks were at 1770(s), 1715(vs), 1650(s), 
1380(s), 1300(s), 1105(s), and 948(s) while n.m.r. ab- 
sorption occurred at 62.15 (s, 3H), 3.52 (s, 3H), 
2 .74.0  (m, 4H), and 7.6-8.0 (m, 4H). 

Anal. Calcd. for Cl,Hl,N20,S: C, 56.25; H, 5.04. 
Found: C, 56.27; H, 5.03. 

\ 
Phthaloylglycylatioii of 2-Methyl-3-t/liazolir1e (5) 

To a solution of 3.03 g of 5 and 15 g of triethylamine 
in 50 ml of methylene chloride was added 7.5 g of freshly 
recrystallized 2a. After I h the reaction mixture was 
worked-up to yield 2.2 g (25 %) of 4a as a slightly yellow 
solid m.p. 173-176". Recrystallization from CHCI3-ether 
gave product m.p. 175-177". The n.m.r. spectrum of 4a 
showed peaks at 6 1.83 (d, J =  6.0c.p.s., 3H), 4.64 
(s, 2H), 6.0-6.4 (m, 2H, due to overlap of the methine 
with an olefinic hydrogen), 6.72 (d, J = 4.5 c.p.s., 1 H), 
and 7.9-8.3 (m, 4H). The i.r. frequencies were 1775(m), 
171 5(vs), 1682(s), 1382(s), 1308(m), 1108(rn), and 953(m) 
cm-l. 

Anal. Calcd. for C14H12N203S: C, 58.33; H, 4.20; 
N, 9.72. Found: C, 58.57; H, 4.20; N, 9.32. 

Hydration of 3a to 7a 
Thiazolidine 3a (105 mg) was heated on a steambath 

with 2 m l  of ethanol and 5 ml of 10% HCI until the 
solution was homogeneous (approximately 5 min). The 
solution was allowed to cool and the colorless precipitate 
filtered. Yield, 87 mg (80%), identified as 7a by com- 
parison of n.m.r. spectra and by mixed m.p. 

The financial assistance of Bristol Laboratories 
(Syracuse, New York) and the National Research 
Council of Canada is acknowledged. 
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Studies in isoxazole chemistry. IV. Isoxazoles via isoxazolines 

R. G. MICETICH' 
R & L Molecular Research Ltd., 8045 Argyll Road, Ednzorzton 82, Alberta 

Received April 8, 1970 

4- or 5-Chloro- or  cyanoisoxazoles, 5-chloromethylisoxazoles, and 5-methylisoxazoles were made by 
the 1,3-dipolar cycloaddition of nitrile oxides to a-halogeno- or  a-alkoxyolefins. In the case of cis- and 
trans-l,2-dichloroethylene, (5a and b) the intermediate cis- and trons-4,s-dichloroisoxalines (6a and b) 
were isolated. Both 6a and b were dehydrochlorinated with base to give the 4-chloroisoxazole (7a) 
exclusively. The cis-isomer 6a reacted faster than the frarzs-isomer 66. The reactions were found to be 
specific in every reaction since only one isomer was isolated. The structures of the products were estab- 
lished from n.m.r. spectral analysis. 

Canadian Journal of  Chemistry, 48, 3753 (1970) 

In continuation of our work on the preparation 
of isoxazoles via isoxazolines (1, 2) we decided 
to study the 1,3-dipolar cycloaddition of nitrile 
oxides to a-halogeno- and a-alkoxyolefins. 
Cycloadditions involving bromoethylenes have 
been reported to produce isoxazoles via unstable 

I isoxazolines (3-7), and Bianchi and Griinanger 
have recently described a convenient route to 

1 isoxazoles by converting 2-isoxazolines to their 
I bromo derivatives followed by dehydrobromina- ' tion (8). I ,3-Dipolar cycloadditions are stereo- 

selective (9) and the synthesis of isoxazolines by 
this method usually produces the thermodynam- 
ically more stable isomer (10). The reaction of a 
nitrile oxide with an olefin substituted in the 
a-position with a suitable leaving group such as 
halogen, alkoxy, amino, or nitro, is hence a 
potentially useful method of preparing a variety 
of specifically substituted isoxazoles (see Scheme 
1). By using other dipoles such as nitrile imines, 
diazoalkanes, and azides, this same approach 
could lead to similarly substituted pyrazoles (1 1) 
and triazoles. 

By using appropriately substituted ethylenes it 
should be possible to obtain either the 3,4-disub- 
stituted isoxazoles 7 or the 3,5-disubstituted 
compounds 4 from these reactions, as illustrated 
in Scheme 1. 

The n.m.r. spectroscopy is a convenient method 
of establishing the substitution pattern of these 
isoxazoles, since the C,-proton signals in com- 
pounds of type 4 are usually found at ca. T 3.2 
(see ref. 12), while the C,-proton signals of com- 
pounds 7 are found further downfield at ca. T 1.0. 
This method is especially useful when both 

'Present address: Raylo Chemicals Ltd., 8045 Argyll 
Road, Edmonton 82, Alberta. 

isomers, for example 4a and 7a, or 4b and 7c are 
available. 
2,5-Dichlorobenzonitrile oxide (1) was chosen 

as the dipole for this study because it is fairly 
stable at room temperature (13), can be isolated, 
and gave high yields of cycloaddition products 
(1, 2). All the a-halogeno- and a-alkoxyolefins 
used in this study are commercially available. 
These reactions were found to be selective (9, lo), 
and the n.m.r. spectrum of the product from 
every reaction showed the presence of only one 
isomer (either 4 or 7). In most cases the inter- 
mediate isoxazoline (3 or 6) was not detected, 
since it was transformed spontaneously into the 
isoxazole (4 or 7). It was only with cis- (5a) and 
trans- l,2-dichloroethylene (5b), that the cis- (6a) 
and trans-4,5-dichloroisoxazoline (6b) were iso- 
lated. In agreement with the findings of Huisgen 
(9) on similar systems, the trans-isomer 56 was 
found to react at least five times as fast as the 
cis-isomer 5a. 

The 4,5-dichloroisoxazolines 6a and b could be 
expected to undergo dehydrochlorination to give 
either 4a or 7a. Both 6a and b reacted readily with 
sodium hydroxide in methanol to form the 
4-chloroisoxazole (7a). No trace of the 5-isomer 
4a was found in the n.m.r. spectrum of the crude 
product. A preliminary study showed that 
although both isomers 6a and b underwent rapid 
dehydrochlorination with base, the cis-isomer 6a 
reacted faster than the trans-isomer 6b. Thus an 
n.m.r. analysis of the reaction product after 10 s 
at room temperature (25 "C) showed complete 
dehydrochlorination in the case of the cis-isomer 
6a, but only ca. 66% reaction with the trans- 
isomer 6b. Triethylamine in ether reacted very 
slowly with 6a and b. 
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2 and 3 

a R = R 1 = C 1  
b R = CN, R '  = C1 
c R = CH3, R '  = Br 
d R = CH2CI, R'  = CI 

In the case of the bromoolefins 2c and 5d, there 
was i.r. spectroscopic evidence for the concurrent 
formation of oximes similar to those recently 
reported in reactions with acetylenes (14, 15). 
We have not yet investigated this aspect in detail. 

Experimental 
The instruments used were those described previously 

(1). 2,5-Dichlorobenzonitrile oxide 1 was made as 
described by Grundmann and Dean (13). A sample of 
3-ethoxyacrylonitrile 5c was obtained from Kay-Fries 
Chemicals Inc., New York 10017; all other olefins were 
purchased from commercial sources. 

Getleral Procedure 
(a) 2,6-Dichlorobenzonitrile oxide (5.6 g, 0.03 mole) 

was added to a stirred solution of the olefin (0.036 mole) 
in dry T H F  (10 ml) cooled in an ice-bath. In some cases 
an exothermic reaction took place. After 112 h the 
solution was left at room temperature until the reaction 
was complete. The course of the reaction was followed 
by the disappearance of the nitrile oxide band in the i.r. 
spectrum of the reaction mixture. When the reaction was 
complete the mixture was concentrated under reduced 
pressure and triturated with a small volume of cold dry 
ether. The solid furoxan was\.removed by filtration and 
the ether solution concentrated. The residue, if solid, 
was crystallized, and if liquid, was distilled under reduced 
pressure. 

(6) The reaction was done as described above except 
that the solvent used was ether (50 ml). Triethylamine 
(10 ml) was added after 24 h a t  room temperature. After 

5 and 6 

a R = R '  = CI (cis) 
b R = R' = C1 (trans) 
c R = OEt, R' = C N  
d R = CH,, R' = Br 

a further 2 days at ambient temperature the mixture was 
washed with water, dried (MgS04), and concentrated 
under reduced pressure. 

3-(2,6-Dichlorophet5v/J-5-chloroisoxazole (4a) 
1,l-Dichloroethylene (2a) by method a gave a 72% 

yield of 4a, b.p. 1 1g0/0.8 mm, m.p. 34-37"; see ref. 2. 

3-(2,6- Dichlorophetiyl) -trat1s-4,5-dichloroisoxazolit1e 
(661 

Trarls-l,2-dichloroethylene (56) after 3 days (method a) 
gave a 76% yield of 66, m.p. 109-112" (hexane). The 
n.rn.r. (CDCI,) T 2.59 (s, 3H), 3.40 (s, l H), 4.34 (s, I H). 
The C-4 and -5 protons in this case gave sharp singlets, 
which is surprising in view of the fact that other similar 
trans-isoxazolines show JUe5 of ca. 6 HZ (16). This effect 
is probably due to hydrogen bonding and steric interac- 
tions which compress the dihedral angle of the vicinal 
hydrogen atoms to about 90" resulting in singlets for 
these protons (17). 

Anal. Calcd. for C9H5CI4NO: C, 37.90; H, 1.76; N, 
4.91. Found: C, 38.20; H, 1.81; N, 4.68. 

3-(2,6- Dichloropl~enyl) -cis-4,5-dichloroisoxazoline (6a) 
Cis-l ,2-dichloroethylene (5a), required 2 weeks 

(method a) for the reaction to be complete. The product 
was purified by elution from a silica column using 
ether :hexane (1 : 19). Fractions (400 ml) were collected 
and monitored by the i.r. spectrum and weight of the 
residue after evaporation. Fractions 4 to 8 were collected 
and recrystallized from carbon tetrachloride when 1.7 g 
(20%) of 6a, m.p. 98-100" was obtained. The n.m.r. 
(CDCI,) T 2.57 (s, 3H), 3.22 (d, lH), 4.05 (d, IH), Ju ,5  
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6.5 Hz. The reported J4,5 for similar cis-isoxazolines is 
ca. 11 Hz (16). 

Anal. Calcd. for C9H5C14NO: C, 37.90; H, 1.76; N, 
4.91. Found: C, 38.20; H, 1.68; N, 5.11. 

3-(2,6-Dic/1lorophenyl)-5-cyanoisoxazole (4b) 
2-Chloroacrylonitrile (26) (method a) gave 93 % of 4b, 

m.p. 115-117" (CCI,). The n.m.r. (CDCI,) r 2.59 (s, 3H), 
2.94 (s, 1H). 

Anal. Calcd. for CloH4CI,N,0: C, 50.21 ; H, 1.67; N, 
11.72; C1, 29.71. Found: C, 50.26; H, 1.45; N, 11.76; C1, 
29.41. 

3-(2,6- Dichlorophenyl) -4-cyanoisoxazole (7c) 
3-Ethoxyacrylonitrile (54  (method a) gave 60% of 7c, 

m.p. 97-98" (hexane). The n.m.r. (CDCI,) r 0.95 (s, lH), 
2.57 (s, 3H). 

Anal. Calcd. for CloH4C12N20: C, 50.21; H, 1.67; N, 
11.72; C1, 29.71. Found: C, 50.21; H, 1.90; N, 11.73; C1, 
29.10. 

3-(2,6-Dichloropheny1)-5-methyiisoxazole (4c) 
Both I-bromopropene (5d) and 2-bromopropene (2c) 

by method b, gave the same product 4c (b.p., i.r., and 
n.m.r. spectra identical) in yields of 73 and 95% respec- 
tively. The compound was a faint yellow oil, b.p. 11OC/ 
0.1 mm. The n.m.r. (CDCI,) r 2.60 (s, 3H), 3.89 (s, lH), 
7.51 (s, 3H). The signals at r 3.89 and 7.51 although 
apparent singlets showed considerable broadening due 
to coupling between the C4-proton and the C5-methyl 
protons. 

Anal. Calcd. for CloH,Cl2NO: C, 52.68; H, 3.07; N, 
6.14; CI, 31.14. Found: C, 52.36; H, 2.97; N, 5.91; CI, 
30.80. 

Method a in both cases gave a crude product which 
showed a strong broad i.r. absorption band at ca. 3200 
cm-', and no band at 2300 cm-'. Treatment of this 
reaction product in ether with triethylamine immediately 
gave a strong sharp band at 2300 cm-'. 

3-(2,6-Dichloropheny1)-5-chloromethylisoxazole (4d) 
2,3-Dichloropropene (2d) (method a) gave 65 % of 4d, 

b.p. 144-146"/0.3 mm. The n.m.r. (CC14) r 2.69 (s, 3H), 
3.63 (s, lH), 5.33 (s, 2H). 

Anal. Calcd. for CloH6Cl3NO: C, 45.72; H, 2.29; N, 
5.33. Found: C, 45.78; H, 2.36; N, 5.50. 

3-(2,6-Dic/1lorophenyl)-4-chloroisox~ (70) 
A 3 M solution of sodium hydroxide in methanol (2.7 

ml, 0.008 mole) was added slowly to a stirred mixture of 
6a or b (2.28 g, 0.008 mole) in methanol (35 ml). After 
15 min the mixture was concentrated, the residue shaken 
with water (50 ml), and extracted with ethyl acetate 
(3 x 50 ml). The combined organic layers were dried 
(MgSO,), filtered, and solvent removed when 1.9 g (100 
%) of the 4-chloroisoxazole 7a was obtained. Recrys- 
tallization from hexane gave 1.6 g (86 %) of crystals m.p. 
84-85". The n.m.r. (CDCI,) r 1.37 (s, IH), 2.58 (s, 3H). 

Anal. Calcd. for C9H4C13NO: C, 43.45; H, 1.61 ; N, 
5.63; CI, 42.86. Found: C, 43.71; H, 1.80; N, 5.38; CI, 
42.39. 

Comparison of Rates of Dehydrochlorination of 6a 
and b 

A solution of sodium hydroxide in methanol (1 ml of 
a 1 M solution, 0.001 mole) was added in one lot with 
shaking to a solution of 6a or b (280 mg, ca. 0.001 mole) 
in methanol (30 ml) at room temperature. After 10 s 
the equilibrium was frozen by adding hydrochloric acid 
(1 ml of a 3 M solution, 0.003 mole). The solutions were 
taken to dryness and an n.m.r. spectrum (CDCI,) run on 
each residue. 

The residue from 6a showed two sharp signals at r 
1.40 and 2.56 which is characteristic of 7a above. 

The residue from 66 showed sharp signals at T 1.40 and 
2.56 characteristic of 7a and at r 3.40 and 4.33 charac- 
teristic of 6b. The integration ratio of the signals at r 
1.40, 3.40, and 4.33 was 2:l: l  showing that there was ca. 
66% conversion of 6b to 70. 

The author wishes to thank Dr. R. U. Lemieux, 
director of research, for his guidance and encouragement 
and Messrs. R. A. Fortier and R. R. Thomas for their 
capable technical assistance. We also wish to thank 
Kay-Fries Chemicals Inc., New York 10017, for the 
sample of 3-ethoxyacrylonitrile. 
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Gaseous reactions and luminescence initiated by triboelectricity 

S. DE PAOLI AND 0. P. STRAUSZ 
Department of Chemistry, University of Alberta, Edmonton, Alberta 

Received August 10, 1970 

Mercury shaken at  room temperature in the presence of reduced pressure of a hydrocarbon, COz, 
acetone, N2-HZ mixture, etc., induces visible fluorescence and chemical transformations in the gaseous 
material. 
Canadian Journal of Chemistry, 48, 3756 (1970) 

The appearance of electrification upon rub- 
bing together dissimilar substances is a familiar 
phenomenon, which is commonly referred to as 
frictional electrification or triboelectrification.' 
The source of this electrification is the separation 
of electrical charges caused by contact potential 
differences. The friction serves merely to bring 
about intimate surface contact; polished disks 
of steel and glass when pressed firmly together 
and then separated show charge separation. This 
type of charging between metal and glass also 
occurs when the metal is liquid such as mercury. 
In this case rubbing is not necessary, mere con- 
tact is capable of generating static charges (I). 

Triboelectrification is frequently accompanied 
by optical phenomena, called triboluminescence. 
Triboelectrification and triboluminescence of 
solids, in particular, have been widely investi- 
gated. The companion triboluminescence of the 
triboelectrification of liquid mercury - glass sys- 
tem, however, has received attention only in the 
past decade (2 - 6) in spite of its discovery cen- 
turies agd (7, 8), and apparently no previous 
study has been reported on the chemistry of 
gaseous triboelectrical discharges. We have re- 
cently initiated a study of these phenomena, in 
which two particular aspects were explored: 
visual observation of optical phenomena and a 
survey of chemical reactions. 

The luminescences were produced in a similar 
fashion as described by earlier workers (6, 7). 
Evacuated glass ampules were filled with a few 
Torr of gas material and sealed. The ampules 
were shaken manually or in a small laboratory 
vibrator. Luminescence occurs on relative mo- 
tion of the mercury to the glass as the electrons 
trapped on unfilled surface sites of the glass jump 
back to the positively charged mercury pool (6). 
The effect on the visible emission of the nature 

'From the Greek word tribos, which means rubbing. 

of the filling gas, its pressure, temperature, the 
nature of the wall material and its surface con- 
ditions modified by subjecting it to various treat- 
ments prior to use were investigated. 

Four tube materials, Pyrex glass, Vycor # 79 10, 
fused quartz, and plexiglass were examined. 
They all proved to be effective to produce light. 
The following gases were investigated: Ne (in- 
tense orange-red); He, Ar, Kr, Xe, H,, CH,, 
biacetyl, C,H,, air, Hg (no gas added) (light 
blue); CO (greenish-blue); N, (violet blue). 

The. use of sodium amalgam instead of pure 
mercury had the effect of changing the color and 
suppressing the intensity of emission. A Wood's' 
alloy (Bi, Pb, Sn, and Cd, 50; 26.7; 13.3; 10.0) 
melting at 70 "C with neon gave the same charac- 
teristic orange-red color as with mercury. 

The intensity of emission could be increased 
by increasing the area of contact surface through 
the use of glass spirals in the tube. The lamp con- 
structed in this manner was suitable for the slow 
photolysis of acetone vapor. 

Earlier spectroscopic studies (2, 5) have shown 
the presence of He and Ar lines in the lumin- 
escence spectra of He and Ar filled lumines- 
cence tubes. In order to produce emission from 
He an excitation energy in excess of 20 eV is 
required. This suggests that in reactive systems 
chemical reactions should occur. To investigate 
the chemistry of these systems, procedures were 
followed that were similar to those in the lumin- 
escence studies. Pyrex vessels (5C100 CC) con- 
taining a few grams of mercury were filled with 
methane (1C50 Torr) and sealed under vacuum. 
Shaking of the tube in a small laboratory 
shaker (1-10 h) led to extensive decompositions. 
The products are listed in Table 1 with yields 
expressed in relative gas chromatogram peak 
areas. The most interesting product is (CH,) ,Hg, 
formed in moderately high yields. Some other 
examples of gaseous reactions are also listed in 
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NOTES 3757 

TABLE 1 
I Product yields from the triboelectrical discharge decomposition of hydrocarbons and acetone* 

Relative gas chromatogram peak areas of products 
Pressure 

Substrate (Torr) MezHg C2H2 C2H4 C2Hs Hz C3Hs C3Hs CH4 C4.t MeHgEt CO 

'Conversions ranged from 5 t o  30%. 
tCi-hydrocarbons. 

the table, of which the synthesis of ammonia 
and hydrazine from a 3:l mixture of N, and 
H, is noteworthy. 

Similar reactions could be brought about by 
bubbling the appropriate gases through a pool 
of mercury. 

The mechanisms of these reactions are ob- 
viously complex. The processes include electrical 
breakdown and direct and sensitized photolysis. 

These phenomena have implications for gas 
phase kinetic studies. It is possible to produce 
spurious reactions in the Toepler pump and in 
other equipment where moving mercury surfaces 
are in contact with glass or gas materials. This 
possibility was checked and from hydrocarbons 
and acetone, we would indeed produce non- 
condensable gases on extensive pumping. 

The authors wish to thank the National Research 
Council of Canada for financial support. 
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Kinetics of the exchange reaction of dimethylarsenic deuteride with diethylarsine 

W. R. CULLEN AND W. R. LEEDER 
Chemistry Department, University of British Columbia, Vancouver 8 ,  British Columbia 

Received May 8: 1970 

The exchange reaction (CH3),AsD + (C,H5)2AsHS (CH3),AsH + (C2H5),AsD can be monitored 
by conventional nuclear magnetic resonance spectroscopy. The equilibrium constant in diethyl ether-dl,, 
solution is 1.2 5 0.1 and the rate constant for the forward reaction is 4.95 .t 0.25 x 1 mole-' s-' 
at 35". Dimethylarsine exchanges rapidly with methanol-d4 and bis(trifluoromethyl)arsinic deuteride. 
Canadian Journal o f  Chemistry, 48. 3757 (1970) 

Knowledge of the rate ofexchange ofsecondary the products ofthe competitive reaction described 
arsine protons, as in reaction 1, was important in by reaction 2, would give mechanisticinformation 
determining the mechanism of the addition of 
secondary arsines to  hexafluorobutyne-2, (CH3)2AsD 

[2 I 
k 1 (CzH5)zAsH 

[l ] ( C H ~ ) ~ A S D  + (C2H5)2A~H F=+ (CH3),AsH 
I 

(CH~)ZA~C(CF~)=C(CF~)  H 
k -  1 + (CZH5)2AsD + CF3CeCCF3 + 

(") 
(CZH~)ZASC(CF~)=C(CF~) 

because the distribution of the deuterium label in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 3757 
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only if no significant exchange occurred between 
the reactants and/or products (1). 

Proton transfer reactions have been studied 
using a wide variety of methods (2), including 
specialized fast reaction techniques (3). However, 
reaction 1 was slow enough to be followed by 
simple integration of the nuclear magnetic 
resonance (n.m.r.) spectrum of the reaction 
mixture. 

Experimental and Results 
Starting Materials and Techniques 

A vacuum system was used for the manipula- 
tion of volatile substances. Nuclear magnetic 
resonance spectra were run on Varian A 60 ('H 
spectra in p.p.m. downfield from external TMS), 
and HA 100 (19F spectra in p.p.m. upfield from 
internal CFC1,) spectrometers: Methanol-d, 
(99.9 %), diethyl ether-dl,, deuterium chloride, 
and D,O were purchased from Merck, Sharp and 
Dohme of Canada Ltd. Bis(trifluoromethy1)- 
arsine was prepared from tetrakis(trifluor0- 
methy1)diarsine by reacting this with hydrogen 
chloride in the presence of mercury (4). The 
'H n.m.r. spectrum showed a septet centered at 
5.08 p.p.m. (JCF, - ,  = 9.2 Hz) and the lgF n.m.r. 
spectrum a doublet centered at 42.3 p.p.m. 
Bis(trifluoromethy1)arsenic deuteride was similar- 
ly prepared using deuterium chloride. The 'H 
n.m.r. spectrum of the product indicated that 
some hydride was present. The material was 
shaken with D,O for two weeks to yield pure 
bis(trifluoromethy1)arsenic deuteride. The gas 
phase infrared spectrum of the deuteride run on a 
Perkin-Elmer 457 instrument showed main 
bandsat 1548 m, 1190s, 1168s, 1120s,734cm-'. 
Dimethylarsenic deuteride and diethylarsine 
were prepared as previously described (1). 

Proton Exchange Reactions and Kinetics 
Weighed portions of materials whose exchange 

was to be followed, plus a measured amount of 
solvent when used, were sealed in n.m.r. tubes 
and kept frozen until they were to be studied. The 
tubes were quickly warmed to room temperature 
and placed immediately in the n.m.r. spectrom- 
eter. Care was taken to isolate the starting 
materials with a layer of solvent, to try to prevent 
any unnecessary exchange before the mixing was 
complete. 

In a typical experiment, 0.1 18 g of diethylarsine, 
then diethyl ether-dl,, and finally 0.036 g of 
dimethylarsenic deuteride were sealed in an 
n.m.r. tube. Upon quickly warming the tube to 

35", the exchange was followed by integrating 
over the methyl peaks of dimethylarsine and 
dimethylarsenic deuteride. Figure 1 shows typical 
spectra in this region run at a sweep width of 
50 0.p.s. The following results were found. 

Concentration of 
t(s)* (CH3),AsD (moles/l) 

8 100 0.341 
8 220 0.331 

10080 0.303 
10260 0.301 
10425 0.306 
11 940 0.271 
12 030 0.280 
12 120 0.278 

' 1  = 0 is arbitrary. 
tP!evious to  this time the methyl peaks of  the 

hydrlde and deuteride were not separated well 
enough for reliable integration. 

FIG. 1. 'H n.m.r. spectra of the CH, region in 
mixtures of (CH,),AsH and (CH,),AsD. (a) Mainly 
(CH3),AsD, (b) a higher proportion of (CH,),AsH. 

The following reaction scheme yields a kinetic 
rate law which corresponds with the experimental 
results 

If the following abbreviations for concentra- 
tions are made: at t = 0, [AD] = a and [BH] = 
b ;  at t = t, [AH] = x = [BD] and [AD] = 
a - x ;  the rate law from reactions 3 and 4 is 
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NOTES 3759 

TABLE 1 

The rate and equilibrium constants for the proton exchange reactions* 

Concentration of A Concentration of B 
Reactant A (mole/l) Reactant B (mole/l) Solvent K k ,  
--- - - - 

(CH3)zAsD 4.32 (CzHs)zAsH 5.95 Neat 1.315 - 

(CH3)zAsD 3.74 (CZHS)ZASH 6.24 Neat 1.335 5.9 x 
(CHdzAsD 1.12 (CzHd2AsH 2.43 (CzDs)zO 1.1  4 .7  x l o 4  
(CH312AsD 0.852 ( C Z H ~ Z A S H  2.19 (C2D5)20 1.365 5.2 x 
(CHdzAsD 0.275 (CZHS)ZASH 2.71 ( C Z D S ) ~ O  t 

2.46 1.76 (CzD5)zO 0.28 
t 

(CH3)zAsH (CF3)zAsD 
0.187 0.450 

1 
(CH3)zAsH (CF3)2AsD (C2D5)z0 0.36 1 
- 

'The reaction temperature is - 35". 
t D u e  to the small amount  of dimethylarsenic deuteride used, the diethylarsine peaks overlapped seriously in the n.m.r. spectrum. 
$Too rast to measure. 

Solving eq. 5 and using the equilibrium constant, mechanism outlined in reactions 3 and 4 whose 
K = kl/k- ,, gives the result solution is eq. 6. The rate constants (k,) for the 

exchanges done neat and in diethyl ether-dl, 

[6] k-'t =- A l n  (E E i y s) solvent, are 5.9 x and 4.95 k 0.25 x 
1 mole-' s-' at 35'. The equilibrium constants 
are 1.335 f 0.020 and 1.2 f 0.1, respectively. 

where q = 4Kab(K - 1) - K2(a + b)2, c = The range of concentrations that could be 
(K - 11, and d = -K(a + b). Plotting t against satisfactorily used for these rate studies was very 
In (2cx + d - -)/(2cx + d + gives small, as will now be explained. Since the equilib- 
a straight line as seen in Fig- 2. From the slope, rium in reaction 1 was to the right, it was desirable 
k-1, and thus k1, can be determined from a to study the exchange from the left side to in- 
knowledge of the value of K. crease the relative difference in concentrations 

A number of exchange reactions of dimethyl- between the dimethylarsenic deuteride and 
arsine or dimethylarsenic deuteride were moni- hydride monitored during the reaction. At high 
tored by n.m.r., as described above, and the dimethylarsenic deuteride concentrations, rela- 
results are summarized in Table 1. tive to diethylarsine, there were too few protons 

exchanged at  equilibrium to make integration 
Discussion practical. Consequently, the diethylarsine con- 

of the different proton of hydrides centration had to be the greater of the two to give 
with dimethylarsine investigated (Table I), only satisfactory results. Due to the overlap of small 

the reaction described by eq. 1 could be studied diethylarsine peaks in the n.m.r. spectra, with the 
kinetically. The proton exchange of the arsines methyl peaks for dimethylarsine, dimethylarsenic 
correspon~s with a rate law [51 based on the deuteride could not be less than 113 of the con- 

centration of diethylarsine. If it were less than this, 
analysis was impossible as is seen in the last 
diethylarsine example in Table 1. The optimal 

2.1 - 
K = 1.365 = k,/k., relative concentrations were used for the rate 

2.0- 
k., = 3 . 8 ~  10-'1 ol~e s-' studies in the three successfully analyzed experi- 
k, = 5 . 2 ~  10-g mole-' S-' 

ments. It was found when theconcentrations were 
- 1.9- changed absolutely and not relatively, these 
X - 
+ exchanges obeyed the same rate law and had 
8 1.8- 
- similar rate constants. The exchange of these 

hydrides was slightly faster when done neat than 
1.7- 

when done in diethyl ether-dl,. 

1 .6- 
The exchange rate of bis(trifluoromethy1)- 

, arsenic deuteride with dimethylarsine was studied 
4000 6000 8000 10000 12000 

t ( s )  
in the hope of finding another slow exchange 
system that could be used in the competitive 

FIG. 2. Plot of log f ( x )  against time (eq. 6) for the 
reaction of (CH,),AsD with (C2Hs),AsH in (C2Ds)20 additi0n hexaflu0r0but~ne-2. ( ~ . f .  2, 
solution. The rate of exchange in reaction 7 was found to be 
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too fast to measure by n.m.r. integration tech- The mechanism involved in these exchanges is 
niques. Calculation of the equilibrium constant, open to speculation. An ionic or four-centered 
0.32 f 0.06 in diethyl ether-dl, at 35" was pos- mechanism can meet the kinetic requirements. 
sible, however. Consequently these hydrides are Meiboom and co-workers (6, 7) have indicated . .  , 

that the water-methanol proton transfer is non- 
[7] (CF3),AsD + MezAsH+ (CF3),AsH + MezAsD ionic in a neutral solution. but ionic when traces 
unsuitable for a competitive addition reaction, 
as they would exchange protons to a significant 
extent before addition to the acetylene occurred. 

Dimethylarsine adds to hexafluorobutyne-2 in 
methanol solvent much faster than in ether and 
the product is 100 % trans isomer (I), when the 
reaction is carried out in methanol-d4 the 1 :1 
adduct is 85 % deuterated (5). However, we have 
now found a fast exchange takes place between 
dimethylarsine and methanol-d4 so that an 
interpretation of the deuterium content of the 
adduct in terms of the mechanism of the addition 
reaction is not possible. 

of bases or acids are present. At 25" the rate of the 
non-ionic process (k, - 10' 1 mole-' s-') is 
much slower than the trace acid or base induced 
ionic process (k, - lo6 1 mole-' s-I). It is 
possible that the arsines are strong enough bases 
to promote an ionic exchange between themselves 
and methanol. However, the slow rate for the di- 
methylarsenic deuteride - diethylarsine exchange 

1 mole- ' s- ') seems to be against an 
ionic mechanism. Thus a four-centered mechan- 
ism could very well be the main path for the 
arsine exchange mechanism as depicted in 
reaction 8. This 4-center mechanism is favored by 

Gold and Satchel1 (2) for amine proton transfers, 2. V. GOLD and D. P. N. SATCHELL. Quart. Rev. 9, 51 
(1955). as as by other authors for various 3. E. F. CALDIN. Fast reactions in solution. Blackwell 

proton exchanges such as the tin hydride - tin Scientific Publications, Oxford. 1964. 
deuteride exchange (8). 4. W. R. CULLEN. Can. J. Chern. 39, 1855 (1961). 

5. W. R. LEEDER. Ph.D. thesis. University of British 
Columbia, Vancouver 8, B.C. 1970. 

The authors wish to thank the National Research 6. Z. Luz, D. GILL, and S. MEIBOOM. J. Chem. Phys. 
Council of Canada for financial support. 30, 1540 (1959). 

7. E. GRUNWALD, C. F. JUMPER, and S. MEIBOOM. 
J. Amer. Chem. Soc. 81, 4664 (1962). 

1. W. R. CULLEN and W. R. LEEDER. Can. J. Chem. 8. W. P. NEUMANN and R. SOMMER. Angew. Chem. 
47, 2137 (1969). Internat. Ed. 2, 517 (1963). 

Concerning rhenium nitrogen fluoride and technetium nitrogen fluoride 

M. COWIE, C. J. L. LOCK,' AND J. OZOG 
Institute for Materials Research, McMaster University, Hatnilton, Ontario 

Received July 31, 1970 

We have shown that the reported (1) X-ray powder pattern of "ReNF" is that of NH,ReO, and we 
suggest that the X-ray powder pattern of "TcNF" is that of (NH,),TcF,. In light of these results we 
suggest that the existence of the discrete phases ReNF and TcNF has not been proven. 

Canadian Journal of Chemktry, 48, 3760 (1970) 

Introduction ThNF (2). Apart from analytical data and X-ray 

La Valle et al. (1) have reported the existence of powder results, no physical properties were re- 

the compounds ReNF and TcNF which might be ported. It became apparent as a of Our 

expected to have similarities to ZrNF, and experiments that some of the data by 
La Valle et al.  have been misinterpreted. We were 

'To whom correspondence should be addressed. able to prepare a black solid by the method 
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sible, however. Consequently these hydrides are Meiboom and co-workers (6, 7) have indicated . .  , 

that the water-methanol proton transfer is non- 
[7] (CF3),AsD + MezAsH+ (CF3),AsH + MezAsD ionic in a neutral solution. but ionic when traces 
unsuitable for a competitive addition reaction, 
as they would exchange protons to a significant 
extent before addition to the acetylene occurred. 

Dimethylarsine adds to hexafluorobutyne-2 in 
methanol solvent much faster than in ether and 
the product is 100 % trans isomer (I), when the 
reaction is carried out in methanol-d4 the 1 :1 
adduct is 85 % deuterated (5). However, we have 
now found a fast exchange takes place between 
dimethylarsine and methanol-d4 so that an 
interpretation of the deuterium content of the 
adduct in terms of the mechanism of the addition 
reaction is not possible. 
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much slower than the trace acid or base induced 
ionic process (k, - lo6 1 mole-' s-I). It is 
possible that the arsines are strong enough bases 
to promote an ionic exchange between themselves 
and methanol. However, the slow rate for the di- 
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1 mole- ' s- ') seems to be against an 
ionic mechanism. Thus a four-centered mechan- 
ism could very well be the main path for the 
arsine exchange mechanism as depicted in 
reaction 8. This 4-center mechanism is favored by 
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suggest that the X-ray powder pattern of "TcNF" is that of (NH,),TcF,. In light of these results we 
suggest that the existence of the discrete phases ReNF and TcNF has not been proven. 
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Introduction ThNF (2). Apart from analytical data and X-ray 

La Valle et al. (1) have reported the existence of powder results, no physical properties were re- 

the compounds ReNF and TcNF which might be ported. It became apparent as a of Our 

expected to have similarities to ZrNF, and experiments that some of the data by 
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described for ReNF with an X-ray powder pat- 
tern identical to that described for ReNF, but 
the white crystalline starting material which we 
assumed was (NH,),ReF,, and which we had 
heated to give "ReNF" had an identical X-ray 
powder pattern. As a result we have investigated 
this system in greater detail. 

We found that the two methods of making 
K,ReF, (1, 2) used by La Valle et al. gave mix- 
tures whose composition varied considerably with 
the reaction conditions. All mixtures contained 
considerable amounts of KReO, which was 
difficult to separate from K,ReF, except by hand 
picking the single crystals. Unless this separation 
was carried out very carefully the perrhenate ion 

TABLE 1 

Comparison of the X-ray diffraction 
patterns of NH,Re04 and "ReNF" 

NH4Re04 (3) "ReNF" (1) 

d I d I 

5.361 70 5.334 s 

1 .2251 1 
I .2192 3 
Others 
a = 5.883 A 
c = 12.979 A 

- 

*d = interplanar spacing; I = intensity; 
s -- strong; m = medium; w = weak. 

carried through the procedure used to give 
(NH,),ReF, and yielded NH,ReO,. Both gave 
black products on heating at 300°, but unless 
heating was continued for some time, the products 
contain the starting ammonium salts as shown by 
X-ray powder diffraction patterns. The ammon- 
ium salts were extracted with water when both 
black residues were found to be amorphous. A 
comparison of the X-ray powder data for 
"ReNF" (I)  and ammonium perrhenate (3) given 
in Table I shows clearly that the two are the 
same. It is clear that the sample of "ReNF" used 
by La Valle et al. for X-ray studies must have 
contained considerable amounts of NH,ReO,, 
and it is possible to see, in light of our experi- 
ments, how this could have occurred. 

We have shown, however, that the reaction 
described by La Valle et al. does take place. 
(NH,),ReF,, on heating at 300" in nitrogen, did 
give a black product, and we assume that NH, 
and H F  were emitted from the sample since 
(NH,),SiF, (identified by an X-ray powder 
pattern) collected in the cooler part of the tube. 
The black residue was not crystalline, however, 
as shown by its X-ray powder pattern, and the 
decomposition residues obtained by us varied in 
weight more than those of La Valle et al. Despite 
the excellent thermogravimetric and analytical 
results of La Valle et al., we feel that further 
evidence is needed to prove the existence of 
ReNF as a discrete phase. 

We have not attempted to prepare TcNF, but 
by comparison with the rhenium system one can 
argue that the X-ray data given for "TcNF" (1) 
are really those of ammonium hexafluoro- 
technate. The X-ray data presented by La Valle 
et al. can be indexed using hexagonal unit cell 
parameters of a = 5.98 A and c = 4.79 A. The 
parameters are very close to those reported for 
(NH,),TcF, (4) but are not in themselves 
significant since the unit cell parameters of mono- 
clinic TcO,, with which TcNF might be iso- 
structural, are a = 5.53 A, b = 4.79 I$, c = 5.53 
A, and p = 120" (5) and it would be very difficult 
to distinguish between the (NH,),TcF, cell and 
a TcO, (or MOO, or ReO,) type cell. It  should be 
possible, however, to differentiate between the 
two types of cell on the basis of the intensities of 
the lines. 

It  is not necessary to consider previous transi- 
tion metal nitride fluoride structure types in the 
comparison since thorium and zirconium nitride 
fluorides (6) have the LaOF structure which in 
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TABLE 2 

Comparison of X-ray powder data for "TcNF" with (NH4),ReF6, ReO,, and MOO, 

"TcNF" (1) (NHa)zReF6* ReO, (3) Moo, (3) 

d I d I d I d I 

*This work. 

3.40 
2.79 
2.40 

2.17 

1.85 

1.69 

1.52 

1.44 
- 

1.385 

Others 1 .340 
Others 

turn is derived from CaF, (7). Most LaOF struc- attacked with a few ml of methanol to destroy any 

tures are cubic or tetragonal. l-he only known residual potassium. The mixture was extracted with water 
to remove fluoride ion. The residual rhenium metal was structures have a dissolved in hydrogen peroxide and determined as tetra- 

with a about 7 A and a about 33", which do not phenylarsonium perrhenate (8). X-Ray photographs 
corres~ond to the ~arameters for TcNF. A corn- were recorded for powdered samples mounted in quartz 
parisok of the dAa for TcNF with those for tubes by the Debye-~cherrer technique using nickel- 

(NH4)2ReF6, (3), and (3) is made f i l ~ , " ~ . c ~ ~ ~ ~ ~  gt::yn~, 13.2; Re, 64.1 ; K,ReF6 : 
in Table 2. It can be seen that the TcNF data K, 20.0; Re, NH4Re04: NH,, 6.0; Re, 68.7; 
correspond to those for (NH4),ReF6 but not to (NH4),ReF6: NH,, 10.0; Re, 56.1. 
those for ReO, and MOO,. It appears, therefore, Weight loss of (NH4),ReF, on heating at 300 "C:' 
that the X-ray powder data reported for "TcNF" 29.9 % and 33.8 %. X-Ray powder patterns of KR~O,, 

NH4Re04, and (NH4),SiF6 samples obtained by us 
are those of (NH4)2TcF6y and we "ggest that were essentially identical with those reported in the 
the existence of the phase TcNF has not been Powder Index (3). Data for K2ReF6 and (NH4),ReF6 
proved. could be indexed in terms of the published parameters (4). 

Experiments We thank the National Research Council of Canada 
Analyses were performed by conventional methods. for financial support. 

Ammonia was determined by titration after being distilled 
from .a 3 M sodium hydroxide solution of the salt. 1. D. E. LAVALLE, R. M. STEELE, and W. T. S M ~ H ,  JR. 
Rhenium fluoride compounds were decomposed with J. Inorg. Nucl. Chem. 28, 260 (1966). 
molten potassium in a vacuum. The residue was first 2. E. WEISE. 2. anorg. Chem. 283, 377 (1956). 
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3. Powder diffraction File, Amer. Soc. Testing and 
Materials, Pa., U.S.A. Cards 7-13, (NH4),SiFs; 
10-252, NH4Re04; 8-14, KRe04; 5-0452, MOO,; 
17-600, ReO,. 
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An external heavy atom effect on biacetyl in the gas phase? 

A. W. JACKSON AND A. J. YARWOOD 
Deparrmenr of Cl~emisrry, McMasrer University, Hamilton, Ontario 

Received June 5. 1970 

The luminescence intensity of biacetyl in the gaseous phase at 303 "K was studied, and the external 
heavy atom effect of xenon on the luminescence excited at 405 nm was re-examined. The effect on the 
phosphorescence lifetime was also investigated. In contrast to an earlier report, the external heavy atom 
effect of xenon on the triplet state of biacetyl is very small and probably negligible. 
Canadian Journal of Chemistry 48, 3763 (1970) 

The dissipation of electronic energy in mol- 
ecules is affected by the environment, and the rate 
constants governing the radiative and radiation- 
less processes are modified. Apart from changes 
due to phase and temperature the major effects (I) 
are those associated with perturbations (a) by 
oxygen, nitric oxide or paramagnetic ions or 
molecules, (b) in systems with charge-transfer 
complexes, and (c) by atoms of high atomic 
number (heavy atom effect). 

External heavy atoms can affect the absorption 
from the ground electronic state to t h e  first 
excited triplet state, the rate constants of the 
radiationless processes to and from the triplet 
state, and the rate constant of the radiative 
transition from the triplet to the singlet state 
(phosphorescence). 

The increase in TI c So absorptions by heavy 
atoms was first shown by Kasha (2) for the 
chloronaphthalene - ethyl iodide system. Later, 
many other examples (e .g.  refs. 3-6) were dis- 
covered and the enhancement of TI c So absorp- 
tions by an external heavy atom effect is well 
documented. However, there are conflicting 
reports in the literature concerning the relative 
importance of the external heavy atom effect on 
the radiationless Drocess to and the radiative and 
radiationless processes from the triplet state (7,8). 

The early research used ethyl iodide as t-he 
perturbing species but more recently xenon has 
been used as an external heavy atom. (The 
advantage is that xenon does not absorb in the 
ultraviolet region.) Robinson (9) suggested that 

xenon enhanced the intersystem crossing from 
the singlet to the triplet in solid benzene at 4.2 "K 
since the fluorescence was quenched. Wilkinson 
and co-workers (10) demonstrated convincingly 
this effect in liquids, by showing that the quantum 
yield of triplets was increased by xenon quenching 
of the singlet states of polynuclear aromatic com- 
pounds. Cundall and Voss (1 1) showed that xenon 
dissolved in xylene also increased the triplet state 
yield. Studies of gaseous systems have also shown 
the effect of external heavy atoms, thus the 
fluorescence of toluene is quenched by xenon (12). 

It has been suggested recently (13) that xenon 
can interact with n*-n triplet states since the 
intensity of phosphorescence of biacetyl in the 
gas phase decreased in the presence of xenon. 
However, xenon has only a very small effect on 
the lifetime of the triplet state of hexafluoro- 
acetone (14) so we have re-examined the biacetyl- 
xenon system and investigated the external heavy 
atom effect on the lifetime of triplet biacetyl in 
the gas phase. 

Experimental 
'The biacetyl (MCB Chromatoquality) was distilled at 

-78 "C and stored in the dark at - 196 OC. The xenon 
was Airco research grade. 

The total luminescence studies used a 50 W medium 
pressure Hg lamp (Gates Omnirange) as the light source 
and the 405 nm line was isolated using a narrow band 
filter (maximum transmission at 403 nm, transmits 1 % 
at 386 and 430nm). A portion of the incident light 
reflected from a quartz plate and was monitored by a 
photocell (935). The 10 cm long quartz cell was T shaped 
and the emitted light was observed through a Suprasil 
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An external heavy atom effect on biacetyl in the gas phase? 

A. W. JACKSON AND A. J. YARWOOD 
Deparrmenr of Cl~emisrry, McMasrer University, Hamilton, Ontario 

Received June 5. 1970 

The luminescence intensity of biacetyl in the gaseous phase at 303 "K was studied, and the external 
heavy atom effect of xenon on the luminescence excited at 405 nm was re-examined. The effect on the 
phosphorescence lifetime was also investigated. In contrast to an earlier report, the external heavy atom 
effect of xenon on the triplet state of biacetyl is very small and probably negligible. 
Canadian Journal of Chemistry 48, 3763 (1970) 

The dissipation of electronic energy in mol- 
ecules is affected by the environment, and the rate 
constants governing the radiative and radiation- 
less processes are modified. Apart from changes 
due to phase and temperature the major effects (I) 
are those associated with perturbations (a) by 
oxygen, nitric oxide or paramagnetic ions or 
molecules, (b) in systems with charge-transfer 
complexes, and (c) by atoms of high atomic 
number (heavy atom effect). 

External heavy atoms can affect the absorption 
from the ground electronic state to t h e  first 
excited triplet state, the rate constants of the 
radiationless processes to and from the triplet 
state, and the rate constant of the radiative 
transition from the triplet to the singlet state 
(phosphorescence). 

The increase in TI c So absorptions by heavy 
atoms was first shown by Kasha (2) for the 
chloronaphthalene - ethyl iodide system. Later, 
many other examples (e .g.  refs. 3-6) were dis- 
covered and the enhancement of TI c So absorp- 
tions by an external heavy atom effect is well 
documented. However, there are conflicting 
reports in the literature concerning the relative 
importance of the external heavy atom effect on 
the radiationless Drocess to and the radiative and 
radiationless processes from the triplet state (7,8). 

The early research used ethyl iodide as t-he 
perturbing species but more recently xenon has 
been used as an external heavy atom. (The 
advantage is that xenon does not absorb in the 
ultraviolet region.) Robinson (9) suggested that 

xenon enhanced the intersystem crossing from 
the singlet to the triplet in solid benzene at 4.2 "K 
since the fluorescence was quenched. Wilkinson 
and co-workers (10) demonstrated convincingly 
this effect in liquids, by showing that the quantum 
yield of triplets was increased by xenon quenching 
of the singlet states of polynuclear aromatic com- 
pounds. Cundall and Voss (1 1) showed that xenon 
dissolved in xylene also increased the triplet state 
yield. Studies of gaseous systems have also shown 
the effect of external heavy atoms, thus the 
fluorescence of toluene is quenched by xenon (12). 

It has been suggested recently (13) that xenon 
can interact with n*-n triplet states since the 
intensity of phosphorescence of biacetyl in the 
gas phase decreased in the presence of xenon. 
However, xenon has only a very small effect on 
the lifetime of the triplet state of hexafluoro- 
acetone (14) so we have re-examined the biacetyl- 
xenon system and investigated the external heavy 
atom effect on the lifetime of triplet biacetyl in 
the gas phase. 

Experimental 
'The biacetyl (MCB Chromatoquality) was distilled at 

-78 "C and stored in the dark at - 196 OC. The xenon 
was Airco research grade. 

The total luminescence studies used a 50 W medium 
pressure Hg lamp (Gates Omnirange) as the light source 
and the 405 nm line was isolated using a narrow band 
filter (maximum transmission at 403 nm, transmits 1 % 
at 386 and 430nm). A portion of the incident light 
reflected from a quartz plate and was monitored by a 
photocell (935). The 10 cm long quartz cell was T shaped 
and the emitted light was observed through a Suprasil 
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side window. The transmitted light was detected by a 
photocell (935). The luminescence passed through a glass 
filter (Coming CS 3-71) and was measured by a photo- 
multiplier (1P28)-electrometer combination. The relative 
luminescence intensity, en+,, is defined as (I, - I.")/ 
(I," - I,)g where I, and I, are the emitted and transmitted 
intensities in the presence (e) and the absence (0) of 
biacetyl. g is the factor that takes into account that the 
emitted light from the center section of the cell is 
observed. 

In the study of the triplet lifetime a xenon discharge 
lamp with a decay time of 3.8 x s was used, and 
the incident light passed through a broad band glass 
filter (CS 5-60). The emitted light was detected as in the 
continuous intensity study, except that the response time 
of the photomultiplier was reduced to less than 2 x s 
and its output displayed on an oscilloscope and photo- 
graphed. The total energy dissipated in the xenon lamp 
to obtain one lifetime measurement was about 1.8 J. 

The experiments were carried out at 30 "C in a 
mercury-, grease-, and metal-free system. For a single 
measurement the cell was filled with biacetyl to the 
required pressure and the appropriate amount of xenon 
added. The attainment of equilibrium was checked using 
the photocell that measured the transmitted light inten- 
sity. Condensation of biacetyl on the walls of the cell was 
not detected. Studies at higher temperatures did not show 
the significant increase in the light absorbed that would 
be expected if liquid biacetyl were present a t  the lower 
temperatures. The lifetime was measured, then the con- 
tinuous luminescence intensity and the lifetime re- 
measured. In all cases the lifetimes measured at the 
beginning andathe end agreed to within 2%. The xenon 
was then recovered but the biacetyl was discarded. For 
a further measurement of the biacetyl lifetime the cell 
was filled with a new sample of biacetyl and a different 
pressure of xenon added. This technique was used since 
the biacetyl lifetime depended on the length of time the 
sample remained in the cell. The decrease in the lifetime 
was not due to oxygen quenching but may be caused by 
condensation products formed in the system. 

Results and Discussion 
At high light intensities the lifetime of the 

triplet biacetyl varies with the incident light in- 
tensity (16). The flash intensity used in this study 
is quite low and no dependence of the triplet 
lifetime on intensity is expected. Accordingly, the 
triplet lifetime of 1.76 x l op3  s reported in 
Table 1 for biacetyl at  30 "C may be compared 
with the 1.8 x s reported by Kaskan and 
Duncan (15) for biacetyl at  25 "C at moderate 
light intensity. 

The mechanism that describes the luminescence 
behavior of biacetyl at  low pressures excited at 
405 or 436 nm is (16) 

CHEMISTRY. VOL. 48, 1970 

TABLE I 

Effect of xenon on the luminescence and lifetime of 
biacetyl a t  30 "C 

-- 

Xe pressure 
Crorl) Q,+r T 0 s I/IOO T, (s-I) 

and the following process was added when xenon 
was present (1 3). 

Thus at a fixed temperature and pressure of 
biacetyl the reciprocal of the lifetime of the triplet 
state of biacetyl would be expected to vary linearly 
with the xenon pressure (117, = k ,  -t k ,  -I- 
k ,  [Xe] from a steady state treatment). The life- 
time data of Table 1 were assumed to be precise 
to 2 %  and the slope was calculated for the least 
squares line; k ,  = (7 5 3) x lo2 M -  ' s-' at  
30 "C. 

There is a discrepancy between these results 
and those reported earlier (13), where a larger 
quenching rate constant was found. In their study 
of the triplet state of hexafluoroacetone,Kutschke 
and co-workers observed a small decrease in the 
lifetime when a high pressure of xenon was 
added (14). However, they suggested that an 
oxygen impurity in the xenon was sufficient to 
explain the data. Triplet biacetyl at  25 "C is 
quenched by oxygen with a rate constant of 
8.55 x ccmolecule-' s-' (15), so thexenon 
need only contain about 1 p.p.m. of oxygen to 
explain the data of Table 1. The studies on Q, +, 

confirm the very small (probably negligible) effect 
of xenon on the phosphorescence of biacetyl at  
25 "C. The earlier data (1 3) can also be explained 
by oxygen being present in the xenon (17). 

In conclusion, the effect of xenon on the triplet 
lifetime of biacetyl in the gaseous phase at 30 "C 
is very small, so the external heavy atom effect 
on this rc*-n triplet state is very small and probably 
negligible. This supports the proposal of Van- 
quickenborne and McGlynn (la), that the ex- 
ternal heavy atom effect on any triplet carbonyl 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 3765 

compound is no t  very large and  that  the  effect 
o n  x*-n triplet states is  less than  tha t  o n  x*-x 
triplet states. 

We thank the National Research Council of Canada 
for financial support. 
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In the pulse radiolysis of alkaline ethanol solutions the conjugate base CH3CHO- is not formed from 
the a-ethanol radical CH3CHOH, i.e. 

CHBCHOH + CH3CHz0- + CHBCHO- + CH3CHzOH 

This is contrary to the observation in aqueous alkaline solutions of ethanol of a rapid equilibrium 
between CH3CHOH and CH3CHO-. 

The small quantity of CH3CHO- which is produced in the present system is consistent with the forrna- 
tion of the ethoxy radical CH,CH20 and its subsequent reaction with the ethoxide ion CH3CH20-. 

Canadian Journal of Chemistry, 48, 3765 (1970) 

Introduction in aqueous solutions of alcohol at high p H  to 

The  radical ion  RCHO- has been assumed form RCHo- via the equilibrium 

(1,2) to be formed by reaction If in basic alcohol [2] RCHOH + OH- = RCHO- + HzO 
solutions 

If 
The  corresponding equilibrium in aqueous so- 

[I] RCHOH + RCH20- + RCHO- + R C H z o ~  lution is observed (5-10) for  the hydroxyl radical 
Ir 

[3 I OH + OH-+ 0- + Hz0 
This assumption is based o n  the previous observa- 
t ion (3, 4) of the rapid dissociation of RCHOH This note reports evidence tha t  reaction If is 

no t  rapid enough t o  be a n  important  process in  
lAECL No. 3717. alkaline ethanol. However, a small yield of 
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In the pulse radiolysis of alkaline ethanol solutions the conjugate base CH3CHO- is not formed from 
the a-ethanol radical CH3CHOH, i.e. 

CHBCHOH + CH3CHz0- + CHBCHO- + CH3CHzOH 

This is contrary to the observation in aqueous alkaline solutions of ethanol of a rapid equilibrium 
between CH3CHOH and CH3CHO-. 

The small quantity of CH3CHO- which is produced in the present system is consistent with the forrna- 
tion of the ethoxy radical CH,CH20 and its subsequent reaction with the ethoxide ion CH3CH20-. 
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Introduction in aqueous solutions of alcohol at high p H  to 

The  radical ion  RCHO- has been assumed form RCHo- via the equilibrium 

(1,2) to be formed by reaction If in basic alcohol [2] RCHOH + OH- = RCHO- + HzO 
solutions 

If 
The  corresponding equilibrium in aqueous so- 

[I] RCHOH + RCH20- + RCHO- + R C H z o ~  lution is observed (5-10) for  the hydroxyl radical 
Ir 

[3 I OH + OH-+ 0- + Hz0 
This assumption is based o n  the previous observa- 
t ion (3, 4) of the rapid dissociation of RCHOH This note reports evidence tha t  reaction If is 

no t  rapid enough t o  be a n  important  process in  
lAECL No. 3717. alkaline ethanol. However, a small yield of 
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The experimental procedures were the same as pre- 2 15 
viously described (11). Solutions were irradiated with 0.5 8 
ps electron pulses from a 2 MeV Van de Graaff accelerator w 

with doses ranging from I to 10 kradjpulse. The initial 
I$ yields and mode of decay were calculated by computer 

analysis of the decay curves. 

Results and Discussion 

CH3CHO- is formed by an independent process. 30' 

Estimates of the rate constants involved are 
made. Consequences of this on the mechanism 25- 

proposed for the chain reaction in alkaline alco- ,- 
hol solutions of N,O are discussed. k 

z ; 2 0 -  

Experimental 4 A 

We observe that the pulse radiolysis of pure , I - -  , I 
neutral ethanol gives an optical absorption in 400 350 300 2 5 0  

I I I 

the ultraviolet (;.v.) (Fig.-I) due to a single A ( m r )  

FIG. 1. Absorption spectrum of the CH3CHOH 'pecies which second order kinetics. radical in pure ethanol. No absorption due to CH,CHO- 
Its spectrum and decay are like those observed is present in pure ethanol. Relative optical density ex- 
previously in both pure and aqueous ethanol trapolated to zero time using second order kinetics. 

solutions and ascribed to the CH,CHOH radical 
(3,4, 12). 

An absorption at 350 mp attributed to 
CH3CHO- the basic form of CH3CHOH has 
been observed (3, 4) to be formed from 
CH3CHOH in alkaline aqueous ethanol. How- 
ever, we observed that in alkaline ethanol this 
absorption at 350 mp2 has an optical density 
(0.d.) about 25 % of the intensity relative to the 
0.d. of CH3CHOH at 250 mp. That this absorp- 
tion at 350 mp was due to CH3CHO- was con- 
firmed by pulsing solutions of ethanol containing 
acetaldehyde. This produces CH3CHO- via 
reaction 4 (1 1). 

For kinetic studies spectral overlap was mini- 
mized by monitoring CH3CHOH at 255 mp and 
CH3CHOV at 350 mp. When necessary in 
alkaline solutions a small correction due to the 
absorption of CH3CHO- at 255 mp was applied 
assuming the absorption spectrum of CH3CHOP 
was the same in aqueous and nonaqueous ethanol. 

Our results show that equilibrium 1 between 
CH,CHOH and CH,CHO- is not rapidly 
attained. It is possible to estimate an upper limit 

'This absorption has also been reported by Arai et al. 
J. Phys. Chem. 74, 2102 (1970) since submission of this 
note. 

for klf by assuming that there is a pseudo first 
order decay of CH3CHOH from reaction If 
underlying our observed second order decay of 
this species. On this basis the first halflife of 
CH3CHOH is 0.4 ms in 1.5 M ethoxide solution 
and would correspond to klf d 1 x lo3 M-I s-I 
(klf ,( 0.693 [CH3CH20-]It+). As the CH3- 
CHO- we observe in alkal~ne solutions is 
formed immediately (tZ, < 1 ps) it is evidently 
not formed via reaction If. Furthermore since 
CH3CHOH decays by a second order process 
and CH,CHO- decays by a much slower essen- 
tially first order process, equilibrium 1 is not 
rapidly attained. 

As the CH3CHO- we observe in alkaline 
solutions is formed immediately, its precursor 
must be very short lived. A logical precursor of 
CH3CHOP is the ethoxy radical CH3CH20. 
The formation of the alkoxy radical (RCH20) 
in alcoholic solutions has been indicated pre- 
viously by steady state radiolysis (from product 
analysis and use of a deuterium tracer) (1, 13) and 
pulse radiolysis competition studies (14). They 
estimated the yields of G(RCH20)5 2 with a 
halflife t+(RCH20) 5 microseconds. Assuming 
that the ethoxy radical normally decays by reac- 
tion 5, then, in alkaline solutions reaction 6 
can compete with reaction 5 thus producing 
CH3CHO-. 
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NOTES 

TABLE 1 
Relevant rate constants 

Rate constants (M-' s-') 
Reaction PK§ Reference 
number kr kr (rad~cal) number 

11.8- 
11.9 

5 4 x  lo4 M-I s-' < k5 < lo7 M-' s-' 

6 k6 > 8 x lo7 M-' s-' 

7 2k7 = (1.4k0.5) x lo9 M-' s-' (ethanol) 
2k7 = (1.0+0.1)x lo9 M-' s-' (ethanol) 
2k7 = ( 1 . 4 k 0 . 4 ) ~  lo9 M-' s-' (aq. ethanol) 
2k7 = ( 2 . 0 k 0 . 6 ) ~  lo9 M-' s-' (aq. ethanol) 

This work * 
3 

t 
10 
6 
5 
7 
8 

This work 
This work 
This work 

t 
12, 16 

17 

*Calculated in this paper from data o n  methanol in refs. 2 and 15. 
tcalculated in ref. 9 from data in ref. 5. 
$Calculated in this paper from data in ref. 12. 
$Where K = [radical ion][H+]/[radicall. 

In support of eq. 6 we observe that the initial 
concentration of CH3CHO- increases with 
increasing ethoxide concentration to a maximum 
value at  about 0.1 M ethoxide. In solutions con- 
taining 8 m M  ethoxide ion the initial concentra- 
tion of CH3CHO- is about one halfthe maximum 
value (observed above 0.1 M ethoxide solution). 
Under this condition reaction 5 will be as fast as 
reaction 6. Hence k6/k, -- [CH3CH20HI/[CH3- 
C H 2 0 - ]  -- 2 x lo3. We observe no building up 
of CH3CHOH on a time scale 3 1 ps so k, > 4 x 
lo4 M - '  s - '. This leads to a value of k6 > 8 x 
107 M - '  s-'. Similar estimates for k, and k6 can 
be calculated from the observation that the 
formation of CH3CHO- is complete in < 1 ps 
in 8 m M  ethoxide ion solution. In the limit, k, 
should be less than 107 M-' s-' since it is very 
unlikely that k6 will begreater than 10'OM-'s- ' .  

We observe the decay of CH3CHOP to be 
pseudo first order and independent of ethoxide 
concentration with t+  = 2 ms, corresponding 
to a second order rate constant 20 M - '  s-'. 

Reaction Ir  is the only mode of decay of 
CH3CHO- consistent with the observations. 

Since we observe that CH3CHOH decays by 
second order kinetics and since the decay is 
independent of ethoxide concentration, CH3- 
CHOH presumably is disappearing by the 
occurrence of reaction 7 (1). 

[7] 2CH3CHOH -> CH3CHO + CH3CHzOH 

-> (CH3CHOH)2 

Our measured decay constant is 2k7 = (1.6 f 
0.4) x 106 x E,,, ,,. Assuming G(CH3CHOH) = 
6.5 molecules/100 eV from product analysis data 
(I), it is possible to calculate the extinction 
coefficient for CH3CHOH s2,, ,, = 870 f 70 
M - '  cm-' which gives 2k7 = (1.4 f 0.5) x lo9 
M - '  s-'. This rate constant is in agreement with 
the value 2k7 = (1.0 f 0.1) x 10' M - '  s-' 
calculated from the data of Taub and Dorfman 
(12) using the ratio of extinction coefficients 
(&255/&297) = 3 (Fig. 1). 

Table 1 summarizes the various measured and 
estimated rate constants. For comparison it 
includes previously determined constants in 
aqueous solutions. 

It is interesting to note the marked difference 
in rates for the ionic reactions between the 
aqueous (reactions 2, 3) and nonaqueous 
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(reaction 1) systems. This difference cannot 
easily be explained but appears to be due to a 
medium effect rather than a property of the 
radical or radical ion. 

The observed slowness of reaction If in our 
pulse radiolysis data for ethanol (which by anal- 
ogy can be generalized to other alcohols) has 
consequences for the interpretation of the steady 
state radiolysis results (1, 2, 15) in alkaline 
solutions of N 2 0  in alcohols. Since reaction 
I f  is slow, the observed limiting yield of N2 and 
acetaldehyde at high N 2 0  concentrations (15) 
will be governed by the termination step [7'] 
of the chain mechanism, rather than the pre- 
viously suggested reaction 8. 

[7'1 2 RCHOH + termination 

18 1 2 RCHO- + termination 

to be very similar. Methanol solutions saturated 
with N,O and containing 0.1 M methoxide 
irradiated at a dose rate I = 5.6 x 10'' eV 
1-1 s - ~  gives values3 of G(N2) % 100 (15) and 

G(HCH0) z 80 (2). Assuming that the radical 
recombination rate constant 2k7 % lo9 M - l  
s-' for methanol (similar to ethanol) and 
G(CH20H) + G(e) % 8, then from eq. 9 the rate 
constant for radical reaction with methoxide 
is klj  (methanol) -- lo3 M -' s-l . This is 
consistent with our pulse radiolysis data for 
ethanol. It should also be noted that our eq. 9 
fits more closely the observed (1 5) methoxide 
concentration dependence than that predicted 
by the previous mechanisms (2). 

We wish to thank Drs. A. W. Boyd and P. R. West 
for their helpful suggestions and Mr. M. J. Young for aid 

In fact, in ethanol we find no evidence for reaction in the experimental work. 

but rather that CH3CH0- decays 1. G. R. FREEMAN, Actions Chimiques et Biologiques 
presumably via [Ir] .  des Radiations 14, 73 (1970). 

Our general mechanism is summarized below: 2. G. K.  SIBIRSKAYA and A. K. PIKAEV. Bull. Acad. 
Sci. USSR Div. Chem. Sci. 2248 (1968). 

Initiation 3. K. D. ASMUS, A. HENGLEIN, A. WIGGER, and G. 
BECK. Ber. Bunsenges Phys. Chem. 70, 756 (1966). 

RCH,OH -A+ e- + RCHOH + products 4. M. SIMIC, P. NETA, and E. HAYON. J. Phys. Chem. 
73, 3794 (1969). 

e- + N20  + N, + 0- 5. B. L. GALL and L. M. DORFMAN. J. Arner. Chem. 
SOC. 91, 2199 (1969). 

Propagation 6. G. V .  BUXTON. Trans. Faraday Soc. 65, 2150 
(1969). 

[If 1 RCHOH + RCHz0- -> RCHO- + RCHzOH 7. J. L. WEEKS and J. RABANI. J. Phys. Chem. 70, 
RCHO- + NZO + RCHO + Nz + 0- 2100 (1966). 

0- + RCHzOH + RCHOH + OH- 8. J. RABANI and M. S. MATHESON. J. Phys. Chem. 
70, 761 (1966). 

Termination 9. F. S. DAINTON and S. A. SILLS. Proc. Chem. Soc. 
223 (1962). 

[7'1 2 RCHOH + termination 10. G. E. ADAMS, J. W. BOAG, and B. D. MICHAEL. 
Trans. Faraday Soc. 61, 492 (1965). 

l-his mechanism indicates that the limiting 11. J. W. FLETCHER, P. J. RICHARDS, and W. A. SEDDON. 
Can. J. Chem. 48, 1645 (1970). 

observed rate of formation of N2 and RCHO 12. I. A. TAUB and L. M. DORFMAN. J. Amer. Chem. 
would be given by SOC. 84, 4053 (1962). 

13. J. J. J. MYRON and G. R. FREEMAN. Can. J. Chern. 

[9] G(N2 or RCHO) = klf[RCH,O-] 43, 1483 (1965). 
14. F. S. DAINTON, I. V. JANOVSKY, and G. A. SALMON. 

x ( 2k,J ) 16. L. M. DORFMAN and I. A. TAUB. J. Arner. Chem. 

Chem. Cornmun. 335 (1969). 100N(G(e-) G(RCHoH)) 15. W. V. SHERMAN. J. Phys Chem. 71, 4245 (1967). 

SOC. 85,2370 (1963). 
where I is the dose rate (eV 1-I s-l) and N is 17. W. A. SEDDON and A. 0. ALLEN. J. Phys. Chem. 

Avogadro's number. 71, 1914 (1967). 
Since this system has not been studied in 

ethanol solution, we will test our conclusions sWe ,timate these values from graphs given in the 
in the methanol system since it would be expected references. 
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Basicities of organometallic and other bases using the visible absorption maximum 
of the reference acid and its conjugate base 

R. A. N. MCLEAN AND J. D. UMPLEBY' 
Department of Cliernistry, Utziversify of British Columbia, Vancouver 8 ,  British Columbia 

and 
Department of Inorganic Cliemistry, University of Bristol, Woodlattd Road, Bristol8, Englarzd 

Received June 19, 1970 

The shift in the visible absorption maximum of hexanitrodiphenylamine has been used as a measure of 
the base strengths of some organometallic and organic bases. It is not possible to obtain a quantitative 
measure for stronger bases as the hexanitrodiphenylamine anion is produced. The order of base strengths 
for the organometallic bases studied is found to be Me3SiSMe < Me,CSMe < Me3SnSMe % Me3SiNMe2. 
Canadian Journal of Chemistry, 48, 3769 (1970) 

Following studies (1-3) on the relative base 
strengths of ~r~anometal l ic  bases, using the shift 
in the C-D stretching frequency in CDC1, and 
in the proton resonance in CHCI,, we have 
attempted to devise a method of- measuring 
relative base strengths using the shift in the 
ultraviolet or visible absorption maximum of a 
suitable reference acid. Very little work has been 
done on the effect of hydrogen bonding on the 
electronic spectra of aromatic primary and 
secondary amines and alcohols, but it has been 
observed that bases shift the absorption maxima 
to lower energy (4 and references therein). 

As those silicon containing organometallic 
bases which we wished to study undergo reaction 
with phenols, we examined some amines as 
reference acids. Diphenylamine showed only a 
small shift in its absorption maximum even with 
the strongest of the bases under investigation. 
However, upon substitution of electron-with- 
drawing groups on the phenyl rings, larger shifts 
were observed with stronger bases, and it was 
found that 2,2'-4,4'-6,6'-hexanitrodiphenylamine 
(HNDA), despite its insolubility in all non-polar 
solvents except benzene, is most suitable. In 
acidic, or weakly basic solutions the yellow form 
of the amine (I,,, 370-383 nm) is present; 
whilst in strongly basic solutions the red anion 
(I,,, 415-418 nm) is formed. 

We attempted to measure the interaction 
between the bases and HNDA in dilute solutions 
of a non-interacting solvent. However, it was not 
possible to do this, as solvents in which HNDA is 
soluble (e.g. ether, dioxane, and benzene), cause 

'Present address: KDStV Burgundia-Leipzig zu 
Dusseldorf, Chlodwigstrasse 88, 4 Dusseldorf, West 
Germany. 

greater shifts in the absorption maximum than 
some of the bases under investigation. Therefore, 
the spectra of HNDA were run as approximately 
5 x lo-' M solutions in the base with the pure 
base reference. The position of the absorption 
maximum in some representative bases is given in 
Table 1. 

The extinction coefficients of the bands around 
370-380 nm are z 15 000 and of the bands at 4 18 
nm x 25 000. None of the bases studied produced 
two maxima, i.e. only partially deprotonated 
HNDA, so that it appears that the energy barrier 
to deprotonation is small and narrow. It is obvious 
that the method is not specific for stronger bases. 
In fact all amines studied, except pyridine, pro- 
duced an absorption maximum at 418 nm. Thus 
only a small amount of activation energy is 
required to completely remove the proton from 
HNDA to ~ roduce  the red anion. Therefore. 
only differences in the basicity of very weak bases 
can be measured using the technique. 

Even with weak bases there is only just a 

TABLE 1 

Absorption maxinlum of HNDA 
in bases 

Base kmax(nm) 

Ether 375.5 
Dioxane 376.5 
Benzene 382 
Pyridine 383.5 
Pi~eridine 418 
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significant but reproducible shift in the band for 
the compounds, in which we are particularly 
interested, Me,CSMe and Me,SiSMe. Despite 
this, the order of base strength Me,SiSMe < 
Me,CSMe < Me,SnSMe is the same as that 
found in the two previous studies of these com- 
pounds (2, 3), although in these studies the carbon 
sulfide was significantly more basic than the 
silicon analogue. The most significant result here 
is that Me,SnSMe is a considerably stronger base 
than the other two. The previous explanation that 
the inductive donation of charge from the less 
electronegative tin atom increases the basicity 
of the sulfur atom seems reasonable. As expected, 
Me,SiNMe, is a considerably stronger base than 
its sulfur analogue, and the oxygen bases are 
somewhat stronger than the sulfur bases. 

It is interesting to note that non-polar benzene 
significantly shifts the absorption maximum to 
lower energy compared to the weakest of the 
bases examined here. It seems likely that a charge 
transfer interaction between the aromatic rings 
produces this effect. This type of interaction 

probably also accounts for the anomalous 
position ofpyridine,whichis not a very weak base, 
and, in general, it is unlikely that this technique 
can be used to compare the base strengths of any 
species with aromatic rings. 

In conclusion it can be pointed out that none 
of the results obtained from this method are 
capable of direct quantitative comparison, but 
the order of the base strengths of weak organo- 
metallic bases can be estimated. 

One of us (R.A.N.M.) thanks the Salters' Company 
and the Killarn Fellowship Conlmittee of the University 
of British Columbia for financial support, and we are 
grateful to Dr. E. W. Abel for his interest in this work. 

1. E. W. ABEL, D. A. ARMITAGE, and G. R. WILLEY. 
Trans. Faraday Soc. 60, 1257 (1964). 

2. E. W. ABEL, D. A. ARMITAGE, and D. B. BRADY. 
Trans. Faraday Soc. 62, 3459 (1966). 

3. E. W. ABEL, D. A. ARMITAGE, and S. P. TYFIELD. 
J. Chern. Soc. A, 554 (1967). 

4. A. B. SANNIGRAHI and A. K. CHANDRA. J. Phys. 
Chem. 67, 1106 (1963). 
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COMMUNICATIONS 

Spin-orbit relaxation of Hg(63 PI ) by various gases 

A. C. VIKIS, G. TORRIE, AND D. J. LE ROY 
Lash Miller Chemical Laboratories, University of Toronto, Toronto 181, Ontario 

Received September 1, 1970 

The enhanced rate of the mercury photosensitized decomposition of CzH4 under incomplete quenching 
conditions caused by various added gases (1) has been used to obtain quantum yields, +*O, for the 

C) 

spin-orbit relaxation process Hg(6'P,) 'c. Hg(6Vo). Values of +*O for C(CH3)4. c-C3Hs, NH3, ND3, 
HzO, and DzO were all > 0.5 while CO2 quenches predominately to the ground state. 
Canadian Journal of Chemistry, 48, 3771 (1970) 

In a recent investigation (I) of the enhance- 
ment by CO of the mercury photosensitized de- 
composition of C2H4 under incomplete quench- 
ing conditions, we concluded that the effect was 
due to Hg(63Po) rather than Hg*CO eximer for- 
mation. It was deduced that the quantum yield,' 
+*O, for the spin-orbit relaxation process 

Q 
Hg(63P,) - Hg(63Po) was not much less than 
unity in the case of CO. This conclusion is in 
disagreement with the recent results of Callear 
and Hedges (2) who determined +*O for CO and 
a number of other gases; in line with earlier 
results, summarized in refs. 3,4,5, they found low 
values of +*O for all gases (except N,). 

However, more recently Callear and McGurk 
(6) have shown that their earlier results (2) were 
in error; using a new technique they obtained 
results in line with ours (I), i.e. $*O w 0.85 for 
CO. They have also found relatively large values 
of +*O for other gases. 

In the present communication we present the 
results of +*O measurements on a number of 
gases. A summary of our results to date is given 
in Table 1. A more detailed report, together 
with results on other gases will be published in 
this Journal in the near future. Values of +*O 
determined by the method of London et al. (1) 
or Callear and McGurk (6) should prove useful 
in clarifying the theoretical interpretation (7, 8) 
of the spin-orbit relaxation process. 

The present results were obtained using the 
method described previously (1, type D) and 

'Defined as +*O = k*O/(k*O + k*E); see below. 

based on the following mechanism 

11 1 Hg + hv* - Hg* 

I/r* 
12 1 Hg* - Hg + hv* 

kQ*E 
13 I Hg* + Q- Hg + Q' 

kQ*O 
Hg* + Q - HgO + Q" 

kQOE 
17 I H ~ O +  Q - H ~ +  Q"' 

in which Hg*, HgO, and Hg represent ~ g ( 6 ~ P , ) ,  
Hg(63Po), and Hg(6lS0), respectively. Reaction 
8 includes all processes, including radiative de- 
cay, which are first order or pseudo-first order 
under our experimental conditions. Results ob- 
tained in our laboratory indicate that kE*O for 

kE*O 
the process Hg* + C,H4 - H ~ O  + C2H4' is 
negligible and this reaction is omitted from the 
mechanism. 

If I/Io is the ratio of the fluorescence from 
Hg* in the presence of Q to that in its absence 
and if S/So is the ratio of the rate of formation 
of Hz in the presence of Q to that in its absence, 
then 
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TABLE 1 

Rate constants and quantum yields for spin-orbit relaxationa 

and 

C(CHA 8.0 + 0.4 (14Ib 0 S 7  - 
cX3Hs 8.2 + 2.0 12.4 + 0.6 (13) 0.66 
NH3 45 + 6 54 + 6 (50.4) 0.8 
ND3 67 + 6 6 2 + 5  (17.4) - 1 
Hz0 10 + 2 ca. 9 (16.7) - 1 
DzO 6 + 0.5 ca.6.3 (8.1) - 1 
Coz <0.2 29 (28 .O) <0.01 
CO 63 + 19' 58.6 + 0.9'(55.9) - 1' 

aPlus and minus values are average deviations obtained from determinations at three or more 
CIHl pressures. 

bValues in parentheses are taken from ref. 4, physical determinations, process 11. 
<Reference 1 .  

where +E*g and +,Og are the efficiencies of Hz  
formation resulting from reactions 5 and 6, re- 
spectively. The values of [C2H4] were in the 
range 5 x l od3  to 25 x Torr and those of 
[Q] were in the range to 2 Torr. The total 
pressure was kept constant at 20Torr using 
argon; it can therefore be assumed that +E*g and 
+,Og were constant in all experiments. 

For each of the gases, Q, a number of values 
of S/So and Io/I at various values of [Q] were 
determined for each of a series of values of 
[C2H4]. For a given value of [C2H4], the left 
hand side of eq. 10 was plotted against l/[Q]. 
The slopes of these curves were then plotted 
against [C2H4] to obtain values of +E*g kE*g/ 
cPEog kQ*O. The values of kQ*O given in Table 1 
were obtained by assuming +,*g z (bEog and 
using the published value of kE*g (4). 

Values of kQt = kQ*g + kQ*O were obtained 
from Stern-Volmer plots; the required values 
of 1/r* were obtained as described previously (1). 

The method (1) does not, of course, distin- 
guish between H, formed in reactions 5 and 6 
and that formed as the result of reactions 3 or 7. 

10% of the rate in the presence of C,H4 for the 
range of [Q] used in the measurements. 

The present results constitute the first quanti- 
tative evidence that spin-orbit relaxation is pre- 
dominant in Hg(6,P1) atom photosensitization. 
Thus, caution should be exercised in ascertaining 
whether Hg(63Pl) or Hg(6,P0) reactions are 
being studied, especially in systems where more 
than one quencher is present and/or incomplete 
quenching conditions with respect to Hg(6,P1) 
emission prevail. The previous qualitative evi- 
dence of Penzes et al. (9, 10) of relatively high 
Hg(6,P0) concentrations in the presence of 
C(CH,),, NH,, and H,O is in line with this work. 

The authors gratefully acknowledge the financial sup- 
port received from the National Research Council of 
Canada. 
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Surface tensions of binary liquid systems. I. Mixtures of nonelectrolytesl 

V. T. LAM' AND G. C. BENSON 
Division of Chemistry, National Research Council of Canada, Ottawa, Canada 

Received July 9, 1970 

Surface tensions were measured for the ten binary liquid systems: cyclopentane + carbon tetra- 
chloride, cyclopentane + tetrachloroethylene, cyclopentane + benzene, cyclopentane + toluene, 
cyclohexane + tetrachloroethylene, cyclohexane + benzene, cyclohexane + toluene, cyclohexane + cis- 
decalin, cyclohexane + trans-decalin, and benzene + o-xylene. The system cyclohexane + benzene was 
studied at 20 and 30 "C. Measurements for the other nine systems were carried out at 25 "C. The 
principle of corresponding states was used to correlate the surface tension results with other properties 
of the pure component liquids and of their binary mixtures. 
Canadian Journal o f  Chemistry, 48, 3773 (1970) 

Introduction 

There are very few binary liquid systems in the 
literature for which surface tensions as-well as 
the excess properties of the bulk phase have been 
investigated. Such systems are needed for exam- 
ining theories of the surface tension of mixtures. 

Previous publications from our laboratory 
have reported values of the excess thermodynamic 
functions for a number of binary nonelectrolyte 
systems (1-5). The purpose of the present paper 
is to describe surface tension measurements for 
ten of these systems over the whole concentration 
range, and to consider some theoretical analyses 
of the results. The ten binary liquid systems 
studied were formed by mixing cyclopentane with 
carbon tetrachloride, tetrachloroethylene, ben- 
zene, and toluene; cyclohexane with tetrachloro- 
ethylene, benzene, toluene, cis-decalin, and trans- 
decalin; and benzene with o-xylene. 

Experimental 
Materials 

Research grade (Phillips Petroleum Co.) benzene, 
toluene, and cyclohexane were used without further 

lNRCC No. 11 570. 
'NRCC Postdoctorate Fellow 1967-1969. Present 

address: DCpartement de Chimie, FacultC des Sciences, 
UniversitC de Sherbrooke, Sherbrooke, Qukbec. 

purification. The other primary component liquids were 
obtained from several different commercial sources and 
were further purified in an F. & M. preparative gas 
chromatograph (Model 775). Reference should be made 
to previous publications for details of the chromato- 
graphic purification of cyclopentane (3), carbon tetra- 
chloride (6), tetrachloroethylene ( 3 ,  o-xylene (2), and 
cis- and trans-decal in (4). 

Table 1 lists the values of the density (dl5 g ~ n l - ~ ) ,  
refractive index (nDZ0) and surface tension (y dyn cm-') 
characterizing the component liquids used in the surface 
tension studies. The densities and surface tensions were 
measured at 25 "C, the refractive indices at 20 "C. In the 
case of cyclohexane and of benzene, surface tensions were 
also determined at 20 and 30 "C. Included in Table 1 for 
comparison are values of the densities, refractive indices, 
and surface tensions taken from the literature (7-10). 

Mixtures with known compositions were prepared by 
weight from the pure components. Precautions were 
taken to minimize evaporation losses during the prepara- 
tion and subsequent determination of the surface tension. 

Apparatus and Operational Procedure 
Surface tensions of the pure liquids and of their binary 

mixtures were measured by the maximum bubble 
pressure technique originally developed by Sugden (1 1). 
Our apparatus, which is similar to that described by 
Quayle (12), consists of a double tube bubbler, a manom- 
eter filled with p-xylene, and a melcury aspirator. 
Bubbles of dry air, presaturated with vapor of the pure 
liquid or mixture under investigation, are slowly drawn 
alternately through the small and larger tips of the 
bubbler. The pressure differential P developed by the 
mercury aspirator is measured on the xylene-filled 
manometer using a precision cathetomcter reading to 
0.001 cm. 
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TABLE I 
Densities, refractive indices, and surface tensions for component liquids 

dZ5 (g c m - 9  nDZ0 ya (dyn cm-') 

Litera- Refer- Litera- Refer- Li tera- 
Component Observed ture ence Observed ture ence Observed tureb 

Cyclopentane 0.74034 0.74045 7 1.40638 1.40645 7 21.85 21.87 
Cyclohexane 0.77389 0.77389 7 1.42625 1.42623 7 24.38 24.40 

24.81' 
23.78" 

Benzene 0.87362 0.87370 7 1.50115 1.50112 7 28.20" 
28.86' 
27. 60d 

Toluene 0.86242 0.86230 7 1.49693 1.49693 7 27.94 27.92 
o-Xylene 0.87590 0.87596 7 29.44 29.48 
Carbon tetrachloride 1.58436 1.58433 8 1.46018 1.46005 8 26.13 26.14 
Tetrachloroethylene 1.61432 1.61446 9 1.50576 1.50534 9 31.30 31.80 
cis-Decalin 0.89288 0.89291 10 1.48090 1.48098 10 32.24 31.60 
trans-Decalin 0.86596 0.86592 10 1.46949 1.46932 10 29.97 29.38 

OAt 25 "C unless otherwise indicated. 
*interpolated from values in (8). 
<At 20 "C. 
*At 30 'C. 
'Value adopted for calibration of bubbler. 

I P = Hgd' 

where H i s  the difference in levels of the manometer fluid 
of density d', and g is the constant of gravitational 
acceleration. The value of the surface tension, y, is given 
by Sugden's formula 

[2 1 y = A[P + 0.69 rgd] 

where A is a function of the radii of cross-section of the 
two bubbler orifices, r is the radius of the larger orifice 
(0.0631 cm in our apparatus), and d is the density of the 
liquid under investigation. The small orifice of our 
bubbler has a radius of approximately 0.01 cm and it is 
unnecessary to know this value accurately since A is 
treated as a constant of the apparatus. 

The bubbler was calibrated frequently with research 
grade benzene; assuming a surface tension of 28.20 dyn 
cm-' for this material at 25 "C (a), the apparatus con- 
stant A was found to have a value of 2.750 x cm, 
reproducible within +0.2%. With the temperature of the 
bubbler controlled at 25.00 k 0.01 "C, values of the 
surface tension were normally reproducible within 
f 0.03 dyn cm-'. Surface tensions for all of the systems 
were measured at  25 "C, with the exception of cyclo- 
hexane + benzene which was studied at  20 and 30 "C. 
Equilibrium was established quite rapidly in all cases and 
there was no evidence of time effects at rates of bubble 
formation slower than one bubble per second. 

Values of d for binary mixtures, containing mole 
fraction x,  of component i with molecular weight M,  and 
molar volume V,, were obtained from the relation 

using values of VE, the molar excess volume, calculated 
from smoothed representations of experimental volumes 
of mixing. Suitable Redlich-Kister forms for V E  at 

25 "C are available for all of the systems studied (1-5).3 
The overall error of the value of d determined in this way 
is estimated to be less than k0.0002 g ~ m - ~ .  

Results 

The surface tensions measured for the pure 
components have already been reported in 
Table 1. The experimental results (x,, y) for the 
ten binary systems are summarized in Table 2 
which also contains values of the excess surface 
tension The latter quantity is defined by the 
relation4 

31n the case of the system cyclohexane(l) + benzene(2) 
densities of the pure components at 20 and 30 "C were 
estimated from their values at 25 "C using the coefficients 
of expansion given in Table 4. The variation of VE with 
temperature was neglected and values of VE at 25 "C 
were used in calculating densities of mixtures at 20 and 
30 "C. 

The excess volumes of the system cyclohexane(l) + 
tetrachloroethylene(2) were determined recently in our 
laboratory by the dilatometric method described in 
ref. 13. The unpublished results are represented by the 
equation 

VE(cm3 mole-') = 
xl( l  - x1)[2.0644 - 0.4648(1 - 2 ~ 1 ) l  

with a standard error of estimate o, = 0.008 cm3 mole-'. 
4This terminology follows the usage of most authors 

(14). However, recently the designation of yE as an  
"excess function" has been criticized on the grounds that 
it does not have the usual connotation of a deviation 
from ideal solution behavior (15). 
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LAM AND BENSON: SURFACE TENSION O F  BINARY LIQUID SYSTEMS. I 3775 

where y, and y, are the surface tensions of the appears that only cyclohexane + benzene has 
pure components. been investigated previously (16, 17). Values of 

For each system, the subscripts 1 and 2 are yE for this system obtained from the surface 
assigned to the two components in the order used tensions at 20 and 30 "C reported recently by 
in the name of the system. Suri and Ramakrishna (17) are included in Fig. 1 

The method of least squares was used to fit for comparison with our results. At 20 "C there 
each set of results for yE with a Redlich-Kister 
form of equation 

n 

[5] yE = xl( l  - xl) cj(l - 2 ~ ~ ) j - l  
j =  1 

containing n adjustable coefficients, cj. In each 
case, n was varied and the minimum number of 
coefficients needed to represent the results (con- 
sisting of no,, values) adequately, was found by 
examining the standard error of estimate. 

is reasonable agreement between the two in- 
vestigations but Suri and Ramakrishna's values 
at 30 "C are appreciably smaller in magnitude 
than our results. The two investigations therefore 
indicate quite different excess surface entropies. 

The relative behavior of the excess surface 
tensions of the present systems parallel, fairly 
closely, the behavior of the excess enthalpies 
studied previously. Thus, the excess surface ten- 
sions of cyclopentane + tetrachloroethylene mix- 

L61 o, = [C(yob: - ~ ~ ) ~ / ( ~ ~ b ~  - n)l" 
tures are larger in magnitude than those of 
cyclopentane + carbon tetrachloride (at corre- 

Values of the coefficients obtained in this way are sponding concentrations of cyclopentane), and 
given in Table 3 along with the corresponding our previous calorimetric studies indicated that 
values of o,. Plots of the experimental results for the excess enthalpies of cyclopentane + tetra- 
yE and of their least squares representations by chloroethylene (5) are greater than those of 
eq. 5 are shown in Figs. 1-3. cyclopentane + carbon tetrachloride (3). Again, 

There have been very few other determinations in the alicyclic-aromatic systems formed by 
of the surface tensions of the present systems. It mixing cyclopentaneorcyclohexanewith benzene 

TABLE 2 

Experimental values of the surface tension of binary mixturesa 

Cyclopentane + carbon Cyclopentane + tetrachloro- Cyclopentane + benzene 
tetrachloride at 25 "C ethylene at 25 "C at 25 "C 

x1 Y YE XI Y YE x1 Y YE 

Cyclopentane + toluene Cyclohexane + tetrachloro- 
at 25 "C ethylene at 25 "C 

x1 Y YE x 1 Y YE 

Cyclohexane + benzene 
at 20 "C 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3776 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

TABLE 2 (Concluded) 
- 

Cyclohexane + benzene 
at 30 "C 

Cyclohexane + cis-decalin 
at 25 "C 

Cyclohexane + trans-decalin 
at 25 "C 

0.7957 24.01 -0.55 
0.7959 24.06 -0.50 
0.8940 23.91 -0.27 
0.8949 23.89 -0.29 

Cyclohexane + toluene Benzene + o-xylene 
at 25 "C at 25 "C 

'Units: y and yE, dyn cm-1 

TABLE 3 

Values of coefficients for eq. 5 determined by method of least squares" 

System 
Temperature 

("C) c1 Cz c3 =7 

Cyclopentane + carbon tetrachloride 25 -0.400 0.384 0.019 
Cyclopentane + tetrachloroethylene 25 -2.895 -1.333 0.017 
Cyclopentane + benzene 25 -3.997 - 1.154 - 1.369 0.029 
Cyclopentane + toluene 25 - 1.890 - 0.486 0.018 
Cyclohexane + tetrachloroethylene 25 -3.911 - 1.140 0.046 
Cyclohexane + benzene 20 -4.429 -1.680 0.028 

30 - 3.965 - 1 .420 0.037 
Cyclohexane + toluene 25 -3.116 -0.366 0.038 
Cyclohexane + cis-decalin 25 0.363 0.047 
Cyclohexane + trans-decalin 25 0.485 0.032 
Benzene + o-xylene 25 -0.440 0.026 

'Units: c, and a7, dyn crn-I. 
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LAM AND BENSON: SURFACE TENSION O F  BINARY LIQUID SYSTEMS. I 3777 

FIG. I .  Excess surface tension of cyclohexane + ben- 
zene mixtures. Our results: 20 "C, 0; 30 "C, D. Solid 
curves are least squares representations by eq. 5. Broken 
curve was calculated from theory of corresponding states 
at 25 "C. Results of Suri and Ramakrishna (17): 20 "C, 
0 ;  30°C, A. 

and with toluene, the magnitudes of both the 
excess surface tension and the excess enthalpy (1) 
decrease from benzene to toluene. The excess 
enthalpies of cyclohexane + decalin mixtures (4) 
are fairly small at 25 "C and the curves are 
sigmoid in shape; the excess surface tensions of 
these systems are also small and appear to be 
positive, but the precision of the measurements 
is too low to allow a meaningful comparison of 
their relative behavior. 

Analyses of Results 
A number of theoretical treatments have been 

developed to express the surface tension of a 
binary mixture in terms of properties of the pure 
components and of the bulk mixture (14, 18-21). 
In general, some model of the surface region is 
also required. 

Analyses of our excess surface tensions accord- 
ing to the theories of Guggenheim (19), Hoar and 
Melford (20), and Shereshefsky (21) were in- 
vestigated. In most cases, excess surface tensions 
calculated from regular solution theories (19,20) 
using molecular areas obtained from molar 

FIG. 2. Excess surface tension of mixtures at 25 "C. 
Systems: 1, cyclopentane + carbon tetrachloride, 0; 
2, cyclopentane + tetrachloroethylene, 0 ; 3, cyclo- 
pentane + benzene, ; 4, cyclopentane + toluene, A. 
Solid curves are least squares representations by eq. 5. 
Broken curves were calculated from theory of corre- 
sponding states. 

volumes on the basis of close-packed spherical 
molecules, and interaction energy parameters 
derived from excess enthalpy data, differed con- 
siderably (by a factor of 2 or more) from the 
experimental results. However, good representa- 
tions of the experimental yE values could be 
achieved with these theories and with the treat- 
ment of Shereshefsky (21) provided one or two 
of the parameters occurring in the formulas were 
adjusted empirically to give a least squares fit. 
Unfortunately the values obtained for these 
parameters were generally of questionable phys- 
ical significance when interpreted as molecular 
areas, numbers of surface layers, etc. 

A more interesting correlation of our results 
was obtained by using the Flory theory of mix- 
tures (22) in combination with the reduced 
surface tension equation formulated recently by 
Patterson and Rastogi (23). The remainder of this 
section summarizes the formulas used in this 
treatment, and describes the numerical results of 
its application to our systems. 
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I I I ~ I I i ~ J - I I ~  - - 
0 . 

0 \ 
18 I T = TIT* 

and 

19 I P =  VIV* 

Values of p*, V*, and T* for pure materials can 
be obtained from a knowledge of the coefficient 
of expansion a and of the isothermal compress- 
ibility P, using the relations 

and 

[ I l l  p *  = (C~/P)TP' 

in combination with eqs. 7 to 9. 
Patterson and Rastogi (23), in their extension 

of the corresponding states theory to deal with 
surface tension, used as the reduction parameter, 
the quantity 

[I21 * = ksp*+~*4- 
I 

FIG. 3. Excess surface tension of mixtures at 25 "C. where k is the Boltzmann constant. Starting from 
Systems: 5, cyclohexane + tetrachloroethylene, 0 ;  the work of Prigogine and Sara@ (271, they 
7, cyclohexane + toluene, A ;  8, cyclohexane + cis- derived a reduced surface tension equation which 
decalin, 0;  9, cyclohexane + trans-decalin, V; 10, ben- in the case of a van der waals liquid can be zene + o-xylene, 0. Solid curves are least squares 
representations by eq. 5. Broken curves were calculated written in the form 
from theory of corresponding states. 

Corresponding States Theory and Surface Tension 
Patterson et a/. (24, 25) have drawn attention 

to the close connection between the theory of 
mixtures developed by Flory (22) and the 
Prigogine corresponding states theory (26) em- 
ploying a simple cell model of the liquid state in 
which the configurational energy is inversely pro- 
portional to the volume (i.e. a van der Waals 
liquid). The equation of state for materials con- 
forming to the principle of corresponding states 
can be expressed in a "universal" form through 
the use of suitable characteristic values (i.e. 
reduction parameters) p*, V*, and T* for the 
pressure, volume, and temperature, respectively. 
In Flory's treatment the reduced equation of 
state takes the form 

in the limit of zero pressure. The tilde is used in 
eq. 7 to indicate the reduced values of the tem- 
perature and volume defined by 

In this equation, M represents the fractional 
reduction in nearest neighbors for a cell at the 
surface compared with one in the bulk of the 
liquid. On the basis of a close-packed lattice, 
M should have a value of 0.25. However, 
Patterson and Rastogi found that a least squares 
treatment of surface tension results for a variety 
of polyatomic liquids led to a best value of 0.29 
for M and we have adopted this in our own use 
of eq. 13. 

Theoretical estimates of the surface tensions 
of the present component liquids at 25 "C were 
obtained from the relation 

1141 Y = Y*Y(P) 

using the formulas outlined above for the char- 
acteristic and reduced surface tensions. The 
values of V, ol, and p employed in these calcula- 
tions are listed in Table 4, along with the results 
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TABLE 4 

Corresponding states calculation of surface tension of conlponent liquids at 25 "C 

(theory - 
v io3an 1o6P P* V* T* Y ~ h e o r y  expt.) 

Component (cm3 mole-') (deg-') (atm-') (J (cm3 mole-') ("K) (dyn cni-') (dyn cm-') 
- - -- 

Cyclopentane 9 4 7 3  1.325 135.1 509.0 72.27 4531 21.16 -0.69 
Cyclohexane 108 76 1.217 115.5 530.2 84.27 4720 23.39 -0.99 
Benzene 89.43 1.217 98.12 624.1 69.30 4720 26.08 -2.12 
Toluene 106.84 1.071 95.0 542.5 84.65 5040 26.48 - 1.46 
o-Xvlene 121.21 0.963 83.1 538.4 97.75 5342 28.79 -0.65 
carbon 

tetrachloride 97.09 1.212 109.1 558 2 75.28 4730 24.29 - 1.84 
Tetrachloroethylene 102.73 1.020 76.5 630.4 82.08 5177 30.52 -0.78 
cis-Decalin 154.84 0.851 70.1 542.6 127.30 5739 32.04 -0.20 
trans-Decalin 

-- -- 
159.66 0 8 6 5  77.0 504.6 130.93 5683 30.12 0.15 

oSo~~rces  for the value? of a and I) are given In refs. 2-5, 28. 

computed for p*, V:!:, and T:3.5 The theoretical 
values of the surface tension and deviations 
between these and the experimental results are 
given in the last two columns of the table. 

We have also applied eq. 13 (with M = 0.29) 
to mixtures, on the assumption that they are 
equivalent to single component liquids with the 
characteristic values 

[16] (':>) = :I: + 4 , :k 21 2 

- 4142X,2/(42 + ~1241) 
and 

which are implicit in Flory7.s theory. The excess 
surface tension can then be expressed as 

where (y*) is obtained from eqs. 12, 16, and 17 
and P is the reduced volume satisfying eq. 7 at 
a reduced temperature of T/(T'!'). In eq. 16 
4, and 4, are segment fractions defined by 

and s, ,  is the ratio of molecular surface areas of 
contact (per segment) for each species. If the 

5The values of a and are the same as employed in 
previous calculations from our laboratory (2-5, 28), and 
in most cases the values of p*, V*, and T* are identical 
with those used in our earlier applications of the Flory 
theory ( 2 4 ,  28, 29). A few minor differences arlse from 
the adoption of sllghtly d~fferent molar volunles. 

molecules are approximately spherical, the 
relation 

1201 S12 = (V2*/VI *I-:- 
is generally assumed (30). The quantity XI, is 
a constant characterizing the difference in the 
energy of interaction between segments of unlike 
molecules, from the average of the interactions 
in the pure component liquids. XI, is usually 
treated as an adjustable parameter (29, 30) and 
its value is selected to obtain a fit between the 
calculated and experimental values of some 
property of the mixture (such as the excess 
enthalpy or excess volume). 

Compatible values of s , ,  and XI, for the 
present systems at 25 "C are given in Table 5. In 
all cases, the value of s12 has been obtained from 
eq. 20. With one exception, the values of XI, are 
based on experimental excess enthalpies (2-5, 
28); however, in the case of cyclohexane + tetra- 
chloroethylene, XI ,  was selected to give a least 
squares fit of the excess molar volumes (as 
represented by the equation in footnote 3), since 
excess enthalpies were not available. 

Excess surface tensions were calculated for all 
of the systems at 25 "C. The results arz shown as 
broken curves in Figs. 1-3. The standard devia- 
tion, o, between the theoretical and smoothed 
experimental curves is also given in Table 5, along 
with a comparison of theoretical and experi- 
mental values of yE for equimolar mixtures. 

Discussion 
The principle of correspond~ng states provides 

estimates of the surface tension of the component 
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TABLE 5 

Corresponding states calculation of surface tension of binary mixtures at 25 "C 

No. System 

ye (0.5)(dyn cm-') 
Xl z G 

S I Z  (J ~ m - ~ )  Theory Expt. (dyn cm-') 

1 Cyclopentane + carbon tetrachloride 1.014 4.07 -0.07 -0.10 0.04 
2 Cyclopentane + tetrachloroethylene 1.043 12.73 -0.02 -0.72 0.52 
3 Cyclopentane + benzene 0.986 33.37 -0.86 - 1 .OO 0.16 
4 Cyclopentane + toluene 1 ,054 18.65 -0.33 -0.47 0.12 
5 Cyclohexane + tetrachloroethylene 0.991 45.18 -1.23 -0.98 0.20 
6 Cyclohexane + benzene 0.937 38.44 -1.13 - 1.05" 0.09" 
7 Cyclohexane + toluene 1.002 28.30 -0.78 -0.78 0.02 
8 Cyclohexane + cis-decalin 1.147 2.365 0.58 0.09 0.36 
9 Cyclohexane + trans-decalin 1.158 1.791 0.43 0.12 0.23 

10 Benzene + o-xylene 1.122 11.38 -0.21 -0.11 0.08 

'Refers to average of experimental results at 20 and 30 "C. 

liquids which are of the right order of magnitude 
and which exhibit very nearly the same relative 
order as the experimental results. In most cases, 
however, there is a tendency for the theoretical 
values to be lower than the experimental. 
Auxiliary calculations indicate that the theoret- 
ical values are quite sensitive to the value of M ,  
and that the overall agreement is improved for 
our set of pure liquids by using a value of about 
0.295 (instead of 0.29) for this parameter. 

Estimates of yE for mixtures involve essentially 
a difference of y values and are not changed 
significantly by minor changes in M. In most 
respects, the calculated yE curves show the same 
pattern of relative behavior as observed experi- 
mentally. Agreement between theory and experi- 
ment is quite good (i.e. within 2 to 3 times the 
standard error) for the systems cyclopentane + 
carbon tetrachloride, cyclohexane + benzene, 
cyclohexane + toluene, and benzene + o-xylene. 
Although the sign of yE is predicted correctly, 
calculations for the two decalin systems and for 
cyclopentane + tetrachloroethylene show large 
discrepancies. This is not unexpected since diffi- 
culties arise in applying the Flory theory to these 
three systems. The excess enthalpy curves for the 
decalin systems are unusual in shape, and some 
difficulty was experienced previously in fitting 
and correlating the excess enthalpies and excess 
volumes according to the Flory treatment (4). 
Use of the other values of s12 and X12 given in 
ref. 4, which were determined by treating both 
s12 and X12 as adjustable parameters, does not 
improve the estimates of yE for these systems. In 
the case of cyclopentane + tetrachloroethylene, 
excess volumes, calculated with the parameters 
given in Tables 4 and 5, show large deviations 

from experiment; thus, in an equimolar mixture, 
the theoretical and experimental (5) values of the 
excess volume are -0.1 54 and -0.007 cm3 
mole-', respectively. 

Finally, it should be noted that in most theories 
of the surface tension of mixtures, negative 
values of yE result from surface adsorption of the 
component of lower surface tension. The corre- 
sponding states treatment of mixtures, described 
above, is somewhat unorthodox, since the appli- 
cation of eq. 13 to an equivalent single com- 
ponent liquid effectively ignores differences in 
concentration occurring at the surface of the 
mixture. Our calculations indicate that the 
principle of corresponding states can produce 
useful estimates of the excess surface tension 
without considering such concentration effects 
and without adjusting any parameters to fit the 
surface properties of the mixtures. 

The authors wish to thank Mr. P. J. D'Arcy and Mr. 
C. J. Halpin for valuable technical assistance in the 
experimental work. 
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Excess enthalpy, volume, and Gibbs free energy of 
n-propanol - isopropanol mixtures at 25 OC1 

J I ~  POL~K,' SACHIO MURAKAMI,~ G. C. BENSON, AND H. D. PFLUG~ 
Division of Chemistry, National Research Council of Canada, Ottawa, Canada 

Received July 31, 1970 

The results of calorimetric, dilatometric, and circulation still studies of the system n-propanol- 
isopropanol at  25 "C are reported. Examination of the behavior of the excess properties indicates that 
deviations from ideality can be attributed mainly to  the formation of mixed association complexes. 

Canadian Journal of Chemistry, 48, 3782 (1970) 

Introduction 

Previous publications (1-7) from .our labora- 
tory have described the measurement of various 
thermodynamic properties for a number of binary 
alcohol systems. The present paper reports 
the results of similar studies of the system 
n-propanol - isopropanol at 25 "C. Values of the 
molar excess enthalpy and molar excess volume 
were obtained from direct calorimetric and 
dilatometric measurements. Excess Gibbs free 
energies were derived from determinations of 
vapor-liquid equilibria. 

Experimental 
(i) Materials 

The component liquids used in the course of this 
investigation were commercial reagents which were 
purified in a n  F & M preparative gas chromatograph 
(Model 775). n-Propanol (from Eastman Organic Chem- 
icals), and isopropanol (Spectroquality from Matheson, 
Coleman and Bell) were passed through a column (6 ft 
long and 314 in. diameter) packed with Poropak Q, held 
at  an  oven temperature of 152 "C. The products were 
checked with a Model 154 Perkin-Elmer analytical 
chromatograph, using a column containing 10% PEG 
I000 on Chromosorb G (NAW) at 100 "C, and no im- 
purities were detected (i.e. level less than 0.01 %). The 
refractive index, n,, and vapor pressure, pO, the latter 
measured ebulliometrically, were determined for each 
material at  25 "C; these results are listed in Table 1, along 
with values from standard data compilations (8, 9) and 
other sources (4, 5, 10). It should be noted that the 
refractive indices measured in the present investigation 
are both lower than the values given in the MCA Tables 
(9) and are closer to the results published by Brown and 

'NRCC No. 11 593. 
'NRCC Postdoctorate Fellow 1968-1970. Present 

address: Department of Chemical Engineering, Univer- 
sity of Ottawa, Ottawa, Canada. 

3NRCC Postdoctorate Fellow 1967-1969. Present 
address: Department of Chemistry, Faculty of Science, 
Osaka City University, Sumiyoshi-ku, Osaka, Japan. 

4NRCC Postdoctorate Fellow 1965-1967. Present 
address: Metallgesellschaft-AG, Frankfurt/M, Germany. 

Smith (10). Also, the present vapor pressures differ from 
the API values (8) and are in better agreement with 
results obtained previously by the static method in our 
laboratory for different preparations of the alcohols (4,5). 

(ii) Apparatus and Techniques 
Successive dilution techniques were used in determining 

the excess enthalpies and the excess volumes. The 
calorimeter and dilatometer have been described pre- 
viously (2, 11). All of the measurements were made at  
25.00 + 0.01 "C. The uncertainties in the results for an  
equimolar mixture are estimated to  be approximately 
+ 0.3 J mole-' for the excess enthalpy and + 0.0005 cm3 
mole-' for the excess volume. 

Vapor-liquid equilibria were studied in a circulation 
still. Details of the design and of the operating technique 
are given in ref. 12. The pressure in the still was measured 
with a quartz spiral gage (Texas Instruments) which was 
calibrated by comparison with a mercury manometer. 
For each point, the pressure was adjusted until a tem- 
perature of 25.000 + 0.005 "C was obtained in the still 
head. The vapor pressures listed in Table 1 were deter- 
mined with the still filled with the pure components. In 
the case of mixtures, equilibrium conditions were main- 
tained for several hours before removing samples of the 
liquid and condensed vapor phases. These were analyzed 
chromatographically in the Perkin-Elmer 154, using a 
column filled with Poropak Q and an oven temperature 
of 156 "C. Tests of the method of analysis, employing 
samples of known composition, indicated an accuracy 
of + 0.08 mole%. 

Results 
The results of the calorimetric and dilatometric 

measurements on the system n-propanol (1) - 
isopropanol(2) at 25.00 "C are listed in Table 2. 
There, values of the molar excess enthalpy, HE, 
and values of the molar excess volume, VE, are 
listed for various mole fractions, x,, of 
n-propanol. 

The first three columns of Table 3 summarize, 
the results of the vapor-liquid studies (also at 
25.00 "C); x, and y, are the mole fractions of 
n-propanol in the equilibrium liquid and vapor 
phases at pressurep. The last column of the table 
contains the corresponding values of the molar 
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POLAK ET AL.: ON n-PROPANOL - ISOPROPANOL MIXTURES 

TABLE 1 
Properties of component liquids at 25 "C 

Vapor pressure 
Refractive index nl, PO (mm Hg) 

Component Measured Literature Measured Literature 

Isopropanol 1 ,37487 1 .37527 (9) 43.56 44.49(8) 
1.37497 (10) 43.35 (5) 

TABLE 2 
Experimental values of the molar excess enthalpy and molar excess volume of n-propanol 

(I) - isopropanol (2) mixtures at 25 "C 

H E  H E  V E  
XI (J mole-') x 1 (J mole-') x 1 (cm3 mole-') 

excess Gibbs free energy defined by The calculation employed our results for the 

[I I vapor pressures of the pure components, p:, GE = RT(xl In y ,  + x, In y,) molar volumes VJO from ref. 9. and virial coeffi- 

where R is the gas constant, T is the absolute 
temperature, and y ,  and y ,  are the activity 
coefficients of the two components in the liquid 
phase. Values of the activity coefficients were 
obtained from the results for the vapor-liquid 
equilibria by means of the equations 

' 

cients B,  ,, B,,, and B,: equal to - 1959, - 1777, 
and - 1866 cm3 mole- , respectively. The latter 
values were estimated from critical point data 
(13)  according to the empirical correlation 
developed by O'Connell and Prausnitz (14). 

The area test (15) was used to examine the 
consistency of the (x, ,  y,, p) values. A plot of 
In (y,/y,) against x ,  showed a relatively large 
scatter but, after smoothing the values with a 
polynomial form, the difference of the positive 
and negative areas under the smoothed In (y,/y,) 
curve was less than 5%. This discrepancy is 
reasonable in view of the fairly large errors in- 

121 In yi = In biplxipio) 
+ (B, ,  - viO)>(p - p i O ) / ~ ~  

+ (1 - Y , ) ~ ~ ~ / R T  
and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3784 CANADIAN JOURNAL O F  

TABLE 3 

Vapor-liquid equilibria of 
n-propanol (1) - isopropanol (2) mixtures at 25 "C 

- 

P GE 
XI Y I  (mm Hg) (J mole-') 

herent in the determination of the vapor-liquid 
equilibria. 

The results for HE, VE, and GE are presented 
graphically in Figs. 1 and 2. The scatter of the 
points for GE again reflects the uncertainties in 
the results for the vapor-liquid equilibria. The 
overall error in the value of GE for an equimolar 
mixture is estimated to be about 1 7  J mole-'. 
The continuous curves in Figs. 1 and 2 are 
smoothed representations of the experimental 
results by the Redlich-Kister form 

[4] XE = x'x~[c' + cz(x2 - x') 
+ c,(x, - x , ) ~  + ...I 

where XE is HE, VE, or GE. Appropriate values of 
the coefficients for each function, determined by 
least squares analyses, are given in Table 4 along 
with o, the standard error of estimate associated 
with the use of the representation. 

The equation 

relates the molar excess entropy, SE, to the molar 
excess enthalpy and the molar excess Gibbs free 
energy. This was used to construct the curve for 
TSE (shown in Fig. 1) from the smoothed values 
of HE and GE. 

Discussion 

The results in Fig. 1 show that the entropy 
term, - TSE, makes a relatively small contribu- 
tion to the excess Gibbs free energy and that 
deviations of the system n-propanol- isopropanol 

CHEMISTRY. VOL. 48, 1970 

x ,  (n - Propanol ) 

FIG. 1 .  Molar excess enthalpies, Gibbs free energies, 
and entropies of n-propanol (1) + isopropanol (2) mix- 
tures at 25 "C. Experimental results H E  0; GE A. 
-HE and GE least squares representations by eq. 4; 
TSE obtained from eq. 5. 

from ideality are primarily energetic in origin 
(at 25 "C). Dispersive interactions between pairs 
of like and unlike molecules must be nearly equal 
in this system and it is reasonable to attribute the 
deviations from ideal behavior mainly to changes 
in hydrogen bonding. On this basis, the excess 
enthalpy of a binary alcohol mixture is the net 
result of positive and negative terms arising 
respectively from the breaking of hydrogen bonds 
between like alcohol molecules and from the 
formation of bonds between unlike molecules. 
Evidently the tendency to form mixed association 
complexes predominates in n-propanol - iso- 
propanol mixtures at 25 "C. 

It is interesting to compare the thermodynamic 
behaviol of the present system with that of 
systems formed by mixing methanol with the 
various isomeric butanols (7). The behavior of 
the present system parallels most closely that of 
the system methanol - sec-butanol although 
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POLAK ET AL.: ON n-PROPANOL - ISOPROPANOL MIXTURES 

TABLE 4 

Values of coefficients for least squares fit of results by eq. 4 

Function X e  CI C2 C3 cs 

HE (J mole-') - 195.44 - 13.41 2.81 0.19 
VE (cm3 mole-') - 0.09932 - 0.00650 0.00872 0.00016 
GE (J mole-') -156.7 5 .5  

FIG. 2. Molar excess volumes of n-propanol (1) + 
isopropanol (2) mixtures at 25 "C. Experimental, 0; 
solid line is the least squares representation by eq. 4. 

there is no variation in the sign of TSE as observed 
for the latter. Both systems comprise a normal 
and a secondary alcohol and it appears that the 
formation of hydrogen bonds between unlike 
molecules plays an important role in determining 

their excess properties. However, the bonding of 
unlike molecules in the present system is accom- 
panied by a decrease in volume, in contrast to 
the anomalous positive excess volumes observed 
for methanol - sec-butanol (7). 

The authors thank Mr. P. J. D'Arcy and Mr. C. J. 
Halpin for technical assistance in all phases of the 
experimental work. 
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The nature of the coordination bond in metal complexes of substituted pyridine 
derivatives. V. 4-Methylpyridine complexes of Zn(II), Cd(II), and Hg(I1) 

M. C. SEARS, W. V. F. BROOKS, AND D. G. BREWER 
Department of Chemistry, University of New Brunswick, Fredericton, New Brunswick 

Received' September 2, 1969 

In this paper, an attempt is made to interpret the n-bonding between a 4-methylpyridine ligand and 
the divalent ions of zinc, cadmium, and mercury, using the previously introduced R, parameter. T o  do 
this, the vI2 mode in the complexes is assigned and confirmed by a normal coordinate analysis based 
on a valence force field model. 
Canadian Journal of Chemistry, 48, 3786 (1970) 

Introduction 

The variation in the pure ring deformation 
mode in some substituted pyridine ligands has 
previously been interpreted (1, 3, 4) as reflecting 
the amount of n-bonding between the pyridine 
nitrogen and some first row transition metals. The 
n-bonding in these complexes ranged from large 
(Cu, Ni, etc.) to small (Zn) and the question arises 
as to whether the R, parameter calculated is 
sensitive enough in complexes containing only 
small amounts of n-bonding. The Zn-Cd-Hg 
series was felt to be appropriate to answer this 
question. 

Experimental 
The reagents and the preparation of the 4-methyl- 

pyridine complex of Zn(I1) have been described in a 
previous paper of this series (1). 

The complex of Cd(I1) was prepared by adding the 
ligand (2 moles) into the metal chloride solution (1 mole) 
in absolute alcohol with constant stirring. The resulting 
precipitate was filtered, washed several times with abso- 
lute alcohol and anhydrous ether, and dried in a vacuum 
desiccator over sulfuric acid. 

The Hg(I1) complex was prepared according to  pro- 
cedures described in the literature (2). 

Microanalysis results for the complexes are found in 
Table 1. 

The infrared spectra of the complexes in the region 
between 400Cb200 cm-' were recorded on a Beckman 
IR-12 filterlgrating spectrometer. In the region 4 0 0 C  
400 cm-', the potassium bromide disk method was used. 
The infrared spectra of the solid compounds in the region 
40Cb200 cm-' were recorded as Nujol mulls with poly- 
ethylene windows. The spectrometer was constantly 
purged with dry air and wavelength calibration of the 
spectrometer was checked against the rotational spectra of 
water vapor. The spectra were obtained using standard 
settings as outlined in the Beckman IR-12 instruction 
manual. The reproducibility of the spectra was found to 
be k0.20 cm-I. The infrared spectra in the region below 
200 cm-' were measured by means of a Perkin-Elmer 
model 301 spectrometer. which has been described else- 
where (3). 

'Revision received July 27, 1970. 

The calculations of the metal-ligand stretching force 
constants were carried out by means of an  IBM 360 
computer. 

Results and Discussion 

( I )  Infrared Spectra and the Metal-Nitrogen 
(Ligand) Stretching Force Constants 

The observed metal-nitrogen stretching fre- 
quencies of 4-methylpyridine complexes of some 
metal chlorides are found in Table 2. The assign- 
ment of the metal-nitrogen stretching frequency 
for the 4-methylpyridine complex of Zn(I1) is the 
same as that of a previous paper in this series (4). 
The assignment of the metal-nitrogen stretching 
frequency for the 4-methylpyridine complexes of 
Cd(I1) and Hg(I1) is based on a comparison of 
their spectra with those of similar metal com- 
plexes with bromide instead of chloride. 

The data in Table 2 indicate that coordination 
between 4-methylpyridine and different netal 
ions gives different metal-nitrogen stretching 
frequencies which decrease in the following order 

The above order for Zn(I1) and Hg(I1) is in agree- 
ment with the results of a study (5) ofthe magnetic 
susceptibilities of 4-methylpyridine complexes of 
Zn(II), Hg(II), and Cd(I1) chlorides. The authors 
state that the metal-nitrogen bond is stronger for 
the 2: 1 complex ofZn(I1) than for the 1 : 1 complex 
of Hg(I1). However, the Cd(I1) complex used in 
that study was a 2:l  complex and the order for 
Cd(II), therefore, does not agree with our 1:l 
complex of Cd(I1). 

In the previous papers of this series, not all of 
the force constants were adjusted nor were all of 
the observed frequencies fitted by calculated ones. 
With the availability of a larger, faster computer 
and appropriate programs it became possible to 
do a more complete vibrational analysis. We still 
considered only a simplified model, the in-plane 
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SEARS ET AL.: NATURE OF COORDINATION BOND IN METAL COMPLEXES 3787 

TABLE 1 

Preparation of metal complexes with 4-methylpyridine 

Calculated (%) Found (%) 
Ratio 

Metal (ligandlmetal) C H N Metal C1 C H N Metal C1 

TABLE 2 

Summary of relevant data for complexes studied 

Absorption Metal-nitrogen First ionization 
band (cm-l) force v12 mode potentials of 

Complex Stereochemistry (M-N) constants (mdyn/A) (cm-') R, values metals (eV) 

Zn(CH3C5H4N)2C12 Tetrahedral 238 2.26 1034 -4.5 9.39 
H ~ ( C H ~ C , H ~ N ) C ~ Z  Dimeric 121 0.87 1037 -1.5 10.43 

(1 bridged C1) 
Cd(CH3C,H4N)C12 Dimeric 104 0.81 1036 -2.5 8.99 

(2 bridged C1) 

TABLE 3 
Molecular parameters used in the 

calculation (3, 11-13) 

a ,  = a l '  = 118" 32' rl = rl '  = 1.3944 A 
a, = a'' = 121" 18' rZ = r2' = 1.3945 A 
a 3  = a3' = 120" 10' r3 = r3' = 1.3402 A 
D l  = B1' = 123' 53' r4 = r4' = 1.0805 A 
132 = = 120' 14' r5 = r5' = 1.0803 A 
o3 = lj3' = 115' 53' r6(CH3) = 1.53 A 
v1 = 118O20' r7(Zn) = 2.06 A 
v2 = v3 = 120' 50' r7(Hg) = 2.60 A 
8, = 116" 50' r7(Cd) = 2.46 A 
82 = 3 = 121°35' 

vibrations of a metal atom plus a single ligand 
(Fig. 1, Table 3, refs. 11-13). This approximation 
should be adequate since the coupling of the 
groups through the metal atom is probably small 
(6). The methyl group of the ligand was treated as 
a single particle having the mass of the group. We 
used a set of 42 independent force constants 
which were adjusted to give a least squares fit 
to 49 observed frequencies of three complexes. 
The programs used were based on those of 
Schachtschneider (7). The observed and calcu- 
lated frequencies are given in Table 4 and the final 
diagonal force constants are in Table 5. The final 
off-diagonal force constants are in the Deposi- 
tory of Unpublished Data.2 The final force con- 

'Photocopies may be obtained free of charge, upon 
request, from the Depository of Unpublished Data, 
National Science Library, National Research Council of 
Canada, Ottawa, Canada. 

12 

FIG. 1. The 1:l complex model of Csubstituted 
pyridine-Zn(II), Cd(II), Hg(I1) complexes. 

stants do not, of course, represent a unique set 
(14); but the diagonal stretching constants do, we 
feel, give a reliable measure for comparing bond 
strengths. 

Comparison of the metal-nitrogen stretching 
force constants gives the same order as that ob- 
tained for the metal-nitrogen stretching fre- 
quencies, i.e., Zn(I1) > Hg(I1) > Cd(II1). 

As in previous studies (3,4) the metal-nitrogen 
stretching frequency is apparently directly related 
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TABLE 4 
Fundamental vibrational frequencies of metal complexes of 4-methylpyridine 

Vibrational frequency (cm-') 

Zn(I1) Hg(I1) CdOI) 

Description Obsd. Calcd. Obsd. Calcd. Obsd. Calcd. 

A ,  species 
v(M-N) 
v6,, ring, R-sensitive 
VI, ring, B(C-M) 
v12. ring 
VIE, v(C-R), B(C-H) 
vsm B(C--H) 
R-sens~t~ve 
vi 90, v(C-C, C-N) 
Vs., v(C-C) 
B2 species 
v(M-N) 207 196 92 92 
v1 5, R-sensitive 421 423 420 412 420 41 2 
vsb, ring 669 685 668 679 667 666 
V I S ~ ,  B(C-H) 1103 1114 1098 1112 1101 1107 
va, B(C--H) 1120 1159 1117 1157 1120 1159 
V14, v(C-C, C-N) 1332 1348 1332 1340 1337 1348 
V19b, ~ ( c - c ,  c-N) 
B(C-R, C-H) 1458 1468 1457 1463 1458 1458 
Vsb, ~ ( c - c )  1561 1581 1558 1567 1560 1566 

TABLE 5 

Valence force constants (diagonal) 

Force Force constant (mdyn/A) 
constant Description of 
number ZnOI) Hg(II) Cd(I1) force constant 

1 7.21 7.12 7.25 C-C stretch (top) 
2 7.42 7.65 7.53 C-C stretch (bottom) 
3 8.59 8.66 8.62 C-N stretch 
4 5.00 5.00 5.00 C-H stretch 
5 5.85 5.90 5.99 C-CH3 stretch 
6 2.26 0.87 0.81 M-N stretch 
7 0.68 0.62 0.65 C-C-C angle (H) 
8 0.16 0.20 0.20 C-C-C angle (CH3) 
9 2.01 2.06 2.21 C-N-C angle 

10 0.74 0.78 0.67 C-C-N angle 
I I 0.91 0.88 0.90 Wag on C-C-C angle (H) 
12 0.88 0.91 0.90 Wag on C-C-C angle (CH3) 
13 0.33 0.06 0.06 Wag on C-N-C angle (M) 
14 0.76 0.76 0.76 Wag on C-C-N angle 

to the metal-nitrogen stretching force constant. 
Also, the magnitude of the metal-nitrogen 
stretching frequency may be employed as a 
measure of the coordination bond strength for 
complexes of pyridine derivatives. 

The stereoconfigurations of the Cmethyl- 
pyridine complexes of the divalent metal ions are 
listed in Table 2. 

There are two halogen-sensitive bands in the 
spectra of the Zn(I1) complex (tetrahedral con- 

figuration, ML,X,) which correspond to the A, 
and B, species of the C,, point group. 

In the Hg(I1) complex one v(Hg-C1) vibration 
occurs at 321 cm-' in agreement with the work of 
Clark and Williams (8). The complex is therefore 
deduced to be dimeric (9) with the terminal 
halogen vibration at 321 cm-' and the bridged 
halogen vibration below 200 cm-l. 

The Cd(I1) complex shows only badly resolved 
bands above 200 cm-'. This suggests that all the 
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metal chlorine vibrations are below 200 cm- and published formula (1) are small. It appears that 
are bridged halogens. Apparently, the Cd(I1) the R, parameter remains essentially constant for 
complex is also dimeric (9). systems with very weak n-bonds. 

(11) The Relative Strength of the n-Coordination 
Bond in the Complexes We wish to thank Dr. P. Wong, National Research 

l-he vibrational frequencies of the v,, mode Council of Canada, Ottawa for obtaining the infrared 
spectra below 200 cm-' as well as the National Research 

(pure ring deformation (1, lo)), together with the council of Canada and the University of New Brunswick 
corresponding R, values, of the divalent metal who provided the necessary funds for this investigation. 
complexes of 4-methylpyridine are listed in 
Table 2. The R,  values were calculated according 1. P. T. T. WONG and D. G. BREWER. Can. J. Chem. 
to the equation (given in ref. 1) 46, 131 (1968). 

2. D. COOK. Can. J. Chem. 42,2523 (1964). 
R, = vML - ( 1 . 0 0 2 ~ ~  - 3.60) 3. P. T. T. WONG and D. G. BREWER. Can. J. Chem. 

46, 139 (1968). 
where vML and vL are the v,, frequencies of the 4. D. G .  BREWER, P. T. T. WONG, and M. C. SEARS. 

Can. J. Chem. 46, 3137 (1968). and free ligand, As in the 
5. S. A. ZAvERr and M. G .  DATAR. J. Indian Chem. previous study (4) the R,  values are quite small, SOC. 12, 830 (1964). 

and therefore the n-bond in these complexes is 6. K. NAKAMOTO, P. J. MCCARTHY, R. RUBY, and A. E. 
MARTELL. J. Amer. Chem. Soc. 83, 1066 (1961). very weak' The coordination bond is then pri- 7. J.  H. SC~AC~Tsc~NEIDER.  Technical Report No. 

marily o in character. 263-62 of Shell Development Company. 
The relative magnitude of the v,, frequency, as 8. R. J. H. CLARK and C. S. WILLIAMS. Inorg. Chem. 

4, 350 (1965). 
as the Rn of these are in the 9. G. E. COATE~ and D. RIDLEY. J. Chem. Sot. 166 

following order (1964). 
10. E. SPINNER. J. Chem. Soc. 3860 (1963). 

Hg(I1) > Cd(I1) > Zn(I1) 11. M. A. PORAI-KOSHITS, L. 0. ATOVMYAN, and G .  N. 
TISHCHENKO. Zh. Struckt.. Khim. 1, 337 (1960). 

The n-bonding tendency of chlorine should 12. R. Z A N E ~ .  Gazz. chlm. 1tal.90, 1428 (1960). 
proceed in the order Zn, Cd, Hg; hence that of 13. D. GRDENI~ and I. KRSLANOVIC. Arhiv. Kem. 27, 

143 (1955). 4-me th~1~~r id ine  should the reverse 14. S. TOMAN and J. PLIVA. J. Mo1. Spectry, 21, 362 
The R, values calculated using the previously (1966). 
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Temperature dependence of the 1555 cm-' infrared absorption band in liquid D,O: 
inflection points 

R. ODER AND D. A. I. GORING 
Physical Chemistry Section, Pulp and Paper Research Institute of Canada 

and 
Department of Chemistry, McGill University, Montreal 110, Quebec 

Received1 October 27, 1969 

The temperature dependence curves of the peak height, frequency, and half-width of the infrared 
intermolecular combination band absorbing at 1555 cm-I in liquid D 2 0  has been observed to behave 
sigmoidally between 5 and 70 "C. No evidence of sharp discontinuities has been obtained but inflection 
points in the rather broad temperature interval of about 25 to 40 OC have been observed. Results are 
discussed in terms of structural changes occurring in the liquid. 

Canadian Journal of Chemistry, 48, 3790 (1970) 

Introduction Experimental 
In an earlier infrared study of the intermolec- 

ular 2125 cm-I absorption band in liquid water 
(I), a well defined inflection point at 32 "C was 
obtained on plotting the peak height us. tempera- 
ture. There was no clear evidence for a similar 
effect in the temperature dependence of the 
frequency, but the data indicated the possibility 
of an inflection between 30 and 40 "C. 

Whether there is acceptable evidence for the 
existence of higher order transitions in liquid 
water has been a subject of controversy for some 
time. Numerous authors have reported the pres- 
ence of anomalies in the temperature dependence 
of certain properties of water (1-8). Others have 
claimed all such effects are artefacts and no dis- 
continuities beyond experimental error are 
evident (9-12). Luck and Ditter have concluded 
that discontinuities may be detected experi- 
mentally, but that their occurrence is an artefact 
and not a direct indication of transitions in water 
structure (13, 14). Nevertheless, the persistence 
of reports of anomalous behavior especially 
between 30 and 40 "C from spectral, volume, 
viscosity, and other types of studies lends some 
validity to the concept of a transition in liquid 
water. 

The purpose of the present work was to investi- 
gate the effects of temperature on the peak height 
and the frequency of the 1555 cm-' infrared 
absorption band of liquid D,O, and to obtain the 
thermal dependences of its intensity and half- 
width. Spectra were recorded between 5 and 
70 "C and at least one deformation band contour 
was included at each temperature. 

'Revision received May 26, 1970. 

Infrared Measuremetzts 
Infrared spectra were recorded linearly in % trans- 

mission and wavenumber with a Unicam SP-100G double 
beam vacuum grating spectrophotometer. During runs, 
the sample and reference cell wells were purged with dry 
nitrogen. All spectra were recorded with an empty 
reference cell well, and a sample cell with CaF2 windows. 
Lead shims used as spacers were amalgamated with 
mercury to make tightly sealed liquid cells. Path lengths, 
chosen to give combination band peaks of about 50 to 
60% transmission, were measured by the interference 
pattern method (15) and checked frequently but found to 
remain unchanged for the duration of the experimental 
work. Onecell was used throughout the study and its path 
length was 16.0 (+ 0.2) p. 

For temperature control, the CaF, cell was placed in a 
tightly fitting water jacket through which circulated a 
dilute water-glycol solution from a control bath. The 
sample temperature was measured with a copper- 
constantan thermocouple and could be determined to 
& 0.3 "C. 

The heavy water used was 99.7% D 2 0  from Merck, 
Sharp and Dohme. Samples were checked for HDO 
content by measuring the HDO absorption at 3400 cm-l. 
The HDO content was never greater than 1.0 %. The air- 
tightness of the cells was verified by observing only a 1 % 
decrease in transmission in the 3400 cm-I absorption 
band in a D,O sample over a period of 26 h (16). This 
corresponded to a change in concentration of less than 
0.1 % HDO. 

An average of four spectra were taken of the combina- 
tion band region at each temperature. For the deforma- 
tion region one or two spectra only were recorded. Scan 
times used were from 50 to 80 cm-' per min. Spectra of 
CaF, windows were recorded at varying temperatures but 
no trends with temperature were noted: thus the effects 
due to window materials were assumed to remain con- 
stant. Losses due to scattering and reflection amounted to 
about 10% T (T = transmission). 

The infrared spectrophotometer was calibrated with 
water vapor absorption lines and liquid indene. Frequency 
calibrations are accurate to f 1.0 cm-l. Reproducibility 
was checked by taking standard spectra of a polystyrene 
film. 
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ODER AND GORING: INFRARED ABSORPTION BANDS IN D,O 3791 

The instrument was operated with automatic slit pro- 
gramming resulting in spectral slit widths of 2.0 to 5.0 
cm-'. The effect of finite slit widths on recorded ab- 
sorption spectra was investigated but was found to be 
negligible (16-18). 

Analytical Methods 
The major features of liquid D 2 0  transmittance curves 

in the frequency range investigated (900-2000 cm-') are 
shown in Fig. 1. The sharp intense band v2, centered at  
121 5 cm-' arises from the fundamental intramolecular 
deformation mode (19). The less intense broad band 
overlapping the high frequency wing of the deformation 
band and with maximum absorption at  1555 cm-' is due 
to intermolecular restricted rotation. It is most generally 
assigned to a combination of the deformation mode with 
a lower frequency librational mode (19,20), and is 
designated v 2 + ~ .  Also shown is the background curve 
arising from CaF2 cell windows. The liquid D 2 0  spec- 
trum after correction for window effects is shown by the 
solid lines. In all measurements, window effects have been 
taken into account. 

The frequency of maximum absorption of the broad 
combination band was determined by the method illus- 
trated in Fig. 2. A tracing of the recorded band contour 
was inverted and superimposed on the original spectrum 
with maximum overlap of the two curves. A base-line PQ 
was drawn between the two minima and a perpendicular 
drawn from ~ t s  midpoint R to intersect the original 
spectrum at S. The frequency at  S was then measured in 
wavenumbers and called vo. For the much sharper 

FIG. 2. Schematics of vo determination for the com- 
bination band. 

deformation mode, vo was read directly from the recorded 
spectrum. 

In determining both the extinction coefficient and the 
half-width of the bands, the minimum on the high 
frequency side of the combination band was taken as 
base-line transmittance, To. The molecular extinction 
coefficient at  maximum absorption, E,,,, was derived 
from (21) 

where T is the transmittance at  frequency v = vo, t is the 
thickness of the absorbing layer, and c is the concentra- 
tion of the absorbing species; c has a value of 55.14 
moles/] for D 2 0  (19). The half-width was determined 
from the two points at  which the horizontal line at  half 
maximum absorption cut the corrected infrared curve. 
At higher temperatures, an  extrapolation (Fig. 1) on the 
low frequency side was necessary. 

The peak he~ght, AT,,,, of the combination band of 
liquid H 2 0  was determined previously (1) from the 
interval between the minimum and the maximum trans- 
mittance of the band on its low frequency side, without 
compensation for window effects. T h ~ s  measurement is 
affected by the increasing degree of overlap of the com- 
bination and deformation bands on increasing tempera- 
ture, and in D 2 0  by the curved base-line resulting from 
significant CaF2 absorption in the vicinity of its combina- 
tion band. In the present work, the difference in trans- 
mittance between the minimum and the maximum on the 
high frequency side of the combination band, after cor- 
rection for window effects, was measured and was 
designated AT,: 

The exper~mental standard deviations of the infrared 
parameters determined for the combination band are 
given in Table 1. The experimental standard deviation of 
vo for the deformation band was rt 1.0 cm-'. 

Results 
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TABLE 1 

Temperature dependence of infrared parameters for the 
1555 cm-' band in liquid D2O 

Temperature AT,'* vo t Av1/2$ 
("C) (%) (cm-') (cm-I) &,a,§ 

*Standard deviation = 0.2. TI = 38 'C. 
?Standard deviation = 1.5. TI = 26 OC. 
$Standard deviation = 2.5. TI  = 31 OC. 
/Standard deviation = 0.01; T ,  = 38 "C. 
((Frequency range recorded was not sufficient to give AT,,', Av,,,, or 

The temperature dependence of AT,' obtained 
for liquid D 2 0  is shown in Fig. 3. The similarity 
in the peak height behavior to that observed 
earlier by Salama and Goring (1) is evident; both 
show a marked decrease with increase of tempera- 
ture and a variation of slope near the middle of 
the temperature range investigated. 

The temperature dependence found for the 
extinction coefficients of the combination band 
is also shown in Fig. 3. As expected, the behavior 
of E,,, is similar to that of peak height. 

Observed frequencies of maximum absorption 
in heavy water are plotted in Fig. 4 together with 
values reported by Bayly, Kartha, and Stevens 
(19). An overall frequency shift of about 
-0.8 cm-'1°C was obtained for liquid D 2 0 .  

In contrast to the other infrared parameters 
measured, the half-width of the combination band 
increased on temperature elevation as shown by 
Fig. 4. Since the half-width is increasing with 
temperature, the decrease in E,,, shown in Fig. 3 
does not necessarily mean a decrease in absorp- 
tion intensity. An approximate evaluation of the 
intensity of the absorption was obtained by 
calculating the band area from 

[2 1 Area = K - E,,, . AvIJ2 

in which the proportionality factor K has a value 
of 1.57 for a pure Cauchy (Lorentz) absorption 
profile and. 1.06 for a pure Gaussian profile (22). 

CHEMISTRY. VOL. 48, 1970 

I I 

TEMPERATURE ("C) 

FIG. 3. Peak heights and E,,, us. temperature for the 
combination band of heavy water. The curves are the 
least square 3rd degree polynomials. 

For the intermolecular combination band, the 
actual shape of the band contour was found to be 
temperature dependent (23). However, it was 
possible to characterize the extent to which each 
absorption band profile was Cauchy or Gaussian 
in character and thus to determine at each tem- 
perature a K value (1 6) from which the band area 
could be calculated by eq. 2. In this manner, it 
was found that the combination band intensity 
decreased non-linearly with rising temperature 
by about 30% in liquid D 2 0  between 5 and 
70 "C. 

The infrared parameters of the deformation 
band absorbing at 121 5 cm-' in D 2 0  were found 
to be but slightly affected by temperature. Ob- 
served frequency trends are shown in Fig. 5 to- 
gether with values taken from the literature. The 
magnitude of the shift was about -0.1 cm-'1°C 
in good agreement with the results of Draegert 
et al. (20). With increasing temperature the 
maximum extinction coefficient was observed to 
increase slightly. 

Discussion 
Inflection Behavior 

The first question to be discussed is whether 
or not the data collected indicate the presence 
of inflections in the temperature dependence of 
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ODER AND GORING: INFRARE 

TEMPERATURE (OC) 

FIG. 4. Frequency and half-width us. temperature for 
combination band of heavy water. The curves are the 
least square 3rd degree polynomials. 

TEMPERATURE ( O C )  

FIG. 5. Frequency us. temperature for the deforma- 
tion band of liquid D,O. The crosses are data from Ford 
and Falk (24) and the square is from Bayly et al. (19). 

the combination band parameters of liquid heavy 
water. Inspection of the results suggests that there 
is sigmoidal behavior in all trends shown in Figs. 
3 and 4. Sigmoidal behavior was not apparent in 
the frequency us.  temperature plots shown in 
Fig. 5 for the deformation band. Here the total 
shift in frequency between 5 and 70 "Cis an order 

1D ABSORPTION BANDS I N  Dl0  3793 

of magnitude less than that of the combination 
band and thus any similar effect, were it present, 
would be too minute for detection. 

A quantitative characterization of the tem- 
perature-dependence curves of the combination 
band was obtained by computer-fitting of 
polynomials of the form 

to the experimental data points by the method of 
least squares. In eq. 3, P represents the infrared 
parameter under investigation, A,, A,, A,, An 
are coefficients, T is temperature in "C, and n is 
degree ofthe polynomial. Improvement offit with 
increasing n was tested for by comparing the 
variance V about a polynomial of degree n with 
that of the n + 1 degree polynomial : whichever n 
gave the smallest V was taken as the degree of the 
polynomial giving the best approximation of the 
experimental data. The variance was given by 

where 6, is the deviation of an experimental 
point from the least square polynomial and m is 
the number of points (25). 

The polynomial curves thus obtained are 
drawn in Figs. 3 and 4. For all parameters of the 
combination bands the analysis showed that 
"best fit" was achieved with a third degree 
polynomial. On going to a fourth degree poly- 
nomial the value of V increased. The tempera- 
tures (Ti) calculated from the coefficients of the 
third degree polynomial curves for their points of 
inflection fell between 26 and 38 "C (Table 1). 

It must be admitted that the validity of the 
inflection in any individual temperature-depen- 
dence trend shown in Figs. 3 and 4 is somewhat 
open to question. However, the combined ob- 
servations of sigmoidal behavior for all of the 
infrared parameters studied suggest that the 
inflections observed are genuine effects and not 
experimental artefacts. This mutual reinforce- 
ment may be illustrated further by combining, 
for all the parameters, normalized deviations of 
the derivative dP/dT from the least square 
straight line through dP/dT us. T. The procedure 
was as follows. For each series of experimental 
points, values of dP/dTexperimenta, at various T 
were generated by a least square, seven point, 
moving quadratic analysis (1). The least-square 
straight line through dP/dTeXperimental US. T was 
then computed and deviations from this were 
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TEMPERATURE ("c) 
FIG. 6. Normalized deviation vs. temperature for the infrared absorption parameters of liquid heavy water. The 

abscissa coincides with the least square straight line through the points. The curve is the least squarequadraticand the 
two sloping lines are the least square straight lines through points above and below 35 "C. 

normalized such that the mean deviation of dP/ 
dTeXperi ,,,,,, from the straight line was unity. 
The normalized deviation (dP/dTexperimental - 
dP/dTleastsquare)N was then plotted against T. 
Points so derived, covering all the data for the 
combination band, are shown in Fig. 6. The 
normalized deviations derived from the half- 
width data were reversed in sign to accommodate 
the reverse inflection shown by Av,,,  us. T 
(Fig. 4). 

Although the points in Fig. 6 show consider- 
able scatter, it is quite apparent that they are not 
randomly distributed about the abscissa. The 
standard deviations for the least-square straight 
line and quadratic through the points are given 
in Table 2. The high F-ratio (26) shows that a 
quadratic is a much better fit than a straight line 
through dP/dT us. T. This means that P us. T is 
better approximated by a 3rd degree than a 2nd 
degree polynomial. Interestingly, significant im- 
provement over the quadratic can be obtained by 

TABLE 2 

Standard deviations (s.d.) and F-ratios for curves fitted 
to data shown in Fig. 6 

Single Two 
straight Quadratic straight lines 

line 

1.16 0.52 230 0.42* 30 

'Mean for two lines. 

plotting two least-square straight lines, one each 
for the points above and below 35 "C. This sug- 
gests that two intersecting quadratics are a better 
approximation to the trends shown in Figs. 3 and 
4 than a single cubic. 

Interpretation of Trends 
At this stage it is possible to attempt a qualita- 

tive explanation of the trends observed in terms 
of the "mixture" concept of liquid water. Wal- 
rafen (27-30) has given a good description of the 
two major species in a mixture model. The 
structured component consists of an assembly 
of water molecules of C,, symmetry held in 
regular array by tetrahedral hydrogen bonding 
and resembling ice on a local scale. This is in 
equilibrium with an unstructured component in 
which molecules are not bound by the directional 
covalent interactions usually associated with 
hydrogen bonding but by other forces. 

In Walrafen's model, increase of temperature 
causes "melting7' of the structured component 
which is initially the more rapid but slows down 
somewhat at  higher temperatures (28-30). This 
type of behavior would be expected to give a 
monotonic decrease in the numerical value of the 
first derivative of a species-dependent parameter 
with increase of temperature. In the present work, 
the temperature-dependence curves of the in- 
frared parameters of the combination band show 
that up to about 25 "C the slopes are indeed 
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gradually decreasing. However, above 40 "C 
the slope starts to increase again. Something new 
must be taking place in the liquid water system to 
account for this resurgence of slope change. A 
possibility is that, as the structured component 
melts to give more and more unstructurea water 
on temperature increase, the nature of the un- 
structured component changes from that of a pure 
librator to a mixture of librating and rotating 
molecules. The postulate implies that at lower 
temperature complete rotation of water molecules 
is inhibited in both structured and unstructured 
regions but that between 25 and 40 "C rotation 
of unstructured molecules begins to occur. Magat 
(2) first suggested the onset of rotation as an 
explanation for observed anomalous behavior 
of liquid water in this temperature range. At- 
t e m ~ t s  to find direct evidence for rotational 
motion in liquid water from its spectra have 
proved unsuccessful. However, as pointed out by 
Luck and Ditter (14), water spectra in CCl, 
solutions do show evidence of rotation, and the 
inability to observe a corresponding motion in 
the pure liquid indicates that the proportion 
of truly free molecules is small, not that it is 
negligible. 

It is important to note that the observed 
sigmoidal effect in the temperature-dependence 
curves is slight. This indicates that the equilibrium 
between librators and rotators in the unstruc- 
tured species represents a minor perturbation 
only, the main trends being governed by equilib- 
rium between structured and unstructured com- 
ponents in liquid water. The optimum bands to 
investigate for such effects are thus intermolecular 
bands originating from librational motion. Some 
authors studying the temperature dependence of 
fundamental intramolecular band parameters 
have found no inflections (29-31). Luck and 
Ditter have published several examples of dis- 
continuities in the temperature dependence of the 
frequency of infrared bands of liquid water 
(13, 32). However, these authors conclude that 
the effects are due not to sharp transitions in the 
structure of the liquid but rather to particular 
combinations of the parameters of the overlapping 
bands corresponding to the individual species 
present in water (13, 14). 

In conclusion, it should be emphasized that 
despite the better fit to the straight lines in Fig. 6, 
the data show that the inflection taking place is a 
gradual one. As Falk and Kell (10) noted, there 

is no convincing evidence for sharp kinks or 
sudden discontinuities over a narrow temperature 
range in the pure liquid. It is possible that, in 
systems which have a large interface with water, 
the inflection is sharpened considerably to give 
fairly sudden changes over a much narrower 
temperature range. The prevalence of such 
transitional behavior in interface water has been 
proposed recently by Drost-Hansen (33), and 
may account for the transitions observed in 
carbohydrate-water systems (34, 39 ,  and in 
dilute solutions (36). Drost-Hansen has also made 
the interesting suggestion that the high window- 
surface to liquid-volume ratio in the short path 
length cells used could be responsible for the 
previously noted anomaly in AT, us. T (33). 
However, with a path length of 10 p, the surface- 
to-liquid ratio is only 0.1 mZ g-', several orders 
of magnitude lower than the internal surface of a 
structure such as that of a water-swollen cellulose 
fiber (37). With such a small surface-to-liquid 
ratio it seems unlikely that surface effects are 
playing an important role in the behavior ob- 
served in the present work. 

The authors wish to thank Dr. H. I .  Bolker for his 
guidance in the early stages of the investigation and Mr. 
N .  Ness for assistance in running the spectrophotometer. 
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The thermal decomposition of benzoic acid 

KEITH WINTER AND DONALD BARTON 
Department of Chemistry, Memorial University of Newfoundland, St. John's, Newfoundland 

Received1 September 29, 1969 

The thermal decomposition of benzoic acid has been studied in a Pyrex reaction vessel at 475,486, and 
499 "C over the pressure range 5 to 40 Torr. The main products, C 0 2  and C6H6, were accompanied by 
smaller quantities of CO, Hz, and biphenyl. The percentage of conversion varied from less than 1 % for 
initial rate experiments to over 90% in attempts to obtain a material balance. Moderately reproducible 
initial rates of formation of C02  were obtained after the vessel had been conditioned by pyrolysis of 
benzoic acid. The order for the initial rate of formation of C02,  1.20 f 0.03 at 475 "C and 1.28 + 0.04 
at 499 "C, 1s discussed in terms of a combination of first and three-halves order reactions. Formation of 
both C6H5D and C6H6 in the presence of C6D5CD, is accepted tentatively as evidence of formation of 
benzene by both molecular and radical processes. 
Canadian Journal of Chemistry, 48, 3797 (1970) 

Although the kinetics of the thermal decom- 
position of a number of monocarboxylic acids 
have been studied, no general relationship 
between structure and mechanism has appeared. 
In fact, the mechanisms of decomposition of the 
simple acids have not been firmly established. 

For example, Blake and Hinshelwood (1) 
found that formic acid reacts at the surface of 
glass reaction vessels, but in carbon coated vessels 
they proposed homogeneous molecular de- 
hydration and decarboxylation reactions. On the 
other hand Sims and Watson (2) obtained evi- 
dence of radical reactions. Puzzling observations 
in the work of Blake and Hinshelwood were the 
second order kinetics and low Arrhenius param- 
eters for dehydration. 

Blake and Jackson (3) found that the dehydra- 
tion of acetic acid also followed second order 
kinetics below 600 "C in a silica reaction vessel 
but above 700 "C the order was found to be one. 
The order for decarboxylation was one over the 
entire temperature range of 530 to 762 "C. 
Although it was proposed that all reactions were 
homogeneous and molecular, reproducible rates 
were obtained only after the vessel had been 
conditioned by repeated pyrolysis of acetic acid, 
causing the rates to fall to minimum and re- 
producible values. The question arises whether or 
not the reactions are entirely homogeneous if 
conditioning of the vessel is required. 

In the presence of toluene Back and Sehon (4) 
found that the rate of decarboxylation of phenyl- 
acetic acid was almost independent of the surface- 
to-volume ratio of the reaction vessel and pro- 

'Revision received July 20, 1970. 

posed that the main reaction was carbon-carbon 
bond breakage. However, the results of a similar 
study (5) of the pyrolysis of diphenylacetic acid 
showed that reactions occurred at the surface. 

Smith and Blau (6) found only the products 
propene and carbon dioxide in a study of the 
thermal decomposition of 3-butenoic acid, and 
that the rate was only slightly dependent upon the 
surface-to-volume ratio of the vessel. Homo- 
geneous decarboxylation by transfer of the 
carboxyl hydrogen atom to the terminal carbon 
atom was proposed. 

In view of the primitive state of the study of the 
carboxylic acids, and their diverse behavior, 
studies of various types of acids seemed appro- 
priate. We report here the results of an ex- 
ploratory study of benzoic acid, in which a 
number of reaction mechanisms suggested for 
other acids appeared to be impossible or unlikely. 

Experimental 
Benzoic acid (Fisher primary standard for Calorimetry) 

was melted, cooled, ground, degassed at 0 "C, melted and 
again degassed. Toluene-d8 (Stohler Isotope Chemicals) 
was used without treatment other than degassing. 
Benzene (Fisher spectro-grade), CO,, CO, and Hz 
(Matheson) were used without treatment. 

The vacuum system was of conventional design, using 
stopcocks and high vacuum silicone grease. The 1 1 
spherical Pyrex reaction vessel was located in a furnace 
controlled by a platinum probe and relay. The tempera- 
ture was measured with chromel-alumel thermocouples. 
Pressure was determined using a Pyrex spoon gauge 
located in an air furnace along with various stopcocks and 
a 5 1 flask used sometimes for introducing reactants. The 
null position of the spoon gauge was detected by focussing 
the image of the filament of a tungsten lamp on two 
phototransistors, using a glass bead at the tip of the spoon 
gauge arm and a lens. For a series of pressure measure- 
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TABLE 1 

Products of the decomposition of benzoic acid in a 1.162 1 reaction vessel at 498.5 "C* 

Moles of acid x lo6 Product. moles x lo6 
Time 

6 )  Initial Unreacted coz CsHs CO HZ 

'Spaces indicate no analysis performed. 

ments with a fixed pressure of air in the reaction vessel 
the average deviation was 0.13 Torr. The pressure was 
measured by means of a large bore mercury manometer 
and a cathetometer. 

The products could be separated by means of traps and 
a Toepler pump into four fractions; those volatile at  
- 196; - 116; -45 "C; and the remainder. The first 
fraction was analyzed for Hz and CO by means of a 
CEC 21-614 mass spectrometer. The second and third 
fractions were also examined by means of the mass 
spectrometer. Only COz was detectable in the second 
fraction and only C6H6 in the third. A few analyses for 
C6H6 were performed using an infrared gas cell. The 
final fraction could be titrated with NaOH in neutral- 
ized ethanol. The final (solid) fraction was also examined 
by means of a Perkin-Elmer RMU-6 mass spectrometer. 

Results 

Successive experiments exhibited a decreasing 
initial rate of formation of CO, until the rate 
became moderately reproducible. For example, 
consider three experiments performed in sequence. 
The reaction vessel had been evacuated contin- 
uously overnight with the diffusion pump in 
operation, and an experiment at 17.7 Torr of 
benzoic acid was the first experiment of the day. 
The reaction produced 2.39 x mole of CO, 
in 600 s. The second experiment of the day, using 
the same starting pressure, was carried out 1% h 
later with no treatment of the vessel except for the 
few minutes of pumping required to reduce the 
pressure to Torr. The reaction produced 
1.58 x mole of CO, in 600 s. In the third 
experiment, which was carried out 13 h after 
the second, 1.65 x lop6 mole of CO, was 
produced. The latter two experiments are typical 
of those designated as experiments carried out in 
a conditioned reaction vessel. Pumping overnight 
with the fore pump or with the diffusion pump, 
or isolating the reaction vessel overnight, de- 

stroyed the conditioning and it was particularly 
difficult to condition the vessel after venting. 
For example, a series of experiments carried out 
after venting followed by 5 days of continuous 
pumping yielded 10.35, 7.76, and 7.26 x 
mole of CO,. A series carried out on the following 
day yielded 6.53, 5.32, 5.26, and 5.23 x lop6 
mole of CO,. The final three were designated as 
carried out in a conditioned vessel. At one time 
during the study the normal leakage of air into 
the vessel during a run was considered as a pos- 
sible source of erratic results and high reaction 
rates. The deliberate addition of' air into the 
reaction vessel during a run, at pressures several 
times that normally present, caused only a small 
increase in rate. Exposure to air before a run, even 
at lop6 Torr for a long period, results in an 
absence of conditioning as defined above, while 
a much higher pressure during a run does not 
seriously affect the conditioning. On completion 
of the study no surface deposit of carbon was 
visible. This contrasts with the condition for 
reproducible rates found by Blake and Hinshel- 
wood, who deposited a visible film of carbon on 
the surface by pyrolyzing a hydrocarbon (1). 

Products from experiments in a conditioned 
vessel are listed in Table 1. Some biphenyl and 
smaller amounts of other aromatic compounds 
were found in the solid fraction. It was found that 

mole of benzoic acid could be manipul- 
ated through the air furnace and recovered with 
less than 2% loss, or -0.02 x lop3 mole. The 
difference between the number of moles of acid 
introduced and that recovered plus the number 
of moles of CO and CO, produced varies from 
0.02 x to 0.06 x lop3 mole. These results 
suggest that some products other than CO and 
CO, may arise from the carboxyl group. If the 
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WINTER AND BARTON: THERMAL DECOMPOSlTION O F  BENZOlC ACID 

TABLE 2 
Order, Arrhenius parameters, and rate constants of the formation of carbon 

dioxide 

Temperature ("C) Rate constant* x lo5 Order 

'Rateconstant from middle of concentration range using the mean order: 
k = exp (-62 ZOOIRT) 1 ° . 2 4 ~ - 1 .  

difference between the initial and recovered 
quantities of benzoic acid is compared with the 
quantity of CO plus CO,, the percentage of 
missing carboxyl group is apparently rather large 
for experiments carried to a low percentage of 
reaction. Such a conclusion is not justified 
because of the difficulty experienced in manipul- 
ating benzoic acid. 

A very small amount of methane was found 
occasionally, presumably from pyrolysis of the 
stopcock lubricant. 

order, i.e. by supposing that the order is not 
temperature dependent. Comments on this pro- 
cedure are to be found below. A few data on the 
initial rate of formation of CO and of Hz are given 
in Table 3. 

The occurrence of biphenyl is consistent with 
the presence of phenyl radicals. Confirmation of 
this was sought by adding toluene-d, to the 
reacting system and measuring the C,H,D con- 
tent of the benzene. The results are summarized 
in Table 4. 

The initial rates of formation of carbon dioxide Discussion 
in a conditioned vessel are shown in Fig. 1 and 
the orders and Arrhenius parameters in Table 2. The results are discussed in terms of the ele- 

The Arrhenius parameters are obtained from the mentary reactions 1-12. 

middle of the cdncentration range using the mean I CsHsCOOH -t C6Hs + COOH 

[2 1 C O O H + M - t C 0 2 + H + M  

C6HsCOOH + H -t C6H5C02 + H2 

[5] CsHsCOOH + OH -t C6H5C02 + H z 0  
o 475. 1°c IN PRESENCE OF 

ADDED AIR [6] CsHsCOOH + CsHS -t C6H6 + CsHsC02 
[7 I C6HsCO2 -. CsHs + C02 

[8 I 2C6H5 -t (C~HS)Z 

[91 C ~ H ~  + H -. C ~ H ~  

[lo] C6Hs + OH -t C6HsOH 

[ I l l  C6H5COOH -t C6H6 + C02 

[12] CsHs + CsDsCD3 -t C6HsD + CsDSCDz 

The rate expression for CO, formation is 
treated as a combination of a first order term with 
one of the next higher common order, three- 
halves. 

d [C02]/dt = [C,H,COOH]A , exp (E,/RT) + 
[C6H5COOH]3/2 exp (E3/2/RT) 

While more complex mechanisms and other 
' -39 -37 -35 -U combinations of order are conceivable, we have 

log o CBA chosen a simple mechanism which can serve as a 
F I ~ ,  initial rate of formation of C02. Dimensions basis for discussion. A mechanism for the first 

are moles I-' s-I and moles 1-l. order part is composed of reactions 1,2, and 9 in 
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TABLE 3 
Initial rate of formation of CO and of H, 

Rate of formation Rate of formation 
Temperature Acid concentration of CO of H2 

("c) (mlZ1 x lo3) ( ~ I - I  S-I  x loL2) ( m ~ - l  S-I x lo12) 

TABLE 4 

Formation of C6H,D in the presence of C6D5CD, at 498.5 "C 

Initial pressure of Initial ratio Ratio in products Percentage 
acid (Torr) [C~DSCD,I / [C~H~COOHI  [ C ~ H S D I / [ C ~ H ~ I  reaction 

'Reaction vessel not conditioned. 

which reaction 1 is rate-controlling, or of reaction 
11. The homogeneous reaction 1 cannot make a 
major contribution because D(C6H5-COOH) is 
approximately 97 kcal mole-', calculated from 
the AH,o values of C6H,COOH, COOH, and 
C6H5 which are reported to be respectively 
-69.9 (7), -53 (8), and 80 (9) kcal mole-'. By 
using the average order, i.e. by neglecting any 
temperature dependence of order and supposing 
the activation energy to be the same for both 
mechanisms, the experimentally found order is 
obtained if A, z 1.7 x 10" s-' and A,,, z 
1.0 x 1014 m01e-O.~ s-'. The values of A, 
and of El  are normal and favor the homogeneous 
reaction 11 rather than the heterogeneous reac- 
tions 1 or 11. The complete rate expression is 
obtained by combining with reaction 11 the long 
chain reaction sequence 1, 2, 4, 6, 7, and 8. The 
resulting rate expression is 

For E l  z 97 and E, z 0, an acceptable value of 
E6 will yield an activation energy of 65 kcal 
mole-' as observed. The ratios [CO,]/[H,] give 

the chain lengths according to this mechanism. 
The limited exploratory data on the rate offorma- 
tion of hydrogen do not, however, correspond to 
reaction 4, as the major reaction of atomic 
hydrogen. The chain mechanism gives for 
hydrogen formation 

while the data show that the order is much 
greater than one. The origin of the bulk of the 
hydrogen is not apparent; a bimolecular reaction 
of benzoic acid, producing Hz might occur but 
the nature of such a reaction is not obvious. 

The scatter in the values for the initial rate of 
formation of CO, is presumably due to surface 
reaction(s) even in the conditioned vessel. Surface 
reactions are therefore favored although the 
Arrhenius parameters appear to be normal for 
homogeneous reactions. Confirmation of this is 
found if the temperature dependence of the order 
is considered. The orders were obtained from 
27 measurements at 498.5 "C and from 25 at 
475.1 "C by treating the data by the least-squares 
method. The attached errors suggest that there is 
justification in considering the order to be 
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WINTER AND BARTON: THERMAL DECOMPOSITION OF BENZOIC ACID 3801 

temperature dependent. The rate constants for the all cases. The origin of such a common behavior 
two terms so obtained are is not clear. 

k, = lo7., exp (- 45 000/RT) s- ' Phenyl radicals are present, as shown by the 
detection of C6H5D in four experiments, the 

and 
k3/, = loi7 exp (- 72 5 0 0 1 ~ ~ )  1'12 m-'I2 s-' 

results of which are summarized in Table 4. 
Although a detailed study of the effect of toluene 

The pre-exponential factor in k, is outside the 
normal range for homogeneous unimolecular 
reactions and the activation energy is low, 
indicating a major contribution by a hetero- 
geneous reaction. 

If D(C0-OH) z 45 kcal mole-' and 
D(CO0-H) z 20 kcal mole-' (4), the homo- 
geneous reaction 3 does not contribute to CO 
formation but a heterogeneous reaction 3 is 
possible. The rate of formation of CO would be 

d [CO]/dt = (klk3)/(k2 + k3)[C6H5COOH] 

Although the experiments on CO formation were 
of the exploratory type, and the data are scattered, 
the results suggest that the order is much greater 
than one and that reaction 3 is not the main 

, source of CO. When the results of studies of CO 
formation from other acids are considered it 

I becomes apparent that the results of a detailed 
study of CO formation from benzoic acid would 
be of considerable interest. Blake and Hinshel- 
wood (I), observing that the reaction forming CO 
from HCOOH in carbon coated reactors was 
second order, suggested that CO is formed by a 
unimolecular reaction of (HCOOH),. The pre- 
exponential factor in that case is very small and of 
the correct order of magnitude for a combination 
of the monomer-dimer equilibrium constant with 
a unimolecular rate constant. Also (below 600 
"C) the dehydration reaction of acetic acid is 
second order (3). The molecular dehydration 
reaction of acetic acid which produces water and 
ketene is not analogous to the molecular de- 
hydration reaction of formic acid which produces 
water and hydrogen. The reaction formingcarbon 
monoxide and phenol from benzoic acid would be 
more nearly analogous to the dehydration reac- 
tion of formic acid than to that of acetic acid. It is 
of interest to note that while the three molecular 
reactions described above are not analogous - 
reactions, second order reactions may occur in 

on the rate and stoichiometry is desirable, a 
provisional interpretation of the results may be 
made. If it is assumed that benzene is produced 
only according to reactions 6 and 12, the ratio of 
the rates of formation of C6H6 and C6H5D is 

In the first experiment the ratio [C6D5CD3]/ 
[C,H,COOH] is -1.7 initially and -2.8 finally 
while in the second experiment the ratio is -3.0 
initially and -4.7 finally, i.e., the ratio is greater 
by a factor of -1.7 throughout. The ratio 
[C6H5D]/[C6H6] increases by a factor of 1.3. 
Arguing similarly for the second and third ex- 
periments, the ratio [C6D5CD3]/[C6H5COOH] 
is increased by a factor of -20 initially and -60 
finally while the ratio [C,H,D]/[C,H,] is in- 
creased by only 2.4. Although complete scaveng- 
ing of phenyl radicals has not been obtained, the 
results suggest that a substantial quantity of 
benzene is formed via reactions other than 6 and 
12, such as the molecular elimination reaction 1 1. 

The authors are grateful to Dr. Leslie B. Sims of the 
University of Arkansas for helpful comments on this 
work and to the National Research Council of Canada 
for financial assistance. 
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Ethylene exchange in PtCl(C5 H, 02)(n-C2H4) 

C. E. HOLLOWAY AND J. FOGELMAN 
Department of Chemistry, York University, Downsview, Ontario 

Received July 7 ,  1970 

The kinetics of exchange of free with complexed ethylene in the system PtCl(acac)(n-C2H4) have been 
investigated over a temperature and concentration range by proton magnetic resonance. First order 
kinetics are observed with respect to each component with no solvent dependence of rate. The activation 
energy and entropy are 2.7 kcal mole-' and - 36 cal deg-I mole-', respectively. A five coordinate 
intermediate is suggested, with complete retention of configuration at  the platinum. 

Canadian Journal of Chemistry. 48, 3802 (1970) 

Introduction 

Previous studies on ethylene exchange in Pt(I1) 
and Rh(1) complexes have been carried out using 
nuclear magnetic resonance (n.m.r.) and isotopic 
labelling techniques (14) .  In many cases rapid 
exchange is reported, such that the proton res- 
onance spectrum is effectively averaged and only 
lower limits to the exchange rate can be deter- 
mined. Differences in the estimated order of 
magnitude of the exchange between free and co- 
ordinated ethylene have been attributed to the 
operation of the E.A.N. rule in the case of Rh(1) 
complexes (5). The nature of the groups attached 
to the olefinic carbon atoms have also been 
observed to affect the exchange rate for com- 
plexes of substituted olefins (6). However, little 
quantitative work has been carried out, partly 
because of the intramolecular reorientation of the 
coordinated olefin (4,5,7). Thus at temperatures 
where line shape analysis of the ethylene exchange 
might be attempted, it is usually found that the 
rotation of the coordinated ethylene is also affect- 
ing the spectrum and considerably complicating 
the analysis. The present study has avoided this 
problem since the complex studied has only a 
small separation (at 60 MHz) between non- 
equivalent ethylenic protons, and also has an 
intermediate rate of free-complexed ethylene 
exchange. Thus it has been possible to choose 
concentrations and tem~eratures which are in the 
slow region of intermolecular exchange while in 
the fast limit of intramolecular reorientation. The 
solubilities of the two comDonents curtail in- 
vestigations to polar organic solvents, in which 
solvent participation in the exchange mechanism 
would not be expected to be very important. The 
results show that such participation is, within 
experimental error, negligible. 

With platinum there arises the problem of two 

isotopic species, lg5Pt and lg6Pt, the former 
having a spin (I = 112) and a natural abundance 
of 33.7%. The proton spectra therefore contain 
peaks for the derivatives of both isotopes, again 
complicating line shape analysis. At the slow 
limit of exchange, allowance for the relative 
abundance of the species present can be made in 
calculations of the lifetimes of the coordinated 
ethylene. Coalescence of the proton spectra of 
the two isotopic derivatives does not occur, even 
above room temperature, in the absence of free 
ethylene (7). Thus any collapse observed in the 
present system must be occurring by an indirect 
exchange process via the free ethylene. Statis- 
tically, therefore, the rate governing such collapse 
will be several times slower than the rate of free- 
complexed ethylene exchange. In the slow region 
studied here, the effect of '95Pt-'96Pt exchange 
has therefore been neglected. This does lead to 
introduction of errors when using the complexed 
ethylene line shape, a t  the faster rates, but the 
overall results suggest that the free ethylene line 
shapes are not seriously affected. 

Experimental 
The complex PtCl(acac)(n-C2H4), where acac is the 

oxygen bonded chelated acetylacetonato group, was pre- 
pared and purified by literature methods (8,9). Solutions 
were prepared in deuterochloroform or in benzene. Those 
containing excess ethylene were prepared by weighing 
the complex into a 5 mm 0.d. n.m.r. tube and adding a 
known volume of a concentrated stock solution of ethyl- 
ene. The tube was then sealed with a cap and a sealing 
cement. The concentration of ethylene in the stock 
solution was calculated by adding small known volumes 
of acetone or cyclohexane and integrating the n.m.r. peak 
areas. Variations in ethylene concentration were made 
by dilution of the stock solution. 

Most of the kinetic data was obtained at room 
temperature in the limit of slow exchange. By lowering 
the temperature, the rate dependence and activation 
parameters were obtained. Some variation in ethylene 
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TABLE 1 

PtCl(acac)(n-C2H4) exchange with CZH4 

[Pt complex] (C2H4) k I rnoIe-:s-I 
No. Solvent x I O ~ M  x I O ~ M  1 / T P ~  ~ / T C ~ F I ~  x 10- 

0.809 
0.943 
1.13 
7.30 
9.13 

12.20 
In excess 

3.31 
7.66 

15.9 

In excess 

10.8 
16.2 
27.9 
32.4 

In excess 

concentration was detected on varying the temperature. of z values us, concentration. The actual measure- 
However, by observing only the line shape of  the free ment of the values has been extensively dis- 
ethylene such variations could be ignored provided that 
the kinetics with respect to free ethylene were first order. cussed (I '1, and approximate methods are 

A Varian A-60 spectrometer was used, TMS being able for extracting them from particular features 
added to samples where appropriate as an internal of the n.m.r. line shapes. In the present case 
reference. The spectra were obtained under conditions of concentrations were selected to keep the rate slow, 
low radio frequency power to  avoid saturation, and the hence the equation for large values [41 is 
slowest sweep available (0.1 c.p.s.). 

applicable ; 

Results and Discussion 

In general, Pt(l1) complexes undergo ligand 
exchange according to the rate equation 1 (10). 

11 1 Rate = Ic, [Pt] + k, [Pt][L] 

where k, is the rate constant for a solvent induced 
step and k, is a second order rate constant. 
Usually a strongly solvated species, for example 
in aqueous solution, is being dealt with in which 
the pseudo first order solvent induced step plays 
a significant role. Since the solvents used in this 
work, chloroform and benzene, are relatively 
weak donors, it is expected that the value of k l  
will be negligible. The rate process can thus be 
simplified to a second order process with a single 
rate constant, eq. 2. 

121 Rate = k [Pt] [L] 

The parameter obtainable from n.m.r. studies 
is the mean lifetime (T) of a particular site, which 
is inversely proportional to the rate of site 
exchange. This can be expressed for the general 
case of exchange between two sites; 

where 1/T2' and 1/T2 are the linewidths in radians 
per second of a particular resonance with and 
without exchange, respectively. The derivation of 
eq. 4 implies that the separation of the resonances 
for the exchanging sites is large compared to the 
inverse of the half-height linewidths, and the 
T values large enough to prevent appreciable over- 
lap of the peaks. This is adequately satisfied in 
the present case (7). 

The results in Table 1 show the room tem- 
perature rate dependence of the exchange process 
on concentration. The kinetics were determined 
from the linewidth of the species in excess, hence 
for first order kinetics with respect to that species 
the actual concentration of the excess component 
is not required (eq. 3). The order of reaction was 
determined from plots of eq. 1 and log plots of 
eq. 3. The graphical results of eq. 1 are shown in 
Fig. 1 and confirm that the solvent assisted step 
k, has no importance. The plots indicate two 
other features of interest, the first being the 
similarity between the rates in deuterochloroform 

[3] T,-' = Rate/[A] = k[A]a[B]b/[A] and benzene. The second is the departure from 
linearity of the plot taken from the lifetimes of 

Thus the orders of reaction (a and b) with respect the ~oordinated'eth~lene. The deviation is such 
to each component are obtainable from log plots as to make the apparent rate of exchange increase 
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1 I 

FIG. 1. Concentration dependence of rate. (I) A = 
C2H4; B = complex in CDC13; n = 3. (2) A = complex; 
B = C2H4 in CDC13; n = 4. (3) A = C2H4; B = 
complex in C6H6; n = 3. 

faster than it should with increasing concentra- 
tion. At these higher concentrations the induced 
ethylene exchange between platinum isotopes 
begins to become important. The linewidth of the 
196Pt derivative thus has an additional broaden- 
ing effect which causes underestimation of the 
complexed ethylene T value. Log plots of eq. 3 
indicate a 1.0 order of reaction with respect to 
free ethylene and a 1.25 order with respect to 
complex, the latter reflecting the systematic error 
due to the additional contribution to linewidth. 
The rate process for ethylene exchange can thus 
be described in terms of eq. 2, the platinum com- 
plex undergoing attack by the free ethylene. The 
rate constant for the exchange in deuterochloro- 
form is 2.65 + 0.2 x lo3, and in benzene is 
2.32 + 0.2 x lo3 with units of 1 mole-' s- l .  

Activation parameters for the system can be 
obtained in the usual manner from the tempera- 
ture dependence of the rate constant. Because of 
the errors introduced into the linewidth of the 
complexed ethylene, and the possible variation 
in free ethylene concentration with temperature, 
the kinetics were measured in the presence of 
excess ethylene only. Thus the linewidth of free 

TABLE 2 
Temperature dependence of exchange rate* 

Activation 
Temperature energy 

Number ("C) In T-I (?lit) (kcal moje-l) 

'Activation energy E, = 2.65 + 0.2 kcal mole-'; activation 
lropy A S  = -36 ? 5 cal deg-I mole-'. 

ethylene is used to obtain T values, which are 
consequently independent of the actual free 
ethylene concentration. The results for the tem- 
perature dependent study are given in Table 2. 
A plot of the Arrhenius equation, log T- '  us. the 
inverse of the absolute temperature, gives a 
reasonable straight line the slope of which is a 
measure of the activation energy. The activation 
entropy is calculated from the thermodynamical 
formulation of rate constants, using the appro- 
priate relationship for reactions in solution (12). 

The activation parameters support the idea of 
a facile attack of free ethylene on the complex to 
give a five coordinate intermediate which then 
loses a molecule of ethylene. The n.m.r. spectrum 
of a concentrated solution of the platinum com- 
plex and ethylene, in which rapid exchange 
occurs, shows the individual methyl sites of the 
acetylacetonato group (7). Thus theconfiguration 
of the ligand about the platinumis retained during 
the exchange process. This is certainly in agree- 
ment with the expected behavior of a square 
planar platinum(I1) species, in which the incom- 
ing ligand attacks essentially via the metal p, 
valence orbital. However, inthis case the group 
to be displaced is the one with the largest trans 
effect. Displacement of the ligand trans to the 
ethylene would involve partial dissociation of the 
acetylacetonato group and formation of a trans 
bis-ethylene complex. A derivative of Zeise's salt, 
trans-PtC12(n-C2H,),, is known to exist a t  
-80 "C and has been suggested as a model of 
the intermediate to be expected in reactions of 
this type (13). Thus the systems studied by 
Cramer (3) have been discussed in terms of such 
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HOLLOWAY AND FOGELMAN: ETHYLENE EXCHANGE IN P~CI(CIH,OZ)(TK-CZH.+) 

FIG. 2. Associative mechanism for exchange. 

an intermediate. It has also been used to provide 
an explanation of the catalytic effects of allyl- 
triethylarsonium cation and trichlorostannate(I1) 
anion (13, 14) in the formation of platinum- 
olefin complexes. In the present case the entropy 
of activation suggests a highly ordered activated 
complex, which is not consistent with dissociation 
of a platinum-oxygen bond. The disruption in 
the delocalized acetylacetonato n-bond would 
also contribute unfavorably to the energy of 
activation. The scheme shown in Fig. 2 represents 
a possible pathway for the exchange process in 
which initial attack trans to the platinum- 
ethylene bond is followed by an intramolecular 
rearrangement of the ligands. Thus the oxygen 
atom trans to the ethylene is labilized, and on 
attack by free ethylene swings into the fifth co- 
ordination position along the p, direction. A 
bis-ethylene intermediate is thus formed which 
can then lose one of the ethylenes, allowing the 
acetylacetonato group to swing back into the 
xy plane. Because of the initial trans attack the 
configuration of the ligands is unchanged, as is 
required by the n.m.r. spectrum under conditions 
of rapid exchange. Using the notation of Lang- 
ford and Gray (16), the mechanism is essentially 
of the A type, the intermediate having the two 
high trans effect ligands sharing n-orbital inter- 
actions in the trigonal plane. The values of the 
activation parameters show that the exchange 
rate is governed to a considerable degree by the 
entropy of activation. The enthalpy of activation 
is much smaller than for most substitution reac- 
tions of platinum(I1) complexes, although the 
general tendency for good entering ligands (also 
good trans labilizers) is being followed. In fact 
the enthalpy term is approaching the activation 
energy usually associated with diffusion con- 
trolled reactions in organic solvents (typically 
2-3 kcal). It is interesting to note that theenthalpy 
is also much smaller than the activation enthalpy 
for intramolecular reorientation ofthe complexed 
olefin (7). The reaction might be considered to 

follow the interchange I pathway, there being 
no metastable intermediate formed. Here the 
kinetics are envisioned as being controlled by the 
rate at which the two components come into 
contact in the correct orientation. 

The question as to the nature of the ethylene 
attack has been briefly investigated using an 
approach similar to that of Cramer (6). Displace- 
ment of the ethylene by substituted olefins is well 
known (9), and it should be possible to form the 
complex of trans- 1,2 dichloroethylene by a simple 
exchange reaction 

Free ethylene formed in solution will undergo 
exchange with the initial complex as determined 
above, enabling its concentration to be calculated 
and hence the rate of displacement to be esti- 
mated. However, when excess of the dichloro- 
ethylene is added to a chloroform solution of the 
platinum ethylene complex and sealed into an 
n.m.r. tube, no change in the spectrum is observed 
over a period of several hours at room tempera- 
ture. The rate of the displacement is thus quite a 
different order of magnitude to that for the 
ethylene case. Olefins bearing electronegative 
substituents should be poorer o-donors and 
better x-acceptors than ethylene. Thus a process 
involving nucleophilic attack of the olefin on the 
platinum should be less favored for the dichloro- 
ethylene than for ethylene itself. The resultant 
complex, by analogy with the olefin complexes 
of Rh(l), should be more stable for the dichloro- 
ethylene case. Thus the observations support the 
contention (6, 15) that, in substitution reactions 
of this type, the initial formation of a o-bond is 
the important step in the formation of the 
activated complex. 

The financial support of the National Research Council 
of Canada for this work is gratefully acknowledged. 
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Studies in solvolysis. Part 11.' Some comments on the ion-pair 
mechanism for displacements at a primary carbon atom 

JOHN M. W. SCOTT' 
Chemistry Department, University of Calgary, Calgary, Alberta 

Received May 1 1 ,  1970 

The implication of Sneen and co-workers (2-5) that all SN2 substitutions at a primary carbon atom 
probably proceed via the intermediate production of an intimate ion-pair is examined with respect to the 
reactions of the methyl halides (MeX; X = F, C1, Br, I) with various nucleophiles (H,O, OH-,  F-, C1-, 
Br-, I - ,  CN-,  CSN-, S,032-) in water. By establishing certain rules concerning the behaviorof derived 
reactivity scales (essentially p values) as contrasted with absolute reactivity scales (observed rate con- 
stants), it is concluded that Sneen and Larsen's mechanistic description is consistent with the experimental 
facts, and that in such cases the substitution process involves a pre-equilibrium constant, K., which is 
independent of the attacking nucleophile. This is followed by a rate determining bimolecular rate 
constant, k., which depends on the ion pair and the nature of the nucleophile. The observed rate (kO) is 
given by k0 = K.k,. A method of calculating K. is described and values of k, for nine nucleophiles 
attacking the four methyl halide ion-pairs are reported along with a number of confirmatory calculations. 
It is concluded that the classical Hughes-Ingold SN2 Heitler-London description of these reactions is 
inadequate. Some further suggestions to place the new mechanistic description on a firmer experimental 
basis are made. 

Canadian Journal of Chemistry. 48, 3807 (1970) 

Introduction 

Recently Sneen and co-workers (2-5) have 
postulated that solvolytic displacements in highly 
nucleophilic (aqueous) media take place entirely 
by nucleophilic attack on an intimate ion-pair 
intermediate, to the exclusion of any reaction with 
the initial state of the reactant. This particular 
mechanism for aliphatic substitution is a part of 
the more generalized mechanism developed by 
Winstein (6-8) and numerous colleagues (see also 
ref. 9-1 1). 

where various species along the reaction coordi- 
nate derived from the substrate (RX) are the 
intimate- or tight-ion-pair (R'X-), the solvent- 
separated-ion-pair (R' I IX-), and finally the 
kinetically free ions (R', X-). This mechanism 
(reaction 1) specifically assumes that the substrate 
and each of the ionic modifications of that species 
are capable of reacting with a nucleophile to give 
the product (P). The rate constants k, -+ k, form 
the ionic components of the mechanism and the 

'For Part I, see ref. 1. 
,Honorary Visiting Professor on leave from the 

Chemistry Department, Memorial University of New- 
foundland, St. Johns, Newfoundland. This is the address 
to which all correspondence regarding this paper should 
be sent. 

rate constants k,, -+ k,, constitute the nucleo- 
philic parts of the overall substitution process. In 
any particular situation of solvent, substrate, 
tempkrature, and pressure, the relative kinetic 
significance of the ten rate constants is the proper 
mechanistic question. The relative importance of 
each of the ten rate constants is a matter of 
energetics. 

One of the distinctive features of the Winstein 
scheme is the de-emphasis of concerted processes. 
Indeed, if we accept Sneen's hypothesis (4) that 
the k,, step is kinetically insignificant then truly 
concerted mocesses are absent in the overall 
sequence, i.e., at every stage the nucleophilic and 
ionizing components of the reaction are kinet- 
ically separate. This proposal is consistent with 
and reminiscent of an earlier observation of 
Moelwyn-Hughes (12) who suggested that unitary 
processes in solution are e~cep t iona l .~  The push- 
pull (13) description is likewise abandoned; 
"pushing" and "pulling" being distinct kinetic 
Drocesses. 

For secondary centers attached to good leaving 
groups, e.g. sec-octyl p-bromobenzene sulfonate, 
and activated primary centers (p-methoxybenzyl 
chloride) reacting in nucleophilic media, Sneen 
and co-worker (4) consider that a truncated 

3Moelwyn-Hughes writes "Nature, it would seem, 
prefers to bring about material changes through a con- 
certed set of reactions rather than through one elementary 
reaction." A unitary process is "one elementary reaction" 
with no  intermediates and one transition state. 
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version of reaction 1 will suffice to cope with the 
experimental facts 

k ,  kz. 
[2 I R X S  R+X- -+ P 

kz 

The absence of k ,, in reaction 2 is notable, for 
this means that the classical SN2 reaction pre- 
viously considered to take place by the Heitler- 
London mechanism (14, 15) is kinetically unim- 
portant. Indeed, Sneen and Larsen (4) specifically 
state that "attack on covalent carbon seldom, if 
ever, occurs" and they challenge others to produce 
evidence to the contrary, i.e. evidence which will 
sustain the reality of the k,, process. The validity 
of this challenge is recognized: the purpose of the 
present paper is to further vindicate the ion-pair 
mechanism for primary centers since these are the 
most likely alkyl halides to react by the k,, route. 

Certain further features of the Sneen mechanism 
are worthy of mention. The application of the 
steady-state theorem to reaction 2 gives, for the 
observed rate constant kO, 

where a is given by the expression 

The quantity a is important since the magnitude of 
this parameter defines three relatively distinct 
kinetic (not mechanistic) regions. In region I, a is 
small (<0.01) and hence k ,  becomes the rate 
determ'ining sfep. This region' might be identified 
with the traditional SNl mechanism in solvents of 
high nucleophilicity, i.e. an ion-pair intermediate 
is formed which reacts by paths which have no 
further kinetic significance, since the rate con- 
stants associated with these processes are all faster 
than k, . 

In region 11, which might arbitrarily be defined 
by4 0.01 < a < 100, the rates of removal of the 
intimate ion-pair by k, (internal return) or k,, 
(nucleophilic attack) are comparable and the 
steady-state expression given in eq. 3 is appro- 
priate to this region. In region 111, a becomes 
large (a  > 100) and eq. 3 assumes an alternative 
limiting form 

Whereas the kinetic behavior of RX in region I 
fits nicely into the traditional SN1 classification, 

4Sneen and Larsen (4) operationally define this region 
by the expression 0.1 < a < 10. 

regions I1 and I11 represent mechanisms of a kind 
not accommodated by the SN1-SN2 scheme of 
Hughes-Ingold (1 5). Certainly reactions in these 
regions have SN2 characteristics since the nucleo- 
philic components of the observed rate are partly 
or wholly rate determining. However, the original 
formulation of the SN2 reaction was conceived in 
terms of a rate determining bimolecular nucleo- 
philic attack on the initial state of RX, not an 
ion-pair. 

The quantity "a" discussed above is best con- 
sidered as a selectivity parameter. In region I, the 
ion-pair is highly selective in that it largely pro- 
ceeds to product without internal return. In 
region 11, internal return becomes appreciable and 
in the middle of region 11, when a = 1, the 
selectivity of the ion-pair falls to zero, i.e., the 
rates of internal return and product formation are 
equal. In region 111, internal return is the dominant 
process and the ion-pair again becomes highly 
selective, but in an opposite sense to that displayed 
in region I. 

A careful distinction must be drawn between 
the stability of the intermediate (thermodynamic) 
and its selectivity (kinetic). The former depends on 
the difference in free energy between RX and the 
ion-pair. The latter depends solely on the differ- 
ence in free energy of the transition states which 
define the paths of its destruction. That selectivity 
and stability may be related is not denied since as 
substances become more reactive, the implied 
contraction of the free energy ordinates will bring 
reactants, intermediates, and transition states 
closer together in free energy and paralleled 
alterations in selectivity and stability are possible. 
Nevertheless, the stability of the intermediate 
does not formally5 influence the kinetics since it 
may be shown that the free energy of activation in 
ail kinetic regions does not depend on the free 
energy of the intermediate. 

For most solvolytic substrates, k, appears to be 
the fastest step of all the processes in reaction 1. 
The reasons why this is so have been elaborated by 
Ritchie (16) in a useful summary of the broad 
features of the Winstein mechanism. If k, is 
indeed the fastest step then displacements taking 
place by the Sneen mechanism do so in kinetic 
region I11 as defined above. Ritchie's proposals 
concerning k, and hence a are to some extent 

'The "paralleled alterations" mentioned above repre- 
sent the "informal" influence of stability on reactivity. 
This would be a n  extra-thermodynamic relationship 
between rates and equilibria. 
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SCOTT: STUDIES IN SOLVOLYSIS. PART I1 3809 

contradicted by two studies reported by Sneen 
and Larsen, both of which lead to empirical 
values of cr in the vicinity of unity. However, the 
interpretations given by the latter authors are not 
unique, since they assume the k,, step to be 
simple, whereas in reality it may involve a "mixed 
kinetics" situation, i.e., be a combination of k,, 
and k, (see reaction I). The empirical value of ct 
would then be given by 

whereas the true value of u is as defined by eq. 4. 
As far as we can ascertain, the empirical data do 
not distinguish between a single rate constant or 
two rate constants for the destruction of the ion- 
pair aside from the k ,  process. In cases where 
solvent separated ion-pairs become important, 
the inclusion of a further rate constant (k,) in the 
denominator of eq. 4 (to give eq. 6) will obviously 
reduce a, i.e., the empirical value will be lower 
without contradicting Ritchie's considerations 
with respect to the k, step. Internal return is 
clearly an elusive phenomenon (16). As we pointed 
out earlier, an accurate assessment of the kinetic 
significance of the rate constants in reaction 1 
constitutes the primary mechanistic question. 
Sneen and co-workers may not have accomplished 
such an assessment for the systems they in- 
vestigated but this does not detract from the 
importance of their work. 

The ion-pair mechanism represents a major 
departure from current thinking with respect to 
the definite bimolecular displacement, and be- 
cause this is so, further numerical justification is 
mandatory. 

In the remainder of this paper we present 
quantitative evidence which supports the ion-pair 
mechanism for primary centers reacting in water. 
The evidence derives from an evaluation of the 
kinetic behavior of methyl halides with a range of 
nucleophiles in this solvent. We believe that most 
primary compounds react in water in kinetic 
region 111 (see above) and hence the mechanism is 
defined by the parameters Ke and k,,. A device for 
calculating Ke and k,, for the primary systems 
constitutes the major contribution of this paper. 

reactivity scales (17) but rather will emphasize the 
importance of derived reactivity scales which 
have, under certain well defined conditions, con- 
siderable mechanistic significance. In essence we 
are concerned here with an interpretation of p 
values but under conditions which are relatively 
restricted, compared to the general use of the 
1.f.e.r. of Hammett (18), Taft (19), etc. The treat- 
ment offered leads naturally to the Swain-Scott 
equation (20) and a version of the Hammett 
equation. 

For the reaction 
kn6 

[7 I R + N + (R---N) + Product 

we define two sets of reactivity numbers, 
0,, 0,, 0,, . . . , 0, associated with substrates 
R1, R2, R3, ' . .  , R,and4,, 42,43,.  . ,$,asso- 
ciated with nucleophiles N,, N,, N,, . . . , N, such 
that the rate constants k, (cJ reaction 2) are given 
by 

[8 1 log k ,  = pnO + C," 

where N is fixed and R is variable, e.g. (the 
OH- ion reacting with ion-pairs derived from 
MeX (X = F, C1, Br, I) and 

[9 I log k, = pr4 + Cnr 

where R is fixed and N is variable (e.g. the methyl 
bromide ion-pair reacting with a series of nucleo- 
philes, H20 ,  OH-, CN- etc.). The quantities C," 
and Cnr are constants. 

In general, the species R may be the initial state 
of RX or any of the subsequent modifications of 
this species in reaction 1, each of which will be 
associated with a distinct characteristic reactivity 
number. The quantities pr and p, are selectivity 
numbers which give a derived measure of the 
reactivity of the R and N species, respectively. 
The log k,, p, 8, and 4 numbers provide a formal 
framework to establish a derived reactivity scale 
for the process represented by eq. 7. The log k, 
numbers are empirical and in principle can be 
absolutely characterized for any R-N pair. The 
derived p numbers can be established relative to a 
standard arbitrarily chosen R-N pair. The 0 and 
b numbers may be usefully considered as 

Linear Free Energy Relationships "intrinsic" reactivity numbers; their most im- 
portant property is their uniqueness, i.e. whether 

Linear free energy relationships (l-f.e.r-) or not a single number will suffice to characterize 
play a central role in establishing the ion pair the reactivity of any particular R or N species. 
mechanism for primary centers reacting in water. 
The necessary 1.f.e.r. will be developed in a formal 6T0 avoid the proliferation of subscripts "n" here 
way. This will not represent a proliferation of refers to "2n" in eq. 2 .  
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Any departure from uniqueness will manifest 
itself by a breakdown of the linear free energy 
relationship derived from eqs. 8 and 9. Opera- 
tionally we may insist that the original 9 and + 
scales remain valid and that departures from the 
scales arise from interactions which were not 
included in the original scale.' 

We believe that the p scale, under certain cir- 
cumstances, may be of greater mechanistic 
significance than the log k scale with the proviso 
that changes in p derive only from structural 
alterations for a fixed process. In most cases p 
values derive from a diversity of changes, e.g. 
alterations in the reaction type, the solvent, and 
the temperature. 

The form of eqs. 8 and 9 is similar to expres- 
sions derived by Dewar and co-workers (23,24) 
from the perturbed molecular orbital method 
(25), otherwise these equations constitute a 
working hypothesis to be verified aposteriori. 

The derived reactivity scale ( p )  has been implied 
in some recent writings of Dewar (25). This scale, 
represented by the p numbers, is established 
empirically from the log k, numbers in the 
following way. Consider an arbitrarily chosen 
standard nucleophile characterized by a selec- 
tivity number p,,. From eq. 8 

We must now examine the important question 
of the uniqueness of the 9 scale which underpins 
eq. 12, i.e. consider the factors which might lead 
to a breakdown of the 1.f.e.r.'~ derived from this 
equation. Equation 12 is most likely to accommo- 
date a wide range of R structures when the steric 
requirements of the standard and other nucleo- 
philes are identical. Thus for small nucleophiles, 
e.g. H20 ,  OH-, F-, CN- etc., eq. 12 might be 
expected to accommodate primary, secondary, 
and tertiary centers. However, bulky nucleophiles 
such as (CH,),N when paired with water or lyate 
ion are likely to give a less satisfactory correlation. 
This will lead to an ill-defined derived reactivity 
scale, i.e. the p , / p , ,  value may not be constant 
over a wide range of R structures. In addition to 
the more obvious limitations mentioned above, 
eq. 12 is likely to show limitations of a more 
subtle kind. 

If it is assumed explicitly that the displacement 
reaction proceeds via the ion-pair mechanism 
then the observed rate constant for the displace- 
ment k0 cannot be substituted directly into eq. 12, 
since k0 (eq. [5 ] )  includes a Ke term whereas 
eq. 12 refers only to the k,  quantity. Since 

[I31 log k ,  = log k0 - log K, 

[ l o ]  log k," = p,,9 + C,"' combining eq. 12 with eq. 13 gives 

and for any other nucleophile ( p , )  [I41 log k0 - log Ke = ( p n / p n s )  

[ 1 1  I log k,  = p,e + C; x [log ksO - log K,] + C ,  

Eliminating 8 between eqs. 10 and 1 1  gives If log Ke changes randomly with R then no 
correlation between log ksO and log k0 is to be 

[I21 1% k,  = ( P , / P , , )  1% k," anticipated. If, on the other hand, linear relation- 
- (Pn/Pns)CT + C; ships exist between log Ke and the quantities 

= ( P n I P n s )  log k," + C1 
log k0 and log k: of the form 

where C ,  is a constant related to the constants in 
eqs. 1 1  and 12. Equation 12 is a version of the 
familiar Hammett equation (18) and has been 
used in the way envisaged heres by Hammond and 
Kochi (26) and particularly by Streitwieser (27) in 
a discussion of the reactivity of a series of aryl- 
methyl chlorides and tosylates reacting in a 
variety of solvolytic media. In both of the above 
mentioned studies (26, 27) the solvolytic reaction 
was considered to be a unitary process, i.e. the 
equation was applied to the overall rate (kO). 

[151 log K, = y log k0 + P 
and 

[I61 log K, = y, log k: + P ,  
where y, y,, p ,  and ps are constants. A linear 
correlation between log k0 and log k: will result, 
but the slope of the correlation will differ from 
p, /p , ,  by a factor ( 1  - ys)l(l - y), i.e. 

[I71 1% k0 = (Pn/P,s)[(l - ys)l(l - y)l 
x log k: + C,  

where the constant C2 is related to the constant 
7For a more detailed discussion of such problems, see 

refs. 21 and 22. terms in eqs. 14,15, and 16. The above considera- 
'Not uslng the benzoic acids to define the G scale. tions show that in general, p , / p , ,  cannot be 
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established from the rate constants characteristic 
of an indirect displacement; the only processes 
which appear to meet the required conditions for 
establishing the constants in eq. 12 are the reac- 
tions of triaryl carbonium ions with nucleophiles 

[I81 Ar3C+ + N -> Ar3CN 

recentlv studied bv Ritchie et al. (28). Taft et al. 
(29), a i d  Hill and ~ e u l l e r  (30). sufficient data are 
available from these studies to establish the con- 
stants in ea. 12 for the lvate ion and water and 
when these quantities are known, log Kc may be 
established for the methyl halides via eq. 14 
using observed rates (kO) of displacement of these 
substances with the same reagents (H,O and 
OH -). 

Two rather drastic assumptions are inherent in 
these calculations. The first is concerned with the 
accommodation of all reacting centers by a single 
line (eq. 12 or eq. 14). This has been carefully 
discussed above. Since the steric requirements of 
water and lyate ion are virtually identical, these 
reagents are particularly favorable in this respect. 
Secondly, it is assumed that the reactions of the 
triaryl carbonium ions with nucleophiles consti- 
tutes a unitary process. As yet, there is no direct 
evidence to contradict this assumption. However, 
the principle of microscopic reversibility demands 
that the reaction of carbonium ions with nucleo- 
philes follows the reverse path given in reaction 1. 
Hence the reaction of the trityl ions is not of 
necessity a unitary process, but might take place 
via 

[19] Ar,C+ + N- + A ~ , c +  1.1~- + Product 

which is a truncated version of the reverse of 
reaction 1. As with reaction 2, eq. 12 may give rise 
to kinetic regions depending on the variation of 
relative values of rate constants in reaction 19, as 
R+ and N-  vary. Here we assume explicitly that 
the attack of nucleophiles on the trityl carbonium 
ions is a unitary process. 

The validity of the two assumptions discussed 
above appears to be vindicated by the order which 
they bring to the reactions of the methyl halides 
with nucleophiles. No better justification can be 
envisaged. 

We continue our discussion by returning to 
eq. 9 and examine the evaluation of the pr/pr, as 
opposed to the pn/pn, parameters. For a standard 
substrate R, and any other substrate R, eq. 9 gives 

and 

Eliminating + between eqs. 20 and 21 gives 

where C,  is a constant related to the constant 
terms in eqs. 20 and 21. From eq. 13 

[23 I log k,, = log k0 - log Ke 

and 

t24 I log k," = log k,O - log Kc, 

combining eqs. 22, 23, and 24 gives 

log k0 - log Kc = (pr/pr,) [log k: - log Ke,] + C ,  

Therefore 

log k0 = (prl~rs) log ks" - (pr1~r.v) log Kc, 
+ log Ke + C3 

For any R/R, pair, log Ke and log Kc, are 
constants and do not vary as the structure of 
the nucleophile is altered. Hence the term 
(pr/prs) log Kc, + log Ke + C,  can be represented 
by a single constant C4, giving 

It follows from these considerations that the ion 
pair mechanism does not influence the pr/p,, 
parameter in the same manner as in the variable R 
fixed N/N, case and in the instance of eq. 25, 
pr/pr, can be established using the observed rate 
constants (kO) from an indirect displacement. 
Equation 25 is a slightly modified form of the 
Swain-Scott equation (20) and requires no further 
comment. 

The application of eqs. 12, 14, and 25 to the 
relevant data will be considered in the following 
sections. 

Results and Discussion 

The Calculation of pr/pr, Values for the 
Methyl Halides 

In Table 1 all the available bimolecular rate 
constants for the attack of nucleophiles on the 
methyl halides (MeX, X = F, C1, Br, and I) in 
water are recorded for T = 25 "C. The solvolysis 
rates in water have been corrected for the molar 
concentration of the solvent (55.5 mole I-'). Of 
the 36 rate constants recorded in Table l , 24  are 
empirical and the remainder have been calculated 
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TABLE 1 
Observed and calculated bimolecular rate constants for the attack of various nucleophiles 

in water on MeX (X = F, C1, Br, I), T = 25 "C 

-Log k0 (mole-' 1 s-') 

Reference Reagent MeF MeCl MeBr Me1 

H2O 
OH - 
szo ,2 -  
I - 
F- 
Br- 
C1- 
CN - 
SCN - 

'Calculated via the modified Swain-Scott equation (20) (eq. 26). 
tLeast squares values of the constants appropriate to eq. 25. The rates in water have been corrected for the molar concentration of 

the solvent. 
$Experimental value -6.22 considered to be in error, see text. 

via eq. 25 (see below) and are marked with an 
asterisk. Of the 24 empirical rate constants, one, 
that appropriate to the attack of lyate ion on 
MeF, deviates considerably from the line defined 
by MeBr = R, (Fig. 1). Since the other correla- 
tions are excellent (MeCl us. MeBr, Me1 us. MeBr, 
see Fig. 2) and the H,O, C1- and I- points for 
MeF are both well separated and adequately 
correlated, it is reasonable to conclude that the 
rate constant for the attack of OH- on MeF is in 
error. In subsequent calculations the interpolated 
rate constant for this particular process will be 
used. The slopes and intercepts of the MeF, MeCl, 
and Me1 lines (R, = MeBr) have been calculated 
by the method of least squares and these are 
recorded in Table 1. The slopes (pr/prs) give a 
derived reactivity scale for the methyl halides 
relative to p,, = 1 for MeBr, which is in the order 
MeF > MeCl > MeBr > Me1 assuming low 
selectivity to be associated with high reactivity 
and vice versa. The basis of the latter assumption 
merits further discussion. 

The relationship between selectivity and reac- 
tivity, i.e. between the derived (p) and absolute 
(kO) reactivity scales, does not appear to have 
attracted much theoretical attention (but see 
ref. 25) and we are unaware of any use of the 
derived scales as tools for mechanistic diagnosis. 
Brown and co-worker (36) have used the selec- 
tivity concept extensively in their quantitative 
treatment of aromatic substitution. However, the 
emphasis in their studies differs from that 
presented here. 

The only theoretical tools for discussing selec- 

- l o g  L o  (MeBr)  

FIG. 1 .  Swain-Scott correlation for MeF vs. MeBr. 

tivity and reactivity sequences appears to be the 
Bell-Evans-Polanyi (B.E.P.) (see ref. 25) free 
energy (G) reaction coordinate diagram. The 
B.E.P. diagram usually contains a series of 
substrate-reagent curves which remain parallel up 
to the various points of intersection. The points of 
intersection define the transition states for the 
various substrate-reagent species. Under the 
parallel constraint no variations in selectivity are 
possible since all the reagent-substrate curves 
intersect at the same angle.g Alterations in 
selectivity require the parallel constraint to be 
relaxed for either the substrate or the reagent 
curves separately or for both. Whereas the sub- 
sequent algebraical manipulations are straight- 
forward when the parallel constraint is imposed 

gBronsted exponents are usually interpreted this way 
(37). 
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- log  ko(MeBr)  

FIG. 2. Swain-Scott correlation for MeX (ordinate 
A = MeI, B = MeCI) and MeBr (abscissa). 

on the B.E.P. diagram, no formal treatment 
appears possible when this parallel constraint is 
relaxed. However, a visual inspection of a B.E.P 
diagram when the parallel constraint is relaxed 
seems to suggest that high selectivity will be 
invariably associated with low reactivity and vice 
versa. 

The hypothesis linking selectivity to reactivity 
in a definite way is limited to a unitary process, 
hence any departure from the anticipated correla- 
tion between selectivity sequences (p) and reac- 
tivity sequences (kO) would imply that the process 
(kO) under consideration is not unitary. The latter 
assumption is an important working hypothesis in 
this paper and its adequacy cannot be judged in 
isolation but must be considered against the 
overall background of the ideas presented. 

It is important to note that the derived reac- 
tivity scale (pr/prs) for the methyl halides does not 
correlate with the log k0 scale which is typically 
MeF < MeCl < Me1 < MeBr for most of the 
nucleophiles listed in Table 1. In light of the 
considerations discussed above, the lack of corre- 
lation between the log k0 and pr/pr, scales pro- 
vides an important mechanistic clue. It follows 
that if the pr/pr, scale is postulated to measure the 
reactivity of the ion-pair (the pr/prs values ob- 
tained from eq. 25 are independent of K,), then 
the log Ke term, which is included in the log k0 
scale, must show an opposite sequence to the 
log k, values and, for the methyl halides, the 

;OLVOLYSIS. PART 11 3813 

trend in log Ke with structure must dominate the 
observed (log kO) scale. This partly accounts for 
the odd sequence of reactivity displayed by the 
methyl halides on the log k0 scale, the bromide 
invariably being the most reactive. This has been 
noted frequently (38, 39) although no satisfactory 
hypothesis has yet emerged. 

The pr/prs quantities for the methyl halides give 
excellent correlations with the gas phase enthal- 
pies of ionization for these molecules and for the 
force constants of the C-X bonds (Figs. 3 and 4). 
These correlations are particularly significant 
since no such correlation exists on the log k0 
scale, which is not in a well-behaved halogen 
sequence (see above), in spite of the fact that the 
halogens form one of the most regular series in the 
periodic table. This regularity is manifested by all 
the thermodynamic quantities likely to influence 
the displacement. i.e. the C-X bond dissociation 

FIG. 3. Correlation between selectivity parameter 
pr/pr, and the gas phase heat of ionization of MeX 
(AH,', X = F, C1, Br, I). 

f x dyne cm-' 

FIG. 4. Correlation between selectivity parameter 
p,/p, and the force constant (f) of the C-X bond. 
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energies and force constants, the electron affinities 
of the halogen atoms, and the solvation energies 
of the halogen anions. 

Since the p r / p r ,  scale derives ultimately from 
the log k,  scale, definite restrictions are now 
placed on the trends to be anticipated for log Ke 
and log k,. Firstly, the log k,  values for any 
particular nucleophile must follow the sequence 
MeF > MeCl > MeBr > MeI. If the log Ke 
values derived from eq. 14 fail to produce this 
sequence for log k,, the technique for calculating 
log Ke (eq. 14) must be considered suspect. 
Secondly, the log k,  values should show a quanti- 
tative relationship with p r / p r s  and likewise 
correlate with various internal parameters of the 
MeX molecules, e.g., the gas phase heats of ioniza- 
tion (AH,') and the C-X force constants (f), All 
of these conditions are met with considerable 
precision as will be shown in the following section. 

The Calculation of p, /p , ,  for H,O/OH- from the 
Trityl Carbonium Ion Reactions 

The Evaluation of Ke and k,  for the Methyl 
Halides 

In Table 2 we have collected the bimolecular 
rate constants for four carbonium ions reacting 
with water (w) and lyate ion (1) in water at 25 "C. 
The plot of log knW (ordinate) us. log k,,  
(abscissa) is shown in Fig. 5 and covers a sufficient 
range of reactivity on either axis to establish the 
constants in eq. 12 with reasonable precision 
although the data are meagre. A least squares 
treatment of the correlation gives 

Substituting the constants from eq. 26 into eq. 14 
allows log Ke to be evaluated for each of the 

TABLE 2 

Birnolecular rate constants for the reaction of trityl 
cations with water (w) and lyate ion (I), T = 25 "C 

Trityl cation log k,,* log k,, Reference 

Crystal violet -6.62 -0.69 28 
Malachite green -5.42 0.34 28 
p-Nitro malachite green - 5.50 0.75 28 
Tris-p-Me0 -0.673 3.37t 29,30 

*Pseudo first order rates have been divided by 55.5 mole I-'. The 
rates in ref. 28 were reported with this correction. 

tcalculated o n  the basis that k.,/k., at 25 OC is thesame as at 30 "C. 
These processes have low activation energies and the error introduced 
by this assumption is at most 0.1 log k unit. This is not  serious. 

$The values in refs. 29 and 30 are in excellent agreement; log k., 
without the solvent concentration correction is 1.1 1 in both references. 

CHEMISTRY. VOL. 48, 1970 

0.0 

FIG. 5. Correlation between birnolecular rate con- 
stants for the attack of water (w, ordinate) and hydroxide 
ion (I, abscissa) for various trityl cations. 

methyl halides using the water and lyate ion 
bimolecular rate constants recorded in Table 1. 
Since log Ke is now known, log k ,  can be evalu- 
ated from each of the rate constants in Table 1 
using eq. 13. Sample plots of log k,  us. (a) the heat 
of ionization of MeX in the gas phase, (b) the 
C-X bond valence stretch force constant, and 
(c) the p r / p r s  derived reactivity parameters are 
given in Figs. 6, 7, and 8. 

The correlations are all satisfactory and demon- 
strate forcefully, particularly (c), that the model is 
internally consistent. In Fig. 9 sample plots of 
log k ,  vs. log k , ,  are presented using the lyate ion 
as the standard nucleophile. The slopes of these 
plots measure p, /p , ,  (relative to OH- = 1) for all 
the nucleophiles listed in Table 1. Graphical 
values of these parameters are recorded in Table 3 
along with the other parameters mentioned in the 
present section. In Fig. 10 a correlation between 
p, /p , ,  and log k,  for Me1 is presented. The 
correlation is inferior to that of p r / p r ,  us. log k,  
and appears to be curved, possibly as a con- 
sequence of the greater range in the log k, values 
as p , /p , ,  is varied. We do not, however, propose to  
discuss this correlation further at the present time. 
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10.0 

f x dyne cm-' 
0.0 

FIG. 6 .  Correlation between bimolecular rate of 
attack of various nucleophiles (A = SZOsZ-, B = OH-, 
and C = HZO) on the methyl halide ion pairs us. the heat 
of ionization of MeX in the gas phase (AH,', X = F, C1, 
Br, I). 

-3.0 
200 220 240 

AH; 

FIG. 7. Correlation between bimolecular rate of 
attack of various nucleophiles (A = SZOsZ-, B = OH-, 
C = HZO) on the methyl halide ion pairs us. the force 
constant (f) of the C-X bond (X = F, CI, Br, I). 

FIG. 8. Correlation between bimolecular rates of 
attack of various nucleophiles (A = B = OH-, 
C = H,O) us. the selectivity parameter p,/p,, obtained 
from the Swain-Scott correlation (Figs. 1 and 2). 

Some Further Confirmatory Evidence 
The free energy changes for the overall process 

[271 MeX(g) e MeX(aq) e Me+X-(aq) 
X = F, CI, Br, I 

might be expected to show a correlation with the 
free energy changes for the process 

[28] HX(g) e H+(aq) + X-(aq) X = F, CI, Br, I 

since changes in AG for the reactions symbolized 
by reaction 28 depend solely on the solvation 
properties of X - ,  the solvation of the proton 
being a constant factor in the reaction series. 
Essentially the model assumes that the role of the 
methyl cation in the ion-pair (reaction 27) is to 
replace one or possibly two water molecules in the 
primary solvation sheath of the halogen anion. 
The enthalpy changes for the process (reaction 28) 
are known (41) and the related entropy changes 
can be readily computed from the gas phase 
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TABLE 3 
Rate constants and other parameters characterizing the ion-pair mechanism for the methyl halides, T = 25 "C 

Parameter Anion MeF MeCl MeBr Me1 P./P., Reference 

H z 0  
OH - 
s~o3~- 
I - 
F- 
Br- 
C1- 
CN- 
SCN- 

This work 
40 
41 

This work 

'In kcal/mole. 
tIndyncm-1 x 10-5. 

FIG. 9. Correlation between bimolecular rates of 
attack of various nucleophiles (ordinate) (A = S203'-, 
B = I-, C = H20)  on the methyl halide ion pairs us. the 
birnolecular rates of attack of lyate ion on these species. 

entropies of HX and the related ions in solution. 
Since two ions are produced in the transfer of the 
HX molecules from gas to solution, the problem 
of single ion entropies does not arise. The enthalpy 
and entropy terms can be combined in the usual 
way to give the values AG for the four processes 
summarized by reaction 28. 

The overall free energy changes accompanying 
the two processes in reaction 27 can be computed 
from the log Ke values reported in this paper and 
the initial state data measured by Glew and 
Moelwyn-Hughes (42). 

The correlation (Fig. 11) between the partly 
kinetic and purely thermodynamic quantities is 
excellent and provides further confirmation that 

FIG. 10. Correlation of bimolecular rate constants of 
various nucleophiles on the methyl iodide ion pair us. the 
selectivity of the nucleophiles p./p.,. The OH- ion used as 
a standard, i.e. p, = 1, N, = OH-. 

the log K, quantities in Table 3 are meaningful. 
The data for this calculation are recorded in 
Table 4. 

The slope of the correlation (Fig. 11) might be 
considered as giving a rough measure of charge on 
the ion pair. Depending on how AG varies with 
charge (40) we estimate "e" to be between 
0.76-0.87, which is reasonable. 

Summary and Final Comments 

The final order of reactivity on the log k0 scale 
for the methyl halides in both the solvolysis 
reaction and the definite bimolecular displace- 
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TABLE 4 

Thermodynamic data relevent to eqs. 27 and 28, T = 25 "C 
-- pp 

HX/MeX AH(g -> s ) t  S,f s,.,§ AS11 AG log Kc* AG,* AG,,,*T AG** 

H F  -11.6 41.9 -2.30 -37.85 0.3 -13.90 18.97 -0.2 18.77 
HCI -17.4 44.5 13.20 -24.28 -10.17 -8.81 12.02 -0.6 11.42 
HBr -19.95 47.6 19.29 -21.96 -13.4 -7.19 9.81 -0.85 8.96 
HI -19.2 49.7 26.14 -17.21 -14.10 -6.68 9.11 -0.95 8.16 

*MeX data; the data without asterisks are for the HX compounds. 
?Reference 41, chap. :8, p. 846. 
$Reference 41. 
§Reference 43. 
IlCorrected to a standard state of I mole/l in both phases by subtracting 6.35 e.u. from the gas phase entropies reported for p = I atm. 
TlCalculated from data in ref. 40. 

**Calculated from A G  = AG. + A(;,,,. 

FIG. 11. Correlation between free energies of dissolu- 
tion of the hydrohalic acids (HX, X = F, CI, Br, I) and 
the free energies of dissolution of the methyl halide ion 
pairs (MeX, X = F, CI, Br, I). 

ments is now seen to be the result of two opposing 
sequences, the heterolytic ion-pair formation 
sequence (Ke) Me1 > MeBr > MeCl > MeF 
combined with a bond forming sequence 
MeF > MeCl > MeBr > MeI, theformerbeing 
dominant in the overall process. However, it is 
important to note that the bond forming process 
is not concerted in the sense that the incoming 
group provides the main driving force for the 
expulsion of the leaving group usually represented 
by 

6 -  6 +  6 -  

[29] N-. - CH3-X + [N . . . CH3 . . XI + 
N-CH3 + X- 

Rather, the MeX molecule must become activated 
before the displacement process can occur. The 

high charge on the ion pair (see above) suggests 
that this species is held together primarily by 
electrostatic rather than covalent forces and the 
role of the incoming nucleophile is to reduce the 
electrostatic interaction to a level where the anion 
can escape. In this sense, bond making and bond 
breaking processes are not truly concerted in the 
manner represented in reaction 29. The formation 
of a new bond is a distinct kinetic process. The 
rapidity of these processes (see Table 3) and the 
small kinetic solvent isotope effect (k(H,O)/ 
k(D,O), see ref. 44)" suggests that the interac- 
tion between the ion pair and the nucleophile is 
relatively weak. 

The extension of the ideas presented here to a 
wider series of RX structures is obviously desir- 
able. The study of an extended range of nucleo- 
philes attacking the triaryl carbonium ions is also 
required, including a thorough study with hy- 
droxide ion to complement Taft's study of the 
water reactions (24). This would establish the 
constants in eq. 26 with greater certainty. A 
direct determination of the selectivities of the 
various ions in Table 1 would also result from 
such studies and establish whether these are 
independent of the nature of the reacting carbon 
center. At the present time we predict that this 
will be so, since the consistency of the two 
approaches offered by eqs. 12, 14, and 25 would 
seem to preclude any alternative. As long as the 
nucleophiles are of a similar size, the pn/pn, scale 
is likely to be unique and well defined, i.e. an 
appropriate linear free energy relationship exists. 

One possible source of error in the calculations 
is the constant term (- 5.97) in eq. 26 which may 

''A more detailed account of the significance of the 
kinetic solvent isotope effect with respect to the mech- 
anism of the displacement will appear elsewhere. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3818 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

be inappropriate for primary centers. If this is so, 
the reported values of log K, and log k, will be 
relatively correct, but their absolute magnitudes 
will remain uncertain. We see no obvious way of 
overcoming this difficulty at the present time. 

Finally, we believe that the evidence presented 
here provides substantial support for Sneen and 
Larsen's contention (4) that the mechanism of the 
displacement process at a primary carbon atom 
does not take place via the classical SN2 Heitler- 
London mechanism. We fully concur with their 
view~oint stated earlier: "direct attack on 
covalent carbon seldom if ever occurs" and by 
inference many of the conceptual difficulties 
associated with the SNl-SN2 mechanistic dicho- 
tomy (45) recede. 

The patience, stimulation, encouragement, and cri- 
ticisms of Dr. R. E. Robertson and his research team are 
gratefully acknowledged. Thanks are also due to the 
National Research Council of Canada for continued 
financial support and to Memorial University of New- 
foundland for the granting of a year's leave of absence. 
Finally, the author wishes to thank the University of 
Calgary for its hospitality during his year of stay from 
September 1969 to August 1970. 
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Studies related to the mechanism of action of cardiac glycosides. 
On the reactions of thiols with unsaturated lactones and on the 
structure of the compound previously reported as ouabagenin. 

The preparation and properties of authentic ouabagenin' 

J. BRYAN JONES AND HUGH W. MIDDLETON 
Deparfrnerzt of Cllernistry, Uttiuersity of Tororlto, Tororzto 181, Orztario 

Received June 12, 1970 

In connection with mechanism of action studies on cardiac glycosides, the reactions of a-pyrone, 
y-crotonolactone, digitoxigenin, and ouabagenin have been studied. No Michael addition reactions were 
observed with the cardenolide aglycones. The compound previously reported in the literature as ouaba- 
genin has been shown to be la,3B,5B,I 1a,14~,19,21-heptahydroxycard-20,22-enoic acid and the prepara- 
tion and properties of  authentic ouabagenin are described. 
Canadian Journal o f  Chemistry, 48, 3819 (1970) 

During investigations designed to evaluate 
which, if any, chemical reactions might be in- 
volved in the physiological activity of cardiac 
glycosides it was noted that thiols protect against 
the cardiotoxic activity of cardiac glycosides (1). 
Furthermore, sulfhydryl groups are known to be 
involved in the mechanism of action of the 
sodium-potassium ion active transport ATPZ-ase 
enzymes of nerve cells (2); the enzyme is strongly 
inhibited by cardiac glycosides (2) and the data 
available are consistent with the cardiotoxic 
action of cardiac glycosides being due to their 
inhibition of such enzymes. 

In this regard it was noted that the normal 
substrate ATP, of the active transport enzymes, 
and cardenolides could adopt conformations of 
similar steric dimensions in which the lactone ring 
of the cardenolide occupied the same position in 
space as the ATP phosphate grouping displaced 
in vivo by the enzymic nucleophile (3).3 

These data, coupled with the observations that 
cardiac glycosides lose all or part of their cardio- 
tonic and cardiotoxic activity upon saturation or 
epimerization of the C-17 lactone ring (1, 5-7) 
and that such a chemical transformation results 
in a significant lowering of their ATP-ase 
inhibitory action (7, 8), led us to investigate the 
possibility that the active cardenolides and 

'Abstracted from the Ph.D. Thesis of H. W. Middleton 
(26). 

ZAdenosinetriphosphate. 
3Unfortunately, the recently determined (4) three 

dimensional structure of hydrated disodium ATP does 
not enable any conclusions to be drawn regarding the 
conformation of ATP when it is at the active site of the 
active transport enzyme. 

bufadienolides might be bound to their re- 
ceptor site via a Michael addition reaction with 
a receptor nucleophile, such as a cysteine thiol 
residue, as illustrated in Scheme 1 for the car- 
denolide lactone ring system. The Michael 
addition reaction 1 + 2 -> 3 could not occur for 
the saturated, and largely inactive, lactone ring 
analogues of the cardenolides 1. 

Initially model studies with simple thiols were 
carried out using the readily availablecompounds 
a-pyrone (4) and y-crotonolactone (5) as being 
structurally representative of the lactones occur- 
ring in bufadienolides and cardenolides respec- 
tively .4 

The first experiments were carried out on 
a-pyrone (4) using a-toluene thiol as a simple and 
convenient model for in vivo cysteine thiol groups 
(12). At room temperature in aqueous methanolic 
solution a-pyrone was found to react completely 

jIt was realized that the use of a-substituted lactones 
would have provided more suitable models of the cardiac 
glycosides, especially in view of the known reluctance of 
thiols to undergo Michael addition when p-substituents 
are present in the conjugated system (9-11). However, 
owing to the difficulties involved in carrying out such 
reactions on cardenolides and in interpreting their p.m.r. 
spectra, i t  was decided to delineate the reaction con- 
ditions, and to obtain reference p.m.r. spectra of the 
products, on  the simplest model compounds available. 
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with one equivalent of benzyl thiol anion, as 
evidenced by the disappearance of vinylic proton 
peaks from the p.m.r. spectrum. However, the 
overall spectrum was unassignable to any one 
compound and t.1.c. analysis showed the reaction 
mixture to be a very complex one. The i.r. 
spectrum of the mixture showed a sharp absorp- 
tion band at 1740 cm-' indicating a saturated 
lactone or ester to be present but all attempts to 
resolve the mixture, including distillation and a 
variety of chromatographic methods, were un- 
successful. Upon lowering the temperature to 
-35", a slower reaction occurred to give (by t.1.c.) 
a mixture of four unstable compounds each of 
which rapidly decomposed on keeping at 0" and 
in the hope of inducing greater product stability 
attention was turned to the reactions of cysteine 
and its derivatives. Cysteine, its methyl ester, and 
N-acetylcysteine methyl ester were found to react 
rapidly with a-pyrone but again the numbers of 
products obtained and the difficulties encoun- 
tered of product decomposition during attempted 
purification precluded any conclusions being 
drawn. At this stage further work on a-pyrone 
was postponed since although the problem was 
chemically challenging, the complexity of the 
reactions encountered would have rendered any 
conclusions drawn to be of little in vivo relevance. 

The reactions of the cardenolide lactone an- 
alogue, y-crotonolactone (4-hydroxybut-2-enoic 
acid lactone, 5) were studied next. Again the 
reactions with a-toluene thiol anion were con- 
sidered first and, as expected, an extremely facile 
Michael reaction to give 3-benzylthio-4-hydroxy- 
butyric acid lactone (6, quantitative yield by 
p.m.r.) was observed in both aqueous and 
methanolic solutions. Although the Michael addi- 
tion product 6 underwent reverse Michael cleav- 
age very readily, a 46% yield of the pure com- 
pound could be isolated. The addition reaction 
was found to be extremely fast in the p H  range 
8-11, and was still very rapid at physiological 
p H  (7.4). As expected from related work (3), the 
thio-lactone 6 did not react further when excess 
a-toluene thiol was used. 

From the point of view ofproviding a reference 
spectrum to assist in analyzing those of the cor- 
responding glycoside compounds, the p.m.r. 

pattern of 6 was particularly encouraging since 
all but a few of the peaks occurred at chemical 
shifts (6 1.97-4.38 and aromatic protons at 
6 7.22 p.p.m.) which were outside the cardiac 
aglycone envelope of -- 6 0.8-2.2 p.p.m. 

Attention was then turned towards the reaction 
of y-crotonolactone with cysteine and its deriv- 
atives since the properties of the thiol group of 
the latter compounds should be much closer to 
that of the in vivo thiol nucleophile than for 
a-toluene thiol. Disappointingly, our studies in 
both aqueous and methanolic solutions, on the 
reactions of 5 with the anions of cysteine, 
N-acetylcysteine, and N-acetylcysteine methyl 
ester did not Drove to be definitive since it was 
not possible to purify the reaction mixtures 
sufficiently to enable the products to be fully 
characterized. However, spectral and other evi- 
dence did indicate that the expected thiol Michael 
additions were occurring. 

Although the principal interest of this investi- 
gation was a study of the reaction of cardenolide- 
like unsaturated lactones with potentially 
important in vivo nucleophiles, the fact that 
saturated lactone cardenolides retained some 
cardiac activity (5, 6) prompted us to consider 
whether or not any significant interaction of such 
saturated y-lactones with the active transport 
ATP-ase cysteine thiol group(s) could be ex- 
pected. Reppe and his co-workers (13) had 
reported that y-butyrolactone (7) interacted with 
thiols to give initially the product of carbonyl 
addition in a reversible reaction, and that under 
more vigorous conditions y-thiolbutyric acids 
were formed. The generality of this reaction was 
confirmed by the formation of Cbenzylthiol- 
butyric acid (8, R = H) in 50% yield following 
extended refluxing of a-toluene thiol anion and 
y-butyrolactone in aqueous solution (Scheme 2). 
The acid 8 (R = H) was further characterized as 
its methyl ester 8 (R = Me). The initial formation 
of the carbonyl addition product 9 was also con- 
firmed by its isolation from anhydrous benzene 
solution. The i.r. spectrum of 9 showed no 
lactone carbonyl absorption but contained a band 
at 1570 cm-' attributable to the C-0- stretch- 
ing vibration. (Sodium methoxide shows a 
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C ~ H ~ S - N ~ ~ ;  benzene (dry); 20" c ~ H ~ s N ~ + ;  HzO; 100" - @o k c~H~S(CHZ)~COOR 

similar i.r. absorption band.) Due to solubility 
and stability problems, a satisfactory p.m.r. 
spectrum of 9 could not be obtained. On the basis 
of these results it was concluded that under 
aqueous in vivo conditions such interactions of 
thiol nucleophiles with the saturated lactone 
cardenolides were unlikely to be of much 
significance. 

With the Michael addition conditions for the 
formation of compounds such as 6 delineated, 
and with the p.m.r. spectra available as reference 
standards, the reactions of a-toluene thiol with 
cardenolide aglycones themselves were examined. 

Digitoxigenin (10) was selected as being a 
typical cardenolide aglycone and attempts were 
made to effect the addition of a-toluene thiol 
under a variety of conditions. These ranged from 
refluxing the reactants in benzene in the presence 
of potassium carbonate, in tetrahydrofuran con- 
taining methylamine, and using sodium a-toluene 
thiolate in tetrahydrofuran, methanol and aque- 
ous methanol solutions. Only in the methanolic 
solutions at p H  > 8, was any reaction observed 

AcO 
H 

and the only detectable product proved to be 
isodigitoxigenin (11). The formation of 11 from 
digitoxigenin is known to be facile in basic 
media (14) and the a-toluene thiol anion present 

in these reactions thus functions only as the base 
needed to effect isomerization. 

In order to eliminate the problem caused by 
the formation of the iso-derivative under the 
basic reaction conditions necessary to effect any 
Michael reaction digitoxigenin was converted 
to 3~-a~et~l-A'~~'~-anhydrodigitoxigenin (12). 
However, yet again no Michael reaction with 
a-toluene thiol could be effected. 

Owing to the insolubility of digitoxigenin in 
solutions containing relatively large proportions 
of water, attention was turned towards ouaba- 
genin (15) in the hope that the additional hydroxyl 
groups would enable reactions to be carried out 
under conditions approximating more closely 
those obtaining in vivo. However, as described 
below, these proposed investigations were some- 
what delayed by the discovery that the compound 
reported in the literature (15, 16) as ouabagenin 
did not in fact have the assigned structure 15. 

A satisfactory procedure for the hydrolysis of 
ouabain (13) to its aglycone was first reported by 
Mannich and Siewert (1 5). The method involved 
conversion of ouabain to ouabagenin-1,19- 
acetonide (14) followed by hydrolysis of the 
acetonide with hot aqueous ethanolic hydro- 
chloric acid to give a compound m.p. 235-238" 
which was not unreasonably considered to be 
ouabagenin. Subsequently Djerassi and Ehrlich 
(16) had cause to reinvestigate the hydrolysis 
reactions and obtained the same material with a 
slightly higher m.p. of 242-243". 

The compound we obtained from the hydrol- 
ysis of ouabain had m.p. 247-248" and possessed 
other physical properties virtually identical with 
those reported (15, 16). However, it was noticed 
that the i.r. carbonyl stretching frequencies at 
1717(sh), 1729, and 1826 cm-' were outside the 
ranges of 1790-1778 and 1758-1736 cm-' nor- 
mally associated (17) with the cardenolide 
carbonyl groups (see Table 1). 

The possibility that this difference was due in 
some way to hydrogen bonding in the solid state5 

5For crystalline digitoxigenin, X-ray studies have 
shown the lactone carbonyl to be hydrogen-bonded to 
the C-3p hydroxyl group (19). 
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TABLE 1 

Cardiac aglycone carbonyl stretching frequencies 

Infrared carbonyl frequencies (cm-I) 

I I 

Band I  aid I1 

Normal cardenolide range (17) 
Ouabain (13)* 
Ouabagenin acetonide (14)* 
True ouabaaenin 115)* 
Compound hp. 247L248 (16)* 1826 1729 1719 

Abnormal cardenolides 
Calotropagenin (18) 1831 1779 1719T 
Gitoxigenin* 1821 1788 1760 1718 

*In both Nujol and KBr. 
?Also contains the C-19 aldehyde peak. 

was eliminated since the deuterated derivative and slightly soluble. Owing to solubility diffi- 
obtained on replacement of all exchangeable culties, and to the ease with which 15 and 16 
protons by deuterium (with D,O) exhibited an equilibrate, the U.V. and p.m.r. spectra of the two 
identical i.r. spectrum in the carbonyl region. The compounds in a variety of solvents were not very 
broad i.r. bands in the 3700-2400 cm-I region helpful in distinguishing the structural differ- 
were indicative of a carboxylic acid and since the ences. The differences observed in the chemical 
hydrolysis of the acetonide 14 was performed properties of the two compounds (summarized 
under somewhat vigorous conditions (1 5, 16), the 
possibility was considered that hydrolysis of the 
cardenolide lactone ring might have occurred and 
that the m.p. 247-248" material was not oua- 
bagenin but was in fact the corresponding acid, 
1 P,3P,5P, 11 a ,  14P-19,2 l-heptahydroxycard- 
20:22-enoic acid (16). This view was substan- 
tiated by the successful hydrolysis of 14 to true 
ouabagenin (15) under much milder conditions 
viz. with refluxing0.004 N 50 % aqueous ethanolic 
hydrochloric acid for 90 s. The ouabagenin (15) 
obtained (33 % ofpure material) showed a normal 
i.r. pattern in the carbonyl region (Table 1) and 

in Chart 1) were also consistent with the assign- 
ment of their structures as the lactone and 
hydroxy acid respectively. 

A further difference in properties of 15 and 16 
was manifested by their reaction with methanol. 
With methanol containing a trace of triethyl- 
amine both compounds yielded the methyl ester 
17; however, in the absence of base ouabagenin 
itself was unreactive and only the acid 16 was 
converted to 17 on treatment with pure methanol. 

The isolation of the acid 16 instead of the 
expected ouabagenin 15 from the original hydrol- 
yses (15, 16) can be ascribed to the fact that 15 

its i.r. spectrum was distinctly different from that and 16 equilibrate in solution and as the hydrol- 
of 16 in the hydroxyl, carbonyl, and fingerprint ysis proceeds the extremely insoluble acid 16 
regions. It was best purified by dissolving in crystallizes out thereby displacing the equilibrium 
absolute ethanol or dioxane followed by slow progressively until no ouabagenin remains in 
precipitation with diethyl ether or benzene respec- solution. 
tively. The samples obtained in this way contained Another factor which may contribute to the 
one molecule of ethanol or dioxane respectively 
of crystallization. 

A comparison of other physical properties 
confirmed that the two compounds were different 
and were not merely dimorphs. For example, 15 
(with one dioxane of crystallization) has m.p. 
265-266", an R, of 1 .O on t.1.c. analysis on DEAE 
cellulose with n-butanol development, and is very 
soluble in water. In contrast, the corresponding 
data for 16 are, respectively, 247-24S0, R, = 0, 

preferential isolation of the hydroxyacid 16 is the 
possibility of hydrogen bonding between the 
C-1 l a  hydroxyl and C-21 hydroxyl groups. Such 
hydrogen bonding would require ring C to have 
a very deformed chair, or possibly twist boat, 
conformation and octant rule analyses6 of liter- 
ature (20) optical rotatory dispersipn data on 

=A detailed account of the analyses is given in the 
Ph.D. thesis of H. W. Middleton (26). 
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Acetone; H+; 25O 

Rhamnose-0 

Acetone; H+; 25" Mild H+ 
H+ hydrolysis hydrolysis 

H0 COOH 

H20; 20" 
I + b 

Dioxane; benzene; 
20" 

HO HO 

trace of EtjN 

cardenolide 11-ketones are in accord with this 
~uggestion.~ Such hydrogen bond stabilization of 
the acid form may well be of general importance 
in cardiac glycoside or aglycone chemistry since 
where similar possibilities exist, for example for 
calotropagenin and gitoxigenin, the i.rr spectra 
are also anomalous in the carbonyl region 
(Table 1) suggesting that these two also are not 
the aglycones but are in fact interconvertible 

7The deformation, towards a boat-like contormation, 
required of ring C is much greater than that apparent 
from the X-ray structure determination of digitoxigenin 
(19). However, the structural differences between 
digitoxigenin (10) and the acid 16 are sufficiently 
great to preclude direct extrapolation of the digitoxigenin 
X-ray conclusions to 16. Futherrnore the presence in 16 
of a hydroxy acid function at  C-17 in place of the lactone 
moiety, and of a C-ll hydroxyl group, would destroy 
the contribution made by the C-3 hydroxyl-lactone car- 
bony1 hydrogen bond towards stabilizing the digitoxigenin 
ring conformations observed in the crystalline state. 

mixtures of the lactones and the corresponding 
acids. Obviously, however, much further work is 
needed before the above suggestion can be 
corroborated. 

In view of the effort which had been expended 
to prepare an authentic sample of ouabagenin it 
was discouraging to find that, as for digitoxigenin, 
it did not react with a-toluene thiol under a broad 
range of conditions. The remote possibility 
existed that Michael addition was being prevented 
by the steric bulk of the benzyl group of the 
a-toluene thiol nucleophile. However, ouaba- 
genin and digitoxigenin failed to react even with 
the least hindered of all thiol nucleophiles, 
hydrogen sulfide. As expected the model lactone 
y-crotonolactone reacted smoothly (80 "/, yield) 
with hydrogen sulfide to give the product of 
bis-Michael addition 18. 

Our inability to demonstrate the hoped for 
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Michael additions with the aglycones 10 and 15 
was disappointing but not altogether unex- 
pected since, as noted previously, the presence 
of the substituent on the P-carbon of the con- 
jugated system was known to be undesirable 
(9-1 1). Thus from the above data it can only be 
concluded that in vivo Michael addition of a thiol 
group to the lactone rings of cardenolides can not 
be of much importance with respect to either the 
cardiotonic or cardiotoxic properties. However, 
the reactivity of the C-23 carbonyl of cardenolides 
and bufadienolides (21) towards methoxide ion 
indicates that a similar interaction of the cardiac 
glycosides with a nucleophile of the active 
transport ATP-ase or a related intermediate may 
well be important and further studies which may 
clarify this question are in progress. 

Experimental 
Melting points were determined on a Fisher-Johns 

block and are uncorrected. The i.r. spectra were obtained 
on Beckman I.R. 8, and Perkin-Elmer 237-B and 521 
spectrophotometers and p.m.r. spectra on a Varian A-60 
or HA-100 instrument. The U.V. spectra were measured 
on a Perkin-Elmer 350 spectrophotometer and optical 
rotations on a Bendix-Ericsson ETL-NPL Automatic 
Polarimeter Type 143 A. 

Merck silica gel G or Macherey, Nagal and Co. 
MN-cellulose 300 DEAE powder were used as the t.1.c. 
adsorbents. The spots were visualized by spraying with 
50% aqueous p-toluenesulfonic acid followed by heating 
to 100' in the case of silica plates, or in the case of the 
cellulose plates by spraying with hot methanolic sodium 
hydroxide solution containing m-dinitrobenzoic acid. All 
compounds characterized were purified until analysis by 
t.l.c., and where appropriate, g.1.c. (3.8% SE-30 on 
Chromosorb G column) showed no impurities. 

Compounds 
a-Pyrone (4) b.p. 89" (6 Torr) was obtained in 41 % 

yield by pyrolysis of coumalic acid (Aldrich) (22). 
4-Hydroxybut-2-enoic acid lactone (y-crotonolactone, 

5) b.p. 83-87" (9 Torr) was prepared from 2-acetoxy- 
furan in 60% yield (23). 

Ouabain and digitoxigenin were obtained from Sigma 
and Mann respectively. 

Reaction of 4-Hydroxybut-2-enoic Acid Lacfone (4) 
with a-Toluenethiol 

a-Toluenethiol (2.95 g, 24 mmoles) was dissolved in 
2.6 N sodium methoxide (9.16 ml, 24 mmoles) and the 
mixture added at 20" to a stirred solution of I-hydroxy- 

ZHEMISTRY. VOL. 48, 1970 

but-2-enoic acid lactone (2.1 g, 24 mmoles) in methanol 
(10 ml). After the addition was complete the reaction 
solution was brought to p H  4 almost immediately (10 s) 
with 7.27 N methanolic hydrogen chloride (3.3 ml, 
24 mmoles). The solution was concentrated by rotary 
evaporation at 20' and the crude product was fractionated 
to give 1.5 g of 3-benzylthio-4-hydroxybu~yric acid (6) 
b.p. 132-133" (0.35 Torr), i.r. (CCI,) 1794 and 690 cm-'  
(C-S); p.m.r. (CCl4) 6 1.97-2.86 (m, 2, C-2 CH,), 
3.22-3.52 (m, 1, C-3 CH), 3.68 (s, 2, CsHsCHz), 3.72- 
4.38 (m, 2, C-4 CH,) and 7.22 (s, 5, C6H5) p.p.m. 

Anal. Calcd. for C l IHlzO2S:  C, 63.13; H, 5.78; 
S, 15.32. Found: C, 63.14; H,  5.79; S, 15.29. 

Similar yields of 6 were obtained in aqueous methanol 
in the p H  range 7.4-1 1. 

The Reaction of a-Toluet~et/~iol with y-Butyrolactone 
(a) Sodium a-toluenethiolate (1.46 g, 11.6 mmoles, 

obtained by evaporating to dryness a methanol solution 
containing equimolar amounts of a-toluenethiol and 
sodium methoxide) was added at 20" to a vigorously 
stirred solution of y-butyrolactone (0.94 g, 11.6 n~moles) 
in anhydrous benzene (20 ml). After 2 h the undissolved 
thiolate was filtered off under dry nitrogen and the 
filtrate diluted with anhydrous diethyl ether. The pre- 
cipitate formed was collected under dry nitrogen, washed 
with anhydrous diethyl ether and dried in vrrcuo to  give 
the sodium salt of 2-benzyl-2-hydroxytetrahydrofr~ra~z (9) 
(0.5 g), i.r. (Nujol) 1550 cm-' (C-0-). 

(b) A mixture of a-toluenethiol (14.6 g, 0.116 mole) 
in 11.6 N aqueous sodium hydroxide (I0 ml, 0.1 16 mole) 
and y-butyrolactone (9.3 g, 0.1 16 mole) was refluxed 
under nitrogen for 5 days. The cooled reaction mixture 
was then neutralized with 1 N hydrochloric acid (1 16 ml, 
0.1 16 mole) and the solution extracted with diethyl ether 
(3 x 40 ml). The combined ether extracts were dried 
(MgSO,), evaporated, and the crude product obtained 
was fractionally distilled twice to give 11.5 g of 4-benzyl- 
thiobutyric acid (8, R = H) b.p. 148-150" (0.09 Torr), 
nDzo 1.553 1 ; i.r. (CCI,) 3550-2400, 1718, and 690 cm-' 
(C-S); p.m.r. (CCI,) 6 1.7-2.05 (m, 2, CHzCHzCOOH), 
2.2-2.6 (m, 4, CHzCOOH and SCH2CH2); 3.59 (s, 2, 
C ~ H S C H Z ) ,  7.18 (s, 5, C6H5), and 8.2 (s, 1, COOH) 
p.p.m. 

Anal. Calcd. for C l lH140zS :  C, 62.83; H, 6.71; 
S, 15.25. Found: C, 63.01; H, 6.82; S, 15.08. 

Treatment of the thioacid 8 (R = H) with ethereal 
diazomethane gave the methyl ester 8 (R = Me) in 
quantitative yield, b.p. 112" (0.07 Torr), i.r. (CCI,) 
1748 cm-'. 

Anal. Calcd. for C12H,60zS: C, 64.25; H, 7.19; 
S, 14.29. Found: C, 64.40; H, 7.15; S, 14.18. 

The Reacfion of Digitoxigenin lvith a-Toluenethiol under 
Basic Conditions 

Digitoxigenin (25 mg, 0.66 mmole) was added with 
stirring under nitrogen at 20' to a solution of a-toluene- 
thiol (0.8 g, 6.6 mmoles) in methanol (10 ml) containing 
1 N aqueous sodium hydroxide (0.66 ml, 6.6 mmoles). 
After stirring for a further 6 h the reaction mixture was 
neutralized with 1 N aqueous hydrochloric acid (0.66 ml, 
6.6 mmoles), filtered, and the filtrate evaporated at room 
temperature. The residual solid was recrystallized from 
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methanol - diethyl ether to give 16 mg of isodigitoxi- (2 ml). After 2 min crystals began to separate and after 
genin' (11) m.p. 27&271°, identical in all respects with keeping at 0" for a further 1 h the mixture was filtered. 
an authentic sample prepared in 66% yield as described The crystalline solid obtained was washed with first hot 
by Jacobs and Gustus (14). n-butanol (10 ml) and then with anhydrous diethyl ether 

(60 ml) and dried in vacuo at 20" to give 0.44 g of the 
The Preparation of 38-Acetyldigitoxigenin and acid 16 identical in all respects to the sample obtained 

3B-A~etvl-A~~'~~)-di~itoxi~enin 112) above. " - 
3p-kcetyldigitoxigenin, m.p. 228-2270 (lit. (24) m.p. 

227"), was obtained in 69% yield by acetylation of 
digitoxigenin with acetic anhydride in pyridine (24). Its 
subsequent dehydration with phosphorous oxychloride 
(24) gave 3!3-a~etyl-A'~"~)-digitoxigenin (12, 46% yield), 
m.p. 183-184", [a]DZZ - 11.4 + 0.2" (c 6 in CHC13) 
(lit. (24) m.p. 182-184", [aIDlS - 11.6 + 2" (c 0.95 in 
CHCI,)). The anhydro compound 12 did not react with 
a-toluenethiol in basic methanol solution. 

The Preparation of Ouabagenin Acetonide (14) 
(a) From Ouabain 
Ouabagenin acetonide (14) m.p. 304-305" (lit. (16) 

m.p. 302-304") was prepared in 81 % yield by hydrolysis 
of ouabain octahydrate following the procedure reported 
by Djerassi and Ehrlich (16). 

(b) From Authentic Ouabagenin 15, the Cardenoic 
Acid 16, and the Methyl E.ster 1 7  

Any one of compounds 15, 16, or 17 (100 mg) was 
dissolved in acetone containing a trace of hydrogen 
chloride and the solution seeded with a crystal of 
ouabagenin acetonide. Crystals began to separate after 
a short time and after keeping for several hours at 20°, 
the product was collected, washed with acetone (40 ml), 
then with anhydrous diethyl ether (60ml) and dried 
in vacuo. The ouabagenin acetonide (80 % yield) obtained 
from each reaction was identical in all respects with 
authentic material. 

The Preparation of 1~,3~,5~,Ila,14~,19,21-Hepta- 
hydroxycard-20,22-enoic Acid (16) 

(a) From Ouabagenin Acetonide 
A solution of the acetonide (2.4 g, 5.1 mmoles) in 50% 

aqueous ethanol (30 ml) containing 2 M aqueous acetic 
acid (0.5 ml) was heated under reflux for 30 min. The 
cooled (20") reaction mixture was then concentrated by 
rotary evaporation and the solid which separated was 
filtered off, triturated with hot n-butanol, and recrys- 
tallized from a large volume of cold ethanol (14). The 
acid 16 obtained (1.1 g) had m.p. 247-248", 
11.3 + 0.8 (c 1.5 in HZO) (lit. (16, 25) m.p. 242-2W, 
[a]Dl7 11.3 (C 1.3 in H20)), i.r. (Nujol) 1729 and 
1717 cm-', U.V. (CH30H) 220.5 nm (E 9150). 

(b) Frorn Authentic Ouabagenin (15) 
Authentic ouabagenin (containing one dioxane of 

crystallization, 0.5 g, 9.8 mmoles) was dissolved in water 

'Although p.m.r. spectra were recorded for each of the 
cardenolide compounds discussed in this paper, no data 
have been included in the experimental section since the 
complexity of the spectra obtained makes a mere listing 
of chemical shifts, peak multiplicities, etc. rather point- 
less. The p.m.r. data were in accord with each structure 
assignment made and copies of all spectra are available 
from the authors on request. 

The Preparation of Autherztic Ouabagenin (15) 
(a) From Ouabagenin Acetonide 
The acetonide (0.58 g, 1.1 mmoles) was added all at 

once to refluxing 50 % aqueous ethanol (50 ml) containing 
2 N aqueous hydrochloric acid (0.1 ml). Heating under 
reflux was continued for a further 90 s after which time 
the solution was cooled rapidly to 20°, filtered, and the 
filtrate rotary evaporated to dryness at 30'. The residue 
was dissolved in- warm ethanol (40 ml), the solution 
filtered, and anhydrous diethyl ether (160 ml) added. The 
precipitate formed was collected, and after being recycled 
through the latter ethanol - diethyl ether procedure, was 
dried, in vacuo at 20" to give 0.18 g of authentic ouabagenin 
(containing ethanol of crystallizationg), i.r. (Nujol) 1782 
and 1736 cm-I, U.V. (HzO) 218.5 nm (E 14800). 

Anal. Calcd. for CZ3H34o8.1 EtOH: C, 62.0; H, 8.27. 
Found: C, 61.79; H, 8.09. 

(b) From the Acid 1 6  
The cardenoic acid 16 (100 mg, 0.22 mmole) was dis- 

solved in warm dioxane (20 ml) and anhydrous benzene 
(50 ml) was then added to the filtered solution. After 
keeping for 5 h at loo, the precipitated solid was filtered, 
washed withanhydrous diethyl ether and dried in vacuo at 
20" to give 84 mg of authentic ouabagenin (15, containing 
one dioxane of crystallizationg) m.p. 265-266", i.r. and 
U.V. absorptions were identical with those of the sample 
obtained above except for differences due to solvent-of 
crystallization. 

Anal. Calcd. for C23H3408.1 dioxane: C, 61.6; 
H, 7.98. Found: C, 61.66; H, 8.12. 

The Preparation of Methyl 1 ~ , 3 ~ , 5 ~ , l l a , 1 4 ~ , 1 9 , 2 1 -  
Heptahydroxycard-20,22-enoate (17) 

(a) From the Parent Acid 16 
The acid 16 (100 mg, 0.22 mmole) was dissolved in 

methanol (25 ml) and after keeping for 20 min at 20°, 
anhydrous diethyl ether (75 ml) was added. After 12 h 
the crystals which separated from the solution were 
filtered off, washed with diethyl ether, and dried to give 
85 mg of the methyl ester 17 m.p. 264265", i.r. (Nujol) 
1706 cm-l, U.V. (MeOH) 221.5 nm (E 9090). 

Anal. Calcd. for C24H38O9: C, 61.29; H, 8.06. Found: 
C, 61.46; H, 8.04. 

(b) From Authentic Ouabagenin 
Ouabagenin (containing one dioxane of crystallization, 

100 mg, 1.21 mmoles) was dissolved in methanol (25 ml) 
containing one drop of triethylamine. After keeping for 

gDue to the presence of solvent of crystallization, 
anomalously low m.p. values were often observed for 
ouabagenin samples. The value quoted for ouabagenin.1 
dioxane is considered the most reliable. 
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20 min at 20' diethyl ether (75 ml) was added and the 
methyl ester 17 (70 mg) isolated as described above. 

No reaction was observed in the absence of triethyl- 
amine. 

The Preparatiott of 3,3'-Di-(4-Hydroxybutyric Acid 
Lactone) Sulfide (18)  

Hydrogen sulfide was bubbled through a solution of 
4-hydroxybut-2-enoic acid lactone (4.4 g, 53 mmoles) in 
methanol (40 ml) containing triethylamine (0.54 g, 
53 mmoles). After passing the gas for 20 min the solution 
was neutralized with 2 M methanolic hydrogen chloride 
and the solution concentrated by 80%. The precipitated 
triethylamine hydrochloride was filtered off and washed 
with diethyl ether (20 ml) and the combined filtrates 
evaporated to dryness at 20'. The residue was recrys- 
tallized, with charcoal treatment, firstly from methanol - 
diethyl ether and finally from chloroform - diethyl ether 
to give 3.5 g of the thio-ether 18 m.p. 107-108", i.r. 
(CHCI,) 1782cm-'; p.m.r. (CDCIj) 6 2.53-2.9 (rn, 4, 
C-2 CH,), 3.48-4.25 (m, 6, C-2 CH, and C-3 CH) and 
4.5-4.78 (m, 4, C-4 CH,) p.p.m. 

Anal. Calcd. for CsHloO,S: C, 47.10; H, 4.90; 
S, 15.68. Found: C, 47.36; H, 5.11; S, 15.78. 

This work was generously supported by the Ontario 
Heart Foundation. We are also grateful to Dr. C. 
Djerassi for providing seed crystals of ouabagenin 
acetonide. 
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Reactions of sodium N,N-diethyldithiocarbamate with some 
organic solvents 

P. R. HECKLEY, D. G. HOLAH, A. N. HUGHES, AND F. LEH 
Depmmzenr of Chernisfry, Lakehead Ur~iversify, Thunder Bay, Ontario 

Received July 7 ,  1970 

Sodium N,N-diethyldithiocarbamate reacts smoothly with rnethylene chloride (even in the presence of 
various transition metal ions) to  give the dithiocarbamate ester Et2NC(S)SCH2S(S)CNEtz in very high 
yield. With chloroform and acetonitrile, proton abstraction occurs followed by partial decomposition of 
the N,N-diethyldithiocarbamic acid so formed to give diethylammonium N,N-diethyldithiocarbamate. 

Canadian Journal of Chemistry, 48,3827 (1970) 

Although there is a very considerable literature 
on the synthesis of metal N,N-dialkyldithio- 
carbamate complexes in aqueous solutions (I), 
it is only recently that reactions between metal 
halides and sodium N,N-diethyldithiocarbamate 
(Nadtc) have been examined under anhydrous 
conditions (2). In almost all cases, the metal-dtc 
complex is the major product although in certain 
reactions aimed at the synthesis of pentakis-(N,N- 
dimethyldithiocarbamato)Nb(V), an organic 
product, tetramethylthiuram disulfide [(Me2- 
NCS,),] has been isolated (3). It appears that 
the metal is reduced to Nb(1V) and the tetra- 
methylthiuram disulfide is produced via the 
radical Me2NCS2'. In no case, however, has 
there been mention of the possibility of a reaction 
between Nadtc and the anhydrous organic 
solvent. 

As a continuation of our work on anhydrous 
metal halide - dtc systems (4), we have carried 
out reactions between sodium N,N-diethyldithio- 
carbamate and halides of Nb(V), Ta(V), Pa(V), 
and Mo and W (in various oxidation states) in 
several organic solvents under anhydrous and 
inert atmosphere conditions. These reactions pro- 
duce not only the expected metal halide - dtc 
complexes (to be reported in separate papers) but 
also totally unexpected organic products formed 
by reactions of the Nadtc with the solvents. In- 
deed, in some reactions, the organic products are 
formed in very high yield to the almost complete 
exclusion of the metal halide - dtc complex. We 
therefore now report our findings concerning the 
reactions of sodium N,N-diethyldithiocarbamate 
with methylene chloride, chloroform, and aceto- 
nitrile under strictly anhydrous, oxygen-free 
conditions. 

The Nb(V) and T a p )  chlorides and bromides 
react vigorously and exothermically with Nadtc 

in methylene chloride to form the appropriate 
metal-dtc complexes together with varying 
amounts of an organic product analyzing for 
C, ,H22N2S,. Formation of the organic product 
is suppressed if the reaction mixture is cooled 
below reflux temperatures and the Nadtc added 
slowly. With the corresponding metal iodides, the 
complex formation is very slow but the reaction 
mixture, on vigorous agitation at room tempera- 
ture for long periods, gives the expected complex 
and moderate yields of the organic product. If 
the reaction mixture is heated under reflux, the 
organic product is formed in almost quantitative 
yield to the virtual exclusion of the metal-dtc 
complex. That the complex is not an intermediate 
in the formation of the organic product is shown 
by the fact that mixtures of Nadtc and methylene 
chloride give excellent yields (> 90 %) of the 
organic material on heating under reflux briefly. 

Mass spectrometric studies confirm the molec- 
ular weight of 31 0 and show that the dtc grouping 
is still present (peak at mle 148). Further evidence 
for the presence of the dtc grouping comes from 
the i.r. spectrum which is very similar to that of 
Nadtc. The n.m.r. studies show a ratio of 
12 methyl protons as a triplet at z 8.71 (J = 7 Hz) 
to eight methylene protons as a poorly defined 
quartet at z 6.2 to two other methylene protons 
as a sharp singlet at z 4.63. Thus, the molecule 
is symmetrical and has the structure Et2NC(S)- 
SCH2S(S)CNEt2. The mass spectrometric frag- 
mentation pattern is also in excellent agreement 
with this structure with very strong peaks at 
mle 194 and 116 corresponding to the fragmenta- 
tion [E~,NC(S)SCH,S(S)CNE~~].+ -f [Et2NC- 
(S)SCH,S]' (mle 194) + [E~,NCL=S]' (mle 
116). Other peaks in the spectrum are consider- 
ably weaker and appear to correspond with 
further fragmentation of these ions. 
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There has been one very brief report (5) that 
the analogous compound Me2NC(S)SCH2S(S)- 
CNMe2 can be prepared by the action of sodium 
N,N-dimethyldithiocarbamate on methylene 
chloride in ethanol under reflux for 2 h. No 
further details were given except that the reaction 
is said to occur with other dihalides. 

The mechanism of formation of the organic 
product is of some interest. Clearly, nucleophilic 
displacement of chloride by dtc groups occurs 
but, even when a very large excess of methylene 
chloride is present, Et,NC(S)SCH2S(S)CNEt2 is 
the only organic product formed. This suggests 
that the mono-displacement intermediate Et2- 
NC(S)SCH,Cl is very short lived and that the 
second chlorine atom is displaced by intramolec- 
ular attack of the nitrogen atom or the sulfur 
atom of the thiocarbonyl group to give a cyclic 
intermediate 1 or 2. Both of these intermediates 
would be very susceptible to nucleophilic attack 
by dtc to give the observed product, i.e. the 
reaction could be an example of neighboring 
group participation. The reaction does not occur 
if Nadtc.3H20 is used. 

The reaction of Nadtc with chloroform (free 
from ethanol) is completely different. The dithio- 
carbamate dissolves readily in boiling chloroform 
and evaporation of the reaction mixture after 
several hours gives a little sodium chloride and a 
good yield of a colorless solid (m.p. 82") analyzing 
for C,H,,N,S, or C,H,,N,S,. The i.r. spectrum 
is very similar to  that of Nadtc and the mass 
spectrum at 70" (direct inlet) shows the highest 
mass at mle 149 (i.e. dtcH). Mass spectra taken 
at higher temperatures show peaks above mle 149 
but these spectra are not reproducible and it is 
clear that thermal decomposition occurs. 

The n.m.r. spectrum shows (taking into 
account the elemental analyses) four methyl 
groups as two partially superimposed triplets at 
T 8.5-9.0, two identical methylene groups as a 
quartet at T 6.88 ( J  = 7 Hz), two other methylene 
groups as a quartet at T 5.94 ( J  = 7 Hz), and two 
acidic protons as a singlet at T 0.83. The product 
is not stable in chloroform solution for long 

periods and the n.m.r. spectrum becomes con- 
siderably modified during several days. The n.m.r. 
spectrum confirms that the molecular formula is 
C,H,,N,S2. 

The chloroform-dtc reaction product reacts 
with boiling methylene chloride to give the com- 
pound Et,NC(S)SCH,S(S)CNEt, which strongly 
suggests that the N, N-diethyldithiocarbamate ion 
is present. This is confirmed by treating the 
chloroform-dtc reaction product with a Ni(I1) 
salt in ethanol solution which gives an immediate 
precipitate of Ni(dtc), identical (X-ray powder 
pattern) with an authentic sample. 

This evidence strongly suggests that the com- 
pound is diethylammonium N,N-diethyldithio- 

+ 
carbamate (Et2NCS2- Et,NH,) and this was 
confirmed by synthesis of an authentic sample by 
treatment of Nadtc with diethylammonium chlo- 
ride in benzene.' The i.r. and n.m.r. spectra and 
the X-ray powder pattern of the authentic sample 
are identical in all respects with those of the 
chloroform-dtc reaction product. 

The diethylammonium salt is almost certainly 
derived from partial decomposition of N,N- 
diethyldithiocarbamic acid formed by abstraction 
of a proton from chloroform by dtc. Confirma- 
tion of this proton abstraction is given by the 
reaction of Nadtc with deuteriochloroform in 
which the diethylammonium salt heavily deuter- 
ated in the diethylammonium group is formed. 
The n.m.r. spectrum of the deuterated salt is 
almost identical to that of the material produced 
from chloroform except that the two acidic 
protons at T 0.83 have vanished and the quartet 
due to the methylene groups in the diethyl- 
ammonium ion (T 6.88) is somewhat less intense 
than the quartet due to the methylene groups in 
the dtc grouping. Presumably, some deuterium 
exchange has occurred. The mass spectrum at 70" 
shows the highest significant peak at mle 150 
(dtcD). Moreover, the deuterated product is 
isostructural (X-ray powder pattern) with the 
undeuterated product. The most likely reaction 
path is outlined in Scheme 1. The later stages 
of this scheme are effectively the decomposition 
of N,N-dialkyldithiocarbamic acids as established 
by Zahradnik and Zuman (6) although recent 
work (7) suggests that the intermediate 3 plays 

'This compound is commercially available from 
Eastman Organic Chemicals, Rochester, New York. 
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Et, 4 s  Et>N-C'/S p ~ ~ ~ ~ 1 3  + /N-CISH + -CCI~ 
Et \ S- Et 

an important part in the decomposition and 
shows that steric inhibition of solvation markedly 
affects the rate of decomposition. 

The initial step is very similar to proton 
abstraction from chloroform by strong base as 
used in the generation of dichlorocarbene (8). In 
this case, however, the fate of the probable inter- 
mediate -CCl, is uncertain although the produc- 
tion of sodium chloride indicates that dichloro- 
carbene is formed. All attempts to trap the 
dichlorocarbene with cyclohexene according to 
the published method (8) were unsuccessful. This, 
however, is not unexpected in view of the number 
of highly reactive species already present in the 
reaction mixture. 

It is also interesting to note that other sulfur- 
containing nucleophiles such as the thiophenolate 
ion (PhS-) react only very slowly with chloroform 
(9) 

A similar reaction occurs between Nadtc and 
the slightly acidic protons of acetonitrile and 
again, the product is diethylammonium N,N- 
diethyldithiocarbamate. 

Thus, when the common non-aqueous solvents, 
methylene chloride, chloroform, and acetonitrile 
are used as solvents for reactions between metal 
halides and dithiocarbamates, the resulting metal 
complexes may be contaminated with organic 
products. This is particularly true in the case of 
methylene chloride although with chloroform 
and acetonitrile, the organic product still contains 
the dithiocarbamate ion which is able to react 
with metal ions in the normal manner. 

It should also be mentioned that methylene 
chloride, chloroform, and acetonitrile appear to 
be inert towards the common sulfur-containing 
ligands, potassium ethylxanthate and toluene- 
3,4-dithiol. 

Experimental 
The i.r. spectra were recorded in Nujol mulls using a 

Beckman IR12 spectrophotometer while n.m.r. measure- 
ments were made with a Varian Associates model A60-A 
spectrometer in chloroform or deuteriochloroform solu- 
tion with chloroform or tetramethylsilane as internal 
reference. Mass spectra were obtained using an Hitachi- 
Perkin-Elmer model RMU-7 double focussing mass 
spectrometer fitted with a direct inlet system. X-Ray 
powder diffraction studies were carried out in Lindemann 
X-ray capillaries and powder diffraction photographs 
were recorded using a Debye-Scherrer type powder 
camera (114.6 mm diameter) with nickel filtered copper- 
K. radiation produced by a Phillips PW1130 3KW X-Ray 
Generator. 

All reactions were carried out in dry, nitrogen-filled 
glove boxes in which samples were also prepared for 
physical measurements. Commercial Nadtc.3H20 was 
dehydrated under high vacuum Torr) at 100". 
Solvents were dried and stored over molecular sieves in 
the glove box. 

Reaction of Nadtc with Methylene Chloride 
Sodium N,N-diethyldithiocarbamate (1.29 g) was 

heated under reflux (2.5 h) with methylene chloride (20 
ml) to give a pale greenish solution and a small amount of 
colorless residue (NaC1). The solid was removed by 
centrifugation, the solution was reduced to low bulk (5 
ml), and ether was added dropwise until precipitation 
of a colorless solid was complete. The solid was removed 
by filtration and vacuum dried to give pure methylene 
bis(N,N-diethyldithiocarbamate) (1.01 g, 86.4%), m.p. 
70-71". 

Anal. Calcd. for CllH22NZS4: C, 42.6; H, 7.1; N, 9.0; 
S,41.3. Found: C,42.8; H, 7.1; N, 8.8; S,40.8. 

Reaction of Nadtc with Chloroform 
The sodium N,N-diethyldithiocarbamate (1.87 g) was 

mixed with dry, ethanol-free chloroform (30 ml) and the 
mixture was heated under reflux for 17 h. The mixture 
was then cooled to room temperature and was chromato- 
graphed twice on silica gel using chloroform as the eluting 
solvent. The eluate was evaporated to give a viscous 
mass which, on treatment with petroleum ether ( 3 M 0 ) ,  
crystallized to give colorless needles of the crude product. 
Pure diethylammonium N,N-diethyldithiocarbamate 
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(m.p. 82-82.5") was obtained as colorless needles 
(0.49 g, 40%) from the crude product by recrystallization 
from a chloroform -petroleum ether mixture. 

Anal. Calcd. for C,H,,N,S,: C, 48.6; H, 9.9; N, 12.6; 
S, 28.8. Found: C, 48.0; H, 8.9; N, 11.7; S, 28.2. 

The product was identical in all respects with an 
authentic sample of diethylammonium N,N-diethyl- 
dithiocarbamate. 

Syt~thesis of Aurher~ric Dierhylatnt17oniutn 
N,N-Dietl~yldithiocarbat~~ate 

To sodium N,N-diethyldithiocarbamate (1.28 g) in dry 
benzene (75 ml) was added diethylamine hydrochloride 
(0.81 g). The mixture was heated under reflux for 18 h,  
cooled to room temperature, and the residue was 
extracted with benzene until no further material dissolved. 
The sodium chloride residue was discarded and the 
various benzene extracts were combined and chromato- 
graphed on silica gel. The eluate was evaporated to dry- 
ness to give pale yellow needles of the product which was 
recrystallized from carbon tetrachloride and petroleum 
ether (30-40") to give colorless needles (1.16 g, 70%) of 
diethylammonium N,N-diethyldithiocarbamate (m.p. 
82-83"). 

Reaction of Nadtc with Acetonitrile 
Sodium N,N-diethyldithiocarbamate (3.07 g) was mixed 

with dry acetonitrile (30 ml) and the mixture was heated 
under reflux for 19 h. During this time, a very small 
amount of a colorless solid which was not Nadtc or 
NaCN (X-ray powder patterns) was precipitated. On 
cooling to room temperature, the mixture was filtered to 
remove the precipitate and the solution was evaporated 
under reduced pressure. The resulting oily material was 

CHEMISTRY. VOL. 48, 1970 

extracted with cold methylene chloride and the extracts 
were immediately chromatographed on silica gel. The 
eluate was evaporated and the pale yellow oil obtained 
was crystallized from a mixture of carbon tetrachloride 
and petroleunl ether (30-40") to give colorless crystals 
(0.93 g, 46.5 %) of diethylammonium N,N-diethyldithio- 
carbanlate identical in all respects with an authentic 
sample. 

We thank the Senate Research Conlmittee of Lakehead 
University, Thunder Bay, Ontario, the National Research 
Council of Canada, and the Ontario Department of 
University Affairs for generous financial support of this 
work. 
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Some observations on isotopic scramblings accompanying acetolysis 
in the 2-norbornyl system 

C. C. LEE, Bo-SUP HAHN, L. K. M. LAM,' AND D. J. WOODCOCK 
Department of Chemistry and Chemical Engitzeeritzg, University of Saskatchewan, Saskatoon, Snskarchewan 

Received June 18, 1970 

Evidence is presented to show that in the acetolysis of isotopically labeled exo- or endo-2-norbornyl 
brosylate (exo- or endo-1-OBs) in NaOAc buffered HOAc, the initially formed product, exo-1-OAc, could 
undergo further isotopic scrambling during its subsequent contact with the reaction medium. These 
scramblings in the acetate apparently involved relatively large amounts of rearrangement of the label 
from C-2 to -3. After partial acetolysis of exo- o r  endo-1-OBs-2-d, n.m.r. analysis showed that the recovered 
endo-brosylate was unchanged, while the D-label in the recovered exo-brosylate has definitely rearranged 
from C-2 to -1 and probably also to C-6. Thus, in the acetolysis of labeled exo-1-OBs as commonly 
carried out in HOAc-NaOAc, isotopic scramblings could occur not only in the solvolysis reaction itself, 
but also prior to the reaction due to.internal return giving rise to scrambled brosylate and subsequent to 
the reaction due to further scrambling in the initial product. Other mechanistic implications of the 
results are also discussed. 

Canadian Journal o f  Chemistry, 48, 3831 (1970) 

In the original work on the acetolysis of exo-2- 
n0rbornyl-2,3-~~~,brosylate (exo-l-OB~-2,3-'~C) 
(1, 2), because the label was present at both C-2 
and -3, it was not possible to observe directly 
any 3,2-hydride shifts. In our earlier work on the 
acetolysis of exo- and endo-1-OBs-2-t (3), small 
amounts (about 1-2 %) of the t-label were found 
at  the C-3 position of the resulting product, 
exo-1-OAc-x-t. Since treatment of exo-1-OAc-2-t 
in HOAc-NaOAc at 25" also gave rise to some 
isotopic scrambling with about 1 % of the label 
rearranged to C-3 (3), it was concluded that most, 
if not all, of the overall 3,2-hydride shifts ob- 
served in the acetolysis of the brosylate could 
have resulted from the subsequent ionization, 
in the reaction mixture, of the initially formed 
acetolysis product. The present paper deals with 
further studies confirming this conclusion, some 
of the data from these studies having been re- 
ported previously in preliminary form (4). It is 
well known that the acetolysis of exo-1-OBs is 
accompanied by internal returns (5, 6). The 
present paper also describes our attempts in 
evaluating the nature and extents of the isotopic 
scrambling arising from internal returns in the 
recovered brosylate after partial acetolysis. 

Results and Discussion 

Given in Table 1 are the t-distributions in the 
2-norbornyl skeleton of the exo-1-OAc-x-t 

'Present address: Department of Chemistry, University 
of Windsor, Windsor, Ontario. 

samples obtained from the various experiments 
using t-labeled materials. The methods of degrada- 
tion from which these distributions were obtained 
have already been described (3). For comparison, 
some of the results (experiments I, 11, and 111) 
reported by Lee and Lam (3) are also included in 
Table 1. The data in Table 1 indicate that there 
was extensive isotopic scrambling not only in the 
acetolysis of exo- or endo-1-OBs-2-t, but also 
when the acetolysis product was allowed to be in 
contact with the reaction mixture. This was 
demonstrated by experiments I11 and IV when 
exo-1-OAc-2-t was stirred at 25" or heated under 
reflux in NaOAc buffered HOAc. More re- 
arrangement was observed at the higher tempera- 
ture; but interestingly, the relative increase in 
rearrangement is much greater to C-3 than to the 
other positions. In experiment V, the acetolysis 
of endo-1-OBs-2-t at 30" for 64 days was found to 
give 6.3 and 4.7 % overall rearrangement of the 
t-label to C-3 in duplicate runs. The precision 
of these values was not as good as those obtained 
in experiments I-IV, possibly because of lesser 
reproducible control of the experimental con- 
ditions during the prolonged reaction time. How- 
ever, the extent of rearrangement to C-3 in 
experiment V was greater than those observed in 
experiments 1-111. When the reaction time in the 
acetolysis of endo-1-OBs-2-t was reduced from 
64 to 2 days (experiment VI), the amount of net 
rearrangement to C-3 was greatly decreased, 
again suggesting that the acetolysis product, 
exo-1-OAc-x-t, could undergo subsequent ioniza- 
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TABLE 1 
Tritium distributions in the exo-2-norbornyl-x-t acetate (exo-1-OAc-x-t) from various experiments 

Specific activity Tritium content (%) 
of exo-1-OH-x-t 
(c.p.m./mmole)* C-2 C-3 C-1,4,7 C-5,6 

F 
S 

Experiment Reaction Run 1 Run 2 Run 1 Run2 Run 1 Run 2 Run 1 Run2 Run 1 Run2 

17 exo-1-OBs-2-t 339300 300100 34.3 35.6 1.8 2.1 37.3 35.7 26.6 26.6 
5 

in HOAc-NaOAc. 5 
25", 24 h 

117 exo-1-OBs-2-t 121 300 117 600 38.3 38 .O 1.3 I .3 40.1 40.0 20.2 20.7 z 
in HOAc-NaOAc, $ 
45", 24 h 
exo-1-OAc-2-t 
in HOAc-NaOAc, 
25", 24 h 
exo-1-OAc-2-t 
in HOAc-NaOAc, 
reflux, 20 h 
endo-1-OBs-2-t 
in HOAc-NaOAc, 
30°, 64 days 
endo-1-OBs-2-t 
in HOAc-NaOAc - 
30°, 2 days w .I 

VII Norbornene in 7 710 7 740 5.6 2.2 51.8 56.3 27.8 23.8 14.8 17.7 
HOAc-0-t - NaOAc 
reflux, 20 h 

'The exo-1-OH-x-1 was derived from the corresponding exo-1-OAc-x-r and was assayed as the a-naphthylurethan; it contained 100% of the I-activity. 
tData from ref. 3. 
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TABLE 2 

Data from the treatment of norbornene with excess HOAc-0-r in the presence of NaOAc 
- 

exo-2-Norbornyl acetate 
Reactants used 

HOAC-0-t 

Volume Specific activity Norbornene NaOAc 
(ml)* (c.p.m./mmole) (mmole) (mmole) 

25 525 300 20 22 

Carrier Specific 
added activity Yield 

(mmole) (c.p.m./mmole) (%)t 
Run 1 R u n 2  Run 1 Run 2 Run 1 Run 2 

19.5 22.0 9 120 13 600 1 . 7  2.9 

*Larger volumes were necessary to bring all reactants into solution in the experiments involving large amounts of NaOAc. 
tcalculated from isotopic dilution, an illustration is given in the Experimental. 
iThese samples were further diluted and degraded to give the isoloplc distributions listed under experiment VII, Table 1. 

tion in the reaction mixture to give isotopic 
scramblings which led to relatively larger amounts 
of overall rearrangement to C-3. 

A possible route for locating the t-label at C-3 
of the exo-1-OAc-x-t product would be via an 
elimination-addition process involving the addi- 
tion of HOAc to the norbornene formed during 
the acetolysis of the 2-labeled brosylates. This 
possibility was investigated by a study on the 
addition of 0-tritiated HOAc (HOAc-0-t from 
Ac20  + H20- t )  to norbornene in the presence 
of NaOAc. The results are given in Table 2. 
It can be seen that using Na0Ac:norbornene 
molar ratios ranging from 1.1 to 150, refluxing in 
excess HOAc-0-t for 20 h resulted in the forma- 
tion of only about 1-4 % exo-l-OAc-x-t based 
on the norbornene. Since the acetolysis of exo-l- 
OBs gave rise to only 4 %  elimination products 
consisting of 98% nortricyclene and 2% nor- 
bornene (7), and since only 1 4 %  of the nor- 
bornene could be converted to exo-1-OAc under 
the acetolysis conditions, addition of HOAc to 
norbornene likely is not a major pathway re- 
sponsible for the rearrangement of the label from 
C-2 to -3 in the acetolysis of exo- or endo-1-OBs- 
2-t. 

If no rearrangement occurs in the addition of 
HOAc-0-t to norbornene, the resulting tritiated 
exo-1-OAc should have all the t-label located at 
the C-3 position. The two samples of exo-1-OAc- 
x-t obtained from the treatment of norbornene 
with the HOAc-0-t of highest specific activity 
(Table 2) were degraded and the isotopic dis- 
tributions are given in Table 1 as experiment VII. 
The extensive isotopic scramblings observed in 
these samples further indicate the great propen- 
sity of the 2-norbornyl system to undergo cationic 

rearrangements, even when the cationoid species 
were generated from the reaction of norbornene 
with NaOAc buffered HOAc. 

In a study on the n-route to the norbornyl 
cation from the solvolysis in HOAc-urea of 
2-(A3-cyclopenteny1)-2-'4C-ethyl p-nitrobenzene- 
sulfonate (2-ONs-2-14C), the resulting exo-l- 
OAC-X-'~C product was found to have the 14C- 
label located essentially only at the C-3, -5, and -7 
positions (e~o-l-OAc-3,5,7-'~C) (8). This obser- 
vation indicated that in this reaction, the amount 
of 3,2-hydride shift that tookplacein the resulting 
2-norbornyl cation was negligible (the maximum 
extent of such 3,2-shifts could be no more than 
about 0.5 %). If the e~o-l-OAc-3,5,7-'~C obtained 
from such a reaction were treated with HOAc- 
NaOAc and the isotopic distribution in the recov- 
ered exo-1-OAc-x-14C was ascertained, the data 
could provide an unequivocal demonstration that 
3,2-shifts have occurred in the recovered acetate. 
The results from such an experiment, together 
with the earlier data of LeeandHahn(8),are given 
in Table 3. These results clearly confirmed the 
conclusion that further isotopic scramblings in 
the initially formed acetolysis product could take 
place during its subsequent contact with the 
reaction medium. They also indicated that these 
further scramblings definitely gave rise to some 
overall 3,2-shifts, resulting, in the case with 
e~o-l-OAc-3,5,7-'~C, in the rearrangement of 
some 14C-label from C-3 to -2. 

In the studies on internal returns, initially, it 
was intended to subject exo- and endo-1-OBs-2-t 
to partial acetolysis and then degrade the re- 
covered brosylate to ascertain the nature and 
extent of the isotopic scrambling that might have 
resulted from the return processes. This was 
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TABLE 3 

14C-Distributions in the ex0-2-norbornyl-x-'~C acetate (exo-l -oAc-~- '~C) from various experiments 

Specific activity I4C-Content ( %) 
for 100% 14C 

(c.p.m./mmole)* C-2 C-3 C-1,4 C-7 C-5,6 

Experiment Reaction Run 1 Run 2 Run 1 Run 2 Run 1 Run2  Run 1 Run 2 Run 1 Run2 Run 1 Run2  
- 

VIIIt 2-ONsl2-14C 87800 98400 0.0  0.0 27.8 27.9 0 .0  0.0 24.1 22.8 48.1 49.3 
in HOAc-urea 

. 60°, 30 h 
'$1 As in VIII ' 92 800 0.0 27.3 0 .0  23.7 49.0 

e~o-l-OAc-3,5,7-'~C 153 400 153 800 2.8 1.7 21.5 21.7 1 .4  0.9 27.4 28.2 46.9 47.5 
from IX in 
HOAc-NaOAc 

*Corresponding to the specific activity of the cis-cyclopentane-l,3-dicarboxylic acid derived from the degradation of the e~o-l-OAc-x-1~C. 
tData from ref. 8. 
$Part of the exo-l-OAc-3,5,7-14C product was diluted with inactive carrier and then degraded; the remainder was utilized for the two runs in experiment X. 
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accomplished with the endo-epimer. After acetol- 
ysis at 75" for approximately one half-life, the 
recovered endo-brosylate was treated with an- 
hydrous tetramethylammonium acetate in dry 
acetone to give exo-1-OAc-2-t (3) which on 
subsequent conversion to norcamphor (3) results 
in the loss of more than 99% of the t-activity. 
This finding indicated that the recovered brosyl- 
ate was essentially unrearranged endo-1-OBs-2-t, 
confirming the conclusion of no rearrangement 
or racemization due to return to endo-brosylate, 
which was arrived a t  from the equality of the 
titrimetric and polarimetric rates for the acetolysis 
of endo-1-OBs (9). 

Incidentally, in the direct displacement re- 
action of endo-1-OBs-2-t with (CH,),NOAc in 
acetone, under strictly anhydrous conditions, it 
was possible to obtain exo-1-OAc-2-t with about 
99.5% of the t-label accounted for at C-2 (3). 
Such samples of exo-1-OAc-2-t were used in 
experiments I11 and IV (Table l ) ,  and it could 
also be converted to exo-1-OBs-2-t and utilized 
in experiments I and I1 (Table 1) (3). How- 
ever, this reaction of endo-l-OBs-2-t with 
(CH,),NOAc could give rise to samples of 
exo-1-OAc-x-t with varying amounts up to 
about 10 % of the t-label rearranged from C-2 to  
the rest of the norbornyl skeleton. Possibly, 
failure of maintaining absolutely anhydrous con- 
ditions during the reaction could have contributed 
to the formation ofcationic pathways which led to 
isotopic scrambling (the (CH,),NOAc is ex- 
tremely hygroscopic and its exposure to the 
atmosphere such as in weighing may require 
further drying for several days under vacuum over 
P,O, before its use). B. L. Murr (private com- 
munications) has also noted such scramblings 
in the reaction between endo-1-OBs-2-d and 
(CH,),NOAc, and he has found that the use of 
tetrabutylammonium acetate in benzene, instead 
of (CH,),NOAc in acetone, would eliminate this 
difficulty. 

When exo-1-OBs-2-t was treated with an- 
hydrous (CH,),NOAc in dry acetone, instead 
of obtaining only the product of direct displace- 
ment, endo-1-OAc-2-t, both exo- and endo-1-OAc 
were produced (about 70 % exo- and 30 % endo-), 
and the t-label in this mixed product was found 
to be extensively scrambled upon degradation. 
These behaviors are analogous to the observations 
of Schaefer and Weinberg (10,l l ) ,  who noted that  
the reaction of optically active endo-1-OH with 

triphenylphosphine and bromine gave optically 
active exo-1-Br via a bimolecular displacement, 
while the same reaction utilizing optically active 
exo-1-OH resulted in the formation of only some 
optically active endo-1-Br, the major product 
being racemic exo-1-Br (some nortricyclene was 
also formed). Obviously, any degradation of 
exo-1-OBs-x-t involving treatment with (CH,),- 
NOAc could not give meaningful results. 

Closson and coworkers (12) have reported that 
exo-1-OTs may be cleaved without rearrangement 
to give exo-1-OH by treatment with sodium 
naphthalene anion radical in tetrahydrofuran 
solution. When exo-1-OBs-2-t was treated by 
this method, the resulting exo-1-OH-x-t was also 
found to show extensive isotopic scrambling. 
Presumably, H-T exchange under these highly 
basic conditions could have contributed to the 
apparent lability of the t-label. The use of 
exo-1-OBs-2-t as a substrate thus is unlikely to 
lead to a successful study on the problem of 
internal returns. An alternative is to employ 
14C-labeled exo-1-OBs and cleave the recovered 
brosylate after partial acetolysis by sodium 
naphthalene. H. L. Goering (private communica- 
tion) has indicated to us that he is planning to 
study internal returns in the 2-norbornyl system 
utilizing 14C as label. 

In order to avoid the necessity of degrading 
the recovered brosylate in the internal return 
studies, D-labeling and n.m.r. analysis could be 
employed, although such a method would be of 
less accuracy than analogous studies utilizing 
radioactive tracers. Experiments were carried out 
using endo- or exo-1-OBs-2-d, prepared as previ- 
ously reported (13). After the substrate was 
acetolyzed in the presence of NaOAc for approxi- 
mately one half-life, the recovered brosylate was 
examined by n.m.r. The spectra obtained are 
shown in Fig. 1. With endo-1-OBs-2-d, the spectra 
before and after partial acetolysis were essentially 
identical (Fig. 1A). There was no detectable 
H-absorption for the C-2 proton (4.7 p.p.m. 
region), indicating no rearrangement due to 
returns to endo-brosylate, in complete accord 
with the results obtained from studies with 
endo-1-OBs-2-t. 

The exo-1-OBs-2-d employed in the partial 
acetolysis (Fig. 1B) appeared to contain traces of 
H-absorption a t  C-2 (4.4 p.p.m. region). After 
acetolysis a t  25" for 100 min, the recovered 
exo-1-OBs-x-d (Fig. 1C) definitely showed a 
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'1 !LdLh l , u A ~ L ~ L - I l - L ~ ~ ~ ~ ~ ~ ~ J  

PPM 80 70 60 50 40 30 20 10 

FIG. 1. The n.m.r. spectra. A, endo-2-Norbornyl-2-d 
brosylate (endo-1-OBs-2-d) before acetolysis and the 
same compound recovered after partial acetolysis; B, 
exo-1-OBs-2-d before acetolysis; C, exo-1-OBs-x-d re- 
covered after partial acetolysis of exo-1-OBs-2-d. 

significant increase in H-absorption at C-2. This 
was accompanied by a decrease in absorption for 
one of the bridge-head protons, the peak at 
2.35 p.p.m. has decreased while the one at 2.25 
p.p.m. remained essentially unchanged. These 
findings definitely indicated the scrambling of the 
D-label from C-2 to -1 in the recovered brosylate. 
Integration of Fig. lC, using the absorption of 
the aromatic protons as an internal standard of 
4.0 H, gave an estimated D-distribution of 
0.4 + 0.1 D at C-2, 0.4 + 0.1 D at C-1,4 and 
0.3 + 0.1 D for the rest of the norbornyl skeleton 
(the integrated H-absorptions in the 0.8-1.8 
p.p.m. region having changed from about 8.0 H 
in Fig. 1 B to about 7.7 H in Fig. 1 C). Although 
the small changes in integrated areas in the 
0.8-1.8 p.p.m. region of Fig. 1B and C do not 
constitute a conclusive proof of 6,2-shifts, the 

probable presence of some D-label at C-3,5-7 
does tend to suggest that scrambling of the D-label 
from C-2 to -6, as well as to C- I, has occurred as 
a result of internal returns during the acetolysis of 
exo-1-OBs-2-d. 

From the above results, it is apparent that in the 
acetolysis of exo-1-OBs as commonly carried out 
in HOAc-NaOAc, isotopic scramblings could 
occur not only in the solvolysis reaction itself, but 
also prior to the reaction due to internal returns 
that gave rise to scrambled exo-1-OBs, and sub- 
sequent to the reaction due to ionization in the 
reaction medium of the initially formed product. 
Detailed quantitative analysis of the overall iso- 
topic distributions obtained from labeled sub- 
strates would thus be fairly complicated. In inter- 
preting such results, Roberts and coworkers (I, 2), 
and Lee and Lam (3) have used a qualitative ap- 
proach. In treating the results such as those from 
experiments I and I1 (Table l), Lee and Lam (3) 
have partitioned the overall t-distribution into 
contributions from processes in which C- 1 and -2 
are equivalent (Wagner-Meerwein shift), C-1, 
-2, and -6 are equivalent (Wagner-Meerwein and 
6,2-shifts), and all carbon positions are equivalent 
(Wagner-Meerwein, 6,2- and 3,2-shifts). From 
more quantitative analyses of the data, such as by 
the elegant method of Collins and Lietzke (14), 
rate ratios for cation-anion collapse to 6,2- or 
3,2-shifts (ks/k, or ks/k3) could be evaluated. In 
this treatment, however, no provision was made 
for the possibility of further scrambling of the 
initial product in the solvolysis medium. When the 
reaction conditions are more likely to lead to 
kinetic control, such as in the x-route formation of 
the norbornyl cation from solvolysis of 2-ONs- 
2-14C in HOAc-urea or H,O-acetone-NaHCO, 
(8), essentially no 3,2-shift was detected, and 
treatment of the scramblingdata using the method 
of Collins and Lietzke (14) has led to the con- 
clusion that both the norbornonium ion (corner- 
protonated nortricyclene) (3) and edge-proton- 
ated nortricyclene (4) are involved in product 
formation, and that ion 3 is the more stable of the 
two species. 

Goering and Schewene (15) have studied the 
energy difference between the classical and non- 
classical norbornyl cations by investigating the 
HC10,-catalyzed ionization of exo-1-OAc in 
HOAc. In the present work, isotopic scramblings 
have been found in the labeled exo-1-OAc even. 
in NaOAc buffered HOAc (experiments I11 and 
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IV, Table 1). Data from such studies indicated 
that proportionally an extraordinarily large 
amount of net rearrangement from C-2 to -3 has 
occurred. In interpreting these results, even a 
qualitative partitioning into different contribut- 
ing processes is not possible because all the 
apparent 3,2-shifts did not lead to all carbon 
positions becoming equivalent. In these cases, it 
appears that the process responsible for the 
rearrangement of the label from C-2 to -3 may be 
faster than other scrambling processes such as 
Wagner-Meerwein and 6,2-shifts. On the other 
hand, the formolysis of exo-1-OBs-2-t at 25" has 
been found to give a net rearrangement of about 
6 % of the label from C-2 to -3 (16). The overall 
t-distribution in the product from this formolysis 
reaction, however, could be rationalized qualita- 
tively by the different contributing processes, with 
the assumption that 3,2-shifts together with 
Wagner-Meerwein and 6,2-shifts would result in 
the complete equivalence of all carbon positions. 
This apparent difference in the interpretation of 
the effects of 3,2-shifts in the formolysis of 
exo-1-OBs-2-t and in the reaction of exo-1-OAc- 
2-t in HOAc-NaOAc would appear to require 
some explanation. In this regard, it is pertinent 
to consider some spectroscopic data from the 
literature. 

From the examination of the n.m.r. spectra of 
exo-1-OH in F3CCOOH-H,S04 under various 
conditions, with the amount of H,S04 ranging 
from 5-60% and the temperature ranging from 
0-40°, Fraenkel and coworkers (17) have con- 
cluded that under these conditions, 3,2- and 6,2- 
hydride shifts take place faster than Wagner- 
Meerwein rearrangements. Thus it appears that 
there could be some similarities in the processes 
of scrambling in the reaction of exo-1-OAc in 
HOAc-NaOAc and in the treatment of exo-l- 
OH in F3CCOOH-H,S04. In sharp contrast 
to the findings of Fraenkel and coworkers (17), 
the norbornyl cation generated in "super acid" 
by Schleyer and coworkers (18, 19) behaved 
quite differently. At temperatures between -5 

and +37", a one-peak n.m.r. spectrum was ob- 
served, indicating the equivalence of all protons 
on the n.m.r. time scale. When the temperature 
was lowered to - 60°, the 3,2-hydride shift could 
be "frozen out", and it was estimated that at 
- 1 20°, the 3,2-shift was slower than the 6,2-shift 
and the Wagner-Meerwein rearrangement by a 
minimum factor of 108.8 (however, cf. ref. 20). 

From considerations of data from Raman spec- 
troscopy, 13C n.m.r. and 'H n.m.r. at very low 
temperatures down to - 156", Olah and co- 
workers (21-23) have recently concluded that the 
stable norbornyl cation is the nonclassical nor- 
bornonium ion or corner-protonated nortricy- 
clene 3, with its geometry corresponding to that 
of nortricyclene rather than that of norbornane. 
The 6,2,1-hydrogen migrations about the cyclo- 
propane ring would, therefore, involve little if 
any change in the carbon skeleton of 3. On the 
other hand, the 3,2-shift would require a length- 
ening of the 6,2 C-C bond distance in the transi- 
tion state, resulting in a higher activation energy 
and a loss of o-delocalization energy. It was 
further suggested that in the limiting case, when 
all the delocalization energy is lost prior to the 
transition state for the 3,2-shift, the classical 
ion could be considered an intermediate. In the 
formolysis of exo-1-OBs-2-t at 25" (16), subse- 
quent ionization of the formate product probably 
contributed to some extent to the observed 6 %  
overall 3,2-shifts. However, formolysis is likely 
to follow a Lim solvolysis mechanism (24, 25), 
involving relatively extensive dissociation and a 
long lifetime for the carbonium ion. Analogous 
to the behavior in super acid at room tempera- 
ture, any 3,2-shift together with the 6,2,1-shifts 
would render all carbon positions equivalent. In 
the reaction of exo-1-OAc in HOAc-NaOAc, 
which involves a poor leaving group in a buffered 
medium, the degree of dissociation is likely not 
very extensive. Tight ion-pairs may be produced 
with the cationoid species retaining the nor- 
bornane geometry. 3,2-Shifts may occur at the 
ion-pair stage. Since endo-endo 3,2-hydride shifts 
are very unlikely (26-28), the process would 
involve exo-exo 3,2-shifts with the hydrogen 
migration occurring on the same side as the 
acetate group. Professor P. v. R. Schleyer has 
suggested to us that by hydrogen bonding-type 
of solvation, exo-exo 3,2-hydride shifts at the 
ion-pair stage may be facilitated. The mechanism 
of such a cis-shift would be analogous to that 
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proposed by Cram and Tadanier (29) in their 
interpretation of the stereochemistry of hydrogen 
participation in the solvolysis of the tosylates of 
the diastereomeric 3-cyclohexyl-2-butanols. The 
processes involved may be depicted by Scheme 1. 

Finally, with regard to isotopic scramblings 
accompanying internal returns, the present 
studies indicated the probable rearrangement of 
the label from C-2 to both C-1 and -6. This finding 
could be explained by a mechanism involving 
6,2,1-hydrogen shifts in the nonclassical ion 3 
b e f ~ r e  return to covalent brosylate. An alter- 
native or concurrent mechanism could involve 
returns to brosylate from both 3 and 4, and such 
a mechanism would also suggest the competitive 
formation of 3 and 4 from exo-1-OBs. The possi- 
bility of competitive formations of two ions in the 
acetolysis of exo-1-OBs may be of some mechan- 
istic significance. Recently, Lee and Hahn (30) 
have shown that in the acetolysis of 2-labeled 
exo-dehydro-2-norbornyl brosylate, the different 
results on the extent of isotopic scrambling 
previously reported by two groups of workers 
(31, 32) are both correct, the difference being 
attributable to a temperature effect due to the 
competitive formation of two intermediate ions. 
It is of interest to note that in experiments I and I1 
(Table l), significant differences in the t-distribu- 
tions in the products were found for the acetolysis 
of exo-I-OBs-2-t carried out at 25 and 45". 
Comparing the data from the two temperatures, 
it appears that the acetolysis at 25" resulted 
in more rearrangement of the label to C-5,6 and 
less to C-1,4,7, while at 45", there was more 
rearrangement to C-1,4,7 and less to C-5,6. 
When these data were first reported (3), no ex- 
planation for these differences was offered. With 
the precedent established on the effects of tem- 
perature in the exo-dehydro-2-norbornyl system 
(30), and in view of the possibility of competitive 

formations of 3 and 4, there is the possibility that 
in the acetolysis of exo-1-OBs, at lower tempera- 
tures, more product is formed from edge- 
protonated nortricyclene 4, while at higher 
temperatures, more product is produced from 
the more stable ion 3. Further studies to clarify 
or confirm these suggestions regarding com- 
petitive reactions and temperature effects in the 
2-norbornyl system would appear to be worth- 
while. 

Experimental 
Acetolysis of endo-1-OBs-2-t arzd Treatn~erzt of Labeled 

exo-1-OAc in HOAc-NaOAc 
The methods for the preparation of endo-1-OBs-2-t 

and exo-1-OAc-2-t and for the degradation of the exo-l- 
OAc-x-t product from the various experiments are the 
same as those previously described by Lee and Lam (3). 
The treatment of exo-1-OAc-2-t in HOAc-NaOAc and 
the acetolysis of endo-1-OBs-2-t (experiments IV-VI, 
Table 1) also followed the procedures of Lee and Lam 
(3) except for the changes in reaction temperature and 
reaction time as given in Table I .  

The acetolysis of 2-ONs-2-I4C in HOAc-urea (experi- 
ment IX, Table 3) and the degradation of the acetate 
product to establish the 14C-distribution followed the 
same procedures described by Lee and Hahn (8). The 
treatment of exo-l-OA~-3,5,7-'~C in HOAc-NaOAc 
(experiment X, Table 3) was carried out under the same 
conditions used by Lee and Lam for experiment I11 (3). 

Addition of HOAc-0-t to Norborrzene 
HOAc-0-1 was prepared by the dropwise addition of a 

slight excess of Ac20  to H20-t followed by refluxing the 
resulting material for 2 h. The HOAc-0-t, b.p. 118-1 19", 
was recovered by fractional distillation in the presence of 
about 1 % KMnO,. 

In a typical experiment, 1.88 g (20 mmole) of norbor- 
nene and 1.80 g (22 mmole) of NaOAc were dissolved in 
25 ml of HOAc-0-1 and the resulting material was reflux- 
ed for 20 h. Periodically during the refluxing, the small 
amount of norbornene that had collected on the con- 
denser was rinsed down with some of the reaction mix- 
ture. At the end of the 20 h, cracked ice was introduced 
and a known weight of inactive exo-1-OAc was added as 
carrier. Most of the HOAc-0-1 was then removed by 
fractionation and the residue was extracted several times 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEE ET AL.: ACETOLYSIS OF NORBORNYL SYSTEM 3839 

with 25-ml portions of petroleum ether. The combined 
extract was washed successively with water, 10% K2C03 
solution, and again water. After drying over MgSO,, the 
solution was concentrated using a rotatory evaporator. 
From the residue, pure exo-1-OAc-x-t was recovered by 
preparative v.p.c. (318 in. copper column packed with 
25% Carbowax 20M on Chrornosorb P, operating at 
150"). 

As an illustration of the isotope dilution calculations, 
for the experiment described above, the specific activity 
of the HOAc-0-t was 525.300 c.~.m./mmole: the amount 
of exo-1-OAc carrier added \;as 1'9.5 mmb~e;  and the 
specific activity of the recovered exo-1-OAc-x-t was 
9120 c.p.m./mmole. If x mmole of active exo-1-OAc was 
formed before its dilution by the inactive carrier, then 

525 300 x = (x + 19.5)9120 

x = 0.34 mmole 

The yield was (0.34120) x 100 = 1.7 %. 

Internal Return Studies 
The endo- and exo-1-OBs-2-d were prepared as de- 

scribed by Lee and Wong (13). 
The endo-1-OBs-2-d (3.0 g, 9 rnmole), in 30 ml of 

HOAc containing NaOAc (0.82 g, I0 mmole), was 
heated at 75" for 60 min (approximately one half-life 
estimated from the rate of solvolysis (9) of endo-1-OBs in 
HOAc-KOAc). The resulting material was poured into 
ice-water and extracted with ether. The extract was 
washed with water and NaHC03 solution, dried over 
MgS04 and concentrated by the removal of practically 
all of the ether. From the residue, about 1.0 g of brosylate 
was recovered upon crystallization from ether - petro- 
leum ether. 

The exo-1-OBs-2-d (3.0 g) was also subjected to partial 
acetolysis and about 1.0 g of brosylate was recovered as 
described above for the endo-epimer except that the 
temperature used was 25" and the reaction time was 
100 min (approximately one half-life estimated from the 
rate of solvolysis (5) of exo-1-OBs in HOAc-KOAc). 

The n.m.r. spectra of the various samples of deuterated 
endo- and exo-1-OBs were determined in CCI, solution 
using an HA100 spectrometer. 

The financial support given by the National Research 
Council of Canada is gratefully acknowledged. 
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Mesquite gum. I. The 4-0-methylglucuronogalactan core 

G. 0. ASPINALL AND C. C. WHITEHEAD 
Department of Chemistry, Trent University, Peterborough, Ontario, Canada 
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Are-examinationofmesquitegum has shown that partial hydrolysis ofthegum furnishes amixtureofacid- 
ic oligosaccharides including 6-0-(4-0-methyl-p-D-glucopyranosyluronic acid)-D-galactose (I), 4-0-(4-0-  
methyl-a-D-glucopyranosyluronic acid)-D-galactose (2), 6-0-(p-D-glucopyranosyluronic acid)-D-galactose 
(3), 0-(40-methyl-p-D-glucopyranosyluronic acid)-(1+6)-0-~-~-galactopyranosy1-(1-~6)-~-galactose 
(4), and 0-(4-0-methyl-a-D-glucopyranosyluronic acid)-(I 4)-0-13-D-galactopyranosyl-(I ->3)-~-galac- 
tose (5). A series of degradations of the gum affords successively, arabinose-free degraded gum A, 
carboxy-reduced degraded gum A, and degraded gums B and C. Degraded gum C contains a high pro- 
portion of 1 +3' linked p-D-galactopyranose residues. The structure of the 4-0-methylglucuronogalactan 
core of the gum is re-assessed in the light of these and other results. 
Canadian Journal of Chemistry, 48,3840 (1970) 

Earlier investigations by White ( 1 4 )  and by 
Smith and his collaborators (5-7) showed that 
mesquite gum, the exudate from Prosopsis 
juliJora, is a highly branched polysaccharide 
with residues of L-arabinose, D-galactose, and 
4-0-methyl-D-glucuronic acid. Some of the 
main structural features of the gum were estab- 
lished by both workers but differences in the 
modes of linkage of D-glucuronic acid (or its 
4-methyl ether) to D-galactose residues were 
reported. Cuneen and Smith (5) isolated on 
partial acid hydrolysis of the gum a mixture of 
monomethyl derivatives of the aldobiouronic 
acids, 4-0- and 6-0-(D-glucopyranosyluronic 
acid)-D-galactoses. The second aldobiouronic 
acid was later shown to be 6-0-(4-0-methyl-P-D- 
glucopyrahosyluronic acid)-D-galactose (7). In 
contrast, White (3) isolated from the methylated 
gum a partially methylated aldobiouronic acid 
for which the structure, 3-0-(2,3,4-tri-0-methyl- 
D-glucopyranosyluronic acid)-2,4-di-0-methyl- 
D-galactose, was assigned. The present investi- 
gation was undertaken to re-examine the linkages 
in these oligosaccharides and to ascertain the dis- 
tribution of the 1+-3' and 1+6' linkages between 
D-galactopyranose residues in the interior chains 
of the gum. The degradations performed on 
mesquite gum are summarized in the flow sheet 
labelled Scheme 1. 

The purified gum acid, which was obtained by 
precipitation from an acidified solution of the 
gum, was shown to be chemically homogeneous 
within acceptable limits by chromatography 
on diethylaminoethylcellulose (8). Partial acid 

Partial hydrolysis 
Gum tAcidic oligosaccharides 

Methylated gum d M e t h y l a t e d  acid 
oligosaccharides 

'Autohydrolysis' i \  
Degraded gum A + L-arabinose + neutral 

1 oligosaccharides 

Carboxy-reduced degraded gum A 

I 
1 Smith degradation 

Degraded gum B 

I 
Smith degradation 

-+ 
Degraded gum C 

SCHEME I 

hydrolysis of the gum gave a series of acidic 
oligosaccharides which were separated by chro- 
matography on diethylaminoethyl-Sephadex, 
followed by filter sheet chromatography, to give 
five acidic oligosaccharides (1-5) and three 
fractions containing mixtures of higher oligosac- 
charides. Oligosaccharide 1 was identified as the 
previously characterized 6-0-(4-0-methyl-P-D- 
glucopyranosyluronic acid)-D-galactose. The 
structure of oligosaccharide2 was established as4- 
0-(4-0-methyl-a-D-glucopyranosyluronic acid)- 
D-galactose by methylation analysis, and the 
configuration of the glycosidic linkage was 
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ASPINALL AND WHITEHEAD: MESQUITE GUM. I 3841 

assigned on the basis of the observed specific 
rotation ([a], $94") and by the presence of a 
doublet (z 4.84; J = 3 Hz) in the n.m.r. spectrum 
of the disaccharide glycitol which was charac- 
teristic of an a-D-glycoside (9). Oligosaccharide 
3, which was isolated only in small amounts, 
was characterized as 6-0-(P-D-glucopyranosyl- 
uronic acid)-D-galactose by methylation analysis 
and by conversion into a crystalline derivative. 

Oligosaccharides 4 and 5 were not isolated in 
sufficient quantity to permit the formation of 
crystalline derivatives. Their structures were 
established on the basis of their specific rotations, 
by paper chromatography of various transforma- 
tion products, and by gas chromatography of 
fragments formed from the methylated trisac- 
charides and methylated modified derivatives. 
The structure, 0-(4-0-methyl-P-D-glucopyrano- 
syluronic acid)-(l+6)-0-P-D-galactopyranosyl- 
(1->6)-D-galactose, was assigned to oligosac- 
charide 4 on the basis of the following observa- 
tions: (i) partial hydrolysis gave oligosaccharide 
1 ;  (ii) partial hydrolysis of the carboxy-reduced 
trisaccharide glycoside afforded a disaccharide 
which was indistinguishable from 6-0-P-D-galac- 
topyranosyl-D-galactose and whose structure 
was confirmed by nlethylation analysis; (iii) 
g.1.c. showed that methanolysis of the methylated 
trisaccharide furnished methyl glycosides of 
2,3,4-tri-0-methylglucuronic acid, and 2,3,4- and 
2,3,5-tri-0-methylgalactose,' whilst methanolysis 
of the methylated trisaccharide glycitol gave 
methylglycosides of 2,3,4-tri-0-methylglucuronic 
acid and 2,3,4-tri-0-methylgalactose, together 
with 1,2,3,4,5-penta-0-methylgalactitol. The fol- 
lowing observations permitted the assignment 
of the structure, 0-(4-0-methyl-a-D-glucopy- 
ranosyluronic acid)-(I +4)-0-P-D-galactopyran- 
osyl-(1 +3)-D-galactose, for oligosaccharide 5 : (i) 
partial hydrolysis gave oligosaccharide 2; (ii) 
methanolysis of the methylated trisaccharide gave 
methyl glycosides of 2,3,4-tri-0-methylglucur- 
onic acid, and 2,3,6- and 2,4,6-tri-0-methyl- 
galactose; (iii) the presence of a 3-0-substituted 
reducing galactose residue was established by 
conversion of the trisaccharide into methyl 
furanosides which were selectively oxidized with 
sodium periodate and reduced with sodium 

'Where sites of substitution permit, methylation of 
reducing galactose and arabinose residues in N,N-di- 
methylformamide (10) gives rise to both pyranose and 
furanose derivatives. 

borohydride to give 3-0-substituted arabino- 
furanose units whose presence was detected by 
methylation analysis; (iv) the presence of the 
3-0-substituted reducing galactose residue was 
further indicated by controlled oxidation of the 
trisaccharide with lead tetraacetate to give an 
alkali-stable 2-0-substituted lyxose residue. 

The three higher acidic oligosaccharide frac- 
tions were chromatographically homogeneous, 
but further examination of the fractions indicated 
that each contained a mixture of components. 
Although the separation of individual oligosac- 
charides was not feasible, some structural infor- 
mation was obtained by methylation analysis of 
the oligosaccharides, the oligosaccharide gly- 
citols, and the products of alkaline degradation. 
For example, extended treatment of oligosaccha- 
ride fraction 7 with oxygen-free lime-water resul- 
ted in the disappearance of galactopyranose end 
groups, branch points, and 3-0-substituted galac- 
tose residues. This observation is consistent with 
the transformation of oligosaccharides (such as 
6), which contain 1+3' linked galactose residues 
in chains interior to units of aldobiouronic acids 
(1 or 3), to 0-glycosyl metasaccharinic acids (7) 
(see Scheme 2). 

Since these experimental results failed to pro- 
vide evidence for the formation of an oligosac- 
charide containing a 3-0-(D-glycopyranosyl- 
uronic acid)-D-galactose linkage, a sample of 
methylated mesquite gum was prepared for 
depolymerization under the conditions used 
earlier by White (3). An exhaustive series of 
fractionations was carried out on the products 
of methanolysis (see Experimental section), but 
no indication was obtained for the formation of 
the partially methylated aldobiouronic acid, 
3-0-(2,3,4-tri-0-methyl-D-glucopyranosyluronic 
acid)-2,4-di-0-methyl-D-galactose, nor could a 
crystalline derivative of the type reported by 
White (3) be isolated. The presence of fully or 
partially etherified derivatives (8-11) of aldobio- 
uronic acids 1 and 2 was clearly indicated. In 
so far as residues of 3-0-substituted 2,4-di- 
0-methyl-D-galactose were present in oligosac- 
charides formed on methanolysis of methylated 
mesquite gum they were constituents either of 
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D-Galp-(l+3)-D-Galp-(I -~3)-~-Gal  -> R-~6)-metasaccharinic acids (7) 

i + 
Other acidic degradation products 
(from liberated galactose) 

partially etherified neutral oligosaccharides, e.g. 
derivatives of 3-0-D-galactopyranosyl-D-galac- 
tose, or of higher acidic oligosaccharides such 
as oligosaccharide 5. We conclude therefore 
that the linkages of D-glucuronicacid (or the 
4-methyl ether) to D-galactose residues are of two 
types only, namely P-D-(1+6') and a-D-(1->4'), 
and that those of the 1+3' type reported by 
White (3) were based on valid conclusions from 
the incomplete data obtained by the techniques 
then available. 

The mixtures of methyl glycosides of methyl- 
ated sugars formed on methanolysis of methylated 
mesquite gum and of the reduced methylated gum 
were examined by gas chromatography (Table 
1). The identities of the more fully substituted 
derivatives of arabinose and galactose were 
confirmed by g.1.c. of the corresponding meth- 
ylated aldonolactones. The results confirm and 
extend earlier observations by White (1) and 
Cuneen and Smith (6) who identified 2,3,5-tri- and 
3,5-di-0-methyl-L-arabinose, 2,4-di-0-methyl-D- 

TABLE 1 
Methanolysis products from methylated gum 

and methylated degraded gum A 

Methylated 
Methylated degraded 

Methyl glycosides gum* gum A* 

2,3,4-Me3 Rhamnose 
2,3,5-Me3 Arabinose 
2,3-Me2 Arabinose 
2,5-Me2 Arabinose 
3,5-Me2 Arabinose 
2,3,4-Me3 Glucuronic acid 
2,3-Me2 Glucuronic acid 
2,3,4,6-Me, Galactose 
2,3,4-Me3 Galactose 
2,3,6-Me3 Galactose 
2,4,6-Me3 Galactose 
2,4-Me2 Galactose 

*tr = trace; n.d. = not detected. 

7 - 
galactose, and 2,3,4-tri-0-methyl-D-glucuronic 
acid as cleavage products from the methylated 
gum. In addition, 2,5-di-0-methylarabinose 
together with smaller amounts of 2,3,4-tri-0- 
methylrhamnose, 2,3-di-0-methylarabinose, 2,3, 
4,6-tetra-, 2,3,4-tri-, and 2,3,6-tri-0-methylgalac- 
tose, and 2,3-di-0-methylglucuronic acid have 
now been shown to be present. 2-0-Methyl-D- 
galactose was recognized as a further constituent 
of the gum by examination of hydrolysis products, 
but the structural significance of this sugar must 
be regarded as unproven since the axial 4- 
hydroxyl group of 3-0-substituted D-galactose 
residues is known to be difficult to methylate. 
No monomethyl ethers of arabinose could be 
detected amongst the cleavage products from the 
methylated gum and no evidence for branching 
through residues of this sugar has been obtained. 
The recognition of variously substituted arab- 
inose residues in the gum prompted an examina- 
tion of oligosaccharides formed on controlled 
hydrolysis of the gum and these experiments 
are reported in the following paper (11). The 
formation of acidic oligosaccharide 3 on partial 
hydrolysis of the gum, taken together with the 
detection of 2,3-di-0-methylglucuronic acid and 
2,3,4-tri-0-methylrhamnose as minor products 
from the methylated gum indicates the presence 
of a small proportion of unmethylated D-glu- 
curonic acid residues and suggests that these 
units may be 4-0-substituted by (presumably 
L-) rhamnose residues as in gum arabic (12) and 
Araucaria bidwillii gum (1 3). 

Mesquite gum, like many other exudate gums 
(14, 15), may be degraded by controlled acid 
hydrolysis to give a degraded polysaccharide 
essentially devoid of arabinose residues. Auto- 
hydrolysis of gum acid afforded degraded gum A. 
A sample of degraded gum A was methylated and 
the cleavage products from the methylated 
degraded gum (Table 1) were examined by gas 
chromatography of the methyl glycosides formed 
on methanolysis. The highly branched nature of 
the interior portion of the gum was clearly shown 
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with residues of glucuronic acid (or the 4-methyl TABLE 2 
ether) as end groups. Galactose residues, with Relative proportions of methanolysis products 
the exception of those which were 4-0-substituted from methylated degraded gums B and C 

by 4-0-methylglucuronic acid residues as in the 
aldobiouronic acid (2), were mutually joined by 
1 +3' and/or 1 +6' linkages. Comparison of the 
cleavage products from methylated mesquite 
and from the methylated degraded gum indicated 
that the dominant site of attachment of arabinose- 
containing side-chains was by 1->3' linkages to 
6-0-substituted galactose residues as in the partial 
structure (12). 

. . .6)-0-D-GaIp-(1. . . 12, where R = [L-Ara f 1.. . .) 
3 

In order to obtain information on the distri- 
bution of 1->6' and 1+3' linkages between 
galactose residues in the interior chains of the 
gum, degraded gum A was converted into the 
carboxy-reduced derivative (16), which was de- 
graded by Smith's procedure (17) of sequential 
periodate oxidation, borohydride reduction, 
and mild acid hydrolysis, to give degraded gum 
B. Degraded gum B similarly afforded degraded 
gum C. Degraded gums B and C were examined 
by (a) paper chromatography of oligosaccharides 
formed on partial acid hydrolysis, (b) analysis 
of reagent consumed during periodate oxidation, 
and (c) gas chromatography of the methyl 
glycosides of methylated sugars formed on 
methanolysis of the methylated derivatives 
(Table 2). The results clearly indicated that the 
sequence of reactions had resulted in removal 
of most of the outer chains and that degraded 

Methyl glycosides Gum B Gum C 

2,3,4,6-Me4 Galactose 1 .5  1 . 5  
2,3,4-Me3 Galactose 1 0.5 
2,4,6-Me3 Galactose 4 15 
2,4-Mez Galactose 1 1.8 

gum C approximated to a linear 1+3' linked 
P-D-galactan. Degraded gum C, however, still 
contains one branch point per 10-12 residues. 
I t  is probable, therefore, that the interior chains 
of the galactan framework of mesquite gum 
which still remain in degraded gum C, like those 
in the interior chains of gum arabic (18) and other 
Acacia gums (19, 20), are of the ramified type 
(as in 13) rather than consisting of a single 1+3' 
linked chain with comb-like branches (as in 14). 
Evidence from the specific rotations of the 
degraded polysaccharides and of oligosaccharides 
formed in small amount on autohydrolysis of 
the gum (11) suggests that all the galactose 
residues, whether in 1+3' or 1+6' linkages, 
have the P-D-configuration. 

Residues of 4-0-methyl-D-glucuronic acid 
(and presumably also of the small proportion of 
D-glucuronic acid) terminate outer chains in 
degraded gum A. Acidic oligosaccharides 1, 4, 
and probably 3, presumably arise from the 
extremities of chains of 1+6' linked P-D-galac- 
topyranose residues. This type of linkage has 
been recognized in a number of other polysac- 
charides of the same general type (15). On the 
other hand, although some of these polysac- 

chains of 1+3' linked p-D-galactopyranose units 
- - - - - - - - -chains of 1+6' linked p-D-galactopyranose units 

+ 1+6' linkages at branch points 
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charides also give rise on partial hydrolysis to the 
aldobiouronic acid (2), such units have not been 
placed within the overall molecular architecture. 
In mesquite gum, two observations, (i) the charac- 
terization of the trisaccharide (5) and (ii) the 
isolation of the fully etherified aldobiouronic 
acid (8) from the methylated gum, indicate that 
units of the aldobiouronic acid themselves carry 
no side-chains and that they are joined to the 
next D-galactose residues by 1k-3' linkages. 
Since virtually all the 3-0-substituted galactose 
residues in the gum are also 6-0-substituted, it is 
probable that units of the aldobiouronic acid (2) 
are attached as side-chains to the exterior chains 
of 1k-6' linked galactose residues as in the partial 
structure (15). 

Experimental 
General Methods 

Paper chromatography was carried out in the following 
solvent systems (v/v): ( A )  ethyl acetate - pyridine - water 
(10:4:3);(B) ethyl acetate -acetic acid - formic acid - 
water (18 :3 :1:4); ( C )  ethyl acetate - acetic acid - formic 
acid - water (18:8:3:9); (D) ethyl acetate - pyridine - 
acetic acid -water (5:5:1:3); ( E )  1-butanol -ethanol - 
water (4:1:5, upper layer). 

Gas-liquid partition chromatography was carried 
out on columns of acid-washed Celite coated with: (a) 
3% (w/w) of neopentylglycol adipate polyester at 150'; 
(b) 5 % (w/w) of polyethyleneglycol adipate polyester at 
175"; (c) 3 % (w/w) of silicone gum XE-60 at 125'; and 
(d) 10% (w/w) of polyphenyl ether [m-bis-(m-phenoxy- 
phenoxy)benzene] at 200'. Retention times (T) are 
quoted relative to methyl 2,3,4,6-tetra-0-methyl-P-D- 
glucopyranoside. Paper ionophoresis was performed in 
borate buffer at pH  10. Evaporations were carried out 
under reduced pressure at bath temperatures not 
exceeding 40". Unless otherwise stated, optical rotations 
were observed for aqueous solutions at ca. 18'. 

Small-scale methylations of oligosaccharides were 
performed by the method of Kuhn et al. (10). Uronic acid 
was determined by the carbazole method (21). Degrees 
of polymerization of oligosaccharides were determined 
by measurement of carbohydrate content by the phenol - 
sulfuric acid reagent (22) before and after reduction with 
sodium borohydride. 

The present results permit the formulation of Isolation of Gum ~ c i d  
Mesquite gum was obtained as hard vitreous amber- the structure (I6) for the 4- yellow nodules, embedded with bark, twigs, and other o-methylglucuronogalactan framework of foreign material. The nodules (50 g) were dispersed in 

quite gum in which the known structural features water (150 ml), insoluble material was removed by filtra- 
are accommodated. The following paper pro- tion through muslin, the solution was acidified with 
vides evidence for the sequences and types of dilute hydrochloric acid, and polysaccharide was preci- 

linkage between L-arabinofuranose and other pitated by pouring the solution into ethanol (6 volumes). 
The polysaccharide was twice reprecipitated and redis- 

sugar residues in the acid-labile outer chains of solved in water to give a solution which was freeze-dried 
the gum. to afford gum acid (28 g), [a], +60° (c, 2.0), [Found: 

(4-Me) GA (4-Me) GA 
1 1 
1 
6 

I 
6 

Gal R-3 Gal 

I 1 

6 
1 
6 

-3)-Gal-(1'+3)-Gal+ -3)-Gal-(1-3)-Gal-(] - 
6 6 
t 
1 

-3)-Gal-(] -3)-Gal 
T 
Gal-(3 + R 

6 6 6 

T T t 
1 

(4-Me) GA-(1-4)-Gal-(] -3)-Gal Gal-(3 +R Gal-(3c 1)-Gal-(4+1)-@-Me) GA 
6 6 6 
t 

R->3)-Gal 
t 
G A 

t 
Gal 

6 4 6 
t 
1 

t 
1 

(4-Me)GA Rha 
T 

(4-Me) GA 

(16) 
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ASPINALL AND WHITEHEAD: MESQUITE GUM. I 3845 

uronic acid, 17 %I. Hydrolysis of the gum gave galactose 
and arabinose as the main neutral sugar components 
together with a trace of rhamnose. 

A portion of the gum acid (470 mg) was chromato- 
graphed on diethylaminoethylcellulose (phosphate form) 
(8) and the column was eluted with sodium dihydrogen 
phosphate buffer (pH 6) of increasing concentrations and 
finally with 0.5 M potassium chloride. The major peak 
eluted with 0.25 M buffer contained ca. 75% of the 
polysaccharide. The uronic acid content of the minor 
peaks was estimated by the carbazole method (21), and 
the results showed that all peaks, with the singleexception 
of a neutral peak eluted with 0.005 M buffer and 
amounting to less than 5% of the whole, contained 
similar proportions of acid. The polysaccharide prepara- 
tion was used without further purification in later 
experiments. 

Partial Hydrolysis of Mesquite G~trn 
Mesquite gum (20 g ) in 0.5 N sulfuric acid (2000 ml) 

was heated under reflux for 1.5 h. The cooled solution 
was neutralized with barium carbonate and filtered, and 
the filtrate was concentrated (to 200 ml). After treatment 
with Amberlite resin IR-120(H), the solution was further 
concentrated and adsorbed on a column (20 x 3 cm) of 
diethylaminoethyl-Sephadex A-25 (formate form). The 
colurm~ was eluted with water (1500 ml) to remove 
neutral sugars, and then 0.05 M formic acid to give 
fractions (total weight 3.1 g) containing acidic sugars. 
Acidic sugars were separated in sufficient quantity by 
filter-sheet chromatography in solvents B and C to give 
oligosaccharide fractions 1 (480 mg), 2 (205 mg), 3 (150 
mg), 4 (210 mg), 5 (87 mg), 6 (I50 mg), 7 (140 mg), and 8 
(22 mg). 

Examination of Oligosaccharide Fractions 1-8 
Oligosaccharide 1, Rg,l,,t,,, 0.65 in solvent B, MG 1.06, 

had [all, +20" (c, 1.0), and gave 4-0-methylglucuronic 
acid and galactose on hydrolysis. Methanolysis of the 
methylated derivative gave products which were shown 
by g.1.c. on column a to have.the retention times of 
methyl glycosides of 2,3,4-tri-0-methylglucuronic acid, 
and 2,3,4- and 2,3,5-tri-0-methylgalactose. Methanolysis 
of the methylated glycitol similarly afforded 1,2,3,4,5- 
penta-0-methylgaIactitol and methyl glycosides of 
2,3,4-tri-0-methylglucuronic acid. Methylation of the 
disaccharide with methyl sulfate and sodium hydroxide, 
and rnethyl iodide and silver oxide furnished the methyl 
ester methyl glycoside hexamethyl ether of 6-0-(P-D- 
glucopyranosyluronic acid)-D-galactose, m.p. 89-90" and 
mixed m.p. (with sample of m.p. 9&91°) 90". 

Oligosaccharide 2, Rs,l,clo,, 0.75 in solvent B, MG 
0.69, had [a], + 94" (c, 0.5), gave 4-0-methylglucuronic 
acid and galactose on hydrolysis, and contained 48% 
of uronic acid. The g.1.c. on column a of the methanolysis 
products from the methylated derivative showed the 
presence of methyl glycosides of 2,3,4-tri-0-methyl 
glucuronic acid and 2,3,6-tri-0-methylgalactose. Meth- 
anolysis of the methylated glycitol similarly afforded 
1,2,3,5,6-penta-0-methylgalactitol and methyl glycosides 
of 2,3,4-tri-0-methylglucuronic acid. The p.m.r. spec- 
trum of the disaccharide glycitol in deuterium oxide 
showed a doublet (T 4.84, J 3 Hz) attributable (9) to the 
anomeric proton of an a-D-glycoside. The disaccharide 
(150 mg) was converted into the methyl ester methyl 

glycosides by standing overnight in methanolic 1 % 
hydrogen chloride (10 ml), and then heating under reflux 
for 0.75 h. The cooled solution wasneutralized with silver 
carbonate, filtered, and concentrated to a syrup which 
was treated with sodium borohydride (200 mg) in water 
(10 ml) for 18 h. Excess of borohydride was destroyed 
with Amberlite resin IR-120(H), the reduced disaccharide 
was methylated with rnethyl sulfate and sodium hydrox- 
ide, and the methylated disaccharide (105 mg) was 
isolated by extraction with chloroform. The methylated 
disaccharide was hydrolyzed with N hydrochloric acid 
at 100" for 6 h, and the neutralized hydrolysate was con- 
centrated to a syrup. The syrup was fractionated on a 
cellulose column (35 x 2 cm) with light petroleum (b.p. 
100-120") - 1-butanol (7:3), saturated with water as 
eluant, to give (i) 2,3,4,6-tetra-0-methyl-D-glucose (45 
mg), m.p. 79-80" and mixed m.p. (with sample of m.p. 
81-82") 79-80", and (ii) 2,3,6-tri-0-methyl-D-galactose 
(32 mg), which was characterized by conversion into 
2,3,6-tri-0-methyl-D-galactonolactone, m.p. 98-99" and 
mixed m.p. (with sample of m.p. 97-98") 97-98". 

Oligosaccharide 3, RgaI ,,,,,, 0.26 in solvent B, MG 1.14, 
gave glucuronic acid and galactose on hydrolysis, con- 
tained 46 % of uronic acid, and was chromatographically 
indistinguishable from 6-0-(P-D-glucopyranosyluronic 
acid)-D-galactose. The g.1.c. on columns a and b of the 
methanolysis products from the methylated derivative 
showed the presence of methyl glycosides of 2,3,4-tri-0- 
methylglucuronic acid, and 2,3,4- and 2,3,5-tri-0- 
methylgalactose. Methanolysis of the methylated glycitol 
likewise furnished 1,2,3,4,5-penta-0-methylgalactitol and 
methyl glycosides of 2,3,4-tri-0-methylglucuronic acid. 
The disaccharide was characterized by conversion into 
the rnethyl ester rnethyl glycoside hexamethyl ether, m.p. 
86-87" and mixed m.p. (with sample of 9&91°) 86-88". 

Oligosaccharide 4, Rgala,:,,, 0.15 in solvent B, MG 
0.92, [a], + 2" (c, 1.0), contained 29 % of uronic acid and 
was shown to be a trisaccharide. Partial hydrolysis gave 
4-0-methylglucuronic acid, galactose, and oligosac- 
charide 1. Methanolysis of the methylated trisaccharide 
and of the methylated trisaccharide glycitol gave rnethyl 
glycosides of 2,3,4-tri-0-methylglucuronic acid and 
2,3,4-tri-0-methylgalactose from both, methyl glycosides 
of 2,3,5-tri-0-methylgalactose from the former, and 
1,2,3,4,5-penta-0-methylgalactitol from the latter [g.l.c. 
on columns a and b respectively]. The trisaccharide (50 
mg) was converted into the rnethyl glycoside of the 
carboxy-reduced derivative as described for oligosac- 
charide 2. The reduction product was heated in 0.5 N 
sulfuric acid at 100" for 0.5 h. The neutralized hydrolysate 
was separated by filter sheet chromatography in solvent B 
to give a disaccharide (6 mg), [a], +25" (c, 0.5), Rsa~,closc 
0.31, which gave galactose only on hydrolysis and was 
chromatographically indistinguishable from 6-0-P-D- 
galactopyranosyl-D-galactose. Methanolysis of themethy- 
lated disaccharide afforded methyl glycosides of 2,3,4,6- 
tetra-, and 2,3,4- and 2,3,5-tri-0-methylgalactose [g.l.c. 
on column b]. 

Oligosaccharide 5, RgaI ,,,,,. 0.24 in solvent B, MG 
0.72, [a], + 56" (c, 1.0), contained 31 % of uronic acid 
and was shown to be a trisaccharide. Partial hydrolysis 
gave 4-0-methylglucuronic acid, galactose, and oligo~ac- 
charide 2. Methanolysis of the methylated trisaccharide 
and of the reduced -[L~A~H,] methjlated trisaccharide 
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TABLE 3 

Methylation of oligosaccharide fractions 6-8 and derivatives 
-- 

Oligosaccharide fractions*§ 

6 7 8 
Cleavage products from 
methylated derivatives u b c a b c  u b 

2,3,4-Me, Glucuronic acid? 
2,3,4,6-Me, Galactose? 
2,3,4-Me3 Galactose? 
2,3,5-Me3 Galactose?$ 
2,4,6-Me, Galactose? 
2,5,6-Me, Galactose?$ 
2,4-Me2 Galactose? 
1,2,3,4,5-Mes Galactitol 
1,2,3,5,6-MeS Galactitol 

*o. Methylation of oligosaccharide fraction; b, methylation 
fraction after treatment with lime-water. 

tAs methyl glycosides. 
$From methylation of reducing sugar unit. 
8tr = trace; n.d. = not detected. 

of oligosaccharide glycitol; c,  rnethylation of oligosaccharide 

gave methyl glycosides of 2,3,6- and 2,4,6-tri-0-methyl- 
galactose from both, 2,3,4-tri-0-methylglucuronic acid 
from the former, and 2,3,4-tri-0-methylglucose from the 
latter [g.l.c. on columns a and b, and b respectively]. 

Oligosaccharide 5 (20 mg) was kept in methanolic 4 % 
hydrogen chloride (2 ml) at room temperature for 165 
min [[a], + 56" + +42" (constant)]. The solution was 
neutralized with silver carbonate, filtered, and concen- 
trated to a syrup which consisted of one major product, 
Rpalactasc 0.46 in solvent B, and a trace of starting material. 
A portion (5 mg) of the syrup was oxidized with periodic 
acid (3 mg) in water (2 rnl) at 5" for 1 h. Periodic and iodic 
acids were precipitated by neutralization with barium 
hydroxide, the solution was centrifuged, and barium 
ions were removed from the supernatant liquid by treat- 
ment with Amberlite resin IR-120(H). The solution con- 
taining the oxidation product was reduced with potassium 
borohydride (15 mg) for 18 h. Excess of borohydride 
was destroyed with Amberlite resin IR-120(H), the 
solution was concentrated, and boric acid was removed 
by repeated distillations with methanol. Partial hydro- 
lysis of the degraded trisaccharide gave 4-0-methyl- 
glucuronic acid, galactose, arabinose, and oligosaccharide 
2. Methanolysis of the methylated degraded trisaccharide 
gave methyl glycosides of 2,3,4-tri-0-methylglucuronic 
acid, 2,3,6-tri-0-methylgalactose, and 2,5-di-0-methyl- 
arabinose [g.l.c. on columns a and b]. 

Lead terraacetate (10 mg) in acetic acid (1 ml) was 
added to oligosaccharide 5 (12 mg) in water (0.5 ml) and 
acetic acid (1 ml), and the solution was kept for 15 min. 
Hydrogen sulfide was passed through the solution to 
precipitate lead salts, and the filtered solution was con- 
centrated to a syrup which contained one major com- 
ponent, R,,I,,t.,, 1.13 in solvent B, which gave a charac- 
teristic pink stain with aniline oxalate, and a trace of 
starting material. Hydrolysis of a portion of the syrup 
gave lyxose, galactose, and oligosaccharide 2. The remain- 
der of the oxidized syrup was kept in oxygen-free 
saturated lime-water (15 ml) for 10 days. The solution 
was neutralized with Amberlite resin IR-120(H), filtered, 
and concentrated to a syrup, which contained a single 

reducing sugar, RE,lactose 0.59 in solvent B, gave no stain 
with triphenyltetrazolium hydroxide thus indicating 
the presence of a 2-0-substituted reducing unit (23), and 
yielded lyxose, galactose, and oligosaccharide 2 on partial 
hydrolysis. 

Oligosaccharide fractions 6,7, and 8 were homogeneous 
by paper chromatography and had REal,,,,,, 0.06 and 0.30 
in solvents Band C, 0.02 and 0.20, and 0.01 and 0.13 re- 
spectively. Ionophoresis later showed that fraction 6 
was heterogeneous, MG 0.7 and 0.9, but only one com- 
ponent was detected in fraction 8. Partial hydrolysis of 
fractions 6,7, and 8 gave galactose and oligosaccharides 
1, 3, and 4. Samples of each oligosaccharide fraction, 
the corresponding glycitols, and the products from treat- 
ment of fractions 6 and 7 with oxygen-free saturated 
lime-water for 7 days, were methylated and the meth- 
anolysis products from the various methylated deriva- 
tives were examined by g.1.c. [see Table 31. 

Methylared Mesquite Gum 
Gum nodules (30 g) were dissolved in water (100 ml) 

by stirring overnight, insoluble material was removed by 
filtration, and methylation was carried out by the addition 
of methyl sulfate (200 ml) and aqueous 30% sodium 
hydroxide (400 ml) during 4 h. After six further treatments 
the partially methylated gum was isolated by extraction 
with chloroform, converted into the silver salt (19.7 g), 
and methylated further with methyl iodide and silver 
oxide to give methylated mesquite gum (15 g), [a], + 59' 
(c, 0.8 CHCI3),[Found: OMe, 43.1 %I, whose i.r. spec- 
trum showed negligible hydroxyl absorption. A sample 
of the methylated gum was heated in methanolic 4 %  
hydrogen chloride at 100" for 18 h, and after neutraliza- 
tion with silver carbonate the methanolysate was ex- 
amined by g.1.c. on columns a, b, and d [see Table 41. 
A portion of the methanolysate was hydrolyzed in N 
sulfuric acid at 100" for 12 h, and the hydrolysate was 
oxidized with bromine water for 3 days. Examination of 
the resulting mixture of aldonolactones by g.1.c. on 
column b showed the presence of components with the 
retention times of 2,3,5-tri- (T, 1.74), 2,3- (T, 8.1), 2,5- 
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TABLE 4 

Gas-liquid chromatography of methanolysate from methylated mesquite gum 

Relative retention times (T) on* 

Methyl glycosides of 

2,3,4-Me3 Rhamnose 
2,3,5-Me3 Arabinose 
2,3-MeZ Arabinose 
2,5-Mez Arabinose 
33-MeZ Arabinose 
2,3,4,6-Me, Galactose 
2,3,4-Me3 Galactose 
2,3,6-Me3 Galactose 
2,4-MeZ Galactose 
2,3,4-Me, Glucuronic acid 
2,3-Mez Glucuronic acid 

Column a Column b 
- 

0.46 
0.49 0.63 0.54 0.72 

1.19 1.49 
1.49 1.79 

0.83 1.98 1.05 2.40 
1.77 
6.54 7.02 

2.74 3.54 4.07 (3.13) 3.95 4.52 
13.5 15.5 
2.28 2.99 2.40 3.13 

7 .7  8.45 10.3 

Column d 

0.43 
0.49 (0.63) 

'Figures in parentheses represent T values for methyl glycosides whose anomers were detected in separate non-overlapping peaks; no figures 
are quoted for Tvalues whcre no  individual glycoside o f  an individual sugar was detected with certainty o n  a particular column. 

(T, 14.8), and 3,5-di-0-methylarabinonolactone (T, 5.41), 
and 2,3,4,6-tetra- (T, 6.80) and 2,3,6-tri-0-methylgalac- 
tonolactone (T, 13.6). 

Lithium aluminum hydride (200 mg) in tetrahydro- 
furan (8 ml) was added slowly to methylated mesquite 
gum (150 mg) in tetrahydrofuran (8 ml). The mixture was 
stirred for 30 min, and then heated under reflux for 3 h. 
Excess of hydride was destroyed by the addition of ethyl 
acetate, water was added, and the mixture was acid- 
ified to p H  4 by the addition of dilute sulfuric acid. 
The mixture was extracted with chloroform, and the 
extract was concentrated and poured into light petroleum 
to  give reduced methylated gum (50 mg), [aID + 61" (c, 
1.0 CHCI,), [Found: OMe, 39.473. A sample of the 
reduced methylated gum was methanolyzed and the 
resulting methyl glycosides were examined by g.1.c. on 
columns a and b. Similar products to  those formed from 
methylated mesquite gum were detected except that 
methyl glycosides of 2,3,4-tri-0-methylglucose replaced 
those of 2,3,4-tri-0-methylglucuronic acid [T, 2.29 and 
3.36, and 2.39 and 3.58 on columns a and b respectively]. 
No  glycosides of 2,3-di-0-methylglucuronic acid or its 
reduction product, 2,3-di-0-methylglucose, could be 
detected. 

Partial Methanolysis of Methylated Mesquite Gum 
In order to  simulate the conditions used by White in 

the examination of cleavage products from methylated 
mesquite gum (3). methylated gum (13 g) in methanolic 
4 %  hydrogen chloride (1 10 ml) was heated under reflux 
for 5 h. The cooled solution was neutralized with silver 
carbonate, filtered, and concentrated to a syrup. The 
syrup was extracted five times with light petroleum a t  
l W ,  and the petrol-insoluble residue was dissolved in 
chloroform and concentrated to  a syrup (3.0 g). 

A portion of the petrol-insoluble residue was treated 
with dilute sodium hydroxide at  p H  12 for 2 h. Sodium 
ions were removed with Amberlite resin IR-120(H), and 
the resultingsolution was adsorbed on diethylaminoethyl- 
Sephadex A-25 (formate form) and separated into an  
acidic fraction (340 mg) and a neutral fraction (460 mg). 
The neutral fraction was hydrolyzed with N hydrochloric 
acid (25 ml) a t  l W  for 15 h, and the solution was neutral- 

ized and concentrated to a syrup. A portion (65 mg) of 
the syrup was separated by filter sheet chromatography 
in solvent E to give two major components, 2-0-methyl- 
D-galactose (21 mg), m.p. 148-150" and mixed m.p. (with 
sample of m.p. 149-151") 148-15Io, and 2,4-di-0-methyl- 
D-galactose, m.p. 101-103", together with small amounts 
of 2,3,4-tri-0-methylgalactose, and 2,5- and 3,5-di-0- 
methylarabinose, which were identified by g.1.c. of their 
methyl glycosides, and traces of arabinose and a n  
unidentified sugar (possibly a mono-0-methylarabinose). 

A further quantity (1.8 g) of the petrol-insolubleresidue 
was fractionally distilled under reduced pressure (0.005 
mm) to give fractions 1 (34 mg, b.p. 88-16O0), 2 (393 mg, 
b.p. 160-180D), and 3 (300 mg, b.p. 180-210"). The g.1.c. 
of  fraction 1 showed the presence of methyl glycosides of 
2,5- and 3,5-di-0-methylarabinose. Treatment of the 
fraction with methanolic hydrogen chloride caused n o  
further depolymerization. The g.1.c. of fraction 2 showed 
the presence of methyl glycosides of the sugars in fraction 
1 together with 2,4-di-0-methylgalactose. Further treat- 
ment of fraction 2 with methanolic hydrogen chloride 
gave in addition small amounts of methyl glycosides of 
2,3,4-tri-0-methylglucuronic acid and 2,3,4-tri-0-methyl- 
galactose. The g.1.c. of fraction 3 showed the presence 
of methyl glyc&ides of 2,4-di-0-methylgalactoie, and, 
after methanolysis, of 2,3,4-tri-0-methylglucuronic acid, 
and 2,3,4- and 2,3,6-tri-0-methylgalactose. A sample of 
fraction 3 was remethylated, and the product was 
methanolyzed and acetylated. The g.1.c. indicated the 
formation of derivatives of 2,3,4-tri-0-methylglucuronic 
acid, 2,3,4,6-tetra-, and 2,3,4-, 2,3,6-, and 2,4,6-tri-0- 
methylgalactose. Treatment of a portion of fraction 3 
with methanolic ammonia afforded a syrup from which 
no crystalline derivative could be obtained. 

Separation of Acidic Oligosaccharide Fractions 
The remainder of fraction 3 was saponified with dilute 

sodium hydroxide a t  p H  12.5 and fractionated by 
chromatography on diethylaminoethyl-Sephadex A-25 
(formate form) as described previously to give neutral 
fraction 3A (160 mg) and acidic fraction 3B (90 mg). The 
g.1.c. of fraction 3A showed the presence of methyl 
glycosides of 2,4-di-0-methylgalactose, and, after treat- 
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TABLE 5 

Cleavage products from partially methylated acidic oligosaccharide fractions 
3B(i)-3B(iii) 

Fraction Cleavage products* 
Cleavage products 
after remethylation 

3B(i) 2,3,4-Me, Glucuronic acid 2,3,4-Me3 Glucuronic acid 
2,3,4-Me3 Galactose 2,3,4-Me3 Galactose 
2,3,6-Me3 Galactose 2,3,6-Me3 Galactose 

2,4-Me2 Galactose (tr) 

3B(ii) 2,3,4-Me, Glucuronic acid 2,3,4-Me, Glucuronic acid 
2,3,4-Me3 Galactose (tr) 2,3,4-Me3 Galactose 

2,4-Me2 Galactose 

3B(iii) 2,3,4-Me3 Glucuronic acid 2,3,4-Me3 Glucuronic acid 
2,4-Me2 Galactose 2,3,4-Me, Galactose 

2-Me Galactose? 

*tr = trace. 
?Detected by paper chromatography of hydrolysate. 

ment with methanolic hydrogen chloride, of a small 
amount of 2,3,4-tri-0-methylgalactose. Methylation of 
fraction 3A, followed by methanolysis and acetylation 
of the methyl glycosides, afforded derivatives of 2,3,4,6- 
tetra-, and 2,3,4-, 2,3,6- (trace), and 2,4,6-tri-0-methyl- 
galactose (g.l.c.), indicating the presence in fraction 3A 
of partially methylated neutral oligosaccharides con- 
taining galactose residues mutually joined by 1+3' and 
1+6' linkages. 

Methanolysis of fraction 3B afforded methyl glycosides 
of 2,3,4-tri-0-methylglucuronic acid, 2,3,6- and 2,3,4-tri-, 
and 2,4-di-0-methylgalactose [g.l.c. of methyl glycosides 
on column a and of acetylated methyl glycosides on 
column c]. A portion of fraction 3B was remethylated, 
and the product was methanolyzed and acetylated. The 
g.1.c. indicated the formation of derivatives of 2,3,4-tri- 
0-methylglucuronic acid and 2,3,4-tri-0-methylgalactose 
as major p~oducts, and in smaller amounts of 2,3,6- and 
2,4,6-tri-0-methylgalactose. 

In an attempt to separate partially ~nethylated acidic 
oligosaccharides containing galactose residues unsub- 
stituted at C-6, fraction 3B (75 mg) in pyridine (2 ml) was 
heated with triphenylmethyl chloride (80 mg) at 100' for 
1 h. The t.1.c. indicated no formation of products of 
increased chromatographic mobility due to tritylation, 
but the unchanged components were separated by 
preparative t.1.c. to give fractions 3B(i), 3B(ii), and 3B(iii). 
Samples of these fractions were methanolyzed and the 
resulting methyl glycosides (column b) and/or the derived 
acetates (column c) were examined by g.1.c. Further 
samples of the fractions were remethylated and the 
methanolysis products were similarly examined. The 
results are summarized in Table 5. 

Degraded Gum A 
Gum acid (25.5 g) in water (1275 ml) was boiled under 

reflux for 24 h, and the cooled solution was poured into 
ethanol (6 1) containing 1 % of hydrochloric acid. The 
precipitated degraded polysaccharide was twice reprecipi- 
tated, redissolved in water, and the solution was freeze- 
dried to give degraded gum A (7.0 g), [aID - 8' (c, 1) 
[Found: uronic acid (carbazole method), 40%]. Hydro- 

lysis of the degraded polysaccharide gave acidic sugars, 
galactose, and only a trace of arabinose. 

Degraded gum A (5 g) was methylated, as described 
for mesquite gum, with methyl sulfate and 30% sodium 
hydroxide. The partially methylated polysaccharide was 
isolated as the silver salt (2.5 g) which was further methy- 
lated with methyl iodide and silver oxide to give methy- 
lated degraded gum A (1.2 g), [aID -5' (c, 1.0 CHCI,), 
[Found: OMe, 43.6%]. A sample of the methylated 
polysaccharide was heated in methanolic 4% hydrogen 
chloride at 100" for 18 h, and after neutralization with 
silver carbonate the methanolysate was examined by 
g.1.c. on columns a and b [for retention times of methyl 
glycosides see Table 41. The results are quoted in Table 1. 

Carboxy-reduced Degraded Gum A 
Degraded gum A (9 g) was kept in water (600 ml) con- 

taining ethylene oxide (100 ml) at room temperature for 
3 days during which time the pH rose from 2 to 7.1. 
Excess of ethylene oxide was removed by evaporation, 
and the glycol ester (9.5 g) was removed by precipitation 
with ethanol, dissolved in water, and the solution was 
freeze-dried. The glycol ester (9.4 g) was treated with 
acetic anhydride and pyridine in formamide (24) to give 
glycol ester acetate (15.7 g). Lithium borohydride (16 g) 
in tetrahydrofuran (250 ml) was added to glycol ester 
acetate (15.5 g) in tetrahydrofuran (250 ml) with immedi- 
ate formation of a precipitate. The reaction mixture 
was stirred at room temperature for 2 h, and then heated 
under reflux for 18 h with stirring. Excess of hydride was 
destroyed by the careful addition of water. The mixture 
was then acidified to pH 3 by the addition of dilute sul- 
furic acid, dialyzed, concentrated (to 200 ml), and freeze- 
dried to give carboxy-reduced degraded gum A (6.8 g), 
[aID + 50" (c, 1.0). Hydrolysis of the polysaccharide gave 
galactose and 4-0-methylglucose, and small amounts of 
arabinose and glucose but no acidic sugars. 

Degraded Gum B 
Carboxy-reduced degraded gum A (6.8 g) was oxidized 

by sodium metaperiodate (17.12 g) in water (1000 ml) for 
7 h [consumption of oxidant, measured spectrophoto- 
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metrically (25), was constant and corresponded to 0.87 
mole of reagent per sugar residue]. The excess of periodate 
was destroyed by the addition of ethylene glycol, the 
solution was dialyzed to remove sodium iodate and con- 
centrated, and potassium borohydride (5 g) was added 
in two portions during 3 days. The excess of borohydride 
was destroyed and sodium ions were removed by treat- 
ment of the solution with Amberlite resin IR-120(H), and 
the solution was concentrated several times with methanol 
to remove boric acid as methyl borate. and furnished 
polyalcohol as a syrup (3.6 g). The polyalcohol was 
hydrolyzed with N sulfuric acid at room temperature for 
3 h, and the solution was neutralized with barium hydrox- 
ide and barium carbonate, filtered, and treated with 
Amberlite resin IR-120(H). The solution was then con- 
centrated and poured into ethanol (6 volumes). The 
precipitated polysaccharide was washed with ethanol and 
dissolved in water, and the solution was freeze-dried to 
give degraded gum B (1.2 g), [aID + 18' (c, 1.0). The 
supernatant solution from the above precipitation was 
concentrated to a syrup (2.0 g). Paper chromatography 
showed glycerol to be the main component and that no 
reducing sugars were present. Hydrolysis of the syrup 
gave small amounts of galactose and arabinose. 

Hydrolysis of degraded gum B gave galactose and a 
trace of arabinose. Partial hydrolysis of the degraded gum 
in 0.5 N sulfuric acid at 100" for 1 h gave as major com- 
ponents oligosaccharides with the mobilities of 3-0-8-D- 
galactopyranosyl-D-galactose and the polymer-homo- 
logous trisaccharide, and as a minor component 
6-0-D-galactopyranosyl-D-galactose. Degraded gum B 
(200 mg) was methylated with methyl iodide and sodium 
hydride in dimethylsulfoxide as described by Sandford 
and Conrad (26), and furnished methylated degraded gum 
B (83 mg), [aID -24' (c, 1.0 CHCI3) [Found: OMe, 
43.8 %I. A sample of the methylated polysaccharide was 
methanolyzed and g.1.c. of the resulting methyl glycosides 
on columns a and b showed the presence of components 
listed in Table 2, the relative proportions being deter- 
mined by measurement of peak areas on the chromato- 
grams. 

Degraded Gum C 
Degraded gum B (800 mg) was oxidized with sodium 

metaperiodate [consumption of reagent, 0.78 mole per 
sugar residue], reduced with sodium borohydride, and 
hydrolyzed with N sulfuric acid at room temperature as 
described previously, to give degraded gum C (360 mg), 
[ a ] ~  + 19" (c, 1.0). Partial hydrolysis of thepolysaccharide 
gave galactose as the sole monosaccharide, 3-0-galac- 
topyranosylgalactose, and in small amount 6-0-galacto- 
pyranosylgalactose. Oxidation of the polysaccharide with 
sodium metaperiodate resulted in the consumption of 
0.25 mole of reagent per sugar residue. Degraded gum C 
(80 mg) was methylated with methyl iodide and sodium 
hydride in dimethylsulfoxide to give methylated degraded 

gum C (30 mg), [aID - 16" (c, 1.0 CHC13). A sample of 
the methylated polysaccharide was methanolyzed to give 
methyl glycosides of the sugars listed in Table 2 [g.l.c. on 
columns a and b]. 
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Mesquite gum. 11. The arabinan peripheral chains 
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Autohydrolysis of mesquite gum affords a series of arabinose-containing oligosaccharides [A-Q]  
whose structures have been established. It is concluded that the majority of these oligosaccharides 
originate from peripheral chains in the gum containing the following sugar sequences: 

(1) a-L-Araf-(1 + 6)-a-D-Galp-(1 -t 3)-a-L-Araf-(1 + 3)-L-Araf-(I- and 

Canadian Journal of Chemistry, 48, 3850 (1970) 

During a re-examination of the 4-0-methyl- 
glucuronogalactan core of mesquite gum (1) the 
detection of 2,3- and 2,5-di-0-methylarabinose 
as cleavage products of the methylated gum, in 
addition to the 2,3,5-tri- and 3,5-di-0-methyl-L- 
arabinose previously detected by Cuneen and 
Smith (2) and White (3), indicated that the acid- 
labile peripheral chains of the gum are more com- 
plex than was formerly supposed. In order to 
obtain more detailed information on the structure 
of these peripheral chains, the sugars liberated 
during the preparation of degraded gum A (1) 
have been separated chromatographically to give 
a series of arabinose-containing oligosaccharide 
fractions A-Q. With the exception of fraction G 
these oligosaccharides were sufficiently homo- 
geneous for complete structure determination. In 
most cases insufficient quantities of individual 
oligosaccharides were available for characteriza- 
tion by the formation of crystalline derivatives. 
Structure determination involved (a) determina- 
tion of degree of polymerization (4), (b) gas 
chromatographic examination of cleavage prod- 
ucts from the methylated derivatives of the oligo- 
saccharides themselves, the oligosaccharide gly- 
citols, and, in some cases, the aldobionic acids 
formed on bromine oxidation, (c) periodate 
oxidation of the derived phenylosazones (5), (d) 
examination of the products of degradation with 
cold dilute alkali, and ( e )  examination of products 
of partial acid hydrolysis. Since L-arabinose and 

D-galactose are well established as the main 
neutral constituents of the gum, assignments of 
configuration of glycosidic linkages have been 
made, where possible, on the basis of molecular 
rotations. 

Methylation analyses of oligosaccharides A 
and B were identical and similar linkages were 
also shown by periodate oxidation of the non- 
identical phenylosazones. Molecular rotational 
data indicated that the disaccharides were respec- 
tively 3-0-a- and 3-0-P-L-arabinofuranosyl-L- 
arabinose. Oligosaccharides C-F were a series of 
related compounds and the results of experiments 
from which structures have been assigned are 
summarized in Table 1.  Oligosaccharide fraction 
G was probably a mixture of higher homologues 
resulting from the addition of two or more 
arabinofuranose residues to the trisaccharide D 
since the fraction contained both arabinofuranose 
and galactopyranose non-reducing end groups. 

Chains of sugar residues as shown in structure 
1 may be proposed to account for the formation 
of oligosaccharides C-F and the probable com- 
ponents of oligosaccharide fraction G. Since the 
galactopyranosyl linkage in the sequence 1 is 
probably the most resistant to acid hydrolysis, 
oligosaccharide A is likely to arise from arabino- 
furanose units which are two or more residues 
interior to the galactopyranose residue. The 
present evidence does not exclude the possibility 
that units of the disaccharide could also originate 

a-D-Galp-(1 -t 3)-a-L-Araf-(I -t 3)-L-Ara (D) 
a-D-Galp-(I + 3)-L-Ara (C) 

-a-L-Araf-(I -t 6)-a-D-Galp-(I -> 3)-a-L-Araf-(1 -t 3)-a-L-Araf-(I + 3)-L-Araf-(1- (1) 
a-L-Araf-(1 -t 6)-a-D-Galp-(I + 3)-L-Ara (E) a-L-Araf-(1 -> 3)-L-Ara (A) 
a-L-Araf-(1 -t 6)-a-D-Galp-(1 -t 3)-a-L-AraJ(1 -t 3)-L-Ara (F) 
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TABLE 1 

Characterization of oligosaccharide fractions C-F 

Oligosaccharide C D E F G 

Degree of polymerization 3 4 5 
[MID" + 480 + 284 + 172 
Oligosaccharides formed on 

(i) Partial hydrolysis of 
oligosaccharide C C C C 

(ii) Partial hydrolysis of 
oligosaccharide glycitol C C C 

Degradation by alkali + ve + ve + ve 

Cleavage products from methylated 
derivatives* a b  a  a b  a b  a 

2,3,4,6-Me4 Galactose? + + + + 
2,3,4-Me3 Galactose? + + + + + 
2,3,5-Me3 Arabinoset + + + + + 

2,5-MeZ Arabinoset + + + + + + 
1,2,4,5-/I ,3,4,5-Me4 Arabinitol + + + 

*a From methylated oligosaccharide. b From methylated oligosaccharide glyc~tol. 
tAs  methyl glycosides. 

TABLE 2 

Characterization of oligosaccharide fractions H-K 

Oligosaccharide H I J K 

Degree of polymerization 2 3 4 5 
[MID" +285 +414 + 820 
Oligosaccharides formed on partial 

hydrolysis 

Cleavage products from methylated 
derivatives* a b  a b  a b  a b  

2,3,5-Me3 Arabinoset + + + + + + + + 
3,5-MeZ Arabinosei + + + + + + + 
3,4-Mez ArabinoseiS + n.d.5 + + 

1,2,4,5-/I ,3,4,5-Me4 Arabinitol + + + + 
*a From methylated oligosaccharide. b From methylated oligosaccharide glycitol. 
?As methyl glycosides. 
$Where sites of substitution permit, methylation of reducing arabinose residues in N,N-dimethylformamide (6) gives mainly 

furanose derivatives and Dyranose derivatives were not alwavs detected. . . 
§n.d., not detected. 

from arabinofuranose residues exterior to the 
galactopyranose residue. 

Oligosaccharides H-K were shown by methyl- 
ation and other experiments (see Table 2) to be 
members of a polymer-homologous series. The 
first member of the series was additionally char- 
acterized by the formation of crystalline deriv- 
atives from the hydrolysis of the methylated 
disaccharide. The liberation of these oligosaccha- 
rides on autohydrolysis of the gum was implied 
by the earlier methylation results of Cuneen and 
Smith (2) and White (3) which indicated the 
presence of chains of 1 -> 2' linked L-arabino- 
furanose residues. 

Oligosaccharide L was chromatographically 
indistinguishable from 3-0-P-L-arabinopyrano- 
syl-L-arabinose. Although the observed specific 

rotation ([a], + 156") was lower than those pre- 
viously reported, e.g.  [ci], +220° (7), all other 
assigned structural features were confirmed by 
methylation analysis (see Table 3), by the forma- 
tion of a phenylosazone of the correct melting 
point, and by the analysis of the products of 
periodate oxidation of the phenylosazone (5). 
Methylation analyses of oligosaccharides M and 
N and of the derived aldobionic acids were 
identical, and in the former case the assigned 
linkage was confirmed by the absence of mesox- 
aldehyde 1,2-bisphenylhydrazone and formalde- 
hyde as products of periodate oxidation of the 
derived phenylosazone. Molecular rotational 
data indicated that the disaccharides were respec- 
tively 4-0-ci- and 4-0-P-L-arabinofuranosyl-L- 
arabinose. Oligosaccharides 0 ,  P, and Q were 
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TABLE 3 

Characterization of oligosaccharide fractions L-Q 

Oligosaccharide L M N 0 P Q 

Degree of polymerization 2 2 2 3 4 5 
[MID" + 443 + 17 + 242 + 165 + 206 
Oligosaccharides formed on 

(i) Treatment with alkali H I 
(ii) Partial hydrolysis of 

oligosaccharide L L, 0 ,  p 
(iii) Partial hydrolysis of L not L not 

oligosaccharide glycitol detected detected 

Cleavage products from methylated 
derivatives* a b  a b  a b  a b  a b  a b  

2,3,5-Me3 Arabinoset + +  + +  + +  + +  + +  
2,3,4-Me3 Arabinoset + + 

2,3-Me2 Arabinoset + + + +  + +  + +  
2,5-Me2 Arabinoset + + + 
3,s-Me2 Arabinoset + + + + 

1,2,4,5-/I ,3,4,5-Me4 Arabinitol + + + + 
1 ,2,3,5-Me4 Arabinitol + + 

*a From methylated oligosaccharide. b From methylated oligosaccharide glycitol. 
tAs methyl glycosides. 

shown by methylation and partial fragmentation 
studies (see Table 3) to be a series of higher 
saccharides resulting from the successive addition 
of arabinofuranose residues to the non-reducing 
unit of disaccharide L. Comparison of the molec- 
ular rotations of oligosaccharides L ([MI, 
f443") and 0 ([MI, + 165") suggests that the 
additional arabinofuranose residue in 0 has the 
a-L-configuration. In contrast, comparison of the 
molecular rotations of oligosaccharides 0 and Q 
([MI, +206") implies that the two outermost 
arabinofuranose residues have the P-L-configura- 
tion. This conclusion is consistent with the 
detection of oligosaccharides H and I as alkali- 
stable degradation products from oligosaccha- 
rides P and Q. Chains of sugar residues as shown 
in structure 2 may therefore be proposed to 
account for the formation of oligosaccharides 
H-K, L, M, and 0-Q. 

Although controlled acid hydrolysis of mes- 
quite gum results in preferential cleavage of the 
acid-labile arabinofuranosyl bonds, some hydrol- 
ysis of the more resistant galactopyranosyl 

linkages occurs and small quantities of neutral 
galactose-containing oligosaccharides and acidic 
oligosaccharides were isolated. The neutral oligo- 
saccharides were shown to be 3-0-0-D-galacto- 
pyranosyl-D-galactose (R), 6-0-0-D-galactopy- 
ranosyl-D-galactose (S), and the polymer-homolo- 
gous trisaccharide (T). The acidic sugars were 
shown to include oligosaccharides 1-4, which had 
been characterized previously (I), together with 
higher oligosaccharides to which arabinofuranose 
residues were still attached. The liberation of 
these oligosaccharides requires the hydrolysis of 
only one galactopyranosyl bond in the outer 
chains, whereas the release of the trisaccharide 
5 (I), which was not detected in the auto- 
hydrolysate of the gum, and would have required 
the cleavage of contiguous galactopyranosyl 
bonds, would be improbable under conditions of 
limited hydrolysis of the more stable bonds. 

A considerable number of oligosaccharides, 
containing a variety of different linkages, have 
been characterized as partial hydrolysis products 
from mesquite gum, but all the linkages recog- 

p-L-Araf-(1 + 2)-8-L-Araf-(I + 2)-(3-L-Araf-(I + 2)-(3-L-Araf-(1 + 2)-L-Ara (K) 
p-L-Araf-(I + 2)-(3-L-Araf-(I + 2)-0-L-Araf-(I + 2)-L-Ara (J) 
p-L-Araf-(1 + 2)-B-L-Araf-(I + 2)-L-Ara (I) 
p-L-Araf-(I + 2)-L-Ara (H) a-L-Araf-(I + 4)-L-Arap (M) 

-p-L-Araf-(1 + 2)-(3-L-Araf-(I + 2)-p-L-Araf-(1 + 2)-p-L-Araf-(I + 2)-a-L-Araf-(1 + 4)-p-L-Arap-(I + 3)-L-Araf- (2) 

p-L-Arap-(1 + 3)-L-Ara (L) 
a-L-Araf-(I + 4)-(3-L-Arap-(I + 3)-L-Ara (0)  

D-L-Araf-(1 + 2)-a-L-Araf-(I + 4)-(3-L-Arap-(1 + 3)-L-Ara (P) 
B-L-Araf-(I + 2)-p-L-Araf-(I + 2)-a-L-Araf-(I + 4)-(3-L-Arap-(1 + 3)-~-Ara (Q) 
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nized are of types inferred from the identification 
of cleavage products from the methylated poly- 
saccharide (1). Nevertheless, the possibility of 
some of the six arabinobioses arising from artifact 
formation must be considered. 3-0-0-L-Arabino- 
pyranosyl-L-arabinose (L) is known to be a major 
product from the acid-catalyzed reversion of 
L-arabinose (8), but, in the absence of other 
equilibrium-controlled reversion products such 
as 4-0-P-L-arabinopyranosyl-L-arabinose, it may 
be regarded as a genuine degradation product of 
mesquite since it is readily formed from the higher 
oligosaccharides 0 and Q. Artifact formation by 
kinetically controlled transglycosylation is also 
considered unlikely in view of the correspondence 
between the linkages in the isolated oligosaccha- 
rides and those indicated by the methylation 
analysis of the parent polysaccharide. However, 
in view of the isolation of two pairs of disaccha- 
rides, each pair differing only in the configura- 
tions of the glycosidic linkages, the further 
possibility of acid-catalyzed anomerization can- 
not yet be discounted. 4-0-a-L- (M) and 4-0-P- 
L-Arabinopyranosyl-L-arabinose (N) were iso- 
lated in the approximate proportions of 2: l .  
Whereas molecular rotational considerations in- 
dicated that units of the former disaccharide (MI 
provided the two non-reducing residues in 'the 
trisaccharide (0) ,  no evidence was obtained that 
units of the latter disaccharide (N) formed part 
of other oligosaccharide sequences. Likewise, of 
the disaccharides, 3-0-a-L- (A) and 3-0-P-L- 
arabinofuranosyl-L-arabinose (B), which were 
isolated in similar amounts, units of the former 
(A) only have been recognized as constituents of 
more extended sequences (F and, possibly, com- 
ponents of fraction G). The structural signifi- 
cance, therefore, of disaccharides B and N 
remains unproven on present evidence. 

The results  resented in this and the ~revious 
paper (1) show clearly the highly complex struc- 
ture of mesquite gum. In the absence of evidence 
for branching in the peripheral chains, all the 
arabinose-containing oligosaccharides formed on 
autohydrolysis of the gum, with the exception of 
the disaccharides B and N, appear to be derived 
from the basic structural sequences 1 and 2. These 
chains are indicated as R in structure 16 in the 
previous paper (1). The implication that the 
pentasaccharides K and Q represent overlapping 
regions from type 2 chains suggests that these 
chains have a minimum size of seven L-arabinose 

residues. In an earlier studv. Dutton and Unrau . , 
(9) obtained evidence for the presence of chains 
containing at least six arabinose residues. Al- 
though the disaccharides, 3-0-a-D-galactopyran- 
osyl-L-arabinose (C) and 3-0-P-L-arabinopyran- 
osyl-L-arabinose (L), have been isolated as partial 
hydrolysis products from peripheral chains of a 
number of exudate gums (10, 1 I), the presence 
of isolated D-galactopyranose and L-arabinopy- 
ranose residues within chains of L-arabinofuran- 
ose residues has not been previously observed. 

Experimental 
The general experimental procedures were as described 

in Part I (1). 

Autol~ydrolysis of Gltm and Fractionation of Liberated 
Oligosaccharides 

Gum acid (30 g) in water (1500 ml) was boiled under 
reflux for 24 h, and the cooled solution was concentrated 
and poured into ethanol (6 volumes). A sample of the 
precipitated polysaccharide was hydrolyzed giving inter 
alia a substantial proportion of arabinose. The partially 
degraded gum in water (500 ml) was boiled under reflux 
for a further 12 h and the degraded polysaccharide (7.1 g), 
[aID - 1" (c, 1.0), was precipitated with ethanol, and 
shown to give only traces of arabinose on hydrolysis. The 
combined supernatant liquids from the autohydrolyses 
were concentrated to a syrup which was adsorbed on a 
column (30 g) of diethylaminoethyl-Sephadex A-25 
(formate form). Neutral sugars were eluted with water 
(2 l), and the eluate was concentrated to a syrup (15 g). 
The column was then eluted with 0.5 M formic acid to 
give acidic sugars (3.5 g). 

Chromatographic examination of the mixture of 
neutral sugars showed the presence of arabinose, galac- 
tose, rhamnose, and a series of oligosaccharides. The 
sugars were adsorbed on a column of charcoal-Celite 
(1 :I, 300 g) and monosaccharides (9 g) were eluted with 
water. The column was then eluted with water containing 
increasing proportions of ethanol. Appropriate fractions 
were combined and mixtures of oligosaccharides were 
further separated by filter sheet chromatography in 
solvents A or B to give oligosaccharides A to T (Table 4). 

Chromatographic examination of the mixture of acidic 
sugars showed the presence of components similar to 
those previously isolated on partial hydrolysis of the 
gum (1). Filter sheet chromatography of a portion (0.6 g) 
of the syrup in solvent C gave fractions I (55 mg), 
2 (104 mg), 3 (83 mg), 4 (42 mg), and 5 (29 mg). Further 
separation of fraction 3 by filter sheet chromatography 
in solvent B gave fractions 3a (22 mg) and 36 (37 mg). 
Fractions 4 and 5 were further separated by filter sheet 
ionophoresis to  give fractions 4a (12 mg), 46 (17 mg), 
5a (8 mg), 56 (6 mg), and 5c (4 mg). 

Cliaracterization of Arabirlose-contairzing 
Oligosacchurides A-Q 

Hydrolysis of oligosaccharides A, B, and H-Q gave 
arabinose only, and of oligosaccharides C-G galactose 
and arabinose. Degrees of polymerization were deter- 
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TABLE 4 

Separation of oligosaccharide fractions A-T 

% EtOH Rsalae,ase in solvents 
Weight in 

Fraction (mg) eluant [a],' A B E MG 

TABLE 5 
The g.1.c. of methylated sugar derivatives* 

Relative retention times (T) on columns a and b of 

Methyl glycosides Sugars Aldonolactones 

Sugar a b a b a b 

2,3,4-Me3 Arabinose 
2,3,5-Me3 Arabinose 

2,3-Me, Arabinose 
2,4-Me, Arabinose 
2,5-Me, Arabinose 
3,4-Me, Arabinose 
3,5-Me, Arabinose 

2,3,4,6-Me4 Galactose 

Alditols 

Alditol 

1,2,4,5-/I ,3,4,5-Me4 Arabinitol 
1,2,3,5-11,2,3,4-Me4 Arabinitol 

'Compounds whose retention times differed by more than - 5 %  were sufficiently resolved to detect both components, 

mined and small-scale methylations of oligosaccharides 
and derivatives were performed as described previously 
(1). The methylated oligosaccharides were characterized 
by g.1.c. of the methanolysis products, and also in the 
case of oligosaccharides B, H, N, 0 ,  and Q, of the 
aldonolactones formed on hydrolysis followed by bro- 
mine oxidation. The relative retention times (T) of 
various methylated derivatives of arabinose and of 
2,3,4,6-tetra-0-methylgalactose on columns a and b are 
listed in Table 5. Partial hydrolyses of arabinose- 
containing oligosaccharides and oligosaccharide glycitols 

were carried out at  100' for 1 h in 0.02 N sulfuric acid. 
Alkaline degradations were performed in oxygen-free 
saturated lime-water at  room temperature. Phenylosa- 
zones were prepared and their products from periodate 
oxidation were analyzed as described by Hough et al. (5). 
The results of these experiments have been summarized 
in Tables 1-3 or are quoted below. 

Further Exaniination of Oligosaccharides A-Q 
Oligosaccharide A afforded a phenylosazone, m.p. 

212-213" [h,,, 255 (E, 18 OW), 310 (E, 9800), 394 nm 
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ASPINALL AND WHITEHE AD: MESQUITE GUM. I1 3855 

(E, 18 300) (ethanol)]. Periodate oxidation of the phenyl- 
osazone gave formaldehyde (1.1 mole) but no mesoxal- 
dehyde 1,2-bisphenylhydrazone. 

Oligosaccharide B afforded a phenylosazone, m.p. 
215-217" and mixed m.p. (with sample of phenylosazone 
of oligosaccharide A) 205" [h,,, 255 (E, 20 loo), 309 
(E, 12 loo), 390nm (E, 22 200) (ethanol)]. Periodate 
oxidation of the phenylosazone gave formaldehyde 
(0.85 mole) but no mesoxaldehyde 1,2-bisphenylhydra- 
zone. 

Oligosaccharide C furnished a phenylosazone, m.p. 
232-233" and mixed m.p. (with sample, m.p. 235") 233" 
[h ,,,,, 257 (E, 18 OOO), 3 10 (E, 10 800), 394 nm (E, 20 500) 
(ethanol)]. Periodate oxidationof the phenylosazone gave 
formaldehyde (I .O mole) but no mesoxaldehyde 1,2- 
bisphenylhydrazone. 

Oligosaccharide H (40 mg) was methylated with methyl 
sulfate and 30% aqueous sodium hydroxide, and then 
with methyl iodide and silver oxide. The methylated 
disaccharide was hydrolyzed to give (i) 2,3,5-tri-0- 
methyl-L-arabinose (12 mg), which was characterized by 
conversion into 2,3,5-tri-0-methyl-L-arabinonamide, m.p. 
135-136" and mixed m.p. (with sample, m.p. 137-138") 
135-136", and (ii) 3,4-di-0-methyl-L-arabinose (14 mg), 
which was characterized by conversion into 3,4-di-0- 
methyl-L-arabinonamide, m.p. 123-125" and mixed m.p. 
(with sample, m.p. 127-128") 124-125". 

Oligosaccharide L furnished a phenylosazone, m.p. 
233-234" (lit. (7) m.p. 234") [h,,, 256 (E, 23 loo), 309 
(E, 12 400), 395 nm (E, 22 500) (ethanol)]. Periodate 
oxidation of the phenylosazone gave formaldehyde 
(1.1 mole) but no mesoxaldehyde 1,2-bisphenylhydra- 
zone. 

Oligosaccharide M was oxidized with bromine water, 
the resulting aldobionic acid was methylated, and g.1.c. 
of the hydrolysis products from the methylated derivative 
showed the presence of 2,3,5-tri-0-methylarabinose and 
2,3,5-tri-0-arabinonolactone. The disaccharide furnished 
a non-crystalline phenylosazone which was purified by 
t.1.c. [h,,, 256 (E, 18 900), 307 (E, 11 700): 390 nm 
(E, 20 000, assumed)]. Periodate oxidation resulted in the 
consumption of 1.8 mole of reagent, traces (0.046 mole) 
of formaldehyde were liberated, and no mesoxaldehyde 
1,2-bisphenylhydrazone was formed. 

Oligosaccharide N was oxidized with bromine water, 
the resulting aldobionic acid was methylated, and g.1.c. 
of the hydrolysis products from the methylated derivative 
showed the presence of 2,3,5-tri-0-methylarabinose and 
2,3.5-tri-0-methylarabinonolactone. 

Characterization of Oligosaccharides R-T 
Oligosaccharide R gave galactose only on hydrolysis 

and was chromatographically indistinguishable from 
3-0-p-D-galactopyranosyl-D-galactose. Methanolysis of 
the methylated disaccharide gave methyl glycosides of 
2,3,4,6-tetra-, and 2,4,6- and 2,5,6-tri-0-methylgalactose 
[g.l.c. on columns a and b]. 

Oligosaccharide S gave galactose only on hydrolysis 
and was chromatographically indistinguishable from 
6-0-8-D-galactopyranosyl-D-galactose. Methanolysis of 
the methylated disaccharide gave methyl glycosides of 

2,3,4,6-tetra- and 2,3,4-tri-0-methylgalactose [g.l.c. on 
column a]. Similar methanolysis of the methylated di- 
saccharide glycitol gave methyl glycosides of 2,3,4,6- 
tetra-0-methylgalactose, and 1,2,3,4,5-penta-0-methyl- 
galactitol 1g.l.c. on column b]. 

Oligosaccharide T was a trisaccharide which gave 
galactose only on hydrolysis and was chromatographically 
indistinguishable from 0-13-D-galactopyranosyl-(I + 6)- 
0-13-D-galactopyranosyl-(I -. 6)-D-galactose. Partial hy- 
drolysis gave oligosaccharide S. Methanolysis of the 
methylated trisaccharide and of the methylated tri- 
saccharide glycitol gave methyl glycosides of 2,3,4,6- 
tetra- and 2,3,4-tri-0-methylgalactose from both, together 
with methyl glycosides of 2,3,5-tri-0-methylgalactose 
from the former and 1,2,3,4,5-penta-0-methylgalactitol 
from the latter [g.l.c. on columns a and b]. 

Exat~iitzatiot~ of Acidic Oligosaccharide Fractions 
Chromatographic examination of oligosaccharide frac- 

tions 1, 2, 3a, and 36 and of the products of partial 
hydrolysis, reduction and hydrolysis, and/or methanolysis 
of the methylated derivatives established their identity 
with the previously characterized oligosaccharides 2, 1, 
3, and 4 (1). 

Oligosaccharide fractions 4a-5c were chromatograph- 
ically similar to the previously examined fractions 6 
and 7 (1). Hydrolysis of fractions 46, 56 and 5c gave 
arabinose in addition to galactose and acidic oligo- 
saccharides. Hydrolysis of the glycitols from fractions 
46 and 56 gave inter alia arabinose and galactitol. 
Methanolysis of methylated fraction 56 gave methyl 
glycosides of 2,3,5-tri-0-methylarabinose, 2,3,4,6-tetra- 
and 2,3,4-, 2,4,6- and 2,5,6-tri-0-methylgalactose, and 
2,3,4-tri-0-methylglucuronic acid. 
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Halogen exchange in reactions of boron halides with o-(trifluoromethy1)- 
phenyltrimethyl derivatives of silicon and tin 

T. CHIVERS 
Department of Chemistry, The University of Calgary, Calgary 44, Alberta 

Received July 20, 1970 

The reaction of boron trifluoride with o-CF3C6H4SnMe3 in carbon tetrachloride gives o-CF3C6H4BF2, 
which with aqueous potassium fluoride is converted to K[o-CF3C6H4BF3]. Boron trichloride and 
o-CF3C6H4SnMe3 undergo halogen exchange to give, after hydrolysis, o-CCI~C,H~B(OH)~.  Halogen 
exchange also occurs between boron trichloride and 0-CF3C6&Y (Y = H, SiMe3) to give boron 
trifluoride and o-CC13C6H4Y. The long range H F  and F F  nuclear magnetic resonance (n.m.r.) coupling 
constants observed for o-CF3C6H4-derivatives are briefly discussed. 
Canadian Journal of Chemistry, 48, 3856 (1970) 

Introduction 
Perlluoroalkyl derivatives of boron are un- 

stable with respect to fluorine migration from the 
organic group to boron unless a group which may 
.x-bond strongly with boron is linked to it (1, 2). 
Perfluorovinyl-(3) and perfluorophenyl-boron 
(4-6) compounds show greater stability with 
respect to fluorine migration from the side chain 
to boron. In connection with our interest in the 
structure-stability relationships of fluorocarbon- 
boron compounds we have investigated the reac- 
tion of o-CF3C6H4SnMe3 with boron trifluoride 
and with boron trichloride as a possible route to 
the hitherto unknown o-CF3C6H4BX,(X = F, C1) 
derivatives. 

Experimental 
General 

Manipulations which involved air sensitive materials 
were carried out in a dry nitrogen atmosphere or with the 
aid of a vacuum system. Infrared spectra were recorded on 
a Perkin-Elmer model 337 instrument using sodium 
chloride or potassium bromide optics, and were cali- 
brated with a polystyrene film. A Varian HA 100 
spectrometer was used for the I9F n.m.r. spectra with 
CC13F as internal reference. The 'H n.m.r. spectra were 
obtained for 20% solutions in carbon tetrachloride with a 
Varian A60 instrument. Boron trihalides, benzotri- 
fluoride, and o-bromobenzotrifluoride were purchased 
commercially and used without further purification. 
o-(Trifluoromethyl)phenyltrimethyltin (7) and o-(tri- 
fluoromethy1)phenyltrimethylsilane (8) were prepared 
according to the literature. 

Analyses were performed by Dr. A. Bernhardt, 
Mulheim, Germany, and by Dr. A. DaesslC, Montreal, 
Quebec. 

Preparation of o-(Trifluoromethyl)phenylboron Difl~toride 
Boron trifluoride (1.40 rr. 20.6 mmole) was condensed 

into a Carius tube cbntaining o-(trifluo;~methyl)~hen~l- 
trimethyltin (2.27 g, 7.6 mmole) in carbon tetrachloride 
(10 ml, freshly distilled from Pz05). The tube was sealed 

off and allowed to come to room temperature. A white 
precipitate was slowly deposited and after 2 days volatile 
products were transferred to the vacuum line and frac- 
tionated through traps at 0, - 30, -78, and - 182" to give 
o-(trifluoromethyl)phenylboron difluoride (- 30") (1 .I 8 g, 
6.1 mmole), carbon tetrachloride (-7S0), and boron 
trifluoride (- 182") (0.40 g, 5.9 mmole). A white, air- 
sensitive solid residue in the tube was identified by its 
infrared spectrum (9) as trimethyltin tetrafluoroborate 
(1.88 g, 7.55 mmole). 
o-(Trifluoromethyl)phenylboron difluoride was charac- 

terized by its fluorine analysis, and by conversion to 
K[o-CF3C6H4BF3] (see below). 

Anal. Calcd. for C7H4BF5: F, 49.0. Found: F, 48.5. 

Preparation of Potassirtm o-(Trifluorotnethy1)phenyltri- 
fluoroborate 

o-(Trifluoromethyl)phenylboron difluoride (2.17 g, 11.2 
mmole) was condensed onto a solution of potassium 
fluoride (0.65 g, 11.2 mmole) in water (20 ml). A white 
precipitate (2.21 g) was obtained, which was recrystallized 
twice from water to give potassium o-(trifluoromethy1)- 
phenyltrifluoroborate (1.24 g, 4.9 mmole) which effer- 
vesced at 179-181' to give a white solid m.p. 255'. 

Anal. Calcd. for C7H4BF6K: C, 33.4; H, 1.6; F, 45.2. 
Found: C, 33.0; H, 1.8; F, 44.9. 

The infrared spectrum (Nujol) showed bands at 1631m, 
1571w, 1311s, 1260s, 1190s, 1172s, 1160s, 1118s, 1102s, 
1066s, 1030s, 1005m, 960s, 910w, 776s, 748s, 697w, 
647w cm-l. 

Reaction of o-(Trifluoromethyl)phenyltrimethyltin with 
Boron Trichloride 

Excess of boron trichloride and o-(trifluoromethy1)- 
phenyltrimethyltin (4.18 g, 13.9 mmole) were allowed to 
react at 2S0 in a sealed, evacuated Carius tube. The 
reaction mixture was a colorless liquid after 2 h. After 
18 h, some white crystals had formed and the supernatant 
solution was deep blue. After 2 days, volatile products 
were transferred to the vacuum line to give boron 
trifluoride (0.85 g, 12.5 mmole) identified by comparison 
of its infrared spectrum with that of an authentic sample. 
The blue liquid residue in the tube was treated with petrol 
(4CL60"; 100 ml) and insoluble white crystals were filtered 
off and identified by their infrared spectrum and m.p. as 
dimethyltin dichloride (1.95 g, 8.8 mmole). 
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Solvent was removed from the filtrate (which was sub- 
jected to atmospheric hydrolysis at this stage) under 
vacuum to give a yellow solid residue, which was recrys- 
tallized from cyclohexane to give white crystals of 
o-(tricl~loromethyl)phenylboronic acid (1.56 g, 6.5 mmole) 
m.p. 11 1-113" with effervescence. 

Anal. Calcd. for C7H6BCI3O2: C, 35.1 ; H, 2.5. Found: 
C, 35.8; H, 2.6. 

The 'H n.m.r. spectrum (CDCI,) showed a broad 
singlet at ~ 5 . 7  [ I  = 45; B(OH),] and multiplets a t  
~ 2 . 0  ( I  = 23), and at d . 5  ( I  = 68) (aromatic protons). 
I = Integrated area. The infrared spectrum (Nujol) 
showed a broad band at  3340 cm-' (0-H stretch) and 
strong bands at 790, 740, and 713 cm-' (C-CI stretch). 

Preparation o/o-(Trichlorot~~etl~yl)phenyltrimethylsilane 
o-(Trifluoromethyl)phenyltrimethylsilane (3.07 g, 14.1 

mmole) and an excess of boron trichloride were kept in a 
sealed, evacuated tube at 25' for 24 h. The liquid reaction 
mixture, which was colorless, was cooled and volatile 
products were transferred to the vacuum line and shown 
to contain boron trifluoride (infrared spectrum). The 
~nvolatile liquid residue (3.73 g) was distilled to give 
o-(trichloromethyl)phenyltrimethylsilane b.p. 82-83"/0.04 
mm (3.22 g, 12.1 mmole). 

Anal. Calcd. for CI0Hl3SiC1,: C, 44.9; H, 4.9; CI, 
39.75. Found: C,45.05; H, 5.1; C1, 39.5. 

The 'H n.m.r. spectrum (20 % in CCI,) showed a singlet 
at  r9.60 (Me3Si) and multiplets at  ~ 1 . 9 0 ,  ~2.25, and ~ 2 . 7 3  
(1 :1 :2, aromatic protons) in the ratio 100:44. The infrared 
spectrum (liquid film) showed bands at  3058w, 2953111, 
2895w, 1458m, 1410m, 1265s, 1181111, 1170m, 1123s, 

I 1073111, 1051m,91 lw, 866vs, 842vs, 790vs, 770sh, 730vs, 
705s, 698sh, 683sh, 630~1 ,  620111, 451w cm-'. 

Reactions o/ Berrzotrifl~torirle with Boron Trichloride 
I (a) 1 : I  Molar Ratio 

Benzotrifluoride (12.6 g, 86.4 mmole) and a slight excess 
of boron trichloride (10.4 g, 88.6 mmole) were left in a 
sealed, evacuated tube at  25" for 2 days. Volatile products 
were transferred to the vacuum line and shown to contain 
boron trifluoride (infrared spectrum). The involatile 
liquid residue was shown to be benzotrichloride (16.4 g, 
84.0 mmole) by comparison of its infrared spectrum with 
that of an authentic sample. 

(b )  3:l Molar Ratio 
Benzotrifluoride (20.9 g, 143 mmole) and boron tri- 

chloride (5.6 g, 48 mmole) were left in a sealed, evacuated 
tube at 25" for 1 day. Boron halides were separated from 
other products by vacuum transfer at -78'. Distillation 

of the liquid residue gave benzotrifluoride b.p. 102" 
(12.9 g, 88 mmole) and a liquid residue which was shown 
by its infrared spectrum to be benzotrichloride (9.8 g, 
50 mmole). 

Results and Discussion 

In the reaction of o-CF3C6H4SnMe3 with 
boron trifluoride in dry carbon tetrachloride the 
expected Sn-Car,, cleavage occurs to give 
o-CF3C6H4BF2 and a white precipitate of tri- 
methyltin tetrafluoroborate. 

On exposure to air o-CF3C6H,BF2 fumes 
strongly, and the salt K[o-CF3C6H4BF,] is 
formed when o-CF3C6H4BF2 is condensed onto 
an aqueous solution of potassium fluoride 
( ~ f .  K(C6F5BF3)) (lo)- 

When o-CF3C6H4SnMe3 and an excess of 
boron trichloride were allowed to react in a 
sealed tube at ambient temperature, white crys- 
tals of dimethyltin dichloride slowly formed and 
the supernatant liquid was blue.' Volatile prod- 
ucts were shown to contain boron trifluoride, and 
the involatile liquid product, after hydrolysis, was 
identified as o-CC1,C6H4B(OH),. Apparently, 
halogen exchange between boron trichloride and 
the trifluoromethyl group occurred either prior to 
or concomitant with Sn-Car,, cleavage to give 
o-CC13C6H4BC12 which, on hydrolysis, would 
give o-CC1,C6H4B(OH),. 

In support of this suggestion we have observed 
that halogen exchange occurs at  ambient tem- 
peratures between boron trichloride and either 
C6H5CF3 or o-CF3C6H4SiMe3 to give the corre- 
sponding o-CC13C6H4-derivative in good yield. 

Halogen exchange also takes place between 
boron tribromide and o-CF3C6H4SiMe3 and this 
reaction can be conveniently monitored by 
recording the 'H n.m.r. spectrum of the reaction 

'A red color was observed in the reaction between (C6F,),Sn(tz-Bu), and boron tribromide (15). In  the example 
above, it appears that the coloration is sensitive to the presence of trace impurities, since in one experiment the super- 
natant liquid was red. 
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L I I L - 
t--- 4 0  Hz -> 4- 40 Hz j t---- 40Hr + 
FIG. 1 .  60 MHz 'H n.m.r. spectra of BBr, and o-CF3C6H4SiMe, after (A) 8 h; (B)  13 h; ( C )  12 days. Peaks are 

due to (I) 0-CF3C6H4SiMe3; (2) o-CF2BrC6H4SiMe3; ( 3 )  o-CFBr2C6H4SiMe3; (4) O-CBr3C6H4SiMe3; (5) external 
Me4Si. 
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reactions between boron tribromide and some a: \ + BC13 \ + BF3 metal and non-metal chlorides (1 3). 
ThelH n.m.r. spectra of o-CF,C6H4SiMe, and 

(Y =H, SiMe3) o-CF,C6H4SnMe, both show 1 :3 :3 :1 quartets at 
79.80 and 79.66, respectively, due to coupling 

mixture at  various time intervals (Fig. 1). A slight between the methyl Protons and the 3 equivalent 
excess of boron tribromide was condensed into an fluorines of the trifluoromethyl group, J H ,  = 1.0 
n.m.r. tube containing 0-CF,C6H4SiMe, and the and0.8 Hz, res~ec t ive l~ .Thecou~l ing  is formally 
tube was sealed off under vacuum. After 8 h, the through 6 bonds (50 and 1 aromatic) and is 
1~ n.m.r. spectrum of the reaction mixture significantly greater than that observed for the 
showed, in addition to a complex multiplet corresponding 0-fluorophenyl derivatives where 

assigned to aromatic protons, a single peak coupling through 5bonds OCCU~S,JHF -0.5 HZ 
due to o-CF,C6H4SiMe, (I) and three other (I4). 
peaks at lower frequency presumably due to The19F n.m.r. spectrum of K[o-CF,C~H~BF, 1 
o - ~ ~ 2 ~ r ~ 6 ~ 4 ~ i ~ e ,  (2), o - ~ ~ ~ r 2 ~ , ~ 4 ~ i ~ e ,  in 50 % acetone solution shows a 1 :3 :3 : 1 quartet 
(3), and 0-CBr,C,H,SiMe, (4). The relative in- for--CF3fluorinesat58.9 P.P.m-duetocou~ling 
tensity of peak 4 increases with time at the expense with (-BF3)- fluorine& JFF = 10.0 Hz. The 19F 
of peaks I and 2, until after 12 days the predomi- n.m.r- spectrum of o - C F ~ C ~ H ~ B F Z  as a neat 
nance of peak 4 indicates that the reaction has liquid shows a broad singlet (-CF3) at 61.2 
gone to completion. Halogen exchange for the P-P-m. (peak width at half height = 17-0Hz). 
BC~,/~-CF,C,H,S~M~, system can also be Broad, unresolved absorptions are observed for 
followed by recording the 'H n.m.r. spectrum of B-F fluorines in these two compounds at 
the reaction mixture, but overlapping ofthe peaks 79.6 P.P.m. (-BF2) and 138.8 P-P.m. (-BF3)-, 
due to mixed halogen species is observed in this respectively. The latter value is close to that 
case. observed for B-F fluorines in K[C,F,BF,] 

However, attempts to use the halogen ex- (134.25 P . P . ~ . )  (10). 
change reaction between boron trihalides and 
o-CF,C6H4- derivatives selectively to displace 
either one or two fluorines of the CF, group by 
another halogen on a preparative scale have been 
unsuccessful, possibly due to disproportionation 
during the work-up procedure. For example, 
benzotrifluoride and boron trichloride in a 3:l 
molar ratio gave benzotrichloride (35%) and 
unreacted benzotrifluoride (62%) as the major 
products. 

Displacement of fluorine by chlorine in organic 
systems has been achieved using aluminum tri- 
chloride, but heating is normally required (1 1). 
The mild conditions used in the above examples 
are noteworthy, although fluorine~hlorine ex- 
change between fluorohaloalkanes and boron 
trichloride has previously been observed in a 
study of the boron halide catalyzed haloalkylation 
of benzene (12). 

Although we have not made a detailed study of 
the mechanism of halogen exchange, it seems 
likely that abstraction of fluoride ion by the boron 
trihalide to give a tetrahaloborate intermediate is 
involved, as has been demonstrated for exchange 

The early part of this work was carried out during the 
tenure of a Tutorial Fellowship at the University of 
Sussex. The author thanks Dr. D. R. M. Walton for a gift 
of a-(trifluoromethy1)phenyltrimethyltin. Financial sup- 
port from the National Research Council of Canada is 
gratefully acknowledged. 
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Donor-acceptor interactions in Friedel-Crafts systems. 
The CH, COCl.AlC1, addition compound 
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T. THEOPHANIDES 
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The infrared spectra of CH3COCI and CH3COCI.AICI3 have been studied from 4000 to 300cm-l with 
a Perkin-Elmer 621 grating spectrophotometer. The results indicate that the addition compound 
CH3COCI.AIC13 exists under three structures, two ionic and one dative structure. The distinct ionic 
structures are the carbonium type structure [H3C-C=O]+ [AICI4]- with a carbonyl band at 2200 cm-l 
(type 1) and a structure visualized as a hybrid between resonating structures 

where the mesomeric limit form corresponding to the hyperconjugation is preponderant, with a carbonyl 
band at 2300 cm-l (type 2). Vibrational assignments have been made for the two ions and supported by 
normal coordinate analysis. Two sets of force constants have been derived on the basis of the generalized 
force field for the two ionic structures to provide a correspondence between observed and calculated 
frequencies. Evidence would seem to show that the active species in the Friedel-Crafts ketone synthesis is 
the oxocarbonium type 1 acetylir~m ion. 
Canadian Journal of Chemistry, 48, 3860 (1970) 

Introduction 

Extensive work has been carried out to 
elucidate the structure of donor-acceptor addi- 
tion compounds presumed to initiate Friedel- 
Crafts reactions (1). The conclusions reached on 
the structure of these compounds are based on 
the investigation of thermal properties, such as 
heats of formation and of electrical properties, 
such as conductivity and dipole moments. The 
most important contributions, however, arise 
from spectrochemical investigations, namely, the 
interpretation of the infrared spectra of the 
addition compounds of organic molecules 
containing the carbonyl group with the metal 
halide Lewis acid catalysts of the Friedel-Crafts 
reactions. These catalysts have an electron 
deficient central metal atom capable of accepting 
electrons from the carbonyl group of the organic 
compound. 

The formation of the addition compound 
induces intramolecular displacement of negative 
charges from the donor to the acceptor molecule 
which results principally in a bathochromic or 
hypsochromic shift of the carbonyl stretching 
frequency v(C=O). 

From infrared evidence combined with X-ray 
analysis Susz and co-workers (2) came to the 

conclusion that these donor-acceptor addition 
compounds are of two distinct, well-defined 
structures : 

( I )  A structure corresponding to the hypso- 
chromic shift with strong bands in the 2200 cm-' 
region indicating the existence of the triple bond 
of the oxocarbonium ion [ R - E O ] '  iso- 
electronic with the R-CGN molecule which 
also absorbs in the 2200 cm-' region. This 
suggests the ionic structure 

(2) A structure with a dative bond. In this 
structure the carbonyl group shares a pair of 
electrons with the electron deficient metal of the 
Lewis acid catalyst, thus forming a new covalent 
bond between the oxygen and the metal atoms. 

The corresponding strong bathochromic shift 
of the order of 150-200 cm-' of the carbonyl 
stretching frequency indicates the presence of a 
perturbed carbonyl bond which has lost some of 
its double bond character because of an electron 
displacement towards the oxygen atom. 

All the investigated ketone - Lewis acid halide 
addition compounds and some of the acyl 
halide - Lewis acid halide addition compounds 
are of this dative bond structure 
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\ 
C=0 -+ MX. 

X 
/ 

Susz and Wuhrmann (3) prepared the equi- 
molar compound of CH3COC1 and AlCl, in the 
form of a white powder, which when heated 
decomposes at about 65 "C. During this prepara- 
tion of the 1 :1 addition compound CH,COCl.- 
AlC1, the possibility of the formation of a small 
fraction of the Illari compound CH,=CClO- 
AlC1, was not, however, excluded. From the 
presence of the unique strong infrared absorption 
at 2300 cm-' Susz and Wuhrmann suggested the 
resonance formula 

with a greater contribution of the limiting ionic 
structure over the non ionized form. 

Cook (4) prepared the 1 :1 addition compound 
CH3COC1.AlC13 by direct mixture of the 
reactants in the absence of any solvent which 
resulted in a viscous liquid as opposed to the 
white powder obtained by Susz and Wuhrmann. 
This viscous liquid showed two strong infrared 
absorptions, at 2300 and 2203 cm-I, the latter 
being absent from the Susz and Wuhrmann 
spectra. 

In a first attempt to explain the two infrared 
absorptions, Cook assigned the 2300 cm-' band 
to the v ( e 0 )  stretching vibration of the 
free acetylium ion [CH,=O]+ and the 2200 
cm-' band to the complexed acetylium ion 
[CH,CO ... A1C13]+ based on the possible analogy 
to the bathochromic shift of the dative structure, 
i.e. the lowering of carbonyl frequencies when 
complexed with Lewis acids. 

In a later paper Cook (5) reversed the above 
assignments, i.e. the 2200 cm-' band is now 
assigned to the free acetylium ion [ C H , E O ] +  
and the 2300 cm-' assigned to the complexed 
ion [CH,CO ... AlC13]+ based on the possible 
analogy to the hypsochromic shift observed in 
nitrile addition compounds of the type 
CH3CN.AlC1,, where the complex has a higher 
CN stretching frequency than the free nitrile. 

The discrepancies between the conclusions 
reached by Susz and Wuhrmann (3) and Cook 
(4) concerning the physical state of the addition 
compound CH3COC1.AlC13, the additional 

2200 cm-' absorption band observed by Cook 
and the results obtained by Susz and Cassimatis 
(6) in investigations of the corresponding 
addition compounds of the aromatic molecules, 
where only the 2200 cm-' infrared absorption 
band was observed, have led the authors of this 
paper to re-examine the infrared spectra of the 
CH,COCl.AlCl, addition compound, to estab- 
lish the structure of the active species in the 
ketone synthesis and subsequently determine the 
nature of the acetylating agent in the Friedel- 
Crafts reactions. 

Independent of the assignment of the infrared 
absorptions in the 220C2300 cm-I region, the 
hypothesis of the complexed ion seemed to us to 
be contrary to the general idea of electron dis- 
placements in the donor-acceptor bond. It is 
difficult to conceive the possibility that the 
already electron deficient ion [CH,CO]+ shares 
a pair of its electrons with the electron deficient 
metal of the Lewis acid catalyst in a system of the 
type [ C H , - E O  ... A1C13]+ C1-. The recent 
X-ray (8) and infrared (10) studies also rule out 
the possibility of a complex of the above- 
mentioned type. 

Experimental 
Preparation 

A solution of 0.05 mole of CH3COCl in 50 ml of CC14 
was introduced slowly into a suspension of 0.05 moles of 
powdered AICI, in CCI,. All the manipulations of the 
reactants, solvents, and solutions have been carried out in 
a dry box under strictly anhydrous conditions. 

The mixture was agitated and heated slowly until 
nearly all the AlC1, passed into solution. Then the solu- 
tion was decanted. The undissolved solid portion of AlCI3 
was negligible. By slowly cooling the solution, a colorless 
viscous liquid mass was deposited on the inner walls of 
the reaction flask which corresponds to the description of 
the complex made by Boeseken (7) and Cook (4). 

The viscous compound was dried under vacuum to 
remove any CCI, or CH3COCI which might have been 
retained in the product. Spectrographic analysis of the 
decanted liquor showed it to be a trace solution of 
CH3COCI in CCI,. This and chemical analysis were 
sufficient to lead the authors to conclude that this viscous, 
colorless mass was the 1 :1 addition compound. This very 
simple but careful method of preparation was adopted by 
the authors as it seemed more likely to  avoid experi- 
mental difficulties and thus diminish the possibility of 
undesirable side reactions or contamination of the 
product, which may occur with methods entailing the 
more lengthy manipulations found in previously described 
preparations. 

Materials 
Acetyl chloride was reagent grade, Baker and Adamson 

quality. Anhydrous aluminum chloride was certified 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 1 .  Infrared spectra of (A) CH3COCI (liquid); (B) CH3COCI.AIC13 (type 1) suspension in CHZBrz; (C) 
CHBCOCI.AICI~ (type 2); and (D) mixture of type 1 and type 2. 
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TABLE I 
Observed vibrational frequencies and assignments 

CHjCOCI.AIC1j 
CHjCOCI Assignment 
(Liquid) CH3COCl Type 1 Type 2 Mixture Assignment 

v ( -GO+)  stret. (2) 
v(-C==O+) stret. (1) 

1635 rns 
1560 s 

1490 s 
1378 rns 
1346 1345 rns 

1306 rn 

P C H ~ ( ~ ,  2), v((=--c) (2) 
v(C-C) (1) 
v(0 + Al) 

475 rn 

430 
(347) rn* 
(238)* 

Yco 
Pocc1 
&ccl 
~ C H ,  

Fisher reagent. Carbon tetrachloride was distilled, b.p. 
63 "C and kept over molecular sieves. The solvents were 
of spectroscopic grade. The solutions were obtained by 
decanting the liquid from saturated solutions of the 
addition compound, always under strictly anhydrous 
conditions. 

allowed to evaporate before recording the spectra. The 
observed vibrational frequencies of CH3COCI and 
CH3COCI.AICI3 are listed in Tables 1 and 2. The vibra- 
tional assignment of CH3COCI is similar to that reported 
by Overend et al. (9). 

Results and Discussion Analysis 
The analysis for carbon and hydrogen was made by 

Schwarzkopf Microanalytical Laboratories 56-19, 37th 
avenue Woodside, N.Y. 11377, and by Dr. C. DaesslC, 
Organic Microanalyses, 5757 Decelles Ave., Montreal, 
Quebec. The analyses for chloride and aluminum were 
made in our laboratory. 

Anal. Calcd. for CH3COCI.AIC13: C, 11.33; H, 1.43; 
C1, 66.95; Al, 12.73%. Found: C, 12.23; H, 1.29; C1, 
65.90; Al, 12.50%. 

The infrared spectrum of the freshly prepared 
CH3COC1.A1C13 presented the 2200cm-' in- 
frared absorption, similar to that found with 
aromatic molecules containing' the carbonyl 
group complexed with the Friedel-Crafts cata- 
lysts (6). The infrared absorption at 2300 cm-' 
previously found in Susz and Wuhrmann (3) 
and Cook's (4) spectra was absent. Together 
with the 2200 cm- ' band, we observed a medium 
intensity band at 1010 cm-' assigned to the 
methyl rocking shifted from 1100 cm-' for the 
free CH3COCl molecule to 1010 cm-' for the 
complex CH3COCl.A1C13 and a band at 945 
cm-' which is assigned to the C-C stretching 
vibration (see structure 1). From the presence of 
the 2200 cm-' absorption band only, we could 

Spectra 
A Perkin-Elmer 621 grating spectrophotometer was 

used to record the spectra. Suspensions of thecompounds 
in Nujol, hexachlorobutadiene or in different solvents 
were prepared under strictly anhydrous conditions for the 
determination of the infrared spectra. The infrared spectra 
of liquid CH3COCl and CH3COCI.AIC13 recorded 
between NaCl or KBr plates are shown in Fig. 1. Sus- 
pensions of the CH3COCI.AIC13 in CHzBrz were de- 
posited on the NaCl or KBr windows and the solvent 
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F 
TABLE 2 5 

Fundamental frequencies of the acetylium ions b 
F z 

C 

Susz and Gates and 
This work Wuhrmann (3) Cook (5) Steele (10) This work 

z 
Species Mode CH,COCI.AICl, Calculated CH3COCI.AICl3 CH3COCI.GaC13 CH3COCI.SbCI, CH,COCI.AICI, Calculated Assignments F 

8 
A ,  v I 2925 2924 2950 2870 2870 2878 2878 CH- svm. stret. n 

2300 2300 ~ ~ " s t i e t c h i n g  8 
1322 1328 CH, sym. def. 
1000 1001 CC stretching 5 

2 
E V5 2950 2949 2950 2944 2940 2950 2955 CH, asym. stret. 3 

v6 1380 1380 1380 1360 1380 1373 CH, asym. def. 2 
v7 1010 1010 1000 1000 1001 1000 1009 CH3 rocking r 
V.3 382 384 - - 390 390 392 CCO deformation g - 

w 
.I 0 
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suggest that the structure of the addition com- 
pound is of the ionic type [ c H , E O ] +  [AIC14]-. 
However, it will be shown below that this is not 
the case and that some further distinction 
between two ionic structures must be made, 
because of the appearance of the 2300 cm-' 
band. 

Taking the viscous colorless mass of 
CH3COC1.A1C13 as a super-cooled liquid, we 
tried to crystallize the compound by redissolving 
it in such solvents as CCl,, CS,, C6H6, CHCI,, 
CH,CN, etc., but met with no success; on the 
contrary, the colorless mass took on a greyish 
tint and became more and more viscous. Further 
attempts to crystallize this mass resulted in the 
formation of grey-white spots agglomerated in 
the product. It is at this point that the infrared 
spectra presented both the 2200 and the 2300 
cm-' absorption bands with variable relative 
intensities, the intensity of the 2200 cm-' band 
diminishing as that of the 2300 cm-' band 
increased (see Fig. 2). Finally, the viscous liquid 
mass which was deposited on the inner walls of 
the reaction flask was treated following Susz and 
Wuhrmann's procedure of eliminating the last 
traces of solvent and acetyl chloride. This 
resulted in a grey-white powder which when 
heated decomposes at 75 "C. The infrared spectra 
of this grey-white powder showed the 2300 cm- ' 
band similar to that reported by Susz and 
Wuhrmann. 

Together with the 2300 cm- ' absorption band 
we observed a strong band at 1000 cm- ', which 
is described for reasons explained later as a 
mixture of the methyl-rocking and the symmetri- 
cal C-C stretching vibration shifted from 1100 
and 955 cm-' for the free CH3COC1 molecule 
to 1000 cm- ' for the complex CH3COC1.AlC13 
(see structure 2). 

For comparison of the infrared spectra of the 
free CH3COCI and the complex CH,COCI.AICI, 
molecules, it should be mentioned here that 
Overend et al. (9) assigned two strong bands at 
1109 and 958cm-' of the free CH,COCI 
molecule to the mixture of the methyl rocking 
and carbonxarbon stretching vibrations. 

It is clear from these spectra that the freshly 
prepared addition compound CH,COCl.AlCI, 
characterized by the 2200 cm- ' band is partially 
transformed into a compound which shows the 
2300cm-' absor~t ion band. Here we must 
exclude any suggestion of a decomposition since 

FIG. 2. Intensity variations of the infrared absorption 
bands in the region 2300-2200 cm-I of the addition 
compound CH3COCI.AlC13. 

the chemical analysis was always in conformity 
with the 1 : 1 addition compound. 

The variable relative intensities of the two 
carbonyl absorptions at 2200 and 2300 cm-', 
the shifted C-C stretching band at 945 and 
1000 cm-', and the two strong bands at 1630 
and 1560 cm- ', led us to conclude that the 
addition compound CH3COC1.AlC13 exists un- 
der two distinct ionic structures (1, 2) and the 
dative structure (3) : 

(I) The oxocarbonium type structure 
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with the carbonyl vibration at 2200 cm-l, the 
methyl rocking at 1010 cm-' and the C-C 
symmetrical stretching vibration at 945 cm-l 
results from conjugative mesomeric displace- 
ments which occur within the C - 0  group. The 
displacement of negative charges of the oxygen 
atom in the same atomic octet towards the 
carbonyl bond increases the covalency, that is, 
the multiplicity of the double bond, until 
the internal energy of the system is minimized 
and a stable molecular condition is reached. 

(2) The "ketene-like" structure which could 
be described as a hybrid between the resonating 
structures 

where the mesomeric limit form corresponding 
to the hyperconjugation is preponderant, with 
a carbonyl group vibration at 2300 cm-', the 
methyl rocking and carbon-carbon stretching 
C-C vibration at 1000 cm-l. It is well-known 
that in compounds containing the structure 
C=C=O such as ketenes, for example, the 
two double bonds have the single (1 130 cm-l) 
and triple bond (2160 cm- l) infrared frequencies 
because of strong interaction. The "ketene-like" 
structure of the acetylium ion containing the 
structure C = C 5  has bands at 1000 cm-I 
corresponding to the C-C stretching vibration 
and at 2300 cm-' corresponding to the carbonyl 
group vibration. 

To explain the structure of this cation, let us 
+ 

consider the system H,C-C--= in the transition 
state. Due to the electrical demand of the 
unsaturated center from the surrounding struc- 
ture, the methyl group exerts an inductive effect 
towards the central carbon. The unequal sharing 
of the electrons between the hydrogen atoms and 
the carbon atom, due to the inductive mechanism 
of electron displacements, induces a dipole on 
the carbon-carbon bond with the effect of 
decreasing the C-C distance 

The above conclusions are in agreement with 
X-ray experimental results obtained by Boer (8) 
for the CH,COF.SbF, addition compound, 
where the C-C distance of 1.378 is consider- 
ably shorter than the corresponding bond dis- 

tances of 1.458 and 1.460 A in the iso-electronic 
species CH,C_N and CH3C_CH, respectively. 
The C - 0  distance of 1.15 A in the addition 
compound is shorter than the C - 0  distance of 
1.22 in the acetyl chloride. 

(3) In addition to the bands in the 220&2300 
cm-l region, we observe in the infrared spectra 
of the addition compound CH3COC1.A1Cl3 
the two strong bands at 1630 and 1560 cm- l. 
These bands are assigned to the perturbed 
carbonyl frequency (C-0-t) of the dative 
structure 

0 -> AlC13 
.;i 

CH3-C 

'Cl 

Detailed studies of the dative structure of 
these addition compounds have been made by 
Susz and Cassimatis (6) using TiCl, in place of 
AlCl,. It should be mentioned here that CH3- 
COCl.TiC1, presents only the dative structure. 

The fact that the C - 0  absorption band at 
2300 cm-l has been found in the infrared spectra 
of CH,COCl.AICl, only when in the solid state, 
is in general agreement with the findings of 
Susz and Wuhrmann (3) and Gates and Steele 
for CH,COCl.SbCl, (10). The rise of the C-0 
stretching frequency from 2200 cm-I in the 
viscous state to 2300 cm-' in the solid state of 
the CH3COC1.A1C13 cannot be explained as 
being due to the difference in the physical state 
of the addition compound. The observed shift of 
100 cm-' is too large to be attributed to the 
interaction of the lattice vibrations with the 
molecular C - 0  vibration. 

To assess the vibrational spectra of the type 1 
and 2 ions presents a somewhat difficult problem 
because they have always been obtained together 
with the infrared spectrum of the dative structure 
addition compound. However, having in mind 
the assignment made by Susz and Cassimatis (6) 
and Cassimatis et al. (1 1) for the addition com- 
pound CH,COCl.TiCl,, characterized by the 
frequencies 1630, 1560, 1155, and 1030 cm-l, it 
is possible to proceed with the assignment of the 
four fundamental bands of the A, species and the 
four degenerate of the E species of the acetylium 
ion. 

The bands of 2925, 2950 cm-I and 2878, 
2950 cm-l for the infrared spectra of the type 1 
and 2 ions, respectively, are assigned without 
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ambiguity to the symmetric and asymmetric 
C-H stretching vibrations. 

The bands 1010, 1306, 1380 cm-' of the 
infrared spectra of the type 1 ion and the bands 
1000, 1322, and 1375 cm-' of that of the type 2 
ion are close to those of the rocking, symmetric, 
and asymmetric deformations normally found 
for the methyl group and can be immediately 
assigned to this group. 

The assignment of the C-C stretching vibra- 
tions presents a certain difficulty. Gates and 
Steele (10) have assigned the C-C stretching 
vibration to the shoulder of the strong band at 
1000 cm-'. However, the 1000 cm-' band in our 
spectra of the type 2 ion (2300 cm-') shows no 
shoulder. As the C-C absorption should be 
found in the region of 850 to 1000 cm-', we are 
obliged to make a double assignment for the 
1000 cm-' which is described as a mixture of the 
methyl rocking and carbon-carbon stretching 
vibrations. This is in good agreement with the 
Teller-Redlich product rule. The use of the C-C 
frequencies found for CH3CN and CD3CN 
and the corresponding value of 1000 cm-' for 
the type 2 ion yields 920 cm-' for the C-C 
stretching frequency of the CD3COf ion. This 
band exists in the infrared spectra of Gates and 
Steele (10) but it was not given any assignation. 

The existence of a weak band at 950 cm-' in 
the infrared spectra of the type I ion (2200 
cm-') allows us to assign this frequency to the 
C-C vibration of this ion. 

We are now left with o.ne fundamental, the 
C-C-0 bending. By analogy with the C-C- 
N bending vibration at 370 cm-' for the CH3CN 
molecule and the C-C-C bending at 336 cm-' 
for the CH3-C=C-H molecule, we assign 
the medium intensity band at 390 cm-' to the 
C-C-0 bending vibration. 

The Al-C1 infrared absorption of the AlC1,- 
or of the dative complex is visible at 495 cm-' 
in the form of a strong and broad band. 

Finally, the medium band at 716 cm- ' may be 
attributed to the 0 -t A1 vibration and would 
correspond to the 540 cm-' absorption band 
observed but not assigned by Gates and Steele 
(10) for the 0 -t Sb vibration. However, these 
two frequencies seem to be higher than expected 
and would imply a bond order nearing one. 

Once the double ionic structure of the addition 
compound CH3COCl.A1C13 had been estab- 
lished, the problem was to determine which of 

the two ionic structures may be considered the 
active species in the mechanism of the Friedel- 
Crafts ketone synthesis. To this end, we examined 
and compared the infrared spectra of solutions 
of CH3COC1.AIC13 in various solvents. The 
addition compound was found to be scarcely 
soluble in solvents such as CCl,, CS,, CHCl,, 
CH3CN, C6H6, etc. The infrared spectra of 
these solutions, apart from minor variations, 
were composed of the absorption bands of the 
free CH3COC1 and of the corresponding solvent. 
This led us to conclude that the addition com- 
pound does not exist in solution in the above- 
mentioned solvents, it dissociates to give the 
free acetyl chloride. However, solutions of 
CH3COC1.A1C13 in nitrobenzene showed only 
the 2200 cm-' absorption band. The band a t  
2300 cm-' was never observed in spectra of 
solutions of these addition compounds. Even the 
type 2 addition compound characterized by the 
2300 cm-' band in the condensed phase, 
presented in solution in nitrobenzene only the 
2200 cm-' band. This is in accordance with 
previous results of Cassimatis et al. (1 1) and the 
findings of Cook (5) for solutions of CH3COCl.- 
AlCl, and CH3COC1.GaC13 in nitrobenzene, 
who indicated that the 2300 cm-' band was 
greatly reduced or disappeared and that a new 
band was observed at 2195 cm-'. It seems there- 
fore from this spectrographic evidence that, if a 
kinetic step of acetylium ion exists in Friedel- 
Crafts reactions, the active ion must be of the 
oxocarbonium type 1 structure, since it is the 
only one found in solution. It may also be of 
significance to mention that the Friedel-Crafts 
acetophenone synthesis was carried out using 
the addition compound CH3COC1.A1C13 and 
benzene. The yield of acetophenone obtained 
from the oxocarbonium type 1 structure was 
of the order of 75% and was always superior 
by about 2&25% to that obtained from the 
type 2 structure. Further work, particularly 
an investigation of the rates of Friedel-Crafts 
reactions, where no infrared spectrographic 
evidence exists for the kinetic step of ion forma- 
tion, would be desirable to determine un- 
ambiguously the structure of the acetylium ion 
active in Friedel-Crafts reactions. 

Normal Coordinate Analysis 
A normal coordinate analysis was carried out 

primarily for the purpose of deriving a set of 
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TABLE 3 
Elements of the F-matrix 

A ,  species E species F 
Element Assignment Element Assignment 2 U 

F11 = f ,  + 2 f r  CH sym. stretching Fss = f r  -A, CH asym. stretching 
CH sym. s t r e t . 2 0  stret. F56 = Lfr.' - CH as. stret.-CH3 as. def. 

E 
F12 = J5Af r 

- 9 
F13 = $PAa + ha' - 2f.e - &'Id CH sym. stret.-CH3 sym. deform. Fs7 = Lf re1  - A01d CH as. stret.--CH3 rocking g 
F14 = df,= CH sym. stret.--CC stret. Fsa = $fe,,. CH as. stret.-CCO bending F - 
F22 = f f  CO stretching F66 = - hf . . ld2 CH3 asym. deform. 

h 3  = $ [fn - &Id CO stret.-CH3 sym. deform. F67 = EPf - h e l d 2  CHI as. deform.-CH3 rock. 

F24 = A‘ CO stret.-CC stret. F.6 = If e=,;d2 CH3 as. deform.2CO bend. -6 z 
t; 

1 
F33 = [ 5 ~  + f,) +ha + hr - 2Ae - &'Id2 CH3 sym. deform. F77 = [f, - heldZ CH3 rocking i;l 

j 
< 

F34 = $ Vu - held CH3 sym. deform.-CC stret. F7a = $hp lxdz  CH3 rock.-CCO bending g 
F44 = h CC stretching Fa, = h d 2  CCO bending f 

F 

*The force constant units are: f ,  mdyn/A; F stret., mdyn/A; F bend., mdyn A; F stret.-bend., mdyn. In evaluating the 25 bond force constants which are not all independent, 4 w 
the following relations must be considered: o 

ZY,, +ha' + 2hp +he' = 0 
fa. +fno =La +LB = 0 
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force constants for each of the two ions and 
thereby to  check and support our proposed 
vibrational assignment anticipating that the 
derived sets of force constants would give more 
insight into the difference in the bonding of the 
two ionic structures. 

A vibrational assignment was made and there- 
after a set of symmetry force constants, for each 
ion, was derived by a process of successive 
approximations, in such a way that when these 
force constants were introduced into the secular 
equations resulting from the FG-matrix method 
(12), these equations reproduced frequencies in 
best agreement with the observed frequencies. 

A normal coordinate treatment was made by 
Gates and Steele (10) for the type 2 acetylium ion 
with a slightly different vibrational assignment. 
The derived force constants by Gates and Steele 
were quite different from those derived in this 
work. For the carbonium ion (2200 cm-') no 
X-ray analysis has been made since it is found 
only in the viscous state. Consequently its 
symmetry is unknown. However, for the sake of 

1 comparison, a similar coordinate analysis was 
made as for the type 2 acetylium ion (2300 cm-') 
assuming C,, symmetry with tetrahedral angles 
for the methyl group and CH, CC, and CO 
bond lengths of 1.09, 1.46, and 1.13 A, re- 
spectively. 

The geometry and the parameters of the C,, 
model of the acetylium ion are shown in Fig. 3. 
The potential function used is the general 
quadratic valence force field. The symmetry of 
the [CH,CO]+ ion requires only twenty in- 
dependent F force constants. They are ten A, 
and ten E symmetry force constants. The ele- 
ments of the G and F matrices have been 
calculated and found in agreement with those 
given before for the C,, model of the BH3C0 
and CH,CN molecules (13, 15). However, we 
repeat the F matrix in Table 3 for the convenience 
of the reader. 

Using the assignment given in Table 2 we 
derived for each of the two symmetry species a 
set of force constants. The procedure followed 
was the usual one found in the literature for the 
calculation of force constants by the FG-matrix 
method. A starting set of force constants avail- 
able from similar molecules is introduced in each 
one of the two secular equations for the sym- 
metric species A, and E. In our case these sets 
were taken from Duncan's (14) statistical data on 

FIG. 3. Structural parameters of the CSc. acetyliurn 
ion; r = CH bond length, s = CC bond length, 
t = CO bond length. a(HCH) = P(CCH) = 109" 28'; 
for type 1, r = 1.09 a ,  s = 1.46 a ,  t = 1.13 a ;  for 
type 2, r = 1.06 a ;  s = 1.38 a ,  t = 1.15 a .  

the CH,-C group. The search type problem 
was to vary these constants judiciously so as to 
obtain the best fit to all observed frequencies. 

During the course of these calculations we 
found that the A, frequencies were rather 
insensitive to five of the six off-diagonal force 
constants and it was reasonable to constrain 
them to zero. This was not the case for the F,, 
(CH, sym. deform-CC stretching) and it was 
possible to converge on a solution when F,, 
was allowed negative values in the range of 
-0.45 + 0.05 for the type 1 ion and -0.69 + 
0.05 for the type 2 ion. Only F,,, F,,, and F,, 
of the E species needed to  be constrained to zero. 

The values of force constants for the two types 
of acetylium ion which reproduced the best 
agreement between the calculated and observed 
frequencies are shown in Tables 4 and 5. Along- 
side these force constants are given their un- 
certainty intervals within which the convergence 
is still possible. Small variations in some of the 
force constants within the given limits lead to 
changes in the calculated frequencies of less than 
1%. However, it must be noticed that these limits 
simply determine the domain of uncertainty 
within which the set of force constants may be 
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TABLE 4 
Symmetry force constants of C3, acetylium ions* 

Force Value Force Value 
constants constant, - 

Al species Type 1 Type 2 Reference 14 E species Type 1 Type 2 Reference 14 

*The force constant units are: 
tBH3CO (15). 

- 

: stretching, mdynlA; bending, mdyn A; , mdyn. 

TABLE 5 
Bond force constants of the C,, acetylium ion* 

Type I t  Type 23 

1; = 4.73 1, = 4.66 
fS = 5.70 f, = 6.73 
f, = 17.73 f, = 18.58 
Lr = 0.096 hr = 0.037 
Ls =1;, = 0.00 A, = A ,  = 0.00 
f,, = 0.35 f,, = 0.00 
f,. = - f S g  = -0.168 f,. = -Ao = 0.268 
f,. = -Lo = 0.00 f,. = -Lo = 0.00 
fi.' =1;. =La =f rp '  = 0.00 ha' =A. = 1;p = fro1 = 0.00 

fP = 0.325 fP = 0.368 
f. = 0.359 f. = 0.354 

f.p = -0.098 fmp = - 0.094 
= -0.074 fme' = -0.069 

fPp = -0.111 fpp = -0.086 
f.. = -0.022 f.. = - 0.048 
fo = 0.212 fo = 0.222 

forlx = -0.039 for,"= -0.041 
ha,,: = 0.00 fe.,," = 0.00 
fop, = -0.012 fos," = -0.013 

'Units of force constant: mdynlA. 
t r  = 1.09 s = 1.46 A; r = 1.13 A. 
f r  = 1.06 A: r = 1.38 A; r = 1.15 A. 

found. They are relative to  the imposed con- 
straints and can give the same false picture of the 
accuracy of force constants as the standard 
errors calculated by Duncan (14). These limits 
give a more realistic response to  the multimodel 
search problem of force constants calculations 
than the standard errors often found in the 
literature on the subject. 

As expected, the derived set of force constants 
for the type 2 ion reproduces the frequencies of 
the [CD3CO]+ ion listed by Gates and Steele 
(10). Because of that, a more satisfactory assign- 
ment of the [CD3CO]+ frequencies was possible. 
It has the advantage of avoiding the double 

assignment of the 834 cm-' band to the A ,  
and E species made by Gates and Steele. In 
addition, the then unassigned 920 cm-' band is 
now assigned to  C-C stretching (see Table 6). 

The force constant of F,, = 5.70 mdyn/A 
found for the C-C bond of the type 1 ion is 
somewhat greater than that found by Duncan 
for the CH3-CEX molecules of 5.26 + 0.08 
mdyn/A. However, this difference is slight 
enough to  allow us to  conclude that the type 1 
ion is of the carbonium type structure [CH3- 
CEO] + similar to  that of the molecules studied 
by Duncan. On the contrary the force constant of 
F,, = 6.72 mdynjA for the C-C bond of the 
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TABLE 6 
Fundamental frequencies of [CH3CO]+ and [CD3CO]+ ions 

Observed 
Species Mode Observed Calculated (10) Calculated Assignments 

A 1  V 1  2878 2872 2049 2056 CH3 sym. stret. 
v2 2300 2300 2297 2302 CO stretching 
v3 1322 1328 1056 1050 CH3 sym. def. 
V4 1000 1001 920 916 CC stretching 

E V5 2950 2955 2209 2204 CH3 asym. stret. 
v6 1380 1373 980 982 CH3 asym. def. 
V7 1000 1009 834 809 CH3 rocking 
vs 390 392 370 367 CCO deformation 

type 2 ion is appreciably higher than that of 
5.26 f 0.08 mdyn/A found by Duncan. Never- 
theless, this result is compatible with Boer's 
X-ray analysis (8) of the CH3COF, SbF, which 
has shown a particularly short C-C bond length 
of 1.378 A in comparison with the value of 1.46 A 
in the isoelectronic molecules CH,CN and 
CH3CCH. Furthermore, the force constants 
F,, = 4.73 f 0.06 mdyn/A (C-H stretching 
symmetric) and F,, = 4.63 f 0.06 mdyn/A 
(C-H stretching asymmetric) are somewhat 
lower for the type 2 acetylium ion than those 
usually found for similar molecules of 4.95 +_ 

0.08 and 4.82 f 0.12 mdyn/A, respectively. 
The increase of the C-C and the lowering 

of the C-H stretching constants led us to 
support the conclusion that a "ketene-like" 
structure exists for the type 2 ion which could be 
described as a hybrid between the resonating 
structures, 

where the mesomeric limit form corresponding 
to the hyperconjugation carries a heavy weight. 
The rather large increase of the force constant 
f,., from 17.7 (type 1) to 18.6 mdyn/A (type 2) 
is not unexpected because of resonance structure 
alterations of the C-C and C 4  distances. The 

and delocalization of electrons in the "resonance 
stabilized" type 2 ion. 

This viewpoint is in opposition to the hy- 
pothesis expressed in the literature (4) of com- 
plexed ions, but is compatible with the fact 
that the addition compounds of substituted 
benzoyl halides (6, 11, 16) present only one 
C 4  infrared band in the region of 2200 cm-' 
which corresponds to the C 4  infrared ab- 
sorption of the type 1 ion. If the hypothesis of 
the complexed ion were compatible with the real 
structure, there is no reason why the addition 
compounds of the aroyl halides should not show 
the 2300 cm-' absorption band corresponding 
to the complexed ions. 

D.C. gratefully acknowledges a grant from the National 
Research Council of Canada. 
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Electron paramagnetic resonance spectra of some sulfur-containing radicals 

P. S. H. BOLMAN, I. SAFARIK, D. A. STILES, W. J. R. TYERMAN, AND 0. P. STRAUSZ 
Department of Chemistry, University of Alberta, Edmonton, Alberta 
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The e.p.r. spectra from the low temperature matrix photolysis of several mercaptans, disulfides, and 
cyclic sulfides have been recorded and compared to those obtained in the photolysis of these materials 
adsorbed on a porous Vycor glass. The spectra of the adsorbed radicals are characterized by an enhanced 
thermal stability and a shift of the highest sulfur g-value to higher fields. The only free radical product 
in the photolysis of mercaptans and disulfides is the thiyl radical. The cyclic sulfides CH,-(CH,).-S 

appear to yield .CH2-(CH2).-S. type diradicals, while the cyclic disulfide CH,-CH,-CH-(CH,),- 
COOH gives the .S-(CH2)2-CH-(CH2)4COOH diradical. S - S J  

I 
S 

Canadian Journal of Chemistry, 48,3872 (1970) 

Introduction 

Cleavage of thk S-H bond is the only sig- 
nificant primary step in photolysis of alkane 
thiols (1, 2). The photolytic and radiolytic be- 
havior of disulfides, a system of biological sig- 
nificance, has been characterized in terms of a 
number of different overall processes. Rosengren 
measured the U.V. absorption spectra of photol- 
yzed thiols (2) and disulfides (3) in matrices, and 
proposed that "hot" thiyl radicals formed which 
rapidly underwent further reaction. In contrast, 
long lived paramagnetic species are present in 
disulfides, y-irradiated (4) or photolyzed (5) at 
77 OK, and on the basis of similarities with e.p.r. 
spectra from thiols, these are identified as thiyl 
radicals. In long-chain disulfides C-H cleavage 
also seems to occur (5). 

The primary aim of the present study was to 
shed further light on the free radical products of 
the condensed phase photolysis of simple alkyl 
thiols, disulfides, and cyclic sulfides through 
e.p.r. spectroscopy. Turkevich and Fujita (6) have 
shown that methyl radicals from the photolysis 
of methyl iodide can be stabilized by adsorption 
on porous Vycor glass, and we have also used this 
technique in the hope of obtaining more struc- 
tural features in the e.p.r. spectra. 

Experimental 
The experimental arrangements and techniques used 

for recording the electron paramagnetic spectra have been 
described (7). The magnetic field was calibrated with 
Fremy's salt or a Harvey-Wells n.m.r. precision Gauss- 
meter. The microwave frequency was measured with a 
Hewlett Packard Model X5328 frequency meter. 

Treatment of the porous Vycor glass (Coming No. 
7930; 96% SiO, and 3 %  B203) used as the adsorbent 
and preparation of samples was performed according to 
the method of Turkevich and Fujita (6). 

Vapor phase chromatography was employed to 
isolate the desired component of mixtures. Samples were 
transferred to quartz -irradiation tubes and degassed, 
using conventional high vacuum techniques. The tubes 
were sealed off under vacuum and samples were irradiated 
at 77 O K ,  generally with the output of a Hanovia medium 
pressure mercury lamp. Some samples were photolyzed 
in the spectrometer cavity with a high pressure mercury 
arc as a light source. Each source produces light of 
wavelength h > 2200 A. 
Materials 

Methane thiol, ethane thiol, diethyl disulfide, and 
n-propyl disulfide were American Petroleum Institute 
standard samples and were used without further purifica- 
tion. n-Propane thiol (B.D.H.) and all other materials 
(Aldrich) were purified whenever necessary by g.1.c. 

Trifluoromethane thiol was obtained by hydrolysis of 
the mercurial, (CF3S),Hg, prepared by heating HgF2 
and CS, together at 250 "C (8). The CF,SZCF3 (Penin- 
sular Chemicals) was degassed and roughly fractionated 
on the vacuum line before use; the mass spectrum showed 
no impurities. 

Results 
Monoradicals 

The e.p.r. spectra taken at 77 OK of U.V. 

irradiated solid mercaptans (methyl, ethyl, 
n-propyl, n-pentyl, n-hexyl, t-butyl) and disul- 
fides (dimethyl, diethyl, and di-n-propyl) are 
quite similar and they all show the familiar sulfur 
pattern with g-values about 2.058, 2.025, and 
2.001, indicating the formation of R-S . radicals 
by cleavage of the S-H or S-S bonds. After 
5~min irradiation, e.p.r. spectra were detected in 
the thiols; the signal intensity increased to a 
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steady value in a few hours. In comparison, the 
signals from the disulfides were weak even after 
several hours of photolysis. In the photolysis of 
the mercaptans a search was made for the 
spectrum of hydrogen atoms, but without success. 
Thus it appears that removal of atoms either by 
recombination or abstraction is fast. 

The spectrum of t-butyl mercaptan is simpler 
than that of the other alkyl mercaptans because 
of the absence of any a-hydrogens in the radical. 
This is evident from the two spectra given for 
comparison in Fig. l a  for the t-butyl and b for 
the n-propyl thiyl radical. The e.p.r. spectrum 
obtained from the irradiation of n-propyl mer- 
captan adsorbed on the Vycor glass is shown in 
Fig. Ic. From comparison of spectra b and c, a 
considerable upfield shift of the highest g-value 
(from 2.058 to 2.042) and a narrowing of the lines 
is apparent when the radicals are adsorbed on 
Vycor. This is a general distinction and is further 
illustrated by the spectra of neat and adsorbed 
di-n-propyl disulfide in Fig. Id  and e. It should 
also be noted that there is a closer resemblance 
between the disulfide and mercaptan spectra in 
the adsorbed state than there is in the solid phase. 

On warming the samples above 77 OK, the 
spectra obtained from methane and ethane thiols 
showed little change in line shape below the 
melting points. The spectrum from n-propyl mer- 
captan became more asymmetric at 103 OK, the 
original spectrum returning on cooling to 77 OK. 

FIG. 1.  The e.p.r. spectra of photolyzed thiols and 
disulfides: (a) t-butyl mercaptan, (b) n-propyl mercaptan, 
(c) n-propyl mercaptan (on Vycor), (d) di-n-propyl 
disulfide, (e) di-n-propyl disulfide (on Vycor), (for a list 
of g-values see Table 1). 

On warming however, an ill-resolved multiplet 
formed (-140 OK) which persisted on re-cooling 
the sample to 77 OK. Rather similar changes were 
observed in the spectra from the other n-alkane 
thiols, although the initial broadening occurred 
at slightly higher temperatures. For t-butyl mer- 
captan, the spectrum collapsed into a single line 
at -130 OK. On re-cooling to 77 OK, the original 
spectrum reappeared. The spectra decayed 
rapidly when the matrices were heated to 
temperatures greater than 150 OK. 

Radicals adsorbed on Vycor glass showed 
higher thermal stability with rapid decay com- 
mencing only above 200 OK. 

Three trifluoromethyl compounds, CF,SH, 
CF,SSCF,, and (CF,S),Hg, expected to give 
CF,S. radicals, were also irradiated under similar 
conditions to those above. They yielded similar 
spectra which are therefore assigned to the CF,S. 
radical. These spectra, in contrast to the alkyl 
thiyl radical spectra, contain only two principal 
lines. 

The g-values of all thiyl radicals investigated 
here are summarized in Table 1. 

Diradicals 
Four cyclic sulfides, thiacyclopropane, -butane, 

-pentane, -hexane, and one cyclic disulfide, 
6,8-thioctic acid have been investigated. 

Thiacyclopropane photolyzed in its own matrix 
at 77 OK did not yield any e.p.r. signal but 
photolysis of adsorbed thiacyclopropane afforded 
a signal, consisting of a broad singlet with a line 
width of about 90 G centered at ag-value of2.005. 

Thiacyclobutane photolyzed in its own matrix 
at 77 OK yielded a spectrum, Fig. 2a, similar to 
the "sulfur pattern" with g-values 2.058, 2.026, 
and 1.997. There was no sign of a proton hyper- 
fine structure due to the terminal methylene group 
at the carbon end of the .S-CH2-CH2-CH,. 
radical which is thought to be the initial product 
of the photolysis. Photolysis of the adsorbed 
material yielded a somewhat different spectrum, 
Fig. 2b, which apart from the "sulfur pattern" 
shows extra lines. 

In the photolysis of both thiacyclopropane and 
thiacyclobutane adsorbed on Vycor, a line at half 
field (-1550 G )  is also apparent. It is, however, 
weak and very difficult to distinguish from signals 
derived from the Vycor itself. 

The spectra obtained in the photolysis of 
thiacyclopentane in its own matrix and in the 
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TABLE 1 
Line positions of e.p.r. spectra from photolyzed thiols and disulfides (77 OK) 

Substrate Assigned g-values of line positions 

a. 2.058 d. 2.025 
Methane thiol b. 2.034 e. 2.018 

Ethane thiol 

a. 2.059 
n-Pro~ane thiol b. 2.028 

n-Pkntane thiol b. 2.029 
c. 2.025 

n-Hexane thiol 
d. 2.026 

t-Butyl thiol a. 2.057 

Dimethyl disulfide a. 2.058 
b. 2.033 
a. 2.073 

Diethyl disulfide b. 2.036 
c. 2.030 

a. 2.059 
Di-n-propyl disulfide b. 2.025 

c. 2.001 

Trifluoromethane a. 2.029 b. 2.005 
thiol 

Perfluorodimethyl a. 2.034 b. 2.004 
disulfide 

(CF3S)Jk b. 2.004 

n-Propyl thiol 

Di-n-propyl disulfide a. 2.043 c. 2.001 
b. 2.025 

On Vycor 

On Vycor 

FIG. 2. The e.p.r. spectra of photolyzed thiacyclo- 
butane: (a) in its own matrix (g-values: a. 2.058, b. 2.026, 
c. 1.997), (6) adsorbed on Vycor (g-values: a. 2.058, 
b.2.024,c.2.003, d. 1.993). 

adsorbed state are shown in Fig. 3. The former 
spectrum features a composite pattern and has an 
overall line width of about 150 G. The line shape 
of the latter spectrum is similar to the former but 
some of the lines have been shifted to consider- 
ably higher fields. Both spectra quickly lose 
structure on warming and collapse into a broad 
line at 120 OK which gradually diminishes with 
further warming and completely disappears 
around 200 OK. The g-values of the two spectra 
are listed in Table 2. 

The spectrum of thiacyclohexane was quite 
similar to that of thiacyclopentane, except that 
some of the lines were shifted slightly. 

6,8-Thioctic acid in acetonitrile gave a spec- 
trum very similar to that of the t-butyl thiyl 
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Ho- 
50 G 

thermally from its position in the undamaged 
C+ original molecule. 

In agreement with this, the prominent feature 
of the spectra from all the non-fluorinated mol- 
ecules listed in Table 1, is their basic three line 
structure with lines close to g = 2.002, 2.023, 
and 2.060, indicating that the major free radical 
modes of decomposition are 

FIG. 3. The e.p.r. spectra of photolyzed thiacyclo- 
pentane (a) in its own matrix, (b) adsorbed on Vycor, 
(for a list of g-values see Table 2). 

TABLE 2 
Line positions of e.p.r. spectra from 

photolyzed thiacyclopentane (77 OK) in 
its own matrix (I) and on Vycor (2) 

Assigned g-values of 
line positions 

radical. The g-values of the lines are 2.056,2.027, 
and 2.002. 

Discussion 

Axially asymmetric radicals locked in random 
orientations exhibit basically three line e.p.r. 
spectra (9). The anisotropy is particularly large 
when the unpaired electron is localized on an 
atom with large spin-orbit coupling as is the case 
with sulfur. Thus, organo-sulfur radicals yield 
characteristic spectra with a considerable g-value 
anisotropy referred to as the "sulfur pattern". 

Kurita and Gordy (10) from their study on 
irradiated single crystals of L-cystine -HCl, de- 
rived a model for organo-sulfur radicals with 
coplanar sp2 hybrid structures. 

Their results indicate that the three principal 
g-values for L-cystine -HCl are gxx = 2.003, gyy = 
2.025, and g,, = 2.053, the last axis lying along 
the C-S - bond which in the radical has rotated 

RSH i- hv -t RS. + H 

RSSR + hv + 2RS. 

The spectra from thiols and the corresponding 
disulfides are very similar, but not identical. This 
difference may be explained as being largely due 
to matrix interactions with the radicals, as no 
difference is discernible when the spectra of 
different adsorbed mercaptans or adsorbed 
disulfides are compared (cf. Fig. 1). 

The spectrum obtained from t-butyl mercaptan 
attributed to the t-butyl thiyl radical is different 
from those of the n-alkyl thiyl radicals in that it 
shows no hyperfine structure. This is expected 
since a-protons causing the splittings are absent 
in this radical. On warming this sample the spec- 
trum collapsed into a single line near the position 
of the central line (g = 2.024), indicating that the 
radical was able to rotate. However, near g = 2.0 
there were also some very weak lines, which may 
be due to an alkyl radical. In the gas phase, it is 
believed (1) that t-butyl mercaptan can lose either 
H or SH on photolysis yielding a thiyl or an alkyl 
radical. In the condensed phase SH loss appears 
to be a minor process. 

The spectrum in photolyzed n-hexyl mercaptan 
shows intense lines extending to lower g-values 
in addition to three lines in the positions of the 
thiyl spectra. A similar spectrum was detected in 
y-irradiated dioctyl disulfide (4) and is attributed 
to radicals formed by C-H cleavage. Evidently 
both thiyl and alkyl radicals are present in 
photolyzed n-hexyl mercaptan. The weak high- 
field lines in n-pentyl mercaptan are explained in 
an analogous manner. 

The behavior of the spectra on warming the 
matrix suggests that methane and ethane thiyl 
radicals decay at temperatures where rotation in 
the lattice is still restricted. Apparently the 
heavier thiyl radicals are able to rotate to some 
extent before decaying. 

As mentioned above the C-S bond in the 
radical appears to be rotated from its position 
in the undamaged molecule. It seems reasonable 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3876 CANADIAN JOURNAL OF ( "HEMISTRY. VOL. 48, 1970 

to assume that such a rotation of the bond might 
be hindered when the molecule is adsorbed on the 
Vycor glass and partially "locked in" through 
interaction with the surface. Interaction of the 
unpaired electron with the surface could affect 
the energy of the sp2 hybrid and p-orbitals on the 
sulfur to a different extent. This would then 
explain the high-field shift of g,,. 

The observed increased thermal stability of the 
adsorbed radicals is expected since adsorption 
decreases the mobility of radicals. It is the con- 
sequence of this enhanced stability of adsorbed 
radicals which accounts for the characteristic rate 
differences of decay between matrix and Vycor 
glass photolyses. Adsorption seems to prevent 
cage recombination of the geminate thiyl radical 
pairs in disulfide photolyses and thus increases 
the apparent rate of photolysis. In the photolysis 
of mercaptans, cage recombination is unimport- 
ant because of the ease by which H atoms escape 
the cage. 

The spectra of the CF,S. radical are unusual 
in that they exhibit only two principal g-values 
suggesting that the radical has axial symmetry. 
In the photolysis of CF,SH two additional lines 
(not recorded in Table 1) were also present, 
separated by 504 f 5 G and centered at a g-value 
of 2.01. They are almost certainly due to H atoms. 

The spectra obtained from the photolysis of 
cyclic sulfides are consistent with a -CH2- 
(CH2),-S. type diradical carrier, the inter- 
mediacy of which has been invoked in the gas 
phase photolysis of these molecules (1 1). 

The photolysis of thiacyclobutane in a matrix 
yields a spectrum which can be identified with 
the sulfur pattern. Since there are no additional 
lines that could be assigned to the terminal CH, 
group of the diradical, it seems probable that 
recombination has taken place at the aliphatic 
part and the spectrum in fact is due to a diradical 
with unpaired electrons located on the two end 
sulfur atoms with no spin exchange taking place. 

When thiacyclobutane is photolyzed on the 
Vycor glass the spectrum contains extra lines 
apart from the sulfur pattern. Although the 
intensity distribution of these lines cannot be 
derived and no definite assignment can be made, 

one explanation is that they may be due to the 
-CH2 - moiety of the primary diradical. In this 
case adsorption prevents recombination and 
stabilizes the primary radicals. 

In contrast to thiacyclobutane the e.p.r. spectra 
of thiacyclopentane and thiacyclohexane photol- 
yzed either in their own matrices or on Vycor 
glass, do not show any distinguishing feature. In 
both cases, hyperfine lines in addition to the 
sulfur pattern appear, indicating the presence of 
a - CH2(CH2),-S . type diradical. Trapping on 
the Vycor glass again results in a shift of the 
low-field g-value. 

The spectrum of photolyzed 6,8-thioctic acid 
(12, 13) features a clean sulfur pattern and it is 
likely due to the diradical 

The close similarity with the spectrum of the 
t-butyl thiyl radical seems to suggest there is little 
interaction between the free spins in the diradical. 

We thank the National Research Council of Canada 
for financial support and Mr. G. Bigam for helpful 
assistance. 
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Applications of proton magnetic resonance to rotational isomerism in halotoluene 
derivatives. IV. a,a,2,4,6-Pentachlorotoluene in carbon disulfide, an exchanging 

ABC system 

HELEN G. GYULAI, B. J. FUHR,' H. M. HUT TON,^ AND T. SCHAEFER 
Chemistry Department, University of Manitoba, Winnipeg, Manitoba 

Received July 15, 1970 

The p.m.r. of a,a,2,4,6-pentachlorotoluene in carbon disulfide solution displays hindered rotation 
about the sp2-sp3 c a r b o n ~ a r b o n  bond, causing broadening and collapse of the proton resonance 
spectrum. A full line-shape analysis using the computer program DNMR gives an activation energy of 
14.2 rtr 0.3 kcal/mole, a frequency factor of 11.9 If: 0.2, an enthalpy of activation of 13.7 rtr 0.3 kcal/ 
mole, and an entropy of activation of -4.4 _+ 1 e.u. These data are compared with the activation 
parameters obtained in methylcyclohexane and toluene-d8 solutions from different line shapes. 
Canadian Journal of Chemistry, 48, 3877 (1970) 

Introduction 

The barrier to rotation about the sp2-sp3 
carbon~arbon bond in a,a,2,4,6-pentachloro- 
toluene (PCT), dissolved in methylcyclohexane 
(C6HllCH3) and in toluene-d, (C,D,), was 
previously (1) determined by fitting the tempera- 
ture dependent ring proton spectra, AB parts of 
ABX spectra, to theoretical line-shapes. In polar 
solvents the solubility of PCT is too low at low 
temperatures to allow of a reliable barrier 
determination. 

1 
In view of the many possible systematic errors 

I which bedevil rate studies by n.m.r. (2, 3), it was 
I deemed desirable to determine the barrier in PCT 

by another method. It was decided to use an 
n.m.r. line-shape technique but to alter the sol- 
vent, the spectral type, and the line-shape fitting 
technique as much as possible from the condi- 
tions of the previous study (1). Now, in carbon 
disulfide (CS,), the proton resonance spectrum 
corresponds to a tightly coupled ABC spectrum, 
in contrast to the ABX spectra obtained in 
C6Hl,CH3 and C,D,. ~ o l u b i l i t ~  changes at low 
temperatures present no problem and the dielec- 
tric constants of all three solvents are uniformly 
low (2.0-2.6). Furthermore, the program DNMR 
(4) devised by Binsch (5) is designed to cope 
with an ABC spectrum which reduces to an A,B 
spectrum at higher temperatures. The only para- 
meter, therefore, which is the same as in the 
previous work is the spectrometer operating at 
60 MHz. At the time of the experiments no other 
frequency was available to us. 

This paper briefly describes the results ob- 

'Holder of an NRCC bursary, 1968-1969. 
'University of Winnipeg, Winnipeg, Manitoba. 

tained for PCT in CS, solution and compares 
them to the previous data (1). 

Experimental 
The PCT was prepared as before (1) and was dissolved 

as 15 mole % solution in CS, containing tetramethyl- 
silane (TMS) as an internal reference and locking signal. 
After degassing by the freeze-pumpthaw technique, 
p.m.r. spectra were obtained at 60 MHz at various 
temperatures in the manner described previously (1). 

Results and Discussion 

( I )  Spectral Analysis at Low Temperatures 
In Fig. 1 the p.m.r. spectrum at -34 "C is 

assigned to the protons as designated in the 
structural formula 1. At 73 "C the average cou- 
pling (5JBC + 5JAC)/2 = 0.31 + 0.02 HZ. At 
-34 "C the coupling 'JBC w 0.1 HZ is not re- 
solved but causes a broadening of the peaks 
arising from HB and Hc, the latter proton lying 
in the plane of the ring and coupling predomin- 
antly to HA. 

In order to find the intrinsic temperature 
dependence of the chemical shifts and coupling 
constants, several low temperature spectra were 
analyzed using the computer program LAOCN3 
(6). The parameters are given in Table 1 where it 
is seen that the variation of these parameters 
with temperature is small. The internal shift of 
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FIG. 1. The p.m.r. spectrum at 60 MHz of a 15 mole % solution of a,a,2,4,6-pentachlorotoluene in carbon 
disulfide at -34 and 73 "C. The two impurity peaks are marked with an  X at -34 "C. The larger impurity peak is 
due to a,a,a,2,4,6-hexachlorotoluene. The peak marked comb. can be considered a combination line. As is obvious 
from the spectrum, the magnetic field is swept from left to right. 

TABLE 1 

Chemical shifts* and coupling constants? of some low temperature spectra of a,a,2,4,6-pentachloro- 
toluene in carbon disulfide as analyzed by LAOCN3 

Temperature 
PC) v A V B  vc JAB JAC JBC 

- 65 440.10 434.58 440.75 2.12 0.52 0.13 
- 61 440.14 434.54 440.71 2.15 0.49 0.10 
- 58 439.90 434.51 440.58 2.16 0.53 0.11 
- 50 440.44 434.81 440.71 2.15 0.51 0.10 
- 40 440.52 434.95 440.71 2.18 0.44 0.07 
- 34 440.68 435.11 440.82 2.14 0.50 0.10 

*In Hz, at 60 MHz, to  low field o f  tetramethylsilane; probable errors d o  not exceed 0.02 Hz. 
t l n  Hz; probable errors do  not exceed 0.03 Hz. 

the ring protons, vAB, is constant to within 0.2 Hz 
in the range - 65 to - 34 "C. This parameter will 
have the largest effect on the line-shape because 
it is this shift which is averaged by the 180" flips 
of the dichloromethyl group. The shift of the 
methine proton apparently does not change with 
temperature in this range. 

In the initial calculation of the theoretical 
spectra, the shift and coupling parameters used 
were those found at -34 "C. To obtain the best 
fits it was found necessary to alter some of the 
absolute shift parameters by as much as 0.5 Hz, 
but the coupling constants and the internal shift 
vAB were held constant in all line-shape calcula- 
tions. The effective transverse relaxation times, 
TZe", were calculated at each temperature from 
the width at half-height of the impurity peak due 
to the hexachlorotoluene. The input parameters 

used in the final line-shape calculations are sum- 
marized in Table 2. 
(2) Line-shape Analysis and Rate Constants 

Line-shape calculations were done using the 
line-shape theory (5) and computer program 
DNMR (4) adapted to an IBM 360165 computer. 
A large number of calculated spectra with 
various rateconstants3 were plotted on a Calcomp 
plotter and were compared visually with the 
experimental spectra. Each spectrum spanned 25 
Hz and consisted of approximately 1000 points. 
The experimental and the calculated spectra at 
five representative temperatures are shown in 
Fig. 2. 

31n ref. 5 the formulation of the exchange operator 
was not obvious to us. One of us (H. G .  G.) has given a 
heuristic derivation of this operator (7) and the interested 
reader may write for a copy. 
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FIG. 2. Observed and calculated spectra at five representative temperatures, and rate constants, K, for a,a,2,4,6- 
pentachlorotoluene in carbon disulfide. Note that on sharp peaks the recorder pen comes down sharply on the right 
hand side in a "ring" and this effect is naturally absent in the computed spectrum. 
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TABLE 2 

The parameters used in calculating the line-shapes for a,a,2,4,6-pentachlorotoluene in carbon disulfide 

Temperature K 
PC) v, (Hz) V B  (Hz) vc (Hz) J A B  (HZ) J i c  (HZ) JBC (HZ) Tzerr (s) (s-l) 

TABLE 3 

Activation parameters* for the hindered rotation in a,a,2,4,6-pentachlorotoluene in three solutions 

Methylcyclohexane Toluene-d8 Three solutions 
Parameter solution solution CS2 solution combined 

- - - 

E. (kcal/mole) 14.3k0.6 15.2k0.2 14.22k0.27 14.24 k 0.27 kcal/mole 
log A 12.0k 0.5 12.7t0.2 11.93+0.20 11.95k0.21 
AH# (kcal/mole) 13.7k0.6 14.6k0.2 13.69k0.27 13.68k0.27 kcal/mole 
AS# (em) -4.4k2.2 -1.1k0.7 -4.38+ 1 .O -4.37+ 1 .O e.u. 
AG* (kcal/mole) 15.0k0.2 14.9k0.1 14.86k0.10 - kcal/mole 

(at 303.9 OK) (at 303.5 OK) (at 291 OK) 

*The quoted errors are standard deviations. 

FIG. 3. A plot of log K/T us. reciprocal temperature 
for the hindered rotation of a,a,2,4,6-pentachlorotoluene 
as a 15 mole % solution in carbon disulfide. The error 
bars come from the estimated error in the rate constant, 
K. The least squares straight line is drawn in and the 
correlation coefficient is 0.9987. 

It should be stressed that in the experimental 
spectra the sharp peaks, whose linewidths were 
less than 0.2 Hz, are always apparently better 
resolved than in the calculated spectra. This arises 
primarily from the fact that the recorder pen 
comes down sharply after passing through the 
peak, a "ringing effect". Because the chemical 

_li 
0 

T 

FIG. 4. AS in Fig. 3 but for three solutions: (0) 
carbon disulfide, (A) toluene-d8, + methylcyclohexane, 
all 15 mole % in the pentachlorotoluene. Data for the 
latter two solvents were taken from ref. 1. The least 
square line is given, correlation coefficient being 0.9948. 

environment of the methine proton does not 
change when the dichloromethyl group rotates 
through IT radians, its resonance peaks remain 
sharp throughout the temperature range but 
change from a doublet at low rates of exchange to 
a triplet at high rates of exchange (virtual 
coupling). Equal T,'s were employed for all three 
protons although, in principle, the methine proton 
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may have had a larger T2, leading to the sharper 
recorded peaks. We did not make provision for 
more than one T2 in the computer program and, 
in any case, the linewidths of the peaks are very 
likely controlled by the magnetic field inhomo- 
geneity and/or instability of the internal lock over 
the recording period. 

The estimated errors in the rate constants lie 
near 10 % in the intermediate rate region and are 
somewhat higher at either extreme. In Table 2 the 
rate constants are given as obtained by best 
visual fits at the various temperatures. 

(3) Derivation of Activation Parameters 
Plots of log K (r = 0.9989) and log KIT us. 1/T 

were prepared in the usual way. Figure 3 shows a 
plot of log KIT us. 1/T, correlation coefficient 
r = 0.9987, and the error bars in log KIT are also 
given. In Fig. 4 a composite plot of our rate data 
in C,H,,CH, (I), C,D, (I), and in CS2 is dis- 
played, r = 0.9948. In Table 3 the activation 

parameters are compared for all three solutions 
and the composite parameters are given as well. 
Apparently the systematic errors in the different 
analyses are small. 

We are grateful to the National Research Council of 
Canada for financial assistance, to B. W. Goodwin for 
help with the computer program, and to Dr. G. Binsch 
for helpful comments. 
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Stereospecific synthesis of cis- and trans-2-(3,4,5-trimethoxypheny1)- 
cyclopropylaminesl 

PAUL D. COOPER' 
Department of Pharmacology, University of Toronto, Toronto, Ontario 

Received July 6, 1970 

The title compounds were synthesized as models for examining stereochemical requirements of the 
mescaline receptor. By analogy with indolic psychotomimetic drugs, the pseudo-indolic structure of 
the cis compound should endow it with greater psychotomimetic activity than the trans isomer might 
possess. A special synthetic sequence was obligatory for the preparation of the cis isomer because the 
usual intermediates were either unreactive or were epimerized during subsequent transformations. 
Observed differences in the i.r. and n.m.r. spectra of the key intermediates, cis- and trans-2-(3,4,5- 
trimethoxyphenyl)-cyclopropanecarboxylic acids, are due to electronic factors introduced secondary 
to the stereochemical fixation of the functional groups. It is suggested that this unavoidable electronic 
perturbation must be taken into account in future considerations of drug-receptor interaction. 
Canadian Journal of Chemistry, 48,3882 (1970) 

Introduction 
Most structure-activity work concerning mes- 

caline (1) has involved modification of nuclear 
substituents in number, position, and type (1) and 
it has been shown that more than one nuclear 
substitution pattern produces effective halluci- 
nogens (2). 

This present work was undertaken to provide 
mescaline analogs with fixed conformations in 
the side-chain. Alterations in the side-chain of 
mescaline have received relatively little attention 
(3), with the notable exception of a-methyl- 
mescaline (2) which is several times more potent 
than mescaline (4). 

We propose that the potentiating effect of the 
a-methyl group in compound 2 is due to the 
preferential stabilization of one of the two stag- 
gered conformations of 2. Newman rotamer 
representations I and I1 (equivalent to com- 
pound 1) show that conformation I1 would likely 
be favored energetically relative to I: if the NH, 
group is unionized, there are both steric and 

'This work was supported by a grant from the Govern- 
ment of Ontario, Department of University Affairs. 

2Present address: Faculty of Pharmacy, University of 
Montreal, Montreal, Quebec. 

electrostatic repulsions between it and the 
aromatic ring, while if it is ionized (NH,') the 
resultant electrostatic attraction toward the aro- 
matic ring would likely be offset by a larger steric 
repulsion term due to the hydration of NH,'. 
Examining the rotamers I11 and IV (equivalent to 
compound 2) it would appear that the situation 
is different: any tendency for the NH, or the 
NH, + group to remain distant from the aromatic 
ring, as in IV, would be offset by steric~epulsion 
of the methyl group by the aromatic $ing. Con- 
formations such as 111 would therefore be 
favored over those such as IV to a greater extent 
than I would be favored relative to 11. 

A pseudo-indolic conformation such as I11 
more closely resembles potent indolic hallucino- 
gens like LSD or psilocybin than does IV. While 
mescaline might be induced, at the expense of 
some bioreceptive energy, to assume a pseudo- 
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indolic conformation, I, at the receptor or en- 
zyme site where it may act, an initial preference 
for such a conformation, as induced by the 
a-methyl group in 111, might reduce to a critical 
degree the entropic demands placed on the bio- 
receptive system whose partial requirements are 
for an indole-like structure. 

The pharmacological study of conforma- 
tionally rigid analogs of mescaline should offer a 
means of challenging such a hypothesis. We have 
reported (5) some pharmacological properties of 
one such analog, trans-2-(3,4,5-trimethoxy- 
pheny1)-cyclopropylamine (3), a structural hybrid 
of mescaline and of the antidepressant, trans-2- 
phenylcyclopropylamine (4). 

Details of the synthesis of 3 were not given. We 
now wish to describe two different syntheses of 3 
as well as the stereospecific synthesis of its cis 
isomer, 5 (see Scheme I). 

For the synthesis of 3, 3,4,5-trimethoxy- 
benzaldehyde was condensed with an excess of 
malonic acid in the presence of pyridine and 
piperidine to give trans-3,4,5-trimethoxycinnamic 
acid (6) in near quantitative yield. This was con- 
verted into the methyl ester, 7, which was in turn 
converted into the tert-butyl ester, 8, by ester 
interchange. The ester 8 reacted with dimethyl- 
sulfoxonium methylid in DMSO to give trans- 
2-(3,4,5-trimethoxypheny1)-cyclopropane- 
carboxylic acid (9) which was transformed by a 
modified Curtius sequence into the desired 
amine, 3. 

Entry into the cis series was provided by the 
preparation of cis-3,4,5-trimethoxycinnamic acid 
(10) produced by U.V. irradiation of 6. The iso- 
meric acids were readily separated by fractional 
precipitation from their alkaline solution, using 
t.1.c. to monitor the separation. Structural assign- 
ment of cis-3,4,5-trimethoxycinnamic acid to the 
major photochemical product was based on 
formation of the identical hydrogenation product 
from the respective cis and trans methyl esters, 7 
and 11, which would each be expected to give 
methyl 3,4,5-trimethoxydihydrocinnamate (12). 

As it was found that 10 was transformed, by 
treatment with thionyl chloride and tert-butanol, 
into the trans tert-butyl ester, 8, instead of into 
the desired cis tert-butyl ester, the cis ethyl ester, 
13, was prepared by conventional treatment with 
ethanol and sulfuric acid. Reaction of 13 with 
dimethylsulfoxonium methylid in DMSO pro- 
duced, instead of the expected cis cyclopropane 
acid, 14, the trans isomer, 9. Since it was later 
found that neither 14 nor 13 are epimerized by 
solutions of potassium tert-butoxide in DMSO, 
the transformation of 13 into 9 likely implicates 
carbanion intermediate formation by attack of 
the ylid reagent on the olefinic bond in 13, rather 
than an epimerization of starting material or 
product. 

Further attempts to methylenate the double 
bond of 13 using various modifications of the 
Simmons-Smith reaction gave only the starting 
ester or complex mixtures. 

Controlled lithium aluminum hydride reduc- 
tion of the carboxylate function in the cis, 13, and 
trans, 15, ethyl esters gave the corresponding cis 
and trans 3,4,5-trimethoxycinnamyl alcohols, 16 
and 17 respectively, in good yields and stereo- 
chemically pure. Each of the alcohols, 16 and 17, 
reacted with diethyl zinc and methylene iodide to 
give the corresponding cis and trans isomers of 
2-(3,4,5-trimethoxypheny1)-cyclopropylcarbinol, 
18 and 19 respectively. The carbinol 19 was also 
obtained by lithium aluminum hydride reduction 
of ethyl trans-2-(3,4,5-trimethoxypheny1)-cyclo- 
propanecarboxylate (20) confirming the structure 
assigned to 19. 

Oxidation of the cis and trans carbinols with 
nickel peroxide gave the corresponding cis and 
trans cyclopropane acids, 14 and 9 respectively. 
The acid 14 was then converted into cis-2-(3,4,5- 
trimethoxypheny1)-cyclopropylamine (5) by the 
modified Curtius reaction. 

Results and Discussion 
A comparison of the n.m.r. spectra of the cyclo- 

propane acids, 9 and 14, shows that the hydrogen, 
Hx is at lower field in the cis isomer 14 than it is in 
the trans isomer, 9. This could result from a 
combination of factors, including inductive 
effects as well as magnetic and electric field 
effects due to the anisotropy of the aryl group (6). 

The i.r. spectra of the trans isomers, 9 and 25, 
of the carboxylic acid and the acyl azide respec- 
tively, show small but discernible shifts of the 
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carbonyls to lower frequencies relative to their was collected, rinsed with water until the filtrates were 

cis isomers 14 and 23. neutral, and dried in vacuo to give 13.0 g (92%) of 7, m.p. 
98-99" (lit. (8) m.p. 96.5-97'). These differences should be manifested in some 

chemical properties of the target amines, 3 and 5, 
such as their pK,'s, their nucleophilicity and other 
parameters which might play an important role 
at the level of drug-receptor interaction. Similar 
forces could equally well be in effect in open- 
chain analogs of phenethylamines when once 
their conformations are "frozen" by combination 
with receptors. Such factors should be considered 
in addition to direct steric aspects of the inter- 
action of these amines with bioreceptive systems. 

Experimental 
Corrected capillary melting points are reported. The 

n.m.r. spectra (CDCI,) were recorded on a Varian A-100 
Spectrometer, U.V. spectra (water containing one equiva- 
lent of sodium bicarbonate) on a Bausch and Lomb 
Spectronic 505, and i.r. spectra on a Beckman IR-5 
Spectrophotometer using CHCI, unless otherwise stated. 
Although only principal absorption bands are given, 
differences in the spectra of cis and trans isomers in the 
region 1420-1290 cm-' (C-H deformations) allowed 
them to be distinguished, one from the other, ineach case. 
Reaction mixtyr& and products were routinely examined 
bv t.1.c. (SilicaKiel H) using vetroleurn ether - acetone to 
&parate' ck-duns piirs and benzene - ethyl acetate to 
sebarate cyclopropanes from cinnamates. Elemental 
analvses were ~erformed bv Micro-Tech Laboratories. 

trans-3,4,5-Trimethoxycinnamic Acid (6) 
To 150 ml pyridine and 3 ml piperidine was added 

gradually with stirring and occasional cooling, 100 g of 
(0.96 mole) malonic acid. After the malonic acid had 
dissolved, 84 g (0.43 mole) of 3,4,5-trimethoxybenz- 
aldehyde was added. The mixture was stirred at 25" for 
12 h,3 and then at 80-100' until carbon dioxide evolution 
ceased. The solution was cooled and gradually poured 
into a vigorously stirred mixture of 2 1 of ice and water 
containing 250 ml concentrated hydrochloric acid. The 
precipitate was collected and washed with water until the 
filtrates gave a negative test for C1-. The filter cake was 
dried at 50' in vacuo to give 98 g (96%) of 6, m.p. 126- 
127" (lit. (7) m.p. 124-125'). The U.V. spectrum: h,.. 294 
(E 7500) and 228 mp (E 9500). The i.r. spectrum: v,.~ 
3300-2500 (COO-H), 1675 (C-=), 1625 cm-' (C-=. 

trans-Methyl 3,4,5-Trimethoxycinnamate (7) 
A solution of 13.4 g (0.056 mole) of 6 in 250 ml 

methanol and 5 ml concentrated sulfuric acid was re- 
fluxed for 4 h and then allowed to cool sliahtlv. An excess 
of anhydrous sodium carbonate was then-added in small 
portions with agitation. The mixture was filtered hot and 
the filter cake rinsed with hot methanol. The combined 
filtrates were concentrated in vacuo to 75 ml and poured 

trans-Ethyl 3,4,ETrimethoxyci~amate (IS) 
Using 10.0 g of 6, 100 ml of anhydrous ethanol, and 

5 ml concentrated sulfuric acid and following the proce- 
dure of 7, there was obtained 10.4 g (94yd of 15, m.p. 
68.5-70" (lit. (9) m.p. 68"); the i.r. spectrum: v,.. 1700 
(-), 1630 cm - (&a. 
trans-t-Butyl3,4,5-Trimethoxyci~amate (8)  
Method A 
A solution of 72 g (0.285 mole) 7 and 1.5 g (0.065 mole) 

sodium metal in 800 ml anhydrous tert-butanol was 
refluxed for 16 h and then evaporated to dryness in 
vacuo. The residue was partitioned between 1700 ml 
boiling 30-60" petroleum ether and 300 ml water. The 
organic phase gave, upon evaporation, 35 g (42%) of 
almost pure 8. A sample recrystallized from 30-60" 
petroleum ether and sublimed at 140" (0.1 mm) had m.p. 
78.5-79.5'. 

Anal. Calcd. for Ci6H2205: C, 65.28; H, 7.53. Found: 
C, 65.75; H, 7.52. 

The solids suspended in the aqueous phase were 
collected, rinsed neutral with water, and dried to give 30.5 
(42 % recovery) of 7. The aqueous filtrates were acidified 
to recover 10.8 g of 6. 
Method B 
A solution of 1.5 g of 6 in 5 ml thionyl chloride was 

allowed to stand at 25' for 2 h over a porcelain chip. 
Excess of thionyl chloride was removed in vacuo and the 
residue was treated with a solution of 0.9 rnl pyridine in 
4 ml tert-butanol. The suspension was shaken for 30 min 
and then evaporated to dryness in vacuo. The residue was 
partitioned between hot 30-60" petroleum ether and 
dilute hydrochloric acid. The organic phase gave, upon 
evaporation, 0.46 g (25%) of 8, m.p. 73-74.5', un- 
depressed on admixture with product from method A. 
The solid remaining in the aqueous phase (1.06 g, m,p. 
174-182") gave the acid 6 on alkaline hydrolysis and is 
probably the acid anhydride. 

trans-2-(3,4,5-Trimethoxyphenyl)-cyclopropanecar~xy1ic 
Acid (9) 

Method A 
This was prepared from the ester 8 and dimethyl- 

sulfoxonium methylid by following a procedure described 
for the synthesis of trans-2-phenylcyclopropanecarboxylic 
acid (10). From 44 g (0.1 5 mole) of 8 was obtained 20 g 
(52%) of 9, m.p. 138-139O, homogeneous on t.1.c. 
as .tile methyl -ester 22. The i.rr spectrum: v,.. 
3300-2500 (COO-H), 1695 (-), 1100, 990 cm-I 
( C O - C  or cyclopropane). The n.m.r. spectrum: r 3.65 
(s, 2, Ar), 6.17 (d, 9, CH,), 7.44 (octet, 1, Hy), 8.13 
(octet, 1, Hx), 8.39 (octet, 1, HE), and 8.65 (octet, 1, HA) 
p.p.m., J A B  4.7, J A X  8.4, J A y  6.7, Jsx 4.9, JXy 4.2 Hz. 

Anal. Calcd. for C13H1605: C, 61.89; H, 6.39. 
Found: C, 61.78; H, 6.28. 

into 500 ml of rapidly stirred cold Water. The precipitate trans-Ethyl ~-(3,~,5-Trimethoxyphenyl)-cyclopropane- 
carboxylate (20) 

3Although solution was complete in a few hours, COz This was prepared in quantitative yield by reaction of 
evolution depended on continued agitation. the acid 9 with diazoethane, m.p. 47-49". 
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trans-2-(3,4,5-Trimethoxyphenyl) -cyclopropylcarbinol 
(19) 

Method A 
To a solution of 0.6 g (0.0021 mole) of 20 in 10 ml 

anhydrous ether at 0" was added with stirring, under N2, 
a suspension of 0.052 g (0.001 3 mole) of lithium aluminum 
hydride in 10 ml ether over 40 min. The mixture was 
stirred a further 2 h at 0" and 2 h a t  25'. Most of the ether 
was then removed by filter stick, the residue resuspended 
in 15 ml fresh ether, and decomposed with 3 ml of 
saturated aqueous sodium bisulfate. The aqueous phase 
was extracted with ether, the combined ether phases 
dried over Na2S0, and freed of ether in oacuo. The 
residual oil was dried by repeated flash evaporation of its 
benzene solution at 40" (10 mm) to give 0.50 g (88 %) of 
19 as a pale yellow oil, homogeneous on t.1.c.; v,.. 3575, 
3450 (OH), 1025, 1005 cm-' (C-0-C or cyclo- 
propane). 

The alcohol, 19, was characterized as its 3,s-dinitro- 
benzoate ester, m.p. 133-135". 

Anal. Calcd. for CzoH~oN209: C, 55.54; H, 4.66. 
Found: C, 55.77, H, 4.67. 

trans-3,4,5-Trimethoxycinnamyl Alcohol (17) 
This was prepared by a method analogous to method A 

used for preparing the alcohol 19, except that the final 
ether solution was washed with aqueous sodium bicar- 
bonate after the sodium bisulfate treatment to avoid 
acid-catalyzed decomposition of the product. The alcohol 
17 was obtained in 81 % yield as a yellow oil, and was 
homogeneous on t.1.c. A sample was further purified by 
distillation, b.p. 145-147" (0.15 mm). The i.r.: v,,. 3575, 
3450 (OH), 1580 cm-' (C=C and Ar). 

Anal. Calcd. for C12H1604: C, 64.28; H, 7.19. Found: 
C. 63.88; H. 7.14. 

A sample of the undistilled alcohol took up 90% of HZ 
equivalent to one C=C when hydrogenated over 10% 
Pd-C/HOAc at 760 mm. 

Method B 
To a stirred solution of 0.46 ml(0.56 g, 0.0046 mole) of 

diethyl zinc in 2 ml dry benzene at 0" under nitrogen was 
added 0.22 g (0.001 mole) of 17 dissolved in 2 ml of dry 
benzene. After the initial frothing had subsided, the 
solution was maintained at 15O while a solution of 0.52 
ml (1.7 g, 0.0064 mole) of methylene iodide in 1.5 ml dry 
benzene was added gradually, with stirring, from a 
micrometer burette over 1 h.4 

The clear yellow solution became cloudy after the first 
24 min of addition time, and a caramelcolored oil began 
to separate after 42 min. At the end of 1 h, 5 ml of ether 
was added and the mixture was then decomposed by 
gradual addition of 2 ml saturated ammonium chloride 
with stirring at 0' for 10 min. The organic phase was 
washed with 2 ml saturated ammonium chloride, then 

4 ~ n g e r  addition times resulted in the formation of 
degradation products while shorter times left consider- 
able starting material behind, which was difficult to 
separate from the product. The addition of 1 equiv of 
glyme to complexate any zinc iodide formed, completely 
inhibited the methylenation reaction. 

with 2 ml saturated aqueous sodium bicarbonate, and 
finally freed of solvents in vacuo. The residual oil was 
partitioned between warm water and 30-60" petroleum 
ether. The aqueous phase from this partition was sat- 
urated with sodium sulfate and the resultant emulsion 
was extracted with ether. The ether extract, on evapora- 
tion in oacuo, gave 0.155 g (66 %) of 18, relatively pure by 
t.1.c. and having the same i.r. spectrum as Material 
prepared by method A. 

trans-2-(3,4,5-Trimethoxyphenyl) -cyc/opropanecarboxyli 
Acid (9) 

Method B 
A mixture of 0.20 g of 19,0.10 g of sodium bicarbonate 

and 1.1 g of nickel peroxideS in 5 ml water was shaken 
for 26 h at 25". The suspension was filtered tnrough 
Celite and the solids washed with water. The combined 
filtrates were extracted with ether and the aqueous phase 
freed of ether in oacuo. The aqueous phase was then 
acidified with dilute hydrochloric acid, the precipitate 
collected, washed with water, and dried to give 0.092 g 
(43%) of pale yellow solid, m.p  131.5-134". An admix- 
ture with 9 prepared by method A had m.p. 135-131". 

trans-2-(3,4,5-Trimethoxyphenyl)-cyclopropylamine (3) 
This was prepared by a method analogous to that used 

for the preparation of trans-2-phenylcyclopropylamine 
(12). From 15.7 g (0.062 mole) of 9 was obtained first the 
acyl azide 25,14.7 g (85%), m.p. 84-87". The i.r. v,,, 2145 
(N,), 1690 cm-' ( ( 2 4 ) .  This gave, on heating, the 
isocyanate 30, v,,. 2270 cm-' (NCO). The isocyanate 
was decomposed by 50% NaOH at 0" to give the amine 3, 
v,.. (CCI4) 3370, 3300 cm-' (NH2). The hydrochloride 
was prepared with dry hydrogen chloridg gas in ether, 
9.2 g (71 %), m.p. 203-204" dec. I 

Anal. Calcd. for Cl2Hl8NO3C1: C, 35.55; H, 6.99; 
N, 5.41. Found: C, 55.44; H, 6.92; N, 5.27. 

cis-3,4,5-Trimethoxycinnamic Acid (10) 
A solution of 70 g (0.294 mole) of 6 in 400 ml water 

containing 25 g (0.298 mole) of sodium bicarbonate was 
irradiated with stirring in a Pyrex vessel6 by an aircoolad 
AH-4 Hg lamp for 6 days at 56". Water was added each 
day to replace evaporative losses. The progress of the 
isomerization was followed by isolating the mixed acids 
from small aliquots of the solution, converting them into 
mixed methyl esters, 7 and 11, and examining the mixtun 
by t.l.c., which showed one new major component. At 
the end of 6 days, the product ratio was constant, with 
the new component in excess. Irradiation was stopped. 
the solution cooled to 25" and partially neutralized with 
18% hydrochloric acid to obtain 19.5 g (28%) of thr 
starting trans acid, 6. Successive additions of dilute 
hydrochloric acid caused the precipitation of the photw 
product 10 as fractions of 80-100% purity, depending on 
the cut. Reprecipitation of these fractions from aqueous 

'Prepared by a reported method (1 1) except that 12 
sodium hypochlorite solution was used; the nickcf 
peroxide obtained had an activity of 0.46 x lo-' g-atom 
of available 0, per g. 

6The use of a quartz vessel gave lower cisltrans ratios 
presumably because it transmits 270 mp, one of the 
absorption maxima of the cis acid, 10. 
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sodium bicarbonate solution gave 20 g(28.6%) of almost 
pure 10. A sample recrystallized from boiling carbon 
tetrachloride had m.p. 114-1 16' and was homogeneous 
on t.1.c. The U.V. spectrum La. 270 (E 4200) and 221 mu 
(E 7700). The i.r. spectrum: v,.. 33W2500 (COO--H), 
1680 (C==O), 1620 cm-I ( G C ) .  

Anal. Calcd. for Cl2Hx4O5: C, 60.49; H, 5.93. Found: 
C, 60.72; H, 5.93. 

A sample treated with diazomethane and then hydro- 
genated at 760 mm over 10% Pd-C in glacial acetic acid 
gave a product 12 having an i.r. spectrum the same as 
that of a sample of 6 treated likewise, v,,. 1720 cm-', no 
C=C. 

Attempted Preparation of cis-t-Butyl-3,4,5- 
trimethoxycinnamate 

Following method B for preparation of 8, the acid 10 
gave, with thionyl chloride, mostly black, water-soluble 
products along with small amounts of the trans ester, 8, 
and the trans acid, 6. 

cis-Ethyl 3,4,ETrimethoxycinnamate (13) 
Using 21.5 g of 10 and following the procedure for 

synthesis of 15, there was obtained 21.8 g (90.5 %) of 13, 
m.p. 43-47". A sample recrystallized from 30-60" petro- 
leum ether7 had m.p. 50.5-52.5", v,,, 1710 (C4-- ), 1620 
cm-I (C-=). A sample hydrolyzed by aqueous ethanolic 
sodium hydroxide gave the cis acid, m.p. 114-116", 
undepressed qn admixture with 10. 

Attempted ~ri~aration of cis-2-(3,4,5-Trimethoxypheny1)- 
cyclopropanecarboxylic Acid (14) from I3 

Method A 
A sample of 13 was treated in a manner analogous to 

that applied to 8 (dimethylsulfoxonium methylid in 
DMSO). There was obtained only the trans cyclopropane 
acid, 9, m.p. 135.5-138", undepressed on admixture with 
authentic 9. 
Method B 
The cis ester 13 was treated with zinc-copper and 

methylene iodide according to the standard Simmons- 
Smith procedure (13). Only the starting ester was 
recovered. 
Method C 
The cis ester 13 was treated with diazomethane and 

copper sulfate according to a reported method (14) of 
cyclopropane ring formation. Only starting material was 
isolated. 
Method D 
The cis ester 13 was treated with diethyl zinc and 

methylene iodide according to method B for the synthesis 
of 19. The product contained about 30% of the starting 
ester plus 10% each of seven other components. 

cis-3,4,5-Trimethoxycinnamyl Alcohol (16) 
Using the method described for synthesis of the trans 

alcohol 17, but starting from 10.2 g (0.038 mole) of 13, 
and distilling the product in vacuo, there was obtained 
6.7 g (77%) of 16 as a pale yellow oil, b.p. 138-140" 

'The ester decomposed extensively if left in petroleum 
ether solution at 25" for 10 days but was stable as a dry 
solid. 

(0.25 mm), homogeneous on t.l.c., v,,, 3575,3450 (OH) 
1580 cm-' (C--C and Ar). 

Anal. Calcd. for C12H1604: C, 64.28; H, 7.19. Found: 
C, 63.95; H, 7.19. 

cis-2-(3,4,5-Trimethoxyphenyl)-cyclopropylcarbinoI (IS) 
Using method B for the synthesis of the trans carbinol 

19 but starting with 6.0 g (0.027 mole) of 16, 14.8 g 
(0.12 mole) of diethyl zinc, and 13.6 ml(45 g, 0.17 mole) 
of methylene iodide and adding the latter over 45 min, 
there was obtained 3.5 g (64%) of 18 as a viscous liquid, 
homogeneous on t.l.c., v,,, 3575, 3450 (OH), 1022, 1005 
cm-I (C-0-C or cyclopropane). The 3,5-dinitro- 
benzoate ester had m.p. 125-127". 

Anal. Calcd. for C Z ~ H ~ O N ~ O ~ :  C, 55.54; H, 4.66. 
Found: C, 55.75; H, 4.65. 

cis-2-(3,4,5-Trimethoxyphenyl)-cyclopropanecarboxylic 
Acid (14) 

Thls was prepared by the same procedure as method B 
for the trans acid 9. From 3.5 g of 18 was obtained 2.35 g 
(64%) of 14, m.p. 65-66.5". On sublimation at 120' 
(0.1 mm), an allotroph, m.p. 114-115" was formed. A 
mixture of the two forms had m.p. 114-1 15". Both forms 
gave the same i.r., v,., 3300-2500 (COO-H), 1700 
(C-=), 1005 cm-I (C-0-C or cyclopropane) and 
were indistinguishable and homogeneous on t.l.c., as 
methyl esters, 21.The n.m.r. (CDC13): T 3.54 (s, 2, Ar), 6.24 
(s, 9, CH3), 7.46 (octet, 1, Hyr), 7.99 (octet, 1, Hx.), 8.42 
(octet, 1, HE,), and 8.68 p.p.m. (octet, 1, HA,), JA'B, 5.0, 
JASxr 8.4, JAty, 8.2, JBSx* 5.5, J X s y *  9.0 HZ. 

Anal. Calcd. for CI3Hl6O5: C, 61.89; H, 6.39. Found: 
C, 61.76; H, 6.38. 

Attempted Epimerization of I4 
A solution of 0.035 g of 14 in 0.6 ml of DMSO con- 

taining 0.06 g potassium tert-butoxide was allowed to 
stand at 25" for 20.h. The solvent was removed in oacuo 
and the residue was dissolved in 1 ml water. The solution 
was acidified with dilute hydrochloric acid and the 
precipitate collected, washed and dried to obtain a solid, 
m.p. 64-66", undepressed on admixture with the lower 
melting allotroph of 14. 

Attempted Epimerization of cis-Ethyl 3,4,5-Trimethoxy- 
cinnamate (13) and of trans-2-(3,4,5-Trimethoxy- 
pheny1)-cyclopropanecarboxylic Acid 9 

When samples of these compounds were separately 
treated with potassium t-butoxide in DMSO, each 
sample was recovered unchanged. 

cis-2-(3,4,5-Trimethoxypheny1)-cyclopropyamine (5) 
When 1.0 g of the cis cyclopropane acid 14 was treated 

according to the sequence for synthesis of the trans 
amine, 3, there was obtained 0.96 g (90%) of the acyl 
azide 23, v,., 2145 (N3), 1700 cm-' (C==O), m.p. 61-65', 
followed by the isocyanate 24, v,,, 2270 cm-I (NCO) 
and the amine 5,0.35 g (M%), m.p. 62-63'. v,., (CC14) 
3370 3300 (MHz), 1015 cm-' (GO-C or cyclo- 
propane), and its hydrochloride, m.p. 208-209" dec. An 
admixture of the salt and that of the trans amine 3, had 
m.p. 188-197" dec. 

Anal. Calcd. for C12Hl,N03Cl: C, 55.55; H, 6.99; 
N, 5.41. Found: C, 55.80; H, 7.04; N, 5.38. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3888 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

The author wishes to thank Dr. G. Duncan, Faculty 
of Pharmacy, University of Toronto, Toronto, Ontario, 
for running the n.m.r. spectra. 

1. F. BENNINGTON, R. D. MORIN, L. C. CLARK, and 
R. P. Fox. J. Org. Chem. 23, 1979 (1958). 

2. A. T. SHULGIN, T. SARGENT, and C. NARANJO. 
Nature, 221, 537 (1969). 

3. (a) F. BENNINGTON, R. D. MORIN, a d  L. C. CLARK. 
J. Org. Chem. 21, 1545 (1956). (b) A. T. SHULGIN. 
Exper. 19, 127 (1963). 

4. (a) P. HEY. Quart. J. Pharm. Pharmacol. 20, 129 
(1947). (b) D. I. PERETZ, J. R. SMYTHIES, and W. C. 
GIBSON. J. Ment. SCI. 101, 317 (1955). (c) A. T. 
SHULGIN, S. BUNNELL, and T. SARGENT. Nature, 
189, 1011 (1961). 

5. G. C. WALTERS and P. D. COOPER. Nature, 218, 
298 (1968). 

6. T. A. WITISTRUCK and E. N. TRACHTENBERG. J. 
Amer. Chem. Soc. 89,3810 (1967). 

7. F. BENNINGTON, R. D. MORIN, and L. C. CLARK. 
J. Org. Chem. 21, 1545 (1956). 

8. M. W. KLOHS, M. D. DRAPER, and F. KELLER. J. 
Amer. Chem. Soc. 76, 2843 (1954). 

9. K. FREUDENBERG and H. SCHRAUBE. Chem. Ber. 
88, 16 (1955). 

10. C. KAISER, B. M. TROST, J. BEESON, and J. WEIN- 
STOCK. J. Org. Chem. 30,3972 (1965). 

11. K. NAGAKAWA, R. KONAKA, and T. NAKATA. J. 
Org. Chem. 27, 1597 (1962). 

12. J. WEINSTOCK. J. Org. Chem. 26,351 1 (1961). 
13. H. E. SIMMONS and R. D. SMITH. J. Amer. Chem. 

Soc. 81,4256 (1957). 
14. D. L. MUCK and E. R. WILSON. J. Org. Chem. 33, 

419 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Infrared and Raman spectra and vibrational assignment of methylene 
cyclopropane-h, and -d6 

J. E. BERTIE AND M. G. NORTON 
Department of Chemistry, University of Alberta, Edmonton, Albertn 

Received June 30, 1970 

Infrared spectra have been recorded in the range 4000 to 20 cm- ' for methylene cyclopropane-h6 and 
-d6 in the gas phase, and from 4000 to 200 cm-' for methylene cyclopropane-h6 in the liquid phase. 
Raman spectra have been recorded for the liquid phases of both species. The fundamental modes of 
vibration have been assigned using i.r. band contours and Raman depolarization ratios, with the 
exception of the i.r. inactive A, modes which were not observed. An interesting feature is the occurrence 
of remarkably small isotope shifts for certain modes. 
Canadian Journal of Chemistry, 48, 3889 (1970) 

Introduction 

Vibrational assignments have been made for 
only a relatively small number of molecules con- 
taining the cyclopropane ring (1-10). Apart from 
cyclopropane, complete assignments have been 
published for cyanocyclopropane (7), methyl 
cyclopropane (8), and bromocyclopropane (9). 
The remainder of the work on cyclopropane 
derivatives has been directed mainly toward 
determining characteristic frequencies for the 
cyclopropane ring (10). The symmetry of the 
three molecules studied (7-9) in detail is low, 
hindering the definitive assignment of the spectra 
from purely spectroscopic evidence. The relatively 
high symmetry, C,,, of methylene cyclopropane 
makes this molecule a desirable one to study in 
order to support the assignments with purely 
spectroscopic evidence, and hence to obtain 
definitive information to further our knowledge 
of the vibrations of the cyclopropane ring. It is of 
particular interest to observe the changes in the 
ring vibrations and force constants caused by 
the presence of the very distorted sp2 hybridiza- 
tion on the ring C-1. The detailed assignment of 
methylene cyclopropane is, further, of interest in 
connection with the deuterium isotope effects in 
the formation of methylene cyclopropane-d2 and 
-d4 from methylene pyrazoline-d, and -d4 (1 1). 

Since the initial preparation of methylene 
cyclopropane by Gragson et al. (12) in 1951, its 
vibrational spectrum has been investigated in the 
i.r. and Raman by Blau (13) who attempted the 
assignment of the 24 normal modes. Blau used an 
approximate normal coordinate calculation to 
help in making assignments and, later, Loewen- 
stein (14) used a more general force-field and 
made some reassignment of the spectra. Neverthe- 

less it was not possible for these authors to make a 
complete assignment of the spectrum. There is no 
published information on the vibrational spec- 
trum of methylene cyclopropane-d,. 

In this paper the assignment of the i.r. and 
Raman spectra of methylene cyclopropane-h, 
and -d6 are discussed. The results of normal- 
coordinate calculations upon these molecules 
will be submitted to this journal shortly. 

Experimental 
Methylene cyclopropane and methylene cyclopropane- 

d6 were prepared by the pyrolysis of I-methyhe 
pyrazoline, h, and d6 respectively, at 200 OC (11). Gas 
liquid chromatography using a fJ,fJ-oxydipropionitrile 
column at 20 "C revealed no impurities for the hydrogen 
isotope. The n.m.r. spectra gave no indication of impurity 
for the h6 isotope, but indicated 0 to 3 % of H in the d6 
isotope, distributed randomly between the ethylenic and 
methylenic positions. This undoubtedly indicates between 
0 and 18% of C4D,H impurity in the C4D6. No other 
impurity could be detected, except for a trace of water. 

The i.r. spectra between 200 and 4000 cm-' were taken 
with a Beckman I.R. 12 spectrophotometer. The instru- 
ment was calibrated using standard gases (15) and the 
Beckman fiducial marker accessory. The frequencies 
quoted are accurate to + 0.5 cm-' up to 2000 cm-' and 
f 1 cm-' above 2000 cm-I. The resolution was generally 
better than I cm-' between 4000 and 650cm-' and 
better than 2.5 cm-I between 650 and 200 cm-'. The i.r. 
spectra between 30 and 200 cm-' were obtained using a 
Beckman-R.I.I.C. FS 720 interferometer, and using a 
sine plus cosine Fourier transform. The gas cells had a 
lOcm path length and were fitted with either cesium 
iodide or polyethylene windows. The gas pressures were 
between 2 and 60 cm of mercury for C4H6 and between 
2 and 20 cm of mercury for C4D6. The gas temperature 
was usually + 37 "C, but was about -40 "C for a few 
spectra recorded to check for hot bands and difference 
bands. Liquid spectra of C4H6 were taken from 200 to 
4000 cm-I in a low temperature cell with CsI windows, 
using a .005 in. spacer. 
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FIG. 1. Raman spectrum of C4H6 (upper), and C4D6 (lower), liquids at about 22 "C. 

Raman spectra were recorded on a Perkin-Elmer 
L.R.-1 spectrophotometer using a 7 mW He-Ne laser 
and 90" excitation. The instrument was calibrated using 
carbon tetrachloride and benzene Raman lines, and the 
frequencies quoted are accurate to f 5 cm-I. The resolu- 
tion was better than 10 cm-I. The Raman samples were 
liquid and were contained in thick-walled glass tubing, 
about 1 mm i.d., flattened and polished at  the ends, and 
sealed by a stopcock capable of sealing a few atmospheres 
internal pressure. The sample temperature was about 
22 "C. Late in the course of this work a Raman spectro- 
photometer became available consisting of a Carson's 
Laboratories model lOSP ArC/KrC laser, a Spex model 
1401 monochromator, a cooled FW130 photomultiplier, 
and photon counting electronics. The Raman spectrum 
of C4H6 was obtained with this instrument and, using the 
4880 A ArC line a t  about 140 mW power output, spectra 
with a resolution of about 1 cm-' and a frequency 
accuracy of f 1 cm-I were obtained. The sample was 
the liquid at  about 22 "C, sealed into a m.p. capillary 
tube. The Raman spectrum for C4H6 reported in this 
paper is that obtained from this instrument, while the 
spectrum for C4D6 is that obtained from the Perkin- 
Elmer L.R. 1. The spectrum of C4DG could not be re-run 
on the new instrument because no sample was available 
at that time. 

Results 

The Raman spectra are shown in Fig. 1, and 
the frequencies are listed in Table 1. The i.r. 
spectrum of the gas is shown in Fig. 2 for C4H6 
between 200 and 4000 cm-l, and in Fig. 3 for 
C4D6 between 200 and 3200 cm-l. No features, 
apart from the broad, unresolved, pure-rotational 
absorption, were found for either isotope below 
200 cm-l. The spectrum of liquid C4H6 is shown 

in Fig. 4. Table 2 presents the frequencies of the 
i.r. absorption features for gaseous and liquid 
C4H6, along with a description of the gas phase 
band contour, and the proposed assignment. For 
C4D6, too little material was available to permit 
spectra of the liquid to be recorded. Table 3 
presents the frequencies of the i.r. absorption 
features for gaseous C4D6, along with a de- 
cription of the band contours, and the proposed 
assignment. In Tables 2 and 3 weak combination 
or overtone bands have been included only if an 
identifiable band contour was observed. Figs. 
5-10 show the i.r. spectra of gaseous C4H6 or 
C4D6 in specific regions, and show the proposed 
resolution of multiple bands into A-, B-, or 
C-type band contours. For convenience, Table 4 
presents a brief symmetry coordinate description 
of each mode next to the mode number. This 
description does not, in most cases, accurately 
describe the normal coordinate. The numbering 
of the modes follows Herzberg (16). 

Our i.r. spectra of C4H6 gas are more extensive 
and were run at higher resolution than those of 
Blau, but show essentially the same features, 
subject to resolution differences, except that we 
do not observe the band at 695 cm-' reported by 
him. Blau's Raman spectrum of C4H6 contains a 
number of features, at 596, 663, 922, 969, and 
1476 cm-l that we have not observed. We believe 
that we would have observed them had they been 
present in our sample. The i.r. spectra reported 
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1001-1 I , ,  1 I I I I I I ,  1 I , ,  , I - ,  A 

FIG. 2. The i.r. spectrum of C,H6 gas at about 34 "C. The gas pressures are: curve A,  580 mm of Hg; curve B, 
250 mm of Hg; curve C, 60 mm of Hg. The path length is 10 cm. 

here for liquid C4H6, and for gaseous C4D6, and 
the Raman spectrum of C4D6 reported here, are, 
to our knowledge, the first to be published. 

Discussion 

(a) Molecular Structure and Infrared Band 
Contours 

The structure of methylene cyclopropane has 
been determined by Laurie and Stigliani (17) by 
microwave spectroscopy; the only assumption 
required was that the ethylenic carbon-hydrogen 
bond length is 1.088 A (17). The molecule belongs 
to the C,, point group (16). Taking the ring plane 
to be the xz plane, the 24 normal modes form the 
following representation of the group: 

8A1 + 4A2 + 7BI + 5B2 

The Raman depolarization ratios help to 
identify the A, modes, the bands unique to the 
Raman spectrum arise from the A, modes, and 
the band contours in the i.r. spectrum of the gas 
characterize the absorption by the A,, B,, and B, 
modes. 

The i.r. band contours may be calculated (18) 
from a knowledge of the moments of inertia. 
Using Laurie and Stigliani's (1 7) data we calculate 
the moments of inertia of C4D6 to be 37.6, 92.5, 
and 116.8, a.m.u. A2, and the band contours to be 
of Ueda and Shimanouchi's (18) type 17 for both 
C4H6 and C4D6. 

The A,, B,, and B, modes may thus be 
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I " " I 1 " I " ' I " ' I " '  , , , ( I  
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FIG. 3. The i.r. spectrum of C4D6 gas at about 34 "C. The gas pressures are: curve A, 200 mm of Hg; curve B, 
100 mm of Hg. The path length is 10 cm. 

identified by their A, B, C band contours respec- 
tively. 

(b) Assignment for C4H6 
(i) C-H Stretching Vibrations 
The i.r. active fundamentals to be assigned are 

an A, and a B, ethylenic mode and A,, B,, and 
B, methylenic modes. The ethylenic B, and the 
methylenic B, modes are expected at a higher 
frequency than the other three modes, as they 
arise from the asymmetric stretch of the CH, 
group. The spectrum from 2900 to 31 50 cm-' is 
shown in Fig. 5. 

Two regions of absorption are noted: the 
higher frequency band consisting of a B- and a 
C-type contour, while the one at lower frequency 
contains one B and two A bands. The assignment 

of the C-type band at 3069.5 cm-' to the B, 
methylenic stretch, v,,, and the B feature at 
3086.2 cm-' to the B, ethylenic stretch, v,,, 
follows immediately. The other B, mode (B, 
methylenic stretch, v,,) is found at 2996.0 cm-'. 
The A, feature at 3008.3 cm-' is assigned to the 
A, ethylenic stretch, v,, and the A, band at 
2999.3 cm-' to the A, methylenic stretch, v,, for 
the following reasons: (a) The Raman line at 
2988 cm-' is considerably more intense than that 
at 2997 cm-'. Both lines are strongly polarized 
and therefore arise from A, modes. Somewhat 
intuitively, one expects the methylenic stretch to 
cause a greater polarizability change than the 
ethylenic stretch, and therefore to yield a more 
intense Raman line. Thus we assign the methylenic 
stretch to low frequency of the ethylenic stretch. 
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TABLE 1 

Raman spectrum of C4H6 and C4D6 liquid 
-- 

C4H6* cdD6 t 
Depolarization Depolarization 

Frequency3 Intensity ratio Frequency? Intensity ratio 

288 2 0.75 253 3 0.75 
356 1 0.75 304 1 0.75 
724 3 0.7 642 4 0.65 

'Frequencies accurate to + 1 cm-1. 
tFrequencies accurate to + 5 cm- 1. 

SFrequency units are cm-1. 

(b) The higher frequency A, band is the more 
intense in the i.r., and, from the assumed geom- 
etry of the molecule, the bond moment approxi- 
mation, assuming equal bond moments for all 
C-H bonds, predicts that the ethylenic stretch 
has a greater dipole moment change along the z 
axis than the methylenic stretching mode, and 
therefore has a greater absorption intensity. 

The i.r. inactive A, vibration expected near v,, 
or v13 may contribute to the broad depolarized 
Raman feature at 3050 to 3080 cm- l, but, because 
this is not resolved, we cannot make a reliable 
assignment of this mode. 

(ii) The C=C Stretching Vibration 
In the range 1600 to 2 0 0 0 ~ m - ~ ,  only two 

strong A-type features are found in the i.r. 
spectrum, at  1786.0 and 1742.2 cm-' (Fig. 6). 
One of these features must be due to the C==C 
stretch, v,. The lower frequency feature, a t  
1742.2 cm-', corresponds to a medium intensity 
Raman peak (polarized), while the 1786.0 cm-' 
feature gives rise to only a very weak band in the 
Raman. On this basis, we prefer the assignment of 
v, to 1742.2 cm-', and assign the 1786.0 band to 
2v2,, enhanced by Fermi resonance with v,. The 
high frequency for a C==C stretching mode, 
1742.2 cm-l, undoubtedly arises primarily from 
the large kinetic coupling with the symmetric ring 
stretching mode which, itself, arises from the 
large angle (- 150") between the C k C  bond and 

the ring C-C bonds. A similar effect is known to 
exist for C==O stretching modes (19). 

(iii) The Ring Vibrations 
Three ring vibrations are expected: the A, 

symmetric stretching mode (the ring breathing 
mode), the B, asymmetric stretching mode, and 
the A, deformation mode. The ring breathing 
mode (v,) is readily identified at 1034 cm-' by its 
very strong Raman intensity, and by the A-type 
band at 1037.4 cm- ' in the i.r. (Fig. 7). The second 
Q branch at  1030.3 cm-l decreases in intensity 
relative to that at 1037.4 cm-' when the gas is 
cooled and is believed to be a hot band, probably 
originating from the 279.6 cm-' energy level. 
The remaining A, and B, modes must be at 
considerably lower frequencies than 1037.4 cm- '. 
The only A-type band meeting this requirement 
is a t  723.8 cm-' and we assign this to the A, 
ring deformation mode (v,). The B, asymmetric 
ring stretching mode should be between the two 
A, modes, and is assigned at  895 cm-' (Fig. 8), 
to the only B-type band in this region. 

(iv) The CH, Deformation Vibrations 
The ethylenic CH, group gives rise to  an A, 

deformation, an A, torsion, a B, rocking, and a 
B, wagging mode. The A, and B, modes are well 
characterized in substituted ethylenes (20, 21) at  
1410 to 1420 cm-', and near to 890 cm-' res- 
pectively. We therefore assign the A-type feature 
at 1411.0 cm-' (Fig. 6) to the A, ethylenic 
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0 
4000 3600 3200 2800 2400 2000 1800 1600 

v /  cm-l 

FIG. 4. The i.r. spectrum of C4H6 liquid at about -45 "C. The exact path length is unknown but is less than or  
equal to 0.005 in. 

deformation (v,), and the intense C-type band 
at 890.5 cm-I to  the B, ethylenic wag (v,,) 
(Fig. 8). 

The A, torsion is not observed in the Raman 
spectrum. The B, rocking motion of the ethylenic 
group is not so uniquely determined. Early work, 
summarized by Sheppard and Simpson (20), 
placed this mode at around 1280 cm-' in di- 
substituted ethylenes of the type RR1C==CH2. 
Torkington (22) preferred the assignment of the 
ethylenic rock to 1062 cm-' in isobutene and 
1040 cm-' in propene. Meyer and Gunthard, in 
a study of 2-bromo-propene (23), assign this 
mode to a band a t  925 cm-'. A recent study of 
isobutene (21) in the gas, liquid, and solid states 
assigns the A, ethylenicdeformation to 1416cm- ' 
and the B, ethylenic rock to 975 cm-I. In view 

of this uncertainty we discuss this assignment 
with the other B, modes later. 

The methylenic CH, groups give rise to an A, 
and a B, deformation, an A, and a B, wag, an 
A, and a B, twist, and an A, and a B, rock. The 
A, deformation is found near 1475 cm-I (1, 5) 
in cyclopropane, and at 1490 cm-'  in ethylene 
oxide (24). The i.r. spectrum of methylene cyclo- 
propane shows a weak A-type band a t  1436.5 
cm-' (Fig. 6) coincident with a polarized Raman 
line, and a very weak Q branch (A or C band 
contour) a t  - 1500 cm-I, where n o  Raman band 
was detected. The Raman activity of the 1436.5 
cm-I feature suggests it arises from a funda- 
mental transition and we assign it to the A, 
methylenic deformation (v,). The band at 1508 
cm-' may be due to 2v,,. The only remaining A,  
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TABLE 2 TABLE 3 

Infrared absorption frequencies* of methylene 
cyclopropane-h6 

Infrared absorption frequencies* of rnethylene 
cyclopropane-d6 vapor 

-- 

Gas? Band Liquid$ 
frequency contour frequency Assignment 

Gas Band 
frequency contour Assignment 

279.6 mw 
355 w 
723.8 m 
728 vw 
748.6 rnw 
888.0 vw 
890.5 vs 
895 
951 vw 

1000.0 vw 
1002.6 rn 
1030.3 mw 
1037.4 ms - ms 
1073.0 rns 
1125.3 rns 
1244 vvw 
1280.5 vw 
1354.4 mw 
1410 m 
1411.0 wm 
1436.5 wm 

-1500 w 
1742.2 s 
1786.0 s 
1822 w 
1896 vw 
1948 vw 

-1980 vw 
2138 vvw 
2160 vw 
2248 w 
2350 vw 
2467 w 
2996.0 s 
2999.3 m 
3008.3 vs 
3069.5 s 
3086.2 s 
3348 vw 
3435 vw 
3665 w 
3820 vw 
3928 vvw 

- 

v24 
v19 
V8 

hot band ? 

mw 
VW 
mw 
VW 
m 
VW 
VVW 
VS 
m 
VW 
W 
VW 
mw 
m 
mw 
mw 
S 
W 
W 
W 

rnw 
rns 
rn 
VW 
m 
ms 
W 
S 
S 
S 
rnw 

v24 
v19 
v23 

hot band ? 
v8 

hot band 
v6 - v24 
v2 2 

v18 
v7 
v2 1 

v24 + v8 
v6 

v23 
hot band 

v2 2 

V l 8  

v8 + v24 
hot band 

v7 
hot band 

v6 
v10 
v2 1 

v17 
? v16 

v15 
v5 
v4 
impurity 

v3 
v17 + v18 
v16 + v8 
v14 
v2 
hot band 

v13 
impurity 

*Frequency units are cm-' 

TABLE 4 
Symmetry co-ordinate description of the normal 

modes 

V I  Al Symmetric ethylenic stretch 
VZ Al Symmetric methylenic stretch 
v3 C=C Stretch 
v4 A, Methylenic deformation 
Vs A, Ethylenic deformation 
v6 A, Ring stretch 
v7 A, Methylenic wag 
vs A, Ring deformation 
vg A2 Methylenic stretch 
V I O  A, Methylenic twist 
V I I  A, Methylenic rock 
v12 A, Ethylenic torsion 
v13 B, Asymmetric ethylenic stretch 
v14 Bl Symmetric rnethylenic stretch 
V I S  Bl Methylenic deformation 
v16 Bl Ethylenic rock 
v17 Bl Methylenic wag 
v18 B, Ring deformation 
v19 In-plane C=C-C deformation 
V 2 0  B, Asymmetric methylenic stretch 
v21 B2 Methylenic twist 
v22 Ethylenic wag 
v23 B2 Methylenic rock 
V Z A  Out-of- lane C==C-C deformation 

*Frequency units are cm-'. 
?At about 30 'C. 
$At -40 "C. 
§The bands were too intense to measure. 

mode, the A, wag, is found at 1002.6 cm-I 
characterized by a polarized Raman band and an 
A-type i.r. absorption (Fig. 7). 

We now consider the three B, modes: methyl- 
enic deformation, methylenic wag, and ethylenic 
rock. The spectrum shows two undisputable B 
contours at 1 125.3 cm- ' (Figs. 2 and 7) and 1354.4 
cm- ' (Figs. 2 and 6). In addition to these there is a 
very weak B contour at 1244 cm-' (Fig. 2). The 
presence of a further B-type band at -- 14 10 cm- ' 
is suggested by the i.r. bandshape in the region 
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1 

FIG. 5. The i.r. spectrum (solid line) of C,H, gas, between 2920 and 3140 cm-', at about 34 "C, 10 cm path length. 
The dashed lines represent our proposed separation of the bands into A-, B-, and C-type contours. 

I I I I I 1 I I I I 
ABSORBANCE - 

3 0 m m  PRESSURE - 

1390 to 1450 cm-' (Fig. 6), whichis not consistent 
with there being just two A, fundamentals plus 
two A, hot bands in this region. Further, the 
Raman line at 141 1.0 cm-' (Fig. 1) is depolarized, 
suggesting the presence of a non-A, vibration at 
this frequency, in addition to the A, vibration 
observed in the i.r. Further, in the spectrum of the 
liquid (Fig. 4), there is a clearly separated band at 
1397 cm-', in addition to bands corresponding 
to the A, features. We therefore assign the 1410 
cm-' B-type i.r. band to the B, methylenic 
deformation. The in-phase and out-of-phase 
methylenic deformations are therefore separated 
by 27 cm-', which is similar to the separation 
in ethylene oxide.(24) and cyclopropane (1, 5) 
(20 and 41 cm-' respectively). 

In cyclopropane, the a,' and e' methylenic 
wags are assigned at 1070 cm-' and 868 cm-I 
respectively (5). The A, wag in C,H, corresponds 
more clearly to the e' mode in C,H6 and the 
B, wag to the a,' mode. Therefore we expect the 
B, methylenic wag to occur at a higher frequency 
than the A, wag (1002.6 cm- I). The B-type band 
at 1125.3 cm-' is therefore assigned to the B, 

- 

methylenic wagging vibration, v,,, and the B, 
ethylenic rocking vibration, v16, can only be 
assigned to the band at 1354.4 cm-'. This is a 
high frequency for such a vibration, but this 
assignment appears to be forced on us. There is a 
weak B-type band at - 1244 cm-' that was 
considered to possibly arise from the ethylenic 
rock, but it is absent in the spectrum of the 
liquid, and seems unlikely to arise from a funda- 
mental transition. 

The B, ~ethylenic  twisting and rocking vibra- 
tions give rise to two C-type features at 1073 cm- ' 
(Figs. 2 and 7) and 748.6 cm-' (Fig. 2). The rela- 
tive positions of these motions have been estab- 
lished unambiguously in cyclobutane (25) and in 
studies on solid cyclopropane (4), and we there- 
fore assign the twist (v,,) to 1073.0 cm-' and the 
rock (v,,) to 748.6 cm-'. 

The two remaining i.r. active fundamentals, a 
B, in-plane, and a B, out-of-plane, =CH, 
wagging vibration, have yet to be assigned. A 
C-type contour is observed at 279.6 cm-' with 
a weak B-type contourat 355 cm- ' (Fig. 2). These 
modes are better resolved in the liquid spectrum 

- 

- - 

- - 

- - 

- 

- 

- 

- 

I I I I I I I I I I 
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v/cm-' v/c m-' 

FIG. 6. The i.r. spectrum (solid line) of C4Hs gas, between 1700 and 1810 cm-' and between 1300 and 1475 cm-', 
at about 34 "C, 10 cm path length. The dashed lines represent our proposed separation of the band into A- and B-type 
contours. The B-type band at 1354 cm-' is self-evident. 

BERTIE AND NORTON: INFRARED AND RAMAN SPECTRA 3897 

X TRANSMITTANCE 
- 

150rnrn PRESSURE 

-- - 

-- 150rnm PRESSURE - 

(Fig. 4) and confirm the presence of a band 
centered at  355 cm-' in the gas spectrum. Both 
modes are observed in the Raman spectrum and 
are depolarized (Fig. 1). The in-plane wag (v,,) 
is thus assigned to the band at 355 cm-' and the 
out-of-plane motion (v,,) to that a t  279.6 cm-'. 

The A, modes were not observed in this work. 

I 
I 

0 .  

(c )  Assignment of C, D6 
( i )  C- D Stretching Vibrations 
These occur between 2340 and 2160 cm-' 

(Fig. 9) and can be assigned by direct comparison 
with the assignment of the light compound as: 
B, ethylenic stretch, v,,, 2321.1 cm- ' ; B, methyl- 
enic stretch, v,,, 2315.2 cm-' ; A, ethylenic 
stretch, v,, 2241.7 cm-'; A, methylenic stretch, 
v,, 2202.3 cm-'; B, methylenic stretch, v,,, 

2179.0 cm-'. The A, methylenic stretch was not 
observed. 

1800 1750 1700 1450 1400 1350 

- 

I I I I I 

(ii) C=C Stretching Vibration 
As in the spectra of C4H6, two A, features are 

found in the i.r. at 1758.0 and 1727.7 cm-' 
(Fig. 3) and in the Raman (Fig. 1). The higher 
frequency band is weaker in both the i.r. and 
Raman and may be due to a combination of two 
intense B-type modes at 1017 and 735 cm-', 
enhanced by Fermi resonance. We thus assign 
v,, C=C stretch, to 1727.7 cm-'. The shift of 
this mode on deuteration (1742.2 to 1727.7 cm-') 
is remarkably small, but these assignments appear 
to be the most reasonable for each compound. 
If 1742.2 cm-' is accepted for C4H6, the C4D6 
frequency may be expected at about 1660 cm-', 
and there is clearly no band of significant 

-- - 

-- - 

I I I I I I I 
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ABSORBANCE 

160mm PRESSURE 3 

FIG. 7. The i.r. spectrum (solid line) of C4H6 gas, between 970 and 1150 cm- ', at 34 "C, 10 cm path length. The dashed lines represent our proposed separation 
of the two A-type contours between 970and 1060 cm-I. The C-type band at 1073 cm-I and the B-type band at 1125 cm-I are self-evident. 
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FIG. 8. The i.r. spectrum (solid line) of C,H, gas, between 820 and 960 cm-I, at 34 "C. 10 cm path length. The 
dashed lines represent our proposed resolution of the band into a B- and a C-type contour. 

intensity in that region. Conversely, if 1727.7 
cm-'  is accepted for C4D6, the C,H, frequency 
would be expected near to 1810 cm- '. While 
weak bands do  occur in this region it does not 
seem reasonable to prefer them to  the strong 
1742.2 cm-' band for this assignment. 

(iii) The Ring Vibrations 
By analogy with C4H, we assign the feature at 

900 cm-' (Fig. I), the most intense Raman band, 
to the ring breathing mode, v,. There is a some- 
what imperfect A-type band in the i.r. a t  895 
cm- '  (Fig. 3), consistent with this assignment. 
The A, ring deformation (v,) is assigned to the 
well-defined A-type i.r. band at 637.0 cm-', 
which is nearly coincident with a partly polarized 
Raman band. The B, ring deformation (v,,), is 
assigned to the only B-type i.r. band between the 
two A, frequencies, a t  735 cm-'. 

(iv) The CD, Deformation Vibrations 
We must assign an A,  deformation, an A, 

torsion, a B, rock, and a B, wag for the ethylenic 
group, and an A,  and a B, deformation, an A,  
and a B, wag, an A, and a B, twist, and an A, 
and a B, rock for the methylenic groups. 

There are clearly C-type bands (Fig. 3) a t  
537.5 cm-', 705.0 cm-', 835.5 cm-', and 882 
cm- '. The strongest ofthese bands, at 705.0 cm-' 
is assigned to the ethylenic wagging mode (v,,), 
which usually yields strong i.r. absorption, at 
any rate in non-deuterated ethylenes (20, 21), 
and does so in C4H6 (see Discussion, section b, 
iv). For the same reasons as in C4H6 (Discussion, 
section b, iv) we assign the lower frequency band, 
537.5 cm-' to  the methylenic rock (v,,) and we 
assign the B, methylenic twist (v,,) to the more 
intense of the remaining C-type bands, a t  835.5 
cm-'. 

The three B, modes must be assignecl to the 
three B-type bands, a t  1122,1073, and 1017 cm- ' 
(Figs. 3 and 10). The 1122 and 1073 cm-' bands 
are assigned to the B, methylenic deformation 
(v,,) and the ethylenic rock (v,,) respectively. 
This assignment yields a 20.5 and 20.7% res- 
pectively isotope shift on deuteration. The 1017 
cm-' feature must then be assigned to the B, 
methylenic wagging mode (v, ,). This assignment 
implies a surprisingly small isotope shift of 9.6 % 
for this mode, compared with 19.8 % for the A,  
methylenic wag. However, the product rule is 
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50mm PRESSURE - 

- - 

- - 

- - 

- - 

- 

I I I I I I I 1 I I I 

v/ c rn -' 
FIG. 9. The i.r. spectrum of C4D6 gas, between 2140 and 2380 cm- ', at about 34 "C, 10 cm path length. The dashed 

lines represent our proposed separation of the bands into A-, B-, and C-type contours. 

well satisfied by this assignment, and there is no 
viable alternative. 

The three A, modes are less easy to assign 
confidently. The remaining A-type bands in the 
i.r. spectrum are all very weak (Figs. 3 and lo), 
and we must use the Raman polarization data as 
an aid to assignment. There are weak A-type 
infrared bands at 1168 (Fig. lo), 1139 (Fig. lo), 
and 804.2 cm-' (Fig. 3), all of which correspond 
to polarized Raman lines. There are also two Q 
branch lines at 1043 and 1047 cm-' which can 
best be separated into a C-type band at 1047 cm- ' 
and an A-type band at 1043 cm-' (Fig. 10). 
There is a partly polarized Raman band at 1048 
cm-' which could arise from overlapping A- and 
C-type bands, or could arise from a single A-type 
band. The i.r. Q branches at 1047 and 1043 cm-' 
could be assigned as an A-type band plus a hot 
band. At any rate there is clearly an A-type band 
at 1043 or 1047 cm-', or both. 

The 804.2 cm-' band is assigned to the A, 
methylenic wag (v,) and the A, methylenic 
deformation (v,) is assigned to the 1168 cm-' 
band. In cyclopropane (5) and ethylene oxide (24) 

the symmetric methylenic deformation is strong 
in the Raman of the deuterated derivative, in 
contrast with its Raman intensity for the light 
species, perhaps because of coupling with the 
symmetric ring stretching mode. The occurrence 
of the same Raman intensity change supports the 
assignment of the symmetric CH, deformation at 
1436.5 cm-' in C4H, and 1168 cm-' in C4D6. 

The A, ethylenic deformation can be assigned 
to the A, bands at 1139 cm-' or at 1043 cm-'. 
We prefer to assign it to the 1139 cm-' band 
because of (a) the large isotopic shift (26 %) if we 
assign it at 1043 cm-' (compared to 21 % in 
propylene (26)), and (b) there being no clear 
explanation of the 1139 cm-' feature in terms of 
combinations, while the 1043 cm-' band can be 
assigned as v19 + v,,, which is expected at 
1039 cm-'. However, as will be seen in section 4d 
this assignment does not fit the product rule well, 
while assigning the A, ethylenic deformation to 
1043 or 1047 cm-' does fit the product rule well. 

No evidence as to the frequencies of the A, 
modes was obtained. 

The two remaining modes, the in-plane (B,) 
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%TRANSMITTANCE 
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v /cm- '  
FIG. 10. The i.r. spectrum of C,D6 gas, between 980 and 1180 cm-I at about 34 "C, 10 cm path length. The dashed 

lines represent our proposed separation of the band into A-, B-, and C-type contours. 

(v19), and out-of-plane (B,) (v,,), wagging of the wrong assignment. The latter may be the more 
=CD, group are observed as the weak B-type likely, because the product rule factor becomes 
band at 304 cm-l, and the medium C-type band 5.2 if v, is assigned at 1047 cm-I in C4D6 instead 
at 240 cm- respectively. of at 1139 cm-'. However this assignment leaves 

( v )  Impurity Bands 
The i.r. bands at 3030 and 1410 cm-' and the 

Raman band at 946 cm-' can not be readily 
assigned to C4D6 and are believed to arise from 
impurities. Because of these bands, and because 
of some very small isotopic shifts implied by the 
above assignments, we examined our C4D6 care- 
fully for impurities (see Experimental), and have 
found no evidence for any impurity other than 
18% or less of C4D,H. Further study of C,D6 
was prevented by the very limited supply of 
sample, and the considerable difficulty of making 
more. 

(d )  Product Rule 
The "product rule" for the A, modes, using the 

above assignment is 4.71 (5.33 theoretical). This 
implies either (1) large anharmonic effects influ- 
ence the frequencies of the A, modes or (2) a 

the more intense 1139 cm-I band unassigned 
and creates anomalies in the relative frequencies 
of the different CD, deformation modes in 
C4D6. We regard the assignment of v, in C4D6 
as uncertain between these two options. 

The agreement between the observed and cal- 
culated values in the B, block is satisfactory, 
4.55 and 4.76 respectively. This is within the usual 
range of anharmonic effects, and supports the 
assignment above. 

In the B, block the observed "product rule" is 
3.46 us. 3.39 calculated. This implies an overall 
small negative anharmonicity. The ethylenic 
wagging mode has been shown to have a negative 
anharmonicity in asymmetrically disubstituted 
ethylenes (20) and it is reasonable to suppose that 
the other out of plane motion (v,,) will behave 
similarly to give the small net negative anhar- 
monicity required to fit the product rule exactly. 
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Etude spectroscopique des dCrivCs du peroxyde d'hydrogcne. IV. 
L'acide de Caro, H2S0, 

Jose L. ARNAU ET PAUL A. GIGUERE 
Centre de Recl~erches sur les Atomes et les Molicules, UniversitP Laval, Quibec 10, Quebic 

Requ le 3 juillet 1970 

On a mesure pour la premiire fois les spectres i.r. et Raman de HzSOS pur a I'Ctat cristallin entre 
4000 et 30 cm-'. La plupart des vibrations fondamentales de la molCcule ont CtC identifiks par analogie 
avec celles des molecules de et H20z ,  ainsi que I'ion HSOS-. On a Cgalement repirk une douzaine 
de vibrations de rCseau. Contrairement a I'expectative la vibration de valence 0-0 se trouve a une 
frtquence Iegkrement sugrieure (886 cm-I) a celle de H 2 0 z  cristallin. Les deux groupes hydroxyles sont 
nettement differents, tant du point de vue spectroscopique que chimique. Le groupe OH ionisable forme 
des liaisons hydrogkne intermolCculaires assez fortes comme dans HzS04. Par contre le groupe 02H,  peu 
ionisable, participe a une liaison hydrogine intramoleculaire. La maille Clementaire du cristal doit 
contenir plus de deux molecules. 

The i.r. and laser Raman spectra of pure, crystalline Caro's acid, H2SOS, were measured for the first 
time between 4000 and 30 cm-I. Most of the fundamental vibrations of the molecule could be identified 
by comparison with those of the H2S04, H202 and HSOS- species. In addition, a dozen or so of lattice 
modes were recorded. The 0-0 stretching frequency is slightly higher (886 cm-I) than in solid HzOz, 
contrary to expectation. The two hydroxyl groups are quite different, both chemically (Caro's acid is 
essentially monobasic) and spectroscopically. The ionizable OH group forms strong intermolecular 
hydrogen bonds, as in HzS04. However, the non-ionizable 0 2 H  group is engaged mainly in intramolec- 
ular hydrogen bonding. The unit cell of the crystalline acid must contain more than two molecules. 
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Introduction 
L'acide monopersulfurique dtcouvert par Caro 

en 1898 (1) a t t t  tr6s peu ttudit jusqu'ici du point 
de vue structural. La raison en est que l'acide pur 
est difficile a preparer vu son caract6re instable 
(danger d'explosion !), fortement rtactif et hygros- 
copique. Sa composition et sa structure HO- 
S 0 2 4 4 H  ont ttC ttablies par d'Ans et 
Friederich (2-4). Aucune Ctude par les mCthodes 
de diffraction n'a encore ttC rapportte a notre 
connaissance. La seule Ctude spectroscopique 
connue est celle de Simon (5) qui a mesurC le 
spectre Raman sans toutefois attribuer les 
frtquences observtes. Son but Ctait surtout de 
confirmer l'absence de liaison S-H, laquelle 
aurait pu expliquer le caract6re monobasique 
de l'acide. En i.r. seul le sel KHSO,, son mono- 
hydrate, et leurs tquivalents deutCriCs ont CtC 
CtudiCs (6). Intuitivement on peut imaginer la 
configuration de la molCcule H2S05 en rem- 
pla~ant  un atome d'hydroghe par un groupe OH 
dans la moltcule bien connue H2S04. I1 nous a 
semblC qu'une ttude spectroscopique utilisant les 
techniques modernes pourrait fournir des prC- 
cisions utiles A savoir, par exemple, comment la 
liaison 0 4  se compare a celle des autres 
dCrivCs du peroxyde d'hydrogcne (7), ou encore 
l'influence du pont peroxyde sur les frtquences 
fondamentales du groupe SO,, et enfin le type 
de liaisons hydroghe dans le cristal. 

Partie expkrimentale 
L'acide pur a ett prepare par la methode classique (2) 

suivant la reaction 

11 1 H202  + HS03CI +- H2SOS + HCI 

et is016 par centrifugation, tel que dkrit  r h m m e n t  
par Kyrki (8). Le peroxyde d'hydrogkne, titrant 99% en 
poids, avait etC obtenu par distillation fractionnk sous 
vide du produit commercial 5 80% (BECCO). Quant 
5 I'acide chlorosulfurique, le produit "Reagent Grade" 
de Eastman Organic Chemicals a CtC employk. Le 
produit original frais peut servir tel quel, mais a p r b  
un certain temps au contact de I'air ils'altere. I1 faut alors 
le redistiller, sinon il devient impossible de cristalliser 
I'acide de Caro. Une autre prkaution a observer 
concerne I'agitation de la solution tout au long de la 
reaction. I1 faut, en effet, 6liminer le gaz chlorhydrique 
au fur et a mesure de sa formation; autrement il finit 
par s'oxyder. Le chlore ainsi produit colore la solu- 
tion en jaune, et il est presque impossible de 1'Climiner 
par succion. De plus, il empkhe le produit final de 
cristalliser. 

Aprks quelques essais infructueux nous avons mis au 
point le dispositif illustr6 sur la fig. 1. L'acide chloro- 
sulfurique dans un petit ballon Ctait refroidi a environ 
-45" dans un bain de chlorobenzene maintenu a son 
point de congClation par addition periodique d'azote 
liquide. Un courant d'azote gazeux sec introduit par le 
tube lateral assurait I'agitation ainsi que I'atmosphere 
inerte. Le peroxyds d'hydrogene dans un petit entonnoir 
relie au ballon par un rodage, Ctait ajoute goutte B 
goutte au moyen d'un robinet 5 c!ef de Teflon. Une fois 
tout le peroxyde ajoutC, en quantite stoechiom8trique, 
le melange liquide Btait ramen6 B temperature ordinaire 
tout en maintenant le courant d'azote. I1 se formait alors 
une sorte de mousse qui disparaissait apres un certain 
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FIG. 1. Appareil utilise pour preparer I'acide de 
Caro en atmosphere inerte. 

temps laissant la solution claire et visquzuse. On arretait 
alors le courant gazeux, on fermait le robinet d'6vacuation 
et on refroidissait de nouveau la solution qui se separait 
en deux couches; le peracide liquide et un peu de solution- 
mere sumageant. Peu apres, la cristallisation s? produisait 
brusquement. 

Par centrifugation dans un tube i essai muni d'un 
diaphragme de verre fritte les cristaux Btaient debarrasses 
d? la solution-mere. Le volume de celle-ci Ctait toujours 
faible vu le rendement assez Cleve de la reaction. Le 
peracide ttait alors fondu (vers 45 "C) puis recristallise 
sous forme d'aiguilles transparentes: point de fusion 
d'environ 47" tel que rapport6 par Kyrki. I1 se conservait 
sans dkomposition appreciable pendant plusieurs 
semaines dans un recipient hermetique et au rkfrigerateur. 
On n'en prCparait jamais plus de 5 g. a la fois 2 cause 
du danger d'explosion mentionnt par divers auteurs 
(4, 5,9) lequel, heureusement, ne s'est jamais mattrialisi 
dans notre cas. 

Les Cchantillons pour les spectres Raman Btaient 
relativement faciles a prkparer; soit en versant directe- 
ment le produit liquide de la reaction dans un tube 
conique et en le cristallisant, soit, pour le spectrographe 
A laser, en scellant dans un mince capillaire de Pyrex un 
peu du solide fondu puis recristallisC. Les deux types 
d'Cchantillons ne montraient pas de differences notables 
dans leurs spectres, ce qui confirme bien la faible pro- 
portion de solution-mere dans le premier cas. Pour I1i.r., 
cependant, la preparation des tchantillons fut extrime- 
ment delicate vu le caractere a la fois corrosif, hygros- 
copique et instable du peracide. Aussi fallait-il travailler 
en atmosphere inerte, et protCger toutes les parties 
mCtalliques de la cellule d'absorption en les recouvrant 
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de ruban de Teflon. Quant aux fenitres portant 1'Cchan- 
tillon, la plupart des matkriaux courants se sont avCrCs 
inutilisables. Par exemple, NaCI, CaF, et AgCl catalysent 
la decomposition de I'acide de Caro; par ailleurs KBr, 
CsBr et Irtran-2 (Eastman Kodak) sont sensibles aux 
oxydants Cnergiques. Seules de minces (2mm) fenitres 
de silicium ClCmentaire poli ont permis d'obtenir des 
echantillons convenables. 

Pour priparer les echantillons toutes les mCthodes 
courantes ont kt6 essaykes sans succes; soit par dispersion 
dans le nujol, le fluorolube ou la graisse Kel-F, soit en 
faisant reagir sur la fenctre refroidie des couches minces 
superposkes des deux reactifs de depart. Eventuellement 
on a eu recours a la technique qui avait ete mise au point 
dans ce laboratoire pour les spectres de I'ion H 3 0 +  en 
solution dans SOz liquide (10). Une goutte de peracide 
liquide (soit le produit original de la reaction, soit le 
solide fondu) etait introduite, rapidement, et sous un fort 
courant d'azote sec, entre les deux fenitres de silicium 
dans le porte-echantillon. Apres refroidissement jusqu'a 
environ - 100" on evacuait la cellule et on laissait 
rkchauffer 1'Cchantillon pour le cristalliser. On a rtussi 
par la mime technique ii obtenir quelques bons spectres 
avec des fenitres neuves de AgCl en procidant tres vite 
pour devancer la dCcomposition du peracide. Dans ce cas 
I'khantillon cristallisait pendant le refroidissenlent. Des 
tentatives pour obtenir le spectre infrarouge en solution 
tres diluee dans un solvant inerte n'ont pas donne de 
resultats. Ainsi le peracide semblait completement 
insoluble dans le tetrachlorure de carbone; ce dernier, 
meme apres purification prolongee, devenait trouble et 
color6 au contact de I'acide. Les spectres ont ete enregistres 
avec les mcmes instruments que prkcedemment (7), sauf 
pour le Raman a excitation laser qui a ete dCcrit ailleurs 
(1 I). 

InterprCtation des spectres 

Les figs. 2, 3 et 4 sont une reconstitution des 
spectres i.r. et Raman de I'acide de Caro pur. 
Les friquences au maximum des principales 
bandes sont doilntes au tableau 1 avec les attribu- 
tions propostes. Ces dernieres, en l'absence de 
toute donnte expkrimentale sur la structure, ont 
CtC faites en prenant comme modele la moltcule 
H,SO, et en y rempla~ant un atome d'hydrogene 
par un groupe OH. Dans ce modele I'indtter- 
mination principale vient de l'orientation des 
groupes OH et OOH. Dans I'hypothese, a priori 
assez peu probable, oh ces deux groupes seraient 
situCs dans un m&me plan perpendiculaire a celui 
du groupe SO, on aurait une configuration de 
symttrie C,. Autrement, i l  n'y aurait aucun 
ClCment de symCtrie. Dans le premier cas la 
reprksentation rCductible serait 12 A' + 6 A"; 
mais dans ce cas comme dans I'autre les dix-huit 
modes doivent Etre actifs aussi bien en i.r. qu'en 
Raman. Le nombre de bandes observtes ne peut 
donc servir de crithe ici. Simon (5) avait conclu 
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FIG. 3. Bandes d'absorption de H2S0, cristallin 
dans I'infrarouge lointain. 

que la moltcule H,SO, n'avait aucune symttrie 
vu le grand nombre de bandes, quinze ou seize, 
dans ses spectres Raman. I1 faut noter toutefois 
que plusieurs de ces bandes sont en fait des 
composantes difftrentes d'une m&me vibration 
(tableau 1). 

Les vibrations OH 
On sait dtja que les deux groupes OH sont loin 

d'Ctre Cquivalents dans H,S05. En effet l'acide 
de Caro est essentiellement monobasique, le pK 
de seconde ionisation Ctant de l'ordre de 10 (6). 
On peut expliquer cette caracttristique ?I l'aide 
des structures de rtsonance suivantes: 

Ainsi la structure Clectronique 2 fait apparaitre 
une charge positive sur l'oxygine du groupe 
hydroxyle, rendant ainsi le proton trks ionisable. 
Rien de tel ne se produit dans la structure 3, 
le groupe perhydroxyle s'opposant a la trans- 
mission des effets d'induction. 

La non-tquivalence des deux groupes OH est 
confirmte dans les spectres infrarouges par la 
prtsence de deux bandes de valence nettement 
difftrentes d'aspect: la premihe 3350 cm-', 
assez fine (moins de 100 cm-' A mi-hauteur), 
et la seconde beaucoup plus large, avec maximum 

vers 2890 cm-'. Par analogie avec H2S04 (12) 
cette derniere doit appartenir au groupe OH 
ionisable. L'autre, par ailleurs, se trouve peu 
prks a la mCme frtquence que la vibration de 
valence (a 3340 cm-') dans la moltcule H,02, 
(13). Quant a sa faible largeur, elle est due, 
d'apres nous, la formation d'une liaison hy- 
drogkne intramolCculaire. En effet, la gtomttrie 
de la moltcule semble particulikrement favorable 
a une telle chtlation puisqu'il existe deux degrts 
de libertt de rotation autour des liaisons S 4  
et 0 4 ,  (toutes deux essentiellement simples) 
dans ce cycle a cinq atomes. La distance 0 ..- H 
minimale (fig. 5) devient alors passablement 
inftrieure a la somme des rayons de van der 
Waals, 2.6 A (14). Comme cette liaison intra- 
moltculaire est fortement angulaire, l'amortisse- 
ment de la vibration de valence 0-H est 
beaucoup moindre que pour une liaison lintaire 
de mCme longueur totale. 11 n'existe pas de 
critkre pour tvaluer les paramktres de ces liaisons 
coudtes a partir des donntes spectrales. Par con- 
tre, les liaisons intermoltculaires rtalistes par le 
groupe OH ionisable doivent avoir a peu prks 
les mCmes caracttristiques que dans H,S04; soit 
une tnergie de quelque 6 kcal mole-' et une 
distance 0 .... 0 de 2.67 A (12). 

Rtcemment on a publit des spectres i.r. (1 5) qui 
prtsentent dans la region de 3p le mCme aspect 
que les n6tres: soit un massif trks large aux 
environs de 3000 cm-' et un pic assez aigu situC 
entre 3500 et 3600 cm-'. I1 s'agit d'acides 
a-hydroxycarboxyliques dans lesquels une liaison 
hydrogene intramoltculaire serait trks im- 
probable, semble-t-il. On a interprttt ces spectres 
dans l'hypothese de groupes OH libres. Une telle 
explication ne nous parait pas applicable ici car 
les conditions sont beaucoup plus favorables a 
des liaisons hydrogkne, tant inter- que intra- 
moltculaires. Vu les nombreux sites accepteurs 
de proton dans ce cristal I'existence de groupes 
OH libres serait vraiment extraordinaire. En 
outre, une frtquence de 3350 cm-' est sQrement 
trop basse pour une vibration 0-H "libre". 
Par ailleurs les divers tpaulements qu'on observe 
(fig. 2) sur les deux principales bandes de valence 
0-H risultent probablement des mouvements 
en phase et hors de phase dans difftrentes molC- 
cules de H,S05 (tout probablement plus de deux) 
dans la maille primitive. La presence de dimeres 
cycliques, comme dans les acides fluo- et chloro- 
sulfuriques (16), est tgalement une possibilitk. 
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TABLEAU 1 
Frequences (en cm-') et attribution des principales bandes de vibration de H2S0, 

Raman 

* t 3 Infrarouges Modes 

valence 0-H (intra.) 

valence 0-H (inter.) 

valence S=O asym. 
deformation OOH 

1250 Bp. 
1227 m. 
1181 F 
1 1 3 0 6 ~ .  1. 
965 m. 
955 Bp. 
885 F 
816 m. 

i 
-795 6p. ) 

deformation SOH 

valence S=O sym. 

valence S-OH 

valence 0-0 
valence S-02H 

torsion OH? 
torsion OH? 

torsion OH? 

rotation dans le plan SO2 

cisaillement SO2 

rotation dans le plan ( H O S - 0 2 H )  
torsion du squelette 

deformation S O 0  

reseau 
cisaillement OSOO 

. , / 

222 torsion (S-00) 
190 reseau 
166 

121 -115 122 
113 108 114 

106 
92 87 
8 1 77 
65 59 63 

*D'aprB Simon (5). 
TA - 185 "C. 
$A temperature ambiante. 
$IT = Lrh faible; f = faible; m = mkdium; F = forte; FF = tres forte; kp. = 6paule; 1 = large. 

Tout comme les vibrations de valence, les pour la vibration 0-H, et une plus ClevCe (1421 
vibrations de dkformation OH sont facilement cm- l )  pour la dkformation de l'angle OOH que 
identifiables par comparaison avec les modes dans l'acide pur. Ces diffkrences apprCciables 
antisymCtriques correspondants dans H2S0, dCnotent un renforcement de la liaison hydrogene 
(1240 cm- I), et H 2 0 2  (1 375 cm- l). Notons que dans l'ion. I1 se peut que celle-ci soit effectivement 
dans le spectre i.r. de l'ion HS0,- Kyrki (6) a bifurquCe, la composante intermolkculaire se 
trouvk une frkquence plus basse (3270 cm-l) trouvant renforcCe, soit B cause d'un empilement 
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ARNAU ET GGIUERE: ETUDE SPECTROSCOPIQUE 

FIG. 5. Modele representant la configuration ap- 
proximative de la rnolkcule de H2S0,.  (Distances en A). 

plus favorable dans le rtseau cristallin, soit a 
cause des charges ioniques. Quant aux modes de 
torsion OH, leur identification dans nos spectres 
est assez ambigiie. Toujours par analogie avec 
les moltcules HzS04 et H z 0 2  ii I'ttat solide on 
peut prtvoir pour ces modes des frtquences com- 
prises entre 600 et 800 cm-l. En i.r. cette rtgion 
ne montre aucune absorption notable, alors 
qu'en Raman deux bandes, a peine visibles 
temptrature ambiante, apparaissent trks nette- 
ment ii 702 et 754 cm-' a la temptrature de 
I'azote liquide. Vu leur comportement identique 
quant B la temptrature elle doivent appartenir a 
des vibrations du m&me type. Par ailleurs elles 
semblent un peu fortes pour des torsions OH, sur- 
tout ttant donnt l'absence d'tquivalents en i.r. De 

c toute f a ~ o n  leur separation est trop grande pour 
des composantes du m&me mode. Remarquons 
que la deuttriation, difficilement rtalisable en 
pratique, serait de peu d'uiilitt ici puisqueles 
bandes dtcaltes devraient tomber dans la rtgion 
de 500 a 550 cm-l d t j i  encombrte par les modes 
de dtformation de SOz. 

Les vibrations du squelette 
La frtquence relativement Clevte de la vibration 

0-0 dans H2S05 (comp. 881 cm-l dans H z 0 2  
cristallin) est un peu inattendue vu la forte aug- 
mentation de masse du groupe substituant. 
L'effet demasse se fait tvidemment beaucoup plus 
sentir dans les dtrivts bi-substituts comme 
S20,2- o i ~  la frtquence 0-0 est abaisste 
jusqu'a 830 cm-l (17). On ne posskde pas encore 
assez de donntes sur les hydroperoxydes pour 
discerner l'influence sur cette frtquence de divers 
facteurs possibles, Parmi ceux-ci il y a d'abord les 
effets d e  couplage qui doivent &tre importants 
dans ce cas-ci ttant donnt le voisinage des 
vibrations de valence 0 4  et S 4 .  Un calcul 

de constantes de force. une fois connus les 
paramktres de structure, pourrait nous renseigner 
18-dessus. Viennent ensuite les effets tlectroniques 
qui peuvent affecter le caractkre des liaisons. Par 
exemple la vibration de valence S - 4 , H  montre 
ici un abaissement d'environ 160 cm-I par 
rapport 2 la vibration S 4 H .  I1 semble donc, 
d'aprks ce critkre, que le caractkre double de cette 
liaison soit diminut par la prtsence du groupe 
peroxyde. Cette conclusion est en accord avec 
les prtvisions de la thtorie des liaisons de valence 
ttant donnt que la structure canonique 3 donnte 
plus haut doit contribuer moins que la structure 2 a la rtsonance de la moltcule. I1 serait inttressant 
de vtrifier cette conclusion par une ttude aux 
rayons-X de la structure cristalline de HzS05: 

Quant aux vibrations S-0, leur attribution 
ne pose pas de problkme. Ces vibrations ont 
dej8 tte Ctudites en dttail dans de nombreuses 
m6ltcules. ce aui a conduit A des corrtlations 
empiriquei. ~ i n s i  d'aprks les relations de 
Daasch (18) la somme des tlectrontgativitts des 
groupes OH et OOH dans l'acide de Caro serait 
d'environ 6.0. Quant au rapport des vibrations de 
valence S=O symttrique et antisymttrique, il suit 
d'assez prks la corrtlation ttablie par Robinson 
(19). De plus, les constantes de force de rappel 
des liaisons S=O et S - 0 H  tvalutes B environ 
10.7 et 5.7 respectivement selon l'tquation semi- 
empirique de Gillespie et Robinson (20), sont 
ltgkrement plus Clevte que dans H2S04. Elles 
correspondent a des ordres de liaison de 1.87 et 
1.36 r;spectivement. Notons enfin que la prtsence 
de trois et m&me quatre composantes (e.g. deux 
en i.r. et deux en Raman) des vibrations du groupe 
SO, est une indication assez sfire que la maille 
tltmentaire du cristal contient plus de deux mo- 
ltcules. 

Ce travail a pu &tre execute grsce B une subvention du 
Conseil National de Recherches du Canada. 
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Molar excess volumes in binary systems of n-hexadecane and 
1-n-chloroalkanes at 25 O C  

E. L. HERIC AND B. M. COURSEY 
Department of Cllenzistry, University of Georgia, Athens, Georgia 

Received June 5, 1970 

The molar excess volumes at 25 "C in nine binary systems of n-hexadecane with 1-n-chloroalkanes 
from 4 through 18 carbons have been calculated from density measurements. The applicability of 
Br@nsted and Koefoed's congruence principle to the excess volumes was investigated. 

Canadian Journal of Chemistry, 48, 3911 (1970) 

Introduction with the definition of ideal mixture viscosity as 

Brnrnsted and Koefoed's congruence principle mole fraction additivity of A*G of the pure com- 

(1) has been used to correlate both excess thermo- ponents. In eq. 3 h and N are the Planck and 

dynamic equilibrium (2-8) and activation (9-1 1) Avogadro constants, and V is the molar volume. 

properties of n-alkane mixtures. The principle Viscosity, in terms of A*GE, was described by 

states that at constant temperature and pressure [4] A*Ghl,jE - A*Gi,jE = xhl(l - xh,) 
the properties may be related to the average chain 
length X [a0 + a1(2xh, - 111 

[ I  I n = xln, + x,n, 

In eq. 1 subscripted x and n refer to the mole frac- 
tion and chain length of the indicated component. 

The congruence principle has also been applied 
to systems of n-alkane derivatives (12-14). Again 
the basis for the approach is the carbon chain 
length. 

By combining the congruence principle with the 
variation of the concentration of the substituent 
group, Brown et a[. (15) were able to correlate 
heats of mixing in n-alkane - n-alcohol systems. 
Heric and Coursey (16) modified the latter 
approach, and have applied it to viscosity in the 
systems reported here. They compared viscosity 
in the present systems with that in systems where 
the halide was replaced by its n-alkane homo- 
morph. A well-defined, systematic dependence of 
behavior on the halide chain length was shown. 

The viscosity was treated through the excess 
molar Gibbs free energy of activation for flow, 
A*GE. For a binary mixture 

[2] A*GE = RT[ln vM - x ,  In vlMl 

where v is the kinematic viscosity and M is 
molecular weight. Equation 2 is obtained by 
combining the Eyring viscosity equation (17) 

[3 1 v = (hN/V) exp (A*G/RT) 

In eq. 4 i and j are n-alkanes, hi is the halide 
homomorph of i, and a, and a, are empirical 
constants. a, values for the systems were related 
to halide chain length by 

where cr and p are also empirical constants. a,  
values were not related to the halide chain length 
other than to show that they decreased with 
increasing chain length and became negligibly 
small above 1-chlorooctane. 

The applicability of eqs. 4 and 5 was taken to 
show that the interaction in these systems could be 
resolved into two factors. One arises through 
mixing of the CH, and CH, groups, as found in 
n-alkane mixtures. This was called a "homo- 
geneous" factor, to  distinguish it from the 
"heterogeneous" factor arising when a group not 
present in one component is present in the other 
mixture component. Mixing of n-alkanes with 
1-chloroalkanes, by this terminology, thus in- 
volves both homogeneous and heterogeneous 
factors. 

The purpose of this work is to show that the 
molar excess volumes in the present systems may 
also be treated in the mathematical form ex- 
pressed in eqs. 4 and 5. Densities, refractive 
indices, and refractivity intercepts in these 
systems have been reported (18). The densities 
lead to the excess molar volumes reported here, by 
the assumption that ideal volume is equal to the 
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TABLE 1 
Excess volumes at 25.00 "C: binary systems containing 
n-hexadecane - I-chloroalkanes (hl,j), n-hexadecane - n- 
alkanes (i,j) or differences between them (hl,j - i,j) 

(x = mole fraction of n-hexadecane; VE in ml mole- l )  

TABLE 1 (Concluded) 

X V h i . ~ E  V 1 . ~ E  (Vh;.jE - V1.IE) 

. -- -- 
'Values at equimolarity; obtained by interpolation or extra- polation. 

mole fraction additivity of the molar volumes of 
the pure components. 

The method of density determination has been 
described (18). It followed commonly accepted 
procedures and precautions. 

Results 
Experimental molar excess volumes for the 

systems of n-hexadecane with the 1-chloroalkanes 
are given in column 2 of Table 1. The data were 
adequately fitted by the method of least squares 
by the equation 

[61 Vh,,jE = xhl(l - xhl)[BO + B1(2xhi - 1)1 

with weighting factors that have been described 
(19). The coefficients in eq. 6 for the various 
systems are listed in columns 2 and 3 of Table 2, 
together with the errors of the fit in columns 4 
and 5. 

For the difference in the molar excess volumes, 
we let 

171 Vh,,jE - Vi,jE = xhl(l - xhl) 
x [bo + b,(2xhl - 1)1 

where 

I8 I bo = h exp ( -onh,). 

In  eqs. 7 and 8, constants b, h, and o correspond 
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HERIC AND COURSEY: MOLAR EXCESS VOLUMES IN BINARY SYSTEMS 3913 

TABLE 2 

Coefficients for least squares fit of eqs. 6 and 7; component j is n-hexadecane 

Error (ml mole-') Error (ml mole-') 

Components i and h, Bo B I  Standard* Maximum bo bl Standard* Maximum 

*[ Z (error of ordinate of ith mixture datum)z/number of mixtures in 
,'l.,rm ml.,Yrc> 

TABLE 3 

Error in VhiBJE - VIBJE in ml mole-' at  equimolarity calculated with h and w values 
obtained through eq. 9;  component j is n-hexadecane 

V h l . ~ E  - V ~ . ~ E  

From coefficients bo, bl From hand w Error, as column 2 
Component h ,  in Table 2 of eq. 8 minus column 3 

*Values based upon interpolation or extrapolation. 

to a, a, and p in eqs. 4 and 5, except that each 
group of constants is concerned with a different 
property. Each group is unrelated to the other. 

The consideration of eq. 7 requires ViPjE for the 
n-alkane mixtures at mole fractions that corre- 
spond to those listed in Table 1. Molar excess 
volumes of the binary systems of n-hexadecane 
with the n-alkane homomorphs of l-chloro- 
butane, 1 -chloropentane, and 1 -chlorooctadecane 
are poorly defined at 25 "C, so only the remain- 
ing six systems can be used to establish b,, b,, 1, 
and o. 

Of these six systems, only in n-hexadecane - n- 
hexane have measured values of ViSjE been uti- 
lized. Our procedure for the other systems was to 

obtain ViVjE through the congruence principle 
(20). Column 3 of Table 1 shows the results of 
these calculations. They are based upon smoothed 
Vi,jE for n-hexadecane - n-hexane mixtures that 
have been reported by one of us (1 1, 21). Also 
included in column 4, as well as in column 5 and 
in Tables 2 and 3, are quantities for systems con- 
taining 1-chlorobutane, 1-chloropentane, and 
1-chlorooctadecane which will be commented 
upon below. 

The values of ViTjE in column 3 of Table 1 were 
combined with those of V,, , . E  from B, and B ,  of 
Table 2 to give the vh:,;' - ViYjE listed in 
column 4 of Table 1. The last were fitted to eq. 7 
and the constants are given in columns 6 and 7 of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3914 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 48, 1970 

Table 2, together with the errors of the fit in 
columns 8 and 9. 

Combination of eqs. 7 and 8 gives at equi- 
molarity 

The data are plotted in Fig. 1, together with the 
line obtained by the method of least squares with 
h = 21.006 and w = 0.27869. The data were 
weighted according to the uncertainty of the 1.h.s. 
of eq. 9 (22). That uncertainty was obtained as 
(ehlSjz + ei,jZ)'12, where e is the standard error in 
the indicated systems. ehiYj is given in column 4 of 
Table 2. einj has been assumed to be the same, 
f 0.03 ml mole-', as that in the system n-hexade- 
cane - n-hexane, to which the congruence prin- 
ciple is applied in obtaining the other Vi,j values. 
In Table 3 the values of VhlzjE - Vi,jE at equi- 
molarity calculated with bo are compared with 
values calculated with h and o. 

Extrapolation of eq. 8 to the first, second, and 
last systems in the tables, those systems not used 
in evaluating h and o, has been performed. The 
Vh,,jE - Vi,jE calculated with h and o are listed 
in column 3 of Table 3. In column 2 of Table 3 
values of VhiTjE - Vi,jE obtained through the 
method stated for that column are given. This 
requires values from columns 2 and 3 of Table 1, 
just as in the other systems of this type. For the 
mixtures containing the alkanes, measurements of 
ViSjE are not available. Instead, an indirect 
method has been used. Desmyter and van der 

FIG. 1. Plot of eq. 9 for systems of n-hexadecane - 1- 
chloroalkanes and n-hexadecane - n-alkanes at  25.00 "C. 
h, and i are homomorphs and j is n-hexadecane. 

FIG. 2. Plot of eq. 10 for 12-alkane - 11-alkane systems. 
(A)  Desmyter and van der Waals (5); (0) G6mez-Ibafiez 
and Llu (23); (V) Heric and Brewer ( I  I). 

Waals (5) showed that their results at 20 "C for 
equimolar n-alkane mixtures between component 
limits of 5 and 16 carbons could be represented by 

A similar plot for equimolar n-alkane mixtures at 
25 "C is given in Fig. 2. Extrapolation and inter- 
polation of that plot for the n--alkane compo- 
nents of present interest yields the corresponding 
values of Vi,jE given in column 3 of Table 1. 

Discussion 

VhIsjE are positive for all of the n-hexadecane - 
1-chloroalkane systems. As the coefficients Bo of 
eq. 6 show in Table 2, the trend is one of increasing 
values with the decrease in halide chain length. 
The fit of eq. 6 to these systems is in agreement 
with the uncertainty of the measured Vh,,jE, with 
the greatest standard error k0.02 ml mole-'. The 
sign of Vh,, jE is the opposite of that of Vi,jE in the 
systems involving the n-alkane homomorphs of 
the halides. For ViSjE, larger negative values are 
found as the chain length of the halide homo- 
morph decreases. A comparison of the two types 
of systems is given in Fig. 3, for a chain length of 
six carbons. The asymmetry in both is similar in  
that the maximum deviation from ideality occurs 
on the n-hexadecane-poor side. The asymmetry is 
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FIG. 3. V e  at 25.00 "C for n-hexadecane with n-hexane 
and with 1-chlorohexane. Curve I is for n-hexadecane - 
n-hexane (homogeneous factor). Curve 2 is for n-hexa- 
decane - 1-chlorohexane (homogeneous and hetero- 
geneous factors). Curve 3 is for the difference between the 
two systems (heterogeneous factor). 

considerably less in the system containing the 
halide, however. This qualitative comparison of 
relative asymmetry in the two types of systems at 
given chain length is also found for the other chain 
lengths for which asymmetry occurs. 

The conclusions from this work are dependent 
upon both Vh,,jE and ViTjE. Both the accuracy and 
precision of the latter require comment. The 
accuracy of applying the congruence principle as 
used here has been illustrated by Hijmans (20). 
His results show that the agreement between 
calculated and experimental values is variable, 
but generally within 0.02 ml mole-'. The agree- 
ment varies for different systems. Figure 1 shows 
that this small error in a system would not 
significantly affect the relationship established 
here. 

Another question of accuracy arises through a 
comparison of the data used here for the n-hexa- 
decane - n-hexane system which we have reported 
(I]), with those from Desmyter and van der 
Waals (5) and Gomez-IbbHez and Liu (23). All 
three sources agree on the asymmetry of VirjE in 

the system, but the Vi,jE and x j  coordinates of the 
maxima are different in each source. They are: 
-0.62,0.35 (5); -0.59, 0.35 (23); and -0.60 ml 
mole-', 0.40 (1 1). All three sources agree for 
x j  >, 0.6, while different source pairs agree over 
different composition ranges for x j  < 0.6. The 
disagreement between different sources is such 
that the error which might arise by the use of data 
from any of the sources again would not signifi- 
cantly affect the relationship established in Fig. 1. 
We have used our data from among the three 
sources, even though our precision is the poorest, 
because the present work thereby involves a 
consistent data source. 

A third matter bearing on accuracy arises in the 
system n-hexadecane - n-tetradecane. V in that 
system has been determined experimentally (1 1). 
VE is not zero there, as predicted with the con- 
gruence principle. Rather the small V values 
pass from positive to negative as the concentration 
of n-hexadecane is decreased. The sign transition 
is near equimolarity, however, and the average VE 
is near zero. Again the effect of this small error on 
present conclusions is not significant. 

The precision of ViPjE for the various chain 
lengths has been assumed to be the same as that in 
the system n-hexadecane - n-hexane, because ob- 
taining the former from the latter involves no 
additional experimental uncertainty. The applica- 
tion of the congruence principle is purely a 
geometrical operation. 

For the coefficients of eq. 7, based upon the 
systems of 6 through 16 carbons, Table 2 shows 
that there is a systematic behavior. Both b, and b, 
increase with decreasing chain length. The fit of 
eq. 7 is uniformly excellent, reflecting the fact that 
values of VhlVjE and viPjE have been smoothed 
prior to their use in that equation. 

The use of VhlVjE - Vi,jE at equimolarity to 
obtain the coefficients h and o of eq. 8 is actually a 
test of the coefficient bo because the difference in 
VE reduces to b0/4 at that composition. Figure 1 
and Table 3 show the fit of eq. 8 is good, with no 
disagreement in the systems of 6 through 16 car- 
bons greater than 0.03 ml mole-'. A clear corre- 
lation of the behavior with the carbon chain 
length exists in these systems. 

The extension of eq. 8 to the other systems in 
Table 3 yields results of differing quality. For the 
system with 18 carbons the agreement is quite 
good, to 0.01 ml mole-'. Here the viPjE obtained 
from Fig. 2 by interpolation is at a very low 
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abscissa value. Thus, even though a chain length 
of 18 carbons is outside the component range 
used in establishing the linearity, this has little 
effect. Moreover, the bo value for that system 
obtained from h and o of eq. 8 is quite small. For 
these reasons the significance of the agreement in 
this system is difficult to assess unambiguously. 
While both n-octadecane and 1-chlorooctadecane 
must be treated as supercooled liquids at 25 "C, 
that fact is of no consequence to the results. 

For the systems of four and five carbons, there 
is yet greater uncertainty over the error shown in 
Table 3. Nevertheless, consideration of the possi- 
bility of such extrapolation to these systems seems 
to be warranted during this work. For the system 
with five carbons, ViSjE must be obtained by 
extrapolation in Fig. 2 to an abscissa value 
approximately double that of the range over 
which linearity has been established. The dis- 
agreement in Fig. 2 between the different litera- 
ture values for a given abscissa indicate an 
uncertainty in the extrapolated ordinate of about 
0.05 ml mole-' in Vi,jE. The standard error in 
Vh,,jE for that chain length, f 0.02 ml mole-' is 
negligible by comparison. A reasonable estimate 
of the uncertainty in extrapolating eq. 8 to that 
chain length is also 0.1 ml mole- ' . The agreement 
in Table 3 for this chain length, 0.04 ml mole-', 
is, therefore, within the estimated uncertainty. 

For the system with four carbons the disagree- 
ment in Table 3 is considerably greater, 0.28 ml 
mole-'. However, the uncertainties in the values 
compared may be quite great here. viPjE must be 
obtained by extrapolation in Fig. 2 to an abscissa 
value almost triple that of the range of established 
linearity. An uncertainty of about 0.1 ml mole-' 
in ViPjE may arise from this, assuming the extra- 
polation is valid. Such validity is questionable, 
however. Holleman and Hijmans (24) have shown 
experimentally that heats of mixing in n-alkane 
systems show considerable deviation from the 
congruence principle when the difference in com- 
ponent chain lengths becomes excessive. This may 
be a consequence of departure from the implied 
assumption in the congruence principle that the 
strengths of the van der Waals forces of the com- 
ponents are suitably similar. The change in the 
strength of these forces with chain length is 
greater at the lower end. Thus, extending eq. 10 
to a chain length of four carbons for one of the 
components may be outside the validity of that 
equation. The extrapolation must treat n-butane 

as a superheated liquid at that temperature, which 
well illustrates the significantly smaller van der 
Waals forces of that component. It follows that 
the disagreement in Table 3 for this system may 
not be due to the failure of eq. 8 at that chain 
length. The assignment of an uncertainty of 
0.1 ml mole-' for the extrapolation of eq. 8 to a 
chain length of four is an arbitrary estimate, as it 
was for a chain length of five. 

In terms of the foregoing, while the results must 
be qualified at  four and five carbons, the agree- 
ment shown in column 4 of Table 3 for the other 
systems is good. While it may be that the coeffi- 
cients b, of eq. 7 are also systematically related to 
chain length, present data are insufficient to 
establish this. 

Equation 8 predicts that bo is sufficiently small 
at  a chain length of 20 carbons that it is indis- 
tinguishable from zero within an experimental 
error of f 0.02 ml mole-'. That is, beyond this 
chain length the effect of the halide group is so 
small that Vh,,jE and Vi,jE are the same whether h i  
or i is mixed with n-hexadecane. Thus, the mixing 
effect in either case is essentially due to the hydro- 
carbon chains. 

It is striking that both A*GE and V in these 
systems can be treated by the same approach. It 
must be emphasized, however, that the gross 
similarity in behavior of these two properties does 
not extend beyond that point. This is evident from 
a comparison of Figs. 3 and 4. Thus both proper- 
ties show positive deviation from ideality for 
n-hexadecane - 1-chlorohexane, where both ho- 
mogeneous and heterogeneous factors are in- 
volved. The homogeneous factor, in the system 
n-hexadecane - n-hexane, is positive for A*GE 
and larger than when both homogeneous and 
heterogeneous factors are present. The hetero- 
geneous factor here is negative. That is, viscous 
flow is relatively enhanced in the system contain- 
ing the halide, probably due to the decrease in 
dipole-dipole interaction in the halide when 
mixed with the n-alkane. 

The homogeneous factor is negative for V E. 
Thus the heterogeneous factor must be positive 
here, and larger than V when both homo- 
geneous and heterogeneous factors are present; 
that is, larger than in the system containing the 
halide. The volumetric behavior may be explained 
by assuming an expansion when there is a decrease 
in dipole-dipole interactions. The latter is the 
heterogeneous factor. 
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c -looo 
0.2 0.4 0.6 0.8 I 

x (HEXADEGANE)  

FIG. 4. A*GE at 25.00 "C for n-hexadecane with 
12-hexane and with 1-chlorohexane. Curve I is for n- 
hexadecane - n-hexane (homogeneous factor). Curve 2 is 
for n-hexadecane - I-chlorohexane (homogeneous and 
heterogeneous factors). Curve 3 is for the difference 
between the two systems (heterogeneous factor). 

I t  follows from Figs. 3 and 4 that there is no 
consistent correlation in these systems between 
free volume behavior and viscous flow. While the 
heterogeneous effects show the commonly as- 
sumed enhancement of flow accompanying 
volume increase, the overall relationship between 
V and A*GE is that the former may reflect either 
expansion or contraction in a system exhibiting 
positive deviation from ideal viscous flow. 

Extension of the study of the systematic be- 
havior of each of A*GE and V in the present 
systems to a common n-alkane other than n-hexa- 
decane will reveal more on the generality of the 

approach. I t  may be limited to series of related 
systems in which the n-alkane chain length is 
relatively long. In our laboratory we are now 
studying mixtures of the same halides included 
here with n-hexane as the second component. 
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Etude des mouvements de molCcules linkaires en phase liquide par analyse du profil 
des bandes d'absorption infrarouge. I. Oxyde nitreux 

Groupe de Recherches no 3 du C.N.R.S., DPpartemerzt de Recherches Physiques, 
FacultP des Sciences, 9, quai Saint Bernard, Paris ( S o ) ,  Frarzce 

Requ le 13 juillet 1970 

On a effectuC la mesure de la largeur et du profil des 3 bandes de vibration fondamentales et de 
quelques harmoniques de la molecule NZO en solution dans un grand nombre de solvants. Dans le cas 
de quelques solvants non polaires les largeurs des bandes observees semblent determinees par des 
mouvements de rotation de la molicule dissoute; dans les autres cas on ne peut negliger les variations 
du potentiel intermoleculaire. On a d'autre part calculC les fonctions de correlation et les moments 
correspondants; les chiffres obtenus sont interprCtCs dans I'hypothese ou la largeur est due aux mouve- 
ments de rotation et de diffusion rotationnelle de la molCcule; ils se montrent sensiblement en accord 
avec la thCorie dans le cas des solvants non polaires. Nous donnons de plus une valeur approchee du 
couple de rappel agissant sur la moltcule NZO en milieu liquide. 

Measurements have been made of the width and profile of the three fundamental vibration bands 
and of some harmonics of the NZO molecule in solution in a large number of solvents. In  the case of 
some non polar solvents the widths of the bands observed appear to be determined by rotational motions 
of the solute molecules; in other cases variations in the intermolecular potential cannot be neglected. 
The correlation functions and corresponding moments were then calculated; the values obtained are 
interpreted using the hypothesis that the width arises as a result of rotation and rotational diffusion 
movements of the molecule; they appear approximately in agreement with theory in the case of non 
polar solvents. In addition, we give an approximate value of the torque acting on the NZO molecule 
in liquid medium. 
Canadian Journal of Chemistry, 48, 3918 (1970) 

Introduction 

L'Ctude en phase liquide du profil des bandes 
d'absorption dans 1'i.r. et de la transformCe de 
Fourier correspondante, est susceptible de nous 
fournir des renseignements sur le mouvement des 
molCcules au sein du liquide. Le profil des bandes 
est dCterminC par les fluctuations de frCquence 
dues aux variations aliatoires du potentiel inter- 
molCculaire et par les mouvements de rotation 
des molCcules (1, 2). Dans le cas gCnCral, le 
probltme est trts complexe; nous en avons 
examink quelques exemples dans des articles prC- 
cCdents (3, 4). Si l'on veut comDarer les rCsultats 

lieu a une interpretation thCorique satisfaisante. 
Nous avons choisi ici la molCcule N 2 0  qui 
remplit les conditions prCcCdentes. 

Nous avons observC tout d'abord avec le plus 
de prCcision possible le profil des trois bandes 
fondamentales d'absorption de N 2 0  dans un 
grand nombre de solvants, ainsi que celui de 
quelques harmoniques et mesurC leur largeur. 
Nous avons calculC ensuite les fonctions de corrB 
lation correspondantes et les moments d'ordre 
2 et 4. Nous examinerons successivement les 
differents rCsultats obtenus et nous tenterons de 
les interprCter a la lumitre de la thCorie (2, 5, 6). 

- .  , 
expCrimentaux a ceux indiquCs par la thCorie, il Mole'cule N 2 0  
est nCcessaire de choisir une molCcule pour Les trois modes fondamentaux se montrent 
laquelle on prCvoit que des simplifications actifs en i.r.; les vibrations de valence v, et v, 
sensibles seront apportCes au schema gCnCral; sont paralltles a l'axe de la molCcule et la vibra- 
ceci nous a amenCs a Ctudier des molCcules tion de dCformation v2 doublement dCgCnCrCe, 
linkaires. Dans ce dernier cas, en effet, il n'existe perpendiculaire l'axe, ainsi que l'indique la 
que deux degrCs de libertC de rotation Cquivalents fig. 1. Les harmoniques 2v, et 2v3 sont des 
autour d'axes perpendiculaires a l'axe nuclkaire bandes paralltles; des deux sous-niveaux 020, 
et un seul moment d'inertie; si ces molCcules sont seul celui de type C+  donne lieu a une transition 
de plus assez lCgtres et peu polaires, on peut 2v2 active en i,;., paralltle a l'axe et en resonance 
penser que, au moins dans certains solvants, de Fermi avec v,. 
l'effet dQ a la rotation des molCcules l'emportera Le spectre de N 2 0  2 1'Ctat gazeux a CtC observi 
sur les fluctuations du potentiel et pourra donner par de nombreux auteurs (en particulier 7-12) 
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VINCENT-GEISSE ET COLL.: PROFlL DES BANDES D'ABSORPTION INFRAROUGE. 1 3919 

N N 0 - - c-0 2, 
r , ,  3 

FIG. 1. Vibrations de la molCcule N 2 0 .  

et la litttrature nous fournit, outre les frtquences 
des fondamentales, celles d'une quantitt conside- 
rable d'harmoniques et de combinaisons, accom- 
pagntes le cas echtant des frtquences des bandes 
chaudes correspondantes. En effet, le niveau v2 
se situe une frtquence assez basse, de sorte que 
sa population n'est pas ntgligeable a la temptra- 
ture de nos exptriences (environ 13%) et les 
transitions a partir de ce niveau apparaissent 
dans le spectre. Ayant t tudit  dans ce travail les 
trois modes fondamentaux et le premier har- 
monique de chacun d'eux, nous prtsentons dans 
le tableau 1 les nombres d'ondes indiquts le plus 
rtcemment dans la litttrature pour ces bandes 
et les bandes chaudes corres~ondantes. 

En ce qui concerne la rotation, notons que le 
moment d'inertie de la molecule N,O est 
67. lop4' g cm2. 

Etude expkrimentale 
(a) Largelrrs 

Les largeurs des d~fftrentes bandes ont CtC dCterminCes 
en examinant dans chaque cas deux a t ro~s  spectres. On 
a constru~t les courbes en densiie optique en rapportant 
le spectre de la solution a celu~ du solvant. On a op t r t  
ainsi pour 18 substances, mais i l  n'a tvidemment pas CtC 
possible d'obtenir dans tous les cas a la fois les largeurs 
des trois bandes fondamentales et de leurs harmoniques. 
La bande 2v2 en particulier n'apparait que dans tres peu 
de solvants, ceux-ci absorbant en gCnCral dans cette 
region sous I'Cpaisseur nCcessitte par la faible solubil~te 
de N 2 0 .  

La concentration des solutions CtudiCes, mesurte 
approximativement en se rCfCrant a I'intensitt donnte 
par la 11ttCrature pour les bandes a 1'Ctat gazeux, etait en 
gCnCral tres faible et ne dCpassait pas 0.1 a 0.2 mole/l, 
sauf pour la bande 2v,, dont 1'Ctude n'a ttt poss~ble 
dans certains cas qu'au moyen d'une cuve a pression 
(p = 5 kg/cm2 environ). 

L'oxyde nitreux utilise provenait de I'Air Liquide et 
titrait 99.99%. Les solvants etaient des produ~ts tres 
purs de diffkrentes firmes, autant que poss~ble pour 
spectrophotomttrie. 

Dans la majoritt des cas, les spectres et plus particu- 
lierement ceux ayant servi au calcul des fonctions de 
corrtlation, ont CtC enregistrts sur un spectrometre 

Perkin-Elmer modele 225. Quelques spectres cependant 
ont CtC obtenus avec d'autres appareils (Perkin-Elmer 112 
a simple faisceau avec prisme de LiF, 521, Beckman IR 12 
pour 2v1 sous pression, Cary 14 pour 2 ~ ~ ) .  Les conditions 
etaient toujours telles que la largeur spectrale de fente s 
se trouvait inferieure a 115 de la largeur Avl12 de la 
bande. Dans le cas des spectres utilists pour le calcul 
des fonctions de corrklation, les rapports Avl12/s Ctaient 
de 35 a 20 pour vl, 6 a 5 pour v2 et 18 a 8 pour v,. 

(b )  Fonctions de corrdlation et moments 
La fonction de correlation, partie rtelle de la transfor- 

mee de Fourier de la courbe representant le coefficient 
d'absorption k en fonction de la pulsation o s'Ccrit 

[ I ]  @ ( t ) =  k(w) cos ( a  - oo)t  d o  
bande 

a un facteur de normallsation pres. (La partie imaginaire 
est nulle dans le cas de bandes symttriques.) On a calculC 
les fonctions de corrClation a partir de cette formule de 
la maniere suivante 

Les deuxieme et quatrieme moments sont donnks par 
I'expression 

avecn = 2 o u 4  

Ces calculs ont etC programmis en langage Fortran IV 
pour I'ordinateur CDC 6600. Nous avons dttermint de 
plus le logarithme neperien de @(t) et les points corres- 
pondants sont localists sur un graphe donne par la 
machine en m&me temps que les valeurs de t, @(t), 
In @(t), M(2) et M(4); t est compris entre 0.05 et 5 ps. 

Des difficultCs de diffkrents ordres se sont revClCes dans 
1'Cvaluation de @(t) et des moments; nous allons les 
passer en revue. De toutes manieres, comme nous I'avons 
vu, tous les spectres utilists pour ce calcul ont CtC en- 
registres sur le spectrometre 225 et I'on a bien entendu 
choisi dans chaque cas celui ou ceux des spectres qui 
nous semblaient les meilleurs, avec en particulier les ailes 
les plus precises. Lorsque les solvants prtsentaient une 
bande d'absorption relativement intense a ]'emplacement 
des ailes de la bande etudiee, I'erreur en dtcoulant nous 
a paru justifier I'abandon des courbes In @(t) corres- 
pondantes. 

En ce qui concerne le domaine d'intkgration, il s'tten- 
dait sur un intervalle de nombres d'ondes de 10 a 15 fois 
la largeur de la bande v,, de 15 a 20 fois celle de la bande 
v2 plus Ctroite que la prCcCdente et de I5 a 25 fois celle 
de la bande v, qui, plus intense que les autres, se situe 
en outre dans une region spectrale plus favorable. 

L'un des plus gros problemes que nous ayons rencontri 
dans cette Ctude est celui des bandes chaudes impossibles 
a sCparer des fondamentales dans I'ignorance oh nous 
nous trouvons de leur forme et de leur largeur. Dans le 
cas de la vibration v, cependant, 1'Cloignement de la 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

FIG. 2. Spectres de NZO: en haut dans I'hexane, en bas dans le tetrachlorure de carbone: v2, 586 crn-I; vl, 
1281 crn-'; v3, 2216 crn-l. 

bande chaude (- 14.2 crn-') perrnet de considerer cornrne 
non perturb6 le cBte de la bande principale qui lui est 
oppose. Aussi a-t-on calculC pour cette vibration les @(t) 
en syrnttrisant la derni-courbe situee du c6tC des hautes 
frkquences. De toutes rnanieres, la bande parasite 
apparaissant toujours sous forrne d'epaulernent (plus ou 
rnoins accentue selon la largeur de la fondarnentale, 
cornme le rnontre la fig. 2), nous avions prirnitivernent 
opdrd en supprirnant cet dpaulernent de la faqon indiquee 
sur la figure. Un exernple de calcul a partir de la courbe 
entiere et de la derni-courbe est donne sur la fig. 3: nous 
constatons que les points experirnentaux se placent 
beaucoup rnieux au voisinage d'une droite, conforrne- 
ment a ce que prevoit la theorie, dans le cas de la syrne- 
trisation des derni-courbes. C'est au contraire toute la 
courbe en densite optique que nous avons utilisee pour 
la vibration v,, oh la bande chaude est trop proche de 
la bande principale pour ne pas I'influencer des deux 
cBtes, sans rntrne qu'on puisse observer un epaulernent 
(fig. 2). Dans le cas de v2 enfin, accornpagnke de part et 
d'autre par deux bandes chaudes dont on ne connait pas 
la repartition, il est seulernent possible d'elirniner l'epaule- 
ment situe a 9.4 cm-' de la fondarnentale, du cat6 des 
basses frkquences (fig. 2). 

Largeur des bandes. Resultats et discussion 

Nous avons rassemblk dans le tableau 2 - 
l'ensemble des largeurs des bandes fondamentales 
et des premiers harmoniques. Pour chaque vibra- 

FIG. 3. In @(t) de v3 dans I'hexane: x , a partir de la 
courbe d'absorption entiere; 0, a partir du double de la 
derni-courbe hautes frkquences. 

tion, la premi6re colonne donne le nombre 
d'ondes du maximum d'absorption, la seconde 
la largeur a mi-hauteur et la troisikme le double 
de la demi-largeur correspondant soit aux basses 
frkquences (2A,), soit aux hautes frkquences 
(2A,), a cause de l'existence de bandes chaudes 
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TABLEAU 1 

Nombres d'ondes I'etat gazeux 

Fonda- Ref& Bandes RCfe- Harmoni- Rtf6- Bandes Rife- 
mentales v(cm-l) rence chaudes v(cm-') rence ques v(cm-') rence chaudes v(cm- ') rence 

TABLEAU 2 

Largeurs en cm-I 

V 1 VZ V 3  2v 1 2vz 2 ~ 3  

Solvant* v AVIIZ 2A1 v Avit2 2A1 v AVIIZ 2A2 v Av11, 2A1 v A v L , ~  v Avitz 

*C6HIl = I-hexhne; C-C5HI0 = cyclopentane; CICIJF~ = 1,1 2-trichlorotrifluoroithane; p-CnHsOl = paradioxanne. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3922 CANADIAN JOURNAL OF CHEMISTRY. VOL. 48, 1970 

qui perturbent, comme nous l'avons indiqut plus 
haut, I'une ou l'autre moitit de la bande princi- 
pale. 

L'interprttation des rtsultats est trks simple 
dans le cas des bandes parallkles. Si l'tlargisse- 
ment par rotation est le seul qui intervienne, il 
doit ttre le mtme pour toutes les bandes paral- 
Ides, fondamentales ou harmoniques qui doivent 
donc presenter la m&me largeur. En ce qui 
concerne les bandes perpendiculaires, nous mon- 
trerons un peu plus loin que, toujours dans 
l'hypothkse d'un effet rotationnel prtpondtrant 
et, moyennant quelques conditions suppltmen- 
taires que nous mettrons en tvidence, leur largeur 
doit ttre la moitit de celle des bandes parallkles. 
Ce rapport entre les largeurs ressort tgalement 
des calculs de Favro (13) qui traite le cas oh la 
diffusion rotationnelle est le seul effet existant; 
de l'expression qu'il donne du coefficient d'ab- 
sorption d'une bande parallkle un axe principal 
d'inertie numtrott 1, il vient : Av, = (D, + D,)/ 
KC, D2 et D, ttant les constantes de diffusion 
rotationnelle relatives aux rotations autour des 
deux autres axes. 

Dans le cas qui nous inttresse, si I'axe 1 est l'axe 
nucltaire, Dl  = 0 et D, = D, = D, d'ou 

Nous nous attendons donc a trouver des largeurs 
Cgales pour les bandes v,, v,, 2v,, 2v2, 2v, et 
deux fois plus petites pour v,. 

Si nous examinons le tableau 2, nous voyons 
que ces prtvisions thtoriques ne sont jamais 
exactement satisfaites, mais qu'elles le sont 
sensiblement, pour les bandes mesurtes, dans le 
cas d'un certain nombre de solvants non polaires. 
Ailleurs on observe des dtviations plus ou moins 
importantes, soit que les largeurs de v, et v, ne 
soient pas les mtmes, soit que celles des harmoni- 
ques different, soit que le rapport 2 ne soit pas 
respect6 entre les largeurs de v, et v, et celle de v,. 
Finalement le pentane et l'hexane se prtsentent 
comme les solvants dans lesquels les actions 
intermoltculaires sont les plus faibles et l'effet 
rotationnel nettement prtpondtrant. Dans l'act- 
tone, au contraire, les largeurs tgales de v, et v, 
laisseraient penser que l'effet de rotation est 
dominant, mais la grande largeur de 2v, montre 
que cette conclusion serait erronCe. Assez souvent 
les largeurs de v, et v, sont difftrentes; le 
tableau 2 montre que la plus large des deux est 
alors v,, qui serait donc davantage sensible aux 
effets intermoltculaires; comme de plus, cette 

TABLEAU 3 
Constantes de diffusion 

rotationnelle 

Solvant* D (10l2 s-') 

*Pour les solvants, voir legende du 
tableau 2. 

dernikre presente, cause de la rtsonance de 
Fermi, une certaine proportion de transition 2v2, 
les anomalies observtes peuvent s'expliquer par 
cet effet et il est plus sQr de prendre en considtra- 
tion la largeur de v, (ou 2A,). Nous avons rtuni 
dans le tableau 3 les constantes de diffusion rota- 
tionnelle calcultes pour v, (a partir de 26,) au 
moyen de la relation [4], lorsque cette diffusion 
semble le processus prtpondtrant dans l'tlargisse- 
ment. Sur ce tableau, le pentane et l'hexane 
viennent en t&te pour la valeur de D ;  c'est dans 
ces solvants que la diffusion rotationnelle appa- 
rait la plus rapide; le sulfure de carbone et le 
tttrachlorure de carbone, quoique reputts 
inertes, se situent loin derrikre et montrent 
d'ailleurs de nombreuses anomalies. 

Nous voyons donc l'inttret que prtsente 
l'ttude de plusieurs bandes dans l'interprttation 
des chiffres obtenus. Un trks petit nombre de 
solvants seulement donne des rtsultats en accord 
avec l'hypothkse de l'existence du seul effet de 
diffusion rotationnelle. Dans la plupart des cas 
on ne peut pas ntgliger I'effet de la fluctuation du 
potentiel intermoleculaire. 

Fonctions de corrklation 

Les figs. 4 et 5 donnent quelques-unes des 
courbes obtenues pour In @(t) en fonction de t. 
Nous voyons qu'elles comprennent, comme 
prkvu (5) et comme on l'observe gtntralement 
(14), une partie parabolique 2 l'origine et une 
partie lintaire qui commence au voisinage de 
t, = 0.35 ps. Avant de proctder a l'examen dt-  
taillt de ces courbes et a leur interprttation, nous 
allons tout d'abord rappeler quelques rtsultats 
thtoriques et en tirer des conclusions qui nous 
seront utiles par la suite. 

La fonction de corrtlation nous fournit des 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



VINCENT-GEISSE ET COLL.: PROFIL DES BANDES D'ABSORPTION INFRAROUGE. I 3923 

FIG. 4. In @ ( t )  de v,, v2 et v, dans diffdrents solvants x,  v, ; 0, v2; A, v3. Solvants: a, hexane; b, cyclopentane; 
c, tdtrachlorure de carbone; d, tBtrachlorodthyltne; e, 1,1,2-trichlorotrifluorodthane; f, sulfure de carbone. 

renseignements sur le comportement moyen valeur moyenne B I'instant t  de I'expression 
d'une molCcule en fonction du temps (5). Si I'on "u(O).G(t) dans laquelle I'u reprtsente le vecteur 
admet que la rotation et la diffusion rotationnelle unitaire de l'axe parallble B la direction de la 
sont les processus les plus importants dans vibration envisagke: @ ( t )  = (G(O).G(t)) .  Dansle 
I'Clargissement des bandes, @ ( t )  correspond B la cas d'une vibration parallble B I'axe, @ ( t )  = cos 9, 
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0 1 , t ( P S ,  

FIG. 5. In @ ( t )  de v3 dans diffkrents solvants: - --, 
rotateur libre. Solvants: a, x , hexane; A, hexene; 0, 
bromoforme; b, A, 1,1,2-trichlorotrifluoroCthane; 0, 
nitromkthane; x , diiodomkthane; c, 0, titrachlorure de 
carbone; 0, chloroforme; x , dichloromkthane. 

cp ttant l'angle dont a tourne, en moyenne, la 
moltcule entre les instants 0 et t. L'interprCtation 
est moins immtdiate dans le cas d'une vibration 
perpendiculaire. Si nous attachons a la moltcule 
en rotation un systeme d'axes carttsiens, une 

CHEMISTRY. VOL. 48, 1970 

composante donnte d'une vibration perpendicu- 
laire dtgtntrte tourne d'un angle que l'on peut 
calculer facilement et qui dtpend de sa position 
par rapport aux axes; faisant ensuite la moyenne 
sur toutes les orientations possibles, on trouve 
qu'une composante perpendiculaire a tournt en 
moyenne, pendant le m&me temps t, d'un angle \lr 
tel que 

[5 I cos2\lr = cos cp 

Ce calcul ne s'applique qu'a des angles inftrieurs 
a 4 2 .  Nous avions prtsentt, dans une publication 
anttrieure (1 5) une formule ltgerement difftrente 
de [5] en considtrant un temps suffisamment 
court pour que l'axe de rotation n'ait pas change, 
mais les deux formules donnent le m&me rtsultat 

pour des petits angles c'est a dire pratiquement 
pour des angles cp inftrieurs 5 60". De l'tgalitt [5] 
dtcoule une relation inttressante entre les fonc- 
tions de corrtlation relatives A une bande 
parallele et a une bande perpendiculaire. 

Considtrons d'abord les parties exponentielles 
des fonctions de corrtlation, c'est-a-dire les 
droites des graphiques In @(t). En supposant, en 
premiere approximation, que ces droites passent 
par l'origine, nous pouvons Ccrire @(t) = e-'lT 
pour les bandes paralleles et @(t) = e-'IT' pour 
les bandes perpendiculaires. L'egalitt [5] nous 
donne 

Les bandes correspondantes prtsenteraient un 
profil de Lorentz et des largeurs respectives 

Nous retrouvons ainsi t r b  simplement la relation 
dtja signalte plus haut. En rtalitt les droites ne 
passent pas par l'origine et les conclusions dt-  
velopptes ci-dessus ne sont qu'approchtes. Toute- 
fois en considtrant le cas oh l'tcart est le plus 
grand, celui de la bande v, dans l'hexane, pour 
laquelle nous avons une ordonnte A l'origine 
voisine de -0.20, et en t r a~an t  une droite 
moyenne passant cette fois par l'origine nous 
obtenons .z = 0.61 ps au lieu de la valeur 0.64 
initialement trouvte. Cette approximation est 
donc acceptable dans la totalitt des cas pour 
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t > 0.35 ps et le profil se rapproche de celui de 
Lorentz dans la ~ a r t i e  centrale de la bande. La 
partie linCaire des courbes In @(t) commence pour 
des valeurs de l'angle cp ou + qui ne dipassent 
gCnCralement pas 60". I1 est donc legitime de 
dCvelopper cos cp et e-'I' en se limitant aux 
premiers termes. On obtient ainsi 

Ces relations expriment que nous sommes dans 
la rCgion de diffusion rotationnelle oh, par dCfini- 
tion, nous avons 

p2 = 4Dt 
et 

$2 = 2Dt 

D Ctant la constante de diffusion correspondante. 
Nous avons donc 

Voyons maintenant ce qui se passe aux temps 
tr6s courts, dans la partie non IinCaire des 
courbes. On peut Ccrire 

6 representant la vitesse angulaire quadratique 
moyenne. Appliquant le thCor6me de 1'Cquiparti- 
tion de 1'Cnergie cinCtique et tenant compte du 
fait qu'une molCculaire IinCaire posdde deux 
degrCs de libertC de rotation, on obtient 

La fig. 4 reprisente les fonctions de corrClation 
liCes a plusieurs vibrations fondamentales, dans 
des solvants variCs; celles de v, et v, devraient 
Ctre confondues et celles de v2 se dCduire des 
prCcCdentes par une affinitC de rapport 112. Nous 
voyons que ceci n'est jamais exactement vCrifiC, 
mais s'en rapproche le plus dans le cas de 
l'hexane. Nous avons port6 dans le tableau 4 les 
constantes T, T' et D calculCes d'apr6s la pente 
des droites et les relations [lo]. Les chiffres 
indiquCs pour D, dans le cas de v,, coi'ncident 
sensiblement avec ceux du tableau 3, comme on 
pouvait s'y attendre. 

BANDES D'ABSORPTION INFRAROUGE. I 

TABLEAU 4 
Constantes tirdes de In @(t ) 

- 

Solvant* T ou ~ ' (ps )  D(10lz s-') td(ps)  

CS, V, 0.86 0.58 0.35 

non linkaire 
1.16 
1.31 
1.13 
non lindaire 

'Pour les solvants, voirllgende du tableau 2. 

Sur la fig. 5 sont tracCes les fonctions de 
corrklation se rapportant a la mCme vibration v, 
dans plusieurs solvants; nous y avons ajoutC la 
courbe correspondant a la rotation libre, tirCe de 
la relation [I I]. Nous voyons que la courbe expC- 
rimentale reste au dCpart assez proche de celle 
du rotateur libre, pour un certain nombre de 
solvants non polaires et en particulier l'hexane 
et qu'au contraire, elle se situe toujours au dessus 
pour les solvants polaires. Sur la fig. 5c oh sont 
portCes les fonctions relatives B CCl,, CH2C12, 
CHCl,, nous constatons que le comportement 
aux temps longs est sensiblement le m&me, mais 
qu'il diff2re aux temps courts, le temps de rotation 
libre se montrant plus grand pour CCl,. D'apr6s 
toutes ces courbes le temps t,, partir duquel 
commence la diffusion rotationnelle, est voisin 
de 0.35 ps et de l'ordre de grandeur du temps de 
libre parcours moyen d'une molCcule. Le temps 
de rotation libre, maximal et voisin de 0.15 ps 
dans les substances non polaires, est infCrieur a 
0.05 ps, et donc non lisible sur les courbes, dans 
la plupart des solvants polaires. L'angle de rota- 
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tion correspondant a t, varie avec le solvant; il 
est compris entre 60" pour l'hexane et 38" pour 
l'iodure de mtthylbne. L'angle de rotation libre 
se montre bien inferieur i cette valeur, contraire- 
ment a ce qui avait t t t  dit dans un article pri- 
ctdent (1 5). 

En rtsumt, l'examen des fonctions de corrtla- 
tion nous apporte de nombreux renseignements, 
compltmentaires de ceux fournis par les largeurs 
de bandes et en accord avec les conclusions tirtes 
de celles-ci. Notons toutefois qu'ici nous n'avons 
plus aucun critbre qui nous permette d'apprtcier 
l'importance relztive des difftrents effets, car 
presque toutes les courbes In @(t) prtsentent une 
partie rectiligne, m&me dans les cas oiI, d'aprbs 
les largeurs de bandes, nous avions jug6 que les 
fluctuations de frtquence dues aux variations du 
potentiel intermoltculaires se montraient assez 
grandes. 

Deuxihme et quatrihme moments 

Aux temps courts, cos (w - oo)t, dans la 
relation [I], peut se dtvelopper en fonction de t. 
Compte tenu de la difinition des moments, [3], 
il vient 

D'autre part les moments M(2) et M(4) se calcu- 
lent ti partir des tquations classiques du mouve- 
ment de rotation et des valeurs moyennes des 
dkrivies successives, par rapport au temps, de 
l'angle de rotation. Dans le cas des vibrations 
parallbles des molicules liniaires on a (5) 

oh C represente le moment des forces de rappel 
agissant sur la molicule, par unit6 d'angle 
d'tcart. 

Le diveloppement [12] n'est autre que celui de 
cos q. 

t2 t4 
cos cp = 1 - M(2)- + M(4)- 2! 4! 

Nous avons de m&me 
t2  t4 

COS $ = 1 - M'(2) - + M'(4) -- 
2! 4! 

et l'application de la relation [5] nous fournit 

CHEMISTRY. VOL. 48, 1970 

TABLEAU 5 

Moments 

Solvant* M(2) $fJ414 <CZ)112 
(loz4 s-') (10 s ) (kT/rad) 

'Pour les solvants, voir legende du tableau 2. 

l'egalitt [15] M'(2) = M(2)/2, et une autre, que 
nous n'expliciterons pas ici, pour M(4). 

Dans le cas de N 2 0  et a la temperature, 
T = 313 OK, de nos exptriences M(2) = 12.9 

c.g.s. (v, et v,). 
Nous avons portt dans le tableau 5 les valeurs 

des moments dans tous les cas oiI l'absorption 
dans les ailes est connue avec prkcision. Dans la 
colonne donnant M(2) nous voyons que l'accord 
entre valeur thtorique et valeur exptrimentale 
est gknkralement satisfaisant pour les solvants 
non polaires pour v, et v,. Par contre le moment 
mesurt est tr6s infkrieur au moment thiorique 
dans l'acitonitrile, le nitromithane, le dichloro- 
et le diiodomithane; dans ces solvants la vitesse 
angulaire est donc infkrieure a celle qui risulterait 
de la relation [13]; la cause en est probablement 
l'existence d'une interaction relativement forte 
entre molkcules de solvant et de soluti. 

Nous n'avons calculk le quatrieme moment que 
dans les cas oh le deuxii5me moment est voisin de 
sa valeur thkorique et nous en avons alors dtduit 
le couple quadratique moyen en prenant 
kT(216 cm-l) comme unitk. Ces valeurs peuvent 
Ctre compartes i celles donnies par Gordon (6) 
pour CO liquide (4kT) et par Cabana et al. (1 6) 
pour CH, (280 cm-I); les chiffres obtenus 
semblent donc raisonnables. 
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La determination des fonctions de corrtlation 
et surtout celle des moments prtsente gtntrale- 
ment de grandes difficultts. Dans le cas d'une 
moltcule simple comme N,O, elle se montre 
toutefois suffisamment prtcise pour nous per- 
mettre de comparer la thCorie et l'exptrience et 
de calculer un certain nombre de grandeurs 
relatives A la dynamique moltculaire en phase 
liquide. 
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Spectroscopic studies on some chromones 
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Absorption and luminescence spectra were measured for chromone, 4-chromanone, and four photo- 
products formed by the addition of extramolecular multiple bonds to photo-excited chromone. Absorp- 
tion spectra in polar and non-polar solvents at room temperature revealed a low lying n -> n* singlet 
transition in all of these systems. The cycloaddition products and 4-chromanone showed a weak fluores- 
cence in polar solvents which was not observed in non-polar solvents, suggesting a solvent reordering, 
o r  at  least increased mixing of low lying n,n* and n,n* singlet states. No fluorescence could be detected 
from chromone in either type of solvent. At 77 "K in polar solvents, all of these systems displayed a 
concentration independent, intense phosphorescence of intermediate lifetime (25 to 200 ms). The lifetime 
data, combined with the vibrational analyses of the phosphorescence spectra, phosphorescence polariza- 
tion results, and oxygen induced singlet-triplet absorption spectra support the concept of a lowest energy 
triplet state of mixed orbital character. More detailed studies on chromone demonstrated a concentration 
dependent phosphorescence in non-polar solvents, with the "normal" chromone phosphorescence dom- 
inant below M. At higher concentrations a lower energy, broad band phosphorescence was 
observed, which in spite of physical aggregation in the ground state, can be ascribed to  a chromone 
exciplex. 

Canadian Journal of Chemistry, 48, 3928 (1970) 

Introduction 
The para 0x0-benzopyran, chromone, has 

received far less spectroscopic attention than its 
ortho isomer, coumarin. Much of the interest in 
coumarin results from its widespread occurrence 
in plant life and its physiological effects on plants 
and animals (1). In certain respects, a spectro- 
scopic study of chromone is more intriguing, and 
potentially of more value to photochemists 
because of the possibility of low lying n;rr * excited 
states, which are not expected in the lactone, 
coumarin. Differences in the photochemical 
reactivity of these two systems have been reported 
and the role of lowest triplet states of different 
orbital character has been suggested (2). 

To provide some of the essential spectroscopic 
data on chromone, absorption and luminescence 
measurements were carried out a t  various con- 
centrations in several solvents at room tem- 
perature and at 77 OK. Because of some interest- 
ing observations made on chromone itself, the 
study was extended to include Cchromanone and 
a number of cyclo-addition products resulting 
from photochemical reactions of chromone with 
extramolecular multiple bonds. The gross ab- 
sorption and luminescence features are similar for 
the systems studied, with patterns of excited 
state energies, spectral profiles, and phosphores- 
cence lifetimes providing additional insight into 
the electronic distribution and structural prop- 
erties of each system. 

Various experimental techniques including po- 

larized phosphorescence, singlet-triplet absorp- 
tion by oxygen perturbation, and electron spin 
resonance (e.s.r.)spectra were used to examine the 
nature of the phosphorescent state. The results 
of these experiments together with criteria avail- 
able for designating excited state orbital char- 
acter were used to assess the nature of the lowest 
triplet state of the chromones. Certain of the 
results led to contradictory conclusions, while 
others were ambiguous and could be rationalized 
in favor of either an n,n* or n,n* assignment. 
These results demonstrate the dangers of making 
orbital assignments based on a single criterion, 
and suggest that designations of mixed orbital 
character may be more appropriate for complex, 
particularly non-planar, carbonyl compounds. 

Experimental 
Details concerning the syntheses and purifications of 

the compounds used in this study have been reported 
elsewhere (2). All the essential information on solvents 
and instrumentation can be found in an  earlier paper on 
coumarin (3). The high pressure cell used for oxygen 
induced singlet-triplet absorption spectra was modeled 
after the cell used by Evans (4). 

Results and Discussion 
Chromone 

The ultra violet (u.v.) absorption spectrum of 
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TABLE 1 

FIG. 1. Ultraviolet absorption spectra of chromone 
in 3 methylpentane (-) and 2-methyl-tetrahydrofuran 
(---) at room temperature. The long wavelength portion 
was run at M in a 1 cm cell, the shorter wavelength 
portion at  5 x M i n  a 1 mm cell. 

chromone (Fig. 1) shows several strong bands in 
the 300 to 200 nm region, as well as a much weaker 
transition to longer wavelengths. Band maxima 
and extinction coefficients for the near U.V. 
absorption bands of chromone in 3-methyl- 
pentane (3MP) are given in Table 1. In 2-methyl- 
tetrahydrofuran (MTHF), the bands in the long 
wavelength, weak transition are broadened and 
blue shifted. so that band maxima are not clearly 
indicated. The magnitude of the extinctioi 
coefficients, and the direction of the solvent 
effect are both consistent with an n -t .rr: * assien- " 
ment to this transition (5). The strong transitions 
are broadened and slightly (1-2 nm) red shifted 
in MTHF. When coupled with the intensity of 
these bands, these features clearly indicate the 
.rr: + .rr: * nature of these transitions. 

In polar solvents (ethanol or MTHF) at  77 O K ,  

chromone exhibits an intense, deep blue phos- 
phorescence of short lifetime. At M in 
MTHF, an apparent mean lifetime of 38 (f 5) ms 
was obtained from the initial slope of the decay 
curves. Beyond -1.5 lifetimes a longer lived 
component of 65 f 15 ms was also observed. 
These lifetimes showed a strong solvent depen- 
dence and varied significantly as a function of 
concentration in a given solvent. These features 
did not change as the chromone was passed 
through successively more rigorous purification 
procedures, indicating that these are inherent 
properties of the molecule. Because of these com- 
plexities, a more thorough analysis of the 
phosphorescence lifetime of chromone, both 

Band maxima and approximate extinction coefficients for 
the near ultra violet transitions of chromone in 

3-methylpentane at 25 O C  

Band system hmax (nm) log& (M-I cm-')  

A 360, 352, 345 0.70,0.78,0.90* 
337, 324 1.18, 1.30 

'Because of the underlying absorption from the tail of the strong 
band a t  301 nm, there is an uncertainty of 5 25 % in these values of E. 

FIG. 2. Phosphorescence spectrum of 10-3 M chro- 
mone in 2-methyltetrahydrofuran at 77 OK. 

from the experimental and theoretical points of 
view, is probably warranted. Within the broader 
context of this study it suffices to say that such 
factors as strong solvent interactions, which may 
influence the orbital composition of the lowest 
triplet state, and the prospects of emission from 
several different conformations of the triplet 
state, must be considered. 

The phosphorescence spectrum (Fig. 2) shows 
a complex vibrational profile, consisting of what 
appears to be two separate - 1650 cm- ' pro- 
gressions built on the 0-0 band at 380 nm and 
another on the 0 + -700 cm-' band at -391 
nm. The spacing probably corresponds to the 
dominant - 1650 cm-' progression observed in 
the phosphorescence spectra of n,z* carbonyl 
triplets such as benzophenone and acetophenone, 
and attributed to the symmetric carbonyl 
stretching vibration (6). The 0-1 band and the 
other bands spaced at  -n x 1650 cm-' from it, 
are somewhat distorted suggesting contributions 
from the -700 cm-' and other ring vibrations. 
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Contributions from these lower energy vibrations 
are clearly indicated in the phosphorescence of 
acetophenone (6), but they do not display the 
intensity of the 0-1 band of chromone. The 
presence of the carbonyl within the ring system 
might be expected to result in a more prominent 
contribution from a simultaneously excited ring 
vibration. 

All attempts to observe an e.s.r. triplet signal 
from chromone were unsuccessful. This fact, 
coupled with the relatively short lifetime (38 ms) 
and the small energy gap (- 1500 an- ' )  between 
the lowest singlet and triplet states, is at least 
suggestive of a lowest triplet state of n,n* char- 
acter. In addition, the phosphorescence (0-0 
band) was found to be positively (+ 6, + 10, and 
+5%) polarized with respect to excitation into 
the n,n* transitions at 323, 300, and 255 nm, 
respectively. These results indicate significant 
in-plane polarization and based on first order 
spin-orbit coupling considerations could be used 
as a criterion for n,n * classification of the lowest 
triplet state (7). Any such conclusion would have 
to be qualified, however, since clear-cut dis- 
tinctions between n + n * and n + n * transitions 
become obscured as a molecule deviates from 
planarity. In addition, contributions from other 
than the 0-0 band at the emission wavelength 
monitored (380 nm) could yield parallel results 
through vibronic spin-orbit interactions (8). 
In fact, it would seem that in systems of low 
symmetry and uncertain geometry, polarization 
results of the magnitude noted here are of ques- 
tionable value in making orbital assignments. 

Attempts to measure the singlet-triplet ab- 
sorption spectrum by phosphorescence excitation 
and by direct absorption proved to be unsuccess- 
ful. The main difficulties in measuring the So + 

T I  transition are associated with the small energy 
gap between S ,  and T I ,  and consequently the 
necessary overlap of the spin-allowed and spin- 
forbidden absorption bands at high chromone 
concentrations. Whereas the heavy atom per- 
turbations failed to clearly resolve the So + T ,  
contribution in the tail of the So + S ,  band, the 
0, perturbation technique (4) did so quite clearly 
(Fig. 3). The spectrum and single maximum are 
features which resemble the So + T I  absorption 
spectra of 4-hydroxy and 4-methoxy aceto- 
phenone under similar conditions (9). Comparison 
with Fig. 2 demonstrates the good overlap 
between this absorption and the 0-0 band of the 
phosphorescence. 

FIG. 3. Long wavelength tail of 0.1 M chromone in 
chloroform at atmospheric pressure (---) and under 
1600 p.s.i. of 0, (-). 

The enhancement of So + T I  absorption in 
aromatic carbonyls under 0, pressure has been 
used (9) as a criterion for designating the lowest 
triplet state as n,n*, and parallels a similar 
criterion used for heavy atom enhancement (10). 
The basis for these criteria is that n,n* triplets 
undergo inherently strong spin-orbit coupling 
with the singlet manifold, whereas this coupling 
is inherently weak for n,n* lowest triplets. As a 
consequence the magnitude of the spin-orbit 
coupling induced by the external perturbation 
due to oxygen or heavy atoms, is inconsequential 
in the case of n,n* systems already exhibiting 
relatively strong So + TI  absorption. In the case 
of n,n* systems with vanishingly weak So +TI 
absorption, the same external perturbation in- 
creases spin-orbit coupling to an extent that 
makes the transition observable. The extinction 
coefficient of the induced absorption at 380 nm 
for chromone in chloroform under 1800 p.s.i. 
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FIG. 4. Phosphorescence spectra of chromone in 3 MP at 77 "K as a function of concentration. Top L, 5 x 
M ;  top R, 5 x M ;  bottom L, M ;  bottom R, M. 

of 0, is -0.1 M cm-' from which a radiative 
lifetime for the triplet state of -40 ms. can be 
estimated (1 1). By comparison, ~ ( 3 8 0  nm) at 
atmospheric pressure is at  least a factor of 20 
smaller, so that z, is certainly approaching 1 s. 
These results and calculations underscore n,n* 
character in the lowest triplet state, but is such a 
designation of this state really warranted? 

Dym and Hochstrasser (12) have pointed out 
that aromatic ketones having molecular sym- 
metry lower than the C,, symmetry of the 
C-C(0)-C group, likely have configurationally 
mixed states and no longer have strictly n and n 
type orbitals. Such designations may also be 
inappropriate for a non-symmetrical, non-planar 
system such as chromone. Recently Hirota (13) 
reported that the lowest triplet state of 3,4- 
dimethylacetophenone in a durene host crystal is 
of n,n* character, based on the exceptionally 
large zero field splitting parameters (D - 0.25 
cm-') observed. In durene he reported a mean 
phosphorescence lifetime of 30 + 10 ms, but we 
have found that this lifetime increased to -70 ms 
in 3MP and -200 ms in ethanol. In the latter 
solvent, a D of -0.11 cm-' was found, pre- 
cisely the magnitude expected for a n,n* triplet 

state. These observations demonstrating the 
solvent reorientation of essentially isoenergetic 
triplet levels and/or the phenomenon of con- 
figurational mixing of n and n type orbitals, 
suggest that it may be more appropriate to de- 
emphasize simple orbital designations. Based on 
the accumulated experimental observations for 
chromone, where different criteria suggest differ- 
ent orbital character, it may be most appropriate 
to stress the mixed orbital character of the lowest 
triplet state. 

In 3MP at 77 O K ,  chromone phosphorescence 
shows a striking concentration dependence. At - M, the spectrum is essentially identical 
to that observed in MTHF, while a broad struc- 
tureless component of significantly longer lifetime 
appears at  lower energies at higher concentra- 
tions. At 5 x M, the broad band emission 
completely dominates the spectrum (Fig. 4), and 
z, measured at 470 nm is -0.4 s, an order of 
magnitude longer than that measured in MTHF. 

The concentration dependence of chromone 
phosphorescence in 3MP at 77 OK, parallels the 
observations associated with excimer fluorescence 
(1 4). Although excimer phosphorescence has been 
reported for several systems (IS), some of the 
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reports have been disputed and the phenomenon 
has not been demonstrated to be a significant 
radiative process. Because excimer phosphores- 
cence is at least suggested by the spectra, this 
concentration dependent emission was studied in 
greater detail. At 5 x M in 3MP at room 
temperature, the U.V. absorption spectrum 
showed no indication of any ground state 
interaction that could be construed as dimer or 
charge-transfer complex formation. However, on 
cooling to 77 O K ,  the chromone tended to aggre- 
gate and much of the solid material came out of 
solution. Because of the aggregation and scatter 
due to the solid material, the glass was not 
transparent and no meaningful absorption spectra 
were obtained. The same complications, to a 
slightly lesser degree, were encountered with 
5 x lop4 M solutions. Because of this ground 
state association (aggregation) which occurred 
on cooling, one must be careful about terming 
the emitting species an excimer or an exciplex 
(16). The visible cloudiness and long wavelength 
scattering noted in the absorption spectra indicate 
that the ground state aggregation involves large 
numbers of physically associated molecules. On 
excitation, the energy is delocalized over an 
unknown number of molecules and this micro- 
crystalline unit phosphorescence as a separate 
entity. Since there is no evidence that a chemically 
stable ground state complex is formed, the radi- 
ative unit in this case could be termed an exciplex. 
At lop3  M in 3MP at 77 OK, the phosphorescence 
is depolarized for all excitation wavelengths, a 
result consistent with emission from a con- 
glomerate of solute molecules. No e.s.r. signal 
could be detected from such a sample, in spite of 
the relatively long lived (0.4 s) phosphorescence. 

At room temperature in degassed solutions, 
and at 77 O K  in both polar and non-polar glasses, 
no fluorescence could be detected from chromone. 
Thus, the luminescence features of chromone are 
essentially those of an aromatic ketone such as 
acetophenone, with the total luminescence being 
phosphorescence. The appearance of at least 
several components in the phosphorescence decay 
curves is a puzzling, yet intriguing, feature. The 
possibility of emission from several different 
lowest triplet state conformations seems feasible, 
since molecular models (Dreiding) indicate that 
the y-pyrone ring is not strictly planar in the 
ground state. A number of different geometrical 
configurations would appear possible in the 
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relatively high energy (-76 kcal) triplet state. The 
energy differences between different conforma- 
tions may be unresolved by low resolution 
spectroscopy, yet may influence spin-orbit 
coupling factors sufficiently to yield different 
lifetimes. 
Chromone Photoadducts 

Chromone undergoes photoaddition reactions 
to olefins and acetylenes, with the 1 :1 adducts 
being primary photoproducts (2). The adducts 
formed on reaction with tetramethylethylene (I), 
1,l dimethoxyethylene (2), cyclopentene (3), 
and butyne-2 (4) are represented by the following 
structures, and the spectroscopic features of each 
were examined. 

The near U.V. absorption spectra of the above 
compounds in 3MP are summarized in Table 2. 

TABLE 2 

Band maxima and approximate extinction coefficients 
for the near ultra violet transitions of some chromone 

photoadducts at  25 "C in 3-methylpentane 

Compound h,,,(nm) log E (M-' cm-') 

*Because o f  the underlying absorption from the tail o f  the strong 
band at - 320 nm, there is an uncertainty o f  f 25 % in these values 
o f  E. 
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FIG. 5.  Phosphorescence spectra of chromone-cyclo-adducts formed on reaction with top L, tetrarnethylethylene; 
top R, dimethoxyethylene; bottom L, cyclopentene; bottom R, butyne-2. 

Comparison with Table 1 shows strong parallels 
between these systems and chromone. In MTHF 
and ETOH the weak transition is lost in the tail 
of the stronger transition to shorter wavelengths, 
while the intense bands display solvent broaden- 
ing and red shifts. These features, as were noted 
for chromone, are consistent with n,x * and x,x * 
bands, respectively. 

In MTHF at 77 OK an intense blue phosphores- 
cence was observed from all four samples. The 
phosphorescence spectra are shown in Fig. 5 with 
significant differences in vibrational detail ap- 
parent. All spectra are red shifted with respect to 
chromone phosphorescence, with the triplet state 
energies increasing from 24 600 to 25 150 cm-' 
across the series. 

Whereas 1, 3, and 4 show well resolved vibra- 
tional bands, the spectrum of 2 is quite diffuse, 
with the 0-0 band considerably less intense than 
in chromone itself. The - 1650 cm-' carbonyl 
frequency dominates the spectra of the former 
three, so that the gross features resemble the n,x * 
phosphorescence spectra of various aromatic 
carbonyls (6). It would appear that the more 
rigid four membered ring systems subject the 

pyrone ring to more strain and the only prominent 
vibration excited corresponds to the carbonyl 
stretching frequency. Restriction of the excitation 
energy to the benzo ring and the adjacent carbonyl 
results in the obvious parallel to acetophenone. 
The diffuseness of the phosphorescence of 2 must 
result from the strong mesomeric effect of the 
methoxy groups, which usually results in signifi- 
cant changes in the electronic spectra of simpler 
systems (1 7). 

The mean phosphorescence lifetimes of 1 
through 4 at lop3  M in MTHF at 77 OK are 
-100, 230, 48, and 25 ms, respectively. As was 
the case with chromone, a longer lived com- 
ponent was resolved beyond a single lifetime in 
each case. These longer lived tails in the decay 
curves exceeded the indicated lifetimes by as little 
as 15% (2) and as much as 50% (3). The lifetime 
of 4 is -3 times that of acetophenone, while the 
230 ms lifetime of 2 puts it in a region usually 
associated with lowest x,x* triplets (7). However, 
polarization measurements on the 0-0 band of the 
phosphorescence of all four compounds show 
positive polarizations of comparable magnitudes 
(- + 10%) with respect to excitation into both 
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of the lower energy n:,n:* transitions. This 
invariance of the phosphorescence polarization 
for these systems suggests that a common 
mechanism accounts for the polarization, and 
common orbital character may prevail through- 
out the series. 

At room temperature in degassed ethanol 
solvents, all of these adducts exhibit very weak 
(4, - broad band fluorescence with on- 
sets at -340 nm, and poorly resolved maxima 
near 377,408, and 430 nm. The fluorescence of 2 
was somewhat more intense ( x 3) than the others, 
but even for that adduct, fluorescence was still 
very weak relative to the phosphorescence. At 
77 OK in ethanol the intense phosphorescence is 
the only detectable luminescence so that the 
$,/$, ratio of 2 must be >> 100. The absence of 
fluorescence in 3MP solvent may be indicative of 
a solvent reversal of low lying singlet states of 
comparable energies, or at least may reflect 
increased mixing of these states due to a narrow- 
ing of the energy gap between states. The absorp- 
tion spectra reveal that the n + n * and n: + n * 
transitions are more strongly overlapped than is 
the case with chromone, so either of the two 
alternatives is plausible. Another possible inter- 
pretation of the weak fluorescence in the alcohol 
solvent is that the emitting species is protonated, a 
consideration which will be discussed in more 
detail when the results for 4-chromanone are 
examined (vide infra). 

The phosphorescence lifetime data reflect the 
same complexities noted for chromone and at this 
stage can only be rationalized along parallel lines 
(vide supra). An obvious alternative explanation 
is to associate the multi-component decay curves 
with phosphorescent impurities. However, the 
internal consistencies within the series, the good 
agreement between the phosphorescence excita- 
tion spectra and absorption spectra, and the 
obvious parallels to chromone all suggest that the 
spectra observed are due to the indicated species. 

In contrast to chromone, the pyrone ring of 
4-chromanone contains no double bond. Its 
ultraviolet absorption spectrum in 3MP is 
summarized in Table 3. In both MTHF and 

TABLE 3 

Band maxima and approximate ex- 
tinction coefficients for the near ultra 
violet transitions of 4-chromanone in 

3-methylpentane at 25 "C 

Xm.,(nm) log E ( M - I  cm-l) 

363, 347 1 .OO, 1 .08* 
322(sh), 312 3.51, 3.58 
252, 246 3.92, 4.00 
219(sh), 213 4.27, 4.43 

*Because o f  the underlying absorption from 
the tail o f  the strong band at  312 nm,  there is a n  
uncertainty of 2 2 5 %  in these values of E. 

ETOH the weak bands at longer wavelengths 
disappear, while the stronger bands are red 
shifted. In these solvents a moderately intense 
phosphorescence (0-0 band at 393 nm) was 
observed. The spectrum (Fig. 6), shows the 
dominant - 1650 cm- ' vibrational progression, 
with the lower energy (-700 cm-') vibrations 
evident but weak. 

The phosphorescence lifetime of 4-chromanone 
in MTHF is 90 ms, as calculated from the initial 
slope of the decay curve. As with all the other 
chiomones examined, a longer lived component 
(- 120 ms) was evident beyond one lifetime. The 
0-0 band of the phosphorescence shows positive 
( -  + 8%) polarization with respect to 325 and 265 
nm excitation. No e.s.r. triplet signal could be 
detected from either MTHF or ethanol solutions 
at 77 OK. The singlet-triplet absorption spectrum 
measured under 1600 p s i .  of O2 paralleled that 
observed for chromone with h,,, of the enhanced 
band at -392 nm. All of these features match 

FIG. 6. Phosphorescence spectrum of Cchromanone 
in 2-methyltetrahydrofuran at  77 OK. 
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those of chromone and the chromone-olefin 
cycloadducts, so the triplet warrants comparable 
classification. 

The results reported here for 4-chromanone are 
at  variance with those reported recently by 
Graber et al. (18). It is clear from these and other 
results that the excited state properties of 4- 
chromanone should be linked with chromone and 
its derivatives, rather than with the lactone 
coumarin and its derivatives. The basic differ- 
ences in these two distinct types of compounds 
seem to be consistent with expected differences 
between lactones and simple aromatic ketones. 
Using acetophenone as a model compound, and 
considering the accumulated results on the 
chromones, it seems quite realistic to consider the 
excited state properties of the latter as essentially 
those of an aromatic ketone. The relatively long 
lifetimes, the multi-component character of the 
phosphorescence decay curves, and the greater 
complexity of the phosphorescence spectra, 
indicate that such a simplification is valid only as 
a first approximation. Whereas the simple aro- 
matic ketones, such as acetophenone, have low 
lying triplet states that can be orbitally defined 
in a given environment (19), chromone and the 
related compounds studied here possess phos- 
phorescent states that aren't as easily classified. 
The luminescence from all of these chromones 
consists almost entirely of a short lived phos- 
phorescence in approximately the same spectral 
region, all showing the prominent - 1650 cm-' 
vibrational progression associated with the sym- 
metrical carbonyl stretching frequency. All of 
these features differ very strikingly from the 
luminescence features which characterize the 
coumarins (3). 

In degassed ethanol solution at room tem- 
perature, 4-chromanone showed a very weak 
(+, - broad band fluorescence, with h,;,, 
at -410 nm. Both the spectrum and intensity 
of the emission are comparable to the chromone 

result in the appearance of any fluorescence. A 
similar concentration of chromone in deuterated 
methanol (Merck-Uvasol@, > 99% CD,OD for 
Spectroscopy) was examined, and the weak broad 
band fluorescence noted was spectrally similar, 
but several times stronger than the corresponding 
ethanol sample. A weaker, but somewhat similar 
fluorescence was observed from the CD,OD 
blank, so that quantitative comparisons as to 
relative yields were difficult. These results do not 
provide any evidence for a protonated fluores- 
cence species, and while fluorescent impurities 
cannot be ruled out entirely, the solvent de- 
pendencies and internal consistencies argue 
against such a possibility. 

Summary 
Various spectroscopic methods, including such 

absorption and luminescence techniques as 
oxygen induced singlet-triplet absorption and 
polarized phosphorescence spectra, as well as 
e.s.r. spectroscopy of the triplet state, were used 
to investigate the excited state properties of some 
chromones. Chromone, 4-chromanone, and 
photoadducts of chromone with tetramethyl- 
ethylene, dimethoxyethylene, cyclopentene, and 
butyne-2 were found to have weak low lying 
singlet states consistent with an n,n* orbital 
designation. All of these compounds, except 
chromone, exhibited very weak (+, - 
fluorescence in polar solvents, which was not 
observed in non-polar solvents. These observa- 
tions were attributed either to solvent inversion 
of the lowest singlet state from n,n* to n,n* 
character, or simply increased configurational 
mixing of these states due to the decreased 
energy separation in polar solvents. All systems 
were strongly phosphorescent, with mixed orbital 
character indicated for the lowest triplet states. 
Although n,n * contributions to the lowest triplet 
state of 4-chromanone were indicated, the dis- 
tinctly n,n * features reported for this compound 

photoadducts under similar conditions. As was in the recent literature (18) were not confirmed. 
the case with the chromone photoadducts, no flu- In non-polar solvents, the luminescence fea- 
orescence was observed in 3MP, so the rationale tures noted for chromone at higher concentrations 
used to explain these observations for the latter were associated with chromone aggregates. Since 
compounds is invoked here. Other possible the aggregation in the ground state did not result 
alternatives which could account for the weak in the formation of a new chemically stable 
fluorescence include fluorescence from impurities species, the phosphorescent species was termed 
or from a protonated species. To test the latter an exciplex. The return to optically clear glasses 
possibility, a 5 x M solution of 4-chroma- and monomer luminescence properties at - lo-' 
none in 3MP was slowly acidified, but this did not M attested to the poor solubility of chromone in 
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such solvents at reduced temperatures. The 
photochemical reactivity of chromone can be 
interpreted consistently on the basis of the 
spectroscopic results reported here. 

The author would like to thank J. W. Hanifin of Lederle 
Labs. for providing the compounds reported in this study. 
He is also grateful to J. Koren for running the absorption 
spectra under oxygen pressure, and to J. S. Brinen for the 
e.s.r. measurements. He is especially indebted to J. S. 
Brinen and M. K. Orloff for helpful discussions and some 
valuable suggestions. 

1 .  S. UNDENFRIEND. Fluorescence assay in biology and 
medicine. Academic Press. New York. 1962. D. 432. 

2. J. W. HANIFIN and E. COHEN. J. Amer. ~ h & .  91, 
4494 (1 969). . . . . . . . . , . 

3. J.  B. GALLNAN. Mol. Photochem. 2, 191 (1970). 
4. D. F. EVANS. J. Chern. Soc. 1351 (1957). 
5. H. H. JAFFE and M. ORCHIN. Theory and a ~ ~ l i c a -  

tions of ultraviolet spectroscopy. John wile? and 
Sons, New York, 1965. p. 186. 

6. M. KASHA. Radiat. Res. Suppl. 2, 243 (1960). 
7 .  S. P. MCGLYNN, T. AZUMI, and M. KINOSHITA. 

Molecular spectroscopy of the triplet state. Prentice- 

Hall, Inc., Englewood Cliffs, New Jersey. 1969. 
p. 246. 

8. S. K. CHAKRABARTI. Mol. Phys. 16,467 (1969) and 
references therein. 

9. D. A. WARWICK and C. H. J. WELLS. Spectrochim. 
Acta, 24A, 589 (1968). 

10. D. R. KEARNS and W. A. CASE. J. Amer. Chem. 
SOC. 88, 5087 (1968). 

1 1 .  N. J. TURRO. Molecular photochemistry. W. A. 
Benjamin, Inc., New York. 1965. p. 48. 

12. S. DYM and R. M. HOCHSTRASSER. J. Chern. Phys. 
51,2458 (1969). 

13. N. HIROTA. Chern. Phys. Lett. 4 ,  305 (1969). 
14. C. A. PARKER. Photoluminescence of solutions. 

Elsevier Publ. Co., Amsterdam. 1969 p. 355. 
15. (a) G. CASTRO and R. M. HOCHSTRASSER. J. Chern. 

Phys. 45, 4352 (1966). (b) E. C. LIM and S. K. 
CHAKRABARTI. Mol. Phys. 13, 293 (1967). (c )  G. J. 
HODTINK et ul. Chem. Phys. Lett. 1, 609 (1968). 
( d )  E. A. CHANDROSS and C. J. DEMPSTER. J. Amer. 
Chem. Soc. 92, 704 (1970). 

16. J. B. BIRKS. Molecular luminescence. Edited by 
E. C. Lim. W. A. Benjamin, Inc.. New York. 1969. 

18. D. R. GRABER, M. W. G ~ I M E S ;  and A. HAUG. 
J. Chern. Phys. 50, 1623 (1969). 

19. A. A. LAMOLA. J. Chern. Phys. 47, 4810 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Fluorinated carbohydrates. Part V.l Nuclear magnetic resonance data on pyranose 
and furanose derivatives of 3-deoxy-3-fluoro-~-g~ucose~ 
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The n.m.r. spectra of a series of 3-fluorinated glucose derivatives have been measured; spectral 
assignments were confirmed by 'H-(19F} ,heteronuclear decoupling experiments. The 19F spectral 
parameters illustrate a variety of stereospec~fic dependencies, the most noteworthy being that of 4JF,H 
couplings, for which 4J,,, = ca. + 4.0 HZ while 4J,,. = ca. - 1.5 HZ. 

Canadian Journal of Chemistry. 48, 3937 (1970) 

Introduction 
The wide and increasing range of specifically 

fluorinated pyranose and furanose sugar deriva- 
tives (2, 3) and glycosyl fluorides (4, 5) now 
available, makes possible a meaningful study of 
n.m.r. data with regard to the angular and con- 
figurational dependencies of vicinal, geminal, and 
long-range (4J and 5J), 19F-'H couplings. The 
particular advantage of fluorinated carbohy- 
drates in this respect is that, in many cases, 
definition of conformation on the basis of 'H-'H 
couplings establishes with reasonable precision 
the geometrical relationship of the fluorine atoms 
with respect to all, or most, of the protons in the 
same molecule. 

We now report n.m.r. data and first order 
analyses for derivatives of 3-deoxy-3-fluoro-D- 
glucose and related derivatives. This study 
establishes3 the generality of several conclusions 
based on previous (6) studies of glycopyranosyl 
fluoride derivatives. 

Results and Spectral Assignments 
Several of the derivatives of 3-deoxy-3-fluoro- 

D-glucose studied herein have been described 

previously (2), but some additional compounds 
have been synthesized. Treatment of 3-deoxy-3- 
fluoro-D-glucose (which has now been obtained 
crystalline) with boiling 2 % methanolic hydrogen 
chloride gave a syrupy mixture of glycosides. 
After zinc chloride-catalyzed benzylidenation of 
this mixture, crystalline methyl 4,6-0-benzyl- 
idene-3-deoxy-3-fluoro-P-D-glucopyranoside was 
isolated and further characterized as the 2-0- 
acetyl derivative (3). The anomeric configuration 
assigned on the basis of [a], values (-48 and 
-57" respectively) was confirmed by the n.m.r. 
data discussed below. Treatment of 1,2,4,6-tetra- 
O-acetyl-3-deoxy-3-fluoro-~-~-glucopyranose (1) 
(2) with zinc chloride - acetic anhydride gave the 
a-anomer (2). 

It it most convenient to discuss separately the 
furanose and pyranose derivatives. 

Pyranose Derivatives, 1-4 
The derivatives available for this study are 

listed with structures. Since assignments of the 
spectraoffluorinated sugar derivativesarereason- 
ably complex a typical example will be discussed 
in some detail. Although assignments can be made 
directly, access to a 'H-19F heteronuclear de- 
coupler greatly simplifies the problem; this point 
will also be illustrated. The chemical shifts and 

'The paper also constitutes Part VIlI of a series from coupling constants found for derivatives 1-6 are 
University of British Columbia entitled "Studies of listed in Tables 1 and 2 respectively. 
Specifically Fluorinated Carbohydrates". 

'A preliminary report of some of these results has The p.m.r- spectrum a 19234,6- 
been published: see ref. (1). tetra- 0-acetyl  -3-deoxy-3-fluoro-P-~-gluco- 

3The results obtained during a simultaneous study of pyranose (1) (deuterochloroform) is shown in derivatives of 2-deoxy-2-fluoro-D-altrose and of 2-deoxy- 
2-fluoro-D-allose will be reported elsewhere by L. D. Hall, Fig. The to lowest (T 4.35) can be 
Ingvar Johansson, and Bengt Lindberg. assigned intuitively to the anomeric proton and 
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I I 

OAc 

1 R1 = OAc; R2 = H 
2 RI = H; R2 = OAc 

AcO 0 
OAc 

4 
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8 ,  

OH 

5 R, = OH; R2 = H 
6 R1 = H; R2 =OH 

AcO 
8 8 

OAc 

7 R1 = OAc; R2 = H 
8 RI = H; R2 = OAc 

the magnitude of the splitting (8.3 Hz) imme- 
diately indicates that H-1 and -2 are trans- 
diaxially disposed. The complex pattern of 16 
lines centered at highest field (T 6.25) can be 
assigned to H-5; and for the present it will be 
assumed that the largest splitting (10.0 Hz) corre- 
sponds to J,,,. To low field of this resonance is a 
series of transitions of total integrated intensity 
2.5 protons. The initial intensity build-up and the 
separations shown by some of the transitions are 
characteristic of the AB part of an ABX-system 
(7) in which the A resonance is further coupled to 
another nucleus of spin 112, and are assigned on 
this basis to the C-6 protons: the splittings 
corresponding to J,,,, and J,,,, can beidentified. 
The remaining three transitions of intensity 0.5 
protons, have two couplings of ca. 9.0 Hz, and 
correspond with the triplet centered at .r 5.3 which 
also integrates for 0.5 protons. The separation 
between these two triplets corresponds to a 
coupling of 51.2 Hz which is known to be 
characteristic of a geminal 1 9 ~ - ' ~  coupling and 
this implies that these six transitions constitute 
the H-3 resonance. If this is correct, then J,,, and 
J,,, are both large (ca. 9 Hz) which implies that 
H-2, -3, and -4 are all axially oriented and hence 
that the fluorine substituent at C-3 is equatorially 

CHEMISTRY. VOL. 48, 1970 

FIG. 1. Partial 100 MHz p.m.r. spectra of 3-deoxy-3- 
flIIoro-j3-D- lucopyranose tetraacetate (1) in CDCI3 
solution. , Normal spectrum; , 19F decoupled 
spectrum obtained by applying a strong radiofrequency 
field at 94 075 740 Hz. The first-order assignments are 
asjndicated. The two spectra were recorded with different 
galns. 

oriented. The analvsis thus far indicates that the 
derivative 1 has the P-D-gluco configuration. 

It now remains to complete the assignment of 
the complex pattern centered at T 4.8 which 
consists of the overlapping transitions of the H-2 
and -4 resonances. Although this can be done by 
direct inspection of the 'H spectrum it is easier to 
make use of the data from the 19F spectrum, 
shown in Fig. 2. The magnitude of the largest 
splitting corresponds to the previously assigned 
geminal F-H, coupling, whereas the triplet 
structure implies that J,,, - JF,, - 12.8 Hz. 
Using these values, together with the various 
proton couplings previously obtained from the 
H-1, -3, and -5 resonances, enables a complete 
assignment to be made for the H-2 and -4 
resonances. Again, this assignment is consistent 
with the P-D-gluco configuration. This conclusion 
is further supported by comparison of the 
chemical shift data of this compound with that of 
the a- and p-anomers of D-glucose pentaacetate 7 

FIG. 2. The 19F magnetic resonance spectrum (94.07 
MHz) of 3-deoxy-3-fluoro-j3-D-glucopyranose tetraacetate 
(1) in CDC13 solution containing ca. 20% CC13F 
(Freon-1 I). 
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(8) and 8 (8) respectively, which are also listed 
in Table 1. 

Conclusive confirmation of the above assign- 
ment follows comparison of the "normal" 
spectrum (Fig. 1A) with the "fluorine-decoupled" 
spectrum shown in Fig. 1B. 

The p.m.r. spectrum of the a-anomer (2) also 
clearly supports the assigned structures. Thus, the 
spectrum showed four acetyl resonances together 
with the requisite ring proton resonances. The 
anomeric proton resonance showed as a triplet 
due to the additional coupling with the fluorine 
atom. This point will be discussed later. 

The D-xylopyranose derivative (4) (1) was of 
considerable interest because its p.m.r. spectrum 
(deuterochloroform) (Fig. 3) demonstrated very 
clearly the stereospecific requirements for 4JF,, 
coupling. The observation of large uicinal 'H-'H 
couplings in the resonances of the anomeric 
(6.5 Hz) and one of the C5-protons (8.0 Hz) 
indicates that this derivative has the P-configura- 
tion and exists preferentially at room temperature 
in the ,C,-D conformation. The remainder of the 
assignment then follows; it is interesting to note 
the close similarity between this spectrum and 
that of the corresponding f3-D-gluco derivative (1) 
shown in Fig. 1. Neither the H-1 nor the H-5, 
resonances show detectable coupling with the 
fluorine substituent; thus for this derivative, 
,JF,, < 0.5 Hz. In marked contrast, the H-5e 
resonance is clearly coupled with the fluorine, 
giving ,J,,, = 4.2 Hz. 

FIG. 3. Partial 100 MHz p.m.r. spectra of 3-deoxy-3- 
fluoro-P-D-xylopyranose triacetate (4) in CDCI3 solution. 

, Normal spectrum; , 19F decoupled spectrum 
obtained by irradiation at 94 075 899.0 Hz. The two 
spectra were recorded with the same spectrometer gain. 
Although no assi ment is indicated for the H-2 and 
4 resonance of B ,  every transition can in fact be al- 
located. 

FIG. 4. Partial 100 MHz p.m.r. spectra of 3-deoxy-3- 
Auoro-1,2-0-isopropylidene-a-D- lucofuranose 5,6-carb- 
onate (9) in CDCI3 solution. , Normal spectrum; rn , 19F decoupled spectrum obtained by strong irradia- 
tion at 94 074 700 Hz. The two spectra were recorded at 
different gains. The first-order assignments are indicated. 
It is not possible to assign unequivocally the couplings 
between H5-Hs, and H5-He2. 

Furanose Derivatives, 9-16 
The spectra of 3-deoxy-3-fluoro-l,2-0-iso- 

propylidene-or-D-glucofuranose 5,6-carbonate (9) 
(2), shown in Fig. 4 are typical of those obtained 
from the furanose derivatives we have studied. 
The doublet to lowest field (T 4.00) is assigned to 
H-1, which gives J,,, = 3.9 Hz. The tripleted 
doublet at T 4.67 integratesfor 0.5 proton and the 
other transitions of the resonance of this proton 
are recognized at T 5.17. Since the separation 
between the two halves of this resonance is ca. 
50 Hz which is characteristic of a geminal "F-'H 
coupling, this resonance is assigned to  H-3. 
Irradiation of the H-1 resonance, under fre- 
quency-sweep conditions, with a decoupling field 
of ca. 10 Hz resulted in the removal of one of the 
smaller splittings (J,,, ca. 0.7 Hz), leaving J,,, 
as either 0.7 or 2.5 Hz. The same decoupling 
experiment removed the 3.6 splitting from the 
two doublets at T 5.22 and 5.33 which were thus 
identified as the H-2 transitions. The larger 
splitting of this particular resonance was assigned 
to J,,, (10.8 Hz) and the small, incompletely 
resolved, splitting (ca. 0.7 Hz) to J2,,. This 
enabled the completion of the H-3 assignment 
giving J,,, = 2.5 Hz. A splitting of this same 
magnitude was observed in the quartet (integral, 
0.5 proton) as T 5.67 and in the partially obscured 
transitions at ca. T 5.4. The separation between 
these two quartets (29.2 Hz) was assumed to be 
J,,, and the remaining splitting (5.1 Hz) was 
taken as J,,,. A splitting of this same magnitude 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FOSTER ET AL.: FLUORINATED CARBOHYDRATES. V 

was observed in the octet at T 5.04, identifying 
that as the H-5 resonance and giving the H,-H, 
couplings (6.6, 7.5 Hz). The H-6 resonances 
were incompletely resolved a t  ca. T 5.5. This 
analysis was supported by the couplings obtained 
from the l g F  spectrum (10.5, 30 and 50 Hz), and 
provides conclusive proof that the compound has 
the D-gluco (or L-ido) configuration and excludes 
the possibility that it has the D-a110 configuration. 
The chemical shifts and coupling constants for 
3-0-acetyl-1,2;5,6-di- 0 -isopropylidene-a-D- 
glucofuranose (15) (9) and the corresponding 
allofuranose derivative (16) (lo), together with 
those of the other furanose derivatives are listed 
in Tables 3 and 4. 

Discussion 

The first-order parameters obtained by direct 
measurement of the various spectra are sum- 
marized in Tables 1-4; it is indeed fortunate that 
in most cases the chemical shift separations 
between the individual resonances are sufficient 
for these analyses to be entirely adequate. The 
coupling constants are considered to have a 

maximum error of k0.5 Hz. The chemical shifts 
are taken from the "normal" spectra; the power 
dissipated by the decoupler is sufficient to warm 
the sample which causes significant changes in 
some of the proton shifts. 

Since the 4,6-0-benzylidene derivative 3 has 
two, trans-fused six-membered rings it is not 
possible for this derivative to undergo any gross 
conformational-inversion processes. It is appro- 
priate, therefore, to take this system as the model 
for all of the pyranose derivatives. The close 
similarity between the vicinal ring proton 
couplings of 3 and those of the other D-gluco 
derivatives (1, 2, 7, 8) suggests that they all 
favor the 4 C l - ~  conformation A. However, the 
somewhat smaller values observed for the vicinal 
19F-'H couplings of 1 and 2 compared with those 
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of 3 suggest either that the former both have a 
somewhat flatter pyranose ring than that of 3, 
or, that they are undergoing some rapid, chair- 
chair conformational inversion process. A similar 
comment can be made concerning the D-xylo- 
pyranose derivative 4 which also has smaller 
vicinal 'H-'H and 19F-'H couplings than 3. 
Nevertheless, these derivatives 1-4 demonstrate 
that the ~ i c i n a l ' ~ F - ' ~  coupling of a moiety such 
as that shown in B should fall in the range 
12.615 Hz. 

The D-xylopyranose derivative 4 demonstrates 
very clearly the stereospecific requirements of 
4J, 19F-'H couplings, which is the same as that 
found (11) for glycopyranosyl fluorides. The 
equatorially oriented fluorine substituent couples 
preferentially with the equatorially oriented C-5 
proton. Although 4 shows no detectable coupling 
between the C-3 fluorine atom and either H-5, 
or -la, the observation of a fluorine coupling in 
the H-5, resonance of 1 shows that 4JFo,,a 
couplings can have detectable magnitude. As 
reported previously (12) it is a simple matter to 
determine the absolute signs of 1 9 ~ - ' ~  couplings 
by double-resonance experiments. In this way we 
have established that 4JFo,He couplings are abso- 
lutely positive in sign and vary between + 4  and 
+5.2 Hz, while 4JF,,Ha couplings are absolutely 
negative in sign and vary between - 1.1 and 0 Hz. 
Thus, the stereospecificity and signs of 4JF,H 
couplings parallel those of 4JH,H couplings (13), 
although the former are of larger magnitude. 

A detailed discussion of these 4J, 19F-'H 
couplings and also the 5J, 19F-'H couplings is 
reserved for a future publication. 

The close similarity between the couplings of 
the 3-fluoro-furanose derivatives 9-16 listed in 
Table 4, and the couplings previously reported 
(14) for derivatives of 1 ,2-0-isopropylidene-a-D- 
glucofuranose, including 15, suggests that both 
sets of derivatives have the same conformational 
symmetry. The previous workers had concluded 
that these derivatives favor the 3T2 conformation 
C. There is no particularjustification for changing 
this assignment at this time although, as Steiner 
and Hall et al. have discussed in detail elsewhere 

(15), the evidence in favor of this conformation 
over other conformations which are either im- 
mediately adjacent, or close, in the pseudo- 
rotational cycle, is rather slender. 

If the previous conformational assignment is 
retained, the F3-H2 coupling (ca. 10.5 Hz) corre- 
sponds to a dihedral separation of ca. 30°, 
whereas the F3-H4 coupling (ca. 20 Hz) corre- 
sponds to a dihedral angle of ca. 150". These 
values may be compared with the vicinal 19F-'H 
couplings (ca. 12.5 Hz) of the pyranose deriva- 
tives (1-4), which corresponds, nominally, to a 
dihedral separation of ca. 60". If these vicinal 
couplings were in strict accord with a "cos2 4'' 
relationship, J3," should be greater than J,,,, 
whereas the reverse situation is true. I t  is not 
yet known whether this disagreement reflects a 
configurational dependence (16) which is known 
(6) to be important for vi~inal '~F-'H couplings, 
or whether it indicates that such couplings are 
intrinsically dependent upon ring size. Unfor- 
tunately, a value for Jl,oo is not available at this 
time; the values obtained for glycopyranosyl 
fluorides are not admissible because of the addi- 
tional electronegativity effect (6) of the lactol 
oxygen. 

If 19F n.m.r. is to be used as a sensitive steric 
probe, it will be necessary to know the conforma- 
tional properties of a C-F group of a fluorinated 
carbohydrate derivative. The close similarity 
between the various 'H-'H couplings of the 
fluoro derivatives outlined in this paper and those 
of the corresponding oxygen containing deriva- 
tives, suggests that the C-F group is con- 
formationally equivalent to a C-OR group. 
More incisive evidence supporting this contention 
follows a comparison of the composition of an 
equilibrated solution of 3-deoxy-3-fluoro-D-glu- 
cose (5, 6) with the composition of comparable 
solutions of D-glucose and of 3-deoxy-D-ribo- 
hexose (17). Whereas the solutions of D-glucose 
and 3-fluoro-3-deoxy-D-glucose contain no de- 
tectable quantities of the furanose forms, a solu- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3 944 CANADIAN JOURNAL O F  ( JHEMISTRY. VOL. 48, 1970 

tion of 3-deoxy-D-ribo-hexose does (17). This 
point will be discussed in greater detail elsewhere. 
Assignment of the 19F resonances of 5 and 6 
followed from the known stereospecific depen- 
dencies of 3J and 4J, l9F-'H couplings. 

It is of importance to note that the19F chemical 
shifts of these derivatives (+ 193 to + 208 p.p.m.) 
are very significantly higher than those of the 
glycopyranosyl fluorides we have previously (5,6) 
studied (+ 116.9 to 151.9 p.p.m.). Insofar as the 
chemical shifts of "primary" fluoro-carbo- 
hydrates come in the range + 213 to + 235 p.p.m. 
(1 8) it is evident that a "F chemical shift measure- 
ment gives a rapid, positive identification of the 
position of a fluorine substituent attached to a 
carbohydrate ring system. 

Experimental 
Melting points are uncorrected. Thin-layer chroma- 

tography was performed on microscope slides or glass 
plates (3.25 in. sq.) with Kieselgel G (Merck, 7731) and 
detection with iodine vapor or concentrated sulfuric acid. 

The n.m.r. spectra were measured, as described else- 
where (6), with a modified Varian HA-100 spectrometer 
operating in the "frequency-swept" mode for 'H reso- 
nances and (at 94 MHz) in the "locked, field-swept" mode 
for I9F resonances. The 'H-{19F) heteronuclear de- 
coupling experiments utilized instrumentation described 
elsewhere (1 9). 

3-Deoxy-3-fluoro-~-glucose (5, 6) 
On storage over phosphorus pentaoxide for 2 months 

a sample of the syrupy, chromatographically homo- 
geneous sugar (2) crystallized. Recrystallization from 
ethanol gave material having m.p. 114-1 15", + 66" 
(c 0.7, water). No mutarotation was observed and the 
n.m.r. spectrum (methyl sulfoxide, internal tetramethyl- 
silane) contained, inter alia, doublets of comparable 
integrated area at T 3.14 ( J  6.5 Hz) and T 3.50 ( J  4.5 Hz) 
attributable to theequatorial and axial anomeric hydroxyl 
groups in the 0- and a-pyranose forms respectively. 

Anal. Calcd. for C6Hl ,F05: C, 39.6; H, 6.05; F, 10.4. 
Found: C, 39.3; H, 5.9; F, 10.4. 

1,2,4,6-Tetra-O-acetyl-3-deoxy-3-fioro-~ (2) 
A solution of the 0-tetraacetate (2) (0.75 g) and zinc 

chloride (0.2 g) in acetic anhydride (5 ml) was heated (8) 
at ca. 100" for 10 min and then poured into ice-water 
(150 ml). The mixture was extracted with chloroform in 
the usual manner and the product was eluted from 
Kieselgel (Merck, 7734) with benzene4her (9:l). The 
major, chromatographically homogeneous fraction was 
recrystallized from benzene - light petroleum (b.p. 
60-80") to give the title compound (0.6 g, 80%), m.p. 
109-11l0, [aIDz5 + 88' (c 1, chloroform). 

Anal. Calcd. for Cl4HI9FO9: C, 48.0; H, 5.4; F, 5.4. 
Found: C, 47.7; H, 5.5; F, 5.9. 

Methyl 4,6-0-Benzylidene-3-deoxy-3-fioro-~-~- 
glucopyranoside 

A solution of 3-deoxy-3-fluoro-D-glucose (1 g) in 2% 

methanolic hydrogen chloride was boiled under reflux 
and monitored by t.1.c. (ethyl acetate - ethanol, 9:l). 
After 5 h only traces of starting material (RF 0.40) 
remained and the major product had RF 0.5. The cooled 
solution was neutralized (PbC03), filtered, and concen- 
trated. The syrupy residue (1.1 g) was treated with 
benzaldehyde (10 ml) and zinc chloride (1 g) at room 
temperature. Reaction was complete (t.1.c.) after 2 h. The 
solution was poured into a vigorously stirred mixture of 
ice-water (40 ml) and light petroleum (40 ml, b.p. 60-80"). 
The product (1.67 g) was collected, washed with light 
petroleum, and recrystallized from ethanol - light 
petroleum to give the title compound (0.66 g, 42 %), m.p. 
176177", [aIDz5 - 48" (c 1, chloroform). 

Anal. Calcd. for C14H17F05: C, 59.3; H, 6.0; F, 6.7. 
Found: C, 59.3; H, 5.9; F, 6.7. 

With acetic anhydride and pylidine in the usual man- 
ner, the title compound gave the acetate (3) (68 %), m.p. 
137-138", - 57' (c 1, chloroform). 

Anal. Calcd. for C16H19F06: C. 58.9; H, 5.8; F, 5.8. 
Found: C, 58.7; H, 5.8; F, 5.8. 
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A synthesis of 3-deoxy-3-fluoro-D-galactose from 1,2:5,6-di-0-isopropylidene-a-D-gulofuranose is 
described. The 'H and 19F n.m.r. spectra of several derivatives of D-galactose and of its 3-deoxy-3-fluoro 
derivative have been assigned in accord with previously established stereospecific dependencies. 
Canadian Journal o f  Chemistry, 48, 3946 (1970) 

Introduction 

Secondary sulfonate groups attached to five 
and six membered carbocycles can be displaced 
by fluoride ion using the combination tetra-alkyl- 
ammonium fluoride-dipolar aprotic solvent (2). 
In the carbohydrate field, 1,2:5,6-di-0-isopro- 
pylidene-3 - 0- toluene-p-sulfonyl-a-D-allofuran- 
nose (5) was converted (3) (N  75 %) into 3-deoxy- 
3-fluoro- 1,2 :5,6-di-0-isopropylidene-ci-D-gluco- 
furanose using tetrabutylammonium fluoride in 
methyl cyanide. We now report a further applica- 
tion of this reagent in the synthesis of 3-deoxy- 
3-fluoro-D-galactose. Fluorinated hexoses are of 
interest as potential antitumor agents in connec- 
tion with the inhibition of glycolysis (4). 

Results and Discussion 

1 , 2 3 6  -Di - 0 - isopropylidene - ci - D - gulofura - 
nose is now readily available (5) and the 3-toluene- 
p-sulfonate (6) (1) reacted completely during 48 h 
with tetrabutylammonium fluoride in methyl 
cyanide at 60" to give a mixture of 3-deoxy-1,2:5,- 

'This paper also constitutes Part IX of a series from 
University of British Columbia entitled "Studies of 
specifically fluorinated carbohydrates". 

'A preliminary report of some of these results has been 
published; see ref. 1 .  

3Present address: Department of Chemistry, The 
University, Dundee, Scotland. 

6-di-0-isopropylidene-a-D-erythro-hex-3-enofu- 
ranose (7) (2) and 3-deoxy-3-fluoro-l,2:5,6-di-0- 
isopropylidene-a-D-galactofuranose (3) in the 
ratio ca. 1 : 1.3. The chromatographic properties 
of compounds 2 and 3 were too similar to permit 
a convenient large-scale separation but, after 
platinum-catalyzed hydrogenation of the mixture 
at room temperature the crystalline fluoro deriva- 
tive 3 and 3-deoxy-1,2 :5,6-di-0-isopropylidene- 
ci-D-xylo-hexofuranose (4) were readily separable 
by chromatography on Kieselgel. 

It is interesting to note the difference in response 
of tosylates 1 and 5 to tetrabutylammonium 
fluoride - methyl cyanide. The latter compound 
reacts much more slowly (3) but apparently gives 
only fluoride. 

Although H-2 is trans to the toxyloxy group in 
compound 5, presumably elimination does not 
occur because a bridgehead double bond would 
result. 

Treatment of the fluoro diketal 3 with an 
aqueous ethanolic suspension of Amberlite IR- 
120 (H') resin gave crystalline 3-deoxy-3-fluoro- 
D-galactose (6). With acetic anhydride - sodium 
acetate, the fluoro sugar 6 gave 1,2,4,6-tetra-0- 
acetyl-3-deoxy-3-fluoro-~-~-galactose (7) which 
could be isomerized (8) with zinc chloride - acetic 
anhydride into the a-anomer 8. 

Treatment of 3-deoxy-3-fluoro-D-galactose (6) 
with boiling 1 % methanolic hydrogen chloride 
for 13 h gave a mixture of products. Chromatog- 
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CH20Ac Ph O--CH2 xo$$ 
OAc R' 

OAC OAC R ~ O  

7 8 9 R1 = OMe; R2 = R3 = H 

10 R 1  = OMe; R2 = H; R3 = AC 

11 R1 = R3 = H; R2 = OMe 

12 R 1  = H; R2 = OMe; R3  = A c  

raphy on silica gel gave a small amount of 
material which was not further investigated but 
was tentatively identified as methyl 3-deoxy-3- 
fluoro-P-D-galactofuranoside. The major product 
was a mixture, viz., methyl 3-deoxy-3-fluoro-a,P- 
D-galactopyranoside, in which the a-anomer 
preponderated. Zinc chloride-catalyzed benzyli- 
denation of the mixture, followed by chromatog- 
raphy on silica gel gave methyl 4,6-0-benzyli- 
dene-3-deoxy-3-fluoro-a-D-galactopyranoside (9, 
56%) and the p-anomer (11,31%). The anomers 
9 and 11 gave crystalline acetates, 10 and 12 
respectively. 

The proof of the structure of the derivatives in 
this study rests heavily on their 'H and l g F  n.m.r. 
data. Hence particular care was taken to obtain 
detailed analyses of the spectra of certain key 
compounds, together with several related model 
compounds. The n.m.r. data obtained by first- 
order analysis of the spectra of derivatives 3,7, 8 

and the model systems 13-16 are given in Tables 
1-4; for convenience the pyranose and furanose 
systems are listed separately. 

To the best of our knowledge no detailed 

CH20Ac CH2OAc 

OAc OAc 
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TABLE 1 

Chemical shifts (7-values, +,-values) of galactopyranose derivatives 

Derivative H1 H Z  H3 H4 HS H6. H6, OAc 19F 

- - 

*In CDCl, solution. 
t l n  fCD,),CO solution. 

TABLE 2 
Coupling constants (Hz) for galactopyranose derivatives 

- 

Derivative J1.z J2.3 J3.4 J4.s J5.6,J5.62J6162 JF ,Z  J F , ~  J ~ . 4  Others - 

*In CDCI, solulion. 
+In (CD,)=CO solution 
Slndeterminale. 

analysis has previously been given for the ring- 
proton resonances of the pentaacetates of a- and 
~ - ~ - ~ a l a c t o ~ ~ r a n o s e . ~  The coupling constants 
are much as would be anticipated with perhaps, 
the exception of the rather small value of J,,,. I t  
seems highly probable that this reflects the con- 
figurational dependence of vicinal 'H-'H cou- 
pling constants (9-1 1). Thus, the C4-0, bond is 
antiparallel (see A) to the C,-H, bond as also is 
the C,-0, bond with respect to the C4-H4 
bond. 

The close similarity between the 'H-'H 
couplings of compounds 13 and 14 and their 
counterparts in the 3-deoxy-3-fluoro-D-galactose 

systems, 7 and 8 respectively, is self evident. 
Insofar as the coupling constants listed in Table 2 
are probably only accurate to  k0.5 Hz, most of 
the pairs of couplings are identical within experi- 
mental error. This provides extremely strong 
evidence for the structures of 7 and 8. 

The 19F-'H couplings of compounds 7 and 8 
provide further supporting evidence. Thus, we 
had previously established (12) that in the 
3-de6xy -3-flioro-~-glucose system, J,,, - 13 

4A referee noted that Lemieux and Stevens (21) had H,, which is reasonably close to the values previously reported JIsZ 8.4 Hz for the p-anomer (13). 
He also commented that the small size of J,., of galac- observed for JF,, in compounds 7 and 8. That 
topyranose derivatives had been noted before by Coxon JFS4 of compounds 7 and 8 is of smaller magnitude 
and Fletcher (22) and by Cone and Hough (23). Neither 
of these papers proffered any rationale for their than J ~ . 4  the D-gluco compounds (N l3  Hz) 
observation. was not anticipated; this may be another example 
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TABLE 3 

Chemical shifts (T-values; $,-values) of galacto- and gulo-furanose derivatives 
-. 

Derivative H l  H z  H 3  H 4  H 5  H6.  H 6 ,  Me 19F Others 

3* 4.10 5.28 5.18 5.92 5.66 5.94 6.20 8.48;8.57 
8.65; 8.67 +187.9 
_J_- P h t  2.0, 

15* 3.98 5.27 4.83 5.83 5..52 5.86 6.06 8.42; 8.59 - 2.5 
8.64; 8.67 

16* 4.13 5.06 4.66 5.83 5.13 5.84 6.36 8.50;8.58'  - P h t  2.0, 
8.62; 8.70 2.5 

'In CDCls solution. 
TCornpIex rnultiplet. 

TABLE 4 

Coupling constants (Hz) for galacto- and gulo-furanose derivatives 

Derivative z  2 . 3  J3.4 J4,5 J5.6, J5.6* J6162 JF .Z  J ~ . 3  J ~ . 4  
- 

3* 3.9 0 . 5  3 .3  6 .9  -6.2 6.4 8 .0  15 51.6 23.7 

*In CDCI3 solution. 

of the configurational dependence of vicinal 
19F-'H couplings (1 3, 14). 

It is interesting to note that thegeminal F,-H, 
couplings of compounds 7 and 8 are smaller than 
their counterparts in the D-gluco series (ca. 5 1 Hz). 
This relationship is formally analogous to that 
shown by glycopyranosyl fluorides (1 3) where 
compounds in the D-manno series (B) give smaller 
couplings than do their D-gluco counterparts (C). 

those previously published (16) for 3-0-acetyl- 
1,2 :5,6-di-0-isopropylidene-a-D-glucofuranose 
{J,,, 3.6, J,,, < 0.5 Hz) and for (12) 3-deoxy-3- 
fluoro- 1,2: 5,6-di-0-isopropylidene-a-D-glucofu- 
ranose (17) {J,,, 3.7, J2,, ca. 0.8 Hz). On this 
basis alone it might be concluded that both 3 and 
17 favor the same ,T2 conformation, D. However, 
this is an over-simplified and inaccurate descrip- 
tion; the apparent similarity between the values 
ofJ3,, and of JFg4 for 3 and 17 do not allow for the 
difference of configuration at C-4. The coupling 
constants for compound 3 appear to be best 
rationalized on the basis of a preference for a 
conformation approximating to either the V, or - - 

J,,,, ca. 49 Hz J,,,, ca. 53.5 H z  'V conformation (E, F respectively). Either of 
these conformations would have the merit of 

The coupling of ca. 4.8 HZ between the F-3 positioning the cis oriented C,-F and C4-H, 
and H-1 substituents of the a-tetraacetate 8 is bonds in an eclipsed, or nearly so, orientation. 
again in accord with the known stereospecificity Furthermore, either of these conformations 
of such couplings (1 5). would allow the C,-H, and C,-H, bonds to 

Analysis of the 'H n.m.r. spectra of the 3-0- have the near-90" dihedral se~aration which is 
benzoyl-1,2:5,6-di-O-isopr0pylidene derivatives unequivocally dictated by A their near-zero 
of D-galactose (15) and ~-gulose (16) was straight- coupling constant. 
forward and unambiguous. Comparison of the Although it is not possible to distinguish 
data obtained for these derivatives, listed in unequivocally between E or F, it has often been 
Tables 3 and 4, with that obtained for the 3-fluor0 assumed in the that the ring oxygen of a 
derivative (3) indicates quite unequivocally that furanose sugar is one of the "in-planeU atoms: 
the latter has the D-galacto configuration. 

There is also a close similarity between the 
ring-proton couplings of compounds 3 and 15 and 'see refs. 17-19 and references cited therein. 
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continuation of that assumption into the present 
discussion would clearly require the conclusion 
that 3 favors the V, conformation, E. In any 
event, a chemically significant fact emerges from 
the inter-comparison between derivatives 3 and 
17. Namely, that the inversion of configuration 
at C-4 causes the furanose ring to change its 
conformation. Inspection of molecular models 
indicates that either the V2 or 'V conformations 
would reduce the non-bonded interaction which 
would otherwise exist if 3 favored the 3T2 con- 
formation. 

As has been discussed in detail elsewhere (17, 
18) it is questionable whether it is realistic to 
couch any conformational discussion of a 
furanose system in terms of a single, exclusively 
populated conformation. The present discussion 
reinforces a previous suggestion (17, 18) that 
even approximate conformational evaluations of 
furanose systems can yield chemically significant 
conclusions. In the present situation, it could 
well be that the derivative has both the 'V and the 
V2 conformers significantly populated, and that 
the observed coupling constants represent a time- 
average of the couplings of these two forms. There 
is no way of distinguishing between these two 
models. 

In summary, the n.m.r. parameters of the deriv- 
atives discussed above are in close accord with 
previously established stereospecific depen- 
dencies. 

Experimental 
Melting points are uncorrected. Thin-layer chromatog- 

raphy was performed using Kieselgel (Merck, 7731) and 
detection with iodine vapor or concentrated sulfuric acid. 
Unless otherwise stated, column chromatography was 

performed on Kieselgel (Merck, 7734). Gas-liquid 
chromatography was performed on a Pye 104 instrument 
with flame ionization detection using a column of poly- 
(ethylene glycol adipate) at  165'. Light petroleum refers 
to the fraction b.p. 60-80". 

The n.m.r. spectra were measured with a modified 
(20) Varian HA-100 spectrometer operating in the 
"frequency sweep" mode for 'H resonances and (at 94 
MHz) in the "locked, field-sweep" mode for 19F reso- 
nances. 

3-Deoxy-3-fluoro-1 ,2:5,6-di-0-isopropylidene-a-D- 
galactofuranose 

A mixture of 1,2:5,6-di-0-isopropylidene-3-0-toluene- 
p-sulfonyl-a-D-gulofuranose (6) (2.5 g), tetrabutylammo- 
nium fluoride (8.8 g, 5.5 mole), and acetonitrile (25 ml, 
distilled from phosphorus pentaoxide) was stirred at  
60-65" and monitored by t.1.c. (benzene-ether, 9:l). 
After 48 h, no starting material (RF - 0.2) survived and 
the product had RF -0.5. The reaction mixture was 
concentrated under diminished pressure and the syrupy 
residue was eluted from silica gel (Hopkin & Williams) 
with ether - light petroleum (1 :1) to yield a syrupy major 
product (1.3 g), b.p. 90-100" (bath)/O.l mm, which was 
homogeneous in t.l.c., but which, on examination by 
g.l.c., v,,,(liquid) 1660 cm-' (C=C) showed two com- 
ponents in approximately equal proportions, with 
retention times of ca. 20 (identical with that of 1,2:5,6- 
di-O-isopropylidene-~-erythro-hex-3-enofuranose(7)) and 
28 min. 

A solution of the product mixture in ethanol (80 ml) 
was hydrogenated at  atmospheric pressure over 5 %  
palladized charcoal (600 mg). After 4 h, uptake of hydro- 
gen was complete and the product showed two com- 
ponents in g.1.c. (retention times 28 and 41 rnin) and t.1.c. 
(benzene-ether, 9 : l ;  RF - 0.5 and - 0.2). Filtration 
of the mixture and concentration under diminished 
pressure yielded a syrup which showed no i.r. absorption 
at  ca. 1660 cm-I. 

Column chromatography (benzene-ether. 9:l) of the 
mixture yielded, as the faster moving component, 
3-deoxy-3-fluoro-1 ,2:5,6-di-0-isopropylidene-a-D-galac- 
tofuranose (0.65 g, 41 %), m.p. 4849"  [from ether - light 
petroleum (b.p. 80-100")], [aIDZ5 - 30" (c 1, chloroform). 

Anal. Calcd. for C12HlgF0,: C, 55.0; H, 7.3; F, 7.3. 
Found: C, 55.4; H, 7.35; F, 7.3. 

Further elution with benzene-ether (6:l) gave a product 
(0.58 g, 3479, m.p. 78.5-80" (from light petroleum), 
[aIDZ5 -32" (c 4.0, ethanol) which was identical with 
3-deoxy-l,2:5,6-di-O-isopropylidene-a-~-xy/o-hexose 
(m.p. 81°, [aIDZ0 - 31.8" (ethanol)). 

3-Deoxy-3-fioro-D-ga/aclose 
A solution of 3-deoxy-3-fluoro-1,2:5,6-di-0-isopro- 

pylidene-a-D-galactofuranose (0.23 g) in ethanol (10 ml) 
and water (20 ml) was stirred at 60-65" with Amberlite 
IR-120 (H+) resin (ca. 2 ml). The hydrolysis was mon- 
itored by t.1.c. (ethyl acetate) and was shown to be com- 
plete in 6 h. Concentration of the filtered solution gave a 
chromatographically homogeneous crystalline product 
which, on recrystallization from ethyl acetate -ethanol, 
yielded 3-deoxy-3-fluoro-D-galactose (0.147 g, 91 %), m.p. 
114-116", [aIDZ5 +87" + +76" (24 h, equil., c 0.5, 
water), RF -- 0.3 (t.l.c., ethyl acetate - ethanol, 9:1), 
and R, 2.04 (chromatography on Whatman No. 1 paper, 
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butanol -acetic acid - water, 5:2:3, brown spot with 
aniline hydrogen phthalate). 

Anal. Calcd. for C6H11F05: C, 39.6; H, 6.05; F, 10.5. 
Found: C, 39.5; H, 5.9; F, 10.9. 

1,2,4,6-Tetra-0-acetyl-3-deoxy-3-jluoro-a- and 
- P - ~ - g a l f l ~ t ~ p y r f l t l ~ ~ e  

When 3-deoxy-3-fluoro-D-galactose (180 mg) was 
treated with a boiling solution of sodium acetate (100 mg) 
in acetic anhydride (5 ml) for 10 min and the P-tetraace- 
tate was isolated in the usual manner, the title compound 
(120 mg, 35%) was obtained m.p. 126-127" (from 
ethanol - light petroleum), [a]D25 + 35" (c 0.8, chloro- 
form). 

Anal. Calcd. for C14H1,F0,: C, 48.0; H.  5.4. Found: 
C, 48.15; H, 5.25. 

A solution of the foregoing P-anomer (130 mg) and 
zinc chloride (100 mg) in acetic anhydride (4 ml) was 
heated at ca. 100' for 10 min (8), then poured into ice- 
water (40 ml) and extracted with chloroform (4 x 25 ml) 
in the usual way. Column chromatography (light petro- 
leum - ether, l :2) then yielded a homogeneous fraction 
(110 mg) which, after two recrystallizations from 
ethanol - light petroleum, afforded the a-tetraacetate 
(40 mg, 32%), 1n.p. 97-99", [aID2' + 126" (c 1 .I, chloro- 
form). (Found: C, 48.3; H, 5.3.) 

Methyl Glycosidation of 3-Deoxy-3-jluoro-~-galactose 
A solution of 3-deoxy-3-fluoro-D-galactose (200 mg) 

in 1 % methanolic hydrogen chloride (2 ml) was heated 
under reflux, and the reaction was followed by t.1.c. 
(ethyl acetate-ethanol, 95:5). After 13 h, only traces 
of starting material (R, - 0.2) remained and there were 
two major products (R, - 0.4, - 0.6). The cooled reac- 
tion mixture was neutralized (PbCO,), filtered, and 
concentrated under diminished pressure. Column 
chromatography (ethyl acetate - ethanol, 95:5) of the 
residue gave first a product (46 mg, R, - 0.6) which was 
apparently homogeneous since the n.m.r. spectrum, 
(D20 ,  Perkin-Elmer R-10) showed, inter alia, singlets at 
T 6.62 and 5.02 attributable, respectively, to OMe and 
H-1. After recrystallization from ethyl acetate, the 
compound had m.p. 101-102", [a]DZ5 - 13" (c 0.6, 
ethanol). 

Anal. Calcd. for C7H13F0,:  C, 42.9; H, 6.6. Found: 
C, 43.1 ; H, 6.5. 

This minor product, which was not further investi- 
gated, is possibly methyl 3-deoxy-3-fluoro-P-D-galac- 
tofuranoside. 

The n.m.r. spectrum (pyridine, Perkin-Elmer R-10) 
of the second product (152 mg, R, - 0.4) eluted from 
the column contained two signals (ratio ca. 3:2) attrib- 
utable to OMe groups. Crystallization of the mixture 
from ethyl acetate gave methyl 3-deoxy-3-fluoro-a-D- 
galactopyranoside, m.p. 160-17O0, [a]D2' + 150' (C 1, 
methanol) containing (n.m.r.) a small amount of the 
P-anomer. 

Anal. Calcd. for C7H13F05:  C, 42.9; H, 6.6; F, 9.7. 
Found: C. 42.9; H, 6.6; F, 9.9. 

After treatment of the pyranoside mixture (200mg) with 
zinc chloride (200 mg) and benzaldehyde (3 ml) a t  room 
temperature in the usual manner for 16 h, only traces of 
starting material survived (t.l.c., chloroform) and two 
major products at (R, -0.2, - 0.3) were present. 
Column chromatography (chloroform) of the mixture 

afforded, first, a product (162 mg, 56%) which was 
recrystallized from ethanol - light petroleum to give 
methyl 4,6-0-benzylidene-3-deoxy-3-fluoro-a-D-galacto- 
pyranoside, m.p. 160-16l0, [a]D25 + 144" (c 0.5 chloro- 
form). 

Anal. Calcd. for C14H17F05: C, 59.2; H, 6.0. Found: 
C, 58.8; H, 5.9. 

The acetate had m.p. 158-159", + 152" (c 0.5, 
chloroform). 

Anal. Calcd. for CI6Hl9FO6: C, 58.9; H, 5.8. Found: 
C, 58.45; H, 5.6. 

Eluted second was material (90 mg, 31 %) which, on  
recrystallization from ethanol - light petroleum, gave 
methyl 4,6-0-benzylidene-3-deoxy-3-fluoro-~-~-galac- 
topyranoside, m.p. 197-199" [ C X ] ~ ~ '  - 36" (c 0.55, chloro- 
form). (Found: C, 59.3; H ,  5.7). The acetate had m.p. 
168-169", [a]DZ5 +8" (c 0.5, chloroform). (Found: C, 
59.35; H, 6.0). 

3-0-Benzoyl-1 ,2:5,6-di-0-isopropylidene-a-D-gulo- 
furatlose 

Treatment of 1,2:5,6-di-0-isopropylidene-a-D-gulo- 
furanose (5) (1 g) with dry pyridine (20 ml) and benzoyl 
chloride (1.66 g) in the usual way gave the title benzoate 
(1.1 g), m.p. 153.5-154.5", [aIDZ5 +55" (c 0.5, chloro- 
form). 

Anal. Calcd. for C1,H2,O7: C, 62.6; H ,  6.6. Found: 
C, 62.9; H, 6.9. 

Spectral Assignments 

The overall assignments of the 'H n.m.r. 
spectra of derivatives 3, 7, 8, 13, 14, 15, and 16 
were generally straightforward, with the sole 
exception of the C-5, -6 proton resonances of 
the pyranose derivatives 7, 8, 13, 14. These 
resonances were so closely coupled that an 
analysis was not accessible without recourse to  
computer techniques; it was not deemed worth- 
while to attempt this. Fortunately the other 
ring-proton resonances were sufficiently chemi- 
cally shifted to enable a first order analysis to be 
applied. 

The spectrum of the a-tetraacetate (8), which 
is typical of those obtained from the pyranose 
derivatives, is shown in Fig. 1. The anomeric 
proton at low field showed as a triplet in this 
instance because of approximately equal cou- 
plings with both H-2 and F-3. The p-anomer 7 
showed no such coupling with F-3. Clearly 
resolved in Fig. 1 is the rather small coupling 
between H-4 and -5. It is interesting to note the 
increased intensity build up in the H-3 quartet at 
r 4.7 of the transitions associated with J,,,; 
the intensity slant of the corresponding J,,, 
transitions is less marked. This reflects the 
difference in second order perturbations of the 
two halves of the H-3 resonance, the higher-field 
being the more weakly coupled to H-2. 
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3.50 4.03 4.50 5.W 5.50 r 6.W 

FIG. 1. Partial 100 MHz p.m.r. spectrum of 3-deoxy:3-fluoro-a-D-galactopyranose tetraacetate (8) in CHCI3solu- 
tion. The first-order assignments are as indicated. The peak at r ca. 3.7 is the high-field 13C satellite of the chloroform 
solvent. 

L . I . I . ; . I , ~ I . : . ~ ~ I . I . I  
4 M 4.50 5.W 5 50 6.00 T 6 50 

FIG. 2. Partial 100 MHz p.m.r. spectrum of 3-deoxy-3-fluoro-l,2:5,6-di-O-isopropylidene-a-~-galactofuranose (3) 
in CDC13 solution. The first-order assignments are as indicated. 

The 'H n.m.r. spectrum of 3-deoxy-3-fluoro- 
1,2 :5,6-di-0-isopropylidene-a-D-galactofuranose 
(3), shown in Fig. 2, is a nice illustration as to the 
complexity of a spectrum which can be assigned 
intuitively, without recourse to  either decoupling 
o r  computer facilities. Straightforward matching 
of the spectral splittings suffices to  identify all 
of the transitions. I t  is important to  note that 
several of the resonances. ~articularlv those of , A 

H-2 and -3, evidence a number of long-range 
couplings which are not detailed in this paper; 
they will be discussed in another context 
elsewhere. 
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Beatty Research Institute from the Medical Research 
Council and the British Empire Cancer Campaign for 
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NOTES 

Deoxidation studies with cyclopropylcarbinol 

A. J. CESSNA' AND C. C. LEE 
Department of Chemistry and Chemical Engineering, University o f  Saskatchewa~z, Saskatoon, Saskatchewan 

Received May 1 1, 1970 

The liquid products from the deoxidation with cyclopropylcarbinol in YOH-CHBr3 were identified as 
cyclopropylcarbinyl, cyclobutyl, and allylcarbinyl alcohols, bromides, and the various ethers, with 
dicyclopropylcarbinyl ether as the most abundant product. In addition, small amounts of methylene 
bromide, cyclopropanecarboxaldehyde, and cyclobutanone were also found. The deoxidation with 
cyclopropylcarbinol-a-'4C gave rise to isotopically scrambled cyclopropylcarbinol-X-'4C, with about 
22% of the 14C-label rearranged from C-a to the cyclopropyl group. 

Canadian Journal of Chemistry, 48, 3953 (1970) 

In a 1964 review on carbonium ions, Deno 
(1) briefly stated that deoxidation with cyclo- 
propylcarbinol-a,a-d, (1-OH-a-d,) gave princi- 
pally 1,3-butadiene-1,l-d,, indicating that no 
isotopic scrambling has occurred in the cyclopro- 
pylcarbinyl cation produced under the conditions 
of very short life expected for deoxidation. A 
more detailed analysis of the hydrocarbon 
products from the alkaline deoxidation of 1-OK 
with bromoform was reported by Bayless et al. 
(2). Among the 11 % yield of hydrocarbon 
products, 1,3-butadiene, bicyclobutane, cyclo- 
butene, methylenecyclopropane, ethylene, and 
acetylene were found and their formation was 
attributed to processes involving highly energetic 
intramolecular cationic paths, such as carbon- 
hydrogen insertion, carbon-skeleton rearrange- 
ment, and fragmentation. In these earlier studies, 
the nature of the liquid products apparently has 
not been investigated. In the present work, the 
liquid products from deoxidation studies with 
1-OH were examined. The reaction was carried 
out in concentrated KOH (3, 4), since in this 
medium the presence of excess hydroxide ions 
may allow for the formation of rearranged 
alcohols such as cyclobutanol (2-OH) and 
allylcarbinol (3-OH). Moreover, Lee and Hahn 
(5) have found that the deoxidation with 2-phenyl- 
1-14C-ethanol in KOH-CHBr, gave rise to some 
isotope position rearranged 2-phenyl-2-l4C- 
ethanol. Analogously, deoxidation studies with 
1-OH-a-14C in KOH-CHBr, should be capable 

'Holder of an NRCC Studentship, 19661969. 

of yielding data on the extents of isotopic 
scrambling, if any, in the recovered 1-OH-x-14C. 

The liquid products from the deoxidation with 
1-OH using a 1-OH:CHBr, molar ratio of 
1.0:0.5 or 1 .O: 1.0 are given in Table 1. The identi- 
fications of the various products were based on 
peak enhancement in the vapor phase chromato- 
gram utilizing authentic samples and by examina- 
tion of their n.m.r. spectra (the spectra of some of 
the authentic compounds, namely, the isomeric 
bromides, 1-Br, 2-Br, and 3-Br, and the isometric 
ethers, 1-01, 1-02, and 1-03 are shown in Fig. 
1). The 1-OH-a-14C (6) was subjected to a similar 
deoxidation using an equimolar amount of 
CHBr, and the recovered 1-OH-x-14C was 
degraded by oxidation to cyclopropanecarboxy- 
lic acid, followed by conversion to cyclopropyl- 
amine (6). The resulting activity data, showing the 
extents of isotopic scrambling from C-a to the 
cyclopropyl group, are summarized in Table 2. 

The results in Tables 1 and 2 demonstrate that 
cationic processes do play important roles in 
deoxidation reactions. As originally suggested 
by Skell and Starer (7, 8), highly energetic car- 
bonium ions may be formed via intermediate 
carbenes, eq. 1. In the cyclopropylcarbinyl 

-Br- 
[I] RO- + CBrz - ROCBr + R +  + CO + Br- 

system, interconversions between cyclopropyl- 
carbinyl, cyclobutyl, and allylcarbinyl cations 
are well known (6, 9), and reactions between 
these ions and the available nucleophiles (OH-, 
Br-, and the various RO-) wouId account for 
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TABLE 1 

Liquid products from deoxidation with cyclopropylcarbinol (1-OH) 
-- 

Composition (%)i 

Products* Experiment 1 $ Experiment 2$ 

Two unidentified peaks 1.1 2.0 
Allylcarbinyl bromides 0.5 0 .9  
Cyclobutyl bromides 1.5 5.2 
Cyclopropylcarbinyl bromides 0.1 0.2 
Diallylcarbinyl ether11 0.2 0 .4  
Allylcarbinyl cyclobutyl ether]/ 0 .2  0.2 
Methylene bromide 0.4 0.9 
Allylcarbinyl cyclopropylcarbinyl ether 1.6 2 .5  
Dicyclobutyl ether11 0.  I 0 . 3  
Cyclobutyl cyclopropylcarbinyl ether?[ 7.1 10.8 
Allylcarbinol 0 .3  0 .8  
Dicyclopropylcarbinyl ether 34.7 34.2 
Cyclobutanol 0.6 4 .3  
Cyclopropylcarbinol 51.4 

-- 
37.4 

*Listed in the order of increasing retention times which ranged from 16 to 172 min under 
the conditions used for the v.p.c. analyses by the analytical column. 

?Based on  the relative areas of the various peaks in the v.p.c. 
$Experiments 1 and 2 were carried out using 1-OH:CHBr, molar ratios of 1.0:O.S and 

1 .O: 1 .O, respectively. 
§The actual amounts of these isomeric bromides formed in the deoxidation reaction may 

be different from the com~osit ion shown because 1-Br was found to undergo some re- 
arrangement to 2-Br and 3 - ~ r  in the v.p.c. column under the conditions employed (see 
preparation for 1-Br in the Experimental section). 

IIAuthentic samples of these ethers were not synthesized and their tentative identifications 
were based on  their n.m.r. spectra. 

TContaining small quantities of cyclobutanone and cyclopropanecarboxaldehyde, which 
amounted to about 0.1 and 0.2% respectively. in experiment 2. 

FIG. 1. The n.m.r. spectra. Left column, top to bottom, respectively, are the spectra of cyclopropylcarbinyl, 
cyclobutyl, and allylcarbinyl bromides; right column, top to bottom, respectively, are the spectra of dicyclopropyl- 
carbinyl, cyclobutyl cyclopropylcarbinyl, and allylcarbinyl cyclopropylcarbinyl ethers. 
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NOTES 

TABLE 2 

Activity data and isotopic scrambling in the recovered 
cyclopropylcarbinol-X-'4C from deoxidation with 

cyclopropylcarbinol-a-14C 
---- 

Specific activity* Rearrangement 
(c.p.min/mmoIe) (%I  

Compound 
assayed Run 1 Run 2 Run 1 Run 2 

-- 

'Delermined by a liquid scintillation counter, with appropriale corrections for quenching. 
tAssayed as N-phenylcyclopropanecarboxamide. 
$Assayed as N-cyclopropylbenzamide. 

most of the products given in Table 1. However, 
the possibility that some of these products might 
also have been derived from concerted displace- 
ments involving the nucleophiles and the alkoxy- 
bromocarbene, ROCBr, could not be excluded. 
Moreover, as the 1-OH was converted to 2-OH 
and 3-OH, these rearranged alcohols likely could 
themselves undergo deoxidation reactions and 
contribute to the overall product distribution. 
Since c-C3H,CH20- would be the most abun- 
dant nucleophile present in the reaction mixture, 
it is not surprising that, aside from the recovered 
1-OH, the product obtained in the highest yield 
was dicyclopropylcarbiny1 ether (1-01) (Table I). 

It is of interest to note that CH2Br2 was found 
among the reaction products (Table 1). The 
formation of this compound could be attri- 
buted to hydride abstraction by dibromocarbene; 
for example, a process involving c-C3H,CH20- 
would give rise to cyclopropanecarboxaldehyde, 
eqs. 2a and 6. Similarly, if cyclobutoxide were 

[2a] c-C3H5CH20- + CBr2 -t c-CsH5CH0 
+ CHBr2- 

[2b] CHBr2- + H 2 0  or ROH -t CH2Br2 
+ HO- or RO- 

involved, cyclobutanone would be produced. 
Actually, both cyclopropanecarboxaldehyde and 
cyclobutanone were detected among the products 
in the present study. Starer (lo) has also noted the 
formation of CH,Br, and CH3CH2CH0 in the 
deoxidation of 1-propoxide and has suggested 
the possibility of hydride abstraction. 

From Table 2, it is seen that, unlike the 

about 22% rearrangement of the 14C-label from 
C-cl to the cyclopropyl group, presumably to 
the C-2 and -3 methylene carbons of the ring. 
A thorough study of the stereochemistry of such 
cyclopropylcarbinyl to cyclopropylcarbinyl re- 
arrangements has recently been reported by 
Wiberg and Szeimies (1 1). From the present 
work it is seen that as in the deamination of 
1-NH,-a-14C (6) ,  the three methylene carbons 
in the recovered ~ - O H - X - ' ~ C  have not attained 
complete equivalence. Some of the excess 14C 
at C-a undoubtedly was due to unreacted 
1-OH-a-14C. Another possibility that might 
have contributed to more 14C at C-a would be a 
concerted displacement by OH- on c-C3H,- 
14CH20CBr to produce unrearranged 1-OH- 
a-14C. Thus the present '4C-scrambling results 
once again suggest that both deoxidation and 
deamination reactions may involve similar, 
though not necessarily identical, rearrangement 
processes; such a conclusion was also arrived 
at in a comparison of the deoxidation and 
deamination reactions with the 1-14C-1-propyl 
system (12) .~  

Experimental 
Preparation of Cyclopropylcarbit~yl, Cyclobutyl, and 

Allylcarbit~yl Brottlidees (I-Br, 2-Br, and 3-Br) 
Compounds 1-Br and 2-Br were prepared by the reac- 

tion of triphenylphosphine with the corresponding 
alcohol and carbon tetrabromide in anhydrous ether 
(13-15). The yields obtained for 1-Br and 2-Br, both 
boiling within the range of 109-1 13" (lit. (9) b.p. of a 2:l 
mixture of 1-Br and 2-Br, 110.5-1 12.0°), were 90 and 
50%, respectively. Initially v.p.c. analysis of the 1-Br 

re~orted absence of isoto~ic scrambling in the .+ 

gaseous 1,3-butadiene product (I), the 1-OH- 2For a recent review on "free carbonium ions" 
generated from the decomposition of diazonium ions, 

from the deOxidatiOn with deoxidation and anodic oxidation of carboxylic acids, . . 
1-OH-cl-"C under the present conditions showed see Keating and Skell (17). 
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using an Aerograph 200 chromatograph with flame 
ionization detector with a 25 ft 118 in. copper column 
packed with 25 % [3,[3'-oxidipropionitrile on 60180 mesh 
Chromatosorb P, AW, operating at a column tempera- 
ture of 85" and N2 carrier gas flow rate of 35 mllmin, 
showed the appearance of varying amounts of 2-Bi 
and 3-Br. (The above v.p.c. column operated under the 
conditions described will be referred to as the analytical 
column.) However, it was later found that the use of a 
10 ft 118 in. stainless steel column packed with 25% 
FFAP indicated that both the 1-Br and 2-Br obtained 
in these preparations were essentially pure (less than 2 % 
impurities), suggesting that the 1-Br could undergo some 
rearrangement, presumably on the copper walls of the 
column, during v.p.c. analysis with the analytical 
column. 

Compound 3-Br was prepared by the reaction of 
3-OH with PBr, in CH2CI2 as described by Roberts and 
Mazur (9) for the reaction of 1-OH with PBr,. Fractiona- 
tion gave a 60% yield of crude product, b.p. 102-110°, 
the v.p.c. analysis of which (FFAP stainless steel column) 
showed the presence of about 10% impurities. The final 
purification was effected by preparative v.p.c. using a 
Model 15 Pye chromatograph with a 15 ft 318 in. copper 
column packed with 25 % [3,[3'-oxidipropionitrile on 
60180 mesh Chromosorb P, AW, operating at a column 
temperature of 90" and N2 carrier gas flow rate of 75 
ml/min. (This column operated under the conditions 
described will be referred to as the preparative column.) 
The b.p. of the purified 3-Br was 97" at 717 mm (literature 
(9), b.p. 99-100"). T'iie n.m.r. spectra of 1-Br, 2-Br, and 
3-Br are shown in Fig. 1. 

Preparation of' Dicyclopropylcarbinyl, Cyclobutyl 
Cyclopropylcarbinyl, and Altylcarbinyl Cyclopro- 
pylcarbinyl Ethers (1-01, 1-02 and 1-03) 

These ethers were prepared by the reaction of 1-Br 
with the corresponding sodium alkoxide, 1-ONa, 
2-ONa, or 3-ONa. In the preparation of 1-01, 5.0 g 
(0.07 mole) of 1-OH in 100 ml of anhydrous ether was 
stirred with an equivalent amount of Na to give the 
alkoxide and then 9.4 g (0.07 mole) of 1-Br was added. 
After the mixture was refluxed for 5 h, apparently a fair 
amount of unreacted material was still present. In an 
attempt to raise the reaction temperature, 40 ml of 
acetone was introduced and the reaction mixture was 
refluxed for a further 5 h. More ether was then added 
and the resulting material was washed with water and 
dried over MgSO,. Fractional distillation gave 4.1 g of 
crude product, b.p. 140-15O0, the v.p.c. analysis of which 
showed the presence of about 20% impurities. Pure 
1-01, b.p. 148-149", was obtained after separation by 
v.p.c. using the preparative column. 

Both preparations of 1-02 and 1-03 were then carried 
out simultaneously and in these cases the acetone was 
introduced at the beginning of the reaction. The use of 
acetone as a means of raising the reaction temperature 
turned out to be an error, and the major product obtained 
in these reactions was mesityl oxide from the condensa- 
tion of acetone. However, in each preparation, a small 
fraction, b.p. 138-148", (1-2 g) was obtained and it 
contained the desired ether. Pure 1 -02  or 1 -03  was 
separated from these crude fractions by v.p.c. using the 

preparative column. The n.m.r. spectra of 1-01, 1-02  
and 1-03 are shown in Fig. 1. 

Deoxidation with 1 -OH 
The reaction was carried out under conditions similar 

to those used by Lee and Hahn (5). Compound 1-OH 
(2.0 g, 0.028 mole) was refluxed for 1 h on  an oil bath 
with a concentrated KOH solution (15 g KOH in 6.0 
ml H20).  This mixture was cooled to about 100" and 
3.53 or 7.06 g (0.014 or 0.028 mole) of CHBr, was added 
in one batch. After the initial vigorous reaction had 
subsided, the mixture was refluxed for I h. Water (60 ml) 
was then added and the resulting material was continuous- 
ly extracted with ether for 24 h. The extract was dried over 
MgS04, concentrated, and subjected to v.p.c. analysis 
using the analytical column. 

In order to identify the minor components, the prod-, 
ucts from six runs as described above were combined 
and then separated by v.p.c., using the preparative 
column. into various fractions, each containing one or  
more components. The n.m.r. spectra of each of these 
fractions were examined and each fraction was also 
analyzed by the analytical column, with identifications 
made by peak enhancement using known compounds. 
As it turned out with the analytical column, cyclo- 
butanone (Aldrich) and cyclopropanecarboxaldehyde 
(prepared by reaction of c-C3H5CN with LiAIH, (16)) 
have the same retention time as cyclobutyl cyclopropyl- 
carbinyl ether (1-02). However, with a 25 ft 118 in. 
column packed with 20% bis-2-(2-methoxyethoxy)ethyl 
ether on 60180 mesh firebrick, these three products were 
resolved into their individual components. 

Deoxidation with 1-OH-a-I4C 
Compound 1-OH-a-I4C was prepared as described 

by Mazur et at. (6) and it was subjected to deoxidation 
using an  equivalent amount of CHBr3 as in the deoxida- 
tion with 1-OH. The resulting 1-OH-x-14C was recovered 
from the reaction mixture with the aid of inactive 1-OH 
as carrier. After purification by preparative v.p.c. it was 
degraded by oxidation to cyclopropanecarboxylic acid, 
followed by conversion to cyclopropylamine via the 
Schmidt reaction as previously described (6). 

The financial support given by the National Research 
Council of Canada is gratefully acknowledged. 
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Synthesis of vitamin K1 analogs. A new class of vitamin K1 antagonists 

J. LOWENTHAL AND M. N. ROY CHOWDHURY~'~  
Department of Pharmacology and Therapeutics, McIntyre Medical Sciences Building, 

McGiN University, Montreal 109, Quebec 

Received July 8, 1970 

The synthesis of two analogs of vitamin K,, namely, 2-chloro (2) and 2-bromo (3) analogs, is described. 
The separation of cis and trans isomers of both these compounds on preparative t.1.c. is reported along 
with the spectral data. 

Canadian Journal o f  Chemistry, 48, 3957 (1970) 

With the object of synthesizing vitamin K,, 1, 
analogs of potential biological interest, and of 
investigating the influence of substituents in 
position 2 of the naphthoquinone nucleus on 
biological activity, the synthesis of 2-chloro and 
2-bromo analogs of vitamin K, was undertaken. 
These two analogs of vitamin K, were found to 
constitute a new class of vitamin K, antagonists, 
the chloro analog having been shown to be the 
most active one (1-3). 1n this communication, we 
now report the synthesis and characterization of 
these two analogs of vitamin K, ,  namely, 
2-chloro-3-phytyl-1,4-naphthoquinone (2) and 
2-bromo-3-phytyl-l,4-naphthoquinone (3). 

The synthesis was carried out essentially 
according to the published procedures (4-8) with 
some modifications. We have used activated 
manganese dioxide as the oxidizing agent in the 
final oxidation step, i.e., in the oxidation of 
2-halo-3-phytyl-l,4-naphthohydroquinone to 

'To whom enquiries concerning this paper should be 
addressed. 

'Present address: Ontario Cancer Institute, Depart- 
ment of Medicine, 500 Sherbourne Street, Toronto 5, 
Ontario. 

2-halo-3-phytyl-l,4-naphthoquinone (vide Exper- 
imental). We were also able to separate the cis and 
trans isomers (9, 10) of both the synthetic chloro 
and bromo analogs by means of t.1.c. on silica gel. 
Both the isomers of the chloro and bromo 
analogs were further characterized by n.m.r. 
spectroscopy (1 I). 

1 X = O ; R 1  = CH3; R Z  = CZOH39 
2 X = 0 ;  R1 = C1; Rz = CZOH39 
3 X = O;  R,  = Br; RZ = CZ0H39 

Experimental 
Experiments were carried out in the dark and under 

nitrogen. The i.r. spectra were recorded on a Perkin- 
Elmer model 257 spectrophotometer. The U.V. spectra 
were taken in ethanol on a Beckman DB-G recording 
spectrophotometer. The n.m.r. spectra were recorded on 
Varian A-60 spectrometer with tetramethylsilane as an 
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Synthesis of vitamin K1 analogs. A new class of vitamin K1 antagonists 

J. LOWENTHAL AND M. N. ROY CHOWDHURY~'~  
Department of Pharmacology and Therapeutics, McIntyre Medical Sciences Building, 

McGiN University, Montreal 109, Quebec 

Received July 8, 1970 

The synthesis of two analogs of vitamin K,, namely, 2-chloro (2) and 2-bromo (3) analogs, is described. 
The separation of cis and trans isomers of both these compounds on preparative t.1.c. is reported along 
with the spectral data. 

Canadian Journal o f  Chemistry, 48, 3957 (1970) 

With the object of synthesizing vitamin K,, 1, 
analogs of potential biological interest, and of 
investigating the influence of substituents in 
position 2 of the naphthoquinone nucleus on 
biological activity, the synthesis of 2-chloro and 
2-bromo analogs of vitamin K, was undertaken. 
These two analogs of vitamin K, were found to 
constitute a new class of vitamin K, antagonists, 
the chloro analog having been shown to be the 
most active one (1-3). 1n this communication, we 
now report the synthesis and characterization of 
these two analogs of vitamin K, ,  namely, 
2-chloro-3-phytyl-1,4-naphthoquinone (2) and 
2-bromo-3-phytyl-l,4-naphthoquinone (3). 

The synthesis was carried out essentially 
according to the published procedures (4-8) with 
some modifications. We have used activated 
manganese dioxide as the oxidizing agent in the 
final oxidation step, i.e., in the oxidation of 
2-halo-3-phytyl-l,4-naphthohydroquinone to 

'To whom enquiries concerning this paper should be 
addressed. 

'Present address: Ontario Cancer Institute, Depart- 
ment of Medicine, 500 Sherbourne Street, Toronto 5, 
Ontario. 

2-halo-3-phytyl-l,4-naphthoquinone (vide Exper- 
imental). We were also able to separate the cis and 
trans isomers (9, 10) of both the synthetic chloro 
and bromo analogs by means of t.1.c. on silica gel. 
Both the isomers of the chloro and bromo 
analogs were further characterized by n.m.r. 
spectroscopy (1 I). 

1 X = O ; R 1  = CH3; R Z  = CZOH39 
2 X = 0 ;  R1 = C1; Rz = CZOH39 
3 X = O;  R,  = Br; RZ = CZ0H39 

Experimental 
Experiments were carried out in the dark and under 

nitrogen. The i.r. spectra were recorded on a Perkin- 
Elmer model 257 spectrophotometer. The U.V. spectra 
were taken in ethanol on a Beckman DB-G recording 
spectrophotometer. The n.m.r. spectra were recorded on 
Varian A-60 spectrometer with tetramethylsilane as an 
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internal standard. Mass spectra were determined on an 
AEI MS-902 spectrometer. Microanalyses were carried 
out by Dr. F. Pascher, Bonn, and Dr. C. DaesslC, 
Montreal, Quebec. 

2-Chloro-3-pl1ytyl-I,4-napht/zoquir1one (2) 
A solution of 2.1 1 g (1 1 mmoles) of 2-chloro-1,4-naph- 

thoquinone (2a, X = 0 ,  R1 = CI, R2 = H) in 60 ml of 
ether was shaken repeatedly with 3 to 4 g portions of 
sodium hydrosulfite until the color of the solution became 
pale yellow. The ethereal solution was finally washed with 
saturated sodium chloride solution containing little 
sodium hydrosulfite, filtered, and dried over anhydrous 
sodium sulfate and evaporated to dryness to give 1.9 g 
of dry, cream-colored 2-chloro-l,4-naphthohydroquinone 
(26, X = OH, Rl  = CI, R2  = H). T o  a solution of this 
naphthohydroquinone in 40 ml of freshly distilled (over 
Na) dioxane, were added 2.96 g of phytol and 1 ml of 
boron trifluoride etherate; the mixture was kept in the 
dark for 6 h and then heated to 65" for + h. Ether was 
then added, and the organic layer was washed with H 2 0 ,  
then with 2.5% sodium hydroxide solution containing 
sodium hydrosulfite, and finally with saturated sodium 
chloride solution containing sodium hydrosulfite. The 
resulting ethereal solution of 2-chloro-3-phytyl-l,4-naph- 
thohydroquinone (Zc, X = OH, R,  = CI, R2  = C2,H3,) 
was dried over anhydrous sodium sulfate and to this 
solution (60 ml) 1.5 g of activated manganese dioxide3 
was added. The mixture was stirred for 10 min, filtered 
over sodium sulfate and Celite. and evaporated to dryness 
to give 2.9 g of a brownish oil. The oil was chromato- 
graphed twice over Florisil; elution with petroleum ether 
(b.p. 30-60") gave 1.82 g (39% yield, based on phytol) 
of 2-chloro-3-phytyl-l,4-nap/1tI1oquit1ot1e (2). k,,,(EtOH) 
241 mp (log E 3.91), 245(4.20), 251(4.22), 267(4.1 I), and 
275(4.16);4 v,,, 1665 cm-' (C=O), 1605 (C=C), 1595 
(aromatic), 1296 (aromatic); 6 8.22-7.82 (m, 4H, aro- 
matic protons), 5.26 (t, IH, C-CH=C), 3.65 (d, 2H, 
Ar-CH2-C), 1.93 and 1.8 (s, 3H each, -C(CH3)=C, 
cis and trans methyls), 1.33 (chain CH2's), and 1.02,0.97, 
0.90 (chain CH3's); M +  472 (minor), 470 (major) (corre- 
sponding respectively, to C137 and C135), M-225 247 
(minor), 245 (major) (12). 

Anal. Calcd. for C30H43CI02: C, 76.60; H, 9.15; 
CI. 7.55. Found: C, 76.69; H, 9.35; C1, 7.67. 

The cis and trans isomers of 2-chloro analog were 
separated by preparative t.1.c. on silica gel using (9:l) 
hexane - n-butylether as the eluting solvent; R, cis 0.49, 
R, trans 0.45; ratio of cis:trans = 1 :4. Both the cis and 
trarls isomers of the chloro analog 2 gave identical n.m.r. 
spectra, except for the difference in chemical shifts of the 
peak corresponding to the olefinic methyl group in the 
region of 1.94 to 1.80 p.p.m.; in the n.m.r. spectrum of 
the irarzs isomer, the olefinic methyl protons appeared 

30btained from Winthrop Laboratories, New York, 
N.Y. 

4Absence of an absorption maximum in 310-330 mp 
region of the U.V. spectrum may be of interest, because, 
as was pointed out by one of the referees, phylloquinones 
exhibit a weak, broad maximum in this region (most often 
at 325-327 mp). 

as a singlet only at 1.93 p.p.m., while the olefinic methyl 
protons of the cis isomer appeared only at 1.80 p.p.m. 

2-Bromo-3-phytyl-l,4-11ap/1thoq11inone (3) 
The 2-bromo analog 3 was synthesized in 40% yield 

(based on phytol), starting with 2-bromo-1,4-naph- 
thoquinone (3a, X = 0 ,  R1 =Br, R2 = H) and following 
the procedure as described above for the 2-chloro analog, 
2. The brown oil obtained after manganese dioxide 
oxidation of 2-bromo-3-phytyl-l,4-naphthohydroquinone 
(3c, X=OH,  R, =Br, R2=C2,,H3,), was chromato- 
graphed twice on Florisil; elution with 2% ether in 
petroleum ether (b.p. 30--60") gave 2-brorno-3-pl7ytyl-l,4- 
r~aphthoq~rirlotze (3) : h,,,,(EtOH) 242 mp (log E 3.92), 
246(4.22), 252(4.25), 270(4.17), 278(4.20);4 v,,,, 1675 cni-' 
(C=O), 1600 (C=C), 1580 (aromatic), 1280 (aromat- 
ic); 6 8.2-7.8 (m, 4H, aromatic protons), 5.3 (t, IH,  
C-CH=C), 3.7 (d, 2H, Ar-CH2-C=) 1.87 and 1.70 
(s, 3H each, -C(CH3)=C, cis and trans methyls), 1.23 
(chain CH2's), and 0.91, 0.89, 0.81 (chain CH3's); M C  
516 and 514 (corresponding, respectively, to Bra' and 
Br7,)), M-225 291, 289 (12). Mass spectrometric deter- 
mination of the exact mass confirmed the molecular for- 
mula as C30H43Br02.5 

The cis and trans isomers of the 2-bromo analog 3 
were separated by t.1.c. in the same way as described 
above for the chloro-compound 2;  R, cis 0.40, R, 
trarls 0.35; ratio of cis:trans 1 :6. As already described 
for the 2-chloro analog 2, n.m.r. spectra of the c i .~  and 
trans isomers of the bromo derivative 3 differ only in the 
chemical shifts of their olefinic methyl protons, the trans 
methyl signal appeared at 1.87 p.p.m. while the methyl 
protons of the cis isomer appeared at 1.70 p.p.m. 

1. J .  LOWENTHAL, J .  A. MACFARLANE, and K. M. 
MCDONALD. Exper. 16, 428 (1960). 

2. J. LOWENTHAL and J.  A. MACFARLANE. Pro- 
ceedings of the first international pharmacological 
meeting, 1963, Stockholm. Vol. VII. Edited by K. J .  
Brunings. Pergamon Press, New York. p. 333. 

3. J. LOWENTHAL and J. A. MACFARLANE. J. Phar- 
macol. Exp. Ther. 147, 130 (1965). 
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225 (1954). 
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5Satisfactory elemental analysis could not be obtained 
for the bromo analog presumably due to the light-sensitive 
and unstable nature-of the compound. 
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An electron spin resonance study of the mechanism of intermolecular 
cation exchange reactions 

T. E. GOUGH' AND P. R. HINDLE 
Department of Chemistry, University of Waterloo, Waterloo, Ontario 

Received July 22, 1970 

A survey of the effects, as detected by electron spin resonance spectroscopy, of adding NaX (X- = 
Ph4B-, C104-, I-) to sodium-semiquinone ion pairs is given. When X- = Ph,B- triple ion formation 
was observed, but when X- = C104- or I- intermolecular cation scrambling occurred. It is postulated 
that such scrambling reactions proceed via the triple ion. 
Canadian Journal of Chemistry, 48, 3959 (1970) 

Recent papers (1-5) have reported the electron 
spin resonance spectra of systems in which a 
diamagnetic electrolyte was added to an ion-pair 
of a radical anion. These systems share two 
common features: the radical anion has two 
equivalent sites at which ionic association can 
occur, and the ion-pair has the same cation as the 
added electrolyte. Such a situation has lead to 
two results, expressed by the equilibria 1 and 2. 

In [I] intermolecular scrambling of M " proceeds 
via a mechanism in which the incoming cation 
associates with the uncomplexed site of the anion 
while the outgoing cation simultaneously leaves 
the complexed site; the rate constants k, and k-  , 
were found to be rapid within the time scale of the 
electron spin resonance experiment (1, 2). In [2], 
k, and k-, were found to be slow so that well 
resolved spectra of the ion-pair, MA, and the 
tripleion, M,Af , weresimultaneously observable 
(3, 5). Here we report the influence of the anion 
of the added electrolyte upon such systems when 
A- is a semiquinone. 

The results for the addition of sodium tetra- 
phenylboride to solutions of sodium-semi- 
quinone ion-pairs in tetrahydrofuran have 
already been published (3) and are described by 
[2]. Well resolved sodium hyperfine structure 
was observed for both MA and M,Af, showing 
k, and k-, to be slow. When small amounts of 
sodium perchlorate were added to sodium- 
semiquinone ion-pairs in tetrahydrofuran, the 

'To whom all correspondence should be addressed. 

sodium hyperfine structure became somewhat 
broadened while, in general, the triple ion spec- 
trum was broad and showed no sodium hyperfine 
structure. However, for the triple ion [2,3- 
dimethyl-p-benzosemiquinone-Na,]" over the 
temperature range - 80 to - 60 "C sodium 
septets, identical to those observed in the presence 
of sodium tetraphenylboride, were resolvable. 
This triple ion is the most favorable of the series 
for which to observe sodium splittings in the 
presence of exchange, having the largest value of 
a,, at low temperatures. Larger additions of 
sodium perchlorate produced spectra with broad 
lines and hyperfine splitting constants typical of 
the corresponding unassociated semiquinone 
anion: raising the temperature, or adding more 
salt, caused these lines to sharpen. Were it not for 
the fact that the smaller additions show equilib- 
rium 2 to be present, the effect of the larger 
additions might be interpreted in terms of 
equilibrium 1. Addition of very small amounts of 
sodium iodide destroyed the sodium hyperfine 
structure of the ion-pairs; further additions 
reproduced the effects of adding sodium perch- 
lorate, generating a "time-averaged" spectrum. 
Sodium iodide was much more effective in 
inducing exchange than was an equal amount of 
sodium perchlorate. In summary, our results 
show that the rate of cation scrambling generated 
by the addition of a second electrolyte to a semi- 
quinone ion-pair depends upon the anion of the 
added electrolyte, and furthermore, that this rate 
increases with decreasing dissociation constant 
of the added electrolyte. 

It is difficult to incorporate these observations 
into [l ] as a mechanism for the cation exchange 
reaction. However, they can be readily incor- 
porated into [2] as shown in [3], where X- is the 
added anion. 
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Consider the reaction whereby the triple ion 
dissociates forming the ion-pair. When X- has 
little affinity for M +  (e.g. X- = Ph,B-) this 
dissociation proceeds as in [2] and is slow since 

FIG. I. Possible relative energies of reactants, 
activated complexes, and products involved in intra- 
molecular cation exchange reactions. The subscripts 2 
and 3 refer to the mechanisms 2 and 3 of the text. 

it involves cleavage of the A-M interaction. 
However, should X- have a strong affinity for 
M f  then it will attack the triple ion, forming the 
M-X interaction as the A-M interaction is 
weakened. Thus the rate of dissociation of the 
triple ion should increase as the strength of the 
MX interaction increases, i.e. as the dissociation 
constant of MX decreases. The situation for the 
formation of triple ion is somewhat more com- 
plicated; however, a possible disposition of the 
energies of reactants, activated complexes, and 
products is given in Fig. 1. We are at present 
attempting a more quantitative analysis of these 
systems to investigate these proposed mechanisms 
for cation scrambling reactions. 

This work received financial support from the National 
Research Council of Canada. 
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COMMUNICATIONS 

An hydration scale for ketones in polar aprotic solvents1 

ROSS STEWART AND JOHN D. VAN  DYKE^ 
Department of Chemistry, University of British Columbia, Vancouver, British Columbia 

Received July 16, 1970 

An hydration scale (Wo) for aqueous sulfolane and dimethyl sulfoxide (DMSO) has been developed 
that represents the effect of the solvent on the equilibrium hydration of a series of trifluoroaceto- 

Kd 
phenones; ZH2O # Z + H20.  The equilibrium constants are correlated with the substituent para- 
meter o+; p+ = -1.62 for dehydration. The function Wo, defined as W, = pK, + log [Z]/[ZH20] 
= -log (fi/fiH,o.aH,o) is zero for pure water and rises to a value of 2.72 in 99 mole % sulfolane. Wo in 
aqueous DMSO is negative from 0 to 85 mole % DMSO, meaning that these systems hydrate the ketones 
to a greater extent than does pure water. 

Canadian Journal of Chemishy, 48, 3961 (1970) 

Carbonyl compounds undergo hydration reac- 
tions to give gem diols provided that the attached C31 
groups are small or contain strongly electro- 
negative atoms (1). We have used the general Combining 121 and 131 gives 
Hammett overlap method (2) to determine (a) 
the thermodynamic equilibrium constants for [4] Wo = pKd + log- [zl 
the hydration of a series of ring-substituted CZH2 01 
trifluoroacetophenones (standard state, water) 
and (b) the hydrating ability of solvent mixtures 
that range from pure water to 99 mole% tetra- 
methylene sulfone (sulfolane) or dimethyl sul- 
foxide (DMSO). To preserve the analogy with 
Hammett-type acidity functions the equilibrium 
equation is written so that the hydrate is on the 
left and the ketone on the right. 

The dehydration constant, K,, takes the form 

Therefore 

[2] pK, = -log - - log -- 
(c:201) (23 

We define Wo as 

'Taken from the Ph.D. thesis of J. D. Van Dyke, 1970. 
'Present address: Polymer Corporation, Sarnia, On- 

tario. 

The symbol Wo seems appropriate for this 
function since water is a component of the 
equilibrium. The subscript indicates the sub- 
strate's charge. 

Values of log [Z]/[ZH,O] were obtained at 
31.4 " using both 19F n.m.r. and ultraviolet 
(u.v.) spectroscopy, the latter being used at 
high water concentrations where solubility 
problems made n.m.r. measurements difficult or 
impossible. Excellent agreement between the two 
techniques was achieved. 

The only ketone not previously prepared (3), 
3-methoxy-a,a,a-trifluoroacetophenone, was ob- 
tained by the action of 3-methoxyphenylmagne- 
sium bromide on trifluoroacetic acid; b.p. 60" 
at 2 Torr. 

Anal. Calcd. for C9H,0F, : C ,  52.95 ; H, 3.45 ; 
F, 27.92. Found: C, 52.74; H, 3.49; F, 28.1. 

The anchor compound is 4-methoxy-a,a,a- 
trifluoroacetophenone whose pKd in water was 
found to be 0.84. (This value was obtained by 
adding a solution of this ketone in aqueous 
sulfolane to water so that the concentration of 
water was actually 99.90 mole %.) Methanesul- 
fonic acid was added as catalyst to most of the 
solutions, because equilibrium was reached 
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extremely slowly in solutions whose water 
content was low. Experiments at higher water 
content showed the position of the hydration 
equilibrium to be unaffected by acid, except for 
the dimethylamino compound. Table 1 lists the 
pKd values (in water) determined by the over- 
lapping technique and Fig. 1 shows the effect of 
substituents on pKd (4). It is interesting to note 
that the substituent parameter that governs the 
hydration equilibrium is oC rather than o (5), 
and this presumably reflects the importance of 
resonance interaction between para substituents 
and the carbonyl group (5). 

Figure 2 shows the variation of Wo with 
solvent composition for aqueous sulfolane and 
aqueous DMSO. It is clear that sulfolane has a 
greater dehydrating action in these systems than 
does DMSO, in sharp contrast to their effect on 
hydroxide ion basicity (6). Figure 2 reveals that 
aqueous systems containing up to 85 mole% 
DMSO are more hydrating with respect to 
trifluoroacetophenones than is pure water. 

The activity of water in aqueous DMSO de- 

TABLE 1 
pK, values of ketones 

Y-C6H,COCF3 in water at 31.4" 

Y P K ~  

FIG. 1. Effect of substituents on equilibrium constants 
for the dehydration of trifluoroacetophenone hydrates; 
pC = - 1.62, correlationcoefficient, 0.997. 

-0.6 4 
OD I2 5 25.0 375 500  62.5 75.0 825 100.0 

Mole % Worer 

FIG. 2. Plots of W,, determined with trifluoroaceto- 
phenone indicators against solvent composition for 
sulfolane-water mixtures (0) and DMSO-water mixtures 
(0) containing 0.1 M methanesulfonic acid. 

creases faster than does the water concentration 
and in aqueous sulfolane it decreases more slowly 
than does the water concentration (7). The Wo 
values are in the reverse order and this must 
result from the f,lf,,,, term in eq. 3 being 
strongly solvent dependent. We believe that the 
ketone hydrate, because of its gem diol character, 
fits into the water structure without greatly 
perturbing it whereas the presence of sulfolane 
tends to exclude the ketone hydrate from the 
association pattern, causing f,,,, to rise. DMSO, 
on the other hand, appears to form stronger 
associations with the hydrate than does water, 
causing f,,,, in these solutions to fa11 (8). 

Acidity scales have been found to be more 
substrate dependent than was originally thought 
(9) and we have little hope that hydration scales 
will be better behaved. Nonetheless, the concept 
should be of considerable value for determining 
hydration equilibrium constants in water (or 
any other standard state) of compounds whose 
degree of hydration is too high or too low for 
direct measurement. 

The support of the National Research Council of 
Canada and the H. R. MacMillan Foundation is gratefully 
acknowledged. 
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Bromination and chlorination of exo,exo-5,6- and endo,endo-5,6- 
dideuterionorbornene; on the mechanism of nortricyclyl bromide 

and chloride formation' 
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Proton (deuteron) loss from C-6 to form tricyclic product occurs with exo and endo stereoselectivity 
when bromine and chlorine, respectively, are added to exo,exo-5,6- and endo,endo-5,6-dideuterio- 
norbornene. These data strongly suggest that elimination occurs predominately from 6 in bromination 
and from 4 in chlorination or alternatively from the unsymmetrically bridged ions 2 and 3, respectively. 

I 

Canadian Journal of Chemistry, 48,3963 (1970) 

Typically, the addition of a polar reagent 
E f  Y- electrophilically to norbornene yields 3-E- 
nortricyclene as one of the major products 
( la j ) .2  Although bridged ions of the type l a  and 
l b  have been considered as possible intermediates 
in the additions, no information about the mech- 
anism of tricyclic product formation has been 
available. To gain information on this problem, 
a study of the complete set of additions has been 
undertaken. This communication reports new 
and interesting mechanistic information obtained 
from a preliminary study with the electrophilic 
reagents Br, and C1, and the substrates exo,exo- 
5,6- and endo,endo-5,6-dideuterionorbornene (2). 
The results are listed in Tables 1 and 2. 

To interpret the observed exo and endo stereo- 
slectivities in bromination and chlorination, 
respectively, the data already accumulated on 
1,3 elimination in norbornyl systems are used. 

'Presented in part at the 52nd Annual Meeting of the 
Chemical Institute of Canada, Montreal, Quebec, May, 
1969. 

21n ref. 1: (c) bromine and N-bromosuccinimide; 
(d) N,N-dibromosulfonamide; (e )  N-bromosuccinimide 
in wet DMSO; (f) N-bromosuccinimide in H2S04, 
t-BuOH; (g) 2,4-dinitrobenzenesulfonylbromide and 
chloride; (h) chlorine and hypochlorous acid; ( i )  iodo- 
benzenedichloride; 0') lead tetraacetate. 

That is, endo stereoselectivity at least should be 
observed if proton loss occurs prior to  a 1,2 
Wagner-Meerwein shift or complete participa- 
tion of the C1-C6 bond (1, 3-5). Importantly 
also, Berson and Grubb (6) have shown that the 
6,2 hydrogen shift occurs endo + endo in the 
2-carboxy-3-methyl-5-norbornyl cation. 

That a radical process does not contribute to 
tricyclic product formation in this study is seen 
from (a) the data accumulated on the reaction 
of radicals with norbornene (7-1 I), (6) Poutsma's 
study (lh) on the chlorination of norbornene, 
and (c) the data in entries 6 and 7, Table 1. That 
scrambling of deuterium via hydrogen shifts is 
not important is indicated by the following facts. 
The products of the reactions are 70% syn-2,7- 
dibromide, 10 % 2,3-trans-dibromide, 10 % nor- 
tricyclyl bromide, and 10 % other dibromides in 
CC1,-Br, ; 40 % syn-2,7-dichloride, 55 % nortri- 
cyclyl chloride, and 5% other dichlorides in 
CC1,-CI,. Furthermore, n.m.r. integration data 
from endo,endo-5,6-dideuterio-syn-7-norbornenyl 
bromide, (C-1 and -2 protons) prepared via the 
bromination of exo,exo-5,6-dideuterionorborn- 
ene (2) has shown that extensive deuterium 
scrambling does not occur within the limits of 
detection (5-10 %). 

Therefore, if exo,exo-5,6-di-deuterionorborn- 
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Proton (deuteron) loss from C-6 to form tricyclic product occurs with exo and endo stereoselectivity 
when bromine and chlorine, respectively, are added to exo,exo-5,6- and endo,endo-5,6-dideuterio- 
norbornene. These data strongly suggest that elimination occurs predominately from 6 in bromination 
and from 4 in chlorination or alternatively from the unsymmetrically bridged ions 2 and 3, respectively. 
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Typically, the addition of a polar reagent 
E f  Y- electrophilically to norbornene yields 3-E- 
nortricyclene as one of the major products 
( la j ) .2  Although bridged ions of the type l a  and 
l b  have been considered as possible intermediates 
in the additions, no information about the mech- 
anism of tricyclic product formation has been 
available. To gain information on this problem, 
a study of the complete set of additions has been 
undertaken. This communication reports new 
and interesting mechanistic information obtained 
from a preliminary study with the electrophilic 
reagents Br, and C1, and the substrates exo,exo- 
5,6- and endo,endo-5,6-dideuterionorbornene (2). 
The results are listed in Tables 1 and 2. 

To interpret the observed exo and endo stereo- 
slectivities in bromination and chlorination, 
respectively, the data already accumulated on 
1,3 elimination in norbornyl systems are used. 

'Presented in part at the 52nd Annual Meeting of the 
Chemical Institute of Canada, Montreal, Quebec, May, 
1969. 

21n ref. 1: (c) bromine and N-bromosuccinimide; 
(d) N,N-dibromosulfonamide; (e )  N-bromosuccinimide 
in wet DMSO; (f) N-bromosuccinimide in H2S04, 
t-BuOH; (g) 2,4-dinitrobenzenesulfonylbromide and 
chloride; (h) chlorine and hypochlorous acid; ( i )  iodo- 
benzenedichloride; 0') lead tetraacetate. 

That is, endo stereoselectivity at least should be 
observed if proton loss occurs prior to  a 1,2 
Wagner-Meerwein shift or complete participa- 
tion of the C1-C6 bond (1, 3-5). Importantly 
also, Berson and Grubb (6) have shown that the 
6,2 hydrogen shift occurs endo + endo in the 
2-carboxy-3-methyl-5-norbornyl cation. 

That a radical process does not contribute to 
tricyclic product formation in this study is seen 
from (a) the data accumulated on the reaction 
of radicals with norbornene (7-1 I), (6) Poutsma's 
study (lh) on the chlorination of norbornene, 
and (c) the data in entries 6 and 7, Table 1. That 
scrambling of deuterium via hydrogen shifts is 
not important is indicated by the following facts. 
The products of the reactions are 70% syn-2,7- 
dibromide, 10 % 2,3-trans-dibromide, 10 % nor- 
tricyclyl bromide, and 10 % other dibromides in 
CC1,-Br, ; 40 % syn-2,7-dichloride, 55 % nortri- 
cyclyl chloride, and 5% other dichlorides in 
CC1,-CI,. Furthermore, n.m.r. integration data 
from endo,endo-5,6-dideuterio-syn-7-norbornenyl 
bromide, (C-1 and -2 protons) prepared via the 
bromination of exo,exo-5,6-dideuterionorborn- 
ene (2) has shown that extensive deuterium 
scrambling does not occur within the limits of 
detection (5-10 %). 

Therefore, if exo,exo-5,6-di-deuterionorborn- 
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TABLE 1 
Data for bromination of deuterionorbornenes 

Initial M concentration Fractional % 
Substrate* Entry norborenene Conditions? loss of 1 D 

exo,exo-di-d- 1 0.10 25'; CCl4 41. 
2 0.55 0'; CC14 
3 0.06 0'; CHzClz 

44$ 
46 

0"; CCI4 26 
00; CC14 25 
0"; CHZCIZ 14 
O"; CH2C12 ; degassed, hydroquinone 17 
0": CH,CI, 13 
oOi C H ~ C I S  
O"; CHzC1, 
00; CHzClz 
0"; CH,C12 . - 

._~hedideuterionorbornenes composed of 80.8% dl,  17.4% dl,  and 1.8% do species (1.79 D/molecule) were 85-90% stereochemically pure 
a t c 5 - x 6 .  

t A  solution of Br2, of equivalent molarity to the norbornene, in the appropriate solvent was added to the norbornene and an equimolar 
amount of pyridine unless stated otherwise. 

$The n.m.1. integral data showed a loss of ca. 44 %of 1-D. 
$The dideuterionorbornenein CH2CI2 was added to a solution of Br2-pyridine in CH2CII. 
JI2,6-Lutidine was used. 
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TABLE 2 
I Data for chlorination of deuterionorbornenes 

Initial M concentration Fractional % 
Substrate Entry norbornene Conditions* loss of 1-D 

exo,exo-di-d- 1 t 0.084 0"; CCI, 28 
2 t 0.084 0"; CCI, 29 

endo,endo-di-d- 3t 0.13 0"; CC14 48 
4$ 0.04 0'; CH2CI2; O2 added 59 
51 0.04 0"; CH2CI2 59 

'As in Table 1. 
tC1, was swept into thesolution with dry N,. 
SCI, in CHzCIz was added to thenorbornene-pyridineCH2Cl2 solution. 

ene is considered, for example, and cationic Affairs (Ontario) is gratefully acknowledged. The author 
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Base-catalyzed protium-deuterium exchange in 
bicyclo[2.2. llheptanones 
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The rates of NaOD-catalyzed protium-deuterium exo exchange in fenchan-2,5-dione (2) and 1-  
methyl-5-0x0-carnphene (3) are 200 and 7, respectively, relative to epiisofenchone (I). The erido exchange 
rates in 2 and 3 are 1840 and 4, respectively, relative to 1. These data give information about the relative 
importances of conjugative, conformational, inductive, strain, and steric effects which may arise when 
a carbonyl group or a double bond is situated 1,3 to an  enolizable center in the 2.2.1 system. 

Canadian Journal of Chemitsry, 48, 3966 (1970) 

Recently, interest in studies of the rates and 
stereochemistry of base-catalyzed protium-deu- 
terium exchange in bicyclo [2.2.1 Iheptanones 
(1-5) has been high. 

Our interest in the chemistry of bicyclo[2.2.1]- 
heptan-2,5-diones has led us to a study of base- 
catalyzed protium-deuterium exchange in the 
2,5-dione system. This communication (Table 1) 
reports the exo and endo exchange rates in epi- 
isofenchone (I), fenchan-2,5-dione (2), and the 
1-methyl-5-0x0-camphene (3). Compound 3 was 
included in the study as a standard for strain (4), 
conformational (lo), and steric effects which 
could arise by the introduction of an sp2 center 
in the system. To calibrate our data with those 
of Tidwell, norcamphor (4) was also run (entry 
4). Our experimental value of 3.9 x 1 
mole-' s-' for the exo exchange rate compares 
well with Tidwell's (5.5 x (4) considering 

TABLE 1 

Second order rate constants of NaOD-catalyzed deuter- 
ium exchange in ketones at  25.0" in 60% dioxane-DZO 

.- .- 

Relative rates 

Substrate Entry kz  (I mole-' s-')*t exo endo 
- 

1 exo 1 9 . 9 ~  lo-3 1 
endo 2 . 5 ~  1 

2 exo 2 2.03 200 
endo 4 . 6 ~  lo-' 1840 

3 exo 3 6.8 x 7 
endo 7 . 3 ~  3 

4 exo 4 3 . 9 ~  lo-' 4 

'Second order  rate constants (an average of  3 4  runs) were obtained 
by dividing the measured pseudo-first order rate constant by the base 
concentration which was in the range of  0.008-0.16 M .  Rates were 
reproducible with a maximum deviation of < +- 5 %, except e~rrlo-1 
and exo-2, where the deviations were s 14 and 2 10%. respectively. 

t T h a t  the exo exchange was the faster was established by n.m.r. 
s tud~es  on  (a) the diacetates of the di-enrlo-diols obtained from the 
deuteriodiones and (6)  deuteriocamphenilan-2.5-diones. 

$Since ex0 exchange is very fast - 16 s ;  [OD- 10.02 M.) k2 exo 
was obtained by considering the extent of  reaction do + dl after 1-4 
min (for 3 runs), obtaining c,,2, using the expression 1 1 ~ 2  = In 2/k and 
dividing the pseudo-first order rate constant k by the base concen- 
tration. 

that slightly different dioxane-D,O ratios were 
used in the two studies.' 

The results show that in  the exchange process, 
(a) considerable rate enhancement, 200 for exo 
and 1840 endo, occurs when a carboiiyl group 
is arranged 1,3 from the enolizable center (entries 
1 and 2), (b) homoallylic stabilization2 is certainly 
much less important than homoenolic stabiliza- 
tion and is probably small (entries 1 and 3), (c) 
the conformational and steric effects of an sp2 
center are small, and (d) the torsional effect (6) 
of a bridgehead methyl group is not much larger 
than that of hydrogen (entries 1 and 4). 

'The kinetic procedure, similar to that described by 
Tidwell (4), was developed independently. Typically, an 
aliquot was quenched in acetate-phosphate buffer and 
the ketone (1, 3, and 4) was isolated by preparative gas 
chromatography. Deuterio-2 was reduced to the diol and 
converted to the diacetate before the deuterium content 
was determined. Control experiments with deuteriated 
buffer and LiAID, showed that exchange did not occur 
in the quenching and reduction stages. Deuterium anal- 
yses were done mass spectrornetrically. 

%ince the carbonyl group is much more effective than 
a double bond conjugatively and inductively in carbanion 
chemistry, a maximum enhancement of ca. 10 might be 
expected for exo exchange in 3. Since the observed en- 
hancement is 7, the results establish definitely that homo- 
allylic stabilization and strain effects are small. 
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Recently, there has been some discussion as 
to whether en01 or enolate intermediates and/or 
transition states are involved in NaOD-D20 and 
MeONa-MeOD catalyzed enolizations (4, 7, 8). 
Although the magnitude of the inductive effect 
alone of the carbonyl group is not known exactly, 
the magnitudes and the difference in the degrees 
of enhancement for the exo and endo exchange 
suggest that some conjugation does occur to the 
1,3 carbonyl group to yield a delocalized species 
of the type 5. Our data, therefore, give some 
support for an enolate-like transition state for 
enolization, at least in the dione system. 

That endo exchange is enhanced more than 
exo may be a consequence of several factors. 
Since the degree of charge development should 
be less in the more reactant-like transition state 
for exo exchange, the demand for stabilization 
via delocalization and therefore sensitivity to 
the 1,3 carbonyl group would be less in the exo 
case. A possibility worthy of consideration is 
that the exo and endo-hydrogens in dione 2 are 
different conformationally3 from those in 1, so 

3That the 2,5-dione may exist in a twist conformation 
(cyclohexa-l,4-dione exists in a twist-boat conformation 
(9-12)) has been indicated by theoretical calculations and 
n.m.r. studies. An X-ray structure determination of the 
2,5-dione is planned. 

that homoenolic stabilization (13) is more facile 
for endo cleavage. Further studies on this and 
other 2,5-dione systems are presently underway. 

We wish to thank the National Research Council of 
Canada and the Department of University Affairs (On- 
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Contrary to previous suggestions, the interactions of 2 s-butyl peroxy radicals yields no di-s-butyl 
peroxide. Di-s-butyl peroxide has been shown to result from mixing s-butyl hydroperoxide with oxalyl 
chloride, presumably via 2 s-butyoxy radicals produced in a solvent cage from homolysis of di-s-butyl 
peroxyoxalate formed in situ. 
Canadian Journal of Chemistry, 48, 3967 (1970) 

The interaction of non-tertiary peroxy radicals 
has been suggested (1) to proceed via a rapid [I] 

/9-e\ 
RlRzC 3 0 -+ 

hydrogen transfer via a cyclic transition state \p-& 
available to tetroxides formed by these species, \CHR,R, 
though not open to di-tertiary tetroxides, which 
yield alkoxy radicals and oxygen in a solvent RlR2C0 f O2 f RIR2CHOH 

cage (2). The extreme rapidity of, and kinetic 
isotope effects on sec-peroxy -sec-peroxy radical position of s-Bu02H yielded some 3 % of 
interaction tend to corroborate this supposition s-Bu202 (4) has remained an obstacle, since for 
(3); however, the fact that CoI1-catalyzed decom- t-Bu02H + Co", the yield of t-Bu202 was en- 
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Recently, there has been some discussion as 
to whether en01 or enolate intermediates and/or 
transition states are involved in NaOD-D20 and 
MeONa-MeOD catalyzed enolizations (4, 7, 8). 
Although the magnitude of the inductive effect 
alone of the carbonyl group is not known exactly, 
the magnitudes and the difference in the degrees 
of enhancement for the exo and endo exchange 
suggest that some conjugation does occur to the 
1,3 carbonyl group to yield a delocalized species 
of the type 5. Our data, therefore, give some 
support for an enolate-like transition state for 
enolization, at least in the dione system. 

That endo exchange is enhanced more than 
exo may be a consequence of several factors. 
Since the degree of charge development should 
be less in the more reactant-like transition state 
for exo exchange, the demand for stabilization 
via delocalization and therefore sensitivity to 
the 1,3 carbonyl group would be less in the exo 
case. A possibility worthy of consideration is 
that the exo and endo-hydrogens in dione 2 are 
different conformationally3 from those in 1, so 

3That the 2,5-dione may exist in a twist conformation 
(cyclohexa-l,4-dione exists in a twist-boat conformation 
(9-12)) has been indicated by theoretical calculations and 
n.m.r. studies. An X-ray structure determination of the 
2,5-dione is planned. 

that homoenolic stabilization (13) is more facile 
for endo cleavage. Further studies on this and 
other 2,5-dione systems are presently underway. 
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tirely consistent with its being formed by inter- 
action of 2 t-BuO,.'s, uninfluenced by the pres- 
ence of metal ions (2, 4). 

At the time that this was reported, we ex- 
plained our inability to observe any s-Bu,O, 
resulting from the solely free-radical-induced 
decomposition of s-Bu0,H as an experimental 
difficulty in detecting small amounts of this sub- 
stance (2). Now, having considerably more ex- 
perience in analyzing for s-Bu,O, by g.1.c. (5), 
we have repeated the decomposition of s-Bu0,H 
by radicals produced from thermal decomposi- 
tion of di-t-butyl peroxyoxalate (DBPO). Typi- 
cally, 0.665 mmol of DBPO plus 1.22 mmol of 
s-Bu0,H in 10 ml of benzene heated at 45 "C for 
5 h gave 1.19 mmol of t-BuOH, 0.458 mmol of 
s-BuOH, and 0.549 mmol of butanone, as well 
as CO, and 0,. No s-Bu,O, was found though 
as little as 0.002 mmol could have been readily 
detected by the g.1.c. analysis (5). It thus appears 
that free s-butyl peroxy radicals do not yield 
s-Bu,O, on interaction. 

The production of s-Bu,O, when s-Bu0,H is 
decomposed by CoI1 must therefore be influenced 
by the metal ion, possibly via an ion-radical 
complex having some oxonium-like character. 

[2] [s-BuO . Co"] ++ [s-BuO +ColI] 

So far, of course, no one has demonstrated 
that two s-butoxy radicals if produced together 

? 
in a solvent cage (e.g., 2 s-BuO,. + [2 s-BuO. 
+ O,]) would in fact combine to give s-Bu,O,, 
as well as diffusing apart or disproportionating 
the other choices open. While combination us. 
diffusion has been examined for 2 t-BuO.'s 
under various circumstances (6), for s-BuOn's, 
the difficulty has been to establish experimental 
conditions where the radicals are both generated 
painvise, and recombination is observable (5). 

We believe this has now been accomplished 
through attempts to synthesize di-s-butyl per- 
oxyoxalate. Though s-butyl peroxyesters are 
known to be particularly labile (7), we had hoped 
that at very low temperatures the conditions 
used to prepare DBPO (8) (i.e., hydroperoxide, 
oxalyl chloride, and pyridine) would work. How- 
ever, as low as -5W, the major products using 
s-Bu0,H were CO, CO,, and butanone, with no 
evidence of free-radical-type products from the 
reactants or the solvent. 

TABLE 1 
Products from reacting 13.75 mrnol of s-BuOZH with 
7.0 mmol of oxalyl chloride in 20 ml of toluene at 0 OC 

Amount, 
Product mmol mol/mol of s-Bu0,H 

Acetaldehvde 0.561 0.0408 

Bibenzyl 0.044 0.0032 

Utilizing the method developed by Milas et 
al. (9) of using no pyridine, but removing evolved 
HC1 by aspiration during the course of reaction, 
while not yielding any isolatable peroxalate, did 
result in products strongly suggestive of its for- 
mation (in low yield) and followed by homolysis. 
Table 1 shows those products identified by g.1.c. 
analysis from a typical run. The yield of con- 
spicuously radical-type products is small, and it 
is not yet clear why the yield of acetaldehyde is 
not more nearly matched by that of bibenzyl 
(though, in the absence of contrary evidence, 
we are free to  suggest that at this temperature, 
most ethyl radicals prefer to disproportionate, or 
to dimerize, rather than to abstract from 
toluene). 

The obviously alternate route to s-Bu,O,, 
unreacted s-Bu0,H + s-BuOH (or s-BuC1 from 
s-BuOH + HC1) can be rejected on two grounds; 
(I), reactions of H,02 or hydroperoxides with 
alcohols or alkyl chlorides is a classically bad 
way to prepare sec-alkyl peroxides; (2) in our 
experiments the presence of s-Bu,O, was always 

/ s-BuOH f AcEt 

[Zs-BuO.1 

(s-BuO.)~ 

s-BuO. ---+ AcH f Et- 

I s-BuOH f ph~H2.I f ~ t H  f tc2H4 

I f EtH I 
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linked with the presence of bibenzyl, AcH, and 
0,. Moreover, taking the yield of AcH as a fair 
approximation to the amount of s-butyl peroxy- 
oxalate produced and decomposing homolytic- 
ally, the yield of s-Bu,O,, ,- 6 % of the initially 
produced caged radicals, is eminently reasonable 
in view of results with t-BuO. (2, 6).  

Finally, the instability of sec-alkyl peroxy- 
esters has been ascribed to concerted decompo- 
sition through a cyclic transition state, leading 
to ketone plus carboxylic acid (7). If this had 
been the case with di-s-butyl peroxyoxalate, a 
good yield of oxalic acid would be expected. In 
no case was oxalic acid found among the prod- 
ucts, though it was shown to be stable under 
the conditions of reaction. While we yet have 
hopes of isolating di-s-butyl peroxyoxalate, we 
are, at the same time, exploring the reasons 

for our present failure; results to be published 
in due course. 

The authors gratefully acknowledge financial support 
received from the National Research Council of Canada. 
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